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PoGora mnpucBsYeHa OOCHIIKCHHIO CTIMKOCTI pyXy B’SI3KONPY)XHOrO CTPHXKHS, Martepian sSKOro
nianopsakoBanuii 3akony Kenpina—®oiirra. HaBoasTeest po3B’si3ku ABOX 3aad LIOA0 BH3HAYCHHS CTIHKOCTI
IIPSIMOJIHIHHOI (OpPMHU TOHKOTO OAHOPITHOrO CTPHXKHSA. B 3amaudi | cTpikens 3amemiueHuid oquuM Kinnem. o
IHIIOrO NMPHKJIAACHA CHJIA, IO CTEXHUTh, SIKA MA€ BJIACTUBICTb, IO NP BUTHHI CTPHIKHS 3aBXK/IM HaNpPsAMIICHA
0 JXOTHYHIN 10 HiHii cTprkHs. Taka cuia Moxke OyTH peai3oBaHOIO, HANPHUKIIAJ, [IISXOM BCTAHOBIICHHS Ha
KIHII CTPHXKHS ITOPOXOBOIO PAKETHOrO ABHTYHA. B 3amaui |l cTpmxkeHs 31iliCHIOE PIBHOIPHCKOPEHUH PyX i
JU€I0 CHIIM, IO CTEXHTh. JlaHy 3afady MOXHA PO3IIISJATH SK CIIPOLIEHY MOJEIb PaKeTH, KA PyXaeTbCs MiJ
JIEI0 PEAKTUBHOT CHITH.

B maremaTnuHOMy CeHci 3amada 3BOJMTHCS A0 PO3MILAY AU(EpPEHIIalbHOrO pIBHSHHSA B YaCTHHHHX
MOXIAHUX IT'ATOr0 MHOPSAAKY i3 3aJaHMMH TIPAHMYHHMH YMOBAaMH Ha KIHISX CTPWKHs. Po3B’s30k 3amaqi
IPEACTABICHO Yy BUNLL psfy 3a Oamounumu QyHKuisiMu. Jl1s BH3HA4YEHHS KPUTHYHOIO HAaBAHTaXKEHHS
3acTOCOBaHO Kpurepili Paycca-I'ypmima. HaBommTbcs OOIpyHTYBaHHS KiNBKOCTI JONAHKIB JAHOTO PO3KIALY.
OTpUMaHO 3aJICKHICTh BEIUYHHH KPUTHYHOTO HABAHTAKEHHS Big KoedillieHTa BHYTPIMIHBOI B’SI3KOCTI.
[MinTBepmKeHo mapagokc aecTabimizamii: iCHyBaHHsS OyAb-SKOTO HECKIHUCHHO Maioro koedimieHTta B’S3KOCTI
CYTTEBO 3HIKYE 3HAUCHHS KPUTHYHOTO HABAHTAXXCHHs y IOPIBHSIHHI 3 INPYXHOKW Mojemumo. HaBomurses
3aJIKHICTh KPUTHYHOI CHJIM Bifl 3HAUCHHS KoeillieHTa BHYTPILIHBOI B’ I3KOCTI.

JUts miATBEpIKCHHS. OTPUMAHHUX aHAIITHYHHX PE3YJIbTAaTiB HABOAUTHCS YMCENIBHHUI PO3B’S30K BiAMOBITHOL
3amaui Komri meronom Pynre-Kyrra 8 nopsinky. BinnoBigHiCTh YHCEIbHHEX Ta aHAITHYHUX PE3y/IbTaTiB CBigUaTh
PO BipOTiIHICTh OCTAHHIX.

IIpakTiuHe 3aCTOCYBaHHS JOCIIHKEHb y Taly3i CTIHKOCTI pyXy B'S3KOMPYXKHHX CTPHKHIB € HAJA3BUYAHHO
IIMPOKUM, OCKITBKH B'SI3KONPYKHI CTPIKHI — 0a30BHil €lNeMEHT pi3HOMAHITHHX IH)KCHEPHHUX KOHCTPYKILIHL.
BusHaueHHs: KPUTHYHOTO HABAHTAKCHHS TO3BOJISIE 3a0€3MEUUTH HAIHHICTh Ta €DEeKTUBHICT KOHCTPYKIIIL.

Knwouosi cnoga: mooens Kenvsina—Dotiema, KpumuyHa cuna, KpumuyHe HA6AHMAdICEHH, KoeiyicHm
6 si3kocmi, cmitikicmy, 6anouni Qynxyii, mampuys I ypeiya, kpumepiti Paycca—I ypsiya.

