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2000-e T. 6bln Pa3BUT CMELLAHHbIN YUCTIEHHO-3KCMEePYMEHTaNbHbIN MeToA, MAEHTUMKALMK, OCHOBaHHbIN
Ha 1CMOMNb30BaHUN AKCTIEPUMEHTASbHBIX AaHHBLIX O COBCTBEHHbIX YacToTax 1 dhopMax konebaHuii obpasLos.
Ero npaktunyeckoe npvmeHeHve npepnonaraeT Bbibop dopMbl 1 pasmepoB 06pasLioB, Habopa vcnonb3ye-
Kroyesble croea: MbIX OfSi UAEHTUMKALMN COBCTBEHHBIX YacToT U GopM KonebaHWii, METOAMKA UX SKCrepuMEHTanbHOro
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MoeHTucmrkauma xapakrepucTvik mMatepuana paccMaTpyBaeTcs Kak 3agada ontMMmusaumm ¢ Lieneson
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ARTICLE INFO ABSTRACT

In order to determine the elastic parameters of polymer composites, a mixed numerical-
experimental method of identification was developed in the 1990s — 2000s, based on the use of
experimental data on natural frequencies and eigenmodes of oscillation of samples. Its practical
application involves the choice of a shape and a size of samples, a set used to identify the natural
frequencies and eigenmodes of vibration, a methods of their experimental determination, a finite-
element model for modal analysis, and an algorithm for solving the identification problem.

The object of the research is laminated polymer composite materials reinforced with carbon
or glass fibers. The aim of the work is to develop practical aspects of implementation and as-
sessment of the accuracy of the mixed experimental-calculation method for identifying of the
elastic parameters of such materials based on experimental data on natural frequencies and
eigenmodes of vibration of standard samples.

Parameter identification for the material is considered as an optimization problem with an op-
timization function, which is a weighted sum of squares of differences between the experimental
and calculated values of natural frequencies. A procedure was developed to implementing the
main steps of the suggested technique: experiments, calculations and control of results. An error
analysis of main steps was carried out, and the accuracy of the determined parameters of the ply
was estimated.

To determine the natural frequencies and eigenmodes of oscillation of the samples, the
method of three-component scanning laser vibrometry was used. The experimental technique
was established and parameters of the technique were chosen to ensure the necessary accuracy
in determining of the natural frequencies. The parameters of the identification procedure and the
finite-element model of the sample were selected. To control the obtained values of the elastic
parameters, the natural frequencies of the samples were calculated, including those not used in
the identification procedure. The error assessment of the in determined elastic parameters was
performed on three different series of samples of carbon-fiber-reinforced laminates with the same
material of the plies and different ply numbers and stacking orders.

The developed technique can be recommended to determine the parameters of material
models required for strength and vibrations assessment of products manufactured with layered
composites.
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BBeneHune

Jiis mpoeKTHpOoBaHMS KOHCTPYKIMH W3 HOJIMMEPHBIX
KOMIO3UIMOHHBIX MarepuanoB (IIKM), moHuTopuHra Ka-
YecTBa IPU NPOU3BOJICTBE HEOOXOIUMO IOJYYEHUE IKCIIe-
PUMEHTAJIBHBIX JAHHBIX O XapaKTEPUCTHKAX MX YIPYTOCTH.
Xapakrepuctuku ynpyrocta [IKM 3aBucsat ot MHOT000-
pa3HBIX BapHAaHTOB CXEMBl apMHPOBAHHUS, MaTEpHAJIOB BO-
JIOKOH U CBSI3YIOLIETr0, TEXHOJIOTUYECKUX M DKCILTyaTallu-
oHHbIX (pakTopoB. JlaHHEIE 0 xapakTepuctukax [IKM, npu-
BEJICHHBIC B JINTEpaAType, 3a9acTyi0 MPOTHBOPEUHBHI U MPH
NPOBEZICHNH OTBETCTBEHHBIX PAacueTOB TPEOYIOT IPOBEPKH.
Kpome Toro, mms IIKM xapakTepHO 3HAYMTEIBHOE, IO
CPaBHEHHMIO C METaJJIaMH, HEIOCTOSHCTBO OT oOpasma K
o0pa3siry, 94To TaKke TpeOyeT TOTOTHUTETLHOTO KOHTPOJIS.

B ciryyae Hanbosee pacipocTpaHEHHBIX CIIOUCTHIX yTile-
M CTEKJIOIUIACTUKOB MPH IUIOCKOM HAINpPSDKEHHOM COCTOSTHUH
HEoOX0AMMO BBIOpATh YETHIPE MapamMeTpa, ONpPEeIISIONIHe
yIpyrue cBoicTBa ciosi: aBa Moayis FOunra E; u Ez, Mmonyin
cnpura Gy u ko3 duiment [yaccona vip [1-3].

Hns onpenenenus xapaxkrtepuctuk ynpyroctu I[IKM
MPOBOJSAT HUCIBITAHMS HAa PACTSKEHHE U CABUT CIEIHANIb-

HBIX 00pa3noB [4—6]. [Ipu 3TOoM mpeamnonaraeTcs co3laHUe
OJTHOOCHOTO HAIPSDKEHHOTO COCTOSHHSI 00pa3IoB, KOTOPOe
peamu3yeTcs Wb MPUOIN3UTENBHO, YTO SIBISCTCS OIHOM
13 IpUYMH HorpemHocteil. Kpome Toro, Takue MCIBITAaHUS
MPH WCCIICOBAaHUH AHU30TPOIMHBIX MAaTEpUAIIOB TPEOYIOT
W3TOTOBJIICHHS CIIEIUAIBHBIX 00pa3IoB pa3IMIHON HOMEH-
KJIATypBI, UCTIOIB30BaHNS TOPOTOCTOSIINX HCIBITATEIIBHBIX
MAalllMH ¥ CHelUalbHON OocHAacTKU. Jpyroi mojaxon k omnpe-
JieneHnto xapakrepuctuk ympyroctu [IKM onmpaercst Ha
n3ydeHue BuOparmii oopasnos. OH He TPeOYIOT AOPOTOCTO-
AIIeT0 00OPYHOBaHUS U OOJIBIIOTO KOJMYECTBa 0OpPA3IoB,
MOCKOJIBKY UCITIBITAHUS Hepa3pymaroumue. MeToauka, OCHO-
BaHHAsI Ha aHAIUTHYECKUX COOTHONICHHSAX, CBSI3BIBAFOIINX
pasMepsl 00pa3IoB W HU3IINE COOCTBEHHBIE YaCTOTHI KOJie-
0aHMii C XapaKTEpUCTUKAMM YIIPYrOCTH, peaju30BaHa B
cragaapte [7]. Mcnonb3oBaHue B HEW aHAIUTUYECKUX CO-
OTHOIICHUH OTPaHUYMBACT KPYT HCCIEAYEMBIX MaTePHAIIOB.

bnaronaps pacmmpeHu0 BO3MOXHOCTEH KOMIIBIOTEP-
HOTO MOJEIMPOBAHUS IS ONPENEIeHUS XapaKTePUCTUK
ynpyroctu [IKM B nocnennue 20-25 ner mpumensercs
MOJIXO/, OCHOBAaHHBI Ha peHIeHHH OOpaTHBIX Koddduim-
EHTHBIX 3a/1a4 MEXaHUKHU Ie(pOpMHUPYEeMOro TBEPAOTO Tela.

109



Nikhamkin M.Sh., Solomonov D.G., Silberschmidt V.V. / PNRPU Mechanics Bulletin 1 (2019) 108-120

