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B cratbe nmpeanokeH, OTIUYAIOIIMUKCA OT  HM3BECTHBIX, AQJITOPUTM
MHoOronapamerpuueckoil  uaeHtupukauuu  gegexkroB  (MJ])  crepxHEBBIX
KOHCTpyKuuid. HoBu3Ha anropuTma 3akirodaercs B Tom, 4Tto mporeaypa W]
pa3zieneHa Ha JBa dTarma: Ha |-M 3Tare onpeenseTcsi MECTOIOIOKEHHE neeKTa, a
Ha BTOPOM — CTEIEHb MOBPEXKIACHHOCTH. JlomosHuTensHON uHMOpMaImen K
PENICHUIO 3374l PEKOHCTPYKINH 1e(DEKTOB sIBIIsIETCS HA00p COOCTBEHHBIX YaCTOT
u ¢dopm KomebaHuil wucciemyeMoil KOHCTpykmwu. I[lpm 3TOoM aHamu3 dopm
Kosie0aHUH TO3BOJISIET PEUIMTh 33Jady IEpBOTrO 3Tama, MOCiEe Yero CTPOHUTCS
aHAJIUTUYECKas: UM KOHEYHO-3JIEMEHTHAs! MOJIeJIb KOHCTPYKIUU ¢ AePEeKTaMH U C
MOMOIIIBIO TIPSIMBIX PAcYETOB pellaeTcs 3afada BToporo stamna. IlpuBeneH npumep
pacuera mapaMeTpoB JAedeKkTa B YIOPYroM KOHCOJBHOM CTEpXKHE Ha OCHOBE
MoJIeNbHOT0 dKcnepumenTa B KD xommiekce. [Ipu Mcnonb30BaHNM COBPEMEHHBIX
CPEICTB  M3MEpPEHMs MEepeMElIEHHUH TOYHOCTh MPEAJIOKEHHOTO  METoAa
PEKOHCTPYKIIMH TapaMeTpoB JaedekTa He yCTymaeT TOYHOCTH, MOIY4YEHHOW B
M3BECTHBIX paboTax, HampuMep, ¢ MTOMOIIbIO HCKYCCTBEHHBIX HEHPOHHBIX CETEH.

KiroueBpie cioBa: anroputm, uaeHTUPUKAIMSA Ae()EKTOB, MECTOMOIOKEHHE
nedexTa, CTeneHb MOBPEXKAEHHOCTH CTEPHKHSL.

BBEJIEHUE

Pemenuto 3amau wmaeHtudukammu noBpexacHui (M) B CTepKHEBBIX CTPYKTypax
MOCBALICHO OOJBIIOE KOJHMYECTBO PabOT, YTO BUAHO U3 0030pOB, OMYyOJMKOBAaHHBIX HE
TOJIKO JIOCTAaTOYHO JABHO, HO M B mocieanue ronasl [1-7]. Cpean KIIOYEBBIX BOMPOCOB,
BO3HHMKAIOIIUX TPU HCCICAOBAaHUU TOBPEXKIECHHBIX CTPYKTYp, BaXXHOE MECTO 3aHHUMAET
IIOCTpOEHUE anroputMoB pewenus 3anad MJI. IIpu pemennn 3amnau W/ B mocnennee BpeMs
3a4acTyl0 MCIOJB3YETCs JOCTATOYHO HOBBIM IMOJAXOJ, 3aKJIIOYAIOUIMiics B pa3paboTke H
NPUMEHEHUU HBOJIOIUOHHBIX aJTOPUTMOB, HEHPOHHBIX CETEH M METOJOB ONTHUMH3AIHH.
Kpatkwuii 0630p nccineqoBanuii B 3TOM HarpaBlIeHUH NpuBeeH B padore S. Moradi et al [8].
ABTOpBI 3TOH paboTHI pa3padboTanu MOAU(DUIIMPOBAHHBII BapUAHT T€HETUYECKOTO aJropuTMa
(T.H. bees algorithm (BA-anroputm)) u 3BONIONMOHHONW METOAMKH ONTHUMHU3AIMH (Swarm-
based evolutionary optimization technique). 9TOT anroputMm ObUI MPUMEHEH Ui PELICHUS
3agad UMJ[ B KOHCOJNBHO-3aKpEIUIEHHOM YIIPYroM CTepxkHE C HamuuueM naedekra. W1
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paspabarbpiBaniach Ha OCHOBE HCIOJIb30BAaHUS AaHAIUTUYECKOW MOJETH KOJIeOaHWH CTep>KHS
(3ama4a Ha OCHOBE OJIHOPOJIHOM Oanmkum Diepa, pelIeHHe KOTOPOW IONydeHO Ha 0ase
npuHiuna ["amuneToHa-Octporpaackoro u ¢yskmuit KpeutoBa). B asroit momemu [1,2],
MOBPEXKICHHE B CTEPKHE MOJCIUPYETCS IKECTOKOCThKO SKBHBAJICHTHOW IPYKHUHBI.
YucneHHbIN pacyeT mapaMeTpoB MOBPEXKICHUS B CTepKHE ObUI MPOBeIeH Ha 0a3e MCXOJIHBIX
JAHHBIX — 3HAYEHWUW XapaKTEPHBIX PE30HAHCHBIX YACTOT KoyieOaHWi (mapameTpsl (Gopm
KosiebaHuil B pacuere He NpUHUMaInCh). CpaBHEHHE pe3yJbTaTOB YMCIEHHBIX pPacdéTos,
MOJIYYEHHBIX C MOMOUIBI0 BA-anroputma M HaTypHOrO SKCIIEPUMEHTA, IMO3BOJIMJIO OLICHUTH
pacxox/IeHNEe 3HaYEHHUH MPOTHO3UPYEMBIX M SKCIIEPUMEHTANIbHBIX JaHHBIX: 110 JIoKauuu (oT 3
1o 7,5%) u mo rimy6une Hanapesa (ot 3 g0 15,5%).

