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MAGNETIC TECHNIQUES FOR ESTIMATING ELASTIC AND PLASTIC STRAINS IN
STEELS UNDER CYCLIC LOADING

E. S. Gorkunov, R. A. Savrai*, A. V. Makarov, S. M. Zadvorkin

Institute of Engineering Science, Ural Branch of the Russian Academy of Sciences, 34 Komsomolskaya st.,
Ekaterinburg, Russian Federation

*Corresponding author. E-mail: ras@imach.uran.ru; address for correspondence: ul. Komsomolskaya 34, Ekaterinburg,
Russian Federation. Tel.: +7 (343) 375-35-99; fax: 374-53-30

The paper studies the effect of high-cycle fatigue loading (elastic deformation) of high-
carbon steel (1.03 wt % C) on the behavior of the tangential component of the magnetic induction
vector of a specimen in the residual magnetization state. It has been found that the magnetic meas-
urement technique allows both structural changes and cracks resulting from the fatigue degradation
of high-carbon pearlitic steel to be recorded. The effect of cyclic loading in the low-cycle fatigue
region (plastic deformation) on the variations in the coercive force and residual magnetic induction
of annealed medium-carbon steel (0.45 wt % C) for the major and minor magnetic hysteresis loops
has also been studied. The sensitivity of the magnetic characteristics to both large and small plastic
strains accumulated during cyclic loading has been established.

Keywords: magnetic method, carbon steels, high- and low-cycle fatigue loading, fatigue
degradation, accumulated plastic deformation.
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MATHUTHBIE METO/JIbI OIIEHKHA YIIPYTOM U IIJIACTUYECKOM
JE®OPMAIIMHA ITPU HUKJINYECKOM HAT'PYKEHUU CTAJIEH

3. C. T'opkyHos, P. A. Caspaii*, A. B. Makapos, C. M. 3aaBopkuH
Dedepanvhoe 2ocydapcmeennoe 0100dcemuoe yupesxicoenue Hayku Uncmumym mauunosedenus Ypaibckoeo omoene-
Hust Poccutickou akademuu nayk, yia. Komcomonvckas, 34, Examepunbype, Poccuiickas @edepayus

*(OTBETCTBEHHBINM aBTOP. DIEKTPOHHas mmoura: ras(@imach.uran.ru; aapec s nepenucku: yia. Komcomonnckas, 34,
ExarepunOypr, Poccuiickas ®enepanus. Tenedon: +7 (343) 375-35-99; dakc: 374-53-30

HccnenoBano BIMSHIE MHOTOIIMKIIOBOTO YCTAJIOCTHOTO HArpyXeHus (yrnpyroe aegopmupo-
BaHue) Bricokoyraepoauctoi (1,03 mac.% C) ctanu Ha XapakTep U3MEHEHHUS TaHT€HLUAIbHOM CO-
CTaBIISIIOIICH BEKTOpAa MAarHUTHOW WHAYKIMH 00pa3la B OCTaTOYHO HAMATHMYEHHOM COCTOSHHH.
Y CTaHOBIIEHO, YTO HMCIIOJIb3yeMasi METOIMKAa MarHUTHBIX U3MEPEHHUI MTO3BOJISET 3apETUCTPUPOBATH
KaK CTPYKTypHBIC U3MEHEHHUS, TaK U TPEIIUHBI, MOSBIISIONINECS BCICICTBUE YCTAJIOCTHOM Jierpaia-
IIUU BBICOKOYTJICPOIUCTON MEePIUTHOH cTamu. McciaenoBano Takke BIMSHUAE MUKIMYECKOTO HArpy-
KEHHS TIPH MaJIOUMKIOBOM YCTaIOCTH (YIPyro-ruiacTudeckoe aeOpMUPOBAHHE) OTOXOKEHHOM
cpenueyraepoauctoi (0,45 mac.% C) ctanu Ha M3MEHEHHE KOIPUUTHUBHOW CHIIBI U OCTATOYHOM
MarHATHOW WHIYKIUH ISl TIPENENbHON METIW U I YacTHBIX MEeTeNb MarHUTHOTO THUCTEpe3uca.
YcTaHOBIIEHA YyBCTBUTEIBHOCTh PACCMATPUBAEMBIX MAarHUTHBIX XapaKTEPUCTHK K BEJIMYMHE ILIa-
CTHYECKOW JehopMaIiy, HaKOTUICHHOW NPY IUKINYECKOM HarpyXeHHd, B 00JacTH Kak OOJIBIIHX,
TaK ¥ MaJbIX TIACTUYECKHUX JehOopMaIni.

Knrouegvie cnosa: macnummueiii memoo, yaiepooucmseie CMAIU, MHO20- U MATOYUKIOBOE
YCMANOCMHOe HA2PpydHceHue, YCManioCmuas 0e2paoayus, HaKoNnileHHAas NIACmu4eckds 0eghopmayusi.

1. BBenenue

B GonpmMHCTBE MalliH ¥ KOHCTPYKIUH JeTamu paboTarOT B YCIOBUSAX IIUKIHYECKH H3Me-
HSIOIIMXCSI HAarPY30K M C Pa3JIMYHBIM YPOBHEM HAIpsDKEHUH B nukiax. [Ipu 3ToM ypoBeHb Harpsi-
KEHHI Ha PAa3HBIX PEKUMAX MOXKET KOJIeOAThCs B NIMPOKHX TpeIeIax U MPUBOJAUTH K BOSHUKHOBE-
HUIO B JICTASAX KaK YIPYTHUX, TaK W IJIACTUYECKHUX AePopManuid. ITO CYIIECTBEHHO 3aTpyIHSET
M3Y4YE€HHUE CONPOTHUBIIEHUS YCTAIOCTH, IPOrHO3UPOBAHUE OJITOBEYHOCTU U OIPECIIEHUE 0CTaTOY-
HOTO pecypca, TpedyeT 60JbIIoT0 00heMa IKCIEPUMEHTAILHOTO MaTepraia U MPOBEACHUS HATYp-
HBIX HCTIBITaHUH. HeoOX0MMOo NCTIOIh30BaHNE TAKHX METOA0B, KOTOPHIE HE CBOJMIMCH OBl TOJIBKO
K HaKOTIJICHHIO AKCIIEPUMEHTAIBHBIX TAHHBIX, & TI03BOJISUTH MPUOIM3UTHCS K MOHUMaHUIO (r3mye-
CKUX OCHOB SIBJICHMH ycTanocTu. B 3TON CBS3M NMEpPCHEKTUBHO MPUMEHEHUE HEPa3pyLIAIOLIUX Me-
TOJIOB KOHTPOJIS, B YACTHOCTH, MAarHUTHBIX METOJIOB.

