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AHHOTaNUs

Begeoenue. MHoOTYHE HICCIIEAOBATENN HAJEKHOCTU CTPOUTENBHBIX KOHCTPYKIMH yJEISI0T BHUMAaHUE TBEPAOCTH — BaXK-
HOM XapaKTEePUCTHKE KOHCTPYKIMOHHOTO MaTepuana. Ee onpenenstoT HHICHTUPOBAaHHEM — BJIaBIIMBAHUEM HAKOHEU-
HHUKa HHCTPYMEHTA B IIOBEPXHOCTH. McciremyroTcsi MpenMyInecTBa METOI0B THMHAMHYIECKOTO HHIICHTUPOBAHHUS, PacIpe-
JieTICHNEe NTHTCHCUBHOCTHU HANPsDKECHNUH Ha IOBEPXHOCTH M BHYTpH 00pa3ia. OHaKO Majo H3y4eHO COCTOSHUE CIIOUCTHIX
MaTepHanoB npu ynape. Llemu npencraBneHHo# pabOTHl — paccMOTPETh MHICHTUPOBAHHE IS IBYXCIOHHOTO 0Opasna
1 OIIPEAEINTH YyBCTBUTEILHOCTD BEPXHETO CJI0S K IIPOYHOCTH ITOJUTOKKH. DTO MO3BOJIUT BBISIBUTH 3HAYMMBIE XapaKTe-
PHUCTHKH IPOYHOCTHBIX CBOMCTB OZHOPOJHBIX X HEOTHOPOIHBIX KOHCTPYKIIHH.

Mamepuanvt u memooul. Vcrions30Banu yrnpyro-njiacTH4ecKyro MOJEIb IOBEACHUS MaTepyuaia U CXeMy yIapHOro HH-
JICHTUPOBAHHMSI, KOTOPasi yYUTHIBAET MacChl MHAEHTOpA M yAapHUKa, CIEIUICHHBIX JIMHEHHBIMH NpyKuHamu. [ToBepx-
HOCTh MHJICHTOpA — KOHHYECKast, yroj packpeitus — 120°. Y nap momenupoBanu B cucteme Matlab. KoHeunosnemeHT-
Hy!0 Mozenb B Ansys APDL npuMeHunu st BepuHrKaluy JaHHBIX M aHAJIN3a Pe3yJIbTaToB dKcriepuMenTa. J{is pacue-
TOB B3SJIH TPAAULMOHHBIC MOZIENIU TEOPHH ynpyrocTy. [loBeneHne Matepuana B 061acTH IIIACTHYECKOTO eopMUpOBa-
HUSI OTUCAJIH C TOMOIIBIO ONMIMH MYJIBTHIMHEHHOr0 H30TPOITHOTO YIPOYHEHHS M KPUTEPHsI INTACTUIHOCTH Mu3eca.
Peszynomamut uccnedosanus. IIpuBoAsTCS UTOTH COIOCTABICHHUS TPEX BAPHAHTOB BapbHUPOBAHUS YPOBHS IIPEAEia Te-
KydYeCTH B HIDKHEM CJI0€: KOT/Ia TIPeIel TEKYIECTH B HHKHEM CJIO€ BIBOE MEHBIIIE BEPXHETO, PABEH €My H BABOE OOJIbIIIE.
[Ipoananmu3upoBaHkI IepeMeNIeHNs B pa3HbIX TOYKaX HAOIIOAECHUS U1 00pa3IoB ¢ BEpXHUM cioeM 2 MM 1 1 mm. B mep-
BOM ClTy4ae TPy TOPU30HTAIBHOM CIIBUIE HE MEHSIOTCS IIOKA3aTe! IIepeMEIieHNi BHYTpU 00pasia, eciii ypOBEHb IIpe-
JieTia TEKY4eCTH B/IBOE HIKE WJIH BBIIIE, YeM B BepxHeM. [Ipn paBeHCTBE 3THX MOKa3aTelied pa3sHUIla CTAHOBUTCS 3aMeT-
HoH. Bo BTOpoM ciryuae (cioit 1 MM) pa3HuIa nepeMenieHnii BUHa BO BCeX TOUKax HaOmoeHus. Tak MOKHO 00OCHO-
BaHHO 3aKJIIOYHTh, YTO KOHCTPYKIIMS C MEHBIINM BEpXHUM cjoeM OoJjiee YyBCTBUTENbHA K YAapHOMY BO3JICHCTBHIO. B
XOJ1€ U3BICKaHU CTao0 N3BECTHO, YTO B 30HE 2 MM COBEPILAIOTCS KOJIEOaHHsI, CBSI3aHHbIE C IEPEXO0JIOM B 30HY IIACTHY-
HOCTH, HW)KE 3TOW 30HBI — YIPYTHe 3aTyxaronie kojnebanus. Pemmnm 3amady kinaccudukanuy ajsi BEpXHEro cJos Ma-
Tepraia ¢ MeHSIOIMMUCS XapaKTepUCTHKaMu ocHOBaHMs. [loka3aTens A cpaBHeHHs — TBepAocTh 1o bpunesuto (HB)
B nmuana3zone 200—600. Pe3ynpTaTs BU3yann3upoBaId B BHIE TpaduKOB 1 00paboTanu ¢ moMoIbko HefipoceTu. ToaHOCTH
ee BBIUHCIIEHNH cocTaBmia 98 %.

