ISSN 0868-5886

CUCTEMHBII AHAJIA3 ITPUEOPOB

HAVYHOE IIPUFOPOCTPOEHUE, 2021, mom 31, Ne 2, c. 52—65

N U3MEPUTEJIBHBIX METOAUK

VIK 53.08+531.7

© WU. B. Auaponos, A. A. Jlo6ames, A. FO. ITerpos, C. H. Tponkun, 2021

PACYUET MOJEJIA 3TAJIOHHO YCTAHOBKH
JJIsA CO3JAHUA TTOJSA MEXAHUYECKHUX HAIIPAKEHUU

Pabora nocBsimena npoGiieMe MPaKTHYECKOro W3MEPEHHsT MEXaHWYECKUX HAPSDKEHUH B MPOMBIIIIEHHBIX O0BEK-
tax. [IpoBemeHO OOCYXIEHHE 3aBUCHMOCTH CHTHAJIOB Pa3IMYHBIX MPUOOPOB HEpaspylIAromIero KOHTPOIS OT
HanpsbkeHui. [IpencraBiieHsl pe3ysIbTaThl YUCICHHOTO MOJEIUPOBAHNS MEXaHMYECKHX HAIPSDKEHUH, KOTOpBIe MO-
T'yT OBITH CO3JaHBI B MOJIENTM 3TANOHHON ycTaHOBKH. OOCyKIaeTcst Kpyr mpodiieM, KOTOpbIe HEO0OXOANMO PELIUTh
JUIS TIepexo/ia OT Hepa3pyIIaroniero KOHTPOIs MEXaHHIECKUX HANPSHKEHUH K MX H3MEPEHHUSIM.

K. ca.: Hepa3pymaonmii KOHTPOJIb, TEH30P MEXAaHWYECKUX HAIIPSDKEHHUH, CHJIOBasl yCTAaHOBKA

BBEJIEHUE

B Hacrosiee BpeMs B IPOMBIIIIIEHHOCTH M TeX-
HUKE HKCIEPHUMEHTAIbHOE OINpeleIieHue MeXaHuue-
CKHX HaIlpsDKEHMH OTHOCHUTCS K 00JlacTu, KOTopas
HasbIBaercs "Hepaspymaromuii koHTpons" [1]. "Kon-
TpOJB" SABJSIETCS CKOpee Ka4eCTBEHHOW, YeM KOIInde-
CTBEHHOH xapakTtepuctukoid. Celyac ¢ MOMOIIBIO
npuOOPOB HEPa3PYLIAIOUIETO0 KOHTPOJISI MOXKHO OIpe-
JeIUTh 00JacTH B IMPOMBILUIEHHBIX O0BEKTaX, B KO-
TOPBIX HANPSKEHUS MOBBIIIEHBI — 30HBI KOHIIEHTpA-
uuu HanpsbkeHuil. Ho coBpeMeHHasi NpOMBILIUIEH-
HOCTh HACTOATEIEHO TpebyeT HWMeHHO "Hm3Mepe-
HUK" ONpPEACIECHNS BEJIWYMH MEXaHUYECKUX
HanpsDKEHUH B aOCOMIOTHBIX IMHHUIAX MEranackaisax
(MIIa) c mocToBepHBIM OIIPENEIeHUEM TIOTPEITHOCTH.

MexaHuueckoe HaIpsDKEHHE SIBIISIETCSI aHAJIOroM
JaBJIeHUs B TBEpAOM Tene. J[aBieHue IaBHO MPaKTHU-
YECKH M3MEPUMO — €CTh OIPOMHOE YHCJIO MaHOMET-
POB, 3TAJIOHBI, BOCIPOU3BOASIINE EAUHUIY AABICHUS
B pa3Hbix awmamazoHax, ['OCT. Ho »to BCce — mus
XKHUJKOCTEH M ra3oB. A JUIsl TBEPAOro Tejla BCEro 3TO-
IO HET — €CThb TOJIBKO HECKOJIBbKO NMpHOOPOB HEpas-
PYIIAIOLIEr0 KOHTPOJIS,, KOTOPBbIE MOT'YT OBITh ITPUMe-
HEHbI ISl PETUCTPALMY MEXaHUYECKUX HAIPSDKEHUH.
W B Hacrosiiee BpeMsl OCHOBHas NMpoOJieMa COCTOUT
B TOM, YTO JJIsl U3MEPEHHsI HalpsHDKEHUM HET Heo0Xo-
JTIMON METPOJIOTHYECKO WH(GPACTPYKTyphl — 3Ta-
JIOHHOM yCTaHOBKH, HAOOPOB CTaHIIAPTHBIX 00PAa3IIOB,
I'OCTos.

MexaHuueckoe HamnpsbKeHHE — 3TO TEH30pHO-

3Ha4Hoe nojue o, (x). CHMMETpUYHBII TeH30p BTOPO-

ro paHra o, HMMeeT 6 He3aBUCHMBIX KOMIIOHEHT [2],

X — TPEXMEPHBIIl BEKTOP KOOPAMHAT TOUYEK TBEPIOIO
Tena. 3azaya N3MEpeHNs MEeXaHNUeCKUX HaINPsDKeHUH,
KaK 3TO0 HEOOXOJUMO /sl IPOMBILIJIEHHOCTH, COCTOUT
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B OINpele/eHNH a0COMIOTHBIX BEJINYMH BCEX KOMIIO-
HEHT TeH3opa Hampspkerwii B Mlla B 00bekTe KOH-
TPOJISL.

MoAXOAbI K ITPOBJIEME H3MEPEHPIP1
MEXAHUYECKHUX HATIPSI)KEHUU

Bo BHUIMM um. I.1. MenneneeBa B TeUeHUE Psi-
na ser, HaunHas ¢ 2009 r. [3], mpoBOaMIHCH JKCIIe-
pUMeHTanbHBIe PabOTHl MO KaIMOPOBKE MPHOOPOB
HEepa3pyImaloiero KOHTPOIS Ha METaUIMYecKuX 00-
pasuax, MpenoCTaBiIsIeMbIX Pa3IMYHBIMHA POCCHHACKH-
MU TIPOMBIIUICHHBIMU TpennpusTusMu. O0pasisl
pacroyiaraiich B CHJIIOBOM MallMHE, BXOAALIEH B KOM-
MJIEKC YCTaHOBOK [ OCymapCcTBEHHOTO IEPBUYHOTO
STaJIOHA EMUHUIIBI CHJIBI, Ha KOTOPOH BOCIIPOM3BO-
IUTCS CHJla B TUAlla30He 10 2 METraHbIOTOHOB (MH).
O6pasubl umenn (popMy IITOCKHX IUTACTHH, B IIeH-
TPATBHOM OOJACTH KOTOPBIX CO3/1aBalIOCh OJTHOOCHOE
10 OCH X TIOCTOSIHHOE HaIPsDKEHHE

F

S b

rae F— 3agaHHas cuia, S — IUIOLIAb MPSIMOYTOJib-
HOI'O IIONEPEeYHOro cedeHus: oOpasla, OcTajbHbIE
KOMITOHEHTBl TEH30pa HANpsKEHUH paBHBI HYJIIO.
Jatuuk mpubopa MproKUMalcs K TIOBEPXHOCTH 00-
pasna B €ro LEHTPaJbHOH 4acTu, MpuOOp H3Meps
HEKOTOPYIO BEUYNHY f.

Hnsa ymerpaszBykoBoro mpubopa MH-5101A [4, 5]
CHUTHAI f — 3TO BpeMs B MUKPOCEKYHIaxX (MKC) IPHXO0-
Jla OTPa’KEHHBIX OT MPOTHUBOIOJIOKHONW CTOPOHBI IIa-
CTHHBI yJIbTPa3BYKOBBIX MMIIYJIBCOB TPEX PAa3HBIX I10-
JApU3aLU — JABYX IONEPEYHBIX M OTHOW MPOJOJIb-
HO. M3 npuBeneHHBIX Ha puc. | [aHHBIX BUIHA
JMHEIHAS 3aBHCUMOCTb MEXKAY CHIHAJIOM Ipubopa

o (x)=0, =0=
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Puc. 1. 3aBUCHMOCTh TMOKa3aHuii f mpubopa
MNH-5101A B Mkc ot Hanpspxerust o [MI]a].

