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MAM’SITI BIKTOPA AHJIPIMOBUYA BA’YKEHOBA
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BYCHHUH-MEXaHIK Bikrop
AwnnpilioBnd bakeHOB.

Bikropa AHppiiioBuya yci 3HaIM
1 JIIOOMJIM K BYEHOro 1 Ilejarora,
OararopiuHOro 3aBixyBada Kadenpu,
JUpeKTOopa HayKOBO-JOCJIiTHOTO
IHCTUTYTY, TEpPUIOro MpOpeKTopa i,
HaWroNoBHIlIE, SK CBITIY 1 H00pYy
JIIOJIUHY.

Bikrop AmnppitioBuu baxxeHoB
HaponuBcs 12 mumas 1941 p. B
M. ['oponnsi, UepHiriBcbkoi obm. Y
1963 p. 3axiHuMB Oy;iBeNbHUI
¢axynbrer KUiBCbKOTO iHXXEHEpPHO-
OyHiBEILHOTO IHCTUTYTY.
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HavaIbHUKOM yrpaBiiHHs MinicrepcrBa Bumioi ocBitn YPCP (1975-86 pp.);
y KwuiBcbkoMy HallioHalbHOMY YHiBepcuUTeTi OYyIIBHHUITBA 1 apXiTEKTypH:
MIPOPEKTOPOM 3 HayKoBoi podotr (1986-88 pp.), nepurim npopekropom (1988-
2013 pp.), 3aBimyBauem kadeapu OymiBenbHOI Mexaniku (Big 1989 p.) ta
nupekTopoM  HaykoBo-mociigHOro  iHCTUTYTY — OyAiBEeNIbHOI — MeEXaHiKd
KuiBCchbKOro HalioHaJILHOTO YHIBEPCHTETY OyIIBHHMITBA 1 apXiTEKTypH Bif
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CTBOpMB HAayKOBY IIKOJNy 3 Teopii 1 MeTOAiB MaTeMaTH4HOTO
MOJICTTFOBaHHSI, Cy4acHUX YHCEIbHUX METOIIB PO3B’s3aHHS 3a/1a4 Oy/iBeTbHOT
MexaHiku. ABTOp Onu3pko 630 HayKOBHUX TMpallb, y TOMY uYHCIi 43
Monorpadiit, 31 miapyunuka. Ilix HOro HayKOBUM KEPIBHHUIITBOM 3aXHUIICHO
13 nokTOpCchkHX Ta 27 KaHIUAATCHKUX JUCEPTAITii.

Bikrop AHpilioBUY NpOBOAMB BENMKY HayKOBO-OpraHi3alliiiHy poOoTy:
Oarato pokiB OyB T'OJIOBOIO €KCHEPTHOI paju 3 apXiTeKTypH, OyIiBHUITBA i
reonesii BAK Ykpainu ra MOH VYkpainu, odontoBas crerianizoBany Bueny
pany 3 3axucry auceprauiii y KHYBA, OyB ronoBoro cekuii «bymiBHUIITBO Ta
OyniBenbHI Matepiaam» Komitery 3 nepkaBHUX mpeMmiii YkpaiHu B ramysi
HayKd 1 TeXHiKM, TOJNOBYBaB Yy cekmii «MexaHika» HaykoBoi Pamu
MinictepctBa ocBiTH YKpaiHu, OyB TOJIOBHUM pEJaKTOpOM HayKOBO-
TEXHIYHOTO0 30ipHHUKa «Omip MaTepiaiB i Teopis Ciopym».

Bikrop AmHzpiiioBuy OyB 00OB'SI3KOBOIO, UYHHOIO Ta BiJIIOBiJAILHOIO
moauHoro. Ha xadenpi OymiBenbHOI Mexaniku Ta B HJII OymiBenmbHOL
mexaHikn KHYBA Hemae jxoqHOro criBpoOiTHHKA, SIKOMY BiH HE JIOIOMIr
Mopajiolo ado BiIMOBUB Y 3BEpHEHHI. BikTop AHAPIHOBHY 3aBXKAW CIiJKyBaB
32 HAYKOBUM 3pOCT@HHSIM CHiBPOOITHHKIB, HaJUXaB 1 BCUIAKO JONOMAaraB y
LLOMY IUIaHI: IPOBOMB OECiy, JaBaB HAyKOBI ITOpaJH, CIIPSIMOBYBaB pOOOTY
B NpaBUIILHOMY pycili. BikTop AHIpifioBUY OyB IIy)Ke OpraHi30BaHHM, 3aBXKIN
yce IUIaHyBaB 3a3maierigp. Tak 1 Ha el Yac, TIIbKH MOYaBCsS HOBUH piK, a
Bikrop AHppiiioBud Bike po3poOIisie TUIaH HayKOBO-NENAroTiYHUX 3aXOJiB Y
BBIpEHMX HOMY Migpo3ainax: siki OyayTh HamucaHi Ta BUIaHi MOHorpadii,
MiAPYYHUKH, CTATTi; sIKi OyAyThb MiJArOTOBJEHI HOBI KypCH JIEKLIH; y SKHX
HaNpsIMKax CIPSMYEThCS HAayKoBa po0OTa 1 SIKUA OYIKYETHCS peE3yNbTar.
[Mpuyomy Ttak Oymo 3aBxkau. Maibke KOKEH MicAllb BiH peaaryBaB i
JIOTIOBHIOBAB 111 «3aXOIM».

He3Bakaroun Ha BENHKY 3aHHATICTH, BiH 3aBXKAU OYB B TPEHI Cy4acHOIO
KHUTTS YKpaiHH 1 HOBUX BUKIMKIB. MaB KOJOCAbHY EpYIULII0 Ta IaM'siTh,
OyB 4yzmoBHMM oroBigaueM. YacTo Ha 310paHHSIX PO3IMOBINaB IiKaBi MOBYAIbHI
icTopii 31 CBOrO JKUTTSA. 3 OCTAaHHBOI 3YCTPiYi KOJEKTHUBY MiAPO3NLIY HE
MPOUIIIO 1 Micsius. AJie cTajocs Te, o CTaJIoC ...

Bararo 3 #oro y4HiB po3JIeTijIOCS TO CBITY 1 Lle 03HAaYae, 10 Mam'sTh PO
Bikropa AHnpilioBruda Oy/e )KHUTH MO BCIi 3eMuIi.

Mu, Horo y4Hi Ta KOJErd, 3aBXOu OyAeMO IaMm’sTaTd, JIIOOUTH Ta
IIaHyBaTH HAIIOrO HE3aMiHHOTO KepiBHHMKA Bikropa AHmpiiioBnya. Y Hammi
nam’siTi Biktop AHApifoBHY Ha3aBKAW 3aJIHMIIUTHCS LIMPUM HAJIHHUM
JPYroM, T0OPO3UIIMBUM MOPaTHUKOM, TPO(ECIOHATIOM CBOET CIIPABU.

Pexmopam,

Konekmusu Kageopu 6yodieenvHoi mexanixu i

Hayroeo-0ocnionoeo incmumymy 6yoigenvHoi mexauixu

Kuiscoroco nayionanvnozo yrigepcumemy 0y0ieHuymea i apximexmypu
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The results of calculation of a complex shell structure under the action of operational loads are
presented. A three-section cooling tower, called a three-petal cooling tower, is regarded as a
complex-shaped structure. Three variants of loads on the shell are considered: wind pressure,
heating and load combination. The design model of a shell of a complex shape is based on the
developed universal spatial finite element. The universal spatial finite element allows one to take
into account the geometric features of structural elements for a thin shell (constant or varying
thickness, knees, ribs, cover plates, holes, cavities, channels, inserts, facets) and multilayer
structure of the material. According to the method, thin and medium thickness shells of various
shapes and structures are considered. The shells are under the action of static mechanical and
temperature loads. The finite element method is based on the unified positions of the three-
dimensional geometrically nonlinear theory of thermoelasticity and the moment finite
element scheme. The method for determining the natural vibrations of thin-walled shell
structures is based on an integrated approach. Modal analysis is carried out taking into
account the prestressed and deformed states of the shell at each step of thermomechanical
loading. Thus, the problem of determining the natural frequencies and vibration modes of the
shell is solved by the step method in two stages.

Keywords: clastic shell, universal finite element, thermo-mechanical load, stress-strain state,
natural frequency, mode shapes.

Introduction

Shells, as flexible thin-walled elements of increased strength, are widely
used in engineering structures in many industries: from space to construction.
Thin-walled shell structures of special equipment can have an almost
inexhaustible variety of geometric shapes, based on their functional purpose.
They can combine various structural inhomogeneities, such as: ribs and cover
plates, reinforced and non-reinforced holes, cavities, channels, local
thickenings and thinning, knees of the midsurface and other features, as well as
have a complex shape. The behavior of such structures has not been studied
enough due to the complexity of taking into account all these factors when
constructing governing equations. Thin-walled shell structures can be in

© Bazhenov V.A., Krivenko O.P., Kozak A.A.
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difficult operating conditions under the action of loads of various natures,
including mechanical and thermal ones.

Most of the methods for studying thin-walled structures are focused on a
relatively limited class of shells, predominantly of canonical form, and simple
loading processes, mainly mechanical. Therefore, methods of numerical
analysis, primarily the finite element method, are widely used to solve various
problems in the study of shell structures [1-6]. The complication of the
geometric shape, which actually occurs in every real shell structure, requires
the use of refined approaches from the standpoint of the three-dimensional
theory of thermoelasticity and the development of 3-d finite elements on this
basis. The use of a three-dimensional approach for the study of thin shells has
recently been considered in an increasing number of works [3, 4, 7-12] in
accordance with global trends in problem solving.

Based on modern approaches to solving this problem, the authors have been
carrying out theoretical and practical developments for many years in the
direction of creating methods for analyzing the reactions of thin-walled
structures to complex thermo-mechanical effects. A finite element method has
been developed for studying processes of geometrically nonlinear deformation,
buckling, post-buckling behavior, and vibrations of thin thermoelastic
inhomogeneous shells with complex-shaped midsurface, geometrical features
throughout the thickness under complex thermo-mechanical loading. A number
of tasks have been solved. The features of thermoelastic deformation, buckling,
post-buckling behavior, and vibrations of thin shells under the action of static
thermo-mechanical loads have been identified and analyzed [7-10, 13-16].

This paper is a continuation of previous studies and is aimed at modal
analysis of shell structures of complex shape under the action of operational
loads.

1. Problem statement

The technique for studying the behavior of thin-walled shell structures of a
complicated geometric shape is based on the use of the finite-element shell
model (FESM) of an inhomogeneous shell and is presented in articles [7-
10, 16]. The design model is based on the developed universal spatial finite
element. The geometric features of structural elements for a thin shell
(constant or varying thickness, knees, ribs, cover plates, holes, cavities,
channels, inserts, facets, etc.) and multilayer structure of its material are taken
into account. Thin and medium thickness shells of various shapes and
structures are considered under the static action of mechanical and temperature
loads. The method is created on the basis of the unified positions of the three-
dimensional geometrically nonlinear theory of thermoelasticity and the finite
elements moment scheme.

As an example of determining the modal characteristics of a shell structure
of a complex shape, a three-section cooling tower, called a "three-petal cooling
tower" [17, 18], is considered. The cooling tower is a three-dimensional
combined system consisting of a thin reinforced concrete three-section shell
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and an inclined colonnade. The
lower part of the colonnade is
rigidly clamped into the ring
foundation.

The three-section structure
consists of the shells of three
cooling towers and it belongs to
the unique structures in many
respects (Figure 1). Its dimensions:
height — 110 m, semi-axes of the
ellipse at the base of the petal —
70.77 m and 25.08 m, thickness at
the base — 0.7 m, thickness in the
narrow part — 0.2 m. Each cooling
tower petal is a complex shell. It is
an elliptical cone with a linear-variable thickness at heights from 10 to 100 m.
In the narrow part (between heights of 100 m and 110 m) it is an elliptical
cylinder of constant thickness 0.2 m. The observation deck with 1 m wide is
mounted above the narrow part of the cooling tower. This platform is modeled
as a rib in the finite element model of the shell. Internal cooling tower
diaphragms are considered to be quite rigid. They have not been considered as
elastic elements of the cooling tower and, for simplicity, have been taken into
account as rigid ties. The exhaust shell of the cooling tower is supported on an
inclined colonnade at a height of 10 m. The colonnade is fixed on a rigid base
plate. When forming the FESM, it has been assumed that the shell is rigidly
clamped at a height of 10 m (Figure 2). Therefore, support columns were not
included in the model.

Fig. 1. General view ofa ¢

(b)

Fig. 2. Design finite element model of a cooling tower:

(a) side view, (b) top view in the plane x2'x3'

During operation, the cooling tower is subjected to wind pressure and
temperature field. In the computation, these loads are taken as static.
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Temperature effects on the shell are caused by technological heating and
seasonal fluctuations in the outside air temperature. Three variants of the loads
acting on the shell have been accepted: (i) uniform heating of the shell by
30°C, (ii) wind pressure, and (iii) combination of both loads.

2. Results of modal analysis

The stages of the formation of the FESM of a three-petal cooling tower are
presented in detail in [86, * 100]. At the first stage of the computations, the
stress-strain state of the structure from the impact of the applied operational
loads has been analyzed. Based on the analysis of the observed results, the
following conclusions can be drawn.

Deformation analysis. The grid of the cooling tower deformed from the
action of loads and their top view are shown in Fig. 3. It can be seen that the
side walls of the cooling tower are bent inside the FESM due to the wind load
and the combination of loads. With uniform heating, the sidewalls of the
cooling tower bend outward.

Uniform heating Load combination

Fig. 3. Deformation shapes of the FESM under various thermo-mechanical loads

Stress analysis. The stress state of the cooling tower from the action of
operational loads can be estimated by the obtained moiré fringes of bending
and membrane stresses (Fig. 4). With uniform heating, the maximum bending
stresses occurs at the bottom on the sides of the conical part of the petal, the
minimum stresses are located at the bottom of the joint of the petals. The
maximum membrane stresses are on the sides of the petals at the bottom of the
structure, nearer to the joint. The wind load creates the maximum bending
stresses at the top of the conical part of the petal, the maximum membrane
stresses are at the bottom of the fracture of the petals. When there is a
combination of loads, the maximum bending and membrane stresses are
obtained in the support zone of the side parts of the petals. When there is a
combination of loads, maximum bending and membrane stresses have been
obtained in the petal support zone.

At the second stage of the research, a modal analysis of the structure has
been carried out. The effect of operation loads on natural frequencies and
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modes of vibration has been investigated. The comparison has been carried out
with the dynamic characteristics of the structure, which is in a load-free state.

Heating and the action of wind load had little effect on the change in
vibration frequencies relative to the unloaded state (less than 1%, Table 1).
The vibration modes accordingly also changed a little bit. The combination of
loads led to an increase in first four natural frequencies, respectively by 34.33,
28.65, 39.03, and 43.08%. The vibration modes are shown in Fig. 5. Here (a) is
the initial unstressed state of the cooling tower; (b) is the effect of a
combination of two loads.

Uniform heating

PO
mm &Lﬁj
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1:58588%

1= O]
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Fig. 4. Visualization of stresses using moiré fringes
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Wy

(b)

Fig. 5. Vibration modes of the cooling tower: (a) initial state; (b) load combinations

Table 1

Load o) ®, 03 Wy

The initial state 1.3491 1.4515 1.4661 1.6334
Uniform heating | 1.3513 1.4689 1.4777 1.6420
0,16% 1,20% 0,79% 0,53%

Wind load 1.3489 1.4498 1.4660 1.6320
-0,01% -0,12% -0,007% -0,09%

Load combination | 1.8123 1.8673 2.0384 2.3370

34,33% 28,65% 39,03% 43,08%

Conclusions

Investigation of the stress-strain state and modal analysis of the shell
structure of complex shape and structure have been carried out. A three-
petalcooling tower is considered which is under the action of operational loads.
The effect of three types of load on the behavior of a cooling tower has been
investigated: heating, wind effect, and a combination of the indicated loads.
Investigations have shown the effectiveness of using the method for analyzing
shells of complex shapes and structures in real operating conditions.
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baocenos B.A., Kpusenro O.I1., Kozax A.A.
MOJAJBHUM AHAJII3 CKJIALHOI OBOJIOHKOBOI KOHCTPYKIIII, IO
3HAXOJUTHCS M AI€F0 EKCIITYATAIIMHUX HABAHTAKEHbD

HaBeneHo pe3ynbTaTH poO3paxyHKy Ae(hOpMyBaHHS 1 KONMBAaHb CKIAJHOI 0OOIOHKOBOI
KOHCTPYKLII Mix i€l eKcIuTyaTalifHMX HaBaHTaXKeHb. TpboXcekuiiiHa rpagupHs, 3BaHa
TPHUIIEIIOCTKOBOIO T'PaJUPHEI0, BITHOCHTBCS 1O TOHKOCTIHHHX KOHCTPYKLiil ckiamHOl (Gopmu.
Po3ryisiHyTO TpU BapiaHTH HaBaHTaKCHb Ha OOOJOHKY: BITPOBHH THCK, HarpiB i MO€JIHAHHS
HAaBaHTAXEHb. PO3paxyHKOBa MoJenb OOONOHKM CKIagHOI (opMu moOyxoBaHAa 3a JOMOMOIOIO
PO3pOOJICHOr0  YHIBEPCAJILHOTO  MPOCTOPOBOrO  CKIHYCHHOrO  ejeMeHTa. YHiBepcalbHHUI
IPOCTOPOBHH  CKIHYCHHHI  €IEMEHT J03BOJISIE  BpAaxyBaTH TEOMETPUYHI  OCOOJIMBOCTI
KOHCTPYKTHBHHX €JIEMEHTIB TOHKOI 000JOHKHM (cTasa abo 3MiHHA TOBINMHA, 37aMu, pedpa,
HAKJIaJKH, OTBOPH, BHIMKH, KaHAJIH, BCTABKH, IPAaHOBAHICTh), a TAKOXK 0araTolapoBy CTPYKTYpY
MaTepiay. 3a METOAUKOIO PO3IIISAAIOTHCS TOHKI i cepefHi TOBIMHHM 0OOJIOHKU pi3HOi dopmu i
cTpykTypd. OOGOJIOHKH 3HAXOAATHCS IMMiJ JI€I0 CTATHYHMX CHJIOBHX 1 TeMIIepaTypHHX
HaBaHTaXeHb. CKIHYEHHOCIEMEHTHUII METO/l CTBOPEHO HA OCHOBI €JMHHX IMO3HLIH IPOCTOPOBOT
rEOMETPUYHO HENIHIHHOI Teopil TepMOINPYKHOCTI Ta MOMEHTHOI CXEMH CKIHUYCHHHX CJICMCHTIB.
MeToarka [OCHI/UKEHHS BJIACHHX KOJIMBAaHb TOHKOCTIHHMX OOOJIOHKOBHX KOHCTPYKLIil 3
ypaxyBaHHSIM il CTATHYHOrO TEPMOCHJIOBOIO HABAaHTAXCHHS CIHPAEThCA HAa KOMIUICKCHHUM
miaxiaz. MopanbHUH aHami3 BHKOHYETHCS 3 YypaxyBaHHAM IIONEPEJHBO HAMPYKEHOro Ta
nehOpMOBaHOrO CTaHIB ODOJIOHKH Ha KOXHOMY KpOLi Il TEPMOCHJIOBOrO HaBaHTaXeHHs. Takum
YUHOM 3ajada 3 BH3HAYCHHS BJIACHUX YacTOT i (OpM KOJMBaHb OOOJOHKH PO3B’SI3YETHCS
KPOKOBHM METOZIOM 3a J{Ba €TalHu.

KurouoBi ciioBa: mpyxHa 00OJNOHKA, YHIBEpCAaJbHHH CKIHYCHHHH €IEMEHT, TePMOCHJIOBE
HABaHTAXKCHHsI, HAIIPY)KCHO-1e)OPMOBAHHH CTaH, BIACHA YAaCTOTA, POpMa KOJIHBAHb.

baocenos B.A., Kpusenro O.I1., Kozax A.A.
MOJAJIBHBIN AHAJIU3 CJI0KHOM OBOJIOYEYHOM KOHCTPYKIIHH,
HAXOJISENCS MOJ JEACTBUEM KCILTY ATALIMOHHBIX HATPY30K
IpuBeneHs! pe3yinbTaThl pacdera AedOpMHpOBaHUS M KoaeOaHMIl CIOKHOW 000104YedHON
KOHCTPYKLIMU T10J JeHCTBUEM OKCIUIyaTallMOHHBIX HAarpy3ok. TpeXCeKLMOHHas TIpajupHs,
Ha3bIBaeMasi TPEXJIEINECTKOBON I'paJUPHEH, OTHOCUTCS K TOHKOCTEHHBIM KOHCTPYKLHUSAM CIIOXHOM
¢dopmbl. PaccMOTpeHB! TpH BapuHaHTa Harpy3oKk Ha OOOJOUYKY: BETPOBOE [aBJICHHE, HAIPEB U
0o0beIMHEHHE HArpy30K. PacueTHast Mojeb 00OJIOUYKH CIOXHON (OPMBI MOCTPOEHA Ha OCHOBE
pa3pabOTaHHOTO YHHBEPCAIBHOIO MPOCTPAHCTBEHHOTO KOHEYHOrO 3JIEMEHTa. YHHBepCasbHBIH
IPOCTPAHCTBEHHBII KOHEYHBIH OJIEMEHT II03BOJSIET YYeCThb TI'COMETPUYECKHE OCOOCHHOCTH
KOHCTPYKTHBHBIX 3JICMEHTOB TOHKOﬁ 060.]'[0‘-1](1/1 (l'lOCTOﬂHHaﬂ WJIA TICPEMEHHAA TOJIIIWHA, U3JIOMBI,
pebpa, HaKIIaAKU, OTBEPCTHS, BBIEMKH, KaHAJIbI, BCTABKH, [PAHEHHOCTD), & TAK)KE MHOTOCIONHYIO
CTPYKTYpy MaTepuana. MeToauka MO3BOJISET pPAacCMaTpUBaTh TOHKHE M CPEAHHE TOJLIMHEI
000JI0UKH pa3IMYHON (HOPMBI M CTPYKTYPbL. OGOIOYKH HAXOASTCS MOJ JCHCTBHEM CTATHYECKHX
CWJIOBBIX W TEMIICPATYPHBIX Harpy3ok. KOHC“IHOSJ’ICMCHTHHﬁ METOJI OCHOBAaH HaA C€JIHHBIX
HO3ULHUAX TPEXMEPHOW TI'EOMETPUYECKH HEJIMHEHHOH TEOpUH TEPMOYNPYrOCTH M MOMEHTHOM
CXEMbl KOHEYHOX 3JIEMEHTOB. MeTo/iMKa OnpeiesieHus] COOCTBEHHbBIX KOJIeOaHUH TOHKOCTEHHBIX
000JI04EYHBIX KOHCTPYKLHMI OCHOBaHa Ha KOMILJICKCHOM IT0AXOjae. MOJallbHbIA aHauu3
IPOBOJHUTCS C YYETOM MPEIHANPSHKCHHOTO M Ie()OPMHPOBAHHOIO COCTOSHUI 00OTOYKHM Ha
KOKIOM LIare ee TEePMOMEXaHHYECKOro HarpyxeHus. Takum oOpa3oM, 3amada ONpeesICHUs
COOCTBEHHBIX YaCTOT U (OpM KoJieOaHNI 000IOUKH PEIIASTCsl IArOBbIM METOAOM B J[Ba dTaIa.
KaroueBble cjioBa: yrpyrasi 000J109Ka, YHUBEPCAIbHBIN KOHEUHBIH 3JIEMEHT, TePMOCHIIOBAs
Harpyska, HalpsDkeHHO-1e() OPMUPOBAHHOE COCTOSIHUE, COOCTBEHHAs 4acToTa, popma KoIeOaHHi.
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The estimation of a stress-strain state of a steel vertical tank with an initial semi-elliptical crack
under the action of hydrostatic pressure is performed. The distribution of stress intensity factors along
the crack front is obtained. A comparison of the results obtained using of semi-analytic finite element
method and of finite elements, being used in different software packages, is made.

Keywords: finite element method (FEM), elliptic crack, stress intensity factor, reservoir.

Introduction. The occurrence of crack-like defects is a common
phenomenon in the operation of vertical steel tanks (VST). Such defects can
occur both as a result of violation of the manufacture requirements or tank
installation procedures, as during operation process. Such defects increase
significantly and turn into cracks over the time. According to current
regulations, the operation of VST with cracks is prohibited. At the same time,
the organization, that operating the tanks, does not have the opportunity to
perform repairs immediately often. However, the cases of trouble-free
operation of tanks with non-through surface cracks at the stage of their
sustainable growth, which are confirmed by model calculations, are known.

The most probable areas of cracks occurrence in tanks are:

- connection area of the wall and the bottom of the tank;

- connections of hatches and other elements;

- vertical welds, especially in the lower part of tank (wall panels in the
lower rows), as a zone of maximum internal hydrostatic pressure;

- upper part of tank as the zone of pressure variation as a result of change
of tank filling and condensate action.

Among the various crack-like defects the vertically oriented cracks are the
most dangerous. Such cracks can have different shapes, but the most common
model of them using in the estimated calculations of structures are semi-elliptical
cracks. This type of cracks, in particular, is expected to be considered when
assessing the bearing capacity of equipped NPPs. Therefore, the semi-elliptical

© Pyskunov S.0., Shkryl 0.0., Maksimyuk Yu.V.
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crack is considered in this work to demonstrate the procedure and possibilities of
finite element analysis of the crack resistance of the HRV-5000 tank.

It is well known that the main factor influencing the level of stresses in the
tank is the hydrostatic pressure due to filling of the oil product. Therefore, in this
work, the crack resistance of the tank was determined precisely under the action
of this load. However, it should be noted that the final assessment of the load-
bearing capacity of such structures requires taking into account of loads, related
to the influence of the external environment, in particular - temperature, wind
pressure and others. The initial defect was taken in the form of a semi-elliptical
crack located on outside surface of the wall panel of the lower part of tank.

The estimation of the crack resistance requires the calculation of the
fracture mechanics parameters [1, 2]. Both direct and energy methods are
widely used to solve this problem. Because the tank is a body of rotation it is
effectively to use the semi-analytical variant of finite element method (SFEM)
for finite element modeling [2, 9]. The procedures of the fracture mechanics
parameters calculation and issues of the results reliability in spatial bodies
using SFEM are reflected in the works of the authors quite fully [2-8]. Given
the assumption of elastic (linear) deformation of the tank, it is advisable to use
a stress intensity factor (SIF). The solution of the problem of SIF calculation is
performed mainly by numerical methods, among which finite element method
(FEM) is the most widespread.

SIF calculation for a semi-elliptical crack in a tank wall. The geometric
scheme of the HRV-5000 tank and the initial data are shown in Fig. 1 and in

Table 1. Mechanical characteristics of material: E=2,1-10° MPa, v=0,3.
The maximum level of filling the tank with petroleum products was accepted
95% of its height.

Facade 13.620

s s
[T T 1

20.440

Fig. 1. Steel vertical tank HRV-5000

The stress distribution along the height of the tank, obtained on the basis of
FEM when calculating the tank without a crack, at some distance from the
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bottom of the tank coincides well to the values of stresses, calculated
according to the well known relation of the moment-less shell theory (Fig. 2).

Table 1
Wall height, m 12
Height of panel, m 1.5
Level of oil product filling, m 11.36
Estimated wall thickness (by rows of panels, Ist row - 8.7
numbering of rows - from bottom to top), mm 2nd row - 6.7
3rdrow -5.7
4th-8th row - 4.7
Density of oil product, kg/m’ 820

Hiwm) --- FEM (SCAD software)

" t — Analytical solution
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Fig. 2. Stress distribution along the height of the tank wall

The stress distribution
along the height of the
tank, obtained on the basis
of FEM when calculating
the tank without a crack, at
some distance from the
bottom of the tank
coincides well to the
values of stresses,
calculated according to the
well known relation of the
moment-less shell theory

(Fig. 2).

The calculation of the tank in the presence of the initial crack, the location
of which is shown in Fig. 3(a) was carried out next. A fragment of the tank
wall panels in the lower row is considered as a design scheme (Fig. 3(b)).
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Fig. 3. The location of the crack in the wall of the tank (a)
and the calculation scheme of the wall fragment with a crack (b)
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In addition to the effective hydrostatic pressure qn on the inner wall, the
fragment was loaded by forces acting in the wall towards the circular and
meridian directions (¢, and g,, respectively). The values of these loads were
determined using the stress distributions obtained in the calculation of the tank
as a whole and acting in the corresponding sections, which are limit the
fragment with crack.

The crack modeling was made due to the implementation of the relevant
boundary conditions. The surface of the crack located in the plane z' —z*
(marked in white in Fig. 3(b)). It is considered free from attachments along
2" . All other points of the end surface (marked in gray in Fig. 3(b)) are fixed
along z* .

Fig. 4 shows
three-dimensional
FEM (a) and
semianalytical FEM
(SFEM, b) discrete
models of a wall
fragment of the tank
with a crack. The
“SCAD” software
package was used to
obtain and calculate
the three-dimensional
FEM discrete model.
Studies of the results
convergence showed
that to obtain reliable
values of displacements the finite element dimensions along the crack front
should be at least 10 times smaller than the crack size along the wall thickness

(Fig. 4(a)).
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Fig. 4. Discrete models of FEM (a) and SFEM (b)
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Fig. 5. Convergence of displacements on the finite element size along 2
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The distribution of displacement and stress values along the crack front
(Fig. 6 and Fig. 7), obtained with the use of FEM and SFEM coincide with
each other, which justifies the results reliability.

u” 10 om o kglom’
9 5000
= 4500
L
8 /’/ 4000 P
/ 3500 ,/
7 / 3000 Wy
2500
6 '/ 2000
A\
1500
5 — SFEM e
— HMCE
- - SCAD 500
s —, : —SCAD | g()
0 10 20 30 40 5 6 70 80 ( 0 10 20 30 40 50 60 70 80 90
Fig. 6. Distribution of displacements Fig. 7. Stress distribution along the crack front

along the crack front

The obtained SIF values differ along the crack front by 50%. The minimum
value of SIF acquires at the point of the front, which is located on the outer
surface of the tank. The maximum value of SIF acquires at the point of the
front that is furthest from the outer surface.

The obtained results show the uneven distribution of SIF along the crack
front, the receipt of which requires the calculation of such problems in the
spatial setting.

Determination of SIF by the direct method is performed on the basis of

displacements values being
calculated in the vicinity of the

5::: % sz Ly crack front. Determination of SIF
300 .;':/" T°r by the energy method is based on
750 Ad the method of reactions. Its
600 2 effectiveness is confirmed by
500 numerical  solutions of test
400 problems [7,8]. The SIF
300 K@) distribution along the crack front
200 —K(J) obtained using SFEM by both
102 - -SCADK(U) direct and energy methods almost

o 10 20 30 40 50 e 70 s @  coincides and agrees well with the
values of SIF calculated by the
direct method when using three-
dimensional FEM (Fig. 8).

Comparison of the received SIF values with the admissible one, established
with regulatory documents, can give the possibility to estimate safety of
operation of the tank with a crack.

Fig. 8. Distribution of SIF along the crack front
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ITuckynos C.O., kpune O.0., Maxcum 1ok FO.B.
BU3HAUYEHHSA TPINMHOCTIAKOCTI PE3SEPBYAPA 3 HAIIBEJAIINITAYHOIO
TPILIUHOIO

BUHHUKHEHHS TPILIMHONOAIOHUX AE(PEKTIB € MOIIMPEHUM SIBUILEM Yy IMPOLECi eKCIuTyaramii
BEPTHKAIBHUX CTaIbHUX pe3epByapiB (BCP). Taki gedextH MOXYTh BUHHKATH SIK Ha [OYATKY
poGoTu pe3epByapiB, IO MOXKe OyTH IIOB’SI3aHMM 13 MOPYLICHHSM YMOB BHIOTOBJIEHHS a0o
MOHTaXXy CJIEMEHTIB pe3epByapy, Tak i B Ipoleci ekcryarawii. 3 yacoM Taki Je)eKTH CyTTEBO
301IBIIYIOTECS 1 IEPETBOPIOIOTHCS HA TPIIMHY. ICHYI0Yi HOpMH 3a60pOHSIOTH ekcIutyaTanito BCP
3 TpimuHaMu. B Toii jke yac B opraHisauii, sika eKCIUIyaTye pe3epByap, HEe 3aBXKIH € MOXKIIMBICTb
oJpa3y BUKOHATH PEMOHT. 3 IPAKTHYHOrO IOCBiLy, BifioMi BUMaaku Oe3aBapiiiHOi eKcCruTyaramii
pe3epByapiB i3 He HACKPI3HUMH [OBEPXHEBHMH TpIllMHAMHK Ha CTaJil CTaJoro pocry, SsKi
HiATBEPPKYIOTHCSL MOJEIbHUMHU PO3paxyHKaMu. B po6oTi mpoBoauThCs aHAi3 TPILMHOCTIHKOCTI
pesepByapa BCP-5000 3 HamiBeliNTHYHOK TPILMHOK IIiJ| JI€I0 TiIPOCTATHYHOrO TUCKY. PiBeHb
3allOBHEHHsI pe3epByapa HaToOmpoaykTamu ckiagae 95% Bin #oro Bucotu. HamiBemintuuxa
TpilMHA PO3TAIIOBAHA B MaHENi HIKHBOTO IOSCY CTIHKH i3 30BHINIHBOI CTOPOHH. Bu3HaueHHs
TPILMHOCTIAKOCTI pe3epByapa 3 TPILMHOI BHUKOHYETHCS Ha OCHOBI KOEQiL[i€HTIB IHTEHCHBHOCTI
nHanpyxenb (KIH). dus BusHauenns KIH BukopucraHo mnpsiMuii Ta eHEpreTHYHI MeETOIH.
BusnaueHHs HanmpyXeHO-1e()OPMOBAHOrO CTaHy BUKOHYETHCSI HA OCHOBI HAIIBAHATITUIHOTO METOLY
ckinuennux enemenTiB (HMCE). Posnonin KIH B310Bx GpoHTY TpIlMHK, OTPUMAaHUH OPIMHM Ta
eneprernynuM Metonamu B HMCE nobpe y3romkyetbes i3 3HaueHHsmu KIH, obuncnenumu npu
Bukopucranti tpuBuMipHoro MCE. Otpumani Benuuuau KIH Binpi3HsAoThCs B3IOBXK (poHTA
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TpitmHu Ha 50%. MinimaneHi 3HayeHHs KIH nHaOyBae B Touli (poHTa, 110 po3TalIoBaHA Ha
30BHILIHINA OBepxHi pe3epByapa. Makcumainsne 3HaueHHss KIH naOyBae B Toumi ¢ponTa, 110
HaWOUIbII  BiojaneHa Bix  30BHIMIHBOI moBepxHi. OTpuMaHi pe3yjabTaTH  I0KAa3yHOTh
HepiBHOMIipHicTs posmominy KIH B30k (poHTY TpilMHH, OTpPUMaHHS SKOrO BHMArae
PO3paxyHKy TaKHX 3a[a4 B IPOCTOPOBIil HOCTAHOBLI.

KiroueBble ciioBa: meron ckinuenuux enemeHTiB (MKE), enintudna TpimuHa, KoedirieHT
IHTEHCHBHOCTI HAaNPYKEHb, pe3epByap.

Pyskunov S.0., Shkryl 0.0., Maksymiuk Yu.V.
DETERMINATION OF CRACK RESISTANCE OF A TANK WITH A SEMI-ELLIPTIC
CRACK

The occurrence of crack-like defects is a common phenomenon in the operation of vertical
steel tanks (VST). Such defects can occur both at the beginning of the operation of the tanks,
which may be associated with a violation of the manufacture conditions or the installation
procedures of the tank elements and during operation. Over time, such defects increase
significantly and turn into cracks. Existing regulations prohibit the operation of VST with cracks.
At the same time, the organization that operates the tank does not always have the opportunity to
perform repairs immediately. There are cases of trouble-free operation of tanks with non-through
surface cracks at the stage of sustainable growth, which are confirmed by model calculations are
known from practical experience. The analysis of crack resistance of the VST-5000 tank with a
semi-elliptical crack under the action of hydrostatic pressure is carried out in the work. The level
of filling the tank with petroleum products is 95% of its height. The semi-elliptical crack is located
on outside surface of the wall panel in lower row of cladding. Determination of crack resistance of
a tank with a crack is performed on the basis of stress intensity factors (SIF). Direct and energy
methods were used to SIF calculation. Determination of the stress-strain state is performed on the
basis of the semi-analytical finite element method (SFEM). The SIF distribution along the crack
front obtained using SFEM by both direct and energy methods almost coincides and agrees well
with the values of SIF calculated by the direct method when using three-dimensional FEM. The
obtained values of SIF differ along the crack front by 50%: the minimum value of SIF acquires at
the point of the front, which is located on the outer surface of the tank, the maximum one - at the
point of the front inside the wall that is furthest from the outer surface. The obtained results show
the quite uneven SIF distribution along the crack front, so that the calculation of such problems
requires the spatial setting of problem.

Keywords: finite element method (FEM), elliptic crack, stress intensity factor, reservoir.

Iucxynos C.O., LLxpviiw A.A., Maxcumiox FO.B.
OMNPEJEJEHUE TPEHMHOCTOWKOCTH PE3EPBYAPA C
HNOJYIJIJIMIITAYECKOM TPEIMHOM

IIpoBeneHa OleHKAa HaIpPsDKEHHO-Ae()OPMHUPOBAHHOIO COCTOSHHUS pe3epByapa ¢ HadalbHON
l'lOJ'lySJ'lJ'll/ll'lTl/l“leCKOﬁ TpeLLLMHOﬁ npu ﬂeﬁCTBMM BHYTPCHHEI0 I'UAPOCTATHYCCKOro OABJICHUA OT
sanonmsonteii  kuakoctu. IlomydeHo  pacmpenpeneHne  K03((GHIMEHTOB  MHTEHCHBHOCTH
HANPSDKEHUH BIOJIb QPOHTA TPELMHEL

KiroueBble cjioBa: Meron KOHeuHbIX dyiemMeHTOB (MKD), amnmmnruyeckas TpelnuHa,
KO3 PHUIMEHT MHTEHCUBHOCTH HAIPSDKEHUH, pe3epByap.

VK 539.375

Iucxynos C.O., lkpuns O.0., Maxcum ok FO.B. Bu3HaueHHs1 TpilmHOCTIilKOCTI pe3epByapa
3 HamiBeJIiNTHYHOI TpimmHow // Omnip MaTepianiB i Teopis crnopya: Hayk.-Tex. 30ipH. — K.
KHVYBA, 2021. — Bum. 106. — C. 14-21.
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Tabun. 1. In. 7. Bi6miorp. 9 Hass.
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Pyskunov S.0., Shkryl O.0., Maksimyuk Yu.V. Determination of crack resistance of a tank with
elliptical crack // Strength of Materials and Theory of Structures: Scientific-&-Technical collected
articles — Kyiv: KNUBA, 2021. — Issue 106. — P. 14-21.

The assessment of the stress-strain state of a reservoir with an initial semi-elliptical crack
under the action of hydrostatic pressure has been carried out. The distribution of stress intensity

factors along the crack front is obtained.
Tabl. 1. Fig. 7. Ref. 9.
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Platform-vibrator with shock is widely used in the construction industry for compacting and
molding large concrete products. Its mathematical model, created in our previous work, meets all
the basic requirements of shock-vibration technology for the precast concrete production on low-
frequency resonant platform-vibrators. This model corresponds to the two-body 2-DOF vibro-
impact system with a soft impact. It is strongly nonlinear non-smooth discontinuous system. This
is unusual vibro-impact system due to its specific properties. The upper body, with a very large
mass, breaks away from the lower body a very short distance, and then falls down onto the soft
constraint that causes a soft impact. Then it bounces and falls again, and so on. A soft impact is
simulated with nonlinear Hertzian contact force. This model exhibited many unique phenomena
inherent in nonlinear non-smooth dynamical systems with varying control parameters. In this
paper, we demonstrate the transient chaos in a vibro-impact system. Our finding of transient chaos
in platform-vibrator with shock, besides being a remarkable phenomenon by itself, provides an
understanding of the dynamical processes that occur in the platform-vibrator when varying the
technological mass of the mold with concrete. Phase trajectories, Poincaré maps, graphs of time
series and contact forces, Fourier spectra, the largest Lyapunov exponent, and wavelet
characteristics are used in numerical investigations to determine the chaotic and periodic phases of
the realization. We show both the dependence of the transient chaos on the control parameter value
and the sensitive dependence on the initial conditions. We hope that this analysis can help avoid
undesirable platform-vibrator behaviour during design and operation due to inappropriate system
parameters, since transient chaos may be a dangerous and unwanted state of a vibro-impact
system.

Keywords: platform-vibrator, vibro-impact, technological mass, mold with concrete, transient
chaos, dependence on initial conditions.

Keep an eye on the potential appearance
transient chaos since this phenomenon is an
inexhaustible source of challenge and
inspiration.

TamasTél [1]

1. Introduction

Platform-vibrator with shock is an equipment widely used in the
construction industry for compaction and molding large-sized concrete
products. Its appearance is shown in Fig. 1.

In [2], the basic requirements of the shock-vibration technology for the
precast concrete production on low-frequency resonant platform-vibrators are
described. We have described in detail the creation of a mathematical model of

© Bazhenov V.A., Pogorelova O.S., Postnikova T.G.
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a platform-vibrator that uses shock to produce asymmetric oscillations. It was
shown that the created model meets all the basic requirements for a real
machine. It provides: T-periodic steady-state movement after passing the
transient process; the appropriate value of mold oscillations amplitude
A= 0.76 mm; the satisfactory value
of the asymmetry coefficient — the
ratio of lower acceleration to the

upper acceleration Y36,

Wy
The created mathematical .
model corresponds. to the two- Fig. 1. Appearance of the platform-vibrator
body 2-DOF vibro-impact system  with shock that widely used in the construction
(Fig. 3). It is strongly nonlinear industry for compaction and molding large

. . concrete products
non-smooth discontinuous system. procu

This is unusual vibro-impact system due to its specific properties. The upper
body (mold with concrete) with a very large mass breaks away from the lower
body (platform-vibrator table with attached rubber gasket) at a very short
distance during vibrational motion. Both bodies move separately and then the
upper body falls down onto the soft constraint. The impact that occurs is soft
one due to the softness and flexibility of the gasket. The soft impact simulation
requires special discussion. After comparing simulations by different methods
[3], in particular, linear and nonlinear interactive contact forces, we decided to
simulate a soft impact with a nonlinear contact force in accordance with the
Hertzian quasistatic contact theory [4, 5].

This model turned out to be appropriate for numerical investigations of a
variety of chaotic phenomena. It exhibited many unique phenomena inherent
in nonlinear non-smooth dynamical systems with varying control parameters
[3, 6]. We have observed chaotic motion, boundary and interior crises, crisis-
induced intermittency, coexisting regimes in the hysteresis zone, and transient
chaos. The exciting frequency, the technological mass of the upper body (mold
with concrete), and the stiffness of vibro-isolating spring were chosen as
control parameters.

These phenomena are widely discussed in the scientific literature [7-10].

In this paper, we want to demonstrate precisely the transient chaos in a
vibro-impact system.

To our knowledge, there were no prior results on transient chaos in
platform-vibrator with shock. This type of example is observed for the first
time in the literature. Our finding of transient chaos in platform-vibrator with
shock, besides being a remarkable phenomenon by itself, provides an
understanding of the dynamical processes that occur in the platform-vibrator
when varying the technological mass of the mold with concrete.

This phenomenon is often observed in many theoretical, numerical
simulation and experimental investigations. Transient chaos is a common
phenomenon of many engineering, physical and biological systems. There are
many experimental evidence of transient chaos.
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Transient chaos arises and finds applications in a wide variety of disciplines
such as physics, chemistry, biology, engineering, economics, and even social
sciences. There are many works about it in the world scientific literature [11-
20]. These articles consider the emergence of transient chaos and its analysis in
different dynamical systems in various branches of science.

In a large article [11] with excellent Figures, a solid analysis of transient
chaos in optomechanics is given. The authors find that transient chaos, besides
being a physically meaningful phenomenon by itself, provides a resolution of
breakdown of quantum-classical correspondence.

The transient chaos regime in a two-dimensional system with discrete time
(Hénon map) is considered in [12] by Russian authors from Saratov State
University.

In [13], transient chaos in fractional Bloch equations is described. The
authors believe that it is very important to study the non-linear Bloch equation
in order to better understand the conditions that affect the development of
chaos.

In [15], hidden transient chaotic attractors of Rabinovich-Fabrikant system
are considered.

The authors believe that the doubly transient chaotic behavior analyzed in
[16] is both surprising and significant.

In [17], the authors show the important role of chaotic transients in
Celestial Mechanics through the Sitnikov problem.

In [19], the authors have presented the interesting phenomena of transient
chaos in a system of three, four and six globally coupled nearly conservative
Hamiltonian Duffing oscillators. They have also presented the experimental
evidence of transient chaos.

It is shown in [20] that chaotic saddles are responsible for chaotic transients
and intermittency in high-dimensional spatiotemporal chaotic systems.

These articles often use the term chaotic saddle. There is an object in the
phase space, the chaotic saddle, that is responsible for transient chaos [17]. Ina
large, comprehensive tutorial [18], they are defined in this way. A
nonattracting set, which exists in phase space and is responsible for chaos, is a
well-defined fractal, although it is more rarefied than chaotic attractors. This
type of chaos is called transient chaos, and the underlying nonattracting set in
invertible systems is a chaotic saddle.

Two known scientists who have studied the transient chaos for many years
have published a large comprehensive research monograph [21].

They define the transient chaos in such manner. Transient chaos is a
phenomenon exhibited by deterministic nonlinear dynamical systems, wherein
trajectories starting from randomly chosen initial conditions appear chaotic up to
certain time, and then switch over, often quite abruptly, into a final periodic state
that governs all the rest of the signal. Then they clarify: transient chaos is the
form of chaos due to nonattracting chaotic sets in the phase space. And once
again they emphasize: “We accept the definition, used throughout the book, that
transient chaos is the dynamics associated with nonattracting chaotic sets”.
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The difference between sustained and transient chaos lies in the actual
value of average lifetime ( ) It is infinite for sustained chaos, but finite for

transient one. The lifetime of a transient chaos strongly depends on the initial
condition. The average lifetime can be obtained from an ensemble of several
observations, although for individual observations, the actual lengths of
transients depend sensitively on initial conditions: nearby trajectories typically
have drastically different lifetimes. The sensitive dependence on the initial
conditions is the basic feature of chaotic dynamics.

It was discovered by the famous scientist E. Lorenz in 1963. He was a
theoretical meteorologist. He simulated atmospheric flows and obtained an
unexpected result that led him to a powerful insight about the way nature
works: small changes in initial data can have large consequences. The idea
came to be known as the “butterfly effect”. He titled his paper "Predictability:
Does the Flap of a Butterfly's Wings in Brazil Set Off a Tornado in Texas?"
[22]. And the butterfly effect, i.e., sensitive dependence on initial conditions,
has a profound corollary: forecasting the future can be nearly impossible.

Fig. 2 shows the phase trajectories for the Lorenz model. The trajectory
outlines a figure, which shape resembles the two butterfly wings. The system
goes through a completely predictable loop in one wing and then makes a
transition from one wing to another, always unexpectedly and unpredictably.

Transient chaos
often precedes the by
birth of permanent
chaos. ]

In [15], the author
writes that transient
chaos is ubiquitous in
chaotic systems. The
author warns that the
dynamics on systems
with chaotic transients

can be unpredictable Fig. 2. Two butterfly wings — phfise trajectorles“for Lorenz
finallv th ¢ model. They served as the basis for the term “butterfly

even . nally the S}_/S cm effect”, meaning the sensitive dependence of chaotic motion

falls into a very simple on initial conditions — the main feature of chaotic dynamics

motion. So, he notes

that transient chaos can be quite disastrous and therefore unwanted, and it can
be the cause of catastrophic developments in a dynamic system. Therefore,
control of transient chaos can be desirable in some cases.

A systematic investigation of transient chaos began in the late 1970s. A
comprehensive investigation of transient chaos originated in 1983 from the
discovery that chaotic transients arise typically in systems passing through a
type of global bifurcation called crisis [23].

In [21] in 2011, the authors regret: “In spite of the experimental works and
the several experiments carried out in the last 20 years, it is possible that due to
the limited awareness of the phenomena of transient chaos even among
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researchers in the nonlinear-dynamics community, transiently chaotic signals
were considered to be uninterpretable and were discarded”. Therefore, we
believe that knowledge of transient chaos can be particularly important and
useful due to the growing number of applications in various fields of science
and engineering based on or motivated by nonlinear dynamics.

Thus, our study of transient chaos in an unusual vibro-impact system may
be interesting from three points of view. Firstly, it adds information to
fundamental knowledge of the phenomena that occur in nonlinear dynamical
systems. Secondly, it shows the behavior of a specific vibro-impact system
(platform-vibrator with shock) with varying the control parameter. Thirdly, it
allows to point out at what values of the control parameter an undesirable and
possibly dangerous state, such as permanent and transient chaos, can occur.

So, the goals of this paper are:

* to demonstrate the transient chaos and its dependence on the values of the
control parameter;

« graphically show the strong dependence of the state of a nonlinear non-
smooth discontinuous vibro-impact system on the initial conditions by
example of transient chaos and coexisting regimes;

* to show an unwanted range of a control parameter for platform-vibrator
with shock, in which dangerous phenomena can occur.

2. Brief description of platform-vibrator mathematical model

The two-mass platform-vibrator with shock is one of the successful
solutions for vibration equipment that implements shock-vibration technology
for concrete mixtures compaction and reinforced products molding [23].

The creation of platform-vibrator mathematical model was described in
detail in our papers [2, 3, 6]. Now we have to repeat the basic statements
required to understand its dynamical behaviour.

We accept such a design scheme for platform-vibrator with shock (Fig. 3).

Exciting force F (1) = P cos( ot + ¢, ) , its period is T =27/®.

The platform table with mass m, is attached to the base by linear vibration
isolating spring of stiffness &, and a linear dashpot with damping factor ¢, .

Exciting external periodic force

4 F(t) is generated by electric
my, E2, V2 :
F(1) €2 motors mounted under the table.
h ko, R Co » Elastic rubber gasket with
mi, £1,V) P thickness / and stiffness & is
. e = 0 attached to the table. A linear
ki I:IH C dashpot with damping factor
¢, 1s placed between the table
Fig. 3. Design scheme for platform-vibrator with and the mold. Mold with
shock. Platform table wi'th att{iched r'ubbe.r gaslfet is concrete with mass m, is
attached to the base with a linear vibro-isolating . :
spring. The mold with concrete is installed on the installed on the gasket but is not

gasket without fastening fastened both to the gasket and
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to the table. So, it can tear herself away from the gasket and bounce. The
machine starts its movement when the electric motors begin their work. First,
the table and the mold move vertically together. Then the mold comes off from
the gasket. The table and the mold are moving separately until the mold falls
down onto the rubber gasket. Impact occurs. The bodies move together again
until the mold comes off the gasket and so on.

The created mathematical model corresponds to the two-body 2-DOF
vibro-impact system. It is strongly nonlinear non-smooth discontinuous
system. It has some specific properties, namely: the upper body with very large
mass breaks away from the lower body at a very short distance during
vibrational motion; both bodies move separately; the upper body falls down
onto the soft constraint; the impact that occurs is soft one due to the softness
and flexibility of the constraint.

Vibro-impact movement of the platform includes both joint movement
during impact and separate motion between impacts. The equations of this
movement are:

. o1 ) 1
Y ng_‘D]z)ﬁ =280, +;F(f)+H(Z){2§ow2XV1 _(D§X[h—(y2 4 ]_;F;on (Z)},
1 1

1
¥y =-g-28,0,7, +H(Z){w§ [h_(yz _yl)]_zgomz}'/l +m—Fc0n (Z)} (1)
2

The initial conditions are:
at t=0 wehave ¢, =0, y, =0, 3, =0, y, =h—%y, 7, =0. (2)
The static deformation of the gasket is: L, = m,g/k, , g is the acceleration

due to gravity.
Here the standard notations are introduced:
k k C c c m
_1:“)12’ _Ozwg’ _0:2&»0“)2’ =280, = =280,, —2=x. (3)
m m, my m m, m

H(z) is Heaviside step function relatively bodies’ rapprochement
z=h—-(y,-y). F,,(2) is contact interactive force that simulates an impact
and acts only during an impact.

The damping forces are taken to be proportional to the first degree of
velocity:  Fuumy 1 = €1 V15 Faampo =¢o¥y - The influence of the concrete

mixture can be taken into account as some additional damping ¢, y, .

In the two-body model, the masses are concentrated in the mass centers of
both bodies. Parameters y; and y, are the coordinates of these centers for the
lower body (platform table) and the upper body (mold with concrete)
respectively in the selected coordinate system. The origin of coordinate y is
chosen in the table centre in the state of static equilibrium.

The model numerical parameters are listed in Table 1.
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Table 1
Numerical parameters of platform-vibrator with shock

Mass of table mj , kg 7400 Damping ratio of dashpot in spring & 0.5
Mass of mold with con. m kg 15000 | Damping ratio of dashpot in gasket &g 0.02
Stiffness of rub.gask. k¢ , N-m™ 3.0-10° Damping ratio in concrete mixture &2 0.03
Stiffness of spring A, N-m™" 2,610’ Elastic modulus of mold E5 , N-m™ 2.10"
Poisson’s ratio of rub.gask. v 04 | Elastic modulus of rub.gask. E1 ,N-m? | 35.10
Poisson’s ratio of mold Vv, 0.3 | Amplitude of exciting force P,N 2 44.10°
Thickness of gasket 4, m 0.0275 | Frequency of exciting force , Hz 25
Radius of gasket R, m 5

We simulate a soft impact using nonlinear contact Hertzian force in
accordance with quasistatic contact Hertz’s theory [4,5].
4 1-v} 1-v3
= d > 8] = . s 82 = 2~ (4)
3(8,+8,)VA+B Em E,m
Here z(¢) is the rapprochement of the bodies, as before, z=(y, —y,)—#h,

when (y,-y)<h; v,

1

Foup(2)= KIz0] 2, K

and E,; — Poisson’s ratios and Young’s moduli of

elasticity for both bodies; 4, B, ¢ — are constants characterizing the local
geometry of the contact zone. The gasket surface is flat, but we consider it as a
sphere of the large radius R. Then in the collision of a plane (mold) and a

sphere (rubber gasket) A=B=1/2R, ¢q=0.318.

3. Transient chaoswhen the technological mass m, is varied

As we have already written in the Introduction, this model exhibited many
unique phenomena inherent in nonlinear non-smooth dynamical systems with

varying control parameters. When the technological mass m, of the upper

body (mold with concrete) was chosen as the control parameter and varied, we
observed transient chaos. Transient chaos is known as chaos with finite
lifetime. When a transient chaos is observed in the system, the trajectory is
first chaotic for some time and then becomes periodic for the same value of the
control parameter [13]. In [14], the authors note that a typical occurrence of the
transient chaos is in the periodic windows inside the chaotic region. “Periodic
windows, in spite of their name, are in fact parameter regions in which
transient chaos is typically present” [21].

Let's see how the largest Lyapunov exponent behaves when varying the
control parameter (Fig. 4, 5). In Fig.4 its behavior is shown in the wide control
parameter range. Fig. 5 is the portion of this graph that is inside the oval on a
larger scale. The first thing that catches your eye is the presence of coexisting
modes that exist in this narrow range of the control parameter. They are show
ninyellow.
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9000 11000

m,, kg

Fig. 4. Dependence of the largest Lyapunov exponent on the technological mass m;

We emphasize once again that coexisting regimes can arise when the
control parameter is constant, but the initial conditions are different. We have
shown these coexisting
regimes in more detail in a
[6]. Here we observe the

hysteresis effect, that is, the e 75 \o\wlso - -
jump phenomenon [25]. M \\ e ey

It is known that the s

A Vinax

positive sign of the largest a2k
Lyapunov exponent a6 L my, ke
determines chaotic

Fig. 5. Dependence of the largest Lyapunov exponent on

dynamics. . . . the technological mass m; in narrow range of control
Its negative sign gives parameter (inside the oval). In the coexisting regime, we

hope for the periodic see the alternation of Lyapunov exponent sign, i.e. the

motions. We can believe alternation of chaotic and periodic modes

that areas of negative Lyapunov exponent signs correspond to the periodic
windows inside the chaotic region, cannot we? We observed transient chaos
precisely in the region of periodic windows. We emphasize that transient chaos
has a different form for different values of the control parameter and initial
conditions, and also its lifetime is different.

When the initial conditions are chosen in the state of permanent chaos for
m,= 6000 kg, we get transient chaos in a narrow range of the control

parameter values. Chaotic vibrations, arising at certain system parameters
values, degenerate into a periodic subharmonic (2,2)-regime after some time.
(2,2)-regime is the regime with period 27 and 2 impacts per cycle. In Fig.6, we
show pronounced transient chaos for m,= 6330 kg. Time series for the upper
body (mold with concrete), contact force, and phase trajectories for both
bodies are shown.

The figures of the time series (Fig. 6 (a)) and the contact force (Fig. 6 (b))
clearly show how the chaotic regime suddenly turns into a periodic one. Phase
trajectories in the periodic phase, overlapped with the corresponding
trajectories in chaotic phase, are shown in red in Fig. 6 (c), (d).

A natural question is whether there is actually chaos in the seemingly
chaotic signals observed over finite time scales [21]. Measurement of the
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lifetime distribution, the escape rate, and the average lifetime (see sec. 5) may
give one of the quantitative characteristic. Another paramount characteristic is
the Lyapunov exponent. One should measure, for example, the Lyapunov
exponents and check whether at least one of the exponents is positive.
Determination of dynamical invariant such as the Lyapunov exponent and its
positive sign can be considered as one of the chaos criteria.

350 360 370 s 380 390

-0.4 * -0.3 =
-0,0035 0,0035 0,025 0,032
yi.m Vo.M

(© (d)

Fig. 6. (a) Time histories for upper body; (b) Hertz contact force; (c), (d) phase trajectories for
m;=6330 kg (trajectory initiated from permanent chaos at m, =6000 kg in red point 1 (Fig. 12))

Analysis of the largest Lyapunov exponent A,

over a quite a long time
helps to determine the existence of transient chaos. Its sign is positive for
chaotic motion, then after a long procedure, the exponent converges to a
negative value, which is typical for periodic movement. In Fig. 7 it is clearly

seen that when the initial time is #,=350 s, after some time (4.9 s) the largest

Lyapunov exponent A,

. crosses the abscissa axis and becomes negative. We

emphasize that the value of the control parameter remains the same.

30

A max
1)

_l@slj.z 3522 3542 3562 3582 360.2

t,s

Fig. 7. Convergence of the largest Lyapunov exponent to negative value during the transient
chaos: m, = 6330 kg, start from permanent chaos at m, =6000 kg in red point 1 (Fig. 12)
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Since transient chaos is a fairly new concept, an interesting and
“capricious” phenomenon, we want to show it in more detail.

To determine whether the transients are truly chaotic, one therefore needs
more information than the mere positivity of the Lyapunov exponent.
Qualitatively, the visual appearance of the signal can be helpful: about chaotic
nonattracting sets trajectories should be complicated. This is, nonetheless, only
a hint. A property uniquely indicating the chaotic nature of the transients is the
irregular dependence of lifetimes on initial conditions [21], as illustrated by
Table 3, 4, 5 in Sec. 5.

4 5
0.0035 2 g

l'f i | ! L g
¥ l:i il Illlllll;i.huxllllll vti .il!ii .v’ i

¥i.m

kL

=0.0035

4 5
0,033 -

¥a.m

Fill | it 1l
]i'!|I|'I|'l|l|l|l|n"'.",'||'|'l|'l|"||‘ I 4

0,025

360 365 iTo s s 380

(b)

Fig. 8. Time series: (a) for lower body; (b) for upper body.
my= 6330 kg; trajectory initiated from phase of transient chaos at m,= 6330 kg in red point 4 in
Fig. 5(a)

We show in detail the transient chaos that we observe when the
technological mass m, = 6330 kg, and the initial conditions are chosen in the

same state of the vibro-impact system in red point 4 in Fig. 6 (a). Time series
are depicted in Fig. 8. Fig. 8(a) shows the time series for the lower body
(platform table) in black; Fig. 8(b) - for the upper body (mold with concrete) in
grey.

We see very well how chaotic trajectories abruptly turn into periodic ones,
which then exist all the time.

Fig. 9 shows the phase trajectories for the upper body in grey and for the
lower body in black for area of chaotic motion (Fig. 9 (a)) and for area of
periodic motion (Fig. 9 (b)). The corresponding Poincaré maps are depicted in
Fig. 9 (c), (d)).

Phase trajectories and Poincaré maps have the typical forms for chaotic and
periodic movements. Phase trajectories are closed curves for periodic motion
and open curves (hence tangles of curves) for chaotic one. The Poincaré map
for the periodic mode is several separate dots — two dots for regime with
period 27. The Poincaré map for a chaotic regime is a set of dots of an
undefined shape. Often this set has the fractal structure.
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Fig. 9. The phase trajectories: for lower body in black, for upper body in grey, for chaotic phase
(a), for periodic phase (b). Poincaré maps for both bodies in chaotic part of signal (c), in periodic
part of signal (d).m,= 6330 kg. Start for left panel is in red point 4, for right panel - in green point

5 in Fig. 8

In Fig. 10 Fourier spectra (Fig. 10 (a), (b)) and the graph of contact impact
force F,,, (Fig.10 (c)) are depicted.

1,E+04

1E+04
-
= +02 S 4+
T LEH2 S LEw02

1LE+00 i . . 1.E+00

10 20 ) 140 190 40 920 140 190
frad-s! frads!
(a)

(b)

360 365 3704, 375

©
Fig. 10. Fourier spectra for chaotic (a) (start from red point 4 in Fig. 8) and periodic (b) (start from
green point 5) parts of signal. Contact impact force F,, (c) (start from red point 4 in Fig. 8).
my= 6330 kg

380

The Fourier spectrum for the periodic mode is separate clear “sticks” for
several frequencies, but for the chaotic mode, it shows many weak frequencies
and becomes more broad and continuous.

The graph of contact impact force F,, demonstrates a clear sudden

boundary between the regions of chaotic and periodic motions in the same

mode with the same value of the control parameter and the same initial
conditions.
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Fig. 11 shows the surfaces of wavelet coefficients [29, 30] for the lower
body (the table of the platform-vibrator) in the same motion mode. They are
obtained using CWT (Continuous Wavelet Transform) software from Matlab
with Morlet wavelet.

COEFS

300

400
500 388

time,s

soales a scdhen time,s

(a) (b)
Fig. 11.Surfaces of wavelet coefficients for the lower body in: chaotic(a) (start from red point 4 in
Fig. 8) and periodic (b) (start from green point 5) parts of signal. m,= 6330 kg

Fig. 11(a) clearly shows that the frequency components in chaotic motion
are not constant in time; they change over time. Indeed, this is typical of
chaotic motion — the presence of many different frequencies that vary over
time. This fact is also reflected in the Fourier spectrum (Fig. 10 (a)). On the
contrary, the frequency components of the periodic movement do not change
in time, they are constant over time. This is clearly seen in Fig. 11 (b) and in
the Fourier spectrum in Fig. 10 (b).

The graphs in Fig. 8 - 11 confirm that transient in platform-vibrator is truly
chaotic.

All these charts help to understand and feel the phenomenon of transient
chaos, because they brightly demonstrate it from different sides.

4. Dependence of transient chaos on control parameter value

The form and lifetime of transient chaos T depends both on the control
parameter value and on the initial conditions.

Table 2 shows this dependence on the control parameter value, when initial
conditions are chosen in state of permanent chaos at m,=6000 kg in red
point 1. Since the concept of initial conditions is very important for the
transient chaos understanding, we show in Fig. 12 more graphically the points
in the permanent chaos at m,= 6000 kg, which are chosen as the starting

points. They are shown in red (point 1), in yellow (point 2), and in blue
(point 3).
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Fig. 12. Permanent chaos at m,= 6000 kg; its start was chosen in chaos at m,= 5800 kg

Table 2

The form and lifetime of transient chaos t for various values of the control
parameter when choosing the initial conditions in a state of permanent chaos at
m, = 6000 kg in red point 1 in Fig. 12

my, kg 1,8 Time series for upper body
0,033
B 1T e o
6300 967.2 R A ||hld||l||h"‘“'“"“ YT
0.025 -——-
360 1,5 1315 1325
6330 355
6340 4.5
6360 1.8
350 360 370 18 380 390

Table 2 clearly demonstrates how strongly the appearance of transient
chaos and its lifetime change with a change in the control parameter. For m, =

6300 kg we see a very long chaotic transient. The transient time becomes so
long that the system stays in a chaotic state for any practical time. Generally,
the lifetime of the transient could be extremely long [15]. For m, = 6340 kg it

becomes short, for m,= 6360 kg it becomes very short. The asymptotics is

established quickly. The transient chaos of short average lifetime may be
difficult to identify[21].But since these cases are a continuation of the previous
ones, we hope that we can treat these short regions as transient chaos.
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5. Dependence of transient chaos lifetime 7 on initial conditions

The duration of the transient chaotic oscillations depends sensitively on the
initial state of the system [1,21]. In other words, the dependence of transient
chaos lifetime on the initial conditions is also very strong. Table 3 shows the
transient chaos lifetime for different control parameter values with different
initial conditions. The initial conditions for the three left columns correspond
to red point 1, yellow point 2, and blue point 3 in permanent chaos at
m,= 6000 kg (Fig. 12). The rest of starting points are taken in the same mode.

Average lifetime values (T) are the result of the averaging of these twelve
realizations; they are shown in the farright column.
Table 3

Transient chaos lifetime t for different values of the control parameter for
different initial conditions

Mass Lifetime of transient chaos 1, s
. k initial conditions in point <T> 5S
»XE 2 3 ) 5 6 7 3 9 0 | 1 12

6300 | 967.2| 401.6| 759.1/1955.4] 720.3| 936 96.1] 1604.6 190.4] 256.8| 887.6| 498.9| 772.8
6310 |261.0] 1.4/519.5696.7| 585.4] 711.1] 287 95.9/368.5 10.3] 38.0[ 72.2] 303.9
6320 |109.1] 34.3]159.8] 35.9/309.8] 34.3] 459 89.7[181.00 6.9147.5| 10.1] 97.0
6330 | 35.5| 158 9.3 243 519 5.7 105 344 26.7 15.8 8.1 4.6 28.1
6340 4.5 59 1.2 38.1] 59 158 19 7.6 163 25 6.5 74 9.6
6350 25 06 81 65 94 0.8 30 86 49 119 34 95 5.8
6360 1.8 08 21 82 65 53 33 43 3.1 054 44 2.6 3.6
6370 1.5 05 1.8 1.2] 23 09 10 19 21 07 15 2.8 1.5
6380 300 06 120 22 57 121 121 22 11 3.1 1.2 1.9 2.0
6390 19 1.8 1.8 1.2] 1.8 09 34 19 15 24 1.6 1.8 1.8
6400 14 1.0 2.0 14 1.1 09 20 0.1 14 241 0.8 1.5 1.3

This Table also shows large changes in the transient chaos lifetime for the
same initial conditions, but for different values of the control parameter
(technological mass of the mold with concrete m,). This change is clearly
visible in every column of the Table 3.

We would like to draw attention to the average lifetime. The average
transient lifetime is a quantitative measure of how long the transient chaos
exists. This is common characteristic of transient chaos [11, 17, 19]. It is often
calculated by averaging a large ensemble of realizations from 100 [11, 19],
100 and 10000 [11] to 3 million [17].

However, the difference in values in a Table 3 row for the same control
parameter value and different initial conditions is often very large. That is why
averaging should be carried out over a large ensemble of realizations. Fig. 13

shows the dependence of the average chaotic transient lifetime (T) on the
technological mass of the mold with concrete m,. As shown in Fig. 13 and in
Table 3, as m, is decreased, (T) increases dramatically.
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The average
transient lifetime
obeysan  exponential

law (T) =Ce "™ |

6320 6340 6360

my, ke where x>0.Then in a

logarithmic versus

) S linear scale we have a

6300 6320 6340 6360 6380 6400 straight line with slope

my, kg - k, k=0.089. The red

Fig. 13. Dependence of average chaotic transient lifetime <T> curve on linear-linear
on m, on a linear-linear plot and on a logarithmic versus linear plot and the red straight
scale (inset). All points are result of averaging 12 realizations line on a log-linear plot

were plotted according
to the exponential law and the equation of the straight line, respectively.

The slope « is called the escape rate. It is a quantity measuring how quickly
the trajectories initiated from random initial conditions escape any
neighborhood of the nonattracting chaotic set. In other words, how long the
transient chaos exists. Since the average lifetime depends on many details, the
escape rate k¥ is a more appropriate characteristic of the decay process than
(T). The escape rate is a unique property of the underlying nonattracting

chaotic set, in contrast to the average lifetime [21].

The initial conditions for Table 3 were chosen in different points of one
vibro-impact state. Now, Table 4 shows four different motions for two values
of the technological mass of the upper body (mold with concrete) when
choosing the initial conditions in different states of vibro-impact system.

Table 4
Lifetime of transient chaos t for two values of the control parameter when
choosing the initial conditions in different states of vibro-impact system

o oe 1, s for 1, s for Time series for the upper body at
Initial conditions m=6330 kg m=6400 kg m:=6330 kg
033
U“W\H !WH“\ \\!‘W‘W‘\” u i W
z A
In a quiescent state 6.15 1.83 L WWM i IWUHI‘ # Il WW\HM

0.025

0 10 15

';{)awwmwwmwwm,«mwwww
mopdesmen | [0z | 2

2402 2452 ts 2502 2552

| ‘\\W.\W“\N\‘w.‘.\\‘;ﬁ‘ ‘;.\‘ Ay

i < (kL |l
In a chaotic state at : l’l W
my= 5700 kg 8.45 1.58 & { '!'\"\""!'\“

3302 3352
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One can see the substantially different motion regimes. In the first and last
cases, the modes are similar, only transient chaos lifetime differs. The second
and especially the third cases are different. In the second case, the lifetime is
very short. In the third case, the transient chaos, even the transitional process,
is very, very short, almost nonexistent. Let’s repeat once more that transient
chaos of short lifetime may be difficult to identify. The motion pictures for
these two values of control parameter are similar, but the lifetimes are
different.

Note. As can be seen from Fig. 4 there are two coexisting regimes at
m, =5700 kg, which arise under different initial conditions, — a periodic

regime with a negative sign of the Lyapunov exponent and a chaotic regime
with a positive sign of the Lyapunov exponent. The initial conditions for
regimes in the third and fourth cases in Table 4 are chosen in these states.

It should be noted that the initial conditions in the rows of Table 4 are
substantially different. However, if we change the initial conditions very little,
then the transient chaos lifetime will still be different, despite the slight change
in the initial conditions. Table 5 shows this change for m, =6330 kg, when
only one variable in the initial conditions changes by a very small amount. Of
the five variables in the initial conditions, namely, ¢, ¥, ¥,, ¥, ¥, We

change only ;. In the 1¥ row y, is not changed, in the 2" row it changes in
such manner y, = y, +107'*, in the 3" row it changes as y, =y, +10™, in the

4" row V=W +107.

Table 5
Lifetime of transient chaos T with a very small change in initial conditions for
m,=6330 kg
Initial Transient
condition for lifetime Time series for the upper body at #11;=6330 kg
¥pm T8
oo u Nu \\\ml”nﬂm\ Il
(i ' T Huwm” O i
0.00038911750 6.09 ! \\W‘ JMMNWW\\\M i A N\\\\\u A A
B . M , N i M w Oy
0.00038911760 1.39 !\M‘\‘\\\‘\‘”W“'M«\u\‘\n\“m'\u\'uu'h\ N w’uW“"w‘“\\ﬁ‘\\u‘ WA
[ U .“ T “\‘ i \ e
0.00038911850 10.44 !\Mﬂ\pnﬂw’ﬂr\wvmrﬁ\mlpmﬁ‘\‘ﬂﬁ HJMWﬂ\rmi‘q\\\‘r‘\ JJMN\H\‘ AR
a:j‘ A A e ——
0.00038921750 110.23 T A A

We see how the slightest difference in the initial conditions leads to a big
difference in the life of transient chaos. In the fourth case, a huge increase in
the lifetime is observed, again we see a very long chaotic transient.
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Exactly this circumstance is unsafe and alarming. Small imperfections and
small deviations in the initial state of the nonlinear dynamical system can lead
to unwanted unpredictable results later. In particular, long-term weather
forecasts are often incorrect because of this.