B mpouiecce ycTanocTHOTO HarpykKeHHsi MHOTOKPaTHO MOBTOpsAOLIascs yrnpyras aedopma-
[Usl TIPUBOJUT K CTPYKTYPHBIM HM3MEHEHUSM M HAKOIUICHHOW TOBPEXKICHHOCTH, OKa3bIBAIOIINM
BIIMSIHME HAa MarHUTHBIE CBOMCTBA oOpa3ma. [ oOHapyKeHUsI TaKOW YCTaJIOCTHOM MOBPEKICHHO-
CTH TIEPCTIEKTHBHBIMH SIBJISTFOTCS METOJI MarHUTHOTO KOHTPOJIS M3ZICIHI, HaXOSMIIUXCS B OCTa-
TOYHO HaMarHWYCHHOM COCTOSIHMHM. KOHTPOJIb MPOBOMAT C IMOMOMIBIO BBICOKOYYBCTBUTEIBHBIX
JTaTYHKOB, KOTOPBIE TI03BOJISIOT TPOBOUTH JIOKAJIbHBIC H3MEPEHUS MAarHUTHBIX TIOJIEH paccesHus, B
TOM ymcie Ha nedekrax [1, 2].

Cpemy MarHUTHBIX XapaKTEPUCTHK, HCIIOJIB3YeMBIX IUISI OLEHKH (DPU3MKO-MEXaHWYECKHX
CBOWCTB MaTepuaa MpH IIACTHIECKOM J1e()OPMUPOBAHUH, MOKHO BBIJICIUTh KOIPIIUTUBHYIO CHITY
U OCTaTOYHYIO MHIYKIUH [3], HA KOTOpbIE OKA3bIBAIOT BIMSHHE U3MEHEHHE IUIOTHOCTHU JHCIIOKa-
IUI ¥ MOSABIEHUE HAPYUICHUH CIIOMHOCTH (PBIXJIOT, MUKpPOTpeIrH U nop) [3—5]. B atoit cBs3u,
M3MEHEHHE MAarHUTHBIX CBOMCTB M CTPYKTYphl NpHU IJACTHUECKON JedopMainuu LenecooOpasHoO
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pa30ouTh Ha Tpu 3Tamna: 1) U3MeHeHue Npu Malblx JedopMalusx; 2) NpU CpeAHUx; 3) nocie 60Jb-
mux gegopmanuii [4].

Takum oOpa3zom, 11eJ1b HacTOSIIEH pabOThl — UCCIEI0OBAaHUE BIUSHUS [IUKIMYECKOTO Harpy-
xeHus: 1) Beicokoyraepoauctoit (1,03 mac. % C) nepauTHON cTav IpU MHOTOLIMKIIOBOH ycTasuo-
ctH (ympyro-miacTuaeckoe 1eopMUpOBaHKE) HA XapaKTep U3MEHEHHs TaHTCHIMAIBHON COCTaB-
JSIOMIEH BEKTOpa MAarHWTHOW HWHAYKIMH OO0paslla B OCTAaTOYHO HAMAarHMYEHHOM COCTOSIHUY;
2) otoxxeHHOU cpenneyriepoauctoi (0,45 mac. % C) cranu npu MaJIONMKIOBOM yCTaIOCTH (T1j1a-
cTryeckoe eOpMUPOBAHNE) HA XapaKTep M3MEHEHUS KOIPUUTHBHOW CHIIBI M OCTaTOYHOW Mar-
HUTHOW MHIYKIWU TPEAeTbHON M YaCTHBIX ITETEIb MAarHUTHOTO TUCTEpPE3HCa.

Hacrosimas pabota HOCHUT 0030pHBINA XapaKTep W MPEACTaBIsIET MCCICIOBAHUS aBTOPOB B
00JTacTH MAarHUTHBIX METOJOB OIICHKH CTENEeHW Jerpajalid CTallel Tpu [MUKIHYECKOM
Harpy>XeHUH.

2. MaTepuaJI U METOAUKA IKCIIEPUMEHTA

Uccnenoanu Beicokoyriepoauctyio (B mac. %: 1,03 C; 0,072 Cr; 0,056 Ni; 0,27 Mn;
0,059 Si; 0,072 Cu; 0,023 P; 0,016 S; ocransnoe Fe) u cpenneyrnepoauctyto (B mac. %: 0,45 C;
0,15 Cr; 0,15 Ni; 0,66 Mn; 0,33 S1; 0,16 Cu; 0,018 P; 0,028 S; octanbHOe Fe) cTanu npomsiiieH-
HOM 1uaBku. CTPYKTYpYy TOHKOIUIACTUHYATOIO MEPJIUTA B BBICOKOYIJIEPOJUCTOM CTalu MOJy4alu
IyTeM HU30TEPMHUYECKON BBIACPKKHU MpenBaputesibHo HarpeTbix 10 1050 °C (BblaepxKa MpH TeM-
neparype 1050 °C cocraBuia 15 mun) 3arotoBok npu temmnepatype 500 °C B TeueHue 5 MHH B co-
JITHOM BaHHE (C MOCIEAYIOIINM OXJIAXKICHUEM B BOJIE). 3aTeM 00pa3ibl OTKUTAIN B COJITHON BaHHE
npu temieparype 650 °C B teyenue 10 MMH. YKa3aHHBII KPaTKOBPEMEHHBIH OTKUT IMO3BOJISIET
YCTPaHUTh MOBBILICHHYIO XPYIIKOCTh IepiuTa, popmupyrouerocs B cranu Y10 npu temmneparype
nzorepmuueckoro pacrnaga 500 °C, u cOXpaHUTh MPH 3TOM MOP(POIOTUI0 TOHKOIIACTUHYATOTO
nepiuta [6]. CpeIHeyTIIepoAUCTYIO CTallb MOoABEpTaiu OTKUTY npu Temmneparype 800 °C B TeueHue
8 4acoB ¢ MOCIEAYIOUINM OXJIaXIEHUEM ¢ Meubto. J[aHHyI0 00paboTKy NMPOBOAUIM C LIEIBIO MOJTY-
YEeHHs] PABHOBECHOM CTPYKTYpPbl ¢ MUHUMAJIbHBIM KOJUYECTBOM JIe()EKTOB U YPOBHEM OCTATOUHBIX
HaIlpsKEHUH.

MexaHnyecKkue HCIbITaHUsI MPOBOJAWIM Ha CEPBOTMJIPABIMYECKON MCIBITATEILHON YCTa-
HoBKe Instron 8801. Iluknuueckoe HarpyxkeHue o0pa3loB U3 BBHICOKOYIJIEPOAMCTON MEPIUTHOM
CTaJIi MMPOBOJWINA C KOHTPOJIUPYEMON BEIMYMHON HanpsbkeHus Ac = 20, = 0,656 (0, — aMIuuTy-
Jla HaMpsDKEHUH LUKJIIA; Go 2 — YCIOBHBIM MpeJiesl TEKY4YeCTH MPU CTaTUUYECKOM PacTsKEHUH), KO-
(GuIueHTOM acuMMeETpUH LUKIa R,=0 (3HAKOMOCTOSIHHOE OTHYJIEBOE PACTSKEHUE), N3MEHEHHUEM
HaIpsDKEHUS IIUKIIA TI0 CHHYCOUIaIbHOMY 3aKOHY, 4acToToi Harpyxenus 10 I'm. O6pazer c ceue-
HueM pabouel yacTu 6x5 MM U pabouell AIMHOW 25 MM Harpykajiu MO3TalHO C YUCIIOM IMKJIOB
Harpyxenuss N = 20000; 60000; 100000; 160000 6e3 paspymenuss oOpa3ioB. JOMOJIHUTEIEHO
0JIMH 00pazer] ObLI JOBEJICH JI0 pa3pyIICHUS, IIPH STOM YHCIIO IUKIOB cocTaBuiio Np = 195980.

