Advanced
Engineering
Research

5000 2092

@ MexaHuka

Mechanics

g —
@ MallinHOCTPOEHNE M Malll MHOBEAEHNE

Machine Building and Machine Science

HPOPMATUKA, BbIYUCTINTETIBHAA TEXHUKA" N YITPABIIEHNE

Information Technology, Computer Science, and Management

DOI 10.23947/2687-1653

VESTHITKEC OIS CEA e




Advanced Engineering Research 2022. 7. 22, 2 3. ISSN 2687-1653

Teoperuueckuii
U HAYYHO-NMPAKTHYECKHUI JKYpPHAJ

Advanced yuno-np vp
Eng ineering Uzpmaéres ¢ 1999 T.
Researc h Brixoaut 4 paza B rox

niob-ceHTa0ps 2022 .

ISSN 2687-1653 (online)
T. 22, Ne 3, 2022 DOI: 10.23947/2687-1653

Yupeoumenws u uzoamenv @edepanvnoe cocyoapcmeennoe 6100x3cemuoe 00pazo06amenvHoe yuperHcoeHue 8blCuiezo
oopazoeanus «/Jonckoii 2ocyoapcmeennviit mexnuueckuit ynugepcumemy (II'Ty)

Has3eanue scypnana (0o aszycma 2020): Becmnuk /lonckozo 2ocyoapcmeeHHo20 mexuHuuecKo2o ynusepcumema

ZKypnan exniouen 6 nepeuenv peueH3upyempix HaQyuHbIX U30AHUIL, 8 KOMOPOM 00TIHCHBL ObImb ONYOIUKOGAHBI OCHOBHbIE HAYUHbIE
De3ybmamul OUCCEpMayUil Ha COUCKAHUE YUEHOUl CIeneHI KAHOUOAmA HAYK, HA COUCKAHUE YUEeHOll CIeneHU 00K Oopa HayK
(Ilepeuenv BAK) no cnedyrouium nayunvim cneyuanbHOCHam:

01.02.01 — Teopemuueckas mexanuxa (mexHuuecKue HayKi,)

01.02.04 — Mexanuxa deghopmupyemozo meepdoeo mena (mexuHuseckue HayKi)

01.02.04 — Mexanuxa deghopmupyemoco meepdoeo mena (ghusuxo-mamemamusecKue HAyKi)

01.02.06 — [uramuxa, npourocme mawun, RPUOOPOS u annapamypbl (MexHuiecKue HayKi,)

05.02.02 — Mawwrosederue cucmemvl RpUE0006 1 Oemaiu MAwiuH (MexXHUYecKue HayKi)

05.02.04 — Tpenue u usHoc 68 MawiuHax (mexHuYecKue HayKu)

05.02.07 — Texronozus u 060pyoosaHLe MEXAHUYECKOU U UIUKO-MEXHUYECKOU 00pabomKU (MexHUuecKue HayKu)
05.02.08 — Texronoeus mawunocmpoenust (mexHuyeckue HayKi,)

05.02.10 — Csapra, poocmeennvle npoyeccol u MexHoN02Ul (MeXHUYeCKue HayKu)

05.02.11 — Memoowi KoHmMpOIA U OUACHOCUKA 8 MAWUHOCIPOEHUU (MEXHUYeCKUe HAYKL)

05.13.11 — Mamemamuueckoe u npoepammHoe obecneyeHue oIYUCTUMETbHbIX MAWLUH, KOMIIEKCOB U KOMIbIOMEPHBIX cemell
(mexruuecKue Hayku)

05.13.17 — Teopemuueckue 0cHO8bI UHGDOPMAMUKY (MEXHUYECKUe HAYKIL)
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Bobi6op u uaenTudukanus Mojeu ynpyroBs3KonJIacTHYHOCTH HANIOJIHEHHOTO
(proproMIIO3UTA 1O JAHHBIM UCTIHITAHUI HA CBOOOHOE U CTECHEHHOE CoKaTHe

I. C. ITeryxoB = D4, A. A. AnamoB'', 1. J. Kesep
HuctutyT Mexanuku cruomiseix cpen YpO PAH, Poccuiickas ®enepanus, r. [lepms, yi. Axanemuka Koponépa, 1
D4 petuhovds@mail.ru

AHHOTAIUSA

Beeoenue. HaronnHeHHBIE KOMITIO3UTH Ha OCHOBE MOJMUTETPa(TOPITHIICEHA OONATAlOT CBOHCTBAMH, HO3BOJISIOIIIMHA
paboTaTh IpH BBHICOKMX KOHTAKTHBIX JABIICHUSIX, BO3BPATHO-TIOCTYIATEIFHOM XapaKTepe CABHUTOBBIX HArpy3o0K U B
LIMPOKOM JAMana3oHe Temieparyp. biaronaps 5ToMy X NPUMEHSIOT B KaueCTBE aHTH()PUKIMOHHBIX CIIOEB OMOPHBIX
yacTell ¢ mAapoBBIM CerMEHTOM. [lJIi MOJENMPOBaHMS MEXaHWYECKOTO MOBEICHMS TAaKHMX MAaTEpHaliOB B YCIOBHAX
SKCITyaTallil HYXXHBI aJleKBaTHBIE OMNpEICNSIONMe YPAaBHEHUS YHPYTOBSI3KOIUNIACTUYHOCTH M METOABI HX
HICHTU()UKAIINY 110 TaHHBIM 0a30BBIX IKCIIEPUMEHTOB.

Mamepuanvt u memoowvt. TeH30PHO-THHEHHYIO MOJIE/b YIPYTOBI3KOIIACTUYHOCTH MPE/IaraeTcsl HACHTH(OUITUPOBATh
[0 JAHHBIM JKCIIEPIMEHTOB Ha CBOOOIHOE ckaTthe oOpasmoB. MX moaBepraroT HarpyXeHHIO IO MaKCHMAalbHON
nedopmanmm 10 %, BBIIEPKHUBAIOT, Pa3rpy’XaloT W INPOBOIAT aHAJIOTHYHBIM UK HarpyxeHus po 160 MIla mpu
CTECHEHHOM C)KaTHH. DKCIEPUMEHT C KOMIIO3UTOM Ha OCHOBE IOJNHTETPaTOpITHICHa, HanmoidHeHHoro 40 macc. %
MEJKOAMCIICPCHOW OpOH3BI, TPOXOMWJI TpH KOMHATHOH Temmeparype. VcnplTaHus Ha CTECHEHHOE CXKaThe
BEIMIONTHSUTACE U1 JIBYX, Ha CBOOOZHOE CXaTWe — IS TPEeX 3HAYCHHH CKOPOCTH NeOopManuyl B IUAITa30HE
10° -102¢™. JIna ommcaHMsS pacCMATPHBATICH JBE MOJEIM YHPYrOBS3KOMIACTHYHOCTH, MPEICTABIAIONINE COBOH

Mojudukanmun mozeneii CeeiiHa u KJI€YKOBCKM M COOTBETCTBYIOLIME COSIMHEHHIO BS3KOYIPYroro JMOO YHpyroro
HEJTMHEHHOBS3KOr0 3JIEMEHTa C IUIACTUYECKUM WIIM SHIOXPOHHBIM 3JIEMEHTOM. B KauecTBe BS3KOYNpPYroro 3jaeMeHTa
paccMaTpHBalCs HHTErpalbHbIH onepaTop ¢ sinpoM Konbpaymia.

Peszynemamut uccnedosanusn. VITorn MCIbITaHUH 110 CTECHEHHOMY C)KaTHIO HO3BOJIMIIM OT/EJIUTH OT OINPEACISIONINX
COOTHOUICHHH YIIPYTYIO CBSI3b OOBEMHBIX JiepopMalnii U CpeTHUX HanpspKeHUH. JlaHHbIe IMKIOB CBOOOHOTO CXKaThs
IIPU Pa3IMYHBIX CKOPOCTAX JIe(OPMAIMU HCIOIB30BAIM ISl ONPE/IeNICHHsT MaTepUalbHbIX KOHCTAHT Mozaenu. C aToi
LeNbI0 pean30BaH 3(P(EeKTHBHBIH MONCKOBBIH aNTOPUTM HAa OCHOBE CHUMIUIEKC-METOJa MUHMMHU3aIWU HeBs3ku. Obe
MOJIeNy OOHAPYXIIM BaKHOCTh IUTACTHYECKOW COCTABIIAIONICH (HE 3aBHCAMIEH OT CKOpPOCTH Aedopmarum) st
Ka4eCTBEHHOT0 OIMCAHUS IUKIMYECKOr0 W3MEHEHHs HAaNpsHKEHHH, COMPOBOXKIAIOLIETO HUKINYECKOe H3MEHEHHUE
nedopmMarnuii, a TakKe UX 3aBHCHMOCTB OT CKOPOCTH JeopmMartuii.

Obcysycoenue u 3axniouenus. O0e MOIENM YIPYTOBSI3KOTUIACTUYHOCTH KOPPEKTHO OMHUCHIBAIOT TOBECHHE
HCCJIEJOBAHHOTO (DTOPKOMIIO3MTA B YCJIOBHSX HArpyKeHUsl, OJIM3KUX K YCJOBHUSIM SKCIUTyaTal[Md aHTU(MPUKIHOHHBIX
CJIOEB OINOPHBIX YacTel C IIapOBBIM CETMEHTOM, M MOTYT PacCMaTpUBATHCS B KaueCTBE OCHOBBI ISl MX JaJbHEHIIEro
00001IIeHNS ¢ YIETOM 3aBUCUMOCTH OT TEMIIEPaTyphl.

KiaoueBble cioBa: YIPYTOBA3KOIIJIACTUYHOCTD, ONPEACIAOININEG YPAaBHCHUS, (bTOpKOMHO?)I/ITBI, I/II[CHTI/I(l)I/IKaIII/IH,
CBOGOHHOG 1 CTCCHCHHOC CXKATUC, TpaIrClCUuAaJIbHOC HAI'PYKCHUC.

BuarogapHocTu. ABTOpEI NpU3HATENbHEI BeAylieMy HayuHoMmy cotpyauuky HUM mexanuku MI'V A. B. XoxioBy 3a
IJIOJJOTBOPHOE 00CYKIEHHE PAOOTHI.
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Selection and Identification of a Model of Elasto-Viscoplasticity of the Filled Fluorocomposite
according to Free and Constrained Compression Tests

Dmitriy S. Petukhov'=D<], Anatoliy A. Adamov"*, llya E. Keller
Institute of Continuous Media Mechanics UrB RAS, 1, Academika Koroleva St., Perm, Russian Federation
< petuhovds@mail.ru

Abstract

Introduction. Properties of filled composites based on polytetrafluoroethylene allow them to work at high contact
pressures, reciprocating nature of shear loads, and in a wide temperature range. Due to this, they are used as antifriction
layers of bearing parts with ball segment. To simulate the mechanical behavior of such materials under operating
conditions, adequate constitutive equations of elasto-viscoplasticity and methods of their identification according to the
data of basic experiments are needed.

Materials and Methods. The tensor-linear model of elasto-viscoplasticity should be identified according to the data of
tests on free compression of samples. They were subjected to loading up to a maximum deformation of 10 %, allowed
to remain, unloaded, and then, a similar loading cycle up to 160 MPa under constrained compression was carried out.
The experiment with a composite based on polytetrafluoroethylene filled with 40 wt. % fine bronze, was conducted at
room temperature. Tests for constrained compression were performed for two values of the strain rate, and for free
compression — for three values of the strain rate in the range of 10° —103s™. For the description, two models of

elasto-viscoplasticity were considered, representing modifications of Swain and Kletschkowski’s models and
corresponding to the connection of a viscoelastic or elastic nonlinear viscous element with a plastic or endochronic
element. An integral operator with a Kohlrausch kernel was considered as a viscoelastic element.

Results. The results of the constrained compression tests made it possible to separate the elastic relationship of
volumetric deformations and average stresses from the constitutive relations. The data of free compression cycles at
different strain rates were used to determine the material constants of the model. For this purpose, an efficient search
algorithm based on the simplex method of minimizing the discrepancy was implemented. Both models discovered the
importance of the plastic component (independent of the deformation rate) for a qualitative description of the stress
cycling that accompanied the cyclic deformation, as well as their dependence on the strain rate.

Discussion and Conclusions. Both models of elasto-viscoplasticity described correctly the behavior of the studied
fluorocomposite under loading conditions close to the operating conditions of the antifriction layers of the bearing parts
with ball segment. They can be considered as a basis for their further generalization, taking into account the dependence
on temperature.

Keywords: elasto-viscoplasticity, constitutive equations, filled fluorocomposite, identification, free and constrained
compression, trapezoidal loading.
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BBenenne. HamonHeHHbIe KOMIO3UTHI Ha ocHoBe monuterpadropatiieHa ([ITDD) obnamaroT cBoiicTBaMu,
MO3BOJISFOIIMMH PabOTaTh B MIMPOKOM JHAIIa30HE TEMIIEPATYp NMPH BBICOKMX KOHTAKTHBIX JABICHUSX M BO3BPATHO -
IIOCTYNATEJIbHOM CKOJIBKEHUU II0 KOHTpTely. biaromaps 3TOMy Ha3BaHHbIE MaTepUallbl IPUMEHSIOT B KaueCTBE

L2 TIT®D kak ocHoBa s

AQHTU(QPUKIIMOHHBIX CJIOEB OIOPHBIX YacTed C IIapOBBIM CETMEHTOM JUII MOCTOB
aHTU(PUKINOHHBIX IOJUMEPHBIX KOMIIO3UTOB B IIHMPOKOM JAMAala30HE TEMIIEpaTyp IEMOHCTPHPYET BBICOKYIO
CTaOMIBHOCTh CBOWCTB M MCKIIOUMTENFHO HU3KHME KO3(D(UIMEHTH TpeHMs, CKOJNBXEHHS U IOKos. BBeneHme
HAlOJIHUTENIeH TIoMoraeT 0e3 3HAYMTENFHOTO YBEJIWUYCHHS KOI(PQHULUUCHTOB TPEHUS CYIIECTBEHHO IOBBICUTH
N3HOCOCTOMKOCTD, JKECTKOCTh U IPEJeI TEKYYECTH, a TAKKe CHU3UTD I0JI3yYecTh KOMIIO3UTa. Peosornyeckue cBolicTa
aHTA(PUKIIMOHHOTO MaTepuaja JOJDKHBI o0ecrednBaTh paboTOCIIOCOOHOCTh B MpoIecce SKCIUTyaTallid HW3IEIHS B
nuana3oHe temmneparyp ot MeHnee —50 go +50 °C:

— IIPH pacueTHBIX 3HAUEHMSIX CoKUMaroIeit Harpysku He MmeHee 60 MIla;

— IIpU €€ NMUKOBBIX 3HaueHusx 10 150 Mlla;

— IIpY HOPMHUPOBAHHOM pa3zMaxe IUKINIECKHX CABHIOBBIX Ae()hOpMAaIii.

Hmeer 3HaueHHe TakkKe MPEICKa3yeMOCTh M3MEHEHHUS! CBOMCTB W TOJIIMHBI aHTU(QPUKIMOHHOIO CIIOS IIPU €ro
MOHTaX€ B IIApHHD.

IIpn  osKcmmyaTanMm — pacCMaTpHBAaEeMBIX  MATepHalOB  INPUXOJUTCS  OIEHUBATh  pabOTOCHOCOOHOCTH
AQHTU(QPUKIIMOHHBIX CJIOEB OMOPHBIX YacTeW C MIAPOBBIM CETMEHTOM, IPOTHO3MPOBATh PECYPC Ha BECH CPOK CIIY>KOBI
(mo 50 met). Jlns 3TOr0 HEOOXOMUMO CTPOUTh W HACHTH(PUIMPOBATH MO JaHHBIM 0a30BBIX 3KCICPUMEHTOB
a/IeKBaTHBIC OIPECIIAIOIAE YpPaBHEHMS YIPYTOBSI3KOIIACTHYHOCTH. MOJENH, ONHCHIBAIOIINE PEOIOTHIECKOE
MIOBEJICHNE HAIOJIHEHHBIX (PTOPKOMITO3UTOB, TAKXKE BaXKHBI JUIS PACUETOB HKCIUTyaTaIlHOHHBIX CBOMCTB YIJIOTHEHUH
BAJIOB M IITOKOB B MOLIHBIX M3EIbHBIX arperatax’. [ pacuera MOBEACHHS M3ENHUil 10 HATPY3KOi [IPH MOHTAXKE
(Ha KOPOTKHX OTpEe3Kax BPEMEHH) Ba)KHO KOPPEKTHOE ONHMCAHHE MOAEISIMH IIAaCTHYECKUX (YIPYrolulacTHYECKHX,
BSI3KOIUTACTHUYECKUX) CBOMCTB MaTepuaiia. st pacueTa MoBeNeHNs U3AEINI B IPOLIecce SKCIUTyaTaluy (Ha JITMHHBIX
OTpe3Kax BPEMEHH) HEOOXOAMMO aJeKBaTHOE IPEJCTABICHHE SIBICHHH pPEJaKCalluH, MOJ3Y4YeCTH M LUKIMYECKON
noi3ydectd (p3TUETHHTA).

B nmTeparype peaxo BCTpedaroTcsl peoJIOTHYECKHAE MOJISNIH HATIOIHEHHBIX (DTOPKOMITO3UTOB, OTMCHIBAIONINE IIUKIIBI
Harpys3KH, BBIJICP)KKH M pa3Tpy3KH B IIMPOKUX JHAIa30HaX BPEMEHH U cKopocTeil nedopmannii. MoXHO yKa3aTh JIMIIb
paboty [1], ymoBneTBopsomyro BceM OTuM TpeboBaHWsM. B Hell TpeayokeHa MOJENb, COOTBETCTBYHOIIAS
MapauleIbHOMY COEAWHEHUIO 3HIOXPOHHOTO M HEIMHEHHO-BS3KOTO 3JIEMEHTOB. [laHHOH MOAENbBIO ONMCAaHBl Bce
HCTIBITAHHS OJHOOCHBIM PACTSKEHHEM MPH KOMHATHOI TemmepaType. Peus uaer o:

— KPMBBIX HarpyxeHusx 1o aepopmaruu 0,08 co ckopoctsmu aepopmanuu 10 —107% ¢

— KpHBBIX penakcanusax B TedeHue 10 4 mpu nmocrostaHOM Aedopmarun 0,03-0,08;

— NeTISIX THCTEepe3nca B LUKIE Harpy3ku 1o aedopmarnuu 0,1, KpaTKOBPEMEHHOH BBIIEPKKH M Pa3Tpy3KH ¢
MOCJIEAYIOIEN BbIIEPKKOM.

3amicaHbl OJTHOMEPHBIE OIPEJEISIONINe YPAaBHEHUsI, COJIEpXKAIlMe CEeMb MaT€pHaJIbHBIX KOHCTAaHT, a TaKXKe HX
TEH30pHOE 0000IIeHNe Ul I'€OMETPUYECKH JIMHEHHOro cirydas. ABTOPHI YKa3bIBAalOT, YTO JHIOXPOHHAS MOJENb
IUIACTUYHOCTH TI03BOJISIET OIMCATh HENpPEPhIBHOE HM3MEHEHHE IUIACTUYECKO JedopMmanuu 0pu HArpyKeHHd Hu
pasrpy3ke. DTO XapakTepHO ISl MOJIMMEPHBIX MaTEepPHallOB M HeXapakTepHO s MeTawioB. Otmernm, 4to B [1] He
UCIIONIB30BAJICSL TTIApaMeTP SHAOXPOHHOCTH, IO3BOJSIONIMNA pPEryJIMpoBaTh XapakTepHBIH [uanma3oH Iepexoaa B
mIacTHIecKoe coctosiHue. K ToMy ke B paboTe’ OIMCAHBI aHATOTHYHbIC KPHBBIE s TeMieparypsl 10 120 °C u

ckopocTeit nepopmanuii B guanaszone 107 —10°c™, kpuBble penakcallMi ¢ Pe3KUM MOBBIIIEHHEM TEMIIEpaTyphl JIO

100 °C u xpuBBIe peiaKcaliy IpH 0JHOOCHOM C)KaTHU.

* EAD 050009-00-0301 Spherical and cylindrical bearing with special sliding material made of fluoropolymer / EOTA // Product regulation : [caiiT].
URL: https://www.nlfnorm.cz/en/ehn/6189

2 Stanton J. F., Roeder C. W., Campbell T. I. Appendix C: Friction and Wear of PTFE Sliding Surfaces / NCHRP Report 432: High-Load Multi-
Rotational Bridge Bearings. Washington : TRB, 1999. 413 p.

®Material and Computational Analysis of PTFE Seals/ H.Sui[etal]// SAE Paper Series: [caiir]. 1995, 951055. URL:
https://www.sae.org/publications/technical-papers/content/951055/?src=2001-01-1118

4 To xe.

® To xe.
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B [2] npencTaBneHa TeH30pHas IeOMETpUUYECKH HeluHeWHas mojens. OHa ONHCHIBA€T NOBEICHUE HAIMOJHEHHBIX
(TOPKOMITO3UTOB NP PA3NUYHBIX MOHOTOHHBIX M IIMKIMYECKUX HCTOPHSIX HATPYKEHHUSI B PAa3IMYHBIX HANPSKEHHBIX
COCTOSIHUSIX M TIpU MPOHU3BOJBHBIX TEMIEpaTypax. YUUTHIBACTCA BI3KOIIACTUYECKMH PEOJOrMYeCKHH 3IeMEHT B
MOCTIEIOBATENbHOM COEAMHEHHM C BA3KOYNPYIMM. OTa MOJENIb B IIEJIOM YAOBIETBOPUTEIBHO OINMCHIBAET KpPUBEIE,
COOTBETCTBYIOIIME IKCIIEpUMEHTaM [ 1], HO OHA CYIIECTBEHHO CIIOXHEe U TpeOyeT 14 MaTepHabHBIX KOHCTAaHT. B [3]
IJI ONMCAaHWS LHMKIOB MHKDOWHACHTHPOBAHWs HAIMOIHEHHOTO (TOPKOMIIO3UTA HCmonp3yercss wmogens [4]. Ee
peonoruyueckasi CTpyKTypHas cxema cxoka ¢ [2], Ho y4uThIBaeT CIIEKTP BPEMEH PEIaKCalliy BSI3KOYIPYTOro 3JIEeMEHTA.

Mopens [5] npenHasHaveHa A OMHMCAHUS OCOOCHHOCTEH YNPYromiacTHYECKOro MOBEACHHS TBEPIbIX MOJIUMEPOB
IIPU [UKIAYECKOM OJHOOCHOM HAarpyXeHHH. OBONIONHOHHBIE YPAaBHEHUS JUIi €€ BHYTPCHHEH MEepeMEHHOH,
HaNpsDKeHUH M IUIACTHUYECKMX JieopManuii MMEIOT HeNMHEHHbIE NepeKpecTHhIE CBS3M, II03TOMY MOJENb HE
COOTBETCTBYET KaKOH-TMOO pPEoJIOTMYecKOW CTPYKTypHOW cxeme. lcmonb3yeTcs Mepa BHYTPEHHETO BpEMEHH,
XapakTepHast AJIsl SHIOXPOHHOH TEOpHH IIacTHIHOCTH. {7t naeHTHUKanuu Moaenu Tpedyercs 21 KoHCcTaHTa.

HenuHelinas ogHOMepHash MOZENb BA3KOYNPYTOINIACTHYHOCTH THIAa MakcBemwta [6-9] comepxur Bcero nBe
MarepuaiibHble (pyHKIMUA. OHa OMKMCHIBAET HEIMOJHOE BOCCTAHOBIICHHME Nedopmanuii B LUKIE HArpy3KU-pasrpy3ku U
IUKJIMYECKYIO MON3Y4ecTb (PITUYETHHI) NMPH HECHMMMETPHYHBIX LWKJIAaX HarpyxeHus. s Mozpenedl HenwHEHHON
BS3KOYNPYTOCTH C OIlepaTopaMH JpOOHOro HMHTErpoauddepeHnnpoBaHus XapakTepHa THOKOCTh NPH MaJIOM YHCIIE
MaTepHaNbHbIX KOHCTAHT U GyHKIwi [7]. Heob6xomumo ucciienoBaTh IPUMEHUMOCTD MO00HBIX HETHHEHHBIX MOJIENIeH
JUTsL OTIMCAHUsI TIOBEJCHHS MOJMMEPHBIX MATepPUAllOB B IIMKJIE HArPYXEHHsS H pasrpy3ku ¢ Bbiaepkkamu [10-13].
Pa6oter [14, 15] nocesiienbl HACHTH(GUKAMYA JTHHEHHBIX MOJEIEH BA3KOYIPYTOCTH IO Pe3y/bTaTaM HCIbITAHUN
uHAeHTHpoBanueM. B [16, 17] st 9TOil 1enu MCHONB3YIOTCS pe3ylbTaThl TUHAMHYECKOTO MEXaHHYECKOIo aHan3a,
OJIHAKO CYILECTBEHHAs! HEJIMHEHHOCTh UCCIIEyeMbIX B HACTOsIIEH pabdoTe MaTepraIoB He MO3BOJISIET BOCIIOIb30BATHCS
nanHod metogukoil. B [18, 19] skcnepumentansHo uccnenyercs paTyeTHHr [1TMD KOMIO3UTOB, HO OTCYTCTBYET
MaTeMaTHIeCcKOe OTMCaHNE PE3YIIbTATOB.

B [8] mnpexacraBiena Meronuka WAEGHTH(UKAIMU MOJEIH HW30TPOIHOTO YIPYrOIIACTUYECKOTO MOBEACHHS
HaloJHEHHBIX KOMIIO3UTOB Ha oOcHOBe I[IT®D wu CBEpXBHICOKOMOJIEKYJSIPHOTO TMOJIMATHIEHA Ha OCHOBE
9KCIIEPUMEHTAIBHBIX JaHHBIX 110 CBOOOJHOMY M CTECHEHHOMY CKaThio. briaromaps 0OCOOGHHOCTH pPEOJIOTHH
iactMace [9] k HuM npumeHuMbl Meto sl [10]. Takol moaXox MO3BOJISET ONPEACIIUTS!

— QYHKIUIO YIPYroil 00beMHOM CXKUMaeMOCTH;

— (pyHKIMIO YIPOYHEHHMS JIsI CABUTOBBIX YIPYTOIUIACTUYECKIX CBOMCTB B PaMKaX TEOPHH IIACTHYECKOTO TEUESHUSI.

WTtak, ycnoBus 3KCIUTyaTallMl paccMaTpUBAEMBIX HM3JICNINH, MEXaHHMYECKHUE CBOMCTBA IOJIMMEPHBIX MaTepHaloB U
MIPEJCTAaBICHHBIA aHATN3 JIUTEPATYPHI CIy>KaT OCHOBOM I JalbHEHWIINX M3BICKAaHMHA. BeiiennM 6a3oBoe HCIBITaHHE
Ha CBOOOMHOE CKaTHe IMIHHAPHYeCKHX 00pasioB 20%20 MmM. OHO COCTOMT U3 IMKIOB HArpy3Kd [0
nedopmanum 0,1, kpaTKOBpeMEHHON BBIIEPKKM 15 MHH. M pasrpy3ku ¢ mocieaymoomieid Bbiiepxkkoil 15 mun. Tax
MOXKHO OIIPEJEIHUTh JaHHBIE JUIl ONHCAHWS YNPYrod, IUIACTUYECKOW M BS3KOW COCTaBISIOMNX JAe(hOpMalyy,
penakcani W OOpaTHOM MON3y4eCTH C OCTAaTOYHBIMU JedopManusiMu. AHAJOTHYHOE ONPEACICHHE TBEPIOCTH
IPEeyCMOTPEHO cTaHmapToM®. HarpykeHue BBIIONHSETCS HOPH TPEX CKOPOCTAX AeOpPMAIME B JHAMNA30HE

10° -10°c™. Kpome Toro, o6pa3iibl HCHBITBIBAIOT HA CTECHEHHOE CXaThe 0 Hampskenus 160 MIla npu aByx

CKOpPOCTSAX Je(OpMali M3 ATOrO JKE [Ouama3oHa. Bce HCMBITaHUS TMOBTOPSIOTCS IS 3HAYCHHU M3 auama3oHa
TeMIepaTyp SKCIUTyaTalliyl IMOJIMMEPHOTO MaTepuaia. DTHX JaHHBIX JTOJDKHO OBITH JOCTATOYHO JUI WACHTU(DHUKAIINA
MTOIXOASAIICH MOJIEITN YIPYTOBA3KOIUIACTHYECKOTO CKUMAEMOT0 MaTepHaia ¢ HETMHEHHO-YIPYTOd COKHMAeMOCTbIO.
HHTepecyroT, B NEPBYIO OYEpPEdb, BO3MOKHOCTH OIMCAHMS SKCIEPUMEHTAJIBHBIX [AHHBIX IIpU KOMHATHOM
TEMIIEPAType MPOCTEHIIMMU MOJEISAMH  YIPYTOBSI3KOIUIACTUYHOCTH —THIA peaaoxeHHbix B [1] u [4], koTtopsie
OTIIMYAIOTCS CTPYKTYPHBIMH CXEMaMH.
Marepuajbl 1 MeTOAbl. B KauecTBe MOAECIUPYEeMOT0o MaTepualia BBIOpaiu KOMITO3UT Ha ocHoBe [IT®D ITHI90,

HanosmHeHHOTO 40 Macc. % MenmkoaucriepcHor OpoH3bl. [mmmHApHYecKue 00pas3Ipl JUaMETPOM U BBICOTOH 1Mo 20 MM

® TOCT 4670-2015 (ISO 2039-1:2001). ITnactmacchl. OnpeseneHue TBepAOCTH. MeTo BJaBIMBaHUA IaphKka / MeKrocyIapcTBEHHbIH COBET MO
CTaHIApTHU3ALMH, METPoIoruu u ceprudukanuu. M.: Crangapruadopm, 2016. 10 c.
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M3rOTABIMBAIICH [PECCOBAHHEM M CIICKAHMEM CMECH MOpOIKOB . s BHIGOpA M MOCITEAIOMIei HICHTH(HKALMA
MOJIETM TIPOBEIH 3KCIICPUMEHTBHI!

— Ha CTECHEHHOE C)KaThe ¢ €JUHCTBEHHOI HeHYJICBOH KOMIIOHEHTO TeH30pa JieopManny;

— Ha cBOOOJJHOE C)KAaTHE C €IMHCTBEHHOW HEHYJIEBOH KOMIOHEHTON TEH30pa HANPSKEHHH.

B mepBom cirydae TpeHne o 00KOBOW IpaHHIIE UCKITIOYAIOCh CMa3Koii, BO BTOPOM — TOHKOM miieHkoi 3 [IT®D u
CMa3Koil.

0,05 -
5
0,04 - -
0,03
0,02

0,01

2000 4000 6000 tc
a)

o, MIla

150

100

00l 002 003 004 €
0)

Puc. 1. McripiTanne Ha IAKIMYECKOE CTECHEHHOE C)KaTHe: @ — MPOoTrpaMMa; 6 — KpHBasi THCTEpe3nuca

Llenp AKCIIEPUMEHTOB — BBISBICHHE HEOOPATHMMBIX OOBEMHBIX JeopMaluii U OOBEMHO-YIPYIHX CBOMCTB
Matepuana. [lepBbIM HCTIBITaHHEM OBUIO IMKIMYECKOE CTECHEHHOE C)KaTHe C YBEJMUMBAOIIEcs amuuTynoi (puc. 1 a). B
HEM 33/[aBaJIach BeJIMUMHA ckopocTH fedopmaimn £ =2,5x107° ¢ u may3sl Mex1y pasrpyskamu 1 Harpy3kamu mo 300 c.
3a HECKOJBKO TIEPBBIX IMKJIOB HAKAIUIMBAeTCSl OCTaTo4yHas oOObeMHas JjedopManusi, paBHas IPUOIMZUTEIHHO
5x10°® (puc. 1). Ona ci1a60 MEHSETCs K BBLIEPIKKE 06PasIa B pasrpy:KeHHOM COCTOSHHM.

Hanee mposenn ucmeitanus cxatueMm a0 160 MIla co 3HaunTensHO Ooyiee MEAJICHHON CKOPOCTBIO AedopMaliiu
£=2,5x10"° c™ u nocnexyromeit pasrpyskoii (puc. 2 a):

— HenedopMupoBanHoOro obpasua (1);

— TOTO € 00pasua moBTopHo (2);

— obpasiia mocie HUKIMIeCKOro HCTBITaHus, IPUBEICHHOTO Ha puc. 1 (3).

g, MIla

— MHcnsiranue Nel
150 — MHcnowrranue No2
Ucnberranne Ne3

100

50

0

0,01 0,02 0,03 0,04 €
a)
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g, MIla

— MHcneiranue Nel
— MHcnbeitanue Ne2
— Hcnsitanue Ne3

<

0,001 0,002 0,003 0,004 £
6)
Puc. 2. MeayieHHble HCIBITAaHUS HA CTSCHEHHOE CHKaTHE:
a — AuarpaMMbl Harpy»XeHUs; 6 — Ha4daJbHbIC U KOHEYHBIC YYaCTKU AUArPaMM

HcnpiTaHust OHOTO ¥ TOTO ke 00pasia MpOBOJUIUCH Yepe3 CYTKH.

Kak BumHO Ha puc.2 6, B ONbITE C HOBBIM 0OOpa3lOM HAOIIOAAETCs MaKCHMallbHasi OCTaTovHas aedopmarus
okono 3,5x107°. IIpu MOBTOPHOM HCIBITAHHM OHA COCTABUIA 1x10°. B TPEThEM HCIBITAHUM HE HabII0qaeTCs
ocratoyHoil nedopmanuu. CBoiicTBa Marepuajga NpPU IMKIXYCCKOM CTCCHCHHOM CXKATUH COIMPOBOXKIAIOTCS
MEPEXOAHBIM HEOOPATUMBIM MPOIECCOM U CTAOMIU3UPYIOTCS 32 HECKOIBKO IHKJIOB.

OObeMHbIe CBOMCTBA ONpPEICISUINCH M3 TPETHEro HUCIBITaHUS (PUC. 2 d), B KOTOPOM OTCYTCTBYIOT OCTaTOYHBIC
neopmanuu. B HacTosmed paboTe oObeMHBIC AedopMalMK  IOJIATAlOTCs HENMMHEHHO ympyrumu. JlaHHbIe
OTHUCHIBAIOTCS KBAJPATUYHON 3aBUCHMOCTBIO:

o=M(e)s; M(e)=a,+ae; a,=2,41Tla; a, =22,1TTla. @
3nech G,€ — OCeBble KOMIIOHEHTHI TEH30pOB HampsbkeHuid Komm u norapupmudeckux nedopmanuii; M — moayns
CTECHEHHOT'O CXKaTHsl, KOTOPBIH CBsI3aH ¢ MoyseM o0beMHoro cxaruss K cooTHomieHuem:
K(sv)(3K(sv) +E, )
M(e,)=3 , (2)
9K(e,)-E,
rae E, — paBHoBecHbii Monynmb FOmra (He 3aBHCHT OT 0ObeMHOH nepopmaimn); €, =€;, &; — KOMIOHEHTHI

TEH30pa JIoTapupMHUIECKUX AehopMaItiii.

3navenne E_ =690 MIla momy4niin ¢ HAKIIOHOM KPHBOI G(£) HPH OJHOOCHOM CXaTud B OKpectHocTu 6 =1 Mlla
u penakcaiuu 8,65 %.

Ucnone3ys (1), (2) u monpasky 9,38 % Ha mOJaTIMBOCTh MAIIMHBEI B HCIBITAHHHA Ha CTECHEHHOE C)KaTHE, MOYKHO

HOIYYUTh UcKoMYyIo 3aBUcHMOCTh K(g,) , KoTopas crmabo (MakcumyMm Ha 0,03 %) oTimigaercst OT THHEHHOM:
o, =K(g,)e,; K(g,)=by+be,; by,=2,1TTla; b, =22,2TTla, (3)

riae G, =3G;, Gj; — KOMIIOHEHTbI TeH30pa HanpsbkeHnit Koum.

OKCIIEPUMEHTSHI [T OTIPEICITICHNUS CBI3U MEXKAY CPETHUM HaIpsDKEHHEM U 00beMHOH AedopMariiiel mpoBoAsSTCA Ha
oOpasmax, MpeBapUTEIbHO HCIBITAHHBIX CTECHEHHBIM C)KaTHeM C HeoOpatnmon oObemHOHN amedopmarmen. To ke
KacaeTcd W HKCIEPUMEHTOB Ha CBOOOJHOE C)KaTHE, ONMCAHHBIX HIDKE M HEOOXOIMMBIX IS OIpPENCIICHUS CBSI3U
JIeBHATOPHBIX YacTel TEH30POB HANPsUKEHUH 1 Aedopmarii. B pesynpraTe Mogens oTpakaeT CBOWCTBA YINIOTHEHHOTO
MaTepuana. Ha mpon3BoicTBe Mpoliecchl, CBsI3aHHBIE C HEOOpaTHMOM 00beMHON IedopManeii, IPOUCXOAAT BO BpeMs
OTIPECCOBKU CJIOSI aHTH(PUKIHOHHOTO TOJMMEPHOr0 Marepuaja Npu cOOpKe KOHCTPYKIMM ONOPHOW 4YacTH M He
BIIMSIIOT Ha JlaNIbHElIIee TOBeIeHUE MaTepHuaa.

HcnblTanus Ha OJHOOCHOE CiKaTHe MPOBOAMIM AJISL ONPEAEICHUs COOTHOLUIEHUN MEX]y A€BUATOPHBIMU YaCTSIMU
TEH30pOB HanpspkeHUH U nedopmanmii. Ha puc. 3 npuBoasTcst pe3ynbTaThl ONBITOB Ul TPEX 3HAYECHUI CKOpOCTeH
nepopmamuit € =4, 63x10°%c¢™, 2,35x10°¢™?, 2,27x103¢™. Jlanmee naHHBIC O3TUX 9KCIICPUMECHTOB  OYIyT

HHTEPIPETHPOBATECS B paMKax oOXHOMEepHOW wmojenu. Ilpm QopMmymnupoBke TpexMepHOM MOJETH W3 ITHX
COOTHOUIEHUH MOXKET OBITh UCKIIIOUCHA yIpyrast 00beMHas 4acTh.
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e EEFE}f}EfEEE

a, MIla
OnBbITHI C PA3IMYHON CKOPOCTHIO
15 = £=4,63x10°
- £=235x10"°
- £=227x10"
10 /
5
0
002 004 006 008 010 ¢
a)
€
010 OMBITHI ¢ Pa3IUIHON CKOPOCTBIO
' - £=463x10°
0,08 - £=2,35x10"°
- £=227x10"
0,06
0,04
0,02
0 3
5 10 15 20 25 =10% ¢
6)
o, MIla
OnBITHI € Pa3IUYHON CKOPOCTHIO
15 - £=4,63x10°
- £=235x10"°
- £=227x10"
10
5
0

5 10 15 20 25
6)

Puc. 3. DkcniepiMeHT Ha OTHOOCHOE CIKATHE C TPEMsI Pa3INIHBIMU CKOPOCTSIMH: @ — UArpaMMbl Harpy>KEHHS;
6 — uctopuu aehOpMaIlHii; 6 — UCTOPHU HAMTPSKCHUH

=103, ¢

[Tpn BBIOOpE TMOAXOAAIIEH MOJENM OKa3aloch, YTO IKCIIEPUMEHTANIbHbIE JaHHblE, M300paKeHHbIE Ha puUC. 3 He
OIMCHIBAIOTCS COOTHOILLEHUSIMU JINHEHHOU BSI3KOYNPYToil cpeabl:

o(t)= _[R(t -1)é(r)dr =R, | &(t) —J-F(t—r)g(r)dr , ()
roe  of(t), e(t) —

mosmmepos [10].
BbUIH MOMBITKH UCIONB30BaTh BhIpaXKeHUst 1uisi GyHKIMi penakcauun R(t) mubo cxopoctr penakcaunu 7 (t) c

HCTOPHM HaNpsOKeHWA ©  AedopMaruif, NpUMEHseMBIe Ui OIMCAaHUS JIIaCTOMEPOB U

7
Pa3IMYHBIM YHCIOM MapaMeTPOB: CyMMa 3KCIIOHEHT, APOOHO-3KCIOHEHIManbHas ¢yHkuus PabotHOBa', sapO
KOHTYHOBaS, siapo u3 paGoter T. JI. Cmura®, siapo Kombpaymra [10]:

7 PaGotros FO. H. TTonsyuecTs 21eMeHTOB KOHCTpyKIHit. M.: Hayxka, 1966. 752 c.

8 Kontyso M. A. CuHIrynspHbIC (DYHKIHM BIHSHWS B aHAJM3E PENAKCALMOHHBIX mpoueccos // IIpounHocTs M mmactmurocTh. M.: Hayka. 1971.
C. 640-645.

® Cmur T. JI. DMIHpHUECKHe YpaBHEHHS VIS BA3KOYIPYTHX XapaKTePHCTHK U BHIYHCIEHHS PENaKCAMOHHBIX CIIEKTPOB // BA3koympyras peakcarus
B nonuMepax. M.: Mup, 1974. C. 44-56.
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R(t) =R, +iRi exp(—ait); I'(t)= Ata-liﬂ. )= ABRCAT).

~1r(a(n+1))’ te ’
- ST (a(n+1) 5
R()=R, +—2—=: R(t)=R, +(R,—R,, )exp(—(t/z,)*).
=R, + et RO=R.+(Ro—R.Jexp(~(t/z,)")
3nece R, Ry, R,, @, f, 7, — MarepuanbHble KOHCTaHTh, I — ramma-QyHKnus, a Takke MOHOTOHHAs

anmpoKCHMAIIHs KYOMYeCKUMHU CILIAWHAMU 110 BOCBMH TOYKAaM, KOOPJAUHATHI KOTOPBIX CITY>KUITH [TapaMeTPaMH.
PaccMaTpuBainch MOJIENH, B KOTOPBIX KPOME BSI3KMX YYHTHIBAIOTCS IIACTHYECKHE HeoOpaTuMble aedopMarin.
HccnenoBanuch e 0a30BbIe MOJICIH TAKOTO THIIA.
BaszoBast momenbs 1 (puc.4a) mpencraeimsier coboii coemmHenme Momenedt [4] w [10] uw mpemmomaraer
MOCJIEI0BATENILHOE COCIMHEHUE TPEX DIIEMEHTOB.

-— — ]—»
2

Puc. 4. CrpykrypHBIe cXeMbl 6a30BBIX MOZETEH: @ — MOJeNb 1; 6 — Moens 2

1. JInneiiHbI BA3KOYNPYTUid aeMeHT ¢ siapom Kombpayma [10]:

t o
1 (1 1 t
e ()= (t-7)6(r)dr, 1I(t)=—+| =——— |exp|—| — , 6
(1) j (t-1)3(1) (=5 [R RJP [Tj (6)
rae R, Rw, TO, (94 —_ MaTCpPIaJ'ILHBIe KOHCTAaHTHI, HepBLIC JABE HMEIOT (I)I/ISI/I‘{GCKI/Iﬁ CMBIC]I MI'HOBCHHOI'O H

PaBHOBECHOTO MOJTyJIEH.

2. ITnacTu4ecKuii SJIEMEHT C JIMHEHHBIM YIIPOUYHCHUCM:

) ks(t), oc20,vo<—o,
&,(t) = )
0, -o,<0<g0,
rae 6, , k — MaTepHalbHBIC KOHCTAHTHIL.
3. JInHEHHO-BSI3KUI 3JICMEHT:
£,(0) =n"o(1), (®)
rje 1 — MaTepuaibHas KOHCTAHTA.
HroroBoe BoIpakeHue 115t iepopmarimii:
&(t) = ,(t) + &, (1) +&5(1). 9)

Mogenb (6)—(9) pemraercsi OTHOCUTENBHO AeQopMaInid, MOATOMY sl € uAeHTUu(UKanuu yao0HO pacmoJiaraTh
UCTOPUSIMH HanpsbkeHu#l o(t) (puc. 3 ).

CrpykrypHas cxema 6a30Boit Mmomenu 2 (puc. 4 6), 3anmctBoBanHOU u3 [1], mpeacraBnsier co6oii mapamienbHOe
COCIMHEHHUE BYX JJIEMEHTOB.

1. DHAOXPOHHBIN TUTACTUYECKUI DJIIEMEHT C HEJIMHSWHON yIpPyroi 4acThiO:

. o, (1), .
£,(t) = %k(t) ; 6,(t) = Asign (e(t) —sp(t))ln(l +Be(t) —2, (1) ) (10)
rie €, — BHYTPCHHMH NapamMeTp, HMMCIOWMH CMBICI HEOOpaTHMOl AeopMaLuu DICMEHTa; Y,AB —

MaTeprUaIbHbIC KOHCTAHTHI.

2. [apa mocrie0BaTeIbHO COCAMHEHHBIX HETMHEHHO-BA3KOTO (2) 1 THHEHHO-ynpyroro (3) 21eMeHTOB:
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sh %)
Oy
0,(t) = 6, (t) = cey(t), (12)

rae Sign — 3HaK apryMeHra; 1, 6,, k, ¢ — MarepHaibHble KOHCTAHTBL.

k
s

(11)

(1) = ﬁsign(oz(t))

PesynbpTHpytoiee BolpaykeHUE A1 HATIPSIKEHUI:
o(t) = 6,(t) + 5, (V). (13)
Mopuens (10)—(13) pemmaercst OTHOCHTEIBHO HANPSHKCHHUH, TIOITOMY IS €€ WACHTHPHUKAINH YI00HO pacroiararh
ucropusiMu  aedopmarmit  g(t) (puc. 3 6). Beipaxenne o,(t) B (13) BbUMCIAETCS KaK pEHIEHUE CHCTEMBI

anreopoauddepenuuanbabix - ypasHenuit  (10), a  o,(t) — kak pemenue cuctemel (11), (12) ¢ yuerom

&(t) = &,(t) +&5(1).
PesyabTaTrel  ucciegoBaHus. MUHUMH3AIMS  HEBSI3KH  MEXIY  OKCICPUMEHTANBHBIMA  HCTOPHSIMH
nepopmaruii (puc. 3 6) W TpencKa3aHUSIMH MOJIEIH TO3BOJIMIA HAWTH CeMb MaTepHaJbHBIX KOHCTAaHT 0a30BOMU

mozaenu 1:
R =895 MIIa;R , =205 MITa; 1, =1,66x10%c; 0.= 0,64;

(14)
o, =10,2 MITa; k =0,0095 MITa™; n=9,28x10°c.
B Ka4y€CTBC IIOUCKOBOM npouceaypbl HUCIIOJIB30BaH CUMIIIICKC-MCTO. CpaBHeHI/Ie PaCUYCTHBIX u

OKCHCPUMCHTAJIbHBIX JAHHBIX MPUBOAUTCS Ha pUC. 5.

£

MBZUIBHHBIP’I OKCIIEPUMEHT

0,10 = DKcHepUMeHT
= Mouenb
0,08 .
Touku HEBSI3KH
0,06
0,04
0,02
0
5 10 15 20 25 tx10%¢c
a)
€
CpenHuit SKCIepUMEHT
0,10 = DKCIEepUMEeHT
— Mopens
0,08 * Touku HEBS3KH
0,06
0,04
0,02
0
1 2 3 4 5 6 7 tx10°%¢
0)
€
BricTphlit KCTIepUMEHT
0,10 — DKCIepUMEHT
— Mogens
0,08 * TOYKH HEBA3KH
0,06
0,04
0,02
0

250 500 750 1000 1250 1500 t.c

6)

Puc. 5. CpaBHeHMe SKCIIepUMEHTANBHBIX JaHHBIX U IIpecKa3aHnii 6a3oBoii Moxenu 1:

a— £=4,63x10°c?;6— £=2,35x10°c ;6 — £=2,27x103¢c™
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MuHHMH3aIHs HEBS3KM MEXIY SKCIICPUMEHTAIbHBIMH HCTOPUSMH HampshkeHHE (puc. 3 ) M IpeAcKa3saHUSIMH
MOJIEIIH TI03BOJIHIIa 0OHAPYKUTh CEMb MaTepHaIbHBIX KOHCTaHT 0a30BOH Mozenu 2:
Y =20,3MIIa; A =6,01MIIa; B=61,8;
n=6,81-10°c; 6, = 0,66 MIla; k =1,08; c = 681 MIla.
Ipu 5TOM CUMTATIHNCH 3aIaHHBIMK HCTOpHH nedopmaruii (puc. 3 6). CpaBHEHHE PACUETHBIX U SKCIICPHUMEHTAIBHBIX
JaHHBIX PHBEACHO Ha puC. 6.

(15)

o, Mlla
Mennennsiii 9KCIEPUMEHT
12 —  DKCIepuMeHT
— Mopenb
10 o Touku HEBS3KH
8
6
4
2
0
5 10 15 20 25 1x10% ¢
a)
o, MIla
CpenHuii SKCrIepuMeHT
14
— DKCHEepUMEHT
12 — Mouens
10 ® To4YKH HEBSA3KH
8
6
4
2
0
1 2 3 4 5 6 7 tx10%¢
0)
o, Mlla
BoicTphlit oKCIIepUMEHT
— DOKCIiepuMeHT
15 — Monens
* Touku HEBSI3KU
10
5
0
250 500 750 1000 1250 1500 t><103,c
6)

Puc. 6. CpaBHeHHe SKCIIEpUMEHTANBHBIX JAHHBIX U NPeACKa3aHui 6a30BOH Mot 2:

a— £=4,63x10°%¢c?;6— £=2,35x10°¢c ;6 — £=2,27x103¢c™

OOcy:kmeHne W 3aKJI0YeHUsl. PaccCMOTpeHHBIE OJHOMEpPHBIC MOJCTH O0000IIA0TCS Ha MPOCTPAHCTBECHHYIO
(hopMyYIHPOBKY, KOTOpasl MPe/IoiaracT U30TPOIIHIO CBOMCTB U HEM3MEHHOCTh TIABHBIX OCEH TeH30pa nedopMmanuii B
mporiecce HarpyxeHus. s 3Toro TeH30psl HampsbkeHni Komm m morapudmudecknx nedopmMariuil pazimaraioTcs Ha
IIaPOBYIO M ACBHATOPHYIO YaCTH:

1
c=o0,l+s, s=§svl+e.
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CBs3b MECXIy IIapOBbIMH YaCTsAMMU GO, M g, 3a4acCTCi BBIPAKCHUCM (3) CBs3b MEXIY NCBUATOPHBIMHU YacTsIMHU S

1 € 3a/1aeTcs COoTHOImeHMs MU, obobmatormmmu (6)—(9) wmu (10)—(13) B 3aBucMoOcTH 0T BEIOOpa 06a30BOH MOJETH. DTH
BBIPQKEHHUS CIICIYET TEPENncaTh B TEPMUHAX MCTOPHMI JNeBHATOPHBIX dactei S(t) u e(t), uckiroyas M3 OIHOOCHOTO
CKATHS IIAPOBYIO YaCTh.

B kagectBe mpOCTpaHCTBEHHOTro 0000meHnst cooTHomeHnd (7) IS IDIACTHYECKOTO dJeMeHTa Mogenu 1
paccMaTpuBaeTCsl 3aKOH IIACTUYECKOrO TEUSHHUs, aCCOLUMUPOBAHHBIN C KPUTEPUEM TeKydecTr Museca, ¢ H30TPOIHBIM
JIUHEWHBIM J1e(hOpMAIIMOHHEIM yIpouyHeHUEeM. CBsI3b IEBUATOPOB OYICT BHITJISICTh TaK:

e(t) = e, (t) +e,(t) +e;(t);

e (t) :j.n(t—’[)é(z')d’[; I1(t) :Ri.l,_(%_Rijexp(_(t/ro)u);

9,5 5:8 i ) —
e, =Zk —=5S; &(t) =Iéz(r)dt; ¢, =4/%¢,:¢,;
(e2) o
-1
eS(t) :T'I S(t)a
[¢  [ABOCTOYMC O3HAYaeT ONCPALMI0  CBEPTKH TeH3opoB  A:B=A;B;, 3aJaHHBIX KOMIOHCHTaMH B

OPTOHOPMHPOBAHHOM Gazuce.
COOTHOWIEHUS SHIOXPOHHOH Teopun mmacTuuyrocTH (10) Momemn 2 Takke 0600MAIOTCS B IyXe MIACTHIHOCTH
Museca, 9TO IPUBOAT K CIIE/TYIONIEH 3aIHCH /ISl IEBHATOPOB:
S=5,+5,] e =€, +&,
3
e, =—é71; g=.2¢:¢; s = dev(z ininij; & = Asign(}, )In(1+By,));

i=1

K
é, :gl Sh[ﬁj S G, =+/38,:5,;
n Gy J| O
e, =C’'s,,

rze dev 03HAYaeT AEBUATOP TEH30pa; A;, N; — COOCTBEHHBIC YHCIIA U COOCTBEHHBIE BEKTOPBI TEH30pa €—€, =), n; 1;.

CriemyeT 3aMeTHTh, 9TO aBTOPHI [1] MCMOTB30BaN BapHAHT MOJEIH C MAPaMEeTPOM SHIOXPOHHOCTH [14], paBHBIM
enunuue. Ipencrapisiercs LenecooOpa3sHbIM PaCCMOTPEHUE 3TOTO MapaMeTpa B KaueCTBE MAaTEpHaIbHOW KOHCTAHTBI,
MOCKOJIbKY M3BECTHO €T0 BIIMSIHUE Ha ONUCAHUE MEPEXOHBIX MIPOIIECCOB MOCIIE CMEH PEKUMOB HATPY KEHHS.

B pamkax HacTosiei paboThI IPOBOJMIKCH OIBITHI 10 CTECHEHHOMY W CBOOOJTHOMY CIKaTHIO KOMIIO3UTa Ha OCHOBE
moJUTeTpad TOPITUIICHA, HATIOJHEHHOTO MEJIKOIUCIIEPCHON OpoH30# ¢ MaccoBoii noieit 40 %. [Ipu 3TOM BEIIOIHSIIACH

HAarpy3KH, pasrpy3Kd M BBIIEPKKH C pa3IMYHBIMH CKOpOCTAMH jedopmammii B auanasome 107°-107°c™.

