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Yupeoumenv u uzoamenv @edepanvrnoe 2ocyoapcmeennoe 0100rcemuoe 00pazoeamenvroe yupeicoeHue eblCuieco
oopazosanusa «/Jonckoii 2ocyoapcmeennviit mexnuueckuil ynugepcumemy (AI'TY)

Has3zeanue scypnana (0o aszycma 2020): Becmnux /[onckozo 2ocyoapcmeennozo
MexXHUYecKo20 ynusepcumema

Kypuan exnrouen 6 nepeueHv peueH3upyemvix HaAyUHbIX U30AHUIL, 8 KOMOPOM OO0JIHCHbBL DblMb ONYOIUKOBAHBI OCHOGHbIC HAYUHbBIE
Pe3YTIbMantvl OUCCepmMauuil Ha COUCKAHUE YUEeHOU CIeNeH KAHOUOAMA HAYK, HA COUCKAHUE YUEHOI CHeneHU 0OKIMOopPa HayK
(Ilepeuens BAK) no cnedyrouum nayunvim CReyuanbHOCHAM:

01.02.01 — Teopemuueckas mexanuxa (mexuuyeckue HayKu)

01.02.04 — Mexanuxa degpopmupyemoeo meepooeo meia (MexHu4ecKue Hayku)

01.02.04 — Mexanuxa depopmupyemoeo meepooeo meia ((pusuko-mamemamuiecKue Hayku)

01.02.06 — Qunamuxa, npouHocmv Mauiu, npudopos u annapamypbel (mexuuseckue HayKu)

05.02.02 — MawmHosedeHue cucmembl NPUEOO0E U Oemau MawuH (mexHu4ecKue Hayku)

05.02.04 — Tpenue u usHoc 6 MawuHax (mexuudecKue HayKi)

05.02.07 — Texuonoaus u 06opyodosarue Mexanuueckol u (u3UKo-mexHu4ecKoli 0opabomku (mexsuyeckue HayKi,)
05.02.08 — Texronoaus MauuHOCmMpoeHus (mexHudecKue HayKiL)

05.02.10 — Ceapka, poocmeeHHbie npoyeccyl U MmexHoI02uY (MexHU4ecKue HayKu)

05.02.11 — MemoOdvl KoHmpons 1 OUACHOCIUKA 8 MAWUUHOCIPOEHUL (MeXHUYecKue HAYKU)

05.13.11 — Mamemamuueckoe u npogpammHoe obecneyenue GoI4UCIUMeIbHbIX MAWUH, KOMIIEKCO8 U KOMRbIOMEPHbIX cemell
(mexHuueckue Hayku,)

05.13.17 — Teopemuueckue ocrosbl uHGopmamuku (mexHusecKue HayKiL)

05.13.18 — Mamemamuueckoe Mooenuposanue YucieHHble Memoobl U KOMNIEKChl NPOSPaMM (MeXHUuUecKue HayKu)
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YuciaeHHoOe MOAC/TUPOBAHUEC NMOBECACHUA KHHEMATUIECCKHU HeCTA0MIbHBIX
CKJIOHOB IIPA TUHAMHUYECCKHUX BO3/1€lCTBHAX

I1. I1. TaiizkypoB D4, H. A. CaBeabeBa ', E. B. Tpydanona
OI'BOY BO «/loHCKOM ToCyaapCcTBEHHBIN TeXHHIECKHH yHUBepcuTeT» (T. PocToB-Ha-JloHy, Poccniickas Oeneparms)
D4 gpp-161(@yandex.ru

Beeoenue. IIpeioxkeHa KOHIETIIUS OLEHKN THHAMUYIECKUX MApaMETPOB CHCTEMBI «OCHOBaHNE — OCJIA0JIEHHBIN cI10i —
O70K» ¢ ydeToM (pU3NYeCKOW HETMHEHHOCTH Marepuaja IpH KHHEMAaTHYecKoM criocobe Bo3OyxaeHus KojeOaHuii. B
COOTBETCTBUH C JJAHHBIM IIOJIXOJIOM Y4eT (PU3NUECKON HEIMHEHHOCTH MaTepHaja OCHOBAHMS M OJIOKa OCYIIECTBISIETCS C
nomoltsio Mmojienu pykepa-IIparepa. OcnaGnennsiii cioit monenupyercs 3D npy>KMHHBIMA KOHEYHBIMHU dJieMeHTaMu. Ha
IpUMepe AMHAMHUYECKOrO pacdeTa CHCTEMBI «OCHOBAaHME — OCIA0JICHHBIN CIONH — CKJIOH» OCYIIECTBJIEHA NpolLeaypa
BepuHKALUK NPe/IIaraeéMoil METOINKH.

Mamepuanvt u MenoOvl. BeraucinTenbHbIe YKCIEPUMEHTHI BBIIIOJHEHBI C MOMOIIBIO POorpaMMHOro komruiekca ANSY'S
Mechanical B coueTaHmm ¢ HETMHEWHBIM peIIaTeNeM, OaswpyromeMmcs Ha mpoueaype Hprorona-Padcona. [lns
TUCKPETH3aIMA PACUETHBIX O0JlacTell NMpHMEHEHB 0oO0BeMHBIC KOoHeuHBIe ameMeHTHl SOLID45. Jlns MomennpoBaHUS
cMenIeHust 0J10Ka OTHOCHTENIFHO HETIOABI)KHOTO OCHOBAHHS HCIIOIb30BaHbl KOMOWHHPOBAHHBIE YIIPYTO-BSA3KHE 3JIEMEHTHI
COMBIN14.

Pesynomamur  uccnedosanus. PazpaboTaHa WHKCHEpHas METOJMKA JAWHAMHUYECKOTO aHalM3a  HaIpsHKEHHO-
J1e(OpMUPOBAHHOTO COCTOSIHUSI ITPOCTPAHCTBEHHOM CHCTEMbl «OCHOBaHME — OCJA0JEHHBIH CJI0M — OJIOK» IpH
KHHEMaTHYeCKOM crocobe BO30YXJeHUsI KojeOaHuil. Ha 4mcioBBIX mpuMmepax HccieoBaHa TOYHOCTh U CXOJUMOCTB
IpelaraéMoi MeTOIUKN.

Obcyscoenue u 3aknwoyenus. Ha OCHOBAaHUHM BBIOJHEHHOTO MaTeMaTHMYECKOrO MOJAEIMPOBAHUS MOKAa3aHO, YTO
pa3paboTaHHasi METO/IMKA [TO3BOJISICT OIIEHUTh PUCKH BOZHUKHOBEHHS PEasIbHBIX OIOJI3HEBBIX MPOIECCOB, 00YCIOBICHHBIX
BHEIITHUMH HECTAIIHOHAPHBIMH BO3/ICHCTBUSIMU.

Knrwouesvie cnosa: MeTon KOHEYHBIX 3JEMEHTOB, Mozenb [[pykepa-Ilparepa, meronx HeioToHa-Padcona, nuHammdaeckoe
MO/JIETTMPOBaHNE, CKIIOH, OMOI3HEBOH TPOIIECC.

Jna yumuposanusn: Taiiixypos, I1. I1. UncieHHOE MOIENMPOBaHHUE MOBEACHNUS KHHEMAaTHUECKN HECTAOMIBHBIX CKIIOHOB
npu auHammdecknx BosneiictBusax / II. I1. Taimxypos, H. A. CasenseBa, E. B. TpydanoBa // Advanced Engineering
Research. — 2021. — T. 21, Ne 4. — C. 300-307. https://doi.org/10.23947/2687-1653-2021-21-4-300-307
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Numerical simulation of the behavior of kinematically unstable slopes under dynamic influences

P. P. Gaidzhurov >4, N. A. Saveleva , E. V. Trufanova
Don State Technical University (Rostov-on-Don, Russian Federation)

> gpp-161@yandex.ru

Introduction. The concept of estimating the dynamic parameters of the “base — weakened layer — block™ system is
proposed, taking into account the physical nonlinearity of the material and the kinematic method of excitation of vibrations.
In accordance with this approach, the physical nonlinearity of the base and block material is considered using the Drucker-
Prager model. The weakened layer is modeled by 3D spring finite elements. The verification procedure of the proposed
methodology is carried out on the example of the dynamic calculation of the “base — weakened layer — slope” system.
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Taiiosncypog I1. I1. u op. Hucnennoe modenuposanue nosedenus KUHEMAMUYECKU HECMAOUILHBIX CKIIOHO06 NPU OUHAMUYECKUX 8030€liCHGUAX

Materials and Methods. The computational experiments were performed using the ANSYS Mechanical software package
in combination with a nonlinear solver based on the Newton-Raphson procedure. SOLID45 volumetric finite elements were
used to discretize the computational domains. Combined elastic-viscous elements COMBIN14 were used to simulate the
displacement of the block relative to the fixed base.

Results. An engineering technique for the dynamic analysis of the stress-strain state of the “base — weakened layer —
block” spatial system with kinematic method of excitation of vibrations is developed. The accuracy and convergence of the
proposed method is investigated using specific numerical examples.

Discussion and Conclusion. Based on the mathematic simulation performed, it is shown that the developed technique
provides assessing the risks of the occurrence of real landslide processes caused by external non-stationary impacts.

Keywords: finite element method, Drucker-Prager model, Newton-Raphson method, dynamic modeling, slope, landslide
process.

For citation: P. P. Gaidzhurov, N. A. Saveleva, E. V. Trufanova. Numerical simulation of the behavior of kinematically
unstable slopes under dynamic influences. Advanced Engineering Research, 2021, vol.21, no.4, pp.300-307.
https://doi.org/10.23947/2687-1653-2021-21-4-300-307

Beenenne. B 70-x rojax mpommwioro BeKa HAYaJoOCh IIUPOKOE HCIONB30BaHME METOJAa KOHEYHBIX
anemenToB (MKD) mpu aHammse cTaTU4ecKOd yCTOHYMBOCTH CKIOHOB M OTKocoB [1-3]. Kak mokaszana mpakTuka
reoTexHuueckux pacuetoB MKD B oTiHM4He OT yNpOIIEHHBIX METOIUK ITO3BOJIMI YYECTh TaKHe Ba)KHbIE (aKTOPBI Kak
peabHYI0 TEOMETPHIO M IIOCIONHYIO CTPYKTYpy HCCIEIyeMBIX OOBEKTOB, a TaK)Ke HAJIWYHME HPOTHBOOIIOI3HEBBIX
COOPYKEHUH U (PU3NUECKYIO HEIMHEITHOCTh MaTepHalia ¢ 3apaHee HeN3BeCTHOH 00acThIo IIacTHYHOCTH [4]. B HacTosmee
BpeMsI MHOTHE HCCIeoBaTen cTany npuMeHats MKD g aHanus3a nnHaMHYeCKON yCTOMYMBOCTH CKJIOHOB PEAbHOIO
3aJ0KEHHS, a TaKKe NPOTHO3MPOBAHMS DPUCKOB OOBAJIOB TOPHBIX MOPOJA B IMOJ3EMHBIX BEIPaOOTKax M CO CKIIOHOB,
PAacIoI0KEHHBIX B/IOJIb aBTOMOOMIBHBIX U JKEJIC3HOAOPOXKHBIX MarucTpaiiei. Takke OJHUM U3 aKTyallbHBIX HAIPaBICHUN
TOPHOI JMHAMHKH SIBISIETCS. KOHEYHO-DJIEMEHTHOE MOJAEIMPOBAHUE MOCHEACTBHHA 3EMIETPSACEHMH C  Y4ETOM
KHHEMAaTHYeCKOW HecTaOWIBbHOCTH KOHTIIoMepaluii [5]. B Hactosiee Bpemsl CyMIECTBYIOT CJEIYIONINE METO b
JTUHAMUYECKHX PacueTOB B 00JIACTH T€OTEXHHUKH:

1. SRM (strength reduction method) — meTon cHwxkenus npodHocTH [6, 7]. Pazpabortan mns pacuera 3amaca
MIPOYHOCTH TOPHOTO MaccHuBa B (U3MUECKH HEIMHEHHOW mocTaHoBke. B SRM ¢akTtndeckne mMpOYHOCTHBIE MapaMeTphl

IPYHTa UTEPALIMOHHO YMEHBIIAIOTCS IyTEM JIEIeHHs Ha HEKOTOPBIA Koa(duieHT 6onplie 1:

c tan
= ;¢ =arctan —¢ ,
kSRM SRM
rme ¢, ¢ — QaxTuyecKkue 3HAUYEHMs CLEMIEHUs U yrja BHYTPEHHEro TPEHMs IPYHTa COOTBETCTBEHHO; C', ¢’

CHCIUICHUEC W YTIOJl BHYTPCHHETO TPEHHSA T'PyHTA COOTBETCTBCHHO IIOCJIC MX YMCEHBUICHUA OTHOCUTCIHHO q)aKTI/I‘-IeCKI/IX

3Ha4YeHUH; Kk g, — KOIOOUIHEHT CHMXEHHUs CABUTOBOH MPOYHOCTH. BenmumHa k g, , COOTBETCTBYIOIIAs NPEAETBHOMY

COCTOSIHUIO CHCTEMBI, ONPEAEIIAeT HIDKHIOI ITPaHMIly IPOYHOCTHBIX MapaMeTPOB MaTepHaia.

2.LEM (limit equilibrium method) — wMeron mnpeneNbHO KHHETHKH, OA3UPYIOLIMHACS Ha TPHUHIUIE
Janamb6epa [8, 9]. OpueHTHpOBaH HA aHAIN3 TUHAMHUYECKOH yCTOHYNBOCTH COUJICHEHHBIX MAaCCUBOB TOPHBIX ITOPO/I.

3. TLEM (thin layer element method of FEM) — meTon TOHKOCIOHHBIX KOHEUHBIX 31eMeHToB [10], B KoTOopoM
YOpPYronaacTU4ECKUEe DJIEMEHThl TOHKOIO CJIOS HCIONB3YHOTCS Ul MOJAEIMPOBAaHUS TOBEACHUS KHUHEMATUYECKU
HecTaOMIIBHBIX CTPYKTYD.

AHanu3 pe3yabTaToB, HOJYYEHHBIX ¢ momouibio MerogoB SRM, LEM u TLEM, noka3zan, 4To B HacTOsIIEE BpeMs
OTCYTCTBYET €IMHAs KOHLENIHUS MaTeMaTHIeCKOTO MOJCIHPOBAaHMS MOBEACHHA CTPYKTYpHO HECTaOMIBHBIX
TEOTEXHHUYECKUX CHCTEM NPH HECTALHMOHAPHOM BHEIIHEM BO3JICHCTBHM. JTO OOYCIOBIHMBAET aKTyalbHOCTh Pa3pabOTKU
METOJIUKH TUHAMHYECKOTO aHAN3a CUCTEM THIIA «OCHOBAaHHME — OCJIA0JIEHHBIN c10if — OJIOK» B KOHEUHO-3JIEMEHTHON
MOCTaHOBKE C HCIIOJIb30BaHHEM HOBOTO MOJX0/a K MOJACINPOBAHHUIO IIIOCKOCTEH CKOIBKCHHS.

Marepuaibl M MeTOAbI. YpaBHEHHE JBIKEHNS] MEXaHUUECKOI CHCTEMBI B KOHEUHO-3JIEMEHTHOH (hOPMYIIHPOBKE
npencraBum B Buze [11]:

(MW O+ [CHV O+ KW ()} = {F }+{F (D)} (1

rne [M], [C], [K] — marpuusl Mmacc, AeMIpUPOBAHUS U KECTKOCTU aHCAMOJIT KOHCUHBIX 3JICMEHTOB COOTBETCTBEHHO;
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'@}, (W)}, {W(t)} — BEKTOPBI-CTONOIBI COOTBETCTBEHHO Y3JIOBBIX YCKOPEHHUH, CKopocTeil, nepemeruenuii; {F,},
{F (t)} — BEKTOPBI-CTOJIOLIbI 3aJaHHBIX CTATHICCKUX U JUHAMHYCCKUX HATPY30K COOTBETCTBEHHO B MOMEHT BPEMEHH f .

B pmamsHeiimem monaraem, uto Matpuisl [ M | u [ K| cormacoBanHbIe.

Jns ducnenHoro wuHTerpupoBaHusi ypaBHeHus (1) wucmonb3yem Mertox Hetomapka [12]. Ilpum stom miar
MHTETPUPOBAHMSA TI0 BPEMEHHOH ocn Af Ha3HadaeM Tak, YTOOBI C JOCTATOYHOM TOYHOCTHIO YUWTBHIBAIHCH BKJIAJBI

(1)I/I3I/I‘ICCKI/I 3HAYUMEIX COOCTBEHHBIX mnap. B HaﬂbHeﬁHIeM pacCMOTpUM KHUHEMATUYCCKHUC CII0COOBI BO36y)KI[eHI/Iﬂ

KosieOaHui, 3aJlaHHBIE C MOMOIIBIO JIUOO MOJENBHOM CcellcMOrpaMMbl {W(t)} , 0O C TOMOIIBIO MOIEIBHON
aKceJeI0rpaMMbl {W"(l)} . Ilpu TakoM crocobe 3aaHus TUHAMHYECKOTO BO3JCHCTBHSI BTOPOE CllaraeMoe MpaBoil 4acTu
ypasuenus (1) 6yznet pasHO Hymo: {F (¢)}=0.
PaccmorpuM crmoco® BO3OYXKACHHS MeEXaHHUECKHX KoOJeOaHW TOCPEICTBOM MOJECIBFHOW CceHCMOTrpaMMEl.
DyHKIUIO W(t) npezactaBum B Buze [13]:
W(t)= Ate * sin(01), )

rne A — HavajJbHas aMIUIMTYNa; y — KO3((UUMEHT 3aTyXaHusi; § — yrJioBas 4acToTa BHEUIHEro Bo3zaeictsusi. Ha
1

puc. 1. npuseneH rpadux GyHKIHH W(t) quia 3HaveHuit: 4 =0,01553 m; y =0,7143; 6 =5¢ .
W (), m |
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{

Puc. 1. I'paduk MomenbHOU celicMOTpaMMBI

Pe3yJILTaT]>l HCCJIEeA0BAHUSA. B kagectBe MEPBOro MOACIbHOTO IMpUMEPA PACCMOTPHUM 3aAaqdy O BBIHYKICHHBIX
KoJIe0aHUIX CKJIOHA, pacCloJIOKECHHOTO Ha OCHOBAHHWH (pI/IC 2) FpaHI/I‘IHBIC YCJI0BUA 3a4a4U I[IOKAa3aHbl Ha PHUC. 3, rae

OykBoii S 0003HaUYeHa HccieryemMast TOUKa.

Y Oci1a0neHHbIH

Puc. 3. PacueTHas cxema CKIIoHA

Puc. 2. 'eomerpus ckioHa

CooTHOIIEeHUs TCOMETPHUUICCKUX MapaMETPOB CKJIOHA U OCHOBAHUA (pI/IC. 2) MpeACTAaBJICHLI B Ta6J'H/IIIC 1.

Tabimna 1
COOTHOIIICHUS TEOMETPUIECKHX MMapaMeTPOB
H l, L, [, L
3,5H, H, (1,0-2,0)H, H, S5H,
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MexaHnYecKHe XapaKTepUCTUKM MaTepuaja CKIOHa M OCHOBaHWS: Monyib nedopmammu E = 21 Mlla;
. 3
koa(¢punuent Ilyaccona v = 0,3; ynensHblit Bec y = 1702 xr/m”; cuerienne ¢ = 45 klla; yron BHyTpeHHEro TpeHHs

¢ =15°.
ﬂﬂﬂ MOACINPOBAHUA CKIIOHA U OCHOBAHUSA UCTIOJIB3YEM O6’beMHLIe KoHeuHble eMeHTsl SOLID45 MmporpaMMHOTO

kommiekca ANSYS Mechanical. KoneuHo-aineMeHTHas: Mofienb 171 BapuaHTa ¢ mapamerpamu: [, = 2H , H_ = 10M,

OTHECEHHas K II00abHOM AeKapTOBO CHCTEMe KOOPAMHAT, MPUBE/ICHA Ha PHUC. 4.

KoneuHo-311eMeHTHasl CeTKa MOCTPOSHAa TaKUM o00pa3oM, YTO Ha MOBEPXHOCTH KOHTAKTa CMEXKHBIC Y3JIbI
OCHOBaHHS M CKJIOHA UMEIOT OJIMHAKOBBIE KOOPMHATHI, HO pa3Hble HOMepa. DTO NPUHATO IS TOTO, YTOOBI Pa3MECTUTH B
9TOM MECTe OCJIaOJIeHHBI cioi. KuHemarmueckoe Bo3nmelcTBHE B (opMe MopenbHOW ceficMorpaMmbl (2) 3amaeM Ha

Ka)XKJIOM 1llare MHTErPUPOBAHUs {, B BUJAE Y3JIOBBIX IHepeMelieHui W (¢;) Ha TOPLOBBIX MOBEPXHOCTAX MOJENH C
napamerpamu: X =0 u X =/, +/,+1/,.
MopenupoBanue 0cIabIeHHOro ciosi (puC. 4) BBINOJHAEM C IOMOIIBIO YIPYTo-BS3KMX KOMOUHHUPOBaHHBIX

KoHeuHbIX 37emenToB COMBIN14 [14]. IIByxysnoBoii snement COMBINI4, coCTOAIMI U3 NIPYXKUHBI KECTKOCTBIO K U

aemindepa >KUIKOCTHOro TpeHus ¢ Koddduuuentom nemndupoBaHus c,, mpuBeleH Ha puc. 5. B paccmarpusaemom

cJIydac 3TOT 2JICMCHT pa60TaeT TOJIBKO Ha PACTSXKCHUC-CIKATHC.

X

Puc. 4. Koneuno-sineMeHTHas MOJIENb Puc. 5. KoMOMHUPOBaHHBII KOHSYHBIH
CUCTEMBI «OCHOBaHHE — CKJIOHY anemenT COMBIN14

B kaxaoM y3je KOHTaKTHOW MOBEpPXHOCTH (puc.4) BIOJIb TI00anbHBIX ocedl X, Y, Z BBOAUM 3JEMEHTHI
COMBIN14. ITapameTpsl KOMOMHUPOBAHHBIX AIEMEHTOB!
k, =30xH/™; k, = k_=94410" xH/m; ¢, =0,5.

B »TOM mpumepe W nasiee BBOJMM JIONYLIEHHE O €CTECTBEHHOM Hele(OPMHUPOBAHHOM COCTOSIHMU CHUCTEMBI
«OCHOBaHHE — OCJIa0JICHHBIN CJIONH — CKJIOH». J{J1s BBIYMCIICHHIA UCTIONb3yeM HEeJIMHEHHBIH periaTtens komiuiekca ANSYS
Mechanical.

Pe3ynbraThl KOHEYHO-3JIEMEHTHOTO MOZEIMPOBAHUS B BHJE BU3yalIM3allMH Je(OpMHPOBAHHOTO COCTOSHHSA
CHCTEMbI «OCHOBaHNE — CKJIOH» C Y4€TOM MAaKCHMAaJIbHOT'O TOPU30HTAIBHOTO CMELICHUS U PACTIPEICIICHHS aMIUIUTY THBIX
TOPU30HTAJbHBIX NepeMelieHuid W _(¢) mokas3aHsl Ha puc. 6 u 7. lllar unrerpupoBanus ypasHenus (1) A¢ = 0,01 c. Kak

BHIHO, BBeJcHHE 3D ympyro-Bs3KuX 3JEMEHTOB MO3BOJISIET CMOACIHPOBATH 3()(HEKT KMHEMAaTHYSCKOW HecTaOMIBHOCTH
MEXaHHUYECKOW CHUCTEMbI «OCHOBAHHWE — OCJIA0JICHHBIN CIIOW — CKJIOH» NPU KHHEMAaTHYECKOM CII0CO0e BO30YKICHHS
KoJIEOaHUH.

W_ (),Mm

.002535
.004178
.005822
.007465
.008109
.010752
.012385
.014039
.015682
.017326

[ Nm{NInNIN |

Puc. 6. Buzyanmzamus

CMCILICHI CKIIOHA Puc. 7. Pacnipenenenue nepemeruennii W _(¢)

OTHOCHUTCIIBHO OCHOBaHHs
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AMIUTMTY/IHO® 3HAYCHHC IepeMelleHns B Touke S cocrawio W, .- = 1,7cm. [lis BapuaHTta CKIOHA
I, =H, (puc.2) W _ . = L1lcm. I'papuku xoneGaHuil OCHOBaHMS M CKIOHA B HCCIeAyeMOd Touke S (puc.3) B

HaIpaBJICHUU OcH X MPUBEIEHBI Ha puUcC. 8.
+ -
HORINORY

0,02
0,01
0
20,01
-0.02 1 2 3
t, ¢

Puc. 8. I'paduku xonebanuii B Touke S OCHOBaHUS sz (¢) u cxiona WX; (?)

IIpU KUHEMAaTU4YE€CKOM BO36y)KZ[eHI/II/I C TTIOMOIIBIO MOJIEITBHOM CeﬁcMOl"paMMH

Ha ocHoBanum MIPUBCACHHBIX Fpa(I)I/IKOB BUJIHO, 4YTO Ha4yuWHAsA C MOMCHTAa BPEMCHHU [ > 1,5 C Ha6J'IIOZ[aeTC$I

paccornacoBaHue KoJeOaHUH OCHOBAaHMS U CKIIOHA.
PaccMoTpuM TOBelleHHE CHCTEMBI «OCHOBaHME — OCJIAOJIEHHBIH €10l — CKIOH» (puc. 3) TpH BO30YKAECHUH

KoeOaHWH C TOMOIIBIO MOJIENBHOM aKCceleporpaMMBbl W (t). C oroil mempro IBaxkapl nporupdepeHuupyeM
BhIpakeHue (2). B pesynprare nomyunm:
W"(t)=Ae [ y*sin(0f)t—2 y cos(0f) Ot —sin (1) 6% t — (3)
—2ysin(0t)+2cos(0t)0].
I'padux Gpynxuun (3) s napamerpos: A =0,01553 m; 7 =0,7143; @ =5 ¢ ' nokasan Ha puc. 9.

W(t), m/c?
F

0,11

ALV A A A
2 v U6V 8 10
t, C

-0,11

ol

Puc. 9. I'paduk MoenpHOMN aKceIeIorpaMMBbI

Kunemarnueckoe Bo3nelcTBHE B (OopMeE MOJICIBLHOW akceleporpaMMbl (3) Mo aHajoruM ¢ ceiicMorpamMmoit (2)
3aJaeM Ha KaXIOM IlIare HHTCTPUPOBAHMS ¢, B BHAC Y3JIOBBIX ycKopeHuil W(f;) Ha TOPLOBBIX HOBEPXHOCTSIX MOJIEIH C
napamerpamu: X =0 n X =/, +[; +1,. Ha puc. 10 npencrasnensl rpaduxn xonebanuit B ucciemyemoit Touke S (puc. 3)

IpH KUHEMATHYECKOM BO3JICHCTBHM B (opMe MOJCIbHON akceneporpaMmbl. CpaBHUBas TpauKe KoJleOaHUM,
npuBeieHHbIe Ha puc. 8 ¥ 10, ycTaHaBAMBaeM, YTO OHU MPAKTUYECKH COBMAAAIOT. DTO CBUJETEILCTBYET O KOPPEKTHOCTH
pa3paboTaHHOW KOHEYHO-3JIEMEHTHOH MOJIENIM, TO3BOJISIONICH OMWCHIBATH TOBEJCHHE CHUCTEMBl «OCHOBaHUE —
OCJIa0JICHHBIN CJI0M — CKIIOH» TP Pa3INIHBIX CIIOCO0aX HECTAIMOHAPHOTO KHHEMATHYECKOTO BO3ICHCTBUSI.
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+ -
ANON/SRORY
0,02

0,01

-0,01

-0,02

0 1 2 3t,c

Puc. 10. I'paduku konebanuii B TOUKe S OCHOBAHHUS WX: (¢) wcxnona W (1)
MPY KHHEMATUIECKOM BO30YKIEHUN KONEOAHMUI C TOMOMIBIO MOJIENBHO aKCENENOrPaMMBI

B KkayecTBe BTOPOr0 MOJENHHOTO MpUMEpPA PAcCMOTPUM 3aladyy O BBIHYXICHHBIX KOJEOAaHHMSX CKIOHA C
KAHEMATHYECKH HECTaOWIBHBIM KIMHOBUAHBIM BKIMoYeHueM (puc. 11). B c¢Bsa3u ¢ cummeTpuell KOH(QHUTypaunuu, B
pacyeTHON CXeMe YYHUTHIBAEM TOJBKO 1/2 4acTh CKJIOHA W BKIIOUEHWs. | paHUYHBIC YCIOBHS JAJIsl PHUHATON PAaCcUETHOM
CXeMbl TOKa3aHbl Ha puc. 12. 3mecy OykBoit S o003HaueHa HcClIeayeMasl TOYKa, MPHHAIEKANAs OJHOBPEMEHHO
OCHOBAHHMIO CKJIOHA U KIIMHOBHIHOMY BKITIOUEHHUIO.

OcabeHHBIN
cJION

Harmpasiienue
CKOJIbXKECHHUS

Puc. 11. Cxema ckJIOHa ¢ KITMHOBUIHBIM Puc. 12. PacueTHas cxema Ajs 3a1a4d «CKIOH —

BKIIFOUCHHUEM KIIMHOBUIHOC BKIIFOUCHHUEC»

KoneuHo-anmemMeHTHas MozieNnb CKJIOHA U KIMHOBUAHOTO BKIIIOYEHHA MOKa3zaHa Ha puc. 13. Kak u B mpeasiaymem
npuMepe, B JaHHOM ciydae ucrosbsyeM anemenTsl SOLID45 1 COMBIN14 ¢ Temu jxe XapakTepuCTHKaMH MaTepuaia.

®®

6) 6)
Puc. 13. KoHneuHo-351eMEHTHAs MOJIENb: d — CKIIOH; 6 — KIIMHOBHHOE BKJIIOUEHUE;

-1

6 — CKJIOH C KJIMHOBHUJHBIM BKIIFOUYCHHUEM

(I)yHK].[I/Iﬂ, OIMMCBhIBAIOIIAsA MOACIIBHYIO aKCEJIEJIOTpaMMy, UMEET BU:

<
— X

W.(t)=A-cosOt, E

— <

rie A — aMIUIMTy/a yCKOpeHHs; ¢ — 4acToTa BHeIHero Boszeiictus. Ha puc. 14 npusenen rpadux W (t) npu 4 = 35
2,5M/c%, @ = 2Tu. 3HaueHus YCKOpEHHS Wx(ti) Ha [-TOM IIare WHTETPHPOBAHUSA ypaBHEHUs ABmwkeHus (1) =

MIPUKIIAABIBAEM K y3JIaM IMOBEPXHOCTH MOJeNH ¢ koopauHatoit X = 0 (puc. 12).
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W@, wi

0 0,05 0,1 0,15 0,2
t,C

Puc. 14. I'pauk MOJENBHOMN aKCENENT0rpamMMbl ﬁ(t)

Pesynbrar MoaenupoBanus B BUJE PAcIpeNeICHUsS aMIUIMTYIHBIX 3HAYCHUM IepeMeleHuii W (¢) mokasan Ha
puc. 15. Illar uaTerpupoBanus At = 0,01 c. ['papuku koneOaHWiI OCHOBAHWS CKIIOHA W KIMHOBHIHOTO BKIIOUCHHS B

ucciexyemoit Touke S (puc. 12) B HanpaBiaeHUH ocu X IpUBEAEHBI Ha puc. 16.
Kax BuaHO U3 puc. 15 mpu 3ajJaHHOM KHHEMATHYE€CKOM BO3JCMCTBUM MPOUCXOIUT Pa3pbiB CIUIOINIHOCTH MacCHUBa
CKJIOHA 0 OCTabJIeHHOMY CIIOI0 U KIIMHOBU/IHOE BKJIIOUEHHE CMEIIAETCsl OTHOCUTEIbHO OCHOBAHUS CKJIOHA BJIOJb OCH X.

Wx (t) ]

=

-.022525
-.019874
-.017224
-.014573
-.011923
-009273
-.006622
-.003972
-.001321
.001323

J000BECEN

3‘___}

Puc. 15. Pacnpenencaus W (¢) B 1/2 yacTu CKIOHA C KITMHOBHAHBIM BKIIIOUCHHEM

+ -
WXS (t)j VV)CS(I) » M
0,005 y —————— — .

0
-0,005
-0,001
-0,015
-0,002

-0,025 - N
0 0,4 0.8

12 1,6 20 14, ¢C
Puc. 16. I'paduku koneGanmuii B Touke S ocHOBaHusI cKioHa W' (¢) ¥ KIMHOBHAHOTO BKIOUeHHs W, (¢) HpH KHHEMaTHIECKOM
N N

B030Y)XIEHHH KOJeOaHMUi C MOMOIIBIO MOJICTIBHOMN aKCeIeI0rpaMMBI

«dpetip» Wx: (¢) Ha puc. 16 0OyciIOBIEH TeM, UYTO JaHHAs KOHEYHO-3JIEMEHTHAasi MOJeJb HE HMMEET CBS3eH,

TIPETISITCTBYIONIMX CMEIIEHMsIM BIoJIb och X. Kak nokazano B [11], pemuts npodnemy «ipeiia» MOMXKHO IyTeM BEIMUTAHUS 3
3HAUYEHUN TepeMeleHUH Wx: () n W, (¢) mepeMernieHHUs OCHOBAHUS CKIIOHA, KOTOPOE MPEICTaBIIET COO0M CMEICHUE «KaK

KECTKOe 11emoey». OTMEeTHM, YTO MOTy4YeHHBIE aMIUTUTY/IHbBIC 3HAUCHUS MepEeMEIICHUH Wg (#) m W, () TO3BOJISIOT OLCHUT
JMHAMHUYECKUE TTApAMETPbI CUCTEMBI «CKJIOH — OCJIA0IEHHBIH CII0M — KIMHOBUIHOE BKITIOUCHUE).

3aka0uenne. Pa3pa60TaHa u BepI/I(l)I/IHI/IpOBaHa KOHCYHO-3JICMCHTHAasAs MOACIb  JId  HMCCJIICAOBaHUsA
JUHAMHYCCKOT'O IMOBCACHNA KHMHCMATUYCCKH HECTaOMILHEIX CKIIOHOB B TpeXMepHOﬁ MOCTAHOBKE C y4E€TOM (bH?,H‘-ICCKOﬁ
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HEJIMHEHHOCTH MaTtepuajia.
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OuneHka TPEeIMHOCTOMKOCTH CBAPHBIX COeIMHEHUIA ¢ MATKMMU

NMPOCJIOMKaAMH

K. A. Mosiokos'? >4, B. B. HoBuxkos'
'®I'AOY BO «JlanbHeBocTouHbI (enepaabHblil yHHBepcHTEeT (T. Braguoctok, Poccuiickas Deeparist)
2PI'BOY BO  «BnagmMBoCTOKCKHit TOCYJapCTBEHHBI YHHBEPCUTET JKOHOMHKH W cepBuca» (T. BmammBoctok, Poccuiickas

Denepanus)

D4 Spektrum01 1277 @gmail.com

Beeoenue. PaccMOTpeHBI CBapHBIC COCAMHEHUS B METAJUTMUECKHX KPYITHOTAO0APUTHBIX COOPYKEHMSAX (Hampumep, B
KOHCTPYKIHUAX KOPIYCOB Kopabiei), MOABEp>KEHHBIX MAaJOIUKIOBON ycTarmocTH. OTMEUeHO XapaKTepHOe IS HUX
MOSIBJICHHE MSTKHX TIPOCJIOCK, KOTOpbIe MNpU PabouuX Harpy3kax 3HAYHUTEIbHO IUIACTHYECKH Je(GOpMHUPYIOTCS.
Hedopmarust CTpYKTYpbl METaIa ¢ MOBPEKACHIAMH, OCOOCHHO B BHZE TPELIMH, CHIDKACT MPOYHOCTh M HAJEKHOCTh
9JIEMEHTOB KOHCTPYKLMI M coexuHeHuid. [IpenBapurenbHas nedopmMaliys OTPHLATENIBHO BIMSET HA IUIACTUYHOCTD,
MIO3TOMY MHOTO€ 3aBHCHUT OT OCTaTOYHON MJIACTUYHOCTH TpecKaromerocss marepuana. Ilpu sToM ¢ yMeHbIIEHHEM
OCTAaTOYHOHI IUIACTUYHOCTH CHUYKAETCS TaKOW BAaXKHBIM IOKAa3aTellb HAJEKHOCTH, KaK CONPOTHBIEHHE MaTepuana
PacpoCTPaHEHUIO TPEIIMHBI — BA3KOCTh Pa3pyLICHHUS.

CraThs OCBAIICHA pa3paboTKe MOAEITH, BKIIOYAIONIEH aHAINTHYSCKHE 3aBUCUMOCTH JJIsl OLIEHKH TPEUTHHOCTOHKOCTH
METaJUNINYECKUX KOHCTPYKLUN U UX CBAPHBIX COCIUMHEHUM C MATKMMHU IIPOCIOMKAMU IO NPEAENy TPELUHOCTONKOCTH
IIPH BCEX pa3Mepax TPELIUH.

Mamepuanvt u memoosl. VICOIH30BaHBI TEOPHS W METOAbI JMHEHHONW MEXaHWKH pa3pylIeHHs MaTepHalioB,
CTPYKTYPHO-MEXaHHYEeCKUH  Mojaxoa.  Pe3ympTaTel  pacyeToB  aHAMU3UPOBAINCH M CPAaBHUBAINCH  C
JKCHEPUMEHTAIBHBIMU JTAHHBIMU U JIPYTHMHU aHAIUTUYECKUMU PEIIEHUAMU. YNCIEHHBIN SKCIEPUMEHT BBIIOJIHEH JJIS
IIMPOKO UCTIONB3YEMBIX B MPOMBINIICHHOCTH cTajeil gpepputo-nepautHoro kimacca Ctl0, Ct50, 22K, Cr3cmu ap., a
TaK)Ke JIETUPOBAHHBIX 3aKaJIEHHBIX Ha CPEIHIO0 U BHICOKYIO MpouHocTh 30XT'CA, 37XH3A u np.

Pezynomamut uccnedosanus. llomyueHbl aHANUTHYECKHE 3aBHCHMOCTH JUIS pacdyeTa OTHOCHUTENIBHOTO TIpejesa
TPELIMHOCTONKOCTH 10 TPEM OCHOBHBIM M3BECTHBIM MEXAHMYECKMM XapaKTEpPUCTHKaM MaTepHuaa MATKOH MPOCIONKU
CBapHOTO COETMHEHUS.

Oébcyscoenue u 3aknroyenue. 1lomydaeHHple pe3yabTaThl MOTYT OBITh MCIIOIB30BAHBI AJIS OLEHKH TPEUIMHOCTONKOCTH
NPEe/IBapUTEIbHO J1e(OPMUPOBAHHBIX 3JIEMEHTOB KOHCTPYKIMH W CBapHBIX COCJMHEHHMH (B TOM 4YHCIE C MATKHMH
NPOCJIOiiKaMu), padOTAIOMMX HA MONEPEYHYI0 Harpy3Ky. MTOrM SKCIepUMEHTaIbHBIX JIAaHHBIX M aHATUTHYECKHX
pacueToB TOKa3aHbl B O€3pa3MEpHOM BHJE, YTO IMO3BOJIIET MOJyYaTh WHBApHAHTHBIC PE3YIbTAThl MO OTHOIICHHIO K

Ipesieny TPeLUHOCTOMKOCTH.

Knroueeswvie cnosa: CBApPHOC COCAMHCHHUE, MsArKas r[pocnoﬁKa, MEXaHU4YECKasl HCOAHOPOJHOCTD, He(bOpMaHI/IH, npeaes

TpeH.IHHOCTOﬁKOCTH, JUIMHA TPCIIUHBI, KOHTAKTHOC YIIPOUHCHUE, OTHOCUTEIILHOC YIJIMHCHUC.

Jna yumuposanusa: Monokos, K. A. OneHka TpemuHOCTORKOCTH CBapHBIX COSAMHCHHUH ¢ MATKHMH IIPOCIOMKaMH /
K. A. Monokos, B. B. HoBukoB // Advanced Engineering Research. — 2021. — T.21, Ne4. — C. 308-318.
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Evaluation of crack resistance of welded joints with soft interlayers

K. A. Molokov'? >4, V. V. Novikov'

'Far Eastern Federal University (Vladivostok, Russian Federation)
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Introduction. Welded joints in large-sized metal structures (e.g., in the structures of ship hulls) subject to low-cycle
fatigue are considered. The characteristic appearance of soft interlayers, which are significantly plastically deformed
under working loads, was noted. Deformation of the metal structure with damage, especially in the form of cracks,
reduces the strength and reliability of structural elements and joints. Pre-deformation negatively affects plasticity;
therefore, much depends on the residual plasticity of the cracking material. At the same time, with a decrease in residual
plasticity, such an important reliability indicator as the resistance of the material to crack propagation — the fracture
toughness — decreases. The paper is devoted to the development of a model that includes analytical dependences for
assessing the crack resistance of metal structures and their welded joints with soft interlayers according to the crack
resistance limit for all crack sizes.

Materials and Methods. The theory and methods of linear mechanics of materials destruction, structural-mechanical
approach are used. The calculation results were analyzed and compared to the experimental data and other analytical
solutions. The numerical experiment was performed for the ferrite-perlite steel grades of 10, 50, 22K, St3sp, etc.,
widely used in industry, as well as for alloy steels hardened to medium and high strength of 30KhGSA, 37KhN3A, etc.
Results. Analytical dependences are obtained for calculating the relative crack resistance limit according to three main
known mechanical characteristics of the state of the material of the soft interlayer of the welded joint.

Discussion and Conclusions. The results obtained can be used to assess the crack resistance of pre-deformed structural
elements and welded joints (including those with soft interlayers) operating under a transverse load. The results of
experimental data and analytical calculations are shown in dimensionless form, which enables to obtain invariant results
with respect to the fracture toughness limit.

Keywords: weld joint, soft interlayer, mechanical inhomogeneity, deformation, crack resistance limit, crack length,
contact hardening, elongation.

For citation: K. A. Molokov, V. V. Novikov. Evaluation of crack resistance of welded joints with soft interlayers.
Advanced Engineering Research, 2021, vol. 21, no. 4, p. 308-318. https://doi.org/10.23947/2687-1653-2021-21-4-308-
318

BBegenne. B cBapHBIX COCIMHEHMSIX, IIOJBEPKECHHBIX LUKIMYECKUM Harpy3kaMm, 4acTO BO3HUKAIOT HU
Pa3BUBAIOTCS TPEIIMHBI, KOTOPBIE MOTYT CTaTh MPUYMNHON OTIACHOTO COCTOSHHS KOHCTPYKIHUI U X pa3pymenus. B [1]
MIPUBOISITCSL IPUMEPBI (DOPMHUPOBAHUSI TaKMX TPEIIMH B Koprycax cynoB. KuHeTnka oOpa3oBaHusi B CBapHBIX IIBAaX
MaKkpOTpeUIMH W WX pa3BUTHE 3aBUCIAT OT MHOXKecTBa (DakTOpoB, 4YTO TpeOyeT TNPOBEACHHS KOMIUIEKCHBIX
HCCJIEIOBAaHUH TPEHIMHOCTOMKOCTH CBAPHBIX COCMHEHNH U Pa3padOTKH COOTBETCTBYIOIINX MAaTeMaTHUECKUX MOJICIICH.

Ha conporusienne meranna paclpoCTPAHEHUIO TPEIIMH CYIECTBEHHO BIUSAIOT HOSABISAIOIIUECS TOCIE CBAPKU
TaK Ha3bIBAEMbIE MATKHE IPOCIONKH, MOABEP)KEHHBIC IUIACTHYECKOMY jaedopMupoBaHuio. Il pa3HbIX y4acTKOB
CBAPHOTO COCJMHEHHs XapakTepHa OOIbIas MM MEHbIIAs CTENeHb HEOJHOPOJAHOCTH MEXaHHYECKUX XapaKTePHCTHK
MeTauia [2]. OHa 3aBUCUT OT MHOTUX HAyallbHBIX YCIOBHH TEXHOJOTMYECKOro Ipouecca. B ux yucie — cKopocTb
OXJIKJICHUSI 30H CBapHOTrO COEAMHEHUs M 00pabOTKM CBapUBaeMOW CTalM, a TaKKe COJCpIKAHHWE JIErHMPYIOIINX
anmeMeHToB, yriaepoga u ap. O. A. bakmm paccMaTpuBam HEKOTOphIE MPOOIEMHBIE BOMPOCHI BS3KOTO M XPYIKOTO
pa3pymeHus: MEXaHN4YeCKH HEOTHOPOIHBIX CBAPHBIX COCIMHEHHH, BIUAHUS 1e(EKTOB U MUKPOTPEIIHMH Ha MPOIECCHI,
MIPOUCXOJAIIME B CTPYKTYpE MeTajlla MpU HarpykeHuu, u np. McciaemoBaTenu pemMiau psll 4acTHBIX 3ajad IIo
YBEITMYEHHUIO MPOYHOCTH U JIOJITOBEUHOCTH CBAPHBIX COSAMHEHMI C TIpOocioikamu [3—6].

IIpu ycTaHOBHBIIEMCS PeKUME CBApKH IIUPHHA 30H TepMudeckoro BnusHus (3TB) u Mexanndeckne cBoWcTBa
MeTalyla HEe3HAYUTEJIbHO MEHSIOTCS 10 JUIMHE CBapHOro coenuHeHus. [loaToMy menecooOpa3HO paccMmarpuBaTth
HEOJHOPOAHOCTh XapaKTEPUCTUK B pa3HbIX 30HaX B CBapHOM COEJUHEHUU IPHU IONepeuHoi Harpyske. s
3aKaJIMBAIONIMXCS MM MPOLIEIINX TEPMUIECKYI0 00pabOTKy (TEpMOYIPOYHEHHBIX) METAIOB XapaKTEPHO MOSIBICHHE
3aKAJIOYHBIX CTPYKTYP MM Pa3yMpOYHEHHBIX 30H COOTBETCTBEHHO. IIpu 3TOM B 3aBHCHMOCTH OT CBOMCTB CTaJu B
HCXOJIHOM COCTOSIHMH M ITapaMETPOB TEXHOJIOTHYECKOTO MPOIecca MOI'YT 00pa30BBIBATHCSI MATKHE 30HBI. 371eCh TIpeJiel
TEKY4YeCTH Oy W IPEAEN MPOYHOCTH O METajla MEHBIIE, YeM B COCEIHMX IPHJICTAIOIHX (TaK Ha3bIBAEMbIX TBEP/IBIX)
obmactsix o; u oy. Takum o0OpazoM, Msrkas 30Ha OyAeT BOBJICKAThCS B IUIACTHYECKOE Ae(HOPMHPOBAHHE MEXIY
o0nacTsIMH € XapakTepUCTUKaMU Oy > Oy, Op > Oy paHblIC COCEJHHMX, a CTENCHb €€ BIMSHHUSA Ha IPOYHOCTH

MaIHI/IHOCTpoeHI/Ie 1 MAallIMHOBEACHUEC
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coe/MHEHNs OyJeT 3aBUCETh OT CXEMbI NPUIOKEHHOH Harpysku'. JleOopMHpPOBAHHE MSTKOH MPOCIOMKH CHHKAeT
COIIPOTHUBIISIEMOCTh PACIpPOCTPAHEHUIO TPEIIMHB — WHHUIUHUPYETCS MHTEHCH(HUKALUS XPYIKOro pa3pylIeHHs, MpH
KOTOPOM KPUTHYECKas! JUINHA TPEIIMHBI YMEHBIINTCS B passl [7].

Lens maHHOTO HMCCIIENOBAHUS — pa3pabOTKa aHAINTHIECKUX 3aBUCUMOCTE M MaTeMaTHIECKOW MOJAENN UIs
OLIEHKM TPELIMHOCTOMKOCTH CBApHBIX COEIMHEHUH C MATKOM HPOCIONKON B pe3ylbTaTe €€ MNpeaBapUTEIbLHOTO
IUTACTUYECKOTO 1e(OPMUPOBAHHSL.

JlomycTnM, 94TO HEKOTOpOE OrpaHWYEHHE JHMHEHHBIX pa3MEpOB CBApHOrO oOpasna (KpoMe TOJIIWHBI) IOX
MOTIEPEYHOl Harpy3Koi 3aMEeTHO He BIMAET Ha pacCMaTpHUBaeMble B CTPYKTYype MeTaia MpPOLEcChl U ABIEHUs (KpoMe
00pazoBaHust MATKOHW IPOCIIONKN), BEI3BAHHBIE TEPMUYECKUM LIUKJIOM CBAPKH.