Thus, Table 2, 3, 4, 5 clearly demonstrate the “waywardness” of a transient
chaos, that is, its strong dependence on both the values of the control
parameter and the initial conditions.

5. Conclusions

The model of platform-vibrator with shock corresponds to unusual 2-DOF
two-body nonlinear non-smooth discontinuous vibro-impact system with soft
impact. It exhibits transient chaos — a “wayward”, not fully understood
phenomenon that occurs in chaotic dynamical systems with varying the control
parameter. The technological mass of the mold with concrete was chosen as a
control parameter. We visibly showed the chaotic and periodic parts of the
signal and confirm the chaoticity of the former and the periodicity of the latter,
using their generally accepted characteristics, namely, phase trajectories,
Poincaré maps, Fourier spectra, the largest Lyapunov exponent, and surfaces
of wavelet coefficients. The dependence of the transient chaos on control
parameter value was demonstrated. We focused on the sensitive dependence of
the transient chaos on the initial conditions, that is, the basic feature of chaotic
dynamics. We have shown that the average transient lifetime obeys an
exponential law, which is typical to many chaotic systems. Both permanent
and transient chaos may often be dangerous and unwanted states. Therefore,
when operating the equipment, it is desirable to avoid the control parameter
range in which these states can occur.
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Cmamms naoditiwna 22.02.2021

Bbaoicenos B.A., [loeopenosa O.C., I[locmuikosa T.I'.
MEPEXIJTHUI XAOC B YIAPHO-BIGPALIITHOMY MANJAHYUAKY
VYaapHo-BiOpauifiHuii MalilaHYNK LIMPOKO 3aCTOCOBYEThCS Yy Oy[iBeNbHIM ramysi mist
yIIITBHEHHS Ta (pOPMYBaHHs BEIMKOra0apUTHUX OCTOHHUX BHPOOIB. Moro MatemaTHuHa MOZICITH,
sKa CTBOPEHa y Halli momepenHid poOOTi, BiANOBigae BCIM OCHOBHHM BHMOIaM yAapHO-
BiOpawuiiiHol TexHosOrii i BUPOOHMLTBA 30ipHOrO 3ami300€TOHY Ha HH3BKOYACTOTHHX
pe3oHaHCHHX Iuiaropmax-BiopaTopax. Mojenpb BilOBiae ABOX MacoBiii BiOpoyaapHiii cucTemi
3 JBOMa CTYNHSMH BUIBHOCTI 3 M’SKMM yzmapoM. Lle cuibHO HemiHiliHA Hernagka po3pHUBHA
CHCTEMa € HE3BHMYAMHOK BiOpOYIApHOK CHCTEMOO 3aBASKH CBOIM CHELU(BIYHUM BIACTHBOCTSIM.
BepxHe TiJI0 3 [yXKe BEIUKOI MAacOI0 BiPHBAETHCS Bifl HIKHBOIO HA y)KE MaJICHbKY BiACTaHb, a
HOTIM Maja€e Ha M’ SIKHH OOMEXHHK, 10 W BUKIMKaE M’skuil yaap. [ToTiM BOHO 3HOBY BillCKaKkye Ta
nagae i Tak gani. M'Kuil yaap MOIETIOEThCS HETiHIHHOK KOHTAaKTHOIO cuioio ['epua. Mozpens
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HPOIEMOHCTpYyBasia 0arato YHiKaJbHUX SIBUIL, BJIACTHBUX HEJIIHIHHUM HETJaIKUM JHUHAMIYHUM
cHCTeMaM IIPH 3MiHI KepyIuHx mapaMerpis. Y wiif poOoTi MU IeMOHCTPYEMO IepexinHuil xaoc y
BiOpoymapHiii cucremi. HasBHICTH mepexiqHOro XaocCyB yHapHO-BiOpauiiiHOMy MaiiaH4UKy €
YyJOBUM SIBULIEM CaMO 10 COOi, KpiM TOro JONOMAarae3po3yMiTH JWHAMI4HI IPOLECH, IO
BiIOyBalOThCsl B yAapHO-BIOpAI[iiHOMY MaiilaHYNKy NpPH 3MiHI TEXHOJIOTiYHOI MacH (GopMH 3
6eronom. da3oBi Tpaekropii, mepepisu Ilyankape, rpadiku mepemilieHb Ta KOHTAKTHHX CHIL,
cnektpu @yp'e, nokasHuku JlAnyHoBa Ta BEHBIET-XapaKTEPUCTHKU BHUKOPUCTOBYIOTHCS B
YHUCEIIbHHUX JOCIIDKCHHSX [JI BU3HAUCHHS XaOTHYHUX Ta MepioauuHux (a3 pearizanii. [Tokazano
SK 3QJICKHICTh IEPEXiJHOT0 XaoCy BiI 3HAYCHHS KEPYyIO4YOro Hapamerpa, TaK 1 YyTJIUBY
3aJIOKHICTh BiJl IOYaTKOBHX YMOB. MU CrIOAiBaEMOCh, 11O Iiell aHai3 MOXKE JOIOMOITH YHHKHYTH
HeOaXaHOI MOBEAIHKH yJapHO-BIOpaliiiHOro MaiiJaH4nKa MiJ 4yac eKcIulyartamii Ta migioparu
BIIIIOBIZHI [TapaMeTpH MPU MPOEKTYBAHHI, OCKIIBKH HEepeXifHUil Xaoc Moxe OyTH HeOe3nmeuHHM
Ta HeGaKaHUM CTaHOM BiOPOYJapHOI CHCTEMH.

KurouoBi cioBa: ynapHo-BiOpauiiiHuii MaiifaHdnk, BiOpO-yZapHHMil, TEXHOJIOTIYHAa Maca,
(hopma 3 6eTOHOM, TIEPEXiJHUI Xa0C, 3aJICKHICTh BiJl T0OYATKOBUX YMOB.

VK 539.3

Baoswcenog B.A., [Toeopenosa O.C., Ilocmuikosa T.I". Ilepexinuuii xaoc B ynapHo-piopauiiinomy
Maiinanuuky // Omip maTepiaiiB i Teopis cropyn: Hayk.-tex. 30ipH. — K.: KHYBA. 2021. — Bum.
106. - C. 22-40. — AHri1.

Mamemamuuna moodenv yoapHo-6i0payiiinoco Maudanyuxd, wo WUpoKo 3Acmoco8yEmbesy
0yOigenbHill 2any3i 015l YUIIbHEeHHS MA DOPMYSAHHA OEMOHHUX SUPOOI6,NPU 3MIHI KOHMPOILHUX
napamempie 0eMOHCMPYE HUZKY HeJIHIUHUX A8UW,30KpemMa make yikaee ma “‘npumxause’”’ seuuye,
SIK nepexionull Xaoc.

Tab6a 5. Puc. 13. bibaiorp. 30 Hass.

UDC 539.3

Bazhenov V.A., Pogorelova O.S., Postnikova T.G. Transient Chaos in Platform-vibrator with
Shock// Strength of Materials and Theory of Structures: Scientific-and-technical collected articles.
—K.: KNUBA. 2021. — Issue 106. — P. 22-40.

The mathematical model of platform-vibrator with shock, which is widely usedin the
construction industry for compacting and molding concrete products, exhibits many nonlinear
phenomena when varying the control parameters. In particular, there is transient chaos, which is
an interesting and “capricious” phenomenon.

Table 5. Fig. 13. Ref. 30
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YK 539.3

KOHIEHTPALIA HAIIPY2KEHD B OKOJII BEPTUKAJIBHUX
TPIIIUH JOPOKHIX IOKPUTTIB

B.B. lNaiinaiiuyk’,
II-p TEXH. HayK

JLB. lleBuyK®,
KaHJ. TeXH. HayK

0.1. BinodpunbKa’,
KaHJl. TeXH. HAyK

C.A. Bapaw’

1 . o . o . . . .
Kuieckuil nayionanshuii ynieepcumem 0yoigHuymea i apximexmypu,
Tosimpopromcokuii npocn., 31, m. Kuis. 03680

2 . . O
Hayionanvshuti mpancnopmuuil ynieepcumen,
eyn. M. Omenanosuua-Ilasnenxa 1, m. Kuis. 01010

DOI: 10.32347/2410-2547.2021.106.41-53

B crarTi HaBeneHi pe3ysibTaTH KOMII IOTEPHOTO aHali3y HaIllpy)XeHO-1e(OpMOBAHOIO CTaHY
GaraTomapoBoro acaabTOOCTOHHOIO JOPOXKHBOTO MOKPUTTSA IiJ  MI€I0  TPaHCIOPTHUX
HaBaHTaKeHb. Ha OCHOBI CKiHUCHHO-eIEMEHTHOI Mojesi aehOpMyBaHHS MOKPUTTS BHKOHAHO
JIOCTIZKEHHST 0COOIMBOCTEHl MEXaHIYHOI MOBEIIHKH CHCTEMH, IO PO3IVIAAIOTHCS, HPH Pi3HHX
KOHCTPYKTHBHHX CXEMax ICHYBaHHS BEPTHKAJbHHMX TpIIIMH B DI3HHX LIapaxX KOHCTPYKUIl B
yMOBax [l BEpTHKAJIbHUX HABAHTAXKEHb, 110 MOJICIIFOIOTh TPAHCIIOPTHE HABAHTAXCHHS. BusBieHi
e(peKTH KOHLEHTpalil HampyXeHb B CHCTEMi, OOYMOBJICHHX BHCOKOTPAIi€HTHHMH MOJISIMH
nedopMariiil i KOHCTPYKTHBHUMHI HEAOCKOHATIOCTSMH IIAPOBOIO MOKPHTTSA.

KurouoBi ciioBa: aBToMO0OibHA mopora, OararoriapoBe MOKPHTTS, BEPTHKAIbHI TPIIIMHH,
TPaHCIOPTHE HABAaHTAXKECHHSI, TOJIsL AedopMariil, KOHIEHTpALlisl HANPYKEHb.

1. Beryn. Baratonraposi achaabToOEeTOHHI aBTOMOOLIBHI TOPOTH € OJHHM
3 HaHOLIBII MOMMpPEHUX OyHiBeNbHHX 00’€KTiB. Buxomsuu 3 ormsmy 3amad
HAyKH PO IX MIIHICTh Ta JOBIOBIYHICTB, Ili KOHCTPYKIIT MOXKHA BiTHECTH 0
CyTTEBO CKJIQJHUX BHAIB OyHiBelbHHX CHCTeM. B mepmry uepry ue
TIOSICHIOETBCSL ~ OaraTrornapaMeTpuyHiCTIO  (akTopiB, sKi BU3HAYAIOTh IX
KOHCTPYKIIii, BIACTHBOCTI MaTepiaiiB, BUAN HABAHTa)KEHb Ta BIUIMBIB Ha HHX,
a TakoX YMOB ixX ekciuryaramii. ToMy TNpOEKTYBaJbHHKAM IOPOXKHIX
KOHCTPYKIIH Ta crenianxictaM, o 3aiiMaloThCsl TEOPETUIHUM MOJICITIOBAHHM
MEXaHIYHOI TIIOBEIIHKM MIapyBaTUX MAacHBIB B IIPOLECI eKCIUTyaTallii,
JIOBOJTUTHCSI BPaXOBYBaTH MHOXKHUHY JOATKOBUX (DAKTOPIB, SIKi YCKIIAJHIOIOTh
ix pobory. Jlo HHMX BIiJHOCATBCS HAWOUIBII Ba)UTUBI KOHCTPYKTHBHI 1
eKCIUTyaTalliifHi OCOOJIMBOCTI IIMX CHUCTEM, IO CYTTEBO BIUIMBAIOTH Ha
XapakTep pO3MOAUTY TMoJied HampykeHb 1 gedopmariii, a Takok ix
IHTEHCHUBHICTh. B mepiry yepry 1e € oco011Ba KOHCTpYKTHBHA CXeMa JOpOrH i
NOKpUTTS. BoHa mpescramise coboro OaraTonrapoBHii TPUBUMIPHHIA TaKeT,
110 Ma€ HE3MIPHO Pi3HI PO3MIpH B3/I0BK KOXKHOT'O HATIPSIMY.

© laiinaituyk B.B., llleBuyk JI.B., bino6puipka O.M., bapan C.A.
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JlonaTkoBy CKJIAIHICTh B PO3PaxyHKOBY MOJENb KOHCTPYKIIi MOXYTh
BHOCHUTH ITPUXOBaHi (a 1HOAI 1 sIBHI) BEPTHKAJIbHI TPIIMHU Ta TOPU3OHTAIBHI
po3IIapyBaHHSA KOHCTPYKIIiT, iHOMI TOMyCTHUMI 32 yMOBaMH eKcIutyaTarrii. Taki
MOPYILIEHHS CYIUTBHOCTI IPUBOSATH TAKOXK 1 IO PO3PUBHOCTI MEPEMIlEHb, 1I1e
OUIBIIIe TOTIPIIYIOYM IMPANE3JaTHICTh CUCTEMH W YCKJIQJHIOIOYH 3anady 1i
moxemntoBanHns [ 18-20].

B 3arampHOMy MacuBi 0araTomapoBOi JOPOXKHBOI KOHCTPYKLIT MaTepia
KOXKHOTO IIapy XapaKTepH3yEThCsl CBOIMU TEPMOMEXaHIYHHMH BJIACTUBOCTSIMHU.
Tomy B 3aranbHOMY MacuBi HaBiTh B CIIPOUIEHIH Mopeni (YHKLIT MOmys
npyKHOCTi, Koedimienta Ilyaccona, koedillieHTa TEIUIONMPOBIIHOCTI i
KoeQiljieHTa TEIUIOBOrO JIIHIMHOTO PO3NIMPEHHS! BUSIBISIOTHCS PO3PUBHUMU,
BUKIIMKAIOYH THM CaMUM PO3PUBHICTH (QyHKIIT nedopmartiii 1 HanpyKeHb, SIKi €
CYTTEBO HEOMHOPIHUMH 3 KOHIIEHTpPAI[SIMU HalpyKeHb B Hall HEOUiKyBaHHX
Mmicusix. Taki ¢QyHKIIi BaXKKO MOAEMIOBATH Ta IIPOTHO3YBAaTH MPOCTUMH
aQHATITUYHUMU Ta YHCIOBUMH MeTofamu. JaHa oOcTaBMHA YCKJIAIHIOE 3a/1aqy
PpalioHaJIBHOTO MPOEKTYBaHHS TAKMX KOHCTPYKIIIH.

Ha nimskax cmycky Ta miadOMy TOJOTHO JIOPOTH  BHSIBIISETHCS
KPHUBOJITHIHHUM, IO TAKOX NPUBOAMTH MO OLIBII CKIATHUX 1 MEHII HAOYHHX
noniB aedopmaliii Ta HanpyKeHb.

OcobnuBy crnenugiky B poOOTy JOPOXKHBOI KOHCTPYKLIi BHOCSTH
MaTepiay MIapiB MOKPUTTS, 10 BKIFOYAIOTh ac(hambToOETOH, IIEMEHT, IIeOiHb,
ITCOK, I'PYHT Ta iH. BCi BOHM MO-Pi3HOMY ONUPAIOTHCS PO3TATY, CTUCHEHHIO Ta
3CYBY, a ac(ambTOOETOH, KpiM TOTO y 3arajJlbHOMY BHUIAIKy, € HENMiHIHHUM
B’SI3KO-TIPY’)KHBO-TJIACTHYHUM MaTepiajioM, BIACTUBOCTI SIKOTO B 3HAYHIN Mipi
3anmexxatb Big Temneparypu [7,11,17,19]. B mpaktumi po3paxyHKy
HaNpyXeHO-1eOPMOBAHOIO CTaHY TAKMX CHCTEM Ili BJIACTHUBOCTI 3a3BUYAil
BHUKOPHCTOBYIOTBCS JIMIIE JUIsl BCTAHOBJICHHS TEH/ICHIIIT 3arajibHOI MEeXaHi4HOi
TIOBE/IIHKM CHUCTEM, a aHali3 KOHKPETHOI CHCTeMHU BiOYBa€ThCS B MPYXKHIN
(TepMoOnpYXHii) MOCTaHOBII 3 BUKOPUCTAHHSM TaK 3BaHUX IPUBENCHHX
MOJIYJiB, IO BiANOBIJAaIOTh JaHOMY CTaHy CHUCTEMH IpH 3aJaHOMYy piBHI
HaBaHTa)XeHHs. Taka METOIWKa IIMPOKO BUKOPUCTOBYETHCS B 3aKOPAOHHUX
nocnimpkennsx [17, 19, 20], Bona npuiiHATa 1 B AaHIH CTATTI.

CxknamHi edexkTd B JOPOXKHIH KOHCTPYKIII BHUHHUKAIOTH IMPH JOOOBHX
3MiHaX TeMIIEpaTypH HABKOJIUIIHLOI'O CEPEeOBUINA. BOHM BUKIMKaHI THM, 11O
ac(anbTOOETOHHI ~ MaTepiai  XapaKTepU3yIOThCS MOPIBHSHO  HHU3BKUM
Koe(illieHTOM TEIIONPOBITHOCTI, ¥ MPH TUIOBHX PO3Mipax KOHCTPYKIII Ha
nmpoTsi3i A00M BOHA HE BCTUTAE IPOTPITHCS YW CXOJOHYTH Ha  BEJHKY
ruOuHy. B pesynbrari MOMITHI BHCOKO TpPai€HTHI 3MiHM TeMIIEpaTypu
BiIOyBAIOTHCSl NEPEBAKHO TLIBKUA B BEPXHbOMY Iapi (iHOII B JBOX BEPXHIX
miapax), Ta IoJie TeMIeparypu HaOyBae BHIJIsL KpaiioBoro edekry. Ilpm
LOMY I1HTEHCHBHI HOpMallbHI Ta JIOTHYHI HANpPYXEHHS KOHLEHTPYIOTHCS
TAKOX Y BEPXHIX IIapax, L0 CHOpHUS€ iX pO3MIAPYBAHHIO Ta YTBOPEHHIO
TpimwH. B 3aranbHill Teopii TEMIONpoBiaHOCTI Taki eQekTH Bimomi JaBHoO [7],
a pIBHSAHHA, IO X OMKCYIOTh, OTPHMajJHM Ha3By CHHTYJISIPHO 30ypEeHHX.
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Po3B’si3yBaHHs TakuMxX 3ajad (SK MiATBEP/PKEHO B crarsax [3-5]) mo’sizaHe 3
BEJIMKUMH TPYAHOLIAMH.

Sxmio mapu achanbToOCTOHY MOKIAZACHI Ha METAJICBY OCHOBY (B MOCTOBIM
KOHCTPYKIIii) a00 BKJIIOUAIOTh apPMOBAaHi CTPIKHI 3 MiIBUIEHOIO )KOPCTKICTIO,
TO, SIK TIOKAa3aJId Halli PO3paxyHKH, BEJIMKUI BIUIMB Ha (pOpMyBaHHS MOJNIB
HaNpyXeHb 37IHCHIOE PI3HULIA 3HAYEHb IX KOe]illi€HTIB TEMIOBOrO JiHIHHOTO
posupenHst. OCKUIBKY TIPH 3MiHI TeMITepaTypy B HACHINOK M€l pi3HUILI pi3Hi
KOMITOHEHTH MAacCHBY TparHyTh IOJOBXHTHCh a00 CKOPOTUTHUCH Ha pi3HI
BEJIMYUHH, I 3a0e3MeueHHs] CyMICHOCTI 1X mepeMilleHb Ta aedopmMaliiii Ha
MIOBEPXHAX IX KOHTaKTy (OPMYIOThCS IHTEHCHBHI JOTHUYHI HANpYKEHHS, LI0
CIPHSIOTh PYWHYBAaHHIO 3B’SI3KIB MK HHMHU. [IpudoMy BHSABHIIOCH, IO
HaNpHKIad, B MOCTOBIH KOHCTPYKIIi Hi JOTHYHI HamnpyXeHHS HIBUAKO
3pOCTalOTh 31 301IBIICHHAM TOBIIMHU acdanbroOeToHHOro mapy. lle
MIPUBOAMTH JI0 MAapaIOKCAILHOTO BUCHOBKY IIPO Te, IO JUIsl MOHKEHHS PiBHS
TEepMOHAIPYKEHb MOTPIOHO 3MEHIIYBATH TOBIIUHY OKPHBAIOYOTO LIAPY.

HeouikyBanuii TepMonpyxHui e(ekT BHUSIBHBCS TaKOX Yy 3B’SI3KY 3
apMyBaHHAM BepxHiX mapiB. Tyr apmarypa Hajgae MiIKpiIUTIOIOYHI BIUIUB
TIJIBKM TIPH OJIHAKOBUX 3HAYEHHSX KOE(DIIIEHTIB TEIIOBOrO PO3LIMPEHHS,
Konu aedopmatlii achanbToOeTOHY 1 apMaTypH CyMicHi. SIKIIO BOHU pi3Hi, TO
Ui 3a0e3redeHHs]  chiibHOCTI  AedopManidi  Ha TOBEPXHI  KOHTaKTy
TEHEpPYIOThCS  JIOJATKOBI HANPYXKEHHS, IO CIPHUAIOTh IepeadacHOMY
JIOKAJIbHOMY PYHHYBaHHIO ac(haabTOOCTOHY.

B mporieci excrutyaTaniii KOHCTPYKIisl ITOKPUTTS MiANA€THCS CKIATHOMY
KOJIMBAHHIO CTATHMYHUX Ta JWHAMIYHUX HABaHTa)KEHb, a TAKOX TEIUIOBUM
BIuMBaM. /1o JMHAMIYHHUX CHJI MOXKHA BiJJHECTH HaBaHTa)KEHHS BiJl PyXOMOTO
TpaHcropTy. B OymiBenbHIN MexaHilli 3amad4i 3 PYXOMHMH CHJIAMHU
BBXKAIOTBCS OJHMMHU 3 HaWOUIbII CKIaIHUX SK 3a CKIaJaHHAM IX
MaTeMaTUYHUX MOJENEH, Tak 1 3a MeToJaMH iX pO3B’S3aHHs. 3a3BHYald
JTUHAMIYHUHA XapakTep TaKUX HaBaHTa)XEHb BPaXOBYETHCS B 3aJIEKHOCTI Bij
BiJTHOIICHHS  MIBUAKOCTEH  PO3MOBCIOKEHHS XBWIb  Aedopmaniii B
KOHCTPYKIIi Ta pyxy cwi. OCKUIBKM Ha aBTOMAriCTPajsX MIBUAKOCTI PyXy
aBTOMOOLTIB B Oarato pa3iB MEHII 32 NIBUAKICTh PO3TMOBCIO/KEHHS MPY>KHUX
XBWIb B IPYHTOBOMY MAacHBi, CHJIaMH iHEpIii B KOHCTPYKIi JOpOTH Bif
PYXOMHUX BIUIMBIB TPaHCHOPTY MOXXHa 3HEXTYBaTH 1 3ajqaui (OpMyIroBaTu B
KBa3iCTaTUYHIH MOCTAHOBII.

MopentoBaHHS MEXaHIYHOI NMOBEAIHKUA JOPOKHBOI KOHCTPYKIIi 3 M’SIKHUM
LIaPOBUM IOKPHUTTAM 13 BpaxyBaHHSIM HaBeJIEHHX OCOONMBOCTEH 1i poOoTH
HaBPsi Y4 MOXKIIMBE 32 JIOTIOMOTOI0 aHAJIITUYHUX METOIIB. B 1iif crarTi BoHO
BHKOHAHE 3 3aCTOCYBAaHHSIM METOJy CKIHUEHHHX EJIEMEHTIB.

2. KoHueHTpauisi HANpYy:KeHb B 0KO0JIi 30BHIlIHIX | BHYTPIIIHIX TpilmH
nokputTa. B myOmikamisx aBtopiB [1-6, 9-12, 14-16] BUKOHaHHI YHCENBHI
JIOCITI/DKEHHST HaIpy>KeHO-71e(OMOBaHOr0 CTaHy KOHCTPYKIII JOpPOTH MpH
HasIBHOCTI B Hii pO3MIapyBaHb Ta IHIIMX KOHIIEHTPATOPIB HAINPYXKEHb. 3HAYHO
MEHIIIe JTOCHTi/PKEHe NMUTaHHSI KOHLEHTpAlil HalpyXeHb B OKOJi HMOPYIIEHHS
PETYISIPHOCTI KOHCTPYKIII, SIKI BUKJIWKaHI BEPTUKAIBHUMH TPILMHAMH, IO
MIPOHU3YIOTh OJIH a00 JeKiJIbKa MIapiB CUCTEMH B ii BEPXHIX UM BHYTPILIHIX
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30HaX. BoHM MOXyTb OyTH BHUKJIHMKaHI [TOYaTKOBUM pPO3ILAPYBAHHSIM JOPOTH
a00 BBEIICHHI CIICIiabHO y BUTJISI PO3BAHTAKYIOUHX MMOMEPSUHHUX IIBIB, IO
3HWKYIOTh TI03ZI0BXKHI TeMIepaTypHi HanpyxeHHs. Mo)kHa O4iKyBaTH, OJJHAK,
IO i TPILIMHHM 1 IIBH MPHUBOIATH IO CYTTEBOI MepedynoBy nomiB nedopmariii
1 HampyXeHb NpU Aii TPaHCHOPTHHX HaBaHTaXeHb. OCKUIBKH PO3TIISAHYTI
SIBHIIA I[IHPOKO 3YCTPIYAIOThCS Ha MPAKTHI, MPOAHATI3yeEMO JIONATKOBO
BIUIMB BHYTPILIHIX BEPTHKaJIbHUX TPILIMH HAa 3MiHY IIOJIiB HANpYyXeHb B
IapyBaTid KOHCTPYKIII IOpPOrM 3 YOTHpPMa MIapaMd  IMOKPHUTTS, SKHH
CKJIajaeTbcss 3 JpiOHOo3epHUCTOrO  acdanbroderoHHa (4 =0,08 M,

E,=3200 MIla), xpynHo3epHucroro acganproderonHa (4, =0,1 M,
E, =3200 MlIla), mebenepo-nimanoi cymimi (/43 =018 M, E; =700 MIla)

Ta MmicKa (hy =02 M,
““I‘I‘“IIIIIIIIIIIII ““

| E, =100 MITa). IllapyBatuii

T
\HHH\HHINHHHHH

ONAT TIOKPUBA€ TPYHTOBHUH
MAaCHB 3 MOZYJEM MPYXKHOCTI
Es=88,5 MIla.  Bubpani

PO3PaxyHKOBI CXEMH, KOJIU
BEPTHKAJIbHA TpilMHa
MPOHU3YE JIBA BEPXHIX LIAPH
(puc. 1 (a)) 1 Tperiii wap
(puc. 1 (0)).

SIk BimMidyeHO BwHIE, B
3arabHOMY BHIAAKy I

©) Ji€ero TPAHCIIOPTHHX
HaBAaHTAa>XCHb MaTepiaJm
Puc. 1. KOHCTpYKTUBHI CXeMH JOPOXXHBOTO OIATY H_IapiB aC(l)aJ'H)TO6eTOHHOFO

3 TpillMHaMU B BEPXHiX (a) 1 BHyTpiimHbOMY (6) miapax
pui P @ yrp Y( ) P TIOKPpUTTHA panrorTh B

MIPY)KHOB sI3Ki# (TUIaCTUYHOB sA3KiH) craaii. MomentoBaHHsA TaKoi MOBEIiHKU
CHCTEMHM Ha CKIHYEHHHX IIPOMIKKAax 4Yacy IIOB’s3aHl 13 3HAYHUMH
MaTeMaTUYHUMU 1 TEXHIYHUMH TpyJHOIlAaMH. B  pe3yipraTi Takux
PO3paxyHKIB HAKOITUUYIOTHCS BEJIMKI 00’ €MH YHCIIOBOI iH(pOpMAILil, IKY BaKKO
OIpaIfoBaTH 1 BUKOpHUCTATH. ToMy Aisl aHaiizy MIIHOCTI i1 JOBTOBIYHOCTI
ac(anbTOOETOHHUX JIOPOXKHIX TOKPHUTTIB BEJIUKY pOJIb BIiAIrparoTh iXx
PO3paxyHKH B TPYXKHIM IOCTaHOBII, SKa O03BOJISE BHSBIATH HAMOLIBII
Halpy)XeHi 30HM [UX KOHCTPYKIIH 1 HaiOumem HeOe3neyHi BUAW
TPAaHCIIOPTHUX HaBaHTaXXEHb. B 3B’SA3Kky 3 1M JUIsl  aHami3y Jaui
BHUKOPHCTOBYIOTBCS PIBHSHHS TPOXMIpHOT Teopii npyxHocTi (7, 11)

uV2u+(x+ u)grad diva=0, (1
JIe U — BEKTOp MPYKHUX IepeMilenb, A i y - mapamerpu Jlsme.

Cucrema piBHsHB (1) IpUBOAUTECS 10 anreOpaidHOi (JOPMHU 32 TOTIOMOTOF0
MeTO/a CKiHYeHHUX eneMeHTiB (13, 17, 18)

[K]-{u}={P}, 2)
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nie [K ] - MaTpHILS KOPCTKOCTI, JJIsl CKIHUEHHO-EJIEMEHTHOI MOZIETI MTPY>KHOTO
MacHBy, MOOYZOBaHa 3 ypaxyBaHHSM BiJIOBIIHUX KpaiOBUX YMOB; {u} -
BEKTOp AMCKPETHHX IMepeMillleHb MacuBy y BY3JaX CKiHYEHHO-EJIEMEHTHOI
pemriTKy; {P} — BEKTOp CWJ, TPAHCHOPTHUX HABaHTaKEHb, NMPHUKIAICHUX Y

BIJIMIOBITHHUX BY3JaX BUJIbHOI MIOBEPXHI BEPXHBOI'O IIAPY.

BBaxanocs, 1o BepTHKajJbHE HaBaHTa)KeHHs iHTeHcuBHICTIO P =900 klla
PIBHOMIPHO pO3MOMIJICHE HA IUISIMI TOBEPXHi, IO BIAMOBIJA€ ILIOIIAIII
KOHTaKTy IIMHM aBTOMOOIJIBHOIO KoJieca 3 MOBEPXHEK OOoporu. 30Ha ii
PO3IIOALTY Ha BiJOUTOK KoJeca 3 JOPOroko MOKa3aHa Ha KO)KHOMY HaBeIEHOMY
PHUCYHKY.

Crioyatky pO3IJISIHEMO BHWIIQJIOK, KOJM TOKPUTTS HE Ma€ TPillMHH.
PesynmpTaTH poO3paxyHKIiB MpeACTaBicHI Ha pHc. 2. Sk IS TPUKIATIB,
HaBEJICHUX BUIIE, TYT Ha KOJLOPOBOMY 300pakeHi IoJIsl HalpY>KeHb KOXKHOMY
BiJTIHKY KOJIbOPOBOI MAJIITPU BiJIIOBiIa€ 3HAYECHHSI HAIIPY)KEHb, SIKI HaBEJCHI

CIipaBa Ha CTOBITYUKY KOJ'IBOpOBO.l. IKajad. AHam3 Ios HalpyX€eHb O .,

MPEJCTAaBICHUX Ha puc. 2 (a), CBIAYUTH MPO Te, MO0 HAWOLIBII CTHUCKArO4i
HaBaHTa)KEHHS! MAIOTh MicCIle Ha BUIbHIN MMOBEPXHI MOKPUTTS. IX jokamizamis i
3Ha4YeHHs To3HaveHi 3a(apOoBaHUM KpPY:KKOM. Po3Tsaryroui HampyxeHHs o,

MepeBaXKaroTh B OLIBLI IIMPOKiH 30HI TPETHOro Imapy. BoHU 301IbIIYIOTECS TIO
Mipi HaOJIMKEHHS [0 TUTOUIMHU KOHTAKTy TPEThOTO 1 YETBEPTOro IMIApiB (CM.
He3adapOoBaHMii KPY)KOK), TOTIM 3a3HAIOTh PO3PHB 1 3MEHIIYIOTHCS MaiKe 10
HyJs1. XapakTep pPo3MOALTY IIUX HANPYXEHb Yy BEPTUKAIBHOMY Iepepisi, sIKHi
NPOXOAWTh  Yepe3  CepeJuHy  IUIOMAAKH  pO3MOAUIY  30BHIIIHBOTO
HaBaHTa)XeHHs1 P , moka3aHuii Ha puc. 2 (B).

Puc. 3 BinoGpaxye KapTHHY PO3NOALLY HampykxeHb T,,. Ll Qynkuis

Maike CHMETpPHYHA BIJHOCHO BEPTHKAJi, sSKa MPOXOIWTH Yepe3 CepeauHy
IUTOINAZKH PO3IMOMNITY HAaBaHTAKCHHS 1 Ma€ OUIBII TJIaJKe PO3MOAUICHHS 3
JIBOMa 30HAMU HAHOUIBIIMX 3HAUCHb pI3HUX 3HAKiB. BoHM BiaMiueHi
Kpykeukamu. ['pacdikn miei ¢(yHKIII B BepTUKANBHOMY Iepepisi, IO
MIPOXOAUTH Yepe3 ICHTP HaHOUIBIINX JOMATHUX 3HAYCHB, MPCICTABJICHUA Ha
puc. 3 B. Tyr MakcuManbHi 3Ha4eHHS peaji3ylOThCs Ha TPaHMII JPYroro i
TPETHOTO IIApPiB, SABJISAIOYUCH TMOTCHIIIHHOI MPHYMHOK PO3IIAPYBAHHS

HOKpUTTS B Lilf 30Hi. HampyxeHHsi o, 1 0, MalOTh NOPIBHAHO MEHIII

»w
3HAYEHHS 1 TYT HE ITOKa3aHi.

BBeseHHs B If0 KOHCTPYKIIIO BEPTHUKAJIbHOI TPIIIMHU TPHUBEIO 0
CyTTEBOI MepeOymoBU MOMiB AedopMalii i HampyKeHb Ta 30UIBIIAIO iXHIO
IHTEHCHUBHICTh. PO3IJIsIHyTHII BUMAIOK, KOJNM TpIlIMHA MpPOHW3yBaja IBa
MepIIuX BepxHiX mapu (puc. 1 a), mpoxoisyu OIS Kpaw IUIOMAIKA
PO3IIOAITY BEPXHBOrO HaBaHTaXEHHs . [IpM 1bOMY 30HAa KOHIEHTpaLii
HaNpyXeHb CTUCKY IepeMicThiacs 10 Tupna TpimuHu (puc. 4), A€ BOHU
Jocsarnu  3HadeHHs o, =-4580 klla. Micie nokamizamii HaiGiIbIINX
PO3TATYIOUYHMX HANPYXKEHb MPAKTUYHO HE 3MIHUIIOCS, BOHU TaKOX 30Cepe/KeH]
B HIJKHIHl 4aCTHHI TPETHOro 1apy i JOCATIHN 3HadeHHs o, =1044 xIla.
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) T 00, =983907 klla s la
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Puc. 2. HopmaibHi HanpyxeHHs. O . B lIapax MOKPHUTTS, SKHH Hemae TpilwHu: () - naitpa
ToJisl HaTpyXeHb O . ; () - cXxema po3TauryBanHs mapis; () - rpadik posnoniny GyHkuii o, B

BEPTHKAIBHOMY (LIEHTPaJbHOMY IO BiHOIICHHIO O HABAaHTa)KCHHSI) Iepepisi Joporu

Jlo Tupia TpilMHA 3MICTHIIMCS TAKOX 1 HAHOUIBIII JOTUYHI HANPY)KEHHS
(puc. 5). Bonu nocsirim sHadeHHs 7,, =1710 klla i 3611b1HUBIINCE IPU LHOMY

Maibxe B TpH pasu.

3HAaYHUI TpPaKTHYHUH IHTEpEeC BUKIMKAE BHIIQJIOK, KOJIM BEPTHKalbHA
TpillluHa TpPOHM3Yye BHyTpimHIA 1map (puc. 1 (0)). 3a po3pobieHoro
METOJMKOI0  OylO  BUKOHAaHO  CKiHUCHHO-EJIEMEHTHE  JOCIIiIKEHHS
HaIpyXeHHO-/Ie(hOPMOBAHOT'O0 CTaHY CUCTEMH IIPH PO3TAIlyBaHHI TPIL[HU B
TPEThOMY Iapi MiJi KpaeM BiIOUTKY KOHTAKTY Kojeca 3 JOPOrow. Ik BUIHO 3

JIaHUX, SK1 HaBCICH1I Ha PHUC. 6, 7, 3Ha4H1 BCJIMYMHHU HANPYXCHb O, 1 Txy

MAIOTh MicCIie MiJ KpaiioBOIO 30HOK0 PO3MOIIJICHHS HaBaHTaXXeHHST P .

Ipote HaiibinbIIa KOHIEHTpALis QYHKIIT PO3TATYIOUNX HANpYXeHb O, Ma€
MiCIIe Y BEpXHbOMY TUPJII TpiyHH (pHcC. 6). Y HIWKHBOMY THUPII TPILIUHA L5
KOHLISHTpALiSl € BITUyTHO MEHIIOK. Y TOH K€ 4ac HeoOXiHO BpaxyBaTH, L0
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MiIBUIIEHHI 3HAuYeHHs 1i€l (QYHKUii AOCATIN MOBEPXHI I'PYHTOBOTO MAacHBY,
10 Ma€ MOHMWKEHY MIIHICTh Ha 3CYB.
Ilpn 1pOMy HAHOLIBINI CTUCKAIOYi HANPYXKEHHA O, pEali3yloTbCAd Ha

TIOBEPXHI BEPXHBOTO IIapy. Bonu MaroTs 3HaueHHs o, =—3898 lla.

P =900 xlla 07y =595401k11a ., Ha
m o7, =-599142klla ==ns

VM
i/\\/\i 0 | T T : Ty Klla
\ 1.2
§ -1.6;

©6) (8)
Puc. 3. ,HOTI/I‘{HI Hanpy>XeHHA Txy B LIapax MOKPUTT, AKUHW HE Ma€ TPILIMHU: & - NAJITPA I10JIA

HampyxeHb 7 ; (0) - cxema po3TairyBaHHs 1apiB; (B) - rpadik posnoginy ¢yHKuii Ty B

xy?
BEPTUKAIBHOMY (LIEHTPAIIBHOMY I10 BiHOIICHHIO 10 HABAHTAXXEHHS) ITepepi3i foporu

BHyTpinmHs TpimHa CyTTEBO BIUIMHYJIA TakKoX 1 Ha pO3MOALT Ta
KOHILEHTPALil0 JIOTUYHUX HANpPYKeHb T,, (AHB.puc. 7). 30Ha KOHLEHTpALii

IIMX HATPYXXEHb MepeMiCTHIACS 10 BEPXHBOT0 THPJIa TPiLUHH.

Ha 3akiHueHHs [bOTO MiAPO3/ALTY BiJ3HAYMMO, IO BUKOHAHUN CKIHYEHHO-
CJIEMEHTHHMII aHaNi3 BIUIMBY TPIIMHMA HA HANpPy)XEHHO-Ie(OPMOBaHUN CTaH
OaraTromrapoBoi CHCTEMHU Bifirpa€e, WIBHALIE, SKICHY pOJNb, OCKLUIBKA
KOHLISHTpAllisl HanmpyXXeHb B 30HAaX TPIIIMH y 3HAYHIA Mipi 3aJeXHUTh Bij
reoMeTpii TpiluHM Ta ii CTPYKTYpW B 1i TUpii. 31 3MEHIIEHHSIM EJIEMEHTIB
CKiHUCHHO-EJIEMEHTHOI PEIIITKA pPO3PAaXyHKOBI HANPYKEHHS MOXYTh 5K
3aBrofiHO 30iMBLIYBATUCS, TOMY YTOYHEHHS IMX pO3PaxyHKIB MOBHHHO
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3IIHCHIOBATUCS B TPYKHO-IUIACTHYHIA TocTaHOBLI. [IpoTe HaBiTH TMpyXkHE
(dopMynroBaHHS 3a7adi BUSBISETBCS JOCHTh KOPHCHOK Juisi sikicHOT (i
KUJIBKICHOI) ~ OLIHKM  HalpyXeHHO-Je(opMOBaHOrO CTaHy  IIapyBaTol
KOHCTPYKIIi.

¥,
O-xx
2 3

P =900 ITa 0 0. =1044176xTa o
® 0, =-4579.983«lla L

P =900 xlla 0 7, =1710.283x1Ta lIa
o 7, =—435922xlla

Puc. 5. ITone po3noainy JOTHYHUX HALPYKEHb T Xy

P =900 xIla 00, = 2140885 xlla Tl 24
"I o (L oo, =-3897815«lla e
XX i ) g o

Z

Puc. 6. [Tonte posnoniny GyHKIT HOPMATLHUX HANIPYXKEHDb O .
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P =900 xIla 07, =1099619«lla  Ila

I , Tay AT o7 =-565346«lla

Puc. 7. ITone po3noainy JOTHYHUX HALPYKCHb T v

Bukonanuii aHaji3 TaKOX Ja€ MOJKJIMBICTh BCTAaHOBJIIOBATH HAaMOILII

HECIIPUATIMBI ~ MiCIl  pO3TalllyBaHHA TPIIMH 10  BIJHOIIEHHIO 10
HABAHTAXKEHHS 1 IUIAHYBaTH 3aXO0/IM 3 PEMOHTY ITOKPHUTTSL.
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Gaidaichuk V.V., Shevchuk L.V., Bilobrytska O.1., Baran S.A.
STRESS CONCENTRATION IN THE VICINITY OF ROAD COATING CRACKS

The article presents the results of a computer analysis of the stress-strain state of a multilayer
asphalt pavement under the influence of traffic loads. Based on the finite-element model of coating
deformation, a study was made of the mechanical behavior of the system considered for various
structural schemes for the existence of vertical cracks in various layers of the structure under the
action of vertical transport loads. The effects of stress concentration in the system due to high-
gradient deformation fields and structural imperfections of the multilayer coating were found.

Multi-layer asphalt roads are one of the most common construction projects. Based on a review
of the tasks of science about their strength and durability, these structures can be attributed to
significantly complex types of building systems. This is primarily due to the multi-parameter nature
of the factors that determine their design, material properties, types of loads and the impact on them,
as well as their operating conditions. Therefore, designers of road structures and specialists who are
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involved in the theoretical modeling of the mechanical behavior of layered massifs during operation
have to take into account many additional factors that complicate their work. These include the most
important design and operational features of these systems, which significantly affect the nature of the
distribution of stress and strain fields, as well as their intensity. First of all, they include special
structural schemes of the road and pavement. It is a multilayer three-dimensional package having
disproportionately different sizes along each direction.

Hidden (as well as obvious) vertical cracks and horizontal delamination of the structure,
sometimes permissible under operating conditions, can be added to the design model of a structure.
Such violations of the continuity of the system also lead to discontinuity of the displacement
functions, which further worsens the system’s performance and complicates the task of its modeling.

The materials of the coating layers, which include asphalt concrete, cement, crushed stone, sand,
soil, and others, also bring particular specificity to the work of the road structure. All of them
differently resist tensile, compression and shear, and asphalt concrete is also elastic-viscous - plastic
material, whose properties are largely dependent on temperature.

Key words: automobile road, multilayer road, coating structure, vertical cracks, transport
load, deformation fields, stress concentration.

Taiioatiuyk B.B., lllesuyk JI.B., burobpwiyvka E.U., Bapan C.A.
KOHUEHTPALMS HANIPSI)KEHUAM B OKPECTHOCTHU BEPTUKAJIbHBIX TPELIUH
JTOPOKHBIX IOKPUTHUI

B crarbe mpUBEICHBI PE3yNbTaThl KOMIIBIOTEPHOrO aHAM3a HaIpsKEeHHO-Ie(hOPMHUPOBAHHOIO
COCTOSIHHSI MHOTOCJIONHOT0 acalibTOOETOHHOrO JIOPOKHOIO HOKPBITHS O[] JCHCTBUEM TPAHCIIOPTHBIX
Harpy3ok. Ha OCHOBE KOHEYHO-3JIEMEHTHOW MOJeIN 1e()OPMHUPOBAHKS MOKPBHITUS BBITOJHEHO
UCCIICOBaHHE OCOOCHHOCTEH MEXaHHYECKOrO MMOBEIACHHS CHCTEMbI, PACCMOTPEHHBIX IPH Pa3JIMIHBIX
KOHCTPYKTHUBHBIX CXEMaX CyLIECCTBOBAHHS BEPTHKAJIbHBIX TPELIMH B PA3JIMYHbIX CIIOSX KOHCTPYKIMH B
YCJIOBUSIX JICHCTBUSI BEPTUKAIBHBIX TPAHCIOPTHBIX HArpy30k. OOHapy:keHbl 3G (EKThl KOHIICHTPAIIH
HalpsDKCHW B CHCTEME, OOYCIIOBJIGHBIC BBICOKOIPAJMEHTHBIMH HOMSIMA  aedopMauii |
KOHCTPYKTUBHBIMH HECOBEPILICHCTBAME MHOI'OCIIOWHOIO TIOKPBITHSIL.

KaroueBble ciaoBa: ABTOMOOMJIBHAS [OpPOra, MHOTOCIOWHOE IOKPBITHE, BEPTHKAJIBHBIC
TPELIMHBI, TPAHCIIOPTHAS HArPY3Ka, MoJist AeopMaluii, KOHLCHTPALIUS HATIPSK CHHIMA.
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of road coating cracks // Strength of Materials and Theory of Structures: Scientific-and-technical
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The article presents the results of a computer analysis of the stress-strain state of a multilayer
asphalt pavement under the influence of traffic loads.
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Abstract. Load-bearing elements of buildings and structures of the mining and metallurgical
complex in recent decades need to develop new more effective design solutions due to the
intensification of technological processes, an increase in temperature loads and aggressiveness of
the environment. The main direction of increasing the efficiency of such elements is their design
from economically alloyed steel, which allows to increase the resource of structures and prevent
accidents with a significant increase in temperature. Due to the fact that alloyed steels have higher
mechanical characteristics at elevated temperatures, the question arises of creating lightweight
beam structures from such steels, reducing their material consumption while maintaining the
stability and fatigue strength of beams, the most promising is the use of welded beams with a
perforated wall and composite beams.

The creation of the most effective cross-sectional shape of metal beams with a perforated wall
and welded beams, as well as crane beams in transverse bending, considering strength, local
stability, flat bending stability and fatigue strength is considered. It is shown that an effective
shape of beams with a perforated wall is a box-shaped structure made of perforated channels. A
calculation was carried out to select a rational design made of an assortment of hot-rolled channel
profiles. It is shown that due to the use of the proposed sectional shape, significant savings in the
weight of the structure can be achieved. Considering the three-dimensional stress-strain state, the
fatigue strength of welded metal crane girders operating in severe conditions is estimated. The
efficiency of using a hot-rolled I-beam as the upper chord of such welded beams is shown. The
necessity of using a hot-rolled I-beam and to ensure the fatigue strength of the lower chord is
demonstrated.

The use of the previously proposed combined method for calculating the structures of
industrial buildings and structures and the use of economically alloyed steels allows us to create
new designs of critical elements that reduce their material consumption and increase their
resource. Further research can be carried out for real object designs in order to reduce their cost
and increase reliability during operation in the conditions of mining and metallurgical production.

Key words: beam, perforated wall, weight saving, fatigue strength.
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1. Introduction

Load-bearing elements of buildings and structures of the mining and
metallurgical complex in recent decades need to develop new more effective
design solutions due to the intensification of technological processes, an
increase in temperature loads and aggressiveness of the environment [1, 2].
The main direction of increasing the efficiency of such elements is their design
from economically alloyed steel, which allows to increase the resource of
structures and prevent accidents with a significant increase in temperature [2,
3]. Due to the fact that alloyed steels have higher mechanical characteristics at
elevated temperatures, the question arises of creating lightweight beam
structures from such steels, reducing their material consumption while
maintaining the stability and fatigue strength of beams, the most promising is
the use of welded beams with a perforated wall and composite beams.

Traditionally, the most effective shape of the cross-section of beams is the I-
section. A large number of studies have been devoted to the creation of various
designs of perforated and composite I-beams [1, 4-7]. It is known that in the
absence of lateral supports, I-beams bent in the plane of the wall may not be stable
enough. If the loads, increasing, exceed certain limits, then such beams lose the
stability of the flat form of bending, and they become unable to resist the load.
Some modern articles take into account loading uncertainties in their calculations
and estimation of stability and strength [9, 10] and it can be continuation of
research in this field. This work uses traditional deterministic raw data.

Loss of stability of thin-walled elements of welded structures is also
possible due to structural deviations arising during manufacture and operation
[7-8]. At the same time, the shape determined by the section of hot-rolled I-
profiles in accordance with GOST 8239-72 is difficult to improve and
facilitate, since the achievement of the limiting conditions of strength and
stability of flat bending occurs for such beams at very close loads. The creation
of lightweight beams with a perforated web and composite beams from parts
of such a profile, although it leads to an increase in the calculated permissible
bending loads, requires the creation of constrained bending conditions to
prevent buckling of the flat deformation form. Although many works [1, 4-7,
11-17] have been devoted to the issues of local stability of beams with cutouts,
the problem of assessing the stability of perforated beams is still far from a
final solution. Compared to experimental data, existing calculation methods in
some cases give deviations reaching 70% [11, 12, 16]. The development of
stable perforated web and polybeam structures is an important area of focus for
more rational structural design.

There are three types of buckling of perforated beams: buckling of flat
bending; loss of local stability of the beam wall, manifested in local bulging of
the wall; loss of local stability of the beam chord [1, 12, 17]. In addition,
beams with a perforated wall have a complex stress-strain state with a stress
concentration in the notch zone [15]. All this necessitates a refined numerical
simulation of the behavior of such beams without the use of simplifying
hypotheses and design schemes. Such a calculation is possible on the basis of
nonlinear modeling in the SolidWorks system [19], which we have
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successfully used earlier for calculating complex structures of the mining and
metallurgical complex [2].

2. Calculation of effective perforated welded beams

To analyze the parameters of the bearing capacity of the beams, the design
scheme of a three-dimensional elastic body under geometrically nonlinear
deformation was used [2, 19].

(b)

Fig. 1. Design scheme of a three-dimensional elastic body:
(a) - grid view, (b) - an example of calculating the stress state in the zone of concentrators

This makes it possible to simultaneously study the local and overall
strength of the beam, the deformation stability of the walls and flanges, and the
maximum deflection of the beam. Loads that did not lead to a loss of bearing
capacity in terms of a set of parameters were considered acceptable. A multiple
calculation was performed for beams of various sizes with the aim of selecting
a beam of minimum weight, corresponding to the conditions of strength and
stability at a given length and load.

The studies were carried out for a perforated I-beam made by cutting and
subsequent welding of beams GOST 8239-72 according to a waste-free
symmetric scheme [17] (Fig. 2).

A preliminary calculation carried out to find a rational design confirmed
the low efficiency of reducing the weight of a perforated beam compared to a
hot-rolled beam of the same bearing capacity due to a decrease in buckling
loads for perforated beams.

Comparison of the coefficient of stability of hot-rolled beams (the ratio of
buckling load to the actual load, buckling factor of safety, Buckl FOS) and the
factor of safety (FOS) shows the practical coincidence of their permissible
level for the same profile number for structural steel 09G2S. In fig. 3 is shown
the dependences of the coefficients for beams with a length of 6 m with a
uniformly distributed load with an intensity of 1.5 t/m and hinged fastening of
the ends made of structural steel 09G2S and economically alloyed steel
10G2FB.
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Fig. 2. Calculation of welded beams with a perforated wall:
(a) - stresses, (b) - displacements with loss of stability
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Fig. 3. Dependence of the values of the stability and strength coefficients
on the serial number of the profile for hot-rolled beams GOST 8239-72
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Fig. 4 shows the dependences of the stability and strength coefficients for
perforated I-beams, made by cutting and subsequent welding of GOST 8239-
72 beams according to a waste-free symmetric scheme, on the serial number of
the profile corresponding to the workpiece from the hot-rolled beam. It is
clearly seen that, despite a significant increase in the strength factor, there is a
simultaneous decrease in the stability factor. This limits the possibility of using
a lightweight beam: under the considered load, a beam with a perforated wall,
equal in strength to a hot-rolled one, weighs only 9.2% less. Such weight
savings do not always justify the additional technological costs of
manufacturing a welded perforated beam.
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Fig. 4. Dependence of the values of the stability and strength coefficients
on the serial number of the profile for welded I-beams with a perforated wall

As an alternative to the design of an I-beam, we propose to use box-shaped
welded beams made of hot-
rolled channel according to
8240-89 wusing waste-free
technology (Fig. 5). Such a
structure is in fact a welded
I-beam with a perforated
wall cut along the wall and
butt-welded along the edges
of the flanges. Calculation
of  box-shaped  welded
beams with a perforated
wall (Fig. 6) showed their
significant advantages over
those previously
investigated.

Fig. 5. Scheme of a box-shaped welded beam
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Fig. 6. Calculation of welded box beams with a perforated wall:
(a) - stresses, (b) - displacements with loss of stability

The stability coefficient for such beams significantly exceeds unity for all
considered cases, which indicates the impossibility of losing the bearing
capacity of such beams due to the loss of stability (Fig. 7).

Under these conditions, the use of beams with perforated walls provides
significant advantages over hot-rolled ones, especially when using
economically alloyed steels. Table 1 shows the comparative parameters of
beams with a minimum weight of 6 m in length at a load of 1 t/m, made of
economically alloyed steel 10G2FB. It can be seen that the weight loss is more
than 31%, which makes it possible to recommend beams of this design for use
in the construction of modern buildings and structures.

Table 1
Comparison of hot rolled and welded box girders

Strength Stability | Weight,

Beam type Profile No. factor factor ke

Hot rolled 22 1,8 1,12 148

Welded box-shaped 16 1,2 4,2 102
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Fig. 7. Dependence of the values of the stability and strength coefficients

on the serial number of the profile for box-shaped welded beams
with a perforated wall 6 m long at a uniformly distributed load of 1.5 t/m and hinged ends

An additional advantage of beams with a perforated wall is the ability to lay
communications in them and provide access to them for preventive and repair
work. This, in turn, allows you to reduce the height of the interfloor spaces.

3. Calculation of effective welded crane girders considering fatigue

strength

It is known that in welded crane girders operating under severe operating
conditions, the most vulnerable point is the longitudinal weld seam connecting
the upper flange with the wall [20, 21]. The location of the welded seam in the
most stressed sub-rail zone is one of the main disadvantages of welded crane
beams, since in this zone the amplitudes of shear stress oscillations are
greatest. The authors of the monograph [21] propose the removal of welds
from the under-rail zone of the beams at a distance where the shear stress
fluctuations attenuate so significantly that they are not able to cause the
initiation and development of cracks. The results of the tests given in [21]
confirm the high endurance of beams with belts made of rolled tees. In beams
with T-belts, the weld seam is removed downward at a considerable distance
from the contact zone of the rail with the beam belt. Therefore, the amplitudes
of fluctuations of local stresses in the weld are significantly reduced, which
minimizes the risk of fatigue cracks in the weld.

Beam designs proposed by the authors [21] that increase the fatigue
strength of longitudinal seams are difficult to manufacture and operate. The
calculations performed in [21] were carried out using the beam scheme and did
not consider the complex stress-strain state of the structure near the load
transfer zone, which requires the use of the design scheme of a three-
dimensional body.
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In order to create a rational design of a —Z = [ |
crane girder and a method for refined
calculation of such beams, we used a
module for calculating fatigue of welded
seams of the SolidWorks complex and a
scheme of geometrically nonlinear
deformation of a three-dimensional elastic gz
body. Welded beams of two types were
considered - a composite beam from a hot-
rolled I-profile No. 20 and a corresponding
welded profile of the same height
(Fig. 8 (a)), and a welded I-beam of the
same height, corresponding in width to a
hot-rolled profile No. 30 (Fig. 8 (b)). @) (b)

A 6 m long beam with rigidly clamped
ends was considered, which corresponds to
the operating conditions of the middle part of
a continuous crane girder loaded with 4 t forces on each of two 15 mm long
sections located at a distance of 1 m in the middle part of the span (Fig. 9).

Fig. 8. Shape of sections of welded
beams

Fig. 9. Design diagram of the crane girder

Initially, the calculation of the static stress-strain state of the beam under
working loads was carried out, confirming the bearing capacity of the beam
(Fig. 9). For the beam under consideration, the maximum stresses close to the
steel plasticity limit were achieved locally in the load zone. Such operating
conditions for the crane girder are difficult.

The change in the load was taken according to a zero cycle according to the
quasi-static load scheme, i.¢., the load changed from the level of its absence to
the maximum value, and possible dynamic processes were not taken into
account. Only the fatigue of the welded seams was considered, since the
fatigue of the upper most loaded flange strongly depends on the conditions of
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contact with the rail, which was not adequately described under the conditions
of this model.

Fig. 10. The stress-strain state of the crane girder

Calculation of weld fatigue for a solid welded beam (Fig. 11) confirms the
conclusions [21]. The zone of minimum fatigue strength extends over the
entire thickness of the upper flange of the beam and sections of the welded
seam in the load zone. Under the given conditions, corresponding to the
conditions of static strength, the welded seam is able to withstand only about
32 thousand cycles, which is significantly lower than the standard resource.
This confirms the need to calculate the material and welded seams of crane
girders for fatigue strength in the design of industrial facilities.

Fig. 11. Distribution of fatigue strength zones of a welded beam

The stress-strain state of a composite beam practically does not differ from
the state of an I-beam welded beam (Fig. 12).
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Fig. 12. Stress-strain state of the composite welded crane girder

It is clearly seen that the welds between the beams are in the zone of
minimum deformations and do not determine the fatigue strength of the
structure. This is confirmed by the calculation of fatigue (Fig. 13): these seams
withstand in such a structure more than 1 million cycles, which is close to the
design standard.

Fig. 13. Distribution of fatigue strength zones of a composite beam

Maximum displacements are now in the weld zone of the bottom flange of
the welded beam. Their resource is about 300 thousand cycles, which
determines the resource of the whole structure. This resource is significantly
lower than standard, but an order of magnitude higher than the resource of the
welded I-beam.

Thus, a detailed calculation based on a three-dimensional model shows that
not only the elements of the upper, but also the lower chord of the crane girder
are subject to replacement with hot-rolled elements. In addition, in order to
ensure the standard fatigue life, it is necessary that the maximum stresses in
the beam be slightly lower than the calculated ultimate stresses in the static
calculation, which should certainly lead to an increase in the mass of the crane
girder.
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4. Conclusions

The use of the previously proposed combined method for calculating the
structures of industrial buildings and structures and the use of economically
alloyed steels allows us to create new designs of critical elements that reduce
their material consumption and increase their resource. Further research can be
carried out for real object designs in order to reduce their cost and increase
reliability during operation in the conditions of mining and metallurgical
production.

REFERENCES

1. Kudishin, Yu. I. Metallicheskie konstrukcii: uchebnik. (Metal structures: textbook) / Yu. I.
Kudishin, E.I Belenya, V.S Ignatieva. - 13th ed., Rev. - M.: Publishing Center Academy, 2011
.— 688 p. (in Russian)

2. Gezentsvey E.I. Sovremenny'e metody' rascheta zdanij i sooruzhenij metallurgicheskogo i
gorno-obogatitel 'nogo proizvodstva s intensivny 'mi istochnikami tepla (Modern methods of
calculating buildings and structures of metallurgical and mining and processing industries
with intensive heat sources: monograph) / E.I. Gezentsvey, V.I. Olevsky, A.V. Olevsky. - K.:
Publishing house "Steel", 2020. — 131 p. (in Russian)

3. Gezetsvey E.I, Olevsky VI, Olevsky A.V. Sravnitel'ny'j analiz prochnosti kozhukha
domennoj pechi modernizirovannoj konstrukczii iz stali 10G2FB i tradiczionnoj iz stali
09G2S (Comparative analysis of the strength of the blast furnace shell of a modernized design
made of steel 10G2FB and traditional steel 09G2S) / Promislove Budivnitsvo and Engineering
Sporudi. —2020. - No. 3 - P. 36-41. (in Russian)

4. Mikhailov V.V. Proektirovanie stal ny'kh konstrukczij na primere balochnoj kletki: uchebnoe
posobie (Design of steel structures on the example of a beam cage: a tutorial) / V.V.
Mikhailov, M.S. Sergeev. - Vladim. State University named after A. Grigorievich and N.G.
Stoletovs. - Vladimir: Publishing house of VISU, 2012 . — 72 p. (in Russian)

5. Endzhievsky L.V. Karkasy" zdanij iz lyogkikh metallicheskikh konstrukczij i ikh e'lementy" :
uchebnoe posobie (Frameworks of buildings made of light metal structures and their elements:
textbook) / L.V. Endzhievsky, V.D. Nadelyaev, 1. Ya. Petukhova. - M., 1998 . — 247 p. (in
Russian)

6. Pritykin A.I. Razrabotka metodov rascheta i konstruktivny 'kh reshenij balok s odnoryadnoj i
dvukhryadnoj perforacziej stenki (Development of calculation methods and design solutions
for beams with single-row and two-row perforation of the wall): author. dis ... cand. tech.
sciences. - Kaliningrad, 2011. — 44 p. (in Russian)

7.  Pritykin A.I. Osobennosti rascheta perforirovanny'kh balok MKE" (Features of calculation of
perforated beams FEM) / A L Pritykin, A.V. Misnik, A.S. Lavrova // Izvestiya KSTU. - 2016.
-No. 43. —P. 249-259. (in Russian)

8. Matematicheskie metody' modelirovaniya tekhnicheskikh i biologicheskikh sistem s uchetom
otklonenij (Mathematical methods for modeling technical and biological systems taking into
account deviations) / S. A. Borzov, S. S. Nasonova, A. V. Polishchuk [and others]; ed. V.1
Olevsky. - D.: Publishing house Makovetskiy Yu.V., 2017. — 214 p. (in Russian)

9. Baiev S.V., Volchok D.L. Nonlinear oscillations of a prestressed concrete bridge beam
subjected to harmonic perturbation in the conditions of indeterminacy of parameters // Opir
materials and theory of construction Science and technology collection. V. 104. Kyiv 2020. —
P. 147-163

10. Baranenko V., Volchok D. Evaluation of the maximum axial force on a cylindrical shell
structure in terms of stability and strength using fuzzy quantities of chosen geometric
parameters // Roads and Bridges-Drogi i Mosty. -2016. - V. 15. -No. 1. - P. 71-81.

11. Daripasko, V.M. Prochnost' i ustojchivost’ dvutavrovy'kh e'lementov s perforirovannoj
stenkoj pri obshhem sluchae zagruzheniya (Strength and stability of [-beams with a perforated
wall in the general case of loading: author. dis. Cand. tech. Sciences: 05.23.01) / Daripasko
Vadim Mihaylovich - SPb., 2000. - 22 p. (in Russian)



ISSN 2410-2547 65
Omip matepianiB i Teopis copya/Strength of Materials and Theory of Structures. 2021. Ne 106

12. Kopytov, M.M. Mestnaya ustojchivost’ stenki perforirovannogo dvutavra (Local stability of
the wall of a perforated I-beam) / M.M. Kopytov, S.G. Yashin // Bulletin of TSUACE. - 2000.
-No. 1(2).—P. 152-158. (in Russian)

13. Litvinov, E.V. Prochnost' i ustojchivost’ stenki v linejno-perforirovanny'kh e'lementakh
stal'ny'kh konstrukezij s regulyarny'mi otverstiyami (Strength and stability of the wall in
linearly perforated elements of steel structures with regular holes: author. dis. Cand. tech.
Sciences: 05.23.01) / Litvinov Evgeniy Vladimirovich. - Novosibirsk, 2006. — 24 p. (in
Russian)

14. Olkov, Ya.l Nekotory'e rezul'taty’ optimizaczii stal'ny'kh balok s perforirovanny mi
stenkami (Some results of optimization of steel beams with perforated walls) / Ya.l. Olkov,
A.A. Mohammed // Fifth Ural Academic Readings - Yekaterinburg: URO RAASN, 2000. — P.
21-23. (in Russian)

15. Pritykin, A.I. Konczentracziya napryazhenij v balkakh s odnim ryadom shestiugol'ny'kh
vy'rezov (Stress concentration in beams with one row of hexagonal cutouts) / A.I. Pritykin //
Vestnik MGSU. -2009. - No. 1 — P. 118-121. (in Russian)

16. Pritykin, A.l. Mestnaya ustojchivost' balok-stenok s shestiugol'ny'mi vy'rezami (Local
stability of beams-walls with hexagonal cutouts) / A.L. Pritykin // Building mechanics and
calculation of structures. - 2011. - No. 1 — P. 2—6. (in Russian)

17. Pritykin, A.I. Raschet perforirovanny'kh balok (Calculation of perforated beams) / A.l
Pritykin. - Kaliningrad: Publishing house of KSTU, 2008 .- 308 p.

18. Reshenie problemy' vy'noslivosti podkranovy'kh balok pri tyazhyolom rezhime
e'kspluataczii (Solving the problem of endurance of crane girders under heavy operating
conditions: monograph) / K.K. Nezhdanov, A.K. Nezhdanov. - Penza: PGUAS, 2015 . — 124
p. (in Russian)

19. Alyamovsky A.A. SolidWorks Simulation. Inzhenerny'j analiz dlya professionalov: zadachi,
metody', rekomendaczii. (SolidWorks Simulation. Engineering analysis for professionals:
tasks, methods, recommendations). - DMK Press, 2015. — 562 p. (in Russian)

20. Nezhdanov, K.K. Sposob garantirovaniya zadannoj vy noslivosti K-obraznogo svarnogo shva
v podrel'sovoj zone stenki dvutavrovoj podkranovoj balki (A method for guaranteeing a
given endurance of a K-shaped weld in the under-rail zone of an I-beam crane girder [Text]) /
K.K. Nezhdanov, A.K. Nezhdanov, A.A. Kuzmishkin // Building mechanics and design of
structures. - 2008. - No. 1 - pp. 52-57. (in Russian)

21. Nezhdanov, K.K. Reshenie problemy' obespecheniya dostatochnoj vy'noslivosti i resursa
intensivno e 'kspluatiruyushhikhsya podkranovy'kh balok (Solution of the problem of
ensuring sufficient endurance and resource of intensively operated crane beams [Text]) / K.K.
Nezhdanov, A.A. Lashtankin, D.Kh. Kurtkezov // Construction mechanics and calculation of
structures. - 2013. - No. 5 — P. 41-47. (in Russian)

Cmamms naoditiwna 22.02.2021

Iezenygeit 10.1., Onescokuii B.1., Boruok /I.J1. Onescokuii O.B.
PO3PAXYHOK BJJOCKOHAJIEHUX CTAJIEBUX BAJIOK BYIIBEJIb I CIIOPY
TTPHAYO-METAJIYPITAHOI'O KOMILJIEKCY

B ocraHHI [AecATHNITTS Hecydi eneMeHTH OydiBenb 1 CIOpYX TipHHYO-METaaypriiiHoro
KOMIUIEKCY HOTPeOyIOTh PO3pOOKH HOBUX O1IbII e)eKTHBHUX KOHCTPYKTOPCHKUX PillieHb B 3B'I3KY 3
iHTeHCH(DIKALIEI0 TEXHOJNOTIYHUX IPOLECiB, 30UIBLICHHSIM TEMIICPATypPHUX HABAHTAXKEHb 1
arpecHBHOCTI cepenoBuia. OCHOBHUM HAIIPSIMKOM ITiIBUIIECHHS ¢()eKTUBHOCTI TAKHX EIEMEHTIB € 1X
KOHCTPYIOBAHHsI 3 €KOHOMHO JICFOBaHOI CTaJIi, IO A03BOJISIE 30UIBLIMTH Pecype CIOpYA i 3amobirTH
aBapiifHiCTh NPU 3HAYHOMY IIABHILEHHI TeMIIepaTypu. Y 3B'SI3Ky 3 THM, LIO JErOBaHi CTand MaloTh
O1IbII BUCOKI MEXaHIUHI XapaKTePHCTUKH MPH MiABHIICHUX TEMIIEPaTypax, BUHUKAE IMUTAHHS PO
CTBOPEHHSI MOJIETIIEHUX 0aJKOBHX KOHCTPYKLIH 3 TaKMX CTayel, 3HIDKCHHS iX MaTepiaJloMiCTKOCTI
1pH 30€pexKeHH] CTIHKOCTI 1 BTOMHOI MIIIHOCTI 0aJIoK, HAHOLIBII MEPCIIEKTUBHUM MPEICTaBIISETHCS
BUKOPHCTaHHSI 3BapHUX 0aJIOK 3 IepHOPOBAHOIO CTIHKOIO 1 CKJIAI0OBHX OaJIoK.

Po3riisiiaeThCss MUTAHHS CTBOPSHHS HaiOinbll e()eKTHBHOI (DOPMH IIOMEPEYHOro mepepizy
MeTajieBiX 0aJIOK 3 Mep(HOPOBAHOK CTIHKOKO 1 MIAKPAHOBUX 3BapHHUX OaliOK, a TAKOXK IMiAKPaHOBHX
6aJIoK MpH IMONEPEYHOMY BUTHHI 3 ypaxyBaHHSAM MILlHOCTi, MICLIEBOI CTIHKOCTi, CTIHKOCTI MIIOCKOL
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¢hopmu BuruHy i BromHol MirHocTi. ITokasaHo, 1o epekTHBHOI (opMoro Oaok 3 HephopoBaHOO
CTIHKOIO € KOopoOuaTa KOHCTPYKIList 3 mepopoBaHuX wiBesnepis. [IpoBeneHo po3paxyHoK aist BUGOPY
paLioHaNbHOI KOHCTPYKLIl, BHUIOTOBJICHOI 3 COPTAMEHTY TrapsdeKaTaHuX NpoQiiiB MIBeJepiB.
IToxazaHo, 10 32 PaXyHOK 3aCTOCYBAaHHs 3aIlPOIIOHOBAHOI (OpMH Iepepisy Moxke OYTH HOCSIrHYyTa
3HaYHA CKOHOMIsl BarM KOHCTPYKIUil. 3 ypaxyBaHHSM TPHUBHMIPHOI'O HAIpy»KEeHO-Ie(OPMOBAHOTO
CTaHy OL[iHEHa BTOMHA MILHICTh 3BAPHUX METAJICBHX MIAKPAHOBHX 0AJIOK, IO MPALIOIOTH Y BAXKKUX
ymoBax. Iloka3zaHa e(heKTHUBHICTP BHKOPHCTaHHS rapsdeKaTaHol ABOTaBPOBOI Oalku B SIKOCTI
BEPXHBOrO I10sica TAKHX 3BapHUX Oaiok. IIponeMOHCTpOBaHO HEOOXiOHICTH 3aCTOCYBAHHS
JIBOTABPOBOI rapsueKaTaHol Oajku i Jist 3a0e31eYeHHs] BTOMHOI MiLIHOCTI HHYKHBOTO 10sica.

3acTocyBaHHS 3alpPOIIOHOBAHOIO HAMM  paHille KOMOIHOBAHOIO METOAY PO3PaxXyHKY
KOHCTPYKILIH MPOMHCIOBUX OyAiBeNb i CIOPYA Ta BHKOPUCTAHHS SKOHOMHO JICTOBAHMX CTaleit
JI03BOJISIE CTBOPUTH HOBI KOHCTPYKIII BIANOBIIaJbHUX EJIEMEHTIB, IO JO3BOJSIOTH 3HU3MTH IX
MaTepialoOMICTKICTh 1 MiABHIMUTH pecypc. Ilomanbiui HOCHIHKEHHS MOXYTh OyTH NpOBeIEHI s
peasibHO TPOCKTOBAHUX OO'€KTIB 3 METOK iX 3[CLICBJICHHS 1 MiIBUIUCHHS HAIIMHOCTI mpH
eKCILTyaTalil B yMOBaX IipHUYO-METaTypriiHOro BUPOOHHUIITBA.