OH COCTOUT B WACHTU(PHUKAIIMA TapaMETPOB MOJEIH YIIPY-
TOCTH IO DKCIIEPUMEHTAJIbHBIM JIaHHBIM O TOJISIX INepeme-
mennit, nepopmanmii u T.1. [8-10]. B pamkax sToro moju-
xoxa B 1990-2000-¢ rT. B paboTax COTPYAHUKOB YHUBEPCH-
tetoB VUB (bproccens) u KU Leuven (Jlesen, benbrus)
ObUT TIPEJUIOKEH CMELIAHHBIN YHCICHHO-3KCIEPHUMEHTAb-
uweiii metox (Mixed Numerical-Experimental Technique,
MNET, B HekoTopbsIx myOIuKanMsAX OH Ha3bIBaeTCA
Resonalyser Technique); 063op npusenen B [11]. Unes me-
TOa COCTOWT B JKCICPUMEHTATBHOM OMpEICICHUN He-
CKOJIBKUX COOCTBEHHBIX 4acTOT M (opM KoyiebaHUil 0Opas-
1a B opMe MpsSMOYroJIbHOU IJIACTHHBI, €€ pacyeTHOM MO-
JamTbHOM — aHanmu3e  (HampuMep, MeTOJOM  KOHEYHBIX
AJIEMEHTOB) W TIOCIEAYIOMEH ONTUMI3AIMOHHON TpOLeay-
pe HMACHTH(UKALMU MOJENU IIyTEeM I0100pa XapakTepH-
CTHK YIIPYrOCTH Marepuasa, 00ecneyrBaONINX MUHUMAIb-
HOE pacXOKACHUE PACUYCTHBIX COOCTBEHHBIX YACTOT C IKC-
MepUMEeHTaNbHEIMHA. Ha TpuMepax HCTBITAHWN TUTACTHH W3
pasUuYHBIX MaTepHANOB ObLIO MOKazaHo [12-14], uro
MNET sBnsercss ymoOHBIM MHCTPYMEHTOM, ITO3BOJISIOIINM
UACHTUPHUIIPOBATH XapaKTEPUCTUKHU YIIPYTOCTH CIOUCTOTO
kommo3uta. B pabdorax [14, 15] MNET wucnons3oBanu st
UCCJIEJIOBAHMSI YNPYTHX XapaKTEPUCTHK apMHPOBAHHBIX
KOMIIO3HTOB TIPH TOBBIIICHHBIX TEMIIEpaTypax, a B paborax
[16, 17] — mnst ompenencuust 3h(HEKTUBHBIX XapaKTEPUCTHK
KECTKOCTH TO(QPUPOBAHHBIX IUIACTUH W KOMIO3WUTHBIX
coHnBuu-nanenei. B [18] B kagecTBe 0Opasima mcmonp30Ba-
U HATYpHYIO IBYTaBPOBYIO OallkKy M3 CTEKIJIOIIIACTHKA.
[Mono6ueiii MeTon onucan B mateHte [19]. B pabore [20]
METOJ] IPUMEHSIETCS [T ONPEeIICHIS XapaKTePUCTHK BsI3-
KOYIIPYTOCTH KOMITO3UTOB.

IIpaktuaeckoe mpumenenne MNET mpenmnonaraer Bbl-
60p popMEI, pa3MepoB B YCIOBHHA 3aKpEIUICHUS 00pasIoB,
Ha0Opa MCTONB3YEMBIX ISl UICHTH(OUKAIIUN COOCTBEHHBIX
4acToT ¥ (GopM KosieOaHHWH, METOIMKH HX HSKCIIEPHMEH-
TaJIBHOTO ONPEICICHHUs, KOHSTHO-IIIEMEHTHON MOJICNH IS
pacueTHOTO MOJAIFHOTO aHAJW3a, a TAaKXKe alfTOpHTMa pe-
LICHHUs 3a/laud ONTHMHU3AIMU. OTH 3JIEMEHTBl METOAUKH
OKa3bIBAIOT BIUSHHE HA IOTPEITHOCTh ONPEIEICHUS XapakK-
TEPHUCTUK YIPYTOCTH, TPYAOEMKOCTh PAcueToOB U SKCIEpPH-
MeHTOB. B pabote [21] mokazaHo, 4TO MpU OMpEIEICHUN
XapaKTEepPUCTUK YIPYrOCTH OTHEIBHOTO CJIOSI JIaMHUHATa
HanOOBIININ BKIIAJ B TIOTPEIIHOCTE ONPENEICHUS MOIYICH
YIPYrOCTH BHOCHUT TOTPELIHOCTh ONPEAETICHHs TONIINHBI
obOpasna, a kodpdunuenta [lyaccoHa — dKCIEpPUMEHTaTb-
HBIX 3HAYE€HWH COOCTBEHHBIX 4acTOT. UTOOBI KOMIIEHCHPO-
BaTh OTPAaHMYECHHBIE BO3MOXHOCTH SKCHEPHMEHTAIBLHOTO
OTIpeNeIeHNs] COOCTBEHHBIX HYacTOT M (opM KoyieOaHuit
00pa3ioB U 0becreunTh TOYHOCTh B paborax [13-15, 21],
ABTOPBI IIUIM 110 IYTH YBEJMYEHHS KOJIMYECTBAa OOpa3loB:
HCIIBITBIBAINCh HECKOJIbKUX MPSIMOYTOJIbHBIX 00pasloB,
Pa3INYAIOIIMXCSI COOTHOIIEHHEM CTOPOH U OPUEHTALIUEH 110
OTHOIIEHHIO K OCSIM aHU30TPOIHH.

COBepIICHCTBOBAHUIO METOJIOB HICHTU(DHKALUKN Xa-
PaKTEepUCTHUK YNPYTroCTH IO TapaMeTrpaM BHOpAalMU CIIO-
COOCTBOBaJIO aKTHBHOE pAa3BUTHE B IIOCIEIHHE TOIbI
CPEACTB OKCIIEPUMEHTAILHOTO MOJIaJbHOIO aHaiu3a, B
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YaCTHOCTH CKaHUPYIOLIEH J1a3epHOl BUOpomerpun [22—24].
Ee npuMmeHeHune faeT NpUHIMITNAIBHO HOBBIE BOBMOYXKHOCTH
noBermeHust TouHoctd MNET Gmaromapst 6eckoHTakKTHOMY
W3MEPEHUI0 BHUOpamuii, BBICOKOW TOYHOCTH OIPEICICHHS
COOCTBEHHBIX YacTOT W BBICOKOW MPOCTPAaHCTBEHHOW paz-
pelaronieil CrmocoOHOCTH MPU OMPEICICHUN COOCTBEHHBIX
¢dopm xomebanmii. CregyeT OTMETHTh, YTO 3JKCIIEPUMEH-
TaJIbHAsl COCTABIIAIOIIAS METOAA MICHTU(PHKALMK TTapaMeT-
POB YIPYroCTH KOMIIO3UTOB IO MapaMeTpaM BHOpaluu oT-
pakeHa B JINTEPATYPHBIX MCTOYHHKAX CYIIECTBEHHO MEHB-
IIIe, 9eM pacdeTHas.

JIyst MOBBIILICHNS! TOYHOCTH WJICHTU(PHKAIMK XapakKTe-
PUCTHK ynpyrocTu B pabdore [25] mpeanoKeHO IOIOIHUTD
nporienypy MNET mnpenBapuTensHBIM BBIOOPOM COOTHO-
IIEHUs pa3MepoB 00pa3la-IulaCTUHBL 4Yepe3 OTIEIbHYIO
NpoLEeAYpPY ONTHMHU3ALNH, YTO MO3BOJISIET MOJIYYUTH Oolee
HaJIeXKHbIe JaHHBIe 0 K03(dumumente [IyaccoHa B miocko-
cti cnoss JamuHaTa. C IEIbI0 TOBBIMICHHUS HAJCKHOCTH
pe3yabTaToB aBTOPHI [23] hopMyIHPYIOT 3a7ady OIHOBpE-
MEHHON MUHUMH3aIWN (QYHKIUH HEBA3KH PACUCTHBIX H
SKCHCPUMCHTAIBFHBIX 3HAUYCHUH COOCTBEHHBIX YacTOT H
CTaHJAPTHOTO OTKJIOHCHUA I/I[[CHTI/I(bI/IHI/IpOBaHHLIX 3Ha4ye-
HUU [IapaMeTpPOB YIPYrOCTU IIyTEM BapHalluy HEU3BECTHBIX
3HAYCHUH YIPYTHUX MapaMeTPOB M BECOBBIX KOA(PQHUIIHCH-
ToB (pyHkumu Hesizku. [Ipu atom meronq MNET eme Gonee
YCIIOXKHSETCs. U TpeOyeT JUIsi CBOeH peaM3alliy ClIeHalb-
HOTO TIPOTPAMMHOTO 00eCTIeUCHHSI.

Takum 00pazoM, METOJ YHCICHHO-IKCIIEPUMEHTAIEHON
HUACHTU(PHUKAINN TI0 Pe3ylIbTaTaM HCCIICAOBAaHHUS BHOPAIIH
sBIseTcd APPEKTUBHBIM MHCTPYMEHTOM OIpeaeNeHHs Iia-
pametpoB ynpyroctu [IKM. B To ke Bpems mpeacTaBiiser-
s, 9TO MPAKTUIECKasl peau3alysi ITOr0 METOAa IMPUMEHH-
TCJIbHO K pa3/IMYHbIM Marcpuajiam, o0ecrieueHne TOYHOCTH
pPe3yJIbTaTOB IPU MUHUMAJIBHON TPYHOEMKOCTH JKCIIEpU-
MEHTOB W PacueTOB TPEOYIOT JOMOTHHUTEIBHBIX UCCIICHI0BA-
HHﬁ, OCO6CHHO B 4aCTHU TEXHUKU OKCIICPUMCHTA U OLCHKU
HOTPEIIHOCTEMN.

OOBEKTOM HCCIEOBAaHUSA B HACTOSIIEH padoTe SBIIS-
I0TCS IMHUPOKO pachpocTpaHeHHsie cioucteie [TKM, apmu-
POBAaHHBIC OAHOHAIIPABJICHHBIM YTIJIC-, WJIN CTCKJIOBOJIOK-
HOM WJIA TKAaHBIO M COCTOSINHE M3 Pa3IMYHO OPHUCHTUPO-
BAaHHBIX OJJUHAKOBBIX CJIOCB.

