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ANCCUNATUBHDLIE CBOWMCTBA
TPEXCJ/TOUHbIX KOMIMO3UTHbIX CTPYKTYP.
4. HUCJIEHHbBIN DKCNEPUMEHT

O61beKT U uenb Hay4YyHOMU paboTbl. O6LEKTOM HCCIIEI0BaHMS ABJISETCA TPEXCIIOHAs IIACTHHA, 00pa30BaHHAas JBY-
M1 )KECTKUMH aHU30TPOITHBIMHU CIIOSIMH M MATKHM CPEJHUM H30TPOITHBIM CIOEM U3 BSI3KOYIIPYToro rojuMmepa. Kaskmbrit xect-
KUH cioll mpencraBisieT co00i aHU30TPOIHYIO CTPYKTYPY, (POPMHUPYEMYI0 KOHEYHBIM YHCIOM IIPOHU3BOJBHO OPHEHTHPOBAH-
HBIX OPTOTPOITHBIX BA3KOYNPYTHX CJIOEB KOMIIO3UTOB.

Lens paboThl — HCCIEOBAaHNE BIUSAHHIS OPUCHTALMH apPMUPOBAHMS KECTKHUX CIIOEB, OTHOCHUTENBHOH TOJIIMHBI MATKOTO CIIOS
H30TPOITHOTO BSI3KOYIPYTOTO IOJIMMEpa U TEMIEPaTyphl OKPYXKAIOIIEH cpelbl Ha BEIMYNHBI COOCTBEHHBIX YacTOT U KO(hdH-
IUEHTOB MEXaHUYECKNX IOTEPh CBS3aHHBIX 3aTyXaIOMHUX KOJCOAHHH CHMMETPHYHONW M aCHMMETPHYHON OE30MOPHBIX BSI3KO-
YIPYTUX TPEXCIOWHBIX KOMIIO3UTHBIX IUIACTHH.

MaTtepunanbl U MeToAbl. UnCicHHBI 3KCIEPUMEHT C MOMOLIBI0 KOMITBIOTEPHOM MPOTrpaMMBbl, Pealli3yOIel Ipeiio-
JKEHHBIl paHee METOJ PEIICHUs CBA3aHHBIX IU(PEpeHIMATbHBIX YPAaBHEHUH 3aTyXaroOWUX KoyeOaHUi aHU30TPOIHBIX TPEX-
CJIOHHBIX IJIACTUH [2].

OCHOBHbIe pe3ynbTaTbl. [loka3aHo, 4To B 6e30MOPHO# T100aIbHO MOHOKIMHHON CHMMETPHYHON TPEXCIIOWHON Mmpsi-
MOYTONBHOH IIACTUHE BO3HHKAET M3TMOHO-KPYTHIBHOE B3aMMOJACHCTBHE, MOPOXKAAIONIEE B3aHMHBIE TpaHC(HOpPMAIMH COO-
CTBEHHBIX ()OPM CBS3aHHBIX MOJ| KOJE€OaHHUH B CiIydae, €U XOTsl ObI B OHOM U3 HAIPaBJICHUH INIACTUHEI OfHA U3 COOCTBECH-
HBIX ()OPM XapaKTepPH3yeTCsl YETHBIM YHCIIOM YETBEPTEH BOJIHBI, a JIpyras COOCTBEHHas popMa — HEUSTHBIM YHCIIOM YeTBepTEi
BOJIHBI. B 6e30mopHOi I7100a716H0 OPTOTPOIHOM aCHMMETPUYHON TPEXCIOHHON MPSIMOYTOIBHOM MIaCTUHE BO3HUKAET B3aUMO-
JecTBUE U3rMOHBIX MOJ] KoleOaHMH B IBYX B3aMMHO OPTOTOHAIIBHBIX MJIOCKOCTSIX, €CJIM B TJIaBHBIX HAMPAaBICHHUAX MIACTUHbI
00e coOcTBeHHBIE (HOPMBI XapaKTEPU3YIOTCS THOO0 YETHBIM, THOO HEUSTHHIM YHUCIIOM YETBEPTEH BOJIHBIL.