Kurrouogi ciroBa: Ganka, nepopoBaHa CTiHKa, eKOHOMIsl Barl, BTOMHA MILIHICTb.

Tezenygent 10. U., Onescxuii B.U., Bonuox /[.J1., Onesckuii A.B.
PACYET YCOBEPIIEHCTBOBAHHBIX CTAJIBHBIX BAJIOK 3[IAHUI U
COOPYKEHUI TOPHO-METAJTYPTHYECKOI'O KOMILIEKCA

B mocnemHHMe AECATHIICTHS —HECYLIME OJEMEHTBl 3JaHMA M COOPYXKEHHH TOpHO-
METAJUTyprUuecKoro KOMIUIEKCAa HYXIAIOTCI B pa3paboTKe HOBBIX Oosiee  3(D(PEeKTHBHBIX
KOHCTPYKTOPCKUX pEIICHHH B CBS3H C HHTCHCH(MKALMEH TEXHOJOTHYECKHX IPOLECCOB,
YBEJIMUEHHEM TEMIEPAaTypHBbIX HAarpy30K M arpecCUBHOCTH cpeibl. OCHOBHBIM HallpaBlICHHEM
ITOBBIICHU S 3(1)(1)CKTI/IBHOCTI/I TaKUX DJJICMCHTOB SBJIACTCA HMX KOHCTPYUPOBAHHUE K3 SKOHOMHO
JICTUPOBAHHOW CTajiM, 9YTO IO3BOJSIET YBEIMYUTh PECypC COOPYXKEHHH U HPerOTBPaTHTDH
aBapHﬁHOCTb IIpA 3HAYUTCIIBHOM IIOBBIIICHUN TEMIICPATYPhI. B CBA3H C TEM, YTO JICTUPOBAHHBIC
CTajM MMEIOT 0ojiee BBICOKHE MEXaHHYECKHE XapaKTEPUCTHKH MPHU IOBBILICHHBIX TEMIEpaTypax,
BO3HMKAET BOIPOC O CO3JaHHH OOJICTYCHHBIX OAJOUHBIX KOHCTPYKIMII U3 TAKUX CTaJel, CHUKCHUS
UX MaTEPHAJIOEMKOCTH TIPU COXPAHEHUH YCTOMYMBOCTH M YCTAJIOCTHON NPOYHOCTH Oasiok, Hanbosee
HEPCHEKTUBHBIM IIPECTABISICTCS UCIOIb30BAHUE CBAPHBIX 0aloK ¢ mephOpHPOBAHHOI CTCHKOH U
COCTaBHBIX 0aJIOK.

PaccmaTpuBaercss Bonpoc cosfaHus HanOosee 3(QPEeKTUBHOW (GOPMBI MONEPEYHOrO CEUCHHUS
METAJUIMYECKHX OAJIOK ¢ MepdOpHPOBAHHONW CTEHKOH M IOAKPAHOBBIX CBAapHBIX OAlloK, a TaKkke
MOJIKPAHOBBIX 0AaJOK IMpH IONEPEYHOM H3THOE C Y4eTOM IPOYHOCTH, MECTHOM yCTOWYHBOCTH,
YCTOWYHMBOCTH IJIOCKOH (pOpMBI M3rHba U yCTANOCTHOM MpovyHOocTH. ITokazaHo, 4To ek THBHOIM
dopmoit  Ganok ¢ nepdOpUPOBAHHON CTEHKOH sBISiCTCS  KOpoO4aras KOHCTPYKIHMS M3
nep()OpUpOBaHHBIX MIBEIUIEpOB. IIpoBereH pacuer s BbIOOpAa PAllMOHAIBHOW KOHCTPYKLIUH,
M3rOTOBJICHHOM M3 COpPTaMeHTa ropsuyeKaTaHbIx mpoduieil mBeswtepo. IlokasaHo, 4to 3a cuer
HPUMEHEHUS! TIPEIJIOKCHHON (OPMBI CEUCHHUSI MOKET OBITh JOCTHUI'HYTa 3HAYNUTEIbHAS SKOHOMHSI
Beca KOHCTPYKUMH. C y4eTOM TPEeXMEPHOIr0 HaIpsDKEHHO-Ae(OPMHUPOBAHHOIO COCTOSIHHS OLICHCHA
YCTAJIOCTHASI [IPOYHOCTh CBAPHBIX METAJUIMYECKHX MMOJKPAHOBBIX OAlIOK, pa0OTAIONMX B TSDKEIBIX
ycnoBusix. Ilokazana 3()(eKTHBHOCTb HCIOJIB30BAHMS TOPSYCKATAHOW [BYTaBpPOBOH Oainku B
Ka4yecTBE BEPXHEro Iosica TakuxX CBapHbIX Oanok. IIpomeMoHCTpHpOBaHa HEOOXOAUMOCTH
HNPUMEHEHUs JIByTaBPOBOH ropsidekaTaHo Oajku M Uil OOECHEeueHUs YCTaJIOCTHOW IPOYHOCTU
HIDKHET0 T0sIca.

[IprMeHeHNe MpeyIoKEHHOT0 HAMU paHee KOMOMHHPOBAHHOIO METOJA pacdyera KOHCTPYKILIHIl
IPOMBINUICHHBIX 3}13Hl/lﬁ u coopy)Kel-mﬁ U HCIOJIb30BAHUE DSKOHOMHO JIETHMPOBAHHBIX CTaJ'leﬁ
IMMO3BOJIIET CO34aTh HOBBIC KOHCTPYKUHUHA OTBETCTBCHHBIX JJIEMCHTOB, IMO3BOJIAKOIIME CHU3UTH HX
MaTepUaJIOEMKOCTh M MOBBICUTH pecypc. JlanbHelIme UcclieIoBaHusi MOI'yT ObITh IPOBEIACHBI IJIsS
p€ajlbHO NPOCKTUPYEMBIX 06’beKTOB C LCJIBbKO HUX YACUICBJICHUSA W IMOBBIIICHUSA HAACKHOCTU IIPU
9KCILTyaTALUHU B YCIOBUSIX FOPHO-METAJLLYPrHYECKOT0 TPOM3BOACTBA.

KuroueBble ciioBa: 6aska, HeppopupoBaHHasi CTCHKA, CHIDKCHHE BECa, YCTAIOCTHAS TPOYHOCTb.
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The paper considers parametric optimization problems for the steel bar structures formulated
as nonlinear programming ones with variable unknown cross-sectional sizes of the structural
members, as well as initial prestressing forces introduced into the specified redundant members of
the structure. The system of constraints covers load-bearing capacity constraints for all the design
sections of the structural members subjected to all the design load combinations at ultimate limit
state, as well as displacement constraints for the specified nodes of the bar system, subjected to all
design load combinations at serviceability limit state. The method of the objective function
gradient projection onto the active constraints surface with simultaneous correction of the
constraints violations has been used to solve the parametric optimization problem. A numerical
technique to determine the optimal number of the redundant members to introduce the initial
prestressing forces has been offered for high-order statically indeterminate bar structures. It
reduces the dimension for the design variable vector of unknown initial prestressing forces for
considered optimization problems.

Keywords: parametric optimization, redundant member, initial prestressing force, optimal
prestressing, sensitivity analysis, gradient projection method.

Introduction. The concept of pre-stressing steel structures is only recently
being re-considered, despite a long and successful history of pre-stressing
concrete members. In spite of having many advantages over pre-stressed
concrete, pre-stressed steel has not been popular due to the complexity and
ambiguity involved in analysis and design calculations and problems arising
due to application of external pre-stressing technique and fabrication [1].

Early work on the pre-stressing of steel structures was described by Magnel
[2] in 1950, where it was shown experimentally that improved economy can be
achieved by pre-stressing truss girders. More recent studies have explored the
behavior and design of pre-stressed steel beams [3], flooring systems [4],
columns [5, 6], trusses [7, 8] and space trusses [9]. Studies of the structural
response of sub-assemblies and the overall response of pre-stressed frames
with sliding joints have been also carried out [10], as has a numerical
investigation into the stress-erection process of such systems [11]. Each of the

© Yurchenko V. V., Peleshko I. D.
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above described studies identified potential economies and enhanced
performance through the use of pre-stressing [1].

A number of research works were dedicated to the optimization of pre-
stressed bar structures. Usually applied optimum design problems for the pre-
stressed bar structures are formulated as parametric optimization problems,
namely as searching problems for unknown structural parameters, whose provide
an extreme value of the specified purpose function in the feasible region defined
by the specified constraints [12]. For this purpose, research papers [13, 14, 15,
16] use mathematical programming methods where optimal design is divided
into several stages, where a search is completed at each stage after varying
values of a specific group of parameters. Introduction of such stage-by-stage
procedures may in many cases distort the conditions of optimization tasks.

In the papers [17, 18] an algorithm for searching for the optimum values of
the parameters of pre-stressed steel arch trusses with high-strength ties has
been developed. The problem in focus is to reduce the cost of the operating
trusses while taking into consideration the strength, stiffness and stability
constraints formulated according to design code requirements. The
optimization is performed via a genetic algorithm. The strain-stress state of the
structure variants is calculated basing upon the finite element method. The
feasibility of the suggested method was illustrated for optimal engineering of a
steel truss with a 60 m span, pre-stressed with a double-lay rope.

Pre-stress of the statically indeterminate bar system can be created by
introducing the initial pre-stressing forces into the redundant members of the
structural system. The number of initial pre-stressing forces introduced into the
bar system can be less or equal to the degree of static indeterminacy of the bar
system or the number of the redundant members.

Optimum distribution of the internal forces and material in the bar structure
corresponded to the least structural weight can be achieved by introducing
initial pre-stressing forces into the all redundant members of the bar system.
But economical efficiency caused by regulation of the internal forces should be
estimated taking into account additional costs required to create pre-stressing
in the structural system. The fewer the redundant members in the pre-stressing
process of the structure will be subject to initial deformations, the lower the
costs associated with creating pre-stressing in the bar system.

Complex high-order statically indeterminate bar systems with great amount
of the redundant members have lots of pre-stressing variants for them. For such
structures proposed numerical techniques to determine optimal pre-stressing
variant require a great amount of the calculations related to solving the
optimization problems for each pre-stressing variant or due to the high
dimension of the design variable vector for unknown initial pre-stressing forces.

In this paper, pre-stressed high-order statically indeterminate bar structure
is considered as research object. This object is being investigated to find the
optimal distribution of internal forces and material in the bar system.

Although many papers are published on the parametric optimization of the
pre-stressed bar structures, the development of a numerical technique to
determine the optimal number of the redundant members to introduce initial pre-
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stressing forces for high-order statically indeterminate bar structures remains an
actual task. Therefore, the main research goal is the development of numerical
algorithm to solve parametric optimization problems of the pre-stressed bar
structures with searching for the optimal number of the redundant members to
introduce initial pre-stressing forces. The following research tasks are states
accordingly: to propose a numerical technique to determine the optimal number
of the redundant members to introduce initial pre-stressing forces for high-order
statically indeterminate bar structures; to show by numerical examples that
proposed numerical technique ensures decreasing of the number of optimum
material and internal forces distribution problems that should be solved, as well
as reduction of the dimension for the design variable vector of unknown initial
pre-stressing forces for considered optimization problems.

1. Problem formulation for parametric optimization of steel structures.
Let us consider a parametric optimization problem of a structure consisting of
bar members. The problem statement can be performed taking into account the
following assumptions widely used in structural mechanic problems: the
material of the structure is ideal elastic; the bar structure is deformable
linearly; external loadings applied to the structure are quasi-static.

Let us also formulate the following pre-conditions for calculation: cross-
section types and dimensions of structural members are constant along
member lengths; external loadings are applied to the structural members
without eccentricities relating to the center of mass and shear center of its
cross-sections; an additional restraining by stiffeners are provided in the design
sections where point loads (reactions) applied with the exception of cross-
section warping and local buckling of the cross-section elements; load-carrying
capacity of the structural joints, splices and connections are provided by
additional structural parameters do not covered by the considered parametric
optimization problem.

A parametric optimization problem of the structure can be formulated as
presented below: to find optimum values for geometrical parameters of the
structure, member’s cross-section dimensions and initial pre-stressing forces
introduced into the specified redundant members of the bar system, which
provide the extreme value of the determined optimality criterion and satisfy all
load-carrying capacities and stiffness requirements. We assume, that the
structural topology, cross-section types and node type connections of the bars,
the support conditions of the bar system, as well as loading and pre-stressing
patterns are prescribed and constants.

The formulated parametric optimization problem can be considered
integrally using the mathematical model in the form of the non-linear
programming task including an objective function, a set of independent design
variables and constraints, which reflect generally non-linear dependences
between them. The validity of the mathematical model can be estimated by the
compliance of its structure with the design code requirements.

The parametric optimization problem of steel structures can be stated in the
following mathematical terms: to find unknown structural parameters
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X = {XZ}T, 1=1, N, , providing the least value of the determined objective
function:

S =X =min f(X), (1.1)
in a feasible region (search space) I defined by the following system of
constraints:

w(X) ={y,(X)=0|x=1N,}, (12)
o(X)={p,(X)<0|n=N,c LN}, (13)

where X is the vector of the design variables (unknown structural
parameters); f, ., ¢, are the continuous functions of the the vector

argument; X  is the optimum solution or optimum point (the vector of
optimum values of the structural parameters); f~ is the optimum value of the
optimum criterion (objective function); N,. is the number of constraints-
equalities (X), whose define hyperplanes of the feasible solutions; N o 18
the number of constraints-inequalities ¢, (X), whose define a feasible region

in the design space 3.
The vector of the design variables comprises of unknown geometrical

- T
parameters of the structure X ={XG’Z} , Xx=LN,,, unknown cross-

. e T
sectional dimensions of the structural members X, = {X Cs’a} ,a=1LN

as well as unknown initial pre-stressing forces X, = {X - ﬁ}r, B=LN,

introduced into the specified redundant members of the structure (see Fig. 1.1):

X = {‘X/G"X/CS"X/PS}T = {{XG,Z}’{XCS,a}’{XPS,[i}}T > (1.4)
where N, , is the total number of unknown node coordinates of the steel
structure; N, . is the total number of unknown cross-sectional dimensions of
the structural members, N, ,¢ is the total number of unknown initial pre-
stressing forces introduced into the specified redundant members of the bar
system, N, .+ Ny s+ Ny oo =N,

In cases when vector of the design variables X consists of unknown cross-
sectional dimensions only:

T
X=XCS={XCS,a} > (1.5)
then optimum material distribution problem (1.1)—(1.3), (1.5) for the steel
structure is under consideration. The vector of the design variables X can also

- T
consists of unknown initial pre-stressing forces X, = {X - ﬁ} s B=LNy s,

introduced into the specified redundant members of the structure:
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T

= - - T
Xz{XCS’XPS} ={{XCS,G}’{XPS,/5}} > (1.6)
where N, o+ N, ,c =N,. In cases when vector of the design variables X

consists of unknown cross-sectional dimensions and unknown initial pre-
stressing forces, then optimum material and internal forces distribution
problem (1.1) — (1.3), (1.6) for the steel structure is under consideration.

X G,3

Xes

XG.I

Xcss Xes3

Fig. 1.1. The unknown (variable) parameters of the structure considered as design variables

The specific technical-and-economic index (material weight, material cost,
construction cost etc.) or another determined indicator can be considered as the
objective function (1.1) taking into account the ability to formulate its

analytical expression as a function of design variables X .

Load-carrying capacities constraints (strength and stability inequalities) for
all design sections of the structural members subjected to all design load
combinations at the ultimate limit state as well as displacements constraints
(stiffness inequalities) for the specified nodes of the bar system subjected to all
design load combinations at the serviceability limit state should be included
into the system of constraints (1.2)—(1.3). Additional requirements whose
describe structural, technological and serviceability particularities of the
considered structure can be included into the system (1.2) — (1.3) as well.

The design internal forces in the structural members used in the strength
and stability inequalities of the system (1.2) —(1.3) are considered as state

variables depending on design variables X and can be calculated from the
following linear equations system of the finite element method [19]:

K(XG’XCS) X ZULS,k = ﬁULS,k(XG’XPS) , k= LN%S s (1'7)
where K(X,,X) is the stiffness matrix of the finite element model of the
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bar system, which should be formed depending on the unknown (variable)

cross-sectional dimensions of the structural members X, as well as
unknown (variable) node coordinates of the structure X;; By, (X o X pg) is

the column-vector of the node’s loads for k™ design load combination of the
ultimate limit state, which should be formed depending on unknown (variable)

-

initial pre-stressing forces X,;, as well as unknown (variable) node
coordinates of the structure X ; Zys, 1 the result column-vector of the node

displacements for k™ design load combination of the ultimate limit state,

Zrss = Lo (X oy X o, X pg) = 205, (X) 5 NI is the number of the design

ultimate load combinations. For each ;™ design section of ;™ structural
member subjected to k " ultimate design load combination the design internal
forces (axial force, bending moments and shear forces) can be calculated
depending on node displacement column-vector Z , .

The node displacement of the bar system used in stiffness inequalities of
the system (1.2) —(1.3) are also considered as state variables depending on

design variables X and can be calculated from the following linear equations
system of the finite element method [19]:

K(XG’XCS)XZSLS,k = ﬁSLS,k(XG’XPS) s k= LNLSéS > (1.8)

where P, (X »s) is the column-vector of the node’s loads for k™ design
load combination of the serviceability limit state, which should be formed
depending on unknown (variable) initial pre-stressing forces X s » as well as

unknown (variable) node coordinates of the structure X;; Z,,¢, is the result

column-vector of the node displacements for k™ design load combination of

the serviceability limit state, Zy,¢, = Zen, , (X s Xego X ps) = Ly, (X); Ni&

is the number of the design serviceability load combinations. For each m ™
node of the finite element model subjected to k™ serviceability design load
combination the design vertical and horizontal displacements can be calculated
depending on node displacement column-vector Zg , .

The system of constraints (1.2) — (1.3) should cover strength and stability
constraints formulated for all design sections of all structural members of the
considered steel structure subjected to all design load combinations at the
ultimate limit state. The following strength constraints should be included in
the system of constraints (1.2) —(1.3), formulated for all design sections,

Vi =1,_NDS, of all structural members, Vj=1,N,, subjected to all ultimate

load case combination, Vk =1, N, , namely:

- normal stresses verifications:
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(X
LICONSPPY (1.9)
Ryy.
- shear stresses verifications:
(X
LGNS P (1.10)
0.58Ry.

- as well as equivalent stresses verifications:

Oy (X) Ol (D) +3,(0)
1.15Ryyl, 1.15Ryyl,

1<0, (1.11)

where 0, (X) are Tk (X) are the maximum value of the normal and
shear stresses respectively caused by internal forces (axial force, bending
moments and shear forces) acting in i ™ design section of ;™ structural
member subjected to & ™ ultimate load case combination calculated from the
linear equations system of the finite element method (1.7); y, is the safety
factor [20]; R, is the design strength for steel member subjected to tension,
bending and compression; Ry, , 0.58R y, and 1.15R y, are allowable values
for normal, shear and equivalent stresses respectively [20]; N, is the number

of design sections in structural members; N, is the number of structural

members; 0, (X), Tk (X) and O v ik (X) are normal, shear and equivalent
stresses respectively at the specified cross-section point caused by internal
forces acting in i ™ design section of ;™ structural member subjected to & "
ultimate load case combination calculated from the linear equations system of

the finite element method (1.7). The maximum value of the normal o, ., (X)

m:

and shear stresses 7, .. (X), as well as normal O, (X), shear T ik (X) and

equivalent o, (X) stresses at the specified cross-section point should be

eqv,ijk
calculated depending on the variable geometrical parameters of the structure
X, , variable initial pre-stressing forces X,, and variable cross-sectional

dimensions of the structural members X, .
The following stability constraints should be included in the system of
constraints (1.2) —(1.3), formulated for all design sections, Vi=1,Np,

subjected to all ultimate load case combination, Vk =1, N/- ,

- flexural buckling verifications for all column structural members,
Vi=LNg, :

namely:

O-max,zf/‘k (‘X/) _
¢, ,(Xs. Xe5)R,7Y,

1<0, (1.12)
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O-max,zf/‘k (‘X/ ) _
(pz,j (XG 4 XCS )Ryyz‘
- torsional-flexural buckling verifications for all column structural

1<0; (1.13)

members, Vji=1,N, :
O-max,[/‘k (‘X/)

(pL‘,j (XG 4 XCS )Ryyl‘
- lateral-torsional buckling verifications for all beam structural members,

1<0; (1.14)

O-max,zf/‘k (‘X/) _
(pb,j (XG 4 XCS )Ryyl‘
where ¢, (X, X5) and ?.; (X.,X.) are column’s stability factors

1<0, (1.15)

corresponded to flexural buckling relative to main axes of inertia and calculated
depending on the design lengths / / cross-section type and cross-

ofy.j’ Tefzj?
section geometrical properties for the j ™ structural member [20]; (pL,’j()%( o> Xes)
is the column’s stability factor corresponded to torsional-flexural buckling and
calculated depending on the design lengths 7, ;. / / cross-section

type and cross-section geometrical properties for the j ™ structural member [20];

oz YT
Ny, is the number of column structural members; @, ; (X, Xo5) is the beam’s

stability factor corresponded to lateral-torsional buckling and calculated

depending on the design length /,, ., cross-section type and cross-section

geometrical properties for the j ™ structural member [20]; N oy 18 the number of
beam structural members. The flexural buckling factors ¢ (X4 X)) and
?.; (X, Xcs) » as well as torsional-flexural buckling factor (pL,’j()%( > X o) and
the lateral-torsional buckling factor ¢, (X;,X.5) should be calculated
depending on the variable geometrical parameters of the structure X, . and

variable cross-sectional dimensions of the structural members X .

The following buckling verifications for beam-column structural members
should also be included in the system of constraints (1.2) — (1.3), formulated for
all design sections, Vi=1,N,,, of all beam-column structural members,

subjected to all ultimate load case combination, Vk=1,N}5 ,

Vi=1LN,
namely:

CcM >

O-max,zf/‘k (‘X/) _

k77 1<), (1.16)
(pe,ijk (X)Rny
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O-max,[/‘k (‘XI)
(py j(XGaXcs)ci;k(X)R 7

where @, (X) and c, A(X ) are beam-column’s stability factors corresponded

-1<0, (1.17)

to in-plane and out-of-plane buckling and calculated depending on the internal
forces (ration of the bending moment to the axial force), as well as depending
on the design lengths [ / f ,» cross-section type and cross-section

geometrical properties for the ;™ structural member [20]; Ny, 1s the total

o v.j?

number of beam-column structural members, N, + N, +N,, =N,. The
beam-column’s stability factors ¢, (X) and i (X) should be calculated
depending on variable geometrical parameters of the structure X, ¢ » variable
cross-sectional dimensions of the structural members X, and variable initial

pre-stressing forces X, .

The following local buckling constraints should also be included into the
system of constraints:

A, (”CS>

22 1<0, 1.18
ﬂ'uw;( ) ( )
A, (Xg)

LI 22 1<0, 1.19
W,(X) (1.19)

where Iw’j(i o) and I i (X,s) are the non-dimensional slenderness of the

web and flange respectively of the cross-section for ;™ structural member;

(X) and lf (X) are the maximum values for corresponded non-

lm J
dimensional slenderness for column, beam and beam-column structural
members calculated depending on the internal forces (ration of the bending
moment to the axial force), as well as depending on the design lengths /

l,.;, cross-section type and cross-section geometrical properties for théf yj]th
structural member [20]. The non-dimensional slenderness Iw’j(i o) and
ZN()? cs) should be calculated depending on the variable cross-sectional
dimensions of the structural members X, only. At the same time, the
maximum values for corresponded non-dimensional slenderness 2, m,’j(f( ) and
)_W’j(f( ) should be calculated depending on the variable geometrical

parameters of the structure X, and variable cross-sectional dimensions of the

structural members X, and variable initial pre-stressing forces X .
The system of constraints (1.2) — (1.3) should also cover the displacements
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constraints (stiffness inequalities) for the specified nodes of the considered
steel structure subjected to all design load combinations at the serviceability
limit state. The following horizontal and vertical displacements constraints
should be included into the system of constraints (1.2) — (1.3), formulated for

all nodes, Vmm=1,N,, , of the steel structure subjected to all serviceability load

case combination, Vk =1,N;:* , namely:
%f()— 1<0, (1.20)
LECS NPy (1.21)
where 6, (X) and 0. 4 (X) areh’the horizontal and vertical displacements

respectively for/ ™ node of the steel structure subjected to & ™ serviceability
load case combination calculated from the linear equations system of the finite
element method (1.8); &,,, and &, , are the allowable horizontal and vertical

displacements for /™ structural node; N, is the number of nodes in the

considered steel structure.

Additional requirements, whose describe structural, technological and
serviceability particularities of the considered structure, as well as constraints
on the building functional volume can be also included into the system (1.2) —
(1.3). In particular these requirements can be presented in the form of

constraints on lower and upper values of the design variables, Vi=1,N, :

X

1--L<0, (1.22)
l

X

X—L’,—ISO, (1.23)

4
where X/ and X are the lower and upper bounds for the design variable X, .

The parametric optimization problem stated as non-linear programming
task by (1.1) —(1.3) can be successfully solved using a gradient projection
non-linear methods [21] in cases if the purpose function and constraints of the
mathematical model are continuously differentiable functions, as well as the
search space is smooth [22, 23]. The method of objective function gradient
projection onto the active constraints surface with simultaneous correction of
the constraints violations ensures effective searching for solution of the non-
linear programming tasks occurred when optimum designing of the building
structures [24, 25]. Additionally, a sensitivity analysis is a useful optional
feature [26] that could be used in the scope of numerical algorithms which are
developed based on the gradient methods.

2. A numerical algorithm to determine optimal pre-stressing variant of
bar structures. A certain 3 " pre-stressing variant V, ofthe bar structure can
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be definitely described by the set of redundant members
r, ={rﬁ’”},y =1,_NRM’,;, and by the value of the initial pre-stressing force

Xps introduced into these members, V,= {rﬁ,XPS’ﬁ} = {{rﬁ’#},XPS’ﬁ}a

uzl,_NRMﬁ here N, , is the number of redundant members for J ® pre-
stressing variant V.
The set of the pre-stressing variants is
B ={Vﬁ} ={rﬁ,XPS’ﬁ}, B=1,Ny . In general case, the number of such
variants equals to the redundancy of the bar system. The number of initial pre-
stressing forces introduced into the bar system can be less or equal to the
degree of static indeterminacy of the bar system or the number of the
NX,PS
redundant members N, , namely Z N g SNpg -
p=1
The dimension S of set B can be significantly reduced taking into
account the symmetry of the considered structural form. The design variables
vector X ={X PS’/}}, B=1,N, ,c of the unknown (variable) initial pre-
stressing forces for the considered bar system is formed according to set
B= {Vﬁ}, B=1,Ny p , of the pre-stressing variants.
An optimal pre-stressing variant for the considered structure can be defined
as a combination of some pre-stressing variants V, c B and presented as

subset @ ={V, |V, €B}, 5 =L,N, ., N, . SN, ., ® B, accordingly.
In the beginning set @ represented the optimal pre-stressing variants is

® =, vector of the initial pre-stressing forces is X »s =0 . At each iteration

of the proposed algorithm one of the pre-stressing variant V, € B is included

into the set @, and the optimum material and internal forces distribution
problem (1.1)—(1.3), (1.5) in the bar system should be solved.

Let us introduce in further consideration the following function (2.1) that
estimates both understressing and overstressing in term of longitudinal stresses

for all structural members of the bar system [27]:
NI.(' NR NI)S

Ss ZZZZ([G]_GX,M()?))Z > (2.1

k=1 j=1 i=l
where o, is the design value of the local longitudinal stress due to the
bending moments and the axial force calculated in i ™ design section for ;™
structural member subjected to & ™ load case combination; N, is the number
of the design sections in structural members; N, is the number of the

structural members; [cr] ~ is the maximum allowed longitudinal stresses.

X,
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An order of the consecutive including of the pre-stressing variants
V, = {rﬁ,XPSﬁ} = {{rﬁ’ﬂ},XPS’ﬁ}, U =1,_NRM’ﬁ, from set B into set ® can be
defined by the values of the components of the gradient vector for function S_

(2.1) with respect to the variable pre-stressing parameters X . Pre-stressing

m,u

variant V, = {rm,XPS’m} = {{r },XPS’M} eB, u= l,_NRM’m , with maximum
value of the gradient of the function S_ (2.1) related to the number of redundant
members N, should be included into set @ first of all. Consecutive
including of the pre-stressing variants from set B of the pre-defined pre-
stressing variants into set @ represented the optimal pre-stressing variants
should be performed until the regulation of the internal forces in the structure
under consideration leads to desired decrement of the objective function.

Let us presented the following algorithm to find optimal number of the
redundant members for introducing initial pre-stressing forces into the
redundant members of the bar structures.

Step 0. n=0 is the number of optimisation problems solved. The optimal
number of the redundant members to introduce the initial pre-stressing forces
for considered bar system is N,,, =0. The degree of static indeterminacy of

the bar system is N, .

Step 1. A searching problem for optimum cross-section sizes of the
considered structure without initial pre-stressing forces in the redundant
members is formulated and solved in the continuum space of the unknown
cross-sectional sizes X s only, namely optimum material distribution problem
(1.1)—=(1.3), (1.5) for the bar system is formulated and solved. As a result

those optimum cross-section sizes X, , of the structural members, whose

provide the least value f, of the objective function (1.1) and satisfy the
system of constraints (1.2) — (1.3) are defined. The number of optimization
problems solved should be incremented, n < n+1.

Step 2. The set of the pre-stressing variants

B= {Vﬁ} = {rﬁ,XPS’ﬁ}, B=1,Ny s , of the bar system is pre-defined by the

designer. The number of redundant members N, , for each pre-defined pre-
stressing variant V, = {rﬁ,X,,Sﬁ} = {{rﬁ’ﬂ},X,,S’ﬁ}, U =1,_NRM’ﬁ, should not

exceed the degree of static indeterminacy of the bar system N,

Ny p S Npg - Auxiliary vector Yo ={XPS’/3 | Xps p € Vﬁ}, B=1LNy s, of
the unknown initial pre-stressing forces is formed according to set B . Start
zero value for each component X, , of vector Y,, should be assigned.

Step 3. Set of the optimal pre-stressing variants is @ =J. Vector of the
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design variables corresponded to initial pre-stressing forces is X 2
Step 4. Vector for the gradient of function S_ (2.1) is calculated for all

variable pre-stressing parameters (unknown initial pre-stressing forces) Y s

oS
Vsoz{aX" } V Xy € Ps,ﬂ—lNXPS. (2.2)
PS.p
Step 5. Whichever pre-stressing variant vV, = {r X g m} =
= {{rm’y},XPS’m} eB, u= I,_NRM’M , meets the following criteria:
1 oS

. | — max (2.3)

NRM,m aA/PS,W[

should be included into the further consideration, here N is the number of

RM ,m

redundant members where initial pre-stressing force X is introduced,

PS,m
Niviw < Npg - If there are no pre-stressing variants with number of redundant
members N, . less than the number of degree of static indeterminacy of the
bar system N, , then moving to step 10 should be executed.

Step 6. Unknown initial pre-stressing force X corresponding to pre-

PS,m

stressing variant V, should be added to the design variable vector X
XPS n <_X +{XPS,W1} .

Step 7. The optimum material and internal forces problem (1.1)—(1.3),
(1.5) is formulated and solved in the continuum space of the unknown cross-
sectional sizes and unknown initial pre-stressing forces. Those optimum values

PS.,n >

for cross-sectional sizes X, s, and optimum values for initial pre-stressing

¥ ¥ T .
forces X, are defined, X, = {X csas X PS”} , whose satisfy the system of

constraints (1.2) — (1.3) and provide the least (extreme) value of the objective
function f, (1.1). The number of optimization problems solved should be
incremented, n<n+1.

ﬁ72

Step 8. 1f ”‘>.9 where ¢, &£=1.05..1.10, is the desired

n-1
decrement of the objective function value caused by introducing initial pre-
stressing force X, in the redundant members r, of the m ™ pre-stressing

variant sz{rm,XPS’m}z{{r },XPS’m},y=l,NRM’m, then @« O+V, ,

m,p
?PS <« ?PS _{XPS,m}‘

Optimal number of the redundant members to introduce the initial pre-
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stressing forces into the considered bar system is increased as
Ny < Ny + Ny, - The degree of static indeterminacy of the bar system is

NDSI <_NDSI_NRMm'

ﬁ72 f;7l

n-1

Step 9. Introducing the initial pre-stressing force X

Moving to step 4 should be performed. In opposite

case, when < &, then moving to step 9 should be performed.

ps.n into the r,
redundant members of the bar system is not effective. Returning to the
previous optimum solution should be executed, X, <~ X |, f < f.,. The
number of optimization problems solved should be decremented, n < n—1.
Step 10. Optimal number of the redundant members to introduce the initial
pre-stressing forces into the considered bar system is N,,. Number of
optimization problems solved is . Optimum material and internal forces
distribution corresponds to design variables vector X " and objective function

value f, .

3. Results and discussions. The efficiency of the proposed numerical
algorithm is presented to define the optimal number of the redundant members
for introducing initial prestressing forces into the bar system, considering
parametric optimization of a cross-beam structure (see Fig. 3.1).

mo\m%é/ug %/QB
N N ><3 22?43

e T T
| o ><>< RS
Can ] ./ ./ —

>
<S
— 3 =

ey,
Fig. 3.1. Design scheme of the cross beam structure with node and bar numbers

The cross-beam structure is subjected to the distributed dead and live loads
with characteristic value ¢ =25.44t/m. Applied loadings on the considered
cross-beam structure are transmitted using mezzanine beams arranged with
step 1m.

For considered cross-beam structure, steel with the following material
properties is used: design resistance R, =240 MPa, modulus of elasticity

E =2.1x10° MPa, Poisson's ratio in elastic stage v=0.3 and unit weight
y = 7800 kg/m’. For all structural members welded I-beam cross-section type is
used.

Sufficient shear buckling resistance for all beam webs has been assumed
ensuring by intermediate transverse and longitudinal stiffeners arranged
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according to the design code requirements [20].

Cross-section sizes for all beams have been assigned as the same, in order
to have load-carrying capacity reserves in the structure, which can be further
utilized by prestressing. In practice, such bearing capacity reserves may exist
due to requirements of unification, restrictions on the assortment range of
rolled steel profiles, etc. It should be noted that there is no need for
prestressing, in cases when tapered structural members are used for considered
cross-beam structure.

According to item 1 of the algorithm presented above the optimum material
distribution problem (1.1)—(1.3), (1.5) has been solved for specified initial
data. Cross-sectional sizes of the cross-beam structure were considered as

design variables X os =(h,, . b, 1, )", where h, is the beam web height, 7,
is the beam web thickness, b, is the beam flange width, ¢, is the beam flange

thickness. The material weight G was considered as the objective function
(1.1):
G(X5)=y(h,t,+2bt,)L —min, (3.1)
where L is the overall length of all beams in the structure, L =144 m.
Load-bearing capacities constraints (strength and stability inequalities) for
all design sections of the structural members subjected to all design load
combinations at the ultimate limit state have been included into the system of
constraints. The following strength constraints have been considered,

formulated for all design sections, Vi =1,_NDS, of all structural members,

Vj =1,_NB, subjected to one ultimate load case combination, k£ =1, namely

normal stresses verifications (1.9), shear stresses verifications (1.10), as well
as equivalent stresses verifications (1.11). The lateral-torsional buckling
constraints (1.15) have been also considered, formulated for all design sections

Vizl,_NDs of all structural members ijl,_NB according to the

requirements [20], where the reduction factor for lateral-torsional buckling has
been determined based on the cross sectional properties depending on the

variable cross section sizes X ¢ and takes into account the distance between

lateral restraints equals to 1m. The local buckling constraints (1.18) — (1.19)
with the maximum values for corresponded non-dimensional slenderness

Do
uw, j
constraints, as well as vertical displacements constraints (1.21) for specified
(all internal) nodes of the cross-beam structure with the allowable vertical

displacement 6., = 80 mm.

=3.5 and /Tu ;; =0.5 have been also included into the system of



ISSN 2410-2547 83
Omip marepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2021. Ne 106

X .

nd . .
(a) — 1" pre-stressing variant (b) — 2™ pre-stressing variant

Pag
(c) — 3™ pre-stressing variant

(g) — 7" pre-stressing variant

Fig. 3.2. Pre-stressing variants for the cross beam structure by:
(a) — (d) — lowering external supports;
(e) — (g) — vertical shifting of the beam relative to each other at their mutual intersections

The dimensions of the considered optimum material distribution problem
were 4 design variables and 388 constraints. Optimum continuous cross-

sectional sizes [cm] X[, _, =(207.2560, 2.0211, 79.7388, 2.6526)" for all

beams of the cross-beam structure corresponded to the material weight
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G:,W:O =94.5647 ton of the structure has been obtained for the case when the

number of redundant members to introduce initial pre-stressing forces equals
to zero, N,, =0. There were 98 active constraints in the optimum point
including strength constraints (1.9) formulated for 6™ and 7™ structural
members (see Fig. 3.1), as well as local buckling constraints (1.18), (1.19)
formulated for all design sections of all structural members. The set of linear-
independent constrains included 3 constraints only, namely 2 local buckling
constraints (1.18), (1.19) for 1% structural members and strength constraint
(1.9) for 7" structural member (see Fig. 3.1).

The set of the pre-stressing variants for considered cross-beam structure

B= {Vﬁ} = {rﬁ,XPS’ﬁ}, Jij =m, Ny ps =7, has been pre-defined (see
Fig. 3.2) according to item 2 of the algorithm presented above. The
corresponded auxiliary vector fPS = {X,,Sﬁ | Xps p € Vﬁ}, Jij =m, of the
unknown initial pre-stressing forces with start zero values for all components

X 5 5 were formed, Yo = (X XpspreeXpg 7 )T = (0.0,0.0,...,0.0)T .

PS.1°

According to item 3 the vector for the gradient of function S_ (2.1) has
been calculated for all variable pre-stressing parameters (unknown initial pre-
stressing forces) ¥,, when variable cross-section parameters X, (unknown
cross-sectional sizes) of the cross-beam structure have been fixed at the level
of X5 =Xgg,, _, (see Table. 3.1).

An order of the consecutive including of the pre-stressing variants
vV, = {rm,XPS’m} = {{r },XPS’m}, u =l,_NRM’m, from set B of the pre-defined

m,u
pre-stressing variants into set @ represented the optimal pre-stressing variants
has been determined based on the values of the criteria (2.3) (see Table 3.1).

According to item 6 of the algorithm presented above the unknown initial
pre-stressing force X, corresponded to the pre-stressing variant V, has
been added to the design variable vector first of all, X <« X+X
X =(h,, t, b, 1, Xps,) .

The optimum material and internal forces problem (3.1), (1.9), (1.10),
(1.11), (1.15), (1.18), (1.19), (1.21), (1.6) has been formulated and solved in
the continuum space of the unknown cross-sectional sizes and unknown initial
pre-stressing forces. Optimum continuous cross-sectional sizes [cm] for all
beams of the cross-beam structure and initial pre-stressing force [t]:

X, _, =(202.5226, 1.9750, 77.9167, 2.5920, ~59.1910)",

PS,2

corresponded to the material weight G,, _, =90.2934 ton of the structure has

R =2
been obtained for the case when the number of redundant members to
introduce initial pre-stressing forces X, =—59.1910 ton is N, =2 . There
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were 102 active constraints in the optimum point including strength constraints
(1.9) formulated for 6™, 7", 17", 18" 19™ and 20" structural members (see
Fig. 3.1), as well as local buckling constraints (1.18), (1.19) formulated for all
design sections of all structural members. The set of linear-independent
constrains included 5 constraints (that is equal to the number of the design
variables), namely 3 strength constraints (1.9) for 19", 20™ and 7™ structural
members (see Fig. 3.1), as well as web local buckling constraint (1.18) for 2™
structural member and flange local buckling constraint (1.19) for 1% structural
member. Introducing the initial pre-stressing force into the redundant members
of the cross-beam structure according to the second pre-stressing variant (see
Fig. 3.2 (b)) has been ensured the material economy y po3mipi 4.73%
comparing to the weight of the cross-beam structure without pre-stressing.

Table 3.1

Determination of the order of the consecutive including of the pre-defined pre-
stressing variants into the set of optimal pre-stressing variants

Pre- Number Of 1 .ia) pre- | Components
i redundant . oS Criteria

stressing members stressing o 107 23) Order
variant, J| r,, NRM,ﬁ force X Ps.p Ps.p

1 2 Xy 8.1133 4.0566 2

2 2 X 8.1170 4.0585 1

3 4 X s 5 ~7.7961 1.9490 3

4 4 X ~71.7877 1.9469 4

5 4 Xpss 3.0895-107 | 0.7723-107 | 6

6 4 Xps o 2.6861-10" | 0.6715:107 | 7

7 2 X ps 3.0895:107 | 1.5448:10% | 5

On the second iteration of the searching process for optimal pre-stressing
variant of the cross-beam structure the unknown initial pre-stressing force
X, corresponded to the pre-stressing variant V; has been added to the

by, t XPS,Z’ XPS,I)T'

X=(h,t,b,t,

The optimum material and internal forces problem (3.1), (1.9), (1.10), (1.11),
(1.15), (1.18), (1.19), (1.21), (1.6) has been formulated and solved in the
continuum space of the unknown cross-sectional sizes and unknown initial
pre-stressing forces. Optimum continuous cross-sectional sizes [cm] for all
beams of the cross-beam structure and initial pre-stressing forces [t]:

*

)?Nwﬂ =(195.9161, 1.9105, 75.3726, 2.5074, —66.6490, —67.4819)T,

design variable vector X « X +X PS>

W

corresponded to the material weight G,, _, =84.4959 ton of the structure has

*
R =4
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been obtained for the case when the number of redundant members to
introduce  initial ~ pre-stressing  forces = X, =-66.6490ton  and

Xpg, =—67.4819ton is N, =4 . There were 106 active constraints in the

optimum point including strength constraints (1.9) formulated for 2™, 3™, 6™,
7% 10", 11", 14™, 15™, 22™ and 23™ structural members (see Fig. 3.1), as well
as local buckling constraints (1.18), (1.19) formulated for all design sections of
all structural members. The set of linear-independent constrains included 5
constraints (that is less than the number of the design variables), namely 3
strength constraints (1.19) for 6", 22™ and 10" structural members (see Fig.
3.1), as well as web and flange local buckling constraint (1.18), (1.19) for the
1™ structural member. Introducing the initial pre-stressing force into the
redundant members of the cross-beam structure according to the second (see
Fig. 3.2 (b)) and first pre-stressing variants (see Fig. 3.2 (a)) has been ensured
the material economy 11.9% comparing to the weight of the cross-beam
structure without pre-stressing and material economy 6.86% comparing to the
weight of the cross-beam structure with second pre-stressing variant only.

On the third iteration of the searching process for optimal pre-stressing
variant of the cross-beam structure the unknown initial pre-stressing forces
Xpg,; and X, corresponded to the pre-stressing variant V; (see Fig. 3.2 (¢))

and V, (see Fig. 3.2 (d)) respectively have been added to the design variable

X = (hw’ L b/s t‘/ > XPS,Z’ XPS,I’ XPS,3’ XPS,4)T .
The optimum material and internal forces problem (3.1), (1.9), (1.10), (1.11),
(1.15), (1.18), (1.19), (1.21), (1.6) has been formulated and solved in the
continuum space of the unknown cross-sectional sizes and unknown initial
pre-stressing forces. Optimum continuous cross-sectional sizes [cm] for all
beams of the cross-beam structure and initial pre-stressing forces [t]:

*

)?NW:‘* =(195.7524, 1.9089, 75.3101, 2.5053,

vector X « X +X 5, + Xy,

—46.3229,-47.2695, 19.4231, 20.9016)T,
corresponded to the material weight G;,W: 4 =84.3553 ton of the structure has

been obtained for the case when the number of redundant members to
introduce initial pre-stressing forces Xy, =—46.3229 ton,

Xpg, =—47.2695ton, X, =194231ton  and X, , =20.9016ton is

N,,, =12 . There were 108 active constraints in the optimum point including

strength constraints (1.9) formulated for 2", 3™, 6", 7, 10, 11" 14", 15",
18" 19™ 22™ and 23" structural members (see Fig. 3.1), as well as local
buckling constraints (1.18), (1.19) formulated for all design sections of all
structural members. The set of linear-independent constrains included 6
constraints (that is less than the number of the design variables), namely 4
strength constraints (1.9) for 7", 19", 11™ and 15" structural members (see Fig.
3.1), as well as web and flange local buckling constraint (1.18), (1.19) for the
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1* structural member. Introducing the initial pre-stressing force into the
redundant members of the cross-beam structure according to the second (see
Fig. 3.2 (b)), first (see Fig. 3.2 (a)), third (see Fig. 3.2 (c)) and forth (see
Fig. 3.2 (d)) pre-stressing variants has been ensured the material economy
12.10% comparing to the weight of the cross-beam structure without pre-
stressing and material economy 0.17% comparing to the weight of the cross-
beam structure with previous first and second pre-stressing variants only.

Since, decrement of the objective function value is less than 1% comparing
to one for considered structure with previous pre-stressing variants, so
introducing the initial forces into the redundant members according to 3™ and
4™ pre-stressing variants (see Fig. 3.2 (c), (d)) is not effective. Searching for
optimal pre-stressing variant of the considered cross-beam structure can be
finished. Thus, the optimal pre-stressing variant of the considered cross-beam
structure consists of the 1% and 2" pre-stressing variants (see Fig. 3.2 (a), (b))
and can be created by lowering external 2™, 5 8™ and 11" supports. The
optimal number of the redundant members for introducing the initial pre-
stressing forces is 4 respectively.

In order to define the optimal pre-stressing variant for considered cross
beam structure three optimum material and internal forces distribution
problems only have been solved with the number of variable initial pre-
stressing forces 1, 2 and 3 respectively.

As it has been shown by presented numerical example, proposed numerical
technique to determine the optimal number of the redundant members to
introduce initial pre-stressing forces ensures decreasing of the number of
optimum material and internal forces distribution problems that should be
solved, as well as reduction of the dimension for the design variable vector of
unknown initial pre-stressing forces for considered optimization problems.

Conslusion. A numerical technique to determine the optimal number of the
redundant members to introduce initial prestressing forces has been offered for
high-order statically indeterminate bar structures. An idea to form an optimal
prestressing variant for the considered bar structure by consecutive
introduction of the initial prestressing forces into the redundant members and
subsequent solving of the optimum material and internal forces distribution
problems has been suggested. An order of the consecutive including of the
initial prestressing forces into the redundant members can be defined by values
of the components of the gradient vector for the function that estimates both
under-stressing and overstressing in term of longitudinal stresses for all
structural members of the bar system with respect to the variable prestressing
parameters.

The suggested numerical technique to determine the optimal number of the
redundant members to introduce initial prestressing forces provides the
reduction of the dimension for the design variable vector of unknown initial
prestressing forces for considered optimization problems.
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FOpuenko B. B., Ilenewrxo 1. /1.
ONTUMAJIBHA KIJIBKICTH 3ANBUX B’SI3EM J1J11 BBEJEHHS 3YCHJIb
MNONEPEJHbOI'O HAIIPYKEHHSI METAJIEBUX CTEP)KHEBUX CUCTEM

VY cTaTTi po3riIsaacThes 3a1a4a napaMeTpHYHOl ONTHMI3alii METAICBUX CTEPIKHEBUX CHCTEM,
IpEACTABIICHA K 3a4ada HENiHIHHOro MporpaMyBaHHs 31 3MIHHUMHU (HEBIZOMHMMHM) pO3MipaMu
HONMEPEYHHX TePepi3iB eIEeMEHTIB KOHCTPYKLII, a TAKOXK 3yCHJUISIMH IONEPEAHBOr0 HAPY)KEHHS,
0 BBOAATHCS y BU3HAYeHi 3aiiBi B’si3i crepkHeBOi cucreMu. CucremMa OOMEXCHb OXOIUIIOE
0OMEKEHHS HeCy4ol 3AaTHOCTI, 10 (GOPMYITIOIOTHCS IS YCIX PO3PaxyHKOBUX IEpepi3iB Hecydnx
@IIEMEHTIB KOHCTPYKLIl, 1[0 Hiusirae Iii ycix po3paxyHKOBHX KOMOiHALili HaBaHTaXXEHb IEPLIOL
Ipyld TpaHUYHUX CTaHIB, a TAKO)X OOMEKEHHs IEPEMilllcHb BHU3HAYCHUX BY3IIB CTEPIKHEBOL
CHCTeMH, IO mijmirae Ol yciXx po3paxyHKOBHX KOMOIHALifi HaBaHTAXKEHb OPYroi TIpynu
IPaHHYHHX cTaHiB. {1 po3B’sI3Ky 334adi HapaMeTPHYHOI ONTHMI3allii BUKOPHCTOBYBABCS METOT
HpoeKii rpagieHTa GyHKLIl METH Ha MOBEPXHIO aKTHBHUX OOMEKEHb 3 OJHOYACHOIO JIIKBigalieo
HEB'SI30K B TOPYLICHHX OOMexeHHsx. Jlos CKiaaHuX 6araTo pa3 CTaTHYHO HEBH3HAYCHHX
CTEP)KHEBHX CHCTEM 3allPOIIOHOBAHA YHCEJIbHA METOANKA BHU3HAYCHHS ONTHMAJbHOI KiIBKOCTI
3aliBUX B’si3€l JUIsl BBEACHHS 3yCHIIb [IOIEPEIHBOI0 HAIIPYKEHHS.

KarouoBi ciioBa: mnapaMerpuyHa ONTHMi3allis, 3aiiBa B’s3b, 3YCHJUIS [ONEPEAHBOrO
HANpY)KeHHs, ONTHUMAJbHEC IONMEPEIHE HANPYKCHHS, aHali3 YyTJAMBOCTI, METOJ HPOCKLil
rpajieHTa.

Yurchenko V. V., Peleshko 1. D.
OPTIMAL NUMBERS OF THE REDUNDANT MEMBERS FOR INTRODUCING
INITIAL PRE-STRESSING FORCES INTO STEEL BAR STRUCTURES

The paper considers parametric optimization problems for the steel bar structures formulated
as nonlinear programming ones with variable unknown cross-sectional sizes of the structural
members, as well as initial prestressing forces introduced into the specified redundant members of
the structure. The system of constraints covers load-bearing capacity constraints for all the design
sections of the structural members subjected to all the design load combinations at ultimate limit
state, as well as displacement constraints for the specified nodes of the bar system, subjected to all
design load combinations at serviceability limit state. The method of the objective function
gradient projection onto the active constraints surface with simultaneous correction of the
constraints violations has been used to solve the parametric optimization problem. A numerical
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technique to determine the optimal number of the redundant members to introduce the initial
prestressing forces has been offered for high-order statically indeterminate bar structures.

Keywords: parametric optimization, redundant member, initial prestressing force, optimal
prestressing, sensitivity analysis, gradient projection method.

FOpuenko B. B., Ilenewxo U. /1.
ONTUMAJIBHOE KOJUYECTBO JIMIIHUX CBA3EM /1151 BBEIEHUSA YCUAJIUANA
MNPEJABAPUTEJIBHOI'O HANIPSIXKEHUSI METAJIVIMYECKUX CTEPXKHEBBIX
CUCTEM

B cratbe paccMoTpeHa 3ajiaua apaMeTpUUeCcKOd ONTUMU3ALUU METAJUIMYECKUX CTEPHKHEBUX
cHCTEM, NpPEACTAaBIECHHAs Kak 3ajaya HEJIMHEHHOro MNpOrpaMMHUPOBAHMS C IE€PEMEHHBIMU
(HEM3BECTHBIMH) pa3MepaMH IIONEPEYHBbIX CEYCHUH DJIEMEHTOB KOHCTPYKLHH, a TAKKE YCHUIMH
HPEJBAPUTENIBHOIO HAINPSHKEHHs, KOTOPbIE BBOASTHCA B  ONPEICICHHbIE JIMIIHUE CBS3H
cTep)KHEeBOW cucreMbl. CUCTeMa OrpaHUYEHHI OXBATHIBACT OrPaHUYEHHs HECYIIEH COCOOHOCTH,
chopMyIMpOBaHHBIE M1 BCEX PACUCTHBIX CCUCHHMIl HECYLIMX OJIEMEHTOB KOHCTDPYKIIMH,
HOUIeKAILEH AEHCTBUIO BCEX PACYETHBIX KOMOMHALMH Harpy3oK MEpBOW IPYIIIbl NPEEIbHBIX
COCTOSIHUH, @ TaK)Ke OrPaHUYEHUS NEPEMEILEHUI ONpPEIEICHHbIX Y3JI0B CTE€PXKHEBOH CHCTEMBI,
HOJUIeXKAIIEeH JeHCTBHIO BCEX PACUCTHBIX KOMOWHAIIMN HArpy30K BTOPOW TPYMIBI HpPEHeIbHBIX
coctossHuil. [l peuieHus 3ajaud  NapamMeTpUuecKOW ONTUMH3ALMU  HCIOJIB30BAJICS METOJ
IPOCKLMK TIpajueHTa (GYHKIMH LETH Ha I[IOBEPXHOCTh AKTHBHBIX OrPAaHWYCHUH IpH
OJJHOBPEMEHHOW JIMKBUIALMH HEB’ 430K B HapYIICHHBIX OrPaHUYCHUsX. J[J1s CIIOKHBIX MHOTO pa3
CTaTHYECKH HEONPEIEIEHHbIX CTEP)KHEBBIX CHUCTEM IPEMJIOKEHA UHCIEHHas METOAUKa
OIpEeIeHUs] ONTHMAIBHOIO  KONMYECTBA JIMIIHUX  CBisI3efl sl BBEACHHUS  YCHIIMH
HPEIBAPUTENBHOIO HAIPSKEHUSL.

KaroudeBble  cioBa: napaMerpuyeckas  ONTHMHU3ALMSLJMIIHAS ~ CBA3b,  yCWIIUE
HPEBAPUTENBHOIO  HAIPSDKEHMS, ONTHMAJIbHOE IIPEIBApUTENbHOE  HANpPsHKEHHE, aHAIU3
4yBCTBUTEIIbHOCTH, METO/L IIPOEKLIUH I'PAJJUEHTA.

YK 624.04, 519.853

FOpuenko B. B., Ilenewxo I. /] OnTuMajbHa KiIBKICTb 3aiiBUX B’si3eil ISl BBeJleHHsl 3yCHJIb
TONEPETHbOT0 HANPY)KEeHHsI MeTaJeBUX CcTepkHeBHX cucTeM // Omip MarepianiB i Teopis
criopyn: Hayk.-Tex. 30ipH. — K.: KHVBA, 2021. — Bumn. 106. — C. 68-91.

Y cmammi posensoacmuvcsa 3adava napamempuunoi onmumizayii Memanesux cmepilcHesux
cucmem, npedcmaeneHa K 3a0a¥a HeNiHIllHO20 NpPOSPAMYBAHHs 3i 3MIHHUMU (He8IOOMUMU)
po3Mipamu nonepeunux nepepizié eremMenmie KOHCMpPYKyii, a maxoic 3yCuiisamu nonepeoHb020
HANPYIICEHHS, WO B6005IMbCA Y GU3HAYeni 3ausi 6 131 cmepoicnesoi cucmemu. Cucmema obmedicetsv
OXONTIOE OOMECEHHS HECYUOT 30amHOCH, WO HOPMYTIOIOMbCsL 01 YCIX PO3PAXYHKOBUX Nepepisie
Hecyuux enemenmie KOHCmpyKyii, wjo nionaseac Oii ycix po3paxyHKosux KoOMOIHaAyil HA6aAHMAadNCeHb
nepwioi Spynu  SPaHUYHUX CMAHIG, A MAKOJC OOMEJCeHHs nepeMiyeHb GUHAYEHUX Y36
cmepoicHesol cucmemu, wo nionseae Oii yCix po3PaAxXyHKOSUX KOMOIHAYI HABAHMAMCEHb OpY2oi
epynu epanudnux cmanie. J{is po3e’a3ky 3a0aui napamempuyHoi onmumizayii 6UKOpUCmoe8y8ascs
Memoo npoexyii 2padienma (QYHKYii Memu Ha NOSEPXHIO AKMUBHUX OOMENCeHb 3 0OHOYACHOI
JKBIOayiclo Hes 130K 8 Nopyuwlenux oomedcennsx. s ckwaonux 6azamo paz cmamuiHo
HeBUSHAYEHUX — CMEepICHe8UX CUcmeM 3anpONnOHO8AHA  HUCENbHA MeMOOUKA  GUSHAYEHHS
ONMUMAnbLHOT KITbKOCmI 3ai6ux 8 sazell 0Jis 66e0eHHsl 3yCUb NONEPEeOHbO20 HANPYICEHHS.

In. 3. Ta6x. 1. bi6mior. 27 Ha3s.

VK 624.04, 519.853

Yurchenko V. V., Peleshko I. D. Optimal numbers of the redundant members for introducing
initial pre-stressing forces into steel bar structures // Strength of Materials and Theory of
Structures: Scientific-and-technical collected articles — Kyiv: KNUBA, 2021. — Issue 106. — P. 68-
91.

The paper considers parametric optimization problems for the steel bar structures formulated
as nonlinear programming ones with variable unknown cross-sectional sizes of the structural
members, as well as initial prestressing forces introduced into the specified redundant members of
the structure. The system of constraints covers load-bearing capacity constraints for all the design
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sections of the structural members subjected to all the design load combinations at ultimate limit
state, as well as displacement constraints for the specified nodes of the bar system, subjected to all
design load combinations at serviceability limit state. The method of the objective function
gradient projection onto the active constraints surface with simultaneous correction of the
constraints violations has been used to solve the parametric optimization problem. A numerical
technique to determine the optimal number of the redundant members to introduce the initial
prestressing forces has been offered for high-order statically indeterminate bar structures.

Figs. 3. Tabs. 1. Refs. 27.

V]IK 624.04,519.853
FOpuenko B. B., Ileaewxo Y. J]. OnTHMajabHOe KOJHYECTBO JHIIHHUX CBsI3eii 111 BBedeHUs
YCWJIMIi NpPeIBAPUTEJILHOTO HANPSIKEHUs] METAJJIMYECKHX CTep:KHEBBIX cucTeM //
CoIpOTHBIIEHHE MATEPUAIIOB M TEOPHs COOPYXKEeHHit: Hayd.- Tex. coopH. — K.: KHYCA, 2021. —
Bein. 106. — C. 68-91.

B cmamve paccmompena 3a0aya napamempuyecKkon ONMUMUAYUU  MEMALTUYECKUX
CMEPIICHeBUX  CUCEM, NPeOCMAGNeHHAsl KAK 3d0aud HeIUHEUHO20 NpOSPAMMUPOSAHUs C
nepemMeHHbIMU (HeU36eCMHbIMU) PA3MEPAMU NONEPEUNbIX CeYeHUll INeMEHN08 KOHCMPYKYUU, d
maxaice yCunull npedsapumenbHo20 HAnpsdICeHusl, KOmopbvie 6600AMbCsl 8 ONpeodeieHHble TUUHUE
ceasu  cmepoicnegoll  cucmemvl. Cucmema 0panuyeHull 0X6amwvléaen OPaAHUdeHuss Hecyuell
cnocobnocmu,  copmynruposannvle O 6CeX PACHEMHBIX CEYEHUl HeCYWUx IIeMeHmog
KOHCmMpYyKyuu, nooaedicaujeli 0etcmsuio 6cex pacuemubix KOMOuHayutl Hazpy30K nepeol epynnvl
nPeoenbHbIX  COCMOSAHUL, a  MAKJCe O02PAHUYEHUsT NepeMeujeHull  ONnpeoeleHHbIX Y3708
CMePIHCHesOl  cucmempl, Nooaexcaujell Oelcmeuio 6cex PAacuyemublx KOMOUHAYUL HA2PY30K
6mMopoil epynnol NPeOeIbHbIX COCMOSHUL. [[isl peuleHus: 3a0ayu napamempuieckoi. OnmuMu3ayuu
UCNONL30BANCS MemOO NPOeKyuu 2paoueHma @yHKyuu yeau HA NOSEPXHOCHb  AKMUBHBIX
ocpanuyeHull npu 0OHOBPEMEHHOU JUKSUOAYUU He6 SI30K 6 HAPYUWIEHHbIX ozpanuyenusx. [l
CNIOJICHBIX MHO20 pa3 CMAMU4ecku HeonpeOeieHHbIX CIMEPIICHEGbIX CUCMEM NpednodiceHa
YUCTIEHHAs, MEMOOUKA ONpedeNeHusi ONMUMATBHO20 KOIUYeCmea TUWHUX C6in3ell 0N 66e0eHUs.
yeunuil npeosapumenbHo20 HanpNCeHus.
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METHOD AND THE SEMI-ANALYTICAL FINITE
ELEMENT METHOD FOR PRISMATIC BODIES WITH
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In this paper, a numerical study of the convergence of solutions obtained on the basis of the
developed approach [1, 3, 4, 5] is carried out. A wide range of test problems for bodies with smoothly
and abruptly varying physical and geometric characteristics in elastic and elastic-plastic formulation
are considered. In all cases, the semi-analytic finite element method is not inferior in approximation
accuracy, and in some problems it is 1.5-2 times superior to the traditional method of scheduling
elements. finite element method.

Keywords: finite element method (FEM), semi-analytical finite element method (SAFEM),
finite element (FE), stress-strain state, physical and geometric nonlinearity, elastic and elastic-
plastic deformation, curvilinear prismatic bodies.

Introduction. The approach developed within the framework of the semi-
analytical method to study the stress-strain state of inhomogeneous curvilinear
prismatic bodies, taking into account physical and geometric nonlinearity,
requires substantiation of its effectiveness in relation to the traditional FEM and
confirmation of the reliability of the results obtained on its basis.

The main indicators that allow comparing the SAFEM and FEM include
the rate of convergence of solutions with an increase in the number of
unknowns and the amount of charges associated with solving linear and
nonlinear equations. For the considered class of problems, the convergence is

determined by such factors as the nature of the change along 7% of the
geometric and mechanical parameters of the object. The uneven distribution of
mechanical characteristics is associated with the presence of the initial
heterogeneity of the material, the development of plastic deformations, and the

© Bazhenov V.A., Horbach M.V, Martyniuk 1.Yu., Maksimyuk O.V.
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dependence of material properties on temperature. The same factors also affect
the convergence of the iterative process, since the conditionality of the
SAFEM matrix depends on them. In order to determine the area of effective
application of SAFEM, a wide range of test cases are considered.

Convergence of SAFEM and FEM for bodies with a smooth change
along the coordinate of expansion of geometric and physicomechanical
characteristics. The comparison of the convergence of solutions with an
increase in the number of unknowns was carried out by assessing the accuracy
of the obtained solutions in relation to the reference ones, which were taken as
the results of other authors or those obtained by the FEM.

A comparison is made of the convergence of SAFEM and FEM for bodies
with a smooth change along the decomposition coordinate in the geometric and
physicomechanical characteristics, which does not lead to significant local
features in the distribution of the parameters of the stress-strain state.

Consider the elastic equilibrium of a bar (Fig. 1), the lower surface of which
is described by a parabola, and, therefore, its height is a smooth continuously

function of the coordinate Z° :
h(Z¥)=hy—0,4(Z2>)2. (1)
The boundary conditions at the ends Z Y= land 2% =1 correspond to the
support on diaphragms that are absolutely rigid in the plane and flexible from it:
U')z¥ =+1=06%Y 7% =x1=0. )
To simulate the conditions of plane deformation in this and other test
examples, a layer of finite thickness was distinguished in the Z 2 direction,

which was approximated by one FE, fixed from displacements along U 7

JIVAS)

hy=0,11m

0,10 m

Fig. 1

Loading is carried out on the upper surface of the body with a uniformly
distributed load. In the calculations, a unit load intensity g=1 and a unit modulus
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of elasticity were taken. To obtain a reference solution, the finite element
discretization of the object was used, one of the variants of the finite element
mesh is shown in Fig. 1 to the left of the axis of symmetry. Studies on
convergence (Table 1) showed that it is enough to use 144 FE, since a further
increase in their number leads to a slight change in the result. Studies of the
influence of the number of retained members of the series m; were carried out

with a fixed number of elements along Z r equal to 8.

Table 1
m Vs % Vo %
25 1.535-10° 33 9.109-10° 5.2
81 1.579-10° 0.6 9.503-10° 1.1
169 1.588-10% - 9.608-10° -

The character of the SAFEM convergence is shown in Fig. 2 in the form of a
graph (solid line), reflecting the dependence of the error in calculating the

maximum relative displacement (Vrll'ax =U,ax/Ho )s By =0.11m on the number

of retained expansion terms in the third direction. To compare the efficiency of
the polynomial and piecewise linear approximation, the dotted line in the same
figure shows the FEM convergence graph. As we can see only the three terms of
the expansion ensures that the result is only 3,6% different from the reference,
while the use of three nodes of the FEM mesh region leads to more than 2 times
the percentage of error.

g %
- - —-- FEM
‘\ SAFEM
6
\
\
A
\
4 \
. A
: N
~
~
" ~
- ~
"~ -
- = - - -
U J
3 4 5 6 7 8 ms

Fig. 2

Approbation of the methodology for calculating prismatic bodies with
smoothly varying physical and mechanical parameters and the study in this case
of the rate of convergence of solutions are given on the problem of elastic
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equilibrium of a prismatic bar, the modulus of elasticity of which changes
according to the law:

EZY) = Ey (B - ED|Z°), 3)

Ey =2.1-10° MPa, E; =1.4-10°MPa.

In Fig. 3 shows the geometric dimensions of the beam, as well as the division
into finite elements for z't
FEM and SAFEM. The
boundary conditions at ¥
the ends of the body
are  determined in
accordance with (2).
The object is loaded on
the upper surface with
a uniformly distributed ,
load of unit intensity. +Z

The reference -« 0.10m
solution was obtained Fig. 3
by the finite element method using 169 nodes of the grid region (Table 2). When
comparing the convergence of the SAFEM [3, 5] and the FEM in the Z'
direction, the approximation was carried out by 8 finite elements.

0,10 m

Table 2
iy 0 2' 0
m Vmax A) Vmax A)
25 1.517-1072 3.3 8.762-1073 52
81 1.557-107 0.6 9.239-107 1.1
169 1.565-1072 - 9.373-107° -
Graphs of changes in the error 6
in determining the maximum o\ T——FEM
_ . v 5|\ ——SAFEM
relative displacements U \
depending on the number of 4 \
unknown m; are shown in Fig. 4. \
The character of convergence is N
observed, similar to that obtained 2 =
earlier for bodies with variable o
geometry. \\;:::
Convergence of SAFEM and
FEM for inhomogeneous 3 4 5 6 ? g m 3

curvilinear prismatic bodies with Fig. 4

various types of inserts, notches

and holes. At this stage, we will consider inhomogeneous curvilinear prismatic
bodies with various types of inserts, cuts and holes. The geometric and
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physical characteristics of such structures are described by piecewise
continuous functions. Since the presence of concentrators leads to a local
redistribution of stresses, then to approximate objects of this type, it is required

to increase the number of retained expansion terms.
To assess the effect of the notch depth on the convergence of the FEM and
SAFEM, the problem of stretching a strip weakened by notches, the shape of
which is described

. * A by an arc of radius z
Ay with a  gradual
— E —-= - — increase in the notch
-] P E - depth, was solved.
- i i o R B Calculation scheme
o shown in Fig. 5. The
- ~ - width of the strip is
- = D= 0,2 m, its length
— N — is 0,4m, and the
L=0.4m , length of  the
Fig. 5 : concentrator [ is
taken equal to 0,1 m.

D is the width of the neck.

The concentration factor is defined as the ratio of the maximum stresses
acting in the weakened section of the sample to the nominal stresses

K, = Jmax @)
Unom
The nominal stresses o, are found by the formula:
P
Onom — ﬁ’ (5)

where P=¢q-D.
Concentration coefficients, calculated on the basis of calculated SAFEM
data for D/d varying in the range from 1 to 2, are compared with those

obtained in [6]. Based on the results shown in Table 3, we can conclude about
the reliability of the solutions obtained, since the percentage of the error in
calculating K, by the semi-analytical finite element method in relation to the

reference value for cutouts of various depths does not exceed 2,0%.

Table 3
D/d L 1.1 1.54 2
SAFEM 1,01 1,215 1,44 1,485
K, FEM 1,0 1,23 1,46 1,51
% 1 1,2 1,4 1,65

For the limiting case of a strip with semicircular notches, the convergence
of the FEM and SAFEM solutions to the reference one is compared [6]. Table
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4 shows the change in the error in calculating o with an increase in the

max

accuracy of approximation by Z ¥

Table 4
SAFEM FEM
m3 o-max % o-max %
7 2.81 7.1 2.73 9.8
9 3.01 0.3 2.9 4
13 2.97 1.6 2.98 1.3

In this test case, both methods, for an equal number of unknowns, yield
solutions with the same accuracy.

The comparison of the rate of convergence of solutions for the traditional
and semi-analytical FEM variants with a stepwise change in the elastic
modulus was carried

out using the example Z'; Ry
of elastic deformation 12 ol

of a rectangular plate _

with a square insert 0.8 _

(Fig. 6). Solutions to 2

the  problem  are 04

obtained  with a /

gradual decrease in the 0

elastic modulus of the 2 4 6  IgEu/E o

insert material £ from
the initial value E, (the
modulus of elasticity of the plate material), up to the formation of a hole.

A uniformly distributed load is applied to two opposite sides of the plate,
intensity ¢ = 1. The reference solution was obtained by the finite element

Fig. 6

method with a grid uniformly in the Z " and Z* directions and a total number
of nodes equal to 247. The solution of the SAFEM problem was carried out

using 12 elements in the Z ! direction.

A study of the convergence of the resulting stresses on the notch contour
(point A) with a decrease in the elastic modulus of the insert from £, to 0 and
keeping the value of the elastic modulus of the plate material to the reference
solution obtained by the FEM for a plate with a square hole was carried out.
When the ratio of the elastic moduli of the material and the insert is equal to 4
orders of magnitude, the values of the considered parameters of the stress-
strain state are already quite close to the reference ones (Fig. 6).

When modeling cuts bounded by coordinate planes, a region with a zero
elastic modulus, the question of satisfying the natural boundary conditions on
the free surface of the inner contour becomes important for substantiating the
reliability of the results.
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Consider the stress distribution in finite elements passing through the

cutout. The o

11

33

graphs are shown in Fig

1.0

0.3'3*
0.8

o
0.6

0.4

02

0.25

0625 77

I

L

=
L

|
——
———|

[T

— —FEM
——SAFEM

0.75

Fig. 8

. 7. indicate that the boundary

conditions on the free
surface are satisfied,
since when approaching
the contour of the hole,
the wvalue of stresses
tends to zero. To confirm
the results obtained by
semi-analytical methods
when calculating a plate
with a square hole, let us
compare  the  stress
diagrams in different
sections with the stresses
determined in [2].

Good consistency is
observed between those
shown in Fig. 8
diagrams.

The results of the
study of the convergence
of the results of SAFEM
and FEM, depending on
the number of retained
members of the row in

the direction Z* for a
body with a square cut
are presented in table 5.

The data presented indicate that SAFEM allows obtaining results with a higher
accuracy than the traditional finite element method with the same number of

unknowns.
Table 5
SAFEM FEM
" Vs % Vi %
4 7.645-107° 2.6 7.452-107° 5.2
7 7.913-107° -0.8 7.737-107% 1.44
10 7.920-107° -0.9 7.806-107° 0.6
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The nature of the stress-strain state of a plate with a cut depends on its

linear dimensions. In Fig. 9 shows the stress diagrams o'' in the section

passing through the Z 3 axis when the length of the cut / is changed.

'] ¥ ]
+23 1Z27 +23
N
i
‘ .
g S :
i -— -— 3 -—
7 7 7
3 3!
Iz | ~
ﬁ %?:
‘?’-__;
— 0123|4567
SN
072365/
|
8
i
. 3
- - —— - - — -
Z” ZJ'
Fig. 9

Solid lines correspond to the solution obtained by the SAFEM, dashed
lines - to the FEM. Both methods give similar results. With the ratio I/L = 5/6
the diagram o'!" is linear and the flange can be calculated as a restrained
beam. In this case, in order to achieve a given accuracy with both FEM
variants, it is required to
keep the same number of %
approximating functions in 4/

. 12
the Z* direction Fig. 10.

