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PO CTIMKICTh OBEPTAHHS BLJIbHOI CUCTEMHM JBOX
HPYXHO 3B'SA3AHUX I'TPOCKOIIIB JIAT'PAHKA, OUH 3
AKUX MAE€ ITIEAJIBHY PIIUHY

Kounonos 0. M1,

Ynemumym npuxnaonoi mamemamuxu i mexanixu Hayionanvnoi akademii nayx Ykpainu

AHortaunisn: Ha mincrasi BigoMux piBHSIHB PyXy cHcTeMH 3B's3aHux ripoctaris [1. B. Xapnamosa 1
¢ynknii crany C. JI. CobosneBa BUBeNeHI pIBHSHHS OOEpTaHHS BUILHOI CHCTEMH JBOX MPYKHO
MOB'SI3aHMX TipockomiB Jlarpamka, OIMH 13 SKMX Mae€ JOBIJBHY OCECHUMETPUYHY TOPOKHUHY
MOBHICTBIO 3allOBHEHY 1JCAJIBHOI0 HECTHCIHMBOIO PIAMHOI0. TBepaM Tina 3’ €QHaHI NPYXKHAM
BiJTHOBITIOBJILHUM C(peprUHMM IIapHipoM. BUBeJeHO TpaHCIIEHICHTHE XapaKTEPUCTUYHE pPiBHSIHHS
30ypeHHOr0 PIBHOMIPHOTO OOEpTaHHs pO3IIIAJ0BAHHOI MEXaHIYHOI CHUCTEMH. 3 YypaxyBaHHSA
OCHOBHOTO TOHY KOJMBAHHS PIIVHM OTPUMAHO XapaKTEpUCTHYHE PIBHSAHHS I1'ATOro mopsaky. Ha
migcraBi kputepito Jlbenapa — Illimapa, 3ammcaHoro B iHHOPHOMY BHIVIS[I, BUIHMCAHI Yy BUIIAIL
CUCTEMH YOTHUPHhOX HEPIBHOCTEW HEOOXiJHI YMOBH CTIMKOCTI PIBHOMIpHOTO OOEpTaHHSI TipOCKOIIB
Jlarpan»xa Ta pigmau. BiqHocHO KoedilieHTa Mpy»XHOCTI Il HePIBHOCTI MOOTH BiAmoBiaHo 1, 3, 6 Ta 8
ctyneHi. [IpoBeaeHi aHamiTHUHI JOCHIHKEHHS cTapuX KoedilieHTiB yMoB criiikocti. [lokazaHo, mo
KOJIU LIEHTP Mac IMEpHIoro TBEPJOrO Tila 3 PIAMHOK abo Jpyroro HE CHIBMAIAOTh 3 3arajlbHO0
TOYKOIO LIUX TiJl, TO TIPH IOCUTH BEJIMKHUX 3HAYCHHS Koe(illieHTa MPYXHOCTI 3aBXKAU OyAyTh BUKOHaH1
HeoOXiIHI YMOBH cTiiikocTi. [Ipy BiICYTHOCTI IPY>KHOCTI Y IApHHUPI XapaKTEPUCTUYHE PIBHSIHHS Mae
JIBOKpAaTHUN HYJIOBHUH KOPiHB 1 B IIbOMY pa3i YMOBH CTIHKOCTi OTPEOYIOTH 1OaTKOBUX JTOCIiIKEHb.
OTpuMaHi YMOBH CTIMKOCTI € TOYHWMH JIJISL JIICOIATbHOI TIOPOKHUHY 1 HAOIMKSHUMH IS 1HITUX
OCECHMETPUYHUX MOPOXXKHWH. J[7Is1 YTOYHEHHS OTpPHMAaHUX YMOB CTIKOCTI B IBOMY pasi MOTpiOHO
BPaxOBYBaTH J10JIATKOBI TOHU KOJIMBAHHS 1J1€aJIbHOI PiJIMHH.

Kiao4oBi cioBa: BimbHa cucremMu ABOX ripockomu Jlarpanka, imeanbHa piinHa, TPYXHAN
chepruHuil mwapHip, piBHOMipHE 00epTaHHs, HEOOXiTHI YMOBHU CTIHKOCTI.

ON THE STABILITY OF THE ROTATION OF THE FREE
SYSTEM OF TWO ELASTIC LAGRANGE GYROSCOPES, ONE
OF WHICH HAS AN IDEAL LIQUID

Yu. Kononov?
'Institute of Applied Mathematics and Mechanics of the National Academy of Sciences of Ukraine

Abstract: On the basis of the known equations of motion of the system of coupled gyrostats by
P. V. Kharlamov and the state function by S. L. Sobolev, the equations of rotation of a free system of
two elastically coupled Lagrange gyroscopes were derived, one of which has an arbitrary
axisymmetric cavity completely filled with an ideal incompressible fluid. The rigid bodies are
connected by an elastic restoring spherical hinge. A transcendental characteristic equation of the
perturbed uniform rotation of the mechanical system under consideration is derived. Taking into
account the fundamental tone of the fluid oscillation, a characteristic equation of the fifth order is
obtained. On the basis of the Liénard — Chipart criterion written in the inor form, the necessary
conditions for the stability of the uniform rotation of the Lagrange gyroscopes and the fluid are written
out as a system of four inequalities. With respect to the elasticity coefficient, these inequalities have
degrees 1, 3, 6 and 8, respectively. Analytical studies of the leading coefficients of these stability
conditions are carried out. It is shown that when the center of mass of the first solid body with liquid
or the second does not coincide with the common point of these bodies, then at sufficiently large
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values of the elasticity coefficient the necessary stability conditions will always be satisfied. In the
absence of elasticity in the hinge, the characteristic equation has a double zero root and in this case the
stability conditions require additional studies. The obtained stability conditions are exact for an
ellipsoidal cavity and approximate for other axisymmetric cavities. To clarify the obtained glass
conditions for these voids, it is necessary to take into account additional tones of oscillation of an ideal
liquid.

Keywords: the free system of two gyroscopes of Lagrange, an ideal liquid, an elastic spherical
hinge, uniform rotation, the necessary conditions for stability.
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1 BCTYII

JlaHHa CTATTS y3arajibHIOE pe3yabTaTi poooTH [1] Ha BUIaI0K, KOJIM OJUH 13 TIPOCKOITIB
Jlarpanka Mae JOBUIBHY OCECHMETPUYHY MOPOKHHHY IOBHICTBIO 3allOBHEHY i1€aIbHOI0
HECTUCIMBOIW pinuHoro. Ha migcraBi Bimomux piBHsHB [I. B. XapiamoBa 1 QyHKIii crany
C.JI. CoboneBa OTpUMaHO TpPaHCUEHACHTHE XapaKTEPUCTUYHE PIBHSHHA 30ypeHHOTO
PIBHOMIpHOr0 OO€pTaHHS PO3IJISIOBAHHOI MEXaHIYHOI cMCTEeMH. 3 ypaXyBaHHS OCHOBHOTO
TOHY KOJHMBAHHS 1/I€aTbHOI PIJMHA OTPHMAHO XapaKTEPUCTHYHE PIBHSHHS I SITOTO MOPSIIKY
il IpOBEIEHO HOro aHamiTHYHE JOCHiKeHHs. Y cratti [1] mpeBemeno aysxe mo0puii Orjsia
POOIT MO AOCIIKEHHIO IMHAMIKA Ta CTIMKICTh PYXy CHCTEM 3B'A3aHUX TBEPJAUX T Ta CUCTEM
TBEpAUX TIA 3 PiAMHOK. J[OMOBHUMO 1€l Oryisii TIIbKA OCTAaHHIMH Ta HEOOXITHUMHU
CTATTSIMH.

VY crarTax [2, 3] Ta 6araTo iHIIMX TOCHIIKEHHS 00epTaHHs TBEPIOro Tijia Ta ijeanbHoi
PIIMHU MPOBOAMIIMCSA OJHOYACHO 3 PILICHHSIM DIBHSIHb y YACTUHHUX MOXITHUX, IO AYKe
YCKJIaHIOBAJIO 111 TOCHIPKEHHsS. TOMy TOCHTH MOBHO OyJI0 IpoaHai30BaHO JIMIIE BUIIAI0K
eJIICOialIbHOT MOPOXHUHU. Y poOoTax [4-6] aHANOrI4HI AOCTIKEHHS OylIM NMpOBEIEH] Ha
HiJicTaBl MoJajabHOro aHamzy. byno orpumano 3mueHHy cuctemy 3/IP, xoedimieHTH sIKUX
BHU3HAUYAIOTHCS PIIIEHHSAMHU KpalloBHX 3ajad TiIpOAMHAMIKM, sIKI HE 3ajiexaTb BiJ yacy Ta
napaMeTpiB 00€pTajJbHOro0 Pyxy TBepHoro Tina. Take BiAiJIEHHS THMYacOBOi KOOPAUHATH
BiJl MPOCTOPOBUX KOOPJIMHAT JTO3BOJISIE PO3TIIAAATH AOBUILHUN 30ypeHUN pyX TBEpIOro Tijia,
a pilIeHHd KpaloBUX 3aBAaHb 3HAXOJUTH /JIi TOPOXXHUH NOBLIBbHOI (opmu. OTpumani
KpailoBi 3ajja4l MalOTh IIIJIBHUI CIIEKTP BJIACHUX 3HAY€Hb, PO3TALIOBAHUX HA MO3UTUBHIN Ta
HEraTMBHIA YacTWHAX MAiiicHOI oci. HaBeneHo aHamiTU4YHE pillleHHS WX KPalOBHX 3aB/JaHb
JUI  €JINCOoifanbHOol, CO(OKYCHO-EINCOIAaNbHOI, HMIIHAPUYHOI Ta KOHIYHOI MOPOYKHUH.
[ToOynoBaHi 007acTi HECTIHKOCTI PIBHOMIPHOrO OOEpTaHHS BUIBHOI'O TBEPIOTO Tija 3
PIAMHOI JUIS  eINCOiNanbHOI Ta IMMIIHIPUYHOI MMOPOXKHHH. 3pO0JIGHO BHCHOBOK IIPO
CTIHKICTh OOepTaHHsS TBEPAOro Tija IIOAO0 OCI 3 HAHOUIBIIMM MOMEHTOM iHEpIlii Ta cllaOKoi
HECTIKOCTI, KpIM TOJIOBHUX OOJacTell CHUIBHOI HECTIHKOCTI Mpu OOepTaHHI MIOAO0 OcCi
HaliMeHIIOro MoMmeHTy iHepiii. [lokasaHo, mo y pas3i enincoinajabHOi HMOPOXKHUHHU Ta
MOPOKHUHU, YTBOPEHOI COPOKYCHUMH eJincoinamu o0epTaHHs, 3 HECKIHYEHHOTO CIEKTPY
BJIACHUX 4YacTOT 30Yy/UKYEThCS €IMHA TapMOHIKA, a Yy pa3l LMJIIHAPUYHUX Ta KOHIYHHUX
MOPOKHUH WX TapMOHIK HecKiHueHHO Oarato. Ciix 3a3HAa4UTH JOOPHUN KITBKICHUH 30ir
TEOPETUUHUX PO3PAXYHKIB [2-5] 3 ekcliepUMEHTAIbHUMU JaHUMU [6, 7].

Ha mincraBi Bimomux piBHSHB pyxy cuctemu ripoctartis I1. B. Xapmomosa [8] 1 poboTu
[9] y cratTax [10, 11] Oynu y3arajbHeHI pe3yibTaTH poOIT [2-6] Ha cHCTeMH 3B’SI3aHHUX
TBEpAUX TiJ 3 i1€aIbHOI0 piquHOK0. B MoHOrpadii [12] 3 enMHUX MO3UIIH BUKJIAIECHO TTiIXia
710 3a7]a4 PO PyX CHCTEM TBepAHX TUI. Po3risiHyTo mMomeni, mo HOMyCKarTh PI3HOMAaHITHI
3'eAHaHHS TUI Ta 1X 3arainbHl npoctopoBl pyxu. Crarrs [13] mpucBsueHa IOCIIIKEHHIO
CTIMKOCTI pIBHOMIPHUX 00€pPTaHb y CEPENOBHILI 3 OMOPOM BUIBHOI CUCTEMHM JIBOX TBEPAMX
TiJ, 3’ €IHAHUX MMPY>KHUM BiJTHOBIIIOBAIBHUM c(hepuyHUM mapHipoM. Y pobori [14] moka3ana
MOKJIUBICTh cTa0ii3amii HECTIMKOro OOEpTaHHS Yy CEPEIOBHIN 3 OINOPOM TipocKoma
Jlarpan»a 3 i1IeaJbHOI0 PIAUHOIO APYrUM TipockonoMm. B [15] npeacraBnenuii yHipikoBaHHHA
1 1obpe po3pobiieHHi MiAXiA A0 AWMHAMIKM KYTOBHUX PYyXiB TBEPAUX TUI, MO 3a3HAIOTh
MOMEHTIB 30ypeHHsI pi3HOi (isuuHoi mpupoau. B crarti [16] po3rissHyTO pyxX HaBKOJIO
HeHTpy Mac cdepoina 3 MOPOKHUHOK, 3aMIOBHEHOIO B’S3KOK PIAMHOK. ACHMITOTHYHHUIN
MiIXiJT J03BOJISIE OTPUMATH JICSKI SKICHI pe3yJbTaTH Ta OMKMCATH HENIHIHHY EBOJIOLII0
KyTOBOT'O PyXY 3a JJOITIOMOTI'0OI0 CIIPOLICHUX YCEPEAHEHUX PiBHSIHb.

