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MMOCTAHOBKA EBOﬂmgIﬂHOi TEOMETPUYHO HEJIHIMHOI
3AJIAYI MEXAHIKHA PYHHYBAHHS JIJIS1 TIPOCTOPOBUX TLT
OBEPTAHHS TA IPUSMATHYHUX TLJI

B.A. baxeHoB,
JI-p TEXH. HayK, npodecop

LI Cononeii,
JI-p TEXH. HayK, CTApIIHi HAYKOBHUH CHIBPOOITHHK

M.O. BadimeBuu,
KaH/I. TEXH. HayK

P.JI. Ctpuryn

Kuiscokutl HayioHanoHutl yHisepcumem 6yoieHuymea i apximexmypu, Kuig
Tlosimpogpnomcewruii npocn., 31, m. Kuis, 03680

DOL: https://doi.org/10.32347/2410-2547.2018.101.3-13

PosrisiHyTa MOCTAHOBKA 3a/1a4i MEXaHIKH PYHHYBAHHS ISl HEOMHOPITHHUX MPOCTOPOBHX Till
o0epTaHHS Ta MPU3MATHYHUX T 3 TPIIIMHAMH IIiJl Ji€F0 AUHAMIYHUX HaBAHTAXXCHb 3 ypPaxyBaHHIM
BEJIMKHX [UIACTUYHUX Je(OpMariiii.

Kaio4oBi ciioBa: quHaMika, BEJMKI IUIACTUYHI Aedopmalii, TpilMHa, NpU3MaTUYHI Tijla, Tija
o0epTaHHs, HaMliBaHAJITHYHUI METO]] CKIHYCHUX SJIEMEHTIB, CIeI[iaIbHUil CKIHUCHUI eIEMEHT.

Beryn. 1llupoke BHMKOpHCTAaHHS B pI3HHX Tally3sX TEXHIKM 3HaXOIiTh
eJIEMEHTH Ta JeTaji, IO NPEeICTaBISIOTh COOOI0 MACHBHI 1 TOHKOCTIHHI Tina
o0epTaHHs Ta NPU3MATHUYHI TiJa, sIKi B TIPOIECi BUTOTOBJICHHS a00 eKcIuTyaTamii
3HAXOIMITHCS B YMOBaX BENHMKHUX IUIACTUUHUX Jedopmarii. Taki pexnmu
XapakTepHi U TPOKJIAAOK YIIUIBHEHHS, 3aKJICNOK B CHOJYYHHX OIeparlisx,
3aroTOBOK IpH 00poOIIi METasIiB THCKOM (BUTSDKKA, Ocajka) i T.i.

Sk mpaBwio, miA Ai€l0 30BHINIHIX (DaKTOpiB, Tila IO PO3TISAAAIOTHCS
3a3HAIOTH CYTTEBOI (POPMO3MiIHM B YMOBAX AWHAMIYHOIO HaBaHTakeHHs. OmiHKa
MOXJIUBOCTI BUKOPHCTaHHS MOAIOHUX TEXHOJOTIYHMX IPOIIECIB Ta eKCIUTyaTamii
€JIEMEHTIB JIeTajell 3HAYHOIO MipOIO 3aJIeXKHUTh BiJ IMOBIPHOCTI (hOpMyBaHHS Ta
po3BUTKY TpinmH. [loganpiie BIOCKOHAJIEHHS TaKUX KOHCTPYKTHBHHX pIllICHb
3aJIeKUTh BiA JOCTOBipHOCTI iH(opMamii mpo OCOOJMBOCTI 3MiHM KapTHHH
HaNpyXeHO-1e(OpPMOBAaHOTO CTaHy BHIUICHOTO Kiacy 00’€KTiB B mporeci
nedopmyBaHHA. Y 3B’S3KYy 3 LIMM 3pOCTA€ aKTYaIbHICTh PO3POOKH MTOZIB
JIOCHI/DKEHHS. IUTACTHYHOrO (OPMO3MIHEHHS Tijl Mif MI€l0 JUHAMIYHOTO
HaBaHTSDKEHHS 3 ypaxyBaHHSM I'€OMETPUYHOI HENHIHHOCTI, MTOSIBH Ta PO3BUTKY
TPILIHH.

1. IToctanoBka 3amayi. Onyc TeOMETPUYHNX 1 MEXaHIYHUX XapaKTEPUCTUK
00’€KTiB, TOYaTKOBMX 1 TpPaHWYHMX KIHEMAaTHYHHX YMOB, 3OBHIIIHIX
HaBaHTAXEHb 3/iHCHIOEThCSA B Oa3KCHIM OPTOrOHAIBHIN KPYroBil IMIIIHIAPUYHIH

abo JIekapToBili cucTeMax KoopauHaT Z' .
Jis  ommcy HampykeHb Ta JedopMaiiii  BUKOPHUCTOBYETHCS MicleBa

KPUBONiHifiHA CHCTeMa KOOpPIAMHAT x', TIIOB’SA3aHA i3 KOH(Irypamiero
TIONIEPEYHOr0 Tpepisy Tija.

© PBaxenos B.A., Conogeii 1.1, Ba6imesuy M.O., Ctpurys P.JI.
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Puc. 1. Tina obepranHs Ta MpU3MaTHYHI TiJia i3 TPILMHAMHA
i Ii€r0 JUHAMIYHOrO HaBaHTAXKEHHS

BBakaeTbcs, 0 B Oyab-sKill TOUI Tijla BiIOMUH OMHO3HAYHUH 3B'SI30K MiX
0a3UCHOIO 1 MiCIIEBOIO CHCTEMaMH KOOP IMHAT, SKHI BU3HAYAETHCS 32 JOTIOMOT OF0
MIPSIMOTO i 3BOPOTHHOT'O TCH30PIB IEPETBOPCHHS KOOPINHAT:

S = BZ"' ¥ = ax", ' (1)
Tl T oz

Tyr i Hamami, 1HAEKCH, IO MO3HAYCHI JIATHHCHKUMHU JIITEpaMH, MPUHMAIOTh
3Ha4yeHHs 1, 2, 3; a rpenpkuMu — 1, 2; KoMa mepen iHISKCOM MOKa3ye OMepariio
JdepeHIiIoBaHHS.

KoBapiaHTHI KOMITOHEHTH METPUYHOTO TEH30Pa MICIICBOI CHCTEMH KOOPMHAT
MOJKHA MPEICTAaBUTH Yepe3 KOBapiaHTHI KOMIIOHEHTH 0a3MCHOI CHCTEMHU:

’

__m'_n

g[j =Zz; Z,jgm'n" (2)

KonTpaBapiaHTHI KOMIOHEHTH 3HAXOJSITHCS 110 BiJIOMUM KOBapiaHTHHM:
. Algy;
j_ Agy) 3)
2
g
ne A(g;) - anrcOpaidHe NONOBHCHHS 10 eneMeHta g, g =det[g;]

BU3HAYHUK ManI/IIIi.

MiclieBa cucTeMa KOODAMHAT X' IOB'S3aHA 3 MATEPialbHIMU YaCTKAMH Tijla
1 IIpY HaBaHTa)XEHHI Tia 1ePOPMYETHCS pa3oM 3 HUM. Y IbOMY BHIAJKy 3MiHa
METPUYHMX XapaKTEpPUCTUK KOOPAMHATHOI CHCTEMHM B KOXHIM TOYLi € Miporo
nedopmariii, o 103BoJIsE OHO3HAYHO BU3HAYMTH T€OMETPiI0 1eOpMOBAHOTO
TiJJa BUXOISYM 3 HOr0 MOYATKOBOIO CTaHy. Y MOAAIbIIOMY OyIeMo pO3pPi3HATH
Tpu KOH(QIrypamii Tija: BiJUIIKOBY HOYATKOBY, BIIJIIKOBY 3MIHHY 1 aKTyaJIbHY.
KomnoneHTr METpHYHOro TeH30pa LKX CTAaHIB N03HAYMMO BINIOBINHO g, g,

G;;. BimnikoBy 3MiHHY KOH(}Irypamiro HOpHAMAEMO JOCUTh OJU3BKOK [0
aKTYaJbHOI, TaK W00 y MOPIBHSHHI 3 BEIMYMHOK METPUYHOrO TEH30pa g

npupict AG; = Gy — g;; GyB MaJIOIO BETMYMHOIO.

Komnonenrn Ttenszopa gedopmaniii &/ B axryaneHiil kongirypauii
BH3HA4YMMO, BUKOPHUCTOBYIOUM Mipy aedopmaniii @inrepa [6], koHTpaBapiaHTHI
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KOMITOHEHTH SIKOi JIOpPIBHIOIOTH BIAIIOBIJHMM KOMIIOHEHTaM METPHYHOTO
TEH30pa BiTiKOBOT MOYaTKOBOI KoH(irypanii F¥ =gV :
i1 i iy L =i i
e =1(F7-6")= 1@ - ") @
BukopucroByloun 3MiHHY BiJUTIKOBY KOH(pirypariro MoxxHa (4) IpencTaBuTu
Y BUTIISII CyMHA

=2 -g"+¢" -6 =1@" ¢+ (" - =E +&', (5
ne g/ = %(gﬁf - gij) - pedopMarii T y BiJUIIKOBiH 3MiHHIN KOH(QIrypamii 1mo

BiJIHOLIEHHIO 10 MOYATKOBOIO CTaHy; &/ = %( gy —-GY) - medopmanii Tina B
aKTyaJIbHIM KOH(Irypanii no BiHOIIEHHIO /0 BiJUTIKOBOI 3MiHHO].

Momamo nmedopmartii &l yepe3 mepemimeHas U “,, 3amaHl B 0Oa3uCHIN
CHCTEMi KOOpIUHAT.

Ha pwc.2 mnokazaHo TIONOXKEHHS MAESKOI TOYKM A, IO HAJICKHUTH
MEpUIIOHAIFHOMY IIEpETHHY Tila 3MIHHOI BIJUIIKOBOI 1  aKTyaJbHOI

koHQirypanii. HoBe momoxeHHs Toukm A B cucTeMi Z' BH3HAa4acThCs
KOOpJIWHATAMU:

7% =7% +U”. (6)
v
ANZ" 7%)

U

z"

z v z
7

Puc. 2. 3miHHa BijIiKOBa 1 aKTyasbHA KOH(Iryparmii

JIuepeHIiiooun 32 KOOPAMHATAMH MiCIIEBOi CHCTEMH X, OTPHMAEMO
KOMITOHEHTH TE€H30pa NEPETBOPEHB!
o _ o o
7% =72% +U%. )
KoBapiaHTHI KOMIIOHEHTH METPUYHOI'O TEH30pa B aKTyaJbHIH KOHQirypamii
piBHi:
Gop = 8ap tAGyp,  G33 = g33+AGs;, ®)
ze
Vi Vo v
AGO(ﬁ:(Z,tZ ,ﬁ +Z,ﬂU,0{+U,0! ,ﬂ) (9)
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KonTtpaBapiaHTHI KOMIOHEHTH G usnauarorses 3 YMOBH:
GP Gﬁy = 5“
GPGy, - 87 = (% +AGP )&y, +AGg,) -89 =0.  (10)
Bimkumarouu Bupa3 MaluX BETHIUH AGaﬁ AGM , OTPUMAEMO:
of —of _
AG g +8 AGM =0,
AG™gg, =-gPAG, g™, (11)

[MoBeprarouncs 1o (5), i3 BpaxyBanusm (11) maemo:
ij 1, —i 1 —i] —i im n —im —m
Ag]:E(gJ J)__( V- J+G A(;mnGy)N_ A(;mn (12)

Jis  HEOmHOpIAHMX  KPYroBHX Tim oOOepTaHHA Ta MPHU3MATHYHHUX
MPSIMONIHIMHUX TN 13 3MIHHOK IUTOMICI0 IIOMEPEYHOrO TIepepizy, B CHITY
36ikHocTi x° i Z° , Ta OPTOrOHAJIFHOCTI iX /IO TUIOMIMHY TTOIIEPEYHOro Iepepizy
B NWITIHAPWYHIN crcTemi koopauHat (0 < ¥ <o ):

Y o y
Zg=2z3 =0,z3 =1, (13)
B AekapToBiii (0 < <2 ):
3 o 3
Ty =23 =0, z3 =a, (14)
Jie @ — TIOJIOBUHA JIOBXKMHH TijIa.

BpaxoBytoun (13) i (14), xoBapiaHTHI KOMIOHEHTH JedopMartii akTyasbHOI
KOH(Iryparii BiTHOCHO 3MiHHOI BI/IITIKOBOI IPUHMAIOTh BUIJISA B OPTOTOHAIbHIN
LTI HJPUYHIA CHCTEMI KOOpAMHAT:

_1(, Y
€op =5\ Zally Bt 2ty )
Y
_ 1 yz 2Z’au3'
8063 - E u3',0€ + Z,a”y’,3 - Zz’ s (15)

— 77

633 = u3/’3 + uzv,

B JICKapTOBIii:
1
Eop = 2( ZgUy ﬁ+zﬁu7, a)

1 y
Ep = 5(‘”‘3’,& + Z’auyr’3), (16)
€33 = auly 3.
3rigHO 10 MPUHHATHX TiNOTe3 TreoMeTpuyHi piBHAHHSA (12) cnpaBemmmBi npu
Mamux geopmanisx Ag; 1 BENMKHX nepeMimenssx, a (15) 1 (16) riabku npu

Maux AeopMalisax i MaJuX IepeMiIeHHSX.
[ToBHI HanpyXEHHSI MOXXHA NIPEICTABUTH y BUTJISII:

o/ =67 + Ac¥, (17)
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ne 6V — HanpyxeHHs, JOCATHYTI mix uac AeOpMyBaHHS Tina y BimmikoBii
koHbirypanii, Ac” - 36inbenns HATPYXeHb, 00YMOBICHE AedOpMAIisIMH Tila
npu fedopmaii BiJf 3SMiHHOI BiJUTIKOBOI 10 aKTyabHOI KOH(Iryparii.

KomrionenTn TeH30pa HampyXeHb B MICIEBi CHCTEMi KOOpJMHAT
BHPAXXAIOThCS Yepe3 KOMIIOHEHTH TeH30pa JiepopMaliiif Ha OCHOBI y3arajJbHEHOTO
3akony I'yka [3]:

ij ijkl
O-]:dj gkl' (18)
B i30TponHOMY Tijli KOMIIOHEHTH TEH30pa MPYKHUX CTAIUX d"™ op'szami 3
koediientamu JIsme A i (4 cmiBBigHOUICHHIMHU [3, 5]:
ijkl ij Kkl il ik il _jk
d™ =2g"g" +u(g” " +g"g"), (19)
Ev U= E
(I-2v)(1+v)’ 2(1+v)’
npyHOCTI 1 KoedinieHTa [Tyaccona B TouLl Tija, 0 PO3MIISAAETHCS.
[MpunyckaeTbes, MO B Mpoleci HaBaHTAXXEHHS B 00 €Mi Tijla BHHHMKAIOTb

e A= E=EZ i’) , vV=v(Z i’) - 3HAYEHHS MOy

. gg . . . Sp (1) O
IIPYXXH1 ij 1 MHUTTEB1 IIJIaCTU4YHI1 ij AcpopmMaliil. MUC IITACTUYHOI'O

nedopMyBaHHS MaTepialy IPYHTYETHCS HAa HAaCTYIMHHX 3arallbHUX TilOTE3ax Ta
TIPUIYIIEHHSX, 10 0a3yI0ThCS Ha eKCIIEpUMEHTAIBHUX JaHuX [3]:
1. Marepian Tina omHOpigHUM 1 i30TpoIHMH, 3MiHA HOro 00’eMy - JiHiHHO-
TIpyXHa!
el =0. (20)

2. KowmroHeHTH TeH30pa mHpHpocTy jehopmauii de; CKIaLarOTbCs 3
MIPUPOCTY MPYNKHUX de; 1 TUTACTUYIHUX deg CKJIaIOBUX:

_ Jp€ P
del»j —d€y+d€y-. (21
3. 3BopoTHa YacTHHA TEH30pa NPUPOCTY e opMalliif OHO3HAYHO IOB'A3aHa 3

TEH30pOM HalpyXeHb 1 Horo NprupocToM:

deg; = kyydo® + dky0”. (22)

4. OOmacte mpyxKHHX nedopMmariiii oOMEKeHa TOBEPXHEI TEKYJOCTi,
PIBHSHHSA SKO1 B IPOCTOPi HATIPYKEHb MA€ BUTIIST;

l..
f(e’,0) =0, (23)
e ) - TmapaMeTp 3MillHCHHS.
5. V BIANOBIZHOCTI 3 aCOIIMOBAHMM 3aKOHOM IIIACTHUYHOI Teuii IUIacTUYHI
nedopmanii po3BUBaIOTHCS TI0 HOPMaJTi /10 TIOBEPXHI TEKYy4OCTi:

af
defl =dA—e- s, = dAS;. (24)

Jis 130TpOITHO 3MIIHIOBAHOTO Matepiajly IpH yMOBI TekydocTi Mizeca
PIBHSHHS MOBEPXHI Ma€ BUIJISIL

/=35;8" =72 (2), (25)
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Je T, - IpaHUL TEKy4dOCTi IIpU YUCTOMY 3CYBI, ;(:J %d 85 d SZ - mapamerp

Onxsicra, SY = 67 — 6,g" - xoMmoHeHTH NEBiaTOpa HANPYKEHD, O = gl]

Pyx HeomHOpiTHOTO 130TPONHOTO TiNla, 00’eMoM V', 0OMEKEHOTO TIOBEPXHEIO
S omucyerscs piBHSAHHAM, IO € HachmiakoM mnpuHouny J1’AmamOGepa,
MIOKOMIIOHEHTHA (hopMa SIKOro B KPHBONIHIHHIA CHCTEMi KOOpAMHAT NpUiMae

BUIJIAO:
Ll - a0

OpHo3HauHicTh  po3B’si3aHHS  (26) 3a0e3medyeTbess  3aNpOBAKEHHIM
BiJIMIOBITHUX ITOYAaTKOBMX 1 TpaHWMYHUX YMOB. [lo94aTKOBI yMOBHM CTaHOBUTH
BIJOMHMI PO3IOAUI TepeMillieHb Ta IIBUAKOCTEH B TUIl y Neakuil (ikcoBaHUMA
MOMEHT 4acy f , AKui NpuiiMaeThCs 3a MOYATOK YaCOBOI KOOPAMHATH:

w(Z" )= ug(Z"), w(Z" ) =ug(Z"), Z" eV (27)
IMpurmyckaeTbes, 10 HAa YacTUHI MOBEpXHI S, 3aJaHi KIHEMATH4HI TpaHU4HI

YMOBH:
wZ' n=az" 1), 2" €8, (28)

e/ - IoBiNBEHO OpieHTOBaHa y IPOCTOPi Ta

a Ha MOBCPXH1 Sp 3 HOpMAJUIIO 711 = nj

y 4aci cucremMa HaBaHTaKEHb!
O S v
z;0'n;=p(Z" 1), Z" €8, (29)
Ilpn HeminiiHOMY pAedoOpMyBaHHI MaTepialy, KOpEKIis HalpyXKeHb Ha
KO>KHIH iTepamii KpoKy 3a 4acoM 3/iHCHIOETBCS 3TiTHO 3 METOANKOIO YiNKiHCa 3a
HacTyIHOIO (dopmyroro [4]:
1+t

" " " T
Gl],HAt — o_i],HAt +Sl],t+At 3;+At , (30)
T

ne 6/ - KOMIOHGHTH WIAPOBOTO TEH30DY, T=,1/ 2Se U - iHTEHCHBHICTb

JOTHYHUX HarpyxeHb. Kopekuis HampyxeHb 3a (opmynoto (30) BUKOHYeThCS

TiJIBKK 32 YMOBH, KOJIH T?At <THA

2. ITapameTpn pyiiHyBaHHs1 MaTepiany. Po3risiaroTecst IpoCcTOpoBi TiNa 3
TIO3/J0BXKHIMH Ta TOTIEPEYHIM TPIIITHAMH, [II0 PO3BUBAIOTHCS.

3acrocyBanHs J-iHrerpanma UYepenanosa-Paiica (puc.3), SK OCHOBHOTO
rapaMeTpa TpIMUHOCTIMKOCTI, MPH JOCHIPKEHH] CTallioOHapHUX TPIIMH B yMOBaxX
CTaTUYHHMX Ta [MHAMIYHAX HAaBaHTAXXEHb B MeXax MpPYKHHUX aedopMariii
MIOKA3aJI0 BUCOKY €(heKTUBHICTh Ta JOCTOBIPHICTB.

J (8 AJ[W+T)nk f }d 31)
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Tyr §=8;+8,+S, - noBepxHA IHTerpyBaHHs, 7, - IPOEKIisd Ha BICh xk

OJIMHUYHOI 30BHIIIHBOI HOpMall JI0 MOBepXHi S, f; - Hpoekuis Ha Bich xk

BEKTOpa 3yCHWJIb Ha MoBepxHi S, u - mepeMimenas, W 1 T - moTeHIianbHa Ta
KiHeTHYHa eHeprii BiIMOBITHO.

OpHak B yMOBax pPO3BUTKY TPIIIMHM NPH HAasBHOCTI IUIACTMYHOI Tedii Ta
JIOBLJIBHOI iCTOpii HABaHTA)KEHHSI HEOOX1THUM € 3aCTOCYBaHHS 1HIIIOTO IapaMeTpy
pYyHHYBaHHS, KU MOXKE BPaxyBaTH OCOOJIMBOCTI HMOBEIIHKH Tija 3 TPIIIMHOIO B
3a3HaYCHNX YMOBaX.

®poHT +y1" y3  ®poHt

MNoBepxHs MoeepxHa
TPiWWHN TpiLUYHK

Puc. 3. 3acrocyBanns J-interpana Uepenanosa-Paiica

OpHuM 3 Takux mapameTpiB € T-iHTerpan, BHpa3 [UIsl 3alicCy SKOTO MICTHTB
JIOAATKOBUM WICH y BHUIVIAL iHTerpaimy mo oOnacTi, sSIKH BpaxoBYe HasBHICTh
MacOBHX CHJI Ta HaBaHTA)KEHb, anKnaz[eHHx JI0 TIOBEPXOHb TpiHlI/IHI/I

C= [+ Ty - ,a Sdr= [ (O +Tym la SEyar -
T I'+S.r

£

ow 2 Ol Ju;
- e =)+ —U; =)+ fi=—@dv 32
Vr=Ve
ne W - moBHa poOOTa HampyXeHb B MaTepiasbHIi TOYI, sIKa BHU3HAYAETHCS
3TiJHO:

&

W= oyde;, (33)
0
%W PO3paxoBYETHCS OE3MOCEPEAHBO IIITXOM OOYHCICHHS B IBOX TOUKAX, SIKi

3HAXOIATHCA Ha HECKIHYEHHO MaJjliii BIJACTaHl OIHA BiJ OJHOI.

3. IIpobGsiemHO-OpicHTOBaHi cCKiHYeHHI ejeMeHTH. IIpu dncensHOMY
JIOCII/DKEHHI 00 €KTIB 3 pPyXOMOIO TpIIIMHOIO HAa OCHOBI METOLY CKIHYEHHX
€JICMEHTIB, SIK TIPABHIIO 3aCTOCOBYIOTH CTallioHapHYy [1] abo pyxomy citky [1, 9, 10].

BigMiHHICTh NEpIIol Mojsrae B IEPEHOC BEPIIMHN TPILIMHA 3 OJHOTO BY3JIa
Ha IHIMH 6e3 MOpYIIeHHS TOMOJOTiT CKIHYEHO €IIEMEeHTHO] CITKH.

[ (0,06, + pii;u;)av - [ ToudS— | 8(Tyuy)ds =0. (34)
4 Sy cD

Ipu 3acTocyBaHHI ApYroro miaxomy MpU pocTi TPIIIMHN 3MIHIOETHCS 200 Best
ciTKa, ab0 pyXa€eThCsl TUIBKH CiTKa Mol 00J1acTi, sika OTOYY€E BEpPIINHY TPIiIIHM.
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Jnst po3B’si3aHHS IUHAMIYHUX 3a/lad MCEXaHIKM DPYHHYBaHHA B paMKax
HaIIBaHATITHYHOTO METO/a CKIHYCHHHX CIIEMEHTIB MPOIOHYETHCS TPOOIEMHO-
OpI€HTOBaHMN CKIHUYCHHUH €JIEMEHT 3 TpIlmuHOK (puc.4), IO BpPaxoBYE
HerpoHuKHeHHA 1i OeperiB. HeoOximHicth Takoi Momudikamii BHKIMKaHA
CIIOCTEPESIKECHHSAMH 33 XBWIIAIMHU HANPY)KEHb Pi3HUX 3HAKIB B 3aJa4aX JUHAMIKH B
o0JacTi TpilMHH.

TOHKM HTEMPYBaHHA
d® (. px), o)

TOYKN HTErPYBAHHA

d* (), p(x), o(x) . L A

Puc. 4. CkiHUCHHUIA EIEMEHT 13 TPILIMHO

o'l SO,G12 :O,cs13 =0,

od'l"=0- PO3KPHTTS OeperiB TPilKHH, (35)
o' #0 - xouraxr OeperiB TPilMHU.
dmnst _ dmnst dmnst dmnst dmnst 36
s = - -de T -dy (36)
2u ¢ A
dmnst SmnSY Smn _ A ,mn + Cr('lcn"
P T 1+ A2 2u® "™
dM = u(R et + e+ e K, 37)
dM" = a1 i Y,

= C(nCimy» Cl = CPCH, Ch = cos (28~ y™). (38)

[Ipn BUHMKHEHHI piBHS HANpPYXEHb, IO IEPEBHIIYIOTH MEXY TEKy4OCTi,
BHUKOPHCTOBYETHCS AITOPUTM 3aCHOBAHMH Ha IOEIHAHHI METONAa JOJATKOBHX
HaBaHTAXEHb Ta iTepauiiinoi nporenypu H'rotona-Kantoposnua

do’ =d™de,,, (39)
y y 2 oif okl
dM = ik _A4AG 38’/ S ’ (40)

)i (& }/:41?( \/5 ) j zdgpdgl]

ikl

of i of S;d" dey
df =——dS" +=>dy=0,dl=—""———. 41
if 557 9z X ” (41)
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di, o= 1g)

dl, ol=fg)

Puc. 5. CkiHUCHHUIA eIEMEHT JUIsS MOJICJIFOBAHHS TUIACTHYHUX AedopMariiii

BucnoBku. Ha ocHOBI HOBHMX pO3B’SI3yBIGHHX CITiBBIJHOIICHb 1 DPIBHSIHB

MUHAMIYHOI pIBHOBAarM HAMiBAHAIITUIHOIO METONY CKIHYCHHHUX CJICMCHTIB
pO3IJISTHyTa IIOCTAaHOBKA 3ajladi YHCEIBHOIO MOJICIIOBAHHS HECTalliOHApHOTO
nedopmyBaHHS 1 pylHYBaHHS HEOJHOPIAHUX TUT 00epTaHHA 1 MPU3MATHIHUX TiJI
cKiazHoi KoH]irypamii 1 CTpyKTypH 3 ypaxyBaHHSM BEIHKHX IUIACTHYHUX
nedopmaliiii Ta HATBHOCTI TPIITUH.

—_

W
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Bazhenov V.A., Solodei L1, Vabishchevych M.O., Strygun R.L.
EVOLUTIONARY GEOMETRICALLY NONLINEAR PROBLEM OF THE FRACTURE
MECHANICS FOR PRISMATIC BODIES AND BODIES OF REVOLUTION

This article is about the creation of a new task, which greatly expands the class of objects is
investigated, both in the geometric and physical characteristics.

To research selected objects, each of which has characteristic features, which requires both
correction methods developed in previous works, and creating new ones.

One such object is a reference device, which is a cyclically symmetric body with the limiting
case of heterogeneity, that is, the object contains cuts that break the axial symmetry of the form. In
addition, as was shown in the works of Bazhenov, Guliar, Topor, Solodei, under quasi-static and
dynamic loads at the boundaries of the compounds of the cylindrical part with the tabs having a zone
of plastic flow.

If there are cracks in these areas, subject to dynamic loads, the application of traditional
approaches to determining the fracture toughness of the object is impossible, because the task
parameters do not meet the restrictions which are imposed on the use of the SIF or the J-integral.

For example, studies of the dynamic deformation containment with a longitudinal crack should
be analyze the effectiveness of the new parameter fracture toughness, which is in contrast to the J-
integral Cherepanov-Rice, not to have restrictions regarding the availability of the loads applied on
the crack edges.

It is planned to develop on the basis of SAFEM new approaches for determination of fracture
toughness parameters in the spatial bodies with dissimilar physical and mechanical properties in the
presence of cracks that develop under the action of dynamic loads.

Key words: dynamics, large plastic deformations, crack, prismatic body, body rotation,
semianalitic finite element method, special finite element.

baxcernos B.A., Conooeii U U., Babuwesuu M.O., Cmpueyn P.JL.
IMOCTAHOBKA 3BOJIIOIMOHHOM TEOMETPUYECKH HEJIUHEWMHOM 3AJAYU
MEXAHUKHN PA3PYUIEHUSA IJs1 IMPOCTPAHCTBEHHBIX TEJI BPAIIEHUS H
MNMPU3MATUYECKHUX TEJ

PaccMoTpeHa  TOCTaHOBKa — 3ajlaudl  MEXaHWKH  pa3pylleHHs Uil  HEOJIHOPOIHBIX
MPOCTPAHCTBEHHBIX TEJl BpPANIEHWS M TMPU3MATHYECKHX TEl C TPEI[MHAMH II0J JICHCTBHEM
JIMHAMHYECKUAX HATPY30K C YUIETOM OOJBIINX IUIACTHIECKHX Je(OpMAaIiHii.

KiuioueBble caoBa: JUHAMEKa, OOJbINMe IUACTHYECKHE JedOpMaluu, TpeIlnHa,
MpU3MAaTHIECKHE TeJa, Tejla BpAleHHs, ITOMYaHAIUTAYECKHNA METOJ KOHEYHBIX DIIEMEHTOB,
CIelMaIbHbI KOHEUHBI 3JIEMEHT.
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baxcernos B.A., Conooeii L1, Babiwesuy M.O., Cmpueyn P.JI. ITocTaHoBKa eBOJTIONiiTHOT
reoMeTPUYHO HediHiiiHOT 3agaui MexaHiku pyiHYBaHHSI JUIsi MPOCTOPOBHX Ti1 00epTaHHA Ta
NpU3MAaTHYHUX Tia // Omip Marepiaiis i Teopist copyn: Hayk.-tex. 30ipH. — K.: KHYBA, 2018. —
Bun. 101. - C. 3-13.

Posenanyma nocmanoeka 3adaui mexauiku pyuHy8auHs O HEOOHOPIOHUX NPOCMOPOGUX Ml
obepmarHs ma NPUSMAMUYHUX M1 3 MPIWUHAMU RIO OI€0 OUHAMIYHUX HABAHMAICEHb 3
VDAXYBAHHAM BEIUKUX NIACMUUHUX OehopMayiil.

In. 5. bi6mior. 10 Ha3B.

Bazhenov V.A., Solodei 11, Vabishchevych M.O., Strygun R.L. Evolutionary geometrically
nonlinear problem of the fracture mechanics for prismatic bodies and bodies of revolution //
Strength of Materials and Theory of Structures: Scientific-and-technical collected articles — Kyiv:
KNUBA, 2018. —Issue 101. — P. 3-13.

Paccmompena  nocmawnoska  3a0auu  MeXAHUKU — pA3PYWEHUs Ol HEOOHOPOOHbIX
NPOCMPAHCMEEHHLIX MeNl 6PAWeHUs. U NPUIMAMUYeCKUx men ¢ MmpeuwjuHamu noo oeticmeuem
OUHAMUYECKUX HAZPY30K C YUemoM 6OIbUUX NAACMUYECKUX Oedopmayul.

Fig. 5. Ref. 10.
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WAVELET TRANSFORM USING FOR ANALYSIS OF VIBROIMPACT
SYSTEM CHAOTIC BEHAVIOR

V.A. Bazhenov
O.S. Pogorelova
T.G. Postnikova'

0.0. Lukianchenko

Kyiv National University of Construction and Architecture
31, Povitroflotskiy avenu, Kyiv, Ukraine

DOL: https://doi.org/10.32347/2410-2547.2018.101.14-25

Chaotic behaviour of dynamical systems, their routes to chaos, and the intermittency are
interesting and investigated subjects in nonlinear dynamics. The studying of these phenomena in non-
smooth dynamical systems is of the special scientists’ interest. In this paper we apply relatively
young mathematical tool — continuous wavelet transform CWT — for investigating the chaotic
behavior and intermittency in particular in strongly nonlinear non-smooth discontinuous 2-DOF
vibroimpact system. We show that CWT applying allows to detect and determine the chaotic motion
and the intermittency with great confidence and reliability, gives the possibility to demonstrate route
to chaos via intermittency, to distinguish and analyze the laminar and turbulent phases.

Keywords: vibroimpact system, chaotic behaviour, intermittency, continuous wavelet transform,
surface of wavelet coefficients.

1. Introduction

The wavelet transform (WT) is a relatively new mathematical tool for
analysis or synthesizing a wide variety of generic signals at different frequencies
and with different resolution. WT arose in 80-th years of XX century. Now it is
state-of-art technique for nonstationary signals analysis. There are quite a few
articles and books and textbooks written on them [1-6]. There is developed
Software: Wavelet Toolbox in Matlab, Mathcad and so on [7, 8].

Mathematical transformations are applied to signals to obtain a further
information from that signal that is not readily available in the raw signal. There
is number of transformations that can be applied, among which the Fourier
transforms (FT) are probably by far the most popular.

The FT gives the frequency information of the signal, which means that it
tells us how much of each frequency exists in the signal, but it does not tell us
when in time these frequency components exist. This information is not required
when the signal is so-called stationary. When the signal is not stationary it is
suitably to use the WT, more exactly when the time localization of the spectral
components are needed, a transform giving the time-frequency representation of
the signal is needed. The Wavelet transform is a transform of this type. It
provides the time-frequency representation. (There are other transforms which
give this information too, such as short time Fourier transform, Wigner
distributions, etc.). Wavelet transform is capable of providing the time and

! Corresponding author.
E-mail address: posttan@ukr.net
© Bazhenov V.A., Pogorelova O.S., Postnikova T.G., Lukianchenko O.0O.
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frequency information simultaneously, hence giving a time-frequency
representation of the signal. The WT was developed as an alternative to the short
time Fourier Transform (STFT).

Like the FT the continuous wavelet transform (CWT) uses inner products to
measure the similarity between a signal and an analyzing function. In the FT the
analyzing functions are the complex exponents e/ . The resulting transform is a
function of a single variable ®. In the STFT the analyzing functions are

Jjoot

windowed complex exponentials w(¢)e’™ , and the result is the function of two

variables. The STFT coefficients F(w,t) represent the match between the signal

and a sinusoid with angular frequency ® in an interval of a specified length
centered at t.
In CWT the analyzing function is a wavelet y. The CWT compares the

signal to shifted and compressed or stretched versions of a wavelet. Stretching or
compressing a function is collectively referred to as dilatation or scaling and
corresponds to the physical notion of scale. By comparing the signal to the
wavelet at various scales and positions we obtain a function of two variables.
There are many different admissible wavelets that can be used in the CWT.
While it may seen confusing that there are so many choices for the analyzing
wavelet it is actually a strength of wavelet analysis. Depending on what signal
features we are trying to detect, we are free to select a wavelet that facilitates our
detection of that feature.

We apply the continuous wavelet transform CWT in order to study the
chaotic behavior in general and route to chaos via intermittency in particular for
vibroimpact system.

Chaotic behavior occurs in many phenomena: mechanical, engineering,
experimental physical, medical, biology, and so on. The studying of such
phenomena was begun in 80-th years of XX century too when the behaviour of
different dynamical systems began to be described by nonlinear differential
equations. Now the theory of chaotic vibrations is well developed and is
continuing to develop further. There are many textbooks, monographs and papers
about it [9, 10]. There are many special journals devoted to different questions
on nonlinear dynamics in general and on chaos in particular (for example, an
Interdisciplinary Journal of Nonlinear Science “Chaos, Solitons & Fractals”, an
International Journal of Nonlinear Dynamics and Chaos in Engineering Systems
“Nonlinear Dynamics”). The numerous conferences are holding in many
countries of the world (for example, 7th International conference on Nonlinear
Science and Complexity (NSC2018) in México, Fourth International Conference
on Recent Advances in Nonlinear Mechanics RANM 2019 in Poland).

Vibroimpact system is strongly nonlinear dynamical system, its motion is
describing by nonlinear differential equations. So its behaviour is typically
nonlinear one: the stable motion regions are changing by unstable ones, periodic
motion is replacing by quasiperiodic one, which then turns into chaotic [10-12].
The analysis gets complicated by the non-smoothness of vibroimpact system
because its motion equations are discontinuous due the impacts. It is known three
main routes to chaos in nonlinear systems — the Feigenbaum route via period
doubling, quasiperiodic route to chaos [13,14], and route to chaos via
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intermittency [15]. This later route has big complexity for analysis. At first it
occurs much less then route via period doubling (which occurs the most often
and is studied in the best way). At second “the catching” of intermittency in
system motion is not such simple task. The continuous wavelet transform CWT
is useful exactly for this task solving.

The chaotic motion and the intermittency in different mechanical and
physical systems were studied in [16-22] with WT applying.

The aim of this paper is: to apply the wavelet transform WT for studying of
vibroimpact system motion and to show its use for intermittency “catching” and
chaoticity anlysis.

2. The initial equations

For this goal achievement we consider the model of 2-DOF two-body
vibroimpact system which we have studied it our previous works [13, 14, 23]
and have obtained the-frequency response [23] in wide range of control
parameter by parameter continuation method (Fig. 1). Therefore here we’ll give
only short model description.

Amax.m - D
F(1)
M
a © 01 - E\ /
’ B

m mz ] ¢ K L S
N—
< - N

x 0 T T T T T
0 2 4 6 8 10 .

Fig. 1. Vibroimpact system model and amplitude-frequency response

This model is formed by the main body m1 and attached one m,, which can
play the role of percussive or non-percussive dynamic damper. Bodies are
connected by linear elastic springs with stiffness &, and &k, and dampers with
damping coefficients ¢; and ¢,. (The damping force is taken as proportional to
first degree of velocity with coefficients ¢; and c;.)

The differential equations of its movement are:

X =28 0% — 0312x1 —28,0,(x% —xp) —

1
—@31(x — X, + D)+ —[F() = Fopp (57 =] (1)
1

. . . 1
Xy ==28,05(x, —xz)—(’)lz(xz —X _D)+m_Fcon(x1 —-X3)
1

k k c c m

_ / 1 _ |2 e G _ & M

where ®; = |[—, 0, = —,él—z ’&2_2 PN =—=.
m m, mo, My ®, m

External loading is periodic one: F(¢)=Pcos(wt+¢,), T =2% is its

period.

Impact is simulated by contact interaction force F,, according to contact

quasistatic Hertz’s law:
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Foo(2)= K[H(2)z(0)]",

_ 2 Y 2
5_1 ,U1’52:1 H ()

4 q
K=2— "2 §= :
3(,+6,VA+B = ETm Eyr

where z(f) is the relative closing in of bodies, z(f)=x, —x;, A, B, and g are
constants characterizing the local geometry of the contact zone; p, and E, are
respectively Poisson’s ratios and Young’s modulus for both bodies, H(z) is the
discontinuous step Heviside function. The numerical parameters of this system
are following:

m; =1000 kg, ©,=6.283 rad-s”, &=0.036, E;=2.1-1011 N'm*, p,;=0.3,

my= 100kg, ©,=5.646rads”, &=0.036, E,=2.1-1011 N'm*, p,=0.3,

P=500 N, A=B=0.5m", g=0.318.

3. Chaeticity analysis

Here we consider the region DE where the main (1,1)-periodic regime
(regime with period 17 and 1 impact per cycle) is unstable one. Let us have a
look what regimes are realising at this region. The largest Lyapunov exponent
dependence on control parameter  is depicted at Fig.2 [24].

A‘ ] o * o
0.2 '
o1 | e

0+ A —
00603 608 613 618 623 628 ..635 6738
-0,2 - ®, rad s ‘

Fig.2. The largest Lyapunov exponent dependence on control parameter ®

The regions ® < 6.07 rad's” and ® > 6.29 rad's™ correspond to periodic
motions because the largest Lyapunov exponents are negative. The region
6.07 rads'<<6.29 rad-s” corresponds to chaotic regime because the largest
Lyapunov exponents are positive. How is the transition to chaos carried out?
Here we‘ll not discuss this problem. We’ll tell only that (1,1)-regime under
©=6.07 rad's”" and ®=6.29 rads” becomes the (2,2)-regime (regime with period
2T and 2 impact per cycle), under ®=6.3 rad-s™ it becomes the (2,3)-regime. We
don’t observe the further period doubling, Feigenbaum’s route to chaos doesn’t
realize under these frequencies. But then we observe intermittency under some
frequencies inside the chaotic motion. This phenomenon will be described in
sec.4.

Now we’ll look more in details at chaotic motion.

Let us look how the continuous wavelet transform (CWT) helps to detect this
oscillatory regime.

At first for the comparison we’ll show how (1,1) and (2,2) regimes look at
wavelet surface projection.

At Fig. 3 and Fig. 4 the time series and wavelet surface projections for these
regimes are depicted. We fulfilled CWT with Morlet wavelet using.
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It is well seen one high frequency at Fig. 3 which is constant in time, it
doesn’t change in time. At Fig. 4 there are two high frequencies which are
constant in time, they don’t change in time.

0.4 T T T T T T T
0.2F g
£
&
a
_02 1 1 1 1 1 1 1
1000 1500 2000 2500 3000 3500 4000 4500 5000
time s
Absolute Values of Ca b Coefficients fora= 1030507090 ...
L3
o
A
3
o
o

1000 1500 2000 2500 3000 3500 4000 4500 5000
time {or space) b

Fig. 3. Time series and wavelet surface projection for (1,1)-regime under o= 6.06 rad-s™ (Color
online)

0.4 T T T T T T T

0z

®2,m

'02 1 1 1 1 1 1 1
1000 1500 2000 2500 3000 3500 4000 4500 5000
time, s
Absolute Values of Ca,b Coefficients fora= 1030507090 ...

scales a

g Illll!‘l SRRRRRRRRRRARARARNNNE

s G RG G G

1000 1500 2000 2500 3000 3500 4000 4500 5000
time {or space) b

Fig. 4. Time series and wavelet surface projection for (2,2)-regime under =6.07 rad-s” (Color
online)

At Fig. 5 the surface of wavelet coefficients for (1,1)-regime is shown for
comparison. We see well that one high frequency is constant in time, it doesn’t
change in time.
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Ahsolute Values of Cab Coefficients fora= 1030507090 ...

COEFS

P 2800
3000
9%3 S 3500 .

%TD 4000 time (or space) b
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Fig. 5. Surface of wavelet coefficients (3D plot) for (1,1)-regime under ®=6.06 rad-s” (Color online)

Here and further all plots are fulfilled for attached body. Its mass is much less
the main body mass. So its oscillatory amplitudes are more big and their changes
are seen better, so the plots are more obvious ones.

For chaotic motion we show time series and wavelet surface projection at
Fig. 6.

0.4 T T T T T T

tirme s
Absolute Walues of Cab Coefficients fora= 1020507090 ..

scales a
et

LR T L L ELEELELU TS

e T P e A A O

tirme (or space) b " 104

Fig. 6. Time series and wavelet surface projection for chaotic regime under o= 6.20 rad-s”
(Color online)
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%y, m-s7 For confirming the chaoticity

13 of this motion we show its phase

’ trajectories and Poincare map at

< Fig. 7

0.3 At Fig. 8 the surface of

> wavelet coefficients is depicted. It

0,7 - is seen well not a regular set of

frequencies which are not constant

in time, they change in time. We

see also many not regular low

frequencies which are not constant
in time too.

1,7
0,1 0,1 0,3 xp,m

Fig. 7. Phase trajectories and Poincare map for
chaotic motion under ®=6.2 rads’
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Fig. 8. Surface of wavelet coefficients (3D plot) for chaotic motion under »=6.2 rad-s™ (Color online)

We see that CWT gives well and reliable information about chaotic motion.

4. Intermittency “catching”

We observed intermittency inside the chaotic motion. Let us have a look at
this phenomenon more in details.

Intermittency was discovered by French scientists Yves Pomeau and Paul
Manneville [15] in 1980 year. They had written:”...the fluctuations remain
apparently periodic during long time intervals (which we’ll call “laminar phases”
but this regular behavior seems to be randomly and abruptly disrupted by a
“burst” on the time record. This “burst” has a finite duration, it stops and a new
laminar phase starts and so on”. In other words one observe long periods of
periodic motion with bursts of chaos under one value of control parameter that is
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external load frequency that is the zones of turbulent and laminar motion
alternate in such regime under one frequency value. As one varies a control
parameter the chaotic bursts become more frequent and longer.

We’ll  show the intermittency which we  observe  under
6.1rad-s" <@w<6.14rad-s'. At Fig. 9 the time series and wavelet surface
projection for this regime are depicted under w=6.13 rad-s™.

0.4 T T T

0.2

K2 m

scales a

.auu,; 0 O g ;u!I
i

0000000000000 00
1 2 3 4 3 B
time (or space) b " 104

Fig. 9. Time series and wavelet surface projection for intermittency regime under ©=6.13 rad-s"
(Color online)
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Fig. 10. Time series and wavelet surface projection for intermittency regime under m=6.13 rad-s™
(region inside red oval at Fig. 9)

It is well seen the regions where chaotic motion and it’s high and low
frequencies are interrupted and only one high frequency remains.

At Fig. 10 we show the small region that is picked out by red oval. At this
Fig. we see very obviously the sharp change of chaotic motion into periodic one.

The surface of wavelet coefficients is shown at Fig. 11. We see very
obviously how chaotic motion with many different frequencies is changing by
the periodic motion with only one high frequency.
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Absolute Values of Cab Coefficients fora= 1030507090 .
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4 3000

4000 time (or space) b
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Fig. 11. Surface of wavelet coefficients (3D plot) for intermittency under ©=6.13 rad-s” (Color
online)

At Fig. 12 the phase trajectories and Poincare maps are shown for regions of
chaotic (turbulent phase) and periodic (laminar phase) motions under
intermittency. These plots underline the regimes changing and confirm and give
the confidence in motion periodicity at this region.

xz,m-s'l’ )'cz,m-s'1
1 1
0 0
P Lsmezy N -
2 -2
-0,12 0,08 0,28 Xp,m -0,12 0,08 0,28 x,,m

Fig. 12. Phase trajectories and Poincare maps for the regions of chaotic and periodic motions under
intermittency (0=6.13 rad-s™)

Thus we see that surfaces of wavelet coefficients and their projections
obtained by continuous wavelet transform CWT give the possibility to find and
“catch” the intermittency with great confidence and reliability.

In [21] the authors study intermittency in Lorenz model also by CWT using.
We succeeded in finding the intermittency in nonsmooth strongly nonlinear
vibroimpact system. The CWT was very useful for this studying.
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4. Conclusions

The continuous wavelet transform CWT allows to detect and determine the
chaotic motion and the intermittency with great confidence and reliability.
Wavelet transform applying gives the possibility to demonstrate the route to
chaos via intermittency and to distinguish and analyze the laminar and turbulent
phases. The plots of wavelet coefficients surfaces and their projections give very
obvious presentation of these regimes, especially the color plots online. The
wavelet theory and existing Software are very useful for these phenomena
studying.
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Baoicenos B.A., Ilocopenosa O.C., [locmuixosa T.I., Jlykbsanuenxo O.O.
AHAJII3 XAOTUYHOI MOBEJTHKY BIBPOYJAPHOI CUCTEMU 3
BUKOPUCTAHHSM BEWBJIET IIEPETBOPEHHSI

XaoTH4yHA TOBEMIHKA JWHAMIYHUX CHCTEM, CIIeHapil iXHIX NepexoiiB [0 Xaocy, SBHILE
MEPEeMiKHOCTI — 1e € cdepa HETiHIHOI AWHAMIKY, IO MKUPOKO JOCIIKYEThCS BUCHUMH PI3HUX
kpaiH. Oco0JMBY IiKaBiCTh BHKIMKA€ BUBUCHHS IMX SBUIN B HEINIAJKUX JUHAMIYHHAX CHCTEMaX,
SKAMH 1 € BiOpoymapHi cucTemMu. B milf CcTaTTi MH BHKOPHCTOBYEMO BIiTHOCHO MOJIOIMH
MaTeMaTHYHUH amapatT — OesnepepBHe BelBier neperBopenus CWT — s qociiDkeHHs XaOTHIHOT
MOBEAIHKH Ta 30KpeMa IEepeMDKHOCTI B CHJIBHO HeNiHiffHOi Hernankiii pospuBHHI BiOpoymapHiit
CHCTeMi 3 JBOMA CTYIHSMH BiIbHOCTI. MU moka3yemo, mo 3actocyBanHs CWT nosBoisie yneBHEHO
Ta HaJiHO BH3HAYNTU XAOTHYHY IOBEIIHKY Ta IEPEMIXKHICTb, Ja€ MOXIIMBICTh JEMOHCTPYBATH
CIeHapill Hepexomy 10 Xaocy duepe3 MEepeMiKHICTh Ta PO3pI3HIOBATU i aHaNi3yBaTH JIaMiHapHY i
TypOyIeHTHY (ha3u.

KarwuoBi ciioBa: BiOpoymapHa cucTeMa, XaOTHYHA IIOBEAIHKA, MEPEMIXHICTh, Oe3lepepBHE
BEIBIIET TEPETBOPEHHS, TIOBEPXHsI BEHBIET KOSDII[iEHTIB.

