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Beenenue

Maructpanpasie  HedTenpoBoasl (MH) Bkimowaror B ce0s  pazTudHbBIC
COOpY)KEHHUS, TaKhe Kak JIMHEeWHas 4YacTh, HedTenepeKkaunBaromas CTaHIus,
pe3epByapHbie napku. Tak xe auHerHas dactb MH mMeer mpoTsKEHHOCTh ThICSYU
KUJIOMETPOB, TE€M  CaMblM  MPOXOJUT B  PA3IUYHBIX  KIUMATHUUYECKUX U
TUAPOrEOJIOTUYECKUX ~ YCIOBUAX, TIEPECEKAeT MHOMXKECTBO  HMCKYCCTBEHHBIX U
€CTECTBEHHBIX IIPETPA/I.

Ha panvbeiii mMomeHT Poccusi mmeeT HaACKHYHO CHCTEMY TpPyOOIPOBOJHOTO
TpaHcHopTa JJisi HeTH, ra3a U MPOIYKTOB MX MEPEepadOTKU U CaMylO MPOTSIKEHHYIO B
MHUpE, HO C JIPYTOM CTOPOHBI, CUCTEMBI TPYOOIIPOBOAHOTO TPAHCIIOPTA HE MOJABEPTraINCh
KaKUM-JI100 MOJIEpHU3AIMSAM B TEUCHUU TIOCIIEHUX JIET U COCTOSIHUSI HEKOTOPBIX CUCTEM
OCTaBJISIET KEJATh JIYYIETO.

JInss OUEHKM MNpPOYHOCTH W JaJbHEWIIEH OIEHKHM OCTAaTOYHOrO pecypca
TpyOONIPOBOJHBIX CHUCTEM, HaM HEOOXOJMMO, 3HaTh pPa3BUBAIOIIUNCA YpPOBEHD
AKCIUTyaTallMOHHBIX HanpsbKeHui u nedopmaiuii B Hegrenporoae. Mndopmanusa o HIAC
SABJISIETCA KJIFOUEBOM JIJISl aHAIM3a MPOYHOCTU U JOJITOBEYHOCTH 3JIEMEHTOB KOHCTPYKIIUM,
B TOM YHCJI€ CUCTEM TPyOONPOBOAHOIO TpaHcnopTa. Mcxoas usz aToro, ciaemyeT 4To, A
MPAaBWJIBHOCTH OLIEHKH Pa00TOCIIOCOOHOCTH JIFOOOM CUCTEMBI, B IEPBYIO OYEPEIh 3aBUCUT
OT TOYHOCTH HH(OpPMAIMK O HANPSHKEHHO-Ie(HOPMUPOBAHHOM COCTOSIHUM JaHHOU
cucrembl. Anamu3 HJIC peanpHO CymecTBYHOIIMX KOHCTPYKIMH C MEXaHHMYECKON
Pa3HOBHUIIHOCTBIO, U CO CIIO)KHOW T€OMETpUYEeCKON (hOpMOM, BO3MOKHO OCYIIECTBUTH
TOJIBKO MPHU MTOMOIIY YHCICHHBIX METOJIOB.

B xauectBe wmetoma wucciuenoBanuss HJIC  HedtenpoBoga  HCHOIb3YyeM
AHAJIMTUYECKUN METO/I, a TAaK)Ke METOJI KOHEUHBIX 3eMeHTOB (MKD). MeTon KoHEUHBIX
AJIEMEHTOB JIMIIEH HENOCTAaTKOB MPUCYLIUMX JAPYTHMM YHCIEHHBIM METOJAM, KOTOPBIE
ucnonb3yrorcs mia pacuera HIAC. JlaHHBI METOA MOXHO MCHOJIb30BAaTh HE3ABUCUMO OT
reoMeTpun wuccieayemor obmactu. [losTomy Korma co3gaeM YHUBEPCATBHBIA METOJ

pacuera HJIC, He OpHEeHTHpPOBAaHHBI HAa KOHKPETHBIH KJACC KOHCTPYKUMU WU BH]
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Harpyxeausi, MKD oOnamaer OeccnopHbIM MNPEUMYIIECTBOM IO OTHOIICHUIO K
aJIbTEPHATUBHBIM YHUCICHHBIM METO/IaM. [[JIs peleHrs TUMOBBIX 3a/1a4 M0 UCCIETOBAHUIO
HIAC uedrenpoBoma Oynem wucnonb3oBarh mnakeT ANSYS, ¢ momoliipio KOTOpPOro
OCYIIIECTBISETCS MOJCIUPOBAHMS HEOOX0IMMOT0 HaM He(TermpoBoa.

W3 BbllIE H3J0KEHHOIO CIENYEeT, YTO 3a/Jaya, OLEHKa MPOYHOCTH U pecypca

TPY6OHpOBOILHI>IX CUCTEM IIpU HAJIMINHN I[e(i)eKTOB, dKTyadJIbHa Ha I[&HHI)Iﬁ MOMCHT.



1. XapakTepucTHKA JUHENHHOT0 YYaCTKA
MH “AnekcanapoBckoe-AHxepo-CyaKeHCK”.

JIuneinbld yyactok MH “AnexcanapoBckoe-Anxkepo-CymxeHck” 259-379km
pacnosioxkeH B Kapracokckom paitone Tomckoit obmactu u skcmryarupyercs JIDC

“Kapracok” ¢ 1972r.

Bbonpuryro gacte yuactka MH cocraBnsier tpyOomnpoBona auamerpom 1220mMwm ¢
TONMUHON cTeHKu 0=12+19,1mm, a ¢ 318 mo 329 km nuamerp TpyOOmpoBOja paBeH

1020MM ¢ ToIMHON cTeHKH 0=13,5+16MM.

Tabmuma 1.1 [IpomyckHas crioco6HOCT HEeTEpoBOIa
[IpomyckHast cioCOOHOCTb,
3arpy3ka MH, % [Tnotaocts npu 20°C, kr/m3
MJIH. T/TOJ
I'on
o KBapTaJbl MaKc MUH
dakTuueckas
MIPOCKTY 1 5 3 2
[TpoekTHast 839 831
2006 95,5 38,5 79 | 755 | 90.2 | 90.2
2007 55,5 48,9 702 | 71 74,9 68
dakTHyeckas 849,1 820,4
2008 55,5 49,2 77,2 78,3 80 79,2

Ha cBoem mnporskennn ydactok MH “AnexcannpoBckoe-AHxkepo-CymKeHCK

MepeceKaeT pa3IuvHbIe IPETPaabl B BUIE PEK, aBBTOMOOMIILHBIX IOPOT, 03€p, OOJIOT.

PaccmatpuBaembiii  ygyactok MH naxoautrcs Ha 318-329 kM, amamerp
Hedrenporoaa 1020 mm, BeimosnHeH u3 ctanu 1711 C npsimomoBubril (UTII3 UMTY 1-655-
69).



2. XapakTepucTuKa 00beKTa NCCJIeI0BAHUS.

2.1. Tunsl TpyOGONIPOBOIOB.

CranpHbIe TPYOBI SIBJISTIOTCS OCHOBHBIM BUIOM TPYO 17151 HePTeTpoBOA0B. biaromaps
YIIYYIIEHHUIO TEXHOJIOTUM UX U3TOTOBJICHUS U BBEJCHUS B HEE BCEBO3MOKHBIX UCITBITAHUM,
Harpumep, 100% Hepaszpymaronuii KOHTPOJIb Ka4eCTBA CBAPHBIX IIBOB U METaJUIa, ObLIN
JOCTUTHYThl TaKW€ CBOWCTBAa Kak OoJibllas Hecyllas CHOCOOHOCTb, BBICOKAasl CTa-
OUJIBHOCTh TEXHOJOTHYECKMX W MEXAHUYECKHUX, YTO IO3BOJMJIO JOCTATOYHO CHUJIBHO
YBEJIUYUTH HAJIEKHOCTh U JIOJITOBEYHOCTH TPYO.

Packucnenue craneil SBISETCS OJHUM M3 CaMbIX CYIIECTBEHHBIX (DaKTOPOB
METaJUTypruyecKoro Mpou3BOJICTBA, BIUSIOIMX HAa UX KauyecTBO. Packucienuem cranei
Ha3bIBAIOT CHM)KEHHE KOHIIEHTPALMU PACTBOPEHHOrO0 B HMX Kuciopoga. CHuxKeHue
KOHLIEHTpalMu JOCTUraeTcs ITyTEM BHEIPEHUS B JKUJIKYIO CTalb PACKUCIUTENEH -
3JIEMEHTOB, KOTOPBIE PEATUPYIOT C KUCIOPOJAOM: MapraHiia, aJlOMUHMS, KpeMHHUS U T.1. B
UTOTE UX B3aMMOAECHCTBHSI 00pa3yloTCs HEMETAIIINYECKIE BKIIOUECHHUS, YIASIONINECs U3
CTaJIi TIPH TEXHOJIOTHYECKOM mporiecce. [17].

Crnokoitnoit (CII) Ha3bIBatOT XOPOIIO PACKUCICHHYIO CTajlb. Takas CTajlb COJECPKUT
He 6oiree 0,003% xucmopoaa.

Eme omun Bupa cramum — xumnsmas crans (KII). 3geck comepxkaHue KUCIOpOJa
yBennuuBaetcs 10 0,025 — 0,035%. Oto gocturaercss myTeM BBENEHHS M0 XOAY IUIABKU
TOJIBKO Mapraniia (6€3 MpUMEHEHUS KPEMHUS U JPYTUX PACKUCIUTENCH) TIPH BHITIIABKE.
[Tpon3BOACTBO KUMISAIIEH CTAIM ACUIEBIIE YEM CIIOKOMHOW, HO IIPU 3TOM €€ CBOKWCTBA XYXKE.
[IpUMEHSIOT KHUIMSLIYIO CTaldb Yalle BCEro sl KOHCTPYKLMHA C HEHarpy>KeHHbIMU
AIIEMEHTaMH.

Kpome CcHoKoWHBIX W KUISIIUMX €cTh eme W mnoxycrnokoiHeie cramu (I1C),

3aHUMAIOIINE MTPOMEKYTOUYHBIE MOJOKEHNUS MEKTY CIIOKOMHOW U KUIISIIEH CTAISIMU T10
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TE€XHOJIOTUH BBIIUIABKU U PA3JIUBKH.

[Io cTpyKType CIMTOK TMOJIYCIIOKOWHON CTamyd OOJBINE ITOXO0X HaM CIUTOK
criokoitHol cranu. Coaeprxkanue B Hell kucinopoaa a0 0,012 %.

C moMOMIbI0 XMMHUYECKOTO COCTaBa CTAJICH OMPEAEIIIIOT Ka4eCTBO M CBOMCTBA TPYO,
a TaK)Ke TEXHUYECKYIO0 U SKOHOMUYECKYIO MOJIE3HOCTh UX MPUMEHEHHS.

Ecnu n3BecTeH XMMUYECKUI COCTaB CTalu, TO MOXKHO OPHUEHTUPOBOYHO OLIEHUTH €€
CBApUBAEMOCTb, ITPU 3TOM YUUTHIBAsS, YTO YTIEPO/, B CPABHEHUU C APYTUMU DJIEMEHTAMH,
3HAYUTEIBHO YXY/IIAET CBapUBaeMOCTh. CBapUBAEMOCTh MOKHO OLIEHUTh MOCPEICTBOM
yraepogHoro skBuBajgeHTa Cp, MPUYEM €ro 3HayeHue MOJDKHO ObiTh Hike 0,46 %.
VYraepoaHbIi SKBUBATICHT JJIsl KAXI0W CTaIu ONpeAeisieTCs BHIYUCIUTEIBHBIM IyTEM 10
pa3HbIM (hopMyTam:

- I YIJIEpPOJMCTBIX — cTajie (2  Takke Uil  HU3KOJIETUPOBAHHBIX

kpemHemapraniessix - 171'C, 17T'1C, 0912C u ap.)

C0:C+m
6

- U1 HU3KOJICTUPOBAHHBIX

Mn Cr+Mo+V+Ti+Nb+Cu+Ni+

Cy=CH—+ B
6 5 15

rae C, Cr, Mn, V, Mo, Ti, Nb, Ni, Cu, B - conepxanue yriepoa, XpomMa, MapraHiia,
BaHaAusl, MOJIMOJICHA, TUTAHA, HUOOUS, HUKEJIsI, MeH, 00pa COOTBETCTBEHHO B % MacChl B
COCTaBe MeTaJlla TPyOHOM CTaIu.

[Io XUMHYECKOMY COCTaBy CTaju JENSATCS Ha JBE TPYIIbL: YTIEPOAUCTHIE U
JIETUPOBAHHBIE.

JlerupoBaHHas CTaJlb — 3TO CTajb, B COCTaBe KOTOPOH MOMUMO OOBIYHBIX MPUMECEH
COZIEpKATCSl CMEIUalbHbIE JIETUPYIOUIME DJJIEMEHTHI, BBOJAMMBIE B ONPEACICHHBIX
KOMOWHAIMAX (MOJUO/IEH, HUKEb, XPOM, BOJIb(ppam, aIFOMUHUMN, BAHAIWA, TUTAH U T.1I.),
a TaKKe KPeMHHM W MapraHell B KOJIMYECTBAX, KOTOPhIE HAMHOTO OOJbIIIE X OOBIYHOTO

conepxkanus (1 % u Bole).



JlerupoBaHHYI0 CTaJlb B 3aBUCUMOCTH OT COJEp)KaHHUS B HEW JIETUPYIOIIMX
AJIEMEHTOB MOKHO Pa3/IeNIUTh Ha:

1. Hu3KoJIerupoBaHHyto (He Ooiee 2,5 %)
2. BBICOKOJIETHPOBaHHYIO (cBhIme 10 %).

[TocTaBaATHCA CTadb MOXKET B CIEAYIOIIUX COCTOSIHUSIX: KOBAHOW, TOPSYECKATAHOM,
HarapTOBaHHON U TEPMUUYECKH 00pabOTaHHOM.

VYriepoauctyo cTaidb B 3aBUCUMOCTH OT COJCpPKaHHUS B HEH yIyiepoja MOKHO
pa3lieuTh Ha:

1. Hm3koyriepoauctyio (MeHee 0,25 %)
2. cpenueyriepoauctyio (0,25 - 0,6 %)
3. BeIcOKOyTIIepoaucTyio (0,6-2%).

VYrnepoaucras ctajib MOXKET JEIUTCS €lle Ha CJICAYIOIINE TPYIIbl, UCTIONb3yEeMbIe

JUTSI CTPOUTENBHBIX KOHCTPYKITHH | JIeTajIeii MaIlliH:
® yIIepoJucTas CTalb 0OBIKHOBEHHOTO KauecTBa (rpymmbl A, b u B B ropsiuekaranom
COCTOSIHUN);

Mapkupyercst 3Ta cranb cienyiommm oOpaszom: rpynna (A, b u B), 3atem
mapkupoBka (Ct), 3areM ycinoBHbIA HOMep (0T 0 70 6), yBeTUYeHHE KOTOPOI'0 YKa3bIBacT
Ha TOBBIIIICHUE MPOYHOCTH M YMEHBITICHUE INIACTUIHOCTH, 3aTEM CTEIIEHb PACKUCIICHHS U
KaTeropusi o rapaHTUPYEMbIM XapaKTePUCTUKAM.
[Ipumevanue: eciay B COCTaBe CTAM MOBBIIMICHHOE COACPKAHWE MapraHila, TO B MAapKy
cTanu BBoAUTCs OykBa [

Ilpumenenue: tpynmna A - Uil HECBAPHBIX HATrPYKEHHBIX J€Talied MalllUH U
KOHCTPYKIMH; Tpynma b - 1 KOBaHBIX, TEPMHUYECKH 00pabaThIBA€MbIX, CBApPHBIX U
JPYTUX HEOTBETCTBEHHBIX JIETAJICH MAIMH M KOHCTPYKIMIA; rpymnna B — ms cBapHBIX
OTBETCTBEHHBIX CTPOUTEILHBIX KOHCTPYKIIUH.

® CTajgb YIJEpOAMCTas KAayeCTBEHHAs KOHCTPYKIMOHHas (B TOpsSYEKaTaHOM U
KOBAHOM COCTOSIHUH);

KauecTtBenHas KOHCTPYKOMOHHAA YyIrjICpoaucCTas CTajJlb IOCTABJICTCA B BHJC



JMCTOBOTO M MOJOCOBOI0 MpPOKaTa M3 KOBAHOM M TOPSYEKATAHOW CTAIM CIEAYOLINUX
Mapok: ciokoitHas — 08, 10, 15, 20, 25, 35, 40, 45, 50, 55, 58, 60. 65, 70, 75, 80, 85, 60T,
701"; xunsamas u nonycnokorHass — 05ku. 08k, 10nc, 10ku, 1 1ku, 15ku, 15nc, 18ku, 20ku,
20mc.

JIBy3HaUHOE YHCIIO B MAapKe YKa3bIBA€T Ha CpEJHEE KOJUYECTBO YIJIEPOJa, KOTOPOE
COJICP/KUT CTAJIb.

IIpumenenue: dem OoJbllie HOMEp Yy CTalM, T€M OOJbIIE COACPKHUTCA yriepojaa, a
3HAUUT YBEIUYUBACTCS MPOYHOCTh. Takue cTaau MPUMEHSIOT JIsl 00Jiee OTBETCTBEHHBIX
neranei. Hanpumep, ctans mapok 05, 08, 10 — 310 cTanb ¢ Mal€HbKUM COJEpKAHUEM
yriepoaa, €€ MPUMEHSIOT JUIsi TPOU3BOJACTBA JIGHT, IPOBOJIOKH, JIUCTOB U
HEOTBETCTBEHHBIX KOHCTPYKIMH, a cTanb Mapok 10, 15, 20 u 25 - mis GecuioBHBIX
ropsiyekatanbix Tpyo auamerpoM a0 500 mm, a Takxke MyQT, NOPIIHENH HACOCOB U ap. 13
ctaiau Mapok 30, 35 U3roTOBJISIOT BEPTIIIOTH, CTPOIIbI, TAJIEBbIE OJIOKH, KPIOKH U T.J., a U3
ctanm Mapok 40 u 45 — My ThI, BaJibl HACOCOB, MIECTEPHH U T.]I.

® CTaJlb YIJIEPOaUCTasi OOBIKHOBEHHOTO Kaue€CTBA TEPMUUECKH YIIPOUHEHHAS.

N3roroBnsgeTcss U3 yriaepoJucTol CTaii OOBIKHOBEHHOTO KayeCTBa IMyTEM 3aKalKU
(mo 930-950 °C) u ormycka. B sTtom ciydae B mapke cranu gobasisiercss OykBa T.,
Hanpumep, bCt3Tcn2.

HuskonerupoBanHass KOHCTPYKLIMOHHAS CTajlb MPUMEHSETCA JI U3TOTOBJICHUS U
PEMOHTA Ta3roJibJIEPOB, pe3epBYyapoB, ra3oHedTeIpoBo10B. OHA UMEET Psil MPEUMYIIECTB
nepes; yriaepoIuCTON CTallbio OOBIKHOBEHHOTO KaduecTBa: € mpejiei TeKy4ecTH 0ojiee uem
Ha 50 % BbIIe, CKIOHHOCTh K XJAJHOJOMKOCTH W UYYBCTBUTEIBHOCTH K CTapECHHIO
MEHBIIIE, OHA JIY4YIlIE CBaPUBAETCA, €€ KOPPO3UOHHAS CTOMKOCTH B 1,5 pa3a BhIIIIE.

Mapky  JeTMpOBAaHHBIX  CTaJed  OTIAWYAIOTCA  OOJNBIIMM  Pa3HOOOpa3ueM.
Oo6o3HavaeTcst Kakaas Mapka CTaJ KOHKPETHBIMU OyKBaMHU, KOTOPHIE€ COOTBETCTBYIOT
ONpeeIeHHBIM 3JIEMEHTaM M0 KJacCu(UKAIMU METaJUTypruueckoro npousBoicTea. Bcee
AJIEMEHTHI M0 UX MPOLEHTHOMY COAEP>KAHUIO B CTAJIM JCJISTCS HA HECKOJIBKO TPYIIIL:

1. mepBass I' — mapranen, X — xpom, H — nuxenr u C — kpemuuid. [{udupnsie
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0003HauYEHUs MOCIE ATUX OYKB MOKA3bIBAIOT MPOLIEHT COJIEPKaHUsS JAHHOTO 3JIEeMEHTa B
ctanu (TIpu OTCYTCTBUH UG coaepxkanue snmeMenta mernee 1 %). [lpumep: 0912, 14XT°C
u Jp.

2. Bropas T — turan, 1| — nupkonuit, ® — Banaauii. © — docdop, 1O — amomunmii, U
- penKo3eMelnbHble MeTallbl, [ - Menb, M - Mmonubnen. Menb u MOJIUOIEH coAepKaTCs
npuMepHo B konuuecTtse 110 0,6 %, octanbHble 3eMeHTbI 3T0# rpynisl 10 0,2 %.

3. petbst J — a3ot (10 0,015 %), b — #uodwuii (10 0,05 %).

4. gerBeptas P — 6op, (10 0,006 %).

[IpouieHTHOE Conepx)aHuE yriaepoja B CTAIM MOKAa3bIBAIOT LU(PHI, CTOAIINE MEPe]
mapkoi. [Ipumep: mapka cranu 0912C, 3nauut crans coxepxkur 0,09 % yrnepona, 2 %
Maprasua u okojo 1 % xkpeMHus.

[lonyyeHne HH3KOJETMPOBAHHOM CTAJIM BBICOKOW ITPOYHOCTH ITPOUCXOIUT
MOCPEACTBOM HOpPMaIU3AllMU, 3aKaJKU WJIA MHUKPOJICTUPOBAHMS, T.€. BHEIAPECHUS B
HE3HAUUTETBHBIX KOJWYECTBAX KapOMI000pa3yIomuX 3JIEMEHTOB, TAKUX KaK BaHAJIUM,
HUOOUM U 1p.

TpyObl MO crioco0y M3TOTOBJICHUS PA3CNSIIOTCS HA TOpPSYEKaTaHbIE M CBapHbBIC C
MPOJIOJBHBIM MPSMBIM IIBOM, CHUPATBHBIM IIIBOM, OECIIIOBHBIE, MHOTOCJIOMHBIE U T.I.