IIpsmast 1 coOTBETCTBYET YNbTPa3BYKOBBIM BOJIHAM
C MONEPEeYHON MOoJsipu3alMell BAOJIb TIJaBHOW OCH
HaNpsDKEHUH, 2 — monepevyHas MoJsipu3anus ¢ OpHu-
eHTaIlel MeprneHInKYISIPHO TIaBHON ocH, 3 — BOJI-
HBI

€ MNOTTONTRHON TTOISINURATIHEN

Y HaNPSDKEHHWEM. 371eCh U Ha MOCIENYIOMUX rpadrKax
MPEACTaBICHHBIE SKCIIEpUMEHTAJIbHBIEC TaHHBIE 00pa-
0aTBIBAIMNCH METOAOM JIMHEHHOW perpeccuu mocie
BBIYMTAHUS TOKasaHWi mpubopa f{0) mpu HymeBoM
3aJaHHOM HanpsHKEHHUH.
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Puc. 2. 3aBUCHMOCTh MHTEHCHBHOCTH IiiyMa bapkrayseHa f,
peructpupyemoro npubdopom "MHTpockaH", OT HAIPSKEHUS
o [MIla].

KpuBast 1 — opueHTanms matdarka npuOopa BIOIH TIaBHON
OCH HaIPsDKEHUH, 2 — OpUEHTAIUs JaTYnKa MOMepeK
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[puammn peiicteus npubdopa "MHTpockan" ocHO-
BaH Ha 3aBUCHMOCTH MHTEHCHBHOCTHU Iryma bapkray-
3eHa OT MEXaHHWYECKOI'0 HAINpPSDKEHHS B MarHUTHBIX
MaTtepuanax [6]. DkcrepuMeHTaIbHbIE JaHHBIE 3aBH-
cuMocTH (f — WHTEHCHBHOCTH Imyma bapkraysena)
Jy4Ie alpoOKCUMUPYIOTCS KyOU4eCKUM IOTMHOMOM,
puc. 2. HenuHeilHas 3aBUCUMOCTb XapaKTepHa IJid
MarHUTHBIX SIBJIICHHUH.

[Toxazanmus mpubopa "StressVision" cBsi3aHBI C Be-
JIMYUHOW MATrHUTHOM aHU30TPONHNH, BO3HUKAIOIIEH
o/ JEHCTBUEM MEXAHUYECKOro HanpsbkeHus. IIpu-
BeIcHHbIE Ha Tpadukax puc. 3 dKCIEpUMEHTaJIbHbIE
TOYKH COOTBETCTBYIOT CpPEIHEH BeIMYMHE CUrHana f
0 U3MEPEHUsIM B 9 TOUKax B IIEHTPAIHHON YacTh 00-
pasua. IIpu napasuienbHOW OpHEHTAlMM JAaTYUKA pas3-
Opoc 3KCIIepUMEHTaJIbHBIX TOYEK VIl JaHHOTO MaTe-
puana obpasla J0CTaTOYHO BENHK, [T0O3TOMY I1OCTPO-
€Ha JIMHEWHAsl perpeccuoHHas 3aBUCUMOCTb. [iist mo-
MEPeYHO OpHEHTALMH JaT4yMKa TOYKH Jydlle am-
MIPOKCUMUPYIOTCS KyOmdeckoit kpuoii. [Ipubop mo-
JKET HacTpamBaThCs Ha TOJCTHIM CJOM obOpasia —
6 MM WM Ha TOHKUH CIIOM — 3 MM OT OBEPXHOCTH.
DTO0 BiAMSET, HACKOIBKO TITyOOKO B 00paser] MpoHuKa-
€T 30HAUPYIOIIMH HMIYJIbC M, COOTBETCTBEHHO, W3
KaKoi oOJIacTH UAET OTBETHBIN CHUTHAJ, HECYIINH WH-
¢dhopmaruio o HanpsokeHnr. CUTHAI ¢ TOHKOTO CITOS,
MPUIIOBEPXHOCTHOT'O, CHJIBHO 3aBHCUT OT CBOICTB
MOBEPXHOCTH METajlla, BO3MOXHO I1OABEPTrHYTON
(dpe3epHOil WKW TOKapHOW 0OpabOTKE, M TOITOMY
HUMEIOLIEeH 3HAYUTENIbHbIE OCTATOYHbIE HALIPSDKEHUSL.
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Puc. 3. 3aBucumocts TTOKa3aHUH npudopa
"StressVision" / B YCIIOBHBIX €IMHHIAX OT HAaIpsIKe-
Hus o [MIla].

[psimple 1, 3 — opueHTanMs AaTYUKA TI0 HATIPABICHHUIO
TJIABHOW OCH HANPSDKECHUS; KPUBBIE 2, 4 — OpHUECHTAIIHA
JaT4YuKa NMepIIeHIUKYIsIpHa HAIIPABJICHUIO IJIABHOW OCH
HampspKeHus; 1, 2 — HacTpoiika mpuOopa Ha TOHKHMA
cnoif; 3, 4 — HacTpoiika mpudopa Ha TOICTHINA CIIOH
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W3 anann3a nony4eHHbIX B MHOTOYHMCIIEHHBIX JKC-
TeprMeHTaxX JaHHBIX (Tpaduku Ha puc. 1-3 mpuBene-
HBI JIMIIb KaK THIUYHBIE WIITIOCTPALNH) CIEAYET, YTO
MOKa3aHus MIPHOOPOB CYIIECTBEHHBIM 00pa3oM 3aBH-
CAT OT MaTepuasia: XMMHYECKOI0 COCTaBa M MapKH
cTanmu, oT 00paboTKu moBepxHOCTH ((pe3epHas, TO-
KapHasi), OT TEXHOJIOTHH CO3AaHMs oOpasma (mpokar,
KOBKa, 3aKajKa) M, BO3MOXHO, APYI'MX IapaMeTpOB.
Jln1si OTHOOCHOTrO HaIpsDKEHHs B o0pas3lax, Ha KOTO-
PBIX IPOBOAMJIMCH O3KCIIEPUMEHTHI, HaOJII0JaeTCs
CHJIbHAsI 3aBHCHMOCTb IIOKa3aHUH HPHUOOPOB OT OpH-
GHTAallMM JaTyhka OTHOCUTEIbHO TIJIABHOM OCH
HaIpsOKEHUH.

3amaya kKamuOpPOBKH IPHOOPOB — ATO MTOCTPOEHHUE
KanmuOpoBo4YHbIX KpuBBIX o (f). COOTBETCTBEHHO,

KpHUBEIe, TTIOKa3aHHBIE Ha prc. 1-3, HeoOxoanMo oOpa-
TUTh. OTa omepanus HeoxHo3HayHas. Okxas3bIBaercs,
4TO B psiie ClydaeB Jake 3HAK HEONpeleleH, T.e.
C)KaTHE HEOTIMYUMO OT pacTsDKeHHs. Tak, HiKHHE
KpPHUBBIE Ha PUC. 3 OTBEYAIOT PACTSHKEHHUIO IIPU OpPHEH-
TalMM JaTydka [EepHeHIUKYSIPHO TJaBHOH ocH
HanpspbkeHud. W aHaloruyHble KpUBBIE BO3HUKAIOT
IIPHU OpUEHTALMH JAaTYHKa MapajielabHo IJIaBHOH ocH,
HO TIPH CKaTHH 00pasIia.

KambpoBka mpubopa B mabopaTopuu, dKCHEpH-
MEHTHI B J1a0OpaTOpUM — HTO HE CaMoIleNb. 3agayda
COCTOMT B M3MEPEHHMH HANPSKEHUH Ha MPOMBILUICH-
HBIX 00BEKTax. A B peajbHbBIX MPOMBIIIIEHHBIX 00b-
eKTax alpHOpHO HENW3BECTHO, KaK HalpaBlieHa IJaB-
Hasl OCh HalpsbKeHHil. M, COOTBETCTBEHHO, KaK CIEeAy-
€T OPHUEHTUPOBATh JATYMK NpuOOpa. A mpH pasHbIX
OpPHEHTAlMIX AATYMKa IMOJIYy4aloTCsl pa3Hble MOKa3a-
HUS U, KaK ObIJI0O OTMEUEHO BBIIIIE, JaXKEe Pa3HOro 3Ha-
Ka.

