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Peztome: I[EJIB. IIpogecinu aoanmanyimo mMemood UzMepeHls pacnpocmpaners ot Jomoa e
MOHKUX O08VCIOLHBIX MIACHUHAX K UCCIe008aHur0 3asucuMocmu ¢hazoeoil cxopocmu om
MEeXHUYecKo20 COCMOAHUA MpyvOONpoeodoe ¢  3AWUINHBIM — HAPYXCHBIM  HOKDPLIMUEM.
Buinonnums MoOUQUKaYUI0 HUCTEHHO-AHATUMUYECK020 aN2opUmMa UIMepPeHla MOTUjUHb
noxpeimuA u obadcmell HecyenleHUs MAMePUAnog € MOHKUX OEVCIOUHbIX MIACIMUHAX Ol
gubpoaxycmuyeckoli ouazHoCmMuKu mexHuveckux  mpyéonpoeodos. Hecneooeams
pacnpocmpaneriie cuMMempudHoil gontsl J[>mba e cmantsHoM mpyvoéonpoeode ¢ 3aujuImHsIM
HapyacHoim  noxkpuimuem. METO/IBL Ina peuilerua 3a0a4u JOKATUZAYUU NOBPENCOeHll
MexXHUYecKux mpyGonpoeodoe paccMompensl MpAOUYUOHHbIE MemoOsl HepaspyULalje2o
KOHIMPOJIA, OCHOBAHHbIE HA eudpoaxycmuyeckoii ouaznocmuxe. PE3VJIBTATHI. ITocmpoena
Mamemamudeckas Mooels, ONUCLIEAoWds 3A8UCUMOCTNL PACNPOCMPAHEHUA M00bl a3oeoii
cKopocinu eonHsl JI3mba om monujuHsl uccieovemozo obvexkma. Hamuuue usmeHeHuil e
moJujuHe mMpvéonNpoeoodd NPUHAMO KAK enuAHue Oedexinoe Mamepuanlda HA napamempsl
pacnpocmpanerus Moowsl  eonHsl JI3mba. 3AKJIFOYEHHE. IIpedcmagner 4uUCTeHHO-
ananumuyeckuti Memoo paciema pacnpocmpaHeHUs CUMMemMpU4Holl MoObl eonHsl JI3mba e
cmansHoM — Ipybonpogode ¢ 3AUUIMHBIM  HADVXCHLIM — NoKpsimueM. IIpedcmaeneHa
3agUCUMOCIbL  CKOpOCMU  pacnpocmpanerus eoad JIsmba om mMomyuHsl UCCTe0VeMo20
obwvexma. Ha ocHoeanuu onucaxsHoll Memoouxu npeocmaeniemcs e03MONCHbIM OYeHUBAMNb He
MOJIBKO MOMYUHY ce2MeHma U 001acmi HecyenieHua cloee, HO U CYMMAPHYIO NIOoudob
Oeghexmmuoii 30Hb1. DMo No3eonum g danvHeliuiem QUKCUPOEANs OMHOCUMENbHbIE USMEHEHUA 8
monuuHe CcmeHox mpyoonpoeodoe O01A onpedeneHus U3MeHeHUll @u3udecKux ceolicme
Mamepuana un Hamuyua oegexma.
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Abstract: THE PURPOSE. Adapt the method of measuring the propagation of Lamb waves in
thin two-laver plates to the study of the dependence of the phase velocity on the technical
condition of pipelines with a protective outer coating. To perform a modification of the
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numerical-analvtical algorithin for measuring the thickness of the coating and areas of non-
adhesion of materials in thin two-laver plates for vibroacoustic diagnostics of technical
pipelines. To investigate the propagation of a symmetric Lamb wave in a steel pipeline with a
protective outer coating. METHODS. To solve the problem of localizing damage to technical
pipelines, traditional methods of non-destructive testing based on vibroacoustic diagnostics
are considered. RESULTS. Work on the construction of a mathematical model of the
dependence of the propagation of the phase velocity of the Lamb wave on the thickness of the
object under study has been carried out. The numerical analysis of the measurements was
carried out using the example of thin two-laver segments of pipelines. The presence of changes
in the thickness of the pipeline is taken as the effect of material defects on the propagation
parameters of the Lamb wave mode. CONCLUSION. A numerical-analytical method for
calculating the propagation of a symmetric Lamb wave mode in a thin segment is presented.
The dependence of the propagation velocity of Lamb waves on the segment thickness is
demonstrated. Based on the described technique, it seems possible to estimate not only the
thickness of the segment and the area of non-adhesion of the lavers, but also the total area of
the defective area. This will allow in the future to record the relative changes in the thickness
of the walls of pipelines to determine changes in the physical properties of the material or the
presence of a defect.
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Beeoernue
IIprMeHeHIIe COBPEeMEHHBIX METOJO0B Hepa3pyIIalomero KOHTPOId 00YCIOBICHO
HeOOXOIIMOCTBIO CBOEBpPEMEHHOTO MOHHTOpPHHTA COCTOSHIIA TeXHHYECKIX

TpyOompoBoAoB [1], KOTOpele TOJ BIHSHIEM BHEIIHHX W BHYTPEHHHX (aKTOpOB
SKCILTyaTaIHH MT0[BEPTaloTcs JAerpagannui MaTtepnana. CIoHCTbIe TPENINHBI SBISIOTCS OJHIMHI
U3 TPYAHO BBISBIAEMBIX H CKPBITHBIX Je(DEKTOB METALTHYECKHX TPYOONpPOBOJIOB H 3TO
TpeOyeT mpuHATHE >(QGEKTHBHEIX MEp HX OIEHKH, HadMHAsg C HX KIacCHOUKAIHOHHOTO
aHaJH3a I YMEHBIIEHNS PHCKA HX MTOSBIEHHS KaK MPH Pealn3alii TeXHOIOTHH MIPOH3BO/ICTBA
MeTa/UTHIeCKHX TPYOOIIPOBOJIOB, TAK H IIPH AHANN3€ HX COCTOSHHS B IPOIIECCE SKCIUTYATAIIIII.
JledekThl Takoro poja IPHBOIAT K BBIXOJY N3 CTpos 00OpyHOBaHHA W TIOTEPAM
SHEPTOHOCHTENS IUTH HHOI IT0IaBaeMOIl CPeIbl, 9TO BBIPAKAaeTCd B 3KOHOMHYECKHX 3aTpaTax
Ha ero 3aMmeHy. Kpome Toro, 3ameHa oOopymoBaHms TpeOyeT BpeMEHHOI IPHOCTAHOBKII
I0J1a9H CPEJIBI 0 JaHHOMY TPYOOIPOBOJIY, UTO TAaKkKe CO3/aeT JIOTIONHATENbHEIE (DHHAHCOBBIE
pacxogst [2].

