ISSN 2618-0650 (Print)
ISSN 2664-1364 (Online)

e
MexaHIlKa

Ta MaTeMaTU4HI1 MeTOAU

Mechanics

and Mathematical Methods

HaykoBuM >XypHaJ1
The scientific journal VI / 1 / 2024



VJIK 531 : 51-7 (05)
M55

MEXAHIKA

TA MATEMATUYHI METOAHA

HaykoBui1 xypHan

o)
'S,. OOABA ,f
&
£ ~1g30- W

3acHOBHUK i BHIaBellb:

Onecbka gepkaBHAa akajgeMis OyIiBHUITBA Ta apXiTeKTypH

T VI CBiIONTBO PO JIEP)KaBHY PEECTPAIlil0 JPYKOBAHOTO 3ac00y MacoBOi
oM indopmanii: Cepist KB Ne23478-13318 P Bix 13.07.2018 p.

N 2 1 Pimenns Hamionamsroi pamn Nel162 Bimx 26.10.2023 p.,

202 4 mpotokoi Ne24; inertudikarop meaia: R30-01810

CBi101TBO Cy0’€KTa BUJABHUYOI CIIPaBH:
Cepis IK Ne4515 Big 01.04.2013 p.

MSS Mexanika Ta MaTeMaTH4Hi MeToAN : HaykoBUH xypHan. — Opeca : OHABA, 2024. —
Tom VI. — Nel. — 142 c.

B HaykoBOMYy KypHaIi MyOTiKYFOTHCS CTATTi 1 OTJISIIN 32 CIEMiaTbHOCTIMHU:
— 111 MaremaTuka;

— 112 Crarucruka;

— 113 IlpukianHa MaTeMaTHKa;

— 121 Imxenepis mporpaMHOTO 3a0€31eUeHHST,;

— 122 KoM’ roTepHi HayKy Ta iHPOpMAITiiiHi TeXHOIOTIT;

— 124 Cucremuuii aHaiis;

— 131 IlpukianHa MexaHika;

— 192 ByaiBHUIITBO Ta IUBUIbHA THXEHEPIsL.

PexomennoBano 10 Apyky Buenor panoro Oxecbkoi qepxaBHOI akajgeMil OyAiBHUIITBA Ta
apxiTekTypH, mpoToko. Ne6 Bin 29.02.2024 p.

Anpeca:  penakuis KypHaiy «MexaHika Ta MaTeMaTHYHI METOIH
Opnecpka niepkaBHa akajieMis Oy IIBHHUIITBA Ta apXiTEKTYpH
By Jlimpixcona, 4, m. Oneca, Ykpaina, 65029

Teaedonn: (048)7234937, (048)7323402, (048)7298563
E-mail: mmm@odaba.edu.ua
Web: mmm-journal.com.ua

VJIK 531 : 51-7 (05)
M55

ISSN 2618-0650 (Print)

. Onecbka 1ep:kaBHA aKkaJaeMist
ISSN 2664-1364 (Online)

OyaiBHULTBA Ta apXiTeKTypH, 2024



PenakuiiiHa xoJieris:

TlonoBumii penaktop: KoBpoB A. B., k.1.H., mpod., pektop Opnecbkoi xaepxkaBHOi akanemii OyAiBHULTBA Ta
apxirektypu, Ozneca, Ykpaina;

3acTyNHHKH TOJOBHOTO peaKTopa:

Kpyriit 0. C., n.1.H., mpod., mpodecop kadenpu iHOpMAmMIHHAX TEXHONOTIH Ta TPHUKIAAHOI MaTEMaTHKH
Opecpkoi epxaBHOI akaaeMii OyAiBHAIITBA Ta apXiTekTypH, Oxeca, Ykpaina;

Cyp’sHiHOB M. I',, n.1.H., ipo., 3aBigyBad Kadenpu OyniBempHOi MexaHiku Opmechbkoi IepXKaBHOI akajgeMii
OyxmiBHHIITBA Ta apXiTekTypH, Oneca, Ykpaina;

Bignosinansnmii cexperap: Kiocak B. A., 1.¢.-Mm.H., ipod., npodecop kadenpu Bumoi maremaTukun OmechKoi
Jiep KaBHOI akazeMii Oy JiBHUITBA Ta apXiTeKTypu, Oneca, YkpaiHa;

e bepOrok B. €., 1.¢.-M.H., mpod., mpodecop kadenpu MexaHIKM Ta MOPCBKHX HayK, TeXHIYHUI YyHiIBEpCHUTET
Yanmepca, Tere6opr, Bernis;

e Baryna I'. JI., n.1.H., npo¢., npodecop kadenpu OyaiBenbHOI MEXaHIKM Ta TiAPABIIKK Y KpPaiHCHKOTO AEPIKaBHOTO
YHIBEPCHUTETY 3aJli3HUYHOT'O TPAHCHOPTY, XapKiB, YKpaiHa;

e ['opuxk O. B., n1.1.H., ipo¢., 3aBixyBay Kadenpu 3aralbHOTEXHIYHUX TUcIUILIiH [loaTaBchKOi AepskaBHOI arpapHOi
akaznewmii, [lonraBa, Ykpaina;

¢ Kypiazomoymnoc A., K.T.H., J01I., Ipodecop kadeapu OyaiBHULTBA, Y HiBepcuTeT 3axinHoi Attuku, Adinu, ['pemis;

e Kona E., n.T.H., mpod., nekaH ¢akynpTeTy OymiBHUITBA Ta iHXKEHEpii cepeloBUIa BapmiaBchKoro mpupoIHAYOTO
yHiBepcurery, Bapmaga, [Tonpma;

e Kononos 0. M., 1.¢.-M.H., ipod., 3aBixyBay Bty Teopii KepyIOUHX CUCTEM IHCTUTYTY NMPUKIIaJHOT MaTEMaTUKH
ta mexaHiku HAH Ykpainu, Cnas’sHCK, YKpaiHa,

e Kpyrnos B. €., 1.¢.-M.H., pod., npodecop kadenpu meroniB mMaremaruyHoli ¢izuku OIecbKOT0 HAIlOHAJIBHOTO
yHiBepcurety iMmeHi 1. I. MeunnkoBa, Oneca, Ykpaina;

e Kyuep M. K., n.1.H., ipo¢., 3aBigyBay BiAJily KOHCTPYKLIMHMX MaTtepialliB iHCTUTYTY MpoOJeM MIIHOCTI iMeHi
I'. C. Ilucapenka HAH Vxkpainu, Kuis, Ykpaina;

e Jlazapesa /. B., x.T.H., mom., 3aBimyBauka kadenpwu iHGOPMALNiIHHINX TEXHOJOTIH Ta MPHUKIATHOI MaTEeMaTHKH
OpnechKoi iepkaBHOI akajeMii OyIiBHHITBA Ta apXiTeKTypH, Oneca, YKpaiHa;

e Jleceuko O. B, k.¢.-M.H., 7011., 3aBinyBay kadenapum Bumoi Marematukd Opjecbkoi gepkaBHOI — akajemii
OyxmiBHHIITBA Ta apXiTekTypH, Oneca, Ykpaina;

o Jlemenxo A. I., 1.¢.-M.H., ipod., 3aBigyBau Kadenpu TeopeTHIHOl MexaHikn OpechKol AepikaBHOI akanemil
OyniBHHLITBA Ta apXiTekTypH, Ozneca, Ykpaina;

o Jlsmenko T. B., a.T.H., mpod., npodecopka kadeapu iHGOpMAIIHHUX TEXHOJOTIH Ta MPUKIATHOI MATEMaTHKH
OpecbKoi iepkaBHOI akaieMii OyIiBHULITBA Ta apXiTeKTypH, Oneca, Ykpaina;

e Makcumosuu O. B., 1.1.H., npod., mpodecopka Kadenpu 3BaplOBAILHOTO BUPOOHHITBA, JIATHOCTHKHA  Ta
BiZIHOBJICHHSI METaJIOKOHCTPYKLii HamionansHoro yHiBepcutery "JIpBiBchKa nositexHika", JIbBiB, YkpaiHa;

e Otpour [O. A. A.T.H., 1pod., HAYATBHUK Kadeapu NOXKeKHOI NPO(DUIAKTHKY B HacCeNeHNX IyHKTax HarioHambHOTO
YHIBEpPCUTETY IIMBIJIBHOTO 3aXUCTy YKpainu, Xapkis, YKpaiHa;

e [Tacrepnak f. M., n.¢.-M.H., mpod., 3aBinyBad Kadeapu TNPHKIATHOI MaTeMaTHKd Ta MexaHiku Jlympkoro
HaliOHAIFHOTO TEXHIYHOTO yHiBepcuTery, JIynpk, Yipaina;

e [TaeBmarikoc H., k.T.H., 1011., MoueHT Kadeapu OymiBHUITBA, YHiBepcHTET 3axiqHol ATtuku, Adinu, ['peris;

e Capuenko O. I'., 1.¢.-m.H., ipod., mpodecop kadeapu anreOpu, TreoMeTpii Ta MaTEMATHYHOTO aHAII3Y
XepCOHCHKOT0 JIEPIKABHOTO YHIBEPCUTETY, XEPCOH, YKpaiHa,

e Tpau B. M., 1.1.H., ipo., 3aBinyBay kadeapu MOCTIB i TyHeEJiB, Omopy MarepiayiB 1 OyZiBenbHOI MeXaHiKd
HarrioHaibHOTO YHIBEPCHTETY BOJHOI'O TOCIIONAPCTBA Ta IPUPOJIOKOPUCTYBaHHs, PiBHe, YKpaiHa;

e [[IBa6’rok B. I., n.1.H., mpod., mpodecop kadenpn nmpukIagHOi MaTEeMaTHKN Ta MeXaHIKH JIyIIbKOTO HAIllOHAJIEHOTO
TEXHIYHOTO yHiBepcurery, JIypk, Ykpaina.

Texuiunnit penaxrop: Teopio Harans AnaroutiiBHa, acripaHTka
JliHrBicTHYHUI pamHUK 3 aHTIIHCHKOI MoBH: Map’stHko SIHiHa ["eopriiBHa, k.(.H, 101I.,
3aBigyBauka Kaespu iHO3eMHUX MOB



The composition of the editorial board:

Chief Editor: Kovrov A., Ph.D., Professor, Rector of Odesa State Academy of Civil Engineering and Architecture,
Odesa, Ukraine;

Deputy Chief Editor:

Krutii Yu., Doctor of Technical Science, Professor, Professor of the Department of Information Technologies and
Applied Mathematics of Odesa State Academy of Civil Engineering and Architecture, Odesa, Ukraine;

Suryaninov M., Doctor of Technical Science, Professor, Head of Structural Mechanics Department, Odesa State
Academy of Civil Engineering and Architecture, Odessa, Ukraine;

Assistant Editor: Kiosak V., Doctor of Physics and Mathematics, Professor, Professor of Higher Mathematics
Department, Odesa State Academy of Civil Engineering and Architecture, Odesa, Ukraine;

e Berbyuk V., Doctor of Physics and Mathematics, Professor, Professor in Mechanical Systems, Division of
Dynamics, Department of Mechanics and Maritime Sciences Chalmers University of Technology, Gothenburg,
Sweden;

¢ Vatulia G., Doctor of Technical Science, Professor, Professor of Structural Mechanics and Hydraulics Department,
Ukrainian State University of Railway Transport, Kharkiv, Ukraing;

¢ Goryk O., Doctor of Technical Science, Professor, Head of Basic Technical Disciplines Department, Poltava State
Agrarian Academy, Poltava, Ukraine;

¢ Kyriazopoulos A., Ph.D., Professor Department of Civil Engineering University of West Attica, Athens, Greece;

e Koda E., Doctor of Technical Science, Professor, Dean of Construction and Environmental Engineering Faculty,
University of Life Sciences, Warsaw, Poland;

e Kononov Y., Doctor of Physics and Mathematics, Professor, Head of Control-system Theory Division, Institute of
APlied Mathematics and Mechanics, National Academy of Sciences of Ukraine, Slavyansk, Ukraine;

¢ Kruglov V., Doctor of Physics and Mathematics, Professor, Professor of Chair of Methods of Mathematical Physics
Odessa I. I. Mechnikov National University, Odesa, Ukraine;

e Kucher M., Doctor of Technical Science, Professor, Head of Structural Materials Division, G. S. Pisarenko Institute
for Problems of Strength, National Academy of Sciences of Ukraine, Kiev, Ukraine;

Lazareva D., Ph.D., Associate Professor, Head of the Department of Information Technologies and Applied
Mathematics of Odessa State Academy of Civil Engineering and Architecture, Odesa, Ukraine;

e Lesechko O., Ph.D., Associate Professor, Head of Higher Mathematics Department, Odesa State Academy of Civil
Engineering and Architecture, Odesa, Ukraine;

e Leshchenko D., Doctor of Physics and Mathematics, Professor, Head of Theoretical Mechanics Department, Odesa
State Academy of Civil Engineering and Architecture, Odesa, Ukraing;

e Lyashenko T., Doctor of Technical Science, Professor, Professor of Information Technology and APlied
Mathematics Department, Odesa State Academy of Civil Engineering and Architecture, Odesa, Ukraine;

e Maksymovych O., Doctor of Technical Science, Professor, Professor of Department of Welding Engineering,
Diagnostics and Rebuilding of Metal Structures, Lviv Polytechnic National University, Lviv, Ukraine;

e Otrosh Y., Doctor of Technical Science, Professor, Head of Department of Civil Protection Service, National
University of Civil Defence of Ukraine, Kharkiv, Ukraine;

e Pasternak Y., Doctor of Physics and Mathematics, Professor, Head of APlied Mathematics and Mechanics
Department, Lutsk National Technical University, Lutsk, Ukraine;

¢ Pnevmatikos N., Ph.D., Associate Professor Department of Civil Engineering University of West Attica, Athens,
Greece;

e Savchenko O., Doctor of Physics and Mathematics, Professor, Professor of Algebra, Geometry and Mathematical
Analysis Department, Kherson State University, Kherson, Ukraine;

e Trach V., Doctor of Technical Science, Professor, Head of Department of Bridges and Tunnels, Strength of
Materials and Structural Mechanics, National University of Water and Environmental Engineering, Rivne, Ukraine;
e Shvabyuk V., Doctor of Technical Science, Professor, Professor of Engineering Mechanics Department, Lutsk

National Technical University, Lutsk, Ukraine.

Technical Editor: Natalia Teorlo, Postgraduate Student
Linguistic Adviser in English language: Yanina Marianko, Ph.D., Associate Professor,
Head of the Department of Foreing Languages



SMICT

Kpogsikos C. O., Irnarenko A. B., lllecrakosa JI. €., 3aBos1oka M. B.
[Tomyk onTuMalibHEX CKIIaiB (hiOpOOETOHIB )KOPCTKOTO JOPOKHBOTO MOKPUTTS 3
BUKOPUCTAHHSM €KCIIEPUMEHTATbHO-CTATUCTHIHUX MOJCIICH . ..vvvterieniiiniennanieaneennannsn,

I. Medved, Yu. Otrosh, N. Rashkevich
Optimization of building StTUCTUIES. ... .. oo

A. Bespalova, A. Knysh, O. Dashkovska, O. Faizulyna, T. Chumachenko
Modeling the acoustic field based on sound disperersion during reflections of wave tracing in
OPEI AIBAS. ...\ttt et et et et et et e eetee et et et et e et e e et e et et e e e e e e et e et a e aaaas

Hypaenxko P. P., Orpom 0. A., Pamkesnu H. B., Cyp'sininos B. M.
MopentoBaHHs CTIHKOCTI Ta HAIITHOCTI CUCTEMH TPYHT-(PYHIaMEHT-0y TiBJIsI IPH i1 CUIIOBUX
Ta BUCOKOTEMIEPATYPHUX BIITHBIB. . ..« e et ettntetetenteeteneteteneeeteneaeneneeeenenennn,

®omin B. M., ®omina I. II.
MatemaTuyHe MOJICITIOBAaHHS TUHAMIYHUX BIUIMBIB Ha OyIiBEIIbHI
0] (64 404 1 1 PO

Apcipiii B. A., Kpomka O. B.
MeTo/ yIOCKOHAJICHHS IPOTOYHHUX YaCTHUH €JIEMEHTIB €HEPreTUYHUX CHCTEM KHUTIOBUX
X0 Y110 (=) X ) TOR PP

Yook 10. B., IIpniimayenxo O. B., Yepenniuenko II. II., Typuaninosa JI. L.,

Myapa H. C.

dyHIaMeHTaTbHUHN aHalli3 Ta ONTUMI3alisl (MiHIMI3allis) TUHAMIYHUX HABAHTAKEHb Y
MPYXHUX €JIeMEHTax MEeXaHi3MIB MiiioMy BaHTaxy KpaHiB. Hactuna I..................coo..

Yopuwk 10. B., Uepeaniuenko II. I1., Bacuasena I'. 10., Typuaninona JI. 1.,

IMyapa H. C.

OyHIaMEeHTaIbHUHN aHalli3 Ta ONTUMI3alisl (MiHIMI3allisl) JMHAMIYHUX HABaHTAKEHb Y
NPYKHUX €JeMEHTaX MeXaHi3MiB miaioMy BaHTaxy kpaHiB. Yactuna Il ..................... ...

Iyanceka H. B.
3aco0u Ta IHCTPYMEHTH JIJIsl PO3pOOKH BeO-10/1aTKy 3 TECTYBaHHS PIBHS 3HAHb CTYJICHTIB .....

Anamenko B. M., I3100ko0 [I. A., Pomanumen O. B.

JlociipKeHHs HallpyKeHO-1e(OPMOBAaHOTO CTaHy BY3JIiB CTaje3ai300€TOHHUX KapKacHO-
MOHOJITHUX Oy/iBeNb 3a TOIOMOT 00 1H(QOPMAaLIHHUX TEXHOJIOTIH PO3paxyHKy Ta
OyIiBETHHOTO 1HOOPMAIITHHOTO MOJIEITFOBAHHS . . ..+ .t ente et enteteententeeneeneeaneeneenneaneennanns

D. Kirichenko, V. Yesvandzhyia
Finite element analysis of damaged beams reinforced with fiber concrete..........................

S. Bekshaev
Numerical study of the influence of the length of a rod on its critical forces.......................

17

26

36

49

57

74

84

95



CONTENT

S. Kroviakov, A. IThnatenko, L. Shestakova, M. Zavoloka
Search for optimal compositions of fiber-reinforced concrete for rigid pavement using
experimental statistical Models ....... ...

I. Medved, Yu. Otrosh, N. Rashkevich
Optimization of building StrUCtUIES. ... ...ttt

A. Bespalova, A. Knysh, O. Dashkovska, O. Faizulyna, T. Chumachenko
Modeling the acoustic field based on sound disperersion during reflections of wave tracing
10 0 1=T 0 T 1=

R. Purdenko, Yu. Otrosh, N. Rashkevich, S. Suryaninov
Simulation of stability and reliability of the soil-foundation-building system under force and
high-temperature INFIUBNCES. ... ..o e

V. Fomin, I. Fomina
Mathematical modeling of dynamic impacts on builing structures.................................

V. Arsirii, O. Kroshka
Improvement method of flow parts of energy system elements of residential complexes......

Yu. Chovniuk, O. Priymachenko, P. Cherednichenko, L. Turchaninova, N. Shudra
Fundamental analysis and optimization (minimization) of dynamic loads in elastic elements
of cranes load lifting mechanisms. Part ..o,

Yu. Chovniuk, P. Cherednichenko, H. Vasylieva, L. Turchaninova, N. Shudra
Fundamental analysis and optimization (minimization) of dynamic loads in elastic elements
of cranes load lifting mechanisms. Part 1. e

V. Ichanska
Tools and instruments for developing a web application with student knowledge level
1 1] 1 U EPPN

V. Adamenko, D. Dziubko, O. Romanyshen

Stress-strain state investigation of nodes of composite steel-reinforced concrete frame-
monolithic buildings using information technology for structural analysis and building
Information MOdeling. ...

D. Kirichenko, V. Yesvandzhyia
Finite element analysis of damaged beams reinforced with fiber concrete........................

S. Bekshaev
Numerical study of the influence of the length of a rod on its critical forces.....................



VI1/1/2024
Crop. 6-16 / Page 6-16

Mexanika Ta maremMaTtuyHi meromu [/
Mechanics and mathematical methods

VJIK 691.32

MNOIYK OITUMAJIBHUX CKJIAAIB ®IBPOBETOHIB
KOPCTKOI'O IOPOKXHBOI'O HIOKPUTTA 3
BUKOPUCTAHHAM EKCIIEPUMEHTAJIBHO-
CTATUCTUYHUX MOJEJEN

Kpossikos C. O.}, Irnarenko A. B.}, lllecrakosa JI. €.}, 3aBosioka M. B.!
Y00ecvra depacasna akademis bydienuymea ma apximexnypu

Anoranisi: 3a 15-TM TOYKOBHMM IUTAHOM IPOBEACHHH EKCIIEPUMEHT, B SKOMY BapilOBaIMCS
HacTymHi 3  ¢dakropu ckiamy ¢GiOpoOETOHIB JKOPCTKOTO JOPOXKHBOTO TOKPHUTTS: KiIBKICTh
nopraanauementy Bix 290 no 350 kr/m®, kinbkicTh 6asansToBoi $pi6pu Bix 0,9 10 1,5 kr/mM®, KilbKiCTh
cynepruiactudikaropy Bix 0,6 1o 1% Big macu nementy. OTpUMaHO KOMIUIEKC €KCIIEPUMEHTAIbHO-
CTAaTHCTUYHHUX MOJIENEH, SKi ONMCYIOTh BIUIMB (PAKTOPiB Ha MIIHICTh HAa CTHUCK, MIIHICTH Ha PO3TAT
MIpHU 3THHI, MOPO30CTIWKICTh, CTUPAHHICTh i c00iBapTicTh PiOpPOOETOHIB. 3 BUKOPHCTAHHSIM ITaHHUX
MoJieneii MpoBeeHO BUOIp ONTUMANBHUX CKJIadiB (iOpOOETOHIB KOPCTKUX JOPOKHIX MOKPUTTIB AJIS
nopir II-1II Ta 16 xareropiii.

Bubip ontuMansHEX ckiafiB GiOdpoOeToHIB 3xiiicHIOBaBCS rpadivyHUM METOJOM Ha Jiarpamax
TUIY KBajpaT. 3aCTOCOBAHO MPHUHOM MpPEICTaBICHHS (HPaKTOPHOTO MPOCTOPY y BHUIJSLAL 7 Jiarpam
THITYy «KBajapaT» npH (iKCyBaHHI KiNBKOCTI LeMeHTy y ckiam Bim 290 mo 350 kr/m® 3 kpokom
10 kr/m®. Taka AuCKpeTHM3alis MO3BONSC HAOYHINIE i TOYHINIE HPOBOAUTH MOMIYK ONTHMAIBHHX
pileHb.

VY sKocTi KpuTepiiB OOMEXCHHS| BUKOPHUCTOBYBAJHCS PiBHI MIIHOCTI Ha CTHCK, MIIIHOCTi Ha
PO3TST TP 3THUHI 1 MOPO30CTIHKOCTI, sKi BignosimatoTs Bumoramu JIbH B.2.3-4:2015 mo matepiamni
MOKPUTTIB AOPIT BiAMOBITHOI KaTeropii. Y SKOCTI KpUTEPit0 ONTHMi3allii BAKOPUCTOBYBABCS IMTOKa3HUK
cobiBapTocTi OeToHy. [Ipr BUOOPI TaKOXK KOHTPOIIOBAIACS CTUPAHHICTh OCTOHY.

OO0pano nBa ckiaau Gidopoderonis mis popir 11 1 111 kaTeropii, siki MalOTh MIIHICTh HA CTUCK 43
i 45 Mlla, minnicTs Ha posTsar npu 3rudi 5 i 5,1 MIla, crpumanicte Gnusbko 0,36 r/cm? i
Mopo3ocriikicte F200. Takox oOpano aBa ckiaigu ¢iOpoOeroHiB it gopir 16 kareropii. Jani
CKJIaJ 1 MatoTh MilHICcTh Ha cTHCK 48 1 50 MIla, MinHicTh Ha po3Tsr npu 3ruHi 5,5 MIla, crpumanicTs
omsbko 0,35 r/cm? i Mopo3socriiikicts F200.

OO6pani ckinaau MalTh HaWMeHIy coOiBapTiCTh NpH 3abe3nedeHiid MIIHOCTI Ta JOBIOBIYHOCTI
Marepiaiy. 3acTocyBaHHS Takux (iOpoOETOHIB J03BOJISE MIABUIUTA MIKPEMOHTHI iHTEpBAIU TPHU
eKCILTyaTallii EeMEeHTOOETOHHHX JIOPIr B THIOBUX JUIs Y KpaiH! KJIIMaTHYHUX YMOBAX.

KirouoBi cioBa: XOpPCTKE JOPOKHE IMOKPUTTS, EKCIEPHMEHTAIbHO-CTATUCTUYHA MO/ICIb,
ontuMizaiis, 6azaiabpToBa (hidbpa, cynepriacTudikarop.

SEARCH FOR OPTIMAL COMPOSITIONS OF FIBER-
REINFORCED CONCRETE FOR RIGID PAVEMENT USING
EXPERIMENTAL STATISTICAL MODELS

S. Kroviakov!, A. Ihnatenko?, L. Shestakoval, M. Zavoloka!
'Odessa State Academy of Civil Engineering and Architecture

Abstract: The experiment was conducted according to a 15-point plan. In the experiment, the
following three factors of the composition of rigid pavement fiber-reinforced concrete varied: the
amount of Portland cement from 290 to 350 kg/m?, the amount of basaltic fiber from 0.9 to 1.5 kg/m?,

Kpossxkor C. O., Iraarenko A. B., lllecrakos JI. €., 3aBonoka M. B.
https://doi.org/10.31650/2618-0650-2024-6-1-6-16 6
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the amount of superplasticizer from 0.6 to 1% of the cement mass. A set of experimental statistical
models was obtained. They describe the influence of factors on compressive strength, flexural
strength, frost resistance, abrasion resistance and cost of fiber-reinforced concrete. The selection of
optimal compositions of fiber-reinforced concrete rigid pavement for the roads of II-11l and Ib
categories was carried out using these models.

The selection of optimal compositions of fiber-reinforced concrete was carried out graphically
using square diagrams. The method of representing the factor space as 7 "square” type diagrams was
used when fixing the amount of cement in the composition from 290 to 350 kg/m? with a step of
10 kg/m3. This discretization allows for a clearer and more accurate search for optimal solutions.

The levels of compressive strength, flexural strength and frost resistance were used as limitation
criteria. These levels meet the requirements of DBN B.2.3-4:2015 for rigid pavement materials of the
corresponding category. The concrete cost index was used as an optimization criterion. The abrasion
resistance of concrete was also controlled to guarantee a correct choice.

Two compositions of fiber-reinforced concrete for the roads of the Il and Il categories were
chosen. These compositions have a compressive strength of 43 and 45 MPa, a flexural strength of 5
and 5.1 MPa, abrasion of about 0.36 g/cm? and frost resistance of F200. Two compositions of fiber-
reinforced concrete for category Ib roads were also selected. These compositions have a compressive
strength of 48 and 50 MPa, a flexural strength of 5.5 MPa, abrasion of about 0.35 g/cm? and frost
resistance of F200.

The compositions have chosen the lowest cost price while ensuring the strength and durability of
the material. The use of this fiber-reinforced concrete makes it possible to increase the intervals
between repairs during the maintenance of cement concrete roads in typical climatic conditions in
Ukraine.

Keywords: rigid pavement, experimental statistical model, optimization, basalt fiber,
superplasticizer.

Kpossxkor C. O., Iraarenko A. B., lllecrakos JI. €., 3aBonoka M. B.
https://doi.org/10.31650/2618-0650-2024-6-1-6-16 7
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1 BCTYII

B ocranni poku B VYKpaiHi Bce akTHBHiIIE OyIyHOTbCS JOPOTH 3 IKOPCTKUMH
HNOKPUTTSIMHA. TakoX IEMEHTOOSTOHHI IOKPHUTTS BCE YAaCTille BUKOPUCTOBYIOTHCS MpPHU
PEKOHCTPYKIIiT JOPIT, HacaMIiepe ] Ha HAHOUTBII 3aBaHTAKCHUX TUISTHKAX. JKOPCTKI MOKPUTTS
B MOpPIBHAHHI ac(aibTOOCTOHHUMHU IOKPUTTAMH Kpallle PO3MOAUISIOT, HABAHTAKCHHSI HA
IPYHT, HE CXWJIbHI JO YTBOPEHHS KOJIi Ta XBWJIb 1 MalOTh 3HAYHO OUIBIIY JOBTOBIUHICTB.
JucniepcHe apMyBaHHS HE CXWJIBHOKO 10 KOpo3ii (iOporo A03BOIISIE 1€ OLIBIIE TTiABUITATH
JIOBTOBIYHICTH Ta MILIHICTh OETOHIB JOPOXKHIX MOKPUTTIB.

[IpoTe BapTicTh BIAIITYBaHHS IEMEHTOOCTOHHUX JOPIT € JEII0 BUIIOKO, [0 00yMOBJICHO
HacaMIiepes] BapTicTio camoro O6eroHy. ToMmy 3ajada MOLIYKY ONTUMAIBHUX 3 TOYKU 30pY
MEXaHIYHUX XapaKTEPUCTHK, JOBTOBIYHOCTI Ta BapTOCTI CKjIaaiB OeToHiB 1 (piOpoOeToHIB
KOPCTKHX JIOPOKHIX TOKPHUTTIB € aKkTyainbHOK. E(dexkTuBHO BuHpINIyBaTH Taku 3amadi
JI03BOJISIE BUKOPUCTAHHS METONy OaraTOKpUTEpiaIbHOTO aHaji3y, SKUH CIUPAEThCS Ha
eKCIePUMEHTATBHO-CTATUCTUYHI Mojienmi. [Ipu 1iboMy Ba)KJIMBO OpIEHTYBAaTHCS HA pEabHY
PUHKOBY BapTICTh KOMIIOHEHTIB OETOHHUX CyMIiIlICH.

2 AHAJI3 JITEPATYPHUX JAHUX TA IOCTAHOBKA ITPOBJIEMHA

Y CHIA Ta GinpmiocTi KpaiH €BpoONnenchKOro COI3Yy 4YacTKa aBTOMOOUIBHUX JOpIT 3
KOPCTKMMH  TIOKPUTTAMH CTaHOBUTH Bix 25 mo 40%. IlpocrexyeTrbcs TEHACHIIS 10
3pocTaHHs Oy/iBHUITBA IIEMEHTOOCTOHHUX aBToMarictpaiei y Kurai ta SImowii [1].

He3Baxxaroun Ha BEIMKHI CBITOBHI JOCBi OyMiBHUIITBA IEMEHTOOCTOHHUX JOPIT MPH iX
MPOEKTYBaHHI Ta PO3poOlll CKIaAiB OETOHIB JOPOXKHIX MOKPUTTIB HEOOXIAHO MPHUALISATH
0CcOONMBY yBary BUKOPHUCTaHHIO MiCIIEBHX OyaAiBeNbHHX MaTepiamiB. B cBow depry, me
BUMarae IMOCTIMHOI ONTHUMIi3alii CKJIaJgiB OETOHIB B 3aJ€XKHOCTI BiJl BHUMOI JI0 OETOHY,
3aCTOCOBAaHMX MaTepialiB Ta piBHSA PUHKOBUX IiH Ha I1i Matepiann [2,3].

B VkpaiHi OCHOBHUMM NMpPUYUHAMHU MOILIKOJKEHb 1 3HOLIEHHS JOPOXHIX MOKPUTTIB B
Ipoleci eKcruTyartauii € Jis 3aMOpOKyBaHHS 1 BIATaBaHHS Ta JWHAMIYHUX BIUIMBIB KOJIC
TpaHcnopTy. B yMoBax Takux BIJIMBIB €()EeKTUBHUMU MaTepialaMu Ul TOPOKHIX MOKPHUTTIB
€ (hibpobeToHM 31 CTIHKOIO O KOPO3ii IUCIIEPCHOI apMaTypor0, 30KpeMa TMOIIPOIIICHOBOIO
0a3anbpTOBOIO 1 CKISIHOIO [4,5]. ba3anbToBi BOJMOKHA MOXKHA PEKOMEHIYBaTH 10 MAacoBOTO
BUKOPUCTAHHS y JIOPOKHBOMY Oy/AIBHUITBI 3aBASKM IX TOPIBHSHO HHU3bKOI BapTOCTI Ta
3JIaTHOCTI JOCTATHBO JIETKO PO3MOJUIATHCS B OETOHHIN CyMillll IPH MepeMilllyBaHHi [6,7].

Bimomo, mio Oeronn 1 (HiOpOOETOHM JKOPCTKUX JIOPOKHIX MOKPHUTTIB MOXKYTh
3a0e3nevyBaTd HEOOXiJHUN piBEHb MEXaHIYHHUX BIIACTUBOCTEH Ta €KOHOMIUHOI €(heKTHMBHOCTI
JMIIE TPU 3aCTOCYBaHHI Cy4acHHMX cymepruiactudikaropiB [2,8]. ToMy BHKOPHUCTaHHS TaKHX
706aBOK € HOPMOIO Y ITPAKTHILI BUPOOHUIITBA OETOHIB.

[Ipn mDomyky ONTHUMAaJbHUX CKJIaAlB 0araTOKOMIIOHEHTHHX MarepiaiiB, 30Kpema
0eToHIB, €(EeKTHMBHUM € BUKOPUCTaHHS METOJIB IUIAHYBaHHS €KCIIEPUMEHTY Ta
excriepuMenTanbHo-cratiuctuuHoro  (EC) wmomemoBanust [9,10]. Otpumanuii  3aBasku
3aCTOCYBaHHIO TakMX MeToAiB Komriekc EC-mozmeneif, ski BimoOpaxkaroTh 3B'I30K CKJIaLy
0araTOKOMIIOHEHTHOTO ~ MaTepialy 3 HOro BJIACTUBOCTSAMH, JIO3BOJIIE  TPOBECTH
OaraTokpuTepiaJgbHy ONTUMI3ALiI0 CKIIAAY JOCTipKeHoro Matepiany [9,11].

3 IUIb TA 3AJAYI JOCJIIIXKEHHSA

Meroto pobotu € BHOIp ONTUMAJIbHUX 3 TO3MWIi MIITHOCTI, JOBTOBIYHOCTI Ta
cobiBaprocTi ckianiB (piOpoOETOHIB KOPCTKOTO JOPOKHBOTO MOKPUTTS JUIsl aBTOMOOUIBHUX
nopir II-111 Ta 16 xkaTeropii.

Kpossxkor C. O., Iraarenko A. B., lllecrakos JI. €., 3aBonoka M. B.
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MinHicTe GETOHIB HA CTHCK 1 Ha PO3TAT MPH 3THHI, a TAKOX MOPO30CTIHKICTh OETOHIB
MaroTh Biamosigatu Bumoram JIBH B.2.3-4:2015 [12] mns Bignmosinnoi kateropii. Jlo 6eToHiB
nopir II 1 III kareropiii BUCYBalOThCS OJHAKOBI BUMOTH, 70 OeToHiB fopir 16 kareropii —
Bumi. [Ipu mpomy coGiBapTicTh OOpaHUX CKJIaAiB Mae OyTH OJIM3bKOIO 0 MiHIManbHOI. Lle
B)XXJIMBO 3 BPaxXyBaHHSIM 3HAYHOTO 00’ €My OCTOHY, 10 BUKOPUCTOBYETHCS MIPU BIAIITYBAHHI
JKOPCTKUX JOPOKHIX MOKPHUTTIB. TakoX mpu BUOOPI ONTUMAIBHHUX CKJIAQIIB BPaxOBYETHCS
3HOCOCTIHKICTh (CTHpPAHHICTB) OCTKEHUX (iOPOOETOHIB, KA pa3oM 3 MOPO3OCTIHKICTIO €
B)XJTUBOIO 3 MO3UIIiT 32a0€31eUeHHs JIOBITOBIYHOCTI JOPOKHBOTO MTOKPHUTTSI.

4 PE3YJDbTATH JOCJIIIKEHD

3a 15-TM TOYKOBMM ONTHUMAILHUM CHUMETPUYHUM IUTAHOM OyB  MpOBEICHUI
eKCIICPUMEHT, B SIKOMY BapiroBajucs HacTymnHi 3 dakropu ckimamy GhiOpoOETOHIB KOPCTKOTO
JOPOKHBOTO MTOKpUTTA [13]:
— X, kunpkicTs noprnanauementy I11 I-500P-H, Bix 290 no 350 Kr/m®;

— X, , kinbkicTs 0a3anpToBOi (hi6pn BAUCON®-bazalt, Big 0,9 mo 1,5 Kr/Mo;
— X,, kimpkicts cynepmiactudikaropy STACHEMENT 2570/5/G, Bin 0,6 no 1% Bix

MacH IIeMEHTY.

[Ipu moOymoBi EC-mopneneld mepexim BiJ HaTypalbHHX JO KOJOBAaHHX pIiBHIB
BapiiioBaHKX (PaKTOPIB BUKOHAHO 3a TUIIOBOIO mporieayporo [9,11].

Bci Geronni cymimn mamu piBHy pyxomicte S1 (OK = 2.3 cm). Ilpu BubOpi
ONTUMANBHUX CKJIaiB (iOpOOETOHIB KOPCTKUX JOPOXKHIX MOKPUTTIB BUKOPHCTOBYBABCS
HaBeleHN Hmx4ue Komruiekc EC-monenel, mo OmMCyrOTh BIUIMB BapilioBaHuX (DakTopiB
CKJaay 0eTOHY Ha HOro BIACTHBOCTI.

BruiB Ha MIITHICTh HA CTUCK:

f.(MIla) =51,58+9,33x, —1,43x}  +0x,x, +0,31x,x, 1)
+0,94x, —0,78%’ —0,26X,X,
BriuB Ha MILHICTE HA PO3TAT MPU 3TUHI:
f . (MIla) =5,722+0,832x, -0, 268x; +0x,x, = 0x,x,
+0,341x, —0,283x; —0,26X,X, 2
+0,101x, —0,173%;
BB Ha MOPO30CTIHKICTB!
F (yuxnu) = 240 +55x, + 25x7 +0xx, *0xx,
+15X, — 25x; +0X,X, (3)
+15x, — 25%;
BruiuB Ha cTHpaHHICTB:
G (2/cm®) =0,340-0,027x, +0,009x —0,006x,x, +0xx,
—0,019x, +0,009x; +0X,X, 4)
—0,005x, +0,009%’

BrumuB Ha coOiBapTicTh OETOHY, po3paxoBaHy B IiHax TpyaHs 2023 poky:

Kpossxkor C. O., Iraarenko A. B., lllecrakos JI. €., 3aBonoka M. B.
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Bap (epn.! m*) =3151,12+155,53x, +0x?  +12,31x,x, +17,440x,x,
+47,05x, +0x —12,81x,X, (5)
+43,27x, —10,79x]

Bubip ontumanbHux ckianiB (iGpoOeToHiB 31iHCHIOBABCS rpadiyHUM METOJOM Ha
miarpamax tumy kBazapatr [9]. TpuBuMipHa aiarpaMa THITY «KyO» OXOIUTIOE BeCh (haKTOPHHIA
IPOCTip EKCIIEPUMEHTY, aJie TIPU OJJHOYACHOMY HAKJIAJEHI Ha Jliarpami TakoTo TUITYy 3HAYHOTO
Yrcia i30I0BEPXOHb JICKUIPKOX TOKa3HUKIB ii YUTAHHS CTa€ CKJIAJHUM. ToMy B JaHOMY
JOCHIJKeHI OyJI0 3aCTOCOBAaHO NMPHUIOM MpPEACTaBICHHS (PAKTOPHOTO MPOCTOPY Yy BUTIIAAL 7
JiarpaM THITy «KkBaapar» 3 ocsimu X, 1 X,. Kagparu Oymysanucs npu (ikCyBaHHI piBHs

daxropy X, Bim —1 mo +1 3 xpoxom 0,333, 110 BiANOBiAE KUIBKOCTI LIEMEHTY y CKJIaJl Bif

290 1o 350 kr/m® 3 kpokom 10 kr/m° (puc.1, puc.2). Taka quCKpeTH3allis J03BOIAE HAOUHIIIE
1 TOYHIIIE TPOBOIUTH MOILITYK ONTUMAIBHUX PIlLICHb.

Sk BigMivanocs BHINE, NPOBOAUBCS BHOIP ONTHMaJIbHMX CKIadiB  (iOpoOeToHIB
KOPCTKOTO JTOPOXKHBOTO MOKPUTTS [yt aBroMoOinbHux gopir II i III kareropiit Ta okpemo
st popir 16 xateropii. BianmoBinno kepyrouucs Bumoramu JIBH B.2.3-4:2015 (nomatok K)
[12] mo matepianie mokpurtiB mopir II i III kareropiit y SIKOCTI KpUTEpiiB OOMEKEHHS
BUKOPHCTOBYBAIHCS TaKi 3HAUEHHS XapaKTepucTUK GidpoderoHis (puc.l):

- minHicTh Ha ctuck f >40Mlla (xnac B30, C25/30), modymoBani 3a EC-monemio (1)

cm —
130J11HI1 3€JI€HOT0 KOJIbOPY;
- MinHicTh Ha po3tsr npu 3ruHi f , 25 MIla (xmac Buwh4,0), moOynosani 3a EC-

MoJ1eJTI0 (2) 13011HIT YePBOHOTO KOJIBOPY;

- Mopo3ocTilikicts > F200, modynosani 3a EC-mMoaemto (3) i3011iHiT CHHBOTO KOJBOPY.

VY skocti kputepito ontumizarii [9,11] BHKOpHCTOBYBaBCsS MOKa3HHK COOIBApTOCTI
Oerony. I3ominii cobiBaprocti moOynoBani 3a EC-moxmemnto (5) i mokasaHi Ha Jiarpamax
cipuM KombopoM. Ilpum BHOOpI TakoX KOHTpOJIIOBAjacs CTHpPAHHICTH OeToHy. I[30miHii
CTUpaHHOCTI moOyaoBani 3a EC-mozmesio (4) i moka3aHi IITHXOBUMH JIIHIIMH KOPUYHEBOTO
KOJIbODY.

OO6macti niarpam, sIKi HE BUIMOBIAAIM KpUTEPIAM OOMEXKEHHS 3a MIIHICTIO 1
MOPO30CTIMKICTIO, 3aIITPUXOBYBAIUCS BIAMOBIAHUM KOJIBOPOM. Y HE 3alUTPUXOBAHUX 30HAX,
TOOTO MPH BUKOHAHHI BCIX BM3HAUYEHUX KPUTEPIiB SIKOCTI, Oyl0 0OpaHO JBa ONTUMAIbHHUX
ckiagu (idpoberoniB s popir II 1 III xareropiit. Ilepmuii cknaa nmpu KUIBKOCTI LEMEHT
300 kr/m® (puc.1.6), npyruii — npu kinekocti nement 310 kr/m (puc.1.8). KoopauHaTi naHnx
CKJIaJIiB IOMIYEHO Ha Jiarpamax 3ipKaMH 3 BIIOBITHUMH LHUppaMu.

AmnanorivHMM uYWHOM, Kepyrouuch BuMoramu JIBH B.2.3-4:2015, npu Bubopi
ONTUMAJILHUX CKJIaIiB (iOpoOeToHiB It gopir 16 kareropii y sSIKOCTI KpUTEpiiB 0OMEeXEeHHs
BUKOPUCTOBYBAJIUCS TaKi 3HaYeHHS (pHc.2):

- mitHicTh Ha ctuck T, >45MTla (xnac B35, C28/35);

cm —

- MinHicTh Ha po3Tsr npu 3ruHi f_, >5,5 MIla (xnac Bowd,4);

- Mopo3ocTiiikicts > F200.

st nopir 16 kareropiit Takoxx Oyio oOpaHO JBa ONTHUMAIBHUX CKIaau (iOpoOETOHIB,
KOOpJIMHATH SKUX TOMIUEHO Ha Jiarpamax 3ipkaMu 3 BianoBigHuMHU muppamu. [leprmii
cKIIajl TIpH KinbkocTi remenT 310 kr/m® (puc.2.8), ApyrHii — IpH KineKocTi nemedT 320 kr/m
(puc.2.1).

Kpossxkor C. O., Iraarenko A. B., lllecrakos JI. €., 3aBonoka M. B.
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5 OBI'OBOPEHHA PE3YJIBTATIB JOCJIIIXEHHS

O6pannii ckmag Nel mus nmopir I 1 Il kareropiii mae HaiimMeHITy coOiBapTiCTIO INPH
3a0e3MeueH ]I HeoOXinHNX piBHIB BCiX BHCYHYTHX kputepiie — 3040 rpu./m®. Koopaunatu
TOYKHU JaHOTO cKiany (pidbpoberoHy B (pakTOpHOMY MPOCTOPi EKCIEPUMEHTY € HACTYITHUMHU:
X, =-0,667, X, = 0,18, x, =-0,45.

Cxnan Ne2 nopir 11 i III kareropiii Mae cobiBapricts 3060 rpr./M°, mo mume Ha 0,66%
Bumie cobiBaprocti ckiany Nel. Ilpm npomy y mopiBHsSHHI 31 ckinagom Nel ¢iGpobeToH
ckiaxy Ne2 xapakTepu3yeThCs S0 BHIOK MIIHICTIO HA CTHCK. KoOpMHATH TOYKH 1aHOTO
ckinany € HactynHuMu: X, =—0,333, X, =-0,4, X, =-0,45.

Cxnan Nel mnst mopir 16 kareropii Mae co6iBapricts 3120 rpu./m°. Koopaunat Toukn
naHoro ckinany gidpoderony € Hactynmaumu: X, =—0,333, X, =0,38, X, =0,1.

Cxnan Ne2 juist nopir I6 kateropii Mae Maiike aHanoriuay co6iBapricts — 3125 rpa./M°,
IIPH I[bOMY XapaKTEPU3YETHCS JCII0 BUIIOK MIIHICTIO HA CTUCK. KoOpAWHATH TOYKH JTaHOTO
cxiany ¢iopoberony: X, =0, X, =-0,1, X, =—-0,55.

BMmicT KOMIIOHEHTIB cyMmimi y oOOpaHMX CKJIazax 1 pO3paxyHKOBI MeXaHiuHi
XapaKTepUCTHKHU (H10pOoOETOHIB JAaHUX ONTUMATBHHUX CKJIa/iB HaBeleHO y Tabmuii 1.

Taoauns 1

OO0pani onTuManbHi ckiIagu GiOpoOETOHIB TOPOKHIX TOKPUTTIB
Ta IX MEXaHiYHI XapaKTePUCTHKH

Ne cknany Cxiag idpobeTony Po3paxyHKOBI MexaHiuHi
XapaKTEPUCTUKH Ta COOIBAPTICTh
Nel LlemenTt — 300 kr/m® MinHicTh Ha cTUCK fem = 43 MIla
s nopir | 1le6inp — 1222 Kr/m3 MiIHICTh Ha PO3TAT MPH 3THHI
111 111 ITicok — 835 kr/m® feir = 5 MIla
kareropiii | ®i6pa BAUCON®-bazalt — 1,26 kr/m®> | Moposoctiiikicts F200
Jlo6aska STACHEMENT 2570/5/G — | Crupannicts G = 0,365 r/cm?
2,13 kr/Mm® Cob6ipapricts — 3040 kr/m®
Bona — 126 n/m®
Ne2 LlemenT — 310 kr/m® MinHicTh Ha cTUCK fem = 46 MI1a
s nopir | Lle6inp — 1219 Kr/m3 MinHICTh Ha PO3TSAT MPH 3THHI
1111 IMicok — 821 kr/m® f. = 5,1 MIla
kareropiii | ®i6pa BAUCON®-bazalt — 1,08 kr/m® | Mopo3ocriiikicts F200
Jlo6aska STACHEMENT 2570/5/G — | Crupannicts G = 0,357 r/cm®
2,20 kr/m® Cob6ipapricts — 3060 kr/m®
Bona — 129 n/m®
Nel LlemenT — 310 kr/m® MinHicTh Ha cTUCK feom = 48 MI1a
s nopir | 1le6inp — 1219 Kr/m3 MinHICTh Ha PO3TSAT MPH 3THHI
16 ITicok — 820 kr/m® fetr = 5,5 MIla
xareropii | ®i6pa BAUCON®-bazalt — 1,32 kr/m® | MoposocTitikicts F200
Jlo6aska STACHEMENT 2570/5/G — | Crupannicts G = 0,344 r/cm?
2,54 xr/m® Co6iBapricts — 3120 kr/m®
Bona — 128 n/m®
No2 LlemenTt — 320 xr/m® MiiHicTh Ha cTUCK fem = 50 MIla
mis popir | le6inb — 1215 kr/m® MinHicTs Ha PO3TST NPH 3THHI
16 IMicok — 803 kr/m® fesr = 5,5 MIla
kareropii | ®i6pa BAUCON®-bazalt — 1,17 xr/m® | MoposocTitikicts F200
Jlo6aska STACHEMENT 2570/5/G — | Crupannicts G = 0,35 r/cm?
2,22 kr/m® Co6isapricts — 3125 kr/m®
Bona — 134 n/m®
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Puc. 1. Bubip ontumansHux ckiagiB (idpobeToHiB
JKOPCTKOTO JIOPOXKHBOTO MOKpUTTA 1uist popir I 1 111

KaTeropiu:

a) X1 = — 1, uemenr 290 kr/m3;

6) X1 = — 0,667, uement 300 kr/m®;
B) X1 = — 0,333, nement 310 xr/m5;
r) X1 = 0, nement 320 xr/m,

1) X1 = 0,333, uemenr 330 kr/m?;
e) X1 = 0,667, uement 340 xr/m?;
€) X1 = 1, nement 350 xr/m°.
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Puc. 2. Bubip ontumansHuX CcKiaagiB (ibpoOeToHIiB
KOPCTKOTO JIOPOKHBOTO TOKPUTTS st jopir 16
KaTeropii:
0,84 a) X1 = — 1, uement 290 kr/m5;
6) X1 = — 0,667, nement 300 kr/m5;
B) X1 = — 0,333, nement 310 xr/m5;
r) X1 = 0, nement 320 xr/m5;
» 1) X1 = 0,333, uemenr 330 kr/m3;
0.6 e) X1 = 0,667, uement 340 kr/m®;
0.9 €) X1 = 1, nemenr 350 xr/m°,
Kpogsikos C. O., Irnarenko A. B., llectakos JI. €., 3aBonoka M. B.
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6 BHCHOBKH

3  BHUKOpPUCTaHHSM  KomIuiekcy 3-x  ¢akropuux EC-mogmeneii  mpoBeneHa
OararokpuTepiajgbHa ONTHMI3allisl Ta 00paHi ONTUMaJbHI CcKiaau (HiOpoOETOHIB KOPCTKOTO
JIOPOKHBOTO TMOKPHUTTS JJisi JOpIr pi3HUX Kateropii. OOpaHi CKiIaaw MarOTh HaWMEHIIY
co0iBapTIiCTh MpH 3a0€3MedeHIN MIITHOCTI Ta JTOBMOBIYHOCTI Marepiandy. 3aCTOCYBaHHS TaKUX
¢$i0poOETOHIB  03BOJISIE  MIJBUIIMTA MDKPEMOHTHI  IHTEpBaIM TPH  EKCIUTyaTarii
LEMEHTOOETOHHUX JIOPIT B TUIOBUX 711 YKpPaiHU KIIIMaTUYHUX YMOBax.
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ABTOpH HE MaroTh OyIb-ikuxX (iHAHCOBMX YW HEPIHAHCOBHX I1HTEPECIB IIOJ0
MmarepialiB, MPEACTaBICHUX Y LIl CTATTI, AKi CIiI PO3KPUBATH.

Jlitepatypa

1. Tamensx I. II., Octposepxuit O. I'., Mopoz B. C. Ictopis Ta mnepcnekTuBu OyniBHUIITBA
EMEHTOOCTOHHUX TOKPHUTTIB aBTOMOOUILHUX JOpIT Ta aepoApoMiB B YKpaini. ABTOMOOLIBHI
noporu i moposkHe OyniBauiTBo, 2019, Bun.106, C. 60-76.

JiBopkin JI. M. Betonu cremiansHoro npusHauenss. Kuis: Kownmop. 2018. 354 c.

3. lamensax 1. II., Ilypras A. I'., Sxkumenko 5. M., Uwxkenko H. Il. MaremaTuuni Mmomeni
BJIACTUBOCTEH BHCOKOMIIIHMX OETOHIB IJIsi JOPOXKHBOTO OyAIBHUITBA. 30IpHUK HAYKOBHX Mpallb
YKpailHCBKOTO NIEP’KaBHOTO YHIBEPCHTETY 3alli3HWYHOTO TpaHcmopTy. 2017, Nel69, C. 103-110.
https://doi.org/10.18664/1994-7852.169.2017.111084

4. Hussain 1., Ali B., Akhtar T., Jameel M.S., Raza S.S. Comparison of mechanical properties of
concrete and design thickness of pavement with different types of fiber-reinforcements (steel, glass,
and polypropylene). Case Studies in Construction Materials. 2020, 13, e00429.
https://doi.org/10.1016/j.cscm.2020.e00429.

5. Kos Z., Kroviakov S., Kryzhanovskyi V., Crnoja A. Influence of fibers and hardening accelerator
on the concrete for rigid pavements. Magazine of Concrete Research, 2023, 75(17), pp. 865-873.
https://doi.org/10.1680/jmacr.22.00181

6. Wu H., Qin X., Huang X., Kaewunruen S. Engineering, mechanical and dynamic properties of
basalt fiber reinforced concrete. Materials. 2023, 16, 623. https://doi.org/10.3390/mal16020623

7. Jin Sj., Yang Yh., Sun Ym., Li X., Xu Jy. Experimental research on anti-freezing and thawing
performance of basalt fiber reinforced fly ash concrete in the corrosive conditions. KSCE Journal
of Civil Engineering. 2023, 27, pp. 3455-3470. https://doi.org/10.1007/s12205-023-1969-9

8. Tahir M.F.M., Abdullah M.M.A.B., Rahim S.Z.A., Mohd Hasan M.R., Sandu A.V., Vizureanu P.,
Ghazali C.M.R., Kadir A.A. Mechanical and durability analysis of fly ash based geopolymer with
various compositions for rigid pavement applications, Materials, 2022, 15, 3458.
https://doi.org/10.3390/mal15103458

9. JIsmienko T.B., Bosnecenckmii B.A. Merononorus penentypHO-TEXHOJIOTUYECKUX TIONEH B
KOMITBIOTEPHOM CTPOUTENIbHOM MaTepuaioBenennu. Onecca: ActpomnpuHrt, 2017. 168 c.

10. Dvorkin L., Dvorkin O., Ribakov Y. Mathematical experiment planning in concrete technology.
2012, Nova Science Publishers, 173 p.