VY nmaHiif CTaTTi NMPOMOBXKYIOTHCS AOCHIIKEHHS CTIHKOCTI PyXy BUIBHOI CHCTEMHU ABOX
TBEpAUX, sKi Oymu po3mouaTi B podorax [1, 9-14]. Cnig 3a3HauaTu, mo B pobdorax [9-12, 14]
OyB 3actacoBaH npyxHuit mapHip ['yka, a B cratrsx [1, 13] — npyxHuii cheprunmii mapHip.
Y miif cTaTTi BPaxoBYIOTbCS Taki BJIACTUBOCTI MPYKHOro c(HEpHUYHOro IIapHipa, sKi
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3a0e311e4yt0Th PIBHICTh NMPOEKIli KyTOBUX IIBUJIKOCTEN TipOCKOMIB Ha iXH1 oci cumertpii. Lle
JT03BOJISIE JOCIIANTH BIUIMB IPY>KHOCTI LIapHipa Ha CTIHKICTh PIBHOMIPHOIO 0O€pTaHHS BCi€i
CHCTEMH.

2 TMOCTAHOBKA 3AJIAYI. OCHOBHI PIBHSAHHSA

PosrisiHeMO BiBHUI pyX JBOX HPYXKHO 3B’SI3aHUX OCECHUMETPUYHHX TBEPAUX TN S |
S,. Teepmo Tino S; Mae oceCMMETPUYHY IOpPOXKHUHY 7, sIKa IOBHICTBIO 3allOBHEHA
HECTHCIIMBOIO 11ealibHOI piguHo0. Tinamu S 1 S, MarTh cninbHy Touky O, . PosrisnyBana
MEXaHIYHa CHUCTEMa € CHUCTEMOK THpOCTaTiB. 3alMIIEMO TEOPEMY IPO 3MIHY MOMEHTY
KIIBKOCTI pyXy 1 KIJIBKOCTI PyXy AJs Tina S (i =1, 2). Jlng poro 3BIIBHUMOCH BiJ B'S31B B
toukax O,.Ilo3naunmo uepes —R, 1 —L, rooBHUI BEKTOP 1 TOJIOBHUII MOMEHT CHJI peaKii
B's131, O JiIOTh HA TUIO S; 3 OOKy Tina S,. PIBHAHHA pyXy LIEHTPY Mac Ta PIBHAHHS 3MiHH

MOMEHTY KIJIbKOCTI pyXy Tijlla S; BiTHOCHO LEHTPY Mac Tija, Touku C; Maroth Burisa [8-10,
13, 14]:

mV; =F +R; =R (1)
(Ji(’)i+(2_i)7~)D=Mi+Li_Li+1_ci><(Ri_Ri+1) (|=1,2) (2)
Tyr J; — ueHTpanbHuil TeH30p 1HEpLii TBepAOro Tina S;3 PIAUHOK 1 BIANOBIIHO

TBEPAOro Tina S,; A= pj rxudz — ripocTaTHYHUN MOMEHT PiguHH; U— BEKTOp BiJHOCHOI
T

IIBUKOCTI PIIMHM B HOPOKHUHI 7j ; ;— KyTOBa IIBUJAKICTh TBEPAOrO TIa S;;M=m +m, —

maca Bciei cucremn, ¢ =C0,, ¢,=0,C,,R;=R3=0, L;=L3=0; Toukoro «o»

Io3HayeHa a0COII0THA TOX1AHA.
Cucrema piBHAHB (2), 3 ypaxyBaHHsM (1), Oy1e MaTH BUTTISII:

(Jl('ol +;\4)D :Ml —L2 —C1X(m2Fl —ranZ +m2f2)/m,
(Jo0,) =M, +L2_CZX(m2F1_mlF2+m2f2)/m’ (©)

ne Ty, =@ xme; + @, xmye,.

3B’SDKEMO 3 KOXKHUM 13 Till S; HE3MIHHO 0a3uc eil ei2 ei3 3 BepimnHow B Touui C;, oci
SKOI0 HAlpaBUMO IO TOJIOBHHUX OCAX TeH30pa iHepuii J; 1 BBeieMO HepyxoMmuil 0Oazuc
ef eg eg, BEKTOP eg SIKOT'O TIPOTHJICKHUH BEKTOPY NMPHCKOPEHHS BUIBHOTO MafiHHsA. Bymzemo
BBa)KaTH, 1[0 TPETi TOJIOBHI OCI iHepHil mpoxoaaTh it Tin S; 1 S, yepes Touky O,, TOOTO
OyaemMo BBaKaTH, IIO LEHTP Mac TUI S; JeKHUTh Ha IMX ocsx. Hexait TBepau Tima S i S,
noB’s3ani B Tounmi O, TpYXKHMM  BIZHOBIIOBAIGHMM  C(epUYHMM  IIAPHIPOM
(L =-kcyx 02/(|C1||02|), k>0), skuit Oyae 4acTKOBO MOJEIIOBATH MPYXHUM mapHip ['yka
(@py = @y = @), ne @ = ;- €.

BekTopHi piHsHHs (3) B IpoeKIisx Ha oci pyxoMoro 6asucy ) €, e mpuitMyTh BUIJISL:

Kononos 0. M.
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AP+ (C - AR +,u[(p2 — Iyl a5 — (G + 1o Py) o +(P5 +Q2)0523]+Q1 = —kady;
Aﬁl—(cl—pi)rlpl—ﬂ[(pz —r2q2)a12 (4 +1 pz)all +(p2 +q2)a13 }er = 31’

Aoy +(Co — Pg)ryllz + 1| (P~ )y — (G + Pt + (P + o) |=—kadss (@)

Aol —(Co — P )z P — 1| (L=t )y — (G + Py )as +(PF + )33 | = —kads

Ql_rl +Q3 = 0, C2r2 = O (5)
Tyr p;,Q;,5; — mpoekuii BeKTOpa KyTOBOi IIBMAKOCTI ; Ha BICl eileizeis;
A{=A,+mlmzc-2/m; 4 =mmyCCy /m; Q, =(co1xx+7L)-elj; aEK:eL~e,j(— HanpsIMHI

KOCI/IHyCI/I Koeoinientu am MOXXHA BHUPA3UTH 4Yepe3 a® i)l

HO Ho
Z a ﬂaak - [9].

I[o CHCTEMU PIBHAHB (4) MOTPIOHO J0ATH PIBHIHHS JJIs1 HAIPSIMHUX KOCUHYCIB [9]:

HAaCTyIHUM YWHOM

-i0 i0 - i0 i0 i0
a1 ——q,a31 +hiap, Q= Piazy — oy,
- i0 i0 .10 i0 i0.

ap = q,a32 +harhy; O = Posy — K,
3 = —Gias + hoy; 63 = Proay —fiods; (6)
05:‘%? = — Py + Gieds aég =P + Ga;
d:iag == piaizg + qialig-
Cucrema (4) — (6) momyckae po3B’si3KH:

Pi=0i=0; =ay;, U=0(Q,;=0),

a9 = cosat; a9 =sinawpt; 43 =0;

a21 ——Sln a)ot a22 —COSCOOt a23 —O a31 —0 a32 —O a33 =

SKi BIJIMOBIIalOTh PIBHOMIPHOMY OOEpTaHHI TBEPAUX TUI 1 PIAMHHM SK OJHOTO IIJIOTO 3
KYTOBOIO IIBUJIKOCTIO @, HABKOJIO BEPTHKAJI.

3 LI TA 3AJIAYI JOCJILKEHHS

VY naniil cTarTi OYAyTh NPOAOBXKEHI JOCIIIKEHHS CTIMKOCTI PIBHOMIPHUX OO€pTaHb
BUIbHOI CHCTEMH JIBOX TBEPIUX, sIKi Oyim po3mnouati B podotax [1, 9-14]. Cuizg 3a3Ha4aru, o
B pobotax [9-12, 14] OyB 3actacoBan npyxHwuii mapHip I'yka, a B crarrsx [1, 13] — npyxuuit
chepuuyHUil mapHip. Y il cTaTTi BPaXOBYIOTHCS TaKi BIACTUBOCTI MPYKHOI0 CHEpUIHOrO
HIapHipa, siki 3a0e3Me4YyloTh PIBHICTh MPOEKI[ii KYTOBUX IIBUIKOCTEW TiPOCKOMIB Ha iXHi OcCi
cumerpii. Lle 103BoJsIE TOCHITUTH BIUIMB MPYKHOCTI IIApHIpa Ha CTIMKICTh PIBHOMIPHOTO
o0epTaHHs BCi€l CHCTEMH.

Kononos 0. M.
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4  PE3VJIBTATHU JOCJIIKEHb

OTpuMaHO TpaHCLEHJAEHTHE XapaKTepUCTHUHE PIBHSIHHS 30ypeHOro piBHOMIPHOIO
o0epTaHHsS CHUCTEMHU JBOX IPYKHO 3B'I3aHMX TipockomiB JlarpaHka, OJWUH 3 SKHX Mae€
JIOBUTBHY OCECUMETPHYHY ITOPOYKHUHY, ITOBHICTIO 3allOBHEHY i€ajbHOK HECTHCIUBOIO
pinnHOO. 3 ypaxXyBaHHSM OCHOBHOTO TOHY KOJWBAaHHS PIIWHU TIPOBEACHI aHaTITUYHI
JOCTIJKEHHSI YMOB CTIHKOCTI piBHOMIpHOro obepranHs wiei cucremu. [lokazaHo, mo xomu
IEHTP Mac TMEpIIOro TBEPAOro TiJIa 3 PIIMHOK abo JApPyroro He 30iraeTbcs 3 CHIJIHHOIO
TOYKOIO TBEPJUX T, TO MPU TOCUTh BEIMKUX 3HAYCHHSX KOoeQillieHTa MPYKHOCTI 3aBXKIU
OyayThb BUKOHYBATHCSl HEOOX1AHI yMOBHU CTiMKOCTi. OTpUMaHl yMOBH CTIHKOCTI € TOYHUMH
JUTSL €JTITICOIHOT TOPOXKHUHY Ta HAOIMKEHUMU JIJISI IHIITX OCECUMETPUYHHX ITOPOKHUH.

5 OBI'OBOPEHHS PE3YJIBTATIB JOCJIIKEHHA. YMOBHA
CTIMKOCTI PIBHOMIPHUX OBEPTAHB JIBOX I'POCKOIIIB
JIATPAH/KA

Hexaii B 30ypeHoMy pyci o, =@, +€Q,;. 1e |Q| € BEJIMYMHA TEPIIOro MOPSIKY MajoCTi

MOPIBHSHO 3 |a)0|. B upomy Bunanaky piBHAHHA (5) BiZOKPEMIIOETHCS Bi IHIIUX PiBHSHb.

3anumemo piBHsAHHA (4) — (6) 11 30ypeHoro pyxy, 30epirarouu Juisi 3MIHHUX IXHI
HONEPEaH] HO3HAYCHHS:

APy +(Cp— BY) gty + (P, — anllp) +Qq = —kags;

At — (Cy — Ao pr — (P, — @p0lp) +Qy = —Keris
Po g +(Co — Ap)anllp + u( Py — ) = —Kezs:s (7)
Pty —(Co = Ap)ey Py — el — eph) = —Kerfy s
A3 = ey —Gi; Gl =—pats + Py (i=12).
3rigHo poOiT [4, 5], y pa3i ocecUMETPHUYHOI MOPOKHUHU 7 TIPOCTATUYHUI MOMEHT

11€anbHOi PIIMHU A Ma€ BUIUIAA k(t):isn (t)a,, a, :(an,—an), ne Q,=1Q,, Q,=0,
n=1

0 .
Q, =>4a,(S,-i®,S,), 4, =2m,/x, , BnacHUM 4ncnam K, , 10 3aMOBHIOIOTh BCIOIH ILILIBHO

o0Jacre |K‘n| >1 nificHOT OCl, BA3HAYAIOThCS JIUIIIE TEOMETPIEI0 TIOPOKHUHU T .
Koedinientn poskinaganus S (t) 3HaXOmATHCS NPH PO3B’I3yBaHHI HACTYIHOI 3Ti4EHHOI
CUCTEMH 3BUYAWHUX JIHINHUX JU(depeHLiaTbHUX PIBHAHB [4, 5]

NZ(S, -i4S,)+a,-2,=0 (n=123, ..,0). (8)

TepeiizemMo 10 HOBUX 3MIHHMX Q, =@ —ip/, 7, =, +icy,, S/ =e7S,_,
Pi = PiSing+0; COSp, Of = P; COSp—0; SiNg, oy = ay; SiN @+ a3 COS g,
ay, = 0 COS @ — ag Sin g ((0 = a)ot) , ToJl cuctema piBHSHB (7)—(8) y HOBHX 3MIHHHUX MOXE

6YTI/I 3alrMCaHa HACTYITHUM YUHOM:

A+ (iél +K)n + i, +22an5',’] =
n=1L

Kononos 0. M.
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Poria +(iCo +K)p + i =0; (9)
Sh i@ —A0)Sh + (71 +impi)an/NT =0 (n=1.2,..),
ne 7 =9, G =Ciap.
IpencTaBuBIIM myKaHi GyHKUil y BUraaai ae™, 3ammmeMo XapaKTepuCTHUHE PiBHAHHS
30ypeHoro pyxy (9)
R (10)
JIZE

Tyt

F_ 112 s _ 2 : _ - En _Zar%
1= AL HICA+k-A%(IA-ap)). —2—, E

i1 n_vi j“n:(l_ﬂ'n)a)o;

F, = ApA2 +iCoA +k.
I3 piBuanns (10) cnix, mo npu =0 BOHO po3mamaeTbcs Ha jABa piBHAHHA F; =0 i

F, =0. Ilepme piBHAHHSA ONKMCY€ KOJMBAaHHA OJHOrO Tipockomna JlarpaHxa 3 piIMHOIO Ha

SIKUH JIi€ BIIHOBIIIOBAJILHUN MOMEHT, a Ipyre — ripockona Jlarpanxa 6e3 piiMHU Ha SIKUH TEX
Jli€ BITHOBIIIOBAJIHLHUN MOMEHT. Lle Moxe OyTH, KOJHM LIEHTP Mac MepuIoro Tuia abo apyroro
criBnajae 3 3aranpHoro Toukoro O,: ¢, =0 abo ¢, =0.