Hapsiny ¢ atum 3agada WJ{ B ynpyrux snemMeHTax KOHCTPYKIMM Oblia pellieHa Takke C
noMmouiblo KckyccTtBeHHbIX HelpoHHbIX ceredl (MHC) [9]. beuia moctpoena 3-x MepHast
KOHEYHO-3JIEMEHTHAsI MOJIEIb CTEPXKHS MIPSIMOYTOJIBHOTO CEUEHUSI C OTKPBITON TpeuiuHoi. B
xone pemieHus 3amaun MJ[ (1 B 9yacTHOCTH 3aJaud ONTHUMAIBHOM CXEMBI pa3MeENIeHUs
CCHCOpPOB Ha IOBEPXHOCTH MOJIENM) OBLT WCIOJIb30BaH COOCTBEHHBIH MPOTPAMMHBIN
HOPOAYKT, prueM B ucxoanble nanHble Juisi MHC Obutn BKIIIOUEHBI HE TOJIBKO COOCTBEHHBIE
4acTOTBI, HO W IMapaMmeTpsl GopM KojebaHuid m mx KoMOuHarmw. Pemrenue 3amaum WJI B
CTepkHE ¢ momoIbio pazpadorannoit MHC moka3zano, 4to npu BeIOOpE ONTUMAIBEHON CXEMBI
PAacCIIOJIOKEHUSI CEHCOPOB M BKJIKOYEHUH B UCXOAHBIE NaHHbIE ITapameTpoB AUX nepBbIX IATH
¢dbopM COOCTBEHHBIX KOJICOAHHI CTEPIKHSI, TOCTHTAeTCs TOYHOCTh B 99,16% B omnpeneneHun
rIyOuHBl TpemuHbl (Haapesa) u 99,82% B ee nokanuu. CpaBHEHHE 3TUX PE3YJIbTaTOB C
JAHHBIMH, TTPUBEICHHBIMH B [8], MOKa3an, 9YTO MOJIXO0/ K PEHICHUIO 33aa9i WACHTU(DUKAIIH
MOBPEXKICHUM, OMMCAaHHBIA B [9] AaeT mydine o TOYHOCTH pe3yJibTarhl. M3 aToro cienyer,
YTO BKJIIOYEHHE B aJITOPUTM pemeHus 3agaun MJ] mosHoro Habopa HCXOAHBIX JIaHHBIX
(mapametpbl AUX u dopm koneOaHMIT) MO3BOJIET MOTYYUTH OOJiee TOYHBIE PE3YJIbTATHI
Eciu xe B anroputme W]l ucnonb3oBaTh UCXOAHBIE AaHHbIE MO (QopmMaM COOCTBEHHBIX
KOJICOAHUH CTEp)KHS, MOJYYCHHBIE MO pe3ysibTaTaM HaTypHOro sKkcnepumenta [4, 10], To
CTEMEHb JOCTOBEPHOCTH pe3yibTaToB M| B 3HAUMTENbHOW cTeneHW NoBbimaeTca. IMeHHO
TaKOW TMOAXO0J OBUI HCIONB30BAaH HAMU B pa3padOTaHHOM aIrOPUTME HWIACHTU(DUKAINH
HOBPEXACHUN B yIIPYTOM CTEpIKHE.