Matepuaibsl H MeTOABI

Pacuernble npeanochlIKK. PaccMOTpiM M3MeHeHne (PU3NKO-MEXaHUUECKHX XapaKTEPUCTHK MeTalla MITKOH
TIPOCIIONKH IIPH PacTsHDKEHUU CTHIKOBOTO COEAMHEHUS MOTIEPEK 1IBa JOCTATOYHO OOJIBIION MPOTSKEHHOCTH (puc. 1).
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Puc. 1. Cxema 3aBUCUMOCTH XapaKTEPHUCTUK Oy , § ¥ J OT OTHOCHTEIIBHON TOJIIMHBI ITPOCIONKH

B ynpyroii ctanuu Harpy>XKeHusI MPOCIOHKa U COCSIHHE YIaCTKH paccMaTpHUBaeMoil obmactu 1ehopMUpyroTCst
oxHOponHO. [Ipn noCTMXEHUHM ypOBHS HANpsDKEHMH, COOTBETCTBYIOIIMX IpeNeNly TeKydecTd Oy, B Hel oOpasyercs
lacTudeckast aeopmarusi, a COCEHNE YYAaCTKH OCTAlOTCSl B YINPYTOM COCTOSHUHM. JIJis yHpOIIEHUs! MpUMEM Yroil
HakJIoHa rpaHu mpocioiiku =0 (puc.1). Ilpu npampHelieM MNOBBINIEHMH HArpy3KH M JeopMaluu pacTer
ko3 dunreHt nonepeuHoit nepopmarnuu [ (koapduipent [lyaccona) Msrkoii nmpociuoiiku. B urore on Oyner Gosnelie,
YeM Yy COCeIHero ydactka meraia. [lo mepe pa3Burus IuiacTudeckod nedopmanum B mpocioiike p — 0,5, a B
obmactsx ¢ ynpyruM coctosianeM Metamuia p = 0,3. V3-3a HeoIMHAKOBOI! MonepedHoi feopMali B CBAPHOM IIBE
BO3HHUKAIOT KacaTeJIbHbIE HANPsDKEHHsL. MaKkcuManbHbIe X 3HaYCHUS KOHLIEHTPUPYIOTCA B paliOHE INIOCKOCTEH pasena
MSTKOH MPOCIOWKM U COCETHUX y4acTKoB. KacaresbHble HalpsDKEHHS MPEISTCTBYIOT MONEPEYHOMY CYXEHHUIO MATKOH
MPOCITONKH B HANPABJICHUU TOJIIMHBI JucTa. YeM yxe mpocioiika (T. e. yeM MeHbIlle oTHOIIeHne & = h/s, puc. 1),
TEM MEHbIIEE IIONEPEYHOE CY)KEHHE OHa II0Jy4aeT K MOMEHTY BO3HHUKHOBEHHS MCTHHHBIX pa3pyIIaromiX
Hanpsokenui 0,. Tak Bo3HHKaeT 5(eKT KOHTAKTHOrO YNPOYHEHHUs, KOTOPbIH OOECIEYHBAET MOBBILICHAE HECYLIEH
CIOCOOHOCTH.

YBenuueHne paspyniaronieil cuibl uMeeT npeensl. CoceHue ¢ MITKOH IPOCIIONKOM OoJiee MpoYHbIe Y4aCTKH
IIPU ONpPEJENICHHBIX YCIOBHUAX TOXe OyayT muactuuecku aedopmupoBarhes. Yem Oomblell MpOYHOCTHIO 007aatoT
cOoceHHE 30HBI M YeM MEHbIIe OTHOCHTENbHAs TOJNIIMHA TPOCIOMKM &, TeM 3aMeTHee 3()(eKT KOHTAKTHOTO
ynpouHenusi. Ero ycumBarot 6osee TBepIble IPOCIONKH, HAXOASIIMECs BOJIM3M OTHOCHTEIBHO MSTKHX.

OTHOCHUTENBHOE MONEPEYHOEe CY)KEeHUE | B MATKOM MpOCIIoiike 1 abCONIOTHOE YAJIMHEHHEe o0pasia & 3aBUCST
OT & W CBOWCTB METAJUIOB B COEAMHEHHWH. B IMIMPOKMX MPOCIOWKax, KOTJa emle HeT KOHTAKTHOTO YIPOYHEHUS,
OCTaeTCsl MOCTOSIHHBIM MpPU yMeHbleHHH @& (puc. 1). A § MOCTENeHHO MajaeT Mo Mepe YMEHbIIeHUs & B OOuIei
IIMPUHE CBApHOTO 0Opasia. B 06iacTi KOHTaKTHOTO YIpOUHEHHS ) pe3KO YMEHBIIAETCs, TaK KaK PacTyT MOIepPeyHbIe
KacaTeNIbHbIE HAINpPSDKEHHS, IPENSATCTBYIOIUE CY)KEHHUIO MPOCIOEK B HANpPaBICHUM TONIIMHBI MaTepHana.
OtHocHuTeNnbHOE yUIMHEeHHe 00pasiia § mpy 3TOM TakKe CHadajaa ymeHblnaercs. Koria xe peaausyercs CyllecTBeHHAs
KECTKOCTh HAIPSDKEHHOTO COCTOSHUS B MATKOH IPOCIIONKeE, § Bo3pacTaeT, IOCKONBKY B INIACTHYECKYIO Ae(hOpMaLHIo
BOBJICKAETCSI METalI TBepAO# mnpocioiiku. OTMETHM, YTO MNpPU CBapKe TEPMOYIPOYHEHHBIX cTajei Of MSrKon

HpOCJ’IOﬁKH OKa3bIBACTCA BBIIIC, YEM 6; Ho ee mnactuueckas ,ue(l)opMauwI 3HAYUTCIIBHO 6OJ'II>IHG, H oCTaTo4yHasa

" Matoxun I'. B., Monokos K. A. TIpoduHOCTb 1 HaIEKHOCTh CBapHBIX coeAnHeHu. BnamuBocrok : JIBOY, 2019. 143 c.
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IUIACTUYHOCTb II0CJI€ HArpy)KEHWs [0 HaNpsHKEHUH Oy > 0 > 0f MOXET cTaTh KpUTHYeckoi. B  pesyibrate
3HAYUTEIHHO YMEHBIIACTCS JUIMHA KPUTUIECKON TPEIIMHBI, KOTOPAs MOKET BO3HUKHYThH HOJ ICHCTBHEM NalbHEHIINX
pabounx NHKINYECKHNX HANPSHKCHWH Ha CTHIKE MATKOH M TBepHoil mpocioek. IIpm 3TOM cymiecTBEeHHO Bo3pacTaet
OMACHOCTb XPYIKOrO paspylIeHHs W CIAyeT OLNEHHTh ero BO3MOXKHOCTB (IIPeIeN TpemmHocToiKocTH ™ [8, 9]) B
obmactn ¢ nedexkroM B BHAE TpemuHbL. [IpM 3TOM y4IHTBIBAIOTCA YCIOBHS IUIOCKOM nedopmanuy, KOHTaKTHOTO
YOpOUYSHHS U TUTACTHYECKHU Ie(POPMHUPOBAHHON MATKOU mpocioiiku. Ilo pesympratam nccienoBaHus Ae(opMUPOBAHHS
CJI0OEB KOMIIO3UTHOTO Marepuaja METOJOM KOHEYHOAIJIEMEHTHOTO MOJENHpOBaHHus [3] MOXKHO 3aMeTHTh, YTO
HauOonbIas negopManust MATKOH MPOCIOHKH 00pa3yeTcsl OKOJIO CThIKa ee ¢ TBEepIOoH Mpocioikold. OCOOEHHO YEeTKO
3TO MPOSIBIISIETCS IPH CPETHUX 3HAYCHUAX OTHOCUTEIBHON TOJIIUHBI IPOCTIONKH 2.

WHorpa mpu craTndeckol Harpyske yAaeTcs HaiTH ONTHMalbHOE 3HAYCHHE @ M JOCTHYb PaBHOIPOYHOCTH
coenuHeHus. OIHAKO HMEMOLIMECs] B MATKOM Ipocioiike aedeKThl WJIM HECIUIOIIHOCTH I0CiIe HEKOTOpPOH ee
nepopmManuu MOTYT pa3BUTHCS B TPEIIUHBI C KPUTHYECKOM JUIMHOW NPH YCIOBHH, YTO OCTaBLIAsCS YacTh
JOKPUTHYECKOH JnedopManuu OTHOCHTENbHO Mana. CTeneHb KOHTAKTHOI'O YIPOYHEHHS B Ciydae IUIOCKOM

nedopmamn onpenensiercs mo popmyie” [2]:

1
™ + 5
K, =—-2 (1
23
BpeMeHHOE CONPOTHUBIIEHUE CBAPHOIO COCIUHEHUS C MATKOM IPOCIIONKOM:
0y = 0y " Ke, 2

IJic Oy — BPEMCHHOE COMPOTHBIICHHE MATKON MPOCIONKH.

EcrectBenHo, 4To U1 oOecriedeHnsl paBHONPOYHOCTH MPH CTATHIECKOW Harpyske TpeOyeTcs Kak MUHHMYM
BBINIOJIHEHHE YCIIOBHS Of = 0Op. B 3ToM cityyae npezaenbHoe (MUHMMalbHOE) 3HaueHHe KOA(QUIIEeHTa KOHTAKTHOTO
YIOPOUYHEHHS ONPENENAETCS OTHOIIEHUEM BPEMEHHBIX CONPOTUBIICHUIL:

Kenpen = 03/ O3 (3)

Ucnonesys (1) u (2), HaiifieM NpenenbHbIE 3HAYEHUS Eppeq, TPH KOTOPHIX JOCTUTAETCS PABHONPOYHOCTDH

COCIMHEHUS B YCJIOBHSIX IIOCKOI qedopmanuu:
1

Zrpen = (2\/§ Kempon — T[)' 4

O,HHaKO HCO6XO,I[I/IMO HUMCETH B BUY, YTO MOBBIIICHUC ITPOYHOCTHU CBAPHOI'0 COCJTUHCHUS C MSTKOH HpOCHOﬁKOﬁ

OTPaHUYHMBACTCSI ICTHHHBIMA HAIPSDKEHUSIME OTPBIBA TSI MATKOTO METalia.

IIpu cBapke YNpPOYHEHHBIX CTallell MIMPUHA Pa3yNMpPOYHEHHOH 30HBI 3aBHCHT OT IOTOHHOW SHEPTHHA U
perymupyercss BBIOOPOM MOIXOMAIIETO PEKUMa CBapKH. I KaKIOW TOJIIUHBI MeTaiia, Crioco0a W PeKUMa CBaAPKH
€CTh OmMpejAeNieHHas MHUPUHA Pa3yNpOYHEHHOTO Y4acTKa, MPU KOTOPOH OO0ECHeurnBarOTCS MaKCHMMalbHO BO3MOXKHOE
KOHTaKTHOE YIPOYHEHHUE, a TAKKe PaBHAs MPOYHOCTh CBAPHOTO COSAMHEHUS U OCHOBHOTO METaJlia.

UccnenoBanne ydacTka pa3ylmpoOdyHEHHsI NPU aproOHOAYTOBOW W DJIEKTPOHHO-TYYEBOW CBapke MeTasuia
TOJIIIMHON 4,5—8 MM IMOKa3bIBacT:

— TBEPJOCTh HA HEM OTPEEIISIETCS TOJIBKO TEMIIEpaTypoil HarpeBa;

— TMPOYHOCTb COEJWHEHUH 3aBUCUT HE OT YPOBHSI TBEPAOCTH pPa3yNPOUYHEHHOTO YydacTka, a OT €ro
mmpuHbl b (puc. 1).

IIpu 3TOM CcleyeT YYUTHIBATh, YTO YYaCTOK Pa3yIPOUYHECHHs IUTABHO MEPEXOAHT B 0OJEe MPOYHBIC YIACTKU
30HbI TEPMUYECKOTO BIUSHUSL.

W3yyeHne KUHETHKM M MeXaHHW3Ma pa3ynpouHeHuss B 3TB mo3Bonmiau ycTaHOBHUTH, KaK Ha MPOYHOCTb

CBApHbIX COC,HI/IHCHI/Iﬁ BJIMSIIOT CBOMCTBaA Y4aCTKOB, OKPYXAarOIIUX MATKYIO HpOCHOﬁKy. 3KCH€pI/IM€HTaJ'IBHO 000CHOBaH

CC

mp» — OTO OTHOCHTENbHAs

HOBBII KpPITCpPIfI, OHpC,HGHHIOHII/Iﬁ BpCMCHHHﬁ MpeAe NPOYHOCTH CBAPHOI'0 COCAUHCHUSA O

LIMPUHA MSTKOW TPOCIOWKU b, /b. TIpemioxkenHas saMupuyeckas 3aBUICHMOCTb HMEeT BUI:

b bo\’
o5 = o¥ + 0,30¥ <—0) + 0,30% (—0) , (5)
by b,

2 Maroxuu I B., Momnokos K. A. [IpoyHOCTb U HaICKHOCTb CBApHBIX coequHeHMH. BiaguBoctok : IBOY, 2019. 143 c.

* Tomsaurreiin P. B., Mopo3os H. ®. Mexanuka JehopMHpYeMOTo TBEPIOro Tela: MpobieMsl H pe3ynbrathl / CoBpeMeHHbIE TIPOBIEMbl MEXaHHUKH
CILIONIHOHU cpesl : Bcepoc. KOoHd. mamaTH akagemuka Jleonuna ViBanosuaa CenoBa B CBSI3U cO CTOIETHEM co AHs ero poxaenus. M. : Topyc Ilpecc,
2009. C. 121-166.
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rae cgf) — TpeJeN NPOYHOCTH cBapHOTo coeauneHus, MIla; oy — mpeaen npoYHOCTH MSTKO# npocoiiku, MIla; by, —
IIMPHHA TPOCIOWKU MPU PABHON MPOYHOCTH CBAPHOTO COEIUHEHHS M OCHOBHOTO METa/lla, M; by — TeKyIlas IIHpHHA
MIPOCTIOUKH, M.

W3 nocnenHero ypaBHEHHs CIELYET, UTO NMpU by = b, MsrKasi Mpocioiika ympodHseTcss MakcumyM Ha 60 %,
T. €. 0f = 1,60}, TaK KaK JanbHeiIlIee yIpOUHEHHE HE HMEET CMbICIIA.

Pe3ynpraThl SKCIEPUMEHTOB YKa3bIBAlOT HA CHIDKCHHWE BBIHOCIMBOCTH CBAapHBIX COCIUHEHHH C MSTKOH
MIPOCIIONKOHN, OOpa30BaHHOW IIOCIE CBAPKM TEPMOYIPOYHEHHBIX CTaied Y4 u Y6. DTO TOBOPHT O CYIIECTBEHHOM
CHIDKEHUH Hecymel criocooHocTr [10]. ¥V 9THX cranei npeiensl BRBIHOCIMBOCTH CBapHBIX 00pa3oB 0e3 KOHIEHTpaluu
HalpsDKeHUH MPaKTUYECKH COBMAAAIOT C MpeJesiaMy BBIHOCIMBOCTH TaKHUX jkKe 00pa3lioB U3 HEYNPOYHEHHOH cramu. To
€CTh, HECMOTPSI Ha TEPMUYECKOE YIPOUYHEHHE cTajiel (CIOoCOOCTBYIOIEE MOBBHIMICHUIO IPOYHOCTH), BUOpAIIMOHHAS
HPOYHOCTh CBAPHBIX coeAuHeHHH Ha Gase 10° NUKIOB OKasbiBaeTcs NPaKTMYECKU OAMHAKOBOH. ClieJ0BaTeNbHO,
MOJXKHO HPENNOJIOXKUTh, YTO IUIacTHUEeCKas jaedopMalis B MATKMX IPOCIOHKaxX BBI3BIBAET paHHEEe 00pa3oBaHHE
MaKpOTpPEIINHBI, KPpUTHYECKHUI pa3Mep KOTOPOH L, pe3Ko OrpaHW4eH MPOUCHICAIINMH IIAaCTHYECKUMHE Ie(hOpMAaIlisIMU.

TpemuHOCTORKOCTh IIIACTHYECKH 1e(OPMUPOBAHHOTO MaTepHana MATKOH MPOCIOWKH 10 3Ha4YeHUH O < O
MOXET OLICHHBATHCA [BYXIIApaMETPUYECKUM KPUTEPHEM pa3pyLIeHHs — MPEACIOM TPEIMHOCTOMKOCTH, KOTOPBIH

PACCUNTHIBACTCS 110 M3BECTHOI aHATMTHYECKO# 3aBHCHMOCTH  [2, 11]:

0.\?
Ke =K [1-(3), ©
O-B
rne O, — KPUTHYECKOE HANpsDKeHHE paspylleHus B OpyTTo-ceueHuu; K;, — KpUTHUECKHH KO3 (HIUEHT

WHTCHCUBHOCTH HaNps KeHUH (MTOCTOSIHHAS MaTepHaia MATKOH IPOCIONKH).

[MTocne mmactuyeckod nedopmanuy MSITKOW NMPOCIOHWKH O, OyIeT 3aBHCETh OT XapaKTEPUCTUKHU JedekTa.
[Ipumem, 4TO 3Ta XapaKTepUCTHKA — KpUTHUYECKas AnuHa L. 3apoauBulieiicss TpewuHsl. Torma o, = Kc/\/‘l'[_LC.
OpHako, 9TOOBI BOCTIONB30BaThCS (6), HEOOXOIUMO 3HATH CTEIEHB Ae(opMaIlii IPOCIOHKH, TaK KaK OT HEe B MEPBYIO
ouepenb OyaeT 3aBuceTh K.. Benmuuuny L. Oynem cuuTarh Heu3BecTHOW. Ee HYXKHO ONpEeNuTh B 3aBUCUMOCTH OT
neGopManui MATKOU TPOCTIONUKH.

ABTOpBI pa60T5 [11], uccaenys CTpYKTYpHBIH mapaMeTp paspyuieHus d W OMpeaessist ero Ui TUCKOBUIHOMN

TPEHINHDBI, HPUXOAAT K BBIPAKCHUIO JISI OUCHKHU ITpeAcia TpemHHOCTOﬁKOCTH B OAHOMCPHOM BUIC:

K. y2n(1—m) o

K,.  arccos(n)’
rme N = a/(a+ d)— 6Ge3pa3MepHBIi TapaMeTp, 3aJaHHbIi muanazoHoM u3MeneHns (0 <n<1); a — pamuyc
JIMCKOBHTHOM TPEIIUHBI.

U3 mocieHero paBeHCTBa CIIEAYET, YTO A OONBIIMX TPEIMH XapaKTepHO OTHOCHTEIBHO Majoe 3HaYeHHe d,
a. PaspylieHue nmpoucXOJUT ¢ MAJIBIMHU IUIACTHYECKUMHU JAedopManusMu B HeTrTo-cedenuu, a K, =~ K;.. OOparHas
CUTYyalusl CKJIaJbIBACTCS [IPU OTHOCHUTENIHLHO HEOONBIIUX TPEIMHAX, €CIU JJIS pa3pylleHHs MOHaI00uTCs OoJibIas
IuTacTHueckas nedopmanus B HetTo-ceueHur, u N = 0, K, < K.

[IpencraBum Tenepp, 4YTO MArKas NPOCIOHWKa IOJBEpraeTcs IMKIMYECKOW Harpyske. B asTom ciyuae
HCIONb3YeM KOHIEMIHIO 3(G(EKTUBHOTO IOPOrOBOro Ko3(QUIMeHTa HWHTEHCHBHOCTH HanpspkeHuit K ° s
BBIYHCIIEHHS TIPEIENIbHON aMIUTUTY/IbI LIMKIIA HATPYKEHUS Op,. NMPU YPOBHE CPEJIHUX HANPSKEHUH Oy > Oy + Opp >
oy. C oToi 1Henblo paccyuTaeM JUIMHY HaydalbHOM MaKpOTPEIIMHBI L, COOTBETCTBYIOUIEH NPEAETbHOW aMIUTUTY[E
HalpspKeHUH B IIACTHUECKH 1e()OPMHUPOBAHHOM MaTEPHAIIE JI0 Oy,

Khr (1 1-p+p?
m \of, 0, ®)
nput Kipo = Ko, 7 = —1,

I =

4 Maroxun I'. B., Momnokos K. A. Yka3s. cod.

* Tomsmmreitn P. B., Moposos H. ®@. Vkas. cou.

¢ Monokos K.A. Ouenka noBpexIeHHOCTH (eppHTO-IEPIUTHBIX CTajlel B YCIOBHAX MAIOIMKIOBOTo Harpyxkenus // Hayka. MnHoBamyy. TexHuKa U
TEXHOJOTHU: TPOOJNEMBI, JOCTIDKCHHS U HepCHeKTuBHl : c¢0. Tp. KkoH. Komcomombck-Ha-Amype: KuoAI'TY, 2015. C.126-129.

https://www.elibrary.ru/item.asp?id=25725387
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Il Op — MpEJeNbHas aMIUINTY]a HANPUKEHUH; Op, — UMKIMYECKUH Mpeen TeKydecTu; r — KodpuuueHt
acUMMeTpHH nukna; | — koaddunmenr Ilyaccona.
3HayeHue JUIMHBl HadajgbHOI MaKpOTpeUIMHBI L cieayeT NOACTaBUTh B PACUETHYIO 3aBUCUMOCTh JUIA

BBIYUCIICHUS TIpeJiesia BRIHOCIUBOCTH [12]:
12 -0,5
Opr = Opc |TIL <M) +08| . ©)

AKepy

Pemennem OymyT WCKOMBIE 3HAYCHHWS MPENENbHBIX aMIUIMTYH. XapaKTepUCTHUKH, BXoxsamme B (9),
BBIYHCIISIOTCS coracHo [12] mu’. Jlanee He COCTaBIsET TPyJa ONMPENCINTH BKJIAJ MPEABAPUTEIBHOMN IIACTHYECKOI
nedopmanuy MATKOH IPOCIOWKY B SKBUBAJICHTHYIO IIOBPEXXICHHOCTD C MO3HUIINH OLEHKH AJIHMHBI MAKPOTPEIIUHEL.

Pe3yabTaThl Hccae 0BaHUS

IocTpoenne maremaTmyeckoii wmoaenn. OmnuieM TpeiaraeMyro IOCIEIO0BATENBHOCT  pa3paboTKu
aHATUTHYEeCKUX 3aBUcuMocTeil. OcTaBiMecs NMIacTUYECKHE CBOICTBA 3J€MEHTa KOHCTPYKILUH WINM €€ YaCTH MOXKHO
OLIEHUTH N0 JAedopMalui, UCHOIB3ysSd OTHOCHUTEIBHOES YAJIMHEHHE Ui 00lacTH Marepuana. bynem cuumraTh, 9TO Ha
MaJoOM Yy4YacTKe MATKOW NPOCIOWKHM HMMEeT MEeCTO paBHOMEpHas IutacThueckass nedopmarmusa. OHa cBsizaHa C
KPUTHUYECKHUM OTHOCUTENBHBIM Y/UTMHEHUEM JI0 Pa3pyLICHUS 65(10) W3BECTHOM 3aBUCUMOCTBIO [13]:

e =1In(1+ 6;). (10)

[Tonoxum, 9TO MaTepwan MSTKOH INPOCIONKH IulacTHdecku aedopmupyercs. PaccMorpum ciydaif, Korga
IlacTuieckoe AeopMHpPOBaHUE MPOUCXOAMT TOJIBKO B TEPBBIX IHKIAX HarpyxeHus. To ecTb 00JacTh MSTKOIi
MIPOCJIOMKH BBITSATMBACTCS IUIACTUYCCKHU IMOJ] BHEIIHCH MOMEpPEUHOW HOMUHAILHOW HArpy3KoM, a Jajnee OHa paboracT
IOJ YHIPYIMMM LMKIMYECKHMHU HAIpPsDKCHUAMU. Tak pa3sBUBAcTCs yCTalOCTHas TpelluHA. B Msrkoil mpocioiike ee
MOXET CHpPOBOLIMPOBATh BBICOKAs IUIacTHyeckas nedopmauuss u () nedekr. M3-3a CHUKEHHS MpeAeIbHOU
nedopmanmm Marepuanga MATKOH MHPOCIONKHM TNpeNBapUTEIbHOE IIIACTHYECKOE JIe(OpPMUPOBAHHE TPHBOIUT K
YMEHBIICHNIO KPUTHUECKOTO PACKPBHITHS B BEpIIMHE TpeIluHbL [lo pe3ympratam paboTsl [14] MOXKHO 3aMETHTh, 4TO
OueHb OJIM3Ka K JIMHEHHOW 3aBHCUMOCTh KPHUTHUECKOTO packpbiTHst BepiunHbl Tpeurrnsl 8. (KPT) npu nedopmaryn
CTaJIM BBITSATUBaHMWEM. DTOT (akT HaOIOAAaeTCs KaK JJIsl aIFOMUHHUEBOTO CIUIaBa, TaK M JJIsl ayCTEHUTHOH ctanu. Vtorn
YIOMSIHYTBIX 3KCIHEPHUMEHTOB MO3BOJIIOT TIPEIIOJIOKHTE, YTO TPH TPEJeTIbHOH PpaBHOMEPHOW IUIACTHYECKON
nedopmariuu 3Tux Marepuayios o, = 0.

OT cTeneHn NpenBapUTENbHOrO Ae(hOPMUPOBAHUS CYNIECTBEHHO 3aBHCHT IPEAET BBIHOCIMBOCTH. Takyio
3aBHCHMOCTBh CIIO)KHO TOJIYYHTh TeOpeTHdeckd [15], moToMy dYro g0 o0O0lacTu cpemHed mpeaBapUTeIbHON
IUTaCTHUECKON JeopManvy MaTepuajia Mpezes BEIHOCIMBOCTH JAOCTHIaeT MUHHUMYMa, a IOCHE BO3PAacTaeT M MOXKET
JIOCTUTaTh NOKa3aTelel Kak y HeneopMHpOBaHHOrO MaTepHuana. TakuM oOpa3oMm, cam (DakT MOsBIEHHs TPELIMHBI,
BUJINMO, HTPAeT OCHOBHYIO POJIb B ycTajocTu. HepacnpocTpaHsemble TpelrHbl 1axke Ipu OOJbILIOHN NpeBapUTeIbHON
IUIACTHYECKOW JedopMaluy TONBKO B PEIKUX CiydasX BEAyT K paspylIeHHI0. DTO OUYEBHJHO W3 IPHUMEPOB
MTOBPEXXJICHUN CYJOBBIX KOHCTPYKIIMH, IPUBEACHHBIX B [1].

VYureMm, uto O, =0 B mpezene ruiacTuyeckoi aedopManyM, M HCHONB3YEM JIMHEHHYIO AlNpOKCHMAIIHMIO
3aBUCUMOCTH 01 (€):

8ic
8(e) = 61 — E. (11)
smax
B Bepuune tpemunbl KPT onpenensercst U3BECTHONW 3aBUCUMOCTBIO JIMHEHHOM MEXaHUKU Pa3pyLLICHHUS :
K.
Sic=A . 12
0= o (12)
Koaddunumenr A [12] naxogurcs o ¢popmyie:
— 2 1
1,24mo, \Ryc.D
3nece £ — wMoxynp ympyroctd Marepuana; R, — HalpsDKeHHE MHKpPOCKoia Je(OopMHPOBAHHOTO

Matepuana; D — k03 PHUIHCHT, YIUTHIBAIONINIA TOBBIIICHHE TIEPBON INIABHOW KOMITOHEHTHI HANPSOKCHUS IS CITydast
CJIO)KHOHAIPSDKCHHOTO COCTOSTHUS, ¢ — KO03((QUIMECHT, TOKA3hIBAIONINI OTHOIICHUE BTOPOW TNIABHOW KOMITOHEHTHI
HaIpsDKeHUH K IEPBOi; M — K0d()PUIMEHT ypouHEHUS.

Jis  yKa3aHHBIX XapaKTEPUCTHUK M KO3(P(HUIMEHTOB CYIISCTBYIOT BIOJHE OIPEICICHHBIC PACUYCTHBIC
3aBHCUMOCTH IO OCHOBHBIM MCXAaHHYECKHM XapaKTEepUCTHKaM Marepuana. Kpurmyeckuii ko3 uiueHTt

" Momnokos K. A. Yka3 cou.
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WHTCHCUBHOCTH HanpspkeHud B (12) paccuuthiBaeTcs 1o Gpopmyie:

1

R D ﬁ+1

Kic = J (m—) oy + 6,181d,, (14)
qo:

rae d, — CpemHHi OHaMeTp 3epHa UCXOTHOTO Marepuajia MArKod mpociodku. [loacraBuM mocienHee BEIpakeHUE H

(13) B (12). Cnenaem HeoOXomuMbIe cokpaineHus. Yurem, uto B (12) u (11) MoxHO npeHeOpedb Maioil coOCTaBIISIOIIECH

ynpyrux aedopmaruid. B utore nomy4aunm:

€0,
81c(2) = 51~ 2w2d, (1~ 750)- (15)

Hedbopmanus € Boramcisiercst mo 3asucumoctd (10). Hatimem 3aBucumocts K;.(€). U3 (12) umeem K, (€) =
E0.6:.(€)/A. TloacTaBuM M3BECTHBIE BRIPAKCHUS U TIOTYIHM:

1
R, .D\m™! €0
Kic(e) = J(;T)m 6.18ndzc%(1— ) (16)
T

100
HIH

1

0,618md,2 (Rpc.D\m™* o,
Kie® = |1 2 m;"’ ) -(1—100
ol (1-2p)?

Ilocne YIPOMICHUA MOXHO ITOJYYWUTH MPOCTYHO 3aBUCHMOCTb KPUTHUYCCKOI'O KOB(i)CI)I/I].[I/IeHTa HWHTCHCUBHOCTHU

In(1 + 8)). (17)

HanpspKkeHuH K, OT TeKyliel BeTMYMHbI 6 BBITSATHBAHHS MATKOW MPOCIONKY:
GB

Ki.(8) =K, = ch\[l - 100ln(l +9), (18)

rae § — yUIMHeHHe (BBITSATUBAHIE) MaTepHata MATKON IPOCIONKH, TOJTH.

B topmymne (18) K;.(6) — mpemen Ttpemmunoctoiikoct K.. Ero otHocutensHoe 3uauenue K;.(8)/K;.
MOKa3bIBACT, KaK CHI)KEHUE BSA3KOCTH Pa3pyLICHUS MaTepHalla 3aBUCHUT OT yIUIMHEHHs (BBITATHBAHMUS) 3JIEeMEHTapHOU
obmactu MArkoil mnpocioiiku. s NpPOCTOTHI PacueToB MOXKHO HCIIOJBb30BaTh YCPEAHEHHOE YIJIMHEHHE MSTKOMN
MIPOCTIONWKH TIOJ] TIOJIE3HOH Harpy3koil. OTMETHM, YTO JTOKAJIBHOCTH TUIACTHYECKOTO Y/JIMHEHUS! B CBAPHOM COCTUHEHUH
MSTKOW TPOCIOWKH Ha Ah OTHOCHTENEHO h MOXET CYIIECTBEHHO BIMATh HAa €€ YCTaJIOCTHYIO MPOYHOCTH. [is
YIPOYHEHHOTO OCHOBHOT'O MaTepHasa 3TO BIMSHHIE, HA000pOT, Oy/IeT He3HAUuTEIbHBIM (puc. 1).

Ilpu & = 65 ornomenne K./K;. JTOMKHO 1aBaTh HOJb, MO3TOMY mpupaBHseM (18) K HyNIO W 3ammiiem
OTHOCHTEIIEHO § pacdeTHyI0 popMyIy:

85 = exp(100/0,) — 1. (19)
3neck 0, oacrasisercs B MIla.

AHanu3 pe3yJbTATOB M NpPOBEpPKa aJeKBATHOCTH MOJYYEHHBIX 3aBHCHMOcTel. MOXHO NpU3HATH
YIIOBJICTBOPUTEIBHBIMA  PE3yJIbTaThl IMPOBEPKH COTJACOBAHMS PACUETHBIX XapaKTEPUCTHK IO IOIYYEHHBIM
AQHAJIMTHYECKUM 3aBHCUMOCTSM CO CIIPaBOYHBIMU JAaHHBIMHU KOHCTPYKIMOHHBIX CTajiel (heppUTO-IIEPIUTHOTO Kiacca B
COCTOSIHUM TIOCTaBKHU. Peub umet o ToHkonucToBoM mpokate u3 crainu Ctl0, Ct50, 22K, Cr3cm, 37XH3A, 30XT'CA
u jp. (Tabmmua 1).

Tabnmma 1

PacueTHble U cripaBOUHBIE XapaKTEPUCTUKU CTaei
Crans o, MIla o,, MIla m d,, MKM ©r K., MITay/m 5% 85, %
Crl0 320 190 0,17 66 0,73 103,6 36,6 > 31
15T 410 245 0,148 94 0,55 104 26,4 26
Cr3cn 450 270 0,16 37 0,71 101 24,8 25
22K 540 310 0,16 30 0,69 97 20,3 22..26
C150 680 350 0,16 25 0,62 78 15,8 17
10XCHJ 540 390 0,132* 27 0,71 - 20,3 19
37XH3A 1014 743 0,12 7 0,6 73,8 10,3 10
30XT'CA 1750 1360 0,09 3 0,44 53,2 6 7
30XT'CA 1470 1080 0,12 4 0,6 58,57 7 7
*Pacuer mo (19); **pacder mo m = {0,75 . lg[oB(l + 1,4(pK)/00,2]}/lg [105 -In (1%%) /(200 + 0,500‘2)] [15];
***pacyer no (14).
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BoinosHeHHBIH paHee aHanu3 [12] moarBepskaaet, 9to KodpduuueHT A, paccuntanusii mo (13) mpu KPT B
BepunHe 0,618d,, cornacyercst ¢ SKCIepUMeHTAILHBIME AaHHbIMK 11 cranei 22K u Ct10. B nepBom ciydae A paBen
0,22, Bo BTOpOoM — 0,23.

PaccmoTpuMm mpenBapuTeNpHYIO Ie(OpPMAaNNI0 TOHKHX JIMCTOB NMPH IUIOCKOM HAMPSDIKEHHOM COCTOSIHHH C
YCIIOBHEM, YTO 3€PHO INOJyYUT OTHOCUTEJIBHOE yJUIMHEHHE e, B IPOJOJbHOM HalpaBlieHHH. B aToM ciydae cpemHuit

€ro JuaMeTp B TOM )K€ HampasleHuH Oyzxer Oombme B (1 + e,) pas, a B MONEPEYHOM yMEHBIIHUTCS B (,/ 1+ ez). To
€CTh, €CJIM B IPOJOJILHOM HalpaBICHUN CPEIHUI AuaMmeTp Bo3pacteT B 2,618 pasa, To B monepeyHOM OH yMEHBLIUTCS
B 1,618 pasa. 3necy momepeuHoe HampaBlIEHHE COBIAJACT C HANpPABICHUEM JABMXEHMSA TPeUIMHBL. Jlerko BuIETh
JIMHEHHOCTh 3aBUCHMOCTH, 110 KOTOPOH OINpe/essieTcsl yBeIMdeHUe CpelHero TuaMeTpa 3epHa. M3 atoro cinenyer, 4To
TP PAaBHOMEPHOM OJTHOOCHOM IUIACTHUECKOM Ae(hOPMHUPOBAHUN KPUTHUECKOE PACKPHITHE B BEPIIMHE TPEIIUHBI TOXE
JOJDKHO CHIDKATBCS JIMHEWHO, B 3aBUCHMOCTH OT OTHOCHUTEIBHOTO YIJIMHEHHWS €,. IIpy mpoKaTke CTalbHBIX JIHCTOB
TaKOi BBIPAKCHHOM IMHEWHOW 3aBHCHMOCTH He OOHapyxuBaercs. OUYEBHIHO, 3TO CBI3aHO C MOMEPEYHBIMH
nedopmanusiMu, 11 KOTOPBIX XapaKTepHa MPUILTIOCHYTOCTh 3€PEH.
JuarpaMmbl u3mMeHenus K, . kak ¢pyHKimu ot 8 1uist craneit (tadnuua 1) mpuBeneHsl Ha puc. 2.

K, MITAM"? 120 - 2x
—-  Cm3cn
— 50
100 | —  37XH6A
30XI'CA
80 7 — 10
60
40 t
20
O 1 1 L 1 1
0 5 10 15 20 25 30 35 40
3, %

Puc. 2. VI3MeHeHHe TPEIIMHOCTOMKOCTH B 3aBUCHMOCTH OT TIPEIBAPHTEIHFHOTO YAJHMHEHHS CTallel

Kpurnuecknit k0o HuIMeHT MHTEHCUBHOCTH BbIUUCIeH 10 (14) ¢ MCHONb30BaHUEM JaHHBIX TaOiIuIb! 1. ITO
MO3BOJISIET OMNPEJEIUTh YPOBEHb K. NpH IUIACTHYECKOW JeopMalu BBITSDKKOW U COMOCTaBUTh €r0 CO 3HAYCHUSIMU
npyrux craneil. Tak, cpaBHenue cranu 30XI'CA, oOpaboTaHHO# Ha BeJIM4YMHY INpejesa Tekydectd o, = 1360 Mlla, u
cranu 10 mokas3pIBaeT, YTO MPHU HCIONB30BAaHUM HU3KOMpOouyHO# cTanu 10 ypoBeHb Ki, MOXHO CHHU3UTH TOJBKO HpHU
oonpmx Aedopmarsix yuauHeHHs (0K0J0 25 %). Ha mpakTuke B KOHCTPYKIMSX TaK OBIBACT MOCTATOYHO PEIKO.
OnHaKo MpH LEeJICHANPABIEHHOHN BBITSKKE WM XOJIOJHOM NPOKAaTKEe BO3MOXKHO CYIIECTBEHHOE CHIDKEHHE K., M 3TO
CJeIyeT YUUTHIBATb.

Ecnu cranu paHXupoBaTh MO MpeeNbHON IUNIACTUYHOCTH M COTIOCTABUTH AJIS HUX MaKCHMaJbHbIE 3HAYCHUS
Ki., TO OKaxercsi, YTO IUIACTUYHOCTH yOBIBaE€T OT OJHOM MapKH CTalMl K APYroi ropasno OBICTpee, YeM MEHSETCS
KPUTHYECKUHA KO3(PPUINEHT HHTCHCUBHOCTH HanpsokeHnd. Tax, K; . st craneit 30XT'CA u 10 B HCXOTHOM COCTOSTHHN
MIOCTaBKH OTJIMYAETCS B ~2 pa3a, a OTHOCUTENbHOE YAIuHeHne § — B ~5 pa3. [losiBneHune miIacTHYHOCTH B BEpLIMHAX
Pa3IMYHBIX KOHIIEHTPATOPOB HANPSDKEHWH HEM30€XHO, I03TOMY JUIsl OOecIedeHHs HeoOXOAMMOH Ha/leKHOCTH
anemenToB K3 ctanu 30XI'CA nenecooOpa3HO KOHTPOJIMPOBATH IUIACTHYECKUE AeOopMalii B KOHCTPYKIMU B ~5 pa3
tounee. Kpome Toro, He00X0IMMO YUHTHIBATh, YTO CHIKEHUE BI3KOCTH B ~2 pa3a MPHUBEET K CHIPKEHUIO KPUTHYECKON
JUIMHBI TpeIuHbl B ~4 pasa. [lpuumHa — HU3Kas BI3KOCTh W IiacTHdHOCTh cTamu 30XT'CA, mis skcrutyaTaruu
KOTOpOW Tpuiercs B ~5pa3 yBelIMYUTh KO3(Q@UIMEHT 3amaca mnpouyHocTd. IlociienHee He O3HA4YaeT, YTO
BBICOKOIIPOYHBIE CTAJIN KaK KOHCTPYKIIMOHHBIN MaTepHal Xyske cTainei cpeaneit npouHocTd. [Ipobnema 3axirouaercs B
BBIOOpE ONTHUMAJIBHOIO COYETAHMs BS3KOCTH, IUIACTUYHOCTH M TPOYHOCTH. [lojydeHHbIE B HACTOSIIEM aHaIH3e
pacueTHbIE 3aBUCHUMOCTU JAIOT BO3MOXHOCTb OLIEHHUThH JAHHBIE XapaKTEPUCTHKU PAaCUETHBIM IMyTeM. DTO BajKHO JUIS
panMoHaIbHOrO BBIOOpa Marepualla Ha 3Tale KOHCTPYHPOBAHHMS, ONPENENICHHS ONTUMAJBbHBIX PEXHMOB CBapKH H

TepMOOOPaOOTKH.
ComocraBuM pe3yisrathl pacderoB 1o (18) ¢ msBectHoii 3aucumoctbio (7)° (puc. 3). Ilepsast yHKums
3aBUCHT OT OCTaBLICHCS IUIACTMYHOCTH CTaJId, & BTOpas — OT OTHOCHUTEJIbHOW IJIMHBI TPEIIMHBI B KOHIICMIHA

8 onsamrreitn P. B., Moposos H. ®. Ykas. cou.
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CTPYKTYpPHOro 3jieMeHTa. UTOoOBl yNOOHO IpeicTaBUTh pEe3yJbTaThl Ul MX CpaBHEHMs, BBeleM Oe3pa3MepHbIN
napamerp:

n=1-a/(a+4d). (20)
Kc/ch 12 O b=50MMm
? + b=100 mm
X x b=200 wmm

1,0 —_—
0,8
0,6
0,4
0,2

O 1 1 1 1 1 1 1 1 1

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0
6*’ n*

Puc. 3. 3aBHCHMOCTH OTHOCHTEIIBHOTO MpeJieNa TPEIMHOCTOMKOCTH OT Ge3pa3MepHOro napaMerpa AMCKOBUAHOM TPEIUHBI 1" U OT
6e3pa3MepHOro napaMeTpa IpeBapuTeIbHOr0 PABHOMEPHOIO YIUIMHEHUs Marepuana 6*. JIMHUN — aHaIMTHYeCKUE 3aBUCHMOCTH
(7), (18). MapKepsl — dKCIIepHMEHTAIBHBIE JaHHEIE TS KOMIakTHOTO o6pasua’ [11, 16] ¢ pasmepamu b

[Tocne moacranoBku (20) B (7) moay4yaeM MHBApUAHTHOE BBIpaXKEHHE JIJISl CpEeIHETO 3HaueHus. Eciu u3BecTHO
N, To MOXHO HaiiTu otHoueHue a/(a + d) mo (20). Pe3ynbTaTsl CpaBHEHHS IOKA3BIBAIOT, YTO (HYHKIMU IPAKTHICCKH
COBITAJIAIOT. B OTHOCHUTENBHBIX KOOpAMHATAX Ul HUX XapaKTepHa MHBApPHAHTHOCTH C XOpoImmM npubmmkenneM. Ooe
(YHKIMH XOpOILIO aNmpOKCHUMHPYIOT 3KCIIEPUMEHTAJIbHBIE JIaHHBIE TpeZeia TPEIMHOCTOHKOCTH, ITOJNy4EeHHOTO Ha
00pasiiax ¢ xapakTepHbIME pa3mepamu b [13].

PaccMoTpuM ycIloBHS TIIOCKOM JiehopMaluy Py U3BECTHOM KPUTHUYECKOH JutnHe Tpemunsl L¢. J{ns depputo-
NepIUTHBIX cTanel ¢ o, < 400 MIla ee NPUOIMKEHHO MOXHO OLEHHTh Kak L, = 2K2./T/c? u nerko Haiitu

KPUTHIECKOE HATIPSUKEHUE BHEITHEH HArpy3ku o, = K,/ /TL.:

GB
6, =0, |=—=—=In(1+38§). 21)

2 200

YpaBHeHHE OTpakaeT 3aKOH YMEHbIIEHHUS KPUTHUYECKUX HaNpsHDKEHUH O, HUXKE 3HAuYeHUs Ipejena
BBIHOCJIMBOCTH Marepuaja C JJIMHOM TpeuuHbl L. B 3aBUCMMOCTH OT BEJIMYMHBI MPEABAPUTEIHHOTO YAJIUHEHUS
Matepuaia. B 3Toil e MOCTaHOBKE CHIDKCHHE KPUTHYECKOM JUTHHBI TPEIIUHBI B MPEABAPUTEIBHO I(POPMUPOBAHHOM
Marepuase MArCKON MPOCIOKY MOKHO OLIEHUTDH 110 3aBUCUMOCTH:

1 /K, \2 o,
L=—(—> (1-21n(1+9)), (22)
T\ O 100 ( )
rae L — [OJIOBUHA MOJIMHBI JIs1 CKBOBHOﬁ TCHINHBbI; o — KpI/ITI/I‘leCKOG Hal'[pSDKCHI/IC JUISL KaTaCTpO(i)I/I‘{eCKOFO

pacrpoCTpaHEeHHs TPEIIUHBI JJIMHOM L.

Ilpu 0 =o0_; w3 (22) cuexyer, 4ro AnuHa L KaTtacTpoQUUIECKOTO pAaCIpOCTPAHEHUS TPEIIUHBI TPSIMO
oy
100
TTosyueHHbIE 3aBHCHMOCTH B CHCTEMHOW COBOKYIHOCTH IPEACTABISIOT MPEAjaracMyl MaTeMaTHUYCCKYIO

IIPONIOPLIMOHANIbHA 3HAYCHUIO (1 ——=In(1+ 8)) U KOHCTAHTE MaTepHaa MsITKoi npocioiiku L.

MOJEJIb OLIEHKH TPELIUMHOCTONKOCTH CBAPHBIX COEAMHEHUN C MATKUMU MPOCIONKaMHU.

OO0cy:xnenne M 3akjaroueHne. [Ipu cBapke TepMOYNPOYHEHHBIX CTaNeil U KOPIYCHBIX U IPYTHX JICTOBBIX
KOHCTPYKIUH 00pa3yloTcsi MATKHE MPOCIOWKH, METamI KOTOPBIX IUIACTHYECKH Ae(OpMHUPYETCSs B MEPBBIX MHKIAX
HArpyKeHus. MeTogamu uncienHoro anatmsa ¢ npumenenneM CAE-cpencts'® MoxuO onpeenuts aehopMariy wim
yBEJIMYEHUE LIMPUHBI MSTKOHM IMPOCIOHKH CBAPHOTO COEAMHEHHWS MOJA JeHcTBHEM pabouux Harpy3ok. HamexnocTh
paboTBl COENMHEHMSI C MATKOH NPOCIOMKOM 3aBHCHUT OT CTENEHH IUIACTHYECKOH aedopManuu, ee YHpOYHEHWUs,
JKECTKOCTH HAIPSKEHHOI'O COCTOSHMSA C y4ETOM IPUIPAHUYHBIX 30H TBEPIBIX IIPOCIOEK, a IIPU MOSBICHUM TPELIUHBI

° Maroxus I'. B., Mosnokos K. A. Vkas. cou.
! CAE (ot aurn. computer-aided engineering — koMmnbloTepHas HHkeHepHs). Tak HA3bIBAIOT MPOrPAMMBI H MPOrPAMMHBIE CHCTEMBI JUIS PEIICHHS
HHXXCHEPHBIX 3a71ad.
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— OT ee KpuTuyeckod IJuHBI L. Ilpu BHITATMBAaHWM MSTKOM MPOCIOWKH L CHMXKAaeTCs MpsiMO IMPOMOPIHUOHAIBHO
KOHCTaHTE Marepuajla MSTKOH IpOCIOHKHM L, W BBIPRKEHHIO, 3aBUCSIIEMY OT CTENECHH BBITATMBaHHA O, T. €. OT
OTHOCHUTENBHOTO NPEABAPUTEIHLHOTO YIUTMHEHUSL.