Jlna pemeHns TMOJOOHBIX 3aJad aKTyalbHBIM BOIIPOCOM OCTaeTCd IIPOBEJIEHIE
MOHHTOPHHTA COCTOSIHHS TPYOOIPOBOJOB PpA3IMYHBIMH METOJAaMI Hepa3pyIIAIOIIero
KOHTpPONS, TMpHMEHeHHe  KOTOPHIX  CIOCOOCTBYET  YMEHBIIEHHIO  BO3HHKHOBEHIS
HeKeMaTeNbHBIX TOCIECTBHII OT pa3BHBAIONIEIiCS CO BpeMeHeM JIerpaJalliHi MaTepHalloB
TpyOompoBoA0B. B cTaTke 19 ompejieneHns TEXHIUECKOTO COCTOSHIS TpybompoBo o JKKX,
TIpe/UIaraeTcsl pacCMOTPETh HOBBII MOIXO0JI, OCHOBAHHEII Ha paclpocTpaHeHNN BOIH JIsmba B
MIPe/ICTAaBIEHHBIX CcerMeHTax TpyOompoBoaa [3]. CerMeHT B cTaThe paccMaTpHBAETCS Kak
JacTk TPYOOIpPOBOZa B pa3pese, MpeIcTaBIgromero coboil Kpyr, KOTOPEIN OrpaHHYeH Iyroi
OKpPY/KHOCTH H CEKYIIeil.

MeTozabl Hepa3pyIIAmEero KOHTPOIS TPYOOIPOBOIHEIX CHCTEM, JIEKallle B OCHOBE
TEeXHHYECKHX peIIeHHH 3aJadl OOHapyKeHHsS 3ariTyOJIeHHBIX TPYOONpPOBOIOB, a TaKkKe
BBISIBIIEHIIS Pa3IIIHEIX J1e()eKTOB JacTO HAXOJAT OTPaKeHHe B padOoTaxX MOCIEJHNX JeT. JTO
CBS3aHO C TeM, YTO TIIOBBIIEHHE OE30MacHOCTH WCIONb30BAaHHS H  IIOBBINICHHE
3Hepro3(GGEeKTHBHOCTH HEMOCPEICTBEHHO 3aBHCHT OT MEPONPHSITHI NPHMEHEHNS HOBEHITIX
MpHOOPOB KOHTPOJIS.

ITo100HBIE MEPOTIPHATHS OCYIIECTBIECHHS KOHTPOIIS HEOOXOANMEI MPH CTPOHTEIHCTBE
3/IaHHII I COOPYKEHHII, MOBEJCHNI K HHM Pa3lHIHOTO POJa KOMMYHHKAITHII, a TAKKe T
IOCTIDKEHNI TpeOYeMBIX YCIOBHIT O€30IacHOCTI MPH JanbHemeil sKcIuTyaTamnn [4].

Ha pucynke 1 mpuBejieHO pacmpejieneHNe KOIHIeCTBa 3apernCTPIPOBAHHBIX TATEHTOB
M0 METOoJaM KOHTpoig TpyOompoBomoB 3a mepmon ¢ 2010 mo 2020 romer. OmgHIM 13

4



© I'anonenxo C.0., Kowopamvee A.E., Mvemagura I P.

BaJKHEHIINX HAMpaBIeHHN O€30IacHOCTH 4BIeTCA MOBBINICHHNE 3Hepro3(@deKTHBHOCTH I
HaJe/KHOII SKCIUTYaTalli pa3INIHbIX KOMMYHIIKAIIHII, KOTOpOe 00eclednBaeTcd, B YaCTHOCTIL,
pa3paboTKoil I BHEJIpeHHEM HOBBIX Dollee COBPEMEHHBIX CII0COO0B I MPIOOPOB KOHTPOIS HX
TEXHHYECKOTO COCTOSHHS.
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Puc. 1. Pacmpenenenue KomHdecTBa Fig. 1. Distribution of the number of registered
3apeTHCTPHPOBAHHBIX IATeHTOB IO MeTodaM patents on pipeline control methods for the period
KOHTpOIA TpyOOIPOBOAOB 3a epHoA ¢ 2010 mo 2020  from 2010 to 2020.
TOZEL
CoBpeMeHHBIE METOJBl MOHHTOPHHTA HHKEHEPHBIX KOMMYHHKAITHII OTPaHMIEHBI

m30HpaTenpHON CIOCOOHOCTRIO H HMEHT HeOONBNION CHEKTP BO3MOKHOCTEl KOHTPOIA,
3aBICAIIHIT OT MaTepHaIa HCCIeAyeMOro 00beKTa.

OnHIM H3 TPHMEPOB HEpa3pyMIAIONIET0 KOHTPONIS TPyOOIPOBOJOB, ONHCAaHHOTO B
maTeHTe Ha m3o00peTreHne No 2734724, gBngercd BHOPOAKyCTHUYECKHII CIOCO0 OIEHKH
TEXHHYECKOTO COCTOSHIS MPOBOJAININX HHKESHEPHBIX KOMMYHHKammil. OH mpeJcTaBiser
c000il yCOBEpIIeHCTBOBAHHEII aKyCTHUECKI MeTox (pHc. 2), CYyTh KOTOPOTO 3aKIYacTCd B
reHepHpoBaHNN BoXH J[5M0a ¢ pe30HaHCHOI 4acTOTOI, Haxo smielics B Anamna3oHe ot 250 10
15000 I'n, mpH 3TOM permcTpaIisg KoleOaHHIil OCYIISCTRIZETCS Yepe3 OIHHAKOBEIE HHTEPBAIIbI
mo Bcell JIMHE [HAarHOCTHPYEMOTo O00BeKTa, [alee [0 pe3yabTaTaM H3MEpeHHIl,
PETHCTPHPYEMBIX YyBCTBHTEIBHBIM 3JIEMEHTOM, CTPOST TPaQHK paclpe/ieleHNs aMILTHTYIbI
KosebaHmg BONHET JI3Mba mo aHHIN m3MepeHns [3].
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Puc. 2. DxcnepuMeHTanbHad CXeMa, COCTOAINAd H3
TepCcoHATBEHOTO KoMmmbroTepa (IIK) — 1; aHATOTORO-
mudpoBoro mpeoOpasoBarens (ALII) — 2; Omoka
NHTAaHHA — 3; ycHIuTenell — 4; SYBCTBHTISIBHEIX
371eMeHTOB (MHKPO(OHEI HIH Nbe303IeKIpHIeCcKHe
IaTIHKH) — 5; TpyOoIpoBoaa — 6; HCKOMOTro JedekTa

Fig. 2. The experimental scheme consisting of a

personal computer (PC) — 1; analog-to-digital
converter (ADC) — 2; power supply umit — 3;
amplifiers — 4, sensitive elements (microphones or
piezoelectric sensors) — 3, pipeline — 6; desired
defect — 7; shut-off and regulating device — 8.

— 7; 3aI0pHO-PeryIHPYIONIEro yeIpoiicTa — §.

BubpoakycTiaeckiil MeToJl Hepa3pyMIAOMIEro KOHTPOIS — 3TO METOJ] TeXHHYECKOI
IOUAaTHOCTHKH, ITO3BOIISIONINII IPOBOJNTE OIEHKY COCTOSIHHS HCCIEIyeMOTOo 00beKTa IyTeM
aHaJH3a IPOXO/ISAIINX BIOPOaKyCTIIeCKHX CHTHAJIOB, KOTOPBIE BOCIIPHHMYHBEL K Jle(eKTaM H
BApPHATHBHOCTH TEXHHYECKOTO COCTOSHMNS MTOBEPXHOCTH 00beKTa KOHTPOIA [5].