VY O6inbIIOCTI NPAKTUYHO BAXKJIMBUX BUIAJKaX OCHOBHHUHM €(EKT BIUIMBY DPIJIMHU Ha pyX
TBEPJOro TiJIa MOKHA BpaxXyBaTH, PO3IJISAAlOUM TiJIbKA OCHOBHUN TOH KOJIMBAaHHS PIIMHU

Ay. Y poboti [S] Oyno mociipkeHo 30DKHICTE pAfiB y XapakTepuctudHoMy piBHsHHI (10)

JUIA TAJTIHAPUYHOI TOPOXKHUHKM 1 OI[IHEHO BIUIMB OUIBII BHCOKMX TOHIB Ha CTIHKICTBH
obepraHHs TBeporo Tijna. [TokazaHo, 110 32 IEBHUX YMOB J10JIJaBaHHS HOBUX TOHIB KOJMBaHb
PIIMHU MPU3BOIUTH 0 HE3HAYHOI KiJIbKiICHOT 3MiHU 007acTi HecTiHKocTi. SIk OyIio 3a3HaueHO
y BCTymi, [0 Yy BHUMNAAKY eJNINCOITaJbHOI TMOPOXHUHM Ta TOPOXHUHHU, YTBOPEHOL
CriBQOKYCHUMHU €JIICOiaMH, 3 HECKIHYEHHOrO CIEKTPYy BJIAaCHUX 4YacToT A, Ha pyx

TBEPJOro Tijla BIUIMBAE JuiIe ocHoBHA yactoTa 4 (E, =0mpu n=#1) [2-5].

ITpu n =1 pisusians (10) oTpumMae BUTIISIT
agA® +iby A% + a1 +ib,A% +ad+iby =0. (11)
Tyr
W\ 2 . W\ SN 7. * ’ * X ~ A! ~ Ar) 7 -
a5 = A A —4° >0, b, =Cl A +CoA +achy; ag = ( A+ A )k—CiCo —(CLAb + CA ) &
~ ~ ’ ’ S A~ 7. ~ <\ 7 . TL2.
by = (Cy+Ca Jk+[ (A + M)k =CiC | Ays g =| k=(Cu+Co) A [k by = Ak,
A =A-E>0; C =C ~E; B =Eymp.
CrilfikicTh KOHCEpBAaTUBHUX CHCTEM BH3HAYa€ThCA THUM, L0 KOpeHi piBHSHHS (11)
MOBUHHI 3HAXOJUTHCSA Ha ysBHiM oci. s usoro B piusuui (11) moknagemo A=Iio i ue
PIBHSIHHSI MATHME BUTJISIT

aso” +b,o’ - a303 - b20'2 +ao+by=0. (12)

Jnis Toro, mo6 Bei Hymi piBHAHHS (12) Oynu pi3Hi 1 Aexkanu Ha AiMCcHIN oci, 3TiAHO Kpu-
tepito JIpenapa-Illimapa, 3anucanoro B iHHOpHOMY BUTISAL [17], HE0OXiAHO 1 JOCTATHBO,

Kononos 0. M.
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00 MaTpHIl JAEBBATOrO TMOPSAKY, SIKA CKJIaJeHa 3 KOe(ILI€HTIB IBOTO PIBHSAHHS, Oyina
IHHOPHO-TIO3UTHBHOIO, TOOTO 11100 Oy/IM MO3UTUBHO BU3HAYEHI MATpULll A, Ag, A5, A7 1 Ag:

Il = |Al| = 535 > 0,
a b, -—a3

I3=|Ag|=| O 5a5 4b, |>0; (13)
Sag 4b, —3a3

|5 = |A5| = O O 5a.5 4b4 —3a3 > 0, (14)

5a 4b, -3a; -2b, &

ag by -a3 -b & bg 0
0 a b -a -b & N
0 0 & b, -a -b, &
l,=|A;|=| 0 O 0 5a; 4b, -3a; -2b,|>0; (15)
0 0 5a 4b, 333 -2b, §
0 5a; 4b, -3a; -2b, & 0
Sag; 4b, -3a; -2b, & 0 0
ag by -a3 b, § by 0 0 0
0 a by -a b, & by 0 0
0 0 & b, -a -b, & b O
0 0 0 as b, -a -b, & by
lg=|Ag|=|0 O 0 0 5a; 4b, -3a; -2b, &|=agigk?>0. (16)
0 0 0O b5a 4b, 3a3 -2b, & O
0 0 b5a; 4b, -3a3 -2b, § 0 0
0 5a 4b, -3a; -2b, § 0 0 0
0

5a; 4b, -3a; -2b, & O O O

Tak sk a5 >0, To |; >0 1 HeoOXigHI yMOBM CTIiMKICTb PIBHOMIPHHUX OO€pTaHb ABOX
IPY>KHO 3B’ A3aHUX ripockoniB Jlarpanka, ofMH 13 IKUX Ma€ PiIUHY, BU3HAYAETHCS YOTUPbMaA
HepiBHocTsIMH (13)-(16).

Ipu BixcyrHocTi npyxHocti y mapaupi (K=0) maemo by =3 =0 i piBusuus (11) mae
JIBOKpAaTHUW HYJIOBHH KOpPiHb. B IbOMY pa3i yMOBH CTIHKOCTI MOTpPeOYIOTh JOAATKOBHUX

JIOCJIIKEHb.
3anumemo ymoBu criiikocti (13)-(16) BimHOCHO KoedilieHTa MPYKHOCTI CHEpUIHOro

mapHipy K:
I3k + 139 >0;

l53k® + 15,k + gk + 15y > O;

Kononos 0. M.
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1,6k® + 176k° + ...+ 10k + 159 > 0; (17)

(f98k8 +lg kT o Tk + fgo)kz >0,

e
31 =5(A + Ap)as >0; Igg = 4a5( f5+10ﬂ2);
176 = 435 (104 + s ) f7:+ 4147 ):Tog =162 f; + 442 )2: (18)

fs=3A°—5A A +3A% >0; f, = (A — Ay’ >0.
[H1mi koeditieHTH HE HABEEHO Yepe3 iIXHIO TPOMI3IKICTb.
I3 mepiBHOCTei (18) BumMBae, mo npu 4 # 0 crapmi koedimienTn lgp, lgz, 176 1 g

HepiBHOCTe#t (17) nomaTHi i mpu 301IbIIeHI KoedillieHTa TPYKHOCTI K I1i HEPIBHOCTI 3aBXKIU
OyayTh BUKOHAaHI.

TakuM 4yuMHOM, HEOOXIJHI YMOBM CTIMKOCTI PIBHOMIPHOIO OOE€pTaHHS JBOX HPYKHO
3B’s13aHUX TipockomiB Jlarpanka, OoOuH 3 AKMX Mae€ 1J€ajibHy pIAMHY, 3aBXIuU OYyIyThb
BUKOHAHI IIPU JIOCUTh BEJIMKUX 3HAYEHHSIX Koe(illleHTa MPYXKHOCTI IIApHIpa 3a YMOBH, ILO
IEHTP Mac TMEpIIOro TipoCKoma 3 PIAMHOK abo0 IpPyroro He 30IraeTbcs 3 iX 3arajibHOMO
TOYKOIO.

6 BHUCHOBKHU

BuBezneHi piBHSHHS oOepTaHHS BUIBHOI CHCTEMH JABOX MPYXKHO IMOB'SI3aHUX T1POCKOIIIB
Jlarpanka, OUH 13 SKAX Ma€ JOBUIBHY OCECHMETPHUYHY IMOPOKHUHY MOBHICTHIO 3alIOBHEHY
17ICJIbHOI0 HECTHCIIMBOIO PiIMHOK. TBepAau Tima 3’€IHaHI MPYXKHUM BiJHOBIIOBAJILHUM
chepuyHUM MmapHipoM. BuBeneHO TpaHCIEHACHTHE XapaKTEepPUCTUUHE PIBHSAHHS 30ypEeHHOIO
PIBHOMIpHOTO O00EpTaHHS PO3TJISIOBAHHOI MEXaHIYHOI cucTeMu. [loka3zaHo, 1110 KO LEHTP
Mac MepIIoro TBEPAOro Tijia 3 PiAMHOI0 ab0 IPYTroro CHiBMAJAl0Th 13 3arallbHOI0 TOUKOIO IUX
TBEPAUX TiJ, TO XapaKTePUCTHYHE PIBHSIHHS pO3MaJacThcs Ha JBa piBHAHHA. [lepiie
PIBHSIHHSI ONHCY€ KOJMBAHHS OJHOrO Tripockomna Jlarpamka 3 pIIUHOI Ha SIKUH i€
BiJTHOBJIIOBAJILHHI MOMEHT, a Ipyre — OJIHOro ripockorna Jlarpamxka 06e3 piuHu Ha SKUH Tex
Ji€ BiTHOBIFOBAJIbHUN MOMEHT. 3 ypaxXyBaHHS OCHOBHOT'O TOHY KOJIMBAHHS PiTUHH OTPUMAHO
XapaKTepUCTUYHE PIBHSHHA I1'sitoro nopsaky. Ha miacrasi kputepito Jlbenapa — Illinapa,
3allMCaHOr0 B IHHOPHOMY BHIVISII, BUIMCAHI y BUIVIALI CHUCTEMH YOTUPbOX HEPIBHOCTEN
HEOOXIJTHI YMOBHU CTIHKOCTI PIBHOMIPHOrO OOe€pTaHHs TipockolmiB Jlarpanka Ta piIHHU.
BinHocHO KoedilieHTa MPYKHOCTI 1Ii HEPIBHOCTI MOIOTH BiamoBigHo 1, 3, 6 ta § crymeHi.
[IpoBeneHi aHAMITHYHI JOCHTIKEHHS CTapIuX KoedilieHTiB yMOB cTiikocTi. [Toka3aHo, 1110
KOJIM IICHTP Mac MEepIIoro TBEP0ro Tija 3 PIAMHOW abo Apyroro He 30iraroThes 13 3araJibHOIO
TOYKOIO IIUX TUI, TO IPH JOCUTh BEIMKHUX 3HAUEHHS KOe(ILI€HTa MPYKHOCTI 3aBXKAU OyAyTh
BUKOHAHI HeoOXiiHI yMOBU cTidikocTi. Ilpu BIACYTHOCTI MHpYKHOCTI Yy INApHUPI
XapaKTepUCTUYHE PIBHAHHSA MAa€ JBOKpPaTHUNM HYJOBUH KOpiHb 1 B IIbOMY pa3l YMOBHU
CTIHKOCTI MOTPEOYIOTh TOAATKOBUX AOCIIKEHb. OTpUMaHi YMOBH CTIMKOCTI € TOYHUMU JIJIS
eincoinanbHOl MOPOKHUHU 1 HAONMKEHUMH Ui 1HIIMX OCECHMETPUYHHUX MOPOXHUH. Jlis
YTOYHEHHSI OTPUMaHUX YMOB CTIKOCTI B IIbOMY pa3i HOTPIOHO BPaxOBYBAaTH J0JATKOBI TOHHU
KOJIMBAHHS 171€abHOT PiIUHU.

Kononos 0. M.
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7 TOISIKA

JlocikeHHsT BUKOHAaHI B paMKax MpOrpaMHO-L1Jb0BOI Ta KOHKYypcHO1 TemaTuku HAH
VYxpainu Ne 2-19-I1 (HaykoBo mocimigHa po6ota 3a Temoro Bb-15-18-21/479) 1 6ynu gacTkoBO
nigTpumana rpantoM Big @ouay Cimonca (Haropoma 00010584, [Ipe3anneHTChKI quCKpeIiiHi
IpaHTH Ha MATPUMKY YKpaiHu, onepkyBady Kononos F0.M.).

8 ETWYHI IEKJIAPAIII

ABTOp cTaTTi HE Mae BiAMOBIAHMX (piHAHCOBHUX YW He(iIHAHCOBUX IHTEPECIB, AKI CIix
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PERTURBED MOTIONS OF A NEARLY DYNAMICALLY
SPHERICAL RIGID BODY WITH A MOVABLE MASS SUBJECT
TO CONSTANT BODY-FIXED TORQUE

D. Leshchenko?!, T. Kozachenko?
'Odesa State Academy of Civil Engineering and Architecture

Abstract: The problem of motion of a rigid body about a fixed point is one of the classical
problems of mechanics. The interest to the problems of the rigid body dynamics has increased in the
second half of the XX century in connection with the development of rocket and space technologies. A
spacecraft or satellite, while orbiting about its center of mass, experiences torques from forces of
diverse physical nature. This includes torques generated by the motion of internal masses, which can
arise from factors such as presence of rotating components (like rotors or gyroscopes), and the
activities of crew members aboard the crew vehicle. The dynamics of rigid body incorporated moving
masses is a significant focal point in classical mechanics. Extensive research is dedicated to
investigating the rotation of a rigid body featuring motion of internal masses. It is assumed that the
body contains a viscoelastic element that is modeled by a moving mass connected to the body by a
strong damper. The moving mass model loosely attached elements in a space vehicles, which can
significantly affect the vehicle’s motion about its center of mass during a long period of time. Some
cases are considered of the motion of a rigid body containing internal masses connected to the body by
means of elastic and dissipative elements. A number of works are devoted to the analysis of various
problems of the dynamics of space vehicles containing internal movable masses.