UDC 539.3

Bazhenov V.A., Pogorelova O.S., Postnikova T.G., Lukianchenko O.0. Wavelet transform using for
analysis of vibroimpact system chaotic behavior // Strength of Materials and Theory of Structures:
Scientific-and-technical collected articles — Kyiv: KNUBA, 2018. — Issue 101. — P. 14-25.

Chaotic behaviour of dynamical systems, their routes to chaos, and the intermittency are
interesting and investigated subjects in nonlinear dynamics. The studying of these phenomena in non-
smooth dynamical systems is of the special scientists’ interest. In this paper we apply relatively
young mathematical tool — continuous wavelet transform CWT — for investigating the chaotic
behavior and intermittency in particular in strongly nonlinear non-smooth discontinuous 2-DOF
vibroimpact system. We show that CWT applying allows to detect and determine the chaotic motion
and the intermittency with great confidence and reliability, gives the possibility to demonstrate route
to chaos via intermittency, to distinguish and analyze the laminar and turbulent phases.

Fig. 12. Ref. 24
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Baosicenos B.A., Ilozopenosa O.C., Ilocmuixosa T.I., Jlykeanuenko O.O. AHaJXi3 Xao0THYHOI
NOBeJiHKH BiGpoyAapHOI cHCTeMH 3 BUKOPHCTAHHSM BeiiBjeT nepeTBopeHHs // Omip MaTepiaiiB
i Teopis ciopyx: Hayk.-Tex. 30ipH. — K.: KHYBA, 2018. — Bun. 101. — C. 14-25.

nepemigicHocmi — ye € cepa HemniHiiHOT OUHAMIKY, WO WUPOKO OOCHIONCYEMbCS BYEHUMU PI3HUX
Kpain. Ocobaugy yikasicmv GUKIUKAE SUGHEHHS YUX SGUW 6 He2NAOKUX OUHAMIYHUX CUCMEMAX,
AKuMU I € 6IOpoydapHi cucmemu. B yiti cmammi Mu SUKOPUCIOBYEMO BIOHOCHO MOIOOUL
Mmamemamuynuil anapam — 6e3nepepgne geiigiem nepemeopenna CWT — ona OocuiodcenHs
XAOMUYHOI NOBEOIHKU mMa 30KpemMa NepeMidDCHOCH 6 CUNbHO HeNiHIUHOI He2naoKitl po3pueHuil
6i6poydapniii cucmemi 3 0soma cmynuamu eitbHocmi. Mu nokasyemo, wo 3acmocysauns CWT
0036014€ ynesHeHo mMa HAOIIHO GUBHAYUMU XAOMUYHY NOGEOIHKY MdA NePeMidcHICmb, 0ae
MOIACTUBICTNG OEMOHCIPYBAMIU CYeHAapill nepexo0y 00 XAoCy yepe3 NepemisicHiCmb ma po3pizHioeamu
i ananizysamu 1amiHapHy i mypoyieHmuy gasu.

In. 12. bibmior. 24 Ha3B.
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VK 539.3

AHAJII3 HECTAIIIOHAPHOI PEAKIII ITPYKHOI OBOJIOHKHA HA
IMITYJIbCHE HABAHTAXKEHHA

O.I1. Kpusenko,
KaH/I. TeXH. HayK, CTApIINi HAyKOBHI CHIBPOOITHHK

1O.B. BopoHa,
KaHJ. TeXH. HayK, JJOIIEHT

Kuisckuii HayioHanbHull yHisepcumem 6yOi6HUYmMSa i apXimekmypu
Tlosimpogpnomewruii npocn., 31, m. Kuis. 03680

DOI: https://doi.org/10.32347/2410-2547.2018.101.26-37

HaBeneHO METOAMKY JOCITIPKEHHS HECTAlllOHAPHUX KOJHMBaHb OOOJOHOK HEOTHOPIAHOT
CTPYKTYPHU TpH il KOPOTKOYACHUX IMHAMIYHUX HaBaHTaXKeHb. MeToauka moOyqoBaHa Ha OCHOBI
CKIHYEHHOCNIEMEHTHOI MOJIeIi TOHKOI IPYXKHOI HEOJHOPIAHOT 00O0JIIOHKH 1 CTBOpeHol Ha ii 0a3i s
3a7a4 JUHAMIKM pPEIyKOBaHOI Mojeidi. BHKOHAHO TOpIBHAHHS pO3B’S3KIB 3 pe3yjbTaTamMu
PO3paxyHKiB, 110 OTPHMaHi 3a JOIOMOTO IporpaMHoro Kkomiiekcy SCAD.

Kaio4oBi ciioBa: ToHKa npyxHa 000JI0HKa, YHIBEpPCAIBbHUIN IPOCTOPOBUI CKIHYCHHUI €JIEMEHT,
peayKoBaHa MOJIEIIb, IMITYJIbCHE HAaBAaHTaXKCHHSL.

Beryn. OOonoHKM sSK  eleMEHTH Oy[IiBeNbHUX KOHCTPYKIIH IIHMPOKO
3aCTOCOBYIOTbCS B PI3HHX Taly3sfX TEXHIKH. 3 OISOy Ha pPi3HOMAaHITHICTH
3aCTOCYBaHHS, OOOJIOHKOBI KOHCTPYKWIi Ui MiABMINEHHA HaIildHOCTI 1
3HI)KEHHSI MaTepialloMiCTKOCTI, @ TaKOX 3 TEXHOJIOTIYHMX MipKyBaHb MOXYTh
MIPOEKTYBATHCS Y BUIJISIII HEOOHOPIAHMX CHUCTEM (HEOTHODPITHHX OOOJIOHOK).
BoHu MOXyTh MaTH IIQAKY i CTYHIHYACTO-3MIHHY TOBIIMHY, OYTH IiAKpimieHi
peOpamu 1 Hakmagkamu, MociHalblIeHI OTBOpaMH, BHIMKAMH 1 KaHalIaMH,
TpPaHOBaHUMH, 31 3J1aMaMHU CEpeMHHOI MOBEpXHi, OaraTomapoBUMH. Y IOMY
BHIIAJKy BCIO KOHCTPYKIIO HEOOXIAHO PO3TIISIIATH SK OOOJIOHKY 3MiHHOL
KOPCTKOCTI, JUII PO3PaXyHKy SIKOi 3aCTOCYBAaHHS KJIACHUYHHX PO3PaxyHKOBHX
CXE€M, METO/IIB 1 aITOPUTMIB € MaJIOG(eKTUBHIM ab0 30BCIM HENPUJIATHUM.

Y pobori TOHATTS 00O0JOHKA HEOMHOPITHOI CTPYKTYpH (HEOJHOpiaHA
000JIOHKA) BUKOPHCTOBYETHCA y MIMPOKOMY po3yMiHHI. Ile € obOomoHkH, 1m0
MOXYTh MaTd: 1) reOMEeTpUYHi OCOONMBOCTI 32 TOBIIMHOK y BUTJISAAL JUISHOK
CTYMiHYAaCTO-3MIHHOI Ta TJaJKO-3MIHHOI TOBIIMHHU 31 3JIaMaMd CEpEIUHHOI
MOBEpXHI Ta OTBOpamMH; 2) pi3HI yMOBH 3akpilUIEHHS KOHTYpY Ha pi3HHX
IUIAHKaX; 3) HEOAHOpiAHI HaBaHTaxeHHS; 4) O6araTomapoBy CTPYKTYpY
MaTtepiaiy.

Y HAI OyniBenshoi wmexaniku KHYBA mporarom 6aratbox pokiB
MIPOBOASATHCS  JIOCHI/PKEHHSI  HeJiHiHHOro  aedopMyBaHHS, CTIHKOCTI Ta
3aKPUTHUYHOI MOBEIIHKM MPYXHUX OOOJIOHOK HEOIHOPIIHOI CTPYKTYpH HpH il
TEPMOCWJIOBMX HaBaHTakeHb. Ommc, OoOIpyHTYBaHHS Ta 3acTOCYBaHHS
PO3pOOIIEHOT0 METOAY MPENCTABICHO y 2-X KHHTAX [1, 2].

B ocranHiii uYac aBTOpamMHM TpHAUJICHO 3HA4YHYy YBary A0 BHBYCHHS
HecTalioOHAPHUX KOJIMBaHb MPYKHUX OOOJIOHOK. Y MEpIIy 4Yepry 1€ CTOCY€EThCS
3aJad TpPO peakiilo OOOJIOHOK Ha KOpOTKodacHe (ymapHe i iMITynbcHe)
HaBaHTa)KCHHSI.

© Kpusenko O.II., Bopona 10.B.
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1. CkiHueHHO-eJIeMEHTHA MOJeJdb HeOMHOpigHoi 000j0HKH. [loOymoBa
cKiHueHHO-eneMeHTHOI Mmozeni obononku (CEMO) BHKOHYeThCS B pamKax
METOAMKH, po3podneHoi B [1,2]. Meroauka 0a3yeThbcs Ha CITiBBiIHOIICHHSIX
TPHUBUMIPHOI TeOpii TepMONpPYKHOCTI Ta NOOyIOBaHa i3 BUKOPUCTAHHAM arapaTa
TEH30pPHOTO YHWCJICHHS 1 3acTOCYBaHHAIM MOMEHTHOI CXEMH CKiHYEHHHX
emementiB (MCCE). TIpu po3poOIii MeTomuKd BUKOPHUCTaHA MOJENb JiHIHHO-
MPYXHOTO  CYIIUIBHOTO  CEPElOBHINA, BIACTHBOCTI SKOTO  BiJIOBIIAIOTH
y3araipHeHOMY 3akoHy J[lroamens—HeiiMana, npu BEMMKHX IEpeMIilICHHAX 1
Manmux Jedopmanisx. Meroanuka Npu3HAaueHa Uil YHCEIBHOTO JOCHIHKEHHS
CTaTUYHHUX IIPOIECIB TEOMETPUYHO HENIHIHHOrO JeopMyBaHHS, BTpPATH
CTIMKOCTI Ta 3aKPUTHUYHOI MOBEAIHKM MIMPOKOTO KJIACy TOHKHX OOOJIOHOK IIPH
TEPMOCHJIOBUX HaBAHTAXKCHHSIX.

Hmst pozpookun CEMO 3actocoBanmii eheKTUBHHNA MiAXiA — ampoKCHMAIlis
TOHKOI OOOJIOHKM ITO TOBIIMHI OJHUM IIPOCTOPOBUM CKIiHUYEHHHUM €JIEMEHTOM
(CE). OcobnuBocTi HanpyXeHO-1e(OPMOBAHOI'O CTaHy TOHKOI IPYXHOI
000JIOHKM BpaxoBaHi BUKOPUCTaHHIM JIBOX HEKJIACHYHUX TiNOTE3: IO CTAIICTh
HOpPMaJIbHUX HAlpY)X€Hb OOTHUCHEHHS BOJIOKOH INapy 10 TOBIIMHI Ta
nedopmiBHOT mpsAMii B HAmpsSMKY TOBIIMHH. 3aCTOCYBaHHS OCTaHHBOI
KiHEeMaTHYHOI TillOTEe3H JI03BOJIMJIO BUKOHATH CTHKYBAHHS €JIEMEHTIB OOLIMBKH
Ta 11 ZUITHOK 3 TEOMETPUYHIMHU OCOOIMBOCTAMH 0€3 OPYIICHHS! HEPO3PUBHOCTI
3a KOOpAWHATaMH 1 IIEPEMIICHHIMH.

MopenioBaHHSI HEOIHOPIAHOI OOOJOHKK —peami3yeTbCsi  MOAN(IKOBaHNM
yHiBepcaigpHuM npoctopoBuM CE, sikuii moOynoBanuii Ha 6a3i CTaHAAPTHOTO 8-MU
BY3JIOBOT'O  13011apaMETPHUYHOTO TPOCTOPOBOTO  CKIHUYCHHHM  EJIEMEHTOM 3
MONUTIHIHHUMEU GYHKIISIMHA (GOpMHU. 32 PaxyHOK BBEACHHMX JOJATKOBHX 3MiHHHX
mapamerpiB  MoxudikoBaHWH yHiBepcasbHU TpoctopoBuii CE Moxke Oyrtm
eKCLEHTPUYHO 3MIIIEHUM BiJJHOCHO CEPEIMHHOI TOBEPXHI OOIIMBKH Ta MOXE
3MIiHIOBaTH CBOi PO3MIpH B HampsIMKy TOBIIMHHU JUIS MOJETIOBAaHHSA pebdep i
BUIMOK. Ili 0OmIMBKOIO OOOJIOHKHM pO3yMi€ThCcsi OOOJOHKA O€3 TeOMETPUYHHX
ocobnmBocTeld 3a ToBmmHOI0. Ha 6asi yHiBepcansHoro CE pospobinena eanHa
PO3paxyHKOBa MOJIEIb, 110 BPAXOBYE T'€OMETPHYHI OCOOIMBOCTI KOHCTPYKTHBHUX
€JIEMEHTIB HEOJHOpiNHOI OOOJOHKM: OOIIMBKY 3MiHHOI TOBHIMHH, pebpa i
HaKJIaJIKH, BUIMKH, KaHaJIM i OTBOPH, 37IaMH CEPEANHHOI OBEPXHI, TOLLIO.

BuBueHHss Takoro kjacy 3amad depe3 iXHIO CKIAQAHICTD 1 MOXIIMBY
HEOHO3HAYHICTh OJEP)KYBAaHWX PO3B’S3KIB CKJIAJHO peali3yBaTH Yy BHIJISII
CTaHAAPTHOI OOYHCITIOBATIBHOI POLEAYPH. Y 3B'SI3KY 3 HEIOCTATHICTIO €TAJIOHHHX
HEJIHIHHNX PpO3B’S3KIB Ul HEOAHOPIAHMX OOOJOHOK TIPOOJIEMHUM €
I ATBEPPKEHHS TOCTOBIPHOCTI Ta TOYHOCTI OfIeP)KyBaHHUX HEIHIHHUX PO3B’S3KIB.
Tomy y poGori [3] 3 Meroo mMNOAAIBNIOr0 OOTPYHTYBaHHS JIOCTOBIPHOCTI
PO3B’SI3KIB, OJIEPKYBaHUX 32 METOAMKOIO [1, 2], IpoBeaeHO MOPIBHIBHII aHAITI3
CKIHYEHHO-CJIEMEHTHUX MOJENIe 1 pe3yibTaTiB  pO3paxyHKy HENiHIHHOTo
nedopMyBaHHA 1 CTIHKOCTI TOHKHMX MPYKHHX HEOJHOPIIHMX OOOJIOHOK IIpH
BHUKOPHCTaHHI Tphox mnporpamHux komrutekciB (IIK), mo 3acHoBani Ha meromi
CKIHYEHHHX €JIEMEHTIB. BUKOpHCTOBYBaIMCh pO3po0IIeHniT aBTOpaMy KOMILIEKC,
mo nobynoBannii Ha BukopuctanHi MCCE, ta mporpamui xommekcu SCAD i
JIIPA. Tlpu oMy Oynu BusiBieHi aesiki ocobnmBocti Bukopuctannst [IK SCAD i
JIIPA mis po3p’s3aHHA 3a3HavueHWX 3amad. Lle cTocyeThcs mOOYIOBH
pO3paxyHKOBOI CXEMH I ampoKcHMarii OOOJOHKH — CTYIiHYaCcTO-3MiHHOI
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TOBIIVHM Ta 3aCTOCYBaHHS aJITOPUTMIB PO3B's3aHHS HEMiHIMHNX 3a1a4. BusiBneni
0COONMBOCTI MOXYTh OYyTH KOPHCHI Ui KOPHCTYBadiB KOMIUIEKCIB IIPH
MIPOBEICHHI PO3PaXyHKiB T€OMETPUYHO HENIHIHHOTO 1eopMyBaHHs Ta CTIHKOCTI
TOHKHX MaHEeNeH CTYMHYaCTO-3MiHHOI TOBIIMHU.

2. YuceabHa METOAMKA JOCTIMKEeHHS MPY:KHHUX O000JOHOK Bim il
HeCTAIOHAPHHUX  AMHAMIYHUX  HABaHTa)keHb 3  BHKOPHCTAHHAM
penykoBaHux Moaeied. [loOynmoBa piBHAHB pyXy CKiHYEHHO-EIEMEHTHOI
MOJIeTi 00OJIOHKH BHKOHYETHCSI HA OCHOBI NPHHIMITY MOMKJIMBUX TIEPEMIILCHb y
noeTHaHH1 3 mpuHIMnoM Jlanambepa

2. (80, (3T, +84,,))=0, (D

W, T1a A, — pobora cun iHepuii, BHyTpimHix i 30BHimHIX cun CE,

ne T

FE

BiJIIOBIHO; z — cyma 3a ckindeHHnMH enemerTamMmu CEMO.
FE

[ponemypa inTerpyBanHs Ta JiHeapu3arii (1) 3MiHCHIOEThCS 3BUYHUM IS
MCE unHOM. VY pe3yibTaTi IPUXOANMO J0 PO3B’SI3yBaJIbHOI CHCTEMH PIBHSIHD Y
BUTJISIIII CHCTEMH 3BHYAHUX Ju(epeHIialbHIX PIBHIHB APYToro MOpsAKY

e} (K uf={ Y=o, @
ne {u}, {u} — N -BUMipHi BEKTOpH y3araJbHEHHX MEPEMIlEHb i PUCKOPEHb
BY3JIIB JMCKPETHOI MOpeNi KOHCTPYKIil (N — 3arajgbHE YHCIIO CTYIICHIB
cobonu Mmozeni); [M] — MaTpuus mac yciei Momeni KOHCTpYKIii, BoHa
XapaKTepusye iHEpUiiiHi BJacTMBOCTI 000OHKM; [K] — MaTpuis ’OpCTKOCTI
CEMO; {P} — BeKkTOp y3araJbHEHHX BY3JIOBHX CHJI; BEPXHiii JIIBHIl 3HAUOK « £ »

MOKa3ye 3aJIeKHICTh BeKTOpiB Bijg uacy. Cucrema (2) JOIOBHIOETHCS

MOYaTKOBUMH YMOBAMH JJIs 1IOJIA HGPEMiHIGHI) {Ou} 1 HIBPIHKOCTGﬁ {Ou}

W) iz, =10, 01—y, = {0 3)
Meronrka IOCTIDKCHHS HECTAIllOHAPHUX KOJHMBAaHb OOONOHOK Bim il
KOPOTKOYaCHUX HABAaHTAXXCHb 0a3yeThcs Ha 3aCTOCYBaHHI PEAYKOBaHUX
Mozmeneii. B maHwWii 9ac BHUKOPHUCTOBYETHCS YHMMAJO PI3HUX IMMIIXOMIB IO
penykyBaHHs. Crix 3a3HAYNTH, IO MAXOMU IO PEAYKYBaHHS PO3Pi3HIIOTHCS 3a
TOYHICTIO, MPOCTOTI 3aCTOCYBaHHA I 00CATOM MOTPIOHMX OOYHCIIOBAIEHUX
pecypciB. Y poboti g ToOyIOBH pEAYKOBAaHOI MOJENI 3aCTOCOBaHUM
e(pEKTUBHUH i IX1]1, 0 0a3yeThCs HA METO/I Oa3MCHUX BY3IIB [3, 4].
PenykoBana cucrema piBHSHb Ma€ BUTIIST

prfieaj+ (k) ral-{eP)= 0. 4

ze
)=l ), [Kl=Y KIw], {*Pl=[u]{P},

BIJNOBIAHO MaTpuUlll Mac 1 KOPCTKOCTI, AKi XapaKTepU3ylOTb PyX pelyKOBaHOI
MOJielli, @ TAKOXK BEKTOp y3arajJbHEHUX CHII Ul HOBOI Mozeni. [IpaBuil BepxHii
3Ha40K « T » 03Ha4ae TPAHCHOHOBaHy Marpuiio. [U] — Matpuus mepeTtBopeHs,
KA BCTAHOBJIIOE 3B’ 130K MiK nepeminiennsamu {u} Buxinnoi CEMO Ta HoBuME
HEBiIOMUMH (110 MAalOTh Ha3BYy — HOBI y3araJbHEHI KOOPJUHATH) PEAYKOBAHOI
CEMO {q} . Leii 38’130k BU3HAYA€THCSA 32 (HOPMYIIOK0
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fukf=up g}, k=1, r=1,Q, 5)
ne N i Q) —uncio cTyneHiB cBOOOAN BUXIAHOI Ta PeAyKOBaHOI MOJEIEH.
BigmosinHo 1o (3) HeBimomi mrykani (yHKii {’ q} MaloTh 33J0BOJIBHATH
MIOYaTKOBUM YMOBaM

{mog)={og}  {=ogf={og} (©)

3rinHo 3 MeromoMm Oa3WCHHMX BY3JIB 3a HOBI 3MiHHI (HOBi Yy3arajbHEHi
KOOp/MHATH) {g} TNpUIAMAIOTbCA TIEPEMIlEHHS JESKOi CYKYIHOCTI BY3JIB

BuxigHoi CEMO, 110 JOBUTFHUM YMHOM pO3TAlllOBaHI y CITKOBiii obiacTi Momedi
(TOOTO MOBUTHHUM YMHOM BHJIUIEHI 13 MOBHOrO Habopy By3iiB mozeni). Lli Byzim
Ha3MBaIOTHCs Oa3ucHIMU (ab0 onopHrMHM) By3inamu peaykoBanoi CEMO. 3rimHo 3
METONIOM Ga3uCHUX By3INiB KoMmoHeHTamu Matpuni [U] e Tak 3Bami Gasuchi
BekTopu. [loOymoBa Oa3sMCHMX BEKTOPIB BHKOHYETHCS LUISIXOM DO3B’SI3aHHS
OCHOBHOI CHCTEMH Ha 3MYIIEHI OJMHWYHI IEPEMIIICHHS HaKIaJCHUX B S3€H y
0a3ucHUX By3NMax Mojedi. TakuM YHWHOM, YHCIO CTYHEHIB cBoOomm (2
peIyKOBaHOI MOJIENI Bi/IIOBIia€ YMCITYy MEpEMIIIeHb TUTBKU 3aaHoi (CIeLiabHO
BHOpaHOT) CYKYITHOCTI 0a3MCHUX BY3IIiB, a YHCIIO KOMIIOHCHT 0a3MCHHUX BEKTODIB,
10 BXOZATH JI0 CKJIamy MaTpuii nepetBopeb [U] y (5), 30iracThes 3 4mcioMm
cryreniB cBoboan nosHoi CEMO. Takum unHOM, 00yI0Ba peyKoBaHOI MOei
BHUKOHYeThCS 0e3 moripimieHHst npoctopoBoi ampokcumarii BuxigHoi CEMO.
MeToauka noGy0BK MaTpulli epetBopens [U] noknaano onucana B [3, 4].
3a CBOEIO CYTTIO, OTpHMaHE IICIs peAyKyBaHHS MaTpUuYHE PiBHSAHHA (4) €
CHCTEMOIO 3BHYaiHKX Ju(epeHIiaIbHIX PiBHIHB 32 YaCOBOIO KOOpAMHATOO. L5
chcTeMa € 3B’S3aHOI0, 1 TOMY OJHMM i3 BapiaHTiB MoOynOBHM ii 3arajJbHOrO
PO3B’SI3Ky, 110 BU3HAUYAE TOBEIIHKY PEAyKOBAHOI MOJENI 3a 4acoM, IOJISrac B
TIepeTBOPEHHI 3B’513aHOI cHCTeMH Q) epeHIliaIbHIX PIBHIHB 10 He3B’ s13aHoi. Lle
MOXIIUBO, OCKUJIKM MaTpHIIi Mac [M ] 1 )KOpCTKOCTI [K ] B CHiBBiHOIIEHH] (4) €
CUMETPUYHMMH Ta JOAATHO-BU3HAUYCHWMH BEIMYMHAMM, a TaKOX €
pEeIyKOBAaHUMH 3aBJISIKM 3aCTOCYBAHHIO MeTOAy 0a3ucHMX By3iiB. Ilicnms HHM3KH
neperBopeHb [5] ocratouHo oTpuMyemo Q 3amay Komr st 3BHYaitHHX
JudepeHianbHIX PiBHAHD JPYroro NopsaKy, TOOTO
2{1 **} —
57j§—+x?%ﬁ“}=&P“L (i=1,0), (7

(gl (o) leq)

Po3B’s3anHs KOkHOI OKpemoi 3amaui Komi BukoHyeTsest 3a MmerogoMm Pynre-
Kyrt werBeproro mopsiaky touHocTi. BpaxoByroun, mo meron Pynre-Kyrrn
OpieHTOBaHMII Ha pO3B’sA3aHHS JHU(EpeHLiAIbHUX PIBHSIHD IEPIIOrO MOPSJIKY,
3aCTOCYEMO CTaHJApTHY MPOLeAypy (BBOISYM HOBI 3MiHHI — BY3JIOBi IIBUAKOCTI

{’ v }) i momamo cucremy (7) y Burisigi 2€) piBHSHbB

d{ij**} _ {tvj**}’

dt

j=1Q; i=0Q+12Q. (8)
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t=t1 %k __ )T k% =1, %k (_ )T k*
3 HOY4TKOBUMH YMOBAMU BUTIALY { q; }— { q; }, { Vj }— { Vj }
JI1st KO)KHOTO MOMEHTY 4acy Miciisl 3HAXOIKCHHS PO3B’S3KiB BiIOBITHUX

Q) 3amau Komri (3HaueHHS KOMIIOHEHT BEKTOpPIB IepeMillieHb {’ ‘11**} i

HIBUIKOCTEN {’ v’;*}) BUKOHYETbCS 3BOPOTHIM TIepexin Bix 3HaiineHoro

HepeMilIeHHs {’ q**} 10 TIEpEeMIIIeHHS {’ q}, [0 BU3HAYAE [IYKAHUN PO3B’SI30K
JUI pelayKoBaHOI cucteMu piBHsHB (4). IligcraBnsiioun 3HaleHWH po3B’SI30K
{’ q} y ¢opMmyny nepeTBopeHs (5), 3HaXOAUMO NEpeMIlleHHs BY3JiB BHXiJHOL
CEMO, 3a sIKMMHU BU3HAYAETHCS HAIPYKEHO-1e(hOPMOBAHUI CTaH HEOIXHOPIAHOT
000JIOHKH B MOMEHT Hacy, 110 PO3TIISIIa€ThCs.

3. AHaxi3 po3paxyHKy 3a MeTOA0M 0Aa3HCHUX BY3JiB BJIACHUX KOJMBAHb
nuJaiHaApuyHoi nmaHedi. E¢exTuBHICTh 3acTOCyBaHHS MeTONy 0a3MCHHX BY3JiB
MOKa3aHa HA KJIACHYHOMY TECTOBOMY TIPHKJIaai — BH3HAYCHHS BIIACHUX
KOJIMBaHb IWIIHAPUYHOI KOHCONbHOI maHemi (puc.1) [6]. Lla 3amaua

BHKOPHCTOBYETHCS JOCITITHUKAMH JUTS TecTOBOI ampobartii pisaux CE y 3amagax
UHAMIKH.

BuxigHumMu TreoMeTpUYHHMH JaHHUMHU €
po3Mip maneni y rani L =S = 0.3048 u, pagiyc
kpuBMm3HH R = 0.6096 m, TOBIIMHA TaHeNi
h= 0.003048 m; XapakTepuCTHKH MaTepiaiy

E=02-10'2 H/m? wmonyns mpyxKHOCTI,
Koe(ilieHT ITyaccoHa,

Taxi:
v=03
p=0.704-10* xe/u> muToma rycruna.

Criouatky 3ajaga Oyna po3B’si3aHa METOIOM
itepanii migmpocropy (MIII), sk HaWOiIbII
po3po0bIIeHOTO i arpoOoBaHOTO, JUTS
HepenykoBanoi CEMO 3 Meroro anamizy Ta
MOAAJIBIINX ITOPIBHAHB PO3B’A3KIB, OTPUMAHHUX 32
METO/I0M 0a3HMCHUX BY3IIiB, Ta OLIHKH iXHBOI TOYHOCTI. [TopiBHSIHHS 301>KHOCTI
PO3B’SI3KIB 3aj1a4i U1l BOCBMHU HIDKYUX YacTOT, 10 oTpuMaHi 3a [1IM, BUKoHaHO
3 po3s’szkoM mpu citmi 30x 30 CE. [l po3misayBaHMX 4YacTOT TapHUH
pesynbrar qae Bukopucranus pinkoi citku 10x 10 CE. [lns CEMO 3 po3outrTsiM
15x 15 CE pizauns He niepeButnye 2%.

Puc. 1

Tabmums 1
[NopiBHSHHS PO3B’A3KIB, 110 OTPUMaHi PiI3HUMH aBTOPaMH

Ne ciTKa ciTKa ciTKa ciTKa ExcniepumeHnT

TOHY 20% 20 30% 30 20% 20 20x 20 Olson, Linberg
MCCE, 't | MCCE, I'u | SCAD, I't I'onoBanoB [6], T

[6], I'nt

1 89.658 89.494 91.0345 89.5 85.60
2 145.23 144.99 146.94 144 134.50
3 256.91 256.11 256.02 258 258.90
4 359.28 357.82 364.03 359 350.60
5 401.74 400.45 404.81 406 395.20
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Puc. 2

INopiBHSAHHS pe3yabTaTiB PO3PAaXyHKY IT'SITH BIACHUX YacTOT Ta BiINOBIAHUX
¢dopm KonmBaHb, obunciennx asropamu 3a MCCE, 3 oTpuMannMu y podoTax
IHIINX aBTOPIB, a TAKOX 3a JOMOMOI0I0 IiporpamHoro komiiekcy SCAD, nobpe
Y3TO[DKYIOTBCSL MK co0oro (Tabi. 1). ®Popmu, mo BiANOBIAAIOTH HEPIINM
BOCBMH 4acTOTaM BJIAaCHHX KOJIMBaHb Hanelni, npuseneHo mist CEMO 3 citkoro
20x 20 CE (pwuc. 2). dns xoxHOi (GopMH HIWXKHIH TpaBUi Kpaill € >OpCTKO
3aTUCHYTHM.

Tabnur 2

301kHICTh PO3B’s3KiB 3a KiibkicTio BB nipu citui 20 x 20 CE

=)

12BB,Tu | A,% | 16BB, T | A,% | 20BB,Tu| A,% | MII, I'u
90.153 0.55 89.850 0.21 89.809 0.17 89.658
147.18 1.34 146.04 0.56 145.84 0.42 145.23
268.00 4.32 263.79 2.68 259.58 1.04 256.91
380.71 5.96 373.96 4.09 367.91 2.40 359.28
433.42 7.88 420.75 4.73 414.52 3.18 401.74
616.37 | 12.85 580.31 6.25 568.21 4.03 546.17
938.02 | 22.69 842.61 10.21 827.73 8.26 764.56
962.32 | 25.52 853.75 | 11.36 828.27 8.03 766.68

w|a|an|un|b|w||—|Z

AmHami3 30DKHOCTI pO3B’A3KiB 3a1advi, MI0 OTPUMAaHi METOAOM Oa3MCHUX
By3JiB (Tabi. 2), BUKOHaHO 3a KijbKicTio OasucHux By3iiB (bB). IlopiBHsHHS
BHMKOHAHO 3 BiAMOBIJHUM PO3B’SI3KOM, III0 3HAWAECHO NMPHU BUKOPUCTAHHI METOXY
iTepaniii mignpocropy. ¥ Tabi. 2 HaBEJEHO PE3YNIbTaTH PO3PAXYHKY IPH CITI
20x 20 CE mrsa Buxigaoi CEMO. Ockinbky 3a/aHa KUIBKICTh 0a3MCHHUX BY3JIIB
BH3HA4Ya€ CTyMiHb cBoOOau pexykoBaHoi CEMO, ToMmy oTpuMaHi pe3yibTaTH
JIEMOHCTPYIOTh €()EKTHBHICTH PO3POOJICHOTO METOTY.
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4. Ananiz HecramioHapHoi peakuii 0aJkM Ha [il0 KOPOTKOYaCHOIO
HaBaHTa;KeHHsl. JIOCHi/KeHHS HECTalliOHApHUX KOJMBAaHb TOHKOCTIHHOI
KOHCTPYKLIi BiJ Aii KOPOTKOYaCHOIO0 HABaHTaKEHHS IPOBEACHO Ha TPHKIai
LIapHIPHO orepToi Oanku (puc. 3).

Buxinni gaHi B3sTi BianmosigHO 10 [7]. ['eoMeTpudHi XapaKTepUCTUKA OaIKU:
nmoexkuHa [ =800 cm, mmpuHa b =40 cm Ta BucoTa Tmepepisy h =80 cwm;
XapakTepucTuku Martepiainy (Oeron wapku MI100): Momynb TpyXHOCTI

E=3-107 xH/m?, xoepimienr Ilyaccoma v=0.2, nuromMa TycTHHA
p=2.5-103 ke/u>; iHTeHCHBHICTH iMIyIBCY Fy =8-108 H, wac iioro mii

1=1-107 ¢. Jlna gaHOrO OTHOBHMIPHOTO €IeMEeHTa KOHCTPYKIiH 3a TOuHi
BBAXAJIMCh PE3YNIBTATH, VIS SIKUX Y [7, 8] Oanku MozpemoBaiIncs SK CTEPIKHI, i
JUIs SIKUX Y [8] HaBeIeHO aHATIITHYHI PO3B’SI3KH.

VY poboti MozeroBaHHs OANKH BUKOHYBAJIOCS IIPOCTOPOBHM YHIBEPCAIEHUM
CE, sixuii 103BOJISIE PO3MIIAAATH TOHKI OOOJOHKOBI KOHCTPYKIIi SIK TPUBHMIpHI
tina [1, 2]. 3rigHO 3 BUXiTHUMH JaHUMU OallKa MPH apPOKCUMAIIii IPOCTOPOBUM

CE yMOBHO BiZNOBifac 0GONOHII CepelHbOi TOBIMHM, OCKiIbKH /i/[=1071,
110 € BEPXHBOIO IPAHULICIO MOXIIMBOCTEH METOANKH.

e Buxomsun 31 ckimamHOTO
Buay naedopMyBaHHS OaJoK
[7,8], 3a  po3paxyHKOBi
npuiiManmcs CKiHYEHHO-
eleMeHTHI Mozeni Oanku 3
citrkamu 2x 20, 2x32 Ta
7 . 2x 40 CE. i Ipn r.106y)1013@
penykoBaHOi Mogelni 3ajadi
BHKOpUCTOBYBasiocd 9, 15 Ta

19 ©OasucHux By3miB. Ha
o o o e

- e PO3paxyHKOBIi# cxemi
2 .
lx (puc. 4) mus citku 2x 20 CE
Puc. 4. CEMO 6anku Ta BHOpaHi 6a3uCHI By3/IH [IOKa3aHO BI/I6ip OIIOPHHX
TOYOK MeTony  Oa3uCHHX
. . . . ’ ’
BY3JIiB B ILIOIIMHI cepeMHHOI moBepxHi x2 x5 .

BinciikoByBamicss KOMIOHEHTH BEKTOpa IIEPEMIllleHb Y IEHTpi OajKku Ha

. . . . . r

3a/[aHOMY YaCOBOMY iHTepBalli y BUIIIAMI iarpaM «aMILTTyxa — gacy («ul —1 »)

. . ’

Ta QopMH IeOpPMYBAaHHS Yy XapaKTepHi MOMeHTH uyacy. Ilepemimenns u!
BY3JIOBHM II€PEMIIICHHSIM Ha CEPEANHHIN MMOBEPXHi OaJIKu.

4.1. PiBHOMipHO po3noaijieHuii M0 AOBXUHI 0aJIKM MUTTEBUI IMIIYJIbC.

Ha Bcix apinsHKax piarpamu «amInityaa —gacy» (puc. 5 (a)) cnocrepiraerbes

1

€

rapHuii 36ir po3B’a3KiB mpu ycix citkax. ITopiBEAHHS miarpamu «ul —f », mo
orpumana 3a MCCE, 3 pesynsraramn SCAD [7] nokasye npakTH4HO MOBHHH iX
30ir i3 HE3HaYHMM PO3XOMKEHHSM Y BepxHid Toumi kpuBoi (puc. 5 (0)), mio
BiJIMOBi/Ta€ MAaKCUMAITBHIM aMILTITY i KOJHBAHb.
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l.l1I

010

-0.08

-0.08

-0.04 ¢

-0.02

1
S 40 CE
32
Upnax 20
-0.05
0
0.05
010 b
0 0.01 0.02 0.03 0.04 0.05 t,C
(2)

\_MCCE
W Scad

0 . . L L ;
0 0006 0.001 0015 007 o095 t,C

©)

Puc. 5. liarpamu « U Uty (a) nust pizaux citok CE;
(6) TOpiBHAHHS 3 PO3B’s3KOM [7]

Maemo rapHuii 30ir pPO3B’S3KIB 32
aMIUTITYZI0l0  KoyimBaHb  (puc. 6): Ha
iHTepBai Al IMITYJIbCHOTO HaBaHTAXKCHHS
t€[0,7] — ma cepequmi t=1/2 Ta Ha
KiHII /=T MNPOMDKKY 4yacy Horo nuii, a
TAKOXX Y MOMEHT dYacy, IO BiAIOBinae

umax :

[pu t €[0,7] CIIOCTEPIraeThest

KpaiioBuil eexT mepemilieHp Oaiku Oins
i1 kiHmiB. [yis mepmioi OLTBIT PiAKOI CITKH
edekr XBUJIBOBOI nedopmarii
MIOIIMPIOETHCS Maike Ha BCIO JOBKHHY
Oanku. IlopiBHSHHI B MOMEHT uYacy
t =1, nax TPOTMHIB OAJIKH, 110 OTPUMAaHI 3

BukopuctanHasMm MCCE Ta IIK SCAD,
MIOKAa3aJI0 MPAKTUYHO ITOBHMUH iX 30ir.

Sk pgocratHro mit CEMO Oanku
MOXHa B3sTH CiTKy 2 x 32 CE.

4.2. 3ocepenxenuii MUTTEBUI
iMITyJIbC, 10 MPUKJIAJEHUIA B cepeauHi

npoanory oOamkm. Jliarpamm «ul' —¢»,

o BIIIOBIIAIOTE BUIAJKY it
30cepemkeHoro  iMmynecy  (puc. 7 (a)),
MAalOTh OLIBIN CKIATHUN BUTIISN, HK TpH
nii piBHOMIpHO po3mnogigeHoro. Maemo
JIOCUTh TapHUH 30ir po3B’sBKIB AT ycix
citTok. HesHauHy po30OiKHICTE miarpam,
orpumanux 32 MCCE i B [8] (puc. 7 (0)),
MOXHa BiHECTH [0 0OCOOIHMBOCTEH
3aCTOCYBaHHS ~ YTOYHEHOI  METOIUKH
MCCE [1,2], 1mo  BHKOPHCTOBYE

u', em

-2+10™

-5+10°

~1107%

5100

-B+107™

gt

-2e10% IF

u', cm
-0.15
Scad 40 CE
32
20
04 b
-0.05
t_t'-‘max
0 nn A nn v/t
a 0.2 0.4 0.6 0.8 11X

Puc. 6. Entopu nporuxis

Y pi3HI MOMEHTH HaBaHTaKEHHS 4 q

MIPOCTOPOBI CKIHYEHHI €JIEMEHTH 1 po3risiiae OajKy sSK TPUBUMIpHE TLIO, Y TOH
gac, KoIu B [7, 8] 6anka po3risiianack K CTCPIKEHb.
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1

l.l‘lI

s MCCE ~__]

-0.02
-0.01
-0.015

-0.m
0.01

-0.005 F ¢
ooz f

. L Rl L 0 . L L .
0 001 002 003 004 005 f,C 0 0.005 001 0.015 0.02 t,c
(2) ©6)

Puc. 7. liarpamu « u'' —t (a) nis pizaux citok CE; (0) mopiBHSHHS 3 po3B’a3koM [8]

u', em Amnaniz ¢opMm pedopMyBaHHA OanKu
et t=1/2 I Pi3HHMX CITOK IIOKa3aB TapHHi 30ir
pPO3B’SI3KIB  y pI3HI MOMEHTH 4acy
(puc. 8). Jns moMeHTy 4acy t =t

—geqgs L umax>

KOIIM  aMIUTITyJa KOJHWBAaHb  Oalku
1/

JOocAra€  MakCUMyMy  U,,., (opma

nedopMyBaHHS HaOyBa€e OLIBII IPOCTOTO

BUTJTISLY. [MopiBHAHHS emop 3

5010708
o pesynbratamMu pobotu [7, 8] mokazano
u®, cm rapauii  30ir  po3B’s3KiB.  binbmn

441 D-IH (v}
YCKIIaJIHCHU U BUTJIA CITIOpHU, sKa

orpumana 3a MCCE, MOXHa MNOSICHUTU
BukopucTanHsIM 1pocroposoro CE [1, 2]
JUIs  anpokcuMariii  Oanku. [ns mporo
BUIAJIKy HAaBAHTAKEHHS 3a JIOCTaTHIO
MOKHA TIpUiHATH ciTKy 2 % 40 CE.

—9.100 |
—oaqgte [

-1010™ b

110 |

BucnoBkmn.
2y 3anpornoHOBaHO METOM PO3B’SI3aHHSI
u', em 3aJad PO HECTAI[iOHAPHI KOJMBAHHS
-0.025 - t=tu, oﬁoJIOHOK HEOHOP1HOI CTPYKTYPH 1pH
el ance pisil KOPOTKOYaCHHUX JUHAMIYHIX
n y HaBaHTa)XeHb. Meroq mno0ynoBaHO Ha
UL ) OCHOBI po3pobieHoi aBTOpaMH
oo b i N CKIHUCHHOEJIEMEHTHOI ~ MOJIeJIi  TOHKOI
MPYXXHOI HEOIHOpiAHOI OOOJOHKK Ta
oo | ' CTBOpEHOI Ha il 0a3i pexykoBaHOi Mozei
3a METOAOM 6a3ucHUX BY3JIIB.
"o oz ot os os  1x%] 3acTocyBaHHS MeTOAy Oa3MCHHX BY3IIiB
Putc. 8. Entiopi nporusis y pisi 3a0€e3I1eYnI0 MOXKIIUBICTD nepexony BII
MOMEHTH MUTTEBOIO HABAHTAXKCHHS 3B’S13aHOI  CUCTEMHU ,I[I/I(bepeHulaHLHI/IX

PIBHSHB, IIO ONMHUCYE PyX CHUCTEMH, IO
CHCTEMH HE3B’SI3aHUX PIBHSHB, PO3B’SI30K
SIKOT 3HaXOIUTHCS 3a J0Ope PO3pOOJICHUM YUCEIbHIM MeToJoM Pyrre—Kyrrn.
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Ha mnpuxmani TOHKOI KOHCONBHOI IQUTIHAPUYHOI MAHEN JOCTIIKEHO
30KHICTD pPO3B’A3KIB, IO OTpMMaHi Ha 0a3i Meromy Oa3WMCHUX BY3JIB, Ta
MIPOBEACHO TIOPIBHSHHA 3 pe3yJabTaTaMH, OTPUMAHUMH 32 JOIOMOIOIO
nporpamHoro komiiekcy SCAD.

EdexruBHicTh 1M00YyZOBaHOI METOOWKM JOCTIDKEHHS HECTaI[iOHApHUX
KOJIMBaHb OOOJIOHOK HEOIHOPIJHOI CTPYKTYpH MpH Aiil KOPOTKOYacHUX
JUHAMIYHUX HaBaHTa)XEHb IPOJEMOHCTPOBAHO Ha MPHKJIAJli pO3paxyHKy Oanku
CTaJIOr0 MONEPEYHOTo Mepepizy Ha Ii0 Pi3HUX IMIYJIbCHMX HaBaHTaXeHb. Ha
TECTOBHX 33/1a4ax IOKa3aHa MOMJIMBICTH 3aCTOCYBaHHS PO3POOJIEHOrO METONY
JUIS OL[IHKY BIUIMBY KOPOTKOYAaCHOTO HaBaHTa)KEHHS Ha TIOBEIIHKY TOHKOCTiHHOI
KOHCTPYKIIi.
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Krivenko O. P., Vorona Yu. V.
ANALYSIS OF NON-STATE REACTION OF ELASTIC SHELL TO IMPULSE LOAD

An effective numerical method for studying non-stationary vibrations of thin elastic shells is
proposed. The method is based on the finite element model of a thin elastic inhomogeneous shell and
the reduced model created on its basis for the dynamics problems.

The finite-element shell model is based on the relations of the three-dimensional theory of
thermo-elasticity and is developed with the use a tensor calculus apparatus, a geometrically nonlinear
formulation of the problem in increments and the application of the moment finite-element scheme.
To develop the finite-element shell model we approximate a thin shell by one spatial finite element
throughout the thickness which is an efficient approach. The structural elements of an
inhomogeneous shell require the finite element to be universal: it should be eccentrically arranged
relative to the mid-surfaces of the casing (of the shell’s sections without stepwise-variable thickness),
it should be possible to vary the thickness of the lateral edges of the finite element; the lateral edges
of the neighboring finite elements should be in continuous contact; and it should be possible to model
sharp bends and the multilayer structure of the shell. The universal finite element is based on an
isoparametric spatial finite element with polylinear shape functions for coordinates and
displacements. Additional variable parameters are introduced to enhance the capabilities of the
modified finite element. Two hypotheses are used to describe the features of the stress—strain state of
a thin inhomogeneous shell. The first static hypothesis assumes that the compressive stresses in the
fibers throughout the thickness are constant. The next is the nonclassical kinematic hypothesis of
deformed straight line: though stretched or shortened during deformation, a straight segment along
the thickness remains straight. This segment is not necessarily normal to the mid-surface of the shell.

The method for studying non-stationary vibrations of the shells under the action of short-term
loads is based on the application of reduced models. The use of the basic nodes method allowed us to
develop a simple and effective algorithm for solving this problem. We have transformed a system of
coupled differential equations describing the motion of a shell to independent ones. The solution of
obtained Cauchy problems is easily found by the well-developed Runge-Kutta numerical method.

The possibility of applying the developed method to assess the effect of short-term load on the
behavior of a thin-walled structure is shown on the test problems. Convergence of solutions is
investigated and a comparison with theoretical data and results obtained with the help of the SCAD
software is made.

Keywords:

thin elastic shell, universal solid finite element, reduced model, impulse load.

Kpueenro O.I1., Bopona FO.B.
AHAJIN3 HECTAIIOHAPHOM PEAKIIUH YIIPYT'OM OBOJIOYKH HA
UMITYJIbCHYIO HATPY3KY

ITpuBenena MeTOAMKA HCCIIENOBAHUS HECTAIIMOHAPHBIX KOJICOAHHH 00O0IOYEK HEOIHOPOIHOM
CTPYKTYpBI IIPH JeHCTBUH KPaTKOBPEMEHHBIX AMHAMHYECKHX Harpy3ok. MeTonmka HocTpoeHa Ha
OCHOBE KOHEYHO-DJIEMEHTHON MOJIENIN TOHKOH YIPyroit HEOJHOPOTHOH 000I0UKY U CO3NaHHOH Ha ee
6ase 1y 3aJa4 TUHAMUKH PeIyLUPOBAHHOH MOJeIH. BBIIONHEHO CpaBHEHNE PENICHUH pe3yIbTaTaM
pacdeToB, MOIyYEHHBIX C IOMOILBIO IIporpaMMHOro komiiekca SCAD.
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KiroueBble ¢10Ba: TOHKAs ypyras 000J04YKa, YHHBEPCAIbHBINA IIPOCTPAHCTBEHHBIN KOHCYHBIN

9IIEMEHT, PeAyLHPOBaHa MOJEINb, HMITYIbCHAS Harpy3Ka.

VK 539.3

Kpueenro O.I1., Bopona FO.B. AHani3 HecTalioOHApHOI peakuii Npy:KHOI 000JI0HKH HA iMIyJIbCHE
HaBaHTaxeHHs // Omip MaTepianiB i Teopis copyx: Hayk.-Tex. 30ipH. — K.: KHYBA, 2018. — Bum.
101.-C. 26-37.

Hagedeno memoouxy OQ0CHiONCeHHsT HeCMAYIOHAPHUX KOIUBAHb 0OOJIOHOK HEOOHODIOHOT
cmpykmypu npu Oii. KOPOMKOYACHUX OUHAMIYHUX HABAHMAJICEHb. BUKOHAHO NODIGHAHHS PO36 A3KI6 3
Pe3yIbmamamu po3paxyHKie, wo OmpumMaHi 3a 00nomo2oio npozpamuozo komniexcy SCAD.

Tabmn. 2. In. 8. Bibmiorp. 8 Ha3B.

UDC 539.3

Krivenko O.P., Vorona Yu.V. Analysis of non-state reaction of elastic shell to impulse load //
Strength of Materials and Theory of Structures: Scientific-&-Technical collected articles — Kyiv:
KNUBA, 2018. —Issue 101. — P. 26-37. — Ukr.

A method for investigating the non-stationary vibrations of shells with an inhomogeneous
structure under the action of short-term dynamic loads is presented. Comparison of solutions with
the results obtained using the SCAD software package is given.

Tabl. 2. Fig. 8. Ref. 8.

VK 539.3

Kpueenko O.I1., Bopona FO.B. AHalM3 HeCcTAliOHApHOW peakuuM ynpyroii 000104YKHM Ha
HMIYJIbCHYIO HArpy3Ky // COIPOTUBICHHE MaTEPHAIIOB U TEOPHS COOPYKEHUH: Hayd.-TeX. COOpH. —
K.: KHVYCA, 2018. — Bpm. 101. - C. 26-37. — Vkp.