11. dBopkin JI. 1. ExcnepiMeHTanbHO-CTATUCTUYHE MOJICTIOBAHHS TIPU TMPOCKTYBaHHI CKIAJIiB
6eronis. K.: Konnop. 2020. 205 c.

12. IBH B.2.3-4:2015. ABTomo06ineHi goporu. Yactuna 1. IlpoextyBanns. Yactuna II. Byaisaunrso.
[Ynanwmii Big 2016-04-01]. Bun. odin. Kuis, 2015. 113 c.

13. Kpossiko, C. O., Illecrakosa, JI. €. Braue 0a3zanpToBOi iOpu 1 cymepruiacTugikatopy Ha
MIiIHICTh OETOHIB >KOPCTKUX IOPOXKHIX MOKpHUTTiB. CyuacHe OyIiBHHLTBO Ta apxitekrypa, 2023,
Ne6, C.99-108. https://doi.org/10.31650/2786-6696-2023-6-99-108

n

Kpossxkor C. O., Iraarenko A. B., lllecrakos JI. €., 3aBonoka M. B.
https://doi.org/10.31650/2618-0650-2024-6-1-6-16 14




VI1/1/2024
Crop. 6-16 / Page 6-16

Mexanika Ta maremMaTtuyHi meromu [/
Mechanics and mathematical methods

References

1. Gameliak, I. P., Ostroverkhyi, O. G., Moroz, V. S. (2019). Istoriya ta perspektyvy budivnytstva
tsementobetonnykh pokryttiv avtomobil'nykh dorih ta aerodromiv v Ukrayini [History and
perspectiv of construction cement-concrete road and airfield pavement in ukraine]. Automobile
roads and road construction. Iss. 106. 60-76. [in Ukraine].

2. Dvorkin, L. Y. (2018) Betony spetsial'noho pryznachennya [Special purpose concretes]
(monograph) Kyiv: Kondor. 354.

3. Gameliak, I. P., Shurgaya, A. G., Jakymenko, J. M., Chyzhenko N. P. (2017) Matematychni modeli
vlastyvostey vysokomitsnykh betoniv dlya dorozhn'oho budivnytstva [Mathematical models of the
properties of high—strength cement — concrete for road construction]. Collection of Scientific Works
of the Ukrainian State  University of Railway Transport. 169. 103-110.
https://doi.org/10.18664/1994-7852.169.2017.111084 [in Ukraine].

4. Hussain, 1., Ali, B., Akhtar, T., Jameel, M.S., Raza, S.S. (2020) Comparison of mechanical
properties of concrete and design thickness of pavement with different types of fiber-
reinforcements (steel, glass, and polypropylene). Case Studies in Construction Materials. 13.
€00429. https://doi.org/10.1016/j.cscm.2020.e00429.

5. Kos, Z., Kroviakov, S., Kryzhanovskyi, V., Crnoja, A. (2023) Influence of fibers and hardening
accelerator on the concrete for rigid pavements. Magazine of Concrete Research. 75(17). 865-873.
https://doi.org/10.1680/jmacr.22.00181

6. Wu, H., Qin, X., Huang, X., Kaewunruen, S. (2023) Engineering, mechanical and dynamic
properties of basalt fiber reinforced concrete. Materials. 16, 623.
https://doi.org/10.3390/mal16020623

7. Jin, Sj., Yang, Yh., Sun, Ym., Li, X., Xu, Jy. (2023) Experimental research on anti-freezing and
thawing performance of basalt fiber reinforced fly ash concrete in the corrosive conditions. KSCE
Journal of Civil Engineering. 27, 3455-3470. https://doi.org/10.1007/s12205-023-1969-9

8. Tahir, M.F.M., Abdullah, M.M.A.B., Rahim, S.Z.A., Mohd Hasan, M.R., Sandu, A.V., Vizureanu,
P., Ghazali, C.M.R., Kadir, A.A. (2022) Mechanical and durability analysis of fly ash based
geopolymer with various compositions for rigid pavement applications, Materials. 15, 3458.
https://doi.org/10.3390/mal15103458

9. Lyashenko, T. V., Voznesenskiy, V. A. (2017) Metodologiya retsepturno-tekhnologicheskikh
poley v komp'yuternom stroitel'nom materialovedenii [Methodology of recipe-technological fields
in computer construction materials science]. Odesa: Astroprint, 168 [in Russian].

10. Dvorkin, L., Dvorkin, O., Ribakov, Y. (2012) Mathematical experiment planning in concrete
technology, Nova Science Publishers, 173.

11. Dvorkin, L. Y. (2020) Eksperymental'no-statystychne modelyuvannya pry proektuvanni skladiv
betoniv [Experimental and statistical modeling in the design of concrete compositions]. Kyiv:
Kondor, 205 [in Ukraine].

12. DBN V.2.3-4:2015. Avtomobil'ni dorohy. Sporudy transportu. Chastyna 1. Proektuvannya.
Chastyna Il. Budivnytstvo [Automobile roads. Part 1. Design. Part Il. Construction]. Minrehionbud
Ukrayiny, 2015 [in Ukraine].

13. Kroviakov, S. O., Shestakova, L. Y. (2023) Vplyv bazal'tovoyi fibry i superplastyfikatoru na
mitsnist’ betoniv zhorstkykh dorozhnikh pokryttiv [The influence of basalt fiber and
superplasticizer on the strength of concrete for rigid pavements]. Modern construction and
architecture, 2023, 6, 99-108 https://doi.org/10.31650/2786-6696-2023-6-99-108

KpossikoB Cepriii OunekciiioBuu

Opecbka ieprkaBHa akazeMist Oy JIBHUITBA Ta apXiTEKTypH,
J.T.H., Ipodecop

ByIL. [inpixcona, 4, m. Oneca, Ykpaina, 65029
skrovyakov@ukr.net

ORCID: 0000-0002-0800-0123

Irnatenxo Anapiii BacunboBuy

OpechbKa ep)kaBHa akageMist OyIiBHUITBA Ta apXiTEKTYpH,
K.T.H., JIOLEHT

Bya. Jlinpixcona, 4, m. Oneca, Ykpaina, 65029
andreykhadi@gmail.com

Kpossxkor C. O., Iraarenko A. B., lllecrakos JI. €., 3aBonoka M. B.
https://doi.org/10.31650/2618-0650-2024-6-1-6-16 15




Mexanika Ta maremMaTtuyHi meromu [/ % v V1/1/2024
Mechanics and mathematical methods - % £} Crop. 6-16 / Page 6-16

ORCID: 0000-0001-9222-1051

Illecrakosa JIro0oB €BreniBHa

Opecbka eprkaBHa akazeMisi Oy JIBHUITBA Ta apXiTEKTypH,
acripaHTKa

ByJ. Jlinpixcona, 4, M. Oneca, Ykpaina, 65029
shestakova_luba@ukr.net

ORCID: 0000-0002-3449-8498

3aBoJioka Muxaiijio BacunsoBuu

Opechka ep)kaBHa akaaeMist OyIiBHUIITBA Ta apXiTEKTYpH,
K.T.H., poecop

ByI. [inpixcona, 4, m. Oneca, Ykpaina, 65029
mvzavoloka@ukr.net

ORCID: 0000-0002-2080-1230

Jna nocunams:

KpossikoB C. O, Irmarenko A. B., IllecrakoBJI. €., 3aBonoka M.B. Tlomyk onTuMambHUX CKIIAiB
(hi6poOETOHIB )KOPCTKOTO JIPO’KHBOTO IMOKPHUTTS 3 BUKOPHCTAHHSIM €KCIIEPUMEHTAIbHO-CTATUCTUYHIX MOJEIEH.
Mexanika Ta matematnuni Mmetoau, 2024. T. 6. Ne 1. C. 6-16.

For references:

S. Kroviakov, A. lhnatenko, L. Shestakova, M. Zavoloka. (2024). Search for optimal compositions of fiber-
reinforced concrete for rigid pavement using experimental statistical models. Mechanics and Mathematical
Methods. 6 (1). 6-16.

Kpossxkor C. O., Iraarenko A. B., lllecrakos JI. €., 3aBonoka M. B.
https://doi.org/10.31650/2618-0650-2024-6-1-6-16 16




VI1/1/2024
Crop. 17-25 / Page 17-25

Mexanika Ta maremMaTtuyHi meromu [/
Mechanics and mathematical methods

UDK 624.04
OPTIMIZATION OF BUILDING STRUCTURES

I. Medved?, Yu. Otrosh?, N. Rashkevich?
Volodymyr Dahl East Ukrainian National University
National University of Civil Defence of Ukraine

Abstract. In the field of the theory of calculation of building structures, there is a constant
refinement of the actual operation of these structures, i.e. design schemes are created that most
accurately correspond to actual operating conditions. Creating optimal structures is a very urgent task
facing designers. Therefore, it is quite natural to try to solve this problem using mathematical
programming methods, which involve: selecting dependent and independent variables, constructing
mathematical models and establishing criteria for the effectiveness of the selected model. In this case,
the model should be a function that fairly accurately describes the research being carried out using
mathematical apparatus (various types of functions, equations, systems of equations and inequalities,
etc.). In mathematical programming, any set of independent (controlled) variables is called a solution.
Optimal solutions are those that, for one reason or another, are preferable to others. The preference
(effectiveness) of the study is quantified by the numerical value of the objective function. “Solution
Search” is an add-in for Microsoft Excel that is used to solve optimization problems. Simply put, with
the Solver add-in, you can determine the maximum or minimum value of one cell by changing other
cells. Most often, this add-in is used to find optimal solutions to problems economically. There are not
enough results of using this approach for calculating building structures in the public domain.
Therefore, it is quite logical to try to use this add-on in problems of optimization of building
structures. In this work, an attempt was made to use mathematical programming methods and this add-
on to optimize the geometric dimensions of the structure, when the numerical value of the bending
moment in a specific section was chosen as an optimization criterion.

Keywords: calculation scheme, line of influence, search for solutions.

ONTUMI3ALIA BYAIBEJLHUX KOHCTPYKIINI

Mengins L. LY, Orpom IO. A.2, Pamkesuu H. B.?

LCxionoykpaincoruii nayionanvnuii ynisepcumem imeni Bonooumupa Jlansa
?Hayionansnuil ynieepcumem yusinbho2o saxucmy Yxpainu

AHoTauisi. Y Teopii po3paxyHKy OyaAiBeJIbHHUX KOHCTPYKLiH BiOyBa€eThcA MOCTIHHE YTOUHEHHS
(hakTHIHOT pOOOTH WX KOHCTPYKIIiH, TOOTO CTBOPIOIOTHCS TaKi PO3PAaXyHKOBI CXEMHU, SIKi HAUTOYHIIIE
BIJIMOBIZIAl0Th pealbHUM yMOBaM ekciutyartarii. CTBOPEHHS ONTUMAbHUX KOHCTPYKIIH € IyxKe
aKTyaJbHUM 3aBJIaHHSIM Mepesi KOHCTPYKTOpaMu. TOMy IIJIKOM 3aKOHOMIPHO CIIPOOYBaTH BUPILIHTH
[I€ 3aBAaHHS METOJaMH MaTeMaTHYHOI'O HpOrpaMyBaHHs, sKi IependayaroTb: BHUOIp 3alexHHX 1
HE3aJIe)KHUX 3MIHHHX, MO0Y0BAa MaTeMaTHYHUX MOJIEel Ta BCTAHOBJICHHSI KpUTEPIiiB epeKTUBHOCTI
o0paHoi Mojenm. Y 1bOMY BHIAJKy MOJEIb MOBHUHHA SIBJIATH COOOK (PYHKIIIFO, II0 JOCHUTh TOYHO
OIMCYETHhCA TMPOBEACHI NOCTIDKEHHS 3 BHKOPHCTaHHSAM MaTeMaTHYHOTrO amapary (pi3HOro poxay
(byHKLIH, PIBHSIHb, CUCTEM DPIBHSHB 1 HEPIBHOCTEH 1 T. A.). Y MaTeMaTHYHOMY MpPOTpaMyBaHHI Oyab-
SKHW HaOlp He3aJIe)KHUX (KepOBaHUX) 3MIHHUX HA3UBAETHCS PillleHHAM. ONTHMAIBHUMU PIICHHIMHA
BBA)XAIOTHCS Ti, SIKi 3 THX YM IHIIMX NMPHYMH Kpamle iHmux. [lepeBara (eeKTUBHICTE) HOCHIKEHHS
KUIBKICHO OLIHIOETBCS BEIMYMHOKO YMCENIFHOrO 3HaueHHs wiboBoi ¢yHkuii. "[lomyk pimenHs" -
HaaOymoBa mius Microsoft Excel, sika BUKOpHUCTOBYETHCS ISl BUPILICHHS 3ajad omnTuMizamii. 3a
Joromoror0 HazoOymoBu "Ilomyk pinieHHA" MOXHAa BH3HAYUTH MaKCHMajbHe a00 MiHIMalibHE
3HaYeHHS OJHOTO OCepelKy, 3MiHIOIYM iHOI  ocepenkd. Haifwactime ng HaxOynosa
BUKOPUCTOBYETHCS IS IOUIYKY ONTHUMAaJIbHUX PO3B'SI3KIiB 33724 EKOHOMIYHO. Y BiIKPHUTOMY JOCTYII
HEJIOCTATHBO PE3yJbTATIB BUKOPUCTAHHS [ILOTO MiJAXOAY JO PO3PaxyHKY OymiBeTbHHUX KOHCTPYKIIIH.

I. Medved, Yu. Otrosh, N. Rashkevich
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ToMy HiJIKOM JIOTI4HO crIpoOyBaTH BUKOPUCTATHU L0 HAAOYJOBY B 3aJadax ONTUMIi3alii OyaiBeqbHIX
KOHCTPYKIiH. Y mii poOoTi 3pobieHo cmpoby BHUKOPHCTOBYBATH METOAM MAaT€MaTHYHOTO
MporpaMyBaHHA 1 IO HAAOYIOBY JUIA ONTHMi3amii T€OMETPHYHHX PO3MIpiB KOHCTPYKIIi, KOIH
KpHUTEpieM onTuMmizaiii Oyno oOpaHO yHcelIbHE 3HAYCHHS 3TUHAJIBLHOTO MOMEHTY B KOHKPETHOMY
mepepisi.

Kua1o4oBi cj10Ba: po3paxyHKOBa CXeMa, JIiHis BIUIUBY, MOMIYK PilllEHb.

I. Medved, Yu. Otrosh, N. Rashkevich
https://doi.org/10.31650/2618-0650-2024-6-1-17-25 18
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1 INTRODUCTION

In the field of the theory of calculation of building structures, there is a constant
refinement of the actual operation of these structures, i.e. design schemes are created that
most accurately correspond to actual operating conditions. Creating optimal structures is a
very urgent task facing designers. Therefore, it is quite natural to try to solve this problem
using mathematical programming methods, which involve: selecting dependent and
independent variables, constructing mathematical models and establishing criteria for the
effectiveness of the selected model. In this case, the model should be a function that fairly
accurately describes the research being carried out using mathematical apparatus (various
types of functions, equations, systems of equations and inequalities, etc.). Drawing up a
mathematical research model requires the researcher to have a deep understanding of the
essence of the phenomenon being described and knowledge of the mathematical apparatus
[1].

Among the existing models, first of all, a large class of optimization models should be
noted. In this case, the optimization problem can be formulated as follows: find values of the
controlled variables that satisfy the system of inequalities (constraints) and turn the objective
function into a maximum (or minimum). If the objective function is linear, and the variables
in the constraint system are also linear, then such a problem is a linear programming problem.
Of all the known methods of mathematical programming, the most widespread and developed
is linear programming [2, 3].In addition, nonlinear objective functions can be successfully
used.

Solver is a Microsoft Excel add-in that can be used to solve optimization problems.
Simply put, with this add-in you can determine the maximum or minimum value in one of the
cells by changing the numerical values of other cells. Most often, this add-on is used to
optimize economic problems. There are not enough results of using this approach for
calculating building structures in the public domain. Therefore, it is quite logical to try to use
this add-on in problems of optimization of building structures. In this work, an attempt was
made to use mathematical programming methods and this add-on to optimize the geometric
dimensions of the structure, when the numerical value of the bending moment in a specific
section was chosen as an optimization criterion.

2 ANALYSIS OF PUBLICATIONS

In the open access, there are not enough results of using mathematical programming at
individual stages of calculations for strength, rigidity and stability. Therefore, it is quite
logical to try to use the “Search for Solutions” add-on in the problems of optimizing the
calculations of building structures. [4, 5, 6, 7].

3 MATERIALS AND METHODS

This article attempts to show the feasibility of using the methods of mathematical
programming and the "Search for Solutions” add-on at the stage of choosing the optimal
parameters of the design scheme of a structure.

4 RESEARCH RESULTS

Based on the results obtained in [6], we will show how else it is possible to optimize the
main geometric parameters of the design scheme. In contrast to the previously considered
problem [7], the geometric dimensions are set by the controlled variables Iy, ..., ls:

I. Medved, Yu. Otrosh, N. Rashkevich
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L+
L+,

Li. Mk

Fig. 1. Calculation scheme and the line of influence of the bending moment

To illustrate the idea of the proposed approach, a simple statically determinate beam on
two supports was deliberately chosen (Fig. 1). This is done so that the idea of the proposed
approach is not lost due to the complexity and cumbersomeness of the calculations.

From the proposed loading options, we choose, for example, the one that corresponds to
the smallest bending moment in the “k” section [6]:

ql q2 q3 q4 q5 Pl P2 P3 P4

Fig. 2. Numerical values of the external load corresponding to M min

In the course of structural mechanics, a formula is known for determining the numerical
value of the generalized internal force factor F along the corresponding line of influence [8, 9,
10]:

F =Y qw;+X Py +XMtana; )
In our case, formula (1) will look like:

Mk = CI1(W1 +W2 +W3 +W4 +W5 +W6) +q2(W1 +W2) +

+qsws + P1y; + Py, + Py (2)

Let us determine the areas of the corresponding sections and the ordinates of the line of
influence:

1 L+ L1, 1L

M=y Gy Gy R N
1 byl Ly 1 by, 1,

R () R A ()

A 1 bpls (sl L
W= vy T 2 Gt Gy )l
l3'ls l1'l4 l3'l4

V1=

TGty T T+l PTG+

In further calculations, we will assume that the bending moment is positive if it stretches
the lower fibers.

Now let's introduce restrictions on the controlled variables 11, ,...,, ls. Constraints define

I. Medved, Yu. Otrosh, N. Rashkevich
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the conditions that these variables must satisfy. The type of restrictions is determined by the
conditions of a particular task and the goal to be achieved.
Let us introduce, for example, the following restrictions:

ll""'lﬁ 2 1
i+ tlg=7
l3=l4

In this case, the solution search parameters table will have the form shown in Fig. 3.

Solver Parameters .
Set Objective: | $C§20 E
To: ® Max O min (O value Of: o] |

By Changing Variable Cells:
$C$24:$HS24 [2]

Subject to the Constraints:
$Cz4:$HE2A == 1

[ ]

$C¥31 =7

$E$24 = $F$24
| Change |
| Delete |
| Reset All |
| Load/Save |

Make Unconstrained variables Mon-Megative

Seledt a Solving GRG Maonlinear | Options |

Method:

Solving Method

Select the GRG Monlinear engine for Solver Problems that are smooth nonlinear. Select the LP Simplex
engine for linear Solver Problems, and select the Evolutionary engine for Solver problems that are
non-smaooth,

T

Fig. 3. Solution search parameters

The calculation results are shown in Fig. 4:

24 | 1 1 1.500001 1.5 1 1
25 W,y -0.875 -1 0.5625 0.5625 -0.25 -0.5 -0.5 0.75 1
) a.P 30 20 0 0 30 100 50 150 0

-16.25| Target function
ol

Fig. 4. Numerical values of controlled variables and objective function

The value of the objective function corresponds to the value of the maximum bending
moment in the section "k" (Mk = -16.25 kNm). Since the value is negative, the top fibers of
the cross section will be stretched. If the results of the calculation are presented graphically,
then we obtain the calculation scheme shown in Fig. 5.

I. Medved, Yu. Otrosh, N. Rashkevich
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P2 P3 :1
q: as

v v} 4 l | 1

Fig. 5. Calculation scheme corresponding to My max

Similarly, the geometric parameters of the design scheme are determined, at which the
bending moment in the section "k" will be minimal (Fig. 6).

24 | 1.999399 1 1.000001 1 1 1

5 WY -3.5 -3 0.25 0.25 -0.25 -0.5 -1 0.5 1
26 q,P 30 20 0 0 30 100 50 150 )
27
29 -197.5 Target function

4

30
31 L+l
27

Fig. 6. Numerical values of controlled variables and objective function

If the results of the calculation are presented graphically, then we obtain the calculation
scheme shown in Fig. 7.

The obtained value differs from Mg minin [6] because the controlled parameters li provide
more details of the calculation scheme than the parameters a, b, c.

P, P,

4. v L!l h 4 li‘k
v 4o v Loy 1l

1 2 3 R 5 6
2Zm o 1m 1m 1m 1m 1m

Fig.7. Calculation scheme corresponding to My min

4

If restrictions are added to the solution search parameters table
(Us+1le) = (L + 1)
l1 = lz
l5 = l6

then we obtain the same result as in [7].

I. Medved, Yu. Otrosh, N. Rashkevich
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Solver Parameters X
Set Objective: | $c$2g| El
To: O Max @® nmin O value Of: o |

By Changing Variable Cells:
[scs24:5H524 (2]

Subject to the Constraints:

$C$24 = §D$24 | add |

$CE248HE24 == 1 —

§c$3z=7 | |

$C$36 >= $C§38 Change

$E$24 = $F$24

$G$24 = $HE24 | Delete |

| Reset All |

- | Load/Save |

Make Unconstrained Variables Mon-Negative

Select a Solving GRG Monlinear | Options |

Method:

Solving Method

Select the GRS Monlinear engine for Solver Problems that are smooth nonlinear, Select the LP Simplex
engine for linear Solver Problems, and select the Evolutionary engine for Solver problems that are
non-smooth,

Help | Solve | | Close

Fig. 8. Solution search parameters

24 | 1.25 125 1 1 L25 L2
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Fig. 9. Numerical values of controlled variables and objective function

5 CONCLUSIONS

Thus, this article shows:

- the possibility and expediency of using the "search for solutions” at the stage of
choosing the optimal parameters of the design scheme of the structure;

- sensitivity of calculation results to restrictions on controlled variables.

After the design scheme is defined, for its complete calculation, more powerful
conventional means of calculating building structures can be involved.
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MODELING THE ACOUSTIC FIELD BASED ON SOUND
DISPERERSION DURING REFLECTIONS OF WAVE TRACING
IN OPEN AREAS

A. Bespaloval, A. Knysh?, O. Dashkovska?, O. Faizulyna!, T. Chumachenko?
'0dessa State Academy of Civil Engineering and Architecture
Odessa University "Odessa Polytechnic”

Abstract. A method of numerical modeling of acoustic fields in open areas with the possibility of
parallelization of calculations is proposed. This method is part of a developed software solution that
allows you to perform physical field modeling in various subject areas, being scalable in the sense of
using an arbitrary set of parallel calculators. The use of existing modeling systems is associated with
great difficulties in solving complex problems with a high degree of detail of the simulated object.
Greater accuracy implies a high degree of discretization, a greater number of elementary model
calculations performed. Parallel and distributed computing systems have a much better ratio of
accuracy-approximation and time and cost costs compared to single-processor systems. Modern
general purpose modeling systems use a simplified ray model of sound propagation, which neglects
diffractional and interference effects, which are often critical in industrial acoustics. The article
proposed a method based on the approximation of the principle of superposition of sound fields. It is
accurate, while the linearity of the equations of acoustics is relevant. The basis is the Rayleigh integral
and the approximation of reflective surfaces by flat point radiators. A parallel form of such a method is
presented, as well as an analysis of its properties, both in sequential and parallel forms.

Key words: parallel calculations, computer modeling, industrial acoustics, Rayleigh integral,
software complex, high performance computing

MOJEJIOBAHHSI AKYCTUYHOTI'O IMOJISI HA OCHOBI
JUCIEPCII 3BYKY NPU BIIBUTTI TPACYIOUMX XBIWJIb HA
BIIKPUTUX MAHTAHYNKAX

Becnagnosa A. B.!, Knum O. 1., Jlamkoscbka O. I1.L, ®aiizyiauna O. A%,

Yymauenko T.B. 2
Y00ecvka depacasna axademis 6ydienuymea ma apximexmypu
200ecvkutl nayionansuuil ynisepcumem « Odecoka nonimexmikay

AHoTanisi. 3arpONOHOBAHO METOJ] YUCEILHOTO0 MOJICIIOBAHHS aKyCTHUHHUX IOJIB Ha BIAKPUTUX
MalaHYUKaX 3 MOMIIMBICTIO poO3MapajeNioBaHHsA oOuncieHb. J[laHwidi MeTrog € YacTUHOR
PO3pO0JICHOr0 MPOTPAMHOIO PIllIEHHs, SKE J03BOJISIE BUKOHYBAaTH MOJEIIOBaHHS (DI3UYHUX IOJIIB B
PI3HUX TPEMETHHX 00JIACTAX, OyIyur MacmTaOOBaHUM B CEHCI BUKOPUCTaHHS JIOBUTLHOTO HabOpy
napajieibHUX 00YHCIIoBadiB. BUKOPUCTaHHS ICHYIOUMX CUCTEM MOJEIIOBAHHA MOB'SI3aHO 3 BEIUKUMHU
TPYHOIIAMH TIPH BHUPIIIEHHI CKJIaJHUX 3aBJaHb 3 BHCOKUM CTYIEHEM JeTaii3allii MoeIbOBAaHOTO
o0'ekta. Benwka TOYHICTP Ma€ Ha yBa3i BHCOKY CTYIiHb JHCKpeTH3allii, OiIbIIy KUTBKICTh
BUKOHYBAHHX EJIEMEHTapHUX MOJICNBHUX oO4rcieHb. [lapanenbHi Ta po3MOAiieH] 00YHCIIOBAIbHI
CUCTEMH MarTh Habarato Kpaiie CIiBBiIHOIIEHHS TOYHOCTI HAOJIMKEHHS Ta YaCOBUX Ta (JiHAHCOBUX
BHUTpAT MOPIBHAHO 3 OJAHOMPOIIECOPHUMHU cucTeMamH. CydacHI CHCTEMH MOJICIIOBAHHS 3arajibHOTO
MPU3HAYCHHS BUKOPHCTOBYIOTH CIIPOIIEHY IMPOMEHEBY MOJENb IOMIMPEHHS 3BYKY, SKa HEXTYE
epexTamMu audpakuii Ta iHTepQepeHuii, AKi 4acTO MAaIOTh BUpILIaJbHE 3HAYCHHS B NPOMMUCIIOBIH
AKYCTHII.

Y crarTi 3anmpomnoHOBAaHO METOJl, 3aCHOBAaHWI Ha aNpoKCUMAllii NPUHIUIY CYNEepHO3uIil
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3BYKOBHUX TOJIiB. BiH TOYHMI, IpH IIbOMY aKTyalibHA JIIHIWHICTD PiBHSIHL aKyCTUKH. B OCHOBI JIEKHUTH
Interpan  Penmes 1 ampokcumarlisi TIOBEPXOHb, MO0 BiAOWBAIOTH IUIOCKUMHU  TOYKOBUMHU
BuripoMiHioBadamu. llpencraBiena mapanenpHa ¢GopMa TaKOro METOAY, a TaKOX aHali3 HOTo
BJIACTUBOCTEH, SIK B MTOCITIIOBHIHM, TaK 1 B mapajeabHil ¢popMax.

KarouoBi ciioBa: napanensHi 0OUUCICHHS, KOMIT'IOTEpHE MOJACTIOBAHHS, IPOMHUCIIOBA aKyCTHKA,
Inrerpan Penesi, mporpaMHuii KOMILJIEKC, BUCOKOIPOYKTUBHI OOUYMCIICHHSI.
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1 INTRODUCTION

When using computer modeling methods, the adequacy of the model is determined by
the number of elementary model calculations performed that make up the experiment, by the
number of approximating discrete components. At the same time, the time and cost costs
associated with conducting a model experiment increase. The time and spatial cost functions
depend on the model specification. Model calculations with high requirements for the
accuracy of the results require high computing power, which is provided by computers .
Another problem is the narrowness of the problems solved by the modeling system and the
high cost of conducting complex studies in subject areas. Existing simulation systems do not
adapt well to different classes of simulation tasks. An example is the ScilabFE package
Scilab, which has a computing core to which plug-ins are connected that are intended to solve
certain model tasks. Another approach is to integrate heterogeneous simulation systems that
implement adjustable external system interfaces. The cost of such a composition will be high.
When implementing complex computer simulation systems, the problem of high complexity
can be circumvented. restrictions are introduced for the tasks to be solved: the use of
simplified external conditions, strict restrictions on the set of permissible input parameter
values; a task with low complexity of the physical process model. Today, there are no
powerful simulation systems that offer scalability to heterogeneous parallel computers. There
are conceptual approaches: parallel modeling of discrete events. There are also professional
solutions that implement these approaches. High-performance software and hardware
solutions are not portable and are implemented with close ties to model-specific tasks,
mechanized systems and compilers. Therefore, most often they are created for a specific use
in a particular production activity .The aim of this study is to propose a model for the
distribution of sound in open space, which makes it possible to take into account the
scattering of sound during reflections with the required accuracy. A conceptualization of the
algorithm based on this model with scalable calculations has been proposed.

2 LITERATURE REVIEW

Despite the large number of proposals, mathematical models reflecting the structural and
functional organization of the systems under study are widely used, built on the basis of
queuing theory models, the analysis of which can be carried out by analytical, numerical and
statistical methods. Probabilistic methods of queuing theory are used as analytical methods,
methods of the theory of Markov random processes are used as numerical methods, and
simulation methods are used as statistical methods.

In [1], the author proposed a systematization of methods for analyzing experimental data
based on the theory of queuing, the theory of Markov random processes, and simulation
modeling methods. Methods of optimization of highly parallel computations without
specifying a block diagram are considered in the first approximation.

General concepts and concepts from the field of distributed computing are considered in
[2]. Methods and algorithms for solving the most important tasks are given for the
asynchronous distributed systems model. Attention is paid to the logic clock mechanism,
which makes it possible to significantly simplify the development of algorithms for
distributed systems. The main distributed algorithms of mutual exclusion are considered to
ensure the security properties and survivability of distributed algorithms. Account
performance issues are not affected.

In [3], an algorithm for numerical simulation of acoustic fields in a room with the
possibility of parallelization of calculations is proposed. This algorithm is part of a software
solution being developed that allows modeling of physical fields in various subject areas,
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being scalable in the direction of an arbitrary set of parallel calculators. The use of a modeling
system is associated with great difficulties in solving complex problems with a high degree of
detail of the simulated object. High accuracy implies a high degree of sampling and the
calculation of open acoustic fields is not provided.

In [4] Requirements-based testing is emphasized in acoustic certification documents
because this strategy has been found to be the most effective at revealing errors. This paper
describes the unified requirements-based approach to the creation of conformance test
acoustic for mission-critical systems. The approach uses formal machine-readable
specifications of requirements and finite state machine model for test sequences generation
on-the-fly. Possible application of the presented approach to various areas of acoustic
embedded systems testing is discussed. Only for close barrier interior clearly.

This [6] article is about of intended to serve as an introduction on modeling room
geometries in software, to the facilities in the software and to the calculation principles
applied in software. It will not cover in depth all facilities included in the software;
explanations of displays, calculation parameters, results, etc. are available as context sensitive
help from within the software applications . Only for acoustic fields with close modeling
source.

This [10] article is about of intended to serve as an introduction on modeling room
geometries in software, to the facilities in the software and to the calculation principles
applied in software. It will not cover in depth all facilities included in the software;
explanations of displays, calculation parameters, results, etc. are available as context sensitive
help from within the software applications . Only for vibrations process with close modeling
source.

It can be concluded that today there are no high-performance general-purpose modeling
systems that provide scalability to heterogeneous parallel computers.

3 PURPOSE AND OBJECTIVES OF THE RESEARCH

In this paper, a mathematical simulation of sound propagation in an open space has been
carried out, which would allow taking into account sound scattering during reflections with
the necessary accuracy. Thus, it is possible to create a database of preferred operating modes
and experimentally refine the mathematical model point-by-point.

To achieve the goal of the work, it is necessary to solve the following tasks:

1. To propose a conceptualization of the algorithm taking into account the requirements
of scalability of calculations.

2. Consider the applicability of an arbitrary number of parallel calculators with a
proportional reduction in the time spent on execution.

3. Determine the shape of the acoustic field simulation, determine the number of acoustic
rays acting in the active and reactive phases, and the magnitude of the total reflected sound
beam.

5. Develop a block diagram of the algorithm for calculating the geometric similarity of
the sound field using an acoustic camera.

6. To test the block diagram of the algorithm for calculating the geometric similarity of
the sound field in a pilot environment using a quadcopter.

4 RESEARCH RESULTS

Most modern software systems that simulate acoustic fields use a simplified radial
model of sound propagation. In this model, one fall the common beam produces one
reflected light. This model performs well over long distances in the far zone of the source or
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at high frequencies, when geometrical is permissible when proximity. However, in limited
open spaces at low and medium frequencies, the wave effects are too large to ignore.
The basis of the presented model is the method of Rayleigh calculation of flat emitters.
Rayleigh integral has the following form [10]:

1 a e*ikrz
T n r, (1)

op,

where: 9N the normal component of the oscillatory velocity; r, - the distance to the
observation point M; o — surface of the ground on which the integration is carried out;
do - elementary platform.

Integral the expression in (1) is a classical point formula source. Thus, the Rayleigh
method is a discretization of the radiator into infinitely small elements — point sources and
the subsequent addition of their fields at the calculated point of space.

Let us now consider not the radiation of sound by a single emitter, where (0p1) / On is
constant over the entire surface of the mechanized means, but the re-reflection (Fig. 1). The
front of the emitted wave leads non-simultaneously to the same-height areas of the over-
isobar surfaces. There is a phase shift of the normal component of the velocity of different
elements do.

m Ml Ml @ 4

& NN B

Fig. 1. Model of reflection of sound from the dirt canvas

As a primary source, take a point source with a unit amplitude.
The field of its radiation is described by the formula:

e—i(w‘t—krz)
o1 =——— 2)

where, r1 — the distance to the reflecting surface.
Differentiating (2) by n:

—i(wt—krq)
1 = (gradgs,n) = ik ———cos(ry,n), ®)
1
To calculate the distances, we use the cosine theorem (Fig. 2):
r2=R?>+p2—2-R-p-cos(y), (4)

where, cosy = sin8 - cos @, p = Vx2 + y?
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Fig 2. To the calculation of geometric similarity

From (4) we obtain:

1=\/R2+p2—2-R-p-sin9'COS(§0—1/tan(§))’ ©)

cos(r;,n) = cos(m — 6,), (6)
Substituting (3), (5) and (6) into (1) we obtain:

” wr k\/R2+p2 2'R{-p-sin 64" cos(<p1 1/tan(y)))
—l
o0 =% || f J

—ik(w‘r—k\/R%+p2—2-R2-p-sin 05-cos (2 —1/tan(¥)
e

R? + p2—2-R,-p-sinb; -cos ((pl——(—))

tan “x

dxdy, (7)
\/R§+p2—2-R2-p-sin 6,-cos (pp,—1/tan (%))

Thus, an analytical dependence of the velocity potentials on the reflection angles is
obtained. 01, 1 and distances to quadcopter reference platform positioning Ry, viewing angles
02, @2 and distances to quadcopter on positioning work platforms R», the shape and size of the

radiation source of the audio signal. The reflection coefficient v is generally a complex value:
_ 2274 Z1

T 242 (8)
2 1
where Z1 , Z» - acoustic impedances of gaseous and solid media.
Z=R+i-X, (9)

where, R and X — respectively active and reactive acoustic impedances. However, if we
consider a small element o, then the spherical wave it radiates up to the source A (Fig. 1) can
be approximated approximately by a plane wave. Thus, the radiation resistance will be purely
active [9].

This approximation is the more accurate, the smaller the element ¢ and the farther it is
from the source. Then:
— 02'02—01'011 (10)
p2:C2tpiCy
where, p - the density of the medium; c - the speed of sound in the medium.

To test the adequacy of formula (7), a sound field was simulated in the COMSOL
Acoustic environment. The model of a virtual experiment is shown in Fig. 3. The model
includes the source, the reflecting plate Ref and the output plane of the result Reg. The
reflector size is 2x2 m, the registration plane is 40x40 m. The distance between Reg and Ref
is 14 m. The coordinates of the isotropic source are: x =2 m,y =2 m, 2 =2 m. The
simulation was performed at a frequency of 1000 Hz.
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Fig. 3. COMSOL Acoustic virtual experiment model

The simulation results are shown in Fig. 4, from which it follows that the intensity
maximum is in the coordinates x = -4, y = -4, which fully satisfies the geometrical acoustics.
However, it is obvious that the maximum is distributed over a fairly large area, which
indicates the wave nature of reflection. Thus, at 1000 Hz, significant diffraction effects are
visible, due to the presence of a Reg reflector in the near zone.

Fig. 4. The intensity distribution of sound pressure on the isobar Reg

5 DISCUSSION OF RESEARCH RESULTS

It should be noted that the algorithm does not directly use formula (7), but only its
integrand. The construction site is set by the user in the form of a set of polygons, which
approximate all surfaces that are essential for the model. Polygons, in turn, are discretized to a
set of points and the surrounding areas 6. Each such element becomes an elementary point
radiator radiating into a half-space.

A large degree of discretization will give the best results, on the other hand, the number
of discrete emitters directly affects the performance of the algorithm. In COMSOL, many
simulations were performed at different frequencies with different sizes of elementary
emitters. Comparison of the results is shown in Fig. 5. The error was considered to be a
relatively high degree of discretization with an element size of about 10 . The graph in Fig. 5
illustrates that the optimal size of an elementary radiator must not exceed the wavelength of
the calculated octave. When this value is exceeded, the accuracy drops sharply.
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Fig. 5. Choosing the optimal reverberation size of the elementary polygon

6 CONCLUSIONS

Today, parallel and distributed computing is becoming increasingly popular and
widespread, as the dimensions of a logical element approach the lower theoretically possible
boundaries due to quantum effects and energy costs. Therefore, already at the stage of
developing algorithms for solving any problem, subject matter experts and programmers need
to ensure the parallelism of algorithms taking into account the requirements and constraints
arising from the architecture of the software and hardware platform used.

This paper presents a model of the propagation of the acoustic field in open and
combined spaces, which can reflect the diffraction properties during the propagation and
reflection of sound. Based on the model, an algorithm can be compiled for further
implementation in a formal language.
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V]IK 624. 042

MOJIEJIOBAHHS CTIMKOCTI TA HAIIMHOCTI CUCTEMH
I'PYHT-®YHJIAMEHT-BYIBJISI ITPU 111 CHJIOBUX TA
BUCOKOTEMIIEPATYPHHUX BILJINBIB

Iypaenxo P. P.1, Orpom IO. A.}, Pamkesuu H. B.}, Cyp’sininos B. M.?
'Hayionanvnuil ynieepcumem yusinorozo 3axucmy Yxpainu
200ecvia depaicasna axademis 6YOiGHUYMBA MA ApXimeKmypu

AHoTauis. 3 orysIAy Ha BEMUKHUI MOTEHITiall BAKOPUCTAHHS IMiJ3EMHOTO TIPOCTOPY Tija 3a0yA0BY
MOCTae THUTAaHHS 3a0e3MedeHHs] CTIMKOCTI Ta HAIiHOCTI cucTeMu TPyHT-(OyHIAMEHT-OYIiBIS IS
BYACHOTO BHWSBJICHHS O3HAK pYyHHYBaHb, OCiJaHb IPYHTIB a00 BTOMH MaTepially KOHCTPYKIIH.
Bukonanuii aHami3 JiTepaTypHHX DKEpel Ta IIOCTaBJICHI 3aBIaHHS OCIIKEHb. AKTyalbHOO
HAYKOBO-TEXHIYHOIO 337a4el0 € PO3poOKa YMCEIbHOI MOJIENi Ta METOAMKH KOMILIEKCHOTO PO3PaxyHKy
JaBUHOMOMAIOHOTO OOBajeHHs Oy[iBeNb Ta CIOpyd NpH MOXeXi Ta BHOyxaxX 3 BpaxyBaHHSIM
0CO0JIMBOCTEH poOOTH IPYHTIB Ta iX BIACTHUBOCTEH. Y XOJi JOCIIPKEHb 32 JOMOMOI'OI0 MPOrPaMHOTO
3abe3neuensst «JIIPA-CAIIP» po3pobiieHa uncenbHa MOETH Ta POBEACHO YHCEIbHE MOICTIOBAHHS
YOTHPBHOX TOBEPXOBOi CTOSHKH AJIsl aBTOMOOUTIB (TMapKiHr) 3 BpaxyBaHHSM 0cOOIHMBOCTEH poOOTH
IPYHTIB Ta IX BIACTHBOCTEH, fKa B MOJAIBIIOMY OyJe BHKOPHUCTaHa MJsi MOJENIOBaHHS
JABUHOIIONI0HOTO 00BaJICHHS MIPH MOXKEXi (BUOYXY).

Jia 11p0T0 TepImM eTaroM OyJi MpoBeeHi poOoTH 3 MOOYAOBH MOAEI YOTHPHOX MOBEPXOBOI
CTOSTHKM JUIsi aBTOMOOINIB (TIApKiHT): CTBOPEHHS I[MOYATKOBOTO TPOEKTY (BH3HAYCHHS PO3MIPIB Ta
XapaKTepUCTUK OyAiBmi, BHOIp MOTPIOHMX MapaMeTpiB i MOIENIOBaHHS — BHCOTA, IMPHHA,
JIOBKMHA, PO3TAIlyBaHHS BXOIB Ta BUXOJIB, PO3MIIIEHHS aBTOMOOLNB); cTBopeHHs 3D Momeni B
nporpami CATIDIP 3] (BukopucTaHHS IHCTPYMEHTIB AJisi MOOYIOBH OYMiBIi: CTiHH, CTENS, IiJJIOTH,
CXOJY, JTI(TH TOIO, JOJaBaHHS €JIEMEHTIB MapKiHTY); BCTAHOBIICHHS MapameTpiB Mojielli (BKa3aHHS
MaTepiaiiB s OyIiBeTbHUX €JIEMEHTIB, BCTAHOBIICHHS IMapaMeTpiB Ui OOYHCIICHHS HAaBAaHTA)XKEHB);
aHaii3 MoJeil Ta BHpINIEHHS MpoOieM (TepeBipka MoOJeNi Ha HasSBHICTh IMOMHIIOK, KOPEKIIis
napamMeTpiB ISl JIOCATHEHHS ONTHMAaJbHHUX pe3yJbTaTiB); BUKOHAHHA OOYHCICHb Ta aHaji3
pe3ynbTaTiB; 0hOPMIICHHS 3BITY Ta BUCHOBKIB.

Hpyrum eranom nposeaeHa nepesipka mozeni B [IK «JIIPA-CAIIP», noOynoBanuil rpyHTOBUI
MacHuB B MOIyJi IpyHT. PoboTu BkitouatoTs B cebe: imnopt mozenm y «JIIPA-CAIIPy; anamiz moaeni
Ha BIAMOBIAHICTH (TepeBipka reomerpii Ta po3wmipiB Oyaisni y JIIPA-CAIIP, mepeBipka HasBHOCTI
HEOOXiTHUX eNIEeMEHTIB KOHCTPYKIi Ta X MmapaMmeTpiB); CTBOPEHHS IPYHTOBOTO MAacCHBY (3aIycCK
monynst 1pyHT y cknani JIIPA-CAIIP, BubGip mapamerpiB aiisi moOyJOBA IPYHTOBOTO MacUBY — THII
IPYHTY, TIMOMHA, TTapaMEeTPH HAaBaHTA)XEHHS TOII0); MOOy/10Ba I'PYHTOBOTO MacHBY (BUKOpPHCTAHHS
IHCTPYMEHTIB MOJIyJIsI IPYHT JUIsi TTOOYIOBH MAacuBy IPYHTY IIiJ OyIiBlero, BKa3aHHsS NapaMeTpiB
TIMOWHMY, PiBHIB, BIACTHBOCTEH IPYHTIB TOINO); aHAII3 BIUIMBY IPYHTOBOTO MAacHUBY Ha KOHCTPYKIIIFO
(IpoBeJicHHsT pO3paxyHKIB JUIs BH3HAYEHHS BIUTUBY TPYHTOBOTO THCKY Ha KOHCTPYKIIIO OYIiBIIi,
aHaJli3 pe3yJbTaTiB IHKEHEPHO-TCOJIOTIYHUX XapaKTEPUCTHK IPYHTOBOIO MAacHBY Ha HEOOXiJTHICTh
KOpeKUii KOHCTPYKWii OyZiBii); KOpeKuis MojJesi Ta NOBTOPHMUN aHaji3 (BHECEHHS 3MiH y MOJAEIb
OyniBimi abo mapameTpu I'PYHTOBOTO MAacWBY, NMOBTOPHHMH aHaji3 BIUIMBY I'PYHTOBOTO MacWBY Ha
KOHCTPYKIIIIO /111 BU3HAYCHHS BIJOBIIHUX 3MiH Ta KOPEKIIH).

KuarouoBi ciioBa: cucrema rpyHT-GyHIaMEHT-OYIIBIISI, MOJIEIIOBAHHS, CTIMKOCTI Ta HaIiHHOCTI
oynaisni, [IK JIIPA-CAIIP, CAII®IP 3/1.
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SIMULATION OF STABILITY AND RELIABILITY OF THE SOIL-
FOUNDATION-BUILDING SYSTEM UNDER FORCE AND HIGH-
TEMPERATURE INFLUENCES

MexaHika Ta MaremMaTuyHi Meromgu [
Mechanics and mathematical methods

R. Purdenko?, Yu. Otrosh?, N. Rashkevich?!, S. Suryaninov?
National University of Civil Defence of Ukraine
Odessa State Academy of Civil Engineering and Architecture

Abstract. Given the great potential of using the underground space under construction, the
question arises of ensuring the stability and reliability of the soil-foundation-building system for the
timely detection of signs of destruction, soil subsidence or material fatigue of structures. The analysis
of literary sources and the set research tasks were carried out. An urgent scientific and technical task is
the development of a numerical model and methodology for the complex calculation of avalanche-like
collapse of buildings and structures in the event of fire and explosions, taking into account the
peculiarities of the operation of soils and their properties. In the course of research, a numerical model
was developed with the help of LIRA-SAPR software and a numerical simulation of a four-story car
park (parking lot) was carried out, taking into account the peculiarities of the operation of soils and
their properties, which will later be used to simulate an avalanche-like collapse in the event of a fire
(explosion). .

For this, the first stage was the construction of a model of a four-story car park (parking lot):
creating an initial project (determining the dimensions and characteristics of the building, choosing the
necessary parameters for modeling - height, width, length, location of entrances and exits, placement
of cars); creating a 3D model in the SAPPHIRE 3D program (using tools to build a building: walls,
ceiling, floors, stairs, elevators, etc., adding parking elements); setting model parameters (specifying
materials for building elements, setting parameters for calculating loads); model analysis and problem
solving (checking the model for errors, correcting parameters to achieve optimal results); performing
calculations and analyzing the results; preparation of the report and conclusions.

In the second stage, the model was checked in the PC "LIRA-SAPR", the soil array was built in
the soil module. Works include: import of the model to "LIRA-SAPR"; analysis of the model for
compliance (checking the geometry and dimensions of the building in LIRA-CAD, checking the
presence of the necessary structural elements and their parameters); creation of a soil massif (starting
the soil module as part of LIRA-SAPR, selecting parameters for building a soil massif - soil type,
depth, load parameters, etc.); construction of the soil massif (using the tools of the soil module to
construct the soil massif under the building, specifying parameters of depth, levels, soil properties,
etc.); analysis of the impact of the soil mass on the structure (calculations to determine the impact of
soil pressure on the building structure, analysis of the results of the engineering and geological
characteristics of the soil mass on the need for correction of the building structure); model correction
and re-analysis (making changes to the building model or soil mass parameters, re-analysis of the
influence of the soil mass on the structure to determine the appropriate changes and corrections).

Keywords: soil-foundation-building system, modeling, stability and reliability of the building,
PC LIRA-CAD, SAPPHIRE 3D.

[Mypaenko P. P., Orpom 1O. A., Pamkesuu H. B., Cyp'sainos M. I'.
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1 BCTYI

PicT Michkoro HaceneHHsI, TIOCTIHHMI THCK Ha JOCTYITHY OCHOBY, a TaKO)X NOTpPeOH B
3abe3neueHi Oe3neK B yMOBaxX MOBHOMACIITAOHOTO BTOPTHEHHS P CTBOPIOIOTH BUKIMK Y
MOIITyKaX HOBUX METOJIB 3a0ys0BU. BHKOpHCTaHHS MiJ36MHOTO MPOCTOPY € CTPATETiYHOIO
BIJIMOBIJ/II0 Ha 1€l BHKJIMK, OCKUIBKH J03BOJIsi€E €(EKTMBHO BUKOPHUCTOBYBATH IPOCTIP Y
MEXax MicTa, HE TOTIPIIyIOYH €KOJIOTIYHY CHTYallil0 Ta HE BIUIMBAIOYM HA BXKE ICHYIOUI
3eMeJbHI PeCcypCH.

BukopucTaHHs TiI36MHOTO0 TPOCTOPY J03BOJISIE 30€perTH MPHUPOIHI JTaHImAPTH Ta
3€JIeH1 30HH, ICTOPHYHI MaM'ITKU Ta apXiTEKTYpHI 00'€KTH.

Kpim Toro, migzemna 3a0ynoBa Moxke OyTH OLIBIN CTIHKOIO 10 MPUPOJHHUX KaTacTpod,
110 3a0e3neuye Oe3neKy JUisi MEIIKaHIliB Ta MaiiHa. MoKe CIIPUATH €KOHOMii €eHepropecypcis,
3aBASKH TPUPOJHIA 130JIA11i, IO 3MEHIIyE€ CHOKMBAaHHS €HEprii Ha ONaJeHHS Ta
OXOJIO/PKEHHSI.

Takox, cIliJi 3BEpHYTH yBary Ha aKTyaJbHICTh BUKOPHCTaHHSI I1I3EMHOTO TIPOCTOPY i
yac BiifHM. [lig3eMHI MPUMIIICHHS MOXKYTh CIIY>)KUTH SIK YKPUTTS JIJIsl IUBIIBHOTO HACETICHHS
MiJ yac atak Ta 6oMOapayBaHb. byTu BUKOpUCTaHi K MICISl eBaKyallii Ta HaJaHHS MEIUYHOT
JIOTIOMOTY TopaHeHnM. BukoHyBatn (pyHKIIT 3aXHCTy BaXKIMBUX 00'€KTIB 1 IHPPACTPYKTYpH,
TaKWX SK KOMaHJHI IyHKTH, €JICKTPOCTaHIIii, BOJIHI JDKepesia TOIIO BiJl HAmaliB arpecopa.
3a0e3neunTH CTpaTeriyHy MepeBary BificbKaM 3a paXyHOK pO3MIIleHHs BIHCBHK 1 00aqHaHHS
B 0Oe3MeyHuX yMOBaX, IO BaXKJIMBO IiJ 4ac MpOBeACHHs BiHchKOBUX omepariil. [ligzemui
CTIIOPYAH MOXKYTh BUKOPHCTOBYBATHUCS JIJIsl pO3MIIIEHHS CEKPETHHX 00'€KTIB, BIICHKOBHX 0a3,
nerno 30poi Ta 1HIIMX CTPATET1uYHO BXKIMBUX 00'€KTIB, 320€3MEUyI0UYH X TAEMHHUIIIO Ta 3aXUCT
BiJl PO3BIJIKH IIPOTHBHHKA.

3 oryisily Ha BENMKHIA OTEHITIal BAKOPUCTAHHS IMiI36MHOTO MTPOCTOPY 11T 3a0yA0BY MPH
BUpIMIEHHI CYYacCHUX MICBKUX BHKJIMKIB B YMOBaX CBOTOJCHHS, IIOCTa€ ITHTAHHSI
3a0e3neueHHs] CTIMKOCTI Ta HaJiMHOCTI CHCTEMM IPYHT-(QYHIAMEHT-OYyIiBis A BYACHOTO
BUSIBIIEHHS O3HaK pyHHYBaHb, OC1/IaHb I'PYHTIB 200 BTOMH MaTtepiajly KOHCTPYKIIii.

2 AHAJI3B JITEPATYPHUX JAHUX TA IOCTAHOBKA INTPOBJIEMU

Cucrema 1pyHT-QyHIaMeHT-OyaiBis B OYIIBHUUTBI BIAICPAa€ KIIOUOBY poOJIb Yy
3a0e3neyeHH1 CTIMKOCTI Ta HalIHHOCT1 Oy TiBIIi.

@yHIaMEHT BUCTYIMA€E SIK ONOpHA CTPYKTYpa, sika Iepenae Bary OyaiBil Ha IPYHT,
PO3MOINAOUN HABAHTAXKEHHS piBHOMipHO. Moro posmip, ¢opMa Ta MaTepian 06HMparOThCs
3aleXHO BiA psaAy (axkTopiB, IO 3ajeXaTbh BIJ XapaKTEPUCTUK IPYHTY Ta BEIUYUMHU
HaBaHTaXeHHs OyAiBii. B yMoBax CbOrofieHHs I'PYHTH 3a3HAIOTh XIMIYHOTO, (hi3MUHOrO Ta
MeXaH14YHOro BIUIMBY [1]. di3uyHI Ta MeXaHIYHI TapaMeTpH IPyHTIB HEOOX1AHO BpaXxOBYyBaTH
B KOMIT FOTEPHUX MOJIEIISIX.

Jocniaaukom [2] netanbHO pO3TISHYTI (PaKTOPH, sIKI BIUTUBAIOTH HAa BUOIp PyHIaMEHTY,
a caMme: pO3TallyBaHHs Ta THUN KOHCTPYKIi, BEJIMYMHA Ta PO3MOILI HAaBaHTaXEeHb, YMOBHU
IPYHTY, JOCTyN 10 OyHaiBEeIbHOI TEXHIKH, BUMOTH /10 JIOBIOBIYHOCTI, BIJIUB YCTAaHOBKHM Ha
npuiernt  (QyHAaMeHTH, KOHCTPYKLii, JtOJei, BIJHOCHI BHUTpaTH, MicleBl Oy/iBeNbHI
npakTuku. JlaHi (hakTropu MOXKyTh OyTH BpaxoBaHi B HAIIMX HAYKOBUX JOCTIIKEHHSX.