The paper develops an approximate solution by means of averaging method to the system of
Euler’s equation terms for a nearly dynamically spherical rigid body containing a viscoelastic element
under the action of constant body-fixed torque. We obtained the system of motion equations in the
standard form which refined in square-approximation by small parameter. Asymptotic approach
permits to obtain some qualitative results and to describe evolution of angular motion using simplified
averaged equations and numerical solution. The main objective of this paper is to extend the previous
results for the problem of motion about a center of mass of a rigid body under the influence of small
internal torque (cavity filled with a fluid of high viscosity) or external torque (resistive medium). The
importance of the results is in progress of moving mass control motion of spinning projectiles.

Keywords: nearly dynamically spherical rigid body, moving mass, constant torque.

3BYPEHI PYXU BJIM3BKOI'O 10 JUHAMIYHO COEPUYHOI'O
TBEPJIOI'O TIJIA 3 PYXOMOIO MACOIO ITIJA AI€IO
MNOCTIMHUX MOMEHTIB B 3B’I3AHHUX 3 TIJIOM OCSIX

Jlemenxo JI. JI.}, Ko3auenxo T. O.}
'00ecvra depacasna axademis 6ydisnuymea ma apXximexnypu

Anotanin: TIpoGiema pyxy TBEpOro Tijia BiTHOCHO HEPYXOMOI TOYKU € OJIHIEI0 3 KIACUIHUX
3aJad MexaHiku. [HTepec Mo 3amad AWHAMIKM TBEPAOTO TiJla MOCHIMBCSA B APYTid momoBuHi XX
CTOPIYYS B 3B’ 3Ky 3 PO3BHTKOM PaKETHO-KOCMIYHOI TEXHIKH.

KocMmiunmii kopabesnb ab0 CYNMYyTHHK B CBOEMY pyCi BIIHOCHO IIGHTpa Mac 3a3HAa€ BILIUB
MOMEHTIB cHJI pi3HOI (izn4yHOl npupomu. Lle, HaNpUKIIaa, MOMEHTH, BHKJIMKAHI PyXOM BHYTPIIIHIX
Mac, sIKi MOXYTh BUHHKATH Yepe3 Taki (paKTOpH, SK HasBHICTh 00EPTOBHX KOMIOHEHTIB (POTOPIB,
TipPOCKOMIB), @ TAKOXK MEPEMIILIEHHSIM eKiMaXXy B BUMAJKY MiJIOTOBaHOTO anapary. /J[uHamika TBepaoro
TiJIa 3 PyXOMHUMH MacaMmy 1€ BaXJI1Ba MpodjieMa KIacCMYHOI MEXaHIKH.

D. Leshchenko, T. Kozachenko
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Benuka xinpkicTh poOIT MpHCBSYEHA AOCIIIKEHHIO OOEpTaHHS TBEPAOrO Tijia 3 PYXOMHMHU
MacaMH, 3 TPYKHHMH Ta JUCHIIATUBHUMH ejleMeHTaMH. [Ipuimyckaerscs IO TIIO MICTUTH
B’ I3KOIPYKHUI €JIEMEHT, SIKUIl MOZETIOETHCS PyXOMOI MAacol0 3’ €HAHOI0 AEMII(EPOM 3 KOPIIYCOM.
HasiBHICTD pyXOMOi Macu MOJICITIOE TIPUCYTHICTh HEXOPCTKO 3aKPITUICHUX €JIEMEHTIB Ha KOCMIYHOMY
amaparti, 10 [IPHU TPUBAJIOMY IMEPiOAl Yacy Ma€ CyTTEBHU BIUIMB Ha HOTrO pyxX BIIHOCHO IIEHTPa Mac.
Psin myOuikariiii MpuCBsSYEHO aHai3y PI3HUX MPOOJeM JAWHAMIKM KOCMIYHUX arapariB, M0 MiCTSTh
BHYTpIIIHI pyxomi Macu. BuBuamuce mpoOneMu CTIMKOCTI Ta HECTIHKOCTi, a TakoX Mpodiemu
KepyBaHH: 1 cTabimizalii pyxiB.

B crarri mpoBereHe acHMNITOTHYHE pO3B’S3YBaHHS 3a JOMOMOTOI0 METONY YCepeTHEHHS
cucteMH piBHsHB Eiinepa 3 10JaTKOBUMHU 30YpIOIOYMMH MOMEHTaMH JJisi OJM3BKOTO A0 AUHAMIYHO
c(hepryHOro TBEPAOro Tija 3 B’SA3KOMPYKHUM €JIEMEHTOM IIiJ] €0 CTaJOr0 MOMEHTY B 3B’SI3aHHX 3
TizioM ocsix. OfiepkKaHO CUCTEMY PIBHSHB PyXY B CTaHAApTHil QopMi, sika yTOUHEHa B KBaIPATUIHOMY
HaOJMDKEHH1 33 MaJIUM [apaMeTPOM.

3a JI0MOMOro0 acCHMMITOTHYHOIO IMiAX0AY OCpaHi SKiCHI pe3y/IbTaTd Ta OMKMCaHa C€BOJOIiS
pyXy Tina 3 JOMOMOTOI0 yCepeJHEHHX DIBHSIHB i YHCEIBHOrO IHTETrpyBaHHs. B poOoTi po3BHHYTI
pe3ybTaTH IOCTiIKEHb OMEPeaHIX 3a/1a4, PO3rIITHYTHX aBTOPaMH, PO PyX TBEPAOro Tija Hix €0
MOMEHTIB, 00YMOBJICHHX MOPOKHHHOIO 3 PIAMHOI0 BENHMKOI B’SI3KOCTI 200 CEepeloBHINA 3 OMOPOM.
Opneprkani pe3yabTaTH BaXXJIMBI B MPOLIEC YIIPABIIHHS PYyXOM Tijia 3 Macoro abo it pyXiB 00epTOBHX
CHapsIIB 3 Macolo.

KiouoBi ciioBa: 61m3bKe 710 JUHAMIYHO C(EpUYHOTO TBEPIE TLIO, pyXOoMa Maca, MOCTiIHHUHA
MOMEHT.

D. Leshchenko, T. Kozachenko
https://doi.org/10.31650/2618-0650-2024-6-2-18-30 19




V1/2/2024
Crop. 18-30 / Page 18-30

MexaHika Ta MareMaruuHi meroau /
Mechanics and mathematical methods

1 INTRODUCTION

The analysis of objects containing elements with distributed and lumped parameters is of
interest both from the theoretical points of view. Constructive results for systems containing
quasi-rigid bodies have been obtained. These models assume that the motion is close to the
motion of perfectly rigid bodies. The influence of nonidealities can be taken into account
using asymptotic methods of nonlinear mechanics. It is reduced to including additional
disturbing torques in the Euler equations of the angular motion of a fictitious rigid body. The
dynamics of the motion of rigid bodies with internal degrees of freedom were studied in
number of publications.

2 ANALYSIS OF LITERATURY DATA AND RESOLVING THE PROBLEM

The dynamics of a rigid body incorporating moving masses is a significant focal point in
classical mechanics. Extensive research is dedicated to investigating the rotation of a rigid
body featuring motion of internal masses. A number of problems in the indicated field and the
works in this direction are described in [1-8].

In [1, 9], scenarios involving the motion of a rigid body containing movement of internal
masses are explored. Several problems concerning the motion of a rigid body incorporating
elastic and dissipative components are investigated in [10-13]. [14] tackled the issue of
minimum-time deceleration in a resistant medium for the rotation of a dynamically symmetric
rigid body containing a viscous-elastic element. [15] focused on the challenge of achieving
quasi-optimal time-based deceleration for a gyrostat featuring a moving mass in a medium
with resistance.

In [16] the influence is estimated of the moving point masses (linear oscillations) on the
stability of uniform rotation of the Lagrange top.

Paper [17] delved into the motion of a rigid body that is close to dynamically spherical,
and houses a cavity filled with a highly viscous fluid. In [18], researchers explored the motion
of a nearly dynamically spherical rigid body, also with a cavity containing viscous fluid but at
a low Reynolds member. They provided insights into both the qualitative and quantitative
aspects of its motion in a resistive medium. [19] focused on the motion about the center of
mass of a nearly dynamically spherical rigid body with a cavity filled with highly viscous
fluid, which was subjected to constant body-fixed torque. The motion of a nearly dynamically
spherical rigid body with highly viscous fluid under the action of constant body-fixed torques
is investigated in [20].

In [21] qualitative and quantitative results of motion of a nearly dynamically spherical
rigid body with a moving mass attached to the body by means of elastic coupling were
presented. Paper [22] extended the investigation of rigid body motion presented in [17] by
adding another (third) component of the gyrostatic moment. In [23] the results of [17] was
generalized to charged rigid body.

The paper [24] study the motion about the center of mass of a nonsymmetric rigid body
influenced by two small perturbation torques: a constant one in the body-fixed axes and a
linear dissipative one depending on the angular velocity.

In the works [25, 26] analytical solutions are obtained for the problem of a rigid body by
a torque which is constant in the body-fixed axes.

In paper [27], the analytic solution has been introduced for the rotation of a rigid body
having spherical ellipsoid of inertia subjected to a constant torque.

Let us examine the motion of a dynamically asymmetric rigid body about its center of

inertia, featuring a movable point mass m connected via an elastic linkage to a point O,

located on one of its principal axes of inertia. We assume that the torques which is constant in
the body-connected axes have the form
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M? =&*M, =const, i=1,2,3 1)

where 0 < & <<1 is a small parameter.
The origin of Cartesian coordinate system, connected with the rigid body, is placed at the

center of inertia of the body with point mass, whereas the basic vectors ¢, €,,€, of the system
are directed so that vector e, coincides with axes on which point O, is located. Then radius-

vector of point O,, p =pe, where, we assume p > 0.

In references [1, 9], a vector equation was derived to describe the alteration of the vector
® within the coordinate system linked to the body.

Jo-o+(0-J7-0) = D)+ O(Q* 1*Q°) (2)

Here J, denotes the inertia tensor of a rigid body containing a moving mass when
referenced with respect to point O, o is the absolute angular velocity of the body, vector
function @ includes the terms of the orders of Q7 and AQ™. The quantities
Q* =c/m, L =38/m, characterize the frequency and decay time of free oscillations, ¢ is a
stiffness coefficient, and & is a viscous friction coefficient.

Perturbation torques in (2) are small, provided

O = o o 3)

Free oscillations of the system decaying long time before the body performs one
revolution [1, 9].

To obtain equations (2) and assess their level of error, you can refer to [1, 9]. Function
@(w) isa polynomial containing the fourth and fifth order of o [1, 9].

Having evaluated the vector function @ as per [1, 9], the equation (2) for our problem,
when expressed in terms of projections on axes e, e,, e,, takes the shape

dp

A—F
dt

+(C-B)ar =-p’m{Q7qr(Q p* +K,q* + Lr*) +
+ Q7 p[q* (M, p* + N,g° + Rr?) +r3(S,p° +T,r*)] + &°M,

Bz—?+(A—C)pr=_p2m{Q2pr(Q2q2+K2p2+LZr2)+ "
4
+2Q7q[r* (M,0° + N,r* + R, p*) + p*(S,0° +T,p*)] +&°M,

C%JF(B— A)pq=-p’miQ*r*(A+C-B)(B+C - A)x
x A'B[(A-C)B'p’ +(B-C)A'q’]+&*M,

The tensor of inertia J, of the rigid body, whose point mass m is superposed with O,
obtains the form

A0 O
J,=|0 B 0], (®)
0 0 C

where A, B and C are the principal moments of inertia of the rigid body, p, g, r are the
components of the absolute angular velocity .
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The right-hand sides of two equations (2) comprises coefficients
Q K,L, M,N,R,S,T,Q,, K,, L, M,, N,, R,, S,, T, that are specific expressions
containing A, B, C. For instance,
A-C ,C-B ,B-A _(A-C)B-A) ,(B-A)C-B)A-C)

B A C BC ABC

We have chosen not to reference in our paper other expressions from (4) such as
K., ..., T, due to their drawbacks.

If A=B, & =0 the system (4) reduces to the corresponding system in [1, 9].

Q=-1-5 (6)

3 PURPOSE AND TASKS OF THE STADY

Take into consideration a nearly dynamically spherical rigid body, where the principal
central moments of inertia of the unperturbed body can be expressed in the following manner

A=J,+eAN, B=J,+¢B, C=],, ()

where 0< g <<1 is a small parameter.

According to (2) Q%, 2Q™ are small parameters in equations of motion (4). We assume
that, i.e. Q2 ~&%, 10" ~&?, 1072 ~1.

For &£=0 equations of motion (4) depict the motion of a body exhibiting spherical

symmetry.
We also make an assumption
|A— B| =0(£%d,), |A - B'| =0(egd,), J,~J,. (8)

Then, after (7), (8) the following equations are provided
A-B=g(A'-B)=¢’J,, A-C=¢4, B-C=¢B. 9)

After applying transformations to the system (4), we derive the perturbed Euler system.

Relations (7)—(9) and transfer to show time 7 =&t are considered (terms of order & and
higher are rejected):

dp _ B’ A
_p:—[l—g‘)—]qr'i'gflp(plq!r)! p(O): pO’

dr J, 0

dg A B’

— =——|1-e— |pr+ef_(p,q,r), 0) =q,, 10
i ‘]0( ejojp ef,(p,a,r), q(0)=q, (10)
dr A'-B’

d—: paq+¢f,(p,q,r), r0)=r,.