IlomydeHa mpocTas aHaNINTHYECKass 3aBUCHMOCTh KPHUTHYECKOTO OTHOCHTEIBHOIO YMIMHEHHS [0
paspymenus (19). Ona obecnedmBaeT pe3yibTaThl PAaCcYETOB, KOTOPHIE YAOBICTBOPUTEIHHO COTIACYIOTCS C
9KCTIEPUMEHTAIBHBIMU JIAHHBIMU /ISl OOJIBIIMHCTBA KOHCTPYKIIMOHHBIX CTajiel (10 COCTOSIHUIO TocTaBkH). dopmyna
MO3BOJIICT OLCHUTH CIPABOYHYIO XapaKTEpPUCTHKYy O o0pasia 10 EAWHCTBEHHOMY H3BECTHOMY IapameTpy —
BPEMEHHOMY Npefeny NPOYHOCTH. [l JTaHHOH 3aBUCHUMOCTH XapaKTepHa TeopeTHdeckas 3aKOHOMEPHOCThb, KOTOopas
XOpOIIO CorJIacyeTcsl ¢ MapaMeTpaMH KOHCTPYKLIMOHHBIX cTajeidl. OgHako B HEKOTOPBIX ciydasX (CHeluaNbHbIE
PEXUMBI TEPMOOOPAOOTKH MITK OTITYCKa) OHa MOKET JaTh OTHOCHTEIBHYIO MorpenrHocTs 10 ~ 30-40 %.

IIpennoxkeHa aHamUTHYECKas 3aBUCUMOCTh U3MEHEHHUS Ipe/ielia TPEIUHOCTONKOCTH MATKON MPOCIIONKH OT ee
MIpeAABapUTEIHHOTO IacTHYeckoro nedopmupoBanus. ConocTaBieHb!:

— pacueTHbIe 3HAUEHUS Npeiena TPEIUHOCTONKOCTH;

— OKCIICPUMCHTAJIbHBIC JaHHBIC, MMOJTYYCHHBIC Ha KOMIIAKTHBIX 06pa3uax JUIA HCHLITaHHﬁ;

— Oornee paHHNE aHATUTUYECKUE PEIICHHS.

PesynbpraTel cpaBHEHHS YOEOWTENBHO JIOKA3bIBAIOT INPUMEHHMOCTh MPEIOKCHHOTO aHAIUTHIECKOTO
pemeHus. PaccMOTpeHO amecTBHME 3aKOHAa CHIDKCHHS TIpefiesia  TPEIIMHOCTOMKOCTH IPH  OTHOCHTEIBHOM
MpPEeIBAPUTEIBHOM IUIACTHYCCKOM YIMHEHHH BIUIOTH 10 paspymenus (8s) ¥ u3MeHeHmn mapamerpa (M°)
NIPEABAPUTENHHO BBIPAIICHHOW TPEUIMHBI B MaTepuase BIUIOTH 10 L.. I maHHOTO cCiydas yCTaHOBIICHA
WHBAPHAaHTHOCTb B OTHOCHUTEJBHBIX KOOPJIMHATAX TPH YCJIOBUM IUIOCKOH JedopMaldid M OTCYTCTBUS BIUSHHS
OTrpaHMYCHHOCTH pa3MepoB o0paslia WM KOHCTPYKLUHUH. Y4eT OrpaHHYCHHOCTH pa3MepoB 00pasloB M pasHbIX CXeM
HATPY/KEHHS CYIIECTBEHHO MEHSCT YIOMSHYTYIO 3aBucHMOCTh' ' [13, 17].

IIpennokeHHbI METOJ OLEHKHU Ipefeiia TPEIUHOCTOMKOCTH CBAPHBIX 3JEMEHTOB ¢ MATKMMM IPOCIOMKaMU
MOXET OBITh HCIIOIb30BaH B HWHXKCHEPHBIX MAIIMHOCTPOUTENBHBIX pacdyeTax 10 MHHHUMH3AIMK METaUIOEMKOCTH, a
TaKKe U1 KopaOenbHBIX KOHCTPYKIUH, ITOJBEP)KEHHBIX MAJIONMKIIOBOI yCTaJIOCTH.
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Buusinue TEMIIEPATYPLI )KUAKOCTH HA CKOPOCTH PACIIPOCTPAHECHUSA IE%-..;EE
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Beeoenue. CHabxeHne Trofell KaueCTBCHHON NMHUTHEBOH BOJOW BCETIa HMMENO IIEPBOCTETICHHOE 3HaueHue. Ho eé
TPAaHCIIOPTHPOBKA IO TPYOONPOBOJHBIM CHCTEMaM 3a4acTyi0 ObIBaeT CBsi3aHa C MPOOJEMaMH, BbI3bIBACMBIMH,
HarpuMep, TeMIIEpaTypol BOIBI U OKPY’KaroLeH Cpelibl, a TakKe BO3MOYKHOCTHIO BO3HHUKHOBEHHUS I'MPABINYECKUX
ylapoB Ha OTHAEJNBHBIX YydacTkax TpyO. B Oosbmiedl crenmeHu 3TH MpoOJEMbl KacaloTCsl CHCTEM, B KOTOPBIX
UCIIOJNIB3YIOTCS TPYObI M3 MONMATWIIEHA. TemrepaTypa — 3TO OJMH W3 Haubosiee BaXKHBIX (haKTOPOB, BIMSIOIIMX HA
THOKOCTb MOJIMATHIICHOBBIX TPYO, M 9TOT (hakTOp OKa3bIBAeT BIMSHKME HE TOJILKO Ha MPOEKTUPOBAHKE BOJOIPOBOIHBIX
ceTel, HO W Ha KalHWTAaJOBIOXEHUS B WUX pa3BUTHE. L[enbl0 HACTOANINX HMCCIIEOBAaHUI SBHJIOCH M3YYCHHE BIVSHUS
TeMIepaTypbl BOOBl W OKpY)KalOIIeW cpemsl Ha CBOWCTBA Marepwaia Tpy0 ¥ CKOPOCTh PacHpOCTPaHEHHS
THIPaBIMYECKON yIapHON BOJHEI B IIOJIMATUIICHOBBIX TPYOax.

Mamepuanst u memoost. B IpoBeICHHBIX aBTOPAMH OTIBITAX MPUMEHSIICS METOJ HATYPHBIX UCCIICTOBAHMMA, KOTIa IS
WCTIBITAHAS HCIIONB3YIOTCS CIICIHATN3UPOBAHHOEC OOOPYIOBAaHNE W CIEHHANBGHO HM3TOTOBJICHHBIC UIS DTHUX IIEJIeH
oOpasupl. B ngaHHOM ciyyae HCIONB30BANIMCH 00pa3lbl TPyO M3 MOJMITHICHA BBICOKOW IUIOTHOCTH, KOTOpBIE
TOJIBEPTaJIMCh MCHBITAHUSM Ha PacTsHKEHHE HA Pa3pbIBHOM MalllMHE, NTPUUEM KaXKIbIi OIBIT MPOBOJIMIICS TPOEKPATHO.
B niporiecce npoBeieHHs OMBITOB 00pa3Ibl MOIBEPraINCh BO3ACHCTBUIO ONPEICIEHHBIX TEMIIEPATYPHBIX PEKUMOB (KaK
BHEIITHHX, TaK ¥ BHYTPEHHHX ), IPH 3TOM HCCIIEIOBAIOCH TAK)KE BIMSHHE TMIPOJMHAMHYECKOTO JaBJICHNUS )KUAKOCTH B
TpyOe B pe3ynbTaTe U3MEHEHHUS! CKOPOCTH JKUAKOCTH B €€ cekumsix. [yt aToro B 00pasibl nogaBaiach KUAKOCTh MOJT
OTIpE/ICIIEHHBIM JIaBJICHUEM, YTOOBI BRISICHUTD BIMSHUE HA TPYOBI 2P PeKTa, H3BECTHOTO KaK THIPOYIap.

Pesynemamut uccnedosanus. B Xone wuccienoBaHusi ObUIO yCTaHOBIGHO, YTO 3HAYEHHE MOIYJNS YIPYTrOCTH
NoJMATWIEHa BbICOKOW MuioTHOCTH PE100 yMmeHbIaeTcsi ¢ TOBBIIMICHHEM TEMIEpaTypbl BOJbI, NPHUYEM BEIMYMHA
cHmxeHus npu Temneparype 60 °C mocturaer 60,21 % 1o cpaBHEHHIO € €T0 3HAUEHHUEM IIpH TeMIiiepatype Boasl +4 °C.
B pesynmpTare OMBITOB IO OMpPEACICHHIO U3MEHEHUS MOIYJS YINPYTOCTH TOJMATHICHA C MOBBIIICHHEM TEMIICPaTyPHI
ObUTO BBIBE/ICHO OSKCIIOHCHIIMANIFHOE YpaBHEHHWE /I pacueTa 3HA4YCHHS IIOJNMITHICHOBOTO KOd((UIMEeHTa Kak
dynkuun Bpemenn E =1,312¢ " ¢ kosddurmentom koppensiumn R* =0,988, a s pacuera 3HAYCHHS CKOPOCTH
pactpoCcTpaHeHHs THUIPABINYECKOW YHapHOH BOJHBI OBLJIO BBIBEICHO SKCIOHCHIMAJIBHOE ypaBHEHHE KaK (DYyHKIMH
spemenn C = 275,9¢ """ ¢ kosddurmentom koppemsn R =0,987.

Obcycoenue u 3axnouenus. B pe3ynpTaTte 3KCIEPUMEHTOB OBLIO YCTaHOBIICHO, YTO BPEIHOE BO3JICHCTBUE HA CTCHKU
TpyO OKa3bIBaeT TaKoe SIBICHME, KaK THIpOyAap, BOSHUKHOBEHHE KOTOPOTO 0 BO3MOXKHOCTH HEOOXOJMMO H30erath
emé Ha dTare MPOCKTUPOBAHKS BOJOIPOBOIHON ceTH. B Xoje mccienoBanus ObUIO OMPECNICHO, YTO C YBEIUICHUEM
TEMIIEpaTypbl 3HAUEHHs] MOAYJISl YIPYTOCTH MOJUITHICHA YMEHBIIAINCH MPU OJHOBPEMEHHOM TIOHMKCHUH 3HAUCHHUN
CKOpPOCTH paclpOCTpaHEHUS TUAPABINYECKON YAAPHON BOIHBI.

Knroueswvie cnosa: monuITUICHOBBIC TPYOBI, TEMIIEpaTYPHBIM AUANa3oH, THAPOYAAP.

Jna yumuposanua: Antudac, V. P. Biustaue TeMnepatypsl JKHIKOCTH Ha CKOPOCTh PACHPOCTPAHEHUS THAPABIMIECKOI
yIapHOW BOJHBI B TMOJUITHICHOBBIX TpybOax / U.P. Aurubac, A.T. [psuenko, Caen bakup Uman // Advanced
Engineering Research. —2021. — T. 21, Ne 4. — C. 319-327. https://doi.org/10.23947/2687-1653-2021-21-4-319-327
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Introduction. Providing people with high quality drinking water has always come first. However, its transportation
through pipeline systems was often associated with some problems, such as the temperature of the water and the
environment, as well as the possibility of water hammer on certain pipe sections. This was especially true for systems
that use polyethylene pipes. Temperature is a key factor affecting the flexibility properties of polyethylene pipes, and it
affects not only the design, but also the investment in the development of water supply networks. The purpose of these
studies was to study the effect of water and ambient temperature on the density, properties of the pipe material and the
speed of propagation of a hydraulic shock wave in polyethylene pipes.

Materials and Methods. In the experiments performed, the method of field research was used, when tests are carried
out on specialized equipment on samples specially made for the pursued purposes. Here, samples of high-density
polyethylene pipes were used, which were subjected to tensile tests on a tensile testing machine, and each experiment
was carried out three times.

In the course of the experiments, the samples were exposed to certain temperature regimes (both external and internal),
while the influence of the hydrodynamic pressure of the liquid in the pipe was also investigated, as a result of the
change in time of the liquid velocity in its sections. To do this, the samples were supplied with liquid under a certain
pressure in order to find out the influence on the pipes of an effect known as water hammer.

Results. In the course of the research, it was found that the value of the elastic modulus of high-density polyethylene
PE100 decreases with increasing water temperature, and the decrease at a temperature of 60° C reaches 60.21%
compared to its value at a water temperature of +4° C. Based on the results of experiments to determine the effect of the
elastic modulus of polyethylene with increasing temperature, an exponential equation was derived to calculate the value
0% with the correlation coefficient R* =0.988 ; and

based on the results of the studies carried out to calculate the value of the propagation velocity of a hydraulic shock

of the polyethylene coefficient as a function of time £ =1.312¢

-0,01¢

wave, an exponential equation was derived as a function of time C =275.9¢ with the coefficient correlation

R*=0.987.

Discussion and Conclusions. In the course of the research, it was found that such a phenomenon as water hammer has
a harmful effect on the pipe walls, which, if possible, should be avoided even at the design stage of the water supply
network. During the experiments, it was found that with an increase in temperature, the values of the elastic modulus of
polyethylene decreased with a simultaneous decrease in the values of the propagation velocity of the hydraulic shock

wave.
Keywords: polyethylene pipes, temperature range, water hammer.
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BBenenne. TemrmepaTypa mNpoTEeKaromield JKUIKOCTH W TEMIIEpaTypa OKPYXKArolleH Ccpeasl OKa3bIBAIOT
CYIIECTBEHHOE BJIMSHUE HAa CBOMCTBA Marepuaia TPyO, M3TOTOBICHHBIX W3 IMOJUITUIICHA BBICOKOH IUIOTHOCTH. [Ipum
MOBBIIICHUH TEMIIEPAaTyphl MaTepuall TPYObl CTaHOBUTCA OoJice THOKUM, YTO MPHBOJUT K CHIDKCHUIO CKOPOCTH
pacIpOCTpaHCHHS THIPABIMYCCKOW yNApHOW BOJHBL, a 3HAYUT, M K CHIJKCHUIO JaBICHUA. [IpOMBIIIICHHO
M3rOTOBJICHHBIE MONMATHIICHOBBIE TpyObl n3 PE100 (HDPE) sBnstorcss TepMmoracTamMu, Tak Kak UX TUIACTUIHOCTH
BapbUpPYyeTCsl B COOTBETCTBYIOUIMX MpEJeiax, 3aBUCSIIMX OT pabo4yux YCIOBHH. DTH IJIACTMACCHI MMEIOT Pl
MPEUMYIIECTB, B TOM YUCIIE CPAaBHUTEIHHO HEOOJBIIION yACIbHBIN BeC, OHU AAalOT BO3MOXKHOCTh paboTaTh MpU HU3KUX
TeMIIepaTypax, ClOCOOHBI BBIJEPKUBATh YMEPEHHOE JaBJieHHE, 00JaJal0T BBICOKON KOPPO3HOHHOH YCTOHYHUBOCTBHIO
(0COOEHHO K KHCIOTaM M IIEJ0YaM), XOPOIIMMHU DJIEKTPOU3OJISIUOHHBIMU CBOMCTBAMHM, JIETKO OKPAIIMBAIOTCS MU
MpOCTBl Tpu ycTaHoBKe. OHM HM3TOTaBIMBAIOTCS cpa3y OOJNBINON JJIMHBI, YTO COKpamlaeT MPH HX MPOKIAJKe

KOJIMYECTBO COCAUHUTECIIBHBIX 3JICMCHTOB, KOTOPBIC CUUTANOTCA OJOPOTrMMHU U XPYINKHMHU W BbI3BIBAIOT HpOGJ’IeMLI,
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cBs3aHHBIE ¢ yTeukamu [1—6]. ITommsTHieHOBBIE TPYOBI OTHOCSTCS K THAPABINYECKH TJIAJAKHM TPpyOaM, B KOTOPBIX
MOTEPH DHEPTUH Ha TPEHUE B MPOIIECCEe MPOTEKAHUS KUAKOCTH HAMHOTO MEHBINE, YeM B METAIUTMYECKUX TPyOax, 4To
MPUBOAAT K ODKOHOMHH DHEPTHH IIEPEKAauMBaHUSL. OTH TPYOBl XapaKTEepHU3YIOTCSI OYCHb MAaJlBIM IHAITa30HOM
mepoxoBatocTh (k=0,001-0,008 mm), uto B 3—20 pa3 MeHbIIE MIEPOXOBATOCTH HOBBIX CTANBHBIX TpyO. Temmeparypa
SIBIISICTCA OJHUM W3 HanOosee BaXKHBIX (PaKTOPOB, BIMSAIONINX Ha CBOICTBAa THOKOCTH MONHATHIICHOBHIX TPYO, M TOT
(hakTOp HE TOJBHKO BIHSET HA MPOCKTUPOBAHKME U KAIMUTAJIOBIOXKCHUS B Pa3IMYHbIC CETH CHA0KEHUS MUTHEBON BOIOM
Ipu CTaOMILHOCTU IIOTOKA, HO W BBI3BIBAET HECTAOMJIBHOE €ro TEeYeHHE B BHAE THAPOYyAapa B IMOJHITHICHOBBIX
TpyOax [7-10]. MexayHapoaHble CTaHAAPTHI ONPEICISIOT CBONCTBAa MOJHITHUICHOBBIX TPYO B CETAX MUTHEBOTO
BoJlocHaOkeHust mpu Temreparype 20-23 °C, B TO BpeMsi Kak €BpOIEHCKUE CTaHAapThl ONPENeNsioT HX MpHU
temneparype 10 °C. Moayap ynpyrocTd MONUITHICHOBBIX TPYO OTHOCHTENILHO BEJHMK MPU HHU3KUX TEMIIEpaTypax
BOJIHOTO TIOTOKA, 3HAYEHHE €T0 MOHIKACTCS, KOTJa MPH THAPABINYECKOM yIape TeMIlepaTrypa MOTOKa IOBBIIIAETCS.
[MosTOMy THAPaBIMYECKUHA yaap MOKET OKa3blBaTh 3HAYUTEIHHOE BIUSHIE Ha CTCHKHU IONUATHICHOBBHIX TPYO B CETSIX
MUTHEBOTO BojocHaOkeHus [11-14]. Llenp HacTOSIINX HCCICTOBAHUN — W3yUCHHE BIUSHUS TEMIIEPATYPHI KUIKOCTH
U TEMIIepPaTyphl BO3IyXa, OKPYKAIOIIETO MOJUITUICHOBEIC TPYOBI, HA IUIOTHOCTD, IPYTHE CBOMCTBA MaTepHaia TpyO u
Ha CKOPOCTH PACIIPOCTPAHEHUS B HUX THAPABINIECKOHN yIapHOM BOJIHEL.

Metoasl u MaTepuaabl HucciaeaoBaHus. I'mapaBiauyeckmii yaap. ['mapaBimuecKuM yaapoM HAa3BIBAIOT
YBEIMUEHUE WM YMEHBIIEHUE THIPOJUHAMUYECKOTO JaBICHHS KHUIKOCTH B TpyOe B pe3yiabTaTe U3MEHEHUSI CKOPOCTH
KHUJIKOCTH B €€ CeKIHMH. JTOT yAap MOXET CO37aBaTh OOJBIIOE IaBICHHE, KOTOPOE HEOOXOAMMO YYHUTHIBATH NPH
pacdere TOJNIIUHBI CTEHOK TPYObl. CKUMAEMOCTh >KHIKOCTH M CKIOHHOCTh CTEHOK TPYObl K JedopMaiiuu MPUAAOT
THIPABIMYECKOMY yaapy YIpPYroCTh, MMOCKOJIBKY OH IPEACTABJICH B BUJE BOJIH JAaBIICHUS, PACIPOCTPAHSIONIAXCS 110
TpyO€ B HECTAaOMIBHOM MOTOKE. Pa3nuyaror 1Ba THIa THApOyAapa:

1. [IpsiMo¥t TUApaBIMYECKUIA YAap ONACCH M BO3HUKACT, KOTJIa BpeMs OCTAaHOBKM MEHBIIEC IIepUOIa
TH/IPABINYECKON BONHBIL, . <{ .

2. KocBeHHBIN THIpaBIUUECKUN yaap, KOTOPBI He ONaceH U cpabaThiBaeT, KOTAa BpeMsl OTKIIIOUEHHS OoJbliIe

IIEPHOJIa TUAPABINYECKOM BOJIHEL, [ > 1,
t,=2L/C,, (1)

rae f, — TEpHOJ THAPABIMYECKOH BOMNHBL C; L — nuuHa TpyOsl, M; C; — CKOPOCTH pPacnpOCTpaHeHHUs

TUJPaBINYECKON yIapHOH BOJIHBI, M/C; . — BpEMs 3aKPbITHs WIN OTKPBITHS KJallaHa, C.

Hp?[MOﬁ FI/IZ[paBHI/I‘IeCKI/Iﬁ yAaap BO3HHKACT, KOTAa Ha KOHLE pr6bl BHE3AITHO OTKPBLIBACTCA HJIM 3aKPbIBACTCH
KJiamaH, CO€,I[I/IH€HHLII\/’I C LHPIpOKOfI MOBCPXHOCTBIO pe3€pBYyapa, UK BHE3AIIHO MPEKPAIIACTCA IMoJAava 3JICKTPOIHECPTUU
Ha HACOCHYK CTaHLMHIO. H3menenne JAABJICHUA B PE3YJIbTATE MPAMOI0 THUAPABIMYCCKOTO YyAapa OINPCACIIaCTCA

cootHoweHueM JKykoBckoro-Jleu:
APy = p;-Cy Y, 2)

m;

rae AP

max

2
— BCJIMYMHA U3MCHCHHS BBICOKOT'O WJIM HU3KOI'O OJAaBJICHHA, H/m 5

3
p; — IUIOTHOCTb XKHJIKOCTH IIPH YCTAHOBUBLIEMCS Pacxone, kr/mM’; C; — CKOpPOCTb pacnpoCTpaHEHHs

THAPABINYECKON YAApHOH BOJIHBI, M/C; V, — yCTaHOBHUBIIASCS CKOPOCTH IIOTOKA JKUIKOCTH B TPyOe, M/c.

Uro KacaeTcss HEMpSMOTO THIPABIMYECKOTO yaapa, TO OH BO3HHMKAET IPH MEAJICHHOM OTKPBITHH WU
3aKpBITHN KJIallaHa Ha KOHIE TPYOBI, COSAMHEHHON C IIUPOKOW IMOBEPXHOCTHIO pe3epByapa, WM TPH YBEIHMUCHHU
BPEMEHU OCTAHOBKHM PabOTHI HACOCHOW IPYMIIbl HA HACOCHOW CTaHLWH. BennunHa n3MeHeHHs NaBlEHHS B PE3yJIbTaTe
HENpsMOTO THAPABINYECKOTO yAapa ONpeAeseTcs CIeAYOIUM COOTHOIECHUEM:

AR, =2p,-L-V,/RT,. 3)

max

Bemnunna CKOPOCTH PpaclpOCTpaHCHUA I‘I/Iﬂp&BJ’IH‘ICCKOﬁ yﬂapHOﬁ BOJIHBI B IIOJIM3THJICHOBBIX pr6ax

ompenensieTcs 1o cieayomei Gopmyie:

4)
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rne M — nocrosiHHas KoHCounayu npu D/ e > 40

JIns mOIep KKK OJHOM CTOPOHBI Tpy6hl M =1,25— 11, M =1— /2, Beeit Tpyos — M =1—4°; ma Tpy6 Ges
omopsl (¢ komnencaropamu) — M=1. 3necb ¢ — monyins Ilyaccona, cocrasusier 0,45 s tpy6 us HDPE [3-4]; E,, —
ko3 durment ynpyroctu Bogsl, H/m?; f; — TUIOTHOCTH BOJBI, Kr/M’; D — BHYTpEHHHUI HAMETp TPYOEI, M.

CKOpOCTh pacIpOCTpaHEHUs] THUAPABIMIECCKOW yIapHOH BONHBI B IOJMITHICHOBBIX TPyOax HAXOOUTCS B
nunanazone 180-370 m/c [1, 9]. B tabnmme 1 mpencraBieHsl aHHBIE O GU3NIECKAX CBOHCTBAX BOIBI IIPH aTMOC(HEPHOM
JaBIeHUH Ha e€ moBepXxHOCTH. Ha puc. 1 mokasaHo yMeHbIICHHE IIIOTHOCTH BOJBI C YBEJIIMUYECHHEM TEMIIEPATYpHI, a Ha

pHcC. 2 — yBeJIMYEHHE 3HAYCHUS MOIYIIS YIPYTOCTH BOJBI C MOBBIIICHUEM €€ TEMIIEPATYPHI.

Tab6muma 1
Om3IYecKue CBOMCTBA BOIBI IIPH aTMOC(HEPHOM JaBIICHUH Ha €€ TOBEPXHOCTH
Temmnepatypa, °C 0 4 10 20 30 40 50 60
T110THOCTb BOJIBI, KI/M 999,8 1000 999,7 | 998,2 995,7 992,2 988 983,2
M
OAYIT> YUPYTOCTH BOXEL, 2,02 | 2,06 2,1 2,18 2,25 228 | 2,29 2,28
T'H/™m
1002
1000
998
= 99
o]
>
) 994
S
A 992
=
g 990
S
= 988
=
986
984
982
0 10 20 30 40 50 60 70
Temmneparypa, °C
Puc. 1. I3MeHeHNe MIOTHOCTH BOJABI C MOBBILICHUEM TEMIIEPATYPhI
2,35

2,3 L ——

2,25 /
22 o

2,15

2,1 /
2,05 /

0 10 20 30 40 50 60 70

Mopayns ynpyroctu Bojsl, I'H/™®

http://vestnik-donstu.ru

Temnepartypa, °C
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B rabuuie 2 npuBeieH MOIy/Ib YIIPYrOCTH MaTepuana Tpy6sl u3 nonustuiena npu 16 °C[2, 10].

Tabmuma 2
Moyib YIPYrocTd MaTepraa TpyOsl U3 MOJIMITHIIEHA P TemmiepaType 16 °C
Moayab ynpyrocru Mopyab ynpyroctu Moayab ynpyrocru
noamdTHIEHA, Ib/in’ nosmsTHIeHa, MH/m? MoJIMATHIIeHA, 1b/ft2
150 000 1030 22000 000

JlabopaTopHble ucnbITanus. V3 nonudTrineHoBoi TpyObl Bbicokod mmiotHoct HDPE Obut m3rorosnen
21 obpazen. B xome mMpoBeNCHHBIX HCIBITAHUI OBIM M3MEPEHBI 3HAUYEHHS ONPENEICHHBIX XapaKTEPUCTHK, KOTOPBIC

NIPUBEJICHEI B Ta0ue 3.

Tab6muma 3
Texuuuaeckue xapakrepuctuku Tpyo n3 HDPE
D, mm €pin, MM €max, MM PE SDR PN, MPa
110 6,6 7,4 100 17 1

Jyist ipoBeieHusI NCCIICIOBAHMIA OBUTH BBITOJHCHBI CICIYIOIIUE NCHCTBUS:

— BBIOpaHBI U MPUHSATHI 3HAUSHUSI TEMIIEPATYp, NPU KOTOPBIX IPOU3BOIMINCH ucnbitanus: 4, 10, 20, 30, 40,
50, 60 °C;

— JUTSL KQKJIOW U3 BRIOpAHHBIX TEMIIEPATyp HCIBITHIBAJIOCH IO TPH 00pasiia;

— B XOJIC MCTBITAaHUH ONpeesiuch (PU3NKO-MEXaHUUECKHE XapaKTEePUCTHUKHU, CPETHHE 3HAUEHHs] KOTOPBIX
TIpUBEICHEI B TabmmIe 4;

— 00pa3Ipl Ha pacTsHKCHHE HArPEeBalld B TCUCHUE Yaca B IIUPPOBOH dIIEKTPUIECKOH ITeUH, 3aTEM PaCTATHBAITH
C TIOMOMIBIO CHENHATBHOTO YCTPONUCTBA, OITYUYEHHBIE pPe3yJIbTaThl IPECTABICHBI B TabIuIe 4 U Ha pHC. 3;

— MOJUATUICHOBYIO TpyOKy amamerpoM 110 MM 3amoiHSIHM BOAOH NpH ONpeAeNieHHBIX TeMIlepaTypax a0
MOMEHTA €& Pa3phblBa U PACCUMTHIBAIIM OTHOCUTENBbHYIO AedopManuio o popmyne & =AD/ D (tabnuua 4).

M3MeHeHns yIpyrux pacTATHBAONINX HANPsDKEHUHA B 00pa3nax TpyO U3 MONMATHIICHA C BHEITHUM JTHAMETPOM
110 mm npu HOMUHaANBHOM naBneHuu 10 bap u ux medopmanmu, u3MepeHHble PU BHIOPAHHBIX paHee TeMIepaTypax,

AHAJIM3UPOBAJIMCh B TCUCHUE T'OJia. HonyquHme JIJAHHBIC IPEACTABJICHBLI B Ta6HI/IHe 5uHa puc. 4,

Tabnuua 4
MakcumanbHble 3HaYCHUsI YIIPYTUX PACTATMBAIOIINX HANPSIKEHUN
M OTHOCHTENILHOM AedopManuy 00pasloB U3 MOJMITUIEHA B COOTBETCTBHU
C YTBEPKIACHHBIMH TEMITEPATypaMu
Temneparypa, °C 4 10 20 30 40 50 60
C
PEARHE SHATCHI YIPYTHX 29576 | 26,074 | 23,656 | 22340 | 19716 | 18426 | 17,229
HanpsbxeHuid, MITa
Cpeane SHAUCHNA OTHOCHTENLHOM | ) 1o | 0 0506 | 00256 | 00275 | 0,0293 | 00306 | 00319
nedopmanuu, %
Tabmuma 5

MakcumaabHbIe 3HAYCHUS N3MEHEHUS YIPYTrux pactaruBaronmnx HaHpﬂ)KCHI/Iﬁ JJIA 06pa3u0B U3 IIOJIN3TUJICHA B
3aBUCUMOCTH OT UBMCHCHUA TEMIICPATYPhI B TCUCHHUC roia

Mecsubl SAuBapsb Deppaiib Mapr Anpenb Maii Hronb
Yupyrue nanpsoxkenus, Mlla 28,16 31,30 26,49 26,01 24,71 24,64

Mecsiip Hrons ABrycr Centsi6pp | Oktsa6ps | Hos6pn JlexaOpb
VYupyrue nanpsbxenus, Mlla 23,32 22,02 24,20 24,27 25,40 27,57

MaIHHHOCTpoeHI/IG 1 MAallIMHOBEACHUEC

323



Advanced Engineering Research 2021. T. 21, N 4. C. 319-327. ISSN 2687—-1653

35
30
<
=
= 25
=
=
§ 20
R
e
s 15
O
=~
5 10
o
=
>
5
0 20 40 60 80

Temnepatypa, °C

Puc. 3. Hapr{)I(eHI/ISI TIPpU pACTAKEHUU IMOJIUITUIICHA IIPU NOBBIIICHUU TEMIIEPATYPhI
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Puc. 4. 3naucHus HaHpH)KCHI/Iﬁ IIpU pacTAKECHUN 06pa3u0B U3 IIOJIM3THUIICHA B TCUCHUEC Iroga

Pe3yabTaTnl. PesynbraTer oOpadaTeiBamch 1o 3akoHy ['yka ciemyromum o0pa3om:
e=AD/D=c/E, (5)

rae & — oTHocuTenbHas nedopmaims; AD — uzmeHneHue nuamerpa TpyOsl, MM; D — nuaMeTp TpyObl, MM;
O — HanpsDKeHUs pacTshKkeHHs B creHke TpyOobl, MIla; £ — moxynb FOnra, MIla;
B tabnuue 6 mpuBeaeHs! 3HaueHHs MoAyns ynpyroctu nommatwieHa PE 100 u ckopoctr pacnpocTpaHeHus

a THPaBIMYECKOH yIapHOH BOJIHBI IIPH NPU BEIOPaHHBIX TEMIIEPATypax.

% Ha pucynke 5 mnoka3aHO yMEHbUIEHHE 3HAUEHUS MOMAYNsS YOPYrocTH MOJIMATHIEHA C YBEJIUYEHUEM

g TEeMIepaTyphl, a Ha pUc. 6 — yMEHbIIEHNE 3HAYCHUS CKOPOCTH PACIIPOCTPAHECHHUS THAPABIMYECKON yIapHOH BOJIHEI C

E YBEJIMYEHHUEM TEMIIEPaTyPHI.

g Ta6nuna 6

§ 3HavyeHus MoAyia ynpyroctu noimatuieHa PE 100 u ckopocTu pacinpocTpaHeHUs THAPABINIECKOH yAapHOI BOIHEI

= IIpY YTBEP>KICHHBIX TeMIepaTypax

=¥

E Temneparypa (°C) 4 10 20 30 40 50 60
Monyns ynpyrocru, E (MI1a) 1357 1154 924 812 673 602 540

Cropocts rupaseckoii 280 259 233 219 200 190 180

324 yaapHoit BoiHbI, C (M/c)
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Puc. 6. 3HaueHNs CKOPOCTH PAaCIPOCTPAHEHUS THIPABINYECKON yJapHOI BOJIHBI IIPU MOBBIILIEHUN TEMIIEPATyphl

O0cyxneHue U 3aKJII0YEHUs
Ha ocHOBaHMM NOITYYEHHBIX JAHHBIX, MPEICTABICHHBIX HA PUC. 5, aBTOPAMH BBIBEACHO HKCIOHEHIHAIBHOE
ypaBHEHUE Ul pacuera 3HauyeHUs KOd(PQUIMEHTAa YIPYroCTH IOIMITHIEHA Kak (QyHKIMM BpemeHu E =1,312¢7%".
2
Koapuunent xoppensimu Juist JaHHOTO ypaBHEHHUs cocTaBisier R° = 0,988 .
Ha ocHOBaHMM TaHHBIX, IPEACTABICHHBIX Ha PHUC. 6, TIOIY4YEHO 3KCIIOHEHIIMATFHOE ypaBHEHHE IS pacdera

3HAUEHUST CKOPOCTH PACIPOCTPAHEHUs THAPABIMYECKOW yIAapHON BONHBI Kak (GyHKiud BpemeHd C =275,9¢ .

KoaddumueHT KOppensiuu 11 JaHHOTO YPaBHEHUS COCTABIISCT R*=0,987.

IIpoBens aHanu3 pe3yabTaToOB, MOJYYEHHBIX B X0J1€ UCCIECOBAHUI, MOKHO CHI€NaTh CJAEAYIOLIUE BbIBOJbL:

— BBICOKas TeMIlepaTypa BOJBI OKa3bIBACT CYIICCTBEHHOE BIHMSHHAC HA CBOWMCTBA Marepuana TpyO u3
nosmdTUNeHa Beicokoill maoTHocTH PE 100 1 Ha ruapaBindeckue CBOMCTBA yIapHO BOJIHEL,

— 3Ha4YeHHe MOJIYJsl YHPYrocTH HojudTuieHa BbICOKOM miuoTHOCTH PE 100 ymeHblaeTcsi ¢ MOBBILIEHUEM
TeMIieparypsl Boasl. Hanpumep, npu nossieHuu teMnepatrypsl oT 4 1o 60°C cHrkeHue 3Ha4eHUsI MOIYJISl yIPYTrOCTH
nocturaet 60 %. 3To IPUBOIUT K 3HAUUTEIFHOMY CHIDKEHHIO CKOPOCTH PaclpOCTPaHEHHS THAPABIMYECKON yHAapHOI
BOJIHBI. BenmnunHa CHUKEHUS JOCTUTaeT mopsaka 35 %, 4To BeJeT K 3aMETHOMY CHIDKEHUIO 3HAUEHUSI MaKCUMAaIIbHOTO
W3MEHEHHUS JIaBJICHUS B pe3yJIbTaTe TUAPABIMUECKOTO y1apa.
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IpuMeHeHne M OLEHKA TEXHUYECKOT0 COCTOSTHUSI KOMIIO3HIIMOHHBIX
MAaTepPHAJIOB B JIeTATEJIbHBIX ANNAPATaX U 0€CMUJIOTHBIX JIETATEJIbHBIX
annaparax aKyCTHKO-I)MHCCHOHHBIM MeTO0M Hepa3pylIaioiero KOHTPOJIst

A. B. IlonioB D4, A. O. Camyiisios "=, U. C. Yepenanos' =/ [<

Boennslii yueOHO-Hay4YHBIH HeHTp BoeHHO-BO3MyIHBIX cuil «BoeHHO-Bo3aymIHAs akagemus uMeHu npodeccopa H. E. XKykosckoro
u 0. A. I'arapunay (r. Boponex, Poccuiickas ®enepanus)

D4 veselova.27@jicloud.com

Bgedenue. B ctaTthe TpoBECH aHAIN3 MPUMEHEHHUS KOMIIO3UIIMOHHBIX MaTepHajoB, KAk OCHOBHOTO OIPEEISIOIEro
cnoco0a yYMEHbLICHHMS Macchl IUIaHepa JIeTaTeJbHOrO ammapara M OeCHHJIOTHOIO JIeTaTelIbHOIO — ammapaTta.
[lepcriekTUBHBIE METOABI HEPA3PYLIAIOIIETO KOHTPOJS MO3BOJSIOT OLGHUTh TEXHUUECKOE COCTOSHHE JaHHBIX
MaTepHaJioB, a TAKXKE C BBICOKON TOUHOCTBIO ONPEAEIUTHh KOHIIEHTPATOPHI HANpPSKEHUI Ha IUIaHEepe JIeTaTeIbHOTO
arnmapara U OECHMJIOTHOTO JIETAaTEJIbHOIO ammapara C LEeJNbI0 NPUHATHS PElIeHUs O JalbHEHIIeH SKCIuTyaTaluu
JTAHHOTO 00BEKTA KOHTPOJIS.

Ilenpto  mcciienoBaHUsl  SBISUIOCH  IOBBIIIEHWE TOYHOCTH W ONEPATUBHOCTH  OLEHKH  TPEIIMHOCTOMKOCTH
KOMITO3MIIHOHHBIX MaTEpPHAJIOB ITyTEM IIPUMEHEHHS aKyCTHKO-IMHCCHOHHOTO KOHTPOJIS.

Mamepuanet u memoowsl. IlpuBeneHa HOMEHKIATYpa NPHUMEHSIEMBIX KOMIIO3MIMOHHBIX MAaTEpPHAIOB IIPH
CTPOUTEIBCTBE PA3IMYHBIX JICTATEIBHBIX AINIapaToB, B TOM YHCIIE OCCIIMIOTHBIX, MPEICTABICHBI HANOO0JIee BO3MOXKHBIC
BEpOSITHBIE JIe()eKThl JAHHBIX MAaTepualioB BCJIEACTBHE BIMSHHS OKCIUTyaTallMOHHBIX (aktopoB. IIponsseneHo
CpaBHEHHE MPUMEHSEMbIX METO/I0B Hepa3pylIaloNniero KOHTPOJIsi KOMIIO3UIIMOHHOTO Marepualia U BhIOOpKa HanboJee
HOAXOJAIIET0 COITAaCHO CHenU(pUYECKUM HpeumyliecTBaM. I[IpoBelieH HSKCIEPHUMEHT MO ONpPEACNICHUIO IPEAEIoB
MIPOYHOCTH YTJIEIUIACTHKA IMpPHU MOMOIIM ammapaTHO-MPOrPAMMHOIO KOMIUIEKCA aKYCTHKO-DMHUCCHOHHBIM METOJIOM.
[IpencraBneHsl pe3yabTaThl HCCIEA0BAHUS B BUIE€ PUCYHKOB, IPOCIUPYEMBIX alMapaTHO-MPOTrPAMMHBIM KOMILIIEKCOM.
Pesynomamur uccnedosanusn. ONucaHo NPUMEHEHHE aKyCTHKO-IMHCCHOHHOTO METO/a KOHTPOJSI KOMIO3HUIIHOHHOTO
Marepuana.

Obcyracoenue u 3akniouenue. IlonydeHHbIE B pE3ysbTaTe MPOBEICHHOTO SKCIIEPUMEHTAa PE3YJbTAaThl MOTYT OBITH
UCTIONI30BAHBI B MPOLIECCE OTPEEICHNS MPEETIOB MPOYHOCTH PA3IMIHBIX KOMITO3UIIMOHHBIX MAaTEPHAIOB aKyCTHKO-
SMHUCCHOHHBIM METOAOM HEpa3pyLIAIONIEro KOHTPOJIA Ml IMPOBEINCHUS OIEHKH TEXHHYECKOTO COCTOSIHHS B
MAIIMHOCTPOEHUH, CYJOCTPOCHUN U aBUacTpoeHHH. CTaThs PEKOMEH/I0BaHA HAYYHBIM COTPYAHUKAM, 3aHUMAIOIUMCS
IIPOEKTUPOBAHKEM JIETATEJIbHBIX ANIapaTOB U OECIHMIOTHBIX JIETATEIbHBIX alNapaToB.

Kniouesvie cnoga: KOMIO3UIMOHHBIM MaTepuall, CTEKIOIUIACTUK, OOPOIUIACTHK, YIVIEIUIACTHK, OPIraHOIIACTUK,
JIeTAaTeNIbHBINA ammapaT, OSCIUIOTHBIN JeTaTelbHbIM anmapar, Hepa3pyIlaolui KOHTPOJb, aKyCTHKO-IMHCCHOHHBIN
KOHTPOJIb, PEHTT€HOBCKUI KOHTPOJIb, TEILIOBOW KOHTPOJIb.

Mna yumuposanus: Ilonos, A. B. [IpuMeHeHne U OLIEHKa TEXHUYECKOTO COCTOSIHUSI KOMITIO3ULIMOHHBIX MaTepUajoB B
JMETAaTeNbHBIX ~ ammapartaXx W OCCIWIOTHBIX  JIETAaTEIBHBIX  almapaTax aKyCTHKO-YMHUCCHOHHBIM  METOJIOM
Hepaspymraromiero koutpoirst / A. B. [Tonos, A. O. Camyiinos, 1. C. Yepenanos // Advanced Engineering Research. —
2021. — T. 21, Ne 4. — C. 328-336. https://doi.org/10.23947/2687-1653-2021-21-4-328-336
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Application and evaluation of the technical condition of composite materials in aircraft and
unmanned aerial vehicles by acoustic emission method of nondestructive testing

A. V. Popov P4, A. O. Samuylov =, I. S. Cherepanov
Military Educational and Scientific Center of the Air Force “N.E. Zhukovsky and Y.A. Gagarin Air Force Academy” (Voronezh,
Russian Federation)

Introduction. The paper analyzes the application of composite materials as the main determining method of reducing
the mass of the airframe and an unmanned aerial vehicle. Advanced nondestructive testing methods provide assessing
the technical condition of these materials, as well as determining stress concentrators on the airframe and an unmanned
aerial vehicle with high accuracy in order to make a decision on the further operation of this object under control. The
objective of the work was to increase the accuracy and efficiency of the assessment of crack resistance of composite
materials through the acoustic emission control.

Materials and Methods. This paper presents the nomenclature of composite materials used in the construction of
various aircraft, including unmanned aerial vehicles. The most possible probable defects of these materials due to the
influence of operational factors are presented. The applied methods of nondestructive testing of composite material and
selection of the most suitable one according to specific advantages were compared. An experiment was carried out to
determine the strength limits of carbon fiber using a hardware and software complex by acoustic emission method. The
research results are presented in the form of drawings projected by the hardware and software complex.

Results. The application of the acoustic-emission method of composite material control is described.

Discussion and Conclusions. The results obtained experimentally can be used in the process of determining the
strength limits of various composite materials by the acoustic emission method of nondestructive testing to assess the
technical condition in mechanical engineering, shipbuilding, and aircraft construction. The paper is recommended to
researchers involved in the design of aircraft and unmanned aerial vehicles.

Keywords: composite material, fiberglass, boron-fiber reinforced plastic, carbon fiber, organoplastics, aircraft,
unmanned aerial vehicle, non-destructive testing, acoustic emission control, X-ray control, thermal control.

For citation: A. V. Popov, A. O. Samuylov, I. S. Cherepanov. Application and evaluation of the technical condition of
composite materials in aircraft and unmanned aerial vehicles by acoustic emission method of nondestructive
testing. Advanced Engineering Research, 2021, vol. 21, no. 4, pp. 328-336. https://doi.org/10.23947/2687-1653-
2021-21-4-328-336

BBenenme. Pa3ButHe coBpeMeHHOW aBHAIMOHHON TexHUKH (AT) compoBOXIaeTcs CO3MaHHMEM HOBBIX
KOHCTPYKIIMOHHBIX KOMMO3UTHBIX MaTtepuanoB (KM) ¢ mepcreKTUBHBIMH MEXaHHYeCKHUMH W (U3UICCKUMHU
CBOMCTBAMH. YMEHBIICHHE B3JIETHOTO BeCa KOHCTPYKIUH SBISCTCS HEOTHEMJIEMOH 3amadeid UIs aBHAIMOHHON
MPOMBINUICHHOCTH. KOHCTpyKIUS TutaHepa OONBIICH YacTH COBPEMEHHBIX BO3AYHTHBIX cynoB (BC) BeimonmHeHa Ha
53 % m3 KM, a 6GecimmoTHBIX JeTatenbHEIX anmapatoB (BITJIA) — ua 90 %. Ucxonas u3 3Toro, ecTh HEOOXOIUMOCTD B
OIIGHKE TeXHHYecKoro cocrossHus KM mmaHepa paauallMOHHBIMH, TEIUIOBBIMH, aKyCTHKO-3MHCCHOHHBIMH (AD)
Metogamu Hepaspymiaromero kourpois (HK). Crernuduueckoli 0COOCHHOCTBIO METOJa aKyCTHUCCKOW 3MHUCCHU
SIBIISICTCS. BO3MOYKHOCTD OIICHKH PAa3BUTHUS PA3THUHBIX TCPCKTOB.

Lenpto wuccnenoBaHusi SBJSUIOCH TOBBIINIEHHE TOYHOCTH W ONEPATHBHOCTH OLEHKU TPEHIMHOCTOUKOCTH
KOMITO3UITMOHHBIX MAaTEPHUAJIOB 32 CUET MPUMEHEHUS aKyCTUKO-IMUCCUOHHOTO KOHTPOJISI.

KoMno3uImoHHbIi MaTepral — UCKYCCTBEHHO CO3JIaHHBIIM YEIOBEKOM MaTepHall, OIyYaeMblil COSTMHEHUEM
B OJHY CTPYKTYPY Pa3HOPOIHBIX COCTABIIIONIMX W XapaKTEPHU3YIOMIUHCS JTyYIIMMHU CBOMCTBAMH, MO CPABHCHHIO CO
CBOMCTBAMH Ka)KJ0r0 U3 KOMIIOHEHTOB.

KM umeer crenyromue OTIMIATEIbHBIC IPU3HAKH!

— 3aMpOeKTHUPOBAHHBIC COCTaB U (hopMa;
— HEBO3MOXXHOCTh BCTPEUH aHAJIOTa B IPUPO/IE;
— COCTaB OIpeaesseTcs HA0OpOM N KOMIIOHEHTOB;
— cBorictBa KM ompenenstorcs CBONCTBAMHU KOMIIOHEHTOB;
— «CIIy)keOHbIE CBOHCTBA» — OTCYTCTBUE TAKUX CBOHCTB Y KOMIIOHEHTOB I10 Pa3IeIbHOCTH;
— HEOJHOPOJHOCTh B MUKpOMacIiTade;
— HEOJHOPOJHOCTh B MaKkpomMaciTade.
OcCHOBHBIC TIpEUMYIIIEeCTBa 1 HemocTaTku KM npuBeneHs! B Tabnmme 1:

MaIHI/IHOCTpoeHI/Ie 1 MAallIMHOBEACHUEC

329


https://orcid.org/0000-0002-3225-2726
https://orcid.org/0000-0002-3270-0277
https://orcid.org/0000-0003-2785-2871

http://vestnik-donstu.ru

330

Advanced Engineering Research 2021. T. 21, N 4. C. 328—336. ISSN 2687-1653

Tabiuna 1
OcHOBHBIE ITpeUMyIEecTBa U HepocTaTku KM
Ne i/l IIpeumymecrea HenocraTkn
1 Huskas mnotHocTs (p = 1,35-4,8 r/cm?) CrnoxHas TeXHOJIOTHs MOJydEeHUs
2 Bericokast npounocts ( 6, = 1750 MIla) Bricokas croumocts KM
3 Bricokas xxectkocts ( E =270 000 Mma) HeBricokast MPOYHOCTH CBSI3U BOJIOKOH C MaTpHIen
4 ’KapomnpouHocTb Huskoe conpoTuBieHre 3p0o3uu U AECTPYKLMS
5 Tepmudeckasi cTaOHIBHOCTD
OCHOBHBIE MaTepHabI, IPUMEHIEMbIe B aBHACTPOCHUH, IPUBEICHEI Ha puc. 1 [1].
KommozummonHsle
MaTepuabl
Bricokomnpounsie
CTCKIIOIINIACTUKH
|
MeTamisl,
VriemmacTuku apMUPOBAaHHBIE BOpOHJ’IaCTHKH OpFaHOHJIaCTI/IKI/I
BOJIOKHaAMH
Puc. 1. Kinaccnguxamus KM
MaTepuajibl M MeTOABI
Buvicoxonpounvie cmexnonnacmuxu
Crexiomnactukn — KM, cocrosiiye U3 NMOJUMEpHOH MaTPHUIBI M CTEKJIOBOJIOKOHHOTO HAINOJHUTENS, B

KOTOPOM MPUCYTCTBYIOT ra3000pa3Hbie BKIOUeHHs. OOBeM HCIOIb30BAHUS CTEKIOIUIACTUKOB PA3INYHOTO HA3HAYCHUS
YBEJIMYMBACTCS. ODTO OOOCHOBAaHO HEBBICOKOW CTOMMOCTBIO M JOCTYIMHOCTBIO CBHIPbS, MAJIOW 3SHEPrOSMKOCTHIO
MIPOU3BOJICTBA CTEKITHHOTO BOJIOKHA, YHHUBEPCAIBHOCTHIO W BO3MOXKHOCTBIO PETYIHPOBAaHUS B MIMPOKHX Mpeaerax
(pU3NKO-MEXaHUIECKUX CBOWCTB, BO3MOKHOCTBHIO CO3MAaHUS THOPHIHBIX MaTepHAIOB W KOHCTPYKIMH Ha WX OCHOBE.
Wzpmenust W3 CTEKIOIIACTHKOB IONJAIOTCS BCEM BHIAM MEXaHHYecKoi o00paboTku. K OCHOBHBIM mpuMepam
CTEKJIOTIIACTUKOB, puMeHsseMbIM nipu co3nannu BC u BITJIA, otHocsat: KACT-B mucrosoit, BOT-C, CT-911-1A, CK-
9DA, CTM-® repmernunsiii, BIIC-19M repmernunsrii [2, 3].