OcHOBOIl 119 aHamH3a OPH BHOPOAKYCTHYECKOM METOJ[E€ BBICTYNAKOT ITapaMeTphI
BHOPOAKyCTHYECKOTO CHTHala, KOTOPbIE BBIPDaKeHB MEHSIONINMIICS BO  BpEeMEHH
(GH3MIeCKHIMH BeINYHHE! (IIepeMeIIeHns BOJHBI, CKOPOCTH, VCKOPEHHS H TacToTel) [6].
CocTosiHIE HCCIeIyeMoro o0BEKTa COCTABISIETCS HNCXOA M3 IOMYYEHHBIX XapaKTepHCTHK
BHOPOaKyCTIUECKOT0 CHTHala, KOTOPBIH HeceT B cebe HeoOXommMmyro uHpopmammro. J[ng
B3aIMOCBS3H TEXHITYECKOTO COCTOSHHS IICCIEIYyeMOro 00BEeKTa I MOTYIeHHOH HH(OpPMAIIIIT
BHOPOAKyCTHYECKOTO CHTHAla BBICTPAaHBAETCS  AHAIHTHYECKas MOJENb  IIPOIECCOB
IHATHOCTHKH [5].

AKTyanpbHOCTh IAaHHOTO HCCIIEJOBAHHSA 3aKII0YAeTCS B OIPE/EIEHHH 3aBHCHMOCTH
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ImapaMeTpoB BOIH JI3M0a 0T TEXHHIECKOT0 COCTOSHIIA TPYOOIIpPOBOIa.

HayuHagd HOBI3Ha 3aKI0YaeTcd B MPOBEICHHI TEOPeTHYEeCKHX IICCIeIOBAaHMI, B
MIOCTPOSHNH MaTeMaTHYEeCKOH MOJENH, pacmpocTpaHeHnd BomH J[3mO0a B IBYXCIOMHBIX
CerMeHTaX B YCIOBHAX CIOKHBIX IHHAMHYECKIIX B3aHMOJCIICTBHII, IPOSBICHIE KOTOPBIX
CBH3aHO C HAIMIHEM CTPYKTYPHBIX U MeXaHIMIeCKNX HapyIIeHNIX B 00beKTe KOHTPOIIL.

IlpakTHdeckas 3HAUNMOCTh 3aKIH0YaeTCd B MOAYUYEHHH 3aBHCHMOCTH OTHOIIEHHS
CKOpOCTel, pacmpeneleHns BoinH JIbMOa, 0T TOMMIMHEI HCCIEAYEMOTO IBYXCIOITHOTO
CerMeHTa, KOTOPHII IIKET B OCHOBY pa3palOTKH MEPCIeKTHBHEIX METOAHK OICHKH
TEeXHIUECKOTO COCTOSHIA TPYOOIpoBoIa.

Mamepuanst u memoost

IIpumenenue eonn JI>moa e mexHuvecxkoil OuazHoOCmuKe

IlpmBong B paboTe oOmHcaHine MeTOJa [JHAarHOCTHKH TpPYyOONPOBOIOB IYTEM
HCCTIEIOBAHIA 3aBICHMOCTH CKOPOCTH pPAacIpOoCTPaHEHHS BOJH HEOOXOINMMO pa3o0paTecs C
TaKHM IOHATHEM KaK «BOJHBEI J[3M0a». BONHEI MOTYYILIH CBOE HMS B UeCTh AHIIHIICKOTO
yueHoro Iopamms JI>m0Oa, ommcaBmiero mx B CBOHMX paboTax B Hauane XX Beka. J[aHHBIE
BOJIHEI OTHOCATCSA K HOPMAaJIbHBIM BOJIHAM, UbH KOJIeOaHIII MPOTEeKarT Ha BHENIHEHl 000I0uKe
00BEeKTa BCIIeJ 3a paclIpocTpaHEHHEeM BOIHBI H OTBecHO eil. Bomebl JI3Mm0a gBIgrOTCA
HOPManIbHEIMI BOJTHAMH B VIIPYTOIl ITAaCTHHE CO CBOOOIHBIMH TpaHHIaMH. bollee CIIOKHBIM
ABIAETCA CIIyYail pacmpocTpaHeHHs BolH Jl3mM0a B HEOIHOPOMHOI HeCTaIHOHAPHOM
OHCHEePTHPVIOMIE  cpele,  KOTOPBI  ONNCHIBAeTCS  MaTeMaTHYeCKIM  alllapaToM
VIOBICTBOPSAIONINM VpaBHEHHAM TEOPHH VIOPYTOCTH C YYETOM TPAHHYIHBIX VCIOBHI
TMOBEPXHOCTH IUTACTHHEI.

Bonnasr J[3Mba HMEOT CBOIICTBO PacIpOCTpaHAThCE KaK B TBEPIBIX Cpelax, Tak H B
Kugknx. OIHAKO OHCIEPCHS M MYJIBTHMOJAIBHOCTE B IMIEPBOM ClIydae OyIeT MposSBIAThCA Ha
TOPSAI0K CIUIBHEE.

Ommucanasle J[I3MO0M BONHBEI OBIBAIOT IBYX THIIOB: CHMMETPHYHBIC H aCHMMETPHYHEIE
(puc. 3). YacTHIE B CHMMETPHYIHBIX BOJTHAX PACIpPOCTPAHAOTCA CHMMETPHYHO OT IIOCKOCTH
Z =0, T.e. BO BCEX TOYKaX ILTACTHHBI paclpoCTpaHeHHe 10 OCH X HMEIT paBHbIE BEIHUHHEI, a
pacIloNoKeHHe 10 OCH Z TPOTHBOMONIOKHO. B acHMMETPpHUYHBIX BOJHAX JIBIKEHHE HacTHIT
aHTHCHMMeTpHYHO oT Z =0 [7].

Puc. 3. CxeMa TIepeMellleHHA HacTHIl Ha Fig. 3. Scheme of movement of particles on the
TIOBEPXHOCTH 00REeKTa IpH IBHAKSHHH B HHX BONH surface of an object when Lamb waves move in them.
JI>M0a. a - cHMMeTpHYHas BonHa JIsmda, 6 - A - symmefric Lamb wave, B - asyimmetric Lamb
acHMMeTpHYHas BonHa JI3MOa. wave

B o00OBexkTe ¢ ompeleleHHON TOMMHHON (8) IpH HeHM3MeHAeMoill dYacToTe (o)
JBIDKYITHECS CHMMETPHYHbIE W acHMMETPHIHBIE BOMHHI JI3Mb6a OyayT MMeTh KOHKPETHYIO
BemmunHy. Kakias n3 3THX BONH OyeT OTIMYaThCs JAPYT OT Apyra a30BBIMII H TPYIIOBEIMI
cKopocTaMH. TakKe B 3aBHCHMOCTH OT H3MEHEHNS TONIMHHBI IUIACTHHBI PA3IHTIHBEIM OyIeT
pacmpejielieHIle CMENIEHHd W HampskeHne. [IpH  TEOPETHUECKOM OMYIMIEHHH, YTO
HCCTAeIyeMBIll OOBEKT 4BIFeTCA IUTACTHHOI Majloil TOMIMHHEL, BOIHEI JI3Mmba Oyayr
TpeICcTaBIeHE! IPOIOIBHOIN I H3THOHOI BOTHAMI HYIEBOTO Hopsaaka [7].