YCTaHOBIEHO, YTO KKTOH MOJE COOCTBEHHBIX KOJIEOAaHMIT KaKk CHMMETPUYHBIX, TaK U aCHMMETPUYHBIX TPEXCIOHHBIX IIACTHH
COOTBETCTBYET 3()(EKTHBHASI OTHOCUTEIIbHAS TOJIIIMHA MSTKOTO CJIOSI H30TPOITHOTO BSI3KOYIIPYTOro IOJIUMEpa, COOTBETCTBYIOLIAs
MaKCHMAaJIbHOMY YPOBHIO IHCCUIIATUBHBIX CBOKMCTB. [lanbpHeillee yBennueHHe OTHOCUTEIBHON TOMIIMHBI YaCTO COMPOBOXKIAETCS
CHIDKCHHEM BEIUYMH KOX(DOHIMEHTOB MEXaHMYECKHX IMOTepb. IIpoJeMOHCTPHPOBAHO CYIIECTBEHHOE BIMSHHE TEMIEPATyphl
OKpY>KaloIel Cpebl Ha BEIMYMHBI COOCTBEHHBIX YAaCTOT M KOA(P(UIMEHTOB MEXaHUUECKHUX MOTEPh BCEX PACCMAaTPHBAEMbIX MO
KoJIe0aHUI CUMMETPHYHBIX U aCHMMETPUYHBIX O€30MOPHBIX MPSIMOYTOJIBHBIX TPEXCIOWHBIX KOMIIO3UTHBIX IUIACTHH.
3ak/It0oueHMe. YCTaHOBIEHO, YTO CBA3aHHBIE 3aTyXarolie KoJIeOaH!ss CHMMETPUYHON TPEXCIOMHOM MIACTHHBI OMTUCHIBA-
I0TCsl IByMsl cHcTeMaMu auddepeHnnaIbHbIX yPaBHEHUH, CTPYKTYPBl KOTOPBIX OJM3KU CTPYKTypaM CHCTEM COOTBETCTBYIO-
mux JudQepeHnaIbHbIX ypaBHEHMI, OIMCHIBAIOINX 3aTyXalole KoueOaHus KBa3HOJIHOPOIHOW MOHOKIMHHOW IUIACTHHBI.
B T0 ke Bpemst CBsI3aHHBIE 3aTyXaloIue KoIeOaHusT aCHMMETPUYHON TPEXCIOHHON IIIaCTHHBI ONUCHIBAIOTCS IBYMSI CHCTEMaMHU
i hepeHIMAIBHBIX yPaBHCHUH, COBIAAIONIMMH C CHCTEMaMU COOTBETCTBYIOMNX AN(QEpeHIHaIbHBIX YPaBHEHHH, OIHCHI-
BAIOLIMX 3aTyXarolye KojieOaHus Ii00aJIbHO OPTOTPOITHOM TPEXCIOHHOMN IITaCTHHEL.

KnroueBble cnoBa: pevndupoBaHie, aHU30TPOIHS, BS3KOYIPYIHE MOJMMEPbI, TEMIICPATYpHO-YaCTOTHASI 3aBHCHMOCTb,
KosebaHus1, COOCTBEHHAsI 4acToTa, KO (QUIIMEHT.
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DISSIPATIVE PROPERTIES
OF THREE-LAYERED COMPOSITE STRUCTURES.
4. NUMERICAL EXPERIMENT

Object and purpose of research. The study is concerned with a three-layer plate formed by two rigid anisotropic
layers and a soft medium isotropic layer of viscoelastic polymer. Each rigid layer presents anisotropic structure formed by
a finite number of randomly oriented orthotropic viscoelastic layers of composites.

The paper is intended to study the influence of reinforcement orientation of rigid layers, relative thickness of the soft layer of an
isotropic viscoelastic polymer and the ambient temperature on values values of natural frequencies and mechanical loss factors
of the coupled damped oscillations in symmetric and assymetric plates.

Materials and methods. Numerical experiment using a computer program implementing the previously proposed
method for solving coupled differential equations of damped oscillations in anisotropic three-layer plates [2].

Main results. It was shown that in unsupported globally monoclinic symmetrical three-layer rectangular plate a bending-
torsional interaction occurs, generating mutual transformations of the eigenforms of the coupled oscillation modes if at least in
one of the directions of the plate one of the eigenforms is characterized by an even number of quarters of the wave, and the
other eigenform is characterized by an odd number of quarters of the wave. In unsupported globally orthotropic asymmetric
three-layer rectangular plate interaction of bending modes of oscillations occurs in two mutually orthogonal planes, if both
eigenforms are characterized by either an even or an odd number of wave quarters in main directions of the plate.

It was found that each mode of natural oscillations of both symmetric and asymmetric three-layer plates has its own effective
relative thickness of the soft layer of an isotropic viscoelastic polymer corresponding to the maximum level of dissipative prop-
erties. A further increase in the relative thickness is often accompanied by a decrease in values of the mechanical loss factors.
The significant influence of ambient temperature on natural frequencies values and mechanical loss factors of all considered
oscillation modes of symmetric and asymmetric unsupported rectangular three-layer composite plates is demonstrated.
Conclusion. It was found that coupled damped oscillations of a symmetric three-layer plate are described by two systems of
differential equations, with structures close to that of the systems of corresponding differential equations describing the damped
oscillations of a quasi-homogeneous monoclinic plate. At the same time, the coupled damped oscillations of an asymmetric
three-layer plate are described by two systems of differential equations that coincide with the systems of corresponding differ-
rential equations describing the damped oscillations of a globally orthotropic three-layer plate.