Yenennacmuxu

VYranemnactuku — KM, cocrosiiiye U3 CBSI3YIOLIET0 U YIPOYHUTENICH B BHJE YIICPOIHBIX BOJOKOH, HUTEH,
JKT'YTOB, JICHT WK TKaHe#. CBSI3YIOUUMH BBICTYIAIOT Pa3IHYHbIC YTOKCHIHBIC HIH (PEHOIOPOPMAIbIACTH/IHBIC CMOJIBI.
OcHoBHble Mapku yruemnactukoB: KMY-1, KMVY-1Y, KMVY-1B, KMVY-1JI, KMY-2JI, KMY-3JI, KMVY-3, KMVY-4J]],
KMY-43, KMVY-6-41.

Boponnacmuxu

Bopommactukun — KM, cocrosmue U3 MOTMMEPHOTO CBSA3YIOMIETO M YIIPOYHHUTENS — OOpPHBIX BOJIOKOH. B
Ka4eCcTBE MaTPHUIBI MCIIONB3YIOT ATOKCHAHBIC M MOJIHMAMUIHEBIC CBA3YIOIINE, a B POJIM YIPOUYHUTEICH — OOpHBIC HUTH
WIA KOMIUICKCHBIE OOpOCTeKIOHHUTH. [IprMeHeHme OOpOCTeKIIOHUTEeH oO0JerdaeT TEeXHOIOTHIECKUN TIpOoIecc
nsrotosieHus 6oporactukoB. K anm otHOCAT: KMB-1, KMB-1M, KMB-1K, KMB-2K, KMB-3K.

Opeanonnacmuku

Opranomiactukd — KM, B KOTOpBIX B Ka4eCTBE apMHPYIOIIETO HAMOJHUTENS BBICTYMAIOT BOJIOKHUCTHIC
HanoHuTeNd. CHHTETHYECKHUE BOJIOKHA 00J1aIal0T XOPOIIMMH TEKCTHILHBIMU CBOMCTBAMU. M3 HUX MOXHO MOJTyYUTh
INIMPOKUU CIIEKTP PAa3IMYHBIX CTPYKTYp: HHUTH, KIYThI, JCHTbI, KOMOUHHPOBAaHHBIC TKaHU. CHHTETUYECKHEC BOJOKHA
HE3HAYUTEIFHO TEPSIOT MPOYHOCTh MPH TEKCTWIHLHOW mepepaboTke. OHM MalIOUyBCTBUTCILHBI K IMOBPEKICHHSIM.
IIpmmepst opranommactukos: 7T, 7T0, 5T, 9T, 6TKC, 6TKB, 7TKC, 8TKC.
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Memannvl, apmuposantvie 6010KHAMU

Mertanibl, apMHpOBaHHBIE BOJOKHaMH, — KM, B KOTOpBIX B KadecTBE YHPOYHUTEIS BBICTYIAIOT BOJOKHA
Oopa, yriaepoaHbIe BOJIOKHA, HUTEBHIHBIE KPUCTAIbI TYTOIUIABKUX COCAMHEHHWH. B KauecTBe MaTpuIpl MPUMEHSIOT
Ppa3NYHBIE METAIIIBI U CIIIABbI, 00JIaJaf0IIIe XapaKTePHOH MIIaCTHIHOCTHIO.

IIprMepsl TakmxX MaTepHanoB: aTfOMHHHI-O0pHOE BOJOKHO (BKA-1A), amoMuHMIA-yrOIpHOE BOJOKHO
(BKVY-1), marawmii-6oproe BomokHo (BKM-1), MarHmii- yroipHOe BOJIOKHO, HHKEIb-(pombdpamoBas MPOBOJIOKA
(BKH-1).

OObeMbl Mcnob30BaHHBIX KM B KOHCTPYKIMM IUIaHEpa NEpCHeKTUBHOrO JIA pasiau4Hbl M COCTaBIIOT:
kpeuio — 80 %, omepenue — 81 %, ¢rozemsx — 31 %, muion — 34 %, maccu — 23 %. Oprassl yrnpaBIcHHS
camonera Mn-96-300, nomactu Hecymiero BUHTa BepTonera Mu-28, ninanep camonera MC-21 4acTUYHO BBINOJIHEHBI U3
KM.

O6vem KM mmanepa BIIJIA gmocturaer 90 %. Spxumu npumepamu sBisitotes «KpyHk», «1o3op-600»,
«MHOXOOEIY.

IIprmmenerne KM B muranepe BC u BIIJIA moxeT 3HaunTensHO 00J1€T9nTh Bec KOHCTpyKIuH. [1o hopmymam
(1), (2) MOXHO OTpeneNUTs H3MEHEHHE MACCHI IIaHepa MpH puMeHeHn: B HeM KM:

j— T K — n T n T n T
Amrm = My — My = (Zi:lmrmi + Am) - (Zi:1 mrmi - i=1 (pl(l - gi))mrmi + Am (1)
— n T

Amnn - Zi=1 (pl(l - gi) My (2)
rjae my, — Macca i-i 4acTu IUTaHepa W3 TPAJAMIHOHHBIX MAaTepUAllOB; My, — Macca i-ii 4YacTH IJIaHepa u3
KOMITO3UI[HOHHBIX MAaTCPUAJOB, M — Macca TPATUIMOHHBIX MAaTCPUATOB; ¢; — KOI(DPHUIKUEHT, YIUTHIBAIOLIHI
OTHOLIEHHE MacC TPaJUIMOHHBIX W KOMIIO3MIMOHHBIX MAaTEpHajoB, 3HA4EHHs KOTOPOIO JIEKAT B JAHAla30HE
0<¢@; <1; & — xoddpdunuest maccoBoro mocronHcTBa KM, paBHBI OTHOIICHHIO MAacChl DJIEMCHTOB i-il 4acTH

o mg}li

mia"epa u3 KM k Macce i-if yacTu U3 TpaJAulIMOHHBIX MaTePHAIIOB (&; = s ).
1

L
Ecmu Am,, > 0, To my, < my, — mianep u3 KM nerde nnanepa u3 TpaJUIMOHHBIX Marepuanos. [IpumMeHsis
¢dopmynsl (1) 1 (2) MOXKHO OOUTHCSI CHI)KEHHS Macchl KOHCTpYKImU miianepa BC Ha 28 %, BITJIA — na 60 %.
Bcerencreue BiIMsSHUS 3KCIUTyaTallMOHHBIX (akTOpoB (pHC. 2) BO3MOXXHO BO3HHMKHOBeHHE AedexToB B KM,
MpeCTaBICHHBIX B Tabmuie 2 [1].

3KCHJ’IyaTaIII/IOHHLI€

HarpysKu

IIpuponHo-
KIIMMaTHIECKHE

Bbuonorudeckue :
MITHIIBL, TPBI3YHBI,

MHUKPOOPraHU3MbI

Knumarnueckue: A3p0)1HHaMH‘ICCKPIe

TEMIIEpaTypa, MEXaHNYECKUE, YIapHBIC,

BJIA’KHOCTD, BUOpAIMOHHBIE, TEMIIEPaTypHbIE

aTMOC(epHBIC OCaIKU AKyCTHYECKHE

Puc. 2. Kitaccudukanms skcriTyataimoHHbBIX (akTopoB BIMsHUS Ha cTpykTypy KM [1]
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Tabnuma 2

Knaccudukamnus u xapaktepuctrka gedekros KM

HaumenoBanue

o H3o0pakenue nedexra ITpuyuHbI BO3HUKHOBeHHS JedexTa
aedexra

HOBerHOCTHaH TpeUIHa

: Bricokas ckopocTh
; OXJIQKICHUSI, TIPEBBIMICHNE JOITYCTUMBIX
BuyTpenHss TpemuHa

MEXaHUYECKUX Harpy3oK,

TPaHCHOPTHUPOBKA

CKBO3HAas TpenIuHa

IToBbIIIIEHUE COAEPIKAHUS JIETYUHX B
[pemnpere, U3MEHEHUE CKOPOCTH
PakoBuna penpere, P
Harpesa, yBeJInYeHHe BPEMEHHU U

BCJIMYMHBI IPUJIOKCHU JaBJICHUSA

P HonaaaHMe HWHOPOJHBIX MaTE€pHaioB

IToBepxHOCTHOE / ;
% IIPU U3TOTOBJICHUU NpeTpera Mpu ero

HMHOPOAHOC BKIIFOUCHUC
PacCKoOJIC U BBIKJIAJAKE

JanHble nedeKThl MOXXKHO JMarHOCTUPOBATH 3a CUET NMPUMEHEHHS METOAOB HEepa3pyIIAIoNIero KOHTPOJI,
MTO3BOJIAIOIINX OTIPENENUTh TeXHI4Yeckoe cocTosHue ranepa BC mmm BIIJIA 6e3 yMeHbIIeHHS WX MPUTOAHOCTH K
MIPUMEHEHHUIO.

K takum meromaMm OTHOCST:

— PEHTI€HOBCKUI METO[;

— TEIJIOBON METOJ;

— YIbTPa3BYKOBOH METOZ;

— METOJ aKycTuiecko amuccun (AD).

Penmeenosckuii memoo

PeHTreHOBCKHIT METOJ OCHOBAaH Ha IPHUEME M aHAIM3€ MPOHMKAIONIIETO MOHHM3MPYIOIIETO HM3Iy4YeHHs IOCie
B3aMMOJICHICTBUA C KOHTPOJIUPYEMBIM OOBEKTOM. VIHTEHCHBHOCTh H3ITY4YEHHS WH3MEHSETCSd B 3aBHUCHMOCTH OT
IJIOTHOCTH MaTepHaIa, ero TONIMNHBL 1 Haxmans gedexto. [T perucTpaluH MPOIIE/IIIEro H3TyYeH s IPHMEHSIOTCS
PEHTTCHOBCKHE TUICHKH BRIOPAHHOM BapHAIIMOHHON YyBCTBUTEILHOCTH, (PIIyOPECIIUPYIOIHE SKPAHbI U TEICBU3NOHHBIC
ycTaHoBKHU. YacTh koHCTpykuuH 1uiaHepa JIA wnum BIIJIA nomemniaercs B peHTI€HOBCKYIO ycTaHOBKY «Ca®aiip» s
OCYLIECTBJICHUSI KOHTPOJIsl. Pe3ynbpTar npoBeneHus: peHTIEHOBCKOIO HM3JIyYEHHUsl IPOEUUPYETCs Ha IJIEHKE, B KOTOPOU
nedekr OymeT m3o0paxkeH mBeToM OnemHee, YeM (GoH Bceil KOHCTPYKIMH. OCHOBHBIM HEIOCTATKOM PEHTTEHOBCKOTO
METOJIa SIBISCTCS BPEJHOE BO3ICHCTBHE Ha 00BEKT U CYOBEKT KOHTpOIA [4, 5].

Tennogoii memoo

TemnoBoif MeToJ, OCHOBaH Ha IIpHeMe JAaHHBIX 00 W3MEHEHHWH TEeIUIOBBIX TEeMIIepaTypHbIX MOJen
KOHTPOJIUPYEMbIX OOBEKTOB, BbI3BAaHHBIX AepexTaMu. J[aHHBIH METOJ OCYIIECTBISETCS MOCPEACTBOM NPUMEHEHHUS
TEIJIOBU30POB M aBUAIIHOHHBIX (DEHOB.

[epBoHauanpHO MpoucxoauT HarpeB 1/3 vactu koHcTpykimu ruiaHepa BITJIA mpu momomu aBHalOHHOTO
¢eHa. Ha MexMONEKyIIpHOM YpPOBHE IPOUCXOAHUT IIepelava dHEPTUU OT Ooliee HArpeTo 4acTH IuiaHepa K Ooiee
xonoxHo#. HaGmomaem mpomecc mepeTekaHds SHEPTHH HCIONB3YS TemmoBH3op. Okpacka OedeKkTa OTINYaeTcs OT
OIMMCHIBAEMOTO BHIMIE Tporiecca (puc. 3) [6-8].

'Deppo30oHI0BEIi METO HEPA3PYITAIONIEro KOHTPOINS AeTajel BaroHoB. Pykosomsmuii moxyment PJT 32.149. Mocksa: denepaabHoe areHTCTBO 110

TeXHUUECKOMY peryiaupoBaHuio u merponorun. 2008. 163 c.
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Puc. 3. N3o6paxenue nedexra manepa BITJIA myrem npuMeHeHHs TEIUIOBOTO METOIa

Henmocratok maHHOTO MeTOJa — HECNOCOOHOCTh OCYIIECTBICHHS MPOBEICHUS KOHTPOIS B HEOOOTPEBacMBIX
MTOMETICHHUSX.

Yavmpaseyxoeoii memoo

VYbpTpa3ByKOBOM METOJI OCHOBAH Ha PErUCTpaluy YNPYruX BOJH, CO3JABLIMXCS B KOHTPOJIUPYEMOU JETAIU.
Hedexrockonsr Y2B-I1, YAT-40, YCJ/I-50 mnoszBosysitor oOHapykuBaTh TpemuHbl mopsinka 0,5-1 mm.  Jlns
OCYIIECTBIICHHUS] KOHTPOJISI HEOOX0IMMO YCTAaHOBJIEHHE KOHTAKTHOM Cpebl MEXIYy KOHTPOJMPYEMON 4YacThiO IIaHepa
JIA mmm BIUUIA wu npuemHuKOM-nipeoOpaszoBateneM xaedexrockona [9—11]. OCHOBHOH HeIOCTaTOK — BpPEIHOE
BO3/IeiiCTBHE HAa CYOBEKT KOHTPOJIS.

Memoo axycmuueckotl smuccuu (43)

Meton AD oCHOBaH Ha TpOILECCe HM3TYYCHHS AaKyCTHYECKHX BOJH B TPOIECCE IMEPECTPOHKH CTPYKTYPHI
Mareprana. J[aHHBIM METOX SBJISETCS MACCHBHBIM, TaK KaK OCHOBAaH Ha PETHCTPAllMM HU3KOYACTOTHBIX HMITYJIECOB
nedeKToB aeTanell moa HarpykeHmem. AD MeToA, B CpaBHEHHH C TpamuiuoHHBIME MeTomamu HK, oOHapyxmBaer
riIy0OKO 3ayeraroiue TpelrHbl B KOHCTPYKIMK MaTepuaia (Tadiuna 3).

Tabmuna 3
CpaBuenue metogos HK
Metox HK Jn1uHa o0Hapy:KuBaeMoi TpelUHbI, MM
VYabpTpa3ByKoBOH 0,5-1
PentrenoBckuit 2-3
AKYCTHYECKOH SMUCCUU 0,000001
Tennosoit 0,01-0,001

Jiss muarHOCTHKM OBUT CO3MaH SKCICPUMEHTATIBHBIA 00pa3el] ammapaTHO-IIPOTPaMMHOTO KoMminiekca AD
JUArHOCTHKH, KOTOPBIA MO3BOJISIET B pEaIbHOM MacITabe BPEeMEHH PETUCTPHPOBAThH pa3BuBatomuecs nedektst KM B
HU3KOYaCTOTHOM nuamazoHe (puc. 4). Jns moseimeHUs 3((GEeKTUBHOCTH AD KOHTPONS CHENHAIACTaMH BoeHHOro
y4e0HO-HayJYHOTO IIeHTpa BoeHHO-BO3AymIHBIX cuil «BOCHHO-BO3AyIIHAs akageMmMus WMEHH mpodeccopa
H. E. Xyxosckoro u lO. A. I'arapuna» (BYHL] BBC «BBA»), B 4HcI0 KOTOPBIX BXOJMJI M aBTOp AAHHOM CTaThbu
A. B. TlonoB, 6b11 pa3zpaboTaH TEOPETHKO-BEPOSTHOCTHBIA MOJX0J] K OLIEHKE MHPOPMATHBHBIX MapaMeTpOB SMHUCCHH.
YCcTaHOBJICHO, YTO HA PaHHHUX CTaAusIX nedopMmupoBaHus MOTOK curHAIOB AD KM oT MukpomedekToB, cirydaliHbIM
obpaszom pacnpenen€éHusix mo odremy BC, mMeer myaccoHOBCKHE xapaktep. C pocToOM Harpy3kd OObeIUHEHHE
Mukpozaedekror B Tpemmay KM HapymaeT myacCOHOBCKOE paciipeneneHne. PazpaboTaHHEIN crieraaiucTaMi IeHTpa
croco0 OIeHKW TmporeccoB HakormieHus mnoBpexaeHnid KM B JIA um BIIJIA ocHOBaH Ha OIIEHKE HW3MEHEHUS
pacnpeneneHui 4ncia akToB AD Ha (PUKCHMPOBAaHHBIX HHTEpBaJaX BpEeMEHH B Inpouecce aedopmupoBanus KM.
Jedopmanmss KM mnpuBomur k 00pa3oBaHMI0 Makpoae(eKTa, XapaKTepUCTHUKH II0TOKa HMITYJIbCOB CTaHOBSTCS
3aBucuMbIMi. OObenuHeHne MukpozaedekroB OK paspymiaer runoresy IyacCOHOBCKOTO pacupeneneHus. [lanHoe
SIBJICHUE MO3BOJISIET TIOCTPOUTH ITapaMeTPUYECKUe WHBAPHAHTHI, CIIPAaBEIMBEIE /ISl TyaCCOHOBCKOTO XapakTepa, U Ha

9TOH OCHOBE OIEHHUTH OTKIOHEHHE aHATM3MUPYEMOTO IIpoIiecca OT IIyacCOHOBCKOTO (3):
_ m¥°]

17 23] -

3m?[x] —m*[x] =1 3)

Ha ocnoBanuu ypaBHeHHUS (3) MOJYy9MM HECKOJBKO BBIPAKEHUH JISI OMpPENETICHHs] CTENEHH OTKIOHCHUS
MMOTOKA UMITYyITbcOB AD OT myaccoHOBcKoro (4)—(7):
I, = m[x3] * m?[x] — 3m*[x] —m®[x] — m?[x] =1 4
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I =m[x3] —3m?[x] —-m*[x] -1=0 5)
I = m[x*] *m?*[x](3 — m*[x]) =1 (6)
=" 2y =3 ™)

IMocTpoeHre MHBapUAHTHBIX 3aBUCHMMOCTEW Ha ocHOBaHUH (opmyin (3)—(7) MPOU3BOAUT IKCIEPUMECHTAIHLHO
paspaborannsiii AIIK (puc. 4), mMo3BOJSIOIUN OCYIIECTBUTh MHOTOKAHAIBHYIO PETHCTPAIUIO, 00paOOTKy U aHAU3
3HAYCHUH HArpy30K U jaedopMalluii; OCYIIECTBIIATh BUICOHAOIOCHUE U 3alIUCh MPOIECCa UCIBITAHUN U TIOKa3aHUI
aHAJIOTOBBIX PUOOPOB TP MOMOIIH BUICOKAMeEp.

Puc. 4. AnnapatHo-nporpaMMHBINA KOMILIEKC aKyCTUKO-IMUCCUOHHON JUArHOCTUKHU: | — BBICOKOUYBCTBUTEIBHBIN
nee3o0anekTpudeckuit qatank GT-300; 2 — mpexycuauTe BHOPOAKYCTUIECKOTO CUTHANA; 3 — aHAIOro-Ii(poBOi
npeobpazoBarens; 4 — [I1OBM s 06paboTKU TaHHBIX

BricokouyBcTBUTENBHBIE Mbe303AeKTpHueckue naTuuku GT-300 ycraHaBIMBAIOTCS HAa KOHTPOIHPYEMYIO
noBepxHocts KM. MHpopmaTiBHBEIE mapameTpsl 0 cocTosHUM KM ¢ Ibe303JIEKTPHYECKUX JATUYMKOB MOCTYMAIOT Ha
NPEIYCHIHTENH BHOPOAKYCTHYECKOro CHTrHAma - . Ilocie yCHIEHHS CHTHAT TOCTYNAeT Ha aHanoro-muppoBoit
mmpeoOpa3oBarelib, B KOTOPOM MPOUCXOTUT €ro MPeoOpa3oBaHUE U3 MEXaHHMUYECKOU paboThl B 3jekTpuyeckyro. [I9BM
CITY’KHT JIJIsL KJIACTEPU3aLUH U 00paOOTKH NPUHSATHIX JaHHBIX.

PesyabTaTel uccaenoBanus. [Tpu momoru AITK u paspeiHO# mamuabsl PM-1 Ha 6ase BYHI] BBC «BBA»
MIPOU3BOMIN KOHTpoONb yriuemnactuka KMYVY-1, mpumensemoro B mpomsBoicTtBe camoineta MJI-96-300 u BIIIA
«Opuon». OcHoBHBIE XapakTepucTHkn KMV -1 npezncrasnenst B Tabnumne 4:

Tabmuma 4

Xapakrepucruka yriemnjaactuka KMY-1

Ne ni/m IIpenesbl kKoMno3ura

1 [penen pacTsHKEHUS Opacr= 1020 MIa

[Ipenen cxaTUs Ocye,r= 400 MITa
IIpenen n3ruba o,,.= 1100 MIla

[penen capura ogpp,.= 30 MIla

Mogynb FOura pactsokenus Ep, .= 180 1073MIla
Monysb IOnra usruba E,,.= 145x1073MIla
Mogayb FOHra capura E gy, = 3,5%107*MIla

N | N[ B~ WD

Jnst npoBeaenust ucnbiTanuii nomectuin KMV -1 B pa3pbIBHYI0 MallMHY, IPEeABAPUTEIbHO ycTaHOBUB Ha KM
nmataukua AD GT-300. [Ipomssogmiu Harpyxkerane KMVY-1 npu momoru ATTK. Pe3ynpraTsl HarpyxeHuUs IPeICTaBICHBI

Ha puc. 5 (a, 6, 8):
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Puc. 5. Pesynprats! Harpyxenuss KMK-1: a) ocimmtorpamma curaanos AD KMVY-1; 6) pexxum pabotsr ATIK;
8) TIpoeKuus TMHaMUKHU Harpyxenus PM-1 KM KMVY-1

Ha puc. 5 a uzobpaxkena ocrmiorpamma curiajioB AD KMVY-1. MakcumanbHoe 3HaYeHHE aMIUTUTyAbl AD
OK cootBercTBYeT pa3pymeHuio MaTpuilsl ¥ BOJIOKOH OK ( Up,q, = 0,25 B).

Ha puc. 5 6 npencrasien pexum padotsl AIIK. 31ech BblIeIeHBI TpHU 30HBI — KpacHas, JKelTas, 3eJeHasl.
KpacHas 30Ha xapakTepu3yercsi HaJIudueM SIpKO BbipakeHHbIX JedexktoB KMY-1. UucieHHoe 3HaYeHne MHBapUaHTa B
npeaenax ot 0,66 1o 1 npu t = 7-9 MuH. DTO CBUIETENBCTBO KPUTHYECKU aKTUBHOTO Ae(eKTa — CTaIus pa3pyLICHHUSI.
JKenras 30Ha — 30HA aKTUBHOTO NedeKkTa U cragun obpazoBanus TpemuHbl (1=0,33-0,66; t = 47 muH). 3encHas —
nmoOpokavyecTBeHHAS 30Ha, XapaKTepu3ytomas ctaguio mukporpenuH (1=0-0,33; t = 9—4 mun) [12, 13].

Ha puc. 5 ¢ npencrasnena npoekuuss AMHaMuku HarpykeHus PM-1 KM KMV-1. BenencrBue yBennueHHs.
Harpysku (P = 25,75,150 krc/MM?) pacTeT 3HaueHHe HHBAPUAHTA M aMIIUTY bl AD KMY-1.

Oocy:xnenne u 3akiaouenus. [Ipuvenenne KM sBisercs: nepcrieKTUBHBIM METOJIOM OIEHKH TEXHHYECKOTO
cocTosiHusl Tipu TpoektupoBanuu paznudHbix BC u BIUJIA. OgHOo M3 ocHOBomoJjarammux mnpeumymects KM —
oOJerdyeHue Macchl KOHCTPYKIIMH 110 CPABHEHHMIO C TPAJULIMOHHBIMH MarepuanamMu. KOHTposb 1 OLIEHKY TEXHUYECKOTO
cocrostanss BC u BIUJIA HeoOXoamMo TPOHM3BOAWTH NEPCHEeKTHBHBIMA MeTomamu HK, cmocoOHBIMH BBIIBUTH
pasnmuHOro pona naedexTsl Ha paHHEW cTaluM MX Pa3BUTHA. OTUM TPeOOBaHMSAM OTBEYACT METOJA aKyCTHYECKOH
SMHCCHHU. B mepcrexTiBe MOXKHO YCTaHOBUTH SKCIEPHMEHTAIBHBIN 00pa3el anmapaTHo-IporpaMMHOTO KOMIUIEKCA Ha
MHOTOQYHKIMOHAJIBHBIM HcTpeOuTens msatoro mnokojeHuss Cy-57 nanst  OCYIIECTBICHUS JAWArHOCTHPOBAHUS
KOHCTPYKIIMH  JIeTaTeJIbHOTO ammapata B mojere. JlaHHAas  aKyCTHKO-OSMHCCHOHHAsi CHCTEMa  ITO3BOJHT
nAeHTU(GHUINPOBATh Ne(EKThl, BO3HUKAIOIIUE B AJIEMEHTaX KOHCTPYKIIMM BO3JYIIHOTO Cy/IHA Ha Majoil cTaguu ux
pa3BuUTHs. DKCIEPUMEHTAIBLHO pa3paboTaHHbI 00pasel] annapaTHO-IPOrpaMMHOT0 KOMILUIEKCa MO3BOJISIET OllepaTHBHO
B pPeaJIbHOM MaciuTabe BpEMEHHU PerucTpUpOBaTh pa3BUBatoLInecs JAe(eKThl aBUAlIMOHHBIX MaTEePUaIOB, IPUMEHIEMBIX
B KOHCTPYKIIMH JIETaTSJIbHBIX alllapaTax ¥ OECIMIOTHBIX JIETATEIbHBIX ammaparax.
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CHHXpOHHf&ﬂHHﬂ B MHOTOABUTATEJBHBIX THAPOMEXAaHUYECKUX CUCTEMAX

A. T. Ppibak’ <, A. B. HBanoBckasn® , IL I1. BaTypa1 , A T1O. Ienumnenko'
'®I'BOY BO «JI0HCKOM rOCYAapCTBEHHBII TeXHUUECKHIT yHUBEpCHTET» (T. PocToB-Ha-J[0HY,
Poccuiickas ®eneparust)

2dI'BOY BO «KepueHckuil rocy1apcTBEHHBIH MOPCKOH TexHOIornueckuil yuusepcurer», KIMTY
(r. Kepus, Pecriy6imka Kpbiv)
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Beeoenue. CraThsi TIOCBSIICHA aHANW3y KOHCTPYKTHBHBIX pEIICHWA THAPABIMUCCKUX JCTHUTENCH TOTOKa,
WCTIONB3YEMBIX U CHHXPOHU3AIINH THAPABIMYCCKIX MPUBOJOB PadOYNX OPTaHOB TEXHOJOTHUYCCKUX M MOOMIBHBIX
MamvH. BBIABICHBI MOTPEOHOCTH pPHIHKA B MHOTOTIOTOYHBIX O€330JI0THUKOBBIX JPOCCENBHBIX ICTUTESAX IMOTOKA C
YIipaBJIsICMbIM KO3(1)(1)I/ILII/IGHTOM ACICHUA, TAKUX KaK MHOI'OOCHBIC IACCHU TPAHCIOPTHBIX CPEJICTB.

Henssmu paboThl ObUIM aHANM3 BO3MOXKHOCTH W OOOCHOBaHME II€JIECOOOPAa3HOCTH Pa3pabdOTKH  JIPOCCEIBLHOIO
YETBIPCXMOTOYHOTO ACIUTEIISL MOTOKaA 68330HOTHI/IKOBOFO TUMa C YYBCTBUTCJILHBIMH DJJICMCHTAMH THIIA pr61<a
Bentypu. Pemienne nomkHO oOecriedunTh CHHXPOHHOCTH IepeMelleHus (BpaieHusi) Oosiee Tpex pabouux OpraHoB
TEXHOJIOTHYECKUX U MOOMIIBHBIX MAIIIHH.

Mamepuanwvt u memoowt. ViccnenoBanbl NaTEHTHI CYIECTBYIOIIMX KOHCTPYKIMM THIPABINYECKUX JIEIUTEIEH MOTOKA.
PaccMOTpeHBI CHCTEMBI, B KOTOPHIX TpeOyeTcs MelieHHe IOTOKAa THIPAaBIMYECKOW JKHUAKOCTH Oojee WeM Ha JBa
WCTIOTHATENFHBIX opraHa. JlJis KOHCTPYKIIMH JPOCCENFHOTO TPEXKAaHAIBHOTO JEIUTENS TMOTOKa 0e330J0THHKOBOTO
THUTIA TIPEUIOKEH BapHaHT MOJCPHHU3AINH, KOTOPBIA MO3BOJISIET ACTUTH TIOTOK HA YETHIPE BETBH.

Pezynomamut uccnedoséanus. OOOCHOBaHA aKTYalIbHOCTH pPa3pabOTKM MHOTOMOTOYHOTO JPOCCENBFHOTO JICTHTEINS
MOTOKa 0E330JI0OTHUKOBOTO THIIA JUIS MPUMEHEHHSI B IPOMBIIIUICHHBIX 1 MOOHMJIBHBIX MallnHax. PaccMoTpeHs! aBa THa
YETBIPEXIIOTOYHBIX JEJHUTENeH, yKa3aHbl WX ciadble cTopoHbl. OTMeueHo, 4YTO pa3paboTKa MHOTOIIOTOYHOTO
JIPOCCENBHOTO JACNUTENS MOTOKAa Ha OCHOBE KOHCTPYKIMH, co3maHHbIX B 1989 m 1991 romax, mo3BOJIUT COKPAaTHUTh
YHCIJIO THIPOHACOCOB, U30ABUTHCS OT IOCIEI0BATEIBLHOTO COCMHEHNUS ABYXIOTOYHBIX Aenuteneid. Takum crocobom
MOXKHO CHHU3UTHh MOTCPH MABICHHUS B THAPOCHUCTEME W pPEANN30BaTh aJalTUBHOC YIIPABICHUC THUIAPOJBUTATCIIIMU
MHOTOJIBUTATEIIFHBIX MOOWMIBHBIX MammuH. [Toka3zaHa BO3MOXKHOCTh Ha 0a3e TPEXIMOTOYHOTO JAPOCCENBFHOTO JIEITUTENS
MONYYHUTh JEUTENb-CYMMATOp Ha YeThIpe MOTOKa ITyTeM 00aBJIEHHS BBITYCKHON KaMephl, CBA3aHHOW C KaMepoi
MeMOpaHbI yepe3 KaHall, BXOIAMHNN B cotuto Tpyokn Bentypu. Onmcad npuHIUT paboThI TAKOTO 000pYyTOBAHNUS.
Oobcyrycoenue u 3akniouenus. PaccMOTpeHb TPUHIMWIIBI  TOCTPOCHHUS  JIPOCCENBHBIX  JEJHUTENeH TOTOKa
0€330JI0THIKOBOTO THMa. [IpeioskeH BapuaHT MOACPHHU3AINHN TSI YBEIMUICHUS KOJIMYECTBA KAHAJIOB JICIIEHUS C TPEX
70 vetbipex. OHAKO AJIs MTOATBEPXKIACHUsST pabOTOCIOCOOHOCTH TaKOH KOHCTPYKIIMM HEOOXOJWM UYUCICHHBINH aHaIN3
pa3IMYHBIX PEXHUMOB PabOTHI JENHUTENsT — pacyeT NPHUBEJACHHONH OOBEMHOW >KECTKOCTH €ro paboduuX MOJIOCTEH.
[Tomyuennast uHpOpMaIHs MOXKET ObITh HCIIOJIB30BaHA JUISl MOAEPHU3AINH THIPABINYECKUX Y3JI0B TEXHOJIOTMIECKUX U
MOOWJIBHBIX MAIMH, TIOBBIIICHUS HMX HAJEKHOCTH, TEXHOJOIMYHOCTH W KOd(PQUIMEHTa T0JIE3HOr0 JEeHCTBHSI.
OmpeeneHsl BOIPOCHI, KOTOPBIE HEOOX0ANMO PEIIUTh B JalbHEHIINX HCCIIEIOBAHMSIX.

Kniouegvie cnoea: npoccenbHBIN IeNUTENb MOTOKA, TpyOka BeHTypw, rumpaBimueckas TpaHCMHUCCHS, MHOTOOCHOE
IIaCCH, TPAHCIIOPTHAS MIIaTHOPMa, CHHXPOHH3ALIHUSI.

na yumuposanusa: CHHXpOHW3ALMsS B MHOTOIBHIATENBHBIX T'HApOMeXaHWdeckux cucremax / A.T. Pridak,
A. B. UBanosckas, I1. IT. batypa, A. lO. Ilenmunenxo // Advanced Engineering Research. — 2021. — T. 21, Ne 4. —
C. 337-345. https://doi.org/10.23947/2687-1653-2021-21-4-337-345
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Synchronization in multi-motor hydromechanical systems

A. T. Rybak' >4, A. V. Ivanovskaya’ , P. P. Batura' , A. Yu. Pelipenko'
! Don State Technical University (Rostov-on-Don, Russian Federation)

?Kerch State Maritime Technological University (KGMTU) (Kerch, Russian Federation)
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Introduction. The paper submits the analysis of existing design solutions of flow dividers used to synchronize hydraulic
drives of working bodies of technological and mobile machines. The market demands for multithreaded throttle flow
dividers without valves with the controlled division ratio, such as multi-axle vehicle chassis, are identified. The
objective of the work was to analyze the possibility and rationale for developing a throttle four-way flow divider
without valves with sensing elements of the Venturi tube type. The solution should provide the synchronicity of
movement (rotation) of more than three working bodies of technological and mobile machines.

Materials and Methods. A patent search for the designs of hydraulic flow dividers is carried out, and systems that
require the division of the hydraulic fluid flow into more than two executive bodies are considered. An upgrade option,
which allows dividing the flow into four branches, is proposed for the design of a three-channel throttle flow divider
without valves.

Results. The urgency of developing a multithreaded throttle flow divider without valves for application in industrial and
mobile machines is validated. Two types of four-flow dividers are considered, their weaknesses are indicated. It is noted
that the development of a multithreaded throttle flow divider based on the designs created in 1989 and 1991 will reduce
the number of hydraulic pumps and get rid of the series connection of double-flow dividers. In this way, it is possible to
reduce pressure losses in the hydraulic system and implement adaptive control of hydraulic motors of multi-motor
mobile machines. The possibility to obtain a divider/combiner into four flows by adding an outlet chamber connected to
the membrane chamber through a channel entering the Venturi nozzle on the basis of a three-flow throttle divider is
shown. The principle of operation of such equipment is described.

Discussion and Conclusions. The principles of construction of throttle flow dividers without valves are considered. An
upgrade option is proposed to increase the number of division channels from three to four. However, to validate the
operability of this design, a numerical analysis of the various modes of operation of the divider is required —
calculation of the reduced volumetric stiffness of its working cavities. The information obtained can be used to
modernize the hydraulic units of technological and mobile machines, increase their reliability, manufacturability, and
efficiency. The issues that need to be solved in further research are identified.

Keywords: throttle flow divider, Venturi tube, hydraulic transmission, multi-axle chassis, transport platform,
synchronization.

For citation: A.T.Rybak, A.V.lIvanovskaya, P.P.Batura, A.Yu.Pelipenko. Synchronization in multi-motor
hydromechanical  systems.  Advanced Engineering  Research, 2021, vol. 21, no.4, pp.337-345.
https://doi.org/10.23947/2687-1653-2021-21-4-337-345

BBenenne. YcioBue aOCONIOTHOH CHHXPOHW3AIMH — COONIOJCHUE NPOMOPIUOHAIEHOCTH IJTMHEWHBIX H
VTJIOBBIX TIEpEMENIeHU TUIPOJBUTATENECH M BCEX MPOM3BOAHBIX OT HUX MO BpeMeHH. YacTo ObIBaeT HEOOXOIUMO
CHHXPOHHU3UPOBATH:

— OJTHOPOJIHBIC JIMHEWHBIC WU BpallaTelIbHbIC BUKEHHUS IBYX U 00Jiee THIPOMPUBOIOB,

— OJIMH JIBUTATEIh C TIOBOPOTOM BTOPOTO.

B cTaHKOCTpOGHWHM M MAIIMHOCTPOCHMH TIPU CHHXPOHHU3AIMU MPHUBOJOB BaXKHO YUYUTHIBATH OUITHOKH
CHHXPOHHM3AIIMU II0 TIOJOXCHHUI0. B cTarbe pacCMOTpPEHBI CIIOCOOBI CHHXPOHHM3AIMK THAPOJBHTATEICH B
MHOTOJIBUTATCIFHBIX CHCTEMaxX C JCIUTEIeM II0TOKa, a TakKe TMPUMEpPhl NPUMEHEHHS TaKHX CHCTEM B
MPOMBINUICHHOCTH. [loMHMO 3TOro 00CYXKHaeTcss MPUMEHCHHE MHOTOIIOTOYHOTO JPOCCENBHOTO ICITUTENS MOTOKA
0€330JI0THUKOBOTO THIIA B KayeCTBE CHHXPOHH3HPYIOMIETO YCTPOWCTBA MHOTOOCHOW KOJECHOW  CIETIKH
THIPABIMYECKON TPAHCTIOPTHOW TITAT(POPMEIL.

dyHIaMeHTaIbHBIE TPYIbl O THIPOMEXaHHMUECKUX CHCTeMax HM3BECTHBI ¢ IpeBHOCTH. CaMmblii paHHMHA U3
COXpaHMBIIUXCSI — TpakTat Apxumena «O mmaBaHuu Teia». CerofHs NMPUMEHEHHE CIIOKHBIX MHOTOYPOBHEBBIX U
Pa3BETBIEHHBIX THUAPOCUCTEM JOCTATOYHO HCCIENIOBAHO, OJHAKO OCTAeTCS aKTyalbHBIM BOIPOC YIPABICHUS H
peryiupoBaHus B mupoan/IBoue]’ 2 [1-4] nnst moBermenus ero KIT/1 u ymeHbIeHnst rabapuTOB CUCTEMBI.

! Vpexun B. C., Mcromuna FO. B. Pa3paboTka ruApaBiMuecKHX CHCTEM aBTOMATHUECKOrO YIPABJICHHsS MPUBOJAMH TEXHOJOTHUECKOro oGopyaoBanus // MHHOBaIY
TEXHUYECKUX PELICHUH B MAIIMHOCTPOCHHUH U TpaHucmoprte : ¢b. ct. I Beepoc. Hayu.-Tex. koud. [lensa : Mexotpaciesoit Hayd.-uH. ueHTp, 2016. C. 259-262.

% Jlasyra W. B., Jlasyra E. ®. Henuueiinas KOppelsiys peeiiHON aBTOMATHUECKON CHCTEMbI YIPAaBJICHHs THIPABIHUECKHM npuBogom // Obpasosanue. TpaHCIOPT.
Wunosarun. CTpOUTENBCTBO : €0. HAyd. Tp. HAll. HAy4.-IPakT. KoH(. Omck : CubAIU, 2018. C. 64-69.
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Puvibak A. T. u 0p. Cunxponusayus ¢ MHO2006UZAMENbHBIX 2UOPOMEXAHUNECKUX CUCHIEMAX

B pa3psa cIoXHBIX THAPOCHCTEM BXOIST TaKHe, TAE¢ OIWH THAPOHACOC MMUTAET /IBa WK OoJjiee HE3aBUCHUMBIX
rugpoasuraress. [Ipu 3ToM He3aBUCHMO OT HAarpy3KH Ha BBIXOTHBIC 3BEHbBS JOIDKHA 00ECIIeUNBATHCS CHHXPOHHOCT HX
apmwkeHuil. TpeOyemass TOYHOCTh CHHXPOHM3ALMM OIpeAenseT BbIOOp ee crocoba. Ilpocredmmit n3 Hux —
obecrieueHne >KeCTKOW MeXaHW4YecKoil CBsi3u ruapojsurareneil. OMHAKO Ui CHCTEM CO CJIOXHBIM PaCHOJIOKEHHEM
UCIIOJTHUTEIILHBIX OPIaHOB B IIPOCTPAHCTBE OH He NpuMeHuM. Haunboee pacripocTpaHeHHBIE METO/IBIL:

— C IIOMOIIBIO CBSI3aHHBIX BAJIOM THAPOMOTOPOB MM THJIPOHACOCOB (0ObeMHAast CHHXPOHHU3ALIHS);

— C [IOCJIEI0BATENILHBIM COSAMHEHUEM TI0JIOCTEN THAPOABUTATEIICH;

— C TUAPABINYECKUMU CIEAANIIMA CHCTEMAMH C PacTIpeleIUTENIIMI U THAPOTaXOMETPaMH,

— C THAPOMEXaHNIECKUMH U AIIEKTPOTUAPABIMICCKIMH CICISIIIMI CUCTEMaMHU.

Hambomee menecooOpasHele ¥ MPOCTBIE CPEICTBA CHHXPOHHM3AIMK B MOOWIBHBIX MAIIUHAX W
TEXHOJIOTHIECKOM 0GOPYIOBAHHH — 3TO APOCCENbHBIC NCIUTEIN H CyMMATOpPhI IIOTOKOB™ ' [5-8]. I'mnpasnmmaeckuit
JeUTENh MOTOKAa Pa3leNsieT OAWH MOTOK paboueil xuakocTn Ha nBa win Oosee. [Ipu 3TOM yuuTHIBaeTcs 3amaHHOE
COOTHOUIEHHE U TpeOyeTcsi 00eCeYnTh CHHXPOHHOE (COTTIaCOBAHHOE) JABMKEHHE BBIXOJHBIX 3BEHBEB HE3aBHCHUMO OT
nx Harpy3ku. CymMMaTop NOTOKa JI€HCTBYET aHAJOTWYHO MAEIUTENI0, HO B oOpaTHOM HampaBieHHH. OH JIEeTKO
WHTErpUpYeTCcsl B THAPABIMUYECKYIO CHCTEMY, JelieB U yno0eH B akciuryaranuu. CyMmMaTopsl OTOKa 00eCreYrBaoT
CUHXPOHHU3AalHIO B IIUPOKOM AHAIIa30HE CKOpOCTeﬁ JBHXXCHHA BBIXOJHBIX 3BEHLBCB ruupouBMraTenei&.

B kilaccnueckod KOHCTPYKLMH JIPOCCENIBHOTO JEJIUTENS B KauecTBE 3allOPHO-PEryJIMPYIOLIEro 3JIEMEHTa
HCTIONB3YIOTCS 30JI0THUKOBBIC Taphl [5]. DTO 00ycloBIMBaeT XapaKTepHbIE HEIOCTATKH TaKuX aenuteneii. Hampumep,
BBICOKasi CeOECTOMMOCTh TPEIU3UOHHBIX 30JIOTHHUKOBBIX IMAp OOBSCHIACTCSA CIO0KHOCTBIO HM3TOTOBIICHUS, OONBIION
JoJed TaKWX BBICOKOTOYHBIX OIEpaliif, Kak XOHWHTOBaHWE, NUIH(OBaHUE, >JIEKTPOIPO3UOHHAS 00padoTKa.
CenextrBHas cOOpKa W TOBOJKA 30JIOTHHKOBBIX IMAp JAENAeT MX INMPAKTHICCKH HEPEMOHTOIPHUTOIHBIMH, YTO TOXKE
MTOBBIMIACT X IKCIDTYaTAllHOHHYIO CTOMMOCTH. BHIINEH3II0KEHHOE TaKKe YKa3bIBaeT Ha BOCIIPHUMYHBOCTD CHCTEMBI K
Ka4yecTBY TMJIPAaBINYECKON JKUIKOCTH, K KOTOPOH NPEABSIBIISIOT BeCbMa BHICOKHE TpeOoBaHus [6].

MI3BeCTHBI MONBITKH KOHCTPYHPOBAThH AeIUTENH Oe3 3010THUKOBEIX map> &7 *. MccnenoBamich BO3MOKHOCTH
YJIydlICHHUA XapaKTCPUCTUK 30JIOTHUKOBBIX HeﬂﬂTeJ’Ieﬁ. Cﬂe,uyeT OTMETUTH, YTO MNEPCUNUCICHHBIC KOHCTPYKIUH
ZleﬂHTeﬂeﬁ II0OTOKa O6eCHeLII/IBaIOT CUHXPOHU3AUIO TOJIBKO ABYX HUCIIOJTHUTCIBHBIX MEXaHU3MOB, U 3TO 3HAYUTCIILHO
cyxaer cdepy HX npumeHenus. Llenb Hacrosiiero uccienoOBaHMsS — TIOMCK IEPCIEKTHMBHOW KOHCTPYKIIMU
MHOTOITOTOYHOTO APOCCENBEHOTO ACIUTENs, OTBEYAIONIETO TPEOOBAHUSAM IKCILTYyaTAIMH MOOWIHHBIX MAIIFH.

MarepuaJjibl 1 METOAbI

MHoroaBurareabHble THAPOMeXaHMYECKHEe CHCTeMbI. V3BeCTHBI THAPOCUCTEMEL, B COCTAaB KOTOPBIX BXOJIUT
Oomee nMByx pabodmx OpraHoB (Kak pEBEpCHPYEMBIX, TaK M HE PEBEpCHPYEMBIX). B 3aBHCHMOCTH OT YCIOBHHU
9KCIUTyaTallil OHU TPEOYIOT IOCTOSHHOW WM KPAaTKOBPEMEHHOH CHHXPOHHOCTH IBW)KCHUS C ITOCTOSIHHBIM FITH
HU3MECHACEMBIM COOTHOILICHUEM CKOpOCTeﬁ. K rakum CUCT€MaM, B HaCTHOCTH, MOXXHO OTHCCTH:

— XOOBBIC TUAPOIIPUBO/IbL MOOMIBHBIX MaliunH,

— BBITATHUBAIOMNEC MPECCHI IJIsI KPYITHOT'O JIMCTOBOT'O IMTpOKaTa,

— MITaMIIOBOYHBIC CTAHKH JIJIsl Ta0apUTHBIX JICTAJICH,

— IPYMIBI THIPOJAOMKPATOB IS TIOAbeMa (PyHIaMEHTOB 31aHUH,

— THOPOTIPUBOJIBI CKIABIBAHUS PYJICBOTO ONIEPEHUS B a9POKOCMHUIECKON TEXHUKE,
— CHCTEMBI IO3UINOHAPOBAHMS JICTIECTKOB PE(PICKTOPHOTO 3epKajia pagrioTeNIECKOTA.