B po6orti [3] 3a momomoroto mporpamuoro 3abe3neuenus ABAQUS mocmikeHi muTaHHs
BIUTUBY PO3Mipy (yHIaMEHTy Ha CeHCMIYHICTh OyAiBIl 3 ypaxyBaHHSM B3a€MOJIl I'PYHT-
(byHIaMeHT-KOHCTpYKis. TpuBUMIpHA YKceabHAa MOJIENb BPaxOBYyBaJla HENIHIKHY MOBEAIHKY
TPYHTOBOTO CEpEOBHINA Ta CTPYKTYPHHUX elleMeHTIB. s uucenpHOi Momeni Oynu 3amaHi
HECKIHYEHH] I'paHUYHI YMOBHU JUIS MOJIENIOBAaHHS MEX BUIBHOTO TOJISI, @ TaKOX PO3TJISAHYTI
BIJITOBIJIHI KOHTAKTHI €JEMEHTH, 3JaTHI MOJEIIOBATH KOB3aHHS Ta ITOJLI MK eJIeMEHTaMH

[Mypaenxko P. P., Orpom FO. A., Pamukesuy H. B., Cyp'sninos B. M.
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(dbyHIamMeHTy Ta IpyHTY. 3p0o0JIEeHO BUCHOBOK, IO PO3Mip ApiOHO3aranbIeHoro GyHIaMeHTy
BIUTUBAE HA JWHAMIYHI XapaKTEPHCTUKH Ta CEUCMIUHY peakiiro OyiBIi uepe3 B3a€MOJII0
IpyHTY, (GyHIaMEHTy Ta KOHCTpYyKLii. B 3amponoHOBaHUX HOCHIIKEHHSX MPOMOHYETHCS
BuxkopuctoByBatu 11K «JIIPA CAIIP».

I'mubuna 3ansranHs (yHAAMEHTY BIUIMBA€ Ha CTIHKICTh, HAAIAHICTh 1 JOBTOBIYHICTH
OyaiBIIi B LIIJIOMY, a TAaKOXK 3a0e3Meuye 3aXUCT BiJ pi3HUX HeOe3neyHux (PakTopiB, TAKHUX SIK
MPOCITaHHSA, €po3isd IPYHTY Ta 3emiieTpycu. B poOoTi [4] po3pobieHa CTpyKTypHA MOJEIb,
sKa JI03BOJISIE KOMIUICKCHO OLIHUTH (DaKTOPH, IO BIUIMBAIOTh HA TIIMOMHY 3aKJaJCHHS.
OcoOnuBy yBary 0pH TMPOEKTYBaHHI CHUCTEMH TPYHT-(QYHIaMEHT-KOHCTPYKIliSi BapTo
NPUIUIATH BIACTUBOCTSAM IPYHTIB. [ TMOMHA 3asiraHHs] POAIOYOro Ta MIHEPAIBHOTO INApiB,
iX TEeKydiCcThb, CTIHKICTh JO OIAaJiB, CTIHKICTH JO MOPO3iB — yCI I MapamMeTpu MOXYThb
BIUIMBATH Ha BUOip THITy (PyHAaMEHTY Ta CIOCcO0y HOTO 3aXHCTY.

Metoau 3a0e3MeueHHs CTIMKOCTI MOXKYTh BKJIIOYaTH B ceO€ 3acTOCYBaHHS CTIMKIIIMX
OyniBenbHUX MatepianiB. B poGoti [5] po3risiHyTi murtanHs crabumizanii Ta Momudikanii
I'PYHTOBHUX YMOB 32 PaXyHOK BUKOPUCTAHHS IIEMEHTY.

3acToCyBaHHS T'€OTEKCTHIIIO PO3IIISIHYTO B poboTax [6, 7], rpyHTOBUX eKpaHiB B poOOTax
[8, 9].

Jlns moxpalieHHsT MIIIHOCTI Ta CTIHKOCTI (PYHIAMEHTy MOXE BHKOPHUCTOBYBATHCS
apmarypa, ska 3a0e3rneuye J0AAaTKOBY MiaATpuMKY KoHCcTpykuii [10, 11]. VYremnenus
(GbyHIaMeHTy 103BOJISIE 3aMO0ITTH 3aMEP3aHHIO IPYHTY Ta 3HMKYE PU3HMK MOIIKOIKEHHS i
BILIMBOM MOpo3iB [11, 12].

Otxe, cucreMa rpyHT-GyHIaMeHT-OyAiBiIs BKIOYaE B ce0e KOMIUIEKCHUN MiIXiA 10
BUOOpPY THITy, KOHCTPYKLIi Ta po3TanryBaHHs (yHIAMEHTY 3 ypaxXyBaHHSM XapaKTEPHCTUK
IPYHTY, Oy/AiBeIbHUX MaTepiaiiB Ta 0cOONMMBOCTEN OyiBMi it 3a0e3medeHHs 11 CTIHKOCTI Ta
HajgiiiHOCTI. Bei 1 acmekTd mMOTpiOHO BPaxOBYBAaTH Il Yac MOJEIIOBAHHS, BHOOpY
e(eKTUBHOTO METOTy 3a0€3MeUeHHS CTIMKOCTI CUCTEMH.

[TommpeHrnM METOJOM MOJIEITIOBAHHS B3a€MO/Ii1 €PEeKTiB IPYHT-(YHIAMEHT-KOHCTPYKILis
MIPOBOJIUTHCS 32 JIOMOMOTOI0 PsAAY HPYKHUX €JIEMEHTIB - MO OJHOMY Ha KOXKHUN CTYHIHb
cBOOOM CUCTEMH — KOE(ILIEHTH XKOPCTKOCTI Ta AeMI(yBaHHS SKUX BU3HAYAIOTHCS 4epe3
€KBIBAJICHTHI NPYKUHU Ta aAeMi¢yroui enemeHTH [13]. Onnak, 1ei migxig Moxxe OyTH IOCUTh
HETOYHUM, OCKUIBKH BIH HE BPaXOBY€ MOKJIMBHUI 3B'A30K MK PI3HUMH CTYHEHSIMH CBOOOIU
Ta HENPYXXHOK peakIli€lo, CHPUYMHEHOK IUIACTUYHUMM JAedopmariisiMu, sKi MOXYTb
pPO3BHUBATHUCS y TPYHTI GyHAAMEHTY HaBITh 32 BI/IHOCHO HU3bKUX PIBHIB HABAHTAKCHHSI.

MakpoeseMeHTHHI MiAXiq po3risiHyTHi y pobotax [14, 15]. Iliaxix monsrae B
o0'eqHaHHI peakuii cuUcTeMH (yHAAMEHT-IPYHT B OJUH OOYMCIIOBAIbHUI BY301 3
BUKOPUCTaHHAM JJs 1 ONKMCY OJHOIO HENpPYXXHOTO pIBHSAHHS, 3allMCaHOTO B paMKax
y3araJbHCHUX HaBaHTA)KEHb Ta TepeMimieHb. Lle 03Boisie MOCATTH PI3KOTO 3MEHIIEHHS
CTyHEHIB CBOOOIH, 30epiratouu Mnpu 1bOMy 3/1aTHICTh €()EeKTUBHO BiATBOPIOBATH HENIHINHMIA,
HE3BOPOTHUM 1 TICTEPE3UCHUN BIATYK (YHIAMEHTIB ApiOHOTO 3aKJIAJEHHS, CXWIbHUX J0
HEMPOMOPIIHHUX, TUKIIYHUX/TUHAMIYHAX YMOB HABaHTAKEHHSI.

VYHiBepCaTIbHUM € MiAX1]T 3aCHOBaHUH HAa BUKOPUCTAHHI METOJTYy KIHIICBUX €JIEMEHTIB IS
CTBOPEHHSI JIETAJILHOI MOJENl CHCTEMH IPYHT-QyHAaMeHT y «OMMKHBOMY TMOM» —
BIJIMOBIAHIN 0OMeKeH1H JUISHII IPYHTY, OOMEXEHIH ITYYHUMH MEKaMU — 3 BUKOPUCTAHHSAM
THIAHOT eTaCTUYHOCTI I MOJICTIOBAHHS PEaKIlii «IaeKoro Mojs». Y ONMKHIA 30HI IPYHT
MOKe OyTH OmHMCaHMH a0 HENHINHO-NPYXHUMH, a00 MOBHICTIO HENPYXHUMH MOJEISIMU,
3MaTHUMU  BPaxOBYBaTHM  OCHOBHI  OCOONMBOCTI  peakiuii TIPpyHTy B  yMOBax
[UKJTIYHOTO/TMHAMIYHOTO HaBaHTaXeHHA [16]. OCHOBHHMI HEMOJIIK TMOJSATAaE y BHUCOKUX
OOYHCITIOBAILHUX BUTpATaxX, IMOB'S3aHUX 3 JyK€ BEJIMKOK KUIBKICTIO CTYNEHIB CBOOOIM,
HeoOX1H1 AucKperu3auii o0'eMy IpyHTY B OJMKHBOMY I1OJIi, OCOOJMBO B HEMPYXHOMY
pexumi.

[Mypaenxko P. P., Orpom FO. A., Pamukesuy H. B., Cyp'sninos B. M.
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He3Baxaroun Ha Te, 110 BCl pO3paxyHKOBI MPOrpaMHiI KOMITJIEKCH 3aCHOBaHI Ha METO/II
KIHLIEBUX €JIEMEHTIB, y HOpPMATHMBHIA 0a3i NpPaKTUYHO HE ICHYE pPEKOMEHJAIiH 010
CKJIaJlaHHSI caMoOi 4YHCEeNbHOI MOJEN TIPYHTIB Ta OyziBeab, a TaKOX BIJICYTHI €IWHI
peKoMeHalii mo10 BUOOPY THUMIB KIiHIIEBHX €JIEMEHTIB, SIKi 3JaTHI 3a0€3MeYnTH HEOOXITHY
TOYHICTh PO3pPaxXyHKy YHCEIbHOI MOJENl 3 ypaxyBaHHSIM YyCiX OCHOBHUX YHMHHHUKIB, HIO
BIUIMBAIOTh HAa MIIHICTh Ta CTIKICTh OyniBmi [17], a BiAMOBIIHO 1 IPYHTIB.

[Tporpamue 3a6e3neuenns «JIIPA-CAIIP» € nepcrieKTUBHUM IHCTPYMEHTOM MPOBEICHHS
po3paxyHKiB Ta MonemoBaHHs [18]. [lns 3acTocyBaHHsS JaHOTO IHCTPYMEHTY aKTYaJbHOIO
HAyKOBO-TEXHIYHOIO 33/a4€l0 € PO3pOoOKa YMCENbHUX MOJIENeH Ta METOAUK KOMILIEKCHOTO
PO3paxyHKy JaBHHOMOAIOHOTO OOBaneHHs OyniBenb Ta CIOPYI MPHU MOXKEXi Ta BUOyXax 3
BpaxyBaHHSAM 0COOJIMBOCTEN poOOTH IPYHTIB Ta X BIACTHBOCTEH.

3  LIJIb TA 3AJAYI JOCJLTKEHHS

MeTtoo poboTu € po3poOKa dUHCEIbHOI MOJENl Ta TPOBEACHHS YHUCEILHOTO
MOJIETIIOBAHHS JIABUHOIOAI0HOTO OO0BalieHHs Oy/iBeb Ta CHOPY MPH MOXEXkKi Ta BUOyXax 3
BpaxyBaHHSIM 0COOJIMBOCTEH pOOOTH IPYHTIB Ta X BIACTHBOCTEH.

JInst mOCATHEHHS MOCTaBJIECHOT METH OTPEOyBaIM BUPIIICHHS HACTYITHI 3aBIaHHS:

— MPOBECTH aHANI3 HAYKOBHX Ipallb II0J0 3a0e3MeUeHH] CTIKOCTI Ta HaAiHHOCTI OyaiBIi
B CUCTeMI IpyHT-(DyHAaMEHT-OYIiBJIs;

— 3 METOI0 JIOCIiKEHHSI CTiMKOoCTi OyIiBil JO MPOrpecyrodoro OOBaJieHHS PO3pOOUTH
yrcenbHy mozenb 3a ponomororo IMK «CAII®IP 3/]» na mpukiaai 4OoTHUPHOX MOBEPXOBOI
CTOSTHKHM JJIsi aBTOMOOLTIB (MapKiHT) A7 MOAANBIIOTO aHali3y B MpOrpaMHOMY 3a0e3redeHi
«JIIPA-CAIIP».

4  PE3VYJIBTATHU JOCJIIKEHb

4.1 IloOynoBa umceabHoi mojaenai 3a gonomorow «CAIIPIP 3/1» na npuxkiaani
YOTHPHOX NOBEPXOBOI CTOSTHKH /ISl aBTOMOOiJIIB (MapKiHT).

Jiis moGy10BH Mojieli HOTpiOHO:

1. TligroToBKa aHAMITHYHHX MoJeNeH OymiBeIbHUX KOHCTPYKIIN IS TMOJAJIBIIOTO
pPO3paxyHKy Ha MIIHICTh Ta aHali3y KOHCTPYKLii B mporpamHomy 3abesnedeHi «JIIPA-
CAIIP».

2. JIOKyMEHTYBaHHS Ta OTPUMAaHHS KPECIEHb.

3. BUroroBieHHsI MPOEKTHOI JOKyMEHTalli BIAMOBIAHO O BUMOI CHCTEMHU HPOEKTHOI
JOKyMeHTalii s OyJIBHUITBA Ha CTalifAX BiJ MPOEKTHOI Mpomo3uuii a0 podouoi
JIOKyMEHTAITi.

3a gonomororo «CAII®IP 3/[» — monyns CAII®IP reneparop abo 3a J0NOMOIOO
3BUYHUX €JIEMEHTIB TaKUX SIK CTiHA, OaJika, TUTNTA, BIKOHHUHN 1 JIBEPHUM MPOPI3, A TO 110 —
CTBOPIOEMO MOJIENIb JJIsl MOJAIBIIOTO PO3PAaxyHKYy Ha MILHICTb, aHami3y OyAiBeIbHHX
KOHCTPYKIIH Ta po3paxyHKy Ha nporpecytode ooBasieHHs B [1IK «JIIPA-CAIIP» (puc. 1).

[Mypaenxko P. P., Orpom FO. A., Pamukesuy H. B., Cyp'sninos B. M.
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Puc. 1. 300paxkeHHs MOJEl I PO3PaxXyHKY Ha MIIHICTh, aHAITi3y OyIiBETbHUX KOHCTPYKIIHA Ta
PO3paxyHKy Ha MPOrpecyroye pyHHyBaHHS

Mertonuka cTBOpeHHs uncenbHOi Mojeni B « CATIDIP 3]1».

1. 3agaroThCs HKOPCTKOCTI MaTepiajaM y BUTIIAIL LeTyH, OeTOHy, MeTaiy Touo. CTiHU
MOXKYTh 33JaBaTHCS K Y BUTJISA/I HABAHTXKCHHS TaK 1 B TKOCTI HECYYOTO SJICMEHTA.

2. 3amaroThCsl HaBaHTAKEHHS IMOCTIHHI, TUMYacoOBi, BITPOBI, HABAaHTAXXEHHA Bl IPYHTY,
IUHAMIYHI Ta iH.

3. ABTOMAaTHYHO CTBOPIOETHCS PO3PAXYHKOBE CITOYUCHHS 3YCHIIb.

4. B miacucreMi aHamiTHKa BiIOyBa€TbCsi KOPUTYBAaHHS BXKE PO3pPaXyHKOBOI MOJEIi,
HaKJIaJaHHs 0OMEeXeHb (MapHipH, )KOPCTKI BCTABKH, BIICYTHICTh CITUPAHHS TOILO )

5. B miacucreMi po3paxyHKOBa MOJEINb BiIOyBa€ThCsl CTBOPEHHSI 1€aTi30BaHOI MOJeNi
3a PaxyHOK JIOTATYBaHHS €JIEMEHTIB JI0 CepeIMHHUX JIiHI{, MepeciKaHHs eEMEHTIB (KOJOoHa
Mpe/ICTaBIeHa B PO3pPaxXyHKOBIH MOJIeNl BXKe sIK CTEp)KEHb, a CTiHA YU TUIMTA SK O00OJOHKA),
TaKOX TYT BAOYBA€ETHCS HAJAIITYBAaHHS CITKU JJIs1 pO30MBKM CKIHUEHHUX €JI€MEHTIB.

Ha pucynky 2 300paxkeHo npukiaj miany migsaasHoro nosepxy B [IK «CAIIDIP 3]1».
CTiHM BUKOHAaH1 y BUIJIS/II HECYUOro €JIeMeHTY (000JI0HKa), KOJIOHU y BUIJISII CTEPXKHS, K1
CIUPAIOThCS HA KYIIOBHM NMabOBUN (PYHIAMEHT, CTIHM CIUPAIOTHCS HA POCTBEPK MAIbOBOTO
(byHIaMeHTY).

Ha pucynky 3. HaBeleHO MpUKIA] IJaHy THIIOBOTO MOBEpXY, kUil BukoHanuii B 1K
«CATI®IP 31».
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Puc. 2. 3aranpuuii BUTIsiA migBansHOTO oBepxy B «CATIDIP 3]1»

[Mypaenxko P. P., Orpom FO. A., Pamukesuy H. B., Cyp'sninos B. M.
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Puc. 3. [Tnan tunoBoro noBepxy BukoHaHui B « CATIDIP 3 J1»

Ha pucynky 4 HaBeneHUI 3aralbHUIA BUTIIS MOJIEII YOTHPHOX TTOBEPXOBOI CTOSIHKH IS
aBTOMOOUTIB (HApKIHI), Ha PUCYHKY 5 — B TIJCUCTEMI aHAJITHKa, Ha PHUCYHKY 6 — B

MIJICUCTEMI PO3PAXYHKOBA MOJICITb.

Puc. 4. 3aranpHuii BUTIIS MOZIEII YOTHPHOX MTOBEPXOBOT CTOSHKH JIJ1sl aBTOMOO1ITIB (apKiHT)

[Mypaenxko P. P., Orpom FO. A., Pamukesuy H. B., Cyp'sninos B. M.
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Puc. 5. 3aranpHuil BUTIISIT MOJIEINI YOTUPHOX MTOBEPXOBOI CTOSIHKH ISl aBTOMOO1IIB (MTapKiHT) B
IiICCTEM] aHATITHKA.
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Puc. 6. 3aranbHuil BUTIISIT MOIENI YOTUPHOX ITOBEPXOBOI CTOSTHKH JJIsI aBTOMOOIIB (TTapKiHT) B
miicMcTeMi PO3paxyHKOBa MOJIEIb

[Ticns mepeBipKu BCiX JaHUX, aBTOMAaTUYHO BiAOyBaeThes nepenada mozeni B [1IK JIIPA
«CAIIP» ( puc. 7).

Puc. 7. 3aransanit Burisin micns excriopty 3 [IK « CATI®IP 3/1» mozerni 40OTHPHOX MOBEPXOBOI CTOSHKH
JUIsL aBTOMOO1ITIB (apKiHr)

[Mypaenxko P. P., Orpom FO. A., Pamukesuy H. B., Cyp'sninos B. M.
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4.2 TlepeBipka mopeni B IIK «J/IIPA-CAIIP», mo0ynoBa rpyHTOBOIO MacuBy B
MO/YJIi IPYHT.

[Micna excniopty mozeni i3 mporpamu «CAII®IP 3/1» B [IK «JIIPA-CAIIP» HeoOXinHO
MEePEBIPUTH NMPABWIBHICTD 3aJJaHHS MapaMeTpiB, HEOOXITHUX JJIsI pO3PaXyHKY MOJIENi, Ta IPH
HEOOXiTHOCTI BiIKOPUTYBAaTH.

Sx npuknan, ans nigdopy apMmaTypH, pO3paxyHOK Oyne MpoBeleHUN MpH MpyxKHIN
poboti Mmartepiany (3amizoberon). [lnsg BHU3HAYEHHS MOMEpENHIX IPOTHHIB PO3PAXyHOK
MPOBOJMMO 13 3MEHIICHHSIM MOAYJs jAedopMailii Ha BIAMOBIIHUNA KOE(DIIEHT: IS
BepTUKanbHUX 0,6; 1715 ropusoHTanbHux 0,2.

Jns BU3HAuUEHHsS OUIBII peaJbHUX NepeMilleHb (IIPOTHHU) PO3paxyHOK HEOOXiITHO
POBOJIUTH y (Pi3MUHIN Ta reOMETPUYHIN HENHIHHIN TOCTaHOBIII.

Jlns BpaxyBaHHS CHILHOT poOOTH OYiBII1 1 IPYHTY Ta BU3HAYEHHS KOE(IIli€HTIB MOCTel
NOTPiOHO BUKOPHUCTOBYBATH MOJIYJIb IPYHT.

B nmanomy monmyni ctBoproeThes 3/] MacuB IpyHTY 3a JIOMOMOTOIO CBEPIJIOBHH 3T1THO
IH)KEHEPHO-TCOJIOTIYHIM BUIIYKYBaHHSM.

BuxonyeTbcs npueaHaHHS MO IPYHTY 10 PO3PAXyHKOBOI MOAENi i B MPOrpaMHOMY
koMmruiekci «JIIPA-CAIIP» BinOyBaeTbcs BKE pO3paXyHOK KOPCTKOCTI Malib YU KOe(illieHT
nocreni pyHnaMeHTHOI mTH (puc. 8).
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Puc. 8. Intepdeiic noOym0BH IPyHTOBOTO MaCUBY B MOJIYJII IPYHT

Peakuii Big npy>kHOI OCHOBH I'PYHTY 3aMiHEH1 Ha B'sI31 3 dKOPCTKUM 3aKPIIICHHSM.

Bun cxemu, sika npuiiHATa K NPUKIA] U1 pO3paxyHKy Ha IPOrpecyrode pyiHyBaHHS
(puc. 9), ckianaerbes 3 42691 By3niB, 48560 enemMeHTIB.

Tunu cKiH4eHUX eJIeMEeHTIB NIPUHHATUX B AaHIN pO3paxyHKOBii cxemi:

- ctepykHi (kosoHu) Tun 10 yHiBepcanbHu pocTopoBuii ctepkHeBuit KE;

- iacTMHU (CTiHM, TiuTH ) Tun 42 yHiBepcanbHuil TpukyTHuit KE Tta Tum 42
yHiBepcanbHuil yoTupukyTHUil KE.

[Mypaenxko P. P., Orpom FO. A., Pamukesuy H. B., Cyp'sninos B. M.
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Puc. 9. Cxema cripolieHa MO/IeNIb YOTHPHOX MOBEPXOBOI CTOSIHKY JUIsl aBTOMOOLIB (TMTAPKiHT)
5 BHUCHOBKHA

1. TIlpoBeneHo aHali3 HAYKOBUX Ipalb IIOJ0 3a0C3MEYCHHI CTIHKOCTI Ta HAaTIHHOCTI
OyaiBii B cucTeMi IPyHT-QyHAaMeHT-OyIiBis. 3 OMNIAQy Ha BEJIUKUI IOTEHIal
BUKOPUCTAHHSA IMiJ36MHOT0 MPOCTOPY IMiJ] 3a0y0BY TOCTA€ MUTAHHS 3a0€3MeYEeHHs CTIHKOCTI
Ta HAAIMHOCTI CcHCTEeMH IpPyHT-(QYyHIAMEHT-OyHMiBIS [UId BYACHOI'O BHSBIIEHHS O3HAK
pyHHYBaHb, OCiZJaHb TPYHTIB a00 BTOMH MaTepially KOHCTPYKIii. Bukonanmii aHami3
JITepaTypHUX JUKEpel Ta IIOCTaBJIEHI 3aBJaHHA JOCHIKEHb. AKTYaJbHOI HayKOBO-
TEXHIYHOIO 33/1a4€t0 € pO3poOKa YHUCENIbHOI MOJIENl Ta METOJUKH KOMIUIEKCHOTO PO3paxyHKy
JAaBHHONOAIOHOTO OOBasieHHs OyliBeb Ta CHOPYZ MPHU MOXKEXkKi Ta BHOyXaX 3 BpaxyBaHHIM
0c00IMBOCTEH POOOTH IPYHTIB Ta iX BIACTUBOCTEH.

BcraHoBeHO, 1110 pi3HOMAaHITHICTh TPYHTOBHX YMOB Ta OCOOJIMBOCTEH Oy/IiBEIh BUMArae
IHAMBIAYaIbHOTO MIAXOAY 10 po3poOku mognem. Came mialip mapaMeTpiB MoOJeni, fKi
BIJNIOBIJAIOTh KOHKpeTHUM yMmoBaM, B Mmoayni CAII®IP 3] e€ BaxiuBUM eranoM Yy
3a0e3neueHH1 a/IeKBaTHOCTI Pe3yibTaTiB Ta PO3POOKH €PEeKTUBHUX 3aX0/1B O€3MeKU CUCTEMHU
IpyHT-(hyHIaMEHT-OYAiBIIS TIPH JTii CHIIOBHMX Ta BUCOKOTEMITEPATypHUX BIUIHUBIB.

2. Y Xoail JOCHIUKeHb 3a JOMOMOroio mnporpamHoro 3abesmneueHHs «JIIPA-CAIIP»
po3po0IieHa yrceabHa MOJIENh Ta MPOBEACHO YHCEITbHE MOJICTIOBAHHS YOTHPHOX MOBEPXOBOL
CTOSHKU 11 aBTOMOOIIB (MapKiHT) 3 BpaXyBaHHAM OCOOJMBOCTEH poOOTH IPYHTIB Ta iX
BJIACTUBOCTEH, sIKa B MOAAIBIIOMY Oye BUKOPHCTaHA JUIS MOJICIIOBAHHS JTABHHOMOAIOHOTO
oOBaJIEHHS NPH MOXKEX1 (BUOYXY).

Jlis hOTO TEepIIMM eTaroM OyJM TMpoBeAeHI poOOTH 3 MOOYHAOBHM MOJETI YOTHPHOX
MIOBEPXOBOI CTOSHKM Ul aBTOMOOUTB (TMAPKIHT): CTBOPEHHS IOYAaTKOBOTO IPOEKTY
(BM3HAuUeHHsI PO3MIpPIB Ta XapaKTepUCTHK OyaiBii, BHUOIp MOTPIOHMX NapamMeTpiB s
MOJICJIIOBAHHS — BUCOTA, IIMPUHA, TOBXXHWHA, PO3TAIllyBaHHS BXOJIB Ta BUXO/IIB, PO3MILICHHS
aBTOMOOLTIB); cTBopeHHs 3D moneni B mporpami CAII®IP 3]1 (BuKOpHCTaHHS IHCTPYMEHTIB
JUIs TTOOyIOBU OY[iBTi: CTIHHU, CTEJNS, MAJOTH, CXOAH, JipTH TOIIO, [I0/JaBaHHS €NEMEHTIB
MapKiATY); BCTAHOBJIEHHS IapaMeTpiB Mojem (BKa3aHHS MarepiaiiB Jyuisi OyIiBeTbHUX
€JIEMEHTIB, BCTAHOBJIEHHS MapaMeTpiB JJIsi OOYMCIIEHHS HAaBAaHTAXKEHb); aHali3 MOJAETl Ta
BHpIIIEHHS TIpo0seM (TepeBipka MoJielll Ha HasBHICTh TTOMHJIOK, KOPEKIlisl TapamMeTpiB s
JIOCSITHEHHS ONTHMAJbHUX pE3yJbTaTiB); BUKOHAHHSA OOYMCIIEHb Ta aHalli3 pe3yJIbTarTiB;
o opMIIEHHS 3BITY Ta BUCHOBKIB.

Hpyrum eranom mnposenena mnepesipka mojneni B IIK «JIIPA-CAIIP», noOynoBanuii
TPYHTOBHI MacwB B MOAYJi IpyHT. PoGotu BkitouaroTh B cebe: immopT moxaeni y «JIIPA-
CAIIPy»; anani3 Mozieni Ha BiANOBIAHICTH (TIepeBipka reoMeTpii Ta po3mipiB Oynismui y JIIPA-
CAIIP, mepeBipka HasBHOCTI HEOOXITHUX €JIEMEHTIB KOHCTPYKIi Ta iX MapaMeTpiB);
CTBOPEHHSI TPYHTOBOIO MacuBy (3amyck wmoxayns IpyHT y ckmani JIIPA-CAIIP, BuGip
nmapamMeTpiB Il MOOYIOBM TIPYHTOBOTO MAaCHBY — THI TPYHTy, TJIMOWHA, IMapaMeTpu
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HaBaHTXKEHHSI TOIIO); MOOYA0Ba ITPYHTOBOTO MacHBY (BUKOPHUCTAHHS 1HCTPYMEHTIB MOJIYJIS
IPYHT Ui TOOYIOBH MacHBY IPYHTY IiJl OyAiBIICI0, BKa3aHHs IapaMeTpiB INIMOMHHU, PIBHIB,
BJIACTUBOCTEH TIPYHTIB TOWIO); aHali3 BIUIMBY IPYHTOBOTO MacCHUBY Ha KOHCTPYKIIIO
(mpoBeeHHA PO3PaxyHKIB JUIsi BU3HAUEHHS BIUIMBY IPYHTOBOTO THUCKY Ha KOHCTPYKLIIO
Oy[liBJIi, aHATI3 PE3yJIbTATIB 1H)KEHEPHO-TE€OJOTIYHUX XapaKTePUCTUK I'PYHTOBOT'O MacHBY Ha
HEOOXITHICTh KOpeKLii KOHCTPYKLii OyAiBii); KOpEKIis MOojedl Ta IMOBTOPHHUN aHaji3
(BHECEHHS 3MiH y MoOjeNb OyiBii abo MmapaMeTpu IPyYHTOBOTO MacHBY, ITOBTOPHHM aHAI3
BIUIMBY IPYHTOBOI'O MAacHBY Ha KOHCTPYKIIIO JUIS BHM3HAYCHHS BIANOBITHUX 3MiH Ta
KOPEKIIiii).

6 ETHWYHI JEKJIAPALIL

ABropu crarti «MoaeawoBaHHs cTilikocri Ta HaaiiiHocTi cHcTeMH TpYyHT-
dynagameHT-OyaiB/asi mpH Ail CHJIOBMX Ta BHCOKOTEMIIEPATYPHHUX BILIMBIB» HE MarOTh
BINOBITHUX (hiHAHCOBUX UM HE(PIHAHCOBHX IHTEPECIB, SIKi CIIiJ] pO3KPHBATH.
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YK 624.154.3

MATEMATUYHE MOJAEJTIOBAHHA THHAMIYHUX BI1JINBIB
HA BYJAIBEJIBHI KOHCTPYKIII

®omin B. M.}, ®omina L. I1.}

Y0oecvra oepacasna akademis 6yoisnuymea ma apximexmypu

AHoTanis. BupimenHs npoOieMu MaTeMaTHYHOTO MOJENIOBAHHS IWHAMIYHUAX BIUIMBIB Ha
OyZiBenbHI KOHCTPYKIIT pO3TIISHYTa y 3arajJbHOMY BHTJISIIL Ta Y 3B’SI3KY 13 BXKIIMBUMH HAYKOBUMH Ta
MIPaKTHYHUMH 3aBIAHHSIMH. barato pokiB wacTimie 3'SBIsS€ThCA iH(OpMaIliss Tpo KaTacTpodidHi
pyliHyBaHHs OyZiBeNnb 1 CHOPYA, SIKi € HACHIAKOM HE TUIbKM MOMWJIOK, IO BHHUKIM B MpOIEci
OyniBHUIITBA 00'€KTIB, ajie i Yepe3 NWHAMIYHI BIUIMBHU, IO BUHUKIW B TpoIeci ixX eKcIuryaTarfi.
Koxna OymiBis i criopyna € CKIQJHOI TEXHIYHOIO CHCTEMOIO i3 Hamepes 3afJaHiMH TEeXHIYHUMH
napameTpami, SKi MOBHHHI KOHTPOJIOBATUCS B MPOLECI BUTOTOBJICHHS KOHCTPYKIiH, OyAiBENbHO -
MOHTQKHUX POOIT, IPY NPUIMaHHI i B X0Jli eKCILTyaTaLlii.

Excrutyaramist OyniBenh i1 CHmopyl TOCTIHHO TOB'SI3Y€ThCS 3 BHUKOPUCTAaHHIM OY[IiBEIHHOL
TEXHIKH, OOJIAHAHHAM Ta YCTaTKyBaHHSM, SIKi MMPU3BOMATH /10 AWHAMIYHHMX BIUIMBIB Ha OymiBeNbHI
KoHCTpyKLii. Oco0NMBO 1€ BINTUBAE HA EKCILTYaTyBaHHS B CKJIAHUX 1HKEHEPHO-TEONIOTIYHUX YMOBaX
OyIiBib Ta CHOPYH, SKi 3a3HANHM TOMepenHiX aedopMariiii Bil HEPIBHOMIPHUX OCITaHb IPYHTOBOL
OCHOBH.

3HAaYHOI0 YaCTHWHOIO JMHAMIYHUX BIUIMBIB € 3eMJIETPYCH. 3a JOMOMOTOI0 CEHCMOMETPUYHOL
amapatypd BHMIPIOIOTH IIBUAKICTH Ta TNepioJ KONWBaHb IPyHTY Oinst ¢yHaameHTy OymiBmi i
MOPIBHIOIOTH iX 3 JIOMYCTHMOIO INBHIKICTIO KOJWBaHb IPYHTY Ui OyxmiBmi. daktuyHa ceiicMidHa
CTIMKICTh CHIOPY/, IO MiAJATal0Th 30€peKEHHI0, BUBHAYAETHCS CITiBBITHOMIECHHM II€Pi0/IiB KOJMBAHb
IPYHTY Ta CIIOpPY/IH.

Jnst cTpykTypHOI TUHAMIKH BUKOPHUCTOBYIOTHCS Pi3HI METOJIH, TaKi sIK MOJAILHUI aHai3, aHawi3
CHEeKTPY BIATYKYy, YacOBWI aHami3 Ta aHai3 METOJOM KiHIEeBHX eneMeHTiB. Lli meromm MicTATH
MaTeMaTHYHE MOJICNIIOBAHHS, YWCENbHE MOJICNIOBAHHS Ta OOYHMCIIOBAJIBHI ~ METOAM IS
MPOTHO3YBaHHsI MOBEIIHKH Ta PeaKilii KOHCTPYKIII B yMOBaX AMHAMIYHOTO HABAHTAYKEHHSI.

3Ha04M BJIACHI YAaCTOTH Ta (JOPMHU KOJUBaHb, MOXKHA OL[IHUTH JUHAMIUHY PEaKLil0 KOHCTPYKIIi
Ha TPUKIJIaJIeHi HaBaHTaxeHHs. Lle BKitoyae BU3HAUEHHS MEepPeMillleHb, TPUCKOPEHb 1 BHYTPIMIHIX CHIT
B PI3HUX MICISIX KOHCTPYKIIii. AHaIIi3 pearyBaHHs AOMOMAarae OIiHUTH XapaKTEPUCTHKH KOHCTPYKII,
BU3HAYMTH KPUTUYHI 00JIACTI Ta MIEPEKOHATHCS, 1110 MPOEKT Bi/MOBi1ae OaxaHuM kputepism [1].

KarwuoBi cioBa: nuHamidHa Mopenb, OylliBedbHA KOHCTPYKILiSl, KOPO3is, 3eMIIETpYyC, Teopis
KOJIUBAHb.

MATHEMATICAL MODELING OF DYNAMIC IMPACTS ON BUILING
STRUCTURES

V. Fomin?, I. Fomina?
10dessa State Academy of Civil Engineering and Architecture

Abstract. The solution of the problem of mathematical modeling of dynamic influences
on building structures is considered in general and in connection with important scientific and
practical tasks. In modern conditions, special attention should be paid to the problems of
taking into account dynamic influences, parameters of load-bearing structures of buildings
that affect their structural reliability and safety. For many vyears, information about
catastrophic destruction of buildings and structures has been appearing more often, which are
the result not only of errors that arose during the construction of facilities, but also due to
dynamic influences that arose during their operation.
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A buildable technical system will be used in advance with the technical parameters set,
which is responsible for the control of the process of the preparation of structures, the
installation of the equipment, during the operation and operation. The development will be
carried out and the sporud will be constantly used to promote the development of future
technologies, the development and the establishment of the future, as well as the development
of dynamic developments in the future. In particular, it is important to understand the
development of the engineering and geological minds of the spores, as they have known the
front deformation of the non-essential axis of the runt foundations.

Various methods are used for structural dynamics, such as modal analysis, response
spectrum analysis, time analysis, and finite element analysis. These methods include
mathematical modeling, numerical simulation, and computational methods to predict the
behavior and response of a structure under dynamic load conditions.

Knowing the frequency and form of the structure, it is possible to estimate the dynamic
reaction of the design to the application. For the purpose of including the transfer of the
world, the destruction of internal forces in the real parts of the construction. Analyses of the
response to the additional assessment of the characteristics of the construction, the
identification of critical areas and the re-conversion, which the project is able to meet the
criteria.

Keywords:dynamic model, building structure, corrosion, earthquake, oscillation theory.
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1 BCTYI

VY cydacHHX yMOBax OCOOJMBOI yBaru moTpeOyroTh MpoOiaeMu BpaxyBaHHS JiHAMHUYHUX
BIUIMBIB, IMTApaMETPH HECYYNX KOHCTPYKIiH OyaiBenb, 110 BIUIMBAIOTH HAa 1X KOHCTPYKTUBHY
HAJIHHICTH 1 Oe3MeKy.

2 AHAJI3 JITEPATYPHUX JAHUX TA IOCTAHOBKA IMPOBJIEMHA

VYkpaina — Ha BiifHI. 3a3HalOTh aTaKk BOPOra HACEJIEHI MyHKTH, JKUTIO, MPOMHUCIOBI
00’€KTH, YTiAAsA, 3€JeHI 30HM. barato MUPHHX MICT MEpPEeTBOPWIIMCS Ha TOJII OWTB 1
pyHHYIOTbCs Tia yac 0o0iB, 3HaYHI TepUTOpii 3a0pyaHeHi 6oenpunacamu. Lle TpaBMaTHUHUIA
JOCBIJ 1711 KO)KHOTO, 00 HaM XOYEThCsl BBAXKATH CBil CBIT — MICTO, PiHY BYJHIIIO, JTOMIBKY
— MIITHUM MICIIEM, K€ HE MOKE OyTH YIIKOIHKCHHM.

[Tpote € iHIII, HE MEHII, a MOXIIMBO, 1 OUTBII HEBOJIAraHHI CYNEPHUKHU IS JTFOACHKOTO
xutTia. [IpuHaiiMHI X HEMOXJIMBO IepeMOrTH 30poero. Ile — cuim cTuxii, mposiBU 3MiH
KIIiMarty i 4ac, sIKWid poOWTH BIPOTIAHICTH THUX YW IHIIMX MOJINA MPAKTUYHO TapaHTOBAHOIO.
KosxHe micTo po3TaiioBaHe Ha TEPUTOPIi, sIka Ma€ CBI KOHTEKCT: OCOOJIMBOCTI, 3yMOBJICHI
T'€0JIOTIEI0 Ta CEUCMIKOI0, pernbedoM, pakTopaMu MPUPOIHOTO i TEXHOTEHHOTO TIOXODKEHHS
[2]. ¥V motomy 2023 poky crajacs HU3Ka PYHHIBHHUX 3€MJIETPYCIB Ha MiBJAEHHOMY CXOIi
Typeuunnu ta Onm3bKiii 10 Kopaony wactudi Cupii. [loTyXHICTH HEpHIOro IMOIITOBXY 3
enineHTpoM nobau3y ["aziantena ckiana 7,8 6aniB 3a mkanor Pixrepa. Taki mporiecu MaroTh
3HAYHHU{ BIUIMB Ha cy4acHe OyIiBHHITBO. J{1s1 YKpaiHU TaKkoXK XapaKTepHUMH € 3CyBU — Ha
[Ipukaprarti, XMENbHUYUMHI, Y CXIiJHIM YacTHHI KpaiHW. Bim HUX CTpakmaroTh HaceleHi
MYHKTH TOOJTU3Y MOPCHKOTO y30epexoks, Hanpukiaaa Ha OxenmHi i B Kpumy. ButpusanicTs
CIOPYA /10 MOKJIMBOTO BIUIMBY CTHXI1i HA0yBae HOBMX KOHTEKCTIB Iijl yac BIHU, sIKa TPUBAE
3apa3. Mu 6aunmo, sk mijg yac 00CTpiiiB un 6omMOapayBaHb 0/HI OyAiBII 3HAYHO PYHHYIOTHCS
a00 «CKJIQJaI0ThCA», a 1HII BUTPUMYIOTh YJapy YM MOXKEXK1 3 MEHIIMMH BTpaTaMU 1 MOXYTh
OyTu BigHOBIIeHI. Yn OyJe celicMiuHO cTilika OyAiBiIs OLIbII BUTPUBAJIOKO JI0 1HIINX BIUIMBIB,
HanpuKiIag y pas3i BUOyxy?

Tpaguuiiini  3a71i300€TOHHI ~ KOJIOHM  MPOJEMOHCTPYBajlM  MOraHi  celcMidHi
XapaKTepUCTUKH, OCOOJIMBO B arpeCUBHOMY CEpEIOBUIL, OCKUIBKU 32 TAKUX YMOB apMaTypHi
CTPUXHI 3a3HaIOTh CUIbHOI Kopo3ii. {06 BupimuTu mpobneMy KoOpo3sii cTalli, OCTaHHIMH
pPOKaMH 3HAuHy yBary IpHUBEPHYJHM 3a1i300€TOHHI KOooHH 31 ckiomiactuky (GFRP). Ognak
CeMCMIUHI XapaKTEepPUCTUKH 3alli300€TOHHOI KOJOHU 13 CKJIOIUIACTUKY Ill€ HEIOCTaTHbO
BUBYeHI. OJHI€I0 3 OCHOBHHMX MpoOJieM, TMOB'I3aHUX 3 BUKOPUCTAHHSAM CTPUXKHIB 31
CKJIOTUTACTHKY, € IXHS KPUXKICTh. TOMYy HEOOXITHO TOCHIIUTA MEXaHIYHI BJIACTUBOCTI Ta
BUJM PYHHYBaHHS 3a11300€TOHHUX KOHCTPYKIIH 13 CKJIOIUTACTUKY MPU CEHCMIYHOMY BIUIMBI.
VY upomy AOCHIJKEHHI CEHCMIUHY MOBEAIHKY 3al11300€TOHHMX KOJIOH 31 CKJIOIUIACTHUKY Ta
3BHYAIHUX KOJIOH MPHU PI3HUX CTYINEHSIX OChOBOIO CTHCHEHHS aHaJi3ye€ThCs 3a JIOMOMOIOIO
MaJIOIIMKJIOBUX MOBTOPHUX BUIPOOYBaHb HA ITICEBJOCTATHYHE HAaBaHTaXEeHHs. B pe3ymprati
JOCHIJKYIOTBCSL Ta OOTOBOPIOIOTHCS Jedopmallis Ta 3JaTHICTh PO3CIIOBAaTH CEHCMIYHY
EHeprito 3a1i300€TOHHUX KOJOH 31 CKIOMIacTuKy. KpiM TOro, BHUBYAEeTbCS MEXaHI3M
pYHHYBaHHSI CTPH)KHEBOI KOHCTPYKIi 31 CKJIOIUIACTHKY, 1100 3a0e3MeYUTH OCHOBY JJIS
MTOKpAIIEHHS METOIY CEHCMIYHOTO PO3PAXYHKY 3aJ11300€TOHHOT KOHCTPYKIIIT 31 CKJIOTIJIACTHKY
Ta 3MIHM HOpPM JJIsl CEHCMIYHOro po3paxyHKy. KpiM TOro, HOCHiIKyeThCsl BIUIUB CTYMEHS
OCBHOBOTO CTHCHEHHSI Ha CEHCMIYHY MOBEAIHKY KOJIOH 13 HIJIbHOTO CKJIOIUIACTUKY. Pe3ynbraTtu
I[BOTO EKCIEPUMEHTY TOKa3yloTh, L0 31 30UIBIIEHHAM CTYINEHS OChOBOTO CTHUCHEHHS
rpaHWYHa Hecyya 3JaTHICTh 3aJi300€TOHHUX KOJIOH 31 CKJIOIUIACTUKY 30UIbLIYETHCS, a
nedopmalrisi Ta CyKyIHa 31aTHICTh PO3CIFOBaHHS €HEpTii 3MeHIIyoThes [3-15].
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3 LB TA 3AJAYI JOCJAUIKEHHS

[IpenmeroM MaTeMaTUYHOTO aHAJI3y TUHAMIYHOTO BIUIMBY € Taki AWHAMIYHI MOJEI, 110
B1I0OpaKaIOTh Pi3HI TUIIM HAaBAaHTaXEHb, a CaMe KOJIMBAHHS BiJ Ail Pi3HUX CHJI, 110 HAJIAlOTh
CHCTEeMi OJIHY YM JBi cTyrieHi cBo0o11[16].
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Puc. 1. Cxema HaBaHTa)XeHb Ta Ipadik 4acTOT KOJMBAHb

4 PE3YJIbTATHU JOCJI’)KEHb

PosrnsHemMo pyx mNOpyXKHOT MEXaHIYHOI CHCTEMH 3 OJIHIEIO CTYNEHIO CBOOOIU MpHU
3eMJIETPYCI.
Omnopu O1 1 Oz pyxarThes 13 33JaHUM IPUCKOPEHHSIM

a(t) =Ue ™ sin pt . 1)

Ile mpuBOAUTH 10 MOSABU CUIM iHepuii J = — mua, sSKa Ji€ Ha TOYKY M1 1 IPUBOIUTD Y
pyx MexaHiyHy cuctemy (puc.l). Pyx Touku M1 Bu3Hauemo 3a Gpopmyoro

J A‘Lfl q;

I e E? a(l)

of e

Puc. 2. JluramidyHa MOJIENb

U
k[e? +(p—k)*1[e* +(p+k)’]
—e™"[2¢ekp cos pt+k (¢2 — p? +k?)sin pt]}.

q(t) = {2¢kp coskt— p(e” + p> —k?)sin kt— @)

[Ticns migcranoBku 3Ha4YeHb U, P, K i € oJepikyeMo 3aKOH pyXy TOYKH M1

®owmin B. M., ®omina I. I1.
https://doi.org/10.31650/2618-0650-2024-6-1-49-56 52




MexaHika Ta MaremMaTuyHi Meromgu [

V1/1/2024
Mechanics and mathematical methods

Crop. 49-56 / Page 49-56

q(t) =0.0006015coskt+0.017sin kt—e * (0.0006015 cos pt +0.021sin pt). 3)

JIis Ipy>KHOT MEXaHIYHOI CHCTEMH TaK0X MOJKJIMBO CKJIACTH PIBHSIHHS BIIBHOTO PYXY
MIPY HACTYIHUX 3HAYCHHSX TTOYATKOBUX MEPEMIIIEHb 1 IIBUIKOCTEH:

MOYATKOBI NIEPEMIIICHHST TOYOK M1 1 M>:

01,0 = 0,1 a, 92,0 = 0,01

IOYATKOBI IIBUAKOCTI TOYOK:

V10=0,1m/c, V20=0.

3HaiiieMo 3Ha4eHHS TOJOBHUX KOOPAWHAT 1 IXHIX moxigHux mpu t = 0:

Nyo = Mo AP +m,a, oA =0,1088,

Moo = mlql,OAl(Z) + szz,oAéz) =-0,0257,

Cao = MVioAD +myV, oAl =0,0973, ()
Co0 = m1V1,oA1(2) + szz,oAéz) =0,0230.

Po3B’s130k cuctemu audepeHuianbHUX PIBHSIHD BUIBHOI'O PyXy CHUCTEMH INPEJICTABUMO B
HACTYITHOMY BUJIi:

m(t) = Yysin(ket +v4), (5)

Nz (t) = ¥y sin(kyt +7v5).

3navenns Y1, W2, y1 1 y2 BU3HAUUMO 3 hopMys

2 2
¥, = +% =01092, W, = /ngo +€|f—é° =0,0257,
1 2

kml,o Koo

= 1,487, y2 = arctg — =-1,514. (6)

1,0 2,0

1 = arctg

5 OBI'OBOPEHHS PE3VYJIBTATIB JOCJ/IIIKEHHSA

k1o 3HEBAXHUTHU Oyke ManuMu (y TOPIBHSHHI 3 1HIIMMHU) AOJAaHKAaMHU, TO PIBHSHHS
PYXY CIIPOITY€ETHCS:

q(t) =0.017sin kt—0.021e ™ sin pt (7
1 rpadik oro Moxe OyTH JIeTKO OOy 10BaHui (puc.4).

g

=P
TR T

-0.03

=]

Puc. 4. I'padik BinbHOTO pyXy
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6 BHUCHOBKH

[Tpu cTBOpEeHHI TUHAMIYHOI MOJENI Ta 3 ypaxyBaHHAM JHHAMIYHOTO BIUIMBY MOXJINBO
CTBOPUTH MAaTEMaTHYHUH ONUC JWHAMIYHOTO HABAaHTA)XEHHS Ta BpaxyBaTH L I
3anmo0iraHHsg TOPYIICHHS  eKCIUTyaTallifHUX BHUMOT YW pyHHYBaHHS  OyIiBeIbHHUX
KOHCTPYKIIiH Ta CIIOpY 1.
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VJIK 519.2

METO/JA YAOCKOHAJIEHHSA ITPOTOYHUX YACTUH
EJEMEHTIB EHEPTETUYHUX CUCTEM KUTJIOBUX
KOMIIVIEKCIB

Apcipiii B. A.1, Kpomka O. B. !

Y0o0ecvra depacasna axademin 6ydisnuymea ma apximexmypu

Anoranisi. [Tokazano, mo moka3HUKIB OakaHOi e€(peKTHBHOCTI Ha €HEPreTHYHUX O0’€KTax Ha
MOJKJIMBO JIOCSTTH 32 PaxXyHOK 3HIKEHHS OTOPIB B €IEMEHTaX TifpO aepOoAMHAMIYHHX CHCTEM, SIKi
3a0e3MeuyoTh MPOIECH IiTHOMY, CTHCHEHHS, PO3IIUPEHHS 1 TPAHCIIOPTYBAHHS PIUH Ta Ta3iB i TOMY
€ OCHOBHHMH CIIO)KMBAuaMH €JIEKTPUYHOI €Heprii Ha Tak 3BaHi BiacHi morpebu. Tomy oTpuman
MOJANBIINN  PO3BHUTOK METOJ] YAOCKOHAJIEHHSA NPOTOYHOI YACTHHM €JEMEHTIB TiApo Ta
aepOoANMHAMIYHUX CHCTEM, KWW TOJIATaE B OTPUMaHHI KITbKICHOI Ta SIKICHOI OIIIHOK CTaHy ra3oBUX
MOTOKIB B IMX €JIEMEHTaX, II0  JO03BOJSE CHHTE3YBAaTH MPOTOYHI YACTHHU CJIEMEHTIB TiApo
aepoIMHAMIYHHUX CUCTEM 31 3HWKEHUM ONopoM. Po3pobiieHo 3aranbHy cxeMy METOIY yIOCKOHAJICHHS
MPOTOYHOI YaCTWHH €JIEMEHTIB TiApo aepoiaumHaMiuyHMX cucTeM. Peamizaris metomy motpedye
BUKOHAHHS TPHOX €TAaIliB: OTPUMaHHS KiJIbKICHOI OI[IHKM CTaHy Ta30BHX MOTOKIB B MIPOTOYHII YacTHHI
eJIIEMEHTY, SIKUH yIOCKOHAIIOETHCS; OTPUMAaHHS SKICHOI OLIHKK CTaHy Ta30BHX MOTOKIB B MPOTOYHIH
YAaCTHHI €JIEMEHTY, SIKUI yOCKOHATIOETHCS Ta CHUHTE3 yIOCKOHAIEHOT MPOTOYHOT YACTUHU €IeMEHTa
TiApo Ta aepoauHaMidHUX cucTeM. [loka3aHo MpakTHYHY MOXKJIMBICTH 3HIDKEHHS B 2,6 pasu (3 0,040
10 0,015) 3HaueHHSM T1Ipo aepoAMHAMIYHOIO OMOPY 33 PaXyHOK CaMOOpraHi3alii CTpyKTypH MOTOKIB
pigwHE abo Ta3iB y nporouHii yactuHi enementa I'AC «nosopomi nomoxy na 180 %.

Karo4oBi ciioBa: XUTIOBI KOMIUIEKCH, aepo Ta TiAPO CUCTEMH, Oomip, (hi3MdHE MOJEIIOBAHHSA,
Bi3yaJi3allisi, CTpyKTypa IOTOKiB, CAMOOPTaHi3aIlis.

IMPROVEMENT METHOD OF FLOW PARTS OF ENERGY
SYSTEM ELEMENTS OF RESIDENTIAL COMPLEXES

V. Arsirii 1, O. Kroshka!
'Odessa State Academy of Civil Engineering and Architecture

Abstract: It is shown that the desired efficiency indicators at energy facilities can be achieved by
reducing the resistance in the elements of hydro-aerodynamic systems, which provide the processes of
lifting, compression, expansion and transportation of liquids and gases and are therefore the main
consumers of electrical energy for the so-called own needs. Therefore, the method of improving the
flow part of elements of hydro and aerodynamic systems, which consists in obtaining a quantitative
and qualitative assessment of the state of gas flows in these elements, which allows synthesizing the
flow parts of elements of hydro aerodynamic systems with reduced resistance, received further
development. A general scheme of the method of improving the flow part of elements of hydro-
aerodynamic systems has been developed. Implementation of the method requires three stages:
obtaining a quantitative assessment of the state of gas flows in the flow part of the element being
improved; obtaining a qualitative assessment of the state of gas flows in the flow part of the element
that is being improved and the synthesis of the improved flow part of the element of hydro and
aerodynamic systems. The practical possibility of a 2.6-fold decrease (from 0.040 to 0.015) in the

Apcipiii B. A., Kpomka O. B.
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value of hydro resistance due to the self-organization of the structure of liquid or gas flows in the flow
part of the HAS element turn the flow by 180 is shown.

Keywords: residential complexes, aero and hydro systems, resistance, physical
modelling, visualization, flow structure, self-organization.
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1 BCTYI

B niepioa micasBOEHHOTO BiAHOBJIEHHS 00’ €KTIB €HEPreTUYHOI IHPPACTPYKTYPH Y KpaiHH
HEOOXIJTHO BPaXxOBYBAaTH Cy4YacCHI CBITOBI1 TEHACHINT 0 €(EKTHBHOTO CIIOKMBAHHS CHEPrii y
CUCTEMax TEIUIOBOI Ta €NEKTPUYHOI TeHeparlil TeIio-, ra30- i BOJOMOCTaYaHHs, BEHTHIIALIT,
KOHJIUIIIOHYBaHHS, TOIIO. [IpoBeneHuit anamiz MOBiB, IO TIOKa3HHWKIB OakaHOI
€HEeproeeKTUBHOCTI MOKJIMBO JOCSITH 32 PaxXyHOK 3HM)KEHHS OIOpIB B €JIEMEHTaX TiIpo
aeponuHamiuaux cucreM (I'AC), ski 3a0e3nedyroTh NPOIECH MiAHOMY, CTHCHEHHS,
pPO3IMIMPEHHS] 1 TPAHCIOPTYBAaHHS PIJUH Ta Tra3iB 1 TOMYy € OCHOBHHUMH CIIO)KHBadYaMu
€JICeKTPUYHOI eHeprii Ha Tak 3BaHi BiacHi nmotrpedu [1,2]. Tomy ymockoHaNIEHHS MPOTOYHUX
yacTuH eneMeHTiB 'AC 3 MeTOI0 3HIKEHHS iX Tipo aepoJuHaMIYHUX OMOPIB € aKTyaJbHOIO
3aJ1auero, BUPIMIEHHS SKOI BiJIOBIAE CyYacHIH TEHEHIIII Ha eHepro30epeKeHHs.