This work is devoted to the study of the motion stability of a viscoelastic rod whose material obeys the
Kelvin-Voigt law. Solutions to two problems of determining the rectilinear shape stability of a thin homogeneous
rod are given. In problem I, the rod is restrained at one end, and a tracking force is applied to the other end such
that it is always tangent to the rod line when the rod is bent. Such a force can be realized, for example, by
installing a gunpowder rocket engine at the end of the rod. In problem I, the rod executes a uniformly accelerated
motion under the action of a tracking force. This problem can be considered as a simplified model of a rocket
moved by a reactive force.

Mathematically, the problem reduces to a partial differential equation of the fifth order with specified
boundary conditions at the rod ends. The solution of the problem is presented as a series expansion in beam
functions. To determine the critical load, the Rouss—Hurwitz criterion is applied. The number of expansion terms
is justified. The critical load is found as a function of the internal viscosity coefficient. The paradox of
destabilization is confirmed: any infinitesimal viscosity coefficient significantly reduces the critical load as
compared to the elastic model. The critical force is found as a function of the internal viscosity coefficient is
given.

To confirm the obtained analytical results, a numerical solution of the corresponding Cauchy problem using
the Runge—Kutta method of the 8th order is given. An agreement between the numerical and the analytical results
indicates the validity of the latter.

The practical application of research in the field of the motion stability of viscoelastic rods is extremely
wide because viscoelastic rods are the basic element of various engineering structures. Determining the critical
load allows one to ensure their reliability and efficiency.

Keywords: Kelvin—Voigt model, critical force, critical load, viscosity coefficient, stability, beam functions,
Hurwitz matrix, Rauss—Hurwitz criterion.

Beryn. CrilikicTh HEKOHCEPBATHBHO HABAHTAXKEHUX TMPYXKHUX Ta HEMPYKHUX
KOHCTPYKLil Ta X €JIeMEeHTIB € KIaCHYHUM PO3IiUIOM MeXaHiKu AedOpMiBHOTO
TBEPJOrO Tija, IO BUKJIMKAE 3alliKaBJACHICTH Ha TMPOTA3I OCTAHHBOI'O CTOJIITTS.
Hapa3zi 3’sBIs€ThCSI MOXKITUBICTh OUTBIII TOYHOTO aHaJi3y HOBHX SKICHHX e(eKTiB
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MOBE/IIHKA MEXaHIYHMX CHUCTEM IiJ [i€l0 HEKOHCEPBAaTHBHHX HaBaHTAXEHb Y
3B’S3KY 13 IIBUIKAM PO3BUTKOM METOAIB OOYHCIEHh Ta iX 3acTOCYBaHHI B
nporpaMHuX 3abesneuyeHHsX. HaBemena poOora mpHcBSYEHa JOCIIIKCHHIO
CTIHKOCTI CTPIIKHS 13 POMTTOBOIO BHYTPILIHBOIO B’ A3KICTIO.

MeTor0 JOCTIIKEHHS € BH3HAUCHHS KPUTUYHOTO HABAHTAKEHHS, IO
BIJTNIOBiZJa€ BTPATi CTIHKOCTI TMPSMONIHIAHOI (OpMHU CTPIDKHS 13 BpaxyBaHHSIM
B’SI3KOCTI MaTepiajly, Ta MoJalblile NOPiBHAHHS Pe3yJbTaTIB 13 MOJEIUIIO MPY>KHOTO
CTPYDKHSL

IlocTanoBka 3anay. Po3rnsmaeTscsi TOHKHH B’ S3KOMPYXKHIH CTPHUIKECHD
JIoBXWHOI [. BBaxkaemo, mo marepian cTprokHS Bianosimae monen KenbpiHa—
®oiirra:

c=E(c+vé),
JIe 0 — HaIllpYXeHHST;, € — AeopMallist; vV — 9ac penakcailii; £ — MOIyIb PYKHOCTI;
TOYKA HaJ] CHMBOJIOM O3HA4a€ MOXIAHY 3a 4acoM t.
JocnimKyeThest CTIMKICTD TPSAMOIiIHIHHOT (POPMH CTPHIKHS Y TAKHX 3aJadax.

3aoaua 1. CtpwKeHb 3aKkpilyieHnid oOMHUM KiHNeM. Jlo iHIIoro mpukiameHa
cwia P, mo crexuts (puc. 1).