[IprMeHeHHE B TAaKMX CHCTEMax M3BECTHBIX IPOCCETBHBIX JAETHTEeNel IOTOKa Oe330J0THMKOBOTO THIIA,
HECOMHEHHO, yIy4IIaeT SKCIUTYaTAI[HOHHBIC XapaKTEPUCTHKH. B TO ke BpeMs YHCIIO CHHXPOHH3UPYEMBIX pabOdHnx
OpTaHOB OTpPAaHWYCHO JABYMS HA OJAWH JEIUTENs TIOTOKa. JlaHHOE OrpaHWYCHHE BBIHYXIAe€T KOHCTPYKTOPOB
UCIIONIb30BaTh IMOCJIEI0BATEIbHOE KacKaJupOBaHHUE JenuTeseld MoToka. BeieacTBue 3TOro Ha BBIXOJE M3 KacKaJloB
neneHust pactyr motepu jgaBieHus (10 30 %) W cymMMHpyeTCs OIIMOKAa CHHXPOHHU3AIUM KaXKIOTO JICIHUTEIS.
HemanoBaxkHo 1 yBenuueHune oObeMa, 3aHMMAaeMOro TMJpoamnmnaparypoil. B nenom, Takol Mmojxoj TeXHUYECKH He
OIIpaB/aH M 3aTpaTeH B (JMHAHCOBOM OTHOIICHHH.

? Snyxun FO. A. ViccenoBanue THAPaBIHYECKOi CHCTEMBI CUHXPOHH3AINH JIBHKEHUA PAGOYMX OPraHOB CENbCKOXO03AHCTBEHHBIX MAIITHH : aBTOped.
JUC. ... KaHJ. TeX. Hayk. PoctoB H//1, 1972. 25 c.

4 Pribax A. T. M3bIcKaHHe paloHaNTbHOTO THITA 3aMTOPHO-PETyTHPYIONIETO YTEMEHTA IPOCCENHHOTO STHTENS TOTOKOB THAPOTIPHBOIOB CHHXPOHHBIX
MEXaHHU3MOB CEJIbCKOXO035MCTBEHHBIX MAILIUH : aBTOped. AUC ... KaHJ. TeX. Hayk. Poctos H//I, 1989. 23 c.

5 Ilenurens moToka : marent 1041773 CCCP : F 15 B 11/22 / P. II. Kupuxos, 3. b. Illepman, B. JI. Kysux [u mp.]. Ne 3336116/25-06 ; 3ase.
03.09.1981 ; omy6m. 15.09.1983, bron. Ne 34. 3 c.

® Ienurens pacxona : marent 1566897 Opammust / Ne 150410 ; 3asm. 03.05.1968 ; omy6um. 1970.

7 JIpoccenbHbIi eTuTeNs MOToKa : a. ¢. 1151725 CCCP : F 15 B 11/22 / A. T. Pwibak, 10. A. fmnyxun, B. H. Heronos [u p.]. Ne 3583155/25-06 ;
3asB1. 26.04.1983 ; omy6u. 23.04.1985, Brox. Ne 15. 3 c.

8 Flow divider : matent 10578221 CILIA / Ne15/730,196 ; 3asiBir. 11.10.2017 ; omy6u1. 03.05.2020.
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B 5TOii CBSI3M CTOMT OTMETHTb KOHCTPYKIIMIO JPOCCEIBHOTrO NENHTENs MOTOKa MeMbpammoro Tuma’. Ero
MOJXKHO HCIIOJIb30BaTh B PEBEPCUBHBIX THIPOCHCTEMAX, B KOTOPHIX HYKHO JIMHAMHYHO MCHSATH COOTHOIICHHC
CKOpPOCTEH HMCIOJHHUTENBHBIX OpraHoB. KpoMe Toro, qaHHasi KOHCTPYKIIMS TIO3BOJICT CO3/aTh HA €¢ OCHOBE JCITUTEIh
Ha 3, 4 1 Oosiee HE3aBUCUMBIX norokos'”.

PaccmoTpuM TpUMEHEHHE APOCCENBHOTO JCIHUTENS MOTOKa OC330JI0THUKOBOTO THMA Ha IPHMEpe
THIPOOOBEMHON TPAHCMUCCHH KOJIECHOTO TIPHBOJIa MHOTOOCHBIX TPAHCIIOPTHBIX ITACCH.

Jis  KOHCTpYHMPOBaHUS TPAHCMHCCHOHHBIX CHCTEM COBPEMEHHBIX ITOJHOTPUBOJHBIX aBTOMOOWMICH, Kak
TIPaBWIIO, MMPUMEHSIOTCS OJokupoBaHHAs U auddepeHnanpaas cxema. biIokupoBaHHasE TPAaHCMHCCHS O0OECTICUUBAET
KECTKYIO CBsI3b Beaylux kojiec. JuddepeHnuanbHas XapakTepu3yeTcsi pa3BEeTBICHHUEM OJIHOIO BXOJSIIECTO MOTOKA
MOIIHOCTH MEXJy BEIYIIUMH MOCTaMH U KOJIeCaMU 4epe3 crenuaiibHbiil quddepernuanbapiii y3en. CymecTByOT U
KOMOWHUPOBAHHBIC TPAHCMHUCCHOHHBIC CXEMBI, B KOTOPBIX OJIHA YaCTh KoJiec 00benuHeHa quddepeHInaIbHON CBA3BIO,
a pyrasi — OJIOKUPOBAHHOW (Hampumep, OJIOKUPOBKa HECKOIbKUX Iuddepernuanor). s TpaHCMUCCHOHHBIX CUCTEM
HEBO3MOXXHA IPUHYIUTEIbHAS PErYIHPOBKA:

— MOJIBOJIUMOM MOIIIHOCTH K OJJTHOMY WJIM HECKOJIBKHM KOJIeCaMm,

— OJIHOTO MOCTa HE3aBUCUMO OT JIPYTHUX.

Hamnume B TpaHCMHCCHOHHOW CHCTEME IIAacCH THAPONPHBOAA IO3BOSECT WHAWBHUAYAIHFHO MOIBOIUTH
MOIIHOCTH K KojiecaM U oOecreuynBaeT OecCTyNeHYaToe pEeryiIupoBaHHE B INTHPOKOM JAWana30HE 3HAYCHHH.
KoHcTpykumss TuapomnpuBoAa KOMITAKTHA, YCTOMYMBA K BHENIHHM aTMOC(eEepHBIM Bo3neiicTBuaM. K Tomy ke y
THIPOIPUBOJA, KaK TMPAaBHIO, OONBIION IHANa30H PpEryIHpOBaHUs, YTO BaXXHO I ABTOMOOWIS BBICOKOM
mpoxoaumMocTd. Emie o0JHO NPeHMyIIEeCTBO T'HIPOOOBEMHOrO MPHBOAA KOJIEC — BO3MOXKHOCTH OBICTPOTO
PEeBEPCUPOBAHUS. DTO BAXKHO MPH MPOXOKICHUU MPETSATCTBUIA MyTEeM packaduBaHus. [ MIpOOOBEMHBIN MPUBO KOJIEC
o0ecrieynBaeT JUIUTCIBHOC IBIDKCHHEC HAa MHHHMAJIBHONH CKOPOCTH C BBICOKHM TSATOBBIM YCHIIMEM, YTO TaKXKe
MTOBBIMIACT MPOXOAUMOCTH aBTOMOOHIIS.

TunpaBmigeckas cxema XOJOBOHM YacTH Ui OJHOW OCH TaKOW MAIlWHBI B OOINEM BHIE NpEACTaBICHA Ha
puc. 1.

T L

Puc. 1. I'mapaBnuueckas cxema 0JJHOH KOJIECHOI 0cH MOOMIBHOW TPAHCIIOPTHOM MAITHHBI

PaccMoTpuMm cucteMy THIpOOOBEMHOW TpaHCMHMCCHU. JIBUrarellb BHYTPEHHErO CropaHus 6 mnepejiaer
KpPYTAIMIUHA MOMEHT Ha PEBEPCUBHBIM THAPOHACOC 5, KOTOPBIN COEMHEH TPYOOIPOBOAAMHU M THApOpacIpeaenuTenem 4
¢ JgenuTeneM MOToka | M ruapomoropamu 2. Bambl THIPOMOTOpPOB CBSI3aHBI C BEIYIIMMHU KOJECaMH. 3adacTyro
aKCHAJIbHO-TIOPIIHEBBIE WIIN PaJUallbHO-MOPIIHEBBIE THIPOABUIATENH KOHCTPYKTHBHO COEIAMHEHBI C KOlecoM. Takas
KOMITOHOBKAa 00pa3yeT eAMHBIM Y3l «THIPOMOTOp — Kojieco». Bo BpeMs paboThl IBUTATeis THIPOHACOC
obecrieuynBaeT THAPOMOTOPHI BEAYNIMX KOJIEC THAPOAWHAMHUYECKHM HAMOPOM JKHAKOCTH, KOTOPBIH B JalbHEHIIEM
npeoOpa3yeTcss B MEXaHHUECKYI0 paboTy. B 3aBHCHMOCTH OT KOHCTPYKTHBHOT'O MCIOJHEHHS THIPOArperaToB padbouee
JlaBJIeHHE B CHCTEME HaxoAMTcs B auanazoHe 25-50 MIla. OxcrnmyaTanus ys3na «THIPOMOTOP — KOJECO» TOBBIIIAET
MIPOXOANMOCTH IIACCH B PE3YJIbTaTe HEMPEPHIBHOTO MMOTOKA MOIITHOCTH ¥ IUTABHOTO M3MEHEHHS KPYTSAIIEro MOMEHTA.

Kommnannu Scheuerle n Kamag (I'epmaHusi) BBIMYCKAIOT MOJYJIbHBIE THJIPABINYECKHE TPAHCIIOPTHBIE
atdopmsl: cpeaane — FlatCombi K22 u tsixensie camoxoanbie — InterCombi K25 (puc. 2).

Monymu cpennux cepuid mupuHoit 2750 n 3000 MM paccuuTaHbl Ha Harpy3ky 23 u 25 T Ha OAHY OCh IIPH
ckopoctu 10 10 kM/4. MoJynu TsKeNbIX cepuil ocHamarT 2—6-konecHbiMu ocsivu. [llupuna matgopmer — 3000 u
3100 MM, Harpy3ka Ha oaHy ocb — 36—45 1. CaMoX0/iHblE MOAYJIM IPUBOAATCS B ABHKEHHE CHIIOBBIMH YCTaHOBKAMHU
PowerBooster. BapuaHTh! X 00beTMHEHHUS:

? JlpoccenbHbiii femuTens moToka : matent 1670191 CCCP : F 15 B 11/22/ FO. A. Syxuu, JI. I1. Konocos, A. T. Pribax [i ap.]. Ne 3841241/29 ;
3asBi1. 02.01.1985 ; omy6u. 15.08.1991, Brox. Ne 30. 3 c.

! MHuoronoTouHbIi JeNMTENb-CyMMaTOp TIOTOKOB : mateHT 1742530 CCCP : F 15 B 11/22 / A. T. Pwibak, FO. A. Snyxun, B. WM. AuToHeHKo.
Ne 4694140/29 ; zasBi. 23.05.1989 ; ony6u. 23.06.1992, Bron. Ne 23. 2 c.
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— ojHa maarhopma, Ha KOTOPYIO YKIIA/IbIBAIOT MOCTOBOE CTPOCHHUE,
— JIB€ TEJIKKH C OTIOPHO-TIOBOPOTHBIMH CTOJIAMH.

Puc. 2. /IBa coeqMHEHHBIX 6-0CHBIX caMoxoaHbIX Moxyirs InterCombi K25 xommannn Kamag (I'epmanust)

B oTecuecTBEHHOM MAIIMHOCTPOCHHHM MOJXKHO BBIACIHTH MEPCICKTHBHYIO KOHCTPYKIIHIO MHOTOOCHOTO,
TIOJTHOCTBIO THAPABIMYECKOTO IIACCH, pa3paboTaHHyIo LIeHTpalbHBIM HayYHO-HMCCIIEI0BATEILCKIM aBTOMOOUIBHBIM 1
o 11
aBTOMOTOPHBIM HHCTUTYTOM «HAMM». D10 TpexocHBIH aBToMOOIIH «I mapoxon-49061» " (puc. 3).

Puc. 3. Apromoomie HAMU «'uapoxon-49061»

B KOHCTpYKIMH 3TON MaIIWHBI peaTn30BaHa HIesl «THOKOTO KOJIECHOTO IMPUBOIAY, KOTOpas MpeaycMaTpHBaeT
WHIWBUIYATBHBIA THIPOHACOC JUIS KaXKIIOW M3 TPEeX KOJIECHBIX ocei. TpaHcmoprep moctpoeH Ha 0aze maccu «3U1JI-
4906». OcHalleHHe MACCH THIPOOOBEMHON TPAHCMHCCHUCH MO3BOJISICT PEaM30BaTh BCE BO3MOKHBIC THITBI KOJECHBIX
TpaHCMUCCHI: OJOKHPOBaHHBIN, MU(QPEePCHINATBHBIA, ¢ WHAUBAIYAIGHBIM PErYIHPOBAHUEM — U MX KOMOMHAIUH.
[IpoMBIIIIICHHOCTh 3aWHTEPECOBAaHA B Pa3BUTHH MPOU3BOACTBA 0OHEMHO-THIPABINYCCKUX KOJICCHBIX ITIACCH BBICOKOM
MIPOXOAUMOCTH, YTO CTUMYJIMPYET HOBBIC UCCIICIOBAHUS B TOU O0JIACTH.

Jlenurenw MOTOKAa IIMPOKO TPUMEHSIOTCS B CXEMax THAPABIMYECKUX TPAHCMHUCCHUA Ui OOeCTieYeHHs
osmokupoBanus audhepeHinana, YTo MO3BOJSCT YBEJIMYHWTH MPOXOAUMOCTh MPEISTCTBUH. JlenuTens mMoTOKa
rapaHTUpPYyeT, YTO 00a CUHXPOHU3UPYEMBIX KoJieca Bcerja OyayT co3aaBaTh TATOBOE YCUIIHME, JaKe €CIIU OJJHO U3 HUX
HaXOJIUTCSl HA MATKOM HWJIM CKOJB3KOM TpyHTe. HO Aiis CMHXpOHUW3allMU U YIPABJICHUS TMOTOKOM B 4- U 6-OCHOM
KOHCTPYKIIMM HEOOXOIMMO TIOCIIEIOBATEIIFHO COCAMHHATh HECKOJNBKO JICIHWTEeNeH, MpHYeM C H3MEHSICMBIM
COOTHOIIICHUEM JCITICHHS 0 YIPABIAIONIEMY CUTHAIY.

Pe3yabTaThl nccienoBanus. PaccMaTpuBaeMble YeTHIPEXITOTOYHBIC JICTHTEN MOKHO OTHECTH K OJHOMY W3
IBYX THIIOB. B miepBOM ciy4ae pedb HIACT O KOHCTPYKIHAX C 30JIOTHAKOM. DTO KacKaJ U3 TpeX ACIHUTEICH MOTOKa B

" Tpouko E. M. MeTojibl TIOCTPOESHHUS CHCTEM CHIIOBBIX THPOOOHEMHBIX PUBOJIOB KOJIEC TIONHOMPUBOIHBIX aBTOMOGHIIEH : aBTOped). ucC. ... KaHl.
Tex. Hayk. M., 2007. 20 c.
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OIHOM KopIyce. B KkauecTBe mpumepa MOKHO MPHUBECTH AeNHTEbh MoToka Poclain FD-M4 (®panuus)'”. Ha puc. 4
n300pakeHbl €ro BHEIIHHUH BUJI ¥ THAPaBINYECKas cXeMa.
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Puc. 4. YersipexnoTouHslii genurens notoka Poclain FD-4M: BHennuit BuL (@), NpUHIMITHATBHAS THAPABIHYECKas cxema (6)

B koHCTpyKIUSIX BTOpOTrO THNA HE MPEIyCMOTPEHAa BO3MOXKHOCTb MEHSTb COOTHOIIEHHE JEJIEHUs IO
BHEITHEMY YIPABISIIONIEMY CHTHAlTy. OTO OrpaHuMuYuBaeT cdepy IpUMEHEHHs JAenuTeleld B  YHpaBiseMbIX
MHOT'OJIBUTaTENbHBIX THApOcUcTeMax. Pa3paboTka MHOTOIOTOYHOTO APOCCEIBHOTO JENUTENs] MOTOKa Ha OCHOBE
KOHCTPYKIHii, co3nannpix B 1989 m 1991 romax'™> ' mossomut COKPAaTUTh YHMCIO THAPOHACOCOB, M30aBHUTHCS OT

MOCJIEAOBATCIIBHOTO COCAMHCHUSA ABYXIOTOYHBIX ZleJIPITeJ'Ieﬁ (COOTBeTCTBeHHO, CHU3UTb TIOTEPU JaBJICHHUA B

http://vestnik-donstu.ru

12 Karanor npomykiuu komnanuu Poclain Hydraulics / POCLAIN Hydraulics / www.poclain-hydraulics.com [caiit]. URL: https://www.poclain-
hydraulics.com/ upload/ressources/media/pdf/B33971Z.pdf (nata o6pamenust: 18.01.2021).

1% JlpoccensHpiii aenmrens notoka : marent 1670191 CCCP : F 15 B 11/22 / 10. A. Sluyxun, JI. T1. Konocos, A. T. PeiGax [u ap.]. Ne 3841241/29 ;
3asBi1. 02.01.1985 ; omy6u. 15.08.1991, Bron. Ne 30. 3 c.

342 !4 MHOronoTOUHBII JEMHTENb-CyMMATOp TIOTOKOB : mateHT 1742530 CCCP : F 15 B 11/22 / A. T. Puibax, FO. A. SAnyxun, B. M. AnTOHEHKO.
Ne 4694140/29 ; 3asBn. 23.05.1989 ; omy6m. 23.06.1992, Brom. Ne 23. 2 c.
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THAPOCUCTEME), & TAKXKE PEaM30BaTh aJalTUBHOE YNPABICHUE TMIPOJBUIATEIIMH MHOTOIBUTATENbHBIX MOOHUIBHBIX
MamuH [7].

Tak, HampuMep, MOXHO NOJYYUTh NEIUTENb-CYMMATOp Ha 4YeThIpe IMoToKa (puc.S) myTem aoOaBieHMsS
BBIITyCKHOW KaMepsbl 16, cBsi3aHHOW ¢ kamepoil MmeMOpansb! 10 yepe3 kaHall, BXOAAIIMHN B corio TpyOku Bentypu 3. Ilpu
9TOM JIeBble Kamepsl 15, 16 u mpaBbie kamepsl 17, 18 MOXKHO CBsI3aTh MOABHXKHBIM IIYHXepoM 13 Mexay kamepamu
16u17.
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Puc. 5. YeTbIpeXOTOYHBIN ACTUTENH C YyBCTBUTEIBHBIMU dJIEMEHTaMH TUIIA TpyOKka BeHTypn

OnuiieM NPUHOMIT PabOThI ENUTENSI-CyMMAaTOpa MOTOKOB C YYBCTBUTEIBHBIMHU 3JIEMEHTAaMU B BHUJIE TPYOOK
Bentypu. Bo Bpems nenenust motoka pabodas )KMIKOCTh HAIIPaBIIETCA Ha BXOJ AeuTeNs-cyMMaTopa 1. Jlanee moToku
pa3mensaoTCs MEXIY YyBCTBUTENBHBIMU 37eMeHTaMH 2, 3, 4 u 5. OHHU BBHINONHEHB B BUAE TpyOOoKk BeHTypu, n ux
TOPJIOBHHBI COCAMHEHBI C MPWICTAIIUME padounMu kamepamu 6, 7, 8 u 9. Ilpu sTtom kamepsl 6, 7 u §, 9 —
UCTIOJTHUTEINBHBIE JJIEMEHTHI KOHCTPYKIMX. OHHU OTIENCHBI IpyT OT Apyra MmemOpanamu 10 1 11 1 5kecTKO 3aKpeTIeHBI
B TeJe MOOBIKHBIX TUTyHXKepoB 12 m 14. INoaBwxkHelA ToryHkep 13 obecmedmBaeT CBS3b MEXAY JIEBOW W IIPaBOit
gacTsiMu penutens. [locme TpyOok BeHTypu MOTOKHM KHIAKOCTH HMPOXOAAT Yepe3 OCEBbIE M paavabHbBIC HMPOTOUYKH
mwIyHxepoB 12 u 13, a nanee nonagaroT Ha nepeMeHHble conpotuieHus 15, 16 u 17, 18 u x BIXOIHBIM KaHanam 19,
20wm 21, 22.

JlomycTum, THAPOABUraTeIN Ha BCEX BETBAX HCIBITHIBAIOT OAMHAKOBYIO Harpy3Kky. COOTBETCTBEHHO, B BETBSAX
pacxo/isl OAMHAKOBBI, 4, 3HAYHT, OJJUHAKOBBI M PACXOJIbl Yepe3 COOTBETCTBYOIUE UM TpyOku BenTypu. B ropnosunax
TpyOok BeHTypu OynyT oJMHAKOBBIE CKOPOCTHBIE HAIOPBI, IOITOMY JIABJICHHS B KamMepax YHpaBlieHHs OyIyT Takke
paBHbl. C o0eux cTOpoH OyAeT OJMHAKOBBIM JaBJICHME Ha CTEHKH MEMOpaHHBIX 3JIEMEHTOB MCIOJHHUTENBHBIX
MEXaHHU3MOB, M 3TO MIPUBEJET UX B YPAaBHOBEIIEHHOE COCTOSHHE.

B ciydae Bo3zpacTanust Harpy3ku (HalpuMep, Ha THIPOJIBUraTele MPUCOSINHEHHOM K BBIXOJHOMY KaHaiy 19)
COKpPAaTHTCS pacxXoJ B COOTBETCTBYIOIICH BETBM W COCOUHEHHOW ¢ Hed TpyOkoit Bentypu 2. Kak cuencteue,
YMEHBIIUTCSI CKOPOCTHOH HAamop B €¢ TOpJIOBHHE, 4, 3HAYWT, JaBJICHWEC B HEH yBenuuuTcsa. B cBoio odepenp, 3TO
NIPUBEIET K MOBBIIICHUIO TAaBICHUS B pabodei kamepe 6. B pesynbraTe HapymuTcs paBHOBecue MeMOpansl 10, 1 oHa
Oyner casuratbesi BrpaBo. [Imymxkep 12 Takke cTaHeT NepeMellaThCs BIPABO, CyXas KHUBOE CEUYECHHE MEPEeMEHHBIX
conpoTuBieHu 16 u 17, xoTopble uepe3 MOJIBMKHBINA IIyHXep 13 cBa3aHbl ¢ conpoTuBieHueMm 16. B pesynsrate B
COOTBETCTBYIOIINX BETBsIX U TpyOKkax Bentypu 3 u 4 pacxox ymensimtes. [lnyrxkep 14 HauHeT nepeMeraTbesi BIIPaBo
W YMEHBUINT JKHBOE CEYEHHE IIEPEMEHHOro conpotuBieHus 18. Drtor mnpouecc OyJdeT NpPOIOIIKATHCS IO
YPaBHOBEIIMBAHUS PACX0JI0B BO BCEX BETBAX JICIUTENS.

B pexnme cymMMHpOBaHHS TOTOKH [ OOBEAWHEHMS TOABOIATCS K BBIXOAHBIM KaHalaM JACIHTENs-
CyMMaTopa, ¥ ero pado4nii poIecc UAET B 00PaTHOM ITOPSIKE.
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CTouT OTMETUTH, YTO €IIe Ha CTaJUH pa3pabOTKH HEOOXOAWMO 3HATH HAAEKHOCTh M (YHKIMOHAIBHBIC
CBOICTBA IPE/JIOKEHHON KOHCTPYKLUH JIeNUTENsI-cCymMmmMaropa. Jlydmre crocoObl Hoy4ynTh HEOOXOAUMBIE TaHHBIE —
MOJICIUPOBAHUE U YHCIICHHBIE dKCIIepUMeHThI ~ [9—13].

Oo0cy:xaenne u 3axiarouenus. lllnpokoe npruMeHEeHNE MHOTOABUTATENBHBIX PAa3BETBICHHBIX THPABINIECKIX
CHCTEM B IPOMBIIUICHHOW W MOOWIBHON TEXHMKE YacTO MPEANONaracT CHHXPOHHM3ALUIO WX HCIOIHUTEIBHBIX
MEXaHHM3MOB. B 3aBHCHMOCTH OT yCIOBHH 3KCILTyaTaiuy 1 TpeOoBaHUH K ()yHKIIMOHATIBHOCTH UCTIONIB3YIOTCS PEIICHHS
Ha OCHOBE CIIOXKHBIX KOHCTPYKLHH W3 PperyaupyeMbIX OOBEMHBIX T'HAPOMAIIUH WM JIPOCCENBHBIX JEIHTeNeH
motoka [5—8]. B ciyuasx, xorma HeoOXOOMMO 3aJeCTBOBATh MEXaHHM3M COTJIACOBAHUS Ha KOPOTKOE BpeMs, Hauboiee
SKOHOMHWYHBIM, Ha Hall B3I, CIIOCOOOM CHHXPOHH3ALUK SIBIISICTCS] UCTIOIB30BAHUE APOCCEIBHOIO JICTUTEIIS OTOKA.
Paccmotpennbie ruapoMammebel  (puc. 2,3) B MONHOM Mepe COOTBETCTBYIOT MOHSTHIO MHOTOJBHIaTEILHOMN
rugpocucTeMsl. [IpuMeHeHe JpOCCeNbHBIX JeNUTeNel TOTOKAa B KOHCTPYKIMH BEAYIIHUX KOJIECHBIX OCEH TaKUX MallluH
obecrieunT peanu3anuio TuddepeHIranbHON cXeMbl 0e3 MEXaHHYECKOH TPAaHCMHUCCHH. JTO HOBBICUT ITPOXOJUMOCTD U
1103BOJIUT (P (PEKTUBHO YNPABISATH TUIPONPHBOIAMH KOJIECHOHN MapHl.

Ha priHKe He npeacTaBIeHbl MHOTOIOTOYHBIE APOCCENbHBIE YIPABIsSEMble AEIUTEIN IOTOKa. DTO YKa3bIBaeT
Ha BOCTPEOOBAHHOCTh MX Pa3paOOTKH.

JanbHeiimas paboTa Mo NMPOSKTHPOBAHUIO YETHIPEXIOTOYHOTO AEIUTENSI-CyMMaTopa IOTOKa ONHMCAaHHOW B
CTaThe KOHCTPYKLMH OyAeT HampaBlicHA Ha CO3JaHHE MaTeMaThueckoil Mmonenu. Ee 6a30if cTaHyT OCHOBBI TEOpHH
161718 114-16]. D10 MO3BOMHAT YTOYHUTH (PU3UIECKUE Pa3MepHl AIIEMEHTOB JACIUTEII-CyMMaTOpa
U PacCUMTATh JIOMTYCTHMBIC PEKUMBI PaOOTHI.
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IIpyMeHeHNe HHCTPYMEHTOB MAIIIMHHOTO O0y4YeHHSI M MHTEJVIEKTYaJIbHbIH
AHAJIN3 JAHHBIX B OTHOLIEHHUH 023 JAHHBIX ¢ HE0OJIbIINM KOJIHYEeCTBOM
3anmucen

Xy0epT AHBIII X
BapraBckuit TexHonornueckuit yausepcuret (T. Bapmasa, Pecry6uika ITosbina)
D4 h.anysz@il.pw.edu.pl

Hcrionp30BaHNE MHCTPYMEHTOB MHTEIIEKTYaJIbHOTO aHAIN3a JAHHBIX M MAIIMHHOTO O0yYeHHsl CTaHOBHTCS Bce Ooiee
pacrpocTpaHeHHbIM siBlieHHEM. VX MOJe3HOCTh OCOOEHHO 3aMeTHa B cilydae OONbIIMX HAaOOpOB AaHHBIX, KOrja
nHpopmanus, KOTOpyr0 HEOOXOIUMO HAaWTH, WJIM HOBbIE B3aUMOCBSI3M M3BJIEKAIOTCS M3 MH(MOPMAIOHHOTO LIyMa.
Pa3zBuTHe 3THX MHCTPYMEHTOB O3HA4aeT, YTO MCCIENYIOTCS HAaOOpbl JaHHBIX C TOpa3/lio MEHBLIMM KOJMYECTBOM
3amnuceil, 00BIYHO CBSI3aHHBIX C KOHKPETHBIMU sIBJICHUsAMHU. Takas crnienuduka yaie BCero NpuBOJAUT K HEBO3MOKHOCTH
YBEJIMYEHUS] KOJMYECTBA CIY4aeB, a 9TO MOXET OOJIErYMTh MOMCK 3aBHUCUMOCTEH B M3y4aeMbIX sBICHUSAX. B craTbe
paccMOTpeHbl 0COOCHHOCTH MPUMEHEHNS BEIOPAHHBIX MHCTPYMEHTOB K HEOOJBIINM HaOOpaM JaHHBIX. IIpenpuHATHI
TIOTIBITKH TIPEJICTABUTH METOABI OATOTOBKU JAHHBIX, METO/IBI pacdeTa MPON3BOIUTEIEHOCTH HHCTPYMEHTOB C YUIE€TOM
crieruduky 6a3 JaHHBIX ¢ HEOOIBIINM KOJIMUYECTBOM 3amuceil. [Ipeanoxkens H30paHHbIE aBTOPOM METOJUKH, KOTOPBIE
TIOMOTJIM BBIMTH M3 TYNHKa B PacdeTax, T. €. MOJIYYWUThb PE3yJIbTaThl, HAMHOTO XYK€ OXHIaeMbIX. HeoOxommmocTs
MIPUMEHEHNST METOJIOB TIOBBIIICHHUS TOYHOCTH HPOTHO30B M TOYHOCTH KiaccH(puKanuy Obula BbI3BaHA HEOOIBIINM
KOJIMYECTBOM AaHAJIM3UPYEMBIX MAHHBIX. OTa CTaThsl HE SBJISETCS 0030pOM MOMYJSIPHBIX METOJOB MAIIMHHOTO
00y4eHHs ¥ MHTEJUIEKTYaJIbHOIO aHaju3a JIAHHBIX, TEM HE MEHee COOpAHHBIN U NPEJCTaBICHHBIH MaTepHa OMOXKET
YUTATENI0 COKPATUTh MyTh K IOJYYEHHUIO YJOBICTBOPUTENBHBIX pE3yJbTaTOB MPH MNPUMEHEHUH OIMUCAHHBIX
BBIUHCIIUTENIBbHBIX METOIOB.

Knwuesvle cnosa: MamvHHOE 06yquI/Ie, HHTCJ’IJ’ICKTyaJ’ILHHﬁ aHaJIn3 AOaHHbIX, MCKYCCTBCHHLIC HeﬁpOHHLIe CCTH,
acCOIMATHUBHBIN aHaJIn3, aBTOMaTU4YCCKasa Knaccmbymaum.

Hna yumuposanus: Aupi, XyOept. [IpuMeHeHHe HHCTPYMEHTOB MAIIMHHOIO OOYYeHHsS ¥ WHTCIUICKTYalbHBIH
aHaTM3 JaHHBIX B OTHOWICHWH 0a3 MaHHBIX ¢ HeOOmpIMM KommdecTBoM 3ammcedt / Xybepr Ambmm // Advanced
Engineering Research. — 2021. — T. 21, Ne 4. — C. 346-363. https://doi.org/10.23947/2687-1653-2021-21-4-346-363

© Xybepm Anviu, 2021

Machine Learning and data mining tools applied for databases of low number of records

Hubert Anysz
Warsaw University of Technology (Warsaw, Poland)
P4 h.anysz@il.pw.edu.pl

The use of data mining and machine learning tools is becoming increasingly common. Their usefulness is mainly
noticeable in the case of large datasets, when information to be found or new relationships are extracted from
information noise. The development of these tools means that datasets with much fewer records are being explored,
usually associated with specific phenomena. This specificity most often causes the impossibility of increasing the
number of cases, and that can facilitate the search for dependences in the phenomena under study. The paper discusses
the features of applying the selected tools to a small set of data. Attempts have been made to present methods of data
preparation, methods for calculating the performance of tools, taking into account the specifics of databases with a
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small number of records. The techniques selected by the author are proposed, which helped to break the deadlock in
calculations, i.e., to get results much worse than expected. The need to apply methods to improve the accuracy of
forecasts and the accuracy of classification was caused by a small amount of analysed data. This paper is not a review
of popular methods of machine learning and data mining; nevertheless, the collected and presented material will help
the reader to shorten the path to obtaining satisfactory results when using the described computational methods.

Keywords: machine learning, data exploration, artificial neural networks, association analysis, automatic classification
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Beenenue. B snoxy BceoOmiero nocryna B MHTepHeT Bee Oombiie u 0OJbLIE YCTPOHCTB B3aUMOJCHCTBYIOT
JIpyr C JIpyroM WIM C UCHTPAIN30BaHHBIMU 0a3aMu JaHHBIX. Pekiamonarenu mpeBOCXOMAT JApPYr JIpyra B
3G PEKTUBHOCTH NEPCOHAIN3UPOBAHHOI pekyaMbl. Bee 3T0 3acTaBiseT OypHO pa3BHBAThCS TIPYIIYy HHCTPYMEHTOB,
N3BECTHYIO KaK HCKYCCTBEHHBIH HHTeIUleKT. OOBbEeM JaHHBIX, KOTOPHIH HEo0XoauMo oOpaborarb, YTOOBI MOJIYYHThH
HYXHYI0O HMH(OPMALMIO, OrPOMEH, I03TOMY KOJIMYECTBO MNYOJHMKALMA 110 aJropuTMam, I[O3BOJISIOIINM OBICTPO
M3BIIEKaTh WHQOpPMAIUI0 W3 MHYOPMAIMOHHOTO IIyMa, OdYeHb Benwko. Hambojee WacTo TPH 3TOM MPHUXOIHUTCS
CTaJIKUBaThCA C WH(POPMANMOHHOW Teperpy3Kol. YdueHsle M3 pa3HBIX OOJacTeld 3HAHWK 3HAKOMBEI C MPOOJIeMaMH,
CBS3aHHBIMH C aHAIM30M JaHHBIX. Hepeako cOop maHHBIX 00 W3ydaeMbBIX SBICHHAX TPEOyeT TOPOTOCTOSIINX
YCTPOWCTB, YCTaHOBOK M HCIBITaHHHA. CaMO HCCIeOBaHNE TAKXKE MOXKET OBITh JIMTENBHBIM. DTO O3HAYaeT, YTO B
HAyYHO-HCCIIEIOBATENECKAX 0a3aX MAaHHBIX O NPHYMHAX U CICACTBUSX AaHAJIM3HPYEMBIX SBICHHH YacTO MOXKET
COZIEPIKAThCSl BCETO HECKOJIBKO JIECATKOB MJIM HECKOJIBKO COTEH 3amuced. [IpenmylnecTBa HHCTPYMEHTOB MAIIMHHOTO
00y4eHHs M MHTEJUICKTYaJIbHOTO aHaln3a JaHHBIX, B T. 4. BO3MOXKHOCTH ITOMCKA 3HAUYNTEIIBHBIX 3aBUCUMOCTEH MEXIY
MHOTOMEPHBIMH BXOJHBIMH W BBIXOAHBIMH JaHHBIMH, JAlOT BO3MOMKHOCTH HCCIIEJIOBATEIsIM MCIOJB30BaTh 3TH
WHCTPYMEHTBHI JJIsl OIpEAE]eHUs] paHee He OOHAapY)KEHHBIX B3aMMOCBSI3€H M3ydaeMbIX NPOLECCOB M SIBICHHH.
Henocrarounoe koyimuecTBo 3amiceil B CO31aHHOM 0a3e JaHHbIX, ONMCHIBAIONINX KAaKoe-JIMOO SBJIEHUE, MOXKET CHU3UTh
[IEHHOCTh MOJYYCHHBIX Pe3yJIbTaTOB aHaNU3a. B craThe mpeacTaBiIeHsl pa3paboTKH aBTOpa, B KOTOPBIX HHCTPYMEHTHI
MaIIMHHOTO OOYYeHHS W HWHTEIUIEKTYalbHOTO aHAlN3a JAHHBIX HCIIOJNB30BAIHCH U WCCIEIOBAHUS MAaTEPHAIOB U
aHaM3a IMPOIECCOB, KOTAAa KOJIWYECTBO BXONHBIX ITAHHBIX OBIIO OONBIINM II0 CpPaBHEHHIO C KOJNHYECTBOM
BBITIOJTHEHHBIX TECTOB (T. €. 3amuceil B 06a3e maHHbIX). CoOpaHHBIE TPUMEPHI IPHIIOKEHNUH OBUTH PacIIUPEHBI 3a CUET
BKITIOYCHHSI METOJOB IOJTOTOBKH JAaHHBIX W METOJOB OIIEHKH TOYHOCTH TIPOTHO30B W KIACCH(PHUKAINH, YTOOBI
o0JierynTh paboTy M IMOMOYB OBICTpEE JOCTHYb OXKHJIAEMBIX PE3YJIBTATOB JIIOJSIM, KOTOphIe HAMEPEHbBI HCIIOJIb30BATh
WHCTPYMEHTBI MallIMHHOTO 00yUYeHHUs JUIsl aHaIn3a COOCTBEHHBIX MCCIIEI0BAHHM.

AHanu3 siBJIeHNH, ONMUCHIBAeMbIX MHOTHMH NepeMeHHBIMH. [lepen nro0bIM HcciietoBaTeneM HEelpeMEeHHO
BCTAIOT BOINIPOCHI: KaKMe BXOJHbIC 3HAYECHUs IPUHUMATH IS aHaJIM3a KaK BIUSIONINE Ha U3ydaeMoe SIBJICHUE, a KaKHe
rapamMeTpbl U3MepsATh Ha BbIxone. OUeHb IMoje3eH ObIBAaeT CTATUCTUYECKHH IOAXOJ B HCCIECJOBAHWH, HO OH HMEET
CYIIECTBEHHBIH HEAOCTATOK, KOTOPBI COCTOWT B TOM, YTO MOXHO aHAIM3HPOBATh TOJIBKO OAHY mapy dyHkmui. [Tpu
9TOM CTOWT, KOHEYHO, OMPEACIUTHCS, 4TOo Takoe craTtucthka. CormacHo [1], «CTatucTHka — 3TO Hayka O METoJax
MIPOBEACHUS CTATUCTHYECKOTO 00CIeJOBaHUI M METOJAaxX aHAJM3a ero Pe3yNbTaToBy». [IpeMeToM e CTaTUCTHIECKOTO
oOcneoBaHus  SBISIFOTCS  OTHEbHbI ~ HAaOOp  OOBEKTOB,  KOTOPBIA  HAa3bIBAeTCS  CTATHCTHYECKUM
COO00IIECTBOM (HACEIeHHEM), MM HECKOJbKO CTAaTUCTUYECKUX cooOuiecTB. CTaTUCTUKY MOXKHO pa3feiuTh HAa TPU
OCHOBHBIE YacTH: OINHUCATeNIbHAs CTaTUCTUKA, paclpeseleHUe CIy4YalHbIX BEIMYMH W CTaTHCTHYECKHUH
BEIBOJI (puc. 1) [2].

CrarucTika
|
L J
OnucarenbHas Tpaduku crryuaiinoi CrarucTuyeckue
CTaTHCTHKA ‘ BEJIMYHUHBI ‘ BBIBOJIbI
CraTHCTHYECKOe Koppensuus ‘\ Ouenka ‘ ITposepka
OnMcaHne { H perpeccus | TapameTpoB J \ THIoTe3
Pa36poc ‘ ‘ Pasnenenue

Puc. 1. Cratuctuueckue ynpasiaeHus [2]
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B cnydae, xorma Ha pe3ynbTar Ipolecca BIMSIET MHOXKECTBO TEPEMEHHBIX, C MOMOIIBIO CTATUCTHYECKUX
METOJIOB OYEHB CJIOKHO HAWTH TaKue KOMOMHAIMW 3HAaYE€HHH BXOJHBIX NEPEMEHHBIX, KOTOPbIE CYLIECTBEHHO BIIUSIOT
Ha M3MEHYMBOCTH BBIXOAHBIX JaHHBIX. M camoe BocTpeOoBaHHOE — Kak 3()(EKTHBHO YNPABISITH MPOLECCOM HWIIH
SIBICHUEM, 4YTOOBI Ha BBIXOJE TOJNYYHTh JKelaemblii pe3ynbrar. C MOMOILI[BI0 MHCTPYMEHTOB HHTEIUIEKTYalIbHOTO
aHaM3a JAHHBIX TOpa3/o MPOIIe HAWUTH B3aWMOCBSI3U MEXKJy MHOTOMEPHBIMH BXOJHBIMH M BBIXOJHBIMU JIAHHBIMHU.
WHrensiekTyabHbld aHAJIM3 JAHHBIX OYEHb TOYHO OMNPEJACNSeTCS CaMHM Ha3BaHHWEM KHHTH [3], KOTOpoe MOXKHO
nepeBecTH kak «OOHapy)eHue 3HaHUH U3 JaHHbIX». CyIECTBYET ONpe/ieeHHe NHTEIICKTYaIbHOTO aHaIN3a AHHBIX,
chopmymupoBanroe B 2001 roqy kak aHaM3 (4aCTO OTPOMHBIX) HAOOPOB JaHHBIX HAOIIOACHHUHN C TIENBbI0 OOHAPYKSHUS
HEO)KUAaHHBIX B3aUMOCBS3EH 1 0000IIEHNS JaHHBIX OPUTHHAIBHBIM CIIOCOO0M, YTOOBI OHU OBIIIM MOHSTHBI U TOJIE3HBI
cBoeMy Bnanensily [4-5]. st 3TuX HyXI pa3pabaThIBarOTCS METOABI W aJTOPUTMBI, Oilarojapsi KOTOPHIM MOWCK
BBIIICYIIOMSHYTHIX COCMHEHHI MPOUCXOIHUT ObIcTpee U dddekTuBHEe. MeTobl HHTEIEKTYaJIbHOTO aHaIN3a JTaHHBIX
MOYKHO pa3JIeNIUTh Ha:

— oOHapy>kKeHHe accolMalii (IIpaBuiia aCCOIMALINN);

— Kiaccu(UKalys ¥ IPOrHO3UPOBAHHE;

— IPYIIHUPOBKA;

— aHaNu3 MOCIeI0BATeIbHOCTH U BPEMEHH;

— o0HapyXeHHE XapaKTEPUCTHK;

— UHTEIUICKTYaIbHbBII aHAJM3 TEKCTOBBIX M NONYCTPYKTYPHBIX JaHHBIX;

— U3y4eHHe KOHTEHTa, pa3MelieHHoro B IHTepHere;

— u3y4eHHe rpa)uKOB ¥ COLMAIIBHBIX CETEH;

— MHTEJUICKTYaIbHbIH aHAIN3 MYJIbTUMEIUNAHBIX U POCTPAHCTBEHHBIX JaHHbIX;

— oOHapykeHHe ocoOeHHOCTH [6].

Ha sT0#1 ocHOBE ObUTH pa3paboTaHbl METO/IbI, OOBIYHO HA3bIBAEMbIe NCKYCCTBEHHBIM HHTEIUIEKTOM, Oylarojapsi
KOTOPBIM BBITOJIHSIOTCSL Hanbosiee 4acTo BHIOMpaeMble 3a/1a4d MHTEUIEKTYallbHOTO aHann3a JaHHBIX. HecmoTps Ha
pa3BUTHUC I/IH(i)OpMaI_II/IOHHBIX TEXHOJIOTHH U BO3pacCTarONyI0 BBIYUCIUTEIIbHYIO MOIITHOCTh KOMITBIOTEPOB, 10 CHUX II0D
MPaKTUYCCKU HEBO3MOXKHO IIPOBEPHUTH BCE BO3MOXKHBIC KOM6I/IHaHI/II/I MHOTOMEPHOTO BBOJAAa W BbIBOJA CJI0KHOM
cucremsl [7]. Mcnionb3oBaHre METOIOB HCKYCCTBEHHOTO MHTEJUIEKTa TeM OoJiee OnpaBAaHo, YeM CIIoXKHee mpodiema u
HE U3BECTHBI MEXaHU3MbI, YIIPABISIOIINE €10, KaK II0Ka3aHOo Ha pHC. 2.

CTeneHp 3HaHUI O CHCTEME,
mporecce

MHyKTUBHBIN BHIBOJ;
IIOCTOSIHHO Ha0JII01aeMbIe
IIapaMeTph! COCTOSTHUS
B - \ (HeitpoceTy, alanTUBHBIE
i HETOYHBIE CHCTEMBI U IPYTHE
N METO/IbI)

JlenyKTUBHOE MBIIICHHE;

MOCTOSIHHO HAOJI0iaeMbIe

I1ApAMETPEI COCTOSHES (IKCIIEPTHBIE |

- — CHCTEMBI, TapaMeTpHIecKast ;
O perpeccusi)

ANTOpUTMHUYECKUH BBIBOJ; T
TOYHOE IIOHUMAHUE '
JIMHAMUAKH CHCTEMBI

— e >
>

CII0KHOCTb CHCTEMEI K mnmponecca

Puc. 2. Hpe)maraeMme yCJI0BHUA HCITOJIBL30BAHUA METOIOB HCKYCCTBEHHOI'O UHTEIIJICKTA [7]

CyIecTByeT MHOXECTBO METOJOB W IPHEMOB HCKYCCTBEHHOTO WHTEIUIEKTa (BKIIIOYAs HCKYCCTBEHHBIC
HelipoHHBIe ceTH, Meroy K-Ommkalmmx cocenei, CiIy4alHBIA Jec, OEpeBbsS pEHICHWH), W OHU BCE eIle
pa3pa6aTLIBaIOTC$Il. [HonynsipHOCTb, KOTOPYIO MOXHO THPOYECTh KaK I[OJIE3HOCTh NPHUJIOKEHUH OJHOTO U3

HUHCTPYMCHTOB HMCKYCCTBCHHOI'O MHTCJUICKTAa — HCKYCCTBCHHBIX HeﬁpOHHLIX ceTell OYeHb 3aM€THa, HAIpUMEp, Ha

! StatSoft. Internetowy Podrecznik Statystyki. URL: https:/www.statsoft.pl/textbook/stathome.html (accessed: 10.07.2020).




Xyoepm Anvuu. Ilpumenenue uncmpymennog MauiunHoz0 00yueHUs U UHMeN1eKmyanbHblil AHANU3 OAHHBIX 6 OMHOWEHUU a3 OaHHbIX

ocHoBe [8]. BMmecTo cTpororo momcka BO3MOMKHBIX KOMOWHAITMM HCTONB3yeTCsl MeTa’Bpucthka. Ecim HeoOxommmo
WCTIONB30BaTh BBHINICYNOMSHYTBIE WHCTPYMEHTHI, CIIEAyeT peIInTh, TONB30BAaThCS JIM CHEIHAIH3HPOBAHHBIM
MPOrPAaMMHBEIM O0CCIICYEHUEM MU CO3laTh €ro CaMOCTOSTEIBHO C IOMOIINBI0 OOIIETOCTYIHBIX MOJIYJCH (Tak
HA3bIBAEMBIX <«IBMIJKKOB»), PCAIM3YIOIIUX aJrOPUTMBI HMCKYCCTBEHHOTO HWHTEUICKTa. He3aBHCHMO OT MpPHHATOrO
peIICHNs B OCHOBE OYIYT JIS)KATh TaHHBIC, KOTOPBIC OYyT aHATH3HPOBATHCSI.

IMoaroroBka JaHHBIX. MOXXHO BBIICIHUTH CICAYIOIINE STAIbI IOATOTOBKH JAHHBIX K aHATH3Y:

— OYHMCTKA JaHHBIX;

— WHTETpaIus JaHHbIX;

— BEIOOp TaHHBIX;

— KOHCONHIANHS U Mpeodpa3oBaHue TaHHEIX [6].

Takast TOATOTOBKA JOJDKHA BBITOJMHITHECS HE3aBUCHMO OT pa3Mmepa 0a3bl MaHHBIX. J[ns HeOompmmx HaOOpOB
JMAHHBIX WX MPaBHJIbHAS MOATOTOBKA Nake Oojee BaXkHa, 4eM Uil OONbIINX. [IpuMepoM MOXKET CITy>KUTh CpaBHEHUE
IByX HabopoB maHHbBIX: oguH ¢ 10 000 3ammceit, a apyroi co 100 3amucsamu, rme 5 % 3amucel OTHOCATCS K
MIOBTOPSIOIIEMYCS SIBIIEHUIO (TOBTOPSIEMOCTH ellle He 0OHapykeHa). Korja nBe 3amucu coepikar ommuOoYHbIe TaHHBIE,
TO B MIEPBOM CITydae MOKHO HAaWTH MOBTOPsieMOCTh B 4,8 % ciyuaeB Bmecto 5,0 %. Bo BTopoM ciydae moBTOpSIEMOCTh
obHapyx)uBaeTcs Toibpko B 3,0 %. Pa3auna cymecTBeHHas.