T NR

In the given equation, r is a slow variable. The set of differential equations in (10)
constitutes a nonlinear system, wherein the frequency is contingent upon the slow variable.
The perturbations were incorporated within (10).
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_pzm

_ O , 207
ef,(p,q,r)= {Q ‘qrh,, +J—qr(hl2 - Ahy)+

J p(q2h21+r2h31)}+
0 0

0
+8&(1—8A),
Jo Jo
_pzm
0

+g&(l—gi),

JO ‘]0

_ 2

ef, (p,q,r)= pzm AQ7 P (A'p? + B’q2)+g%,

JO ‘]0
O = q2 + pz +r?, O, = A'(pz +3r2) + (3A'_ZB,)q21
9y =2(A'-B")p*-B'r*, g, =(A'-B)q*+p®),
h,=-0,, h,= B'(q2 +3I’2) —-(2A'-3B’) pz’

h, =(B'-A)@* + p*+2r?), h, =-AT%

. Q? , Q™
et (p,q,r) = {Q "proy, T3 pr(g, +B'gy,) + 3 q(r’g, + ngsl)}+ (11)

0 0

The perturbation torque of the influence of a movable mass in the rigid body is
small [1, 9].
The solution of the unperturbed system (10) for £ =0 is as follows
Joawsing

=acos g, = r=r,. 12
p » q BT 0 (12)

In the given equation, a=./p?+(p,/w)> is the amplitude, @ =wr+g¢, is the phase,

w=rJAB' J,» AB'>0, ¢, is the initial phase, cosg, =p,/a, sing, =—q,B'/A" /a
supposedly.

We transition from the slow variables p, g, r to the standard slow variables a, r and
the phase ¢ by implementing a change in variables:

Jo,awsin g
B'r
We differentiate equations (13) considering a perturbed system. Through a series of

transformations, we arrive at the system in its standard form, where the point represents the
time derivative of 7)

p=acosp, q=- , r=r. (13)

acosp—-agsing =-aw(r)sinp+¢f, ,

asin¢>+agbcosq>:aw(r)cosw—,/%gfzq, (14)

P B oA az,’%sin¢c05¢+gf2r, W(r):JL\/A'B’,

‘]0 0

oty = wnysing oty of, =efy, ([ of, s 2w cosp o st
1, A 1, A

We will address the equations (14) with a focus on solving for a and ¢ , resulting in the
derivation of a system:
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. fB’ :
a=¢f, cosp-ef,, Esm(p,

@=w(r)— 1 2pSiNQ — 15%,/%005@ (15)
a

= B,_Araz,fﬁsin coso + ¢ f
JO B, §0 (0 2r*

We insert (13) into the third equation (11) for the variable r. With the standard
transformations, we arrive at the system of equations:

!’ !

a=¢ awsingcosp +&f, cosp—ef,, /%sin(p,
0

P B A A,Singocosgo— (16)
3. 2\B

M,
'OJ AQ7*r* (A'a® cos® go+B( B ) sin g0)+gJ—

0 0

—p? J,awsin 2
ef,,cosp= P mCOS(p{ %[(9‘l gj A (-r* —a*cos’ g — ( 3,8 ) sin® )] +
0

-4

)
+£j—[B’(32 (0 )sm P)—(2A - 38’)<’;\2(:oszgo]+/m acos g x

0 0

x[(J ) sin® p(-2r* —a’ cos® ¢ — ( 3,8 ) sin (/))+A'r4]}+gJ—(1 EJA)COS(D,
0 0

2 -2

gflqsingoz_p msingo{l’aCOS(o[(Ql gj B")(r* + a* cos’ (p+( 3,8 ) sin® ) —
0 0
Q—Z
—J—(A(3r +a’cos’ @) + (3A' - ZB)( 3,8 ) sin® )]+

0
x[r?(2a* cos® p(A'— B') - B'r®) + a’ cos® p(A’' — B")(a’ cos? (p+( 3,8 ) sin go)]}

+g|\;|—(1 g—)sm(p

0 0
In this system of equations, the value w(r)=rvA'B'/J, represents the perturbed
frequency of the converted system. If we average system (16) over the phase ¢ [28], we
obtain:

a=pBy(ad’ +na’r’ —ar?),
r=pAar? +g%. a7
J

0

The notations are introduced at this point:

2 ’ 12
_ptm ., 10, A (. A 1,
P o -2 g=21-2 ) o LaoBy
F="y 7= 2( B’j sl 57 ) 773l )
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We transform system (17) to:
dx
dr
dy oz, 2My

—=2BAXy" +¢ .
dr PAYY J \/y

0

= 2Byx(ax® +nxy —y?),
(18)

Here we include the slow variables x=a*, y=r?>0 in system (18).

3 BASIC RESULTS

System (18) was numerically resolved using the initial conditions x(0) =1, y(0) =1 and
task factors m=1 p =1, ¢=0.1, constant moment projection M, =-0.135. The values of
the components of the moments of inertia are presented in Table 1.

The graphical representations of the varying values x=a? and y=r? (the squared

equatorial and axial components of the rigid body angular velocity vector) are represented in
two cases (Fig. 1-4) when parametersare 4 =98, Q=10 and 1 =9, Q=3.

Table 1
Components of moments of inertia.
Case J Al B’
1 1 0,51 0,5
2 3 0,83 0,8
x(T)
1.006 e
—_—
1.004 4
1.002 +
1 7] T T
30 40 a0

T

Fig. 1. The plots of changing value X in the cases (1) and (2) for
A=98 Q=10
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Fig. 2. The plots of changing value y in the cases (1) and (2) for

2=98, Q=10

x(t)
1.0151 e ————

2 e —

N
1.010 - -

-~
e
1.005 1
1 I T T T

[
(.
—
=

. 13 20 25

Fig. 3. The plots of changing value X in the cases (1) and (2) for
A=9, Q=3

050+

023

Fig. 4. The plots of changing value y in the cases (1) and (2) for
A=9, Q=3
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4 DISCUSSION OF THE RESULTS OF THE STUDY

Variable x (Fig. 1, 3) has a slight increase, maximum value which is achieved in case 2 (
A/C<l1l5)at 1=9, Q=3 andisequal to x=0.016. However, in case 1 (A/C ~1.5), the
growth rate is observed at the initial values of time, regardless of the values A, Q, satisfying
the condition (3).

The variable y = r? (Figs. 2, 4) asymptotically approaches zero. In the case of a ratio of
moments of inertia A/C ~1.5 (the first case), the decrease y occurs faster than in the case of
A/C <1.5 (the second case). Also, the nature of the decrease of the axial component depends
on the values of 4, Q.When 1=9, Q=3 the axial component decreases faster than when
A =98, Q=10 (with the other parameters being the same).

S CONCLUSIONS

The motion of a nearly dynamically spherical rigid body with a movable mass under the
action of constant body-fixed torques is investigated. We obtain the system of motion
equations in standard form, which refined in square approximation by small parameter.

The averaging method was applied to the nonlinear system of rotational motion
equations. The evolution of rigid body motion is described. The importance of the results is to
applications such as analyzing angular motions of spacecraft, in moving mass control, and
reentry vehicles.
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VK 539.3

AHAJII3 PIBHOBATYM TOHKHUX OPTOTPOIIHUX IIJIUT HA
TPUIIAPAMETPUYHUMU ITPYKHIN OCHOBI

Jeasebknii M. B.Y, Mikyaiu C. B.!
Ulyyekuii nayionanshuii mexuiunuil ynieepcumemn

AHoTania: Y crarTi po3B’si3aHa 3ajada Mpo JOCTIHKEHHS CTAaTUYHOI PIBHOBAaru TOHKHUX
OPTOTPOMHUX MPSAMOKYTHHX ILUIAT, IO CIUPAIOTHCS HA TPUIIAPAMETPUYHY TMPYKHY OCHOBY. Jlyist
PO3B’A3aHHS MOCTABJICHOI 3a7a4i y poO0Ti MOOyA0BaHO MareMaTuyHy MOJEb TOHKOI 3aJ1i300€TOHHOT
TUTUTH SIK OJTHOPITHOI OPTOTPOMHOI 3 ycepeqHeHuM MonyiieM ['yOepa. 3amponoHOBaHO MareMaTUdHy
MOJIENTh TPUIIAPAMETPUYHOT MPY>KHOI OCHOBH 3 YPaxXyBaHHSIM TEPTS MiXK HI)KHBOIO TIOBEPXHEIO ITATH
Ta OCHOBOW. Po3poOnenuii Merox aHammily piBHOBAarW TakKUX IUIAT JJO3BOJISIE OTPHUMATH TOYHHMI
PO3B'SI30K PiBHSAHHS PIBHOBAru 3 ypaxyBaHHSAM I'PaHHMYHUX Ta IOBEPXHEBHX YMOB B OKPEMHUX BYy3Jax.
Ilig wac yucnoBoi peaiizawii po3poOICHOro MiAXOAy 3alpONOHOBAHO MPOLEAYPY I'eHepawii Takux
By3:iB. PO3B 130K piBHSIHHSI PiBHOBArd MPEACTABICHO Y BUTIISII CYMH CHIJIOBUX (DYHKIIIH MPOTHHY Ta
foro ¢yHkuiii popMu, MOMHOKEHUX HA HEBIOMI MapaMeTpH, AKi TPAKTYIOTECS SIK CTYIiHb CBOOOIN
rtacTiHd. TakWi MiAXij JTO3BOJHMB 3 BHCOKOI TOYHICTIO 3aJOBOJLHUTH TPaHHYHI Ta MOBEPXHEBI
YMOBH.

Ha ocHOBI oTprMaHuX pO3B’S3KiB IMPOBEJCHO aHalli3 HAIPYKEHO-1e()OPMOBAHOTO CTaHy TOHKOT
OJTHOPIZIHOI OPTOTPOINHOI KBaJPaTHOI IIACTUHH, IO TOBHICTIO 3aTHCHYTa MO KOHTYpY AJISl BUIAJKY,
KOJIM TUTHTA TTJIA€ThCS BIUIMBY PO3IOAIJICHOTO HABAaHTA)KEHHS Ha 1l BEPXHIM YaCTHHI Ta CIIUPAETHCS
Ha TIPYXHY OCHOBY. Ha ocHOBi orpuMaHuX y poOOTi po3B’s3KiB Ta (OPMYJ, OTPUMAHHX 1HITUMH
aBTOpaMH IPOBE/ICHO MOPIBHIBHUN aHalli3 pe3y/bTaTiB ISl BUMAAKY TPhOX THINB MPYKHUX OCHOB:
TpUIlapaMeTpuyHa OCHOBA, OCHOBA BiHkIiepa Ta IimTa 3 BiUIGHOK HIXKHBOIO MOBepxHer0. Ha ocHOBI
YHICIIOBUX PO3PaxyHKiB BCTAHOBJICHO, IO MPYKHA OCHOBA iCTOTHO 3MEHIITY€ IPOTHH, HAXUJ i MOMEHT
y tumri. PesymbraTH, oTpuMmani g Moxenm BiHkiepa Ta TphOX-TIapaMETPUYHOI MOJET,
Biapi3HsaroTecs Ha 3% Ta 1,5% aus mporuHiB Ha MOMEHTIB BiIIOBiTHO. BeTaHoBIEHO, 10 pe3ybTaTy,
OTpHMaHi B paMKax 3alpoIOHOBAHOI MOJENi, MPAaKTUYHO HE 3aJeXkaTh BiJ KoedillieHTa TepTs Mix
HIDKHBOIO TIOBEPXHEIO TUTMTH Ta (PYHIAMEHTOM.

Kiro4oBi cjioBa: TOHKI OpTOTPONHI IUIACTUHH, TpUIapaMeTpu4yHa OCHOBAa, (YHKIII CTaHy
nepeMillieHb 1 HanpyXeHb, QyHKIIii Gopmu Ta cuir, KpaioBi Ta MOBEPXHEB] BY3IIH.

EQUILIBRIUM ANALYSIS OF THIN ORTHOTROPIC PLATES
ON A TRIPARAMETRIC ELASTIC BASE

M. Delyavskyy!, S. Mikulich!
'Lutsk National Technical University

Abstract: The paper deals with the problem of studying the static equilibrium of thin orthotropic
rectangular plates resting on a three-parameter elastic base. To solve this problem, a mathematical
model of a thin reinforced concrete slab as a homogeneous orthotropic plate with an averaged Huber's
modulus is constructed. A mathematical model of a three-parameter elastic foundation is proposed,
taking into account the friction between the lower surface of the plate and the foundation. The
developed method for analyzing the equilibrium of such plates allows obtaining an exact solution of
the equilibrium equation, taking into account the boundary and surface conditions at individual nodes.
During the numerical implementation of the developed approach, a procedure for generating such
nodes is proposed. The solution of the equilibrium equation is presented as the sum of the deflection
force functions and its shape functions multiplied by unknown parameters, which are interpreted as the
degree of freedom of the plate. This approach made it possible to satisfy the boundary and surface
conditions with high accuracy.

Henssepkuit M. B., Mikymiu C. b.
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On the basis of the obtained solutions, the stress-strain state of a thin homogeneous orthotropic
square plate completely clamped along the contour is analyzed for the case when the plate is subjected
to a distributed load on its upper part and rests on an elastic base. On the basis of the solutions
obtained in this work and formulas obtained by other authors, a comparative analysis of the results for
the case of three types of elastic bases is carried out: a three-parameter base, a Winkler base, and a
plate with a free bottom surface. Based on numerical calculations, it was found that the elastic base
significantly reduces the deflection, tilt and moment in the plate. The results obtained for the Winkler
model and the three-parameter model differ by 3% and 1,5% for deflections and moments,
respectively. It is established that the results obtained within the proposed model practically do not
depend on the coefficient of friction between the lower surface of the plate and the foundation.

Keywords: thin orthotropic plates, three-parameter basis, state functions of displacements and
stresses, shape and force functions, edge and surface nodes.