2 AHAJIB JITEPATYPHUX JAHUX TA IOCTAHOBKA INPOBJIEMHA

[IpoBeneHi AOCHiPKEHHS Ta pPE3yibTaTH OTPUMaHI B MOMEPEnHiX poOOTax aBTOPIB
[OKa3yloTh, IO BUpIIIEHHS 3aj4a4i 3HWKEHHS onopiB B enemeHtax ['AC MoxiuBO 3a
JIOTIOMOTOI0 METOJ[iB HAyKOBOi Bizyaumizamii 3 BHUKOPHUCTaHHAM 3aco0iB (i3UYHOTO Ta
4pcenbHOro MojentoBaHHs [3]. MopenoBanHs — 1e JOCHIDKCHHS O00'€KTa [UISIXOM
CTBOpPEHHsI Horo wmozeni (kBazio0'ekra ¢iznyHOro abo MaTeMaTHYHOTO TMPOTOTHUITY) 1
OTepyBaHHS HEI0 3 METOK OTPUMAaHHS KOpUCHOI iH(popMalii npo peaibHO (QYHKIIOHYHOUUH
00'exT. [HOmI TEepMiH «MOJENIOBaHHS» BHKOPHCTOBYIOTH Yy BY3bKOMY CEHCI CTOCOBHO
CTBOpPEHHS MOJIEJIi, a OTIepyBaHHS MOJIEIUTIO Ha3UBAOTh aHaIi30M abo Bepudikartiero [4].

HaykoBa Bizyamizamisi (scientific visualization) — Bi3yasibHe YSBJICHHS NpPO YHCEIbHI
JMaHHI, [Ki € pe3yJbTaTaMd HAYKOBHX JOCHIIKEHb a00 MPHUKIATHUX, I1HXEHEPHUX 1
TEXHOJIOTIYHUX PO3PaxyHKIB, HA CHOTOIHIIIHIN JACHb € HAWBaXIMBILIOK TAy33[0 3HAHHS 1
TEXHOJIOTIYHOTO  pO3BUTKY. CrHoyarky pojb METOAIB 1 alIrOpUTMIB  Bi3yaJIbHOTO
NPEJICTAaBJICHHS YACENbHUX JaHUX PO3TIISIIANacs B HAYKOBHX 1 IH)KEHEPHUX AMCUIUILTIHAX SIK
nornomixkHa. ITpu iboMy BUILIAIMCS OB1 QYHKLIT Bizyasizarii:

—  3a0e3neueHHs! KOHTPOJIIO Ta 00'€KTUBHOT TPAKTyBaHHS YUCEIbHUX PE3YJIbTaTIB;

—  UTIOCTpaTHBHA (YHKIIS.

3 MJIMHOM 4Yacy CHUTyallls JOKOPIHHO 3MiIHMJAcs. 3 UIFOCTPAaTHBHOTO 1 3a CBOIMHU
(GYHKLISIMH JJOMOMIXKHOTO 1HCTPYMEHTY HayKOBa Bi3yalli3allis CTajla HOBHONPABHUM 1 4acTo
€IMHUM IHCTPYMEHTOM, 3/IaTHUM MPOSICHUTH CyTh (i3uyHOro mnpouecy. Ponb HaykoBoi
Bizyamizarii crama ocHoBHOw [3]. Ilpu peamizamii OCHOBHOI HayKoOBOi poii 3aco0iB
Bi3yautizallii MOXHa BUIUTUTH (P13UUHUN 1 YUCETHHE MOJICTIOBAHHSI.

®izuyne monemoBaHHs (OM). Ilpu OM (excnepumMeHTi) y 6araThbOX BHUIIAJKaX came
ONTUYHA KapTUHKAa € OCHOBHUM IEPBUHHUM pe3yJbTaTOM JAOCHKeHb. B obnacti
rigpoaepoanHamiku  Qotorpadis KapTUHH «HEBUIMMHUX» IOTOKIB pIIUH abo TrasiB €
OCHOBHMM  a00  €IMHUM  TICPBUHHHM  pe3yJbTaTOM  JIOCH/DKEHb Ha  JESIKUX
eKCHepUMEHTAIbHUX YCTaHOBKax. OTpuMmaHi 3a JIOMOMOIO0 METOJIB  Bizyauizaii
300pakeHHS YacTO € €IMHUM TIEPBHHHUAM pe3yJbTaTOM EKCIEPUMEHTY, a HayKOBHMH
pe3yJabTaT OTPUMYIOTH LIUIAXOM SIKICHOI 1 KUTbKICHOT 00poOKH oTorpadii.

HeoOximHO Bim3HA4YWTH, 10 3aJ0BrO0 IO TIOSIBU KOMITIOTEPIB 1 YHCICHHUX
eKCIIepUMEHTIB, caMa CyTh OTPHMAaHHS pe3yJbTaTy B (I3MYHOMY EKCIEepUMEHTI Oyia
3aCHOBaHa Ha aHaJi31 MoJIs Teyll, SKUM BiAOOpaXkaeThbes B 11 €KCIEPUMEHTAIBHOTO MIPHUIIALYy.
OCHOBHI NOJIOKEHHS, PE3YIbTATH Ta MOCTYJIATH MEXaHIKHM PIIMHHU 1 ra3zy Oyau 6arato B 4omy
OTPHMaHI TAKUM €KCITEPUMEHTAITFHIM HIITXOM.

di3uyHa Bi3yamizallisi B eKCHepuMEHTax Oyja OCHOBHHMM JDKepesoM iH(opmarii mpo
SBHUILA 1 TpOLECH A0 TOSBHM MAaTeMaTHYHOIO MOJIENIOBAaHHSA. 3 TMOSBOIO 1 PO3BUTKOM
YHUCENBbHOTO EKCIEPUMEHTY, SIKMM CcTaB OUIbII JCHIEBIIMM 1 MAaHEBPEHUM 1HCTPYMEHTOM
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Mi3HAHHA (PI3MYHOT KApTUHH CBITY, (DI3UYHUN €KCTICPUMEHT 3aJIMIIUBCSI OCHOBHHM 3aCO00M
KOHTPOJIIO 1 Bepuikallii YUCICHHUX JOCIIKEeHb [5-7]

[Ipu uucenpHOMYy MonenmtoBaHHI (UM) BHUKOPHUCTOBYIOTHCS aAHATITHYHI MOACHI JJIA
PO3paxyHKy TypOyJIeHTHUX Tediii. A ¢opMyBaHHS pillleHh MOKIMBO Ha OCHOBI Bi3yai3allii
MPOIIECiB epeMilieHHs1 poOodoro Tija. Y miacucremy imkeHnepHoro aHanizy CAE BxoasTh.

Uucenpne wmonentoBanHs (UM). 3 TosBOIO KOMM'IOTEPIB BUHHKIA MOXKIUBICTh
MPOBOIUTH OOUYHMCITIOBAJIbHI €KCTIEPUMEHTH, 3aCHOBAaH1 Ha YHCEIIbHOMY PIIlICHHI PIBHSAHb, K1
BUKOPHUCTOBYIOTHCSI B MaTeMaTW4Hid Monem (isuuHoro sBuima abo mporecy, SKHA
nociikyerbes. CydacHUR eTam eBOJIIOLIT OOYMCIIOBANIbHOI MEXaHIKM PIAMHU 1 Tazy
3a0e3neuyeTbcsi  NPOTPaMHUMH  KOMIUIEKCH — OOYHMCIIOBAIBHOI — TIAPOJMHAMIKH 1
TeIyIoMacooOMiHy, MiHOCTI, enekrpoauHamiku, Takamu sk CFX, FLUENT, FlowVision,
SolidWorks, FOAM, OpenFOAM iH. [8-12] Bin xapakrepu3y€eThCsi HACTYITHUMH OCHOBHHMH
¢dakTopaMy, M0 BHU3HAYAIOTh MOJANbIII MEPCHEKTUBU PO3BUTKY KOHIIEMIIH, METOIB,
JITOPUTMIB 1 IPOTPaMHUX 3aC00iB HAYKOBOI Bi3yaui3aiii:

— 1HTEHCHBHE 3pOCTaHHA OOYHCIIOBAJIBHUX IMOTYXXKHOCTEH, TMOsBa NapauieIbHO
00YHCITIOBAJIBHUX CHCTEM;

— TMOsiBa TMPUHIUIOBO HOBUX alapaTHUX 3aco0iB, $Ki JIO3BOJISIIOTH 3IHCHIOBATU
TPUBHMIpHE CTEpPEO TPEACTABICHHS pe3yJbTaTiB, MOOYyI0Ba amapaTHO-POTPAMHUX
KOMIUIEKCIB BIpTyaJbHOI peabHOCTI,

— YCKJIQJTHEHHS 3a/1a4 O0YHCITIOBAILHOI MEXaHIKY PiIMHU 1 Ta3y.

Cnig oco0nMBO BiI3HAYMTH, IIO PO3BUTOK MPOrpamMHUX 3aco0iB Bi3yaliszallil 3aBxkIu
HOCWJIO HAa3/IOTaHSIOUMK Xapaktep. BisyanbHe YsBICHHS NP0 YHUCENbHI pilleHh B MEPIIY
Yyepry 3ajiexalno BiJl MOXKJIMBOCTEH OOYHMCIIOBAILHUX PECYpCIB, 1 JUIIE B IPYTY - BiJl PiBHSA
CKJIAJHOCTI BHUINIYBaHUX 33Jad MAaTeMaTHYHOTO MOJEITIOBAHHSA 1 YHCEIBHHX METOJIB, IIO0
MIPHU LILOMY BUKOPUCTOBYIOTHCA.

Taxum YMHOM, MTOPIBHSUIBHUH aHami3 MoxiuBocTeit @M 1 UM nokasye, 1m10:

1. ®M ychoimHo 3aCTOCOBYETHCS NMPHU MPOEKTYBAaHHI €NEMEHTIB TiApOMAINH, KOTIIB,
peakTopiB, MOBITPSAHUX 1 Ta30BUX TPAKTIB Ta 1HIIOTO €HEPreTUYHOTo oOsamHaHHs. OmHak
OM npuTtamaHHi psg HETOMIKIB:

- CKJIAJIHICTh AOCATHEHHS (P13MYHOI MOAIOHOCTI MK MOAEIUTIO ((pI3MYHUM IPOTOTUIIOM) 1
peaTbHUM €IEMEHTOM;

- IPaKTUYHA HEMOJKJIMBICTh BIITBOPEHHS HATYPHUX TiAPOQPI3UYHUX YMOB 1 IPOCTOPOBO-
4acoOBMX MaclITaliB B paMKax Ja00paTOPHOTo 00JaHaHHS;

- 3QJIEXKHICTb SIKOCTI MPUMHSTUX pIlIEHb BiA KBaNi(iKkalii ekcrepTa-eKCrnepuMeHTaTopa;

- 3Ha4YH1 BUTPATH PECYPCIB.

2. UM ycroinHO 3aCTOCOBYETHCS 3aBJSKH PO3LIMPEHHIO MOXJIMBOCTEH KOMM'IOTEPHUX
TEXHOJIOT1H, SIKe CIIOCTEPIraeThCsl B OCTAHHE JECATUIITTA B 1HPOPMALIIHHIX TEXHOJIOTIAX MPU
aBTOMaTH3amii TpoekTyBaHHSA. OIHAK TpH IX NPAKTUYHOMY BHUKOPHUCTAHHI BHHHUKAIOTH
TPY/IHOIIII:

- TaK JUJIsl TIarHOCTHKH CKJIAJIHUX MPOIIECIB MAacOTIepeHoCy (Tedil 3 CHIIBHOIO 3aKPYTKOIO,
TOPIHHAM, Teuii 3 BUIBHOIO MOBEPXHEI0) 1 MPU MPOEKTYBAHHS T'€OMETpii elleMeHTa CKIIaaHOoi
(¢bopMHU TPUBAIICTh KOMITFOTEPHOTO €KCIIEPUMEHTY 30UIBIIYETHCS Ha KiJbKa MOPSAIKIB 11010
MPOEKTYBAaHHS MPOCTUX KOHCTPYKLIH;

- OI[HUTH TOYHICTb OTPUMAHOTO pILICHHS, SKIIO HEeMae pe3yJbTaTiB (I3UUHUX
eKCIIeprMeHTiB (a00 BOHM HEHA[(11H1) HaI3BUUAHHO CKIIAJHO;

- MOTPIOHO 3HAYHHI JOCBIJ €KcrepTa Uil 3aBlaHHs modaTkoBux ymoB UM i1 BuGOpy
MHOXXHHHU NTapaMEeTPiB IS pO3PaxyHKIB.

ToMy nns mojofaHHS HENOJIKIB Ta po3mupeHHs MoxuuBocteit ®M abo UM  npu
PO3po0IIl METOly YAOCKOHAJECHHS MPOTOYHOI YACTUHU E€JIEMEHTIB TiIpO Ta aepOJMHAMIYHHUX
cucteM (I'AC) TpOMOHYEThCS  KOMIUICKCHE  MOJICIIOBAHHS, IO  BHUKOPUCTOBYE
iHCTpyMeHTanbHI 3aco0u @PM 3 MOXJIMBOCTSMU 1HTEJIEKTyaJIbHOTO aHalizy JaHHX
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BisyanbHux ganux [13,14]. Jlo MeTOiB iIHTENEKTyalbHOTO aHAi3y JaHUX Bi3yallbHUX JaHUX
METOJIM MAalIMHHOTO HABYaHHS Ta IITYyYHI HEWPOHHI MEPEXi, BAKOPUCTAHHS SKUX JO3BOJISE
BHUJIUTUTH B BEJIMKUX BI3yaJIbHUX JJAHUX PaHIIIe HEBiJOMIi, HETpHUBiainbHI, (PAKTUIHO KOPHUCHI 1
JOCTYIIHI JJIsl IHTepIpeTanii 3HaHHA, HeOOXiAHI A MPUHHATTSA pilleHb 30KpeMa y Takii
Ba)KJIUBIH cepi TII0ACHKOI AisTLHOCTI sIK eHepro3oepeskenus [15].

3 LIJIb TA 3AJAYI JOCJIUKEHHS

MeToro J1aHOTO JIOCIHI/DKEHHS € TOAAJbIIUH PO3BHUTOK METOIY yIOCKOHAJICHHS
NPOTOYHOI YAaCTHHHU €NEMEHTIB TiJipo Ta aeponuHamiuHux cucrteM (I'AC), skuil momsrae B
OTPUMaHHI KiJIbKICHOI Ta SKICHO1 OILIHOK cTaHy razoBux notokiB (I'T]) B nux emeMeHTax, mo
JI03BOJISIE CHHTE3YBaTH MPOTOUHI YacTuHU eneMeHTiB ['AC 31 3HIKEHUM OIopoM

JI71s1 MOCSATHEHHS MOCTaBJICHOT METH B POOOTI pO3B’sI3aHi 3a/1a4i:

1. Po3pobieHo 3aranbHy CXe€My METOJIy YAOCKOHAJEHHS IPOTOYHOI YACTUHHU
enemenTis 'AC;

2. Pozpo0Gneno 3aco0u oTpuMaHHS KiIbKICHOI OIiHKK ctaHy Tl B mpoTo4Hii YacTHHI
CJIEMEHTY, SIKHH yIOCKOHATIOETHCS

3. Pozpobneno 3acobu otpumanHHs sKicHOI ominku ctany [Tl B mporouniii wacTuHi
CJIEMEHTY, SIKHH yJIOCKOHATOETHCS.

4. Po3po0ieHO METOAMKY CTBOPEHHSI YJOCKOHAJIEHOI NMPOTOYHOI YAaCTHHU €JIEMEHTa
I'AC.

4  PE3VYJIBTATHU JOCJIIKEHb

1. 3acanvna cxema memody yoockonanents npomounoi uacmunu enemenmis I'AC.
Ha pucynky 1 nokasaHo 3arajbHy CXE€My CHHTE3Y YIOCKOHAJEHOI MPOTOYHOI YaCTHHHU
enementa ['AC 3a momomororo po3podieHoro meroay ¢izmuHoi mozaeni Sk 6aunMo, MeTon
YIOCKOHAJIEHHS NMPOTOYHOI yacTUHU eneMeHTiB 'AC moTtpebye BUKOHaHHS TPhOX €TamiB —
OTpUMAaHHS KIJIbKICHOT Ta sKicHOI oliHOK cTaHy I'Tl B ¢i3uuHIil MoJen NpOTOYHOI YaCTUHU
€JIEMEHTY, SIKUH YJJOCKOHATIOETHCS Ta CUHTE3Y YJIOCKOHAJIEHOI MPOTOYHOI YACTUHH €JIEMEeHTa
3 ix BpaxyBaHHsM. HaBenemo KpaTky XapaKTepHCTUKY JIiH 3a €TallaMi METO/Y .

Etan 1. Otpumanns kinoxicroi oyinku cmany I'TI B ipoTouHiii yactui enementy ['AC,
SKUH yIOCKOHAIOETHCS. J[1sl OTpuMaHHS KUIbKICHOT OIL[IHKM Ha OCHOBI KPECJIEHHS MPOTOYHO1
yactuHu eneMeHTy (element's flow path efp) 3 ypaxyBanusM koeilieHTa MacmTa0yBaHHS
scale BurotoBisieThCs iznyHa Moaenb npoToyHoi yactuHU (Physical model of the element's
flow path PMefp) ToOto efp = PMefp. Ha excrnepuMeHTaJIbHOMY CTEHII B yMOBax
noxibHocti 3a uncnom Peiinonbaca 10* < Re < 10° typOynentnux [T mpoBomuThes
cumyIsinis pyHkuionyBaHas PMefp sk enementy ['AC. [lns 3amanux BuTpatr podo4oro Tiiga
QGas BUMIPIOIOTBCSI BTPAaTH TUCKY Pggs 1 OOUMCIIOETHCS 3HAYEHHS TiJpoaepoIuHAMIYHOTO
onopy Rpmesp = Poas/Qc A2, fKe TIOTIM TOpIBHIOEThCS 3 HOPMATHBHHMM OMOpPOM R, fp
anamizosanoro enementy I'AC. SIkimo 3Ha4eHHs onopy Rppyerp € OUTBIIMMH 32 HOPMATUBHE

R, fp mEpEX0aMMO 10 APYToro eTany Rery, < Rpmerp(Ripmesp)

Ertan 2. Otpumanns sixicnoi oyinka cmany I'Il B mpoTouniid cuctemi enemeHnty ['AC,
KU yJOCKOHAIOEThCA. [l BU3HAUEHHS NMPUYMH BUCOKMX HOPMAaTHBHMX 3HA4YEHb OIOPIB
Rpymefp 3 JOIOMOTOI0 METOIY Bisyalisalii aMCKpeTHHX cTpykTyp moTtoky (MBJCII) [6],
SKMI HAJIEXKHUTD 70 KJacy MOIIpU3aLiiiHO-ONTHYHUX METOMAIB Bi3yasi3alii Ipo30pux pooounx
TiJ, OTPUMYIOTh IUTY4YHI MOBEPXHI PO3MOJULY IHTEHCHUBHOCTI (KOJIHOPOBOCTI) CBITJIA, SK1
OJTHO3HAYHO XapaKTepH3yloTh Toje rpajieHTiB mBuakocTed (TuckiB) [Tl y PMefp
aHamizoBaHoro enemeHTy ['AC. IlTyuyni mnoBepxHi (oOTOpeeCTpYIOThCS, YTBOPIOIOYU
MHOXXKUHY 3HaueHb IHTCHCHUBHOCTEH TOUYOK 300paxkeHHs — gizyanvHi Oanni 11 (Datayg)
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Otpumani TakuMm 4yuHOM BizyanbHl gani [Tl (guB. puc. 3) pa3om 3 mapamerpamu ix
dotopeectparii 3amucyroThesi B 0a3y manux [Tl B anamizoBanux emementax ['AC. [lns
OTpUMaHHS [HmenekmyanvHux Oanux Data;; y PMefp ananizoBanoro ememenrta ['AC
BUKOPHUCTOBYIOTH IONIEPEIHBO HaBUEHY MOjelb HeiipoHHOi Mepexi Koxonena. PesynbraTom
il poboTu € BU3HaYeHHS HOMepa K Kilacy CTpYKTypHOTO MPUMHTHBA (€JIEMEHTAPHOI YaCTUHHU
Datayg), skuii BimoOpaskaeTbcs IceBAOKONbOpoM Bk npu dopmysanni Data;p. Takum
ynHoM, Data;; €  ¢dopmamizoBanuMm onucom crany [Tl momo Bizyamizamii nmpuyuH
IIIBUIIICHUX 3HAYEHb TiPOaepOIUHAMIYHHX OMOPIB B (DI3WYHOI MOJIEIi TPOTOYHOI YACTUHU
PMefp ananizoBanoro enxementy I'AC. 11i manHi 30epiratotbest y Takox 0a3i gaaux ['TL.
Kpecnenns efp

BuroToBnenHa PMefp |

|
|

|
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|
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| npo ctak My PMefp |
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Creopenns [PMefp

Puc. 1. 3aranpHa cxema METOIy YJIOCKOHAJIEHHS MPOTOYHOT YaCTUHU
enementiB TAC

Eran 3. Cmeopenns yoockonanenoi npomounoi uacmunu enemenma [IAC. 3
BpaxyBaHHSAM OTpuUMaHuUX Data;p y BUITSAI CErMEHTOBAHUX 3B’S3aHUX oOJacTed, sKi
YTBOPIOIOTHCSI ONTHYHO AKTUBHUMH CTPYKTYPHUMH TPUMHUTHBAMH «JIUCUIIATUBHOTO» 1
«OJIHOPIZTHOTO» KJIACiB 3 BUKOPUCTAHHSAM MOIEPEIHHO HABUCHUX MOJeNeil OararomapoBoro
MepCepnTpoOHy Ta pajiaJbHO-0a3UCHOI HEMPOHHOI MepeXki, SKi BUKOHYIOTh (YHKIIIO
aJlanTHBHOI anpokcuMarllii. B pe3ynbraTi 3aMillleHHs ONTHYHO AKTUBHUX CTPYKTYPHUX
MPUMHUTHUBIB JMCUIIATUBHOTO 1 OJHOPIAHOIO KJIaciB ONTUYHO HEAKTUBHUMHU CTPYKTYPHUM
NPUMITUBOM KJIaCy «CTIHKa» CTBOPIOETHCS YIOCKOHaJeHa (i3UuyHa MOJENb MPOTOYHOL
gactuHM (Improved Physical model of the element's flow path IPMefp). Ctan I'Tl y po3po0ieHiit
TakuM 9yuHOM [PMefp mepeBipseThcsi Ha Ta00paTOPHOMY CTEHJIi, TOOTO MOBEPTAEMOCS IO
BUKOHAHHs 1ii 3a eranoM 1. SIKiio 3HayeHHs Omopy Ripmesp € MEHIIMMHU abO JOPIBHIOE
HOPMAaTHBHOMY Rcf, TOII CTBOPIOETBCSA KPECIEHHS YIOCKOHACHOI MPOTOYHOI YaCTHHH
enementa 'AC lefp.

Apcipiii B. A., Kpomka O. B.
https://doi.org/10.31650/2618-0650-2024-6-1-57-73 62




Mexanika Ta mMaTemMaTuuHi Meronud [ % V1/1/2024
Mechanics and mathematical methods Crop. 57-73/ Page 57-73

2. 3acobu ompumanns xinokicnoi oyinku cmawny I'TI 6 npomouniti yacmuni eiremenmy,
AKUU YOOCKOHAIOEMbCAL.

3acobamu ¢iznunoro mojmentoBanHs ctrany [Tl B mporouniii wactuni enementa ['AC,
SKUH yJTOCKOHAIIIOETHCS, € CIIEIiaIbHO CTBOPEHI (i3W4HO MOJiOHI: 3a MacmrTaboMm (izuuHa
MOJIENIb TIPOTOYHOI 4YacTWHU eleMeHTa PMefp; 3a ymoBamu (yHKI[IOHYyBaHHS (i3ndHA
mozenb ['AC, aky peanizoBaHO y BUIIIAL labopamoprozo cmendy MojaentoBanHs ctany 11
JlaboparopHuii CTeHHI (IUB. pUC. 2) CKIANAETHCA 3. NHEBMAMUYHOI HANIPHO-PO3NOOLIbHOT
yacmunu, sika BUKOHye QyHkuito HarHiTaua ['AC 1 3a6e3neuye ['Il i3 3aganumMu mo yucimy
PeiiHonbpca mapaMeTpaMu; MoO0enoiowo20 npucmpoilo B SKOMY posTamioBaHo PMefp;
cucmemu YnpaeniHHsa, SIKa CKIQHA€TbCA 13 MIJACUCTEM MOHIMOPUHZy TEXHOJIOTTYHUX
napameTpiB, ocgimieHHs Ta homo-8ideo peecmpayii.

Puc. 2. Burnsan naboparopHoro creHay MozemoBanHs crany ['11 ¢izuunii Mmogei
npoTouHoi yactuHu enemenra 'AC

Mopentorouiii mpucTpiit (TUB. pUC. 2) CKIATAETHCSA 13 JBOX IUTUT 3 ONTHYHO HEAKTHBHOTO
CKJa MIDXK SKMMH KOPCTKO 3aKpIIJIFOETHCS JIMCT T€TUHAKCY 3 BUPI3aHUM (IITaMIIOBAaHUM)
KaHaJIoOM, sikuii € PMefp, TOBIIMHA TUTUT OOMPAETHCS 32 YMOBH 3a0€3Me€UeHHS TepPMETHIHOCTI
1 crajocTi BUTpaT poOoyoro Tia (ONTUYHO-aKTMBHOI piauHu) B PMefp mnpu 3agaHux
3HAYCHHSX TUCKY.

[TizcucTemMa MOHITOPUHTY TeXHOJIOTIYHMX mapaMeTpiB crany [Tl B T'AC, mo
MOJICITIOETBCST 32 JIOTIOMOTOIO JIAOOPaTOPHOTO CTEHIY, pealli3oBaHa y BHUIVISIII OKPEMHX
MOJYJIIB, SIKi IO3BOJISIIOTh OTPUMATH, TepelaTH Ta 30eperTy y Hu(poBOMY BUIJISA/I 3HAYESHHS
qacy, THCKY Pgas Ta BUTparT poboyoro Tina Qg;,s 1O HAAXOIATH BiJl BHMIPIHOBAIBHOTO

,

oOnaJiHaHHS HaMipHO-PO3MOALTFYOI YacTuHi. lle, B CBOI0O dYepry I03BOJIE€ pO3paxyBaTH
KUTbKICHY XapakTepucTuky ctany [I1 B PMefp y BUIISAI pealbHOrO 3HAYCHHS
TiZIPOAEPOJMHAMIYHOTO OTIOPY Rppefp. IIOPIBHAHHSA OTPUMAHOI PEAbHOI OUIHKU Rpyerp 3

HOPMaTUBHOK R,r, 13 0asu enementiB I'AC, Ky chopmMOBaHO Ha HPOTA3i GaraTopi4HHUX
JIOCIIJKeHb JTO3BOJISIE 3pOOUTH BUCHOBOK MPO HEOOXINHICTH OTPUMAHHS SKICHOI OIIIHKH
331 TPOBEICHHS TIOAAIBIINX JTOCIIIKESHb.

Iliocucmema oceimnenns n1abOPaTOPHOTO CTEHAY (AWB. PUC. 2) BKIIOYAE PEryIhOBAHE
JKEPENIO OCBITJICHHsI Ta HaOlp MOJSPOimiB (MOJIAPHU3ATOp 1 aHATI3ATOP Yy BUIJIAL MPO30POi
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IUTIBKH, SKa TIEPETBOPIOE HEMOJSPU30BaHE CBITJIIO HA JIHIMHO TMOJSPU30BaHE) IS
3a0e3neueHHs] MPOCBIYYBAaHHS ONTHYHO-aKTUBHOI PIAMHU TOJSPU30BAaHUM CBITJIOM 1 HaOip
KepOoBaHMUX (DUIBTPIB JIs 3a0€31eUCHHS PIBHOMIPHOTO OCBITJIICHHS.

Iliocucmema ¢gpomo-gideo peecmpayii 1TaOOPATOPHOTO CTEHAY (IUB. pUC. 2) BKIIOYAE
npodeciiiny (porokamepy 4 3 BHCOKOI PO3AUIBHOIO 3[AaTHICTIO Ta MIBUIKICTIO pEeCTparii
(kagp/cek) Ta HAOOpPOM 3HIMHHX OO'€KTHBIB, a TaKOXX  3aco0M yIpaBIiHHS il
MTO3UITIOHYBAHHSIM 1 HABEJACHHSIM.

[Tporpamue 3abe3neueHHs MiICHCTEM MOHITOPHHTY, OCBITICHHS 1 (HOTO-Bife0 peecTparii
peayli3oBaHO y BHUIUIAMI OKPEMHX MOJYJIB Ta BCTAHOBJIEHO Ha CEpBEp YIPaBIiHHSA
(komm'roTep), amaparHe 3a0e3meueHHs MiAKIFOYEHO 32 JIOMOMOTOI0 30BHIIITHIX iHTEPQEHCIB 1
MIPAITIOE TTi]T YIPABIIIHHIM BiJIIOBITHUX JpaiBepiB.

3. 3acobu ompumanns axicnoi oyinku cmany I'Tl 6 npomoyniti yacmuHi enemenmy, AKull

VOOCKOHANIOEMBCAL.

Biszyanoni oani npo cman [Tl € 300paXEHHSMH WITYYHHX TOBEPXOHb PO3MOALTY
IHTEHCHUBHOCTI OCBITIIEHOCTI (KOJIbOPOBOCTi), SIKI OJHO3HAYHO XapaKTepU3YIOTh TIOJE
rpagienTiB mBuakocteil (TuckiB) I'Tl B ¢dismunomy nportotuni GFPEminor; nonomMi>kHOTO
eneMeHTa. J{MHaAMIYHI IITYy4HI MOBEPXHI PO3MOALTY TrpalieHTIB mBHAKocTed (TuckiB) I'TI
OTpUMaHI NUIIXOM BHUKOPHUCTAaHHS METONy Bi3yami3alii JUCKPETHHX CTPYKTYp  IIOTOKY
(MBJCII) [6], sxuii HalIeXUTh A0 KIacy MOJIAPU3AIIHO-ONTHYHUX METOJIB Bi3yaizaii
MPO30pUX POOOUYMX TN HA OCHOBI BUKOPHCTAHHS ONTUYHO aKTUBHOI piguau. Bizyamizaris 3a
nornomororo MBJICII BUKOHYe€TbCS Ha OCHOBI MPOCBIUYBaHHS MOJIIPU30BAHUM CBITIIOM
ONITUYHO aKTUBHOI PIAMHU Yy MOJEIIOIYOMY MPHUCTPOi. )i OTpUMaHHS ONTUYHO aKTUBHOL
pinuan B pinuHy gonaetbes 0,06% mATHOKCHMIY BaHAAIl0 MpU IBOMY 1ii B'S3KICTh
3aJIMIIAETHCSA HEe3MiHHOW. [1o pi3HUIN IHTEHCHBHOCTI OCBITIICHOCTI B KOXKHIN TOYIl MOTOKY
MO>KHa CYJIUTH TPO PO3MOJIL MIBUIKOCTEH/TUCKIB, Ta, IK HACTiA0K, Ipo ¢izuunuii cran ['T1.

OTpuMmaHi TaKUM YMHOM INTY4YHI MOBEPXHI (POTOPEECTPYIOTHCS, YTBOPIOIOYH MHOXHHY
3Ha4YCHb IHTCHCUBHOCTEH TOUOK 300paskeHHs (puc. 3 Ta 4,a). :

Datayy = {B;;}, (i = 1,Dw,j = 1,Dh), (1)

ne Datayg - Bisyaneni nani I'Tl; B;; — 3Ha4€HHs IHTEHCMBHOCTI TOYKH (ITiKCeNa) 300pakeHHs
13 KOOp/IMHATaMHU [ Ta j.

IIpu oTpuMaHHI Bi3yaJbHUX JaHUX (OPMYeEThCS MeTa-3arojoBok Datayp, SAKUH Mae
HaCTyIIHUU BUTJISA;

Metay = (Re,E,L,Dw,Dh,R,,R.), 2

ne: Re— aucno Peiinonsaca (10* < Re < 10°) 3amae mapamerpu I'Tl, mo MojemoeTbes 3
ypaxyBaHH;IM TOAIOHOCTI HOTO peanbHOMY mpouecy; E — Butpumka B mianazoni (1/30 +
1/2000 cek); L — noTy>HICTh OCBITIEHHS B aiana3oHi (25 + 1000 Brt);D,,— ropuzoHTabHUN
po3mip 300pakeHHss B Toukax (pixel); Dp— BepTHKadbHUI po3Mip 300pakeHHS B TOUYKax
(pixel); Ry — mpoctropoBa pozminbHa 31aTHICTH B Toukax (pixel) Ha mroiim (ppi); R.—
KOJhOpOBa pO3JAibHA 3AaTHICTE 1 abo 3 Oaiitm. Datayp pazoM 3 MeTa-3aroJIOBKOM
3anucyroThes B 0a3zy nanux Tl B ananizoBanux enementax PMefp

Bizyaneni nani I'Tl Datayy npenactaBiasioTh cOOOK MHOKHHY TaK 3BaHUX Bi3yaJIbHUX
ctpyktypuux npumituBiB (CII) Datayp TOOTO eneMeHTapHHUX, HEMOXITHUN (QparMeHTiB
nanux I'Tl Datayg, B sikoMy 3abe3neuyerbes nceBaocranioHapHicts I'Tl, mo y3romxkena 3
PeXXMMOM OTPHMAaHHs Bi3yallbHUX J@HHMX, KWW 3a7aeThes B MeTa-3arosiosky Meta, . .(2).

Tonmi BizyanmeHi CII me MHOXXMHA 3Ha4eHb B 3aleXHOCTI Bif R, (2) 1HTEHCHUBHOCTI abo
KOJBOPOBOCTI TOYOK 300paKEeHHSI:

Datayp = {B;;},i =1,d,, j = 1,dp, (3)
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ne: d,, Ta dp — TopuzoHTaIbHUN Ta BepTuKambHui po3mip ['CIl y mikcenmax, ski
BU3HAYAIOTHCSl CKCIICPUMEHTAIBHO Ta 3aJIe)KaTh BiJl PeXKUMY OTPUMaHHS Bi3yallbHUX JaHUX,
SIKUM 3aJ71aHo B (2).

Bino6paxxenns BizyanpHi CII Datayp B BuUXigHUW NpocTip KiaciB mpoToTtumiB K
npoleAypy KiacTepusaiii BidyanbHUX gaHux Datayp 3acHOBaHWUN Ha 3acTOCyBaHHI
camoopranizoBanux Kapt Koxonena (self-organizing map — SOM) [16,17]. Bracmizok
KOHKYPEHTHOI camMooprasizamii BaroBi Koe(]ili€eHTH HEHpOHIB OOYHCIIOBAIBLHOTO MIApy
aZlanTyIThCA TaK, 100 MaKCUMAaJIbHHMM YMHOM pearyBaTH Ha CXOXi MOCHIJIOBHOCTI JaHUX
migobnacti Datayp, BXinqHoro npocropy Bisyanbuux nanux [Tl Datayg i MiHiManbHUM Ha
MOCJIIIOBHOCTI, IO BiAPIZHAIOTHCA. TakuM YuUHOM (OPMYETHCS MPOCTIP KIAciB, SKUH
JI03BOJISIE BU3HAUUTH CXO0Xi Mopdororiuni tunu BizyansHi CII Datayp, ki GopMmyroTh

HacTynHi kjacu (puc 3):
| | —
EEEEEEET T TN
] |
SRS
II EEEEEF _."il‘ S —

E " .. «oucunamusnui» dissipative l
- Datavp

«eminkay solid

Datajp «oHOpI muu» uniform

. Data{p

Puc. 3. Ilpuknax BisyansHuX AaHuX mpo crad ['T1 B ¢izudHii Moaeli mpoTogHOT
YAaCTHHU €JIEMEHTa «IO0BOPOT NOTOKY Ha 180°» 13 Bu3HaueHnMH kiacamu CIT

—  CII «cminxa» (solid) (kmac 4 — S) — timeHi CII Datajp, Mo BinobpaxkaroTh Ha
300paxeHHi I'T] 30Hy ONTMYHO HEAKTMBHOT'O KaJliOpOBAaHOTO MaTepiaity (reTHHaKCy) (Gpi3udHOi
moneni PMefp, sika € «<HEpyXOMOIO» Ta CTATHCTUYHO OJHOPIIHOIO;

— CII «nortik» (flow) — notokosi CII, mo BigoOpakaroTh 30HY ONTHYHO aKTHUBHOI
pinuau B QizuuHil Mozeni PMefp , sxa xapakrepusye 3MiHY BEIMYMHM ITyJbCalliiHOL
CKJIaJIOBOT IIBHUJKOCTI B moijie moToky B cBoto uepry, mortokoi I'CII posmoxineHo Ha
OJIHOPIJIHI, IUCUTIATUBHI, IIapyBaTi THUIIH.

— CIl «oonopionutr»  (uniform) (xmac 3-U) — mnceBmoopranizoBani ['CIT
Datalp, mo mnpencTaBIAIOTE COGOI0 «HEPYXOMe» ONTHYHO HEOAHOpIAHE IMoNe Ha
300paXeHHI, TaK 3BaHUN CTOSYMH MOTIK B SKOMY BIJICYTHS NEpPIOJAWYHA 3MiHA BEIUYMHU
MyJIbCAIIHHOT CKIIa0BO1 MTBUIKOCTI.

— CII «oucunamusnuit» (dissipative) (xmac 2-D) — nesopramizoBani ['CIT
Datalp, mo npencTaBnsoTh 0600 «PyXOMe» ONTHYHO HEOMHOPINHE MOJIE HA 300paKeHH,
B SKOMY IIOBHICTIO BIJICYTHS OpraHizoBaHa (NepioJM4Ha) 3MiHA BEJIMYMHHU MYJbCAliiHOL
CKJIaJIOBOI IIBUJIKOCTI B TIOJI€ TIOTOKY.

—  CI «wuapyéamuii» (laminated) (xmac 1-L) — Bmopsaxosani I'CIT Databp, mo
NPECTaBISIOTh COOOI0 «PyXOMe» ONTHYHO HEOJHOpPIJHE IoJie Ha 300pakeHHi, sKe
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XapaKTEPHU3ye 3MIHY BEJIMYMHU MTYJIbCAIIITHOT CKJIaI0BOi MIBUIKOCT1 B TIOJIC TIOTOKY Y BUTJISII
cimeiicTBa cMyT (1IapiB), sIKI YEPTYIOTHCA.

TakuM YMHOM 3a JIOTIOMOTOI0 TPOIEAYpPH KiacTepu3alii BidyanpHHX aaHux Datayp
3acHOBaHuiA Ha 3acTocyBanHi SOM 6ynu BusHaueni, TinpHi CII Data;p ta notokosi CII, siki

B CBOIO Uepry po3nojileHo Ha ogHopiani Datayp, nucunatusui Datalp, mapysari Databp
tunu CIT.
IaTenexryanbni CII BU3HAYMMO SIK:

Data;p = {Bk;;},i =1,d,, j = 1,dy, (4)

ne: Bk;; — 3Ha4eHHs NCEBIOKOILOPY TOYKM (IMiKCeENa) 300pakeHHsl 3 KOOPAMHATAMH , SKE
3aNIeXKUTh BiJl 3HaYeHHS Kiacy K 3 koopAuHAaTaMu [ Ta j.

Hns orpumanns Data;p.cTBOpeHO onHOMIpHY Tomosorito SOM, ne peuentopHuil map
CKJIAZIAEThCs 13 64 HEHPOHIB, a 00UNCITIOBAIBHIN 13 4 HEHPOHIB, K1 BiJIIOBIAI0OTh 3HAYCHHIO
YOTHPHOX THceBnoKonmbopiB. Ilpouexypa BimoOpaxenns Datayp B BUXIIHUE TpOCTip
pearnizoBana HacTynmHUM 4yiHOM. Ha BXix penenroproro mapy SOM mociioBHO MOJAIOTHCS
nigobnacti Datayp, y BULISL BEKTOPY-PAIKY PO3MIpoM 64, sKi HOPMYHOTECS 13 300paKeHb
etajoHHUX npenactaBHUKIB CII koxHOro i3 MopQoioriyHuX THUIIIB (Datagpi, Datagpi,
Dataepi, Dataﬁpi). Pesynbratom camoopranizanii SOM Bino6paxkenus panux Datayp 3y
BUXigHuil mpocTip kiaciB-nporortumiB K (kmac 4 — S, xmac 3 — U, xmac 2 — D, kmac 1 — L).
TakuM YMHOM 3a PaxXyHOK CaMOHAaBYAHHS HEUPOHHOI Mepexi (OpPMYyeTbCS MPOCTIP O3HAK,
SIKUH 103BOJIsIE BU3HAUUTH cX0k1 Mopdororiuni tTunu CII (aus. puc 4,6 ta 4,B)

- ol 4 - s Yy
F e AL =
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" | ./
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.
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|
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100 ¢
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Puc. 4. Pesynbrat podoti SOM B pexumi cermMeHTallii Bi3yalbHUX JaHUX B
Gbi3ngHOMY IPOTOTHII TOMOMIXKHOTO €lIEMEHTa «IIOBOPOT MOTOKY Ha 180°» (a — Bi3yanbHi
nai ['TI, 6, B — BizyanbHi Ta iHTenekryansHi CII, T — iHTeNnekTyansHi qani ['T1

[Mponienypa orpumanHs inTenektyanbaux ganux [Tl Data;; B PMefp peanizoBaHa 3a
nonoMoror copmoBaHoi B pexumi HaBuanHs SOM. Ha chopmoBany SOM mnonaerbes
BekTop vV = f(Datayp) — omHOBUMIpHMH MacuB (BEKTOp) Bi3yalbHUX JaHMX Vj, j =
1,M (Myp = dy, *dy), sxuii orpumano i3 gsosumipHoro CII Datayp 3a JOMOMOIoI0
nepetsopenns f: (dy, dy, {B; j}) - (1, Myp,{B; j}) . 'Y skocti QpyHKIT f BUKOPUCTOBYBAIUCH
CTaHJapTHI omnepariii MoCTpOYHO-TIOCTOBIIEBOI 0OPOOKHU ab0 3Ur3ar-ckaHyBaHHSI.

VY BiANOBIAHOCTI 10 anroput™My (yHKuioHyBaHHS SOM BHKOHYETHCS MOIIYK HAaWOUIbII
CXO0KOTO Ha BX1HUH BEKTOp Vj, j = 1,M BexkTOpa BaroBHMX Koe]illicHTiB HEHPOHIB W; i L=
1,L, taj=1,M y wmarpumi BaroBux koedimientis W. HeiipoHoM-TiepeMoXIEM Y
BiAMoBigHOCTI 10 QyHKNii moxiOHoCTI 6yne HeHpoH [(W;), TaKHi 110:
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i(wj) = arg miin”vj — Wj”, i=1Leom, j=1, Myp. (5)

[Tpu npoMy HOMEp HeMpoHa-TIEPEMOXKIIS BiIOBiIa€ HOMepyY Kiacy K 1HTENEKTyaaIbHOTro
CIl Data;p y BIONOBIZHOCTI 0 SKOIO BHKOHYETHCS IICEBJOKOJIBLOPOBA PO3MITKa
CEerMEHTOBAHOTO 300pakeHHSI. OTpUMaHe TaKMM YHMHOM, IICEBJOKOJIHOPOBE CErMEHTOBAHE
300pakeHHS, sIKe TpeacTaBisie coboro iHTenekryanbHi [Tl Data;g, y BUrIsai 00’ eqHaHUX
Data;g. (muB. puc 4,r)

[Ipaktuuyne BuxopuctanHs SOM B pexxumi cerMeHTanii Bi3yadbHUX AaHUX B (pi3uuHiil
moneni PMefp enemenrta «nogopom nomoky uwa 180% (puc. 4) no3BoJsi€ BUAUIMTH TPH
3B'A3aHUX 00NacTi siki yrBOpeHo 06 eananusM CII aucunarusaoro Datab, i ogmopimnoro
Data xnacis (puc. 4, B) B inTenexryansaux aanux Tl Data,; (puc. 4, r). Ha pucynky 4, T
111 00Js1acTi mo3HavyeHo Homepamu 1,2 ta 3.

4. Memoouxa cmeopeHus YOockoHarenoi npomounoi uacmunu eremenma I'AC.

st cTBOpeHHs yaocKoHaneHoi nmporouHoi yactuHu enementa ['AC lefp (nuB. puc. 1)
HEOOXIJTHO CHHTE3YBaTH MOTO YJOCKOHalleHy (i3znuHy monens [PMefp. Bxinnumu nanumu
st cTBopeHHs IPMefp € 300paxenns iHTenektyanbHux nanux [Tl Data;, Ha sikomy
3aco0aMu TOIEpeaHiX eTamiB BUJIIeHI 3B’s3aHi oOmacti 1, 2 Ta 3 (puc.d, 1), 1O
YTBOPIOIOThCA onTuuHO akTuBHMMH CI1 mucunatusnoro Datal, i omuopimsoro Dataly
kiaciB. ®izuuna mojaens [PMefp po3pobiseThes sIK pe3yabTaT 3aMIlICHHS TPhOX 00JiacTeit
BCTaBKAMH CKIagHO1 (opMH, sKi yTBOpeHi onTHuHo HeakTuBHuMu CII Datajp Kimacy cTiHka.
(puc. 5 Ta 6)

§)
Puc. 5. ®opmyBanust BXiguux ta ganux st RBF; (a — macusu BXigaux X i uigpoBux T
BEKTOPiB; 6 — BiT0OpaXeHHS IITFOBUX Ta BUXIJHHUX JAaHUX Ta apTYMEHTIB

Jns otpuMaHHS (OpPMH ONTHYHO HEAKTHBHOI BCTABKHM 3alPONOHOBAHO BHKOPHCTATH
pamianpHy OasucHy Heiipony Mepexy (Radial Basis Function Network — RBF) tomy, 1o
BOHHM JIEMOHCTPYIOTh XOpOIIi BJIACTUBOCTI, MIOJ0 alpOKCHMAIii CKIAQAHUX HENiHIHHUX
¢yuxkuiit [18]. Mepexa RBF MicTuTh 1map npuxoBaHUX HEHPOHIB 3 palialbHO CUMETPHYHOO
aKTUBAIIHOIO (YHKII€0, KOXKEH 3 SKUX MpU3HAYEHUH U1 30epiraHHs OKpEMOro
€TaJIOHHOTO0 BEKTOpa y BUIJISAI Bar MNPUXOBAHMX HEWPOHIB 1 BUXIAHMM JIHIMHMHN 1map.
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Arnpoxkcumarris 3a gornomoror mepexxi RBF HasuBaeTbes jokabHOI0O. Yce MEpeTBOPEHHS B
[IJIOMY II€ CyMa JIOKAIBHUX TIEPETBOPEHBb HA OCHOBI 0a3ucHUX QYHKIIIH (rayccoin).

HaB4yaHHSI IPUXOBAHOTO WIApy Iependavyae MONepeHe MPOBEACHHS KiIacTepu3allii s
3HAXO/PKEHHS ETAJIOHHMX BEKTOPIB 1 piBHA NEepeKpUTTs BXigHMMU aprymeHTtamu ajis
HaBuanHsd RBFi1 € macuBu Bxigaux X 1 muiboBux T BekTOpiB (puc. 5, a, 0), MmO OTpUMaHi
BiJIMOBIZHO 10 KOOPAMHAT JiHii sKa po3fimoe 3B's3ani obnacti CII Datab, i DataY, xnacis
Ta KJacy Dataﬁpi. MacuBu BXIJHUX Ta LUIOBHX JaHUX (OPMYIOTHCS 3 BpaxyBaHHAM
KOOPJMHATHOI CITKH SIKY CIEIiaJJbHO HAHECEHO Ha 300paKeHHs. Y BIMOBITHOCTI 13 PEKUMOM
HaByanHs RBF; BXimHMMH naHUMHM € TakoX 3HAUEHHS CEPEIHBOKBAIPATUYHOI MMOMUIIKU
Mepeki 1 piBHS NEPEeKpUTTS paaiadpHuX Oa3ucHUX (YHKLINA, $KI BHU3HAYAIOTHCS
EKCIIePUMEHTAIBHO.

ITo anasorii i3 CTBOPEHHSM ONTHYHO HEAKTUBHOI BCTaBKM i objacti 1 (puc. 5, a, 0) 3
BukopuctanuaM RBF; ta RBF3 orpumano ¢opMu ONTHYHO HEAaKTHMBHHMX BCTaBOK JUIS
obnacreit 2 ta 3 (puc. 6, a) Ha pucynky 6, 6 moka3aHo CHHTE3y yIOCKOHAJCHOI (i3HUHOI
mozeni IPMefp «nosopom nomoxy ua 180% umsxoM 3aMimIeHHS 3B'S3aHHX ONTHYHO
aKTUBHUX HEBIOpsaKoBaHmMX obmacreit CI1 mucumarusroro Datals i ommopimsoro Dataly
KiaciB B iHTenektyansHux nanux [Tl Data;g 3B’s13aHuMU 00J1aCTSIMU, CTBOPEHUMHU ONTUYHO
neaxtuBaumu CI1 Dataj, kmacy crigka. IIpy 1poMy 06NacTi 3aMillleHHS IO3HAYEHO
Homepamiu 1, 2 ta 3.

B
Puc. 6. ®opmysanns Bxiguux ta qanux RBF, Ta RBF; (a — macuBu Bxigaux X i ninsoBux T BEeKTOpIB; 6 —
BiJOOpaKeHHS IUTHOBHUX T4 BUXIJHHUX JAHUX Ta apTyMCHTIB

OtpumaHnHs KinbKiCHOI oriHku cTaHy ['T] B cuHTe30BaHOi TakKUM YMHOM (h13MYHOT MO
IPMefp Ha ekcriepUMEHTAIbHOMY CTeHJI (AMB. puc. 1) y BUTIIAI 3HAUEHHS ITapaMeTpa ripo
aepOJIMHAMIYHOTO ONOPY Rippesp 1 TIOPIBHAHHA HOr0 3 HOPMATHMBHHUM 3HAYEHHAM Rcpp
MOKa3aJo, M0 MPAKTHYHY MOXKJIMBICTH 3HMXKEeHHS B 2,6 pasu (3 0,040 mo 0,015) 3HaueHHsIM
TIAPO aepOAMHAMIYHOTO OMOpy. AK 6a4nMo 13 CTPYKTYPHOI CXEMH 3aIpONOHOBAHOTO METOIY
B pasi TaKkoro CyTTEBOTO 3MEHIIEHHs 3HAYEHHS ONOPY Rjpyerp Ha OCHOBI OTPMMaHOi
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IPMefp cTBOPIOETBCS KPECIICHHS yIOCKOHAIEHOT MpoTovHoi yactuHu enemenTa [AC Ilefp.
JUISL €JIEMEHTA «nogopom nomoky Ha 180 %

5 OBI'OBOPEHHA PE3VYJIBTATIB JOCJIAXKXEHHS

[Tokazano, mo mMOKa3HUKIB OakaHoi e(pEKTHMBHOCTI Ha EHEPreTMYHHX 00 €KTax Ha
MOXJIMBO JOCATTH 3a PAXyHOK 3HMXKEHHS OIOpPIB B €JIIEMEHTax TiApO aepoIuHaMIYHUX
cHCTeM, SIKi 3a0e3MeuyIOoTh MPOIECH MiTHOMY, CTUCHEHHS, PO3LIMPEHHS 1 TPaHCIOPTYBAaHHS
piUH Ta rasiB i TOMy € OCHOBHUMH CITO)KMBaYaMH €JICKTPUYHOI €Heprii Ha Tak 3BaHI BJIacHI
notpebu. Illo cBoro yepry morpelye AOCTiAKEHh HAYKOBOI Bi3yamizallii 3 BUKOPUCTAHHIM
3ac00iB (DI3MYHOTO Ta YHUCEIHHOIO MOJAETIOBaHHA. Pe3ynpTaroM TakuX OCHIKEHb €
NOAANBIINNA PO3BUTOK METONY YAOCKOHAJICHHS MPOTOYHOI YACTUHH E€JIEMEHTIB Tigpo Ta
aepoAMHAMIYHUX CHCTEM, SIKHW IOJIATa€ B OTPUMAHHI KIJIBKICHOI Ta SIKICHOI OIIIHOK CTaHy
ra30BUX TOTOKIB B IIUX €JIEMEHTAaXx, 0 J03BOJISE€ CHHTE3YBaTh MPOTOYHI YACTUHH €JICMEHTIB
riIpO aepOJMHAMIYHUX CUCTEM 31 3HHUKEHUM OIIOPOM.

B po06oTi po3pobneHo 3arambHy CXeMy METONY YAOCKOHAJICHHS IPOTOYHOI YaCTHHU
€JICMEHTIB T1JpO aepOAMHAMIYHUX CUCTEM.

[Tokazano, o peaizaiis MeToay MoTpedye BUKOHAHHS TPHOX €TAIliB a came:

1. oTpumaHHS KUNbKICHOI OIIIHKM CTaHy Ta30BHX IIOTOKiB B MPOTOYHIM 4YacTHHI
CIIEMEHTY, SIKHH YIOCKOHAIIOETHCS 32 PAaXyHOK BHKOPHCTaHHS 3aco0iB  (i3UYHOTO
MOJIETIIOBaHHS;

2. OTpUMaHHA SKICHOI OI[IHKM CTaHy ra30BHX ITOTOKIB B IPOTOYHIH YaCTHHI €JIEMEHTY,
KM YJOCKOHAJIOETHCSA 3a PAaXyHOK BHMKOPHCTAHHS METONy Bisyami3auii iX CTPYKTypH 3
NOAATBIIAM IHTEJIEKTYaJIbHUM aHAIi30M OTPUMAaHHX Bi3yalbHUX 300pakeHb;

3. CHHTe3 YIOCKOHAJEHOI MPOTOYHOI YAaCTHHHU €JEeMEHTa TiJpo Ta aepoAMHAMIUYHUX
CHUCTEM 3a paxXyHOK BHUKOPHCTAHHS HEHMPOHHUX MeEpex sl 1moOyaoBu (OPMH ONTHYHO
HEaKTMBHUX BCTABOK JUIS 3aMILLEHHS BUAIJICHUX ONTHYHO aKTUBHUX 00JacTell OTpUMaHUX K
pe3yabTar SIKICHOT OLIHKH Bi3yaJbHUX 300paKeHb.