W3BecTeH Takxke Opyrod Moaxoid K pemeHuto 3anad MJI mpocThix 0aoYHBIX CTPYKTYp Ha
OCHOBE METOJIOB TEOPHUH BO3MYILIEHUH M TOCTPOEHUS aAJITOPUTMOB MHUHUMH3ALUU
WHJMKATOPOB HOPM CXOAMMOCTH C MCHOJb30BaHuEM metona Jl3BunoHa-Prneruepa-llaysina
[11]. B 3TOM HccneoBaHUM PaCCMOTPEHBI MaTPULIbI COOCTBEHHBIX BEKTOPOB U COOCTBEHHBIX
3HaYeHUH O0aloyHOW KOHCTpyKuuHu. [lokazaHo, YTO pa3HOE YUCIO pa3OMBKU OajaKu Ha
HEUETHOE YHUCIIO DIIEMEHTOB IIO3BOJISIET OOECHEeYUTh OBICTPYIO CXOAMMOCTH CuéTa s
MOBPESXKICHUNM (HAIIpUMeEpP, TPEIIMHBI) KaK Majo, Tak W OOJbIION TIIyOWMHBI. Pe3ynbTaTsl
BBIUMCJICHUM ObUIM CBEJIEHBI K OINPEAEICHUI0 M3MEHEHUH TOJBKO OJHOT0 NapaMmerpa —
MOJZyJIsl YNPYTrOCTH pAa3lIM4YHBIX 3JeMeHTOB. OcTaercs HE HCCIEeIOBaHHBIM BONPOC, Ha
CKOJIBKO 3TOT METOJ MOKHO NPUMEHUTH JJIsl aHaju3a CIEKTpa 4acToT U (HOpM pa3IUnYHBIX
MOJ KoyiebaHM ¢ y4€TOM TOro, YTO QJIrOPUTM HEIMHEWHON ONTHUMM3AIMM MHOTUX

MepeMEHHbIX (KBa3U-HBIOTOHOBCKOE NPHUOIMKEHUE) HMEET TEHACHIIUIO «3aCTPEBATh» B
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JOKaJbHBIX MHUHMMyMax. VccienoBaHus NOKa3bIBAIOT, YTO Ui HPOCTOM Oanku pacuer
OJIHOTO TapameTpa (Jokaruu) Tpedyer Ooabmoro o0bEMA BBIYUCICHUNW, TPH STOM
BO3HHMKAIOT HEONPEAEICHHOCTH B YPOBHE JIOCTOBEPHOCTH pe3ysbTaToB. BeienctBue 3toro
npeuMmyniectBo  3toro wmeroza MJI 1mo cpaBHEHMIO C KOHEYHO-3JEMEHTHBIM  WIH
aQHAJTUTUYECKUMH METOJAMU HE OUYEBUIHO.

Cpenu pa3nuyHbIX METOJOB pemieHus 3anad M/ B MpOCTBIX CTEPKHEBBIX 3JIEMEHTax
KOHCTPYKLUHI K HanboJiee UCCIeI0BaHHBIM OTHOCSTCS CIEIYIOLIHE:

—ygacToTHBIH MeTox ]I, ocHOBaHHBIM Ha aHaIM3e¢ COOCTBEHHBIX YacTOT KoJeOaHHM
anemenToB koHCTpyKIwii (FBDD — frequency-based damage detection);

—wmeton UJI, 6asupyromuiics Ha aHaim3e GopM pa3ImIHbIX Mo kKojiebanuit (MSBDD —
mode shape-based damage detection).

AHanu3 pas3IuyYHbIX MOAXOAOB K peuieHuto 3anad W]l mokasbiBaeT, 4TO HCCIEI0BaHUE
apaMeTPOB MOBPEXKIEHHOCTH BbI3bIBAET 3HAYUTEIBHBIC, B T.4. BBIYUCIUTEIbHbBIE TPYIHOCTH.
B cBsa3u ¢ aTEM BBIOMpaeTcs HamboJjee MPOCTOM W OAHOBPEMEHHO C ATHM HAaJSKHBIN
JMAarHOCTHYECKUI TpHU3HAK HIeHTH(UKANWK, Oa3upYIOMUiicss Ha TPUMEHEHHH MeEToa
cBOOOAHBIX KoJeOaHui [12], oOCHOBaHHBIN Ha aHAJIN3€ YACTOTHBIX XapaKTEPUCTHUK.

ABtopamu B [13] Obul mpeqIOkKEH WHTErpalbHBI JuUarHocTUueckuil npusHak MJ| B
CTEPKHEBBIX KOHCTPYKLUAX. [loka3aHO, 4YTO HA €ro OCHOBE C MOMOIIbIO0 MOJIAILHOIO aHAIHN3a
Ha mpumepe wucnonb3oBanuss KO Meroma moxHO pemmTh 3amaqy MJ B snemeHTtax
CTEP’)KHEBBIX KOHCTPYKIMM C IIOBBIIICHHOW CTENEHBIO JTOCTOBEPHOCTH. [l YMCIECHHOMN
peamm3ani  Takoro Toaxoxa ObUT  pa3paboTaH  alroOpuT™M MHOTOMAPaMETPUIECKOM
UICHTUQUKAIMKA J1e(EKTOB CTEPKHEBBIX KOHCTPYKIMH, ONMHCaHa CXeMa W TpPUMEpP €ro
peaNmM3ani ¢ TOCIEIyIoNIed rpapudeckoll BH3yadu3aluedl pe3yJbTaToB OINpPEICICHHUS
PE30HAHCHBIX YacTOT, OCOOCHHOCTEH TapamMeTpoB COOCTBEHHBIX (opM KoyieOaHUH,
MECTOTIONOKEHNUS 1e(DEKTOB M UX Pa3MEpOB.