OuncTka W WHTErpanusa JAHHBIX. [IpyM OdYNMCTKE MAHHBIX W3 Oa3bl YHANAIOTCS B OCHOBHOM 3allHCH,
COJIep KalIe HETONHbIe NaHHBIe. B Oompmx 0a3zaX JaHHBIX yAalCHHE, HAIPUMEpP, IBYX 3alHcell CYIICCTBCHHO HE
MOBITMSICT HA PE3yJbTaThl, MOJIYYCHHBIC Ha MOCICAYIOMIMX 3Tamax. [Ipu HeOONBIIOM KOJIMYECTBE HAOOPOB HaHHBIX
moTepst JJake OIHOM 3alMCU MOXKET CYIIECTBCHHO IMOBIHUATH HA IOJXYYCHHBIC Pe3ylbTaThl aHanm3a. [1o 3Toi mpuduHe
OTCYTCTBYIOIIIME 3HAUCHHS HE MOTYT OBITH 3aMCHEHBI, HAIPUMEp, CPEAHUM JJIsi BCEH T'€HEpaIbHON COBOKYITHOCTH
(OIMH U3 METO/IOB YBEJIIMUICHNUS TaHHBIX) MU €€ 9aCTH (aHAJIOTUYHOM ONMCAHHIO B 3aITUCH, KOTOPYIO CIEAYET yIaINTh),
KakKk DJTO JeJIaeTCa A 60J'IBH_H/IX 633 JAaHHBIX HpI/I‘-H/IHa Ta XK€, 4YTO W OIIMCaHa BbINIC — 3aMCHa OJHOTO
OTCYTCTBYIOIIIETO IMPU3HAKA B ONHMCAHHUU ABJICHUA MOXKET CYHMICCTBECHHO U3MCHHUTH PE3YyJIbTAThl, €CJIN AHAIIU3UPYETCA
HeOopImol Habop maHHBIX. OIHAKO 3alvCH, YJAJIEHHBIE B TIpoIlecce, HE JOJDKHBI YAAIAThCS Oe3Bo3BpaTHO. Ha
MOCIICIYIONUX 3TalaX MOXKET OKa3aThCs, YTO B OKOHYATENFHO MPUHATOW MOJEIH JaHHAs OCOOCHHOCTh HE Oyaer
YUYTCHA, @ U3HAYAIILHO YJIaJICHHAs 3aITUCh OYIET COJepIKaTh MOJIHbIC JaHHBIE — 3TO OYJET MOJC3HO JIJIs aHAIK3A.

BTopoii BaxHBI 3Tal OYUCTKU TAHHBIX — 3TO CTATUCTHYCCKHI aHAIU3 KaXIOW XapaKTePUCTHKH (CTOJIOIOB B
0a3e JaHHBIX) OTICIBHO M €€ KOPPEJSNUsA C BBIXOJHBIMUA JAHHBIMH. PEKOMEHIYETCsl MPEICTaBNIATh CTAaTUCTUKY
OCHOBHBIX XapaKTCPHUCTHK aHAIU3UPYEMOrO Iporecca (KOJMYECTBO 3amuceil, cpeiHee apudmMernueckoe, MeHaHa,
MUHUMAaJbHOE W MaKCHMalbHOE 3HA4YCHHE, CTAHAAPTHOE OTKIOHEHHE, KBApTWIH 3HAYCHUHA XapaKTEPHUCTHK) TAKKe H
mit  GyHKOMA WM YHKOWH, ONKCHIBAIOIIMX — BBIXOMHBIC JaHHBIE. JlMarpaMMBI — «paMKa-ycel»  OYEHB
ynobounTaeMsl (puc. 3).

JlaBnenue i 00pasIoB ¢ coepkaHueM npumMeceii, MPa

14,000
12,000 IIpouentHoe
coJiepKaHne
10,000 T npuMecen
X

0 26,0-30,6%
6,000 - B 31,5-38.4%
4,000 l
2,000 -
0,000

Puc. 3. IIpumep auarpamMMsl TUIIA «Kaap-ycbDy [9]
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Ha Taxom rpaduke nerko npounrats, Hampumep, ato 1t 50 % obpasnos ¢ 21,9-25,0 % conepkaHus TIUHEI C
MBUIBIO TIPOYHOCTH OblIa BeImie 9 Mlla, HO mpu 3TOM MUHHMAaJbHAS IPOYHOCTH JJIS 3TOTO THTA 00pa3IoB OblIa HILKE
2 MIla. [lns takux oOpas3noB MpodHOCTh Obuta Hmke 6,5 MIla. Ananu3 0a30BOM CTaTUCTUKU MOMKET OOJICTYHTH
penieHne 00 UCKIIIOUCHUN M3 aHaJM3a 3anuceil (T. €. 00pa3oB WM UCCIIeIYEMbIX SIBICHHUN), ISl KOTOPBIX N3MEPEHHbIE
3HAUEHMs] HECOBMECTHUMBI CO BCEMH JIPYTHMHU CIydasMH. 3HaYMTEILHOE HECOOTBETCTBHE MOXKET OBITH Pe3yJbTaTOM
OIIMOOYHOTO0 U3MEPEHHsS] WM TOro (PaKTa, uTO HAa W3MCEPEHHUC MOBIHUSUT APYrod (GaxkTop, KOTOPBIA BOOOIIEC HE
MPUHUMAJICSI BO BHUMaHUe (OH HE YYUTBHIBAJICS M HE M3MEPSUICS HU B OJHOM M3 ciy4aeB). Ilo 3TuM npuumHam Bce
3aIMCH, OTKJIOHEHHBIC W3 0a3bl NaHHBIX, MOJDKHBI OBITH OMMCAaHBI, a TaKXe MOJDKHBI OBITh yKa3aHBI MPHIMHEI
oTkioHeHus [10].

Hpyroii cmyyait. Ecau oOHapyeHO, K IpUMEpY, U4TO pelieHrne 00 OTKIOHCHHWHU 3aIHCH MOXKET OBITh NMPHUHATO
TOJIBKO TIOCJIEe TOTO, KaK OYJyT BBITIOJTHEHBI BCE WIIH 9acTh BhUucIeHU. OO 3TOM maet peds B ctaThe [11]: Ha ocHOBe
HabopoB U3 95 yckopeHUi (a) CTaHAAPTH3UPOBAHHOTO MOJIOTA (YOApSIOIIETO MO MCIBITYeMOMY CTAIEHOMY JICMEHTY),
n3MepseMbx kaxasie 0,01 Mc ¢ MCHOIB30BaHHMEM HCKYCCTBEHHBIX HEMPOHHBIX ceTel, Obula MpeANpHUHATa MOMbITKA

OTHECTHU UCTIBITBIBAEMBIN CTAILHOM 3JIEMEHT K OJTHOMY M3 JIEBSITH KJ1accoB (puc. 4, 5).
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Puc. 4. 95 yckopenmii MmonoTa st 67 ucnsitanuii cramu [11]

AHanu3upysl yCKOpEeHus Ha puc. 4, MOXKHO CKa3aTh, YTO OJUH M3 TECTOB BO BpeMeHHOM auamnazone ot 0,01 o
0,31 MC OTCTaeT OT IpyruX, HO WO-TIPEKHEMY BeleT ceOs Kak Jpyrue oOpasipl. TONBKO IpeiBapHUTEIbHAS
KIaccu(UKaIUs 0 YeThIPEM TPYIaM MapoK CTaU Mmokaszaina, uro uepe3 0,31 mc B ucnbitaHiy Ne 29 ObLIH MOTYyYCHBI
Pe3yIbTAThI, KOTOPBIC MOKA3BIBAIOT PE3KO OTKIIOHSIOIIMKCS XapakTep pe3yipraroB Takke depe3 0,31 mc (puc. 5). B
ucnbiTanun Ne 29 ObLT HCCIEOBaH CTANbHOW oOpasel, Uil KOTOPOro BO BCEX APYTUX HCIBITAHUSIX YCKOPECHUC
M3MEHUJIO 3HaK C OTPULATEIbHOrO Ha MNoJoXUTeNbHbIM Mexay 0,424 u 0,450 mc. s ucnbitanus Ne 29 3nak
yckopenus m3menwics B npeaenax 0,460-0,495 Mc, To ecTh 3a BpeMsl, TIOAXOASIIee I IPYTrO TPYIITEI MapOK CTAIIH.
TompKO 3TOT BBIBOJA MO3BOJHI JOCTATOYHO XOPOMIO OOOCHOBATH OTKJIOHCHHWE W3 aHaIM30B ucHbITanus Ne 29. B
pe3ynbpTaTte OBITa TOBBIMICHA IMEPBOHAYAIBHO TOIYYCHHAS TOYHOCTH KIACCH(UKAIIMU IO ACBSITH MapoOK CTalH IO
pesynpTatam 67 ucneitanuid, paBHas 80 %, mo 95 % (mocme otkaza oT Tecta Ne 29 M MOBTOPHOTO HCITOIB30BAHUS

HCKYCCTBEHHBIX HEMPOHHBIX CeTel).
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Puc. 5. ®parmeHT quarpamMMel ¢ puc. 4 ¢ IpeaBapUTEIbHON Kitaccu(uKaeii Ha YeThIpe TPYIIBI KJIaCCOB CTajel u
BhInasaromuM tectoM Ne 29 taxxe yepes 0,31 mc [11]

I/IHTeraIlI/IH JaHHBIX — 3TO O6’I)CJII/IHCHI/I€ JaHHbIX 06 OOHOM U TOM K€ ABJICHUU M3 pa3dHbIX UCTOYHUKOB B
onHy 0a3y naHHbIX. [lpumep wuHTerpammu copepxkurcsi B pabore [12], B KOTOpO#l NpPOrHO3MpYETCs 3aiepiKKa
CTPOUTECIILCTBA YYaCTKOB CKOPOCTHBIX U aBTOMaFHCTpaJ'lCﬁ B Ilonbme. HezaBucumbiMu MCPEMCHHBIMHU, HA OCHOBAaHUU
KOTOPBIX JIEJIAJIUCH ITPOTHO3BI, SBJISIOTCS JITAaHHBIE O MIOCTPOCHHBIX 00BEKTaX (IPEILyCMOTPEHHBIX 3aKOHOM O JIOCTYIE K
nHpopManMy TIABHOTO YNPABICHUs HAIMOHAJIBHBIX JOPOT W aBTOMarucrpaieil), JaHHbIE O TPEIIPHATHIX,
peaNM3yIoNMX 3TH OOBEKTH (COOpaHHBIE B PETHUCTPALMOHHBIA Cyx), VIHTEpHET, areHTCTBO OHM3HEC-aHAJIUTHKH,
MaKpOSKOHOMUYECKHE JaHHbIE (C HCTOYHMKOM B IMYOJMKAIMSIX LEHTPAJIbHOTO CTATHCTHYECKOTO YIPABICHUS).
3HaveHNe 3aBUCHMOM IepeMeHHON (HeoOxoanmoe Ui «00ydeHHs» UCKYCCTBEHHOW HEHPOHHOH CeTH) — KOJIMYIECTBO
JTHEH, Ha KOTOPOE OTKJIA/IBIBACTCS 3aBEPIICHUE KaKAOH M3 NMPOaHAIN3NPOBAHHBIX JOPOXKHBIX MHBECTHUIINH, UCKAIH B
nyonukanusx B npecce u B Mutepuere. CoOpanHas nHdopMaIust Obliia HCIIOIb30BaHA IS HHTCTPALMU B 023y JaHHBIX
o peamusanuu 128 crpoutenbHbix 1poektoB. B Ilomemie B 2009-2013 rogax Obwio mocTpoeHo 156 yyacTKoB
CKOPOCTHBIX M aBTOMarucrpajiei, Ho HOJIy4UTh MOJHYI0 HH(QOPMALIMIO O HUX OBLIO MPaKTHYEeCKH HeBO3MOXKHO. [Tocie
aHajin3a xoJa 3TOro CTpOHUTEIbCTBA ObUIM OTKJIOHCHBI U TE Cllyd4au, KOrJga BO3HUKAJIU HCOXHNJIAHHBIC HapYIICHU
(HampuMep, B BHJE IPOTECTOB IKOJIOTOB, KOTOPHIE HE YYUTHIBAINCH B aHAJIM3aX KaK HE3aBHCHMAs NEpeMeHHast). ITo
YMEHBIIIIO KOJMYIECTBO /e Ha 28, HO 00eCIeqnIIo MOIHOTY, IIETOCTHOCTD 0a3bl JAHHBIX — OCHOBBI pacdeTa.

Bs16op nanubIx. B 60mpmmx Habopax HaHHBIX UX pa3Mep SBJLIETCS CYIIECTBEHHOW MpoOieMoil — OoIbIoe
KOJIMYECTBO 3amuceil MpuBOAUT K Hed(P(EKTUBHOM M JUIMTENBbHONW padoTe mporpaMMHOro obecredeHus. B 0azax
JTAaHHBIX C HEOOJIBIINMH pa3MepaMH 3aIHCeH MPOrpaMMHOMY 00ECHEUCHNIO TONCKA OTHOIICHUI BBOA-BBIBO/IA MOXKET
OBITH HEZOCTATOYHO, YTOOBI HAMTH 3T OTHOLICHWs. bbIBaer, 4To M3ydaemoe SIBICHHE MOXHO OITMCATh MHOTUMH
napameTpamy, HO B 0a3e JaHHBIX MaJlo CIy4daeB (3amuceil) ¢ OMMCAaHHBIMU IapaMeTpaMu siBIeHHUs. Takum o0pasom,
Bbl60p JAaHHBIX O3HA4YacT HCO6XOD,I/IMOCTI) BI)I60pa JIMIb HECKOJIbKUX HE3aBUCUMBIX IMEPEMEHHBIX, HA OCHOBE KOTOPLIX
6y[lyT BBIIIOJIHATHCA KﬂaCCI/l(l)l/IKaLIl/Iﬂ HJIK IPOTrHO3UPOBAHUC BBIXOAHOT'O 3HAUYCHHA € UCITIOJIb30BAHUEM UCKYCCTBEHHOI'O
MHTEJJIEKTa (TaKKe M3BECTHOTO KaK MalMHHOE 00ydenue). [Ipu BEIOOpe HE3aBUCHMBIX MIEPEMEHHBIX MOYKET OKa3aThCs
MOJIE3HBIM CIIEIyIOIIee:

— U3y4YCHHE B3aUMHOM KOPPEIALUM JIWHEHHBIX HE3aBHCHUMBIX IIEPEMEHHBIX, a TaKXKe KOPPEISALUH CO
3HAUEHMSMH Ha BBIXOJE;

— aHaJIN3 OCHOBHBIX KOMIIOHECHTOB,;

— SMITMPHUYECKUIN TONCK ONTHMAIBLHOTO HA0OPa HE3aBUCHMBIX IEPEMEHHBIX.

Koppeasiunonnoe wucciaenosanme. VccienoBanue muHeiiHONH koppemsiuun IlupcoHa Mexay mnapamu
HE3aBHCUMBIX MEPEMEHHBIX U MEX]y Ka)JIOW M3 HUX M 3aBUCUMOI NEpEeMEHHOM MOXKET OBbITh IIPEACTaBIICHO B (opMe
Ta6ﬂl/lIH)I C 4YucCliaMH, a TaKXeE Fpa(bnqecxn, B BHUAC TaK HAa3bIBAEMbIX «TCIUIOBBIX KapT» (Hapbl HE3aBUCHMBIX

WupopmaTrika, BEIYHCIUTEIIbHAS TEXHUKA U YIIPABICHUE

351



http://vestnik-donstu.ru

352

Advanced Engineering Research 2021. T. 21, Ve 4. C. 346—363. ISSN 2687-1653

nepemeHHbIX) [13]. TlepemenHble Hanbosee CHIBHO KOPPEIMPYIOT IMOJIOXKHUTEIbHO, & MHTCHCUBHBIM CHHHUI LBET Ha
puc. 6 IEeMOHCTpHpYyeT HauMeHbliee 3HaueHHe Kodddurmenra IIupcona. CunbHas TOJOXKHUTENbHAS WIN
oTpHIaTeNbHas KOppesslys, CYMTAaHHAs C TEIUIOBOM KapThl, HE OOS3BIBAET YNAIATh MEPEMEHHYIO, CHJIBHO
KOPPENUPOBAHHYIO C APYTOif, 3TO BCETO JIMIIb NMPEIOI0KEHUE, TOTOMY YTO OHA CHIIBHO IOJIOKHTEIHFHO KOPPENIUpyeT
¢ zn2 (ko3 durreHT Koppesiuuy Mexay HaMu coctapiser 0,88), n B To ke BpeMs zn5 He KOPPETHPYET ¢ BHIXOIOM
(o6o3HaueHO Kak Wy, ko3 dunuent koppemnsau pasex 0,03).

znl zn2 zn3 zn4 zn5 wy Pearson’s legend

from till
znl . - 0,75 1,00
S
2 8 0,50 0,75
3
= 0,25 0,50
zn3
-0,25 0,25
zn4
-0,50 0,25
5 5
zn S 0,75 0,50
[}
wy = -1,00  -0,75

Puc. 6. HpI/IMepHaﬂ «TEIJI0Bas KapTa» HE3aBUCUMBIX IIEPEMEHHBIX OT nl J10 nSu BBIXOJHBIX JAHHBIX

XOTs BBIYHUCIACTCS JTMHEHHAS KOPPEIAIHs, U (paKTHIECKas CBSI3b MEXAy HE3aBUCHMBIMH IIEPEMEHHBIMU (MIIN
HE3aBHCUMOH NEPEeMEHHOW W NEPEeMEHHOM, 3aBUCALICH OT BBIMYCKa) MOXET OBbITh HE JIMHEIHOW, BBIYMUCICHUE STHX
JIMHEHHBIX KOPPEJIIMH YacTo MOJCKa3bIBaeT, KaKHe MEepeMEHHble He BKJIIOYaTh (€CiM eCThb HEe0OXOJMMOCTh HX
yMmeHblieHus1). Takas mpoBepka Obula cheiaHa cpead mpouero B padorax [9, 12]. B [12] koiuM4ecTBO 3aBHCHMBIX
MepeMEHHBIX OBLIO COKpalleHo, a B [9] 1 aHanu3a ObLIa MPHHSATA HOBas IEpeMEHHas Kak CyMMa 3HAauYeHHH JBYX
CHIIbHO TOJIOKUTEJIBHO KOPPEIUPOBAHHBIX HE3aBUCHMBIX TMEPEMEHHBIX (9TO Takke ObLJIO TEXHHMYECKH ONpaBJaHHO).
IlepemeHnHas, KOTOpasg MMEET CHIbHYIO OTPHLATENBHYIO KOPPESLHIO C IPYroil HEe3aBHCUMON MEPEMEHHOH, TaKke
MOXeET OBITh y/laJieHa U3 0a3bl JaHHBIX.

AHAJIN3 TJIaBHBIX KOMIOHEHTOB. AHanu3 T1aBHBIX KOMIOHEHT (PCA) BhIMONHSAETCA AL HE3aBUCHMBIX
TepPEMEHHBIX — BBIXOJHOE 3HAUCHHE HE YUHTHIBACTCSA B pesysbTaTe MoiydaeM PEHTHHT, MOKA3BIBAIONIMH, Kakas U3
HE3aBHCUMBIX TIEPEMEHHBIX OOJbIIE BCEro BIMSIET Ha M3MEHYMBOCTH HAOOpPOB HE3aBUCHMBIX NMEPEMEHHBIX. MOXHO
MIPECTaBUTh, YTO KaXk/las W3 HE3aBUCHMBIX NMEPEMEHHBIX OCYIIECTBIIAECT M3MEpEHHE MHOTOMEPHOTO MPOCTPAHCTBA.
He3zaBucumMele nepeMeHHbIE CBSI3aHbI MEXy 000, OHM 00pa3yIoT MHOKECTBA (3allUCH B 0a3e TaHHBIX, OMICHIBAIOIINE
sprneHue). Pesynsratom PCA sBiIsieTcs OTBET Ha BONPOC, Kakasi U3 HE3aBHCUMBIX IIEPEMEHHBIX HanboJiee OTBETCTBEHHA
3a TO, YTO paccTosHHUs (B MHOTOMEPHOM IIPOCTPAHCTBE) MEXIy TOYKaMu (HaOoOphl HE3aBHCHUMBIX IEPEMEHHBIX,
ONMCaHHbIE B 3alUCSAX — KOOPAMHATHI TOYEK) SBJIAIOTCS HambOospmuMu. IlepeMeHHBIe, OKa3bIBalONe HalMEHbIIEe
BIMSHHUE Ha pa30poc AaHHBIX, 3TO T€, KOTOPbIE MOTYT OBITh yIaJCHBI U3 aHAJIN3a B MOMNBITKE YMCHBIINTH KOJIMYECTBO
HE3aBHCUMBIX IepeMeHHbIX. [Ipumeps! 3 (heKTHBHOTO NMPUMEHEHHs aHAIHN3a TJIaBHBIX KOMIIOHEHTOB JUISL OBBIICHHS
MIPOU3BOIUTEIFHOCTH WHCTPYMEHTOB MAIIMHHOTO OOYYEHHS MOXKHO JIETKO HaWTH, Hampumep, B paborax [14-16].
Opnako crtouT uMeTs B Buay, uro PCA He NpuHMMaeT BO BHUMAaHHME 3HAYEHUE 3aBUCUMON IEPEMEHHOM.
CrnenoBaTenbHO, HET YBEPEHHOCTH B TOM, YTO HMEHHO HE3aBHCUMas IEPEMEHHas, KOTOpas TaKXKe OKa3blBaeT
HauOoubllee BIMSHUE Ha [POTHO3MpyeMoe 3Ha4yeHue (3aBHCHMas MEepeMEHHas), BbI3bIBAET HAUOOJBIIYIO
W3MEHYHMBOCTh B HA0Opax NaHHBIX.

OMnupuyeckue mnccaeoBaHus. V KOppessoHHOE HCCIeOBaHKWE, M aHAJIHM3 TJIaBHBIX KOMIIOHEHTOB HE
JIal0T a0COJIIOTHOW YBEPEHHOCTH B TOM, OBUI JIM BBIOOP HE3aBUCHMBIX NEPEMEHHBIX ONTUMAaNbHBIM. ONTUMAaNbHBINA —
9TO 3Ha4YUT HanOOJIee TOUHBII MPOTHO3 WIIM MAaKCUMAJILHO BO3MOJKHAsI 10JIsl TOYHBIX KJIaccu(UKanuii 1uist 6a3bl JaHHBIX
U BBIOPaHHOTO HMHCTPYMEHTa MAIIMHHOTO OOy4eHHUs. MHCTpYMEHTBHI HCKYCCTBEHHOTO HMHTEIUIEKTa 4Yallle BCETO
MIPUMEHSIOTCS, KOT/Ia MX II0Jb30BaTelb ITOJI03PEBAET, YTO CYMIECTBYET CBA3b MEXIY BBOJIOM U BBIBOJOM (MEXIY
Ha0OpaMu HE3aBHUCHMBIX NEPEMEHHBIX U 3(P(PEKTOM UX COBMECTHOTO MOSBICHHS — 3aBUCHMOH mepemenHoi). Korna
9T 3aBUCHMOCTH HEBO3MOXKHO ONHUCATH CTPOTo ((YHKIMEH MHOT'MX NEPEMEHHBIX), KOTJa M3ydaeMble IPOIECCHl U

? StatSoft. Internetowy Podrecznik Statystyki. URL: https://www.statsoft.pl/textbook/stathome.html (accessed 10.07.2020).
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SIBJICHUSI CJIOXKHBI (pHC. 2), TO UCTIOIH30BAaHUE HHCTPYMEHTOB MAIIMHHOTO O0YYEHHSI MOXKET OKa3aThCsl €ANHCTBEHHBIM
cnoco6om, 4To0bl y3HaTh 00 3TOM. [I03TOMY TPYAHO 0XKNAATH, YTO KaKOi-TMOO BCIOMOTaTeNbHBIH HHCTPYMEHT TOYHO
YKaXeT, KaKhe W3 3aBUCHMBIX MEPEMEHHBIX CJIEIyeT HCIOIb30BaTh JUIS «OOYUEHMS» HCKYCCTBEHHOTO WHTEJUIEKTA.
CrnenoBatenpHO, OJHMM W3 METOIOB IOWCKa ONTHMAJILHOTO HaOOpa BXOIHBIX JAHHBIX (3aBHCHMBIX HEPEMEHHBIX)
SIBISIETCST SMITMPUUYECKasi MMPOBEPKA PE3yJIbTATOB MHCTPYMEHTA MCKYCCTBEHHOT'O MHTEJUIEKTA HA PA3IMYHBIX Habopax
3aBUCHMBIX IIEpEMEHHBIX. ECTh JBa OCHOBHBIX crioco0a JIeicTBUS: Briepea W Haszal. Bmepex — 3To o3HaudaeT BBIOOD
JBYX 3aBHCHUMBIX IIEPEMEHHBIX, Ha OCHOBE KOTOPBIX pE3YyNbTaThl IPOTHO3a MM KIACCH(UKALUHU SBISIOTCS
HaWIydmUMH. BeIOpaTe mepBbIii MOpOil OYEHb MPOCTO, CIOXKHO TNPEACTAaBUTh INPOTHO3 3aJepXKeK 0e3 yKa3zaHHA
IUTAHUPYEMOH TPOoAOILKHUTENbHOCTH [12, 17]. UTOOBI BBIOpaTh BTOPYIO NEpEMEHHYIO, IPOBEPSIEM paboTy HHCTPYMEHTA
Ha Ka)XJOH CO3JIaHHOW ITape 3aBHCHUMBIX IEPEMEHHBIX (MX MHOTAA HasblBaloT npeaukropamu) [18]. Korma BeiOpana
Jy4dlias rnapa npeAnKTOPOB, OAWH U3 OCTaBIIMXCS MPEIUKTOPOB 100aBISIETCS TOCIEI0BATEIbHO. DTO AENACTCS A0 TEX
op, MoKa J00aBIeHNEe KaKoW-In0o elle He MCIOJIb30BaHHOW HE3aBUCHMOH IEPEMEHHON HE YIy4IIUT pe3yJsbTaTsl. B
oOpaTHOW mponenype TEepBbHIM IIArOM SBISIETCS HCIOJIB30BAaHHE BCEX HE3aBHCHMBIX MEPEMEHHBIX, a 3aTeM
MIOCJIE/IOBATENILHOE yJalleHne TOJBKO OJIHOM, IPOBEpKa TOr0, KaKOW NMPEAUKTOp ObUI yIajeH, TOYHOCTh HPOTHO3a U
Kinaccuukanuy yBeandmiack Oonbine Bcero. llpomenypa mpomoipkaeTcst A0 TeX IMOp, TMOKa yAajdeHHe J00ro u3
MPEANKTOPOB HE NMPHUBEAET K yIYUIICHUIO PE3YJIbTATOB.

Koncommaanusi u nmpeodpa3oBaHue JaHHbIX. KoHcommpanus u mpeoOpa3oBaHHWE JaHHBIX COCTOUT B TOM,
9TOOBI OHU MOTJIM HCIIOJIb30BAThCsl BRIOPAHHBIM WHCTPYMEHTOM HWHTEUIEKTYaJIbHOTO aHanm3a JAaHHbIX [6]. Hanbomee
pacipocTpaHeHHOH (GopMoii TpeoOpa3oBaHUsI JaHHBIX ABISIETCS MX CTAHAAPTU3ALMSA, TO €CTh TaKOE IPeoOpa3oBaHUE
3HAYEHUI HE3aBUCHMBIX NEPEMEHHBIX M 3aBUCHMOI IEPEeMEHHON, TP KOTOPOM OHM NMPHUHUMAIOT 3HAYEHUS U3 OJHOTO
n TOro >xe nuana3oHa. CTaHAapTH3aLMs JaHHBIX SBISETCS PE3YJIbTaTOM HEOOXOIUMOCTH IPEAOCTaBHTh KaXIOW W3
HE3aBHCUMBIX NTEPEMEHHBIX «PaBHBIC YCIOBUS JUIS UTPBI», KOTOPBIE OYAYT BKIIOUYEHBI B MOJIENb MAIIMHHOTO O0YYCHHSI.
B [12] nana dopmymna:

dla1<i< k au:m "

rae k — KoIW4ecTBO 3amuceil B 0a3e JaHHBIX;
ay; — 1-¥ DIIEMEHT IEPEMEHHOM a IO CTAaHIAPTH3AIHN;
aq; — -1 3JIEMEHT NEPEMEHHOMN @ MOCIJE CTaHAAPTU3ALUH.
Bropoii mmpoko MCIOMB3yeMbIif THIT CTAaHIAPTU3AIMH JaHHBIX — 3TO TaK Ha3blBaeMas CTaHIAPTHU3AIMS «K

HYJIEBOMY CPEAHEMY 3HaUECHHIO U CTaHJapTHOMY OTKJIOHEHHUIO €AMHUILEI», ONIpeAesseMast ClIeayromen GopMyIoi:
@y === )
rzie a4, — cpeaHee apuMeTHIecKoe 3HaUCHHUE IEPEMEHHON ¢ 10 CTaHAapTH3alNY;

Qg; — 1-1 BIIEMEHT NepeMeHHOH a 10 CTaHIapTH3AINH;

a,; — i-# BIIeMEHT IIepeMEeHHON @ TOCIie CTaHAAPTU3AlINY;

0pq — CTaHJAPTHOE OTKJIOHEHHUE TIEPEMEHHOMN a 10 CTaHaapTU3au [7].

Jpyrue Tumel cTaHaapTHU3alMM, TaKXKe HEJIMHEWHble, MOXXHO HaWTH, Hampumep, B [19]. Oxnako cnenyet
MIOMHHTB, YTO THUN CTaHJApTH3AIlMM JAHHBIX MOXKET M3MEHHUTH PE3yJbTaThl, NMOJYYEHHBIE C MOMOIIBIO MAIIMHHOTO
oOydenus [20]. Takum 00pa3oM, THUI CTaHAAPTU3AIMH JAHHBIX MOXET OBITh OJHUM M3 IapaMeTpOB, KOTOpBIC
HWHCTPYMEHT HaCTpauBaeT AJI MOJyYCHHs HAMITYYIINX pe3yIbTaToB.

bunapuzanust MokeT OBITH BTOPBIM IPOIIECCOM INpeoOpa3oBaHMsl AaHHbIX. OHa O3HaYaeT MpeoOpa3oBaHKe
YHUCIIOBBIX 3HAUCHHI MTEPEMEHHON TOBKO B J1Ba 3Ha4eHusI (Hanpumep, 0 u 1) mo cienyromeit hopmyne [22]:

a= {507 3)
ag >p—-1
rJie ay; — i-¥ dJIEeMEeHT MePEeMEeHHOH a 10 OMHapU3aInH,

a,; — i-# BJIeMEHT IIepeMeHHON @ Tociie OMHApU3alny,

p — napameTp, BEIOpaHHBIH T10JIb30BATENEM.

Brunapu3zamnus 1aHHBIX OCOOCHHO IMOJIe3HA IPH MOMCKE MPABWII C MCIIOJIB30BAaHUEM aHaIN3a KOP3WHBI (Tarke
M3BECTHOrO KAK AHAIM3 acCOLMAIMHM)’. DTOT THII aHATM3a ObLT CO3JAH IS HCCIIEHOBAHMS COACPIKHMOTrO KOP3HH
KJIMEHTOB C IIENbI0 YBEIMYECHUS Npoaax. KoMIbIOTEpHBIE MPOrpaMMbl C MOJYJEM aHalM3a KOP3WHBI padoTaroT
HanOonee 3(GEKTHBHO, €CIM IEPEeMEHHBIC SBIISIOTCS ABOMYHBIMU (JaHHBIA TOBAap IPUCYTCTBOBAT B KOP3WMHAX
MOKyTIaTe sl MM HeT). MoHO c(OopMyIHpOBaTh MHOXECTBO HaYYHBIX 33/1a4, CaMa CYTh KOTOPBIX SBISIETCSI JBONYHOH,
HO B OOJIBIIMHCTBE CIIy4acB ONMCAHWE SBJICHUS BKIIOYACT YHCIIA, KOTOPHIE IPEoOpa3yloTcsi B IBOMYHYIO (hOpMY LIS
MIpUMEHECHHS aHamu3a Kop3uHbl [21-22]. Takoe mpeoOpa3oBaHUWE TaKKe MOXKET OBITH BBITIONHEHO IS EPEMECHHOM,

3 StatSoft. Internetowy Podrecznik Statystyki. URL: https://www.statsoft.pl/textbook/stathome.html (accessed 20.07.2020).

HH(bOpMaTI/IKa, BBIYUCIIUTECIIbHAA TEXHUKA U YIIPABJICHUEC

353



http://vestnik-donstu.ru

354

Advanced Engineering Research 2021. T. 21, Ve 4. C. 346—363. ISSN 2687-1653

KOTOpasi MOXKET NpPUHAJISKATh HECKOJIBKMM HEIEpeceKaromMMCsl MOIMHOMKECTBAM. 3aTeM JBa THUXOTOMHYECKHX
TIOJIMHOYKECTBA (SABJISFOLIMECS CYMMaMHU HCXOAHBIX IOAMHOXECTB) CO3/AOTCS M3 MEPBHYHBIX MOAMHOXKECTB. Torja,
€CJIN (y; IPUHAMICIKUT OJHOMY U3 HHX, TO Aq; paBHO 0, eciu Apyroii paseH 1.

H3mepennsi ommbok. [lo cux MOp aBTOPOM HCIIOJB30BAIHUCH OOIIME TEPMHHBI, TaKHe KaK «TOYHOCTb
IIPOTHO30BY», <«IPABHIBHOCTh KIACCH(QHKALMN», KOTOpPbIe MOXKHO Ha3BaTh KadyeCTBOM WM 3(G(EKTHBHOCTHIO
HMHCTPYMEHTOB HCKYCCTBEHHOTO HMHTEIUIeKTa. OIHAKO, €CNIM NPOaHAIM3UPOBATh CIIOCOOBI NOBBILICHUS KauyecTBa HX
paboTEI, TO HEOOXOAUMO OIIPE/ICIIUTh OLIMOKH B pe3yJIbTaTax JeHCTBUS HHCTPYMEHTOB MAallIUHHOTO O0y4eHHs U UTOrax
MHTEJUIEKTYaJIbHOTO aHaIM3a JaHHBIX.

Omudkn mporHo3za. MHCTPyMEHTHl MalIMHHOIO OOy4eHHS B OCHOBHOM CIy)XKaT JABYM LEISAM: JUIS
MIPOTHO3UPOBAHMS 3HAYEHHUH (perpeccus) W sl aBTOMaTHYECKOH Kiaccudukanuu. Mcrmonp3oBaHne OJHUX M TEX XKe
OOIIENPHHATHIX Mep OMNOOK 00JeryaeT HOHUMaHKUe paboThl, HO TAKXKE MO3BOJISIET JIerde OLEHUTh LIEHHOCTh MPOTHO3A.
[Ipenmonaraercs, 4Tro aHalM3UpyeTcs aOCONMOTHOE 3HaueHHe omubOku. CrenoBarensHO, alcomioTHas oOIIMOKa
(AE) [7, 18] MoxeT OBITH OIpezeneHa Kak

AE = |b - b| @
riae b — nporuosupyeMoe 3HauCHNE;

b — ¢axTryecku HabIOIaEMOE 3HAYCHHUE.

OTtHocHuTeNnbHAs OMMOKa, BEIpaKeHHAsI Kak abcooTHas onrrnoOka B nporeHtax (APE), onpenensiercs kak

b-b
APE = | * 100% (5)
UtoObl KMETh BO3MOXHOCTH OIICHHTH KAadeCTBO MPOTHO30B, CJIETaHHBIX C TOMOINBI0 HHCTPYMEHTA
HCKYCCTBEHHOTO MHTEJIEKTa (HampuMep, UCKYCCTBEHHON HEHMpPOHHON CETH), HEKOTOphIe NAaHHBIE HE MCIOJB3YIOTCS B

npouecce «oOydeHus». Ilocie MOCTpOEHHs MOJENW BBOAUTCS 3TOT HA0Op JAHHBIX, HA3bIBAEMBIH IPOBEPOYHOMN
BBIOOPKOH, M MalIMHa JenaeT HporHo3bl. TakuM o00pa3oM, NPOTHO3HMPYEMBIE 3HAYEHHUS COCTAaBIAIOT [IOKHUHY,

HCCKOJIBKO AOIOJKHMH WJIH Ooubiie. 3aTem JUIA OLICHKH Ka4€CTBa IMPOTHO30B MOKHO pacCUUTAThb CPCAHIOIO a6COJIIOTHy}O

o

MAPE ===

nporeHTHyto ommnoky (MAPE):

bi—b;

bi

*100%)
. (6)
IJie 1 — pa3Mep BAIUIAIIMOHHON BEIOOPKH.

Haubonee pacnpocTpaHeHHONW MeEpoil HMOrpemHoCTH (IPOBEPOYHBIA TECT) SBISCTCS CpEeIHEKBaJpaTHUYHAS
omubka (MSE), onpenensemast Kak

n o _p)\?2
MSE — Zi:l(bl_bl) (7)
n

IIpu pemenun 3amad perpeccurd OONBIIMHCTBO HHCTPYMEHTOB MAIIMHHOIO oOO0y4eHus Omaromaps
HCTIOJIb30BAaHHUIO 3BPUCTUYECKUX aJTOPUTMOB HIIET 0TOOpakeHHe BBOAA U BBIBOJIA, KOTOpoe MuHUMI3HpyeT MSE. IIpu
yKa3aHUM KadecTBa MOJYYeHHBIX MPOTHO30B Haubosee pacnpocTpaneHHbIMU siBisitoTcs MSE nnn MAPE (unm 06a).
Cnenyer otmMeTHTh, 4T0 B cimydae MAPE He uMmeer 3HaYeHUS, PacCUMTHIBACTCS 3Ta OLIMOKA ISl CTAHAAPTU30BAHHBIX
wm peanbHBIX 3HaueHH — MAPE 10 %e camoe. B cmygae ¢ MSE nmeno oOctouT mHade. OTa ommOKa dale BCETro
HUMEET pasHble 3HAUCHMS I CTaHAAPTU3MPOBAHHBIX NPOTHO30B M ISl TIPOTHO30B, MPEOOPa30BAHHBIX B WCTHHHBIC
3HaueHwus (0e3 cranapTusanyn). CenoBaTesbHO, HEOOXOIUMO yKa3aTh, IS KakuxX 3HaueHHH MSE Obutn paccunTaHbl.
CpaBHEHHE TOYHOCTH IPOTHO30B (PAa3IMYHBIX MPOLECCOB, SBICHUH C Pa3sHBIMH MHCTpyMEHTaMH) Ha ocHoBe MSE
ompaBaaHo, eciu MSE paccuuTbIBaeTcs Ui CTaHIApTU30BaHHBIX 3HaueHuil. C Apyroi CTOPOHBI, C TOYKH 3PEHUS
mpakTudeckoro npuMmeneHus saxxkHee MAPE wimm makcumansHoe 3HaueHne AE. Tlone3HocTh modyd4aeMbIX MPOTHO30B
TaKXe ABJISIeTCA BaXXKHBIM BompocoM [23]. IIporHo3 KOCBEHHBIX 3aTpaT Ha CTPOUTEIBCTBO CO CpPeHEH OTHOCHUTENBHON
MOTPEIIHOCTBI0 6% MOXXHO CUMTAaTh OYEHb TOYHBIM M IOJIE3HBIM IPOTHO30M, HO Te e 6 % MAPE mis nmporHosos
(donoBOI1 OMpkK enaroT ux Oecroie3HbiMu [24]. CrieoBaTellbHO, pa3Mep OIIHOKH, MTOJIY4YEHHOH B MPOTHO3aX, TAKXKe
CJIEyeT OIICHUBATh C TOUYKH 3PEHUS MOIE3HOCTH AJIS JIHLL, TPUHUMAOIINX PEIICHNUS, UCTIONb3YIOMNX IPOTHO3HI.

Mepbl ToO4yHOCTH KJaccHpukanuu. Ilpym wCHONB30BaHUM WHCTPYMEHTOB MAIIMHHOTO OOYYEHHS Ui
aBTOMAaTHUYECKOHN KiIacCH(MKAIMN OTHECEHHE CIydas K HENpPaBHIBHOMY KJIaCcCy MOXHO OLICHHUTH JABYMS CIIOCOOaMHu.
Bo-nepBbIx, mpocTo kak ommoOka. OgHako ogHOI nHpOpManuy O TOM, YTO HHCTPYMEHT IPaBUIBHO KJACCHHUIUPYET
90 % cirygaeB, MOXKET OKa3aThCs HENOCTaTOYHO. ECIM ecTh HECKOJBKO KITACCOB, KOTOPHIM HA3HAYEHBI OTICIbHBIC
ciyyan (onucaHHble B 0a3e JaHHBIX) (HAIpUMEp, BOCEMb), MOXET CIYYUTBCS TaK, YTO JUIA IISITH KJIAacCOB
knaccudukanus oyzaer Ha 100 % npaBuibHOM, a 10 % ommOOK OTHOCATCS K APYTMM TpeM KiiaccaM. [loaToMy KauecTBO
pe3yNbTaToB KiaccU(UKAlMK OLEHUBAETCSl TaK HA3bIBAEMOW Marpuiel OImHMOOK, NMpUMep KOTOPOW MNpE/CTaBIEH B
Tabnuue 1.
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Tabnuma 1
PesynbraThl KIacCU(PUKAIIMN TCHACPHBIX MPOIETYP 10 BATUAAIMOHHON BBIOOPKE [25]
Kuace: Knacc:
. Kaace: crosop Bcero: a5 Beex
CBOOOAHBII OT nog03peHne B .
O4YE€Hb BepOfITHLlH KJ1accoB
cropopa crosope
YHCIIEHHOCTD B
. 52 14 4 70
BaJIMJIAI[MOHHON BEIOOPKE
KonnuecTBo npaBuiabHBIX
bapi 50 10 3 63
KiaccupuKaIuii
KonnuecTBO HeMpaBUIIbHBIX ) 4 1 7
KIIaccupuKaImit
0JIs1 IIPaBHIILHBIX
Ao IpaBIbHED 96,15 71,43 75,00 90,00
kiaccupukanuii, %
0JIs1 HENPABUIILHEIX
A p N 3,85 28,57 25,00 10,00
knaccupukanuii, %

3HaYUTENbHBIE PA3JIMYMs B TOYHOCTH KIACCH(DUKALMH OTICIBHBIX MOAMHOXKECTB MOTYT CIIOCOOCTBOBATH
JanpHeHIeMy IOHMCKY ele Oojiee TOYHOM Mojenu kiaccudukanmu. Matpuna ommMOOK Takke MOXET COIepKaTh
nH(pOPMALNIO, K KAKOMY HENpaBIIFHOMY Kilaccy OblIa HENpaBWIFHO OTHECEHA JaHHAs 3allUCh U3 BHIOOPKH NPOBEPKH.
DTo BIMACT Ha BHIBOJ, OCHOBaHHBIA Ha mporHos3ax. [IpoaHanmm3upyeMm mnpumep W3 TaOiaHMUbl | €O ClleaylomnMu
NPEIIIOJIOKEHHUAMH:

— JIBa HENpaBWJIBHO KJIACCU(HUIMPOBAHHBIX EJIONPOU3BOJCTBA M3 Kjacca «CBOOOIHBIN OT CroBopay,
OTHECEHHBIX aBTOMaTHYECKUM KIaCCH(UKATOPOM K KJIACCy «I1O0JJO3PEHUE B CTOBOPEY;

— YeThIpe HENpaBUIIBHO KIaCCU(PUIMPOBAHHBIX Cllydasi 3 Kiacca «I0J03pEeHHE B CTOBOpPE» OBUIM OTHECEHBI
ABTOMAaTHYECKHUM KJIACCU(HUKATOPOM K KJIACCY «BECbMa BEPOSITHBIN CTOBODPY;

— OJWH HENpaBWIbHO KJIacCU(PUIMPOBAHHBIH Clydald M3 Kjacca «OUYeHb BEPOSTHBIHN» ObUI OTHECEH
AaBTOMAaTHYECKUM KJIACCH(PUKATOPOM K KJIACCY «IIOJO3PEHHS B CTOBOPE».

B pesyinprare aHauM3a MOXXHO KOHCTaTHPOBATh, YTO J0 TEX IIOp, IOKa KiIacCU(UKaTop HE OTHECET NaHHYIO
npouenypy K Kiaccy «CBOOOIHBIH OT CrOBOpPa», MOYKHO OBITh YBEPECHHBIM, YTO 3TO NPOM3BOACTBO HE CBA3aHO CO
croBopoM. Bce nema, oTHeceHHble K 3TOMY KIaccy, OBUIM NPaBHIBHO KIACCU(QHIMPOBAHBI aBTOMAaTHYCCKHM
KiaccudukaTopoM (HECMOTpPsI Ha TOYHOCTH Kiaccupukamuu MeHee 100 %). OtoT 3¢ dekT ncrmoap3oBacs, HapuMmep,
B [11]. CnenoBarenbHO, CTOUT IPOAHATM3UPOBATh, K KAKUM KJlaccaM aBTOMaTHYECKH ObIII OTHECEH JaHHbIH CiTydai.

Ommnbkoi KiaccupuKauuy B MEAMIMHCKUX IPUIOKEHUSAX SIBISETCS pas3/ielieHHe OINMOOK TOJNBKO Ha JBa
Kjacca, TJie TaK >X€ BaXHO HE BBOJWTH JICKApCTBAa 3JOPOBOMY 4YEJIOBEKY, KaK M HE OTKa3blBaTh B JICUCHUHU
JeUCTBUTEIHHO OOJILHOMY 4YeNoBeKY (IpUHHUMas ero 3a 3710poBoro) (puc. 7).

Krnace mpucBauBaetcst KiaacCu(hUKaTOpOM
ITonoxurenbHbIN OTtpunatensbHbII
KomunuecTBo KomuuecTBo
TTonoxxurensHBIN MOJIO)KUTEJIBHBIX BEPHBIX, | OTPULATENbHBIX HEBEPHBIX,

ONpeJIeNIeHHBIX, KaKk TP onpejeNeHHbIX, kak FN

OTtcopTupoBaHHBIN Kacc KomnuuecTso KomnuuecTBo
OTpunareabHbINH MOJIOKUTEITBLHBIX OTpPHUIATENLHBIX BEPHBIX,
HEBEPHBIX, ONPEACIECHHBIX, omnpeneneHHbIX, kak TN

kak FN

Puc. 7. Matpuia omu6oK K1accu(MKALMH Ha 1B KIIACCA; Cepblii GOH yKa3bIBAET HA MPABUIbHYIO KIaccuduramnmio® [26]

* PQStat Statystyczne Oprogramowanie Obliczeniowe. URL: https:/pgstat.pl/?mod_f=diagnoza (accessed 10.07.2020).
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I[J'If[ n KJ'IaCCI/Iq)I/II_[I/IpOBaHHI)IX CJIY4a€B BBIIIOJIHACTCA CICAYIOLUICC paBEHCTBO!:
n=TP+FP+TN+FN (8)

Jis mHTeprpeTani MaTpPHUIBl OMHOOK B (opMe, NpPEACTaBICHHOW Ha pPHC. 7, HCIONB3YIOTCA MOHSATHS

TOYHOCTH, NPCUU3UOHHOCTHU, YYBCTBUTCIILHOCTH, CHeHH(i)H‘IHOCTH, OIMpCACIACMBIC CICAYIOINMU ypa.BHeHI/IS'{MI/I5 [26]
TP+TN

TOYHOCTb = —— 9)

NPELU3HOHHOCTD = —— (10)
pen T TP+FP
TP

YYBCTBUTEJIbHOCTh = (11)

TP+FN

CenuPUYHOCTD = w (12)

1 " FP+TN

OnHako ciexyeT MOMHHUTH, YTO YKa3aHHBIC BBIIIE MHAMKATOPHI NMPUMEHUMBI JIMIIbL B TOM Cllydae, €ciu
HMHCTPYMEHT KJIacCHU(UIMPYET TONBKO JBa Kiacca.