Oécysycoenue u 3akniouenue. J1is onpeneneHus IPOYHOCTHBIX CBONCTB OHOPOJAHBIX KOHCTPYKINH JJOCTATOYHO Xapak-
TEPUCTUKH CKOPOCTH IIEpEeMEIeHNsI BHYTpU oOpa3sma. [yl HeOXHOPOAHON CTPYKTYPHI HEOOXOIMMO BBOJUTH JOTIOJIHH-
TENbHBIE ITapaMeTPhl — IEPEMEICHNSI Ha MOBEPXHOCTH M BHYTPU 00pasia B (PMKCHPOBAHHBIX TOUYKaX HaOJIIOAECHHM.
KomriekcHBIi To1X0/1 K ONpeIeIeHHI0 MPOYHOCTHBIX CBOHCTB HEOAHOPOAHOW KOHCTPYKIIMH MOBBIIIAET TOYHOCTh pac-
YETOB, a UCIIOJIb30BaHUE HEUPOCETEN — UX CKOPOCTb.

KuroueBsblie cjioBa: MHOTOCIOWHAas KOHCTPYKIIMSI, CJIOMCTBIA MaTepHan NpH yAape, YPOBEHb IpeAena TEKy4YecCTH,
TBEPJIOCTh N0 BpuHen o, MPOYHOCTh HEOAHOPOIHON KOHCTPYKIUH
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BaarogapHocTu. ABTOPBI BEIPAXKAIOT 0JIar0JapHOCTh PEAAKIIMY U PEIICH3eHTaM 3a BHUMATEIbHOE OTHOIIEHHE K CTaThe
Y 3aMeYaHusl, KOTOPbIe MTO3BOJIIIIN MTOBBICUTH €€ KaueCTBO.

Jna nutupoBanus. babymkuna H.E., Jlamma A.A. OmnpezneneHre AWHAMIYECKHX HAIlpsHKEHWH M HEpeMEIeHud MpU
JICWCTBUM YIApHOI HAarpy3KH Ha ABYXCIIOHHYIO KOHCTPYKIIMIO B IIpoliecce UHAEHTUpoBaHus. Advanced Engineering Research
(Rostov-on-Don). 2024;24(3):264-273. https://doi.org/10.23947/2687-1653-2024-24-3-264-273

Original Empirical Research

Determination of Dynamic Stresses and Displacements under the Action of an Impact Load
on a Two-Layer Structure during the Indentation Process
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> copybird@yandex.ru

Abstract

Introduction. Numerous researchers of the reliability of building structures pay attention to hardness, an important
characteristic of the structural material. It is determined by indentation — pressing the tip of the tool into the surface. The
advantages of dynamic indentation methods and the distribution of stress intensity on the surface and inside the sample
are investigated. However, the condition of layered materials on impact has been poorly studied. The objective of the
presented work is to consider indentation for a two-layer sample and determine the sensitivity of the top layer to the
strength of the substrate. This will allow us to identify significant characteristics of the strength properties of
homogeneous and heterogeneous structures.

Materials and Methods. An elastoplastic model of material behavior and a shock indentation scheme were used, which
took into account the masses of the indenter and the striker coupled by linear springs. The surface of the indenter was
conical, the opening angle was 120°. The impact was simulated in the MATLAB system. Finite element model in Ansys
APDL was used to verify the data and analyze the results of the experiment. Traditional models of elasticity theory were
used for calculations. The behavior of the material in the zone of plastic deformation was described using the options of
multilinear isotropic hardening and the von Mises plasticity criterion.

Results. The results of comparing three versions of varying the level of yield strength in the bottom layer are presented:
when the yield strength in the bottom layer is half as high as the top one, equal to it, and twice as high. Displacements at
different observation points for samples with a top layer of 2 mm and 1 mm were analyzed. In the first case, under horizontal
shear, the displacement indices inside the sample did not change if the yield strength level was twice lower or higher than in
the top one. If these indicators were equal, the difference became noticeable. In the second case (layer 1 mm), the difference
in displacement was visible at all observation points. Thus, it can be reasonably concluded that a structure with a smaller top
layer is more sensitive to impact. In the course of the research, it became known that vibrations associated with the transition
to the plasticity zone occurred in the 2 mm zone, and elastic damping vibrations occurred below this zone. We solved the
classification problem for the top layer of the material with changing characteristics of the base. The indicator for comparison
was the Brinell hardness (HB) in the range of 200-600. The results were processed using a neural network and visualized in
the form of graphs. The accuracy of its calculations was 98%.