1. OITMCAHUE AJITOPUTMA UJEHTUOUKALINN

JlaHHBIIA ~ aNTOpPUTM  peajn30BaH KAk  dYacTh  KOMIUIEKCa  BHOPOAMAarHOCTHKH
MHOTronapaMeTpUYecKol HIeHTU(PUKALUYU 1€(PEKTOB B pAMHBIX CTEP)KHEBBIX KOHCTPYKIIMSIX.

ba3oBbiM OnokOoM airoputMa SBISETCS co3gaHuMe OaHka (MaccuBa) JAaHHBIX O
JUHAMHYECKOM COCTOSIHUM KOHCTpyKUHMU. [lapaMeTpbl cOCTOSAHNS KOHCTPYKLUU MOTYT OBITh
MOJly4Y€Hbl MYTEM COBOKYIIHOCTH PAaCYETHOIO MOJEIHUPOBAHMUSI U 3KCIEPUMEHTAIBHOTO
nmoaxoza [10].
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[Tpouenypa anroputMa wujaeHTUGUKALUU 1e()EKTOB ONKCaHA KakK IMOCIEeI0BaTEIbHOCTD
CJIETYIOIIMX 3TAIOB!

1. TlpoBeaeHue HaTYpHOTO SKCIIEPUMEHTA C TOMOIIbIO U3MEPUTETHHO-UH(OPMALIMOHHOTO
KOMIUIEKCA, BKJIFOUAIOIIETr0 B C€0sl: KOHCTPYKIIMIO C UCIIBITYEMBIM 00pa3lioM, TaTYHKH,
YCTPOMCTBO yCHIICHUS, IIEPEIAOIINN TPAKT, yCTPOMCTBA cOOpa 1 00pabOTKH
MHPOPMALIUU C HATMYHEM ITPOTPAMMHOTO 00eCTIeUeHUS;

2. Bos0yxaenue xonebaHuil B nCibITyeMoM 00pasiie u coop nHpopMaum o
COOCTBEHHBIX YacTOTax M (popmax KoreOaHH.

3. OO6paboTka TaHHBIX O MapaMeTpax KojeOaHWui, Bbljaua pe3ybTara U3MEpEeHui 1
MOJIETIBHOTO pacuerTa.

Pe3ynbTaToM SIBISIIOTCS: KOOPIUHATHI MECTOIOJIOKEHUA Je(EeKTa U ero BETMYUHBI.

Ha puc. | mpencraBieHa cxema ajJropuTMa MHOTONApaMETPHUECKONW HACHTU(PHUKAIMU

nedexToB B crepxkHeBoi KoHCTpyKiuu (CK).

Ha nepBoM sTane npous3BOAUTCS MOArOTOBKA YHCIECHHON U HATypPHOM MOJEIIEH, YCTPONCTB
yIpaBiaeHus: KojeObanusiMu U cOopa aHHBIX Ha 0aze kommbioTepa. [IpoucxoauT mocTaHoBKa
3amauyn cOopa TEPBUYHOW HMH(POpPMAIUKM aMIUTATYAHO-9acTOTHBIX xapakrepuctuk CK. C
MOMOIIbI0 OJIOKa YIpaBJeHUs KOJIEOAHUSMU MPOUCXOAMUT YyNapHOE WIH BBIHYXICHHOE

B030y>kneHune konebanuit CK Ha wactore @, B HEKOTOPOH TOUKe KOHCTpyKimH X, . Ilocie
cTabunu3anuu KoJeOdaTeIbHOro MPOoIecca OCYMIECTBISIETCS COOp MmapaMeTpoB KOJeOaHMd C
MIOMOIIBIO0 JTATYMKOB B HECKOJBKMX TOYKAX MOJENIH. MTOroM paboOTHl SIBISETCS MacCHB
nanubix U, (x,,®,) B HEKOTOPOH TOUYKE KOHCTPYKIUH X, , SIBISIFOLIMNACS aMILTHTY/HO-
YaCTOTHOU XapakTepucThkoil (AUX) xoHCTpykmuu B 3TOM Touke. Ha crnemyromem stame
IPOUCXOIUT BBIBOJA Tpaduueckoro otodpakenus 3aBucumoctd U, (X,,®,) W coxpaHeHHE

JaHHBIX B (aiin, ocymecTsisieTcs o0padorka nsmepeHHbIx AUX U, (x,,®,) u onpenensrorcs
PE30HAHCHBIE YaCTOTHl @, .