OKCIIEpUMEHTHI Ha CTECHEHHOE CXKaThe MPOBOAWINCH IIPHU AABICHHUAX, COOTBETCTBYIOIIMX IHKOBBIM Harpys3kam
AHTU(QPUKIIMOHHOTO CJIoS B mIapHupax co chepuueckum cermeHtoM. OOHapykeHa HECIOCOOHOCTb CTaHJApTHOMW
JTMHEWHON BA3KOYIPYTOi MOJENN OIMUCHIBATh JTaHHbBIE MCIIBITAHMH /I HECKOJBKUX CKOpocTel nedopmannu. BeiOpansr
1 WACHTH(UIIMPOBAHBI JBE CEMHKOHCTAHTHBIE MOJENH C IUIACTHYECKUMH M HEIWHEHHBIMH BS3KHMHU CTPYKTYPHBIMHU
JJIeMEHTaMH, KOTOpBIE MOTYT OINHWCATh JaHHBIE ©0a30BBIX SKCHEPUMEHTOB. MOJENs C SHIOXPOHHBIM 3JIEMEHTOM
Nokazana OOJNbINYI0 AKKypaTHOCTb OINMCAHUs JaHHBIX MpPU BBICOKOW CKopocTH aedopmupoBaHus. Mopenb ¢
IUTACTUYECKUM BJIEMEHTOM MOXET OBITh YCOBEPIIEHCTBOBAHA, €CIM YYECTh HEJIIMHEHHOCTH B BSI3KOM 3JEMEHTE U
HenMHeHoe JedopMalnMoHHOE YNPOYHEHHE, YTO MOTPeOyeT yBENMYEHHs YHCIIa MaTepHaJIbHBIX KOHCTaHT. JlaHHBIE
Mojieneld 0000IIeHbl Ha NPOCTPAHCTBEHHBIM Ciydail JuIsi M30TPOITHOTO Marepuaja M HMCTOpUi 1eOpMUPOBAHUS C
MIOCTOSIHHOW OpHEHTAIel TpeXIpaHHHUKA [NIABHBIX OCEH.
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AHHOTAN NS

Bgeoenue. s >dphekTBHOTO NpUMEHEHUsT OECHHMIIOTHBIX JieTaTesbHbIX anmnaparoB (BJIA) HeoOXoaumo y4uTHIBATH
BO3/eiicTBUS aTMOC(epHbIX (aKTOpoB BHEUIHEH cpenbl. Ha OCHOBE CyIIECTBYIOIIETO YPOBHSI pPa3BUTHS HaydHO-
METOJIMYECKOTO ammapara HEBO3MOXKHO OIPENEeNIUTh BEpOATHOCTh MOBpexJeHUs BJIA B ycIOBHSIX KOMIUIEKCHOTO
BO3/ieiicTBUS aTMOC(EepHBIX (aKTOPOB BHEIIHEH Cpeibl M OLECHUTH IENecO00Pa3HOCTh JalbHEHIIETO BBHINOIHEHHMS
nonérHoro 3amanus. Hapymenue nponecca ¢ynkumonupoBanus BJIA o0ycnoBieHO Bo3aeHCTBHEM aTMOC(EpHBIX
0CaJIKOB, BETPOBBIX M TEMIIEPATYPHBIX YCIOBHH cpeabl. Llenpio paboTsl sBisieTcs pa3paboTKa METOIUKH OIPEIeIICHUs
BepOsSITHOCTH moBpexaeHus BJIA B pesynbrare Bo3felCTBHs aTMOC(EpHBIX (HaKTOPOB Cpelbl, a TaKKe OIeHKa
ObICTPONIEHCTBHS PabOThI MPOrPAMMHOIO KOMIUIEKCA, PEANIU3YIOIIEro pa3paboTaHHbI aJITOPUTM IIPH HCIIOJIL30BAHUN
TPEYTOJIbHBIX, TPANCIIMEBUIHBIX, IATHYTOIBHBIX U ['ayCCOBBIX (QYHKIMIT TPUHAAICKHOCTH.

Mamepuanvi u memoowi. IlpernoxeHa MeETOAWKaA, TO3BOJIAIONIAS C HCIOJIB30BAaHHEM TEOPHUM HEYETKOH JIOTHKU
OIIPEJCTIUTh BEPOSTHOCTh MOBpexkaeHus BJIA npu HETOYHOCTSX M HEONPENENEHHOCTAX ONHCaHHs aTMOC(HEPHBIX
BO3/eiicTBUI BHemHe#W cpenpl. OHa y4YUTHIBAET BO3MOXHBIE aTMOC(epHbIE (DAaKTOPHI M MO3BOJSET ONPENEIHUTh
BEPOSITHOCTh TOBpekAeHUs bBJIA mnpu pasnuyHbIX BO3ACHCTBUAX. BpMMCINTENBHAS CIIOKHOCTH aJITOPHUTMA,
peaIM3yIONEro METOUKY, CYIIECTBEHHO 3aBUCHT OT KOJIMYECTBAa KAUECTBEHHBIX OICHOK aTMOC(EpPHBIX BO3JEHCTBHHA
Ha BJIA.

Pesynemamor uccnedosanua. IlpennoxeHa ¥ MpoTECTUPOBAHA METOAMKA ONPENEIECHUS BEPOSITHOCTU MOBPEXKACHUSL
BJIA B pesynprate BO3ACicTBHS arMOoc(epHBIX (DaKTOPOB cpeasl Ha 0aze HEYETKHX MHOXKECTB (TPEyrojbHBIX,
TpanenueBUIHBIX, ISATHYTONBHBIX, ['ayccoBbix). ONMMCaHO WCHOJB30BAaHME HEYETKUX MHOXECTB IS OICHUBAHUS
ycrmoBuid cpensl mpumeneHnss BJIA. PaszpaGotan anroputMm ompenencHHs BEpOATHOCTH moBpexaeHus BJIA B
pe3yiapTaTe BO3ACHWCTBUS aTMOC(EpPHBIX (akTopoB cpenpl. lIpoBen€H BBIYUCIUTENBHBIN JKCIEPHUMEHT IUIS
OTIpEe/ICICHUS CIIOKHOCTH pacuéra BeposTHOCTH moBpexaeHus BJIA B pesymprare atMoc(hepHBIX BO3IEHCTBHH Hpu
Pa3IMYHBIX YCJOBHUSIX CpENbl: «YMEPEHHBIX YCIOBHAX» HPU CKOPOCTH BeTpa 3 M/C, MHTEHCHBHOCTH aTMOC(EPHBIX
ocankoB 0,8 MM/4 u TemnepaType Bozayxa 5 °C; «O4eHb CIOXHBIX YCIIOBHSIX» BHEIIHEH Cpeabl NMpH CKOPOCTH BETpa
12 m/c, wHTeHCHMBHOCTM aTMOC(EepHBIX OcajakoB 3,5 MM/4 W Temmeparype Bo3ayxa —6°C. YcraHoBIEHO, 4TO
UCIIONIb30BAaHKME TPEYrOJIbHBIX (PYHKIHMIT IPUHAIEKHOCTH I pacyéra BeposTHOCTH NoBpexaeHus bJIA B pesynbrare
aTMoc(epHBIX BO3JCHCTBUH obOecrieunBacT 0Ooyiee BBICOKOE OBICTPOACHCTBHE MO CPaBHEHHIO C OCTAILHBIMH
(TpanerpeBUAHBIMHE, [SITHYTOJIBHBIMH, | ayCCOBBIMH).

Oobcysrcoenue u 3axniouenus. [onydeHHbIC TIPY peaM3allii METOANKY 3HAYSHUS BEPOATHOCTEH moBpexkaeHus bJIA B
YCIIOBHAX aTMOC(EPHBIX BO3IECHCTBUI BHEUTHEH CpE/IbI MOTYT MCTIOIB30BAThC Ha dTAre MPEANONETHON MOATOTOBKH 1
B mporiecce Moiéra UIsl OIEHKH IIeIeCOO0Pa3sHOCTH MabHEHIIero BBIMOJHCHUS IMOJETHOTO 3amaHus. Ha ocHoBe
MIPOBEJCHHOTO aHAJIN3a IIPHUMEHEHUsI PACCMOTPEHHBIX (opM (YHKIMI MPHHAATICKHOCTH JaHbI PEKOMEHIALUH 0 UX
NpUMEHEeHMI0. VcIonp30BaHne ajJrOpUTMOB C TPEYrONBHBIMH (DYHKUMSIMH TPHHAJUIEKHOCTH OOECIIEYHT BBICOKOE
ObicTponeiicTBre padoTel cucteM ynpasinenus bJIA (CY BJIA).

© benonoocko /1. I'., Koponee U. /., Yepnvuues FO. O., Benyos H. H., 2022
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KnroueBble cjioBa: OcCHIUIOTHBIM JIETATENbHBIN ammapaT, (YHKIUS NPHHAUICKHOCTH, HEYETKHE MHOXKECTBA,
MareMaTuyuecKasi MOZIejb, YIpaBleHne, aTMOoc(epHbIe BO3/ICHCTBUSL.

Bbaaronapuocrn. CoaBTOphl BBIpaXalOT WCKpeHHIOI OnarojapHocts YepusimeBy IOpuio OneroBuuy 3a ero
HACTaBHUYECTBO, LICHHBIC COBETHI, KDUTUKY M JKMBOE y4acTHE B JaHHOW pabore.

Jas murupoBanus. MeToauKa ONpeeNiCHUS BEPOSATHOCTH MOBPEKICHUS OCCHIIOTHBIX JICTATCIBHBIX allapaToB B
pesynbTate Bo3aedcTBUS  aTMoc(hepHbIX (akropoB BHemmneidr cpexst /1. . Benonoxko, W. JI. Kopoes,
10. O. Yepnsimes, H. H. Benmnos // Advanced Engineering Research. — 2022. — T.22, Ne3. — C. 193-203.
https://doi.org/10.23947/2687-1653-2022-22-3-193-203
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Abstract

Introduction. For the effective use of unmanned aerial vehicles (UAV), it is required to take into account the impact of
atmospheric environmental factors. Based on the existing level of development of the research and methodological
apparatus, it is impossible to determine the probability of damage to the UAV under the conditions of complex exposure
to atmospheric environmental factors and to assess the feasibility of further performance of the flight task. Violation of
the UAV operation process is caused by the influence of atmospheric precipitation, wind and temperature conditions of
the environment. The work aims at the development of a methodology for determining the probability of damage to
UAYV as a result of exposure to atmospheric environmental factors, as well as to evaluate the performance of the
software package implementing the developed algorithm using triangular, trapezoidal, pentagonal, and Gaussian
membership functions.

Materials and Methods. A technique is proposed that makes it possible, using the theory of fuzzy logic, to determine
the probability of damage to the UAV with inaccuracies and uncertainties in the description of atmospheric effects of
the environment. It takes into account possible atmospheric forcing and enables to determine the probability of damage
to the UAV under various atmospheric influences. The computational complexity of the algorithm implementing the
technique depends significantly on the number of qualitative assessments of atmospheric impacts on UAV.

Results. A method for determining the probability of damage to UAV as a result of exposure to atmospheric
environmental factors based on fuzzy sets (triangular, trapezoidal, pentagonal, Gaussian) was proposed and tested. The
use of fuzzy sets for estimating the conditions of the UAV application environment was described. An algorithm was
developed to determine the probability of damage to the UAV as a result of exposure to atmospheric environmental
factors. A computational experiment was carried out to determine the complexity of calculating the probability of UAV
damage as a result of atmospheric forcing under various environmental conditions: “moderate conditions” at a wind
speed of 3 m/s, precipitation intensity of 0.8 mm/h, and air temperature of 5 °C; “very heavy conditions” of the external
environment at a wind speed of 12 m/s, precipitation intensity 3.5 mm/h, and air temperature of —6°C. It was
established that the use of triangular membership functions to calculate the probability of damage to the UAV as a result
of atmospheric forcing provided higher performance compared to the rest ones (trapezoidal, pentagonal, Gaussian).
Discussion and Conclusions. The values of the UAV damage probabilities obtained during the implementation of the
methodology under atmospheric environmental influences can be used at the pre-flight preparation stage and during the
flight to assess the feasibility of further performance of the flight task. Based on the analysis of the application of the
considered forms of membership functions, recommendations for their application are given. The use of algorithms with
triangular membership functions will provide high performance of UAV control systems (UAV CS).

Keywords: unmanned aerial vehicle, membership function, fuzzy sets, mathematical model, control, atmospheric
forcing.
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BBenenne. Anamu3 ombita npumeHeHusi bJIA mokaszan, 4YTO OCOOEHHO aKTyalbHBIM SIBJISICTCS ITOBBIIICHUE
s¢dekTuBHOCTH TprMeHeHns: BJIA B ycnoBusix Bo3aeiicTBuil BHemrHe# cpensl [1-4]. ObopymoBaHHe COBPEMEHHBIX
OECHIWIOTHBIX JIETATENLHBIX allapaTroB II03BOJISIET NPOWU3BOJIUTH HM3MEPEHHS M OLIEHKY COCTOSHUS TEeXHHYECKHX
CHCTEM, IIapaMeTPOB IMoJIeTa U BHEIIHel cpeasl [2].

[Tpu ObicTpoM OOHOBIEHMM TEKyIIEH MojieTHOW MH(MOpPMaLUK W ee OOJbIIOM O0beMe peau3alys YIpaBICHUS
CTaJIKABAeTCA ¢ MpoOIeMoii obecriedeHus ycToiunBoro ¢pyHkunoHnpoBanus bJIA B ycinoBusx BO3AEHCTBHS BHEIIHEH
cpensl. CTOUT OTMETHTB, YTO YEJIOBEUECKHE CIIOCOOHOCTH OTPaHMYEHBI, a B YCIOBUAX PE3KO MEHAIOLICHCS 00CTaHOBKA
psn mapamerpoB BJIA u BHemHe# cpenpl, TakKWX KaK TeMIleparypa W OOOpOTHI IBUTATENs, CKOPOCTH BETpa H
WHTCHCUBHOCTh OCAIKOB, B CHJIY OTPaHHYCHHOCTH YEIIOBCUCCKMX BO3MOXHOCTEH MOTYT OBITh HE YYTEHBl WA
yHOyIieHsl u3 BUAy. [1ogo0HBIE HETOYHOCTH YIPABJICHUS MOTYT MIPUBECTH K BHIXOIY U3 cTposi o0opynoBanus BJIA wmun
ero mnospexacHuio [3]. Biusaue ¢axtopoB BHemiHed cpeabl Ha BJIA MOXeET CYIIECTBEHHO CHHM3HMTH KayeCTBO
BBIMOJIHEHHSI 3aJaHUA, a NIPU OIpPEJeNCHHbIX 3HAUYCHHUAX MapaMeTpOB BHEIIHUX BO3JCHCTBHHA M BOBCE MCKIIOYHUTH
BO3MOXHOCTB npuMeHenus BJIA [4].

B aToli cBs3M penieHue 3aj1a4, CBA3aHHBIX ¢ coxpaHeHueM 3¢ ¢dexTrBHOTO QyHKIMOHMpOoBaHus BJIA B pasnuuHbIx
aTMoc(epHBIX YCIOBHSAX, SBIISETCS BaKHBIM STAIlOM IIPH COCTaBJICHUH TpeOoBaHuil k 6opToBoMy 0bopyaoBanuio BJIA,
obecrnieynBaromeMy Oe30MacHOCTh TIOJIETOB B aBAPWHHBIX CHTYAIHMSAX, BO3HUKAIOMIMX TOA NEHCTBHEM pPa3IMIHBIX
[TOTOIHBIX sIBJCHMI [4].

Martepuanbl u MeToabl. PemieHne mpoOneMbl MPENCTaBISCTCS aBTOpaM B aBTOMATH3AalMU IIPOIECCAa OICHKH
mapaMeTpoB BHEIIHEH Cpeasl A ONpeAelicHHs BeposATHOCTH moBpexaeHus BJIA w BBIpaOOTKH yIpaBICHHSA,
COOTBETCTBYIOIIETO TeKyliel oocrtanoBke. B paborax [1-5] B kauecTBe AecTaOUIU3UPYIONINX BO3ICHCTBHI BHEUIHEH
Cpeibl PaccMaTpUBAIOTCS METEOPOJIOIMYECKHE YCJIOBHS, HalpuMmep, aTMOc(epHbIE OCaJKH, BETPOBbIE HArpy3KH,
TeMIiepatypa, JaBJCHHE BO3JyXa W BJIXKHOCTh. J[is omucanusi aTMochepHBIX BO3JCHCTBHI BHENIHEH cpej:u,l1
HCTIONB3YeTCs BEPOATHOCTHAS MOJIENIb B COUETAaHUM C TEOPUEH CIIydaifHBIX MPOoIeccoB. M3BecTeH Takke crocod OleHKH
MHTEHCHBHOCTH OCAJKOB M BOJXHOCTH OGIAKOB HA OCHOBE JAHHBIX JMCTAHIMOHHBIX M3MEPEHHMil’. ABTOPAMH TaKiKe
OTMEYAeTCs, YTO €CTeCTBEHHAass HW3MEHYHMBOCTh M CTOXACTHUECKHH XapakTep arMoc(epHbIX YCIOBUH He JaioT
BO3MOKHOCTh YCTAHOBHTH CTPOTHE MAaTEMaTHUECKUE 3aBICUMOCTH TSI OTIMCAHUSI AaTMOC(HEPHBIX YCIOBHIA CPEbI.

[pu HEonpeeIeHHOCTH TTapaMeTPOB U HETIOJHOW HHPOPMALIMH O COCTOSHIY BHEIIHEH Cpe/ibl He BCETAa BO3MOXKHO
MIPEJICTaBUTh €€ HeNpeAHAMEPEHHOE BO3JCHCTBHE B BUAE YCTKHX BEIMYMH. JTa MpoOJIeMa MOXET OBITh pelieHa C
MOMOIIBI0 TEOPUM HEYETKHX MHOXECTB. B ciydyae ee mNpUMEHEHHWs HET HEOOXOAWMOCTH 3HATh TOYHYIO
MaTEeMaTHYECKYI0 MOJIENb aTMOC(EpPHBIX BO3ACUCTBUI BHEIIHEH Cpelsl JJs OICHKH ¢¢ BIMSHUS Ha BJIAS, OreHka
yCJIOBHI (DYHKIIMOHMPOBAHMS CIOKHBIX CHUCTEM SIBIISIETCSl OJHOW M3 00JacTeil, TJe HEYeTKHEe MHOXKECTBa LIMPOKO
HCTIONB3YIOTCS UTSl YCTPAHEHHST HETOYHOW TIPUPOJIBI BO3MCHCTBUS BHEIIIHEH cpebt [6].

TaxuM 06pa3oM, aHAIN3 M3BECTHBIX MCCIIEIOBAHMII B JAHHOM 00IACTH MOKAa3bIBAET, YTO B ABTOMATH3HPOBAHHBIX
cHUCTeMaxX TPOTHO3WPOBAHMWA W TONACP)KKH TNPHUHATHS pPEHICHHH B YCIOBHAX HEIOCTaTKa M HEONPEIeIeHHOCTH
HCXOJHOU MHpOopMaInu ajist €€ 00pabOTKH, XOPOIIOo 3apeKOMEHI0BAIN ce0sT METOIbI HEUETKOM JIOTHUKH.

PesyabTaTsl necnegoBanus

Pa3paborka MeTroaukm omnpeaesieHHs BeposTHOcTH mnoBpexaeHnss BJIA B pesyabrate Bo3geiicTBusS
aTMocdepHBIX (AKTOPOB Cpeabl

B [6] orMe4aeTcsi 0COOCHHOCTB, KOTOpas OTJAMYACT HHTEIUICKTYalbHYIO CUCTEMY aBTOMAaTHYECKOTO YIPABICHHS OT
MIOCTPOEHHON 0 «TPaJUIMOHHOW» cxeme. OHa CBs3aHa C HCIIOJIb30BAaHMEM MEXaHHW3MOB 00paOOTKM 3HAHMH IS
BBITIOJTHEHHS TPeOyeMBIX (QYHKINI B HEOTPEAEICHHBIX (MIM HETIOTHO 3aJaHHBIX) YCIOBHAX MPH CIyIaifHOM XapakTepe
BHEUTHUX BO3MyIIeHUH. WMHTemnekTyanusanus mnpomecca QynkuuoHupoBanusi bBJIA s ydera (dakTopoB
HEOIPEICIEHHOCTH MOXeT OBITh JOCTHTHYTa 3a CUeT NpHMEHeHHWs O0a3bl 3HAHMH M MeXaHW3Ma JIOTHYECKOTO
BeIBOzIA [6].

! BepoATHOCTHAs MOJENb MOMCKA M OOHAPYKEHWS HA3EMHBIX OOBEKTOB C HMCIIONB30BAHHEM OCCIMIOTHBIX JICTATEIBHBIX ANNAPATOB B YCIOBHAX
HeperyJspHbIX Bo3aeiicTBuil BHewHe cpenpt / U. E. Kysuenos [u ap.] // Madopmanuonssie TexHomoruu u HaHotexHoiaornu (UTHT-2020) : mat-is1
VI mexxayHap. koH¢. 1 MonoaexHo# mkoisl. B 4 1. Camapa : M3a-Bo Camap. yu-Ta, 2020. T. 3. C. 152-156.

2 Kysuenos U. E., Bynrun /1. B. Meroauka OLeHKM HHTCHCHBHOCTH OCAJIKOB U BOJHOCTH 00JIAKOB HAa OCHOBE JIaHHBIX JMCTAHIIMOHHBIX H3MEPEHUH //
@DaKyIbTEeT KOMIIBIOTEPHBIX Hayk Boponexckoro yu-Ta : [caiit]. URL: https://www.cs.vsu.ru/ipmt-conf/conf/2021/works/2/1744.dokl.pdf

® Yepenanos /. B., Kysneros W. E. Mozie/b NIPOrHO3MPOBAHKS CTETICHH CI0KHOCTH METEOYCIIOBHMIT C YUCTOM TCOPHH HEUeTKO# ornKH // daKyIbTer
KOMITBIOTEPHBIX HayK BopoHexckoro yH-Ta : [caiit]. URL: https://www.cs.vsu.ru/ipmt-conf/conf/2021/works/2.85/1793.dokl.pdf
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UroObI ompenenuTh 3HAUCHNE BEPOSTHOCTH MOBpexaeHUs BJIA B pesymbraTe BO3INEHCTBUS (aKTOPOB BHEIIHEH
cpeabl HE0OX0AUMO:

1. ChopmynupoBars HEUETKHE OLIEHKH aTMOC(HEPHBIX BO3CHCTBHIA:

— CKOpPOCTH BETpa;

— MHTEHCHBHOCTH OCA/IKOB;

— TEMIIEPaTYPHBIX YCIOBHH CPEIIBI.

2. Pa3paboTraTh HEUYETKYIO MOJENb BBIYHCICHUS BEPOATHOCTH NOBpexacHHs BJIA B pesynpraTe aTMOC(HEpPHBIX
BO3JICHCTBUM CpEbL.

3. Co3pmats 0a3y MpaBHII HEYETKOTO JIOTHYECKOTO BBIBOAA BIMSIHUS aTMOc(hepHBIX Bo3aeicTrii Ha BJIA.

4. OCyIecTBUTh HEYETKUH JIOTHUECKUI BEIBO.

5. TIlpomsBectnn gedaz3muKanmi0O HEYETKOTO 3HAYCHHS BEpPOSITHOCTH ToBpexkaeHus bBJIA B pesymbrare
aTMOC(EpHBIX BO3ACUCTBHM Cpeasl Pyp.

OyHKIHOHANIbHASI CXeMa METOAMKH TpeJCTaBlieHa Ha puc. 1.

1. BBOJ MCXOTHBIX JJTaHHBIX
(3HaUeHUsT CKOPOCTH BETPA, MHTCHCUBHOCTH aTMOC (DEPHBIX 0CAJIKOB U TEMIIEPATYPhI BO3IyXa)

1L 1L 1L

2. OnieHMBaHKE YCIOBUN cpelibl mpuMeHeHus bJIA:

2.1 GopMHpOBaHHE HEYETKUX OIICHOK BETPOBHIX BosaeiicTauit: £y, ()

2.2 ®opMUPOBaHKE HEYETKHMX OLEHOK aTMOC(EPHBIX OCATKOB: (5 R(t)

2.3 ®opmMupoBaHHE HEYETKHX OIIEHOK TEMIIEPATYPHBIX YCIOBHMA CPEIBI: Qs (t)

iyt 1L 1L

3. OnpezeneHue BepoITHOCTH MOBpexkaeHUs BJIA B pe3yibTaTe aTMOC(EpHBIX BO3ACH CTBHIA

3.1 ®opmMupoBaHKe MOJIEIN BEIMUCICHUS BEPOSITHOCTH MOBpexkaeHuUs BJIA fy(t)

3.2 Pa3paboTka anroputMa onpeiefieHns BEposTHOCTH NoBpexaeHus bIIA

1Ll

4. BpIBOJI pe3yJIbTaTOB OIIEPATOPY

Puc. 1. (DyHKIII/IOHaIII)HaSI CXeMa METOJUKH OIPEACICHU BEPOATHOCTU NOBPEIKIACHU BJIA B pe3yiibTaTe BO3JICHCTBUS

aTMOCQEpHBIX (HaKTOPOB CPEbI

Tpebyercs ompenenuTh BEpOATHOCTH ToBpexaeHus BJIA Ha oCHOBe aHanmM3a BXOJHOW HEYETKOW CHUTYaIlWH.
PaccMoTpuM moipoGHO ATanbl pabOTHI MPEIOKEHHON METOIUKH.

Ouenka yciaoBuii cpeanl npuMeHenns BJIA

Atmocdepubie (akTopsl BHemIHEH cpembl (BeTep, OCaaKu W TEMIIEparypa BO3MyXa) B ITPOIECCE TOJeTa MOTYT
U3MEHAThCA. J[MHAMHYecKoe H3MEHEHUE MapaMeTpOB Cpelbl OKa3blBa€T 3HAYUTEIbHOE BIHUSHHE HAa YCTONUUBOCTH
¢byukunonupoBanus BJIA [7]. B xauectBe THIOBOro paccmarpuBaetcs BJIA Manoil AanbHOCTH, BBIIOJHEHHBIA 10
a’pOAMHAMHUYECKOH CXEME CaMOJIETHOTO THIA CO CKOPOCTSAMHM TosieTa B auanasoHe ot 20 mo 60 m/c. Obnenenenne
noBepxHocte Takoro BJIA MoxeT mpuBecTH K U3MEHEHUIO €r0 MAaCChl, a TAKXKE a’pOJUHAMUYECKUX XapaKTEPUCTHUK.
CKOpOCTh BeTpa MOXET M3MEHATHCS B 3aBUCHMOCTH OT BBICOTHI, BPEMEHH TIOJIETAa M IMEET CYIIECTBEHHOE BIMSHUE Ha
BJIA paccmarpuBaemoro kiacca [8]. ITo 9Toil IpHuYMHE OLIEHKY aTMOC(EPHBIX BO3ICHCTBHH IEIECOO0pPa3HO
OCYIIECTBIISATH HA OCHOBE JMHAMHUYECKHX HEUETKHX MOIXO0MOB. VICXOMHBIME JaHHBIMH A1 QYHKIMOHAIEHOW MOIEIH

SABJIAIOTCA YCJIIOBUA CPEABI: CKOPOCTh BETpa €, UHTCHCUBHOCTH OCAaJKOB g U TEMIIEpATypa BO3ayxa t.
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Jlnis oLleHKU BIMSHUS BeTpa, Bo3aelcTByromero Ha bJIA B MoMeHT BpeMeHH t, BBeIEM MHOXKECTBO TPEYTOJbHBIX

HCUYCTKHUX YUCCII:

E(t) = {E(6), By (0), ., By (0), ., By, (O}, (1)
rae E(t) — MHOXECTBO TPEYTrOJBHBIX HEUETKHUX YHCEII, OMHCHIBAIONIAX COOTBETCTBHE TEKYIIEH CKOPOCTH BETpa e
HEUYETKUM OIeHKaM Bo3jeiicTuii Betpa Ha BJIA B Moment Bpemenu t; E,, (t) — TpeyronpHOe HeueTkoe 4YHCIIO,

ONMCBIBAIOIIIEE COOTBETCTBHE TEKYIIEH CKOPOCTH BETpa e HEYETKOH olieHke Bo3aeicTBuil Berpa Ha BJIA B MOMEHT
BpeMeHu t; w = 1,N5(t).
B COOTBETCTBUM ¢ TIOHATHEM HEYETKOTO MHOKECTBA, TPEYroibHOE HedeTkoe uucio E,, (t) MOXHO MoHMMATh
kak [9, 10]:
Eu® = {(eng,0()}) 2)
e U o) (e) — byHKIMs NPUHAJIEKHOCTH CKOPOCTH BETpa € K olleHKe Bo3zeiictaus E,, () Betpa Ha BJIA.
B pamkax paspabaTbiBacMOl MOJeNM KayeCTBEHHasl OLlEHKa BO3zeWcTBUs BeTpa Ha BJIA 3aBHCUT TOJBKO OT ero

CKOPOCTH, T. €. HE YUYUTHIBAIOTCSI BO3MOXKHBIE HEOAHOPOIHOCTH BETPOBOTO TIOTOKA M €0 HAMPAaBJICHHE.

OYHKIUS TPUHAIICIKHOCTH TPEYroJbHOIO HEYETKOTO YKCia Mz, ) (e) Moxer OBITH MpejcTaBlieHa KOPTEKEM M3
TPEX 3JIEMEHTOB:

Hp (@) = (I, (O g, (O, 75, (O), 3)
rae cg,(t) — deTkoe 3HAYEHHE CKOPOCTH BETpa, Haubojiee TOYHO COOTBETCTBYIOIIEE KAaYECTBEHHOW OIEHKe
E,, (t) Bo3neiicTBus BeTpa Ha BJIA B MOMEHT BpeMeHH t; lg, (t) urg, (t) — YeTkHe 3HAYEHUS CKOPOCTH BETPa B
HaMMEHbIIEH He HyleBOH CTENEHH COOTBETCTBYIONIEE KadecTBeHHOM onenke £, (t) BosmeiicTBusa BeTpa Ha BJIA
B MoMeHT Bpemenu t. 3uauenus lg (t) mrg, (f) onpenensioT HEYETKOCTb OLEHKH E,(t). B cnyuae, ecmu
lg,, () = 75, (t) = cg, (t), TO OlEHKA CTAHOBUTCS YETKOM.

Hanpuwmep, E~'1(t) MOXXET O3HauaTh HECYIIECTBEHHYIO OIIEHKY Bo3zeiicTBusi BeTpa Ha BJIA. Eciam skcnepramm
MIPUHATO peIIeHHe, YTO MaKCHUMalbHas CKOPOCTh BETpa, MPU KOTOpoi ero Bo3neiicTBue Ha BJIA B TeKyIMX yCIOBHAX
moséTa B MOMEHT BPeMEHHU [ MOKHO TPAaKTOBAaTh KaK HeCyllecTBeHHOe, paBHa 0,8 M/c, TO (QyHKIMS MPUHAIICIKHOCTH
HEYCTKOTO 4HCIIA TPUMET BHI Ky (e) = (0;0;0,8). Tak kak TepBbI W BTOPOM 3JIEMEHTHI KOPTEKa PaBHBI HYIIIO,
00JacTh HE HYJIECBOW NMPUHAUICKHOCTH HAXOIUTCSA Ha 3aMKHyTOM mpomexyTke [0, 0,8]. [lnsg ompeneneHus creneHd
TMPUHAUIEKHOCTH g (t)(e) BO3/IEHCTBUS BETpa CO CKOPOCTBIO € K HEUeTKOH oleHKe Bosaeictsus E;(t) nHamo
MOJICTABUTH € B yPaBHEHHUE TPSIMOH, Tipoxosieit gepes Touxwu (0;1) u (0,8;0).

B mpouecce monera BJIA MOXeT B aBTOHOMHOM PEXHME ONPENessITh (PaKTHIECKYI0 CKOpOCTh BeTpa. Ha ocHoBe
3a[JaHHBIX JKCIEPTAMH 3HAYCHHH KOPTEXeW W3 TPEX 3JIEMEHTOB, MO AHAIOTHU C MPHUBEAEHHBIM BBIIIC MPHMEPOM,
chopMmyarpyeM BO3MOXHBEIC OICHKH BiussHUA BeTpa Ha BJIA. [Insg STOoro 3HAYeHUS TPEYTONBHBIX (QYHKIUH
IPHHA/IEKHOCTH HedeTKuX MHOxkecTB B, (t) OT 3HauenHuii ckopocTu BeTpa € npeacTaBuM rpapuxamu (puc. 2):

— E,(t) — «HecymiecTBeHHOE BIHSHUEY, pgl(t)(e) = (0;0;0,8);

— E,(t) — «odens cnaboe BIMSHHEY, Mg, (t)(e) = (0;1;3);

— E;(t) — «cmaboe BausHmEY, Hg, (@) = (0,225:4,8);

— E,(t) — «cunbHOE BIHAHMEY, I’J'E4(t)(e) = (1,5;4,2;6,9);

— E(t) — «oueHb CUIIbHOE BIMSHHUEY, ugs(t)(e) =(1,5;7;12,5);

— E¢(t) — «omacnoe BiusHHEY, ) (e) = (5;11;18);
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— E;(t) — «o4eHb OImacHOE BIHSHHEY, He (o (e) = (10;15; ).
ITo aHaNOrMU C OLEHKOM BIMSHHS BETPAa PACCMOTPUM OIIEHKM BJIMSHHS aTMOC(EPHBIX OCAIKOB M TEMIIEPATYPHI,

BozzeicTByomKX Ha BJIA, B MOMeHT BpemenH t.

I[H}I OLCHKH BJIMAHUA aTMOC(l)CpHBIX 0CaaKoOB BBC,HéM MHOKECTBO TPEYTOJIbHBIX HEUCTKUX YHCEII:

G(t) = {G1(6), Go(t), ., Gu(), ., Gy (O, )
rae G(t) — MHOXECTBO TPECYTOJBbHBIX HEYECTKHUX YHCEI, OIMHMCBIBAOIINX COOTBETCTBUE TCKyIHCﬁ MHTCHCHUBHOCTHU
aTMOC(EPHBIX OCANKOB § HEYETKMM OIeHKAM BO3ieicTBuil ocamkoB Ha BJIA B MomeHT Bpemenu t; G,(t) —
TPEYTOJIbHOC HEYCTKOC YMCJIO, OMUCBIBAIOMICC COOTBETCTBHUC Tekymeﬁ HWHTCHCUBHOCTHU OCAaaKOB g HEUYETKOU OILICHKE

Bo3/eiicTBHit ocankoB Ha BJIA B MomeHT Bpemenu t; h= 1, NG(t).

He, @ (e)

1,0
0,9
08 H
0,7 H
06
05 |
04 |
03
0,2

0,1

0 | AN | | | a
0 2 4 6 8 10 12 14 16 18 e, M/c

— !’J‘El(t)(e) HE3(t)(e) | s— Hgs(t)(e) | — Hg7(t)(e)
— (@) el g (@) | Heo (@

Puc. 2. T'paduxu 3aBuCHMOCTEll TPEYTONbHBIX (BYHKIHMI IPHHAIEKHOCTH HEUeTKUX MHOXKeCTB Ky, (t)
OT 3HAYEHUH CKOPOCTHU BeTpa €

JIJ'IH OLICHKH BJIMAHHUA TEMIICPATYPHI BBCHéM MHOXKECTBO TPCYTOJIbHBIX HEYETKUX YUCCIT:

Q(t) = {Ql(t)l QZ (t), ey Qs(t); LN QNQ(t) (t)}; (5)
rae Q(t) — MHOXECTBO TPEYroOJbHBIX HEYETKMX YHCEJ, OIMCHIBAIONIIMX COOTBETCTBUE TEKYIIEH TEMIIEPATYpHI
( HEYETKUM OIIEHKaM BO3AEWCTBHI Temieparypbl Ha BJIA B MOMEHT BpeMmeHH i, Qs(t) — TPEYroJbHOE HEYETKOE

YHCII0, OMHUCHIBAIOIIEE COOTBETCTBHE TEKYIIIEH TeMIIepaTyphl (| HEYETKOH OIleHKe BO3/eicTBHi TemmepaTypsl Ha BJIA B
MOMeHT BpeMeHu t; 5= 1, Ny (4.

B paspabarbeiBaeMoii MOJieH BIHsHIE HOTOAHBIX YCIOBHUI OLICHUBACTCS Ha OCHOBe Tpex MHoxecTB E (1), G(t),
u Q(t). DieMeHTaM STHX MHOXKECTB COOTBETCTBYIOT TpPEYrOJbHbIC (PYHKINHM MPHHAIIEKHOCTH, YTO YIIPOIIAET
ajanranuio Monenu. s KOppeKTUpOBKHM (YHKIHMH MPUHAIJICKHOCTH HEOOXOIMMO TOJNBKO HM3MEHHWTh 3HAUCHHMS
BO3ICHUCTBUS aTMOC(Epbl, KOTOphle B HAWMOOJBIIEH W/WIM HAaWMEHBIIEH CTETIeHH COOTBETCTBYIOT aJalTHPYeMOMH
HEYEeTKOM OLIEHKE.

AJITOPHTM ompefieJieHHs1 BeposiTHOCTH mnoBpexkaeHnuss BJIA B pesyabTare Bo3feiicTBHSI aTMoc(epHBIX
(dhaxTopoB cpennl

Jnst peanu3anvu METOIMKHU pa3pabOTaH ajJrOpUTM OIPENeNIeHUs] BEpPOSITHOCTH moBpexaeHust bJIA B pesynbrate

BOSﬂeﬁCTBHﬂ aTMOC(l)CpHI)IX q)aKTOpOB CpeAabl. AﬂrOpI/ITM MO3BOJIACT B YCJIOBUAX HCEOIPCACICHHOCTU YYHUTHIBATH



Benonoorcko /1. I. u op. Memoouka onpedenenus 6eposmHoCmu nOGpPedcOeHUA OeCRUNIOMHBIX JIEMAMENbHbIX ANNAPANO8

BIUSHUE aTMOCQEPHBIX (DAKTOPOB CpEObl JUIA BBIYMCIECHHS BEPOATHOCTH MOBpekKaAcHHA BJIA B COOTBETCTBUH ¢
TeKyIIei 06cTaHOBKOM. VICXOHBIMH JAHHBIMHU /ISl alTOPUTMA SBJIAIOTCA HedeTkue MHoxkecTtBa B, (t), G, (t) u Q4 (t).
Ha puc. 3 npexncraBieHa ero CTpykTypHas cXxema.

( HAYAJIO )
l -5

1
Bsox AXTHBU3AIUS
HCXOJIHEIX IO J3aKIIFOUEHHIH
JTaHHBIX
2
AKKyMYIISIUus
Bsog 6a3sl yMY N
3aKITIOUCHUH
TIpaBHJI

r7
. | Heddaznpukanus
oIpeieieHue
Ddazzuduxarus (onpen
BEPOSTHOCTH
BXOJHBIX
noBpesxaernst BJIA )
MEepPEMEHHBIX |
| P
ra
ArperupoBaHue BeBog
noaycioBUM pe3ynbTaToB
Ka)XIOTO OTAEIBHOTO
IpaBHiIa
;

KOHEI[

Puc. 3. CrpykTypHas cxema alnropuTMa ONpeeNIeHUs BepOoITHOCTH noBpexkaeHust BJIA B pesynsrate
BO3JIEUCTBUS aTMOC(HEPHBIX (PaKTOPOB CPEIbI

Omnpenenenue BepossTHOCTU noBpexneHust BJIA B pesyabrare atMocepHbIX BO3AeiicTBHI cpeabl

B pa6otax [4, 5] oTMeuaeTcst ecTeCTBEHHAs] M3MEHYUBOCTh M CTOXAaCTHYECKUT XapakTep aTMOC(epHBIX yCroBuii. B
CBA3M C TEM, YTO aTMOC(epHBIE BO3JCHCTBHSA BHEIIHEH cpeasl MMEIOT AMHAMUYECKHH XapakrTep, IeIecoo0pa3Ho
YUUTBIBATh 3TO 00CTOSTEIHCTBO IIPH MOCTPOSHUH MOJIENN ONPEENECHUS BEPOSITHOCTH TTOBPEXACHUS (BBIX0O/IA U3 CTPOS
obopynoBanust) BJIA. BBeréM MHOXKECTBO TPEYrOJIbHBIX HEUETKHX YHCEII:

1) = {L,(0), L,(O), ., L(©), . Ty (O}, (6)

rae I(t) — MHOXECTBO TPEYIrOJbHBIX HCEYCTKHUX YHUCECJ, ONHUCBIBAIOIIUX COOTBETCTBUC TCKYIIETO 3HAYCHUA
BEPOATHOCTH TOBpexkaeHus BJIA P,z B MOMeHT BpeMmenH t; [,(t) — TpeyronpHOe HEYETKOE YMCIIO, ONMHUCHIBAIONIEE
COOTBETCTBUE TEKYIIETO 3HAYCHUS BEPOSITHOCTH mOBpexacHUs BJIA P,p K HEYSTKOH OICHKE YPOBHS BO3ACHUCTBUS HA
BJIA atmocdepHBIX PaKTOpOB Cpeibl B MOMEHT BpeMeHHU t; z = W,(t)

[TpumenuTensHO K ypoBHAIM paboTocnocooHocTr BJIA [11] (paboTocmocoOHOe, orpaHUdYeHHO paboTOCIOCOOHOE 1
HepabOTOCIIOCOOHOE COCTOSIHHME) PACCMOTPHUM CIEAYIONIHE BEPOATHOCTH ToBpexacHus BJIA: [ (t) — «mmskas»
(mpumepso 0,2), I, (t) — «cpemusiay (mpumepHo 0,5) u I3 (t) — «BIcokas» (mpumepHo 0,8). TpeyrombHOE HEUETKOE
uuciio I,(t) npencrabum xax [9, 10]:

L(®) ={(Pas 1y (Pa)) } 2 = T3, (7)
rae p; (t)(PAB) — GYHKIUS TPHUHAIJIC)KHOCTH BEPOSTHOCTH TOBpexkneHus BJIA P, K OIlCHKE BO3ICHCTBHUA

I,(t) Betpa na BJIA.

B cBs3u ¢ Tem, 4TO paccMaTpuBaeMas MOJENb HMEET IWHAMHYCCKHH XapakTep, COCTABICHHIO Oa3bl MPaBIUI
HEYETKOTO JIOTHYECKOTO BEIBOJA TOJDKHO IPEANIECTBOBATE N3YUIEHHUE BIUSHIS aTMOC(EPHBIX yCIOBUI Ha BEPOATHOCTH
noBpexxaeHust BJIA. Il srtoro Obuta mpoBelneHa CEpHs ONMBITOB B PA3IMUHBIX YCIOBHSX cpenbl. Ha ocHoBanmm
SKCIEPTHBIX OIIEHOK CTAaTUCTUYECKUX IaHHBIX (opmupyeTcs 0a3a MpaBuil HEYETKOro Joruveckoro BeiBoja [10].
[IpaBuna onpenencHus KadeCTBEHHBIX OIICHOK BEpOSTHOCTH MoOBpexacHus bBJIA B pesympTare arMochepHBIX
BO3JICHCTBUI BHEIIHEH cpelibl (POpMaTn30BaHbI MPH MOMOIIX HEYSTKHX MHOXKECTB CIICIYFOIIUM 00pa3oM:

If gis Q,(t) and eis E,, (t) and gis G, (t) then is I, (t). (8)

T. e. mpu OTHOBPEMEHHBIX YCIOBHUAX MHHAMAIBHO JOCTATOYHOW MPHUHAICKHOCTH:

MexaHnka

199



http://vestnik-donstu.ru

200

Advanced Engineering Research 2022. T. 22, Ne 3. C. 193—203. ISSN 2687-1653

— TeMIepaTypsI (| K HeJeTKOM OlleHKe Bo3iericTers Temmepatypsl Qq(t);

— NPHUHAIIEKHOCTH CKOPOCTH BETpa € K HeueTKOM oneHke Boszeiictaus Betpa E,, (t);

— TIPMHAUICKHOCTH MHTEHCHBHOCTH OCAJKOB § K HEYETKOH OlEHKE BO3JEHCTBMS OCAanKOB (5, (t) AKTyalbHOMH
CTAHOBHUTCSI HEYETKAs OLIEHKA BEPOSATHOCTH iz (t)

Jinsg momydeHHs 4ETKOro 3HaYeHus P.p(t) BepoATHOCTH mHoBpexaeHus BJIA B pesymbraTe aTMOC(EpHBIX
BO3/ICHICTBUI BHEIIHEW Cpeibl B MOMEHT BpeMeHH !, HEOOXOAMMO BBHITOIHUTH Je(a33u(UKaIMI0 COOTBETCTBYIOIIETO

HEYEeTKOro pesynbrara o ¢opmyie [10]:
1~ ~ ~
fo Ppp - M?Ze(at) (Pap)dPap
1 pe3s ,5 ~
fo Miz(t)(PAB)dPAB

rae ”?E(Bt)( Pag) — pe3ynbTupyromas GyHKIUs PHHAICKHOCTH HEYETKOTO MHOXKECTBA [, MPEICTABIAIONIErO OOIIMi
z

BBIBOJ (3aKmoueHue) u3 Bcex mpasun (8); P,
XapaKTepu3yIollas HeYeTKOe 3HaYeHHE BEPOSTHOCTH mNoBpexaeHus BJIA B pesynbrare atMochepHBIX BO3IEHCTBHIA

Prp(t) = (9)

BbIXOJHasd MNEPEMEHHAsA HCYCTKOI'0 JIOTMYECKOr'0 BbIBOJA,

cpemsbl.

TakuM 00pa3oM, MHTEIUICKTyaau3anus Inponecca (pyHKIMOHHPOBAHHS JOCTHUTAcTCS 3a CUET NMPHUMEHEHHsS 0a3bl
3HAHUH ¥ MEXaHH3Ma JIOTHYECKOT0 BBIBOJA M 00ECIIeYnBaeT yueT (GaKTOpOB HeolpeaeIeHHOCTH [6].

Cxema npouecca pynkunonupoanusi BJIA B ycji0Busix Bo3aeiicTBUS cpeabl

Jnst BBIYMCIICHUST 3HAYCHUS BEPOSATHOCTH NOBpexaeHus BJIA B pesymbrare arMoc(epHBIX BO3ICHCTBHH CpEb
HEOOXOANMO OCYIIECTBUTh HEYETKHH JIOTHUeCKHi BBIBOA. OH 3aKIIOYaeTCs B IOCIECJOBATEIbHOM BBINOJIHEHUN
orepanuii arperupoBanus, akTuBu3auu u akkymyssimu [10]. Cxema nporecca ¢pyHkunonuposanus BJIA B ycraoBusx

BO3JICHCTBUS Cpe/Ibl IpeicTaBlIeHa Ha puc. 4.

AJITOPHUTM OIIpeZeNeHNs BEpOSITHOCTH MoBpexaeHus BJIA B pe3ynbraTe Bo3aeicTBIsS aTMOC(EPHBIX PaKTOPOB CpeIbl

Heuertkue 3HaueHus
[apaMeTPOB CPeJibl
Wndopmarms YpoBHU «OTCEUEHHSDY
OT ITyHKTa JUISL yCIIOBUI

yTpaBJieHus Ipowussectu Ka)KZIOTO IPaBHIIa Yeeuentbie Qymxuui PesympTupyiomas

- > thazsuduxanmo TIPUHAUIEKHOCTH bynKmms
BXOJIHBIX 3HAUCHUH MPUHAIICKHOCTH
Hndopmanms i \ 4
rapaMeTpoB BHEIIHEH Tpoussecty 5 BBIBOJIA BCEX
OT JaTYUKOB BbIYUCIIUTH
— cpepl arperupoBaHue st Hpasui
Al AKTUBHU3ALlMOHHBIC y
KaXJI0r'0 COCTOSHMS b
i YHKLHH Boruncauts
A BHEIIHEH cpebl TIPHHAUIEKHOCTH v \
A2 Ka)K/IOTO yCTOBHS p yq) pr };ﬂomy m 3
Y I TpaBT YHKL] POU3BECTH HauCHIE
A3 TIPUHAJIEKHOCTH Z[Cq)a?}ﬂ(b"](au"}o BEPOATHOCTH
BBIBOJA BCEX MPABHIT BBIXOJIHOT'O 3HAYEHUS | IOBPEKACHUS
A4 BEPOATHOCTH BJIA
nospexieHust BJIA ——p
A5

Z

BopToBo# BEIMUCIUTENH OSCIUIOTHOTO JieTaTenbHoro anmnapata (bJIA)

Puc. 4. Cxema npouiecca ¢pyHkunonupoBanus bJIA B ycrnoBusx Bo31eHCTBUS aTMOCHEPHBIX (HAKTOPOB CPeIbl

BoruucauTe1bHBIH IKCIEPUMEHT

B pabote [12] nns BeisiBieHUs (GOpMAaNbHBIX MOAXOJ0B K PabOTe C HEONPEACICHHOCTSMH MPOBEICH aHaIu3
3apy0eKHON TEePUOANYSCKOH NHTEepaTypsl 3a mocnequue roipl. CaenaH BBIBOL O LeENecOOOPa3sHOCTH MPUMEHEHHH
N-yrONBHBIX YHCEN JJIS OMPEACIICHUS] TOYHOCTH (OpMaTM3aliid HEONpeaeIeHHOCTH. Tak, TpPH HCIOJIb30BaHHU
TPEYroJIbHOTO MpeAcTaBieHus HedeTkux uncern [10] Kaxmoe HMCXOOHOE HEYETKOS YHCIO ONMCHIBACTCS TPEMs
CKaJISIPHBIMH 3HAYEHHUSMH, YTO CYIIECTBEHHO YIPOIIAET BEIYMCIUTEIBHBIN IIpoLece.

Bo MHOrmX ciy4asx TpeyroJibHbIE H TpalelMeBHIHBIC IPEICTABICHHS HEYETKUX YHCET OKa3bIBAIOTCA
HEJOCTaTOYHBIMU. Eciu HeoO0XoanMo y4HTHIBaTH Ooliee CJIOKHOE BIMSHHE HEOIpENelIeHHOCTEH, Hampumep, Io
npUyrHe OOJBIION MOABEPKEHHOCTH 000pYAOBaHHs, YCTAaHOBICHHOrO Ha BJIA, Bo3aelcTBIIO aTMOC(HEPHBIX OCAAKOB,
1e7eco00pa3HO HCMOJb30BaTh OoJiee CIOXkHBIC (opMmbl GyHKUME mpuHamiexuoctu [12, 13]. Tak, B pabote [13] B

MNATUYTOJIbHBIC HCEUYCTKHUE YHCJIa, KOTOPBIE TIOpas3go TOYHEEC OTpaKaroT

Ka4eCTBC aJIbTCPHATUBbBI U3YUYCHDLI

HEONPECACJICHHOCTU.
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PaccMOTpEM OCHOBHBIE HawOoliee TMpUMEHSEMble (YHKIUM TPUHAICKHOCTH U IPEACTABICHUS HEYETKO
OTIpeIENICHHBIX JINHIBUCTUYECKAX TEPMOB: TayCCOBBI, TPEYTONbHbIE, TpanenueBuaHbie [10] 1 MSATHYTOIbHBIC HEUETKUE
yucna [13, 14].

Ha ocnHoBanmm anammza pabor [13, 14] mpencraBuM NATHYTOJIBHYIO (YHKIMM NPUHAUIC)KHOCTH DJIEMEHTOB K
HEYETKUM MHOKECTBAM BO3/IEHCTBHII BETPOBBIX HArpy30K E, (t) B BHe KOpTexKa:

e, (@) = (g, (®); kg, (8); cg, (0 P, (); 75, (0, 01), (10)
rze cg, (t) — 4eTkoe 3HaYEHHE CKOPOCTH BETpa Hanbojiee TOYHO COOTBETCTBYIONIEE Ka9E€CTBEHHOM OlEHKeE E,®
Bo3neiicTeus Betpa Ha BJIA B moment Bpemenu t; lz (t)urg (t) — 4HeTkue 3HA4YEHHSA CKOPOCTH BETpa B
HauMeHbIIeil (He HyneBoif) CTeneHn COOTBETCTBYIOIEE KadecTBeHHOM onenke E,, (t) Bo3neiicTeus BeTpa Ha BJIA
B MoOMeHT Bpemenu U, kg (t) upg, (t) — dYeTkue 3Ha4YeHHS CKOPOCTH BETpa CO CTEMEHbIO o (He HyJIeBOi)
COOTBETCTBYIOIIEE KauecTBeHHOil omenke K, (t) Bo3meiicTeus Berpa Ha BJIA B MoMmeHnT Bpemenu t. 3HaueHus
kg, (t) upg, (t) ompenensdioT HEYETKOCTh OLEHKH E,(t). B cuydae ecmm lg,(t) = 15, (t) = kg, (£) = pg,,(£)
[OJIy4aeM TPEYroJlbHOE HEUYETKOE YHUCII0. VI3MEHsIs 3HAUECHHs YPOBHS O TIOJIy4aeM Pas3inyuHyto GopMy MATHYTOJIBHON
byHukuun npuHaexkHocTH (prc. 5).

4. Membership Function Editor: Untitled o e [===)
File Edit View

plot points: 131
FIS Variables Meml?ershlp f‘unchon‘ plots
pentmf
| S -
input1 output1
input2

input variable "input1®

Puc. 5. [IatuyronpHas GpyHKIMSA TPUHAIISKHOCTH B TporpammHoii cpene MATLAB

Jnst vccnienoBaHust MATHYTOAbHOW (QYHKIMK NMPUHAJJISKHOCTH B IPOIPAaMMHOM cpejie He0OXOMMO €€ ONHcaTh B
BHJIE IIPOrPAMMHOTO Koja. Ilpu peanmsamum anroputMo™ B makete mpHKIagHbIX mporpamm Fuzzy Logic Toolbox
nporpammuoii cpeasl MATLAB, paspa®orana mosbp3oBaTenbekast MSATHYroyIbHas QYHKIMS MPUHAUISKHOCTH. JlaHHOE
CPEACTBO TIO3BOJISIET MCCIIEOBATH MAaTEMaTHYeCKHEe MOJEIM W alIrOPUTMbI, OCHOBaHHbIE Ha NPUMEHEHUH TEOPUH
HEYETKOM JIOTHKH.

JA71st OLIeHKH TOYHOCTH HEOIPEIeTICHHOCTH MPU paboTe ¢ ONMMCAHHBIMH (PYHKIMSMH ITPUHAIUIE)KHOCTH HEOOXO MO
MPOBECTH BBIYUCIHUTENBHBIA JKcriepuMeHT. CpaBHEHHE MeNecoo0pa3HO MPOBOJAMTH Ha OJHOM M TOM e Habope
HCXOJIHBIX JIaHHBIX. 3HAYCHUS BEPOSTHOCTH NOBpexeHus: BJIA B pe3ynbrate arMOC(EpHBIX BO3JEHCTBUI BBIYHCIICHBI
B «yYMEPEHHBIX YCIOBHAX» ((hakTHueckne 3HAYeHHS: CKOPOCTh BeTpa 3 M/C, MHTEHCHBHOCTh aTMOC(HEPHBIX OCaJKOB
0,8 Mmm/4, TemmepaTypa Bo3ayxa 5 °C) U «0u€Hb CIIOKHBIX YCIOBHIX» ((DaKTHUECKUE 3HAYEHUS: CKOPOCTh BeTpa 12 m/c,
HWHTEHCUBHOCTB aTMOC(EpHBIX 0CaIKOB 3,5 MM/4, TemriepaTypa Bo3ayxa — 6 °C) BHeIHel cpe/pbl.

C wucnoms3zoBanueM cpencts MATLAB  omeneno ObicTponeiicTBie pabOThl  IPOrpaMMHOTO  KOMILIEKCa,
peaTu3yomero pa3paGoTaHHbINA aAIrOPUTM® B 3aBHCHMOCTH OT HCIIOIb3yeMOil (pOpMBI (hYHKITHH IPUHAIIEKHOCTH. [
NIPOBEJICHUSI  BBIYMCIUTENBEHOTO JKCIIEpUMEHTa ucnosib3oBaHa |BM-coBmectumas I[19BM ¢  MuHHManbHBIMU
cucteMHbiMu TpeboBanusiMu (P4 — 2500 MHz, 2048 Mb RAM, onepaunonHas cuctema cemeiictea Windows). Beutu
OLICHEHB! TPEYTOJIbHBIC, TpalelHeBUAHBIC, ISATHYrOJbHBIE W TayCCOBBI (YHKIMM NPUHAIICIKHOCTH. Pe3ynbrarhl
npeacTaBieHsl B Tabmure 1.