OnpenesieHue 3HAYMMOCTH 00HAPY KEHHBIX ACCOLMATHBHBIX NpaBuJ. biaronaps HCIoIbp30BaHHIO aHAIN3A
KOP3UHBI — OJJHOI'0 U3 UHCTPYMCHTOB MHTCJUICKTYAJILHOI'O aHaJIn3a — B JJAHHBIX O6Hapy)KI/IBaIOTC)I ImpaBujia, KOTOPbIC
MOYKHO 3aIicaTh Kak

b-h (13)
rae b — mpenmecTBeHHNK; /I — MPEeMHUK IpaBUIIa.

Takoe mpaBWIIO YUTaeTCs TaK: €CiAM ObUI NMPEALISCTBEHHUK, TO ObUI M IpeeMHUK. M mpeaiecTBeHHHK, U
MOCIEAYIOMMH MOTYT COCTOSATH M3 HECKOJBKHX IIEPEMEHHBIX, HO HamOojiee 4acTo HMINYTCS IpaBmiia, B KOTOPBIX
NPEIIECTBEHHUK OMUCHIBACTCS MHOTMMH IEPEMEHHBIMH, a IOCICAYIOIIHI — OXHMM (HalpHMep, eCliH JIaBJICHHE
ymajuo yTpoM, a TeMIieparypa B nojjieHsp npepbicuna 30°C, motom aHeM Oblia rpo3a). Takoe mpaBuio (Kak B mpumepe
BHIIIIE) HE Bceraa padoraet. ClienoBaTebHO, MEpaMH KadecTBa 0OHApyKEHHBIX MPABUII SBISIOTCS HE MEPHI OLIMOOK, a
Tpu napamerpa (mponoprun) [6, 9], 6maromaps KOTOPEIM MOYKHO JIETKO OIIPENeNTUTh, YTO MPABIIIO OyAET MPOBEPEHO B
ciTydae HapyIIeHHUs peaniecTBeHHnKa [3, 4, 6]:

— MOJIEP’KKa — TIOMEUEHO Kak sup (OT aHIJI. support);

— YBepeHHOCTh — 0003Ha4aetcst kak conf (0T aHri. confidence);

— yBEeNMUYEHNE — OTMEUEHHBIH Kak /ift (ot anrm. lift).

INonnepxxa onpenenseTcs CISAYIOIUM 00pa3oM:

sup(b - h) = nb=2h)

14
- (14)
rae n(b —» h) — KOIUYECTBO CilyYaeB, B KOTOPHIX BOSHUKHOBCHHE MPEIIICCTBEHHHUKA COMPOBOXKIAIOCH MOSBICHUEM
HacieiHuKa; N — KOJHMYECTBO BCEX CIydaeB B 0a3e JaHHbIX.

C apyro# CTOpOHBI, JOCTOBEPHOCTD IPABUIIA OIIPEEIIETCS CIEAYIOUTNM 00pa3oM:

mﬁwam=%§

(15)
rae n(b) — KoJIMYECTBO Cly4aeB, B KOTOPHIX OBLJIO OTMEUEHO MOSBICHUE MPEAIICCTBEHHIKA.
He menee BaxHO mpwupaiieHue npaBuia. Ecid ero 3HadeHune MeHbIIe 1, 3TO 03HAa4yaeT, 4YTo HaiJeHHOE

MIPaBUJIO HE OOBSICHSACT MOSBIECHUS HaciaeqHuKa. [[prupamnienne onpenensercs CleayomuM o0pa3om:

lm@am=%%ﬂ

(16)
rae P(h) — BeposITHOCTh peeMHHKa (HE3aBUCHMO OT TOT0, ObLI JIM MPE/ILIECTBEHHUK HIIH HET).

Jlydqmemy TOHMMaHHUIO OIICHKH KadecTBa OOHApY)KEHHBIX ACCOI[MATHBHBIX MpPaBHUJI OyJIeT CHOCOOCTBOBATH
npumep, B KoTopoM B 12 mpomeccax Obuio chenano 10 HaOmroneHWit 3a BOZHMKHOBEHHEM IIPEIIECTBEHHUKA M
nocneayromero (puc. 8). s mpaBuia «eciaM TPeJIIeCTBEHHUK, TO HACIEIHHK» OBUIM pacCUMTaHBl IOJIEPIKKa,

JIOCTOBEPHOCTH ¥ TIpUpaIeHue (U1 KaXKJ0ro U3 MPOIIECCOB), KOTOPHIE MPEACTABICHBI B TAOIHUIIE 2.

® PQStat Statystyczne Oprogramowanie Obliczeniowe, Tam xe.
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No Ne nocrenoBatTeabHOrO HaOIIOAEHMs
Tiporecca 112]|3(4|5|6[7|8]9]|10
HOAB/ICHHE TIPEIIIECTBEHHHKA
NOABIEHHE HACIEIHUKA
______ T S S | T L~ 77— =¥ r—v—v = T} =T~y
5 MOABIICHHE MPE/INIECTBEHHAKA
HOABICHAE HACTETHHKA
3 TIOABJIEHHE TIPE/IIECTBEHHHKA
TOABJICHHUE HACICIHUKA
4 NOABJICHHE NPEAIIEeCTBEHHHKA
NOABIEHHE HACICHHUKA
______ B LT T T TR SUPENSPS Py =y e sppy mepmp gy ey s ap——m———
HOABJICHHE TIPE/IIIECTBEHHHKA
5
NOABIEHHE HAC/IE/IHHKA
NOABJICHHE MPEIIIECTBEHHHKA
6
TIOABIEHHE HACTETHHKA
NOSABJICHHE NPE/IICCTBCHHHKA
7
TIOAB/ICHHE HACIC/THUKA
MOABJIEHHUE NPE/IIECTBEHHHKA
8
MOABIIEHHE HACICAHHKA
TIOSIBIICHHE MPE/IIECTBEHHHKA |
9
TIOABIICHHE HaCIeTHHKA
MOABICHHE TPE/IIIeCTBEHHHKA
10
TIOABIEHHE HACIIEIHHKA
______ e e e g e e el e e el e e e e e ]
TIOABIIEHHE NPEIIIECTBEHHHKA
11
NOABJIEHHE HAC/TIEHUKA
MOABICHHE IIPEIIECTBEHHUKA
12 MOABRNTEHHE HACTETHHKA

Puc. 8. HabmroeHns 3a mosiBICHUEM NPEANIIECTBEHHUKA U TIPEeMHUKA B 12 mporieccax

CpaBHuBas mporecchl 5 U 6, cleayeT OTMETUTh, YTO BBICOKAs CTEMEHb JOCTOBEPHOCTH MPaBUJI HE BCETIa
BakHa. B mporecce 6 mNpeeMHHMK TMOYTH BCErja MPHCYTCTBYET, W OOHApY)KEHHOE MPaBWIO HE OOBICHACT
BO3HUKHOBEHHE TpeeMHHUKa (moabem<l). DTo He oTHOcuTCs K mporeccy 8. IlpupanieHne yka3plBaeT Ha BaKHOCTh
MpaBWjia, B TO BpeMs KaK €ro JOCTOBEPHOCTh HH3Kas. TeM He MeHee, KakJoe HaONoJeHHEe 3a IMPEeMHHUKOM
COIPOBOXKIAETCS HAOJIOJCHHEM 3a IMPEIIIECTBEHHUKOM. B ciydae mporecca 8, cienoBaTelbHO, CTOUT YTOYHHTh
MIPEIIICCTBCHHUK (HaIlpuMep, J0OABHB eIie OJHY IIepEeMEHHYI0). B 3TOM citydae, BeposTHO, APYyroi mapametp (TI0Ka He

BKJIIFOUCHHEIN B HpeZ[H.ICCTBeHHI/IK) BJIMACT HA HAJIMYNC TPEECMHHKA (B mponecce 8)

Tabnuma 2
OrieHKa MPaBUJI C UCTIOJIb30BaHKUEM sup, conf u lift s nporeccoB Ha puc. 8
Ne mpouecca | IMomaep:xkka (Sup) | YBepennoctb (Conf) | YBeauudenme (Lift)
1 0,00 0,00 0,00
2 0,10 0,25 0,63
3 0,20 0,50 1,25
4 0,20 0,67 1,67
5 0,30 0,75 1,88
6 0,30 0,75 0,94
7 0,40 1,00 1,00
8 0,20 0,25 1,25
9 0,20 1,00 1,25
10 0,30 0,75 0,83
11 0,40 1,00 2,50
12 0,20 0,50 2,50
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BakHble acneKThbl TIPHMMEHEHHMs! BbIOPAHHBIX HHCTPYMEHTOB MCKYCCTBEHHOI0 MHTeIeKTa M
HUHTE/JIEKTYaJIbHOI0 AHAJIM3a JAHHBIX K He0O0JILIIUM 0a3aM TaHHBIX

KosmmyecTtBo 3amuceii B 0a3e MaHHBIX H CJI0KHOCTH HHCTpPYMeHTa. B craTHcTuke uame Bcero
npeArosaraercs, 4To HeOOoJbIION pa3Mep BBIOOPKH cocTaBisieT MeHee 30 cirydaeB, 0JJHAKO MOKHO OOHApy»KHTh, YTO
NIpeIeNbHOE YUCIIO, 3a IMpeAeIaMd KOTOPOro Mbl HE MOXXEM TOBOPUTH O Mayod BbIOOpke, cocrasiser 100 [27-28].
WHcTpyMeHTaM MCKYCCTBEHHOTO MHTEJUIEKTa HYXKHBI IIOJIHBIE HA0OpBI JAHHBIX (BXOJBI U BBIXOABI), YTOOBI MMETh
BO3MOXKHOCTh HAWTH HaWOOJee TOUHBIA Croco0 mpeoOpa3oBaHusi OAHOTO B Apyrod. Uem croxkHee mpobiiema, TeM
Oompme Tpebyercs HaOOpPOB NaHHBIX (3amuceid B 0Oa3e maHHBIX). B rimyOokoMm oOydeHWH, KOTa WHCTPYMEHT
mpernoaeTcs He ¢ Habopamu uucen, a ¢ (aimamu (rpadukoif, ayauo, TeKCTOM), HEOOXOAWMBI THICSYH HaOOpPOB
nasHbEIX. B [29] 6onee 4000 craHmapTH3NPOBAaHHBIX H300pa)KeHUH NCTIONB30BAJIOCh IS IIPOTHOZUPOBAHMS IPOYHOCTH
Ha ckaTHe. B apyrux mccienoBaHusx o0Opas3noB Obu10 HeMHOTO (HampuMmep, B [11] Bcero 66). EcTh yka3anue Ha TO, 94TO
JUISl ICKYCCTBEHHBIX HEHPOHHBIX CETeH KOJMYECTBO CBSI3eH MEXIy HEHpOHaMH JOJDKHO OBbITh B 10 pa3 MeHsbIe, deM
KOJIMYeCTBO 3amuceidt B 0Oa3e pmanHbix [30]. HeOospmme 6a3pl  AaHHBIX TPEeOYIOT OOJBIIETO KOJUYECTBA
BBIUHCIUTEIBHBIX UCIIBITAHUHN 1 00JIee TOYHOI HACTPOUKH MCTIONb3YEMBIX HHCTPYMEHTOB. TeM He MeHee, PaBUIIo, 9T
4YeM CII0OXKHee pobieMa U ee MoJIelb, TeM 0oJble HaOOpOB HaHHBIX TpeOyeTcs A 00ydeHUs] HHCTPYMEHTa, OCTaeTCs
B cuie. VMcmonb30BaHuEe CIOXHBIX MOJeNel (HampuMmep, MCKYCCTBEHHBIX HEWPOHHBIX CeTell ¢ OoJjiee 4yeM OJHUM
CKPBITBIM CJIOEM M MHOXKECTBOM HEWPOHOB B CKPBITHIX CJIOSX) B HEOOJBIIMX 0a3aX AaHHBIX Yallle BCEro NMPHBOIMT K
omuOKaM (IPOTHO3MPOBAHMS WM KJIACCU(HUKALMK), HAMHOTO OOJBIINM, YeM B MOJEIAX C MEHBIIEH CI0XXHOCTHIO
camoro HMHCTpyMeHTa. OTCIOAa TOMYJSIPHOCTh METOJOB YMCHBUICHHsS KOJHMYECTBA HE3aBHCHUMBIX II€PEMEHHBIX,
onucaHHbIX B pa3zaene 3. Korna konmyecTBo HAOOPOB AaHHBIX CIHMIIKOM Majo, YMEHbIICHUE KOJINYECTBA HE3aBUCUMBIX
NIepEeMEHHBIX Yallle BCETO MOBBIIIAET TOYHOCTh IPOTHO30B U KIACCH(HUKALINH.

Tun BBIBOA M Ka4yecTBO MpPorHo3a u kiaccupurkamuu. B [30] MOXHO HAWTH TPEANOIOKEHHUE, UYTO
HCKYCCTBEHHbIE HEHPOHHBIE CETH MOTYT 0OJiee TOYHO ONpENeIHTh, OyIeT JH, HalpuMep, MpelcKa3aHHOEe 3HAYCHUE
Ooxplie, yeM 3Hau€HHE, JaHHOE ToJyib30oBarereM ceTH. Ccpurasich Ha TpeboBaHWE IOJIE3HOCTH NHporHo3a [23], ecnn
MOJIy9YCHHBIE TIPOTHO3BI HEAOCTATOYHO TOYHHI (T. €. OMMOKH MPOTHO3a CIUIIKOM BETHKH), MOKHO PEIINTh, TpeOyeTcs
1M TO4YHOE 3HadyeHue. Hampumep, mpu NporHo3UpoBaHUM MPOUYHOCTH MaTepHanga BO3MOXHO BMECTO NPOTHO3a JIUIIb
COOOIINTD, YTO NMPOYHOCTH HE OyNET HMKE MpeAIoaraeMoi IPOYHOCTH, YKa3aHHON Hosb3oBartesieM. To ke camoe U ¢
npoOiemoit knaccupukanny. ABToMaTndeckas Knaccuukanus cTaid Ha 9 Mapok Ha OCHOBE Bcero 66 3amnmceil B 06aze
JTAHHBIX HE MO3BOJIWJIA MOJYYUTh TOYHOCTh Kiaccudukamnuu Beime 80% [11]. 3aTem oauH mporecce KiaccUpUKAIH
ObUT 3aMEHEH BOCBMBIM, B pe3yJbTaTe Yero pe3ysbTaThl UCIIBITAHUI CTany ObUIM pa3jielieHbl Ha JABE TUXOTOMHUYECKHE

MOATPYMIIBI, KaK MOKa3aHo Ha puc. 9.

Oranl Dran2 Dran3 Dran4 Oran5 Oran6 Oran7 Oran 8
Stal 1 Stal 1 Stal 1 Stal 1 Stal 1 Stal 1 Stal 1 Stal 1
Stal 2 Stal 2 Stal 2 Stal 2 Stal 2 Stal 2 Stal 2 Stal 2
Stal 3 Stal 3 Stal 3 Stal 3 Stal 3 Stal 3 Stal 3 Stal 3
Stal 4 Stal 4 Stal4 Stal 4 Stal4 Stal 4 Stal 4 Stal 4
Stal 5 Stal5 Stal5 Stal5 Stal5 Stal 5 Stal 5 Stal 5
Stal 6 Stal 6 Stal6 Stal 6 Stal 6 Stal 6 Stal 6 Stal 6
Stal 7 Stal 7 Stal 7 Stal 7 Stal 7 Stal 7 Stal 7 Stal 7
Stal 8 Stal 8 Stal8 Stal 8 Stal 8 Stal 8 Stal 8 Stal 8
Stal 9 Stal 9 Stal9 Stal9 Stal9 Stal 9 Stal 9 Stal 9

HI/IXOTOMI/I'JGCKI/IG IIOJMHOXKECTBA
Ha KaXXIOM 3Tarie

Puc. 9. BocbMuUATAHBIH POIIECC KIACCU(PHUKAIINH Ha [BA JUXOTOMHUYECKHX TOJAMHOXKECTBA
(Ha xaxoM stane kiaccudukannu) [11]

ABToMaTHuecKkasi KjaacCU(UKAIKs TOJBKO JBYX MOJMHOXECTB ObLIa MPOBEACHA C MOMOIIBIO 0ojee MpocToit
MoJieNH (CO CIIOKHOCTBIO, COOTBETCTBYIOIICH KOJIUYECTBY UCIBITAHUI CTaNH, T. €. 66). Mcrnons30BaHHEI BOCEMb pa3
MpoIeCC TO3BOJHMII IOBBICUTH TOYHOCTh Kiaccupukamuu c¢ 80 g0 95 %. U3 mnepBoHA4YambHO BBIOPAHHBIX
12 npeANKTOPOB OCTAJIOCh TOJBKO 6 [12]. DTO MO3BOMWIIO CAENaTh MPOTHO3 C JOCTATOYHO MAJIOW OMIMOKOM, YTOOBI
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Mozenb Obula ToNe3HO#. KoMmmproTepHBIE MpOrpaMMbI MO3BOJSIFOT MPOTHO3HPOBATH, HAMPUMEp, IBE 3aBHCHUMBIC
MEPEMEHHBIC OJHOBPEMEHHO, HO IO TPUYMHAM, OIMHCAHHBIM BBIIIC, JYYIIUC PE3YyIbTaThl (MEHBIINE OIIHMOKHN)
MOJIy4alOTCA MPU HPOTHO3UPOBAHUU JBYX 3aBHUCHMBIX IMEPEMEHHBIX OTAENBHO, C MOMOINBIO JIBYX MOJENEH, XOTs
pe3yIbTaTH NOIYYal0TCs Ha OJTHOM M TOM e Habope JaHHBIX.

Mopuduxauusa BbIBoAa. PaccMoTpuM cilydail, Korza Ha HayaJlbHOM OJTale pacyeToB HE IOIYy4aroTCs
JOCTaTOYHO TOYHBIE TPOTHO3B WM Kiaccuukanuu. B nomomHeHne K ACHCTBHUSAM, CBSI3aHHBIM C JTaHHBIMA M
CJIO)KHOCTBIO B MHCTPYMEHTE MAIIMHHOTO OOYYEHHS, MCIOJH30BAHHOM BBIIIEC, MOXHO PAacCMOTPETH BO3MOJKHOCTH
TOWICKa JIPYTrod 3aBHCHMOH TepeMEHHON, TOW, Ha OCHOBE KOTOPOW MOXKHO OyNEeT BBIYHCIUTH CTPOTO 3aBHCUMYIO
MEpEeMEHHYI0, KOTOPYIO HeoOxomumo Haiitu. [lpw HeOOJBIIOM KONHYECTBE 3amuceil B 0a3e MAHHBIX 3TO MOXKET
YOPOCTUTH MOJIENb, YTO, B CBOIO OYepEllb, MOKET MOBBICHTh TOYHOCTH MPOTHO30B. ITOT 3(PdekT ObUT MCIOIB30BaH
B[31], rae mporHo3upoBaHHE C IOMOIIbI0 HMCKYCCTBEHHONW HEWPOHHON ceTH SBJSETCS JUIIb YacTbio Mpoliecca
MPOSKTHPOBAHUS cocTaBa cMmecd. Eme omHa mporeaypa, KOTopas MOXET YMCHBIINTH OMIMOKU IPOTHO30B, — 3TO
MPOTHO3 OTHOCHTEILHOTO 3HAYEHUS (BMECTO aOCONIOTHOrO 3HadeHHs). Ilpu onTmMuzamuu paboTel momenu B [12]
MPOTHO3UpYyeMasi 3aJepiKKa, BBIPAKCHHAs B JHAX, ObUIa 3aMCHEHA 3aJICPXKKOM, BEIPAKEHHOW KaK IPOIOPIUSI
KOJIMYECTBA JHEH 3aJepKKH K 3aIIJaHNPOBAaHHOMY KOJIHWYECTBY IHEH CTPOMTENHhCTBA. B yKa3aHHOM ciydae 3TO He
YMEHBIIIIO OMMOOK B MPOTHO3ax. Jpyras BO3MOXHOCTh M3MEHHUTH THI BBIBOAA (T. €. MPOTHOZUPYEMYIO 3aBUCHMYIO
MEPEMEHHYI0) — 3aMEHHUTh OJIHO YHCIIO HECKOJIBKMMHU 3HAUYEHMSIMH (YHKIWH NPUHAIUICKHOCTH, PACCUNTAHHBIX Ha
OCHOBE TEOpPHHM HEYeTKHMX MHOXecTB [32]. B [17] BMecTo KoimdecTBa THEH 3alep>KKH MOCTPOCHUS Ha BBIXOJC U3
HCKYCCTBEHHON HEHPOHHON CETH HCIIONB30BAINCH TPH 3HAUCHHS (PYHKIIMH MPUHAMIC)KHOCTH MHOXKECTBAM: HH3Kas
3aJiepKKa, CPEIHss 3a/epKKa W OobInas 3amepika. [locie yToOYHEHUs MPOTHO3UPYEMBIX 3HAUCHHH OKa3ajaoCh, UTO
OIIUOKK MPOTHO3a OBUIM MEHBIIE, YeM TPU IMPOTHO3HPOBAHWU KONUYECTBa JHEH 3amepxkku [12]. To ke camoe ObLIO
HIpeanpuHsTO B [33] MyTeM MPOTHO3MPOBAHUS 3HAYCHUHN ()YHKIIMU MPHHAIIC)KHOCTH HAa TICPBOM 3Talle BHIYHCICHUH, U
TOJILKO Ha BTOPOM 3Talle HA OCHOBE 3TUX IPOTHO30B CIyYad OBLIM pa3felicHbl Ha TPU MOAMHOXecTBa. OIHAKO B 3TOM
cilydae IpsIMO€ UCIIOIb30BaHUE UCKYCCTBCHHOW HEHPOHHOM CETH B KQYECTBE KIIACCH(HUKATOPA MPHUBEIO K MOBHIIICHUIO
TOYHOCTHU Knaccn(bnxaunn.

I'mOpuanbie uHcTpyMeHThl. [Ipm HEOONBIIOM KOMWYECTBE KeWcOoB B 0a3e MaHHBIX HCIOIb3yEeMbIH
HWHCTPYMEHT MaIIMHHOI'O OGy‘IeHI/IH HE MOXET 6I)ITI) OYCHb CJIOKHBIM, ITIOCKOJIBKY CJIHMIIKOM Majlo KelicoB JJIsA
YCHEIHOTO 00y4YeHHs MoJienn. [ mOpuaHbIe MOAETH MOTYT OBITH CPEJICTBOM OT CIIMITKOM OOJIBITION OIMMOKK MPOTHO3a
WJIM CIUIIKOM HU3KOW TOYHOCTH Kiaccuukaruu. BMecTo 0HOTO CI0XKHOTO MHCTPYMEHTA HMCIIOJIB3YIOTCS JBa Ooee
mpocThIX. B BeImeymoMsiHyTOM mpuMepe [17] mpuMeHeHre TeOpHHM HEYETKUX MHOXKECTB (PaKTHUSCKU JO00aBISIECT K
MOJIEJIU JIBa DJIEMEHTA, KOTOPBIE MOKHO MTPABHIIBHO «HACTPOUTH». CXeMa Mojienu npeacTasieHa Ha puc. 10.

Pacnpenenenne | ( \
[QHHBIX
2 Obyuenue HeipoceTn
TIPOTHO3Y ITpoBepka BBISBICHHBIX
3-X MepeMeHHBIX pe3yabTaToB
(npeobpasoparh » dyHKHK JUISL KOPPEKTHPOBKH
KOHKPETHOC 3HAaYCHUEC HNPHHAUICKHOCTH
B 3 nepeMeHHbIX
(yHKIIH
NPHHAUICKHOCTH) ‘
\
Puc. 10. Tpu monyns HelipoHedeTkoit monenu [17]
IlepBoIit MOOyNb — 3TO MPeoOpa3oBaHME TOYHBIX YHCENT B 3HAYCHHS TPeX (YHKIHNA MPUHAIICKHOCTH.
Bropoit — HacTpouTh ceTh ISl MPOTHO3UPOBAHMS 3TUX TpPEX 3HAYCHUH C HAWMEHBINCH OINMOKOW, a TpeTHd —

MTOBBICUTH TOYHOCTh TOJYYCHHBIX IPOTHO30B J0 TOYHBIX HH(p. Omepanuu B KaXIOM H3 3THX TPEX MOIYJIEH MOTYT
BEITIOJTHATBCS  [M0-Pa3HOMY, TO3TOMY I MOJACTHPOBAHWS 3aBUCHMOM IEPEMCHHOH MOXKHO HCIOJIB30BaTh TPHU
HHCTPYMEHTA, a HEe TOJBKO CaMy MCKYCCTBEHHYIO HEHpOHHYIO ceTh. ECTh MHOTO IpHUMEpOB, KOTJa THOPHIHBIE MOJIEIH,
TO ecTh T€, B KOTOPBIX 00jee OAHOTO MHCTPYMEHTA MCIOJIB3YIOTCS COBMECTHO, IAIOT Oojiee TOYHBIE HMPOTHO3BI, YeM
Mojenu ¢ onHuUM HHCTpyMeHToM [34-35]. TloaTomMy mpu aHanmu3e pe3yibTaTOB HCCIEIOBAHUNA CTOUT PacCMOTPEThH
BO3MOKHOCTh HCIIOJIB30BAaHUSI HHCTPYMEHTOB MAIIMHHOTO OOYYeHHS BMecCTe C JAPYIrUMH MAaTeMaTHYeCKUMU
HHCTPYMEHTAMU.
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H3BjeyeHHe NPOBEPOYHOr0 MOAMHOXKecTBa. [l OOyYeHHUS WCKYCCTBEHHBIX HEWPOHHBIX CceTed u3
CYIIECTBYIONICH 0a3bl NaHHBIX BBIACISIOTCS TPHU TOJAMHOXKECTBA, COACPIKAIINC KaK HE3aBUCHMEIC, TaK U 3aBUCUMBIC
MepeMeHHbIe: 00ydYeHHe, TeCTUpOBaHHE M mpoBepka. OOyuaromiee MOJMHOXKECTBO HCIONB3YeTCS JUIS OOyUYCHHS
HHCTpYMEHTa. DTOT HPOLecC MPOA0IDKAETCS 10 TeX 1op, moka MSE He mepecTaHeT yMeHbIIAThCSI B TECTOBOW BHIOOPKE,
3aTteM Tpolecc OOydeHMs] ceTH ocTaHaBinuBaeTcs. JlanmbHeilliee oO0ydeHHE CETH MOIJIO Obl MPHUBECTH K JIydIEMY
COTJIACOBAaHUIO MHCTPYMEHTA C OOYYaIOIIMMH JaHHBIMH, HO BO3MOKHOCTH 00O0O0IIEHHs OBIIH OBI MOTEPSIHBI (OMIHMOKH
MSE nnst TecToBOW W TPOBEpOYHON BBIOOPKHM Obutn Obl HamHoro Beime) [30]. Takoit 3ddexT, Ha3pIBaeMBbIii
nepeo0ydeHneM HCKYCCTBEHHOW HEHPOHHOM CETH, CXeMaTHIHO TIOKa3aH Ha puc. 12.
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Puc. 12. CxemaTnyeckoe n3o0pakeHue nepeodydeHnss HCKYCCTBEHHOI HEHPOHHOH ceTH
Y TIPaBUJIBHO 0OHapyx)eHHoro Tperaa [30, 31]

[TonMHOMXECTBO BaNMOAIIMM HWCIONB3YeTCsl UL OLEHKH KadecTBa MPOTHO30B MM KIACCH(PHUKAINU. DTH
HaOOpHl HE3aBHCHMBIX TEPEMCHHBIX W 3aBHCHMas IIEPEMEHHas HEe BUAAT CeTh B Ipolecce oOydeHms. [loatomy
MPOTHO3bI (WJINM KiacCU(UKAIMK) AealoTCs JJIsi IPOBEPOYHOTO MOJMHOXECTBA, M IIyTeM CPAaBHEHUS! C M3BECTHBIMU
3aBHCHUMBIMH IIEPEMEHHBIMH MOTYT OBITh BBIYMCIICHBI OIIMOKH, ONMHMCAHHBIE B MPEABIAYIINX pasaenax. OdeHb BaXXHO
yKa3aTh, K KaKOMY IIOJIMHOKECTBY OTHOCHUTCS BBIYMCIIEHHash ommOka. OOUH W3 METOJIOB OLEHKH TOTo, He
nmepeo0Opy/I0BaH M HHCTPYMEHT, — 3TO CpaBHEHHE ommbok (uamre Bcero MSE) i BBINICYMOMSIHYTBIX TpeX
MOJMHOECTB, OHHM JOJDKHBI OBITh Ha aHaJOIMYHOM ypoBHe. SIBHO Oosee Huskas MSE mis oOydvaromiero
MOIMHOKECTBA MOXKET yKa3blBaTh Ha TmepeoOydeHHWe, a sBHO Oomee Bbicokas MSE — Ha HeCOBEpPIICHCTBO
HHCTpyMeHTa. SIBHO Oonee Hm3Kkas MSE mnsg TecToBoif M mpoBepOYHON BBIOOPKH IMpENnojaracT HEOOXOIUMOCTh
BEIOOpa JAPYrHX HapaMeTPOB HCKYCCTBEHHOH HEWPOHHOW CETH WM APYTUX 3aBHCHUMBIX IIEPEeMEHHBIX (W Hake
JPYTOTO WHCTPYMEHTA).

Juis Gompmmx 6a3 MaHHBIX MOIXOAUT CIyYaiiHOE pa3/elieHHe JaHHBIX Ha TPU NOIAMHOXKECTBa. B nmTepaTtype
BCTPEYAIOTCS MPEUIOKEHUS O TOM, YTO HPOIOPLUH pa3Mepa dTUX HOAMHOXECTB JJOJDKHBI ObITh B uarnazone 60:20:20—
70:15:15 (mpemomaBaTenb: TecT: mpoBepka) [36—37]. Hdns HeOompmmx 0a3 MaHHBIX CIy4alHBIA BBIOOP MOIXOIUT
TOJIBKO B TeX Clly4asx, KOTJa pa3MuHble AWana3oHbl 3aBHCUMOM NEpeMEeHHOW (WM Kiacca IS KIacCU(HUKAIIN)
OJIMHAKOBO YMCIICHHO Mpe/ICTaBJIeHbI. Yalle Bcero 3To yCJIoBHe He BHINOIHsAETCs. Toraa 06110 ObI XOpoIo o0ecrednTsb
Takoe cOanaHCHPOBaHHOE NPEJICTaBICHHE BO BCEX TPEX MOAMHOXECTBax. Takas KOHTponupyemas pa3OuBKa JaHHBIX
ucnone3oBairace B[11,25]. B[l1] w3 66 wucneltanmii ctamd ogHa Mapka (5 UCHBITaHWI) OBUTA HaUMCEHEE
MHOTOYHCIICHHOW, a Mapka ¢ 12 ucmplTaHusIMEH — caMoii MHorouncieHHoW. [Ipu ciaydaifHOM BBIOOpE TECTOB IS
MTOJTMHOKECTB MOTJIO CITy9UTHCS TaK, YTO B 00YYArOIIYIO TOATPYIITY HEe OBUTO BKIFOUYEHO HU OJHOTO TecTa KaKoi-mrubo
MapKe CTalHW, 4YTO, HECOMHEHHO, IIOMemaso OBl ero aBTOMAaTHYECKOMY pacmo3HaBaHuio. B [25] wu3
249 mpoaHaTM3UPOBAHHBIX /€T TOJNBKO JEBSITh, [0 MHEHHIO aBTOPOB, CIIEAyeT OTHECTH K KaTerOpUH «BechMa
BEpOSITHBII croBopy. [locne pasnena Habopa JAaHHBIX HA MOJIMHOXKECTBA YETHIPE M3 ITHX IMPOLEAYP OblIM Ha3HAUEHBI
00y4JaromyMHy, 0JJHa — TECTOBOHM M YEThIpe — MPOBEPOYHBIMU. biaromaps 3Toil mpoueaype Tpu U3 4EThIpeX MpoLeayp
13 Habopa JUIsl BaJIMJIAlH MOTYT OBITh IPAaBUIILHO KJIACCU(HUIIUPOBAHBI.

B monbckoi M aHTIOA3BIYHONW JNUTEpaType MOXKHO HAWTH MPHUMEpPHI TOTO, YTO aBTOPBI HCIOJIB3YIOT TOJBKO
KOHLETIIUH 00ydYaroliero Habopa JaHHBIX, TECTOBOTO Habopa JaHHBIX. BeposiTHO, 3TO MPOMCXOAUT MO ABYM MPUYHNHAM.
Hekotopeie KOMITBIOTEpHBIE IPOTPAMMBI IIOJNHOCTBIO (0€3 BMEIIATENBCTBA II0JIB30BATENsl) KOHTPOIHMPYIOT, HE
nepeoOopyIoBaH JH HHCTPYMEHT. 3aTeéM W3BJICKAECTCS TOJNBKO MPOBEpOUHBI Habop (MO0 myTeM yKa3zaHHS ero
KOJIMYECTBA WM MPOIEHTHOH MOJH B OOUIMX NaHHBIX, TUOO ITyTeM BBEIOOpa 3ammcei, KOTopble OYyIyT MCIIONB30BaTHCS
JUTSA TIPOBEPKH). B 3TOM cirydae IOIMHOKECTBO MPOBEPKH YaCTO HA3BIBAIOT IIOJAMHOKECTBOM TECTOB. BTopast mpuunHa



Xyoepm Anvuu. Ilpumenenue uncmpymennog MauiunHoz0 00yueHUs U UHMeN1eKmyanbHblil AHANU3 OAHHBIX 6 OMHOWEHUU a3 OaHHbIX

3aKJII0YaeTcsl B TOM, YTO HEKOTOpPhIE MHCTPYMEHTHI MAIIMHHOTO OOydeHMs (HAampUMep IepeBbsl KiacCH(HKAIIUH,
nepebs C&RT®) 3ammmens! 0T nepeobyueHns APYruM CHOcoOG0M, Hexenu KOHTpomb MSE i TecToBOi BBIGOPKH.
KadecTBO 3TMX HMHCTPYMEHTOB MOYHO IPOBEPUTH C MOMOLIBIO TECTOBOIO MOJMHOXECTBAa (TOYHO TaK e, Kak
MTOIMHOKECTBO BaIMIAINK — HE YJ9acTBYS B Iporiecce oOydeHus HHCTpyMeHTa). OOBIIHO yXe IpH YTeHUH padoT 1o
MAaIIMHHOMY OOYYEHHIO CTAHOBUTCS SICHO, OBIIIM BBIICJICHBI ABA WJIM TPU TOAMHOXXECTBA JAHHBIX, IOTOMY Pa3IHIHAsSL
HOMEHKJIaTypa Habopa, UCIOIb3YEMOT0 ATl OLICHKH KauecTBa pabOoThI, HE SIBISIETCS MTPOOIEMOH.

IIpoBepka kadecTBa Mojedu. ba3pl NaHHBIX ¢ HEOONBIIMM KOJIMYECTBOM 3aIUCEH, HCIIONB3yeMBIE IS
MIOCTPOEHHS MOJENN Ha OCHOBE MAIIMHHOTO OOYYEHHMs, JENA0T MOJENIb MEHEE YCTOHUMBOH (T. €. JAIOT CYIIECTBEHHO
pasHble OIIMOKM) IPH 3aMEHE 3amuceil MeXay HMOAMHOXeCTBaMH (0OyueHHe, TeCTHpPOBaHHME W IpoBepka). UToObI
y3HaTh, padOTAET JIM TOCTPOESHHASI MOIEb XOPOIIO TOJIIBKO C ONPEAEICHHBIM pa3Jie/IecHNeM JaHHBIX Ha ITOJMHOKECTBA,
€e CJIeIyeT 3allyCTUTh Ha PaHAOMU3NPOBAHHBIX MOAMHOKECTBaX. Mconb3ys peiosKeHuns 110 MPOTIOPIMH Pa3eIeHuUs
JaHHBIX, UX MOXXHO IOJENUTH Ha 5—7 NOAMHOXECTB, U MPOLECCOB NOCTPOCHUS MOJIETH TOJDKHO OBITH BBITOJHEHO Kak
MOJKHO OOJbIIe, TaK YTO Ha KaXIOH HTepauuu OyAeT NpOUCXOAWTh oOydyeHue. Takas mpoBepka KauecTBa MOJIEIH
Ha3bIBACTCSl IEPEKPECTHON NPOBEPKOM (Ha AaHTJIMHCKOM S3bIKE HAOOpPBI JaHHBIX IIPH TEPEKPECTHOH IIPOBEPKE
Ha3bpIBafOTCs «cBepTkaMm»). Ommbkn MSE mmn MAPE 3atem ycpenustorcs. Ecmu, omnHako, B kakoMm-nrbo Habope
JAHHBIX OMIMOKH 3HAYUTENBHO OTKJIOHSAIOTCS OT CPEHEro 3HAUEHHUS, CIEIyeT HOUCKATh IPUIUHY ITOTO.

HeszaBucumo ot pasmepa 0a3bl JaHHBIX OLEHKY OMIMOOK TAaKKE CIEIyeT paccMaTpHBaTh 4Yepe3 MPH3MY
MIOJIE3HOCTH Pe3yNbTaToB. IIPOrHO3BI C OTHOCHUTENBHO OOJBIIMMH OHIMOKAMH, SIBICHHS, KOTOPBIC HEIB3sl TOYHO
OIHCaTh, MOTYT OBITH OYEHB MOJE3HBIMU U CUNTATHCS BaKHBIMH. C APYTroi CTOPOHBI, IPOTHO3BI ¢ Temu ke MSE min
MAPE npyroro siBieHnst MOTyT HE JaTh Kakoi-mn0o HOBOW nH(popMannu 00 u3ydaemMoM siBieHuu. IloaToMy, moMumo
YHCIIOBBIX 3HAYEHUH TOYHOCTH NPOTHO3a WM TOYHOCTH KJIACCH(HKALMK, Ba)KHO CCBUIATHCS HAa CaMO H3ydaemoe
SIBJICHUE.

Taxoke Ba)KHO IPOBEPUTD, HE ObLIa JIM OCTPOEHA APYTasi MOJEINb JUIS paHee U3y4eHHOTo siBieHus. Ecin na, To
CCBUIKa Ha 3TH INPEIbIAYIINE HCCIIENA0BaHUS (OTHOCHTEIHHO YPOBHS IOJYYEHHBIX TaM OLIMOOK) TaKKe IOJATBEPIHT
Ka4€CTBO HOBOI'O MaTCHTOBAHHOTO PCUICHUA. Ecnu Takue MOZECIN PAaHEEC HE CO3AaBAIMCh, MOKHO ITPOBEPUTH KAY€CTBO
HOBOTO pEIIEHHs], CPAaBHUB PE3yIbTATHI C TOpa3no Ooiee mpocToi MoAenpio (HampuMep, Ha ocHoBe Microsoft Excel ¢
HajcTpoiiko Solver).

CyliecTByeT BOIPOC, Ha KOTOPBIH MOKa HET YETKOrO OTBETAa: O3HAYAET JIM HEOOJBIIOE KOJHMYECTBO HAOOPOB
JAHHBIX, YTO MOJYYCHHBIE IIPOTHO3bI, KIacCU()UKAIMU M TPaBWIA ACCOLMALNN HEaKTyalbHbl (MMEHHO H3-3a HX
HeOombIIoro KoJmdecTBa)? Hampumep, CIOKHOE W CTPOTOE MPaBWIO CO CleAyromuMua uHAekcamu sup = 0,01,
conf =1, lift =100 nns 6a3p1 panseix ¢ 10000 3amucsMU  O3HAYaeT, YTO KaXKAbIH pa3, Korja KOHKPETHBIN
npeaniecTBeHHUK BeTpevaercst 100 pa3, ykasaHHBIH NpeaIIecTBEHHUK Beerna (sic!) siBisercs mocienytomum. To xe
mpaBuio A 6a3sl gaHHBIX u3 100 3ammcei o3HawaeT, 9TO OBUT TONBKO OJWH YHHUKAIBHBIA CiTydail, KOTJa yKa3aHHBII
IpEAIICCTBEHHUK UMET MECTO. 3arem ero COITPOBOX AT KOHerTHBIﬁ IMPECEMHHUK. B OOHOM cCJiy4a€ HCJIb3d OBOPHUTH O
mpaBuje, HO MOXHO O ciydae (cmydaiiHoctr). OnHako, Haxke I HeOonbIIoi 6a3bl JaHHBIX (HAaIpUMep, cO
100 3anucsamu) npasuio 100-IpOLIEHTHONM TOCTOBEPHOCTH, TOMJICPKUBAEMOE TPEMSI CITydasiMH, MOXKET Y)K€ YKa3bIBaTh
Ha TIOBTOPSIEMOCTH (TPH YCIOBHH, YTO TPUpPAIIEHUE AJISl 3TOTO IIpaBuiia O0bIe eTUHUIIB).

CymecTByloT HeOoipmme 0as3pl JaHHBIX OOBIYHO MOTOMY, YTO OHHM Majbl CaMH IO cede, IOTOMY 4TO
TIOJITOTOBKA OoJiee KPYITHBIX JOPOTOCTOSIIAst, TPeOyeT O4eHb MHOTO BPEMEHH, OHH K TOMY K€ MOTYT OBITh CIIE€JCTBHEM
MIPUPOJIBI SIBJICHUS (HAapHMeEp, OrPaHNYEHHOE KOJIMYECTBO OOBEKTOB, MIOCTPOCHHBIX OJHOHM M TOH e KommaHwueil). B
pearbHOCTH 3TH 0a3bl NAHHBIX HE MOTYT OBITh pacUIMpeHbl (B HECKOJBbKO a3 MM B HECKOJIBKO IECATKOB pas).
W3zyyenne takux 0a3 JaHHBIX IIPU COOJIOJICHUH YCIIOBHH, ONMCAHHBIX B ATOM IJIaBe, MOXET IMPUBECTH K IOSIBICHUIO
HOBBIX, TIOKa He 0OHApy)KEHHBIX 3aBUCUMOCTEH. IlocTpoeHHbIe, MPaBUIBLHO (YHKIMOHHUPYIOMINE MOIETH MOTYT OBITH
HEMPUMEHUMbI HAMPSIMYIO K APYTHM MOJOOHBIM SBICHHUSAM, HO OHU MOT'YT 3((EKTHBHO yKa3bIBaTh Ha METOJbI TOUCKA
00IIMX B3aMMOCBsI3EH B ClTy4asix, KOT/Ia KOJIMYEeCTBO HAOOPOB JaHHBIX 3HAYUTEIHLHO OOJIbIIE.

YHUKaNnbHBIE IpaBujia acColali WJIM HEOXUAAHHBIC aBTOMAaTUYCCKUC K.TIaCCI/I(l)I/IKaI_[I/II/I TaKKXE€ MOryT
yKa3bIBaTh Ha 00JIACTH, Ha KOTOPBIX CIEAYET COCPEAOTOUUTD AalbHEHIIIE HCCIIEI0BaHUS OMUCHIBAEMBIX SIBJICHHM.

3akaouenne. OOcyxaaemMple B CTaThe NMPOOIEMBI M BOIPOCHI, CBSI3aHHBIE C MOMCKOM B3aMMOCBSI3EH MEXIY
MHOTOMEPHBIMH BXOJHBIMH M BBIXOJHBIMH IaHHBIMHM, INPEJCTaBJICHbI B HEOOJBIIOM KOJHMYECTBE ciydaeB. JlaHHas
paboTa MO3TOMY HE MOJKET SIBIATHCS HCUEpHBIBAOMMM 0030poM 1o Teme. OO0BeM CTaThH W OTPAaHWYEHHBIH OIBIT
aBTOpa B MPUMEHEHUH METO/I0B MAIlIMHHOTO O0YUeHMSI M MHTEIUIEKTYAJIbHOTO aHAJIN3a JaHHBIX HE TO3BOJISIOT ONUCATh
OOJIBIIMHCTBO HCIIOJIb3YeMbIX MeTOJO0B. IIpobimeMbl mpu pacyerax (B OCHOBHOM Ha HEOOMbIIMX 0a3zaX JaHHbBIX),
coacpKamuecss B YIOMAHYTBIX B TCKCTC pa60Tax, U UX PCIICHUA CUCTEMATU3UPOBAHLI TaKUM O6p330M, ‘-ITO6I)I

® StatSoft. Internetowy Podrecznik Statystyki. URL: https://www.statsoft.pl/textbook/stathome.html (accessed 20.07.2020).
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coONroIaach IOCICIOBATEIBHOCTh JICHCTBHUIA: OT MOATOTOBKH 0a3bl JaHHBIX IO pPAacdeToB, JO OOCYXICHUSI
pe3ynbTaToB. HEBO3MOXKHO YETKO yKa3aTh, CKOJIKO 3amuceil B 0a3e JaHHBIX MOXKET CBUACTEIBECTBOBATH O «MAaJIOW»
win «OombIIoi» 0aze maHHbIX. OJHAKO MOXHO CKa3aTh, YTO JUIT A(PQPEKTHBHOTO HCIOIb30BAHUS WHCTPYMEHTOB
MAIIMHHOTO OOYYEeHHS WM HHTEUIEKTYalbHOTO aHAIW3a IaHHBIX TpeOyeTcs KaKk MHHHMYM HECKOJBKO IEeCATKOB
3ammcei. [IpuMeHssI COOTBETCTBYIOIINE TPOLEAYpPhl (pa3paboTKa BXOMHBIX JAHHBIX, HOCTPOCHHE MOMAETEH), MOXKHO
MIPUMEHSTH 3TH MHCTPYMEHTHI /ISl YCHEITHOTO MOJICIUPOBAHIS M U3YUICHHUS SBICHUH, OMMUCAHHBIX BCETO B HECKOJIBKHUX
JecaTkax ciaydaeB. Ha ocCHOBe MPOBEICHHBIX pacueTOB BO3MOXKHO CIIENATh HAaJSKHBIN BBIBOJ.
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Introduction. This paper studies the capability of different types of artificial neural networks (ANN) to predict the modulus
of elasticity of pavement layers for flexible asphalt pavement under operating conditions. The falling weight deflectometer
(FWD) was selected to simulate the dynamic traffic loads and measure the flexural bowls on the road surface to obtain the
database of ANN models.

Materials and Methods. Artificial networks types (the feedforward backpropagation, layer-recurrent, cascade back-
propagation, and Elman backpropagation) are developed to define the optimal ANN model using Matlab software. To
appreciate the efficiency of every model, we used the constructed ANN models for predicting the elastic modulus values for
25 new pavement sections that were not used in the process of training, validation, or testing to ensure its suitability. The
efficiency measures such as mean absolute error (MAE), the coefficient of multiple determinations R?, Root Mean Square
Error (RMSE), Mean Absolute Percent Error (MAPE) values were obtained for all models results.

Results. Based on the performance parameters, it was concluded that among these algorithms, the feed-forward model has a
better performance compared to the other three ANN types. The results of the best four models were compared to each other
and to the actual data obtained to determine the best method.

Discussion and Conclusions. The differences between the results of the four best models for the four types of algorithms
used were very small, as they showed the closeness between them and the actual values. The research results confirm the
possibility of ANN-based models to evaluate the elastic modulus of pavement layers speedily and reliably for using it in the

structural assessment of (NDT) flexible pavement data at the appropriate time.

Keywords: asphalt pavements, artificial neural networks (ANN), falling weight deflectometer (FWD), backpropagation

network, nondestructive test (NDT).
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Beseoenue. JlanHas cTaThs MOCBSIIIEHA UCCIIEIOBAHNIO CIOCOOHOCTH MCKYCCTBEHHBIX HEHPOHHBIX CETEH Pa3MYHBIX THUIIOB
MIPOTHO3UPOBATH MOJIYJIb YIPYTOCTH CIOEB HEXKECTKUX JOPOXKHBIX OJCXK/] B YCIOBHAX SKCIUTyaTaluy. J{1s MoeTMpoBaHus
JTMHAMHYECKNX HAarpy30K JOPOXKHOTO JIBIMIKCHHUSI M M3MEPEHHMs Yalll IIPOrnO0B HAa MOBEPXHOCTH MOKPBITHS [UIS TTOTYICHUS
6a3p1 nanHBIX Mojeneit MHC Oplta mcmonb30BaHa ycTaHOBKA ynapHOTo Harpyxerus FWD.