Discussion and Conclusion. To determine the strength properties of homogeneous structures, it is sufficient to
characterize the speed of displacement inside the sample. For an inhomogeneous structure, additional parameters should
be introduced — displacements on the surface and inside the sample at fixed observation points. An integrated approach
to determining the strength properties of an inhomogeneous structure improves the accuracy of calculations, and the use
of neural networks increases their speed.

Keywords: multilayer structure, layered material on impact, yield strength level, Brinell hardness, strength of
heterogeneous structure
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Beenenue. [Ipy npoekTHpOBaHUM U SKCILTyaTalUK CTPOUTENBHBIX KOHCTPYKIIHUIA IPEIbSBIISIOTCS BBICOKUE TPEOOBAHMS
K MX TIPOYHOCTH M HaAexXHOCTH [1]. B murepaType paccMaTpuBarOTCsl BOIIPOCH! 0€30TKA3HOCTH PabOTHI KOHCTPYKIHH [2],
a TaroKe COXPaHEeHHUS ee SKCIUTYyaTallHOHHBIX CBOMCTB Ha MPOTSDKEHUH BCETO CPOKa CITykOHI [3].

I/IH(I)OpMaTI/IKa, BBIYUCIINTEIIbHAA TCXHUKA U YIIPABJICHUE
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C MH)XEHEpHOW TOYKHM 3pEHUs TBEPAOCTh — OJHA M3 BAKHBIX XapaKTepUCTHK Marepuana. OHa cBA3aHa ¢ TaKUMHU
MEXaHUYECKUMU CBOMCTBAMH, KaK MIPEJEN TEKy4eCTH, IpeAea IPOYHOCTH, IPeesl BEBIHOCIUBOCTH U Np. TBEpIOCTh Ma-
TepHana OIpeelsioT BIaBIHNBaHUEM HAKOHEYHNKA HHCTPYMEHTA B IOBEPXHOCTb. Pa3In4aroT cTaTHYecKoe ¥ INHAMHYE-
CKO€ BJaBJIMBaHKe. VICIIbITaHUE HA CTATHYECKOE BAABIMBAHNE BKIIIOYAET BIABIMBAHUE TBEPIOr0 HHIECHTOPA B IIIOCKYIO
1 TJI3AKYI0 TTIOBEPXHOCTh MATKOTO MaTepHana (MHUIIEHH), MEXaHHYECKHE CBOMCTBA KOTOPOTO OINPENEISIIOTCS 110 U3Me-
PCHHOH 3aBUCHMOCTH NMPHUIIOKEHHOW HArpy3KH OT ITyOMHBI BHEAPEeHNUs. CTaTHYECKHE METOIbI HE TI0O3BOJISIIOT OIICHUTH
(HU3MKO-MaTeMaTHYECKUE XapaKTEPUCTUKHM MaTepraia B yCIOBUSIX JMHAMUYIECKOT0 HarpyxeHus [4]. st aToro ucnosns-
3YIOT METO/Ibl JUHAMUYECKOr0 HHACHTUPOBAHUS [4].

T'OCT P 56474-2015' npeacrasiser AMHAMUYECKOE HHACHTUPOBAHUE KaK BHEIPEHHE UHJEHTOPA B MaTEpHall MOJ
JEMCTBUEM OJHOKPATHOIO YAAPHOIO HUMITYJbCa, CO31aBAEMOI0 CHENHANBHBIM PAa3TOHHBIM yCTPONCTBOM WM CHIION T-
xecTH. Takoil MoXxox OTHOCUTCS K METO/IaM Hepa3pyllaromero KOHTpoust. MIX oCHOBHOM NpHHIUI — Oe30macHoe 00-
CJIeZIOBaHMUE, ONpeJIeNICHNE [IETIOCTHOCTH M OCHOBHBIX Pab0odnX CBOWCTB 00BeKTa [S5]. [1aBHOE mpenMyIecTBo — Hpo-
CTOTa MPUMEHEHHS.

HcnbiTanne Ha BAABIMBAaHUE — 3TO CIOKHBIM IIPOLECC, KOTOPBIM BKIIFOUAET MEXaHUKY KOHTaKTa, HEJITMHEUHOCTh Ma-
Tepuajia ¥ MEXaHuKy paspymenus. s oOmmx cilydaeB O4eHb TPYJHO MOJIYYUTh aHAIMTHYecKue pemeHus. [loatomy
MOHMMaHHE PacCMaTPUBAEMBbIX ITPOIIECCOB OCHOBAHO IJIaBHBIM 00Pa30M Ha SKCHEPHMEHTAX H MOAEINPOBAHUN METOIOM
KOHEUYHBIX 3JIEMEHTOB.