* TIporpaMMHBIN KOMIUIEKC OIEHKH TOUHOCTH HEONPEENEHHOCTH M OBICTPOMCHCTBHS HEYETKHX ITOPHTMOB JUIS YIPABICHHA OECIHIOTHBIM
nerate’abHbIM ammapaToM : mateHT Ne 2022613419 Poc. ®enepaumst / [1. I'. benonoxko, U. JI. Kopones, 0. O.Yepnsimes. Ne 2022613002 ;
3asBi. 25.02.2022 ; omy6i. 14.03.2022.

® [IporpaMMHBIii KOMILIEKC HHTEILIEKTYaIbHOTO YIPABICH!s GECITMIOTHBIM JICTATETBHBIM aNNapaToM B YCIOBHAX AECTPYKTHBHBIX BO3ICHCTBHIl Ha
OCHOBE IIATHYTOJbHBIX (GYHKIMI NPpUHALISKHOCTH : mateHT Ne 2022613691 Poc. ®enepauus / 1. I'. Benonoxko, . 1. Kopones, 0. O. YepHbiuies.
Ne 2022613009 ; 3asBin. 04.02.2022 ; omy6a. 15.03.2022.
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Ta6muma 1
Cpennee BpeMsi pabOTBI IPOrPaMMHOT'O KOMILIEKCa
Bpewms, ¢
Tumn ucnosibp3yemMoit «YMEepeHHbIE YCIOBUSI»:
«O4eHb CII0KHBIE YCIOBUS»: CKOPOCTh BETpa
byHKIMN CKOpOCTH BeTpa 3 M/C, MHTCHCUBHOCTh
12 m/c, MHTEHCUBHOCTH aTMOC(EPHBIX OCAJKOB
NPUHAIJICKHOCTH | atMocdepHbix ocaakos 0,8 Mm/4, Temmeparypa o
o 3,5 MmM/4, Temmeparypa Bozayxa — 6 °C
Bo3ayxa 5 °C
TpeyronbHas 0,028 0,028
TpanenueBunHas 0,031 0,03
[IaruyronpHas 0,034 0,035
l'ayccoBa 0,031 0,03

W3 Tabmums! 1 MOXXHO 3aKIIOYUTH, YTO HporpaMma 1t IBM, mocTpoeHHas Ha NCHONIb30BaHUH TPEYTOJIBHBIX (DYHKITHH
MPHHAJIEKHOCTH, 00J1afaeT 6oJiee BHICOKUM OBICTPOACHCTBUEM B CPABHEHHH C OCTAIIBHBIMU.

[epcrieKTHBHBIM HANpaBICHUEM HCCIICAOBAHWH SIBIACTCS M3ydeHHE BIHSHUSA (OpMbI (GYHKLMN NMPHHAIICKHOCTH Ha
TOYHOCTh BBIYMCIICHHH BEpOSITHOCTH MOBpexaeHuss bJIA npu HeonpeneneHHOCTH BO3/CHCTBHN aTMoc(epHbIX (DakTopoB
BHEIIHEH cpenpl Ha pyHKumnoHupoBanue BJIA.

O6cy:xaenne u 3akiaoveHns. Pazpaborana MeTomyka ornpeseseHusl BEpoITHOCTH ToBpexaeHus BJIA B pesynmbrare
BO3ZIEHCTBUS aTMOC(EpHBIX (JaKTOPOB Cpeibl, OCHOBaHHAS Ha MaTEMaTHYECKOM armapare HeYeTKnX MHoKecTB. Heuetkue
Ka4eCTBCHHBIC OLICHKU IO3BOJIIOT 3HAYUTEIBHO PACIIUPUTH TPAJULIMOHHBIE METOABI MaTeMAaTUYECKOI0 MOJEIUPOBAHMS,
TpeOyromme TOYHOW HMH(OpPMAnWH O BXOAHBIX BENMYMHAX. VICIONB30BaHWE NAHHOH METOAMKH IIO3BOJISIET OICHHUTH
BEpOATHOCTh TOBpexkneHus: BJIA, korma McXonsl albTepHATUB H3BECTHBI HETOYHO U BEPOATHOCTH MX HACTYIUICHHSA
OLICHMBAIOTCSL C TOMOIIBI0 (YHKIMI TNpuHAUISKHOCTH. [losydeHHble 3HaueHWst BeposiTHOcTel moBpexknenus BJIA B
pe3yibTate atMOc(hepHBIX BO3ICHCTBUII BHEIIIHEH CPebl MOTYT HMCIIOIb30BATHCS HA JTAIe MPENOaETHOW MOIrOTOBKU U B
Tiporiecce MoJETa JUIs OLIEHKH 11eJIeCO00pa3sHOCTH JANTbHEHINETO BHITIOJHEHHS TTOJIETHOTO 3a1aHHS.

C nomompio MPOTPaMMHOTO KOMIUIEKCA, PEATH3YIOIIETO JAHHYI0 METOIMKY, IONy4eHbl 3HAUEHHS BEPOSTHOCTH
noBpexaeHuss BJIA B «yMEpeHHBIX YCIOBHUSX» M «OYEHb CIIOXKHBIX YCIOBHSX» BHeIIHeH cpeapl. [lo pesynbratam
MPOBEJICHHOTO aHajln3a TMpPUMEHEHUsI NaHHbIX (GopM (QyHKIMIA NPUHAUIOKHOCTH M BBIYHUCIHMTENBHOTO JKCIIEPHUMEHTA

BBICOKOC 6BICTpOI[CﬁCTBPI€ NpOrpaMMHOI0O  KOMIUICKCA, HCIIOJIB3YIOLICTO Tpeyl"OJ'IBHLIf/'I CI10c00

TIOATBEPKACHO
(opmanuzayy He4eTKUX MHOXKeCTB. CyIIECTBEHHBIM IPEUMYILIECTBOM TPEYTONBHBIX (DYHKIHMH MPUHAIUICKHOCTH SBIISIETCS
TO, UTO JUIA MX OTIpeIeTICHHsI TpeOyeTCcss HAMMEHBIIHI 10 CPAaBHEHHIO C OCTATbHBIMH (DYHKIUAMU 00beM HH()OPMAIIHH.
Takum oOpazom, B 00pToBbix Beruucautessix CY BJIA st orfeHKH aTMOC(EPHBIX MapaMeTpoB CPE/bl 1eIeCO00pasHo
OTO 00ecIednT BBICOKOE

NPpUMCHATL  AJITOPUTMBI, HUCHOJIB3YIOIIUE TPCYTroOJIbHbIC (byHKLlI/II/I NPUHAUICI)KHOCTH.

obicTpoaeiictBue paboThl CY BJIA B yCIOBUSIX NCTIONIL30BaHUS BEIYUCIHUTENEH C HU3KOW MPOU3BOUTEIHLHOCTHIO.
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HpI/IMeHeHI/Ie 0Ji0Kka HHEPUHUAJIBHBIX TATYUKOB JTJISI OCHUBAHUSA
IMOJIOKEHUSA H YIIPABJCHUA IBUMKCHUEM IK30CKEJIE€TAa HUKHUX KOHEYHOCTeH

I'. P. Caiinyaaes" = D<], M. P. Caiinyaaes', U. B. Mepkypnes' ', b. . Anamos""/, P. b. 'apcua
HanmonaneHsli nccnenoBaTensckuil yauBepeuter « MOy, Poccuiickas ®enepanus, r. Mocksa, yi. KpacHokazapmennas, 14
>< saypulaevgr@mail.ru

AHHOTaNUsA

Beeoenue. Vccnenyercs 3ajada ympaBieHMs] JBHKCHHEM OHK30CKeNeTa HWKHHX KOHeuHocTed. Jlns ee permieHus
npeanaraeTcsi 3aJeiCcTBOBaTh MPOTpaMMHOE YIpaBieHHE M yIpaBlieHHE B BUAe oOpaTHOU cBszu. DopmupoBaHue
yIpaBJICHUS B BUJC OOpPATHOM CBA3M TPEOYET OICHKH COCTOSIHUS 3K30CKeeTa (YIiIbl MOBOPOTA, YIIIOBBIE CKOPOCTH U
YCKOpEeHUsi 3BeHbeB). PaccmaTpuBaeTcss BO3MOXKHOCTh NMPUMEHEHHUsS OJIOKa HHEPIUANBHBIX JaTYMKOB I OLIEHKHU
YTJIOBEIX CKOPOCTEH WM YCKOpEHHH 3BEHBEB JK30cKenera. Llemp paboThl — ompenenuTh 3aKOHB (popMUpOBaHHS
YIOpaBJICHUS JBIKCHHEM SK30CKeleTa, KOTOphle obecmedaT YCTOHYMBOCTH TPOTPaMMHOTO JBHKECHHS H OYIyT
HCTIOJIB30BaTh H3MEPESHHS YHKOJICPOB, MUKPOMEXaHHUICCKIX THPOCKOIIOB U aKCEIIEPOMETPOB.

Mamepuanvt u memoosl. PaHee BBINIOTHEHHOE MaTeMAaTHYECKOE MOJCIHPOBAHUE IHHAMHUKH HSK30CKeleTa
3a[eiCTBOBAIM TIPH (POPMHPOBAHHH IPOTPAMMHOTO YIpaBICHUS. [IpemoXWiaN OCHACTHTH AK30CKENeT OJIoKaMu
MHEPIHMATBHBIX JaTUYMKOB. DTO PEIICHHE MO3BOJISIET OIICHWBATh BEKTOP COCTOSIHUS JK30CKeNeTa M HCIOJIb30BaTh
JIAaHHBIE OIIEHKH B IIeMH O00paTHOM cBs3u. Omucaid MaTeMaTHYeCKYyl0 MOJENbh W3MEPEHUH YKa3aHHBIX JTaTYHKOB.
[IpennoxeHHbIN BapUAHT MPUTOJICH JIJIsl CUCTEM YNpPaBJICHUS TPEX3BEHHBIMU IK30CKENIETAMH HIKHUX KOHEYHOCTEH M
MOJKET OBITh PACIIUPEH JJIsI MHOTO3BCHHBIX.

Pesynomamul uccnedosanus. IlpeanioxkeHbl HOBBIE 3aKOHBI YNPaBJICHHs JBIKEHHEM DK30CKENETa, OCHOBAHHBIE Ha
MaTEeMaTHYECKOW MOJENH JWHAMHUKH CHCTEMBl H HCIIONB3YIOIIHE W3MEPUTEIHHYI0 HH()OPMAIMIO C YHKOJICPOB U
HMHEpLHUAIBHBIX 1aTYuKOB. B MaTemarndeckom makere Wolfram Mathematica BeimonHeHO YHCICHHOE MOJICTMPOBAHKE
JBIDKEHUSI 3K30ckenera. Ero urorn moarBepauim paboOTOCIIOCOOHOCTh MPEATIONKEHHOTO YIPABICHUS U BO3MOXKHOCTh
WCTIOJNB30BaHUs OJIOKAa WHEPUUANBHBIX JaTYMKOB I OICHKH COCTOSHHS JK30CKeneTa. [IpuBOIATCS pe3yinbTaThl
YHUCJIEHHOTO MOJEJIMPOBAHUSA VI CIENYIOUIMX MPOrPaMMHBIX JABMXKEHUN: NOJBEM 3K30CKENeTa U3 MOJOKEHUSI CUS B
BEPTUKAIHHOE U CTA0MIIM3AIIHS BEPTUKAIHHOTO MOJIOKESHUS PABHOBECHS .

Obcyrycoenue u 3axniouenusn. llpenamaraeMoe ynpaBlieHHE TNPUMEHUMO B O3K30CKeNeTax JUisl MEIUIIMHCKUX
NPUIIOKEHUH (HampuMmep, B 3a7ade BEPTUKAIM3ALMK MAIMEHTOB ¢ HAPYIIEHHAMH (DYHKIUH OIMOPHO-IBUTATEIBHOTO
ammapara). I[loka3aHa BO3MOXKHOCTb HCIIOJB30BAHHMS HM3MEPUTENLHOW WH(POpMALMK, IOJYYEHHOH OT OJIOKOB
MHEPIHATBHBIX JaTIYUKOB, B 33/1aUe€ OLIEHKH COCTOSIHUS 3BEHBEB 3K30CKeneTa. [[puMeHeHne nHepuaabHbIX JTaTIMKOB
MMO3BOJIMT OMPEIENATh YIIIOBOEC YCKOPEHHE 3BEHBEB JK30CKeNeTa, u30eras YHCICHHOTO Iu(QepeHIMpPOBaHUS
HU3MEPUTEIEHOW HWH(POPMAIHU, TONYYECHHOH OT 3HKOJAepOB. OICHKH YIIOBOTO YCKOPEHHS IO3BOJISIOT BBOIUTH B
CHUCTEMY YIpaBIICHUs OOPAaTHYIO CBSI3b II0 VYIJIOBBIM YCKOPEHUSM, 4YTO OTKPHIBAET BO3MOXKHOCTH YIIYYIIUTH
[epPEeXOIHbIE MPOLIECCHI MPHU YIIPABICHUU ABMYKEHUEM IK30CKETIeTa.

KaroueBrblie ciioBa: OK30CKCJICT, MaTeMaTU4ICCKasA MOACJIb, MHCPIUAJIbHBIC JaTYNKH, YIIPABJICHUEC, OLICHKA COCTOAHUS.

dunancupoBanue. VccremoBaHne HPOBOAMIOCH B paMKax Ipoekra «Pa3paboTka MakeTHOTo oOpasma akTHBHOTO
9K30CKeNneTa Ha 0a3e 3JIeKTPOTHIPOMHEBMOIPHBO/IA, YBEIWIMBAIONIETO (QHU3MUYECKHE CIIOCOOHOCTH 4UeIOBEKa U
KadecTBO TIPOIECCOB YIIPaBJICHHS JBIDKEHHEM» TpH Tojaepxke rpanta HUY «MOW» Ha peanu3anuio MporpaMm
HAyYHBIX HCCIEAOBAaHUNA «DHEpPreTHKay, «DIEKTpOHHKaA, paguoTexHuka u [T» m «Texnonmorunm mHmyctpru 4.0 mms
MIPOMBIIITIEHHOCTH ¥ poOoTOTEXHUKN» B 2020—2022 TT.
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BaarogapHocTu. ABTOpPBHI BBIpaXalOT OJaroJapHOCTh PEICH3CHTaM, Ybsl KPUTHUYECKAs OIICHKA IPECTaBICHHBIX
MaTEepPHUAJIOB U BBICKa3aHHBIC MPE/IOKEHUSI 10 UX COBEPIICHCTBOBAHHIO CITIOCOOCTBOBAIN 3HAYUTEIHHOMY MOBBIIICHUIO
KadecTBa HACTOSIICH CTaThU.

Jas nurupoBanus. [IpuMeHeHue Ooka WHEPIMATIBHBIX JATYUKOB ISl OICHUBAHUS MOJOXCHUS U YIPABJICHUSL
JBIDKEHHEM 93K30CKelleTa HikHuX KoueuHocteil / I'. P. Caiimynaes, M. P. Caiinynaes, W. B. Mepkypses [u ap.] //
Advanced Engineering Research. — 2022. — T. 22, Ne 3. — C. 204-213. https://doi.org/10.23947/2687-1653-2022-22-
3-204-213

Original article

Application of an Inertial Sensor Unit for Position Estimation and Motion
Control of the Lower-Extremity Powered Exoskeleton
Gasan R. Saypulaev'='D<, Musa R. Saypulaev'®, Igor V. Merkuryev'=', Boris I. Adamov'*, Roilan B. Garcia

National Research University (MPEI), 14, Krasnokazarmennaya St., Moscow, Russian Federation
> saypulaevgr@mail.ru

Abstract
Introduction. The problem of controlling the lower-extremity powered exoskeleton motion was investigated. To solve

it, it was proposed to use a program control and feedback control. The formation of control in the form of feedback
required an assessment of the state of the exoskeleton (rotation angles, angular velocities, and accelerations of the
links). The possibility of using an inertial measuring unit to estimate angular velocities and accelerations of exoskeleton
links was considered. The work objective was to develop laws for the formation of the exoskeleton motion control,
which could provide the stability of the program motion and use the measurements of encoders, micromechanical
gyroscopes and accelerometers.

Materials and Methods. Previously performed mathematical modeling of the exoskeleton dynamics was used to form a
program control. It was proposed to equip the exoskeleton with inertial sensor units. This solution made it possible to
evaluate the state vector of the exoskeleton and to use these estimates in a feedback loop. A mathematical model of
measurements of these sensors was described. The proposed version is suitable for control systems of three-link
exoskeletons of the lower extremities and can be expanded to the case of multi-link exoskeleton designs.

Results. New laws of exoskeleton motion control based on a mathematical model of the system dynamics and using
measurement information from encoders and inertial information sensors were proposed. Numerical simulation of
exoskeleton motion was performed in the Wolfram Mathematica mathematical package. Its results confirmed the
operability of the proposed control and the possibility of using an inertial sensor unit to assess the exoskeleton state.
The numerical simulation results for the following program movements were presented: lifting the exoskeleton from a
sitting position to a vertical position, and stabilization of the vertical equilibrium position.

Discussion and Conclusions. The proposed control can be applied in exoskeletons for medical purposes, e.g., in the
task of verticalization of patients with dysfunctions of the musculoskeletal system. The possibility of using
measurement information obtained from inertial measurements units in the problem of estimating the state of
exoskeleton links was demonstrated. The use of inertial sensors will make it possible to determine the angular
acceleration of the exoskeleton links, avoiding numerical differentiation of the measurement information received from
the encoders. The obtained estimates of angular acceleration allow us to introduce feedback on angular accelerations
into the control system, which opens up the possibility of improving transients in controlling the exoskeleton motion.

Keywords: exoskeleton, mathematical model, inertial sensors, control, state estimation.
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BBenenne. Pa3zpaboTka 1 IpuMEHEHHE K30CKEIETOB — YCTPOHCTB, MpeaHa3HAYCHHBIX IS 00JeTYCHUS ABIKCHUS
1 TIOBBIIICHAS ABUTATEIbHOM 3()(hEKTHBHOCTH YeNOBEeKa, — MEPCIEKTHBHOE HAIPABICHUE Pa3BUTH POOOTOTEXHUKH.

DK30CKeNeTs BCEe MIMpE MPUMEHSIOTCA B MpOMBIIUIeHHOCTH [1], BoeHHOM nmene [2], mMemuimne [3] u apyrux
obmactsax. OTUM OOyCIOBIEHa AaKTyalbHOCTH HWCCIEAOBAaHHWH, TIOCBAMICHHBIX MX CXEMOTEXHHYECKOMY U
KOHCTPYKIIMOHHOMY HCITOJTHCHUIO, ONTHMH3ALNHI SHEPro3aTpaT, TPACKTOPUH IBIDKEHUS, TMHAMHUKE, YIIPaBICHUIO.

B mpezncraBieHHON paboTe paccMaTpUBaeTCs aKTHBHBIM AK30CKENET HIDKHUX KOHEYHOCTEH UeloBeKa C KECTKOM
KOHCTPYKIIMEH CHIIOBOTO Kapkaca. Ero HCHonp3yoT sl peaOuIuTalyy NalMeHTOB ¢ HapyIISHUsIMUA (QYHKIMHA OMOPHO-
JIBUTATENIBLHOTO anmapara.

Ilpu pas3paboTke TaKUX OSK30CKEJIETOB BO3HUKAET HEOOXOJMMOCTh pELICHHs B3aUMOCBS3aHHBIX Hay4YHO-
TEXHUYECKUX 3a1ad. B ux guce:

— (popMHPOBaHUE CKEIETHOU CXEMBI;

— MaTeMaTHYeCKOe MOJICIIMPOBAHUE JIBIKCHUS SK30cKeseTa [4—6];

— ONTHMH3AIHS IBIKCHHS 3BEHBEB HA OCHOBE MATEMATHIECKOI MOJIC/TH KHHEMATHKH M THHAMUKH

— panuoHaIbHOE MOCTPOSHHE IBUraTeNbHOM cuctemsl [7, 8];

— paspabotka anroputMmoB ynpasienus [9-11] u onenuBanus [13, 14].

Bce mepeuncrieHHBIe 3aJaud CBS3bIBaE€T IpoOjeMa IOMCKA YNPABJAIONIMX BO3AEHCTBUM Ui MPOTPaMMHOIO
IBIWKEHUS. VX HCTOYHMKOM MOXET ObITh, BO-NIEPBBIX, JAWHAMHUYECKAs MOJIENIb CHCTEMBbl. Bo-BTOpBIX, OHH
(bopMHUPYIOTCS B BHJIE TPOIOPIMOHAIBLHOTO UHTErpaibHO-aupGepennuansaoro (ITM]]) perynsatopa, HCMOIB3yEMOTo
UL CTaOMIIM3allii MPOTPaAaMMHOTO [IBIDKECHHS. Bo3MokHa Tarkke KOMOWHamus ABYX crmocoOoB. [Ipm stom s
(dhopMHUpOBaHUS YIPABJICHUS 10 MPHHIUIY OOpaTHOH cBs3m (B 4acTHOCTH B Buae I1M]] perymaropa) BaXHYIO pOIb
UTPAIOT AJTOPUTMBI OLICHHBAHUS COCTOSHHS IWHAMHYECKOW CHCTEMBI W HA0Op MaTYMKOB, ITOKAa3aTEeTH KOTOPBIX
HCTIONB3YIOTCS B allTOPUTMAX.

Hus momydeHuss WHQOPMAIMH O TIOJOXXEHUH 3BEHBEB OK30CKEIETOB WX OCHAIIAIOT HSHKOACPOM WM
rupockonom [9-14]. JIpyriue BoO3MOKHBIC BAPUAHTHI: aKCEIEPOMETP, MATHUTOMETP, MOTCHIIMOMETD, JATIYMKHA MOMEHTA,
CHJIbI, OMOCHUTHAJIOB U JIp.

B [13] Ha kaxxmoMm 3BeHe 3K30CKeNeTa MPEIaraeTcsi MCIOIb30BaTh M0 OJHOMY OJIOKY MHEPIHATIBHBIX TATYHKOB,
COCTOSIIINX W3 THPOCKONOB M aKCEIepOMETpoB. Takoe pemeHHe I03BOJUT OLEHMBATH YTJBI MOBOPOTA, YTIIOBBIC
cKopocTU U yckopeHus. IIpu 3ToM Mozaenb U3MEpPEHHH MOIydaeTcsl HEMUHEWHOW, 4TO YCIOXKHSIET CTPYKTYPY CHCTEM
yIIpaBJIEeHUs U HAOJIOICHHSI.

Lens paboThl — yJydllleHHE YNpaBIEHHUs HK30CKEIETOM 3a CYET WCIIOJIB30BAHUS JBYX WHEPUUAIbHBIX OJIOKOB,
3aKpEeIUICHHBIX Ha Ka)XkJOM 3BEHE 3K30cKeneTa. Takoil MOAXOoJ MO3BOJSET OLEHUBATh YLl MOBOPOTA, YIJIOBBIE
CKOpOCTH U YyCKOpeHHs »3k30ckenera. C MOMOIIBIO INPEATaraéMoro BapHaHTa pAacHOJOXKEHUS TUPOCKONOB U
aKCeIepOMETPOB MOKHO MOJYYHTH JIMHEHHYIO MOJAEIh HW3MEPEHHH, YTO OTKPOeT MyTH AN YHPOIICHHS CHCTEMBI
VIIpaBJICHUS ¥ IPUMEHEHHST TEOPHH ONTHMAITBHOTO OICHUBAHMS JIMHEHHBIX cucTeM [15]. D10, B CBOIO OUYepe/h, CTAaHET
0a30ff U1 COBEpIICHCTBOBAHUS YIPAaBICHUS IBIDKEHHEM 5K30ckenera. KpuTepuil yiaydmeHWss KadecTBa
YIpaBJICHUS — YMEHBIICHNE OTKIOHEHHH YTIIOBBIX CKOPOCTEl 3B€HBEB OT MPOTPAMMHOTO JBIDKEHHS.

MaTtepuanabl M MeTOAbI. PaccMOTpUM KMHEMAaTHUECKYIO CXEMY 3K30CKeJeTa ¢ )KeCTKOW KOHCTPYKIHEH CHIIOBOTO

Kapkaca pyu CHMMETPUYHOM JIBHKCHUHU HOT B CATHTTAIBHOI miiockoctH (puc. 1).

! OntuMu3anms BpeMeHH BEpTHKANM3AIMH dK30CKENETa Mo KpuTepuio sueprodddextusroctr / C. ®. SiyH [1 ap.] / BUGpaIHOHHbIE TEXHONOTHH,
MeXaTpoHUKa U ynpasisieMble Mamuabl. Kypek : Y3a-Bo FOro-3am. roc. yu-Ta, 2016. 4. 2. C. 151-160.
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Puc. 1. Kuaematndeckasi cxeMa 3K30CKeJIeTa HIDKHUX KOHEYHOCTEH B CaruTTaIbHOM INIOCKOCTH

C,, C3, C4 — 1eHTphI Macc ToJieHei, Oeep U KopIyca COOTBETCTBEHHO; A, Ay, A3 — UIAPHUPHI, COCAUHSIONINE
3BEHbsI IK30CKENIETa; P2, P3, P4 — YTJIbl MOBOPOTA 3BEHBEB IK30cKeneTa; M,, Ms, M, — ynpaBisiolIMe MOMEHTHI,
co37aBacMble NPUBOJAMH, PACHOJIOXKEHHBIMU B IIApHUpPaxX Aj, A, Az COOTBETCTBEHHO. JlJi1 ONMMCAaHUSA JBUKECHHS
BBOJUTCS cUCTeMa KoopauHaT XyZ. Ochk X HanpasjieHa BJOJb ONOPHON MOBEPXHOCTH, Y — BJIOJIb MECTHOM BEPTUKAIIU K
onopHoH noBepxHocTU. OCh Z TONOJHSIET KOOPAUHATHBIE OCH JI0 MIPABOW JEKAPTOBOM CUCTEMBI KOOPAMHAT.

B kauyecTBe OCHOBBI ISl TOCTPOEHHS CHCTEMBI YIIPABJIECHUS JIBMXKEHHEM 3K30CKEJETa MCIONB3yeM JTNHAMHIECKYIO
Mozenb u3 [6].

A(q)d+F(a)g* +Dg+P(q) =M. (1)
31ech:
‘]22 ‘]23 COS((Pz _(Ps) J24 COS((pz _(P4)
A(q)=| I cos(p, —9;) A Jy cos(p; —¢, ) | — MaTpuIa MHEPLHOHHBIX CHII;
Joa COS((PZ _(P4) Ja COS(‘Ps _(P4) Ju
0 ‘]zssin(q)z _(Pa) T2 sin((p2 _(P4)
F(a)=| —Jsin(e,— ;) 0 Jausin(@; —¢,) | — MaTpHLa CKOPOCTHBIX CHIL;
= Sin((Pz _(P4) —Ja Sin((l)s _(P4) 0
D =diag(p,,H3,1,) — JAMAroHaNbHAS MATPUL@A JMCCHIIATHBHBIX CHI, XapakTepU3yIOWMX JMHEiiHOe TpeHHe B
mapHupax; P (q) = (MG2 cos@, Mg;cosp, Mg, coso, )T — BEKTOP-CTONOEI] MOMEHTOB, BO3HUKAIOIIUX OT
medictBus cun  TkectH; M= (M2 -M; M;-M, M, )T —  BEKTOP-CTOJIOEIl  YNPAaBISIOMUX MOMEHTOB,

N
CO3/1aBaeMbIX MPHUBOJIAMH, KOTOPBIE PACIIOJIOKEHBI B IIAPHUPAX 3BEHBEB DK30CKENETa; (= ((p2 0, (p4) — BEKTOp-
cronber;y 00OOIIEHHBIX KOODPJMHAT, COCTOSIIHI K3 YIJIOB MOBOPOTa 3BEHBEB 3K30CKenera; J i (j, k= 2,3,4) —
MOMEHTBI MHEPIUH 3BEHBEB DK30CKENETa; L, (k =2, 3,4) — K03 (HUITUEHTHI JINHEHHOTO TPEHUs B MApHUPAX 3BEHHEB

ak3ockenera; Mg, ( k= 2,3,4) — MaKCHMaJIbHBIC BEJIMYMHBI MOMCHTOB TPAaBHTAI[MOHHBIX CHJI, BOCIPHHUMACMBIC
BBIXOIHBIMU 3BEHBSAMU TIPHBOJIOB.
ITycTh 3a1aHbl 3aKOHBI K3MEHEHHS YIIIOB U MX [IPOM3BOJIHBIE IIPH IPOrPAMMHOM JBIKEHUH:
P__ P P _ .P P P .
o =¢; (D), ¢ =¢; (1), & = (D). (1 = 2,3,4) . 2

Jis yripaBiieHus IBMKEHHUEM IK30CKeJeTa mpearaercsi oOpMHpPOBATEH YIPABISIONIAE BO3ACUCTBHUS B BUIE CYMMBI
YHPaBJISIOIAX MOMEHTOB:

— npu nporpaMMHOM yrpasienns M! = M, ((pip,(bip,(br) (i = 2,3,4) ;
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— TN/ perynaropa MFID =Mi((PiP—(Pia¢iP_¢i,fﬁr_¢i),(i=2,3,4)-
M, =M +MJ® M, =M +Mi® M, =M} + M}". 3)

JIist IpOrpaMMHOTO YIIpaBJeHUs 3HAUYEHUs YNPaBJIsIOmuX Bo3aeiicTBuii M MoxHO paccuntath no Gpopmysam [7]:

. . .. . 2 .
M3 = Mg, COS @} +1,0; + 1,65 +1J, [(PE cos(; —¢; )= (5 ) sin (¢} —wi’)}

_-- . 2 . b
+ 3| 5 cos(0F — o} )= (5 ) sin(0f — 0} )|,
MP = M... coso° - p ..p ..p P PY_ (P P_ P
§ = Mg, COSQF + 1,05 + 1585 + 1, | 65 cos (05 —F )~ () sin(eF —¢f ) |+
- . (4)
.. .p\2 .
+3a4 | 65 cos(of —f )+ () sin(e —f ) |+ M,
P P . p ..p ..p P P .p\2 . P P
M; = Mg, COSQ, + 1,0, +1,0, +T5| G5 COS((pz — s )+((P3) sm((Pz _(Ps) +
_-- . 2 . 7
+ 350 | & cos(; — 05 )+(F ) sin(e) —¢f ) |+ M.
Benmunner M BrducnsroTes no npuHImTy o6patHoii cessu (B popme [TH]] perynstopa):
d/ .» . . i .
MR =K, a(@i _(P4)+KP4 ((PZ _(P4)+K|4 ((PZ(tl)_(W(tl))dtla
0
d/ .» . P ([ .
M;® =Ko, a(@g _(Ps)+KP3 ((Pg _(P3)+K|3 (‘P;(tl)_(l)3(t1))dt1 +M;®, (®)
0

ME = Ko (0 =02 )+ K (00— K [ (00~ + ME®,
0

HUIIn
M =K, (‘PZ —¢4)+KP4 ((pi’ _¢4)+K'4 ((PZ _(')4)’
ME® = Ko (8] )+ Koo (0 =) +Ko (5 03 + M2, ©

3neck koabduuuentst [TN]] perynsitopa Kpi, Ky, Kp; (i = 2, 3, 4) MoryT ObITh:

— MOCTOSTHHBIMH (MX HaXOJIST U3 YCIOBUIl yCTOWYHUBOCTH);

— (pyHKIMSAME BpeMeHH (HaXOSAT U3 PELICHHs 3a/1a4 ONTHUMAILHOro yrnpasnenus) [9, 13].

Onna u3 mpobiem (opMUpOBaHMS YIPABISIOIIUX Bo3aedcTBuit B Buae I[IM]I perysistopa — BO3MOXKHBIC
MOTPEITHOCTH IpH nGGEpeHITUPOBAHNN U3MEPHUTEIbHOM nHpopMannu. UToObI HX H30€XaTh, HCIOIB3yeM:

— 9HKOJIEPHI (AJIs1 U3MEPEHNUS TEKYIIUX YIJIOB IOBOPOTA (); 3BEHBEB IK30CKEIETA);

— 010K HWHEPLUUAJBHBIX JATYUKOB N3 MUKPOMEXAaHUYCCKUX THPOCKOIIOB (I[J'Ii[ HU3MEPCHUS YIJIOBBIX CKOpOCTCﬁ (I)i ) n

aKceJIepOMETPOB (UL OLEHKH YIJIOBBIX CKOPOCTeH §; M yckopeHui @, ).
Mopaenbs u3MepeHUuit YriioB MOBOPOTa ¢ MOMOIIBIO YHKOJEPOB MOXKHO NPEJCTABUTH B BUJIE:
P2 =025 Pz TPz = P35 Py TPz + 0 =0y (7
TIC Qgp,Peg,Pp, — IMOKA3AHHS SHKOJACPOB, PACIIONOKEHHBIX B MIapHUpax Ay, Ay, Az (puc. 1).
Mopaenbs u3MEpEeHU YIIOBBIX CKOPOCTEH C MOMOIIBI0O MUKPOMEXAHUUYECKUX THPOCKOIIOB MOKHO 3alMCaTh B BUJIE:
Qg =0y, Qgy =05, Qg =@y, (8)
e Qgz, Qg3, Qs — MOKA3aHUS THPOCKOIIOB, 3aKPETUICHHBIX Ha 3BEHBSX 3K30CKEeTa.
s OLIEHKH YIJIOBBIX CKOPOCTEM M YCKOPEHUH € MOMOIIbIO aKCEIePOMETPOB MOXHO MCIIOJNb30BaTh MO JBa
JIBYXOCEBBIX aKCEJIEPOMETPa, KOTOPbIE PACHOJOKEHBl Ha MPOTUBOMOJIOXKHBIX KOHLAX KaXIOro W3 3BeHbeB. OHU
U3MEPSIOT B MpoeKImsx Ha ocH XY (i = 1, 2, 3) kaxymmecst yCKOpeHHs1, CBA3aHHbIE C COOTBETCTBYIOIIUMHE 3BEHBSIMH.
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fAlAz fAlAZ :(<fA1AZ f:llAz )X1 (fAlAZ fAlAz) )T :(Il(pg -1, )T’

.
T
Ay Ay A, A, A, (1 2 1
fa Ay fAA _((fAZA3 fA2A3 )Xz (fAZA3 fA2A3 )yz) —(Iz(P3 12(P3) ) 9)
c A —((FS —fM _fh T— Lo2 —Ld,)
c ~lac T\ Tac Tlac), Agc AC =10, 30,
A £A, .
3mecy T, A, fAlA2 — BEKTOPBI IIOKA3aHWil JBYXOCEBBIX AaKCEJIEPOMETPOB, 3aKPCIUICHHBIX Ha 3BeHe AA, U
pacronokeHHbIX B To4kax A, u A, COOTBETCTBEHHO; fre ay fA2A3 — BEKTOpPBI TIOKa3aHHWH JBYXOCEBBIX

AKCCJIICPOMETPOB, 3aKPCIJICHHBIX Ha 3BCHC A2A3 U PpacloJIOKCHHBIX B TOYKax A2 n A3 COOTBCTCTBCHHO,
A C o
fA:C’ fA3C — BEKTOPLI IMOKa3aHUU ABYXOCEBBLIX aKCCJICPOMETPOB, 3aKPCIIJICHHBIX Ha 3BCHE A3C " PAcCIIOJIOKCHHBIX B

Toukax A, u C coorserctsenno; |, =|AA,|, I, =|AA;|, I; =|A;C| — paccrostans Mexay napamu akcenepoMeTpos,
3aKperUieHHbIX Ha 3BeHbsIX AA,, A,A; n A,C cooTBeTCTBEHHO.

O6bemnauM ypasHenus (7)—(9) m 3amumem (GOpMyIBI IS ONEHKH YIIOB IIOBOPOTA, YIJIOBBIX CKOPOCTEH U
YCKOPEHMA:
P =0, Q3 =03+ Py Oy =Py TPz + P 0 =Qgy, G =005, ¢, =Q,,

(f:fAz fAA11A2 )y1 . (fA2A3 fA2A3 )y . 3 (f/(ngc _fAA;c) (10)

Y3

0,

1, 1, I,

J11st KOPPEKIUK OLIEHOK MOJyJIel YITIOBBIX CKOPOCTEH MOYKHO HCIOJIb30BaTh YPAaBHECHHUSL:
As A 1 2 C _rA; 1 2
(fA A, fAl A, ) % |1(Pza (fA2A3 fA2A3 )X2 =1,¢3, (fA3C fA3C v 1;¢5. (11)

Taxkum 00pa3oM, UL OLEHKH YIJIOB IOBOPOTA, YIVIOBBIX CKOPOCTEH M YIJIOBBIX YCKOPEHUH 3BEHBEB HK30CKEIETa
MOXHO 00paboTaTh U3MepeHus: PUIBTPOM CKOJB3SIIIETO CpeHero, anroputMoM duistpa Kanmana u ap. [10, 13, 15].
B camoM mpocroM BapuaHTe 3aMBIKaHHS IEMH OOPAaTHOM CBS3M NPH (OPMUPOBAHUM YIPABICHHS ITOIYIUM
BBIPaKEHUS ISl YIPABIISIOIINX MOMEHTOB!
c A
P . P (fA3C _fA3C )Y3 - P P
M, =M, +Kp,| ¢ + | +Ke, ((P4_QG4)+K|4((P4_(PE4_(P53_(PE2)3

M, = M5 +Kp, | 65 + +Kpg ((Pg _QG3)+KI3 ((P; ~ Qs _(PE2)+MZ|D» (12)

AZ Al )
(fA1Az fAlAZ v

M2=M2+KD2 <T>§+ |
1

+Kp, ((P; _QG2)+KI2 ((Pz _(PE2)+M§|D~

BBenenne B cucreMy ymnpaBieHHS OOpaTHOM CBSI3M 10 YIJIOBBIM YCKOPEHHSIM IO3BOJISIET TPHUMEHHTH
JMaroOHaJIM3al[Mi0 MaTPHIBl WMHEPUUOHHBIX CHJ JUIS CHIDKCHUSI IIEPEKPECTHOTO BIMSHHUS MEXIYy O000OIIEHHBIMU
KOOpAMHATaMHU.

CMmozenupyeM JIBIKEHUS 9K30CKENETa I MPOBEPKU PabOTOCIOCOOHOCTH MPEATI0KEHHOTO 3aKOHa yIpaBlieHus. B
Ka4yecTBE MPOTrPaMMHOTO JABMKEHHS PACCMOTPHM

— CMEeHY MOJIOKECHUsSI U3 CUISIUero B crostuee [7];

— CTaOWIIM3aIHIO0 BEPTUKAIBHOTO TOJIOKEHHS YK30CKeNIeTa TP HadalbHBIX OTKIOHEHHSAX 3B€HBEB OT BEPTHUKAIIH.

PesyabTaThl MccieaoBaHus. [ YMCICHHOTO MOICTHPOBAHUS CHCTEMBI BO3BMEM IapaMeTphl MaTeMaTHUECKOW
MOJIENH 3K30CKeneTa u3 [6, 7]. PaccMoTpuM YacTHBIN ciiyvai, BEIOpaB oanHakoBble kKod(pduuuentsl [TN]] perymstopa

st kaxporo npusoga: Ky =1000 H-m-c, K; =1000H-m, K, =0H-m/c(i=2,3,4).
Ha puc. 2 npuBe/ieHs! 3aBUCHMOCTH OT BPEMEHH ISl yTJIOB TIOBOPOTA M YTJIOBBIX CKOPOCTEH 3BEHBEB IK30CKENeTa.
VIX MOJTyqHITH TIpH YNPABJIAIONIIX MOMEHTAX, COOTBETCTBYIONIMX MOABEMY H3 TIosokeHus cujis. Kak BumHo u3 puc. 2 a,

10 OKOHYaHWUU JIBUXKEHUS YIJIbI IOBOPOTA KAXKJIOT0 3B€HA PaBHBI P, = P; =@, = 90° , UYTO COOTBETCTBYCT CTOSIHUIO.
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(ppo (i)fao/s
30:— 0,
150 20"
[ 10-
100
- -10-
50 .
’ 20
?,
PR TSI NSV NS SIS RAVE N ATIN NI SN R -30? (P
2 4 6 § 10 12 14 ¢s | 3
a) 6)

Puc. 2. Pe3ynpTaTsl MOZEIMpPOBaHHMS IT0IbEMA U3 MOJIOXKEHNE CHsl 0€3 HaYaIbHBIX OTKIOHEHUH OT MIPOrpaMMHOTO ABH)KSHUS B
yTJIax MOBOPOTA 3BE€HBEB IK30CKEIETA: @ — YIIIBI IOBOPOTA 3BEHBEB; O — YIIIOBBIE CKOPOCTH 3BEHBEB

Temnepb paccMOTpHUM CIIy4ail ¢ OTKIOHEHUAMH OKO0JI0 20° B yrilax MOBOPOTa 3BEHHEB MO0 CPABHEHUIO C HAYAILHBIM
MIOJIOXKCHHUEM, 3aJaHHBIM B TPOTPaMMHOM [BIDKCHUH. Pe3ympTaThl MONCIHPOBAHHUS MOAbEMa W3 TOJOXKCHHS CHIS
npuBeneHsl Ha puc. 3. Kak m Ha puc. 2, Mo OKOHYAaHWUHM BpPEMCHH IBIDKCHUS 3HAYCHHUS YIIIOB MOBOPOTA PAaBHEI
¢, =¢; =9, =90°. CrnenoBaTenbHO, UCIOIH30BaHNEC KOMOMHAIINY IIPOTPAMMHOTO YIIPABICHHS U YIPABICHUS B BHJIC

[MU]] perynsropa TOYHO HPUBOIMT IK30CKEJIET K TPeOyeMOMY IMOJI0KEHHIO.
s} o]
Q, 0, /s

200} 30

I 20
150
I 10

100}

50}

L (p4
[ T T T TN NN TR SIS SN TN (N SR SN T TR B T T B R _30
2 4 6 8 10 12 14 Ls
a) 6)

Puc. 3. Pe3yanan,1 MOACIIMPOBAaHUA TOABEMA U3 MMOJIOKECHHUA CUAA TPU HAYAJIbHBIX OTKIIOHCHUAX OT IPOrpaMMHOTO IBUIKCHUS B

9,

yriax noBOpoOTa 3BE€HLBEB DK30CKEJICTA: a@ — YTJIbI IOBOPOTA 3BEHLEB; 60— YIJIOBBIE CKOPOCTHU 3BEHLEB

TakuM 00pa3oM, NMpH MOJEIUPOBAHUU MPOTPAMMHOIO JIBUXKEHHMs MOKa3aHa paboTOCIIOCOOHOCTh IMPEAIOKEHHOTO
3aKoHa (POPMHUPOBAHHS YIIPABISIONINX BO3ICHCTBHI, orrcanHoro B (4) u (12).

BepTHkanbHOE IOOXKEHHE IK30CKeNeTa HeyCTOHYNBO Oe3 yIpaBiIeHHUs, HO3TOMY BO3MYILIAOMmue (HakTOpPbl MOTYT
00yCJIOBUTH OTKJIOHEHHUS OT PABHOBECHSI BILIOTH JIO MaJICHUS SK30CKENeTa.

[TpoBepuM paboTOCIIOCOOHOCTH MPEJIONKEHHOTO YIPABICHUS B 33/1a4€ CTAOWIN3ALMU BEPTHKAIBEHOTO MOJIOKEHHS
K30CKeNeTa. 3HAueHHs Ui TMPOTPAMMHOTO JBWKeHHs: ¢F(t) =@ (t) =5(t) =90°. PaccmoTpum ciyuaii, korna B

yriax MmoBOPOTa 3BEHBEB €CTh OTKIOHEHHS 0K0Io 20° 0T BEPTHUKAIBHOTO MONOXKeHUs (puc. 4).
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6.7

40F

20

2 4 6 8 10 12 14
a) 6)

Puc. 4. Pe3ynbTaTsl MOAENUPOBAHKS CTAOMIN3AINI BEPTHKAIBHOTO MOIOKEHHUS IIPH HAYAIBHBIX OTKIOHEHHAX OT IIPOTPAMMHOTO
JBWKCHHS B YIJIaX OBOPOTA 3BEHBEB IK30CKEIIETa: @ — YIJIbI HOBOPOTA 3BEHBEB; O — YIJIOBBIE CKOPOCTH 3BEHbEB

ts

U3 puc.4 BHOHO, YTO TPEAJOKEHHOE YIpaBlieHHE 00ecneyrBaeT CTaOWIN3AlMI0 BEPTHKAJIBHOTO IOJIOXKEHHS
3BEHBEB 3K30CKEJeTa.
Jns cpaBHeHHs] TpPUBEAEM pPE3YJbTAaThl MOJACTUPOBAHUS CTaOWIM3AIlMM BEPTUKAJIHHOTO TMOJIOKEHUS MpH

HCHONIb30BAaHUH CIEAYIOMMX 3HadeHui koaddunumentor TN perymirtopa: K, =1000H-Mm-c, K, =1000H-m,

Ko =100 H-m/c (i =2,3,4) (puc. 5).

(P.ivo (pi’o/s
1200 20¢
100- 15
10
80
5_
60" I B
i 8 10 12 14 ¢ts
40- -5}
20- -10
I 15V ¢
o b b b e b b b E (P3

2 4 6 8 10 12 14 Ls

a) 6)
Puc. 5. Pe3ynbpraTsl MoenupoBaHus CTAaOMIN3AMH BEPTHKAIBHOTO MOJIOKEHUS TP HaYaJIbHBIX OTKIOHEHHUSX OT IPOrPaMMHOIO
JBIKCHUS B YIJIaX IIOBOPOTA 3BEHBEB DK30CKEJIETa: @ — YIJIbI [IOBOPOTA 3BCHBEB; O — YIIIOBBIE CKOPOCTH 3BCHBEB

W3 puc. 5 BuaHo, 4to npu ucnois3oBanu auddepenimansroro 3seHa ( Ky #0) peryiastopa MOXHO CHH3HTBH
BBIOPOCHI B 3aBHCHMOCTSIX YTJIOBBIX CKOPOCTEH 3BEHBEB IK30CKeeTa 1Mo cpaBHeHuo co ciaydaem Ky, =0 (puc. 4 6).

Hrak, paccMoTpeHa BO3MOXKHOCTh YIPABJIEHUSI 3BEHBSMHU K30CKEJIETa HIKHUX KOHEUYHOCTEH C HCIOJIb30BaHHEM
MMOKAa3aHUH YHKOJICPOB M OJIOKOB MHEPUHAIBHBIX JATYMKOB (MHKPOMEXaHUYECKHX THPOCKOIOB M aKCEICPOMETPOR).
PesynbTarsl MoaeMpoBaHusl 10Ka3bIBAIOT JEHCTBEHHOCTh IaHHOTO MOAX0/a.

Oocy:xnenne u 3akiaodeHus. [Ipeqiaraemoe perieHue 3a1a4y YIPABICHUS ABIDKCHHEM SK30CKEIETa MOKET OBITh
WCTOJNB30BaHO B MEIUIIMHCKHUX MPUIOKCHHUAX, B TOM YHUCIC JUIS BEPTUKAIM3AIMK TMANUCHTOB C HAPYIICHHSIMHU
(yHKUIHH OMOPHO-IBUTATEIRHOTO alapaTa.

Urak, manapie 0JIOKOB MHEPIHMAIBHBIX JaTYMKOB MOYKHO HCIOJIB30BATH B 3a7ade OICHUBAHUS COCTOSHUS 3BCHBHCB
9K30CKeNIeTa

— ©X YIIOBBIX CKOpocTe ® yckopeHmd. Ilpm »>TOM HET HEOOXOAMMOCTH B YHCICHHOM
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muddepeHINpPOBaHIE W3MEPHUTENFHON HH(POPMAIUK SHKONIEpOB. TakuM 00pa3oM, B CHCTEMY YIPaBICHHS MOXHO
BBOJIUTH OOpaTHYIO CBsI3b MO YIJIOBBIM YCKOPEHHSM, YTO TIO3BOJISICT YIYYIIaTh IEPEXOJIHbIC IPOLECCHl IpU
YIIpaBJIEHUH ABHKEHUEM 3K30CKeJeTa.
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Kpurnyeckne Harpy3ku paBHOMEPHO C:KaTOii OPTOTPONHOM :
i

HpﬂMoyFOJILHOﬁ NJJAaCTUHBI HA YIIPYTOM OCHOBAHUH
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AHHOTAN NS

Bgedenue. PaccmatpuBaercs 3a71ada 0 KPUTHYECKUX Harpy3kax C)KaToil OpTOTPOIHON MPSIMOYTOJBHOM IJIACTUHBI Ha
yIpyroM OCHOBaHUH. JlJisi IUTacTHHBI 3aJaHbl apameTpbl oproTponuu: kodddunments [Tyaccona, monynu IOHra s
IJIaBHBIX HANpPaBICHUN M MOJYJb CIIBUTa MaTepHaja IiacTUHbL. COCTaBISIOMIME CKUMAIOIIEH Harpy3KH paBHOMEPHO
pacnpenieneHsl Mo ABYM IPOTHBOMONOXKHBIM KpasM IUIaCTMHBI M JEHCTBYIOT HapajielbHO ocsiM KoopauHaT. Kpas
TUTACTHHBI CBOOOIHO 3aleMJICHBI MITH MApHUPHO ONEePTH. PaccMOTpEeHBI TakKe CIydan, KOT/a ABa MapaJuIeIbHBIX Kpast
IUTACTHHBI CBOOOIHBI OT HATPY30K, a IBa JPYTUX CBOOOTHO 3alIeMJICHBI WIIH IAPHUPHO OTEPTHI.

Mamepuanvt u memoost. 3a7aya paccCMaTpUBAETCSI HA OCHOBE CHCTEMbl HEJIMHEWHBIX YpaBHEHHUI paBHOBECHS TUIIA
Kapmana. KpuTuueckue 3HaueHUs MapaMeTpa Harpy3Kd ONPEAENsIOTCS M3 JIMHEapU30BaHHOM Ha TPUBHUAILHOM
pemreHnn 3amadu. [Ipu 3TOM AJIs pelIeHus KpaeBoi 3a1aun Ha COOCTBCHHBIC 3HAYCHUS MPUMCHSETCS BapUAIlHOHHBII
METOJI B COUYETaHUU C KOHEUHO-PA3HOCTHBIM METOJIOM.

Pe3ynomamut uccnedoganusn. 3anada CBeJEHA K PEIICHUIO IapaMeTpPUYeCKON IJIMHEHHOW KpaeBOM 3amaduM Ha
cOoOCTBeHHBIE 3HAuUeHHs. B cioy4ae KpaeBbIX YCIOBHH IOABMXKHOTO IIAPHHUPHOTO OIUPAHHS HPUBEIACHBI TOYHBIC
(hopMysibl COOCTBEHHBIX 3HAUCHHI U COOCTBEHHBIX (DYHKIIMH, a B Clydyae CBOOOIHOTO 3allleMJICHHs KPaeB MPUMEHEH
BAPUALMOHHBIM METOJ B COYETAaHUU C KOHEYHO-PA3HOCTHBIM METOJOM U IIOCTPOEHA KOMIIBIOTEpHas INporpamma
peuieHus 3ajayd. Y CTaHOBJIEHO, YTO KPUTHUECKOMY 3HAYEHHUIO MapaMmeTpa CHKUMAlolled Harpys3kd, Npu KOTOPOM
MIPOUCXOIUT TOTEPS] YCTOHIHBOCTH CKATOW IITACTHUHBI, MOKET COOTBETCTBOBAThH OJJHA HJIM JIBE COOCTBEHHBIC (D)YHKIIHH,
BEIpa)KAIONIHE MPOTHO TUIACTHHEL. [IprBeNeHBI pe3yIbTaThl YHCICHHBIX PACUCTOB KPUTHUSCKIX 3HAYCHUH CIKUMAFOIIEH
HATPY3KH IPH Pa3IMYHBIX 3HAYCHHUSIX MApaMETPOB OPTOTPONHH W TOCTPOCHBI Ipa)UKH COOTBETCTBYIOUIMX (OpM
paBHoBecus. i ciydast JJIMHHOM OPTOTPONHOM MJIACTHHBI Ha YIIPYrOM OCHOBAHWUW YCTAaHOBJIEHO, YTO TJIABHBIN WJieH
ACHMITTOTHYECKOTO PA3JIOKCHHS PEIICHUs JTUHEHHOW 3a7a4dil Ha COOCTBEHHBIC 3HAUCHHS ONPENENSeTCs W3 3aJa4d O
KPUTHYECKHX Harpys3kax CKaTod Oankw Ha ympyroM OCHOBAaHHHM C MOJYJIEM YIPYTOCTH, COBIAJAIOUINM C MOIYJIEM
YIPYrOCTH IUIACTUHBI 110 NIPOJIOJILHOMY HAIIPABJICHHUIO.

Obcyscoenue u 3aknwyenusa. VlccnenoBaHa 3amada O KPUTHUYECKHX HArpy3kax CXaToil B JBYX HaIPaBICHHAX
OPTOTPOIHOM TIJIACTUHBI, JIeKAllle Ha ynpyroM OCHOBaHUHU. [Ipu MOBBIIEHNUN COCTABIISIONIEH CKUMAIOIEH HArpy3Ku
BJIOJIb OJHOI'O HAIPABJICHUSI CHUXKAETCS BEIMYMHA KPUTHUUYECKOI'O 3HAUEHHUSl HAarpy3KH, C)KUMAIOUIEeH IJIACTUHY BJOJIb
JIpyroro HampapjieHus. Eciu opTOTpomnHas IUIACTHHA CXKUMAETCsl HArpy3kod BJOJIb HamlpaBieHUs, KOTOPOE
COOTBETCTBYET OOJIbIICH M3TMOHOW >XECTKOCTH, TO KPUTHYECKOE 3HAYEHHE II0TEPHU YCTOWYMBOCTH OOJIbIE, UYeM
KPUTHYCCKOE 3HAYCHHE ICHUCTBYIOMICH BIOJb HAIPABICHUS MEHBIICH H3THOHOM KECTKOCTH CKMMAIOIICH Harpy3KH.
Hanuure ynpyroro oCHOBaHUsI MOBBIIIACT HECYIIYIO CLIOCOOHOCTh CXKATOM ILTACTHHEI.

KaroueBble ciioBa: KpuTHuecKas Harpyska, ynpyras OpPTOTPOINHAS IUIACTHUHA, YCTOHYMBOCTH PAaBHOBECHS, YIPYroe
OCHOBaHHe, apaMeTpruyiecKkas Kpaesas 3aJa4a Ha COOCTBEHHbIC 3HAYCHHUS.