Henssepkuit M. B., Mikymiu C. b.
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1 BCTVYII

ToHKI OPTOTPONHI MJIACTUHH, IO CHUPAIOTHCS HA IMPYXKHI OCHOBU, € MOJAEISIMU
HANHOUIbII MOMIMPEHUX EJIEMEHTIB KOHCTPYKIH, 1110 BUKOPUCTOBYIOTHCS B PI3HUX Taily3sx
MIPOMHUCIIOBOCTI Ta OyiBHUIITBA. 30KpeMa, TaKi MJIACTHHHU € MOAEIIMHA GyHIAMEHTHHX 0aJlOK
i mrt. Po3poOka METOAIB OIIHKM NPOTHHIB MPSIMOKYTHHUX OPTOTPONHUX IUIACTHH Ha
NPYKHI OCHOBI J03BOJISIE BIIPOBAJAUTH OTPUMAaHI PE3yNbTaTH MPU MPOCKTYBaHHI 0aratbox
1H)KEHEPHO-TE€OJIOTTYHUX CIIOPY/I Ta KOHCTPYKITiH.

Y n;iteparypi aBTOpaMU BHUKOPHUCTOBYIOTHCSI pi3HI MOJENl MNPY>KHOI OCHOBH.
Haitnpocrimoro € mozens Binkiepa, 1m0 HalGIbII 4acTO BUKOPUCTOBYETHCS B 1HKEHEPHHUX
po3paxyHkax. Lle Haiimpocrima Mojaenb, B sKid mependadacTbesl JiHIHHA 3aJeKHICTh MK
IIPOTMHOM IUIACTUHU Ta peakuiero OocHOBU. IIpore, BuUKOpucTaHHS 1€l Mozenl J03BOJIIE
OTpUMAaTH TOYHHMM pO3B’A30K Jumie 11 OaloK Ha cTadld NpYXHIH OCHOBI. Y BHIAIKY
no0y0BU PO3B’A3KIB 3a1ayl 3rMHY TOHKHMX IUIACTUH BHUHUKAIOTh II€BHI TPYIHOILI, 10
OB’ s13aH1 3 HAOJIMKEHICTIO OCHOBHHMX TiMOTE3 MPH PO3B’sI3aHHI 33/1a4 KJIACUYHOI TeOpii 3TUHY
Kipxroga. Lle Teopist nepopmyBaHHS HyJIbOBOIO MOPSIKY, OCKUIBKM TYT HEXTY€EThCS BILIMB
nedopmariii 3cyBy.

2 AHAJII3 JIITEPATYPHUX JAHUX TA IIOCTAHOBKA INPOBJIEMU

Amnaniz 3runy mnactud Kipxroda, mo omnuparoThCsi Ha TPYXHY OCHOBY Binkiepa,
BHKOHAHO aBTOpaMu y poOoTax [1] Ta [2] 3 BUKOprcTaHHsM BapiamiiHoro meroay ["anopkina-
BrnacoBa. Metonuky po3B'si3aHHS 3a/a4i PO TOHKY MPSIMOKYTHY OPTOTPONHY IJIACTUHY, IO
CIUPAETHCSI HA OCHOBY BiHKIepa, po3pobiieHo B poooTi [3].

AHaJi3 3ruHy JOBUIBHO HAaBAHTAKEHOI IMOBHICTIO 3aTHCHYTOI OPTOTPOIHOI MPSAMOKYTHOT
MJIACTHHH, IO CIUPAETHCS HA MPYXKHY OCHOBY, BUKOHAHO TaKOX Yy poboti [4]. Po3s's30k
OTPUMAaHO B paMKaX KJACHYHOI Teopii IMJIACTHH 3a JOMOMOIOK METOAY CKIHYEHHHMX
IHTETpaJIbHUX MEepeTBOpeHb. UYMCIOBI pe3ynbTaTH J00pe Y3rO[KyIOThCS 3  I1HIIUMHU
pe3yibTaTaMH, MPENCTaBICHHMH B JiTepatypi. B pobori [5] mpoaHami3oBaHO NWHAMIYHY
MOBEJIHKY IUIACTUHM Ha OcHOB1 Binkinepa. IlnactuHa HaBaHTaXyeTbCsd CHJIAMH, IO
BUHUKAIOTh  OpU  mocafmi  JiTaka.  EQeKTUBHICTH  3alpoONOHOBAHOTO  MIAXOTY
MPOIEMOHCTPOBAHO B YUCEIBbHUX JOCIIKEHHSX.

VY poborti [6] BU3HAUYEHO OCHOBHI HEeqOTiKK Mojeni BiHkiepa: BUXiX IPYHTY € HE TUTBKH
i KOHCTPYKII€I, ajieé ¥ Maibke 30BHI; PIBHOMIPDHO HaBaHTa)XCHA KOHCTPYKIIS HE
MIPOrUHAETHCS OJTHAKOBO, @ 3TMHAETHCSA; KOE(DILIEHT 3EMJSIHOTO IOJIOTHA HE € CTajuM, a
3aJISKUTh B1J] KOHQIrypalii KOHTaKTHOI IOBEPXHI Ta 30BHINIHHOI'0 HABAHTAXKEHHS.

BukopucroByroun wmozenb BracoBa, y poGortax [7] Ta [8] BHBYCHO mMOBEIiHKY
NPSIMOKYTHOI TUIACTUHU Ha MPYXHill ocHOBi. JlochmiyKeHHsT BUKOHYBAJIMCS 32 JIOMOMOT OO
METOAY CKIHYEHHUX €JIEMEHTIB.

M. Celik ta A.Saygun y [9] po3poOMJIM KOHIICHI[i0O CKIHYCHHHX €JIIEMEHTIB IS
IUIACTUH, L0 JIeXaTb Ha MPYXKHIA OCHOBI, sKka BpaxoBye nedopmalii 3CyBy B MOBEIIHIII
IUTAaCTUHHU.

HaiiBioMilor0 MOJENII0 TMPY)KHOI OCHOBH, sIKa IIHPOKO BUKOPUCTOBYETHCS B
IHXKEHEPHUX pO3paxyHKax, € JABoMapaMeTpudyHa Mozeiab BiHkiepa-IlacrepHaka. Bona mae
JIBa TMapaMeTPH JYKOPCTKOCTI: KOE(Ili€EHT MONEpPEeUHol )opcTKocTi Binkiepa 1 koedilieHT
3cyBHOI xopcTKocTi [TactepHaka.

VY nitepaTypi OTpUMaHO BEJHMKY KIJbKICTh PO3B’SI3KIB IS KPYIVIMX IUIacTHH. B
po6orti [10] posrnsmaeTbes 3amada  3TUHY KpyIloi IUIACTMHM, W0 CHUPAETbCA Ha
JBOMIapaMeTpUYHy MpYyXkHY OCHOBY BiacoBa. PosrnsnmaroTbes nBa TUIHM MoOAeNnell OCHOBH:
MONIEPEYHO 130TPONHA OCHOBAa Yy BEPTHUKAJbHOMY HampsAMKy Ta ocHoBa [iOcona B
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rOpu3OHTaIbHOMY. [l7si po3B's3aHHA 3a7a4l BUKOPUCTOBYETHCS iTepaliifHa mpouenypa. Ak
IPUKIIAJ PO3TJISIHYTO IUIACTUHY, 110 COUPAETHCS Ha TpaaulliiiHy ocHOBY BiacoBa, Ha siKy Jiie
30CepeKeHa CHJia, MPUKIaAeHa B LEeHTpl miactuHu. B poboti [11] orpumano po3B’s30k
3a/1aui 3ruHy KpyrJiol IUIaCTHHH, OOMepTol Ha JBONApaMeTpUYHy MOJEIb MPYXKHOI OCHOBHU
Binknepa — IlacTepHaka, 10 HFMJ)KHBOI IOBEpPXHI SIKOI MPHKIAJICHO TOPU30HTAJIbHY Ta
BEePTUKAIGHY CHJIM Tijla, IO Mi0OTh Big ocHOBU. B poOoti [12] B pamkax monmudikoBaHOi
Mojen BrnacoBa 3 BUKOPHCTaHHSIM ITEpalliifHOrO METOqy pO3B'A3aHO 3ajady JOCHIKEHHS
CTaTUYHOI PIBHOBAru KPYroBUX TOHKHX IUTACTUH, [0 ONHUPAIOThCA HA TMPYKHY OCHOBY
I'iGcona. JlocmipkeHo BIUIMB HEOAHOPIAHOCTI IPYHTY Ha 3TUH IUIACTUHHU.

VY poGori [13] aBTOpamu Oyso IOCHIPKEHHS 3a/lady 3TMHY NPSIMOKYTHOI IJIACTUHHM, L0
JEeXUTh Ha MPYXHIH OCHOBI, B pamKkax MoauikoBaHoi Moxeni Bracosa. Ilpu mociimxenHi
BUKOPHCTAaHO YOTHPHUBY3JIOBUH 3THHAIBHUM €JIeMEHT MNpAMOKYTHOI IuIacTMHU. Marpwui
’KOPCTKOCTI MJIACTUHU Ta OCHOBU oUiHIoBanucs 3a gonomororo MCE. Otpumani pe3yabTaTtu
I00pe y3ro/KYIOThCS 3 IHIIUMH pe3ybTaTaMu, TOCTYITHUMU B JIITEPaTypi.

P. Baofeng Ta iH. y [14] oTpuMaB poO3B'sS30K 3a1a4i PO 3alIeMJICHY MPSIMOKYTHY TOHKY
IUIACTUHY, 110 CIHPAETbCSl HAa IPY)KHY OCHOBY 3a JOHNOMOI'OI0 METOAY CHUMILJIEKTUYHOI
cyneprnoszuuii. Lleli Mmeron npugaTHMi 11 JOCHIIKEHHA JAedopMmauniidi Ta 3ycuib Y
IUIACTUHYACTUX €JIEMEHTAX 3a PI3HUX I'PAHUYHUX YMOB.

YTo4yHEeHa Teopis TOHKUX IIACTUH, IO OMUPAIOTHCS HA MPY>KHY OCHOBY, PO3TISHYTa
C. Valabhan ta A. Zenkour B podorax [15] Ta [16]. F. M-H. Huan ta D. P. Thambiratnam y
[17] mpoBeneHO aHaji3 HAMPYKEHOTO CTAaHy MJIACTUHU Ha MPYXKHIH OCHOBI 3a JIOTIOMOTOO
METOAY CKIHYEHHUX CMYT.

M. Delyavskyy y mparsix [3], [18]-[21] po3BuHyTO MeTo] TpHUMaHHS PO3B’SI3KIB 3a7a4y
3TUHY JUI TOHKAX OPTOTPOITHHUX TUIACTHHYACTUX €JIEMEHTIB MPSMOKYTHOI ()OPMH Ha TIPYKHii
OCHOBI1 BiHKJIepa 3a BUKOpHUCTaHHS MaKpOECJIEMEHTHOT'O METOY.

3 HWIb TA BAJAYI JOCJIIIKEHHSA

MeTtor0 nociipKeHHS € MoOyJoBa pO3B’S3KiB 3adadi MPO AOCTIIKEHHS CTaTHYHOL
pPIBHOBAaru TOHKMX OPTOTPOMHHUX MPSIMOKYTHHX ILTUT, IO CIIUPAIOTHCS HA TPUMIAPAMETPUIHY
MIPYKHY OCHOBY.

Jlns po3B’si3aHHS TOCTABIIEHOI 3a7a4l y poOoTi choppMylIbBaHO Ta BUPIIIEHO HACTYIHI
3aB/IaHHSA .

1) moOymoBaHO MaTeMaTHYHY MOJENb TOHKOI 3a71i300€TOHHOI IUIUTH SIK OJHOPITHOI
OpPTOTPOMHOI 3 ycepenneHuM moxayiem ['yoepa;

2) 3ampollOHOBAHO MAaTEMATHYHY MOJEIs TPUIApaMETPHYHOI TPYKHOI OCHOBU 3
ypaxyBaHHSAM TePTs M HH)KHbOIO TOBEPXHEIO MIJIUTH Ta OCHOBOIO;

3) po3pobiieHO MeTOA aHali3y piBHOBAaru, L0 JO3BOJISIE OTPUMATH TOYHMH PO3B'S30K
3aja4l 3 ypaxyBaHHSM I'PaHUYHUX Ta MOBEPXHEBUX YMOB B OKpPEMUX BY3Jax;

4) 3amponoOHOBAHO MPOIENYPy T'eHepallii By3JOBHX €JIEMEHTIB, 110 [03BOJISE eheKTUBHE
IPOBEACHHS YUCJIOBOr0 aHAJ3y 3 BUCOKOIO TOUHICTIO.

Po3B’s30Kk pIBHSHHS pIBHOBAru MHNPEACTABIEHO Yy BHUIVIAAlI CyMH CHJIOBMX (DyHKLIN
MPOruHy Ta Woro QyHKIiH GopMHU, TOMHOKEHHUX Ha HEBIJIOMI MapaMeTpH, SIKi TPAKTYIOTbCS
SK CTYIiHb CBOOOMW IIACTHHU. Takwil NiAXia J03BOJUB 3aJI0BOJIBHUTH TPaHUYHI Ta
MMOBEPXHEB1 YMOBH.