Keywords: damping, anisotropy, viscoelastic polymer, temperature-frequency relation, oscillations, natural frequency,
coefficient.
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KUX M MSTKOTO cjoeB npuBeaeHsl B [2]. B [3] moka-
3aHO, YTO CHUMMETpPUYHAs W acCUMMETPHUYHasi TpeX-
CJIOWHBIE KOMITIO3UTHBIE IIACTUHBI MPEICTaBISIOT CO-

BBepeHue
Introduction

B Hacrosmeill crartbe, ABISIOLIEHCA TPOJOJIKEHUEM
pabotr [1-3], mpuUBOAATCA pPE3yJabTAThl YUCICHHOI'O
WCCIIEIOBAHUSl BIMSIHUSL CTPYKTYPHBIX IapaMeTpoB
U TeMIepaTyphl OKpYyXKarolleil cpelpl Ha MapaMeTpsl
JUHAMHYECKOTO OTKJIMKa OE30MOPHBIX TPEXCIOHNHBIX
KOMIIO3UTHBIX IUIaCTUH. JKecTkue ciaou Tpexciou-
HBIX IUIACTUH TOJWMHON Ay = hiy=h=a/l100 =
=0,0016 M = const MPenCTaBISAIOT COOOH KBa3HMOIHO-
pPOIHBIE CTPYKTYpPBI, OOpa3OBaHHBIE COBOKYITHOCTBIO
KOHEYHOI'0 YHUCJIa apMUPYIOLLUX CJIOEB YIJIEIJIACTHKA
HMS/DX-209.

B cumMeTpuyHBIX IJaCTUHAX BCE apMHUPYIO-
IIME CIIOW OTHOCHUTENIFHO TJI00AJIBHBIX CUCTEM KOOPIH-
HaT X Yuza) M X3)YE)ZE) OPUCHTUPOBAaHbI B OTHOM
HanpasneHun (0, =03 =0), a B acUMMeTPHYHBIX
IJJaCTUHAX — B MPOTHBOIIOJIOKHBIX HAIPaBICHUIX
(8¢1) =—9)=0). B xauecTBe MaTepuaga MACKOro cios
UCTIONB3yeTCs Bs3KOynpyTui momivep B/IM-2. Yrpyro-
JIUCCUNIATUBHBIE XapaKTEPUCTUKH MAaTEPUATIOB KECT-

60i1 r00ANFHO MOHOKJIMHHYIO ¥ TJIOOQJIBHO OpPTO-
TPOIHYIO CTPYKTYPBI COOTBETCTBEHHO.

BnunsHune opuneHtauumm
apMUpoOBaHUSA >XECTKMX C/i0oeB

Influence of reinforcement orientation
of rigid layers

BimsiHue OpWeHTalMy apMHPOBAHUS JKECTKHX CJIOCB
CHUMMETPUYHOM UM aCUMMETPUYHOM TPEXCIIOMHBIX IUIa-
CTHH Ha BEJHMYUHBI UX COOCTBEHHBIX 4acTOT U K03(-
(GUILEHTOB MEXaHWYECKHX IOTeph HCCIIeN0BAJIOCH
ITyTeM BapbUPOBaHU yIia O mpu GUKCHPOBaHHOM 3HA-
YEHHU OTHOCHUTENBHOM TOJIIMHBI MSIKOTO CJIOS BSI3KO-
ynpyroro nonumepa i = hpiy/h=0,2 s Tpex 3Hadve-
HUll TemmepaTypsl okpyxaromeit cpeasl: 7 =20 °C,
30 °C, 40 °C. Ilpu 0 € [0°, 90°] cummeTpuuHas Tpex-
CIIOWHasl IUIACTHHA COBEpIIACT CBSI3aHHBIE H3THOHO-
KPYTHJIbHBIE KOJI€OaHUsI B JIBYX B3aHMHO OPTOTOHAJIb-
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Puc. 1. 3aBnucmmMocTn co6CTBEHHbIX YacTOT U K03CbeI/|LJ,VIeHTOB MEeXaHUYEeCKNX NoTEPb HU3LWNX TOHOB KonebaHun
CMMMETDMHHOVI TpeXCﬂOVIHOVI NNacTUHbI OT yrna OpueHTaunm apMnpoBaHua XeCcTkKnx cioes

Fig. 1. Dependencies of natural frequencies and mechanical loss factors of the lowest oscillation tones of a symmetric
three-layer plate on the orientation angle of rigid layers reinforcement
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HBIX IJIOCKOCTSIX, @ aCHMMETPUYHAs TpeXCcIIoiiHas Iuia-
CTHHA — W3TUOHBIE M KPYTHJIbHBIE KOJEe0aHHSA B JABYX
B3aMMHO OPTOTOHAIBHBIX MIIOCKOCTAX [3].