[uxnraeckoe HarpyxeHre o0pasioB ¢ AMAMETPOM paboueid yacTu 5 MM U paboueil JIMHOU
25 MM M3 OTOXXEHHOM CpPEIHEYIJIepOIUCTON CTaIM NMPOBOAWIM C KOHTPOJHMPYEMOW BEIMYHHOU
oOmel aegopManu Eo5u=28=Eynptens=0,0076 (€, — aMIIMTyga NOJHON JepopMaLuU IUKIA;
€ynp — AMIUIUTYZA YIPYroi nedopMany LUKIA; €, — AMIUIMTY/A [IJIACTUYECKON Ae(opManuy [UK-
na), kodhdurmenTom acummeTpun 1ukIa R;=0 (3HaKOMOCTOSITHHOE OTHYJIEBOE PACTsHKEHUE), U3ME-
HEHUEM aMIUIUTYIbl JedopMaluyu LUKIAa [0 NWIO00pa3HOMY 3aKOHY, 4YacTOTOM HarpyKeHUs
0,5 I'u. [Ipu 3TOM HCHBITaHUS OCYIIECTBIISIIN TaKUM 00pa3oM, 4ToObI KO (UIIMEHTHl aCUMMETPUU
LMKJIa KaK [0 AeopMaliiy, Tak U IO HaMPSHKEHUIO OCTaBAIMCh PAaBHBI HYJIIO HA IPOTSKEHUH BCETO
nporecca HarpyxeHus (R,=R.=0). UcnpiThiBamm 00pa3ipl ¢ KOJTUYECTBOM ILMKIOB Harpy>KCHHs
N=15, 10, 50, 200 u 400 Ge3 pa3pymieHus: 00Opa3ioB.

MarauTtHble U3MEpPEeHUsI IPOBOMIIN MOCIJIe NUKINYECKUX UCTBITAHUN B Pa3TpyKEHHOM CO-
CTOSHUM. MarHuTHbIE U3MEPEHHS TAHT €HIIMAIbHON COCTABJISIONIEH BEKTOpAa UHAYKIIMU B¢ BBICOKO-
YIIEPOAUCTON MEPIIUTHOM CTaau MpOBOAUIN (HEPPO30HIOBBIM JaTUYMKOM, YCTAHOBJIEHHBIM B CKa-
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HUPYIOIIEM YCTPONCTBE, MO3BOJIIONIEM CKAHUPOBATh IOBEPXHOCTH 00pasiia BI0JIb OCH C ITOCTOSH-
HOW CKOPOCTBIO 2 MM/C M BBIACPKHUBATH 3a30p 0,3 MM MEXIy MarHUTOYYBCTBHTEIHHBIM 3JIEMEHTOM
u o6pazom. OOpa3er] HaMarHUYMBAIH ITPOJIOJILHO B HAIPABJICHUH OCH 00pa3Iia ¢ HCIIOJIb30BAaHHEM
HAMarHMYMBAOIIETO YCTPOMCTBA HA BBICOKOIHEPIOEMKHX IOCTOSHHBIX MarHuTax Nd-Fe-B.
HamaraudeHHbIid 00pa3el] yCTaHaBIMBAIN Ha CTOJIE CKAaHUPYIOMIETO YCTPOMCTBA M IEePEMEIaIH
(beppo30HI0BEI TTpeoOpazoBarenh MarauTomeTpa Foerster Magnetoscop 1.069 Bnoans moBepxHO-
cTH 00pasma. M3aMepeHus] KOAPIUTUBHON CHIIBI M OCTATOYHOW MAarHUTHOW WHIYKIIUU OTOXOKESHHOM
CPEIHEYTJIEPOIUCTON CTaJIM OCYLIECTBIISUIA C HCIOJIb30BAHUEM MarHUTOU3MEPUTEIBHOIO KOM-
wiekca Remagraph C-500 wa npenenpHOi (Hmax=60 kA/M) 1 9acTHBIX (IIpH MaKCHMaJIbHOW Mar-
HUTHOM MHIYKIIMYU UKIa Tuctepesnca bmax=1; 0,4; 0,1 u 0,05 Tir) meTisx MarHUTHOTO TMCTEpe3uca.

CtpykTypy 00pa3IoB mocie MUKIAYECKOTO PACTSHKCHUS U3ydalld Ha JIEKTPOHHOM CKaHH-
pyromeM mukpockore Tescan Vega I1 XMU. M300pakeHus] TPEIIUHBI TIOJTyYaJId Ha JICKTPOHHOM
CKaHUPYIOIEM MHKPOCKOTIE BBICOKOTO pa3pemieHus Tescan Mira 3 LMU ¢ aBTOSMHUCCHOHHBIM Ka-
tos10M LIIOTTKM BBICOKOH SPKOCTH.

3. DKcnepuMeHTAIbHBIE Pe3yJIbTAThI U UX 00Cy:KIeHue

Ha puc. la npexacrasiena snekTpoHHass MEUKpOQOTOrpadusi CTPYKTYPHI BBICOKOYTIIEPOIH-
CTOM MEPJIMTHOM CTaJIH, TIOJBEPTHYTONH TU(PPY3HOHHOMY paciaay MMpu TeMIepaType H30TepMUYe-
ckoii Beiepxkku 500 °C, a Taxxke ponoaHUTENbHOMY oTXKUTY nipu 650 °C B Teuenue 10 mun. [lpu
TeMIieparype u3orepmudeckoro npespamenus 500 °C B ctanm GpopMupyercs CTpyKTypa TOHKOILUIA-
CTHHYATOTO MEPIIUTa ¢ MEXKIDIACTUHYATEIM paccTossaueM A=0,08 — 0,14 MkM U pazmepaMu KOJIOHHH 5
— 15 Mxm [6]. KparkoBpemennsrii (10 mun.) omxur pu 650 °C He TpUBOIUT K M3MEHEHUSM B MOP-
(dosorun kapOuIHON (a3bl: OTCYTCTBYET C(HEpONaN3aINSA M KOATCCICHIUS IIeMeHTUTa (CM. puc. la).