Ilpusedena memoouxa uUccie008anusi HeCMAYyUOHAPHLIX KONeOAHUL 000I0YeK HeOOHOPOOHOU
CmpyKmypul npu 0eilcmeuu Kpamko8PEeMeHHbIX OUHAMUYECKUX HAZpY30K. Bvinoaxeno cpaeHenue
peuienuil pe3yrbmamam pacyemos, NoJIyYeHHbIX ¢ NOMOubio npocpammuoo komnaexca SCAD.

Tab6mn. 2. Y. 8. bubmuorp. 8 Ha3s.
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EFFECT OF STATIC LOADS ON THE NATURAL VIBRATIONS
OF RIBBED SHELLS

O.P. Krivenko,
Candidate of Science (Engineering), Senior Researcher, Leading Researcher

Kyiv National University of Construction and Architecture, Kyiv
Povitroflotsky ave., 31, Kyiv, 03680

DOI: https://doi.org/10.32347/2410-2547.2018.101.38-44

Abstract. The article is devoted to a further analysis of the natural vibrations of inhomogeneous
shells under the action of static loads. The method of investigation is based on a unified methodology
that combines the problems of static stability and the vibrations of elastic shells. The problems of
natural vibrations take into account the presence of a prestressed state of the shell structure from the
action of static loads. The presence of a static load significantly affects the spectrum of the natural
frequencies of the shell. This approach allows us to determine the critical load by the dynamic
criterion.

The method of investigating of inhomogeneous shells is based on the uniform methodological
positions of the 3-d geometrically nonlinear theory of thermoelasticity and the finite-element method
in the form of the moment finite-element scheme. So, a thin shell is considered by this method as a
three-dimensional body which is modeled throughout the thickness by one isoparametric solid finite
element with multilinear shape functions.

Two nonclassical hypotheses are used to describe the stress—strain state of a thin inhomogeneous
shell. The kinematic hypothesis of deformed straight line in the thickness direction: though stretched
or shortened during deformation, a straight segment along the thickness remains straight. This
segment is not necessarily normal to the mid-surface of the shell. The displacements are assumed
distributed linearly along the thickness, which is conventional in the theory of thin shells. The static
hypothesis compressive assumes that the stresses in the fibers are constant throughout the thickness
of the shell.

Modal analysis of a shallow ribbed panel demonstrates the effectiveness of the developed
method. The natural frequencies and mode shapes are determined at each increment of static loading.

Keywords: thin elastic shell, rib, buckling, natural vibrations, static load.

Introduction. Thin-walled shell structures are widely used in many branches
of modern engineering. Problems of stability and natural vibrations of shallow
panels are classical in the theory of thin elastic shells. Numerous literatures are
devoted to their study [1-14]. Methods and algorithms for solving nonlinear
stability problems and determining the parameters of natural vibrations are
investigated on this type of shells, mainly of constant thickness. The shells are
designed step-variable thickness (reinforced with ribs and overlays) to increase
the overall rigidity of the thin-walled structure (and, correspondingly, its load-
bearing capacity) [1-4, 10-12]. Static loads significantly affect both the stress-
strain state of the structure and its dynamic characteristics, which include
frequencies and forms of natural vibrations [5-8, 15, 16]. But the investigation of
the static load effect on the vibrations of shells even of constant thickness is a
difficult and insufficiently studied problem of structural mechanics. In addition
the determination of natural frequencies and forms of small vibrations of the
structure is a necessary element of investigation the behavior of shells.

1 Statement of the problem and method of investigation. The purpose of the
article is to use the method developed in [5] for calculating the natural frequencies
and forms of the mode of thin rim shells, taking into account the action of the static
load. The approach developed in [5] allows us to investigate comprehensively

© Krivenko O.P.
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geometrically nonlinear deformation and buckling of thin and medium thickness
elastic shells of an inhomogeneous structure [1-4] and to analyze small vibrations
of shells with respect to a reference deformed state caused by a static load taking
into account large displacements and pre-stressed states.

The finite-element method [1-4] is constructed on the basis of geometrically
nonlinear relations of the three-dimensional theory of thermoelasticity, the
positions of the moment finite-element scheme (MFES) and the application of
the universal spatial finite element (FE) to modelling thin shells. We
approximate a thin shell by one spatial FE throughout the thickness to develop a
finite-element shell model. This approach is effective for solving problems of
nonlinear deformation, buckling, and natural vibrations of thin shells [1-5, 9, 17-
22]. The structural elements of an inhomogeneous shell require that the FE be
universal: it should be eccentrically arranged relative to the mid-surfaces of the
casing, it should be possible to vary the thickness of the lateral edges of the FE;
the lateral edges of the neighboring FEs should be in continuous contact; and it
should be possible to model sharp bends in the shell.

The problem of nonlinear deformation, buckling, and postbuckling behavior
of inhomogeneous shells is solved by a combined algorithm that employs the
parameter continuation method, a modified Newton—Kantorovich method, and a
procedure for automatic correction of algorithm parameters [1,2]. The
justification of the reliability of the obtained calculation results is based on a
study of the convergence of finite-element solutions and their comparison with
known analytical and numerical results.

The algorithm for investigating the natural vibrations of shells with an
inhomogeneous structure [5] is realized by the subspace iteration method
[23, 24].

Thus, the proposed integrated approach allows us to investigate the joint
effect of the parameters of pre-stressed state and the shells' geometric
characteristics on the buckling and natural vibrations of shells with complex
structure. The pre-stresses significantly affect the spectrum of natural
frequencies. Their allowance makes it possible to determine the bifurcation
points and the value of the critical force by the dynamic criterion [25]. According
to the dynamic criterion, the load which corresponds to the appearance of a
negative value of the fundamental frequency is taken as critical.

2 Analysis of stability and natural vibrations of the ribbed panel.
Investigation of the stability of rib-reinforced shells is presented using the

example of shallow spherical panel of square planform (K :2a2/(R h)=32,
a=60h, R=225h) with hinged edges, and subject to uniform pressure. The
shell is reinforced from inside by two central cross-ribs (height 4. =3k and
width b, =2h) (Fig.1). The input data: h=1lcm, E=2.1-10° kg/em?,
v =0.3, p=7.85-103 kg/cm?. Results are presented in terms of dimensionless

parameters: g = a4q/(Eh4) ,ul' = ul//h , where u!" is the deflection of the panel

along the axis x!".
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Analysis for convergence
shows that the 16x 16 FE
mesh for whole panel is
sufficient. To obtain the
results with greater accuracy,
the 42 x 42 FE mesh has been
used in the calculations.

The comparison of
solutions is performed with
data obtained for a smooth
panel to analyze the effect of
ribs on natural vibrations and

Fig. 1. Fragment of ribbed panel the buckling of a shallow shell.

The results of the investigation

of nonlinear deformation and the buckling of a smooth panel are given in Ref. [1, 2].

The results of the investigation of the natural vibrations for this panel are given in
Ref. [5].

There is the dashed line with the mark “ssa” for the solution of the smooth
panel on the “load — deflection” (“g —u ) and “load — frequency” (“g —®”)

curves. The results of calculations for the ribbed panel are marked “ "I .

The circles on the “g —u ” and “g —®” curves indicate the loads g’ for
which the natural vibrations are calculated. The load g™=0 corresponds to the
initial state when the panel is not loaded (g =0).

Analysis of the results (Table 1) shows us the following.

Under loads up to the value g*=¢ (g'=0+g’=>) the eigenfrequencies “w, ”
and “ 5 ” are multiple. As a result the “g —®, ” and “¢ — w3 ” curves coincide on
this section (Fig. 2), and the corresponding mode shapes have the form shown in

Fig. 3 (g=0).

Table 1
Eigenfrequencies of the ribbed panel for different values of the load g*
No(qi) o, Hz ,, Hz sy, Hz w,, Hz s, Hz g, Hz
0 493.16 761.98 761.98 793.29 970,44 11221
1 491,03 757,13 757,13 786.81 963,56 1116.3
2 484,35 746.97 746.97 773.92 950,21 1106,8
3 473,94 730,92 730,92 753,68 929,28 1092,0
4 457,36 704,72 704,72 720,93 895,60 1068.,6
5 429,74 659,24 659,24 664.82 838.49 1030.2
6 378,78 553,51 567,29 567,29 727.84 960,48
7 321,23 482,05 502,72 502,72 664.92 934,08
8 287,05 402,90 436,65 436,65 593.95 895,02
9 224,04 241,95 309,07 309,07 470,04 833.85
10 106,79 145.85 224,59 224,59 413,22 807,73
11 - 982,64 101,45 159,47 159,47 373,40 787,21
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Fig. 2. The “load — frequency” curves
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Starting from the load g’=°, we have a
coincidence of the eigenfrequencies w; and
o4 (Table 1), the “g—w,” and “qg—w3”
curves (Fig.2) and the corresponding
reconstruction of the vibration modes (Fig. 3,

ai:6 , ai:IO)'

Throughout the range of load changing
(from g™=0 and until g=?), the mode shape
that corresponds to the frequency ; has a
simple form (Fig.3; ¢, g™=®). The
vibration is characterized by deformation in the

area of the center of the panel. To the moment of buckling, the mode shape has an
asymmetric form with maximum amplitude at the centers of the quarters (Fig. 3,

ai:IO).

gi =0

Fig. 3. Reconstruction of the first four mode shapes in the process of loading

A comparison of the "load-deflection" (Fig. 4) and "load-frequency" curves
(Fig. 5) for smooth and ribbed panels has showed the following: adding two ribs

increases the mass of the panel by 19.3% and g.¥ by a factor of 1.5 [1, 2]; and

decreases the frequency 031':0 by 7.5% (for a smooth panel 031':0 =533.78). Upon
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the load c_]z80>67i=4 the frequency w; for the ribbed panel is greater than the
corresponding frequency for a smooth shell.
According to the dynamic criterion when a frequency ;=0, the load can be

taken as critical. For a ribbed panel g =291,4.

g & '
K=32 "g-nt ./-\: "g-at
400 500 forier.
i - g 15
300 | 400 ¢ S
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L 300 - ’ 1-1
o00 L . / ng_mn 2:‘
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' . ol {-05
100 f f 2 .
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Fig. 4. The “load — deflection" curves” Fig. 5. Diagrams for smooth and ribbed panels

Conclusions. A method for studying the natural vibrations of inhomogeneous
shells subject to action of static loads is considered. The method is based on a
unified methodology that combines the problems of static stability and the
vibrations of elastic shells. A modal analysis is performed on a pre-stressed
structure. This approach allows us to determine the critical load by the dynamic
criterion.

The natural frequencies and mode shapes are important parameters in the
design of a thin-walled structure especially for dynamic loading conditions.
These vibration characteristics of a structure may be served as a starting point for
another, more detailed analysis.

The developed method has been used to investigate the buckling of a thin
ribbed shell with the definition of frequencies and forms of natural oscillations at
each increment of the load. Dependences of the vibration characteristics on the
loading increase have been obtained.
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Kpueenro O.I1.
BIIJIUB CTATUYHUX HABAHTAXKEHDb HA BJIACHI KOJIMBAHHSI PEBPUCTHUX
OBOJIOHOK

CraTTs NIpUCBSYCHA IIOJANBIIOMY aHAIi3y BJIACHUX KOJIUBAHb HEOJHOPIMHHX OOOJIOHOK, IO
3HAXOIATBCS IIiJ Mi€I0 CTATHYHMX HABaHTAXEHb. MeTOX NOCTiIKEHHS 3aCHOBAaHMI Ha €IUHIN
METOJONIOri, SKa MOEJHY€e MPOOJIEeMH CTIHKOCTI Ta KOIMBaHb IPYKHHX OOONOHOK. Y 3amadi mpo
BJACHI KOJNMBAaHHS OOONOHKH BPaXOBYEThCS HAsABHICTh IONEPEIHBO HAIPYKEHOrO CTaHy
KOHCTpyKIii Bim nif cTaTMYHMX HaBaHTaXeHb. HasgBHICTh CTATUYHOrO HABAHTAXKEHHS ICTOTHO
BIUIMBA€ HA CHEKTP BIACHUX YacTOT KONMBAaHb OOONOHKH. Takuil minxing Ho3BOJSIE BH3HAYHTH
KpPUTHYHE HaBaHTaXKECHHS 3a AUHAMIYHHM KpHuTepieM. MeTon mae 3Mory pos3riisifaTH IIHPOKUIl Kiac
HEOJIHOPIHUX OOOJIOHOK TOHKOI Ta CepeHbOI TOBIMMHHU. Ilil HEOJHOPIAHICTIO OOOJOHKH
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po3yMi€eTbCcs JBa BUIM i OCOONHMBOCTEH: TI'eOMETPHYHI OCOOJHMBOCTI KOHCTPYKIIl y BHIIIANL
HENepepBHO-3MIHHOI Ta CTYMiHYACTO-3MIHHOI TOBIIHMHH, 3JIAMiB CEpEJMHHOI ITOBEPXHi, HASBHOCTI
OTBOPIB; CTPYKTYpHA HEOJHOPIJHICTH MaTepiany OOOJOHKM 3a TOBLIMHOK Ta y IUIaHI y BHIJISI
kxoMOiHamii pi3HUX 6araToImapoBUX MakeTiB. s OHHCY HampyKeHO-1e(OpPMOBAHOTO CTaHy TOHKOI
HEOTHOPITHOIO 00OJIOHKH BHKOPHUCTOBYIOTHCS [(Bi TiOTe3H. 3aCTOCOBAHA HEKIACHYHA KiHEMaTHYHA
rimore3a neopMiBHOI IpsMOi: HpsiMa B HANpsAMKY TOBIIMHU, CKOPOYYIOUHCH ab0 IIONOBXKYIOUH,
3aJIMIIAETHCS MPAMOIO 1 micis fedopMyBaHHS 000I0HKH. L5 mpsiMa He 060B'I3KOBO € HOPMAILIIO 10
CepeMHHOI TOBEPXHi 000IOHKH. Y HAIPSIMKY TOBIIMHU PO3IIOALI IepeMileHb IPHHHATO JHIHHEM,
IO € 3aTaJIbHONPHUHATHM IiJX0J0M y TeOpii TOHKAX OOOJIOHOK. Y CTAaTUYHOI rilOTe31 HAIpPyXKEHHS
00THCKY BOJIOKOH IIapy 110 TOBLIMHI 00OJIOHKHU MPUHHSATI CTaIMMH.

Po3pobnenuit Meron OyB BHKOPHCTAaHHMI IS JNOCHIDKEHHS CTIMKOCTI TOHKOI pedpucroi
00OJIOHKM 3 BH3HA4YEHHSAM dacTOT i (OpM BIACHHX KOJNMBAaHb HAa KOXKHOMY KpOLi IIPHPOCTY
CTATUYHOrO HaBaHTakeHHSA. OTPHMaHO 3alIe)KHOCTI XapaKTEPHCTUK KOJIMBAHb Bil 30UIbIICHHS
HaBaHTaXKeHHSA. MoJanbHuil aHam3 monoroi peOpHCTOi MHaHelmi JEMOHCTPYE e(eKTHBHICTH
PO3pOOIEHOr0 METORLY.

KaiouoBi ciioBa: TOHKa NpykHa 00OJOHKA, pedpo, CTiiKiCTh, BIACHI KOJMBAHHS, CTATHYHE
HaBaHTAKCHHS

Kpueenko O.I1.
BJIMAHUE CTATUYECKHUX HAI'PY30K HA COBCTBEHHBIE KOJIEBAHUSA
PEBPUCTBIX OBOJIOYEK

PaccmarpuBaeTcss METOIAMKA HCCICHOBAHHS COOCTBEHHBIX  KOJICOAHHH  TOHKOCTEHHBIX
000JI09EYHBIX KOHCTPYKIHI C yIeTOM IPHUIOKEHHOH CTaTHYECKOW Harpy3ku. MeToauka onupaercs
Ha KOMIUICKCHBIH  IIOAXOJ, COYCTAIOIMMH  KOHEYHO-)IEMEHTHBIH  METOJ  HCCIICJOBAHHS
TeOMETPHYECKH HEIHHEHHOro AeOopMHpOBAHHS, YCTOMYMBOCTH U 3aKPUTHUECKOTO IOBEICHHS
TOHKAX HEOJHOPOAHBIX O0O0OJNOYEeK M MOJANBHBII aHamu3 OOOJIOYEeK C YYeTOM HaIudHs
HANPSDKEHHOTO COCTOSHMS HA KaXKIOM IIare HarpykeHus. BelmonHeH aHamu3 dacToT U (opm
COOCTBEHHBIX KOJICOAHHH TOHKOH peOpUCTOH IaHeNH, MIAPHUPHO ONEPTOH II0 KOHTYpy H
Harpy>KeHHOH paBHOMEPHBIM JaBIICHUEM.

KiioueBble cj10Ba: TOHKas yrpyras 000J104ka, pedbpo, yCTOHINBOCTb, COOCTBEHHBIE KOIEOaHNs,
CTaTHYECKas Harpy3ka
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Hagedeno memoouxy ma pe3yiomamu po3paxyHKy 4acmom i popm 61acHUX KOAUBAHb MOHKOT
pebpucmoro naueni, wjo WapHipHO Onepma no KOHMypy ma HA6AHMAICEHA PIGHOMIDHUM MUCKOM.
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The method for and results of calculating the frequencies and mode shapes of a thin ribbed panel
hinged by the contour and loaded with uniform pressure are presented.
Tabl. 1. Fig. 5. Bibliograf. 25 ref.
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YHUCEJbHE MOJIEJTIOBAHHSI CTINKOCTI IAPAMETPUYHUX
KOJIMBAHb BUCOKOI TOHKOCTIHHOI OBOJIOHKH
BII’€EMHOI TAYCOBOI KPUBU3HHU

0.0. JIyk’ssH4eHKo,
KaHJ. TeXH. HayK

O.M. Hauiii,
CTapH_II/II\/'I BHKJIaga4

Kuisckuii HayionanbHull yHisepcumem 6yOieHUYmM8a i apXimekmypu
Tlosimpogpnomewxuii npocn., 31, m. Kuis. 03680, (044) 2415420, e-mail: lukianch0907 @meta.ua

DOI: https://doi.org/10.32347/2410-2547.2018.101.45-59

BuKoHaHO YHCeNbHE MOJIEMIOBAHHS CTIHKOCTI ITapaMeTPUYHHUX KOJIHBAHB BHCOKOI TOHKOCTIHHOT
000JIOHKU BUJIY TinepOoIiiuHOro napaboiioifa mpu 30BHIIIHBOMY TOBEPXHEBOMY THCKY Ta OCHOBOMY
cTuckanHi. PenykoBaHi Matpuii Mac, aemmngipyBaHHS, YXOPCTKOCTI i €OMETPHYHOI KOPCTKOCTI
000JIOHKH C(hOPMOBAHI 3a JIOMOMOTOK0 TPOLEAYP MPOrPAMHOrO KOMILIEKCY CKiHUEHHOEIEMEHTHOTO
aHamizy. Po3B’si3aHi 3amavi HemiHiHOI cratuku MoaudikoBaHuM MmeromoMm HeroToHa-Padcona Ta
crifikocti MeTomoM JIaHIOIma pH il CTATHYHOI CKJIAJ0BOI MAPaMETPHYHOTO HABAHTAXKEHHS TBOX
BUIB. BHUKOHaHO MoOJanbHUII aHami3 OOOJIOHKM B JIiHIWHIA MocTtaHoBUI 0€3 ypaxyBaHHS
HaBaHTAXXEHHS MerofgoM JlaHmoma i B HEIiHiMHINA MOCTAHOBILI IS BU3HAYEHHS BIACHUX 4YacTOT i
dopM KoIMBaHb OOONOHKH, sKA HABAHTAXKEHA CTATHYHOI CKIAJOBOI0 MapaMETPUYHOTO
HABAaHTAXXEHHS JBOX BHIIB. [Ipu (GopMyBaHHI peIyKOBaHHX MOJENEH CTIHKOCTI TMapamMeTpHYHUX
KOJIMBAaHb OOOJOHKH TPH PI3HUX BUJIAX HABAHTAXKEHHS BPAaXOBaHi OCOOJIHMBOCTI 1i CTATHYHOI Ta
JIMHAMIYHOI IOBEIiHKH.

Karo4oBi cioBa: mapaMeTpuyHi KONMBaHHS, JUHAaMidyHa CTIiHKICTb, METOJ CKiHYCHHHX
€JIEMEHTIB, BUCOKA TOHKOCTiHHA 000JIOHKA, TirepOooi.

Beryn. B OyniBHUIITBI MIMPOKO BHKOPHUCTOBYIOThCS OOOJIOHKH Bij €MHOI
raycoBOi KpMBHM3HH, B TOMY 4HCII TirepOoniyni mapabonoiau [1-23]. Hanpuxinan,
Ha puc. 1 (a) mpexacraBiieHa 0OOJIOHKOBA KOHCTPYKIS OXOJIOUKYBAJIbHOI OamiTh
AEC 3 Oerony Bucororo 160.m, pamiycom 37-59 m i ToBmmuoro 0,2-0,28 m.
Beronne mokpurrss cropymu 31 3MiHHOIO ToBHMHOKO (Binm 0,2.M) y BuDmsmi
rinepOoigHOro mapabonoina npencrasieHo Ha puc. 1 (6). OcobnuBe micte cepen
Takux OOONOHOK 3aitMae rimepOomoin IllyxoBa (puc. 1 (B)). 3a paxyHOK
KOHCTPYKILIi CTIHKH, SIKa € HECYIIILHOIO 1 CKIIaIa€Thesl 31 CTEPIKHIB, TinepOosoin
[IlyxoBa MO)XXe MaTH BHCOTY y JEKUIbKAa COTHIB METpiB, HEBENHKI paaiycH i
CrpuiiMaTH BEJIWKI BIiTPOBI HaBaHTaXEHHsS. JleTambHO po3poONieHI MeToau
po3paxyHKy rinepoonoina [llyxoBa 3 Takoro ctinkoro [11]. Ha TemepimmHiit gac y
apXiTEeKTOPIB 1 KOHCTPYKTOPIB BUHUKAE OAKaHHS CTBOPEHHS 000JIOHKOBHX CIIOPY/
BHCOTOI0O Yy COTHI METpiB 3 HEBENMKUMHM OKPYXHHMH pajiycaMu BUIY
rimep6omnoina IllyxoBa 3 CyIJIBHOIO TOHKOIO CTIHKOIO. Y 3B’3Ky 3 IIHM,
aKTyaJbHUM IIOCTAa€ TIUTaHHA 3a0e3MeUcHHS i CTATUYHOI 1 TUHAMIYHOI CTIHKOCTI
IIpY Pi3HUX HABaHTKEHHSX, OCOOIMBO MpH il MapaMeTpUYHNX HAaBAHTAKCHB.
Jist po3B’s3aHHS 1€l 3a7adi BaXKIIMBOIO € CTBOPEHHS DPEIYKOBAaHMX MoJeneit
CTIMKOCTI MapaMEeTpUYHUX KOJIMBaHb TaKMX OOOJOHOK Ta IHIIMX TOHKOCTIHHHX
000JIOHOK Bif’€MHOI TaycoBOi KpuBH3HH [19-23].

© Jlyx’stnaenko O.0., IManiit O.M.
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L*O CEANg I

T
(a) (6) (B)

Puc.1. KoncTpykiil y BUTIsiAi rinepOomiyHux napabonoinis:
(a) - oxonomxkysanbHa 6amra AEC, (6) - HOKpHUTTS copyau, (B) — TeneBisiiina Bexxa (Lllyxosa)

MogenmoBaHHS 32 JIOMIOMOTOK0 YHCENFHUX METOMIB Ha BIOMIHY BiJ
AHATITHYHUX JIa€ 3MOTY CIIPOCTHTH pO3B’s3aHHS paHoi mpobinemu. Cepen
YHUCETILHUX METOJIIB IIUPOKE 3aCTOCYBaHHS HAO0YB METOJ CKIHUCHHUX €JIEMEHTIB,
SIKMH peaJli3oBaHO B Cyd4acHMX oOumcmoBaibHUX KoMiurekcax SCAD, ANSYS,
NASTRAN Ta iamnmx [24].

B poboti 3a momomoror umcenbHOI MeTOmuKu [22,23] moOymoBaHi IBi
pEeNyKOBaHI IWCKPETHI MOJENI CTIMKOCTI IMapaMeTpUYHUX KOJIMWBaHb BHUCOKOI
TOHKOCTIHHOi OOOJIOHKM BUy rinepOosiuHoro napabonoina mpy 30BHILIHEOMY
ITOBEPXHEBOMY THCKY Ta OCHOBOMY CTHCKaHHI. PiBHSHHS TUHAMIYHOI CTiHKOCTI
00OJIOHKM TIOAAHO y BHIJISII PIBHSHHS CTAaTHYHOI piBHOBard 3 J0JaBaHHIM
I’ AmaMOepoBUX CHJI iHEpIlii, JWCHIIATUBHUX CHJI 1 JEIKUX CKJIaJIOBHX
HEe30Yy/HDKEHOT0 HaIPYKEeHO-Ie(OopMOBaHOTrO cTaHy OOOJOHKH, IO 3aJICKATh Bif
yacy. PenykoBani marpuii mac, nemrgipyBaHHS, KOPCTKOCTI 1 T€OMeTpUYHOI
JKOPCTKOCTI OOOJNOHKHM COpMOBaHi 3a JOMOMOTOI0 IIPOLEAYP IPOrPamMHOrO
KOMIUIEKCY ckiHueHHOenmeMeHTHoro anainizy NASTRAN [24]. Po3r’s3ani 3aaa9i
HeniniiHoi ctatuky (Nonlinear Static) ta crifikocti (Bucling) npu aii nocriiHoi
CKJIaZIOBOI  ITapaMEeTPUYHOTO HaBaHTAXEHHS JABOX BHAIB. [IpoBeneHwii
MONAJIBHUN  aHali3 TOHKOCTIHHOI OOOJOHKM B JIHIWHIA  ITOCTAHOBII
(Normal Modes) 6e3 ypaxyBaHHS HABAaHTA)KCHHS i B HETIHINHIA TOCTAHOBII IS
BH3HAYCHHS BIIACHHUX YacTOT KOJIMBAaHb OOOJIOHKH, sIKa HABAHTa)KEHA MTOCTIHHOIO
CKIJIaZIoBOIO TapaMerpuyHoro HaBaHTaxkeHHs (Nonlinear Static, Modes Param)
nBox BuaiB. OcoOIMBOCTI CTATHYHOI Ta AUHAMIYHOI MOBEIIHKH TOHKOCTIHHOI
00OJIOHKM BiJ’€MHOI TayCcOBOi KPHMBH3HHM TpPH DIi3HHX BHUIaX HABAHTAXECHHS
BpaxoBaHi Npu (OpPMyBaHHI pEIyKOBAaHHX MOJENEH CTIMKOCTI MapaMeTpHIHUX
konuBaHb. CHil BIIMITHTH, IO TpUA AOCTIPKECHHI CTATHYHUX 1 JUHAMIYHHX
XapakTepucTUK 00070HKHM (hopmu nepopMyBaHHS ii CYLIIBHOI TOHKOI CTiHKH
MalOTh BEJNUKY KIJIBbKICTh MIBXBWJIb SIK B pajialbHOMy TaK i B OCHOBOMY
HanpsiMkax. Take pedopMyBaHHS CTIHKH y BUTJISII BUIIYYWH 1 BM SITUH € OLIbII
HeOe3neyHnM, HiK aedopMyBaHHS CTiHKH Tinepbonoina IllyxoBa, mo ckiazeHa
0COOJIMBMM YHHOM 31 CTEp)KHIB.
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1. UncenbHa MeTOAMKA MOOYA0BH PeAyKOBAaHOI MOJe/li MapaMeTPHYHHUX

KOJINBAHBb 000 10HKH

B crarri BukopucTaHa 4uncelbHa METOAMKA, SKa anpoOoBaHa IpU
JIOCITI/PKEHHI TTOJIOrMX 000JIOHOK AO/IATHOI Ta Bij €MHOI TaycoBoi KpuBH3HU [20-
23]. unaMiyHa CTiHKICTh MapaMETPUYHUX KOJHMBAaHb JUCKPETHOI IPY>KHOI
CHCTEMH 3 CKIHYEHHMM YHCIIOM CTETICHIB BIIFHOCTI 3alMcaHa y BUTTISI

Mii(£) + Cu(r) + Kii (1) + 20K G, i (1) + Z(t)K 6,1 (£) = 0 , (1)

ne u(t) = (ul(t),uz @),....u, (t))T— BEKTOp BY3JIOBHX Iepemimens; M , K  Kg,
Ta K, — NMO3UTHBHO BH3HAYCHI MATPHII MAc, KOPCTKOCTI Ta TCOMETPHYHOT
MKOPCTKOCTI BigmoBigHO, C — MaTpuns aAemidipyBanHs. TyT mapaMeTpuyHi CHIIH
z(t) mopjaHi 3 TOYHICTIO JIO ABOX MHOXHHKIB, OIUH 3 SIKUX Z; XapaKTEpPU3ye
CTaTUYHY CKJIQJOBY IIapaMETPUYHOTO HaBaHTAXEHHA, a JApyruid Z(f) -—

CKJIAJIOBYy, SIKa MOXKe€ OyTH JeTepMiHOBAHOIO IepionndHOo0 (yHKHiero abo
BUITJKOBUM IPOLIECOM.

Jua penykyBanHast mozeni (1) B poOOTi 3aCTOCOBaHO METOJ y3arajJbHEHHX
KoopauHaT. HeTpuBiaibHUI PO3B 30K CHCTEMH MPEACTABIICHO Y BUTIISIL

u(t) =vy(), 2)

ne V- MaTpuns pO3MipOM nxm, sdKa BH3HA4Ya€TbCA CHUCTCMOIO 0a3ncHUX
. ~m
BCKTOP1B {vi}[zl

V:(‘—)lz‘—)Za"'a‘—}m): (3)

T
y(t)= (yl (0, 9255 i (D)sees Y (t)) — BEKTOp y3arajlbHEHUX KOOpAMHAT.
Toni cucrema (1) HaOyBae BUTIISTY
M50+ C 30 + K 5(0)+ 20K g 5(0) + 20K, 7(1) = 0., @)

*

ne M *, C, K*, KZ;I, KZ;2 — BIJNOBIAHO pENYKOBaHI MATpPHINi Mac,

nemngipysanus C*, KOPCTKOCTi, I'€OMETPHYHOI KOPCTKOCTI PO3MIpHICTIO
mxm. B nporpami NASTRAN [24] 3a 0a3ucHi BeKTOpH NpUHHATI (GopMu

m

BJIaCHUX KOJIMBaHb {(T)[}l._l,

sKi HOpMOBaHi 1o marpuui mMac M . B mpomy

BUIIAAKY PCAYKOBAH1 MaTpHUIll MacC M 5 I[CMH(l)lpyBaHHH C i JKOPCTKOCT1 K
Ha6yBaIOTI) BUTIIALY

M =®"M® = E = diag(1,1,..., 1),
C" = ®TCO = diag (28,0, 26,05 ..., 28,0;,...,2€,,0,, )

K :d)TKq>=diag(u)12,a)§,...,u)2 ...,wfn), (5

i
— m
IS q):{(p[}l.zl — MaTtpuus (bOpM BJIaCHUX KOJIMBaHb, (l)[ :275\/[ — KpyYrona

BJIACHA YACTOTA KOTHMBAHb (¢), €, — xoediuieHT AemndipyBaHHsI 0OOJOHKH IIO

[ - Till BIacHIM 4acTOTI KOJIUBaHb, M — YHCIO BPaXOBaHUX BIacHUX (hopm

KOJIMBAaHb. PeI[yKOBaHa MaTpulsa TCEOMCETPUYHOL KOPCTKOCT1 KG I10JI0r01
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00ONIOHKM, BIAMOBiAHO YHCIOBili Meromumi [20-23], oOYHCITIOETBCS 32
dhopmyoro

K; =" KYA'WT K. (6)

~ m T
Tyr A:{ki}izl :{qcrl,qﬁz’...,qcrm} — MaTpuusl KPUTHYHHUX 3HAYCHb
HaBaHTaXeHHs; BekTopu Marpuli KW 1 K® 004YHCIIoThCsS 3a I0MOMOI0I0

mnpoueaypu BUSHAYCHHS peaKui'l' CHCTEMU Ha 3aJaHC I10JIC nepeMimeHL y BI/IFJ'IH,Hi

. — m . “o .
BEKTOpIB BJIACHUX (OPM KOJIMBAHb @z{(p[}l._l i ¢opMm BTpartu CTIHKOCTI

— m
000JI0HKH T:{Wi}[—l
PenykoBaHa Mozens IMHAMIYHOI CTIMKOCTI IapaMeTpUYHUX KONUBAHb

obonoHkn 3 BpaxyBaHHAM Qopmyn (4), (5) u (6) nHaOyBae BHI CHCTEMH
3B’S3aHUX PIBHAHBb

m
.. 2. 2 ..
¥ (0)+28,07 7 () + 07y, () +2(0 Y, g5y (=0, i, j=1,2,..,m, (7)
Jj=1
Ae g; — WICHH PeIyKOBaHOI MAaTPHL T€OMETPUIHOI KopeTkoceTi K (6).

B cratrax [23, 24] npencraBiieHa 101aTKOBa peayKOBaHa MOJIEIb CTIHKOCTI
MapaMeTPUYHUX  KOJIWBaHb TIOJOTOl  OOOJOHKM BHAY TilepOOIIYHOrO
mapaboioiga. B mepmiomy HaOMKEHHI BOHA MOXKE BpPaxOBYBaTH BTPATy
CTIMKOCTI 3 MOCIITYIOYNM BUXOIOM B 30HY CTikkocTi. Llg Momens Mae BUTIISA
CHCTEMU HE3B’SI3aHUX PiBHIHB

”(z°) W0=0,i=12,. ®)

A (I)[ = 27'5{’/[ — KpyroBa BJIaCHAa 44CTOTa KOJIMBAHb O6OJ'IOHKI/I, SIK HaBaHTa>XCHa

F1(0)+ 28,07 (D + 67 i (0= 20)—>

TOCTI}HOK CKJIaZ0BOIO NIAPaMETPHYHOro HaBaHTaXeHHs (¢'); Z(f) — ckiajgosa

NapaMCTPpUIHOI'O HABAHTAXKCHHSA, AKa 3aJICKUTh Bi[[ qacy; gii(zo) — YJICHHU

PEAYKOBAHOI MaTpUIl T€OMETPUYHOI KOPCTKOCTI KG(ZQ) , IO BIAMNOBIIAXOTH [ -

TiH BJAcHIM 4YacTOTI KOJMBaHb OOOJIOHKM 1 CTaTH4YHIA  CKJIA[OBIH
[apaMEeTPUYHOr0 HABAHTAXKEHHS Z, .

2. AHaJIi3 BIUTUBY CTATHYHOI CKJIAI0BOI NAPAMETPUYHOI0 HABAHTAKCHHSA

Ha HaInpy:keHo-1e()OPMOBAHMIA CTaH i CTiliKicTH 00010HKH

@i3nyHi 1 TreoMeTpuyHI NapamMeTpu CTaJIbHOI TOHKOCTIHHOI OOOJIOHKH
NpUHHATI piBHUMU: OKpY>kHI paxiycn R =40 m i r =20 m, Bucora L =160 u,
toBummHa A = 0,02 m, Mmoxyns npyxkHocti E =210 [7la, xoedinient [Tyacona
w=0,3. IToBepxHs OOOJOHKM 3MOJENBOBAHA y BUIJIAAI CYKYITHOCTI IJIOCKHX

MPSMOKYTHHX CKIHYEHHX €JIEMEHTIB 31 INICTbOMAa CTENEeHAMH BIUIBHOCTI Yy
By3nax. HikHil, cepenHniii Ta BepXHili KOHTypH OOOJNIOHKM po30uTi Ha 64
JacTHHY, TBipHa — Ha 48. KUIbKiCTh BY3IIiB 1 elleMeHTiB Mojeni ckinanae 3136 u
3072 BignosizHo. OOMexeH] BCi JIiHIIHI 1 KyTOBI IepeMillieHHs BY3JIiB MOJENi
000JIOHKH Ha HW)KHBOMY Ta BEPXHbOMY KOHTYpax, KpiM JIIHIHHUX BEpTHKAIBHUX
TiepeMilieHb BY3JIiB BEpXHBOTI'O KOHTYPY.
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2.1. CtaTu4HA MOBeIiHKA 000JTOHKY MPH Ail CTATHYHOI CKJIAT0BOL

MOBEPXHEBOr0 THCKY

[MoBepxHeBUiI THUCK NPUKIAJCHUIA 330BHI HA BCI €IEMEHTH OOOJOHKM.
JocmimkeHHs HaNpyXeHO-Ie(pOPMOBAaHOTO CTaHy OOOJNIOHKM BHKOHAHO B
HENiHIAHIA mocTaHoBII. 3a/la4a CTATUKU PO3B’s3aHa MOTU(IKOBAHUM METOIOM
Herorona-Padcona (Nonlinear Static). Ha pwuc. 2 mnpeacraBiena Kpusa
HABAaHTA)XXEHHS OOONOHKM IIOBEPXHEBUM THCKOM zj = ¢, = 2000 [la nBox

BY3JiB MOJENi, B SKUX CIIOCTEPIralOThCI MaKCHUMAalbHI MEpEeMIlIeHHS P
pO3TATY Ta CTHUCKY.

w, m
oo

0.
000837

0.00E77

o
0.

. /

|0.000358 -

-0.0mz

-0.002:

-0.004:
0

-0.00757

-0.00917

0
0.05 0144 0.238 0.332 0.426 0.52 0E14 0.708 0.802 0.896 Per
SetWalue

1: T1 Translation, Mods 891
2: T1 Translation. Mode 1535

Puc. 2. KpuBa HaBaHTa)keHHsI 000JIOHKH IToBepxHeBUM THcKoM (Nonlinear Static).

I'panuyHuii crad 000JIOHKH BiANOBifa€ 3HaueHHO ¢, = 0,896¢q, =1793 Ila.
Ha puc. 3 npencrapieHo HanpyxeHO-1ehOpMOBaHUH CTaH OOONOHKM Ul JIBOX
3HAYEHb NOBEPXHEBOro THcKy ¢ =10007la ta ¢, =1793 Ila. MakcumansHe

nepemimienHs  BimnmoBigHO ckmamm  0,00119m Tta 0,0132 v, MakcuMambHI
eKBiBaJIeHTHI HanpyxeHHs — 2,741 MIla ta 4,997 MIla.

(22) (26)

Puc. 3. Cran 06ononku npu 30BHiIHBOMY THCKY ¢ = 1000 ITa (1) Ta ¢, = 1793 Ila (2):

(a) — nedpopmariist, (6) — eKBiBaJICHTHI HANIPYKEHHS
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BukonaHo po3paxyHOK CTiMKOCTI OOOJOHKM B JIHIHHIM IOCTaHOBII
(Buckling) 3a momomororo po3B’si3aHHS 3ajgadi Ha BJACHI 3HAYEHHS METOJOM
Jlannoma. Ha puc. 4 nokasani nepiui 9otipu (GOpMH BTpaTH CTIMKOCTI B3I0BX
TBIpHOI 1 B pajiaJibHOMY HanpsMKy. BigmoBimai mum ¢opmaMm KpuTHYHI
3HAUEHHA IIOBEPXHEBOIO THUCKY ckiuanu: ¢, =[1742,73; 1771,96; 1791,98;

1876,95] I1a.

Puc. 4. Iepuii gotupu (1-4) popmu BTpaTi CTIHKOCTI OOOJIOHKH ITPU TIOBEPXHEBOMY THUCKY
(Buckling) B3moBx TBipHOI (a) i B pajgiansHOMY HaIpsaMKy (0)

JocmimkeHHsT CTaTWYHOI CTIMKOCTI OOOJOHKM TOKa3alio, M0 IepIie
KpUTHYHE 3Ha4YeHHsS MoBepxHeBoro Thcky aemio meHme (0,03%) 3a 3HaueHHH,
sKe OTpUMaHO B HemiHiWHIA noctanoBii (Nonlinear Static). Ilpu mpomy
CriocTepiraeThesl pi3Ha KUIBKICTH MIBXBHJIb B3JOBX TBipHOi: 6 (puc. 3 (2a)) 1 7
(puc. 4 (1a)) Ta B papiansHOMY HanpsMKy: 9 (puc. 3 (2a)) i 10 (puc. 4 (16)).

2.2. CTaTH4Ha NOBeIiHKA 00010HKH NPH 0CHOBOMY CTHCKAHHI

Cruckaioue ochOBE NMapaMeTpUYHE HaBAaHTAXCHHS [i€ HA BEpXHIH KOHTYp
00OJIOHKM 1 3MOJICIFOBAHE Yy BUINIAJL 30CEPEKEHUX CHJI, NPHUKIAJCHHUX [0
By3siB ii BepXHbOro KOHTypy. HemiHiifiHa 3amada cTaTMKM pO3B’sA3aHa
MoaudikoBanuM MerogoM Heiorona-Padceona (Nonlinear Static). Ha puc. 5
MIPE/ICTaBIICHI KPUBI HABaHTAXKEHHsSI OOOJIOHKH JJBOX BY3JIiB MOJIEi OOOJIOHKH, B
SIKHX CIIOCTEPIra€ThCsl MaKCUMAIIbHI TTepeMillieHHs! pi3HUX 3HaKiB. J]o KOXXHOTO 3
80 By3JiB BEpXHBHOr0 KOHTYPY OOOJIOHKM NPHKJIAJEHA CTHCKAl04a OChOBA CHIIA
zy = Ry =400 xH.

w, m
0.000

0

0
0
0
o
0

0000131

5,356 4

0

0.00004;

0

0.0000741

0

0.000

0.000 Por
0169 0287 0406 0525 0644 076z

1 1
SetValue

1: T1 Translation, Node 831

2 T1 Translation, Node 1535

Puc. 5. KpuBa HaBaHTa)keHHsI 000JIOHKH 0cbOBHM cTHcKaHHAM (Nonlinear Static)



ISSN 2410-2547 51
Omip MatepianiB i Teopist copyx/Strength of Materials and Theory of Structures. 2018. Ne 101

I'pannunmii ctaH OOOJIOHKH CIIOCTEPIra€ThCsi MPH OCHOBOMY CTHCKaHHI
P, =0,941F) =376,2 kH. HanpyxeHo-gedpopMoBaHUIl cTaH OOOJIOHKM JIs
JIBOX 3HA4€Hb OCbOBOI'O CTHCKAaHHS Ipe]cTaBiIeHO Ha puc. 6. IIpu aii ocboBoro
HaBaHTaxeHHA zy = F) =80«/H i B rpaHuuHomy ctaHi 1npu P,. =376,2kH,
MaKCHMaJIbHI IIepeMilIeHHs PO3IOALIEH] B3I0BK BEPXHBOTO KOHTYPY OOOJIOHKH
i BigmoBimHo ckmamu 0,00002 v 1 0,00629 m; MakcHMajdbHI €KBiBaJCHTHI
nHanpyxenas 24,034 klla i1 9,613 MIla cnocrepiraiotbcsi B MiClli MEHIIOTO
paniyca.

(2a) (20)

Puc. 6. Cran o6ononku npu ockoBoMy ctuckanni Fy = 80 xH (1)i P, =376,2 kH (2):

(a) — nedpopmariii, (6) — ekBiBaJICHTHI HANIPYKEHHS

Crifixicte obonmoHkH B JiHiHHIN mocranoBui (Buckling) mocnmimkena 3a
JoriomMororo Merozna Jlanmoma npyu po3B’si3aHHI 3aaadi Ha BiacHi 3HadeHHs. Ha
puc. 6 mokazaHi mepmi 4YoTHpH (GOPMH BTpaTH CTIHKOcTi. BimmoBimHi 1y
dopMaM KpUTUUHI 3HAYEHHA OCbOBOIO CTUCKaHHA ckianu: P, =[370,64;

384,347; 394,629; 421,373] kH.

(16) (20) (306) (46)

Puc. 7. Ilepmi yotupu (1-4) hopmu BTpaT CTIHIKOCTI 00OIOHKH IIPH OCHOBOMY CTHCKAaHHI
B3JI0BXK TBIpHOI () i B paxiansHOMy Hanpsamky (6) (Buckling)

3. BuzHaueHHs AMHAMIYHHX XapPaKTePHUCTHK TOHKOCTIHHOI 000J10HKH

3.1. MoaanbHmii aHAJII3 00010HKH

3amaua Ha BitacHi 3HaudeHHs (Normal Modes) HeHaBaHTa)XXeHOI OOOJIOHKH
po3B’si3aHa MeronoM Jlanmoma. Ha puc. 8 npencrasieni nepini 4oTHpH BIIacHi
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¢dopmu KomuBaHb 000JOHKH. CHEKTp BIACHHX YacTOT KOJNWUBAHb OOOJIIOHKH
migpHUH (Tadm. 1).

Puc. 8. ITepuri yoTupu GpopmMu BIaCHUX KOJMBaHb HeHaBaHTaxxeHOl 00onoHkH (Normal Modes)

CriocTepiraroTbcsi SIK CHUMETPHYHI TaK 1 KOCOCHMETPHYHI BJacHi (opmu
KOJIMBaHb 000JOHKH. KiNBKiCTh MiBXBWIIP B pajialbHOMy HANpSIMKY pi3HE Bix
LIECTH JI0 AEB’SITH, B3IOBX TBIPHOI — BiJl YOTHUPHOX a0 miectd. BuacHi dopmu
KOJIMBaHb TinepOosoifa Biapi3HAIOTECS Bix (opM nedopmariii, OTpUMaHUX TIPH
PO3B’SI3Ky HEJIHIWHOI 3a7avi CTATWKM 1 JIHIHHOI CTIMKOCTI IpH Pi3HUX BUAAX
HaBaHTaXeHHS (puc. 3, 6), 1 Bix Gopm BTpaTH cTifiKoCTi mpu nii Ha 00OJIOHKY
MIOCTIHHOI CKJIaJIOBOI MapaMeTpuyHOro HaBaHTaxeHHS (puc. 4, 7). Cnektp
BIIACHUX YaCTOT KOJUBaHb OOOJIOHKH MIUTEHUIM 1 TIPEACTaBICHUH B Ta0M. 1.

3.2. MonanbHuii aHATI3 000JIOHKH 3 yPAXyBAHHAIM MOBEPXHEBOI'0 THCKY

Mopanphuii  aHami3 OOOJOHKM 3 ypaxyBaHHSM IIOBEPXHEBOTO THCKY
BHKOHAHO B HEJNiHiIHIN IMOCTAHOBII 3a Jonomororo nponenyp Nonlinear Static i
Modes Param 3a gomomororo moamcikoBanoro merona Herorona-Padcona i
Merona Jlanmomra. Biracui wactotr i popmu KomMBaHb 00OJIOHKH, HABAHTAXKEHOT

MTOCTIHHOIO CKJIaJIOBOIO MapaMeTPUIHOTO HaBaHTAKCHHS
Zg=qy = [100 - ZZOO]Ha, npezcTasieHi B Tabi. 11 Ha puc. 9.
Ta6mums 1
Brachi wacrotu i ¢popMu KoIMBaHE 000IOHKHA V,, [y
N TMocriiina cKkJ1a10Ba IOBEPXHEBOTO THCKY ¢, , [1a
0(v) 100 200 400 600 800 1000
1 0,75115 0,77252 0,75649 0,71619 0,66905 0,61379 0,56176
2 0,75318 0,78159 0,76042 0,72335 0,68861 0,63701 0,57663
3 0,79866 0,82589 0,81478 0,76138 0,70394 0,64909 0,6163
4 0,80768 0,84021 0,81515 0,79325 0,77072 0,70556 0,63178
5 0,87174 0,93355 0,90481 0,844367 0,77926 0,74476 0,72296
1200 1400 1600 1750 1800 2000 2200
1 0,47005 0,42822 0,31511 0,15343 -0,0696 -0,3822 -0,6768
2 0,48602 0,44708 0,32823 0,22498 0,14116 -0,2995 0,29159
3 0,49740 0,45982 0,38259 0,22710 0,17750 0,36167 0,35439
4 0,55475 0,52191 0,39377 0,33528 0,27671 0,36171 0,59824
5 0,5675 0,54408 0,48199 0,33988 0,31326 0,58724 0,60142
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Ilpn HaBaHTaXXEHHI MeEH-
momy 3a 200[7la enacui
YacTOTH KOJMBaHb rinepoo-
Joiga BUINE 3a BIIACHI dYac-
TOTH HEHAaBaHTAXXEHOI 000JI0-
HKM, TOOTO BOHa CTae
xopcrkimoto. Ilpm momans-
moMy 30UTbIIEHHI HaBaHTa-
YKEHHsI BJIACHI YacCTOTH KOJIH- a0 w50 W 2500
BaHb 3MEHINYIOThCA. Ilpm
YTOUYHEHOMY 3HAY€HHI HaBaH-
Ta)KEHHS zy =1776 Ila

nepuia BJIaCHa qacTrora

KOJIMBaHb CTa€ HYJIbOBOLO, IO Puc. 9. BiacHi 4acTOTH KOJIMBaHb 06OIOHKH 3
BiI[HOBiZ[aC BTpaTi CTIMKOCTL YpaxyBaHHSAM CTaTUYHOI CKJIaJl0BOi IOBEPXHEBOT'O TUCKY

rimepbonoina mo  meprii
dopmi xonuBasb. Ilpu z; =1862 [la crac HyIbOBOIO TaKOX JApyra BilacHa

YacTOTa KOJMBaHb. TakMM YMHOM, IIi 3HAYEHHS € KPUTHYHUMH. 3HAYCHHS
MepIIOro KPUTHYHOTO HABAaHTa)KEHHS TPOXHM BHIIE 3a BiANOBIIHE 3HAYCHHSA
HAaBaHTAXKCHHSA, OTPUMAaHE B JiHIWHIA mocTaHoBIi 1742,73 [la i MeHme 3a
3HaueHHs 1793 [la, sike oTpuMaHe NMpH PO3B’ 3Ky 3a/adi HENIHIHHOI CTAaTHKH.
3Ha4yeHHA JApPYroro KPUTHYHOTO HABaHTaKEHHS OJIM3bKE [0 YETBEPTOro
1876,95 Ila. Brpata criiikocTi rinepOonigHoro mapabosnoiga mo TpeTid 1 BuIe
(hopMaM KOJIMBaHb HE CIIOCTEPIra€ThCsL.