Ha cnenytomem »rtame mnpousBogutcs cOop wuHpopmarmu o (GopMax coOCTBEHHBIX
KoJicOaHWH Ha BBIJCICHHBIX PE30HAHCHBIX 4YacToTax. C TOMOIIBI0 OJoKa YIpaBiICHUS
KOJICOAHUSIMU TPOUCXOIUT BO30YKICHHE KOJIeOaHM Ha COOTBETCTBYIOIICH pPE30HAHCHOM
qacToTe @, . MI3MepsAIoTcs aMIUTUTYy 16l KOJICOAHWH B TOYKAX C PA3IMYHBIM PACIIOJIOKEHHEM
no jaiauHe KOHCTpyKuuu. OObEeMHUB B MAacCHB 3TH JaHHbIE moiydaeM (opmy KojeOaHM
xoHCcTpyKimu B K toukax U, (x,y,z,®,), V. (x,y,z,®,), W,(x,y,2z,0,) Ha COOTBETCTBYOLIEH
PE30HAHCHOM dYacToTe @, . 3aTeM NPOU3BOAUTCA IIEPECUET IEPBUYHBIX aMIUTUTYIHBIX
XapaKTEPUCTHK COOTBETCTBYIOICH (OPMBI KOJCOAHUH ISl KaKIAOH TOYKH MOJCIH ITyTeM
pacyéra yrioB MeXay KacaTeIbHBIMH B TOYKax cOOpa aMIUINTY[, W TOCTPOCHHE MAacCHBa
yrioB @,.(x,,®,) v xpusmsusl U (x,,®,,). Jlanee oCyIIECTBISIETCS COXPAHEHHE TaHHbBIX O
COOTBETCTBYIOIIEH (opMe KoseOaHMid, YIIOB KacaTelIbHBIX W €€ PE30HAHCHOH YacToTe B

0aHKe JaHHBIX O KOHCTPYKIUH.
[To 3aBepuIeHUIO BBIMOJHEHHS TMPOLEAYPHl M3MEpPEHHs MapaMeTpoB (opM KojebaHUil,

pacyera yrioB wu3ruda @.(x,y,z,®) B TOYKAX MOAETH M TApaMETPOB KPHUBU3HBI
Ulx,y,z,m,) rpadukoB 5THX (OpPM OCYIIECTBISIETCS MEPEXOJ K JTaly ONPEACICHUs

nokanuu aedekTa KOHCTPYKILHUH.
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Hauamo
-

1. TIpoBeneHne HaTypHOTO 3KCIIEPUMEHTA:
M3MepeHne PEe30HAHCHBIX YacTOT.

Pesymbrar: moctpoerne AUX 1 HaXOXkACHHE PE3OHAHCHBIX YAaCTOT MONEPEUHBIX KoleOaHuit
o, €lo.o,]

~L
2. [IpoBezsieHne U3MEPEHUH CMELIEHUIT Ha BEpXHEH TPaHU CTEP)KHS Ha PE30HAHCHBIX 4acTOTax

Pesynprar: HabOp 3HAYCHUI CMEIICHUI CTEPIKHS U MOCTPOCHHE MapaMeTpoB COOCTBEHHBIX (POPM KoJeOaHuit
U(x,y,z,w,); Vi(x,,2,0,); W,(x,,2,0,).

~L
3. O6paboTKa IKCIEPUMEHTATBHBIX JaHHBIX.
Pacyer HOpMUPOBaHHBIX 3HaYeHUH cMemennii Touek U, (x,y,z,®,) $opm KonebaHui,
yros usruba @,(X,,z,,) , xpususust U(x, y,z,®,)

Pe3yibrar: mocTpoeHHe rpadukoB HOPMHUPOBAHHBIX KPUBBIX:
a) hopm komebanmit U,(x,y,z,0,)
0) yroB m3ruba (X, y,2,0,) .
B) kpuBususl  UJ(x, y,z,@,) .
0

4. Ananuz pE3YNbTAaTOB 06pa60TaHHLIX OKCIICPUMEHTAJIbHBIX NaHHBIX!
OIPEACIICHUEC MECTOIIOJIOKCHUA )Jed)eKTa B CTCPIKHE.
~L0

5. CO3Z[3HI/I6 KOHEYHO-3JICMEHTHOHN WJIN aHATUTUICCKOW MOJCIH C TMOBPEIKACHUEM, MECTOITOJIOKECHUE KOTOPOT'O
OIIPENCIICHO B H.4, TMPOBCACHUEC MOJAJIBHOIO aHAIN3a JIA pa3sJIU4YHbIX BEJINYUH ﬂefbeKTa

Pesynbrar: onpenenenue BenuuuHsl gedekra (NIyOMHBI Hafpe3a) Ha OCHOBE CPABHEHHMS PE3YJIbTaToB
YHCIICHHOTO pacyeTa M AKCIEPUMEHTAIBHBIX TaHHBIX

~L

5. Ouenka aznexkBarHocTH pe3yasraro UII:
CONOCTAaBIIEHUE Pe3yNbTaToB napameTpoB AUX, MOCTPOCHHBIX 10 AaHHBIM
HAaTypHOTO 3KCIIepHMEeHTa u yucieHHoro K3-pacuera
—