PeSyﬂbTaTbI YUCJIICHHBIX I/ICCJ'Ie}IOBaHl/Iﬁ 3aBU-
CUMOCTEeH COOCTBEHHBIX 4YacToT f; = f;(0), ko3ddu-
IIUCHTOB MEXaHUYEeCKUX motepb 1;=m;(0) u coob-
CTBEHHBIX ()OpPM IIECTH HHU3MIMX TOHOB KOJICOaHWMU
CUMMETPUYHON TPEXCIOHHON NIaCTHHBI IPHUBEICHBI
Ha puc. 1,2. ComnocraBineHue rpaduKoB 3aBUCH-
MocTtelt f;=f;(0) m cobOcrBeHHBIX (opM Kojeba-
HUW Ui TII00aTbHO MOHOKIMHHOW CHMMETPUYHOU
TPEXCIONHON IUIACTHHBI C AaHAJIOTMYHBIMU 3aBH-
CHMOCTSIMH JUII MOHOKIHMHHON KBa3WOJIHOPOIHOM
IUTACTUHBI W3 OJHOHAIMPABIEHHOTO YIJIEIUIaCTHUKA
HMS/DX-209 [3] no3BoisieT OTMETUTh MOA00OHE MX
HW3MEHEHUs, OOYyCIIOBIEHHOE H3THMOHO-KPYTHIBHOU
CBSI3aHHOCTBIO.

OO0 3TOM CBUIETEIHCTBYET IOSIBJICHUE MHOXECTBA
obmactell B3aMMHBIX TpaHc(hOpPMALM COOCTBEHHBIX
¢dopM cBs3aHHBIX MoOJ KojeOanuid. IlocnmenoBaTeinb-
HOCTh B3aUMHBIX TpaHC(POpPMAaLUil cOOCTBEHHBIX (HOpM
CUMMETPUYHOM TPEXCIOMHON IUIACTUHBI ONPEAEIIAETCS
OpHEHTalMeH apMHPOBAHMS €€ JKECTKUX CIIOEB, a TakK-
)K€ 4YacTOTOM KOJEeOaHUH UM TeMIepaTypol OKpyKaro-
mel cpeapl, MOCKOJbKY YNPYro-IUCCHIIATHBHBIC Xa-
PAKTEPUCTHKU MSTKOTO CJIOSI BA3KOYIPYTOro IoIuMepa
JIEMOHCTPHPYIOT CYILECTBEHHYIO 3aBUCHMOCTb OT ITHX
IapaMeTpoB.
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W3 conocrtaBneHus pe3yabTaToB, IIPEACTABICHHBIX
Ha puc. 1,2, cmemyer, uto mpu 1.=20°C, 30 °C,
40 °C mas Bcex 0 €[0°, 90°] mociemoBaTeIbHOCTH
B3aWMHBIX TpaHCQOpMaluii coOOCTBEHHBIX (opM uye-
TBIPEX HU3IIMX TOHOB CBSI3aHHBIX KOJEeOaHHH CHUM-
METPUYHOW TPEXCIOWHOI IUTaCTUHBI COBIAJAIOT.
Bonee Toro, mocienoBaTeNbHOCTH B3aUMHBIX TpaHC-
¢dopmannii coOCTBEHHBIX (POPM TpeX HUBMIMX TOHOB
CBSI3aHHBIX KOJIEOaHWH CHUMMETPUYHOM TPEXCIOWHON
IUTACTUHBI COBNAAAIOT C AHAJIOTWYHBIMH IIOCIIEHOBA-
TEJIBHOCTSIMH JUISI CBA3aHHBIX KOJIeOAHMH KBa3HOIHO-
POIHON MIacTUHBI U3 OJHOHANPABIEHHOIO YIJIETLIa-
ctuka HMS/DX-209 [3].

BinsiHue TemmnepaTypbl OKpYKaroled cpeabl Ha
MIOCJIE/IOBATENILHOCTh W3MEHEHHH COOCTBEHHBIX (HOpPM
HAYMHAET NPOSBISITECS C TATOTO TOHA CBSI3aHHBIX
KoJIeOaHWH CHMMETPUYHOM TPEXCIOHHOW IUIACTUHBI.
Jns nnmrocTpalMu CKazaHHOTO Ha oOmieM rpaduxe
3aBUCHMOCTEH COOCTBEHHBIX YAaCTOT CBSI3aHHBIX KOJIe-
6anwmii f; = f;(0) npu T¢ =30 °C nomosHUTEIFHO HaHe-
CEHBI rpaMK 3aBUCHMOCTEH MapIHaIbHBIX H3THOHBIX

fi=f(0) U KpyTHIbHBIX fl = ];l ®)

HacCcToT (COOTBGTCTBCHHO, TOYCYHBIC KPHUBBIC 1-4

COOCTBEHHBIX

¥l IyHKTHPHEIC KPHBBIE | —3 Ha puc. 1).