4 PE3YJIbTATHU JOCJIIKEHb

PosrasiHemo 3agady MmonepeyHoro 3ruHy TOHKOI OPTOTPOMHOI MPSIMOKYTHOI IUIACTUHH
TOBIIMHOK N, 110 3HAXOmUTHhCA MiA JI€I0 HOPMAJbHO PO3MOAIIIEHOrO 30BHINIHBOTO

HaBaHTaXeHHS (X, X,) Tap(X,X,) NPUKIAZCHOTO [0 BEPXHbOI Ta HHKHBOI IOBEPXHI

Henssepkuit M. B., Mikymiu C. b.
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IJIACTHHHM  BIANOBigHO. BigHecemo 11 10 JekapToBOI CHUCTEMH KOOPIMHAT OX, X, X,

PO3MICTUBILIM MOYATOK KOOPJIWHAT Y IEHTPI Baru ractuHu. Oci KOOPAUHAT COPSIMYEMO TaK,
SIK TIOKa3aHo Ha puc. 1.

Zal

K
Vl ‘ VZ

T
|
|
|
|
|
L

T

) qlrnxg)

X3
Puc. 1. Mopenb TOHKOT PSIMOKYTHOI TUIACTUHU Ha TPY)KHIH OCHOBI

PiBHSIHHS pIBHOBaru Takoi IJACTHHU 3aIMUCYIOTHCS y BUTJISL

4 4 4
Dy, %’ +2D,, affg(; +D, ZX‘;V =q-p, (1)
ne
D, =(Dy, +2Dg). (2)
Tyr D, D,, — 3runampHa >KOPCTKICTb BITHOCHO oced X, TaX,, D, — KpyTunabHa

)KOpCTKiCTI), D12 — OD0JaTKOBA XapaKTCPUCTUKA )KOpCTKOCTi, W(Xi, X2) — IIPOIr'H IJIAaCTUHH.

[InactTuHa mignaeTscs Ali 30BHIMIHBOIO PO3MOAUICHOIO HABAHTAXKEHHSI 3 1HTEHCHBHICTIO
q(xl, XZ), 10 MPHUKJIAJCHE JO0 BEPXHBOT MEXI1 MIacTUHU. [0 HMKHBOI MOBEPXHI MPUKJIAICHI

peakxiii OCHOBU [,,. SIKIIIO MIaCTHHA JIKUTh Ha MPYKHINA OCHOBI (puc.l), To p(xl, Xz) =TI,

TOOTO peakilisi OCHOBH, CIIPSIMOBAaHA HA HIKHIO TIOBEPXHIO TJIACTUHH, BUKJIUKAHA MIPOTUHOM
IJIACTHHU.

Haiinpocrimow Moaeuto Ipy»KHOI OCHOBH € Mozienb BiHkiepa, ne nependavaerses, mo
peaKiisi OCHOBHY IPOIOPIIiiiHA TPOTUHY TUIUTH

Iz = Kow, 3)

ne napametp K, € koedili€eHTOM )KOPCTKOCTI OCHOBH. 3HaYEHHS LIbOr'0 KOe(DIili€eHTa AJIs

PI3HUX THUIIB IPYX)HOI ocHOBM HaBeaeHo Z. Konczkowski y [36].
BiamosinHo 10 moneni Binkiepa, 10 HIOKHBOT ITOBEPXHI IUIUTH MPUKJIAAIOTHCS JOTHYHI

peaxitii, ras,(a:l, 2) SKi BHUKJIMKaHI 3CyBaMH MDK HIKHBOK TIIOBEPXHEIO IUIMTH Ta

¢ynnamentom. llpumycTumo, IO BOHM HPONOPIIiHMHI AOTHYHMM IepeMillleHHsM U, U,
HWKHBOI TIOBEPXHI IJIACTUHU

h; =— K1u1| I = —K2U2|X3=h/2 . (4)

X3=h/2"'
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[Tapametpu K, K;,K, — xoedillieHTH IPY>KHOI OCHOBH. Y IIbOMY BHUIIaJIKy MAaEMO, 1110
p(Xl,Xz):I’33+I’13+r23. )

BpaxoByroun, 1mo B Teopii TOHKHX IJIACTHH JOTUYHI MEPEMIIIEHHS BU3HAYAIOTH SK
HOX1/IHY BiJl IPOTHMHY IIJIACTUHU, MOKHA TIEPENUCAaTH CHIBBIIHOIICHH (4) y BUIIISAAL

h ow h ow
r,=—K,—, r,,=—K, — 6
13 2 18)(1 23 2 28)(2 ()

ne K., K, —€3cyBHI ’KOPCTKOCTI Y JBOX B3a€MHO NEPIEHANKYJIAPHUX HANIPSMKaX.

[MinctaBnstoun cmiBBigHomenus (3), (6) B piBHsHHA (1) OTpUMaeMO HEOTHOpiTHE
npocTopoBe nudepeHIlianbHe piBHSIHHS YETBEPTOro MOPSIKY, SIKE OMKUCYE MOBEAIHKY TOHKHUX
OPTOTPOMHUX IJIUT, OOTEPHUX HA TPUMIAPaMETPHUUHY MPYKHY OCHOBY

o'w o'w o'w oW oW
Dy —F+2D;—5—+D,, — +Kw+K, —+K,—=q (7)
O OX; OX; OX, o, OX, '

Ha BigmiHy Big BigOMUX Yy JiiTepaTypi piBHSHb, BOHO MICTHTh MapHI Ta HEMapHi MOXiJIHi
MPOTUHY IIACTHHH, 110 1CTOTHO YCKJIQIHIOE MOJEITb.
3aranpHui po3B’s30K piBHAHHA (1) momamMo y BUIVIAAI CyMH 3arajbHOTO PO3B’SI3KY

OZIHOPIJJTHOT'O PIBHAHHA W, Ta YaCTMHHOI'O POB3’A3KY HEOJHOPIAHOTO W,
W =W, + W, (8)
3aranbHUI PO3B’ 30K OJHOPIAHOTO PIBHSHHS 3alUIIEMO Y TEH30PHOMY BHTJISIAI
WO = fkps (Xs ) .Tkp(S—s) (X3fs) . (9)

ne fi (XS) € HeBILOMUMH QyHKUIsMA 1 Ty (xs) - 3aJ1aH1 TPUTOHOMETPUYH1 PYyHKIIIT

Tess (%) =SIN( 8 X, )i Tyas (X ) = COS (X, ) (10)

ks s ks s

[TapameTpu O, pO3paxOBYIOTHCS 3a HACTYIIHUMH (HOpPMYJIaMH

(kY7
O = o (11)

S

ne a, - ue posmipu mracturu, p=12;s=12;k=1,...,K. Ilapamerp K Bu3Hauae TOUHICTH

po3B’s13Ky. TyT BUKOPHCTOBYETHCS MPABUIIO MiACyMOBYBaHHs ElHIITElHHA.
[lepenncyroun Bupaszu st (9) momo iHIEKCIB P, S OTPUMYEMO

Wo(X1’X2): fk21(X1)C05(5k2X2) + fk11(X1)Sin(5k2X2)+
+ 2 (%) €08 (8%, ) + fipp (X,)SIN (8%, ).

[Tincrasisitoun npencrasieHHs (10) 1 (12) y oxgHopinHe pIBHSHHS, 3BEIEHO 3ajady [0
PO3B’s13aHHS 3BUYANHOrO AU (EPEeHLIaJbHOr0 PIBHAHHS 3 YOTUPMA HEBIIOMUMU (YHKLISIMU:

Dy, { 131 (%) €08 (5%, )+ fi& (%)sin &, (%, )+

5k41 f (Xz)cos(gklxi) + 7:1 fis (Xz )Sin (5k1X1)} -

- 2D33 {5k22 fk"21 (Xl) C05(51<2X2 ) + 5k22 fk“11 (Xl)Sin (5k2X2 ) +
+00 Fiap (%) €08 (84X, ) + 0 i (%, )sin (8, )| +

(12)
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+D,, {5y Fion (%) €08 (8,2%, ) + 8, Figy (%) 5iN (5%, ) +
iz (%) €08 (8% )+ 18 (%, )sin (5, )} +
K { fian (%) €08 (8%, )+ fiuy (X,)sin(S,%, ) +
Fizp (%) €08 (8% ) + iy (%,)siN (5%, )} +

+ Kl{ feo (X,)€0S(8,,%, )+ fiuy (X)SIN (8%, ) —

s ez (% )SIN (8,0 )+ Byt ey (%) 008 (5%, )} +

Ky { =6z Fion (X,)8In(8,%, ) + 8y Fiay (X, ) c0s (5%, ) +
+ Tz (%,)€08 (8%, ) + Fiyp (%, )SIN (8,0%, )} = 0.

Binokpemitoroun 3MiHHI, OTPUMA€EMO CUCTEMY 3 3BUYAHHUX AU(EpeHLIaJbHUX PIBHSHb
YETBEPTOro MOPSAAKY, IKY MOXKHA PO3JILJIUTH Ha Bl HE3aJeKHI CUCTEMHU AU(]epeHIiaTbHuX
piBHsHB miozno HeBinomux ¢ynkuiit f, (X,),s=12,p=12:

(13)

kps

Dy fioy) (%) = 2D58% Ty (%) +( D8y + Ky ) iy (%, ) +
+K, fo (%) + Ky, s (%) =0

Dy, iy (%) -2Dy5, fkﬂll(xl)—i_(DZZé‘I?Z + Ko) fiaa (%) +

+K, e (%) = Ky, fepn (%) =0

(DuSis + Ko) Frap (X% ) = 2D3g82 Fry (%, )+ Dy £00) (%, ) +
+Ky 8 fraz (%) + K, fip (X,) =0

(DuSiy + Ko) Feao (X5 ) = 2D5g02 iy (%, )+ Dy £ (%, ) —

K8 fiao (%) + K, fepo (X, ) =0

(14)

Po3B'A3KM X CHCTEM MPEACTAaBUMO y BUTJISIL:
ips (X ) = Rigs €XP (X, ), k=1,...K ,p=1,2;5=1,2 (15)
[TimcymoByBaHHS 1010 1HIEKCIB k, p, S HE BUKOHYETHCHI.

I migcraBnstoun (15) y piBHHsA (14) Ta BpaxoByrouwu, IO exp(ﬂkpsxs);to 3BEIEMO

03B sI3aHHS 3a/ayl O CHCTEMH JIHIMHUX aiareOpaiuHuX pIBHSAHHS BIJHOCHO HEBIJOMHX
koediuientiB R, 1a R, ,5=1,2

Rt (D = 2D50545 + KAy + Dy, + Ko )= Ry K6y, =0,
Ra1KoSeo + Ry ( Dy — 2D3s85,4% + Kidy + D00 + K, ) = 0;
a2 ( Doy = 2D550 Ay + KA, + D06 + Ky )= R, K8, =0,
RaoKiBi +(DaoAds —2Dys00 4% + KA, + Dy + K, )Ry, =0.

(16)

D

(16) mMae HeHyJBOBHI PO3B’S30K KOJIM BH3HAYHUK CHCTEMHU PIBHUU HYIO. 3 ypaxyBaHHSIM
IIbOr0 OTPUMAEMO XapaKTEPUCTUYHE PIBHSAHHSA JJI1 MapaMeTpiB A, BHIY:
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2
(Dllﬂ'k4l - 2D33§k22ﬂ'k21 + KAy +(5;2 D,, + Ko)) +(K25k2)2 =0
(Dzzﬂvz 2D, 51&2 + KA, + (531 i +K )) (K15k1)2 =0

(17) e anrebpaluHMMU PIBHSHHIMHU BOCBMOT'O MOPSIAKY 1 MAIOTh JIMIIIE KOMIUIEKCHO-CIPSDKEHI
KOpEeHi

ﬂ'ksv = aksv + iﬁksv; ﬂ‘ks(v+4) = ZKSV V= 1+ 4’ (18)

1106 otpumatu miitHi po3s’si3ku (15) yci koedirienTu

(17)

R, =C (v=1..,4)

kpsv kpsv kpsv

MarTh OyTH KOMIUIEKCHO-CIIpsDKeHi. B pesyibraTi cucremu piBHsHB (16) craroTh NiHIAHO
3aJIeKHUMU. BBaxkaTMeMo, 1110 He3aIeKHUMH € HACTYIHI PIBHSIHHS:

R 11 ( Dllﬂlfl - 2512222'131 + KAy + D225|?2 +K, ) - |§21K2§k2 =0, (19)
Resz ( 2221<2 2Dy0, 121<2 + KA, + D115k41 + Ko)_ Iikzz K16y = 0.
Sk moka3aHo paHille, KOeQilieHTH ﬁkplv, F~2kp2\, (p=12), Takox € JIiHIAHO 3aJIEKHUMHU.

Sk HesanexHi BuOepemo koediumienTd R, dyHKuii fkls(xs), AKI TPaKTyBaTHMEMO SK

CTYIEHI BIJIbHOCTI IPOTMHY IJIACTHHH.
Po3paxyeMo cTeneHi KOMIUIEKCHUX KOPeHIB A, =, +if, :

ﬁ'kzsv = (akzsv _ﬁkzsv ) +i (Zaksv ﬂksv )’
g, = (e, =3, Bl ) +i(-B2, +30, B ). (20)
A, = (s, + Be, —6af, BL, ) +i (4, — 4, B2))-

Ta po3aiymMmo mepmy 3 piBHsSHb (19) Ha aificHy Ta ysBHY 4YacTUHH. Y pe3yJibTaTi MU
OTPUMAEMO CHCTEMY JIBOX aireOpaidHMX PIBHSHB IOJ0 YOTHPHOX 3arajlbHHUX IMapameTpiB
C Skpsv’ ) S

kpsv
C..iS

klsv -

v=1+4 p=12 i Bupasumo koedimientn C yepe3 KoedilieHTH

kpsv ? kpsv

k1sv

Ck21v = Kkllv 'Ckllv - Lkllv 'Skllv’

< 5 21
SkZlv = Lkllv 'Ckllv + Kkllv 'Skllv ( )

BuKkoHaBIIM aHAJIOrIYHI TMEPETBOPEHHsS i JApyroro piBHsHHA cuctemu (19),
OTPUMAEMO:

Ck22v = Kk12v 'Cklzv - LklZV 'Sklzvv
Sk22v = Lk12v ‘Cklzv + KklZv 'Sklzv-

(21

TyT BBEICHO TakKi MO3HAYCHHS:

|:D11 Re(ﬂklv) 2D335k22 Re(ﬂmv)"'K Re(Aklv)—'— Dzzgljz +K ]
K,d,
[Dlllm(ﬂ'k‘llv)_2D335k22|m(ﬂklv)+K1|m(ﬂklv):|
Liaw = K.o
2%2

Kkllv
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[ D, Re(4,,) ~2Dy6% Re (43, )+ K, Re (A, )+ Dudi + KO]
KoM
[Dzzlm(,1k“2V)—2D33 SAIM( A%, )+K,Im(Ay, ) ]
K5, '

Kk12v =

Lk12v =

[Ipy pOMY MM TOTOXXHO 3aJJOBOJIbHSIEMO CHCTEMY piBHSHb (16) 1 OTpUMyeMO TOUHHUUI
PO3B’s130K AM(EPEHIIaIbHOIO PIBHSHHS, SKHI ONMHUCYy€ CTaH PIBHOBArM TOHKOI OPTOTPOMHOL
IUTACTUHY, 10 COUPAETHCS HA TPUIApaMETPUUYHY MPY>KHY OCHOBY.