Konen

Puc. 1. Anroputm MHOTrOnapameTpuieckoil HAeHTUPHUKAIIH 1e(DEKTOB B
CTEP’KHEBOW KOHCTPYKIIMU

Ha nmocnenyromem »srtame co3fgaeTcss aAeKBaTHash KOHEYHO-DJIEMEHTHas MOJENb
KOHCTPYKUMHU C JedeKTOM, JOKAaTU30BaHHBIM B OINpeAeliecHHOM paHee MecTe. Ha srtame
MOJICTIMPOBaHUS KOJeOaHUN KOHCTPYKLMHU pelIaeTcs 3ajada o0 OMpeesieHUH BETUYHHBI
nedexra. [Ipu aToM a1 naHHOTO pacnoiiokeHus AedexTa pemaercs 3agada 0 COOCTBEHHBIX
KOJIe0aHUSX KOHCTPYKIMU TIPU €ro pa3ludHbIX pazMepax. Ompesensercs 4yBCTBUTEIBHOCTh
YacTOT K HaJIW4UIO JedeKTa, BHIOMpPAIOTCA NJs MCCIIeNOBaHUS HamOojee 4yBCTBUTEIbHbBIC
MOJIbI KONeOaHWid, TPOU3BOAUTCS aHaIU3 OCOOCHHOCTeW QopM KonebaHWl ¢ UENblo
orpeseacHus MecTonojokenuss L nedekra (B 4aCTHOCTH, Haape3a) B MOJICIH, €T0 BETUNUNHBI

OTHOCHTEJIBHON KeCTKOCTH C| =~ ¥ CTENECHH IOBPEKIACHHOCTH (IIyOHHBI { wmanpesa). B

cieayronmem O110Ke MPOUCXOOUT HCCICAOBAHHUEC AaACKBATHOCTHU YHCJICHHOM MOJIEIH C
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UACHTU(DUIMPOBAHHBIMU Je(pEKTaMU U SKCIEpUMEHTaIbHOW. Pe3ynbpTaThl HccienoBaHUil

BBIBOJIATCS B BHJE Tpaduueckoil uHTeprnperanuu o ¢popmax konedbanuit U, (x,,®, ), yrios

@.(x,,0,), kpususubl U’ (X, ,®,) B TOYKaX, BEPOSITHOIO MECTOIONIOKECHHS L w1 TiryOuHBI ¢

nedexTa, IpOU3BOIUTCA COXpaHeHHe B (ailsl oTyeTa o mpoieIaHHoi pabore.

2. UAEHTUOUKALIMA AEPEKTOB C I[IOMOIIBIO AJIT'OPUTMA

B kadecTBe mpuMepa peanuzalliy alropuTMa paccMOTpeHa uaeHTu(dukanus nedexra B
CTEP>)KHEBOM KOHCTPYKLHMH, MHpPU HTOM JaHHbIE HATypPHOIO OHKCIEPUMEHTA 3aMEHSUINCh
pe3yibTaTaMu pacyera B KOHEYHO-3JeMeHTHOM Komiuiekce ANSYS. beuia moctpoena
HOJIHOTENAss MOJENb KOHCOJBHOTO CTepkHs (mamHa L =250 MM, BBICOTAa IOIEPEUYHOTO
ceueHuss h =8 MM, MHMpPUHA 4 =4 MM) C TOBpeXIcHHEM (IeeKT B BHJE IOIEPEUHOTO

Hajpe3a MMpUHOM | MM u aOcomoTHOW TiyOuMHOM /A, =4 MM), pacCHOJIOKECHHBIM, B

OTCTOSILIEN OT 3allleMJIEHUs TOYKe CTepKHs Ha paccrosnuu L,=0.25,rne L, =L,/L L, —
MECTOIIONIOKEHHE TOBpexAeHus. Jlamee BBeleM Oe3pasMepHyI0 KOOpPAMHATY X =x/L .
OtHocurenbHast TiyOuHa nospexaenus ¢ =h,/h=0.5 [6]. PaccMaTpuBaroTcs IOIEpeyHble

KOJICOaHMS CTEPIKHA.

[Tocnenyromue neWcTBHsI BBITOJHSIOTCS, COOTBETCTBEHHO, MO OJjokaM anroputMma. B
Havyaje OBbLI MPOBEJIEH TapMOHMYECKUN aHaIM3 KoJieOaHWUW CTEep)KHSA. Pe3ynpTaThl 3TOTO
aHaJIM3a COXpPaHAITCI B OaHKE JAaHHBIX O [apaMeTpax AaMIUTUTYIHO-4aCTOTHBIX
XapaKTEepPUCTUK B pPa3MYHbIX Toukax cTepkHs. Ha ocHoBe ananmm3za AUYX BBISBIAIOTCA
cOOCTBEHHBIE PE30HAHCHBIE 4YacTOThl KoseOaHuil. Ha crenyromeM sTame cOXpaHSIOTCS
3HA4YEHMs TOIMEPEUHBbIX CMEIICHUH B pa3jMUHBIX TOUYkax crepxkHs. [lanee, aHanu3upyroTcs
CMEIIEHHUs TOYEK BEPXHEH MOBEPXHOCTH CTEPKHS MPU COOCTBEHHBIX KoeOanmsax. Ha puc. 2a
npuBeneHa ¢opMa MepBOMl MOAbI KOJEOAHMH CTEpXKHS C HaJIMYHMEM TOBPEXKICHUS.
Beraucnsirorest mapameTpsl GpopM koseOaHmid (Yriibl ¢(X) MexIy KacateidbHbIMH (puc.20) u