VYnpyruii koHTakT Briepssle u3yuui I'. I'epit [6] B koH1e XIX Bexa. OH mbITaJICS HAliTH TOYHOE ONpeNieNeHue TBep-
JIOCTH, HCHOJIB3YsI 3macTH4HbIN nporecc. [To3xke JK.B. Byccuneck pazpaboTan oCHOBaHHBIM Ha TEOPHHU ITOTEHIMANA Me-
TOJI pacdeTa HanpsDKEHUH U TEPEMENICHUH B YIIPyTOM Telle, HarpyKEHHOM JIF0OBIM )KECTKHM OCECHMMETPHIHBIM HHACH-
TopoM. UTo kacaercs yriryOleHu#, CBA3aHHBIX C MJIACTHYECKOH JedopMaliieii, ToO paHHUE UCCIeI0BaHUS ObLIU cocpe-
JIOTOYEHBI Ha MPeJeIie TEKY4eCTH U IPOYHOCTH NPH PACTSKECHUU.

B nyOnukanusix yuensercs BEUMaHHE METOJaM ANHAMHUYECKOTO HHIACHTUPOBAHUS C LENBIO OTPEAEICHNUS TPOUYHOCT-
HBIX CBOMCTB KOHCTpyKIui. Tak, H.H. ABToHOMOB 1 A.B. Toso5i0 paccMoTpenu 3a1a4y BAaBJIUBAHUS IIIAPOBOT'O MHJIEH-
TOpa B yNPYTroIUIaCTUYECKUI MaTtepuai [7]. ABTOpBI IPOAaHAIM3UPOBAIU paclpe/ieleHue HHTEHCUBHOCTY HaNPsKEHUN
Ha MOBEPXHOCTHU M BHYTpH 00pa3ia. Tak cTaixo U3BECTHO, YTO 30HBI MAKCUMAIbHOW MHTEHCUBHOCTH PacIoararoTcs Ha
HeOOJIBIIIOM PACcCTOSHUU OT 30HBI KOHTAKTa UHJEHTOPa ¥ 00paslia, a Py YBEJIMYEHUN HArPy3KH PACIIHPSIIOTCS.

3apyOexxHble aBTOpHI [8] pa3paboTany MeToJ JMHAMHYECKOTO BJABIMBAHNS, 3aKIIIOUAIOLINICS B N3MEPEHUN TITyOHHBI 1
peaKnMM Ha Harpys3Ky oOpasia B rporecce BIaBiImMBaHus. [l onpeneneHus yriryOneHus NCTIONIB30BAJICS METO/ U3MEPEHHS
CMEIIEHHH, OCHOBaHHBIN Ha MyapoBOil HHTephepoMeTpun. Harpysky u3Mepsuii KBapLeBbIM JaTYMKOM. Pe3ynbraTsl unciieH-
HOTO MOJIETTMPOBAHMS METOAOM KOHEUHBIX 3JIEMEHTOB CBHJIETENILCTBYIOT O TOM, YTO TaKOH IMOIXO[ IOCTaTOUHO XOPOIIO CO-
TJIaCyeTCsl CO 3HAYEHHSIMH, TTOTyYEHHBIMH P TPAANIHMOHHBIX METO/IaX ONPEIENICHHUS CKOPOCTH Je(hOpMariH.

VYueHble paccMaTpUBaIl IPOYHOCTHBIE CBOICTBA MaTepHUaNIOB B IIPOLIECCE HHIEHTHPOBAHUA. DTOMY MOCBSAIIEHO He-
Masio pabot, Hanpumep [9]. M3y4yeHnue noBeeHus «MUILICHN MO BO3IEHCTBHEM MEXaHHUECKUX HArpy30K UrpaeT KIIko-
YEBYIO POJIb B pa3pabOTKe HOBBIX MaTePHAIOB, KOHCTPYKIwiA U w3nenui [10]. KoMIuiekcHbIe HCCIeI0OBaHUS TTO3BOJISIOT
pemarh 33/1a41 ONTHMHU3AINHI TEXHOJIOTHIECKUX IPOIECcCOB, 00eceyeHns] HaeHOCTH KOHCTPYKIMH M ITpeoTBparie-
HUS OTKA30B B UX pabore.

[Monmy4eHHbIe peleHus OTKPHIBAIOT BO3MOXKHOCTh CO3/[aBaTh Oosiee d(PEeKTUBHBIE U yCTOWYMBBIE CTPYKTYpHI [11],
YTO 00YCIIOBJIMBACT aKTYaIbHOCTh N3bICKaHUH B JAHHOM HaIpaBiieHuH. [Ipy 3ToM Bee elie HeJOCTaTOYHO U3y4eH BOIPOC
COCTOSIHUS CIIOUCTBIX KOHCTPYKIUH IPH yAapHOM BO3JEHCTBUU.