Teuenne BomHB JI3MbGa OCYIIECTBHMO TakkKe B IUIACTHHAX HCKPHBICHHOTO,
HEOJHOPOIHOTO XapaKTepa, a TAKKe B IUTaCTHHAX, BRIPE3aHHBIX I3 KPICTaaioB [8].

Bonsbr JI3Mba HalLIN MIMPOKOe TMpHMEHeHIe B METOAaX Hepa3pyIIaoIiero KOHTPOIsd
Omaromapg CBOeMy CBOIICTBY COXpaHATh CKOPOCTh Ha OONBIINX TIPOTIKEHHOCTIX
HCCIeyeMOro 00beKTa 13 TBEPIBIX MaTePHaIoB.

B mHame Bpema GmH3HKa pacmpocTpaHeHHs BomH JIsmba oTpakeHa B MeTOJaX
nedeKToCKOMmIN 1 KOHTPOJIA IIaCTHHIATHIX MAaTePHATOB H KOHCTpYKIHil. OcoOeHHO MHpPOKoe
TpHUMeHeHNe IS BRIBICHNS /e(eKToB B MaTepHaiaxX, HeCKIeilKaX MHOTOCIOIHBIX 00 BEKTOB,
TIPH OTIpe/ieNIeHNH TOMMNHEL. IIMeeT MecTo OBITh MpHMeHeHIe BOIH JI3M0a g HarHOCTHKH
B MAaNIMHOCTPOSHNH W aBHamuu [9], TpH JHATHOCTHKE YIBTPAa3BYKOM, aKyCTHUeCKOil
JMarHOCTHKE, [IIMAarHOCTHKE TJaJKOCTH TMOBEPXHOCTH IMINIHHAPHYECKNX MOBEPXHOCTE
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pa3mmIHEIX MaTepnanroB. OIHOM U3 TaKHX padOT SBISETCSA HCCIENOBAHHE PAacIpOCTPaHEHIS
BonH J[3M0a Ha TIOBEPXHOCTH CTEKIOIUIACTHKOBOII TPYOBI, COCTOSIIEH W3 KOMITO3HTHBIX
MaTepnanoB. [IpoBeJleHHBIE aBTOPAMH 3SKCHEPIMEHTH! ITO3BOIILIH MOCTPONTH 3aBHCHMOCTH
aMIUTHTYI6l PACIIPOCTPAHEHHS BOIHBI OT COCTOSHHS TPYOOIIPOBOJA, MMEIOIIETO KakK SBHBIE
nedeKThl, TaKk I HEPOBHOCTH H IIEPOXOBATOCTH, KOTOPhIE HMEHT MECTO OBITh [UId TpyO m3
KOMIIO3HTHBIX MaTepHalIoB Takoro poza [10].

B gedexTocKOmMM, TpH AHATHOCTHKe BomHamm JI3mOa mpm wactore mo 10 MIT
JOTIONTHUTENNFHO WCIIONB3YIOT BOJHBI HAa YIBTPa3BYKOBBIX dacToTax [11]. DTo mo3Bomser
IHarHOCTHPOBATh OOBEKTH, HMeromne Oombmryto Tonmmey [12]. IlpH mccregoBaHIH Ke
00BEKTOB MAalIO TOJIIIMHBI IIH MIPH TOCTPOEHHH TEOPETHYECKIX MOJeNeil paclpocTpaHeHHS
BonH JIsMba 115 ymoOcTBa pacdueTa AHCIepcHeil BOIHBI BO3MOKHO npeHeOpedus. OHAKO, TP
VBENNYEHHH TONIIHHBI [NCIIEPCHS BONHBI OyJeT CIUIBHO BIHATH Ha CBOIICTBA
pacmpocTpaseHns. K mprMepy, IpH CHIIBHOMH JIICIIEPCHHI B HCCIEIyeMOM OOBEKTE CKOPOCTh
BONHBI OyleT TacHyTh H pPacCTOSHHE paclpOoCTpaHEHHs BOJHBI OT HCTOYHHKA OyIeT
YMEHBIIAThC.

Jucniepcus BonHBI J[3M0a ABISeTCS MOJE3HBIM CBOIICTBOM JUIf 00padOTKH CHTHAlIOB
mpn gedexkrockonmu [13], T.e. 3aBHCHMOCTE ()a30BOIl M TPYIIIOBOH CKOPOCTEH OT YacTOTHI,
MO3BONSAET IIOCTPOHTH JIHUCIIEPCHOHHBIE IHHHH 3aJIePkKKH, TAe BpPeMs 3aJepiKKH CHTHala
3aBHCHT OT YacTOTHL. Takme IHHHH 3aJepKKH H (QHIIBTPHI CYIMIECTBYIOT B YacTOTHOM
uHTepBane 0,1 — 200 MI'm [14].

Bomasr JI>m0a gBmgrorcs 3G@EKTHBHEIM HHCTPYMEHTOM IS OOHapyKeHHI M
JMOKANN3alil MOBPEXISHNI B CErMeHTaX TPYOONPOBOJOB, IIOCKOJIBKY OHH MOTYT
pacIpoCcTpaHIThCA Ha OTHOCHTENbHO Oonpmine paccTosHns. OJHAKO, MOCKONIBKY PacCTOSHIE
pacIpoCcTpaHeHNs CTAHOBUTCS OOIBbINE, BpeMEHHOE pa3pellleHIe CHrHAIOB BoH JI3Mba mMeeT
TEH/ICHITHI0 OBITh HIDKE H3-32 HX JIICIIEPCHH I MYJIBTHMOJANBHBIX XapaKTepPHCTHK. YTOoOBI
MPeoIoNIeTh 3Ty TPYAHOCTh, B HCCIIEJOBAHMSIX KOMaHIB! | OHKOHTCKOTO HONTHTEXHIYECKOTO
VHHBEpCHTETa OBLIH TIPE/UIOKEHBI METOJbI 00pabOTKH CHTHANOB, TakKie KaK KOMIIEHCAITHS
IICTIEPCHH, JIByMepHOe mpeobOpa3oBanne ®ypbe U BOIHOBOe mpeobpa3oBaHme [15]. Dtm
mo1X0abI 3G heKTHBHO pabOoTaArT UM ONpeleleHHs BPEMEHH IIPIX0Jia MOJI JINCIIEPCHOHHOIT
BOJIHBl IUIH IS Pa3lOKEHHS H3MEPEHHOTO CHTHAla Ha pa3idHbBIE MOJIBI, HO TpeOyroT
JOTIONTHUTEILHOTO H3YUE€HHS JIICIIEPCHH I MYIBTHMOJATBHBIX XapaKTePHCTHK.