Bonee Toro, HeT HUKAKUX TrapaHTHd, YTO B HCCIE-
JyEMOM TIPOMBINIUIEHHOM 00BEKTe HalpsDKeHue OyieT
OJTHOOCHBIM. B 0011em cirydae y TeH30pa HanpspKeHu |
ecTb 6 HE3aBUCHMBIX KOMIIOHEHT, IIpH 3TOM Ha IIO-
BEPXHOCTH — TPHU HE3aBUCHMbIE KOMIOHEHTHL. [lo-
3TOMY, €cli MpuOOp OTKAIMOpOBaH B JIAOOpaTOpUU
Ha OZIHOOCHOM HAIPsDKEHHH, & B PEATbHOM IIPOMBIII-
JICHHOM OOBEKTe HampspKeHHE IBYXOCHOE, TO KaK MH-
TepIpPETHUPOBATh IOKa3aHUs MPUOOpPa, HEMOHATHO.

B peanbHBIX 00BEKTaxX 3aBHCHMOCTb HANpPSDKEHUS
OT NIPOCTPAHCTBEHHBIX KOOPJAUHAT X MOXKET OBIThH J10-
cTatrouHo cuibHOW. [lpm w3rMbe mIacTHHBI WU
B OKPECTHOCTSIX CBAapHBIX LIBOB HANPSDKEHUS CUIIBHO
MEHSIOTCS Ha PAcCTOSHUSAX MOpSAAKAa CaHTHUMETpa.
B 10 Bpems Kak XapakTepHble pa3Mepbl NaTUYHMKOB
npUOOPOB COCTABIISIIOT HECKOIBKO CAaHTUMETPOB. [lo-
3TOMY NPH U3MEPEHUAX MPOUCXOAUT YCPEIHEHHE I10-
JIs1 HaNPsDKEHUH 10 HEKOTOPOMY XapaKTepHOMY 00b-
eMy, olpenensieMoMy KOHCTpYKUuell natyuka npuodo-
pa.

Taxkum oOpaszom, HeoOxommma pa3zpaboTka U co-
3MaHUe SKCIEPUMEHTAIbHON YCTaHOBKHM, KOTOpasi Obl

co3gaBaja B 0o0Opa3lax MeXaHHMYeCKHE HaIpsKeHUs
oCcTaTOYHO obmiero Buma. s wccnenoBanust 3¢-
(hexToB ycpemHeHns He0OXOMMO B AKCIIEPUMEHTAITb-
HON yCTaHOBKE BOCHPOHM3BOANTH HEOAHOPOIHBIE TIOJIS
HalnpsoKeHui o, (X).

Bonbiioll nmpakTHueCcKUd HHTEPEC MPENCTABISIOT
W3MEpeHHs HaIpsHDKEHUH B Ta3omnpoBonax. Tak, ObIIo
MIPOBEJICHO OIpe/elieHre HApsHKeHnd B TpyOe O0Ib-
LIOro JuaMmerpa IOJ 3aJaHHBIM JaBJICHHEM aKyCTO-
YOpYyruM MeToAoM ¢ moMmomisto mpubdopa MH-5101A.
OTnuune Mexny S3KCIEPUMEHTaIbHO IIOJyYEHHBIMH
HaNPSDKEHUSIMA M TEOPETUYECKU PACCUMTAHHBIMH IS
TpyOBbl JAHHOTO pajguyca W TOJIIMHBI COCTABISAET IO-
psanka 5% [5]. LHununaprudeckass reomerpust TpyObl
BBIJIETISIET JIBE IVIaBHBIE ocu HampshxeHus. Ho aTo gact-
HbIl  ciayyallh  JBYXOCHBIX  HANpPSKEHUM,  XOTS
U KpaliHe BaXKHbIM npaktuyecku. Kpome toro, B ciny-
4ae TpyObl HalpaBlIeHUs IBYX IJIaBHBIX OCEl TEH30pa
HaNpsDKEHUH apruoOpHO U3BECTHBI.

OKCIIepUMEHTaJIbHAsl YCTaHOBKAa I10 CO3JaHMIO
JIBYXOCHOTO HampspKeHUs co3naHa B bemopyccun [6]
i KannopoBku mpubdopa "MaTpockan". B Heil B 00-
pasmax KpectooOpa3HoW (OpMBI BOCITPOM3BOAUTCS
JBYXOCHOE HANPSKEHUE pacTshKeHUsl. B 1ieHTpanbpHOi
gacTh 0o0pasia 1moie HanpsoKeHui mocTosHHO. M s
npubOpoB, OCHOBAaHHBIX Ha mIymMax bapkraysena, sto-
ro JOCTaTOYHO, IOCKOJIBKY CHUTHAJ O HaIPsDKEHUSX
CHMMAETCsl C TOHKOI'O0 NPHUIIOBEPXHOCTHOI'O CJI0s 00-
pasma. DTo Ke CHpaBeINBO U Il MPHOOPOB, OCHO-
BaHHBIX Ha 3(¢eKTe MarHUTHOM aHu3oTpormuu. Ho
i yneTpasBykoBoro MH-1051A mocTosHHOTO, XOTS
U JIByXOCHOI'O, HAIPSDKEHUSI HEIOCTATOYHO, TIOCKOJIb-
Ky BKJIaJ B PErHCTPUPYEMbIH CHUTHAN JaeT BCA TOJ-
mKHa o0pasla — MPOUCXOJUT CyMMHPOBaHHE BKJIa-
JIOB OT HampsbkeHuil no tommuue. Ilpu sTom cyme-
CTBEHHA 3aBHCHMOCTH I1OJIS1 HANIPSDKEHUH OT KOOPIM-
HaT X.

Otcroa BO3HHKAIOT TpeOOBaHUS K Oymyiei sra-
JIOHHOM YCTaHOBKE: YCTAHOBKa JOJDKHA CO3/1aBaTh
B oOpasle 1000e moje HaupsbKeHui o, (X), KoTopoe

MOXET OBbITh B PEAIBHBIX NMPOMBIIIJIEHHBIX 00BEKTaX.
Ecnn xe 310 Oyzaer He Tak, ¥ KaKue-To IOJIs Ha ycTa-
HOBKE HE OyAyT BOCHIPOH3BOAUTHCS, KaK 3TO MMEET
Mecto B [3], Tme coO3malOTCI TONBKO OTHOOCHEIC
HampspKeHUs, TO KaluOpoBKa MpHOOPOB HAa TaKUX
YCTaHOBKax HemomycTuMa [7], TIOCKONBKY NPUBEAET
IPU U3MEPEHHAX Ha PealbHBIX OOBEKTax K Hempen-
CKa3yeMbIM pe3yJIbTaTaM.

B [7, 8] Obuta mpemiokeHa KOHCTPYKITUS ATAJIOH-
HOIl yCTaHOBKH, YJOBJIETBOPSIOLICH yKa3aHHBIM BbI-
me TpeOOBaHMSIM. YCTaHOBKAa MPEACTaBIAeT coOoit
Ha0Op CHJIOBBIX TMAPABIMYECKHUX IOPIIHEH, KOTOphIe
yepe3 KpEeNeKHbIE YCTPOWCTBA MEpPENaroT 3adaHHBINA
BEKTOP CHJIBI Ka)KJIOMY M3 YEThIpeX YIJIOB oOpasia
B ¢opMe KBaapaTHOW IUIACTHHEL. OTallOHHAs ycCTa-
HOBKa ITpeHa3Ha4YeHa JUIS CIICNYIOIHNX 3a1ad.
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* MonenupoBanne B JabopaTopuu ToJed Hampsi-
XKEHUH, KOTOpble MOT'yT BO3HHKAaTh B PEAJIbHBIX IIPO-
MBILUICHHBIX KOHCTPYKLUAX U O0BEKTax, U Ipolecca
W3MEPEeHUH Ppas3IMYHBIMH IpuOOpaMH Hepaspyllaro-
LIEro KOHTPOJSI BOCIIPOM3BEAECHHBIX TEH30pHO3HAY-
HBIX OJIEW HaIPSHKEHUI.

» KammbpoBka mpnOOpoB, TpeaHa3HAYEHHBIX IS
N3MepEeHMs MEXaHMUECKUX HaIIPSDKeHUH.

HucneHHOMY MOJEIUPOBAHUIO MOJIEH HANPSKEHUN
B 3TOH YCTAaHOBKE MOCBSIIEH CIACAYIOIUNA pa3aen.