Llenut paboThI — aHANN3 HANPSDKEHUH U ITEPEMELICHHH B ABYXCIIOWHON KOHCTPYKIIMH U BBISIBJICHHE YPOBHS YyBCTBH-
TEJIFHOCTH BEPXHETO CJI0sl 00pa3na K IPOYHOCTH IMOJUIOKKH. VccneroBaHre O3BOIUT YCTAaHOBUTH 3HAYMMBIE XapaKTe-
PHUCTUKH AJISl OIPEACIEHN IPOYHOCTHBIX CBOMCTB OJHOPOAHBIX M HEOJHOPOAHBIX KOHCTPYKIHUIA.

MaTtepuansl 1 MeToabl. Cxema npubopa yAapHOro MHICHTUPOBAHUS IIPpECTaBIeHa Ha puc. 1.
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Puc. 1. Cxema npubopa y1apHOTO HHAESHTUPOBAHUS

'TOCT P 56474-2015. Cucmemwr kocmuueckue. Konmponw nepaspyuaiowuii pusuko-mexanudeckux c60iicme Mamepuaios u nokKpblmuii Kocmuye-
CKOU MEXHUKU MEMoOOM OUHAMUYECKO20 UHOEHMUPOSaHusi. DIEKTPOHHBIH (OHI MPaBOBBIX W HOPMATHBHO-TEXHHYECKHX AOKyMeHTOB. URL:
https://docs.cntd.ru/document/1200122009 (nata obpamenus: 14.05.2024).
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Cucrema nuddepeHunaibHbpIX YpaBHEHHH, COOTBETCTBYIONIAs AMHAMUKE MEXaHHUECKHUX JJIEMEHTOB IIpubopa ynap-
HOTO WHICHTHPOBAHUS, IMEET BUL:
m; X, =k1(x2—x1)—F(t), 0
m2x2 = _kz.xz _kl (.xZ _.xl ).
Tak omuceIBaeTCs KOJICOATENBHBIA MPOIECC JUHAMHYSCKOW CHCTEMBI C IBYMS MAacCaMH: mj — Macca WHACHTOPA;
my — Macca yaapHuKa. Macchl CleIUIeHB! TMHEHHBIMU TPY>KUHAMH C )K€CTKOCTBIO ki 1 k» cooTBeTcTBEeHHO [12]. Bemn-
YHHBI BEPTUKAIBHBIX TepeMenieHni X (f), x2(¢) Kak CTEIeHN CBOOO I MACCHBHBIX DJIEMCHTOB HEM3BECTHBI BO BPEMCHH.
Y papHEK B3BeJIM Ha BBICOTY /. [lociie cirycka B MOMEHT KOHTaKTa ¢ HHIEHTOPOM OH JTOCTUT CKOPOCTH
2
kyh

Voo =,|28h+ o
2

Takum ob6paszom, k cucteme (1) ciaenyer 100aBUTh HAYATIBHBIC YCIIOBHSL:

X (0)=0, )'cl(O):O, X, (0)=0, X, (0)=v20. 2)

HewusBectHa Benmmuuna F(f) CHIIBI CONPOTHBIIEHUS CO CTOPOHBI HHAEHTHPYEMOT'0 MaTepuara.

CunraeM, 4TO OBEPXHOCTh MHIEHTOpA — KOHUYECKAs C YTJIOM packpeitus o = 120 rpaa. 3Ha4uT, HEOOXOAUMO HC-
MI0JIb30BaTh YIPYTO-IUTACTHYECKYI0 MOJIENb MOBECHHS HCIIBITYEMOr0 MaTeprana. B BepiinHe koHyca COBagaeT Havyano
YIapHOT'O BO3JCHCTBHUS M IUIACTHUCCKOM AeopMarium.

Y napHslii Iporiecc MozeNpoBaiy B cucteMe «Matinad» (Matlab). Oto mo3Boinino nogoOparek MEXaHWYECKUE Iapa-
METpHI yCTaHOBKH. [17151 BepuHKalliK TaHHBIX U aHAIN3a PE3yJIbTaTOB SKCIEPHMEHTa UCTIOIB30BaIN KOHEYHOIIEMEHTHYIO
Mojensb B cpene Ansys APDL. PaccmarpuBanach ByXClOMHAs KOHCTPYKIMSL. AHATH3APOBAIINCE €€ IEPEMELCHUS U HaMpsi-
JKEHHs1, BOSHHKAIOIIUE B IBYXCIIOWHOM 00paslie Mpy JeHCTBUM JMHAMUYECKOW Harpy3ku. B pacuerax npiuMeHsUIMCh Tpaiu-
IIMOHHBIE MOZIENN TEOPUH yNpyrocTu. [Jist onvcaHus OBEACHHS MaTepralia B 00JIaCTH IUIACTHYECKOTo JiehopMupoBaHus
3aJ1eIICTBOBAJIN OILMH MYJIbTUJIMHEHHOIO H30TPOIIHOIO YIIPOYHEHUS U KPUTEPUH TUIAaCTUYHOCTH Museca:

f(G,Gy)=Ge—Gy=0. (3)

3 1 2
IJle G, — DKBMBAIEHTHOE Hanpsokenue Gon Museca, G, = e c——tr(c)” |, o, — Ipenen TeKy4ecTH IpH OHOOC-

HOW Harpyske.