5 MKM

Puc. 1. Dnexrponnsie Mukpodotorpaduu (POM) BEICOKOYTIIEPOIUCTON MEPIIMTHON CTAH
CO CTPYKTYpPO# TOHKOIIJIACTHHYATOTO MEPIIUTA TOCIe KPATKOBPEMEHHOTO OTIKHTA!
@ — B HICXOJJTHOM COCTOSIHUH; 6 — TIOCJI€ YCTaJIOCTHOTO Pa3pyIICHHS

PaccmoTpuM BiMSIHME MHOTOIIMKIIOBOTO YCTAJIOCTHOTO HarpyxeHus (ynpyroe negopMupo-
BaHME) BBICOKOYTJIEPOJUCTON TMEPIUTHOM CTAId HA W3MEHEHWE TaHTEHIIMAJIbHOM COCTABIISIONICH
BekTopa uHAyKiuu Bi. Kak ciegyer u3 puc. 2, ycTanocTHbIE UCIBITAHUS COIIPOBOKJIAIOTCS MOSIB-
JIEHUEM HEOJHOPOJHOCTH paclpeiiesieHusl TaHICHIMAIbHOM COCTaBISAOLIEH BEKTOpa MarHUTHOM
MHIYKIUA B OCTaTOYHO HaMarHMYEHHOM COCTOSIHUHU OOpaslia Mo €ro JJMHE, 3aMETHOHN YK€ Ipu
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N = 60000. [Ipu ycranoctHOM HarpyxeHuu ¢ yuciom nukiaoB N = 100000 nabmronaercs 3aMeTHBIN
pocT BennurHbI Br. 9T0 MOKET OBITH 00YCIIOBICHO CTPYKTYPHBIMU W3MEHEHUSMH, TPOTEKAIOIIUMHU
B MEPJIMTHON CTAJIM MPH yYCTAIIOCTHOM HAarpy)KeHWH, B YaCTHOCTH, c(hepouan3anneii IeMEeHTUTHBIX
wiactuH (cM. puc. 16). Cheponausaius TUCIEPCHBIX EMEHTHTHBIX TUIACTUH MPHU MHKINYECKOM
PaCTsHKEHHH B YCIOBHSX MHOTOIMKIIOBOM YCTAIOCTH OOYCIOBJICHa COBMECTHBIM JCHCTBUEM YIIPY-
THX PACTATHBAIOIINX HANPSDKEHUH, MHUKpOIIACTHYeCKON aedopmanuu u 3QQPEeKToB JTOKAIEHOTO
HarpeBa, yckopsmoomux auddy3uro aToMoB xene3a u yrieposaa [7].
B, mTa N=100 000 N=160 000

N={} N=20 000 N=60 000 UHKI0B HHKI0B
0,5 L UHKI0B HHK/I0B LHHKJIOB

S aYxgi

Haauwue nuxa
00yC108.1€10 NOARICHUEN
AMLPHCHIPATONOE mperiin sl

0,3 | { { | L { 1 | { I L | I 1 | | L | 1 | L { { | 1 {

0 25 0 25 0 25 0 25 0 25
L, mm

Puc. 2. PactipenienieHre TaHT€HIIMATLHOM COCTABIISIONICH MarHUTHOW MHAYKIKU By 110 paboueit
30H€ 00pa3iia B OCTAaTOYHO HAMAarHMYEHHOM COCTOSIHUU 10 HarpyxeHust (N=0) u nocine
Harpy)XeHus ¢ 3aJIaHHBIM YMCJIOM IIMKJIOB. Pe3ynbTaThl M3MEpEeHHI MPUBEICHBI U1 TOH CTOPOHBI
oOpa3siia, Ha KOTOpoit ObliIa OOHAPY)KEHA MaruCTPaIbHAS YCTAIOCTHAS TPEIINHA

[Tpu gucite ukinoB HarpyxeHus N = 160000 Ha rpaduke pacrnpenencHuss TaHTCHITHATBHON
COCTaBIIIONICH BEKTOpa MAarHUTHOM WHAYKIUU B; HaOmomaercs SpKO BBIPAKCHHBIH UK
(cm. puc. 2). Ero manuuue o0yclIOBICHO MOSBICHUEM MaruCTPaIbHOW yCTaTOCTHOM TPEUIUHBI, KO-
TOpas 3apoANJIach Ha MIOBEPXHOCTH 00pa3iia Ha UMEIOIIEMCSl KOHIICHTPATOPE HAaMpspKeHui (puc. 3).
OTMeTHM, YTO LIMPHUHA PACKPBITUSl YCTAIOCTHOM TPEIIMHBI COCTaBIsET MEHee 1 MKM, 4TO CBU/E-
TEIbCTBYET O BO3MOKHOCTH HEpa3pyIIAIOIIEro KOHTPOJII YCTAaIOCTHOM JAerpajaluu cTajled IMpH
MHOTOIIMKIIOBOM YCTaJIOCTHOM HarpykeHuw (yrnpyroe aeGopMupoBaHue).

Puc. 3. Dnexrponnas mukpodotorpadus (POM) noBepxHocTn 06pasia (mocie Harpy>KeHHs
¢ urcyioM 1ukioB N = 160000). Ctpenkamu 0603Hau€HA YCTAIOCTHAS TPEIIUHA; TyHKTUPHOMN
JTUHUEH — Kpait oOpasiia, mapaieTbHbII OCH HarpyKEHUs

PaccMoTpuM BiMsSIHME MKJIMYECKOTO HAarpy>KE€HUs MPU MaJIOLMKIOBOM ycTanoctu (yrnpyro-

TUTACTHYECKOE J1e(hOPMUPOBAHIE) OTOXKIKEHHOMN CPETHEYTIIIEPOUCTON CTalll Ha N3MEHEHHUE €€ Mar-
HUTHBIX XapaKTEPHUCTHUK.
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Marepuan B HICXOTHOM OTOXOKEHHOM COCTOSIHUH, MUKPOCTPYKTYpa KOTOPOTO MPHUBE/ICHA Ha
puc. 4, XapakTepHU3yeTCsi MUHUMAJIbHBIMU 3HAYCHUSIMU KOAPIIUTUBHOM CHIIBI (TaOIuUIIa).

= 4 anTe %

100 meMm

Puc. 4. Dnexrponnas mukpodotorpadus (POM) cpeaneyriepoaucToit CTaim B KICXOJHOM
OTOXOKEHHOM coctostaun: @ — deppur, I1 — nepaur

Tabmuia — 3Ha4eHUsT KOAPUUTHBHOM CHIIBI M OCTATOYHOW MAarHUTHOW MHIYKITHH
CPEIHEYTJIEPOAUCTON CTAIM B UCXOTHOM OTOXXKEHHOM coctosiHun (N=0, £5=0)

H=60 xA/m
bmax=0,05 Ti bmax=0,1 Ti bmax=0,4 Ti bmax=1 Tn (mpenenpHas
TIETJIs)

he, A/m | b, Tn | he, A/ | b, Tn | he, A/m | b, Tn | he, A/m b, Ta | Hc, A/m | B, Tn