B mocnenane roasl BpeMeHHas (GOKyCHpPOBKa BONH J[3M0a HaXOJHT IpHMEHEHNE MpH
oOHapy:KeHHH TIOBPEXKJEHHIl IUIaCTHHYATHIX CTPYKTYpP. TeopeTHdecKHe HCCIIEJOBAHISL
BBISIBILIH, YTO JICIIEPCHOHHEIN 3 hEKT HyIeBOIl aCHMMETPIYHON MOJIBI KOMIEHCHPYETCS IPH
obpaTHOM pacmpocTpaHeHHH. Takke OBIIO TII0Ka3aHO, YTO CHTHAJ OCHOBHOI MOJIBI,
TIONTyYEeHHBIN TTOCPEJICTBOM IIPOIlecca OOpamleHHs BPEMEHH, COIMPOBOKIAETCS HECKOIbBKHMM
OOKOBBIMII MOJIOCAMH H3-3a MYyTbTHMO/IANBHOTO 3(dekra BonH JI>M6a. Hammrdie BO3MOKHOTO
TIOBPEK/ISHIS MOXKHO OIIEHNTHh 0 HHJIEKCY MOBPEXIEHHSA, KOTOPHII OCHOBAaH Ha pa3HIHIE
MeK/Iy BXOJHBIM I BOCCTAHOBJIEHHBIM CHTHAlIaMH B TIporecce oOpameHns BpeMeni. [To cyTm,
3TOT METOJI MOMKET HEIOCPEICTBEHHO 00HAPYKIBATh TOIBKO MOBPEKIECHNS, PACIOI0KEHHbBIE
MeX/Iy H3IydJaTeldeM H IIPHEeMHHKOM, XOTS AlTOPHTM BOCCTAHOBIIEHHS BEPOSTHOCTH OBILT
BKIIFOYEH B MeTOJI 00paleHns BpeMeHH IS IPe00IeHIs 3Toll TpyaHocTH [15-16].

B nccneposamngx 1.T.H. baesa A.P., a Takxke akajgeMmnka, A.T.H. IIpoxopenko ILIIL.,
TIpe/UT0KEeHBI METO/I6I 00OpamieHns BoiH JI3M0a A1 TOKaI3aiil MOBPEkK/IeHHII B CeTMEHTax
TpyOompoBoJoB 0e3 mHcromb30BaHHA 0a30BBIX JaHHBIX. J[1d 3Toro mpeobpas3oBaHIE MO,
BBI3BAaHHOE IIOBPEX/IEHIEM, BKIIOYAaeTcs B TMpolecc oOpamieHHss BpeMeHH. JIBoilHBIE
mpeoOpa3oBaTeNnn TPHKPEIUISIOTCS CHMMETPHYHO Ha 00EHX MOBEPXHOCTSX TpPyOOIpoBOja,
gT00BI M30HMpaTeNbHO H3TYyYaTh H HPHHIMATh CHMMETPHYHBIE H ACHMMETPHYHBIE MOJIBI
CaMOTO HH3KOTO TIIOpSIKAa B HIB3KOYACTOTHOM JHama3oHe. JIOKamm3amius MTOBPeKIECHII
BBITIOJTHAETCS IIYTEM THCIEHHOTO MOJEIIIPOBAHHIA ¢ 00paTHBIM BPEMEHEM PAaCCEsSHHOI MOJIOI
paccesHHOIT BOJIHEI JIam0a.

CorHanel Bomebl JIsmba B cermeHTe TpydompoBoja ¢ Je(eKTOM HICISHHO
MOJISTTHPYIOTCS METOJOM 3JIaCTOJAHHAMITYECKOTO KOHEYHOTO HHTETPHPOBAHHSA, BMECTO
tdakTHmueckoro m3MmepeHns. IIpm 3tom Moma JI3mOa, KoTOopas COOTBETCTBYET MO/l
HNCIyCKaeMOIl BOIHBI B TIOBPEXJIEHHOM CETMeHTe, He IOSBISIOTCS B MecTe jedekta Oe3
M3BIIEYEHNS CHTHAJIOB pAacCesHHON BOJHBEI C ICIONh30BAHMEM O0a30BBIX JIAHHBIX IS
HEeMTOBPE/KICHHOI JacTH cerMeHTa TpyOomporoma [16]. OgHaKo NpeToKeHHBI METOoH, a
HMEHHO oOpamieHHne BpeMeHH paccesHHOIl BOIHBI ¢ IpeoOpa3oBaHHEM MOJ, II03BOISET
(hoKyCHpOBATLCS B MECTE IMOBPek/IeHNIs Oe3 0a30BBIX JaHHBIX. BEISBIEHO, UTO MpeT0KEHHBIIT
crmoco0 co3maeT cQOKyCHpOBaHHBIE ISTHa B Je(eKTHON 30He TpyOOIpoBOda, pa3Mephl
KOTOPBIX CBSI3aHBI C pa3MepoM JedeKTa H IOJOBHHHON JUIHHBI BOIHBI MOIBI 0OpaIIeHIS
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BpEMEHN BOJHOI. JIaHHBENI CIOCO0 WHMeeT IOTeHIHAT JUIS JOCTIDKCHHS JIOKAaTH3allii
MOBPEKICHIS B OTHOCHTENIBHO CIIOKHOII CTPYKTYpe TpYOOIIPOBOIOB, TaKOoll KaK dYacTb
CcerMeHTa C OTBEepPCTHAMH CKBO3HOI TOMIIHHE! [15], HO HyXZaeTcd B 3KCIIEPHMEHTAIbHOI
MpoBepKe JId 0OCYKISHHS TPHMEHHMOCTH I[pPEIaraeMoro MeTola K JIOKaTH3allii
TIOBPEKICHIIT I PealbHBIX KOHCTPYKITII TPyOOIIPOBOIOB.

Kpome TOro, ocraerca Bompoc 00 WCKaKE€HHH pe3yIbTaTOB IHCCIeIOBAaHIT
pacupocTpaHeHHS BOJNH B o0OBekTax OONBIION TONIIHHE, BEI3BAHHOTO B CBA3H C
TpaHchopmameil BoiH J[3M0a B HOBepXHOCTHEIE BONHEI Paned.

Pacnpocmpanenue eonn JI>mba e cecmenme

Jlng Havama aHaH3a IIPHMEM TONIIIMHY cerMeHTa (&) paBHOI 2d. CMelleHHe M0 OCH
KoOpauHATH Y paBHO HyIH0. IIpH TaKOM pacIoI0KeHIH JacTHIEI OVIyT IBHTaThCA BIOIEL OCH
X, (puc. 4).

Zz

Puc. 4. TeoMmeTpHs 2a7a9H. Fig. 4. Geometry of the problem.

BekTop cMemeHHS JacTHII V  TPeACTaBHM B CIEIYIOIIEM BHJE, TJe j H Y CKaIIpHBIN
(TIpOIOTBHBIX BOMH) H BEKTOPHBII HOTEHIIHAIEI (CABHTOBBIX BOJH) COOTBETCTBEHHO:

;Zgraderrorq} (1)

3aBHCHMOCTD IIOTEHIIHATIOB OT KOOpIHHATEI Y:

d?j  d?%j .. ..
dy dv
i ¥

OTcro/ia BEIBEAEM BOJIHOBEIE TIICTA:

(4)

k. o=2nf |2 (5)
1

e k; 1 k; — BOTHOBBIE BEKTOPEI MPOIOIBHOI H CABHTOBOIH BOJH; P — IVIOTHOCTE CPEIBL; A, H 2L —
TIOCTOSTHHBIE YIIPYTOCTIL

KoMITOHeHTHI cMemIeHnd JacTiil mo ocaM X 1 Z obo3HaunM Kak U n 7 COOTBETCTBEHHO.
KOMIIOHEHTBI CMEIIEHNS OINCHIBAIOT BOJIHBL, B KOTOPBIX MIBIGKEHIE IPOHCXOINT CHMMETPHIHO
OTHOCHTENFHO ITOCKOCTH Z=0, KOT/la B BepXHeil 1 HIDKHEIT [TOJI0BNHAX IUIACTHHBI cMeIleHns U mMeeT
OJIITHAKOBBIE 3HAKIL, a ¥ — IPOTHBOIIONOKHbIE UL, BO BTOPOM CIIydae, KOT/a /IBIDKEHHE TIPOHCXOIHT
ACHMMETPHIHO OTHOCHTEIBHO TOI JKe IUIocKocTH Z=0 (B BepXHeil I HIDKHEH I0JIOBHHAX ILTACTHHEI
cMenieHns U IMeeT POTHBOIIONIOAKHBIE 3HAKIL, a W — OIITHAKOBEIE).