As you can see, when & — |
considering prismatic bodies
ith pi ise-contin 0
wit piecewise-continuous o " e

variation of geometric and
physical-mathematical Fig. 10
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parameters, the accuracy of approximating displacements by polynomial
expansion is not inferior, and in some cases even exceeds piecewise-linear

approximation.

The presence of plastic deformations further complicates the picture of the
stress-strain state, further complicates the picture of the stress-strain state of

A comparison of the convergence of the SAFEM and the FEM in this case

the object.
1z"
priir ey
=]
[¥2]
S| E
S| %
S
7
T otsm | |
0.10 m
Fig. 11

was carried out using the
example of elastic-plastic
deformation of an infinite
strip of rectangular cross-
section with a notch
(Fig. 11). The strip is
under the influence of a
load evenly distributed
over the wupper surface
g =0.5t,. The boundary
conditions at the ends are

taken in the form (2).
The data in Table 6,

the values of the maximum relative displacements obtained by the finite
element method allow us to conclude that the solution using 289 nodes of the
grid region can be taken as a reference.

Table 6
iy 0 3 0
mn Vinax 70 Vo %
25 1.460-1072 33 ~1.075-1072 5.2
81 1.508-107 0.6 ~1.129-1072 1.1
169 15191072 0.6 ~1.144-1072 1.1
289 1.523-1072 - ~1.149-107 -
10 . .
% ~——FEM Convergence studies were carried
8 T SAFEM out for a fixed number of elements
\\ along Zly, equal to 13. Graphs of
6 changes in the error in determining
\ | the maximum displacements of the
¢ N SAFEM and FEM for the elastic-
- plastic solution are shown in Fig. 12.
2 — )
N S A The character of convergence is
0 | ] observed, similar to that obtained for
4 5 6 7 8 9 m> 10 the elastic solution.
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Consequently, the accuracy of approximation of displacements in solving
problems of elastic and elastic-plastic formulation for the finite element
method and its semi-analytical version has the same order of magnitude.

When considering the convergence of semi-analytical [3, 5] and traditional
finite element methods for a wide class of curvilinear prismatic objects with
variable physical and mechanical characteristics and a rather complicated law
of geometry change in problems of elastic and elastic-plastic equilibrium, the

accuracy of the polynomial approximation of displacements in the Z ¥
‘direction is not inferior, and in some cases even exceeds the piecewise linear
approximation.

Conclusion. The use of SAFEM makes it possible to obtain solutions for
objects with smoothly varying geometric and physical parameters of a given
accuracy with a smaller number of unknowns than FEM. As shown earlier, the
rate of convergence of the iterative process of solving systems of linear and
nonlinear equations of the SAFEM [1, 4] by the method of block iterations is
an order of magnitude higher than the rate of convergence of solutions of FEM
systems. Thus, the efficiency of SAFEM - based solution of elastic and elastic-
plastic problems for a new wide class of structures - curvilinear prismatic
bodies of complex configuration with variable physical and mechanical
parameters in the presence of cuts and holes exceeds the efficiency of using
traditional FEM.
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Baoscenos B.A., l'opbau M.B., Mapmuniox 1.FO., Makcum ok O.B.

3BIJKHICTh METOJA CKIHUEHUX EJIEMEHTIB I HAINIBAHAJIITUYHOI'O
METOJY CKIHYEHUX EJIEMEHTIB U151 IPUSMATUYHHUX TIJI 3
NEPEMIHHUMU ®I3UYHUMU I TEOMETPUYHUMU NAPAMETPAMU

B po6oTi BUKOHAHO YHCENIbHE NOCITIIKEHHS 30DKHOCTI pO3B’si3aHHS, OACPKYBaHHX Ha 0asi
po3pobuienoro migxoay [1, 3, 4, 5]. Po3risiHyTO MIMPOKE KOJIO TECTOBUX 3aBaHb JUIS T 3 IJIABHO
1 cTprOKONOAIOHO 3MiIHIOBaHMMH (Hi3HYHMMH Ta FEOMETPUYHUMH XapaKTEPHUCTUKAMH B HPYXKHIH i
HPY)KHO-TIJIACTHYHIM 1mocTaHOBIi. Po3pobiieHuii B paMKax HarliBaHaIiTHYHONO METOAY IMiAXix 10
JIOCTIZKEHHST HAIPY)KCHO-1e()OPMOBAHOr0 CTaHY HEOJHOPIOHUX KPUBOJIHIHHUX HPHU3MATHIHUX
TN 3 ypaxyBaHHSAM (i3MYHOI 1 TEOMETPHYHOI HENiHIHOCTI BHMarae OOIpYyHTYBaHHS HOro
edexTuBHOCTI N0 BigHomieHHIO 10 TpaauuiiHoro MCE 1 miaTBepIkeHHS JOCTOBIPHOCTI
OJIep)KyBaHUX Ha HOro OCHOBI Pe3yJIbTATIB.

JIo 4ncia OCHOBHHIX ITOKa3HHKIB, 1O 103BOJIsIFOTh HpoBectd 3icraBienHs HMCE i MCE,
BIHOCATBCS LIBUAKICTH 30DKHOCTI PO3B’s3aHHSA NP 30UIbIICHHI YMCIa HEBIAOMHX 1 0Ocsr
00YHCIICHHS, [IOB’3aHHUX 3 PO3B’sI3aHHs JIHIHUX 1 HEMHIHUX PiBHsHB. [ pO3rISIHYTOrO Kiacy
3amay  30DKHOCTI BH3HAYAETHCS TakMMHM (AKTOpaMu, SIK XapakTep 3MIiHH Y3HOBXK Z
TEOMETPUYHHX 1 MeEXaHIYHHX mapaMerpiB 00’exta. HepiBHOMIpHHMH pO3MOAIN MeXaHIYHUX
XapaKTepUCTHK MOB’S3aHO 3 HAsBHICTIO MMOYATKOBOI HEOMHOPIAHOCTI Martepiany, PO3BHTKOM
IUTACTHYHUX AehOopMalliii i 3aJeKHICTIO BIACTUBOCTEH MaTepiany Bif Temnepartyp. Li s daxropu
BIUIMBAIOTH 1 Ha 30DKHICTB iTepauifiHOro mporecy, OCKIJIbKH Bill HHX 3aJI©KUTh OOYMOBIICHICTh
matpuui HMCE. 3 meroro Bu3HaueHHst obusiacti edexruBHoro 3acrocyBannsi HMCE posrisiHyTo
IIPOKE KOJIO KOHTPOJIBHUX HPHKJIIAIIB.

V BCiX BUNaAKax HaliBaHAIITHYHUNA METOJ] CKIHYCHUX €JIEMEHTIB [0 TOYHOCTI anpOoKCHMaIlii
HE [IOCTYNAEThCs, @ B JEAKHUX 3a1a4yax B 1.5-2 pasu mepeBepluye TpaauLiiHAH METOA CKIHUYCHHX
€JICMEHTIB.

Kiaro4oBi cjioBa: Meroj CKIHUEHHHMX €JIEMEHTIB, HAIiBAaHAIITHYHOrO METOJ CKiHYCHHX
CNIEMEHTIB, CKIHYCHHH eJIeMEHT, HampyxeHo-IehopMoBaHMil cTaH, (i3uyHa I reoMeTpuyHa
HEJIHIHHICTB, IPYXKHE 1 IPYKHO-IUIACTHYHE Ae(OpMyBaHH, KPUBOIIHIHHI IPU3MATHYHI Tina.

Bazhenov V.A., Horbach M.V., Martyniuk I.Yu., Maksimyuk O.V.

CONVERGENCE OF THE FINITE ELEMENT METHOD AND THE SEMI-
ANALYTICAL FINITE ELEMENT METHOD FOR PRISMATIC BODIES WITH
VARIABLE PHYSICAL AND GEOMETRIC PARAMETERS

In this paper, a numerical study of the convergence of solutions obtained on the basis of the
developed approach [1, 3, 4, 5] is carried out. A wide range of test problems for bodies with
smoothly and abruptly varying physical and geometric characteristics in elastic and elastic-plastic
formulation are considered. The approach developed within the framework of the semi-analytical
method to study the stress-strain state of inhomogeneous curvilinear prismatic bodies, taking into
account physical and geometric nonlinearity, requires substantiation of its effectiveness in relation
to the traditional FEM and confirmation of the reliability of the results obtained on its basis.

The main indicators that allow comparing the SAFEM and FEM include the rate of
convergence of solutions with an increase in the number of unknowns and the amount of charges
associated with solving linear and nonlinear equations. For the considered class of problems, the
convergence is determined by such factors as the nature of the change along Z°' of the geometric
and mechanical parameters of the object. The uneven distribution of mechanical characteristics is
associated with the presence of the initial heterogeneity of the material, the development of plastic
deformations, and the dependence of material properties on temperature. The same factors also
affect the convergence of the iterative process, since the conditionality of the SAFEM matrix
depends on them. In order to determine the area of effective application of the SAFEM, a wide
range of test cases are considered.

In all cases, the semi-analytic finite element method is not inferior in approximation accuracy,
and in some problems it is 1.5-2 times superior to the traditional method of scheduling elements.
finite element method.

Keywords: finite element method, semi-analytical finite element method, finite element,
stress-strain state, physical and geometric nonlinearity, elastic and elastic-plastic deformation,
curvilinear prismatic bodies.

Baoscenos B.A., l'opbau M.B., Mapmuiniox U.FO., Makcumiok O.B.
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CXOAUMMOCTb METOJIA KOHEYHbIX 3JIEMEHTOB U
MNOJYAHAIUTUYECKOI'O METOJJA KOHEYHBIX QJIEMEHTOB J1JI51
NPU3MATUYECKHUX TEJ C IEPEMEHHBIMU ®U3NYECKUMU U
IFEOMETPUYECKUMMU TAPAMETPAMU

B pa6oTe BHIIOIHEHO YHCICHHOE HCCISI0BAHHE CXOAUMOCTH PELICHHUS, T0JIydyaeMbIX Ha 6ase
paszpaborannoro noxaxona [1, 3, 4, 5]. PaccMOTpeH IIMPOKHI KPyr TECTOBBIX 3ajay /s TEI C
IUIABHO U CKaUYKOOOPa3HO MEHSIOMMMCS (PU3HICCKUMU H FE€OMETPHICCKUMH XapaKTEePUCTHKAMH B
YHpyroil M ynpyro-rulacTUYecKoi IocTraHoBke. Bo Bcex ciyuasx MOJIyaHaJIMTHUECKUI MeETOx
KOHEYHBIX 3JICMEHTOB 110 TOYHOCTH alllIPpOKCUMALMU HE YCTYIACT, a B HCKOTOPBIX 3a/ladyax B 15—2
pa3a npe€BOCXOAUT TpaLlMl.lMOHHblﬁ METO/] KOHCYHBIX 3JICMCHTOB.

Kﬂm‘lelﬂ)le CJIoBa: MCETOA KOHCYHBIX 3JIEMCHTOB, IOJIYAaHAJIUTUYCCKOrO0 METOA KOHECYHBIX
9JIEMEHTOB, KOHCUHBIH OJJIEMEHT, HANPsHKEHHO-Ie)OPMHPOBAHHOE COCTOSHUE, (U3MYEcKast U
reOMETpUYECKass HEIMHEWHOCTh, yNpyroe MW  YIPYro-lulacTuueckoe jehOopMHpOBaHHME,
KPUBOJIMHEHHbIE IIPU3MAaTHYECKUE TENA.

YK 539.375

Bascenos B.A., l'opbau M.B., Mapmuniox 1.IO., Makcum tox O.B. 30iHicTh MeTOAa CKiHYEHHX
eJIeMEeHTIB i HamiBaHAJITHYHOr0 MeTO1y CKiHUeHHX eJIeMeHTIB AJIs MPU3MATHYHHX TiJa 3
nepeMiHHHMH (i3muHAMH i reoMeTpmuHMMH napaMerpamu // Omip MatepiaiiB i Teopis
criopyn: Hayk.-Tex. 30ipH. — Kuis: KHYBA, 2021. — Bum. 106. — C. 92-104.

B pobomi 6ukoHano uucenvbHe O0CHIONCEHHS 30IHCHOCMI PEe3VyIbmamis, 00epuCy8anux Ha 0azi
po3pobnenozo nioxody [1, 3, 4, 5]. Posensanymo wupoke Koo mMecmosux 3aedanv ONs Mil 3
nAasHO i cMpuOKONOOIOHO 3MIHIOBAHUMY (DIZUUHUMU MA 2COMEMPULHUMU XAPAKMEPUCMUKAMU
NPYIACHOIO | NPYIACHO-NAACUYHIL NOCMAHOBYL. Y 6CIX GUNAOKAX HANIGAHANIMIYHUL MemOoO
CKIHYeHUX eleMenmie no moyHocmi anpoxcumayii ne nocmynaemucs, a 6 deskux 3aoauax ¢ 1.5-2
pasu nepesepuiye mpaouyitinuil Memoo CKiH4eHux eiemenmis.

Tabu. 6. L. 12. Bi6umiorp. 6 Ha3s.
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element method and the semi-analytical finite element method for prismatic bodies with
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The paper performs a numerical study of the convergence of the results obtained on the basis of
the developed approach [1, 3, 4, 5]. A wide range of test tasks for bodies with smoothly and
abruptly changing physical and geometric characteristics in elastic and elastic-plastic formulation
is considered. In all cases, the semi-analytical method of finite elements is not inferior in accuracy
of approximation, and in some problems is 1.5-2 times higher than the traditional method of finite
elements.

Tabl. 6. Fig. 12. Ref. 6.
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B pabome 6binoIHeHO UUCIEHHOE UCCIeO08aANHUEe CXOOUMOCMU DeuwleHus, NOAyHaeMvlx Ha 6aze
paspabomarnnoz2o nooxoda [1, 3, 4, 5]. Paccmompen wupoxuii Kpye mecmoguix 3a0ay 01si mej ¢
NAABHO U CKAYKOOOPA3HO MEHAIOWUMCS (PUSUYECKUMU U 2e0MEeMPUHECKUMU XAPAKMEPUCUKAMU 8
YIpyeou u ynpy2o-niacmuiecko nocmanogke. Bo 6cex cryuasx nonyamanumuyeckuii memoo
KOHEYHbIX IJIEMEHMO8 NO MOYHOCIU ANNPOKCUMAYUY He YCmynaem, d 6 HeKOMOpbIX 3a0a4ax 6
1.5-2 pasa npeeocxooum mpaouyuoHHblll Memoo KOHEUHbIX INEMEHMO8.
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On the basis of modern numerical implementations of the finite element method the article
presents the justification of the adequacy of the method of solving the problems of structures
straining in their contact interaction with the elastic-plastic nonlinear soil medium.

Taking into account the method of construction of computational models of joint straining and
mutual influence of rigid structures and essentially plastic external medium allows specifying
essentially the stress state of structures interacting with the soil base, and has a visible effect on the
calculated level of the base bearing capacity.

Keywords: eclastic-plastic medium, finite element method, semi-analytical finite element
method, structure straining problem.

Introduction. Compatible calculations of structures and nonlinear bases,
which are described by modern mechanical and soil models within one
problem is a significant technical problem.

The solution of the assigned tasks is possible only within the framework of
numerical methods, the most common of which is the finite element method
(FEM) [10]. The construction of the computational finite element model raises
many complex questions that require additional detailed study. In addition, the
compliance with the state building norms and regulations is an important factor
for further practical use.

The combination of the latest achievements in the field of structural
mechanics and soil mechanics is a promising direction for the development of
effective approaches to building discrete models of space systems “structure-
nonlinear base” for solving applied problems.

On the basis of modern numerical implementations of the finite element
method the article presents the theoretical foundations of the analysis of
straining processes of machines and structures in their contact interaction with
the elastic-plastic nonlinear soil medium within the three-dimensional spatial
problem taking into account the previous stress state and load history. The
methodology of construction of computational models of joint straining and
mutual influence of rigid structures and essentially plastic external medium is
developed, new special heterogeneous finite elements of SAFEM of general
form with variable geometrical and physical-mechanical parameters and

© vabishchevich M.O., Zatyliuk Gh.A.
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arbitrary boundary conditions for approximation of arrays of hardly connected
reinforced soils are developed.

The purpose of the article is to substantiate the proposed method adequacy
[11] to solve the problems of structures straining in their contact interaction
with the elastic-plastic nonlinear soil medium.

Numerical simulation of sand sample tests in a compression device.
Based on the data presented in [9], the following parameters of the soil
deformation modulus £=5.6 MPa, the structural strength 6,,,=0.03 MPa, the
compression ratio C,=0.0065, the density po=1730 kg/m3, the porosity ¢,=0.68
are accepted. In addition, it was
assumed that the Poisson's ratio
v=0.3, the specific adhesion c=1 kPa
and the internal friction angle
™ ©=32°. The sample dimensions are
shown in Fig. 1.

N The difference between the
computational and experimental
68 values of porosity does not exceed

Fig.1. Samp]e geqmetric parametgrs in the 0.2% (Fig. 2, curve 1). It should be

numerical simulation of compression tests noted that the model initial variant
[2, 3, 8], where this method is not used, leads to the porosity-pressure line
graph (Fig. 2, curve 2), ie. does not even qualitatively approach the
experimental data of compression tests. The comparison of the load-
displacement graphs (Fig. 3) for the proposed (1) and initial (2) variants of the
soil straining model shows that under conditions of heterogeneous triaxial
compression when reaching the method structural strength first reduces the
computational stiffness of the soil sample. Then, with increasing hydrostatic
pressure, the reverse process begins - the sample stiffness increases and
exceeds the initial one.

0.68

0673

067
0.663
0.66
- P
0.633
0 0.03 0.1 0.15 02 025 03 035

Fig. 2. Compression curve in the numerical simulation of compression tests
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Fig. 3. Load-displacement graph in the numerical simulation of compression tests

Foundation-shell calculation. To demonstrate the possibilities of the
developed method of numerical modeling of the structures interaction with a
nonlinear base, the foundation-shell calculation was executed, the results of
which are compared with the data of full-scale tests described in [7].

The conical foundation-shell (Fig. 4) with the base diameter of 3m had the
conicity angle a=5 and the constant thickness #=17 cm. The base was the loam
with the internal friction angle @;=21" and the specific adhesion ¢=3 kPa, for
which in the calculation was set: the deformation modulus £=45 MPa, the
Poisson's ratio v=0.3, the density p,=1700 kg/m’, the critical density p* =
1690 kg/m®. Before installing the shell, the layer of medium-grained sand of
10 cm thickness was laid on the soil, which was leveled according to a special
template. The following physical and mechanical characteristics of sand were
accepted: the internal friction angle @,=35", the specific adhesion c¢=1 kPa, the
deformation modulus £=45 MPa, the Poisson's ratio v=0.3, the density py, =
1630 kg/m’, the critical density p*=1600 kg/m>. Due to the fact that according
to the tests results [7] the depletion of bearing capacity occurred at a
significant intensity of the reactive pressure under the foundation glass part
P=0.52 MPa, the method was not taken into account.

150

665

AL}

Fig. 4. Computational scheme of the foundation-shell:
a— the discrete model; b — the structure dimensions and the CE grid
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The discrete model of the foundation-shell with the adjacent area of the
base, presented in Fig. 4 and 5, is developed taking into account the experience
of similar calculations [1, 4,5, 6]. In the numerical study the load was
simulated by forced displacements of the foundation glass bottom with the step
of AU = 0.02 cm. To assess the effect of nonlinear strength of materials of the
structure and the base for the predicted level of bearing capacity, three
calculations were executed: 1) the structure and the soils were simulated
linearly elastic; 2) the plastic deformations in the structure were considered; 3)
physically nonlinear work of all materials was taken into account.

7
Zf‘ﬁ

:J—H—r\ s

260

180

Fig. 5. Computational scheme of the foundation-shell and the adjacent area of the base (1 —
rotation axis): a — the discrete model structure; b — the dimensions (in mm) and the CE grid

Analysis of the calculation results showed the following. Graphs of the
function vertical load Q — the displacement of the foundation glass bottom U
(Fig. 6) allow us to judge the sudden nature of the bearing capacity depletion.
The calculation data of possible cracking zones agree well with the experimental
ones [7]. Thus, according to the strain gauges, the first to appear were the
circumferential cracks on the foundation lower surface in the area where the
conical shell and the rigid glass part meet. Similar data were obtained by
calculation. Moreover, the numerical method has the advantage over the natural
experiment, which allows you to track not only the possible formation and
development of cracks that reach the structure visible surface, or in a limited
number of points where the strain gauges are installed, but also the origin and
subsequent growth during loading of all possible cracking zones. Following the
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first circumferential cracks in the immediate vicinity of them on the lower
surface of the shell formed the zone of meridional cracks, which with increasing
load rapidly progressed in the radial direction and, reaching the lower base of the
cone, came to the visible surface, where they spread to the upper foundation
glass base. The values of the vertical load Q and the displacement of the glass
bottom U, correspond to the calculation results in the statement (3) (taking into
account the plastic features of the structure and the soil).

2000 Q wH
1300

1600 .
1400 4

1200 g

1000 #
800
600
400

200
U.cm

] 0.3 1 1:% 2 235 3

Fig. 6. The graph of the vertical load function Q — the glass bottom displacement U:
1 — the construction and the soil are linearly elastic; 2 - taking into account the structure plastic
deformations; 3 - taking into account the plasticity of all materials

According to [7], the foundation-shell destroyed “according to the
meridional scheme with the annular plastic hinge formation at the junction of
the conical shell and the rigid glass part”. However, the remark of this work
authors that after the experiment termination “the glass displacement
(subsidence) relative to the hard disks was 0.05 - 0.08 m”, raises doubts about
the plastic hinge formation. Most likely in the experiment, as well as in the
calculation, the reason for the bearing capacity depletion was the destruction
(cut) of the structure compressed material and the formation of the through
circumferential crack in the area of the shell adjacency to the glass. Therefore,
using the terminology [12], we can conclude that the reason for the bearing
capacity depletion of this structure was the destruction due to the cut of the
compressed concrete zone.

Table 1 shows the comparison of the computational values of the load Q" at
which the meridional crack arrays came to the upper surface of the shell, and
the structure bearing capacity Q* with the relevant experimental data.
0’ =450 kN, Q*e=900 kN. The minimum values of these characteristic loads
are obtained under the assumption of the linear-elastic operation of the
structure and the soil: 0",=456,1 kN, Q"=632,5 kN. As expected, taking into
account the structure plastic deformations led to the likely redistribution of
stresses, as well as to the load increase at which is possible the formation of
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meridional cracks, and the bearing capacity to the values Q",=456,1 kN,
07,=632,5 kN, accordingly. Finally, the additional consideration of the
physical and nonlinear work of the soil base has led to less favorable
conditions for the operation of the foundation-shell structure and decrease of
the control loads values: 0"3=489,5 kN, Q*3=881,8 kN. Therefore, upon the
fullest consideration of all factors of physical nonlinear strength of structural
materials and soils, the calculated level of the bearing capacity Qs is only
2.0% less than the experimental value of 0.

Table 1
Graph |y | 2% 00 | o' xn | 222 100%
number M 0,
e e
1 456.1 14 632.5 29.7
2 603.9 342 1818.5 102.1
3 489.5 8.8 881.8 2.0

Conclusions. Therefore, the use of the developed method allows to
significantly specify the structures stress state interacting with the soil base,
and to significantly specify the impact on the calculated level of the base
bearing capacity. Only the simultaneous consideration of the nonlinear
resistance of the soil base together with the plasticity and the structure
destruction in the numerical simulation of the foundation-shell load provided
good agreement with the natural experiment data as to the type of the boundary
state and the bearing capacity level.
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Babiwesuu M.O.., 3amuniox I'.A.
AHAJII3 HAIIPYXXEHO-JE®OPMOBAHOI'O CTAHY ®YHJIAMEHTY-OBOJIOHKHA
IPUA B3AEMO/III I3 IMTPYKHOIIJIACTUYHHAM CEPEJOBUIIEM

VYV crarri Ha 06a3i cy4acHHX 4YHCENIbHHX peali3alid MeToJa CKiHYCHHHX EJIEMEHTIB
IPEACTABICHO OOIPYHTYBaHHS aJCKBATHOCTI METOAMKH pO3B’s3aHHA 3ahad jAedopMmyBaHHS
KOHCTPYKUIM HpH I1X KOHTAKTHIH B3aeMonii i3 HPYXHOMJIACTUYHUM HENIHIHHUM TI'PYHTOBHM
CEPEeIOBHUIIIEM.

BpaxyBaHHS METOIMKH HOOYIOBH PO3pPaXyHKOBUX Mogeieil cymicHoro nedopmyBaHHS i
B3a€MHOT0 BIUIMBY JKOPCTKMX KOHCTPYKLIH I CyTTEBO IUIACTHYHOTrO 30BHILIHBOTO CEPEIOBHIIA
JIO3BOJISIE ICTOTHO YTOYHUTH HANpPYXXCHHH CTAaH KOHCTPYKLIHM, B3a€MOIIIOYHMX 3 TIPYHTOBOIO
OCHOBOIO, | pOOUTH IOMITHHUI BIUIMB Ha PO3paxyHKOBHII PiBEHb HECYUOl 34aTHOCTI OCHOBH.

Kiao4oBi cioBa: NpYyKHOIUIACTHYHE CEPEIOBHUINE, METOA CKIHYCHHHX EJIEMEHTIB,
HamiBaHATITUYHUIT METO/] CKIHYEHHHX EJIEMEHTIB, 3a/1a4a 1eOPMyBaHHS KOHCTPYKLIH.

Vabishchevich M.O., Zatyliuk Gh.A.
ANALYSIS OF THE STRESSED-STRAINED STATE OF THE FOUNDATION-SHELL
AT INTERACTION WITH THE ELASTIC-PLASTIC MEDIUM

On the basis of modern numerical implementations of the finite element method the article
presents the justification of the adequacy of the method of solving the problems of structures
straining in their contact interaction with the elastic-plastic nonlinear soil medium.

Compatible calculations of structures and nonlinear bases, which are described by modern
mechanical and soil models within one problem is a significant technical problem.

The solution of the assigned tasks is possible only within the framework of numerical
methods, the most common of which is the finite element method (FEM). The construction of the
computational finite element model raises many complex questions that require additional detailed
study. In addition, the compliance with the state building norms and regulations is an important
factor for further practical use.

The use of numerical methods in the calculation of machines and structures, taking into
account their interaction with the elastic-plastic medium is largely determined by the complexity
or even impossibility of analytical calculation due to the complexity of structural schemes,
heterogeneity of material features, uneven soil layers, implementation of step-by-step work
execution technologies and so on.

The combination of the latest achievements in the field of structural mechanics and soil
mechanics is a promising direction for the development of effective approaches to building
discrete models of space systems “structure-nonlinear base” for solving applied problems.

The use of the developed method allows to significantly specify the structures stress state
interacting with the soil base, and to significantly specify the impact on the calculated level of the
base bearing capacity. Only the simultaneous consideration of the nonlinear resistance of the soil
base together with the plasticity and the structure destruction in the numerical simulation of the
foundation-shell load provided good agreement with the natural experiment data as to the type of
the boundary state and the bearing capacity level.

Keywords: eclastic-plastic medium, finite element method, semi-analytical finite element
method, structure straining problem.
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Babuwesuu M.O.., 3amoinox I'A.
AHAJIN3 HANIPSI)KEHHO-IE®@OPMUPOBAHHOI'O COCTOSIHUSI ®YHIAAMEHTA-
OBOJIOYKHM ITPH B3AUMOJENCTBUAHU C YIIPYTOIUIACTUYECKOM CPEAOM

B CTaTb€ Ha 6336 COBPEMECHHBIX YHCJICHHBIX peanmaunﬁ METO/1a KOHEYHBIX DJIEMCHTOB
IPEACTABICHO OOOCHOBAHHE aJEKBATHOCTH METOAMKH pEIICHUs 3a1ad  aeGpOpMHPOBAHMS
KOHCTPYKLIMH HpPH HMX KOHTAKTHOM B3aUMOJCHCTBUM C YNPYrOIUIACTUYECKOH HENMHEHHOM
I'PYHTOBOH Cpenoil.

Yuyer MEeTOAMKH IIOCTPOEHMSI PAcUEeTHbIX MOJENIeH COBMECTHOro JAe(OpMHUPOBAHUS U
B3aMHOI'O BIIMSHMS JKECTKUX KOHCTPYKLMH M CyIIECTBEHHO IUIACTHUYECKOW BHEILIHEH Cpebl
H03BOJIAET YTOYHUTD HANPSXKEHHOE COCTOSIHUE KOHCTPYKLMH, B3aUMOIEHCTBYIOILNX C I'PYHTOBBIM
OCHOBAHMEM, U OKa3bIBACT 3aMETHOE BJIMSIHME HA PACUYCTHBIH ypOBEHb HECYyIIEH CIOCOOHOCTH
OCHOBaHHSI.

KarouyeBble cjIoBa:  ynpyromlacTudeckas  Cpefa, METOJ  KOHEYHBIX  3JIEMEHTOB,
HOJIyaHAJINTHY ECKUH METOJ KOHEYHBIX JIEMEHTOB, 3a7a4a Ae(hOpMUPOBAHNS KOHCTPYKLHH.
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The paper presents the investigation results of the vibro-impact loads’ influence on the
stability of vibro-drilling machine’ drill-rod in the process of well in hard rock. The drilling
process of such wells is significantly facilitated in case of vibro-impact action. The destroying of
the rocks during the vibro-rotary drilling occurs via the complex effect of the vibration impulses
and rotational motion. In this way, the task of such drill-rod study stability has actuality. In this
case, the various modes of vibration and stability loss are possible. In this regard, the study was
done by developed software, in which a technique of computer simulation of the oscillating motion
of considerable length rotating rods under the action of axial periodic loads is implemented. Such
software gives the possibility to model the oscillatory motion of rotating rods and determine the
parameters by witch the dynamic stability loss of the studied system can occur. Using this software
the diagrams with regions of stable and unstable motion of the rotating rod were drawn for
different parameters of the considered system. The process of oscillation is considered in space
with account of inertia forces and geometric nonlinearity of the rod. It is shown, that on certain
rotational speeds and frequencies of vibro-impact load there are ranges of unstable motion where
the run of equipment can inevitably lead to destruction. The obtained results have been analyzed.
The conclusion about the possibility of running the equipment in certain frequency ranges is made.

Keywords: numeric differentiation, complex bend forms, geometric nonlinearity, inertia
forces, axial forces, vibro-impact loads, vibro-drilling, dynamic stability.

Introduction. The tasks of dynamics of rotating rods and rods under the
action of axial periodic and impact loads have been studied by many authors.
The statics and dynamics of the rod under axial loading are considered in paper
[9]. The conditions for the parametric resonances appearance have been
studied and the possibility of stability loss under load less than Euler force has
been found. In paper [10], the dynamics of the rod during a short-term axial
impact is considered. The conditions for the parametric resonance are found in
the linear statement. The regions of instability in "length of the rod — loads"
field are constructed and the characteristic parameters are calculated. The
problem of impact by an elastic body at the end of an elastic rod is studied in
paper [3]. Depending on the task parameters, the time and form of an impact
impulse and the maximum amplitude of transverse oscillations by parametric
resonance are theoretically and experimentally determined. In paper [4], the
task of the dynamic stability of a hinged rod in case of sharp axial load is
reviewed. The method of series expansion according to the forms of nature
oscillations for both longitudinal and transverse oscillations is applied.

© Lizunov P.P., Nedin V.O.
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Instability regions are shown. The type of these regions depends on the
spectral properties of longitudinal and transverse oscillations, values of
damping and axial force. The axial impact on a thin elastic rod is considered in
paper [5], which generates a periodic system of longitudinal waves in it. A
strict analysis of solution is done and the value of the maximum transverse
bend depended on the method of loading is found. Both, the short-term and
long-term impulses are considered. In the case of suddenly applied long
impulse that is less than the Euler critical force, is shown, that the development
of intensive transverse oscillations is possible.

The results of numerical studies of the dynamic behavior of vibro-impact
system are presented in study [1]. This system is strongly nonlinear and non-
smooth discontinuous dynamic system. The results of observations of many
interesting phenomena, in particular those that are unique to non-smooth
systems, are presented. Regions of stable and unstable motions were found
using the solution continuation method by parameter and Floke multipliers.
The breaking bifurcations, hysteresis effect, scenarios of quasi-periodic
transition to chaos and transition to chaos through intermittency, transient
chaos, boundary crisis, rare attractor, transient modes are described. A
comparative analysis of impact simulation methods in vibro-impact systems
with hard and soft impact is performed.

The oscillations of rotating rods under the action of periodic loads were
considered in other papers. The paper [11] presents the results of study of
space bending oscillations of horizontal rod that is rotating around its axis. Rod
is under the action of periodic harmonic force of self-weight per length. The
task is considered taking into account gyroscopic loads, but rod is located
horizontally.

In paper [14], the influence of periodic impact loads on the structural
elements of drill string during longitudinal oscillations is investigated. The
results reveal that a periodic impulse can mainly be determined by the nature
of the rock and the impact frequency during the drilling.

In paper [16], the problem of drilling system dynamics with account of
axial periodic force of impact action is considered in a nonlinear statement.
The research was performed to study the vibrations that occur in the coupling.
The simulations of dynamic model are researched with conditions for different
hardness of rock. The results indicate that the transverse and longitudinal
vibration frequencies and amplitude decrease with the rock hardness.

In paper [13], the results of investigation of the oscillations of long rotating
rod are shown. The rod is modeling the drill string operation. Results are
shown by possible bend forms at different moments of time after system had
been out of equilibrium. It is noted that the action of an axial compressive
force that is pointed to the lower end of the vertical heavy rod leads to the
effect of twisting to a spiral of its lower part. This effect arises via action of
gyroscopic moments, which begin to appear when the lower part of the rod
starts to bend and this bending have been growing.
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Paper [8] presents the results of numerical investigation of the periodic
axial forces’ influence on the transverse oscillations of long rotating rods. The
gyroscopic inertia forces are taken to account and space oscillating process of
rotating rods is considered with account of geometric nonlinearity. For
investigated objects is shown that on various rotational speeds and beat
frequencies the oscillatory motion of the rods occurs with different character of
behavior. On certain speeds with different frequencies of axial load the
oscillations have definite periodicity and occur with beats of amplitude which
are the result of the periodic axial force action.

The paper [12] presents the results of investigation of the axial beat loads’
influence on the transverse rotating rods’ oscillations and their stability. The
perforator’s long drills are considered as objects of investigation. Diagrams
with regions of stable and unstable motion of the rods, that were found by
different parameters and boundary conditions are shown.

In this paper the dynamic behavior of vibro-drilling machine’ drill-rod
under action of axial impact load is investigated. Such tasks arise when the
wells drill through hard rocks or grounds with inclusions of large fragments of
rocks. The drilling process of these wells is significantly facilitated in the case
of vibro-impact action. Since the destruction of the rock during such drilling
occurs via the complex effect of the vibration impulses and rotational motion,
the task of such drill-rod study stability has actuality, namely, at what
rotational speeds and frequencies of vibro-impact loads the loss of stability can
happened and the run of equipment can lead to its failure.

In addition to the impact load for such rods, the loss of stability is
significantly influenced by own weight forces, which have a compressive
nature of the load. It is due to the boundary conditions of the vertical
positioned rod.

In study the dynamics of considered objects, it is interesting to note the
parametric oscillations of rods
under the action of periodic axial P(1)
impact loads during rotation. This d' 0,0, ot Y,
is due to the actuality of the I 3 | e
vibratory drilling tasks.

Problem statement. In the L
process of oscillation of rotating of |
rods, under the action of external |

|
L

periodic impact forces, the =~y q

various  character ~ of  the Z Iz

oscillatory motion are possible. It

is depended on different physical, T

geometric and dynamic |

parameters. ! $
As a dynamic model is

considered rod with length / (Fig. "xx,

1) that is exposed by the action of Fig. 1. Dynamic model of system

periodic vibro-impact load P(f).
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The rod is under the action of longitudinal load of own weight ¢ and rotates on
angular speed w around the rectilinear axis O.X, of the stationary coordinate
system O,X;Y,Z;. The rotating coordinate system OXYZ is tied to the rod and
rotates with it. The oscillatory motion of the rod in the OXYZ coordinate
system is characterized by y(x,f) and z(x,f) displacements of the points, that
belong to the axis of rod in the OY ta OZ coordinate axes’ direction,
respectively.

The oscillations of rotating vertical rod in space coordinate system OXYZ
are described by the corresponding system of differential equations, which
taking into account the inertia forces, own weight and the axial periodic force
have a form [6, 12]:

2

d? 1w )= of d'y 2d2y _dz 2 _dy
—mr +w =20m——me" y+m—-—+
dxz( P dld® A dt T

+P(t)—+dl (mg(l—x)%)=0,

El 4 2
d_z(—z(x) J—n‘wz(—d A U Zj+2wmdy—mwzz+n_a%+
t

(1)
dx“\ P2 dr’dx? dx? dt

d _
+P(t )d—Z+d—( gU=x) ) ,

where E — elastic modulus of rod’s material; /y,,, /5, — inertia moments of

rod section in mutually perpendicular planes; » — radius of gyration; m — mass
of unit per length; 1/p;, 1/p, — main curvatures of rod’s axis in mutually
perpendicular planes.

The action of vibro-impact load is modeled by P(¢) function [12].

Technique. To study of the dynamics of investigated objects in this paper
the technique that is described in papers [7, 12] is used. In this technique the
process of oscillation is modeled based on repeated (cyclic) solving the system
of differential equations for every point of system in order to find the new
coordinates of positions for these points in each next point of time ¢+At.

The technique is realized by computer program with graphic user interface
that is developed by authors. That program lets to study the dynamics of
modeled system by calculating and drawing the current bend forms of the
rotating rod in oscillation. Also, program lets to make the analysis of behavior of
modeled system, find the dynamic instability regions, draws the diagrams of it.

Results. In this paper, using said program, the study of the dynamics of the
drill-rod under the action of axial vibro-impact load is done. The operation of
vibro-drilling machine in range of rotational speeds n=40-65 rpm and range of
impact frequencies 6=100...150 s is considered. The rod of the work body is
tubular, with outer diameter d = 146 mm, wall thickness s= 8 mm. Reviewed
operation depth of well in range 20...40 m.

As results of study of investigated objects in Figures 2-5 the fields of stable
and unstable oscillations are presented. These fields show unstable regions in
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depends of rotational speeds @ and impact frequencies 6, which were found for
the reviewed objects with different length of rod.

The fields of unstable oscillations are displayed filled gray. White colored
regions are the fields of stable motion.
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Fig. 2. Dynamic stability fields of drill-rods with length /=20 m,
under action of axial vibro-impact load P(7)
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ig. 3. Dynamic stability fields of drill-rods with length /=25 m,
under action of axial vibro-impact load P(7)
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As we can see from diagrams, for various length of rod with their
parameters, there are fields of unstable oscillation motion. Than longer the rod,
that larger the area of this field.
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Fig. 4. Dynamic stability fields of drill-rods with length /=30 m,
under action of axial vibro-impact load P(7)
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ig. 5. Dynamic stability fields of drill-rods with length /=40 m,
under action of axial vibro-impact load P(7)
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Common for these diagrams is that that with growth of rotational speed the
limit value of the frequency of the impact load, at which the stable oscillation
is possible, reduce.

For shorter rods (20,25 m) there are ranges of vibro-impact load
frequencies at which the limit value of frequency can growth at certain range
of rotational speeds.

For the rod with length / = 20 m there is frequency range of vibro-impact
load 0 (135...140 s™), at which the instability can occur when the rotational
speed is equal to 0. For longer rods that range can lie in lower values of 8 and
exists in the operated range of those frequencies.

Conclusion. The presented researches results of axial vibro-impact loads
influence on stability of rotating drill-rods show that on certain rotational
speeds and frequencies of vibro-impact loads there are regions of unstable
motion, where the run of equipment can inevitably lead to destruction. Secure
operation of the equipment is possible in the frequency ranges which are in the
fields of stable oscillations that are shown on diagrams for different lengths of
drill-rod.

REFERENCES

1. Bazhenov V.A., Pohorelova O.S., Postnikova T.G. Khaos ta stsenariyi perekhodu do khaosu u
vibroudarniy systemi. — Kyiv: Vyd-vo «Karavelay», 2019. — 146 p.p.

2. Bakhvalov N.S., Judkov N.P., Kobelkov G.M. Chislennye metody. M.: BINOM, Laboratoriya
znaniy, 2015, 639 pp.

3. Belyaev A. Dynamics of rod under axial impact by a body / Alexander K. Belyaev, Chien-
Ching Ma, Nikita F. Morozov, Petr E. Tovstik, Tatiana P. Tovstik, Anatoly O. Shurpatov //
Vestnik SPbGU. Matematika. Mekhanika. Astronomiya. —2017. V. 4 (62). —P. 506-515.

4. Belyaev A. Dinamicheskiy podkhod k zadache Ishlinskogo-Lavrent'yeva / A.K. Belyayev,
D.N. Il'in, N.F. Morozov // Mekhanika tverdogo tela. — 2013. No. 5. — P. 28-33.

5. Belyaev A. Parametric resonances in the problem of longitudinal impact on a thin rod /
Alexander K. Belyaev, Nikita F. Morozov, Petr E. Tovstik, Tatiana P. Tovstik / Vestnik
SPbGU. Matematika. Mekhanika. Astronomiya. —2016. V. 3 (61). — P. 77-94.

6. Bolotin V.V. Dinamicheskaya ustoychivost uprugih system. M.: Izdatelstvo tekhniko-
teoreticheskoj literatury, 1956, 600 pp.

7.  Lizunov P.P., Nedin V.O. The gyroscopic forces influence on the oscillations of the rotating
shafts // Strength of materials and theory of structures. — 2020. — Issue 105. P. 223-231.

8. Lizunov P., Nedin V. The parametric oscillations of rotating elastic rods under the action of the
periodic axial forces / Management of Development of Complex Systems. — 2020, 44, 56-64.

9. Morozov N.F. Static and Dynamics of a Rod at the Longitudinal Loading / N.F. Morozov, P.E.
Tovstik, T.P. Tovstik // Vestnik YUUrGU. Seriya «Matematicheskoye modelirovaniye i
programmirovaniye». —2014. — Vol. 7, No. 1. — S. 76-89.

10. Morozov N.F. The rod dynamics under short longitudinal impact / N.F. Morozov, P.E. Tovstik
// Vestnik SPbGU. —2013. — Vup. 3. P.131-141.

11. Munitsyn A.l. Prostranstvennyye izgibnyye kolebaniya sterzhnya, vrashchayushchegosya
vokrug svoyey osi (Space bending oscillations of a rod rotating around its axis) //
Matematicheskoye i komp'yuternoye modelirovaniye mashin i sistem. — 2008. S. 64—67.

12. Nedin V.O. The parametric oscillations of rotating rods under action of the axial beat load //
Strength of materials and theory of structures. — 2020. — Issue 104. P. 309 — 320.

13. Nedin V. Numerical differentiation of complex bend forms of long rotating rods //
Management of Development of Complex Systems. — 2020, 43, 110 —115.

14. Changgen Bu. Arithmetic solution for the axial vibration of drill string coupling with a down-
the-hole hammer in rock drilling / Changgen Bu, Xiaofeng Li, Long Sun and Boru Xia //
Journal of Vibration and Control. — 2016, Vol. 22(13). — P. 3090-3101.



120 ISSN 2410-2547
Omip matepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2021. Ne 106

15. Maurice Petyt. Introduction to Finite Element Vibration Analysis. Cambridge University
Press, 1990. — 558 p.

16. Songyong Liu. Coupling vibration analysis of auger drilling system / Songyong Liu, Xinxia
Cui, Xiaohui Liu // Journal of vibroengineering. — 2013. Vol. 15. — P.1442-1453.

17. Yimin Wei. Influence of Axial Loads to Propagation Characteristics of the Elastic Wave in a
Non- Uniform Shaft / Yimin Wei, Zhiwei Zhao, Wenhua Chen and Qi Liu // Chinese Journal
of Mechanical Engineering. — 2019 — No. 32:70. P.13.

Cmamms naoditiwna 26.04.2021

Jizynoe I1.11., Hedin B.O.
CTIAKICTh CTEPXKHIB, IO OBEPTAIOTBHCH, MIJI JIEI0 BIBPOYJIAPHOI'O
HABAHTAXEHHSI

B poGori HaBenmeHi pe3ysibTaTH [JOCHIDKEHHS BIUIMBY BIOpOyJapHHX HaBaHTa)XCHb Ha
CTiliKicTb cTepxHsT pobouoro opraHa BiOpoOypoBoro arperaty npu OypiHHI CBEpAJIOBUH B
TBEpAMX IOpojaax IpyHTy. llpomec OypiHHS TAaKMX CBEpPIJIOBHH CYTTEBO IIOJETIIYETHCS Yy pasi
BiOpoymapHoro BmiaMBY. PyiiHyBaHHs mopomu mpu  BiOpawiiiHO-o0epTaibHOMY — OypiHHI
BiOyBa€eThCs Yepe3 CIUIbHUI BIUIMB BiOpOyIapHHUX iMIyJbeiB 1 06epTanbHOro pyxy. Y 3B°s3Ky 3
MM, aKTyaJbHHM € INHUTaHHS CTIHKOCTI CTEpXKHS poOOYOro opraHa Takoi YCTAHOBKH IIPH
obepranHi. IIpu 11bOMy MOXIIHBI pi3HOMAaHITHI (pOPMHU KOIMBAHb i BTpaTH CTIHKOCTI. Y 3B s3KY 3
MM JOCIIDKEHHS 3[iHCHEHO BUKOPUCTOBYIOUH PO3pOOIICHE MPOrpaMHe 3a0e3MCUCHHS, B IKOMY
peasizoBaHa METOJMKA KOMII IOTEPHOrO MOJCTIOBAHHS KOJMBAJILHOLO PYXy CTEpIKHIB 3HAYHOL
JIOBXKHHH, IO 00EPTAIOTHCS, il Ji€K0 MO30BXKHIX MEePiOIUYHUX HABaHTAXEHb. Take MporpamMmHe
3a0e3MeyeHHs] JO3BOJISIE MOJCTIOBATH KOJMBAJIBHUIL PYyX CTEPXKHIB, IO OOEPTAIOTHCS, a TAKOXK
BU3HAYATH [ApaMETpH, TPH SKUX BiJOYBA€ThCS BTpaTa JMHAMIYHOI CTIMKOCTI 3MOJE/IbOBaHOL
CHCTEMH. 3a JJOMOMOrOK 3a3HA4YEHOro MPOrpaMHOro 3abe3redeHHs Mo0y/JoBaHi AiarpaMu, Lo
BiIOOpa)kaloTh 00JIaCTiI CTIKOrO Ta HECTIMKOrO pyXy CTEP)KHS, SIKHM MOJICTIOETHCS POOOUHMIt
opraH BiOpOOYpOBOi YCTaHOBKH, IIPU PI3HUX MapaMeTpax cucreMu. [Ipouec KOIMBalIbHOrO pyxy
PO3IJISIHYTO Y MPOCTOPi 3 ypaxyBaHHAM IHEPLIHHNX HABAHTaXKCHb Ta [COMETPUYHOI HENIHIHHOCTI
crepxHs. [loka3aHo, [IO0 NpW IIEBHUX 3HAYEHHSAX IIBHAKOCTeH oOepraHb 1 wacror nii
BIOpOYZapHOro HaBaHTAKECHHS ICHYIOTh OONAcTi HECTIHKOro pyxy, NpU SKHX eKCIUTyaTarlis
o0JaHaHHI MO)KE HEMHHy4Ye NPUBECTH A0 HOro pyidHyBaHHs. 3AiMCHEHO aHai3 OTPUMAHHX
pe3yibTaTiB Ta 3po0JICHO BHCHOBOK IIPO MOXKJIMBICTH €KCIUTyaTalii oOJajHaHHSA y MEBHHX
niana3oHax 4yacToT.

KurouoBi cioBa: uncensHe AudepeHIilOBaHHs, CKIaaHi (GOpPMH BHUTHHY, I'EOMETPHYHA
HEJHIMHHICTh, iHEpUiMHI HABaHTAXXCHHS, I03/I0BXKHI HABAaHTAXCHHS, yJIapHI HaBaHTa)KCHHS,
BIOpOOypiHHS, AMHAMIYHA CTIHKICTb.

Jlusynoe I111., Heoun B.O.
YCTOMYUBOCTH BPAIIAIOIIUXCS CTEPXKHEM nona JTENCTBUEM
BUBPOYJIAPHOM HATPY3KH

B paborte mnpuBeneHB pe3ysIbTATHI HCCICHOBAHMS BIMSAHUS BHOPOYIAapHBIX HArpy3ok Ha
YCTOHYMBOCTh CTEP)XKHs pabodyero opraHa BHOpPOOypoBOro arperara Ipu OypeHHH CKBaKHH B
TBEpIBIX Topoaax rpyHra. [Ipomecc OypeHHs TakMX CKBaXKMH CYIIECTBEHHO oOJjieryaercsi mpu
BHOpOYIapHOM BO3zeicTBUH. PaspyuieHne mopoasl nNpu BHOPAaLIOHHO-BPAIIATEILHOM OypeHHN
HPOMCXOIUT IPU COBMECTHOM BIIMSHUM BUOPOYIAPHBIX UMITYJIbCOB U BPAIATEIbHOTO JIBHXKEHHUSI.
B cBs3u ¢ 3TUM, akTyanbHOW 3aja4ell SBJISETCS M3YYCHHME YCTOHUMBOCTH CTEp)KHS padodero
opraHa TakOH yCTaHOBKH IpH BpalieHUH. [Ipy 3TOM BO3MOXHBI pa3iinuHbie GopMbl KosebaHUi 1
HOTEpPU YCTOWYMBOCTH. B CBA3M € 3TUM HCCIEIOBaHHE IPOBEICHO C HCIOJIB30BAHHEM
pa3pabOoTaHHOrO AJIS1 ITUX LeNel MPOrPaMMHOr0 00ecedeHus], B KOTOPOM pean30BaHa METOANKA
KOMIIBIOTEPHOI'O  MOJIEIMPOBAHUS  KOJICOATENbHOrO  ABMXKEHMS  BPALIAIOLIMXCS  CTEPIXKHEH
3HAQUUTENIbHOM JUIMHBI, MOJA JEHCTBUEM NPOJOJbHBIX HEPUOJUYECKUX Harpy3ok. Takoe
IpOrpaMMHOE 00ecreyeHHe MO3BOJSICT MOACIHPOBATh KOIeOaTebHOE ABIKEHHE BPAILAOIIHXCs
CTEPXKHEH, a TakKe ONpPEAeNATh IapaMeTpbl, NP KOTOPHIX MPOUCXOAUT MOTEPS IUHAMHUYECKON
YCTOMYMBOCTH CMOJCIMPOBAHHOW cucTeMbl. C  MOMOLIBIO  YKa3aHHOIO IPOrPaMMHOI0O
obecrieyeH st MOCTPOCHBI JHarpaMMbl, OTOOpaKkarole 00JIaCTH YCTOWYHBOIO M HEYCTOWYHUBOIO
JIBVDKEHUS CTEPIKHS, KOTOPBIM MOJENUpYeTcss pabounii opraH BUOPOOYpPHUIIBHOW YCTAHOBKH IpU
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pasMYHBIX MapaMeTpax cHcTeMbl. llporecc KoneOaTeNbHOro JBIDKEHHS PAacCMOTpPEH B
HPOCTPAHCTBE C YYETOM WHEPLUOHHBIX HArpy30K W I'€OMETPUYECKON HEIMHEHHOCTH CTEpPIXKHS.
IlokazaHo, 4TO HpPU ONPEAENECHHBIX CKOPOCTSAX BpALEHMs M 4YacTOT ACHCTBUS BUOpOYHapHOIi
Harpy3kd CyLIECTBYIOT OOJAaCTH HEYCTOWYHMBOI'O JBMIKCHHS, IPH KOTOPBIX SKCIUIyaTALHsI
000pyfOBaHMS MOXET HEH30eKHO NPHUBECTH K ero paspylueHuo. IIpoaHanu3upoBaHbI
IIOJTYYCHHBIC PE3YJIbTaTbl U CHACJIAaH BbIBOA O BO3MOXKHOCTH OJKCILIyaTalluH OGOPyZlOBaHMH B
olpe/IeIeHHbIX HANa30HaxX 4acToT.

KarwueBble cjoBa: ugucieHHOe audepeHlupoBaHue, CioxHbIe (GopMmbl  u3rubda,
reoMeTpUYEecKas HEJIMHEHHOCTb, MHEPLMOHHbIE HArpy3KH, IPOJOJbHBIE HArpy3KH, YAapHbIE
Harpy3ku, BUOpoOypeHue, THHAMHYecKast yCTOHINBOCTb.
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Performed analysis of the initial geometric imperfections influence on the stability of the open
C-shaped bars. Imperfections are given in different formulations: the general stability loss of an
ideal bar, of wavy bulging of walls and shelves, of deplanation of a bar. Researches made in with
different values of the imperfection amplitude and eccentricity of applied efforts. All tasks are
performed in linear and nonlinear staging. The conclusion is made regarding the influence of
initial imperfections form on the critical force in nonlinear calculations. It was found that the most
affected are imperfections, which are given in the form of total loss of stability. It was revealed the
influence of the imperfection amplitude on the magnitude of the critical force for such
imperfections. The influence of imperfections amplitude given in the form of wavy bulging walls
and in the form of deplanations is not affected on the value of the critical force.

Keywords: thin-walled bars, geometry imperfection, eccentricity, finite element method,
stability, critical force.

Introduction. The appling of thin-walled steel constructions in building
allows to solve a wide range of problems. For these structures even founded, a
separate class - light steel thin-walled structures (LSTWS). This is due to their
advantages:

- Reduction of metal consumption in structures (according to 10-15%)

- Light weight of each element allows to make installation without
construction cranes

- Manufacturing technology allows the use of CNC machines and ensure
high manufacturing accuracy

- Manufacturing technology allows you to galvanizing elements, which
significantly increases their corrosion resistance.

- Due to the high accuracy of manufacturing, it is possible to perform
installation according to the principle of "designer" without the use of welding,
drilling and without "wet" processes.

The most convenient in the manufacture are thin-walled cold-formed open-
profile bars. Such profiles are often used as compressed elements of building
structures  (columns, farms, etc.). Under compression, or off-center
compression, the depletion of the bearing capacity of such structures usually
goes through the stability loss. The stability loss of thin-walled elements takes
place in such forms: bending, torsion, bending and torsional. However, due to

© Okhten 1.0., Lukianchenko O.O.
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the decrease in the thickness of the elements in such profiles, the features of
the work begin to manifest themselves, which are not described by the theory
of thin-walled bars V.Z. Vlasov [1]. Unlike classical theory, thin-walled
elements have deformation of the profile, in the form of wave-like deformation
of individual plates (shelves, walls, bends).

These features of the work are already widely researched. The article [2]
describes the theory of coherent protrusion of thin-walled bars, which
simultaneously takes into account different forms of stability loss: general (for
which the contour of the profile is not deformed) and local (for which line of
contact individual plates forming bars remain stationary). Such interactions are
nonlinear, because in linear theory all their own forms, namely general and
local, are independent (orthogonal).

Problem statement and its solution. However, thin-walled cold-formed
profiles with an open cross-section have another feature - susceptibility to local
deformations that occur during the manufacture, transportation, installation or
operation of elements. Such defects can significantly affect the stability loss of
the element, and, accordingly, lead to structural violations. Such defects can
significantly affect the stability loss of the element and, accordingly, lead to
structural damage.

Given the above, the following tasks are set:

- Investigate the impact of imperfections that are set in the overall, local
and torque forms of sustainability loss.

- Investigate the impact of imperfections amplitude.

- Investigate the effect of load eccentricity.

All tasks are performed in linear and nonlinear staging.

To model imperfections, has been developed a program which for the
formation of new coordinates of the nodes of the "deformed" model, the
components of a vector similar to the form of stability loss are added to the
corresponding coordinates of the middle surface of the bar. In this way, you
can set initial imperfections in the forms of stability loss of the bar with
different amplitude.

As the object of research, a common C-shaped profile 200x57x22,5x2000
was chosen. Steel «Cr3km, JACTY 2651:2005 [6]» with the following
mechanical characteristics is laid as the material: E=2.1-10"' Pa, p=0.3. The
imperfection amplitude is taken in proportion to the thickness of the bar wall ¢:
8/t=[0.25;0.5; 1.0; 1.5].

Results of the calculation and analysis of solutions. Calculations of ideal
bars in linear setting showed that the stability loss can occur in one of four
forms: a total stability loss - Fig. 1(a), wave-like bulging of the walls -
Fig. 1(b), bar deplanation - Fig. 1(b) and stability loss at the ends of the bar -
Fig. 1(d). Similar forms are obtained in laboratory testing [3]. These
calculations (see Fig. 2) showed that the range of critical forces is very "wide"
(the difference between them is less than 5%). Therefore, it is necessary to take
into account not only the first form, but also a number of subsequent ones
when modeling imperfections in the form of forms of stability loss.



124 ISSN 2410-2547
Omip matepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2021. Ne 106

(b) (© (d)

Fig. 1. Forms of stability loss of bars at linear calculation: total (a), wave-like bulging of the walls
(b), bar deplanation (b), stability loss at the ends of the bar (d)

In the test tasks without eccentricity, the first form of stability loss for the
ideal bar occurs in the form of a wave-like bulging of the wall and shelves
(Fig. 3). This form is transformed by the above method into initial defects with
different amplitudes for nonlinear calculations.
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Fig. 2. The range of critical forces Fig. 3. the first form of stability loss for the
ideal bar

In fig. 4 shows the results of such calculations. Here on the axis of
abscission the amplitude of imperfections is deposited, and on the axis of
ordinary — the value of critical force. The graph is divided into two parts: linear
and nonlinear calculations.
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Fig. 4. The results of calculations of the centrally compressed bar
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In test problems with a load applied with eccentricity e = 10 mm and e =
20 mm, the ideal bar has stability loss in the form of bar deplanation (first
form), means twisting relative to its own axis (Fig. 9). In Fig. 5 and Fig. 6 are
given the results of such calculations in the form of graphs.
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Fig. 5. The results of calculations of the eccentrically compressed bar (e=10mm)
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Fig. 6. The results of calculations of the eccentrically compressed bar (e=20mm)

Additionally, was researched the influence of imperfections specified in the
form of a general stability loss was investigated, which, for that the bar was
fifteen (the first was in the form of wave-like bulging of the walls — see
Fig. 7(a) and Fig. 7(b).

(b)
Fig. 7. Form of stability loss: (a) first, (0) fifteens

In Fig. 9 are given the results of such calculations. Here we see a
dependence of the bar's stability on the amplitude of initial imperfections,
which was not seen in previous test tasks — see Fig. 4, 5, 6.
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Fig. 8. The dependence of the critical force on the Fig. 9. The first form of stability loss of an

initial value imperfections in the general (15th) ideal bar at eccentric compression:
form of stability loss e=10 mm Ta e=20 mm
Conclusions

1. Modeling imperfections in the form of general, local and torsional
forms of stability loss differently affect the stability of the bars.

2. Imperfections in the form of general stability loss significantly reduce
the critical load value compared to other simulated imperfections.

3. An increase in the amplitude of defects in the form of a total stability
loss leads to a decrease in the magnitude of the critical force (with increasing
amplitude, the critical force decreases).
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Oxmenw 1.0., JIyk snuenxo O.0.
JESIKI ACIIEKTH BPAXYBAHHS TOYATKOBHUX HEJJOCKOHAJIOCTEM Y
PO3PAXYHKAX CTIMKOCTI TOHKOCTIHHHUX EJJEMEHTIB BIIKPUTOI'O
MnPO®LIIO

VY po6oTi JOCTiIKEHO BIUIMB II0OYaTKOBUX HEAOCKOHAJOCTEH (HOpMHU Ha CTIHKICTH CTEpXKHIB
Bigkpuroro C-noxiGHoro mpodimo. TecToBi 3aadi BUpIlIyBalIuCs y MPOrpaMHOMY KOMILIEKCI
MSC Nastran, mo 0a3yeTbcsi Ha METOl KiHEYHHX €IEeMEHTIB. ['eoMeTpuyYHi HEXOCKOHAIOCTI
CTEepXKHIB 3aaHi y (GopMax: 3arajbHOi BTpaTH CTIMKOCTI i1€aJIbHOrO CTEePIKHS, XBHIICTIOAIOHOrO
BHUITy49yBaHHs CTIHOK Ta MOJMIb, ACMJAHALi cTepxHs. [ MOAENOBaHHS HEJOCKOHAIOCTEH
BHKOPUCTaHa Nporpama, B sKiii 1y (OpMyBaHHS HOBUX KOOPAMHAT BY3JiB «Ie)OpPMOBAHOI»
MoJesi CTep)KHs KOMIIOHEHTH BEKTOpa MOAiOHOro mo (opmu BTpaTH CTIHKOCTI JOZAIOTHCSA 10
BIIMOBIAHMX KOOPAMHAT CEPeOUHHOI MOBEpXHI CTepykHsA. Takd YMHOM MOXKHA MOJCIIOBATH
II0YaTKOBI HENOCKOHAIOCTI MO ()opMaM BTPATH CTIHKOCTI CTEp)KHS 3 PI3HAMH 3HAYCHHSIMH
aMIUTITyAX Ta IMIIOPTYBAaTH OTPUMAHy KiHEYHO-CJIEMEHTHY MOJENIb Y PO3PAXYHKOBHI KOMILIEKC.
OmnucaHi JOCTIIKEHHs! CTIKOCTI CTEPIXKHIB 3 PI3HUMH aMIUTITYaMHi HeZOoCKOHajocTeil popmu Ta
PI3HMMH 3HA4YCHHSMH CKCLEHTPUCHUTETY NPUKIAJCHHS CHJ BHKOHAHI B JIHIMHIA 1 HemiHIMHIN
noctaHoBkax. Ha ocHOBI TeCTOBHX 331a4 3p00JI€HO BUCHOBOK ILI0/I0 BIUTUBY ()OPMH Ta aMILTITYAH
IOYaTKOBHUX HEIOCKOHAJIOCTEH HAa KPUTHYHY CHIy. BH3Ha4eHo, 110 HAaHOIbLINI BIUIMB MAarOTh
HEJIOCKOHANIOCTI y (opMi 3araibHOT BTpaTH CTiMKoCTi. ISl TAKMX HEJOCKOHAJIOCTEH BUSBIICHO
BIUIMB AaMIUITYIH HEJOCKOHAJIOCTEeHl Ha BENMYMHY KpUTHUYHOI cuiad. BrumBs aMmunityau
HEJOCKOHAJIOCTeH, 10 3a4aHi y (opMi XBHICMOAIOHOrO BHUIy4yBaHHS CTIHOK Ta y ¢opmi
JeTUIaHalil, Ha BEJIMYMHY KPUTHYHOI CHIIH HE 3HAYHHMIL.

Kia04oBi cj10Ba: TOHKOCTIHHI CTEp)KHI, I€OMETPUYHI HEIOCKOHAJIOCTi, EKCLIEHTPHUCHUTET,
METOJI CKIHYCHHHX €JIEMEHTIB, CTIHKICTh, KPUTHYHA CHJIA.

Okhten 1.0., Lukianchenko O.O.
SOME ASPECTS OF CONSIDERATION OF INITIAL IMPERFECTIONS IN THE
CALCULATIONS OF STABILITY OF THIN-WALLED ELEMENTS OF OPEN
PROFILE

Performed analysis of the initial geometric imperfections influence on the stability of the open
C-shaped bars. Test tasks were solved in MSC Nastran, which is based on the finite element
method. Imperfections are given in different formulations: the general stability loss of an ideal bar,
of wavy bulging of walls and shelves, of deplanation of a bar. To model imperfections, has been
developed a program which for the formation of new coordinates of the nodes of the "deformed"
model, the components of a vector similar to the form of stability loss are added to the
corresponding coordinates of the middle surface of the bar.In this way, you can set initial
imperfections in the forms of stability loss of the bar with different amplitude. Researches made
with different values of the imperfection amplitude and eccentricity of applied efforts. All tasks are
performed in linear and nonlinear staging. The conclusion is made regarding the influence of
initial imperfections form and imperfection amplitude on the critical force in nonlinear
calculations. It was found that the most affected are imperfections, which are given in the form of
total loss of stability. It was revealed the influence of the imperfection amplitude on the magnitude
of the critical force for such imperfections. The influence of imperfections amplitude given in the
form of wavy bulging walls and in the form of deplanations is not affected on the value of the
critical force.

Keywords: thin-walled bars, geometry imperfection, eccentricity, finite element method,
stability, critical force.
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Performed analysis of the initial geometric imperfections influence on the stability of the open
C-shaped bars. Imperfections are given in different formulations: the general stability loss of an
ideal bar, of wavy bulging of walls and shelves, of deplanation of a bar. Researches made in with
different values of the imperfection amplitude and eccentricity of applied efforts. All tasks are
performed in linear and nonlinear staging.
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In the opposition of the people of Ukraine to the aggressive policy of the Russian Federation,
the question of studying the experience of combat operations in the east of our state is relevant.
Analysis of the losses suffered by the Armed Forces of Ukraine and the civilian population during
the operation. The Joint Forces (anti-terrorist operation) in Donetsk and Luhansk region clearly
point to the need to study the issue of creating safe shelters, especially for the civilian population
with limited time and resources. This can be realized provided that explosive methods of
underground construction are used alongside traditional earthworks.

The construction of such structures must be strong and have a sufficient internal volume and
ensure the safety of the people there and allow the placement of various household and sanitary
equipment.

Based on the above, it should be noted that the article considers the topical issue of
arrangement of underground structures and shelters in one of the ways, namely explosive. The
essence of the explosive method of arranging underground workings is that a well is arranged in
the soil, in which the appropriate charge of the explosive is installed and detonation is carried out.
Due to the explosion of the charge, a camouflet cavity is formed, which is used for the
construction of an underground protective structure or its elements.

The use of this method can significantly reduce and sometimes completely eliminate time-
consuming and unproductive work on the development and removal of soil from the slaughter.
Accordingly, the conditions of camouflage of buildings are significantly improved and the terms
of their construction are reduced.

© Kotsiuruba V.I., Datsenko I.P., Dachkovsky V.O., Tkach M.Y., Holda O.L., Holda M.A.,
Klontsak M.Y., Mykhailova A.V.
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The purpose of the article is to highlight the methodological approach to substantiate the
requirements for the main indicators of construction of protective structures by arranging
underground workings in an explosive manner.

The considered methodical approach can be used both at planning of actions for the
fortification equipment of shelters for the civilian population and during carrying out scientific
researches for the purpose of substantiation of requirements to the basic indicators of construction
of protective constructions by arrangement of underground workings by explosive way. As a
direction of further research in the subject area is the improvement of scientific and
methodological approach to the calculation of a multilayer underground protective structure.

Key words: construction, civilian population, earthworks, blasting, dynamic loading, shock
wave, soil, camouflet, deep charge, calculation methods, safety, optimization.

Introduction. The problematic issue in the field of civil protection and
engineering support for the preservation of human life and health is relevant
[1-3] in conditions of active hostilities in areas of armed conflict.

The solution to this issue becomes possible thanks to the skilful
combination of the protective properties of the terrain with the construction of
defensive fortifications, mainly underground. Most of the problematic issues of
survivability under such conditions require in-depth study.

Fortification equipment (FE) of defensive line systems, areas and positions
of troops in the formation of defense is one of the most important tasks. At the
same time, the role and significance of FE in modern conditions is growing
significantly. This is due to the discrepancy between the spatial scope of the
conduct of hostilities and the existing forces taking part in them, as well as the
discrepancy between the scope of tasks for the construction of protective
structures and the capabilities of troops to create it.

Analysis of the research and publications showed [4-5] that the sufficient
attention was paid to the issues of FE and especially to the protective
properties of fortifications buildings. At the same time, the issue of protective
properties of the structural elements of protective structures, as well as the
technology of their construction currently need additional study. There are
methods of substantiation of requirements to the specified constructions which
are considered in some scientific works [6-7], but the results obtained differ in
objectivity and reliability from the generally accepted ones. At the same time,
the issue of construction of the protective structures in promising ways,
namely the explosive method, is not fully investigated and not to highlight
enough. Thus, there is a need in the theory of engineering support, on
substantiation of requirements to processes of arrangement of underground
workings by explosive way. Given the above, the purpose of the article is to
highlight the methodological approach to justify the requirements for the main
indicators of construction of protective structures by arranging underground
workings in an explosive manner.

The main material of the article. During the detonation of explosive
located in the soil (rock), funnels are not always formed on the soil surface. The
minimum depth of the charge, at which the funnel is not formed on the firee
surface, but only some swelling of the soil (rock), is called the critical depth.

The charge that laid at the critical depth Ay, is called the maximum charge
of loosening or the largest camouflet. Charges are located at the depths that
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exceed the critical depth are called camouflet. The mass of the maximum
charges of loosening (the largest camouflet) is determined if the explosion
indicator n = 0.

These zones in the case of concentrated charges have the shape of a sphere,
and in the case of elongated charges - the shape of an ellipsoid. The
mechanical action of the camouflet explosion (Fig. 1) is shown:

in the formation of a cavity (void) or zone of displacement of the soil
(rock); ‘

in crushing (destruction)
of soil (rock) with a violation
of the connection of particles
within a certain zone, which
is called the =zone of
destruction;

in the shaking of the soil
(rock) with the destruction or
damage of structures located
in it within a zone called the
zone of dangerous shaking.

The radius of the zone of
displacement of the soil

Fig. 1. Scheme of mechanical action of camouflet

(rock), which is formed by the explosion: 1 — charge; 2 — zone of displacement; 3 —
explosion of camouflet R, (in zone of destruction; 4 — zone of dangerous shaking
meters), is determined by the
formula:

R, = mr,, (1)

where m is the coefficient that depends on the properties of the explosive and
the shape of the charge (determined from Table 1); 7y is the radius of charge in
meters.

The charge radius 7y is calculated by the formula:

e, @)

GRS TR
for elongated charges:
IC
Th="5 O" . (3)

The radius of the soil destruction zone R (in meters), which is formed
during the explosion of the camouflet, is determined by the formula:

C
= 3| —Z-
R=1,133 = 4)

CP
R=1.2 < ®)

for elongated charges:
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The value of the radius of the dangerous shaking zone R, depends on the
weight of the charge C,,), which is detonated, on the characteristics of the soil
(rock) K and on the strength of the structure located in it, for which this value
must be determined.

Table 1
The value of the coefficient m (of explosive of normal power*)
Value m
. for for
Name of soils and rocks concentrated | elongated
charges charges
Plastic clay 11,2-12,9 37,5-46,0
Ordinary clay 6,4-9,8 16,3-30,8
Soft marl 5,4-7,6 12,5-20,6
Scrap clay dark blue; sandy clay; heavy loam 4,8-6,6 10,4-17,1
Soft chalk, coquina 3,8-4,6 7,4-10,0
Marl of medium strength; marl dolomite; soft 8 B
chalk-stone and high density 1.8-3,2 2,456
FmeTgramed. gypsum; strong shal.es; high . 1.8-2.9 2.4-4.9
density granite; limestone of medium density
Medium density granite; dense quartzites; dense
. . 1,6-2,5 2-4
limestone; sandstone; dolomite
Marble; strong limestones; dense granite;
. . 1-2 1-3
fine-grained gypsum; strong dolomite

* for ammonites, the value of m decreases by 10%, and for ammonium nitrate and dynamos - by
15%.

The meaning of the explosive method of arranging underground workings
is as follows. The well is arranged in the soil, in which the corresponding
explosive charge is installed along the axis of the planned work and the
wellhead is plugged with material (eg soil). Due to the explosion of the
explosive charge, a camouflet cavity is formed, which is used for the
construction of an underground protective structure or its elements.

The use of this method can significantly reduce and sometimes completely
eliminate time-consuming and unproductive work on the development and
removal of soil from the slaughter. Accordingly, the conditions of camouflet of
buildings are significantly improved and the terms of their construction are
reduced.

The disadvantages of this method include the presence in the camouflet
cavities and the surrounding soil of harmful gases containing the products of the
explosion. Ventilation of such cavities requires additional resources and time.