15,55 0,017 | 31,8 0,043 | 99,7 0,3 146,2 0,766 | 194,5 1,159

B mporecce ycTanocTHOro Harpy:keHusi HaOJIIOAACTCS POCT 3HAYECHUN KOAPIUTHBHON CHITBI
KaK Juis IpeleibHOM, TaK U Ui YaCTHBIX METeIb MarHUTHOrO Tuctepesuca (puc. Sa, 6). OTmeTum
CYILIECTBEHHOE pa3jMuue B U3MEHEHMM KOIPLUTHUBHOM CHIIbI B C1a0BIX M CHIIBHBIX MOJISIX. B cia-
ob1x moJisax (o 0,1 T BKIFOYMTENHHO, KOTJa MAaKCHUMAJIbHOE TOJIe METIU Tuctepesrnca hpma<H)
KOSPLUTHUBHAS CHJIa YAaCTHBIX LIMKJIOB HEMPEPHIBHO BO3pAcTaeT Ha MPOTSHKEHHWU BCEro Ipolecca
neopMHupOBaHUs, MTPH 3TOM HAOIIOMAETCS €e Pe3KOe yBeIHMUeHHEe Ha HadalbHOM dTare aedopMu-
pOBaHMs, KOTOPOE C YBEJIMYEHUEM CTENeHU JiehopMallii CMEHseTcs 0osiee IUIaBHBIM POCTOM. JTO
00yCIIOBJIEHO MOBBIIIEHUEM O0IIEH MIIOTHOCTH JEPEKTOB, YTO BBI3BIBAET POCT I'PAAUEHTOB MUKPO-
HaNpsHKEHUM, YBEJIMYEHUE 3HAYECHHN KPUTUYECKUX TMOJIEH B3aWMOJICHCTBUS JTOMEHHBIX TPaHUIL C
neeKTaMu U, COOTBETCTBEHHO, 3aTPyIHEHHUE IMPOIIECCOB NepeMarnnanBanus [8, 9]. Habmomaembrii
POCT KOIPIUTUBHON CHIIBI MOKET ObITH OOYCIIOBJIEH HE TOJIBKO YBEJIMYEHUEM INIOTHOCTU JEPEKTOB
KPUCTAJJIMYECKOTO CTPOCHMS NMPU IUKINYECKOM PACTSKEHUH, HO U MOSBICHUEM 3HAUUTEIbHBIX
OCTAaTOYHBIX COKMMAIOIIMX HANPSOKEHUM TMpU  pasrpy3ke IJIaCTUYECKH Ae(POPMHUPOBAHHBIX
obpasmos [10, 11].

[Tpn mepeMarsu4MBaHuM B 00JIee CHIIBHBIX IMOJIAX MPU CYMMapHOMW ILIACTHYECKOH aedop-
Mammu 7—-10 % HabmomaeTcs cTabmIM3anys 3HAYCHUH KOAPUUTHBHOW CHJIBI BIUIOTH 10 BETMYMHBI
nepopmanuu 15-17 %. Takast crabuimzamus MOXKeT OBITh CBsi3aHA ¢ (POPMUPOBAHHEM SUECHUCTOM
JMCIIOKAllMOHHON CTPYKTYpHhI. B 3TOM cityyae ymMeHbIIaeTcsi BEpOSTHOCTh HEOOPATUMbIX CMELICHUM
JOMEHHBIX T'paHMll, T.€. YMEHBIIAETCS pPOJb HEOOPAaTUMBIX MPOLIECCOB NepeMarHnyuBaHus. Jlamb-
Helmmas 1edopManys BHOBb COTPOBOXKIACTCS POCTOM 3HAYCHHHA KOIPIIMTUBHOM CHUIBI, KOTOPBIM
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MO>KHO OOBSICHUTP MOSIBJICHUEM MHKPOTIOP, KOJIHMYECTBO U Pa3Mep KOTOPHIX BO3PACTAIOT BILUIOTH JI0
pazpymeHus. MUKpOTIOpHI, SBIISISICH NCTOYHUKaMU MarHUTHBIX TIOJIEH paccesHusl, B COOTBETCTBUU C
«reopuel BKIIOUEeHU» [8] OyAayT mpensaTcTBOBaTh IpoleccaM nepeMarHiuuBaHusl.

* bmax=005Ta 4 bmax=01Ta

* bmax=005T1 4 bmax=tl Ta
4005 = bmax=04Ta & bmax=ITa 4005 & bmax=04 T : ¢ bmax=1Tu
{ c I'Ipc;lcfn.u:m netan (H=60 kA/u) e} l'[pé,.ll'.'lbuﬂu neray (H=60 kA/v)
350+ . 350
300 300
B B
;‘\J 250 ;‘L 250
jus] T jus] T
= =
o o
= 200 = 200 :
<] <] :
150 150 A
100 T T T T T l 100 & T T T T T T T T
0 100 200 300 400 0 5 10 15 20 25
N e, Y
a o

Puc. 5. 3aBHCHMOCTb OTHOCUTEIIEHOTO H3MEHEHHS KOIPIIUTHBHOW CHIIBI OT YHCIIA IIUKJIOB

HarpyxeHus (@) 1 BeJIMYMHBI HAKOTUICHHOW IJIACTHYECKOH AedopMannu (6) 00pa3IoB u3

cpenueyriaepoauctoi cranu. 3a 100 % B3sAThI 3HaYCHUST KOIPIIUTUBHOMN CUJIBI B KCXOTHOM
OTOXKEHHOM COCTOSIHUHM (Ta0JInIa)

B nponecce nepopmupoBanusi Ha HAYaJIBHOM 3Tarle IPU CYMMapHOU IJIaCTHYECKON nedop-
Mammu 10 7-10 % HaOIIOMAIOTCS CHUKEHWE 3HAUYCHWM OCTATOYHOW MHIYKIWU IS TIPeaeIbHOU
MeTJIM U JUIsl YacTHBIX IETeNlb MPU MaKCUMaJIbHOM MarHWTHOM MHIYKIMHM IMKJIa TUCTepe3rca
bmax=1 1 0,4 Ta u (mpu cymmapHoii mactuyeckoit negopmanuu 10 2 — 3 %) poct 3HaueHUi ocra-

TOYHOU HWHAYKIOHUU AJ19 YaCTHBIX IICTCIIb IIPH MaKCUMAaJIbHOM MarHUTHOU HWHAYKIIUHW OUKJIa THCTCPC-
3uca 0,1 u 0,05 Tx (puc. 6a, 6).