[lo Ha3HauyeHWI0O U TAPAHTHUPYEMBIM XAPAKTEPUCTUKAM CTaJIbHbIE TPYObI
nocraBisitoTess no rpynmam A. b, B, I' u JI. ¥V kaxaol U3 3TUX Tpynin €CTh CBOU
OTIPE/ICJICHHBIC TapaHTUPYEMbIC XapaKTEPUCTUKHU: Y TpyHnbl A — MeXaHUYECKHUe
CBOWCTBA; Y rpynnbl b — XMMHUYECKU COCTaB; y rpynnbl B — mMexaHnvyeckue cBOWCTBa
Y XUMUYECKUW COCTaB: y TpyNIbl [' —KOHTPOJIb MEXaHUUYECKUX CBOMCTB HA TEPMUUYECKH
o0paboTaHHbIX 00pa3lax W XUMHYECKHUH COCTaB;, a MPOYHOCTh IMPU HCHBITAHUU
TUPABINYECKUM JaBJICHUEM UMEIOT BCE TPYIIIIHIL.

Hanuuue Tex WM WHBIX XapaKTEPUCTUK Yy KaXIOW M3 Tpymnmn IpeACTaBiEHbI B

tabmure 2.1.

Tabnuua 2.1 Napantupyemble XapakKTepUCTUKU TPYOHBIX CTasIei
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["apanTupyemsbie ['pymma

XapaKTEepUCTUKU A b B I |
XUMHUYECKUI - + + + -
COCTaB
MexaHu4deckue + - + KouTposs 3a -
CBOﬁCTBa MEXaHUYCCKUMHU

CBOMCTBaMHU Ha

TEPMUYECKH
00paboTaHHBIX
obpasiax
[IpounocTts pu + + + + +
I'nApPpaBIMYCCKHUX
UCHBITAHUAX

[Tpu CTPOUTENBCTBE MarucTpaJIbHbIX TpyOONpOBOAOB MPUMEHSIOTCS
AJIEKTPOCBApHBIE MPSMOIIOBHbBIE, CIHUPATbHOIIOBHBIE, CTAJIbHbIE OECHIOBHBIE TPYObI U
TPYOBI JPYrUX CHEIUATBHBIX KOHCTpYKUUi. TpyObl, nuamerp KoTopbix MeHee 500 mm
W3TOTABIIMBAIOT U3 CIOKOMHBIX U MOJyCIIOKOMHBIX YTIIEPOAUCTHIX cTanei; meHee 1020 mm
- U3 CIIOKOWHBIX U MOJYCHOKOWHBIX HU3KOJIETUPOBAHHBIX cTanel, MeHee 1420 MM — u3
HU3KOJIETUPOBAHHBIX CTaJe B TEPMUYECKH WM TEPMOMEXAHHYECKH YIPOYHEHHOM
cocrostHum [17].

Jna xaxpaon tpyOsl cymectByeT I'OCT, B cOOTBETCTBHU C KOTOPHIM HX CIEIyET
npumensaTs. Hanpumep, ais 6ectioBHbix Tpyo 3to 'OCT 8731-74, TOCT 8732-78 u
['OCT 8733-74; nns cTaIbHBIX JEKTPOCBAPHBIX MPAMOIIOBHBIX TpyO 310 'OCT 10704-
91 u 1.1

becmioBHble ropsiuekaTaHble TPyObl M3rOTaBIMBAIOTCS B JIBA ATala: W3TOTOBJICHUE
3arOTOBKM TPYOBbI B BHJI€ MPOIIUTON T'HIIb3bI (CTakaHa); GOpMUPOBAHUE TPYOBI ropsueit

MIPOKATKOM 10 3aJlaHHO¥ (hOPMBI U Pa3MEPOB.
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N3roroBiieHre CBapHBIX TMPSAMOIIOBHBIX Tpyo auametpoMm 500 - 1400 mwm
OCYIIECTBIISIETCS TIPECCOBAHUEM WJIM BaJiblieBaHWEM (THOKOW) M3 JINCTOBOM 3arOTOBKH.
TpyObl, nuameTp KOTOpBIX Oojbiie win paBeH 1000 MM coOuparOT U3 JIBYX
MOJIYITMIMHAPUICCKAX 3arOTOBOK, C(OPMHUPOBAHHBIX HA TE€X K€ THAPABINYECKHUX
npeccax, aOCOJMIOTHO TaK €, KaKk WU UUJIUHIPUYECKHE 3arOTOBKH, MEHSS TOJIBKO

dbopMyIOImUii HHCTPYMEHT, a JTUCTHI MMOATOTABINBAIOT MPEKHUM CITOCOOOM.

CnupanabHOIIOBHBIE TPYObI TPOU3BOAAT IIYTEM CBOPAYMBAHUS CTAJIbHOW PYJIOHHON
JICHTBI 110 CIIUPAJINA B HENpEpbIBHYIO TpyOy. CrinpanbHOIIOBHbBIE TPYOb!l Menkux (10 500
MM) u cpeaaux (500-800 Mm) nuameTpoB GOPMYIOT C ABYXCTOPOHHUM CBAPHBIM IIIBOM Ha
CHELMAIbHOM TPyOHOM CTaHe, KOTOPbIN BKIIIOYAET B ¢€0s JIMHUIO OJTOTOBKHU IOJIOCHI U
(OpPMOBOUHO-CBAPOUHOE YCTPOUCTBO, B KOTOPOM CBAapOYHbIE T'OJIOBKA M (DOPMOBOUYHAS
MalluHa CMOHTHPOBaHbI BMECTE.

CriupalibHOIIOBHBIE TPYOBbI JIEIIEBI€ YeM MNPSMOLIOBHBIE, TOTOMY YTO CTajibHas
nenTa Ha 20-35 % pemieBiie 4eM IHUPOKOJIUCTOBAS CTalb. Tak ke OJarogapsi CHUKEHUIO
pacxoja MeTajuia Ha oOpe3Ky Mociie MPOKATKH, YMEHbBILIEHUS JIOMYCKOB IO TOJIIUHE U
OTXOJ0B TIIpH 0Ope3Kke KOHIOB TpyO mpumepHo Ha 10% MpOHUCXOAUT €ro 3KOHOMHUS.
CnupanbHblii IIOB CHOCOOCTBYET Y)KECTOUEHHUIO TpPYyObl M JIyYIIEMY COXPAHEHHIO
HWIMHApUYeCcKoH  Gopmbl mpu  TpaHcnoptupoBke. Crenyer  3aMeTHThb,  4TO
paboTOCIOCOOHOCTh METajlla MOBBIIIAETCS BCIEACTBUE TOTO, YTO MPHU SKCIUTyaTalluu
TpyOOIPOBOJa U3 CHUPATIHHOIIOBHBIX TPYO TJIaBHbIE HANPSDKEHMS PacroJiararoTcs Moj
YIJIOM K HaIlpaBJICHUIO TPOKATKH JICHTHI.

CnupanabHOIIOBHBIE TPYObI MPEBOCXOAT MPSMOIIOBHbBIE €LIE TOTOMY, YTO METall
TpyO B IIpoliecce UX U3TOTOBJICHUS IPAKTUUECKNA HE MEHSAET CBOU IUIACTUYECKUE U BA3KUE
CBOMCTBa, a caM IPOLECC U3TOTOBJIEHUS TPYyO CBOOOIHO IMOANAETCS aBTOMATU3ALUU U
MexaHu3zauuu. IloMumMo 3Toro, MeTai, u3 KOTOPOro CAeNaHbl CIUPaIbHOLIOBHbBIE TPYOBI,
TaK KaK BOJIOKHA €ro KaTaHOW CTPYKTYpPbI HalPaBJIEHbI ITOJ1 YTJIOM HABUBKH K ITPOIOJIBHOM

ocu TpyObl, paboTaer B Oosiee OIArONPUATHBIX YCIOBHUSX, YEM METAILI MPSIMOILIOBHBIX
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TpyO.

Ho ectb u TO, B 4eM CHIHPAJILHOLIOBHBIE TPYOBl YCTYIMAIOT MPSMOIIOBHBIM. WX
HEJOCTaTKOM CUUTAIOT OOJIBIIYIO MPOTSHKEHHOCTh CBAPHBIX IBOB, & MMOTOMY UX HEIb3s
THYTh, OHU TJIOXO KOMUPYIOT MECTHOCT.

JleeKThl TEXHOJIOTUYECKOTO, CTPOUTEIBHOTO M METaJUIyprH4YecKOro XapakrTepa,
KOTOPbIE TMOBBIIMIAIOT CKJIOHHOCTh MeETaja K XPYOKOMY pa3pyLICHHIO, MOTYT
CHocoOCTBOBATh OCHAOJECHUIO TONIIUHBI CTEHKH TPYyO, MPOMOPLHUOHAIBHO KOTOPOMY
CHIDKACTCS HECyIIas ClocOOHOCTh MeTasuia [25].

CyliecTByIOT pa3Hble HUCIHOJHEHUS TpyO, B 3aBUCUMOCTH OT KJIMMAaTHYECKUX
YCIIOBHM, B KOTOPBIX IPOUCXOJUT CTPOUTEIBCTBO M HSKCIUTyaTallds MAarucTpalbHBIX
TpyOOIIPOBOIOB.

Jl1st TpyGOnpoBOAOB, KOTOPBIE MPOKIAIBIBAIOT B CPEIHEN MOJIOCE U FOKHBIX pailoHax
Poccun ¢ xapakrepHoi Temnepatypout skcruryatanuu ot 0 °C u BbIIIE U TEMIIEpATypa
cTpouTenbcTBa - 40 ° U BhIIIE, TPYObl U3TOTABIMBAIOT B 0ObIUHOM UChOIHeHUU. TpyOHl,
TeMIIEpaTypa HKCIUTyaTalluy I KOTOpbIX mpuHuMaetcs ot -20 no -40 °C, a temmnieparypa
ctpoutenbeTBa - 60 °C U BblllIe, U3TOTABIUBAIOT B CE6EPHOM UCNOJIHEHUU.

TemnepaTypa sKcIUTyaTallid — 3TO MUHUMAaJbHasi TeMIlepaTypa CTEHOK TpyO mpu
AKCIUTyaTalliy MOJi padouyuM JaBJICHUEM; TEMIIEpaTypoil CTPOUTENIbCTBA HA3BIBAIOT
TEMIIEpaTypy CTEHOK TpyO MM BO3ayxa, ompenensemyto B coorBercTtBuu co CHull no
CTPOUTEIBHON KIMMATOJOTMU U Teo(U3MKe NpH OCTAHOBKE He(TenpoBoia WU

MOHTAXKHO-CTPOUTCIIbHBIX pa60Tax.

2.2. Buasbl 1epekToB TPYOONIPOBOIOB.

Cormacuo PJ[-23.040.00-KTH-090-07 nedexkrom HedTenpoBoga Ha3bIBACTCS
KaXJI0€ OT/ICIIbHOC HECOOTBETCTBHE HOPMATUBHBIM JJOKyMeHTaM. CBapHbBIE IIIBBI, CTCHKH,

reoMeTpuyeckue GopMbl TpyO, KOHCTPYKTUBHBIE U COETMHUTEIILHBIE AETANIU, IPUBAPHBIC
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DJIEMEHTBI, KOTOPbIE HE COOTBETCTBYIOT HOPMATHBHBIM JOKYMCHTaM, SIBJISIFOTCS
nedeKTamu.

Cekmusi, BBIIOJIHEHHAss ¢ JedeKkramMu, JOKHa OBITh OTPEMOHTHPOBAHA
COOTBETCTBEHHO B3aMMHOMY PACIIOJIO)KCHHIO BCEX HMMEIOIIMXCS JCPEKTOB, KOTOPHIS
MOJIICKAT PEMOHTY M COTJIACHO METOJIaM M OrpaHHdYeHUsIM. JICEKTHBIMH CEKIUSIMHU,
KOTOPbIC PEMOHTHUPYIOTCS TOJBKO BBIPE3KOH, CUUTAIOTCS CEKIIMU C KOPPO3UOHHBIMU
MOBPEKACHUSMH U CEKIIUU C JIBYMS MypTamu (TpOHHUKAaMH), KpOMe CITydas, KOTJa JBe
My(TBI YCTAaHOBIJICHBI HA CBAPHBIC CTHIKA MKy CEKIIMel u My(pToii (TPOHHUKOM) TIO TEITy

TpYOBI.

[To orpacneBomy cranmapty OCT 23.040.00-KTH-574-06 mpoBoauTcsi pacyet
JIOJITOBEYHOCTH ¥ TIPOYHOCTH, a TAK)KE PACCUMTHIBACTCS MPEACITBHBINA CPOK IKCILTyaTaIluN

TpyO M CBapHBIX COETUHEHHI, UMEIOIINX Ae(EKTHI U OCOOEHHOCTH.

Hedexramu reometpun TpyO Ha3bIBAIOT Je(DEKTHI, KOTOPHIE CBSI3aHbI C U3BMEHECHUEM
dhopmbl TpyOsI. K Takum gedexrtaM OTHOCSATCS:

1. Bmsamuna. BMATUHOM Ha3bIBAIOT SIBJICHHE MECTHOTO YMEHBIIICHUS
MPOXOJIHOTO CEUECHUSI TPYObI, MPOUCXOSIIECTO 0€3 u3jioMa OCH HePTEmpoBOaa, KOTOPOE
BO3HHUKACT B PE3y/IbTaTe MOMEPEUYHOTO MEXaHUUECKOTO BO3JCHCTBUS (PUCYHOK 2.1).

MakcumanbHOE paccTosiHuE MexAy oOpa3yrouieil TpyOoi 1 MOBEPXHOCTHIO TPYObI

BO BMSITUHC HAa3bIBACTCs FHY6HHOﬁ BMATHHBI.

Ly

Pucynok 2.1 BmsiTuHa.

2. T'oghp. T'obpoM Ha3bIBACTCS SIBICHNE YMEHBIIEHUS MPOXOAHOTO CEUEHUS
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TPyOBI, KOTOpPOE COIPOBOXMACTCA TMEPUOJUICCKH TIOBTOPSIFOIIMMHUCS TIOMEPEUHBIMU
BBITTYKJIOCTSIMH M BOTHYTOCTSIMA CTEHKH. ['0)p BBI3BaN MOTEpEedl yCTOWYHMBOCTH OT
MOTIEPEYHOr0 U3ruba ¢ U3JIOMOM OCH HepTermpoBoaa (PUCYHOK 2.2).

['mybuny rodpa ompenensior, KaKk CYMMY BBICOTBI BBIMYKJIOCTH W TIyOWHBI

BOTHYTOCTH, KOTOPBIE U3MEPSIOT OT 00pa3yroIIei TpyOHI.

L |

Pucynok 2.2 T'ogp.

3. Cyoicenue (osanvnocms). CyKeHUEM HA3bIBAIOT SIBICHUE YMEHBIICHUS

MIPOXOIHOTO CEUYEHUsSI TPYOBI, P ATOM HAOJIIOJACTCS PACXOXKICHHE CEUEHUs TPYOBI C

OKPYXHOCTBIO (pUCYHOK 2.3).

Pucynok 2.3 NU3mepenue napamerpoB nedexra "cyxeHue" .

DakTUYECKUM UEHTP CYKEHHUSI MOXKET ObIThb CMEIIeH OT IIEHTpa TpyObl C

HOMUHATBHBIM THAMETPOM.
K nedexram cTeHOK TpyO OTHOCSTCS:
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1. kopposuonnasa nomeps memanna. IloTeperl meTamia Ha3bIBAECTCS JIOKAJIBHOE
YMEHBUIEHUE TOJIIIUHBI CTEHKU TPYObl B pEe3yJbTaTe€ KOPPO3HMOHHOIO IOBPEKICHUS

(pucyHok 2.4).

Pucynok 2.4 BHyTpeHHSS 1 BHEIIHSASA KOPPO3HUsL.

[Toreps meTaiia MOXKET OBITh JBYX THIOB: OAMHOYHASL U OOBEANHEHHAS.

I'pynma, coctosdmas w3 AByX U 0Oojiee KOPPO3HOHHBIX J1€()EKTOB, KOTOPHIE
00BbEMHEHBI B OJMH LIEJIbII 1e(EeKT, Mpy YCIOBHH, YTO JBA COCEIHUX JAePEKTa HAXOAATCA
ApYyT OT Apyra Ha PacCTOSTHUM MEHbLIE WM PaBHOMY 3HAUYEHHUIO B YEThIpE paza OoJblle,
YeM TOJIIMHA CTEHKH TPYObl B palioHe NePeKTOB, Ha3bIBAETCA OOBEIUHEHHOUN MOTEpei
Metana. [abapuTHas miowm@aAb MOTEPH, XapaKTepU3yloLlas METaul, OMNpeesieTcs
KpallHUMH TOYKaMH Je(PEeKTOB M3 COCTaBa IPYNIbl U paBHA MPOU3BEIACHUIO JIMHBI
o0beauHeHHoro aedexra L Bnosib ocu TpyObl Ha IMPUHY 00beIMHEHHOTO Aedekta W o
OKpY>XHOCTH TpyObl. JledekThl, CrpynnupoBaHHbIE IO YKa3aHHBIM KPUTEPHUSIM, B
TEXHUUYECKUX OT4YeTax M0 JHarHocTuke, Oa3ze naHHbIX «[lepext» u akrax JJIK
OIMCBIBAIOTCS KaK «00BEIMHEHHBIC TIOTEpU MeTauiay [9].

OnMHOYHOM MoTepel MeTayia Ha3bIBaeTCs OAMH Ae(PEeKT MOoTepu MeTaa,
pPaccTosiHUE OT KOTOPOro 10 OMMKallIuMX MOTEpbh METajula MPEBBIIAECT 3HAYeHUe 4-x

TOJIIIMH CTEHKH TPYOBI B paiioHe fedeKTa.
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2.V menvuenue moauuHvl CImeHKU mexHoaio2cuieckoe - IaBHOEe YTOHEHNE CTEHKH,
oOpa3oBaBiIeecs B  TMpoILECCe  M3TOTOBJICHUS  TOpAYEKaTaHHOW  TpyObl WM
TEXHOJIOTUYECKUI 1e(heKT mpoKarta.

3.Mexanuueckumu nogpexdcoOeHusMy muna «pucka» Ha3bIBAIOTCS MEXaHUYECKHE
MOBPEXKACHUS CTEHOK TpyO, HampuMmep, LapamnuHbl, MPOJUPbI, PUCKU, 3aJUPHI, B BHJE
yrIIyOJeHUsT ¢ YMEHBLICHHEM TOJIIMHBI CTEHOK TpPyO, KOTOpoe 00pa3oBaHO TBEPABIM

TEJIOM, TIEPEMEIIAIOIIUMCS IO TIOBEPXHOCTSIM TPYO. (PUCYHOK 2.5).

PucyHnok 2.5 Pucka.
MexaHnuecKre OBPEKICHUS TIOBEPXHOCTEH CTEHOK TpYO, Kinaccudunupyemsoie mo 'OCT
21014-88 xak «puCKay, «IapamuHay, «3aaupy», «IPOAHUP», MOBEPXHOCTHAS BMSATHHAY,
uneHTudunupyroTcs no nanabiM BUIT kak «puckay.
4.Paccnoenuem Ha3bIBa€TCs BHYTPEHHEE HAPYIIEHHUE CIUIONIHOCTH MeTajlia TPyObl
B MPOJI0JILHOM U MOIMEPEUYHOM HalpaBJIECHUU, KOTOPOE pa3eisieT METaJT CTEHOK TpyO Ha

CJIOM TEXHOJIOTHYECKOTO MPOUCXOXKICHUS (PUCYHOK 2.6).
L

Lo

== —

Pucynok 2.6 Paccinoenue.
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5.Paccnoenuem ¢ 6vixo0om Ha noeepxHocms HA3bIBACTCA paccjlioeHue, KOTOpPOocC

BBIXOJIUT Ha TIOBEPXHOCTH TPYOB! (BHEIIHIOK MJIM BHYTPEHHIOKO)

(pucynok 2.7).

Pucynok 2.7 PaccioeHue ¢ BbIX0OI0M Ha ITOBEPXHOCT.

6.Paccnoernuem 6 okonouo6HoU 30He Ha3bIBAETCS pacClIOC€HUEC, KOTOPOC IMPUMBIKACT

K CBApHOMY IIBY. Paccrosnue ot nuHUM Iepexoaa mBa K OCHOBHOMY MCTAJLIy OO Kpasd

paccioeHus JAOHKHO OBbITh MEHBLIE WJIM PaBHO 3HAYEHHIO B 4 pa3 MPEeBHIIIAIOLIEMY

TOJIIUHY CTEHKHU TPYOBI. (pUCYHOK 2.8).

L

Pucynok 2.8 PaccioeHne B OKOJIOIIOBHOM 30HE.

7. Tpewyunoii Ha3piBaeTcsi Ne(eKT B BHUIE HECIUIOMIHOCTH MeTajuia (pa3pbiBa).

['eomeTpuro paspbiBa ONPECISIIOT ABYMs pa3MepaMH — MPOTSHDKEHHOCTHIO U TIyOHMHOM.

(pucyHok 2.9).
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Pucynok 2.9 Tpemuna.

8. Tpewyunono0obHbIM ~ KOPPO3UOHHO-MEXAHUYECKUM  Oehekmom  Ha3bIBACTCS
TpEIMHA WM TPYyIIa TPEIUH, CKOPOCTh POCTa KOTOPBIX OMPENEISIIOT JICHCTBHEM
HaIpPsHKEHUH, T.€. KOPPO3MOHHOTO PACTPECKUBAHUS IO HANIPSHKCHUEM, U KOPPO3UOHHOM

Cpcabl HAa MCTAJIIL.

JledexkTamu cBapHOTO IIIBAa HAa3bIBAIOTCS Je(EKThl HEMOCPEJICTBEHHO B CaMOM
CBApDHOM IIBE€ WM B OKOJO MIOBHOW 30HE. K HUM OTHOCSTCS: TpeuiuHa, HEmpoBap,
HecuiapieHue. CyliecTBYIOT COOTBETCTBYIOIIME HOPMAaTHUBHBIE JOKYMEHTBI, KOTOPHIMHU

PErIaMeHTUPYIOTCS TapaMeTPhl U TUIIBI Je()EKTOB CBAPHBIX COSIMHEHUM.