BenuuuHbl NapuuanbHBIX COOCTBEHHBIX YacTOT
OIIPEACISIIMCh U3 peleHusl cucteMbl T depeHmas-
HBIX YPaBHEHUH, ONMCHIBAIOILEH KOIeOaHus I100anbHO-
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Puc. 2. 3aBMCNMMOCTb COHBCTBEHHbIX (DOPM CBSI3aHHbIX MOJ KonebaHnii CUMMETPUYHOW TPEXCNOMHOM NAacTUHbI

OT yr/jla OpMeHTaumMm apMMpoBaHns XecTknx cnoes (Tc =

30 °C)

Fig. 2. Dependence of the eigenforms of the coupled oscillation modes of a symmetric three-layer plate on the orientation angle

of rigid layers reinforcement (T = 30 °C)
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ACMMMETPUYHOM TPEXCNONHOM NNACTUHbI OT yrfia OpUeHTaunum apMMpoBaHms XeCTKUX CIoeB

Fig. 3. Dependencies of natural frequencies and mechanical loss factors of the lowest oscillation tones of an asymmetric
three-layer plate on the orientation angle of rigid layers reinforcement
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OPTOTPONHON  TPEXCIOWHOW TIUIACTUHBI, MO T.H.
CBOOOIHBIM  KOMIUIEKCHBIM ~ MOAYJISIM  YIPYTOCTH
E.=E,(0), cBOOOOHBIM KOMIUIEKCHBIM MOJIYJISIM
MexcrnoitHoro casura G,. = G..(0), G,.=G,.(0) n 1.1
YHCTOMY KOMIUIEKCHOMY MOJYJIIO CIIBUTa B IUNIOCKOCTH
aApMHUPOBaHUA ny (9) = ny (9)/[1 — Hayx (e) " Hoxy (e)]

W3 coBMecTHOro aHaIM3a MPUBEIEHHBIX Ha puc. 1, 2
3aBUCHUMOCTEH cneayeT, uto npu 7¢c = 30 °C Ha oTpe3ke
0 € [0°, 30°] nmpoucxoaaT B3auMHbIE TpaHChOpPMaLUU
cOOCTBEHHBIX (DOPM NEPBOH M BTOPOH, TpEThEW M YeT-
BEpPTOM, a TakkKe MATOH M CEeIbMOM MOJ CBSI3aHHBIX
kosebanuii. OO 3TOM CBHJICTENBCTBYET IOSBICHHUE
TOYEK IepeceueHus rpaduKOB 3aBHCUMOCTEH COOTBET-
CTBYIOIIUX MApUUANbLHBIX M3TUOHBIX f;=f;(0) u Kpy-

THIBHBIX [, = f,(8) COBCTBEHHBIX YACTOT OT yIJa

OpHEHTALIMK apMUPYIOLIMX cjoeB O BHyTpH oOnactei,
OorpaHHYeHHbIX GYHKUUIMH f,, = f,, (0) u f, = f,(0) cBs-
3aHHBIX MOJ KoJieOaHwil (mepecedeHus: KpuBbIX [, [
npu 0~10, xpuBbix 2,2 npu 0~=8, kpusbx 3,3
npu 0=12).

TeMmepaTypHO-4acTOTHAsT 3aBUCHMOCTh YIPYToO-
JIICCHUIIATUBHBIX XapaKTEPUCTHUK BA3KOYIPYroro IOJH-
Mepa BJIe4eT 3a CO0O0M CHM)KEHHE COOCTBEHHBIX YacTOT
BCEX paccMaTpuBaeMbIx MoJ| Kosebanuii (0 € [0°, 90°]).
KauecTBeHHOE oTiMuMe u3MeHeHus QyHKUuit 1; = 1), (0)
no Mepe yBenuueHus aprymenra 0 npu 7¢=20 °C ot
AQHANOTMYHBIX H3MEHCHUH JTHUX K¢ (QYHKUUHA [OpH
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Tc=30°C, 40 °C Taxxe 00yCIOBICHO TEMIIEPATypHO-
YaCTOTHOW 3aBHCHMOCTBIO KO3(pUIMEeHTa MeXaHude-
CKUX TIOTeph Bs3KOympyroro momumepa n=n(f, T¢)
[2]. Ha otpe3ke f€[0,2; 5,0] k['u ¢ynxuus n=n(f,
20 °C) yosBaet, dynkuus n=n(f, 30 °C) nocruraer
skcTpemyma, a ¢ynkuus n=n(f, 40 °C) Bo3pacraer.
Wmenno skcrpemymom ¢ynkmuu m =1(f, 30 °C) mius
BSI3KOYIIPYTOTO MOJMMEpa OOBSICHAIOTCS BBICOKHE 3Ha-
4yeHUs] Kod(P(OUIIMEHTOB MEXaHWYECKHX IOTEPh BCEX
paccMaTtpruBaeMbIX Mox Konebanuii (6 € [0°, 90°]) npu
Tc=30°C.

BnnsHuve opmeHTaumm
apMMpOBaHUSA XECTKUX C/ioeB

Influence of reinforcement orientation
of rigid layers

Pe3ynbTaThl YHCIICHHBIX HCCIENOBaHUI 3aBHCUMOCTEH
COOCTBEHHBIX 4acToT f; = f;(0), ko3 durmentor mexa-
HUYECKHX TOTepPb 1); = 1);(0) 1 coOCTBEeHHBIX (OpM TiIe-
CTH HH3IINX TOHOB KOJICOAHWIN aCHMMETPHUYHOU TpeX-
CJIOMHOM IUIaCTUHBI A TPEX 3HAUYEHUH TEMIEPATYpbI
okpyxatomeid cpeasl — T¢=20°C, 30°C, 40°C —
npuBeIeHB! Ha puc. 3—4. B Ge3omopHOil acuMMeTpHy-
HOM TpeXCIONHON IUIaCTMHE BO3HUKAET B3auUMOJCH-
CTBHE M3THOHBIX MOJ| KoJicOaHMIA B BYX B3aUMHO Op-
TOTOHAJIBHBIX TIOCKOCTSIX (M3rMOHO-M3rHMOHOE B3au-
MOJICHCTBHE).
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Puc. 4. 3aBUCUMOCTb COBCTBEHHbIX (DOPM CBSA3aHHbIX MOA KonebaHnii aCMMMETPUYHON TPEXCNOMHOM NAacTUHbI
OT yrna opveHTaumn apmMmpoBaHus xectkux cnoes (T¢ = 30 °C)