® bmax=0,05Tn A hmax=0,1 Ta ® bmax=0,05Ta & bhmax=0,1 Ta
160 = bmax=04Ta ¢ bmax=1Ta 1605 " bmax=04Ta ¢ bmax=1Ta
o llpeﬂgnbﬂaﬂ neras (H=60 kA/m) 2 Mpeacabuas nétan (1I=60-kA/m) ‘
140 1® A 140 4 Y S
120 120
S S
100 = 100
3 2
T = 801
'<Q] ; il
60 60
~
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Puc. 6. 3aBUCHMOCTb OTHOCUTEIIFHOTO H3MEHEHHS OCTATOYHOW MHIYKIIUU OT YMCIIa IIUKIIOB
HarpyxeHus (@) ¥ BeJIMYMHBI HAKOTUICHHOW IJIACTHYECKOH AedopMannu (6) 00pa3IoB u3
cpenueyriepoauctoi cranu. 3a 100 % B3sAThI 3HaYCHUST OCTATOYHON MHAYKIIMHM B UCXOTHOM
OTOXKEHHOM COCTOSIHUH (Ta0JInIIa)

Takum 00pa3om, Kak U B Cliydae KOAPIUTHBHON CUJIbI, I3BMEHEHHE OCTATOYHOW WHIYKIIMH B
cna0ObIX M CHIIBHBIX TMOJISX Takxke paznudHo. C 0JHOM CTOPOHBI, YUACTKH, UMEIOIINE 3HAYUTEILHBIE
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JIOKaJIbHbIE MUKPOHANPSKEHUS (B YaCTHOCTH JUCIOKAIMU), SBISIOTCS MECTOM JIETKOro oopa3oBa-
HUS 3apojblliel nepeMarniunBanus [8]. OTo oTpaxaercs B Ha0II01aéMOM CHUKEHUH OCTaTOYHOM
MHAYKIUUA B CUIBHBIX mosisix. C Jpyrodl CTOpOHbI, MepepacipeieleHe AUCIOKAUi MPUBOIUT K
MOSIBIICHUIO 00nacTeit ¢ MeHee nedexTHoi cTpykTypoi. [Ipu HamaramumBaHuu oOpasma B ci1adbix
MOJISIX CMEUIEHUS! JJOMEHHBIX I'PaHMIl HEBEIMKHU U, [O-BUIMMOMY, HE NPEBBIIIAIOT Pa3MeEpPbl ITUX
obnacreil. [loaTomMy 3HaU€HUS OCTATOYHON MHAYKLUHU B CIA0bIX MOJISIX BO3PACTAIOT JI0 3aBEPIICHUS
(dbopMUpOBaHUS AYEUCTON JAUCIOKAIMOHHOM CTPYKTYphI BO BceM oObeme marepuaina. [locie storo
HabmoaeTcs crabuin3anys 3HaYeHU 0CTaTOYHOW MHAYKIUHU BIUIOTH J0 BEJIMYUHBI AedopMariu
15-17 %. Janpueimas nedopmaius COPOBOKIACTCS CHIDKCHHUEM 3HAYCHUM OCTATOYHOW WHITYK-
LMY HE3aBHCHMO OT BEJIMYUHBI I0JI, YTO MOKHO OOBSCHUTH MOsiBIeHHEM Mukponop. Ha maxpo-
nedexTax, B YaCTHOCTU TPEIIMHAX U I0paX, BOSHUKAIOT MarHUTHBIE MOJIs paccesHus [8], KoTopele
HaIpaBJIEHbI IPOTUBOIIOJIOKHO HAMAarHMYMBAIOLIEMY IMOJI0, YTO, B UTOrE, IPUBOJAUT K CHUXKEHHUIO
3HAYEHUI OCTATOYHOW MHIYKIIUH.

4. 3akJa0ueHune

YcTaHOBIIEHO, YTO MHOTOLIMKJIOBOE YCTaJIOCTHOE HarpyxkeHue (ynpyroe nepopmMupoBaHue)
00pasnoB u3 Beicokoyriaepoauctoit (1,03 mac. % C) cranu 10 MOSIBICHUS yCTaJIOCTHOM TPEITUHBI
MPUBOIUT K YBEJIMUCHHUIO TAHTCHITMAIBHOM COCTABIIAIONICH BEKTOpAa MAarHUTHOW MHIYKIIUKA 00pa3iia
B OCTaTOYHO HAMarHWYeHHOM COCTOSIHUM U MOSIBJICHHUIO HEOJHOPOJHOCTH €€ paclpeiesieHus 1o
JUTHHE 00pa3iia. ITo 00yCIOBICHO CTPYKTYPHBIMUA U3MEHEHUSIMHU (Cheponn3anueii IeMeHTHHTHIX
IUIACTHH), IPOTEKAIOUIMMHU B BBICOKOYIJIEPOAUCTON MEPIUTHON CTaIM MPU MHOTOLIMKIOBOM YCTa-
JIOCTHOM HarpyxeHuu. llpy nosiBaeHHH MarucTpaibHON yCTaJIOCTHOM TpeUIuHbI Ha Tpaduke pac-
MIpe/ielIeHNs] TAaHT€HLIMAJIbHONW COCTABJISIONIEH BEKTOpa MarHUTHOW MHAYKIMU HAOIJII0JaeTcs SIPKO
BBIpaKEHHBIN NMUK. [I0ka3aHa BO3MOKHOCTb KOHTPOJI YCTAIOCTHOM JErpajalliy CTAJICH IPU LMK-
JIMYECKOM Harpy>K€Huu B 00J1aCTH MHOTOLIMKIIOBOM yCTaJIOCTH.

[TonyueHsl 3aBHCUMOCTH, OINMCHIBAIOLINE W3MEHEHUE KOAPLUUTHUBHOM CHJIBI, OCTATOYHOMN
MarHUTHOM MHIYKLIMHU 7S IPEAEIbHON NeTJIM U JJIs YACTHBIX IEeTeNIb MAarHUTHOTO THCTEpe3uca oT
qyclia [IUKIOB HAarpy>KeHus (BEIMYMHBI HAKOIJICHHON IUIAaCTUYECKOM nedopManuu) Mpu MUKINYe-
CKOM HarpyeHu# B 00JJaCTH MaJIOIIMKIOBOM ycTanocTu (ynpyro-iactuieckoe 1eopMUpOBaHHE)
00pa3noB U3 O0TOXKEHHOU cpemaHeyriaepoauctoit (0,45 mac. % C) cramu, KOTOPBIE CBUIETEILCTBY-
10T O YYBCTBUTEJIBHOCTU PAacCMaTPUBAEMbIX XapaKTEPUCTUK K BEIMYMHE IUIACTUYECKOH nedopma-
MU B 00JIacTH Kak OOJbIIUX, TaK U MaiblX Aegopmanuii. [lokazana BO3MOKHOCTb KOHTPOJIS IjIa-
CTHYECKON aedopmaniy, HaKOIUIEHHOW MPU LUKIMYECKOM HarpyKe€HUH, MO 3HAYEHHUSIM MarHuT-
HBIX TapaMETPOB.

Pabora BeinmosiHeHa npu nojaepxkke npoekra Ne 12-I1-1-1027 mo nporpamme Ilpesunuyma
PAH Ne 25.

ONeKmpoHHAs CKAHUPYIOWAs MUKPOCKORUS U Ma2HUMHble usmeperus evinonnensvt 6 L{KII
«IInacmomempusy UMALL YpO PAH.
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An estimation formula for determining the force of interaction between the mass of an elec-
tric locomotive and an obstacle is obtained. To determine its parameters, a mathematical model de-
scribing the intense strain state of the cabin of an electric locomotive at arrival on an obstacle, in-
cluding cellular elements, is developed. The loading in the cabin elements is evaluated by the elas-
tic-plastic and dynamic model of material resistance to deformation.