[[InakoBbie BKJIIOYEHUS, TMOPBI, MOAPE3, YTIOKUHA, TPEBBINICHUE MPOIUIaBa,
YeNnryi4aToCTh, HATUTBIBBI, OTKJIOHEHHS Pa3MEpOB IIBa OT TPEOOBAHMIA, TIPETyCMOTPEHHBIX
HOPMATHUBHBIMH JJOKYMEHTAMHU, & TaKKe€ OCOOEHHOCTU U JIe(PEKThI CBApHOTO IIBA, TOUHOE
KIaccuuImpoBanne KOTOpbiX 1o qaHHbIM BT/] HEBO3MOXKHO, HA3BIBAIOTCS «aHOMATHEI
MOIMEPEYHOr 0, CIIUPATBHOT0, MPOIOJIBHOTO CBAPHOTO IIIBA.

CmenieHueM KpOMOK HAa3bIBA€TCSl PA3HOE PACIIONOKEHHE YPOBHEN HApYyKHBIX U
BHYTPEHHHX MOBEPXHOCTEM CTEHOK CBAPEHHBIX TPYO (11 MONMEPEYHOro CBApHOTO IIBA)

NN JNCTOB (I[J'ISI CIIUPAJIbHBIX W ITPOJOJIbHBIX HIBOB) B CTBIKOBBIX CBAPHBIX COCAMHCHUAX,
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uaeHTuguuupyemoro no nanubiM BUII kak «cmenieHuey crnupaibHOro, MpoaoiIbHOro,
MOTIEPEYHOT0 CBAPHOTO I1Ba [6].

KockIM CTBIKOM Ha3bIBae€TCs CBapHOE CTHIKOBOE COEIUHEHUE TPYObl C TpPYOOH,
KAaTyIIKOW WM COCIWHUTENBHON JEeTallblo, MPU KOTOPOM IMPOJOJIbHBIE OCH TPYyO
PacoJIOKEHBI MO YTIIOM JAPYT K JIPYTYy.

3a UCKIIIOUEHHEM CTHIKOB, KOTOPBIE BBIITOJIHEHBI HA OCHOBE OCOOBIX TEXHUYECKUX
YCIIOBUH, AEPEKTOM SBISIOTCS CTHIKyeMbIE TPYOBI C OTHOIIIEHHEM TOJIIIUH CTEHOK OoJee
1,5.

CBapHbIM JI€(EKTHBIM CTBIKOM Ha3bIBAETCS KOJIBIIEBOM CBApHOM IIOB, KOTOPBIU
coaepxkut Ooisiee oaHoro nedexra. B 0a3zax MaHHBIX, KOTOpPHIE COJEPIKAT CBEICHUS O
nedekrax, «aedeKTHbIe CBApHBIC CTBHIKK» MOJIEkKAT y4eTy Oe3 yKa3zaHUs KOJIMYeCTBa
ne(EeKTOB B HUX.

HedrenpoBoax Moxxer ObITb CKOHCTpyHpoBaH ¢ Aedekramu. Takumu nedexramu

MO>KHO Ha3BaTh:
- HEJIONYCTHUMBbIE COEUHUTEbHbBIC JETaNIH;
- HEJOMYCTUMbIE KOHCTPYKTHUBHBIC JIETATN U MPUBAPHBIE JIEMEHTHI.
JleTanu HE3aBOJCKOTO W3TOTOBJIEHUS, HApPUMEP, TPOMHUKH, OTBOJbI, 3ariyIIKH,
MEPEXOIHUKH, SBIISIOTCS HEOONYCMUMBIMU COCOUHUMENbHbIMU IETATISIMU.

Boimonnennsie He mo TY 102-488-05 cBapHble CEKTOpPHBIE OTBOJBI 3aBOJICKOTO
U3roTOBJICHUS cuuTaroTcs Aedexkramu u noasepratorca /K. Knaccudukanusa otBoaa
yCTaHaBIMBaeTcs 1o pesynbrataM /K.

HenomycTuMpIM KOHCTPYKTUBHBIMU JACTAISIMU M IPUBAPHBIMU 3JIEMEHTAMH
He(TenpoBOIa MOXKHO HA3BATh CIAEAYIOIINE JETANH:

1) HaknaHBIE M BBAPHBIE 3aIUIaThl BCEX pa3MEpPOB U BHUJIOB;

2) PpEMOHTHBIC KOHCTPYKIHH, K KOTOPbIM HE paspeiieHo mnpuMmeHsats HJI,

JIEHCTBOBABILIEE HA MOMEHT YCTAaHOBKH;

3) peMOHTHBIE KOHCTPYKIIMH, BHYTPU KOTOPBIX HAXOAATCS ASPEKTHI MapaMeTpoOB, POCT

KoTOpbIX yBenuumiics Ha 10% u Gornee.
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4) HeperyJsipHbIC PEMOHTHBIC KOHCTPYKIIMHM C 3aKOHYHMBIIUMCS TPEACIbHBIA CPOKOM
JKCIUTYaTalluH;

5) cnenaHHbIe U3 YacTel TPyO HAKJIaIHBIC JICTAIH;

6) oTOOpHI aBJICHVSI, BAHTY3bI; «UOIMHUKW»; OOOBIIIKH; MECTa, K KOTOPHIM IPUBAPCHBI
LIYHTUPYIOIIUE MEPEMBIYKM U KOHTAKTBI KOHTPOJIBHO-U3MEPUTEIBLHOM amnmnapaTypsl C
3aKOHYUBIIUMCS MTPEAETBHBIM CPOKOM DKCILTyaTalllH;

bobvlukon Ha3bIBAIOT 3arIylICHHBIN pe3b00BON MPOOKOM MaTpyOOK C BEHTUIIEM
U1 0TOOpa AaBJIEHUS WM C BHYTPEHHEH pe3b00H, ciyKaliuil st 0TBOAa He(TH.

«Yonuxom» Ha3bIBAIOT CTAJIbHYIO IMPOOKY, OOBape€HHYIO IO KOHTYpYy, KOTOpas
CILYKUT JIJI TOTO, YTOOBI YCTPAHITH CKBO3HBIE OTBEPCTHSI.

1) KOXKyXH, KOTOPBIE KACalOTCsl CTEHOK TPYO;
8) mpucoeMHEeHNs CBapHBIE, KOTOPHIE HE cOOTBETCTBYIOT HJI.

[IpuBapHBIE 27IEMEHTHI U1 KOHCTPYKTUBHBIE IETAIH, HE UMEIOIINE XAPAKTEPUCTUKH B
TEXHUYECKOM 3afaHuu, oOHapyxeHHbie BUII, Bkiatowatorcs B cocTtaB neeKToOB H
noasepratoress  JAJIK. Knaccupukaumst 3tux Jgetaneid M UX NPEAENbHBIA  CPOK
9KCIUTyaTallii yCTaHaBIMBaeTcs o pesyibraram JJJIK [18].

B cocraB nedexToB BKIIIOUAETCS TOT y4acTOK Ha TpyOe, Ha KOTOPOM IMPHU IPOX0JIax
Yepe3 NCKYCCTBEHHBIE U €CTECTBEHHBIE MPETISITCTBUS IPOUCXOAUT KACAHUE C KOKYXOM.

KanuranbHpiii 1 BRIOOPOYHBINM PEMOHT CTEHOK TPYO C 3aMEHOW H3OJIALUU HYKHO
npoBoauTh ¢ JIJIK Bcex neekToB Ha peMOHTHUPYEMOM y4acTKe.

B coctaB TexHMYeCKOro OTYeTa BKIIOYAIOTCA OCOOEHHOCTH He(PTEHnpoBOA.
N3meHneHne mapaMeTpoB 0COOEHHOCTEW KOHTPOJIUPYETCS MPHU MOBTOPHBIX MHCIEKIIMSIX.
Tak *e B cocTaB OTYETa BKIIOUYAIOTCS OTJIOKEHHUS, TAKKE KaK 3arpsi3HEHUs] CTEHOK TpyO, B
pe3yabTaTe KOTOPBIX MPOUCXOIAT IIOTEPU CUTHATIOB; METAININYECKUE PEIMETBI, KOTOPBIE
HaxoJATCA PSAIOM C TPyOONpPOBOAOM, a TAKXKE MHOPOJHBIE MPEIMEThI, HaXOAAIIUECS B

TpyOOIpoBOaX.
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3. Oco0eHHOCTH IKCILUTYaTAlMOHHOT0 pa3pyuieHusi Herenponoja.

TpemuHbl SBIAIOTCA CAaMBIMU OMNAcHbIMU JepekTamu. MecTo pacroioKeHUs
TPEIIMH — 3TO 0OBIYHO CBApHOM IIOB, 30HA CILJIABJICHUS MM OCHOBHOM MeTaiul. TpeuuHsl
MOTYT OBITh pa3BETBICHHBIMHU, TMOMNEPEUYHBIMU WJIM TO-APYTOMY - KOJIBIIEBBIMU,
MPOJOJBHBIMA WM OOBEAVMHEHHBIMU B CETKY TpPEIIMH IO OTHOILICHHI0 K OCH
TpyOomnpoBoja. TpelmuHbl JesSTCs Ha TOBEPXHOCTHBIE, MTOIOBEPXHOCTHBIE U CKBO3HBIE.
WNHTepBan NWMHEHHBIX pa3MEpoOB TPEIIMH B TpyOONpOBOJAaX JOBOJBHO BEJIHK: €CTh
TPELIMHBI pa3MEPOM Kak J0Ji1 MIJUIUMETPA, TAK U HECKOJIBKO JIECSITKOB WJIU J1aK€ COTEH
MUJUTUMETPOB; MTyOMHA TPEUIMH OTPAaHUYUBACTCS TOJNIIUHON TpyOOIIpoBoIa.

Tak kak TpeniuHa sBJsieTcs HanboJjee OnacHbIM Je(PeKTOM, TO, OOHAPYKUB JIFOOYIO
HECIUIOUTHOCTh, €€ HY’KHO OXapaKTepHU30BaTb MMEHHO KakK TPEIIMHA, IOTOMY YTO BCErJa
€CTh BEPOATHOCTB, UTO OHA UMEET 3a0CTPEHUS BILUIOTH 0 TPEIINH, AK€ €CIIU 110 JaHHBIM
Hepa3pyILIalIIero KOHTPOJIA HECIUIOMHOCTh 00béMHA. [lpu cuctemaTusauuu U3 Bcex
BO3MOYKHBIX BapMaHTOB HYKHO BBIOpATh CaMbIil OMACHBIA C TOUYKHU 3PEHHUS CTATUYECKOU
WA UUKIAYECKON TPEIUHOCTOMKOCTH. CaMbIM OMACHBIM SIBJISIETCSI BAPUAHT, KOTJa Tpe-
[IMHA PACTIONIOKEHA TaK, YTO CEUEHUE DTIEMEHTA KOHCTPYKITMY MAaKCUMAJILHO OCIa0IIsieTcs,
a ee IUIOCKOCTh HOPMaJibHA K HAIIPABJICHUIO IEMCTBHS MAaKCUMAJIbHBIX PACTATMBAKOLINX
HanpsbkeHul (paspymenue | tumna). Eciu e M3BECTHO, YTO TPEIIMHA OPUEHTHUPOBAHA
HOPMAJbHO KO BTOPOMY TJIABHOMY HANpsDKEHUIO, TO B pacyeT MNPUHUMAIOT 3Ty
opueHTaIuo [26].

Jns cucremaTu3aluu BCeX BUAOB HECIUIOIIHOCTEHM, TAaKUX KakK TPEIIWHBI, MOPHI,
BKJIIOUEHHSI, HETIPOBAPHI U JP. UCHOIB3YIOT AJUIMNTUYECKUE TpeluHbl. HanpaBineHHbIN B
J000M  HampaBJICHUM TOBEPXHOCTHBIA JePekT OyaeM MNpeAcTaBisTh B  BHUJE
MOMY?JUIMITAYECKON TpPEIIMHBI, pa3Mepbl KOTOPOW OMNpeaenauM JJMHOM 2c¢ 1o
MOBEPXHOCTH 000JIOUKH U ITyOMHOM & , PU 3TOM, a JIEJICHHOE Ha C JOJKHO ObITh MEHbIIIE
uin paBHO eauHune (a/c < 1), rme ¢ U a - Oonpliasgs U Mayjas TMOJYOCH JJUIMIICA
COOTBETCTBEHHO. BepmimHa TpenHbl — 3TO TOYKA KOHTYpPA, COOTBETCTBYIOIIAS KOHILY

Majioil mosiyocu a. BHyTpeHHU nedekt — 3To AedeKT, pacCTOsTHUE MEXy OyvbKaiiei
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CBOOOHOM MOBEPXHOCTHIO 00OJOUKHM U KPOMKOMH AedekTa KOToporo 0oJbiie, yeM a/ 9,
rze 2a - amo riuyouHa nedexra. B mpoTUBHOM ciydae ero CUuTaloT MOBEPXHOCTHBIM, T.€.

BHCIIIHHM.

Pa3pymenue TpyOonpoBo1a MPOUCXOAUT B HECKOJIBKO CIICAYIOIINX JTAIOB:

- CIBUTaHME TPEUIMHBI C MECTA U €€ MEJICHHBIN JOKpUTHUYECKHUM pocT. Ha 3TOM 3Tamne
TpeIllMHA YBEJIUYMBACTCS 1O NEPEIOMHBIX Pa3MEpPOB IMOJ BO3JACUCTBUEM HEKOTOPBIX
(bakTopoB;

- BO30yxkaeHue paspymieHus. Ilox aelictBuem Biusitomux (HakTOpOB, TAKUX Kak
TEMIIEpATypa, HaMpsHKEHUE U T.Jd., KOTJAa OPUECHTAMA U pa3Mep TPEUIUHBI JTOCTUTAIOT
OTPENICICHHOTO COCIUHEHUs, Je(EeKT CTAHOBUTCS HECTaOWJIbHBIM U  BbI3BIBAET
CTPEMUTEJILHO PA3BUBAIONICECS PA3PYILICHUE;

- TIPOIECC, KOT/Ia TPEIIMHA HEYCTOMYUBO PACIIPOCTPAHSIETCS;

- OCTaHOBKa TpeUIuHBI. M3-3a Hanu4us TeX Wik 00CTOSATENBCTB Pa3pyILICHHE
TPEIIMHBI MOXKET IPUOCTAHOBUTHCS;

N3ydeHne KaxK0ro dTarna pa3pynieHrus 0OObIYHO MPOBOAUTCS OTACIBHO.

C mo3unuu ocHaleHuss 0e30mMacHON AKCIUTyaTallik TPYOOIPOBOJIOB MaKCHUMAaJIbHOE

BHHUMaHHE YAECISIETCS 3Taly JOKPUTHUECKOTO Pa3BUTHS TPEIIMHBI, & TOUHEE ONPEACTICHUE

MOMEHTA HaJajia pa3pylIeHuUs, TO €CTh HEYCTOHYMBOTO paCpOCTpaHEHUs TpemuHsI [ 13].

Pa3pymienue B 3aBUCHMOCTH OT CTENEHU JEHCTBYIOLIErO HAIIPSKEHUS G IEJIUTCS Ha
XpyInKoe, KBa3UXPYIKOE u BA3KOE pa3pyLIeHHUE.

Gy — 3TO NpeJes TEeKy4YeCTH.

- 1npu 06<0,8c, MmiIacTUYHbIE H3MEHEHHUS B O0O0BEME »dIIeMEHTa KOHCTPYKIMH HE
IIPOTrPECCUPYIOT, B TAKOM CIIydae peyb UAET O XPYIIKOM pa3pylIeHUH TpemuHbl. OHa
pacTeT mpu HeOOJIbIINX pa3Mepax MIaCTUYECKOM 30HbI, @ CKOPOCTh POCTa BHICOKA U

MMPAKTUYCCKU paBHA CKOPOCTHU 3BYKad B MAaTCpUAJIC, B KOTOPOM OHA pa3BUBACTCA,

- IIPHA G~O; B 3JICMCHTC KOHCTPYKIHHU ITOABJIAIOTCA IIACTUYHBIC z:e(bopMam/m OKOJIO

0,2%, a B BepmIMHE TPEIIMHBl 30HA IUIACTHYECKUX Jedopmanmii JTOCTHraeT
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MaKpOCKOITMYECKUX Pa3MEPOB. 371€Cb MMEET MECTO OBbITh KBa3MXPYIKOE pa3pylleHHUE.
CkopocTh HECTAOMIBHOTO Pa3BUTHUS TPEUIUHBI CHUXKAETCS U3-3a TJIACTUYHOTO U3MEHEHHUS

MaTcpuaiia,

- BSI3KOE€ paspylleHre HaOJIoAaeTcs MpU HANPSDKEHUH G>Cr. MOJHOE pa3pylIeHHE
AJIIeMEeHTa KOHCTPYKIMHM HACTYIMAaeT U3-3a Pa3BUTHS IUIACTHUYHOMN AedopMallu 10 BCEMY
00bEéMy aiemeHTa. CKOPOCTh pa3pylICHUs YMEHBINAETCS €lle CUJIbHEe, HO MpPU ITOM

0CTaeTCs JOBOJILHO BBICOKOH [15].
3.1. UH:keHepHBIE METOAbI OLIEHKH CONPOTUBIEHHUSI HeQTENPOBO/I0B pa3pylIeHHIO.

Bo wMHorux crtpaHax pa3paOoTaHbl CTaHIAPTBI W METOJUKH OMPEACIICHUS
JOTYCKAaeMbIX M KPUTUUYECKUX N€(PEKTOB Ha 3Tare MPOCKTUPOBAHUSA U SKCIUTyaTalluu
OTBETCTBEHHBIX KOHCTPYKIIMWA. Bce craHmapThl U METOAMKU pa3pabOTaHbl MCXOJS U3
YCIOBHM  pa3pylI€HHs] W UMEIOIMIUXCS  JKCHEPUMEHTAJIbHBIX  JAHHBIX IO

TPELIMHOYCTOMYMBOCTH MaTEPUAIIOB.

KitoueBbie mo3uniun pa3pabOTaHHBIX METOIUK:

- pacyeTr NpOBOJUTCS MPHU HECIUIOUIHOCTSX, T.€. Je(heKTax, KOTOPhIE BBISBISIOTCS BO
BpeMsI  HEpaspylIalLIEro  KOHTpOJs  NpU  JKCcIuyarauusx.  Hecnomnoctu
XapaKTEPU3YIOTCS  COOTBETCTBYIOIIMMHU  TOKA3aTeIsIMHU M CXEMATU3UPYIOTCS B
COOTBETCTBHU C METOJIUUYECKUMU PEKOMEHIALUSIMU;

- Cuwrarorcs JOMYCTUMBIMH W HE TOJJIEXKAT pacueTy AedeKThl pa3sMepoM, He
BBIXOJAIIMM 3a MPEAeibl HOPM MO MpaBWJIaM KOHTPOJISI CBAapHBIX COCAWHECHUW, U
COOTBETCTBYIOIIME JIOKYMEHTaM [0 OILIEHKE KayeCTBa OCHOBHOTO METAJUIa IOCIIE
M3TOTOBJICHUS;

- JledexThl CUMTAIOTCSA JOMYCTUMBIMH €CIIM UX pa3Mepbl C Y4€TOM KUHETHUKHU HX
Pa3BUTHS K KOHILY SKCIUTyaTallMy HE MPEBBIIAIOT JOITYCKAEMbIE 3HAUYCHHUS, ONPEICIISIEMbIEC
IIOJIOKEHUSIMU TaHHON METOIUKY;

- Kputnueckue pazmepsl 1eeKTOB paCCUUTHIBAIOTCS C IOMOIIBIO
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METOAOB MEXAHUKH pa3pyLICHUS - JMUHEMHOW WIIA HEJIWHEWHOM, YYUTBHIBAS WX
MAaKCUMAJIbHOE  IUIACTUYECKOE COCTOSHHWE: TMPU XPYNKOM PpPa3pylICeHHUH pacyeT
OCYUIIECTBJISIIOT METOJAMU JUHEUHOU MeXAHUKU pa3pyuleHus, UCToNb3yst KO3 UIIMEHT
VHTEHCUBHOCTH HaNpsHKeHU K| ¥ TEMIIEPAaTYPHYIO 3aBUCUMOCTD BSI3KOCTHU Pa3pyLICHUS
Kic or mpuBenennoit temmepatypbl (T-Tx,), rme T, - KpuUTHYECKas TemIiepaTypa
XPYIKOCTH; IPH KBA3UXPYIKUX U BA3KUX Pa3pyLICHUSIX pacyueT OCYLIECTBIIIOT METOAAMU
HEJIMHEHHOW MEXaHWUKH pa3pylieHUs, WCHOIb3Yd KOdD(DHUIMEHT WHTEHCHBHOCTH

nedopmanuii Kje 1 uX KpuTudeckoe 3HaueHUe Kiec;

- TMpeAesIbHO JTOMYCTUMBIN pa3Mep eeKTa pacCUUTHIBAIOT MOYTH KaK KPUTHUECKUM,
332 UCKIIFOYEHHEM TOTO, 4TO BMeCTO 3HaueHUH Kic U Kiec HCIIOIB3YIOT COOTBETCTBYIOIIHNE
3HAYCHHS,;

- Ilpu pacuere kBa3UXpYINKOW U BSI3KOW 00J1aCTEN TPOBOJAT OLICHKY
IJTACTUYECKUX MPENEIIbHBIX COCTOSIHUM;

- IIPU UMKIMYECKUX HArpy>KEHUSAX pacyeT KUHETUKU Je(PEKTOB MPOBOJSAT
METOJIOM JIMHEMHOM MEXaHUKHU paspymieHus. Kputepuil HarpyKeHus ONIPENEseTCs
YUCJIOM ULUKJIOB HarpykeHuss N, pa3maxoMm Kodp(uLueHTa aCUMMETpUU LHKIA I' U
ko3 ¢uIMeHTa HHTEHCUBHOCTU HanpsbkeHudl AK. ComnpoTuBieHHE pa3pyLICHUIO
ONpEeaeNsoT TpaUKOM YCTaJOCTHOTO pPa3pyLIEHUs, YCTAHABIMBAIOUIETO 3aBHCHUMOCTD
ckopoctu pocta Tpemubbl dI/AN ot AK mnpu 3agaHHOM 3HaYeHUH Kod3(duimeHTa
acuMmMeTpuu 1ukia r [13].