Fig. 4. Dependence of the eigenforms of the coupled oscillation
angle of rigid layers reinforcement (T¢ = 30 °C)

modes of an asymmetric three-layer plate on the orientation
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JlJ1st MILTIoCTpalu 3TOro B3auMOICUCTBUS Ha rpa-
(uKe 3aBHCHMOCTEH COOCTBEHHBIX YACTOT KOJICOAHMIA
fi=/:(0) mpu Tc=30 °C HaneceHbl rpaduku 3aBUCH-
MocTel napuuvaibHbIX I/I3FI/I6HI>IX CO6CTB€HHle ya-
crot f;=/;(0) (toueunsie kpusbie [ —4 Ha puc. 3).
BenuuuHbl maprUaNbHBIX HM3THOHBIX COOCTBEHHBIX
YacTOT OMNPEACISINCh W3 PEUICHHS CHCTEMBI TUd-
(depeHanbHbIX ypaBHEHHH, ONUCHIBalONICH Koseba-
HUSI TJI00aJIbHO OPTOTPOMHOM TPEXCIOWHOW ILIacTH-
Hbl TI0 YUCTBIM KOMIUICKCHBIM MOAYJAM YIPYTroCTU
Exx (e) = Exx (9)/[1 — Hoyx (e) " Moy (9)] u CBOGOHHI’IM
KOMIUIEKCHBIM ~ MOAYJISIM ~ MEXCJIOHHOTO  CIBHra
ze = ze (6)’ Gyz = Gyz (e)

COBMECTHBIM aHalu3 3aBUCUMOCTEHN, MPUBEIEH-
HBIX Ha puc. 3—4, MO3BOJIAECT YTBEPKAATh, YTO Ha OT-
pe3ke 6 €[15°, 30°] mpoucxoauT B3auMHas TpaHC-
¢opmanus coOCTBEHHBIX (OpM IIECTOW W CEeapMOM
Mox kojebaHuit. OO 3TOM CBHAETEIHCTBYET IOSBIIE-
HHE TOYKH TIIepeceueHusi TpaduKoB 3aBUCHUMOCTEH
COOTBETCTBYIOIIMX TMApIHAIBHBIX COOCTBEHHBIX da-
ctoT mpu 0 =~ 23 (kpuBsie 3, 4). B pesymbrare B3anM-
HOW TpaHcpopManuu coOCTBeHHass (opma mniecTou
CBsI3aHHOW MOJbI, ipu O = 0° uaeHTHUIIpYyeMas Kak
repBas M3rMOHAas OTHOCHTENBHO OCH X, npu 6 = 90°
UICHTHQUIMPYETCS KaK TPEThs H3THOHAsS OTHOCH-
TeJIBHO ocH y (puc. 4).

[IpencraBneHHbIe Pe3yIbTATHI MO3BOJSIOT 3aKIIO-
YUTh, YTO JUIsI O€30MOPHON aCUMMETPUIHON TPEXCIIOM-
HOW IJTaCTUHBI B3aMMOJACHCTBHE M3TMOHBIX MOJ KOJIe-
0aHMIl B IBYX B3aMMHO OPTOTOHAIBHBIX IUIOCKOCTSX
BO3HUKACT, €CJIM B HAIPABJICHUAX IUIACTUHBI X WA )
00e coOcTBeHHBIE (POPMBI XapaKTEPU3YIOTCS JINOO YeT-
HBIM, JTHOO HEYETHBIM YHCJIOM 4YeTBepTeil BOJHEL Kak
U B Clly4ae CUMMETPUYHOU TPEXCIIONHON IJIACTUHBI,
MIOBBIIIICHUE TEMIEpaTypbl OKpYJXKarolmled cpenpl Ha
otpeske T¢ € [20 °C, 40 °C] Bneder 3a coOOW MOHIDKE-
HHE COOCTBEHHBIX YaCTOT BCEX PAaCCMaTPHUBAEMBIX MO
KOoJeOaHUH aCUMMETPHYHON TPEXCIOWHOW IUTACTHHEI
mpu 0 € [0°, 90°]. OnHako B OTIWYHE OT CHMMETPHY-
HOM TPEXCIOMHOW IUIaCTUHBI MaKCUMaJbHbIE 3HAUCHUS
K03 (PHUIIMEHTOB MEXaHUYECKUX TOTEPh ACHMMETPHY-
HOM TpexcioWHo mnactunbl ans Bcex I¢ € [20 °C,
40 °C] nocturarores mpu 6 = 0°, 90°.