3.3. MonanbHuii aHANI3 000710HKH 3 yPaXyBaHHAM 0ChOBOI'0

CTHUCKAI0YOr0 HABAHTAKEHHSI.

JocnipkeHHS MPOBOAMIIOCH aHAJIOTIYHO JIOCII/KEHHIO, IPEJICTABICHOMY B
posmini 3.2. Bmacui wyactotn i ¢opMH KOJIMBaHb OOOJIOHKH 3 BPaxyBaHHIM
HOCTiliHOI ~ CKJIaZIOBOI  OCBOBOI'O  HABaHTaXEHHA 2z, = F :[0,1—450] xH,
NPUKIaZeHoi 10 KoxHOro 3 80 By3JiB BEpXHbOI KPOMKH OOOJIOHKH,
mpejcTaBlieHi B Tabmn. 2 i Ha puc. 10.

Tabnurs 2
Brnachi wacrotu i ¢popMu KonuBaHE 000IOHKH V,, [y

TTocriliHa ckiafoBa OCLOBOI0 HaBaHTAXKeHHS Py, kH

e 0(v) 0,1 1 10 50 100 150
1 0,75115 0,78816 0,78746 0,78038 0,74807 0,69574 0,63524
2 0,75318 0,80212 0,80125 0,79227 0,75104 0,70543 0,65987
3 0,79866 0,83643 0,83594 0,83104 0,80647 0,74290 0,67268
4 0,80768 0,86477 0,86376 0,85356 0,80884 0,78016 0,75031
5 0,87174 0,95413 0,95384 0,94943 0,89951 0,83225 0,75819

200 250 300 350 370 400 450
1 0,56788 0,49081 0,38535 0,21238 0,00587 -2,3445 0,23830
2 0,59343 0,50084 0,39843 0,27573 0,19707 -1,4512 0,29468
3 0,61071 0,55699 0,46125 0,29812 0,20682 -0,2872 0,53545
4 0,67500 0,57878 0,49726 0,42899 0,39237 0,25827 0,57588
5 0,71916 0,68651 0,59519 0,46005 0,39833 0,34718 0,79066
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[Tpn ocboBOMY HaBaHTaXKeH-

Hi MeHmomy 3a 50 kH cnocre-
piraerbcsi 30UIBIICHHS >KOPCT-
KOCTi 00OJIOHKH, 0O 3HAYCHHS
BJIACHHX 4acToT (Tabi. 2) BuIe

05 ] 100000 200000 300000 0000 500000 3a 4aCcTOTH HeHaBaHTaX{eHO.l.
obononku. Ilpm  36inbmeHH]
CTaTUYHOI CKJIaJ0BOI OCHOBOI'O
HABAaHTA)XCHHS BJIACHI 4YaCTOTH
KOJIMBaHb 3MCHIIYIOTbCS. Brpa-
Ta CTIHKOCTI OOOJIOHKH BimOy-
3 BAa€TbCS 10 TEPIIUM TPHOM

\
[h]

UM T

ta
!
2t

@

254

Puc. 10. BiiacHi 4acTOTH KOJIMBaHb OOOJIOHKH 3 (l)OpMaM KOMMBaHb 3 TI0/1aJIb-

BPaxyBaHHAM CTATUIHOI CKJIaJ0BOT OCHOBOTO UM BUXOJOM B CTaH PIBHOBA-
HaBaHTAKCHHS I'H. YTOUHEH] 3HAYEHHS KpUTHU-

YHUX HABAaHTAXXEHb CKJIAJal0Th
P, =[370,03; 379,12; 383,41] kH. 3HaueHHA NEpIIOrO0 KPUTUYHOIO HABaHTa-

xenHs P, =370,03kH € pemo MEHIIMM 33 3HAYECHHA KPUTHUYHOIO

HaBaHTa)XEHHS, OTPHMMAHOrO MpH PO3B’s3KY 3amadi criiikocti (Buckling)
370,64 kH, 1 MeHIINM 3a 3HA4YCHHS TPAaHUYHOTO HABAHTAXKEHHS, OTPUMAHOTO
IIpy po3B’si3aHHI HeMiHiiHOI 3ama4i cratuku (Nonlinear Static) 376,2 kH. [lpyre
1 Tpere KPUTWYHI HABAHTAXKEHHS HE IIEPEBUIIYIOTh Jpyre KpUTHYHE
naBantaxxeHHs (Buckling) 384,35 kH. Brpara criiikocti rinepOonigHOro
napabosoina 1o TpeTii i Buie opmMaM KOJIMBaHb HE CIIOCTEPIraeThesl.

4. PenyxoBana MojeJib CTIHKOCTI MapaMeTPUYHUX KOJINBaHb

TOHKOCTiHHOI 000JI0HKH BiJI’€MHOI rayCcoBOi KPMBU3HH

JlocmimKeHHsT TOKa3ajiM, M0 3aJeKHICTh BIACHUX YacTOT HaBaHTaXKEHOI
00OJIOHKH BiJ] CTATUYHOI CKJIaJI0BOI TapaMEeTPUIHOTrO HaBaHTA)KEHHS IBOX BHIIIB
HeminiiiHa (puc. 9, 10). PemykoBany Mopens CTIMKOCTI  IapamMeTpHYHHX
KOJIMBaHb OOOJIOHKM TIpH [il HOBEPXHEBOI'O THCKY INPEICTAaBUMO Yy BHIJISII
cucremMu piBHSHB (7), 60 000IIOHKA BTpayae CTIHKICTh Mo mepmiii ¢opmi i He
MOBEPTA€ThCS B CTaH piBHOBAarW. PenyKoBaHy MaTpHIIO0 T'€OMETPUYHOI
KOPCTKOCTI OTpuUMaemMo 3a ¢GopMmyiolo (6) 3a JOIMOMOrol0 pO3B’S3aHHS
00epHEeHOI 3aj1a4i CTaTHKH, MOJAJIHOTO aHaJi3y HEHaBaHT)KEHHOI 0OOJIOHKH Ta
3a1a4i CTifiKocTi 3rigHo MeToauku [20-23].

IIpy ocbOBOMY CTHCKaHHI peIyKOBaHy MOJEIb JMHAMIYHOI CTiHKOCTI
00O0JIOHKM TOAAaMO y BHIVIAAI HE3B’S3aHUX PIBHSIHB JUIS KOXHOI IOCTIHHOI
CKJIaZIOBOI IapaMeTpUyHOro HaBaHTakeHHs (8). Hampukmaz, sKImo BpaxyBaTH
mepii ITSTh BJIACHUX YacTOT KOJMBaHb, PEIyKOBaHA MAaTPHUIS >KOPCTKOCTI
HEHABaHTAXCHOI 000JIOHKH HaOyBae BUTIAAY (5)

K= diag(22,2736; 22,3939; 25,1799; 25,7522; 29,9989).. )
PenykoBaHa MaTpuis JKOPCTKOCTI HaBaHTaXEHOI  OOOJIOHKH K(j))’

HaNpHKIaa, Opu Aii CTAaTHYHOI CKJIAZOBOI NMapaMETPUYHOTO HABAHTAXEHHS Yy
BUIIIAAL IOBEPXHEBOIO TUCKY z( = ¢y =1001la ta z, = q, =1600 I1a (Tabn. 1),
HaOyBae BUTIISLY
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K% _100) = diag (23,5594; 24,1158; 26,9264; 27,8679; 34,4039),
K2 1600y = diag (3.9197; 4,2529; 5,7783; 6,1209; 9,1707). (10)

Ilpu nii craTMyHOi CKJIAJ0BOi NAapaMETPUYHOrO HABAHTAKECHHS Y BHITIAJI
0CbOBOi CTHCKauoi cunu zy = Ry =10xH ta z, = Ry =350 kH (1abn. 2), mwo
NPUKNAJEH] 10 KOXKHOro 3 80 By3JIiB BEPXHBOIO KOHTYPY OOOJIOHKH, pEAyKOBaHa

MaTpHLs )KOPCTKOCTI K(* :0) HaOyBa€ BUTIISITY
K> _10) = diag (24,0408; 24,7788; 27,2629; 28,7610; 35,5842) ,
(29=10)
K (7 =350) = diag (1,7805; 3,0012; 3,5083; 7,2649; 8,3548) . (11)

PenykoBaHa MaTpuis TeOMETPHYHOI JKOPCTKOCTI JUIsl KOHKPETHOTO 3HAYCHHS
CTaTUYHOI CKJIaJ{0BOI MapaMETPUYHOIO HABAHTAXKEHHS KZ;(ZO) BU3HAYAETHCS 33
bopmynoro

Ko =K = K(o- (12)

Jns BuUmIe PO3MNITHYTHX 3HAYECHb CTATHYHOI CKJIaJOBOI MapaMeTpUYHOrO

HABAHTAXKEHHS MATPUIIS KZ;(ZO) HaOyBa€e BUTILILY:
— JUISl IOBEPXHEBOT'O THCKY
Kg(z():loo) = diag(-1,2858; -1,7219; -1,7464; -2,1158; —4,4081) ,

KG(2,-1600) = diag(18,3539; 18,1409; 19,4016; 19,6313; 20,8282), (13)
— JJIs1 OCBOBOI'O CTUCKAHHS

KG(zy10) = diag (-1,7672; -2,3849; -2,0830; -3,0088; -5,5853) ,

Kz, -350) = diag (20,4931; 19,3927; 21,6716; 18,4873; 21,6440) . (14)

Takum umHOM, B cucTeMi piBHAHB (8) 8ii(zp) € WICHAMH PEIyKOBaHOI

MaTpHIi F€OMETPUYHOI KOPCTKOCTI KZ;(ZO) (13, 14). Kpyrosa BnacHa gacrora

~ ~ _1 ~
KOJIMBaHb OOOJIOHKM OOYUCIIOEThCS 3a (opMmynor ®; =2V, (¢), ne Vv, —
BJIACHA YacTOTa KONUBaHb B /Y (Tabiu. 1, 2) 1T BiNOBITHUX 3HAYCHb CTATUYHOL
CKJIaJIOBOI IIapaMETPUYHOI0 HABAHTAXKEHHS Z, .

BucnoBok. IlperncraBnena 4YucioBa METOAMKA —JO3BOJSIE  TTOOYIYBaTH
PEAYKOBaHY MOENb CTIMKOCTI MapaMETpUYHMX KOJHMBaHb BHCOKOI TOHKOCTIHHOL
O0OJIOHKM BiJ’€MHOI TaycOBOi KPMBM3HM IPW pPI3HUX BHIAX HABAHTaKCHHS 1
BpaxyBaTH ocoOnmBocTi 1i moBemiHku. [Iporeaypn HpOrpamMHOrO KOMIUIEKCY
CKIHUCHHOEIEMEHTHOIO aHai3y IaloTh MOXJIMBICTH c(OpMYBaTH pEIyKOBaHi
MaTpuli Mmac, aeMndipyBaHHs, JKOPCTKOCTI 1 T'€OMETPHYHOI JKOPCTKOCTI 3
BpaxyBaHHSM OCOOJIMBOCTI IOBEIIHKM OOOJOHKHM TpW BTpati criikocti. Ilpum
JIOCII/DKEHH] CTaTMYHUX 1 JMHAMIYHMX XapaKTepPUCTHK OOOJIOHKM BiJ €MHOI
raycoBOi KPMBH3HHU BUSIBIICHO, 1110 (hopmu nedopMyBaHHs ii CTIHKM MarOTh BEIHKY
KUIBKICT TIBXBWIb SK B paJiaJIbHOMY, TaKk 1 B OChOBOMY HampsiMKax. Taxe
nehopMyBaHHS CTIHKH Y BHTJISI BUITYYHH 1 BM SITHH € OUTHII HEOE3MCYHUM, HIK
nedopMyBaHHs CTiHKH Trinep6oroina [1lyxoBa, 1o ckiiajeHa 31 CTepKHiB.
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Cmamms naoiiwna 19.11.2018

Lukianchenko O.0., Paliy O.M.
NUMERICAL MODELING OF THE STABILITY OF PARAMETRIC VIBRATIONS OF A
HIGH THIN-WALL SHELL OF NEGATIVE GAUSSIAN CURVATURE

A numerical simulation of the stability of parametric vibrations of a high thin-wall shell in the
form of hyperboloid under the action of the external surface pressure and axial compression was
performed. The equation of dynamic stability of the shell was presented in the form of a static
equilibrium equation with the addition of the D'Alambert forces of inertia, dissipative forces, and
some components of the unexcited stress-strain state of the shell were depending on time. The
reduced mass, damping, stiffness, and geometric stiffness matrixes of the shell were formed using the
procedures of the finite element analysis software program. The problem of nonlinear statics was
solved by the modified Newton-Raphson method. The stability of the shell under the action of the
static component of parametric load of the two types are solved by the Lanczos method. A modal
analysis of the shell without loads in a linear formulation was performed by Lanczos method. The
frequencies and modes vibrations of the shell, which was loaded with the static component of the
parametric load, were calculated. When were forming the models of the stability of parametric
vibrations the features of the static and dynamic behavior of the thin-walled shell of negative
Gaussian curvature under different types of load were taken into account. The research of the static
and dynamic characteristics of the shell showed that the wall deformation shape have a large number
of half-waves both in the radial and axial directions. Such a deformation of the wall in the form of
bulges and dents is more dangerous than the deformation of Shukhov hyperboloid wall consisting of
the rods.

Keywords: dynamic stability, parametric vibrations, finite element method, high thin-wall shell,
hyperboloid.

Jlykvsanuenxo O.A., [anuii O.H.
YUCJEHHOE MOJEJUPOBAHUE YCTOMYUBOCTH MAPAMETPUYECKHUX
KOJEBAHUM BBICOKOM TOHKOCTEHHON OBOJOYKH OTPULATEJBHOM
TAYCCOBOM KPUBU3HBI
BrimosnHeHO 4YuCIEeHHOE MOACIIMPOBAaHUE yCTOﬁHHBOCTH TmapaMeTpU4ICCKuX KOJ‘Ie6aHI/II\/'I BBICOKOM
TOHKOCTEHHOU 060J]0‘{KI/I BHJa rnnep6onnqec1<0r0 napa60ﬂ0n,ua IIpy BHEHIHEM ITOBEPXHOCTHOM
JAaBJICHUS W OCEBOM CXKaTHH. Pe,[[yI_II/IpOBaHHLIe MaTpulsl Macc, I[eMH(i)PIpOBaHI/ISI, JKECTKOCTH U
TEOMETPUYECKON IKECTKOCTH 000J0YKH CHOPMUPOBAHBI C IMOMOIIBIO IIPOLEAYP IIPOrPAMMHOIO
KOMILJIEKCa KOHCYHODJIEMEHTHOI' O aHam3a. Pemensr 3a1a4nu HEJIWHENHON CTaTUKH
MoanGHUIUpOoBaHHEIM MeTonoM HproToHa-Padcona u ycroiumBoctd MeromoMm Jlannoma mpu
HCP'ICTBHH CTAaTHYECKOH COCTaBJI}IIOIlIefI HapaMe’l‘pPI‘{eCKOfI Harpyskv JOBYX BHIOB. Brimonaen
MOI[aJ]I;HLIfI aHaln3 060H0‘{KI/I B JIMHEWMHOH ITOCTAaHOBKE 663 y4€ra Harpy3ku ME€TOoA0M HaHuoma U B
HEJIWHENHON IOCTAaHOBKE JJIL OIIPEACIICHUSA CO6CTBCHHLIX qacToT U (bOpM KOH66aHPII>'I 060J’IO‘{KPI,
KOTOpasi HarpyXeHa CTaTUYEeCKOH COCTaBIIOINCH IapamMeTpudecKoil Harpy3ku OBYX BUAOB. [lpu
(hOpMUPOBaHUU PEAYLUPOBAHHBIX MOJAENIECH YCTOHYMBOCTH MapaMETPUUECKUX KOJIeOaHH 000I0UKU
IIpu  pasjIU4YHbIX BHUJAAX HArpPy3KH YYTCHBI 00066HHOCTI/I €€ CTAaTHYECKOro Hu JHUHaMH4YCCKOI'O
IIOBCACHUA.

KiaoueBbie cJoBa: TIapaMeTpUICCKUEe KOJ'Ie6aHI/I$I, JUHaAMHYCCKas yCTOfI‘{PIBOCTL, METON
KOHCYHBIX DJICMCHTOB, BBICOKAsA TOHKOCTCHHAsA 060J]0‘{Ka, FI/IHep60HOI/IIL
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Jlyx’anuenko O.0., Ianiii O.M. UncejJbHe MOJE/IIOBAHHS CTiKOCTI MapaMeTPpMYHUX KOJUBAHb
BHCOKOI TOHKOCTiHHOI 000/10HKH Bix’eMHOI raycoBoi kpuBu3HH // Omip MarepiamiB i Teopis
criopyn: Hayk.-Tex. 30ipH. — K.: KHYBA, 2018. — Bum. 101. — C. 45-59.
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CKIiHYEeHHOeNeMEeHMHO20 aHANI3Y.
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BU3HAYEHHS TPIINIMHOCTIMKOCTI 3AXUCHOI OFOJIOHKH
AAEPHOI'O PEAKTOPY IIPU TEPMOCHJIOBOMY
HABAHTAKEHHI

C.O. ITnuckyHoB,
JI-p TEXH. HayK

0.0. ikpuas',
JI-p. TEXH. HayK

1 . o . o . . . . .
Kuiscokuii nayionanvhuil ynieepcumem 6yoisnuymea i apximekmypu, Kuie
Tlosimpogpnomcewruii npocn., 31, m. Kuis. 03680

DOL: https://doi.org/10.32347/2410-2547.2018.101.60-66

IlpoBefeHa OLHKA HAIPyXXEHO-Ie(OPMOBAHOrO CTAaHy 3aXHCHOI OOOJOHKM peakTopa 3
II0YaTKOBOIO TPIlIUHOIO TIPHU il TEPMOCUIIOBOTrO HaBaHTaXeHHs. OTpUMAaHi B3IOBXK (POHTY TPIlMHK
3HAYCHHS KOC(]II[i€HTIB IHTCHCHBHOCTI HANPYKEHb MOPIBHIOIOTHCS 3 PE3yJIbTATAMH PO3PAaXyHKY Ha
{10 OKPEMO CHIIOBOTO (BHYTPIIIHBOIO TUCKY) 1 TEMIIEPATypPHOIO HAaBaHTAXCHHSI.

KurouoBi cioBa: Meron ckingeHnux exneMeHTiB (MCE), koedilieHT iHTEHCUBHOCTI HAIIPYKEHb,
3axMCHa 000JIOHKA SAEPHOr0 PEAKTOpPa, TEPMOCHIIOBE HABAHTAXKCHHSI.

Beryn. Oninka Hecy4oi 31aTHOCTI IPOCTOPOBHX TiJl 3 TPIIMHAMU MOTpedye
00uMCIIeHHS TapaMeTpiB MexaHiku pyiiHyBanHs. [Ipu niniliHOMY nedopmyBaHHI
HAMOUIBII PO3MOBCIOJDKYBAHUM IAapaMETpoM € KOe(illieHT I1HTEHCHBHOCTI
nanpyxenb (KIH). Po3p’si3aHHs Takux 3ajjad BHUKOHYETHCS IIEPEBAXKHO
YHUCEIbHUMHU METOZaMH, Cepe]] SKHX HaiOUIBIIOro MOIIMpPEHHS 3700yB METOA
ckinuenHux enemeHTiB (MCE). Ha choromHimmHii JeHb Ba)XKJIMBOTO 3HAYEHHS
CTaHOBUTH NHTaHHSA BU3HAYCHHS MOXKJIMBOTO TEPMiHY eKCIUTyaTarii o0’€KTiB
ATOMHOI €HEepreTHKH, 30KpeMa 3aXHCHHUX OOOJOHOK pEakTOpiB, SIKi SIBIISIOTH
co0oro mpocTopoBi Tina ckiaaHoi ¢opmu. Ilin yac ekcruryararii BOHH MOXYTb
3a3HaBaTH PI3KUX 3MiH TEMIEPATypHOTO PEXHMY, IIO, NPH HAsBHOCTI B HUX
MOYATKOBUX TPILIMH, MOXKE MPU3BOANTH JI0 aBapiiHuX curyaniid. ToMy nuTaHHS
OLIIHKH HaIpy>KeHO-1e()OpMOBAHOTO CTaHy OOOJIOHKHM pEaKTopa 3 II0YaTKOBOIO
TPILIMHOIO B YMOBaX TEPMOCHIIOBOI'O HABAHTAKCHHS € aKTyaJIbHOIO IPOOIEMOI0
OymiBeThbHOI MEXaHIKU.

Metoan  Bu3HaYeHHA  Koe(imi€HTIB  IHTGEHCHMBHOCTI  HANpY:KeHb
MpU TEPMOCHJIOBOMY HaBaHTa:keHHi. Eneprermunmii meron mepenbadae
BusHaueHHs KIH Ha ocHoBI BenmuuH inTerpaia Uepenanosa — Paiica [2, 6].

sz(Wnt—a"fa—”nj)ds.
3 ox

IIpn  HagBHOCTI  HEPIBHOMIPHOI'O  TEMIIEPAaTYpHOTO  IIONS,  BUpa3

iHBapiaHTHOTO iHTErpasy Ha0yBae HACTYIHOTO BUIIIALY [6]:

J =J+jaa,.j5,j%—§ds, (1)
S

[IpoBeneHi goCIiKEHHS TTOKA3aIH, MO ¢PEKTHBHAM BapiaHTOM OOYHCIICHHS

J'B muckpetHux monensix MCE e meton peaxuiii [1, 3, 5]. @opmyna (1) 3rigHo
METOJly peakiliii mpeacTaBieHa B TepMiHaxX BY3JI0BHX repemimensb ({u};, {u}n)

© IMuckynos C.O., kpuis O.0.



ISSN 2410-2547 61
Omip MatepianiB i Teopist copyx/Strength of Materials and Theory of Structures. 2018. Ne 101

Ta By3J10BUX peakuiil ({R};, {R} ) mepmoro ta qpyroro CTaHiB Tijia 3 TPIIMHOIO
(puc. 1):

T =Ll (] (R~ {RY, ) @

3B’5130K KIH 3
BenuuuHOO J 3a  yMOB
JiHiiiHOTO  nehopMyBaHHS
BH3HAYAETHCS 32 (opMy-
010 [2, 6]:

J=kK}|E, (3)
ne k=1 3a yMOB IJTOCKOIO
HaIIpY)KEHOTO  CTaHy i

k=1-v* gana  miockoi
Ile(bOPMaHﬁ, E — monyns Puc. 1. [Tigo6yacti inTerpyBanHs ABOX CTaHIB
Onra.

[psimuit MeTon mependadae BUKOPUCTAHHS CITiBBiIHOIICHD, IO ITOB’SI3YIOTh
HanpykeHHs 1 iepeminienHs 3 KIH. J{ns TpinmwH HOpMansHOTO BigpuBy (puc.2)
BHpa3H, 10 1MOB’s3yl0Th HanpyxeHHs 3 KIH matots HacTynHuit Burmsix 2, 6]:

KN K " K
1l I 6. 30 12 I e..0 30
(o} =—cos—(l+s1n sin==); O °~ =——==sIn--C0S2Ccos—~;
N 2mr 2 2 2nr 2 2 2
" K
0?2 ==L cos—(l sin & sin 3¢ “4)
2y 2 2
ne r,0 — MoNsApHI KOOPAWHATH TOYKH BU3HAYCHHS
KIH (prc. 2). T P
IIpn mnocriiiniii Temmeparypi 7 B oxomi 1
BEPIIUHU TPIMIMHU 3B’S30K MK TEPEMIIICHHAMH i : -
K, onucyetscs Gpopmyiioro [2,6]: I Ia -
A8 7
K, e
u, = F(9)+a k-Ty", | £
26
0 0 rinlnlinbala
Fl(9)=sin—[k+l—2cosz—j, l
2 2 P
0 ., 0 Puc. 2. Tpimmna
F )= COSE[/C —1+2sin’ Ej R HOPMAaJILHOTO BiIpHBY

ne G — Momynb 3CyBY; Vv - koedinieHT [lyacona; a'= o — koediuieHT JiHiHOTO
PO3LIMPEHHS y BUITA/IKY TFIOCKOTO HAaNPYKEHOro cTany, o' = o(1+Vv) s miockoi
nmedopmari, k=3—4v mng mwiockoi mepopmarii, k=(3—v)/(1+Vv) mit mockoro
HarnpyxXeHoro craHy. Peamizauist meronukn BuzHadenHs KIH npsmum meromom B
nmuckperanx moaensx MCE ommcana B [3-5].

Po3paxynok 3axmucHoi 000J10HKH peakrTopa. fnepHuil peakrop «BBEP-
1000» 3actocoByeTbcsi Ha 3amopi3bkiii Ta PiBHenchkiii AEC. ABapiiine
OXOJIO[DKGHHS ~KOpIycy 3 po0OYoro cTaHy I BHYTPIIIHIM THCKOM
iHTeHcuBHOCTI ¢=17,5 MIla 3miliCHIOETBCS 1O BHYTPILIHINA ITOBEPXHI B30BXK
Iyrd 3 KyroM po3unHy 12° HmK4e oci maTpyOKka NpH KOHBEKTHBHOMY
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Puc. 3. Cxema KopITycy peakTopa 3 TPillIHHOIO

TEIUNIOOOMiHI 31 CTpyMEHEM
piIMHE 3 TEMIepaTyporo
0, =80°C (puc.3). Ha inwmiii
YaCTHHI BHYTPILIHBOI
TIOBEPXHI BiIOyBa€eTHCS
B3aEMOIis 3 TIOBITPSIM,
TEMIIEpaTypa SIKOTO € CTaJIO0

1 cranoButs Q, =300°C.

30BHIMIHS TOBEPXHS KOPITYCY
TEIUIOI30JIhOBAHA.

3rigHO 3 BHMOTaMHU
MAT'ATE B xopmycax saep-
HUX PEaKTOPIB pEKOMCHI0Ba-
HO PO3TJISANATH TPINIWHU TIIH-
OuHOIO He OiNbII HIK YBEpPTH
TOBIIMHU KOpIyca, HaIliB-
SNINITAYHOT0 BUTJIAMY i3 CIiB-
BITHOIICHHSM OCEH eIICy B
nmianasoni Big 0,3-0,7. B panii
poOOTI PO3TIAAATUCS HAITIB-
SNINTUYHI TPINIMHU TIIHOU-
HOI 48 MM i3 CITiBBiTHOIIICH-
HaM oceit eninca 0,33 Ta 0,67,
IO pO3TAalloOBaHI B CepenHiit
YacTHHI  CTIHKM  KoOpITyca
peakropa (puc. 3). Pozpaxyn-
KoBi  cxemm  (parmenty

KOpITyca peaxkTopa 3 TpillMHaMHU POo3poOJICHO i3 BpaxyBaHHSIM CHMETPii 00’ €KTy
Ta HaBaHTaXeHHS (puc. 4). Po3mipu ¢parMeHTa NPUHHSATI TAKUM YHHOM, 1100
BiJICTaHb BiJl ()POHTY TPIIIMHM 0 HOTO Kparo Oyiia He MEHIIOIO HIK MOTPiHHUHA
po3Mip TpimmHH B IboMy HampsMKy. Juckpetrni momeni MCE ¢parmenrty
CTIHKHM KOpITyca peakTopa i3 JBoMa THUIaMH TPIiIlMH [T0Ka3aHi Ha pHc. 5.

©)

Puc. 4. Po3paxyHKOBI cXeMH JiIsl HAIIIBEIIN THYHUX TPilHH
i3 criBBigHOMEHHM oceii enirca 0,67 (a) Ta 0,33 ()
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Puc. 5. {uckpetna mozens MCE 11 HaniBeTinTHYHUAX TPILMH

0,67(a) Ta 0,33(6)

i3 CIIBBIAHONIECHHSIM OCEil eJrirca

Pe3ysnpraT po3paxyHKy MOKa3ylOTbh, IO TPH BPaxyBaHHI TEeMIIEpaTypHOTO
HaBaHTa)KEHHS 3HAUYEHHS MTEPEMIIlleHb Ta HalPY)KEHb 3HAYHO 30LIBLIYIOTHCS, Ta

HaOyBaIOTh HEPIBHOMIPHOTrO Xapakrepy (puc. 6, 7).

0.67 rpacdiku po3noAidy IepeMilleHb Ta HaIlpy)XKeHb

Jua tpimmeN a/c

3pocTaHHA TEepeMillleHh Ta Halpy>KeHb

MalOTh  aHaJIONYHHIA XapakTep.

TIPU3BOIUTH 10 301bIIeH s oTpuMyBanux BenumuuH KIH (puc. 8, 9).

o (c)

0,0025

BHyTpILHiA THCK

- - TeunepaTypHe HaBaHTaKeHHA|

— - TEPMOCHNOBE HABAHTAIKEHHA

R

-

0,0020 -

0,0015
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90

80

70

60

50

40

30

20

0.33

Puc. 6. Po3nosiin epemimiens B310BK GpOHTY TPilliHu a /¢

o (9.)

6000

o0)

= = TeMepaTypHe HaBaHTAXEHHS

BHYTPILHIA THCK

— - TePMOCHTIOBE HABAHTAKEHHS

A

5000

4000

3000

2000

1000

20 30 40 50 60 70 80

10
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Puc. 7. Posnoxnin Hanpyxers (6) B31oBx GpoHTY TpilmHu a /¢
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K, (7.4)

6000

- - TemneparypHe HaBaHTaXXeHHs

—_— = BHYTPILLHIl TUCK

5000 T ~>

— - TepMOCHNOBE HAaBAHTAXEHHS

4000 - : =

3000

2000

1000

0 o0)
0 10 20 3 4 5 6 70 80

Puc. 8. Posnozin KIH B3noBxk ¢porTy Tpitmman a/c =0.67

% (7.)
6000
5000 ==
o I s b Ll el
4000 +==~
‘\. L S IR T
3000
= = TeMNepaTypHe HAaBAHTAXKEHHR
—— BHYTPILLHIl TUCK
2000 — = TEPMOCUNOBE HaBaHTaEHHS
|
1000
0 o)

0 10 20 30 40 50 60 70 80

Puc. 9. Posnozin KIH B3noBxk dporty tpinmuan a/c =0.33

Haseneni posmominu KIH B370BX (QpoHTY, MOKasyloTh MI0 OLIbIIy
HeOe3IeKy CTaHOBUTH TpimuHa a/c = 0.33 . IIpouec aBapiiHOro OXOIOKEHHS
NPU3BOINUTE JI0 3HauHOro 3pocraHHa 3HaueHb KIH 1 HepiBHOMipHOCTI iX
po3TomisieHHsT B3AOBX (poHTy. TakuM UYHHOM HasBHICTH TEMIIEPAaTypPHUX
CKJIaJIOBMX HAaBaHTAXEHHS Mae OyTM BpaxoBaHa IIpM BHU3HAYCHHI Hecydoi
3JIaTHOCTI KOpITyca peakTopa.
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Piskunov S.0., Shkril’ A.A.
DETERMINATION OF THE CRACK RESISTANCE OF THE REACTOR PROTECTIVE
SHELL UNDER THERMAL FORCE LOAD

The determination of the crack resistance of the protective shell of a nuclear reactor under
thermal fourced load has been made in the article. The reactor design under consideration is used on
several NPPs in Ukraine. The case of the presence of an initial semi-elliptic cracks in the reactor's
protective shell is considered. The thermal fourced load is comprised of internal pressure and
temperature load during emergency cooling. In order to assess the crack resistance of the reactor, in
accordance with the recommendations of the IAEA, the stress intensity factor (SIF) is used. To
substantiate the reliability, the definition of the CIF is carried out by energy and direct methods. The
CIF determination by the energy method is performed on the basis of the calculation of the invariant
integral J*. The CIF determination by a direct method is based on a known distribution of
displacements and stresses in the vicinity of the crack top. The solution of the problem is
accomplished by finite element method (FEM). For the calculation of invariant J * integrals in FEM
discrete models, a reaction method is used which showed high efficiency for a wide range of
problems. Definition of the CIF by a direct method is carried out in the special neighborhood of crzck
top. When solving the problem, a discrete model of a fragment of a reactor with a semi-elliptic crack
with a relation to the elliptic semiaxes of 0.67 and 0.33 is considered. The configuration and size of
the crack are taken in accordance with the existing IAEA recommendations for reactors. The graphs
of the distribution of stresses, displacements and CIF along the front of the semi-elliptic crack are
presented. CIF acquires it’s the highest values at the point most remote from the inner surface of the
reactor's protective shell. It is shown that taking into account temperature loads significantly
increases the value of CIF compared with the calculation only from the effect of internal pressure. It
was found that a crack with a half-bonded ellipse of 0.33 is more dangerous than 0.67.

Keywords: finite element method, stress intensity factor, protective shell of a nuclear reactor,
thermal load.
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TTuckyrnos C.O., Lxpoias A.A.
OMNPEJEJEHUAE TPEI[AHOCTOMKOCTH 3AIMTHON OBOJIOYKH PEAKTOPA
TP TEPMOCHJIOBOM HATPY3KE
ITpoBeneHa omeHKa HaNPsHKEHHO-1e(OPMUPOBAHHOIO COCTOSHHUS 3aI[UTHON 00OJIOUKU peakTopa
C HavyalbHOH TPEIMMHOU IpU NEHCTBHM TEPMOCHIOBOH Harpyskd. IlomydeHHble BIonb (poHTa
TPEIMHEl 3HaYeHUS K0d((QUIUEHTOB HHTEHCHBHOCTH HAIPSDKEHHI CPaBHUBAIOTCS C PE3yIbTaTaMH
pacdera Ha JIefiCTBHE OTIEJIBHO CHIIOBOTO (BHYTPEHHETO JAABJICHHS) U TEMIIEPATypPHOTO BO3CHCTBHS.
KiioueBble €10Ba: MeTO] KOHEUHBIX JIEMEHTOB, KO3 (GUIIMEHT HHTCHCUBHOCTH HAIPSHKEHUI,
3aIUTHAsE 000JI0UKA SEPHOTO PEaKTOpa, TePMOCHIIOBAs HArpy3Ka.

YK 539.3
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Piskunov S.0., Shkril’ A.A. Determination of the crack resistance of the reactor protective shell
under thermal force load // Strength of Materials and Theory of Structures: Scientific-&-Technical
collected articles — Kyiv: KNUBA, 2018. — Issue 101. — P. 60-66. — Ukr.

An assessment of the stress-strain state of the reactor protective shell with an initial crack under
the action of a thermal force load is carried out. The values of the stress intensity factors obtained
along the crack front are compared with the results of the calculation for the effect of a separate
force (internal pressure) and temperature effect.

Fig. 9. Ref. 6.
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VK 539.3

3ACTOCYBAHHS IHOOPMAIIMHUX TEXHOJIOT'TH 115
KOHTPOJIIO 3HAHb

B.A. BaxkeHoB,
JI-p TEXH. HayK, npodecop

O.B. lllumos,
KaH/I. TEXH. HayK

Kuiscokutl HayioHanwHutl yHisepcumem 6yoieHuymea i apximexmypu, Kuig
Tlosimpogpnomcewruii npocn., 31, m. Kuis. 03680

DOL: https://doi.org/10.32347/2410-2547.2018.101.67-82

CTaTTs NpUCBSYCHA 3aCTOCYBAHHIO OPUTIHAIBHUX HPOrpaMHHX 3ac00iB JUI IIOTOYHOrO Ta
MOJYJIBHOTO KOHTPOJIIO, SKi po3pobieHo Ha kadexapi OyniBenbHoi MexaHiku KwuiBcbkoro
HaI[iOHAJIIBHOTO yHiBepcuTeTy OyniBHHITBA i apxitekTypu (KHYBA), i mpotarom 6araTbox pokiB
BUKOPHCTOBYIOTBCS Y HABYJIBHOMY IIPOLIECi.

Ha cporoaninmHiii 1eHp akTyalbHUMHM € HOBI ()OpMH HaBYaHHS, 30pPi€HTOBAHI
Ha BUKOPUCTAaHHS CydJacHMX iH(OpPMamidiHUX TEXHOJOTiH, SKi 3HAYHO
PO3LIMPIOIOTE  MOXJIMBICTH  OBOJNIOJIHHA BHINOIO ocBiroro. Ha kadenpi
OyniBenbHOI MeXaHIKM iH(pOpMAIiifHi TEXHOJIOTI] 3aCTOCOBYIOTECS B YCIX BHIAaxX
HaBYAIBbHOI POOOTH. 30Kpema, AJIsl TECTyBaHHS 3HAHb y Taiy3i OyaiBeNbHOI
MEXaHIKH po3po0iIeHo 1 BHpOBaj-
KEHO MpOrpaMHHUH yKpaiHOMOB-
Huit  kommuieke  KOHTPOJIb

(puc. 1).
aaaaaa KoMrmeke mpu3HAYa€ThCs VIS
m BYJIIBEJIFHA . NPOBENICHHS TECTYBaHHS 3HaHb Ta
MEXAHIKA yMiHb B KOMII'FOTEPHHX KJacax,

i

Bl vl
OGJ’Ia,HHaHI/IX JIOKAJIbHOIO KOMII 10-

! [ gmj TCPHOKO MEDEKeIO,
T T e Marepiar wcniH

"byniBenbHa MexaHika" po30UTO Ha
13 momyniB (tem). TecryBanHs 3
Puc. 1 KOXKHOI TEMH MOXKHA TPOBOJUTH
HE3aJIEXKHO BiJl HIINX TEM.

TecryBanHS 3IiHCHIOETHCSI TIEPEBIPKOIO BIIOBifEH Ha TecToBi Oinern 3
BrOpanoi Temu. binern 3 0OpaHoi TeMH BUOMPAIOTHCS ITPOrPaMOI0 BUITAJKOBUM
YMHOM 1 Tpen’sIBISIOTECS CTyIeHTy. IIporpama Bifcrexxye Homepa OineTiB, sKi
Ipe’ IBISUINCST KOKHOMY KOPHCTyBady IIiJ] 4ac IONEpeiHiX TEeCTyBaHb, 1 HE
JIOIIyCKa€ MOBTOPHOT'O IPEA SIBJICHHSA THX CaMuX TecToBuX OineriB. KpiMm Toro,
nporpama (ikcye KiIbKiCTh 3BEPHEHb J0 MPOTrpPaMH KOKHUM KOPHUCTYBAa4eM.
JlonyckaeTbcss He OUbIIE TPHOX CEAHCIB TECTYBaHHS MPOTATOM OJHOTO JIHS.
[Iporpama 103BOJsIE aBTOMATWYHO 3HI)KYBATH OIIHKY, SKIIO TECTyBaHHSA
3IIHCHIOETBCS IICHS BH3HAYEHOro TepMiHy. KUIBKICTh 3alMTaHb y TECTOBOMY
6ineri Moxxe Oyru Bim 5 To 12. 3anuTaHHS BHOHPAIOTHCS KOPUCTYBAYeM Y

© Baxenos B.A., llIumos O.B.



68 ISSN 2410-2547
Omip MatepianiB i Teopist copyn/Strength of Materials and Theory of Structures. 2018. Ne 101

JIOBIIBHOMY TOPSAJKY 1 BUBOAATHCS B poOode BIKHO mporpamu. [yt HamaHHA
BINMOBiZIE Ha BCi 3alHMTaHHS TECTOBOI'O OUIETYy MPOrPaMOI0 HATAETHCST
obmexeHui Binpizok vacy (40 xBwimH). Bigmoini aHami3yroThCS MPOTrPaMoio
LUIIXOM TOPIBHSHHSA 3 €TJIOHHMMHU. HamnpukiHI TecTyBaHHS Iporpama
TIOBIZIOMJISIE IHTETPAJIbHY OLIHKY PiBHS 3HAHB.

OTKe, KOMIUIEKC BUKOHYE TaKi JIii:

e Hajae MoximBicTh BUOpATH NIEBHY TEMY JUISI IPOBECHHS TECTYyBAaHHS.

¢ Bubunpae BUNaIKOBUM YHHOM TECTOBHH OiIeT 3 00paHOi TeMH.

e Jlae MOXIUBICTD BHOMpAaTH B OyIb-KOMY HOpSAKY 3amuTaHHs Oinera i
BHUBOJWTh Ha €KpaH TECTOBI 3alMTaHHS, PUCYHKH 1, B pa3i HEOOXiTHOCTI,
BapiaHTH MOXIIUBUX BiOBiICH.

e [IporpaMa 3anydae sIK 3alIUTaHHS 3 BHOIPKOBOIO BiIIOBIIIO (NPaBUIIBHY
BiJIMOBi/Ib CJIii BUOMPATH 13 HU3KH MPOITOHOBAHUX NPOrPaMOI0 — TaKi 3alTUTaHHS
JIOLIJIEHO 3aCTOCOBYBATH 3A€01IBIIOrO ISl TIEPEBIPKH TEOPETUUHUX 3HAHb), TaK
1 3 ¢ikcoBaHOO BigmoBi 0. OCTaHHIN BapiaHT 3aCTOCOBYETHCS PU PO3B'sI3aHHI
KOHKPETHHX 33/1a4, KOJIM BiANOBiAb Ma€ BUIIIS YHCIIA, LILIOro ado JIECATKOBOTO.

¢ 32 MEBHUMH NpaBUJIAMH ITiICYMOBY€E KUIbKICTh HaOpaHUX OasliB i 3aJIeKHO
BiJl IXHBOI KiJILKOCTI BUCTABIISIE OLIHKY 3HAHHSAM W YMIHHSM 3 BUOPaHOI TEMHU.

e Jlae MOXJIMBICTD Yy IIPOILECI TECTyBaHHS 3aJlydaTH A0 POOOTH JONOMIXKHI
MIpOrpaMu: CTAaHAAPTHUH KaJbKYISTOpP, IPOrpaMy pPO3B’SI3aHHS CUCTEM JIIHIHHNX
anreOpaiyHUX PiBHIHB, KOPOTKUH JOBIAHUK 3 Oy/IiBENbHOI MEXaHIKH.

Jo ocobmmBoOCTEH TIPOTrpaMHOTO 3a0e3MCUYCHHS MOYKHA BiJHECTH HACTYIIHI.

e [lporpama CynpoBOIKYEThCS CIIELiaIbHO PO3POOIEHUMH MPHKIaIHIMU
KOMITIOTEPHUMH TIporpamMaMu, IO INpH3HA4YeHi Ui po3B’s3aHHA 3ajad, SKi
BXO/ATh A0 CKiIanxy TectoBux OumeriB. Cioam BiTHOCATBCA Tporpama Juis
PO3B’SI3aHHS CHCTEM JIIHIHHNX anreOpaiyHUX piBHSAHB, MpOrpaMa, MpH3HAUYEHA
JUIs BHW3HAYEHHS criemialbHUX (YHKLIH, $SKI HEOOXiAHI NpH pO3paxyHKY
CTEP)KHEBHX CHCTEM Ha  CTIMKICTh, KaJBKYIATOP ISl  NPOBEICHHSA
apupmernuHux obumciens. L{i mporpamMu MoXyTb OyTH BiJIbHO 3aBaHTa)KEHi
Oe3rocepeTHbO 3 pOOOYOro BiKHA MPOTrPaMH TECTYBaHHSI.

e Jlo mporpamu J0a€THCS MPOTrpaMa—IOBiHUK 3 Oy/IiBeTIbHOT MEXaHIKH, SKa
MIiCTUTh KOpPOTKi BiZIOMOCTi 3 OyIiBEeThHOI MEXaHIKH: OCHOBHI IOJOXKCHHS,
TBEPIPKCHHS, TEOPEMH, PIBHSIHHS, (POPMYJIH TOIIO. 3a3HAUYCHUH JOBIIHUK MOXE
Oyrn 3aixydeHuil 10 poOOTH Oe3mocepelHbO MiJ Yac TECTyBaHHS 3 poOo4YOoro
BiKHA IPOTrPaMHu.

o CTyzeHT MOXKe BUOMpATH TEMH TECTYBaHHS Ha BIACHHH po3cyn y Oyiap—
skuii vac. KinmpKicTh TecTOBMX 3aBIaHb (3anmMTaHb YM 3ajad) y Oureri
KOJIUBAEThCA B Mexax 5 — 12.

o [IporpamMa BUBOAWTH B poOOYE BIKHO MOBiJOMJICHHS MO0 MPaBHIBHOCTI
BIJMIOBilI Ha TOTOYHE 3alMTAHHS Ta IHTErpajbHYy OIHKY 3HaHb Ta YMiHb
HAIPHKIHII TecTyBaHHA 3 oOpaHoi Temu. [IpoTokonm TecTyBaHb 30epiratoThbes B
migkarano3i nporpamu. Dain NPOTOKONIB 30iIbIIyeThCS 3 vacoMm. Komm
KiJIbKICTh 3ammciB  ¢aiiny csirae 1500, BiH aBTOMaTHYHO 3HHUINYEThCS 1
CTBOPIOETHCS HOBUH (haidi.

e [Iporpama ctBOproe i miaTpuMye (hailin KOPOTKHX MPOTOKOJIB MO3UTUBHUX
pe3ynbTaTiB TecTyBaHb. Llei daiin Moxke OyTH meperisiHyTHil O6e3nmocepenHso 3
pobouoro BikHa mnporpamu. Komm kinmbkicte 3ammciB (aitmy csrae 200, BiH
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aBTOMAaTHYHO 3HUIIYETHCS 1 CTBOPIOETHCS HOBHH (aiin. 3azHadeHud ¢aiin e
CTIMKNM II[O/I0 BUNIPABJICHHSIM, SIKi MOXYTh OyTH 3po0ieHi "BpydHy', HaNpuKIIal,
BHIIPABJIEHHS OIHKK a0o Mpi3BHIIA CTyAeHTa. [IporpamMa aBTOMAaTHYHO BHSBILSIE
Taki IITY9H] BUTIPABIICHHS 1 BiJTHOBITIOE TIOTIEPE/IHI 3aIIHCH.

e [IporpamMa YHEMOXXJIMBIIIOE IIOBTOPHE IIpel’sIBJICHHS TECTOBUX OuIETiB
KOXKHOMY 31 CTYJICHTIB.

e [I[porpamMa aBTOMaTHYHO YTBOpIOE (aiimi pe3ynabTaTiB JUId  KOXKHOI
aKaZeMrpynu, a Takox (aiim mapomiB 1 (aiiM CTaTUCTUKM JUIS KOXKHOI
aKaJeMrpynu Ta (aiiy 3araibHOi CTATHCTHKH.

e [IporpaMa BifCTEXye BYACHICTH NPOBENEHHS TECTYBaHb I ABTOMATHYHO
3HIKYE OLIHKY, SIKIIO TeCTyBaHHs BiOYBa€THCS Mi3HIIIE BU3SHAYEHOTO TEPMiHY.

e [IporpamMa 1a€ 3MOry KOXHOMY CTY/AEHTOBI OIEpaTHMBHO OTPUMYBATH
iH(OpMaIifo MO0 BIIACHUX PE3YJIbTaTiB TECTYBaHb 33 BCIMa TEMaMH.

e [Iporpama [1103BONISIE BHIKJIaJadaM MEpEryIsiiaTH Pe3YyNbTaTH Oyab-sIKHX
aKaJeMIPyIL.

Crpykrypa kommiekcy. [IporpamHe 3a0e3redeHHs] 3aCTOCOBYETHCS B
KOMIT FOTEpHUX KJlacax, oOJaJHaHUX JIOKaJIHLHOIO KOMII IOTEPHOI0 MEPEKEI0, 1110
CKJIAZIA€ThCsl 3 KOMIT IoTepa-cepBepa, KU Hajgae cBOi pecypcH KOpUCTyBadam
Mepexi, Ta poOOUYMX CTaHIii — KOMIT IOTE€piB KOPUCTyBayiB (puc. 2).

CepBep [03BOJNISIE KOpPHCTyBauaM MEpEkKi JOCTYMaTHCh 1O  (aiiiis,
pO3MIIIEHNX Ha HOCIsAX IH-
¢dopmarii cepsepy. B nporieci
TECTyBaHHS YacTHHA JIOTid-

HOr'O JIUCKOBOTO IPOCTOPY
Kovm'iotepn noxamsnol| Mepe:xd (poowi crammii) pobouoi cTanuii € BigoOpa-

E‘ EL r@; ;@ g E KEHHSIM YacTHHU JMCKOBOTO

npoctopy cepBepa. OcHOBHa

Puc. 2 o0pobka Ta mouryk iHpop-

MaIlii 11 KOpUCTyBava Oy/Ib-

sikoi poOouoi craHmii 3xilicHIOEThCS Ha cepBepi. PYHKIIT KIIEHTCHKOI YaCTUHH

Ha poOOUYId cTaHIil KOpHCTyBada 3BOASATHCS [0 BBEICHHS JaHUX Ta

BioOpakeHHsI pe3yibraTiB. PoOoya cranmis smme 3abe3mnedye OOCTYI [0

OOYHMCITIOBAIEHUX PECYpPCIB cepBepy, TOOTO MpAaLIOE B PEXKHUMI BiIJIaJIEHOTO

TepMiHaIy.