BellrenepeuncieHHble MO3UIUNH METOAUK CO3JAI0T JTOBOJBHO TOYHOE IOHSTHE O

MPOLIECCE pacueTa 3JIEMEHTOB KOHCTPYKIUH, B YaCTHOCTH TPYOOIPOBOIOB MPHU HAJIMYWHU B

HHUX TPpCIIHUH.
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4. UcciieqoBaHue HANPSIZKEHHO-1e()OPMHUPOBAHHOIO COCTOSTHUA

JIMHEMHOW YaCTH MAarucTPaJbHOro HepTenpoBoaa.

4.1. IlporpaMMbI U BO3MOKHOCTH KOHEYHO-JIEMEHTHOT0 aHAJIN3A.

Hcnonb3zoBanue MeToa KOHEUHbIX eMeHToB (MKD) npu aHann3e KOHCTPYKILHIL B
HACTOSIIIEEe BPEMS SIBISETCS MPAKTUYECKH MUPOBBIM CTaHAAPTOM JUIS PA3JIMYHBIX PACUETOB
KOHCTpYKIuH. brnarogaps yausepcaibHoctd MKD, K0TOpast N03BOJIAET €IMHBIM CITIOCOOOM
paccuMTaTh pa3IMYHble KOHCTPYKLUHH C PAa3HBIMM CBOWCTBAMHU MaTEPHUAJIOB, BCE BBIIIE
CKa3aHHOE UMEET MECTO OBITb.

Pemiasi, MOKHO JIM MCHOJIB30BaTh BBIMIECANIECH W3 CTPOs TPYyOONpPOBOA, a TaKxkKe
CO3/1aBasi KpUTEPUH, ONIPEACIISAIONINE BEIBOJI B PEMOHT, JINOO KOHTPOJIb 32 TPYOOIIPOBOAOM,
MO0 BBIMIOJIHEHUE JOTOJHUTEIBHBIX ACHCTBUU i OOECHEYEeHMs] 3KCIUTyaTallMOHHOM
HAJEKHOCTH, 0CO000€ BHHUMAHHME, YYUTBHIBAs pEATbHO JEHUCTBYIOLIME HArpy3ku U
pa3pabOTKU KPUTEPHEB YCTOMYMBOCTU M MPOYHOCTH, YICISIOT aHAIM3y HamnpsyKEeHHO-
nedopmupoBannoro coctostaust (HIC) [11].

Jlisg aHanmu3a TakuX Pa3HOPOJAHBIX 3a7ad HEOOXOIMMO IMPOBOAUTH MCCIIEIOBaHUS,
KOTOpBhIE BKIIOUaloT B cebst peanbHble u3mepenuss HJIC, npumeHeHuwe Teopuu
BEPOSITHOCTEM, OLICHKY HaJIeAKHOCTH TPYOONpOBOa KaKk MEXaHUUECKOU cucTteMbl. Tak Mbl
MOKEM BHJIETh CBSI3b MEX]Y MCIIOJIb30BAaHHEM TPYOONpPOBOJA, €r0 MPOSKTUPOBAHUEM U
CTPOUTENBCTBOM. TOJBKO HAaTypHOE HCCIEIOBAHME HATPY30K IPU JKCIUTyaTaluy AacT
BO3MO>KHOCTh Ha CTaJIUU MMPOCKTUPOBAHUS HAYYHO apryMEHTHPOBATh BHIOOP MATEpUAJIOB,
pa3MepoOB M KOHCTPYKTHMBHBIX pelIeHHW. PelieHne 3TUX 3amay paspeliaer 3adaHue
ONTHUMAJIBHBIX TEXHOJIOTMYECKUX PEXKUMOB OKCIULyaTallud M  I[POTHO3UPOBAHUE

M3MEHEHUSI MEXaHMYECKUX CBOMCTB M IIEJIOCTHOCTU TPYOOTPOBO/IA.
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KoHcTpyKkTOpCKHe OF0pO M HAyYHO — UCCIIEIOBATEILCKAE OPTaHU3AIH HYKJAIHNCh B
yIOOHBIX, OBICTPBIX, YHHUBEPCAIBHBIX M HAJEKHBIX NJs TOJb30BaTENCd MpOrpaMMax,
KOTOpBIE OBl MOTJIH pean30BaTh OOJBIION CIIEKTP PACYETOB. DTO U MOCTYKHIO CTUMYJIOM
K CO3JaHUIO0 TPHUKIAJHBIX MPOTrpaMM KOHEYHO-DJIEMEHTHOTO aHajdu3a pa3iuuyHbIMU
dupmamu. D10 HM3BecTHhIC mporpammHbie mpoAaykTel ANSYS u DesignSpace ¢upmsr
ANSYS Corporation; Cosmos/M Designer, Cosmos/DesignStar, Cosmos/Works ¢upmbl
Structural Reseach & Analysis Corporation; Design Works ¢upmer CADSI; AIIM
WinMachine Lieatpa nporpaMMHOro u HaydHoro obecrnieucHus AIIM u ap.

BrllenepeyurcieHHble TporpaMMbl JIensaTcs Ha aBa Bua [ 10].

1) mporpaMMbl KOHEUHO — 3JIEMEHTHOTO aHanu3a, Takue kak MSC/InCherck
Design Space, Cosmos/Works, koTopble BCTpauBarOTCsI Ha YPOBHE MEHIO B HM3BECTHBIC
naketel CAIIP u pacnonaraioT HEOOXOIUMBIM WHCTPYMEHTAPUEM JIJIsl SKCIIPECC-aHaIn3a
COOPOYHBIX €IMHUI] WM 3JIEMEHTOB HENOCPEICTBEHHO B cdepe ux pa3zpaboTku. UToOBI
MOJIb30BaTENSIM OBIJIO YJOOHO HWCIOJIB30BaTh TAaKWE MPOTPAMMBI, B HUX BBITIOJIHICTCS
ITOPUTM aBTOMATUYECKOTO pa3/ieJICHUE KOHCTPYKIIMM Ha KOHEUHBIE DJIEMEHTHI.

VY JaHHBIX MpPOTpaMM, MOMHUMO BBIIICTIEPEUUCICHHBIX IUTIOCOB, CYIIECTBYIOT H
HEJOCTaTKH, TaKue KaK OTpaHMYEHHBIH HA0Op BO3MOXKHOCTEH HIJisi CO3JaHMS M pacyera
MoOJIeNIel C YCIIOKHEHHBIMH CBOWCTBaMHU TIO0 (YHKIIMOHAJIBHBIM CXeMaM, T'PaHUYHBIM
YCIIOBUSIM, Harpy3KaM, T€OMETPUIECKIM 0COOCHHOCTSM U JP.

[TocTpoeHHble B 3THX MporpamMmax pacyeTHbIC aJTOPUTMbl HE BCETJa PEIIaroT

ITOCTaBJICHHBIC 3a/1a9H, 3aCTaBIISs MOJIb30BaTe el 00paTUTHCS K O0JIee ITOJTHOM MporpamMme.

2) B a1y rpymiy BXOJST IpOrpaMMbl, KOTOPBIEC B TIEPBYIO OUYEPElb
OpUEHTHUPOBAaHbI Ha Pa3pabOTKy MOJHOBECHOW KOHEUHO—AJIEMEHTHOM MOJENH, B KOTOPOUH
MaKCUMaJIbHO OYyAYT YUUTHIBATHCS OCOOCHHOCTH F€OMETPUUYECKOTO U CUIIOBOTO XapaKTepa,
TakK ke OyZeT BO3MOXKHOCTh MOJIETUPOBATH, /I BBIMIOJIHEHUSI PA3IMYHBIX TUIIOB pacueTa. B

TaKUX IMporpamMmax UMCIOTCA HYKHBI JJIsI TCOMETPHUICCKOT'O MOACIIMPOBAHUSA KOHCTpYKHHfI
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MHCTPYMEHTBI, & TaKXe MPOTPECCUBHBIE PECYpChl HUMIIOPTA/IKCIOPTa T€OMETPUUYECKUX
mozeinen u3 npyrux CAIIP — nporpamm.

K sT0il rpymnme mnporpaMM OTHOCAT paccMaTpPUBAEMYI0 CUCTEMY MOJEIUPOBAHMUS
KOHEYHO — 3JIEMEHTHOT'0 aHaJin3a KOHCTpyKiuiit ANSY'S.

OTnuyuTensHble  OCOOCHHOCTH, Onarogapss KOTOPBIM  JOCTUTHYT  yCIeX
nporpammHoro npoaykra ANSY'S npeacraBieHbl HUXKeE:

- ANSYS — 510 yHUKaIbHasi KOHEYHO-3JIEMEHTHAs CUCTEMA, KOTOpasi OXBaTH/Ia MHOTHE
ABJICHUSL pa3HOM (PU3MYECKOW MPUPOABI, TaKMe KaK TMAPOra3oJMHaMUKa, MPOYHOCTD,
AJIEKTpPOMAarHeTusM M ternogpusuka. OHa UMeeT BO3MOKHOCTb PEIlIaTh CBSI3aHHBIE 331a4H,
00BEIMHAIONINE BCE TIEPEUNCIICHHBIC BUIBI SBJICHUMH;

- Camas mupokast ’HTerpauusi 1 BO3MO>KHOCTb JABYXCTOPOHHET0 OOMEHA JTAHHBIMH CO
Bcemu CAM / CAE / CAD — cucremamu;

- TlomomuseMocTh ¥ MOIU(DULIIPYEMOCTD, T.€. ITOJIHAS OTKPHITOCTH;

- ANSYS nepBblil 1 NOoKa €IUHCTBEHHBII U3 MHOTHUX MTPOTPAMMHBIX
KOMILJIEKCOB ~ pa3pabOoTaH M  CEpTUPUIIMPOBAH COIMNIACHO MEXIYHAPOJAHBIM
crangaptam 1SO 9000 u 1SO 9001;

- mokazarenb «3h(PeKTUBHOCTL-CTOUMOCTE» Y ANSY'S caMblii BHICOKHIA;

- ANSYS naer camyio OOMHPHYIO U YHHKAJIBHYIO MOJECPHU3UPOBAHHYIO CHUCTEMY
HOMOIIM, JOCTYITHOM B MHTEPAKTUBHOM pexuMe online, B OCHOBE KOTOPOH

THIICPTCKCTOBOC IMMPCACTABICHUC.

[IpencraButenmun HedTEera30BOi OTpACId AKTUBHO TMOJB3YIOTCA TEXHOJIOTHEH

YUCJIEHHOro MojienupoBanus (nasiee TUM), a1 3TOro ecTh psji IPUUKH:

1) Kaxxaplii BXOISIIHI pecypc TpeOyeT ydeTa MPUHATOrO U OTJaHHOTO ChIPhS,

2) TOYHOCTh HM3MEPHUTEIBHOIO IMpOIecca 3aBUCUT OT TEXHHUYECKOTO COCTOSHUS
npubopa.

3) 3HaTh O HaANPSHKCHHO-IES(HOPMUPOBAHHOM COCTOSIHUM KaXJIOTO HpUOOpa OYCHB

Ba)XHO, IIOTOMY KaK OT HCHUCIOPYCHHOCTH KOHCTPYKIUHN W COXPAHCHHA
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IPUCOCUHUTEIBHBIX Pa3MEPOB 3aBUCUT CTAOMJIBHOCTb JKCIUTyaTallHOHHBIX

XapaKTEPUCTHK 000PYAOBAHUS.

B razoBoit orpaciu TUM wurpaer ocoOyro pojib IpH PEIICHUH POoOJeMbI pacueTa
HarnpsbkeHHO-eopmupoBanroro coctostaus (HJIC) mpu pa3nuyHbIX Harpy3Kax, a TakxKe
COIJIACOBAHMS C MPOMBIILICHHBIMUA CTAaHAAPTAMU.

OpraHuzaiuy, 3aHUMAlOIIMecs MPOCKTUPOBAHUEM COOPYKEHUH U 0OBEKTOB
TpyOONPOBOJHOTO TPAHCIIOPTA, OOBIYHO UCIOIB3YIOT MporpaMMHbIid kKoMiuiekc ANSY'S.
Panbiiie HOBbIE METOJIBI M Ppa3paOOTKU MPOBEPKU YUYETHBIX MPUOOPOB OMHUPATUCH HA
BBICOKHME ITPOU3BOJICTBEHHBIE 3aTpaThl. Temepb ke, M3-3a YBEIMYECHUS KOHKYPEHIUU,
TpedyeTcs MOJEpHU3aLUs NPOLECCOB UCCIEAOBaHUS, TO €CTh MEPEX0] KOMIIbIOTEPHOIO
MOJIETUPOBAaHUS HA HOBBIM YpPOBEHb, YTO I[O3BOJIUT IPOBOJWTH AHAIHU3 CIIOKHOMN
KOHCTPYKIIUU 0€3 0COOBIX 3aTpaT BPEMEHH M CPEJICTB, K TOMY € HOTO IO3BOJIUTH
MPOBOAUTh WCHBITAHUS KOHCTPYKIIMU TMPU HU3MEHEHUSX BHEIIHUX U BHYTPEHHUX
(dakTopax.

MeTtoa KOHEUHBIX DJIEMEHTOB CUMTAIOT d(PPEKTUBHBIM U IIUPOKO HUCIOIb3yEMbIM
CPEACTBOM MO JOCTH>KEHUIO MOCTABICHHBIX 11es1€il. CyIIHOCTh 3TOTO METO/1A 3aKIF0YAETCS
B aNMPOKCUMHUPOBAHUU HCCIEAYEMOTO TeJla TOW WM WHOW MOJAENIH, MPEACTABIISIONIYIO
co0Ol TpyNIly 3JIEMEHTOB C KOHEYHBIM YHUCJIOM CTEreHed CBOOOJbI. DTH AJIEMEHTHI
B3aMMOCBSI3aHbl TOJIBKO B Y3JIOBBIX TOYKaX, KyJa MPUKIAABIBAIOTCS (PUKTUBHBIC CHUJIBI,
AKBUBAJICHTHBIC TOBEPXHOCTHBIM HAMPSDKEHUSIM, PaCIpeeICHHBIM 10 TpaHUIlaM
DJIEMEHTOB.

[Imroc »TOro MmeToma B TOM, YTO CYIIECTBEHHO COKpAIIalOTCS OOBEMBI
JOPOTOCTOAIIMX MATEPUATIOB, 3TO JA€T BO3MOKHOCTh HAMHOTO YMEHBIIUTH 3aTPaThl IPU
CO3JTaHUM HOBBIX u3aeaui. Kpome TOro, MeToJ KOHEYHBIX 3JIEMEHTOB IO3BOJISIET B
KpaTyailiie CpPOKH OIICHUTh XapaKTePUCTUKU PA3TUYHBIX KOHCTPYKIIMW U BBIOpATh
CaMyIo JIy4IYIO.

KoHuenuusa pacyemHsix npouedyp npoepammel ANSYS

[Ipouienypa cranIapTHOTO pacyeTa pa3iesisieTcsa Ha TPH dTarna:
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* IOCTPOECHKE MOJEINY;

* IPUJIO’KEHHUE HArpy30K U MOJTYyYEHUE PELICHHUS;

* IPOCMOTP Y aHAJIU3 PE3YJIbTATOB.

Ilocmpoenue modenu: Ha TOM FTANe ONPENEIIIEM TUIIbI KOHEUHBIX 3JEMEHTOB, UX
KOHCTaHTBhI, CBOMCTBA MaTepraga U T€OMETPUIO0 MOJECIIH.

3a/1aéM THUIIBI AJIEMEHTOB: B OMOIMOTEKE KOHEUHBIX 3J1eMEHTOB nporpammbl ANSY S
conepxkutcs 6osee yeM 80 TunoB. Kaxxaplil Tun onpeaenseT, BO3SMOXKHO JTU MPUMEHUTh
AJIEMEHT K TOM WM HMHOM 00JIaCTH pacyeTroB, HANPUMEpP, MArHUTHBIM, TEMJIOBOM,
IPOYHOCTHOM APYTUE pacU€Thl; XapaKTepHYI0 (opMy dJI€eMEHTA: B BUE OpycKa, IIIOCKYIO,
JUHEWHYI0 W T.J.; JBYXMEpHOCTh (2D) wumm TpexmepHocTh (3D) nnemeHTa Kak
r€OMETPUYECKOTO TeNA.

3amaéM KOHCTAHTHI 3JIEMEHTOB: KOHCTAHTa 3JIEMEHTA - 3TO CBOMCTBO, Cclielu(prUIHOe
JUIsL JAHHOTO THUIA 3JIEMEHTA, HAapHUMep, MapaMeTphl MOMEPEYHOr0 CEYeHHs] OATIOUHOIO
AJIEMEHTA.

Co3maéM TEOMETPUYECKYIO MOJICNIA: CO3/IaHUE COOTBETCTBEHHOW KOHEYHO-
AIIEMEHTHOW MOJIENM, KOTOpas COCTOMT M3 3JIEMEHTOB M Y3JIOB, SIBIISIETCS OCHOBHOM
3a/layell Ha JTamne co3JaHus TreoMeTrpudeckod mozenu. [lpu pa3paboTke KOHEUHO-
AJIEMEHTHOW MOJENH HMCHOJB3YIOT JBE TEXHOJIOTMH: TBEPAOTEIBbHOE MOJIETUPOBAHHUE U
npsiMas reHepanusl CeTKM. B mepBoM MeETOJe NPOUCXOIHUT ONMCAHUE TeOMETPUYECKUX
IPaHUIl MOJIEIH, a YK€ MOTOM IPOrpaMMa reHepUpPyeT CETKH € JIEMEHTAMU U Y3JIaMu; IPU
TOM pa3Mepbl U (opMa 3IEMEHTOB KOHTPOJUPYIOTCA. Bo BTOpOM cilydae MoJIOKEeHHE
KaXXI0T0 y31a 3a/1aéTcs "BpyuHyI0" U IPOUCXOAUT COEIUHEHHUE SJIEMEHTOB MEXI1Y COOOM.

3aoanue Haepy30k u nonyyeHue peuienus. Ha ITOM dTarle BHIOMPAEM THUI aHaIU3a U
yCTaHaBJIMBAE€M €ro OMIIMU, MPUKIAABIBAEM HArpy3KH, OINpeAessieM OIUUU sl BbIOOpa
niara 1o Harpy3ke 1 UHULIMUPYEM pEeIlICHHUE.

Be16op Tuna aHanuza U €ro onuuil: BIOMpAaeM THUI aHAIM3a, OCHOBOH KOTOPOTO

SBIIAIOTCA YCIIOBUA HAIPYKCHHUA W PCAKIUA CHUCTCMBI, IIPCAIIOJIOKHUTCIIBHO ITOJTYYCHHAA
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panee. Ilporpamma ANSYS mnpennaraer Takue BHABI PacyeTOB, KaK CIEKTPaJIbHBIM,
CTaTUYECKUM, TADMOHUYECKNN, TMHAMUYECKUM, MOJAJIbHBIN, U PACYET YCTOUUNUBOCTH.

B03MOXHOCTh YTOUHSITH HapamMeTpbl MPOBOAUMBIX PACUYETOB HaM AAOT ONIUU
aHanu3a. TUMIUYHBIM SIBIISIETCS BBIOOP METO/a PELICHHUS], YUET UJIU OTKa3 OT yueTa BIUSHUS
HaIpS>KEHHOTO COCTOSIHUSI KOHCTPYKIIMU Ha €€ KECTKOCTh, a TAKXKE OMIUN MPUMEHEHHUS
metona Hetotona-Padcona. BonbIMHCTBO 3TUX HArpy30K MOXKET OBIThH MPUIIOKEHO WU K
TBEPAOTEILHON MOJENM (B KJIIOUEBBIX TOYKAX, MO JIMHUSIM U TMOBEPXHOCTSIM), WIH K
KOHEYHO-3JIEMEHTHOM MOJIeH (B y3JIaX U K JIEMEHTaM).

Ilpocmomp pe3zynrbmamog: TPOCMOTP PE3YJIbTATOB BO3MOXKEH HCIIOJIb30BaHUEM
AByX mnoctnporeccopoB nporpammbl ANSYS. OOmmuii moctmpoieccop odecrneunBaeT
MOJIYYE€HHE OLEHKH MOTPEIIHOCTH CUETA, JIMHUI YPOBHS, JINCTUHT PE3YIbTATOB, KAPTUHY
ne(OPMUPOBAHHOTO COCTOSIHMSI, MPOBEICHUE BBIYUCICHUM, HAa OCHOBE IMOJYyYEHHBIX
JAHHBIX, OOBEAMHEHUE PACUETHBIX CIIY4aeB M HCIOJb3YETCsA ISl aHAM3a Pe3yJIbTaToB
onHoro mara pemenus. [locToponeccop mpouecca HarpyXKeHHUsl HUCIOJB3YIOT C LEJbIO
MIPOCMATPUBATH PE3yJIbTaThl B YKA3aHHBIX TOYKAX PACUETHOM MOJIENIM Ha KaXKJOM Iare eé
pElIeHMs; BO3MOXKHO TOJIy4eHHE Tpaduika pe3ynbTatoB Kak (YHKIUIO BPEMEHU WIIU
4acCTOThI, HA OCHOBE rpauka JUCTUHT PE3YyJbTATOB U BBINOJHEHUE apU(IMETHUUECKUX U
anreOpanyecKux BHIYUCICHUM.

IIpounocmuou ananuz KOHCMPYKYUIL:

CambIM  pacrpoCTpaHEHHbIM TMPWIOKEHUEM METOJIa KOHEUHBIX DJIEMEHTOB
CUMTACTCS NPOYHOCTHOM AaHAIN3 KOHCTPYKUHW. Y3JOBbIE NEPEMEIICHUS SBISIOTCA
0a30BBIMH HEM3BECTHBIMHU, KOTOPBIE OTPEEISIIOT BO BCEX THUIMAX MPOYHOCTHOTO aHAIU3a
KOHCTpYKIUH. 1o 3TUM mepemMenieHrusM BBIUUCISIIOT OCTalbHbIC BEIMYMHBI, TaKUE KaK
YCHUIIHS, HanpsbKeHust, Aedopmaruu [14].

B nporpamme ANSY'S 1oCTynHBI ClieAyIOIINAE BUIBI TPOYHOCTHOTO aHAIN3a!