BaaromapHocTH. ABTOpBI 0JaroapsT PELEH3EHTOB, a TAKXKe BBIPAXKAIOT NPHU3HATEIBHOCTh PENAKLHH IKypHaia
«Advanced Engineering Researchy 3a momorip, oka3zaHHYIO B IPOIECCE TOATOTOBKH CTATBH.
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Critical Loads of Uniformly Compressed Orthotropic Rectangular Plate on an Elastic Base

Isa M. Peshkhoev'='><, Boris V. Sobol
Don State Technical University, 1, Gagarin sg., Rostov-on-Don, Russian Federation
DI peshkhoev@rambler.ru

Abstract

Introduction. The problem of critical loads of a compressed orthotropic rectangular plate on an elastic base was
considered. The following orthotropy parameters were set for the plate: Poisson coefficients, Young's modules for the
main directions, and the shear modulus of the plate material. The components of the compressive load were uniformly
distributed along two opposite edges of the plate and acted parallel to the coordinate axes. The edges of the plate were
loosely pinched or pivotally supported. Cases were also considered when two parallel edges of the plate were free from
loads, and the other two were freely pinched or pivotally supported.

Materials and Methods. The problem was studied on the basis of a system of nonlinear Karman-type equilibrium
equations. The critical values of the load parameter were determined from a linearized problem based on a trivial
solution. At the same time, the variational method in combination with the finite difference method was used to solve
the boundary eigenvalue problem.

Results. The problem was reduced to solving a parametric linear boundary eigenvalue problem. In case of boundary
conditions of a movable hinge support, exact formulas of eigenvalues and eigenfunctions were given. While in case of
free edge pinching, a variational method was used in combination with a finite-difference method, and a computer
program for solving the problem was built. It was established that one or two eigenfunctions expressing the deflection
of the plate could correspond to the critical value of the compressive load parameter at which the stability of the
compressed plate was lost. The results of numerical calculations of the critical values of the compressive load at
different values of the orthotropy parameters were presented, and graphs of the corresponding equilibrium forms were
constructed. For the case of a long orthotropic plate on an elastic base, it was established that the main term of the
asymptotic expansion of the solution to the linear eigenvalue problem was determined from the problem of critical loads
of a compressed beam on an elastic base with an elastic modulus that coincides with the elastic modulus of the plate in
the longitudinal direction.

Discussion and Conclusions. The problem of critical loads of an orthotropic plate compressed in two directions lying
on an elastic base was investigated. As the compressive load component increased along one direction, the critical value
of the load compressing the plate along the other direction decreased. If an orthotropic plate was compressed by a load
along a direction that corresponded to a greater bending stiffness, then the critical value of the loss of stability was
greater than the critical value of the compressive load acting along the direction of a lesser bending stiffness. The
presence of an elastic foundation increased the bearing capacity of the compressed plate.

Keywords: critical load, elastic orthotropic plate, equilibrium stability, elastic base, parametric eigenvalue boundary
problem.
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Bgenenue. JI. M. 3y60B B paborte [1] BbIBEN YpaBHEHUS pAaBHOBECHS YIPYIOM IJIACTHHKH, COJIEPIKAIIEH HCTOUHUKH
BHYTPCHHUX HAIPSDKCHUI B BHJC AUCIOKAMI U TUCKIMHALNK, SBJSFOIUECs Moaudukanueii ypasHenuii Kapmana. B
9TOH paboTe TakKe pelieHa 3afada 00 M3rube TOHKOW IUIACTHHKH (MEMOpaHbI) MOJ ACUCTBHEM BHYTPEHHHX
HanpsbKeHud, o0ycoBieHHbIX aepextamu. B paborax [2-5] Teopust muciokaiuii U JAMCKIMHALMN MPUMEHSETCS B
HCCIICIOBAaHUH TOBEICHUS IUIACTHH M 00oyiouek. B craThe [6] mocTpoeHO oOmiee pelieHHe YpaBHEHUs KOJcOaHUi
MPSMOYTOJBHONW OPTOTPOMHON IUIACTHHBI €O CBOOOAHBIMU Kpasimu. B paborax [7, 8] cTposTCSs acHMNTOTHYECKHE
pEeIIeHus 3a71a9 CTATUKN ¥ THHAMUKHA y3KHUX TUTACTHH.
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B pabote [9] paccmoTpeHa 3agada O BETBICHHM PAaBHOBECHI IOJ] BIMSHHEM Majoro HOPMAJIbHOTO JaBICHUS
CKaTOM B OJTHOM HAIPaBICHMUU NPSIMOYTOJIbHOHN IUIACTHHBI, COAEpIKallel MUCIOKALUU U JUCKIMHAIMU. PaccMoTpeH
cryvail, Korma MpoJIONIbHBIC Kpas IUIACTHHBI CBOOOAHBI OT HArpPY30K, a IBa APYTruX Kpas 3akperuieHbl. B [10] mms
3aJa4d 0 KPUTUYECKHUX HArpy3kax CKaTOH y3KOM IUIAaCTHHBI CTPOUTCS aCHUMIITOTHYECKOE PEIIEHHE C MOMOIIBIO
pa3NoKeHUsI 0 MajJoMy MapaMeTpy OTHOCHUTENbHOH MIHpHHBI ruiacTHHbL B [11] mccnenoBaHa 3afada O BETBICHUH
paBHOBECHH yNpyroil NpsMOYTOJIBHOW IUIACTHHBI ¢ BHYTPEHHUMH HCTOYHMKAMU HANpPsDKEHUM Ui cilydasi, Korja
C)KMMAIOIINE HAarpy3Kd HEPaBHOMEPHO PACIpPEAETICHBI M0 KpasiM. YCTAHOBJIEHO, YTO NPH YETHBIX (opMax (PyHKIUH
HECOBMECTHOCTH M YETHBIX (pOpMax pacCHpenesieHHs MO KpasM CXUMAIOMUX YCHJIMH Haludde Malod HOPMaJIbHOU
Harpy3KH HE CHIDKAeT HECYIIYO CIIOCOOHOCTD ITACTHHEL.

B paGore Mopososa H. ®@., bensiea A. K., Toscruka I1. E., Tosctuk T. I1. [12] npencraBieH acHMIITOTHYCCKHI
BBIBOJI [JIBYMEPHBIX YPAaBHEHMH pABHOBECUS TOHKOW yIPYroll HEOJHOPOJHOM IUIACTUHBI, W3TOTOBJIEHHOM U3
aHMU30TPONHOro MaTepuana obiero Buga. B [13] chopmynrpoBaHbl BBIBOIB 0 GOpMax MOTEPH YCTOHYMBOCTH CHKATOM
IUTACTHHBI Ha YIPYTOM MTKOM OCHOBaHUH. B paGote [14] mccnemoBaHa »XeCTKOCTh Ha M3THO TOHKOH ympyroin
MHOT'OCJIOMHOM TJIACTHHBI C TPAaHCBEPCAJTIbHO HM30TPONHBIMU cilosMH. lIpoBoauTcs cpaBHeHHE ABYX Mojenel ydera
BIIMSTHUSA TIONIEPEYHOTO CABHTA.

B pabore [15] mocTpoeHa MOJEIb TEPMOYIPYTOBSI3KOILUIACTUYCCKON JIeopMaiid  KOMIIO3HMTa, KOTOPBIi
MIEPEKPECTHO apMHUPOBAH HETIPEPHIBHBIMI BOJIOKHAMH B IPON3BOJIBHBIX HAIPABICHUSX.

B [16] B pamkax mpsMOro moaxola K TEOPUH IUIACTHH PaccMaTpUBAeTCs 3ajada O THICPYNPYrod IUIACTHHE C
HEOJHOPOAHO pacIpeAeICHHBIMI HAYaIbHBIMH HaNpsDKEHWAMH. l[ImacTHA paccMmaTpuBaeTcsi Kak MaTephaiibHas
MOBEPXHOCTh C TMATHIO CTEMEHSIMU CBOOOABI (TpU TMepeMenieHus ¥ [Ba BpaiieHus). B pabore [17] B pamkax
HEJIMHEMHON yHpPYroCTH aHAIM3UPYETCsl YCTOMYHMBOCTH PABHOMEPHO CHXKATOM KPYIJIOW ABYXCIIOMHOW IUIACTHHBI C
MIEPBOHAYAIHO CXAThIM MJIM PACTAHYTHIM cjioeM. [ ONpeeNnsioiero COOTHOIIEHHUS MaTepuana HCIHOIb3yeTcs
MOJIeNb HEC)KMMAaeMOIro HEOTYKOBCKOro MaTepuana. IIpenctaBieH aHaiau3 3aBUCHMOCTH — Pe3yJIbTUPYIOLIMX
KPUTHYCCKHUX HAMPSUKCHUM OT HAYalbHBIX JAeopMaldii 1 mapaMeTpoB skecTKocTH. B pabore [18] nccnenyercs uzrud
TPEXCJIOIHOW TUIACTHHBI, COJepKallleil MOBEPXHOCTHbIE M MeX(a3HbIe HANPSDKEHMS, pACCMOTPEHa TEOPHsl IJIACTHH C
negopMausiMH CBUTA MIEPBOTO MOPAIKA U MOJETh OBEPXHOCTHBIX HampshkeHui I'ypTuaa-Mepaoka. AHanmu3upyercs
3aBHCHMOCTh apaMETPOB JKECTKOCTH IUTACTHHBI OT MOJYJIEH MOBEpXHOCTHOI ympyroctu. B pabore [19]
paccMarpuBaeTcsl 3ajaya O HEYCTOHYMBOCTH TPEXCIOMHOW HENMHEHHO-YNPYroil NpsIMOYTOJIbHOM IIACTHHBI C
MIPEABAPUTEIHHO HANPSKEHHBIM CPEJHUM CIIOEM.

B nacrosieii pabote uccienyercst BAMSHUE TapaMeTpoB MaTepualia IUIAaCTHHBI U NapaMeTpa YIPYroro OCHOBaHMUS
Ha KPUTHYECKHE HArpy3KHd NOTEPH YCTOWYMBOCTH CXKATOH YNPYroil NpsIMOYTOJbHOW OPTOTPOITHOHM IUIACTHHBI Ha
yIPyroM OCHOBAaHUH.

MaTtepuabl 1 MeTOAbl. PacCMOTPHUM JIeKalylo Ha JIMHEITHO yIPyroM OCHOBAHUHU OPTOTPOIHYIO IPSMOYTOJIEHYIO
IUIACTHHY, KOTOpas Cokumaercss ycwuusimu P u Q Bmonb oceid X m Y. YpaBHEHUS] paBHOBECHS MOXKHO 3allHcaTh B

Bune [7]:
D,8% W +2D,8%32 W + D, W + KW =[W, F],
1
Lord L2 lzers Latr=—tiw,w. @
E, G E E, 2

Kpaesble ycioBus 3anuiueM B BULE:

W=0,W=0, 0,0,F=0, 05F=-P upu|X|=2a/2, @
W=0,W=0, 08,0,F=0, 0;F=-Q mpu |Y|=b/2.
W=3;W=0, 08,04F=0, 05F=-P mpu |X|=a/2, a)
W=0;W=0, 0,0,F=0, 03F=-Qmpu|Y|=b/2.
W=0,W=0, 8,0,F=0, 05F=-P npu |X|=a/2, @
W +v,05W =35 W +(2-v,) 050, W =0,0,F = 0%F =0 npu |Y|=by/2.

W=0;W=0, 06,0,F=0, 05F=-Pmpu|X|=a/2,

5
FW 4 v, W = B +(2-v, )220, W = 0,0, F = 6% F =0 pit [Y| = bj2. ®
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[W,F] =05 Woy F+ 8, WoLF-20,8,W8,0,F, D, =Eh*/(12(1-v,v,)), i=12; D, =Gh’/12, D, =D,v,+2D,,
Ev,=E,v,.

3necy v;, v,, E;, E,, G — xoabdunuentsr Ilyaccona, momynu FOHra ans riuaBHBIX HampaBICHHH H MOJIYIb
cuBura Marepuana miactunbl; D;, D, — xecTkoctu m3ruba 1o TINaBHBIM HanpasiueHusM; D, — ixecTkocTb
KPYUYCHUST; (YHKIIHS W(X,Y) BBIpKaeT Mporuo, a F(X,Y) 0003HaYaeT (YHKIHIO HAIPsDKeHHH; h — TommuHa
mwractiabl; KW — peakms ocHoBanus; K — koadduuumenT mocrenw; Hadamo koopauHaT X, Y pacronaraercs B
LEHTPE IUIACTHHBI U OCH MapaJUICIbHEL e KpasiM; Oy — 4YacTHas IPOU3BOJHAS N-rO HOpsKa MO mepeMeHHOH X. Mbl

roJyiaraeM, 4To Kpast IIaCTHHBI CBOOOIHO 3amieMieHsl (2) uiu mapHupHo onepthl (3). [Ipu 3TOM CKUMAIOIIHE YCHITHS
P u Q paBHOMepHO pacnpezeneHsl 1o kpasm X =1a/2 u Y =1b/2 coorBercTBeHHO. PaccMaTpHBarOTCS TaKkKe

CiIydad, KOTAa JBa MapaJUlelbHBIX Kpas MiacTuHbl Y =+h/2 cBOGOIHEI OT Harpys3ok, a aBa OPYIHX CBOGOIHO

saremieHbl (4) win mapaupho onepthl (5). B aTux ciydasx ckumaroias Harpy3ka MpHIOXKeHa TOJBKO K KpasMm
X=ta/2.

2 2
TTonoxum F:q)_PY7_QX7. Torma mns ¢yskiuu @  copaBeIMBBI  OJHOPOJHBIC KPAcBBIC YCIOBHUS

o, =, =0 1pu |X|=a/2, o, =d,, =0 mpu |Y|=b/2. OTH yclIoBHA MOXHO 3aMEHUTh Ha JKBHBAJCHTHHIC

KkpaeBble ycnosusi ® =®, =0 npu [X|=a/2, ®=d, =0 npu |Y|=b/2. [epeiinem k Ge3pasmepHBIM NEPEMEHHBIM 110

dbopmynam:
X=ax; Y=by, ==; ®(X,Y)=D,f(x,y); W(X,Y)=w(x,y)h; K:%; P=pb—|21; Q:qb—[zl ,
a
: E .. _D,. D
a=6(1-vyv,); 2c, :EZ—ZVZ, c, :Hj’ c, :E:'
Torna cucremy ypasaeHuit (1) u kpaeBsie yciaoBus (2), (3) MOKHO TiepenucaTh B BUC:
30t w + 203826§85W + cza?,w +8'%kw = 8% [w,f]-pd?0iw — qé’f,w, ©)
§'04f +2¢,05028°f +¢,05f =—ac, 8" [w,w].

[w,axw,f,axf]hx‘:]/2 =0; [w,a,w,f,af ]|M:y2 =0. @)

‘w,f,0,f =0; 2 =0.
[w,0*w.f,0,f ] 1 =0 [w, o*w,f,0,f } O ®)
[w,0,w,f,0,f ]|M:M2 =0; [w+v, 0w, 8w +(2-v,) 820, w.f,0,f ]|M:]/2 =0. 9)
[w, afw,f,axf]\‘x‘:]/2 =0; [O2w+v,22w, 3w +(2-v,)20,w. £,d f}|M:j/2 -0. (10)

Ipu nro6bIX 3Ha4YeHHAX mapameTpoB K, P, ( HenuHEHHOW KpaeBoil 3amade (6) ¢ moObiM u3 ycnosuid (7)—(10)
yJIOBJIETBOPSIET TPUBUAIILHOE PELICHHE (W* : f*) = (0, 0) .
OGosHaunm uepes E’ MHOXKECTBO BEKTOP-(hyHKIIHii f=(fl,f2) C KOHEYHOH HOPMOM, KOTOpas OIpeaensercs c

NOMOIIBIO CKAJSIPHOI'O MPOU3BEACHUA:

<f:g>Ez =_‘-J.(flgl+fzgz)dXdy; f =(f1,f2),g =(g1’gz)' (11)

Q

Uepes E' 0603HaumM mpoCTpaHCTBO GeckoHeuHO AUD(BEPEeHIHPYEMBIX B 061aCTH Q:{(x,y):|x|<1/2,|y|<1/2}

BeKTOp-QyHKIMA U = (W, F) , V= (Wl, Fl) , KOTOpBIE YIOBJIETBOPSIOT Ha rpaduile 0Q obnactu () 0IHOMY M3 KpaeBbIX
yenosuii (5) umn (6). Hopmy B E* ompeennm ¢ moMOIIbo CKaISPHOTO POU3BEICHIS:
ai+ju ai+jv
<U’V>El = z i~ Aviag ] (12)
i+j<4 ox'oy’ ox'oy g2
Kpaesas 3amaua (6) ¢ omuuMm u3 KkpaeBbix ycioBuil (7)—(10) MokeT OBITH pacCMOTpPeHa KaK HEIMHEWHOE
OTIepaToOpHOE ypaBHEHHE!
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Mou=TIu, u=(w,f)eE, (13)
e
80t w +2¢,8°020%W + 00w + kw + pd°02w +qo5w 8% [w,f
MU = Sy P AWy = [ 1] . (14)
804 +2¢,0,0,8°f +¢,0,f —ac,8% [w, w]

3necs M, — nunHelinblit, a 11— HenuHeHHbI onepaTophl, Tak Kak:
[w,f]=0o;woif +o;wosf —206,0,w0,0,f .
W3 pesynbratoB pabor W. . Boposuua u H. ®. Mopo3osa ciexyer [9], uto onepatopsr M, u Il neiictByror u3

npocrpanctea E' 8 E Tlycrs k = 0, p = 0, q = 0. Toraa ypasuenue (9) HMeeT eIHHCTBEHHOE TPHBHAIBHOC PEIICHHE

u. =(w.,f.)=(0,0). Ilpu Mambix M3MEHEHHSIX BEIMYMH NAPAMETPOB P, M K TPUBHMANbHOE PELICHHE OCTACTCS
eMMHCTBEHHBIM. ECiM mpu JF00BIX ManbiX 3HaueHMsIX dncia €>0 W QUKCHPOBAHHOM 3HAa4YeHHH K CYIIECTBYIOT
3HAUCHUA IapaMeTpoB P, (, KOTOPHIC YIOBJICTBOPSAIOT HEPABCHCTBY |p—p0|+|q—q0| <€ W 1 KOTOPBIX
CYIIECTBYIOT XOTs OblI 1Ba peuieHusi ypaBHeHus (9), TO TOUKy (po, qo,) Ha3bIBAIOT TOYKOM BETBJICHUS (MM TOUKOMN

oudypkanun) [9] sroro ypasHenus. B pabore [9] mokazaHO, 4TO I HAXOKAECHHUS TOUKU OU(PYpKAILHK (po, qo) HAJI0

PELINTD KPAEeBYIO 3a/1auy Ha COOCTBEHHBIE 3HAYEHHSI, KOTOpas MPEACTABIsIET OO0 IMHEAPH30BAHHOE Ha TPUBUAILHOM
pELEHNH YPaBHEHHUE:
Myu=0. (15)

CoOcTBeHHbIE  3HAUCHUS (po,qo) SIBJIIFOTCSL  KPUTUYECKUMMM — 3HAUEHUSMHU  [1apaMETpOB  CKUMAroUIe

HaTpY3KH (p, q). VYuureBas (13) u (14), ypaBHenue (15) MOXHO 3ammcaTh Kak CICAYIOIIYIO KpPaceBYIO 3amady Ha

COOCTBCHHBIC 3HAUEHWs: HAWTH TakWe 3HA4YCHUs HapaMeTpa [, 4To JIs (UKCHPOBAHHBIX 3HAYCHWH Iapamerpa
ocHoBaHusA (kod(duimenta mocrenn) K W mapamerpa ( Harpy3kd BIOJNB OCH Y, CIEAyrolias 3ajadya HMeeT
HETPHUBHAJILHOE PELICHHUE:

805w +2¢,8°050, W + ¢,y w +kw +qosw = —pd°oiw (16)
[w.ow],,=0; [w,ayw]hy‘:]/2 =0, (17)

[w, aiw]hx‘:w =0; [w, ajw]wz -0, (18)

[w.ow], ,=0: [Sw+vidiw.dyw+(2-v,)di0,w.1, ayf]hy‘:]/2 =0, (19)
[w,0w] =0 (02w +v,02w, 0w +(2 - v, ) 020, w, 0, F ]|M:]/2 =0. (20)

IIpy >TOM KpUTHYECKOMY 3HAYEHHIO IOTEPH YCTOHUMBOCTU C)KATOW IUIACTHHBI OTBEYAaeT MHMHUMAIIbHOE
COOCTBEHHOE 3HaYCHUE MapamMeTpa P, a COOTBETCTBYIOIIAs 3TOMY 3HaYCHUIO COOCTBEHHAs! (PYHKIIMS OKa3bIBaeT hopmy
paBHOBECHsI TOCJIe MOTepH yCToiturBOCTH. [[is ciyyast mapHupHoro onupanus kpaes (18) nist ypaBuenus (16) MoxHO
3aIicaTh TOYHBIE PEIICHNUS:

(84m4 +2¢c,m*n’ +c,n* ) n* —qn’n® +k

P = ; W, =sin nm(x—%jsinnn(y—lj, (21)

n*m? 2

r7ie M ¥ N IPOU3BOJIbHBIC HATYPAIHHBIC YHCTIA.
W3 amamuza dopmyn (21) crmegyer, 9To NPHM PasiIMYHBIX OTHOLIEHHMSX [UIMH KPaeB IUTACTUHLI O , (DM3MYECKHX
MapaMeTpoB OPTOTPOIHOCTH MaTepHanga IUIACTHHBI C,, C,, MapaMeTpa ( CKHMAOIEeH Harpy3ku Mo ocH Y, |

koo duimenTa mnoctenu K (XapakTepU3YIOLIErO pEaklHI OCHOBAHMWs) KPHUTHYECKOMY 3HAYCHHIO HArpy3KH

p. = minopmn MOXET COOTBETCTBOBaTh OJHA WJIM HECKOJIBKO MONyBONH B (opme paBHoBecus (21). Ilpu stom
m,n > !

BO3MOKHO TaK Ha3blBaeMOE  BBITyYHBAaHWE IO JABYM COOCTBEHHBIM  (QopmaM, KOTHa, Hampumep,

p* = min pmn =|311 = le- Hwxe MNPpUBOAATCS TaKUC Clly4dau. I[J'IH peuicHus 3aa4yu (16) C KpacBbIMU YCJIOBUSIMU
m,n >0 ' i ’

cBoOOMHOrO 3amemicHus kpaeB (17) mpuMeHseTCs BapUAlMOHHBIH METOH B COYCTAHHUH C KOHCYHO-PA3HOCTHBIM
METOJIOM, KOTOPBIi ObLT 000CHOBaH B padoTax [9, 10] u Jierko mepeHOCUTCs Ha Clydail OpTOTPOITHOW TuTacTHHBL. [Ipn
9TOM pa3paboTaHHas Ul 3TOM 3aJa4d KOMIBIOTEpHAs TPOrpaMMa TeCTHpOBalach Ha pemieHun 3amaum (16), (18).
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Kpome 3toro, pazpaboTraHa KOMIBIOTEpHAsT OPOrpaMMa PEIICHHs BapHAlOHHBIM METOJOM B COYETAHHH C KOHCUHO-
pasHOCTHBIM MeTofioM 3amaun (16) ¢ kKaxmeiM u3 kpaeBeix ycmoBumit (19), (20). Hdns stex ciydace ObuUTH
CKOHCTPYHUPOBAHBI TECTOBBIC MPUMEPBI COOTBETCTBYIOIIMX KPACBBIX 3a7ad.

B pabore [7] B 3amade 06 aCHMIOTOTHYECKOM MHTETPUPOBAHWH YPABHEHHS MalbIX KoieGanuii amuaHOM (b << a)

HPSIMOYTOJIEHON OPTOTPOITHOM [UIACTHHBI IIOCTPOCHO PA3JIOKEHHE PEIICHHS MO CTEMEHsIM MaJIoro mapaMerpa & =b/a u

MIOKa3aHO, YTO TJIaBHBIM WICH PA3JIOKCHUS OMpEAENsAeTCs W3 ypaBHEHMS KoJjeOaHMi Oalku ¢ MOIYyJEeM YIpPYTOCTH
E =E,. IoBropss paccyxaenus pador [7] u [10] Oynem uckath perrenue 3agauu (16) ¢ xpaeBsiMu ycnoBusimu (19)

unu (20) B BUIE pAAOB!
p= Z‘,pziazi y W= Z‘,WziESZi : (22)
i=0 i=0

MO’KHO TMOKa3aTh, YTO TIABHBIA WICH aCHMITOTHYCCKOTO pasnoxeHust (22) pemenus 3amaun (16) ¢ KpaeBbIMH
ycnoBusaMu (19) umu (20) ompenensercs U3 3afadu B 6e3pa3MepHBIX NEPEMEHHBIX 0 KPUTHUECKUX Harpyskax cxxaroil
yHIpyTroii 6aJKy Ha yIIPYroM OCHOBAaHUH CO CBOOOIHO 3allIeMJICHHBIMH FITH TTO/IBHKHO IAPHUPHO OTIEPTHIMH KPAsMH:

(1177 )Wy kw, +powy =0, (23)
W, =W, =0, (24)
W, =W} =0. (25)

31ech mTpuxoM 0603HaUeHa OOBIKHOBEHHAS TPOU3BOIHAS (DYHKIIMHU, 3aBUCSIIEH OT EPEMEHHON X. MOKHO MOCTPOUTH
AITOPUTM OTIpeJIeTIeHHsT BeeX KO3(D(QHUIIMEHTOB CllaraeMbIX pasiiokeHui (22), HO aBTOPHI He OYIyT ITOTO JEiIaTh B
JIAHHOM pabore.

Ipu mepexojie K pa3MepHBIM TIepeMeHHBIM 13 (23)—(25) momyuaeM 3a1auy 0 KPUTHUECKUX HATPY3Kax CKATOM GasIKu

¢ MoxyneM ympyroct E =E,. 3agaua Ha coOcTBeHHBIC 3HaueHHS (23) ¢ KpaeBbIMH YCIOBHAMH (25) UMeeT TOUHOE

penieHue:
P :7z2m2+%; W, (X) =sin(zmx). (26)
zz°m

B ciydae xpaeBsix ycioBwmii (24) 3amgada (23) pemaercsi BApHAIMOHHO-PA3HOCTHBIM METOJIOM.

PesyabTaTsl uccaenoBanus. [IpoBeeHbl YHCICHHBIE pacyeThl KPUTHYECKUX 3HAUCHHWH MapameTrpa Harpysku p,
CKUMAroNIeld BJOJb HANpaBICHUS OCH X NpH (QHUKCHPOBAHHBIX 3HAYCHHMAX KodpduimeHta moctenn K, u
(MKCHPOBAHHBIX 3HAUCHMSAX MapaMeTpa Harpy3Kkd (, CKUMArOIIEeH BIOJb HAMPABICHUS OCH Y M 3a/IaHHBIX 3HAYEHHSIX
IapaMeTpoB OPTOTPOIIMM MaTepuana IUIaCTHHBL. [lOCTPOEHBI COOTBETCTBYIOIIME KPUTHYECKHUM Harpyskam (hOopMbl
paBHOBECHS MJIACTUHEI.

[pumep 1. PaccmoTpum mpuMep KBaIpaTHOH OPTOTPOITHOW TIACTHHBI U3 padoTHI [16] «daHepa mepBoro tTnmay —
TpexcioiiHas (aHepa: eciM HampaBUTh OCh X BJOJIb BOJOKOH PyOamiku (BEpXHETO W HIDKHETO M3 TpeX CIOEB), TO

4 .
momynu FOHra BIONH BONOKOH M IIONEPEK COOTBETCTBEHHO paBHBI E, =14-10°kr/cm® © EZ:—2-1051<1"/ oM’
1

ko3 unuentsl Ilyaccona — v, =0,46 u v, =0,46/12; Moxynb clIBMra Jjs TJIABHBIX HalpaBlIEHUH yINpPyrocTu

G =1,2-10°kr/cm?. Toraa uist 3a1aun B Ge3pasMepHBIX nepeMeHHbX (16) momyunm § = b =1; ¢ = D, - E,_1 =0,083;
a

27D, E 12

1 1

c3=%=0, 207 Y4WTHIBas INpPHBEACHHBIC BbIME (OPMYJBI Iepexoja K Oe3pasMepHbIM IepeMeHHbIM. [lycTh kpas
1

IUIACTUHBI mapHUpHO oneptsl. Torma u3 (21) mpu k = 0, q = 8,193 cineayer p, = mino Prmn =Py =P, =6,580. Dromy

. 1) . 1
KPUTUYECKOMY 3HAYCHHUIO OTBCYAKOT JABEC q)OpMI:I PpaBHOBECUA Wy, =SIn n(x - E sinw|y— § u

- 1) . 1
W, =sinm X—E sin 2w y—E :

B rtabmuiie 1 mpuBeneHsl 3HAYSHUS] KPUTHIECKOW HArpy3KH p* MOTEPU YCTOHYMBOCTH OPTOTPOITHOM TIIACTUHBI C
3alIEMJICHHBIMU KpasiMH, CXKATOW MO OCH X, JJIs Pa3iMYHbIX 3HAYeHUH Kod(hHIUEHTA MOCTeTH K M pasmuyHbIX
3HAUEHUSAX CKUMAIONICH HArpy3kw mo ocu Y. Tabimuia 1 moka3pIBaeT, 9YTO NPH MOBBIMICHUH 3HAUYEHUST KOdPPUIIEHTA
IIOCTEJIA KPUTUYCCKAsl HATPY3Ka IOTEPU YCTONYHUBOCTHU CIKATONH OPTOTPOITHOM TIACTUHBI TAK)KE TIOBBIMIACTCS.
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Tab6muma 1
3aBHCHMOCTb KPHUTHYCCKON HAPY3KH P~ OT apaMeTpa OCHOBAHUS K [PH Pa3IHUHbIX (|
o

k g=0 g=10 g=20

0 47,455 38,011 5,298
1000 112,142 105,841 88,1469
2000 146,99 144,252 122,039
3000 164,809 163,198 141,578
4000 177,741 176.455 175,106
5000 189,002 187,843 186,65

IIpumep 2. PaccmMoTpuM Ty Ke OPTOTPOIHYIO IUIACTMHY M3 IpuMepa | M HampaBUM OCh X IOMNEpeK BOJOKOH

py6amku. Torma mMoxymn FOHra BOMb OCe# X M Y COOTBETCTBEHHO PaBHBI E, :%.1051@/01\42; E, =14-10°kr/ c™m?;

kodddurmentsl Ilyaccona — v, =0,46/12 u v, =0,46; MOAYydb CABUra s TTaBHBIX HANpPaBICHHH yIPYrocTH
G=1,2-10°kr/cm? . Torma mist 3amaun B Ge3pa3MepHbIX IepeMeHHbIX (12) momydnm 8:9=1; c, :&:E =12,
a D, E

c, _Ds_ 2,481 . IlycTs BeIMONHAIOTCA KpaeBble ycnoBus (13) — kpas miacTuHbl cBOOOIHO 3alleMieHbl. B pesynbsrare
1
YUCJIEHHBIX PacyeToOB C MOMOIIBI0O KOMIBIOTEPHOU TporpaMMebl pemienus 3agaun (12), (13) ans manHO# OpTOTPONHOM

IIJIACTHHBI IIOCTPOEHBI 3aBUCUMOCTU MEXAY Harpy3KoH ( 10 OCH Y M KPUTUYECKUM 3HAYCHUEM . HArpys3ku P IO OCH X
npu (pUKCUPOBAHHBIX 3HAYCHUSIX OCTAJIBHBIX TAPAMETPOB ATOM 331aun. B Tabiuie 2 npuBeieHbl 3HAYCHHS (q, p*) pu

k=0.
Tab6muma 2

3aBucumocTh Mexkay q u p* mpu k=0

Ne 2 3 4 5 6
q 100 200 300 400 500
p* 254,388 | 241,867 | 227,789 | 208,778 | 166,462 77,105

OTMeTHM, YTO BCEM IIECTH TOYKaM (q, p*) OTBe4aeT (opMa paBHOBECHUS, IOCTEIIEHHO TPaHCHOPMHUpYOAsCS OT

BHJA, TpeACTaBIeHHOr0 Ha puc. 1 a, mo Buaa Ha puc. 1 6. Ha puc. 1 mpowsumrocTpupoBaHbl mepBasi, TPEThs U IIecTas
CcOOCTBCHHBIC (DYHKIIMH, COOTBETCTBYIOIIUEC KPUTHUCCKHUM TOYKAM (q,p*) Tabmuubl 1. OTH coOCTBEHHBIC ()YHKIIMU

IIOKa3bIBArOT q)OpMBI PaBHOBECHS MJIACTHUHLI ITOCJIC MIOTCPU YCTOﬁqHBOCTH ((bOpMI)I NoTepU YCTOﬁ‘lI/IBOCTI/I).

Puc. 1. ®opmel moTepu ycTOHINBOCTH IUTACTHHEL: @ — 1ipu ( = 0, p = 254,388;
6 — nipu g = 200, p = 227,789; 6 — npu g = 400, p = 166,462
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B pesynbraTe YHCIICHHBIX PACUETOB C TIOMOIIBI0 KOMITBIOTEPHOM TPOTpaMMBI peleHns Kpaesoit 3amaun (16), (17)
IS TAHHOM OPTOTPOINHOW TUIACTUHBI HaljeHbl 3HaueHus napamerpoB K =200; =0 npu KOTOpBIX COOGCTBEHHOMY
3HadyeHuto P*=2556 oTBeyaroT 1Be COOCTBEHHBIE (QYHKIMHM W, M W,. DTOT ciydail COOTBETCTBYeT MoOTepe

YCTOHUYMBOCTH IDIACTHUHBI IO IBYM COOCTBEHHBIM (popmam. Ha pmc. 2 mpenctaBieHBI TpapUKH COOTBETCTBYIOIINX
3TOMY Ciydaro (OpM MOTEPH YCTOHIHUBOCTH.

Pwuc. 2. [Ise popmel moTepu ycToitamBocTH: @ — W, ; 6 — W,

Ilpumep 3. PaccMoTpuM OpPTOTPONHYIO IUIACTHHY C HapaMeTrpamu  E, =1,4-10°kr/cvm’. E2=]£—4-105KF/CM2;

kodddumentsr Ilyaccona — v, =0,46 u v, =0,46/12; MOAydb CABUTa JUIS TTaBHBIX HANpPaBICHHH yHIPYroCTH

b
G =1,2-10°kr/cm? . IlycTh anuHa miactvHel @ =5, mmpuna b=1, kpas X = i% — 3aIIEMJIEHB, a Kpas Y = iE —

1
CBOOOJIHBI, apamerp 625 (TIacTHHY MOXHO CYMTATh JUIMHHOH), K03dduiment nmoctenun K =350. UwucieHHbIH

pacyer pentenust 3anaun (16) ¢ kpaeBbiMu ycnoBusiMu (17) maer 3HaueHHE KPUTHUECKOH Harpy3ku p = 37,42, rpaduk
COOTBETCTBYIOIIEH cOOCTBEHHOHN (DyHKLMM NpeacTaBieH Ha puc. 3 a. UncneHHslld pacuer perieHus 3aaadn (23), (24)
opu v, =0,46 u k=350 mna Ganku guHoM a=5 maer p, =39,01, npu 3ToM coOcTBeHHas (QyHKIMA UMEET BHI,
npe/cTaBIeHHbIH Ha puc. 3 6. Kak BUOUM, KpUTHuUecKas Harpy3ka MOTEpH YCTOHYMBOCTH IUIACTHUHBI COBIAJAeT C
KPUTHYECKOH HArpy3Koil GajiKu ¢ MOTperHocThio [p—p,|=|[37,42-39,01 ~ 0,04 . CoGerrennbie dynkiuy 3anad (16),
(17) u (23), (24) uMerOT OIMHAKOBOE YMCIIO TIOTYBOJIH.

1,0
0,8
0,6
0,4
0,2

0 I
02 11f 20 3 1af s5x
-0,4
-0,6

6)

-0,8
-1.0

Puc. 3. ®opmbl moTepu yCTOWYINBOCTH: a —W(X, y) , CKATOH OPTOTPONHON AIMHHOI MIacTHHBL, 6 — W, (X) , CKaToM Oaku

Oﬁcyme}me H 3aKJTI0OYCHUS. I/ICCHGHOBaHa 3aJa4a O KPpUTHUYCCKUX Harpyskax CXKaTo B JABYX HaIIpaBJICHUIX
0pTOTp0HHOﬁ IJIaCTHHBI, nemameix’[ Ha yrpyromMm OoCHOBaHUU. Banaqa CBCJICHA K pCHICHUIO napaMeTquecxoi/'I JIMHEHHOU
KpaeBoi/i 3aJa4yu Ha CcOOCTBEHHEBIC 3HaueHus. B ClIydac KpacBbIX yCHOBI/Iﬁ MOJABUKHOT'O IIAPHUPHOI'0 OIMUpaHUA
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MIPUBEJICHBI TOYHBIC (POPMYIIBI COOCTBEHHBIX 3HAYCHHUI U COOCTBEHHBIX (PYHKITHH, a B CIIydae CBOOOIHOTO 3aIIeMIICHHS
KpaeB NPUMEHEH BapUalMOHHBII METOJ B COUYETAHUH C KOHEYHO-PAa3HOCTHBIM METOJIOM M MOCTPOEHA KOMITbIOTEPHAs
nporpamma pereHus 3anauu. [lomydeHs! cienyronye BbIBOIbI:

1. IIpy TOBBIICHUN COCTABISIIOLICH CXKMMAIOIIEH HAarpy3Kd (] BIOJb OCH Y CHIIKAeTCs BEIMYMHA KPUTHYECKOTO
3HAYCHUS P* HarpysKH, CKHMAIOIIEH IIIACTHHY BIOJIb OCH X.

2. Ecnu opToTpoItHasl IUIacTWHA CXKMMAETCsl HAarpy3Koi BJIOJb HANpaBlCHHUS,, KOTOPOE COOTBETCTBYET OOJbIICH
M3rHOHOM IKECTKOCTH, TO KPUTHYECKOE 3HAUCHHWE IIOTEPH YCTOWYMBOCTH OOJIbIIE, YeM KPHUTHYECKOE 3HAuCHHE
JICHCTBYIOIICH BIIOJb HAIIPABIICHUS MCHBIICH N3rMOHON JKECTKOCTH CKUMAFOIICH HATPY3KH.

3. Ilpu HaTM9KH YIIPYTOTO OCHOBAaHUs GOJbIIEMY 3HAYCHIIO KodddumnenTa mocreau K > 0 cooTBeTCTBYeET GOIbIce
3HaYeHHE KPUTHYECKOTO 3HA4YEHMs CXKMMarolmled Harpyskd. Hammuwe ynpyroro OCHOBAHHS IOBBIIIAET HECYILYIO
CIOCOOHOCTH CXKATOI IIACTUHBI.

4. B ciay4ae IIMHHON OPTOTPOIHOM TUTACTHHEI HA YIIPYTOM OCHOBAaHHH KPUTHYECKYIO HATPY3Ky CXKaTOM IUIACTHHEI
MOYKHO BBIYHCIIITH NPUONMKEHHO KaK KPUTHUYECKYIO Harpy3Ky C)KaToil Oajlku Ha yIpyroM OCHOBaHHH C MOIYJEM
YIPYTOCTH, paBHBIM MOAYJIIO YIPYTOCTH IUIACTHHEI B IIPOJIOILHOM HAIlpaBJICHUH.
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AHHOTAIUSA

Beeoenue. OnHUM W3 9aCTO TMPUMEHSAEMBIX METOMOB U OICHKH AHHAMHYECKUX XapaKTEPHCTHK MaTepHalia SBIICTCS
tect Teitmopa, KOTOPBI yCTaHABIMBaeT CBs3h MUHAMUYECKOTO Ipeleia TeKYdecTH MaTephala IFTHHIPHIECKOTO
o0pa3iia ¢ ero JUIMHOM Mocje yaapa 1o Heaehopmupyemoit nperpane. Llenpio qaHHOM pabOTHI ABISETCS UCCIICI0BAHNE
MUKPOTBEPAOCTHU U ONPECACIICHUE TUHAMHUYCCKOTO IpEaCia TCKYUYCCTU MEIHBIX 06pa311013 JJI pasiiIndHbIX CKOpOCTeﬁ
yaapa B tecte Teitnopa.

Mamepuanvt u memoowpl. IKCIIEPUMEHTHI MIPOBOIMINCEH ¢ obOpasuamu u3 menun (M1) munmuHapugeckoit gopmer. Ha
6aJ'IJ'II/ICTI/I‘-IeCKOM CTEH/JC ObBLITH n0)106paH1>1 yCJ10BUA ME€TaHUA, KOTOPBIC oOecrieunBaIy Ha BbBIXO/JI€ U3 CTBOJIa CKOPOCThH
IBIDKEHUsT oOpasna B amama3zone 150—450 m/c. Tlocne ymapa m3Mepsiiach MHKPOTBEPIOCTH 00pa3IoB B IIOCKOCTH
pa3pesa. PacueT TMHaAMHUYECKOTO TMpe/ieNia TeKY4IeCTH IMPOBOIMIIA TI0 Kitaccuueckoi opmyne Teitmopa.

Pe3ynomamut uccnedosanus. IlpencrapneHpl SKCIIEpUMEHTATBHBIC TaHHBIC IS METHBIX 00pa3IoB MMIMHAPUIECKON
(hOpMBI IIpH yIape 1o JKECTKOH CTEHKE CO CKOPOCTSAMH B auamna3oHe 162—416 m/c, BKiIoyas KOHQUTYPALIUU U pa3Mephl
00pa3oB 10 u mocine yaapa. [loxydeHsl pacnpeaeneHuss MUKPOTBEPAOCTH B OCEBOM CEYCHUH 00pa3moB. s Kakaoro
00Opa3ia ObUTM MOCTPOCHBI 3aBHCUMOCTH YCPEAHCHHBIX 3HAYCHHN MHKPOTBEPAOCTH, KOTOPHIC MO3BOJIMIH BBIICIHTH
yeteipe oOmacté aedopMupoBaHus 00pa3ioB (007acTh yHpyrux aedopmanuii, MIaCTUYECKUX aedopMariuii,
WHTEHCHUBHBIX IUIACTHYECKUX Jedopmanuii, 001acTh MaTepuaia, NOABEPraloIerocsl pa3pylIeHUI0) U ONPEIeIUTh UX
pasmepsl. Paccuntan AMHAMUYECKHH TIPEesT TEKY4eCTH MEI B UCCIIEIOBAHHOM JIMana3oHe CKOpOCTel yaapa.
Obcyscoenue u 3axkniouenusn. 3HaYCHWS MHUKPOTBEPIOCTH BO BCeH paccMaTpuBaeMoil oOiacTM W JUid BeeX
HCCJIEJOBAaHHBIX CKOPOCTEH ynapa TNPEBHIMIAIOT HCXOAHOE 3HaueHWe. lMIMeeT MecTo CyniecTBEHHOE YBEJIMYCHHE
3HAYCHUS TUHAMHYICCKOTO IMpeJieiia TeKYYeCTH M0 CPaBHEHHIO C €r0 CTaTUYCCKUM 3HAaYeHUEM. BBIABICHA KOppeanus
MaKCUMAaJIbHBIX yCPETHCHHBIX 3HAYCHHA MHKPOTBEPIOCTH M JHHAMHYCCKOTO TIpe/iela TEKY4eCTH, KOTOphIe
BO3PACTalOT C POCTOM CKOPOCTH yAapa.

KuaroueBbie cioBa: tect Teitnopa, MeIHBIN HUIMHIP, BEICOKOCKOPOCTHON YAap, MEKPOTBEPIOCTh, 1eGOpPMUPOBAHUE,
JTUHAMHUYECKHH TTpeie] TeKYIeCTH.
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Microhardness and Dynamic Yield Strength of Copper Samples upon Impact on a Rigid Wall
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Abstract

Introduction. One of the commonly used methods for assessing the dynamic characteristics of a material is the Taylor
test, which establishes the relationship between the dynamic yield strength of a cylindrical sample material and its
length after hitting a non-deformable barrier. The purpose of this work was to study the microhardness and determine
the dynamic yield strength of copper samples for various impact velocities in the Taylor test.

Materials and Methods. Experiments were carried out with cylindrical copper (M1) samples. The throwing conditions
were selected on the ballistic stand, which provided the speed of the sample in the range of 150-450 m/s at the exit from
the barrel. After the impact, the microhardness of the samples in the section plane was measured. The calculation of the
dynamic yield strength was carried out according to the classical Taylor formula.

Results. Experimental data are presented for cylindrical copper samples upon impact on a rigid wall with velocities in
the range of 162-416 m/s, including configurations and sizes of images before and after impact. Microhardness
distributions in the axial section of the samples were obtained. For each sample, the dependences of the averaged values
of microhardness were constructed, which made it possible to identify four areas of deformation of the samples (the
area of elastic deformations, plastic deformations, intense plastic deformations, the area of the material undergoing
destruction) and determine their sizes. The dynamic yield strength of copper in the studied range of impact velocities
was calculated.

Discussion and Conclusions. The values of microhardness in the entire considered region and for all studied impact
velocities exceeded the initial value. There was a significant increase in the value of the dynamic yield strength
compared to its static value. The correlation of the maximum averaged values of microhardness and dynamic yield
strength, which grew with increasing impact velocity, was identified.

Keywords: Taylor test, copper cylinder, high-speed impact, microhardness, deformation, dynamic yield strength.
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BBenenmne. Pa3zButie B HayYHO-TEXHHYCCKMX O0ONACTSAX, CBS3aHHBIX C JUHAMHYCCKHUM HArpYy)KEHHEM TeJ, BO
MHOTOM 3aBHUCHUT OT CO3JIJaHWA HOBBIX MAaTE€pHAJIOB C 3aJJaHHBIMU CBOMCTBAMH. DTO SIBUIIOCH TOJTYKOM JUIA aKTHUBHBIX
9KCIEPUMCHTANBHBIX, AHAINTHYECKUX M YHCICHHBIX HCCICIOBAHMM, CBA3AHHBIX C AMHAMHYECKHM HATrpyKCHHEM
nedopmupyeMbix TBepabIx Ten [1-4].

OmHUM W3 9acTO MPUMEHSEMBIX METOIOB JJIS OIEHKH ITWHAMHYCCKHX XapaKTEPHUCTHK MaTepHala SBISETCS TECT
(meton, 3amada) Teitmopa. Meron Telinopa ycTaHaBIMBaeT CBSA3b JUHAMHUYECKOTO TIpeeNia TEKydeCTH Marepuaia

LIMJIMHIPUYECKOTO 00paslia ¢ ero JUIMHOI Imocie yaapa 1o HepedopMupyeMoi nperpajne (KecTKoi creHke). JlaHHbIN
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MOAXO/T YaCTO MCIOJIB3YETCsl TS ONPEACICHNS THHAMUYECKOTO Ipe/iesia TeKy4eCTH HOBbIX MaTepuaioB [5-8], a Taxxke
JUIs BEIOOpA OTIPEEeISIFOIINX COOTHOIICHHMH M T0100pa KOHCTAHT MPH YUCIICHHOM MoenupoBanun [9-14].

Just yckopeHHs Ten ¢ 3amaHHOH (OpMOH MPUMEHSIOTCS JierkorazoBbsle ycTaHOBKH (JII'Y). OTH ycTaHOBKH AarOT
BO3MOXKHOCTb IOJYYUTh CKOPOCTh METaHHs 10 7—9 KM/C, B OTAENBHBIX dKCepuMeHTax Ao 11 km/c, Gnaromaps yemy
MONYYII IIMPOKOE IMPUMEHEHHWE B Ta30AWHAMUKE, OaJuIMCTHKe, MarepuanoBeaeHunu u 1. 1. B HUU mpukiamHON
MaTeMaTUKH U MEXaHMKH TOMCKOTO TOCyJapCTBEHHOTO YHHBEPCHTETa pa3paboTaHa OJHOCTYNEHYATas JIETKOTa30Bast
ycTaHoBKa [15], B KoTOpoi#t oOpasen yckopsieTcsi cxKaTbIM Ta3oMm (Tenmem), mojaBaeMbiM u3 Oamiona. Ona Gblia
UCIIONIb30BaHa AJIsl TPOBECHNUS SKCIIEPUMEHTOB 1o MeToay Teinopa, npecTaBleHHBIX B 3TOH padoTe.

Ilenpro nmaHHON pabOTHI SIBISIETCSl MCCIENOBAaHWE MHUKPOTBEPIOCTH M ONpPENCICHHUE NUHAMHIECKOTO IIpeferna
TEKy4eCTH MeIHBIX 00pa3lloB Ul pa3IndHbIX CKOpocTeil ynapa B Tecte Teiinopa.

Martepuajbl 1 MEeTOIbI. DKCICPUMEHT MPOBOIMICS ¢ 0Opasznamu u3 Meau (M1) nuiuHIpuIeckoil opMBI JITHHOMN
34,5 MM, nuameTpom 7,8 MM, Maccoii okono 15 r. CoctaB Matepuana oOpasna yka3aH B Tabmimme 1.

Tabmuua 1
Cocras menu (M1)

Cu Ag Fe Ni S As Pb @) Sh Bi Sn
>99,9 |<0,003 |<0,005 | <0,002 |<0,004 |<0,002 |<0,005 |<0,05 |<0,002 |<0,001 |<0,002

Ha OamnuctrdeckoM cTeHae ObUIM MOAOOpaHBI yCIOBHS METaHUs, KOTOpbIE 00ECIeunBall Ha BBIXOJE U3 CTBOJIA
CKOpPOCTh JIBIDKEHHsI oOpasia B auamasone 150—450 m/c. [Tombop ycimoBuii ObUT HEOOXOAWM, TaK KaK OOBIYHO JIJIS
MOJOOHBIX AKCIIEPUMEHTOB HCHONB3YIOTCS 00pas3mbl CYIIECTBEHHO MEHBIIEH MAacChl, KOTOpPBIE METAITCS CO
3HAUUTEJBHO OOJIbIleH HavyalbHOW CKOpOCcThiO. C TIOMOIIBIO aJanTallik HayalbHBIX YCIOBUII U 000pYHOBaHUS
MOJYyYHJIOCh 00ECHeunTh CTaOMIBbHOE METaHHEe MEIHOTIO IWIMHIApA C 3aJaHHOW cKopocThio. Ilocne skcmepumeHTta
00pa31pl ObUTH pa3pe3aHsl Ha JIBe paBHBIC YacTH BIOJb OCH CHMMETPHH Ipu momomu cranka ¢ YITY DK7732 s
3JIEKTPO3PO3UOHHOMN PE3KHU.

MHUKpPOTBEPAOCTh HM3MEPsUIaCh B IUIOCKOCTHA pa3pe3a BIOJb OCeBOM JuHHHM 00pa3moB Ha TBepaomepe [ITM-3
cormacHo 'OCT 9650-76 BpmaBnmBaHHEM ajJMa3HBIX HAKOHEYHHUKOB. [lorpemrHOCTE M3MEpeHWi MaHHOTO Ipubopa
cocTaisieT 2 %. 3HaueHUs] MUKPOTBEPOCTH OBbIIIM paccuuTansl Takxke corinacHo [OCT 9650-76.

Pacuer 1uHAMHUYECKOTO Tpeiesia TeKy4eCT! G MPOBOIMIIN 110 Kiiaccuueckoi opmyne Teitmopa:

_ poiLo-Ly)

2Ly — L) In(-2
Le

rae p — IUIOTHOCTh MaTepualia; U — CKOpOCTh ynapa; Lo — HavanpHas jyuHa; L — KOHe4YHas JUIMHA MOCIie
coyaapenus; Ly — amuHa ynpyrod dactu obpasna. B maHHO#N QopMylie OCHOBHBEIME MOKAa3aTEISIMH SBIISIOTCS JITHHA
yIpyrou yactu o0pasia ¥ KOHEYHas JUTHHA IMTHHIIPA T0Cie yaapa.

Pe3yabTarel uccaenoBanusi. Muxpomsepoocms. Ha puc. 1 mpoaeMOHCTpUPOBAHBI CEYEHUS] MEIHBIX 00pa3IoB
nocie yaapa ¢ pa3id4yHbIMH HadaJbHBIMH CKOpocTsiMH. [l Bcex o0pa3loB MMeeT MecTo 00JlacTh YIPYroro
neGOopMHUPOBaHKsI ¢ KOHEYHBIM JHAMETPOM, PaBHBIM HAYaJIbHOMY, B TOM YHCIE M Uil cKkopocTH 416 m/c. Ympyras
00/1aCTh MEPEXOAWT B IUIACTUYECKYIO, YTO COIMPOBOXKIACTCS Ae(hOPMHUPOBAHHEM, B TOM YHCJIE€ B DPaTHAIBLHOM
HanpasJICHWHU, U, COOTBETCTBEHHO, POCTOM KOHCYHOTO AUaMETpa. bimkxe x KOHTaKTHOH TIOBEPXHOCTHU Ha6J'II'O}IaeTC${
30Ha MHTECHCHUBHBIX IUIACTUYECKUX AedopMaliuii, mepexojsmas B 30HY pa3pylICHUs MaTepualia winHApa. Taxke
MIPUCYTCTBYET HE3HAUHMTENbHAs aCUMMETpHs aedopMupoBaHUsS 0OpasioB, 00yCIOBIIEHHAs OCOOCHHOCTSIMH METaHHUS,
YTO MOXET CO3[aBaTh HEKOTOPHIC TPYAHOCTH JIS TPSMOTO CPaBHEHHS PE3yIbTATOB SKCIIEPHUMEHTOB C UYHCIICHHBIM

MOACIUPOBAHUEM ITPU UCIIOJIB30BAHUU OCU CUMMETPHUU WM INIOCKOCTH CUMMETPUU B TIOCTAHOBKE 3aJ1a4H.
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a) 6) 2)
Puc. 1. Ceuenns MeIHLIX 00Pa3IOB MOCIE yaapa ¢ PasIdyHbIMU HAYaIbHEIMA CKOPOCTSAMHU:
a— 162 m/c; 6 — 225 m/c; 6 — 316 M/c; 2 — 416 M/c
Hm, MIla Hm, MIla
2500 o-4 ] a 25001
o-3 o ¢
<
2000 1 © 2000+
© 1
<o
1500 - 05 1500-
W HUCXOJHOC
1000 1000 . . . . 3Halqe1-me
0 25 L, Mm 0 5 10 15 20 25 L,mm

Puc. 2. Pactipenenenne 3HaYCHHUI BIOJIb OCEBO JIMHUK 00PA3IIOB AJIsI Pa3IndHbIX cKopocteit yaapa (1— 162 m/c, 2— 225 m/c,
3— 316 m/c, 4—416 M/c): a — MHUKPOTBEPAOCTH; 6 — PACCUUTAHHOE OCPETHEHHOE pacipe/ieieHHe MUKPOTBEPIOCTH

B ucxomHOM COCTOSHMM HM3MEPEHHOE CpefHee 3HaueHHe MHKpoTBepaoctu coctaBiser 1150+100 MIla. Taxoif
pa30dpoc 3HaYEeHHH, HO-BUIMMOMY, IIPOUCXOJIUT U3-32 CTPYKTYPHBIX OCOOEHHOCTEH MaTepuaia U HAJMYUS B CTPYKTYpe
HeomHOpoAHOCTEeH. Prc. 2 a mokaspIBaeT pacupeiesieHne 3HaYeHN MUKPOTBEPAOCTH BJIOJIb OCEBOM JTMHUH 00pasna Juis
Pa3JIMYHBIX CKOPOCTEH yaapa, Ha puc. 2 6 MPeACTaBICHBI PE3yIbTAaThl OCPEIHEHNUS MTOTYYEHHbBIX 3HAYCHHUH.