Cumynanis cTBOpeHol (i3W4HOI MOJEeNl YIOCKOHAJEHOI MPOTOYHOI YaCTHHU €JlIeMEeHTa
riIpo  Ta  aepoAMHAMIYHMX CHUCTeM Ha noaiOHoMy 3a  uucioM  PeifHonbzica
eKCIIEpUMEHTAJIbHOMY CTEH/Il M0Ka3aja, IO BpaXyBaHHs CTaHy ra30BHX IMOTOKIB Y BUIJISII
IHTENEKTyaJIbHUX JaHUX OOpOOKH Bi3yaJbHHUX MOBEPXOHb, SIKI OJHO3HAUYHO XapaKTepU3YIOTh
1oJjie TPaJI€HTIB MIBUAKOCTEH (THCKIB) MOTOKY y MOZENI, JA03BOJSE CUHTE3YBaTH IPOEKTHI
pillIeHHs 1O 3HIKEHHIO omopiB B 2,6 pasu (3 0,040 no 0,015) npu ynockoHaneHH1 MPOTOYHOL
YACTUHU €JIEMEHTa «IOBOPOT MOTOKY Ha 180 3

6 BHUCHOBKHU

B pesynbrati ananizy npobiieM eHepro30epexxeHHs B TiApO aepoJIMHAMIYHUX CHUCTEMAaX,
K1 MPOEKTYIOThCS BCTAHOBJICHO, 110 ICHYIOYl METOJIM HE MOBHOIO MipOI0 BPaXxOBYIOTh CTaH
peaIbHUX Ta30BUX MOTOKIB MPU MPUUHATI MPOEKTHUX PILIEHb, 100 MOOYJO0BH MPOTOYHUX
YaCTHUH eJIEMEeHTIB Takux cucteM. Lle nmpusBoauts 10 nonatkoBux (01t 40 %) BTpaT eHeprii
Ha Mii0M, CTUCHEHHS a00 TPaHCIIOPTYBAaHHS POOOYMX TiJI.

B cBO Wepry eKCHEepUMEHTaNbHI JIOCT/DKEHHS  3alpOINIOHOBAHOTO  METOMY
YIOCKOHAJIEHHS IIPOTOYHOI YaCTHHU eJIEMEHTa Tipo Ta aepoJMHAMIYHUX CHCTEM MOKa3alu,
10 BpaxyBaHHS OIIHOK CTaHy Tip0 ra3oBUX IOTOKIB (IIOTOKIB poOOYMX TULI) TO3BOJISE
PO3pOOHUTH TPOEKTHI PIMICHHS MO 3HWKEHHIO OMOpiB B 1,5 — 5 pasiB 3alle’HO BiJ THUITY
elIeMEeHTa, SIKUi mpoektyeThest. [19,20]

B anprepHatuBHMX poOOOTax aBTOpPIB IIOKa3aHO, IO MPAKTUYHE BHUKOPHUCTAHHS
3alPONIOHOBAHOTO METOAY JUIS YJOCKOHAJIEHHS MPOTOYHOI YacCTHHU TEPMOCTATHYHOTO
knanany ¢ipmu Herz Armaturen, 703BOJMIIO 3HM3UTH HOro rigpaBmiyHuii omip B 1,5 pasmu.
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BukopucranHs po3poOsieHUX €Hepro30epiralourMx MPOEKTHUX PINIECHb MIOAO0 €JIIEMEHTIB B
CUCTEMax TEIUIONOCTAYaHHs Ta aepOJUHAMIYHHMX CUCTEMaX, IO MPOEKTYIOTHCS IO3BOJUIO
3HU3UTH €HEPrOEMHICTH T1IPO aepOJMHAMIYHUX MPOIECIB B HUX BiAmoBimHo Ha 25-30 % Ta
14 %. 3anpomoHOBaHi pIlICHHS TakKoXX OyJM BUKOPUCTAHHI JJIS MPOEKTYBaHHS CUCTEMHU
TEIUIO- Ta TEIUIOBOOINOCTa4aHHs Ha 0asi koria E-2,5, eHeproemHicTh T1IpOJAMHAMIYHOTO
nporecy sikoi Ha 15 % HuK4Ye BiJl TOMIOHUX ICHYIOUHX.

HaBeneHni  MO3WTHBHI ~ NPUKIAJAA  BHUKOPUCTAHHS  3alPOIIOHOBAHOIO  METOMIY
YIIOCKOHAJIEHHS MPOTOYHOI YaCTHHM €JIEMEHTA TiJp0 Ta aepOAMHAMIYHHUX CHUCTEM CBiAYaTh
PO HOTr0 HAYKOBO-TIPAKTUYHY KOPHCTH.
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YK 621.01

O®YHJIAMEHTAJIBHUN AHAJII3 TA ONITUMI3ALIIA
(MIHIMI3ALIA) INMHAMIYHUX HABAHTAYKEHD Y IIPYXKXHUX
EJJEMEHTAX MEXAHI3MIB IIJIHOMY BAHTAKY KPAHIB
Yacruna I

Yosumwk 0. B.L, lpuiimauenko O. B.l, Uepeaniuenxo II. I1.%,
Typuaninosa JI. L.}, lllyapa H. C.!

YKuiscoxuii Hayionanonuii VHIgepcumem OYOIBHUYMBA MA APXiMeKmypu

AHorauis. [IpoBenennit GyHnaMeHTaIbHUI aHANI3 Ta ONTHUMI3allis (MiHIMI3aLis) TUHAMITHIX
HAaBaHTaXECHb Y TNPYKHHX €JeMEHTax (KaHaTax) MeXaHI3MiB MiIHOMYy BaHTaXy KpaHiB, SKi
BUKOPHCTOBYIOThCS y MicTOOymyBaHHI. OCHOBOIO aHANi3y Ta METOAMKH ONTHMI3alii PeXUMIB pyXy
BKa3aHMX MEXaHI3MIB € MiAXiM, SKH peali30BaHUH y KJIACHYHOMY BapialliiHOMY YHCJICHHI, a caMme:
MiHIMI3y€TbCA 1HTETpaJbHUN (DYHKIIOHAT, KOTpUH BimoOpakae HeOakaHi BIACTHBOCTI MEXaHIYHOT
cucremMu. ONTUMI30BaHI PeXKUMHU PyXy MEXaHi3My MigHOMY BaHTaXy KpaHy, SIKHA MpeJCTaBICHUH y
po0OOTI MEXaHIYHOIO CHCTEMOIO 3 JIIHIHHOI (DYHKITIEIO TIOJIOKEHHS ii eJIeMEeHTIB (BaHTaXX Ha KaHaTi i
npuBigHUN MexaHi3M). [lokazaHuii CyTTEBHIi BIUIMB PEXKHUMIB PyXy came MPHBITHUX MEXaHI3MiB Ha
JVUHAMIYHI HaBaHTAXXCHHS B NPYXKHUX eJeMeHTax (KaHarax) MeEXaHi3My WiZdoMy BaHTaxy
MicTOOyMiBeTFHOTO KpaHy. 3a3BUYail OKpEMi TUTIOBI PEKUMHU PYXy ONTHUMI3YIOTh TIJIbKU OAHY TIEBHY
BJIACTUBICTh BKa3aHOTO MEXaHi3My. Y 0araThboX NMpaKTHYHHUX BHIAIAKaX IOTPIOHO OOpaTH pexUMHU
pyXy, SKi ONTHMI3yIOTh KOMIUICKC BJIACTMBOCTCH MAallMHU 4YM MeXaHi3My (BIAMOBITHO, KpaHy abo
MexaHi3My niz[ﬁOMy BaHTaX)Y MiCTo6y):[iBenLHoro KpaHy). CaMe JUTS Bn6opy TaKuX pC)KI/IMiB pyxy
MAIIIMH i MEXaHi3MiB YMOBHO MOXKHA PO3JIUIMTH Ha JiBa Kiacu: 1) mosuiiiiHi (MakCHMallbHiI 3HAYCHHS
KIHEMaTHUYHAX XapaKTePUCTHK JIAHOK, JWHAMIYHMX HaBaHTa)KEHb, aMIUTITYJl i YacTOT KOJHUBAHb,
KOe(IliEHTIB JUHAMIYHOCTI TOWIO); 2) iHTerpaybHi (CepeIHbOKBAAPATHYHI 3a Yac PyXy 3HAYCHHS
KIHEeMaTHYHUX XapaKTePUCTHK JAHOK 1 JAWHAMIYHUX HaBaHTaXEHb, eHepreTI/Iqu BUTPATH 1 TOMY
noJ1ioHe). Y poOoTi mpoBeneHni QyHIaMEHTaIbHUN aHaNi3 BKa3aHWX KPHUTEPIiB i MOKa3aHO, IO JJIs
OIIHKK PEeXHMIB PyXy BaHTaXOIJHOMHUX MAIlIMH, SK 1 MEXaHI3MIB MigHOMYy BaHTaXy KpaHiB
(cTpinioBHX, MOCTOBHX, KO3JIOBHMX, MICTOOYMiBEIbHHX) HEOOXITHO BHKOPHCTOBYBATH IHTETrpajbHi
KpUTEpii, OCKIIBKH caMe BOHHU OI[HIOIOTH PyX NpPOTATOM ychoro Iukiay. HaBenmeHi iHTerpambHi
KpUTepii OIHKK MicTOOYIiBENILHUX KpaHiB 1 MEXaHi3MiB MiJiOMy BaHTaxy, SKi y TOBHIM Mipi
BioOpakaroTh iXHI JMHAMIYHI BIIACTUBOCTI, XapaKTEPUCTUKH pPyXy 1, 30KpeMma, MiHIMi3yIOTh
JMHAMIiYHI HABAaHT)KEHHS Ha MPY)KHI eJIeMeHTH (KaHaTH).

OTtpumaHi y JaHOMY JOCHI/PKEHHI Pe3yJIbTaTh MOXKYTh OyTH y MOJaNbIIOMY BUKOPUCTAHHI JIJIs
YTOYHEHHS W BIOCKOHAJEHHS ICHYIOUMX IH)KEHEPHHX METOJIB PO3PAaxXyHKY BaHTaXKOIIiHOMHHX
KpaHiB, KOTPi BUKOPHCTOBYIOTECS Y MICTOOYAyBaHHI, a TaKOXK X MEXaHi3MiB MiIIHOMY BaHTaxXy, K Ha
CTaJIisIX IPOEKTYBAHHS, TaK 1 Yy pe)KUMax pealibHOI eKCITyaTallii.

KarouoBi cinoBa: ¢yHIaMeHTaIbHUAN aHalli3, ONTHMI3allis, TUHAMIYHI HaBaHTAKEHHS, NMPYXKHI
€JIEMEHTH, MEXaHI3MHU MiJIOMY BaHTaXy, MiCTOOYIiBENbHI KPaHU, PSKUMH PyXY, IHHAMIYHI KpUTEPIi.
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FUNDAMENTAL ANALYSIS AND OPTIMIZATION
(MINIMIZATION) OF DYNAMIC LOADS IN ELASTIC
ELEMENTS OF CRANES LOAD LIFTING MECHANISMS
Part I

MexaHika Ta MaremMaTuyHi Meromgu [
Mechanics and mathematical methods

Yu. Chovniuk?, O. Priymachenko?, P. Cherednichenko?, L. Turchaninova?,
N. Shudrat
! Kyiv National University of Construction and Architecture

Annotation. The fundamental analysis and optimization (minimization) of dynamic loads in
elastic elements (ropes) of load lifting mechanisms of cranes used in urban development is carried out.
The basis of the analysis and methodology of optimization of motion modes of the mentioned
mechanisms is the approach implemented in the classical calculus of variations, namely: the integral
functional is minimized, which reflects undesirable properties of the mechanical system. Optimized
modes of motion of the crane load lifting mechanism, which is represented in the paper by a
mechanical system with a linear function of the position of its elements (the load on the rope and the
drive mechanism). The significant influence of motion modes of exactly drive mechanisms on
dynamic loads in elastic elements (ropes) of the load lifting mechanism of a city-building crane is
shown. Usually separate typical modes of motion optimize only one certain property of the specified
mechanism. In many practical cases, it is necessary to select modes of motion that optimize a set of
properties of a machine or mechanism (respectively, a crane or a load lifting mechanism of a city-
building crane). It is for the selection of such modes of motion of machines and mechanisms that
dynamic criteria for their evaluation are needed. All existing criteria for evaluating machines and
mechanisms can be conditionally divided into two classes: 1) positional (maximum values of
kinematic characteristics of links, dynamic loads, amplitudes and frequencies of oscillations, dynamics
coefficients, etc.); 2) integral (rms values of kinematic characteristics of links and dynamic loads,
energy costs, etc.). In the work the fundamental analysis of the mentioned criteria is carried out and it
is shown that for estimation of motion modes of hoisting machines, as well as mechanisms of cargo
lifting cranes (boom, bridge, gantry, city cranes) it is necessary to use integral criteria, because they
are the ones that estimate motion during the whole cycle. Integral criteria for evaluating urban
construction cranes and load lifting mechanisms are presented, which fully reflect their dynamic
properties, motion characteristics and, in particular, minimize dynamic loads on elastic elements
(ropes).

The results obtained in this study can be further used to clarify and improve the existing
engineering methods of calculation of hoisting cranes used in urban planning, as well as their load
lifting mechanisms, both at the design stages and in the modes of proper operation.

Keywords: fundamental analysis, optimization, dynamic loads, elastic elements, load lifting
mechanisms, urban cranes, motion modes, dynamic criter.
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1 BCTYI

Bimomo [1], mo XxapakTep pyxXy OCHOBHHMX JIAHOK MEXaHI3MIiB MiTHOMYy BaHTaxy
MICTOOYIIBEJIBHUX KpaHiB, K 1 IHIIUX BAaHTKOMIIHOMHUX MAaIIMH CYTTEBO BIUIMBAE Ha
AKICTb BUKOHAHHS TEXHOJIOTIYHMX TMPOLECIB BIIACHE MAIIMHOW0, I TMPOJYKTHUBHICTb,
HaAIHHICTh, JOBIOBIYHICTD TOIIO.

PexuM pyXy KOXKHOI JIaHKM MEXaHi3My MiIHOMYy BaHTaXy, Y CBOIO Yepry, BU3HAYAETHCS
3aKOHOM 3MIHM y dYaci a00 TOJIO)KeHHI KIHEeMaTHUYHUX XapaKTepUCTUK (MEepeMillcHb,
MIBUJIKOCTEH 1 Tak Jaji) 1 YacoM pyXy MexXaHi4HOi cuctemu. il MeBHOI KOHKPETHOI
KOHCTPYKILIT MeXaHi3My HiHOMy BaHTaXy KpaHy 3aKOH PyXy OKpeMoi JIaHKH (HarpuKIa,
NPUBO/y) BU3HAYAE 3aKOH PyXY IHIIKX JIAHOK. 3ayBaKUMO, 1110 TIOBHHIA Yac pyXy MeXaHi3my
iAoMY BaHTaKy MicTOOYIIBEIBHOTO KpaHy (K MeXaHi3My IHKIIYHOI Jil) — I[¢ MPOMIXKOK
Yacy BiJl MOMEHTY MOYATKy pyXy J0 HOTro KiHIIS.

[Tpu mpoeKkTyBaHHI BaHTaXKOIIAHOMHHMX MAIIMH (30KpeMa, KpaHiB pi3HOI KOHCTPYKILii) i
BaHTaXXOI IHOMHHUX MEXaHI3MiB 3a3BUYall BUKOPHCTOBYIOTBCS Pi3HI TUIIOBI peXKUMH pyXy: 1)
31 CTaloOK IIBUAKICTIO, 2) 31 CcraguM NOpUIIBHANIEHHsAM, 3) 31 3MIiHHMM Yy d4aci
NPUIIBUALICHHSM 32 JIIHIHHUM, KOCHHYCOINAIbHUM, CHHYCOITadbHUM, TOJTIHOMIAJIEHUM Ta
inmuMu 3akoHaMu [2]. KokHuil 3 [UX peXHMMIB PyXy ONTHUMI3y€ Ti Yd iHINI BIACTHBOCTI
MEXaHi3MIB 3 JIHIHHOK (YHKIIEIO ITOJOXKCHHS TPOBITHOI JIAHKH BiTHOCHO BeaeHOoi. Cirif
TAKOXX 3a3HAYMTH, 110 OKPEMI THIIOBI PEXUMM PYyXy ONTHMI3YyIOTh JIMIIE OJHY KOHKPETHY
BJIACTUBICTh MEXaHI3MY MiIHOMY BaHTa)Xy MiCTOOYIiBEIBHOTO KpaHy.

Jns BuOOpy pexuMiB pPyxy NHOMIOHMX MEXaHI3MIB 1 MallMH HEOOXIiJHI y3arajbHEeHi
KpUTepii OiHKK 1XHBOI eekTuBHOI poOOTH. ICHYIOTH KpHUTEpii OIIHKM BaHTAXKOIITHOMHUX
MAaIlliH 1 MeXaHi3MiB, SKi YMOBHO MOKHA po3AiIuTH Ha aBa kimacu [1-3]: 1) mosuiiiiai
(MakcuMaNbHI 3HAYCHHS KiHEMATHYHMX XapaKTEPUCTUK JIAHOK, AMHAMIYHMX HABaHTa)KCHb,
aMILTITYJ 1 YacTOT KOJIWBaHb, KOEQIIIEHTIB JUHAMIYHOCTI TOINO);, 2) IHTErpaibHi
(cepenHbOKBaJpaTHYHI 3a Yac PyXy 3HAYCHHS KIHEMATHYHUX XapaKTEPUCTUK JIAHOK 1
JAMHAMIYHUX HABAHTAXXEHb, CHEPreTHYHI BUTPATH 1 ToMy mo1i0He). DyHIaMeHTaNbHII aHai3
LIUX KPUTEPIiB IMOKa3ye, L0 JUIS OLIHKK PEXUMIB PYXy BaHTAXKOMIAWNOMHHX MalIUH 1
MEXaHI3MIB CJliJi BUKOPHUCTOBYBaTH CaMe€ IHTErpajlbHi KpPUTEpii, OCKIIbKM BOHM OibII
a/IeKBaTHO OIIHIOIOTh PyX MEXaHIYHUX CUCTEM IMOAIOHOI CTPYKTYpH U (YHKIIOHAJIBLHOTO
OpPU3HAYCHHS MPOTATOM YChOrO LUKy (SK 1 MpU HEepexigHUX TMpolecax THITY: PO3TiH,
rajbMyBaHHs, peBepcyBaHHs). [IpoTe icHyroui iHTerpajibHi KpUTEpii OIIHKA pPOOOTH
BAaHTAXOMITAOMHUX MAallMH 1 MEXaHI3MiB, Ha AYMKY aBTOPIB JaHOTO JOCHIJDKEHHS, Y
HEMOBHIN Mipi B1100pakaroTh IXHI JUHAMIYHI BJIACTHUBOCTI, XapaKTEPUCTUKHU PyXY, BIACYTHI
Gbi3MuHI IPUYUHU TOSIBU PYXY Y MEXaHiuHii cuctemi (IpH poO3IJIsiai MepexiiHUX MPOIIECiB), a
MOYAaTKOBI Ta KIiHIIEBI yMOBH (TepMiHAIbHI YMOBH), $IKi HEOOXIJIHO BHUKOHATH IpU
MOJICJIIOBAaHHI TaKUX CHCTEM HOCATh BIJICTOPOHEHHH, (I3UYHO HIIKUM YHMHOM He
OoOTpyHTOBaHMI XapakTep 1 BuJA. ToMy BHHHMKa€ HarajlbHa IMmoTpeda y po3poOIl HOBUX
JMHAMIYHUX KPHUTEPIiB Ta (yHIaMEHTAIBHOMY aHali31 pexXuMiB poOoTH (Ta iX onTHMizaii 3
TOYKHU 30py MiHiIMi3allii HaBaHTa)KEHb Ha MPY)KHI eleMEeHTH (KaHATH) BaHTAXKOIiTHOMHUX
MEXaHi3MiB MiCTOOY/iBEIbHUX KPaHiB) 3 ypaXyBaHHSIM HayKOBO OOIPYHTOBaHUX YMOB PyXYy,
sIKi © 3aT0BOJIBHSITH ICHYIOUMM 3aKOHAM MeXaHiKH (30Kpema, IMepiuioMy Ta Jpyromy 3akony l.
HeroToHa).

3MICT TaHOTO JTOCTIIPKEHHSI 1 3BOJAUTHCS 0 BUPIMICHHS OKPECICHUX BHUIIE MPOOIJIEM.

Criz 3a3HaYMTH, 110 PEKUMH PYXY MEXaHI3MIB BaHTaXKOMITHOMHUX KpaHiB — 1€, 1O CYTI,
(YHKIIIOHAJIBHI  3QJIEKHOCTI  TIEPEMIIEHb, MIBHUAKOCTEH, NPUIIBUIANIEHb TOIIO, JAHOK
MeXaHi3My Bijl IPOCTOPOBOTO 1 4aCOBOTO apryMEHTIB MPOTITOM YChOTO LUKIY PYyXy, a caM
KpUTEPI ONTHUMAIbHOCTI Ma€ BUIJISLJ IHTErpajibHOro (QyHKUIOHANA. YMOBa, 3a SKOI
npolenypa MOPIBHAHHS JOMYCTUMHX PEXKUMIB PyXy MOXKJIHMBA, 3BOJUTHCS JO TOTO, IIO
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BKa3aHUW KPHUTEPI MOBHHEH BUPAXKATHUCH CKAIPHOIO BEIWYHHOIO, a TAKOX JJISI KOKHOTO
PeKUMY PYXy MeXaHiuHOi cucTeMH HaOyBaTH KOHKPETHOTO YHCJIOBOTO 3HaueHHs. SIKIIo
3QJIEKHOCTI PEKHUMIB PyXy BaHTKOINMIIAOMHUX MEXaHi3MIB MICTOOYAIBEIbHUX KpaHiB
MOXYTh HaOyBaTH SK JOJATHUX Tak 1 BiJ'€MHUX 3HA4€Hb, TOJI Yy BHpa3H MiAIHTErpaIbHUX
(yHKII BOHM MarOTh BXOJUTH Y KBAJAPAaTUYHOMY BHIJIAAI ¥ BigoOpakaTu i1HEpIliHHI
BJIACTUBOCTI KOHKPETHHMX JIAHOK. 30Kpema, MimiHTerpayibHi (yHKIT KpuTepiiB MOBHUHHI
BKJIFOYATH BCi CHJIOBI (hakTopH, [Iif0oui y MexaHiuHiii cuctemi (iHepiiliHi, CHIM OIOpY, Barw,
NPY>KHI CUIIM TOILO), OCKUTBKY BOHH JIIOTh HA CJICMEHTH BAaHTAXKOII1 IHOMHOTO MEXaHi3My i, y
CBOIO YEpTy, 3aJICKATh BiJI PEKUMIB PYyXY.

2 AHAJIIB JITEPATYPHUX JAHUX TA IOCAHOBKA IMPOBJIEMHA

Y pobotax [1-3] Oyna mpeacraBiieHa METOJIMKAa ONTHMI3aIii PEKUMIB PyXy MaIluH i
BaHTAKOIITHOMHUX MEXaHi3MIB KpaHiB PI3HMX KOHCTPYKIIIM Ta THIMIB, sika 0a3yeTbcs Ha
MiHIMi3amii 1HTErpadbHUX (QYHKIIOHATIB, KOTpi BigoOpakaroTh HeOakaHl BIACTHBOCTI
MOMIOHUX MEXaHIYHUX CHUCTEM. ABTOPU IIMTOBAHHUX POOIT ONTHUMIZYyBalM PEXUMHU PYXY
KOHKPETHHX MEXaHIYHHMX CHUCTEM, 30KpeMa, 3 JIHIHHOK (YHKIIEI0 IOJIOKCHHS €JIEMEHTIB
(MexaHI3MiB BaHTXOIITHOMHUX MAIllMH) W TOKa3alH, IO iICHY€ CYTTEBHH BIUTUB PEKUMIB
pyXy IPHBITHUX MEXaHI3MiB Ha JMHAMIYHI HABAaHTAKCHHS y MPYXHUX eJIeMEHTax (KaHaTaXx)
MeXaHi3My iAoMYy BaHTaxy. Y MoaajbimoMy, aBTopu [4-10] mochmimkeHb po3poOHH
METOAMKY ONTUMI3aIlil PSKUMIB PyXy BaHTAKOMIAHOMHHX MEXaHi3MIB (MOCTOBHUX, KO3JIOBHUX,
CTpiIOBHX Ta iHIIMX) KpaHiB. [Ipore y Ha3zBaHux poborax, sik i y [1-3], HeoOrpyHToBaHi
(hi3WYHI IPUYMHA BUHUKHEHHS PyXY Y TaKMX CHCTEMax, a TCpMiHAJIbHI YMOBH, TYT BBECHI,
HE € aJCKBaTHUMHU peallbHI cHTyamii, Mo BHHHUKAaE. TOMy HEOOXiTHO TEpersiHyTH,
JIOTIOBHUTH IIi YMOBH W PO3POOMTH HOBI JMHAMIYHI KpHTEpii IS MOMIOHUX CHUCTEM, SIKi
(GYHKIIOHYIOTh Y peaTbHUX YMOBAX €KCIUTyaTallii.

3 b TA 3AJAYI JOCJIIIKEHHSA

Merta poOotu mnossirae y oOIpyHTyBaHHI METOAY aHaii3y Ta onTuMizalii (MiHimizallii)
JUHAMIYHHUX HAaBaHTaXEHb y MPYKHUX €JIEMEHTaX MEXaHI3MIB MiAHOMY BaHTaXy KpaHiB, K1
BHUKOPHUCTOBYIOTBCS Y MicTOOYTyBaHHI.

4  PE3VJIBTATHU JOCJILIKEHb

Po3rnsHeMo BIUIMB peXUMy IYCKYy Ha JUHAMIYHI HaBaHTaKEHHs, SKI BUHUKAIOTH Yy
OJTHOMY 3 NpPYXHHMX €JIEMEHTIB MeXaHI3My HiAiioMy, Hampukiaj, kaHarti. Jus mporo y
nepuioMy HaOJMKEHHI BUKOPUCTAEMO JIBOMACOBY JMHAMIYHY MOJENb MEXaHI3My MiJioMy
kpaHa (puc.l). Ha npomy pucyHKy NpuiiHATI Taki mosHadeHHa: M, M; — 3BeneHi 10
MIJAOMHOIO KaHaTa MacH BIANOBITHO BaHTaXy 1 NMPUBOAHOIO MeXaHI3My 3 OapabaHoM;
X, Xl — y3arajJpHeHl KOOpAMHATH BIANOBIIHO Mac M 1 My; Fl Ta F2 — pyuiiiiHa cuma

IpUBOAY 1 Bara BAHTAXy, SBCI[GHi JI0 BAHTA)KHOI'O KaHarTa, C - )I(OpCTI(iCTL KaHarta.
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L:’

Puc. 1. /IBoMmacoBa AuHaMivyHa MOJICIb MEXaHI3My MMiAHOMY KpaHa

PiBHsiHHA pyXy po3misHyToi cucTeMu (MOIeNi MeXaHi3My IMiIidoOMYy BaHTaxy
MiCTOOYIiBEIbHUM KPaHOM) MAlOTh BUTJISII:

{ml'jél: F—c- (% —x);

y 1)
m-%=C-(x,—x)-F,.
[Tomamo cucremy audepenniaabHUX piBHSAHB (1) y HACTYITHOMY BUTJISII:

F, C

= my

c 1 1 - (2)
K=—(x —X)——2.

m m

BinnimMemo Bia mepuioro piBHSHHA cucteMu (2) apyre audepeHuianbHe piBHSIHHSA L€l
CHCTEMH 1 BBEJIEMO 3aMiHy 3MIHHHX:

X, —Xx=¢. ©)

Toxi MmaTuMeMo:

§+k2-§:i+i, k-c| iyl 4)
m_ m m m

Ha Binminy Bix migxomy poGoru [1] y moganbmomy mist & aHanizyBaTHMEMO PiBHSHHS
apyroro nopsaky (moximmi mo wacy U ¢irypyrors y (4) amme apyroro mopsaky). Ilpu
(Fl, F, ) = CONSt , piBusiHAS (4) Mae HACTYITHUI PO3B'A30K:
FF
14,72
m m

E(t)=C, -sinkt +C, -coskt+k—12-

()

OCKUTBbKH y TIOYaTKOBUI MOMEHT 4yacy (t = 0) Ma€EMO:
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g =Xeep =05 Al =X o =08 5= 5‘t=o =0. (6)
3a TakMX MOYaTKOBUX YMOB (6) IJist po3B's3Ky (5) JIETKO BU3HAYWUTHU KOHCTAHTH Cl Ta
C2 .
1 [R F
ke |mg m

Toni po3B's130k (5) HaOyBae BUTIISY:
1 FF F 1 F F . kt
t)=—.| L4+ 2 |.(1—coskt)=—.| -L4+-2 .2.5|n2(_j_ 8
§t)= 15 (ml mj( )=12 [ml - ) ®)

[Ipu upomy, py’kHA CHIIa, sIKA BUHUKAE y KaHATI B MPOLEC] IyCKYy MeXaHi3My ITiTiHoMy
BaHTaXy MICTOOY/IIBHOIO KpaHy NpHUilMae HACTYIHUHN BHL:

C (F F . kt
F,, =C-&(t)= (—1+—2]-2-sm2(5j. 9)

K2 m_ m
3 ypaxyBanHsaM 3HadenHs K 2 (4) maemo:
F., __ 2 |AR.R -sinz(ﬁj. (10)
(1 1)\lm m 2
- + -
m m

MaxkcruMaabHOTO 3HaUEHHS an_(t) HaOyBa€ y MOMEHT 4acy:

“h _Z.(2n-1), neNest,=Z-(2n-1), neN. (1)
2 2 k
[Ipn upomy:
Fn(]r)nax) _ an ('[)| _9. F-m N F,-m . (12)
: e, m+m, m+m

[Moxi6Hi mo (12) mepeBaHTa)kKEHHsI KAHATHOI CUCTEMH MiCTOOYAIBHOTO KpaHa MOXYTb
MPUBECTH 10 ii pyHHYBaHHS 1, y OJAIBIIOMY, HaBiTh JI0 aBapii.

3's1cyemMo, KUM MOBHHEH OyTH 3aKOH pyXy JaHOi CUCTEMH (5('[)), 3a SIKOTO 3a TEPMIH
vacy 1 e (0; Ty ), A€ T — TPUBAIICTh Yy 4acl IMyCKy MEXaHI3My MiIHOMY BaHTaKy, an_(t)
HaOysio O MiHIMaTbHUX 3HAY€Hb, 10 1 JO3BOJISIE YHUKHYTH aBapiHUX CUTYyallill y KaHaTHIN
CHCTEMI.

Jl1g 1pboro IyKaHuM 3aKOH pyXy (f(t)) CUCTEMHM MOBHUHEH 3aJJ0BOJIBHATH HACTYITHOMY
KPUTEPIIO SIKOCTI TAKOTO PyXY:

I =Tf(C~§)2dt:>min. (13)
0

3 piBHsHHS (4) MaeMO:
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EE i
C-§=£2- 142 _C_f_ (14)
ke \mg m K
Toxi kpuTepiit IKOCTI pyXy CUCTEMH 3BEAETHCSA 10 HACTYmHOro (3amicts (13)):
n F F & :
| = % 142 —C—f dt = min. (15)
o (k" \m mj) Kk

| = i-rf{c(P_W —fj-det k = min.

n o my 0?
Jlis Toro, mob BuKOHYBaBcs kputepiil (15) HeoOXiaHO 3am0BOaBHMTH YMOBY Eiinepa-
[Tyaccona, sika 3BOJUTHCS y TAaHOMY BHUIIAIKY /IO PIBHSHHS:

§(|v):0_

Byznemo posurykysaru po3B'a3ok (16) y ¢popmi crnaiina mo t tpersoro mopsaxy:

(16)

E(t)= Ay + A -t+ Ay 12+ Ay 13, (17)

Hesusnaueni koHcrantu Ay, A4y, A, , A3 3Haiinemo i3 HACTYTHUX TOYaTKOBHX YMOB:

YerBepra MmoyaTKOBa yMOBa NOBHHHA BH3HAYMTH (iHAIBbHI (KIHIIEBi) KiHEMaTH4HI
napaMeTpu CUCTeMH. 3TiIHO Nepioro 3akoHy MexaHiku |. HeroTona maemo:

&, -2 (19)

=0; of =V e
:Tn ’ § tzTH C ’ g‘tzfn C
BukopucToByroun ocTaHHIO GOpMY YETBEpPTOi MOYaTKOBOI (TepMmiHaabHOT) ymoBH (19)

Ma€EMO.

2 —A,-Th
Ay=0; 4 =0; A2=%-(i+ij; A3={C 3 - (20)
m m T

OcraTo4HO, /Ui 3aKOHY PyXy CHCTEMH MiJifOMy BaHTaxy MiCTOOyIiBHOTO KpaHa, 3a
SIKOI0 BUKOHYEThCS KpuTepiit sikocti pyxy (13), (15), maemo:

3
5(‘[):1 i_i_i .t2+ i_l i+i .1-127 t_3 (21)
2{m m C 2m m T
IIpn nbOMy ONTHUMAaJIEHE 3HAYCHHS an_(t) Mae BUTITISIA:
3 3
{an(t)} SN [ DL B P +F2-t—3. (22)
onm. 2 ml m TH TH

3  Bupasy (22) wirko  Bugwo, mo: (=0, {an.(t )}onm. =0; npum

t=1g ,{an_(t )}Onm. = F, . Hiskux piskux 3Min amMmutitym an.(t) HEMae, K 1 KOJIUBaHb y
KaHaTHIN cuctemi (puc.2).
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1, 0%,

v
.

0 T

Puc.2. 3anexHicTs {an_(t )}0

nm.

3 apyroro piBusHHS cuctemu (1) Maemo:
e F
¥=—-&1)-—2. (23)
m m

BuxopucTtoByrouu Bupas ams f(t) (21) Ta mouaTkoBi yMoBH (6) ans x('[), MOYKEMO
onun pas no t mpoinrerpysatu piBusHus (23). Toxai ogepKUMO 3aKOH JJIs x(t) HACTyITHOTO
BULY:

. C (F R)( t*) FR t* F

x(t):_. _1+_2 I +_2_3__2t (24)
2m \m; m 3 4r; ) m 4r m

Tomi mns VC, sgKa BHUpaXa€ 3HAYCHHS YCTaJCHOI MIBUJKOCTI MiTHAOMY BaHTaXy

MiCTOOYAIBHUM KpaHOM Yy KiHIi nepioay mycky (mpu U= 77 ), maemo:

3
VC:£- i+i | —i-g-rn. (25)
2Zm\m; m ) (12 ) m 4

3po3yminio, 110 A 33JaHUX 3HAUY€Hb BCiX MapaMeTpiB (C ,m,my, F17F2 7 H)BequHHa
VC MOBUHHA 33JI0BOJIBHATH MPUUHATAM JJIsI KPAHOBHX CHCTEM OOMEKEHHSAM (IOMyCTUMHM

3HAYEHHSIM), KOTpi BIIMOBIAal0Th 3aistHuM [Ipu migiioMi BaHTaXIB peXMMaM HaBaHTAKCHHS
KPaHOBOI CUCTEMH.

5 BHCHOBKH

1. V poGoti oOrpyHTOBaHa ()i3UKO-MEXaHIYHA MOJENb Ta BCTAHOBJIEHI OCHOBHI
napaMeTpu 1 3aKOHU PpyXy MEXaHI3My MIIHOMY BaHTaXy MICTOOYIIBHUX KpaHIB, 3a SKHUX
MIHIMI3yIOTbCS IPY’KHI CHJIM, BUHUKAIOUH Y KaHaTaX, Y PeKUMAaX IyCKY TaKUX CUCTEM.

2. 'V mnopanmpmioMy pe3yJbTaTH, OTPUMaHi y JaHOMY JIOCIIUKEHHI, MOXYTb OyTH
BUKOPUCTaHI JIJIsl YTOUHEHHS Ta BJOCKOHAJICHHS ICHYIOUMX 1H)KEHEPHUX METO/IIB PO3PaXyHKY
MEXaHI3MIB MiIHOMYy BaHTaXXIB KpaHaMHM SIK Ha CTaJifX iX MPOEKTYBaHHSI, TaK 1 Yy PeXKUMax
pealbHOT eKCIUTyaTaIlii.

6 ETWYHI JEKJAPAIII

ABTOpH HE MAalOTh BIANOBITHUX (IHAHCOBUX YM HE(IHAHCOBHX IHTEPECIB, SKI CIiJ
PO3KpHUBATH.
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(I)YHI[AMEHTAJII)HI/Iﬁ AHAJII3 TA OIITUMI3AILILA
(MIHIMI3ZALIA) INMHAMIYHUX HABAHTAXEHD VY IIPY X KHHUX
EJEMEHTAX MEXAHI3MIB HII[fIOMY BAHTAXY KPAHIB
Yactuna 11

Yosuiok 0. B.!, YUepenniuenko II. I1.!, Bacuanena I'. 10.}, Typuaninosa JI. L.},
Iyapa H. C*.

YKuiscoxuii Hayionansnuii VHIgepcumem OYOIGHUYMBA MA APXiMeKmypu

AHoTamis. 3amporoHOBaHa HAYKOBO OOIPYHTOBAaHA METOJIUKA ONTUMI3alii PEXUMIB PyXy
MalliH 1 MexaHi3MiB (30KpeMa, MiCTOOYMiBeIbHUX KpaHiB), fKa 3acHOBaHA Ha MiHiMi3aIlii
iHTerpabHUX (HYHKI[IOHATIB, KOTPi BimoOpaXkaroTh HeOakaHi BIACTUBOCTI MEXaHIYHUX CHCTEM, a
TepMiHambHi (IIOYATKOBI/KiHIIEBI) YMOBH pPyXy MEXaHi3My IOHOMYy BaHTaXiB KpaHaMH MalOTh
¢isnyHni 3micT 1 0a3yloThCsl Ha 3akoHaxX MexaHiku HproToHa. ONTUMI30BaHI PEXUMH PyXy
KOHKPETHHX MEXaHIYHUX CHCTEM 3 JiHIHHOI (YHKIE€I TMOJOXKEHHS €JIEMEHTIB Ha MpHKIaai
MEXaHI3MIiB BaHTKOIIIHOMHHX MiCTOOYIIBHMX KpaHiB. Iloka3aHo, IO BIUIMB PEKHMIB PYXY
MPUBOIHUX MEXaHI3MIB Ha JWHAMIYHI HAaBaHTAXCHHS y MPYXKHHUX €JEMEHTaxX MeXaHi3My MigiHoMy
BaHTaXy MICTOOY/AIBHOrO KpaHa (KaHaTax) € CyTTEBUM. Bu3HaueHI mapaMeTpu TaKuX PEKUMiB
byHKIIOHYBaHHS/PYXY MOTIOHUX CUCTEM, 3a SIKMX MiHIMI30BaHi caMe JMHAMIiYHI HAIIPY>KCHHS KaHATiB
Ha eTamnax IyCcKy MEXaHi3MiB MigiioMy BaHTaxy KpaHiB. OTpuMaHi y poOOTi pe3yiabTaTH MOXKYTH Y
MOJANILIIOMY CIYT'YBaTH JUIi YTOYHEHHS I BJOCKOHAJICHHS ICHYIOUMX 1H)KEHEpHHX METOJiB
PO3paxyHKy MeXaHi3MiB ITiTHOMY BaHTaXy MICTOOYMIBHHX KpaHiB 3 METOI MiHIMIi3allii JHHAMITHUX
HaBaHTAXXEHb IX KAHATHUX CHUCTEM Ha cTajil MycKy, a TaKoX 3aJisi 3amoOiraHHS BHHUKHEHHS
MOKJIUBUX aBapiiiHUX cutyaniid. [TomiOHUI miaxix MOXKHa peali3yBaTH K Ha CTaisX MPOSKTYBaHHS
BKa3aHUX MEXaHI3MIB, TaK 1 y pekuMax X peaqbHOl eKCITyaTallii.

KarouoBi caoBa: ¢QynpaMeHTalbHUN aHaNi3, ONTHUMI3Allisl, PEKUMH pPyXy, JIHHAMIYHI
HaBaHTa)KCHHS, KAHATHI CUCTEMHM, MICTOOYIIBHI KpaHU, BAHTAKOIMIIHOMHI MEXaHi3MH, CTaJisl MyCKY,
JTUHAMIYHI KpUTEpii.

FUNDAMENTAL ANALYSIS AND OPTIMIZATION
(MINIMIZATION) OF DYNAMIC LOADS IN ELASTIC
ELEMENTS OF CRANE LIFTING MECHANISMS. Part Il

Yu. Chovniuk?!, P. Cherednichenko, H. Vasylieval, L. Turchaninova?l, N. Shudra!
! Kyiv National University of Construction and Architecture

Abstract. A scientifically substantiated methodology of optimization of motion modes of
machines and mechanisms (in particular, city-building cranes) based on minimization of integral
functionals, which reflect undesirable properties of mechanical systems, and terminal (initial/final)
conditions of motion of the mechanism of lifting cargoes by cranes have a physical meaning and are
based on Newton's laws of mechanics, is proposed. The modes of motion of specific mechanical
systems with a linear function of the position of elements are optimized on the example of
mechanisms of load-lifting city-building cranes. It is shown that the influence of motion modes of
drive mechanisms on dynamic loads in elastic elements of the mechanism of lifting mechanism of a
city-building crane (ropes) is essential. The parameters of such modes of functioning/movement of
such systems, at which exactly dynamic stresses of ropes at the stages of start-up of mechanisms of
lifting mechanism of cranes are minimized, are determined. The results obtained in the work can
further serve to clarify and improve the existing engineering methods of calculation of load lifting
mechanisms of urban cranes in order to minimize the dynamic stresses of their rope systems at the

Yosuiok 0. B., Uepenniuenko I1. I1., Bacunwsesa I'. 1O., Typuaninosa JI. 1., lympa H. C.
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start-up stage, as well as to prevent the occurrence of possible emergency situations. Such an approach
can be realized both at the stages of design of the mentioned mechanisms and in the modes of proper
operation.

Keywords: fundamental analysis, optimization, motion modes, dynamic loads, wire rope
systems, urban cranes, hoisting mechanisms, start-up stage, dynamic criteria.
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1 BCTYII

XapakTep pyXy OCHOBHHX JIAHOK MEXaHi3My HiJiOMy BaHTaXXy MICTOOYAIBHOTO KpaHa
CYTTEBO BIUIMBAE Ha SIKICTh BHUKOHAHHS HUM PI3HOMAHITHUX TEXHOJOTIYHUX OIMeparii
(mporeciB), Ha MPOIYKTUBHICTh, HAAIHHICTh, JOBFOBIYHICTD HOTO ()yHKIIIOHYBaHHS.

30kpeMa, peXUM pyxy Ti€l UM 1HIIOT JIaHKM BKAa3aHOI'O MeEXaHI3My BH3HAYA€ThCS
3aKOHOM 3MIHM Yy dYaci ab0 TOJOXEHHS KIHEMaTHYHUX XapaKTEPUCTHK (TIepeMillicHb,
IIBUJIKOCTI 1 TaK Jajll) ¥ 4acoM BJIacHE caMoro pyxy. s meBHOT KOHCTPYKIIT MeXaHi3My
oMy BaHTaXy KpaHa 3aKOH PyXy OKpeMoi JaHKH (HarpuKIad, MPUBOJHOI YU KaHATHOI
CHCTEMH) BU3HAYAE I 3aKOHU PyXY IHIIMX JIAHOK.

VY mpakTuii NpPOEKTyBaHHA MOMIOHMX MEXaHi3MIB BHUKOPUCTOBYIOTBCS pi3HI THIIOBI
peKUMH PpyXy: 31 CTaJlOK MBHUIKICTIO; 31 CTJIMM MPUIIBUIIICHHAM; 31 3MIHHUMHA
MPUIIBUAIIEHHIMA 3a JIHIAHUMH, KOCUHYCOIAAJIbHUM, CHUHYCOIJJaJIbHUM,
MOJTIHOMIQJIbBHUM,CKCITOHEHITIaTbHUM Ta THIMUMHU 3aKoHaMHu. KOXHUH 3 IHUX PEKHUMIB PyXy
OINITUMI3Y€ Ti UM iHIII BIACTUBOCTI MEXaHI3MIB 3 JIHIHHOIO (DYHKIII€IO TIOJI0KEHHS ITPOBiTHOT
JAHKW BiTHOCHO BeAeHoi. OKpemi THMOBI peXUMH PyXy ONTUMI3YIOTh TUIBKH SIKYCh OJHY
BJIACTUBICTh TAKUX MEXaHi3MiB. AJle y 6araTboX BHIIaJKaX IMOTPIOHO 0OMPATH PEKUMH PYXY,
SKI ONTUMI3YIOTh KOMIUIEKC BIACTHBOCTEH MeEXaHI3My IMiiioOMy BaHTaXy MicTOOYAiBHOTO
KpaHy.

3a3Buyail Uit BUOOpPY TaKHX PEXKUMIB PyXy BaHTAXKOMIIHMOMHUX MEXaHI3MIB MOTPiOHI
JMHAMIYHI KpuTepii 1XHBOI oliHKU. ICHyIOWi KpuTepii OLIHKM BKa3aHMX MEXaHi3MiB MO)KHA
YMOBHO PO3IUIMTH Ha aBa Kiacw: 1) mosumidHi (MakCHMMaibHI 3HAYCHHS KiHEMAaTHYHUX
XapaKTepUCTHK JIAHOK, JMHAMIYHUX HABAaHTAXKEHb, AaMIUNTYJ 1 YacTOT KOJIMBaHb,
KOC(QII[iEHTIB AMHAMIYHOCTI TOINO); 2) IHTErpaibHi (CepeaHBbOKBAApPATHYHI 3a Yac pyxy
3HA4YCHHs KIHEMAaTHYHUX XapaKTEPUCTHK JAHOK 1 AMHAMIYHUX HABaHTa)XCHb, €HEPreTUYHI
BUTpPATH 1 TOMy OaiOHE). AHali3 MHUX KPUTEPIlB JO3BOJISIE CTBEPIKYBATH, IO JIJIS OLIIHKH
PSKUMIB  pyXy BaHTKOMIIAOMHUX MEXaHI3MIB MICTOOYAIBHHX KpaHIB HEOOXIIHO
BUKOPHUCTOBYBaTH CaMe€ IHTerpajibHi KpHUTepii, OCKUIbKM BOHHM OLIHIOIOTH PYX HpPOTATOM
ychoro 1uKIy. IcHyroul 1HTerpajgbHi KpUTEpil OI[IHKM 3a3HAYEHHX BHIIE MEXaHI3MIB
(byHKIIOHANBHIX, HAPUKIIAA, Y PEKHUMAX MYCKY) HE MOBHOK MIpOH BiIOOpaXkaroTh IXHi
JUHAMIYHI BJIACTHBOCTI Ta XapaKTEPUCTHKU pyXy, TOMY I BHHHMKAae morpeda y po3poOIli
HOBHX JIMHAMIYHUX KPUTEPIiB.

OCKUIbKH peXUMHU PyXy — 1€ (DYHKI[IOHAJIbHI 3aJ€KHOCTI MEPEeMIIIeHb, IBUIKOCTEH,
NPUIIBUALIEHb TOIIO JIAHOK MEXaHi3My MigiioMy BaHTaXy KpaHa BiJ MPOCTOPOBOrO 1
4acOBOT'0 apryMEHTIB IIPOTATOM YChOT'O LIUKITY PyXY, TO/1 KpUTEPiiil ONTUMaIbHOCTI TOBUHEH
MaTH BUIJIAJ IHTErpajibHOro ¢yHkuioHana. Kpim toro, mporeaypa nopiBHSHHS JTOIyCTUMHUX
PEKUMIB PyXy MOIJIMBA TIJIKH y TOMY BHIIAJKY, KOJH KPUTEPil BUPAKAETHCS CKAISIPHOIO
BEJIMYMHOIO 1 /U1 KO)KHOTO PEKUMY Ha0yBa€e KOHKPETHOIO YKCia. 3aleKHOCTI PEKUMIB PyXy
MEXaHI3MIB MOXYTh HaOyBaTU SIK JOJATHUX, TaK 1 BIA'€MHUX 3HA4Y€Hb, TOMY Y BHUpPa3u
HiAIHTErpaIbHUX (YHKLIH BOHH MalOTh BXOAUTH y KBaJpaTUUYHOMY BUTJsAL. [liiHTerpanbHi
¢byHKIIT KpUTepiiB MOBUHHI BUKJIIOYATH TaKOX 1 CHJIM OINOpPY, AKI JIIOTh HAa EJIEMEHTH
MeXaHi3My, OCKITbKH BOHH 3aJIeXKaTh B/l PEKUMIB PYXY.

OuiHka pexuMIB pyXy Moke OyTH 37liiCHEHa NUIIXOM BHUKOPHCTAHHSA KPUTEPIiB 3
MiJIHTErpATbHUME  QYHKIISIMH Yy BUTJISII  CCHEPTii» NPUIIBHIIICHb BHIIUX TOPSJIKIB
(tpethoro, yerBeproro i tak ngami). Came Taki KpuTepil BHKOPHUCTOBYIOThCS HpU BHOOPI
PEKUMIB pyXy MEXaHi3MiB 1 MalIMH 3 NPYKHUMH ejeMeHTamu. Llel miaxin gae MOXKIUBICTD
JOCATHYTH HeNepepBHOCTI (PyHKIIH MIBUAKOCTKH 1 MPUILBUIIIEHb PI3HUX MOPSIKIB JIAHOK
CHCTEMH, 110 MPU3BOAUTH J10 3HAYHOT'O 3MEHILIEHHS iX KOJIMBAaHb.

[ToBHMIT UK pPyXy MalIMHU/MEXaHI3My MiJHOMY BaHTaXy MICTOOYIIBHOTO KpaHa
MO’KHa PO3AUTUTH Ha TPU OCHOBHI cTajii: 1) craaiga mycky (po30iry); 2)aais ctamoro pyxy; 3)
ctanig 3ynuHku (BuOiry). KokHa 3 mux cragiii XapakTepus3yeThCs TPUBAJIICTIO y dHacl 1
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3aKOHaMU PYXy JaHOK. 3a3BUyail BBaXKaroTh, 110 TPUBAJIOCTI CTajAli 3adaHi, a MOTPIOHO
BU3HAUUTH HA HHUX PEKUMHU PyXy, SAKi MIHIMI3YIOTh TI€BHI KpuUTepii SKOCTI
BaHTAXOIIJHOMHOI0 MEXaHi3My KpaHa.

Crafist mycKy XapaKTepU3yEThCs 3POCTAaHHAM IIIBUIKOCTI JIAHKH, HAIIPUKIIA], TIPOBITHOT,
BiJl HYJIbOBOTO 3HAYEHHSI /10 IEBHOI BEIMYMHU. TyT MOXKHA BUKOPUCTATH Pi3HI PEKUMU PYXY,
AKHM MIHIMI3yIOTh 1HEpUidHI HaBaHTa)XEHHsS, IMOTY)XHICTh TPHBOJY, HABAHTAKEHHS
KOJIMBHOTO XapakTepy ado KOMILIEKC IUX XapakTepucTuk. Kpim Toro, Ha ctafii mycKy MOKHA
3HAWTH PEXUMH PYXY, SKi MPU 33aJaHUX OOMEKCHHSX HAa BHUIICHABEIICHI XapaKTEPUCTUKU
3a0€31e4YyI0Th MIHIMAJIbHY TPUBATICTH ITYCKY.

Cragmisi yCTalleHOTO PyXy XapaKTepU3YEThCS MPOIECOM, IMiJl 4ac SKOrO CHEePreTUYHi
BUTpPAaTH TPUBOJY MIATPUMYIOTBCS Ha crajoMmy piBHI. Ha 1l cramii Takoxk MoOXHa
PO3IIISTHYTH JIBi 3ajadi: 1) mpuW 3agaHiil TpUBAIOCTI pyxy (IPOIYKTHBHOCTI) 0OpaTh Takuii
PEKUM, SIKAI MIHIMI3y€ €HEpPreTHUHI BUTPATH; 2) MPHU 3aJaHUX OOMEKEHHSIX Ha €HEePreTHYHI
BUTpPaTH 00paTu pexuM pyxy, SKUH 3a0e3nedye MiHIMaIbHY TPHBAJICTh YCTAJIEHOTO PYXY.
Tomy Ha wiii cTaail KpUTEpiEM OI[IHKU PEKUMY pyXy Mae OyTu T10O0YTOK €Heprii Ha yac pyxy.

Crapiss 3ylMHKHA XapaKTePU3YEThCS 3MEHIICHHSM IIBUAKOCTI PyXy JIAHOK BiJl TIEBHUX
3HaYeHb 10 HYJIbOBOro. Take 3MEHIIeHHs MIBUJKOCTEH JOCSATA€ThCS HUIIXOM IMOTJIMHAHHS
KIHETHYHOI  €Heprii CHUCTEeMH CICIaIbHO CTBOPEHUMHU MPHUCTPOSIMH, HANPHUKIIAI,
raJIbMiBHUMHM MEXaHi3MaMHu. Y Tpolieci TaIbMyBaHHS MOXKYTh BMHUKATH 3HAYH1 JUHAMIYHI
HABaHTAXCHHS, Y TOMY YHUCII ¥ HaBAaHTXKEHHS KOJUBHOTO XapaKTepy, sKi JIFOTh HAa JAHKU
BaHTAXOIIJAOMHOTO MeXaHi3My KkpaHa. OcTaHHI HaBaHTa)KEHHS 3HAYHOIO MIPOIO 3aJeKaTh
Bl IHTEHCHUBHOCTI 3MIHM IMHAMIYHMX HaBaHTa)XEHb, SKI BU3HAYAIOTHCS IIBUAKICTIO 3MIHH
MPUILBU/IICHb. TOMY Ha 11 cTaAil MOXKYTh OyTH BUKOPHUCTaHI Taki ® KpUTEPii, sIK 1 Ha cTafil
MyCKY.

Jns  CTBOpPEHHS ONTUMAIBHUX PEXKUMIB IYCKYy MEXaHI3My MigiAOMy BaHTaXy
MICTOOYIIBHUX KpaHiB, SIKi MiHIMI3YIOTh KOJIMBAaHHS Ta AMHAMIYHI HABAHTAXKCHHS Y TPY>KHUX
eneMeHTax (KaHaTax), HEOOXiZHO BCTAHOBHMTH CIIEIiaIbHI KPUTEPIi, HA OCHOBI KOTPUX MOKHA
BU3HAYUTH OCHOBHI MapameTpu (KiHeMaTHYHO-CUIIOBI) BKa3aHUX pexuMiB. Came BHPIIICHHIO
BHUIIE 3a3HAYCHHUX MIPOOIJIEM Ta PO3B'A3KY BIAMOBITHUX 33124 MPUCBIYCHE JAaHE TOCIIKEHHS.