3aoaua I1. CTpmxeHb 301HCHIOE PIBHOTIPUCKOPEHUH PYX I Ai€r0 cuiu P, o
CTEeXUTH (pHC. 2).
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Puc. 1 —3amaua | Puc. 2 —3agaua I1

Mamemamuuna nocmarnogka 3aoaui 1

Posrnsimaerbest  CTpuKeHb, 3amleMICHHHA Ha
onHomy KiHmi. Ha npyriii kiHeus aie crama 3a
BeMMUMHOIO cuina P, mo crexuts (puc. 1).
[louatkoBa ¢opma piBHOBaru Oyne CTIHKOIO JIMIIIS
70 Jeskoro 3HaueHHs cuid P*. Tlpu cumi, 1m0
MEepeBHIyE 16 3HAUCHHS, SKE MH Ha3MBaEMO
KPUTHYHUM, BiZIOyBa€ThCS BIAXWIICHHS Bif
MOYaTKOBOTO TIOJIOKEHHS PIBHOBATH.

Jdns po3p’si3aHHS  3aja4i PO  BU3HAYCHHS
KPUTHUYHOTO HABAaHTAXKEHHS CIEpIIy  CKJIaJeMO P >

PIBHSAHHS PYXY B’I3KONPY’KHOTO CTPHIAKHSI. Puc. 3 — 3ayaua |
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o eneMeHTy CTpIKHS JOBXUHOIO dx (puc. 3) HpI/IKJ'Ia):[eHi CWJIM, MOMEHTH B

NepeTuHax, po3MoJiNieHi iHepuiiiHi cwmm Fj, = pS Ydx, ne p — TycTHHA

at2
MaTepially CTPIDKHS; S — TUIoNIa MEPEeTHUHY CTPYKHS; M — MOMeEHT, () — mornepeyHa
cua.

[IpoexTyroun cur Ha HOPMAIT JI0 MIPYKHOI JTiHii, OTPUMYEMO:

9%y d%y
(iQ-+1’5;31tx4-pS;;Fde = 0.
3 4
Ocxkinpku Q = EI (a—xz +v a;};t), TO OCTaHHE PIBHAHHS NPUHAMAE BUTIISI:
dty 9%y d%y d%y
El — +P—=0 1
<a ity ax4at> TPt Pz =0 L

ne E1 — XopcTKicTh nepeTHHY IpY BUTHHI, BETHYUHY PS BBAKAEMO CTAJIOK0.

I'panmdHi yMOBH, IO BiIMOBiNalOTh yMOBaM 3amiemieHHS KiHmg x = 0 Ta
pIBHOCTI HyJNeBI NpOEKUid Ha Bich Y 3rUHAIBHMUX MOMEHTIB Ta CHJ, IO
Mepepi3yroTh MpH X = [, MalOTh BHI;

dy 9%y

lemo = 7y
Yix=0 = x| g T Gx2

0x3
x=1

= 0. 2)

x=1

Mamemamuuna nocmanoexa 3aoaui Il PIBHAHHSA pyXy CTPHXKHA, IO
pyXaeTbcsa TiJ Mdi€0 cuim P, MO CTeXHTh, OTPUMYETHCA AHAIOTIYHUM JIO
MOTIEPETHBO1 33/1a41 YHHOM.
Posrnsimaerses €JIEMEHT CTPYOKHSA
TIOBXUHOIO dx (puc. 4), ne

dx [ —x | a0
P'=P—;N=P—; -
l l o™ yyan
-~ -«)/'
l—x—dx = N
N + dN - P f. ........... ["“I \‘\‘ .u.d‘\‘
. . g'; y p ,'Q
ITpupiBHIOIOUN HYJICB1 CyMy 1 { i [
MPOEKIIiH Ha BiCh Y, OTPUMYEMO: ,’V
aQ %y a1 l—xoy1 " v
—+pS—= +—[P | =o.
ox PPz Toxl T ox 5

Puc. 4 —3apnaua II. EnemeHT cTprxHs

4
I3 BpaxyBamusam: Q = El (—+v 663):%), OTPUMYEMO OCTAaTOYHHHA BUJ
PIBHSHHS PyXy CTPHIKHSI:
oty 0% 0%y dy
El|—+ + S—+——[ - ]=0. 3
<a Vaxtar) TP T Tax T V5 ®)

I'paHuuHi yMOBHM, IO BIANOBIJAIOTH PIBHOCTI HYJEBI NPOEKIIH Ha BIiCh Y
3THHAJIBHUX MOMEHTIB Ta Mepepi3ylounX CHJI Ha KiHISIX CTPYIKHS, MalOTh BUJI:
2%y 2%y 0%y 0%y

5}3 ::5;5 = 0;5;3 ::5;§ = 0. (4)
x=0 x=0

x=1 x=1
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B zamasax (1), (2) ta (3), (4) pobumo mepexin (y, x,t) = (W,&,17) 3a
hopmynamu:
y X 1 |EI
; —T=t— |[—
l 12 [pS
B pesynpraTi mMaremarndHa mocTaHoBKa 3amadi [ — dopmymm (1), (2) — B