It should be noted that the main conditions for the application of this
method are:

the presence of cohesive, stable and at the same time porous soils (clay,
loam, etc.);

appropriate linear planning of the building;
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availability of drilling wells.

Two the best common schemes for creating underground camouflet
workers are known: due to the explosion of an elongated explosive charge or
an explosive chain of concentrated explosive charges located along the axis of
the workers at a certain distance from each other [6]. However, studies of
practical experience of fortification equipment using an explosive method of
soil development have confirmed the working hypothesis of sufficient
efficiency of the combined scheme of formation of underground camouflet
excavations by explosive method (Fig. 2).

The technology of formation of underground camouflet workings by
explosive method may include [7] the following technological processes:

well formation;

fabrication and supply of explosive charge to the well;

preparation of an explosive network (for example: electric networks);

plugging wells with driving material;

activation of the explosive network and explosion of charges;

opening, airing and inspection of camouflet workings;

penetration and strengthening of workings for an entrance;

completion of camouflet cavities to the required profile, installation of
excavation and removal of excess soil.

| Schemes of formation of underground camouflet workings |

elongated charge Combined with elongated and Concentrated charges of
concentrated explosive charges explosives
E]onga(téf)chargc 4=08D a a
Elongated charge
(Co)

Concentrated explosive charges (C)

Concentrated explosive charges (C)

Fig. 2. Options for erection of protective structures according to different schemes
by arrangement of underground camouflet workings by explosive method.

At the same time the necessary preparatory and auxiliary works are
performed.

Each of these processes is characterized by heterogeneous parameters
(time, labor costs, cost, probability, cost in terms of charges, detonators and
other material means, etc.).

Consider the sequence of calculation of the cost of explosives for blasting
in soils of different categories required for the formation of underground
camouflet excavations.

The required mass of the elongated explosive charge (C,, kg) to obtain the
desired diameter of the camouflet cavity (D, m) depends on the depth of the
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explosive charge, the properties of explosives and soil. The mass of explosives
per 1 running meter of elongated charge is determined by empirical formula

2
C,=0,25K,K K D>, (©6)
where K, is coefficient that takes into account the degree of deepening of the

explosive charge in the soil; K. 1is coefficient that characterizing the

vr
properties of explosive (for calculations taken for TNT equal to 4.1); K, is
coefficient that characterizes the properties of the soil; D - the required
diameter of the camouflet cavity, m.

The value of the coefficient K, is taken equal to the value of the
established linear dependence on the depth of the explosive charge in the soil,
which is presented in table 2.

The value of the coefficient K, that characterizes the properties of the soil
according to [8] takes values from 0,6 to 2,4. More precisely, the value of this

coefficient can be determined on the basis of experimental studies according to
one - two test explosions of elongated explosive charge.

Table 2
Dependence of the coefficient K; value on the depth of the explosive charge
in the soil
Deepening of the
explosive charge center 3 4 5 6 7 8 9 10
(H ,m)
K, 4|16 1,8 2 (22241261238

The amount of clogging of the explosive charge in any case must be not
less than 3.5 of the diameter of the production to ensure the conditions of
formation of the camouflet cavity.

Taking into account the inclination of the axis of production to the daily
surface, the amount of plugging is advisable to calculate

l,=K,D, (7

where K is the coefficient depending on the angle of inclination (Fig. 3); D

— the required diameter of the camouflet cavity, m.

The mass of the explosive of the concentrated charge of the explosive is
proposed to be defined as
1
6
where K, is the coefficient that takes into account the degree of deepening of

C,=-K,K.K,D, (6)

vr gr

the explosive charge in the soil; K. is coefficient that characterizing the

vr
properties of explosive; K, is coefficient that characterizes the properties of

the soil; D is the required diameter of the camouflet cavity, m.
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Fig. 3. The dependence of the coefficient K, on the angle of the axis of production

to the day surface

To arrange explosive cavities in the soil drill a vertical well (the depth of
the well should be greater than the diameter of 100-120 times), the depth H
and the diameter d, which is determined by the formulas

H=h+D, (M

d=125240,01, (8)
m

where H is well depth, m; d — well diameter in meters; D — the diameter of the
required cavity (wells), m; /# — the required thickness of the protective layer of
soil, m; m — coefficient that depends on the properties of the soil (determined
by table 1).

Depending on the mass of the chain of concentrated explosive charges,
their minimum depth is defined as

H. =+K K K_3C . )

mm_lo nrvrttgr
where K, is the coefficient that takes into account the number of explosive
charges (Fig. 4); K, is the coefficient that characterizing the properties of

explosive; K,, is the coefficient that characterizes the properties of the soil;

C, is mass of one explosive charge, kg.

It should be noted that the dependences shown in Figures 3 and 4 are
established on the basis of a number of experimental studies and fairly
accurately reflect the studied process. The permissible error in the results of
calculations using the proposed methodological approach does not exceed 5%.

It is advisable to remove the concentrated charges of explosives are
considered equal

a=08D . (10)

Then the required number of concentrated explosive charges can be

calculated by expression
n=L/a, (11
where L is the required length of the camouflet cavity, m.
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The number of charges is rounded to a larger value.

Kn
2,5

2 —1,71—"

1,5
/
1

0,5

1 2 3 4 5 6 7 8 9 0 "

Fig. 4. Dependence of the coefficient k on the number of explosive charges

Here is an example of calculations using the proposed methodological
approach. As initial data we will accept the following. It is necessary to
substantiate the parameters of the explosive arrangement of the camouflet
cavity in the soil with concentrated explosive charges with a length of 6 m and
in diameter D=2 m. The required thickness of the protective layer of the soil
h=3 m, the coefficient of the soil K, =1,5.

The depth of the well is determined by the formula (7)
H=3+2=5m.
In Table 2 we determine the value of the depth factor K} =1,8 . By formula
(6) we calculate the mass of explosives of one concentrated explosive charge

C, :%1,8~4,1~1,5'23 =14,76 ~15kg-

The distance between adjacent charges is calculated by formula (10):
a=08-2=16m.

The required number of concentrated explosive charges is calculated by
formula (11):
-6

1,6
The required diameter of the well is calculated by formula (8):
d=1252+0,01=032 m.

Calculate the minimum depth of the chain of concentrated explosive

charges by formula (9):

n =3,75=4.

H. =1129.4115315=195 m.

min =m
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Based on the fact that H>H .

min » the rate of action of the explosion n = 0,

that indicates compliance with the conditions of formation of the camouflet
cavity.

Additionally, according to formulas (1) - (5), the parameters of the zones of
displacement, destruction and dangerous shaking, which are shown in Fig. 1,
can be substantiated.

Thus, the methodological approach considered in the article can be used
both when planning activities with FE and in the course of research to
substantiate the requirements for the main indicators of construction of
protective structures by arranging underground workings in an explosive
manner. As a direction of further research in the subject area is the
improvement of scientific and methodological approach to the calculation of a
multilayer underground protective structure.
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Koytopy6a B.1., ayenxo LII., JJaukoscoxuti B.O., Tkau M.A., I'onoa O.JI1., F'onoa M.A.,
Knonyax M. A., Muxaiinoa A.B.
OBIPYHTYBAHHSI BUMOT LIOA0 3BEJEHHS 3BAXUCHUX CIIOPY/I LIJIAXOM
YJIAULITYBAHHS NIA3EMHUX BUPOBITOK BUBYXOBUM CITOCOBOM

VY nporucrosiHHi Hapoay Ykpainu arpecuBHii nomituii Pociiicekoi @enepaltii € akTyanibHUM
[UTaHHS BUBYCHHS JOCBily 0OMOBHX IiliHa CXOJi HAIIOI JAEpXKaBU. AHAJi3 BTpAT, SIKMX 3a3HAJH
36poiini Cuimm YKpaiHM Ta MHPHE HACElCHHs, 3a 4ac BeleHHs omepaiii OO6’eIHaHUX CHII
(aHTHTEPOPUCTUYHOI Orepallii) Ha TepuTopii JloHeubkoi Ta JlyranchKkoi o0sacTeil 4iTKO BKa3ylHOTh
Ha HEeOOXIZHICTh BUBYCHHS MUTAHHS LIOAO0 CTBOPCHHS OE3MEYHHX YKPHTTIB B IEPILY Yepry Uit
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LIMBUIBHOTO HAcelIeHHs pH oOMEeXeHi dacy Ta pecypciB. Lle MOXIMBO peanizyBaTé IpU yMOBI
3aCTOCYBaHHsS Ha psAy 3 TPaAULIHHUMH 3eMJICPUHHAMH poOOTaMH BHOYXOBHX CIIOCOOIB
yJAIITYyBaHHS HiJ3€MHUX CIIOPYA.

KoHCTpyKIist TAKHX CHOPYA MOBUHHA OyTH MIL[HOIO 1 MaTH JOCTAaTHIiil BHYTpIIUHIN 00’eM Ta
3a0e3neuyBati Oe3leKy JIOACH M0 TaM 3HAXOIATHCS 1 JO3BOJISATH PO3MILICHHS Pi3HOMAHITHOrO
noOyTOBE Ta CAaHITAPHOrO 00JIa JHAHHSL.

Buxoasiuu 3 BUILE3a3HAYCHOO CJIJ] BiIMITHTH L0 B CTATTi PO3IJIIHYTO aKTyaJlbHE MMUTAHHS
yJAIITYyBaHHS MiI3eMHUX CIOPYA Ta yKPUTTIB OZHHM i3 Cr1ocobiB, a came BHOyxoBuM. CyTHICTh
BHOYXOBOIO Croco0y yJaIITyBaHHS IiA3€MHHMX BHPOOITOK IOJNArac BTOMY IO B IPYHTI
BIIALITOBYETHCS CBEPUIOBHHA, Y SKY BCTAHOBIIIOETHCS BIAMOBIIHHUH 3apsi BUOYXOBOI pEYOBUHHU Ta
3IIHCHIOETHCS MiAPUB. 3a paXyHOK BHOYXY 3apsilly YTBOPIOEThCS Kamy(ieTHa MOPOXHHHA, IO
BHKOPUCTOBYETHCS U1l 3BECHHS ITiI3EMHOI 3aXHCHOI Criopyan abo i elleMeHTIB.

BUKOpHUCTaHHS TaKOro Croco0y 103BOJISIE 3HAYHO 3HU3UTH, a 1HOJI W TMOBHICTIO BHKJIOUUTH
TPYAOMICTKI Ta HENPOAYKTHBHI pPOOOTH IIOAO PO3POOKM Ta BHIAICHHS IPYHTY i3 3a60f0.
BiAnoBigHO 3HAYHO MOKPALLYIOTHCS YMOBH MACKyBaHHsS CIOPYA Ta CKOPOUYYIOTBCS TEPMIiHH iX
3BEJICHHSI.

MeTol0 CTarTi € BHCBITJICHHS METOAMYHOrO IIXOAY LIOAO OOIPYHTYBAHHS BHMOL O
OCHOBHHX IIOKa3HHKIB 3BE[ICHHS 3aXHCHHUX CIIOPYH LUIIXOM YJIAIITYBAaHHS MiA3EMHHUX BHPOOITOK
BHOYXOBHM CIIOCOOOM.

Po3risiHyTHI METOAMYHUN MiAXiq MOXKe OyTH BUKOPUCTAHHUM SIK i 4ac IUIAHYBaHHS 3aXOAIB
3 ¢poprudikauiiHOro 00JaJHaHHs YKPUTTIB U1 UBUJIBHOIO HACEICHHS TaK 1 y XOA1 HPOBEICHHS
HayKOBUX LlOCJ'IiL[)KeHb 3 METOK OGFPyHTyBaHHﬂ BUMOI' 10 OCHOBHHX l'lOKa3Hl/lKiB 3BCIACHHA
3aXMCHUX CHOPYA LULSIXOM YJIAIITYyBaHHS IMiA36MHHX BHPOOITOK BHOYXOBHM cIOCOOOM. Sk
HANPSIMOK OANIbIINX JOCIIDKEHb y IPEAMETHII ranysi € yI0CKOHaJICHHSI HayKOBO-METOAUYHOTO
HiIXOAY LIO00 PO3PaxyHKy OaraTtoIapoBoi Mi3eMHOI 3aXHCHOI CIIOPYIH.

KarouoBi ciioBa: criopyza, UMBiIJIbHE HACEJICHHS, 3eMIICPHiiHI poOOTH, BUOYXOBHIi CroCiO,
JMHAMIYHE HaBAHTAKCHHS, yAapHa XBHJI, IPYHT, Kamyduer, 3arinubieHuii 3apsa, po3paxyHKoBi
MeTou, Oe3reKa, OnTUMi3allis.

Kotsiuruba V.I., Datsenko I.P., Dachkovsky V.O., Tkach M.Y., Holda O.L., Holda M.A.,
Klontsak M.Y., Mykhailova A.V.

JUSTIFICATION OF THE REQUIREMENTS FOR THE CONSTRUCTION OF
PROTECTIVE STRUCTURES BY MEANS UNDERGROUND WORKINGS IN AN
EXPLOSIVE MANNER

In the opposition of the people of Ukraine to the aggressive policy of the Russian Federation,
the question of studying the experience of combat operations in the east of our state is relevant.
Analysis of the losses suffered by the Armed Forces of Ukraine and the civilian population during
the operation. The Joint Forces (anti-terrorist operation) in Donetsk and Luhansk region clearly
point to the need to study the issue of creating safe shelters, especially for the civilian population
with limited time and resources. This can be realized provided that explosive methods of
underground construction are used alongside traditional earthworks.

The construction of such structures must be strong and have a sufficient internal volume and
ensure the safety of the people there and allow the placement of various household and sanitary
equipment.

Based on the above, it should be noted that the article considers the topical issue of
arrangement of underground structures and shelters in one of the ways, namely explosive. The
essence of the explosive method of arranging underground workings is that a well is arranged in
the soil, in which the appropriate charge of the explosive is installed and detonation is carried out.
Due to the explosion of the charge, a camouflet cavity is formed, which is used for the
construction of an underground protective structure or its elements.

The use of this method can significantly reduce and sometimes completely eliminate time-
consuming and unproductive work on the development and removal of soil from the slaughter.
Accordingly, the conditions of camouflage of buildings are significantly improved and the terms
of their construction are reduced.
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The purpose of the article is to highlight the methodological approach to substantiate the
requirements for the main indicators of construction of protective structures by arranging
underground workings in an explosive manner.

The considered methodical approach can be used both at planning of actions for the
fortification equipment of shelters for the civilian population and during carrying out scientific
researches for the purpose of substantiation of requirements to the basic indicators of construction
of protective constructions by arrangement of underground workings by explosive way. As a
direction of further research in the subject area is the improvement of scientific and
methodological approach to the calculation of a multilayer underground protective structure.

Key words: construction, civilian population, earthworks, blasting, dynamic loading, shock
wave, soil, camouflet, deep charge, calculation methods, safety, optimization.

VK 623.1/.7:007.52 (477)

Koywopyba B.I, Hayenxo LII., Hauxoecvkuit B.O. Trau M.A., T'oroa O.JL, T'oroa MA.,
Knonyax M A., Muxaiinoa A.B. OGIpyHTYBaHHSI BUMOI LI0/A0 3BeJdeHHSI 3aXHCHHX CIIOPYJX
IUISIXOM YJAIITYBaHHSI NiI3eMHUX BHPOOiTOK BHOYXOBHM cmoco6oMm // Omip maTepiamiB i
Teopis cnopya: Hayk.-Tex. 30ipH. — K.: KHYBA, 2021. — Bum. 106. — C. 129-140.

YV emammi eucsimniocmoca memoouunuii nioxio wjooo 06IPYHMYSauHs 6UMO2 00 OCHOGHUX
NOKA3HUKIE 36€0eHHs 3AXUCHUX CNOPYO WIAXOM VIAUIMYSAHHS NIO3EMHUX 6UPOOIMOK 6UOYX06UM
cnocobom.
bibn. 12, puc. 4, Tabmn. 2.

UDC 623.1/.7:007.52 (477)

Kotsiuruba V.I., Datsenko I.P., Dachkovsky V.O., Tkach M.Y., Holda O.L., Holda M.A., Klontsak
M.Y., Mykhailova A.V. Justification of the requirements for the construction of protective
structures by means underground workings in an explosive manner // Strength of Materials
and Theory of Structures: Scientific-and-technical collected articles — Kyiv: KNUBA, 2021. —
Issue 106. — P. 129-140.

The article highlights the methodological approach to substantiate the requirements for the
main indicators of construction of protective structures by arranging underground workings in an
explosive manner.

Ref. 12, Fig. 4, Tabl. 2.

ABTOp (BYeHa CTyNeHb, BUeHe 3BaHHs, 0CANA): TOKTOP TEXHIYHUX Hayk, npodecop kadenpu
olepaTUBHOrO Ta 60ifoBoro 3abe3neueHHs HauioHansHOro yHiBepcutery 060poHH YKpaiHu iMeHi
IBana Yepusixoscokoro, KOIJFOPYBA Bosoaumup IBanoBu4

Anpeca poooua: 03049, m. Kuis, [ToBitpodiorchkuii mpocriekt, 28, HauionanpHuii yHiBepcUTeT
06oponn Ykpainu iMmeHi IBana YepHSIXOBCHKOTO.

Po6ounii Ten.: +38 044 271-08-68, paxc +38 044 271-06-97 03680

Mooinbumii Tea.: +38(050) 833-31-90,

E-mail: kotcuru@ukr.net

ORCID ID: https://orcid.org/0000-0001-6565-9576

ABTOp (BY€HA CTyNeHb, BYeHe 3BaHHsS, MOCANA): KAHAWAAT TEXHIYHUX HAyK, JIOKTOPAHT
HauionansHoro yHiBepcurery 060poHu Ykpainu imeHni IBana Yepusxoscbkoro, JJAIIEHKO Isan
IerpoBuu

Anpeca poooua: 03049, m. Kuis, [ToBitpodiorchkuii mpocriekt, 28, HalionanpHuii yHiBepcUTeT
06oponn Ykpainu iMmeHi IBana YepHSIXOBCHKOTO

Po6ounii Ten.: +38 044 271-08-68, paxc +38 044 271-06-97 03680

Mooinbumii Tea.: +38(093) 475-31-67

E-mail: docik_ivan@i.ua

ORCID ID: https://orcid.org/0000-0002-0047-413X



140 ISSN 2410-2547
Omip matepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2021. Ne 106

ABTOp (BYeHa CTyNeHb, BUeHe 3BaHHs, M0CA/A): KaHIUAAT TEXHIYHUX HAyK, JOLCHT, JOLCHT
kadenpu TexHiuHOro 3abesnedenHs HamionansHoro yHiBepcutery 060poHH Ykpainu iMeHi IBana
Yepusixosehkoro, JAUKOBCHKWM Bonomumup Osnekcanaposuy

Anpeca poooua: 03049, m. Kuis, [ToBitpodiorchkuii mpocriekt, 28, HaionanpHuii yHiBepcUTeT
060oponn Ykpainu iMmeHi IBana YepHsIXOBCHKOTO.

Po6ounii Ten.: +38 044 271-06-97, dakc +38 044 271-06-97 03680

Mooinbumii Tea.: +38(067) 422-21-75,

E-mail: 1903vova@ukr.net

ORCID ID: https://orcid.org/0000-0003-1480-5021

ABTOp (BYeHAa CTyNeHb, BUeHe 3BaHHsS, NOCANA): KAHIUIAT TEXHIYHUX Hayk, HauanmpHuK
kadeapu 0OOpOHHOro MeHemKMeHTy HamioHanpHOro yHiBepcUTEeTY O00OpPOHM YKpaiHH iMeHi
IBana Yepnsxoscbkoro, TKAY Mukona SpocnaBoBuy

Anpeca poooua: 03049, m. Kuis, [ToBitpodiorchkuii mpocriekt, 28, HalionanpHuii yHiBepcUTeT
060oponn Ykpainu iMmeHi IBana YepHIXOBCHKOTO.

Po6ounii Texn.: +38 044 271-06-97, pakc +38 044 271-06-97 03680

Mooinbumii Tea.: +38(063) 717-28-38,

E-mail: nyck1985@ukr.net

ORCID ID: https://orcid.org/0000-0002-8832-1268

ABTOp (BYeHA CTYNeHb, BUeHe 3BaHHS, 10CA/1A): KaHIUIAT BiiCHKOBUX HAyK, JOLEHT Kaheapu
cyxomyTHHX Bilicbk HarionanbHoro yHiBepcutery o0opoHn — YkpaiHu imeHi IBana
YepusixoBebkoro, I'onma Onexcanap Jleoninosuy

Anpeca po6oua: 03049, m. Kuis, ITosiTpoduiorcekuii pocrekt, 28, HauionanbHuil yHiBepcuTeT
06oponu Ykpainu iMeHi IBana YepHSIXOBCHKOTO

Mooinbumii Tea.: +38(098) 406-27-26

E-mail: rainbow15@i.ua

ORCID ID: https://orcid.org/0000-0002-2050-3428

ABTOpP (BY€Ha CTyNeHb, BYe€He 3BaHHS, MOCAAa): HAYKOBHI CHIBPOOITHMK HAayKOBO-
METOJMYHOr0 LEHTPY OpraHizarii ocBiTHbOI AisibHOCTI HamioHanasHOro yHiBepcHTEeTy 0OOpPOHH
Vkpainu imeni IBana YepusxoBcebkoro, 'onga Mapuna AnaToniiBHa

Anpeca poooua: 03049, m. Kuis, ITositpodiaorcekuii pocrekT, 28, HauioHanbHuii yHIBEpCHUTET
06oponn Ykpainu iMmeHi IBana YepHSIXOBCHKOTO

Mooinbumii Tenedon: +38(097)862-25-08

E-mail: rainbow15@i.ua

ORCID ID: https://orcid.org/0000-0001-6299-6446

ABTOp (BYEHa CTyNeHb, BUeHe 3BaHHs, MOCANa) : KAHIMIAT BifiCBKOBHX Hayk, mpodecop
kadenpu BilicbkoBoi migroroBku HamioHanabHOro yHiBepcureTy 00OpoHM Ykpainu iMmeHi IBana
Uepusxoscbkoro, KIIOHLIAK Mukouna SIpocnaBoBud.

Anpeca poooua: 03049, m. Kuis, IToBitpodaorcekuii npocnekt 28, HanioHanpHuii yHiBepcuTeT
06oponn Ykpainu iMmeHi IBana YepHSIXOBCHKOTO.

PoGounii Tes.: +38044-271-09-72, pakc +38044-271-06-97.

Mooinbumii Teu.: +38(067)-866-03-59.

E-mail: 0678660359@ukr.net

ORCID ID: https://orcid.org/0000-0003-2848-2665

ABTOp (BYeHMil CTYymiHb, BYeHe 3BaHHs, IMMO0CAAA): KaHIUIAT TCXHIYHUX HAyK, CTapIIni
HAyKOBHH CIIBPOOITHHK HayKOBO-OPraHi3alifHOro Bifainy IHCTUTYTY JepikaBHOrO yrpaBIiHHs Ta
HAYKOBHX JOCIIIPKCHB 3 IHBiTbHOrO 3axucTy, MUXAMJIOBA Ankona BikTopisaa

Anpeca po6oua: 04074, m. Kui, Byn. Bumropoaceka 21, IHCTHTYT JepykaBHOTO yHpaBIiHHS Ta
HAyKOBHX JOCIIKCHD 3 LIUBLILHOIO 3aXHCTY

Po6ounii Tex.: +38 (044) 430-06-15

Mooinbnuii Tea.: +38 (097) 253-72-42

E-mail: mihajlova-a-v@ukr.net

ORCID ID: https://orcid.org/0000-0001-9440-4417



ISSN 2410-2547 141
Omip marepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2021. Ne 106

UDC 693.546
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The impact of cranks displacement angle on the motion non-uniformity is determined for a
roller forming unit with an energy-balanced drive mechanism. At the same time, the roller forming
unit is presented by a dynamic model with one freedom degree, for which the differential equation
of motion is write down. As a result of solving the differential equation, it has been obtained that
the change function of the crank angular velocity from start-up moment and during steady motion
mode. After that, we calculated the time corresponding to the angular velocity value, and obtained
the change function of the crank angular acceleration from start-up moment and during steady
motion mode. The motion non-uniformity of the roller forming unit has been determined by the
motion non-uniformity factor, the motion dynamism factor and the extended factor of motion
assessment during steady motion mode. The impact of drive cranks displacement angle on the
motion non-uniformity has been traced, as a result, the specified factors have the minimum values
at cranks displacement on the angle Ap=60°.

Keywords: roller forming unit, drive mechanism, displacement, angular velocity,
acceleration, non-uniformity.

Introduction

In the existing units for surface compacting of products from building
mixtures the slider-crank or hydraulic drive at reciprocating motion of the
forming trolley with the compaction rollers is used [1-4]. During continuous
start-stop modes, considerable dynamic loads appear both in the drive
mechanism and forming trolley elements, which may lead to the premature
failure of the unit.

Analysis of publications

In the existing theoretical and experimental studies of roller forming units
designed for forming products from building mixtures, their design parameters

© Loveikin V. S., Pochka K. I, Prystailo M. O., Balaka M. M., Pochka O. B.
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and productivity are substantiated [1-4]. At the same time, insufficient
attention is paid to the study of the existing dynamic loads [5—14] and motion
modes [15, 16], which greatly impact both the operation of the unit and the
quality of the finished products. Therefore, the task of studying the motion
non-uniformity of roller forming units is actual. In [16], the motion non-
uniformity of a roller forming unit with an energy-balanced drive mechanism
for three forming trolleys was investigated, however, the impact of cranks
displacement angle on the motion non-uniformity was not taken into account.

Purpose of the paper

The purpose of this paper is to research the impact of cranks displacement
angle on the motion non-uniformity of the roller forming unit with energy-
balanced drive mechanism.

Research results

In order to reduce energy consumption in roller forming machines, a design
of the roller forming unit [17, 18] was proposed to provide the compaction of
products from building mixtures on a single technological line. It consists of
three forming trolleys, located parallel to each other on one side of the drive
shaft, which are set in reciprocating motion from the one drive. It is composed of
three slider-crank mechanisms, whose cranks are rigidly fixed on one drive shaft

and shifted to each other at the angle A =120° (Fig. 1 (a)). Each of the forming

trolleys 1, 2 and 3 is mounted on the gantry 11 and performs reciprocating
motion in the guide rails 12 over the cavity of the form 13. The forming trolley 1
consists of the feeding hopper 14 and coaxial sections of the compaction rollers
15. The other two trolleys have the same design. The trolleys 1, 2 and 3 with
distributive hoppers are set into reciprocating motion by a drive made in the
form of three slider-crank mechanisms, whose cranks 7, 8 and 9 are rigidly fixed

on one drive shaft 10 and shifted to each other at the angle Ap=120". The

connecting rods 4, 5 and 6 are hinged to the forming trolleys 1, 2 and 3, while
their other ends are connected to the cranks 7, 8 and 9. Such a design of the roller
forming unit makes it possible to reduce the dynamic loads in the drive elements,
extra devastating loads on the frame structure and, accordingly, to increase the
unit durability as a whole. Fig. 1, b shows a kinematic scheme of the roller
forming unit with energy-balanced drive for compacting reinforced concrete
products on a single technological line.

In such units there is a certain motion non-uniformity of the forming
trolleys during the compaction process of the building mixture, leading to
reduce of product quality and arise of significant dynamic loads on the drive
and unit structural elements.

The motion non-uniformity in the first approximation can be determined
for the roller forming unit by the presented dynamic model with one freedom
degree, where the extended coordinate is taken as the angular coordinate of the
crank rotation.

For this model, we wrote down the differential equation of motion
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T @y 40 G- Ee D (), (0). m
where ¢, o — angular coordinate and the crank speed; J, () — inertia
moment, reduced to the crank rotation axis; M ,.(®) — driving moment on the
driving electric motor shaft, reduced to the crank rotation axis; M, (¢) —

moment of all acting external forces, reduced to the crank rotation axis, taken
into account the resistance force to the shift of the forming trolleys and the
gravity force of the connecting rods.

(b)

Fig. 1. Roller forming unit with an energy-balanced drive (a) and its kinematic scheme (b)

The equation (1) is a nonlinear first-order equation that cannot be
analytically integrated. Therefore, the numerical method proposed by
Professor Baranov was used to solve it [19]. According to this method, the
equation (1) will have the look

2Jdr ((P) do+o- d']dr ((P) =2 (2)

Having replaced in the equation (2): dp~A@ - integration step;

Mdr((’))_Mres((p) d(P
®

A g = J griiany = ariy s 0= 04y = ;5 AQ =@, —@; ; We obtain

M 4y (@;)= M, (9;)
Z'Jdr(if(‘”iﬂ_‘”z')+°3i'(Jdr(i+1)_Jdr(i))=2 ‘ o, B— (3)
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where ¢;, ©;, Jyi), My (®;), M, (9;) — accordingly angular coordinate
of the crank, angular velocity of the crank, inertia moment, driving moment
and resistance forces moment, reduced to the crank rotation axis in position i
(i=0,1,2,..,n); n — number of settlement points; @;,, ®;1, Sy —
accordingly angular coordinate, speed and inertia moment of the mechanism,
reduced to the crank rotation axis in position i+1.

Having solved equation (3) with respect to ®,,, , we obtain
[Mdr (('0 ) Mre) ((pl )] (3Jdr(1) Jdr(1+l))

dr(i)" O; dr(i)

To solve equation (4), all necessary characteristics of the roller forming

unit were found.
The resistance forces moment, reduced to the crank rotation axis,

i+l

M, =M, (9) is determined by the dependence
M, =F,- 6x‘+F Oxy —2+F,- 6x3+G4 6ys4+G5_6y35 +G6-6y36, 5)
o o o o o o

o Oxy Ox3 Qg s g
op 0p 09 Op O  Op
trolleys masses centers 1, 2 and 3, and the vertical components for first
transfer functions of the connecting rods masses centers 4, 5 and 6 (Fig. 1),
which are defined as follows

a . r cos®
cos(p+AQ)

L 1= Pysin’ (g +g)
cos(@+2A0)

F 162/ ysin (o+20¢) )

83;—:: :%'cosq), agg =-cos(Q+AQ) , 65/(26 =cos(@+2A9) . (6)

Here r — crank radius; / — length of connecting rods; F, — resistance

— first transfer functions of the

where

0x,
W_ 7 sm((p+A(p)[l

ox; _
W——rsm((p+2A(p)[l f

force to the shift of the forming trolley, which is determined by the method
described in [4]; G, =G5 =G4 =1-q-g — gravity of connecting rods 4, 5 and
6; g — length mass of the connecting rod; g=9,81m/s’ — free fall
acceleration; A@ — crank displacement angle.

For the roller forming unit with the parameters (r=0,2m, /=0,8 m,
q =80 kg/m) the resistance force [4] F, =3562 N, that required to move the
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forming trolley with two R =0,11m compaction rollers, was determined for
the formation of products with the following characteristics: product height
hy=0,22m, product width B=1,164 m; compacted mixture type — fine-
grained mixture; concrete mixture humidity W =10%; required product

compactness k,

comp = 0,985 value of the maximum contact pressure providing

Keomp = 0,98 at W =10 %, according to experimental data p = 625 kPa.

All external forces were reduced to the crank rotation axis and are
presented as the resistance forces moment to move the forming trolley
depending on the crank rotation angle (Fig. 2, a). The mean value of the
resistance forces moment for one crank rotation cycle is determined

2n
1
Mresmean = E J.Mres ((P) : d(P =1360,55N'm
0
and the nominal rated power of the electric motor is determined
Py = Mremean 136055193 _ 5 04y,
10° - 10°-0,95

where o, =10,5rad/s — crank angular velocity; n=0,95 — drive efficiency.

According to these data, a 4A series 4A160M6U3 basic-version
asynchronous electric motor with a short-circuited rotor was chosen [20],
having the parameters: electric motor power P =15,0kW; engine rotor

synchronous speed ®,=104,72rad/s; engine rotor nominal speed

o,,, =102,1rad/s; engine rotor critical speed ®

n =94,95rad/s; engine rotor

=176,3 N'm;
=293,8 N'm;
overload capacity A=M,,,,/M,,,,=2 . In addition, the pin flexible coupling

crit

inertia moment J,, =0,183kg'm’ start-up moment M,

nominal moment M, =1469 N'-m; critical moment M,
[21] having the nominal transfer moment M ,,,, =500 N-m and inertia moment
J. =032kgm” as well as the C2-400 reducer with the transmission ratio

i, =9,8 and inertia moment J,,, =0,036 kg'm” were selected.

1600 160

1400 140
1200 P \/\/\/

1000

800

600

400

Resistance forces moment, N-m

200 20

0
2

n
n
Crank rotation angle, rad Crank rotation angle, rad

(2) (b)

Fig. 2. Graphic dependencies of the resistance forces moment to move of forming trolleys (a)
and the inertia moment (b) on the crank rotation angle of unit with energy-balanced drive
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The mechanical characteristic for the selected electric motor is constructed,
which is determined by the Kloss formula

(0)0 —(,0)/(030 _wcrit)
. )
1+[(('00 _('0)/(0‘)0 — Ot )]

From the dependence (7) we determinate the driving moment on the
crankshaft

M(0)=2-M

crit

MdrzM((D)'idr'n' (8)
The inertia moment, reduced to the crank rotation axis, is determined by
the dependence

2 2
ey +m2(gx(;) o (g);;) o [(ag;;j {ag_g) }Jﬂ(g@ J'
2 2

where J, =J,, +J.;+J,.;=0183+032+0,036=0,539 kg'm® — inertia moment

of the drive mechanism (electric motor, pin flexible coupling, reducer) relative
to the crank rotation axis; m;, =m, =m; =1000 kg — masses of the forming

trolleys 1, 2 and 3; Js4=JS5=JS6=(q-Z3)/12 — proper inertia moment of
. . . 0. 0
connecting rods 4, 5 and 6 with respect to their masses centers; %, % ,
¢ ()

O OB OBy By

o~ 09 00 op
functions for the masses centers of the connecting rods 4, 5 and 6, and the first
transfer functions of their angular arrangement relative to the horizontal line,
which are determined as follows

ox o4 _ cosQ
—r-sin@-| 14
9 [ 21 1=/ Pysin? (p]
cos(Q+AQ)
2L =2/ P)sin® (g+Ag) |

— horizontal components of the first transfer

s _ .
a(p =—7-sin(Q+AQ) [l

ox . cos(9+2-AQ) 10
afpé —r-sin(@+2-AQ)- [1 T e A(p)} (10)
9B, _r cosQ 9B, _r cos(p+A@)
99 I 1-¢?/Pysinfe 9® L 12/ P)sin(o+Ag)
PBs_r cos(Q+2-A0)

99 1 12/ Py sin* (9+2-A0)
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On the basis of the above dependencies we construct a change graph of the
inertia moment, reduced to the crank rotation axis, on the crank rotation angle
for one cycle (Fig. 2 (b)).

The time, respondent to value ®,,; angular velocity, can be determined by
the dependence

2-Ag
L =Lit—, (11)
©; + O,
by means of which we obtain the crank angular acceleration
g = Wiy —®; , (12)
iy~

where ¢, — motion time value in crank positions i and i+1.

i tz+]

Having substitute, the obtained dependences into equation (4) for each
settlement point, starting from the rest state (i =0 ), we obtain a change graph
of the crank angular velocity on the crank rotation angle (Fig. 3 (a)). Using

dependence (12), we construct a change graph of the crank angular
115) i ’"I

acceleration on the crank rotation angle (Fig. 3 (b)). 1 } |||"
| HmHH'HI’H'!’Hl

i
10n 20m 301 40n 2% g, 10n 20 307 401
Crank rotation angle, rad Crank rotation angle, rad

(2) (b)

Fig. 3. Graphic dependencies of the crank angular velocity (a) and the crank angular
acceleration (b) on the crank rotation angle

12 25
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&
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~
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After analysis of graphic dependencies (Fig. 3), it can be seen that during
of 13 crank rotations its angular velocity is constantly increase, and the angular
acceleration is constantly increase its amplitude. After 13 crank rotations, the
angular velocity and angular acceleration are change within certain limits (Fig.
4), that is the crank rotation reaches a steady motion mode. This means that the
roller forming unit enters the steady motion mode for 13 full crank rotations
from start-up moment.

After entering the steady motion mode, the crank rotates with a certain

angular velocity (Fig. 4 (a)), which varies from o, ;, =9,714rad/s to
O« = 10,845 rad/s. In this case, the average value of angular velocity is equal
to ® =10,263 rad/s, and the motion non-uniformity factor is determined by

mean

the dependence [19]

5= O max ~Opmin _ 10,845-9,714
® 10,263

mean

=0,11. (13)
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Angular acceleration, rad/s*
=)

n 2n R
Crank rotation angle, rad Crank rotation angle, rad

(a) (b)
Fig. 4. Graphic dependencies of the crank angular velocity (a) and the crank angular
acceleration (b) on the crank rotation angle during steady motion mode

The angular acceleration at a steady motion mode of the crank varies from

€min =—17,307 rad/s® to &, =17,778rad/s> (Fig. 4, b). In this case, the
motion dynamism factor will have the look [19]
=@=17’_7782=0,169. (14)
® 10,263

mean
For the total assessment of technological and dynamic properties of the
roller forming unit, we use the extended factor of motion assessment [22]

2 2
O ax —O i € -
k,,:( s ) =|;mx|:(1o,845 0TI 11T o181 (15
0) ()] 10,263 10,263

mean mean

The determined factor of motion non-uniformity, the motion dynamism
factor and the extended factor of motion assessment are meet to the roller
forming unit with energy-balanced drive in which the cranks displacement

angle A@=120°. Into dependencies to determine of the resistance forces
moment and the inertia moment, whose reduced to the crank rotation axis, we

substitute different values of the angle Ap from Ap=0° to Ap=120° with a

step 10°, to set the impact of cranks displacement angle on the motion
uniformity of the roller forming unit.

The graphic dependencies of crank angular velocity and crank angular
acceleration on the crank rotation angle are constructed at these values of the
resistance forces moment and the inertia reduced moment. After that, the
motion non-uniformity factor, the motion dynamism factor and the extended
factor of motion assessment are determined. The settlement results are shown
in Table 1. The change graphs of the crank angular velocity (Fig. 5) and the
crank angular acceleration (Fig. 6) during steady motion mode at different
values of the crank displacement angle A are also resulted.
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Fig. 5. Graphic dependencies of the crank angular velocity on the crank rotation angle during
steady motion mode at different values of the crank displacement angle:

(@)— Ap=0°;(b)— Ap=30";(c)— Ap=60";(d)— Ap=90"

On the basis of Table 1 data, we construct graphic dependencies of the
motion non-uniformity factor (Fig. 7 (a)), the motion dynamism factor
(Fig. 7 (b)) and the extended factor of motion assessment (Fig. 7 (c)) from
cranks displacement angle depending.
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Fig. 6. Graphic dependencies of the crank angular acceleration on the crank rotation angle during
steady motion mode at different values of the crank displacement angle:

@— Ap=0";(b)— Ap=30°;(c)— Ap=60°;(d) — Ap=90°
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Table 1
A(p"’ Omin » (Dmax > (Dmean > S €min » Smax > bé kp
rad/s rad/s rad/s rad/s’ rad/s’
0 5,688 10,486 7,6767 0,625 |-60,9412 | 62,4776 |1,060169]1,450804
10 5,921 10,6648 7,68 0,6177 | -56,1148 | 57,6416 |0,977268|1,358799

20 6,3252 | 10,7094 | 8,0571 | 0,5441 | 41,7004 | 42,3337 |0,652122|0,948211

30 7,203 11,1871 8,7296 | 0,4564 | -35,0305 | 38,6718 |0,507465|0,715756

40 8,461 11,7789 | 9,6724 0,343 | -34,4285 | 33,5395 [0,368002|0,485669

50 9,5214 | 11,7132 | 10,2357 | 0,2141 | 25,7271 | 22,4492 |0,245559(0,291412

60 9,6998 | 11,0392 | 10,311 |0,1299 |-11,8928 | 10,3499 [0,1118620,128736

70 9,368 | 10,7795 | 10,2584 | 0,1376 | -13,705 | 15,5615 |0,147874|0,166806

80 9,1653 | 10,9716 | 10,1092 | 0,1787 | -17,5584 | 18,7243 | 0,18322 |0,215146

90 9,1906 | 11,0884 | 9,9874 [0,19002|-22,3837 | 23,0898 [0,2314810,267588

100 9,0535 | 11,1918 | 10,0084 | 0,2136 | -27,1379 | 27,2824 |0,272366|0,318013

110 9,2219 | 11,1994 | 10,1349 | 0,1951 | -27,4193 | 26,8982 [0,266942|0,305013

120 9,5087 | 10,9078 | 10,1752 | 0,1375 | -21,3797 | 22,0726 | 0,21319 |0,232097

The analysis of settlement
results (Table 1) and graphic
dependencies (Fig. 7) shows
that the motion non-uniformity
factor takes the minimum value
6=0,1299 when shift to crank

07
0,6

05

04

03

0,2

Motion non-uniformity factor

angle Ag=60°, which is 5,8 % O T
less than at A@=120"; the C"“"M“’g;""’"'“"glu""”"g
motion dynamism factor takes v
the minimum value N \
1=0,111862 at Ap=60°, 1
which is 1,906 less than at - 0:,,
Ap =120°; the extended factor oz
of motion assessment takes the T ) ] 5 0 %0 i 15
minimum value k, =0,128736 Craaks disiacement angle A deg

(b

at the cranks displacement angle
Ap=60°, which is 1,802 less

than at Ap =120".

Conclusions
As a result of researches, the
change functions of the crank

14
12 \
1
08 \
0,6

Extended factor of motion assessment

0 10 20 30 40 50 60 70 80 90 100 110 120

angular velocity and the crank Cranks displacement angle Ag, deg
angular acceleration for the ©
roller forming unit with energy- Fig. 7. Graphic dependencies of the motion non-

uniformity factor (a), the motion dynamism factor
(b) and the extended factor of motion assessment
(c) on the crank displacement angle

balanced drive are obtained, and
the motion non-uniformity
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factor, the motion dynamism factor and the extended factor of motion
assessment were calculated. The impact of the crank displacement angle on the
motion uniformity of the roller forming unit is analyzed. It is established that
the minimum values for the motion non-uniformity factor, the motion
dynamism factor and the extended factor of motion assessment are observed at

the values of cranks displacement angle Ap =120°. The work results may in

the future are used to refine and improve the existing engineering methods for
estimating the drive mechanisms of roller forming machines, both at design
stages and in practical use.
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Jlogeuixin B. C., Ilouka K. 1., Ilpucmaiino M. O., baraxa M. M., Ilouka O. b.
BIIJIUB KYTA 3MIIIEHHS KPUBOLIUIIIB HA HEPIBHOMIPHICTD PYXY
POJINKOBOI ®OPMYBAJIbHOI YCTAHOBKH 3 EHEPTETUYHO
BPIBHOBAKEHUM ITPUBO1OM

It ponukoBoi (GoOpMyBambHOI YCTAaHOBKM 3 EHEPreTHYHO BPIBHOBAXKEGHUM IMPUBIIHUM
MEXaHi3MOM [UIsl TPbOX (hOPMYBaIBHUX Bi3KiB BH3HAYCHO BIUIMB KyTa 3MILICHHS KPUBOLIMIIB Ha
HEpIBHOMIpHICTh pyXy. IIpH 11bOMy BKa3aHa yCTaHOBKa IPEACTABJICHA JHMHAMIYHOIO MOJACIUIIO 3
OJIHHM CTYIIEHEM BITBHOCTI, [¢ 3a y3arajbHEHy KOOPAMHATY MPUHHITO KyTOBY KOOPIHMHATY
noBopoTy kpuBoummy. Jist Takoi Momeni 3ammcaHo AudepeHLianbHE PIBHAHHS PyXy, LI
PO3B’s3Ky SIKOro Oys0 BHKOPHUCTaHO dYHCeNbHHII Meron. Ilpum po3B’si3ky audepeHuiaabHOro
PIBHSHHS pyXy Oyio BH3HA4YECHO 3BEACHHH MOMEHT iHepLii BCi€l yCTaHOBKH, 3BEICHHH IO OCi
IIOBOPOTY KPUBOILIMIIA MOMEHT CHJI OLOPY HepeMileHHI0 GpopMyBaIbHHX Bi3KiB IpH (HOpMyBaHHI
BUPOOIB 3 OyxiBenbHUX CyMilledl, poO3paxoBaHO HOMIHAJIBHY pO3PaxyHKOBY MHOTYXKHICTh
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IPUBITHOrO JABHIYHA. 3a PO3PaxOBaHMMH [JaHHMH BHOPAHO ACHHXPOHHHH EJICKTPOIBHIYH 3
KOPOTKO3aMKHEHHUM pPOTOPOM, sl sikoro 3a ¢opmysow Kitocca mo6GyqoBaHO MexXaHidHY
XapaKkTepucTHKy. Po3B’s3aBmm  audepeHiiagbHe pIBHAHHSA pyxy 3 ycCiMa BH3HAYCHUMHU
XapaKTepH CTUKAMH, OTPUMaHO (HYHKIIIO 3MiHU KyTOBOI IIBHAKOCTI KPUBOIIUILY 3 MOMEHTY MyCKY
i mpu ycrameHoMmy pexumi pyxy. Ilicist mporo pospaxoBaHO 4Yac, LIO BiANOBigae 3HAYCHHIO
KYTOBO{ IIBHIKOCTI, Ta OTPUMaHO (YHKII}0 3MIHH KYTOBOI'O IIPHCKOPEHHS KPUBOILIMILY 3 MOMEHTY
IycKy 1 NpH YCTaJeHOMY PeXHMi pyxy. HepiBHOMIpHICTH pyXy YCTAHOBKHM Ha YCTaJCHOMY
peXHUMI pyXy oLiHeHa KoeilieHTOM HEePIBHOMIPHOCTI pyXy, Koe(ilieHTOM AHHAMIYHOCTI PyXy Ta
y3araJibHeHUM Koe(dilieHTOM OLiHKH pyXy. OTpHMaHi pe3ynbTaTH MOXYTh OyTH y HOZAIbLIOMY
BUKOPUCTAHI IJIs1 YTOYHEHHS Ta BIOCKOHAICHHS ICHYIOUHMX IHDKEHEPHHX METOHIB PO3PAXyHKY
IPUBITHUX MEXaHI3MIB MalIMH POIMKOBOro (OPMyBaHHS SK Ha CTAAiAX HNPOCKTYBAHHS, Tak i y
PEeKUMaX peasbHOI eKCILTyaTallii.

KarouoBi cioBa: ponmkoBa (OpMyBaibHa YCTAHOBKA, MPUBIIHHNA MeXaHi3M, 3MilLCHHS,
KyTOBa IIBUKICTb, IPUCKOPEHHS, HEPIBHOMIPHICTb.

Loveikin V. S., Pochka K. I., Prystailo M. O., Balaka M. M., Pochka O. B.
IMPACT OF CRANKS DISPLACEMENT ANGLE ON THE MOTION NON-
UNIFORMITY OF ROLLER FORMING UNIT WITH ENERGY-BALANCED DRIVE

The impact of the cranks displacement angle on the motion non-uniformity is determined for
three forming trolleys of a roller forming unit with an energy-balanced drive mechanism. At the
same time, the specified unit is presented by a dynamic model with one freedom degree, where the
extended coordinate is taken as the angular coordinate of the crank rotation. For such a model, a
differential equation of motion is written, for solved which a numerical method was used. The
inertia reduced moment of the whole unit, and the resistance forces moment, reduced to the crank
rotation axis, to move of forming trolleys during the formation of products from building mixtures
are determined, and also the nominal rated power of the electric motor was calculated, when
solved a differential equation of motion. According to these data, asynchronous electric motor with
a short-circuited rotor was chosen, for which a mechanical characteristic is constructed by the
Kloss formula. Having solved the differential equation of motion with all defined characteristics,
we obtain the change function of the crank angular velocity from start-up moment and during
steady motion mode. After that, we calculated the time corresponding to the angular velocity
value, and obtained the change function of the crank angular acceleration from start-up moment
and during steady motion mode. The motion non-uniformity of the roller forming unit has been
determined by the motion non-uniformity factor, the motion dynamism factor and the extended
factor of motion assessment during steady motion mode. The impact of drive cranks displacement
angle on the motion non-uniformity has been traced, as a result, the specified factors have the
minimum values at cranks displacement on the angle A@p=60°. The results may in the future are
used to refine and improve the existing engineering methods for estimating the drive mechanisms
ofroller forming machines, both at design stages and in practical use.

Keywords: roller forming unit, drive mechanism, displacement, angular velocity,
acceleration, non-uniformity.

Jlogetikun B. C., Ilouxa K. U., IIpucmaiino H. A., Baraka M. H., Ilouka O. b.
BJIUSIHUE YI'JIA CMELIEHUSI KPUBOUINIIOB HA HEPABHOMEPHOCTD
JBUKEHUS POJIUMKOBOM ®OPMOBOYHOM YCTAHOBKHU C SHEPTETHYECKH
YPABHOBEIIEHHBIM ITIPUBOJAOM

Jlnst pornKoBoii GOPMOBOYHON YCTAHOBKH C DHEPreTHYECKH YPaBHOBELICHHBIM MPHBOIHBIM
MCXaHU3MOM  JJIsd Tpéx (bOpMOBO’-IHle TCICXKEK ONPECACIICHO BJIMAHUE YIJla CMCLICHUA
KPHMBOILIMIIOB HAa HEPAaBHOMEPHOCTH JBIKEHHs. IIpum 3TOM yka3zaHHas yCTAHOBKA Ipe/iCTaBiICHA
JIMHAMHYECKOH MOJIEJIBIO C OIHOH CTENEeHbI0 CBOOOIBL, I'/ie B KauecTBE 0000MIEHHON KOOPIMHATHI
NPUHATO YIJIOBYIO KOOpPAMHATY IOBOpPOTa KpuBoluuma. Jlns TakoW MoJeNu 3arucaHo
nudpepeHIHanbHOe YPaBHEHHE IBIKEHUS, AU PELICHUs KOTOPOTO HCIONB30BAH YHCIICHHBIH
meroa. Ilpu pemeHun anGepeHInaIbHOr0 ypaBHEHUS JBH)KCHHUS OIPEICICHBI TPUBEICHHbIM
MOMCHT HWHEPUHUHU BCeﬁ YCTaHOBKH, l'lpl/lBeLleHHHﬁ K OCH Bpalll€HUS KPHUBOLIXWIIA MOMECHT CHJI
CONpPOTHBJICHUSI IMEPEMEICHUIO (OPMOBOYHBIX TENEKEK MNpU (POPMOBAHMM HM3AEIMH U3
CTPOUTEIBbHBIX CMCCCﬁ, paccunTaHa HOMUHaJIbHAs pacqérHaﬂ MOIIHOCTh MPUBOAHOI'O ABUIaTEJIA.
Ilo paccuMTaHHBIM JlaHHBIM BBIOPAH ACHHXPOHHBIA 3JIEKTPOABUIATEIb € KOPOTKO3aMKHYTBHIM
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poTopom, Uit kotoporo no dopmyie Kiocca moctpoeHa MexaHuueckas Xapakrepuctuka. Pemms
nuddepeHanbHOe  YpaBHEHHE IBI)KCHHS CO BCEMH OINPENCIEHHBIMH XapaKTEPHUCTHKAMU,
noiaydeHa (GyHKOMsS H3MEHEHHs YIJIOBOH CKOPOCTH KPUBOIIMIIA C MOMEHTa IyCKa M IIPU
YCTaHOBUBILEMCSl pexume JABWXeHus. Ilociie 3TOro paccuMTaHO BpeMs, COOTBETCTBYIOLIEE
3HAYCHHIO YIIIOBOH CKOPOCTH, M HOIydYeHa (HYHKIHS H3MEHEHHS YIII0BOIO YCKOPEHHUs KPHBOIIUIIA
C MOMEHTa IIyCKa M IPH YCTAaHOBHBIIEMCS PEXKHME IBIIKEHHS. HepaBHOMEpPHOCTH ABMIKCHUS
YCTQHOBKH HA YCTAHOBHBIIEMCS PEKUME JBIDKCHUS OLICHEHa KO HUIIEHTOM HepaBHOMEPHOCTH
IBIDKEHUS, K03 DHUIIMEHTOM AMHAMUYHOCTH IBH)KCHUS U 0000IIEHHBIM KOI()(DUIIMEHTOM OL[CHKH
nBikeHus. OTCISKEHO BIHSHHE YIJIa CMEIICHHS KPHBOLIMIIOB NPHBOAA HAa HEPaBHOMEPHOCTb
IBIDKEGHUS, B pe3yldbTaTe 4Yero YCTAHOBJIEHO, YTO YKa3aHHble KOI(POHIUEHTH HMEIOT
MHHHMMAJIbHbIC 3HAYCHHUS IPH CMEILICHUH KPUBOIIMIIOB Ha yroi A@=60°. [lonydeHHbIe pe3yabTaThl
MOryT OBITb B [JajJbHEHIIEM HCIOJB30BaHbl UL YTOYHCHHS M  YCOBEPLICHCTBOBAaHMS
CYLIECTBYIOIMX HHXXCHEPHBIX METOMOB pacdyéra MPHBOIHBIX MEXaHHU3MOB MAIIHH DPOJHKOBOIO
(hopMoOBaHHs KaK Ha CTaJHUsX POCKTUPOBAHUS, TAK H B PKUMaX PEasbHOM IKCIIyaTalHH.

KuroueBble ciioBa: ponrkoBas GOpMOBOYHASL YCTAHOBKA, IPHBOJHOIN MEXaHU3M, CMEILIECHHE,
YIJI0Basi CKOPOCTh, YCKOPEHHUE, HEPABHOMEPHOCTb.

YK 693.546
Jloseiikin B. C., Ilouxka K. I, Ilpucmaiino M. O., bBanaka M. M., Ilouka O.b5. Bnaus Kyra
3MillleHHSl KPUBOIUMNIB HA HePiBHOMIPHICTH pPyXy po/iMKoBOi (opMyBaIbLHOI YCTAHOBKH 3
eHepreTHYHO BPiBHOBa)XeHUM NpuBoaoM // Orip MaTtepialiB i Teopis Cropy: HayK.-TeXH. 30. —
2021. —Bun. 106. - C. 141-155.

Jocninocyemves enaue Kyma 3milyeHHs KpUuowlunie Ha HepisHOMIpHICMb pPyXy pOAUKOBOT
DOpMYBANLHOT YCIMAHOBKU 3 eHEP2EMUYHO 8PIGHOBAICCHUM NPUBOOOM.
Tab6n. 1. In. 7. Bi6miorp. 22.

UDC 693.546
Loveikin V. S., Pochka K. 1., Prystailo M. O., Balaka M. M., Pochka O. B. Impact of cranks
displacement angle on the motion non-uniformity of roller forming unit with energy-
balanced drive // Strength of Materials and Theory of Structure: Scientific-and-technical collected
articles. —2021. — Issue 106. — P. 141-155.

The influence of the crank displacement angle on the non-uniformity of the movement of the
roller forming unit with the energy-balanced drive is investigated.
Table 1. Fig. 7. Ref. 22.

VK 693.546
Jloseiikun B. C., Ilouxka K. U., Ilpucmaiino H. A., baraka M. H., Ilouka O. 5. Biausinue yria
cMelleHHs] KPHBOINMIIOB HAa HEPAaBHOMEPHOCTH JABH/KEHHMSI POJHKOBOIi (hOPMOBOUHOIH
YCTAHOBKH € JHEPreTHYECKH YPABHOBEIIEHHbIM NMPHBOAOM // CONpOTHBICHHE MATEPHAJIOB H
TEOpHs COOPY)KEeHHMIl: Hayd.-TexH. ¢6. —2021. — Beim. 106. — C. 141-155.

Hccnedyemes enusinue yena cmeujenus KpUBOWUNAa Ha HEPABHOMEPHOCHb OBUICEHUS POTIUKOE
POPMOBOUHOU YCMAHOBKU C IHEPLEMUUHO YPASHOSEUEHHbLIL NPUEOOOM.
Tab6an. 1. Y. 7. bubaunorp. 22.
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INVESTIGATION OF THE SECOND MAIN PROBLEM OF
ELASTICITY FOR A LAYER WITH N CYLINDRICAL INCLUSIONS

V.Yu. Miroshnikov',
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'National Aerospace University "KhAI", Kharkiv, Ukraine
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The analysis of the stress-strain state for a layer with N longitudinal cylindrical inclusions,
when the specified displacements are given, has been carried out. The solution of the spatial
problem has been obtained by the generalized Fourier method with respect to the system of Lame's
equation in cylindrical coordinates associated with inclusions and Cartesian coordinates associated
with layer boundaries. Infinite systems of linear algebraic equations obtained by satisfying the
boundary conditions and conjugation conditions of a layer with inclusions have been solved by the
reduction method. As a result, stresses have been obtained at various points of the elastic body. A
numerical study compares the options of the layer stress-strain state with one and three cylindrical
elastic inclusions.

Keywords: layer with cylindrical inclusions, Lame's equation, generalized Fourier method,
infinite systems of linear algebraic equations.

Introduction

Determination of the stress-strain state of a body is the main task in the
design of various kinds of structures, buildings, and underground
communications. When designing the listed objects, computational schemes,
where a layer densely reinforced with longitudinal bars becomes the main
design element, are often encountered. At present, the mutual influence of
these bars has been little studied, and there is no technique for high-precision
solution of such computational schemes at all.

However, there are works close to the task at hand in the scientific
literature. Thus, in [1 —4], problems are solved for a layer with cavities
perpendicular to its boundaries.

Stationary problems of diffraction of elastic waves with cylindrical cavities
parallel to the layer boundaries are considered in [5 — 7], where the generalized
Fourier method is used in combination with the image method.

For elastic bodies with several limiting surfaces, the generalized Fourier
method [8], which is based on the addition theorems for the basic solutions of
Lame's equation, is used.

Using this method, the following problems have been solved: for a layer
with a spherical cavity [9], for a half-space with longitudinal cylindrical
cavities [10 — 11], for a cylinder with cylindrical cavities and inclusions [12 —

© Miroshnikov V.Yu., Denisova T.V.
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16]. Problems for a layer with one or several cylindrical cavities are considered
in [17 — 20], for a layer with an elastic inclusion—in [21, 22].

For a layer with several cylindrical inclusions and displacements specified
on limiting surfaces, there are no ready-made algorithms in the spatial version,
so the problem of calculating such problems is urgent.

The purpose of this work is:

— development of an analytical-numerical method for calculating the
second main problem of elasticity (displacements are specified on all limiting
surfaces) for a layer with N cylindrical inclusions that are parallel to the
surfaces of the layer and to each other;

— to analyze the influence of inclusions on the stress state of the layer, as
well as on each other.

Problem statement

There are N circular cylindrical inclusions with radius R, in an elastic
homogeneous layer (Fig. 1).

(e gfl)(x,z)

Fig. 1. Layer with cylindrical inclusions

The inclusion will be considered in local cylindrical coordinate systems
(pp> ¢p» Z), the layer will be considered in the Cartesian coordinate system (x, y,
z) connected to the inclusion coordinate system with the number p = 1. The

layer boundaries are located at the distance y=handy=—4h .
It 1is mnecessary to find a solution of Lame's equation

AU +(1—20)_1Vdivlj =0 provided that displacements are specified at the
boundaries of the layer:

Uy(%,2),0 =U}(x,2) , Uy (x,z)‘yz_,;=0,?(x,z> ,

where U, o —displacements in the layer;
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Up(x,2)=UPe, +UWe, +UMe,
02()(,2) U(h)e +U(h) +U(h)a ’

known functions, which will be considered to be as rapidly decreasing to zero
at long distances from the origin along the x and z coordinates.

At the boundaries of the contact between the layer and the inclusions, the
specified matching conditions

UO((pp’Z)‘pp:Rp =Up ((ppsz)‘pp:Rp ) (2)

FUO((ppaZ)‘pp:Rp ZFUP((pP’Z)‘pp:R,’ 5 (3)

(1)

where U » —displacements in cylindrical inclusion with number p;
- 0~ 1. - E
ndivU +—U+—(nxrotU)]; G= ;
-20 on 2 2(1+ o)
Poison's ratio and elasticity modulus.

Problem solving

Let us choose the basic solutions of Lame's equation for the indicated
coordinate systems in the form [8]:

i (x, 230, ;,L):
Ry (p0.2:0)= NP1, (1p)e =) @)
Sk 0.0,z0)=N ( )[(51gnk (|k|p) A”’”"’)lk 1,2,3;

@ _ Lo, y@_4 o a0, Loy v ) ) _lg.
Nt =2V s MO = (oDl +kV(y),N krot( ) N =V

1[gf .0 ~2).9 e
Ny =X{V(Pa—p)+4(6—l)(V—e§2)g)} ;N =rot(e?),

where y=yA2+p?, —o<A,pu<o; I,(x), K, (x)—modified Bessel

functions; Ry ., S;,, k=1, 2, 3—the internal and external solutions of

Lame's equation for the cylinder respectively; u,ﬁ ), u,£ ) _solutions of Lame's

FU = 261 E -

N @, i(KZ+HX)ivy.

equation for the layer.
We represent the solution to the problem in the form:
N 3 o =

Up=3 3 [ 3 BEIA)Si (P02 )dA+
p=lk=]—com=—co
3 oo oo 5
30 [ (Ol 250+ o) 2500 i,

k=1 —co—co

oo

— 3 o
UP=ZJ' (P)(x) Ry (P o9 -2 M)A, (6)

k=1 —co m=—
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where §k’m (P,0,z:1) , ﬁ,ff)(x,y,z A1) and uk )(x ¥,z;\,l1) — basic solutions,
which are given by formulas (4), and unknown functions H, (A1), H (L),

B,iff,i(?»), and A,iff,i(?») should be found based on boundary conditions and

matching conditions.
In order to pass the basic solutions between coordinate systems, we use the
formulas [20]:

- to go from solutions S’k,m of a cylindrical coordinate system to solutions

of the layer u; ) (when y>0) and Uy ) (when y<0)

Skm(p,,,(pp,zx)—( i jmm I () dy“ k=1,3,

—oo

- _n\m =% 2 PR
$20 0 0 0= 5 [ of '((im'u—%wyp)uf”+x2u£+’i ()
e Mgy

i4u(1—o)ﬁ§¢>). -

where y:\lkz +u2 , mi(k,u)zuTH, m=0,£1,£2,... ;

- for the transition from solutions zZ,E” and ﬁ,({_) of the layer to solutions

ﬁk’m of the cylindrical coordinate system:

()(xy, ”X 0, Z 05 ﬁk’m,k=1,3,

(x y’ W,W z |: _2((m'u+;p'kz)'k],mi'Y'EZ,m+4l‘l(l_6)jé3,m)i|’ (8)
where Iik,m =l;k’m P, M)/ e I;]’n (p:M)=¢e, 1, (Ap)+i-l, (kp)'(éq,klp+éz) ;

(pN)=2 -[(46—3)-1,;(xp)+xpl,;'(xp)]+é¢i-m(l,;mp)f(‘;;l)1n<xp))+éziw,;<xp);

Qr‘zl

153’n(p,7»)=—[5p'In(kp)%p+é¢'i'l,;(kp)}; €, €, ¢ - unitary vectors of a

cylindrical coordinate system;
- for passing from solutions of the cylinder with number p to solutions of
the cylinder with number ¢:

i(np,+Az
Sen(Pyp: 0= Zbk,,q(pq)e(‘D+ ) k=1,2,3, )

n=—oc0
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b]mn (pq )=(_1)n ]gm_n (xqu )'el'(m—n)apq .5]”1 (pq ’}\‘) s

b;",;',, (P)=(D"K, (M, )€ " by (py )
= A

by'pg (Py)=(=1)" { men M )by, (quk)—zqu'

.[I?m_nﬂ (M g )+K, (M e )}1;]’” ®, ’M}_ei(m—n)aw ’

where o ,, - the angle between the x, axis and the segment / ap

Ig'm ()= (szgn(x) ‘K (|x|)
The distance and angle between the parallel displaced cavities shall be
calculated by the formulas:

2 2
. _\/lqp+qu—2~L,p~l,,q-cos(ozlq—oclp), at o, 20,
P | [5 2
\/L]p+L]q—2-L]p-L]q'COS(OL]p—OL]q), at o, <o,

o, —arcsin(L]q-sin(OL]q—OL]p)/qu)+n, at 04,20,

b

O pg = ' . . :
OL]p—aI‘CSIIl(L]q'Sln(OL]q—OL]p)/qu)—TI:, at 04, <0y,
In order to fulfill the boundary conditions at the layer boundaries, we are

rewritten the vectors ‘§k m 10 (5), using the transition formulas (7), in the
Cartesian coordinate system through the basic solutions u, ) for y=h and for
y=- h . We equate the obtained vectors with the given U y (x,z) when y=h and
U ;? (x, z) when y=— h (1), represented through double Fourier integral.

From the obtained equations, we find the functions A, (A,u) and H (L),
using B,if;z ).

In order to satisfy the matching conditions of the layer and the inclusion p

= ()

in the displacements (2), we rewrite them in solutions u;’ and ﬁ,ff) in

UO((pp,z)‘p _p in terms of basic solutions Rk’m (pp,(pp,z;l) (8), and also for

each inclusion # p, we rewrite the solutions §k’m(pq,(pq,z;7»), using the

solutions §k’m(pp,(pp,z;7»), according to formulas (9). So we get three

equations for each inclusion in the displacements. Applying the stress operator
to each obtained expression, we can write three more equations for each
inclusion in the form of stresses (2). Thus, we obtain N -6 infinite equations

with (N+1)-6 unknowns H, (L), H,(Au), B,i’;i(?») A(”)(k). If we now
exclude from these equations H, (A1), Hk(k,u) found earlier, using
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B,iff,z (M), get rid of the series in m and integrals in A, then we get N -6 infinite
systems of linear algebraic equations of the second kind for determining the
unknowns B,iff,z a), A,iff,z ).

The determinant of this system of equations coincides with [22].

These systems can be solved by the reduction method, and there is a
convergence of approximate solutions to the exact one. As a result, we find the
unknown B,iff,z a), A,iff,z (A). Now we substitute B,iff,z (M) in the expressions

for H, (A1) and H (A1), this will define all the unknown problems.

Numerical studies of the stress state

We have a homogeneous isotropic layer (ABS plastic) o, = 0.38,
Ey=1,700 N/mm®, which has three longitudinal cylindrical inclusions (steel)
6,=06,=0;=0.21, E,;= E,= E;=200,000 N/mm’. Geometric characteristics of

the section: R, = R, = R;= 10 mm, s = 20mm, /1 =40 mm, L,,= L,; =30 mm,
o, =0,03=m.

Displacements are set on the upper boundary
UL (x,2)=—10%(2+10") 7 -(x*+10*) 2, UP=UP =0, there are no

displacements on the lower boundary of the layer U )(Ch) =U;h) =U ;h) =0.

The infinite system of equations was reduced to a finite one—m=6. The
integrals are calculated using the Philo quadrature formulas (for oscillating
functions) and Simpson (for functions without oscillations). The accuracy of
the boundary conditions at the specified values of geometric parameters is 10

In comparison, the problem for a layer with one cylindrical inclusion has
been calculated [22].

Figure 2 shows the stress state on the cylindrical mating surface of the
layer and the first inclusion (in the body of the layer), at z= 0, MPa.

0 n/4 /2 3n/4 s 0 /4 n/2 3n/4 b1
20 10
0 . \! " .
0 =y il
5 N / = \ 7
\ / o \ i
- -50
40 \ 1 / -60 \ 1/
-60 | -70 \\ 1{[ /
2 A\ -80 =S
-80 s -90
(@) (b)

Fig. 2. Stress state on the mating surface (in the body of the layer):

(a)— Cy: (b) - O ; 1 —three inclusions; 2 — one inclusion

With an increase in the number of longitudinal bars, the maximum stresses
in the layer body decrease slightly (Fig. 2).
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The maximum stresses occur in the upper part of the layer. In the lower
part of the layer, the stresses are relatively small; therefore, they are not shown
in Figure 2.

The stresses in the body of inclusions are shown in Figure 3.

The maximum negative stresses o, (Fig.3 (a)) arise at ¢=mn/4 and
@ =37/4 in the upper part of the inclusion.

The largest stresses o, are positive, the maximum values of which arise in
the lower part of the inclusion at ¢ =6m/4 (Fig. 3 (b)). Negative stress values

o, appear in the upper part of the inclusion at p=7/2.
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Fig. 3. Stress state on the mating surface (in the body of the layer):

2N
SN
X

(a)— Cy: (b) - 0, ; 1 —in the body of the first inclusion; 2 — option with one inclusion; 3 — in the
body of the second and the third inclusions

The greatest tangent stresses T, on the mating surface arise in its upper

PP
partat o=m/4 and o=37n/4.

Conclusions

Based on the generalized Fourier method, an analytical-numerical
algorithm for calculating the second main spatial problem of elasticity for the
layer with N cylindrical inclusions that are parallel to the layer surfaces has
been developed. The problem is reduced to a set of infinite systems of linear
algebraic equations.

On the strength of numerical studies of the algebraic system, it can be
argued that the solution of this system can be found with any degree of
accuracy by the reduction method. This is confirmed by the high accuracy of
fulfilling the boundary conditions.

A comparative analysis of the layer stress state with one and three
inclusions has been carried out. When the inclusions are located close, an

increase in stresses Gy in their bodies is revealed.

Further studies in this direction are relevant for a layer lying on an elastic
foundation (conjugate with a half-space) and having several longitudinal
cylindrical inclusions.
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Mipowmnixoe B.1O., [lenucosa T. B.
JOCJIIKEHHSA IPYTOi OCHOBHOI 3AJIAUI TEOPIi MPYKHOCTI JJI5 IIAPY 3
N IUWITHAPUYHUMU BKJIIOYEHHSAMU

Ilpy 1poexTyBaHHI KOHCTPYKLIH y BHIVIAAI apMOBAHOIO IIapy NOBOAMTHCS CTHKATHCS 3
CHTYyAI[i€10, KOJM CTEP)KHI apMyBaHHsI pO3TaIlOBaHi OJIM3bKO OJHMH 10 OJHOr0. Y [bOMY BHIIAIKY
3pocTaE BIUIMB IX OAMH Ha OAHOro. J{J1s OTpHMaHHsS HampyXeHO-Ae(pOPMOBAHOIO CTaHy B 30HI
KOHTAKTY IIapy i BKIIOYCHHS HEOOXiTHO MAaTH METOJ, KMl OM JO3BOJISIB OTPHMATH PE3yJbTaT 3
BHCOKOIO TOYHICTIO.

VY wiif poGoTi 3ampoNnOHOBAHO AHATITUKO-YMCEIBbHMI MiAXiH 10 BHPIIICHHS HOPOCTOPOBOI
3aj1a4i Teopii NPY)KHOCTI [Isl 1apy 3 3aJaHO0 KUIBKICTIO MO3JOBXKHIX LI HAPHYHUX BKIFOYCHD 1
3a/laHNX HAa MEKax IIapy HepeMilleHHsIX.

Po3B’s30K 3a1aui OTpUMaHO Ha OCHOBI y3aranpHeHoro Merony ®dyp'e mog0 cucTeMu piBHIHb
Jlame B JIOKaNIpHUX LWIHAPUYHHUX KOOPAMHATAX, MOB'SI3aHMX 3 BKIIOYCHHSAMH 1 JCKAPTOBHX
KOOpAMHATAX, IOB'SI3aHMX 3 MexamH Mmapy. HeckiHueHHI cucTeMu INiHIHHHX anreOpalyHuX
PIBHSHB, SIKI OTPUMaHI B pe3yJbTaTi 3a[0BOJICHHs IPAHUYHUX YMOB i YMOB CIOJIyYCHHs LIapy 3
BKJIIOYCHHSIMH, PO3B’SI3aHO MeETOAOM penykuil. B pesymbrari oTpumaHi mnepemilueHHsS i
HANPY)KEHHS B PI3HUX TOYKAX PO3LISHYTOro cepeoBHIna. lIpH HOPSAKY CHCTEMH DIBHSHB 6,
TOYHICTh BUKOHAHHS "PAHHYHUX YMOB cKiaia 107 s 3Hauens Bix 0 10 1.