[IporpamMHMii KOMIUIEKC CKJIAaIa€ThCs 3 MPOrpaMu-oOOIOHKH, CHEliaIbHUM

YMHOM CTPYKTYpOBaHOI 0a3W TECTOBHX OIJIETIB 1 PHUCYHKIB, @ TaKOX AEIKUX
JIOITOMIXKHUX (atiniB i

Cepeep

MNPHUKIIaTHUX nporpam, 4| TESTING |7
. . RZRV PROTOCOL
PO3MIIEHUX Y MigKaTajgorax.
Crpykrypa KOMILIEKCY TMP APPLICATIONS
[peicTaBieHa Ha puc. 3. —
Karamnor HPOrpaMHOTO | BASE I* 3aBJAHHS
L I Calc
KOMILJIEK Ma BUIJIA i
0 crey . € A, Crmcku rpyn Theme 1 Dovidnyk
HpeICTaBJICHUi Ha puc. 4. Pesynbraru Theme 2 Ust_Tab
OCHOBHOI0O IIPOrpamor0 Mapomsr | | . .... RSU
Crarucruka Theme 3 Rules
KOMIUIEKCY € nporpama-

obomonka  Testing.exe, sKa Puc. 3
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mpexa’siBisie  TecToBi  OleTH, BHWBOIUTH HA €KpPaH MOHITOpAa pe3ylbTaTH
TECTyBaHHS, MIATPUMYE 1 OHOBIIOE (AN CTATUCTUKH, PE3yNbTaTiB, MapoiiB

|5 APPLICATIONS |0 THEME_& TOIIO.
ZBasE SymEre_7 Jlo ckmamy KOMIUIEKCY BXOIUTH KibKa
j?ﬁ;ﬂﬁ —";:E:E—g MiIKATANIOTIB, B AKUX 30epiratoThes (Qaitmm 3i
:RZW STHEME:m CIIOPITHEHOIO 1H(POPMAIIIETO.
) THEME 1 ) THEME_11 [Migkatamor BASE — TtyT 30epiraerbes
I THEME 2 CDTHEME_12 iHpopMalis IIOJ0 axaJeMrpyn  (CIHMCOK
i:iﬂi:ﬁ gr_;m—” aKaJIeMTPYIL, CIUCKH CTYJICHTIB 'y
STHEME S B:esting.exe aKaJieMrpyrax, mapouri CTYJ/ICHTIB,
CTaTUCTUYHI JaHi).
Puc. 4 ITinkatamor APPLICATIONS — wmicturh

MIPUKIIAJHI TPOrpaMy, IKi MOXKYTh OyTH 3allydeHi ITiJi 4ac TeCTyBaHHs i HOCATh
JIONOMDKHUM XapakTep: KaJbKyIATOp, KOPOTKMH JOBIMHMK 3 OyaAiBeNbHOI
MEXaHIKH, TPOrpaMy po3B’S3aHHS CHCTEM JIIHIHHMX anreOpaiyHuX piBHSHb,
nporpamMy OOYHCIEHHS CIeliadbHuX (YHKIIH METORy TIepeMilieHs JuIs
PO3paxyHKy paM Ha CTiHKiCTh, ITpaBUiia poOOTH 3 IPOrPaMoI0 TECTYBAHHSI.

[MigkaTamorn TectoBux 3aBmaHb Theme 1, Theme 2, Theme 3 i T.n.
KinpKicTh TaknX miKaTaJIOTiB JOPIBHIOE KIJIBKOCTI TEM TECTYyBaHHS. Y KOXKHOMY
3 MiJKAaTaJoriB pPO3MILNIEHO TECTOBI 3aBIaHHA 3 IIE€BHOI TEMH Y BHIJLII
TEKCTOBHX Ta rpadiqHux (aiis.

[Migxaramor RZRV BMingye nonomikHi (ailiiu: CIHMCOK TeM TEeCTyBaHHS,
TpaHW4HI JaTH TEpMiHIB TECTyBaHHA 3 KOXXKHOI TEMH, pe3epBHI ailin
CTaTUCTHUKH.

[Migxaranor TMP 36epirae Tumyacosi ¢aiiny, siKi yTBOPIOIOTHCS IIPOTrPaMoI0
i gac pobotu.

[Migxaranor PROTOCOL — Tyt po3ramioBaHi HOBHI Ta CKOPOUYEHi ITPOTOKOJIN
TECTyBaHHS.

I'osoBHe BiKHO MOXXe MaTH JABa BHUIM. BHI 0OMpaeTbes mporpamoro
aBTOMATUYHO 3aJICKHO BiJl THUIy TECTOBOTO 3alMTaHHs. SIKIIO BiQIOBiAb Ha
3alUTaHHS HOCUTH BHOIPKOBMI XapakTep, TO TOJOBHE BIKHO Ma€ BHIJIAL,
TIpEJCTaBIICHUH Ha puC. 5. SIKIIO X BIAMOBIAP Ha 3aUTaHHSA Ma€e (PiKCOBAHMM
XapaxTep, TO TOJIOBHE BIKHO HaOyBa€e BUIIISLY, IIPECTABICHOMY Ha puc. 6.

Tow Jomwors Horims

[ Mapoms.
> VY[R [P S—
He 3Hat0 Binkmacta
;j 'V Hapeexili Ha PHCYHKY TAPHIPHO-HEPYXOM ONIOpi BHHHKAIOTH
/

Bapia sarosii

HIIle TOpHSOHTATSHA CHIIOR peaKttis ”

TOPHIOHTATHA | BEPTHKATHA CHIIOR Peakati Ta MOMEHT

‘ TOPH3OHTATHHA i BEPTHKATHHA CHIIOB] peaKii
‘ . JTHIIIE BEpTHKATHA CHIOBA PEAKLE

Tiepie sammrams Bammmiocs 39 xu.

Puc. 5
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Tom Jowwr Josima

Broa
He 3H10 Bigxracra

Wozp rounn Thizerie & '|ﬂnpw|x . P
TI1(B-31 | CHmoHOR e r"—ﬂ LI - ‘
g g Senuran
g N
B 3
i 1= Bianosine
3 Iy
y 3
P

BiaNoBi HeNpaBHHA

Puc. 6

oMy AOpiBHIOE CTYTIHE T€OMETPHHHOT 3MIHIOBIHOCT] CXeMH?

[ =

3ammmnocs 35 X8,

B 000x BHAax TrojIOBHOIO BiKHA € CIIJIbHI €JIEMEHTH:

e CrrajiHi MEHIO.

o [Tons inentudikauii crynenta "llndp rpymn"”, "[pizsume 1.b.", "Tlapons".
¢ 3oHa "Bubupaiite 3anuTaHHs" 3 KHOIIKAMH HOMEPIB 3aIUTaHb.
o Knonku BBeneHHs Bianosiai "YBin", "He 3nar", "Bingkmactu".

e [lone "3anuranua".
e [lone pucyHka.
e CraTycHHI pAJOK.

Pizavg monsrae nvmre y 30 "BinmoBins". Y Bumagky BHOIpKOBOI BiTITOBifi
(pric. 5) BUBOIUTHCS YOTHPH IO 3 BapiaHTaMH BiJIOBi/, 8 y BUIAKY (hiKcoBaHOI
BifmoBizi (puc. 6) — OJHE MMOIE TSl BBEICHHS YHCIIOBOTO PE3YIIBTATY.

Cnaani menw. KepyBanHs OaratbMa QYHKLISIME TpOrpaMH-00OJIOHKH
3IIACHIOETRCS 32 JIOTIOMOT OO CTIAJTHUX MEHIO (puc. 7).

Im donovora A0Bia | Tema

Braip TeMa

Aonoucra [FRE]

KanekynaTop

FO3E'AZaHHA CHETE M NiMEMAX Bnrefpsimi pissa-e
PeecTpauin s
Wi 407 POSPEXYHIIE HA CTIRIICTS

Tema fonomora

Pe3yls T4 TH NONEPEAHE TECTVEAHE
MGl pesy A TATH
KnacHnA #ypran

Brxig . ACBIAHHE = 0VaiEe NEHOT MexaHicH MpoTokon TecTVBaKHa
Mpaeuna poBoTH PO ApOrparty
(2) ©6) (®)
Puc. 7
" " Tena Ao FiRETT]
Mento "Tema" (puc. 7(a)) TpU3HAYAETHCS e T
JII pO6OTI/I 3 TEMaMU TCCTYBAHHA Ta Jid II_\ LE-&1 ‘ A TeKoCeeHKO

BHXOJy 3 IPOTPaMH.

[epmmii mynkT "Bubip TeMu" akTuBi3yeThCs
Tmicis peecTpanii cryiaeHTa B mporpami. Bubip
3a3HAYEHOr0 ITYHKTY BHBOJIUTH y TOJIOBHE BIKHO
MIporpaMH TeMHU TecTyBaHHA (pHc. 8).

Hpyruii nmyHkt "Peectpamis" npusHaueHO
JUIS  BWIIPABJICHHA IIOMWIKM B peecTparil
cryznenra. Ilicns Bubopy HbOro IyHKTY MOXKHA
BHecTH KopuryBanHs B nons "udp rpymn" Ta

Bazoel zHaHHA

KiHEMaTuHME aHani3

PoapaxyHok nnackux hepr

CTaTHYHD BH3HAYYESHI pari
CTaTHYHMIA PO3PEXYHOK CTEQHRHEBMHX CUCTEM
BraHa4eHHA nepetileHy

Po3paxyHok Ha pYXoMe HEBaHTBKEHHS
MeToncun

HepospizHa Saika

MeTon nepemMiugHE

MeTon ckiHYEHHWX 2neMeHTiB
CTIHKICTE CTEPXHEEHX CHETEM

QCHOBW AWHAMiKK

Puc. 8
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"IpizBume I.B."

Bubip mynkry "Buxin" nmpuBoguTh 10 HOPMAIBHOTO BHXOIY 3 HPOTPaMH.
IIpn mpomy 30epiratoTbCsi pe3yiabTaTH TECTYBaHHS Ta OHOBIIOIOTHCS (aiim
CTaTUCTHUKH.

Mento "/lonomoza" (puc. 7(0)) mpuU3HAYAETHCS IS 3aITyICHHS JTOTOMIXHIX
npuKinagaux nporpam. IlpukiamHi mporpaMy po3TalioOBaHO Yy IMiAKaTanosi
APPLICATIONS i MaroTh cTaHmapTHI iMeHA:

RSU.exe - po3B’si3aHHS CUCTEMH JIIHIHHNAX anreOpaiuHUX piBHSIHb.

Calc.exe -KabKyIsATOP.

Dovidnyk.exe - KOpOTKH#l TOBITHUK 3 OyHiBETHHOT MEXaHIKH.

Tab_Ust.exe - oOuncieHHS BEIWYHH CIICHiadbHUX (QYHKLIN U1 pO3paxyHKy
pam Ha CTIHKICTh METOJIOM IIEPEMIILCHb.

WordPad.exe - TekcToBuil penakTop.

Sxmo Oynab-fika 3 MepeNiyeHuX NPHUKIAJHUX IporpaM BiICYTHA abo Mae
iHIIe iM’S, TO BIANOBIAHWIA MYHKT MEHIO CTa€ HEAKTHBHHUM 1 3aIlyCTHTH TaKy
nporpamy 0e3nocepesHb0 3 MPOrpaMy TECTyBaHHS HEMOXKIIMBO.

Menro "/logioka' (puc. 7(8)). [IpusHauaeTscs Wi ojepkaHHsA iH(opMaIIil
II0JI0 PE3YbTATIB TECTyBAaHHS.

[TyaxT "Pe3ynmpraTn momepenHix TecTyBaHb' BHUBOAWTH Ha €KpaH 3MiCT
¢aiiny PROTOCOL\Summary.prt, ne 30epiraioTbcsi pe3ysbTaTH HONEpeIHiX

Ix

Terma I Ouinka I Dare Hac

WeneThk .0 nus-33 BluzHauEHHA NepeMilleHE 5 2312.2017 {2310

raesa kKB nus-33 BuzHadEHHS NepeMileHE 3 2312.2017 | 1855

Traq K. MUE-32  |BusHadeHHs NnepeMiueHs 4 2312.2017 |38:26

MieTopak K.C. nus-32 BlizHaueHHS NepeMileHE 3 2312.2017 | 3353

\Mpanei 010 nue-32 BuzHadeHHA NepeMilEHE 4 23122017 | 3447

NeoHexko BB, nus-33 BuzHadEHHS NepeMileHE 5 2312.2017 | 2527

NieTopak H0.C. nus-32 BuzHaueHHA NEpeMilEHE 4 2412.2017 | 3351

Crinmi b b MUE-33 | |BuzHaqeHHs neperiweHs 4 2412.2017 | 38.07

Makees A.O MNue-33 BlizHaUEHHA NepeMileHE 4 24.12. 2017 |16:28

Nosranwk |.C nus-39 BluzHauBHHA NepeMillEHE 3 2412.2017 | 855

Bonanoe P nus-48 OCHOBMW AWHEMIEW ] 2412.2017 | 4:33

i. | 1 4 ! I Buxin
Puc. 9
n o n
Tema  Jonomora  fAosigka HYHKT MOI pe3ynbTaTi
MeTemw_1_2 3 4 5 B 7 8 910111213 BUBOAUTH B  T'OJOBHC  BIKHO
Oujmka_0_3_0_0_0_0_0_4 0_3 0 00 HporpaMu  KOpOTK1 pE3yJbTaTU
P 10 TECTYBaHb 3apCeCTPOBAHOIO
HUC.

kopucryBaua (puc. 10).
"KnacHuii sxypHan" 3akpUTHI IapoJieM JUIsl TiepeciuHuX KopucTyBadiB. Buodip
IYHKTY TIPUBOJUTH JI0 BUBEICHHS HAa MOHITOD

: :
JIONIOMIXKHOTO BikHa (puc. 11).
PR R | Bl | Jis  momanbmioi  pobOTH 3 KIACHUM
Mapons JKYpHAJIOM HEOOXiTHO BBECTH MAPOITb.
“ ﬂ” [Ticns BBeJCHHS NApPOJiss HA MOHITOP BH-

BOJIMTHCS BIKHO 31 CIIMCKOM (haiiiliB pe3ysbTaTiB
Puc. 11 TECTYBaHb JUIs akaaemrpy (puc. 12).
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Brbip darna sypHany.

Markar | I BASE

K

= E of B

2=

MEr-31.rez

MUE-38.rez
LIE-39.rez
MUE-39a.rez

Mria gaiina:

Tun parnoe:

MLE-H rez
1| NUE-42.rez
MUEB-43.rez
MUE-44 . rez
MUE-45.rez
MUE-46.rez
MUE-47.rez
MUE-48.rez
MUE 49.rcz

MUE-51.rez

I Falinu wypHanie [“.rez)

™ Toneko urerie

[
=

OTRpETE
OrrieHa

4
Puc. 12
" 3 "
K-HaCHI/H/I chl)HaJI [¥] PesynbTaTi TECTYBaHHA
J03BONSAE I OyIb-AKOI  [#Grynewru Tem |_|_|_|_|_|_|_|_|_|_m|1_|_2|1_
aKaJaeMIpyInu OTpUMaTH Eapanelsn B.0 1 5[4 BB BE
B1IOMOCTI1, SK1 BI/I6I/IpaIOTBCH Bacyineee B.B. 5 514 5141415
o . lanyuwka P.6 3 33 3333
nporpamoro 3 daitnis, TAquenka N.C 7 5[4 a3 4
PO3MILNICHUX Y IMAKAaTaaIo31 Topcesni A Q. 5 413 £l
. Rignk 0.0 5 516 514]5]5
BASE: Pesynbratn Tecty- e 5 T e
BaHHA (puc. 13). cacsa ] 5 s[a | 2l
KamiHcekik B.P. 4 413 41413 |4
TaKO}K. M.(»KHa nepe- Kopereok 0. 5 4[4 s34
TJIIIHYTU KUIbKICTh 3BCPHCHB Koctiok B 4 414 4131415
- Naga €1 5 515 51515 )4
Ao KO)KH(').I TeMH CTyﬂeHTaMH NutosueHko B.B 5 515 5555
- Naxoeeuekui 0.8, [} 414 2
Oynb-sIKOl aKaJeMm u
(pI/IC. 14) hapuyk B.E. 4 515 4141313
Puc. 13
H nue-32.0br - Wordpad i _ 10 x|
mafin Mpagka Bua Bcreeka Gopwar  Cnpaska
Olee| Sk #l ocl@-| JI
#CmyroesETH Temu:1 z 3 bt [ i 8 = 10 11 12 13 Cym. i
Eaface I '3 3% 0 0 2 1 0 @ ©0 0 0 0 0 -5t
Epamemno I.0. :0 140 8 a4 4 2z o 48 @ 0o O @O o 18
Borgamoe C. 1. 2 1 9o 0 3 O O O O 0 o0 o 0o 24
Tpmuesrn Q.04 4 2 0o 0 7 18 0 O O 0 0O 0O 0 51
Jpamei J.H. 1 18 0 O 9 100 0O O 0O 0O O 0O 38
IBaHueHRD L. L. 0 2 0 0 13 18 0 O O 0 0O 0O O 5§
IpaHOE E.B. 4 13 0 0 7 & 0O O O 0 0O 0O 0O 28
Kimmo B.O. 1 5 0 0O O O 0O O O 0 0 O 0O &
Kemme ¥.M. 0 s ©0o 0 15 8 0O O O 0 0O 0O 0O 79
depuenno €. 4. 2 =] [} a 3 i1 0 a a 0 [u] a a 25
Myrizma K.IL :0 16 © 0 &8 17 0 0 4O 0 0O O 0O 41 b
Mmuesra . &, 0 3 0 0o 10 100 @ a4 0 o O 0 53
Hafiza O.B. :0 5 © 04 0 0o 0o @ a4 0 0o o 0 5
OpuapeHro J. 0. 0 [ o a 2 a a o [u 0 a ] [ui 8
Crremema 1.0, 4 18 0 a0 17 8 0O 0 4@ 0o 0 0o 0 48
Tamexa P.I0. :5 23 0 0 14 14 0O @ @ 0 0O O 0O 5§
Taciumm A.8. o 12 o o % 7 o @ @ o o o o 28
OieTopar H.C. & & 0 O 12 14 0 0O O 0 0 ©o 0 =54
Tymnaar B.B. i1 31 0 0 12 3 0 0o o0 1 0 0 0 48 =|
1A BEIEDAS CNPaskk HawmnTe <Fl= l_ A
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Uepes BIKHO, MpeicTaBieHe Ha puc. 12, MOXHA NEperiasHyTH Ta, B pasi
HeoOXiHOCTI, BifpenaryBaTu (aiiay CIHCKIB akanemrpyr Ta (aiim mapodis.
Crmckd Tpyn TpOTSArOM HaBYalbHOTO PpOKY MOXHA JIONIOBHIOBAaTH abo
BHIPABJISATH NPI3BUIIA CTYICHTIB, aje B )KOJHOMY pa3i He BUIAISATH NPi3BHIIA 31
crucky. ITynkr "IIpoTokon TecTyBaHHA" BUBOJUTH y MOJIE PUCYHKA FOJIOBHOIO
BiKHA ITOBHHUH IIPOTOKOJI IOTOYHOT'O C€aHCy TecTyBaHHs (puc. 15).

TS PR B Tyr HaBoAATbCA JaHi IIOAO AMUCHMILIIHH,
P s R TEMH, JaTH Ta Yacy TeCTyBaHHS, iMeHi daitny
Tema: Meron mepemimess TECTOBOrO OiyleTy, Mmuppy axkaaeMrpyma Ta
B b Npi3BUIlA CTyAEHTa, HaJaaHi BiAmoBimi Ha
FREAEE S samuraHns.  HaBoastecs  Oanm,  oTpuMaHi
e S SRR CTYIEHTOM 32 BiJIOBib HA KOKHE 3alUTAHHS, a
= E g TaKOXX CyMapHa KiTBbKICTh HaOpaHuX OamiB Ta
: 3 = iHTerpasbHa OLIHKA TECTyBaHHA. IIpOTOKOIM
. 5 5 TecTyBaHHs 30epiratorbest y aiini Testing.prt,
omapa wimmiows Ganin: 31 (77.5%  SAKHM PO3TaImoBaHo B mimkatano3i PROTOCOL.
EraoproRaRmE: wac: 24 xwm, 23 cer. 3a3nHaueHuil Qaiin y momanbioMy Moxe OyTH

MEPErNSHYyTHH 32  JIOMIOMOTOI0  TEKCTOBOT'O
penakTopa, HAIMPUKIAJ TEKCTOBOTO pelaKTopa
WordPad g NotePad.

[Micns BBenmeHHs mMQpy akaAeMIpynu, Npi3BUINA Ta IHIUBIAYaIbHOTO
Mapojst aKTUBI3ylOTbcs NyHKTH MeHo "Tema", 1 MOXHa pO3MOYMHATH
TecTyBaHHs, BUOPABIIN 3 MEHIO IMyHKT "Buobip Temu".

V 30ni "Bubnpaiite 3anmTanus" posramosano 12 BipTyaJbHHX KHOITOK JUISI
3aJlyyeHHs TECTOBUX 3amnuraHb. Ha kHoOmku HaHeceHO Homepu 1,2, ...,12.
3ae)kHO BiJl KITBKOCTI 3aIUTaHb Y Oi71€Ti aBTOMATHYHO aKTUBYETHCS BiIIOBITHA
KUTBKICTh KHOITOK. HaTHUCKaHHA MHUIIEI0 Ti€i YW iHINOI KHONKH BHBOAWTEH Y
TOJIOBHE BIKHO BIAIOBIHE 3amWTaHHA. Y CTaTYCHHH pSAJOK BUBOTUTHCS
MOBIIOMJICHHS TIOAO HOMEpPY TIIOTOYHOTO 3alHTaHHS. AKTHBOBaHI KHOITKH
MOKHA HATUCKATH y OYIb-SIKOMY ITOPSIKY.

Jlo wamaHHS BIiAMOBiAI KHONKK 3adapOOBaHO CipuM  KOIBOPOM. Y
MOAAJIBIIOMY 3AJIEKHO Bifl HaJIaHOI BIJINOBi/AI KOJIpP KHOMOK 3MIHIOETHCS: SIKIIO
HAJaHO TPABWIBHY BIiIIOBIh — KOJIp KHOIIKWA 3MIHIOETHCS HA 3CIICHUM, SKIIO
BIJIMOBiTh HETIPABWJIbHA — HAa YCPBOHMUH, SKIIO HATaHO BiamoBiap "He 3Haro" —
Ha xoBTHH. KHOMKM 3 HOMepaMu 3amuTaHb, HA sKi OylIO HAagaHO Ty UM iHIIY
BIJIMOBi/Tb, JICAKTHBYIOTHCS 1 TOBTOPHE 3BEPHEHHS IO TAKHX 3allATaHb CTA€
HEMOXKITUBUM.

Iopsn i3 30HO10 "Bubupaiite 3anuranns" 310paHo TpY KHOIKH ISl BBEJICHHS
BiamoBigl. Hatrckanas Mumero KHONKM "YBiA" BBOAUTH BIAIOBIAL HA IIOTOYHE
3alUTaHHA [0 TNPOTpPaMH, J¢ BiNOYBAETBHCA TIOPIBHAHHSI 3 €TaJOHHOIO
BINMOBIUIF0. 3aJeXHO BiJl MPAaBWIBHOCTI BiANOBiJI KHOIKA 3 HOMEPOM
ITOTOYHOTO 3amMUTaHHSA 3a(apOOBYEThCS B 3C€IICHUM YW B YCPBOHHMA KOIip. Y
CTaTyCHHH PSAIOK 3aJEeXHO BiJl TPaBWIBHOCTI BIANOBIAI  BHUBOXUTHCS
moBimomueHas "BimmoBige mpaBuwnpHa"  uym "BimoBigs  HempaBmuibHA'.
Hatuckanns xuHomku "He 3Har0" 3HIMae 3amuTaHHS 3 PO3MIISAAY 1| BHBOIWTH
noBigomiieHHs1 "Biamosini Hemae". Knomka 3agapOoByeThCs B JKOBTHI KOJIp.
[ToBTOpHE TIOBEPHEHHS /IO 3alIUTAHHS CTa€ HEMOXKITUBUM. | HapemTi HaTUCKaHHS

Puc. 15



ISSN 2410-2547
Omip MatepianiB i Teopist copyx/Strength of Materials and Theory of Structures. 2018. Ne 101

kHOIKM "Binkmactn" TUM4YacoBo 3HIMae 3amuTaHHs 3 po3risny. Komip kHomkn
HeE 3MIHIOETECS. [0 3arTaHHs MOXKHA TTOBEPHYTHCS 3T0JIOM.

3onn "3amuranssa” 1 "PrucyHok" mpru3HaueHO Ui BUBEJCHHS B TOJIOBHE BIKHO
TEKCTY 3alUTaHHs, PUCYHKa 10 3alIMTaHHS Ta IOJIS 3 BiAMOBIAAMU. 3aJIe’KHO Bix
OYiKyBaHOI BiJIIOBiJIi IporpamMa aBTOMAaTUYHO HaJae 30HI "3anmuraHHsA" TOW 4M
IHIIWA BUATIISAL.

Skmo BigmoBine Mae BHOIpKOBHIT XapakTep, TO B 30HI "3amuraHHS"
3’SIBJISIOTHCA TIOJIE 13 3aIMTAHHAM Ta YOTHUPH TIOJIS, B IKUX HaBOAATHCS BapiaHTH
MOXJIMBHX Biamosined. OmHa 3 Biamosinel npaBwibHa (puc. 5). PosmimeHss
BIJMOBiieH y MONSAX HOCHTh BHIAJIKOBUH XapakTep, SKWM BH3HAYAETHCS 3a
JIOLIOMOT'OI0 TeHepaTopa BHMAAKOBHX uyucen. CTyaeHT NOBHMHEH BHOpaTH
MIPaBWIIBHY, Ha HOTO yMKY, BiAIIOBIb 1 HATUCHYTH KHOIIKY "YBin'".

Sxmo BigmoBins Mae (hikcOBaHMH XapakTep, TO B 30HI "3ammTaHHS" TaKOX
3’SBIETHCS TIOJIE 13 3aNMTAHHSAM, a TAaKOXK IOJie JUIsl BBEAEHHS (hiKCOBAaHOI
BIJMOBiNI, sfka Mae uymcioBuil xapakrep (puc. 6). Tyr Ttpeba po3B’szaTu
MIOCTaBJIEHY 3a7iady 1 BBECTH B IIOJIE YMCIIOBY BiIOBiAb. SIKIIO 4mcio sABIsIE
coboro 1pib, TO BOHO Mae OyTH NPEACTABICHUM Y JECATKOBOMY BHIJTISII.
CHMBOJIOM PO3JLTY MK HIJIOI0 Ta APOOOBOIO YACTHHOIO MOXeE OyTH SIK Kparka,
Tak i koma. CUMBOJI po3iiTy HE 3aJI€XKUTh BiJl HAJIAIITYBAHHS KOMII I0TEpa.

BinmnoBine BBa)KaeThCS MPAaBUWIILHOIO, SIKIIIO BOHA BIAXWIISIETHCS BiJ TOYHOT'O
3HaYeHHs He OibIe, Hix Ha 1%.

VY crarycHHMH PSJOK BHBOIATHCS MOBIJOMJICHHS IIONO HETPAaBWIBHHUX il
CTy/IEHTa, HOMEpIB ITOTOYHUX 3alHWTaHb Ta MPAaBWIBHOCTI BIATOBiZEH Ha HHX.
Tyr TakoX HOKa3aHO Yac, SIKMH 3aJMIIA€ThCs IO KiHIS CeaHCy TecTyBaHHSA. |
3pEIITOI0 BUBOANTLCS IHTErpajibHa OI[IHKA BCHOTO CEAHCY TECTYBAaHHS.

Hinkatanor BASE mnpusHadeHwii s pO3MIIICHHS

¢aiimiB 31 CIIUCKaMU aKaJeMIpyI, Pe3YJIbTaTiB TECTYBaHb, oOF-31
CTAaTUCTHKHU TOIIO. Eﬁi:gi
@aiin Groups.txt — me tekcropuii ¢aitn DOS, y skomy NLE-34
30epiraeTbesl CHMCOK aKaleMIPYI, IO TECTyBaTUMYThCS B IIE-35
MOTOYHOMY  HaByaJibHOMY pomi. Paifm  cTBOpIOETHCS Eﬁijg
tekctoBuM pemaktopom WordPad ab6o NotePad. Koxen Puc. 16

3aIHC CTAHOBUTH 0000 mudp rpymu (puc. 16).

@aiinn  cnuckiB  akagemrpym 1e TekctoBi ¢aitmn DOS, y sxux
30epiraloThesl CIIMCKH CTYJEHTIB akaneMrpyn. @aiiny cTBOPIOIOTHECS TEKCTOBHM
penaxropom WordPad a6o NotePad. Imena daiiniB marots Bianosigatu mudpam
aKaJeMIpyl, TIepesideHuM y  Qaim  crnucky mmpiB - akaaemrpyn
BASE\Groups.txt, ane martu posmmpenss .txt. Hanpuxmax ITHB-31.txt, ITLB-
32.txt

@aiiim CHHCKIB CTYAEHTIB € OCHOBOIO BCiX IiHmMX (aifimiB miakaramory
BASE, siKi cTBOPIOIOTBCS IPOrPaMOI0 aBTOMaTHYHO.

3okpema 1ne Qaiim pe3yibTaTiB TECTYBAaHHS, SIKI MICTSATH pPE3YNIbTaTH
TECTYBaHHS 3 YCIX TEM 1 aBTOMAaTHYHO CTBOPIOIOTHCS MPOTPaMOI0 JUIl KOXKHOI
akagemrpynu. Tyt 30epiraroTbCst HalBHILI OIHKU TECTYBaHb KOXHOT'O CTYACHTa
3 KOJKHOI TEMH.

@aiinn  pe3yabTaTiB  CTBOPIOIOTHCS, 3AIOBHIOIOTHCS Ta  OHOBIIOIOTHCS
[POrpaMoOI0  aBTOMATH4YHO. BOHM €  CTIMKMM TPOTH  30BHINIHBOTO
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HECaHKI[IOHOBaHOro BTpydaHHs. llpu 3HMINEHHI (ailniB abo BHECEHHS B HHUX
3MiH BOHM aBTOMAaTHYHO BiJHOBIIIOIOTHCS.

[Iporpama oOMexye Ui KO)KHOT'O CTyIEHTa KUIBbKICTh CEaHCIB TECTYBaHHS
MIPOTATOM OJHOTO JHA. Ha yMOBYaHHS KiJIBKICTH C€aHCIB OOMEXYETHCS TPbOMa
cnpobamu. lle 3milicHIOETBCS 3a ONMOMOror (aiimiB KiIBKOCTI MOBTOPHHUX
3BEPHEHD.

@aiinm aBTOMAaTUYHO CTBOPIOIOTHCS IIPOTPAMOIO JUISi KOXKHOI aKaJaeMIpyIiu.
KinbKicTh 1 MOCTIIOBHICTH 3amuCiB y (aiiill maposiiB akaJeMIpynH BiAIOBigae
KIJIBKOCTI Ta MOCIITOBHOCTI 3anMCiB Yy (aiiini CIMCKy TaHoi aKaJeMIpyIH.

Cepen ¢aiinis, siKi yTBOPIOIOTHCS IPOrPaMoro € (aiii CTaTUCTUKH, 30KpeMa
¢aiin itogo2.txt momae naHi IMOJO OMIHOK TECTYBaHHS BCIX CTYJCHTIB IO BCIX
temax (puc. 17).

Moumnemey 3 25.09.2017 p. Ha Tenepimmii momenT 10:22:39 12.02.2018 p.
KRiNERiCTE IBepHeER OO0 OpoOPpadd TECTYBREHA OopiBmoe 6501

Tem Quinma 5 Oniera 4 Ouinra 3 QuinRa 2 ¥oworo

10 (14.08%) 7 {9.859%) 9 {12.67%) 45 {63.38%) 71 (1.092%)
122 (4.396%) 22z (9.000%) 362 (13.04%) 2069 (74.55%) 2775 (4Z.88%)
0 {D0.000%) 0 (0.000%) 0 (0.000%) 0 (0.000%) 0 (0.000%)

0 {D.000%)
86  (7.775%)
g1 (7.290%)

| | | |
| | | |
| | | |
| | | |
| | 0 (0.000%) | |
| | | |
| | | |
| 0 (0.000%) | 0 (0.000%) | 0 (0.000%) | 0O (0.000%)
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |
| | | |

124 (11.21%)
115 (10.35%)

0 (0.000%)
77 (6.962%)
83 (7.470%)

0 {0.000%)
819 [74.05%)
g3z (74.88%)

0 (0.000%)

1106  (17.01%)

1111 (17.08%)
]

(0.000% )

Z {2.857%) 19 (27.14%) 15 (21.42%) 34 {48.57%) 70 (1.076%)
-~ 0 (0.000%) 0 (0.000%) 0 (0.000%) 5 (100.0%) 5 (0.077%)
L 0 {0.000%) z  (9.523%) 5 (23.80%) 14 (66.66%] 21 (0.323%)
wf 0 {0.000%) 0 {0.000%) 0 {0.000%) 1 {100.0%) 12 (0.184%)

P OWO-JombEwneD

93 (10.72%)
79 (17.08%)
473 (7.275%)

g9 (10.26%)
42 (3.071%)
620 ([9.537%)

105 (12.11%)
27 (5.831%)
653 (10.50%)

580 (66.89%]
315 (68.03%)
4725 (72.68%)

867 (13.33%]
463 (7.122%]
€501  (100.0%)

Puc. 17

VYV  migkatanodsi APPLICATIONS po3mimeHo OpHriHajdbHI NpPUKIATHI
Iporpamu, SIKi MOXYTh BHUKOPHCTOBYBAaTH CTYACHTH Mimdac TecTyBaHHA. Lle
nporpamu  "Kanbkyisarop", "Po3B’s3aHHS cucrem JTiHIHHMX anreOpaidHMX
piBHsHB", "BusHaueHHs crnenianbHUX (YHKIIH IS PO3paXxyHKY paM METOAOM
nepemimiens”, "KopoTkuii 1oBiTHUK 3 OyIiBENbHOI MEXaHIKH'.

3a3HaveHi MporpaMu 3aBaHTAXKYIOTBCS dYepe3 crmaaHe MeHto "Jlomomora'
(puc. 7(0)). 3a3HaueHi nporpaMu MOBHHHI MaTH CTAHJAAPTHI IMEHA.

[Iporpamoro cTBOpIOIOTBCS JBa (aillM IMPOTOKONIB TECTyBaHb, SIKi
aBTOMAaTUYHO CTBOPIOIOTHCS NPOrpaMol0 1 MaroTh JIMIIE JIOBIIKOBY ()YHKIIIO:
TIOBHHUH IIPOTOKOJI 1 KOPOTKHUH ITPOTOKOI.

@aiin Testing.prt — MICTUTh TOBHHH MPOTOKOJN BCIX TECTYBaHb YCiX
CTyzeHTIB. BiH Hakonmuuye MPOTOKOIM TECTYBaHHS CTYIEHTIB (puc. 15) i Moxe
Oyrn mepernsHyTHH TekcToBMMH penaktopamu WordPad a6o NotePad.
Kinpkicte 3amuciB ¢aiimy moctiiiHo 30inbmryerscst. Komm KinmbKicTh 3ammciB
csirae 2000, mporpamMa aBTOMaTHYHO 3HUIYE iICHYIOUHMH (haiisn i CTBOPIOE HOBHHA.

@aiin Summary.prt — MICTUTh KOPOTKHI IIPOTOKOJN BCIX TECTyBaHb BCIX
cryzmeHtiB. Tyt 30epiraloTbcsi pe3ynbTaTd JIMIIE TO3UTUBHHUX TECTyBaHb. Y
MIPOTOKOJII BiJ3HAYAIOThCS TIPI3BUILE CTYAEHTA, TEMa, OIIHKA, Jara Ta dYac
tectyBaHHA. KopoTkuii mpoTokonm Moxe OyTH TEperiisiHyTMid 3 MEHIO
"oBinkn/Pe3ynprati nonepenuix tectyBanp’ (puc. 9). HeodxinHo BigzHauuTy,
0 BHECEHHS 3MiH y BHBEACHMH Ha €KpaH NPOTOKOJI NpOrpamor0 He
30epiraerbesl.
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@aiisl KOpPOTKOro MPOTOKOJIy BECh 4Yac 30UIBIIYETHCS, IO POOWUTH IEBHI
HE3PYYHOCTI TPH BUBEICHHI HOTO y TOJOBHE BiKHO. TOMYy, KOTH KiNBKICTBH
3amuciB csrae 200, mporpama aBTOMATHYHO IepeiiMEHOBYe icHYyroumit aiin
Summary.prt, a 118 MOJANBIIOI POOOTH MpOorpaMa aBTOMAaTHIHO CTBOPIOE HOBHIA
¢atir Summary.prt.

TecToBi 3aBAaHHSA 3TPYNOBAHO IO TeMax i
pO3TalIOBAaHO y BiIIOBIMHUX ITiJKATANOraX, SKi
MaioTh iMeHa Theme ##, ne ## — Homep TemH
TECTYBaHHS. Hanpuxnan, Theme 1 abo
Theme 12. Homep TeMu TOBHHEH BiIOBiIaTH
HOMEpPY TEMH B CITHCKY TeM TecTyBaHHsA (puc. 18).
CTpyKkTypa IIiIKaTaJOTiB OJHAKOBA I KOXHOI
TeMHU. Y KOXHOMY IiJKaTalo31 TeMH TECTYBaHHS
po3TamoBaHO Tpu Buau ¢aiini: daitmm TecToBux
6ineriB, Qaiiim pucyHKiB, (Gaiir cimcky OieTiB.

@aiiny TeCTOBUX OLNIETIB — IIe TEKCTOBI (haiiy,
SKI MICTATH 3aIlMTaHHSA 1 €TajJlOHHI BIANOBIAI 3 Puc. 18
neBHoi TemMu. Ha ymMOBYaHHS KiJbKicTh OineTiB
(paiiniB TecToBux OieTiB) 3 Oyab-sAKOi TeMH He IOBHHHA MepeBHITyBaTh 60.

i caiinu MoXyTh OyTH CTBOpEHI 3a IOIOMOIOIO CIIEIiajbHOI IpOrpamu
aBTOMaTu3allii CTBOpeHHs OileTiB.

Bimer moxe mictutu Big 5 mo 12 3amurans. KoxxHOMY 3amuTaHHIO B OieTi
BiJIBEZICHO 6 3amMCiB:

1. IToBHe iM’s1 aiiiry pucyHKa, 110 1JIFOCTPYE 3alnTaHHs.

2. Tekcr 3anuTaHHS.

3. IlpaBuibHA (€TalOHHA) BiAIIOBI/b.

4-6. BapianTu HeIpaBUIIFHUX BiAIOBIICH.

Xapakrep 3amuraHHsA (3 (ikcoBaHOIO BiAMOBiLmI0O abo 3 BHOIPKOBOIO
BiJIMIOBI/II10) BU3HAYAETHCSI MPOrPaMOI0 aBTOMATHYHO. SIKIIO Xoda O OnuH 3
HEMPABWIGHUX BapiaHTIiB BIANOBiAI 3aJMIIEHO ITYCTHUM, TO BiJIIOBiAb
TPAKTYETHCS IPOrpamoro K (ikcoBaHa, i y podoue BiKHO MpOrpaMH BUBOAUTHCS
JUIIIE ONTHE TOJie, KyIW HEOOXiTHO BBECTH YHCIO (IiJie ab0 B JECATKOBOMY
Burisidi). Llina dacTwHA BiJ MECATKOBOI BiIIUIAETHCS KPANKOK ab0 KOMOTO.
Sxmo Jx HagaHO BCi 3 HEMpaBWIBHI BapiaHTH BIAIMOBIMI, TO 3allUTaHHS
TPAKTYETHCS MPOrpaMor0 K BHOIPKOBE 1 Ha €KpaH BHUBOIATHCS YOTHUPH IO 3
BapiaHTaMH BiJIIOBI, sIKi mependaveHi B OijieTi.

[IpaBwiabHI YKCIIOBI BIiAIOBiAI MOXYTH 3aJaBaTHCA y BHIJIAN IIHX abo
IiACHUX 4ucel. SKIo BiaMOBims 3a7aeThes 0e3 JECATKOBOI KpamkH, TOOTO y
BHUTIIAII IJIOTO YHUCNA, TPU IEPEBIPIll BIAMOBiMI TporpaMa BHMAara€ TOYHOL
BIMOBifIi O€3 YKOJHOT MOXUOKU. SIKIIO 5K BiIIOBIAB Y OLIETI MiCTUTH JECATKOBY
Kparky, TO Take YHCJIO BBAXKAETHCS MIMCHUM 1 IMpUIyCKae MOXUOKY Y BiIIoBii
10 0,1 — 1 % 3a1e:kHO BiJ BEIMYMHA YUCIA.

[pu miAroTOBII €TATOHHUX BiIIOBiACH MOXHA 3a JOTIOMOTOIO CIEIiaIbHOI
MPOrpaMy aBTOMATHYHO KOIYBATH YKCIIOBI BIAMOBiAI IIISIXOM 3aMiHH OJHUX
mudp Ha iHmN. Y mOAa’bIIOMY MijJ 4Yac TECTyBaHHs IporpamMa aBTOMAaTHYHO
nekoxye BigmoBimi. Takuii 3axifi YHEMOXJIMBIIOE MJOCTYIl CTYAEHTIB 0
MIPABWIBHUX BIJAITOBiIEH TECTOBUX OIJETIB, SKIIO BOHH B SKUH-HEOYAb CIIOCIO
JICTaHYTHCSA JIO PO3TAIIIOBAHOI HAa cepBepi iHPopMarii.

VTESTING) THEME 2% KA-1-L.BLT

VTESTINGY THEME 24 KA-2-L.blt

VTESTINGY THEME 24 KA-3-L.blt

VTESTING) THEME 2\K&-10-A.hlt
\TESTING) THEME 2\Ki-11-A.hlt
\TESTING) THEME 2\Ki-12-A.hlt
\TESTING) THEME 2\Ki-13-A.hlt
\TESTING) THEME 2\Ki-14-A.hlt
VTESTING) THEME 2\KA-15-A.hlt
\TESTING) THEME 2\Ki-16-A.hlt
\TESTING) THEME 2\Ki-17-A.hlt
\TESTINGY THEME 2\Ki-18-A.hlt
VTESTINGY THEME 2\Ki-19-A.hlt
VTESTING) THEME 2\KA-20-A.hlt
VTESTING) THEME 2\KA-21-A.hlt
VTESTING) THEME 2\Ki-22-A.hlt
\TESTING) THEME 2\Ki-24-A.hlt
\TESTING) THEME 2\Ki-25-A.hlt
\TESTING) THEME 2\Ki-26-A.hlt
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Pucynku, mo BXOISATH 110 CKJIaxy TEKCTOBHX OIJIETiB, MOXYTb OYyTH SIK
KOJIbOPOBHMH, TaK 1 YOpHO-OlmMH. BOHM CTBOpIOIOTHCS 3a JIOTIOMOTOIO
penaxTopiB pactpoBoi rpadiku, Takux sk Paint, PhotoShop, i 36epiratorbcst B
¢aiinax 3 posmmpenHsMu bmp, jpg abo gif. Ocranniii dopmar € HaHOIIBII
CeKOHOMIYHMUM 1 MOXe OyTH PEKOMEHJOBaHWH 1O 3aCTOCYBAaHHS JUIS BCIX
pucyHKiB. KpiM TOro, pucyHKM MOXXHAa OTPUMYBATH MUIIXOM CKaHYBaHHS
PHUCYHKIB, BUKOHAaHMX Ha marepi. @aiinn pHCyHKIB HeoOXigHO 30epirath B
MMiKaTajgorax BiAIIOBIIHUX TEM.

3 ycix TectoBUX OLNETiB mporpama Impes siBiIsie€ TUIBKU Ti TECTOBI OineTw, siki
BKITFOUCHI JT0 (paiiimiB CIIMCKiB TecTOBHUX OineriB. Daiiil CIUCKY T KOXKHOT TEMH
mae iM’ss Theme ##.sps, ne ## — HoMep Temu TecTyBaHHS. Hanpukan,
Theme 1.sps abo Theme 12.sps. Koxxen 3ammc ¢aiiny BiamoBinae neBHOMY
TECTOBOMY OiJIETy i MICTHTh NOBHHH HUIAX 10 (aiiny 6isery. dparMeHT Takoro
¢aiiny HaBeneHo Ha puc. 18.

Jns crBopeHHsS (aifiiB CHHCKIB 3pYYHO BHMKOPHCTOBYBATH CIICHialbHY
nporpamy aBToMartu3amii cTBopeHHs1 OineriB. Kinbkicts 3amuciB y aiimi
BH3HAYAa€ KUTBKICTh TECTOBHUX OLNETiB, SIKI BHKOPHUCTOBYIOTHCS MPOTPAMOIO.
Binern, siki He 3aHeceHi 10 (ailry CIMCKY, yJacTi y TeCTyBaHHI He OepyTh.

InTerpansHa omiHka TecTyBaHHS. 3aJIeKHO BiJl IPaBUIBHOCTI BiANOBixeH
CTY/ICHTY HapaxOBYEThCS II€BHa KUIbKICTh OaiiB. Pesynmpratam TecTyBaHHS €
iHTerpajbHa OLiHKA 3HAHb Ta YyMiHb CTYJCHTA 3 IIEBHOI TEMH, SIKa BU3HAYAETHCS
MIPOrpaMoI0 3aJISKHO BiJl KUIBKOCTI 0aiiB, HaOpaHWX cryaeHToM. [lpwmiiHsara B
Iporpami cucremMa HapaxyBaHHS OaJliB HaBezeHa B TaOuui 2.

Tabnurs 2
Xapakrep Binmosings
BIJMOBiAI [IpaBuibHa HenpasunsHa “He 3Ha10”
BubipkoBuii 5 0 1
dixcoBaHMHA 5 1 0

[HTerpanbpHa omiHKa TECTyBaHHS 3aJ€XHTh BiJ MpoLeHTy P HabpaHux Oaii
10 BIJHOIIEHHIO JO MaKCHUMAaJIbHO MOXJIUBOI iX KUIbKOCTI. OILIHKKA HaBeAeHl B

Tabmmmi 3.

[NoBinominenHst 1070 iHTErpa- Tabmmus 3
JBHOI OIIIHKM TECTyBaHHS BHBO- Lponenr IuTerpanbna
JUTBCS B CTATyCHUH PSIOK BiKHA HabpaHux Garis OmiHKa
nporpaMd  Iiciosd  BigmoBimi  Ha P =90 Binminbo
OCTaHHE 3aIUTaHHs OiJieTa, a TaKOXK 90>P=275 Hobpe
30epiraeTbes y (aiinax CTaTHCTHKH, 75> P 260 3a10BiIEHO
¢aiinax pe3ynbTariB, KOPOTKOMY Ta P <60 HesanoBinbpHO

MMOBHOMY IPOTOKOJIAX.

Cynposin nporpamu tectyBaHHs. [IporpaMHuii KOMIIIEKC A7 TECTYBaHHS
3HaHb 1 YMiHb HE IMOTpedye BTpydYaHHS HPOTATOM HABYAJIbHOTO poky. [Ipote
Take BTpy4aHHs! HEOOXiHE Ha II0YaTKy HaBYAIBLHOTO POKY.

OCKIUIBKM TIPOTpaMHHH KOMIUIEKC 3 yCiMa JOIMOMDKHHMH IpOrpaMaMH Ta

¢aiinaMu  po3TaIIOBaHO Ha

cepBepi,

TO W yci nii,

CHpsIMOBaHI Ha

00CITyroByBaHHSI KOMIUIEKCY, ITOBHHHI BiOyBaTHCS 3a ydacTio AaMiHicTpaTopa
JIOKAITFHOI MEPEKi, KU 3a0e31meuye JOCTYI 10 cepBepa.
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[I{opiuHe 06cTyroByBaHHS BUKOHYETHCS OIMH pa3 Ha MOYATKy HABYAJIHHOTO
pOKy (SIK TIpaBWJIO HANPHKIHII BepecHsd). BoOHO momsArae y 3aMiHi CIHCKiB
aKaZeMIPyIl, a TaKOX Y BHAAJCHHI TUM4acoBHWX (ailii, QailiiB pe3ynpratis,
¢aimiB IPOTOKONIB Ta CTATUCTHKH, IO YTBOPWJIHMCS B TMpomeci pobotu
KOMIUIEKCY.

3auii  3pYYHOCTI BHMKOHAHHSA 3a3HAYEHWX IPOLEAYp IepeadadeHa
aBTOMAaTu3allisi Tpolecy IIOpiYHOro 0OCIyroByBaHHS KoMmIuiekcy. He
aBTOMAaTHU30BaHa JIMIIE IIJI'OTOBKA CIIMCKIB aKaJeMrpyr, sKi HeoOXimHO
MArOTYBaTH 3a3Jalierib Ha OyIb-AKOMY KOMI'IOTEpi, Wil €THAHOMY 0
JIOKAITFHOI MEepexi Kadeapu.

Jnst aBTOoMaTm3amii HEOOXiMHO BPYYHY 3HHUIIUTH [BA KIFOUOBI Qaimu
Itogo.txt Ta Itogo2.txt, po3ramosani y migkartano3i BASE, a noriMm 3amycrurn
nporpamy i y rosoBHoMmy BikHiI kmanaytu y moni "IHudp rpymm”. Leit ximik
aBTOMAaTUYHO BHJAJIs€ BCl TUMUacoBi (ailim, cTBOpIOE MOpOXHIN (haiin
BASE\togo.txt i BUBOANTh HAa €KpaH BIKHO YCTAHOBKM OCHOBHHMX IapaMeTpiB
nporpamu TecTyBaHHs (pHc. 19).