Llenb nccnenoBaHus — pa3paboOTKa M OIIEHKA TOYHOCTH
9KCIIEPUMEHTAIILHO-PACUETHON METOMUKH  OIpEJeIICHUs
XapaKTEepUCTUK YIPYrOCTH MOHOCIOSI TaKMX MaTephaoB,
OCHOBaHHOW Ha MCIIOJIb30BAHMH CTAHIAPTHBIX 00pa3IoB U
NPUMEHEHNH TPEXKOMIIOHEHTHOH CKaHMPYIOIIEH Jia3epHOi
BUOPOMETpPUH.

1. YucneHHo-3KCNepMMeHTanbHasa MeToauka
naeHTU(UKaLUMM XapaKTePUCTUK YNPYTroCcTn
MoHocnos cnouctoro NKM

OtnenbHbll cnoit paccmarpuBaembix [IKM — opro-
TPOTHBIA MaTrepuaj, HaXOJIIIUICS B YCIOBHAX IIOCKOTO
HaNpPSKEHHOTO COCTOSHHS. XapaKTePHCTUKAMHU yIPYTOCTH
MOHOCJIOS SIBJISIIOTCS YeThIpe mapamerpa [2, 3, 26]: momynu
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Onra Baons ocHoBBl E11 M momepex ocHOBBI Ezp, Momymn
capura Gio m ko3ddunument Ilyaccona vio. Bekrop mumen-
tudupyemMbx mnapamerpoB E (unmexc T — omepanms
TPaHCIIOHUPOBAHUSI) MOXKET OBITh IPEJICTABIECH KaK

E=[E11,E22,G12,V12]T. @

1.1. MNpouenypa naeHTUrkaymmn
XapakTepUCTUK ynpyrocTu

Ipouenypa uaeHTUGUKALUN YOPYTHX XapaKTEPUCTUK
OCHOBBIBACTCS Ha pEHICHUU KOI(DQOUIMEHTHONH 0O0paTHOM
3a]a4i, B KOTOPOH HEU3BECTHBIMH SIBJISIOTCS IapaMeTphbl,
BXozsmue B BekTop E, a madopMarment ams mx ompenene-
HUS — MMOJTyYCHHBIN YKCICPUMEHTAILHO HabOp N cOOCTBEH-
KoJicOaHui oOpasia

HBIX qacCToT

(i=12...n).

Wnentudukanus paccMaTpUBacTCs Kak 3afada OMNTH-

IPSIMOYTOJIBHOTO

MH3alUK C [eNeBOil (yHKIMeH, NpencraBisooneil coooi
B3BCLICHHYIO CYMMY KBaJIpaTOB Pa3HOCTEH MEXIy JKCIIe-
pumeHTaisHeIMH f, u pacuerHeiMu f,; 3HadeHMsIMH COO-
CTBEHHBIX YaCTOT, COOTBETCTBYIOLIMX OJHUM U TeM ke c00-
CTBEHHBIM (hopMaM KosrebaHuit oOpasma:

I(E):Zn:oci @ —>min, 2

ei

TJIC 0j — BECOBBIC KO PUIIMCHTHI.
Ha wunentuduuupyempie mapamMeTpbl HAKIabIBAIOTCS
OTpaHUYCHUsI B BUJIE [PAHHUI] TUANIA30HOB TOMCKA!

min max

Ell < Ell < Ell '
min max

E22 < E22 < E22 ' (3)
min max

GlZ < G].Z < G12

min max
Vip <V <Vp
B mpoBoauMBIX pacueTax 3a 3TU OrpaHUYEHUs NPHHU-
Manoch OTKJIOHeHHe Ha +10% OT HEKOTOpPBIX aNmpHOPHBIX

v 0 0 0 0
snauenmii E;j,E,,,G, U v,,, IpUHEMaeMbIX Ha OCHOBaHHH

JIUTEPATYPHBIX U OLICHOYHBIX JaHHBIX.

[Mpouenypa uacHTHU(DUKAIMYA XaPAKTEPUCTUK YIPYro-
CTH BKITIOYAeT B ceOs HeCKONBKO 3TarnoB (puc. 1). CHavana
MPOBOJIMTCS B3BEIIMBaHUE 00paslia, ONPEAEISIOTCS ero
pa3Mephl, PaCCUUTHIBACTCS CPEIHSS IJIOTHOCTh MaTepHaa.
ITo 5TUM AaHHBIM pa3pabaThIBaCTCs KOHEYHO-IIICMEHTHAsS
MOJIETIb ISl IPOBENICHHSI PACUETHOTO MOJAIBHOTO aHau3a
oOpa3iia.

IKCnmepHMeHTa IbHbIIT
MOJA BHBII AHATNS

A a

V " v

/

H;J.(w) = ,\':(w)/F)(w)

Onpenenenne
reoMeTpHYeCcKHX
H MaCCOBBIX
XapaKTePHCTHK
odpa ;uos

K3-mo0aean

= [Eyy Eoi G via]™

wﬂ

&

OnTuMusauns

I(E) = Z (f—““;:

fei )
=min

Moaaabnbrl aHaIN3
MK3
det|[K] — w*[M]|=0

1

~

l\Oll‘l"pO-'lb COBHNAJeHHSN

cobcTBenHbIx popM Koaebanmit

[ ';/ﬁzJ

P

>

<

cobcTBeHHBIM YacTOTAM
- f:z(E) = fex
fl}

KonTpoas morpemnocTi mo

~

Puc. 1. [Ipouenypa uneHTHUKALUHA XapaKTEPUCTHK yIIPYTrOCTH

Fig. 1. Process for identification of elastic parameters
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Ha cnenyromiem 3Tane MeTogoM CKaHMPYIOLIEH Jlazep-
HOW BHUOpPOMETPHUH TPOBOAMTCS SKCIIEPUMEHTAIBHBIN MO-
JIANbHBIA  aHanmu3 o0pasla, ONpPENelsIoTCsl COOCTBEHHBIE
Y4acTOTHI U POPMBI KOJIeOaHU.

OCHOBHO 3Tal MPONEAYPHl UACHTUPHUKALINH MPEICTaB-
JsieT co0oit moadop 3HAUCHUIT KOMIIOHEHT BEKTOpa MCKOMBIX
XapaKTEepUCTUK ynpyroctd E, obecrieunBarommx MUHUMHA3a-
uro 1eneBoi GyHkmu (2). [Ipu sToM peanmisyeTcss OUH U3
ITOPUTMOB ONTHMH3AIMK C MHOTOKPATHBIM OOpalieHueM
K KOHEYHO-3JIEMEHTHOMY MOJAJIBHOMY aHaiu3y. B HacTos-
et paboTe MCIOIB30BaJICS METO CKpUHUHTA [27] — HenTe-
paTUBHBII METOX MPAMOIl BEIOOPKH C IIOMOIIBIO T€HEpaTOpa
KBa3UCITy4yalHbIX 4ncel. Ero ocHOBHOE NOCTOMHCTBO — Ma-
Jas 9yBCTBUTENBHOCTh K HEPETyISIPHOCTSM ITOBEACHHMS Iie-
7IeBoit (DyHKIMH U BEICOKOE OBICTPOJCHCTBHE.

B coorHomenun (2) BaxxHO, YTOOBI pacyeTHHIE M JKC-
TNICPUMCHTAJIbHBIC 3HAYCHU CO6CTBCHHLIX YacTOT COOTBECT-
CTBOBAJM OJHHM M TeM e coOCTBeHHBIM (opmaM. B
HacTosiIed paboTe CpaBHEHHE PACUETHBIX U HKCIIEPUMEH-
TalbHBIX COOCTBEHHBIX (I)OpM MMPpOBOANJIIOCH Ha OCHOBaHUH
aHaIM3a WX AaHMMALHMOHHOTO TIpeicTaBileHus. B Oomee
CIIOKHBIX CIydYasX AJsL 3TOT0 MOXET OBITh HCIIOJIb30BaH
anHanu3 MAC-matpurs! [28].

Ha mocnenHeM sTane OLEHMBACTCS PACXOXKACHHUE pac-
YETHBIX 3HAUYEHHH COOCTBEHHBIX YacTOT, MOJYYCHHBIX IIO
WACHTU(GHUINPOBAHHBIM  XapaKTEPUCTHKaM  YIPYTOCTH,
C 9KCHEPUMEHTAIbHBIMH JaHHBIMH.