UYncenbHi JOCTIIKEHHS anreOpaliyHol CHCTEMHU PIBHIHb JAI0Th MiACTaBH CTBEPKYBATH, IO ii
pileHHs Moxe OyTn 3 OyOb-SIKHM CTYNEHEM TOYHOCTI 3HAHIECHO METOAOM PemyKLil, 1o
HiATBEPKYETHCS BUCOKOIO TOYHICTIO BUKOHAHHS IPAHHYHUX YMOB.

VY 4ucenpHOMY aHaui3i MOPIBHIOBAJINCS BapiaHTH IApy 3 OJHHUM 1 3 TPhOMa BKIIOYCHHSIMH.
PesynbTar mokasas, 110 GiM3bKe PO3TAalllyBaHHS CTEP)KHIB apMyBaHHs 301/IbIIye HAMPyXEHHS Ha
HOBEPXHI LIMX BKIIOYCHb. Takox OyaM OTpUMaHi 3HAYCHHS HANPY)KCHb HA MOBEPXHSIX KOHTAKTIB
IIapy 3 BKIIOYCHHIMH.

3anponoHOBaHMH AIrOPUTM PO3B’S3aHHS MOXKHA BHKOPHCTOBYBATH IIPH IPOCKTYBaHHI
KOHCTPYKIIi, PO3PaxyHKOBOI CXEMOK SKHX € [ap 3 [O3JOBXHIMH LHJIIHIPUYHUMHA
BKJIIOUCHHSIMU 1 33JaHHMH Ha MEXax IIapy MepeMillCHHSX.

KiarouoBi cioBa: map 3 HMIHAPUYHUMHE BKIIOYCHHSIMH, PiBHSHHS JlaMe, y3araJibHEHH
meron Dyp'e, HECKIHUCHHI CHCTEMH JIHIHHUX aareOpaiuHuX PiBHSHb.
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Miroshnikov V.Yu., Denysova T.V.
INVESTIGATION OF THE SECOND MAIN PROBLEM OF ELASTICITY FOR A
LAYER WITH N CYLINDRICAL INCLUSIONS

When designing structures in the form of a reinforced layer, one has to deal with the situation
when the reinforcement bars are located close to each other. In this case, their influence on each
other increases. In order to obtain the stress-strain state in the contact zone of the layer and the
inclusion, it is necessary to have a method that would allow obtaining a result with high accuracy.

In this work, an analytical-numerical approach to solving the spatial problem of the theory of
elasticity for a layer with a given number of longitudinal cylindrical inclusions and displacements
given at the boundaries of the layer has been proposed.

The solution of the problem has been obtained by the generalized Fourier method with respect
to the system of Lame's equation in local cylindrical coordinates associated with inclusions and
Cartesian coordinates associated with layer boundaries. Infinite systems of linear algebraic
equations obtained by satisfying the boundary conditions and conjugation conditions of a layer
with inclusions have been solved by the reduction method. As a result, displacements and stresses
have been obtained at different points of the considered medium. When the order of the system of
equations is 6, the accuracy of fulfilling the boundary conditions was 107 for values from 0 to 1.

Numerical studies of the algebraic system of equations give grounds to assert that its solution
can be found with any degree of accuracy by the reduction method, which is confirmed by the high
accuracy of fulfilling the boundary conditions.

In the numerical analysis, variants of the layer with 1 and 3 inclusions have been compared.

The result has shown that close placement of reinforcement bars increases stresses G, on the

surface of these inclusions. The values of stresses on the layer contact surfaces with inclusions
have also been obtained.

The proposed solution algorithm can be used in the design of structures, the computational
scheme of which is the layer with longitudinal cylindrical inclusions and displacements specified
at the layer boundaries.

Keywords: layer with cylindrical inclusions, Lame's equations, generalized Fourier method,
infinite systems of linear algebraic equations.
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Taking into account force, temperature and other loads, the stress and strain state calculations
methods of spatial structures involve determining the distribution of the loads in the three-
dimensional body of the structure [1, 2].

In many cases the output data for this distribution can be the values of loadings in separate points
of the structure. The problem of load distribution in the body of the structure can be solved by three-
dimensional discrete interpolation in four-dimensional space based on the method of finite
differences, which has been widely used in solving various engineering problems in different fields.
A discrete conception of the load distribution at points in the body or in the environment is also
required for solving problems by the finite elements method [3-7].

From a geometrical point of view, the result of three-dimensional interpolation is a multivariate of
the four-dimensional space [8], where the three dimensions are the coordinates of a three-dimensional
body point, and the fourth is the loading at this point. Such interpolation provides for setting of the three
coordinates of the point and determining the load at that point. The simplest three-dimensional grid in the
three-dimensional space is the grid based on a single sided hypercube. The coordinates of the nodes of
such a grid correspond to the numbering of nodes along the coordinate axes.

Discrete interpolation of points by the finite difference method is directly related to the numerical
solutions of differential equations with given boundary conditions and also requires the setting of
boundary conditions.

If we consider a three-dimensional grid included into a parallelepiped, the boundary conditions are
divided into three types: 1) zero-dimensional (loads at points), where the three edges of the grid
converge; 2) one-dimensional (loads at points of lines), where the four edges of the grid converge; 3)
two-dimensional (loads at the points of faces), where the five edges of the grid converge. The zero-
dimensional conditions are boundary conditions for one-dimensional interpolation of the one-
dimensional conditions, which, in turn, are boundary conditions for two-dimensional conditions, and the
two-dimensional conditions are boundary conditions for determining the load on the inner points of the
grid.

If a load is specified only at certain points of boundary conditions, then the interpolation problem is
divided into three stages: one-dimensional load interpolation onto the line nodes, two-dimensional load
interpolation onto the surface nodes and three-dimensional load interpolation onto internal grid nodes.

The proposed method of discrete three-dimensional interpolation allows, according to the
specified values of force, temperature or other loads at individual points of the three-dimensional
body, to interpolate such loads on all nodes of a given regular three-dimensional grid with cubic cells.

As a result of interpolation, a discrete point framework of the multivariate is obtained, which is a
geometric model of the distribution of physical characteristics in a given medium according to the
values of these characteristics at individual points.

Key words: three-dimensional interpolation, method of finite differences, four-dimensional
space, load, point, grid, boundary conditions.

© Mostovenko 0.V., Kovalov S.N., Botvinovska S.I.
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Introduction

The result of the three-dimensional interpolation, from a geometric point of
view, is a multivariate of the four-dimensional space [8], where three
dimensions are the coordinates of the point of a three-dimensional body, and
the fourth is the load at this point. Such interpolation involves setting three
coordinates of a point and determining the load at that point. The simplest
three-dimensional grid in three-dimensional space is a grid based on a single-
side hypercube. The coordinates of the nodes of such a grid correspond to the
numeration of nodes along the coordinate axes.

Discrete interpolation of points by the method of finite difference is
directly related to the numerical solutions of differential equations with given
boundary conditions and also requires the setting of boundary conditions. If we
consider a three-dimensional grid bounded by a parallelepiped (Fig. 1(a)), the
boundary conditions are divided into three types:

- zero-dimensional (loads at points 4, C, H, F, V, X, Z, S), where the three

edges of the grid converge;
f 8 ¢ - one-dimensional (loads at the points of
VA 0 the lines AC, AF, FH, CH, etc.), where the four
H.’.. edges of the grid converge;
( G A - two-dimensional (loads at the points of
P the faces), where the five edges of the grid
. converge.
v/ The zero-dimensional conditions are the
R boundary conditions for one-dimensional
interpolation of one-dimensional conditions,
i which, in turn, are boundary conditions for
two-dimensional  conditions, and two-
dimensional  conditions are  boundary
/ / conditions for determining the load onto the
S inner points of the grid.
F If a load is given only at certain points of
boundary conditions, then the interpolation
problem is divided into three stages:

1) one-dimensional load interpolation onto
the line nodes;

2) two-dimensional load interpolation onto
the surface nodes;

3) three-dimensional load interpolation
onto the internal nodes of the grid.

kR The problem of discrete interpolation of the
Is T v load U; on the grid with a uniform unit step in
W L the first stage is solved on the basis of a
system of finite and difference equations that
X L z connect the loads to adjacent points of the
©) boundary edge of the grid:
Fig. 1

>
[So)
~

SRRERENE
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Ui =2U;+U;y, +F =0, (1
where i - is the grid node number; P - the value of the finite difference.

In the interval AB (Fig. 2), the system (1) has m — 2 equations with m—n—2
of unknown ordinates, where n is the number of given intermediate nodes
(point C). The number of
equations of system (1) and the y
number of unknown coordinates A B
U; can be compared due to the C
unknown parameters of P;.

It is known [9, 10] that if the )
graph of the distribution of the |, } N
parameter P; has a overfall, or ¢ 7 2 7 ! m-2 m-1.m
individual values of P; are not Fig. 2
functionally related to the adjacent values of P; -1 and Pi+1, then the Discretely
Presented Curve (DPC) in such places has a break. If the graph of the
distribution of the parameter P; has a break, then the DPC consists of smooth
joint (in the discrete sense) curves. Therefore, it is proposed to form the
distribution of the parameter P; on the principle of the DPC formation,
introducing additional parameters Q;:

P =2P+P,,+0,=0. @)

In fig. 3 three graphs are shown where the graph of the change of the
parameter Q at the point M " has a difference, the graph of the change of the
parameter P at the point M’ has a break, and the graph of the change of the
coordinate U at the point M is a smooth junction of the two DPCs.

When solving discrete interpolation problems the parametric analysis of the
initial conditions becomes important, as the number of unknowns in systems
(1) and (2) has to be equal to the number of equations. The tables show the
correspondence of the number of equations (1) and (2) to the number of the
unknown U, P; and Q; with the arbitrary number 0<n<m-2 of the given

intermediate nodes in the interval that has (m—1) steps.

Table
Number of Number of Number of Number of Number of
h equations (1) | equations (2) | unknown y; | unknown P; | unknown Q;
0 | m—1(P=0) 0 m—1 0 0
1 |m-1(P=P) 0 m-3 m—1 0
2 m—1 m-3 m—4 m—1 1
3 m—1 m-3 m-5 m—1 2
4 m—1 m-3
1 m—1 m—2
m—2 m—1 m-3

The first row of the table shows the case when no intermediate nodes are
specified. Then the equation (1) takes the form:
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Q Uiy =2U;+U;, =0
s and the DPC is a uniform series of points
% 405 . on the line connecting the endpoints 4 and
il ' B
0 V2

The second row of the table shows the
case when one intermediate point is given,
and the unknown parameter P is the same
in all equations (1):

U_ -2U,+U,,,+P=0.

The third row of the table (n = 2)

P=-2 P=-2 . . .
shows that for two given intermediate
o 0 points, the equation (2) takes the form:
T j P 2B +P,, =0.

The numbers of the equations (1) and
(2) are shown in the last row of the table,
y if one node’s coordinate of the DPC is
y=4 unknown, and all others are given.

This principle of one-dimensional
interpolation can be used for the problem
solving of the two-dimensional and
g1 multidimensional interpolation of points
Lo j  onauniform grid.

In the second stage, the two-

o 1 t 5 6

‘ dimensional interpolation completes the

Fig.3 difference equations (1) and (2), and they,
respectively, take the form:

Ui jtUij U jy +U; g =40, +E =0, €)

Bt BB ot =46 +0, =0, (4)

where the results of the one-dimensional interpolation of the contour DPC are
accepted as boundary conditions for two-dimensional interpolation

The systems of equations (3) and (4) are formed for all the internal nodes of
the grid. For a grid having m x n cells, we have (m—1)(n—1) of the equations (3),
which have (m—2)(n—2)—I of the variable parameters U;;, where [ - is the number
of given parameters U;; of the internal nodes. The equations of system (4) are
also compiled for all the internal nodes of the grid, and P;=P;,,=Py,=P, ;=0 in
order to include the parameters Py 15 P11 Piy1 1 Pyiy to this system.

Then the system (4) calculates the equation (m—2)(n—2) and has (m—2)(n—
2) of the virables of P;; parameters and (m—2)(n—2) of the variables of Q;;
parameter. Together, the systems (3) and (4) have 2(m—2)(n-2) equations and
have 3(m—2)(n—2)—/ of variables. In order for the number of variables to be
equal to the number of equations, the system (4) requires the number (m—2)(n—
2) of Q;; variables to be reduced to 1. This can be done by adding to the
systems (3) and (4) the equations (m—2)(n-2)-/ of the type O,,~=0;, or
070
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In the third stage, three-dimensional interpolation is performed, the
boundary conditions for which are the two-dimensional grids obtained in the
second stage. For all the internal nodes of the three-dimensional grid the finite-
difference equations are formed:

Uit jk PV ju YU joaatU s tU; UG jan —0U i+ B =0,
By kB it B o B g tE a0 g =08 4 +0; ;4 =0.

i,j— i i

The number of the variables O, ;, must be equal to the number of

)

specified parameters U, ; , of the internal nodes of the three-dimensional grid.

Example (Fig. 1).

It is given the uniform three-dimensional grid in a limited space
0<i<4;,0<,/<4,0<k<4

We are given the coordinates i, j, k, U of thenodes 4, B, ... , Z: A(0; 0; 4;
8.94), B(0; 3; 4; 9.43), C(0; 4; 4; 9.8), D(2; 0; 4; 7.21), E(2; 1; 4; 7.28), F(4; 0;
4; 5.66), G(4; 2; 4; 6), H(4; 4; 4; 6.93), J(1; 3; 3; 8.19), K(4; 0; 3; 5), L(2; 2; 2;
6.63), M(3; 3;2; 6.16), N(1; 1; 1; 7.14), R(4; 1; 1; 4.24), S(0; 0; 0; 8), T(0; 2; 0;
8.25), M(0; 4; 0; 8.94), W(1; 0; 0; 7), X(4; 0; 0; 4), Y(4; 2; 0; 4.47), Z(4; 4; 0;
5.66). We need to determine the value of the parameter U in the other nodes
of the grid.

In the first stage, the interpolation of one-
dimensional elements AC, AF, FH, CH, SV, SX, VZ, |
XZ, FX, AS, CV, HZ according to formulas (1) and
(2) is performed.

In the second stage, according to the known
values of the parameter U, of the vertices of one-
dimensional elements the values of the parameter
U, are defined for the nodes of two-dimensional
boundaries ACHF, XSVZ, ASXF, ACVS, HCVZ,
FHZX when compiling and solving systems of
equations (3) and (4).

In the third stage, according to the known values
of the parameters U;;; of the points of two-
dimensional elements of the boundaries the values
of the parameter U, are defined for internal nodes
of the given three-dimensional grid when solving the
system (5).

According to the results of calculations in Fig. 4,
a discrete framework of the hypersurface
U, i=fijk) 1is constructed in layers, which
illustrates the load distribution in a given volume.

Conclusions

The proposed method of discrete three-
dimensional interpolation allows, according to the
specified values of force, temperature or other loads
at individual points of the three-dimensional body,
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to interpolate these loads on all nodes of a given regular three-dimensional grid
with cubic cells. As a result of the interpolation, a discrete point framework of
the multivariate is obtained, which is a geometric model of the distribution of
physical characteristics in a given medium according to the values of these
characteristics at individual points.
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Mocmosenko O.B., Kosanvos C.M., bomeinoecvka C.1.
BU3HAYEHHS PO3IIOALTY HABAHTAKEHD Y 3AJAHOMY CEPEJOBUIIII 3A
3HAYEHHSIMU TAKUX HABAHTA’KEHb B OKPEMUX TOYKAX

MeToau po3paxyHKIiB HalpyXKeHO-1e(OPMOBAHOIO CTAaHYy HPOCTOPOBUX KOHCTPYKLIH 3
ypaxyBaHHSIM CHJIOBHX, TeMIIEpaTypHHX Ta IHIIMX HABAHTAXCHb IMepen0avyaroTh BH3HAYCHHS
PO3MOALTY TAKMX HABAHTAXKEHb Y TPUBUMIPHOMY TiNi KOHCTpyKuii [1, 2].

BUXiIHUMH TaHMMH JUISL TAKOrO PO3IOALTY y 0araTbOX BHIIAAKaX MOXYTb OYTH 3HAYCHHS
HABAaHTA)KCHb B OKPEMHX TOYKaX Tila KOHCTPYKLii. 3aJady pO3MOAiTy HaBaHTaXEHb y T
KOHCTPYKILII MOXKHa pO3B’SI3aTH 3a OINOMOrOK TPUBHMIPHOI AMCKPETHOI iHTepmosiuii y
YOTHPUBUMIPHOMY INPOCTOpPi Ha OCHOBI METOAY CKIHYEGHHX DI3HHLb, SIKMH HaOyB LIMPOKOIrO
BUKOPUCTAHHS IIPH BHPIIICHHI PI3HOMAHITHUX IH)XCHEPHUX 3a/ay y Pi3HUX ramyssx. J{uckperne
ySBJICHHS PO3MOJiIy HABAaHTAXKEHHS y TOYKaxX Tia abo cepeqoBHINA MOTPIOHO TaKOXK IS
PO3B’sI3aHHS 3a/1a4 METO/IOM CKiHYCHHX eeMeHTiB [3-7].

Pesynbrar TpHBHMIpHOI 1HTEpHOJALII, 3 TEOMETPUYHOI TOYKH 30py, € OaraToBHIOM
YOTHPUBUMIPHOTO MpocTOpy [8], e TpU BUMIPH € KOOpPAMHATAMH TOYKM TPHUBHMIPHOrO Tiia, a
YeTBEPTHH — HaBaHTaXeHHs y wWiii Touni. Taka iHTepmossiuis mepenbadae 3amgaHHSA TPHOX
KOOpAMHAT TOYKM 1 BH3HAYCHHS HABAHTAXKCHHA y Wil Touwi. Ha#mpocTimioro TpHUBHMIpHOIO
CITKOIO y TPHBHUMIPHOMY HpOCTOpI € CITKa Ha OCHOBI rimepky0a 3 OIMHHYHOIO CTOPOHOIO.
KoopanuaTu By3JiiB Takoi CITKH BiANIOBigal0Th HyMepalLlii By3JIiB y3J0BXK KOOPAUHATHUX OCCH.

JIvcKpeTHa iHTEpIOJIALis TOYOK METOIOM CKIHYCHHX Pi3HHIb Mae Oe3rocepeHiil 3B 130K 3
YHCENBHUM DO3B’sS3aHHIM AU(EpeHIialbHUX PIBHAHD 3 3aJaHUMH KPaiOBMMHM yMOBaMHU i Tak
caMmo noTpedye 3agaHHs KpailOBUX YMOB.

SIKIO pO3MLIAATH TPUBHMIPHY CITKY, OOMEKEHY IapajeleninenoM, TO KpaioBi yMOBH
HOIUSIOTHCS Ha TPU TUNH: | )HyJIbBUMIPHI (HaBaHTa)KECHHS B TOYKAX), 1€ CXOMTHCS 110 TPH pebpa
ciTKy; 2) OMHOBUMIpPHI (HABaHTAXKEHHs B TOYKAX JIiHIM), 1€ CXOAATHCS 110 YOTUPH pedpa citku; 3)
JIBOBHMIpPHI (HABaHTAXKEHHs B TOYKaX PaHei), Ae CXOMATHCS 10 I1sITh pedep citku. HympBumipHi
YMOBH € KPaiOBUMH [UIsl ONHOBHMIPHOI IHTEPIOJALI] OJHOBHMIPHHUX YMOB, SIKi B CBOIO Yepry €
KpailOBHMH yMOBAaMH IS JBOBHMIPHHX YMOB, a JBOBHMIPHI YMOBHU € KpalOBHMH yMOBAaMH IS
BH3HAUYCHHS HABAHTA)KCHHS HAa BHYTPILIHI TOYKHU CITKH.

SIKIO 3a7aHO HABAHTAKCHHS TUIBKM B OKPEeMHX TOYKAaX KpaHOBHX YMOB, TO 3ajaya
IHTepHOMALii MOAUIAETHCS HA TPHU €TANM: OJHOBHMIpPHA IHTEPIIONSALIS HABAaHTAXCHHS HA BY3JIH
JiHIH, IBOBUMIpPHA IHTEPHOLIS HABAaHT@KECHHS HAa BY3JIM I[IOBEPXOHb Ta TPUBHMIipHA
IHTEePI OIS HABAHTAXKCHHS HAa BHYTPILIHI BY3JIH CITKH.

3anporoHOBaHUM CIOCI0 AMCKPETHOI TPUBUMIPHOI IHTEPHOJALIT [03BOJSIE 33 3aJaHUMH
3HAYCHHSMH CHJIOBHX, TEMIIEPAaTypHHX a00 IHIIMX HAaBAaHTAXEHb B OKPEMHMX TOYKAX
TPHUBUMIPHOTO TiJIa HPOIHTEPHIOIIOBATH TAKi HABAHTAXKEHHS HA BCI BY3JHM 33JaHOI PEryysipHOL
TPUBUMIPHOI CITKM 3 KyOIYHHMH KIITHHaAMH. Y pe3yJbTaTi IHTEPHOJSLII OTPUMYETHCS
JCKPETHUI TOYKOBHI KapKac 6araToBUAY, sIKHi € FEOMETPHIHOIO MOJCILIIO PO3MOALTY (i3HIHHX
XapaKTepPUCTHK y 3aJaHOMY CEPEIOBHILII 32 3HAYCHHIMH TaKHX XapPaKTEPUCTHK B OKPEMHX TOUKAX.

KuriouoBi ci10Ba: TpHUBHMIpHA IHTEPIOJLILIS, METOX CKIHYEHHX PI3HHIb, YOTHPHUBHMIPHHI
HPOCTip, HABAHTAKCHHSI, TOUKA, CiTKa, KPallOBi YMOBH.

Mocmosenko A.B., Kosanee C.H., Bomeunosckas C.H.
OMNPEJEJEHUE PACHPEJAEJEHUS HATPY3KHU B 3AJTAHHOM CPEJIE IO
3HAYEHUAM TAKUX HAI'PY30K B OTJAEJBHbBIX TOUKAX

MeToapl  pacdera  HANPSHKCHHO-AE(OPMUPOBAHHOIO  COCTOSHHS — IIPOCTPAHCTBEHHBIX
KOHCTPYKLIMH C YY€TOM CHJIOBBIX, TEMIIEPATypHbIX M JpPYrMX Harpy3oK IpeLyCMaTpUBaOT
OIIpeIeIEHNE PacIPe/IeNIeHNs] TAKMX Harpy30K B TPEXMEPHOM Tejle KOHCTpykuuH [1, 2].

HCXOL{HHMI/I JAHHBIMH IJIs1 TAKOI'O paCcnpeaciI€Hus BO MHOI'UX ClIydasaX MOI'yT 6bITb 3HAYCHU
Harpy30K B OTHEIbHBIX TOYKAX TeJla KOHCTPYKLMHU. 3ajady paclpeieleHUs] Harpy3oKk B Tele
KOHCTPYKLIMM MOXXHO PELINTh C IOMOILBIO TPEXMEPHOH JMCKPETHOHW WHTEPHOJISLMU B
YETHIPEXMEPHOM IIPOCTPAHCTBE HAa OCHOBE METOJA KOHEYHBIX PA3HOCTEH, KOTOPBIA MOJIY4HII
HIMPOKOEC MUCIOJIBb30BAHUE NIPU PCUICHUHN PA3JIMYHBIX WHKXCHCPHBIX 3a1a4 B Pa3IMYHBIX 06J'laCTﬂX.
JIYCKpeTHOE MpEJICTaBIEHUE PACHpEAEIeHHs] Harpy3Kd B TOUKaX Tela WM CPElbl HYXKHO TaKxKe
JUTSL pELLICHUS 3a/1a4 METO/IOM KOHEUHBIX 3JIEMEHTOB [3-7].

Pe3ynbrar TpexXMEepHOH MHTEPHOJSILMHM, C TEOMETPUYECKON TOYKHM 3pEHHs, SIBISIETCS
MHOroo0OpaseM 4YeTBIPEeXMEpHOro MpOoCTpaHcTBa [8], TrOe TpH HM3MEpEHHS  SBISIOTCS
KOOpJIMHATAMH TOYKM TPEXMEPHOI'0 Tela, a YETBEPThIM - Harpy3ka B 3Tod Touke. Takas
UHTEPIOJIALMUSA NPENyCMATPUBAET 3aJlaHus TPEX KOOPAMHAT TOYKU U OINPEAEIIEHUs] HArpy3Kd B
910l Touke. ITpocToil TpexMepHOil cCeTKol B TPEXMEPHOM IPOCTPAHCTBE €CTh CETKa Ha OCHOBE
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rumnepkyda ¢ eIMHHYHON cTOPOHOMH. KOOpANHATEI y3/10B TaKoH CETKH COOTBETCTBYIOT HyMEpaLUu
Y3JIOB BJ10JIb KOOPAWHATHBIX OCEH.

JIYcKpeTHas MHTEPHOJIALUS TOYEK METOAOM KOHEUHBIX PAa3HOCTEH MMEET HENOCPEICTBEHYIO
CBSI3b € YHCJICHHBIM pelieHHeM audepeHnnanbHbIX ypaBHEHHH C 3aJaHHBIMH KPaeBBIMU
YCJIOBHSMH H TakK e TpeOyeT 3a1aHus KpaeBbIX YCIOBHIL.

Ecim paccmatpuBaTh TPEXMEPHYIO CETKY, OrPaHMYEHHYIO HapajlIelenues oM, TO KpaeBble
YCJIOBHS JEJIATCS Ha TPU THUHA: 1) HyJbMepHbIE (Harpy3Ka B TOUKax), I'I€ CXOAATCA 110 TpU pedpa
ceTkH; 2) OJHOMEpHbIE (Harpy3ka B TOYKaxX JIMHUH), TJIe CXOAATCS 10 4YeThipe pebpa cerku 3)
JIByXMEpHbIe (Harpy3ka B TOYKax IpaHed), rie cXoudrcs no narh pedep cerku. HynbmepHbie
YCJIOBUS SIBJISIFOTCS] KPAEBBIMU JIJISl OTHOMEPHOM MHTEPIOJIALUH OJHOMEPHBIX YCIOBHUIM, KOTOPBIE B
CBOIO OYEPE/lb SABJIAIOTCA KPAEBBIMU YCIOBUAMM JUIsl ABYMEPHBIX YCIIOBHUH, a JIByMEPHBIE YCIIOBUS
SBJIIOTCS KPACBbIMHU YCIIOBUSIMH IS ONIPEAEICHHUS HAarPY3KH Ha BHYTPEHHUE TOUKH CETKHU.

Eciu 3amaHa Harpy3ka TOJBKO B OTIEIbHBIX TOUYKaX KpaeBbIX YCIOBUH, TO 3anada
MHTEPIOJSILIMKM JIEJUTCS Ha TP 3Tamna: OJHOMEpHas MHTEPIOJIALMS HAarpy3Kd Ha y3Jibl JIMHHH,
JIByMEpHasi MHTEPIOJALMS HAarpy3KM Ha Y3Jbl MOBEPXHOCTEH M TpEeXMEpHas WHTEpIOJIALMs
Harpy3ku Ha BHYTPEHHUE y3JIbl CETKHU.

IpennoskeHHbIi Cr10co0 AUCKPETHONH TPEXMEPHOI MHTEPHOJLSILMU [MO3BOJISET 10 3aJaHHBIM
3HAQYEHUSM CHJIOBBIX, TEMIIEPATYPHbBIX WM JIPyIMX HArpy3o0K B OTAEIbHBIX TOYKaX TPEXMEPHOIo
TeJla HPOUHTEPIOINPOBATh TAKHME HArpy3KM Ha BCE Y3Jbl 3aJaHHOM PEryJspHOH TpexMepHoi
CeTKH C KyOMYeCKMMH KIeTKaMu. B pe3ynpTaTe HMHTEPHONALMU IONYYaeTCs IUCKPETHBIN
TOYEYHBIH  KapKac T'MIIEPIIOBEPXHOCTH, KOTOPbIH  SIBJISETCS TIE€OMETPUYECKOH  MOEIbIO
pacupeneneHuss (QU3MYECKUX XapaKTEPHCTHK B 3aJaHHOM Cpeie IO 3HAYCHHMSM TaKHX
XapaKTePUCTUK B OT/EIbHBIX TOUKAX.

KiaroueBble ci10Ba:  TpexMepHas  MHTEPHONALMSA, METOJ  KOHEUHBIX  Pa3HOCTEH,
YeThIPEXMEPHOE NPOCTPAHCTBO, HArPy3Ka, TOUKA, CETKA, KPAeBbIE YCIIOBUSL.

VK 515.2+563.3

Mocmosenko O.B., Kosanvos C.M., Bomsinoscoka C.I. BU3Ha4eHHs pO3M0/1iJy HABAHTAKEHb Y
3alaHOMY CcepeJOBMILI 32 3HAYEHHSIMH TAKHX HABaHTa)kKeHb B OKpeMHX Toukax // Omip
MaTepialiB i Teopist copyx: Hayk.-Tex. 30ipH. — Kuis: KHYBA, 2021. — Bumn. 106. — C. 167-175.—
Engl.

Memoou pospaxynkie Hanpysiceno-0epopmosano2o cmamy nPOCMOPOBUX KOHCMPYKYIU 3
YPAaxXy8aHHAM CUNOBUX, MEMNEePAMYPHUX Ma IHWUX HABAHMAdICEHb Nepeodavaioms GUHAYEHHs
PO3NOOITY MAKUX HABAHMAICEHb Y MPUSUMIPHOMY MINI KOHCMPYKYIL.

Tabu. 1. L. 4. Bi6miorp. 10 Ha3s.

UDC 515.2+563.3
Mostovenko O.V., Kovalov S.N., Botvinovska S.I. Determination of load distribution in a given
medium according to the values of the loads at certain points // Strength of Materials and
Theory of Structures: Scientific and technical collected articles. - Kyiv: KNUBA, 2021. - Issue
106. - P. 167-175.

Taking into account force, temperature and other loads, the stress and strain state
calculations methods of spatial structures involve determining the distribution of the loads in the
three-dimensional body of the structure.

Tabl. 1. Fig. 4. Ref. 10.

VK 515.2+563.

Mocmosenko O.B., Kosanvos C.M., bomeinoecvka C.1.

Onpenesienne pacnpeaeseHusi HArPY3KH B 3a1aHHOI cpejie 0 3HAYEHUSIM TAKHX HArpy30K B
oTaeJbHBIX TOUKaX// Onip MartepiaiB i Teopist cropya: Hayk.-tex. 30ipH. — Kuis: KHVYBA, 2021.
— Bgim. 106. — C. 167-175.—Engl.

Memoowr  pacuema  HanpsicenHO-0eoOpMUPOBAHHO20 — COCMOAHUA  NPOCMPAHCINEEHHbIX
KOHCMPYKYUIL € YYemom CUNIOBbIX, MEMREPAmypHbIX U Opyeux Hazpy30K npedycmMampueaiom
onpedenenue pacnpeoeneHus Makux Hazpy30K 6 MPexmepHoM mene KOHCMPYKYu.

Taba. 1. Puc. 4. bubnunorp. 10 Ha3s.
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3ABE3NEYEHHS HANIMHOCTI METAJIEBUX JIUMOBHUX I
BEHTUIALIMHUX TPYB TA iX HECYUMX BEXK

C.M. SIpoBwii’,
JI-p TEXH. HayK, npodecop

M.B. CaBuubKuii’,
JI-p TEXH. HayK, npodecop

C.0. C1060a5HI10K>,
JI-p TEXH. HayK, npodecop

1 . o . o . . . . .
Xapriscorutl nayionansnuil ynieepcumem 0yoisnuymea i apximexmypu, Xapkie

2IBH3 «IIpudninposceka depaicasna akademis Gydisuuymea ma apximexmypuy, Jninpo

DOI: 10.32347/2410-2547.2021.106.176-200

IpoGiema 3abe3nedeHHs HagIHHOCTI B poOOTI METAIEBHX AUMOBHX 1 BEHTHILILIHHUX TPYO Ta
X HECYYHX BeX B OCTaHHIH 4yac 3700yna 0coOJIMBY 3HAUMMICTb B 3B SI3KY 3 BEIMKOIO KiIBKICTIO
BUIIAJIKiB aBapiii Ha MPOMUCIOBUX IianpueMcTBax. Lle moB’s3aHO 3 THM, 110 0arato MeTaJeBHX
JIMMOBHX 1 BEHTHWJBILIIHHKX TPYO Ta IX HECydyMX BEX BHIIpalfoBajia CBili mpoektHuil pecypc (50
POKIB), IiJ Yac ekciulyaTalii yTBOpWIOCh 6arato nedekTiB Ta MOIIKOMKeHb. Bee e morpebye
IPOBEICHHS IIarHOCTHKM 1 BHM3HAYCHHS IiHCHOrO TEXHIYHOIO CTaHy KOHCTDPYKLiH, OLIHKH
JIOBIOBIYHOCTI 1 3aJIMIIKOBOrO PECYpPCY, BUKOHAHHS PEMOHTHHUX POOIT i 3a0e3reueHHs] HOpMaJIbHOT
eKcIuTyaranii a0 HaJiiHOCTI TaKKX CHOPY/I.

KuirouoBi cioBa: meraneBi AMMOBI 1 BEHTHILILIHHI TpyOHM, Hecydi Bexi, HaIilHIiCTb,
HABaHTAXKCHHSI, BIUIMBH, MMOIIKODKEHHS, HAIPYXKEHHs, nedopMallii, JOBroBI4HICT, 3aJUIIKOBHIA
pecypc.

Beryn. 3a0e3nedyeHHs HaAiHOCTI € OJAHWUM 13 OCHOBHHMX 3aBJaHb IPU
MIPOEKTyBaHHI, OYIIBHHUITBI i eKciuTyarali Oy/iBenb Ta criopyd. B ocraHHii
Yac rmpoOyieMH HaJiHHOCTI U METaJIeBUX JUMOBHUX 1 BEHTHISALIHHUX TPYO Ta
iX HecyuMx BeX 37400ysa OCOONMBY 3HAYMMICTH B 3B’SI3KY 3 BEIHKOIO
KIUJIBKICTIO BUITAJIKIB aBapiii Ha IPOMHCIOBHUX MiJNPHEMCTBAX B YKpaiHi Ta
3aKOPIAOHOM.

Kpim Toro, Benuka KiIBKICTh METAIEBUX JAUMOBHUX 1 BEHTHISALIHHUX TPYO
Ta 1X HeCYy4YHMX BEX BHIIPAIfOBaja CBill MpoekTHHUX pecypc (50 pokir), mia yac
eKCILTyaTallii 3MiHHBCS PEeXKHUM iX pOOOTH, MiJBUIIWINCH HaBaHTAXXEHHS Ta
YTBOPWIOCH 0araTo MedeKTiB Ta IMOIIKO/PKEeHb. Bce Iie moTpedye HeraHoro
NPOBEACHHS MiarHOCTHMKM 1 BH3HAYEHHS [IHCHOTO TEXHIYHOTO CTaHy
KOHCTPYKIIiH, TPOBEICHHS aHaNIi3y iX HaliHHOCTI.

1. ITocranoBka 3amavi. AHami3 myOmaikamiif. 3a0e3neunT HaIidHICT
MeTajJeBUX [UMOBHX 1 BEHTWLALIHHMX TpPyO Ta iX HECy4nx BeX, IO
eKCIUTYaTyloThCsl TPHBANMIA 4ac B CKIAJHHX yMOBaX. IX 3aGe3NedyeHHs, fK
MPaBUIIO, TPOBOJAWTHCS HA OCHOBI 3/J00yTHX JaHUX TMPU TEXHIYHOMY
00CTe)XeHHI, BU3HAUYEHH] NPUYUH BUHUKHEHHS TTOIIKO/PKEHD 1 IIPOrHO3YBaHHS
iX pPO3BUTKY, OLIHII JOBIOBIYHOCTI 1 3aJIMIIKOBOIO pECypcy, BHUKOHAaHHI
PEMOHTHHX po0IT 1 3a0e3nmeyeHHI HOpMaJbHOI ekciutyaranii. B ocHOBI

© Sposuii C.M., CaBuupkuit M.B., Cno6omsuiok C.O.
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METOAOJIOTIT YIPABIIHHS CTAPIHHIM METAJCBUX TUMOBUX 1 BEHTHIIALIHHUX
TpyO Ta TX HECy4YMx BeX NPUHHATI OCHOBHI IOJIOKEHHS TeOopil HamidHOCTI
CTPYKTYPHO-CKJIQIHUX MEXaHIYHHX CHCTEM, IO B3a€EMOIIIOTH i3 30BHILIHIM
CepeIOBUILIEM.

Bu3Havaroue 3HaUCHHS TP OIIHIN HaJIHHOCTI TUMOBHUX 1 BEHTHIIALIHHUX
TpyO Ta iX Hecyunx BeX Ma€ BHXiTHa iH(pOpMAIis PO TI'eOMETPUYHI
XapaKTePUCTUKN KOHCTPYKIIH, MiHCHI HaBaHTa)KEHHS Ta PO3IOIN 3YCHUIIb,
iH(opMaIlis PO TEXHIYHWA CTaH Ta BHUSBJICHHI NCPEKTH Ta MOIIKOIKCHHS,
YYTJMBICTh MeETaly KOHCTPYKIIA [0 [WHAMIYHHX, TEMIEpaTypHUX 1
KOpO3iiHKX BIUIMBIB 1 T.II.

Po3BuTKY Cy4acHHX METOMIB pO3paxyHKy 1 3a0e3ledeHHI0 HaiiHOCTI
OyIiBENTBHUX KOHCTPYKIiH, Oy/iBesb 1 CHOpPY/] MPUCBITUIIN CBOI Mpalli BioMi
BiTum3HsHI BYeHi, Taki sk: M.C. bapa6am [1], O.Il. BockoOoiiHix [2],
O.C. Tl'oponeupkuii, €.A. €ropos, A.L. Jlantyx-Jlsmenko, A.B. Ilepensmyrep,
C.®. Iiuyriu [3], B.A. INammncbkwii [11], M.B. CaBunbkuii [12],
T.B. Hixidoposa [10], B.O. Cemxo [14], O.B.Cemko i iHmIi.

Y BigoMux poOOTaXx HE HABOAATHCA JaHI IMOJO OIHOK HAaIiHHOCTI
MeTaJeBUX JUMOBHX 1 BEHTWILIHHUX TPYO Ta iX HECYUHX BeX, HE po3polIieHi
METO/IM OILIIHKH JTOBIOBIYHOCTI Ta 3aJIMIIKOBOT'O PECYPCY TAKHX KOHCTPYKIIIH.

2. 3arajJbHa MeTO0JI0Tisl OMiHKM HAXIMHOCTI i ynpaBJ/IiHHA CTapiHHAM
eJIeMEHTIiB MeTaJleBUX AUMOBHX i BeHTWISANIHHMX TPy0 Ta iX Hecydmx
BeK. B OCHOBI Merojonorii ynpaBiiHHS CTapiHHSAM METaIEBHX JIMMOBHUX 1
BEHTWILAILIHHUX TpyO Ta ix Hecyumx Bex (MJIBTiHB) mnpuitnari ocHOBHI
TIOJIOXKEHHSI TeOpii HaIIHOCTI CTPYKTYPHO-CKJIaTHUX MEXaHIYHUX CUCTEM, L0
B3a€EMOJIIOTh 13 30BHIMHIM  cepepoBuiieM. CKIagOBUMH  YaCTHHAMHU
po3pobiieHoi Metoaonorii € [19]:

- 3arajibHa METOJIOJIOTISl YIPABIIHHS CTApPiHHAM 1 MPOIOBXKEHHS TEPMIiHY
eKCILTyaTallii MeTajeBuxX JUMOBHX 1 BEHTHILIIHHUX TPYO Ta iX HECy4HX BEX
(MIBTiHB);

- knacudikariis BIUMBIB cepenoBuina ekcmuryatamii MJIBTiHB 1 metoau
OLIHKM iX BIUIMBY Ha PO3BHTOK IPOLECIB CTapiHHSA MaTepialliB €JIEMEHTIB
M/IBTiHB;

- MpOLEAYPHU MOHITOPHMHTY, JiarHOCTHKH, METOIM BHUSBJICHHS MPOLECIB
crapinnsg MatepianiB  einementie  MJIBTiHB, Bxmowarounm pyiHIBHHN 1
HepyHHIBHUI KOHTPOJIb MaTepiaiB;

- IpoIeIypa aHaji3y Ta OomiHku TexHiuHoro ctany MJIBTiHB;

- METO/IMKHU TIPOTHO3Y KIHETUKU PO3BHUTKY IPOIECIB Jerpajalii MaTepiaiiB
M/IBTiHB, ix BmmBy Ha 3MiHy OyIiBEIbHO-TEXHIYHUX BJIACTUBOCTEH
MaTtepiaiiB i ¢pyHkuioHaneHuX BractuBocreit MJIBTiHB;

- MAXOMU 10 pO3POOKH JOAATKOBUX 3aXOJiB IOAO BIUIMBY Ha MPOLECH
nerpanauii MIBTiHB B pe3ynbrati cTapinHs;

- TOPSIOK OpraHizalii, IUIaHYBaHHS Ta peaizallii JOAATKOBHX 3aXOJIiB
o0 ynpasiinas crapinasiyv MJIBTiHB.

OCHOBHI TepMiHM Ta BU3HAYECHHS IOHATH 1 TOKAa3HHKIB, NMPUHHATHX B
Teopii HaIIMHOCTI, a TAKOXK METOAH IX PO3PaxyHKY HPHHUHSATI BIAIIOBIIHO 10
HOPMaTHBHHUX JOKYMEHTIB [15], [16].
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HaniitHicTh - BIacTUBICTh KOHCTPYKIH 30epiraTi B 4aci y BCTaHOBJIEHHX
MeXaxX 3HA4YeHHs BCIX MapaMerpiB, MIO XapaKTepU3yloTh 3JaTHICTh
BUKOHYBaTH HeoOXximHI (QyHKLIT B 3aJaHMX yMOBaxX eKcCIUTyaTtalii mnpu
BCTAaHOBJICHIH CHCTEMI TEXHIYHOrO OOCIYroByBaHHs 1 peMoHTy. HaniliHicTh €
KOMIUIEKCHUM  TOHSTTSIM 1 BKJIIOYA€E  BJIACTHUBOCTI  0E3BiIMOBHOCTI,
JIOBI'OBIYHOCTI, PEMOHTONPHUAATHOCTI 1 30€epiraHHsl.

Be3BinmMOBHICT, - BIACTUBICT, KOHCTPYKIII Oe3ymuHHO 30epiratu
Mpale3aTHICTh TPOTITOM JISSIKOTO Tepioay Yacy.

KinbkicHUMH TIOKa3HUKaMU OE3BIIMOBHOCTI € WMOBIPHICTh 0O€3BiMOBHOI
po0OTH, IHTEHCUBHICTH BiJIMOB.

IMoBipHiCTh 0€3BiAMOBHOI pOOOTH - IMOBIPHICTH TOTO, IO B 33JaHOMY
iHTEepBaJIi Yacy He BUHUKAE BiMOBA KOHCTPYKIIIi:

P(t)=P{T > 1}, (1)
ne ¢ - mortoyHuid yac; T - TepMiH CIyKOH.

IMOBIipHICTH BiMOBHU:

F()=1-P(). 2)
HlinpHICTH pO3MIOALTY HIMOBIPHOCTI BiJIMOBH:
_4r@
ro=2 ®)

[HTeHCHBHICTH BIIMOB - YMOBHA IIUIBHICTh HMOBIPHOCTI BHWHHMKHEHHS
BiIMOB, BH3HAYa€THCS IUIS JAHOTO MOMEHTY 4acy 3a YMOBH, LIO JIO LbOTO
MOMEHTY BiJIMOBa HE BUHHKJIA:

=10, o)
P(1)

JIOBroBiUHICTh - BJIACTHBICTH KOHCTPYKIII 30epiratd mpare3maaTHICTh J0
HACTaHHS TPaHUYHOTO CTaHy (BiIMOBH), TOOTO NPOTITOM YChOTO MeEpiomy
eKCIUTyaTallii Ipyu BCTAaHOBJIEHIH CHCTEMI TEXHIYHOIO OOCIYrOBYBaHHS 1
PEMOHTY.

KinbkicHUMM TMOKa3HHMKaMH TOBFOBIYHOCTI € CEpelHId TepMiH CITyXOH,
raMMa-IpoLeHTHHI TEPMiH CIIy:k0u (pecypc).

Cepenniii TepMmiH ciy6u | - MaTeMaTHYHE OYiKyBaHHSA TPHUBAJIOCTI Bin
MOYATKY eKCILTyaTalii KOHCTPYKIIIi JI0 TOCSITHEHHS TPAaHUYHOTO CTaHy.

lamma-npouenthuii  TepMin  cuyx0Ou  (pecype) T, - TpuBailicth
eKCILTyaTallii, MpOTSAroM sKOi KOHCTPYKIISl IOcsra€ TPaHUYHOTO CTaHy i3

3a/1aHOK0 HMOBIPHICTIO ¥/ , BUPAKEHOIO Y Bi/ICOTKAX.

Jlani po Ge3BiAMOBHICTD, IO MICTATHCS B TOYKOBUX IOKa3HUKAX 7T , T,
MeHII iHpopMaTHBHI, HiX iH(opMalis npo Oyne-aky 3 dyukuiit P(¢), F(f),
f(1), h(t) . 3a3HaueHi GYyHKIIT € GYHKIIAMHU Yacy, KOKHA 3 SKHX OJHO3HAYHO

XapakTepu3ye pO3MOALT BUMNAAKOBOI BEIWYHMHH (TepMiHY CilyxOu). 3Harouu
OIHY 3 (PYHKIIIH, MOXJIUBO OOYMCIUTH BCI 1HIIII.
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Oyukuii P(¢) 1 F(f) sBIAI0TH COOOIO IHTErpajbHI XapakTepuCTHKU. Tak

SIK BOHM MOHOTOHHI JJIs1 OY/b-IKMX 3aKOHIB PO3MOALTY, TO YaCTO HEMOXKIUBO
BHUSIBUTH OCOOJIMBICTD PI3HUX THITIB 3aKOHIB PO3IOILITY.

OyukIis f(¢) € 6inbIn iHGOPMATHBHOO 1 XapaKTEPHU3YE Pi3HI BIACTHBOCTI
po3noniny (po3TanryBaHHs 00JacTi MOXKIJIMBUX 3HAUCHD HA OCI Yacy, HasSABHICTb
1 po3noaia HaWOLIBII WMOBIPHMX 3HA4€Hb, CTYIEHS PO3CIIOBaHHI,
CUMETPUYHOCTI 1 iH.).

Oyukuist A(t) sBisie cOOOI0 y3aralbHEHY XapaKTepPUCTHKY PO3MOALTY, sIKa
Hece iHpopManito Biapasy npo nBi ¢pyskuii f(¢) i P(¢), abo F(¢)). Tomy
(GYHKINS IHTEHCUBHOCTI BIiIMOB € I OUIBII BHPA3HOI XapaKTCPUCTHKOIO
3aKOHY po3mnoxity B mopiBHAHHI 3 f(f). DyHkuis A(f) € omgHuMm 3
HAMBaXIIUBIIIMX KPUTEPIIB TPU BHOOpPI TEOPETHYHOI MOJIENI PO3MOALTY
TEpMiHY CIYKOH.

[Toka3HUKKM HAIIHHOCTI €KCIUTyaTOBaHMX OYMiBEIbHHX KOHCTPYKIIH, 110
eKCIUTYaTyIOThCS, MOXIIMBO OTPUMATH YOTHPMa OCHOBHHMH MeToiaMu: 1)
CTaTUCTUYHUM; 2) (I3HKO-CTATHCTHYHHMM; 3) EKCIEePTHHX OIIHOK; 4)
BUNIPOOYBaHHS HABAaHTaKEHHSM.

CTaTUCTUYHUN METON TMOJIrae B HAKONMUYEHHI Ta 0OpoOIll JaHUX IPO
BIIMOBH MAaCOBUX OIHOTHITHUX KOHCTPYKIIiH. Tak sk BiAMOB OyIiBENbHHX
KOHCTPYKLIIH 3a TEpLIOI TpPYIOK TIpaHMYHUX CTaHIB 3a3BHYail  He
JIONYCKalOTh, TO OTPUMATH CTATUCTUKY BIIIMOB OyIiBENIbHMX KOHCTPYKIIH 3a
MEpIIOI0 TPYNOK TPaHUYHHUX CTaHIB HE TPEINCTABISIETHCS MOMKIUBUM.
MoxJMBe OTpUMAaHHS 3aKOHOMIPHOCTEH BIJJMOB KOHCTPYKIIH TUJIbKH 3a
JIPYrol0 TPYIOI TPaHUYHHUX CTaHiB (HANpHKiIang, MporuHd 1 iH.). Tomy B
MOAAJBIIOMY Ui YOPABIiHHS CTapiHHSAM OYIIBENBHHX KOHCTPYKIIH
MJIBTiHB 1ie#t MeToa He BUKOPHUCTOBYETHCS.

®Di3UKO-CTATUCTHYHUIA METOJI OI[IHKH 1 MPOrHO3Y HAIMHOCTI OYIiBEIbHUX
KOHCTPYKIIH 3aCHOBAaHMA Ha BHBYCHHI ()i3MKO-XIMIYHAX 1 MeEXaHIYHHX
MpoIleCiB  Jerpajaiii MaTtepiajiiB, M0 BiJOyBalOThCSI M BIUIUBOM
30BHIIIHBOIO HECIPHUATIMBOIO CEPEAOBHINA eKCIUTyaTalil KOHCTPYKIIH
(«(pizuku BimMOB») 1 (OpMyBaHHI MOIENI BiIMOB Ha OCHOBI OTPUMaHHX
3aKOHOMIPHOCTEH.

MerTo/ eKCIEepPTHUX OIIHOK TEXHIYHOTO CTaHy KOHCTPYKIIH IPYHTYETHCS
Ha peecTpaulii CYKYHOCTI O3HaK 3HOCY OYAiBEeNbHUX KOHCTPYKIIH 1
BIJIMIOBITHO IIMMHU O3HAKAMH JESIKOI iHTErpaIbHOI OIiHKH.

Meron BunpoOyBaHHS Ta OLIHKA TEXHIYHOTO CTaHy OyaiBeIbHUX
KOHCTPYKIIIil HABAaHTA)KEHHSIM TI0JISITa€ B OTpUMaHHI iHpopMallii, 1o J03BOJISIE
BUKOHATH OLIHKY BUIPOOYBaHb KOHCTPYKIIIT IIUITXOM MOPIBHSHHS (paKTHIHIX
pPe3yabTATIB 3 KOHTPOJHHUMHU. [ 'OJIOBHUM 3MiCTOM iH(OpMAIii € 3aJICKHICTh
MDXK BEJIMYMHOIO JedopMallil i HaBaHTa)KEHHSIM Ha BCIX €Tanax HaBaHTa)KCHHS
1 eKCTpanoIsALil pe3ylbTaTiB A0 CTail pyHHYBaHHS.

B ocHOBy Meromonorii OIIHKM HagiifHOCTI 1 YIpaBIiHHS CTapiHHAM
MeTajJeBuX AMMOBHUX 1 BEHTHWIALIHHHUX TpyO Ta iX Hecyunx Bexx (MIBTiHB)
NPUAHATHNA (I3UKO-CTATUCTUYHUI METOI.
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2.1. Di3uKo-cTATHCTHYHUI MeTOA OWIHKH HaJiiiHOCTI eJieMeHTIB
MeTaJIeBUX AMMOBHX i BeHTWIALITHUX TPYO Ta iX Hecy4yux Be:k. B ocHOBY
(i3MKO-CTATHCTUYHOTO METOAY OILIHKA HamidHOCTI 1  JOBTOBIYHOCTI
koHcTpykuin MJ/IBTiHB nokmaneHo Taki nepeaxymonu [20]:

1). V BiAmoBigHOCTI 3 AIMCHICTIO BPAaXOBYETHCS PO3BUTOK JErpaialiiiHix
NpOLECiB B MaTepiaiax KOHCTPYKIIA TpU HECHPUSTIUBOMY BIUIUBI
cepeoBUIa, TOOTO pO3PaXyHOK KOHCTPYKIH, IO B3a€EMOJIIOTH 3
CepeoBUILEM, BHKOHYETHCS 3 ypaxyBaHHSIM KIiHETUKH PO3BHUTKY MPOILECIB
Jierpaaanii MaTepiais.

2). BruiuB cepeoBHIa OIIHIOETHCSA 32 KPUTEPIEM BIUIMBY Ha (DyHKIIIOHA-
JIbHI BJIACTMBOCTI HECYUHX KOHCTPYKIIIH.

3). ®akTOp Yacy BBOAUTHCS B PO3PAXyHOK B SIBHOMY BHUIJISIZI: pErIaMeHTy-
€TbCS TEpMiH CIY)KOM KOHCTpPYKIiH abo Tpu 3aJaHuX Hapamerpax
BHU3HAYAETHCS JIOBrOBIUHICTh KOHCTPYKITIH.

4). Posrnsgaerbcs HaAIWHICTD KOHCTPYKIII TUTBKM 3a BHYTPILIHIMH
BJIACTH-BOCTAMHU Y TIPHUITYLICHHI, IO TPaHUYHE pO3paxyHKOBE 3HAYCHHS
HaBaHTa)XEHHS a00 I'paHWYHI 3HAYEHHS IOKA3HHUKIB, IO PETJIAMEHTYIOTHCS
HOpPMaMHU MTPOEKTyBaHHS, 3a0e3MeYyIoTh ()yHKIIOHAJIbHY HadiHHICTB.

5). 3axymafaeThCcs MPUHIUI PIBHOHAIIMHOCTI KOHCTPYKIIH, IO TPOEKTY-
I0ThCSL JUISl PI3HMX YMOB eKCIUTyaTalii: J0 KIHIS TEepMiHy CIyx0u abo
MDKPEMOHTHOTO TMeEpiofy, KOHCTPYKIII, sIKi TpPOEKTYIOThCS Ui YMOB
eKCILTyaTallii Mpy HECTIPHUATIUBOMY BIUIMBI CEpPEOBUILA TTOBHHHI MaTH TaKy
K HaJIHHICTIO, 110 1 KOHCTPYKIIi, SIKi MPOEKTYIOTHCS JJIsi HOPMAJIBHUX YMOB
eKCIUTyaTalrii.

6). Tlpouec nerpanmaiiii KOHCTPYKINH, THepexXil 3 OIHOr0 IMCKPETHOTO
TEXHIYHOTO CTaHy B iHIINI OMUCYETHCS MaPKOBCKUM MPOLIecOM abo IpolecoM
[Tyaccona 3 IMCKPETHUMHU CTaHAMU 1 OE3TIEpPEpPBHUM YacoM.

OCHOBOIO  (hI3UKO-CTATUCTUYHOTO METOAY BH3HAYEHHS, MPOTHO3Y 1
3a0e3IeueHHs HAAIMHOCTI KOHCTPYKILii €:

a) pe3yJbTaTH JOCIIKEHD (Pi3UKO-XIMIYHHUX MPOIECIB 3MIHHM BIACTHBOCTCH
MarepiajliB KOHCTPYKIiH B Yaci Mpy BIUIMBI HECHPHATIUBHUX CEPEIOBUILL;

0) neTepMiHOBaHI 3aJEXKHOCTi, IO 3B'SA3YIOTh ITOKa3HUKU BIIACTHUBOCTEH
KOHCTPYKIIH 3 IX MmapamMeTpamH i 30BHIIIHIMH (paKTOpaMu - HaBaHTAXKEHHSIM 1
CepeIoBUILEM;

B) CTaTHCTHYHI JaHi INPO MIHJIMBICTh MNapamerTpiB, L0 BH3HAYAIOTh
BJIACTHBOCTI KOHCTPYKIIii;

I) MareMaTU4HI MEeTOIW Teopii HaIilfHOCTI, IO JO3BOJSIOTH OTPUMATH
PO3IIOALT BUITQJAKOBUX (DYHKIIIH ITpY BIIOMUX PO3IOAIIAX apryMEHTIB;

) TEXHIKO-€KOHOMiYHa Ta iHINa iH(opmalis, 1o OOIPYHTOBYE TOH 4H
IHIIIMH PiBEHb HAMIWHOCTI BIACTHBOCTI KOHCTPYKITIH.

BinMoBH MeXaHIYHUX CHUCTEM [0 SIKHMX BIIHOCATHCA METajeBl JAUMOBI 1
BEHTWIIALIHHI TpyOM Ta iX Hecydi Bexi (KOHCTPYKIIi) IiAThCS Ha TOCTYIIOBI
(3HOCHI) i panToBi. OCHOBHOIO O03HaKOIO MOCTYIIOBOi BiJIMOBH € Te, IO
HWMOBIpHICTh Or0 BUHUKHEHHS MPOTATOM 33JaHOTO IMepiofy Yacy Bif #; 10 f
3aJICKUTh BIJl TPHUBAIOCTI MOMEPEAHBOI poOOTH cucreMu f. OCHOBHOIO



ISSN 2410-2547 181
Omip marepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2021. Ne 106

03HaKOI0 PanToBOI BiMOBH € HE3aJIEKHICTh HMOBIPHOCTI HOr0 BHHHUKHEHHS
MIPOTATOM 3aJaHOTO TEPIOMy Yacy Bif ¢ 1O ¢, BiJ TPUBAJIOCTI MOMEPETHBOI
pOOOTH CUCTEMH f1.

Jami posrispaeTbcs HAAIWHICTD KOHCTPYKIUM TUIBKM 32 BHYTPIIIHIMHU
BJIACTUBOCTAMHM B TIPHUITYIEHHI, 0 TpPaHWYHE pO3PaXyHKOBE 3HAYECHHS
HaBaHTAXEHHs a00 TpaHWYHI 3HAa4YeHHA MapaMeTpiB  3a0e3meuyroTh
¢yHKIioHABEHY — Oe3BimMOBHICTB. OTKe, BIAMOBH  KOHCTPYKIIH, IO
eKCIUTyaTYIOTCS B YMOBax BIUIMBY HECIPHSTIMBUX CEPENOBUI, MOXKHA
BiJIHECTH JI0 KaTeropii MOCTYNOBUX. Y 3arajbHOMY BUIAJKY, 3 YpaxyBaHHSIM
XapakTepy Aii HaBaHTA)KEHHS, BIIMOBU OY/iBEIbHUX KOHCTPYKLIHN BiHOCSATHCS
JI0 CKJIaJIHUX BiJJMOB, IKi BKITFOUAIOTh B c€0€ OCOOJIMBOCTI JIBOX IMOTIEPETHIX.

3anexxHicTh Jieskoi  BiacTuBOCTI  KoHCTpykmin MJIBTiHB  Big ix
MapaMeTpiB OMHUCYETHCS IESIKOI0 CHCTEMOIO PIBHSHB 200 alrOpUTMOM:

Vi = Y00 5X0 s X Xy ) 5)
ae y; - BracTuBicTh  KoHCTpykmin  MJIBTiHB, X; - PO3paxyHKOBI

rapameTpy KOHCTPYKIIIH.

BruimB HeCHpUSITIMBOrO CepeoBUINa eKCILTyaTallii MPpU3BOAUTh A0 3MIiHH
BJIACTHBOCTEH MaTepiajiB, 11O MPU3BOIUTH A0 3MIHH JESKUX PO3PaXYHKOBHX
napameTpiB KOHCTPYKIiH. BHacmizok nporo BoHH € (DYHKIIEIO LIIOTO PsAyY
XapaKTepPUCTUK MaTepiay, 30BHIIIHIX BIUIMBIB CepeOBUIIA 1 Yacy ¢:

Xy =X (211525 joees Zpol)- (6)

B cuiny croxacTMYHOI TNPHPOAM XapaKTEpUCTHUK MaTepialliB, BIUIMBIB
CepeloBUINa, BIUIMBY TEXHOJIOTIYHMX (DakTOpiB B Ipolieci BUPOOHMIITBA,
TPAHCIIOPTYBAaHHS 1 MOHTaXy KOHCTPYKIIH IX HapamMeTpu € BUIAJKOBUMH

BelMYMHAMU X; a0o BHNaAKkoBUMH QyHKLisMK dacy (6). B pesynbrati 1poro i

Jiesika BJIACTHBICTh KOHCTPYKIIT TaKOX OyjIe BUIAJAKOBOKO (DYHKIIIERO Yacy:

Y ()= VX o X poees X X i (2132 s Zyj e X . (7)

YMoBa ¢yHKIiOHANEHOI NpuaaTHocTi kKoHeTpykuin MABTiHB 3anaerbes
y BUIIISAI OOMEXXEHHSI:

2j000s

Y,(t)2 (1), @®)
Ae S;(f) - TpaHWYHE 3HAYCHHS BJIACTUBOCTI, PETVIAMEHTOBAHHA HOpMaMHU

MIPOCKTYBAHHS a00 BEJIMIMHOKO 30BHIIIHIX BIUTUBIB. 11i 00MeKeHHS BUIUISIOTH
o0acth 0e3B1IMOBHOI pOOOTH.

Haniitaicte xonctpykuiiit M/IBTiHB mono mapamerpudaux BiaMoB (TyT
MalOThCsl Ha yBasi BUXiAHI, (YHKIIOHAJbHI mapamerpu abo BIACTHBOCTI)
BUPaXa€ThCSI KIMOBIPHICTIO 33JI0BOJICHHS YMOBH:

P/(t)=PY,()2 5,(0)] = P[Y,(t)= S,(1) 2 0] - ©)

3amaua BU3HAYEHHS IMApaMETPUYHOI HaAIWHOCTI KOHCTPYKLIH 3 TOI 4M

IHIIOi BJIACTHBOCTI 3BOAWTHCS IO OTPUMAHHS m-MIipHOI (DYHKIIT HIIJIBHOCTI

pO3TONITY BHIIAJAKOBOTO MpPOIECy. IMOBIpHICTE O€3BIAMOBHOI poOOTH

BU3HAYAETHCS SIK mM-MIpHUH IHTErpayl BiJg 3rajaHoi (QyHKLil IIJIBHOCTI
po3noniny:
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Pj(t)zﬂ... j f(x]j,xzj,...,xl-j,...,Z]j,zzj,...,z,j,...,xmj,t)dx]jdxzj...
Y,(6)=S,(1)20

dzy dzy ;. dzy..dx,,. (10)

OyHKLis HafiliHOCTI P;(f) XapakTepusye He TUIbKU O€3BiAMOBHICTb, ane i
JIOBIOBIYHICTh KOHCTPYKIH. TepMiH CIyXOM BH3HA4Ya€ThCS TPUBAIICTIO
eKCILTyaTallii KOHCTPYKIIH 10 BUXOY TX BIIACTUBOCTEH 3a JOIYCTUMI MEXi.

Otpumaty Qyskuito (10) B SBHOMY BUIIISAAI HalyacTille HE TPENCTaBIIs-
€TBCS MOXKJIUBHM, TOMY IO HEMOXXJIMBO BHKOHATH 3BOPOTHE NEPETBOPEHHS
3aJIeKHOCTEH BIIACTUBOCTEH KOHCTPYKLIM mogo yacy. Tomy OocuTh
BU3HAYUTH MapaMeTPU4Hy HAAIAHICTh KOHCTPYKLIM TiCisl 3aKiHUEHHS
NEBHOTO 4acy ii ekcruryarauii, To0To Bu3HauuTH P;(f) s (ikcoBaHMX

MOMEHTIB 4acy, abo, IHaKIIe, JaTH TOYKOBY OIHKY HATiHHOCTI. Y IbOMY
BHITIAJKY 3aBJaHHS 3BOIUTHCS JO OTPHUMAHHSA m-MIpHOI (QYHKIT pO3MOALTY
BHITAJIKOBUX BEJTHYUH
f(x,j,xzj,...,xl-j,...,z]j,zzj,...,z,j,...,zmj (11)
B TEPETUHI BUIAIKOBOIO IMPOIECY B 3aJaHUM MOMEHT 4acy i OOYHCIICHHIO
BUpA3y:
Pj(tztk)zﬂ,,, j SO0 520 joeees Xijoaes 21 5 20 forees Zyenes Xy )Xy 6 ..
Y, (t=1,)-S, (t=,)20
wdzy jdzy oz A, (12)

SIKII0 BiIOMI IIUIBHOCTI PO3MOALTY BIACTHBOCTCH KOHCTPYKIIHA [ (Yj)t:tk

1 BENMYMH 30BHINIHIX BIUIMBIB f(S )=, » TO BHpA3 JUIs BH3HAYCHHS

HMOBipHOCTI 0€3BiZIMOBHOI pOoOOTH (32 YMOBH, 110 BIACTHBOCTI KOHCTPYKIIH 1
30BHIIIHI BIUIMBH HE3AJICKHI) Ma€ BUTIISI

Pit=t)= | fSH| [ £(¥)dy; |dsS;. (13)
—oo S

[Ipu BiAcyTHOCTI CTATHCTHYHHUX JaHWUX NPO 30BHIIIHI CHJIOBI BILIMBU 200
JIeTepMiHOBaHI BEIMYWHU TPAHUYHHUX 3HAYEHb BJIACTHBOCTEH:

Pj(t:tk):P{YjZSj,u}: j:cf(YJ)dyjs (14)
N

Jju

Ae S;, - 3ycWuIs Bil MAaKCHMAalbHO MOMXIMBHX (PO3DaxyHKOBUX 3Ha4CHb)

HaBaHTa)XK€Hb Ha KOHCTPYKIii, 10 3aJal0ThCS Ha CTalii NPOEKTYBaHHS NpPU
PO3IIIsiIl HAIIHOCTI 3a HECYYOIO0 3[IaTHICTIO; 3yCHIUIS BiJl XapaKTepPUCTUIHUX
HaBaHTa)KEHb NPU PO3IJISIl HAJIMHOCTI 32 eKCIUTyaTaliiHO TPUIATHICTIO.

VY pasi HopManpHOro posnofiny (yHkuii BmacTHBOCTI Y; MMOBipHICTH
0€3BiIMOBHOI pOOOTH BU3HAYAETHCS IHTErPajIOM BiJ| IIIBHOCTI PO3IOALITY
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7y
1 F—0.5(Y,)
P,-(yy)=E~je Vdy;; (15)
abo
Pi(y,)=Fly,], (16)
ne F - TaOynpoBaHe 3Ha4yeHHS (YHKIIiI HOPMOBAaHOTO HOPMAaJILHOTO

(I'ayccose) posmoainy; ¥, - XapakTepucThka Oeslekd, iHAEKC HaliHHOCT

[16], nanbHicTb BinmoBH [15]:
Vy=—"F1r > (17)

ne Y - maremartuuHe odikyBaHHS (yHKuii BiactuBocTi; [Y] - rpaHM4HO

JOIMYCTUMEC 3HAYCHHA BJ'IaCTI/IBOCTi; O'y

- cepemHe KBaJpaTUYHE BiIXHJICHHS
(YHKIIIT BIaCTHBOCTI.

KoHCTpyKIlis 3aJ0BOJNIBHAE BHMOraM HaJiHHOCTI IO j- # BJIACTUBOCTI

SKIIO
P()2R,,, (18)

Ze R;, - HOpMOBaHHUii PiBeHb HA/IHOCTI /-1 BIACTHBOCTI.

Ha puc. 1 HaBeneHa 3aranpHa cxema (hOpMyBaHHS BiIMOBU OYyiBEIbHHX
KOHCTPYKIIM B yMOBax BIUIMBY 30BHiHIX cepenosuin [10, 12]. Biamosa
BUHMKA€ [PH JOCSATHCHHI Y, -i BIACTUBOCTI KOHCTPYKUii IPaHUYHOrO

3HA4YCHHA Sj’ MO0 CTAHCTHCA 4YE€pE3 I[CHKI/Iﬁ BI/IHaZ[KOBI/Iﬁ HpOMi)KOK qacy

eKCIUTyaTaIlrii.

Takum umHOM, (PI3MKO-CTATHCTHYHMH METO/ OLIHKK 1 TIPOTHO3Y
HajiHocTi KoHCTpykuii MJIBTiHB B ymoBax BIUIMBY 30BHIIIHBOTO
HECITPUSATIMBOrO CEPEIOBUINA BKITIOYAE HACTYITHI eJIEeMEHTH:

a) pPO3paxyHKOBI MOJENi: TPOIECIB HAKONMWYCHHS IOIIKO[UKCHb B
MaTepianax KOHCTPYKIIiH; JeTepMIHOBAaHI MOJENI 3aJ€KHOCTI BJIACTHBOCTEH
KOHCTPYKILIIH  BiJ  BH3HAYalbHUX IApaMeTpiB;  IMOBIpHICHI  Momei
(GYHKIIIOHYBAaHHS KOHCTPYKIIA TPU BIJOMHUX PO3MOJLIAX BU3HAYAIBHUX
rapameTpiBs;

0) aHAMITHYHI, YHCENIbHI, YUCEIbHO-aHATITUYHI U IHXKCHEPHI METOIH
BUPILIIEHHS MOJENEH;

B) CTaTUCTUYHI XapaKTePUCTHKM MIHJIMBOCTI IapaMeTpiB MarepialiB
KOHCTPYKIIif, TEOMETPUYHUX TTapaMeTpiB KOHCTPYKIIiH, CepeJOBUILA, YMOB 1X
B3aEMO/IIT;

I) HOpDMYBaHHS: TEpMIHIB CIyXOM ab0 MDKPEMOHTHHX TEPMIiHIB
eKCIUTyaTallii ~ KOHCTPYKIIiff;  mapaMeTpiB  CEpelOoBHINA  EKCILTyaTalli
KOHCTPYKIIH (KOPO3IMHOrO BIUIMBY 1 T.I.); CHJIOBOTO HAaBaHTa)KCHHS,
TpPaHUYHUX 3Ha4YeHb (YHKUIOHAIFHUX BJIACTHBOCTEH KOHCTPYKIH; piBHS
HaJiHHOCTI (PYHKIIOHAIBHUX BJIACTUBOCTEH KOHCTPYKIIIH.
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Ha puc. 1 noka3aHi ocHOBHI eTanmu (opMyBaHHS 3aKOHY po3mominy p(f) .

Ha nouatky mMae miclie po3citoBaHHS BIACTHBOCTI II[OJI0 CBOI'O MaTEMaTHYHOT'O
OYiKyBaHHsI, 110 MTOB'S3aHO 3 MIHJIUBICTIO (hi3UKO-MEXaHIYHUX XapaKTEPUCTHK
MaTepiajiiB, FEOMETPHUYHHX 1 CHIIOBUX HapaMeTpiB KOHCTPYKIIiH, 1110 3aJIexaTh
BiJl TEXHOJNOTIYHOI KYIbTYpU BUpOOHHMITBA. [laHWii po3momin Moxe
XapakTepu3yBaTH "MOYaTKOBY" HaIHICTh KOHCTPYKIIIH.

Y1)

prE;,1=0)

pLr=m)

pY=Ty)

0.5

1

ﬁ(f)

Fy)
h(t)

Puc. 1. 3araibHa cxema (opMyBaHHS BIIMOBH KOHCTPYKLiH B yMOBax BIJIMBY 30BHIIIHIX
HeCHpUATIMBUX cepenoBull [12]: P(¢) — dyHkuis HaaiiinocTi; F(f) — GyHKuis HMOBIpHOCTI
BiIMOBH; /i(f) — iHTEHCHBHICTB BiMOB; Yi(?) - byHKUIs j-i BAacTUBOCTI; S), — TPAaHUYHE 3HAYCHHS
¢ynkuii BnactuBocti; p( Y, ) — minbHICTs PO3MOJiTy BIACTHBOCTI KOHCTPYKIIii; p(f) — IiIBHICTH
po3Moiay HMOBIpHOCTI 6€3BiIMOBHOT poboTH; T, — raMMa-NPOLECHTHUH TepMiH ciryx0u (pecypc);

T - cepenniii TepMin ciryx0Ou

BB 30BHINIHBOTO  HECHPHUSATIMBOIO  CEPEJOBHUINA  CKCIUTyaTarlii
MPU3BOJNTL 10 3MIHM JEIKUX IapaMeTpiB KOHCTPYKIIH, IO BH3HAYAIOThH
BJIACTUBICTh. [Ipollec 3MiHM BIACTUBOCTI B CHJIY MIHJIHBOCTI BHU3HAYAIbHHX
mapaMeTpiB TaKOK € BHIAJAKOBUM 1 3aJCKUTh BiJ IIBHIKOCTI 3MIiHH
BH3HAYAJILHUX MapaMeTpiB. B pesynbraTi BimOyBaeThcst (OPMYBAaHHS 3aKOHY
posnoniny p(¢), sKWii BU3HAYAa€ HMOBIPHICTH BHXOAY MapameTpa Y, 3a

rpanuiio S, , TOOTO HMOBIpHICTh BiiMoBU F'(f) =1— P(¢f) abo 6e3BimMOBHOI

Ju

pobotu P(¢).