CpaBHMBas cpefHHE 3HA4YCHHS MHKPOTBEPAOCTH C BeIMYMHOH B Henedopmupyemom obpasue (1150 Mlla),
MOJy4aeM, 4YTO MHUKPOTBEPAOCTH BO BCEH paccMaTpuBaeMOW OOJAacTH IpPEBBHINIAET WCXOJHOE 3HaueHue. MOKHO
BBIZICIUTH HECKOJBKO 30H Ae(GopMHpOBaHHsA. DTO ThUIbHAS 0O0JacTh oOpasia, IAe HNPOUCXOAUT HE3HAYUTENIHLHOEe
YBEIWYEHHE MUKPOTBepAOCTH A0 3HadeHnd 1250—1350 MIla, cBsa3aHHOE, MO-BUINMOMY, C BO3ACHCTBHUEM IaBIICHU
ra3oB IpH METaHUHW. B cpeaHell uyacTM MHKPOTBEPIOCTh NPUOMIDKACTCS K IOKa3aTensiM Heae(opMHpOBaHHBIX
obOpasnoB. Jlanee, Ommke K T'paHUIE KOHTAKTa, MAUKPOTBEPAOCTh HauWHAeT pacTu Mo 3HadeHuidd 1400-1600 Mlla c
BBIXO/IOM Ha TOYKY Iepernoa, rmocie yero Habmoaercst pe3kui poct Mukporsepaoctu go 1800-2700 MIla.

MakcumanbHasi MHUKPOTBEPJOCTh HAOIOAaeTcss MpH CKOPOCTH yzaapa, paBHOW 316 m/c, mpu Oonee BBICOKHX
CKOPOCTSX Ha pHC.2 HAOIIONAETCsl Pe3KOe CHIKEHHE BEIMYMHBI MHUKpPOTBEpAOCTH. [lajgeHne MHKpOTBEpAOCTH B
oOpasue st ckopocTr yaapa 416 m/c 00ycioBiieHO ero paspylieHHeM B 00acTy yaapa M HOTepel JacTu MaTepuana
LMJIMHIPA B BUJIE OCKOJIKOB.

PaccmoTtpuM moapobHee obpaser] co CKOpocThio yaapa 316 m/c. Jlist maHHOTO oOpasiia ObUIO CACIaHO JBE CEPHH
H3MEPEHUl BAOJb IBYX JMHHUH, KOTOpbIe ycinoBHO Ha3BaHbl C u Cl. PacmonoxeHne NaHHBIX JIMHUH BBIOMPANIOCh W3
cnenyromux coobpakennid. Jlmams C pacnonaranack BOOdAb ocu cummerpud, a nuaua Cl mpoxonunma depes
cepenuHy panuyca cedeHus obpasna. Bo Bpemst n3MepeHnii MUKPOTBEPAOCTH BAONb KaXXJOW JIMHUM OBLIO CAETAHO
ceeimie 100 u3mepennii. JaHHBI MaccHB 3HA4YE€HUH MUKPOTBEPAOCTH OBII OCPEJHEH, pe3yJbTaT OCpPEIHECHUs

IIpeJCTaBJICH Ha puc. 3.
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Puc. 3. OcpenHeHHOe pacipezienieHHe MUKPOTBEPOCTH MEIHOro oOpa3ia npu
ckopoctH yaapa 316 m/c Brons muamii: @ — C; 6 — Cl

Hm, MIla

2500

2000+

1500+

10004+——
0

Ha puc. 3 BugHO, 4TO 00€ KpUBBIE MMEIOT HEJNMHEHHBIA XapakTep, MPUYEM paclpelesicHUe MUKPOTBEPAOCTH B

oboux ClIydasaX KadC€CTBCHHO HOJIO6HLI A KOJUYECTBEHHO Onm3ku. Takue JaHHBIC IIO3BOJIAKOT BBIJACIHUTH obnactu

nedopmMupoBaHus 00PA3LOB U ONPEACIUTH UX pa3MEpPHI.

Obnacmu Oegpopmuposanusn yurunopuweckux obpasyos. IlpemmaraeTcs paccMOTpeTh cXeMmy IepOpMHpPOBAHUS
UJIMHIPUYECKOro o0pasiia, MPeACTaBICHHYI0 Ha pHC. 4 U BKIIOYAIOIIY0 4 001acTH, pasMep KOTOPBIX OIperelsieTcs

Ha OCHOBE aHaJIN3a PACHPEACICHIS MUKPOTBEPIOCTH.
3oHa | cooTBeTcTBYeT 00MAacTH ympyrux aedopmanuii; 2 — IUIACTUYECKHX; 3 — WHTEHCHUBHBIX IUIACTHYECKHUX

nedopmanmii; 4 — o0iacTe MaTepuaia; MOIBEPrarollerocss paspylieHuto. B tabmurie 1 mpencTaBicHBI pa3sMepbl
JIAHHBIX 00slacTel 0OpasIoB B 3aBUCHMOCTH OT CKOPOCTH COYIApEHHUs, TJIe U — CKOPOCTh yaapa; L — koHeuHas ainHa
nocie coyznapenus; L, — AnuHa 30HBI ynpyrux nedopmarmit; L, — AnuHA 30HBI mIacTHIeCKuX Aedopmannif; Lipy —
JUTMHA 30HbI MHTEHCUBHBIX IUIACTHYECKUX Aedopmaimii; Ly — mnHa 30HBI paspyiieHuii; D; — auaMeTp THUIBHOTO

Topua nuiuHapa; D, — nuaMeTp KOHTaKTHOM TpaHMIIbI.

Dy

L.

Ly

Lips

3omna 1

3oHa 2

Puc. 4. Cxema nedopmupoBanust 00pasia 1ocie coyJapeHus ¢ KeCTKOH CTeHKOH

I'eoMmeTrpuueckue pa3mepsl oonacteit geGopmMupoBaHus 00pas3oB

Tabiuna 2

v,M/c | L mm Le, MM Lp, MM Lipr, MM Ls MM D; mm D, Mmm
0 34,5 0 0 0 0 78 78
162 26,1 12,34 10,63 3,13 0 7,8 12,7
225 22,5 9,78 9,51 3,21 0,93 7,8 15,8
316 16,1 5,87 6,83 34 1,14 7,9 21,4
416 9,3 3,5 1,38 4,42 2,01 7,9 31,28
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JlanHble, MpUBe/ICHHBIE B TaOJMIIE 2, TOKA3bIBAIOT, YTO Y 00pasia Ipu CKOpPOCTH yaapa 162 M/c OTCYTCTBYeT 30Ha
paspylIeHUss MaTepHana, IOJy4eHHBIH oOpasel sBiSeTcs MPUMEPOM KiaccHyeckoro Ttecra Teisopa, KOTOPBIH B
JajbHEHIIeM MOXKET OBITh HMCHOJB30BaH Ul CO3AaHMs a/JeKBAaTHOW YHMCICHHOHW MOJENH yjapa LWIMHAPHYECKOTO
oOpa3na o >KeCTKYIo Iperpagy U moadopa KOHCTaHT Mopened Marepuana. Y o0pasuos mpu ckopoctu 225 u 316 m/c
HPOSABIIAIOTCS BCe 4 30HBI, HO IO CPABHEHHIO C 00pa3loM IIpU CKOPOCTH yraapa 416 m/c, 30Ha paspyuieHus Manga. Y
MUINHPA CO CKOPOCTHIO yaapa 416 M/c mociie Tecta MpakKTHIeCKH OTCYTCTBYET 30HA IIACTHYECKOH AedopMarin, npu
JAaHHOM CKOpPOCTH yJapa 30Ha yHpyrod naedopmanuy OBICTPO TEPEXOAWT B 30HY HHTEHCHUBHBIX IUIACTHYECKHUX
nedopMarii, COBMEIIEHHYIO C 30HOH pa3pyIIeHHS.

Hunamuueckuii npeden mexyyecmu. Pe3ynpTraTsl pacdera JUHAMHIECKOTO Mpeea TEKYIeCTH G MPEACTAaBICHBI Ha
puc. 5 a. 3HaueHue ckopoctu 416 M/c He OBUIO NMPHUHATO BO BHUMAaHHE, TaK Kak B JAaHHOM cilydae pa3pyIIeHHE
LWJIMHIPa 3HAYUTENBHOE, YTO HE MO3BOJISIET IPUMEHNUTh JaHHYIO METOIUKY pacuera. CTaTHYecKuil mpeel TeKy4ecT
Menu M1 cocrasmser 0,1 ['Tla. MMeer MecTo CyIIEeCTBEHHOE YBEIMYEHHE 3HAYCHUsS] JAMHAMUYECKOTO Mpejena
TEKy4ecTH II0 CPaBHEHHIO C €ro CTaTMYECKMM 3Ha4deHHeM, Taloke HaOlrogaeTcs pocT IUHAMHYECKOro Ipenena
TEKy4eCTH C POCTOM CKOPOCTH yZapa.

o, I'Tla Hm, MITa
0,4 .
./. 2500- /./

0,3 . 2000

0,2 - 1500+

0,1 , : . 1000 : , .

0 100 200 300 v,M/c 0 100 200 300 v, Mmc
a) 0)

Puc. 5. 3aBucHMOCTH OT CKOPOCTH yapa: @ — AWHAMHIECKOTO Ipejiesia TeKy4eCTH H 6 — MaKCHMalIbHOI MHKPOTBEPIOCTH

Puc. 5 6 neMoHCTpHUpYET 3aBUCHMOCTh MAaKCUMaJIEHOH MUKPOTBEPIOCTH 00pa3IoB OT CKOPOCTH yaapa. I'paduku Ha
puc. Sa M 506 KauecTBEHHO NOAOOHBI, YTO TIPEIIoJaraeT KOPPEJIMIO JUHAMHYECKOTO IIpenesia TeKy4ecTH H
MaKCHMaJIbHOI MUKPOTBEPAOCTH M BO3MOKHOCTh X B3aHMHOTO IIepecyera.

O6cyxaenne u 3akaw04yeHust. [IpeacraBieHbl pe3ysbTaThl SKCIEPUMEHTOB Tecta Teiiopa Ui [MIMHAPHYECKUX
MeJIHbIX 00pas3lloB B AMana3oHe ckopocrteil yiaapa 162—-416 m/c. [lonydeHHble AaHHBIE MTOKA3bIBAIOT, YTO MOCIE ynapa
LMJTMHPA 10 J)KECTKOM CTEHKE MUKPOTBEPAOCTh BO BCEM 00paslie NpeBbIIIaeT UCXOJHOe 3HaueHue, paBHoe 1150 MI1a,
a B 00J1aCTH yaapa HaOJIr0JaeTCsl 3HAYMTENbHBIA pocT MUKpoTBepaocty 10 1800—2700 MITa. [IpemtoxkeHo pa3aeieHue
neopMupoBaHHOTO HWIMHIApa Ha 4 o0xacTu: ynpyroro ne(OpMHpOBaHHMS, IUIACTUYECKOTO, HHTEHCHBHOTO
TUIACTUYECKOTO JIepOPMUPOBAHMS M pa3pyleHus. JlaHbl OLIEHKN pa3MepoB yKa3aHHBIX 00JacTei /il CCiIeJOBaHHBIX
ckopocteil ymapa. Ilo xiaccnueckoit dopmyne Teinopa paccuuTaH JUHAMHYECKHI Ipenen TEeKy4ecTH, KOTOPBIH
CYIIECTBEHHO TIPEBBIMIAET CTATHYECKU Ipenen TEKydecTH W pacTeT ¢ pPOCTOM CKOpOCTH yxaapa. llokasaHsbl
3aBUCHMOCTH JMHAMHUYECKOTO Ipejiella TeKy4eCTH W MaKCHMaJbHOTO YCPEJHEHHOTO 3HAa4YeHHsS MHUKPOTBEPAOCTH OT
CcKopocTH yaapa oOpasiia mo HemepopMmupyemol mperpajie. BIsiBiIeHa KOPpESaIus MaKCUMAIBHBIX YCPETHEHHBIX
3HAUYEHUH MHUKPOTBEPAOCTH M JHMHAMHUYECKOTO MpeJieNia TeKy4ecTH, KOTOPbIe BO3PAcTalOT ¢ POCTOM CKOPOCTH yjapa.
Hpe}lCTaBHeHHBIe JaHHBIE MOT'YT OBITH MOJIE3HBI JJIA OICHKH aACKBATHOCTH PICHOJ'[BE]yeMOﬁ (I)I/I?)I/IKO-MaTeMaTI/I‘IeCKOﬁ
MOJISIIH JJIsl YMCIIEHHOTO PacyueTa 3a/1a4 BBICOKOCKOPOCTHOTO JIe(hOPMHUPOBAHHUS METAJIOB U CILIABOB.
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AHHOTAN NS
Bgeoenue. B 1MCTOBBIX U KOPIIYCHBIX KOHCTPYKIMSX, PaOOTAIOMINX 0] IAaBJICHHEM, pa3pylLIeHHe, KaK IPaBHiIo, JOKa-
JM3YeTCs BJIOIb JIMHUM TIEPEX0/a OT OCHOBHOTO METajla K METaJUTy IBa. PaccMOTpPEHBI METOBI MOBBIICHHS TOJTO-
BEYHOCTH CBAPHBIX CTHIKOBBIX COEIMHEHHH, KOTOPHIE HANIPABJICHbI HA CHIKEHHE KOHIEHTPAIMU HANPSHKEHUH 1 co3/a-
HHE OJIaroNpHUsTHBIX OCTATOYHBIX HANPSDKEHUH CoKaTHs.
Mamepuanst u memoosi. OTBITH TPOBOAMINCH HA YCTAHOBKE IS IBYXOCHOTO M3TH0a, CO3JAlONel AByXOCHOE MOJIe
HanpspkeHnH. VIcTBIThIBannch 0Opasibl 3aBOICKOTO MCIIONHEHHST W 00pasIpl C JIOMOIHUTEIBHO 00pabOTaHHOH 30HON
nepexojja OT MeTalla IIBa K OCHOBHOMY MeTaiuty. [TokazaHa 3((eKTHUBHOCTh JONOJIHUTEIBHOW 00paboTKU Clieayro-
LMK METOJIaMH:

— 3a4HCTKa a0pa3uBHBIM HHCTPYMEHTOM,;

— ApoOeHakIer,

— 3a4MCTKa a0pa3uBHBIM HHCTPYMEHTOM C APOOCHAKIIEIIOM,;

— OIUIaBJICHUE I'PAHMIBI [IIBA B aproHE 0€3 MPHCa0IHOI IPOBOJIOKH;

— OIIaBJICHHE T'PAHUIIBI IBA B aproHe ¢ NpUcagodHoi npoBosiokoit II1-410V;

— OIUIaBJICHHE TPaHMIBI IBa 0€3 NpUCaJ0YHON NMPOBOJIOKH C IUIACTHYECKUM Je(QOPMHUPOBAHHEM MEXAY Y3KHMHU
POJIMKaMH.
Pesynemamut uccne0oganus. AHAM3NPOBAINCH 3apOXKJICHHUE, Pa3BUTHE Pa3pyLIEHUS U eT0 0COOCHHOCTH MPH Pa3HBIX
croco6ax JOTMOIHATENbHOM 00pabOTKH CBAPHBIX COCMHHECHNMIM. Paccuntansl moBepuTenbHbie nHTEpBaIB! (95 %) 3apok-
JICHNS W Pa3BUTHSA Pa3pyLICHUN AJIS CBAPHBIX COENMHEHNH M OCHOBHOTO MeTaynta. OneHunBanach 3¢ ()eKTHBHOCTE Tpea-
JIO’)KEHHBIX METOJIOB TOTIOTHUTEIHLHON 00paOOTKH.
Obcyrycoenue u 3axniouenun. Anamm3 3QQPEKTUBHOCTH METOJIOB MOBBIIMIECHUS TOJTOBEYHOCTH CTHIKOBBIX CBAPHBIX CO-
€IMHEHUH TOKa3all, YTO CO3JaHMe IUIaBHOTO Mepexojia OT MeTala IIBa K OCHOBHOMY METAJUTy 3HAYHTEIbHO CHIDKAET
KOHIIEHTPALUI0 HaNpsDKeHUH. DTO MO3BOJSET YBEIMYHUTh KOJIMYECTBO LIMKIIOB JIO 3aPOXKICHUS PAa3pyLICHUN U KHUBY-
4YecTb COeJUHEHUI. bnarogaps cokxumaromuM HamnpsKEHUSIM B OKOJIOUIOBHOW 30HE MOXHO MOBBICUTH JOITOBEYHOCTh
CBapHBIX coenuHeHui. Hambosiee pe3ysbTaTUBHBIE METONBI JOIOJHUTEILHOH OOpaOOTKH CBapHBIX HIBOB COYETAIOT
YMEHBIIIEHUE KOHUEHTPALUU HaNpsDKEHUH M CO3/laHHe OCTATOYHBIX HampshkeHui ckaTus. CaMoe TeXHOJIIOTHYHOE pe-
LIeHHe — MepeIuIaB 30HbI Iepexo/ja B CpeJie aproHa ¢ JOMOJHUTEIbHOH npucagouHoil npososokoit I1-410Y.

Knrwoueesie cnosa. TOBBIIICHUE JONTOBEYHOCTH, NIHKIMYECKHE HATrPY3KH, CTHIKOBBIC COCOMHEHUS, KOHIICHTPAITHSI
HaTPSDKCHUH, OCTaTOYHbBIC HANPSDKCHNUS, 3apOXKICHNE M Pa3BUTHE Pa3pyLICHHUS.
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aBTOMAaTu3alus CBApPOYHOTO IPOU3BOACTBA» I.HyKI)SIHOBy B(D| 3a MHOIOJIETHUM COBMECTHBIN TPyA U HAYYHOC

PYKOBOJICTBO.
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Increasing the Durability of Butt-Welded Joints Operating under
Cyclic Loads in a Biaxial Stress Field
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Abstract
Introduction. In sheet and hull structures operating under pressure, destruction, as a rule, is localized along the transi-
tion line from the base metal to the weld metal. Methods of increasing the durability of butt-welded joints, which are
aimed at reducing stress concentration and creating favorable residual compression stresses, are described.
Materials and Methods. The tests were carried out on an installation for biaxial bending, which created a biaxial stress
field. Factory-made coupons and samples with an additionally processed transition zone from the weld metal to the base
metal were tested. The effectiveness of further processing is shown by the following methods:

— abrading;

— grit hardening;

— abrading with grit hardening;

— melting of the fusion line in argon without filler wire;

— melting of the fusion line in argon with filler wire EP-410U;

— melting of the fusion line without filler wire with plastic deformation between narrow rollers.
Results. The origin, development of destruction, and its features were analyzed using different methods of further pro-
cessing of joint welds. Confidence spans (95 %) of the origin and development of failures for joint welds and base metal
were calculated. The efficiency of the proposed methods for further processing was evaluated.
Discussion and Conclusions. An analysis of the effectiveness of methods for increasing the durability of butt-welded
joints has shown that the creation of a smooth transition from the weld metal to the base metal reduces significantly the
stress concentration. This provides increasing the number of cycles before the onset of destruction and the survivability
of compounds. Due to compressive stresses in the near-weld area, it is possible to increase the durability of joint welds.
The most effective methods of further processing of welds combine the reduction of stress concentration and the crea-
tion of residual compression stresses. The high-tech solution is remelting the transition zone in an argon medium with
an additional EP-410U filler wire.

Keywords: durability increase, cyclic loads, butt joints, stress concentration, residual stresses, origin and development
of fracture.
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Beenenue. CBapHbIC KOPIYCHBIE M 000JOYKOBBIE KOHCTPYKINH, pabOTaroONUe IO/ AaBICHHEM, IIHPOKO MPUMEH -
I0TCSL B CyZOCTPOCHNH, XUMHIECKOM, JHEPTETHIECKOM MAIIMHOCTPOSHUH U APYTHX OTpacisix. CHIDKCHHE METalIoeM-
KOCTH TOI0OHBIX KOHCTPYKIIUH IIPU OJHOBPEMEHHOM IOBBIIICHUN UX pa00OTOCHOCOOHOCTH SIBISIETCS BaXKHEHINEH 3a1a-
yeit [1-4]. [Ins yMeHbLICHHS Beca KOHCTPYKIMI HEOOXOMMO HCIOIb30BaTh OOjiee MPOYHBIC MATEpHAabl IPH HAIps-
XKEHUsIX, OJM3KHX K NpeJely TeKydecTH. B aToM ciydae [uist oOecrieueHusl BHICOKOH KOHCTPYKTUBHOM NPOYHOCTH BBI-
JIBUT'AIOTCSI 0COObIE TPeOOBAaHUS K BBIIIOJIHEHUIO CBAPHBIX KOHCTPYKUMHU. JIpyrumu ciioBamu, He0OX0auMo pa3paborarhb
MEpOIPHUSATHS, TOBBIIAIONIUE JOJITOBEYHOCTh KOHCTPYKIMH 10 BEJIMUUH, OJM3KHUX K MOKa3aTelsIM OCHOBHOTO METaslIa.

MaI_HI/IHOCTpOGHI/Ie 1 MalllUHOBEICHUE
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Iens paboThl — HccIeIOBaHNE BO3MOXKHOCTEH MOBBIIICHHS IONTOBEYHOCTH CBAPHBIX COCIMHEHHUH, paOOTAIONIMX MIPU
LUKJITHYECKUX HATpy3Kax B Koppos3uoHHo# cperne (3 % pactBop NaCl), ¢ moMolibio AOMONTHUTENBHON 00pabOTKH IIBOB.

Marepuanbl 1 MeToAbl. CTHIKOBBIC CBApHBIC COCMHEHHSI OBUIM BBIMOJIHEHBI M3 XPOMOHHKEIbMOINOICHOBOM CTa-
mu. IlpenBapurensHas TepMooOpabOTKa JMCTOBOrO Marepuana oOecneuuBaia mnpenensl Tekydectd 900 Mlla,
1100 MIla, 1150 MITa. Ucneitanus [5, 6] TpOBOAMIKCE MPH IBYXOCHOM MOJI€ HAMPSDKCHUN M OJHOBPEMEHHOM [eii-
CTBHH MOBTOPHBIX CTATHYECKHUX HArpy30K B KopposuoHHO# cpeme (3 % pactBop NaCl). Pyunas muorompoxopmnast
CBapKa BBIMOJHAIACE HU3KOJIIETUPOBaHHBIMH diekTpoaamu 48H11, 48H13 u aycrenutHbIME 35ekTpogamu DA 981/15.
Pazpymenne 3apoxnaeTcsi CO CTOPOHBI PACTAHYTHIX BOJIOKOH, ITOTOMY HAIPSIKEHHOE COCTOSIHUE HCCIIEIOBAIN Ha pac-
TSHYTOH MOBEPXHOCTH oOpasna. HampspkeHHs onpemersii pacuyeTHBIM IyTeM. M3Mepsutn phlYaskHBIM TEH30METPOM
I'yrenbeprepa u TeH30pe3ucTopamMu ¢ 6a3oif 5 MM Ha paccrostHarr 10 MM OT cBapHOTO mmIBa. Ecim m3MepeHHbIe 3HAUE-
HUSI HATIPSDKCHUH OTIHYaInch 0ojee yeM Ha 5 % OT pacdeTHbIX, KOPPEKTHPOBAIOCH AABJICHHE IO/ 00pa3IoM.

Pazpymenne cBapHBIX COCIMHEHUI JTOKAIU3YETCs BIOJb JIMHUU IEpexo/ia OT OCHOBHOTO MeTajlla K MeTaJuly IIBa,

Kak [ToKa3aHo Ha puc 1.
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Puc. 1. Xapaxrep pa3pyIieHst CBApHOTO CTBIKOBOTO COETMHEHHS ((POTO aBTOPOB)

OCHOBHBIE TIPUYUHBI CHIDKEHHUSI pabOTOCHOCOOHOCTH CBApHBIX COSIMHEHUIl M0 CPAaBHEHHUIO C JIMCTOBBIM METal-
nom [7-11]:

— reoMeTprIecKas KOHIICHTPAIHs HANPsHKCHUH,

— OCTaTOYHBIC CBAPOYHBIC HATIPSKCHHS

— YXYJIEHHE CTPYKTYPHl M CBOMCTB OCHOBHOTO METa/Ula B OKOJIOIIOBHOI 30HE IO BO3/IEHCTBHEM TEPMUYECKOTO
LIMKJIa CBAPKH.

Bnusinne kaxa0ro u3 3TUX (aKTOPOB MOKHO YACTHYHO WJIM MTOJTHOCTHIO HEHTPaIM30BaTh.

Ha kadenpe «Maiunbl 1 aBTOMaTH3anus cBapouHoro npoussozacteay (MuACII) JAI'TY B TedyeHHe MHOTHUX JIET MC-
MIBITHIBAJIUCH CTHIKOBBIE CBApHbBIE COCIMHEHHS BHICOKOIPOYHBIX CTAJNEH C pa3IMuHBIMH CIIOCOOAMH JIOMOTHUTEIBLHBIX
06pa6oTok (Tabmwmiia 1). OmBITE COOTBETCTBOBAIH YCIIOBUSIM HATPYKCHUSI PEATbHBIX KOHCTPYKITHHA.

Tabnwma 1
Crioco0bl JOMOJIHUTEIBHBIX 00pab0TOK CBAPHBIX CTHIKOBBIX COCAMHEHHUI B 30HE Mepexoia
OT IIBa K OCHOBHOMY METaJLTy

Ne | O6pabotka

1 |3aumncrka abpa3suBHEIM KpyroM c 3epHucroctbio 80. Pagnyc rantenu R = 30-40 Mmm
Hpobenaxienn apobectpyitasiM ammapatoMm AJl-1 co crameHON jmroit mpobpro JICJI-1,5. JlaBnenue 5 atwm,
CKOpPOCTb IIEpEMEIIICHHS TOIOBKH /5 MM/MUH. 30Ha 00pabOTKH B MecTe Imepexoa oT mBa K Metanry 15-30 mm
3auncTtka abpa3sWBHBIM KPYrOM 30HBI IMEpeXoAa OT MeTajula IIBa K OCHOBHOMY MeTairy 1-m cmocoboMm u

JOpoOEHAKIIeI 2-M CII0Co00M
OmniaBiieHre TPaHUIIBI B B Cpejie aproHa 0e3 mprcajgovHol NpOBOJIOKU. J(namMeTp BOJIb(PaMOBOIO AIIEKTPOA
4 |3 mMm, cuna toka | =120 A, nanpspkenne Ha ayre U = 10-12 B, ckopocTs cBapku 8 M/4, 4acTOTa MONEPEYHBIX

Kxosiebanuii 60 Mua ’1, aMIUTUTYAa KOJIeOaHui 6 MM
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Ne | O6paborka

OmuiaBjieHUE TPaHMIBI IIBAa C MPUCATOYHON mpoBoiiokoil DI1-410Y 4-m cmocobom. JluamMeTp MpHcagovHON
MpoBOJIOKH 1,6 MM

OmnnaBieHue TpaHUNBI IIBa 0€3 MPHUCAJOYHON TPOBOIOKU 4-M cmocobom. [lmactmdeckoe nedopmupoBaHme
6 |Mexnay pommkamu. duamerp ponmka 120 mw, mmpura 20 MM, Ycmwme Mexay ponukamu 18000 xre, ckopocTh

npokaTtku 1,4 M/MUH

OusuuecKkue U METaJIypru4ecKue IPOLECChl, NMPOTEKAOLIKUE IIPU CBAapKe, HE MOJAAIOTCSA MOJEIUPOBAHUIO B
nosHoM oObeme. [109TOMy HCHBITaHWS TPOBOAMIM HA HATYPHBIX CBApHBIX CTHIKOBBIX COCITUHEHUSX HPHU IOJHOM
COXpPaHEHMHU 3aBOJICKON TEXHOJOTMH CBAPKM M T€OMETPUYECKHX MapaMeTpoB COEeIMHEHHH. MamouukioBas ycra-
JIOCTh CBapHBIX COEJMHEHHH HCClIeoBaNach Ha oOpas3lax B BHJE TUCKOB auaMerpoM 550 MM Toimuuoi 30 MM Ha
ycranoBke Y /IM-550 [12]. VX miapHUpHO 3aKPEIUIIIA MO KOHTYPY U HAarpyKasld THAPOCTATHYCCKUM TAaBJICHHEM Mac-
na. Ilox nmeiicTBHMEM T'MAPOCTATHYECKOTO NAaBJICHUS IUCK OCECHMMETPHYHO m3rubaics. Ha BHyTpeHHEH moBepxHOCTH
BO3HHUKAJIN HANpPSKCHHS C)KATHs, Ha BHEINHEW — HANpsDKEHUS PACTSHKEHUS, HA Hee BO3JEHCTBOBAla KOPPO3HOHHAS
cpena — 3 %-HbII BOAHBIA PacTBOP XJIOPHUCTOTO HATpHst. OOpa3Ibl HCHIBITHIBAIIN NIPH TOBTOPHOM CTaTHYECKOM Harpy-
JKEHHH ¢ yacToTON 10 MUKIOB/MHUH.

MakcumanbHbIe HallpsHKCHUS] BOSHUKAIH B LICHTPAIBHON YacTH 00pa3noB. Ha GoIbIIoii moBEpXHOCTH BBIIIE CTATH-
CTHUYECKasi BEPOSTHOCTh BOHUKHOBEHHUS M Pa3BUTHS pa3pyIICHHUs, YTO B IEJIOM NPHOIMKACT YCIOBHS HCIBITAaHUS C
peaJbHBIMU YCIOBUSIM PaOOThI HArPYKEHHBIX KOPITYCHBIX KOHCTPYKIHH.

Pe3yabTaThl HcclenoBanusa. B tabmune 2 npuBeneHs! pe3yabTaThl HCTIBITaHUI 00pa3LioB Mocie JONOIHUTEIBHON
00pabOTKK CBAPHBIX COCAMHEHUH MTPH LIMKIMYECKOM HArpyKeHUH.

Tabnumna 2
BimsHIEe TONOTHUTENFHBIX METOIOB 00PaOOTKH CBAPHBIX CTHIKOBBIX COCITUHCHHIN
Ha XapaKTEPUCTHKHN paboTOCTIOCOOHOCTH
q
TIpenen Capou- Max Hampsi- MCTIO MHICIOB A0
Bupn 06pabotku Jor. MOTEpH
Ne | Tekyue- | Hble MaTe- JKEHUS IIUKIIA, TOSBJIEHHS MecTo paspyleHust
COCTMHEHHUS obpaboTka repMeTny-
ctu, MIla | pwuaisr MlIla TpeuuH, NT
HoctH, Np

1 Her 2600 20560

2 DA 1-ii crioco6: abpa3us- 3890 24401 .
3 100 | ggis Hast 3aumcTRA 700 . 10840 J7737 | i nepexoa

4 cre 9115 28947

> Her 2000 7430 JIunus nepexona

6| 1100 | 4syps | 2 cnocos: apoge- 860 2100 11500 pexon

7 HaKJIen B 1410 27349 1
- Th UHUS TIEPEX

8 ¢ 2000 14051 epexora

9 . 10670 32310
BTG 1100 48H13 3-if crioco6: abpasus- 700 Ectp 12430 3750 Jlunus mepexona

Has 3a4YUCTKa C BBIXOAOM Ha

% 1100 9 ;?LS U IpoOeHaKIer 720 Ectb 190380700 22228 OCHOBHOM MeTast

13 He 3800 24930
1 T

14 4-1 crioco0: omasJe- 2680 21980
—— 48H13 JIunus nepexona

15 1100 HHE TPaHHUIIBI [I1BA B 700 Eors 6240 33287 ¢ BEIXONOM Ha

16 aprose 6e3 mpucamgoy- 6450 29714 f[
| . OCHOBHOI MeTal1

17 DA HOU TIPOBOJIOKH B 8320 25400

18 981/15 e 7000 24250

19 He 4300 29074 1 epexona
1 T HUHHUA 11 X

20 4200 23079 pexon
Y 5-11 crmoco6: HarmIaBKa 25600 100000
27| 900 48HI11 TaJTeIbHOTO BaJTMKa 605 29800 58384 OCHOBHOH MeTal
? npoBojokoif 11410y Ectp 30910 91300 U TIEPIIEHIUKYJIAP-
I HO KO IIBY

24 24100 86000

25 He 3386 22639 1 enexona

26 1150 48H11 5-it coco6 720 ; 2566 22433 B

27 et . 7627 39457 | Jlumms nepexoma

28 e 4890 33405 | u ocHOBHOI MeTam1
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Yucno nuKIIoB 10
IIpenen Caapou- Max namps-
Bug 06paboTku Jom. noTepu
Ne | Tekyue- | Hble MaTe- JKEHUS IIMKJIa, MOSIBJIEHUS Mecto pa3pyrieHust
COCIMHEHHUS obpaboTka repMeTud-
ctu, MIla pransl MIla TpenuH, NT
HoctH, Np
29 Her 3890 24401 Ty Tebexona
30 1150 48H13 5-i 0 760 i 3285 23245 o
—— -t e
31 crioeo Eo 8500 36400 JIuuust nepexoma
32 e 9886 34636 M OCHOBHOM METaJlT
33 3270 21980
34 He 1300 26074 1 cnexona
35 ! 1200 19079 I TIEPEXOt
36 3160 26880
— 48H1 605
37 SHI3 20860 48210 o .
38 500 OHJ‘IaBil'IeHI/Ie rpafgnum . 19321 139300 CH(;BHOI/I MG;F)&J:’I
39 uBa 4-M crocooom Thb 17300 93552 Y TPELIMHBI TOoTIe-
S + pEK mBa
40 6-if crmoco6: mpokaTka 24475 99910
4l IBa Me)K}l.yH}I/)SKI/IMI/I He 3386 22630 JI epexona
— T HMHUS TIEPEXO;
42 2 224
— DA981/15 poJinKaMu 720 566 33
43 E 31950 96875 OCHOBHO MeTaILI
44 CTb 23450 78543 ¥ TPEUIUHEI [TOIIEPEK LIBA
45 Her 3285 23245 JIunus nepexona
46 1150 48H13 760 E 22900 87280 OCHOBHOM MeTalu
47 CTb 21168 55039 ¥ TPEUIUHBI ITONIEPEK NIBA
*OT 1IBa K OCHOBHOMY METaJLITy.

JomonHuTenbHAsS 06paboTKa CBApHBIX CoequHeHNH 1-M u 4-M crmocobom (Tabmuia 1) yMeHbIana KOHICHTPAIIUEO
HaTpsDKCHUH 3a cYeT yBEJHMUCHHS paiyca CONPsIKEHUS MeTalla [IIBa ¢ OCHOBHBIM METaJlIIOM.

2-if cioco0 co3maBan B 30HE CBAPHOTO IlIBa HEOOJbIINE CKUMAIOIIUE HAMIPSHKSHUSI, HO NMPAKTHYECKH HE MEHSUT MX
KOHIICHTPAIHIO. AJTbTEPHATHBA PETI0KEHHOMY CIIOCO0Y — TPOKATKa 30HBI IIEpexo/1a, mpeacraBieHHas B [13].

3-#, 5-# 1 6-1f ciocOOBI MOMUMO CHM)KEHUS KOHIICHTPAIINY HATIPSKEHUH, TIO3BOJILIH ITOJTyYaTh B 30HE Mepexoia OT
MeTaJljIa IBa K OCHOBHOMY METaJITy OJIarONpHATHBIE OCTATOYHbIC HANPSKEHUS CHKATHSL.

Ha puc. 2 @ nokazaHbl J0oBepUTENbHBIC HHTEpBalbl (95 %) KoJlmYecTBa HUKIOB 0 3apoXkaAcHus paspymieHus N, a
Ha pHC. 2 6 — HMHTEpBaJbl KOJUYECTBA LHUKJIOB 10 paspyumieHus N, Juisi CBapHBIX COEJUHEHMH (ITyHKTHPHBIE JIMHHN),
BBINTOJTHEHHBIX MO 3aBOJICKONW TEXHOJOTWH, W JUII OCHOBHOTO MeTajula (CIUIOIIHbIE JIMHWH). MIHTEepBajbl CTPOWIN MO
JIaHHBIM TaOIuIbI 2,

o, o,
MITa f_ MIla \ | i
o~ OcHosuoit \ __ OcHOBHOIT
N MeTaml | | N ~J_ : MeTall
900 b, ho & 900 L N |
\\ \\ 800 \\ \\
800 N L N
B
A 700 NN
700 N AN s 3
~ \\\ \) / 600 \\\ \\\
600 /\ PaN () ! \;\ | ,}\\
N N XA
500 | CsapHble N \» / 500 | Cpapume \ 1/ X \
[ coeMHEHUS S & 3 200 CoeAUHEHHs, [ ¥, AN N
40| [ WL N 410 . \ N0
« 20 40 60 80
2 4 6 8 20 40
a) 6)

Puc. 2. CpaBHeHHE pabOTOCIOCOOHOCTH OCHOBHOTO METAJIIa M CBAPHBIX CTHIKOBBIX COSIMHEHHH MIPU MOBTOPHOM CTAaTUYECKOM
HArpy»XEeHHH: @ — YKCIIO LUKJIOB JI0 TIOSBJICHUS TPEIIHH; 6 — YHCIIO LHUKIOB 10 Pa3pyILCHHs

[pexncraBnensl obnacTu pa3dbpoca 3HAUCHUI CONPOTUBIICHUS ITOBPEKAAEMOCTH U JIOJITOBEYHOCTH CBAPHBIX CTHIKO-
BBIX COEAMHEHUH (pHc. 2 @) U OCHOBHOrO MeTayuia (puc. 2 6) B 3aBUCUMOCTH OT MaKCHMAJIbHBIX HANpPSDKCHUH MPU OT-
HYJIEBOM IYIbCHUPYIOILIEM LIUKJIE HATPY>KEHUSL.

BuaHO, 4TO KOJIMYECTBO IMKIIOB JI0 3apOXKIACHUS paspyuieHust N, ¥ JONrOBEUYHOCTh CBapHBIX CTHIKOBBIX COEIUHE-
Hu# 10 paspymenus N, (KOIM4ecTBO IUKIOB JI0 MOTEPH T€pMETUYHOCTH) TOPa3/l0 MEHBIIE, YEM Y OCHOBHOT'O MeTallIa.
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J1s onpeneneHus CKUMAIOIIMX HANPSDKEHUH, KOTOphle 00pa30BEIBANIMCH B IIBaX B pe3yibTaTte 00paboTKH, U3Mepsi-
JIM OCTATOYHBIC HATIPSDKCHHS. DTOT METOJ OfKcaH B paborax [14, 15].

B tabnuue 3 npencraBieHsl pe3yiabTaThl M3MEPEHUH OCTATOYHBIX HANpPsDKEHWH B HANPaBJICHUH, MEPHEHIUKYIIP-
HOM OCH IIIBa, Ha IOBEPXHOCTH CBApPHBIX COEAMHEHHUH B OKOJIOIIOBHOI 30HE.

OcTaTo4HbIE HapsPKCHUA CKaTHS B 30HC COIPSIKCHUA METallla IBa C OCHOBHBIM MCTAaJIJIOM

B 3aBHCHUMOCTH OT CIIOCOOOB JIOTIOJTHUTEIBHOM 00paboTKH

Crioco6 nonoaHUTENEHOM 00paboTKH cBapHOTO mBa | CrknMmaromue HanpspkeHus, MITa
2-it u 3-i 60-80
5-i 240-320
6-i 700-800

Tabnuma 3

ITo manHBIM TaOMUUBI 2 W PHCYHKA 3 MOKHO CyANUTH 00 3()()eKTHBHOCTH Pa3UYHBIX CHOCOOOB IOTOJHHUTEIHHON
00pabOTKM CBApHBIX COCAMHEHNH, PadOTAIOMNX MPU IUKINIECKOM HAarpyKEHUH.

a.

Nﬁa |
~
N _ OCHOBH OFt
500 |. 1. ?a MeTan
800 N "N
~ ~
700 RN /
N N 4 %4
600 U $
300 7CBaprIe R )
coeAUHEHIT -~ . 3
400 Ny b N0
2 4 6 s © 20 40
a)
G,
MIIa ' .
\ OcHoBHOH
. IeTATT X 1-it cnocod
. o .
900 N O 2-ii cnocod
S N O 3-ii ciocod
800 | N 3\ s -
s . A 4-ii coco®
\ S ¥ b 5 0
200 . \ Ul XS5 n cn0c0(3
8 S ¥ 6-if cnoco®
600 \\\\ k £
500 \ . / A
FCeapHEIe N Y
400 ﬂl@/ SN [Npo?
20 40 60 80

0)

Puc. 3. DddexTHBHOCTH CIOCOOOB TOTOIHUTENFHONH 00pabOTKU 30HBI CONPSKEHUS METaJIa IIBa C OCHOBHBIM METAJIIOM:

a — YHCIIO LUKIJIOB JI0 MOSBJICHUS TPEIINH; 6 — YUCIIO LIUKJIOB 0 pa3pyLIeHUs

Ha puc. 3 mokazaHbl pe3yabTaThl HCIBITAHUS 00PA3IIOB CTHIKOBBIX CBAPHBIX COCAMHCHUM, 00paO0TaHHBIX pPa3HBIMU
crocobamu. Ha puc. 3 @ mpencraBieHbl JOBEpPHUTENbHBIE 00NAacTH pa3dpoca 3HAYCHHN O 3apOXKACHUS pa3pylICHUS
OCHOBHOI'O METaJl/la ¥ CTHIKOBBIX CBAPHBIX COCAMHEHMIA O€3 JOMONHUTEIbHON 00paboTku. Ha puc. 3 6 — te e 00J1a-
CTH JIO pa3pyIIeHus: o0pas3ios (0 MOTepr TEPMETHIHOCTH).

3a4nCTKa 30HbBI nepexosa OT METalia MiBa K OCHOBHOMY METAJITY MOBBIMIACT COIMMPOTUBIACMOCTD 3aPpOXKIACHUIO pas3-

PYIIEHHS U3-32 YMEHBIICHHS KOHIICHTPAIINH HanpspkeHui (Tabmuia 2). OmHaKo 3TOT Croco0 MPaKTHIECKH HE TIOBITHSIT
Ha XapaKTep pa3BUTHA Pa3pyIIeHHs. TPEIIMHBI 3apOXKIAIUCh U PAa3BUBAINCH BIOJIb JMHUN CONIPSDKEHIS METallia IIBa ¢

OCHOBHBLIM MCTaJIJIOM.

AHaNoOrMYHBIA XapakTep paspyLIeHUs] UMEIOT 00pasiibl, y KOTOPHIX I'PaHuUIIa IIIBa ¥ OCHOBHOTO METaJlla MeperJiaB-
JIeHa yroil B aprone 6e3 mpucajgo4Horo Metamia (4-i cmocod). ITo MpHBeNIO K YMEHBIICHHIO KOHIIEHTPAIUU HaIpsi-
xeHuil. Kak cneacrTsue, BbIpOCa CONPOTUBISIEMOCTD 3apOXKICHHUIO paspyleHus. IIpu 3ToM mpakTudecku He U3MEHH-
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JIaCh COTIPOTHUBIIIEMOCTh Pa3BUTHIO paspyiienus (puc. 3). 4-if crocob mo cpaBHEHHIO 1-M GoJiee TEXHOIOTHYEH, T. K. HE
TpeOyeT JAOMOTHUTEILHOTO 000PYI0BaHUsI, KPOME CBAPOYHOTO.

Jpobenakien (2-if cmoco0) MpakTHYESCKH HE TOBIHSI HA CONPOTHBIICHHE MOBPEKAAEMOCTH, ONPEACIIEMOC TUCIOM
LIUKJIOB JI0 MOSIBJICHUS] BUAUMOM TpeuuHbl — NT, HO YBEITHYHII )KUBYYECTh — YUCIIO LIUKJIOB, KOTOPOE BbLIEpXkKai 00-
paser ocie o0pa3oBaHus MEPBOM TPEIIMHBI 10 TIOTEPU UM HECYIIeH CroCOOHOCTH (TeuHn). DTO OOBSICHIETCS TEM, UTO
npoOeHakyen He rapaHTUPYyeT OAHOPOAHOCTH IMOBEPXHOCTHOTO JehOPMHUPOBAHHUS METall1a, OCOOCHHO B MECTax COE/H-
HEHUS C MOAPe3aMH, HAaIUTBIBAMHM, KpaTepaMH U HEIUIaBHBIMHU OYepTaHUAMH IiBa. VIMEHHO 31ech 3apoXkIaeTcs paspy-
menne. OmHAKO B MeCTaX IDIABHOTO CONPSDKEHHUS MeTajula IBa ¢ OCHOBHBIM METaJUIOM IpobecTpyiiHas oOpaboTka,
BBI3BIBAIONIAsl HEOObIINE HANIPSDKCHUS CKATHS, NPEISTCTBOBaIA 00pa30BaHUIO MIPOTSHKCHHON MarucTpaabHON TpeIin-
HBI, YTO YBEIMYMIIO CONPOTUBIIIEMOCTD Pa3BUTHIO Pa3pyLICHHUS.

s noBeimienns 3G dekTuBHOCTH ApoOeHaKiena npeaioKuin 3-ii cnocod. BeimonHsercs abpasuBHAs 3a4HCTKA
1-m cnocoGom, a 3ateMm npobectpyiiHas oOpaboTka. B cpaBHeHnu co 2-M crocobom npumMepHo Ha 20 % yBenuuuiiach
JIOITOBEYHOCTH 00pa3loB J0 3apOKACHHS pa3pyLIeHHs U 10 IoTepu repmernyHoctu. CpaBHeHue 1-ro u 3-ro crocoba
MOKa3aJ0, 4TO KOJMYECTBO LMKJIOB JIO0 3apOXKACHHS paspylieHus (PaKTHYECKH HE M3MEHHJIOCh, OJJHAKO KOJIUYECTBO
LUKJIOB JI0 pa3pylieHus (II0Tepy repMEeTUYHOCTH) yBeanumiocsk Ha 20 %.

5-it cmoco6 [16] — orutaBieHre rpaHMIBl NIBa ¢ MPHCAA0YHON npoBosiokoit DI1-410Y muamerpom 1,6 mm. Ilpu
oxnaxaennu (140 °C u Huke) TanTelbHble BAIMKA IPETEPIEBAIOT MaPTEHCUTHBIE IPeBpaLieHus. IIpy OXJIaKIeHUH 10
KOMHATHOM TeMIIepaTypbl 06beM cyMMapHo yBenmduBaetcs Ha 1,5 % [11]. Kak Obl10 mokaszaHo paHee, 3TO MPUBOJIUT K
TOSIBJICHUIO OCTaTOYHBIX HanpspkeHWi cxatust 1o 300 MIla. [antensHble BaIMKU C MOBBIICHHBIM yISIBHBIM 00bEMOM
CIOCOOCTBYIOT POCTY CONPOTHBIICHUS MOBPEKIASMOCTH U Pa3BUTHIO PaspyIICHHUs, TO €CTh YBEINUCHUIO JKUBYYECTH. B
TaKUX COSITUHCHHUSIX IEPBBIC TPEIIMHBI MNOSBISUIMCH TMOO Ha OCHOBHOM METAJUIe, B CTOPOHE OT LIBa, OO OJHOBpE-
MEHHO BJOJIb JIMHHH MEpPeXoja OT IIBa K OCHOBHOMY MeTawty (tabmuia 2). TpeumHbl, oOHapyXEHHbIC HA JHHUH
CIUIABIICHHUS, KaK [IPAaBUIIO, Pa3BUBAIMCH C MAJIOW CKOPOCTBHIO, M K Pa3pyLICHHIO IPUBOAMIO CIMSHHE TPEIIMH Ha OC-
HOBHOM METaJlJic U B CBAPHOM COCTUHECHUU. THUITUYHBIA BHEIIHUI BUJI CBAPHBIX COCTUHEHUI, TOMOJHUTEIBHO 00pabo-

TaHHBIX 5-M CIIOCOOOM, MMOCIIC UCIIBITAHKS [TOKa3aH Ha puc. 4.

Puc. 4. Pa3pymieHne CTHIKOBOTO CBAPHOT'O COSINHEHUS, BBIMIOIHEHHOTO 5-M cI0co00M ((hOTO aBTOPOB)

PaccmoTpenHsIit Bua 00pab0OTKM yMEHBIIAET KOHIICHTPAILIMIO HANPSDKEHUH 1O BCell ANMHE IIBa M CO37aeT OJaro-
NIPUSTHBIE OCTATOYHBIC HANIPSDKEHHS COKATHS B PalilOHE IajTeIbHBIX BAIMKOB C MOBHIIICHHBIM Y/ACIEHBIM 00BEMOM.

JleficTBHE COKMMAIOIIUX HAIIPSHKEHUH TOPMO3HT 3aposkieHre paszpymennii. C pa3BUTHEM TPELIMH BJIOJIb rajlTelbHO-
ro BaJIMKa JICHCTBUE IMOIEPEYHBIX HANPSOKEHUH cxKaTust yke He 2(P(EKTHBHO M OTYACTH YCTpaHSACTCA. DTHM MOXKHO
O0OBSICHUTH OTCYTCTBUE BIIMSIHUSI BAJIMKOB IOBBIILICHHOTO YJIEILHOIO 00beéMa Ha )KUBYYECTh CBAPHBIX coennHeHui. Ec-
JIM K€ pa3pylIeHUe 3apoXKAaeTcs HEe Ha TalTeNIbHOM BAJIMKE, a HA OCHOBHOM METaJlle, KMBYYECTh CBAPHBIX COEAMHE-
HUI BO3pacTaerT.

O6paboTKa 5-M cocoOOM 30HBI IIepexoa OT OCHOBHOTO MeTajlla K METaJUTy IIBa YBEJIHYMIa CONPOTHBISIEMOCTh
3apOXKICHUIO M Pa3BUTHUIO pa3pylieHus npuMmepHo B 3—4 pasa. [Ipu sTom Tomorpadus paspylieHus: 3aMETHO M3MEHU-
nack. IlepBbie TPEIIUHBI, KaK [PAaBHIIO, 3apPOKAAIICH B OCHOBHOM Metaiuie (puc. 4). [Ipy Hannuuu mWioXo 3aBapeHHBIX
KpaTepoB Ha JHIEBON MOBEPXHOCTH IIBA TPELIMHBI 3apOXKIAINCh B 3THX MECTaX U PAa3BUBAINCH IPEHMYIIECTBEHHO
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HEPIEHANKYIISAPHO IIBY, HO M B 3TOM CJIy4ae CONPOTHBISIEMOCTh 3apOKICHUIO M Pa3sBUTHIO PA3PyIICHHS OCTaBalach
JIOBOJIEHO BBICOKOH (Tabmuua 2, 5-if cnocob).

IToBEpPXHOCTHOE IUIACTHYECKOE Je(OPMUPOBAHKUE OKOJOIMIOBHOMN 30HBI [12] B CTHIKOBBIX COCIUHEHUSX ITyTEM 00-
KaTKU y3KUMU postkamu (6-if crioco6) MOo3BOIMIIO JOBECTH COMPOTHBIIEMOCTh 3aPOKICHUI0 U PA3BUTHIO Pa3spyLICHHs
JI0 YPOBHS aHAJIOTHYHBIX XaPAKTEPUCTHK OCHOBHOTO METAJUIA. JTOT BBIBOJ| IOJATBEPKIACTCS XapaKTEPOM Pas3pyICHHs
CBapHbIX COEIMHEHMU, BBINOIHEHHBIX 6-M criocoGom (puc. 5).

70
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Puc. 5. Xapakrep 3aposkieHHs ¥ pa3BUTHS Pa3pyIICHAS CBAPHOTO COSUHEHUsI, 30HA CONMPSDKEHUST KOTOPOTo MPOKaTaHa
MEXTy Y3KHMH poiHKaMH (6-i crioco0): @ — KHHOrpaMMa pa3BUTHS pa3pyLIeHus o0pa3na,
6 — BHEUIHUI BHJ CBAPHOTO COSIUHEHUI TP pa3pyiueHun (Goro aBTopoB)

BunHo, 4TO paspylieHue 3apoKAanoch U Pa3BUBAIOCH 0 OCHOBHOMY MeTaiuny (puc. 5 a, Tabn. 2 u XapakTep pas-
pYUIECHHS COEAMHEHUH, MOKa3aHHbIi Ha puc. 5 §). OruaBieHre TPAHUIIBI [IBA U MOCIIEAYIONIAs €ro MpokaTka Mexay 239
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y3kuMHU poaukamu (6-i cnoco0) yBENHYHIN COMPOTHBISIEMOCTh 3aPOJKICHHIO Pa3PYIICHHS IPUMEPHO B 8 pa3, UBY-
YeCTh CBapHBIX COCTUHEHHH — NPUMEPHO B 4 pasa.

O0cy:xneHne u 3aKJII0YEHHS

1. B xauecTBe NCXOJHBIX 00Pa3LOB PACCMOTPENIN CBAapHBIE COCAWHEHUS, BBHIIIOJIHEHHBIE 10 3aBOACKONW TEXHOJIOTUU
0e3 oNoNHUTENbHONH 00pabOTKK 30HHI Iepexoaa. B 3ToM ciyuae nmpy HMKIMYECKOM Harpy>KeHHHU MO JMHHUH IepexoJia
OT MeTaJlla IIIBa K OCHOBHOMY METaJITy HaOJIF01aeTCsl MHOTO00YaroBOe 3ap0sKAEHHE YCTAIOCTHBIX TpeluH. OHU OBICTPO
pa3BHBAIOTCA U O0BEOUHAIOTCA B OZHY MarrcTpalbHYIO. 3aTeM OHA Pa3BUBACTCS B IIIyOWHY, YTO NPUBOJUT K IIOTEPE
FEPMETUYHOCTH. [[0JIrOBEYHOCTh CBApHBIX COEAMHEHUHN OKa3bIBaeTCs B 2—3 pa3a MEHbILE, YEM Y OCHOBHOI'O METaJlja.

2. 3aneiicTBOBAJH J]Ba BH/A OTIONHUTEIHHOM 00paboTKH:

— 3a9MCTKA 30HBI IIEpeX0/ia OT IIBa K OCHOBHOMY METaJlTy aOpa3suBHBIM HHCTpyMeHTOM (1-# crioco0);

— MeperIaB 30HbI IEPEX0oAa OT IIBa K OCHOBHOMY METAJUTy HETUIABALIMMCS 3JICKTPOAOM, AYTOH, ropsIIel B cpene
aprona (4-i croco0).

3TO MO3BOJIMIIO YBEIUYUTH CONMPOTUBIISIEMOCTh 3apOXKICHUIO pa3pylIeHHs MOYTH B 2 pasza. JKuBydecTh 3THX cBap-
HBIX COGI[I/IHGHI/II‘/II MMPaKTUYCCKU HC U3MCHHNJIACH.

3. JpoGectpyiinast oOpabotka (2-i crmoco0) MpakTHYECKW HE CKa3ajdach Ha KOJHYECTBE LUKIIOB J0 3apPOXKIECHUS
pa3pyLIeHUs], HO HECKOJIBKO YBEIUUYMIIA YHCIIO LIUKIIOB JI0 pa3pyLICHUs.