Uncna 40 ta 60 BcTaHOBJIEHI 32 yMOBUaHHSAM. SIK ITOKa3ye INpakThKa, iX
MOXHa He 3MiHIOBaTH. HaTucHeHHs Ha KHONKY "BcCTaHOBHTH 1 MPOMOBKHUTH"
BHBOJIUTH HA €KpaH HACTYIHY MOXJIUBICTH (puc. 20).

Harucnenns xnomku "llepernsHyTH" BUBOJUTH HAa €KpaH BIKHO TEKCTOBOT'O
penakropa, SKe JI03BOJISIE IeperyIiHyTH 3Mmict Qaiimy BASE\Groups.txt,
BUAAJINTH 31 CIHCKY IIM(PH BIJCYTHIX akajemrpyn abo nomaTd muppH
aKaJeMIPYII, SIKi IOAATKOBO 3'SIBJISIOTHCS B HOBOMY HaBYAJILHOMY POII.

5] Ocriopni napaeTpy : =18ix|

- Kineticti naparerp

MakerMansHo
MokmmEa KinskicTs | 40
CTYnEeHTIE B 0aHik
aranemrpyni

MakcumManeHo
Mosknmea kinekicrs | 60
SineTie 3 ooHiel

Teru

BeraHosmTH i
NPOAOEXHTH

Puc. 19

—101%]

(- Criiciw akanerrpun
Bu mokere
TIEpeNITHYTE TA
¥ past
HeobRIMooTi
BHECTH 3IMIHE OO
CIMCKY HpIB
AKATEMIPYTI

MeperasHyTi

MponoesxdTH

il

Puc. 20
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[Micns HatucuHenns kHonku "Ilpomoskutu" (puc. 20) Ha eKpaH BUBOIUTHCS

CIHCOK aKaJAeMIPYII, SIKMH MOXKHa pefaryBaT (puc. 21).
2 DCHOBHI NapaeT ph MR JE T 3]
~ CAMEKM CTYIEHT B B AKAeMrpynas

T10B-31 P

OBHI

HHE% B MaeTe MOIEBLCTE
Mli6-34 IEPETIBII iy PECH
nuEe-35 HeoBXIAHOCTI BHECTH
ﬂﬂég? EMIHH B CTIHCKH

MuE-38 axcaeMrpym abo

Hﬂggga CTEOPHTH CIHCKH HAHOB O

NUE-45
Rﬂgig TepernaHyTH cMcok
NUE-48 kil

NUE-43
nue-s1 MpoaoexHTH
MET 31 =l 4”

Tyr modeproBo BHOMparoThCsl MMGPHU aKajeMrpyn i y BiKHI TEKCTOBOTO
penakTopa, IO BiJKPWIOCS, BBOAATHCS HOBI coucku. s penaryBaHHS
JIOLJIFHO BUKOPUCTOBYBAaTH 3a34ajerilb MiJATOTOBIICHI CHHCKM aKaJIeMrpym i
BBOJIUTH iX BUKOPUCTOBYIOUH Oydep KomiloBaHHA. B pasi, KO CIIMCKHU IESKUX
aKaZeMIpyln He IATOTOBJICHI, iX MOXHA Oyle BBECTH IIi3HilIe, ajie BXKE 3a
nmorromororo BikHa "KiacHuit sxypran" abo Oe3mocepeaHpo Ha cepBepi.

Harucnenns knonku "IIpomoBkuTn" BHBOOWTH Ha €KpaH MOKIMBICTD
penaryBatu Qaiin RZRV\Grandat.txt, ne 3a3HaueHi TEpMiHM TECTYBaHHS 3a
BciMa TemMam¥ (puc. 22).

%] 0crosHi napaeTpu B P[] 5]

~ Penarysants rpannsHay aar —

Bu monkete
HEepPeTTAHYTH Ta
SMIEMTH [
KOKHOL TEMH
TAHMIHI JATH
TECTYRAHEA

rRaHUYHI AT

SAKIHYATI

Puc. 22
=101x] Hatucunenna xHonku "Ilepernsanyru
Mann  Tpaska Bua  Be e MopWaT  Cnpaska : n :
TpaHU4YHl JaTWU BUBOAUTH Ha CKPpaH 3MICT
B2 2 JE o
Di=lu| siif #) @3 ¢aitny rpanmunux gar (puc. 23). Tyr
01.01.2019 1.FasoRi SHaHHA i . .
10.11.2015 2. KiHeMaTHIHKA aHAIis HeO6X1HHO BBCCTHU rpaHHqu HaTI/I
10.11.2015 3.POSpaxvHOR IOIOCKMX depr v 1
10.11.2018 4, CTAaTHYHD BHSHAUYBRHIL p: TeCTyBaHB 3 KOXKHO1 T.eMI/I‘ CHIH
10.11.2018 5.CTaTHUEN pOSpaxyHOR Cf 3a3HaLH/ITI/I’ HIO TeCTyBaHHﬂ TI1CJIS HI/IX HaT
31.12.2018 6. BMSHaMeEHHA OepeMilleHb .
31.12.2018 7.POSpaxyHOK Ha DYXOMe Hi 3HI/I)Ky€ OHIHKy Ha OHI/IH 6aﬂ.
o Harucnenuss kHomku  "3akiHumTH"
06.06.2019 10.MeTon mepeMimedn -
06.06.201% 11.MeTon cEiHYEHHMK ENEMEE (pI/IC' 22) 3aBepHIy€ HPOHe'Hypy 06C.ny
10.11.2018 12.CTifinicTeE CTEPRHEBMM CI— r‘OByBaHHﬂ r[pOr‘paMHOr‘O KOMrL]'[eKCy_
0z2.01.2013 13.0CHOBM DMHESMiKM = I . . N
2| | _,'J 5 HapeHITl, cna MaTh Ha yBasl, IO
AnA BEIB0AE CAPASKH HaKMATE <F1> €7 aBTOMaTU3amliAa O6CJ'IyFOByBaHHH MOXEC

6yTI/I BUKOpHUCTAaHa TUIBKU OJUH pa3 Ha
MO4YaTKy HOBOro HaB4YaJIbHOI'O pPOKY,
OCKLJIBKHU Ipyu HbOMY 3HHUIIYIOTHCS BCl pe3yIbTaTU nonepe;[Hix TCCTYBAHb.
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Bazhenov V.A., Shishov O.V.
APPLICATION OF INFORMATION TECHNOLOGIES FOR KNOWLEDGE CONTROL

The process of resistance training materials and construction mechanics consists of presenting
educational information, performing design work, which determines the stress-deformed state of the
typical calculation schemes, and in controlling the quality and volume of the mastered learning
material. At the Department of Construction Mechanics of Kyiv National University of Construction
and Architecture, computer technologies are used at all these stages.

To date, new forms of education are urgent, oriented to the use of modern information
technologies, which considerably will expand the possibility of mastering higher education. Several
electronic textbooks and manuals have been developed at the department, and the software complex
ASISTENT has been widely used, which is used for performing calculations, self-testing and
graduation design. For the computer verification of the acquired knowledge at the Department of
Construction Mechanics, the program Ukrainian-language complex CONTROL has been developed
and implemented.

The complex is intended for the testing of knowledge and skills in computer classes equipped
with a local computer network.

Material of the discipline "Construction mechanics" is divided into 13 modules (themes). Testing
on each topic can be done regardless of other topics at any time convenient for the student. Testing is
performed by checking the answers to test tickets from the selected topic. Tickets from the selected
theme are selected by the program in a random manner and presented to the student. The program
tracks the number of tickets that were submitted to each user during the previous tests, and does not
allow the re-presentation of the same test tickets. In addition, the program records the number of hits
to the program by each user. No more than three sessions of testing within one day are allowed. The
program allows you to automatically lower your grade if testing is performed after a specified period.
The number of questions in the test ticket can be from 5 to 12. It is possible to use questions of two
types: with a selective and with a fixed response. In the first version, the program offers several
options for a possible answer, from which it is necessary to choose the correct one. In the second one
- a specific task is proposed that needs to be solved and obtain a numerical result. Questions are
selected by the user in an arbitrary order and displayed in the program's worksheet. To provide
answers to all questions of the test ticket, the program provides a limited time (40 minutes). Answers
are analyzed by the program by comparison with the reference ones. At the end of the test, the
program reports an integral assessment of the level of knowledge. Under certain rules summed up the
number of points scored and, depending on their number, assesses the knowledge and skills of the
selected topic.

The complex is designed to work only in network mode. All programs and files of the complex
are located on the cathedral server, and all computers on the local network play the role of
workstations. Test results are stored on the server, virtually unlimited time.

The complex contains applications that can be involved during testing and are auxiliary: a calcu-
lator, a short guide to construction mechanics, a program for solving systems of linear algebraic
equations, a program for calculating special functions of the displacement method for calculating
frames for stability, rules of work with the program testing.
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baoicenos B.A., Llluwos O.B.
MPUMEHEHUE UH®OPMAIMOHHBIX TEXHOJIOTHIA JJISI KOHTPOJISI SHAHUIA

PaccMarpuBaeTcst MCHOJIB30BaHHE B y4eOHOM IIpOLecCe CIIENUAaIN3HPOBAHHOIO POrPAMMHOIO
obecriedeHHs, pa3pabOTaHHOrO IPeHofaBaTesIMU Kadeapsl CTPOUTENbHON MexaHUKH KueBckoro
HAI[MOHAJIEHOTO YHUBEPCHTETa CTPOUTENILCTBA M aPXUTEKTYPHI (YKpanHa).

ITpoMeskyTodHOE M MOIYJIBHOE TECTHPOBAHHE IPHOOPETEHHBIX 3HAHUI BBIIONHACTCA IIPU
MOMOIIY OpUTHHaNbHOro nporpamMmuoro kommiekca KOHTPOJIb, koropslii pa3melnaercs Ha
KadeIpalIbHOM CepBepe H B PEXXHUME OHJIAIH IPOBEpsSeT Pe3yJbTaThl PEIICHHUs TECTOBHIX 3a1ad IS
OCHOBHBIX pa3/JeloB AUCIHHIUINHBIL, a TakKe OTBETHl Ha TEOpeTHYeCKHe BOIpOCHL IlogpoOHO
00CyKIaeTcs CTPYKTypa KOMIUIEKCA U Pe3yIbTaThl TECTHPOBAHHS.

KiioueBble c10Ba: 00ydeHHe, TECTHPOBAHHE, IIPOTrPaMMa, BOIPOCHL.
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basxcenos B.A., Illuwoe O.B. 3acTtocyBaHHs iHGopManiiiHMX TeXHOJIOTiii 111 KOHTPOJIIO 3HaHb

// Onip MaTepiaiB i Teopis ciopyx: Hayk.-Tex. 30ipH. — K.: KHYBA, 2018. — Bumn. 101. — C. 67-82.
Posensioaemocsi  6UKOPUCMAHHS Yy HABUANBHOMY NpoYeci CReyianizo8aHoz0 npoSpamHO20

3a6e3neyenns, po3pobieHo2o  sukiadayamu  kageopu  6ydieenvHoi  mexawiku  Kuigcbkoeo

HayioHanbHo20 yHisepcumemy 6yoisnuymea i apximexmypu (Ykpaina).

Tab6mn. 3. In. 23.. bibmiorp. 2 Ha3B.

UDC 539.3

Bazhenov V.A., Shishov O.V. Application of information technologies for knowledge control //
Strength of materials and theory of structures: Sci.&Tech. Collected Artcl. — K.: KNUBA, 2018. —
Issue 101. - P. 67-82.

The use of specialized sofiware developed in the teaching staff of the Department of
Construction Mechanics of the Kiev National University of Construction and Architecture (Ukraine)
is considered in the educational process.

Tabl. 3. Fig. 23. Ref. 2.
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baoxcenos B.A., lluwoe O.B. TlpumeHeHue HHGOPMALHOHHBIX TEXHOJIOIMH MJIsi KOHTPOJS
3HaHuii // ConpoTHBIEHNE MAaTEPHAIOB U TEOPHs COOPYXKEHUH: HaydHo-TeX. cOopH. - K .: KHYCA,
2018. - Bem. 101. - C. 67-82.

Paccmampusaemces ucnonvzosanue 6 yue6HoM npoyecce CReyuanu3uposanHo20 NPoepamMmHO20
obecneuenus, paspabomannozo npenodagamenimu Kageopvl cmpoumenvhol mexanuku Kueecxoeo
HAYUOHATLHO2O YHUBEPCUMENd CIPOUMenbemsa u apxumekmypul (Yipauna).
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VK 539.3

JOCJIIKEHHS CEMCMIYHOI XBAJIbOBOI
PEAKIIi MIPOCTOPOBOI KOHCTPYKIIII

0.0. JIyk’ssH4eHKo,
KaHJ. TeXH. HayK

0O.B. Kocrina,
KaH/I. TEXH. HayK

0.B. I'epamenko,
KaH/I. TEXH. HayK

Kuisckuii HayionanbHull yHisepcumem 6yOieHUYmM8a i apXimekmypu
Tlosimpogpnomewxuii npocn., 31, m. Kuis. 03680, e-mail: lukianch0907 @meta.ua

DOL: https://doi.org/10.32347/2410-2547.2018.101.83-102

JlocikeHa ceificMiuHa XBHJIbOBA PEakilisi MPOCTOPOBOI KOHCTPYKIIiI 3a JTOIOMOIOK TEOpid i
METOJ[iB HENMiHIHHOI MeXaHIKH, CKIHYCHHHX eJIEMEHTIB, PYXOMHX XBHJb Ta BEWBJICT-aHAII3Y.
BHKOHAHO IMOBIpHICHE MOJCIIFOBAHHS IIPHCKOPEHHSI CEfiCMIYHOTO BIUIMBY Ha OCHOBI CTATHCTHYHOrO
nigxony Pyiza i Ilensiena. BpaxoBaHO BIUIMB TOPH30HTAJIBHOTO MEPEMIIICHHS CEHCMIYHOI XBUIII B
IPYHTI Y BUIJISAI IIONEPEYHUX 3THHAIBHIX PYXOMHX XBHIIb B €JIEMEHTaX KOHCTpyKuii. [ToOynoBaHi
MaTeMaTH4YHI MOJIEJi HEeCTAI[IOHAPHUX CTOXaCTHYHHMX KOJMBAHb KOHCTPYKLII 0e3 1 3 ypaxyBaHHIM
[IOBEPXHEBOr0 THCKY Yy BHIUSI cHCTeM [Ju(epeHLUiabHUX PIBHSHb APYroro MOPSAKY B
y3arajpHeHuX KoopauHaTaX. OLiHEeHO BIUIMB ypaXyBaHHS PyXOMUX XBHIJIb Ha CTATHUHY 1 TMHAMIYHY
MOBEJIHKY KOHCTPYKIii. BUKOHaHO BelBieT-aHaNi3 peaji3aliii ceficMiYHOro BILIMBY Ta BIATYKIiB
KOHCTPYKIIl 13 3aCTOCYBaHHSM JHMCKPETHUX OpToroHanpHux (JJoOemm4) 1 HemepepBHUX
HeopToroHanpHUX  (Mopie) OJHOMIpHMX  KOMIUIGKCHHX — BeiiBier-QyHkuid.  Bisyaumizamis
JICKOMIIO3UIiT OTPHMaHMX BHIIQJKOBHX pealialiifl I0JaHa y BUILIAL BEHBIIET-CIIEKTPOrpaM Ta
Dyp’e-06pa3iB. OniHeHa AOLINBHICTh ypaxyBaHHS IIONEPEUHHX 3THHAIBHHX PYXOMUX XBHIb B
eJIEMEHTaX KOHCTPYKIIi IPH AOCII/DKeHH] 1 cell CMiYHOT MOBEIIHKH.

Kiro4uoBi c10Ba: celicMiuHM BIUIMB, CTOXaCTHYHA [OBEJiHKA, METOJ CKIHYCHHHX CJIEMEHTIB,
HeNiHiIHA MeXaHiKa, Teopis PyXOMHUX XBUJIb, BEHBIIET-aHAIIi3, IPOCTOPOBA KOHCTPYKIIisl.

Beryn. BaximmBicth  3amaui  ceficMocTifiKocTi  copyd  0OyMOBIJICHA
KaTacTpo(iYHNMH HACIiIKaMH CHIBHUX 3eMJIETPYCIB y TYCTOHACEICHUX MicTax
i paiionax. Tomy BHMOrM A0 TNpPOEKTYBaHHS CHOPYZA i3 3a0e3ledeHHsIM iX
ceiicMocTiikocTi  3anmumaroteest  akTyansbHmmMu  [1-11].  H. Heromapk i
E. Po3enOmroer mucanu [1]: ,,3eMieTpycr CHCTEMATHYHO BUSBISIOTH ITOMILUIKH,
sKi Oynu 3po0JIeHi NP NPOEKTYBaHHI 1 OyNiBHHITBI, — HaBiTH caMi HE3HAYHI
TTOMUJIKH; TI€ OCOOJIMBICTh CEHCMOCTIMKOro Oy IIBHUIITBA ITiTKPECITIOE TPy THOIII
1 IpUTATAIBbHI CTOPOHM PO3B’SI3aHHS HOr0 MPOOJIEM, a TAKOXK 1X 3araJlbHOOCBITHE
3HAYEHHS, 110 BUXOAWTH 32 MEXi Oe3MOcepeHbOr0 3aCTOCYBaHHS PE3YJbTATIB
JIOCIIIDKEHD .

B HOpMAaTHBHHX BITUM3HSHHX JOKyMEHTax [3, 4] 3a ocHOBHI IpUiIMalOThCs
CHEKTPaJbHUA METOA Ta METOA MpSIMOr0 YHCENBHOrO iHTErpyBaHHS
mudepeHianbHuX piBHIHE pyXy. CHeKTpalbHUNA METOA, HA JYMKY JOCIHIIHUKIB
[1, 2, 6, 8, 11], Mae cynepewnBi IOIyIIEHHS 1 eMITipn4Hi KoedillieHTH, SKi He
BIJIOBIAAIOTE MIMCHOCTI, OCOOJNMBO, IS HAHOLIBII CEHCMIYHO HEOE3IMEUHUX
cnabkux TpyHTIB. ToMy BBaKaeTbes, IO B OCHOBY PO3PaxyHKIB CIIOpyJ Ha
CeCMOCTIHKICTh pa30M 3 HOPMYBAHHSIM aMIUTITY]l IPUCKOPEHb I'PYHTY, K MipH

© Jlyx’stnaenko O.0., Kocrina O.B., I'epamenko O.B.
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IHTEHCHBHOCTI 3eMJIETPYCY, CIIiJ] BBECTH HOPMYBAaHHS aMIUTITY HOro NPy>KHOTO
TIepEMITIIeHHSI i IIBUAKOCTI.

JlocmimKeHHs ceficMiYHOI XBMIIBOBOI peakIlii MpocTOpoBOi KOHCTPYKIII, SKe
MIPE/ICTaBJICHO B JaHIM CTAaTTi, € MPOJOBKCHHSIM aHaNi3y BIUIMBY ypaxyBaHHS
PYXOMOI XBHWJII Ha HECydy CIIPOMOXKHICTb BHCOTHOI CIIOpYIH, SIKE BUKOHAHO i
npezacTaBieHo aBropamu B ctartTi [11]. [IpocTopoBa KOHCTPYKIiS MTONAETHCS Y
BUTJISIII YOTUPHOX BEPTUKAIBHHUX IPYKHHX KOJOH BHCOTOIO 3 .M 3 JKOPCTKO
3aKpIIUICHUMH HIDKHIMM KIiHIPIMH Y TPYHTI, Ha SIKi CITUPAEThCS KBapaTHA TUIUTA
6x6m ToBmmHOIO 0,2 M. KoHCTpyKIis BUroToBnena 3 6erony. Ha mumty mie

PIBHOMIipHO-pO3TIONIJICHE ITOBEpXHEBE HaBaHTaXKeHHsA. (CeHCMiuHMIA BIUTHB
TIOAAETHCS y BUMVISAI BUIIAIKOBHX peai3alliii MpUCKOPEHb IPYHTY, SIKi OTPUMaHO
3a JIONIOMOrOI0 cTaTUcTHUHOro mizxoxy Pyiza ta Ilemsiena [11], B micmsx
KpiIJIeHHsT KOJIOH 110 (yHIAMEHTY B3JOBX oxHiei oci. BpaxoBaHa xBmiboBa
peakiiss KOHCTPYKLii HAa TOPU3OHTAJbHE CEHCMiYHE NEpeMilleHHS IPYHTY Yy
BUTJISIII  TOYATKOBHX IIONEPEYHMX 3THHAIBHUX HEJIOCKOHAJIOCTEH (opMm
YOTUPHOX KOJIOH B3MOBX Jii CEHCMIYHOro BIUIMBY. MOJIEIIOBaHHS
HECTaliOHAPHOI CTOXAaCTUYHOI MOBEAIHKH IIPOCTOPOBOI KOHCTPYKLIl mpwu
celicMiYHOMY BIUTMBI 3aCHOBAaHO Ha Teopii 1 MeTomax HENIHIHHOI MeXaHiKH,
CKIHUCHHUX EJIEMEHTIB, PyXOMHX XBWJIb 1 BEHBIET-aHANI3y 3 BUKOPHUCTAHHAM
mporenyp cydacHux odoumucmoBanbHuX KomruiekciB NASTRAN [12], Mathcad i
Developer Studio [13]. MaTemaTiyHa MOIETh TOMAETHCS Y BUTIISALI CHCTEMHU
He3B’s3aHMX AW(EpPeHLIANBHUX PIBHSAHb APYroro IOPSIKY B Yy3arajabHEHHX
KOOpJMHATAaX 3 OaraTbMa CTENEHSIMH BiJIBHOCTI.

Bukonano cratMuHWi 1 JUHAMIYHMA ~PO3paXxyHOK KOHCTpYyKWii 3a
JIOLIOMOTOI0  METOAY MpSMOr0 YHCENBHOro iHTerpyBaHHs Pynre-Kyrra
YEeTBEPTOro MOPSAAKY 3 ypaxyBaHHSIM BIINOBITHHUX BJIACHHX ()OPM KOJIMBAHB,
OTPHUMAaHO PeakIii MPOCTOPOBOi KOHCTPYKIIi y BUIVISAAI BUITAJKOBUX peajlizarii
nepeMilieHb, MBUAKOCTEH 1 NPUCKOpeHb. BeiBieT-nepeTBOpeHHs OTpUMAaHUX
peaizaniii BUKOHAHO 3a JONOMOT'OI0 JHCKPETHUX opToroHaiabHuX (dobemmn4) i
HeTepepBHUX HEOpTOroHaNbHHUX (Mopie) OMHOMIPHUX KOMIUIEKCHHX BEHBIIET-
¢ynkmif. Ha ocHoBi BeliBier-cnektporpamM Tta @Dyp’e-00paziB  peasizamii
CeCMIYHOrO BIUIMBY 1 CEHCMIYHMX peakliii KOHCTPYKILIi ITpoaHali30BaHO
peKOMEHAalii [0 3aCTOCYBAaHHS METOAY CyNepHo3uii ¢popMm ajist OTpUMAaHHS
CyMapHHX MaKCHMaJIBHHX peakuid KoHCTpyKmii. OIiHEHO BIUIMB ypaxyBaHHS
PYXOMHUX XBHJIb B KOJIOHAX IPOCTOPOBOI KOHCTPYKIIIi Ta MOBEPXHEBOTO THCKY Ha
il cTaT4HI 1 AMHAMIYHI XapaKTEePUCTHKH.

1. ®opmyBaHHfI MATeMATHYHOI MoJAeJi CTOXaCTHYHMX KOJUBAHb

NPOCTOPOBOI KOHCTPYKLIl NpH celicMiYHOMY BIUIMBI 3 ypaxyBaHHSIM

PYXOMUX XBHJIb

MaremaTuuHe  MOJCTIOBaHHS  CEHCMIYHOI  MOBEAIHKHM  IIPOCTOPOBOI
KOHCTPYKIIii 3aCHOBAaHO Ha METOJ[aX CKIHUCHHOCIIEMEHTHOTO aHAi3Y, HEiHiHHOT
MEXaHIKM 1 Teopil pyXOMHX XBWIb 13 3aCTOCYBaHHSIM CY4acHOTO
obunciroBanbHOro kommuiekcy NASTRAN [12]. Marematndna MoOJENib
¢dopmyeTbecs Ha ocHOBI mpuHIMna [lamambGepa-Jlarpamka y BHUIVISAI CHCTEMHU
He3B’s3aHMX AW(EpPeHLIANBHUX PIBHSAHb APYroro IOPSIKY B Yy3arajabHEHHX
KOOpAWHATAaxX 3 0araTbMa CTENEHSIMH BITEHOCTI
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¥ () +28,0,3;(1) + 0 y;(t) = gy (1), i=1,2,...,m, (1)
ne y;(f) — ysaraubHeHa KOOpAMHATA, (); — BIACHI YaCTOTH KONHWBaHb, & —
KoeditieHT AeMI(ipyBaHHs, dg;(f) — TPUCKOPEHHS IPYHTY Ha piBHI

(GyHIaMeHTy, 7 — KIJIbKICTh YTPUMaHMX B PO3paxyHKax CTENEHIB BUILHOCTI
KOHCTPYKIIi.

YacToTH BJIaCHUX KOIMBaHb IIPOCTOPOBOI KOHCTPYKIIi (0, BHU3HAYEHO 3a
noromMororo Meroxy Jlanmoma mpu po3B’si3aHHI 3a7adi Ha BJIACHI 3HAYCHHS
(Modes), sixa 3armucyeTbesl y BUTIISAI

2 —
(K~ M) @; = 0. @)
Tyr M,K — BigmoBimHO MaTpums Mac Ta >KOPCTKOCTI KOHCTpPYKIIi; ¢
crcTeMa BEKTOPiB BIACHUX ()OPM KOJIMBAHB, SIKA € OPTOrOHAIBHOIO
o Ty
9y Mo;=0,
o (i#J). 3)
¢;" Kg; =0.
B cucremy piBHsHB (1) BXOAATH €IEMEHTH y3arajJbHEHHUX MaTpHIb Mac,
KOPCTKOCTI 1 gemndipyBanHs, ki 00uHcieHi 3a GopMynamu

M =®"M®=E =diag(1,1,...,1),
C" = ' CO = diag (26,0, 26,0, ,...,2€,0;,..., 26,0, ) ,

* T . ) 2 2
K =@ K(D:dzag(a)l,a)z,...,wi,...,a)n). 4
Ha nyMKy aBTOpiB Ba)KJIMBO OL[IHUTH BIUIMB PO3PaxyHKOBOTO MOBEPXHEBOTO
TUCKY Ha JMHAMIYHI XapaKTEPUCTHKH IPOCTOPOBOI KOHCTPYKLii INpH
celiCMiYHOMY HaBaHTa)XEHHI. B I[boMy BHUIaAKy cHCTeMa piBHSIHb BHUITIKOBHX

KOJMBaHb KOHCTPYKLIT (1) HaOyne Burisity

.. [ ~2 _

Fi (04280, 3 (1)+ @7 y; () = @y (1), (5)
Je (; — BJAacHI YaCTOTH KOJIMBaHb HABAHTAKEHOI CHCTEMH, BU3HAYCHHS SIKHX

BUKOHAaHO y 1ABa eranu. Ha mepmomy erami po3B’s3aHa HeJliHiIMHA 3ajada
CTAaTHKH 3a JIONIOMOTOI0 MOAN(IKOBAHOTO METOIY HMOKPOKOBOTO HABAHTAXKECHHS
Hororona-Padcona (Nonlinear Static). Otpumana TmpuBeJeHa MaTpHULS

XKOpCTKOCTI K , sika XapaKTepH3ye CHIIN MPYXKHOCTI 1 TEOMETPUYHI TapamMeTpu
KOHCTpyKIii. Ha papyroMy erami BH3HAYCHO BIACHI YacTOTH KOJHBAHb
HaBaHTa)KEHOI KOHCTPYKIIi1 MeronoM Jlanmoma (Param_Modes) 3riqHo Bupasy

(K- &7 M), =0. (6)
IlpuckopeHHst TIpyHTy Ha piBHI (QYHIAMEHTY @g(f) BH3HAYCHO 32

JIONIOMOT0I0  cTaThcTHyHOoro migxony Pyiza i Ilensiena [1]. Ceiicmiuni xBuii
MOIIMPIOIOTECS B 3€MHIH KOpi, HAINITOBXYIOTBCS Ha aOCOJIOTHO TBEpAY
MOBEpXHIO (,,CKeM0”), fAam (QUIBTPYIOTbCS M’SKAM IIapoM 1 JOCATaloTh
(dbyHIaMeHTy KOHCTpYKLii. BubipkoBa (yHKIIisI IPUCKOPEHHS ,,CKElli” TIOAAETHCS
SIK MHOKEHHS 3TJIQJDKEHOI KBa3io0BimHOI (yHKII{ Ha BHOIpPKOBY (YHKIIIO, IO
TEHEPYETHCSl SIK TTOCHTIJIOBHICTH HE3AJIICKHUX TayCIBCHKMX OpIMHAT 3 THMH
CcaMMMH CEpeIHIMH 3HauYeHHSAMH 1 JucrepcisiMu. @DinpTpamiss NPUCKOPEHHS
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,CKel” M'SKHM IIapoM TacHUTh BHCOKOYACTOTHI KOMIIOHEHTH 1 IIiJICHIIIOE
CKJIaJIOBI TpOIeCy NOOMU3Y BIIACHUX YAaCTOT IPOCTOPOBOI KOHCTPYKIIIL.
DopMyIT BU3HAYCHHS BHUITAJIKOBOTO IIPUCKOPCHHS IPYHTY Ha PiBHI QyHAaAMEHTY
c_zgi(t) 3 KOHKPETHHM MAaTEMaTHYHUM CIIOJiBaHHSIM MHOr0 MaKCHMAaJbHOTO

3Ha4yeHHs HaBeaeHO B [1]. B poOori MakcMMaibHI NPHCKOPEHHS IPYHTY i
MaKCHMAaJIbHI TOPU30HTANIBHI ITEPEMIIIICHHS TPUHHSITO BiIIOBITHO A0 MarHITyIH
CEHCMIYHOrO BIUIMBY 3TigHO pekoMmeHpamiin [6] M7: a=0,1g=0,981 M/Cz,
A=0,04m; M8:a= 0,2g=1,962 m/c>, 4=0,08 m; M9: a= 0,4g=3,924 m/c’,
A=0,16 m. Ha pwuc.1 mpencraBmeHa MOJIETh BHUIAAKOBOI peamizarmii
MIPUCKOPEHHS IPYHTY MarHitynom MS.

1962, 5
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Puc. 1. Moznens BumaakoBoi peaizanii IpuckopeHHs IpyHTy(migxin Pyiza i Ilensiena):
(a) — BubipkoBa ¢yHKis, (0)— KkBa3ioOBixHa QyHKIIs, (B) — BUIAKOBE IPUCKOPEHHS IPYHTY,
(T) — IpUCKOPEHHS IPYHTY 3 3a/IaHOI0 MarHiTy 010 M8

XBWIbOBa peakllisi KOHCTPYKIii Ha TOPWU3OHTAJbHE MEPEMILICHHS TIPYHTY
ICIsl MOYaTKy 3EMIIETPYCY IOAAETHCA Yy BUIVIAAL IMONEPEYHHMX 3THHAIBHUX
XBWIb B3JI0BX YOTUPbOX KONOH. Ko)kHa XBWJIA 3aJa€ThCsl CUHYCOIJON0 3
MaKCHMaJIBHOIO aMIUTITYIOI0 CEHCMIYHOTO TOPH3OHTAJIBHOTO TMEPEMIIICHHS

IpyHTY A(?), 9aCTOTOIO0 PyXOMOI XBWIII (® 1 3ami3HEHHSAM XBWII T B KOJOHI

x(t) = A()sin@(t — 1), @)
ne A(f) — aMIUliTyga TOPH3OHTATIBHOIO IHepeMimieHHs rpyuty, @=2m/T —
gactora pyxomoi xBui, I = 27[\/m — Tepioj IMONEePEeYHNX 3THHAIBHUX

KOJIMBaHb KOJNOHHM, 7= z/V(¢) — 3ami3HeHHs pyxomoi xsuni, v(t) =V EI®/m —
IIBHAKICT XBHWJI, Z — BEpTHKalbHa KOOpAWHATa KOJOHM, FEJ—3ruHaibpHa
KOPCTKICTh KOJIOHH, 71— TOrOHHA Maca KOJIOHH.

IMonepeuyni 3ruHaNBHI XBHWJII MOJENIOIOTHCS Y BHITISAI  ITOYAaTKOBHX
TOPU3OHTAJBHAX BIJXWJIEHb YCIX BY3JIB YOTHPHOX KOJIOH IPOCTOPOBOI
KOHCTPYKLIi BiJ BEpPTUKaJi B3JOBX OCI X, $KI CIIBNAJAIOTH 3 HAIPSIMOM

celicmiunoro BBy, npu ¢ =T’ [6].
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2. ToctixKeHHs] HANIPYKeHO-1e()OPMOBAHOI0 CTAHY i cTiiiKOCTI

MPOCTOPOBOi KOHCTPYKIII NpH /il MOBEPXHEBOr0 THCKY

ITpocTopoBa KOHCTPYKIisl IPEACTABIEHA y BUTIISAI YOTHPHOX BEPTHKAIBHUX
MIPYKHAX KOJIOH BHCOTOIO 3 M 3 JKOPCTKO 3aKPIiIUICHUMH HIDKHIMU KIHIIMH Y
rpyar. [lonmepeunuii mepepi3 komoH mnpwiHATO 0,4Xx0,4M, 3rUHANBHA

JKOPCTKICTh Ta MOTOHA Maca 3aJaHi OJHOPIIHUMH B3IIOBXK BHcOTH. Ha KomoHH
crupaeTbess KBajapaTHa Iumra 6X6m TtoBmuHOW 0,2 m. Komonu Ta miura

BUTOTOBJIeHI 3 Oerony Mapku B30, sikuii Mae Taki MeXaHiuHI XapaKTEPUCTUKH:
E =30x10°Ia, G=12,75x10°Ia, 1 =0,167 ta y =2,4x10°ke/p’.

MaremaTnyHa MoOzelnb KOHCTPYKLII (puc.2) moOymoBaHa i3 3aCTOCYBaHHIM
METOJy CKIHYEHHHX EJIEMEHTIB, SIKMH peajli3oBaHO Yy MPOrpaMHOMY KOMIUIEKCI
NASTRAN [12]. Koxna konoHa mnpencraBieHa y BULIAL 10 cTepKHEBHX
CKIHYEHHHX eJIeMeHTIB, mTa — 400 IIOCKMX KBaJpaTHUX CKIHUCHHHUX EJIEMEHTIB.
VYci eneMeHTH MalOTh IICTh CTEHEHIB BUIBHOCTI y BY3ii. Mogens Mictuts 481
BY301 i 440 CKiHICHHHX CIICMCHTIB.

Ha nnury npuknaznene piBHOMIp-
HO pO3MOJiIEHE HABAHTAXKEHHSI, 110
BHHUKA€E BiJ TOCTIHHO i KOPOTKO-
TPUBAIMX CTaTUYHHUX CWII. 3TiIHO
HOPMaTHBHUX JIOKYMEHTIB [3, 4]
MPUIHATO PO3PAXyHKOBE 3HAYCHHS
nporo HapaHTaxeHHs ¢ =10 x/la.

Celicmiuanii BB (puc. 2) 300pa-
KEHO 4YOTHpMa BEKTOpaMH, SKi
TIPUKIIAJICH] 10 3aKpilUIEHUX BY3JIB
4OTHPbOX KOMOH (Nel-4) B3moBXk ocCi
X.

2.1. CtaTH4Ha noBeIiHKAa KOHCTPYKUIi NPH 1ii NOBEPXHEBOI0 THCKY

BrumB  moBepxHEBOro THCKy Ha  HampyKeHO-ZeopMoBaHMH  CTaH
KOHCTPYKLIi OI[IHEHO NpH pO3B’s3aHHI HeNiHIMHOI 3amaui cratuku (Nonlinear
Static). 3acrocoBano MoauikoBaHMi MOKpokoBuii MeTon HeioTona-Padcona,
sikui pearnizoBano B mporpami NASTRAN [12].

JlocnmimKeHo KpUBI HABaHTAXEHHA 1 HampykeHo-Ie(opMOBaHMNA CTaH
KOHCTpYKLIi 6€3 i 3 ypaXyBaHHIM PYXOMHX XBWJIb B KOJOHAX BiJl CEHCMIYHOIO
BIUIMBY pi3HOi MarHiTyau (M7, M8, M9) npu 1ii po3paxyHKOBOTO IOBEPXHEBOT'O
TUCKY Ha Ty ¢ =10 x/la. Po3paxyHKH 1oKa3aly, 110 MTOBEJIHKAa KOHCTPYKIi{

Puc. 2. CkiHUeHHOEIEMEHTHA MO EITb
MIPOCTOPOBOT KOHCTPYKIIii

mpu 1ii po3paxyHKOBOTO ITOBEPXHEBOIO THCKY 0€3 1 3 ypaxyBaHHSIM PYXOMHX
XBWJIb OJHAKOBAa. Sk TNpHKIax, HAa pHC. 3 HaBelICHI KPUBI HaBaHTAXXCHHS
BEepXHbOro By3na KomoHM Nel (pwuc.3 (a)) 1 HEHTpambHOrO By3Ja IUIUTH
(puc. 3 (0)) KOHCTPYKLII 3 ypaxyBaHHAM XBWJIbOBOI peakiii Ha CeHCMiuyHMI
BIUIMB MarHitTymomo MS.

BaunMo, mo KpuBI HaBaHTaXEHHS BEPXHHOrO By3na KoimoHM Nel i
LEHTPAJILHOTO BY3J1a IWIHUTH (puc. 3) KBa3UTiHIHHI.

Ha puc. 4 npencrasineni i3onons nedopmaniii (puc. 4 (a)) 1 ekBiBaIeHTHUX
HanpyxeHb (puc. 4 (0)) B emeMeHTaXx MOJETl IPOCTOPOBOI KOHCTPYKIII 3
ypaxyBaHHSIM XBHJIbOBOI peakuii Ha celicMiuHumii BB (MS).
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Puc. 3. Kpusi HaBaHTa)keHHS KOHCTPYKLii npu g =10 x/la 3 ypaxyBaHHS XBHIBOBOL
peaxuii (M8): (a) — BepxHiii By30J1 KOIOHH, (0) — HEHTPAIBHUH BY30JI IUTUTH

©)

Puc. 4. CtaH KOHCTpPYKIIi 3 ypaxyBaHHSIM XBHJIbOBOI peakiii Ha ceficmiunuii Brms (MS)
npu 1ii moBepxHeBoro Tucky ¢ =10 xlla: (a) — nedopmauii, (0) — HanpyKeHHS

MaxkcumanbHO TIePEMIIyeTbCsl B3JIOBXK OCI Z IEHTPAJbHHUH BY30J IUTUTH
(10,6 mm). MakcumManbHi ekBiBaJieHTHI HamnpyxeHHa (22,5 MIla) Oaunmo B
MICISX KPIiIUICHHS! IUTUTH 10 KOJIOH.

3HaveHHs JiHIHHUX 1 KYTOBHX NEpEMilleHb BEpXHbHOro By3ia komoHH Nel i
LEHTPAIIEHOTO BY3JIa IUTUTH MOJIeNli O€3 1 3 ypaxyBaHHSAM PyXOMHX XBHJIb IPH Aii
PO3paXxyHKOBOTO IMOBEPXHEBOT0 TUCKY ¢ =10 x/la HaBeneHO B TabI. 1.

Tabmums 1
[NepemimnieHHs By3J1iB IPOCTOPOBOI KOHCTPYKIIi MPH JIiT ITOBEPXHEBOTO
Tucky g =10 x/la

CraruyHi XapaKTepUCTUKH 0* M7 M8 | M9
BepxHiit By3o:1 kononu Nel
[lepemimmeHHs B3IOBXK OCl X, MM 0,0207 0,0234 0,0698 0,1490
[epemimeHHs B3OBXK OCl V), MM 0,0207 0,0207 0,0207 0,0208
[lepemimeHHs B3JIOBXK 0Cl Z, MM 0,0562 0,0564 0,0569 0,0591

Kyt moBopoTy HaBKOIIO OCi X, pad 0,00044 0,00044 0,00044 0,00044
Kyt moBopoTy HaBKOIIO OCi y, pad 0,00043 0,00042 0,00040 0,00037

Kyt noBopoty HaBKoI1O 0ci 7, pad 0 0,00001 0,00002 0,00003
Byson B 11eHTpi ATH

[lepemimmeHHs B3IOBXK OCl X, MM 0 0,0441 0,0905 0,170

[epemireHHs B3IOBXK OC1 Y, MM 0 0 0 0

[epemimmeHHs B3OBXK OCi Z, MM 10,6 10,6 10,6 10,7
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IIpoooeocenns mabn. 1

Kyt noBopoty HaBKoI1O 0OcCi X, pad 0 0 0 0
Kyt noBopoty HaBKoI1O 0Oci y, pad 0 0 0 0
Kyt noBopoty HaBKoIIO 0Oci 7, pad 0 0 0 0

0* — 6e3 ypaxyBaHHS XBIJIbOBOI peaKilii

BpaxyBaHHs1 XBWIBOBOI peakilii Ha CEeHCMiYHMI BIUIMB BUKJIMKA€E 1 301LIbIIYyE
JIHIMHE TIepeMIIeH s IEHTPAIIBHOTO BY3J1a IUTUTH B37IOBXK OCI X 1 MaibKe He 3MIHIOE
TIepEMIIlleHHs B3IOBX oci z [lpu 30UTbIICHHI MarHiTyIy CEHCMIYHOTO BIUIMBY
3HAYHO 30UIBIIYE JIHIIHI TepeMilieHHs] BEpXHBOr0 By3J1a KOoHH Nel B370BXk oci x
1 BUHHKa€e KYTOBE IIEPEMIIIEHHS IIbOr0 BY3Ja HABKOJO oci z. B Tabn. 3 HaBeneHO
CTaTWMYHI XapaKTEPHCTUKH YOTUPHOX KOJIOH KOHCTPYKILil (3rMHaJbHI MOMEHTH 1
TIEPEPI3YyI0YM CHJIM B MICILIX JKOPCTKOTO KPIIUICHHS Ta MAaKCHMAaJIbHI TTOB3JIOBXKHI
CHJIY B KOJIOHAX) TIPH il TIOBEPXHEBOI0 THCKY Ha Ty g =10 x/la.

2.2. CtilikicTh KOHCTPYKIIT IPH Jii MOBEPXHEBOI0 THCKY

Po3B’s3ana 3amaga cTiKOCTI KOHCTPYKIIT 3a JonmomMoror Meroxny Jlanmorma
(Buckling), sxuit peamizoBaHo B mporpamHoMy Komruiekci NASTRAN [12].
BusnaueHni KpuTHYHI 3HAYEHHS ITOBEPXHEBOIO THCKY Ta BIiQIOBiMHI (opmu
BTPaTH CTIHKOCTI KOHCTPYKLIii Oe3 1 3 ypaxyBaHHSIM pyXoMux XBwib. Ha puc. 5
npezcTaBiieHi (opMH BTpATH CTIMKOCTI KOHCTPYKLii 0e3 ypaxyBaHHS PyXOMHX
XBHJIb IIPH J1ii TIOBEPXHEBOI'O THCKY.

Puc. 5. Tlepuii gecsatb GOpM BTpaTH CTIIKOCTI KOHCTPYKIIii
IIpH J1il HOBEPXHEBOrO THCKY 0€3 ypaXyBaHHs XBHIBOBOI peakuil (Buckling)

Baunmo, mo ngpyra Ta Tperss ¢GopmMu BTpaTH CTIHKOCTI HE MICTATh
nedopmamniro wmTh. Ilo iHmmX ¢opMax BTpaTH CTIMKOCTI CIIOCTEpIraroThCs
nedopmMarlii K IDIATH TaK i KOJIOH.

JlocmimKkeHa CTIHKICTh KOHCTPYKLIi 3 ypaxyBaHHSAM pPYXOMHX XBWIIb B
KOJIOHaX MpHW il IOBEpXHEBOTO THUCKY Ha IUIMTY. SIK mpukman, Ha puc. 6
npezcTaBiieHi (JOpMHU BTPATH CTIHKOCTI KOHCTPYKIIT 3 ypaxyBaHHSIM XBHJIbOBOI
peakuii Ha celicMiYHMI BIUIMB MarHitTymorw MS.

Bunno, mo nepmi yortupu ¢opMmu BTpatu CTikocTi (puc. 51 6) maibke He
BiJIPI3HAIOTECS, Ha BiAMiHY Bin iHmmMX ¢opM. B Tabn. 2 HaBeneHO KpUTHYHI
3HAUYEHHS ITOBEPXHEBOIO THCKY JMJIsI TPOCTOPOBOI KOHCTpYyKWii 0e3 1 3
ypaxyBaHHSIM XBHJIbOBOI peakiii Ha CeHCMIYHMI BIUIMB Pi3HOI MarHiTyIu.
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Puc. 6. ITepuii gecsatb GopM BTpaTH CTiiiKOCTI KOHCTpYKUii (Buckling)
3 ypaxyBaHHSIM XBHJIbOBOI peakilii Ha cefiCMiYHUIT BIUIUB MarHiTy 010 M8

Tabmus 2
Kputnuni 3HaueHHS TOBEPXHEBOTO THCKY (k1)

Ne 0* M7 M8 M9

1 2090,85 2090,83 2090,73 2090,20
2 222521 2225,09 2225,06 2223,76
3 222521 222521 2225,18 2225,02
4 8260,57 8262,65 8262,96 8275,41
5 12072,82 12063,31 12044,32 11989,30
6 12171,78 12166,01 12153,36 12108,93
7 12171,78 12176,67 12194,05 12219,76
8 12331,11 12332,84 12343,81 12359,88
9 14923,07 14917,69 14905,94 14863,87
10 15040,14 15037,23 15023,56 14974,71

0* — 6e3 ypaxyBaHHS XBIJIBOBOI peaKIlii

baunMo, 1m0 KpUTHMYHI 3HAYEHHS IIOBEPXHEBOI'O THCKY HE3HAYHO
3MeHIyoThes (<0,52%) 31 30iIbIIEHHSIM MAarHiTYINU CEHCMIYHOTO BIUIUBY IS
BCiX (OpM BTpaTH CTIHKOCTI KpiM UYETBEPTOi, ChOMOI Ta BOCBMOI (OpM, fKi
301IBLIYIOTHCSL.

3 MeTOol0 NEepeBIpKM KPUTHYHUX 3HAUYE€Hb HABAHTAXXEHb, 110 OTPHMaHi B
JHIMHIA TOCTaHOBHI, BU3HAUCHI I'PAaHWYHI 3HAYEHHS MOBEPXHEBOTO THCKY INPH
pO3B’si3aHHI HeMiHiNHHOI 3amaui cratuku (Nonlinear Static). JlocmipkeHO KpHBi
HaBaHTa)KEHHS BEPXHBOTO By3J1a KOJOHH Nel Ta IIEHTpaJIbHOTO BYy3JIa IUTUTH TIPH
MOBEpXHEBOMY THCKY Ha mmry ¢ =2200 x/la xoHcTpykuii ©e3 ypaxyBaHHS

PYXOMHUX XBHJIb B KOJIOHaX. [ paHndHe 3HAYCHHS TOBEPXHEBOT'O THCKY JUIS TaKoi
KOHCTpyKuii cknano ¢ =0,852*2200=1874 «lla, xoediLieHT 3amacy CTIHKOCTI —
187,4. Bu3HaueHO TpaHWYHI 3HAYCHHS ITOBEPXHEBOTO THUCKY 1 JOCIIIPKEHO
HaNpyXeHO-1epOpMOBaHMHA CTaH KOHCTPYKWii 3 ypaxyBaHHSIM XBHJIbOBOI
peakuii Ha celicMiuHMIA BIUTUB pi3HOI MarHiTyau (M7, M8, M9). Sk npuxnax, Ha
puc. 7 TpencTaBieHI KpUBI HaBaHTAKEHHS BEPXHBOTO By3na KoioHH Nel
(puc. 7 (a)) Ta ueHTpasbHOro By3ia IUUTH (puc. 7 (0)) NpPU ITOBEPXHEBOMY
TUCKY Ha nTy ¢ =2200 x/]a 3 ypaxyBaHHIM XBWJIBOBOI peakiii Ha celicMiYHMIA
BIuMB (MS8).

BaunMo, 1m0 rpaHWYHE 3HAYEHHS TIOBEPXHEBOTO THCKY  CKIJIAlo
g =0,567%2200=1247 xlla. TloBeniHka BY3JIB KOJOHM 1 IUIMTH HeNiHiHHA.
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KoeoimienT 3amacy criiikocti KoHCTpyKLii ckinagae 1247/10=124,7. Ha puc. 8
HaBefeHi i3omonst  nedopmamii  (puc. 8 (a)) 1 eKBIBaJICHTHHX HaIpyXEeHb
(puc. 8 (0)) B enleMeHTax KOHCTPYKIii B TPaHUYHOMY CTaHi.
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Puc. 7. KpuBi HaBaHTa)XeHHS KOHCTPYKLii pu g =2200 x/1a 3 ypaXyBaHHIM XBIUIb0BOI peakiii(M8):

(a) — BepxHill By30JI KOJIOHH, (0) — HEHTPaIbHUI BY30J INTUTU

©)

Puc. 8. Ctan koHcTpyKuii pu Aii moBepxHeBoro THCKy g =1247 xlla 3 ypaxyBaHHSM XBHIIbOBOI

peaxiii (M8): (a) — nedopmarii, (6) — HanpyKeHHS

I'pannyni 3Ha4YEHHS MOBEPXHEBOrO THUCKY Ha KOHCTPYKIIO 3 XBHJIHOBOIO
peaxIiero Ha CEWCMIYHMI BIUIMB MarHiTymoro M7 i M9 BiamoBimHO CKIIaTu
q =0,579%2200=1274 xlla, ¢=0,556*2200=1223 klla; xoediliecHTH 3amacy
crifikocTi ckmanu 127,41 122,3.