1.2. MeTogmKka akcnepumMmeHTanbHoro
MoanbHOro aHanuaa

B Hactosmelr pabore AN 3KCIEPHUMEHTAIBFHOTO MO-
JATEHOTO aHAJIM3a MCIIOJB30BaH METO] TPEXKOMITOHEHTHOM
cKaHupyomei nasepHoit Bubpomerpuu [28, 29]. Ero oc-
HOBHOE JOCTOMHCTBO — BO3MOXXHOCTb OECKOHTAKTHOTO BO3-
Oy>XIEeHUS M U3MEPEHU BUOPAIHIA, YTO MCKIFOUAeT HCKaXKe-
HHE YNPYTOMAcCCOBBIX XapaKTEPHCTHK oOpa3la JaTYMKaMH.
MeTo/1 MO3BOJIIET C BBICOKOM TOYHOCTBIO OMPEACNIATH COO-
CTBEHHBIC YaCTOTHI KOJIeOaHUH 00pa3IoB — IPIMOYTOIBHBIX
mwiactuH u3 [IKM — B auanazone mo 10000 u Beime. Takoit
JMama3oH BKJIOYaeT B ce0si OOJBIIOE KOJUYECTBO COO-
CTBEHHBIX 9acTOT u (hopM KolleObaHuil, KOTOpbIE MOTYT OBITH
HCTIONB30BaHbI B IIporeaype uneHTudukamnun. Kpome Toro,
3TOT METOJ JaeT BO3MOXKHOCTH OIMpPEICsATh (POPMbI KOJIe-
0aHWil B yKa3aHHOM JHMAaNa30HE YacTOT C BBICOKOW paspe-
IIAFOMIEH CITOCOOHOCTHIO, COIIOCTABIUMOM C BO3MOXKHOCTSIMH
KOHEYHO-3JIEMEHTHOTO MOJAJILHOTO aHaju3a. JTH JI0CTO-
WHCTBAa CKAaHUPYIOMICH Na3epHOW BHOpOMETpUHU obecnedu-
BalOT €fl HEJOCTYIHBIC JIPYTUM METOJIAaM BO3MOXXHOCTH B
obecrieueHNMH 00BEMa M TOYHOCTH JKCIEPHUMEHTATBHBIX
JTAHHBIX JJIS1 HACHTU(UKAIINH XapaKTePUCTHK YIIPYTOCTH.

MeToarka ompeneieHnss COOCTBEHHBIX Y4acTOT u (opM
KoJicOaHWii OCHOBaHA Ha IPEACTABICHHH HCCICIyEMOro
00BbeKTa KaKk KoJiebaTeaIbHOW CUCTEMBI C KOHEUYHBIM YHCIIOM
N cTerneHel cBOOOIBI U ONPEACICHHN MAaTPHIIBI TIepeaaToy-
HBIX (QGYHKIMA H, KaXXIpIid 3JIeMEHT KOTOPOH MPEeCTaBIsaeT
000 pe3ynbTaT U3MEPEHUH OTIEIBHON YaCTOTHOW Xapak-
TepUCTHKH [28, 29]:
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Hy (@) = X, (@) / F, (@) ij=1..n, )

rme o — gactora; Xi(®) — yacToTHas GYHKIUS OTKINKA 00b-
eKTa JuIA I-i cremern cBoGOabI Ha BosmeiicTue Fj(w), co-
OTBETCTBYIOIIEE j-i CTEIIeHH CBOOOIBI.

IIpn TPEXKOMIIOHEHTHOM CKaHMPYIOIIEH Jia3epHOM
BHOPOMETPHUH Ha TIOBEPXHOCTH 0Opa3la CO3JacTcs CeTKa
ckaaupoBanns (CC), Kaxaplii y3ed KOTOpOHl MMeeT Tph
crernieHu cBOOOnBI. Bo30OyxkaeHue konebaHuit o0Opasma
o0ecrieunBaeTcsi BHEIIHEW Harpy3Kod C M3BECTHBIM CIIEK-
tpoM F(®), xoTOpas mpuKIagbIBacTCs B OJHOM WM He-
ckompkux y3nmax CC. Peakums B BHIOE BHOPOCKOPOCTH H3-
MepsieTcsl IOCIIeI0BaTebHBIM CKaHUPOBAaHHEM BO BCEX Y3-
nax CC. [IlpuHumMn wu3MepeHusi BHOPOCKOPOCTH MpHU
Ja3epHOil BUOPOMETPHH OCHOBAH Ha ONPENENCHUH JOILIe-
POBCKOrO CABUra YacTOTHI ONTHYECKOTO M3IYYCHHUS, OTpa-
JKEHHOTO OT KoJseomromierocsi oobekra. YactoTHas GpyHKuuns
otkimka X(®) monmydaercss myTeM 4ucieHHoro ®ypbe-
npeoOpa3oBaHusi M3MEpeHHOW BuOpockopocTu. Ilomyyen-
HbIe TaKUM OOpa3oOM 3JEMEHTHI MATPHULBI IEPEIATOYHBIX
¢yHKIMH H xak (yHKOIMK 9acTOTHI MPEACTaBISAIOT cOOOM
aMIUTUTYAHO-4acTOTHbIE XapakTepucTuku (AUX) mns or-
nenbHbIX y350B CC, MCHOdb3yIOMmMecs s AalbHenIIen
00paboTKN W OTpeneNeHus] COOCTBEHHBIX YacTOT M (opM
kosebaHuit o6pasia.

3neck JazepHas BUOPOMETPHS IPOBOIMIIACH C MCIOJb-
30BaHHEM TPEXKOMIIOHEHTHOTO CKaHUPYIOIIETO Ja3epHOTO
BuOpometpa Polytec PSV400-3D no meTomuke, OIMMCaHHOM
B [30-33] (puc. 2). Uccneayemsrii o0paser; 3aKperisieTcs Ha
JKECTKOH paMe B MOJATIMBBEIX YIPYIHX IOJBECaxX, YTO MO3-
BOJISICT MaKCHMaJIbHO IPHOIM3HUTH YCIOBUS 3aKPEIUICHUS K
OTCYTCTBHUIO OTPAaHMYEHHUI Ha IepeMeneHus («CBOOOIHBIN
MOJIBECY), YAOOHOMY JIi BOCIIPOU3BEICHHS B TNOCIEAYIO-
MUX pacyerax. Bo3OyxaeHne KoiebaHUi OCYIIECTBIACTCS
OCCKOHTaKTHO C TMOMOIIBIKD aKyCTHYECKOrO JUHAMHUKA.
Bmecte ¢ OECKOHTAKTHBIM HM3MEPEHHEM BUOPOCKOPOCTH
METOZOM JIa3epHOM BUOPOMETPUH 3TO CO3IAET BO3MOXK-
HOCTh HE HCKaXaThb YIPYro-MacCOBBIE XapaKTEPHCTUKH

o0BeKTa HUCCJIICAOBAHUA AaTYHUKaAMH, DJICMCHTAMU CHCTCMBI
g8
3
V.

?0“\ 30
“ ))) PSV
400 3D

Puc. 2. Cxema 3KCIIepUMEHTAILHON YCTaHOBKHU: 1 — HcciemyeMslit
o0paselr; 2 — CKaHUPYFOLIHH JIa3epHBIA BUOPOMETD; 3 — aKyCTHIESCKHI
B030yuTENb KoseOaHuit

BO36y)KJleHI/IH " 3aKpCIJICHUEM.

LS}

Fig. 2. Schematic of experimental setup: 1 — sample; 2 — scanning
laser vibrometer; 3 — acoustic actuator
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OCHOBHBIE TTApaMETPBl METOIHKH, OOYCIOBIUBAIOIINE
TOYHOCTB ONPE/ICIEHUs COOCTBEHHBIX YacTOT U (JOPM KoJie-
OaHWIl: WCCIIeqyeMBIil THaa30H 9acTOT, KOJMYECTBO Y3JIOB
CETKH CKaHUPOBAHUSI, KOJMYECTBO MOBTOPEHUH M3MEPEHUS
B Ka)XJOH TOUYKE CKaHWUPOBAHUS, MapameTpbl (QUIbTpaLUu
curHaiga u npeobOpasoBanusi Pypee. Hmxe Oyzer omucaH
OTIBIT BBIOOPA 3THX IAapaMETPOB NMPHUMEHUTEIBHO K HCCIe-
JoBaHuIo 0Opa3uoB u3 I[IKM u naHa oneHKa MOrpenHOCTH
OIpe/ieIeHuUsI COOCTBEHHBIX YacTOT.

1.3. KOHeYHO-3n1eMEHTHOE MOAEeNMpPOBaHue
MOZarbHbIX XapakTepuUcTUK 0bpasLoB
M3 CNOUCTOro KOMMNo3nuTa

3ajaya pacyeTHOr0 MOJAIBHOIO aHallku3a 00pa3loB M3
CJIONCTOTO KOMIIO3UTa COCTOMT B OIPEAEJICHUH €ro coo-
CTBCHHBIX YacTOT U (GOPM KOJICOaHHH.

PaccmarpuBaercss oOpasemn, TpeacTaBISAIOMAN coOoi
OPSIMOYTONBHYIO TJTACTHHY C pa3MepaMu B IUTaHe a u b u
tommuuHoi h (puc. 3). Marepuan IIaCTHHBI — CIOUCTBIA
KOMIIO3UT C OPTOTPOIHBIMH CIJIOSIMH, PaCHOJIOKESHHBIMH
MOl Pa3HBIMH yIJIAaMH P K KpasiM IUIaCTHHBI.