MOJIEJIMPOBAHUE 3TAJIOHHOM CHJIOBOI
YCTAHOBKH U151 CO3JAHUSA MOJIS
MEXAHUYECKUX HAIIPSI)KEHUMN

HUtak, B yCTaHOBKE CO3JAIOTCS HANPSDKEHUS
B CTaHJApTHBIX 00pasmax B Gopme KBaJpaTHOH Iia-
cturbl (puc. 4) Pabouelr o0nacTbio, B KOTOPOH coO-
30aI0TCS HAUPsDKEHUS, SBISETCSl LIEHTpajbHAs 4acTh
IUTACTHHBI, KOTOPYIO MOXKHO HPUOJIKEHHO paccMart-
puBath Kak ynpyruil cioil. IloBepxHoCcTH 3TOrO Cliost
CBOOO/IHBI OT HANPSDKEHUH, T.€. HA HUX BBIIOJIHAETCS

0.=0, 0.=0, o_=0.

[TooToMy 3HaueHHs OSTHX KOMIIOHEHT TEH30pa
HaIpspKeHUH OJTM3KH K HYJIIO U B TolIe oOpasma. by-
J€M CYNTaTh, YTO AT KOMITOHEHTHI TEH30pa Harps-
’KEHUH MaJIbl U B JIIOOBIX M3MEPSAEMBIX KOHCTPYKIIHIX
M HE OKa3bIBAIOT CYIIECTBEHHOTO BIIMSHHS Ha Pe3yIlb-
taTbl. OcTajgbHBIE TPU KOMIIOHEHTHI TEH30pa Hamps-

KEHUH O, O, W O, MOIyT OBITb BOCIPOH3BEICHbI

B CpenHei yacTu obpasiia.

[TockonbKy B pamMkax TWHEHHOH Teopun aedopma-
MU M30TPOIIHOTO YIPYroro Tela MEXaHHYECKHe
HaNPSDKEHUS] ONPEAEISIIOTCS MPUKIAAbIBAEMBIMU CH-
JIaMH ¥ HE 3aBHCAT OT YIPYTUX XapaKTepPUCTHUK MaTe-
puama [2], B KadecTBE MPHYMHBIL, BBI3BIBAIOMICH
HampspkeHUsT B oOpasie, yno0HO HCIOIb30BaTh HE
CMelIeHus, 3ajamonye nedopmanuio, a HEHocpen-
CTBEHHO CHJIbI, TpUKJIaabiBaeMble K oOpasiry. Co-

Puc. 4. 'eomerpus ctangapTHOro odpasna
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Puc. 5. Pactipenenenne HanpspkeHHA B 00pasIie.
CrulolHas KpUBas — Oy, LITPUXOBAS — Oy,

IIYHKTUP — Oy,

rimacHo npuHnuty CeH-Benana, cOamaHcHpoBaHHBIC
HaNpsDKEHUs] PE3KO CIajaloT C PAacCTOSHUEM, YTO
MO3BOJIIET HE KOHTPOJIMPOBATH CIIOCOO MPHIIOKEHUS
CHJI, OIIPEAENAEMbIi KOHKPETHBIM CIIOCOOOM Kperie-
HUS CUJIOBOM TUTOMIAIKK K 00pa3iry. B kadectBe Tako-
BOTO MOXKHO NPHUHSThH, HAIPUMEP, OOITOBOE COEIUHE-
HUE Yepe3 OTBEpCTHE B YIIy IUIacTHHBI. MTak, mpen-
JIaraeTcsl UCHOJIb30BaTh CHIIOBYIO YCTAHOBKY, I03BO-
JISIIOILYO TIPUKIAABIBATh K YETHIPEM yIJIaM IIJIaCTHHBI
pou3BOJIbHbIE cuibl. CHcTeMa CHI, OYEBHAHO,
NoKHa OBITH cOaaHCHpPOBAaHHOW, T.€. HWMEoIIei
PaBHYIO HYJIO paBHOACHCTBYIOIIYIO.

CrnenmoBaTenbHO, K 00pasily NpUKIaabBaroTcS 4
cmibl (12 cKamApHBIX KOMIIOHEHT), Ha KOTOpEIE
HakmaapIBaercsa 6 ycrmosuil Oamanca. Mtoro mmeem 6
MPOU3BOJIBHBIX BEIMYMH. BO3MOXHO 1M, Bappupys
9TH BEJIMYUHBI, BOCIIPOU3BECTH BCE KOMIIOHEHTHI TEH-
30pa HanpsbkeHun? [{ng oTBera Ha 3TOT BOmpoc ObLTO
MPOU3BEIEHO YNCIEHHOE MOAEIMPOBAHUE IIPU TTOMO-
i makera Abaqus.

OueBngHO, YTO Yem Oombine Oyaer pazMep Iuia-
CTHHBI, TeM OOJbIlle OKaKercs M pabouas 00IacTs.
OpmHako 00pasIrsl OOITBIINX pa3MepPOB TPYAHO U IOPO-
IO M3TrOTaBJIMBaTh, & TAKXKE C HUMHU TPYAHO padoTaTh
(BBUOy mx Beca). B oOpasmax HeoOXoquMo co3aBaTh
3HAYUTENIbHbIC HAIIPSDKEHUS, CPAaBHUMBIE C IIPEIETIOM
YOPYrOoCTH WM JaXKe TEKy4ecTH MAaTepualoB, 4YTO
BXHO I KaduOpPOBKH TMPHOOPOB, IMOCKONBKY IS
HNPAaKTUKA HEOOXOAWMO ONpeneNsiTh HaNpsLKeHHO-
neOopMHpOBaHHBIE COCTOSHUS OOBEKTOB, ONHM3KHE
K BO3MOXKHBIM pa3pymeHusM. /s 3toro x obpasuam
HEOOXOAMMO TPHUKIAIBIBATE OOJBINNME CHIIBI, HTO,
B CBOIO Ou€pesib, BEJET K YBEIHMUEHHUIO YCTAaHOBKH, €€
MOIIHOCTH M, COOTBETCTBEHHO, CTOUMOCTH.

OnrtruManbHOH, Ha HAI B3IJISL, SBJISIETCS IIJIACTUHA
pasmepom 25 x 25 cm. IIpu Takux pazMepax, Kak Io-
Ka3bIBAIOT pacyeThl (CM. puc. 5), pazmep paboueit 00-
JIaCTH, oNpenensieMor U3 TPeOOBaHMUS OTKIIOH CHUS
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4

<
VA

Puc. 6. Koadurypamuu cun (a), (b), (c) u momenTos (d)

3Ha4YeHUus HanpsbKeHui He Oosee yeM Ha 1 %, cocras-
JIeT opsiaka 5—7 cM.

BceBo3MokHBIE KOHOUIypalMd CHI C Y4YETOM
CUMMETPHHM CBOISTCA K TpPeM, H300paKeHHbIM
Ha puc. 6, a, b, c. [lockonmbKy K W3ru0y TUTACTHHBI
MPUBOIUT TONBKO KoH(uryparms (a), Obu1 modaBieH
Take BapuaHT (d), B KOTOPOM K yIjaM IUIaCTHHBI
MPUKIIAIBIBAIOTCS BpALIAlONIie MOMEHTHI. Pe3ynbra-
THl PacyeToB HAIPSDKEHHOTO COCTOSHUS, BBI3BAHHOTO
neiicteueM cui B 1 kr, npuseneHsl B [lpumnoxxeHuun
BTabn. 1, 2 m 3 uid miuacTWH, MMEMOINX TONIIHHY
h=15,20 150 MM COOTBETCTBEHHO.

OtmeruM, 4TO KOHQUTYparus (a) J0MycKaeT To4-
HOE pellleHHe B paMKax TeOpWH TOHKHX IUTacTUH [9].
3amaya 00 w3ruOe TIACTUHKU CTABUTCS CIETYIOINM
0o0pa3oM: CMEIIEHHE CPEIMHHONH  IOBEPXHOCTU
w(X,y) yIOBIETBOPSET OMTapMOHUYECKOMY ypaBHE-

HHIO
Aw=0, x,ye[—é,éj.
22

Kpas muactuHku cBOOOAHBI OT IEpepe3bIBAOIINX
CHJI ¥ U3rH0aIOIUX MOMEHTOB:

F(x,—L/2)=F(x,L/2)=0,
M(x,-L/2)=M (x,L/2)=0, xe(-L/2,L/2),
F(-L/2,y)=F(L/2,y)=0,
M(-L/2,y)=M(L/2,y)=0, ye(-L/2,L/2).