BAaussHue OTHOCUTEJIbHOM
TOJIWMHDbI MANKOro csos

Influence of the relative thickness
of the soft layer

YuciaeHHblE HUCCIENOBAHUS BIMSIHUS OTHOCHTEILHOM
TOJIMHBI MSTKOTO CJIOS HM30TPOITHOTO BSI3KOYIPYTOrO
moauMepa /i Ha BEIUYMHBI COOCTBEHHBIX YacCTOT

fi=fi(h) u KO>pPUIMEHTOB MEXaHUYECKUX TOTEPH
M, =1; (%) WecTH HU3MIHUX TOHOB KoneGaHuii (i =1, 6)
npoBogwinck mpu Tc=20°C, 30°C, 40°C u nmns
(MKCHUPOBAaHHBIX YIVIOB OpUEHTAllMd apMHPOBAHU
JKECTKUX CIIOEB TPEXCIOMHBIX IUTacTHH. PaccmarpuBa-
Jauch  opToTpomHas  cuMMmerpuuHas (0= 03 =
=0=0°), r1700anbHO MOHOKJIMHHAs CHMMETPUYHAs
(0¢1y =03y =0 =15°) u r06ankHO OPTOTPOIHAS ACHM-
metpuuHas (0 =—0@3) =0 =15°) Tpexcroiinele mnia-
cruHbl. [lomydeHHBle pe3ynabTaThl IPHBEAEHBI Ha
puc. 5-7 B Buzme rpadukoB 3aBucumoctedl f; = f;(h)
un; =n;(h).

Cyzas no npuBEACHHBIM Ha puUC. 5—7 JaHHBIM, CO-
TIIaCYIOIUMCS C pe3yibTaTaMu padoTel [4], Kakoon
MOJIe COOCTBEHHBIX KOJI€OaHWI Kak CHMMETPHUYHBIX,
TaK ¥ aCUMMETPHYHBIX TPEXCIIOWHBIX IUIACTHH COOT-
BeTCTBYeT d((QeKTHBHAs OTHOCUTENbHAS TOJIIMHA
MSTKOTO CJIOSl M30TPOITHOTO BS3KOYIPYTOro HoJMMepa
he, pu KOTOPOU (yHKLMSA 1; = 1; (4) JOCTHTAaET MaKCH-
myma. JlanbHeilllee yBeauueHHE BeIMUYMHBI /> K,
HE TOJBbKO HE MPUBOJUT K YBEIMYCHHUIO 3HAYECHHI
K03(pUIUEHTOB MEXaHUYECKMX HoTepb 1, = 1; (%), HO
YacTO COIPOBOXKIAETCS CHU)KEHHEM ypOBHEH JieMru-
poBanusa. [locnenHee OOBSICHSETCS TeMIlepaTypHO-
YaCTOTHOW 3aBHCHUMOCTBIO  YIPYTO-AMCCHIIATHBHBIX
XapaKTePUCTUK BSA3KOYNPYroro IOJUMEpa, ITOpPOX-
Jaoleldl  aHAJIOTMYHYIO  3aBUCHMOCTb — BEJIMUUHBI
h.=h.(f, T¢). TloBblllleHHE TeMIEPATyPhl OKDPYKAKO-
el cpeasl 1 BiedeT 3a co00il yMEHBIIEHHE BETHYH-
HbI /., @ TIOHWKeHUE T MOPOKIAET YBETNYEHHUE BEJH-
uuHbl h,. Ipu h=h, ynaxuuu m; =1, (k) mocTuraror
rJI00aIbHOT0 MakcMMyMa. DTH e 00JacTH 3HadeHui
aprymeHTa /i COOTBETCTBYIOT MAKCUMAIIbHBIM 3HAYEHH-
am dyukuuit of; (h)/oh.

ComnocTaBneHre TPENCTaBICHHBIX Ha puc. 6—7
Qynxuuii m; =n; (k) (h € [0, 1]) no3BoIAET OTMETUTS,
YTO W3THOHO-KPYTHIBHAS CBSI3aHHOCTH KOJIeOaHWi
CUMMETPHYHBIX TPEXCIOMHBIX IIACTUH MO3BOJISAET
peanu3oBarh ypOBHH J1eMII(UPOBaHUsL, TPEBBIIAIOIINE
YPOBHHU JIeMII(UPOBAHHUS AaCUMMETPUYHBIX TPEXCIIOU-
HBIX TUIACTHH.