6e3posmipanx Bemuunnaax (W, &, T) mpuiimae B

o*w - 9W  9*W  0PW

A P T P ®
Wle=o = Al . 0; oW = oW = 0. (6)
0§ §=0 952 £=1 9° &=1
Dopmyiu (3),(4) — 3agaga I — mepeTBOPIOIOTHCS HA TAKI:
9w 9°wW A 9°W 92w
654+ka€4ar—pa—f+p(1—f)a—fz+ﬁzo, 7
92w 93w %W R
o R T M Tl i =) M ®)
£=0 £=0 £=1 &=1

1’ pS 12’
B naBenennx mocranoBkax 3amad I, Il Bemwuwam k i p — mapamerpu 3amad.
3nauenHio k = 0 BiAMOBiga€e KIACHYHUI BUMAJOK MPY>KHOTO CTPIIKHSL.

2
B (5) — (8) mo3naueHo p =% k =v\/§1' 0<¢<L

Orasap aiteparypu. Ilpu k = 0 3amaqi (5), (6) Ta (7), (8) po3rasHYTI B
poborax [1, 2]. B mpomy Bumaaky 3amada | € KIacHYHOIO 3a/adyer0 MPo Mai
KOJIMBAHHSI TPY)XKHOTO CTPWXKHS 13 CT&IOK 3THHANBHOIO JKOPCTKICTIO, IIIO
3alIeMJICHUN Ha OJHOMY KiHIIi, @ Ha IHIIMK i€ CUJIa, 10 CTeKUTh. [Ipy 3HaUCHHIX
HaBaHTa)XEHHS, 0 JeXuTh B iHTepBam 0 < p < 20,05, mae micuie KonMBanbHUI
PEXKHUM 13 cTayioro amintityor. Kputiune 3HadenHs p* =~ 20,05 Bignosinae mossi
KOJIMBAJIbHOI HecTiikocTi ((aTrepa) mpsimoiniiiHoi piBHoBaru [1]. B po6Goti [2]
HaBoUTHCs P =~ 109,99 115t BUNaAKy MPYKHOTO CTPHXKHS B 3a1adi 1.

Bimznaunmo poboty [3], A€ D0CTiKEHO BILIMB PO3MOAUICHHS Mac IO JIOBKHUHI
NPY)KHOTO CTPIIKHS Ha 3HaueHHs p”. YacTuHa MacH 30cepe/DkeHa B Toull X = 1,
iHIIa — PIBHOMIPHO PO3MOALUICHA TO JAOBXKHWHI. ['paHMYHMI BUIMAJOK HEBaroMoro
CTPVIKHS 13 30CEepe/KEHOI0 MacOl0 Ha KiHIli HOCHTh Ha3By cToWkM beka. J{is mporo
BUINAJIKy BEMYMHA p* CHiBHAJae i3 HaWMEHIIMM JOJATHUM KOPEHEM piBHSHHS
tgﬁ = \/5, To0TO p* =~ 20,109.

SKmo BpaxoByBaTH BHYTPINIHIO B’SI3KICTP Ha OCHOBI JHIMHOT Mozeni
Kenbina—®oiirra, T0 KpUTHYHE 3HAYCHHS p* Oynae 3anekaTH Bij KoedilieHTa
B’s3rocTi k. Jlnst 3amaqi 1 B [2] oTpuMaHo 3Ha4YeHHS p*B OKouli 3HadeHHs k = 0:
’l(i_r)r(l) p* (k) = 10,94, mo maiixe B 1Ba pasu merie 3a p* = 20,05. Onucane siBuine

BiZIOME B JIiTEpaTypi M0 AWHAMIYHIN CTIHKOCTI SK «mapagokc Lurnepay. [lpununnam
Ta TMOSCHEHHIO IOTO «IapajioKCy», a TaKOXK BHIAJKaM CTa0uTi3amii Mayoro
JHIHHOIO TUCHTIAITIEIO TIPUCBAYEHHI TOKIaHIiA orursiy [4—7].

B naniii poOOTi LIKaBUTh BH3HAYEHHS KPUTUYHOTO HABaHTAXKEHHSA P~ SK
¢yHKuii koedinienTa B’s3k0cTi k. 30KpeMa, BaKIMBO iCHYBaHHS HasiBHOCTI cTpuOKa

106



B 3a3HAUCHMX 3aJladyaX NpU 3HHUKAIOUE MAJIOMY 3HAa4YeHHI Koe(illieHTa B’S3KOCTI.
Po3B’ 130K 337129 ipeICTaBIICHUH Y BUTTISL PAAY 3a OanouHnMu (HYHKITISIMHE.