2 AHAJI3B JITEPATYPHUX JAHUX TA IOCTAHOBKA INTPOBJIEMU

VY mnpakTHil TPOEKTYBaHHS MEXaHI3MIB MiJHOMy BaHTaXy MICTOOYAIBHUMU KpaHaMu
BHUKOPHCTOBYIOTBCSI PI3HOMAHITHI THIIOBI PEXHMH PyXy, po3risiHyTi y [1]. ABtopu [2-6]
pO3poOMIIM OCHOBHI KpHUTepii OLIHKM MallMH 1 MeXaHi3MiB, fKi OyJau y3arajibHEHI Ta
BJIOCKOHaJIeH1 y poOoTi [7]. IlpoTe BHKOpUCTaHHS OCTaHHIX Yy HpPAaKTHUYHUX 3a7adax, Ha
NOINIAJ ~ aBTOPIB  JIAHOTO  JOCHIUKEHHS, 32  HEOOIPYHTOBAaHUX  TEPMIHAJIbHUX
(MOYaTKOBUX/KIHIIEBUX) YMOB MPU3BOAUTH 1O HEIMOCIHIJOBHUX PE3YyJIbTaTIB, Y AKUX BIJICYTHI
MIPUYMHHO-HACIIIKOBI 3B'13KH (HANPHUKIA[, ICHY€E PyX Y CUCTEMI, & CHIIH, K1 HOTO BUKJIMKAIH
— BIACYTHI 1 ToMy noai0He). Came A JiKBianii moai0HUX HETOPEYHOCTEH 1 BUKOHAHE J1aHe
JOCIIKEHHS.

3  MIJb TA 3AJAYI JOCTAUTKEHHS

Mera pobGoTu moisirae 'y OOIpYHTYBaHHI KpHUTEpIiB Ta PEXKUMIB PyXy
BaHTAXOMITAOMHUX MEXaHI3MiB MICTOOYMIBHHX KpaHiB, 3a SKUX MIHIMI30BaHi JAMHAMIYHI
HABaHTA)XCHHS y KaHATHUX CHCTeMax NMpu (YHKI[IOHYBaHHI BKa3aHUX MEXaHIYHUX CHUCTEM Yy
pexxumax mycky. [Ipu mpomy OOrpyHTOBaHI TepMiHAJIbHI YMOBH JJIs peaji3allii BKa3aHHUX
BUIIE PYXIB (peKMMIB (YHKI[IOHYBaHHS), SKI BUIUIMBAIOTh 3 (PI3UYHOrO OOIPYHTOBAHUX
MPUYMHHO-HACIIIKOBHX 3B'A3KiB, 1110 IPU3BOAATH 10 BUHUKHEHHS TaKHX PYXIiB.
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4  PE3VJBTATHU JOCJILIKEHb

4.1 Bu3HayeHHSl ONTHMAJIbHHMX PeKHMIB IYCKY MeXaHi3My MHigiioMy BaHTaxy
MicTOOYAiBHOI0 KpaHa 3a Pi3HUMH KPUTEPisiMH.

4.1.1 Cunosuti Ounamiunuii peosicum. 3a KPUTEPId ONTUMI3aAlli BHKOPUCTAEMO
(hyHKITIOHAJ, Y IKOTO MiAiHTerpagbHa (PYHKIIIS € KBaIpaTOM CHJIM 1HEPIIii, sSIKa Jli€ Ha BaHTaX:

T 2
I, = [ (m-%)*dt= min, 1)
0
ne M — Maca BaHTaXy, X — NPHUIIBHAIICHHS BAaHTAXy, 77 — TPUBAIICTH IPOLECY IIYCKY

MexaHi3My migiiomy KpaHa. HeoOximHoro ymoBow peanizauii (1) € piBusuus Eiinepa-
[Tyaccona:

xV)—o. @)
Po3s'sa30k (2) mykaemo y hopwmi cruiaiina mo t tperboro nopsaxy:
X(t)= A+ Ay -t + Ay 1% + Ay - 13, 3)

JIe: KOHCTaHTH AO,Al,AZ,A3 BHU3HAYAIOTHCSA 3 HACTYIHHUX TePMiHAIBHUX YMOB (SIKi, JO

pedi,e (i3UYHO OOIPYHTOBAaHMMHM, OCKUIBKH Y HHUX YITKO TMPOCTIIAKOBYIOTHCS NPHYNHHO-
HACJTIZIKOBI 3B'SI3KH, 1[I0 MPU3BO/SITH 10 BAHUKHEHHS TAKOTO PYXY):

_F0O).

¥,y =0; x‘tzo =0; x‘tzo “Tm x‘t=rn

=Ve. 4)

ne: F(O) — pe3yibTyloua Cuiia, [0 Ji€ Ha BaHTaX Macu M y MOYAaTKOBHA MOMEHT Yacy

( = 0), Vc — crana mBuakicts migiomy Bantaxy. s X(t) otpuMaemo 3 (3), (4):

x(t):w.t%{vcF(O)'T”}-(t3 . 5)

2m m 3@%)
US| TIPULBHIICHHS a(t) y TIPOIIECi MyCKY 3a 3aKOHOM PyXy BaHTaxy (5) MaeMo:
F(O F(O) 7 2t
a(t):LL{vC_ ©) H}- i ©
m m T

4.1.2 Puexosuil pexcum (3a nputt8uUOUeHHIM OpPy2020 NOPSIOKY).

OnTumanbHUN pPUBKOBHM pPEXUM MYCKYy MEXaHI3My MiAHOMYy KpaHa OTPUMAEMO
MiHIMIi3aIier QyHKITIOHATA 3 MiIHTErPAIbHOI0 (DYHKIIIEO, SIKa € KBaJAPAaTOM T'paJi€HTa CHUITH
eHeprii mo yacy 1:

Tn

I, = | (m-%)*dt= min, (7)
0
TepmiHanbH1 YMOBH IS IILOTO BULYy PYXY BaHTa)Xy HaOyBarOTh HACTYITHOTO BUIJISLY:
. . F(0) : .
x‘t:O =0, x‘t:O - O’ x‘t:O = m ! x‘t=r,7 =X x‘tzrn :VC’ x‘tzm =0. ®)

Yosuiok 0. B., Uepenniuenko I1. I1., Bacunwsesa I'. 1O., Typuaninosa JI. 1., lympa H. C.
https://doi.org/10.31650/2618-0650-2024-6-1-84-94 88




VI1/1/2024
Crop. 84-94 / Page 84-94

MexaHika Ta MaremMaTuyHi Meromgu [
Mechanics and mathematical methods

ae: Xy — CKIHYEHE 3HA4YEeHHs IEPEMIIICHHS BaHTaXy y NPOLECl MyCKy MEXaHi3My IpH

3aBEPLICHH] LILOTO eTamy i Ha0yTTs BAHTAKEM YCTAIICHOI IBUAKOCTI pyxy Vi .
HeoOxigHoro ymoBoro peanizaitii kpurepito (7) € pisasaus Einepa-ITyaccona:

A _g (©)

PO3B'SI30K AKOTO PO3LIYKYEMO Y BULIIsiI crutaiiia o { m'storo mopsiaky:

X(t)=By+ B, -t+B, -t*+B;-t3+B, -t* + B - t°, (10)
ne: xoucrautu By,B;,B,,B3,B,,Bs BusHauaemo 3 tepminanshnx ymos (8). Ocrarouno
MaTHMEMO:

B, =B, =0 B, = ©). ()

0 1 » B2 ’m ’

a koucrautu Bg,B,,Bs Moxkna 3mHaiiTh 3 HacTynHoi cucTemm JiHIMHMX PiBHSHB 32

npasuioM Kpamepa:

BB’T?Y+B4 'T?Y +B5 ‘T}E’Y :XH_ I:Z(r?‘]).TIZY;
3By 75 +4B, 73 +5Bs - 71 =V — Fz(O)'T”; (12)
m
2m
ToMmy OCTaTOYHUN BUTIIAL X(t) HaOyBa€ TakuM:
x(t)=i0)-t2+83-t3+84-t4+85-t5, (13)

2m

JUist IpULIBUAIIEHHS a(t) y MpoLEC] MyCKY 3a 3aKOHOM pyXy BaHTaxy (13) Maemo:
F(O
a(t):L)+6-53-t+12-B4.t2+20-B5-t3. (14)
m

4.1.3 Peoxcum nycky (3a npumd8uouieHHsIM mpemvo2o nopsoky). CHHTe3 ONTUMAaIbHOTO
3a MPUMIBHALICHHSAMH TPETHOTO TMOPSAKY PEKUMY TYCKy TMpH MiAHOMI  BaHTaxy
3IACHIOETHCA TIPU MIHIMIZAIll KPUTEPIIO 3 MiJIHTErpaibHOI0 (PYHKII€I0, KA € KBaJIpaToM
JpyToi MOX1JHOI MO Yacy BiJl CUJIA €HEprii, AiF040i Ha BaHTaX:

5 :Tf (m-x('v))zdt:min, (15)
0

HeoOxinnoro ymoBoto peanizauii (15) € Hactynne piBHsHHS Eitnepa-Ilyaccona:
Vi) — g, (16)

Po3g's30k piBHsiHHS (16) po3urykyemo y BUrIIsii cruiaiina mo 1 cbomoro nopsiaky:

X(t):CO +C1't+C2 ‘t2 +C3 ’t3 +C4 ’t4 +C5 ‘t5 +C6 't6 +C7 ’t7, (17)
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Koucrautu Cyy,Cy,C5,C3,Cy4,Cs,Cq,C7 po3iuyKy€eMo, BAKOPUCTOBYIOUN HACTYIIHI
TepMiHAJIbHI YMOBH:

. L. FO). .. F().
x‘tzozo’ x‘tzozo’ x‘t:OZ?’ x‘tzo:?’ (18)
x‘tzrn =X7; x‘t=zn =V¢; jé‘t:rn =0; .x-‘tzrn =0.
VY pe3ynbTari Maemo:
F(0) F(0)
Cy=0; C,=0; C,=—~2; Cr=—; 19
0 1 2= 5 3= 6m (19)

a koucrautn Cy,C5,Cq,C; MOKHA 3HAWTH 3 HACTYITHOI CHCTEMH JIHIMHUX PIBHSHb 32
npaswioMm Kpamepa:

4 5 6 3

C, 77 +Ce 75 +Cr-7r +C -1y = T + Xl

4° T 5T 6 T 7T 7 TR
2m 6m

4C, 73 +5C5 -7 +6Cq -3 +7C -T2 =—$-Tn—io)-r% +Ve;

F(0) F(O 0
12C, - 724 +20C; - 73 +30C; - 77y + 42C, - 3 =—#—#-r ;
2 3 4 F(O)
24C, -7/ +60Cs 77 +120Cs -7y +210C; -7y === =
OcraTouHo AJis X(t) Yy ILOMY BUIIAAKY MA€EMO:
x(t)= I:(O)-tz + F(O)-t3 +C, tP+C 2 +C4 1% +C, 1. (21)

2m 6m

JUist IpUIIBUIIIEHHS a(t) y Tpolieci MMyCKy 3a 3aKOHOM pyXy BaHTaxy (21) maemo:

a(t)=$+%o)-t+12-c4-t2+2o-c:5-t3+3o-c6-t4+42-c:7-t5. (22)

Crnin 3a3HauuTH, L0 JUHAMIYHUI/CUIOBUH pPEXHUM IIyCKy MIiHIMI3y€e MOTYXHICTb
MIPUBOJY, OJIHAK BIH Ma€ Ha MOYATKY PyXy [I€BHE 3HAYEHHS MPUCKOPEHHS, BIIMIHHE BiJ] HYJIS.
Kpim toro, 3a ymoBu:

VC_F(O)—.TH>O,

(23)
m

fioro (MpUILBU/IIEHHS) MUTTEBE 3HAUCHHS MOYMHAE 3pOCTATH HA MOYATKY PyXy, LIO HE
JI03BOJISI€ BUKOPUCTATH TaKUM PEXUM, SIK ONTUMAJIbHUIN AMHAMIYHUI/CHUIOBUHN y MeXaHI3Max,
SKUM TIOTpIOEH JIOBOJII IUIaBHUN MycK. PUBKOBUE pexuM pyxy 3a0e3rneuye IUIaBHY 3MiHY
MPUILBU/IIICHHS] BAHTAXy Ha BCIM AUISHLI MYCKY, 110 ¥ J1a€ MOXJIUBICTh BUKOPUCTATH HOTO
NpUITyCcKy 0€3 3HAYHMX KOJMBaHb BaHTaxy. OJHaK MPH ONTUMAJIbHOMY PUBKOBOMY PEXHMI
Ha MOYaTKy MyCKy MUTTEBO HapOCTa€ 3Ha4eHHs (yHKIIi puBKa BaHTaXy, 110, Y CBOIO Yepry,
HE Ja€ MOXIJIMBOCTI TOBHICTIO MO30yTHUCh HeOaKaHUX KOJHMBAHb BAHTAXy Ha KaHaTax
MeXaHi3My MiIioMy.
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PexuM mycky 3a NpUIIBUALICHHAMU TPETHOTO MOPAAKY 3ale3ledye IJIaBHY 3MIHY
MPUINBHU/IIICHHS 1 PUBKA BaHTAXXy Ha BCIM AUISHII PyXy, IO ¥ MPU3BOAMTH JO MiHiMizarlil
KOJIMBaHb BaHTAXy Ha KaHaTaxX MeXaHi3My Higiomy.

4.2 Auaigi3 BIJIMBIB peXHMIB NYCKY Ha [MHAMiyHi HaBaHTa:KeHHA, SKi
BHHHMKAIOTh Y MPY/KHUX eJleMeHTaxX (KaHaTax) MexaHi3my migiiomy.

Sk 1 y mepuiii 4acTHHI JOCIHIPKEHHS, BUKOPUCTAEMO JABOMACOBY JHUHAMIYHY MOJEIb
MeXaHi3My MiJHoMy KpaHa, pIBHSIHHS pyXy SKOI'O MatOTh BUTJISAA!

my -5y = Fy(t)—c- (% —x);

m-%X =C-(x —x)—Fa(t). =

ae M, M; — 3BefeHi 10 HIAHOMHOrO KaHaTa MacH BIANOBIAHO BaHTaXy 1 HNPHUBOJHOTO
MexaHi3My 3 OapaGaHoM; X, X; — y3arajabHEHI KOOpJMHATH BiANOBIIHO Mac M Ta My;
F (t) ta Fy (t) — pyuriiiHa cuiia MpUBOY 1 Bara BaHTaxy, 3BE/ICHI 10 BAaHTAXHOTO KaHATa,

C - KOpCTKiCTh KaHara.
[Ticns BBeneHHs y cucreMy (24) HOBOi 3MiHHOT:

E=(x, —x), (25)

cucrema (24) naGyBae BUTIISTY:

. F(t) Rt 1 1

§+k2-§:£+2—(), k?=C.| —+—|. (26)
m m m  m,

VY nopansiomy npuiiMaemo:
Rt) F

F, = const, 1Y) +—2 =al(t), (27)
m m

ne a(t) — (yHKLIS OPUIIBUALIEHHS LBOro abo0 IHIIOTO PEXUMY pPyXy IHPUBOIHOTO

MeXaHi3My, sKa 3aJIeXuTh Big yacy 1 i BusHayeHa Bumie y .1 JOCITiKEHHS.
Tomy piBHsIHHA (27) MOXHa MTOJIATH Y HACTYITHOMY BUIJISII:

E+k?-£=alt) (28)

3anns MiHIMI3alli JMHAMIYHUX HABaHTAKEHb Yy KaHaTi A OyAb-SIKUX PEXUMIB PyXy
MeXaHi3My MiJHOoMy BaHTaKy HEOOX1IHO 3aJOBOJIbHUTH HACTYITHUM KPUTEPiH AKOCTI pyXiB:

T L E 2
1= %-a(t)—c—f dt = min. (29)
o LK k

HeoOxinHoto ymoBHOIO peanizaiii (29) e piBusuus Eiinepa-Ilyaccona HacTymHOTrO
BUJLY:

V) = 4(t). (30)
Jly1g cuinoBoro/auHamMivHoro pexumy pyxy (30) HabyBae HACTYITHOTO BUAY:

£V —o. (31)
Jnst puBkoBoro pexumy pyxy (30) HaOyBae Buy:

W) =24B, +120B; -t. 32)
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Jlns pexxumy MycKy 3a IPUIIBUIIICHHSIMU TPETHOTO HOPSAKY MAEMO:

£™V)=24.C, +120-Cs -t +360-Cg -t2 +480-C, -t°. (33)
Po3s's30k piBHsHB (31), (32), (33), mykaeMo 3a HACTYITHUX TEPMiHATLHUX YMOB:
_n- H —qn- H = : 2 _mg
Eio=0: &,_,=0: & _,=a0) & . - (34)
JJis CUITOBOTO/IMHAMIYHOTO PEeXKUMY PYXY posB';BOK (31) 3a ymoB (34) mae Bus:
§(t)=a(o)-t2+ L .{mg_a(O).f%}-tg' (35)
2 2 lc 2
J11s1 pUBKOBOTO PEXXUMY PyXy po3B'si30K (32) Mae BUA:
f(t):%o)-tz+§3ot3+B4-t4+B5-t5, (36)
ne:
5 mg al0) » 4 5| -3
Bg:{?_(T)’TH—BL]_'TH—BS‘TH}’TH. (37)

JInst pexxuMy MycKy 3 MPUIIBHIIIEHHSIM TPETHOTO MOPSAKY po3B's30k (33) Mae Bu:
Et)= ()t +Cy t3+C, 1t 4GP+t 1 (38)

aec:

C 2

BenvunHa JOMHAMIYHOTO HaBaHTAKEHHS HA KAaHATHY CHUCTEMY MeEXaHI3My MigidoMy
BaHTaXXy MICTOOYIIBHOTO KpaHa s BCcix Bumnaakis (35), (36), (38) mae mnaBHuit xapakTep:

PHasaHmaofceHHﬂ (t) =C- é(t)’ (40)

a KOJIMBAaHHS BaHTaXy Ha KaHAaTI BIJCYTHI.

53:{m_io).fg_q.T;;_cs.rg_ce.rg_c?.1177}-7;73. (39)

5 BHCHOBKH

1. OOrpyHToBaHa (i3UKO-MEXaHIYHa MOJENIb PyXy BaHTaXy Ha KaHaTi NpH HOro
migiiomi (cTamis MycKy) MEXaHI3MOM MiAOMy BaHTaxXy MicToOyaiBHOro kpany. OOuucieHi
aHATITUYHUM IIUISIXOM OCHOBHI KIHEMaTHYHO-CUJIOBI TapaMEeTPH PyXiB, 3a SIKUX MiHIMi30BaH1
JTUHAMIYHI HaBaHTOKCHHS HA KaHATHY CUCTEMY, a KOJTMBAHHSI BIJICYTHI.

2. OTpuMaHi y JAaHOMY JIOCHIPKEHHI Pe3yJbTaTH MOXYTh y MOJAIBLIOMY CIyTyBaTH
JUIs YTOUHEHHS i BJIOCKOHAJICHHS ICHYIOYMX 1HKEHEPHHMX METOMIB PO3PaxyHKY MeXaH13MiB
miIioMy BaHTaXy MICTOOYNIBHUX KpaHiB (SK 1 KpaHIB iHIIMX KOHCTPYKIIH) Ha CcTaaisfxX ixX
MIPOEKTYBaHHS Ta y peXHMax peasbHOi excruryararii. 3. JloTpuMaHHsT BU3HAYCHUX Yy JaHIH
poOOTI pEXHUMIB IYCKy BaHTAXOMIJMOMHMX MEXaHI3MIB KpaHiB JO3BOJIIE CYTTEBO
MIPOJIOBXKUTH TEPMIH HAAIMHOI eKCILTyaTalli iX KOHCTPYKLINA y 0e3aBapiiiHOMY peXHMI.
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6 ETWYHI JEKJIAPAILIL

ABTOpPH HE MalOTh BIANOBIAHUX (IHAHCOBHX 4M HE(IHAHCOBUX IHTEpECiB, SKi CIiJ

PO3KpPHUBATH.
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VJIK 004.738

3ACOBU TA IHCTPYMEHTHU UIA PO3POBKU BEB-IOJATKY
3 TECTYBAHHS PIBHA 3HAHDb CTYJIEHTIB

Iyancnka H. B!
'Hayionanonuii yuigsepcumem «llonmascovra noaimexuixa im. FOpis Konopamiwoxa»

AHoTanisi. PoOOTy MPHCBSYEHO JOCHTIHKCHHIO CYYaCHUX TEXHOJIOTiIH CTBOPCHHS BeO-J0JaTKiB
Ta 1X BHKOPHUCTaHHIO MPH TECTyBaHHI PiBHS 3HaHb. BMBUEHO Cyd4acHi aKTyajbHI TEXHOJOTIi, IO
JO3BOJISIIOTH  CTBOPIOBATH BeO-AOJATKM Ta MPOBEACHO MOPIBHAIBHUN aHali3 HAWTOMYJISPHIIIIX
(hperiMBOPKIB 1S BEO-pO3POOOK.

IIpeamer nocmimxkeHHsT poOOTH — e iCHYIOUi cydyacHi (QpeiMBOpKHM Ta 3acobu peamizamii
CTBOpEeHHs BeO-momaTkiB. Y naHiii HayKoBiii poOOTi 30Cepe/KeHO yBary Ha BHUBYEHHI aKTyallbHUX
TEXHOJIOT1M, III0 CTOCYIOTHCSI CTBOPEHHS BeO-I0AATKIB Ta IX BUKOPUCTAHHS y TECTYBaHHI PiBHS 3HAHb.
[IpoBeneHO peTenbHUl aHali3 CydyaCHHMX METOIUK, SIKi CIIPHUSIOTh €(pESKTUBHOMY IMPOIECY PO3POOKH
Be0-OPIEHTOBAHMX 3aCTOCYHKIB. J[0CIiPKEHO Ta IeTAIBHO OMUCAHO KITFOYOBI TEXHOJIOTIT, 110 JIEKATh B
OCHOBI pPO3pOOKH BeO-IOJATKiB, BKJIIOYAIOYM BHUCBITIIEHHS TIOPIBHSUIBHOTO aHaji3y HaWOLIbII
MomyJsipHUX (QPEHMBOPKIB 17151 BE€O-PO3POOOK.

PosrisiHyTOo 3aco0M CympoBOAYy pPO3POOKH Ta CTBOPEHO HaBUAIBHWUH BeO-A0AAaTOK s
MPOBEJeHHS TecTyBaHHSA oOHNaitH. OcoONMBY yBary NpPHUIUIEHO I1HCTPYMEHTaM, $Ki CHpPHUSAIOTH
edeKTUBHIA po3po0Il Ta CYNPOBOKEHHIO IPOEKTIB, 30KpeMa PO3TIISIHYTO 3acOo0M CYMpPOBOIY
PO3pOOKH Ta iX POJIb Y BUTOTOBJICHHI BeO-70aTKIB. ABTOpaMu po3po0JicHO HaBYaIbHUI BeO-101aTOK
JUTST TIPOBEJICHHS! OHJIAH-TECTYyBaHb, BUKOPHUCTOBYIOUM OAWH i3 HaiOimemn momymspHux JavaScript
dbpeitmBopkis — Angular.

Merta poGorn — BuOip cydacHOro (QpeidMBOpKY Uisi PO3pOOKM HABYAIBHOTO BEO-IOIATKY.
lonoBHa meta 1i€i poGoTu monsirana y BUOOpi cydacHOTo (QpPEHMBOpKY Jisi CTBOPEHHSI OCBITHBOTO
BeO-0J1aTKy, a TaKoX Yy po3poOli MOBHOIIHHOTO BeO-I0/JaTKy, TOTOBOTO 10 BHKOPHCTAaHHS.
Pe3ynbTaT — CTBOpEHHS BeO-710/1aTKy, MOBHICTIO TOTOBOTO JI0 BUKOpUCTaHHA. lleli BeO-10maToK €
pe3yabTaTOM CHCTEMHOTO BUBUYEHHSI Cy4acHUX (PEHMBOPKIB Ta IHCTPYMEHTIB JUIsi CTBOPEHHs BeO-
JIOJTATKIB 1 MOYKE€ BUKOPHUCTOBYBATHUCS B OCBITHIH cdepi A MPOBEACHHS TECTiB Ta OLIHIOBAHHS PiBHS
3HaHb, 4 TAKOX Y IHIINX Taly3sX, A€ MMOTPiOHE OHJIalH-TecTyBaHHA Ta 30ip iH(opmaii mpo 3HaHHS
KOPHCTYBaviB.

Kurouogi ciioBa: ¢peiiMBopk, BeO-101aTOK, MOBa IporpamyBaHnHs, JavaScript, Angular, React,
Vue.

TOOLS AND INSTRUMENTS FOR DEVELOPING A WEB
APPLICATION WITH STUDENT KNOWLEDGE LEVEL
TESTING

N. Ichanska?
YYuri Kondratyuk Poltava Polytechnic National University

Abstract. This work is dedicated to the exploration of modern web application development
technologies and their use in assessing knowledge levels. Current and relevant technologies
facilitating web application creation were studied, and a comparative analysis of the most popular
frameworks for web development was conducted.

The research subject of this scientific work revolves around existing contemporary frameworks
and tools utilized in developing web applications. The study concentrates on learning about current
technologies associated with web application development and their utilization in assessing knowledge
levels. A thorough analysis of contemporary methodologies facilitating an effective web-oriented
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application development process was carried out. The key technologies forming the foundation of web
application development were scrutinized and elaborately described, including a comparative analysis
of the most widely used frameworks for web development.

Tools aiding in development support were examined, and an educational web application for
conducting online testing was created. Particular emphasis was given to instruments fostering effective
project development and support. The work delved into development support tools and their role in
creating web applications. The authors developed an educational web application for online testing,
utilizing one of the most popular JavaScript frameworks - Angular.

The objective of this work was to select a modern framework for educational web application
development. The primary goal was to choose a contemporary framework for crafting an educational
web application and develop a fully functional web application ready for use.

The outcomes included the creation of a fully functional web application ready for deployment.
This web application resulted from a comprehensive study of contemporary frameworks and tools for
web application creation. It can be utilized in the educational sphere for conducting tests and assessing
knowledge levels, as well as in other fields requiring online testing and the collection of user
knowledge information.

Keywords: framework, web application, programming language, JavaScript, Angular, React,
Vue.
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1 BCTYIl

HemonaBno IHTepHET BHKOPHCTOBYBAJIM OOMEXEHO MJsi 0a30BUX IMOTPEO, TaKkuX sK
nomyk iHdopmariii abo enekTpoHHa nomra. Tenep IHTEpHET cTaB TakKUM )K€ 3BUYHHM, SIK
teneon. HesmiuenHa Oe3nid HOBUX TEXHOJIOTiH, BUKIMKAHUX OYPXJIMBHUM 3pOCTAaHHSIM
iHpopMaTH3arii CycrniibcTBa, pOOUTH HAIE KUTTS HEMOXKJIMBHM 0€3 IIBHJIKOTO JIOCTYIY 0
iHpopmanii. Y Ham yac ayke JIETKO OTpUMAaTd iH(OpMaIliio, OAHUM i3 cOCO0iB MIBHIKOTO
noctyiy 1o Hei € cait. KopuctyBadeBi MpueMHO BiABIAyBaTH caMe Ti BEO-CTOPIHKH, SIKi
MaloTh CTHJIbHE O(OPMIICHHS, IO MAlOTh 3pYYHHMH [W3aiiH, SCKpaBy rpadiky, THYUKY
aHIMAIIiIO Ta IIBUKO 3aBAaHTAXYIOTHCS 1 MPABUILHO B1IOOPAKAIOTHCS Y BiKHI BeO-Opaysepa.
AJne MO>Ke BUHUKHYTH | 1HIIA Mpo0iieMa - CaiT MO)Ke BUSBHUTHUCS HE I[IKABUM KOPUCTYBadeBi
1 Ta iHpopMallis, Ky BiH HECE, BUSBHUTHCS HE 3aTpeOyBaHor0. Came TOMY Ba)KJIUBO, III00 CalT
BiJIMIOBiIaB BCIM BUMOT'aM KOPUCTYBaya.

Temoro HayKOBOTO IOCII/DKEHHSI OOpaHO CHUCTEMy, MO JIO3BOJIE MPOBECTH OHJIANH
TECTYBaHHS MAaKCHMAaJIBHO IPOCTO: BH CTBOPIOETE TECT, HMOUIMPIOETE HOTO 1 OTPUMYETE BIKE
00poOsieHI pe3yibTaTd. binmblie He MOTPIOHO CTBOPIOBATH JOKYMEHT, JIPYKyBaTH HOTO,
nepeIaBaT JIFOJIUHI JUISl HOTO TIPOXODKEHHS Ta 00po0iisatu oTpuMany iHdopmariro. Lle mae
MO>KJIMBICTh KOPUCTYBau€Bl MPOWTH OMHUTYBaHHS B OyIb-SKil TOYIl CBITy MAlOUd TUIbKH
HOYTOYK a00 cMapT(OH Ta MiJKIFOYEHHS 10 MEPeXi iIHTEpHET.

JlucraHuiiine MOCTiAKeHHs 301IbIIYIOTh PIBEHb 3aTyYEHOCTI YUYAaCHUKIB 32 JOMOMOIOI0
BI3yaJIbHOTO Ta TEKCTOBOTO CHPUHHATTSA. OHIAH TECTyBaHHS 3aJIMIIAIOTH MOXKJIHMBICTH
BUOOpPY Yacy 1 MICIIs y4acTi Ta MOKYTh OyTH 3aBepiieH] B OyAb-SIKUIT MOMEHT.

OpHMM 3 KIIFOYOBHX MOMEHTIB B PO3BHTKY BCECBITHBOI ITAaBYTHHH € BeO-pO3poOKa Ta cam
mpouec cTBopeHHsl BeO-noaarky. Llel mpouec mMicTuth B co0i po3poOky BeO-101aTKiB, BEO-
JM3aiiH, TpOTrpaMyBaHHs SIK HAa CTOPOHI KIIIEHTa TaK 1 HA CTOPOHI CEpBeEpY.

Ha cporognimHiii 1eHb e(pEeKTUBHOIO Ta HAHOLIbII BKMBAHOIO MOBOIO MPOTrpaMyBaHHS
JUIs. pO3pOOKH 30BHINIHBOI YaCTHHH J0jaaTKy € JavaScript. Takox myke MOMyJIspHUM Ta
SKICHUM € BUKOPUCTaHHsA IiaTgopmMu (pelMBOpKIB, a caMe MPOrpaMHOro 3a0e3neueHHs,
KOTpE MOJIETIIy€e PO3poOKy BeO-101aTKy. Bukopuctanas GpeliMBOPKIB € IMHUPOKO BKUBAHUM
Ta aKTyaJIbHUM.

2 AHAJII3 JUTEPATYPHUX JAHUX TA IIOCTAHOBKA IMPOBJIEMUA

BrnuB rio6anbHOi KOMIT'IOTEpHOT Mepexi [HTepHeT Ha cyyacHHUI CBIT YHIKaJbHUHN 1 HE
Mae iICTOpUYHUX aHayoriB. CydacHICTh CTajla IOYaTKOM HOBOI €IOXH, Jie eJIeKTPOHHUI BIUIUB
MPOHHUKAE y BCl cepu JIIOACHKOTO >KUTTA. BUIBIIICTH JIOAEH CHOTOIHI KOPUCTYIOTHCS
IHTEepHETOM SIK TOJIOBHUM JiKepesioM iH(popMallii, OCKUIBKY BiH € HAlO1IbIII TOCTYITHUM.

TexHounorist BeO-po3poOKU paauKallbHO 3MIHMJIA cnoci0 B3aemonli 3 i1H(popmallieo Ta
KOMIT'IOTEPOM  3arajioM. 3'SIBUJIOCH PO3YMIHHS, IO TPaAWIiNAHI TOKAa3HUKU PO3BUTKY
KOMIT'FOTEPIB - NMPOJYKTUBHICTH, MPOMYCKHA 3/IaTHICTh, OOCST MaM'sTi - HE BPaxOBYBaJIU
TOJIOBHOTO aCMEKTY: 3pY4YHOTr0 iHTepdency /Ui CHUIKYBaHHS MIXK CHCTEMOIO Ta JIFOIUHOIO.

3actapinuii MexaHI3M B3aeMojii 3 1H(QOpPMaLIMHMMM CcHCTEMaMHU YIOBUIbHIOBAaB
BIIPOBA/KEHHSI HOBUX TEXHOJIOTiHM 1 0OMeXXyBaB iX moTeHIian. TiIbKH TO1, KOJIu iHTepdeiic
MDK JIIOJUHOIO 1 KOMI'IOTEPOM CTaB OUIBLI NPUPOJHUM JUIsl CHOPUMHATTA 3BUYAHOIO
JFOAMHOIO, 3pOCII0 3aIIKaBIEHHS 10 MOXKIIMBOCTEH 00UMCITIOBATBHOT TEXHIKH.

JIOCHIAHUKK 3 YChOTO CBITY BHSBIISIIOTH 1HTEpeC 10 BIPTyaJlbHUX CHUIBHOT, IO
00OyMOBIIEHO 3pOCTaHHSM iX KIJBKOCTi, MOCTIHHUMHU TEXHOJOTIYHUMH 3MIHAMH Ta
BIIPOBAKEHHSIM HOBITHIX TEXHOJOT1H /I MIATPUMKH iIXHBOT TiSIIBHOCTI.
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CyyacHi HayKoBi1 JOCHIDKCHHS IIMPOKO OPIEHTOBaHI HAa BHBYCHHS BIPTyaJIbHHUX
CHUIBHOT Ta iX BIUIMBY Ha CYCIUIbCTBO, IO BiAOOPaXEHO Y Mpalsgx BYCHHUX PI3HUX
HarnpsMKiB, a came B.JO. bukosa, M.I. XKannaka, H.T. 3agopoxnoi, B.M. Kyxapenko, I./].
Manuuskoi, H.B. Mopse (Ykpaina), C. Bipkyca (BenukoOpuranis), Jl. boyaena (CILIA) [1].
HocmipkeHHs Ta MyOumikaiiii, SKi OXOIUTIOIOTh HOBI IMIJIXOJW, TEXHOJOTil Ta Halkparrl
NPaKTUKKA B po3poOli BeO-0JaTKIB, € aKTyaIbHUMHU Ta CIPHUSIOTH MOJAIBIIOMY PO3BHTKY
i€l chepu.

3  LLJIb TA 3AJAYI JOCJALIKEHHS

3apa3 JOyMKH pO3pOOHHMKIB BeO-0/aTKiB TMOAUIAIOTECS Ha THX XTO BBaXKae
3acTOCYyBaHHA (PEUMBOPKIB €(EKTUBHUM, 1 THUX, XTO MIATPUMYE IiICI0 BIJIMOBH BiJ
(dbperiMBopKiB. Ines BimMoBH BiJ PpeliMBOPKIB cTa€ BCe OUIBIN MOMYJISIPHOIO. AJIE 1€ TAKOXK
HE 30BCIM MIPAaBUJIBHO, HA JYMKY aBTOPIB BiJIIOBI/Ib Ha MUTAHHA: 3aCTOCOBYBATH (PpeiiMBOPK
YH Hi 3aJIC)KUTh BiJl KOHKPETHOI CUTYaIlii.

Hexaii po3poOHMK Mae AOCTaTHIA MOCBiM 1 HAaBUYKK JUIS TOTO, MO0 JIHCHO
BiIMOBHTHCS BiJ (PpeiiMBopkiB. Ta 4M JMOCTATHHO MIOCBiIy Ta HABHUKIB B 1HIIUX WICHIB
BaIlIoi KOMaHI YM B THX 0Ci0, SIKi MPaIFOBaTUMYTh 3 IPOEKTOM B MoAaibimomy? Bigmosizi
Ha Il TUTaHHS HEeMae. 3ayBa)KUMO, L0 MPUIHATI MpU po3poOIli pillieHHS MOXYTh OyTH HE
3aBKaM akTyaiabHUMU. [loniOHI mpobiemu, 3a3BU4aid, MPU3BOIATH IO TOTO IO MOYMHAIOYHU
poboTy 6e3 BHKOpHCTaHHsS (PEHMBOPKY, KOMaHJIa BCE ) TaKW MPUXOAUTHh O CTBOPCHHS
BJIACHOTO (pEeUMBOpPKY, KU 1ii HEOOXiaHO Oyae caMmocTiifHO miaTpumyBaTH. Lle minBumrye
BUMOTH 70 KBaji(ikallii wieHiB KOMaHIM. 3aaada Mia0opy MEePCOHANy YCKIIaIHIOEThCS, 00
3aMiCTh TOTO, OO LIYKaTH JIOJACH, SKi 3HAIOTh NEeBHI ()PEUMBOPKH, MOTPIOHO IIYKATH THX,
XTO 100Ope pO3yMieThCs B BeO-TUIaTGopMi Ta Ma€e MOTYKHUN Oaraxx 3HaHb. TomMy aBTOpHU
BBKAIOTh BUKOPHUCTAaHHS PPEUMBOPKY € HEOOXITHOI CKIIaJI0BOIO PO3POOKH BEO-T0/IaTKY i
OCHOBHI 3aJ1aui CTBOPEHHs Be0-I0JaTKy peai3yloThCsl MPaBUIIbHICTIO BUOOPY HpeiiMBOpKY.

B pe3ynbrarti HaykoBOi po00TH OYJI0 PO3TISHYTO PPEeMBOPKH 3a IEBHUMH KPUTEPIS Ta
CTBOPEHO Be0-/10/1aTOK, IKUI HAJa€ 3MOTY:

- CTBOPIOBAaTH TECT;

- TNOLIMPIOBATH TECT;

- TIPOXOJWTH TECTYBaHHS;

- OTpUMATH PE3yJbTar.

4  PE3YJBTATHU JOCJIKEHHA

Y poboTi TpOBEACHO PETENbHHUM aHaji3 Cy4YaCHUX METOJIUK, $KI CIPUSIOTh
edeKTUBHOMY TIPOIlECY pO3POOKM BeO-OpIEHTOBAHHUX 3aCTOCYHKIB Ta PO3pOOIEHO
HaBYAJIbHUNA  BEO-IOJATOK 3  BUKOPUCTAHHSAM  OJHOTO 3  HAWMOMYJSPHINIMX
JavaScript ¢peiimBopkiB — Angular.

4.1 Iopieusanvruil ananiz icHylouuUx (petiMeopKie

['mobanpHa Mepeka CKIQJA€ThCS 3 YCIX CaWTIB, JMOCTYMHHUX JUIS 3arajbHOTO
KOPUCTYBaHHA. BCl CTOPIHKH KOXXHOTO CalTy O0'€THYIOTHCS OIHIEI0 KOPEHEBOKO aJIPECOI0
(Te, mo Mu HabUpaeMo B aJpecHOMY psAIKY Opaysepa), TEMaTHKOIO, CUCTEMOIO 1 TU3aiHOM.
Koxxna cropinka BeO-caiiTy — I1€¢ TEKCTOBHM JOKYMEHT, SKWW HAaNMMCaHW Ha MOBI
nporpamyBanas (HTML, PHP, Java aGo inmii). i TekcToBi ¢aiinu 3aBaHTaXylOThCS Ha
KOMIT'FOTep, 0OpOoOsAIOTECS Opay3epoM 1 BimoOpa)xaroThCs HA MOHITOpl KOMIT'OTepa y
BUTJISAZI CTOPIHKM caiTy. MoBa mporpaMmyBaHHs JIO3BOJISIE pEelaryBaTH TEKCT CTOPIHKH,
JOJJaBaTH TOCHJIAaHHS, BCTaBJSTH KAapTUHKU, 3BYKOBI 1 Bijeo ¢aiimu. CTOpIHKM CcalTiB

Iuanceka H. B.
https://doi.org/10.31650/2618-0650-2024-6-1-95-106 98




Mexanika Ta maremMaTtuyHi meromu [/ N v V1/1/2024
Mechanics and mathematical methods - % £} Crop. 95-106 / Page 95-106

MOXYTh OYTH SIK POCTUMHU Habopamu iH(GOpMaIlii - TEKCTH 1 KAPTUHKH, TaK 1 CKIaJIHUMH, 3
BEJIMYE3HOIO KUTBKICTIO (DYHKIIHN, SIKI YIPABISIOTHCS PI3HUMH IIPOTPaMaMH.

Ha 2019 pik HaitOUIbII B)KMBAaHUMH, aKTYyaJIbHUMH Ta YHIBEPCATBHUMH (PpeHMBOpPKaMH
IUIs1 pO3POOKH 30BHINIHBOT YaCTHHU BeO-101aTKYy € [2]:

1. Angular;
2. React;
3. Vue.

[opiBHsiEMO 1i TpU (PPEHMBOPKH MO HACTYITHUM KpUTEpisM (HAHOLIbII BATOMUMH IS
OIIHKH (PpEeUMBOPKY € HACTYITHI METPUKH ):

1. Tpenam mnomyky Google (He Halikpamuii mNOKa3HUK, aje JI0CTATHHO
epekTMBHUI B KaTeropii 3arajibHe BpasKeHHs );

2. Ymuciao 3aBaHTaKeHb (K CMOCI0 OWIHKHM KiJIbLKOCTI KOPUCTYBayiB sIKi peajbHO
BHKOPHCTOBYHOTH (ppeiiMBOPK);

3. Bakancii Ha Indeed (3Hanus ¢peiiMBopkiB siIk ogHa i3 BHMOr [0
NnpaneBJAIITYBAHHA).

OnumieMo 11l Tpu KPUTEpii OKPEeMo, IeTATBHO IIPOaHali3yBaBIN KOXKCH 3 HUX.

Tpenau nomyky Google. HaBenemo nHa miarpami Ta rpadiky KUIBKICTH 3rajyBaHb
(bpeitMBOpKiB B MOmIyKoBiid cuctemi Google, CHHIM KOJTBOPOM 300paske€HO KUTBKICTh 3rayBaHb
¢bpelimBopky React, yepBonuM kombopoM — Angular, xoBTM — Vue. Jlani HaBeneHO 3a
OCTaHHI IT’ATh POKIB (HaBEJCHO B [2]).

Interest over time ¥ o<

D)
A LAl N
Dec 16 - Dec 22 2018
React 69
AngularJS 54
Note Vuejs

Puc. 1 KinbkicTb nouryky (¢ppeliMBOpKIB 3a JOIOMOTI0I0 MoLIykoBoi cuctemu Google

3 ciuns 2014 poxy no ciuenb 2017 poky ¢peiimBopk Angular € niepom 3a NOUTyKOBUM
3anuToM, Vue € ayrtcaiinepom, a React Mae mo3uTuBHYy nuHaMiKy 3pocTaHHs. bauumo, 1o
React Bunepemxae Angular B ciuni 2018 1 30epirae iaepcTBO NPOTITOM YChOTO POKY, a Vue
MOKPAIIMB CBO{ MOKa3HUKH X04a 1 Ha BiIHOCHO HE3HAYHY MO3HUILIIO.

[IpoananizyBaBIIM HaBelIEHl JdaHi, MPUXOAMMO JIO BHUCHOBKY, W0 HaWOUIbII
ONTUMAJILHUM B Kateropii Tpenau nomyky Google € ¢peiimBopk React, nmpu mpomy, 3a
OCTaHHI POKH, CIIOCTEPIraeThCs TEHIEHIIS O CKOPOUEeHHS po3puBy Mixk React Ta Angular.

Yuciao 3aBaHTaxkeHb. llell mapameTp 103BOJISE OLIHUTH peajibHEe BUKOPUCTAHHS
(GpeiiMBOpPKY pO3pOOHHMKAMHU: YCTAaHOBKA, HEOOXIAHICTH M1 poOodYoro mporecy Ta
aKTyajbHICTh. [lani HaBeseMo Jiarpamy 4McIiia 3aBaHTaxeHb PpeiiMBopkiB. [Ipu 1ibomy, cHHIM
KOJIbOPOM 300pakeHO KIIbKICTh 3rayBaHb (ppeiiMBopky React, ueporum kombopom — Angular,
XKOBTUM — Vue. Bukoprcraemo ai, o HaBeieHo B [2].
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Angular

Puc. 2 Yncno 3aBaHTaXeHb KOXKHOTO i3 JaHUX (HYpeHMBOPKiB

Bbauumo, mo 3H0BY migepom € React, rigHy Ipyry mosuimiro 3aiimae Angular, a Vue mae
11.5%. Ilo o3Havae, mo HalOUIBII ONTHMAJIbHUM B KAaTeropii 4YWCIO 3aBaHTaXEHb €
dpeiimBopk React, a Ha qpyromy micii 3HaxoauThess Angular.

Bakancii Ha Indeed. OcraHHiM YacoM NpHU IpPaLEBIALITYBAaHHI OJHIEI0 3 OCHOBHUX
YMOB, III0 BHCYBAalOTh po0OOTOAaBII Tmepes BeO-po3pOOHMKAMHU € 3HaHHSA NMEBHOTO Habopy
¢peiimBopkiB. ToMy Ipu JOCHIJKEHHI IepeBar Ta HEJOJIKIB (ppeiiMBOPKIB BapTO 3BEpPTATH
yBary i Ha meW MOKa3HWK TakoX. [IpoaHamizyBaBIIM HACTYNHHUH KPHUTEPid, MH 3MOKEMO
OLIIHUTHU SAKHH caMe ¢GpelMBOpK HaWOUIbII IiKaBWi Ui poOotomasiiB. I[limpaxyBaBiu
KUTBKICTh 3rajlyBaHb (ppeiiMBOpKiB Ha BeO-caiiTi Indeed, moOyayeMo miarpamy sika mokasye
KU came 13 ppeiimBopkiB € minepom. Ha 2019 pik pe3ynbraTi BUTTIAAIOTH Tak:

Angular

Vue

0 5000 10000 15000 20000 25000 30000

Puc. 3 3aranbHa KinbKicTh 3ragyBaHb GppeiMBOpPKIB B BakaHcisx Ha Indeed
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3 HaBeZieHUX B [3] maHMX, MAEMO KiJIbKICTh 3raJlyBaHb Y BaKaHCIsX:
— React: 24, 640;

Angular: 19, 032;

Vue: 2, 816.

3 HaBeNIEHO1 BWINE JAiarpaMu, OTPHUMYEMO, [0 HAHOUIBIN IIKaBUMHU (ppedMBOpKaMH 3
TOYKH 30py Li€l kateropii € React Ta Angular.

Po3ristHeMO GBI JeTadbHO MEPEBard i HEAOMIKH KOKHOTO i3 mux (peiiMBOpkiB [4].
OCKUTBbKH B MOTIEPIHROMY aHaI31 mepIicTh 30epiraB React, To moOYHEMO 3 HBOTO.

React. IlepeBaru: OcHoBHa nepeBara React mossrae B Horo mopiBHsUIbHIN MPOCTOTI 1 B
TOMY, IIO BiH CIPSIMOBAaHW Ha BHUPIIIECHHS OJHIET 3a1a4i, Ha po3poOKy iHTepdeiciB. YV Toit
yac, sIK Ul KOro-TO IiX1J, MOB'A3aHUI 3 BUKOPUCTAHHAM KOHTEWHEpa CTaHy MOXe 31aTHCsA
HE3HAOMUM, OUIBIIICT PO3POOHHUKIB MOXKYTh JIETKO po3iOpartucs B LI KOHLENINI 1
3pO3YyMITH IlepeBaru apXiTeKTypH, 3aCHOBaHOI Ha OJIHOHAIIPABIECHOMY IOTOLI JaHUX, 1 Te, SIK
TaKWH IMiIX1]1 MOXKE CIIPOCTUTH JTOJIATKH.

Henonixkn i moxamBi ckiaagnomi npu BnpoBaxeHHi: HaiiGinpmii minycu React
MOJIATAIOTh HE B OCOOJIMBOCTSIX peai3allii Toro, mo BOHH BMIIOTh, a B TOMY, YOIO BOHU HE
MOXYTb. JlJig TOro, 1100 CTBOPUTH CKIaJHE BEO-I0AATOK, BaM 3HAJ00MThCA OaraTo iHIIMX
TEXHOJIOTiH. SIK TIJBKU BU BifiineTe BiJ oCHOBHUX (yHKHiKH React i mapu iHmmx 0i0mioTexk,
BU 3iTKHeTecs 3 Oe3u4i0 AyMOK MpO «IPaBUIBHUX IHCTPYMEHTax», 3 HE3NIUEHHOIO
KUTBKICTIO PIIICHb Ta MIa0JIOHIB, SIK1 1HO/I JIETKO IHTETPYBaTH B JJOJATOK, a IHOII - Hi.

OTtxe, Tak sk React - ¢ppeliMBOpK, KM 30cepe/KEHUI Ha BHUPIIIEHHI BY3bKOI'O KOJa
CHemiaTi30BaHuX 3aB/IaHb, HEIOCBITYEHI KOMAHIU MOXYTh YK€ JIETKO 3pOOUTH Ha iX OCHOBI
I0Ch HEMIATPUMYBaHE, HE 3HAIOUM PO TE, IO PIlIEHHS, SIKI BOHU NPUIMal0Th, BEAYTh A0
MOTIPIICHHS MTPOIyKTHBHOCTI BeO-10AaTKIB 200 10 MOMIIIOK. HaBiTh JOCBITYEHI PO3POOHHUKH
MOKYTh 31TKHYTHCS 3 THM, L0 HEAOJIK YITKOTO apXiTEKTypHOTO IUIAHyBaHHS pillleHHs abo
CTPOTHX MPaBWJI HA MOYATKy PO3POOKH MOXKYTh JIy’K€ HEMPUEMHO TTO3HAYUTHUCS HA MIPOCKTI B
MaifOyTHEOMY .

Yomy BapTo o0paTu came React? fkimio Bu nepeOyBaeTe B CUTYyaIlil, KOJU BH IIYKAETE
CKOpiIlIe MPOCTHH, HIXK SKHICh BCeOCS HHH (ppelMBOpK, TOxl, IIIKOM MOXJIMBO, React
nobpe Bam mimiiae. Kpim Toro, TyT ciig peaqicTUYHO JAMBUTHCS HA MOMKIIMBOCTI Balloi
KOMaHJIM 1 oprasizaiii, He TUIBKM Ha eTali IO0YaTKOBOI po3poOKH, a i 3 ypaxyBaHHSIM
JIOBTOCTPOKOBOI MiATPHMKH ITPOTPAMH.

Angular. IlepeBarm: I'onoBHa mnepeBara Angular - me Horo MmacmTaOHICTB. 3a
JIOTIOMOTOI0 IIHOTO (PpEHMBOPKY MOKIIMBO CTBOPUTH BEO-IOJATOK MPAKTHYHO OYyAb-SKOI
ckiagHocTi. Ha cborosHi, He icHye OLIbLI NMPUAATHUX 3acO0iB JUIs PO3POOKH, BEIMKHX 3a
00csAroM MpoeKTiB, aHiK Angular.

OpnHa 3 HallronoBHIIUM epeBar GpelMBOpPKY — HOTO MOMyJIApHICTh. MOKHA TOBOPUTH
Ipo Te, 1110 3 HUM MOB'A3aH0 iM's koMnaHii Google 1 11e BIUIMBA€E Ha Te, K HOro CripuiiMaroTh.
Angular 1 mBUAKO CTaB MOMYJSPHUM TaK SIK Ti, XTO MPUHAIIOB 3 1HIIMX CEPEOBUIL PO3POOKU
BUSIBUWJIM B HbOMY 3Haiiomuii mabion MVC mis CTBOPEHHS OJHOCTOPIHKOBHX JOJATKIB.
[Ticns monepHizanii Angular 1 1 nepenpoekTyBaHHs IeSKUX YacTUH ¢periMBopka, Angular 2+
OyKBaJIbHO BUCTpLIMB. Bpaxkae umcino TpeHiHriB 1o HboMY, o(dimiiHuxX 1 Heodimiitaux. Ha
PUHKY € cepiiozHa motpeba B Angular-po3poOnukiB. Kpim Toro me - oauH 3 HebGaraThbox
(GpeiMBOPKiIB, PO3IISHYTUX B LOMY MaTepiaii, y skoro € o¢iuiiiHuii Habip OaraTux
MOYJIMBOCTSIMU KOMITOHEHTIB JJIsi CTBOPEHHS KOPUCTYBAIbKUX iHTepQeEiciB.

Henonixu i MoxkamBi ckiagHomi npu BnpoBamxkeHHi: Ha mpaktuii po3poGHuKam
JIOBOJIUTHCS BIABATHUCSA 1O 4yJeC BUHAXIUVIMBOCTI JUIS TOro, 1100 3MYCHUTH JOJAaTOK Ha
Angular poOutu Te, 1m0 He € YacTUHOIO (QperiMBopka. Kpim TOro, 3Huxkye iHTepec
po3poOHuKiB 10 TypeScript, Ha sikoMy HanucaHui GperMBOPK.
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Yomy BapTo oopatu Angular 2+? Skmo BaMm moTpiobHO, 00 ¢axiBiliB 3 GperHMBOPKY
OyJI0 HECKJIAJTHO 3HANTH B HEOOXITHUX KUTBKOCTSX, 1 1100 3HAHHS IUX (aXiBIliB MOKHA OYIIO
BUKOPHUCTOBYBATH B 1HIIMX 00JACTSIX, YA BaM MOTPIOHO MiArOTyBaTH KOMaHIy J0 poOOTH 3
(bpeiiMBOPKOM 1 Y BaC € MEBHHUI PiBEHb BIICBHEHOCTI B TOMY, III0 KOMaH/Ia 3MOXe, B KOPOTKI
TEPMiHH, IEPEUTH 10 MPOAYKTHUBHOI poOOTH, BU MOXKeTe 3ynuHuTuca Ha Angular 2+. Takox,
pa3om 3 Angular BuUKOpUCTOBYeThCS Tinxin a0 nusaiiHy Google Material UX, toai Habip
KoMITIOHEeHTiB Angular Material - me mBHIKHIA, MPOCTHH 1 HATIWHUKA CHOCIO BCIM MM
CKOpHUCTATHUCS.

Vue.js. Tlepesarm: MmoBipHO, TONOBHME IUTOC IBOrO (peiiMBOpKAa mHOJNArae B
MOJKJIMBOCTI HOT0 IOCTYNMOBOTO BIPOBA/DKCHHS. VUue BiJPI3HAETHCS 3pO3yMUIOIO 1
pallioHaJIbHOI apXITEKTYpPOIO, IKY HECKJIATHO OCBOITH 1 TPOCTO 3aCTOCOBYBATH Ha MPAKTHUIIL.

IcHye 3rypToBaHe CIiBTOBapUCTBO €HTY31aCTiB i CTOPOHHI MPOEKTH, AKi podssaTh Vue.js
nie 1ikasime. Kpim toro, pi3Hi po3poOKu, opieHTOBaHI Ha Vue, JOCUTh MPOCTO TOETHYBATH B
OUTBII CKIIAHUX PIICHHS MTPH CTBOPEHHI HOBHUX MPOEKTIB.