TakuM YWUHOM, MJOCIHIPKEHHS CTIMKOCTI KOHCTPYKIii B  HETiHIHHINA
noctaHoBi  (Nonlinear Static) moOKa3ano, MO CTIHKICTh KOHCTPYKIii
3MeHIIyeThest  Oupine Hixk Ha 30% 3a paxXyHOK ypaxyBaHHS PYXOMHX XBWIIb B
konmoHax. [lepmii KpWTWYHI 3HAa4YeHHS HABAHTAXKEHHS, IO OTPUMaHi IpH
PO3B’s13aHHI JIHIWHOT 3a1a4i cTiiikocTi (Buckling) (Tabsm. 2), 6inbIi 3a rpaHIYHI
3HAYEHHS IIOBEPXHEBOIO THCKY, SIKi OTpPHUMaHI ITIPH PO3B’S3aHHI HENiHIHHOI
3amaui cratuku (Nonlinear Static). lle cBiquuTh PO HEOOXITHICTH ypaxyBaHHS
HEJIHIMHOI ~TMOBENIHKM KOHCTPYKIii B  JOCHDKEHHSX 11 HampyXeHo-
neopMOBaHOro CTaHy Ta CTIMKOCTI HpH il MOBEPXHEBOTO THCKY 31 3HAYCHHIM
OinbIiM 3a pozpaxynkose 10 x/1a.

B Tabn. 3 HaBeneHo cTaTWyHI XapaKTEPUCTHKHA YOTHPHOX KOJIOH KOHCTPYKIIT
IpY J1ii HTOBEpXHEBOTO TUCKY: 3TrMHAJILHI MOMEHTH 1 IEPEpPi3yr0uy CHIIU B MiCISIX
KOPCTKOTO KpIIUIEHHS 10 (yHIAMEHTY Ta MaKCHMaJbHI IHOB3IOBXHI CHIM B
KOJIOHAX.
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Tabmurs 3
CraTn4HI XapaKTepUCTHKN KOJIOH KOHCTPYKIIT MPH il IIOBEPXHEBOI'0 TUCKY
XapaKTepUCTUKH 0* M7
1 2 3 4 1 2 3 4
3rUHAIbHAN 23.488 | 23.488 | 23.488 | 23.488 | 24229 | 24.229 | 22.754 | 22.754
MOMEHT. KHn 3160,1 | 3177,3 | 31759 | 3159,6 | 11644 | 11644 | 13585 | 13585
bl
Iepepizyroua 17.329 | -17.329 | 17.329 | 17.329 | -17.315 | -17315 | 17.315 | 17.315
cnna. kE 695,95 | -695,39 | 695,50 | 696,06 | -848,86 | -848,86 | 853,54 | 853,54
9
TTOB3OBKHS 90.0 90.0 90.0 90.0 | 89.957 | 89.957 | 90.072 | 90.072
cuna. kH 15955 15958 15958 15955 11095 11095 11109 11109
9
M8 M9
1 2 3 4 1 2 3 4
3 UHAIbHAN 22.033 | 22.033 | 25.024 | 25.023 | 20.783 | 20.783 | 26.466 | 26.466
MOMEHT. KHw 1380,9 | 13809 | 999,66 | 999,61 | 1521,89 | 1521,89 | 821,90 | 821,96
bl
Iepepizyroua 17314 | -17314 | 17314 | 17314 | 17225 | -17.225 | 17.226 | 17.226
cnma. kH 849,56 | -849,56 | 858,75 | 831,54 | -831,54 | -831,54 | 847,75 | 847,75
9
TToB310BXHSA 89.895 89.895 | 90.134 | 90.134 89.885 89.885 90,329 | 90.329
cuna. kH 10861 10861 10889 10889 10653 10653 10704 10704
9
0* — 6e3 ypaxyBaHHS XBUJIbOBOI peaxii,
** 3 ypaxyBaHHAM pyxomoi xBuii npu ¢ =10 xlla

**% 3 ypaXyBaHHSM PyXOMOI XBIJI B TPaHHYHOMY CTaHi
Bunno, mo B rpannyHOMY craHi siK 1 npu aii Thcky 10 x/la, ypaxyBaHHS
XBHJIHOBOI PEakIlii 3HAYHO BIUIMBAE HA 3TUHAIBHI MOMEHTH B MICISIX KpIiIUICHHS
KOJIOH 10 (yHmameHTy. Pi3HMIS 3HaueHb 3THHAIBHMX MOMEHTIB 3pOCTa€ 3i
301IBIIEHHSAM MarHITyJu CEHCMIYHOI'O BIUIMBY i € HeOe3NeuHoro, 00 BHKIHMKAE
HepiBHOMIipHY JiedopMaliiro yciei KOHCTPYKIIi.

3. TocrixkeHHs] TMHAMIYHOI MOBeIIHKH MPOCTOPOBOi KOHCTPYKIIiT

3.1. MoaanbHmii aHATi3 KOHCTPYKIIl

MopanpHuid  aHami3  IIPOCTOPOBOI  KOHCTPYKWii — 0e3  ypaxyBaHHS
HAaBaHTA)KECHHA BHKOHAHO 3a JOMOMOrorw merony Jlanmorma (Modes) 3rigHO
Bupasy (2). BnacHi ¢hopMu KonmBaHb KOHCTPYKIII 0€3 ypaxyBaHHS XBHIbOBOI
peakuii Ha celicCMiYHMIT BIUIMB TpeJICTaBIIEH] Ha pHc. 9.

Puc. 9. ITepmi necsats BracHUX (HOpM KONUBAHb KOHCTPYKIIi 63 ypaXyBaHHS PyXOMOi XBHIIL

CriocTepiratoTbcsi SIK CUMETPHYHI, TaK 1 KOCOCHMETpWYHI (OpMH BTpatu
CTIMKOCTI KOHCTpYKWii. BWKOHaHO MopampHMH aHai3 HEHABAHTAXKEHOI
KOHCTPYKIIi 3 ypaxyBaHHAM PYXOMHUX XBHJIb B YOTHPHOX KOJIOHaX. SIK MpUKIIa,
Ha puc. 10 HaBemeHi BiacHi (GOpMH KONMBAaHb KOHCTPYKLII 3 ypaxyBaHHAM
XBUIJIBOBOI peakIlii Ha CeHCMivHMIA BIUIMB MarHiTyI00 MS.
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Puc. 10. Iepui necsth Bi1acHUX (HOPM KOJMBaHb KOHCTPYKIIT
3 ypaxyBaHHSIM XBHJIbOBOI peakiii Ha ceficMiunuii BB (M8)

Ha puc. 9 Ta 10 cnoctepiratroTbecst BIIMIHHOCTI B ITSITil, IIOCTiH Ta JecATii
BJIACHHUX (pOpMax KOJIMBAHb KOHCTPYKIII.

MopanpHuid aHali3 KOHCTPYKIII, SiKa HaBaHTa)KCHA ITOBEPXHEBUM THCKOM
10 xlla 3 ypaxyBaHHSIM XBWJIBOBOI peakuii Ha CEHCMIYHMI BIUIMB pi3HOI
MarHiTymn (M7, M8, M9) Bukonano y naBa eramd. Croyatky BHKOHaHO
HENHIMHUKA CcTaTHYHWI aHaii3 KOHCTpyKWii MeromoM HeloToHa-Padcona
(Nonlinear Static), a motim 3a qonomoror mMeroxy JlaHmoma po3s’si3ana 3aj1a4a
Ha BiacHi 3HaueHHs (Param_Modes) 3rigao dhopmynu (6).

3HavyeHHs NEpIIMX JIECATH BIACHUX 4YacTOT KOJIHMBAaHb KOHCTpPYyKHii 0e3 i 3
ypaxyBaHHSIM XBWJIBOBOI peakmii Ha CeHCMIYHMI BIUIMB PI3HOI MarHiTydH,
TIpeCTaBIcHI B Ta0M. 4.

Ta6muns 4
BiiacHi 4acTOTH KOJIMBaHb KOHCTPYKLIi, Iy

Ne 0* M7 M8 M9

1 6,9188 % % %
2 6,9188 % % %%
3 8,0806 %’% %’% %%
4 11,1910 H2o1s Hoon 116
5 17,0977 Hien Bies AT
6 17,0977 e Hles 11564
7 21,5821 %’% %’%ﬁ? %’%
8 38,4053 o0 T5ecos 386038
9 41,6831 % %% %%
10 49,6504 ot Soaats 503676
0* — 0e3 ypaxyBaHHS XBHJIbOBOI peaKii,

ok 0e3 HaBaHTaKCHHS 3 YPaXyBaHHSIM PYXOMOI XBHII

HoHE npu g =10 xlla 3 ypaxyBaHHSM pyXOMOI XBHIIL

Baurmo, 110 ypaxyBaHHS XBHJIBOBOI peakilil Maibke He BIUIMBAE HA BIACHI
YaCTOTH KOJIMBAHb HEHABAHTAXEHOI 1 HABAHTAXKEHOI MOBEPXHEBUM THCKOM
koHCTpYKIIii (<0,48%).
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3.2. locaixkeHHsI ceiicMiYHHMX BIATYKiB POCTOPOBOI KOHCTPYKIUIl

JlocmimKeHo — HecTalioOHapHI  CTOXAaCTHYHI  KOJHMBAaHHS  IPOCTOPOBOI
KOHCTPYKLIi 3 ypaxyBaHHSM XBWJIbOBOI peakilii Ha CeHCMIYHMH BIUTUB Pi3HOI
MarHitymu (M7, M8, M9), ski momaHi y BHUINISII JECATH HE3B’ S3aHHUX
mudepeHIiadbHuX  PIBHSAHB PyXy JApPYroro TIOpSAKY B y3araJbHEHHX
koopauHaTax (1) Ta y Bummam (5) Uil KOHCTPYKIIi, sKa HaBaHTa)KeHa
noBepxHeBUM THCKOM ¢ =10 kl1a. KoedimienT nemndipyBaHHS NpHAMaBCS
piBamM & =0,02. 3a JOMOMOror0 NMPsIMOTO METOJY YHCEIBHOrO IHTETpyBaHHS
Pynre-Kyrtn uerBeproro mopsiiky OTpHMaHO pPO3B’SI3KM  JTH(EpeHIiaIbHIX
PIBHSHB Y BHTJISII y3arajdbHEHUX II€PEMIIIeHb, y3arajlbHEHHX IIBUAKOCTEH Ta
y3araJlbHEeHUX IIPUCKOPEHb. 3 YypaxyBaHHSAM BIANOBIAHMX BIAacHUX (OpM
KOJIMBaHb KOHCTPYKII BH3HAYEHO NMPHCKOPEHHS, IIBUAKOCTI Ta MEepeMilleHHS
BY3JIiB MO/IEJII KOHCTPYKIIIT B3/I0BXK OCi Jii ceicMiyHOT0 HaBaHTa)keHHS (OcCi X).

Sk mpuknan, Ha puc. 11 Ta 12 npexncraieHi peanizanii BiAryKiB BEpXHBOTO
By3s1a KojaoHH Nel 3 ypaxyBaHHSM XBHMJIBOBOI peakilii Ha celCMIYHHHA BIUINB
MarHiTyzoro M8 BiANoOBiAHO MO TIepwmid Ta 4YeTBEpTiH BiacHUX (opMax
KOJIMBaHb HEHAaBaHTAXEHOI KOHCTPYKIii. OkpeMe nmpeacTaBiIeHHs BIATYKIB a0
3MOTy 3a JIOIOMOTr'OI0 BEHBIIETIB-aHAJI3y IX peaii3amiii B 4aCTOTHO-4aCOBOMY
MIPOCTOPI OLIHUTH OE3MOMMIIKOBICTH 3aCTOCYBaHHSI METOMy CYNepro3umii ¢popm
JUIS OTPUMAaHHSI CyMapHHX BiJI'yKiB KOHCTPYKIIIi.

v, we
000t

e . | | | Lo g . . . .
0 saot 110° 15107 240 25.10° 0 saot 110° 15107 240 25.10°

(a) (6)
amc?

oo 0001

v e g

I I I 1 Le 0001
5 = -
0 saot 110° 1510° 210° 25.10° SCALTE il i 20

(® )
Puc. 11. Peakuii Bepxuboro By3ia koxonu Nel mo nmepimiii BacHiit popmi KOIMBaHb 3 ypaxyBaHHIM
pyxomoi xBuii (MS): nepemimenss (a), mBUAKICTS (6), mprckopeHHs (B), ha3oBa TpaekTopis (T)

X m v, we
10 S0 .

L I ic
510* 110° 15.10° 210° 2510 [ st 110’ 15.10° 210 2510°

Ea— e
[ 50t 110 15107 240° 2510° 1107510 ng 510° 110

(® )
Puc. 12. Binryxu BepxHbOro By3ina kosoHH Nel 1o ueTBepTiil BiacHii ¢popMi KOJIMBaHb 3 ypaXyBaH-
HsIM pyxoMoi xBuii (MS8): nepeminienHs (a), MBHUAKICTH (0), IpHCKOpeHHS (B), Gpa3oBa TpaeKTopis (T)
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B Tabn. 5 HaBemeHi pe3ynbTaTH IUHAMIYHOTO PO3PaxyHKy KOHCTPYKIIi:
MaKCHMaJIbHI 3HAYECHHs NPHCKOPEHb, IIBUAKOCTEH 1 IEpeMillleHb BEPXHBOTO
By3J1a KotoHu Nel B370B3X OCi X.

Tabmus 5

JluHaMmiuHI XapaKTEepUCTUKH BEPXHBOTO By3Ja KosoHU Nel
IpU CeHCMIYHOMY BIUTHBI

Jlunamiusi M7 M3 M9
XapakTepucTuku | 0* -P +P 0* -P +P 0* -P +P
E})CI?CKOWHH’[’ 0,037 | 0,037 | 0,037 | 0,075 (0,075 | 0,075 | 0,149 | 0,150 | 0,151
Ilsumcicte, 0,619 | 0,623 | 0,626 | 1,240 | 1,246 | 1253 | 2,480 | 2,496 | 2,509
10~ m/c
[Nepemimenns

0,0144 | 0,0145 | 0,0146 (0,0288 |0,0290 |0,0292 10,0577 D,0582 | 0,0585

B3JIOBK OCI X, MM

0* — 0e3 ypaxyBaHHS XBHJIbOBOI peakiii KOHCTPYKIIi Ha ceficMiYHMI BIIUB
-P/+P — BiamoBigHO 6€3 i 3 ypaXyBaHHSM B IMHAMIYHOMY PO3paxyHKY OBEPXHEBOI'O THCKY

BumgHo, mo 30iMBIICHHS MAarHITYOId CEHCMIYHOrO BIUIMBY 301TBIITyE
JUHAMIYHI XapaKTEPUCTUKH BY3/a KOJOHHW. AJie MOJETIOBAHHS IIONEPEYHOI
3TUHAJIBHOI XBHJIBOBOI PEaKIlii 30BCIM HE BIUIMBA€E HAa 3HAYCHHS MAKCUMAaJILHOTO
MIPUCKOPEHHS NpH celicMivHMX BIutMBax M7 ta M8 i He3HauHO 30UIbIIyE — NpH
M9 (1,3%). MaxkcumanbHi 3HAYCHHS IIBHIAKOCTI 1 TOPHU30HTAIBHOTO
MepeMilieHHs B3JIOBX OCi X BEpXHBOro By3na KojdoHM Nel mpum ypaxyBaHHI
PYXOMOI XBWJII HEHAaBaHTAXXCHOI 1 HABAHTAXXEHOI KOHCTPYKIMii 30LIbMIMINCH
ymmie Ha 1,2% Ta 1,4% BiAmoBigHO.

4. BeiiBieT-aHaJi3 ceiicCMiYHOI0 BILTUBY Ta CeliCMiYHUX peakuin

NPOCTOPOBOI KOHCTPYKILil

B crarri BUKOHaHO JEKOMITO3MIIS CEMCMIYHOrO BIUIMBY 1 BIATYKIB
IIPOCTOPOBOI KOHCTPYKII Ha ceficMidHE HABAaHTAXXEHHS B YaCTOTHO-YACOBOMY
IIPOCTOPI 3a JOIOMOTOIO0 JIia/IHOTO JUCKPETHOTO BeiiBier-nieperBopeHHs (DWT)
B cucreMmi Mathcad [13] BetfiBnerom JloOemm4 4eTBepTOro Mopsiaky GyHKIISIMA
MIPSIMOTO TIepeTBOPeHHs [9]. 3HAUCHHS MapaMeTpiB @ i b 3aJar0ThCs Y BHTILAIL
CTENEeHEBUX (YHKININ

a=2" b=k-2" y/mk:ﬁl//(ﬂ):\/ifml//@_mt—k), @®)

a

ne m 1 k — mapamerp Macmraly i 3CyBy BiAIOBiAHO (IIiJTi YnCTa).
Basuc B quckpeTHOMY IpezcTaBiieHi HaOyBa€e BUTIISLY
—m/2 -
Vo =la[ " wia 1= k). )

BeiiBner-koedimieHTH IPsIMOTo NEPETBOPEHHS MAIOTh BUJ
+oo
Cok = | SO, (0)dt, (10)

e S(f) — peamizarlis CEIICMIYHOTO BILTUBY.

Busyanizamis BeWBieT-ceKTporpaM IOAaHa Yy BHIVISAI IUIOMIMHU ab 3
JIOKAITi3ali€r0 eKCTPEMYMiB BEHBIIET-KOS(III€HTIB, OBEPXHI B TPHOXBUMIPHOMY
IIPOCTOPI.
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B crarTi Tako)X BUKOHAHO BEWBJIET-TIEPETBOPEHHS peaiizamiii ceicMidHOro
BIUIMBY Ta BiATYKiB KOHCTPYKIIi 3a JOIIOMOT'0I0 HEIIEPEPBHUX HEOPTOTOHAIBHUX
OJHOMIPHHMX KOMIUIEKCHHX BeWBieT-QyHKUild B cucteMi Developer Studio, ski
TIOAAIOTHCS Yy BUTIISAL

W (ab) = (S, V(1) = ﬁT sow(=E)a, ()

—oo

ne Cy, — HOpMHUPYIOUHii KOCPILIEHT.
+oo 2 1
o =_J |# (o) || do <, (12)

y(w) — Dyp’e-niepeTBOpeHHS
BeiiBiera W(t) .

Bizyamnizamis HENepepBHUX
BEHBIICT-TIEPETBOPEHb  peaizaniit
CeiCMIYHOrO BIUIMBY 1 BIATYKIB
KOHCTPYKLIi  TpeAcTaBieHO Y
Burmsini  Pyp’e-obpa3iB B ocsx
,[IEPI0JI KOJIMBaHb — BEWBJIET-KOE-
3 T 0 (ilieAT IPSAMOTro IEPETBOPEHHS .

© Ha pwue. 13, sax npukmag,
A NIPE/ICTaBJICHa  BEUBIIET-CIEKTPO-
TR086T1 ¢ rpamMa peaiizamii  IPUCKOPEHHS
CeCMIYHOTrO BIUIMBY MarHiTyJ0l0

Tet122¢ MBS Ta i Dyp’e-00pa3.
1887 c Ha puc. 14 Ta 15 npencrasneni
Tolaese pe3yibTaT BEHBIET-IIEPETBOPEHHS
peamizamii NPUCKOPEHHS, IIBUA—
KOCTi 1 mepemimenHs (puc. 12, 13)
BEPXHBOTO By31a KoJIOHH Nel
B3/IOBX [ii CEHCMIYHOrO BIUIUBY
(®) (oci x) Mo mepuriii Ta 4YeTBepTiH
Puc. 13. BeiiBier-cnexTporpama peatizauii BJIACHUX dbopmax KOJIUBAHbD
npuckopenns rpynty (M8) y surnsni BIIMOBIZIHO y BUIIIAAI  BeMBIET-

IUIOIMHH (2), moBepxHi (6) Ta Dyp’e-06pasy (B) L.
CHEeKTporpaM Ha IUIOIMHI 1 B
IIPOCTOPI.

Bauumo, 1m0 jokamizaifis B Yaci IIKIB MaKCHMaJlbHHX 3HAUCHbL BEHBIICT-
Koe(ilLliEHTIB JAMHAMIYHMX XapaKTEpPUCTHUK BEPXHBHOrO By3ia KoysoHH Nel mo
niepiuii BiacHii ¢popmi konuBanb (puc. 14) 30iraerscs. 1o yerBepriit hopmi ik
MaKCHMaJIbHUX HpHUCKOpeHb (puc. 15 (a)) criBnagae 3 BiAMOBIIHUM IIIKOM IO
niepiiii ¢popmi ( puc. 14 (a)). Iliku MakcUMabHOI MBUAKOCTI 1 MAKCUMaJILHOTO
nepeminieHHs (puc. 15 (6), (B)) mo gerBeptiii GpopMi JIOKAII30BaHi OIHAKOBO B
gaci, aJie He CITBIAIa0Th 3 JOKATI3aIli€ro B Yaci mo mepiriid gopmi (puc. 14 (),
(8)). Lle cBiguuth mpo Te, MmO B METOAI Cymepno3umii GopMm aist oTpuMaHHA
CyMapHOI IIBUAKOCTI Ta CyMapHOrO TOPH30HTAJIBHOTO IepeMilieHHs Tpeda
BpaxyBaTH IX HECIIBIAiHHS JIOKAIi3aIlii B 9aci.

25

2,0
T,=0,2805 ¢

+
0.015 0.083 0472 2669 T.c
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[] 1000 200
0 1000 00

o i i [] 1000 2000

1000 2000

100 200

Puc. 14. BeiiBier-crekTporpaMu peanisariiil mpruckopeHHs (a), IMBUAKOCTI (), IepeMileHHs (B)
BepXHBHOro By3na koxonu Nel (M8) mo mepmiit BracHiif ¢opMi KoIMBaHb

H 2 7 0 1000 2000

o 1000 2000 AL 2000

1000 2000

0 1000 2000

(®)

Puc. 15. BeiiBier-crekTporpaMu peanisariil mpuckopeHHs (a), IMBUAKOCTI (), IepeMileHHs (B)
BEpXHBOro By3na koxonu Nel (M8) mo werBepriii BacHiil ¢popMi KOIMBaHb

JL1s oniHKM JIOKaJi3alii Mo 4acToTi IMiKiB CeHCMIYHUX BiJATyKiB KOHCTPYKIIIi,
SIKi IIpezcTaBieHi Ha puc. 14 ta 15, noOynoBaHi ix @yp’e-00pa3u B 0csX ,,l1€pios
KOIIMBaHb — BEHBIIECT-KOCPIIiEHT MPsAMOro nepeTBopeHHs” (puc. 16).

Baunmo, 1m0 MakcHMaibHI 3HAUYCHHS IMHAMIYHUX XapaKTEPUCTHK BEPXHBOTO
By31a KomoHu Nel criocrepiraroThes BiIOBITHO 1Mo mepiriit (puc. 16 (1a), (2a),
(3a)) Ta uerBepriii (puc. 16 (10), (26), (36)) BiacHuX ¢opMax KOJIWUBAHb 3
ypaxyBaHHAIM JeMndipyBaHHs. [HII miky 30iraloTbesl 3 4aCTOTaMH CEHCMIYHOTO
BIUBY, Dyp’€e-00pa3 sxoro 300paxkeHo Ha puc. 13 (B).

PesympraTi  craTM9HOrO 1 WHAMIYHOIO PO3PaxyHKIB MPOCTOPOBOI
KOHCTPYKILii, Ha NPUKJIAAI TOPHU30HTAIBHOIO IEPEMIIEHHSI BEPXHBOTO BY3JIa
Kkos0HH Nel B3[IOBXK OCi X, 3BE€ICHO B Ta0IL. 6.
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[ Cr
{ax1) (axd)
T=0,1403¢ T=0.0833 ¢
008 0.03
005 0028 T=06671¢
3
004 0.02
e 0015
002 T2=D.6671 c 0.01
001 0005
, 0
0058 0334 1887 - 1074 T 0020 0167 0843 5337 T
(1a) (16)
Ct Ce
) ot
00014 T0.1403 ¢ T00833¢
0.0004.
00012
el 0.0003:
0.0008
0.0006 0.0002:
0.0004
702805 ¢ 0.0001
0.0002 T3=D.6671 c
0 0
0059 0334 1887 10674 T.c 0029 0167 0943 5337 T.c
(2a) (26)
Ce Cr
Ll T,=0.1403 ¢ oxa) T,200833 ¢
=0
0.00003 0.000006
0.000005-
T=06671¢
0.00002 0.000004
0.000003
T=06671¢
0.00001 F 0.000002:
0.000001
0 0
0.059 0.334 1.887 10674 Te 0.029 0.167 0.943 5.337 Tec
(3a) (36)

Puc. 16. ®yp’e-06pa3u peamnizauiit npuckopenns (1), mBuakocri (2), nepemimenns (3)
BEPXHBOro By3n1a koxonu Nel mpu celicmiunoMy BrummBi (MS) mmo mepumiit (a)
Ta yeTBepTii (0) BIacHUX GopMax KOJIMBaHb

Tabmuis 6

l'opusoHTaBHI IEpEMilIeHHsI BEepXHBOTO By3J1a Koj1oHH Nel B31I0BXK Oci X

[epemimennas M7 M8 M9
B3I0BX OCI X,

m 0* -P +P 0* -P +P 0* -P +P
CraTtnudi 0,0846 |0,1227 | 0,1227 |0,0846 |0,1627 (0,1627 |0,0846 | 0,2313 | 0,2313
Juaamiusi 0,0144 | 0,0145 | 0,0146 |0,0288 |0,0290 10,0292 |0,0577 |0,0582 0,0585
CYMapHi 0,0990 | 0,1372 | 0,1373 |0,1134 |0,1917 0,1919 |0,1423 |0,2895 0,2898

0* — 0e3 ypaxyBaHHS XBHJIbOBOI peakilii KOHCTPYKILIi Ha ceficMiYHMI BIIUB
-P/+P — BiamoBigHO 0€3 i 3 ypaxyBaHHSM [IOBEPXHEBOTO HABAHTAXKEHHS B JMHAMIYHOMY PO3PaxXyHKY
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BunHo, mo cymapHe MakCUMaJlbHE TOPU30HTAJIBHE TIEPEMIIICHHS] BEpXHBOTO
By3sia KosoHH Nel B37OBX OCi X 3HAYHO 30LIBLIYETHCS NpPU  BpaxyBaHHI
MIOTepeyHO] 3TMHANIBHOI XBHIII B po3paxyHKax. Tak, IpH MarHiTyai ceiicMidHOro
BBy M7, M8 i M9 cymapne ceiicMiuyHe NepeMillleHHsS 30UIBIIYETHCS
BignosigHo Ha 39%, 70%, 103%.

BucHoBok. MojeinioBaHHs TONEPEYHNX 3THHAIBHUX PYXOMHX XBWIb B
YOTHPHOX KOJIOHAX MPOCTOPOBOI KOHCTPYKIi B3MOBXK Jii CEHCMIUYHOTO BIUIMBY
(oci x), ke BUKOHAHO B CTaTTi MPH JOCHTIHKECHHI 1i CEHCMIYHINX KOJIHMBaHb, A0
MOXIIMBICTh OLIHUTH BIUIMB ypaxyBaHHS TOPH30HTAIBHOIO CEHCMIYHOTO
NepeMilIieHHs IPYHTY Ha CTaTHU4HI 1 JUHAMIYHI XapaKTEPUCTHKH KOHCTPYKIIi.
CraTH4HI pO3paxyHKH ITOKa3aJiv, IO 31 30UIBIICHHSAM MAarHITyAW CEHCMIYHOTO
BIUIMBY IIpW il TOBEPXHEBOrO THUCKY Ha IUTUTY 3MEHIIYEThCS Hecyda
CIPOMOXHICTh KOHCTPYKLii. Pyxomi XBWJII 3Ha4HO BIUIMBAIOTh Ha 3TMHAIIBHI
MOMEHTH B MICIX KpIIDIEHHS KOJOH 10 ¢QyHmameHTy. Pi3HuIsa 3HaueHb
3TUHAIBHUX MOMEHTIB 3pOCTa€ 31 301IBIIEHHAM MarHiTyau CEHCMIYHOTO BIUIUBY
1 € Hebe3eyHoto, 00 BUKJIMKA€E HEPIBHOMIPHY JeOpMaIlifo yciel KOHCTPYKIIi.
MopanpHuii aHaji3 KOHCTPYKIIi 06€3 1 3 ypaXyBaHHIM PYXOMHUX XBHJIb B KOJIOHaX
Ta TOBEpXHEBOrO THCKY BHSABHB HE3HAYHY BIAMIHHICTH Yy BIAacHHX Qopmax i
YacTOTaX KOJNMBaHb KOHCTPYKIIi. JlocimiDkeHHsI HeCTalliOHApPHUX CTOXaCTHYHUX
KOJIMBaHb KOHCTPYKII{ 0€3 1 3 ypaXyBaHHSM Jii OBEPXHEBOTO THCKY Ha IUIUTY
MOKa3aJM, II0 MOJEIIOBAHHS PYXOMHUX XBWJIb B KOJOHaX Majlo BIUIMHYJIO Ha
JUHAMIYHI ~ XapakTepUCTHKM  KOHCTpyKuii.  BeiiBier-anamiz  peasnizarmiii
CeiCMIYHOrO BIUIMBY 1 peakniii MpocTOpoBOi KOHCTPYKLIi JaB MOXKJIHMBICTH
JIOCITIJITH JIOKaJTi3allil0 MAKCHMaJIbHUX 3HaYEeHb B YaCTOTHO-YaCOBOMY IPOCTOPI
Ta BiJpenaryBaTH MeETOX CyIepno3umii ¢opMm s OTpUMaHHS CyMapHHX
BiJITyKiB KOHCTPYKIIii.

TakuM  4yMHOM,  ypaxyBaHHS  XBWJIBOBOI  peaklii  MPOCTOPOBHX
OJHOIIOBEPXOBHUX KOHCTPYKIili Ha TOPHU3OHTAJIbHE CEHCMIYHE NepeMilleHHS
IPYHTY HEOOXiTHO pOOWTH B CTaTHYHMX pPO3PAXyHKAax, a  JUHAMIYHHUH
PO3paxyHOK TaKMX KOHCTPYKILIH MO)ke OyTH BMKOHAHO CIIEKTPAIbHUM METOIOM
0e3 ypaxyBaHHS pyXOMHX XBHJIb.
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Lukianchenko O.0., Kostina O.V., Geraschenko O.V.
INVESTIGATION OF SEISMIC WAVE REACTION OF SPATIAL STRUCTURE

The stochastic behavior of the spatial structure under seismic action was studied on the basis of
theories and methods of nonlinear mechanics, finite elements, traveling wave and wavelet analysis.
The spatial concrete structure in the form of a square plate, which rests on four columns rigidly fixed
in the foundation was presented. A probabilistic simulation of acceleration of seismic action with
different magnitudes using the statistical method of Ruiz and Penzien was performed. The effect of
horizontal seismic displacement in the soil on the design was taken into account with the help of
simulation of a transverse bending traveling wave in the form of an initial imperfection of the four
columns of the structure. Mathematical models of non-stationary stochastic vibrations structure in the
form of a system of second-order differential equations in generalized coordinates were formed on
the basis of the Dahlberger-Lagrange method. The influence of the traveling waves and surface
pressure on the static characteristics structure was estimated. The nonlinear static problem by the
Newton-Ruffson method and the stability problem by Lanczos method were solved. A modal
analysis of the spatial structure without and with traveling waves and surface pressure by the Lanczos
method was carried. Realizations of dynamic characteristics of the structure: acceleration, velocity
and displacement were obtained by the direct method of numerical integration of Runge-Kutta of the
fourth order. The wavelet analysis of the seismic acceleration and structure reactions to the seismic
action of different magnitudes was performed using discrete orthogonal (Dobesh4) and continuous
nonorthogonal (Morle) one-dimensional complex wavelet functions. Wavelet-spectrograms and
Fourier-images of the seismic acceleration and of the structure reactions were presented. The
expediency of accounting for the flexural traveling waves in a spatial structure in the study of its
seismic behavior was estimated.

Keywords: seismic loads, stochastic behavior, finite element method, nonlinear mechanics,
traveling wave theory, wavelet analysis, spatial structure.

Jykoanuenxo O.A., Kocmuna E.B., I'epauwienko O.B.
HCCJEIOBAHUE CENCMHUYECKOI BOJTHOBOM PEAKIINH
MPOCTPAHCTBEHHOM KOHCTPYKIINH

I/ICCJICI[OBaHa celicMrYecKasi BOJTHOBAsI peakuus HpOC’I‘paHCTBeHHOﬁ KOHCTPYKIIUH C ITOMOIIBIO
TeOpI/Iﬁ U METOIO0B HEJIWHENHON MCXaHHMKH, KOHCYHBIX DJICMCHTOB, 6eryu1nx BOJIH ¥ BEHUBIIET-
aHam3a. BrmonaeHo BEPOATHOCTHOEC MOACIIMPOBAHUE YCKOPCHUSA CEHCMHUYECKOT O BOBHeﬁCTBHﬂ Ha
OCHOBC CTAaTHCTHYECCKOro I1oaxoJa Pyma u Ilensuena. Y‘{TGHO BJIMSIHUE TOPHU3O0HTAJIBHOI'O
TIEPEMECIICHU S CECMHUYECKOM BOJIHEI B TPYHTE B BHUJC MOIIEPEUHBIX I/ISFI/I6a}OIl[PIX 6erI_HI/IX BOJIH B
DJIEMEHTaX KOHCTPYKIUH. HOCTpOEHLI MATEMATUYECKUE MOJCIIN HECTAIMOHAPHBIX CTOXACTUYECKUX
KOJ'IC6aHPII>’I KOHCTpYKI U 663 U C Y4YETOM IIOBEPXHOCTHOI'O MHaBJICHHSA B BHAE CHCTEM
nudepeHHaIbHBIX YpaBHESHHH BTOPOro IOPsIKa B 0000IIEHHBIX KoopanHaTaX. OIeHeHO BIUsSHUE
yderta 66FyI_HI/IX BOJIH Ha CTaTH4Y€CKO€ U JUHAMHUYECKOE IIOBECACHUE KOHCTPYKIHUH. Brmonnen
BeleJ'Ie’l'-aHaJ'IPIB peanmaum‘z’l CEeIHCMHYECKOro BOSI[BI‘/’ICTBI/ISI u peaKLII/Iﬁ KOHCTPYKIIUH C ITOMOIIBIO
JIUCKPETHBIX OpTOroHaNbHBIX (Jlo0emmn4) u HermpepbIBHBIX HEOPTOroHaIbHBIX (MopJiie) OIHOMEPHBIX
KOMIUICKCHBIX ~ BeWBIIeT-QyHKUMI. Busyanmsaims JEKOMIO3ULIMHU  CIyYailHBIX — peajm3aiuii
IpeICTaBlIeHa B BHJE BeliBleT-cekTporpaMm 1 Oypbe-o6pazo. OleHeHa [enecoodpa3HoCTb yaeTa
TIONEPEIHBIX I/I3FI/I6HIOI.[II/IX 6erI_HI/IX BOJIH B DJJIEMEHTAaX KOHCTPYKIHU IIPU HCCICHAOBAHUU €€
CEUCMHUYECKOT O IIOBCICHUS.

KiaroueBble cJI0Ba: CEeliCMUUYECKOE BIIMSTHHUEC, CTOXACTHYCCKOC ITOBCIACHHEC, MCTOJ KOHCYHBIX
DJICMCHTOB, HeJIMHEeHHas MEXaHHUKa, TCOpUsA 66FyI_HI/IX BOJIH, BeﬁBHeT-aHaHHB, IIPOCTPAaHCTBECHHAA
KOHCTPYKIUS.



102 ISSN 2410-2547
Omip MatepianiB i Teopist copyn/Strength of Materials and Theory of Structures. 2018. Ne 101

YK 539.3
Jlyx sanuenxo O.0., Kocmina O.B., I'epawenxo O.B. locainzeHHs: ceiicMiuHOTI XBHJIbOBOI peakiii
npocTopoBoi KOHCTPYKNii // Omip MaTepiamiB i Teopist cropyn: Hayk.-Tex. 30ipH. — K.: KHYBA,
2018. - Bun. 101. - C. 83-102.

Jocrioscena cmoxacmuuna nogedinka npocmopoeoi KOHCMPYKYIi npu CetiCMiYHOMY 6NIUGI HA OCHOBI
meopiil | Memooié HeliHIUHOT MEXAHIKU, CKIHYEHHUX eIeMEHMI8, PYXOMUX X6Ub I Geli6Nem-AHANI3Y.
Tabmn. 6. In. 16. bibmiorp. 13 Hass.

UDC 539.3
Lukianchenko O.0., Kostina O.V., Geraschenko O.V. Study of seismic wave reaction of spatial
structure // Strength of Materials and Theory of Structures. —2018. — Issue. 101. — P. 83-102.

The stochastic behavior of spatial structure under seismic loading is investigated on the grounds of
theories and methods of nonlinear mechanics, finite element method, traveling waves and wavelet analysis.
Tab. 6. Fig. 16. References 13 items.

YK 539.3

Jlykvsanuenko O.A., Kocmuna E.B., I'epawenxo O.B. HUccienoBanue ceiicMu4ecKoii BOJIHOBOI
peakuuu NPOCTPAHCTBEHHOH KOHCTPYKuuu // CONpoTHBICHHE MATepHaIOB U  TEOPUS
coopyXeHuii: Hayd.-Tex. coopH. — K.: KHYCA,, 2018. — Brm. 101. — C. 83-102.

Hccnedosaro cmoxacmuueckoe nosedemie npoCmpaHcEeHHOU KOHCIMPYKYUU NPU CelCMUYecKom
6030€iCMEUU HA OCHOBE MEOPUli U MeMO008 HEUHEIHOU MEXAHUKU, KOHEUHbIX NIEMEeHMO8, Oe2yuux GoIH
U 6etignem-aHau3d.

Tabn. 6. Wn. 16. bubmmorp. 13 Ha3s.

ABTOp (BYeHa CTyNeHb, BUeHe 3BaAHHS, MOCAA): KAHOUOAM MEXHIYHUX HAYK, CIApuuil HAyKOGUll
cnigpobimnux H/[I 6yoisenvnoi mexanixu KHYBA, JIVK AHYEHKO Onvea Onexciigua.

Anpeca po6oua: 03680 Vipaina, m. Kuis, Ilogimpopromcvkuii npocnexkm 31, Kuiscoruil
HayionanvHuil ynisepcumem 0yoisnuymea i apximexmypu, JIVK AHYEHKO Onv3i OnexciigHi.
Po6ounii Ten.: +38(044) 245-40-20.

Mobinbuuii Tea.: +38(067) 931-30-27.

E-mail: lukianch0907 @meta.ua

ORCID ID: https://orcid.org/0000-0003-1794-6030

ABTOp (BY€HA CTyNeHb, BUeHe 3BaAHHS, MOCAAA): KAHOUOAM MEXHIYHUX HAYK, CIApuuil HAYKOBUIl
cnigpobimuux H/{I 6ydisenvnoi mexanixu KHYBA, KOCTIHA Onena Borooumupieua.

Anpeca poboua: 03680 Vipaina, m. Kuis, Ilogimpopromcvkuii npocnexkm 31, Kuiscoruil
Hayionansnuil ynieepcumem 6ydisuuymea i apximexmypu, KOCTIHIH Oneni Bonooumupieni.
Po6ounii Ten.: +38(044) 241-54-20.

Mobinbuuii Tea.: +38(098) 275-19-93.

E-mail: kl0867@meta.ua
ORCID ID: https://orcid.org/0000-0002-6692-623 1

ABTOp(BYEHA CTYNEeHb, BU€HE 3BAHHS, MOCAA): KAHOUOAM MEXHIYHUX HAVK, CMApuUll HAyKo8uil
cnipobimuux H/I 6yoisenvroi mexaniku KHYBA 'EPAIEHKO Onee Banepiiiosuy

Anpeca poooua: 03680, Kuis, Ilosimpogromcoruii np. 31, Kuiscokuil HayioHanbHutl yHisepcumem
oyoisnuymsa i apximexmypu, ' EPAIJEHKY Oneey Banepiiiosutuy

Po6ounii Ten.: +38(044)241-54-20

MobGinbhuii Ten.: +38(095)661-6052

E-mail: olg guera@ukr.net
ORCID ID: https://orcid.org/0000-0003-1951-4805



ISSN 2410-2547 103
Omip MatepianiB i Teopist copyn/Strength of Materials and Theory of Structures. 2018. Ne 101

VK 539.3

BILIVMB TEMIIEPATYPHUX PEXKUMIB HA HAIIPYKEHO-
JE®OPMOBAHWM CTAH JETAJIEM KOHCTPYKIIA

B.B. Baaep',
acmipaHT

C.O. ITuckyHoB,
JI-p TeXH. HayK, Ipodecop

1 . o . o . . . . .
Kuiscokuil nayionanvhuil ynigepcumem 6yoisnuymea i apximekmypu, Kuie
Tlosimpogpnomcewruii npocn., 31, m. Kuis. 03680

DOI: https:/doi.org/10.32347/2410-2547.2018.101.103-110

VY po6oTi po3rISHYTO BILUIMB PEKUMIB HATPiBY Ha PO3BHTOK TEMIIEPAaTypHUX HAIPYXKEHb, IO €
B&XKJIMBUM Ul 00 €KTIB, sIKi 3HAXOMSATBHCS MiJ BIUIMBOM BHCOKHMX TEMIEpaTyp (POTOpH, JIOIATKH
TypOiH Ta iXx XBocTOBHMKHM). IIpeacTaBieHi BUXiIHI CHIBBIIHOLICHHS HECTalliOHApPHOI 3amadvi
TEIJIONPOBIAHOCTI Ta 3aJa4yi TePMOIPYKHOMIACTUYHOCTI. [IpOBENEHO KiNBKICHY OLIHKY BIUIUBY
BHOOPY PEXXHUMY HarpiBy Ha TEMIICPATypHY CKJIaJOBY HAIIPYXEHO-Ie(OPMOBAHOTO CTaHy 3’€IHAHHS
XBOCTOBHKA JIOIIATKH i3 3aCTOCYBaHHSM CIIPOLICHOI T€OMETPHYHOI CXEMH.

KarouoBi cjoBa: pexuM HarpiBy, KpUBI 3alycKy, HECTalliOHapHa TeIJIONPOBiHICTb,
TEPMOIPY>KHOIIACTHYHICTh, IUIOCKA 33/1a4a, XBOCTOBHK JIOMIATKH.

Beryn. Jlerani TypOoMaIivH BCTYatOTh B Oe3M0CcepeHii KOHTAKT 3 ra3amu, SIKi
3HAXOIATHCS Ha MKy IX TeMneparypu. BHacizok 3MiHM TemMIlepaTypy Ta 30BHIMIHIX
CWJIOBHX BIUIMBIB BHHHKA€ HEOAHOPIIHE PO3IOAUICHHS TEMIlepaTypd B 00°eMmi
nerani. Li daxropu cnpusroTs po3BHTKY TeMIIEpaTypHHX HalpyKeHb. SIK Bigomo,
TeMIIepaTypHi HaPYKeHHS B MaTepiajiax 3yMOBJIEHI TeMIIEpaTypHUMH T'palieHTaMu
Ta TpaHMYHMMH yMmMoBamMH. OpHaK TpH NPOEKTYBaHHI 1 BH3HAYEHHI HECY4ol
3[JATHOCTI E€JIEMEHTIB KOHCTPYKIiH TypOOMamMHOOYIyBaHHS TaKOX HEOOXiqHO
BpaxOBYBAaTH iHIII (haKTOPH, 30KpEMa PEKUM HarpiBy.

[lin wac mUKIIB HArpiBy 1 OXOJOMKCHHS pPO3BUBAIOTHCS HANOLIBIII
TeMIIepaTypHi HanpyxeHHs. [Ipy nmpoMy HaiOiNIbIII 3HAYEHHS TEMIEpaTypHUX
TpajlieHTIB 1 HANPY)KEHb BUHHUKAIOTh Y JIOCUTh KOPOTKHH IMPOMIKOK dacy, SIKHH
BiJITIOBi1a€ 30KpeMa IYCKOBHM PEXHMMaM TypOOMAIIIHH, 1[0 MOXE B CBOIO Uepry
BHKJIMKATH TEMIEpaTypHy BTOMY Matepianry. OgHuM i3 (akTopis, 110 BU3HAYAE
BUHHWKHEHHSI TEMIEPaTypHUX HANPYXEHb € XapaKTep 3MiHCHHS TEMIIEpaTypu B
Ipoleci  3amycKy, IO BH3HAYAE€THCS TaK 3BAaHOI0 KPUBOIO  3aIyCKy
TypOomammun. KpuBa 3amycky (cTapToBa KpuBa) — [I€ 3aJICKHICTh MIBHAKOCTI
obepTaHHs poTopa TypOoMammHu abo Temneparypu rasis Bij gacy. Poboru [1,
2, 3] moKa3yioTh, IO CTAPTOBI KPHBI BIUIMBAIOTH HA PO3MOAIJICHHS TeMIepa-
TYpHUX Hallpy>KeHb Ta JIOBTOBIYHICTB AeTaneld TypOinu. OcoOImMBO BaXXIMBO 1€
JUISL TAaKUX JIETAJICH SIK JIOMAaTKH Ta XBOCTOBUKH JIOMATOK. 3Ba)Kal04u, IO JIeTai
TypOOMammH MaloTb BUTPUMYBAaTH 3HA4HY KUIBKICTh IIMKIIB 3aIlyCKy CTa€
HEeoOX1THUM IPOBEIEHHS SIK TEMIIEPAaTypHOTO, TaK 1 MEXaHIYHOTO aHaIi3y.

TpaaumiiiHo BUAIISIOTE TPH BUAW KPUBHX 3aITyCKy: rapsiauil 3aIycK, TeTUTHH
3aITyCK Ta XOJOAHUH 3amycK. Moangikarielo KpuBUX 3aIyCKy MOXKHA JOCATHYTH
3MEHILICHHS TEeMIIEpaTYpHUX HalpYy)XeHb Ta 30UIbIICHHS JOBTOBIYHOCTI JeTaii
IPY eKCIUTyaTamii y cepeJOBHILI Ta3iB iIEHTUYHOI TeMIIepaTypH.

© Banep B.B., IIuckynos C.O.
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Meroto 1aHOi poOOTH € AOCIIKEHHS BIUIMBY XapakTepy 3MiHHM 30BHIIIHBOT
TemrepaTypu  (KpHBHMX 3allycKy) Ha 3MiHy IapaMeTpiB  Halpy>KeHO-
neopMoBaHOrO CTaHy XBOCTOBMKA JIONIATKM Tra3oBoi  TypOiHM  IpH
TEpMONPY)XHOMY  AedOpMyBaHHI i3  ypaxyBaHHAM  HECTaI[ilOHAPHOTO
posmozisieHHs Temueparyp. s mpoBeeHHsT YUCENbHOr0 aHali3y BUKOPHCTaHi
CHPOIIEH] TBOBUMIpPHI MOJIEIi XBOCTOBHKA JIOTTATKH.

Buxinni cniBBigHOIEHHS 3aJa4i TemionpoBigHocTi. TemnepaTypHe noie
HEO/IHOPITHOTO Tijla TMPH BiJCYTHOCTI BHYTPILIHIX JDKEpEN TEIUla ONHCYEThCS
mudepeHIiiHIM piBHSIHHAM [4]:

div(VT) =L (1)
ot

B kpusodiniiiniii cucremi koopaumar x* [5] mokommoneHntHa (opma
mudepenmniiinoro piBusaHs (1) npuiiMae Bursz [6]:

(1[5 _ aT
( = ( cdL. 2)

Jnst 3abe3medyeHHsT OJHO3HAYHOCTI p03B’>13aHH>1 piBHsSHHS (2) BBOIATHCA
BiJIMIOBi/IHI ITOYATKOBI Ta T'PaHWYHI YMOBH. 3a ITOYAaTKOBI YMOBH IPUHMAEThCS
BiJloOM€ PO3IOIUICHH TEMIEPaTyp IO TiLy y (iKCOBaHUI MOMEHT 4acy f;, IO
SIBJISIE COOOFO MTOYATKOBY YacOBY KOOPIUHATY:

T(x%, 1) =Ty (x*), x* €L, 3)
ne Ty (x%) - 3amana QyHKIisS KOOpAUHAT.

Judepenuianphe piBHSIHHS (2) 3 HTOYaTKOBUMH yMOBaMH (3) Ta rpaHIYHUMH

YMOBaMH MEPILOro Ta TPETHOTO POJY € CKBIBAJICHTHUM BapiallifHOMY PiBHSHHIO
ILBOBI/IMipHo'l' 3a/1avi HeCcTaIllOHApHOI TEIUIONPOBITHOCTI [7]:
3= 9L g ﬁ)de+ja(T 0)5TdL - jcaT 5Ty8 dL.  (4)
5 ox® ox F

Meroauka po3B’si3aHHS 3a1adi i ii anp06au1;1 HaBezieHi y [8].