Hpez[ccraxmi cMemerna Un Wn HapAKCHIIA GXX, GZZ, Oxz dYepe3 NOTEeHIHANbI:

4 4 4 dv, (6)
dx dz dz dx
d?j  d?%j d?j d?
0 Mg H I H2U(—5 =)
XX dx* dz dx- dxdz
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d*j d*j
—l( — H2U(— +
dx? dz? * dz? )

2. 2
d<j dwdty 7

c =
xz H( dxdz dx2 dz2

UncneHHBIE HCCIENOBAHHS 3aBHCHMOCTH pA3NHYIHBIX BHENIHHX (aKTOpPOB Ha
BHOpPOAKyCTHYECKIe TapaMeTPhl IHePTreTHYECKIX TPYOOIPOBOIOB, coriacHo [17] cToUT HayaTh
€ BeIpa;KeHH JUIS JIBIDKEHIS BOJH B CETMEHTaxX depe3 IMOTeHIIHAIbI:

Ajg+ ’]["'12 1770: (3)

Ay, +kly =0, 9)

IOna Bomr JIamba (JI) xapakTepHa reoMerpmueckas gucmepcus [18]. ITocTpoerme
JIICTIEPCHOHHBIX KPHBBIX (Da30BBIX M TPYIIOBEIX CKOPOCTEH JIaeT BO3MOKHOCTH [[ETATbHOTO
aHamH3a JBIDKEHHA B BONHAX pa3HBIX HOMepoB. IIoCKONBKY O HEHM3MEHHa II0 Bceil
TIPOTSKEHHOCTH HCCIeIyeMOr0 CerMeHTa, a [UIHHA BONHEI j = 2nC _ 2_“ TO CTAaHOBHTCSH

@ k
OYEeBHIHBIM, YTO COOTHONIEHHE MEMIY IIHHOI BOJHBI H TOJIIMHOI CErMEHTa 3aBHCHT OT .
31ech @ — IHKIHMYecKas 9acToTa, a C — CKOPOCTh aKyCcTHYECKOH BONHEL. Ilo3TOMY /I1s Bcex
BOJIH B CETMeHTe cyImecTByeT anucnepcns [ 19]. CBA3b CKaMIpHBIX I BEKTOPHBIX MOTEHIIHAIIOB C
KOMITOHEHTaMH CMeleHnd mo ocaM X n Z maetcd dopmynamu (6) u (7). KoMImoHeHTH TeH30pa
HaIpLKEeHHIT Ojj Ha IUIOCKOCTSX CerMEHTa 7=+38/2 momxHH cTpeMuThbed K 0. Ilcxoma m3 3Toro

mpeobpa3yeM dopmyist (8) 1 (9):

j=A4gchqz echrBAshqz ek (10)
_ _ ikx _ ikx
y=Dgshqz "™ +C chgz e, (11)
e g= sz- kf; 5 :sz-ktz;
As, B, Ca, Dg - TIPON3BOJIBHEIE TIOCTOSHHEIE;

k — BomHOBOE yHCIO BOIH JI3M0a.

IToxncrapnas eipaxkenns (10) u (11) B ¢popmymst (7) i mpHpaBHIBaSA HAaPLKEHNI K HYIIFO,
BBIPAa3NM CHCTEMY JIHHEHHBIX OHOPOIHBIX YpaBHEHMIl [UId HAXOXIEHIS MaKCHMalbHO M
MHHHMATbHO BO3MOKHEIX 3HadeHmil A, By, Cy, Dy

(k? +5%)chqdAg +(k* + 5% )shqdB | +2iksshsdC , +2ikschsdD =
(K +s° )chgdA -( k* +5°)shqdB - 2iksshsdC | +2ikschsdD =

. . 2 2 , 2 2 -
2iksshqdAg + 2ikschqdB , - (k™ +s7)chsdC - (k™ +s7)shsdDg =

-2iksshqdAg + 2ikschqdB - (k* +s*)chsdC |+ (k* +s*)shsdDg =0. (12)

I[al-]}lajl CHCTEMA YIOBICTBOPACTCA, €CIIH YIOBICTBOPAKTCA IBC IMOACHCTEMEI:
(k* + s*)chqdA. + 2ikschsdD.. =
S ’ S

2iksshqdAg - (k* +s7)shsdDy =0 (13)
k* + s%)shqdB  +2iksshsdC ;=
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2ikqchqdB - (k* +s*)chsdC [ =0. (14)

HpPI 3TOM BOJIHOBOE 4HCIIO K:
(k* + %) chqdshsd - 4k*gsshqdchsd =0 . (15)
(k* +5%)? shqdchsd - Ak* gschqdshsd = 0. (16)

3Has JHCIEepCHOHHbIE KpHBBEIE (Da30BBIX cKopocTeil BoMH J[3MO0a, MOXKHO BBIYHCIHTH

CMelleHns N HanpspkeHus B Bonde [17]. IIpojonbHble Us 1 [ONepeYHble WS CMeIleHIs
0 0
BOJIHBI B CETMEHTE HMEFOT BILI:
2 2
kg-s | .
Us =4k — 5« —sin(k_x-ot)- (17)
0 t 2, 2 s
S+.SS t
2 2.
q,(ks-s5) =
S0 = r%><—cos(ksx-(cur), (18)
k(ks+s5) d
s, :Usoqszctg(ksx-mt). (19)

Bomram JI3mba XapakTepHa ANCIIEpCHS CKOpOCTeEil, 3aBHCANIas OT TOJNIIIHBI CerMeHTa,
TMapaMeTpoB YIIPYTOCTH MaTepHala H TacTOTHl BOMHBI @. I13 3TOTO MOMKHO cJIelaTh BBIBOJ, UTO
TIPH TOMIIHHE CerMeHTa (&), CKOPOCTh pacIpOCTPaHEeHIS caMOoil OBICTPOIl CHMMETPHYHOIN MOJIBI Sy
OyIeT BBITTIA/IETH KakK:

(20)

rae E — mogyns FOHTa: |1 — Ko3qdumuent IlyaccoHa, 19 MEeTa/LIOB pacIiojlaraeTcd B IHama3oHe
0,26-0,35; p — IIOTHOCTE MaTepHaa.

Hcxo/s 13 BEIBEIEHHBIX BBIPaKEHMIT B IPOIOTHHBIX BOJHAX YaIe BCTPEYAOTCS CMEIIEHIS
mo ocH X' ¢ HEH3MeHHOI T10 JITHHE aMIUTHTYA011. IIpoJonsHOe CMeleH e IPH 3TOM 3HATHTEIHHO
OolbIIe CMEIeHNI B MONEPeTHOM HalpaBIeHII, BEI3BAHHOTO 3a cueT adiexTa ITyaccona [20].