Puc. 3. O6paser U3 CIOUCTOrO KOMIIO3UTa

Fig. 3. Sample of laminated composite

Konebanus oOpasia OnuChIBAIOTCS B paMKax JHHAMH-
K1 1e(hOpMHPYEMOTO YIIPYToro Tela cIeayIoIeil CHCTeMoi
ypaBHeHH [34]:

;i = PU;, (5)
1
% zg(ui,i ), (6)
oy =Cygq, 1,1,k 1=123, @)

rae Ui — KOMITOHCHTBI BEKTOpa nepeMemeHHﬁ; Gij n ey —

KOMTIOHEHTBI T€H30pPOB HampsukeHnit u aedopmarmii; Cyy

— KOMIIOHEHTHI TEH30pa YNPYIHX MOCTOSHHBIX; p — IUIOT-
HOCTb Marepuara.

B pamkax monemu (5)—(7) mist pac4eTHOTO MOAAITBLHOTO
aHanM3a oOpa3lOB MCIHOJB30BAJICS METOJ KOHEUHBIX 3JIe-
meHtoB (MKD). CobGcrBeHHble KoneOaHHs KOHEYHO-
snemenTHON (KD) Momenn oONMCHIBAIOTCS B MaTpUYHOU
(dhopme ypaBHeHuem [35]

[M]{u}+[K}{u} =0, ®

e [K] " [M] — MaTpHULbl KECTKOCTU U MacC; {u} — BEK-
TOp mepeMenieHnit B y3aax K3-monemm.
Pacuer cOGCTBEHHBIX YacTOT @, M popm {U,}, Koe-

Ganwuii (K — HOMep cOOCTBEHHO# (POPMBI) CBOIUTCS K anred-
pamndeckoii mpobiieMe cOOCTBEHHBIX 3HaUCHHIA [35]:

det|[K]—w?[M] = 0. 9)

MaTpuia KEeCTKOCTH BBIYHUCISCTCS Yepe3 KOMIIOHCHTBI
TeH30pa ynpyrux noctosiHHbIX Cijk, KOTOpBIC, B CBOIO OYe-
peab, M pacCMaTPUBAEMOTO ClIydas OPTOTPOIHOTO CIOS
OpH IUIOCKOM HAMPSDKCHHOM COCTOSHHH  OIPECIISIOTCSI
4yepe3 UACHTHOUIUPYEMbIe TEXHHUYCCKHE XapaKTePUCTHKH
yIpyrocty, Bxojsme B Bektop E (1).

2. Peanusauusa n obcyxxgeHue
2.1. ObbekT uccnegoBaHus

OOBEKT HCCIEeNOBaHMS — CJOUCTBIA YIJICIUIACTHK Ha
OCHOBE PaBHOIPOYHOHU yriepoaHod Tkanu Porcher u 3mok-
CUIHOIO CBSI3YIOLIET0, U3rOTABIMBAEMBIA IO MPENpPETrOBOU
TEXHOJIOTMH METOZIOM aBTOKJIABHOTO (hOopMOBaHUs. Tom-
Ha MoHocios 0,21 mm. HMccnemoBaHue NpOBOAMIOCH Ha
00pa3max, MpeacTaBIAIMUX cO00H MPSIMOYTOIbHYIO ILa-
CTHHY JUTHHOM 255 MM W mmpuHOH 25 MM; Takue 00pa3bl
PEKOMEHAYIOTCS CTaHJapTaMH MEXaHHUECKUX HCIIBITaHUI
ITKM [5] (puc. 4).

e
i = — o3

Puc. 4. UccnenoBanHble 00pa3sipl

Fig. 4. Studied specimens

HccnenoBanbl 3 Tuma o0Opa3unoB (OHM 0003HAUCHEI
B Tabi. 1 kak K, G, R) pa3Hoii TONIMHBI ¢ pa3IMYHBIM KO-
JMYECTBOM CJIOEB M CXeMaMH UX YKJaJaku. Marepuan cioeB
W TEXHOJIOTHS M3TOTOBJIIEHHS BO BCEX TPEX MAapTHsIX ObLTH
OJIMHAKOBBIMHU.

C 1enplo OIEHKM pacCestHUs COOCTBEHHBIX YacTOT
MEXAY pa3In4yHBIMHE 00pa3lamMu OJHON cepun ObUIN Hccie-
noBaHel 5 oOpasuoB tuma K (tabn. 2). PaccesHue
rapaMeTpoB sl 3TOH cepuH 0Opas3loB XapaKTEepPHU3yeTcs
3HaYCHUSAMHU Kod(durmenTa Bapuanuu Cy, paBHOTO OTHO-
IIEHHUIO CTaH/IAPTHOTO OTKJIOHEHUsSI K CpeTHEMY 3HAUCHHIO.
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Tabmuma 1

Xap AKTCPUCTUKU UCCIICTOBAHHBIX O6pa3HOB

Table 1

Parameters of studied specimens

Cepus Macca, r| TonmuHa, MM Inotrocrs, | Hucno CxeMa yKIIagKu

obpasua ’ THEd, kr/m® CII0EB yiaan
K 38* 3,7* 1586 18 0/45/90/-45/0/45/45/0/-45/90/45/0/0/45/90/-45/0/45
G 35 3,6 1525 17 0/45/90/-45/0/45/90/-45/0/45/90/-45/0/45/90/-45/0
R 30 3,0 1569 15 0/-45/90/45/90/45/0/-45/90/0/90/0/90/0/90

*[Ipumedanue: 3Ha9KoM (*) 0003HaUEHO cpefHee 3HaUCHHe IS TApTHH U3 5 00pasIos.

Tabiuma 2
XapaKTepuCTUKU MaPTHU UCCIICIOBAHHBIX 00pa3IoB Tumna K
Table 2

Parameters of K-type specimens

Howep Macca, r | Tonmuna, mmM | [lioTHOCTB, KI/M®
obpasna
1 38 3,7 1611
2 37 3.9 1488
3 39 3,7 1653
4 37 3,7 1569
5 38 3,7 1611
Cpennee 37,8 3,74 1586
cv, % 2,2 24 3.9

2.2. Pe3ynbTaTbl 9KCNEpPUMEHTaIbHOro
MOZanbHOro aHanmaa

Jnst onpenesnieHus: MOAAIBHBIX XapaKTEPUCTHK 00pas-
IIOB HCIIOJIb30BaIaCh METOAMKA IKCIIEPUMEHTAIHHOTO MO-
JTAJIBHOTO aHalM3a, omucaHHas B 1.1.2. JIng BO3OYXKIEHUS

KoJieOaHWH HCHOJIB30BAICS CUTHAJ, HM3MEHSIOUIMHCS BO
BPEMEHH MO T'apMOHUYECKOMY 3aKOHY C IIOCTOSIHHOHM am-
TUIATYJOW M 9acTOTOH, Bo3pacTtatomieir oT 0 mo 12 000 I'm.
CeTka ckaHUpOBaHUs BKJroyana B ceds 600 y3noB. B kax-
JIOM y3JIe TIPOBOJMIIOCH OCPEAHEHHE M0 TPEeM U3MEPEHHUSM.
Js xkaxzoro obpasna NpoBOJWIN HE MEHEE TPeX HCIIBITa-
Huil. [Ipu uncnenHoMm ®Dypre-mipeoOpa3oBaHUN U3MEpEH-
HBIX BUOPOCKOPOCTEH pa3pelieHue Mo 4acToTe COCTaBIISLIO
okouio 1 I'm.

Beuto mpoBeneHO TpU cepuM 3KCIepUMEHTOB. B mepBoit
Uit ojHOTO M3 00pasioB cepun K (Ne 5, Tabi. 2) onpenernsiiu
cobcTBeHHbIe YacToThI f 1 popMbI KONebaHuii o pe3ynbTatam
Tpex m3Mepenuil. B ngumanmazone no 10000 I'm BbIsBIEHO
16 coOcTBeHHBIX opM Konebanmit (Tadm. 3). Cpean HHX
8 dhopM, xapakTepu3yrOMMXCsA U3ruOoM 00pasiia, 6 KPyTHIIb-
HBIX ¥ 2 (DOPMBI, IPU KOTOPBIX M3THO 00pasmna MpOMCXOAUT
B €r0 IUIOCKOCTH. 3HaueHUs Kod(HIMeHTa Bapuayy Cy, Xa-
PaKTEpH3YIOLIET0O B JAHHOM CIIydae CIydaiHbIe OTPEIIHOCTH
usMmepennii, He npesbimaot 0,31 %. Ciaeayer OTMETUTD, YTO
HanOOJIBIIAs TOTPEITHOCT COOTBETCTBYET HM3IICH M3rHOHOM
1 KPYTWIBHBIM (hopMaM KosieOaHHH.