Meton po3B’sizanHsi. Po3B’s130k 3amau [, Il mpencraBumo y BUIIISII BiApi3Ky

pany:
N
WED = ) i@ - Xi(©), ©
i=1
ne N — kiHIeBa KUIBKICTH JOJAHKIB PO3KJIaay, IO MIATAE TOJAIBIIOMY

nocrimxentio; X;(§) — niniiini komGinawii 6anounnx dynxuiit S;(6;§) (j = 1,4):

X;(§) = X;(0) '151(5if) +Xi(0)-S2(6:9) + XE'(O)iss(&-f) + X" (0)84(6:6);
$1(6:8) = 5 (ch(8;¢) + cos(6;8)); S2(8:6) = 5 (sh(8:$) + sin(:$));

1 1
S5(6:$) = E(Ch(&f) —c0s(6;§)); S4(6;§) = E(Sh(&-f) —sin(6;$)),
ne §; — cTaji, mo MmiyIAraloTh BU3HAYCHHIO.

Po3paxynkoBi dgopmyiu 3amadi |. I[lincranoska (9) B rpanuuHi ymoBH (6)
MPHU3BOIUTH JI0 TAKOTO BUTIISLAY (yHKii X;(&):

S0 ,
Xi(§) =— 5,05, S3(8; - &) +54(6;* $), (10)
ne 6; — pOo3B’SI3KU PiBHSHHS:
ch(8y) - cos(§;) = —1; (i =1,N). (11)

[Mepuri wotrpy HAONIMKEHI 3HAYCHHS KOpPEHIB piBHsHHS (11):
6, = 1,87510; §, =~ 4,69409; 65 = 7,85475; 6, =~ 10,9955. (12)

CxnazieMo audepeHIiianbie piBHSHHSI, SIKOMY 3310BOJbHsOTE (yHKii T;(T)
posknany (9). IlincraBumo (9) B piBHsaHHA (5). Hamani moueproBo MOMHOKHUMO
orpumannii Bupas Ha X;(§) (j = 1, N) Ta iHTerpyeMo OTpUMaHi CIIiBBiAHOIICHHS 110
3MiHHi# € o Biapi3ky Bix 0 g0 1.

I3 BpaxyBaHHSM BIIaCTUBOCTEH OaOUHIX (PYHKITIM:

d*X; ()
gt & - Xi(©);

1

[ i@ %, ag =0, G+,
0

MPUXOAMMO JI0 3aMKHEHOi cucteMu N JIHINHUX OJHOPIIHUX AudepeHIiabHIX
piBHsHE BigHOCHO HeBigomux Gyukmii T;(T) (i = 1, N):

d*Ty(7) l(T)

dt?

+h- St L8R T(D) +p- Zd”T(T)—O (13)

j=1

ne d; j — cTani BENMYMHHU, O3HAYEH] CITiBBIIHOIIEHHSIM:
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d?X;
x-S ae

di; =
! [ X2(6) d¢

Po3paxynkoBi ¢opmysn 3amaui II. Ananoriuni oOumcnenHs i 3amadi 11
MPUBOJSATH IO TAKUX PE3yJIbTATIB:

(14)

Xi(©) = ~200 5,5, )+ 506§, 1s)
S2(6)
ne §; — po3B’SI3KM TPAHCLIEHACHTHOTO PiBHSIHHS:
ch (8;) - cos(8) = 1; (i = T,N). (16)
[epiui woTnpy HaOMM>KEH] 3HAUSHHS KOpeHiB piBHSAHHS (16) Taki:
6, = 4,73004; 6, = 7,85320; 83 = 10,9956; 6, =~ 14,1372. 17)

®yukuii T; (1) posknany (9) 3agoonsrsrots JP (13), ne

d?X; dX;
fa-9x©- S e - e - T a

[ X3 d§

Po3’s30k  piBusHHsA (13) mykaemo y Burmsimi T;(7) = e®?, BianosimHe
XapaKTePUCTUYHE PIBHIHHS JJIS TOBUIBHOTO 3HAYeHHS N Ma€ BUTJIS:

dij =

(18)

0 pdi, pdyz pdis .. pdiy

pdz 2, pdys pdzs ... pdyy

d d 0] d d

bazy paszp 3 pasza paszn —0, (19)
Pd4,1 Pd4,2 pdys 2, o Ddyn

pdy1 pdyz pdys pPdys -y

me O =w?+k-6 w0+t + pd;;. B 3anaui 1 snauenns §;, d;; BU3HAYEHO
dopmynamu (12), (14), B 3axaui I — BignosinHo Gpopmynamu (17), (18).