Henmouikn i MoJIuBI ckJaagHomi nMpu BHpoBakKeHHi: OIHA 3 TOJOBHHX MPOOJIeM
VUe.js momisirae B TOMY, IO MPOEKT 3aJCKUTh BiJl OJHIE] JIFOAMHUA. 3PO3YMIJO, IO IHIII
bpeiiMBOpKH TEX BiJ KOTOCh 3aliexaTh, aje 3a3BHuail 1e - oprasizamii. HaBkomo Vue.js
CKJIAJIOCSl BENIMKE CITIBTOBAPUCTBO, TYT € O€311i4 iHHOBAIIMHUX JOJATKOBUX IPOEKTIB, aie
pO3po0Ka si/pa IIIKOM JISKUTH Ha MJIeYax €IMHOTO PO3POOHUKA.

Mu BBakaemo, 1o jo0pe 6 mobauntu B Vue.js 1HTETpalir0o HOBUX CTaHAAPTIB, OJHAK
3apa3 B HbOMY IIIOCh Ha 3pa30K 1IabloHy BeO-KOMIIOHEHTIB, alieé HEe caMi BeO-KOMITIOHEHTH,
TOOTO, MOBA i/ie CKOpiIlIe PO IUIaHHU BIIPOBAPKEHHS HOBUX TEXHOJIOTIH, a HE MPO Te, 0 BXKE
peari3oBaHo.

Yomy BapTo odpatu Vue.js? Skmio y Bac € crapuii BeO-710AaTOK, SIKOMY HOTpiOeH
OLIbII HATIMHMI 1 CydacHUN NBUTYH, TOAL Vue.js, UJIKOM MOXIIMBO, J00pe Bam mifiiine. Bin
BIJIPI3HSAETHCS UITKUMH IIa0JOHAMH, 1 HABITh SKIOI0O KOMaHJa PO3POOHUKIB HE HAATO
JIOCBiJTY€HA, BOHA 3MO’KE JIETKO BIJIOKPEMUTH NPaBUIIbHI MIJXOAU BiJl HEMPaBWIbHUX. X04a Yy
Vue Hemae TroTOBOi /10 BUKOPUCTaHHS CTaHAApTHOI O101i0oTekH 1HTEp(EHCHUX EJIEMEHTIB,
icHye 0e3mid CTOPOHHIX (pelMBOpPKIB, 3aCHOBaHUX Ha Vue, SIKi MOKYTb BaM ITiIIHTH.

Orxe, B maHoMy po3auil Oyso JeTalbHO Ta OO €KTUBHO PO3IJSHYTO IEepeBaru Ta
HEJI0JIIKM aKTyaJIbHUX (peiiMBOPKIB.

4.2 CmeopeHHs Ha8UaIbHO20 8€0-000AMKY

IToctaBuMO 3amauy CTBOPUTH HaBUYalbHUM BeO-J0AATOK JUIsl TECTYBAaHHsS PIBHS 3HaHb.
BpaxoByroun Bci BuIle3rajaHi IepeBard Ta HEOOJIKH, a TaKOoX LI BeO-10AaTKy, Oyio
o0paHo, JUTs BUKOHAHHS TIOCTaBICHOI 3a1au4i, (peiimBopk — Angular.

Omnuremo KJIF0YOBI KoHIenii ¢ppeitmBopky Angular [4]:

1) Moayni: momyni B Angular)S € koHTeliHepamu IS pIi3HHX KOMIIOHEHTIB
nporpamu. Moyl OTOJIOMIYIOTBCS 3a JOMOMOror BHKIMKY —angular.module i
H1AKITI0YAI0THCS 33 JOMOMOTOI0 TUPEKTUBU NY-app.

2)  Konrponepu: koHtposnepu B AngularJS MicTsTh JIOTIKY NpHB'S3aHy 1O BHIIB i
BU3HAYAIOThCSA  (DYHKIIE€IO-KOHCTPYKTOPOM  JavaScript, ska BHKOPHUCTOBYETbCS  JUIS
posmmpenHs obmacti Bumumocti (this) momatku. Komu KOHTposiep NpHB'S3YEThCS [0
o0'exTHOT Mozeni nokymeHTa (DOM) ¢peiimBopk 3a0e3meuuTh CTBOPEHHS HOBOTO 00'€KTa
3a JIOMOMOTOI HajaHOi (PYHKIli-KOHCTPYKTOpa, a TaKOX CTBOPEHHS HOBOI JOYipHBOL
o0JyacTi BUIMMOCTI, sika Oyzie JOCTyIHA Yyepe3 mapameTp KoHCTpyKTopa this.

3)  Cepsicu: cepBicu € B3aeMO3aMiHHI 00'€KTH, SIKi 3'€IHYIOTHCS 3aMiCTh JTOTIOMOTOIO
MEXaHI3My BIPOBa/UKEHHs 3ajexHocTeidl. CepBiCM MOXHAa BHUKOPUCTOBYBAaTH  JUIS
oprasizamii Ta moainy komy B gomatky. Cepmicu B Angular BUKOpHCTOBYIOTH IMIa0I0H
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npoekTyBanHs Singleton (icHye TiTbKK OJUH €K3EMILISAP CEPBICY, Ha SIKUI MOCHIAIOTHCS BCi
KOMITOHEHTH, BiJl HbOT'O 3aJICXKAaTh ).

4)  JlupextuBH [3]: MPEKTHUBH 1€ MAPKEPU Ha €IEMEHTI 00'€KTHOI MOJIEII JOKYMEHTA
(DOM), sixi BKa3yOTh KOMIUIATOPY SIKY TOBEIIHKY CIIiJI IPUKPIIKUTH 10 JAHOTO €JIEMEHTY
(HampuKIaa 3a JOMOMOTOI0 CIyXadiB MOJid) abo sKi mpaBuia TpaHcdopmarii Tpeda
3aCTOCYBATHU J0 IIbOTO EJIEMEHTY.

Etanu po3poOku BeO-101aTKY:

—  3aTBEP/PKEHHS MEPBUHHOTO TEXHIYHOTO 3aBIaHHS PO3POOKH BeO-101aTKY;

— JW3ailH — CTBOpPEeHHS TpadiyHUX EJIEeMEHTIB MakeTy BeO-70/1aTKy, CTHIIB 1

eJIEMEHTIB HaBiramii;

—  po3poOKa TPOrpamMHOro KOy, MOAYJIB, 0a3uW JaHWX 1 IHIIMX EJIEMEHTIB BeO-
J0JIaTKy HEOOXi1AHUX B MIPOEKTI;

—  TECTyBaHHS 1 pO3MIIICHHS BeO-101aTKy B Mepexi [HTepHeT;

—  TIepeHEeceHHS Ha XOCTHHT.

Crnaoanus mexuiunozo 3aedanns (13). Ha mepiomMy erari po3poOku i CTBOpEeHHS BeO-
JOJATKy 3AIACHIOETBCS TPOCKTYBaHHA IHTEpdelcy MailOyTHBROTO pecypcy 1 CKIIQZaHHS
TEXHIYHOTO 3aBJaHHA. TeXHIYHE 3aBJaHHS — 1€ OCHOBA MOPSAIKY B poOOTI HaJ MPOEKTOM i
roJoBHUHN opieHTHp. TiNBKM 3 BHKOHAHHS BCIX BHMOT, 3a3Ha4eHUX y T3, MPOEKT MOXe
BBaKaTHCS 3akiHYeHUM. CBill BIIOMTOK Yy TEXHIYHOMY 3aBIaHHI 3HAaXOJATh 3aBJaHHS, fKi
CTaBIISITBCSL TIEPE PECYpcoM; JOKIAJHUM UYWHOM MATIOEThCS KapTa BeO-70AaTKy, e
BKa3yIOThCS BCl po3aiiu Ta popmar indopmalii, 10 HalaeThCs HA iXHIX cTOopiHKax. Benuka
yBara B T3 mpuniisierscsi GyHKIIOHATY TMPOEKTY, KU OMHCYETHCS 10 APIOHUIB, a TAKOXK
HaBiramii BeO-gonaTky. TexHiyHe 3aBJaHHA mepefdayae 3a3HAUYEHHS BUMOT JI0 XOCTHHTY,
BEPCTKU, MOBH mporpamyBaHHs. J[o Bchoro iHmoro, T3 TOBHHHO MICTUTH W TEepMiHU
BUKOHaHHS POOIT.

Po3spobka ousaiiny Be6-nonatky. Sk i po3poOka BeO-101aTKy B IIIJIOMY, poOOTa HaJ HOTO
IU3aiiHOM TakoX € moeramHoro. IlepmmmM BinOyBaeThCsi CTBOPEHHS JU3aiiHY T'OJOBHOI
CTOPIHKHU pecypcy, HOUYMHAEThCA Ke 3 po3poOKH KoHLenii. BoHa cTBoproeThest Ha ocHOB1 T3
Ta CIPOEKTOBAHOTO iHTEpdeiicy.

Bepcmra cmopinox Be6-nonatky. Ilicns 3aTBep/pkeHHS MaKeTiB AU3aliHY BCIX CTOPIHOK
BeO-7107aTKy 3A1MCHIOEThCA 1X BepcTka. Web-caliT 3acTocoBye OJ04YHY BEpCTKY, TaK SIK BOHA
HaJa€ Kparil MOKJIMBOCTI, HI)K TaOJIUYHA, 1 J03BOJISIE 3pOOUTH KOJI KOMITAKTHIIIE, 32 PaXyHOK
4Oro 30UIBIIYETbCS IIBUIKICTh 3aBaHTaXXEHHs BeO-cTopiHkH. Kpim Toro, 6510koBa BepcTka
J103BOJIA€ Habarato eeKTUBHIIIE PO3POOIATH CalT, IKU OyJie KOPPEKTHO BioOpaxarucs B
Opay3epax. BepcTka 3miHCHIOETbCS y BIAMOBIJHOCTI 3 yciMa Cy4yaCHMMH BHMOTaMH, IIO
Npe'aBISAIOTbCA 10 HEl, MPOXOJIUTh MEPEBIPKY Ha BANIJHICTh 1 CyMICHICTh 3 HAaCTYIHUMH
Opay3epamu:

—  Internet Explorer Bepcii 11;

— Mozila Firefox Bepcii 27.0;

—  Opera Bepcii 9.0;

—  Chrome 37.0;

—  Safari Bepcii 6.

Ilpoepamysanns. Ha ocHoBi T3 1 MakeTiB CTOPIHOK BeO-I0AATKY 3HIHCHIOETHCS
nporpaMmyBaHHs QyHKI[IOHaTy. Pe3ynbTaTom erary € TOTOBUil CaliT, po3MILIIEHUI Ha cepBepi.

Tecmysanus. JIns eramy TecTyBaHHsS pecypcy ImependaueHa CIelialbHO po3polieHa
METO/IMKA, 3a SKOK 1 3IMCHIOEThCA TiepeBipka BeO-moaatky. [lepeBipseTbes BIAMOBIAHICTH
BeO-707aTKy omnucaHoMy B T3 (QyHKIIOHaTY, KOPEKTHICTh BiIOOpa)KEHHS BEPCTKH Yy BCIX
HiATpUMYyBaHUX Opay3epax 1 BIAMOBIIHICTh BE0-10AaTKy BHYTPILIHIM BUMOTraM SIKOCTi. Y pasi
BUSIBJICHHS 3ayBa)KeHb, CKJIAJIAEThCS TIEpeITiK JOPOOOK, CIIPSIMOBAHUX HA IX YCYHEHHS.
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Ilepenecenns na xocmuwue. IIiAKITIOUEHHS OO0 MEPEXi Ta IHIIUX PECypCiB IS
po3MimieHHs (i3nyHOoi iHpopMalii Ha cepBepi, 10 MOCTIHHO nepedyBae B MEPEXKi.

Ockinpku MeTOI0 JaHoi poOoTH OyJ0 CTBOpPEHHsS BeO-I0AATKYy MJIsi MPOXOIKEHHS
TECTYBaHHS, TO BiH IOBUHEH BIiAMOBIIATH MIEBHIM BHMOTaM, a Came:
IMBUAKICTD;

—  (QYyHKIiOHAJIBHICTB;

—  JIETKiCTh B PO3YMiHHi;

—  JIOCTYNHICTb.

[ sIK1IT0 3 TAKUMHM MMapaMeTpaMu SIK MIBUAKICTH Ta JIETKICTh B pO3yMiHHI BCE 3PO3YMIJIO, TO
10 Ha paXyHOK (DYHKIIOHAIBHOCTI Ta AOCTYMHOCTI? OHIAiH-TeCTyBaHHs HE TIOBUHHO HIYUM
MOCTYNaTUCh TPaJULIAHUM METOJaM MIpPOBEICHHS TecTyBaHHS. He moBHHHO OyTu HISKUX
pamok abo obmexenb. Came TOMy, IpU CTBOPEHHS TECTy, MH PO3POOMIIM YOTUPH THUIH
MMTaHHS Ha BUOIp, a came:

—  BHUOIp AekibKOX BapiaHTIiB BiNoBige i3 1eKIbKOX;

—  TEeKCTOBA BiNMOBIiIb;

— BHOIp 4YMCJIOBOro 3Ha4YeHHs (HANPHUKIAA, /AJ8 PO3CTABJIEHHsI MOl B
XPOHOJIOTIYHOMY NOPSIKY);

—  BHOIp 01HOr0 BapiaHTy BiANOBIAi i3 JeKIJIbKOX.

[IpoxomxeHHs TeCTy Ha eKpaHi MOHITOPY BUTJISAAE TaK:

Questions

Questions

First section

ﬁﬁﬁﬁﬁﬁ

Puc. 4 IIpoxomkeHHs TecTy 3 pi3HUMH THIIAMU ITUTAaHHS

Opniero 3 mepeBar Be0-104aTOK € HOro JOCTYIHICTE [4]. 3ayBakuMo, 0 pO3pOOICHHIA
BEO-ZI0JIATOK JIa€ MOXKJIMBICTh TPOXOJUTH TECTYBaHHS IHCTAHIIHO, M0 € JJOCTaTHBO
3pyYHHUM JUIsl KopHcTyBauiB. OHNAiH TecTyBaHHS 1€ 3py4HO, MPOcTO Ta edekrtuBHO. s
KOPHUCTYBaHHS A0JaTKOM HEOOX1HO — JIOT1H Ta MapoJib BiJl aKKayHTY, HOYTOYK, CMapTQOH 41
HACTIJIbHUI NEPCOHATBHUN KOMIT IOTEp Ta MiAKIIOYEHHS 10 MEPEeXi IHTEpHET.

CtBopeHuii HaBYAJIBHHK BeO-701aTOK Oyio ampoOOBaHO CTyJIEHTaMH OJHI€l 3
HaBYAJIBbHUX I'pyN yHiBepcuTery [5-8]. Bukinanau ta cTyJeHTH KOPUCTYBAJIHCh JOAATKOM Ha
npots3i poky. [lopiBHSBIIM pe3ynbTaTu ceciii (6€3 BUKOPUCTAHHS JTOAATKY Ta 3 HUM), MH
OPUNANIN JO BUCHOBKY, IO YCHIIIHICTh CTYAEHTIB Tpynu migBuinmiack Ha 13%, sKicTh
nigumuiaack Ha 17% [9]. o moBoauTh €PEeKTUBHICTH BUKOPUCTAHHS CTBOPEHOTO JOJATKY.
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Takox B KiHIII POKY HAMH TIPOBEICHO aHKETyBaHHS cepell cTyneHTiB. OCHOBHOK 3aaucto
SKOTr0 OyJI0 BU3HAYHUTHU SKUMHU CaMe HEJOJIKaMH Ta He3pYYHOCTSIMH Y BUKOPUCTaHHI BOJOJI€
BeO-nogaTok [10]. Ilicmsa aHamizy oTpuMaHUX aHKET CTa0 3pO3yMio, IO came MOTpiOHO
BJIOCKOHAJIUTH B MailOyTHbOMY .

5 BHUCHOBKHU TA NIEPCIIEKTUBU HNOJAJIBIIUX JOCIIIKEHDb

Temoro HayKOBOTO JOCHIPKEHHS € CHCTEMa, IO JIO3BOJISIE TPOBECTH OHJIAINH
TECTYBaHHS MaKCHMAJIBHO IPOCTO: BH CTBOPIOETE TECT, MOMIMPIOETE HOTO 1 OTPUMYETE BXKE
00pobnenHi pe3ynpTatu. binblie He MOTPIOHO CTBOPIOBAaTH JOKYMEHT, JAPYKYBaTH HOTO,
nepeaaBaTH JIFOAUHI I MOTO MPOXOJHKEHHS Ta o0po0saTH oTpuMany iHpopmMmairo. Lle mae
MOYJIMBICTh KOPUCTYBaue€Bl MPOMTH ONMUTYBAaHHS B OyIb-sSKid TOYIl CBITY MAalO4d TUIBKU
HOYTOYK a00 cMapT(]OH Ta MiIKIIOUEHHS 10 MEPEK1 IHTEPHET.

3apa3 n1yMKd po3pOOHHKIB BeO-I0JaTKIB MOIUISIOTHCS HA TUX XTO BBAXKAE 3aCTOCYBAHHS
bpeiiMBOpKiB e(eKTUBHUM, 1 THUX, XTO HIATPUMYE ilel0 BiIMOBHU Bia ¢peitmBopkiB. Ines
BIIMOBU BiJ (pEeHMBOpKIB CTa€ Bce OUIBII TOIMYJISAPHOIO. AJie IIe TaKOX HE 30BCIM
MPaBWIbHO, HA JIyMKy aBTOpIB BIANOBiAb HA MUTAHHS: 3aCTOCOBYBaTH (PEWMBOPK 4Yd Hi
3JICKHUTh Bl KOHKPETHOI CUTYAIlii.

B po0oTi jgeranbHO PO3IIISTHYTO TPOIEC CTBOPEHHS KIIIEHTCHKOI YacTUHH cepBicy. B
3BA3Ky 3 THM, IO KOPUCTYBadi HaBiTh y MeXax JIOKAIbHOI Mepexi 0axaroTb
BUKOPHCTOBYBATH CEPBIC 3 PI3HUX MPHUCTPOIB 1 HE 0AKAIOTh BCTAHOBIIOBATH COO1 JOJATKOBE
nporpaMHe 3a0e3MeUYeHHs, 3 IBIIIEThCS TToTpeda y BeO-iHTepderici.

B pesynbraTi mocnuigkeHb B SKOCTI QpedMBOpKYy Oyno obOpaHo Angular, Tak sk BiH
HalKpaIie miaxoIuTh Ui PO3POOKH KITI€EHTCHKOI YaCTHHH. ABTOPaMHU CTBOPEHO BE0-/10/1aTOK,
KU MIPOUIIOB YCIHINIHY anmpo0arlito Ta € MOBHOLIIHHOIO HaBYaJIbHOKO MIATGOPMOI0, Ha HOTO
OCHOBI MO>KHA CTBOPIOBATH iHIIII HABYAIbHI TECTH.

6 ETWYHI JEKJIAPALIL

ABTOp HE Mae BIANOBIAHMX (IHAHCOBUX UM HEPIHAHCOBUX IHTEPECiB, SKI CIiA
PO3KpHBaTH.
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NTOCJIKEHHSI HAIIPY ) KEHO-TE®OPMOBAHOI'O CTAHY
BY3JIIB CTAJIE3AJII3OBETOHHUX KAPKACHO-
MOHOJIITHUX BYIIBEJIb 3A JOITOMOI' OO
TH®OPMALINHUX TEXHOJIOT'IA PO3PAXYHKY TA
BYJIIBEJIBHOI'O IH®OPMAIIMHOI'O MOJAEJTIOBAHHS

Anamenko B. M., I3100Kk0 /1. A., Pomannmen O. B.}
YKuiscoruii nayionanonuil ynieepcumem 6yoienuymea ma apximexmypu

Anotanisi: Crane3ani3o0eTOHHI KapKacHO-MOHOJIITHI OyaiBJi IHTErpylOTh B CO01 mepeBaru
CyMiCHOI pOoOOTH 3aI1i300€TOHY Ta JKOPCTKOTO apMyBaHHS y BHIIIAI cTaieBux mpodini. KomOiHaris
craneBux MpodiniB, OETOHY 1 CTEP)KHEBOI apMaTyph Mae€ psij MepeBar MOPIBHSIHO 3 3BHYAHHUMHU
3a1i1300€TOHHUMH KOHCTPYKIISIMH, $SIKI aKTHBHO BHKOPHUCTOBYIOTHCS, 30KpeMa, IIpH 3BEICHHI
BUCOTHHX OYZiBelb, Ta JO3BOJSIOTH 301IBIINTH MIIHICTh i )KOPCTKICTH €JIEeMEHTIB KOHCTPYKIIH Ta, B
oMy, 3a0e3MeYnTH Hecydy 3IaTHICTh KOHCTPYKTHBHHX €JIEMEHTIB IMPH 3HAYHO MEHIIUX iX
TeOMETPUYHHX PO3Mipax mepepiziB. Po3BuTOK iHGOpMaLiHHUX TEXHOJIOTIH PO3PaxyHKY OyAiBeTbHHX
KOHCTPYKIIiH, 30KpeMa, METOJIiB CKIHUCHHO-SJIEMEHTHOTO aHaJli3y 3 BUKOpPHCTAaHHAM 3D CKiHYCHHUX
€JIeMEHTIB B JIHIHHIA Ta HENHIAHIA NOCTaHOBKaX 3a/Jad, a TaKOX, TEXHOJIOTil OyAiBENIbHOTO
iH(QOPMAIIIHHOTO MOJIEFOBAHHS, JO3BOJISIOTH MOCIHIIKYBaTH CKIIQJHI BUIMAJAKH CyMICHOI poOOTH
CTaJIeBOTO JKOPCTKOTO apMyBaHHs, OETOHY 1 CTEp)KHEBOi apMaTypH, y TOMY YHCIi, B BYy3Jax
CTase3ari300eTOHHNX KapKacHO-MOHOIIITHUX OyniBellb, Ta BUKOHYBAaTH KOHCTPYIOBaHHS Tepepi3iB B
3D indopmartiiiHiii Moaemi 3 TOJANBIIINM OTPUMAHHIM KOHCTPYKTHBHHUX KPECIEHb.

B nanifi poOoTi Ha mpukiami 25-TH MOBEPXOBOI CTale3adi300€TOHHOI KapKacHO-MOHOJITHOI
OyaiBIIi 3a JOMOMOrol0 iH(GOpPMaliiHUX TEXHOJOTiH po3paxyHKy Ta OyAiBeNbHOTO iH(popMaliiHOTO
MOJICTTFOBAHHS JIOCHI/DKEHO Hampy>KeHO-Ie(OpMOBaHUI CTaH BY3JTiB B JiHIMHIN Ta (izudHO
HEJIHIMHIA TTOCTAaHOBKAxX 3ajiady. 30KpeMa, JOCIIPKEHO BY30JI CIIONYyYeHHS TPYyOOOETOHHHX KOJIOH
KpaiHbOTO PsAy B PiBHI MEPEKPHUTTS HAJI MEPIINM TOBEPXOM 3 30BHILIHBOIO CTAJICBOIO OOOJIIOHKOIO Y
BUTIIAA TpyOu 630x15 B TphoX BapiaHTax: TpyOoOeTOHHI KoJoHU (BapiaHT 1), TpyO0OETOHHI KOIOHH
3 )KOPCTKHM apMYBaHHSM TEPEXPECHUMH CTAJIEBUMH CMyramu (BapiaHT 2), TpyOOOETOHHI KOIOHH 3
YKOPCTKUM apMyBaHHsIM TIepEXpPECHUMH JBOTaBpamH (BapiaHt 3).

3a pe3ynbTaTaMu HENiHIHHHX PO3PaxyHKIB JJIS BapiaHTy 3 TpyOOOETOHHUMH KOJOHAMH 0e3
JOJATKOBOTO apMyBaHHs OTPHMAaHO IEPEepO3NOAiI BHYTPIIIHIX 3yCHIb B KOJIOHaX IOPIBHSHO 3
JIHIAHUM PO3PaxXyHKOM, 30KpeMa 301IbIIIEHHS BEIMYUHM HANIPYKCSHb B 30BHIIIHIN CTaJIeBil 000JIOHII
6mm3bK0 24.54% Ta ix 3MeHmeHHs 6nn3bko 66.34% B 6eTOHHOMY Ooceplii KOJIOH, IIPOTe, 3a HAasIBHOCTI
JOJJATKOBOTO CTAJIEBOTO >KOPCTKOIO apMyBaHHS TaKOro MEpPepo3MNOAiLy, 30KpeMa, IPUPOCTY BEIUIUH
HalpyXeHb B CTAJIEBUX €JIEMEHTaxX KOJOH He BiaOyBaeTbca. CepeldHs BEIMYMHA IMEPEPO3NONiTY
3TUHAJIBHAX MOMEHTIB B IUIMTaX MEpeKpUTTs ckiana 29.7%. 3 aHalizy BeJMYMH HaNpy>KEeHb B
cTaneBiii 00ONOHII 1 cTaJeBOMYy OPCTKOMY apMyBaHHI KOJIOH, OTPUMAaHHMX 3 HeENiHIHHOTO
PO3paxyHKy, MiATBEPIKEHO 3aKOHOMIPHICTH A0 IX 3HM)KEHHS 31 3pOCTaHHSIM BEJIMYUHH CTaJCBOIO
’KOPCTKOTO apMyBaHHsI, 3 Benwunan 326 Mlla (uis Bapianty 1) mo 255 MIla (unst BapianTy 2) 1 216
MlIla (nns BapianTy 3).

KurouoBi cioBa: indopmaniiini TexHonorii, OyniBensHe iHpoOpMaLiiiHe MozaenroBaHHs, 3D
monetoBanHds, BIM-rexunonorii, BIM wmomemoBanns, BIM, 3ami300eToHHI  KOHCTPYKIII,
cTane3ay1i300eTOHHI KOHCTPYKIil, 3a1i300€TOHHI KapKacHO-MOHOJNITHI Oy[iBii, crayie3ani3o0eTOHHi
KapKacHO-MOHOJITHI  OyZiBii, BY3JIM KapKacHO-MOHOJITHMX Oy[iBenb, JIHIHHUE CTaTHIHUN
PO3paxyHOK, (Pi3UUHO HETIHIHHUN CTATUYHHIA PO3PaXyHOK.

Anamenko B. M., /I3t06ko 1. A., Pomanumren O. B.
https://doi.org/10.31650/2618-0650-2024-6-1-107-123 107




V1/1/2024
Crop. 107-112 / Page 107-112

STRESS-STRAIN STATE INVESTIGATION OF NODES OF
COMPOSITE STEEL-REINFORCED CONCRETE FRAME-
MONOLITHIC BUILDINGS USING INFORMATION
TECHNOLOGY FOR STRUCTURAL ANALYSIS AND BUILDING
INFORMATION MODELING
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V. Adamenko?!, D. Dziubko?!, O. Romanyshen?
'Kyiv National University of Construction and Architecture

Abstract: Composite steel-reinforced concrete frame-monolithic buildings integrate the
advantages of combined work of concrete and rigid reinforcement in the form of steel profiles. The
combination of steel profiles, concrete, and reinforcement bars has several advantages compared to
conventional reinforced concrete structures, particularly in the construction of high-rise buildings,
allowing for increased strength and stiffness of structural elements and overall load-bearing capacity
with significantly smaller geometric dimensions of cross-sections. The development of information
technologies for structural analysis, including finite element methods using 3D finite elements in
linear and nonlinear problem formulations, as well as building information modeling technology,
enables the investigation of complex cases of interaction between steel rigid reinforcement, concrete,
and reinforcement bars, including in the nodes of steel-reinforced concrete frame-monolithic
buildings, and allows for designing cross-sections in a 3D information model with subsequent
generation of construction drawings.

In this study, using information technologies for structural analysis and building information
modeling, the stress-strain state of nodes is investigated in both linear and physically nonlinear
problem formulations, taking the example of a 25-story steel-reinforced concrete frame-monolithic
building. Specifically, the node connection of tubular concrete columns at the outer row at the level of
the floor above the first level with an external steel shell in the form of a tube 630x15 is examined in
three variants: tubular concrete columns (variant 1), tubular concrete columns with rigid reinforcement
by cross steel strips (variant 2), tubular concrete columns with rigid reinforcement by cross I-beams
(variant 3).

Based on the results of nonlinear analysis, for the variant with tubular concrete columns without
additional reinforcement, a redistribution of internal forces in the columns compared to linear analysis
is observed. Particularly, there is an increase in stress magnitude in the external steel shell by
approximately 24.54% and a decrease by about 66.34% in the concrete core of the columns. However,
in the presence of additional steel rigid reinforcement, such redistribution, including the increase in
stress magnitude in the steel elements of the columns, does not occur. The average redistribution of
bending moments in the floor slabs amounted to 29.7%. An analysis of stress values in the steel shell
and steel rigid reinforcement of the columns obtained from nonlinear analysis confirms a tendency for
their decrease with increasing magnitude of steel rigid reinforcement, ranging from 326 N/mm? (for
variant 1) to 255 N/mm? (for variant 2) and 216 N/mm? (for variant 3).

Keywords: information technologies, building information modeling, 3D modeling, BIM
technologies, BIM modeling, BIM, reinforced concrete structures, composite steel-reinforced concrete
structures, reinforced concrete frame-monolithic buildings, composite steel-reinforced concrete frame-
monolithic buildings, nodes of frame-monolithic buildings, linear structural analysis, physically
nonlinear structural analysis.
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1 BCTYIl

Crasne3anizo0eToHHI KapKacHO-MOHOJITHI OyiBIIi IHTETPYIOTh B CO01 mepeBaru CyMicHO{
po0oTH 3aI1i300€TOHY Ta KOPCTKOTO apMyBaHHS Y BHUTIJIAAI crajeBux mpodimiB. KomOinaris
CTajeBUX NpodimiB, OETOHY 1 CTEp)KHEBOI apMaTypH Mae psij IepeBar MOPIBHIHO 3
3BHYAHAMU 3aJ1i300€TOHHUMH KOHCTPYKIIISIMU, SIKI aKTUBHO BHKOPHUCTOBYIOTHCS, 30KpEMa,
npy 3BEeIEHHI BUCOTHUX Oy[iBesb, Ta JO03BOJIAIOTH 30UIBIIMTH MIIHICTh 1 YXOPCTKICTh
€JIEMEHTIB KOHCTPYKIIA Ta, B IIIJIOMY, 3a0€3MEUUTH HECydy 3AAaTHICTh KOHCTPYKTHBHHUX
€JIEMEHTIB TpPH 3HAYHO MEHIIUX iX TEOMETPUYHHMX po3Mipax mepepisiB. Po3BuToK
iHpOpMaIIMHUX TEXHOJOTIH PO3paxyHKy OymiBEIbHUX KOHCTPYKIIH, 30KpeMa, METO/IIB
CKIHYEHHO-EJIEMEHTHOTO aHaJli3y 3 BUKOPUCTaHHAM 3D CKiHYEHHUX €JIEMEHTIB B JIiHIHHIN Ta
HEJTIHIAHIA TMOCTAaHOBKAX 3a7a4, a TaKOoX, TEXHOJOorii OyiBelbHOro iH(opMaliitHOTO
MO/JICIIIOBAHHS, JIO3BOJISIIOTH JOCHIKYBAaTH CKJIaJHI BUIAAKH CYMICHOI poOOTH CTajeBOTrO
JKOPCTKOTO apMyBaHHsS, OCTOHY 1 CTEp)KHEBOi apMaTypd, y TOMY UYHCIi, B By3Jax
CTaJIe3a1i300€TOHHUX KapKaCHO-MOHOJIITHUX Oy/iBelb, Ta BUKOHYBaTH KOHCTPYIOBAHHS
nepepizie B 3D indopmariiiHiii Monemni 3 NOJANbIIUM OTPUMAHHSM KOHCTPYKTUBHHUX
KpECIICHb.

2 AHAJI3 JIUTEPATYPHUX JAHUX TA IIOCTAHOBKA IMPOBJIEMUA

B po6ori [1] Ha ocHOBI po3pobiieHoi HemniHiiHOT 3D ckiHdeHHO-eneMeHTHOI Mojeni B ITK
ABAQUS nocmikeHo MOBEAIHKY JBOX 3a11300€TOHHHUX 0aJIoK, IO 3aBaHTAXXEHI B YOTUPHOX
TOYKax HpU Jii 3MIHHMX LUKJIIB 3aBaHTaXEHHs - po3BaHTakeHHs. OTpuUMaHI pe3ysbTaTH
Oynu 3BipeHi 3 pe3ysibTaTaMd EKCIEPHUMEHTAIbHUX JOCITIDKEHb 3aTi300€TOHHHX OajioK.
ABtopn poOotu [2], 3a JONOMOrOK MPHUKIAJHOIO NAaKeTy CKIHUEHHO-EJIEMEHTHOIO
MmonemoBauast FEMAP, BukoHanmum MoIeNrOBaHHS IOIIKOMKEHUX 3ali300€TOHHHX Oallok
nposiboToM 1900 MM, pO3IJISSHYTO LIICTh BAapiaHTIB MOLIKO/KEHb OaJIOK, sIKI MOJETIOBaIUCS
3a paxyHOK BUJIQJICHHSI CKIHUYEHHHUX eJIeMEeHTIB 0amok. YUCIOB1 JOCIIKEHHS 325113006 TOHHUX
0e3 MonepeHbOro Hamnpy>KeHHsI Ta IMONEpPeIHbO HANpYKEHHUX 13 30BHILIHIM apMyBaHHSAM
Oasok mpoBejieHi B po0oTi [3] Ha ocHOBI ckiHueHHO-eneMenTHoi Mojaeni B [TK ABAQUS B
IPUITYILIEHH] CyMICHOCTI JieopMaliiii 6eToHy 1 cTaieBoro apmyBaHHs. OTpUMaHi pe3yabTaTh
MIIIHOCTI O€TOHY, HampyXeHb B 30BHILIHIX CTaJl€BUX CTEPXKHSIX, IPOTUHIB, KapTUH
TPILIMHOYTBOPEHHS CIIBCTaBISIMCS 3 pe3yJbTaTaMU EKCIEPUMEHTAIbHUX JOCHIKEHb
Oanok. ABropu poOoTH [4] 3anponoHyBaldM HENIHIHHY CKIHYEHHO-EJIEMEHTHY MOJENb s
pPO3paxyHKy IONEpPEeIHbO HANpPyKEHUX 3a]i300€TOHHUX OaJoK, B SKIH MOmeperHbo
Hampy>KeHa apMaTrypa MOJEIIOEThCS TIONIrOHATBPHUMH CKIHUCHHHMH €JIEMEHTaMH, 10
3HAXOATHCS B TOBII 3a11300€ TOHHOT OalIKH.

UucnoBoMy MOJIEIIOBAHHIO 3alli300€TOHHOI MJIMTH TOBHIMHOIO 200MM Ta po3mipaMu
5x7M, 3 pI3HUMHM TpaHUYHUMH YMOBaMH Ha KOHTYpi, NpHUCBsiueHa pobora [5], sxka Oyrna
nposejeHa 3a gonomororo [TK Autodesk Robot Structural Analysis Professional, ITK Dlubal
Software RFEM i IIK ABC Plate B wHeminiligiii mnocraHoBmi 3amadi. MeTroauka
eKCIIePUMEHTAIbHUX  JIOCTI/DKEHh  J1e()OPMOBAHOTO CTaHy MOHOIITHOTO PEOPHUCTOTO
NEPEeKPUTTS CHJIOCY Ta YMCENbHE MOJIEIIOBaHHA HOro Hampy>KeHO-Ae(pOpMOBaHOIO CTaHY
MpeACTaBIeHO B poborax [6, 7]. B poboTi [8], Ha mpuKiIaai MOAESTIOBaHHS 3a11300€TOHHOI
ity B 11K Jlipa-CAIIP, s pi3HUX BapiaHTIB TPaHMYHUX YMOB Ha KOHTYpI, [TOKa3aHO, 110
KPYTHI MOMEHTH B 3aJ11300€TOHHUX IUIUTaX MPH PO3paxyHKaX Ha OCHOBI MOJIENI 13 TUIOCKUX
CKIHYEHHHUX €JIEMEHTIB MOXYTh CYTTE€BO BIIPI3HATHCA BiJl (GaKTUUHUX KPYTHUX MOMEHTIB. Lle
B CBOIO Yepry MOXe MPHU3BECTU J0 MOMWJIOK MPU BU3HAYCHHI TOJIOBHUX MOMEHTIB, 1 Jaii,
NOMWJIOK TPH BHU3HAYEHHI MOMEHTY TPILIIMHOYTBOPEHHS Ta BEJIMYMH IPOTHHIB. ABTOpHU
npocimimkenns [9] 3a gomomororo ITK SAP2000 BHKOHAIM MOJCITIOBAHHS 3a1i300€TOHHHX
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peOpHUCTUX Ta KECOHHMX IUIUT MEPEKPUTTIB B JiHIMHIN Ta HeNiHIHHIN nocTaHoBIi 3a1a4. s
pO3paxyHKy BHKOPHUCTaHI OaratomapoBi CKIHYEHHI €JIEMEHTH, IO BKJIIOYAIM BEPXHIM IIap
0eToHy, map apMyBaHHS Ta HIKHIHN map 6eTony. Di3uKo-MeXaHi4HI XapaKTEPUCTHKH OETOHY
1 apMmMaTypd BIANOBIJAJIM 3HAYEHHSAM NOPUHHATAM TPU  HATYpPHUX  JOCITIIKEHHSX
3a1i300€TOHHUX IUIMT, MPOBEIEHUX IHIIMMH aBTOpPaMH. 3a pe3yJbTaTaMu JIOCIIIKCHHS,
MPEJICTABICHO MOPIBHSUIBHUM aHali3 OTPUMAHUX PE3YJIbTATIB YHMCEIbHUX PO3PAaXyHKIB 3
pe3yJbTaTaMy PO3TIISIHYTHX BapiaHTIB €KCIIEPUMEHTAIBHUX JOCIHIHKEHb.

BrnuB nigBuiieHux TemmepaTyp Ha HEpO3pi3HY CTAaTUYHO HEBU3HAUEHY 3a/1i1300€TOHHY
Oanky OyB mociimkenuit B po6oti [10]. 3D ckiHueHHO-eeMeHTHA MoJieNb o0y noBaHa B [TK
ABAQUS Ta B mepury 4depry BUKOpPHUCTaHa Il PO3paxyHKIB 3al1i300€TOHHOI Oalku Ha
TEPMiYHI BIUIMBH, HA HACTyIMHOMY KpoIli, OyJ0 Oe3MmocepeHbO MPOBEICHO CTATHYHUI
pO3paxyHOK Oallki B HENIHIMHIA IMMOCTAaHOBII 3a7adi. Pe3yiabTaTH YWCIOBUX JOCTIIKCHB
CHIBCTABJICHI 3 HATYpHHUMM BHUIPOOYBAHHSAMH 3alTi300€TOHHHX OalloOK, MPUBEACHO aHali3
MepPEepO3NOIIIy 3rHHAIBHMX MOMEHTIB y OajKax NIpH BIUIMBI MIIBUIIEHUX TEMIEPaTyp.
UmncnoBe MOAETIOBAHHS 32 JOMOMOTOIO CIIEIiaIbHO PO3POOIIEHOTO MPOTPAMHOTO KOMILIEKCY
CKIHYEHHO-€JIEeMEHTHOT0 aHaJli3y CTalle3ali300€TOHHOT BOCBMUIIOBEPXOBOI KapKacHOi OyIiBIi
13 MMPOKO BIIOMHX HATYpHHX BHUIPOOYBAaHb KapKacHUX Oy/iBelb Ha BIUIMB MOXKEXI
(Cardington Corner fire test), sixi 6ynu mposeneni B M. Kapaiarron 3 1994 mo 1997 poku
mibkHapoauumu kKommanismu BRE Tta British Steel (3apaz Tata Steel), O0ymno nposeneHo
aBTOpoM B poOoTi [11]. 3a pe3ynbratamu 3po0JIeHO BUCHOBOK, IO AJIS IKICHOTO BpaxXyBaHHS
B poO3paxyHKax MeMOpaHHOTO e(eKTy B 3alli300€TOHHUX IUIMTAaX MPH iX BEITHUKUX
MEPEeMIIEHHIX, BAPTO PO3POOUTH OUTBII JOCKOHAIMM MEXaHI3M YHCENbHOTO MOJCIIOBAHHS.
[Toni6Hi mocmimpkeHHs [12], mpoTe B JaHOMY BHWITaJKY, 3a JOINOMOTOI KOMEPIIIHHOTO
nporpamHoro komiuiekcy ABAQUS, Oynu mnpoBeaeHi TakoxX s cTane3anizo0eTOHHOT
BOCBMHUIIOBEPXOBOi KapKacHOi OyIiBIi 13 TPEThOTO0 TECTy HATYpHHX BHIPOOYBaHb B M.
Kapuinrron (Cardington Corner fire test). O6’extHo-opienToBanmii (peiimBopk OpenSees,
IO JIa€ MOJKJIMBICTb KOPUCTYBa4aM CTBOPIOBATH CKIHYEHHO-CJIEMEHTHI IOJATKH IS
MO/JICJIIOBaHHSI POOOTH KOHCTPYKTHBHHMX €JIEMEHTIB, J03BOJIMB aBTopam pobotu [13]
po3poOUTH 3aCTOCYHOK, B SIKOMY OyJIO peai30BaHO TEPMOMEXaHIUHMM OaraTomapoBUi
HENIIHIAHUM CKIHYEHHHH eJeMEHT OOOJIOHKH, IO JO03BOJSE€ MOJAETIOBATH JOCUTH BEIUKI
nepeMillleHHs] B TUIMTaX, SKi BHHHUKAIOTH 32 YMOB TEMIEpaTypHHX BIUIMBIB, a TaKOX,
BpPaxOBYBaTH IUIACTUYHICTh Ta TEIJIOBE PO3LIMpeHHs. PesympTatu poboTH nojatky Oynu
NIATBEP/KEH] IUIAXOM MOJENIOBaHHS pPOOOTH 3al1i300€TOHHUX IUIMT TpPU  BIUIMBAX
HiBUIIEHUX TeMIepaTryp Ta iX 3BIpKM 3 IIMPOKO BIJOMHUMH pe3yJbTaTaMHU HaTypHHX
BUNIPOOYBaHb Oy/iBEJbHUX KOHCTPYKILIM Ha BIUIMB IOXEXIi, SKI OylIM MHpoBeIeHI B M.
Kapninrron (Cardington Corner fire test). Po3pobaenuii 101aTOK 3 BIAKPUTHM JAOCTYIIOM
JI03BOJISIE AOCIITHUKAM 1 1H)KEHepaM MPOBOAUTH PO3PAaXyHKHU 3aJ11300€TOHHUX IUIUT 32 YMOB
TepMiyHUX BIUIMBIB. B myOmikamii [14] 3ampornoHOBaHO Ta TEOPETUYHO OOTPYHTOBAHO
BUKOPUCTaHHS  IPHUBEJCHOrO  Mepepidy  MpH  CKIHUCHHO-EIEMEHTHOMY  aHaji3i
CTaJIe3aIi300€TOHHUX TUIAT 32 yYMOB TEMIIEpAaTypPHUX BIUIMBIB, IO JO3BOJSIE CIIPOCTHUTH
PO3paxyHOK CTane3ali300€TOHHUX IUIUT TpPU TEPMIYHMX BIUIMBAaX JO PIBHSA PO3PaXyHKY
3BHYAHUX 3aJ11300€TOHHUX IIJIHT.

Po3BUTOK METOAIB pO3paxyHKy 1 KOHCTPYIOBaHHsS CTaJleBUX OyiBeldb 1 CHOPYA
npoanaiizoBano B po6oTi [15]. Ha mpuknani EiideneBoi Bexi, sika HAa MOMEHT 3BeICHHs Oyma
HaliBumo y cBiTi Bexero (312.12M), Ta HamioHalbHOTO CTaliOHY CIHTamypCchbKOTO
CIIOPTUBHOTO KOMIUIEKCY, IKMH € HalOUIbIIMM y CBITI CTaJIEBUM KymnojoM (miametp 310m),
IPOCIIKOBAHO 3MiHY MiXOMIB J0 PO3paxyHKy 1 KOHCTPYIOBAHHSI CTaleBUX OyiiBelb Ta
CHOpYJ, PO3MISIHYTO TpaaWLIWHI Py4yHI MIAXOIM A0 MPOEKTyBaHHS OyaiBeslb, Ta CydYacHi
iH(popMalliifHi TEXHOJIOTIl pO3paxyHKy Ta KOHCTPYIOBaHHS CTaJIeBUX KOHCTpYKLid. B poGorti
[16] 3a momomoror IIK Dlubal RSTAB Ta IIK Dlubal RFEM, BHKOHaHO MOIEIIOBAaHHS
Hanpy>kKeHO-1e()OPMOBAHOTO CTaHy, a TaKOX MiJA0ip Mepepi3iB CKIAAHUX MPOCTOPOBHX
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CTaJIeBUX KOHCTPYKLIN aeponopTy BIAMOBIAHO 0 HOpM €BpokoX. BiTpoBi HaBaHTaXeHHS,
SK1 JIIFOTh Ha OYyIBJII0 BH3HA4Y€HI 3 BUKOPHUCTAHHSAM BIPTYaJIbHOI aepoJAMHAMIYHOI TpyOH Ta
akcesneorpam, 3a gqonomororo CFD-ananizy B [1K Dlubal RWIND Simulation.

Astopu pobotu [17] 3a monmomoror I[IK ABAQUS moOyayBanu CKIHYCHHO-EJIEMEHTHY
MOJIEITb JUIS PO3PaXyHKY IEHTPAIbHO-CTUCHYTUX TPYyOOOSTOHHHUX KOJIOH. B manomy Bumaaky
3aCTOCOBaHI YOTHPHOXBY3JIOBI CKIHUCHHI €JIEMEHTH OOOJOHKH Ta BOCBMHUBY3JIOBI IIPOCTOPOBI
cKiHueHHi enemeHTH. |1 Bepudikaiii KOPEKTHOCTI OTPUMAHUX PE3yJIbTaTiB Oyio 3i0paHo i
BUKOpUCTAHO 3aiekHOCTI N—e abo N-A mna 142-x xpyraux, 154-x kBaapatHux Ta 44-x
NPSIMOKYTHHUX 3pa3KiB TpyO0OeTOHHMX KOJIOH. B mpauni [ 18] 3anpornonoBana HOBa CKiHYE€HHO-
€JIeMEHTHA MOJIeNb JUIsl PO3PAXYHKY KPYTJIMX IO03alleHTPOBO-CTUCHYTUX TPyOOOETOHHHUX
KOJIOH, TPHUBEIEHI TEOPETUYHI 3aJeKHOCTI 1 OOTpyHTYBaHHS NPOMOHOBAHOI METOAMKH,
Bepu(ikallis pe3yJbTaTiB pO3paxyHKy BHKOHAHA HAa OCHOBI 95-THM HaTypHHX BHIPOOYBaHb
TpyOOOETOHHMX KOJOH IHIMUX JIOCHiTHUKIB. B poboti [19] 3a momomororo ITK ABAQUS
po3pobieHa HemiHiiHA 3D CKIHYCHHO-E€JIEMEHTHA MOJENb I KOPOTKHX TPyOOOETOHHMX
KOJIOH. Po3paxyHKu mpoBeneHi BIAMOBITHO A0 BUMOT €Bpokox 4, I0JaTKOBO, pe3yJbTaTd
pPO3paxyHKiB OyiM 3BIpeHI 3 JaHUMHU EKCIEPUMEHTAIbHHUX MAOCTIIKEHb IHIIUX AaBTOPIB.
HocmimkenHss TpyO0oOETOHHUX NEHTPaATbHO-CTUCHYTUX KOJOH KpPYIJIOro Ta KBaIpaTHOTO
nepepizy 3 aiametpom (cropoHorw) 150mm 3a momomorow [IK ABAQUS npencrasieno B
po6ori [20]. B manomy BHIaiKy, po3TJsSHYTO TaKOX BapiaHTH apMyBaHHS TPyOOOETOHHHX
KOJIOH JKOPCTKOIO apMaTypol0 Y BUIJISII XPECTOBOTO €JI€MEHTa, a TaKOXK, IIBEJIEPONoai0HOTO
JUTSE KOJIOH KBaJIpaTHOTo repepidy. Bepudikaris CkiHUEHHO-EJIEMEHTHOI MOJIeTi BHKOHaHA
[UISXOM CIIBCTaBJICHHS pPE3yJbTaTiB 3 JaHUMH EKCIEPUMEHTAIbHUX JOCIIKEHb I1HIINUX
aBTOPIB.

Ha ocHoBi manux oTpumanux mnpu peamizauii 35-Tu OyAiBeNbHHUX MPOEKTIB aBTOPU
pobotu [21] mpogeMOHCTpyBalIM TepeBaru BUKOPUCTAHHS OyIiBENBHOTO iH(OpPMAIfHOTO
MOJIETIOBAaHHS, CEpeJl HUX, 30KpeMa, 3MEHIIIEHHS BapTOCTI MPOEKTY B IIIOMY, OLIbII SIKICHUI
KOHTPOJIb, 3MEHIICHHSI TPUBAIOCTI MPOEKTYBAHHS, OIBII SKiCHA B3a€MOMISI MK (haxXiBISIMH
pi3HUX PO31iTiB MpoekTy. B poboti [22], Ha ocHOBI orsiay Oimbmn HiX 250 myOmikarii,
aBTOPH TPEICTaBUIM JCTATbHUN aHali3 IOTOYHOTO CTaHy 3acTOCYBaHHS TEXHOJIOTIH
OyAiBenbHOro 1H(POPMALIHHOTO MOETIOBAHHS NMPU MPOEKTYBaHHI, 3B€ACHHI 1 eKCIUTyaTamii
OyniBenb, PO3IJISTHYJIM OCHOBHMX BHPOOHHKIB NPOTPaMHOrO 3a0e3NedeHHs 1 iXHI OCHOBHI
npoaykTH, 3okpema, Autodesk Revit, Navisworks, Bentley Architecture, Graphisoft
ArchiCAD, Tekla, Nemetschek Allplan. AkrnenroBano yBary Ha JOCHTb HHU3BKHH BiJICOTOK
BUKOpUCTaHHA  OyJiBeNbHOTO  iHGOpMaliHHOrO  MOJAETIOBAaHHS NpU  eKCIUTyaTaii,
PEKOHCTPYKIIT Ta AeMOHTaxi1 OyziBenb. [lepeBaru Ta MOTOYHMI CTaH iHTErparii TEXHOIOT1H
OyniBenbHOro 1H(GOpPMaIIHHOTO MOJIEIIOBaHHS B Oy/iBelIbHY raidy3b Ha piBHI apXiTEKTOPIB,
1H)KEHEpIB Ta JIIHIHHUX 1H)KEHepHO-TEeXHIYHUX MPALliBHUKIB ITpoaHali3oBaHo B poOoTi [23].

[Ipuknan CyMmiCHOrO BUKOpPHCTaHHS 1H(GOpPMalIMHUX TEXHOJOrIN pO3paxyHKy Ta
OyaiBenpHOro 1H(OPMAIITHOrO MOJENIOBAHHSA MPU TPOEKTYBAHHI 3ai300€TOHHUX 1
CTane3aai300€TOHHUX KapkacHUX OyxaiBenb mnpuBeAeHuil B pooOoti [24].  locBixg
BIIPOBA/KEHHs OyAiBeNbHOrO 1HQOpPMALIHHOTO MOJAETIOBAHHS B HAaBUAIBHUN IpOLEC MpU
peasizaliii OCBITHBOI MPOTpaMu MIATOTOBKH 1HXEHEPIB-Oy/ IIBENbHHKIB, B poO0Ti [25]. JocBin
crBopenns 3D indopmMariiitHoi Mozeni icHyr04oi ictopuyHoi Oyaisii 16-ro cromitrs (Palace
Ettoreo in Sacile, Itamis) Ha OCHOBI JaHHWX Jla3epPHOrO CKaHyBaHHs, 3a gormoMorow 3D
mozemroBanHst B [IK EasyCUBE Virtualgeo ta IIK Revit npuBenenuit B mpaui [26]. 3a
JIOTTIOMOT0l0  OyaiBenbHOrO  iHGopMariiitHoro moxemoBanas B [IK  Revit, pasom i3
3acTocyBaHHAM TexHousorii Dynamo, aBropu poOGotu [27] nmpuBenu MpUKIAA MPOEKTYBaHHS
cTane3anizo0eToHHux  Oainok  Mocty. OKpiM  1BOTO, HPOAEMOHCTPOBAHO  IMIOPT
iHdopmaniitnoi moxeni B IIK ABAQUS nns momansiioro CKiH4eHHO-EIEMEHTHOTO aHallizy
KOHCTpyKUiA. B pobGori [28] Ha ocHoBI moOynoBanux 3D OyniBenbHHX 1HQOpMAaIITHUX
MoJieNiell BUKOHAHa CHCTEMAaTu3allis Ta 3alpolOHOBAaHI HOBI BHUIM BY3JIOBUX 3’€HAHb
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CTaNe3a1i300€TOHHUX KOHCTPYKLiH. JIOCHIPKEHHS BHUKOHAHO Ha OCHOBI ICHYIOYHX
MpOTOTHUIIIB OyniBenb. IluTaHHa apMyBaHHS 3aTi300€TOHHUX KOHCTPYKIIH PO3IJISHYTO B
poborax [29, 30]. ABtopu pocmipkeHHS [29] 3ampomoHyBalii aBTOMATHU3YBAaTHU MPOIEC
apMyBaHHs 3aJ11300€TOHHUX IUIUT. B gaHOMy alropuTMmi CoyaTKy OTPUMYETHCS HEOOXiaHa
BUXiHAa iH(oOpMalis 3 OyniBenbHOI i1HPOpMAIiiHOT MOjeNni Ta CKiHYEHHO-EJIEMEHTHOI
Moneni. Ha mepmomy Kpolli BHKOHYETbCS pO3KJIAaJaHHS apMyBaHHS BIANOBITHO 10
pe3yNbTaTiB  PO3paxyHKiB, Ha JPYroMmy, ONTHMI3allis #oro po3mimeHHs. [lpuBeneHi
MPaKTUYHI MPUKIAIA pOOOTH 3alPOIMIOHOBAHOTO alroputMy. B po6oTi [30] 3anmporoHoBaHO
cnoci6 apMmyBaHHsS 3al1i300€TOHHMX KOHCTPYKLiM Ha OCHOBI iH(popMmamlii OoTpuMaHOi 3
OyniBesnbHOI 1H(MOpMAIIHHOT MOJeN, NUIAXOM il omTHMI3amii 3a JOMOMOTOK T'€HETHYHOTO
anroputmy. CrieriabHO po3pobIeHui At i€l miti ppeiMBOpK, IO OTpUMYE iHPOPMAITITO 3
OyniBesnbHOI  iH(MOpMAIIiHOT MOJei, BHKOHYE IIOKPOKOBE pO3KJIAJaHHS apMyBaHHS,
BIJIMOBITHO TIO3I0BXKHBOI PO3TATHYTOI, IMO3JO0BXKHBOT CTHCHYTOI Ta TOIMEPEYHOI, a TaKOXK
J03BOJIsI€ BUKOHATH 3D Bi3yastizallito OTpMMaHOTO pe3yJIbTary.