Cepenmuiii TepMiH CIY)XOM KOHCTPYKIiH 7  BH3HAYAETHCI YacOM
JIOCSITHEHHSI MaTEMaTHYHOTO OYiKYBaHHS BJIIACTHBOCTI TPaHUYHOTO 3HAYEHHSI.
SIkmo perjaMeHTOBaHa WMOBIPHICTH OE3BIIMOBHOI POOOTH, TO BiIIOBITHE
3HA4YEHHs TEPMiHY CITy’kOU € TaMMa-BiJICOTKOBUM pecypcoM - 7).
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Jnst moOynoBu po3mofiTiB  (PyHKINH BIACTUBOCTEH KOHCTPYKINH, SKi
3alUCYIOTBCSI B SIBHOMY BHIUISAI, MOXKJIMBO BHKOPUCTaHHS METOIY
mineapusanii [8]. 3rimHo MeTtomy JiHeapu3auii mo4yaTkoBa (YHKIIS, sKa
OITUCYE Ty YM 1HIIY BIACTHUBICTB:

Y =y, Xo ey X) (19)
3aMiHIOETBCS JIHIHHOIO B MPUITYLIEHHI, M0 (YHKINS Majo BiIPi3HAETHCS Bij
JIHIHHOT B 00J1aCT] MPAaKTHYHO MOXIIUBHX 3HAYEHb apTyMEHTIB!

- (0 -
y = y(x],xz,...,xn)+2(a—));) (= %), (20)
i=1 m

1

ne  y(x, xp,..., X,) — 3HaueHHd (QYHKUI] @pH CepeAHIX 3HAYEHHAX

apryMEHTIB,; (_y) — YaCTKOBI TOXigHI B 00JacTi CepemHbOro 3HAYCHHS
m

ox

i
apTyMEHTIB.

3a yMOBM HE3QIEKHOCTI apryMEHTIB CTaTUCTUYHI XapaKTEPUCTUKU
po3moAiTy QYHKIT MOXKYTh OYTH BHUpasKeHi y BUTIISII:

Py Fpoees Foveoen o @)
N 2
o) = 3] +otm. 22)
i=1 \ T
o[ dy
p(y) = Z(a Jﬂs(x) (23)
i=1

5 (y) = Z( ju4(x)+22( ) ( )G ()0 (x;), i > j. (24)

i=1

V Bupazax (21)...(24): y, o(»), 5(»), 4(¥) — BinnOBigHO, MaTeMaTHYHE
OYiKyBaHHs, CEpEJHbOKBAJpAaTUYHE BIIXWICHHS, TPETiH 1 4YeTBepTUH
LEHTpaNbHUI MOMeHT GYHKUIT y; X, 0(x;), ts(x;), ty(x;) — MaTemaTHuHe
OYiKyBaHHS, CEpeJHbOKBAJpAaTUYHE BIIXWICHHS, TPETIH 1 4YeTBepTUH
L[EHTPaIbHUI MOMEHT BUIMAIKOBOI BETMUUHH X; .

@OyHkOii, oo OmMUCYIOTh (YHKIIOHANBHI BJIACTHBOCTI KOHCTPYKIiH, B
3araJbHOMY BUIAJKy HE BUPaXKalOThCS B SBHOMY BUIJIA[I, TOMY OTPHMAaTH B
aHATITHYHOMY BHUIUIAI po3kiananHs QyHkuii B psg  Teidnopa He
MPEACTABIAETECA MOXJIMBUM. Tomy B pobOoTi [12] Oyio 3ampormoHOBaHO
3aMiHUTH YacTKOBI MOXiJHI (YHKIIi BIACTHBOCTI ii KiHIEBO-Pi3HHUIIEBOIO
¢opMOI0, IO EKBIBaJIGHTHO BHMKOPHCTaHHIO amnpokcumanii — QyHKIii
IHTEPHNOJUIMHUMU  TIONiHOMaMH.  LIeHTpalbHO-pi3HMIIEBI  anpOKCUMAIlii
YaCTKOBUX ITOXIJHUX TEPIIOro i APYroro NOpsAKY 3alHUCYIOThCS Y BUTIISII:

Wy Y@ Xy Xy GH0G), Xy X))
ox; 2h(x;)
y(fla )?2"' o X, X "h(x) le, 2 )_C)
- s (25)
2h(x;)




186 ISSN 2410-2547
Omip matepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2021. Ne 106

32_y= y(;]a f2:"'! )71'—]’ )?i+h(xi)s )?H]v"s )?n)_zy()_c]s )?2:---, )_Cl-, sy )?")+
ox} 1 (x) 1 (x)
y(f]aEZ:"'a fj-]s f1'_h(x1')a f1'Jr]s"'s fn) (26)
R (x;) ’

ne h(x;) — KpOK BapiloBaHHS apryMEHTY X;.

Tak sk BenmuuMHA TTOXMOKM HAONMKEHHS 3aJIeKUTHh BiJl BETUYUHU KPOKY
(uuM Oinbllle KPOK, TUM Oijibllle TOXWOKA), TO MPENCTABISETHCS NOUIIBHAM
BUOUpATH JIOBXHHY BiJpi3Ka [fl = h(x;),X; +h(xi)] , 0OMexeHy HMOBIPHICTIO
3HaueHb aprymeHTiB 0,9987. VYV pasi HOPMaJBHOrO 3aKOHY PO3MOALTY
h(x;)=3 o(x;).

Sxmo BigoMi mepmii 4OTHpPH MOMEHTH pPO3NOANYy (YHKIIT B mepepisi
BHITAJKOBOTO TPOLIECY, TOII MOXKIJIMBO MiAiOpaTH anpOKCUMYIOUHI PO3TIOALT 3
cimeiicTBa po3mozinis [I>koHCOHa, a00 3 Kiacy po3noautis [lipcoHa.

PernamenroBaHuii piBeHb HaMIHHOCTI KOHCTPYKIIHN 3TiJHO €BpPONEUCHKIX
HOpM [16] 3ayiexuTh BiJ KIacy HachifkiB. MeTajaeBi AMMOBI 1 BEeHTHJIALIHHI
TpyOH Ta IX Hecydi BexXi BIIHOCATHCS 10 Kiacy Haciiakie CC2 (tabm. 1).

Bci matepianu n. 2.1 Oyim po3risiHyTI 1 omyOJlikoBaHi B poboTax aBTOpIB
[12, 19, 20].

Tabnms 1
Kitac HacnizkiB, Kiac HaJiHHOCTI, 1HAEKC HAIIHHOCTI Ta HMOBIPHICTh
6e3BigMoBHOi podot M/IBTiHB
IHnnexc HaMIHHOCTI/IMOBIPHICTH

Knac Knac 0e3B1IMOBHOI poOOTH

HacIi Ommc HaIii- p —

KB HOCTI Hecyda eKCILTyaTalliiHa
3JATHICTE MIPUIATHICTh

CC2 |Cepenni HacmiaKy -
BTPATH JIFOJICBKOI'O JKHTTS,
€KOHOMIuHi, ColliaabHi

HACTIIKH 260 HACILAKY RC2 3,8/0,9998 1,5/0,9332
U1 HaBKOJIMIIIHBOT O
CepeIOBHUINA € 3HAUHUMHU

2.2. YnpaBiiHHSI CcTapiHHSIM KOHCTPYKHIii MeTajieBUX JMMOBHX i
BEHTWISALIHHUX TPyd Ta iX HecyuMX BeK. YTPABIiHHA CTapiHHIM 3
ypaxyBaHHAM nerpanaiii marepiainize MJIBTiHB nonsrae B peamizariii 3axo/iB
(TexHIYHOTO OOCIYrOBYBaHHS 1 PEMOHTY) IO X MiATPUMII B CIIpaBHOMY a0o0
Mpane3laTHOMy CTaHi Ha OCHOBI OI[HKM 1 MPOTHO3y TEXHIYHOTO CTaHy, SKe
OLIIHIOETHCSI IEBHUM PiBHEM HaJ[iHHOCTI.

TexHiuHe 00CITYrOBYBaHHS Ta PEMOHT KOHCTPYKIIIH TOBUHEH POBOIUTHCS
Ha OCHOBI CHCTEMH IUTaHOBO-TonepemkyBanbHux peMoHTiB (ITI1P). Cucrema
TEXHIYHOTO OOCIyrOBYBaHHS 1 PEMOHTY - Lie KOMIUIEKC MOJIOKEHb 1 HOPM, IO
BH3HAYAIOTh OpPTraHi3allil0 1 IOPSJOK TNPOBEAEHHS pPOOIT 3 TEXHIYHOTrO
00CIIyrOByBaHHS 1 PEMOHTY OYMiBEIbHMX KOHCTPYKINHM IS 3aJlaHUX YMOB
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eKCILTyaTallii 3 MeToro 3a0e3neueHHs MOKa3HUKIB HaiHHOCTI, iepe0adyeHnx y
HOPMaTHBHIHN IOKyMEHTAIli].

Konctpykuii MABTiHB nozinstoTbcsi Ha HEPEMOHTONPUAATHI 1 IPUIATHI
no  pemoHry. [l HEPEMOHTONPHIATHUX  KOHCTPYKIIH  IOBUHEH
BCTaHOBJIIOBATUCS PECYPC, SIKMI BHYEPIIYEThCS 1O KIHIS PO3PaXyHKOBOI'O
TepMiHy CIyKOW. VYIpaBiiHHS CTapiHHSAM JUIi  HEPEMOHTONPHIATHUX
KOHCTPYKLII MOXXe Toisratd B ociaOieHHi abo He#rpamizaiii BIUIUBY
cepeoBUINaA, SIKa BUKIIMKAE AETpaiallifo MaTepiaiiB KOHCTPYKIIIH.

VY 3aranbHOMY BHIIQJIKY, SIKIIO KOHCTPYKII MPOEKTYIOTHCS Ha 3aJaHHi
TEpMiH CITy)KOH 1 BiloMa 3aKOHOMIpHICTb 3MIHM BJIACTUBOCTEH KOHCTPYKIIH 3
MIEBHOIO 320€3MEYCHICTIO, TO ISl PalliOHAIBHO 3aIIPOSKTOBAHOT KOHCTPYKIIT i
pecypc MOBUHEH BUYEPATUCS 0 KiHIIA PErJIAaMEHTOBAHOTO TEPMIHY CITYXOH
(puc. 2(a)).

SIKmio B pe3ynbTaTi MOHITOPHHTY TEXHIYHOTO CTaHy KOHCTPYKLIHM B 4aci i
BUKOHAHHI IIPOTHO3Y 3MiHM BJIACTMBOCTEH KOHCTPYKLIH 3 IEBHOIO
3a0e3neueHicTio Oy/ie BCTAHOBJICHO, 1[0 TEPMiH CIyO0H (TaMMa-NpOLEeHTHUH
pecypc) KOHCTPYKIIH MEHIIE pPErIaMeHTOBAHOI'O TEPMIHY CIYXKOH, TO
HEOOXiHO BUKOHATH 3axXOAW, IO BIUIMBAIOTh HA IIBUJAKICTH 3MIiHH
(G YHKIIIOHATPHUX BJIACTHBOCTEH KOHCTPYKIIi# (puc. 2 (0) — (1)).

Ha puc. 2(0) HaBeqeHO BUMIAIOK, KOJMH Ui 3a0e3ledeHHs Oe3BiIMOBHOI
pobOTH B MEBHUH MOMEHT Yacy IOBHICTIO YCYBA€THCS BILTUB HEraTHBHOTO
CepeloBUINA eKCIuTyaTamii KOHCTPYKINH. Ilefi BUmamok, HANPHUKIAL, MOXKE
Oyrn  peali3oBaHMil  NUITXOM  BIAIITYBaHHS  BTOPUHHOI'O  3aXHCTY
(papOyBanHs, oOMa3ka 1 iH.) NPHU BIUIMBI arpeCHMBHOTO CEPEJOBHUINA abo
TEXHOJIOTIYHUMH 3aXO0JIaMH, 110 YCYBAIOTh BIUIMB CEPEOBHUIIIA.

Ha puc. 2(B) HaBeqeHO BHIAIOK, KOJNH UIS 3a0e3MmedeHHs Oe3BiIMOBHOI
pobOTH B TEBHUH MOMEHT 4Yacy BUKOHYIOTHCS 3aXOIH, IO YIOBLIBHIOIOTH
mpolec Jerpajanii MaTepiatiB i CTapiHHS KOHCTPYKIIH B Pe3yJbTaTi BIUIUBY
HETraTUBHOT'O CEPEeIOBHINA eKCIUTyaTallii KOHCTPYKIIiH.

Ha pwuc. 2(r), (1)) HaBemeHi BHUIAAKW, KOJIKW IS 3a0e3MEUCHHS
0e3BiIMOBHOI pOOOTHM B TIEBHI MOMEHTH Yacy BHUKOHYIOTHCS 3aXOIH IO
BiJTHOBJICHHIO ()YHKILIOHAJIFHUX BJIACTHBOCTEW KOHCTPYKIIH B pe3yJabTaTi
PEMOHTY, ITiJICUJICHHS, 3aMiHHU €IIEMEHTIB KOHCTPYKIIiH.

Jlist peasizaliii CHCTEMH YIIPaBITIHHSA CTAPiHHAM HEOOXiTHA periiaMeHTalIlis
PiBHSI Ha/IIHHOCTI, KU MOBUHEH 3a0€31eYyBaTHCS IS CIIPABHOI'O TEXHIYHOTO
CTaHy KOHCTPYKIiH, TepMiHIB ciyxOu cropya a0o KOHCTPYKIIH,
MIXXPEMOHTHUX TEPMiHIB eKCILTyaTallii KOHCTPYKIIH.

3. OcHOBHe KiHeTHYHe PiBHSHHS 0BrOBiYHOCTI eJIeMEHTIB MeTaJleBUX
AUMOBHX TpPYyO® i Hecyuyux Bek. EneMeHTH MeraneBHX IUMOBHX TpPYyO 1
HECy4YMX BEX IpAIfOI0Th B YMOBaX OJHOYACHOI Jii MeXaHIYHHX HAIpyXKeHb,
KOpO31HHUX, TUHAMIYHHUX 1 BUCOKOTEMIIEPATypHUX BILIUBIB.

VY OGinbiiocTi OmyOJiKOBaHHX POOIT, NMPHUCBSIYEHHUX IIBUAKOCTI PO3BHUTKY
MOIIKO/DKEHb y IMMOBUX Tpy0ax, Misi KOPO3iHHOTO 1 TEMIIEPAaTYPHOro BILIMBY
po3risimaeTbes okpemo [4, 17]. Ha mpakTtuii HaivacTiine Taki BIUIMBU JIiFOTh
OJTHOYACHO.



188 ISSN 2410-2547
Omip matepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2021. Ne 106

[IporsiroM yChOro JKUTTEBOrO IMKIY B KOHCTPYKTHBHUX €JIEMEHTax
JIMMOBHX TPYO 1 HECY4HX BEXK BiIOYBa€ThCs 3HIKEHHS X poOOYOro mepepizy
BHACJIIOK PO3BUTKY IUIACTUYHUX Jle(OpMalliif, 3yMOBJICHHUX Ji€I0 MEXaHIYHUX
HaNpyXeHb &, BHCOKMX TemrepaTyp (MmoB3y4ocTi) &, 1 KOpoO3iifHOro
CEPENOBHUINA &;.

Yi(® Yi)
™~
2/ N 2
8 \ 8 Tef
A~ Ay
T: Tz Tu Ty=Te t Ty Tet t
a) (6)
Yi® Yi(ty
™
2N :
2 Te 3
o9 \ A
\ I~ \
T
TiT:Ta Ty Tet t 4 = £
(8) (r)
i)
o Puc. 2. YpapiiHHSI CTapiHHSIM KOHCTPYKLIN
& MJIBTiHB
& NN NN Q) T,=Ty;
\ \ \ \ 6) yCYHEHHS BIUIMBY CEPEIOBMILA;
B) YIIOBLIbHEHHS IIPOLIECY CTaPIHHS;
I') OHOPa30BUil PEMOHT 200 BiJHOBJICHHS
KOHCTPYKLIH;
1) HepioAMYHI PEMOHTH;

Tof— pernaMeHTOBaHHMIT TEPMiH CiyKOH;
Ty Tet t T, — raMMa-BiZICOTKOBHI pecypc;
(m) Ty, T», ... T, — nepioAnuHICTh JiarHOCTHKH

CryniHp TOIIKOKEHHS po0O0Y0oro rmepepizy elneMeHTIB KOHCTPYKIIH
ouiHroeMo TimuOuHOI0 H. Ha OCHOBI mpuHIMNY JHIHHOTO ITiACYMYBaHHS
LIBHIKICTH POCTY ITOLIKOPKEHb MOYKHA 3aIUCATH SIK:

dH _(dH)\ ,(dH)\ _ (dH
7_(dt )c+( dt )n+(dt )k’ 27)
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ne (dH/df). — WWBHAKICT, 3MIHM TONEPEYHOTO Mepepidy B pe3ynbTari
MHUTTEBOTO TPHKIIAICHHS 30BHINIHHOTO HaBaHTaxxeHHs; (dH/dt), — MIBUIKICTD
3MiHH IOTIEPEYHOTr0 Iepepi3y, 3yMOBIIEHOI AedopMaliiero moB3yuocTi; (dH/dt)y
— IIBUJIKICTH POCTY MOMIKO/PKEHb Yepe3 MeXaHOXIMIUHY KOpO3ito.

[IBHAKICTE 3pOCTaHHS MOLIKOKEHb Y TpyOax 1 Beax 3yMOBIIEHA Ji€l0
30BHIIIHIX HaBaHTAXXEHb 1 TIOB3y4OCTi, i MOXe OyTH BCTaHOBJIEHA Ha OCHOBI
PiBHSIHB Teopil IUIACTUYHOCTI 1 TOB3Y4OCTI 3a Takol aHaJiTUYHOIO
3aJIeKHICTIO:
(‘2—7):0,560 .exp(0,5-,)- A-€”", (28)

Jie dp — M0YaTKOBa TOBIIMHA CTIHOK TPYO; 4 1 m — KOHCTAHTH, 110 BU3HAYAIOTh
nporecu aehopMaIiifHOro 3MIIHEHHS 1 PO3MIIIHEHHS METaTy BiJl Mii BUCOKHX
TEMIIEPaTYp; &; — IHTEHCUBHICTH Jeopmariiii.

IBHAKICTE 3pOCTaHHS TOIIKO[KEHb Yy pe3yibTaTi XiMI4HOI KOpo3il
NIpE/ICTaBlieHa B JIHIMHINA 3aJIe)KHOCTI BiJl IHTEHCHBHOCTI HAalpyXeHb o; 1
nedopmartii g;

[44) [0k -0)04 5,6 )

Iie: vy — MIBUAKICTh KOPO3il HEHAIIPpY)KeHOro Merainy; k. i k, — MExaHOXiMiuHi
HapaMeTpu.

BpaxoBytoun, mo g;=C gl (C i n — xoHCcTaHTH jAedopMaIiiHOrO
3MIIHEHHS CTai), piBHSIHHS (29) MOXKHA 3aIiCcaTH:
dH
(W)k =vo|(1+ko-C 8! 1k, &) . (30)

Y pe3ynpraTi OTPUMAEMO, IO MIBUAKICTH ITONIKOKCHHS €JIEMEHTIB
JMMOBHX TPYO 1 HECYUnX BeX Bif [l 30BHIIIHFOI'O HABAHTAXKEHHS, IOB3y4OCTI
1 KOPO31HHOT0 3HOCY 3a Yac eKCIUTyaTallil Ma€ TaKUi BUTIISI:

dH m n
o =0.5:8,-exp(0,5-&)- 4- €' + v, (1+k,-Coel ) +ke8) | (BD)

[arerpyroun piBasHHA (31), OTpUMaEMO OCHOBHE PiBHSHHS JIOBI'OBIYHOCTI

€JIEMEHTIB MEeTaJeBUX AUMOBHUX TPYO 1 HECYUNX BEX TOBIIUHOIO f:

np

dH

T=
i, 0,5-50-exp(0,5~el.)~A-eﬁ+v0[(1+kg-c-(c:;’)(1+kg.c.g.")(1+kg.q)

.(32)
]

I'eomeTpuyHi i MexaHIUHI XapaKTEPUCTHUKHU Ul piBHAHHA (32) BU3HAYaEMO
32 ()aKTUYHMM CTaHOM JIMMOBHX TpyO0 1 HECY4HX BEX 3 YypaxyBaHHIM
HACKPI3HUX 1 HE HACKPI3HMX MOLIKO/IXKEHb, JIeopMalliifHOro CTapiHHS MeTaiy.

4. 3aaMIIKOBUI pecypc MeTaJeBUX JMMOBHUX i BEeHTWIALIAHUX TPYO Ta
iX Hecyyux BeX. HuHi npoBomuThcs 0OaraTo IOCTIIKCHb B 00JIACTI
BU3HAUEHHS 3aJIMIIKOBOIO PECYpCy METalleBHX IMMOBHX TPYO 1 €JEMEHTIB
Hecyyux BexX. ICHye NeKilbka METOAWK BU3HAYECHHS 3aJMIIKOBOIO PECYPCY,
SIKI ICTOTHO BIJIPI3HSIIOTBCS K 32 KPUTEPISIMU NMPU BU3HAYECHHI 3QJIUIIKOBOTO
pecypcey, Tak i 3a hopMyslaMy BU3HAYCHHS 3aJIUIIKOBOTO pecypey [5, 6, 7, 9,
13,17, 18, 19].
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Tak, CatbsnoB B.I'., ITummunenko I1.b. 1 in. [13] y sikocTi KpuTepito
Oe3reyHOl  eKCIUTyaTallii IpM BU3HAUEHHI 3aJMIIKOBOTO pecypcy 3a
KOPO3ifHUM 3HOCOM TIPONOHYIOTH BHUKOPHCTOBYBAaTH pecype (Rpec), IO
BH3HAYa€ JIOMYCTUMUN TepMiH Oe3redHoi ekciuryartaiii o0OJOHOK BLIBHO
BCTaHOBJICHUX TPYO, KU pO3paxoBYeThCs 332 (POPMYIIOKO:

t t
Ryee =m l—ti tﬂ—l , (33)
ed e
JIle m — 4ac eKCIUTyartallii TMMOBOi TpyOW Bil YBEACHHS B EKCIUTYaTaIlil0 10
MOMEHTY OOCTEXEHHS; fy, — IPOEKTHAa TOBIIMHA OOONOHKH TpyOW; f; —
JOIyCTHMA TOBIIMHA OOOJIOHKH; fe — ©(EKTHBHA TOBIIMHA OOOIOHKH.
Po3paxyHOK MPOBOAUTHCSA 3 BUKOPUCTAHHAM HACTYITHUX (hOPMYIL:

ey =\ minep - (34)
min = lep — 2Dy (35)
1 n
e = ;Z}ti, (36)
6 =105K, -2 (1-Z) (0, K,) . (37)
ge z — KoedillieHT, mo BpaxoBye 00’eM BHOipku n > 20; D,

CepeIHbOKBAPATHYHE BiIXWICHHS 3aMipiB f; 1 f; ®, - Koe(ilieHT CTIHKOCTI;
K, — xoedilieHT, 10 BPaXoBye BIUIMB IOYATKOBHX HEJOCKOHAIOCTCH

obononku Tpyou. IIpu BuYepmaHHi pecypcy TpyOW 3a paxyHOK KOpPO3iHHOTO
3HOCY 3/IHCHIOETHCS TiICHICHHS 000JOHKHU TPYOH 1 MOBTOPHHIA PO3PaXyHOK.

Mu nporoHy€eEMO po3paxyHOK 3aJIMIIKOBOI'O pECypCy MPOBOIUTH Ha OCHOBI
JAHUX TIpO TEXHIYHMH CTaH KOHCTPYKILIH, OTPUMaHMUX IpU TPOBEIEHHI
00CTe)XeHHsI 1 BUKOHAHHI NEPEBIPHUX PO3PaxyHKiB, 3 ypaxyBaHHSM HasBHUX
nedekTiB 1 MOIKOKEeHb, (aKTUUYHUX XapakTepucTuk marepiamiB [8]. Ha
OCHOBI iH(opMalii po 3MiHy MapaMeTpiB TEXHIYHOIO CTaHy AUMOBHUX TPYO i
HECYYHX BEX 3a Tepiof eKCIUTyaTallii 3IiHCHIOEThCS BH3HAYCHHS
3aJIMIIKOBOIO PECypCy 1 eKCTpamoislisi 3HaueHb LUX [apaMeTpiB o
JOCSITHEHHSI  TPAaHMYHOTO  CTaHy. J3allMIIKOBUIM  pecypc  BU3HAYAEMO
PO3paxyHKOM 3a MEPUIUM 1 JPYyruM IPaHUYHUM CTAHOM i 32 KOHCTPYKTHBHUMH
BUMOraMH. Y SKOCTI MapaMeTpiB IMPH PO3PaxXyHKY 3aJIUIIKOBOTO Pecypcy,
10 BU3HAYAIOTh TEXHIYHUH CTaH AUMOBHUX TPYO i HECYUHX BEX, IPONOHYETHCS
BU3HAYATH Pi3HI Koe(illieHTH 3amacy: Mo MeprioMy IPaHHYHOMY CTaHy k',
110 IPYyrOMy TpaHHYHOMY K i Koe(illieHT 3amacy 3a KOHCTPYKTHBHHMH
BUMOTaMU k', TIOPYIIEHHS SIKUX € MOUIKO/KEHHSIM Kateropii «A» (TpiluHH,
Mporapy, BTpaTa CTIMKOCTI TOM[O). PO3paxyHOK 3ajUIIKOBOIO pPecypcy
nependavae BiJICTEKEHHS 3MiHM CYKYITHOCTI IIMX KOe(illieHTIB 3amacy 3a 4ac
eKCIUTyaTaIii AMMOBOI TpyOM 1 €JIEMEHTIB BeXi, KON X04ya O OIWH i3 HHX
JIOCSITa€ 3HaYeHHs OJMHHUII (TPAHUYHOTO CTaHy).
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[Ipu po3paxyHKy 3a MepHIUM T'PaHUYHUM CTAaHOM 3Ha4YeHHsS (YHKIIi, 1m0
XapaKTepu3yloTh  3aBaHTAXEHICTh  KOHCTPYKIIH ﬁ] , He TIOBUHHE

TIEPEBUILYBATH PO3PAXyHKOBUI OIip MeTany R; Ha PI3HUX PO3PAXyHKOBHX
JIUISTHKaX (TepeTuHax) KOHCTPYKIT:

1
fi(x,) <R, (38)
Iie i — IHJeKc, 10 IT03HaYa€e BUJl PO3PAXyHKY 3a MEPIIUM I'PAaHUYHUM CTaHOM

(MinHICTB, CTiMKiCTh, BTOMHE YHM KpUXKE pyWHYBaHHsA Ta 1H.); X, — pI3HI
napameTpy (BHYTPIIIHI CHIIH, T€OMETPUYHI XapaKTePUCTHKU Mepepi3iB TOLIO),

SIKi BU3HAYAIOTh 3HaueHHs QyHKIIT ﬁ] 3a MepUIMM I'paHUYHUM CTaHOM.
Ilpu po3paxyHKy 3a JOpyruM TpaHUYHMM CTaHOM 3Ha4yeHHs (QyHKii,
AV 2 .
IO XapakTepusylTs  aedopmauiinuii  cran  f7(y,), HE  TOBHHHI

NEPEBUITYBATH T'PaHUYHC HOPMATHUBHE 3HAUYCHHA Sj .

2

Ji ) <S;, (39)
Jie j — iH/IeKC, 10 MO3HAYA€E BU PO3PaxyHKy NepeMillieHb ab0 MpOoruHy (Ta iH.)
3a APYTUM TPaHUYHUM CTaHOM; V, — IIapaMeTpH, sIKi BH3HAYAIOTh 3HAYEHHS
¢GyHKIIT sz . [Ipy KOHCTPYKTUBHHUX BUMOTax Ha Pi3HUX AUISIHKAX:

kyp k \p

(G)" <(Gj)" (40)
ne: G' — koHCTpyKTHBHHIT mapamerp (T€OMETPHUHI DO3MIpH EIEMEHTIB,
MIIHICHI 1 )KOPCTKiCHI XapaKTEePUCTHKH TOIO0) Ha AUISHII 71; G{fm — I'paHUYHE
3HAYEHHsI KOHCTPYKTHBHOTO ITApaMeTpa; p — MOKA3HUK CTYIEHS, IO CIYKHUTh
Jutst yHiikanii HepiBHOCTI (40), MPUYIOMY MTOKAa3HUK p = 1, SIKIIO 32 HOpMaMH
noTpiGHO, o6 G* He mepeBHuIyBaB G{lfm i pu p = -1, K10 NOTPiOHO, MO0

k . k

G" 6yB Oinbie Gj,

BigHomenHs npaBux i JIiBUX YacTUH IUX HepiBHocTel (38, 39, 40) sBise
co0oro KoebillieHTH 3anacy k; », k;,, ki, IpH PO3paxyHKy 3a MEPIIUM i IPYTUM
TpPaHUYHUMH CT@HaMHM, 32 KOHCTPYKTHMBHHUMHU BUMoramu. CrnpaBHHH CTaH
nepeabavae, Mo BCi Koe(illieHTH 3amacy He MEHIII 3a OMUHHIN0. MIIHICTD 1
CTIMKICTh KOHCTPYKIii, BiJICYTHICTH BTOMHOIO YH KpPUXKOTrO pyHHYBaHHS

. 1 ..
OynyThb 3a0e3neucHi npu k > 1. KoedimieHToM 3amacy 3a nmepiiM rpaHuYHAM

CTaHOM k f] € MiHiMasTbHe 3HaueHHs k' B OyIb-siKiil AiTsHIi 00 MepeTHHi:
1 _ gl
k; = mink. 40
Jl71st Ge3meyHOl eKCIuTyaTallii KOHCTPYKIIii He0OXiaHO, 00 k}l >1.

KoedimienToM 3amacy 3a ApyruM TPaHUYHHM CTAHOM ké € MiHIMaJbHe
3HAYCHHS k”
2 _ .2
ki = min k" (42)
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Ilpu 3HaYeHHsIX kG2 <1 HOpMaJbHa EKCIUTyaTalis yTPYIHIOEThCA 1
3HW)KYETHCS IOBFOBIYHICTh KOHCTPYKIiK. T0oOTO, MOpYyIIEHHSI BUMOT JIPYroro
TPaHUYHOI'O CTaHY HE O3Haua€ BHUEPIIAHHSI pecypcy CIOPYAH, alle YTPYIHIOE
HOPMaJIbHY €KCILTYaTallil0 KOHCTPYKIIiH.

3MiHM KOe(]ili€HTIB 3amacy HpPOTATOM JKUTTEBOTO IMKIY EKCILTyaTaril
JIMMOBOI TpyOHM 1 Hecydoi BeKi MOXIIMBO ANpPOKCUMYBATH KBaJPaTHYHOIO

. . 1 2 .
BAIOKHICTIO (iHAeKen &, , kg ik omyckarorses):

2 ’

ky—k=at” + kgt, (43)

ne

’
_ U~k —ket,)
o .
te
IMapameTpu, sIKi BUKOPHUCTOBYIOTHCS, O3HAYAIOTh: k — IOTOYHE 3HAYCHHS
KoedillieHTa 3amnacy, 1o BiamoBigae yacy f; ko i k, — KoedilieHTH 3amacy, 1o
PO3PaXOBYIOTHCS TSI MOMEHTIB Yacy &y 1 f,; fy — 9ac, 110 BiJMOBIAa€e MOYATKY
PO3TJLIIYBAHOTO MEpiofy eKCILTyaTtalii; f, — dYac, IO BiIIOBITa€ KiHIMO
PO3TJLIIYBAHOTO MEpioAy eKcIuTyartarii  (4ac MPOBEACHHS OCTaHHBOTO
oOcTexxeHHs1); &k’ — 3afaHuil Mapamerp, KU YUCENbHO JIOPiBHIOE TaHI'CHCY
KyTa HaAXWIy TOTHYHOI IO 3aJISKHOCTI ky = k(f) y IOYaTKOBHII MOMEHT Yacy,
J— j— : ’

T00TO k"= -dk/dt, mpm t = ¢. Ilpn 3agaBaHHi mapamerpa k; Mae

(44)

BUKOHYBATUCH YMOBa:

0<k, s(kotﬂ. (45)

e
3a ymoBu piBHOCTI k' =(ky — k,J/t. 3anexnicts (43) crae miHINHOIO
¢yHkuieto, mpu k; =0 BOHa IEPETBOPIOETHCSA HA KBAJpaTHUHYy mapabony 3

BEPIKMHOIO, PO3TAIIOBAHOW Ha oci opawHaT. Ha puc. 3 3amexHicth (43)
npecTaBiicHa rpagdiaHo.

ExcTpanonsuis 3anexHocTi ky = k() mae 4ac t,, mpu sikomy KoedilieHT
3aracy J0csra€ TPaHUYHOT O 3HaYeHHS, 1110 JOPIBHIOE OAMHUII:

ks k =at? + Kyt ; k= tgB

k=Kk(t)
tgB = ky+ 2at
k I}
e | Bo
k i
Ke /B
1 777777777777 A S -

=0 t t, t, t

Puc. 3. 3mina koediLieHTIB 3a1acy IPOTArOM KUTTEBOTO LIUKILY
JIMMOBOI TPYOH
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t,=—b+\b*+(ky—1)/a, (46)
ne b=0,5k/a.

Ipu ko = 0 3a1eXHICTB (46) CIIPOILYETHCS:
t, =1, (kg =1)/ (ko = k,). 47)
Ilicns oOuucieHHs 3HAYEHHS f, MO BCIX PO3PaXyHKOBHX Iepepizax

IUMOBOI TpyOuM abo eJeMeHTIB BeXi 3a BciMa KoedilieHTaMH 3amacis
3aJIMIIKOBUH pecypc 7 BU3HAYAETHCA K MiHIMAIBHHH 3 YCIX PO3PaXxOBaHUX:

T=min[(z, —te)n B.1, (48)

ne [3, — monpaBHUN KOEQIIiEHT, 110 BPaxOBYE BIUIUB JOJATKOBHX UYMHHHUKIB
Ha JIUTSHIN (B Tiepepisi), 1o npuiiMaeThest 3a Tabnuiero 2.

Tabnu 2
3HaveHHs1 HonpaBHOro koedimienTa S,
Ne daxTop, 1110 BIIUBAE B,
Jlo MOMeHTy 4uacy f. NEpPEeBUIIEHO HOPMATHBHHM
1 TepMiH eKcruTyaranii:  Menme 1,5 pasis 0,85
oinbie 1,5 pasiB 0,70
[Ipu po3paxyHKy Ha BUTPHUBAJICTH i €KCIUTyaTOBaHI B
2 YMOBax: CepelHbO-arpeCUBHOIO CEPEOBUIIA 0,90
CUJIbHO-arpeCUBHOTO CEPEIOBUIIA 0,85

BusHaunMo 3aMIIKOBUI pecypc pealbHUX IUMOBHX 1 BEHTHJISIIHHHX
TpyO, HECYUHX BEXK Ha OCHOBI pe3yNlbTaTiB OOCTEKEHHS X TEXHIYHOI'O CTaHY
TTiCIISt TPUBAJIOTO TEPMiHY eKCILTyaTallii.

Po3paxyHOK 3aJMIIKOBOTO pecypcy BH3HAUaBCS 3a IEPIIMM TPAaHUYHUM
CTaHOM 1 KOHCTPYKTHBHMMH BHMOTaMH, 3 YpaxyBaHHSIM pPOKY BBEICHHS B
eKCILTyaTallilo, TepMiHIB NlepeOyBaHHs B eKCIUTyaTallii i JaHi npeacrasieHi B [19].

3a3BU4ail MPOEKTHHH TEpMiH eKCIUTyaTallii AMMOBUX 1 BEHTHJISALIHHUX
Tpy0 — 50 pokiB. AHami3ylouu OTpUMaHi JlaHi, MOXXHa KOHCTAaTyBaTH, IO
HaBITh IiCHA TpHBalIMX TepMiHiB ekcruryatanii (30-50 pokiB i Oinblie)
MeTajeBi TUMOBI 1 BEHTWISLIMHI TpyOH MaloTh 3HAUYHHH 3aJMIIKOBUN pecypc.
3anumKoBUi pecypc OOCTEeKEHHX IMMOBUX 1 BEHTWIANIHHUX TpyO, IO
eKcIuTyaTyroThes moHan 50 pokiB — e meHme 20 pokis [19, 20].

I[lpy 1©pOMYy HEOOXIHO MIAKPECHUTH, IO TakKi TpPUBAII TEpPMiHH
eKCIUTyaTallii MOXJIHBI JIMIIE TpPUA TOCTIMHIA TIarHOCTUIN 1 MIATPUMIIL
TEXHIYHOTO CTaHy METaJeBUX JUMOBHX 1 BEHTWIIIHHUX TpyO Ta TpH
HEraifHOMY yCyBaHHI BUSIBJIIEHHX IOIIKO/DKEHb KaTeropii «A».

5. 3a0e3neuyeHHa HATIMHOCTI MeTaJeBUX JUMOBHX Ta BEeHTHJISIMIHHHUX
Tpy0 Ta iX Hecyunx Bek. Ha ocHOBI 3100yTHX NaHUX NPO TEXHIYHUH CTaH
npu  OOCTEeXEHHI, BU3HAYCHHI NPUYMH BUHHUKHEHHS IIOIIKO/DKEHb 1
MIPOTHO3YBaHHS iX PO3BUTKY, OILIHII JOBTOBIYHOCTI 1 3aJMIIIKOBOTO pecypcy,
BUKOHAHHI PEMOHTHHX pOOIT MOXIIMBO 3a0e3MeUnTH HAIIHHICTE poOOTH
MeTajJeBuX JUMOBUX 1 BEHTWHILIHHMX TpyO Ta ix Hecyumx Bex. [lis
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MIPOMUCIIOBUX IMIANPUEMCTB BAXKJIMBO 3a0€3NEYUTH HAMIHHY EKCIUTyaTaliio
MeTaJeBUuX JTUMOBHX 1 BEHTWILIHHUX TpyO Ta iX HECy4nX BEX, 3HATH 4ac 10
BIIMOBH B pO0OTI, 3aBYaCHO MiATOTYBATHCh 10 PEKOHCTPYKIIi{, 3MCHIIIUTH J[0
MIiHIMyMY IepepuBH B poOOTi. B 3a1€:KHOCTI BiJl TEXHIYHOTO CTaHy, KaTeropii
HeOe3MeKn BHSBICHUX Je(EKTiB, JIOBrOBIYHOCTI, 3aJIUIIKOBOIO pPeCypcy,
HEOOXiTHOCTI BUKOHAHHS PEMOHTHHX pOOIT /sl MeTaleBUX JAUMOBHUX 1
BEHTWILILIMHUX TpyO Ta iX HECy4MX BEX 3alpONOHOBAaHO BBECTH TPHU KJach
Ha/iHHOCTI — rapaHTOBaHWH, TPaHWYHUI 1 HezaOe3meueHuid. [lokazHukM Ta
BHUMOTY JUISI KOXKHOTO KJIacy HaJiifHOCTI HaBeieHi B Tabmuii 3.

Tabmuu 3
Kareropii naaiitnocti poootu M/IBTiHB

Meranesi JUMOBI 1 BEHTWIALIHHI U Ta iX H i
Ne | TToxa3HHMKH cTanes1 IuMO CHTHILALL Tpybu Ta ey
BEXI1
. . | HOpM Bl HENPUAATHUN o .
Texniununit OpMair | 3a/10Bl cripuja o aBapiiHui
1 BHUMN JILHUM HOPMAJTbHOT v
CTaH I I ii (111 ( )
@ dn excrutyarariii (I11)
Kareropis
2 | Hebe3nexu (B) (b) (A)
ne(eKTiB
BH3HAYAETHCS
JloBroBiun PO3PaXyHKOM IO
3 iCTb T, < 50 pokiB pe3yapTaTaM BHUYEpIaHa
POKiB TEXHIYHUX
00CTEXEHD
BH3HAYAETHCS
3aIHIIKoB PO3paxXyHKOM IO -
4 uit pecypc < 50 pokiB pe3ynbTataM %
T, pokiB TEXHIYHUX
00CTEXEHD
) . . HE
5 | IlipcunenHs HE MOTpiOHE MoTpioHE .
A Ry P TIOLIJILHE
Knac N N He3zabesme
o . rapaHTOBaHUMN HUYHWHA 2
6 HaJiHHOCTI apaHToBa pa yeHui

Jlo rapaHTOBaHOrO KJIacy HAIIMHOCTI BiJHECCHI MeTajeBl TUMOBI 1
BEHTHWIALIFHI TpyOHU Ta TX Hecydl Bexi, sKi 3HaX0IAThCS B HopMabHOMY (I) Ta
3anoBinbHOMY (II) TexHiuHOMY cTaHi, B SIKMX BUSIBJICHI ITiJ] 4aC OOCTEXEHHS
nedextu kateropii (B), sxi excruryatyroThes Ha npotsizi g0 S0 pokiB i siKi He
MOTPEOYIOTH ITiJICUIICHHSI.

Jlo rpaHMuYHOro Kjacy HaAIWHOCTI  BIJHECEHI MeETaJieBi JIMMOBI 1
BEHTWILALIHHI TPyOHU Ta iX HECydl BeXi, sSIKi 3HAXOAATHCS B HETIPUAATHOMY IS
HopManbHOiI excrutyatanii (III) TexHidHOMY cTaHi, B SKUX BUSIBJICHI IIiJ| 4ac
obcrexxeHHs aedextn kateropii (B), skl ekcruTyaTyroTbest Ha poTsi3i moHaxa S0
POKiB, TX JOBrOBIYHICTh 1 3aJHMIIKOBHI peCypc BU3HAUEHI PO3PAXyHKOM, SIKi
MOTPEOYIOTH ITiICUIICHHSI.
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Jlo He3abe3meyeHOro Kiacy HaMIMHOCTI BIJHECEHI MeTajeBi MUMOBI 1
BEHTWIALIMHI TpyOH Ta iX Hecydi BEXi, sSKi 3HAXOmAThCS B aBapiHoMy (IV)
TEXHIYHOMY CTaHi, B SIKMX BHSBJICHI MiJ 4ac 0OCTEeXEHHs Je(eKTH KaTeropii
(A), TOBTrOBIUHICTH 1 3aJMIIKOBHIA pecypc BUUEpIaHi, IiJCHICHHS KOTPUX HE
JIOLITBHE.

BucHoBkn

1. Ha ocHOBi ()i3MKO-CTaTUCTUYHOTO IiJXOMy 3allpPOIIOHOBAaHA 3arajbHa
METOJI0JIOTiS  OLIHKK HaIiHOCTI 1 YIpaBIiHHS CTapiHHSAM €JIEMEHTIB
METaJIeBUX AMMOBHX 1 BEHTWISLIHHUX TPYO Ta IX HECYYHX BEX.

2. Ha ocHOBI (hakTHYHMX JaHWX HATYPHUX OOCTEKEHb PO3POOIEHO TUTIONOTIIO
Je(eKTIB 1 MOIIKO/HKEHb EIEMEHTIB KOHCTPYKIIIH METaleBUX TUMOBHX TPYO 1 1X
HECYYHMX BEX; BIEpIIE NMPOBEICHO CTATHCTUYHY OLIHKY BEJIWYMH Ta XapakTepy
TIOIIKO/DKEHB; YIOCKOHAJICHO BU3HAYCHHsI KaTeropii HeOe3rmeKd OCHOBHHX THITIB
nedekTiB 1 momkomKeHb (Kareropii A, b, B); BcTaHOBIEHO TpaHUYHO JOIMYCTHMI
crany KoHCTpykiit ( kareropii I, IL, 11T, IV).

3. Brepiire po3po0iieHO METOIUKY BH3HAUCHHS JTOBIOBIYHOCTI 7 METAICBHX
JIMMOBHX TPYO 1 HECYYMX BEX 3 ypaxyBaHHSM JOMIHYIOUOi CYMICHOI Jii pi3HHX
BIUTUBIB — cuiIoBOTO (dH/df)., KOpo3iiiHoro (dH/dt),, Temneparypuoro (dH/dL); i
JIMHaMIYHOT0; METOAVKHM BH3HAYEHHS JIOBIOBIYHOCTI METAJICBUX JMMOBUX TPYO
TIpH 3arajibHiil BTpaTi CTIMKOCTI TPYOMW 1 3 mporapamu y CTiHII, JOBrOBIYHOCTI
JIMMOBHX TPYO 3a KpUTEPISIMH MEXaHIKU PYHHYBaHHsI, L0 JIO3BOJISIE OIMCYBATH
KIHETUKY 3MIHIOBaHHS HAIPY)XEHOTO CTaHy 1 BH3HA4YaTH 4Yac 10 HaCTaHHS
TPaHUYHOTO CTAHY €JIEMEHTIB.

4. Brepmie po3po0JieHO METOAWKY BHU3HAUEHHS 3aJIUIIKOBOro pecypey T
MeTaJeBuX AMMOBHUX 1 BEHTHWIALIHHUX TPYO 3 ypaxyBaHHSM MOIIKO/DKEHb Ta
TepMiHy eKkcIuTyaTaiii. Po3paxyHKH 3a po3poOJIEHOIO METOJUKOIO CBiq4aTh
PO ICTOTHUH 3QJIMIIKOBUI peCypC KOHCTPYKIH CHOpYX IOHaI HMPOEKTHHH
HaBITH MICIISl TPUBAJIMX TEepMiHIB ekcrutyaTauii (50 i Ginbie pokiB). Tpusaii
TEpMiHM EKCIUTyaTalil MOXKJIMBI JIMILE MTPYU HAJEKHOMY KOHTPOJI TEXHIYHOTO
CTaHy 1 HeraiHOMY VCYHCHHI BHABJCHHX OCOOJMBO  HEOE3MEUHUX
TMOIIKO/DKEHB (TPIIMH, IPOrapiB, yTpaTH CTIHKOCTI €IEMEHTIB).

5. Bmeprie 3ampomoHOBaHO Ui METaJCBHX MUMOBUX 1 BEHTHJIAIIHHUX
TpyO Ta iX HECy4HMX B BU3HAYMTH TPH KJACH HAJIHHOCTI — rapaHTOBaHUM,
TpaHUYHUI 1 He3a0e3eUeHHi, B 3aJIE)KHOCTI BiJl TEXHIYHOI'O CTaHy, KaTeropii
HeOe3leKd BHSBICHHX Je(EKTiB, JTOBrOBIYHOCTI, 3aJIUIIKOBOIO pPECypcy,
HEOOXITHOCTI BUKOHAHHS PEMOHTHHUX POOIT.
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Cmamms naoitwna 11.03.2021

Aposuii C.M., Casuybkuii M.B., Cro600smiox C.O.
3ABE3NEYEHHSA HAAIMHOCTI METAJIEBUX JMMOBUX I BEH TUJIALIMHAX
TPYB TA iX HECYUUX BEXK

IIpoGiema 3abe3nedeHHs HagiHHOCTI B poOOTI METaICBUX AUMOBHX 1 BEHTHILILIHHUX TPYO Ta
X HECYYHX BeX B OCTaHHIH 4ac 3400yna 0coONMBY 3HAYMMICTD B 3B SI3KY 3 BEIMKOIO KUIBKIiCTIO
BUIIAJIKiB aBapiii Ha MPOMUCIOBUX IMignpueMcTBax. Lle moB’si3aHO 3 THM, 110 0arato MeTajieBUX
JIMMOBHX 1 BEHTHWJBILIIHHKX TPYO Ta IX HECy4yMX BEX BHIIpalfoBajia CBili mpoexktHuil pecypc (50
POKIB), a MiJ 4ac eKCIuTyaTauii yTBOpuIoch Oarato nedeKTiB Ta MOLKOMKeHb. Bee e morpedye
IPOBEICHHs IIarHOCTHKM 1 BHM3HAYCHHS IiMCHOrO TEXHIYHOIO CTaHy KOHCTPYKIH, OLIHKH
JIOBIOBIYHOCTI 1 3aJIMILIKOBOrO PECYpPCY, BUKOHAHHS PEMOHTHHUX POOIT i 3a0e31eueHHs] HOpMaJIbHOT
excrutyatanii abo HaxifiHocTi Takux cmopyn. Ha ocHOBI  ()i3HMKO-CTATHCTHYHOIO IMiAXOXY
3aIpPOIIOHOBAHA 3arajbHa METOIOJIOTIS OLIHKM HAAIMHOCTI 1 yNpaBIiHHSA CTApiHHSAM CIEMEHTIB
METaJIeBHX IMMOBHX 1 BEHTHLIHHMX TpyO Ta iX Hecydnx Bexx. Ha OCHOBI (h)akTHYHHX AaHHX
HAaTYpPHUX 0OCTEXKEHb PO3POOJICHO THIOJOTiK0 Ae(EKTIB i MOMIKOIKEHb €JIEMEHTIB KOHCTPYKILiH
METaJIeBHX AMMOBHX TpyO 1 iX HECYYHX BEX; MPOBENCHO CTATHCTHYHY OLIHKY BEIHYMH Ta
XapakTepy MOIIKOMKEHb; YIOCKOHAJICHO BHM3HAYCHHS KaTeropii HeOe3neKkH OCHOBHHX THUIIIB
nedekTiB 1 MOIIKO/KEHb, BCTAHOBJICGHO TIPAHHYHO JOMYCTHUMI 3HAUYCHHs IIOLIKOMKEHb B
BH3HAUYCHHS JOBrOBIYHOCTI METAIEBHX AMMOBHUX TPYO I HECYUHX BEX 3 ypaxyBaHHSIM JOMIHYIOUOT
CyMicHOI il pi3HMX BIUIMBIB — CHJIOBOrO, KOPO3iHHOIr0, TEMIIEPaTYpPHOrO 1 JAMHAMIYHOIO;
PO3pOGIICHO METOANKY BU3HAYCHHS 3aJIUIIKOBOTO PECYpCy METaleBUX JUMOBHX 1 BEHTHIIALIHHUX
TpyO 3 ypaxyBaHHSM IIOLIKO/PKEHb Ta TepMiHy eKcIutyaTauii. Po3paxyHKH 3a po3po0JIEeHO0
METO/MKOIO CBIAYATh PO ICTOTHHH 3aJIMIIKOBHI PeCypc KOHCTPYKLIi CHOPY/ MOHA IPOCKTHHH,
HAaBITh MiCIsl TPHBAIMX TEPMIHIB excruryaramii. TpuBami TepMIHM eKCIUTyaTalii MOXIIMBI JIMIIE
IpH HEraHOMY YCYHEHHI BHSBJIIEHHX OCOOJIMBO HEOE3MEYHMX IMOIIKOKEHb(TPIlKH, Iporapis,
yTpaTH CTIHKOCTI €JIEMEHTIB).

KirouoBi ciioBa: MmeraneBi AMMOBI 1 BEeHTHILALIMHI TpyOHM, Hecydi Bexi, HaIilHicTb,
HABaHTAXKCHHSI, BIUIMBH, MOIIKODKEHHS, HAIPYXKEHHs, AedopMallii, JOBroBi4HICT, 3aJUIIKOBHIA
pecypc.
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Yaroviy S.M., Savytskyi M. V., Slobodianiuk S.O.
ENSURING THE RELIABILITY OF METAL SMOKE AND VEINTILATION PIPES
AND THEIR CARRYING TOWERS

The problem of ensuring the reliability of the work of metal smoke and ventilation pipes and
their bearing towers has recently gained special significance in connection with the large number
of'accidents at industrial enterprises.

Methods of estimation of residual resource of bearing elements of high-rise buildings with
various damage detected during diagnostics are developed. The formulas for determining the
residual life of metal chimneys are given, the actual reserves of the residual resource are
determined after long periods of operation for specific structures.

In this work, variants of reinforcement of the elements of chimneys and towers with the most
dangerous injuries (category A) — gaps, with cracks in the main metal and welds, with loss of the
overall stability of the trunk of the pipe, have been developed and substantiated. On the basis of
the analysis of the summation of internal and external stresses, we obtain formulas for calculating
the elastic-deformation state of metal chimneys in the zone of through cracks and holes when
performing construction reinforcement works by means of welds for overlays.

The variants of amplification of smoke pipes after the destruction of stops of towers, which
perceive wind loads, and as consequences of the loss of overall stability of the pipe are given.

The research results make it possible to assess the reliability of metal smoke and ventilation
pipes and their bearing towers after long operating periods, as well as used in the development of
regulatory documents when assessing the technical condition and residual life of high-rise
buildings.

Key words: metal smoke and ventilation pipes, bearing towers, reliability, load, impact,
damage, stress, deformation, durability, residual life.

Aposoii C.H., Casuyxuii H.B., Cnoboosniox C.A.
OBECIHEYEHUE HAJEXKHOCTU METAJUVIMYECKUX IBIMOBBIX U
BEHTUWISIHUOHHBIX TPYB U UX HECYUIUX BAUIEH

IlpoGiema oOecrieyeHHsT HAAGKHOCTH B paboTe  METAUIMYECKMX  IBIMOBBIX U
BEHTWILMOHHBIX TPYO M HMX HECylMX OallleH B IIOCIeNHee BpeMsi mpuobpena ocoOeHHOE
3HAYCHHE B CBSIM C OOJIBIIMM KOJIMYECTBOM CIIydacB aBaphil Ha MPOMBILIICHHBIX MPSANPUITHIX.
3T0 CBA3aHO C TEM, YTO MHOTI'O METAJUIMYCCKHUX JBIMOBBIX U BEH THIIALIMOHHBIX pr6 U UX HECYLIUX
GamieH oTpaboTano CBOM MPOEKTHBINA pecype (50 seT), BO BpeMsl dKCIUTyaTallid BOSHUKIIO MHOTO
nedexkToB W moBpexieHWi. Bce 310 TpeOyer NpOBEACHHS JAWATHOCTHKH M OINPEACIICHUS
ﬂeﬁCTBMTCHbHOFO TEXHUYECKOI'o COCTOSIHU A KOHCprKLlMﬁ, OLICHKH JOJITOBEYHOCTHU Hu
OCTaTOYHOTO PECYpCy, BBIIOJHEHHS PEMOHTHBIX paboT M oOecreyeHus] HOpPMaJIbHON
9KCIUTyaTalluy WIM HAJEKHOCTH TAKUX COOPY>KEHHUH.

Kﬂm‘leBLle CJI0BA: MCTAJNIMYECCKUEC JIBIMOBBIC U BCHTUJIIALIMOHHBIC pr6bl, HECylme GaU_IHM,
HaJIOKHOCTh, HArpy3KH, BO3CHCTBYSI, TOBPEKACHNUS, HANIPSDKEHUS, Ae(opMaliu, J0JIrOBEYHOCTb,
OCTaTOYHBIN pecypc.

VK 624.046.2: 628.014

Aposuti C.M., Casuyvkuii M.B., Croboosmox C.O. 3abe3nedeHHs] HaAiiHOCTI MeTajleBHX
JUMOBHX i BEHTHIISIMIHHUX TPYO Ta iX Hecyuux Besx // Omnip maTepiaiB i Teopist Ciopy/: HayK.-
Tex. 36ipH. — Kuis: KHYBA, 2021. — Bumn. 106. — C. 176-200.

IIpobnema 3a6esneuenns HadiliHoCmi 8 pOGOMI MEMANCEUX OUMOBUX | EHMUNAYILIHUX MPYO
ma IX Hecyuux 6ejc 6 OCmammill uac 3000yia 0COOMUGY 3HAYUMICL 6 36 AKY 3 6EAUKOIO
KIIbKICMIO 6UNAOKI6 asapiil Ha NPOMUCIOBUX NIONPUEMCMEAX.

In. 3. Bi6niorp. 20 Has3B.
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veintilation pipes and their carrying towers // Strength of Materials and Theory of Structures:
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The problem of ensuring the reliability of the work of metal smoke and ventilation pipes and
their bearing towers has recently gained special significance in connection with the large number
of accidents at industrial enterprises.

Fig. 3. Ref. 20.
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3ACTOCYBAHHS MIP HEBUBHAYEHOCTI B 3AJIAYI IIOLIYKY
KPUTUYHOI CUJIH JJ1s1 OPTOTPOIHOI OFOJIOHKH 3A YMOB
HECYYO0I 3IATHOCTI

B.O. Bapanenko,
II-p TeXH. HayK, npodecop kadenpu OyaiBenbHOI MEXaHIKH

J.J1. Booruok,
KaHJl. TeXH. HAYK, JOLEHT Kadeapy OyaiBelbHOI MEXaHIKH

IIpuoninposcvka deparcasna akademisi 6ydisHuymea ma apximexmypu

DOI: 10.32347/2410-2547.2021.106.201-220

PosrisparoTbcss MHUTAHHSA OOYMCICHHS MIp MOAIH, IMO MICTATH HEBH3HAYCHI BEIMYUHU
BHIIAIKOBOI, HEUIiTKOI Ta HETOYHOI IPUPOAHU. 3aNPOIOHOBAHO AITOPUTMU BU3HAUCHHS MIp HOZIH,
B OCHOBI SIKMX Y3STO METOJ CTaTUCTHYHOro MozemoBanHs (Monrte-Kapio). Jocmimkero "mancu"
BHKOHAHHs HEBH3HAUYCHOI MOJIl - YMOB HECy40i 3AaTHOCTI LIMITIHAPHIHOI OPTOTPONHOI 00OIOHKH
CTHCHYTOI OCHOBOIO cHJIO0. CTOXacTHYHAa HEBH3HAYEHICTh 3aJA€ThCs IIUIBHICTIO PO3MOILTY
BUMagkoBoi BenuuuHH. HediTki fgaHi omHCYIOThCS (YHKLIEI HAJISKHOCTI, a HETOYHI —
JICTEPMIHOBAHUM  BEpPXHIM Ta HIXKHIM HaOmkeHHSM. KOXHHWI BUJ  HEBH3HAYECHOCTI
XapaKTepU3YEThCS  CBOIMH MipaMH: IMOBIpHICTH - Uil OIKCY MOJAQJIBHOCTI - "BHIAAKOBO'",
MOXJIUBICTb - JUIsl OMCY MOJAJBHOCTI "HEUiTKO", OBipa - I OMUCY MOAANBHOCTI "HeTouHO". B
poGOTI MPOMOHYIOTHCS MTPOLECAYPH OOUUCICHHS MepetiueHnX Mip. Takox HaBOAATHCS LTFOCTpALil
00YHMCIICHHS Mip U1 aHali3y OOMEXKEHb HECydoi 3aTHOCTI: 3arajbHOl 1 MICIIeBOI CTiMKOCTI Ta
MIL[HOCTI B 3a/1a4i ONTUMaJIbHOTO IPOEKTYBAHHS CTHCHYTOI OPTOTPOMHOI LIHIIIHAPUYHOT 000IOHKH
I3 CKJIOIJIACTHKY B YMOBaX HEBH3HAYEHOCTI 3aBJAHHS ICOMETPHYHUX MAapaMeTpiB — TOBLUIMHH i
paziycy Ta BiJHOCHOIO BMICTY apMyKOYHX BOJIOKOH. Pe3ysibTaTH OOYHMCIICHBb MOPIBHIOIOTHCS i3
PO3B’SI3KOM 331a4i ITPU AETEPMIHOBAHHUX AaHHX.

Ki11040Bi cJIoBa: HEBU3HAYCHICTh, MOJICIIOBAHHSI, Mipa, IMOBIPHICTb, HEUITKICTh, HETOYHICTh,
MHO)KHHA, OPTOTPOIHA LHTIHAPHYHA 000JIOHKA, O THMI3aLlis.

Beryn

B mporeci npoekTyBaHHS KOHCTPYKIIH, SK TpaBHiIO, He (OpMyeEThCsS
iHTeNeKkTyanbHa 0a3a 3HaHb PO  pilleHHS, SKi  NPUAMAaIOThCA.
[IpoexTyBanbHUKK OOMEXYIOTHCS, B OCHOBHOMY, PO3PaxyHKOBOIO OI[IHKOIO
CTIMKOCTI MPOEKTY 10 BILIMBY Pi3HOI'0 poay (akTopiB. BIumB moTo4HUX 3MiH
okpeMuXx (haKTOpiB Ha MTPOEKT KOHCTPYKIII, B IJIOMY HE PO3TJIAAETHCS.

OpHi€r0 3 BaXIMBUX 3a]ad, 110 BUHUKAIOTh NpH (opmalizamii mporeciB
MPOEKTYBAaHHS 1 NPUHHATTSA pillleHb, € 3aJaya OI[IHIOBaHHS IIOYaTKOBHX
rnapamerpiB, B TOMY 4YHCII 1 HEBH3HAa4YE€HHMX, SKi BHKOPHUCTOBYIOTHCS B
MaTeMaTUYHUX MOJIEISX.

B 3B'si3Ky 3 peasizaniero Takux 3a7ad 3pocTae norpedba B HOBUX ITiIX0Jax
JI0 MareMaTHyHoro omucy iHdopmamii, 110 BHKOPUCTOBYETHCS 1
XapaKTepU3yeThCsl BUCOKMM PIBHEM HAasBHOCTI HEBU3HAUYEHOCTI, sIKa B Tiil 4H
iHIWIA Mipi npucyTHS B (OPMYNIOBAaHHSAX IHXKeHepHHX 3aaad. OCHOBHI
JDKEpera TOsIBM HEBU3HAYEHOCTI €:

- BUIAJKOBICTh peatizaii AeIKUX MOIiH;

© Bapanenko B.O., Bomaoxk JI.JI.
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- HEYITKICTh OMHUCY MOYATKOBUX JaHUX CUCTEMH, 1110 PO3TIISIAETHCS;

- HETOYHICTh BUMipIOBaHHSI.

Ilpn posB'sizaHHi 3amad aHamily 1 ONTUMAJIBHOTO IIPOEKTYBAaHHS
koHcTpykuii (OITK) B ymoBaXx HEBM3HAYEHOCTI BIIHOCHO (aKTOpiB, IO
MalOTh BHIAJIKOBY MPHUPOAY, 3aCTOCOBYETBCS Teopis MHMOBIpHOCTEH 1
MaTeMaTH4Ha CTaTUCTHUKA, sika HaOysa MIMPOKe PO3MOBCIOKEHHS B MEXaHIiLl
[1,2,3,4]. Meronu ui€i Teopii NMPOMOHYIOTH IMOBIPHICHY IHTEPIIPETAIIiO
JAaHUX, 1[I0 OOpOOJSIOTHCS, Ta OTPUMAHHS CTATHCTHYHHX BHBOXIB. B
TenepillHii Yac 3'sIBUINCH POOOTH, B SKUX 3aCTOCOBYIOTHCSI Ta PO3BUBAIOTHCS
inei Teopii HewiTkux MHOkMH (THM) [5] B pi3HuX 00nacTIX HAYKH 1 TEXHIKH,
B TOMY YHCIi i MPOEKTYBaHHI KOHCTpYKUi# [6, 7, 8]. 3actocyBanns THM B
3ajauax, MOB'sI3aHMX 3 IHKEHEPHUMH PO3pPaxyHKaMH, Ma€ BUPAa3HO BH3HAYCHY
aCHMIITOTUKY: MPY 3MEHIIEH] CTEeleHl He4iTKOCTI 1 HETOUYHOCTI MmapaMeTpiB B
(hopMyIIOBaHHAX 3a/lad aHaJli3y Ta ONTHMAIBHOTO MPOEKTyBaHHA. Po3B's3ku
X HaOJKYIOTBCS 10 PO3B'SI3KIB 33/1a4 B 3BMYAMHIH (4iTKiiT) MOCTAaHOBIII.

HeBusHaveHOCTI BHIAIKOBOI, HEYITKOI Ta HETOYHOI mpupoau [9] MarwTh
pi3HUI BIUIMB Ha CHCTEMY, IO JOCTIIKYETHCS, 1 1€ MOTPEeOye AOCIIHKEHHS.
Mera paHOi poOOTH - TMOKa3aTH, MO0 MipH HEBU3HAYEHOCTI € MPHUAATHUM
MaTeMaTUYHUM anapatoM st JopMyIIFOBaHHs i po3B's3aHHs 3a1au OITK.

1. Mipu HeBU3HAYeHOCTI

Mipa € @¢inocodcbKOl0 KaTeropi€to, ska BUPAXKae EIHICTh SIKICHOT 1
KUIBKICHOI BH3HAYEHOCTI [ESIKOro sBWINA 4YM Tomil. Bimomi wMipu, ki
MpUIMalOThCs B YMOBaX BHUITaJKOBOi, HEYITKOI 1 HETOYHOI HEBM3HAYEHOCTI €
BIJIMIOBITHO iMOBipHICTH (probability), MoxxmuBicTh (possibility), moBipa (trust).
Mipu HEBH3HAYEHOCTI IIMPOKO BHKOPUCTOBYIOTHCS y 3B'SI3KY 3 IpoliieMaMu
IITYYHOTrO iHTeneKkTy. OmaHyBaHHS LBOTO HAMpsMY MPUKIAJHOI MaTeMaTHKH
Jla€ B PyKd HAyKOBIIM 1 MpaKkTUKaM B I1H)KeHepii cydacHWil amapar
nocipkenHs. Haxais, 1ieil HanpsiMOK TIOKH 1110 OCTa€eThesl cheporo iHTepeciB
npodecioHaATbHUX MAaTEMATHKIB.

B poboti posrisgaeThes 3amadya BH3HAUSHHS MAKCHMMAIBHOTO 3HAYEHHS
ockoBOi cmmm P, MmO i€ HAa IUIIHAPUYHY apMOBaHY OOOIOHKY i3
CKJIOIUIACTHKY, B YMOBax IIEpeiueHUX BHIIEC HEBU3HAUEHOCTEH MO0
3aBllaHHS BUXIJHUX IapaMeTpiB TPOEKTYBaHHS: pajiyca, TOBIIMHHU 1
BiTHOCHOTO pO3TalllyBaHHsS apMOBAaHUX BOJIOKOH. MaremaTuuyHa MOJENb
3anadi GopMyeThCs K

P’ =arg{n}>axP|Ch(A)Zﬂ}, (1
e A - HeBM3HAYCHA OIS BUILY
A:{g (x.£)<0;j=12,...m|, 2)
a [ -3amaHuil 3a37aJIeTib piBEHh HEBU3HAYCHOCTI;
P P P

-1 gy=———F——-1; g,=x,+x, -1,

g=—r—"hLega="—7-"lLg
Bx} \x,x, Cx, %%, Dx, x,3/x;
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27E ’E
e 2 p2o, 3)
\/5 12 0
x=h; x,=R; x;=0; x,=1-0; | — BiANOBIOHO TOBIIMHA, paiiyc,

BiTHOCHUH BMICT apMyIOYHMX BOJIOKOH 1 JIOBXXMHA OOOJIOHKH. 3a 3MiCTOM
3ajaui I BEIMYUHM € jAojaTHi. Bemuumnm E, o, - BiANOBIOHO MOIYJb
NPY)XHOCTI 1 MIIHICTE Martepialy o00oNOHKM Ha cruckaHHs. "[llanc"
BHUKOHAHHS NOMIT A JUIA Pi3HUX BHUIIIB HCBH3HAYCHOCTI 3aIUIICTHCS K
Prob(gj(x,f) <0), 01 6UNAOKOBUX BETIUYUH,
Ch(A4) =1 Pos(g, (x,£)<0), ona neuimrux eeruyu, 4
Tr(g, (x,£)<0), 0na nemounux eenuuun,
B sKii 4epe3 & TIO3HAYEHO HEBM3HAYEHY BEIIMUMHY 13 3aJaHoro Habopy
{xl.}; i=123.
2. Mipa BUIIaIKOBOCTI
Imosipuicnoro miporo (Probability measure) 3a JlamiacoM Ha3HBarOTh
BiJTHOIIICHHS YKCIa CIPUATIMBUX BUIMAJKIB MMOSBU MOAIT 4 0 4YKcia BCIISIKUX
il pe3ynbrariB. Lli BiIHOIIEHHS! HA3UBAIOTH IMOBIPHICTIO. 3a JIOIIOMOI'O0 HOTO
MOXKHa BHPa3UTH MOJAJbHICTh "IMOBIPHICTB" KUIBKICHUM YHMHOM. Bemmumnna
¢ B (4) B UbOMYy BHWIIQJKy € BHIIQJKOBOIO, SKa 3aJa€ThCsl ampiopHOIO
¢yHKIi€0 po3momineHHs F(x), abo IMIBHICTIO PO3MOIUTY iMOBIPHOCTI
f(x). O0umcIeHHS iIMOBIPHOCTI MTOSIBU BUTIAAKOBOT IMOiT A
p = Prob(A), (5)
Uit Oynb-sikoi  f(x) TPYHTYEThCS Ha BUKOpUCTaHHI metoay Monre-Kapio i
MTOCHJICHOTO 3aKOHY "BEIMKHX 4dHcen" Teopil HMOBIpHOCTI (Iepina Teopema
Bopens [10]). Merong Monte-Kapno BHKOpPHUCTOBYEThCSA I 3IHCHCHHS
BUNIPOOYBaHb, B SKMX (hOPMYETHCS BETMUMHA MAapaMeTpa HEBU3HAYEHOCTI 3a
Bi/ITIOB1THMM 3aKOHOM f(X) PO3MOJLITY IMOBIPHOCTI.
3a po6oToro [9] arOpUTM CTATHCTHYHOT'O MOZCTIOBAHHS OY/Ie TAKUM:
Kpox 1. N" =0.
Kpok 2. OTpuMaTit u# - BEKTOp BHIIAJIKOBUX BEIWYMH 32 33/IaHUM 3aKOHOM
po3moniny.
Kpox 3. flxmo g, (x,u) <0;/=1,2,3, o1 N =N +1.
Kpok 4. IloBropenns kpokiB 2 i 3 N pasiB. lllykanuii pesynbrar €
N /N.
3a MOCHIICHUM 3aKOHOM "BEIHMKUX YHcen” sl OyIb-sIKOTO €KCIIEPUMEHTY 3
HECKIHYEHHM 4YHCIOM BHIpoOyBaHb N Mae Micue 301KHICTH BiJIHOCHOI
gactoty N /N TIOSIBM BUNIAJKOBOI MOMii 0 icTUHHOI IMOBipHOCTI, TOOTO
N /N—popu N —> o, (6)

ne N* - uMCIIo HACHIi/IKIB EKCTIEPUMEHTY, 1O CTIPUSIOTH HOSABI MO A .
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OOuucreHHsT IMOBIPHICHOI Mipy pO3IIISTHEMO JUIsl mofii A - OJHOYACHOro
BUKOHAHHS YMOB HECY4Ol 37aTHOCTI CTUCHYTOI OOOJIOHKH: MICIEBOI, 3arajbHOi
BTPATH CTI}KOCTi Ta MilIHOCTi TIpH J1ii ciiti P’ BUIAIKOBOTO XapaKTepy.

Hexaii ochoBe HaBaHTaXeHHs P € BUNAAKOBA BETHUMHA & 3 TPUKYTHHM
3akoHoM T'(a,m,b) po3mOmiTy IMITPHOCTI HMOBIPHOCTEH

2(x—a)
(b—a)(m—-a)’

2(b—x)
(b—a)(b—m)’

0, inakwe x.

AKWo a<x<m

f(x)=

ko m<x<b (7N

Jliis1 3a1aHOTO 3aKOHY PO3MOALTY JiT KPOKY 2 OyAyTh TAKHMHU:
u=a+®b-a)y,

\/aan<c (m—a)
y =

; c=~——2; n=random|0,1]. Iapamerpn
1-Jd-c)d1-n),nzc b-a
posmoninya, b, m - OymemMo HasWBaTu iHgopmayitinoio epanynorn (puc. 1)
[12]. Buznaunmo ix 5K
a=m—=A; b=m+A,; A =km/100; A, =k,m/100,

ne k., k, (%) — xoediuientn poskumy rpaHuui rpanynn. Binpisok [a,b]

Jec

OynemMo Ha3MBaTH UIMPHHOIO

7 iHpopManiitHoi rpanymu. Jlns
BUIIAAKY iH(popMartiHOT
TpaHyJldl  TPUKYTHOTO  BHIY
(puc. 1) MHOXHHH PO3IIOILTY
A4, A, X IMOBIpHOCTEWl BiZI MOJAJILHOTO
f—T—T — T 3HAYEHHSA /M CTUCKAK4oi CUIH

Puc. 1 f ) b : HaOyBalOThb BUINIAAA, SK Ha

c. . opMalliiiHa rpanya a7IKOBOI

" H(b* pMalliiiHa rpaHyJia BUIaKOB pc. 2.