TpuBianeHuii po3B’si30k piBHsHHSA (13) Oyme cTilikuMm, SKIO YCi KOpeHi w
piBHsHHS (19) MatoTh Bil’€MHI TIHCHI YaCTHHU.

PesyabTatn

Ipyorcniu cmpuoicens.  Po3risiHeMO TNMTaHHS MIONO JOLIBHOI  KiJIBKOCTI
nonankie N B poskiazi (9). [loxmagemo koedilieHT BHyTpinmHBOI B’ s3kocTi k = 0.
BusHauuMo 3HAYEHHS KPUTUYHOTO HABAHTAKEHHS P, NPH SKOMY pO3B’ 30K
cucteMu JIudepeHnianbHuX piBHAHB (13) Oyne cTiikuM JUid Pi3HOT KiJIBKOCTI
nonasakiB N posknany (9).

Hus noinpHOrO N XapakTtepuctuuHe piBHAHHS (19) MoXXKHa mpencTaBUTH y
BUTISAI:

yN+ b (p)-yN "t 4+ by(p) = 0, (20)

ne y=w? bi(p) (i=1,N) — o3Ha4yeHi NONIHOMH [-TO TOPSAKY BiJHOCHO
napametpy p. Kopeni piBasnus (19) Oyayrb MaT Bix €MHI TiHCHI YaCTUHH, SKILO
piBHsHHSA (20) Mae niiicHI Big €MHI KOpPEHI.
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I3 3actocyBanHsM kputepito Paycca—I'ypBiua ams pizHoi KibkocTi N JOAaHKIB
poskiany (9) aHaTTUYHO OTPHUMAHO 3HAYCHHS KPUTHYHOTO HABAHTAXCHHSI P
PesynpraTti HaBemeHo B Tabmuili 1.

Tabnuus 1 — 3HaueHHs] KPUTHYHOTO HaBaHTaXeHHst p~ st noBiibHOro N mpu k = 0

N p*.3amaya | p*. 3amaya Il
2 20,105 116,10
3 20,113 109,98
4 20,113 109,98

Ockinmeku B 000X 3amagax p*|y=3 = p"|y=4, B posmam (9) @OCTaTHHO
OOMEIKUTHCS JTHIIIE TPhOMA JT0J[AHKaMH. 3ayBa)KMMO, 110 HABECHI 3HAYCHHS P |y =3
30irarThes i3 3a3HaYCHUMH B Jiiteparypi [1-3].

B azxonpyorcuiii cmpuoicens. Tlpu N = 3, k > 0 xapakTepuCTUYHE PiBHSIHHS
(19) cucremu (13) mpuBOANUTHCS A0 BHUIY:

w® + by (k, p)w® + by (k, p)w* + b3 (k, p)w? + by(k,p)w? +
+bs(k,p)w + bg(k,p) =0, (21)

ne b;(k,p) (i = 1,6) — BusHaueHi pyHKIII.

Hns  dikcoBanoro 3HaueHHS Kk 3a kpurepiem Paycca—['ypBinma MoxxHa
BU3HAYUTH 3HAYCHHS KPUTHYHOTO HABAHTAXKEHHS p* (TAONUI 2) 3TiHO pO3B’sA3KY
CHUCTEMH HepiBHOCTEH: A;> 0 (i = 2,_6), A; — TOJIOBHI JliaroHajbHI BU3HAYHHKH
marpuui ['ypBina.

Tabmuns 2 — 3HaueHHs] KpUTHYHOTO HABAHTAXKEHHS p” IIpHU 3a/JaHOMY 3HAUEHHI K

k p* 3amaya | p* 3anaua II
10710 10, 9177 88,2131
1073 10,9180 88,2326
1072 10,9448 89,9509

Otrxe, icHyBaHHSI OyAb-SIKOTO MaJlOrO 3HAU€HHS KoedilieHTa BHYTPILIHbOI
B’SI3KOCTI TPHU3BOJIUTH JI0 CYTTEBOIO 3MEHIIECHHS KPUTHYHOTO HABAHTAKEHHS Yy
MOPIBHSHHS 3 MPYXHOKW Moaeuno. OnucaHe SBHINE BiOME B JIITepaTypi sK
«mapayoke Lurmepay.

3aranom B 3amauax I, II sanexuicte p* =p*(k) B okom k =0 moxHa
anpoKCHUMYBATH NapadoIIoto, 0 MOKA3aHo Ha pHC. 5.