— CTaTUYECKUM aHAJIU30M Ha3bIBAETCS BBIYMCIIEHUE HANPSIKEHUN U MEPEMENICHUN

IIPY YCJIIOBUM CTaTUYECKOTO HAIPYKEHHUS;
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— MOJIaJIbHBIM aHAJIM30M Ha3bIBAETCA OMpe/esieHne COOCTBEHHBIX YacTOT U (popm
KojeOaHwuii;

— TapMOHUYECKUM aHAJIM30M Ha3bIBACTCS MPOBEPKA, OTKIMKAETCS JIU KOHCTPYKIIUU
Ha TApMOHUYECKHUE COCTABJISIOIINE BO3MYIIAIOLIEH HATPY3KHU;

— JIMHAMHYECKUM aHAJIM30M Ha3bIBAETCS MPOBEPKA, OTKIMKAETCA JIM KOHCTPYKIIUS
Ha JICCTBUE MPOU3BOJIBHBIX HArPY30K;

— CHEKTpaJbHBIM AaHAJIM30M Ha3bIBA€TCA pACUIMPEHHE MOJAJIbHOTO aHaJu3a,
CITy’aIIero JJis BBIYUCICHUS HAIPsDKEHUS U IepopMaliiy Mpy JEHCTBUU CIIEKTPa YacTOT
WJIM CIIy4aiiHOW BUOpaIuy;

— aHaJIM30M YCTOWYMBOCTM HA3bIBACTCS pPACUYET KPUTUUYECKUX HArpy30K U
ornpezaeneHue GopM NoTepu yCTONUUBOCTH.

[ToMmuMo »TOrOo, BO3MOKHO IPOBEAEHUE CIELUUATIBHBIX BHJIOB pacyeTa B 001acTH
YCTaJOCTHBIX pa3pylIeHUM, NPOYHOCTA KOMIIO3UTHBIX MATEPUAIIOB W MEXAHUKU
pa3pyLICHUHN.

[To cymiecTByrOIIMM HOPMATUBHBIM JOKYMEHTaM 3anac IpoYHOCTH TPYOONpOBOIOB
OTpENEeNseTCS C Y4YETOM HarpyXeHus TpyOOompoBOJa BHYTPEHHUM JaBJICHHEM MpU
YCIIOBHHM OJAHOPOJHOIO pACTPEEIICHHs HANPSXKEHUI N0 epuMeTpy U JuHe Tpyosl. Ho
3a BCIO TPAKTUKy OHKCIUTyaTallMM TPYOONPOBOIHBIX CHUCTEM ObUIM 3a(UKCUPOBAHbI
HEOJHOKPATHBIE CITydau, KOTJIa TPyOOIPOBOIbI pa3pylIaInuch U MPH paboUYnX AaBICHUSIX
HUXe JomyckaembiX. [IpuuriHa B TOM, YTO B OOJIBIIMHCTBE CIIy4aeB UMEIOTCS J1e(PEKTHI
reOMETpUU TPYOONPOBOJOB B TPYyOONPOBOJE, TAKUE KAK CTHIKH, M3THOBI, COMPSIKCHUS
TpyO, UMEIOIIHX Pa3HbIE pa3Mephl (PUCYHOK 5.1), a Takke MECTHBIC TIOBPEKICHUS METallIa
B 30HAX CBApPHBIX CTHIKOB TPYOOIPOBOIA.

BxitoueHus, mopel, TpeHMHbl M Apyrue aedekTsl (PUCYHOK 5.2) mpeacTaBisioT
co00ll TpexMepHble OOBEKThI, KOTOPbIE OPUEHTUPOBAHBI B O00BEME CBApPHOrO IIBA
paznuyHbiM criocodoM. [loaTtomy ucnonb3oBath s ananusza HJIC mMopenb ckBO3HOM
TPELIMHBI, KOTOPasi HaXOAUTCS B YCIOBHSX HANPSKEHHOIO OJHOPOJHOIO COCTOSIHUS,

HHOraga HEBO3MOKHO.
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Pucynok 5.1 [lapamerpuueckoe Pucynox 5.2 Pa3pes peanbHoro
peCTaBICHNE CBApHOTO IIBa C MUKPO- U
CEYEHHUs1 CBapHOIO LIBa AJs TPYO, Makpoie(heKTaMHu.

IOBEPHYTHIX U CMEILIEHHBIX

OTHOCHUTENBHO APYT JIPYyTa.

Bo3moxHocTn COBpeMeHHOﬁ BBIYMCIIMTCIbHON TEXHUKHU U aJir OPUTMBI YHUCJICHHOI'O
dHaJIn3a, IIPeKAC BCCIro MCTOJd KOHCYHLIX 3JICMCHTOB, ITO3BOJIAIOT HCCIICA0BATD HpO6JI€My

JeTanbHee, YIUThIBAS €€ crieuPUIecKue 0COOEHHOCTH.

BeposTHOCTE BO3HMKHOBEHHSI IOTPEIIHOCTEM MOHTAaXa, XapaKTEPU3YIOLIUXCS
BEJIMYMHAMU HECHOCHOCTH O M YTJIOBOM MOTPEIIHOCTHIO ¥, CYIIECTBYET MPU CPABHUTEILHO
OOJBIIIOM JAMETPE U TOHKUMHU 10 CPAaBHEHUIO C HUM CTeHKaMmu TpyObl. Ha mepBom stame
YUCJIEHHO aHAJIM3UPOBAIOCh BIUsSHUE 3TUX napameTpoB Ha HJIC TpybOompoBoaa mpu ero

Harpy>x¢Hus BHYTPCHHHUM J1aBJICHHCM BaI[aHHOﬁ HMHTCHCHUBHOCTH.

Bepsl BO BHMMAaHME BCE BBIIIC CKa3aHHOC, MPHUXOJUM K BBIBOAY, YTO IIpOorpamMma

ANSYS wucnonp3yercss 1jis aHamu3a HANPsDKEHHOTO COCTOSIHUSI JIMHEHHBIX YYacTKOB

MarucTpajibHbIX HEPTEPOBOAOB.

4.2. Co3naHue pacyeTHOM MO/IeJId He(pTenpoBoaAa.

Coznanue Mojiey MPOU3BOIUM B CIICIYIOIIECH MOCIeI0BATEIbHOCTH:
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1. 3agarorcs cBoiiCTBa MCHOJB3YEMOIO0 B pacyeTax marepuaina (pucyHok 5.3.). B

KauecTBe Marepuaia ucrnosaszyercs craib 1711C.

Mechanical editor for more details.

> oox
A c D A B c =
1 Contents of Engineering Data Description 1 1 Cydes E] Alternating Stress (Pa) E]
2 = 2 0 2 10 3,999E+05
= Fatigue Data at zero mean stress comes from = 3 0 2,827E+09
= | = "
3 % Structural Steel = E:?]E.u AfME BPV Code, Section 8, Div 2, Table W = 1,896E409
o Click here to add a new material g 100 1A1E+08 =|
& 200 1,065E+05 7
o x 7 | 2000 4,41E 408
A B C D | E 8 10000 2,62E+08
e Value Unit I 3 | 20000 2,196 +08
Density 7850 kg m*-3 ;I 10 1E+05 1,38E+08
: % Isotropic Secant Coeffident of Thermal 1 405 1196408 b
Expansion 1z 1E+06 8,62E+07 .
3 Isotropic Blasticity = =
= = “ I g Tabular C rt of Prop Row 12: Alternating ss Mean Stress a
E
16 Strain-Life Parameters :g a5 Mesm Striss 0 [Pa]
24 Tensile Yield Strength 380 MPa ;I =
]
25 Compressive Yield Strength 380 MPa | B ?
% Tensile Ultimate Strength 510 MPa = B ogs
o
27 Compressive Ultimate Strength 1] Fa LI £
g 8
2 1 2 3 4 5 [
< Cycles (Logio)
~ o x
A B c D g
1 Type Text ‘Assodiation Date/Time i%
= Errorl The following components need attention before proceeding: 08.05.2012 22:21:24
Geometry
3 Errart Update failed for the Solution component in Static Structural. Error updating cell Solution in system Static Structural. View the messages in the A6 08.05.2012 20:22:56

Pucynok. 5.3. OkHO 3aaHusl MaTepuana.

2. Jlanee cozmaeTcs MOJENb JIMHEWHOTO Y4YacTKa MaruCTPaIbHOTO

(pucyHok 5.4.).

HedTenpoBoa

File Create Concept Tools Units View Help

DHE[B] DU Gro [Jsde b | B DE®| o |68 S - 66 @GR K E @ |

By W~ £ fir fv A A A

XPlane - 3| Sketent ~

<} Generate @ Share Topology  [F5|Parameters

BEdude FeRevoive @ Sweep  § SkinfLoft

B Thin/Surface @ Blend v § Chamfer @ Slice || Point B) Conversion

Tree Outline
[~ (s8] A: Static Structural
o KYPlane
g3 THPlane
3k YZPlane
3o Planed
B Extrudel
= Planeb
ok Plane?
B8 Revolvel
-8 1 Part, 1 Body

1 Graphics

Sketching  Modeling

Details View ?
| Details
Bodies 1
Volume |0,18952 m*
Surface Area | 25,364 m*
Faces 3
Edges 3
Vertices |0 Model View | Print Preview
& Ready |No Selection Meter Degree b b

Pucynok. 5.4. Moaenb uccieayemMoro yyacrtka.
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3. TlpousBoauTcs pa3dueHNE MOJICTN Ha KOHESYHBIC AJIEMEHTHI (PHCYHOK 5.5.).

A

0,000 1,000 (m)
| |

0,500

Pucynok 5.5. KoHeUHO — 351eMEHTHAs CETKa.

4, 3akperiieM MOJETh W TPUKIAIBIBAEM HEOOXOAMMBIE CHIIBI (PUCYHOK 5.6.).

€, Loads ~ "Bk Supports v B,

CE, Pressure

LA Pipe Pressure

U8l Hydrostatic Pressure

., Force td, Supports ~ 9% Conditions » &
¥, Remote Force (8 Fixed Support

@, Bearing Load (8, Displacement

+w:' Bolt Pretension [, Remote Displacement

% Mornent #, Velocity

o Generalized Plane Strain # Impedance Boundary

T, Line Pressure Eiﬂ Frictionless Support

-ﬂ Thermal Cendition ‘;3; Compression Only Support
| Pipe Temperature % Cylindrical Support

-"ﬁi‘- Joint Load " Simply Supported

CE. Fluid Solid Interface % Fixed Rotation

1) Detonation Point CH Elastic Support
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PucyHok 5.6. 3akpersieHne MOJENnu U NPUIOKEHHUE K HEW CHIL.
4.3. Tect mporpamMmmsbl.

TecT OCHOBaH Ha CpaBHEHMHM PACUYETHBIX BEJIWYWH, IOJYYEHHBIX KJIACCUYECKUM
METOJIOM pacyeTa Mo y4eOHUKaM U UX )K€ — II0 METOIy KOHEUHBIX 2JIEMEHTOB.

JInst onpeienieHus COOTBETCTBUS pacyeTy MOJEIH MO METOAY KOHEUHBIX JIEMEHTOB
OOILIENPUHATHIM pacueTaM pacCMOTPUM PACUETHYIO KOHCTPYKIUIO TIOJT IEUCTBUEM TOJIBKO
BHYTPECHHETO JABJICHHS U JIaBJICHUsI TPYHTA Ha TEJI0 He(TEmpoBoIa.

PaccunutaB TpyOOIpOBON, MPOBEPUM COOTBETCTBHE pacuera Mojenau B ANSYS
OOILIEMPUHATON, PACCUMTAHHOW KiIacCMUecKuM oOpazoM. Jljisi 3TOro HCHONb3yeM
CO3/IaHHYIO MOJIeNb TpyoompoBoaa. [Ipunoxxum aericTBre BHYTPEHHETO JTaBICHHS, PABHOTO

4,8 Mna u npousBelIeM pacyer.

Pesynbratel pacuera npuBeeHbI Ha (PUCYHOK 5.7.).

1,5393e8 |

A

Pucynok 5.7. PacuetHbie HanpspkeHHs 10 Mu3ecy Ha UCCIENyeMOM YYaCTKE.

0,000 1,000 (m)
[ I
0,500
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MaxkcumanbHbIE HaIIPSKCHUA B TJIaBHOM Oalike monq HCﬁCTBHGM IMPUJIOKCHHBIX CHUJI 110

METOy KOHEYHBIX 3JIEMEHTOB o, =1636MIla .

oKcn
PacuetHOe HanpsikeHue B cpenHer yactu o, =163M1la .
ITorpemnocTts pacuera:

Azw.m%:%.m%aam . (154)

o

IKcn

Takum 00pa3om, MpUHATAS MOZCIb TAeT aJCKBATHBIN Pe3yJIbTaT.
4.4. Pe3yabTaThl pacuera Mojaeu HeprenpoBoaa

B IPOrPaMMHOM KoMILIekce ANSys.

Huametrp wuccinenyemoro nedrenpoBoga 1020 mMm, pabouee nasnenue 4,8 Mlla.
Xapakrepuctuka Marepuana TpyOsl: ctanb 171'1C co cregyronuMu MeXxaHUYECKUMHU

XapaKTepUCTUKaMu o, =510MIla o, =360MIla. Ha wnedrenposon, Kpome padodero

JaBJICHUS, EUCTBYIOT CIEAYIOIINE HAarpy3Ku: paclpeiesieHHas Harpy3ka oT Beca caMoi
TpyObl ¢ W30JsMeNd M nepekaunBaecMoil HedTu. B pacdyerax mpuHSATHI JOMyIIeHUs 00
OTCYTCTBUU HArpy3oK, JEUCTBYIOIIUX B 3UMHUM MEPUOJ U TEMIIEPATypPHOTO BIIMSHUS Ha
HedTenpoBoa. PacueTHast cxeMa npejicTaBlieHa Ha pUCYHKE 5.8.

B uccnenoBarenbckoil 4acTH paccMaTpUBAIICS Cy4yall BIMSHUS 1e(PEKTOB B CBAPHOM
IIIBE HA MPOYHOCTHBIEC XapaKTEPUCTUKH ydacTka HedTenpoBoia. B kauecTBe nedekToB ObLIa
CMOJIETMPOBaHa MOPUCTOCTh B CBAPHOM IIBE (PUCYHOK 5.8.), a Tak ke TpelIuHAa B CBAPHOM

mBe (pUCyHOK 5.9.). Pe3ynbTaThl NpeICTaBICHbI HIXKE.
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Pucynok 5.9. PacueTHple HanpspkeHUsT M0 Mu3ecy Ha MCCIIETyeMOM yYacTKe TpU
nedexre mopa.
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Pucynok 5.10. Pacuernsie HamnpsbkeHHs 10 Mu3ecy Ha UCCIEAYEMOM y4acTKe MpPH
nedekTe TperrHa.
N3 mnosy4eHHBIX M MPEACTABICHHBIX PE3YyJIbTATOB MOXHO CHEJATh CIEIYIOLIHE

BBIBOJIBL:

- Ilpu Hamuuuu pAePeKTOB B CBapHOM IIBE HANpsOHKEHUs, ACHCTBYIOLIME B
He(PTENPOBOE TOCTUTAIOT BEJUYMH, MPUOIMKAIOMUXCA K BEIMYMHE Mpeea TeKy4ecTH
MaTepuIa;

- NajbHeHIas SKCITyaTanus HerenpoBoaa, 6e3 MpoBeACHNU PEMOHTHBIX pabOT BEET
K 00pa30BaHUIO M POCTY TPEIIUHBI,

[lommyueHHble pe3ynbTaThl MOTYT HCIOJNB30BAThCS ISl TPUHATUS JajdbHEHIINX

pEIIeHUH TIO AKCIUTyaTalliy y4acTKa U MPOBEICHUIO0 PEMOHTHBIX padoT.
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5. OueHka NPOYHOCTH M YCTOHYUBOCTH HedTenpoBoaa.

OOmue TaHHEBIE:

Pabouce masimenue: P =4,8 MIla;

Tpy6a npsimomoBHas Dy = 1020 mMm, mapka ctanu 171'1C;
HomunanwHas Tonmmaa cTeHKa Oy, MM: 16;

owp = 510 Mlla, o, =360 MIIa;

Mopyns ynpyroctu cranm: E = 2,0610° MI1a;

[InotroCTH cTamu P, = 7850 kr/m?;

[IponykT nmepexkauku: HEPTh;

KosdduipenT TMHERHOro pacupenus MeTamia Tpyos: o = 1,2-107;

Koadppunment mnonepeynoit pedopmanuu B CTaaud yOpyrod padoOThI

(xoaddunuent [lyaccona): pu=0,3

[TonzemHbIN yyacTOK TpyOompoBoa:
Kareropus yuactka — |;

['pyHT (ruHa): vrp = 16,8 kH/M3;
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BricoTa cios 3achiky OT BepxHEl oOpasyroieil TpyOonpoBoa 10 MOBEPXHOCTH

rpyara h = 0,8 m.

Temnepatypnsiii nepenaa: At = +48°C;

5.1. Onpeaesnenue TOJIHUHBI CTEHKH HedTenpoBoaa.

OmnpenenseM pacyeTHYIO TOJNIIMHY CTEHKH TPYyOOIpoBojia o GpopMmyiie:

s-_NPD, _ 1148102 _ .. (1)
2(R,+n-P) 2-(260+11-48)

rie nN=1,1 - xoadduIMEeHT HAAEKHOCTU MO HArpy3Ke - BHYTpPEHHEMY palbodemy

JaBJICHHUIO B TpyoomnpoBoje [1. Tadm. 13];
P=4,8 Mlla -paGoyee naBiaeHue B TpyOONPOBO/IE;
Du=1,02 m — Hapy>KHbII 1UAMETP TPYOHI;
R1 —pacdeTHOEe COMPOTUBIICHUE PACTSKEHUIO, ONpeesieTcs o hopMyIie:

g < oMo 510075 o000 @
k,-k,  147-1

rie  Mp=0,75 - koaddurmenT ycnoBuit padotel Tpyodomporoaa [1, Tabu. 1];
ki =1,47 - koadduIMeHT HaIe)KHOCTH TI0 MaTtepuany [ 1,tadmn . 1.1];

Ky =1 - K03(ppHIIHEHT HATSIKHOCTH IO HA3HAYCHHUIO TPYOOIPOBOIa, TPHHUMETCS B

3aBUCUMOCTH OT KaTeropuu Tpyoomnposoja [1. tadm. 11];

Ry* =510MIla- wOopMaTUBHOE COMPOTUBIECHUE PACTSDKEHUIO MeTaila Tpyo u
CBapHbIX COEIWHEHUM, MPUHUMAETCS PAaBHBIM MHUHUMAIbHOMY 3HAUEHHUIO BPEMEHHOIO

COIIPOTUBIIECHUA Ggp, Mlla;
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[Ipuaumaem & =10mm .
OnpenensieM HaTM4YMe JEUCTBYIOIIUX MPOJOJIBHBIX OCEBBIX HAIIPSKEHU.

[TpogonpHBIE OCEBBIE HAPSIKEHUS ONPEAETSAIOTCS 1o hopmyre:

anpN:—a-E-At+y-—n'Z$D“”, 3)

e a=1,2-10° 2pao - ko3pOUIHMEHT IMHEHHOrO PACIIMPEHHS METAILIA TPYObI;
E=2,06" 10° MIla — monyns yupyroctu FOHra;
u=0,3 — ko3 dunuent I[lyaccona;

At -pacUeTHBIA TEMIIEPATYPHBIN MTEpPEMa.

AOCOJIIOTHOE 3HAYeHHE MAaKCHMAJILHOTO MOJOKHTEJIFHOTO HIIN OTPULATCIIBHOI'O

TEMIIEpaTypHOTO TIepenaaa OnpeaestoT no Gopmyam:

u-R 0,3-260 o
At = - —316°; 4
© " o E  12.10°.2,06-10" . 4)
At - (l-)-R, _ (1-03)-260 _ 37" 5)

a-E  12:10°.2,06-10"
K nanpHeliimemy pacdyeTy mpuHUMaeM OOJIBIINI TIeperal TeMIIepaTyphl.

e Bt PP 1o 100 20610 737 103 4SO (e

T.x. o,, HMEET OTpPULATEIbHOE 3HAYECHHE, TO MPUCYTCTBYIOT CXKUMAIOIIUE

npN

HaIIPSKCHUA.



Haxonum ko3ppuuueHT, yauThIBaIOIUN ABYXOCHOE HAMPSKEHHOE COCTOSTHUE

MEeTaJlia.

o 2
L’V‘: 1_0,75.(&) —0,5-@:0,64 (7)
) 260 260

1

2
(o2
v, = 1—0,75-{LN‘J -0,5

[lepecunThiBacéM TOJNIIMHY CTEHKH C ydeToM Kod(dduimeHta IBYXOCHOTO

HAIIPSPKCHHOI'O COCTOAHUA:

s__nPD__ 11-4,8-1,02 _0.0160m (8)
2(R, -y, +n-P) 2-(260-0,64+11-52))

[IpruHUMaEM TOIIMHY CTEHKH A0 & =16mm .

5.2. IIpoBepka HA NPOYHOCTH B NMPOA0JIbHOM HANIPABJIEHUMN.

[IpoBepky Ha NPOYHOCTH CHEAYET MPOU3BOAUTH U3 YCIOBUS:

O-npN‘ <y, Ry, ©)

rne o, =-161Mlla - IpONOJIBHOE OCEBOEC HAIIPSIKCHUE,

Oxy — KOJIBIICBBIC HAIIPSAKCHUS OT paCUCTHOI'O BHYTPCHHCTO JIABJICHUA, Mna,

ompenesemMbie mo Gpopmyie:

o —NPeDy 1148102 )00 p (10)
v 2.5, 20,016

w2 - KO3(Q(ULHUEHT, YYUTHIBAIOIINNA JBYXOCHOE HANPSHKEHHOE COCTOSIHUE MeTalia

TpyO. T.X. 6,58 <0, yo ompenensercs no popmysie:

2 2
w, = [1-075. T | —o5. T 1—0,75-[@j 0538 _g53 (1)
R, R, 260 260
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BrianciseM KOMIIJIEKC:
w, R, =053-260=137MITa. (12)
133MT1a <137MTa. .

[IpouHocTh TpyOOIPOBOIA B MPOI0IHLHOM HAMpPABIEHUN 00€CTIeUeHa.

5.3. [IpoBepka Ha npegoTBPallleHHE HEJOMYCTUMBIX IJIACTHYECKHUX Jie()opMAaIIHuii.