Keywords: thin-walled elements, strength, impact interaction.
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OB OTHOM IOJIXOJIE K OHEHKE ITIPOYHOCTH MPOCTPAHCTBEHHOM CTEPXK-
HEBOW CUCTEMBI IIPU YJIAPHOM HATPY3KE

W. T'. Emenbsanos, B. 1. Muponos, A. B. Ky3neros*
Dedepanvhoe 2ocydapcmeennoe 0100dcemuoe yupesicoeHue Hayku Uncmumym mawunoseoenus Ypaivckoeo omoeie-
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[Tomy4yena oneHOYHAst GOpMYIIa TS OTIPEIEIICHUS] CHIIBI B3aMMOICHCTBHS Macc 3JIEKTPOBO-
3a U npenatcTBus. i onpeneneHus ee nmapaMeTpoB paspaboTaHa MareMaTndecKas MOJIENb, OIH-
ChIBAroIas HaprI)KCHHO-HC(bOpMHpOBaHHOC COCTOSAHHMEC KOHCTPYKIHUN KaOWHBI OJICKTPOBO3a IIPpU
Hae3a€ Ha MPCIATCTBUC, B TOM YUCIIC U COTOBLIX 3JICMCHTOB. )IaHa OLICHKAa 3Ha4YCHUHU Harpys3okK B
dJIEMEHTAaX KaOWHBI 11O ynperHHaCTH‘IGCKOfI n HHHaMHqCCKOﬁ MOJCJIM COIMPOTUBIICHUA MaTCpuaja
nehopMUPOBAHUIO.

Knrouesnie cnosa: monkocmennvie 31emMeHmol, npoYHocniv, ydapﬁoe g3aumooeticmaue.

1. BBenenue

DKCITyaTalluOHHOE pa3pyllIeHHEe pealibHbIX KOHCTPYKLUHUN, COCTOSIINX U3 MHOXKECTBA 3JIe-
MEHTOB Pa3HOTO THUIIA, CJIIOKHO OIUCATh JIa)KE C MPUBJICYEHUEM CaMbIX COBPEMEHHBIX BBIYHMCIIH-
TEIbHBIX CpeACTB. /JJluHaMUUecKuil XapakTep Harpy30K, BO3ZHUKAIOIIKX IPU aBapHsIX U KaTacTpodax
TakuX O0OBEKTOB, eue OoJiee ycnoxHsAeT 3aaady. OQHAKO Ha ATarne KOHCTPYKTOPCKOW IMpOopadoTKU
Pa3IMYHbIX TEXHUYECKUX 00bEKTOB HEOOXOMMO 3HATh, KaK MOBEAET ce0s1 0OBEKT IPU Pa3INnYHbIX
AKCIUTYaTal[MOHHBIX HAarpy3Kax, B TOM YMCJI€ HEIUTAaTHBIX (HaIpUMep YAapHbIX) Harpy3Kax.

Lenb nanHOM pabOTHI COCTOUT B pa3paboTKe MOJIX0Ja K OILEHKE HANPSKEHHOIO COCTOSHUS
U MPOYHOCTH IPU YAAPHOM HArpy3Ke MpOCTPAHCTBEHHOU 0aJI0YHO-CTEPIKHEBOM CUCTEMBI, MOJAEIH-
pyrolielt kabuHy J1okoMoTHBa. Ha 0CHOBE COBpEMEHHBIX BBIUMCIMTEIBHBIX CPEICTB pazpaboTaHa
MaTeMaTH4ecKass MoOjielb, [O3BOJIAIOIIAs OLUEHUTh CUJIY HAarpy)KeHHs U  HaIlpsHKEHHO-
nehopMUPOBAHHOE COCTOSTHUE KOHCTpYKIMKM KabuHbl TO8 mokomoTrBa 20C6 mipu Hae3e Ha Ipe-
narcTBue. PaccmarpuBaercss HOBbIM BapUaHT KaOMHBI, CIIPOEKTUPOBAHHBIN B COOTBETCTBUU C JIEH-
CTBYIOILIMMHU HOpMaMHU [1] ¥ ¢ yueToM onbITa KOHCTPYMPOBAHUS KaOUH.

N3 ananuza matepuanoB OAO «PXK]I» u eBponelckux xeyne3Hbix Aopor [2, 3] mo aBapwii-
HBIM CTOJIKHOBEHUSIM I0€3710B U3BECTHO, YTO MPHU CKOPOCTH coyaapeHus 20 km/4 cMuHaeTcs 1000-
Bas 4YacTh KaOMHBI JIOKOMOTHBA JI0 Hauajla OOKOBOI'O OKHA, CX0/JIa TEJIEkKEK C PelIbCOB HE HAOII0/a-
ercsi. [Ipu ckopoctu coynapenust 40 km/4 cmsiTHe KaOWHBI 3aXBaThIBA€T U OOKOBOE OKHO, 3HAYM-
TEITbHO YMEHBIACTCSI BHYTPHUKAOMHHOE MPOCTPAHCTBO, OCOOEHHO paboyeil 30HBI JIOKOMOTHUBHOU
Opurajipl, 1 TUIIMYHBIM SIBJIIETCS 3allleMJICHUE YEJIOBEKa MEXAY MYJIbTOM YIPABJICHUS U KPECIOM,
TpaBMUPOBAHUE IPU yJape 00 JIEMEHThl KOHCTPYKIMU KaOWMHBI U OpraHbl YIPaBJIEHUS, IPOUCXO-
JUT CXOJ1 JIOKOMOTHBA C PEJIbCOB.

VY aapHoe HarpyXeHue TBEpAbIX TeJ U UX pa3pylIeHHE — OJIHA U3 aKTyaJbHBIX MIPoOIeM Me-
XaHUKH, KOTOpasi OypHO pa3BUBAETCs C CepeauHbI npouioro Beka [4, 5]. Jus ten HeOonbIIuX pa3-
MEpOB U MpOcThIX (hopm (yaap cHapsaoM win 00MKOM, KOBKA) CYLLIECTBYIOT aHAIIUTUYECKUE BbIpa-
xenus U Berunciurenbubie nmporpamMel (EURDYN-02, ASTARTE, DYNA-2D, DYNA-3D, AU-
TODIN), no3Bossitole ONCHUTh MPOHUKAHUE U pa3pylieHne Takux Tei [4]. s pemeHus: Takux
3aJ1a4 He00X0IMMO Hanuuue nHGopMauu No (PpU3NKo-MEXaHMUECKUM MTapaMeTpaM U CKOPOCTH Kak
yaapsieMoro Teja, Tak U MULIEHH. MHOrUe MoAXO0/bl M0 PEIICHHI0 TaKuX 3ajad O0asupyrorcs Ha
AKCIEPUMEHTAJIbHBIX METOJaX UCCIIEJOBAHUSI.
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Takum o0pa3om, MpU MPOEKTUPOBAHUU HOBOM KOHCTPYKLIMU KaOWHBI JOKOMOTHBA HEOOXO-
MO 00ecreuuTh 0e30MacHOCTh EPCOHAIA MPU BCEX IKCILTyaTallMOHHBIX Harpy3kax, B TOM UHCIIE
IIpU YJapHOM HarpykeHuu (Hae3[ Ha npensrctsue). [Ipu 3tom 6e30macHOCTh epcoHalia 1 3aluTa
MOJABMKHOTO COCTaBa JOJKHBI ObITh 0OecreueHbl B OCHOBHOM 3a CYET MPOYHOCTH paMbl, Kapkaca
Ky30Ba, 4TOObI B ClIydyae CTOJKHOBEHHS JeOopMaluy UMEIU KOHTPOJIUPYEMbIH XapakTep, SHEPTus
MOTJIONIANACh 3a CUET IUIACTHUECKUX Jedopmanuii u paspyuieHus 0yhepHbIX 30H KOHCTPYKIIUH.