BnunsHue teMmnepartypbl
OKpYy>XalLwien cpeabl
Influence of ambient temperature

YucineHHbIE UCCIICNOBAHNS BIUSHHUS M3MEHEHHS TEM-
neparypsl okpyxamwomei cpeasl T¢ € [20 °C, 40 °C]
Ha BEJNMYMHBI WX coOcTBeHHBIX dacToT f;=f;(T¢)
1 K03 (HUIIMEHTOB MexaHHIecKuX moTepb 1; = N; (7T¢)
IIECTH HU3IIUX TOHOB KOJICOAHWH NPOBOMMIMCH IPH
(DMKCUPOBAHHBIX 3HAYCHUSIX OTHOCHTEIBHOM TOJIINHEI
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Fig. 5. Dependencies of the natural frequencies and mechanical loss factors of an orthotropic symmetrical three-layer plate
on the relative thickness of the soft layer of a viscoelastic polymer (8(1) = 83y = 8 = 0°)
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NAACTUHbI OT OTHOCUTENBHOM TOMLLUMHBI MATKOrO €105 BA3KOYNpyroro nonnmepa (81 = B3y = 6 = 15°)

Fig. 6. Dependencies of the natural frequencies and mechanical loss factors of a symmetric three-layer plate on the relative
thickness of the soft layer of a viscoelastic polymer (8(;y = 83y = 8 = 15°)
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Fig. 7. Dependencies of the natural frequencies and mechanical loss factors of an asymmetric three-layer plate on the relative
thickness of the soft layer of a viscoelastic polymer (8(;y = =63y = 6 = 15°)
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Fig. 8. Dependencies of natural frequencies and mechanical loss factors of the lowest oscillation tones of three-layer plate
on ambient temperature
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MSTKOTO CJIOS U30TPOITHOTO BS3KOYIPYTOro mojuMepa
h=0,2=const U yIJIOB OPMEHTAlWM APMHPOBAHHMS
KECTKHUX CJIOCB TPEXCIOMHBIX IUIACTHH.
PaccmaTtpuBanuchk OpTOTpONHAs CHUMMETPHYHASL
(0¢1y =03y = 6 = 0°), r106anbHO MOHOKJIMHHAsL CUMMET-
puuHas (0= 03 =0=15°) u rnobanbHO OpPTOTPOI-
Has acummeTpuuHas (0 =-03) =06 = 15°) Tpexcnoii-
Hble IU1acTUHbL. IloiydyeHHBIe pe3yabTaThl NPUBEICHBI
Ha puc. 8 B Buae rpaduxoB 3aBucumocteil f; = f;(T¢)

nu n;=n;(Tc) (cumBonamu 1,6 0003HaYeHBI HOMepa

Mo/ KoJicOaHui).

CoBMECTHBIN aHAIM3 NPEACTABICHHBIX Ha 3TOM
PHUCYHKE 3aBUCHUMOCTEH IMO3BOJSAET OTMETUTh OXKHJa-
eMoe MOHOTOHHOe YyOwiBanue Gynkumid f;=f;(T¢)
0 Mepe YBEIMYCHHs TEeMIepaTypbl OKpYyKarouieH
cpenbl T mas Bcex (opm KoneOaHU Kak CHUMMET-
PUYHBIX, TaK U aCUMMETPUYHON TPEXCIOWHBIX ILIa-
crun. [pu stom Bee pyuknmu 1; = 1; (Te) ipu Te = Te
00JaJaloT OTYETJIMBO BBIPAKEHHBIM TJI0OATBHBIM
MaKCUMYMOM. 3HaUY€HHE apryMeHTa ] ONpEAeNaeTcs
3HaYCHWEM COOCTBEHHOH YacTOTHI, COOCTBEHHOM
¢dopMoOii 1 TeMIepaTypHO-4aCTOTHOW 3aBUCHMOCTBIO
YHPYro-AUCCUIIATUBHBIX XaPaKTEPUCTUK BA3KOYIIPY-
TOro ToIHuMepa.

3aknrouyeHume
Conclusion

Takum 00pazoM, CBsI3aHHBIC 3aTyXaloOIUE KOJIEOAHUs
CHMMETPUYHOM TPEXCIOMHON IUIACTUHBI ONUCHIBAIOTCS
IByMsi cuctemMamu auddepeHIHATBHBIX ypaBHCHHUN
(5), (6), CTPYKTYpBI KOTOPBIX OJNH3KH CTPYKTypaM CH-
CTEM COOTBETCTBYIOMIMX JU(D(HEpeHIUATBHBIX YpaBHE-
HUH, ONHCHIBAIOIINX 3aTYyXafoIlIe KOJeOaHUs KBasH-
OTHOPOTHON MOHOKIMHHOM muracTuHEI (1), (2).

B To e Bpems CBA3aHHBIC 3aTyXaromue Koieda-
HUSI aCUMMETPUYHON TPEXCIOMHOM IMIACTHUHBI OIMUCHI-
BAIOTCS OBYMS CHCTeMaMHu TU(QepeHIHaTbHBIX ypaB-
Henuit (7), (8), KOTOpbIE COBMANAIOT C CHCTEMaMH
COOTBETCTBYIOWIMX AU PEepeHIHANIBHBIX YpaBHEHUH,
OINHUCHIBAIOLIMX 3aTyXarolye KojieOaHHus TII00aIbHO
OPTOTPONHOM TPEXCIOWHOMN MIACTUHBL.
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