I[JBI npcaoTBpamiCHuA HCAOIYCTHUMBIX INIACTHYCCKHUX I[CCI)OpMaL[I/Iﬁ IIOA3CMHBIX

TpyOOIIPOBOIOB MPOBEPKY HEOOXOAUMO MTPOU3BOJAUTH 1O YCIOBHUSM:

H = H

mO mO Ho»
R} o' <—0_.R!; 13
09-k, 2" T 09k - (13)

H

H
o-np < WB )

H

rac Onp - MAKCUMAJIBHBIC CYMMApPHBIC IPOAOJIBbHBIC HAIIPSIKCHUS B TPY6OHpOBOI[e oT

HOPMATUBHBIX HArpy30K U Bo3aenicteuil, MIla;

VY3 - KOO(PPUIUEHT, YIUTHIBAIOIIUN JBYXOCHOE HAMPSHXKEHHOE COCTOSHUE MeTalljia

TpyO. T.K. IpOAOIbHBIE HAIPSKEHUS Gpp” <0, TO:

2 2

w, = [1-0,75 mai‘ —0,5-% 1-075. # —0,5-#=0,66 (14)
R o Ry "> 360 7> 360
0.9-k 0,9-k 0,9-1 09-1

H H

R2" =360 MIla- HOpMaTUBHOE CONMPOTUBJICHUE CHKATHIO METasla TPYyO M CBapHBIX

COCHHHGHHﬁ, IIPUHUMACTCS paBHBIM MUHHUMAJIBHOMY 3HAYCHUIO IIPEACIa TCKYUYCCTH Orey,,

H

Oxy’ - KOJIbIIEBbIE HAMPSKEHUS OT HOpMaTuBHOro (pabouero) aasnenusi, Mlla,

ompenensieMbie 1Mo GopmyJie:

ot ~PD 480988 _ 0 (15)
" 2.5, 2-0016
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MakcuManbHble CyMMapHbIE TPOJIONBHBIE HANPSDKEHHUS Opp” OMPEACISIOTCS 10
bopmyre:

E-D
o, =m0, —o-E-At£ 2.p”; (16)

2,06-10"-1,02

= —196MIla (17)
2-1800

oy =03:148-12-10°-2,06-10" - 737+

rane  p=1800 m - MUHUMAIBHBINA paJyC yIIPYroro u3ruda ocu TpyoorpoBo/ia.

[IpoBepKy BBIMOJIHSIEM 110 HAMOOJIBIIUM MO a0COMIOTHOMY 3HAUYECHHIO MPOOJIbHBIM

HaIpPsDKEHUAM Gy ,MIIa.
BoluncsemM KOMILIEKC

m, 0,75

- ‘RY =0,65- - .360=197Ma ; 18

Y300k 0,9-1 ¢ (18)

M g = 975 360 300Mi7a. (19)
09k 0,9-1

[-196MI1a <197MIla ; 148MTIla < 300MI1a .

YcnoBus mpoyHOCTH  TpyOOINpoBOJa Ha MIPEAOTBPAIICHHE HEIOIMYCTHMBIX

MJIACTHYECKUX JehopMaIuii BBITIOTHSIIOTCS.

5.4. IlpoBepka o0u1eif ycToHYUBOCTH HePTENPOBOAA B MPOA0JIbHOM HANIPABJIEHUH.

[TpoBepky oO1iell yCTOMYMBOCTH TPYyOONpPOBOJa B MPOJOJIBHOM HAIPABICHUU B

IJIOCKOCTH HAMMEHBIIEH KECTKOCTH CHCTEMBI CIICAYET IIPOU3BO/IUTh U3 YCIOBHS:
S<my-N,,; (20)

rae S - 9KBUBAJIEHTHOE MPOJIOJIBHOE OCEBOE yCHIIME B cedeHnH TpyOonpoBoaa, MH;
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N — MpomonbHOE KpuTHyeckoe ycuiue, H, mpu kxoTtopoM HacTtymaer moreps

MIPOJIOJIPHON YCTOWYUBOCTH TPYOOIIPOBOIA.

DKBUBaJCHTHOE IIpoaAO0JIBHOC OCCBOC YCHIIMEC B CCUCHHHU TPY6OHpOBO,ZIa S

ompenensiercs no Gopmyie:

s=[05-u) 0, +a-E-AT]- F =|(05-0,3)-163+12-10° - 2,06-10" - 40}-0,05 = 6,6MH ; (21)

rme  AT=t -t =15—(-25)=40’;

3am

F- ImIomaips monepeyHoro ceueHus Tpyosl, M2:

314

F=".(D?-D2)= =~ (102" ~0,988%) = 0.05x°; (22)

i
4

I[J'ISI HpHMOJIPIHGfIHBIX Y4aCTKOB  ITOA3CMHBIX Tp}I60HpOBOI[OB B ClIy4ac

MIACTUYECKON CBSI3U TPY6BI C I'PYHTOM IIPOAOJIBHOC KPUTHUUYCCKOC YCHUIINC HAXOAUTCA 110

dhopmyie:

N, =409-4P?-q  -F?-E°-3°; (23)

6epm

raie  Po - conpoTuBiieHre rpyHTa TPOJIOIBHBIM NIEPEMEIISHUSIM OTpe3Ka TpyOOonpoBoa

€IUHUYHOMN JIJIMHBI,

J- oceBoil MOMEHT HHEpLIMK MeTasuia TpyObl, onpeaensercs no GopmyJe:

b 314
J :—'(Df—Di)ZH'

o (1,02* —0,988") = 0,006x:*; (24)

Qeepm - COIPOTUBIICHHE BEPTUKAJIBHBIM MEPEMELICHUSIM OTpe3ka TpyOoIpoBoaa
€IMHUYHOMN JIJTMHBI, 00YCIIOBJICHHOE BECOM TPYHTOBOM 3aChIIKM U COOCTBEHHBIM BECOM

TpyOOINIPOBO/Ia, OTHECEHHOE K €AMHULIE JJINHBI:

D x-D
Quep =N, 7., * D, -(ho + - 3 ”j+q’"” =25890H / m. (25)

2
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Benuunna Py onpenensiercst mo gpopmyse:

P,=z-D,-(C, +P, -tgp, )=314-102-(25000+17145.tg16°) =95815H / m;  (26)

rie  C,,=25000 Ila - xo3ppunueHT cuernienus mnasl [24, tabn.4.3];

Prp - CpCaHCC VYACIIbHOC MOaBJICHHUC Had CAHMHHLOY IIOBCPXHOCTH KOHTAKTA

TpyOOINpOBOJA C TJIMHOW;

@,, =16" - yroj BHyTPEHHETO TPEHUS IIMHbL[24, Tabi.4.3]

Bennunna P, Beruncisercs no gpopmysie:

DH DH (De
2-n,-7, D”HhO t j+(h° = j-tg2(45° —;J}rqmp

P = ’ (27)

* 7D,

0
2-0,8-16800- 1,02{[0,8 + 1’22j + (0,8 + 1’22j 19 2(450 - :Lgﬂ +106804

P, = =17145H | m (28);
° 314-1,02

rne  N.,=0,8- ko3 puLmeHT HaneKHOCTH 110 HArpy3Ke OT Beca INIMHBL;
Vop=16,8 kH/M® -y IebHbBIN BEC TIIMHBI;

ho=0,8 m - BbICOTa CIIOSI 3aCBIIKK OT BEpXHEH 0Opasyroliei TpyOOornpoBoaa 10

ITOBEPXHOCTH TPYHTA;

Orp —pacueTHasi Harpy3ka oT COOCTBEHHOTO Beca 3aM30JMPOBAHHOTO TPYOOIIPOBOIa

C NICPpCKAaYBACMBIM IIPOAYKTOM:

d,, =0, +0, +0,, =3764+3764+6543=106804H / m (29)

Harpy3ska ot coOCTBEHHOTO Beca MeTasuia TpyObl:

T

G =My 77y (bz-D2) 314

=0,95-78500- T(l,OZ2 —0,988%) = 3764H/m; (30)

6H
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rae  Ng =0,95 - koaphunmMeHT HAAEKHOCTH IO HATPY3KaM MPH pacueTe Ha MPOI0JIbHYIO

YCTOMYUBOCTb U YCTOMYUBOCTD ITOJIOKECHUS;
Yv = 78500 H/M3- ynenbHBIA Bec cTanm, U3 KOTOPOM M3rOTOBIICHEI TPYOBL.
Harpyska oT coOCTBEHHOTO BEca MU30JISLUU JJIs1 IOJ3EMHBIX TPYOOIIPOBOIOB:
q, =01-q, =0,1-3764=3764H | . (31)
Harpyska ot Beca He(TH, Haxoad1IEeHCs B TpyOe e AMHUYHON JIUHBIL:

r-D? 314.0,988°

d, =P, 9 T =870-9,81- = 6543 H/m. (32)
OnpenenseM NpoJI0JIbHOE KPUTUUECKOE YCUIIHE:
N,, =4,09-1\1/958154 -0,05% - (2,06-10")° - 0,006° - 82150 = 26MH . (33)
Brruucisiem KoMILIEKC:
m, -N,, =0,75-26 =19 MH; (34)

6,6 <19MH .

OO0mast ycTOWYUBOCTH TPYOONpPOBOJA B MPOJOJIHLHOM HAIMpaBICHUH B Ciydae

MJIACTUYECKOM CBSI3U TPYOOIPOBOIA C TPYHTOM OOecIeueHa.

[Tpo1opHOE KPUTUUYECKOE YCHIIUE TSl TIPSIMOJIMHEHHBIX Y9aCTKOB TPYOOIIPOBOIOB

B CJIy4yae ynpyrou CBsi3u ¢ TPYHTOM:

N2 =2-Jk,-D,-E-J =2-/5-10°-1,02-2,06-10" -0,006 =163uH ;  (35)

Kp
rae  Ko=5, MH/M® - K03()pUIIMEHT HOPMAIBLHOTO COMPOTHUBIICHHS TJIMHEL
Brruncisem KOMILIEKC:

m, - N2, =0,75-163=122MH; (36)
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6,6 <122MH .

YcnoBue yCTOMUMBOCTH MPSIMOJUHEHHBIX YYaCTKOB HE(PTEHPOAYKTOIPOBOAA

obecrieyeHo.

[IpoBepum 00IIyI0 yCTOHYMBOCTH KPHUBOJMHEMHBIX YYacTKOB TpPYyOOIPOBOA,

BBIIIOJTHCHHBIX C YIIPYT'UM U3TrI00M:

1 1

Hﬂ = = =0,04,; (37)
Qeepm 258980
P3| 870-3 11
E-] 2,06-10--0,006
F
Z
B
q

P - 82150.0,05
J \/ .
A epm 25890-0,006 _ 185 (38)

3\/ o 25890
E.J 2,06-10" -0,006

ITo HOMOTpamme ompeaensem kodpduiiuent - B, =18[24, puc.4.2].

JUist  KpUBOJIMHEWHBIX (BBINYKJIBIX) YYacCTKOB TpPyOONpPOBOJAA, BBINOJHEHHBIX

YOPYTUM U3THOOM, B CTy4ae MIaCTUYECKON CBS3H TPYOBI C TPYHTOM KPUTHYECKOE YCHIIHE:

N2 =g, -3/d%,, -E-J =22-3/25890 - 2,06-10" -0,006 =17 MH. (39)
N? =0375.q,,, - p = 0,375-25890-870=8,4 MH. (40)
BrruuciseM KoMIJIEKC:
m,-N2 =0,75.19=13MH ; m,-N‘, =0,75.7.5=63MH , (41)
6,6MH > 6,3MH .

YcnoBue yCTOfIqPIBOCTPI JJIs1 KpHBOJ’IHHCﬁHBlX YYAaCTKOB HE BBIITIOJHACTCA.

VYBeJINYMM yCTOHYUBOCTh KPUBOJIMHEHHBIX YUACTKOB, YBEJIUMYHUB PaInyC U3ruoda
TpyOompoBoaa 10 1800m
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3akiIloYeHue

B Poccuiickoit ®enepanuu  OpOTSIKEHHOCTh MarucTpaibHBIX HedTe- U
ra3onpoBOJIOB cocTaBiisieT 0K0y10 200 ThIC. KM, TPOMBICIOBBIX TPyOOIpoBo10B — 350 ThIC.
kM. g uxX QYyHKUMOHUPOBAHHUS HCHONB3YIOTCA OKoJo 800 KOMIpPECCOpHBIX U
He(Tera3onepeKkaunBaroMX CTaHOUN. 3HAUYUTEIbHOE KOJIMYECTBO MAarucCTPajbHBIX
TpyOOIIPOBOJIOB YK€ UMEET OOJIBIION CPOK IKCIUTyaTallMM, 3a4acTyi0 B 3KCTPEMAaJIbHBIX
YCIIOBHSIX, TOCKOJIBKY OHU IIPOKJIAJIbIBAINCh B CAMBIX Pa3HOOOPA3HBIX TOMOIPAPUUECKUX,
re0JIOTMYECKHUX, TUAPOJIOTMYECKUX U KIIMMAaTHYECKHUX YCIOBHX. [[pHUnHON MOBPEXICHUS
U pa3pyuIeHus: TpyOOIPOBOIOB YaCTO SBJSETCS OCIA0JIEHHE CTEHKHU TPYObI U3-3a HATHYHS
nedekToB. B cBs3u ¢ TeM, 4TO IEPHUOJI SKCILUTyaTaluu TpyoornpoBoaoB coctasisieT 20-30 u
0ojee €T, MPOUCXOIUT MpoOIecC HerpajalMu TPYyOHOW CTanu, U3MEHSAETCs Mpene
TEKYUYECTH U IPYTUe MEXAHUYECKUE XapAKTEPUCTUKN MaTepHalia U CBAPHBIX COCANHEHUIA.
[Ipu »TOM aBapum u KaTacTpo(dbl, CBA3aHHBIE CO cOpocoM HedTH U HEeDTENPOMYKTOB,
cocTaBisItOT 10 60% TEXHOIE€HHBIX YPE3BBIYAWHBIX CUTyallMil C HSKOJIOTMYECKUMHU
MOCJEICTBUSIMU. B CBSI3M ¢ 3TUM 3a7aya KOJIMYECTBEHHOW OLIEHKH pabOTOCIOCOOHOCTH
JMHEMHBIX YacTe CYIIECTBYIOIIUX MAarucTpajJbHBIX TPyOONpPOBOAOB U OOecreueHus
HAJIeKHOCTU M 0€30MacHOCTH HOBBIX TPYOONPOBOAHBIX CHUCTEM B MOCJIEAHHE TOIbI
npuodpesa OrpOMHYIO aKTyaJIbHOCTb.

PaboTa BbInoJIHEHA HA OCHOBE METOI0B TEOPUH YIPYTOCTH, TEOPUU INTACTUUYHOCTH,
MEXaHUKHU pa3pyLICHUs,, TEOPUU MPOYHOCTH M HANEKHOCTH. VICIOMB30BaNIMCh METOJIbI
AHAJIUTUYECKOTO U YHMCIEHHOTI'O PELIECHUs 33aJ]a4yd C y4E€TOM BO3MOXKHOW HEIMHEHMHOCTH

HCCHCHyeMOfI CUCTeMEI. PelieHue 3aa4 O IOPHUCTOCTH W TPCIIMHE IIPU HUKINYCCKOM

51



Harpy>keHUH TPOBOJUIIOCH C HMCIIOJIB30BAHUEM BBIUMUCIUTENIbHOrO Komiuiekca ANSYS.
Ananus u 00padoTka
Pe3yJIbTaTOB YMCICHHBIX SKCIIEPUMEHTOB IO OMPEICICHUI0 XapaKTePUCTHK CBOMCTB
HCCIICYEMON CHCTEMBl WJIM MMapaMeTPOB €€ MOBEICHUS BBHITIOIHSIIUCH C TIPUBJICUCHUEM
COBPEMEHHOU KOMITBIOTEPHOU TEXHUKH.

[IpennoxxeHHbIe METOJUKH U TPOLEAYPHI IMO3BOJIIIOT OMPEACNISATh OCTATOYHBIM
pecypc, MepUOANIHOCTh TEXHHYECKHUX OCMOTPOB HCIIOJIB3YIONMIUXCS TPYOOIIPOBOIOB TIO
pe3yabTaTaM JUAarHOCTUKH HAIMYMS U pacHpeeeHUus TPEIIMHOMOI00HBIX Ae(hEeKTOB B

CTEHKaXx Tpyo.
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Finite Element Method Applied in Electromagnetic NDTE: A Review

Abstract The paper contains an original comprehensive review of finite element analysis
(FEA) applied by researchers to calibrate and improve existing and develop- ing
electromagnetic non-destructive testing and evaluation techniques, including but not
limited to magnetic flux leak- age (MFL), eddy current testing, electromagnetic-acoustic
transducers (EMATS). Premium is put on the detection and modelling of magnetic field,
as the vast majority of ENDT involves magnetic induction, either as a primary variable
MFL or a complementary phenomenon (EC, EMATS). FEA is shown as a fit-for-purpose
tool to design, understand and optimise ENDT systems, or a Reference for other
modelling algorithms. The review intentionally omits the fundamen- tals of FEA and
detailed principles of NDT. Strain-stress FEA applications in NDT, especially in
ultrasonography and hole-drilling methodology, deserve as well a separate study.

Keywords Finite element method - Electromagnetic non-destructive testing - MFL -
Eddy current testing - EMATS

1 Introduction

Non-destructive testing and evaluation (NDT, NDE or NDTE) attracts lasting attention
driven by demands of relia- bility and economic service of engineering structures. Con-
temporary engineering—and NDT development in particular

—becomes increasingly associated with numerical mod- elling [1]. Among available
modelling approaches, finite element analysis (FEA) has taken the lead in both academic
and commercial applications. It is much more versatile than any analytical model. As
compared to two major concur- rent numerical approaches, i.e. boundary element

method (BEM) and finite difference method (FDM), it is more intuitive, subject to less
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fundamental limitations (e.g. con- cerning unstructured mesh, nonlinearities or
couplings) and is promptly available in several computer tools provided with a
comfortable graphical user interface (GUI) and exhaustive user manuals.

Finite element analysis can complement and partially replace experimental ENDT for
reasons listed below:

- the simulation allows for generating scenarios with a full control over all variables and
phenomena

— it is impractical and in some cases unfeasible to measure electromagnetic parameters
(magnetic induction, current density) inside a solid specimen [2], whereas these can be
easily retrieved from FEA

- the measurement of a detailed distribution of the mag- netic and/or electric field around
an engineering object is time-consuming and requires painstaking data process- ing;
by contrast, FEA software directly generates the resulting contour plots

- FEA tends to be more economic than experiment, espe- cially when generating an array
of results for subsequent inverse problem solution

Table 1 presents authors’ attempt to arrange the techniques by the frequency range and
the level of complexity. The latter variable corresponds to both the underlying physics
and the practical difficulties in obtaining reliable results by either experiment or
simulation. Any ENDT method,

Table 1 A classification of ENDT methods by the range of frequency and relative
complexity; numbers in parentheses indicate the relevant paragraph in the review

passive MFL. | MBN and MAE | Electromagnetic
Z (5.3) (2.3) waves (5.1)
iz MFL w. velocity| Pulsed MFL EMAT
& effect(22) (2.3) 4)
Static MFL RFECT ECT
(2.1 ) 3)

Static 1-1000 Hz kHz - MHz
Frequency of excitation

including those located at the bottom of the classifica- tion, require careful calibration
and interpretation. Therefore, the table contains only subjective indications. For exam-
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ple, remote field eddy current testing (RFECT) actually is superior in terms of complexity
than the static MFL tech- nique.

The choice of ENDT technique influences the strategy of finite element simulation. The
key options to be selected in an electromagnetic numerical analysis are summarized below:

— time regime: static/harmonic/transient

- coupling (multiphysics): none/weak/strong

- boundary conditions: flux-parallel, flux-normal, fixed degree-of-freedom (DOF),
coupling of DOFs

- nonlinearity: none/nonlinear B(H)/material anisotropy/ velocity effects

- element formulation (magnetic scalar or vector potential, edge-flux formulation)

— dimensionality (2D/2D-axisymmetric/3D)

- software (commercial/academic)

Simulation options listed above are described in more details in [6].

There are several commercial electromagnetic FEA soft- ware brands on the market,
including MagNet, COMSOL, JSOL, MAXWELL, ANSYS Multiphysics, OPERA,
FLUX

and others. Their basic common functionality is computation of magnetostatics or
electrostatics. Most codes can handle as well harmonic or transient problems involving
eddy cur- rents. Some tools are remarkable for the implementation of advanced functions,
such as the magnetic hysteresis loop or a robust solution of a moving conductor induction.
However, the market evolves rapidly, and the functionality of different tools tends to
converge.

Important contributions of numerical modelling to ENDT are reported in three major
groups of publications. Firstly, some monographs are available on the application of finite
element method in electromagnetics [7-9]. In some of the books the electromagnetic
NDT is the major topic [10,11]. Secondly, there are regular journals devoted to progress
in NDT (incl. NDE, NDT&E, RNDE, “Insight” and others) containing both numerical
and experimental

developments in the field. Finally, an eminent dissemination role is played by
proceedings of major NDT-related con- ferences (ISEM, ENDE, ECNDT), where
simulation and modelling tends to be a full-fledged topic. For the sake  of example,
several recent papers from the ENDE Pro- ceedings [12-17] have been summarised
further on in this review.
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Bibliographic reviews on FEA applications in various engineering disciplines were
systematically published by Mackerle (e.g. [3,4]), including an exhaustive bibliogra- phy
on finite element modelling in NDT [5], encompassing the time span between 1976 and
1997 (plus an addendum reaching 2003). In the domain of electrical, magnetic an elec-
tromagnetic methods, that review focuses on ECT and the potential drop technique. Our
review is complementary to the valuable Mackerle’s work, offering up-to-date references
and a discussion of specific features of modelling ENDT phenomena.

The following chapters present a review of finite ele- ment simulations applied in
ENDT, followed by a discussion inspired by own experience in the field. In each chapter
one ENDT method is briefly introduced, and some technical aspects of its finite element
solution are given. Represen- tative papers in the field are mentioned starting from the
1970ties. Alternative numerical methods and less typical ENDT applications are
occasionally invoked. Although the Authors intended to provide a possibly
comprehensive and balanced summary of the subject, this review remains a very
individual and subjective insight into the vast amount of the published literature.