Mamepuanvt u memoost. brumn pa3paboTaHBl THIBI HWCKYCCTBEHHBIX HEHPOHHBIX ceTel (ceTedl oOydaromuxcs I1o
MIPUHINITY TPSMOTO 0OPaTHOT'O PACHPOCTPAHEHHS], TOCIOHHOTO PEKYPPEHTHOTO PACHPOCTPAHEHHS, KACKaIHOTO 00OpaTHOTO
pactpocTpaHeHHs ¥ OOpaTHOTO pacHpOCTpaHEHHWs OiMaHa) Uil OmpeleNeHus ontuMmanbHoi Momenu WHC ¢
UCIIONIb30BaHUEM IporpaMMHOro obecriedenust Matlab. UroObl oueHHTh S(GQPEKTUBHOCTH KaKAOW Mojaenu ObuTH
UCIIOJIb30BaHbI pazpadoranubie Moaean MHC s nmporno3upoBaHus 3HAYSHUH MOYJISl YIPYTOCTH IS 25 HOBBIX y4aCTKOB
JIOPOKHBIX OJIEK, KOTOPBIE HE MCIOJIB30BAIKCH B ITpOIlecce 00y4YEeHNUs, IIPOBEPKU I TECTHPOBAHMUS, YTOObI YOSAUTHCS B
uX MpurogHocTH. Jlist Bcex pe3ynbTaToB Mojelel ObUIM IMOJyYeHbl Takue IMokazaTeldd 3()(EKTHBHOCTH, KaK CpEIHss
abcomornas ommboka (MAE), kospguuuent nerepmunarmu R’ cpennexsaapaTuueckas ommbka (RMSE), 3Hauenus
abcoumoTHas nporeHTHas ommoka (MAPE).

Peszynomamut uccnedosanun. Vicxons n3 mapamerpoB 3GQGEKTUBHOCTH, OBUIO CHAENAHO 3aKIIOYEHHE, YTO CPEAM 3THX
ITOPUTMOB MOJIENIb PACTIPOCTPAHEHMS MPSIMOM CBA3M OOJIQIAaeT JIydIIell IPOU3BOANTENLHOCTHIO TI0 CPABHEHHIO C TPEMs
npyrumu tanamu MHC. PesynbraThl dWeThlpex Jydminx MoJeNeld CpaBHUBAINCH JAPYr € APYIOM M C PEIbHBIMH
TIOJTYYCHHBIMHU JaHHBIMH IS OTIPEJIENICHNST HanOoJIee OAXOAIIET0 METO/a.

Oobcysrcoenue u 3akniouenus. Paznuuuss Mexny pe3yiabTaTaMHM 4YeThIpeX Jy4YIIMX MOJeNel s YeThIpeX THIIOB
UCIIONIb3YEMbIX aJrOPUTMOB OBLIM OYEHb Mallbl, TaK KaK OHHU IOKa3alu OJNM30CTh MEXIY HUMH M (aKTHUYECKUMH
3HaueHHUsIMH. Pe3ynbTaThl MCCIEAOBaHUS MOATBEPXKIAIOT BO3MOXKHOCTH Mojnenieil Ha ocHoBe MHC ObicTpo M HanexHO
OIIGHUBATh MOJYJb YHPYTOCTH CJIOEB JOPOKHOTO MOKPBITUS JUIS €ro HCIOJIb30BaHMA B CTPYKTypHOU oueHke (NDT)
HEYKECTKUX JIOPOIKHBIX OJIEKI.

Knrouesvie cnosa: achaibToBble TOKPBITHS, HCKyccTBeHHBbIE HelipoHHble cetn (MHC), nediexkromerp manaromero Beca
(FWD), ceTb oOpaTHOTO pactpocTpaHeHus, Hepa3pymmatomniwii Tect (NDT).

Jna yumuposanus: Emuamu, M. M. M. OneHka MOAyJsl yIPYroCTH CJIOEB JIOPOKHOTO TOKPBITHS € HCIOJIb30BAaHUEM
pa3IHYHBIX THUIOB Mojenell HelpoHHBIX ceredt / M. M. M. Emmawmu, A.H. TuparypsH, E.B. Yrmosa // Advanced
Engineering Research. — 2021. — T. 21, Ne 4. — C. 364-375. https://doi.org/10.23947/2687-1653-2021-21-4-364-375

Introduction. All pavement roads will deteriorate over time, regardless of how well designed or constructed [1].
Deterioration of the pavement is affected by traffic volume, climate condition, building quality, layers thickness and the
efficiency of earlier rehabilitation and treatment plan. Usually, the pavement condition stays good in the first 50-75 % of
service life and the processes of deterioration progress slowly. The degradation processes make rapid progress once the
pavement status is decreased [2, 3]. Proper maintenance or repair activities may slow down or reset degradation processes if
utilized at a suitable time.

The structural condition of pavements can be evaluated using non-destructive surface deflection testing; impulse
load devices such as Falling Weight Deflectometer (FWD) and Heavy Weight Deflectometer (HWD). It is the most
frequently used measuring instrument for this objective. Based on the measured pavement responses in deflection tests,
material layer modules can be estimated using back-calculation [4, 5].

The FWD load tests simulate traffic characteristics such as type, volume, and time of vehicle loading correctly.
These devices apply an impulse load (P) through a mass in free fall on a circular plate with a cylindrical rubber buffer
mounted under the falling weight system [6, 7]. The device records the vertical pavement deformation using different
sensors located at various distances from the centre of the loading circle [8, 9], as shown in Figure 1. The maximum
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displacement is known as the peak deflection, which occurs under the loading point. Traditional methods use the highest
values of FWD deflections to back-calculate linear elastic modulus for each layer of pavement [10].

Falling weight
! Sensors
//\ \ 4 \
/ VA ! \ / & \\ﬂ
b v v Ly T— Ly
' ' ' ' ' ' e
.D2D3 ' L. T
- P - ~< pavement
~ o —" T~— deflection bowl

~

™~ Sensor deflection

Fig. 1: Pavement deflection according to FWD testing

During the past few years, it has been observed that the pavement administrations use new and different methods of
collecting and processing data for road maintenance [11]. Due to the rapid development of information technology and
artificial intelligence, there have been multiple opportunities for implementation in developing pavements management
systems.

More effective ways to address the problem of specifying (complex, non-linear, multivariate) parameters should be
considered. ANN is one of the artificial intelligence techniques that provide solutions to classification and regression
problems. It is known as one of the best techniques for data mining tasks. It has a framework for different machine learning
algorithms to perform together with data inputs. ANN learns how to predict the output from a set of attributes. The
algorithm learns to forecast during the training process, which must include data with a large domain, to avoid a problem of
falling the expected data outside that range, which affects the validity of the results [12]. In addition, the frequency of
sampling should be sufficient to learn correctly. It has been observed from a lot of research that ANN provided good
accuracy in pavement performance prediction. The goal of ANN is to find solutions to problems in a similar manner that a
human brain does [13].

In 2004, the authors submitted a formulation for the reverse calculation of the pavement layer modules using
artificial neural networks (ANN). The research has shown that the proposed ANN method needs considerably less time
computed than other methods such as layered elastic theory, equivalent layer thickness (ELT), and finite-element methods,
respectively. The ANN is used in simulation at a high rate because it can learn complex nonlinear relationships [14].

Halil Ceylanet and the contributing authors (2008) developed back-calculation models based on artificial neural
networks (ANNSs) for predicting the elastic modulus of the Portland cement concrete (PCC) layer and the coefficient of
subgrade reaction for the pavement foundation. ANN-based models have been trained to estimate the layer modules with
deflective basin data (FWD) and the pavement structure thickness. The research indicates that the ANN models can predict
the rigid module of paving layers with high precision [15].

More studies were conducted on the development of more accurate and effective models with algorithms of
optimization and hybrid systems [16—19].

G. Beltran and the contributing authors (2014) collected data from field tests to recalculate layer models by
artificial neural network models. The results proved the efficiency of the ANN models in calculating the pavements
parameters [20].

Maoyun Li and Hao Wang built a model for calculating the elasticity modulus for flexible pavement layers using
both the genetic algorithm and the artificial neural network system based on the falling weight deflectometer data. The
results of the ANN-GA model showed reasonable accuracy with the data registered in the LTPP test database, where there
were no big differences between the predicted values of the elastic modulus for the asphalt surface layer and the registered
in the LTPP data [21].

In this investigation, several analyses were performed to define the best possible architecture along with learning
rules and the type of the ANN model to increase the forecasting capabilities of ANNs. The used database includes wide
ranges of deflection values obtained from impact load tests conducted on existing three-layer pavement systems on the
roads network by the State Company Russian Highways from 2014 to 2018. It was utilized as an experimental basis for
training artificial neural network models.
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Materials and Methods

The properties of the used sections.

In Table 1, the acceptable limits of the pavement layer parameters used in building models are mentioned for
calculating the elasticity modulus for the pavement layers (surface, base, and subgrade).

Table 1
Limits of geometries and properties of materials for pavement sections
Material type Layer thickness (mm) Poisson’s Ratio Layer elastic modulus (MPa)
Asphalt Concrete T(AC)=190 : 220 V=0.35 E;=900 : 4500
Base-layer T(B)=350:460 V=0.35 E,=80:500
Subgrade-layer T(S)= V=0.35 E;=40:150

Back-calculation models based on ANNs approach.

In this work, we used the back-propagation algorithm function to solve the problem of the nonlinear function
mapping, where it has high efficiency between ANN algorithms [22-25]. Furthermore, ANN networks of this type are
defined as the neural networks of multilayer feed-forward. The traditional architecture of artificial neural networks is
preserved in this algorithm. The structure of this algorithm consists of inputs and outputs represented by neurons, and
between them, there are connections used to transfer the weights given to each cell according to its effect. The back-
propagating algorithm is characterized by its ability to change the neuron weights to reduce the differences between the
goals and the output values of the algorithm using the error reduction technique [26]. The final set of node biases and
connection weights is known when the error rate is reduced to permissible limits [27].

The network is trained by different algorithms with the training dataset.

— Feed-Forward Model

The feed-forward network involves at least three layers (the input layer, the hidden layer, and the output layer), and
it may increase to have more than one hidden layer according to the network needs. As it is clear from the name of the
network, the information has one direction from the input to the hidden layer and then to the output layer, as in Figure 2.

— Layer Recurrent Model

The structures of the recurrent neural network and the feed-forward network are similar, but the recurrent neural
network is unique in that there is a specific feedback loop to each layer in the network except for the last layer, as shown in
Figure 3. This feedback loop permits the network to have an unlimited dynamic reaction to incoming time series data.

— Cascade Forward Network Model

The Cascade forward network is similar to a feed-forward network, with the only difference being that it includes a
link from the input to each layer and from each layer to the following layers. As shown in Figure 4, the Cascade forward
model produces links from the first to the second Layer, from Layer 2 to Layer 3, and from the first to the third Layer.
These networks also provide input connections for all layers, where additional links can quickly improve the learning
process of the network model.

— Elman Neural Network

The Elman neural network structure overrides the feed-forward network by having a layer called the context layer
in addition to the input, output and hidden layers. The function of the context layer is to store the output of the hidden layer
in each finished cycle and reuse it as input to the hidden layer in the next iteration to ensure that patterns are generated over
time, as shown in Figure 5. Elman networks also reduce the error rate in the outputs to the permissible limits by using the
back-propagation feature, as is the case in the forward propagation network.

L . . _
4\ Neural Network Training (nntraintool) — O x® @\ Neursl Network Trsining (nntraintool) x
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Fig. 2: Structure of feed-forward network Fig. 3: Structure of layer recurrent network
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Fig. 4: Structure of cascade network Fig. 5: Structure of Elman back-propagation network

Through the command of “nntool” in the Matlab program, we implemented the created ANN models. The data that
was used in building the models belong to a group of asphalt sections of the M-4 highway of the Russian road network. The
set of training data used in this study included the results of calculating the elastic moduli of the structural layers of non-
rigid road pavements, carried out in a specialized software package supplied with an FWD Primax shock loading unit on
555 pavement sections, managed by the State Company Russian Highways. We used four types of artificial neural
networks, which were (feed-forward, layer recurrent, cascade, and Elman) back-propagation to get the best results. Several
cells were selected in the hidden layer for each type of model to study its effect on the training process. The program
divided the data at random with 70 % for the training process, 15 % for verification, and 15 % for the testing process. Figure
6 shows the architecture of the artificial neural network model.

We carried out three steps to obtain the optimal number of neurons and hidden layers in ANN models: we trained
the model with different hidden layers (first step), estimated the results of the performance model (second step), and
compared the predicted values of the tested data to the target values (third step).

input data

Fig. 6: Neural network architecture to determine the elastic moduli of the structural layers of the flexible pavements

D1, D2, D3 .... D10 are the results of the measured deflection values under the sensors — geophones; t° is the
surface temperature of the pavement; P is the pressure on the pavement; T1 and T2 are the thickness of the layers of asphalt
concrete and the thickness of the base layer of the pavement; E1, E2, and E3 — the elastic moduli of asphalt concrete layers,
the base, and the subgrade, respectively.

The Models Evaluation.

MARE= 1 i, |¥ *100 3)

a The correctness of the values of the prediction results for every model is calculated using the mean absolute error
% (MAE), the multiple determinations coefficient R*, the mean root square error (RMSE), and the mean absolute percentage
g error (MAPE), which are determined from the following formulas (1, 2 and 3):

o) 1 $n

= MAE= - 3t |A- E{ (1
=

E RMSE= ’Z?:l (A= Et)2 )
\> n

B

=
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Where A, is the actual value in period t; E; is the expected value in period t; and n is the number of the total period.
With respect to the statistical indices, MAE, RMSE and MAPE, smaller values usually indicate higher accuracy results. In
this analysis, the MAE, R%, RMSE and MAPE values for every model are obtained through comparing the predicted results
against the actual values.

Results. Four types of NNA were developed with four different neuron numbers in the hidden layers to see which
one is more suitable to use in the forecasting process. The total number of ANN models generated was sixteen. All models
were trained under various conditions, including 10, 15, 17, and 20 neurons in the hidden layers. The values of the
following MAE, RZ, RMSE and MAPE indices for all models were calculated as shown in Table 2 to assess the model
performance.

Table 2
Evaluation of the models performance
prediction E(AS) of feed- prediction E(AS) of prediction E(AS) of prediction E(AS) of layer-
forward models cascade models Elman models recurrent models
10n | 15n | 17n | 20n | 10n | 15n | 17n | 20n | 10n | 15n | 17n | 20n | 10n | 15n | 17n | 20n
MA
B 258 | 324 | 561 | 49 | 412 | 248 | 5.61 | 31.8 | 1.46 | 1.81 | 1.39 | 6.45 | 4.11 | 7.66 | 4.85 | 9.27
R* [ 1.00 | 1.00 | 1.00 | 1.0 | 0.91 | 1.00 | 1.00 | 0.95 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00
RM
SE 338 | 103 | 10.7 | 11 202 | 7.78 | 10.7 | 149. | 2.05 | 648 | 3.20 | 26.1 | 7.15 | 169 | 10.5 | 25.7
MA
RE 0.11 | 0.15 | 0.24 | 26 | 1.73 | 0.12 | 0.24 | 1.34 | 0.08 | 0.08 | 0.06 | 0.27 | 0.16 | 0.34 | 0.22 | 0.47
prediction E(base) of prediction E(base) of prediction E(base) of prediction E(base) of
feed-forward models cascade models Elman models layer-recurrent models
10n | 15n | 17n | 20n | 10n | 15n | 17n | 20n | 10n | 15n | 17n | 20n | 10n | 15n | 17n | 20n
MA
- 1.11 | 0.61 | 1.39 | 1.15| 0.55 | 0.77 | 1.39 | 1.74 | 0.89 | 0.86 | 1.02 | 1.65 | 1.37 | 1.43 | 0.87 | 1.17
R* [ 1.00 [ 1.00 | 1.00 [ 1.00 | 1.00 | 1.00 | 1.00 | 0.99 | 1.00 | 1.00 | 1.00 | 0.99 | 1.00 | 1.00 | 1.00 | 1.00
RM
SE 2.10 | 2.16 | 3.58 | 2.8 | 0.82 | 2.70 | 3.58 | 6.01 | 2.14 | 3.51 | 3.34 | 6.19 | 1.80 | 2.62 | 1.19 | 3.24
MA
RE 042 | 0.19 | 048 | 04 | 023 | 0.24 | 0.48 | 0.52 | 0.30 | 0.25 | 0.33 | 0.51 | 0.58 | 0.55 | 0.36 | 0.38
prediction E(sub-grade) | prediction E(sub-grade) of | prediction E(sub-grade) of | prediction E(sub-grade) of
of feed-forward models cascade models Elman models layer-recurrent models
10n | 15n | 17n | 20n | 10n I5n | 17n | 20n | 10n | 15n | 17n | 20n | 10n | 15n | 17n | 20n
1\/}le 1.82 | 0.38 | 1.81 | 45 | 1.51 | 290 | 1.81 | 2.22 | 334 | 092 | 290 | 437 | 1.74 | 1.63 | 1.89 | 2.12
R2 1099 | 1.00 | 0.99 | 0.87 | 0.99 | 0.96 | 0.99 | 0.95 | 0.87 | 0.99 | 0.93 | 0.86 | 0.98 | 0.99 | 1.00 | 0.97
RM
SE 448 | 0.73 | 391 | 13.3 | 2.81 | 106 | 391 | 585 | 10.5 | 248 | 7.19 | 17.4 | 4.16 | 2.78 | 4.07 | 4.84
MA
RE 1.84 | 046 | 1.94 | 46 | 1.92 | 232 | 1.94 | 2.15 | 3.22 | 0.86 | 2.85 | 3.85 | 2.16 | 2.13 | 1.96 | 2.53

The best four models that express the four types of artificial neural networks were selected based on the values of
the analytical parameters mentioned in the previous table for the results of the models to compare them and know the extent
of their impact. Whereas, the best results were due to the models with two hidden layers and 14-15-3 structure for all
developed types. All models took the maximum number of repetitions to complete the training process, which were 1000
repetitions. But they differed in the periods taken for training, as training of the models ended after (54, 157, 67, and 173)
seconds for the four models, respectively, as shown in Figures (6—9). Being aware of that, the training process stops if the
maximum number of repetitions or the time rate is exceeded.
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Fig. 6: Training window of feed-forward model

4\ Neural Network Training (nntraintool) — | e

4\ Neural Network Training (nntraintool) — *

Neural Network

Algorithms

Data Division: Random (dividerand)

Training: Levenberg-Marquardt (trainlm)

Performance:  Mean Squared Error  (mse)

Calculations:  MEX

Progress

Epoch: 0 1000 iterations i| 1000
Time: 2:02:37

Performance: AN 0.00
Gradient: eiTes03 [ 166 | 1.00e-07
Mu: 0.00100 0.00100 1.00e+10
Validation Checks: 0 1000 || 1000

Fig. 7: Training window of layer recurrent model
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Fig. 8: Training window of cascade model
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Fig. 9: Training window of Elman backpropagation

The weights and biases of all parameters were modified to decrease the error between target values and network
output throughout the training phase. Each neuron weight is adjusted based on its impact on the network result. These
weights and biases were evaluated during training as the weights of the inputs to the hidden layer.

Figures (10-13) illustrate the mean squared error values vs the number of iterations for the training process of the
compared models, respectively. When using the feed-forward back-propagation model, the best validation performance was
16.68 at epoch 1000. Otherwise, the best validation performance for the layer recurrent, cascade and Elman back-
propagation models were (11.52, 119,888 and 28,067) at epoch zero, respectively. In all of the curves, we observe the
convergence of the test curves with the validation curves, which revealed that the test and validation curves are very similar.



Enwamu M. M. M., u op. Ouenka mooyns ynpy2o0cmu cioeg 00p0HcHO20 ROKPBIMUA C UCNOIb306AHUEM PAZTUYHBIX INUNOE MOOenell

é Best Validation Performance is 16.6883 at epoch 1000 g Best Validation Performance is 11.5246 at epoch 0

‘E [===Train \g ~Validation
5 T o5t = =T est

—U; Best ,_Lg 8 cht

e o ==Train

E S I g e A SO
& &

5] m wn 0

g10° : . : . , §l0

= 0 200 400 600 800 1000 = ‘ ‘ ‘ ‘

0 200 400 600 800 1000
1000 Epochs 1000 Epochs
Fig. 10: Performance of feed-forward model Fig. 11: Performance of layer recurrent model
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Fig. 12: Performance of cascade model performance Fig. 13: Performance of Elman model

According to Figures (14 and 15), artificial neural networks are evaluated using a correlation function (R) between
network result values against target data in feed-forward and cascading back-propagation models. Looking at the R-value of
the models during the training, validation and testing phases, we notice a good agreement between the target values and the
network results. Where we find that the slope of the line that represents the relationship between data and results is
approximately equal to 1 in all stages of training, and this indicates the robustness of the models and the possibility of using
them during the prediction process.

Training: R=0.99999 Validation: R=0.99999 Training: R=0.99997 Validation: R=0.99996
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Fig. 14: Feed-forward model regression charts Fig. 15: Cascade backpropagation regression charts

At the beginning of network learning, all learning stages of training, validation, and testing, run in an open loop.
Once the training phase is over, the network performance turns into a closed loop during the multi-stages of prediction.
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The models that correctly represent the available data are selected during the stages of education, verification, and
testing, based on the statistical parameters, as mentioned previously. It was required to determine if the models could
forecast the elastic modulus for 25 segments that had not been utilized during model training and compare them to target
values, along with knowing how much the network type affected its performance in terms of elastic modulus
assessment. Table 3 shows the comparison of the elastic modulus target values for all layers (asphalt concrete, base, and
subgrade) of 25 sections and the forecasting results values of the four ANN types (feed-forward, layer recurrent, cascade,
and Elman) back-propagation models.

Table 3
The comparison of the predictions of the proposed models
Predicted values of feed- Predicted values of layer Predicted values of Predicted values of
Actual modulus of
clasticity. MPa forward model, Mpa recurrent model, Mpa cascade backprop Elman backprop model,
Y (15n) (15n) model, Mpa (15n) Mpa (15n)

Asphalt | Base Sub- Asphalt | Base Sub- Asphalt | Base Sub- Asphalt | Base Sub- Asphalt | Base Sub-
grade grade grade grade grade

1017.0 | 208.1 | 63.1 1013.6 | 209.0 | 64.5 1024.6 | 208.0 67.3 1016.7 | 207.1 | 63.3 | 1017.7 | 209.3 | 64.5

1559.1 | 2552 | 155.8 | 1565.1 | 2549 | 157.8 | 15759 | 250.1 144.6 | 1565.1 | 255.8 | 151.1 | 1569.1 | 255.6 | 166.9

1226.2 | 200.7 | 88.9 | 12264 | 200.3 | 87.1 1227.7 | 201.6 88.1 12269 | 200.2 | 92.6 | 12229 | 201.0 | 93.9

2380.9 | 389.8 | 139.0 | 2431.7 | 400.5 | 137.2 | 23059 | 400.3 | 143.7 | 2349.2 | 407.3 | 149.8 | 2418.0 | 403.2 | 190.7

3309.2 | 3295 | 619 | 33123 | 3294 | 61.8 3302.4 | 3325 62.4 33104 | 329.6 | 619 | 33099 | 329.8 | 62.2

1883.9 | 187.6 | 51.1 1881.0 | 187.1 | 51.0 1878.3 | 189.8 48.5 18854 | 187.7 | 51.4 | 18833 | 187.9 | 51.2

2104.6 | 209.6 | 453 | 2103.2 | 209.6 | 459 | 2099.3 | 209.3 45.1 2104.4 | 209.6 | 449 | 2104.7 | 210.0 | 44.9

2763.7 | 2752 | 57.3 | 27619 | 275.1 | 57.0 2763.8 | 274.6 58.1 2763.4 | 2753 | 573 | 2763.8 | 275.2 | 57.1

31242 | 311.1 | 61.2 | 3124.0 | 3109 | 612 | 31202 | 3123 60.9 31245 | 311.1 | 61.2 | 3124.0 | 311.2 | 61.5

2810.1 | 279.8 | 58.2 | 2809.8 | 279.8 | 582 | 2810.7 | 279.9 57.9 2810.0 | 279.8 | 582 | 2809.9 | 279.8 | 58.2

2733.7 | 272.2 | 60.1 | 2733.6 | 272.2 | 60.1 27333 | 271.9 59.1 2733.7 | 2722 | 60.1 | 2733.7 | 272.1 | 60.2

27189 | 270.8 | 60.5 | 27187 | 270.5 | 60.6 | 2719.9 | 270.8 59.6 2718.8 | 270.6 | 60.5 | 2718.8 | 270.5 | 60.7

3266.2 | 3253 | 73.0 | 32704 | 325.6 | 73.1 3254.1 | 3244 71.9 32654 | 325.1 | 72.8 | 3265.8 | 3254 | 73.1

2430.0 | 242.0 | 553 | 24304 | 242.0 | 553 24282 | 2423 55.8 24299 | 242.1 | 55.1 | 2430.1 | 2419 | 552

3671.5 | 365.6 | 693 | 36683 | 365.7 | 69.0 | 3700.0 | 365.8 70.5 36713 | 365.6 | 689 | 36663 | 365.0 | 69.7

23952 | 2385 | 58.1 | 23952 | 238.6 | 58.0 | 2394.0 | 2383 56.9 2395.1 | 2385 | 58.1 | 23953 | 2383 | 57.9

2328.7 | 231.9 | 63.2 | 2329.0 | 2323 | 63.1 2327.0 | 2325 62.8 2328.7 | 2324 | 63.6 | 23282 | 232.0 | 633

2810.1 | 279.8 | 64.8 | 2809.8 | 279.8 | 64.7 2810.8 | 280.3 64.1 2809.8 | 279.8 | 64.7 | 28103 | 279.8 | 64.8

2350.5 | 234.1 | 60.2 | 2350.8 | 2342 | 60.1 2346.3 | 2332 59.1 2350.6 | 2342 | 60.5 | 23504 | 234.1 | 603

2406.7 | 239.7 | 59.1 | 2406.8 | 239.7 | 59.0 2403.0 | 238.7 58.1 2406.8 | 239.7 | 59.1 | 2406.8 | 239.6 | 59.2

19272 | 191.9 | 54.8 | 19279 | 192.1 | 54.7 19293 | 193.7 56.1 1927.4 | 1919 | 548 | 19272 | 192.1 | 5438

1746.5 | 173.9 | 56.0 | 1746.0 | 173.7 | 55.8 17452 | 177.2 58.5 1746.5 | 173.9 | 564 | 1747.8 | 173.8 | 55.9

2149.6 | 214.1 | 55.6 | 21493 | 214.0 | 55.6 2146.1 | 2133 55.7 2149.7 | 214.1 | 555 | 2149.6 | 2143 | 55.6

19272 | 191.9 | 483 1927.1 | 191.8 | 485 1932.6 | 192.7 50.1 1927.8 | 191.8 | 47.8 | 1926.5 | 1923 | 48.0

2095.8 | 208.7 | 50.5 | 20959 | 2089 | 504 2095.6 | 208.6 513 2095.9 | 208.8 | 50.2 | 2095.7 | 209.1 | 50.2

A high degree of convergence can be shown between the four models when they are compared to each other and
to actual data, as shown in Figure 16 (a, b, c). It is also understood from the results that the models can reduce the error
during the process of predicting the elastic modulus, where the lowest value of the coefficient of multiple determination
was “R? = 0.95” for the cascade back-propagation model. However, the best performance in the prediction process, as
shown in Table 2, was for the feed-forward model with a 14-15-3 structure, which had the lowest values for the statistical
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parameters MAE, RMSE, and MAPE, and the largest value for the coefficient of multiple determination (R?) for the three
pavement layers (asphalt, base, and substrate).
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Fig. 16 (a, b, ¢): Illustration of the comparison between the values of the target elasticity modulus against the expected values of the
developed ANN models and each other for all pavement layers

Discussion and Conclusion. The authors constructed sixteen models in the study. Every four models follow four
different artificial neural network types (feed-forward, layer recurrent, cascade, and Elman back-propagation) to calculate
the elastic modulus of the pavement layers subjected to dynamic load. The FWD test was selected to represent the dynamic
load generated by the road traffic and to measure the reaction of the pavement. Matlab software was used to create ANN
models utilizing deflection data from the (M4) highway in the Russian Federation Road network.

The differences between the results of the four best models for the four types of used algorithms were very small,
as they showed closeness between them and the target values. The best results were for the feed-forward model with 15
neurons in the two-hidden layers to form the structure of the model 14-15-3, which produced the best values for the
statistical coefficients.

There is no correlation between an increase or a decrease of neurons in the hidden layers and an improvement in
models’ performance. Instead, the decision is dependent on trial and error.

From the results, we find the capability of ANN models to predict the elastic modulus of flexible pavement
correctly and use it in managing the pavement deteriorations.
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Introduction. Truss structures are widespread in construction due to a number of advantages, such as economy,
versatility, and scalability. Accordingly, their modeling and calculation are urgent tasks in the design of building
structures. Automatic solution to these problems causes an increase in design efficiency, calculation accuracy, and
lower costs. The objective of the study is to examine the functionality and operation algorithm of the software module
developed by the authors that generates the geometry of two-dimensional truss structures for subsequent modeling.
Materials and Methods. Following the research of the widespread truss configurations, the classification of chords
available in the software under consideration is given. The method of parameterizing a truss structure is provided. This
method includes base geometric parameters of the structure such as dimensions, model construction rules, and
additional features, as well as a comprehensive algorithm. The software is developed in JavaScript.

Results. The software module has been integrated into a web application for calculating two-dimensional rod structures.
To illustrate the functionality of the software, the examples of user interface are given as well as an example problem.
The example includes configuration and calculation of an inclined truss structure. The results, such as support reactions
and internal forces with axial force diagram, are provided.

Discussion and Conclusions. Using this software module within the framework of the tool for calculating rod
structures allows for the simplified process of modeling and calculating complex truss structures, design time, and
resource reduction. The software module provides tools for specifying various types of structures, applying loads and
assigning properties of a rod system, which makes it a useful instrument for design engineers.
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aKTyaJIbHBIMH 33/1a4aMH IIPH NPOEKTUPOBAHUM CTPOUTEIBHBIX KOHCTPYKIHMHA. ABTOMaTH3MPOBAHHOE pEIICHHE ATHX
npo0JIeM MPUBOJUT K MOBBIMIEHUIO () (EKTUBHOCTH NPOSKTUPOBAHMS, TOYHOCTH PacYeTOB M CHIKEHUIO 3aTpart. Llespto
JIAHHOTO HCCIIeJIOBaHMS SIBISUIOCH U3y4YeHHUE (YHKIMOHAIBHBIX BO3MOXKHOCTEH M alropuTMa paboThl pa3pabOTaHHOTO
aBTOPaMH HPOrPaMMHOTO MOJYJs, (GOPMHUPYIOLIETO TIEOMETPHI0 JIBYMEPHBIX (EPMEHHBIX KOHCTPYKUMH I
HOCIIEAYIONIEr0 MOJIEITUPOBAHHSL.

Mamepuanst u memoowt. 110 pe3yibTaTaM HCCIEAOBAHUS PACIIPOCTPAHEHHBIX KOH(UTypauii GpepM raHa HX yCIOBHAS
KIaccu(HKalKs, NOCTYyIHAs B paccMaTpuBaeMoill mporpamme. lIpuBeneHa MeToanka IapameTpu3alun (epMEeHHOH
KOHCTPYKIMH. DTa METOAWKa BKJIIOYaeT B ce0s 0a30BbIe I€OMETPHUYECKHE NapaMeTphl KOHCTPYKIHUH, Takue Kak
pasMepbl, IpaBWia IOCTPOGHHS MOIEIH M MJONOJHUTENbHBIE (YHKIMH, a TaKKe KOMIUICKCHBIH aJITOPHTM.
[Mporpammuoe obecnieyenue pazpadorano Ha JavaScript.

Peszynemamut uccnedoosanus. IporpaMMHBIH MOIYIIb MHTETPUPOBAH B BEO-NIPHUIOKEHHE IUISI pacueTa JByMEpPHBIX
CTEP)KHEBBIX KOHCTPYKIMH. Jlns wumocTpanuy  (QYHKIMOHAIEHOCTH IPOTPAaMMHOTO OOECIeYeHHs MpPUBEICHBI
IIPUMEpHI TI0JIb30BaTeNbCKOro nHTEp(eiica, a Takke mpumep 3axaun. [Ipumep BKIodaeT KOHQUTYpalnuio M pacdeT
HaKJIOHHOW ()epMEHHOH KOHCTpYKUMH. [IpHBeneHBI pe3ynbTaThl B BHJIC ONOPHBIX PEAaKIMd M BHYTPEHHHX CHIL,
IIOCTPOEHA AUarpaMma OCEeBBIX CHIL.

Obcyscoenue u 3akntouenus. VIcronp30BaHHe JAHHOTO NMPOrpaMMHOIO MOIYJISL B COCTaBE MHCTPYMEHTA Ul pacyera
CTEPXKHEBBIX KOHCTPYKLIHMH II03BOJIIET YIPOCTHTH IPOLECC MOAENUPOBAHUS M pacyeTa CIOXKHBIX (pEepMEHHBIX
KOHCTPYKLMH, COKPAaTUTh BpEeMS MPOEKTHPOBAHHMS M COKPAaTHUTb pPecypchbl. IIporpaMMHBIH MOXYJIb NPEdOCTaBISCT
HMHCTPYMEHTHI JUIA 3aJaHUs Pa3IMYHBIX THIOB KOHCTPYKUHMI, IPHIOKEHHS HATPY30K M 3aJaHHs CBOWCTB CTEP>KHEBOM
CHCTEMBI, YTO JIeJIAeT ero IT0JIE3HBIM HHCTPYMEHTOM UL HH)KEHEPOB-TIPOEKTHPOBIIHKOB.

Jna yumuposanusn: PazpaboTka mporpaMMHOTO MOAYJIS ISl TAPAMETPUUECKOT0 MOCTPOCHHS TeoMeTpun hepMeHHOM
KOHCTpyKmmu B aBymepHoil mocraHoBke / C.T.TI'mymko, A. A. Jlanun, 0. 0. latumoB [u ap.] // Advanced
Engineering Research. — 2021. — T. 21, Ne 4. — C. 376-383. https://doi.org/10.23947/2687-1653-2021-21-4-376-383

@unancuposanue. PaboTa BBINOIHEHA NPH 4YacTHYHOHN moanepkke FOkHOro ¢enepalibsHOr0 yHHBEpcuTeTa (IpaHT
BHI'p-07 / 2020-04. UM MuHOOpHAYKH).

Introduction. Truss structures are used in various building elements. Structural solutions of trusses are
distinguished by a great variety, differing in the set of parameters for their use and optimization. In the world practice
of using structures, there are more than 100 various systems differing primarily in the design of the rod interface. The
basic typical structural element is a bar that has conjugate fastening with other elements at the nodes. These designs
require certain approaches to the calculation and assessment of their reliability. In works [1-6], approaches to some
calculation and experimental methods for assessing their reliability are highlighted. Some approaches and calculation
schemes for assessing the reliability of defective structures as well as solving the problem of restoring the properties
of their individual elements are covered in monographs [7-8].

Rod structures are systems consisting of linear rods connected at nodes. By the nature of the connection of
elements in the nodes, systems with rigid nodes, hinged joints of all elements, and the combined ones are
distinguished. From the geometric point of view, planar and spatial rod systems are distinguished.

Truss structures are a subcategory of rod systems that remain geometrically unchanged if rigid joints in nodes
are replaced with hinged ones. The load is applied to truss structures only at the nodes, and only tensile-compressive
forces arise in their elements [9, 10].

Truss structures are widespread as elements of buildings and structures. This popularity is due to a number of
advantages [11].

Economy — lower material consumption compared to other building structures.

Versatility — the scope of application of trusses is very wide and includes bridges, roof truss systems,
cranes, etc.

Scalability — truss length can vary from a few meters to several kilometers.

Due to these characteristics of trusses, their modeling and calculation are urgent tasks in the design of
building structures. Automatic solution to these problems causes an increase in design efficiency and calculation
accuracy and lower costs [12, 13].

The objective of the study is to examine the functionality and operation algorithm of a software module that
generates the geometry of two-dimensional truss structures for subsequent modeling. This program module is a
component of the SAPRUS service.

Materials and Methods. Since truss structures are panel structures, i.c., they consist of many sections (panels)
identical or similar in geometry, it is possible to parametrically generate a model using the relative coordinates of the
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nodes when specifying the section. The parameters for such modeling are the total dimensions of the entire structure
(height and span of the truss) and the number of sections used.

The functionality of the software module under consideration provides for the modeling of truss structures of
6 types of chords and their subtypes, depending on the lattice used (Figure 1).

A B C D E F

L | A | IV | AR
L | | o |

PIBIPIDE

P | | | e
A | | sy | P

5 B8

Fig. 1. Structural diagrams used in the module

Classification of the types of trusses used is the following [14, 15]:
. rectangular with parallel chords;

. trapezoidal;

. triangular;

. inclined with parallel chords;

. inclined from both sides (arrow type);

. polygonal.

Classification of the types of lattices used is the following:

A. triangular;

B. triangular with uprights;

C. triangular with suspensions;

D. upward diagonal brace;

E. downward diagonal brace;

F. with sub-trusses [16].

JavaScript was used as a programming language for the development of the module. In this regard, the module

AN AW N =

provides ample opportunities for the implementation of cloud computing of building structures in the web-based
interface [17].

The software module is based on the object model, which is an array of objects describing each of the six types
of structures. Length / and height / are used as parameters for all types of structures. For truss types 2, 4, 5, the height
difference dh is required. For each type of structure, an array of objects describing the geometry of its subtypes is given;
it includes the position of nodes and bars, rules for constructing sections (parity, mirroring of structural halves, and
usage of separators).

The algorithm of the software module generates, according to the specified parameters, an array of absolute
coordinates of nodes of all truss rods. This data is sufficient to describe the model geometry. For a full-fledged
definition of a structure model within the module, the following additional features are provided:

— supports;

— hinges;

— offset of the left node relative to the origin of coordinates on the scheme;
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— loads on the upper structural nodes;

— element grouping for the convenience of subsequent processing.

The module operation algorithm is the following:

1. Calculation of nodal coordinates for the outer vertical bars of the structure if they exist for the selected
structure type.

2. Calculation of the width of individual sections and the coordinates of the nodes of the central support bar of
truss type 5.

3. Sequential calculation of nodal coordinates of each section and the formation of rod array.

4. Calculation of the coordinates of nodes for additional vertical bars between sections, if necessary, for the
selected subtype of the structure.

5. Preliminary visualization of the structure diagram inside the module.

6. Assignment of the additional properties.

7. Data transfer for design and calculation.

After the data has been transferred, the array has to be further processed to add generated elements to the
existing collections. Depending on the specific requirements of the wrapper application, this process can be vastly
different. The flowchart of the algorithm used in SAPRUS service is shown in Figure 2.

i=1.Nwith N

Groun > ] ] ~ Create
being collection supports?
no
es A es
y v Y no
Create node groups Add start node Bind supports to side

v !

0 Add end node Clean collections up

yes i
> Redraw

A

no

Apply
pressures?

Create rod groups

no Apply forces to nodes

Is start point
(0,0)?

Group nodes?

\ 4

Add start point coordinates
to nodes

Add node’s IDs to the no
group

v

Add rod i

A

Group

yes

Add rod’s ID to the group

Fig. 2. Post-processing flowchart
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As aresult, 2 collections are created: CollectionNodes and CollectionRods. The data stored in these collections
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is suitable for further manipulation and calculations.

Results. When the module is integrated into a web application for calculating two-dimensional rod structures,
the choice of the type and subtype of the scheme occurs in the graphical user interface. To enter truss dimensions as
well as additional parameters, fields and switches are used. If the type of truss and parameters are changed, the

preliminary design scheme is rebuilt automatically.

To illustrate the role of the module within the framework of a web application, we will demonstrate the design
and calculation of an inclined structure 20 m long, 10 m high with 3 m offset and consisting of 5 sections (panels). In the
nodes of the upper chord of this structure, concentrated forces of 5 kN are applied vertically, for the left and right-most
nodes, this force is reduced by 50 % automatically with the Point Load Factor option. The module interface and the
result structure diagram are shown in Figure 3. The structure is calculated with the finite element method [18, 19]. The

resulting diagram of axial forces is shown in Figure 4.
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The values of support reactions and internal forces of the calculated structure are presented in Tables 1 and 2,
respectively. In Table 1, R is the vertical component of the support reaction, H is the horizontal component of the
support reaction, M is the bending moment.

Support reactions

Table 1

Node # Support type Values
1 Pinned hinged support R1 =25 (kN), H1 =0 (kN), M1 = 0 (kN-m)
18 Fixed hinged support R3 =25 (kN), H3 =0 (kN), M3 =0 (kN-m)
Table 2
Internal forces
Rod # |Q, max| (kN) IN, max| (kN) M, max| (kN-m)
1 0 2.5 0
2 0 2.5 0
3 0 23.608 0
4 0 17.332 0
5 0 4.55 0
6 0 0 0
7 0 8.089 0
8 0 13.115 0
9 0 7.428 0
10 0 10.617 0
11 0 8.089 0
12 0 12.134 0
13 0 2.623 0
14 0 2.476 0
15 0 12.64 0
16 0 12.134 0
17 0 12.134 0
18 0 7.869 0
19 0 12.38 0
20 0 10.617 0
21 0 12.134 0
22 0 8.089 0
23 0 18.362 0
24 0 22.284 0
25 0 4.55 0
26 0 8.089 0
27 0 0 0
28 0 0
29 0 5 0
30 0 5 0
31 0 5 0
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Discussion and Conclusions. Using this software module within the framework of the tool for calculating rod
structures allows for the simplified process of modeling and calculating complex truss structures, design time, and
resource reduction. The software module provides tools for specifying various types of structures, applying loads and
assigning properties of a rod system, which makes it a useful instrument for design engineers.

References

1. Berger M, Tusnin A. Stress redistribution in flat damaged trusses. E3S Web of Conferences. 2019;97:04033.
https://doi.org/10.1051/e3sconf/20199704033

2. Rojicek J, Paska Z, Fusek M, et al. Optimization of a Truss Structure Used to Design of the Manipulator
Arm from a Set of Components. Applied Sciences. 2021;11:10193. https://doi.org/10.3390/app112110193

3. Shatilov YY, Lyapin AA. Vibration-based damage detection techniques for health monitoring of
construction of a  multi-storey  building. = Materials  Science = Forum. 2018;931:178-183.
https://doi.org/10.4028/www.scientific.net/MSF.931.178

4. Lyapin A, Shatilov Yu. Assessment of building structure using data from dynamic monitoring. IOP
Conference Series: Materials Science and Engineering. 2018;365:052031.  https://doi.org/10.1088/1757-
899X/365/5/052031

5. Soloviev AN, Parinov IA, Cherpakov AV, et al. Experimental vibration diagnostics of the floor plate set of
building construction. Lecture Notes in Mechanical Engineering. 2021. P. 255-260. https://doi.org/10.1007/978-3-030-
69610-8 35

6. Soloviev AN, Parinov 1A, Cherpakov AV, et al. Analysis of oscillation forms at defect identification in node
of truss based on finite eclement modeling. Materials Physics and Mechanics. 2018;37:192-197.
https://doi.org/10.18720/MPM.3722018 12

7. Lyapin AA, Parinov IA, Buravchuk NI, et al. Improving road pavement characteristics. Applications of
industrial waste and finite element modelling. Springer Cham; 2021. 236 p. https://doi.org/10.1007/978-3-030-59230-1

8. Shevtsov SN, Soloviev AN, Parinov IA, et al. Piezoelectric actuators and generators for energy harvesting:
Research and Development. Springer Cham; 2018. 182 p. https://doi.org/10.1007/978-3-319-75629-5

9. Smirnov VA, Gorodetsky AS. Tekhnicheskaya mekhanika. Moscow: Yurait; 2013. 423 p. (In Russ.)

10. Bakosova A, Krmela J, Handrik M. Computing of truss structure using MATLAB.
Manufacturing Technology. 2020;20:279-285. https://doi.org/10.21062/mft.2020.059

11. Kopytov MM, Plyaskin AS. Prostranstvennye sterzhnevye konstrukcii pokrytij. Tomsk: TSUAB; 2019.
104 p. (In Russ.)

12. Vasilkin A. Mathematical and computer modeling in the design of steel rod structures. Journal of Physics:
Conference Series. 2019;1425:012172. https://doi.org/10.1088/1742-6596/1425/1/012172

13. Fedorov SS. Principles of creation of models and technologies of high-quality designing of construction
objects. Building and Reconstruction. 2018;80:94-101. (In Russ.)

14. Faibishenko VK. Metallicheskie konstruktsii. Moscow: Stroiizdat;1984. 336. (In Russ.)

15. Kirsanov  MN. The choice of a lattice for the frame farm. Structural Mechanics of Engineering
Constructions and Buildings. — 2017, 3: — P. 23-27. (In Russ.)

16. Kirsanov MN, Gavrilenko AB. Analytical evaluation of stiffness of the truss. Building and reconstruction.
2018;76:12—17. (In Russ.)

17. David Flanagan. JavaScript: The Definitive Guide, 7th ed. O’Reilly Media; 2020. 706 p.

18. Klaus-Jurgen Bathe. Finite Element Procedures, 2nd ed. Watertown, MA: K.J. Bathe; 2014. 1035 p.

19. Seshu P. Textbook of Finite Element Analysis, 10th edition. New Delhi: PHI Learning Private Limited;
2012.330 p.

Submitted 01.11.2021
Reviewed 18.11.2021
Accepted for publication 30.11.2021

About the Authors:
Glushko, Sergey G., postgraduate student of the Information Systems in Construction Department, Don State
Technical University (1, Gagarin Sq., Rostov-on-Don, 344003, RF), ORCID, glsege98@gmail.com

Lyapin, Alexander A., professor of the Information Systems in Construction Department, Don State
Technical University (1, Gagarin Sq., Rostov-on-Don, 344003, RF), Dr.Sci. (Eng.), professor, Scopus, Researcher,
ORCID, lyapin.rnd@yandex.ru



https://orcid.org/0000-0003-2745-5905
https://www.scopus.com/authid/detail.uri?authorId=7006517295
https://publons.com/researcher/1993720/alexandr-a-lyapin/
https://orcid.org/0000-0001-5809-8504

I'nywro C. I. u op. Pazpabomka npozpammnozo mooyna 01a napamempuiecko2o0 noCmpoenus zeomempuu pepmennoi Koncmpykyuu

Shatilov, Yuri Yu., associate professor of the Information Systems in Construction Department, Don State
Technical University (1, Gagarin Sq., Rostov-on-Don, 344003, RF), Cand.Sci. (Eng.), associate professor, Scopus,
Researcher, art-web@mail.ru

Cherpakov, Alexander V., Senior Research Scholar, Vorovich Research Institute for Mathematics,
Mechanics, and Computer Science, Southern Federal University (8a, Milchakova St., Rostov-on-Don, 344090, RF),
Cand.Sci. (Eng.), Scopus, Researcher, ORCID, alex837@yandex.ru

Haldkar Rakesh K., Leading Researcher, Vorovich Research Institute for Mathematics, Mechanics, and
Computer Science, Southern Federal University (8a, Milchakova St., Rostov-on-Don, 344090, RF), G H Raisoni
College of Engineering, Nagpur, India (Eng.), Scopus, Researcher, ORCID, rakeshhaldkar@gmail.com

Claimed contributorshi:

S. G. Glushko: modeling and development; text preparation; formulation of conclusions. A. A. Lyapin:
academic advising; research objectives and tasks setting; the text revision. Yu. Yu. Shatilov: concept formulation;
research objectives and tasks setting. A. V. Cherpakov: text preparation; formulation of conclusions; search for
scientific literature. R. K. Haldkar: text preparation; formulation of conclusions; search for scientific literature.

All authors have read and approved the final manuscript.

HH(l)OpMaTI/IKa, BBIYUCIIUTECIIbHAA TEXHUKA U YIIPABJICHUEC

383


https://www.scopus.com/authid/detail.uri?authorId=57190969512
https://publons.com/researcher/4826617/yurij-shatilov/
https://www.scopus.com/authid/detail.uri?authorId=55269462600
https://publons.com/researcher/2462340/alexander-cherpakov/
https://orcid.org/0000-0003-3205-1577
https://www.scopus.com/authid/detail.uri?authorId=54393125200
https://publons.com/researcher/3196530/rakesh-kumar-haldkar/
https://orcid.org/0000-0002-5176-1470