xpusuzHa U"(X) (puc.2B)). AHAIOrUYHBIE IEHCTBHSA MOI'YT OBITH IPOM3BENEHBI IPU AHAIU3E

npyrux ¢opMm koneOaHui. OCylIecTBISIETCS MX aHAIM3 C LIEJbI0 BBIABICHUS XapaKTEPHBIX
TOYEK, B KOTOPBIX MMEET MECTO pe3Koe («IMMKOOOpa3Hoe») N3MEHEHHEe Ha uX rpadukax [14].
KoopaunaTtsl TOueKk, MMEIOIINE BBIPaKCHHBIE HW3JIOMBI IO JIMHE CTEPXKHS, COBHANAIOT C
MECTOITOJIOKEHUEM TOBPEKICHHS.

AHanu3 rpadukoB napametpoB (opm konebanuit (puc.2 6, B) MO3BOJIWI CAENATh BHIBOIBI
O TOM, YTO C UX MOMOIIbI0 MOKHO YCTaHOBHTH MECTOIOJIOXKEHHE nedekra. B maHHOM
npuMepe I ciydas 1-if Mozl KojeOaHuil onpesesnsieM pacroiokeHue AeeKTa B TOUKE 110

—
JUITMHE CTEp)KHS ¢ MakCHMaJIbHBIM IiepernOoM B koopauHate L, =0.245 (B maHHOM ciydae

3B63HOHKOﬁ YKa3bIBACTCA HaﬁﬂeHHaﬂ BeJ'II/ILII/IHa). HOI‘peH_IHOCTB ONpCACIICHUA
MCCTOIIOJIOKCHUA I[e(I)CKTa pacCUUTBIBACTCA 110 (bOpMy.]'IeZ

0.245-0.25

5 -1
A="——100% = 100% =2%

d
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[Tocne wuneHTHHUKAIMM MECTOMONOXKEHHUS JAe(eKTa MPOU3BOAUTCS HWACHTU(PUKAIHS
BeNMYMHBI nedekra. s 3Toro mcciemyeM BIMSHHE BETUYMHBI Ae(eKkTa Ha TapameTphl
dbopmbl konebanuit. [ comoctaBieHus mapameTpoB (Gopmbl 1-if MoaBI KoJeOaHWM aJis
pa3IMYHBIX BeNWYMH Aedekra (Haape3a) TPHU BBISIBICHHOM MECTONOJIOXECHUN CTPOSTCS
rpaduKu 3aBUCUMOCTH TlapameTpoB (opmbl KosiebaHuii (puc. 3a), 3aBUCUMOCTEH BEITMYUHBI
nedekra ot yrua ¢(X) (puc. 36) Mexay KacarelbHbIME 1 KpuBH3HBI U"(X) (puc. 3B).

JI7ist o1leHKM BIUSTHUS TITyOUHBI TIOBPEXKIeHUs (HaApe3a) Ha XapaKTep KPUBBIX MapaMeTPOB
dbopMm konebanuii (puc. 36, B) B 30HE «U3IIOMa» (BEPOSTHOTO MECTOMOIOXKEHHS Je(eKTa)

ObUIM TMOCTPOEHBI TpaMKU 3aBHCUMOCTEH yrIjia MEeXIy KacaTelabHbIMH ¢(L,) ¥ KpUBU3HBI
nT
U"(L,) (puc. 4).
AHanu3 3HAYEHWH yTia MEXIy KacaTelIbHBIMH, Hampumep, i 1-it Gopmel konebaHui,
TI03BOJISIET ONPENEIUTL Bennunny nedekra (Haapesa) ¢ . U3 rpaduka Ha puc. 26 BUIHO, U4TO

- e
B TOuke HamOoibIinero neperuda («usnoma») dopmsl konedanuit (L, =0.245) yron mexmy
KacaTeJIbHBIMU B 3TOM Touke cocraBisier ¢(L,)=167.8 rpan, a KpuBU3HA B TOYKE Ieperuoda

(puc. 2B) U"(Zd) =7.1 ycn. en. AHanmusupysi TpaduKkd 3aBUCUMOCTEH yria MeEXIy

KacaTeIbHBIMU M KPUBHU3HBI B 30HE «M3JI0Ma» OT OTHOCUTENIbHOU ri1yOuHBI Hajapesa (puc. 4)