Teopemuyecxkuil ananus

PaccMOTpHM CHTYyaIli0 pacmpocTpaHeHHs BONHBI J[3mba B TpyOONpOBOJE C 3alUTHBIM
HapyKHbIM TOKpbTHeM 3 I'OCT 31448-2012 1[21]. HacTosmmimii cTaHIapT paclpocTpaHAeTcd Ha
CTalbHBIE OECIIOBHBIE, CBApHBIE NPSMOIIOBHEIE H CIHPAIbHO-IIOBHBIE TPYOBI IIaMeTpoM oT 114 mo
1420 MM ¢ HapyKHBIMH 3alIHTHEIMH TOKPBITHAMI, HAHECEHHBIMI B 3aBOJICKIIX YCIIOBISX.

B kagecTBe 00BEKTOB HCCIEIOBAHNS OBLTH B3ATHI HECKOIBKO CTAJBHBIX 3JIEKTPOCBAPHBIX
TIPAMOIIOBHEIX TpyOompoBomaoB 3 I'OCT 10704-91 2[22] ¢ TOJIIIIHHOI cTeHoK (8) 2.2; 3.5: 4.5; SMM
C HaHeCEHHBIMH Ha Hee 3alINTHBIM (HOIMATIUICHOBBIM) MOKPEITHEM ¢ TOMIHOI 2; 2,2; 2,5 m 3 MM.
TpyOOIpoBOIEI BEIIONHEHB! M3 CTalH CO CBOIicTBaMH Martepmnana: |1 = 0,28; E = 2.2:10° MIla u
p= 7,85-10* krir’ , a HAapY/KHOE 3alllNTHOE (IOMIISTIUICHOBOE) MOKPEITHE CO CBOMCTBAMIL 1 =0,42,
E=770 MITa u p=9,65-10° kr/ar".

OCHOBHBIE XapaKTepHCTHKI MaTePHAIOB PACCMaTPHBAEMBIX TPYOOIIPOBOJIOB C 3aIIHTHEIMH
HapyKHBIMHA TIOKPHITHAMI TIPHBE/IeHBI B Ta0MI. 1.

Tabmuma 1
OCHOBHEIE XapaKTepHCTHKH MaTepHANIOR TPYOOIPOBOIOR ¢ 2aIIHTHEIMH HapyAHEIMH OKPEITHAMH
Marepuan E u TommmiHa, &
MIIa KI/M™ MM

MoHocnoiiHoe

MOMH3THIIEHOBOS 770 0,42 9,65-102 2 3 3.5
TIOKPBITHE, 4

! TOCT 31448-2012 «TpyOBl cTameHBlE € 3SAIUHTHBIMH HApYKHBIMH [OKPBITHIMH I8 MAarHCTPATbHBEIX

rasoHe()Tenposoaos. TexHHgecKHe yeaosra» oT 05 mrora 2013 1. // M.: Ctarnaptaadopy, 2013 roa.

1 TOCT 10704-91 «TpyOBI CTaTBHEIE 3IEKTPOCEBApHEIe mpaMomosHele. CopramenT (¢ Msmemenmamu N 1, 2, 3)» ot 15
HogOpg 1991 r. // M.: CrarmaptaadoOpM, 2007 rox.
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Crams, &, | 2,2-10° | 0,28 | 7,85-10" [22]35]45] 5 |

Pa3Mmepsl a1g 00OHX CJI0€B NPHHATH HCXoad M3 mcmois3yemoro B TOK m JKKX
TpyOOIIpoBOAa N3 JErHPOBAaHHOI CTAIH C MOHOCIOHHBIM ITOJIHATIIIEHOBBIM aHTHKOPPO3HOHHBIM
mokpeTHeM «METAJIEH II3-21». ITomoOHBIE pa3Mephl IPHHATEI TOIBKO B IEIIX yIoOCTBa
pacdera ¢ y4eTOM COXPAHEHIS YCIOBHS BO3HHKHOBEHHS BOJH J[3M0a: COM3MEPHMOCTE TOJIIIMHET
CJI0S ¢ JUTHHOT 00BEMHOIT BOITHBI B CIIOE.

Martepnansl OTIHYAOTCS YIPYTHMH CBOICTBAMH JPYT OT JPyTa, MIO3TOMY BHIIIOIHSAETCS
YCIIOBHE:

(), 5. (k),8,} =1, 1)

IIpu ynoBneTBopeHHn ycmoBus (21) u Hammanm Jedekra, K NpPHIMepy OTCYTCTBIS
CIEIUIEHNS MEKIY CIOSMH, B CTAIBHON OCHOBE CETMEHTAa H B ITOKPBITIH MO-0TAEITBHOCTH OyIeT

pacmpocTpansTeca Sp-Moza co ckopocTamu (C o )l u (C So ), . ompejenseMbIMI (opMyIIOit

(20), 119 OCHOBHOTO H HApY;KHOTO CJIOS COOTBETCTBEHHO.
Takke TPHMEM BBIMONHCHHE YCIOBHSA JKECTKOTO CIEIUICHHS ITOBEPXHOCTEIl KOHTaKTOB
MaTepHaloB CeTMeHTa, a HIMEHHO:

(0,),=(c

)2’
WUs,), = Us,),
(), =7, ), TpH == 22)

O000mIIM mapaMeTpsl LIt 000HX CIIOEB:

1 .
T ElS+Els,
16, +E5 6,

W=148, +11,8,;

P= plﬁi * p28‘2 ’ (23)
e 8; =-1.3, :%2.
Tax kax O, = —L cootserctByer mpomesyTKy 0T 0 20 1, To opMyma (20) mMeeT BILL:
2
Csp = \IEZD -i(E21 +pp,” )](1+“—%) . (24)
© Ypr 2 2

Pesyasmamst

B nengx aHam3a H3MeHEHNA TONMMIHHBI CETMEHTA PEellllM 3aJady, ITJe JOIMYyCTHM, 49TO Ha
TOpIle TPYOOIIPOBO/Ia pacIolokKeH H3TydaTelb. Ha MOBepXHOCTH TPYOOIPOBO/a, Ha TIOCTOSHHOI
mHe Mexny HiMmu L=80 MM pacrHolokeHBI [Ba IIb€303JEeKTPHUECKHX [aTIHKA, KOTOpEIE
PETICTPHPYIOT MPOXOJSIINII CHTHAT OT M3IydaTens. IIpn n3BecTHOM 3HA4eHHH BPEMEHHN MEKIy

. . " L
OBYMA JTaTYHKaMH t12=0,l C HAaHJIEM CKOPOCTE HCCIIEAYEMOH MOIBI H3 CSO — —
I»

BrIpaznM 13 hopMyIsl (24) 8‘1 , KoTopag OyzmeT paBHa:
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£ 3
- Cs, 1 , (25)
8 = ( 5 +1) 5
(1+H_2) E, (Ep+pin”)
2 4p;
IMony4yeHHBIE pacUeTHBIM IIyTEM JAHHBIE PAcIpOCTPaHeHHs BOMHBI JI3M0a B CTAIbHOM
CETMEHTE ¢ MOHOCIIONHBIM IONH3TIVIEHOBBIM IIOKPBITHEM, IPEICTABIAIOT c000il MOHOTOHHO

yOBIBAIOIIYO KPHBYEO, T ACSU = CSO - C:;‘o , IPeJICTaBIEHHYIO Ha pHC. 5

AC, /C,

da Ln

(=R
(=R~ IR o W i W

=l

0.45 057 0.66 0.7 On
Puc. 5. OtHomeHHe cKopocTell pacmpocTpaHeHus Fig. 5. Speed ratio of the wave propagation velocity
BOJIHEI OT TO/IMIIHHEL CEIMEHTa. on the segment thickness

TIpHMeHNB OMICAHHYIO BBIMIE METOIKY CTAHOBHTCA BO3MOJKHBIM HE TONBKO OIpE/IeATh
M3MEHEHId B TeOMETPHIECKOil ToMmIHe 00beKTa, HO I KOHTPOIHPOBATh M3MEHEHH B CTPYKTYpe
MHOTOCIIOIHBIX 00BEKTOB TIPH HECIETUISHIN 1 OTPE/IeNaTh 00Ty TIIOMAb 30HH! JedeKTa.