Hnst cun F 1 MOMEHTOB M Ha HpPsIMOJIMHEHHOM
KpOMKeE CITpaBeIuBHI (hopMyisr [9]:

3
Fe_D 6Aw+(1_v) 6w2 ’
on OvOs

2
M =D£Aw—(1—v)‘?3 ”;J
S

rne D=Eh’ / (12(1 —vz)) — IWJIMH/PHYECKAs KECT-

KOCTh, £ — monyns FOura, v — xoaddumuent [lyac-
coHa, (n, ) — HOpPMallb W KacaTelnbHas K KpPOMKE.
Harpyxenue B yriax IUIaCTUHBI MOXET OBITH ONHMca-
HO

B TEPMHUHAX YTOJIKOBBIX CHII:

2
Fl+f L) opa-v)| 2 |-k,
2 2 onos

(kv b)eor,
2 2

31ech KBapaTHBIMH CKOOKaMH 00O3HAa4YEH CKadOK
BEJTMYUHBI TIPH NIEPEX0/Ie C OHON KPOMKHU Ha JIPYTYIO
4yepe3 yroi IIacTHHKY.

3ameruM, 9T0 PyHKIHSA

w(x,y) = cxy (D

YIIOBJIETBOPSIET Y YPAaBHEHHIO, M KPAeBbIM YCIOBHUSM.
IIpu 5TOM yronkoBbIe CHIIBI PABHBI COOTBETCTBEHHO

F. =+2D(1-v).

OTcroa HaxoanuM

HAVYYHOE ITPUBOPOCTPOEHME, 2021, Tom 31, Ne 2
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=80V p
ER’
3naveHus Kod3pduiueHtos B popmyie (3)
h C1 C2 C3 C4 CS C6 C7
5 MM 22.612 1.992 1.445 0.155 0.854 0.854 1.682
20 mm 22.826 1.998 6.689 —0.295 3.415 3.408 6.977
50 MM 23.524 0.672 38.76 —23.35 8.560 8.610 19.506

Jebopmanuu, oTBeYaroNe CMEIIEHHSIM W, OIpe-
nenstorest hpopMyaamMu

Torma pemenuto (1) Oymer COOTBETCTBOBAThH
HarpspKeHue

o, =—6Fh"z.

Jns TutacTHUHBI, MMEIOIIeH TONIWHY A = 5 MM,
MOJIEIb TOHKOH IIJIACTUHBI JAaeT 3HAUYCHUS o,, Ha 10~

BepxHOcTH, paBHble +120 MIla, uto cornacyercs
¢ pacueroM (cMm. llpunoxenwne, Tadm. 1) c morpemtHo-
cteio MeHee 1 %. s mmactusbl ¢ £ = 20 MM COOT-
BETCTBEHHO Iony4aeM 3HaueHus +75 Mlla, yto otnu-
qaercs oT pacyera Ha 4 %.

Ha ocHoBaHMM NpOM3BEIEHHBIX PacueToB MOXKHO

BeTcTByIOMmEer Tabmuubl 1, 2 wmm 3, @, — 3Ha4YeHHe
o, B Onoke (c), a3 — 3Hayenue o, B OnOKe (C)

XX
M a4 — 3HAYCHUE O, B omoke (b). AHAJOTHIHBIM

o0pa3oM, JIMHEHHO pacHpenelieHHble I10 TONIINHE
TUTACTHUHBI HANIPSDKEHHS ONPEEISIOTCS. BEKTOPOM CHIT

(F,.Fy. fy) dopmynamn

0o, [0z |=| 0 a, as| F,
0o, /0z) \a; O O )\F,

oo, oz 0 a, a )\ F

Obpamas (2) u (3), HECTOXKHO TOITYYUTH CHIIBI,
KOTOpBIE TPeOyeTCsl MPHIIOKUTH LTSl CO3MaHus Tpedy-
€MBbIX HaIlPSKCHUIA:

yKa3aTh, 4TO KOMIOHEHTS O, O, M O, BOBCEX . _ . oo i oo, Fo—C oo, i oo,
CllydasX HarpyXeHHs M JUIs BCeX 0OpasloB mpeHe- ¢ ' oz oz Y T bz b oz
opexxumo Manbl. Cucremsl Harpyxenus (b) u (c) mos- F,=Co,_ +Co, -Co,,

BOJIIIOT ~ BOCIIPOU3BOJMTH  3HAYECHHUS  OCTABIIMXCS

KOMIIOHEHT TEH30pa, IIPAKTHYEeCKH paBHOMepHO pac- Lo =G0, +Co, —Cio,, 3)
IIPE/IETIEHHBIX [0 TOJIIMHE IUIACTHHBI, & HATPY)KEHHUSI oo

(a) u (d) cayxar mwia co3manus ymHenHo pacmnpene- F,=Co,, F,=C, 6; .

JIEHHBIX T10 ToJIIIMHE HanpsbkeHuil. Hapsany ¢ Bapuan-
Ttamu (c) u (d) BBeeM B pacCMOTPEHHE TaK)Ke ITOBEP-
HyTble Ha 90° HarpyxeHus, KOTopbie OymaeM 0003Ha-
4aTh (c') u (d'). OTBeyatonye UM 3HAYCHUS HATIPSIKe-
HUM, OYEBUJHO, OTJIMYAIOTCS OT HAINpPSDKEHUH Npu

Harpyxenusx (¢) u (d) 3ameHoil o, <> o, ¥ CMEHOH

sHaka y o, . Takum o0pa3oM, B pamKax JIHHEHHON

TEOPUU YNPYIOCTH, BEIMYMHBI KOMIIOHEHT TEH30pa
HanpsDKEHUH, BO3HUKAIONIMX TPU 3aJaHHOM KOMOH-
HallUY Harpy>KeHui, onpenenstoTcs no Gopmynam

Kosdpuuuentsr C; 3aBUCAT OT TONILIMHBI ILUIACTH-
HBI, MX 3HaYE€HHS, PACCUMTAHHBIE 110 PE3yJIbTaTaM MO-
JENMPOBAHNS, IPUBEACHBI B TAOJIHIIE.

3AK/IIOYEHHUE

[TpoBeseHHBIE HCCIIENOBAHUS IOKA3BIBAIOT, YTO
UMeloIyecs MpHOOpPHl Hepa3pyIIAromero KOHTPOISA
MOT'YT M3MEpSATH JIUIIb BIIOJHE OINPEIEICHHBIC THITHI
HAIPSDKEHHOTO COCTOSIHUSI MEXaHWYECKHX KOHCTPYK-

- a a, a\F unit. Tak, UH-5101A He dyBCTBHTENEH K HampsiKe-
l=la a a | E| (2) HMAM, BOSHHKAIOIIMM TIPH negopmanmsix u3ruda,

a StressVision n3Mepser JMIIb Pa3sHOCTb TIJIaBHBIX
w a 0 0 )\F, HampspkeHui B obpasiie. [loatomy aist 1ocToBEpHOTO

Koadpdutmmentsr matpunpst B (2) 6epyrcs u3 Tabd-
JUIBI, COOTBETCTBYIONIEH 00pa3ily 3aJJaHHOM TOIIIH-
Hbl. Tak, a; — 210 3HaueHue o B 61oke (b) coor-

HAYYHOE ITPUBOPOCTPOEHME, 2021, Tom 31, Ne 2

U3MEpEeHHsT BCEX KOMIIOHEHT TEH30pa HarlpsDKEHHH,
MO-BHJMMOMY, HYXXHO HCIOJNB30BaTh KOMOWHAIIHIO
MpuOOPOB, KOTOPBIE TPEIBAPUTENBHO JOIDKHBI OBITH
OTKaTMOpOBaHBI, W A TakoW KaduMOpPOBKH HYXKHA
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Oonee coBepllIEHHAs] CHIIOBAsI yCTAHOBKA, MOJENb KO-
TOpoi mpemsiokeHa B [7, 8] u paccunTaHa B JaHHOW
cratbe. Kpome camoll CHIIOBOM yCTaHOBKH He00XO-
MO TIPEIyCMOTpPETh co3aHue Habopa (cBoero poaa
OMOIMOTEKN ) 3TaJOHHBIX 00pa3ioB. B maHHO# cTraThe
MBI OTPAaHWYWINCH JIHIIL O0paslaMu MpocTeiiiei
MpsAMOYTOIbHONH (opMbl. OHAKO, TIOCKOJBKY pealtb-
HbI€ KOHCTPYKLIUM MOTYT COCTOSITH M3 OaloK pa3iuy-
Horo mpoduis (mBemwiep, AByTaBp, Tpyda KpPYyTriIoro
WIH TPSIMOYTOJIBHO CEYEHHSI U Ap.), BEPOSITHO IOHa-

NOOSITCSI W COOTBETCTBYIOIIME JTaIOHHBIE 00pa3Ilbl.
OtMmernM, 9TO COBPEMEHHBIC MAKEeThl, aHAJIOTWYHBIC
MpUMEHEHHOMY B JaHHOW pabore makery Abaqus,
MO3BOJISIIOT TPOBOJMTH PAacdeThl HANpPSDKEHHOTO CO-
CTOSTHUSI TIOJJOOHBIX 00pa3IoB U CIIOCOOOB WX HATpy-
KEHHS C TOYHOCTBIO, OCTATOYHOM JUIS pelIeHus 3a-
1a4, CBSI3aHHBIX C CO3/IaHMEM STAJOHHOW yCTaHOBKH,
BOCIIPOM3BEICHNEM MEXaHWYECKHX HAlpsDKEHWH W Ka-
TUOPOBKOM MTPHOOPOB.