Tabmua3
CobcrBennbie Gopmer i wactoTsl f koebanuii obpasna tumna K (B 1-it ceprn S9KCIepHMEHTOB)
Table 3
Eigenmodes and eigenfrequencies of K-type specimen Ne 5 (1% series of experiments)
Ne ®dopma konebanuit f, ' cv, % No dopma konedaHuit f, ' Cv, %
»
1| 1m Ry 319 0,31 9 | 3k i — <— 4790 0,15
1"”
2| 2u “n—u' 874 0,07 10 | 2n ~ - N 5390 0,08
3 1k p—‘- 1553 0,26 11 | 6m AR i U ST 5710 0,18
“‘*uum
4 3u fmfzﬂ'ﬂ"“ 1697 0,12 12 | 4x - — . 47 6468 0,02
5| 1In P— 2061 | 0,00 13| 7u i o T 7511 | 0,12
— e et
6| 4u — 2790 0,14 14 | 5k 8214 0,05
7| 2 e —— 3151 0,24 15 | 8u P e 9489 0,11
- - u.h““"
8| 5u N p——y 4138 0,11 16 | 6k < i, b < 9866 0,07
-

Tpumeuanue. CobctBeHHBIE POPMBI KOTeOaHNH 0003HAUCHBL: «I» — H3THOHBIE, «K» — KPYTHIIbHBIE, «I1» — H3THOHBIE B INIOCKOCTH 00pasia.
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Bo BTOpOil cepun SKCIIEPUMEHTOB WCCIIEAOBAIM MTAPTHIO
u3 ATy o0pasuoB Tuma K. B uccienoBanHOM nuanazoHe ya-
crot g0 10000 I' y Bcex 06pasoB ObUIO BEIABIEHO 16 coO-
CTBEHHBIX (hOpM KOJICOaHHMH, COBIAJAIOMINX C TIPUBEICHHBIMU
B Ta01. 3. CoOCTBEHHBIE YacTOThI, OCPEIHEHHBIE TI0 TPEM HC-
IBITAHUSAM KaXJ0ro o0pasia, npuseneHs! B Tadi. 4. Koadhu-
LMEHTHI BapUalli COOCTBEHHBIX YaCTOT, OTPayKAIOLINE B IaH-
HOM CIIy4ae Hapsay C IOTPEIIHOCTHI0 M3MEPEHHI paccesiHue
CBOWCTB MaTepuaia B pa3HbIX o0pasuax, B 2—3 paza OoJblie,
yeM KO03((HUIMEHTH BapHaIld, ONpeesisieMble TOIBKO II0-
TPEUTHOCTSIMHU U3MEpeHHH 9acToT (cM. Taod. 3).

B TpeTheil cepuu dKCTIEPUMEHTOB OMPEAENIsIH CO0-
CTBEHHBIC ()OPMBI M COOCTBCHHBIC YacCTOTHI KoJieOaHUU
ob6pasmnoB G u R. B nnamazone gactor mo 6000 ' y 06-
pasuna G BeisBneHo 11 cobcTBeHHBIX (hopM KoneOaHwMiA,
dhopMBI KOTOpPBIX coBmanu ¢ nepBeiMu 11 dopmamu xo-
nebanuii obpasua K (cm. tabn. 3). ¥V o6pasna R B aTOM
JKe JMama3oHe YacTOT BBISIBICHO 8 COOCTBEHHBIX (OpM,
HE OBLIM MOJNYYCHBI COOCTBeHHBIC (GopMBI 1k, Su, 2,
OoCTaibHBIC 8 COOCTBEHHBIX ()OPM COBIAJAOT C MPHUBE-
IEeHHBIMH B TaOx. 3. 3HaueHUs COOCTBEHHBIX YacTOT
MIPUBEEHHI B Ta0II. 4.

Tabnuna 4
CoOcTBeHHbIE 4aCTOTHI KoJieOaHuii 00pa3uoB (BoO 2-i 1 3-1 cepusx IKCIIEPUMEHTOB)
Table 4
Natural frequencies of K-type specimens (2" and 3™ series of experiments)
CobcTBeHHBIE POPMBI CobcTBeHHBIE YacTOTHL, [ 11
Ne  |O6o3HaueHHE K G R
/1 K-1 K-2 K-3 K-4 K-5 Cpennee cv, %
1 1n 320 326 321 327 320 322,80 1,06 318 283
2 2u 883 894,5 888 897 886 889,70 0,66 872 777
3 1k 1584 1609 1594 1609 1587 1596,60 0,75 1552 -
4 3u 1723 1744 1728 1742 1737 1734,80 0,52 1701 1520
5 1o 2148 2148 2128 2146 2139 2141,80 0,40 2061 2062
6 4n 2820 2855 2829 2859 2850 2842,60 0,60 2789 2305
7 2k 3229 3244 3228 3247 3251 3239,80 0,33 3144 2500
8 Su 4174 4227 4186 4229 4210 4205,20 0,58 4127 -
9 3k 4903 4936 4910 4929 4947 4925,00 0,37 4787 3710
10 20 5624 5616 5554 5616 5544 5590,80 0,69 5381 -
11 6u 5764 5833 5775 5829 5825 5805,20 0,57 5711 5128
12 4k 6621 6648 6612 6653 6656 6638,00 0,30 - -
13 Tu 7599 7651 7589 7651 7645 7627,00 0,43 - -
14 5K 8408 8421 8391 8421 8421 8412,40 0,17 - -
15 8u 9610 9677 9645 9697 9639 9653,60 0,40 - -
16 6K 10266 10280 10252 10280 10296 10274,80 0,13 - -

2.3. KoHe4yHo-anemeHTHasa mogenb obpasua

[Ipy KOHEYHO-3JIEMEHTHOM MOJIEIMPOBAHNH COOCTBEH-
HBIX 4acTOT U (opM KosebaHuii 00pa3oB B COOTBETCTBUH C
METOJIMKOH, MpHUBEIESHHONW B 1.1.3, MPUHUMAIOCH, YTO MO-
JIeTlb MaTeprasia — CIOUCTBIH KOMIIO3UT C OPTOTPOITHBIMHU
JMHEHHO-YNPyruMH ciosiMi. CUnTaIH, 94TO pa3jindHO OpH-
E€HTUPOBaHHBIE CJIOU Je(POPMHUPYIOTCS COBMECTHO 0€3 IMpo-
ckanb3biBaHus. Koneuno-anementHas (K3Q) mozaens oOpas-
11a COCTOMT W3 BOCHMHY3JIOBBIX INMPU3MAaTHYECKUX 3JIEMEH-
ToB (pmc.5), mpM O3TOM B pamMKax OJHOTO 3JIEMEHTa
00BETMHSIIOTCS BCE OPHUEHTHPOBAHHBIE PAa3lIWYHBIM 00pa-
30M ciou. [TpuHuManocs, 4yTo obpasen cBOOOAEH OT orpa-
HUYCHUH Ha repeMenieHust («CBOOOIHBIN MOIBECY).

Puc. 5. KD3-mozens obpasia

Fig. 5. FE model of specimen

XapakTepHblii pa3Mep JIEMEHTOB B IUIOCKOCTH Ilja-
CTHHBI OBIIT BBIOpAaH Ha OCHOBAaHHM CEPHUU MpPEIBapUTEIIb-
HBIX pacdeToB oOpasma K u cocraBun 2,5 MM, mpu 3TOM
KD-monens comepkana oxomo 1000 snemeHTOB, 9TO 0bec-
MEYUSIO TOTPEIIHOCTh pacyeTa TepBbiX 11 cOOCTBEHHBIX
yactort B npeaenax 0,3 % (puc. 6).

6

5 -
R4 —
4
53 —
£
= 2
(]
1 —
(=]
=0

0 500 1000 1500
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Puc. 6. Ouenka pacuera coO6cTBeHHBIX YacToT MKD

Fig. 6. FEM-based estimate of natural frequencies

B mnpenBapurensHOM pacdere COOCTBEHHBIX (hopM
1 4acTOT XapaKTEPHCTHKH YIPYTOCTH MOHOCJOS NPHHUMA-
JIY TI0 JAHHBIM, MIPUBEJICHHBIM B padoTe [26] mist 61M3K0TO
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[0 COCTaBy Marepuana. PacderHple coOCTBeHHBIE (OPMBI,
TIOPSIZIOK WX CJISIOBAHMS COBIAJIAIOT C SKCTIEPUMEHTAIbHBIMHU,
TpUBEICHHBIME B Tabm. 3. B Tabm. 4 nomy4yeHnsie 3HaueHns 11

HUBIINX COOCTBEHHBIX YacToT Konebanuii f; obpasuos K, G,

R CpaBHMBAIOTCA C OKCIICPUMCHTAJIbHBIMUA JTaHHBIMU fei

(cm. Tabm1. 4). PacxoskieHne JaHHBIX pacdeTa U AKCIICPHIMEHTa

cocrasisieT 10 12,4 %, mpudeM NpaKTHYECKH BCE pacuerT-
Hble 3HAYCHUS HIKE DKCIIEPUMEHTAIbHEIX. [lo-BunnmMomy,
3TO CBS3aHO C NPUOIM3UTEIBHBIM XapaKTepOM IaHHBIX
0 XapaKTepUCTHKAX YINPYrOCTH, TaK KaK pasMephl U Macca
00pa3noB OBUIM OTpeNeNeHBl ¢ BBICOKOH TOYHOCTHIO
U CXOJUMOCTh KOHEYHO-3JIEMEHTHOT'O pacyera IOATBEp-
JK/IeHa BBIIIIE.