1081773 3
1081778 : w0

N7z . 100
1001776 = . 98
pe 1091775 2 p* 08
1091774
a4
1091773
. g2; ]
wanre o :
1091771 =t et
-n 2. »
\; 0000t 0.0002 0.0003 0.0004 D.0005 E 006 07 015 020 02
k £
Puc. 5 —3anmaua 1. Puc. 6 —3anmaua II.
Zanexuicts p* = p*(k), k= 0 Zanexwicts p* = p*(k)
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0.015 |
0010 ‘ 0,008 008
T,
: 0.008 —
0.005 ) ;
3 ,
I

- -

|
Wbz,
T

-0.005

-0.010 ° W O »®»® ¥ M %

0015
Puc. 7 —3apmayva 1. Puc. 8 —3amaya 1. Puc. 9 —3amaua 1.
I'padik T, (t) mpu I'pagix T, (t)mpu I'padix T;(t) mpu
k=01, p=13 k=01; p=13 k=01, p=13

B 3anaui I noBeneHo [8], 1m0 icHyBaHHS Oy/b-SIKOTO HEHYJILOBOTO 3HAYCHHS K
MIPU3BOJINTH [0 3HIDKEHHSI TPaHMINl CTIHKOCTI Ha KiHIEBY BenmunHy. Ha pmc. 6
300pakeHa moseninka ¢yukii p* (k) mis gosineHoro k. Ilpu k > 0,25 p*(k) =
103,83, o mentire 3a p*(0) = 109,98.

Unceanni mocmimxenHs. Hapeneni anamituuni pesynbratd 3amad 1, 11
MiATBEPIUKYIOThCS 4duceTbHUMH. Metomom Pynre—Kyrra 8 mopsimky oTpumano
PO3B’SI30K cHCTeMH udepeHIiaTbHuX piBHAHL (13) Tpu MOBIMTBHUX MOYATKOBUX
YMOBaX:

T1(0) = T,(0) = T3(0) = T{(0) = T(0) = 0,01; T3(0) = —0,01. (22)
Tax, Harpuknan, B 3amadi | s k = 0,1 3Ha4eHHS KPUTUYHOTO HABAaHTAKEHHS

CTAaHOBHTB P*|=0, ~ 13,6. Ha puc. 7 — 9 306paxeni ¢pynkuiit T;(7) (i = 1,3) npu
3HaYeHHi HABAHTAXEHHSA P< P* |} =¢ 1, 1110 Bi/NOBIIa€ yMOBI CTIHKOCTI PyXy.

Ha puc. 10 — 12 HaBoasAThCS aHANOTIYHI TpadiKy MPH 33JJaHOMY HaBaHTaKEHH1
*
P> P k=01

‘ 0010
.10 0.010 .
T { . ‘ 0,008 |
' ocs! I ” n 0,005 '
.iwl /| I , , 0006
“I " |l o ) T,
| ! 0,004
-0.05! " m
: -0.005
0,002
040 ‘
' 0.010 ST
e L (7
14
Puc. 10 — 3amaua 1. Puc. 11 — 3amaua 1. Puc. 12 — 3amava 1.
I'padik T; (7) npu I'pagix T, (7) npu I'padix T3 () npu
k=01p=14 k=01,p=14 k=01p=14

AHaJIoriuHi YnceIbHI 00UncaeHHs oTpuMano 1 i 3anadi I [8]. JoseaeHo,
0 3MiHa TOYaTKOBHX YMOB (22) He BIUIMBAa€E Ha SKICHY MOBENIHKY (QyHKIIH
Ti(7) (i = 1,3).
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BucnoBku. Po3B's3aHi 3a1a4i Ipo CTIHKICTh PyXy B'S3KONPYKHOTO CTPHIKHS
ITiJT JTI€F0 CHITH, IO CTEXKHTh. Pe3ymbTaTu JOCIIKEHHS TTOJIATAI0OTH Y TAKOMY.

1. O’I’pI/IMaHO MaTeMaTU4Hy NOCTAHOBKY HABCACHUX 3a1a4.

2. Po3B’s30K 3a/1a4 MPEACTaBICHO y BUTIISAL KIHIIEBOTO DAY 32 OAIOUHIMH
(yHKIISIMU. AHATITHYHO BCTAHOBJICHO, 1[0 HAWMEHINA KiJBbKICTh YIEHIB PSIY, IO
OIMCY€E PO3B’ 30K 3a/1a4i, CTAaHOBUTh N = 3.