JJ1st KOHTPOJIISI TOYHOCTH CXOIMMOCTH MPEIBAPUTENBHO OA00PAIN CETKY KOHEUHBIX 3JIeMEeHTOB. [1pu HccliienoBaHuH
napaMeTpoB JBYCIOWHON KOHCTPYKIMH PACCMOTPENH TPU BapHaHTa BAPbUPOBAHHS YPOBHS Mpe/ieia TeKYUeCTH B HIK-
HEM cJIoe B TPeX CiIydyasx — KOrJa Mpelel TEeKy4eCTH B HIDKHEM CJIOe BJIBOS MEHBILE BEPXHETrO, paBeH €My U BIBOEC
Ooubie (Tabnuna. 1).

Tab6muma 1
CTpykTypa u mapaMeTphl UCCIIEyEMBIX KOHCTPYKIUH
No r/nn VpoBeHS mpejielia TeKYYeCTH B HIDKHEM CII0¢ Croit, MM
0 OTHOIIICHHIO K BepxHeMy (koddurment — KE) I I

: 12

2 1 1 9

’ 2

) 12

5 : : 8
° 2

JleTanbHBIN aHATU3 TIEPEMEICHUH B Pa3JIMYHBIX TOYKAX HAOIIOACHUS HATIISIHO MMOKA3bIBACT OTIUYME XapaKTepa Ime-
pemenieHnit B 061acTi iacTudeckux Aedopmartuii. st n3ydeHus nepemMenieHnii BEIOpaii CIeAyIoIyio cxemy (puc. 2).
BepxHuii cnoit KOHCTPYKITUH JUTs1 HATJISITHOCTH BEIICTHIN 00JIe€ TEMHBIM CEPBIM IIBETOM.
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1 3 5

IToBepxHOCTH 0Gpasua onepxnocTs 06pasna
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a) 6)

Puc. 2. Onpenenenne Touek AT H3MEPEHNIT BEPTHKAIBHBIX X TOPU3OHTANBHBIX IEPEMEIICHHUIT:
a — KOHCTPYKIHS C BEPXHHUM CJI0eM | MM; 6 — KOHCTpYKUUs ¢ BepxHUM ciioeM 2 MM. L{udpsr 1, 3 u 5 o603HauaroT ypoBeHb
TIpejieNia TeKy4eCT! B HIDKHEM CJIOe M0 OTHOIICHHIO K BEPXHEMY B COOTBETCTBHH ¢ TabiuIeH 1

Pe3ysabTaTsl ncciegoBanus. Ha puc. 3 npencrasieHa cpaBHUTEIbHAs XapaKTEPUCTHKA YPOBHS IepeMeIleHnil Ha
MIOBEPXHOCTH 00pa3la ¢ TOPU3OHTAIBHBIM CIBHIOM TOYKH HAOJIIOICHHUS OT TOYKH YAAPHOTO BO3IEHCTBHSI.
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Puc. 3. IlepemerieHnst Ha MOBEPXHOCTH 00pa3lia B pa3IMYHbIX TOUKAX KOHTaKTa: @, O — B 1-ii TOUKe KOHTAKTa;
6, 2— B 3-i TOUKE Ha IOBEPXHOCTH; O, €, — B 5-i TOUKE HAa MOBEPXHOCTH
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Kak BuauM, At BYXCIIOMHOM KOHCTPYKLIMHU C BEPXHHUM CJIOEM 2 MM M3MEHEHHE YPOBHS TeKy4yecTd B 1-if u 3-i Tou-
Kax KOHTaKTa IIPU TOPU30HTAIHHOM CIIBUTE HE BIHET Ha IMOKa3aTeH IepeMelleHui BHyTpH obpasia. B 5-it Touke pas-
HUIIA CTAHOBUTCS 3aMETHOM. J{JIs1 KOHCTPYKIIMH C BEPXHUM CJI0eM | MM pa3HMIa yPOBHs NEpeMEIleHUH 3aMeTHA BO BCEX
TOYKaxX HaOmoxeHHs . MOXKHO cenaTh BBIBOJI, YTO KOHCTPYKIHUS C MEHBLINM BEPXHHUM CJIO0eM Oolee YyBCTBUTENBHA K
YIapHOMY BO3JIEHCTBUIO.