Hampumep, Oydepnoe ycrpoiicTBo kabunbl TD8, 3amminariiee CUIOBOM KapKac, COCTOUT
13 MpUHUMAIOUIEH yaap J1000BOH Oaliku C 3J€MEHTaMU KPEIJICHUS] U COTOBBIX 3HEPrOIOTJIONIa0-
X aeMeHToB (puc. 1). JloGosas Oanka 3, Kpensiue ee 3IeMEHThI 2 U Ha0Op COTOBBIX 3JIEMEHTOB
[0 3aMbICIy KOHCTPYKTOPOB KaOHHBI JOJDKHBI IPU CTOJKHOBEHHM C IPErpajioll pa3pylIuThCs,
CHIDKAsl yIapHYIO Harpy3Ky Ha cuioBoii nosic. [Ipu aTom nepennss Oanka nosca u G0KOBbIE PUTEIH
1 He NOJKHBI MOTYYUTh 3HAUUTEIbHBIX OCTAaTOYHBIX Je(dopMalii, 3alKias MalIMHUCTa, pUOop-
HYIO 9aCcTh, BEPXHIOI U HUYKHIOKO OOBSI3KY KaOWHBI.

B otnnune oT M3BECTHBIX NMOJXOA0B M0 PEIICHUIO 33/1a4 Ha yaap, paccMaTpuBaemasl 3ajada
OCJIOJKHSAETCS Te€M, uTO MHGOpMalus M0 MEXaHWYECKHM IapaMeTpamM U CKOPOCTH HPENSITCTBUSA
(muiienn) HeusBecTHa. [lo TpeGoBaHMSIM HOPMATUBHBIX JOKYMEHTOB [1] M3BECTHBI TOJBKO OOBIY-
HbI€ PKCIUTyaTallMOHHBIE HArpy3Ku Juid KaOUH JOKOMOTHBOB, KOTOpbI€ NMPUHUMAIOTCS 3 g B IMpO-
JOJIbHOM HanpaslieHUuH U 1,25 g B BepTUKaIbHOM HAIpaBJiIeHHUH (g — yCKOpEeHUE CBOOOHOrO maje-
Hus). Takum o6pa3om, HEOOX0AUMO pa3paboTaTh MATEMATHYECKYIO MOJECIb, TIO3BOJISIONIYIO OIle-
HUTbH CUJTy HArPY>KEHUS U HaNpPSLDKEHHOE COCTOSIHUE KOHCTPYKLUMU KaOMHBI IPU Hae3/e Ha MpensT-
CTBUE C U3BECTHBIMU )KECTKOCTHBIMH U BECOBBIMU ITapaMeTpaMH MPENsSTCTBUSL.

B oneHouHOM pacuere AJis peleHus 3ToH 3aa4u NpeylaraeTcsi UCIoIb30BaTh CTATUYECKHUI
MOAX0JI, BKJIOYash B OOIIMH aJrOpUTM IOCJENOBATEIbHOCTh KPAaEBbIX 3a/ay, Pa3TpaHUYECHHBIX
YCIOBUSMU pa3pylIeHUs] OTAEIbHBIX 3JIEMEHTOB KOHCTpykuuu. [locne paspymieHus «ciaboro
3BEHa» (PUKCUPYETCs] 3HaUCHUE HArpy3KU U 3JIeMeHT Oy(depHOro ycTpoiicTBa UCKIIOYAETCs U3 pac-
YETHOM CXEMBI JUIsl PEIICHHs] HOBOM KpaeBOM 3aJlayd IIPU BO3pacTarollel OT Hyis Harpyske. [Ipu
3TOM Harpyska, Ipu KOTOPOH MOSIBUTCSI HOBOE «CJ1a00€ 3BEHO», MOXKET OKa3aThCs Kak OoJiblle, TakK
Y MEHbIIE Harpy3ku, 3a)MKCUPOBAHHOM B MpenblIyIeM pelleHuu. B nepBom citydae cienyer aei-
CTBOBaTh IO AJITOPUTMY MEPBOrO Iara, a BO BTOPOM BO3MOXKHO IOCJIEI0BATENIbHOE pa3pylIeHHE
3JIEeMEHTOB Oy(hepHOTO YCTpOHCTBA.

B 3amauax Ha paspylieHue ocoOEHHOE 3HAU€HHWE MMEET BBIOOpP MOJIENM U YCTAHOBJIEHUE
MpeACIbHOTO COCTOSIHUS MaTepuana. C 0JHOM CTOPOHBI, OOJBIINE OCTATOYHBIE AePopMaIiK KaOu-
HbI, Ha0JII0/1aeMble MPU aBapHsX, MPENONPEEIAoT BHIOOP MOJENH YIPYTOIUIaCTUYECKOTO YIPOU-
Hsmouerocs marepuana. C qpyroil CTOpoHbl, U3BECTHO, YTO pa3pylleHre o0pa3loB MaTepuaia npu
JMHAMHYECKUX UCIBITAHUSAX HOCUT YIIPYrOXpYIKHUI XapakTep, a JUHAMUYECKUN Mpees TeKy4ecTu
MoxeT Ha 30 % mnpeBblIaTh CTAaTHYECKUN mpenen mpodHoctd [6]. [lockonpky pacder mosei
HaNpsDKEHUN U MepeMellleHUN pealbHbIX KOHCTPYKIMM BO3MOKEH TOJIBKO YMCIEHHBIMH METOJIaMH,
TO BTOpasi MOJIEJIb UMEET OUYEBU/IHBIE BBIUYUCIUTEIbHBIE TPEUMYILIECTBA.

ANroput™ pacyera NpOYHOCTH U KECTKOCTU KOHCTPYKIIUU C MOCIIEOBATEIbHBIM HCKIIIOUE-
HHUEM «CJIadOTO 3BEHA» pealn30BaH i KaOuHbl TDO8 ¢ HCHOJBb30BaHUEM CY