IMPUJIOKEHUE

Ta6u. 1. KommonenTs! TeH3zopa Hanpspkenwii (kI1a) B meHaTpe 5 MM o6pasma

Harpy31<a (pHC' 6) Z Oxx Oyy Oy
(a) 0 0.2 0.2 118859.0
h/2 0.2 0.2 0.0
h 0.2 0.2 —118859.0
(b) 0 624.9 624.9 1170.8
h/2 624.9 624.9 1170.6
h 624.9 624.9 1170.8
(©) 0 700.2 =753 0.0
h/2 700.0 —75.1 0.0
h 700.2 —75.3 0.0
(d) 0 8913.7 —785.7 0.0
h/2 0.0 0.0 0.0
h —8913.7 785.7 0.0

Ta6u. 2. KommonenTs! Ten3zopa Hanpspkenwi (kI1a) B mearpe 20 mm obpasia

Harpy3ka (puc. 6) z Oxx Oyy Oxy
(a) 0 -0.3 -0.3 7167.1
h/2 -0.3 -0.3 0.0
-0.3 -0.3 —7167.1
(b) 0 156.7 156.7 294.0
h/2 156.7 156.7 293.4
h 156.7 156.7 294.0
(©) 0 150.5 5.8 0.0
W2 149.8 6.6 0.0
h 150.5 5.8 0.0
(d) 0 2207.4 —-193.2 0.0
W2 0.0 0.0 0.0
h —2207.4 193.2 0.0
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Ta6u. 3. KommonenTs! Ten3zopa Hanpspkenwi (kI1a) B meatpe 50 mm obpasma

Harpy3ka (puc. 6) z Oxx Oyy Oxy

(a) 0 7.0 7.0 1025.3
h/2 7.0 7.0 0.0
h 7.0 7.0 -1025.3

(b) 0 64.5 64.5 117.6
h/2 64.5 64.5 116.1
h 64.5 64.5 117.6

(©) 0 41.9 23.0 0.0
h/2 40.5 24.4 0.0
h 41.9 23.0 0.0

(d) 0 850.9 -24.3 0.0
h/2 0.0 0.0 0.0
h -850.9 24.3 0.0

CIIMCOK JIMTEPATYPbI 9. Andronov LV. Generalized Point Models in Structural

1. B mupe nepaspywarowezo roumpons. CII6.: OO0
"Cgen", 2018. T. 21, Ne 1 (Tema HOMepa: HaIpPSKEHHO-
neOpMUPOBAHHOE COCTOSIHUE). 76 C.

2. Jlypve A.U. Teopus ynpyroctu. M.: Mza-Bo Hayka, 1970.
940 c.

3. Ocmpusnoti A.®., Heanos C.IO., Jlobawes A.A., Benepu-
nosuy B.JL, Ilykepman B.JI. // Kontpons. Jluarnoctuka.
2011.T. 6. C. 44-51.

4. Huxumuna H.E. Axycroynpyrocts. ONbIT IPaKTUIECKOTO
npumenennsi. H. Hosropon: Mza-Bo TAJIAM, 2005.
208 c.

5. Huxumuna H.E., Kamviwes A.B., Cmupnos B.A., bopwes-
cxkuti A.B., Hlapvieun FO.M. OnpeneneHue OCEBBIX H
OKPY)XHBIX HANpsOHKEHUH B CTEHKE 3aKPBITOM TPYOBI yib-
TPa3BYKOBBIM METOJIOM Ha OCHOBE SIBICHHUS aKyCTOYIIPY-
roctu // Jedexrockomus. 2006. T. 3. C. 49-54.

6. Benepunosuu B.JI., Bunmos /[.A., [Ipyonuxos A.H., [1o0y-
eonvHuxos I1.A., Pabyes B.H. OcoO0eHHOCTH H3MEpEHUs
HanpsDKeHU B QeppoMarHeTukax wmerojoM d¢dekra
Bapkraysena // Kontpons. [JuarHoctuka. 2017. T. 8.
C. 10-17.

7. Ocmpuenoti A.®., Jlobawes A.A. Merponorudeckoe
obecrieyeHrne U3MEPEHUH MEXaHHMUECKOro HampsHKeHUs //
B mupe nepazpymaromero koutpons. 2017. T. 20, Ne 3.
C. 58-61.

8. Jlobawes A.A. VI3mMepeHne MEXaHMYECKOTO HATPSHKCHUS:
3aJaud M TepcrekTuBel // Hepaspymaronuii KOHTPOIb
U JUarHoCTUKa. benopycckuil dIEKTPOHHBIN  IIEHTP
"Hayka", 2018. T. 4. URL:
http://science.by/nauka/78/812/

HAYYHOE ITPUBOPOCTPOEHME, 2021, Tom 31, Ne 2

Mechanics. Singapore; NewJersey; London; HongKong,
WorldScientific, 2002. 275 p.

Cankm-IlemepOypzckuil 2ocyoapcmeeHHbll YyHUGEPCU-
mem, guzuueckuut paxynomem, HUH ¢huzuxu
um. B.A. ®oka, Cankm-Ilemepoypz (Anoponos U.B.)

Bcepoccuiickuii nayuno-ucciedosamensCKuil UHCMUmMym
memponozuu um. /I.H. Menoeneesa, Caukm-Ilemepoypz
(VIobawes A.A.)

Huscunupunzosaa komnanua "TECUHC", noopa3zoene-
Hue 6 Canxm-Ilemepoypze, Canxm-Ilemepoypz
(Ilempos A.1O.)

Huorcunupunzosas komnanus "TECHC"', Mockesa
(Tponkun C.H.)

Konraktel: Anoponoe Hean Buxkmoposuu,
i.andronov(@spbu.ru

Martepuan noctymmi B pepakuuio 26.01.2021



ISSN 0868-5886

NAUCHNOE PRIBOROSTROENIE, 2021, Vol. 31, No. 2, pp. 52—65
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TO REPRODUCE FIELDS OF MECHANICAL STRESSES
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The paper concerns the problem of practical measurement of mechanical stresses in industrial objects. The
signal dependencies of different nondestructive testing devices on the stresses are discussed. Results of numeri-
cal modeling of the mechanical stresses that can be reproduced by the suggested standard machine are present-
ed. A number of questions that should be solved to turn nondestructive testing into the measurements of me-

chanical stresses is discussed.

Keywords: nondestructive testing, tensor of mechanical stress, standard machine

INTRODUCTION

At present, in industry and technology, the experi-
mental determination of mechanical stresses belongs
to the field called "non-destructive testing" [1]. "Con-
trol" is a qualitative rather than a quantitative charac-
teristic. Now, with the use of non-destructive testing
devices, it is possible to determine areas in industrial
facilities in which stresses are increased — stress con-
centration zones. But modern industry urgently re-
quires precisely "measurements" — the determination
of the values of mechanical stresses in absolute units
of megapascals (MPa) with a reliable determination of
an error.

Mechanical stress is analogous to pressure in a sol-
id body. Pressure has long been practically measura-
ble: there is a huge number of manometers, standards
that reproduce the unit of pressure in different ranges,
as well as the State Standard. But that's all for liquids
and gases. But for a solid there are only a few non-
destructive testing devices that can be used to register
mechanical stresses. And currently the main problem
is the fact that there is no necessary metrological in-
frastructure for measuring stresses — no standard ma-
chine, no sets of standard samples, no State Standards.