VpapHeHHe Ioma e eKTHOI 30HkI 0VIeT MpeICTaBIATh C000il TaKoe BEIPaKeHIIe:

J
AS = ) AS. =jd d’y 26
2%, ¢ (c )22; 20

rae d — MHpHHA, | — YHCIEHHOCTh 30H, [; — HpOTSlH\eHHOCT]: ,uetl}eKTHOITJ 30HBL, I, — BpeMA
PacIpOCTpaHEHHs BOJHBL, fy;. — BpeMs IepeMENIeHIIs BOIHbI Ha IIOBEPXHOCTH 00bekTa [30].

Oécyxcoernue

3BectHBl paboThl OTedecTBEHHBIX W  3apyOeKHBIX  aBTOPOB, IOCBSIIEHHBIE
HCCTIEIOBAHISM paclpocTpaHeHns BonH J[3m0a B INIAacTHHAX pa3mIYHBIX KOHGurypammii. Peus
mura o0 OJHOPOIHBIX MaTepHaldaX MepeMeHHOH TOMIMHBI I (opMel. B 3Tnx ke pabotax
paccMOTpPEeHBI BOMPOCH! BIHSHIS Pa3INIHBIX CTPYKTYPHBIX H MEXaHIIECKIX HapyIIEHHIX B BIJIE
obmacTell HecIleIIIeHNs MaTepHaia Ha MapaMeTps! BOH JIaMba.

IIpoBeneHa ajamTamms MeTOJa H3MEPEHIS pacmpocTpaHeHHs BONH JI3Mm0a B TOHKHX
mracTnHaX. OmpejeneHa 3aBHCHMOCTh (ha30BOIl CKOPOCTH BONHBI J[3M0a OT TEXHIYECKOTO
COCTOSHIS TPYOOIPOBO/IOB C 3aNIINTHBIM HAaPYKHBIM IIOKPBTIHEM.

IIpuBeieHHAs MaTeMaTHIecKas MOJENb BBIUICIECHUS 3aBHCHMOCTH IapaMeTPOB BOIHBI
JI>M0a OT TOMIMHBI HCCIEIYEMOT0 TPYOOIIPOBOA IO3BOJISET OIEHIBATH HE TOJBKO TONIIHHY
CerMeHTa H 00NacTH HecIeIUIeHNS CIIOEB, HO H CYMMAapHYIO IUIOManb Ae(eKTHOI 30HBL JTO
MO3BOMMT B JaibHeMmeM GIKCHPOBAaTh OTHOCHTEIbHbIE W3MEHEHHS B TOJIIIHE CTEHOK
TpyOOIIPOBOAOB AN OIpeeeHNs IM3MEHEeHN (IB3HYECKHX CBOIICTB MaTepHalia IUTH HaTHTHS
nedekta. B gampHelimeM IUIaHHpPYeTCS TPOBEIEHIE 3KCIEPHMEHTa Ha CTeKIOITAaCTHKOBOM
TpyOOIIpOBOe MyTeM HM3MepPEeHHS 3HaYeHNIT aMILTHTY 16l CMEIIEHHS TIPH 33JaHHOI 9acTOTe BOJHEI
10 TOBEPXHOCTH TpyOompoBoja. Ilcmomb3ys dopmyrny (26) mpelcTaBiseTcss BO3MOIKHBIM
OIpeleNTh KOHKPETHYO IUTOMIaIb JaHHOI Je(eKTHOI 30HEI.

3axnwuernue

TakmM oOpazom, Oblla oOmpejeNeHa 3aBHCHMOCTh HapaMeTpoB BomH JIhmba ot
TEeXHNUECKOTO COCTOAHIA TpyOompoBoga. C 3Toil IeNbl0 TMOCTpOeHa MaTeMaTideckas MOJelb
pacmpocTpaHeHns BomH JI3Mm0a B YCIHOBHSX CIOXKHBIX JIHHAMIYECKHX B3alMOJIEiICTBHIL,
BBI3BAHHBIX HATHYIHEM CTPYKTYPHBIX IUTH MEXaHHIECKIX HapyIIeHHI B TPYOOIIPOBOIaX.

B nrTore momydeHa 3aBHCHMOCTb OTHOIIEHIS CKOPOCTEI pacnpocTpaHeHHs BonH JI3mba ot
TOJIIIHHEI HCCIEAYEMOTO JIBYXCIONHOTO CerMeHTa 00heKTa KOHTPOJIIS.

Pe3ynpTaThl BBITIONHEHHOI pabOTH MO3BOJISIOT IPHMEHITh MaTeMaTHIECKY 0 MOJIENb U
BBIYIICTIEHNS 3aBHCHMOCTH ITAPaMETPOB BOIHEI JI3M0a OT TOJIIIHBT NCCIEAyEMOTO JIBYXCIIOIMHOTO
oObekTa. B mensx HarlIsIHOCTH W YIPOINEHHS 3aJadll B KadecTBe HCCIEIyeMOro TPyOOoIpoBoa
paccMaTpHBalCcS TOHKHII CETMEHT, 4TO IIO3BONIUIO OTPAaHHYNTHCS B pacueTaXx TOIBKO CaMOil
OBICTPOIT HYJIEBOI CHMMETPHYIHOI MO0 CKOpOoCTH. IIpoBeIeHHEI aHAII3 TO3BOIILT IIOCTPONTE
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rpadHK PacHpOCTPaHEHNs BOJHBI, KOTOPBI JIEMOHCTPHPYET, 9TO C POCTOM OTHOIIECHIIS CS0

k AC s, 3ABHCHMOCTh OT TOMIINHBI HCCIIEIYeMOro o0bekTa mpejcTaBIgeT coOOil MOHOTOHHO
yOBIBaromyro KpuByro. OTpeenss OTHOIIEHHE MEXIY p,E, 1 p E . CTAHOBHICS BO3MOKHEIM

JIeTaTh BBIBOJI O HAIHYHN CTPYKTYPHBIX H MeXaHHIeCKHX HapyIIEeHHIT B TpyOompoBo/ie. Pa3BuBas
JAHHYI0 METOJIHKY, MOKHO KOHTPOJHPOBATh M3MEHEHNS B TOIIINHE CTEHKH TPYOOIPOBOIOB IS
Ompe/IeNeHNs M3MeHeHMIT (QH3IYecKIX CBOIICTB MaTepHalia 1 Hammns Jedekra.
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