Tabnuma 5

CpaBHEHHUE PACUCTHBIX M SKCIICPUMCHTATBHBIX 3HAUCHHUIH COOCTBEHHBIX YacTOT (XapaKTEPUCTUKHU YIPYTOCTH
MOHOCJTIOSI IPUHSTHI TIO JaHHBIM [26])

Table 5
Comparison of calculated and experimental magnitudes of natural frequencies (elastic parameters
of ply are taken from [26])
dopma kosebanuii K" G R

fei ’ FH fci ’ FL[ A’ % fei 4 rI.I fci ,FLI A, % fei ’ Fu fci ’ FL[ A> %
1 lu 322,80 306 5,0 318 308 3,3 283 269,77 4,7
2 2u 889,70 839 5,8 872 843 3,3 777 740,05 4,8

3 1k 1596,60 1605 -0,8 1552 1496 3,6 — 907,5
4 3u 1734,80 1631 6,4 1701 1639 3,6 1520 1440,2 5,3
5 1n 2141,80 2057 2,8 2061 2025 1,8 2062 1805,3 12,4
6 4un 2842,60 2668 6,7 2789 2679 3,9 2305 2160,4 6,3
7 2K 3239,80 3221 11 3144 3008 4,3 2500 2357,4 5,7

8 Su 4205,20 3932 6,8 4127 3946 44 — 2816,7
9 3k 4925,00 4857 2,2 4787 4548 5,0 3710 3479 6,2

10 2n 5590,80 5360 3,4 5381 5274 2,0 — 3887,3
11 6u 5805,20 5405 7,5 5711 5421 51 5128 4790 6,6

*) [Ipumeuanue: 3KCIIEPUMEHTAIBHBIC 3HAUCHHUSI COOCTBEHHBIX YaCTOT [JIst 00pas3IoB ceprr K OCpeiHEH I [0 AapTHH U3 5 06pasioB.

2.4. PesynbTaTbl U aHanmM3 TO4YHOCTH
naeHTumrKaLmMm ynpyrmx xapakrepucTuk

Wnentudukanus ynpyrux xapakTepucTiuk E MoHocnos
ciouctoro I[TKM mnpoBoaunack B COOTBETCTBUH C MPOIIETY-
poil, nznoxxenHoit B m. 1.1. Mcnonp3oBanuch mony4eHHbIE
9KCHEPUMEHTAIIBHO 3HA4YEHHS BOCBMH HH3IINX COOCTBEH-

ueix yacror f, (i=1..8), ocpenHenHbiXx no maptum 06-

pasuoB K (cM. Tabim. 4). BecoBble Kod(pdUUMEHTH O

(i = 1...8) B meneBoii GpyHKuUK (2) OB IPUHSTH PABHBIMH
elvHule. B kauecTBe 3HaUeHUN XapaKTEPUCTUK YNPYTOCTH

0 0 0 0
E. E,.G,u V,,, HCIONBb30BaBUIMXCS Ui OIMpPENCICHUS

TpaHHIl AMANa30HOB Moucka (3), MPUHMMAIHCH [aHHEIE,
npuBejieHHbIE B paboTe [26] (Tabu. 6).

Ha npumepe o6pasuoB cepun K uccrienoBaHo BiIvsiHUE
KOJIMYeCTBAa NPOO B CKPUHMHTE IIPU PELICHUH ONTHMHU3AIH-
OHHOM 3amaun (2), (3) Ha moiy4aeMble 3HAYCHHS XapaKTe-
puctuk ynpyroctd. KommuectBo mpo6 N mpuHHManock
pasubM 10, 20, 50 u 100. Ha puc. 7 moka3zaHa cXOIAMOCTh
peLIeHUs PU YBEIMUYEHUH YHCIIA TPO0; YIOBIECTBOPHUTEIb-
Hasl CXOJMMOCTh (pacxoxaeHue B npexpenax 1 %) mocrura-
ercst mpu N = 50. B mponiecce ontumu3ayu neneBas QpyHk-
s (2) CHU3MIIACH TI0 CPABHEHUIO C MCXOAHBIM 3Ha4YEeHHEM
Oonee ueM B 3 pasa.

[MonyueHHble B pe3yibTaTe WACHTU(DHKALUK XapakTe-
PUCTUKH MOHOCHOA 00pas3noB cepun K  mpuBeaeHbI
B Tabn. 6. Moxymu ympyroctu Ei1 w Ezp okazanmce mnpu-
MepHO Ha 9 % BblllIE, YEM MPHUHATHIE IO JaHHBIM [26].

EIJ,EZZ,FHQ ng, I'Tla

Via
70,0 o 4:0 ,f—‘\‘ — 0543 —
69,0 // ~ \ /——_
£y 3.0 0,41 74
1/ ’
68.0 +—\s
67.0 ~E 2,0 0,39
66,0 1.0 0,37
65,0 0.0 0,35
0 30 60 90 N 0 30 60 9 N 0 30 60 90 N
a 9] 8

Puc. 7. 3aBUCHMOCTB pe3yIbTaTOB UICHTH(HUKAINH OT Yrcna mpob: a — Moxynn FOHra; 6 — Moayns caBura; 6 — kodddunuent [Tyaccona

Fig. 7. Dependence of elastic parameters on number of samples: a — Young's modulus; b — shear modulus; ¢ — Poisson’s ratio
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Tabmmma 6

XapakTepuCTHKHA MOHOCIIOs1 00pa3ioB tuna K,
MOTyYCHHBIC B PE3YJIbTATE HACHTH(OUKAINT

Table 6
Ply parameters of K-type samples obtained
with identification procedure
Ei1, I'Tla| Ex, I'Tla | G2, I'Tla V21
ITo nanubIM [26] 63,9 63,9 4,08 0,040
Tocne npentudukanun | 69,7 69,8 4,14 0,042

OmnmcanHas mpolenypa WACHTU(PHUKAIMKA XapaKTepH-
CTHK YIOPYTOCTH MOHOCIOS ObLIa TPOBEAeHa s 00pa3IoB
G n R mo skcnepyuMEHTaNbHBIM JaHHBIM JUIS 8 HM3LIMX
COOCTBEHHBIX YacTOT, MOJYYEHHBIM C 4uciioM mpod 50.
[Nomy4yeHHble pe3ynpTaThl NMpUBENeHBI B Tadn. 7. BuaHo,
YTO XapaKTEPUCTHKH YIPYTOCTH MOHOCIOS, ITOJyYCHHBIC
JUIsl 00pa3loB C pa3HbIM KOJHMYECTBOM CIIOEB M Pa3HBIMHU
cXeMaMH YKJIaIK{, COTJIACYIOTCs Mexay coboi. Koadpou-
[IMCHT BapHalll{ [0 TPEM TUIAM 0OPa3LOB COCTABISACT AJIS
moxyieit FOura okosio 1 %, HECKOIBKO OOJbININE 3HAYCHHS
2-4.,9 % — nnst xoapdumenta [lyaccona u moayns caBura.
B nanHOM cnydae KOd(GQHIMEHT BapHalUM MOXET pac-
CMAaTpUBATHCS KaK Mepa MOTPEIIHOCTH ONpeIeICHHs XapaK-
TEPUCTHK MOHOCIOS Ha pasHBIX 00pasnax, BOWparomias
B ce0s KaK MOTrPEIIHOCTh HACHTU(GUKALINH, TaK H PACCESHUE
XapaKTepUCTUK B pasHBIX THHax oOpa3uos. [IpuHuMas BoO
BHHMaHHE, YTO paszjM4He IUIOTHOCTH Marepuania o0pasioB
paccMaTpuBaeMbIX CepUil XapakTepusyercs Kod(duuneH-

TOM Bapuanuu 3,9 %, monydeHHOe pa3iIndyue B XapaKTepH-
CTHKaX YIPYrOCTA MOXHO CUUTATh MPHUEMIICMBIM.