Mechanical stress is a tensor-valued field o, (X).
A symmetric tensor of the second rank o, has 6 in-

dependent components [2], x is a three-dimensional
vector of coordinates of points of a rigid body. The
task of measuring mechanical stresses, as it is neces-
sary for the industry, is to determine the absolute val-
ues of all components of the stress tensor in MPa of
the monitored object.

APPROACHES TO THE PROBLEM
OF MECHANICAL STRESS MEASUREMENT

For a number of years, beginning in 2009 [3],
the D.I. Mendeleyev Institute for Metrology VNIIM
carried out experimental work on the calibration of
non-destructive testing devices on metal samples pro-
vided by various Russian industrial enterprises. The
samples were located in a power machine, which is
a part of the set of installations of the State Primary
Standard of the Unit of Force, on which force is re-
produced in the range of up to 2 meganewtons (MN).
The samples were in the form of flat plates, in the cen-
tral region of which a constant stress, uniaxial along
the x axis, was created

E

S b

where F is the specified force, S is the area of the rec-
tangular cross-section of the sample, the rest of
the stress tensor components are equal to zero.
The sensor of the device was pressed against the sur-
face of the sample in its central region, the device
measured a certain value of f.

For the WH-5101A ultrasonic device [4, 5],
the signal /" is time (in microseconds, ps) of arrival of
ultrasonic pulses of three different polarizations re-
flected from the opposite side of the plate — two
transverse and one longitudinal. Fig. 1 shows a linear
relationship between the instrument signal and stress.
Here and on the following graphs, the experimental
data presented were processed by the linear regression
method after subtracting the readings of the device
f(0) at zero specified stress.

c.(x)=0_ =0=
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Fig. 1. Dependence of the readings f of

the MH-5101A instrument (in ps) on the stress o [MPa].
Straight line 1 corresponds to ultrasonic waves with
transverse polarization along the main stress axis, 2 —
transverse polarization with orientation perpendicular to
the main axis, 3 — waves with longitudinal polarization

Fig. 2. Dependence of the Barkhausen noise intensity f
recorded by the Introscan device on the stress o [MPal].
Curve 1 — orientation of the device sensor along the main
stress axis, 2 — crosswise orientation of the sensor

The principle of operation of the Introscan device is
based on the dependence of the Barkhausen noise in-
tensity on the mechanical stress in magnetic mate rials
[6]. The experimental data of the dependence (f is the
intensity of the Barkhausen noise) are better approxi-
mated by the cubic polynomial, see Fig. 2. Nonlinear
dependence is a characteristic of magnetic phenome-
na.

The readings of the Stress Vision device are related
to the magnitude of the magnetic anisotropy arising
under the influence of mechanical stress. Fig. 3 shows
that the experimental points correspond to the average
value of the signal f due to the measurements in 9
points in the central region of the sample. With a par-
allel orientation of the sensor, the scatter of the exper-
imental points for a given sample material is quite
large, therefore, a linear regression dependence is
constructed. For transverse orientation of the trans-
ducer, the points are superiorly approximated by
a cubic curve. The device can be adjusted to a thick
sample layer of 6 mm or on a thin layer of 3 mm from
the surface. This affects how deeply the probing pulse
penetrates into the sample and, accordingly, from
which area the response signal is coming out, carrying
information about the stress. The signal from a thin
near-surface layer strongly depends on the properties
of the metal surface, possibly subjected to milling or
lathe turning, and therefore has significant residual
stresses.

Analysis of the data obtained in the numerous ex-
periments (graphs in Figs. 1-3 are shown only as typi-
cal illustrations), reveals that the readings of the de-
vices essentially depend on the material: the chemical
composition and grade of steel, on the surface treat-
ment (milling, lathe turning), on the technology of
creating sample (rolling, forging, hardening) and pos-
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Fig. 3. Dependence of the readings of the StressVision
device f (in arbitrary units) on the stress o [MPa].
Straight lines 1, 3 — sensor orientation in the direction
of the main stress axis; curves 2, 4 — sensor orienta-
tion is perpendicular to the direction of the main stress
axis; 1, 2 — setting the device to a thin layer; 3, 4 —
setting the device to a thick layer

sibly other parameters. For uniaxial stress in the sam-
ples on which the experiments were carried out, there
is a strong dependence of the readings of the instru-
ments on the orientation of the sensor relative to the
main stress axis.

The task of calibrating instruments is to construct
calibration curves o(f). Accordingly, the curves

shown in Fig. 1-3 must be reversed. This operation is
ambiguous. It turns out that in some cases even
the sign is indefinite, i.e. compression is indistin-
guishable from stretching. Thus, the lower curves in
Fig. 3 correspond to tension when the sensor is orient-
ed perpendicular to the main stress axis. And similar
curves arise when the sensor is oriented parallel to the
main axis, but when the sample is compressed.

Calibration of the device in the laboratory, experi-
ments in the laboratory are not an end in themselves.
The task is to measure stresses in industrial facilities.
And in real industrial facilities it is not known a priori
in which direction the main stress axis is directed.
And, accordingly, in which direction the device sensor
should be oriented. And with different orientations of
the sensor, different readings can be obtained and, as
noted above, even of different signs.

Moreover, there are no guarantees that stress in
the investigated industrial object would be uniaxial. In
general, the stress tensor has 6 independent compo-
nents, with three independent components on the sur-
face. Therefore, if a device is calibrated for uniaxial
stress in a laboratory, but stress is biaxial in a real in-
dustrial facility, then it is not clear how to interpret
the readings of the device.

In real facilities, the dependence of stress on
the spatial coordinates x can be quite strong. When
the plate is bent or in the vicinity of weld seams,
stresses vary greatly at distances of the order of a cen-
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timeter but the specific dimensions of the gauges are
several centimeters. Therefore, during measurements,
the stress field is averaged over a certain characteristic
volume determined by the design of the device sensor.

Thus, it is necessary to develop and create an ex-
perimental machine, which would create mechanical
stresses in the samples of a fairly general type. To
study the effects of averaging, it is necessary to repro-
duce inhomogeneous stress fields o, (x). in an exper-

imental machine.

Measurements of stresses in gas pipelines are of
great practical interest. Thus, the stresses in a large-
diameter pipe under a given pressure were determined
by the acousto-elastic method using the MH-5101A
instrument. The difference between experimentally
obtained stresses and theoretically calculated ones for
a pipe of a given radius and thickness is about 5% [5].
The cylindrical geometry of the pipe identifies two
major stress axes. But this is a special case of biaxial
stresses, although extremely important in practice. In
addition, in the case of a pipe, the directions of the
two principal axes of the stress tensor are known
a priori.

An experimental machine for creating biaxial
stress was created in Belarus [6] to calibrate the In-
troscan device. It reproduces biaxial tensile stress in
cross-shaped specimens. In the central region of a
sample, the stress field is constant. This is sufficient
for devices based on the Barkhausen noise, since the
stress signal is being removed from a thin surface lay-
er of the sample. The same is true for devices based
on the effect of magnetic anisotropy. But for the ultra-
sonic IN-1051A, the constant, albeit biaxial, stress is
insufficient, since the entire thickness of the sample
contributes to the recorded signal — the contributions
from stresses are summed over the thickness. In this
case, the dependence of the stress field on the coordi-
nates x is essential.

Hence, the requirements for the future standard
machine arise: the machine must create any stress
field in a sample, that can be in a real industrial ob-
ject. If this is not the case, and some fields on the ma-
chine would not be reproduced, as is the case in [3],
where only uniaxial stresses are created, then the cali-
bration of instruments on such setups is not permissi-
ble [7], since it will lead to unpredictable results in
terms of real objects.

In [7, 8], the design of a standard machine, that sat-
isfies the above requirements, was proposed. The ma-
chine is a set of hydraulic power pistons that transmit
a given force vector to each of the four corners of the
sample in the form of a square plate through the fas-
tening devices. The standard machine is designed to
accomplish the following tasks:

» Laboratory simulation of stress fields that can
arise in real industrial structures and objects, and
the process of measuring the reproduced tensor-valued
stress fields with various devices for non-destructive
testing

* Calibration of instruments designed to measure
mechanical stress.

The next section is devoted to numerical modeling
of stress fields with the use of this machine.

MODELING A STANDARD POWER MACHINE
TO CREATE A MECHANICAL STRESS FIELD

So, stresses are created in standard samples in
the form of a square plate (Fig. 4) in the machine.
The working area in which stresses are created is
the central region of a plate, which can be approxi-
mately considered as an elastic layer. The surfaces of
this layer are stress-free, i.e. they run

0.=0, 0.=0, o.=0.