4. IlpenBapuTenbHas 3a4UCTKa a0pa3MBHBIM MHCTPYMEHTOM 30HBI IEPEX0/a OT METaJlla IIIBa K OCHOBHOMY METaJLTy
U mocnenyromas npodectpyiiHas oopaboTka (3-if cnoco0) mouty B 1,5 pasa yBeNMYMIH CONPOTHUBIIEMOCTD CBAPHBIX
COCAMHEHUH 3apOXKACHHUIO U Pa3BUTHIO Pa3pyLICHUS.

5. [lpu HamIaBKe rajTelbHOrO BAJIMKa MaTEPHAIOM € IOIXOIIMMHE 00beMHBIMH H3MeHeHUsIME (5-if crocod) Tpe-
IIMHBI BO3HUKAIOT B 30HE TIEPEX0/a U B OCHOBHOM MeTtayie. [Ipu 3ToM npuMepHO B 3—4 pas3a yBeIWYHBAETCS COIPO-
THUBJIIEMOCTD 3apOKICHUIO H PA3BUTHIO Pa3pyLICHHUS.

6. OmaBieHHe rPaHMUIIBI IBa O€3 MPUCATOYHON MPOBOJIOKH (4-if crmocob) u miacTuueckoe nehOPMUPOBAHHE MEK-
Iy y3KuMHu postkamu (6-# croco6) 06ecrneunBaT poCcT COMPOTHBICHHS MOBPEKIAEMOCTH U )KUBYUCSCTH CBAPHBIX CO-
€IMHEHUH PaKTUYECKH JI0 YPOBHS aHAJOTHUHBIX XapaKTEPUCTUK OCHOBHOTO METalIa.
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AHHOTAN NS

Bgeoenue. C poctoMm 00beMOB NOOBIYM U TPAHCIIOPTUPOBKU Ta3a M HE()TH MOBBIIIACTCS AKTYalIbHOCTH MPOOJIEMBI
IrepPMETHYHOCTH COEAMHEHUs TpyO HedrerazoBoro copramenta. Haubosnee pacnpoctpaHeHbl My(QTOBbIE |
0e3mydToBBIe pe3pOOBbIe coeanHeHus. McnonbdyroTes pe3npObl THna «barpecc», KOHHUYECKHE TpaneleuJaibHble W
TpeyrojbHbie pe3bObl. OT WX KayecTBa HANPSIMYIO 3aBUCUT IepMETUYHOCTH coennHeHus. Ha mpomecc mpou3BojacTBa
Tpy0 W My(QT BIHAOT MHOTHE (AaKTOpbl. B KadecTBe NPUMEPOB MOXKHO TPHUBECTH TEXHOJOTHICCKYIO
HACIIEICTBEHHOCTb, KECTKOCTh TEXHOJIIOTUIECKOTO O00OPYAOBaHMS, €ro HalaJKy U MOAHAIaaKy. TpedyeMoe KauyecTBO
coemuHEHUsT o0ecreynBaeTcss KadecTBOM d3JeMeHToB. (COopka JOJDKHA YYUTHIBATH BO3MOXKHOCTH — IOJHOM
B3aMMO3aMCHIEMOCTH. BTOpoil pexoMeHAyemblii BapuaHT — TpymmmoBas cOopka. Bo Bcex ciywasx oO0s3aTeIbHBI
KOHTPOJBHBIE Omeparun. B paboTe MpuBOASTCSA pe3yibTaThl UCCICAOBAHHNA pacIlpelesieHus] B MapTHH MapaMeTpOB
KayecTBa pe3bd Tpyo u MydT.

Mamepuanvt u memoosl. Vccienopanuch (GparmeHTsl (maTpyOKu) 00CaAHBIX TPYO C TpameneuaanbHON pe3nOoil u
noBbiieHHONH repmetndHOCThi0 (OTTI) m ¢ TpaneuneumanpHO¥M pe3bboit mpoduist «barpece». X mpou3BOIBHO
BBIOpaNM M3 pa3auyHBIX HapTHH. [Ipum m3MepeHuH 00pa3nbl 3aKpeIIUIMCh B MAaTPOH ToKapHoro craHka 1M611I1.
CpeznctBoM M3MepeHHs: ObLT MHIMKATOp 4YacoBoro Tuma ( Kiacca TOYHOCTH CO CTOMKOW. [yt OLIEHKH MOJIy4eHHBIX
JTAHHBIX MCIIOJIF30BAITN OOMICTIPUHSATHIC CTATUCTHICCKIE METOIBI.

Peszynemamut uccnedosanusn. DKCIEPUMEHTHl TO3BOJMIIM BBIIBUTH, KaK Ha I'€PMETHYHOCTH COEIMHEHHS METO/OM
ITOJTHOH B3aMMO3aMEHSEMOCTH BIHSCT paJUabHOEC OMCHIE TIOBEPXHOCTEH BEPIIHH MPOQMIS pe3bObl, (hacok maTpyoka
Y YIUIOTHUTEIEHOTO TIOSICKA.

Obcyycoenue u 3arknwyenus. OOHApPYKCHBI CYNICCTBEHHBIC OTKIOHCHHS 3HAYCHUHM MapaMeTpOB pe3bOBI OT
JOITYCTUMBIX, YTO MOXET CTATh HpH‘IHHOﬁ paszrepMeTusanii COCINHCHMNA. HonyquHe KA4E€CTBCHHOI'O WU HAACKHOTO
COCIMHCHUA BO3MOXXHO ITPU C60p1<e 10 METOAY HEMOJIHON WIIN T’pyHHOBOﬁ B3aUMO3aMECHIACMOCTH.

KnaroueBble cioBa: coeguHeHne TpyO HE(TSIHOrO COPTAMEHTa, KadeCTBO COCIUHEHHS, KOHTPOJIb KadecTBa,
coequaenue «batpeccy, coemmuenne OTTI, paamanpHOe OmeHHMe mOBepxXHOCTeH pe3nObl «barpeccy, pagmampHOE
6uenue nmosepxHocreii pe3rdsr OTTT .

BJIﬂI‘OIIapHOCTI/I. ABTOpI)I BbIpaXKaroT 6J1aro,uapH0cn, PCUCH3CHTAM, Ybs KPUTHYCCKAsd OLCHKA MAaTepHuajlioB H
MPEAJIOKCHUA 11O UX COBCPIHICHCTBOBAHUIO CII0COOCTBOBAIH 3HAYUTCJIIbHOMY MOBBILICHUIO Ka4€CTBA CTATbHU.

Josi uurtupoBanus. L{piopuii, . K. HccnenoBanne napaMeTpoB KOHMYECKMX pE3b0, BIHMSIONIMX Ha KayecTBO
coenunenus: Tpyo uedrsinoro copramenta / M. K. Ipiopuii, H. C. Kosans, JK. H. Uca6ekos // Advanced Engineering
Research. — 2022. — T. 22, Ne 3. — C. 242-251. https://doi.org/10.23947/2687-1653-2022-22-3-242-251
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Abstract

Introduction. With the growth in the production and transportation of gas and oil, the urgency of the problem of
tightness of the connection of pipes of the oil and gas range increases. The most common are coupling and streamline
threaded connections. Threads of the buttress type, conical trapezoidal, and triangular threads are used. The tightness of
the connection depends directly on their quality. The production of pipes and couplings is influenced by many factors.
Examples include technological heredity, rigidity of technological equipment, its setting and resetting. The required
connection quality is provided by the quality of the elements. The assembly should take into account the possibility of
complete interchangeability. The second recommended option is a group assembling. In all cases, control operations are
mandatory. The paper presents the results of studies on the distribution of pipe and coupling thread quality parameters
in the batch.

Materials and Methods. Fragments (tubular parts) of casing pipes with trapezoidal thread and increased
tightness (CPTT) and with trapezoidal thread of the buttress profile were studied. They were randomly selected from
different batches. When measuring, the samples were fixed in the chuck of 11611P lathe. The measuring instrument was
a clock type 0 accuracy class indicator with a stand. Generally accepted statistical methods were used to evaluate the
data obtained.

Results. The experiments have found how the tightness of the connection through the method of complete
interchangeability is affected by the radial runout of the surfaces of the thread profile tops, the pipe chamfers, and the
sealing belt.

Discussion and Conclusions. Significant deviations of the values of the thread parameters from the permissible ones
were found, which might cause a leak in the connection. Obtaining a high-quality and reliable connection is possible
when assembling by the method of incomplete or group interchangeability.

Keywords: OCTG connection, connection quality, quality control, buttress connection, CPTT connection, radial runout
of buttress thread surfaces, radial runout of CPTT thread surfaces.
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BBenenne. YxecToueHHE YCIOBHHM SKCIUTyaTallidl TPyO CBSA3aHO C YCIIO)KHEHHEM Mpodwiiell U yBeIMdeHHEM
IITyOMH CKBa)XMH HAa HOBBIX MECTOPOXKJCHUSIX HeTH U raza. TpyOsl HEQTIHOTO M Ta30BOT0 COPTAMEHTA OKa3bIBAIOTCS
0/ AeHiCTBUEM 3HAYHUTENLHBIX 3HAKOTIEPEMEHHBIX Harpy30K IpH Juana3zoHe padodux temmepatyp oT munyc 60 °C o
mwnoc 200 °C [1-6]. PaccmartpuBaemble u3Aenusl JOJDKHBI YAOBICTBOPATH TPEOOBAHHMSM IO CONPOTHBIEHHIO
YCTaJOCTHOMY M XpYNKOMY DPa3pyLICHHIO, a TaKXKe KOPPO3HOHHOHM CTOMKOCTU B YCIOBHUSIX arpecCHBHBIX cpel. DTO
00ycToBNIMBAaET BRIOOpP MaTEpHANoOB AJS MX IPOM3BOACTBA. 3HAUMTENBHAs NMPOTSHKEHHOCTh HedTe- M ra3zompoBOAOB
IpeamnoaraeT obecrnedeHne HaJe)KHOTO coefnHeHN TpyO. OTedecTBEHHbIE IPOU3BOAUTEIN MPeAIaraloT My()TOBbIE U
6e3My(TOBBIC COCTMHEHUSI C KOHMYESCKHMH TpAaIreleHIaIbHBIMA W TPEYroibHBIMU pe3bbamu [7—10]. B mydroBsix
BBIJICIISIFOT THIIBL:

— OTTT (st o6camHBIX TPYO € TpareneuaaIbHON pe3b00id U TIOBBIIIIEHHON TeépMETHYHOCTEIO);

— ¢ TparerenaanbHol pe3nboit «barpeccy.

CoenuHeHue MepBOrO THIA OTIMYAETCS BBICOKOW IeépMETUYHOCTBIO U CTOMKOCTBIO K PACTATMBAIOLIUM HArpy3KaM.
Ortn kauectBa obOecneunBaeT ¢opma npoduisi pe3pObl — HepaBHOOeIpeHHass Tpaneuus c maroM 5,08 MM

KOHyCcHOCThIO 1:16 (puc. 1).
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Ipoduis pe3pobl MyPThI

1,60+0,3

Ocb pe3s0sl MydTe1 OTTT 1 pacTpy6HOTO KOHIIA TPpYOE! THO
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Puc. 1. MydroBoe coennnerne odcanusx Tpyo tima OTTI

VYroun 3aknagHON CTOPOHBI TPYObI B 10° oOecriednBaeT JIErKyIo MOCaaKy B My(GTy U CHIXKAET BEPOSTHOCTD 3aeaHNs
pe3bObl. Ilpu pacTsaruBalomux W M3ruOarOIMX Harpy3kax pesp0a TpyObl He JOJDKHA BBIXOAWTH U3 3alCIICHUs C
pe3bboii My ThI, TO3TOMY OMOpPHAs CTOpOoHA NpoGuIs BhIMoMHEHA mo yriaoM 3° [8-12]. PacmosoxeHHbIe 3a pe3bboit
COIPSDKEHHBIE KOHMYECKHUE YIIOTHUTEIbHBIE MMOBEPXHOCTH HOBBIMIAIOT T'€PMETHYHOCTh. [IpH COeMHEHUN BeIWYHMHA
HaTsra OrpaHW4MBaeTCs Onarogaps KOHTAKTy M3JENMi 0 BHYTPEHHUM YIOPHBIM TOpLAM. Y IUIOTHUTEIBHOE KOJIBLIO U3
(TOpOILIACTA TIOBBICHT FEPMETHYHOCTH coeaunenus [13].

Cxema My(TOBOTO COeIMHEHHS C TpanelenIaibHO# pe3p0oii Tina «baTpeccy mpeacTaBieHa Ha puc. 2.

http://vestnik-donstu.ru

244



Lviopuii H. K. u op. Hccneoosanue napamempos KOHUMECKUX Pe3b0, 6UAIOUUX HA KAYECH 80 COeOUHEHUs mPY0 HehmAH020 copmamenma

L 5,08 .
L /|
CpenHss TUHUS PE3BObI

o)
™~y w
ol &
)
51 —
| 18
90°

Ocb pe3n0BI

o
| Bl [~
7o) dr
N~
L0 N~ l
— [ee)
1F g—r _ Cpeaustst| muHust pe3b0bl
- 254 | e 254 T
- 5,08 —
T T —
wo
\
My¢ra [ —
yé Tpyba
65°
Puc. 2. MydroBoe coenunerne odcanusix Tpyo tuma «barpece»
OTm4uTeNbHAsT OCOOCHHOCTh 3TOTO THIIA COCJUHEHUS — BO3MOXHOCTH IPOJOJDKHTEIFHOE BpeMs MPHHUMATH

3HAYHTENBHBIC pacTAruBaroIe Harpy3ku. [Ipoduns pe3posl «barpece» mMeeT hopMy HepaBHOOSAPSHHON TpaIICUM C
marom 5,08 MM 1 KoHycHOCTBIO 1:16 [14].

VYTrapl HAKJIOHA 3aKJIATHON M OMOPHON CTOpoHBI — 10° M 3° COOTBETCTBEHHO. JTO yHpOIIaeT COOPKY U CHHXKACT
BEpPOSATHOCTD 3aeAanus. JIJIsi TepMETHYHOCTH HCIIOIB3YIOT CIICIHATIBHYI0 CMa3Ky HITH (TOPOILIACcTOBBIEe KOJbia [15].

OcHOBHBIE TPeOOBaHUS K PACIIPOCTPAHCHHBIM THIIAM COSAMHEHUH 00CaHBIX TPYO:

— MPOXOIUMOCTh B CTBOJIAX CKBXHUH PA3IHUIHON CIOKHOCTH U TITyOHHBI, B TOM YHCJIE HAa yJacTKaX 3HAYUTEIEHOTO
HCKPUBIICHHUS;

— TepPMETHYHOCTh KOJIOHH TPYO 1 BBICOKAsI IPOYHOCTH JJISI BCEX BHIOB HArpy30K;

— obecrieueHre MPOXoJaa TMPHUCIIOCOONCHUH M WHCTPYMEHTa BO BHYTPEHHEE MNPOCTPAHCTBO KOJOHH TPYyO mpH
TEXHOJIOTUYECKHUX OTepaIusX.

Heobxomumo crporo coOmonate TpeOOBaHUS CTaHAAPTOB K KAueCTBY pPE3bOOBBIX COCAMHCHHN, a TaKKE K
CpPEeICTBAM M METOJaM KOHTPOJIA. XapaKTEPUCTUKU pPE3bOOBBIX COCIUHCHUN OOCAIHBIX TPYO pPErIaMEHTHUPYIOTCS
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I'OCT 632-80 wu wmexayHaponmusiM craHmaproM API5SB. DT JOOKyMEHTHI MpeNNHCHIBAIOT KOHTPOJIHPOBATH
CJIeYIOIHE apaMeTphl: BHEIIHUN BH]] pe3bObl, TEOMETPUYSCKUE MapaMeTPhl pe3b0bl H YIUIOTHUTEIBHBIX KOHMYECKIX
MMOBEPXHOCTEH, HATAT 1O Pe3b00BOMY paboueMy Kaauopy.

OtTMeTHM, 4TO HE BCETJa COBIANAIOT (POPMBI CONPSATaeMbIX JIEMEHTOB TPYObI M My(THI B IIONIEPEYHBIX CEUCHUAX. B

9THX CIydYasX Ha HEKOTOPHIX yJYaCTKaxX COIpPATAEMbIC MOBEPXHOCTH HE OYAyT KOHTAKTHPOBATh, T. €. CONPSIKCHHUE
OCTaHeTCs HEIJIOTHBIM. DTO CO37aeT YCIOBUS Ul Teuu B coefuHeHHU. Ecnu Takoit 3a30p HE YCTPaHUTH C IOMOUIBIO
CUJIOBOW 3aTsHDKKM KOHMYECKHX COEIMHEHMH, TO HEBO3MOXKHO oOecrednTh 3(P(EeKT KONIbLEBOro 3aMKa, KOTOPBIH
TapaHTHPYET FepMETHYHOCTb. TakuM 00pa3oM, OTKIOHEHUS OT KOHYCHOCTH CO3AAI0T MPEATIOCHUIKH 11 HEIUIOTHOCTEH

u teueil. B xauectBe npumepa paccmotpum coequnenust OTTI u «barpece» TpyObl ¢ HapyKHBIM TUaMeTpoM 127 MMm.

+0,3 +0,45
Ha y4JacTke 25,4 MM JIOIyCTUMBIE OTKJIIOHEHHUS OT KOHYCHOCTH COCTABJIIIOT COOTBETCTBEHHO: g9 MM U _j 95 MM.

Marepuanbl U MeTOABI. J[aHHBIC, TOTyYEHHBIE B paMKaX HCCIIEJOBAHMS, IPOLUIM CTATUCTHYECKYI0 00pabOTKy ¢
HCTIOJIb30BaHUEM OOIIECTIPUHATHIX METOIOB.

Jnst ompeneneHus CTENEHW TEPMETHYHOCTH TOAHBIX TPyO W3MEpPWIN paauaibHOEe OWEHHEe KOHWYECKHX |
WIHHAPHUYECKUX TOBEPXHOCTEH NMAaTPyOKOB. ODTH 3JEMEHTH 3aKpEIULUIH B OOPaTHBIX KyJadkaX TPEXKYJauKOBOTO
TOKAapHOro maTtpoHa (T. €. M0 MOBEPXHOCTU OazupoBaHusi TpyObl Ha cranke 1M611I1) nmpu ycloBUM MHUHHMH3AIMU
yrnpyrux nedopmanuii o0bekTa ot ycmnui 3axuma. CHavaa Kyjlayky HaTpoHa MPHUBOJIUIN B KOHTAKT C MaTPyOKOM C
YCHJIMEM, AOCTaTOYHBIM JJISI €r0 yIepKaHHs HaBeCy, — TaK KOPPEKTHPOBAIH €r0 OCEBOE IOJIOKEHHUE B ITATPOHE IIPH
MIPOKPYYMBAaHUM LIMUHIAENHSA. BU3yalbHO KOHTPOIMPOBAIH OHEHHE IOBEPXHOCTEH. 3aTeM B IUIOCKOCTH KyJayKOB
CO3/IaBalli KOHTAKT MOBEPXHOCTH MAaTpyOKa W 3aKpEIUICHHOTO Ha CTOMKE HMHAMKATOpa 4YacoBoro Tuma (puc. 3).
IMatpyOox 3akmmanum B Kynadykax maTpoHa. [lo cTpenke HWHAWKAaTOopa CHEOWIM, YTOOBI YCHIIME 3aXKHMMa He

nedopMHupoOBaIIO CTEHKY MaTpyOKa MeXIy KyJladKaMu IaTpoHa.

Puc. 3. Cxema u3MepeHust paauaabHOro OUeHNs NaTpyOKoB U My(T:

1 — uznenue; 2 — TPeXKyNauKOBBIH MAaTPOH; 3 — MHIUKATOP YacOBOTO TUIIA

Jdnst w3MmepeHns: OHEHHs YIUIOTHHTEJIBHOTO TMOsCKa W (AacKd CYNIOpT CTaHKAa €O CTOMKOH WHIUKaropa
MIEPBOHAYAIEHO OCTABAJICS HETIOABIKHBIM, a CepHIecKnii HAKOHEUYHUK MHIUKATOPa yCTAHABIMBAJICA HAa CEPEIUHY
mosicka u cepenuHy (acku. [ToxazaHus MHINKATOpa CYUTHIBAIUCH M PETHCTPUPOBAIHCH TOBOPOTOM IITMHAEIS CTaHKA
yepe3 kaxable 10° (¢puxcupoBasm B 36 ceueHusX, HauMHAs C HyneBoro). MHaukatop mnepeMermancss B OCEBOM
HarpaBsJICHUH JeTalli, HAKOHEYHUK COXPAHUI ITOJIOKEHHUE OTHOCHTEJILHO IIEHTpa (hacKH HITH MOSCKA.

W3mepuiu OueHne pe3b0OBON MOBEPXHOCTH IO JICHTOYKE BBICTYIA Pe3bObl. [[jist 3TOro rutapy ¥ KOpoOKy mojad
CTaHKa HACTPOWJIM HA JIOUMOBYIO Pe3n0y C MATHIO HUTKaMU Ha aonM. [lociie BKIIIOUEHHST MATOYHOUW TaiiKU XO0JIOBOTO
BHHTA MPOKPYYHMBAaHUEM IIMUHACIS BHIOpaIM BCE MEPTBHIC XOJa B KHHEMATHKE CTAaHKA. [IpH 3TOM HHAMKATOp OBLI
HACTPOEH Ha CepeuHYy JEHTOUYKH IepBOA HUTKHU pe3b0BI B HyJIeBOM ceueHuu. [loka3aHust nHANKaTopa (GUKCHPOBATUCH
yepe3 kaxaeie 10° moBopoTa maTtpyOka BO Bcex 36 ceueHHWsSX Ha TISTH HUTKax pe3bObl. B mporecce m3MepeHHs
MHAMKATOp TakKXe IepeMelacs B OCEBOM HANpaBICHUU JETald C COXPAaHEHUEM MOJOXKEHUS HAaKOHEUHHKA
OTHOCHTEJIBHO LIEHTPa JICHTOUKU.

PesyabTaThl HcciaenoBanus. Ha puc. 4 B momsapHOil cucTeMe KOOPIWHAT MPEACTABICHBI Pe3yabTaThl M3MEPEHHS

panuasbHOTO OWEHHS Hapy>KHBIX TIOBEPXHOCTEH MaTPYOKOB € pazIMYHBIMHU COCTUHCHUIMHU.
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Puc. 4. PagnansHoe OneHue HapyKHbBIX IOBepXHOCTEH TpYyO ¢ pe3pboil: a — «batpece»; 6 — OTTI

J1yisi KOHTPOJIS. KOHYCHOCTH B TIOJIE JTOITyCKa U3MEPHIIA OTKJIOHCHUS BEPIIMH Pe3b0bl HA MATH HUTKAX OT 3aJaHHOTO
npodws (cmpans ApxuMesna) B paAualbHOM HampasieHuu. [ matpyOka «batpeccy 1O 3Ha4EHHSM HU3MEPEHHOTO
paaraibHOro OMEHMS OBEPXHOCTH BEPLIMH PE3b0BI MOCTPOMIM IpaduK B IOJIAPHOU cucTeMe KoopauHat (puc. 5 a).
3nmecs pagmanbHas mKama uMmeer 3HadeHHs oT 0 mo 2 MM, a kpyromas mkaga — or 0° mo 360°. Anamornyao
HCCIIEIOBANTN pajinaibHOe OMEHIE BEPIINH BRICTYIIOB pe3bObl Ha aTpyOkax OTTI (puc. 5 6).
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Puc. 5. PagnanpHoe GueHre MOBEPXHOCTH BEPLIMH Pe3bObl OT Hayasa pe3b0bl Ha st 0bopoTax: a — «batpecey; 6 — OTTT

Juarpamma (puc. 6 a) mocTpoeHa 1o pe3ysbTaTaM H3MEPEHHs! PaAUualbHOro OHeHUs (acok matpyOKoB ¢ pe3bboil
«batpeccy». 3HaueHUS PaaAUaTIbHOrO OGHEHHS MOsCKa OTPAKeHbI HA rpaduke 6 6, KOTOPBIH AEMOHCTPUPYET OTKIOHCHHE
OT KPYIJIOCTH YIUIOTHHTEIBHOTO Mosicka. COMOCTAaBICHHE MOJTYYCHHBIX Pa3sHbIMH METOAaMH 3HAYCHHH OTKIOHCHH S
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Puc. 6. Pagnansnoe 6uenne: a — dacku nmatpyoka ¢ pe3nboit «barpecey; 6 — ymmorHuTensHoro nosicka coequaenus OTTT

OO0cy:kneHne M 3aK/I04eHMs. AHaIU3 puC. 4 TIOKA3bIBACT, YTO I TPYO C pa3sIMYHBIMU THIIAMH COSIWHEHHN
XapaKTepHbl 3HAYMTEJbHbIC OTKJIOHEHHS KOHYCHOCTH. B TO ke BpeMs MOBEpPXHOCTh TPYObl ¢ pe3nboit «barpeccy»
cpaBHHTENBHO Tnaakas. Ecim ke amarpamma BusyammsupyeT pe3p0y OTTI, to HabmomaroTcs pe3kue BBIOPOCHI
00JIBIIIOTO KOJMYECTBA TOUYEK. DTO 3HAYHT, YTO HA IOBEPXHOCTH TPYOHBI €CTh IpyOBId MaKkpopensed co 3HAUNTETHHBIMH

CJ'Iy‘IafIHLIMPI nepenagamMu YpoBHs IOBEPXHOCTH.
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Ha puc.5a xopomo BHIHAa HEIJIABHOCTh BOCXOAAIIEH JIMHUHM CIIMPAIM C Pa3HOCTBIO PaJHyCOB-BEKTOPOB
6onee 0,4 mm. BomHOOOpa3HOE M3MEHEHNE JIMHUHM OPIMHAT MPO(UIT — 3TO CIIEACTBHE HECOBMAICHHUS OCH BpAIICHUSI
narpyOKoB C OChbIO pe3bObl. DTy TapMOHHUYECKYIO COCTAaBIISIOIIYI0O MOXKHO KOMIIEHCHPOBATh CIEIHAILHOMN
MaTeMaTHIeCKo 00paboTKOH, KOTOpast He 3aIIaHUPOBaHA B HACTOSAIIEM HCCICAOBAHUH. AHAIN3 PUC. 5 O TIOKa3bIBaeT
JOCTaTOYHO OOJBLIYI0 HEMJIaBHOCTh BOCXOJISINEH JIMHMM BEpPIIMHBI PE3bObl. DTO TOBOPUT O 3HAYMTEIBHBIX
OTKJIOHEHHUSX PacCMaTPHBAEMOM MMOBEPXHOCTH OT 3ajaHHOTO npod s (ciimpans Apxumena) g coeqmaenus OTTT.

AHanuz puc. 6 MOKa3bIBaeT, YTO OTKIOHEHHE OT KPYIJIOCTH (Pa3HOCTh HaMOOJBIIEr0 W HAaMMEHBILIETO PaJHyCOB-
BEKTOpOB OueHus) cocrasiseT okoso 0,25 mm. [TorpemHocti GOpPMBI YIUIOTHUTENBEHOTO MOSCKA IS COSIUHCHHUS TUIIA
OTTI ompeneneHsl pa3HbIMH MeToAaMH. [lo W3MepeHHBIM 3HaYeHHWSAM JHaMeTpa TOosicka (B IUIOCKOCTH TOpIa)
obHapyxeHa Bapuanus pasmepos jgo 0,25 mm (oT HyneBoro ceuenus, yepe3 30°): 169,35; 169,20; 169,10; 169,15;
169,25; 169,30. YrioBoe pacrpezneieHHe OTCUETOB AMAMETpa yKas3blBaeT Ha OBaN00Opa3Hylo (OopMy HOBEpXHOCTH
MOSICKa B MOIIEPEYHOM CCUCHHH.

Takum 00pa3oM, MOKHO ClieNIaTh BBIBOJ] O 3HAYMTENILHBIX OTKIOHEHUSX Y TIoBepXHOCTe! TpyO u My dr. Peus uzner o
KauecTBe pe3bd, (acok, MOSCKOB, YTO OMNpeneNsieT HAaIS)KHOCTh COCIMHEHHSA. DTH OTKIOHCHHS OO0YCIOBIHBAIOT
TOSABJICHUCB TMAapTUN 6paKOBaHHI)IX I/I3I[CJ'IPII>1. Hx wucnonp3oBanne He oOecIeyHBaET TEpMETUYHOCTL U HAJACKHOCTH
COeIMHEeHUS «Tpyba — My(Ta», YTO BeleT K TeYd NPU THAPABIMYCCKHX HCHBITaHHAX. JlOCTIKEHHE 3aJaHHOrO
KayecTBa COEJMHEHUs] OOECIeYMBAECTCs TOJBKO METONOM TPYIIOBOI B3aMMO3aMEHSEMOCTH, KOTOpPBIH TpedyeT
NPEIBAPHTEIBHOTO pa3leNieHUs COOMpAaeMBIX HW3AENUA Ha TPYNNbl M TEHEPUPYeT JONONHHUTEIbHBIC 3aTPATHL
Heo0xoauMo y»KecTOYHTh JIOMYCKH Ha M3TOTOBJICHHE PE3bOOBBIX YacTeld TpyO0 M My(T, YTO IO3BOJMT BBHIIOJHSATH
cOOpPKYy METOIOM TIIOJHOW B3aMMO3aMEHSAEMOCTH. PaccMmaTpuBacMble OTKIOHEHHsS MOTYT BO3HHKATh —H3-3a
HecTaOMIIPHOCTH ~ TEXHOJIOTMYECKOTo IMpollecca MOydeHHss pe3b0d. B yacTHOCTHM, HEraTMBHO —CKa3bIBaeTCs
HEJIOCTaTOYHAs )KECTKOCTh TEXHOJIOTHUECKON CUCTEMBI M €€ HECBOEBPEMEHHasI 10 THaJIa KA.
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AHHOTAIUSA

Beeoenue. TonCTOCTCHHBIE KOPITyCHBbIE KOHCTPYKIMHM, pabOTalOIIMe I0J JMAaBICHHEM, OTHOCATCS K Hamboiee
pacipocTpaHEHHOMY THIy CBapHBIX KOHCTPYKIHMH OTBETCTBEHHOTO Ha3HaueHWs. [IpM Harpy)xeHHMHM Ha3BaHHBIX
KOHCTPYKIMI BHYTPCHHHM JaBICHHEM B HHX BO3HHKAe€T CJIOXKHOE JBYXOCHOE IIOJIE HANpsDKEHUH, KOTOpoe
CYMMHUDPYETCA C MOJIAMU OCTATOYHBIX CBAapPOYHBLIX HaHpH)KeHHﬁ. H03TOMy JUIA BI)I60pa TCXHOJIOTHH H3T'OTOBJICHUSA
CBapHBIX OTBETCTBEHHBIX KOHCTPYKIMH PE3yIbTaTOB, IMOJyUYEHHBIX IPH OOBIYHBIX OJHOOCHBIX HCIBITAaHUSIX 00pa3IoB,
ObiBaeT HeJocTaTO4HO. MHOroo0Opasue (akTopoB, BIMSIOIIMX Ha PabOTOCIIOCOOHOCTh KOHCTPYKLHWH, M TPYIHOCTH
pa3z[enLHoﬁ OIICHKH UX BJIMAHUA MMPUBECIIN K HeO6XO}II/IMOCTI/I MaKCHUMAJIbHOT'O HpI/I6J'II/I)KeHI/ISI yCJ'IOBI/Iﬁ OKCIICPUMEHTA K
peabHBIM YCIOBHUSAM pabOThl KOHCTPYKIINH.

Mamepuanst u memoost. VIcbITaHUS HATYPHBIX KOHCTPYKINH UMEIOT PAJ] JOCTOMHCTB, HO OHU YPE3BbIYAiHO TOpOTH
U, KaK TPaBWJIO, BBUIBISIOT TOJBKO OJHO, Hamboisiee ciaboe 3BE€HO, HECyIas CoCOOHOCTH OCTaJbHBIX 3JIEMEHTOB
KOHCTPYKIIMH OCTAa&TCS HEBBIACHEHHOH. {1 McnbITaHWs ObUTH MCIOJIB30BaHBl pajnoMeTpHyeckue ycrtaHoBku YU,
pa3paboTaHHBIE I Pa3HBIX TUIIOpa3MepoB 00pasioB. Takne ycTaHOBKH MO3BOJISIOT HCIBITHIBATH 00OPA3Ibl PA3IMYHBIX
(hOpM U THITOB CBapHBIX COSTMHEHHUH (CTHIKOBBIX, TABPOBBIX ), I3MEHSTH ITOJIOKCHUE MPUBAapUBAEMBIX J€TalCH.
Pezynomamut uccnedoeanuit. He otBepras pe3ynabTaToB, HOTYYEHHBIX MPU HCIBITAHUSIX HATYPHBIX KOHCTPYKIMI B
pabotax MBTY um. baymana, AI'TY, ITHUM KM «IIpomerteii», aBTOPBI MPEIOKUIN OCHOBHON 00bEM HCCIICI0BaAHHIMA
MIPOBECTH HA OTIENIBHBIX 3JIEMEHTaX KOHCTPYKIMH, KOTOpPHIE OTpa)kalli Obl XapaKTepHbIe 0COOEHHOCTH HATPYXCHHS,
TEXHOJIOTUIO U3TOTOBJICHUSA U YCIIOBUA OKCILTyaTallnH. brina MIPUMEHCHA KOHCTPYKIHA COCZII/IHeHI/Iﬁ CHITYHOEp — JIHUCT»,
TIO3BOJIAIOIIAA YBCIIMYUTH IMMOKA3aTCIIN 3aPOKIACHUA U Pa3BUTHUA Pa3spyICHUA 10 YPOBHA OCHOBHOT'O METAJLJIaA.
Oécyancoenue u 3axniouenusn. IlpencraBieHbl cXeMbl KOHCTPYKIUH Ui TIOJydeHUS] B 00paslax JBYXOCHOTO MOJIS
pacTspkeHMss WM u3rnba. McrbiTaHHBIE TO TPEUIOKEHHBIM CXeMaM 00paslbl MO3BOJIIIOT C/ENaTh BBIBOABI O
paboTOCIIOCOOHOCTH CBAapHBIX COCJMHEHHH B YCIOBHUSX, HPUOIMIKEHHBIX K pEIbHOH padoTe uccieqyeMbix
KOHCTpyKumi. Takas cxema MCIBITaHMH HCIIOJIB3YETCsl MCCIIEA0BATEILCKUMHU J1a0OpaTOPHIMH B Halleld CTpaHe W BO
BCEM MHpE.

KiiroueBble ¢JI0BA: HCIBITAaHUS HATYpHBIX KOHCTPYKLMM, ONBIT INPOEKTHPOBAHMS, YCTAHOBKH MJI JIBYXOCHOTO
pacTsKeHHS ¥ U3TrH0a, TOJITOBEYHOCTh, COSINHEHHE «IITYIEP — JIHCTY.
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Abstract

Introduction. Pressure-operated thick-walled hull structures are the most common type of high-duty welded structures.
When these structures are loaded with internal pressure, a complex biaxial stress field arises in them, which is summed
up with the fields of residual welding stresses. Therefore, when selecting a technology for manufacturing critical
welded structures, the results obtained during conventional uniaxial tests of samples are insufficient. The variety of
factors affecting the performance of structures, and the difficulties of separate assessment of their influence, caused the
need to maximize the approximation of experimental conditions to the real working conditions of the structure.
Materials and Methods. Testing of full-scale structures has a number of advantages, but they are extremely expensive,
and, as a rule, only one, the weakest link, is identified, the bearing capacity of the other structural elements remains
unclear. For testing, UDI radiometric installations designed for different sample sizes were used. The presented
installations allow testing samples of various shapes, types of welded joints (butt, T-bar), changing the position of
welded parts.

Results. Without rejecting the results obtained during the testing of full-scale structures in the works of the Bauman
Moscow State Technical University, DSTU, NRC “Kurchatov Institute” — CRISM “Prometey”, and the authors
proposed to conduct the basic scope of the research on individual structural elements that would reflect the
characteristic features of loading, manufacturing technology, and operating conditions. The design of the “fitting-sheet”
connections was applied, which made it possible to increase the indicators of the failure initiation and propagation to the
level of the base metal.

Discussion and Conclusions. Schemes of structures for obtaining a biaxial tension or bending field in samples were
presented. Samples tested according to the proposed schemes allowed us to draw conclusions about the performance of
welded joints under conditions close to the actual operation of the structures under study. The proposed test scheme is
used by research laboratories in our country and around the world.

Keywords: tests of full-scale structures, design experience, installations for biaxial tension and bending, durability,
“fitting-plate” connection.
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Beenenne. ToscTonucToBble KOPIYCHBIE KOHCTPYKIHMH, PaOOTaloOUIME IOJ JIABJICHWEM, OTHOCATCS K Hamboiee
pacnpocTpaHEHHOMY THUIY CBAapHBIX KOHCTPYKIUII OTBETCTBEHHOIO Ha3Ha4deHMs . B 3THX KOHCTpyKLUUSX HpHU
HArpy>eHUU BHYTPEHHUM JaBJICHHEM BO3HHUKAET CI0XKHOE, IPEUMYIIECTBEHHO JBYXOCHOE HAMPSKEHHOE COCTOSHUE C
CYMMHPOBAHHUEM I10JIEM OCTATOYHBIX CBAPOYHBIX HANPSKEHUM C IOJSIMU HANPSKEHUM OT BHELIHEH Harpy3ku. B aTux
YCIIOBHSIX HEPEIKO MPOSBISIETCS MOBBIMICHHAS TyBCTBUTEIHHOCTh KaK OCHOBHOTO METaJljIa, TaK M CBAPHBIX COSIMHEHHUN
K HAJIMYHUIO KOHIIEHTPATOPOB HANPSHKEHUH MIIM MECTHOMY M3MEHEHHMIO MEXaHWYECKIX CBOWCTB METaJlIa, CBI3aHHOMY C
MIPOIIECCOM M3TOTOBJICHHUS, YTO MOXET IIPUBECTH K PE3KOMY CHIDKEHHIO IPOYHOCTH. B HacTosmee BpeMs HECMOTPS Ha
psII IPOBENCHHBIX (PYHIAMEHTAIBHBIX HCCIIEIOBaHMI MPOYHOCTH CBAPHBIX JIMCTOBBIX M KOPIYCHBIX KOHCTPYKIHH BCe
ellle HEAOTATOUYHO CHCTEMAaTU3UPOBAHHBIX JAHHBIX O 3aKOHOMEPHOCTSIX CONPOTHUBIIECHUS 3apOXKJIEHUIO U Pa3BUTHIO
paspylLIeHHH KpPYHHOrabapuUTHBIX DJIEMEHTOB CBapHBIX KOHCTPYKLUMI B 3aBUCHMOCTH OT KOHCTPYKTHBHBIX,
TEXHOJIOTMUECKUX W JKCIUTyaTalMOHHBIX (akTopoB. ITosTomy muisi BeiOOpa Marepuasa W TEXHOJOTHUH W3TOTOBIICHHUS
OTBETCTBCHHBIX JIICTOBBIX KOHCTPYKUMH IaHHBIX, HOJYYEHHBIX NMPHU OOBIYHBIX OJHOOCHBIX HCHBITAHUSIX OOpa3loB,
ObIBaeT HenocTaTouHO. MHOroo0Opasue (akTopoB, BIMSIOIIMX Ha PabOTOCIIOCOOHOCTH KOHCTPYKLWH, M TPYIHOCTH
pa3lenbHOM OLEHKH WX BIMSHHS CHEJNAINM HEOOXOOMMBIM MAaKCHMalbHOE HPUOIMKEHHE XOJa 3KCIHEPHMEHTa K
pEanbHBIM YCIOBHSAM. JTO NPHUBENO K PACIPOCTPAHCHUIO METOJOB HCIBITAHHS MOJTHOPA3MEPHBIX KOHCTPYKIMH MO0
ux Mojenei. /s mpoBeNeHHs TaKWUX MCIBITAHWA B HAIled CTpaHe M 3a PyOEKOM CO3MaHbI CTCHIbI, OCHAIIEHHBIC
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CJIO’KHOM MCTIBITATENFHON U JTUAarHOCTHYECKOH ammapaTtypoi. Tak, Hanmpumep, Ul UCHBITAHUS TIOJHOPa3MEPHBIX TPYO
6onpmmoro auamerpa uMerorcs: creHasl B YpanHUTU, na Bomkckom TpyOHOM 3aBome, Bo BHUUCTe, 8 IHUM KM
«[Ipometeti» u B apyrux jgabopatopusx. CTCHIB aHATOTHYHOTO HazHadeHHs ecTh B Smonnn. B CIIA nmeercs Oonee
300 ycTaHOBOK ISl NCHIBITAHUS KOHCTPYKITHH, paOOTAIOIINX MO CTATHYECKUM U ITYJIbCHPYIOIINM JIaBJICHAEM.

VcnpITanns HATYPHBIX KOHCTPYKIIMKA MMEIOT PSAJT TOCTOMHCTB:

— COXpaHAeTCS peajibHas TEXHOJOTHSA W3TOTOBICHUS KOHCTPYKIWH, B pe3ylbTaTe dUero HCKII0YaeTCs
HEONpe/eIEHHOCTh, CBSI3aHHAs C BIMSHHEM MOJEIMPOBAHUS TEXHOJOTHYECKOrO TIpoliecca M3rOTOBJICHUS Ha
Ppe3yNbTaThl UCIIBITAHUIL;

— COXpaHsieTcs pealibHasl CXeMa HarpyXEeHUsI OTAEIbHBIX JJIEMEHTOB H y3JI0B KOHCTPYKIIHIA;

— OHM TIO3BOJISIFOT YCT@HOBUTH JAEHCTBUTEIBHOE pacrpeneicHue nedopManuii B KOHCTPYKIMH M yTOYHHTH
MIPUHSTYIO PACUETHYIO CXEMY;

— TIO3BOJISIIOT OIEHHUTH CONPOTHUBIIEMOCTD 3apPOXKICHHIO W PAa3BHTHIO pa3pyIlICHHS TOJBKO OMHOTO Hambolee
c1ab0T0 3JIEMEHTa KOHCTPYKIIHH;

— TO3BOJIIIOT M3YYHTh BIUSHHUC KOHICHTPAIMHA HAMPSDKEHWH M OCTATOYHBIX HAMPSKCHHH Ha YCTAOCTHYIO
MIPOYHOCTb.

HecMmoTps Ha HECOMHEHHYIO IICHHOCTh HAaTYPHBIX WCTBITAHUH AJIS OIEHKA KOHCTPYKTHBHOM IPOYHOCTH H3ICIHS
KpaﬁHe HCpAaMOHAJIBHO HCIIOJb30BaTh TAKHWC HCHBITaAaHUA IJId HUCCICAOBAHUSA OTACIBbHBIX (baKTOpOB, BIIMAKOIINUX Ha
MPOYHOCTh KOHCTPYKUMHU. O0mine (HakTopoB, OJHOBPEMEHHO BIMSIOIIMX HAa XOJ MCCIIEIOBAHUS, 3aTPyAHICT aHAJIM3
IIPUYUH IPEKICBPEMEHHOIO PAa3pyILUICHUs U HE IO3BOJIAET PA3ACIbHO OLICHUTh CTEIECHb BIMAHUSA KaXJIOro u3 Hux. B
pe3ysbTaTe UCHBITAHUS MOJHOpPa3MEPHBIX KOHCTPYKIMH, KaK NMpPaBWIO, yJaeTcsl BBIABUTH HauOosee ciiaboe 3BEHO,
HecyIasi CIOCOOHOCTh OCTANIbHBIX YYaCTKOB (3JIEMEHTOB) KOHCTPYKLUH OCTaeTCS HEM3BECTHOM.

OTMeYeHHBIC BHINIC HEAOCTATKA MOTYT OBITh MPAaKTUYECKH YCTPAHCHBI, €CIIH OCHOBHYIO JIONIO HCCIEIOBaHHUN
BEITIOJTHATh HA YMEHBIICHHBIX B pa3Mepax MOJICNAX OOOJOYKOBHIX KOHCTPYKIUH. Takne HCHBITAHUS IMO3BOJLIOT
MONYYUTh OTBETH Ha BOIPOCHI, CBS3aHHBIE C KOHCTPYKTUBHOW MPOYHOCTBIO W HANIC)KHOCTHIO H3JENUS, BBHISBHTH
CTETIeHb OIACHOCTH TOSBICHHUS W Pa3BUTHA TPEIIMHONOIOOHBIX Ne(pEeKTOB, ONCHUTh 3(PPEKTHBHOCTH PA3IUIHBIX
croco0O0B MOBHIIICHUS TOJITOBEYHOCTH.

He OTBEprasg pe3yjabTaTOB I/ICHI)ITaHI/If/'I, TMOJYUYCHHBIX Ha MHNPOCTBIX OJHOOCHBIX o6pa3uax U TIpHU HCHOBITAHUAX
HaTypHBIX KOHCTpykuuit B MBTVY um. baymana, JAI'TY, THUU KM «IIpomereii», aBTOpHI IpeiaraloT OCHOBHOM
06T)éM I/ICCJ'IeI[OBaHI/Iﬁ MEPEHECCTU Ha UCHBITAHUA OTACIBbHBIX JJIEMCHTOB KOHCTPYKIMH, KOTOPLIC OTpPAXKAKOT
XapaKTCpHbIC 0COOEHHOCTH €€ HarpyxeHus, TEXHOJOTHIO U3TOTOBJICHUA U YCJIOBUA SKCILUTyaTalluu.

HpI/IMeHI/ITeHLHO K 000JI0YKOBBIM H KOPIYCHBIM KOHCTPYKIUAM IIPU UCTIBITAHUAX CJICAYCT YYUTHIBATH!:

— HanpsDKEHHOE COCTOSTHHE (IBYXOCHOE C paBHBIMH JTOO HEPABHBIMUA KOMITOHEHTAMH TJIABHBIX HATIPSHKCHUH);

— XapaKTep HarpyXeHUs (CTAaTHYECKUI JTHOO TOBTOPHO-CTATUIECKUH C Pa3IMIHBIMU IIUKJIAMHU HATPYKEHHS);

— BIIMSTHUE OKPYKAIOMIEH Cpe/ibl;

— BIIMSTHUE TEMITEPATyPhI SKCILTyaTaIlHH.

Marepuanbl 1 MeToabl. B 1aHHO# paboTe M3JI0KEH OIBIT MPOEKTHPOBAHMS YCTAHOBOK ISl HCIIBITAHUS METallIa 1
CBApHBIX COEAMHEHUHN IIPU JBYXOCHOM HalPsS)KEHHOM COCTOSIHUHU.

Awuanu3, npoBeleHHBI B paborax [1-5], mokaszan, 4ro ycioBusi paboThl MeTajjla M CBApHBIX COEJAWHEHHH B
JIMCTOBBIX KOHCTPYKIUAX HanboJiee IIOJIHO BOCHPOM3BOJATCA IIPpU HCIOBITAHUHU METOAOM THAPOCTATUYECKOIO
BEITy4rBaHUs. B 3TOM cirygae oOpasery 3akperisieTcss 1100 ONHpaeTcs 1o KOHTYPY U Harpy»kaeTcsi THAPOCTaTHIECKUM
JIABJICHUEM.

HamnpspkéHHoe cocTosiHME, BO3HHMKAloOIlee B MeTamie obOpasma, 3aBUCHT OT (opmbl oOpasia, ycloBWil ero
3aKperuieHus (3alleMJIeHHe WM CBOOOJHOE OINMpaHue Ha marpuily), Gopmsl matpuusl. Ha puc. 1 mokazaHbl cxembl
Harpy>keHus! ¥ BO3HUKAIOIINE ABYXOCHBIE HANPSDKEHUST M3TH0a MIIH PACTSKEHUSL.

[Ipn Harpy>xeHUM IUAPOCTATHYECKUM JIaBJICHHEM IUIOCKOTO 00paslia, OINepToro 1Mo KOHTYPY KPYroBOTO OTBEPCTHS
MaTpHIbl, BOSHUKAET ABYXOCHBIN U3rn0, 3HAUUTENbHAs YacTh BHENIHEH BBIITYKIION MMOBEPXHOCTH 00pasiia HCIBITHIBACT
PaBHOMEPHOE pacTSDKEHHE C PaBHBIMH KOMIIOHEHTaMH HarpshKeHUi 61 = 67 (puc. 1 @). Eciam mnockuii  obpasen
HAJIS)KHO 3alleMJICH 110 KOHTYpY OTBEpCTHS MAaTpHIbl, TO Ha JBYXOCHBIM HW3rM0 HAaKJIaJbIBAeTCs JIByXOCHOE
pacTsbkeHue. B ciydae HarpyeHUs HE IUIOCKOTO oOpasna, a C(epHuecKoro CerMeHTa IpH JIOCTaTOYHO OOJIBIIOM
OTHOIIEHHUH JIMaMEeTpa OTBEPCTHUSI MATPHLIBI K TONIIMHE 00pa3ua u3ruOHas COCTaBISIONIas Majla, U MOKHO CUMTATh, YTO
LEHTpallbHAA YacTh 00pa3la MCIILITBIBAET JBYXOCHOE PACTSKEHHE C O2/01 = 1 (puc. 1 6). JIByXocHOE pacTsKeHHUe C
HEPaBHBIMH KOMIIOHEHTAMH B MpeEJeiaxX OTHOIIEHHS G2/61=1,0...0,75 MOXHO NOJNYYHTh BBITy4HBAHMEM 00pa3la IO
cxeMe, IPUBEICHHOI Ha puc. 1 6, TP NCTIOIB30BaHUH MATPHI] C AIUTHIITHYECKUMH OTBEPCTHAMH.
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Puc. 1. Cxembl HarpyxeHust 00pa3IOB JUIS MTOIYYSHHUS B HUX ABYXOCHOTO ITOJISI HAIIPSDKEHMIL:
a — HarpyeHHe II0CKOro 00pasia ¢ paBHHIMU KOMITIOHEHTaMH HaIPsHKEHHH; 6 — HarpyXeHHe chepuueckoro CerMeHTa;
6 — HarpyxeHHe o0pasia B BU€ MWINHIPHIECKON MTaHEeIN

JanpHeiliiiee yMeHbIlleHHE OTHOLICHUsI Go/G; = (0,7... 0,3) mocTraercs ¢ MOMOIIBIO CXEMbI, MMOKa3aHHON Ha
puc. 1 6, TIIe THAPOCTATUYECKUM JaBJICHHEM HarpyxaeTcsi oOpasell B BUIE MWIMHIPUUECKON MaHeH, 3alleMICHHOM
(hITaHIIEBOM YACTHIO MEXKY [MINHIPUIECKON MATPUIEH U MIHHIPHIECKHM ITyaHcoHoM [3, 4].

Jliss  IMCTOBBIX  KOHCTPYKIMH, paboTalomUX MOI JaBJICHHEM, XapaKTepHbI JBa THIA HArPYKCHHS:
OJIHOKpaTHOE (CTaTUYECKOE) U MAJIOIUKIIOBOE (TIOBTOpHO-cTaTn4eckoe). s mepBoro 1enecooOpa3Ho HCIOJIb30BATh
cxembl a 1 6 (puc. 1). HcnbiTanue 1Mo cXeMe a MpH CTaATHYECKOM HArpy:KEHHH MOKHO MPOBOIMTH KaK Ha 0Opaslax B
BUJIe IUIOCKMX JIUCTOB, TaKk W B BWJAE NPEABAPUTEIBHO C(HOPMOBAHHBIX CHEpPHUECKUX CerMeHToB [5—7].
[IpennovruTenbHee TUCTHI, IIOCKOJIBKY M3TOTOBIICHHE HX MeHee TpyAoéMKo. OOpasibl B BHJIE cheprHuecKoro cerMeHTa
MTO3BOJISFOT YMEHBIIUTH BIHSHUE KPacBoro A eKTa OT 3aKperuieHus 00pasia Mo KOHTYPY, OJHAKO MOJATOTOBKA TaKUX
00pa3roB TpedyeT IIACTUYECKOro JAehOPMUPOBAHHUSA, & STO MOXKET MPHUBECTH K M3MCHECHUIO MEXaHHYCCKUX CBOMCTB
MaTepuaia, YTo He BCeria UCIPABUMO Jaxe MOCIe Ty TepMOOOpaObOTKOM.

IIpy HCHBITAHUSX B YCJIOBHSIX MAJOIHUKIOBOIO HArPY)KEHHsI MOTYT OBITh KCIIOJB30BaHBI BCE TPU CXEMBI,
npuBeacHHbIe Ha puc. 1. OQHAKO MPEAMOYTEHHE CJCAyeT OTAATh IBYXOCHOMY HM3rMOy MO CXeMe «, TaK KaK OHa
TO3BOJISICT UCTIBITHIBATH OOJIBIINE TOJIIHHBI.

OIICHKY COINpPOTHBISIEMOCTH 3apPOKACHUIO M PA3BUTHIO DPa3pPyHICHUS IPU PACTSHKCHUH OOBIYHO MPOM3BOIIT,
UCIIONB3yst cXxeMbl 6 u 6 (puc. 1), Ha TpeaBapUTENbHO CHOPMOBAHHBIX 00pa3laX, KOTOPBIE BBIOJHEHBI B BHJIE
c(heprIecKoro CerMeHTa WK IHHAPHYECKON TaHEITH.

Oxpy:xaromiasi cpefia OCOOCHHO CHIIBHO BIIMSCT HA PE3YNITATHI JIUTEIBHBIX H IIOBTOPHO-CTATUYECKAX UCIIBITAHUH.
Bonbmioi uHTEpEC MpeAcTaBiIseT CTOWKOCTh MAaTEPUATIOB MPH MOBTOPHO-CTATHYCCKOM HATPYKCHUU B KOPPO3HOHHBIX
cpenax [8-10].

Jyis uwccnenoBaHUs TMPOLECCOB 3apOXKIACHUS M KHHCTHKH PAa3BUTHS pPa3pyHICHHUS B 3JICMEHTaX KOPITYCHBIX
koHCcTpykuuid B AT TY cosmectrno ¢ ITHUM KM «IIpomereii» paspaboraHa cepust yctanoBok: Y JM-550, V1-980,
YJI-1300. OcHOBHBIE MX XapaKTCPUCTHKH IS IBYXOCHOTO W3ruba MmpeacTaBicHbl B Tadmure 1.