3 LIJIb TA 3AJAYI JOCHLKEHHS

[Mimro  poboTH €  OCHIHKCHHS — HamlpyXeHO-Ie(OpMOBAaHOTO  CTaHy  BY3JiB
CTaJIe3a1i300€TOHHUX KapKaCHO-MOHOJITHUX OyJliBeNlb Ha MPUKIaAl 25-TM TOBEPXOBOI
OyxmiBii 3a J0MOMOTO0 iH(GOpPMAIIHUX TEXHOJOTIH pO3paxyHKy Ta OyAiBeIbHOTO
iHpopMaIifHOTO MOJICITIOBaHHS, a TaKOX, BHABJICHHS €(EKTIB, sKI BHHHKAIOTh IIPH
pO3paxyHKax crane3aiaizo0eTOHHUX KapKacHO-MOHOJITHHX OyZiBeNb y JiHIHHIN Ta (i3ndHO
HEJIHINHIA IT0CTaHOBKAX 3a1ad4.

3amayaMu TOCIiKEHHS €:

- CTBOPEHHS 32 JOMOMOT00 00’ €MHUX CKIHUCHHUX €JICMEHTIB YTOYHEHOI pO3paxyHKOBOI
MOJIeIIi Ha OCHOBI 3arajbHOI CKIHUEHHO-EJIEMEHTHOI MOJIENI CTane3ani300eTOHHOI KapKacHO-
MOHOJITHOI OyAiBIi, fiKa BpaxoBYye€ MAIMCHUN HampyKeHO-Ae(pOpMOBaHUN CTaH BY3MIB, Y
THIMHIA Ta (I3UYHO HENIHIMHIN TOCTaHOBII 337144,

- PO3paxyHOK YTOYHEHOi CKIHYEHHO-EIEMEHTHOI MoJeni y JiHIHHIH Ta ¢i3U4HO
HEJTIHIAHIA TOCTAaHOBINl 3a7a4, a TaKOX, aHalli3 OTPUMAHUX pe3yJbTaTiB HaIpPy>KEHO-
1e(OpMOBAHOT'O CTaHy BY3JIiB.

4  PE3YJbTATHU NOCJIIIKEHb

Posrnsmaerscst 25-Tu moBepxoBa CTaie3ali300€TOHHA KapKacHO-MOHOMITHA OyZiBis 3
rabaputHuMu po3mipamu B 1miaHi 14x30.6 M, BucoTor0 moBepxiB 3.3 M, 3 MiJBAJIHHUM,
[[OKOJILHUM Ta TEXHIYHUM MoBepxamu. Bcs HeoOXimHa iHopMallis MO0 MOCTiJOBHOCTI
cTBOpeHHs OyxiBenbHOI iH(opmaniitHoi moaen B [IK CAII®IP ta po3paxyHKOBOi Mojeni B
1K Jlipa-CAIIP, npuiiHATHX XapaKTepUCTUKAX >KOPCTKOCTI Ta AOAATKOBUX PO3PaXyHKOBHX
JTaHUX MIpHUBeZieHa B poOoTi [24].

3a pe3ynbTaTaMHM pPO3PAaxXyHKY CKIHUEHHO-EJIEMEHTHOI MOJENi CTale3ali300eTOHHOTO
kapkacy 3 TpyooOetonHuMu kosnoHamu B IIK Jlipa-CAIIP orpumani BHYTpilIHI 3yCHIIIs B
KOHCTPYKTUBHHUX €JIEMEHTaxX KapKacy, BUKOHaHUHU Mi0ip nepepi3iB TpyO0OETOHHUX KOJIOH Ta
apMyBaHHsl 3aJ11300€TOHHUX CTIH 1 IJIUT NepeKpuTTsA. s momanplIMX JOCTiIKeHb OyB
o0OpaHuil By30J1 CIOTy4eHHS TpyOOOETOHHUX KOJIOH KPaHBOTO Py B PiBHI MEPEKPUTTS Ha
NEePIIUM MOBEPXOM 3 30BHIIIHBOIO CTAJIEBOIO O0OJOHKOIO Y BUIIISIAL TpyOou 630x15 B Tphox
BapiaHTax: Tpy0O0oOeTOHHI KoJOHM (BapiaHT 1), TpyOOOETOHHI KOJIIOHH 3 IYKOPCTKUM
apMyBaHHSIM MNEPEXPECHUMHU CTaJIEBUMHU CMyramMu (BapiaHT 2), TpyOOOETOHHI KOJIOHH 3
KOPCTKMM apMyBaHHSAM IEpPEeXpPECHUMH JIBOTaBpaMH (BapiaHT 3).

[Ipu noOynoBi yTOUHEHOI pO3paxyHKOBOI MOJIeNl B JiHINHHIN MOCTAHOBIII 3a/1a4l, KOJIOHU
HEepUIOro 1 APYroro IMOBepXiB, fKI MPUMHKAIOTh /0 BKA3aHOTO By3Ja, OyJIM BHKOHAHI 3
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YHIBEpCAJIbHUX TPOCTOPOBUX BOChMHUBY3JIOBHX (Ne36) Ta mectuBysnoBux (Ne34)
130MapaMeTPUYHUX CKIHYCHHHX eJIeMEHTIB. Po3Mip CTOpOHHM Il OUIBIIOCTI CKIHYEHHUX
eJleMeHTIB ckiiaB 60MM. 30BHIIIHS cTajeBa 000JIOHKA MA€ TOBIIMHY, IO BiJINOBIIA€ TOBIIMHI
Tpyou (15MM) 1 3MozenboBaHa y BHUIVIAI CYHUJIBHOTO MAacHUBY pPa3oM 13 BHYTPIIIHIM
6eronHuM ocepasM. CKiHUCHHO-eJIEMEHTHA MOJIeNb 3a1i300€TOHHOI IJIMTH, 10 BUKOHAHA 3
yHIBepcadbHUX MNPpAMOKYTHHX (Ne4l), dotupukytHux (Ne44) Ta TpukyTHHX (Ned2)
CKIHYEHHHUX €JIEMEHTIB O0OOJOHKH, B MeXax HMpuMHUKaHHS 10 3D mpocTopoBHX CKiHYEHHUX
€JIEMEHTIB KOJIOH, Oyyiia mMonudikoBaHa ajisi 3a0e3leueHHsT CyMICHOCTI By3JiB. ByniBenbHa
iHpopMmariiitna monenb By3na Bapianty 1y 1K Tekla Structures npusenena na Puc. 1.

Puc. 1. ByaisenbHa indopmarriiina Mmoaesb By3ia Bapianty 1 y 1K Tekla Structures

[ToOynoBa yrouHeHO1 po3paxyHKOBOI MOJICIi B HETIHIHHIN MOCTAHOBII 3a/1a4, BUKOHAHA
Ha OCHOBI BIANOBIAHOI JHHINWHOI Monmeni. B JIAHOMY - BUTIAJIKY, KOHCprKTHBHi eJIEMEHTHU
MOHOJIITHOTO POCTBEPKY, 30BHIIIHIX CTiH 1 CTIH sipa >KOPCTKOCTi, MOHOJITHHX CXOJIOBHX
MapuiB 1 IUIOIIAAOK, IUIUT MEPEeKPUTTS  3MOJeNbOoBaHi  (Bi3MYHO  HENiHIHHMUMHU
yHIBepcaTbHUMU NPAMOKYTHUMH (Ne241), yotupukytHumMH (Ne244) ta TpukyTHUME (Ne242)
CKIHYEHHUMH eJeMeHTaMu o00onoHku. Kojonum mepmoro 1 JApyroro moBepxiB, sKi
NPUMHUKAIOTh 70 PO3MIISAYBAaHOTO BYy3JNa, OyJId 3MOJENbOBaHI (i3WYHO HENiHIHHIMHA
YHIBEpCAJIbLHUMH MPOCTOPOBUMM BOCBMUBY310BUMH (Ne236) Ta mectuBy3iaoBuMu (Ne234)
130MapaMeTpUYHUMHU CKIHYEHHUMH €JIEMEHTaMH.

®i3uyHO HeNmiHIAHI CKiHYeHHI enemeHTH Ne 241, 242 1 244 e OararomapoBUMH
CKIHUEHHUMH €JIeMEHTaMH, BiJANOBIJHO, HAsBHICTh apMyBaHHS IUIMT MEPEKPUTTS 3a/aHa y
BUTJISAL BIAMOBIIHUX LIApiB apMyBaHHSA, PO3MIIIEHUX Yy BEPXHIM Ta HIKHIN 30HaX IUIUTH
nepekputTTs. ToBIIMHA IUIMT NEepeKpuTTs npuiiHata 250mm. HeniHiliHi mapameTrpu OeToHy 1
apMaTypH IUIMT MEPEKPUTTS Ta KOJIOH 3a/laHl y BUIJIA/I 3aKOHY HeNiHIHHOTrO aedopMyBaHHs
Nel4 BinmoBinHo nnst 6erony kimacy C32/40, apmarypu kimacy AS00C 1 kmacy crami C285.
MogentoBaHHsl HENiHIMHUX 3aBaHTaXXEHb BUKOHAHO IMOKPOKOBUM METOJOM, mpuiiHiaTro 10
PIBHOMIpHHMX KPOKH 3aBaHTaKE€HHS PO3PaXyHKOBOI MOJEIII.

Jns  By3na  cTane3ani3o0eTOHHOI  KapKacHO-MOHOMITHOI — OyxiBimi  BapianTy 1
(Tpy000O€eTOHH1 KOJIOHM), MO3aika €KBIBaJEHTHUX HarpyxkeHb NZ 11 craneBoi 0OOJIOHKHU 1
OETOHHOTO Oceps 3a pe3yJbTaTaMH JIHIHHUX Ta HENiHIHHUX PO3paxyHKIB NMpUBEICHA Ha
puc.2 1 3, Mo3aika eKBiBaJICHTHUX HaIpykeHb MX 1 My B IUIUTI IEPEKPUTTS 3a pe3yibTaTaMu
JTIHIMHUX Ta HENIHIMHUX pO3paxyHKiB npuBeneHa Ha puc.4d 1 5. Pe3ynpTatu po3paxyHKiB
BHYTPILIHIX 3yCWJb (HampyXeHb) JUIsl By3Ja CTalle3alli300€TOHHOI KapKacHO-MOHOJIITHOI
Oyaisii BapianTy 1 (TpyOOOETOHHI KOJOHH) B JiHINHIN Ta HeMiHIAHIN MOCTaHOBKAaX 3a/1a4, a
TaKOX, iX pI3HUILS NPUBEeH] B Tabmumi 1.
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Taoanna 1

BayTpimHi 3ycuiuist (HanpyskeHHs1) y By3J1i BapianTy 1 (Tpy000eTOHHI KOJIOHH)
BryTpimHi CraneBa 000J0HKa A, Beronne ocepas A, [lmTa mepeKpuTTs A,
Haggl;;lije];{;{ JiHIA. | HemiH. % JHIA. | HemiH. % JiHIA. | HemiH. %
Nx, H/mm2 -76,1 -71,8 5,99 -5,58 -2,57 53,94 -23,5 -4,06 82,72
Ny, H/mm2 -50,6 -99,5 49,15 -25,2 -2,72 89,21 -4,1 -50,9 -92,94

Nz, H/mm2 -246 -326 24,54 -30,9 -10,4 66,34 - - -
Mx, (xkH*m)/M.11. - - - - - - 40,9 33,1 19,07
My, (xkH*m)/m..__ |- - - - - - -151 -105 43,81
Mxy, (kH*M)/M.1. |- - - - - - -58,7 -50 14,82

byniBenpHa inopmariiiina Mozens Bysia Bapianty 2 Ta Bapianty 3 y IIK Tekla
Structures npuBeneHa Ha puc. 6.

Puc. 6. ByaisenbHa indopmarrtiiina Moieb By3ia Bapianty 2 (a) Ta Bapianty 3 (0) y I1K Tekla
Structures

Moz3aika ekBiBalleHTHUX HanpykeHb NZ 1151 cTaneBoi 000JI0HKH 1 CTAIEBOTO )KOPCTKOTO
apMyBaHHsI Ta OETOHHOTO OcepJs 3a pe3yjbTaTaMM JIIHIMHUX Ta HENIHIMHHUX PO3paxyHKIB
IpUBEJIeHa JJIs By3Ja BapiaHTy 2 Ha puc.7 1 8, s By3na Bapianty 3 Ha puc. 111 12. Mo3zaika
€KBIBAJICHTHUX HampyXkeHb Mx 1 My B IUINTI NEpeKpuTTs 3a pe3yjbTaTaMy JIIHIHHUX Ta
HENIIHIMHUX PO3paxyHKIB MpUBE/AEHA AJIs By3Ja BapianTy 2 Ha puc.9 i 10, 1uig By3na BapiaHTy
3 Ha puc. 13 1 14. Pe3ynpTatu po3paxyHKiB BHYTPIIIHIX 3yCHJIb (Hampy»XeHb) JUIsl By3ja
BapiaHTiB 2 Ta 3, a TAaKOX, 1X PI3HUIIA MPUBEIEH] B TAOIHIAX 2 1 3 BIAMOBITHO.

5 OBI'OBOPEHHA PE3YJIBTATIB JOCJ/IIKEHHSA

[Ipy HemiHIMHUX po3paxyHKax IOPIBHSIHO 3 JIHIMHMMH, 1 BapianTy | (tabn. 1)
CriocTepiraeThcst 301bIIeHHs HanpykeHb Nz B craneBiii oOonoHui 6au3bko 24.54% Ta ix
3MeHIIeHHs1 0m3bko 66.34% B OeToHHOMY ocepil KonoH. [[is BapianTy 2 Ta BapiaHTy 3
aHAJIOTIYHOTO MPUPOCTY Hampy)keHb NZ B craneBiil 000JOHII 1 cTaneBii KOPCTKIN apmarypi
He BiJOYBa€ThCS, HATOMICTh 1X 3MEHIIEHHS B O€TOHHOMY OCEp/ll KOJOH CTaHOBHUTH OJM3BKO
70.58 Ta 63.43% BiANOBIAHO. 3MEHIIEHHS 3TMHAJBHUX MOMEHTIB B IUIUTaX NEPEKPUTTS IS
BapianTy 1 ckmagae 6mu3bpko 19.07% (MX) 1 43.81% (My), ais Bapianty 2 6mm3bko 61.31%
(MXx) 1 24.83% (My), nns BapianTy 3 6mu3bko 13.35% (MX) 1 15.95% (My).

3 aHami3zy BeJIMUYMH HampyxeHb Nz B craneBiii 0OOJOHII 1 CTaJeBOMY >KOPCTKOMY
apMyBaHHI, OTPUMaHUX 32 pe3yJIbTaTaMU HENHIHOrO pO3paxyHKy, CHOCTEpIraeThCs YiTKa
3aKOHOMIPHICTB JI0 X 3HIKEHHS 31 3pDOCTaHHSM BEIIMYHHHU CTAJIEBOTO KOPCTKOTO apMyBaHHS,
326 MIla (nns Bapianty 1), 255 Mlla (ans Bapianty 2), 216 MIla (11 Bapianty 3).
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Tabauus 2
BuyTpimni 3ycuiuis (Hanpy»KeHHs1) y By3Jli BapianTy 2 (epexpecHi CMyTH)
Bryrpitsi Cranese A, beronne ocepus A, |Ilmura nepexpurrsi| A,
3yCHILIIA, _apMyBaHHA % _ . % _ . %
HaNpyKEHHS JIIHIA. | HexiH. JIHIA. | HeqiH. JIIHIA. | HexiH.
Nx, H/mMm2 -76,4 -80,4 4,97 -5,8 -6,53 11,18  |-20,8 -31,7 34,38
Ny, H/mMm2 -47,3 -51,8 8,69 -8,15 -6,43 21,1 -5,62 -154 63,51
Nz, H/mm2 -259 -255 1,57 -32,5 -9,56 70,58 |- - -
Mx, (kH*m)/Mm. |- - - - - - -107 -41,4 61,31
My, (kH*m)/M.. |- - - - - - -181 -145 24,83
Mxy, (kH*mM)/m.m. |- - - - - - -70,9 -64 9,73

Taboauus 3
BryTpinHi 3ycuiuis (Harpy>keHHsI) y By3J1i BapiaHTy 3 (epexpecHi JBOTaBPH)
Bryrpimsi Cranese A, Beronne ocepas A, |IlmaTa mepekpurrsa| A,
3yCHILIA, : a.]I{‘MyBaHHH. % — : % — : %
HAIPY>KCHHA JI1H1U. HCJIIH. JIIH1U. HCJIIH. JI1H1M. HCJIIH.
Nx, H/mMm2 -64,2 -70 8,29 -5,38 -5,16 41 -13,1 -19,7 33,5
Ny, H/mMm2 -62,8 -66,5 5,56 -8,6 -6,77 21,28 -11,8 -17,7 33,3
Nz, H/mm2 -210 -216 2,78 -26,5 -9,69 63,43 - - -
Mx, (kH*m)/m.11. - - - - - - -96,6 -83,7 13,35
My, (kH*M)/Mma1. |- - - - - - 163 |-137  |15,95
Mxy, (kH*M)/m.I1. |- - - - - - 55,3 55 0,5

6 BUCHOBKU

1) 3a pesymbraTamMyM HENIHIMHUX PpO3PaxyHKIB JUIs BapiaHTy 3 TpyOOoOeTOHHUMH
KOJIOHaMH 0e3 J10laTKOBOI'O apMyBaHHS OTPUMAHO MEPepo3Nojil BHYTPIIIHIX 3yCHUJb B
KOJIOHAX TMOPIBHSHO 3 JIIHINHUM PO3paxyHKOM, 30KpeMa 301IbIICHHS BEIMYMHHU Hapy>KEHb B
30BHIIIHIA cTaneBiil o6onoHui Omm3bko 24.54% Ta iX 3MeHIIeHHs Omu3pko 66.34% B
OeTOHHOMY ocep/l KOJOH, MpOTe, 3a HAasABHOCTI JOJATKOBOIO CTaJ€BOr0 IKOPCTKOTO
apMyBaHHS TaKoOro Mepepo3MOJily, 30KpeMa, NMPUPOCTYy BEIMYUH HANpyKE€Hb B CTAJEBUX
€JIeMEHTaX KOJIOH He BigOyBaeThcs. CepenHs BelMYMHA NEPEpPO3NOAULY 3THHAIBHUX
MOMEHTIB B IJIUTaX MEPEKPUTTS ckiana 29.7%.

2) 3 aHamizy BETWYMH HANpPY>XEHb B CTaJeBii OOOJIOHIN 1 CTaJICBOMY >KOPCTKOMY
apMyBaHHI KOJIOH, OTPUMaHMX 3 HETIHIHHOTO pO3paxyHKy, MIATBEPAXKEHO 3aKOHOMIPHICTB 10
iX 3HMDKEHHS 31 3pOCTaHHSM BEJIMYMHU CTaJE€BOrO JKOPCTKOIO apMyBaHHS, 3 BEIMYMHU 326
MIla (nns Bapianty 1) no 255 Mlla (ans Bapianty 2) 1 216 MIla (qu1s Bapianty 3).

7 TOISIKA

ABtopu BucnoBmoTh nojsaky kommanii JIIPA CAIIP B oco6i ii aupexropa, I.T.H.,
npodecopa bapabam M.C. 3a HagaHe JineH3iiHe mporpaMHe 3a0e3neYeHHS.

8 ETHYHI JEKJIAPAIIII

ABTOpPH MIATBEPIXKYIOTh, [0 HE MAlOTh XOJHMX (piHaHCOBUX abo0 He(diHaHCOBUX
IHTEpECIB, K1 MOTJIM O BIUIMHYTH Ha 00'€KTUBHICTH Ta JOCTOBIPHICTH JAHOTO AOCIIHKEHHSI.
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FINITE ELEMENT ANALYSIS OF DAMAGED BEAMS
REINFORCED WITH FIBER CONCRETE

D. Kirichenko!, V. Yesvandzhyia?
! Odessa State Academy of Construction and Architecture

Abstract. The results of the study of damaged reinforced concrete beams of rectangular cross-
section reinforced with fiber concrete are considered. Previously, experimental studies of beams
damaged in the stretched or compressed zone, reinforced with steel-reinforced concrete, were carried
out. First, the theoretical value of the load-bearing capacity of a reinforced concrete beam without
damage was determined using various existing methods, and then its load-bearing capacity was
determined experimentally. Based on the results, graphs of the change in deflections under the
increasing load, graphs of the dependence of the relative longitudinal deformation on the load for the
left and right support parts of the beam, as well as for the zone of its net bending, were constructed for
each sample. At the next stage of research, the bearing capacity of two groups of reinforced beams was
determined. The first group consisted of three samples with compression zone damage; the second
group had two samples with damage in the stretched zone. In addition to the bearing capacity,
deflections and relative longitudinal deformations are determined for each sample.

Modeling and calculations were performed for five samples of reinforced beams with variation of
the damage zone and its volume. In all calculations, the load was considered in the form of two
concentrated forces applied symmetrically. Computer modeling and numerical analysis of damaged
beams using the finite element method were performed in two computer programs — Robot Structural
Analysis and LIRA-SAPR. The maximum deflections and stresses are determined.

A comparative analysis of the obtained results with the results of experimental studies was
carried out. It was established that the deflections obtained as a result of calculations in the two
programs are practically the same. And the tensions are somewhat different. The maximum difference
in stresses is observed for the ZBP1 sample — 11.8%. For four other samples, it is approximately the
same, and on average it is 5.8%. Comparing the results of calculating the maximum stresses in LIRA-
SAPR with the results of experimental studies gives a maximum discrepancy of 5.85%. And the
biggest discrepancy occurs in the deflections — here it fluctuates in the range of 19.0+19.2%.

Keywords: damaged beam, reinforced concrete, experiment, finite element method, LIRA-
SAPR, Robot.

CKIHYEHO-EJEMEHTHUI AHAJII3 MOMKO/JXKEHUX FAJIOK,
HIACUJIEHUX ®IBPOBETOHOM

Kipiuenxo JI. 0.}, €cpanxxkus B. 10.!

Y00ecvra depacasna axademis 6ydienuymea ma apximexnmypu

AHoTanisn. PosrnsgmaioTecs pe3ynbTaTH AOCIHIIKEHHS MOLIKO/DKEHUX 3ajli300eTOHHUX Oaox
MPSMOKYTHOTO TOTIEPEYHOro mepepizy, mijicmieHnx ¢idpoderonom. INomepennro Oynu mposeneHi
EKCTICpUMEHTAIIbHI  JIOCHI/PDKEHHsT 0alloK, TONIKO/DKEHWX Y PO3TATHYTIH abo CTHCHYTIH 30HI,
nocunenux cranediopoderoHoM. Crovyarky 3a pi3HUMH ICHYIOUMMH METOAMKAaMH OyJi0 BH3HA4Y€HO
TEOpPETUYHE 3HAUYEHHS HECY4ol 34aTHOCTI 3aJ1i300€TOHHOI Oayiku 0e3 YIIKOIKEHb, a MOTIM ii Hecydy
3JaTHICTh BH3HAYWIN EKCIIEPUMEHTAIBbHO. 3a pe3yjibTaTaMH Uil KOXXHOTO 3pa3Ka IMoOYyZOBaHO
rpadiku 3MiHM NPOTHMHIB MiA [i€I0 HAaBaHTAXKEHHsS, IO 3pocTae, rpadikd 3aJIe)KHOCTI BiJHOCHOT
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MO3/I0BXKHBOI JtehopMartii BiJi HABAaHTaXKEHHS JJIs JIBOI Ta MPaBOi OMOPHUX YACTHH OAlKH, a TaKOXK
JUTSL 30HM 11 9uCcTOTO 3rMHY. Ha HacTymHOMY eTarni JOCHiKeHb OyJ0 BH3HAYEHO HECYdy 3IaTHICTH
IBOX Tpym mocwmieHnx Oamok. Ilepma rpyma ckiamaiacs 3 TPhOX 3pasKiB, IO Majll MOIIKOKEHHS
CTHCHYTOI 30HM; y APYTii rpymi Oylo ABa 3pa3Kd 3 MOIIKOKEHHSIMH y PO3TATHYTIH 30HI. OKpiMm
HEeCy4oi 31aTHOCTI, JIJIsl KOXKHOT'O 3pa3ka BU3HAYCHI MPOTMHHU Ta BiJIHOCHI MO370BXKHI nedopMarii.

MopenroBaHHS Ta pO3pPaxyHKH BUKOHYBAJUCS JUTSI I SITH 3pa3KiB MMOCIIIEHUX OaloK 3 Bapiami€ro
30HU TONIKOKCHHS Ta 11 00’eMoM. B ycix po3paxyHKax po3risiaiocsi HABAaHTAKCHHS y BUIIISIL IBOX
30CEPE/DKCHUX CHJI, [0 TPHKIAJACHI CHUMETPUYHO. BUKOHaHE KOMII'IOTEpHE MOMACTIOBAHHS 1
YHCENPHUI aHaji3 MOIIKOMKEHNX OaJoK METOJOM CKiHYEHHX E€JEMEHTIB y JBOX KOMIT FOTEPHHAX
mporpamax — Robot Structural Analysis i JIIPA-CAIIP. Busnadeni mMakcMManbHI TPOTHHU Ta
HaIpyKCHHSL.

3nmilicHeHWl ~ TOPIBHSUIBHUM ~ aHami3  OTPUMAaHMX  pEe3yNbTaTiB 3  pe3yJbTaTaMu
eKCIIePUMEHTAIBHUX JOCIIIKeHb. BCTaHOBIIEHO, 0 MTPOTHHM, OTPUMAaHi B pe3yIbTaTi pO3paxyHKIB y
JIBOX TMpOrpaMax TMPaKTUYHO OJHAKOBI. A HampyKeHHS JeII0 BiIpi3HAOThCA. MakcuMaibHa
PO30DKHICTh Y HANIPY)KCHHSAX CHOCTepiraeThes s 3pazka RCD1 — 11,8 %. Jlns 940TUpBOX iHIITMX
3pa3KiB BOHa MPHOJIM3HO OJHAKOBA, 1 y cepenHboMy ckiamae 5,8 %. llopiBHSHHS pe3yibTariB
oOuncieHHs MakcuManbHuX HampyxeHb y LIRA-SAPR 3 pesymbraTtamMu excriepuMEHTATBHUX
JOCTIDKEHb J1a€ MaKCHUMaJIbHY pO30KHICTh 5,85%. A HaiOinblIa po30iKHICTH BUHUKAE Y MPOTHHAX
— TYT BOHA KOJUBaeThes B iHTepBaiti 19,0+19,2 %.

Kurouogi ciioBa: nomkopkeHa 6anka, crainediopo0eToH, eKCIepUMEHT, METOI CKIHUCHHUX
enementis, LIRA-SAPR, Robot.
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1 INTRODUCTION

The field of application of reinforced concrete beams in construction is very large. They
are used in various constructions and structures, such as high-rise residential and industrial
buildings, airports, bridges, for laying railway and tram lines, etc.

Due to various reasons, these structures can be damaged. It can be both mechanical
damage associated with the destruction of concrete and corrosion of fittings, and damage as a
result of long-term operation. This problem is especially relevant in our time, since a large
amount of damage occurs as a result of military operations. It is not always advisable to
change the structure, in most cases it is more economical to strengthen the damaged part of
the structure without its complete replacement. At the scale of the country, such an approach
undoubtedly leads to a significant economic effect.

There are different ways of strengthening. The appearance of new materials led to new,
more effective such methods. Reinforcement of building structures with composite materials
reinforced with carbon, glass and other fibers has gained great popularity. Their indisputable
advantages are increased strength, resistance to aggressive environmental influences, etc. But
there are also some disadvantages, first of all, technological difficulties and the production of
the necessary composites in our conditions. Reinforcement of the damaged area with steel-
reinforced concrete is a very promising direction in strengthening damaged structures.
Numerous studies prove that steel fiber concrete can improve concrete characteristics such as
crack resistance, frost resistance, tensile strength, bending, torsion, etc. The use of fiber
allows you to change the nature of the destruction process. Unlike ordinary concrete, in which
this process occurs almost instantly, in fiber concrete there is no brittle failure, and the
structure continues to resist the load, and the nature of the failure changes from brittle to
viscous.

2 LITERATURE ANALYSES AND PROBLEM STATEMENT

Many works are devoted to the strengthening of reinforced concrete beams. All of them
can be divided into experimental and theoretical, and the latter include analytical and
numerical methods for calculating reinforcements. The theoretical methods of calculation of
reinforcements are currently insufficiently developed. This is explained by the complexity of
the mathematical model of amplification, regardless of the method used. This fully applies to
beams reinforced with fiber concrete. In this regard, preference is given to numerical
methods. First of all, the finite element method (FEM), because it is the only universal
method, the possibility of which is practically not limited. This explains the use of FEM for
numerical analysis in all modern engineering calculation programs. Implementation of the
FEM algorithm is carried out using modern computer programs, such as ANSYS [1],
ABAQUS [2], NASTRAN [3], etc., designed for numerical modeling and analysis of complex
structures, including beams with inclusions.

The article [4] discusses 3D modeling in ANSYS of the destruction of an element of a
structural reinforced concrete beam. The authors [5] show the use of the finite element
method for modeling damaged reinforced concrete beams. The corresponding numerical
analysis was carried out in ABAQUS using the concrete plasticity model. The article [6]
considers the critical parameters affecting the efficiency of fiber-reinforced polymer systems
with an external lateral connection based on the finite-element model developed by the
authors. An interesting work is presented by the authors of the article [7], where a
multifactorial numerical experiment was conducted using computer modeling in the ANSYS
program.
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Articles [8-10] are devoted to a similar problem. In [8], experimental data from four-
point bending of six reinforced concrete beams and the results of finite-element modeling
obtained using ANSYS are considered. [9] suggests using discrete fiber reinforcement for
tunnel finishing. The task is also modeled in ANSYS. The same authors in [10] investigate the
ability of fibers to control cracks by summarizing the results of more than ninety tensile tests
of reinforced concrete prisms, conducted with different sizes, reinforcement ratios, number of
fibers, and concrete strength. Recent finite element models for predicting crack spacing in
fiber reinforced concrete composites are evaluated and critically discussed.

3 PURPOSE AND OBJECTIVES OF THE STUDY

The purpose of the work is the numerical analysis of damaged beams reinforced with
fiber concrete and the subsequent comparison of the results with the data of experimental
studies.

To achieve this goal, it was necessary to perform computer modeling and numerical
analysis of damaged beams using the finite element method in two computer programs and to
perform a comparative analysis of the obtained results with the results of experimental
studies.

4 MATERIALS AND METHODS OF RESEARCH

For computer modeling of damaged beams and determination of their stress-strain state

after strengthening, two software packages were used in the work — Robot Structural
Analysis [11] and LIRA-SAPR [12].

5 RESEARCH RESULTS

Modeling and calculations were performed for five samples of reinforced beams with
variation of the damage zone and its volume. In all calculations, the load was considered in
the form of two concentrated forces, the value of F = 40.3 kN each, which corresponds to the
average bearing capacity of undamaged beams. The forces are applied at a distance of 60 cm
from the edge of the beam; the supports are located 5 cm from the edge. Thus, the net bending
zone was 80 cm.

The elastic constants that were specified for the calculations were obtained after
processing by the methods of mathematical statistics of primary indicators based on the
results of tests of prisms and cubes: for fiber concrete: initial modulus of elasticity — E =
3.6-10* MPa; Poisson's ratio — w = 0.22; for concrete: initial modulus of elasticity — E =
2.6-10* MPa; Poisson's ratio is u = 0.2.

When modeling in Robot Structural Analysis, two types of finite elements were used —
triangular elements with three nodes (T3), rectangular elements with four nodes (Q4). The
size of the element was set to 2x2 cm, the grid was broken automatically. The results of
calculations in Robot Structural Analysis are summarized in the Table 1.

In Fig. 1 shows the geometric model of the RCD3 beam sample, in which the
compressed zone was damaged and then reinforced with fiber concrete. In Fig. 2, 3 show
diagrams of deflections and stresses.
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Table 1
Calculation results in Robot Structural Analysis Professional
Sample Maximum deflection, Maximum stress, MPa
P mm XX YY
RCD1 4,07 37,66 20,12
RCD2 4,08 35,26 18,28
RCD3 4,04 35,27 18,28
RCD4 4,05 35,30 17,98
RCD5 3,96 35,20 17,98
Sample RCD3
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Fig. 1. Geometric model of RCD3 sample
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Fig. 3. Stress XX in sample RCD3

In Fig. 4 shows the geometric model of the RCD5 beam sample, in which the stretched
zone was damaged and then reinforced with fiber concrete. In Fig. 5, 6 show graphs of
stresses and deflections.
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Fig. 4. Geometric model of RCD5 sample
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Fig. 6. Stress XX in sample RCD5

Other results of simulation and calculation of damaged beams in the Robot Structural
Analysis Professional program look similar.

When calculating the reinforced concrete beam and the fiber concrete element located in
it, LIRA-SAPR used finite element types No. 44, No. 42 — plates. A linear type of
calculation was used.

The results of the calculations are summarized in the Table 2.

Table 2
Results of calculations in LIRA-SAPR

Sample Maximum deflection, Maximum stress, MPa

P mm XX YY
RCD1 4,09 33,22 32,87
RCD2 4,06 33,22 23,64
RCD3 4,03 33,22 23,65
RCD4 4,03 33,23 23,81
RCD5 3,94 33,12 24,40

In Fig. 7, 8 show curves of deflections and stresses of sample RCD3.
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Fig. 7. Deflections of sample RCD3

Fig. 8. Stress XX in sample RCD3

In Fig. 9, 10 show curves of deflections and stresses of sample RCD5.

Fig. 9. Deflections of sample RCD5

Fig. 10. Stress XX in sample RCD5

Other results of simulation and calculation of damaged beams in the LIRA-SAPR
program look similar.
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6 DISCUSSION OF RESEARCH FINDINGS

Previously, experimental studies of beams damaged in the stretched or compressed zone,
reinforced with steel-reinforced concrete, were carried out. First, the theoretical value of the
load-bearing capacity of a reinforced concrete beam without damage was determined using
various existing methods, and then its load-bearing capacity was determined experimentally.
Based on the results, graphs of the change in deflections under the increasing load, graphs of
the dependence of the relative longitudinal deformation on the load for the left and right
support parts of the beam, as well as for the zone of its net bending, were constructed for each
sample.

At the next stage of research, the bearing capacity of two groups of reinforced beams was
determined. The first group consisted of three samples (RCD1, RCD2, RCD3) that had
damage to the compressed zone; the second group had two samples with damage in the
stretched zone (RCD4, RCD5). In addition to the bearing capacity, deflections and relative
longitudinal deformations are determined for each sample.

In the Table 3 shows the maximum deflections and stresses obtained from the results of
experimental studies and finite element analysis in two programs.

Table 3
Comparison of experimental results and computer analysis
sample Maximum deflection, mm Maximum stress, MPa
P LIRA-SAPR | Robot | Experiment | LIRA-SAPR | Robot | Experiment

RCD1 4,09 4,07 4,97 33,22 37,66 33,71
RCD2 4,06 4,08 4,98 33,22 35,26 32,18
RCD3 4,03 4,04 4,84 33,22 35,27 31,62
RCD4 4,03 4,05 4,95 33,23 35,30 31,28
RCD5 3,94 3,96 4,76 33,12 35,20 31,76

7 CONCLUSIONS

Thus, computer modeling and finite element calculations of five samples of reinforced
beams were carried out in two programs — LIRA-SAPR and Robot Structural Analysis.
Obtained values of stresses and deflections. It was established that the deflections obtained as
a result of calculations in the two programs are practically the same. And the tensions are
somewhat different. The maximum difference in stresses is observed for sample RCD1 —
11.8%. For four other samples, it is approximately the same, and on average it is 5.8%.
Comparing the results of calculating the maximum stresses in LIRA-SAPR with the results of
experimental studies gives a maximum discrepancy of 5.85% (Sample RCD4). And the
biggest discrepancy occurs in the deflections — here it fluctuates in the range of 19.0+19.2%.
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NUMERICAL STUDY OF THE INFLUENCE OF THE LENGTH OF
A ROD ON ITS CRITICAL FORCES

S. Bekshaev!
10dessa State Academy of Civil Engineering and Architecture

Abstract: The effect of changing the length of a longitudinally compressed rod on its critical
forces is numerically investigated. The research is carried out on the example of a two-span rectilinear
rod of bending stiffness constant along length, which is compressed by a constant lengthwise
longitudinal force and hinged on one of the ends on an absolutely rigid support, and inside - on a
support of finite stiffness. The change in the length of the rod occurs due to the movement of the end
hinge support with the corresponding increase or decrease of the adjacent section of the rod without
changing the position and characteristics of the remaining constraints. The dependence of the critical
forces of the rod on the position of this support and, accordingly, on the length of the adjacent
compressed section of the rod is investigated. Calculations are performed on the basis of the use of
known exact analytical expressions of the influence functions of a rod of constant cross-section
compressed by a longitudinal force constant by length. In the considered examples, qualitative signs of
increase, decrease, and extremum of simple critical forces when changing the length of the rod, related
to the qualitative features of the corresponding buckling forms, established earlier theoretically, were
fully confirmed. In particular, exact calculations have shown that the increase or decrease of the
simple critical force when the length of the fragment of the rod adjacent to the movable support is
changed is determined by the type of the corresponding buckling form in the neighborhood of this
support. Different possible configurations of buckling forms are considered, and the behavior of
critical forces when changing the length of the rod are considered for each of the configurations. In
order to verify the previously established theoretical results, which relate to the study of the behavior
of not only the main critical forces, but also higher simple critical forces, which have an arbitrary
number in the spectrum, the calculations are carried out in the article for the second critical forces of
the rods considered in the given examples. The results of the calculations are shown in the form of
graphs, which represent configurations of buckling forms of various possible types in connection with
the corresponding changes in critical forces. Graphs of the dependence of the second critical force of
the studied rods on their length are also given. It has been demonstrated that under certain conditions,
reducing the length of the rod can lead to a reduction in its critical force.

Keywords:. compressed rod, change of critical force, buckling form, effect of length change,
qualitative sign.

YU CEJBbHE JOCJIIKEHHS BIIVIUBY JOBXKHNHU CTPUKHS
HA MOI'O KPUTUYHI CUJIN

Bekmaes C. 5.
Y00ecvra oeparcasna axademis byodisnuymea ma apximexmypu

AHoTanis: YncensHo JOCHIKY€ETHCS BIUTUB 3MiHH JTOBKMHH TO310BXXHBO CTUCHYTOTO CTPHIKHS
Ha HOro KpHTUYHI cvid. JlOCHiPKeHHsI BUKOHYETHCSI Ha TPUKJIIAJi JIBOMPOTIHHOTO MPSMOIIHIHHOTO
CTPMKHS TTOCTIMHOT 3a IOBXUHOKO 3T1HHOI JKOPCTKOCTI, SIKMH CTHCKAETHCS MOCTIHHOI 10 JOBXKHUHI
MO3/I0BKHBOIO CHJIOKO 1 IAPHIPHO CHHMPAETHCS HA OJHOMY 3 KiHLIB Ha a0COIOTHO >KOPCTKY OMOpY, a
BCEPEIMHI — Ha ONOPY CKIHYEHOI OPCTKOCTi. 3MiHA JOBXHHU CTPHXKHS BiOyBa€ThCS 3a PaxyHOK
MEePEMIIIEHHS KIHIIEBOI IIAPHIPHOT ONOPH 3 BIAMOBIAHUM 30UIBIICHHSIM 200 3MEHIIEHHSAM IPUIIETIIOTN
IOUISHKA CTpWXHS 0e3 3MIHM IIOJIOKEHHA 1 XapaKTEpUCTHK PELITH 3aKpimieHb. JlocmiukyeTbes
3aJIeKHICTh KPUTUYHHX CUJ CTEPXKHS BijJ TIOJNOKEHHs 1€l OMOpW 1, BIAMOBITHO, BiJ JOBXKHUHHU
MPUJIETIIOl CTUCHYTOI IUISTHKU CTEepKHS. PO3paxyHKH BUKOHYIOThCS HA OCHOBI BUKOPHCTAHHS BIJIOMHX
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TOYHMX AaHAJTITUYHUX BUPa3iB (YHKOIH BIUIMBY CTPWXKHA MOCTIHHOTO IONEPEYHOTO Mepepizy,
CTUCHYTOTO IOCTIIIHOIO IO MOBXUHI IO3J0BXHBOIO CHJIOK. Y PO3INIHYTHUX OKPEMHX IPHUKIANAX
BHSBIIEHO 1 ITUIKOM MiATBEPIKEHO SAKICHI O3HAKW 3POCTAHHS, 3MEHIIEHHS Ta €KCTPEMyMa IpPOCTHX
KPUTUYHUX CHJI MPH 3MiHi TOBKMHH CTEP)KHS, MOB'S3aHi 3 AKICHUMH OCOOJHMBOCTSMH BiJIOBITHHX
¢opM BTpaTH CTIMKOCTi, BCTAaHOBJICHI paHillle TEOPETHYHO. 30KpeMa, TOYHHMH pPO3paxyHKaMHU
IIPOAEMOHCTPOBAHO, 1[0 3POCTaHHSA a00 3MEHILIEHHS NMPOCTOI KPUTHUYHOI CHJIM IPU 3MiHI AOBXHUHHU
JUISTHKY CTEPIKHSI, L0 MPUIIATAE A0 TIEPEMILlyBaHOI OMOPH, BU3HAYAIOTHCS BUJOM BiAMOBiAHOI hopMu
BTpaTH CTIHKOCTI B OKOJi Ili€l omopu. Po3rmsmaroTbes pi3HI MOXKIUBI KOHbirypamii ¢opMm BTpaTu
CTIMKOCTI Ta IOBEiHKA KPUTHYHUX CHJI TIPY 3MiHI JOBXUHU CTEPXKHS I KOXKHOI 3 KOH(irypariii. 3
MeTor0 Bepudikamii paHime BCTAHOBICHHX TEOPETHYHUX PE3yNbTaTIiB, SIKI CTOCYIOThCS BHBUCHHS
MOBEJiHKM HE TiNbKM OCHOBHUX KPUTHYHHMX CHI, a i BUIIMX MPOCTUX KPUTUYHUX CHJ, SIKi MarOTh
JOBIIBHUH HOMEpP B CHEKTpi, B CTAaTTi PO3PaxXyHKH HPOBOIATHCA ISl OPYTUX KPUTUUHUX CHII
CTPIDKHEH, pO3MISHYTMX Yy HaBEACHUX MpHUKIazax. Pe3ynpTatu NpOBEIEHHUX PO3PaxyHKIB
MPOJEMOHCTPOBaHiI y BUTIAAL rpadikiB, SKi HMPeACTaBISIOTh KOHGIrypamii ¢opM BTpaTH CTiHKOCTI
PI3HUX MOXIMBHUX THIIIB y 3B’A3KY 3 BiANOBIJHMMH 3MiHAMH KPUTHYHUX CHJ. Tako HaBeIeHi
rpadiky  3aJeXHOCTI APYroi KPUTHYHOI CHIM [OCHIIPKYBAaHMX CTEpP)KHEH BiI I1X JOBKHHU.
[IponeMoHCTpOBaHO, IO 3a IMEBHUX YMOB 3MCHIICHHS JOBXHHHM CTEPXKHS MOXKE MPUBECTH 0
3MEHILEHHS HOI0 KPUTUYHOI CUJIH.

Kuaro4oBi cjioBa: cCTHCHYTHH CTepKeHb, 3MiHA KPUTUYHOI CHUTH, (hOpMa BTpaTH CTIHKOCTI, BILTHB
JIOBXKHHH, SIKICHA O3HAKa.
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1 INTRODUCTION

When designing and operating engineering structures containing longitudinally
compressed elements, ensuring their stability is of great importance. In this case, as a rule, it
is accepted, often without proper verification, that a shorter rod is more stable, i.e. has a
higher critical force at which its loss of stability occurs. Although in most cases this
assumption is satisfied, the issue of the relationship between the length of a compressed rod
and its stability deserves more careful study, since engineering decisions made on its basis can
lead to accidents or serious disruptions to the operation of the structure, making its safe
operation impossible.

2 LITERATURE ANALYSIS AND PROBLEM STATEMENT

Under standard support conditions, the critical forces of longitudinally compressed rods,
as a rule, decrease with increasing their length, i.e. when adding additional compressed
sections at the ends of the rod and transferring the end supports to the ends of the formed
elongated rod. However, as noted in a number of studies [1 — 3], with some ways of support,
in particular in the presence of elastic pinches and/or intermediate elastic supports, reducing
the length of the rod can lead to a decrease in critical forces and the risk of loss of stability. In
this regard, of great theoretical and practical interest is the question of determining the
conditions for the increase or decrease of the critical forces with a change in the length of the
rod, as well as of determining the optimal length of the rod at which its critical forces reach its
extremal value. This issue was subjected to a fairly detailed theoretical study in the author's
work [3], where a straight rod was considered, hinged at one of the ends on an absolutely rigid
support, and the change in length occurred due to the moving of this support and the
corresponding lengthening or shortening of the adjacent section of the rod. The disadvantage
of the work [3] is that, despite a fairly detailed theoretical justification of the results obtained
in it, they were not illustrated with specific examples. At the same time, since these results are
neither trivial nor obvious, it would be very desirable to provide examples that would confirm
their validity.

3 THE PURPOSE AND OBJECTIVES OF THE STUDY

The purpose of the work is to numerically study the behavior of the critical force of a
compressed rod when its length changes and to determine the signs of growth, decrease and
extremum of the critical force using the example of a two-span rod of constant cross-section
along the length, compressed by a constant longitudinal force along the length and supported
by an intermediate support of finite rigidity. Note that the results of work [3] were established
for a rod with variable bending stiffness along the length without limitations on the number
and rigidity of intermediate supports. In addition, since in [3] a change in a critical force
arbitrary in number in the spectrum was considered, the present article examines the behavior
of the second critical force as a task that is less trivial compared to the case of the main
critical force.

4 RESEARCH RESULTS

4.1. Preliminary results. First, we present the main results of the article [3], in which
their proof can be found.

We consider a rod hinged at one of its ends on a rigid support and compressed by a
longitudinal force constant along its length (at least within a certain area adjacent to this
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support). Forms of buckling that correspond to its critical forces (of any number) can be of
five types (see Fig. 1).

—3 R A 2 2

type 1 type 2 type 3 type 4 type 5

Fig. 1. Different types of buckling forms

The form of the 1st type in the neighborhood of the end support is concave towards the
axis of the undeformed rod. In the type 2 form, the convexity faces this axis. Type 3 form has
a horizontal tangent at the end support. Forms of the 4th and 5th types in some area adjacent
to the end support have straight segments, i.e. are semi-curved. Examples of the
implementation of forms of all five types are considered in [1 — 9]. The following six
theorems establish qualitative signs of the increase or decrease of critical forces with a change
in the length of the rod.

Theorem 1. A simple critical force, which corresponds to the form of the 1st type,
decreases as the rod lengthens, provided that the reaction of the support is opposite to the
deflections of the rod in the neighborhood of the support.

Theorem 2. The simple critical force corresponding to the type 2 form increases as the
rod lengthens.

Theorem 3. Simple critical force, which corresponds to the form of the 3rd type,

a) decreases both when the rod is shortened and when the rod is lengthened, if, with rigid
clamping of the end section, its number in the spectrum does not change and it remains
simple,

b) increases both with shortening and lengthening of the rod, if this number decreases
and it remains simple,

c) increases with shortening and decreases with lengthening of the rod, if it becomes
double (i.e., after pinching, it corresponds to two numbers - the same one and one less).

Theorem 4. The simple main critical force when moving the end support reaches a
maximum if it corresponds to a type 3 shape.

Theorem 5. The simple critical force, which corresponds to the form of the 4th type (half-
curved), increases with elongation and decreases with shortening of the rod.

Theorem 6. The simple critical force, which corresponds to the type 5 form (half-curved),
does not change when the rod is lengthened or shortened.

4.2. Numerical verification. We will demonstrate the validity of the established results
using the example of a rod with bending rigidity EJ constant along its length, reinforced with
an intermediate elastic support (Fig. 3 a).

P
”Az - q 4 16 3 I
0,4/ :5% :
|

[3%)
=)

0.2

a) b)

Fig. 2. A rod, the second form of which is the form of the 3rd type when ¢=5,605-c,, P, =5120-P;
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For this case, explicit expressions for the influence functions of the compressed rod and
exact equations of critical forces for standard support conditions are known [10], using which
we find that when the support is installed at a distance of 0,4¢ from the left support and with

its rigidity equal to ¢ =5,605-c,, where ¢, =n°EJ/¢*, the second critical force is equal to
P, =5,120-P., where P. =x’EJ/¢?, and it corresponds to the form of the 3rd type (Fig. 3 b).

As calculations show, the 2nd critical force of a single-span rod, hinged at one end and rigidly
clamped at the opposite end, is equal to 6,047-P.. When introducing an intermediate

support, it will become larger. It follows that the rigid clamping of the right end of the rod in
Fig. 2 a will make his second critical force first, i.e. we are dealing with case b) of Theorem 3.

Al=-0]1-, P,=5268- P Al=0, P,=5120"P; Al=0]1-0, P,=5,156-P;
0.05 \\ ds 0 35/6,4;""‘0 05 o 095 |t
\ -0.01 // /
0.7 0.75 0.8 0.85 e
a) b) c)

Fig. 3. The end fragment of the 2nd form of the rod shown in Fig. 2 a, when changing its length

Fig. 3 shows the end fragments of the second forms of the original rod, as well as rods
shortened and extended by A¢=0,1¢ (of types 1 and 2, respectively). Nearby are indicated

the corresponding values of the 2nd critical force, exceeding P,=5,120-P., in full

accordance with Theorem 3.
The elongation of the original rod is accompanied by an increase in the 2nd critical force
until it reaches a maximum equal to P, . =5,185-PF., at a length equal to 1,184¢. The

corresponding forms are shown in Fig. 4.

Al=01-{, P,=5]156-Pg Al=0184:4, P,=5]185-P, Al=02-f, P,=5183-P
Y. ot o ———
o obs | 1 IVIT—_ 115 = I s
002 001 / .01
a) b) c)

Fig. 4. Perturbations of the second buckling form of the 3rd type of rod shown in Fig. 3 a, with a length equal to
1,184/

Note that now a single-span rod clamped at one end has a second critical force equal to
6,047-PE/1,1842 =4,317-P., so that the considered critical force achieved as a result of
installing an intermediate support will be the second in the spectrum and, thus, case a) of
Theorem 3 is realized.

Graph of change in P, with change in length for the rod in Fig. 3 a is shown in Fig. 5 a,
where the elongation of the rod is plotted horizontally in fractions of the original length 7,
and the ratio P,/P. is plotted vertically.
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N N T

515 \ T 7 //
\_/ - \\ \_/, 10
=g 0.1 02 005 0 005 0.1 0 01 02 03
a) b) c)

Fig. 5. Graphs of the dependence of the 2nd critical force on the length of the rod. The horizontal line shows
the elongation in fractions of the length ¢ of the original rod, the vertical line shows the ratio P, /Pg

To illustrate case c) of Theorem 3, consider a rod rigidly clamped at one end with an
elastic support in the middle (Fig. 6 a).

? P
2 s 0 2 4 de !
0.5¢ Z%’C 7%’ \\_//
g N 0.2
a) |

b)

Fig. 6. Rod, the second buckling form of which is the form of the 3rd type when ¢ =6,7-C, ,
P, =8,183-P..

With a support stiffness coefficient equal to ¢=6,700-c,, the second buckling form has

zero slope at the right end (see Fig. 6 b) and the clamping makes the corresponding critical
force equal to P, =8,183-P., double (the intermediate support is in the node of the second
buckling form of a single-span rod rigidly clamped at both ends). The results of calculations
of the 2nd critical force and the corresponding buckling forms when changing the length are
presented in Fig. 7, from which it is clear that both elongation and shortening change the type
of form from 3rd to 1st, which in this case, in accordance with Theorem 1, is a sign of a
decrease in the critical force with increasing length of the rod.

Al=-01-f, P,=8297P; Al=0 P,=8183 P Al=01-£, P,=8,076-P;

0.007
0.01 / \\ 0.8 0. V(""O 95 //"ﬁ\\
&4 0J75 .8 085 / 0.9 095 It 1405
-0.02

r -0.007

a) b) c)

Fig. 7. The end fragment of the 2nd buckling form of the rod shown in Fig. 6 a, when its length changes

Fig. 5 b shows a graph of the dependence of the 2nd critical force for this case on the
length of the rod. As can be seen, the behavior of the critical force completely follows
Theorem 3.
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The 4th type buckling form is implemented for the rod shown in Fig. 6 a, with a support
stiffness coefficient equal to c¢=11233.c,, and a second critical force equal to

P, =10,530-P. (Fig. 8 b).

Al=-015-¢, P,=9510-P; Al=0 P, =10,530 - Py AL=025-4, P,=11823-F;
()\.2 d4 de~—7s 0\1 4 (6/l£/ ov.s i
-0.1 N _// " \ 7 0.1 //
a) b) c)

Fig. 8. Perturbations of the 2nd form of the 4th type of rod shown in Fig. 7 a, when its length changes,
c=11233-c,

Fig. 8 a and c also show the buckling forms of rods shortened by A/=0,15-/ and
extended by A/=0,25-/, both of the 2nd type, which, according to Theorem 2, is a sign of an

increase in the critical force along with the length of the rod, which is confirmed by direct
calculation (the corresponding values P, are given above the curves). A graph of the

dependence of P, on the length of the rod for this case is presented in Fig. 5 c.

All calculations and graphs are performed using Mathcad based on exact equations of
critical forces, obtained on the basis of exact analytical expressions of the influence functions
of a compressed prismatic rod supported by an intermediate elastic support. Forms in Fig. 2 —
8 are normalized so that the reaction of the elastic support is equal to 1. The ordinates of the
forms are showed in fractions of the magnitude 1/c, = ¢°/n°EJ .

5 RESEARCH RESULTS DISCUSSION

The results of calculations performed for specific examples presented in the article fully
confirm the theoretical conclusions established earlier in the article [3]. Their validity has
been established for various combinations of parameters of the considered models, in which
different variants of the behavior of critical forces are realized when the length of the rod
changes

6 CONCLUSIONS

The work obtained results that allow a deeper and more complete understanding of the
behavior of the critical forces of a straight rod, hinged at one of the ends on a rigid support,
when the length of the rod changes due to change of the fragment adjacent to this support. It
has been established that the behavior (increase or decrease) of simple critical forces when the
length of the rod changes is associated with the configuration of the corresponding forms of
buckling in the neighborhood of the moving support. The results obtained can be used in the
design and operation of engineering structures containing elements subject to longitudinal
compression.
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