Therefore, the values of these components of
the stress tensor are close to zero in the sample thick-
ness too. We will assume that these components of
the stress tensor are small and do not significantly af-
fect the results in any measured structures. The re-
maining three components of the stress tensor —

o., 0, and o — can be reproduced in the central

region of the sample. Since, within the framework of
the linear theory of deformation of an isotropic elastic
body, mechanical stresses are determined by the ap-
plied forces and do not depend on the elastic charac-
teristics of the material [2], it is convenient to use the
forces applied to the sample rather than the displace-
ments that determine the deformation as the cause of
stresses in the sample. According to Saint-Venant’s
principle, balanced stresses fall off sharply with dis-
tance, which makes it possible not to control the way
the forces are applied, which is determined by the
particular way of attaching the power pad to the sam-
ple.

Fig. 5. Distribution of stresses in the sample.

Fig. 4. Standard sample layout

Solid line — o,, dashed line — o,,, dotted line — a,.
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As such, you can take, for example, a bolted con-
nection through a hole in the corner of the plate. So, it
is proposed to use the power machine that allows arbi-
trary forces to be applied to the four corners of the
plate. The system of forces, obviously, must be bal-
anced, i.e. have a resultant equal to zero. Consequent-
ly, 4 forces (12 scalar components) are applied to the
sample, and 6 balance conditions are imposed on
them. In total, we have 6 arbitrary values. Is it possi-
ble, by varying these quantities, to reproduce all com-
ponents of the stress tensor? To answer this question,
a numerical simulation was performed using the
Abaqus software package.

Obviously, the larger the plate size is, the larger
the working area is. However, large specimens are
difficult and expensive to manufacture and difficult to
handle (due to their weight). It is necessary to create
significant stresses in the samples, comparable to the
elastic limit or even yield strength of materials, that is
important for the calibration of devices, since it is
necessary to determine the stress-strain states of ob-

jects, close to possible destruction, in practice. For
this, it is necessary to apply great forces to the sam-
ples, which, in turn, leads to an increase in the ma-
chine size, its capacity, and, accordingly, cost.

The optimal, in our opinion, is a plate with a size
of 25 x 25 cm. For such dimensions, as shown by cal-
culations (see Fig. 5), the size of the working area,
determined by the requirement of deviation of stress
values by no more than 1%, is about 5-7 cm.

All possible configurations of forces, taking into
account symmetry, are reduced to three ones, shown
in Fig. 6, a, b, c. Since only configuration (a) causes
the plate to bend, option (d) was also added, in which
torques are applied to the corners of the plate.
The results of calculations of the stress state caused by
the action of forces of 1 kg are given in the Appendix
in Tab. 1, 2 and 3 for plates with a thickness of 4 =5,
20 and 50 mm, respectively.

Fig. 6. Configurations of forces (a), (b), (c) and moments (d)

Note that configuration (a) admits an exact solu-
tion within the framework of the theory of thin plates
[9]. The problem of plate bending is posed as follows:
the displacement of the midsurface satisfies the bi-
harmonic equation

A*w=0, x,ye (—é,éj
22

The edges of the plate are free from shearing forc-
es and bending moments:

F(x,~L/2)=F(x,L/2)=0,
M(x,~L/2)=M (x,L/2)=0, xe(-L/2,L/2),
F(=L/2,y)=F(L/2,y)=0,
M(=L/2,y)=M(L/2,y)=0, ye(-L/2,L]2).

For forces ¥ and moments M on a straight edge,
the following formulas are valid [9]:

3
FeeD 6Aw+(1_v)6_wz ’
on OvOs

2
M =D£Aw—(1—v)‘?3 WJ,
S
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where D = Eh’ / (12(1—v2)) is the cylindrical stiff-

ness, £ is Young's modulus, v is Poisson's ratio,
(n, s) — the normal and tangent to the edge. Loading
at the corners of the plate can be described in terms of

angle forces:
2
Fl+f +L)opa-v) 22 |=F,
2 onos

Here, square brackets denote the jump in value
when passing from one edge to another through
the angle of the plate.

Note that the function

w(x,y) = cxy (1)

satisfies both the equation and the boundary condi-
tions. In this case, the angle forces are

F =+2D(1-v).
Then we find
oo 6(1 +3v) F.
Eh
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Deformations, corresponding to displacements w, are
determined by the formulas

ow ow
LR —Z, U, R——Z, U RW
ox Yoy
Then solution (1) will correspond to the stress
o, = ~6F h™z.

For a plate with a thickness of # = 5 mm, the mod-
el of a thin plate has values o, on the surface equal

to £ 120 MPa, which is consistent with calculation
(see Appendix, Tab. 1) with an error less than 1%. For
a plate with 4 = 20 mm, respectively, we obtain values
+ 75 MPa, which differs from the calculation by 4%.
Based on the performed calculations, it can be in-

dicated that the components o_, o, and o, are

negligible in all loading cases and for all specimens.
Loading systems (b) and (c) make it possible to repro-
duce the values of the remaining tensor components,
which are almost uniformly distributed over the plate
thickness, and loads (a) and (d) serve to create stresses
linearly distributed over the thickness. Along with
options (c) and (d), we also introduce into considera-
tion the loads rotated by 90°, which we will denote
(c') and (d'). The corresponding stress values obvious-
ly differ from the stresses under loading (c) and (d) by
the substitution and change of the sign of. Thus, with-
in the framework of the linear theory of elasticity, the
values of the stress tensor components arising under a
given combination of loads are determined by the
formulas

xx al a2 a3 F'b
w T4 & 4 F, | 2
o, a, 0 O J\F

The matrix coefficients in (2) are taken from
the table corresponding to a sample of a given thick-

ness. So, a; is value o in the block (b) of the corre-
sponding table 1, 2 or 3, a, is value o in the block

(¢), as is value o,

, 1in the block (c) and a4 is value

o, inthe block (b). In a similar way, stresses linearly

Values of the coefficients in the formula (3)

distributed over the thickness of the plate are deter-
mined by the force vector (F,,F,,f,) by
the formulas

oo, oz 0 a, a\(F,
9o, [0z |=| 0 a; a5 | F, |
do,[0z) \a, O 0)(F,

By reversing (2) and (3), it is easy to obtain
the forces that must be applied to create the required
stresses:

oo oo
F:i — Cl aaxx + C2 pad , Ez" — C2 66xx + C1 pid ,

Oz Oz 4 Oz
F.=Co,+Cpo,-Co,, 3
F.=Co_+ C30'W —CSO'_W, )

aaxy
F'b = Céaxy’ F:l = C7 aZ :
Coefficients C; depend on the thickness of

the plate; their values, calculated from the simulation
results, are shown in the table.

CONCLUSION

The studies carried out show that the available
non-destructive testing devices can measure only quite
certain types of stress state of mechanical structures.
Thus, MH-5101A is not sensitive to stresses arising
from bending deformations, and StressVision
measures only the difference in principal stresses in
the sample. Therefore, to reliably measure all compo-
nents of the stress tensor, apparently, it is necessary to
use
a combination of devices, which must previously be
calibrated, and for such a calibration, a more advanced
power unit is needed, the model of which was pro-
posed in [7, 8] and calculated in this article. In addi-
tion to the power unit itself, it is necessary to provide
for the creation of a set (a kind of library) of reference
samples. In this article, we have limited ourselves to
samples of the simplest rectangular shape.

h C G G Cy Cs Ce G
5 mm 22.612 1.992 1.445 0.155 0.854 0.854 1.682
20 mm 22.826 1.998 6.689 —0.295 3.415 3.408 6.977
50 mm 23.524 0.672 38.76 —23.35 8.560 8.610 19.506
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However, since real structures can consist of
beams of various profiles (channel, I-beam, round or
rectangular pipe, etc.), the corresponding reference
samples will probably also be needed. Note that mod-

ern software packages, similar to the Abaqus used in
this research, make it possible to calculate the stress
state of such samples and methods of loading them
with an accuracy sufficient to solve problems associ-
ated with creating a standard machine, reproducing
mechanical stresses and calibrating.

APPENDIX

Tab. 1. Stress tensor components (kPa) in central region of 5 mm sample

Tab. 2. Stress tensor components (kPa) in central region of 20 mm sample

Tab. 3. Stress tensor components (kPa) in central region of 50 mm sample
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