JlocTOoMHCTBA TAKMX YCTAHOBOK:

— 7Sl HAaTPYXKCHUS He TPEeOYIOTCS MOIIHBIE CHIIOBO30YTUTEIIH;

— BO3MOXXHO HCITBITaHHE OOpaslOB C OTHOCHUTEIBHO PaBHOMEPHBIM paclpeleleHHEeM HAIpsDKSHHH Ha OOJBIION
MTOBEPXHOCTH;
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— UMEEeTCsl BO3MOXKHOCTh IPOBOJUTH UCHBITAHUS OTAEIBHBIX IEMEHTOB CBapHBIX KOHCTPYKIMH C MOYTH NMOJHBIM
COXpaHEHHEM TEXHOJIOTHYECKUX OCOOEHHOCTEH M XapakTepa pacHpeleNiCHNs] HANpsHKCHUH B paiioHe CBapHBIX IIBOB,

YUUTBHIBATH BIHSHUEC KOPPOIHOHHOW CPE/IbI.
Tabmuma 1

XapaKTepUCTHKN CHIOBBIX OJIOKOB YCTAHOBOK JUIS UCTIBITAHKS OCHOBHOTO METAJlIAa M CBAPHBIX COCTUHEHHUH B
YCIOBUSIX IByXOCHOTO M3Trnoa

I'eomeTpuueckue nmapaMeTpsl 00pas3IoB Ipenen Tekyuectu
MakcumainbHOe
VcraHoBKH IS UCTIBITAHUS MaTepHUaJioB
nasnenne P, MIla

JTUaMeTp, MM TOJIIIUHA, MM 0 0,2, MIla
Y1-550 550 20-40 <900 <1000
Y 111-980 980 30-60 <900 <1000
Y11-1300 1300 60-100 <900 <1000

Co3aHHBIE YCTAaHOBKH HO3BOJIIOT ONPENENATh UKIMYECKYIO IPOYHOCTh PA3IMYHBIX MaTEpHalioB Ha BO3AYXE U B
MOJTydaTh HH(POPMAIMIO O XapakTepe paspyLIeHHs IIPH pPa3INYHOM KOHCTPYKTHBHO-
COCAMHECHUH HATYpHOH TOJIIMHBI, OIEHUBaTh 3(P(PEKTUBHOCTH

KOPpO3WOHHOW cpere,
TEXHOJIOTHYECKOM  O(OPMIICHUH
UCTIONIB30BAHMS PA3TMIHBIX METO/IOB MOBBIIICHHS JOJITOBEYHOCTH.

KoHCTpyKIMST YCTAaHOBOK, NpEJHA3HAUYEHHBIX JUIi MCIBITAHUS B YCJIOBHSAX JBYXOCHOTO H3ru0a CBapHBIX
coeaMHeHUI U3 nrctoBoro Meramwia toampHaoi 20-100 MM ¢ mpenenom tekydect no 15 MIla, mokazaHna Ha puc. 2.
OHH COCTOAT U3 YETHIPEX OJIOKOB 1, B KOTOPBIX 3aKPEIUISIOTCS 00pa3iibl, MyJbTa YIPaBICHUS 2 U HACOCHBIX CTaHIHH,

CBApPHBIX

KOTOpbIE Ha PUCYHKE HE TOKa3aHbl.

A =
3800 @@ @@ /
e N At - | I
) ) [B2e==f) [ ) &
| | |
(¢ ) (e <) |(= °)
1760 1030 1760
300, 300/

Puc. 2. KoHCTpyKIust yCTaHOBOK IS UCIIBITAHMS B YCIIOBUSX IBYXOCHOTO U3rnoa:
1 — ucnbITaTeNnbHas YCTAaHOBKA; 2 — IyJIBT YIPaBICHHS

[MpuHnMnuaneHass KOHCTPYKLMS CHJIOBBIX OokoB ycraHoBok Y/IUM-550, VIUM-980, V/IU-1300 oxaunakoBa W

TMOKa3aHa Ha pucC. 3.

LRITTTTTTITIT

T L7,
L=

i

Puc. 3. CunoBoii 6110k ycraHoBOK THna Y IV Juist HCIBITaHUS CBAPHBIX COSIUHEHMH IIPU IBYXOCHOM m3rude: 1 — Marpura;
2 — TUAPONPHKUM; 3 — UCIIBITYeMbIit 00pasel; 4 — ocHOBaHME; 5 — 3alOpHOE YCTPOICTBO (CTakaH);
6 — BHyTpeHHHIT KOJIBLIEBOI! Na3; 7 — KOJIbLIEBEIE 3aIIOPHEIE CEKTOPA; 8 — 3aMUTHBII KOXKYX; 9 — THIpOJOMKpAT

e
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VYcraHOBKa CONEPXKHUT MaTpully 1 M THIPONPHXHM 2, MEXIY KOTOPBIMH pa3Melnaercs oOpasen 3 M 3amopHoe
YCTPOMCTBO 5, KOTOpOE HEMOJBIKHO 3aKPEIUVICHO Ha OCHOBaHMM 4. 3allOpHOE YCTPOWCTBO BBINOJIHEHO B BHUJE
HETIOJIBI)KHOTO TJI/IKOTO CTaKaHa ¢ BHYTPEHHUM I1a30M 6, B KOTOPOM IO BCEMY MEPUMETPY PACIIONIAraloTcs KOJIbIIEBbIC
3aropHBIe cekTopa 7 (BoceMb mIT.), nMeromue [-o06pa3Hyio (opMy B OCEBOM CEUCHHH.

VYcraHoBka paboraer cuemyromuM oOpasoM. OOpasenr3 B BHAE KPYIJIOTO [WCKAa YCTAHABIMBAIOT Ha
THAPOIIPMKNM 2, CBEpXY Ha HETO YCTAaHABIMBAIOT MaTpumy l. 3aTeM B ma3 3alOpPHOTO YCTPOMCTBA 5 3aKJIAABIBAIOT
BOCEMb CHhEMHBIX KOJIBLIEBBIX CEKTOPOB 7, IPMKUMasi UX IUIOTHO JAPYT K JPYTY Tak, 4ToObl 00eCIieYnTh MUHUMANIbHBIE
3a30pbl MEXK/Ty HUMHU.

YcTaHOBKY HaKpBIBAIOT 3alIUTHBIM KOXKyXxoM 8. [locie 3Toro BKIIIOYarOT HACOCHYIO CTAHIMIO M MOJAIOT NaBJICHHUE B
moJIOCTh A, 00pa3yeMyr0 JTHOM 3alOpHOTO YCTpoWcTBa 5 U rHaponpkumoM 2. Ilom sgelicTBHeM JaBiCHUS
THPOIIPYIKUM 2 TIepeMeliaeTcs BBEpX, NprkumaeT obpaser] 3 k Marpuie 1, a MaTpuily — K KOJBLEBBIM CEKTOpaM 7.
CexTopa ymuparoTcsi B ONOPHYIO MOBEPXHOCTH KOJBIIEBOTO Ma3a M BHYTPEHHIOIO MMOBEPXHOCTh CTaKaHa 5, MPENSITCTBYS
MIepeMEIIeHHUIO MaTpHIB! 1, TeM caMbiM ocymiecTsisiercsiO 3akpernienne oOpasia 3 B yCTaHOBKE.

3areM IOTOK >XHMIKOCTH HampaBisuicss B moiocTe b mon oOpasmom 3. Ilox neiicTBueM maBieHHst obOpaser,
OTIMPAOIIUICS Ha KPOMKY OTBEPCTHS B MaTpuile 1, mporubaercs, ¥ Ha €ro BHEIIHEH CTOPOHE BO3HHMKAIOT ABYXOCHBIC
HaNpsDKeHUS. pacTsDKeHMs. BennunHa pacTSATrMBAIOIIMX HANpPSHKCHHH Ha MOBEPXHOCTH PETYIHPYETCSl JaBICHUEM B
nojoctu b. I'mapocucremMa mo3BossieT oOecnednBaTh IMOBTOPHO-CTATUYECKOE HArpyKeHHe oOpasloB C YacTOTOW
HarpyxeHus 10 IUKIIOB B MHHYTY.

Cxema pa300pKu ¥ U3BJICUCHHs 00pa3ila MOKa3aHa B MPaBOi YacTH pucC. 3.

Ilocne okoH4YaHWS HCHBITAHUH Ha oOpaszel 3 yCTaHABIMBAIOT THIPOJOMKpPAT 9, KOTOPHIA CBOMMHM JiallaMu
ynupaeTcsa B BBICTYIIBI Ha KOJIBLHEBBIX CEKTOpaAX 7. HpI/I MOAKIIOYCHUN JOMKpaTa K T'MAPOCHUCTEME YCTAHOBKU €I0
MIOPIIEHb HAaJaBIIMBACT HA 00pa3el U MepeMenaeT ero BMECTe C THAPOTPHKUMOM 2 BHH3, B HCXOJHOE MTOJI0)KEHHE, YTO
MI03BOJISIET IIPON3BECTH Pa3d0p YCTAaHOBKH.

B mponecce ucnbiTaHns (GUKCUPYETCS KOJHMYECTBO IHMKIIOB /0 3apOXKACHHUS pa3pylIeHHs (AJIWHA TPEIIMHBI
8-12 MM), KMHETHKAa pa3BHTHA TPEIIHWH, GUKCHPYETCS W pa3pylleHue obOpasma (B JaHHOM CIydae 3TO IOTeps
TePMETHYHOCTH).

OnekTpuuecKkas W THIpPaBIMYECKas CXEMbl YCTAHOBOK MO3BOJIIIOT OCYIICCTBISTH CTaTHYECKOE JINOO TOBTOPHO-
cTaTuyeckoe HarpyxxeHue. L{MKi1 Harpy»eHus MOXKeT ObITh IYJIbCHPYIOIIUM HIIH C MOJOXKUTEIbHBIM K03 duimeHTom
acuMMeTpuH. YacToTa Harpy>keHus o0pas3mnoB perynupyercs ot 2 10 10 UKIOB B MUHYTY.

B Tex cnywasx, xorga IpeACTaBIsieT MHTEPEC JACHCTBHE KOPPO3UOHHOM cCpefbl, €€ 3aluBalOT B IOJIOCTb,
oOpazoBaHHylo oOpasuom u Marpuuei 1. s mpemoxpaHeHHs OT KOPPO3UM MaTpUIy CIIEAYeT IMOKPBITh CIIOEM
STIOKCHJHOM CMOJIBI WJIM JIAKOM JIMOO HAaKJIEHTh Ha OOpasen KOJIbIEBOH DPE3WHOBBIH OYpPTHK, NPENSTCTBYIOMINI
pacTeKaHWIO KOPPO3UOHHOM Cpebl 3a peielibl HCIBITYEMOH JacTh obpasna.

B 3aBucHMOCTH OT eI WCTBITAHUH HCIOJIB3YIOTCS 00paslbl Pa3IMYHBIX BHIOB M TUIOpa3MepoB. B kauecTe
IpuMepa HEKOTOPHIE U3 HUX TTOKa3aHbl Ha puc. 4.

a) 0) 6)

Puc. 4. O6pasiibl, HO3BOJISOIINE OLICHUBATh BIMSHUE KOPPO3HOHHOIT cpenbl (3-npouenTHsIi pactBop NaCl):

a — W3 OCHOBHOTO; 6 — JIMHEWHBIN HAaJIpe3; 6 — KOJIbLICBOH Hajpe3

Jlyisi OLICHKU COMNPOTHUBIICHUS 3apOXKICHHI0O W PAa3BUTUIO Pa3pYIICHHS OCHOBHOTO METAJUIa B IBYXOCHOM IIOJE
HATPSKCHUN TIPU OJTHOBPEMEHHOM JICHCTBUU KOPPO3UOHHOM CPEIIbI LIEIeCO00pa3HO UCIIOIh30BATh TIIaJAKHE 00pa3ibl U
¢ Hazape3oM. CpaBHUTEIBHBIE UCIIBITAHUS 3THX O0pa3loB Ha BO3ayxe U B 3-nporentHoM pactBope NaCl moxaszanmu,
YTO yKa3zaHHas Cpefia yCKOPSET MPOLECChl 3apOXKACHHs U pa3BUTHs paspylieHus. [Ipy UCbITaHHE HA BO3IyXe, Kak
MPaBUIIO, 3apOXKIACTCS U Pa3BUBACTCS OJHA TpEIIMHA. B OpPUCYTCTBHH KOPPO3HOHHOW cpeibl (3-MpOLeHTHBIN
pacteop NaCl) maxke mnpuW HamTMUMKH KOHIEHTPATOPOB HAIPSUKCHHM HAOMIONACTCS MHOTOOYArOBBIA  XapakTep
3apOKIEHHS U Pa3BUTHSA TPEILUH, YTO 3HAYMTENHLHO YCKOPSET Mpoliece paspymienus — B 2—2,5 pasa [11-13].

B pabote paccMOTpeH croco0 MOBBINICHHUS MAJIOIMKIOBON YCTalOCTH CBapHBIX COCIUHCHUUN THIIA «IITYIED —
muct». [IOBBICHTH JONTOBEYHOCTh MPEJIAracTCsl YMCHBIICHHEM HAINPSDKCHUH HA PACTSAHYTOH IMOBEPXHOCTH, TIC
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JICHCTBYeT KOPPO3HOHHAs Cpefa, IyTeM YMEHbBILICHHS CPEIHHX HampspkeHuit B coemunenuu [14, 15]. Ha puc. 5

MIPEACTABIICHO MPEATIAraéMoe CBAPHOE COCINHEHHE.
2 1

Puc. 5. Ceuenre cBApHOTO COSAMHEHHS THIIA «IUTYIEp — JUCT». 1 — mtyuep; 2 — nuct (060104Ka)

HUcnbitanue obpasia mpoBoawin Ha ycranoBke YJIM-550 B 3-mponentaom pactBope NaCl mpu HOMUHAIBHBIX
HanpspkeHusx 850 MIla. Pe3ynbrarhl McHbITaHUM MOKa3ald, YTO KOJWYECTBO LIMKIIOB IO 3apOKICHUS pa3pyLICHHs
YBEIMUYWIOCH B J[Ba pasa, MPHUYEM TPEUIMHBI MOSBIINCHE Ha OCHOBHOM Metaiuie. ©oTo MakpomumgpoB pe3yabTaToB

HCTIBITAaHUN MpeACTaBJICHBI HA pHC. 6.

a) 0)
Puc. 6. Pe3ynbTaThl HCIIBITAHMH CBaPHBIX COSANHEHHH IITYIEP — JIUCT» B KOPPO3HOHHOH Cpesie: @ — MTYIEPHOE COSANHEHHE C
CHMMETPUYHBIMH IBAMH; 6 — INTYLEPHOE COSAUHEHNE C MOKPETIIIONNM IIIBOM Ha CKAaThIX BOJOKHAX (oTO aBTOPOB)

AHanu3 HCTUBITAaHUS 06pa3u013 IMO3BOJIICT YCTAHOBUTH, HYTO JOJTOBEYHOCTH MITYLUCPHOTO COCAWHEHUA,
H3roTOBJICHHOTO IIpE€ajiara€MbIM CHOC06OM, OKa3bIBacTCs OOJIbIIIE. KpOMe TOTO, 3a CYCT MOAKPCIUIAOIIECTO BIIMAHUA

MeTajula IIBa CO CTOPOHBI, TPOTHBOIOJOXHON IEHCTBHIO KOPPO3MOHHOW CpeIbl, YMEHBIIAETCS BEITUYMHA
YBEITMIUBACTCS

http://vestnik-donstu.ru

MaKCHMallbHBIX PpAacCTATHBAIOIINX HANPSOKEHMH B HamOoliee OMAcHOW 30HE, CIENOBaTEIbHO,
CONPOTHBIICHHE 3aPOXKICHUIO U Pa3BUTHUIO paspyuieHus [16].

PesyabraTrel  unccnegoBaHusi. lcronb3yss ONBIT NPOEKTUPOBAHMSA  OTHACNIBHBIX  YCTAaHOBOK U Y3JIOB,
NIpeiHa3HAYCHHBIX JUISl MCIIBITAHUSI CBAPHBIX COCIUHEHHH B YCIOBHUSX ABYXOCHOro m3ru6a, ydensie AI'TY u IHTHUU
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KM «IIpomereit» pa3paboTaiu CEpU0 YCTAHOBOK, MPEIHA3HAUCHHBIX IS HCIBITAHKS B YCIOBHSAX JABYXOCHOTO M3rnba
CBAapHBIX COCMHEHUIA M3 JINCTOBOTO MeTama tommuHoi 20—-100 MM ¢ mpemenom Tekydectr mo 15 MIla [17].

O0cy:xaeHne 1 3aKJII0YECHHS

1. Pa3paboTanbsl 060pyIoBaHHE ¥ METOIWMKA WCIBITAHUN CBAPHBIX COCTWHECHHUN THIIA «IITYIEP — JHCT», KOTOPHIC
paboTaloT TpPH JABYXOCHOM OCECHMMETPUYHOM M3rHOe B KOPPO3HOHHOHM cpeme. OTO TO3BONAET OICHHUBATH
COTIPOTHBIICHUE 3apOKICHUIO U Pa3BUTHIO pa3pymieHus. bombmme pasMepsl oOpa3loB W COXpaHCHHE TEXHOJIOTHH
CBapKH MPHUOJIMKAIOT PE3YIIbTATHI TaHHBIX UCTIBITAHUHN K OI[CHKE HECYIIeH CIIOCOOHOCTH HATYPHBIX KOHCTPYKIIHH.

2. JIns OUEHKHU IIeTIeCOO0Pa3HOCTH MPUMCHCHHS HOBBIX TEXHOJIOTHYCCKUX WM KOHCTPYKTHBHBIX PEIICHHN
HEO0XOIUMBI UCTILITAHUS 00PA3I[0B HATYPHOH TOJIIUHEI.

3. Paspyiienue CBapHBIX COCIMHEHUH, BBIOJHCHHBIX IO CCPUIHBIM (3aBOJCKAM) TEXHOJOTHSAM, HAUYUHACTCS
OJIHOBPEMCHHO Ha HECKOJIbKHX Yy4YacTKax BJOJb JIMHUM CIUIABJICHHS, IJIC UMECTCS COYCTAaHHE HEOJIArompUsTHBIX
(akTopoB. I 1aBHYIO poJb UTPaAIOT (PaKTOPHI MECTHOTO TIOBBIMICHHUS HATIPSHKEHUH, OCTaTOYHBIE CBAPOYHBIC HATIPSIKCHUS
Y HaJIM4YUE KOPPO3HUOHHOM Cpebl.

4. C 1enpio TOBBHIIICHAS ONTOBEYHOCTH MPEINIOKEHBI KOHCTPYKIIMHA CBAPHBIX COCOUHEHHH ¢ HECHMMETPHUYHBIM
pAacoOJIOKEHUEM ILIBOB OTHOCHTENBHO IUIOCKOCTH JIMCTA, KOTOpPBIE MMEIOT CO CTOPOHBI JNEHCTBHS PaCTITHMBAIOIIMX
HaNpsLKEHUH U KOPPO3UOHHOM Cpe/ibl KaTeT 1B MEHBIIIE, YEM € IPOTUBOIMOIOKHOM.

5. YcTaHOBKY M MEeTOIMKA UCTIBITaHKH BHeIpeHbl B Kuraiickoit Haponnoii Pecriyoinike u B Peciyonuke Muans.
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Abstract

Introduction. Determining the tumor (nodule) characteristics in terms of the shape, location, and type is an essential
step after nodule detection in medical images for selecting the appropriate clinical intervention by radiologists.
Computer-aided detection (CAD) systems efficiently succeeded in the nodule detection by 2D processing of computed
tomography (CT)-scan lung images; however, the nodule (tumor) description in more detail is still a big challenge that
faces these systems.

Materials and Methods. In this paper, the 3D clustering is carried out on volumetric CT-scan images containing the
nodule and its structures to describe the nodule progress through the consecutive slices of the lung in CT images.
Results. This paper combines algorithms to cluster and define nodule’s features in 3D visualization. Applying some 3D
functions to the objects, clustered using the K-means technique of CT lung images, provides a 3D visual exploration of
the nodule shape and location. This study mainly focuses on clustering in 3D to discover complex information for a
case missed in the radiologist’s report. In addition, the 3D-Density-based spatial clustering of applications with noise
(DBSCAN) method and another 3D application (plotly) have been applied to evaluate the proposed system in this work.
The proposed method has discovered a complicated case in data and automatically provides information about the
nodule types (spherical, juxta-pleural, and pleural-tail). The algorithm is validated on the standard data consisting of the
lung computed tomography scans with nodules greater and less than 3mm in size.

Discussion and Conclusions. Based on the proposed model, it is possible to cluster lung nodules in volumetric CT scan
and determine a set of characteristics such as the shape, location and type.

Keywords: automated 3D Clustering, CT lung images, describing the nodule characteristics.
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paanonoroB. CHCTEMBI KOMITBIOTEpHOTO OOHapykeHUs 3()(eKTHBHO BBIBISIIOT Y31IbI ¢ momomuibio 2D-00paboTku
n3o0pakeHuii kommerotepHoit ToMorpadun (KT) nmerkux. Omgnako 6onee moapoOHOE OmHCaHue y3ia (OIMyXOJH) MO-
MpeXXHEMY IIPEACTABISIET COO0 OOIBIIYIO TPOOIIEMY.

Mamepuanst u memoodst. B paMkax naHHoil paboThl TpexMmepHas KilacTepH3alys BBITONHsIack Ha o0beMHbIX KT
N300paKEHHSIX, KOTOPHIE JAIOT IpPEACTaBlieHHe 00 y3Jie M €ro CTPyKType. DTH MaTepHajbl HCIOJIB30BAJINCh JUIS
OMMCaHMS Pa3BUTHSA y3J1a 0 MOCIEI0BaTEIbHBIM Cpe3aM JIETKOro.

Peszynomamut uccneoosanuii. O6beIMHEHB! aNTOPUTMBI KJIACTEPU3AIMN U ONIPEACTICHUS XapaKTEPUCTHK y3710B B 3D-
Bu3yanu3anuu. Hexoropsle TpexmepHble (yHKINH NPUMEHIIN K 00BEKTaM, CTPYIITHPOBAHHBIM MeTogoM K-cpemHux
KT wmo0Opaxenuit nerkmx. Takoii moaxox obecreunBaeT BH3yaIbHOE W3YUYCHHE TPEXMEPHOW QOpPMBI ¢
MECTOIONIOKEHNS Yy371a. JlaHHOE WCCIIEIOBAHME B OCHOBHOM COCPENOTOYCHO Ha Kiacrtepusammu B 3D ¢ 1mensro
MIONTYYCHHS CIOKHOW MH(pOpPMAINH, IPOMYIIEHHOH B OTYEeTe peHTreHosora. Kpome Toro, s omeHKH mpemyiaracMoin
cucteMbl B pabore npuMeHW I 3D IUIOTHOCTHBIM anropuT™M KJIacTepH3alul MPOCTPAHCTBEHHBIX JIAHHBIX C
MPUCYTCTBUEM HIyMa U eme ogHo 3D npuioxxenne — rpaduk. [IpennaraeMelii MeTosr 0OHAPYKUI CIOXKHBIN Cllydaid U
ABTOMATHYECKU INPEJOCTaBWI HH(OpMALUIO O TUNAX Y3JI0B (IIAPOBUAHBIN, IOKCTAIUIEBPAIBHBIA M IUIEBPAJIbHO-
XBOCTOBO#1). AJTOPUTM NPOBEPEH HAa CTAHIAPTHBIX JaHHBIX, COCTOSBLIIMX M3 CKaHOB KOMIBIOTEPHOH ToMmorpaduu
JIETKHX C y3JIaMH pa3MepoM Oosiee 1 MeHee 3 MM.

Oécyacoenue u 3axkniouenus. Ha ocCHOBE NMPEIyIOKEHHON MOIEIIN MOKHO KJIACTEPU30BATh Y3JIbI JIETKHUX NPH 00BEMHON
KT u onpenenats HabOp TaKUX XapaKTEPHUCTHK, Kak (popMa, PacIoIOKEHUE U THIIL.

KiroueBbie ciioBa: ABTOMATU3UPOBAHHAs 3D-Knacrep1/13au1/m, KT JICTKUX, OMMUCAHUC XAPAKTCPUCTHUK Y3JIOB.
Bnaronapﬂocnl. ABTOpBI BBIPAXKAIOT 6J'IaFO,HapHOCTL PCOCH3CHTAM 34 UX MPEAJIOKCHUA M0 YITYHIICHUIO CTATbU.

Joas uurtupoBanus. Amera Al-Funjan. Describing Pulmonary Nodules Using 3D Clustering / Amera Al-Funjan, Farid
Meziane, Rob Aspin // Advanced Engineering Research. — 2022. — Vol.22, no. 3. — P. 261-271.
https://doi.org/10.23947/2687-1653-2022-22-3-261-271

Introduction. Lung cancer is a leading cause of death worldwide among both men and women, with an impressive
rate for nearly 10 million deaths in 2021. Around one-third of deaths from cancer are to smoking and second-hand
smoke. Many cancers can be cured if detected early and treated effectively (1).

Computed Tomography (CT) is one of the most commonly medical imaging techniques used in the screening of
lungs by generating three-dimensional imaging modalities and shows the lesions that cannot be visualized by
conventional chest X-ray. CT technology is used widely by clinicians to detect, analyze, and diagnose numerous
asymptomatic disease lung diseases such as pulmonary nodules and lung cancers, that cannot be detected by other
medical imaging technologies. Where, early detection of these diseases is an important of health promotion and chronic
disease prevention. However, it is noted that a big challenge associated to radiologists is the analysis of huge amount of
data generated by CT technology. Therefore, computer-aided diagnostic (CAD) is needed to provide a computerized
diagnosis to assist clinicians for detection and interpretation of CT lung scans (2, 3). Segmentation and clustering are
tasks that manipulate the medical image to extract significate information and reduce the search area of the region of
interest in image components. Where, using clustering on volumetric scan of CT can provide more details about nodule
shapes, characteristics, and their types which are suspected be missed by radiologists during the diagnosis. Additionally,
it provides a precise description of lung’s tissues with low-intensity (4, 5). The outcomes of 3D clustering can improve
the precision in diagnosis of lung by identifying the nodule structures in the different levels, and the number of
nodules (6, 7). This study aims to improve the accuracy of three- dimensional clustering of lung’s nodules by using
volumetric CT scans of lung. Where, the three-dimensional clustering efficiently can be used to observe the current
nodule’s progress which serves significantly the early diagnosis of lung. Furthermore, the precise details that can be
extracted from the three-dimensional clustering offers a high potential to detect nodules and lesions with less
than 3 mm.

Many studies focused on the possibility of developing a computer-aided system for diagnosing, detecting, and
segmenting lung lesions in CT scans of lung (8). However, without using volumetric CT scans of lungs, the accurate
identification and characterization of small pulmonary nodules have not been defined in the studies. Where,
implementing quantitative analysis of CT scans of lungs face an obstacle due to inter-scan image intensity variations
and irregular shapes of lung lesions. A major difficulty is encountered during clustering of lung’s lesions because of the
complex characteristics of lung’s lesions and overlapping in intensity distributions in such cases. Additionally, some
parts of lung’s lesions may not be distinguished correctly because of the image resolution and the complexity of
diagnosing lung’s lesions in a visual examination. Therefore, a multi-dimensional CT scan is required to determine type
and volume of lesions.
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Javaid, Javid (9) proposed an automated method for segmenting and recognizing the pulmonary nodules into juxta-
vascular or juxta-pleural. Where, thresholding and k-means were combined to segment lung and detect the pulmonary
nodules respectively. Then, the pulmonary nodules were classified into sex groups according to percentage of
connectivity with lung walls and thickness. Fetita, Preteux (10) developed a method for discriminating lung’s nodules
from other dense structures by using volumetric space of the thorax. Where, the achieved false positive rate was 8.5 per
exam. Fetita, Preteux (10) applied a three-dimensional active contour method to segment 96 lung’s nodules, then the
texture features were extracted and classified into classes by a linear discriminant analysis (LDA). Ozekes and
Osman (11) suggested a CAD system based on volumetric CT scans of lung to detect lung’s nodules which have
diameters (3.5-7.3) mm. In this study, four classifiers were used to evaluated the suggested system.

Furthermore, El-Baz, Elnakib (12) exploited the efficacy of genetic algorithm (GA) to isolate nodules, arteries,
veins, bronchi and bronchioles from the surrounding anatomical structures based on volumetric and two-dimensional
CT lung scans. It was proved that the lung nodules were recognized precisely when using volumetric CT scans. In this
study, it was noted that the false positive rate was reduced significantly when utilizing volumetric CT scan of lung
compared to two-dimensional CT scan. The achieved sensitivity and false positive rates were 82.3 % and 9.2 %
respectively.

In this study, we proposed a new system to describe automatically lung’s lesions in volumetric CT scans, as well as,
determining the nodule numbers, type location, shape, progress of lesion. The main contribution of this study is to
discriminant the complicated lung’s nodules that have non seen through the clinical routine. A successful system can
improve the accuracy of the diagnosis process. The following research objectives focus on how the above aim will be
achieved:

— to extract the most distinct characteristics of the lung’s nodule to that helps to determine treatment decisions and
predict expected outcomes;

— to detect the complicated lesions cases that cannot be identified with certainty by radiologists;

— constructing an efficient CAD system that can determine precisely lung’s nodules number and types.

The rest of this paper is organized as follows. In Section 2, material and method will be described and the
conclusion will be discussed in Section 3.

Materials and Methods. The core-aim of the present study was to build an automated algorithm of clustering
nodules from CT lung scans in an axial plane. The proposed algorithm is divided into three stages as shown in Fig. 1.
First, the CT lung scan undergoes an enhancing process and separating of lung from background in the pre-processing
stage. Then, the CT lung scan is clustered in 2D and 3D for detecting the vessel and nodules from normal tissue in the
post-processing stage, as well as reducing the area region about nodules in 2D clustering while describes the nodule
shape in 3D clustering. The results of 3D clustering are evaluated using two ways (3D-DBSCAN method and Plot.ly
application). The evaluation stage confirms the outcomes precision of previous stage (post-processing) in detecting the
number and shape of nodules that founded in the complex case, which is recorded in radiologist’s report.
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Fig. 1. The Proposed Model of Lung CT scan Clustering

Data Collection This study included 85 lung CT scans with pulmonary nodules, were downloaded from the TCIA
(Cancer Imaging Archive) website (13). The provided data was annotated and screened by four radiologists to
determine and extract the diagnostic details of lung’s nodules such as number, size, location, volume, diameter, type of
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lung’s nodules. In addition to slice number of the pathological lung. Figure 2, shows samples of CT lung scans form the
provided dataset in axial viewing.

Fig. 2. Lung CT slices in the axial view: a — healthy CT lung scan; b — pathological CT lung scan

Pre-processing of Lung CT Scan. To reconstruct the CT images, a million of independent detectors are used to
collect the x-ray signals. Subsequently, the CT artifacts may be occurred during the reconstruction process. Where,
these artifacts cause intensity variations across consecutive re-constructed CT scan slices. Therefore, the lung CT scans
are pre-processed by implementing a set of algorithms such as image enhancement by gaussian filter, intensity
normalization by histogram normalization method, lung extraction by thresholding (1, 14) as shown in Fig. 3.

=
=

Fig. 3. Lung boundary identification samples: a — Original CT image; b — Preprocessed CT image

Three-dimensional Clustering. In this step includes implementation of a set of image pre-processing methods to
prepare the CT scans of lung more appropriate for implementing the K-mean clustering method. Where, reduction of
parenchyma tissue was achieved by isolating the intensity values that represents the vessels and nodules together. Then,
vessels and lung’s nodules were separated by implementing the K-mean clustering method on each CT image
separately. It is an efficient and non-supervised technique that allows the cluster center to shift and fit the ROl (15-17).
Subsequently, any hole appearing in the clustered CT scan of lung is removed by implementing a set of morphological
operations (1). Then, the clustered CT images of each patient were stacked into single a volumetric CT scan and
underwent the 3D graphics functions later.

Finally, a three-dimensional volume reconstruction from cross-sectional CT scans is determined by using isosurface
function which was provided by MATLAB and used to measure the geometric computations of clustered data, and
improved volumetric visualization of objects. Where, pixel coordination (X,y,z) and intensity values of pixel of each
cross-sectional clustered scan was given as input to the function. Moreover, isocaps and isonormal functions were used
to enhance produced the three-dimensional representation of the lung’s nodules and vessels. Consequently, the three-
dimensional clustering stage detects nodules, shape, type, and progress and finds out the unseen lesions in the CT scan
of lung. The suggested algorithm was applied to cluster nodules and vessels in volumetric CT scan of lung.

First step was the threshold, where each value of the intensity in the volumetric CT scans by a specific value to

extract correctly the lung’s nodules from the CT scan of lungs by using Eq. 1.
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1 ifPC,y)>T
G(x,y) = 1
(x,7) { 0 Otherwise 1)

Where, P(x,y) indicates the intensity values representing the nodules and vessels which are greater than the
threshold value which is set experimentally.

The second step used K-means clustering on each CT lung images individually to eliminate any undesirable holes
that occurred in the clustering process. The output of clustering process was labelling pixels of CT images into two
main clusters (nodules and vessels). K-means clustering implemented by using the following steps.

1. Initialize k to specify cluster center, C=cy, c,,..c.

2. Determining the distance between CT lung image’s pixels and the cluster centers by using Eq. 2:

SZZ?L1 ?=1||xi—Cj||2 (2)
where, x; is an intensity pixel associated with m and n coordinates.

3. Assigning the CT lung’s pixel with minimum distance to the nearest cluster’s center.

4. Updating the cluster centers according to Equation (3):
1 «Nijj
G = N—MZFi Xij @)

where, ¢; and N; ; indicate the ithcluster center, and all pixels of the i" cluster respectively. While, x; ; signifies all
pixels of it" cluster center.

5. Repeating steps 2 to 4 until minimizing the objective function S to the lowest value.
Finally, implemented a three-dimensional function on the labelled clusters of CT images to generate the volumetric
data. Where, the volumetric data was plotted according to a set of calculations. The following procedure was used to
combine the labeled clusters and produce lung’s nodule’s shape and type (18). Algorithm 1 shows the pseudo-code for

the generating of volumetric lung’s nodule steps.

Algorithm 1: Pseudo-code for generating of volumetric lung’s nodule.

Input: Clustered image (x.y.z).
Output: Output volumetric figure (1,),k).
Begin
Apply Isosurface function to present a volume visualization.
Apply Isocaps function to adjust colors of faces of the produced volumetric lung’s nodules.
Apply Azimuth and Elevation functions te create axes in three-dimensional view.
Apply Isonormals to determine the normal vertices and create a surface shadow through
vertices gradient.

Results. The plotted three-dimensional space of lung’s nodules enhanced visualization of nodules and vessels and
provided more descriptions on the lung’s nodules than what extracted by two-dimensional space. Where, the former
provides more details regarding shape and locations of lung’s nodules. Figure 4, shows an example of pathological lung
that has two nodules with a red referral that are appear between slices no. 60 and 64. After implementing the three-
dimensional clustering, a thin tissue between lung’s nodules that is invisible by two-dimensional clustering, becomes
visible to the radiologists. Furthermore, it extends through CT slices no. 61 to 63. Therefore, by depending on the two-
dimensional clustering leads to make the inspection process by the radiologist prone to error and may diagnose one
lung’s nodule as two separated nodules.

Moreover, the proposed system provides more details about the lung’s nodule type. Where, each lung’s nodule was
classified into juxta-vascular and juxta-pleural nodules. Figure 5, reveals how an early lung’s nodule was detected and
notified and this will help the clinicians to improve patient survival rates. Figure 6 shows how the lung’s nodules are
connected through their center pixels.
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c) d)
e) f)
Fig. 4. Original CT Lung scan between Slice 60 and 64 with a Red arrow to indicate Two Attached Nodules: a — Candidate Nodule
in the 60th slice; b, ¢, d — lung Nodules through slices 61, 62, 63; e — Nodule in slice 64; f — Normal slice after slice 65

Nodule in
¥ 60 slice

¥ ™ Nodule in %
64 stice

' »
— e

Fig. 5. Three-dimensional Clustering of CT lungs Attached Nodules in 60th and 64th Slices
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Fig. 6. Three-dimensional Clustering of two lung nodules that are located in different slices

Although the three-dimensional graphic is evaluated visually, it is essential to evaluate quantitively the quality of the
achieved results. The Density-based spatial clustering of applications with noise (DBSCAN) method and 3D plot.ly
application were used to evaluate the performance of the proposed three-dimensional clustering method (19, 20).

The DBSCAN method is one of the most popular and standard clustering techniques (21-23). It was used to set of
nearby pixels are grouped to gather into a single cluster, and isolate the outlier pixels in a low-density area. The
clustering process of this method depends on two key parameters (Epsilon and MinPts) that deal with core point in the
volumetric space. Where, Epsilon is the distance that specifies the neighborhoods. Two points are considered to be
neighbors if the distance between them is less than or equal to eps. While, MinPts represents minimum number of data
points to define a cluster. Then, a point is considered as a core point if there are at least MinPts number of points
(including the point itself) in its surrounding area with radius eps.

DBSCAN method was modified to cluster the volumetric CT lung scans to compare its output with the proposed
system in this study by comparing the cluster’s centers that were achieved by both methods. Where, DBSCAN inspects
and connects all objects to the core pixels based on eps and MinPts measures. Synchronously, all the points that do not
represent core points are ignored. Many advantages are achieved by using this method, first, no need to initialize cluster
numbers like k-means cluster method. Secondly, random shaped clusters are discovered easily. Finally, if the data is
fully understood, it is easily to specify the MinPts and ets parameters.

Fig. 7 shows how the lung’s nodules were linked through CT slices. Where, the 3D-DBSCAN method evaluated the
connection between attached nodules compare with the clustered lung’s nodules of the proposed system in this study. It
is noted that the center’s pixels were approximately matched as shown in Fig. 8. Fig. 9, shows how the lung’s nodules
were linked and spread by a thin line between CT slices no. 60" and 64™.

DBSCAN Clustering (s =5.691, MinPls=65) E'IOiSte 41
uster
Cluster #2
Cluster #3
Cluster #4
¢ Cluster #5
60 % Cluster #6
50 c
40
30 | ) n’
20 d
10 Y
o’dbd)“ \
N 0
£/} 3 -51\)
2, Y ‘ \ ‘2%0 200
\)’00 \ . 0 160
<%, oo ¥
<5 S 200

w W

Fig. 7. 3D-DBSCAN clustering Method, yellow cluster refers to Linked Nodules,
and other colors refer to the Remaining Nodules of the Same Patient
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Fig. 8. 3D-DBSCAN clustering Method, yellow cluster refers to the Linked Nodules, Centers Pixels were recognized
by Radiologist, and other colors refer to the Remaining Nodules
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Fig. 9. DBSCAN Method Just Clusters the Linked Nodules and Proves One Nodule

Another 3D application was utilized in this study to evaluate the proposed system. It is named plot.ly application.
This application used colored bubbles to locate pixels within the candidate nodule and its structures in different slices,
as shown in Fig. 10 and Fig. 11. It was initialized by the coordinates of lung’s nodules centers and it extended
consecutively through similar structures in neighbor CT slices. Moreover, it was essentially to initialize pixel size and
pixel spacing of CT scan, which are determined by Eq. 4 and Eq. 5.

. . e e _ ((Field of view(FOV)) 2 __ (360mm 2 _ 2
Pixel spacing(x — size, y — size) —( (Matix Size) ) —( 12 ) =0.703 (@)
voxel size = pixel spacing(x — size) X pixel spacing(y — size) X thickness = 0.703 x 0.703 x 2.5 = 1.235 (5)

Where x and y indicate the distance from the center of one pixel to the center of an adjacent pixel in the X and Y
axes respectively. It is determined by squared ratio of the CT image field of view to the image array size (512x512).
The image parameters of the provided dataset; pixel spacing, thickness, and voxel size were (0.703/0.703), 2.5 and
1.235 respectively. Fig. 12, shows the centered pixels of lung’s nodules were labeled with two colors: red and green that
represented actual center that was recognized by radiologist and the determined center by the proposed system. The
black and blue colors show the overlapped area between clusters in different slices, and the remaining pixels of the
cluster areas respectively. Generally, the plotted volumetric lung’s nodules by the Polt.ly application and 3D-DBSCAN
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methods proved the efficacy of the suggested system in this study. Where, all used methods described accurately the
connected regions between linked nodules in CT lung scans.
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Fig. 10. Three-dimensional Plot of lung’s Nodules was distributed on Different Levels from Slice 60 to 64
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Fig. 11. Three-dimensional Plot of lung’s nodule of the same case in Fig.10 but from different view, Black Bubbles Represent the
Overlapping between Nodules to Show the Connected Regions

370
360
350

I/IH(I)OpMaTI/IKa, BBIYUCIIUTEIbHAA TCXHUKA U YIIPABJIICHUEC

220 % 330

Fig. 12. The Overlapping between Centre Pixels of Clustered and Actual Nodule in the 60 Slice with
Two Colors Red and Green Respectively 269
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Discussion and Conclusions. The main objective of this paper was to build and implement a fully automated
algorithm to describe the pulmonary nodules in CT lung images regarding shape and location matching the radiologist’s
report. The proposed method could cluster the nodules and showed their shape, location, type, and progress within the
lung organ. The final algorithm outcomes and case study were evaluated by other 3D clustering methods emphasizing
the accurate research results. This work is performed within several stages, with different methods are used for this
purpose. Firstly, threshold and K-means clustering segment the nodules and vessels of CT lung images as objects with
high intensity in 2D images. With 3D function, the 2D clustered images are stacked to display the nodule progress in
3D view. The algorithm results were validated by matching the center pixels of detected nodules by 3D Clustering and
actual nodules reported by radiologists. In addition, the study identified a complicated case in the data, which is
suspected the radiologists may miss because it was invisible. In this case, the algorithm proves and shows an attachment
between two nodules making the nodules as one nodule against the radiologist’s report. The evaluation stage has been
done by applying the 3D-DBSCAN and 3D application methods, which confirm the proposed method results precision
for this work. The Clustering of 3D-DBSCAN demonstrates the number and location of nodules and reflects the nodule
shape as far as to describe the type of nodule. Also, determining this case confirms the work abilities in the early
detection of nodules, which provides a chance for recovery patient. Our algorithm has a promising result on the
standard data of CT scan images in detecting the number and location of nodules, which correspond to radiologist
report, and automatically providing nodule shape and type.

References

1. Hasan AM, AL-Jawad MM, Jalab HA, et al. Classification of Covid-19 Coronavirus, Pneumonia and Healthy
Lungs in CT Scans Using Q-Deformed Entropy and Deep Learning Features. Entropy. 2020;22:517.

2. Magdy E, Zayed N, Fakhr M. Automatic Classification of Normal and Cancer Lung CT Images Using
Multiscale AM-FM Features. International Journal of Biomedical Imaging. 2015;2015.
http://dx.doi.org/10.1155/2015/230830

3. Hasan AM, Meziane F, Jalab HA (eds). Performance of Grey Level Statistic Features versus Gabor Wavelet for
Screening MRI Brain Tumors: A Comparative Study. International Conference on Information Communication and
Management (ICICM); 2016; UK: IEEE.

4. El-Bana S, Al-Kabbany A, Sharkas M. A Two-Stage Framework for Automated Malignant Pulmonary Nodule
Detection in CT Scans. Diagnostics. 2020;10:131. http://dx.doi.org/10.3390/diagnostics10030131

5. Valente IRS, Cortez PC, Neto EC, et al. Automatic 3D Pulmonary Nodule Detection in CT Images: A Survey.
Computer Methods and Programs in Biomedicine. 2016;124:91-107. https://doi.org/10.1016/j.cmpb.2015.10.006

6. Lederlin M, Revel M-P, Khalil A, et al. Management Strategy of Pulmonary Nodule in 2013. Diagnostic and
Interventional Imaging. 2013;94:1081-1094. https://doi.org/10.1016/}.diii.2013.05.007

7. Netto SMB, Silva AC, Nunes RA, et al. Automatic Segmentation of Lung Nodules with Growing Neural Gas
and Support Vector Machine. Computers in Biology and Medicine. 2012;42:1110-1021. https://doi.org/10.1016/j.
compbiomed.2012.09.003

8. Ma Z, Tavares JIMR, Jorge RN (eds). A Review on the Current Segmentation Algorithms for Medical Images.
Proceedings of the 1st International Conference on Imaging Theory and Applications (IMAGAPP); 2009.

9. Javaid M, Javid M, Rehman MZU, et al. A Novel Approach to CAD System for the Detection of Lung Nodules
in CT Images. Computer ~ Methods  and Programs  in Biomedicine. 2016;135:125-139.
https://doi.org/10.1016/j.cmpb.2016.07.031

10. Fetita ClI, Preteux F, Beigelman-Aubry C, et al. (eds). 3D Automated Lung Nodule Segmentation in HRCT.
International Conference on Medical Image Computing and Computer-Assisted Intervention; 2003: Springer.

11.Ozekes S, Osman O. Computerized Lung Nodule Detection Using 3D Feature Extraction and Learning Based
Algorithms. Journal of Medical Systems. 2010;34:185-194. https://doi.org/10.1007/s10916-008-9230-0

12.El-Baz A, Elnakib A, EI-Ghar A, et al. Automatic Detection of 2D and 3D Lung Nodules in Chest Spiral CT
Scans. International Journal of Biomedical Imaging. 2013;2013:517632. https://doi.org/10.1155/2013/517632

13.Bloch BN, Jain A, Jaffe CC. Data From BREAST-DIAGNOSIS. In: Archive TCI, ed.
http://doi.org/10.7937/K9/TCIA.2015.SDNRQXXR2015

14.Hamid A Jalab, Rabha W lIbrahim, Ali M Hasan, et al. Medical Image Enhancement Based on Statistical
Distributions in Fractional Calculus. IEEE Computing Conference 18-20 July 2017. United Kingdom, London; 2017.

15. Peter VJ, Karnan M. Medical Image Analysis Using Unsupervised and Supervised Classification Techniques.
International Journal of Innovative Technology and Exploring Engineering. 2013;3:40-45.

16. Rajaraman A, Ullman JD. Mining of Massive Datasets. Cambridge University Press; 2011.

17. Celebi ME, Kingravi HA, Vela PA. A Comparative Study of Efficient Initialization Methods for the K-Means
Clustering Algorithm. Expert Systems with Applications. 2013;40:200-210. https://doi.org/10.1016/j.eswa.2012.07.021

18. Smith ST. MATLAB: Advanced GUI Development. Dog Ear Publishing; 2006.



http://dx.doi.org/10.1155/2015/230830
http://dx.doi.org/10.3390/diagnostics10030131
https://doi.org/10.1016/j.cmpb.2015.10.006
https://doi.org/10.1016/j.diii.2013.05.007
http://dx.doi.org/10.1016/j.cmpb.2016.07.031
http://dx.doi.org/10.1007/s10916-008-9230-0
https://doi.org/10.1155/2013/517632
http://doi.org/10.7937/K9/TCIA.2015.SDNRQXXR2015
https://doi.org/10.1016/j.eswa.2012.07.021

Amera Al-Funjan u dp. Onucanue nezounsix y3/106 ¢ UCNONb306AHUEM MPEXMEPHOU KACMepU3AUUU

19. Bankman I. Handbook of Medical Image Processing and Analysis. Elsevier; 2008.

20. Papademetris X, Joshi A. An Introduction to Programming for Medical Image Analysis with the Visualization
Toolkit. Yale University. 2006;283.

21. Sander J, Ester M, Kriegel H-P, et al. Density-Based Clustering in Spatial Databases: The Algorithm GDBSCAN
and Its Applications. Data Mining and Knowledge Discovery. 1998;2:169-194.

22.Kriegel HP, Kroger P, Sander J, et al. Density-Based Clustering. Wiley Interdisciplinary Reviews: Data Mining
and Knowledge Discovery. 2011;1(3):231-240. https://doi.org/10.1002/widm.1343

23. Schubert E, Sander J, Ester M, et al. DBSCAN Revisited, Revisited: Why and How You Should (Still) Use
DBSCAN. ACM Transactions on Database Systems (TODS). 2017;42(3):1-21. https://doi.org/10.1145/3068335

Received 08.08.2022
Revised 28.08.2022
Accepted 06.09.2022

About the Authors:
Al-Funjan, Amera, Lecturer in Mathematics Department, College of Pure Sciences, Babylon University (PO Box 4
Hilla City, Babylon, 51001, Iraq). Ph.D, ResearcherlD, ORCID, amera.alfunjan@uobabylon.edu.iqg

Meziane, Farid, College of Science and Engineering, School of Computing and Engineering, University of Derby
(DE22 1GB, Derby, UK), Ph.D, ScopusID, ORCID, f.meziane@derby.ac.uk

Aspin, Rob, Deputy Head, Manchester Metropolitan University, (M15 6BH, Manchester, UK), Ph.D, ScopusID,
ORCID, R.Aspin@mmu.ac.uk

Claimed contributorship:
A. Al-Funjan: conception, design and drafting the manuscript and acquisition of data and analysis. F. Meziane:
interpretation, revision and proofreading. R. Aspin: formal analysis.

Conflict of interest statement
The authors do not have any conflict of interest.

All authors have read and approved the final manuscript.

WNudopmarrka, BEIMUCTUTENbHAS TEXHUKA U YIIPABICHHE

271


https://doi.org/10.1002/widm.1343
https://doi.org/10.1145/3068335
https://publons.com/researcher/1712871/amera-al-funjan/
https://orcid.org/0000-0002-6889-6670
mailto:amera.alfunjan@uobabylon.edu.iq
https://www.scopus.com/authid/detail.uri?authorId=7003554136
https://orcid.org/0000-0001-9811-6914
mailto:f.meziane@derby.ac.uk
https://www.scopus.com/authid/detail.uri?authorId=11939447400
https://orcid.org/0000-0002-2202-1326
mailto:R.Aspin@mmu.ac.uk

http://vestnik-donstu.ru

272

Advanced Engineering Research 2022. T. 22, Ne 3. C. 272—284. ISSN 2687—-1653

NHPOPMATUKA, BBIYUCIUTEJIBHAA
TEXHUKA U YITPABJIEHUE
INFORMATION TECHNOLOGY, COMPUTER
SCIENCE, AND MANAGEMENT

W) Check for updates
BY

UDC 625.7/8 Original article
https://doi.org/10.23947/2687-1653-2022-22-3-272-284 .

Evaluation of Pavement Condition Deterioration Using Artificial
Intelligence Models
Mohamed Mostafa Mahmoud Elshamy™*', Artem N. Tiraturyan'’ <, Evgeniya V. Uglova''"

Mohamed Zakaria Elgendy?
!Don State Technical University, 1, Gagarin sq., Rostov-on-Don, Russian Federation
2 Al-Azhar University, 1, Al Mokhaym Al Daem St., Cairo, Nasr-City, Arab Republic of Egypt

DA tiraturjan@list.ru

Abstract

Introduction. One of the most significant tasks facing road experts is to maintain the transport network in good
condition. The process of selecting an appropriate approach to providing such condition is quite complex since it
requires considering many parameters, such as the existing condition of the pavement, road category, weather
conditions, traffic volume, etc. Recently, the rising trend of digitization in the industry has contributed to the use of
artificial intelligence to address problems in several fields, including the bodies in charge of operational control over the
status of roadways. Within the context of any control system, the main task of the control system is to carry out reliable
forecasting of the operational state of the road in the medium and long term.

Materials and Methods. This study investigated the possibility of using artificial neural networks to assess existing
pavement characteristics and their potential application in developing road maintenance strategies. A back-propagation
neural network was implemented, trained using data from 1,614 investigated sections of the M4 “DON” highway in the
road network of the Russian Federation in the period from 2014 to 2018. Several models were developed and trained
using the MATLAB application, each with a different number of neurons in the hidden layers.

Results. The results of the models showed a convergence between the inferred paving state values and the actual values,
as the multiple correlation coefficient (R?) values exceeded 92 % for most of the models during all learning stages.
Discussion and Conclusions. The findings suggest that public road authorities may utilize the established models to
choose the best road maintenance strategy and assign the most efficient steps to restore road bearing capacity and
operation.

Keywords: artificial neural network, back-propagation algorithm, falling weight deflectometer test, pavement
maintenance, pavement management system.
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HCKYCCTBEHHOT0 HHTEJUIeKTAa

M. M. M. Enmamu’? , A H. TupaTypsm1 >4, E. B. Yruoga® , M. 3. E.JIreH,um2
! Nonckoit roCyJapCTBEHHBIN TeXHUYEeCKUl yHUBepcuTeT, Poccuiickas denepanus, r. Pocros-Ha-Jlony, 1. 'arapuna, 1
2 Vuuepenter Ab-Asxap, Apabekas PeciyGmika Erumer, r. Kanp, Hacp-Curh, yin. Anb-Moxaiim Ans-Ilaem, 1

D tiraturjan@list.ru

AHHOTALUA

Beeoenue. OnHoli W3 BaXHEHIINX 3a/1ad, CTOSIINX IIEpell CICIHAINCTaMH-TOPOXXKHUKAMH, SBIISETCS IOAICpKAHUE
TPAaHCIIOPTHOW CETH B HOPMATHBHOM COCTOSHHH. JIOCTaTOYHO CIIOKHO BBIOpaTh aJCKBaTHBIA  MOAXOI,
obecrieunBarONIMi JOCTHIKEHHE TakuxX neied. s 3Toro, B 4aCTHOCTH, HEOOXOJUMO YYECTh TaKHe MmapameTpsbl, Kak:
TEKyIllee COCTOSHHE JOPOXKHOM OJEXKAbI, KaTeropus JOpOTH, IOTOJHBIC YCIOBUS, HHTEHCUBHOCTH JBIDKCHHS.
udposuzanus oTpaciu, BHEAPEHUE WHTEUICKTYyaJbHBIX CHUCTEM NAlOT pe3yJbTaTbl, KOTOPbIE MOYKHO NMPHUMEHHUTH B
MPaKTHKE OpraHU3alui, KOHTPOIHUPYIOIIUX COCTOSIHIE aBTOMOOMIBHBIX JOpor. CyTh pabOThl CUCTEMBI YIPABICHHS —
JIOCTOBEPHOE MPOTHO3UPOBaHKE IKCIUTYaTallMOHHOTO COCTOSIHHMS aBTOMOOWJIBHOM JOPOTH B CPEAHEH M JOJITOCPOYHON
TIEPCTICKTHBE.

Mamepuanst u memoost. V3yqaercs BO3MOKHOCTh HCIIOJIb30BAHMS MCKYCCTBCHHBIX HEHPOHHBIX CETEH M OLCHKH
JOPOKHBIX OJEXA, B TOM YHCIE NpH pa3pabOTKE CTpATETHH TEXHHMYECKOTO OOCIyXMBaHHS OOpor. Peamm3zoBana
HEHpOHHAs ceTh 0OPaTHOTO paclpoCTpaHeHHUs, 0OydeHHas Mo HaHHBIM 1614 ygactkoB Tpaccsl M-4 «Jlou» ¢ 2014 mo
2018 roa. C momomupio mporpamMmsl «Matnab» (Matlab) moctpoensl U 00ydeHBI MOAENH C Pa3HBIM KOJMYECTBOM
HEIPOHOB B CKPBITHIX CIIOSX.

Pezyromamut uccnedosanus. Pe3ynbTaTel MOJICINPOBAHHS T0KA3AIN CXOJIUMOCTb MPEAINOaraeMbiX U (haKTHUECKUX
rokaszaresei, OINUCHIBAIOIIMX COCTOSHME JOPOKHOW OJEXK/bl. 3HAYEHUS MHOXXECTBEHHOro Koadduiuenra
xoppeumsitu (R?) npessiuman 92 % st GONbIIMHCTBA MOJEICH Ha BCeX 3Tanax 00ydeHH s

Oébcyscoenue u 3aknrouenus. VITOT HAydHBIX W3BICKAHUH MO3BOJISIOT YTBEPXKAATh, YTO OPraHMU3AINH, YIIPABISIOIINE
00BbEeKTaMH JTOPOXKHO-TPAHCHOPTHOH HH(PACTPYKTYphl, MOTYT 3aJeHCTBOBAaTh IPEICTABICHHbIE MOJAENIN B CBOCH
pabore. Takue pelIeHHs IMOMOTYT COCTAaBUTh ONTHUMAJbHBIC IUIAHBI IO COJIEPXKAHHUIO JIOPOT, CIPOTHO3MPOBATh
3¢ PEKTUBHOCTH MEPOTIPUATHI 110 BOCCTAHOBIICHHIO X HECYIEH CIIOCOOHOCTH M SKCIUTyaTallHOHHOTO COCTOSHUSI.