Ha puc. 4 moka3zansl pacrpefeleHNs] HHTCHCUBHOCTH HANpPsDKEHUS MPU Pa3INIHOM YPOBHE BEPXHETO MOKPBITHSL.
[IpuBeneHHbIE TaHHBIC MTO3BOJISIOT YTBEPXKAATh, YTO B 30HE 2 MM IPOUCXOAAT KOJIeOaHHs, CBSI3aHHbIEC C IIEPEX0J0M B
30HY IUTACTHYHOCTH, HIKE 3TOH 30HBI — YNPYTHe KONeOaH!s, 3aTyXarole CO BpEMEHEM.

— L E— —
129 842 S11E+08 .102E+09 .153E+09 .204E+09
256E+08 766E+08 .128E+09 .179E+09 .230E+09

I [ —— I
140 036 S11E+08 .102E+09 153E+09 .204E+09
256E+08 766E+08 128E+09 179E+09 230E+09
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411 065 935E+08 .187E+09 .280E+09 373E+09
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6)

Puc. 4. lHTeHCUBHOCTH HampsyKEHUN TpH pa3nuuHbiX 3HaueHusx KE, MIla: a — KE=0,5;6 —KE=1; 6 —KE =2
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Ha puc. 5 moctpoeHs! rpaduiky HANPSKSHUH HAa TOBEPXHOCTH B PA3IMYHBIX TOYKAX HAOFOICHHIA.
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Puc. 5. HanpsbkeHust Ha IOBEPXHOCTH 00pa3iia B pa3InUHbIX TOYKAX KOHTAKTA!
a, 6 — B TOUYKE KOHTAKTa; 8, 2 — B 3-i TOUKE Ha MOBEPXHOCTH;
0, e, — B 5-il TOUKE Ha IOBEPXHOCTH

Jnist ananu3a BNMSHUS OCHOBAHMS Ha IPOYHOCTHBIE CBOMCTBA 00paslia penniy 3a1auy kiaccudukarmu [12] no 3Ha-
yenuto bpunennesoii TBeproct (HB) BepxHero ciost MaTepuana ¢ H3MEHSIOMIMMHUCS XapaKTepHCTHKaMU OCHOBaHUs. B
paMKax McCIeIOBaHHs BBIACIWIN AT KJIaCCU(UKAMOHHBIX rpymil (Tabnuia 2).

Tabnuua 2
KnaccudukannoHHbIe TPYIIIbL
Ne ni/n I'pymnma 3unaueHue HB
1 I 200
2 I 300
3 11 400
4 v 500
5 \Y% 600
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PacueTHbie 3HaUeHMSI, TOJYUYEHHBIE C TIOMOIIBIO MaTEMaTHUYECKONH MOJIENH, TI0JJaBajlCh Ha BXOJ] HEHPOHHOU ceTH.
Ha puc. 6 npencraBineHs! 3HaUSHUSI CKOPOCTEH U IepeMeeHu IS BBIIEICHHBIX TPYIIT TBEPAOCTH.
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Puc. 6. PacyerHble 3HaueHHMs 110 KI1aCCU(PHUKALIMOHHBIM TPYIIaM:
@ — CKOPOCTb BHEIIPCHHS MHICHTOPA; 6 — IePeMeICHUS

s nanpHelelr 00paObOTKH JaHHBIX HCIIOJB30BAIU CO3MaHHYIO U OOYUYCHHYIO HEHPOHHYIO CETh C MOJIHOCBS3HOMN
cTpykTypoii [13]. CTOUT OTMETUTH, YTO HEHPOHHBIE CETH 00TaNAI0T MHUPOKUMH BO3MOXKHOCTSMHU B PEIICHHH TaKOTO
Tuna 3agad [ 14], B yactHocTH B o0macT cTpoutenseTia [15]. HelipoHHBIE ceTH 9acTo HCIONB3YIOTCA s KaueCTBEHHON
OILICHKH, IPOTHO3UPOBAHNUA M MOHUTOPHHTA COCTOSIHUS CTPOUTENBHBIX KOHCTpYKLui [16], a Taroke A mapameTpude-
CKO# uaeHTH(GHUKAnuN 00beKTOoB [17]. YBennueHrne BRIYUCIUTENBHBIX MOITHOCTEH HEHPOHHBIX CETeH HAIPSMYIO BIIHSCT
Ha pa3BuTHe UX (pyHKIFOHAaNma [18].

TouHOCTH BhIUMCIIEHUN HelipoceTu cocTaBuia 98 %. CnenoBarenbHO, HEHPOCETh BEPHO aHAIM3UPYET IKCIEPUMEH-
TaJbHBIE JAHHBIC U CTTIOCOOHA a/IeKBATHO yUeCTh ITOBEJCHUE MaTepuasa Ipy YAapHOM Harpy>XCHUH.