2 FEA in Magnetic Flux Leakage NDT
2.1 Static MFL

Static MFL methodology involves magnetizing a portion of a structure and recording the
flux at the surface, in order to detect its anomalous spatial distribution. Usually a local
mag- netization close to saturation is required, because a leakage flux amplitude is
generally proportional to the magnetization level. However, too high level of
magnetization may lead to decrease a signal-to-noise ratio. The reason is an offset
introduced by a background component of the signal. Most common sources of a
magnetizing field, electromagnets or yokes with permanent magnets are used.

Todesignand optimize any MFL system a thorough under- standing of magnetic circuit
IS required. The magnetostatic FEM solver is an efficient tool in MFL-related design and
analysis [18]. The FEA solution of a MFL problemrequires either a single nonlinear run
(static analysis with B(H) curves) or a series of solutions at consecutive time points
(transient analysis). The modelling can be 2D or 3D. The material data consists of
magnetization curves defined up to saturation (uR ~ 1.0) and possibly electrical
conductivities in the transient problem. The smoothness of B(H) curves can be essential
for obtaining convergent solution [19]. The mesh density may be uniform, and the
standard recommendation holds as to using the hexahedral element shapes whenever it is
possible. The resulting vector fields (primary: B—the mag- netic induction, and
secondary: J—the current density) are vector real values. The numerical methods which

cannot deal with nonlinear problems (e.g. BEM, FDM) are not suitable for MFL
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simulation [20]. Consequently, FEM is preferable in solving the equations governing
electromagnetic field in MFL system.

One of the first numerical studies on the MFL defec- toscopy including finite element
calculation was published by Hwang and Lord in 1975 [21]. They predicted the mag-
netic field distribution around a rectangular slot on the surface of a circular ferromagnetic
bar. The stress-flux correlations were numerically studied as early as in 1987 by Atherton
and Czura [22]. They attributed the measured flux leakage over pipeline corrosion pits to
stress-induced permeability changes and provided a 2D FEA to solve the inverse prob-
lem, i.e. to determine, how significant permeability change takes place in specimen.

The article [23] includes a study, in which apparently minor modifications of a model
(inclusion of the detec- tor assembly) produced dramatic qualitative changes of the
results. It was demonstrated by 2D FEA, thatanomalous leak- age fluxes in the vicinity of
pipe defects were non-linearly dependent on a defect depth. Further on, the constant H-
excitation in a model gave significantly different results from a more realistic constant-B
source.

In Atherton [24] a systematic study was performed towards the inverse problem
solution of MFL over far side pipe grooves. The author demonstrated a strong linear cor-
relation between anomalous radial flux densities calculated with 2D FEA and those
obtained experimentally from 3D synthetic corrosion pits.

The following paragraphs summarise selected results of more recent research

The magnetostatic NDT was modelled with FEA by Al- Naemi, Hall and Moses [18].
The 2D (qualitative) vs 3D (quantitative) models generated and computed in MagNet
software were compared against an experiment. The study reproduced the typical stray
field behaviour over a defect in a flat plate. Although material data description is missing
in the paper, one may presume that linear magnetic permeability was defined.

In Katoh et al. [25], the yoke-magnetization in MFL- testing was modelled with 2D
static FEM modelling, using a self-developed software. The simulation was relatively
basic, and did not aim at solving any inverse problem.

Another basic sensitivity analysis of the static magnetic circuit composed of a C-core
magnet and the metallic speci- men can be found in [26]. Linear magnetic permeability of
the material, the core length and the spacing were modelled with COMSOL Multiphysics.
Although the Barkhausen noise measurement was presented as the study’s context, only
the primary variables, i.e. magnetic induction B and field inten- sity H were computed.

Gaunkar et al. [26] redesigned the C-core magnetising setup with COMSOL FEA
software, studying the influence of a core material, pole spacing and pole tip curvature.
They employed a DC excitation and did not take saturation effects into account.
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Babbar et al. [27] represented both the shape and residual stress influence on MFL
patterns, over a slightly stamped (dented) plate. They used MagNet software to perform
a static solution with a nonlinear, anisotropic B(H) curves. Interestingly, apart from the
electromagnetic analysis, they started with structural FEA, subsequently dividing the
plate into 13 discrete regions, having varying magnetic proper- ties correlated with stress
state. The MFL signal resulting from different stressed regions were studied separately
and in combination with the shape effect. The authors found the excellent agreement
between the FEA-derived and experi- mental MFL pattern.

Some papers with a precisely defined industrial context are invoked in the following
paragraphs.

Christen et al. from Switzerland [1] examined the influ- ence of steel wrapping on
magneto-inductive testing of the main cables of suspension bridges. They employed
MagNet software to create and solve a 3D model of a 2 m-long solid body with nonlinear
B(H) characteristics. The set-up optimi- sation was sought, by studying the effect of a
sensor lift-off and a magnetic excitation intensity. Based on the FEA results, a
postprocessing procedure was proposed for separating and eliminating disturbance
introduced by the steel wrapping.

In Gloria et al. [28] the pipeline corrosion defects were detected with a modified MFL,
not requiring the saturation of a material. 2 and 3D numerical models were constructed
using Gmsh and GetDP freeware finite element programs, and the geometrical
parameters of the set-up were optimised. The simulation was compared favourably
against an experi- ment.

A NDT group from India [29] examined with MFL steam generator tubes of a prototype
fast breeder reactor. They cre- ated a 3D magnetostatic FEA model in COMSOL. They
suggested a parallel use of MFL (for a detection of localised defects) and remote field
ECT, sensitive to wall thinning, although no ECT simulation was provided.

A group from Queen’s University, Canada [30], created a 3D magnetostatic model in
MagNet software, in the context of pipeline MFL NDT. Effects of alignment of nearby
pits and stress-induced anisotropy were studied in a non-linear model.

Kikuchi et al. [31] examined the feasibility of NDT eval- uation of magnetic properties
and hardness of two-layered specimens by magnetostatic single-yoke probes. In spite of
using a 2D approach in a simulation, they observed a good correlation between
experimental and FEA-derived initial magnetisation curves for layered plates.

Coughlin et al. [32] examined the effect of stress on MFL responses from elongated
corrosion pits in pipeline X70 steel excited with radial MFL set-ups. In this case the finite
ele- ment 3D stress simulation was carried out, but no magnetic FEA.
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The magnetic “signature” of cracks has been subject to rel- atively little research, as
compared with the effect of stress or corrosion pits. Gao et al. [15] have published their
resultss in ENDE Conf. Procs., claiming the competitiveness of their method of
interpreting flux leakage near cracks over the stan- dard 3D MFL approach. The standard
3D MFL, in turn, was numerically studied in [33], and an efficient yet accurate inversion
algorithm in 2D was produced.

Some atypical usages of numerical simulation as a sup- portive tool for MFL are
presented below.

Snarskii et al. [34] proposed a method of integral equa- tions for the 3D solution of
MFL over a surface defect in a plate of a finite thickness. They demonstrated the same
accu- racy as in FEA (Opera 3D software), but higher robustness. The demonstrated
computation speed-up can be important when generating a large database of direct
problem patterns, required for any inverse problem solution.

Mahendran and Philip [35] discussed a new magnetic emulsion to enhance visual
magnetic NDT. Moreover, they included a comprehensive review of analytical methods of
reproducing the field distribution, and pointed to some FEA- based studies, including that
by Katoh et al.

Mukhopadhyay and Srivastava [36] tested efficiency of a discrete wavelet transform for
a noise reduction MFL signal from a series of defects in a buried pipeline, and claimed the
superiority of the method over its alternatives.

The observed trends and perspectives of further research are described in the last
chapter of this preview.

2.2 MFL(V): Velocity Effects

High-speed non-destructive inspection systems using MFL method are in great demand in
online inspection and defect characterisation, especially in pipeline and rail track main-
tenance [20]. The main component of these systems is an autonomous mobile device
containing magnetic field sources and sensors, usually named pipeline inspection gauge
(P.1.G.). Such a NDT set-up aims at deducing the shape and dimensions of a flaw, out of
the voltage induced in a pick-up

coil moving relatively fast (e.g. 1-10 m/s) along a studied structure.

MFL with the velocity effect shares the fundamental prin- ciples with the static MFL.
An additional difficulty, in a signal interpretation and modelling, stems from the forma-

tion of eddy currents when an excitation source moves over or inside a pipeline. The first
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typical numerical approach to this problem is quasi-static, i.e. the simulation resembles the
mag- netostatic one, but an extra movement component is added to the governing
equation (e.g. [37]). Another approach con- sists in representing the movement of the set-
up over several time-steps, applying some type of electromagnetic coupling between the
objects in the relative movement (e.g. [38]). Both the approaches encounter numerical
difficulties (inaccuracy, unconvergence) as the relative velocity and material’s mag- netic
permeability increase.

The start of finite element modelling of MFL with the velocity effect dates back to the
1980s (e.g. Shannon and Jackson [39] or Rodger et al. [40]). The effect of magnetizer
velocity on MFL was subsequently simulated in 1992 by Nestleroth and Davis [41] using
axisymmetric FEA, followed by works of Katragadda et al. [42,43].

Park and Park [44] analysed the velocity-induced eddy currentsin MFL type ENDT,
constructing a 3D finite element model. They designed a compensation scheme of the
signal distortion, for velocities of the PIG reaching 5 m/s, coming up with a ‘pure’ defect-
related signal, as if the probe isimmobile. Ireland and Torres [45] presented 2D finite
element sim- ulations in which a section of a pipe is magnetized along its circumference
under both static and moving tool condi- tions. They employed the standard quasi-static
approach with velocity equation component. They highlighted difficulties associated
with maintaining a stable magnetic circuit when the set-up is moving. They noted, that a
magnetic field pro- file is extremely complex under both stationary and dynamic tool
conditions, and the repeatability of MFL defect patterns

can be poor.

In another work [46] the same authors presented a prelim- inary research on a
circumferential magnetizing set-up for pipeline inspection. They performed a dynamic
FE analy- sis for the tool moving at 4 m/s. Both 2 and 3D models were generated, and
the B(H) nonlinearity was taken into account. Several limitations and complexities of the
method were indicated, including the difficulty to magnetize a pipe circumferentially
and the dependence of the signal on the angular position of the set-up.

Lietal. [20] performed a simulation of MFL in a pipeline, with the set-up travelling at
high speed, up to 30 m/s. The 2D model (quasi-static with velocity terms) is created in
ANSOFT Maxwell. The authors discussed the signal-to- noise ratio and the optimum
configuration of sensors.

Nestleroth and Davis [47] studied pairs of permanent mag- nets rotating around the
central axis of a pipe in proximity of
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its surface. The generated magnetic field was measurably dis- turbed over a defect.
A finite element simulation, validated with experimental data, allowed for
investigating a design space with various parameters such as a geometry, material
properties, and excitation frequency.

The mentioned works are a representative, but non- exhaustive selection from
amongst numerous studies on MFL with a moving source. New research results
regularly emerge (e.g. [48,49]) and the subject is likely to attract lasting atten- tion
from the NDT community.

23 MFL(f): Frequency Effects

Judging from the number of publications and commercial implementations, the
magnetic Barkhausen effect is the most important among micromagnetic
phenomena applicable in ENDT. There is a significant amount of experimental
arti- cles aiming at elucidating the nature of MBN [50-52]. The micromagnetic
modelling approaches to MBN representa- tion were recently reviewed by Zapperi
and Durin [53], and some results from stochastic (Monte Carlo) models were pub-
lished as well [54]. However, relatively little has been done so far to develop
macromagnetic or multiscale modelling schemes.

When using a C-core magnet in ENDT, replacing a DC excitation (typical for
MFL) with a low-frequency (0— 10 Hz) AC excitation allows acquiring additional
data from the studied object, however the interpretation of signals is a challenging
task. FEA plays an irreplaceable role in a comprehensive description of a time- and
space-distribution of the magnetic induction within a studied object (plate, tube),
which is impossible with any available analytical or experimental method. The FE
solution of a magnetic field distribution inside a bulk ferromagnetic object is
compli- cated by the fact, that excitation frequencies as low as 1 Hz generate a skin
effect, which significantly disturbs the static field patterns [55-57]. Additional,
special degrees of free- dom (D.O.F.s) such as time-integrated electric potential
may be necessary. Symmetry planes and initial conditions require special modelling
approach. A time-transient scheme is pre- ferred over a harmonic calculation, which
usually leads to an incorrect representation of skin-effects due to the assumed B(H)
linearity.

Augustyniak et al. [58] showed, that both the magnetic Barkhausen effect and
the magnetoacoustic emission in a steel plate magnetized by a C-core
electromagnet are signif- icantly disturbed by eddy currents at excitation
frequencies as low as 1 Hz. At least qualitative characteristics of these effects can
be reproduced with FEA (ANSYYS).
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Another sensitivity analysis of the static magnetic circuit composed of a C-core
magnet and the metallic specimen can be found in [26]. The material linear
magnetic permeabil- ity, core length, and spacing were modelled with COMSOL

Multiphysics. Although the Barkhausen noise measurement was presented as the
study’s context, only the primary vari- ables, i.e. magnetic induction B and field
intensity H were computed.

The Japanese group [59] focused on standardized sam- ples used to assess the
average induction within an object magnetized dynamically with a C-core set-up.
They built a 3D model of the C-core and plates, made of different steels, and
concluded, that the standard shim is applicable only to materials exhibiting a high
magnetic permeability. Interest- ingly, they made use of a pseudo-nonlinear
harmonic FEA instead of a fully-nonlinear time-transient solution, and found
acceptable comparison against experiment.

A recent work [57] presents a detailed analysis of a time- and space-distribution
of the nonlinear magnetic field inside a steel plate magnetized with adouble-core
electromagnet with a separate control of AC excitation currents on both branches.
These results, obtained with transient electromagnetic FEA are complementary to
the previous research by Nagata [60], who applied the method of boundary
elements for calculation of magnetic fields and eddy currents induced by a pair of
orthogonal C-cores.

Another step after having determined the magnetic field time- and space-
distribution is reproducing the character- istics of Barkhausen effect or
magnetoacoustic emission. In both ENDT methods there is an interaction of
exter- nal, macroscopic excitation with microstructure, generating a series of
short signals, either magnetic (MBN) or acoustic (MAE).

Spanish team [61] focused on angular anisotropy of MBN in pipes due to hot-
rolling. Microscale FEM simulations of the magnetic flux density inan idealized
steel sample contain- ing the ferrite matrix and the pearlite bands were performed.
Pulsed MFL belongs to the methods under development.

It bears some analogy to the acoustic borehole logging, i.e. the frequency content
of the magnetic field resulting from a pulsed excitation carries information about
the depth and extent of possible anomaly. Researchers from the Univer- sity of
Huddersfield [62] put forward a pulsed magnetic flux leakage technique (PMFL)
for a crack detection and char- acterization. They indicated the limitations of a DC
MFL, and suggested the superiority of PMFL, where the probe is driven with a
square waveform and the rich frequency com- ponents can provide information
from different depths due to the skin effects. They used FEMLAB (a transient, 2D,
finite difference scheme) to study effects of surface and sub-surface cracks on the
magnetic field.
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Finally, an interesting hybrid MFL method called magneto-optic direct
alternating imaging (MODALI) was studied by Novotny et al. [63]. They applied
2D harmonic FEA to demonstrate the feasibility of detection of defects by
magneto-optic films. The optical effect was produced by either an AC or DC
excitation. The authors investigated the

AC excitation at 10 kHz and claim the possibility of detecting small cracks, weak
magnetic phases in nonmagnetic materi- als, corrosion pits, etc.

3 Eddy Current Testing (ECT)

Eddy current testing (ECT) is one of the most effective techniques for detecting
cracks and flaws in conducting materials. In ECT devices, an alternate current
flows in  an exciting coil placed near a specimen suspected to have a flaw.
Induced eddy currents affect a signal detected by the surrounding pick-up coils,
influenced by a position, shape, and other characteristics of defects or variations of
material properties [64]. The signal is usually analysed in terms of complex
impedance plane trajectory. A magnitude and phase of a voltage drop induced in a
detection coil is influenced by a variation of geometry and material para- meters
(u, o) of the studied object. The method applies equally to ferromagnetic and
paramagnetic materials, includ- ing aluminium alloys. ECT techniques are widely
(but not exclusively) used for the characterization of safety-critical components,
e.g. employed in aeronautical and nuclear engi- neering.

A FEA solution of an EC problem requires a single har- monic linear run for each
frequency of interest. A modelling can be axisymmetric, 2D or 3D. Material data
consists of linear magnetic permeabilities and electrical conductivities of all the
regions. The resulting vector fields (primary: J— current density and secondary:
B—magnetic induction) are composed of real and imaginary parts, convertible into a
mag- nitude or phase. Unlike in a harmonic structural analysis, resonances do not
occur, so sampling of frequency at rela- tively large intervals is acceptable. A mesh
density has to be refined within a sub-surface of an object in order to ade- quately
represent the skin depth effect. An integration of B over the coil’s cross-section and
a subsequent time derivation produce an acceptable approximation of the coil’s
complex impedance, provided that the frequencies are limited so that the skin effect
in the coil wire can be neglected. More dis- cussion on numerical approaches to
eddy currents can be found in [6]. Another valuable reference is the TEAM Work-
shop Project [65], involving FEA simulation benchmarks of several
electromagnetic set-ups, including some EC-related problems.
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First attempts to reproduce eddy current characteristics with FEA date back to
late 70ties [66]. In the 80ties, intense research was conducted, led by Ida, Lord,
Udpa and oth- ers [67—70]. Industrial case-studies were developed, e.g. the study
by Palanisamy and Lord [71] focusing on a condenser tubing.

Design and validation of a new sensor configuration is one of leading topics in
EC NDT and is often supported

with FEA [72-74]. Aming at an optimized sensor config- uration, Robaina et al.
[75] developed a 3-coil set-up with two excitation coils and a middle acquisition
coil, serving to determine material properties by means of an eddy-current- related
change of a magnetic flux. Apart from the experiment, they produced an ANSYS
model of the coils, calculating the electric potential inside the coil wires, the
resulting magnetic flux, and finally the eddy current density inside the copper
sample. Nonlinearities were neglected because of a relatively low field and current
density values.

EC-sensor optimization was as well the main objective of the TEAM problem
no. 27 [76], with eddy current NDT applied to some deep flaws. The aim was to
optimize dimen- sions of a coil and an excitation current to have the highest level
of a signal as possible. It is interesting to note, that the eddy currents were excited
by a pulsed voltage excitation, and not a harmonic steady excitation.

In a study dedicated to ECT defectoscopy in airplane maintenance, Rosell and
Persson [77] performed an exper- imental eddy current inspection of small fatigue
cracks in Ti-6AL—4V sample and compare it against a finite ele- ment model.
They noted, that as static loads were applied across the crack faces, electrical
connections arise within the crack, which has a strong, detectable influence on the
eddy current signal. The work focused on optimum method of incorporating this
electrical contact effect into the simu- lation.

Apart from defectoscopy, the EC set-ups can be used to evaluate some
material properties, including electrical conductivity, magnetic permeability,
porosity, and tensile strength. One of basic examples is the TEAM benchmark no
15, concerning a non-destructive evaluation of materi- als with ECT. In another
example, Ma et al. [78] created a FE model in Ansoft Maxwell representing a
double- coil eddy current testing set-up over samples of Al foams manufactured
by the sintering-dissolution process. Sim- ulations gave a multi-frequency (10
Hz—1 MHz) response

of the sensor/material geometry for 22 conductivities in the range of 0.1 to ~40
MS/m. The response was pro- portional to a change of mutual inductance of
coils. The

ultimate goal of both the experiment and the accompany- ing simulation was a
reliable porosity evaluation with eddy currents.
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In Augustyniak et al. [79], both a 2 and 3D modelling of a three-coil EC set-up
over a boiler tube was presented and compared against an experiment.
Standard practical

factors—Iift-off, wall thickness and tube diameter were stud- ied with FEA at
frequencies up to ~10 kHz. The proposed amplified differential signal was shown
to carry information

on the amount of magnetic ferrite phase forming on the tube during service.

Sablik and Augustyniak [80] proposed an application of EC sensors in the
context of steel mills. Transient 2D a set of harmonics, and their relative
amplitudes were compared. Both the computation and experiment show an
increase of the amplitude of the third harmonic with an increasing tensile strength
of the plate.

Remote field eddy current testing (RFECT) is a major, industrially important
variation of the standard eddy-current defectoscopy. While in conventional ECT, an
exciter and detector coils are placed at the same location and oper- ate at
relatively high frequencies (1 kHz—10 MHz), in the RFECT both coils are several
pipe diameters apart with a low frequency of operation from 40 to 160 Hz. The
choice of a frequency reduces the skin effect and enables detec- tion of flaws
localized at the opposite side of the examined object, usually a pipe. In the
1980ties, RFECT phenomena were already experimentally observed successfully
analysed using the finite element method. [81-84]. In Kim et al. [85], RFECT was
applied to corroded gas transmission pipelines. Initial FEA studies showed that the
rotating magnetic field PIG is sensitive to axially oriented tight cracks. Kasai et
al. [86] performed an experimental and FEA 3D study in order to assess
detectability of back-side flaws on flat fer- romagnetic plates, in the context of
corrosion of oil storage tanks. They modified the sensor and examined the signal
itself as well as the signal-to-noise ratio. In the context of ENDE conferences,
Mihalache et al. [17] developed a mul- tifrequency RFECT algorithm applied
specifically to the magnetic steam generation (SG) tubes of a fast breeder reactor
(FBR). They determined algorithm parameters using proprietary 3D numerical
FEA, and validated the concept with experimental measurements conducted on a
small test tank.

FEA was successfully employed in non-standard EC tech- niques, including pulsed
eddy-current defectoscopy [87] and stochastic approaches [88]. A special case was
published by Kinoshita [89], who used MAXWELL 3D software to reproduce
static and harmonic behaviour of magnetic field. The proposed ‘electromagnetic
impedance’ NDT method was supposed to be able to detect fatigue progress of an
aluminium alloy plated with ferromagnetic Ni-CO-P mate- rial. A permanent
magnet in the simulation had a nonlinear anhysteretic B(H) relationship. The
fundamental system relationship is determined between the coil’s differential
impedance and strains in the sample.
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The modelling of pulsed ECT has been extensively cov- ered in recent editions
of ENDE conf. proceedings. Three examples have been selected for thes review.
Zhang et al. [12] performed the 2D-FEM simulation in ANSY'S reaching a
successful correlation with an analytical model imple- mented in MATLAB. The
problem at hand concerned pulsed eddy currents produced in a ferromagnetic plate
with a flat bottom hole. Miorelli et al. [14] proposed a concept of surro-

gate models of Pulsed ECT, validating them in 3D using COMSOL. Finally, Xin
an Lei [13] addressed a difficult problem of incorporating minor hysteresis loops
into the calculation, in the context of measurement of pipeline wll thickness.