KnaioueBble cJIoBa: HCKYyCCTBEHHBbIE HEHPOHHBIE CETH, alrOPUTM OOpaTHOTO pacHpoCTpaHeHHs, e(IeKToMeTp
TaJIAIOIIETO BeCa, IOPOXKHOE IMTOKPBITHE TEXHUIECKOTO 00CITyKUBAHUs, CUCTEMa YIPABJICHHS TOPOXKHBIM ITOKPHITHEM.

®uHancupoBanue. lccienoBanus NpoBOAMINCH B pamkax rpanra lIlpesunenra Poccuiickoii ®enepauuu s
rOCYIapCTBEHHOM MOMIEPKKHM MOJIOABIX POCCHUCKMX YUCHBIX — KaHAWUIATOB Hayk (3asBka MK-242.2022.4). Pabora
Emmamn Moxamena Moctadsl prHaHCHpOBaNIachk 3a CYET CTUIICHINH B PaMKaxX HWCIOJIHHUTEIFHONH MPOTPaMMBI MEXKIY
Apabckoii Pectybnmkoit Eruner u Poccuniickoit @enepariueil. ABTOp 01aroaput ux 3a MOJIEPKKY.

Joas nurupoBanusi. OlLEHKAa YXYALIGHHS COCTOSHHSI JIOPOXKHOTO TIOKPBITHSI C  HCIOJB30BAHUEM MOJesen
nckyccrseHoro unremiekta / M. M. M. Enmamu, A. H. Tuparypsn, E.B. Yrnosa, M. 3. Enrenan // Advanced
Engineering Research. — 2022. — T. 22, Ne 3. — C. 272-284. https://doi.org/10.23947/2687-1653-2022-22-3-272-284

Introduction. Road infrastructure is one of the resources that are vital to any community, so it is necessary to think
about ways to maintain its efficiency. However, roads deteriorate over time as a result of being subjected to various
deterioration mechanisms [1]. As a result, it is essential to manage these resources strategically to maximize their
service life and technical indicators while also lowering maintenance costs [2].

Pavement management systems (PMS) aid in the maintenance of pavement performance at an appropriate level for
use and provide a variety of financial and social advantages. Moreover, it contributes significantly to the cleanliness of
the surroundings during the usage or maintenance [3]. Accordingly, if the condition of the pavement network is allowed
to deteriorate, the damages will not only increase the costs of road maintenance to raise their efficiency. But, it will
cause environmental harm due to emissions and traffic noise, as well as expose travelers to the hazards of automobiles
travelling on rough roads [4].

Due to the significant damage caused by the deterioration of roads, transportation agencies in various countries
allocate a large part of their annual budget to the maintenance or rehabilitation of these damaged roads. The importance
of maintenance planning work is to choose the appropriate time and method to reduce the rate of deterioration of
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pavement sections according to the available budget. To reach this goal, it is required to develop models that help
improve the development process and take into account the factors affecting the maintenance decision making [5].

Multi-criteria models are commonly used in complicated decision-making situations, like those involving the
network-wide maintenance of road infrastructure [6]. Multi-criteria models emerge as a scientific approach for
evaluating multiple alternative interventions in the framework of road rehabilitation, taking into account the properties
of pavement sections [7].

It is well recognized that a pavement's surfacing behavior reflects its condition; for this reason, pavement
administrations depend on knowing the value of the PCI index through the process of visual inspection of the roads
periodically in order to extend the life of the pavement and improve service levels [8]. The value of the pavement
condition coefficient is one of the most significant factors based on which the most appropriate method of maintenance
is determined, in addition to other factors, such as weather factors and traffic volume.

Over the last two decades, it has become clear that traditional knowledge of road maintenance is not enough, and
there is an urgent need to develop new methods that help collect and process data for use in pavement management [9].
Due to the rapid development in the domains of information technology and artificial intelligence networks, many
opportunities have been provided to find solutions to many problems in various fields, including road engineering.

Artificial neural network models are an application of the field of artificial intelligence used to solve non-linear
geometric models, such as forecasting, recognition, and estimation of different patterns [10]. Artificial neural network
models mimic the human brain's ability to solve issues using previous experiences. As a result, we can use this
approach for choosing the most appropriate way to maintain the road after calculating its current or future condition
instead of relying on human experience and knowledge.

Acrtificial neural networks (ANN) review:

Many studies focused on the possibility of using the artificial neural networks approach to determine the current and
future state of the pavement to using it in the development of pavement management systems and determining the
method of maintenance. We will mention some of these studies as follows:

R. Kumar, et al. created a neural network model for determining the condition rating of flexible pavements
depending on pavement distress data collected. The study result appeared that the neural network was able to calculate
pavement condition rating accurately [11].

Hamdi, et al. built an artificial neural network model using distress data generated from a visual assessment method
to determine the Surface Distress Index. The positive modeling results showed that it could be used to determine the
SDI coefficient [12].

After the results of the ANN models showed superiority in predicting the values of the pavement condition, many
researchers were interested in developing models that can predict the values of pavement distress as an indicator of the
pavement condition.

D. T. Thube used a neural networks approach to construct four models to predict pavement defects (cracking, rut
depth, roughness, and raveling) as pavement condition indicators. The small differences between the observed and
calculated distress values were evidence of the model's success [13].

L. Yao, et al. used a neural network approach to construct five models that predict five indicators of pavement
distress: the transverse crack index, the skid-resistance index, roughness, the rut index, and pavement surface distress.
The results of the models showed an acceptable performance in predicting the condition of the pavement, with an
average testing R? of 0.8692 [14].

A. Shtayat, et al. [15], M. Mazari and D. D. Rodriguez [16] studied the possibility of predicting the International
Roughness Index (IRI) based on distress data or different pavement performance indicators, such as traffic coefficients
and structural properties of pavement through neural network models or combined with gene expression programs or
regression analysis. However, the results of neural network models showed an acceptable superiority compared to other
methods.

A. M. Mosa suggested a neural network-based approach for diagnosing pavement distresses and optimizing
solutions for maintenance techniques suggestions. The created system supplied the optimal solutions taking into
consideration technological, economic, and environmental requirements [17].

The results of the mentioned literature review showed the ability of neural network models to represent the complex
and nonlinear relationship between several variables. Therefore, it can contribute to solving road engineering problems.
We also note the use of most previous studies of ANN models with an inverse propagation logarithm, and we will
mention a summary of them in the following section.
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Description of back-propagation artificial neural networks:

The back-propagation algorithm is one of the most widely utilized algorithms of artificial neural network models. It
has a high capacity and speed in processing new data after conducting several iterations for a set of data during the
education stage [18, 19].

The structure of the back-propagation algorithm for artificial neural networks consists of three or more layers,
including the input layer, the output layer, and one or more hidden layers, as shown in Figure 1. The function of the
neurons inside the input layer is to receive data and then pass it through the hidden layers, which have the ability to
examine the correlations between variables and process the data to the output layer, which provides the results by the

neurons in it [20] .
Inputs
|

é $ O Input layer

Neuron Hidden layer

S X

Connection
Output layer

!

Outputs
Fig. 1. Artificial Neural Network Construction Layers

In order for the neural network to perform the function assigned to it, the data must pass through three stages. The
first is the process of training the network, in which it understands the effect of each variable and its relationship to
other variables. Then we move on to the second stage, which is the validating process of the model, and finally, the
network testing stage [21].

The back-propagation approach employs supervised learning, which implies that we supply examples data for the
inputs and outputs to the network for learning [22]. The model assumes random weights for each variable and then
passes the data forward to calculate the output. After calculating the difference between the computed output and the
target values during the back pass, the weights are adjusted again to reduce the error rate and return the data from the
output layer through the hidden layer to the input layer. The described learning process is repeated several times until
the learning process is stopped when the error reaches an allowable value [19].

The weights determined during the training phase are employed in the testing process to calculate the output of a
new input data set that was not used during the learning process. An evaluation of the ANN model is based on the
amount of computed error.

The research scopes:

The study aims to use the field of artificial intelligence to build a model that helps engineers or decision-makers who
prepare a road maintenance map to know the condition of the pavement without the need to conduct a periodic visual
inspection. This reduces the dangers to individuals in charge of the examination process, as well as the effort, time,
expense associated with it, and the errors that occur throughout the measuring procedure. To achieve this goal, we
utilized the values of the deflection measurements coming from the falling weigh deflection test and the pavement
condition index values from the Russian Road Company project for developing the M4 highway between the periods
from 2014 to 2018. We prepared a database for training and testing artificial neural network models by MATLAB
software. The importance of this research is to accurately describe the future condition of the asphalt pavement to use
the appropriate maintenance method to slow down the rate of asphalt deterioration.

Materials and Methods

Preparation of the database:

The data obtained for constructing the ANN model were collected from a study carried out by the Russian Road
Corporation for developing the M4 highway between Moscow and Krasnodar. The available data includes inspection
date, air temperature, asphalt layer thickness, base layer thickness, traffic volume, and precipitation rate and deflection
values based on the falling weight deflectometer test.

The database was used to calculate three criteria that express the condition of the asphalt surface, which are the
probability of success of the pavement sectors against the following three defects: fatigue, roughness, and rutting, as
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well as the modulus of elasticity of the pavement layers (asphalt layer, base layer, and subgrade layer) that were
determined using a software package PRIMAX as input data and Regarding calculating the input parameter of
“pavement surface life”, it was determined by taking the difference between the deflection survey date and the date of
construction or last rehabilitation date. Also, the initial pavement condition mentioned in the same study, represented by
PCI values, was used as output data to train ANN models to predict PCI values.

Calculating pavement defects using the logistic model:

Non-destructive testing is an important approach for evaluating pavement structures and is widely accepted as a
reliable way of determining the structural condition of existing pavements [23]. The falling weight deflectometer
(FWD) is well-known for its effectiveness in determining the structural condition of pavement and assisting in defining
the best treatment option possible, which reduces the deterioration of the pavement [24, 25].

The values expressing the resistance of the pavement sections to the above three pavement defects were calculated
using the logistic model equations developed by the Federal Highway Administration Long-Term Performance (LTPP).

Equations 1 and 2 show the general formula, the linear formula, that were produced from the logistic model to
calculate the three distress indicators of the pavement for all sectors used in building the ANN model.

Equation (1) described the general formula of the logistic model.
1

p(event)= o @
Equation (2) described the calculation formula of the exponent term in the general linear.
b: a0+ Cl]b]+ a2b2+...+ a,,b,, (2)

where p represents the probability of an event occurring, b represents the exponent variable and (ay, a;, a, . a,) are the
constants of the variables of the linear equation.

The variables that influence pavement fatigue to determine the value of the parameter (b) are:

— D; denotes the deflection measured in the loading plate's midpoint;

— AADTT;

— the base layer type.

To compute the exponential component in equation (1), we utilized the variable values generated from the logistic
model for pavement fatigue cracking in Table 1.

Table 1
The coefficients values utilized in the linear equation to calculate the condition of fatigue cracking
Variables (bi) & .
I 154.764 a; = coefficient values of the
AADTT ~0.0005073 equation. .
I, = The utilized deflection value's
Pavement type 0.3774 .
mutual index
Constant -0.2202
Equation (3) is used to find the variable I, [26].
1
1] - (3)

Dy
The variables that influence pavement roughness to determine the value of the parameter (b) are:
— D, is the measured deflection value at distance 200 mm from the center of the loading plate;
— the volume of trucks in the Class 9 classification;
— the pavement surface age from construction or from the latest maintenance.
To compute the exponential component in equation (1), we utilized the variable values generated from the logistic
model for pavement roughness in Table 2.

Table 2

The coefficients values utilized in the linear equation to calculate the condition of roughness distress

Variables (bi) a o )
I 239 849 a; = coefficient values of the equation.
Currelzwt e = '189 I, = The utilized deflection value's
- mutual index.
Class 9 volume —0.0006781
Constant 0.8375

Equation (4) is used to find the variable I, [26].
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L= (4)

The variables that influence pavement rutting to determine the value of the parameter (b) are:

— D3 is the recorded deflection at a distance of 300 mm from the load plate's center;

— D4 is the deflection recorded at 450 mm from the load plate's center;

— the volume of trucks in the Class 9 classification;

— average annual precipitation in the zone area (mm).

To compute the exponential component in equation (1), we utilized the variable values generated from the logistic
model for pavement rutting in Table 3.

Table 3

The coefficients values utilized in the linear equation to calculate the condition of rutting distress

Variables (bi) Qi
Cl; —0.01146 a; - coefficient values of the
Precipitation (mm) —0.0005259 equation.
Class 9 volume 20.0007688 Cly = Curvature index for the i"
Constant 2.6586 deviations values.
Equation (5) is used to find the variable Cl; [26].

CL;=D;- D, )

Initial Database for Neural Networks

The database for entry in the neural network is comprised of a set of input data and a set of output data. The input
data are the measured values of the following parameters: pavement surface life, asphalt layer thickness, base layer
thickness, p(fatigue), p(roughness), p(rutting), the elastic modulus of (surface layer, base layer, and subgrade layer)
shown as their mean value for an individual pavement segment. The model outputs are the pavement condition index
values for the pavement sections that are available in the database. The goal of this database is the preparation and
sorting of data in a format appropriate for entering it into the neural network.

Application of ANN

For the objective of this study, artificial neural networks with back-propagation algorithms and different numbers of
neurons (8, 9, 10, 11, 12, 13, and 14) in two hidden layers were applied using the MATLAB software. The total
quantity of inspection data utilized in the construction of the ANN model was 1,614 representing 51 different sectors
along the M4 highway. The data used in the training process included the minimum and maximum values of the
variables to increase the efficiency of the models.

The database was divided into three groups: a large amount of database in which the neural network conducts the
learning process on 70 % of the randomly selected data; the second group represents the validation process with 15 %
of the database; the remaining 15 % of the data for the third group was for testing the developed network. Figure 3
shows the configuration for one of the created neural networks during training.

Input layer
T1 Hidden layers
12
Service life
Output layer
P_fatigue
P_roughness( €& PCI

P rutting
E(asphalt)
E(base)
E(subgrade)

Fig. 2. The Applied ANN Model Structure

Each of the input parameters is represented by one of the nine neurons in the input layer. Eleven neurons are applied
in the hidden layers, split into seven neurons in the first hidden layer and four neurons in the second layer. The output
layer includes one neuron that represents the number of output data. The previous figure shows the direction of data
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transmission from the input layer to the output layer through two hidden layers and vice versa to correct the error rate in
the output values until the permissible limit is reached.

Several numbers of layers and neurons inside the hidden layers were applied to increase the performance of the
developed network. The training procedure was repeated several times until the optimal model that accurately expressed
the relationship between the input and output data was found. The effectiveness of the trained models were compared
using statistical analysis of the outputs, which were represented by the mean absolute error (MAE), and coefficient of
multiple correlations (R?), Root Mean Square Error (RMSE), and mean absolute percentage deviation (MARD).

Results. After the learning step, the neural network was subjected to testing. In the testing process, weights were
fixed to values adopted at the end of the learning process. A new group of input and output data was offered to the
network. Network output results were compared with required output and statistically analyzed.

The following regression and performance plots illustrate the output of the network models concerning training,
validation, and test sets. Throw the training process, the optimal values of the network elements were carried out after
1,000 repetitions with (MSE = 0.0224). The best validation performance of the demonstrated model was 0.0344, which
was achieved after 22 repetitions for the model with structure (9—10-1), as shown in Figure 3 (a, b). The optimal values
of the network elements were carried out after 1,000 repetitions with (MSE = 0.0234). The best validation performance
of the demonstrated model was 0.03171, which was achieved after 11 repetitions for the model with structure (9-11-1),
as shown in Figure 4 (a, b). The low value of MSE of the selected models indicates that pavement conditions of roads in
the same domain may be anticipated more accurately.

Training process Validation process
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Fig. 3. Results of training an ANN model with a structure (9-10-1): a — regression graphs; b — performance chart
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Fig. 4. Results of training an ANN model with a structure (9-11-1): a — regression graphs; b — performance chart

According to the output results, notice a high correlation coefficient between the outcomes of the neural network
computation and the needed outputs. There is a significant correlation between them where most of the data falls near a
45-degree line. As shown in the previous regression charts displayed for all stages, whether training, validation or
testing phases, the correlation coefficients (R) values are greater than 95% for all stages, indicating the quality of the
generated models and the ability to estimate the outputs correctly.

Evaluation of Artificial Neural Network:

The created ANN model may be saved as a MATLAB file once the training procedure is completed, and the desired
accuracy is achieved. We can use it to do a forward computation and forecast pavement conditions for maintenance and
rehabilitation purposes.

For this purpose, a new dataset of 37 sections was assigned to asphalt pavement to evaluate the ability of the
developed neural networks used in the previous section to predict the output values. In this step the models were
defined by input data for the specified parameter values, which were: (asphalt layer thickness, base layer thickness,
surface life, p (fatigue), p (roughness), p (rutting), E (asphalt), E (base), and E (subgrade)). As a result, the created
networks were able to anticipate output data (pavement condition index- PCI) based on early experience.

The criteria for choosing the best iteration for every model were: mean absolute error (MAE), coefficient of
multiple correlations (R?), Root Mean Square Error (RMSE), and mean absolute percentage deviation (MARD) of
the estimates (PCI). They ensured that the predicted values were within reasonable data limits, as shown in Table 4.
Figure 6 (a, b, ¢, d, e, and f) presents the relationship between the prediction results of the best iteration for every model
with different numbers of neurons in the hidden layers, and the target output results.
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Table 4
Statistical assessment of the created models' output (forecasted results)
Statistical comparison Pavement Condition Index — PCI
criteria 8n 9n 10n 11n 12n 13n 14n
MAE 0.1415 | 0.1242 0.1185 0.1317 0.1362 0.1594 0.1190
R? 0.9204 | 0.9493 0.9451 0.9365 0.9342 0.8686 0.9483
RMSE 0.2058 | 0.1651 0.1710 0.1840 0.1862 0.2765 0.1666
MARE 3.4478 | 3.0430 2.8738 3.1545 3.2909 3.9488 2.9649
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Fig. 5. Relation between actual PCI and predicted PCI for all ANN models: a — model with 8 neurons; b — model with 9 neurons;
¢ — model with 10 neurons; d — model with 11 neurons; e — model with 12 neurons; f — model with 13 neurons
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Looking at the results of the statistical analysis of the outputs of the developed models represented in Table 4
and Figure 5 (a-f), we find that they have an acceptable ability to predict the condition of pavement based on the
variables that were used in training the models. Also, notice that the best results were for two models with the
structure (9-9-1) and (9-10-1), as they had the highest coefficient of multiple correlations (R?), which is 0.9493,
0.9451, as well as the lowest values of MAE, RMSE, and MARE.

Evaluation of pavement deterioration via ANN model:

To recognize that the developed neural network models can help in predicting the rate of pavement deterioration, the
idea arose to select several asphalt sectors and determine the effect of changing the operational life on the condition of
each sector. To achieve this goal, each model defined the input values for each sector and fixed them, except for one
variable, which was the operational life. Then we left the opportunity for the models to calculate the output values based
on their previous experience. The sectors that were subjected to this experiment were numbers 504, 1227, 430, and 544,
as shown in Figures. 6 (a, b, ¢, and d).
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Fig. 6. Pavement sections deteriorations against service life: a — deterioration of section no. 504; b — deterioration of section
no. 1227; ¢ — deterioration of section no. 430; d — deterioration of section no. 544

It is clear from the previous figures that the developed models have the ability to predict the condition of the asphalt
as a result of the change in the service life. Where the value of the PCI reduces as the operational life increases, which is
consistent with what happens in the field.

This research may help those in charge of developing a road maintenance plan in order to limit the deterioration of
the pavement condition by anticipating the pavement condition in advance and intervening promptly by choosing the
appropriate treatment method in proportion to the capabilities available to the authority entrusted with this matter.

Discussion and Conclusions. To achieve the objectives of this research, artificial neural network techniques were
used to construct condition data deterioration models for pavement surfaces to assist decision-makers to choose the
most efficient pavement maintenance solutions. Artificial neural networks (ANN) were utilized together with back-
propagation algorithms to train the forecasting models for selecting appropriate options for treatment based on the value
of the pavement condition index (PCI). A wide range of 1,614 cases of pavement condition description were provided
from previous investigations for various sectors of the Russian highway network to use as a database helping in creating
the developed ANN models. Using MATLAB software, a large number of models with different numbers of neurons in
the hidden layers were established, trained, and the results validated. The results of the models were studied, and the
following conclusions were made:

— ANN models showed their ability to represent the nonlinear relationship between a large number of variables and
the pavement condition coefficient with high accuracy, as indicated by the high value of the multiple correlation
coefficient (R?) for all stages of model learning (training, validation, and testing).

— According to models’ validation, the variations between the actual PCI values and the predicted output results of
the models were close to each other.

— Evaluation of models generated with different numbers of neurons in the hidden layers showed that they all
assumed close patterns as well as similar flows of surface deterioration rates.

— The developed models save a lot of time and effort to determine the condition of the pavement and reduce the
risks for the examiners compared to the visual examination method due to its dependence on the results of the dropped
pregnancy test.

— The obtained results suggested that decision-makers might use the created modeling to optimize maintenance or
rehabilitation methods for the most impacted roads to lower the rate of degradation based on available resources.
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AHHOTAIIUSA

Beedenue. OmnpenencHue MEXaHHYECKHX CBOWCTB CIOHMCTBIX KOHCTPYKIHH aBTOMOOWMIBHBIX JIOPOT SIBISETCS
aKTyaJIbHOH 3amaueil. OT0 00YCIOBJIEHO, BO-NEPBBIX, HEOOXOJUMOCTHIO KOHTPOJISI KauecTBa HOBBIX yYaCTKOB IIPH
CTPOUTEJIBCTBE aBTOMArucTpaleil. Bo-BTOpBIX, MPEACTaBIsIET HHTEPEC OLEHKa COCTOSHHS ACHCTBYIOLUIMX IOpPOT IpU
HAaKOIUICHHU MOBpeXAeHUH M nedextoB. OOpa3oBaHME MHOKECTBEHHBIX HE(EKTOB (TPEILMH) MEHSIET OCPEIHCHHbBIC
BSI3KOYNPYTHE CBOICTBA COCTABJSIIOLUIMX KOHCTPYKLIMH, OCOOCHHO ITOBEPXHOCTHBIX ac(aibTOOECTOHHBIX CJIOEB. B
CTaThe PACCMATPUBAETCSI HCIIOJIb30BAHHE HEWPOCETEBBIX TEXHOJOTMH JUJIsl MOBBILICHUS TOYHOCTH BOCCTAHOBIICHHMS
BSI3KOYNPYTHX CBOWCTB. JlaHHBIN mojxo] 6a3upyeTcs Ha 3KCIICpUMEHTAIBHBIX MeTo/aX. B kaduecTBe mpuMepa MOKHO
MIPUBECTH OTpeACICHNE AMHAMHYECKOT0 MPOTrHda KOHCTPYKIUHU OT majeHus rpysa (anra. determining the dynamic
deflection of a structure from a falling weight, FWD).

Mamepuanvt u memoowi. Ha ocHOBEe HEHPOHHOM CETH ONpEeNICHbl MOIYIH YIPYTOCTH TPEXCIONHON KOHCTPYKITHH.
Jnst BBIACHEHWS] TOYHOCTH pELICHHs €ro COMOCTaBWIIM C pe3yJbTaTaMH MaTeMaTH4ecKOro MOJACIMUPOBAHUS W
9KCTIEPUMEHTAILHBIMU ITAHHBIMH.

Pesynvmamur uccnedosanus. JKCICPUMEHTAIBHBIE U PACUCTHBIE TOKA3aTENU MOJYNEH yIpyrocTH OTACIbHBIX CJIOCB
JIOPO’KHOM KOHCTPYKIMHM OKa3ajuCh OYeHb OMM3KMMHU. [IpeayioKeHHBIA MOAXOA K OIpPEACICHHI0 MEXaHWYECKHX
CBOWCTB MaTepHaloOB JOPOXHBIX KOHCTPYKLHMH ITO3BOJSIET NMPUMEHHUTH IOJYYEHHbIE Pe3yNbTaThl JUIsS ONpPEJeNCHUs
COCTOSTHHSI OT/IEJIbHBIX 3JICMEHTOB U BCEH JIOPOXKHON KOHCTPYKIIHH.

Obcyscoenue u 3aknwouenus. IloxasaHa IEpCIIEKTUBHOCTh HCIIOJIB30BAHUA HCKYCCTBEHHOI'O HHTEJUIEKTa UL
OTIpe/IeTICHUs] MEXaHUUECKHX CBOMCTB CIOMCTBIX KOHCTPYKIMH. JlanpHeilee coBeplIeHCTBOBAHNE METOJIOB U CPEACTB
aHaM3a MOBEACHHS JTOPOKHOW KOHCTPYKIMHU NPU AUHAMHUYECKOM HArpy)KeHHUHU MO3BOJIUT PACIIUPHUTH CYLIECTBYIOIIUE
MOJIXOIBI K OLIEHKE COCTOSHHMSI JIOPOKHBIX KOHCTPYKIHUH.

KnaioueBble ciioBa: HelipoHHas ceTh, Hepa3pyIIAIOMINI KOHTPOJb, MOXYJb YINPYrOCTH, PErPECCHOHHBIN aHau3,

MHOTOCJIOIHAs CeTh, yJApHOE BAABINBAHKUE, HEHPOCETEBbIE TEXHOIOTHH.
BaarogapHocTH. ABTOPHI BRIPaXArOT 0JIar01apHOCTD 32 (MHAHCOBYIO HOIEPIKKY HCCIICAOBAHMUS .
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Abstract

Introduction. Determination of mechanical properties of layered structures of highways is an urgent task. This is due,
firstly, to the need to control the quality of new sections during the construction of highways. Secondly, to assess the
condition of existing roads with the accumulation of damage and defects is of interest. The formation of multiple
defects (cracks) changes the averaged viscoelastic properties of the components of the structure, specifically, the surface
asphalt-concrete layers. The article discusses the use of neural network technologies to improve the accuracy of the
recovery of viscoelastic properties. This approach is based on experimental methods. As an example, we can give the
definition of the dynamic deflection of a structure from a falling weight, FWD.

Materials and Methods. The elastic modulus of a three-layer structure was determined on the basis of a neural network.
To find out the solution accuracy, it was compared to the results of mathematical modeling and experimental data.
Results. The experimental and calculated parameters of the elastic modulus of individual layers of the road structure
turned out to be very close. The proposed approach to determining the mechanical properties of materials of road
structures allowed us to apply the obtained results to examination of the condition of individual elements and the entire
road structure.

Discussion and Conclusions. The prospects of using artificial intelligence to determine the mechanical properties of
layered structures was shown. Further improvement of methods and tools for analyzing the behavior of road structures
under dynamic loading will expand existing approaches to assessing the condition of road structures.

Keywords: neural network, non-destructive testing, modulus of elasticity, regression analysis, multilayer network,
impact indentation, neural network technologies.
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BBeaenue. OueHKa COCTOSHHS JOPOXKHBIX KOHCTPYKLHMH IMO3BOJISIET NPOTHO3MPOBATH IPOLECC SKCILTyaTalllH
JIOpOT, IUIaHUPOBATh CPOKH U OOBEMBI PEMOHTHO-BOCCTAHOBHTEIBHBIX MEPOIPHUITHH, BIUATH Ha 3((PEKTHBHOCTH H
6€30MacHOCTb PabOTH aBTOMOOHIIBHOTO TPAHCIIOPTA. AKTHBHO 33/IeHCTBYIOTCS. METO/IbI HEPA3PYIIAIOMIEro KOHTPOIIS .
B pszie Hayunbix pa6ot [1, 2] aBTOpBI OTMETHIIM HAAEKHOCTH M SKOHOMHYHOCThH TAKOro Hoaxojaa. K Hepaspymarommm
OTHOCHTCS ONpeIeNieHHe AMHAMHYECKOTO MpOornda KOHCTPYKIMH OT MafeHHs Tpy3a (METOA yHAapHOTO HATPYyKCHHS,
FWD, or anrm determining the dynamic deflection of a structure from a falling weight). Jlanusrit momxon
MpEAINoJaraeT PerucTpaltio Jail nporubda MmoBepXHOCTH JAOPOKHOM KOHCTPYKIMH Ha OTPENeNICHHOM PACCTOSIHUM OT
TOYKH NPUIOKEHHS YAAPHOTo BozzaeicTBus. [Ipu 3TOM B X0l1e pabOThl YCTAaHOBKH PAaCCUMTHIBAIOTCS MOAYIH YIPYTOCTH
CJIOEB, ONPENEISIFOTCS Harpy3Ka U TONLINHA CJIOSB KOHCTPYKIIUH.

OnHa W3 OCHOBHBIX LeNied HAay4yHbIX M3bICKAHMH B 3TOM HAampaBieHHH — OOECIEYUTh CBOCBPEMEHHOE
obHapyxeHHe 1e(eKTOB 1 U3MEHEHHH B KOMIIOHEHTaX AOPOXKHBIX KOHCTPYKUUA. MccaenoBarenn ycTaHOBUIH (HakTop,
CHJbHEE JAPYTUX BIMAIOIIMA Ha TJAaBHbIC XapaKTePUCTUKH JIMHAMHYECKOTO HAMpPsDKEHHO-Ie(hOPMUPOBAHHOTO
COCTOAHHA CHUCTEMBI «IOPOKHasd KOHCTPYKIUA — TPYHT». DTO HU3MEHEHHE JUHAMHWYCCKHX MO]IyJ'Ieﬁ YIpyroctu
3IIEMEHTOB JIOPOKHOTO MOKPHITHS, OCHOBAHHs ¥ rpyHTa [3-5]°.

1 Epemun P. A., KymmxuukoB A. M., Ilynosa H. I'. Meronuka KOMIUIEKCHOTO OOCIEIOBAaHUS JOPOXKHON OJEKIbI aBTOMOOMIIBHBIX JOPOT C
NPUMEHEHHEM METOJI0B Hepaspyliaroiero KoHtposst // TlepcrekTHBbl pa3sBUTHSI MHXKCHEPHBIX H3BICKAHMH B CTpOMTENbCTBE B Poccuiickoit
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Baoywxuna H. E. u 0p. Pewienue 3a0auu onpedeneHus mexanuiecKux c6oiicme mamepuaios 00poiHcHbIX KOHCMPYKYUl

ANBTepHATUBHBIM WHCTPYMEHTOM JUISi KOHTPOJISI COCTOSIHUSI TOPOXKHBIX MOKPBITHH MOXKET OBITh HEHpPOHHAS CETb,
oOy4yeHHast 10 pe3ysbTaTaM SKCHEpUMEHTOB [0, 7]. CTOMT OTMETHUTHh IIMPOKOE NPUMEHEHHWE HEHPOHHBIX ceTed B
001acT CTpOUTENBCTBA, B TOM 4YHCIE NOpokHOro. HelipoHHble cetm — 3¢ ¢eKTHBHOE CPEACTBO ISl PEIICHHS
HEKOTOPBIX 3a/1a4 KIacCH(PUKAIMU, B TOM YHCIIE CTPOUTENBHBIX. C MX MOMOIIBIO MOXKHO BBIITOJHUTH U PErPECCHOHHBINA
aHaynu3. TpagULMOHHBIA MOAXOJ K MOCTPOSHHUIO HEIMHEMHBIX MOJENIEH UMeeT psifi orpaHuueHuid. OHM CBSI3aHBI, BO-
MEPBBIX, CO CJIOXKHBIMU, CKPBITBIMH HEJIMHEHHBIMHM CBA3SIMA UCXOJIHBIX JAHHBIX. BO-BTOpBIX, ¢ TEUEHHEM BpPEMEHU
BO3MOXKHa MOAMGUKALUSA CTPYKTYpbl CBs3eH, 4TO OOYCJIIOBIMBAET HEOOXOIMUMOCTh TpaHCHOPMALMH CTPYKTYPHI
HEeNMHEIHON Monenu. Mcnonb30oBaHne HEHPOCETEBBIX TEXHOJIOTUI MO3BOSAET YCTPAHUTh HENOCTATKU TPAIULIOHHOIO
noaxona. HedpoHHas ceTb crnocoOHa CaMOCTOSTENFHO OINPEAEsATh (DYHKIMOHAJIbHBIE 3aBUCHMOCTH, C 3aJaHHOMN
TOYHOCTBIO ANNPOKCHMUPOBATh HEJMHEHHbIe (yHKINH, IepecTpanBaTh CBOIO APXUTEKTYpY B Iporecce oOydeHHs.
BrimensnoxkeHHOE TOATBEPXKIACT aKTyaIbHOCTh IIPEACTaBICHHON paboTHI.

HelipocereBble TEXHOIOTUM OTKPBIBAIOT HOBBIE BO3MOXKHOCTH JUI PEILEHUS 3a1a4 IPOEKTUPOBAHUS, ONTUMU3ALUI
W JWarHOCTHKU CTPOMTENBHBIX KOHCTpyknmii [8—11]. O. M. MakcumoBa IHIIET, YTO BO3MOMKHOCTH J000YUYCHHS
HEHPOHHOM CETH MO3BOJIAIOT COBEPIICHCTBOBATH CTPOUTENBHYIO KOHCTPYKIHMIO, YIIydmiaTh ee ynpasienue [12]. B [13]
OTMEYAeTCs,, YTO HWCKYCCTBEHHBI HMHTEJUIEKT MOXET CHHU3UTH H3JCPXKKH KOMIIAaHWH, Oiarojapsi CBOEBPEMEHHOU
JIMarHOCTUKE CTPOUTENIBHBIX 00BbeKTOB. B [14] mpencraBien mupoknii 0630p BO3MOXKHOCTEH MPUMEHEHHS HEHPOHHBIX
CceTel B CTPOUTENLCTBE. ABTOP OTMEYAaeT MHOIOBAPUAHTHOCTH MCIOJb30BAHMS HCKYCCTBEHHOIO WHTEIUIEKTA MJIS
pEIIEeHHs] MHOYKECTBA CJIOKHBIX HETMHENHBIX 3ajad IPOTHO3UPOBAHUS, OLIEHKN, ONTHMU3AIUH.

B [15] ocoboe BHMMaHME yIemsieTcsi KadeCTBY M COCTOSHMIO JOPOXHOHM ceTn. Ha ocHOBE 3KCrepHMEHTaIbHBIX
JITAaHHBIX CPAaBHHUBAIOTCS JIBE MOJEJNIM: MHOTOMEPHBIH aHalInM3 M MCKYyCCTBEHHas HeHpoHHas ceTs. VX paspaboranmu uis
CO3/1aHUSl CHCTEMBl MOJAEPKKH MPHHATUS PELICHUN MPU OLEHKE 3KCILTYaTallMOHHOTO COCTOSHHS JOPOT B CBSI3U C
THJPOTe0JIOTHYECKON 00CTaHOBKOM. ABTOp AeiaeT BBIBOA O OOJbIIeH HaleKHOCTH M 3(deKkTHBHOCTH HeipoceTeBon
MOJIEJN.

OTaenbHO CTOMT CKa3aTh O BEIOOpE THITA HEHPOHHOI ceTu. ABTOPHI [16] MpUXOAAT K BBIBOAY, YTO THIT HEHPOHHOMH
CEeTH CYIECTBEHHO HE BJIMSET Ha PELICHUE 3a4a4l pacueTa MOIyJIsl YIPYTOCTH CJIOEB JOPOKHOro NOKphITHA. [Ipu aTOM
Hanbosee CXOXKME PE3YJIbTaThl MEXIy MOJAEIBIO M IENeBBIMH 3HAYCHUSIMH OOecreumiia MOJeiIb HEMPOHHOM CEeTH ¢
HPSIMOI1 CBA3BIO.

Lenp nccnenoBaHust — penieHHE 3afadd OOpaTHOrO pacyeTa MOJXYJIeH YHNPYrocTH IO HamlaM JWHAMHYECKHX
Iporu0OB OT yAApHOTO Bo3eicTBHS ycTaHoBKOM FWD. CpaBHUBAIOTCS pe3yJIbTATHI:

— MOJEIUPOBAHUS JUHAMHUYECKOTO BO3ACUCTBHSI HA TOPOKHYIO KOHCTPYKLIUIO;

— TOJIy4€HHbIE HEHPOHHOM CETBIO.

Matepuansl 1 MeToAbl. C MOMOILBIO NPOrpaMMBI PacdyeTa BOJHOBBIX IOJIEH B KOHCTPYKLIUH CMOAEIMPOBAHO
JUHAMHYECKOE BO3AeHCTBHE OT ycraHoBkM FWD. Hcnons3yeMyro mpu pacueTe MOAEIb OCECHMMETPUYHOM
JeopManyy cpesibl aHATMTHIECKH MOXKHO ONHUCATh KaKk MHOTOCIIOHHOE ITONTYIIpocTpaHcTBO D, cocTosimee u3 N ciioeB
B IWIMHIpUYecKod cucteme koopauHat (R,6,Z). Och cummerpuu OZ HampaBicHa BEPTHKAIBHO BBEPX H
OpTOTOHAJIbHA T'PAaHNYHOHN IIFIOCKOCTH TOJTyTIPOCTPAHCTBA U €T0 CJIoeB (pHc. 1).
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Puc. 1. MHoOrOCTOIHAas! KOHCTPYKIHS TOPOXKHOM OIEXKIBI B IIPOJOILHOM pas3pese
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JIBrKeHust cpensl OMMCHIBAIOTCS JUHAMHYECKHMH YpaBHEHMsIMH JlamMe B IepeMeleHHsX JUIs OJHOPOIHOTO
JIMHEHHO-yIIPyroro Marepuaia B Ipejienax KaKaIoro CIos:

(A + 2p) grad div u(r,t) — protrotu(r,t) = pii(r,t), )
rae u = (Ug, Uy) — BEKTOP IIEPEMELICHHIA, ' — PaHyC-BEeKTOP TOYKH HAOIIOACHUS, A, |L — YIPyrue K03 PUIHCHTHI
Jlame, p — MIOTHOCTH MaTepHaa.

Croun momympoctpaHcTBa D KeCTKO CKpeIuleHsl Mexkay coboil. IIpn mepexofe uepe3 IUIOCKHE TpaHUIBI paszera
TpeGyeTcst COBIAICHUE BEKTOPOB MEPEMEILCHIH U HAPsDKeHuH (0, Typr).

Kaxnplit coit momymnpocTpaHcTBa 001a1aeT CIeIyIOMNMH XapaKTePUCTUKAMHI: TOIIMHA h;, TUIOTHOCTD P;, MOAYJIb

3N 24 05X
ynpyroct E; = p; -t kosddumment ITyaccona v; = ———t.
Ajt+u Aptp

I'pannunble ycnmoBust Juiss BeKTOpa HampspkeHWH S = (0,,T,.) Ha BEPXHEHW TpaHHIE MHOTOCIOWHOW cpensl D,
paclpeneneHHoro o NATHY pajnyca 1, KOHTaKTa Kojieca U JOPOKHOM KOHCTPYKLIUU, MOKHO 3aIIUCaTh:

. Tt
o,(R t) = {PoSLn (OTt) ,>t € [0, T]’ T,, =0, ()
t>T

rne Py — mocTosiHHass MHTEHCUBHOCTh YAAPHOTO HArPYXEHUs! JUTUTEIbHOCTBIO T.
Jlist pemieHus 3a7auy MCIIONb3YEeTCs MHTErpAIbHOE MpeoOpa3oBaHue XaHKEINs 10 PaaualbHONH KOOpIUHATE

®Dypbe 1 10 BpeMeHH. B pe3yibrare mosrydeHo npeicTaBIeHHue BOIHOBOTO OIS
u(r,t) = fow dwexp(—iwt) fow Q(u, w) - S(w, )]y, (UR)udu. 3)
3nece S(u, w) — mpeobpazoBanne Dypbe — XaHKeNIsI OT BEKTOpa BHeEHIHeH Harpysku s; Q(u,w) — marpuma-
¢ynkus ['puHa U1 MHOTOCTIOHHOTO MOYyNPOCTPAaHCTBA, MOJyUYEeHHAas ¢ MCIOJIb30BaHUEM MIPUHIINIA CYTIEPIIO3ULIUH B

BUJI€ CYMMBI MaTpHII JUIsi OJHOPOHOTO TOIYTIPOCTPAHCTBA, KaK B [4].

Hdns  aHanmm3a CBOMCTB KOHCTPYKUMHM TIIpH pEUIEHMH OOpaTHOM 3ajaddl  WCHOJB3YIOTCS  Pe3yJIbTaThl
SKCTIEPUMEHTAIIBHBIX U3MEPEHUH Yalli JTUHAMHYECKUX MPOTHOOB B 3a/laHHBIX TOYKaX HAOIIOJEHUS HA MMOBEPXHOCTH
R=di, k=1,2,..,10. Cpennee paccrosiane mexay HuMu — 0,3 M. M3amepsiemast XapakTepucTHKa B KaXKIOW TOUKE Ha

MOBEPXHOCTH:
max fu, (dy, t)|
‘ .

Ha puc. 2 — npumep nosenenust GpyHKIMii BepTUKAIBGHBIX HNPOTHOOB MO BPEMEHU IJISl TUIIOBOW TPEXCIOWHOMN
KOHCTPYKIIMU aBTOAOPOTH.

Uz(1), mm Uz(1), mm
0,10
0,05 Y
005 1N 0,00 eoe : . /"‘"m s s38883 :
’ 0,10 .;:;
-0,15 -
-0,20
-0,25 0,30
-0,35 -0,40
-0,45 '0950
0 0,01 0,02 0,03 004 005 006 ¢c 0,01 0,05 0,09 0,13 0,17 021 025 ¢t¢c
1-# maTumk 2-ii maT4uK 3-i1 maTunK 1-# maTumk 2-i1 maTyuK 3-i1 maTunK
4-i1 JaTYnK 5-i1 gaT4nK — @ 4-i1 gaTyuK @  5-¥ JaT4YHNK
a) 0)

Puc. 2. BpeMeHHbIC 3aBUCUMOCTH BEPTUKAIBHBIX IPOTHOOB U, (dy, t): @ — NaHHBIE MOJCIUPOBAHMS; 6 — JNAHHBIC YIKCIICPUMEHTA

[pouenypa BoccTaHOBIEHHUS MOJYJIEH YIPYrOoCTH KOHCTPYKIMH E; OCHOBBIBAETCSI HA MUHUMHU3AIMN KBAIPATHIHOMN
(YHKIMH OIMINOKH:
2
— 10 exp
F(E) = Zida (8 (ED — &),
ex
rae &7 NOJy4eHbl U3 DKCIEPUMEHTA C MCTONb30BaHMEM ycTaHoBkd FWD. B KkauecTBe anroputMa MUHHMH3AIMU
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KOHEYHBIMH pa3HocTsMH |-ro mopsinka. [Ipm aTtoM KoHTponmpyercssi BbIXoJ Momyied ymnpyroctu E; 3a pamkn
($U3HYECKNX AUANIa30HOB M3MEHEHUSI STHX NapaMeTpOB.
Jns pemeHust 3agady ¢ MOMOIIBIO HEMPOHHBIX CETEH pacCMOTpEHa THITOBas KOHCTPYKIMS JOPOXKHOW OJIEKIBI
(Tabnmma 1).
Tabmuma 1
KoncTpykuus 1opo>kHOH 01K/l SKCIIEPHIMEHTA

KoHCTpYKTHBHBIC 3JIEMEHTHI TonmuHa, cM Tpariitsi Moyt ynpyroctit, Mia
BEPXHSA HIDKHSIS
AchanpToOCTOHHBIN CITOH 10 4200 1200
[lle6eHoYHBIH Ca0M 44 1500 100
I'pynT o0 300 20

B tabnuue 1 mpeacraBieHbl OCHOBHBIE KOHCTPYKTHUBHBIE 3JIEMEHTHI HCCIIEyEeMOro y4acTka 1oporu. OTmMeTnm, 4yto
MOJIeTIb TTIOCTPOCHA C MaKCHMaJbHBIM IOKazaTeraeM Mmoxayis ympyrocta (4200 MIla), Tak kak 3KcCIiepUMEHTaJIbHBIC
pe3yabTaThl U3MEPEHUN NPUBSA3aHbI K cpegHel TeMnepaTtype Bo3ayxa 20 °C. [Ing onpeneneHus MOAyneld yopyrocTa B
3UMHHH TIepro] He0OX0JMM TIepepacydeT MoKa3aTeleH.

[onHOCBA3HYIO HEHpOHHYIO CeTh peann3oBaM Ha si3bike Python ¢ mcmonmb3oBaHWeM OMOIMOTEKH TIyOOKOTO
o0y4enust Keras. OcCHOBHBIE TapaMeTphI CETH:

—300, 30, 3 HEHPOHOB B CIOSIX;

—3000 snox o0y4eHwus.

@OyHKIMS aKTUBaMK B CKPBITBIX cinosix — RelLu, B BbixomHoM cioe — sigmoid. Cerb paboTaer c
HOPMHUPOBAHHBIMU JaHHBIMM B auana3zoHe oT 0 jgo 1. Ilocime BblUMCIEHMI CeTH MPOU3BOAUTCS JACHOpMalu3alys B
yucinoBoit BuaA. HelipoHHast ceTb oOyyanach Ha MOJY4YEHHOM IPH MOJAEINPOBaHUH Habope naHHbIX u3 1000 3HaYeHHI.
B cpenHeM nmorpemHocTs BEIMUCICHUH HEMPOCETH Ha TECTOBOM MHOXKECTBE HaxoauTcd B npezaenax 10 %.

Bxozapl HEHpOHHOHM ceTH — Yaly AMHAMUYECKUX Nporu6oB. Ha puc. 3 oHM Moka3aHbl IPH Pa3IMYHBIX MOJIYJIISIX
YOPYTOCTH CJOEB JAOPOKHOW KOHCTPYKUMH. BBIXOIBI CeTM — 3HaueHWs MOXyJell yHpyrocTd KOHCTPYKTHBHBIX
3JIEMEHTOB JI0POKHON OJIEXKIBI.

1,60 0,40

—_
[\
(=]

[lepemenienue, MM
=
o0
S
[lepememenue, MM
=
[\*]
(e

0,00 =—t—t—t—v— 0,00

1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Howmep naruuka Howmep naruuka

Puc. 3. Yamm quHaMIYECKUX MPOTUOOB TPH PA3IMYHBIX MOAYIISAX YIIPYTOCTH

OKcneprMeHTAIbHbIE JaHHbIE [UIS WCCIIEIOBAHMS MOJYYMINA C MOMOIIbI0 ycTaHOBKM FWD Ha ydacTtke noporu c
TOJIIMHON acgambToOeTOHHOro MOKpBITHA 10 cM M TommuHON mebeHouHoro cnost 44 cM. OrmpeneneHsl MOIyNH
YIPYTOCTH CIIOEB JTOPOXHBIX ozexn (tabmuia 1). Cxema pasmenienus: naTyukoB-reopoHoB: 0 — 20 — 30 — 45 —
60 — 90 — 120 — 150 — 180 — 210 cM OT TOUKH yJapHOTO BO3AECHUCTBHSL.

Pesyabrarel HccieqoBaHMsi. ABTOPHl PAacCMOTpPENH Ppa3NWYHBIE BAapHAHTHl COYETAHHS KOHCTPYKTHBHBIX
JJIEMEHTOB!

— ac(anpTOOCTOHHBIN + IIEOCHOYHBIN CITOM;

— ac¢harbTOOCTOHHBIN CIIOH + TPYHT;

— eOCHOYHBIH CIION + TPYHT;

— achanbTOOCTOHHBIN + EOCHOYHBIH CIION + IPYHT.

PaccMoTpuMm BH3yanM3alMM WTOTOB BBIUMCIEHHH HeWpoHHOW cern. Ha puc. 4 mn3o0pakeHBI pe3ynbTarhl,
MOJTyYeHHbIE HEPOHHOM CEThIO IIPU TECTOBOM pacueTe i 1-ro Bapuanta. TouHOCTh BeIuMcIeHui npesbicuia 90 %.
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Monyns ynpyroctu, MIla
N
S
S
S

1 4 7 1013 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67 70 73 76 79 82 85 88 91
Howmep usmepenns

e TOUHBIN pe3ynbTaT E1 e TouHBIN pe3ynbTaT EO

Pesynprar pabots! Helipocetn it E1 == Pe3ynpTat pabotsr Helipocetu ast EQ

Puc. 4. Pe3ynbrar 00y4eHust HEHPOHHOM ceTu Tpu BapraHTe | — «achaabToOeTOHHBIHN + eOCHOYHBIN CII0M

Uro kacaeTcs TECTOBBIX pacyeToB JJIsl BApUAHTOB 2 M 3, TO B IIEJIOM PE3yJIbTAaThl BHIYMCICHUH O3k K 1-my. Ha
pHC. 5 BHAEH XOpOWIMH pe3yibTaT OOy4eHHs HEHPOHHOW CETH Ha BCEX CJIOSAX KOHCTPYKUMH. IIpencraBiieHHbIC
3HAYEHHMS TIOJTyYeHBI Ha TECTOBOM MHOKECTBE CITy4aifHOW BBHIOOPKOM.

5000 1600
= =
S 4000 S 1200
3000 T
£ E 800
S 2000 o
21000 g 400
5] E [ N |
I Q
QN NN 00 N A I~ N 0
5 M8E8288S2R23825] 5 nASER =8RSS
= ot A~ dgnSendSao NGy TRag—~—~adga
§ | 20 (. (I I [
[NorpemHocTs BeAUCTCHUH, Y0 INorpemmHocTs BeAUCIECHUH, Y0
m Tounsnii pe3ynsTar M Pe3ynprar paboThl HElpoceTn m Tounslif pe3yneTar M Pe3ynpTar paboTsl HelipoceTn

Puc. 5. IlorpemHocTs BeIYHCIEHHI HEHPOHHOH ceTu rpu BapuanTe (1)

I'paduueckoe mpencraBieHHE COOTHOUIEHUS OXHMIAEMOTO W IOJIYYEHHOTO pe3yjbTaTa BEJIMYMHBI MOJIYJIS
YIPYTOCTH Ha PHUC. 5 CBUAETEIBCTBYET O HECYIIECTBEHHBIX HMOTPEUIHOCTSIX NPH TECTOBOM pacueTe CIOEB JTOPOKHOU
KOHCTPYKIIMU A7s caydas 1.

Oco0o0e BHUMaHUE CTOUT yJEIUTh TECTOBOMY pacueTy Ajsd BapHaHTa 4.

4500
Tounsni pesynsrar E2
= 3750
= Tounsni pesynsrar E1
= 3000
§ Tounsni pesynsrar EO
2 2250
E Pesynprar paboTs!l HeHipoceTH IIs
2 g 1500 E2
= % Pesynprar paboTs! HeHipoceTn LIS
7] s 750 El
g Pesynprar paboTs! HeHipoceTn LIS
T 0 EO
% 1 10 19 28 37 46 55 64 73 82 91 100 L.ee Pe3y/IETaT, NOTyYCHHBIH MOACIBIO
=2 Howmep uzmepenns s E2, E1, EO
O
>
=
§-< Puc. 6. Pesynprar 00y4ueHus HEHpOHHON ceTH pH BapHaHTe 4 — «acganbTOOCTOHHBIH + MeOeHOTHBIH CIION + TPYHT»
<=

Ha puc. 7 mpencTaBiieHO CTaTUCTHYECKOE PACIpeeliCHUE MOTPEITHOCTH BRIYUCICHUN Helipocetn. OTMETUM, 9TO
CpemHss TOTPEIIHOCTh OONBIMMHCTBA M3MepeHnit — okoio 10 %. OmHako B HEKOTOPBIX CITydasXx HaOIF0gacTcs
MaKCHMalTbHOE OTKJIOHEHHE, Omm3koe K 23 % (Ha rucrorpamme 3to rpymma 20 % u 6onee).
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Puc. 7. IlorpemHocTs BEYHUCIEHHI HEHPOHHOH ceTu Ipu BapruanTe 4 — «acharbToOCTOHHBIHA + MeOeHOUHBI CIIoi + TPyHT»:
a—npu E, € [1200,4200] MIla; 6 — npu E; € [100, 1500] MIla; ¢ — npu E, € [20,300] MIla

W3 nanHBIX pUC. 7 MOXHO CAENATh BHIBOJIBI O TOUHOCTH BBIYMCICHHUI HEHPOHHOM CETH HA TECTOBOM MHOXKECTBE. B
nepBoM citydae (puc.7 a) OoTMe4aeM, 4YTO M3 BCEro INpoBepoyHoro MHoxecTBa 41 % (82 u3MepeHHs) HUMEIOT
MOTPEITHOCTE B mpenenax 5—10 %. AHanmoruussle mokasatenu 52 m3mepernit (26 %) — 2-5 %. B 30 cmyqasx (15 %)
3aukcupoBansl 3HaueHHs1 0—2 %. 36 usmepenuii (18 %) manm pezynsratsr 10-20 %.

Ha puc. 7 6 makcumansHBIH okazarens — 70 3HaueHWH I morpentHocTel 2—5 %. CormacHo puc. 76 pe3yIbTaThl
BBIUUCIICHUI MOXyJell yHmpyrocTd IpyHTa MMEIOT HAaMMEHBIIYIO MOTPEeIIHOCTh. Tak, B mpeaenax 0-2 % Haxoaurtcs
116 3nagenuit. 3to 58 % oT TecroBoro MHoxecTBa. 44 m 16 3HaueHuil Haxoxadrcs B mpenenax 10 % morpemHocTH
(22 % u 8 % COOTBETCTBEHHO).

O0cy:xnenne m 3akiaovyeHusi. Takum o0pa3oMm, HeHpoOceTeBbIE TEXHOJIOTHH TIOKa3aiu ceds 3()(PEeKTHBHBIM
UHCTPYMEHTOM Ui ONpEAENCHHS MEXaHMYECKUX CBOMCTB MaTepUanoB JOPOXKHBIX KOHCTpykiui. [Ipu pemenun
oOpaTHOW 3ajayd OTMEYaeTcss BBICOKAs CTENEeHb BOCCTAHOBJIEHHS 3HaueHWH wmoxyiel ympyroctu. CpemHsist
MOTPEIIHOCTh BBIYUCICHUH He mpeBbimaet 10 %.

PaccmoTpensl BapuaHThl OOydYeHHSI HEMPOHHOW CETH COIVIACHO 3HAYCHMSM MOAYJIEH YHPYrOCTH CJIOEB.
3adukcupoBaHHasE B ATHUX CIy4asX MOTPEIIHOCTh CBA3aHA B OCHOBHOM C HEJIOCTaTOYHBIM oOydeHueM cerTH. Jlms
peteHust mpooaeMbl He0OX0IMMO YBEITHYMBATH KOJIMYECTBO JAHHBIX JJIs1 00yUYEHUs.

PesynbraTel nNpUMEHEHUS HEUPOCETEBOM TEXHOJIOTUU COIJIACYIOTCSl C  OKCIEPUMEHTANbHBIMU JAHHBIMH,
MOJIyYEHHBIMH T10CJIe pabOThl yCTAaHOBKH AMHAMUYECKOTro Harpyxenus FWD.
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