O0cy:xaenne u 3akjoueHue. TakuMm o0pa3oM, aHAIM3 paclpeneieHus MepeMelieH!i 1 HalpsHKeHU B oOpasie
TI03BOJISIET C/IENATh PSiJ] 3aKIIFOUEHHH.

1. YpoBeHb BepTHKaJIbHBIX IEPEMELICHUH B BOJHOBOM MPOLIECCE 3HAYUTENHHO BBIIIE, YEM B TOPU30HTAIHHOM.

2. YpOBEHb KECTKOCTH MOJIOKKH BIMSET Ha PaclpelielieHue epeMELICHUH U HapsDKEHNH.

3. B 6onee mpoyHOM HUKHEM CIIO€ TIEPEMEIIEHHUS 3aMETHO MEHBIIIE, YEM B MSITKOM.

4. BepxHuii CJIOM 4yBCTBUTENEH K MMPOYHOCTH TOJJIOKKH, €CITH €r0 BhICOTA HE TIPEBHIIaeT 1 MM.

5. C yaneHueM OT MecTa MHACHTUPOBaHUs Ae()OpMAIFK CTAHOBSTCS YIPYTHMH, HAMPSHKEHHE HE BBIXOAUT B 00J1aCTh
IUTACTUYECKUX JiehopMaruil.

ITo uToram paGOTH MOKHO yTBEP)KIATh, YTO LIS OTIPEIEICHHU MIPOYHOCTHBIX CBOMCTB OJHOPOIHBIX KOHCTPYKIUH
JOCTAaTOYHO OJTHON BEITMYMHBI, XapaKTEPUIYIOIIEH CKOPOCTh TIepeMeIeH s BHYTpH o0pasma. {1 HeoTHOPOIHOH CTPYK-
TypBI HEOOXOIMMO BBOJUTH TaKHE JOMOJHUTEIBHBIC TTApaMETPHI, KaK MepEeMEIIeHIsI Ha IOBEPXHOCTH B BHYTPH 00pa3na
B (MKCHPOBAHHBIX TOYKax HaOmroeHnit. KOMIIEKCHBIN ITOIX0/1 K ONPEAEIEHHUIO IIPOYHOCTHBIX CBOMCTB HEOAHOPOIHON
KOHCTPYKIIWH ITO3BOJIUT MOBBICUTH TOYHOCTH PACUYETOB. A HCIOJIb30BaHNE HEHPOCETEBBIX TEXHOJIOTHH IS PEIICHHS Ta-
KOTO THIIa 3a]]a4 OTKPBIBAET BO3MOKHOCTB 00Jiee OBICTPHIX BEIYMCICHHH.

I/IH(l)OpMaTI/IKa, BBIYUCIINTEIIbHAA TCXHUKA U YIIPABJICHUE
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Haranssa EBrenbeBHa baGymkuna, accicteHT Kadenpsl BHIYUCIUTEIBHON TEXHUKH U TIPOTpaMMHUpPOBaHsl JIOHCKOTO
TOCYIapCTBEHHOTO TeXHUYecKoro yHmBepcutera (344003, Poccuiickas ®eneparms, . Pocros-Ha-JloHy, . [arapuna, 1),
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Anexcanap AnexcanapoBuy JlsnmuH, 1okTop (u3MKo-MareMaTHYECKHX HayK, mpodeccop, 3aBenyronmii kaeapon
MH(POPMAIIMOHHBIX CHCTEM B CTPOHUTENBCTBE JJOHCKOTO rocy 1apCTBEHHOr0 TeXHUUeCKoro yHuBepeurera (344003, Poccuiickast
®eneparus, . Pocros-Ha-/loHy, mwi. ["arapuna, 1), SPIN-kox, ORCID, ScopusID, ResearcherID, lyapin.rnd@yandex.ru

3asnenenHblil 6K1A0 ABMOPOB:

H.E. Ba0ymkuHa: omucaHne TEOPETUYECKOH YacTH HMCCIIEeOBAaHUs, IPOBEICHUE PACUETOB, CO3aHUE HEHpPOHHOM
cetH, GOPMHUPOBAaHUE BHIBOJIOB, 0(pOPMIICHHE HAYIHOW CTATHH.

A.A. JIanuH: TOCTAaHOBKA IENH W 3aJa4 HCCIICIOBAaHUA, aHAN3 pe3yJIbTaTOB HMCCIENOBaHUS, JOpPaOOTKa TEKCTa,
KOPPEKTUPOBKA BHIBOJIOB.

Kongnuxm unmepecos: aBTOpbI 3asBIASIOT 00 OTCYTCTBHHM KOH(IUKTA HHTEPECOB.
Bce asmopbl npouumanu u 0000punu 0KOH4aAmMeNbHbLIL 6APUAHN DYKORUCHU.
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