As popular and useful as it is, standard FEA is not the only approach to EC
numerical prediction. Fetzer et al. [90] put forward a coupled FEM-BEM solution
of the TEAM prob- lem no. 8, concerning eddy-current NDT. They argued, that
representation of the surrounding air with boundary elements greatly reduced
computational effort.

Another alternative approach consisted in coupling FEA with some non-
standard algorithms. For example, Ida [91] has recently proposed the coupling of
FEM with surface impedance boundary conditions (SIBC), allowing elimina- tion
of the mesh in a conductor beyond the skin depth zone, thus increasing the speed of
the solution without compromis- ing accuracy. Similarly, Sabbagh and co-workers
put forward an eddy-current NDT modelling scheme based on volume- integral
equations [92-94]. The approach proved to be very successful in the computation
of flaw responses in a number of simple geometries, but exhibited limitations in
description of complicated surfaces.

More details on ECT methodologies with some references to numerical
modelling can be found in [95].

4 EMATS (Electromagnetic Acoustic Transducers)

NDT based on EMATS is remarkable for its capability of detecting defects situated
far away from an excitation source. The method can be considered as an extension
of the stan- dard ultrasonic defectoscopy particularly well suited for non-contact
wave generation. EMATSs work on nonmagnetic conducting materials (Lorentz
force), or ferromagnetic mate- rials (combination of Lorentz force,
magnetostriction and magnetization forces). Optimization of EMATS in ferromag-
netic materials is often accomplished using computational simulations that
account for all the mentioned three main types of transduction mechanism.
However, modelling the magnetization force is the least understood part of EMAT
simulation and various authors often use controversial meth- ods that lead to

contradictory predictions. The discussion of these controversies has been avoided
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in this review, there- fore only the papers considering the Lorentz force and/or
magnetostriction are cited.

Although EMATS are broadband transducers and can function with pulsed
excitation, they are often excited with a narrow band tone burst to maximize the
signal-to-noise ratio, and the majority of simulations deal with a sinusoidal single-
frequency excitation.

FE analysis of EMATS represents elastic wave propaga- tion resulting from
local application of magnetic fields. Itis usually composed of weakly coupled
electromagnetic and structural (ultrasound) analyses. The electromagnetic FEA
involved determination of a distribution of a static (bias) mag- netic field, followed
by a transient or harmonic calculation of time-varying B, eddy currents and
Lorentz forces. Explicit solvers (ABAQUS Explicit, LS-DYNA, RADIOSS) are
best suited for the structural part.

First numerical representations of EMAT date back to the 70ties, with the works
by Thompson [96] and Kawashima [97]. Majority of subsequent works were
oriented towards an improvement of set-up’s performance by modification of
geometrical parameters.

An EMAT was modelled in 2D and experimentally tested by Hao et al. [98] They
generated a sequence of finite element calculations for a static magnetic field, a
pulsed eddy current field, and resulting transient ultrasonic wave.

An exhaustive work by Mirkhani et al. [2] presented a practical numerical study
aiming at enhancing the charac- teristics of an EMAT set-up (mainly signal-to-
noise ratio). The FEA strategy included ANSYS EMAG computation fol- lowed by
LS-DYNA 2D representation of ultrasonic waves. The pre-processor HyperMesh
was applied at the latter stage, with the maximum mesh size equal to A/15.

Wang et al. [99] proposed an enhancement to the previ-

ous FEA models of an EMAT, taking into account a dynamic magnetic field in a
meander coil, coming up with the distri- bution of eddy currents, static magnetic
field, Lorentz forces and resultant elastic waves. The FEA results corroborated with
an experiment.

Dhayalan [100] presented a numerical analysis of mul- timode Lamb waves
interacting with artificial defects and compares these calculations with
measurements on a thin aluminium plate. They started with a 2D electromagnetic
model (COMSOL software), reinserting resultant Lorentz forces into a subsequent
ultrasonic computation (ABAQUS Explicit).

Kimetal. [101] employed ANSY'S to reproduce the mag- netic transducer
consisting of a nickel grating, permanent magnets providing static bias magnetic
field and a set of coils supplying or sensing a time-varying field. They used a
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topology optimization scheme over the permeable area of a transducer, in order to
maximize both the static bias induction and the time-varying excitation field.

Dutton et al. [102] proposed a novel configuration of permanent magnets in an
EMAT, consisting of two square magnets with similar magnetic poles facing each
other. Effects of pole separation and lift-off were investigated. Both a simulation
(FEMLAB) and an experiment consistently indicated an increase of the achieved
magnetic induction in the region of interest by a factor of 1.8, as compared with a
conventional one-magnet solution.

Huang et al. [103] applied ANSOFT FEA software to study optimum lift-offs in
an EMAT system producing US

waves at 250 kHz, designed so that only a magnetostrictive contribution took place
in the specimen. They concluded, that the lift-off of a receiver could be very small,
but the lift-off of a transmitter should be around 2 mm to ensure the stability of the
system.

Zhou et al. [16] developed a FEM-BEM hybrid model to study the
electromagneto-mechanical coupling influence on the simulated EMAT signals,
considering the presence of the magnetostrictive force as well as the Lorentz force.

In spite of extensive published research, some funda- mental controversies
remained, including that defined by Ribichini et al. [104]. The question of major
mechanism of elastic wave creation in ferromagnetic objects was asked: is this
predominantly the Lorentz force, or rather magne- tostriction? Using a COMSOL
FE model, they demonstrate inconsistencies in previous studies and conclude that
the Lorentz force usually dominates, except for highly magne- tostrictive
materials, such as nickel, iron—cobalt alloys or ferrite oxides.

5 Other ENDT Methods
5.1 Methods Involving Electromagnetic Waves

Although X-ray defectoscopy is one of the most popular NDT methods relying on
electromagnetic wave propaga- tion/absorption, it does not lend itself to standard
FEA. Finite element simulation of the wave phenomena typically requires a mesh
density of order of A/10, so Angstrom-scale of Roentgen rays make reliable 3D
calculations impossible for even most powerful computers available at present.
However, waves of higher length (including microwaves) can success- fully be
simulated, which was demonstrated in some papers [105-107].

Electromagnetic wave propagation is the key phenomenon in electromagnetic

emission (EME), sharing many features similar with the acoustic emission (AE).
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In case of a crack initiation and propagation, atemporary electric charge imbal-
ance is a source of an electromagnetic wave measurable within a distance of a few
millimetres [106].

Gade et al. [106] applied COMSOL commercial soft- ware to study the main
characteristics of an EME sensor and obtained a very good correlation between
the experi- ment and modelling. They claimed, that during the crack growth, an
electromagnetic wave of acoustic frequency could be detected within a few mm
from the surface of the studied epoxy resin object, and that EME could be a useful
comple- mentary tool for classic AE NDT.

It has to be underlined, that problems involving elec- tromagnetic waves are
more efficiently solved using other numerical approaches than FEA, such as
Method of Moments (MoM) or finite difference in time domain (FDTD) [108].

52 ENDT Involving Static Electric Potential

NDT methods making use of an electric field as a primary factor are electrical
impedance tomography (EIT) and elec- trical resistance tomography (ERT), being
a particular case of the former. They do not involve any magnetic phenom- enon
and can be solved with FE (e.g. by Trefftz method) with electric potential as a
single DOF. Contrary to ECT, the current sources in EIT/ERT are in electrical
contact with a conducting object to be tested. The source field is produced by a
direct current (DC) or by an AC source at very low fre- quency. Potential drops or
local electric field measurements are often preferred to impedance or local magnetic
field mea- surements, which are typical for ECT.

Although EIT/ERT was invented in the 80ties, the research results with a FEA
background were first published after 2000.

Szczepanik and Rucki [109] performed a field analysis and investigated electrical
models of multi-electrode impedance sensors. Two types of multi-electrode
sensors, used in the impedance tomography systems, were simulated with FEA
(COSMOSM software) in order to produce a simple, practi- cal lumped-parameter
model. Both the full (FEA) modelling and the simplified representation were
successfully validated by the experiment.

Kahunen et al. [110] applied ERT to 3D imaging of con- crete. They used an in-
house software for both the forward and inverse analysis. Acceptable solutions of
the inverse problem in some benchmark set-ups were presented.

Albanese et al. [64] made an initial evaluation of the use- fulness of FEA in
solving direct and reverse problems in an electrostatic search for buried objects.
They carried out two benchmark simulations and experiments. ERT was used to
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retrieve the shape of a thin crack, and subsequently the geom- etry of a column
immersed in water. Genetic algorithms were used to solve the inverse problem.

Daneshmand [111] and his co-author modelled the EIT to solve a forward
problem in a biomedical context (a human thorax). The technique had been studied
using FEM or BEM by other authors, but the novelty consisted in proposing a
hybrid FEM-BEM strategy, combining advantages of both.

5.3 Passive MFL (MMM)

The “passive” MFL (sometimes called MMM, from “Metal Magnetic Memory”) is
a relatively new concept (1990ties), replacing a controlled magnetic field source
with the Earth’s field. Claimed cost-effectiveness of a simple portable mea-
surement set-up has to be weighted against low reliability, leading to false-positive
or false-negative findings. In spite of the official industrial standardisation (ISO
24497), there is

a shortage of fundamental studies, especially those demon- strating its aptness to
detect and quantify stress concentra- tions.

Interestingly, the magnetic FEA, useful as it proved in the standard MFL
research, has rarely been used to understand, calibrate and optimize the
methodology of passive stray field technique. The only published applications of
numerical magnetic analyses in this context are either non-conclusive [112], or
bring forth arguments against the concept [113— 115].

Zurek [112] presented a preliminary study of contactless magnetostatic stress
measurements on an ring made of a plain carbon steel. The results were partially
successful, because a limited number of strain gauges did not allow the exact
determination of stress and strain changes on the external ring surface. Both the
magnetostatic (FLUX2D) and structural FEA (NASTRAN) was performed.

Usarek et al. [114] investigated the influence of the Earth’s magnetic field on the
distribution of stray magnetic field of a S355 steel sample, either undeformed or
plastically deformed. A simple 3D model generated spatial variation of normal
and tangential B component in agreement with the experimental data. The article
concluded, that a reliable analysis of the stray magnetic field signal required
balanced consideration of several factors, such as geometry of the ele- ment,
plastic strain, and both internal and external stresses.

In a follow-up study, Usarek et al. [115] aimed at the sep- aration of the effects
of notch, magnetic permeability and macroscopic residual stress on the MFL
signal characteris- tics. Experimental, as well as magnetostatic FEA, showed that
geometrical effect, related to the notch presence, as well as degradation of magnetic
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permeability in the yielded zone, were mainly responsible for the specific MFL
distribution above the sample.

In Augustyniak and Usarek [113] the magnetostatic 3D FEA was applied to
study the influence of concurrent factors (geometrical discontinuity, magnetic
permeability and rem- nant magnetisation) on the field strength gradient, claimed
by some MMM proponents as correlated with elevated residual stress. The
sensitivity study revealed, that the field gradi- ent did not carry enough
information to allow solving of an inverse quantitative problem, so determination
of stress lev- els with a magnetic passive stray field alone is impossible. The effect
of residual stresses in the studied dog-bone sample was found to be play minorrole.

The published works indicate, that too many uncontrol- lable factors make
passive MFL (or “MMM?”) unsuitable for a reliable quantitative assessment of
stresses or mate- rial degradation. Numerical analysis served in this case to
demonstrate the ambiguity of signal recorded in the passive MFL, and helped to
better define the scope of applicability of the method. Summary and Perspectives

5.4 Research Trends

The reviewed papers include four types of correlation between the simulated and
measured results:

- simulation not referred to any experiment [56,104]
- qualitative correlation with an experiment [74,75]
- relative quantitative correlation [106,117]

- absolute quantitative correlation [97,113]

Relative quantitative correlation is defined here as demon- strating the same per
cent variation of modelled and measured signals, with differing baseline values,
typical for 2D mod- elling. Often it is not possible to make a sharp distinction
between relative and absolute correlation, as in [106], where the measurement is
presented in terms of voltage, which nat- urally is influenced by tunable
amplification factor. If no reference to an experiment is provided, the paper should
clearly demonstrate the soundness of modelling assumptions, and ideally be
succeeded by another, experimental work.

In general, finite element analysis serves in every domain of ENDT as a
complementary tool for better visualisa- tion and analysis of phenomena at play,
set-up optimisa- tion/calibration, and the means of populating a matrix of results
for subsequent inverse problem solution. However, application of numerical
analysis in each ENDT method exhibits some unique tendencies.

71



In static MFL, the range of simulation roles is broad: studying the stress or defect
influence on stray field [27], optimising a set-up [1-26], and finally providing a
refer- ence solution for some special alternative numerical scheme [34]. One of the
most advanced works in the field was that by Babbar [27], with a non-trivial
geometry, non-uniform stress distribution and non-linear B(H) curve, and an excel-
lent agreement between FEA and experiment.

In MFL with velocity effects the defectoscopy of pipelines and its numerical
representation is the grossly dominating topic in scientific papers. One of most
remarkable achieve- ments was published by Park and Park [44], who put forward a
compensation scheme for the signal from a moving PIG, of direct practical use for
the operators.

Research on MFL with AC excitation usually aims at a realistic description of
the dynamics of magnetic induction within a magnetic circuit composed of a C-
core magnet and a studied ferromagnetic object.

In ECT, the leading topic is the design and optimisation of new sensor
configurations. Most of the studies feature a well-defined industrial context
(aviation, power plants, steel plants).

Simulations of EMATS usually aim at enhancing the signal-to-noise ratio by
reshaping a excitation/detection

probe. Among several papers seeking to optimise a trans- ducer, that by Ribichini
[104] is remarkable for addressing and resolving the fundamental physical
controversy concern- ing the source of the ultrasonic waves.

As far as the “passive” MFL is concerned, several repe- titions of Villari’s
experiment have been published, demon- strating that some change of material
state (stress, plastic strain, fatigue) causes a variation of a stray field. The break-
through presented in [116] (a function allowing to quantitatively deduce a residual
stress fromastray field level) was later shown to be an overinterpretation [113].

5.5 Solutions of Inverse Problems

In NDT, the direct problem consists of the evaluation of a field perturbation at
measurement probe locations, for a given exciting field and sample characterization
(position, shape, material properties, stress state and defects). In the inverse
problem, one has to find parameters of a sample assuming measurements and a
forcing field as known quantities. Fast, accurate, and reliable simulation tools are
necessary for a success of any inversion procedure.

There are three fundamental obstacles making the inverse problem solution in
industrial ENDT challenging. The first one is the possible non-monotonic
character of some mea- sured parameters. The second consists in coexistence of
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several influence factors of a comparable impact on the measured signal. Relevant
examples are the confounding conductivity and permeability factors in EC, or
superposi- tion of magnetic anisotropy and stress state in MBN [50]. The third
problem is the complexity of any in-situ measure- ments, involving uncertainties
higher than those associated with laboratory setting. These issues are discussed by
[118], in the context of eddy current defectoscopy, and by Karhun et al. [110],
who applied ERT to detection of internal defects in concrete structures. The
numerical solution of the inverse problem is usually not unique, and it is sensitive
to mod- elling errors and a measurement noise. Some attempts were unsuccessful,
for example that by Roskosz [116], because of excessive number of influence
variables as compared to the amount of measured data, which made the function
inversion impossible [113].

The solution of inverse problems in ENDT requires some special strategies. One
of these consists in obtaining ‘richer’ information from the studied object by
applying several methods in parallel. For example, Sabet-Shargi et al. [119]
present a multi-technique work focusing on accurate determi- nation of stress state
in hole-drilling method. They employed MBN, MFL and neutron diffraction
measurements, and the structural FEA (ANSY'S) was used to determine stress dis-
tributions in different situations. Szielasko [120] used the same strategy, inaprobe
designed for characterisation of high strength steels. Finally, Uchimoto et al. [121]
employed an original EMAT-EC dual probe to assess the extent of pipeline wall
thinning.

Another approach to an ill-conditioned inverse prob- lem relies on a
sophisticated analysis of a signal [80], or switching from static to dynamic
excitation [62]. In order to minimise the computation cost without compro- mising
the accuracy, some authors propose a refinement of algorithms of problem
inversion with design-of-experiment sampling, response-surface fitting [118], and
neuron net- works [122], The possible presence of several local extrema of the
response function requires global optimization proce- dures, like genetic algorithms
or artificial neural networks. The networks are first ‘trained’ using signals from a
wide and possibly exhaustive range of defect shapes. To have a suffi- cient number
of cases, training datasets are often generated using numerical simulations [122].
Genetic algorithms can efficiently be used in conjunction with FEM of the forward
problem. In defectoscopy, a set of facets or elements form- ing a crack could be
assuming as unknowns. In any case, to reduce the number of unknowns, some a
priori assumptions have to be made on a class of defects under investigation [64].

Some successful solutions of inverse problems in ENDT were described already
in the 80ties. In majority, they con- cerned ECT [123,124] and static MFL. In
Atherton and Czura [22], there is an attempt to assess the order of magnitude of
stress change from the magnetic stray field characteristics. The direct 2D problem
is solved first, with an assumption of stress-permeability relationship, and then a
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computation of a stray field for a given non-uniform permeability. In Atherton [24],
the corrosion pits are characterised on the basis of the MFL signal. The direct
problem is solved first in 2D, with determination of MFL patterns of various defect
geometries. Kim and Park [125] came up with an efficient algorithm of solving the
MFL inverse problem, e.g. determining the 3D sizing of an axially oriented small
crack from axial and cir- cumferential MFL distributions within a pipe. Finally,
one should note a mathematically rigorous paper by Tamburrion and Rubinacci
[126], where a multi-frequency, EC scan over a conducting sample was successfully
exploited to form a spatial map of the resistivity, thus indicating the location and
allowing reconstruction of the shape of a flaw. The authors based on their previous
experience with ERT, demonstrating that similar inverse algorithms can be applied
to ECT.

5.6 Perspectives of Further Research

According to the presented literature review, FEA proved useful in all three
constitutive domains of ENDT: defec- toscopy, stress assessment and evaluation of
intrinsic material properties. It has provided the possibility to simulate well-
defined multi-factor scenarios and allowed to quantify phys-

ical properties at any position where actual measurements could not be performed.
FEA is particularly useful when an array of solutions of a forward problem is
required, and ana- lytical formulas are insufficiently accurate. Modelling can thus
be a basis for solving essential inverse problems, i.e. determining unknown
structural parameters (at both micro- and macro-scale) from the measurements.
Numerical analy- sis has been as well successful at studying and enhancing
actuators and sensors, esp. in ECT and EMAT techniques. What are the
perspectives of further research?

The MFL technique with AC-excitation (mainly Barkhausen effect and MAE)
is one of the most promising fields of research. Experimentally validated models,
taking into account both micro- and macroscopic behaviour of the magnetic field
inside the ferromagnetic object, are necessary. Assessment of bidirectional stress
state, already possible with MBN, requires both more experimental and numerical
stud- ies to gain widespread acceptation and be reliably conducted. In MFL with
velocity effect, one awaits a validation and improvement of signal reconstruction
scheme such as presented in [44] on a large series of industrial pipelines. Ana- lysts
and software developers should focus on overcoming numerical difficulties
associated with increasing magnetic

permeability and/or velocity of a probe.

In ECT there is a need for studies on non-uniform mate- rials, especially those
with a surface altered by corrosion or some intentional treatment (e.g. shot-
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peening). Some attempts can be found in [80] and [127]. One should note as
well, that in most of papers the authors do not perform convergence
considerations, i.e. the influence of meshing density is not studied. Allowable as it
may be in case of MFL-related works, in case of eddy-current modelling the
adequate number of elements through skin depth should be carefully determined
lest magnetic field is artificially reduced within the material.

In static MFL, fundamental problems seem to have been solved, however it
would be practical to extend the base of inverse problem solutions for arbitrary C-
core parameters and arbitrary defects.

EMATS are the only field where simulation seems to have been sufficiently
applied, and further developments (e.g. incorporating some minor nonlinear effects
into the models) are not supposed to bring significant benefits.

Apart from the specific tasks listed above, some universal challenges may be
identified, including:

- extension of ENDT methods to anisotropic materials (e.g. duplex steels, which
exhibit strong difference in magnetic properties in orthogonal directions)
implementation of robust element formulations with a stress-dependent hysteresis
loop (preliminary results can be found in [128])

- development of some in-situ, ‘intra-operational’ FEA computation tools
providing real-time support for mea- surements of complicated geometries

- creation of a NDT-dedicated FEA software, like special- ist modules in ANSY'S
or COMSOL devoted to PCBs, MEMS or packaging

It should be clearly stated that computational simulations, regardless whether they
exploit the finite element method or other schemes, can be used only when the
underlying physics is well understood and the relevant material properties can be
either measured or reliably estimated. For example, the pas- sive remnant magnetic
flux leakage (MFL) technique, which was misnamed by its original promoters as
metal magnetic Method, cannot be relevantly studied by simulations because the
underlying magneto-mechanical effect is far too complex and depends on far too
many highly variable parameters.

Finally, the authors of this paper claim, that a top-quality study on ENDT with FE
modelling should simultaneously be realistic, parametric, and industrial. ‘Realistic’
means involv- ing a 3D, nonlinear approach taking into account necessary
couplings (e.g. magneto-acoustic in MAE). A ‘parametric’ study enables
construction of a matrix of direct solutions, being a pre-requisite for handling an
inverse problem. Finally, ‘industrial” work on a well-defined object of non- trivial
geometry is preferable over an analysis of a generic sample in an idealised

environment. Since the promising, well-structured ENDT case studies published in
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the 80ties, the prompt availability of the FEA software and dramatic increase of
computing power have not always resulted in a proportional quality development
of new studies. In par- ticular, quantitative correlations between a simulation and
industrial measurements are still rare, and attempts to solve practical inverse
problems are in minority. More awareness in the ENDT community is necessary so
that the potential of the electromagnetic FEA can be fully exploited.
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