BEIMYUHU P, sIKa PO3IOJiJicHa 3a TPUKYTHUM Benuunnm t xkH
12

3aKOHOM
XapaKTepUu-3yroTh MHOXUWHU:

S, (051,15 S, [t ]s
S, :[tz;oo]. MuoxuHa S|

Prob

BijoOpakae Taxy iHpopMauiiiny

S CHUTYaIlilo: nozis 4
= BinOyneTbes 000B’3KO0BO,
< S OCKUJIBKH Prob(A)=1.

MuoxuHa S, XapakTepHusye

1 5 CHTYaIli10, KOJIH Toflist A Moxe
Puc. 2. MHOKHHH PO3TIOJITy HMOBipHOCTE BiIOyTHCS 3 IMOBIPHICTIO
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0< Prob(A)<l. [ns enemeHTiB MHOXUHH S, monis A 0OOB’A3KOBO He
BiIOymeThCst OCKinbku Prob(A)=0.

Ipuxaaag 1. O64uucaeHHs iMoBipHOCTI
Ilpu umcnoBux BuximHux nanux, E=35ITla, o0,=0,4ITla, /=50cm,

h=0,15cm, R=8cMm, 6=04,

BUKOHAHHA mofii 4 paid pi3sHMX 3Ha4YeHb IapaMmeTpiB k, Ta k, LIMPUHU

BUKOHAHO PO3pPaxXyHKH IMOBIPHOCTI

iHpopManiiiHoOi Tpanyau. Pe3ynbratu po3paxyHKiB MmojaHo B Tabiuui 1. i Ha
PUCYHKY 3, 3 SKHX BHIHO, IO 301JIbIICHHS HEBU3HAUCHOCTI MPHU3BOIHUTH JIO
301IbIIEHHS BEJIMYMHY TPAaHUIN ¢, y BUNAAKY CUMETPHYHOIO 3aBJaHHA k, Ta

k, . IIpn HecuMeTpUYHOMY 3aBJaHHI k, Ta k, TpaHUIU ¢ i t, 3MiHIOIOTHCA.

Tabmums 1
I'panwui obnacTel BUKOHAHHS MOmii A
N eKCIepUMEeHTY k,, (%) k,,(%) t, xH t,,xH
1 5 5 140 147,2
2 10 10 140 155.4
3 20 20 140 174,8
4 5 20 121,7 147,0
5 10 20 127,2 155,3

B tabauni 1 noxana uncnoa iHpopManis Npo oOTpUMaHi napaMeTp ¢, i ¢,
JUI PI3HUX BWIIQJIKIB 3aBJaHHS PO3MIpy LIMpHUHU iH(OpMAaliiHOI TpaHyIIH.
Ilpn cumerpuuHOoMy 3aBHaHHI A, =A, 3HaueHHA ¢

eKCIIepUMeHTax 30irarotecd A0 BenuuuHd m, =140xH. Benuuuna ¢,

B IPOBEACHHUX

301IbIIyeThCS 13 30UIBIIEHHAM MapaMeTpiB k, Ta k, (MOXIIMBUX HETOYHOCTEH
B 3aBJaHHi cwd P ).

Prob(A)

1

mp, kKH
%0 120 140 160 180 200

Puc. 3. Ipadiune npescTapieHHs 00UnCICHOT iMOBIpHOCTI Ta 0671acTi BukoHaHHs noxii A
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Ipuxaax 2. BusHayeHHs] 3HAYeHHS KPUTHYHOI CHJIM, IO CTHCKAE
000J10HKY
PosrisiHeMo Taky 3a1aqy CTOXaCTHYHOI ONTHMI3allil
P = arg{mgx P|Prob(gj(x,§) >P)>aq, j= 1,2,...,m} . (8)
Slkwo B3sTH BUpasu g, i3 oOMexeHb (2), To Mozxens (8) omucye 3axady
BU3HAYEHHS MAaKCUMAJLHOTO 3HAUEHHS OChOBOI CTHCKAKOUOi CHM P, sKa Jiie
Ha apMOBaHy IWJIIHAPUYHY OOOJIOHKY 13 CKIOILIACTUKY B YMOBaxX BHIAJAKOBOI
inopmarnii npo reomerpuuni mapamerpu &= (h,R) i BUKOHAHHS OOMEXKEHD
Ha 3aranbHy 1 MiCLIEBY CTiliKicTh Ta MinHicTh. Hexail dynkuii f,(x) i f,(x)
3akoHoM (8). PiBens Prob(A)

3a71aI0ThCSl  TPUKYTHHUM IMOBIPHOCTI

oOMesxeHui Benmanuoro o €[0,1], sikuii 3a1aeThes 3a31anerie.

Buie onucana uucenbHa nponeaypa BusHaueHHs: Prob(A) BCTaBISETbCS

B TOIIYKOBHH alrOpUTM BU3HAYEHHS MakCUMyMy. B poOoTi BHKOpHCTaHO
Meron Monte-Kapio. PesymbraT oO4MCIeHb IS PIi3HHUX 3HAYEHb «Q 1
napameTpiB iHpopMmaniiiHoi rpaHynu k,, k, € MakcuMaJbHa BeIMYMHA

ctuckarouoi cuwmu P, ska momaHa B Tabmumi 2. UHMCIOBI pO3paxyHKH

BUKOHAHO M1 TaKUX 3Ha4eHb mapamerpiB m, =0.15cMm, m, =8cM,
E=35ITla, 6=04, 0,=0,4I'Tla, / =50cm .
Tabmuig 2
k,
1 5 10 15 20 25

k,

Jlng mapamerpa a = 0.5
1 139.94 143.11 147.29 151.46 155.80 160.17
5 136.82 139.97 143.73 147.7 141.95 156.25
10 132.82 136.19 139.97 143.61 147.45 151.63
15 128.86 132.4 136.28 140 143.64 147.43
20 124.89 128.52 132.6 136.27 13991 143.57
25 125.15 124.49 128.64 132.64 136.38 139.89

JIng mapamerpa a = 0.7
1 139.32 141.13 143.39 145.72 148.06 150.42
5 134.43 136.84 139.22 141.36 143.53 145.82
10 128.3 130.86 133.68 136.22 138.45 140.76
15 122.34 124.95 127.87 130.7 133.23 135.56
20 116.4 119.05 122.13 124.9 127.64 130.17
25 110.8 113.38 116.39 119.34 121.94 124.7

JIng mapamerpa o = 0.9
1 138.4 139.32 140.11 140.78 141.49 142.27
5 130.96 132.31 133.7 134.85 135.87 136.83
10 121.86 123.37 124.87 126.31 127.56 128.8
15 113.04 114.54 116.19 117.75 119.04 120.5
20 104.64 106.14 107.73 109.34 110.57 111.94
25 96.48 97.89 99.58 101.27 102.65 103.91
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I3 Tabmumi 2 BuaHo, mo: 1) gt o =0.5 HpU CUMETPUYHOMY 3aBJaHHI
napameTpis po3kuny k, =k, 3HaueHHs cumu P’ ofHakose i jopisHIoe 139,95
kH, sk B neTepMiHOBaHOMY BHIAJIKY;

2) 30inblIeHHS 3Ha4YeHb IapaMeTpy k, mpu (ikcoBaHOMY k, NPU3BOAUTH 10
3MeHIIeHHs cuti P’ |
3) 36inblueHHS napaMeTpy k, mpu (QiKCOBaHOMY 3HaueHHI k, NPU3BOAUTH A0
36iNbIIeH s BeTHYHHN P ;
4) 36inpIIeHHS KoedilieHTa po3KUAy k =k, = k, IPU3BOOUTH JO 3MEHIIEHHSA
kputnuHoi cunu P . Ilpuuomy, umMm Ginblle @ THM MEHIIE CTaHOBHTH
BenuuuHa P, TO6TO BENMKi MOMMIKH MpPH 3aBIaHHI BUNAJKOBUMX MapaMeTpiB
h 1 R 1 morpebu o —> 1 NPHU3BOOUTH A0 3MCHIICHHS HECYyd4oi 3MaTHOCTI
KOHCTPYKIii, MpHYoMYy JliHiiHO (pHc. 4).
P xH
1408

13

12

11

1 10 20 30
k=k =k

P
Puc. 4. I'padix 3anexKHOCTI BeMMIUHK CUIM P Bijg mapameTpiB o, k

3. Mipa HeuiTkocTi

HeudiTkicTh OMHUCYETBbCA MIpOIO Mmodrciugicms (Possibility measure), sixa
3YMOBJIIOE CTYIIiHb BUKOHAHHS JCSIKOI HEUITKOI MOJii B yMOBax 0OCTaBUH, SKi
pO3TIIIAIOTECA.  Mipa MOXJIMBOCTI  JO3BOJISE  BHPA3UTH MOJAIIBHICTD

"MOXKJTMBO" KiJIbKICHM CIIOCOOOM - TOJJATHUM YHCIIOM 13 IHTEpBAITY [0,1] .
3.1. Ilpoueaypa o6umncaeHHsI Mipy MOKJIUBOCTI
Hexait A:{gj(x,f)éo;j=1,2,...,m} € HediTKa momis, ae & - BEKTOp
HEYiTKUX BEeJIMYMH, 3aJaHUX BiANOBITHHUMH (QYHKLiIMU HaJIeXHOCTI U, (x)
(i=12,..,n).
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OO0uwncIeHHS MipH MOXJTUBOCTI BUKOHAHHS HEUITKOI ofiii A TPYHTYEThCS
Ha BUKOPUCTaHHI TaKMX BJIACTMBOCTEH Teopii HediTKux MHOXUH [13], sk
JekapTiB 100yTok MHOXHH O, O,,... 0, TOOTO

0=0,%0,%..x0,. (10)
Jast iux mHOXKMH O, € X;; X, c X ; i=1,2,...,n Mae Micle
Ho = Hoox xo, = min(, (x,), 4y, (xz),...,,uQ” (x); Vx,eX,;; i=12,.,n,(11)

ne i, (X;) - CTENiHb HAIEKHOCTI €NEMEeHTa X, HediTKid MHOkuHI O,; X, -

i

i JMHO)KMHA YHIBEpCAIbHOI MHOXUHUA X C R’ (HiHiCHHUX JOJATHUX YKCEN).

B poboTi BUKOpHUCTaHA TAaKOX BIIACTHBICTh: MOXKJIHMBICTh BHUKOHAHHS
00'eqHaHHA [BOX JEAKMX HediTKuX mnomii A Ta B € HaiOuplia 3
MOXKJIMBOCTEHN KOKHOI MHOKHHH, TOOTO

Pos(AU B) = Sup(Pos(A), Pos(B)) . (12)
MHoxuHa O, yTBOPIOETHCS 3a JAOMOMOIOK PO3B'SI3aHHS PIBHSHHS
ux)=o, (13)

e & - 3aJJaHUN PiBEHb MOYKIIUBOCTI.
Hanpukmnan, mist yHKIT HaTeKHOCTI

Ho, (x) = exp(—(x — m)’/207) (14)
MHOXHUHA (, Ma€ BUIIIS]

0 =[x (@).x (@) ]:i=12,...n", (15)
u e x(@)=m-A;
1 X(@)=m+A; A=oV2Ina;
a=k-Aa; k=12,..n;
n - 4ucno -  piBHIB
a — pisenb (mnckperis)  (puc. 5);  Ac -
3aJIaHUi KPOK JMCKPETU3aIlii,

m, X rakmiimo n-Aa =1.
A A Jus GyHKUii HaeXHOCTI

. . NKYTHOI'O BH, 3alImmuIeMo
Puc. 5. ®yHKIIis HaIGKHOCTI raycoBa BUIY TPHKY ny

X—m

omas<x<m
py, (x) = ’Z ¢ : (16)

-x
omam<x<b
b—m

pe a=m—-A, b=m+A,, A =mk /100, A, =mk,/100, m - moma

HediTKoi BeNU4MHN, k,,k, (%) - koedimienT poskuay, Muoxkunu O, ans (16)

MAalOTh BUIIS
X (@)=ma+a(l-a); X (a)=ma+b(l-a);i=1,2,.,n".

(17)
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IIpouec oOumciieHHSs MOXIMBOCTI L  3aCHOBaHO Ha HEYITKOMY
MozemoBarHi [14]. Bynemo BBaxatn, mo L=o,, «, e[O,l] € HIWKHBOIO
OIIIHKOIO MOYKJIMBOCTI, SIKa 3yMOBJICHA 3a3maierias. st o - piBHSA 1 3amaHOl
¢byHKLii HanmexHOCTI 4, (X) HewiTkoi BennmuunH ¢ = (€,&,,...,&,) OymyroThCs
MHOXMHH (), B SAKHUX BUMAJKOBUM UHHOM (OPMYETHCS  BEKTOD
u=(u,u,,....u,). BekTop u miAcTaBIA€ThCA B O3HAUEHHS HEUITKOI momii 4,
a came: QyHkuii g;(x,u) BHM3HAYAIOTH Ha OCHOBI MEPUIOi BIACTUBOCTI
3HaYCHHS f,(x) . Bukomanus papyroi BnactuBocti (12) nae 3HaveHHs
L(N)=max(L,,) B ONHOMY BHIAJKOBOMY eKcrepumenti N;N =1,2,....
Bunpo0OyBaHHS! TOBTOPIOIOTh IOCTAaTHBO BEJIUKY KUIBKICTh pa3iB, B pe3yJbTaTi
YOro OTPUMYETHCS IIyKaHa OLliHKa 3HAYESHHsI MOXITUBOCTI, a caMe:

L' =L(N); N—>w. (18)

3.2. YUncesbHa inocTpanis

Hpuxaag 1. O04yucJIeHHs MipH MOXKJINBOCTI

Hust nonii 4 13 (4), B sKifl g, omMCYIOThCA BUpasamu (2), a BEIMYHHH
x=(x,%,..%), £=(&§) i3 & =P- HeuiTkol0 BemmunHOl, a X, =h,
x,=R, x,=0, x,=1-0, x,=E, x, =0, - 3a1ani Bennunau. Heobxigno
BU3HAYUTU BEITMUMHY MOXKIHMBOCTI Pos(A) B 3aJIeKHOCTI BiJ XapaKTEPUCTUK
OITUCY BEIMYHMHU CUIU P .

Hexaii BenmnmunHa P 3aJa€ThCsl HEUITKUM YMHOM: «JOPIBHIOE MPHOIH3HO
P, ». 3a Teopiero HEUITKUX MHOXKHH (asudikaliro [bOro CIOBECHOTO BHCIOBY
3MIACHUMO dYepe3 YBENEHHs A0 pOo3risiny (YHKINI HAJICKHOCTI TPHUKYTHOI'O
Buny (16). Tpifika a, b, m - XapakTepu3ylOThb WIHPHHY iHPOpMAIiiHOI
rpaHynu HeuiTkoi Benuuunu P(a,m,b), .

Ilpu E=35ITla, o0,=0,4ITla, [=50cm, h=0,15cm, R=8cm,
6 =0.4 3a TpPONOHOBAaHMM TYT AITOPUTMOM OTPHUMaHO pPE3YJbTAaTH, SKi
HaJIaHO Ha PUCYHKY 6 Ta B Ta0Onwui 3.

Tabmuus 3
Bennuuna rpanuip obnactei, e BU3HaYeHa Mipa MOXKIIMBOCTI
Ne exc-Ty k(%) t,,kH t,,kH
1 2 140 141.4
2 5 140 147.3
3 10 140 155.4
4 20 140 175

Mpukaan 2. BuzHayeHHsA KPUTHYHOTO 3HAYEHHSI CHJIU

Posrnsaemo 3aa1y NOomyKy MaKCUMaJIbHOI'O 3HAYCHHA P ocwoBoi CHJIH,
sgKa CTUCKYE apMOBaHy HI/IJ'IiHZ[pI/I‘IHy O6OJ'IOHKy 3 CKJIOIUTIaCTUKY B YMOBax
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3aBJaHH] HEYITKMX 3HAYCHb TOBINUHHM A 1 paniycy R, TOOTO «IpuOIHA3HO
hy» 1 «npubnusno R, ». OnTuMizaniiina Moaens Lie€i 3a1adi 3aMMCY€EThCA K

P’ =arg{mgxP|Pos(gj(x,§)ZP)Za}. (19)

Bupasu it g; onucani Gpopmynamu (2). ®asudikauis TOBUIMHY i pafiycy
BUKOHAHa Ha OCHOBI 3acCTOCYBaHHA (DYHKIIH HaJeXHOCTI TPUKYTHOTO BUAY
(16). Indopmaniiiai rpaHynu g KoxHoi & =h 1 £, =R B IbOMY BUMAIKY
Oynyts h(a,,m,,b,), R(a,,m,,b;).

IMpn Takmx wmcnoBux nanmx E=35ITla, o0,=0,4ITla, [=50cMm,
h=0,15cMm, R =8cmMm,
0=04 BHUKOHAHO
ONTHMI3alil0 Ha 3aJaHOMYy

H
1

intepBani Pe [P’,P*J , Ie

P, P’ rpanuiii MOXJIHBOI
1 2 o0nacTi MOIIYKYy BEIUYUHU
0.6 S cumu  P°.  Onrumizamiiina
3 npoueaypa oduucineHus Pos
0a3yeThCsl Ha BHMKOPUCTAHHI
0.4 MeTOoxy Moure-Kapiio
- 4 [15, 16]. PCSyJ'H)TaTI:I
OOYMCIICHHSA BENIWYMHA P
0.2 HaBegeHo B Tabmumi 4 1 5. 3a

JAHUMH ITHX TabJIMIL
M, T00yq0BaHO rpadiku
%20 140 160 180 sanexHocti P BiAMOBiAHO
Bil amnpIiOPHOTO 3HAYCHHS
MOXJIMBOCTI @ 1 BCIUYUHH
BIJIHOCHOT'O BMICTY

Puc. 6. I'padix 3Hauens moxmuBocteit Pos(A) mis
pi3HHX KOedilli€HTIB HediTKOCTI

apMYIOUUX BOJIOKOH.

Tabnuus 4
3Ha4YeHHsI KPUTHYHOI CUITU JUTS PI3HUX KOE(IIi€HTIB HEUITKOCTI Kk 1 piBHS
MOXITUBOCTI

R

04 | % | 05 | % | 07 % | 08 | % | 09 [%| 095 | % 1

9y
=

—

138.28(1.2 |138.55]|1 139.1110.6 |139.39|10.4 |139.67|0.2|1139.81|0.1|139.95
5 131.68|6.1 |133.04|5.1 |135.78|3.0 |137.16|2 138.55|1 |139.25|0.5|139.95
10 [123.66/12.4]12631|10.3|131.68|6.1 |134.41 |4 137.17 138.55|1 |139.95
15 |11589|18.8]119.75]/15.6|127.64|9.2 |131.68|6.1 |135.78 137.86|1.5|139.95
20 |108.38]25.4|11336|21 |123.66(12.4|128.98|8.2 |134.41 137.17|2 |139.95
25 |101.11]32.3|107.15|26.6|119.75|15.6/1263 |10.3|133.04 136.47|2.5|139.95
30 |941 |39 |101.11|323|115.89|18.8|123.66(12.4|131.68 135.78|3 |139.95

QM| WM
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B rpagi k% yBoauThcs KoedimieHT HewiTKoCTi BenmuuuH /# 1 R . B rpadi
% BIIXWIEHHS pe3yabTaTy P y BIJICOTKax BiJ 3HAYEHHS CHIU TIpH
=139.95 kH).

neTepMiHOBaHuX Janux i i R (P

et

P’ xHj

13

12

11

10

k=304
o | P
0.2 0.4 0.6 0.8 1

Puc. 7. I'padiune ysBiaeHHs pe3y bTariB Tabiauii 4

Tabmuns 5
3nauenns kpuTHuHOi cumu P (kH) B 3a1eHOCTi Bij 3MiHM mapameTpa 0 Hpu
koediuienti k =10% Ui pi3HUX PIBHIB MOXIIUBOCTI

a@ 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9

1 85.7 103.14 | 130.91 | 13995 | 142.84 | 139.95 | 130.95 | 114.27 | 85.7

0.95 | 84.85 | 102.1 129.61 141.41 113.13 | 84.85
0.9 84 101.1 128.3 137.17 | 140 137.17 | 12831 | 112 84.0

0.8 99.06 13441 | 1374 134.41 | 125.73 | 109.74

0.7 80.63 | 97.05 123.18 | 131.68 | 1344 131.68 | 123.18 | 107.52 | 80.63
0.5 7734 | 93.09 118.15 128.91 103.13 | 77.34
0.4 75.72 | 91.14 115.67 | 123.66 | 126.21 | 123.66 | 115.67 | 100.97 | 75.72

OTpuMaHoO, IO 30UIBIICHHS PIBHA  MOXJIHUBOCTI BHUKOHAHHS momii A
36inbIye 3HauveHHs P 10 geTepMiHoBaHoro P =139.95kH mnpu pizHuX
koedinieHTax poskuny k, =k, =k (Biz 5% no 30%). Ha pucynky 8 momaHo
3anexHicTh P Bl 3MiHM JeTepMiHOBaHOi BenmuumuM 6 mpu k =10% s

Pi3HHMX ampiOpHUX 3HAYEHb MOXIMBOCTI « . HaifGinbme 3Hauenns P
nocsiraetbesi ipu @ =0.5.
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4. Mipa HeTOYHOCTI
Mipa, mo onucye MOIaIbHICTL "HETOUHO", € dogipa - Tr (Trust) . Benuanny

¢ Ha3uBaloTh "HeTOouyHA', SKIIO

o)

P.xH BOHA OIMHUCYETHCS HEPIBHICTIO [9,
| =1 17]
14 [a,p]<é<[e,d];
c<a<h<d, (20)
(S aHUIll MHOXHMH |a,bl|,
12 P e TpaHmIL [a,b]
[c, d ] MOXYTh OyTH TOYHHMU
a=0.7
100 Y 200 PO3MUTHMU.
=04 ) i wMHOXMHH B  Teopii
/ HETOYHHUX MHOXXHUH Ha3UBaIOTh
80" X BiAIOBIAHO "HIKHIM" Ta
"BepxHiM" HaOMWKEHHIM (pHC.
p el 9), ne a=m—-A;; b=m+A,;
0.2 04 0.6 0.8

c=m-A;; d=m+A,.

[Hdopmaniiiny rpaHyi1y
BenuuuHu & YTBOPIOIOTH

Puc. 8. I'padivne ysBieHHs pe3yabrartiB Tabauui 5

BENWYUHH m,a,b,c,d . Sxmo A, =km/100, i=1,2,3,4 t0 a=m(l-k),

BepxHe HaOIMKEHHS b=m(1+k,), c=m(1-k,),
; d=m(-k,), k- 3amani xoedilieHTH

V : //\{ 4 ox po3kuay HeTouHOI Benmuuunu (%).
iz — Hexait Herouna BemuuumHa & €

[amb\ﬂ

‘ A A | Hioxse BHMIipHOIO (byHKBie}o i3 N IPOCTOPY
. 7 2| HabmmxeHus HaOmwkeHb (A, A, 3,w) y OidcHY mpsaMy
4; 44| [9], e A={x|c<x<d},
Puc. 9. Indopmariiina rpanyia A= {x la<x< b} i E(x)=x;VxeA, v

HETOYHOI BEJIMYUHU <y .y
- HCBIJ €MHa [JOIMCHO3HA4YHa aJuTHUBHA

¢yHkuis. Herouna momist XxapakTepu3yeThest SIK
3:g,(x,8(A)<0; j=12,...,m; g, ‘R >R, (21)
Ae g;- HenepepBHi QyHKUI(; A - HESKHH €NEMEHT HENycTOi MHOXKHMHH A,

A eA; A- neska MHOXHHA eneMeHTiB. Tomi [9]:
1) HIOKHSA OIiHKA JOBIPH TS HWYKHBOTO HAOJIYMDKEHHS Y BUMIAIKY HETOYHOT
noxii 3 BU3HAYAECTHCS SIK:

M=Tr(g,(§A)<0;j=12,...m)=y(Ae A|g.,~(x,¢f(ﬂ»)) <0/ =12,...m)/y{A};(22)
2) BepXHs OIIHKa JOBIpH ISl BEPXHHOTO HAOJIIKEHHSI BU3HAYAETHCS SIK:
M=Tr(g,(§A) <0 j=12,...m)=y(Ae Alg,(x§A) < 0;j =12....m)/ y{A}; (23)

3) olliHKa AOBIpH I HETOYHOI MOAIT I BHU3HAYAETHCS TAKAM YHHOM:
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Tr(g,(§(A) <0;j=1,2,....m) =O.5[A_/I+A_/[]/2N ;apu N —> o, (24)
ne N -3ajaHe YHCIIo pealizaliii HeroyHoi BennunHu & 3 MHOKHMH A 1 A
Hpouenypa oGuncnenns Tr(g, EAN<0(j=1,2,...,m) CKIamaeTbcs 3
TaKHX CTaIliB:
1. YBeaeMo 10 po3risiay (yHKINEO
BEA) =g e (SN <0
2. Tomi

N J— N -
M =% h(EQA))ix €Ay M=) h(E(A)):A eAs M<N; M<N;
i=1 i=1

Tr(A) = [M +M] /2N npu N — oo, (25)

e M Ta M - uini BEMTUYMHY, SKi B TOYHOCTI BU3HAYAIOTH YUCJIO BUIA[IKIB,
JUTSL SIKUX BUKOHYIOTBCS BiJTIOBIIHI yMOBHU ToAtii /IS €JIEMEHTIB  HIDKHBOTO
Ta BEPXHBHOr0 HaOJIMKeHb. HaBeleHi eTamul Jajii BCTAHOBJIIOKOTHCA B CXEMY
Metony Mounre-Kapio.

B pesynbraTi 3acTOCyBaHHS Takoi MPOIEIYPH OTPUMYEThCS KapTHHA
posnozniny noipu (puc. 10) B 3aJI€XKHOCTI Bii 71, HETOYHOI BETUYUHU OChOBOI
cwma P (m,a,b,c,d). Tpadiuna iHTepmperamis IOrO  PO3MOILTY
Y3TOIKYETHCS 3 BU3HAUCHHIM
JIOJATKOBOT (PYHKIIIT ITOMHJIOK
Erfc (bynxuis Jlamaca). 7

Iadopmaniini curyamii ,

SIKi BUHHKAIOTh TyT,
OIMUCYIOTHCS MHO)KHHAMHU: a5

r

0= [O;tl] - obnacTh 3Ha4YEHb
m, IS AKUX momia 3
BUKOHYETHCS,  TOMY IO
(Tr(®=1); 0, =[1:1,]- h :
00jlacTb 3HA4Ye€Hb m, JUIS Puc. 10. 3aranpHa kapTHHA 00s1acTeil 10BipH
SIKUX BHUKOHYETBCS TOMIS I 3

3yMOBJIEHMM piBHEM 10Bipu; O, =[t2;oo] - obnacth 3Ha4YeHb m, IS SIKHUX

BUKOHaHHs nofii I HemoxkiuBo (7r(J) =0).
Mpuknag 1. O6uuciaenns rpanunb odaacti qoBipu. s HerowHol moxil
3 13 (16) BuzHaunTH Mipy noBipu 77(3) 3a takumu nanumu E =350Tla,

0,=04ITla, /=50cm, h=0.15cm, R=8cm, 08=04 nmna k =k, Ta
ky=k,. B Tabmumi 6 mnpuBoAAThCS pe3ymbTaTH oOunciaeHHs 17(J) B

3aJIe)KHOCTI BiJl 3aJJaHUX HIApaMeTpiB 71, .
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Tabnuus 6
Ob6nacth noBipH I HeTouHoi Bemuuau P([a;b];[c;d])
IIPYU Pi3HUX po3Mipax iHPOpMaIiHHOT TpaHyIu
Ne |k, =y (%) | Ky =k, (%) 4 t t, | %t Big P,
1 1 5 133.2 | 147.31 | 140.2 0.01
2 5 10 127.29 156 141.1 0.08
3 5 20 116.7 1749 | 145.6 4

3a manuMu puc. 10 Ta TadmmIIi 6 BUILIABAE:

1) mpu 7r(3) =0.5 maemo ¢, =l(tl +t2) ;

2) BelMYMUHA !, BiApi3HAEThCS Bif P

2

det

=139.95 xkH Ha HeBennKe 3HaAYCHHS

BIJICOTKIB, sIKi HaBeAeHI B rpadi %, ToOTO yBeneHI HAOMKEHHS 13 3aJaHUM
Koe(illieHTOM pO3KHIY HETOYHOI BelnuuHU &(U,h) € XOPOIIUMH;

3) 30implieHHs (3MEHIIEHHS) [HUPHHU iH(OpMaliiHOI  TpaHyIH
HPU3BOAUTH J10 301IbLICHHS (3MeHIIeH ) oonacTi O, .
Tr(%) Tr(3) Tr(3)
0.8 0.8 \ 0.8
0.6 0.6 0.6
0.4 0.4 0.4
0.2 0.2 0.2 N
Y00 110 120 130 140 P, xH Qo0 120 140 P, xH 00 120 140 160 P, kH

Puc. 11. 3nauenns ta obacri goBipu aist Bunaakis (1)-(3)

Mpukaax 2. O0unciaeHHsA 0CLOBOI CHJIM, Ail040i HA O00OJOHKY NpPH

HETOYHMX [aHMX. 3acTOoCyeMO oO3HayeHHs Mipu 77(3) mo Takoi

OIITUMI3aLiHOI 3a1a4il

P =arg{mgxP|Tr(gj(x,§)ZP)Za}, (26)

Je a - 3ajaHuii piBeHb I0BipH, & = (A, R) - HeTouHi BemmuuHy, x = (E,0,,L,0)
- BEKTOp 3alaHNX XapakTepucTuk; (yHkuii g, ommcadi Bupasamu (2). Hikue
HABOATHCS KPOKH OOYHCITFOBATIEHOTO JITOPUTMY pealizaliil 3amauyi.

Aaroputm™ [9]
1. IIpusnauntu N, =0, N, =0.
2. ChopmyBaTH BUIIaIKOBUM YHHOM BEIUYNHU

h, R BimmoimHo 3a Miporo ([ah,bh],[aR,bR]), ta h, R - 3a mipotwo

([ch,dh],[cR,dR]).
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3. OGuncanh dynkuii g (4) i g,(A) j=123,1e A=(hR), A=(hR).
4. SIk110 BUKOHY€ETHCS YMOBA gf(i) 2P, j=123,10 N,=N, +1.

5. SIK110 BUKOHYETHCS yMOBa gi (I) 2P, j=123,10 N,=N,+1.
6. IToBTopuTtHu Kpoku (2)-(5) anroputmy N pa3siB.
N, +N,
2N
8. Sxmo W > a , To 3HaueHHs1 W ysBIsie cOOOIO OLIHKY JOBIpH sl NesiKoro P .
9. Eramn (1)-(8) BeraBmsttothest B AesKy npouenypy g, (x,u,§) momyky

7. O0uucinutu W =

ekcrpeMymy P’ =arg{max W (P)} B 3anaHoMy iHTepBai [P’;P*J .

IMpu 4KMCIOBUX MaHUX i3 MOMEPEHIX MPHUKIAIiB BUKOHAHO 33 HABEICHUM
BHIIC AITOPUTMOM YHUCIIOBI eKCIiepuMeHTH. HeTouHUMHU BeTTMUuHAMH € h, R ,
AKi MalOTh MOJAJbHI 3HaueHHA m, =1.5cM, m, =8 cMm. 3amaHi koedilieHTH
PO3KHUIY Ta Pe3yJIbTaTH PO3PaXyHKIB HaBeIEHO B TaOIMIAX 7 i 8. 3ayIexkHICTh
P’ Biz piBHS JOBipH ¢ TOAHO HA PUCYHKY 12.

Tabmuis 7
BuxinHi 1aHi po3paxyHKy BETHYHHA MaKCUMAJIBHOI OCOBOT CHtl P
Ne
ora k =k,(%)| k, =k, (%) a b c d
1 1 > h 0.1485 0.1515 0.147 0.153
R 7.92 8.08 7.84 8.16
> 25 5 h 0.14625 | 0.15375 | 0.1425 | 0.1575
’ R 7.8 8.2 7.6 8.4
3 5 10 h 0.1425 0.1575 0.135 0.165
R 7.6 8.4 7.2 8.8
h 0.135 0.165 0.12 0.18
4 10 20 R 7.2 8.8 6.4 9.6
Tabmuis 8
Pe3yipraTit po3paxyHKy BETHUUHA MaKCUMAJIbHOTO 3HAYEHHST OChOBOI CHIIH
P’ (xH)
a
No 0.4 0.5 0.6 0.7 0.8 0.9 1
e-Ta

1 140.8 140 139 138.6 138 137 134
2 142.6 140.8 138.7 136.8 134.7 132.8 127
3 145 142 138 134 130 126 114
4 160 143 136 130 121 113 91
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P'.xH N B TabmuIi 8

b HaBEJICHO  Pe3yJbTaTH
PO3paxyHKIB MaKCUMaJIb-
HOTO 3HauyeHHs cuwa P
JUIs  pI3HUX  DIBHIB
moBipu. Sk Gaummo
BEJIMYMHA  CTHUCKArOYOol
CHIIN HAOJIMKAETHCS 0
JIETEPMIHOBAHOIO  3Ha-

140

120

100 N4 uwemns P, =139.95kH
‘ pu piBHI JIOBipH

npubsm3Ho 0.5.
802 0.4 0.6 0.8 1 ¢ Sk 6aunmo 3 puc. 12

Puc. 12. 3anexHicTs 3HaYCHD P*((x) BiZ piBHS ¢ OBipH 31 30LIBLICHHAM piBHf[
(1-4 — HOMEpH E€KCIIEPUMEHTIB) nosipu (0.5<B<1) mo

BUKOHAHHS HETOYHOI I10-

Nii 3MEHIIyeThCS BeNTMUMHA CMIM P . 3MeHIIEHHS >K piBHA JOBipH

(0< B <0.5) npu3BoauTh 10 30inbIICHHS 3HauYeHb P . 3GiKHICTH 3HAYECHB

P° 510 eTepMiHOBAHOTO 3HAUEHHS CTHCKAIOUOi CHJIM BigOyBaeThes 3a
paxyHOK 3MeHIIeHHs "po3MipiB" HIKHBOTO 1 BEPXHBOTO HAOJIMKEHb.
36inbImeni 3HayeHHs P°  BiAMOBIZAlOTH MamMM 3HAYEHHAM KoedillieHTy
JIOBIpH.

5. IlopiBHSIHHA BININBY HEBU3HAYEHOCTI HA Pe3yabTaT

UncesnbHI eKCIIEPUMEHTH BUKOHYBAJIUCh NPU OIHAKOBUX JETEPMIHOBAHUX
MOYATKOBUX JaHUX. BOHM NalOTh MOXKIIMBICTH MOPIBHATH BIUIMB Pi3HUX BUJIIB
HEBH3HAYEHOCTI Ha pe3yJbTaTH IOIIYKY BEIMYNHA MakcUMallbHOl crin. Taki
aHl HaBeaeHo B Ta0uL. 9.

Tabmuia 9
TopiBHAHHS pe3ynbTaTiB BU3HAYEHHsA KpUTHYHOI it P~ (o = 0.9)
IIPY HEBU3HAYEHOMY 3HAU€HHI TOBIMHU Ta Pajiycy 00O0IOHKH

Mipa k % 5% 10% 20%
HEBU3HAYCHOCTI P ,xH % P',xH % P’ ,xH %
IMOBipHICTB 132,3 | 55% | 124,9 | 10,8% | 110,6 | 21%
MOXITUBICTD 138,6 1% 137,2 2% 131,7 | 5%
Josipa 132,5 1 53% | 126,6 | 9,6% | 1145 | 18%
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B Tabmumi 9 uepes k y % 140 [ —

HA/JAaHO  BIAXWICHHS  IIUPUHU \
po3kuay iHpopMaLiiiHOT TpaHy.IH; N \ P2

* 130
P - BuU3HaueHe MaKCHMaJbHE
3Ha4YeHHs1 ocboBOi cuiu B (KH). B
CTOBITYUKY % HAJlaHO Y BIACOTKAaX 120
BiJIXMIEHHS BEJIMUMHH CHIH P N <
BiJl JIETEPMIHOBAHOTO PO3B’S3KY NP3
P, =139.95kH . 3a orpumaHuUMH 110 P1

. 0 5 10 5 , 20
JaHuMHu  1o0ynoBaHO  Tpadik Yo
3aJIeKHOCTI (pI/IC. 13) BEIUYUHU Puc. 13. Ol..liHKa "peancgi'l'” KPUTHYHOI CHJIM Ha
* . MOJKJIMB1 PO3MUTOCTI ITOYATKOBUX JaHUX:

?I/IHH .P B1X HPUHA 1- Teopist #iMOBiIpHOCTEHT; 2- TEOPIst HEUITKHX
lH(l)OpMaHII/IHOI Tpanyiun JUIL MHOHH; 3- T€Opisi HETOYHUX MHOXKHH

KO)KHOTO BHAY HEBU3HAYECHOCTI,

siKa TYT po3rismaethes. I'padiku MOKa3yroTh "peakiiro" 3HaYeHb MIYKAHOL
KPUTUYHOI CHJIM Ha MOXKJIMBY HasBHICTh B MTOCTAHOBII 33ja4i HEBH3HAYEHHX
(dakTopiB 1 CTENEHIO iX HEBM3HAYCHOCTI: HECy4a 3JaTHICTh OOOJOHKU
3MEHIIYETHCS] 3HAYHO OLNIbIIIE IIPH HASBHOCTI (haKTOPiB BUITAJKOBOI i HETOYHOT
MIPUPOIH, aHIK HETITKOI.

I3 pucynky 13 BUIUIMBaE, IO MiAXia 3 OOKY Mip HEBH3HAUCHOCTI JI0 3aaa4i
MIOIIYKY MaKCHMaJIbHOTO 3Ha4€HHs KPUTHUYHOI CHJIH, SIKa J[i€ Ha OPTOTPOITHY
LWWTHIPUYHY OOOJOHKY, ITPYM HEBU3HAYEHHWX pajiycl ¥ TOBIIMHI HaliMeHIIe
pearye Ha 3MiHy MHMPHHU iHQOPMALIHOI TpPaHYJIM y BHUMNAJKy HEYITKUX
MHOXXHH.

BucHoBkn

1. 3acrocoBaHO miaxia 3 OOKY Mip HEBU3HAYEHOCTI IO aHAJI3y MO —
OOMEXEHh HeCydol 3MaTHOCTI OOOJIOHKM B  3aJadi  ONTHMAJBHOIO
NPOEKTYBAaHHS TP HAsABHOCTI HEBH3HAYEHHMX IIapaMeTpiB, a TaKoXK
BH3HAYEHHS! MAKCUMAaJILHOTO 3HAYEHHS OChOBOI CHIIH, IO JIi€ Ha IWIIHIPUIHY
OpPTOTPONHY OOOJIOHKY NMPH BUKOHAHHI YMOB HECy4oi 3MaTHOCTI i HAasBHOCTI
HEBM3HAUYEHHUX paJiyCy Ta TOBIIMHU BHIAIKOBOI, HEYITKOI Ta HETOYHOI
TIPUPOJIH.

2. Iligxim Oa3yeTbcss Ha MOJETIOBaHHI MOJANBHOCTI "iIMOBIpHO",
"MOXJIHBO" 1 "HETOYHO" 3 YBEAEHHSIM A0 PO3IJILY BIAMOBIMHHUX (YHKILH
PO3TONLTY, HAJISKHOCTI, HAOJIMKCHb.

3. Jlns 3amaui BU3HAUSHHS MaKCHMAJIBHOTO 3HAYEHHS OCHOBOI CHIIH, SIKa
CTHCKYE apMOBaHY IMTIHAPHUYHY OOOJIOHKY 13 CKIIOIUIACTHKY, 3 YpaxyBaHHSIM
YMOB CTIMKOCTi Ta MIIIHOCTI i HEBU3HAYEHOMY 3aBJaHi TOBIIMHU Ta Pajiycy,
OTPUMAHO OIIHKHM pearyBaHHS IPYXHOI CHCTEMH Ha MOXJIMBI PO3MHTOCTI,
BHUIIaJIKOBOCTI, HETOYHOCTI B 3aBJIaHHI BUXIIHUX JaHHX.

CIIMCOK JIITEPATYPU

1. Augusti G., Baratta A., Casciati F. Probabilistic Methods in Structural Engineering. L-N-Y
Chapman and Hall. — 1984 . — 582 p.



218 ISSN 2410-2547

Omip matepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2021. Ne 106

Bonomun B.B. IlpuMeHeHHEe METOJIOB TEOPUH BEPOSTHOCTEH U TEOPUH HAIEKHOCTH B pacuerax
coopyxeHuid. — M.: M31-Bo JIMT-pbI 11O cTpoUTENbCTBY. — 1971, — 255 .

Banichuk N.V., Neittaanmdki P.J. Structural Optimization with incomplete information//
Mechanics Based Design of Structures and Mashines. —2007. — V.35. Nel. — P.76-95.

Banichuk N.V., Neittaanmdki P.J. Structural Optimization with Uncertainties. Springer. — 2009. —
245 p.

Zadeh L.A. Fuzzy sets. Information and control. - 1965. Vol. 8. — P. 338-353.

Ioumman FO.M., Manose B.FO. O npUMEHEHMM TEOPUM HEUETKMX MHOXECTB K 3ajadyam
ONTHUMAJBHOrO IPOCKTHPOBAHMS KOHCTpyKumi // V3Bectust By3oB. CTpOMTENBCTBO H
apxutekTypa. — 1983. — Ned. — C. 30-34.

Baranenko V. Optimal design truss in condition of fuzzy load by expected value models and
dynamic programming // Theoretical foundations of civil engineering. Warsaw. — 2006. — P. 495-
498.

BanichukN.V., Baranenko V.A. The weak infringement restriction in designing if bar system by
fuzzy modeling // Int. Conference "Mathematical modeling and optimization in mechanics" 6-7
March 2014, Jyvidskyld, Finland. —2014. — P. 28-33.

Liu B. Uncertain programming. - Wiley. New York. — 1999. 201 p.

. Borel E. Rend. Circolo mat. Palermo, —1909, V. 27, -P. 247-71.
. Temepc TI'A., Puxapoc P.B., Hapycoepe B.JI. Ontumusanmsi 00OJOYEK M3 CIOHCTBIX

Mmarepuaiios, Pura "3unathe". — 1978. — 238 c.

. Piegat A. Fuzzy modeling and Control, Physica-Verlag Heidelberg / A springer —Verlag

Company.— 2001. — 728 p.

. Rutkowska D., Pilinski M., Rutkowski L. Sieci neuronowe, algorytmy genetuczne i systemy

rozmyte. — PWN, Warsaw — Logz . — 1999. — 452 p.

. Liu B. Theory and Practice of Uncertain Programming. Physica-Verlag A Springer — Verlag

Company Heidelberg . — 2002. — 416 p.

. Fishman G.S. Monte-Carlo: concepts, algorithms and applications. — Springer. — 1996. -722 p.
. Cobonv .M. Yucnennslie meronsl MoHTe-Kapio. — M.: "Hayka" ®dusmammr. — 1973. - 312 c.
. Pawlak Z. Rough sets, International journal of information and computer science, vol. 11, Ne5. —

1982. - P. 341-356.

REFERENCES

Augusti G., Baratta A., Casciati F. Probabilistic Methods in Structural Engineering. L-N-Y
Chapman and Hall. — 1984 . — 582 p.

Bolotin V.V. Primenenie metodov teorii veroyatnostej i teorii nadezhnosti v raschetah
sooruzhenij (Application of methods of probability theory and reliability theory in calculations
of structures) M.: Izd-vo lit-ry po stroitel'stvu, — 1971. — 255 p.

Banichuk N.V., Neittaanmdki P.J. Structural Optimization with incomplete information//
Mechanics Based Design of Structures and Mashines. —2007. — V.35. Nel. — P.76-95.
Banichuk N.V., Neittaanmdki P.J. Structural Optimization with Uncertainties. Springer. —
2009. — 245 p.

Zadeh L.A. Fuzzy sets. Information and control. - 1965. Vol. 8. — P. 338-353.

Pochtman YU.M., Malov V.YU. O primenenii teorii nechyotkih mnozhestv k zadacham
optimal'nogo proektirovaniya konstrukcij (On the application of the theory of fuzzy sets to
problems of optimal design of constructions) // Izvestiya vuzov. Stroitel'stvo i arhitektura. —
1983. — Ne4. — P. 30-34.

Baranenko V. Optimal design truss in condition of fuzzy load by expected value models and
dynamic programming // Theoretical foundations of civil engineering. Warsaw. — 2006. — P.
495-498.

BanichukN.V., Baranenko V.4. The weak infringement restriction in designing if bar system
by fuzzy modeling // Int. Conference "Mathematical modeling and optimization in mechanics"
6-7 March 2014, Jyvéskyld, Finland. — 2014. — P. 28-33.

Liu B. Uncertain programming. - Wiley. New York. — 1999. - 201 p.

. Borel E. Rend. Circolo mat. Palermo, —1909, V. 27, —P. 247-71.
. Teters G.A., Rikards R.B., Narusberg V.L. Optimizaciya obolochek iz sloistyh materialov

(Optimization of layers of laminate materials), Riga "Zinatne". — 1978. — 238 p.



ISSN 2410-2547 219
Omip marepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2021. Ne 106

12. Piegat A. Fuzzy modeling and Control, Physica-Verlag Heidelberg / A springer —Verlag
Company.—2001. — 728 p.

13. Rutkowska D., Pilinski M., Rutkowski L. Sieci neuronowe, algorytmy genetuczne i systemy
rozmyte. — PWN, Warsaw — Logz . — 1999. — 452 p.

14. Liu B. Theory and Practice of Uncertain Programming. Physica-Verlag A Springer — Verlag
Company Heidelberg . — 2002. — 416 p.

15. Fishman G.S. Monte-Carlo: concepts, algorithms and applications. — Springer. — 1996. —722 p.

16. Sobol' I.M. Chislennye metody Monte-Karlo (Numerical methods of Monte Carlo). — M.:
"Nauka" Fizmatlit. — 1973. - 312 p.

17. Pawlak Z. Rough sets, International journal of information and computer science, vol. 11, Ne5.
—1982.—P. 341-356.

Cmamms nadivwna 11.12.2020

Baranenko V.A., Volchok D.L.
APPLICATION OF VARIOUS UNCERTAINTY MEASURES IN THE PROBLEM OF
CRITICAL FORCE SEARCHING FOR ORTHOTROPIC SHELL IN CONDITIONS OF
THE CARRYING CAPACITY

The questions of measures calculation of events containing uncertain quantities of random,
fuzzy and rough nature are considered. The algorithms of determination of measures of events,
based on methods of statistical simulation, are proposed. The "chances" of realization an uncertain
event - the simultaneous fulfillment of the conditions of the bearing capacity of a cylindrical
orthotropic shell compressed by an axial force, which can be presented in a random, fuzzy or
rough manner, are investigated. The stochastic uncertainty is given by the distribution density of
the random variable. Fuzzy data are defined by the membership function, and rough data are
defined by a deterministic upper and lower approximation. Each type of uncertainty is
characterized by its own measures: the probability - for the description of the modality -
"probably", the possibility - for the description of the modality is "fuzzy", trust - to describe the
modality "rough". The paper proposes procedures for calculating the listed measures. Also
numerical illustrations of the calculation of modalities as "probably", "fuzzy", "rough" for the
analysis of the limit force of carrying capacity in the problem of optimal design of the compressed
orthotropic cylindrical shell made of fiberglass in conditions of uncertainty of the problem of
geometrical parameters, such as thickness and radius, and description of the corresponding degree
of implementation of an uncertain event are shown. Uncertain event is to fulfill the limitations of
general and local stability and durability. The results of the calculations are compared with the
solution of the problem with deterministic data. The results show the "reaction" of the values of
the critical force to the possible presence of uncertain factors in the problem and the degree of
uncertainty. Thus, the bearing capacity of the shell decreases significantly more in the presence of
factors of random and rough nature in comparison to the fuzzy data.

Keywords: uncertainty, modeling, measure, probability, fuzziness, roughness, set, orthotropic
cylindrical shell, optimization.

Bapanenko B.A., Boavok /J.J1.
NPUMEHEHUE MEP PA3JIMYHBIX BUJ1OB HEOIIPEJAEJIEHHOCTHU B 3AJIAYE
MOUCKA KPUTUYECKOM CHUJBI 1JI1 OPTOTPOITHOM OBOJTOYKH ITPH
BBINOJTHEHUH YCJIOBUM HECYIIENA CIOCOBHOCTH

PaccmarpuBaroTCst BONPOCHI MCUYMCIEHUS Mep COOBITHH, COIEpIKAILMX HEOIPEIEICHHbIE
BEJIMYMHBI CIIy4ailHOH, HEUETKOW M HETOYHOW MpUpPOJbl. [IpensoikeHbl alropuT™Mbl ONpeeIeH s
Mep COOBITHI, B OCHOBE KOTOPBIX B3SIT METOJ] CTATHCTHYECKOro MojenupoBanust (MonTe-Kapiio).
HccnenoBanbl "WIAHCHI" BBINOJHEHUS HEOIPENEIEHHOIO COOBITHS - YCIOBMH Hecyulel
CIOCOOHOCTH LUIIMHAPUYIECKON OPTOTPOITHON O0O0JIOYKH CKAaTOM OceBOW chioii. CToxacThuyeckas
HEOIPE/ICJICHHOCTh 3a/aeTCsl IIOTHOCTHIO pacHpeAeseHusl ciydaiiHoi BennmuuHbl. Heuerkue
JaHHBIC OIIMCBIBAKOTCS (byHKLIHeﬁ NPUHAJICKHOCTH, a HETOYHBIC - JACTCPMUHHPOBAHHBIM
BEPXHUM U HWXXHUM NpUOIIKeHreM. Kaxiplii BUJL HEONPENESIEHHOCTH XapaKTepU3yeTCcsi CBOUMU
MepaMH: BEPOSITHOCTD - JIJIsl ONTUCAHUSI MOAAJIBHOCTH - ""Ciy4ailHO", BO3MOXKHOCTD - JIJIsl OIIMCAHUS
MOJJILHOCTH "He4eTko", JoBepue - Juli OINMCaHMsd MojalbHOCTH "HerouHo". B paGore
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npeayiararoTCs nNpoueaypbl BBIYUCICHUA NIEPEUYNUCICHHBIX MEP. Taxxe NPUBOLATCA HUILIKOCTPALlAU
BBIYUCIICHUsI MEp JUIi aHaJlM3a OrpaHWYeHMI Hecylled crnocoOHocTH: oOled U MEecTHOH
YCTOHUMBOCTH W INPOYHOCTH B 3aJlau€ ONTUMAJIBbHOIO NMPOEKTUPOBAHMS CXKATOH OPTOTPOIHOM
LMIMHAPUYECKOH O0O0NOYKM M3 CTEKJIOIUIACTHKA B YCJIOBHSAX HEONPEJNENCHHOCTH 3alaHus
TF€OMETPUICCKUX MMapaMETPOB - TOJIIUHBI, paauyca U OTHOCUTEIIBHOIO COACPKAHU apMHUPYIOLIUX
BOJIOKOH. Pe3yn1>TaT1>1 BBIYUCIICHUH CpaBHUBAKTCA C PEIICHUEM 3aa4U IPU AETCPMHUHUPOBAHHBIX
JIaHHBIX.

KiioueBbie ¢10Ba: HEONMPEIEIEHHOCTh, MOJEINPOBAHUSA, MEPA, BEPOATHOCTh, HEUETKOCTD,
HETOYHOCTH, MHOXXECTBO, OPTOTPOIHAA LIUJIIMHAPUYICCKasA 060.1'[0’4](3, OIITUMU3ALUA

VAK 517.11+519.92+539.3
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The object of the study is a level-luffing boom system with a drive mechanism for changing
the departure in the form of a toothed sector. The turning mechanism consists of a drive motor, a
planetary mechanism and an open gear. Variation calculus methods were used to optimize the
mode of rotation of the boom system. In this case, a variational problem is formed, which includes
the equation of motion of the boom system when turning and changing the departure, the
optimization criterion and the boundary conditions of motion. The Lagrange’s equation of the
second kind was used to compile the equations of motion. The optimization criterion is presented
in the form of an integral functional, which reflects the root mean square value of the driving
moment of the drive mechanism of rotation during start-up.

Key words: turning mechanism, departure change mechanism, cargo swing, steady departure
change, integrated functionality, turn mode optimization.

Introduction

The level-luffing boom system is the basis of many designs of boom
systems in modern cranes. Such boom system was created on the basis of the
hinged four-link Chebyshev’s mechanism. These level-luffing boom systems
most often used in gantry cranes to perform unloading and reloading
operations in ports [1].

It is well known that the delay of ships in ports is an undesirable
phenomenon, as it leads to significant financial costs for both the carrier and
the customer. Therefore, reducing the duration of loading and unloading of
transport vessels is an urgent task. This issue is especially acute when
unloading bulk cargo. This is due to the fact that in parallel with the unloading
of the ship, these cargoes are loaded into railway cars or trucks.

Two schemes of unloading bulk cargo from ships and loading into wagons
are most often used:

— ship, crane grab, collar, crane grab, wagon (truck);

— ship, crane grab, wagon (truck).

Each of the described systems has its disadvantages and advantages.

© Loveykin V.S., Palamarchuk D.A., Romasevich Yu.O., Loveykin A.V.
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In the case of using the first scheme, the speed of unloading the vessel
itself increases. However, this significantly increases the total duration of the
unloading-loading cycle. In addition, this scheme cannot be used in small ports
due to the lack of space for intermediate storage of bulk cargo. In the case of
using the second unloading-loading scheme, the unloading time of the vessel
increases, but the total duration of work with the cargo decreases [2].

In these cases, there is a need to combine several movements of the crane
at the same time. Most often, the combination is observed during the operation
of the mechanisms of changing the departure of the boom system and the crane
rotation.

Horizontal movement of cargo by means of the mechanism of change of
departure is a separate working movement of cranes with level-luffing boom
system. This working movement can be performed independently or by
combining with other working movements, depending on the technological
needs during the operation of the crane.

Important problems at using of cranes during handling are the reduction of
the duration of the working cycle of overloading, as well as increasing the
maintenance cycle of the metal structure of the jib system and the crane as a
whole. These tasks can be solved by minimizing the oscillations of the load on
a flexible rope suspension.

The largest oscillations of the load on the flexible suspension are observed
during the operation of the motor of the crane rotation mechanism in transient
modes (start, braking) [1, 2].

Oscillations of load on a flexible suspension have a negative impact on
such performance indicators of cranes as: productivity, efficiency, reliability,
maneuverability, etc. [1]. The magnitude of the deviation of the cargo rope
from the vertical depends on the following factors: weight of the load, speed of
rotation, duration of the motor mechanism, the position of the center of mass
of the load relative to the suspension point, wind loads, etc. [3, 4]. Therefore,
there is a need to optimize the mode of movement of the boom system during
the operation of the mechanisms of rotation and change of departure. In this
case, as a rule, the operation of one mechanism is considered in the steady
state of motion, and the other — in transient (start or brake) [5].

Analysis of publications

Thorough studies of the kinematics and dynamics of such a boom system
were conducted in the monograph [1]. In particular, the results of studies of the
movement of the boom system under different equations, corresponding to the
minimization of standard deviations of displacements, speeds, accelerations
and jerks of the load and the end point of the trunk. It is important that these
studies were conducted when moving the cargo from the minimum value of
departure to the maximum. However, the process of starting the boom system
when changing the departure of the cargo was not studied.

In the article [3] the modes of movement of the mechanisms of rotation of
cranes are optimized. Graphical dependences of change of kinematic and force
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parameters during operation of the mechanism of rotation on transient modes
of movement are constructed.

In [4] the models of possible cases of operational loading of the boom
system are analyzed and constructed. The results on the operation of the
mechanism of change of departure during different distribution of loads on the
links of the boom system of the crane are given.

The authors of articles [5, 6] describe the ways and means of optimal
control of the electric drive of the mechanism of rotation of jib cranes. In this
case, the operation of electric motors is considered both during transient modes
and at steady state.

In [7] the problem of optimization of loads on the links of the boom system
in order to reduce the power consumption of the drive motors of the
mechanism of change of departure was considered. However, the above
method incompletely reveals the change of inertial forces in the unstable
sections of the crane boom system.

The analysis of literature sources on research topics showed that different
approaches to improving the dynamic characteristics of boom systems are
proposed. However, for the most part, two ways of improving the
characteristics of cranes are proposed — changing the design parameters of
boom systems of cranes and means of controlling the electric motors of the
actuators of cranes. In this case, the overall goal is to improve the following
indicators of crane efficiency: productivity, efficiency, reliability,
maneuverability, ergonomics, etc. [8...11].

Purpose and research task statement

The purpose of this study is to develop a method for optimizing the process
of starting the mechanism of rotation of the level-luffing boom systems of the
crane at a steady state change of departure by reducing the existing loads.

Research results

There is level-luffing boom system of a gantry crane with a toothed sector
drive of the mechanism of change of departure of cargo and a planetary drive
of the mechanism of turn is given (Fig. 1).

At constructing a dynamic model of the level-luffing boom system, the
following assumptions are made:

— It is considered that all parts of the system are solids, except for the load,
which performs pendulum oscillations on a flexible suspension;

— When changing the departure, the load moves horizontally, because the
cargo rope runs along the trunk and extension and when changing the
departure does not change its own length;

— We consider that the change in the departure of the boom system is
carried out in a steady state, ie the angular velocity of the boom ®0 is a
constant value;

— we neglect the deviation of the cargo rope from the vertical in the plane
of change of departure, only the deviation in the plane of rotation of the crane
along the tangent to the trajectory of the cargo is taken into account;
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— It is considered that the boom system is completely balanced by a
movable counterweight.

Consider the combined movement of two mechanisms to change the
departure of the load and the rotation of the crane.

Fig. 1. Dynamic model of level-luffing boom system of the crane
1. Main jib; 2. Tieback; 3. Jib; 4. Load; 5. Rotation mechanism; 6. Outreach mechanism with
gear sector

The boom system is presented as a holonomic mechanical system with
three degrees of freedom. The angular coordinates of the boom in the plane of
change of departure o and the angular coordinates of the rotation of the boom
¢ and the load y in the horizontal plane are taken as generalized coordinates
(Fig. 2).

An elm is superimposed on the angular velocity of the boom in the plane of
change of departure, as a result of which the system moves with a constant
velocity a = w, = const . Therefore, a system with three degrees of freedom is
transformed into a system with two degrees of freedom, in which the
generalized coordinates will be the coordinates ¢ and w. The angular
coordinate of the boom a varies according to a linear law o =« + @yt , where
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t is the time, a, is the initial position of the boom, and w, is the angular
velocity of its rotation in the plane of change of departure.

For such a dynamic model of motion of a level-luffing boom system, we
compose differential equations of motion using the Lagrange equations of the
second kind:

dor oT oIl

dtogp o9 ~° op’

dor or oIl

oy oy v
where T — the kinetic energy of the system; /7 — potential energy of the system;
0, — generalized component of non-potential forces reduced to the coordinate ¢.

()

Fig. 2. The scheme of rotation of the boom system
(designation of positions corresponds to Fig. 1)

Determine the kinetic energy of the boom system with the combined
movement of the mechanisms of change of departure and rotation of the crane

T:%(JO +Jc +mXL2)a)§ +%JX(/')§( +%JB¢)§ —%mXL(l—r)a)O(bX cos(py—a)+

+%{JX cos* @ +my [(f+Lcosa)2+(f+Lcosa)(l—r)cos(0X}+
+JBcos2(pB+mB(f—acos@)(f—acos®+RcosgoB)+JP}¢2+
1 .2 )
+5m(z +yz ) 2)

where m,, mg, m — respectively, the mass of the jib, tieback and cargo; J, —

the moment of inertia of the drive elements of the departure change
mechanism, which is reduced to the axis of rotation of the boom; ./, — moment
of inertia of the drive of the turning mechanism, reduced to the axis of rotation
of the crane; J., Jy, J3 — moments of inertia about their own axes of rotation,
respectively, main jib, jib and tieback; L, R — respectively, the length of the
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main jib and the tieback; I, » — respectively the length of the jib and counter jib;
f — the displacement of the axis of rotation of the crane relative to the lower
axis of the boom hinge; a, ® — respectively, the length of the strut and its
angle of inclination to the horizon; z — the horizontal coordinate of the position
of the center of mass of the load relative to the lower hinge of the boom;
@, @z —angular coordinates of rotation, respectively, the jib and tieback.

The potential energy of a fully balanced boom system is determined by the
potential energy of the load

€)

where g — the acceleration of free fall; H — height of the load suspension
relative to the lower hinge of the boom; y — the vertical coordinate of the center
of mass of the cargo.
The non-potential component of the generalized force of the turning
mechanism is determined by the following dependence
Q, =M =Mpun, “4)
where M — reduced to the axis of rotation of the crane driving moment of the
rotation mechanism; M, — driving torque on the motor shaft of the crane

M=mgy= mgH(l—cos@j,

rotation mechanism; u — the gear ratio of the drive of the turning mechanism; #
— the efficiency of the drive in the turning mechanism.

Since the tieback has little effect on the dynamics of the boom system,
therefore, my =0, J, =0 . We will also assume that the axis of rotation of the

crane coincides with the lower hinge of the boom, so f= 0.

After substituting expressions (2...4) in the system (1), we obtain a system
of differential equations of compatible motion of the mechanisms of change of
departure and rotation of the crane

4= 2a,00p =M _ngz((/’— V),
m22+2mzz'l/'/=%22((p—l//). 5)

Where

a :JP+(JC +mXL2)cos2a+mX(l—r)Lcosacos(0X +Jy cos* Qy; (6)

a, :(JC +mXL2)sinacosa+%mX (l—r)L(sin(Xcos(DX +

L si r
+ 2 SPX o5 g +Jy—cosasin@y; (7
[ cospy /
z=Lcosa—Ilcos@y; a=0y+ayt; &c=am,; a=0. (8)
, 1, . (Lsinoz—H)2
SinQy =7(Lsma—H); cosQy = I—T )
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Consider the process of starting the rotation mechanism and determine its
optimal mode with a steady movement of the mechanism of change of
departure. According to the criterion of the mode of movement of the turning
mechanism with compatible steady motion with the mechanism of change of
departure, we choose the root mean square value of the driving torque of the
drive, reduced to the axis of rotation of the crane

1/2
17
My =L—J'M2dt} —> min, (10)
10
where ¢ — the time; ¢; — the duration of the start-up process.

From the first equation of the system (5) we express the driving moment of
the rotation mechanism reduced to the axis of rotation of the crane

M=a]go—2aza)ogo+7gz2 (p—w). (1)

Also from the second equation of the system (5) we express the coordinate
of the main motion of the rotation mechanism ¢ through the function y and its
time derivatives

H(. .z.
¢=W+E(w+2zwj- (12)

Differentiating the obtained expression (12) twice over time, we obtain:

2
¢=w+£{w+3[[é—z—jw+z'wﬂ; (13)
g z z
Vi/d .3 .2
G =y +£{W+3Kf—3f+zz—2}y +2{2—Z—Jy7+z'1)7}} (14)
g z z z z

When determining the optimal mode of movement of the turning
mechanism at the steady-state mode of change of departure of cargo it is
necessary to set initial conditions of movement at ¢ = 0:

?(0)=0, ¢(0)=0, w(0)=0, vy (0)=0. (15)

In this case, the final starting conditions, which ensure the absence of
oscillations of the load at a steady movement of the turning mechanism [12],
whent =1¢,:

opty . ho
qo(t])=%,co(t])=a>p,w(tl)=%,w(ﬁ)=wp, (16)

where wp — the established value of the angular velocity of the crane rotation
mechanism.

After substituting expressions (12...14) into equation (11), it is seen that
the subintegral expression M will depend only on the unknown function and its
derivatives in time up to the fourth order. Therefore, the Mcx functionality
will, in fact, have one unknown function w(¢) as its argument.
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We rewrite the boundary conditions (15) and (16) using only the function
and its time derivatives. To do this, use the relations (12...14) and obtain:

(p(O) = Oa l//(O) = 0, l//(()) = 0’ W(O) — 0’

W(f]) = wpl , l/',(t, ) =wp, l]](t] ) — ‘25013%,

ooy Z'Z(t])_w

W(ll) = 20)13 |:3 Zz(t]) Z(t]) . (17)

Therefore, to optimize the mode of movement of the turning mechanism at
a steady state change of departure of the load, an optimization problem is
formulated. It includes criterion (10) in the form of an integral functional with
a subintegral function (11) taking into account expressions (6...9) and
(12...14) and boundary conditions of motion during start-up (17).

To approximate the solution of the nonlinear variational problem, we will
represent the desired function (optimal start mode) in the form of a
polynomial. Moreover, this function is divided into two terms

w(t)=wo(t)+w, (). 0<t<yq. (18)

Here, the first term is a selected polynomial (has an explicit form) that

satisfies the boundary conditions (17), and the second is a polynomial that

includes free coefficients and satisfies zero boundary conditions similar to
(17):

{(p] (0)=0, ,(0)=0, 4, (0)=0, §7(0)=0,

vi(6)=0, ¥, (1)=0, ¥, (5)=0, #(4)=0. (19)

Choose y,, in the form of a polynomial of degree 7 to ensure conditions
(17):

l//o(t)=t4[A] +A2(t—t])+A3(t—t])2+A4(t—t])3:|, 0<t<t;

¥ () =447 + 4, (5t4 — 463, ) + 4 (6t5 —10*, — 4t3t12)+
+4, (7t6 +1861, —156* — 4t3t]3);
Yo = 12477 + 4, (206 =126 )+ 4; (306" — 408 + 1271 ) +
+4, (4215 —90r* + 450°17 — 12t2t]3);
Wy = 244t + Ay (606 =241, )+ 4, (1206 ~1208°1, + 2411 ) +

+ 4, (2106 =270 — 2411} +135°17). (20)

With this choice v, the boundary conditions (17) at the initial time ¢ = 0
are already fulfilled. The coefficients A;, A,, 4;, A4 are chosen so that the
nonzero boundary conditions (17) are satisfied at the final moment of time
t=t.
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As a result of substituting conditions (17) depending on (20) we obtain:

A]:w_[:;; Azz_w_f; A3:w_4p l_Z(t]) 5
2 4 A -V

2| JE(0) E4) L A1)

! 20) 2t) hE(h)

21

3t
Therefore, a polynomial y, of the form (20) with coefficients (21) satisfies
the boundary conditions (17). We will write a polynomial , in a kind
p () =14 (=1 (Co+ Ct# ..+ C i), 0< 1 <1, 22)
The multiplier ¢* (t—1 )4 guarantees the fulfillment of zero boundary
conditions at any values of the coefficients C, ..., C,. These coefficients
remain free, and are used to find the minimum of the functional M .
Substituting dependences (20) with coefficients (21) and dependence (22)
into expression (18), we obtain an explicit form of the function y , which
includes free coefficients C, ..., C,, and it follows from the construction that
the obtained function y will satisfy the boundary conditions (17) at random
choice C,, ..., C,. Having an explicit form of the function y , we can find the
form of the function ¢ using dependence (12). The function ¢ will also
include free coefficients C,, ..., C,. Next, substituting ¢, y in expression
(11) we obtain the expression for the moment M, which is included in the
subintegral expression of the functional M (10). After the integration, in
expression (10) the functional M, will depend on the free coefficients
Gy, ... C,, because the functional M . is considered as a function of
arguments C,, ..., C,. Therefore, the approximate solution of the variational

problem (10) taking into account (6....14) and boundary conditions (17) is
reduced to finding the minimum of the function of many variables, for this we
can use one of the approximate methods [13, 14]. In this work, an application
package was used to solve this problem, in which methods based on the
simplex method were used to find the minimum function of many variables.
To determine the derivatives ,y/, ¢, ¢ included in (11...14),

approximate formulas of numerical differentiation were used, namely,
symmetric difference derivatives of the first and second orders, and to
approximate the integral (1) — the trapezoidal formula.

The selected in (22) maximum exponent n=5. For the required functions
v, @, their derivatives and for the driving moment M (11) calculations are
performed, the results of which are shown in Fig. 3...6. These calculations
were performed for the crane boom system with the following parameters [15]:
oy =09radian, w, =0,0278 radian/s,  @p =0,157 radian/s, £ =4s,
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L=2576m, [=10,16m, r=2,51m, H=14,7m, g=9,81m/s2,
m=20000 kg, my =5453kg, J. =2,856-10°kg m*, J, =1,189-10° kg m’,

Jp =6,338-10° kg m’.

In fig. 3 shows graphs of changes in the angular coordinates of the rotation
of the boom system and the load. These graphs show a smooth change of
angular coordinates, but there is a deviation of the coordinates of the boom
system and the load, which is eliminated before the start of the start-up
process, and when entering the steady state coordinates coincide.

0.3% i¥.7

—y |
| or
| /

o L h a1
"o 05 1 15 2 25 ) 3E n o 0s 1 [ ) 28 E] £

Fig. 3. Graphical dependence of coordinates Fig. 4. Graphical dependence of velocities

In fig. 4 shows the dependences of the angular velocities of the boom
system and the load when turning the crane. From these graphs it is seen that
the speed of the load during the start-up process gradually increases, and in the
speed of the boom system there are some fluctuations. At the end of the start-
up process, the angular velocities of the boom system and the load coincide, as
in their movements. This indicates that there will be no pendulum oscillations
of the load on the flexible suspension in the area of steady movement of the
turning mechanism.

008

0 1
g 05 1 15 2 F3 3 35 Fi 0 0s [ 18 ] 25 3 is 4

Fig. 5. Graphical dependence of accelerations Fig. 6. Graphical dependence of torque

In fig. 5 shows the graphical dependences of the angular accelerations of
the load and the boom system, which shows that the acceleration of the load
increases smoothly and decreases from zero initial value to a small value at the
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end of the start. However, the acceleration of the boom system at the beginning
of the movement increases rapidly to the maximum value with subsequent
change with oscillations.

A similar situation is observed when changing the dynamic component of
the driving moment of the drive mechanism (Fig. 6). At the initial moment of
start the driving moment of a drive of the mechanism of turn sharply increases
to the maximum value with its subsequent decrease with some fluctuations. A
sharp change, at the beginning of the movement, leads to oscillations in the
system, to reduce which it is necessary to ensure a smooth change of driving
momentum. However, this mode of movement increases the start-up time,
which reduces the performance of the crane.

Conclusions

1. In the considered article the optimization problem of joint movement of
mechanisms of change of departure and turn of a boom system of the crane is
set. In this case, the change of load departure is carried out in a steady state at a
constant angular velocity of the motor shaft, and rotation during start-up, when
the motor shaft changes its angular velocity from zero to a fixed value.

2. The optimization problem includes a mathematical model of the joint
movement of the mechanisms of change of departure and rotation of the crane,
the optimization criterion, which is the RMS value of the driving torque of the
rotation mechanism during start-up and boundary conditions of movement that
eliminate load oscillations on a flexible suspension. process.

3. The nonlinear optimization problem is solved by an approximate
method, where the solution is represented as a polynomial with unknown
coefficients, which are determined using a package of applications based on
the simplex method.

4. As a result of solving the optimization problem, the graphical
dependences of the kinematic characteristics of the boom system and the load,
as well as the driving moment of the drive of the turning mechanism during
start-up are constructed. The obtained optimal mode of crane rotation during
start-up at the steady-state mode of departure change allowed to eliminate load
oscillations on a flexible suspension and to minimize dynamic loads in the
drive mechanism.

5. Recommendations for the possible application of a certain optimal mode
of joint movement of the mechanisms of change of departure and rotation of
the jib system of the crane in practice in limited operating conditions.
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