Tabnuma 7

CpaBHeHHE XapaKTepUCTUK MOHOC0s oOpasio K, G u R,
MOJTYYEHHBIX B PE3YJIbTATE UICHTUDHUKAIIAH

Table 7

Comparison of elastic parameters of various samples
obtained with identification procedure

IMapamerp K 062a3eu R Cpennee i%;afﬁ;;iZT
E1, I'Tla | 69,7 | 69,76 | 69,65 69,69 0,09
Ex», I'Tla | 69,8 | 68,43 | 69,82 69,35 1,16
G, I'Tla | 4,14 3,93 4,14 4,12 4,39
V12 0,042 | 0,04 0,04 0,04 1,97

Jnst IOTONMHUTENBEHOH OLECHKH TOYHOCTH HaliICHHBIX
XapaKTEepUCTUK YIPYTOCTH 10 MX 3HAYEHHUSIM OBUTH paccyu-
TaHbl 11 cOoOCTBEHHBIX WacTOT M (opM KoiebaHuit oOpas-
OB BCEX TpeX THUIMOB. [loiydeHHBIE pacyeTHbIC 3HAYCHHS

COOCTBEHHBIX YaCTOT fci CpaBHUBAKOTCA B Tabm. 8 ¢ sKkcme-

PUMEHTAJIBHBIMU JTaHHBIMU fei‘ CHC}IyeT OTMCTUTH, YTO

cpea MoiaydeHHBIX 11 COOCTBEHHBIX YacTOT TPH HE HC-
MOJIB30BAJIICE B Tpomenype uaeHTudukamun. Pacxoxnme-
HUEC OKCIIEPUMCEHTANBHBIX W  PACUYCTHBIX  3HAUCHUH
B OCHOBHOM JISKHUT B mpenenax 2 %. Heckonbpko BhIagaet
3HaueHue 4,9 % y obpasia R, KoTopoe COOTBETCTBYET COO-
CTBCHHOH (opMe H3THOHBIX KOJICOAaHWI B IUIOCKOCTH 00-

pasua.

Tabnuma 8

CpaBHEHHE pacUETHBIX U IKCIIEPUMEHTAIbHBIX 3HAUEHHH COOCTBEHHBIX YacTOT (pacydeT 1Mo XapaKTepPUCTHKAM
YIPYrOCTH MOHOCJIOS, HOyYSHHBIM B PE3YJIbTaTe HACHTH(UKAIINN)

Table 8
Comparison of calculated and experimental magnitudes of natural frequencies (calculated using elastic
parameters of ply obtained with identification procedure)
dopma K G R

KoneOanmit fy. I fi In A, % fy. T fo.ru | A% fy. ru f, Tu A, %
1 1u 322,80 318,43 14 318 320 -0,7 283 280,56 0,9
2 2u 889,70 872,9 19 872 877 -0,6 777 773,12 0,5
3 1k 1596,60 1658 -3,8 1552 1543 0,6 —

4 3u 1734,80 1696,6 2,2 1701 1704 -0,2 1520 1515 0,3
5 1n 2141,80 21422 0,0 2061 2107 —2,2 2062 1961,4 4,9
6 4u 2842,60 2772,1 2,5 2789 2783 0,2 2305 2265,1 1,7
I 2K 3239,80 3326,6 —2,7 3144 3101 1,4 2500 2503 -0,1
8 S5u 4205,20 4081,2 2,9 4127 4095 0,8 —

9* 3k 4925,00 5014,9 -1,8 4787 4688 2,1 3710 3736,8 -0,7

10* 2n 5590,80 5581,8 0,2 5381 5486 -2,0 —

11* 61 5805,20 5602,4 3,5 5711 5618 1,6 5128 5215,2 -1,7

prwettanue: 3HAaYKOM (*) 0003HaueHbI COOCTBEHHBIE YacCTOThI, HE MCIIOJIb30BABIINECA B IIPOLECAYPE I/IIIeHTI/I(i)I/IKaHPII/I.

3aknouyeHune

Jns onpeneseHus XapakTEpUCTUK YIPYTOCTH MOHO-
CI0Sl CJIOMCTOrO KOMIIO3UTa C OPTOTPOIHBIMHU CJIOSIMHU

MOXCET OBITh PEKOMCEHA0OBAH OKCIIEPUMECHTAJIbHO -

pacyeTHBIH METOJ, COCTOSALIMH B UACHTU(PUKALUU OIpe-
JIeTSIEMBIX XapaKTEepUCTUK IO pe3yabTaTaM SKCIEPHMEH-
TaIbHBIX JAHHBIX O COOCTBEHHBIX HacTOTax M (opmax
KoseOaHuil craHgapTHRIX 00pas3inoB. Pa3paboranHa mpo-
Heaypa peaau3aliy OTAeNbHBIX 3TANOB: IKCIEPUMEHTOB,
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pacueToB, KOHTPOJS pe3ynpraToB. [IpoBeneH anamus mo-
I'PEUTHOCTEHl JIKCIEPUMEHTOB W pacyueroB, MOJy4YeHa
OIICHKa TOYHOCTH OIPEAEISIEMBIX XapaKTEPHUCTUK MOHO-
cIol.

st ompeneneHust COOCTBEHHBIX YacTOT U (OPM KoJe-
6aHmit 00pa3OB PEKOMEHIYETCS HCIOIB30BAHNE TPEXKOM-
TIOHEHTHO!M CKaHMPYIOILEH Ja3epHOi BUOPOMETpPHUH, C IIO-
MOIIBI0 KOTOPOIl B HacToslied paboTe yAanoch IOJYYHTh
coOcTBeHHbIe (OpPMBI M YAcTOTHl KoJeOaHWH 0Opas3loB
B quamna3one vactot a0 10000 I'm. OtpaboTaHa TEeXHHKA
SKCIIEPUMEHTa M BBIOpaHbI IMapaMeTpbl METOJMKHU, obecre-
YHBAIONINEC HEOOXOAWMYIO TOYHOCTH ONpeAeleHus co0-
CTBEHHBIX YacTOT. [lorpemHocTs ompeneneHus: cOOCTBEH-
HBIX 9acTOT JEXUT B npenenax 0,31 %.

Wnentndukanus XxapakTepUCTHK MaTepuaia paccMmat-
pHBaeTCs Kak 3a/ada ONTHMHU3AIMHU C IEIeBOH (QyHKIHEH,
MIpeJCTaBIsIoMEel co00l B3BELICHHYI0 CYMMY KBaJIpaTOB
pa3HOCTe MEXIy SKCHEPUMEHTAJbHBIMU M PacYeTHBIMU
3HAYCHUSIMHU CO6CTBGHHLIX HacCToOT. I[J'IH €C pCIICHUA OBLT
UCIIONIb30BaH METOJ KBAa3HCIyYaifHOrO IOMCKA B COYETAaHUU
C KOHCYHO-3JIECMCHTHBIM MOJAJIbHBIM aHAJIU30M. HpOBepeHa
CXOJIUMOCTh TPOLENYPHl HICHTU(PHUKAMHA C yBEINYCHHEM
KoJImgecTBa Mpo0. YCTaHOBJICHO, UTO YAOBIECTBOPUTEIbHAS
CXOJIUMOCTh JIOCTHTraeTcs npu gucie npod 50. Mcnomnssye-
Mas B pacdeTax KOHEYHO-3JIEMEHTHas MOAEeNb obpasua
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JIOJDKHA 00ecreYnBaTh CXOJUMOCTh PE3YJBTaTOB pacuera
cOOCTBEHHBIX 4acToT B penenax 0,3 %.

JInst KOHTpPOJIS TTONYYEHHBIX 3HAYEHUH YIPYTHX Xapak-
TEPUCTUK MOHOCJIOSl PAcCUUTaHBl COOCTBEHHBIE YaCTOTHI
KoJieOaHMH, B TOM YHCIIe HE HCIOJIb30BaHHBIE B MPOLIEAYPE
UACHTU(HUKALINK; PACX0XKICHNUE PAcUETHBIX TAHHBIX C IKC-
MIEPUMEHTAIBHBIMH He TIPeBHICHIIO 4,9 %.

OILeHKy HOTPELIHOCTH OIPEAEICHHUsT XapaKTePHUCTHK
YIPYTOCTH MPOBOIMIIM HA TPEX PA3IMIHBIX CEPUAX 00pas-
IIOB M3 CIIOMCTOTO YIJEIIACTHKA C OJAMHAKOBBIM MaTepHa-
JIOM CJIOEB W Pa3IM4YHbIM HMX KOJWYECTBOM M CXEMaMu
yknaaku. IorpemHocts onpenenenust mogyneit HOHra co-
ctaBisieT okoso 1 %, xoaddumuenta Ilyaccona u mMomymns
caura — B npenenax 4,9 %. YuuTeiBas, 4TO paccesHue
IUIOTHOCTH MaTtepuana obpas3noB coctaBuiio 3,9 %, Takyro
TOYHOCTh MOKHO CUHTATh IPHEMIIEMOH.

Pa3paboTanHas METOMKAa MOKET OBITH PEKOMEH/IOBAaHA
JUISl OTIpEZEJICHUs MapaMeTpoB MOJENN Marepuaia, HeoO-
XOOUMBIX JJId pacucTOB I/ISL[GHI/Iﬁ N3 CJIIOUCTBIX KOMIIO3UTOB
Ha MPOYHOCTH U KOJICOaHMS.
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