Buxinni cniBBiTHOmIEHHS 3a7a4i TepMOBSI3KONPY:KHOIIACTHYHOCTI. B
3arajJbHOMY BHIQJKY IIPM HASBHOCTI HE3BOPOTHHMX JehopMalii 3B’SI30K MiX
HaNpYXEHHAMH 1 AeopMallisiMi BU3HAYA€THCSI HA OCHOBI CITiBBiIHOIIEHB TeOpii
IUIACTUYHOTO TeuiHHA [9]. B iboMy BHIIaaKy NpHUPOIIEHHS MMOBHUX JedopMariii
de;; Moxe OyTH mofaHe CyMOIO NPHPOLIEHb NPYKHHX defj 1 TeMnepaTypHHUX

dgi.j nedbopmaliiii Ta pupoIIeHsb aedopmarii wiacTuaHoCTi d 81;. :
— Je€ p !
de;; =dej; +def +dej;. )

[ependauaernes, mo npyxHi nedopmanii € manumu. [ToBHI HampykeHHS

6Y BHU3HAYAKOTHCA Yepe3 KOMIIOHEHTH TEH30pa MPYKHHX aedopMmariil
BiJIMIOBiTHO J10 y3araJibHEHOro 3aKoHy ['yka:

o/ =CMef =[u(g” g™ +¢"g™)+h g7g"], (6)
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ne koedimientu JlsiMeA Ta | BU3HA4alOThCs 4epe3 Koedimient Ilyaccona

V= v(zi',T ) 1 MOIynb IPY>KHOCTI Matepiany (Moxyis FOnra) E=FE (zi',T ), mo
3ajexars BiJ remnepatypu 1 :
S 7\ — - 7)
(1-2v)1+v)’ 2(1+v)
TemnepatypHi nedopmartii Maii i BUSHA4alOThCsl OPMYIIOI0:
=p'1S", ®)
ne B' = B'(T) — xoedilienT MiHiiiHOro TeMIepaTypHOro PO3MIMPEHHS.
[MpupomienHst  mnacTHYHUX — jAedopMariii  BU3HAYAETHCS — 3TIOHO 3
aCOIIHOBaHUM 3aKOHOM:
o s, ©)

de? =
p ij>
v ds’

ne f, ——s s [, (ﬁp,T)] — (yHKiis TeKydocCTi; s;; = G[J»—%GOS

T,(9,,,T) — Mexka TeKy40CTi pH

i

KOMIIOHEHTH JI€BiaTopa HalPYXeHb, G = O

i
YUCTOM i, %, = 2 geldelir — i OnxBi
yscyis 0, =], \[Fdefjde napamerp 3MinHenns OukBicTa.
i

Po3B’s3yBanbHI CITIBBIIHOIIIEHHS 1 aJITOPUTMU TS 3aJa4
TEPMOIPYKHOIUTACTHYHOCTI HaBeleHi y podoTi [11].

JocaimskeHHsT BINIMBY KPHBOI 3amycKy Ha XapakTep PpO3MOAiIeHHS
TeMNepPaTyPHUX HANpPYyKeHb. PO3TIIsIHEMO SIIMHKOBE 3’€HAHHS XBOCTOBHKA
JoNaTkd TypOIHM TMiJ BIUIMBOM TEeMIeEpaTypu
(puc. 1). [Ina mornepenHbOro aHajizy po3IOIiICHHS
TEMIIEpaTypHUX HANPYXKEHb ITiJ 4ac HarpiBy, SKUH
OITUCYETHCS THITOBUMH KPHBHUMH 3aITyCKy (Tapsauid
T1, terumit T2 ta xonmoxguuit T3 pexumu Harpisy),
HaBeJCHUMHM Ha pHC.2, B IEpHIOMY HaOJIMKEHHI
3’€¢HAHHS MOXXKHAa AIpPOKCUMYBATH  CYLIBHUM
napanenenineoM.  Jlus  aHamizy  pO3TIISTHEMO
MONIepeYyHUH Ta TMOB3JOBXKHIH TIepepi3u TaKoro

z?

2T

napaneneninesa y ocsx z Oz>ta z20z> (puc. 2),
SKi TPU YHCEIbHOMY aHali3l pO3MISAaTUMYThCS

3

Puc. 1. XBOCTOBHK JIOMTaTKH

OKpeMOo B Mexax TUTOCKOL 3agaui
TEpPMONPYXHOIIACTUYHOCTI. Martepial XBOCTOBHKA
—  TuTaHOBWMH  cmimaB,  (i3WKO-MEXaHIYHI ~ XapaKTepUCTHUKH  SKOTO:

E=9,6-10"TIa, v=0,36, 67 =9,3-10° a.

I'paHmYHi yMOBM ISl HONEPEYHOro Mepepisy B MiommHi z'0z? imiTyiors
3aKpIIUICHHS] XBOCTOBHKA y TUIl 00ozma poropa. BBakaeTbcs, IO IorepedHH
mepepi3 KOHTAKTYE 13 30BHINIHIM CEPEJOBHINEM i3 3MiHHUM 3TiTHO KPHUBOL

3aITyCKy TEMIIEpaTyPOIO B3IOBXK pebpa z> =30 . Jlist OB3IOBKHBOTO IIEpepisy

. . .3 .. .
B IIOWMHI z20z> 0OMEKEHHS IIEPEMIILEHHS 110 OC1 Z~ IMITY€E 3aKplILUIEHHS
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XBOCTOBHKA Ha 0001 poTOpa Bif 3MilllEHh B HATIPSMKY Bici poropa. Y JaHOMY

BHIIAJIKy HarpiB BiOyBaeThest Ha pedpi 22 =30 Tama pebpi 2=0.
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Puc. 3. Po3paxyHKOBi CXeMH IIepepi3iB XBOCTOBHKA

Pe3ynpraTi BU3HA4YECHHS HampyKeHO-IepOpMOBAHOTO CTaHy TIpH Ail

TEMIIepaTypHOTo HBAHTAKEHHS B IVIOMMHI z'Oz He TPeICTaBISIOTh 3HAYHOTO
inTepecy. O4eBHAHO, IO 3aBISKM JOBOJII Tpy0iil ampokcumarii reomerpii Ta
TPaHUYHUX YMOB, XapaKTep PO3MOJUICHHSI HANpPYKEHb CXOXKHUH 1 BiApPI3HAETHCA
JIMIIE MIBUAKICTIO BUXO/Y Ha ITIKOBE HaNpyKeHHs. TakoX BapTO BiJA3HAYNTH, IO
cepeHE HANpPYKEHHS Ui XOJOAHOro HarpiBy Ha 1% MeHme, HiX cepeaHi
HaNpY)XEHHS JJIs rapsaoro 1 TeIIoro HarpiBy.

Ha puc. 4 1 5 mokasano orpumani 3MiHM PO3MOIUICHHS HANpYXEHb IS
TOB3/I0BKHBLOTO TIepepi3y Tina (B miomuHi z>0z*) 3 4acoM NMpU BUKOPHCTAHHI
pi3HUX pexuMiB HarpiBy. [IpoanHamizoBaHi 3MiHM BEIWYNH MaKCHMAaJbHOI'O B
JIOCITIJKYBaHIM 00J1acTi Ta ycepeaHEHO! BEeJIMYMH IHTEHCHBHOCTI HOPMAaJIbHUX
HanpyxeHnb. Hudpamu 1, 2 Ta 3 mo3naueHo rpadiky, OTpUMaHi BiIIOBIAHO JUIs
kpuBux 3amycky T1, T2 ta T3. YV ganomy BHIaAKy CIOCTEpIraeMo 3HAYHY
PI3HULIO B HANPYXEHHSX IS PI3HUX KPUBHX. Tak, MakCUMaJbHI 3HaYCHHS
Halpy)XeHb, OTpUMaHi B IIOYaTKOBUA MOMEHTA 4acy [uist rapstdoro pexxumy (T1)
OiybIle HIX B MIBTOPA pa3y NEPEBUINYIOTH 3HAYCHHS, OTPUMaHi ISl IBOX 1HIINX
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peXuMiB. Pi3HMIII B MakCMMalbHUX 3HAYEHHSX JUIS JAPYroi i TPeThoi KpHBUX
csirae 7,6%. B Toif e yac 3HaYCHHS MaKCUMaJIbHUX HANpYXEHb JUIS BCIX TPhOX
PEeXUMIB HarpiBy y KiHIIEBUII MOMEHT HarpiBy JOCHTH OJIU3BKI 1 JIeXKaTh B MEXax
10 MITa.

T i, MMa
250

200 —

150 =

100 — % -2

50 pu. I-H'L.‘_‘_H- =
: e L. MR

B 100 200 300 400 t, cex

Puc. 4. MakcuMaIbHi HalIpy)KeHHs y TI0B3JJ0BKHBOMY Iepepisi
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Puc. 5. Cepenni Hanpy XeHHs y IIOB3I0BXKHBOMY Iepepisi

AOcomoTHa  BeNMMYMHA ~ MAKCUMallbHOI  IHTEHCHMBHOCTI  HAIpPY)KEHb,
BHUKJIMKAHUX TEMIEPAaTypHUM HaBAHTAKCHHSIM B rapsdoMy PEXHMi, CTAHOBUTH
6inst 210 MIla, He mepeBHIIYe MEXi TEKydOCTi, 3HHKA€ ITICIS NPUKIAIAHHS
TEMIIEpAaTypHOTO HaBaHTAXEHHS 1 HE BIUIMBA€ Ha IOAAJBIILY EBOJIOLIIO
HaINpyXeHO-1epOpMOBaHOTO CTaHy. B Tol ke 4yac y BHIAAKy OXHOYACHOI ii
L[OrO TEMIIEPATypHOTO HABAaHTA)XEHHS 1 CHJIOBOTO HABAHTAXXCHHS CyMapHIi
HalpY)XEHHS MOXYTb TEPEBUIIMUTH MEXYy TEKy4dOoCTi, IO TNpHU3Bene 0
MIEPEPO3IOIIICHHS HANpy)KeHh B 00°eMi Jerami 1 MOXe BIDIMHYTH Ha
MOAAJIBIINN HANPYXXeHO-1e(hOPMOBAHUH CTaH.

BucHoBok. Y po0OTi HaBeIeHO pe3ylbTaTH PO3PaxXyHKY TEMIIEpaTypHHUX
HaNpy)XeHb JJIsl CIPOIIEHOI MOJETl XBOCTOBHMKA JIONATKH TYpOiHM IO TPHOM
KPHBHM 3aITycKy. Y IIOIIEpEYHOMY Iepepisi He CIIOCTepiraeThCs 3HaYHa Pi3HUII
MDK HanpyKeHHSAMH, OTPHUMAaHMMH JUIS pI3HUX pEKUMIB HarpiBy. Y
MIOB3/IOBXKHBOMY TI€pepi3i HasiBHI 3HAUHI BiMIHHOCTI JUISl MIKOBHX HAIIPYXXCHb
I 4Yac HarpiBy, IO Ma€ BPaxOBYBATUCH ISl TOYHOI OI[HKH HANpPYyXEHO-
neopMOBaHOTo CTaHy i BUSHAYECHHS pecypcy AeTalli.
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Valer V.V., Pyskunov S.O.
INFLUENCE OF TEMPERATURE REGIMES ON STRESS-STRAIN STATE OF DESIGN
DETAILS

Details of turbomachines come in direct contact with gases, which are at the peak of their
temperature. There is a heterogeneous temperature distribution across the detail as a result of changes
in temperature and external influences. As is known, the temperature stresses in materials are due to
temperature gradients and boundary conditions. However, when designing and determining the
bearing capacity of turbomachinery structural elements, other factors, including the heating regime,
must be taken into account. The greatest temperature stresses develop during the cycles of heating
and cooling. At the same time, the greatest values of temperature gradients and stresses arise in a
fairly short period of time, which in turn can cause a temperature fatigue of the material. In addition,
high temperatures contribute to the development of creep deformations, which reduce the length of
the life cycle of the detail. One of the factors that determines the occurrence of thermal stresses is the
nature of the temperature change during the start-up process, which is determined by the start-up
curve of the turbine or machine. Start-up curve is the dependence between rotor speed or gas
temperature and time. It is especially important for such parts as turbine blades and roots of the
blades. Considering that turbomachinery parts must withstand a significant number of start-up cycles,
both temperature and mechanical analysis is required. The purpose of this work is to study the effect
of the nature of the change of external temperature (start-up curves) on the change in the parameters
of the stress-strain state of the fir-tree root of the gas turbine blade under thermoelastoplastic
deformation, taking into account the nonhomogenous temperature distribution. The effect of heating
regimes on the development of temperature stresses is considered in the paper. The initial relations of
the problem of transient thermal conductivity and the problem of thermoelastoplasticity are given. An
analysis of the effect of the selection of the start-up curve on the approximated geometry of fir-tree
root of the blade was carried out.

Key words: start-up curve, transient thermal conductivity, thermoelastoplasticity, plane body,
fir-tree root, blade.

Banep B.B., Iluckynos C.O.
BJUSHUE TEMIIEPATYPHBIX PEXKUMOB HA HANIPSKEEHHO-
JE®OPMHUPOBAHHOE COCTOSIHUE JETAJEN KOHCTPYKIIUI

B pabore paccMmaTpuBaercss BIHSHHE DPEKHMOB HarpeBa Ha pa3BUTUE TEMIIEPAaTypHBIX
HANpPsDKEHHH, 9YTO SBISETCS BAaXKHBIM [UIsI OOBEKTOB, KOTOpbIE HAXOAATCS IOA BO3ZEHCTBHEM
BBICOKHX TeMmIeparyp (pOTOpHL, JIONATKH TypOMH M HX XBOCTOBHUKHM). IIpHBeIeHBI HCXOIHBIC
COOTHOIICHUS 33a4uil HECTAaI[IOHAPHON TEILIONPOBOJHOCTH U 3aJadd TE€PMOYIPYrOILUIACTHIHOCTH.
ITpoBeneH KONMYECTBEHHBIH aHAIM3 BIHSHHS BHIOOpAa PEXHMMa HArpeBa XBOCTOBHKA JIONATKH C
HCIOJIb30BAaHHEM YIIPOIIEHHOI TeOMEeTPHIECKON CXEMBI.

KiioueBble ci10Ba: pexXUM HarpeBa, KPHBBIC 3aIlyCKa, HECTAI[HOHAPHAS TEILIONPOBONHOCTD,
TepPMOYIPYTroILIACTHIHOCTb, INIOCKAs 3a/ja4a, XBOCTOBUK JIOIIATKH.

VK 539.3
Banep B.B., ITuckynos C.O. BILIMB TeMIepaTypHHUX pe:KMMiB Ha Hamnpys:keHo-aedopMoBaHHUii
cTaH AeTaleil kKoHCTpyKWiii / Omip MaTepianiB i Teopist copyn: Hayk.-Tex. 30ipH. — K.: KHYBA,
2018. — Bum. 101. - C. 103-110.

Posensioaemucsi 6naug pescumis Hazpiey Ha po36UMOK MeMNePAmyPHUX HANPYICEHb Y Oemasix
KOHCMPYKYtl, o nepe6ysarms nio 6NauU60M HeCIMAYIOHAPHO20 MEMNEPAMYPHO20 NOJIA.
Inn. 5. Bi6miorp. 12 Hazs.

Valer V.V., Pyskunov S.O. Influence of temperature regimes on stress-strain state of design
details // Strength of Materials and Theory of Structures: Scientific-and-technical collected articles —
Kyiv: KNUBA, 2018. — Issue 101. - P. 103-110.

The influence of the heating mode on the evolution of temperature stresses in the details of
structures under the influence of a nonhomogenous temperature field is considered.
Fig. 5. Ref. 12.

Banep B.B., Iluckynos C.0O. BiHMsiHHe TeMIEPAaTYpHbIX PpPEKHMOB HAa HANPAKEHHO-
nedopMHPOBAHHOE COCTOSIHME JeTaleii KoHcTpyKumii / COnpOTUBIICHHE MaTepUaIoOB U TEOPHS
coopyXeHuii: Hayd.-Tex. coopH. — K.: KHYCA, 2018. - Bem. 101. - C. 103-110.

Paccmampusaemes enusinue pescumos Hazpesa Ha pazsumue memnepamypHbix HAnpSICeHUll 6
0emansax KOHCMpYKyuil, HAX00Suuxcs oo 8030elicmauem HeCmayuoHapHO20 MeMNePamypHo20 noJil.
Win. 5. bubsmorp. 12 Ha3s.
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VK 539.3

MATEMATHYHE MOJEJTIOBAHHSI IPOLECIB PO3BUTKY
MATICTPAJIbBHUX TPIIIUH B TIJIAX OBEPTAHHA CKJIA/THOI
CTPYKTYPH 3 YPAXYBAHHAM ®OPMO3MIHEHHA

B.A. BaxkeHoB,
JIOKT. TEXH. HayK, npodecop

10.B. Makcum’ 10K,
KaH/I. TEXH. HayK, IOLEHT

Kuiscokutl HayioHanbHutl yHisepcumem 6y0ieHUYmMea i apximexmypu
Togimpogpnomcwxuii npocn., 31, m. Kuis, Yxpaina. 03680

DOL: https:/doi.org/10.32347/2410-2547.2018.101.111-120

Po3pobneno i anmpobOBaHO Ha TECTOBHX IIPUKJIAJaX IIOKPOKOBHH aJTOPUTM BH3HAUYCHHS
TpaeKTOpil PO3BUTKY MOYATKOBOI KiJbI[eBOI TPIMHM B Tilax obOepTaHHs ckiaanHoi ctpykTypu MCE.
JIOCTOBIpHICTD pe3yJbTATIB BU3HAYCHHS TPAEKTOPIl PO3BUTKY IOYATKOBOI TPIIIMHUA OOIPYHTOBAHO
IUIIXOM PO3B’s3Ky KOHTPOJIBHHUX NpuKiIajiiB. HaBeneHuil pe3ysibraT po3paxyHKy BiAIIOBiZanbHOIO
00’€KTa Cy4acHOI TEXHIKH.

Kaio4oBi ciioBa: TpinmHOCTIHKICTh, HOPMO3MiHEHHS, Tija 00epTaHHs, MOAN(BIKOBAaHUN METOx
peakiiif, JiHidHI 1 HeNniHIMHI DapaMeTpu MeXaHiKM pyHHYBaHHS, 3’€IHYBAJIbHHH BY30J
3aHypIOBaHOTO KOHTEHHepa, CTONOPHHMII KJIalaH MapoBoi TypOiHH.

Beryn. BusHaueHHs mapamerpiB JIOKaJbHOI'O PYHHYBAaHHS JUISl TPIIIMH, €
BaXJIMBOIO, &€ YacCTKOBOIO 33Jadyei0 MeXaHikM pyHHyBaHHi. Ha mnpakrumi
YacTille 3ycTpidaloThCsd BHUIMAAKM, KOJIM BifoMa HE3HAaYHA ITOYATKOBA TPIiIIMHA
HEBEJIMKOI JIOBKMHM 1 HEOOXiJHO BH3HAUYNTH YMOBH PyHHYBaHHS KOHCTPYKIIi,
TOOTO KPUTHYHY JIOBKHHY TPIIIMHM TIPH 33JaHOMy HaBaHTaXeHHi. [Ipu oMy,
BiJl IPaBHJILHOCTI OOYMCIEHHS TPA€KTOPii PO3BUTKY TPIIIMHU 3HAYHOIO MipOIO
3aJIEKHUTH JOCTOBIPHICTD YChOI'O PO3PAXYHKY, OCKIJIBKM OOUHCIICHHS MapaMeTpiB
pyHHYBaHHS B3JIOBX TPAEKTOpii, HE CITIBNIAJAI0YN 3 PEATBbHOI0, MOXKE IPUBECTH
IO HEBIPHOI OIIHKH HECYYOl 3JATHOCTI KOHCTPYKIIi1 B IILJIOMY.

Criz BiI3HAYMTH, IO MOJETFOBAHHIO PO3BHUTKY TpinmwHH 3a gormoMororo MCE
TIPUCBSTIEHAa He3Ha4yHa KUIBbKICTh poOiT [3]. EdexTuBHICTE METOAMKM B LBOMY
BUITA Ky 3HAYHOIO MipOIO 3aJIEXKUTH Bijl €)eKTHBHOCTI CKIHUEHHO eJIEMEHTHOI 0a3H i
METO/IIB BU3HAUCHHS IIapaMeTpiB MeXaHIKy pyiHyBaHHA. B naHii poboTi 32 OCHOBY
TIpUAHATA Opi€HTaliss Ha BUKopHcTaHHs YyHiBepcaibHux CE [7], mo mo3Bomse
ONTUMI3yBaTH IUCKpPEeTHI Mopeni Merony ckindeHHunx enementiB (MCE) npu
PO3paxyHKy TUT CKJIQAHOI CTIPYKTYpH. Bu3Ha4YeHHS TmapamerpiB MeXaHiKu
pYHHYBaHHS peanizyeThcsi MOAM(pIKOBAaHUM METOJIOM pEakiii, epeKTUBHICTh SKOro
TIpH 3MilIAHOMY PyHHYBaHHS IPOJIEMOHCTPOBaHa B poboTax [2, 6].

1. Aroput™ BH3HAYeHHS TPAEKTOPIi MaricTpajabHOI TPIlIMHU HA OCHOBI
MoaugikoBaHoro meroay peakuiii. /i1 BU3HAYEHHS TPAEKTOPii PO3BUTKY
1o4aTKoBoi TpinmHU Ha 0cHOBI MCE BHKOPHCTOBYETHCS TOKPOKOBHH aJlrOPUTM
(puc. 1).

B mpomMy Bumagky Ha KOXXKHOMY KpOI TNPHUPOIIEHHS OBXHWHH TPILIMHU
00UMCIIOIOTECS 3HaUeHHA KoedilieHTiB inTeHcuBHOCTI Hanpyxkens (KIH) K; i1

K, SIKi 1O3BOJISIOTH OTPUMATH HAIPSIMOK PO3BUTKY TPIIIUHU:

© Baxenos B.A., Makcum 1ok 10.B.
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0, =71 (K;;.Ky,) - (1)
BBaxkaroun fami, 1m0 TpilIWHA
MTOJIOBXKUTHCS ~ B3JIOBX  OTPHUMAaHOTO
HalpsIMKy Ha JAeskuil Bigpizok Al
ONEP)KUMO TOYKY 1, IO HECYTTEBO
BIIXWIMIIACS Bif [IHCHOI TpaekTopii,
BHACTIJOK TOro, IO ITOJAOBKCHHS
BinOymnocst He 1o JiiicHilM TpaekTopii, a
Puc. 1 10 JOTHYHIN A0 Hei. OOUMCIUBIINA IS
touku 1 KIH K; i K i, BuKOpHUCTOBY-

zt

toud yMOBY (1), BU3HauUMO HOBUI KyT ©,, IO IOBEPHE TPAECKTOPiIO0 TAKUM
YUHOM, 1100 HaOIM3WUTH ii 10 milicHOi. [IOBTOPIOIOYM MaHy Omepariiio n pasis,
OEp)KMMO JlaMaHy TpPA€KTOPII0 PO3BHUTKY TPIIIMHM, MO0 OOYMOBJICHO
BHUKOPHCTaHHSIM ITIOKPOKOBOTO QJITOPUTMY, SIKUM TPYHTYETHCS Ha BiATIOBITHHX
mudepeHIiaTbHuX 3aJeKHOCTSIX PO3BUTKY TpimuHU. s onmepskanHs nificHOi
Tpa€eKTOpii MPOBOANTHCS 3TIIAIPKyBaHHS oTpuManoi. [Ipu 3miHi kpoky A/ MOXKHA
3HAWTH Take HOro MiHIMaJbHE 3HAYEHHS, IOJAJbIIE 3MEHIICHHS SKOIO HE
NIpU3BE/e 10 3MiHM OJEp’KyBaHOI TpaekTopii. OCKIIBKH OTpUMaHa TPAEKTOPis
Ma€ BUIVIAA JIaMaHOI JIiHIi, TO micng i BUpIBHIOBaHHS BapTo IpoBecTH K-
TapupoBKy (o6uncnenns 3HadeHs KIH y310Bx Tpaekropii Tpinmnm) [1, 4].
BiamoBimHO 110 KpuTepilo JIOKAIFHOTO pYHHYBaHHS, 3alpOIIOHOBAHOTO
Epnoranom i Ci B crarti [9], pO3BMTOK TpIIMHM IIPH HECHUMETPHUUHOMY
HaBaHTa)XEHHI  BiOyBaeTbcs B HANpsSMKY, MNEPICHAMKYISpHOMY il
MaKCHUMaJIbHUX PpO3TATYIOUMX HANpyXeHb. PO3MOAUIEHHS HamnpyXeHb IpH
BEpPLINHI TOCTPOI TPIIIMHN B IbOMY BHIAAKY MOXXHA BU3HAUHUTH 3a (DOPMYyIaMH:

__1 c) 20 _3p
Og = 27U’cosz(K]cos 5 2K11s1n9),
= cosg(K] sin® +K; cos0). 2)

Tro
Yo onr 2
HampsiMok mommpeHHst TpPIIMHE MOXXKHA BU3HAYWTH, BHKOPHCTOBYIOUH
yMOBY d04/00=0 a60 T,q =0, 3BiAKz OfepKaTH PIBHSHHS JUIsl BU3HAYCHHS

0,;:

K, sin®; + K (3cos®, -1)=0. 3)

Bupas (1) B iboMy BUIIaiKy MaTume BUTIIS;

1— 1+ 80%

O, =2 arctg oo |’ 4
K
IS A’K :K]]/K] .

2. JIoCTOBIpHiCThL pe3yJIbTATIB BH3HAYCHHS TPAECKTOPII MaricTpajJibHHX
TpimmH. Ha mepmoMy erami po3risiHEMO 3ajady NpO BH3HAYEHHS IIPSIMO-
JIHIHHOI TpaeKTOpil PO3BUTKY MOXWIOI MOYATKOBOI TPIIIMHU B IUIACTHHI, IO
3HAXOIUTHC IiJT €0 OJJHOBICHOTO pO3TATY (pHC. 2).
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Ha puc.3. maBeseni TpaekTopii PpO3BHTKY s t11t1e q
OOXWIOi TPIMMHM B CHUCTEMi KOOpAMHAT ' ‘ T
OTpUMaHi HOUIIXOM po3paxyHKy ([8], cymuinbHa 2em |5
minist 1), ekcnepumenTtansHo ([5], cyminbpHa miHis 2), s
a TaKOX OTPHMaHi 3a OIHMCAHOI METOIUKOIO (IITPUX T 1 5
nyHKTApHA JiHis). OGUKCIeHa HA OCHOBI AJICOPUTMY ¥
1 TpaeKTOpist nobpe Y3TOIKYEThCA 3
eKCIIePHMEHTATbHIMH i PO3PaxXyHKOBUMH LLLLLLL 22
pe3ynbTaTaMy iHIIUX aBTOPIB. 24 em 4

Puc. 2

e
Y m —O—0— CE ciTka He 30iraeTsca 3 TpiwmHolo

— - — CE cimia 3biraeTbcsa 3 TiLmHoi0 %

A\

3 L/
- 2
2 -
1V
1 2 3 4 5 6 7 ¥v2" wm
Puc. 3
Ha nppyromy erami Oyma mocimimxena i, —
;V
toynicth Bu3HaueHHad KIH K, 1 K ) O B = e
1.0 ?”’ e ———
. / —C R eV |
B3IOBK OTPHMAHOI TPAEKTOPii PO3BHTKY i /f K
TpiumHu. Ha puc. 4 HaBeneHa 3aJIeXKHICTb os|—f
. . . h—
K, 1 K, Bil BiIHOIIEHHSA IPOEKIIi T e
. . ’ 0.6 N
TPIIIMHY HA BiCh 2 1o UIMPUHUA TUTACTHHU. ) === nonpaska biau
. . . — — — po3pobneHa mMeToAMKa
HaBeneni Beqmunan K, 1 K, BU3HaAudeHl
1 1 04—
3a opMynamu: \\
0.2 =
£ = K £ = Ky (5) \ \ 7
I — ) I — ) \ it a,
O~/ Tta O~/ Tta 0 02 03~ 0.4 'R
0,1 =T [T
JIe G — pO3TATYIoU€ HABAHTAXEHHS, d — 01 P =]
MIPOEKIIisl TPIIIMHU Ha BiCh 2, Puc. 4

CynineHOI0  JiHi€lo Ha  rpadiky
MOKa3aHi pe3ysabTaTH, 0 OTpUMaHi B poboTi [5], kpykkamu — maHi podoru [8],
LITPUXITYHKTHPOM — TonpaBka [3imu (3nauenns K; st oOMexxeHoi miacTuHU 3
TOPU30HTAIIBHOIO TPIIIMHOI), MyHKTHpOM — 3HaueHHA K; m Ky, orpumani i3
BHUKOPHCTaHHIM Moau(ikoBaHOro MoaudikoBaHOro Meromy peakuiil. Otxe,

posmoxinenns K ;, J00pe y3romxyeTbcs 3 HABEJCHHUMHU pO3B’SI3KaMU 3
moxXnOKOI B Mexax 5%. Ajne oTpuMaHi 3HAYCHHA € JACH0 OMIKYUMHU 10
3HaveHb rpadiky K ; s IUIACTUHU 3 TOPU30HTAIBHOIO TPILIUHOIO (IIOHpaBKa
[3imu). BimxwneHHs naHWX, BHUKIAJACHUX B poOoTi [S5], Bim mompaBku [3imu
CIIOCTEpIraeThess TpH  BimHOmeEHHI @/8>0,2, e, HABNAKH, Y3TOKEHHS
moBuHHO Oyno 0 Oytu kpamum. lle 0OymMOBICHO THM, IO TpIIMHA TiJX Yac
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3pOCTaHHA TIpPSIMyE [0 PpO3TAllyBaHHSA, IEPHEHIAMKYISIPHOTO 10 il
PO3TATYIOUOTrO HaBaHTA)XKEHHS, JOBXHMHA TPIIIMHU HAONMKYEThCA 10 po3Mipy ii
TpOeKIii Ha Bick z”, a KOHDIrypalis — 10 FOPH30HTAIBHOI TPIlMHL

OTtxe, po3poOieHi Mmiaxoau A0 PO3B’SI3aHHS 334a4 MEXaHIKM pyHHYBaHHS
JIO3BOJISIIOTH 3 BHCOKHMM CTYIEHEM TOYHOCTI BH3HAYaTH IapaMeTpH MEXaHIKH
pyHHYBaHHS Ta IIPOBOANTH BU3HAYEHHS TPAEKTOPIi KPHUBOJIHIMHUX TPILIUH.

3. Bu3HaueHHs XapakTepy pyiliHyBaHHsi i Hecydoi 31aTHOCTI
3’€IHYBAJIBHOT0 BY3./1a 3aHYPIOBAHOI0 KOHTeiiHepy. IIporHo3yBanHs Hecy4doi
3/IaTHOCTI BHCOKO HAaIpY>KEHHX 00’€KTIiB i3 MarepialliB THIy CKJIa € CKJIaJHOIO
3agadero. OCHOBHI TPYIHOII, SIKi CTOSITh Ha IUIAXY ii pO3B’s3aHHS, TTOB’s3aHi 3
BHCOKOIO KPHXKICTIO CKIITHUX €IEMEHTIB KOMOIHOBaHMX KOHCTPYKIIH, O SKUX
BiTHOCATHCS 3aHYpIOBaHI KOHTEHHEPH JUIS JIOCHIDKEHHS MOPCHKHMX TJIMOMH.
BpaxoByloun BiJICYTHICTh IDIACTHYHHX JAedOpMalliii B CKIIOGIEMEHTaxX, iX
HU3BKY MIIHICTh Ha PO3TAT 1 BHCOKY YYTIMBICTH OO KOHIICHTPATOPIB
HalpyXeHb, OTPHUMYE OCOOJHMBE 3HAYECHHS KOPEKTHE OOYMCIICHHS KPUTHYHUX
HaBaHTaXeHb. lle MpU3BOAUTH MO0 HEOOXIMHOCTI OULTBIN JETANIBHOTO PO3TISIAY
XapaxkTepy PpO3HOAIICHHS 1 pIBHSA HalpyXKeHb, a TaKOX IPOIECYy PO3BUTKY
MaricTpajJibHAX TpIIWH, OCKUIBKM OCHOBHOIO BHMOIOIO IIPH EKCIUTyaTaiii
KOHTEHHEPIB € 3a0€31eUeHHS X TepMETUIHOCTI.

B sxocti 00’e¢kTa CKIagHOI CTPYKTYpH PO3IISIHYTO KOHCTPYKIIIO
3aHYpIOBAaHOTO KOHTEHHEpa, pO3paxyHKOBa CXeMa SKOro 3 pPO3OMBKOIO Ha
(parMeHTH i OJHNM 3 BapiaHTIB JUCKPETHOI MOJIEN IpecTaBIeHa Ha PHC. 5.

KoncTpykTuBHi napamerpu

2o, 7 z" 3’¢[HaHHA ~ Taki:  TKMOHMHA
= @ | 3aTUCHEHHS CKJISIHOI OOOJIOHKH

Hape f B MeTaneBy Kpumky L=3h,

}: @ E TOBIIMHA OIYHMX NPOILIAPKIB

i K ; k1=0,25h, TOBmMHA NpOIIApKY
Ha Topii £k2=0,25h, ne h=1 cm -

TOBILUHA 00O0JIOHKH.

[epenbavanocs, mo MexaHigHI
BJIACTHBOCTI €JICMEHTIB
3’€IHAHHS  XapaKTEePU3YIOTHCS
TaKUMH ~ JaHUMH:  MOAYJb
MIPY>KHOCTI KPHIIKH -
E=2,1-105 MIla, mpomapkiB - £=0,035-105 MIla, o6ononku - £=0,8-05 MIla,
koedinientu [Tyacona kpumku - v=0,3, npomapkis - v=0,34, o6omonku - v=0,22.

Enementn 3’€qHaHHs, BKIIOYAIOYM MaTepial OINOPHOTO  IPOLIAPKY,
BOJIOAIIOTH PI3HUMH MEXaHIYHUMH XapaKTepUCTHKaMH. PO3paxyHOK IpOBOJUBCS
B TPUIYIIEHH] iAeaNbHOI NPYXHOCTI BCIX CKIQJOBUX YaCTHH 3’ €IHAHHA 1
BiJICYTHOCTI B3a€MHOTO 3MIIIICHHS CIIOJyYE€HHX JETaJIei Ha TIOBEPXHIX PO3ILTY.
OCKIIBKM  MIIHICTD 3’€HAaHHS B JAHOMY BHIAJKy MLIJIKOM BH3HAYAETHCS
MIIHICTIO eJleMEHTa 3 KPHXKOro Marepially, pyHHYBaHHS SIKOTO HOYHMHAETHCS
3a3BHYail 3 IOBEpXHi, OCHOBHY yBary OyJI0 NPU/AiJIEHO BUBYEHHIO HAIPY)KEHb Ha
OIYHMX MOBEPXHAX CKJITHOI IMITIHAPHYHOT OOOIOHKH.

Ha nepuiomy erami npoBeeHO BU3HAYECHHS 3aTalbHOTO HAIIPY)KEHOTO CTaHy
LITIHAPUYHOI OOONOHKH. PE3yJAbTaTH IpEACTaBlIeHI Ha puc. 6, Je IHOoKa3zaHe

5h

|[AEEE

t

23h
Bicb oGepTraHHa

Bicb oGepTaHHA

-
-
-
-
-—
-
ZQ

& = - = i 2
Bick cumerpii Bic onverpii  Z2  Biow onverpii  Z.

Puc. 5
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PO3TIONITICHHS  KUTBI[EBUX Gg 1 D

OCBbOBHX (¢ 3 HAaIIpY’KCHb Ha 2

30BHINIHIN MMOBEPXHI OOOIIOHKH Ta ’ \\

Ha BHYTPIIIHI 1MOBEepXHIi Gg , Gg .

IX aHa3 IMOKa3ye, o 30Ha pO3TA-
T'YIO4UUX HAIIPYXKXCHb J'IOKaJ'IiBy€TI>C$I
B  MCECXKax 3’€HHyBaJ’IBHOFO By3Jja

KOHTEIHepa. HasBHicts
PO3TATYIOUH HAIMpPYXKEHb i,
BiJIIOBIIHO, MOKJIUBICTD Puc. 6

BHUHHUKHEHHS Ta  HACTYIHOIO
PO3BHUTKY TpIIIMHM B TIpoleci eKCIUTyartamii o00’ekTa NPHU3BOAUTH [0
HEeoOX1THOCTI OI[IHKH HOTro HeCyd4oi 3/[aTHOCTI 3 MO3HIIII MeXaHiKH pyHHYBaHHSI.
ITowarkoBa Tpimmna (puc. 7 (6)) posramoBaHa Ha Bincrani 0,3 s Big kpaio
3aMNIyIIKA Yy TOYII MJOCSTHEHHS MAaKCHMAIbHUX PpO3TATYIOUMX HAIPY>KEHb,
PO3MIp TpIIIMHM 3a/laHUH BiIIOBIAHO JI0 BIIOMUX peasibHO iICHYIOUMX JE(EKTiB
Ha TIOBEpXHi MOomiOHMX CIssHUX 00’ekTiB. KyT BimxwieHHs ii Bim HOpMali 10
30BHIIIHBOI MOBEPXHI 00OJIOHKN YOIK TOPIS NPUHHATHIA TaKUM, 10 TOPiBHIOE 8°
1 € TIePIeHINKYIIPHUM HAlpsSMKYy MaKCHMAJIbHUX TOJOBHHMX HAIIPY)KEHb B IiH
obnacti.

B

o ]

g=12MnNa

s
,5 /qg=10Mna |——
Toasp i 9=10Mne

SN

1,0 7% =8 MMa /\ o
q=6Mna,/
0,5 |
| N

0,1 0,2 Y

(@) ©)
Puc. 7

Ha puc. 7 (a) HaBemeHa TpaekTopist TpIMHH, OOYMCIICHA BiJIIOBITHO
IiAX0/ly, BUKIIQJICHOTO BUILE, XapaKTEpPHOIO OCOONHMBICTIO SIKOI € i pO3BHTOK
TPILMHY BIIINO 3’ €THYBAJIBHOTO BY3JIa.

Ipadixu 3amexusocti npusemennx semmunm KIH K(/) Bix poBxuam

TPIIIMHU TIPH Pi3HIM IHTEHCHMBHOCTI 30BHILIIHROIO HAaBAHTAXKCHHS 300pakeHi
CYLUTBHUMU JTiHisIMU Ha puc. 7 (0).

[TyakTHpHOIO JIiHI€IO TIOKa3aHe 3HAYEHHS KPUTHYHOro KoedimieHta
iHTeHcHBHOCTI HanpyxeHp Klc, mo i ckia, 3 SKOro BUIOTOBJICHHMN IMITIHIPD,
nopiBaioe 1,7 Mmam”,  AHami3yloud pe3ylqbTaTH, MOXKHA CKa3aTH, IO
HaBaHTaxeHHs 6 MIla He mpu3Bene MO PO3BUTKY IOYATKOBOI TPIMIMHM [y =
=0,05 & . J{yns Ginbln BUCOKMX 3HAYCHb 30BHIIIHHOTO THCKY KPHUTHYHA JOBXKHHA
o4aTKoBoi TpinmHu Oyzae 3mennryBarucs Bif 0,05 4 (g = 8 MlIla) 1o 0,02 /& (¢ =
12 MITa).



116 ISSN 2410-2547
Omip MatepianiB i Teopist copyn/Strength of Materials and Theory of Structures. 2018. Ne 101

OTKe, IpH IHTEHCHBHOCTI 30BHIIIHBOTO THCKY, IO 3MIiHIOETHCS B MEXax IO
12 MIla, cratiuyHe 30UIBLICHHS TPIIMHA MOXJIMBO JIMIIE JO JIOCSTHEHHS

noexunn [ = 0,2 h, ne K 3HO0BY cTae MeHute Hix K. TpaeKTopis TpilliHM npu
LIOMY Ma€ TAaKWi BUIVIS, IO HABITH NPH i1 MOJATBIIOMY PO3BHUTKY HE TIOBHHHE
BiZI0yBaTHCS MOPYIIEHHS T€PMETUYHOCTI 3’ €THaHH 1 KaTacTpodiuHe pyHHYBaHHS
ob0’exra. Ilicns mocsrHeHHss noxwHU 0,3 4, TpilMHA TONMAAae B 30HY, JH€

3HaueHHs K 3HIDKYETBCS 110 HyJIsl, 1 HOJANBIIMIL il PO3BHTOK CTA€ HEMOMTHBHM.

4. BuznaueHHsI pecypcy KOpHyca CTONOPHOI0 KJIaNaHa 3 ypaxyBaHHSIM
(¢opmo3minenHss. [l MiITBEpP/DKEHHS BHUINE CKAa3aHOIO OYJIO IPOBENEHO
PO3paxyHKOBE JIOCHI/PKEHHS HarpyKeHO-Ie()OpMOBAaHOTO CTaHy 1 yMOB
pyHHYBaHHS KOpPIIyCY CTOIOPHOTO KiamaHa TypOiHM Ha CTajil pPO3BUTKY
MIOYATKOBOI TPIIIMHM 3 METOIO OLIHKHM HECy4ol 3JaTHOCTI KOPIYCHHX JeTajel
TypOiHM NIpH 111 CTalliOHAPHUX 1 ITyCKOBUX HaBAHTA)KCHb.

OCKIJIBKH Ha 3a11opi KJIanaHa Halnpy)KeHHsS. MaKCHMaJlbHi, TO caMe Lie Micle €
HaKOUIBII BIpOTiAHMM 1711 BHHUKHEHHS 1 po3BUTKY Tpimuau [100].

Jiist BUSHa4EeHHSI KPUTHYHO]I JIOBXKHHH TPILLIMHY, HAsBHICTH SKOI MPHU3BEE 10
JIaBUHOMOAI0OHOTO pyHHYBaHHS KopIyca KiamaHa, Oymu obuncneni KIH K; i Ky
B3/IOBX TPAEKTOpii TPIIIMHM BiJX il BHYTPIIIHBOIO THUCKY, IO BHHUKA€E B
eKCTpEMaJIBHUX YMOBax. J{JIs1 OKpeMHX TOYOK TpaeKTopii TpimuHM 1oOymoBaHi
nedopmoBani cxemu (puc. 8).

PesynpTaTi BHW3HAUYCHHS BIUTUBY TCOMETPHUYHOI HENiHIMHOCTI Ha
BEJIMYUHY pPECypCy KOPIYCy CTOMOPHOrO KJallaHy IapoBOl TypOiHHM MpHu
HASBHOCTI B HHOMY MAariCTPalbHOI TPIIIMHA KPUTUYHOI JOBXKUHH, 3BCACHI B
Tabim. 1.

Tabmums 1
T'eoMeTpu4HO JIiHIHHUN PO3B’ 30K
1/h 0.05 0.15 0.25 0.35 0.45 0.55 0.65 0.75 | 0.85
lieper/ 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
K 21.70 | 23.00 | 23.50 24.00 24.70 25.43 27.10 | 29.70
AN-10° 1.96 1.57 1.44 1.33 1.19 1.07 0.837 | 0.589
T(N-10%) 0 1.96 3.53 4.97 6.31 7.50 8.57 940 | 9.99
T'eoMeTpu4HO HEMiHIIHUIT PO3B 30K
I/h 0.05 0.15 0.25 0.35 0.45 0.55 0.65 | 075 | 0.85
I(cpem)/h | 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
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IIpoooecenns Tabn. 1
K 21.03 | 2229 | 22.77 23.25 23.93 24.63 26.18 | 28.70
AN-10° 2.21 1.77 1.63 1.50 1.35 1.21 0.955 | 0.672
T(N-10°) 0 221 3.98 5.61 7.11 8.46 9.67 |10.60 | 11.30

BpaxyBanHs (OpMO3MiHEHHS IIOKa3aylo, IO 3MEHIIEHHS KoedilieHTiB
iHTeHCHBHOCTI Ha 2-3% B MeXax KPUTHYHOI JOBXKHHHU TPILIMHH IPU3BOIANUTH 10
30ibIIeHHS pecypcy Oipnt Hixk Ha 12%.

BucnoBok. B naniii poboTi oTpumaHi po3B’sI3KM HOBHX INPUKIAJHUX 3a]ad
OyniBenbHOI MeXaHIKM NpO BIUIMB (POPMO3MIHEHHS Ha BEIMUYMHY pecypey i
TPIIMHOCTIMKOCTI KOHCTPYKTUBHHX €JIEMEHTIB MAaIIMHOOYAIBHOI IMPOMHUCIIO-
BocTi. BusBieHo, mo He3Bakaroud Ha BiJHOCHO HE3HAYHI 3MiHM IapaMeTpiB
MPYXHO-Ie()OPMOBAHOTO  CTaHy BEJIWYMHA pecypcy  30imbIumiacs s
CTOMOPHOTO KJIallaHa IMOPIBHAHO 3 T€OMETPHUYHO JIHIMHUM pPO3paxyHKOM, IO
Ma€ CyTTEBE 3HAUEHHS /ISl BU3HAUCHHS TEPMiHY €KCIUTyaTallii [[bOro 00’ €KTY.
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Bazhenov VA, Maksimyuk Yu.V.

MATHEMATICAL MODELING OF THE PROCESSES OF DEVELOPMENT OF TRUNK
CRACKS IN THE BODIES OF ROTATION OF THE COMPLEX STRUCTURE TAKING
INTO ACCOUNT THE FORM-MODIFICATION

The step-by-step algorithm for determining of the trajectory of initial crack propagation in the
bodies of rotation of the complex structure using FEM was developed and verified on the test
examples. The result of calculation of the responsible object of modern technology are shown.

Determining of the fracture mechanics parameters is an important, but partial problem of fracture
mechanics. In practice, there are cases when a small initial small crack is known and it is necessary to
determine the destruction conditions of the structure - the critical length of the crack at a given load.
At the same time, the correctness of determining of the trajectory of initial crack propagation depends
largely on the reliability of the calculation of fracture mechanics parameters along the trajectory. If it
is not coinciding with the real one, it can lead to an incorrect assessment of the bearing capacity of
the structure as a whole.

It should be noted that a small number of papers are devoted to the modeling of the crack
development using the FEM [3]. The effectiveness of the method in this case depends to a large
extent on the effectiveness of the finite element base and the methods of determining of the fracture
mechanics parameters. In this paper, the focus is on the use of universal finite element [7], which
allows to optimize the FEM discrete model when calculating the bodies of a complex structure.
Determination of the fracture mechanics parameters is realized by the modified method of reactions,
the effectiveness of which in the case of mixed fracture is demonstrated in the works [2, 6].

In this paper, we arrived at solutions of the new structure mechanics problems about the effect of
form-modification on the life-time value and the fracture resistance of the structural elements of
modern industry. It has been found that despite relatively small changes in the values of stress-
strained state parameters the life-time of the stop valve has increased compared with the geometric
linear calculation, which is essential for determining of the lifetime of this object.

Keywords: crack resistance, shape change, body of rotation, modified reaction method, linear
and nonlinear parameters of fracture mechanics, connecting node of immersion container, stop valve
of steam turbine.

bBaoicenos B.A., Maxcumiox FO.B

MATEMATHYECKOE MOJEJIMPOBAHHUE TPOLECCOB PA3BUTHUSA
MATHCTPAJBHBIX TPEIIHH B TEJTAX BPAIIEHUSA CJOKHOM CTPYKTYPBI C
YYETOM ®OPMOMU3MEHEHUSA

Pa3paboran u ammpoOMpOBaH Ha TECTOBBIX IPHMeEpax IIONIATOBBIA AITOPHTM ONpEIeICHHS
TPaeKTOPHM Pa3BUTHUs HAYaJlbHOM TpPEIIMHBI B TeNaX BpAIEHHs CIOXKHOU CTpykTypsl MKDO.
ITpuBeneH pe3yabTaT pacyeTa OTBETCTBEHHOI'0 00bEKTa COBPEMEHHON TEXHHKH.

B manHO# paboTe MONy4YeHBI peIIeHHs HOBBIX IPUKJIAJHBIX 3a/1ad CTPOUTEIBHOH MEXaHHKU O
BIUSHUM (OPMOM3MEHEHUs Ha BEIHYUHY pecypca M TPEIIMHOCTOMKOCTH KOHCTPYKTHUBHBIX
JIIEMEHTOB COBPEMEHHOH TEXHHKU. BBIABICHO, YTO HECMOTPS HAa OTHOCHTENIBHO HE3HAUHTEIHHBIC
HU3MEHEHUSI IapaMeTpoB HANpPSHKEHHO-Ie(hOPMHPOBAHHOTO COCTOSHHS BEIHMYMHA PAaCUYETHOTO
pecypca CTONOPHOro KJalaHa YBEIMYHIACh [0 CPAaBHEHHUIO C FEOMETPHUIECKH JIMHEHHBIM pacueTroM,
9TO UMEET CyNIECTBEHHOE 3HAUCHHE JJI OIPEIEICHHUs CPOKa IKCILTyaTaIluH 3TOr0 00BEKTa.

KiloueBble ¢10Ba: TPEIIMHOCTOMKOCTh, (OPMOM3MEHEHHE, Tela BpAICHHS, MOIU(U-
LUPOBAaHHBIA METOJ peaKkuui, JMHeilHble U HeNHMHeiHble MapaMeTphl MEXaHHKU pa3pylICHUs,
COCIMHUTENBHEII y3€e IOrpy»KaeMoro KOHTeifHepa, CTOMOPHBIN KIIallaH apoBOi TypOUHEL
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bBaowcenos B.A., Maxcum ok FO.B. MareMaTu4He MOJeJTIBAHHA npouecis PO3BHUTKY
MaricTpajbHUX TpilMH B TiJax o00epTaHHA CKJIadHOI CTPYKTYPH 3 YpPaxXyBaHHAM
¢opmosminenns // Omnip MaTepialiB i Teopis cnopyn: Hayk.-Tex. 30ipH. — K.: KHYBA, 2018. — Bum.
101.-C. 111-120.
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The step-by-step algorithm for determining of the trajectory of initial crack propagation in the
bodies of rotation of the complex structure using FEM was developed and verified on the test
examples. The result of calculation of the responsible object of modern technology are shown.
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