3. OTpuMaHO 3aJCKHICTh KPUTHYHOIO HABaHTAXXEHHSA p* Bim KoedilieHTa
BHYTPILIHBOI B'A3KOCTi k.

4. IlinTBepmKeHO mapajoKce AecTadimizalii: mpu OyAb-TKOMYy MaJIOMy 3HA4eHHi
KoedillienTa  BHYTpimmHBOI B'si3kocti k — 0,k # 0  3HaYeHHS  KPUTHUYHOTO
HAaBaHTAKCHHSI CYTTEBO MAIA€E: P~ |0 K D™ |k=0-

5. [IlpencraBneHi aHaJNITUYHI PE3yAbTaTH MiATBEPAKCHO YHCETBHUMH
JTIOCHIKEHHAMM.

3amadi € miKaBUMHU 3 TPUKIATHOI TOYKH 30PY, OCKUIBKHA iX MOYKHA BBaKaTH
CTPOIICHOID MOJICJUTI0 DPAKeTH, L0 PYXAEThCS I Mi€l0 PEaKTUBHOI CHIIH.
BusHaueHHS KPUTHYHOTO HABAHTA)KEHHS — BH3HAYCHHS BTPATH CTIHKOCTI KOH-
CTPYKLIi, MpH SKiii NPSAMONIHIIHI €JIeMEHTH BUTHUHAIOTHCS, BHUKPYYYIOTHCS a0bo
nedopMyIoThCs TIOOMM IHIIMM CTIOCOOOM, € OJHUM 13 HAMBaKJIMBILIMX MHTaHb, IO
pO3TIAMAOTECS B MexaHimi. B po0OoTi 3amporOHOBaHO alTOpPUTM  PO3B’S3KY
MIPUKIIAHUX 337ad Teopii CTIHKOCTI i3 3acTOCyBaHHSAM OanodHuX (YHKINH, M0
JI03BOJISIE BUIUTUTH OCOOIMBOCTI TIOBEIIHKHM CHCTEMH IIPU 3MiHi MapaMeTpiB 3a1adi.

1. Bolotin V. V., Zhinzher N. |. Effects of damping on elastic system subjiected to nonconservative forces. Int.
J. Solids and Struct. 1969. Ne 9. P. 965-989. https://doi.org/10.1016/0020-7683(69)90082-1

2. Beck M. Die Knicklast des einseiting eingespannten tangential gedriickten Stabes. Z. Angew. Math. Und
Phys. 1952. 3, Ne 3. P. 225-228. https://doi.org/10.1007/BF02008828

3. Pfliiger A. Zur Stabilitit des tangential gedriickten Stabes. Z. Angew. Math. und Mech. 1955. 35, Ne 5.
191 p. https://doi.org/10.1002/zamm.19550350506

4. Baikov A. E., Krasil'nikov P. S. The Zigler effect in non-conservative mechanical system. Journal of Applied
Mathematics and Mechanics. 2010. 74(1). P. 51-60. https://doi.org/10.1016/j.jappmathmech.2010.03.005

5. Luongo A, Ferretti M., D’Annibale F. Paradoxes in dynamic stability of mechanical systems: investigating
the causes and detecting the nonlinear behaviors. Springerplus. 2016. https://doi.org/10.1186/s40064-016-
1684-9

6. Bolotin V. V. Nonconservative Problems of the Theory of Elastic Stability. The Journal of the Royal
Aeronautical Society. 1964. V. 68. Iss. 642. P. 423-424. https://doi.org/10.1017/S0368393100079682

7. Zhuravkov M., Lyu Y., Starovoitov E. Mechanics of Solid Deformable Body. Springer Nature Singapore
/[Textbook ISBN 978-981-19-8410-5. 2023. Editon 1, XV. 308 p. https://doi.org/10.1007/978-981-19-
8410-5

8.  Kostyushko I., Shapovalov H. Study of motion stability of a viscoelastic rod. Mech. Adv. Technol. 2024.
V. 8, No. 1. P. 80-86. https://doi.org/10.20535/2521-1943.2024.8.1(100).297514

Otpumano 04.03.2025,
B ocTaTogHOMY BapianTi 24.03.2025

111


https://doi.org/10.1016/0020-7683(69)90082-1
https://doi.org/10.1007/BF02008828
https://doi.org/10.1002/zamm.19550350506
http://dx.doi.org/10.1016/j.jappmathmech.2010.03.005
https://doi.org/10.1186%2Fs40064-016-1684-9
https://doi.org/10.1186%2Fs40064-016-1684-9
https://doi.org/10.1017/S0368393100079682
https://doi.org/10.1007/978-981-19-8410-5
https://doi.org/10.1007/978-981-19-8410-5
https://doi.org/10.20535/2521-1943.2024.8.1(100).297514