OnpeieNiieM OTHOCUTENBHYIO BeInUnHy nedekra (ryouny Haapesa): *=0.48.
[TorpenrnocTs onpeneneHus: BEMUMHbI AedekTa (TIyOnHbI Haapes3a ) s JaHHOTO Cydast

IPH COMOCTABICHUH C UCXOHBIMU JAaHHBIMU (7 =0.5) BHIYMCIAETCS CIEAYIOMUM 00pa3oM:

i -] 0.48-0.5]
A= 100% =

100% = 4%

3AKJ/ITOYEHUE

1. Pa3zpaGoTaHHbIil alrOpUTM MHOTONApaMETPUUECKON WACHTUPHUKAIMU Je()EKTOB B
CTEPKHEBOM KOHCTPYKLMU TO3BOJSET pAacCUMUTaTh IapaMETpbl TPELIUHBI (OTKPBITOTO
HaJ/ipe3a) B KOHCOJIbHO-3aKPEIJICHHOM YIPYTOM CTepKHE, B T.4. [NIyOUHY U MECTOIOJIOKEHHE
TPELMHBI ¢ MEHBIIIMMHU MOTPEIIHOCTSIMH, YEM MPU UCIOIB30BAaHUM IPYTHX aITOPUTMOB.

2. CHmKeHHuE TOTPEIIHOCTH B OMNpeAeseMbIX MapaMeTpax UACHTU(DHUKAIMH CTEPHKHS
JOCTUraeTcs Ojaroiapsi UCMOJIb30BaHUIO B AITOPUTME Oojiee MIMPOKOr0 HAOOpa MCXOTHBIX
(Takke M SKCIEPUMEHTAIbHBIX) JAHHBIX (HE TOJBKO 3HAYEHUI YacTOT PE30HAHCOB, HO U
napaMeTpoB COOCTBEHHBIX (popM KojeOaHUil CTepXkHs), a TaK XK€ B CHIy NPUMEHEHHUS B
QITOPUTME UHTErPAJIbHOTO JUArHOCTHYECKOTO MPU3HAKA UAECHTU(PHUKALINH.

3. IlpennoeHHbIH aaropuT™M MOXKET ObITh IOJIOKEH B OCHOBY JIsl pa3pabOTKH METOIUKU
TEXHUYECKOM JMAarHOCTUKM TEXHUYECKOI'O COCTOSIHUS  CTPOUTEIBHBIX  KOHCTPYKIM
KOHCOJIBHOT'O THIIA.

Pa6ota Bemmonnena npu nogaepxxke PODU (rpantsr Ne 10-08-00093-a, 10-08-01296-a,
12-08-90815 mon_pd_Hp).
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Puc. 2. a) popma 1-i1 Mol KosiebaHMIt CTEPKHA ¢ HAIUMYUEM J1e(heKTa OTHOCUTEIBHOMN
rryouHo# ¢ = 0.5 u ero mecrononoxernu L, =0.25; 0) yrisl pa3IngHbIX B TOYKaX (HOPMBEI

KoJieOaHuii, 00pa30BaHHBIC MEXK/Ty KacaTeIbHBIMU ((X); B) KPHBU3HA B PA3JIMYHBIX TOYKAX

dopmbl konedanuit U”(X)
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Puc. 3. I'paduku ¢popm 1-if Moabl KosIeOaHu (a) U ee MapaMeTpoB: YIJIOB MEXITY
KacaTeJabHbIME @(X) (0) 1 KpuBu3HBI U”(X) B pasiM4HBIX TOYKaX (B) MPH Pa3HbIX

7 Ik
3HAUEHMSIX NIyOUHbI Hajipe3a ¢ U ero mecrononoxenun L, =0.245

A. B.Yepnakog, B. A. AkonbsiH, A. H.ConoBebeB
ANropuTM MHOronapamMeTpuyeckon naeHTUdnKaunmmn nedeKToB CTEPXKHEBBIX KOHCTPYKLNN



DNeKTPOHHbIV XypHan «TexHuyeckas akycTuka» 2013, 1 10 (11)

175 FT—00uu

170 \

o(L,)=167.8°

Yo Mesk)1y KacaribHBIMH, I'paji
o
(=2
¥

=048 N\

0 0,1 0,2 0.3 0.4 0,5 0.6 0,7 0.8 0,9 1
OTHOcHTe ILHAA [TyOnHa JederTa ¢

0)

S
=

~

Kpupisna, y e e,
[ e
th [—]

N

N\

—
=

U'(L)=1.1
5 —
| I 7-048
0 T T T T T T T T
0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

OTHOCHTeIBbHAA [Ty0uHa TederTa ¢

Puc. 4. I'paduku 3aBUCUMOCTH BEJIMYMHBI OTHOCUTEIBHOM ITyOUHBI Ha/ipe3a OT MapaMeTpoB
dop™m koneOaHuil B 30He «M31I0Ma»: yriaa ¢(L,) Mexay KacaTelIbHbIMU (a) U KPUBU3HbI

U'(L,) (6)
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