BBeneMo HOBI MO3HaUYEHHS

C 2SK1sv = —Ryq .0 (22)

kisv — ksv !

ne Ry, Rgwyigy - MAIACHI HEBIIOMI, WO XapaKTepU3ylOTh CTYIIHb CBOOOAM IIPOTHHY

IIacTUHU. BuKopucToByIOuUM OTpUMaHI 3aJ€KHOCTI MICAS TPOMI3AKUX IEPETBOPEHb MU
BUPA3UMO pO3B 530K piBHAHB (15) y BUTIISIII:

fle ( S) Rksv stv ( s ) + Rks(v+4)q)ksv (Xs)
fk25( ) R \Pksv ( )+ Rks(v+4)kav(Xs),V :1,...4 (23)

ksv

ta audepeHuianbHuX piBHsAHb (14) yepe3 pyHaaMeHTa bHI QYHKIT:

exp(aksvxs )Sin (ﬁkSVXS) .

F (X ): exp(aksvxs)cos(ﬁksvxs). CI) (X ):
“ ) eXp (aksv as ) ’ < ) eXp (aksv as )
\Pksv ( ) Kklsv stv ( ) KkZSvCDksv ( ) (24)

kav ( ) Kklsv(I)ksv ( ) Kstv stv ( )

BuxopucTtoBytoun crhiBBigHOIIEHHS (24) 3anmuiieMo 3arajbHUil pO3B’SI30K OJHOPIAHOTO
piBusnEs (7) y Burnazi

Wo(X1vX2) =RW, ksv(xl X )"‘ Rks(v+4) ks(v+4)(X1 Xz) (25)

Beneni ¢pynxmii:

Wksv (X17 XZ ) = \Pksv (Xs )COS<5k(3—s)X(3—s) ) + stv ( S )Sin (5k(3—s)x(3—s) )
Wks(v+4) (Xl’ X2 ) = kav (Xs ) Cos (§k(3—s)x(3—s) ) + CDksv (Xs )Sin (5k(3—s)x(3—s) )
Wksv (Xl’ X2 ) = lIIksv (Xs )COS (5k(3—s)x(3—s) ) + stv ( S )Sin (§k(3—s) X(3—s) )

Ha3BeMO (YHKLISIMU (OpPMH NMPOTHUHY IUIACTUHH, a BBEACHI Koedimientn R, , - sk crymeHi

kpsv
BUIbHOCTI mporuHy tuiactuad. Ockinmeku Max: K=K, p=2,s=2,v=4, 1o ix 3arajpHa

KijbKicTh gopiBaoe 16K.
[Ilo6 oTpuMaTH YACTUHHHKA PO3B 30K JAHQEPEHIIaIbHOr0 PiBHAHHS (7), MU CIIOYATKY
PO3KJIa1a€EMO 30BHILIIHE HaBaHTaXEHHS ((X;, X,) y TpuroHometpuuHi psinu Dyp’e

q(xl’ XZ) = qumnTpml(Xl)anZ (XZ)’ (26)

A€ BBOOATHCA HaCTyl'IHi TMMO3HAYCHHS .

(x) = sin(s,.x,), p=1, (x)= sin(,,%,), 9=1
P cos(8, %), p=2 M7 |cos(S,X,), q=2
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5sm=M; S =_’]_, 2.
2a

S

Koeoiuientu psany (26) Bu3HayaroThes 3a popMyamMu:

qumn :ai_ I Iq(X1'XZ)Tpml(Xi)anZ(XZ)dXdel;

YacTuHHHIN pO3B’A30K piBHIHHSA (7) IPEICTABUMO B TAKOMY K BHIJISII

We =W T om ( X )an2 (XZ ) (27)

Lleil po3B’A30K oOmUCye pIBHOBAry BHYTPIIIHIX peakiiii 1 30BHIIIHHOIO HABaHTAXEHHS,
NPUKIAJCHUX B OJHUX 1 THX € TOYKaxX Ha MOBEepxHi miuacTuHu. IliacTaBisioun BUpasu s
¢GyHKUi (HopMU MPOTHHY 3 ypaxyBaHHS TPUTOHOMETPHYHHMX PO3KIaaiB y piBHsHHS (7),
OTPUMY€EMO CHCTEMY aireOpaiyHuX pIBHAHb YETBEPTOro MOPSAKY BIAHOCHO HEBIAOMUX
koedinienTiB Wy, Wi, Wo, o W,

11mn? " 12mn? " "21imn?

1 a a,
a

2 —ay-a,

(Dllé‘rﬁl + 2D33§ri15r122 + D22§:2 + KO )W22mn + I<15m1W1 + I<25n2W21mn = Q22mn'

2mn
(Dllérf11 + 2D335nil§nzz + D225:2 + I‘<O )W21mn + Klé‘ml\/\/llmn - KZé‘nZ\NZZmn = QZlmn’
(Dllénil + D33 25ri15r122 + D225r‘|42 + KO )lemn - Klé‘ml\NZZmn + KZé‘nZ\Nllmn = QlZmn'

(D + 2D335rﬁ1}/r?2 + D225:2 + Ko )W _W21mn K15m1 - K25n2W12mn = Qllmn'

115:11 11mn

Ha ocHOBI oTpuMaHHX pO3B’SA3KIB 3a BHUKOPUCTaHHS BIAOMHUX 3 Teopii TOHKUX
OPTOTPOITHUX IUIACTMH (OpPMYJ, MOXKHA JIETKO OTPUMAaTH BHUpPA3ud sl BHU3HAYCHHS
nedopmariiii Ta BHYTPIIIHIX CHUJIOBUX (DAKTOPIB JJIsI MOJENI IJIACTHHH, IO CHUPAETHCS HA
TpUIapaMeTPUUHY MPYKHY OCHOBY.

5 OBI'OBOPEHHA PE3YJDbTATIB JOCJII/UKEHHSA

VY SKOCTI TeCTyBaHHS pO3p00JIEHOTO METONY JOCIITUMO PO3TOLI MPOTUHIB TA MOMEHTIB
y OpSIMOKYTHIiH 3ai300€TOHHIN MJHTI, 10 PIBHOMIPHO HaBaHTa)kKeHA Ta 3aTHCHEHA B3JIOBXK

rpanuni. [lpuiimemo, mo po3mipu MmTH 23 =6M,2a, =4M, ToBuMHA h=0,2Mm.
Po3paxyHKM BHMKOHAa€eMO Ui BUIAJKY, KOJM IHTEHCHBHICTb PIBHOMIPHO-PO3IOALIEHOTO
0= 20kH /»*. TInuta cKkimagaetbcs 3 OeToHHOI Matpumi 3 Moayiem FOmra

E. = 2,3-10°H / m*> Ta koedinientom Ilyaccoma Vv, =0,2, sxka y [IBOX B3a€EMHO
TepreHIMKYIIPHAX HAMPAMKaX apMOBaHa CTajleBMMH pyTaMu 3 MofyineM E, =2-10"N/m?
Ta xoedinientom Ilyaccona v, =0,3 yacTku B IUIMTI B HaIIpsAMKaX OCeH X, Ta X,CTAHOBIATh
1, =0,2%, 11, =0,4%, a BincraHi BiJ LEHTPIB MiACUIEHHA A0 CEPEAHbOI IUIOLMHU IIUTH
d,=0,06 Ta d,=0,046 m BigmOBiAHO.

BukopuCTOBYIOYHM yCepelIHeHI MOAYJl IOIMEePEeYHO-apMOBAHOT 3alli300€TOHHOI ILIUTH,
samporoHoBani T. M. Huber y [22], 3amiHuMO reTeporeHHHH KOMITO3UT Ha OJHOPIIHUMN
OPTOTPOIHUH 13 3aJaHUMHU ePEKTUBHUMH (yCepeaHEHUMHU ) Moy asamu [23]:

3 3
D=t [y M o) p,= B (M, M g
1-vi{12 14+ny 1-vi(12 1+ny,
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& =v, Dy ’ D662 =v, DD, ' (28)
D, D,, 1-V; 2(1+v,)
E . . .
ne n=—>- pigHomeHHs Moxayins lOura apmarypu (crtami) Ta Oerony. KoediuieHT

C

unamenty K, =107 H [ v?.
M Y Ko

[lpunyctuMo, 110 BBEAEGHI TYT YCEpEOHEHI MONAYNI € JKOPCTKICTIO Ha BWIHH,
CKpPYYyBaHHS Ta 3MillIaHy >KOPCTKICTh OPTOTPOITHOTO MaTtepiaily, IO BXOAHWTH 0 PIBHSHHS

1) - ).

VYcepenHeHi 3Ha4€HHS )KOPCTKOCTEN pUiiMaucs BIANOBIIHO pIBHUMU

D,, =16366372H / °,
D,, =16747508 H / /°,
D,, =6622337 H | »,
D,, =3311168 H / .

JKopcTkicTh 3a11300€TOHHOI IJIMTH PO3paxoBaHo 3a Gpopmynamu ['yoepa (28).
KpiMm TOro, mpu po3paxyHKy BpaxOBYEThCS, IO KOeQillieHTH (YyHIAMEHTY IIOB'sI3aHi
HACTYITHUM YHHOM:

K, =pKo: Ky =p,K,,

ae  py, P, —KoeQilieHTH TepTs MDK (YHIAMEHTOM 1 HHMJKHBOIO IIOBEPXHEIO IUIUTH.

[TpunyckaeThbes, 110 BHACIIIOK OPTOTPOIii MaTepially MIACTUHHM Il KOoe(dillieHTH Pi3Hi B ABOX
B3a€EMHO TEPICHIUKYJISIPHUX HampsMKax. BiamoBimHo no [23] koedimieHT TepTs OETOHY 00
IPYHT 3MiHIOEThCS B nianazoHi p =0,3...0,6 3amexHo BiJ THIY Ta CTaHy IPYHTY.

Po3paxyHku moBemeHO NS Pi3HOI  KITBKOCTI KpalOBUX BY3JdiB, PIBHOMIPHO
PO3MOAUICHUX IO KOHTYpY IulacTuHu. Y mnepmomy HaOmmkenHi (K=1) Oyno obGpano

(N=8) Bysnis, y npyromy (K=2) — (N=16) By3:iB i TaK jaai.
Ha puc.2 mokazaHo 3MiHy NPOrHHY IJIACTHHM B 1i HEHTPaNbHIN UISHII (X2 :O) TUTST

nepiroro (N=8), npyroro ta tpetsoro (N =24) HaOIMKEHb.
-3 -2 -1 1 2 3
& #X1

o L

0.00005 +
0.0001 +
0.00015 +
0.0002 +
00025 +

—N=8 ---N=24

Puc. 2. [IporuH neHTpaIbHOT AUITHKU (x2 = O) IUTACTHHH 151 Pi3HOT

kimpkocTi N KpaiioBuX By3JiB
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3HaueHHs NPOTMHY B PI3HUX TOYKax Iepepidy NpeicTaBiieHl B Tabmuui 1 g pizHOi
KiJbKocTi HaOmmkens N

Taoauns 1

3HaUYCHHS MNpOruHy MmIaCTUHU HeHTpaJ'ILHO.l. )liJ'ISIHKI/I IJIaCTHUHHU

X KinbKicTh By37iB
! N =8 N =24 N =40 N =160

0 | 2.9724E-04 | 2.9876E-04 | 3.0357E-04 | 3.0358E-04
0,3 | 2.9612E-04 | 2.9763E-04 | 3.0221E-04 | 3.0221E-04
0,6 | 2.8996E-04 | 2.9144E-04 | 2.9526E-04 | 2.9527E-04
0,9 | 2.7757E-04 | 2.7898E-04 | 2.8166E-04 | 2.8167E-04
1,2 | 2.5716E-04 | 2.5848E-04 | 2.5979E-04 | 2.5980E-04
1,5 | 2.2698E-04 | 2.2814E-04 | 2.2802E-04 | 2.2803E-04
1,8 | 1.8588E-04 | 1.8683E-04 | 1.8536E-04 | 1.8537E-04
2,1 | 1.3476E-04 | 1.3545E-04 | 1.3284E-04 | 1.3285E-04
2,4 | 7.8188E-05 | 7.8588E-05 | 7.5262E-05 | 7.5264E-05
2,7 | 2.7027E-05 | 2.7165E-05 | 2.3976E-05 | 2.3965E-05
3 | 1.3032E-06 | 1.3099E-06 | 8.9465E-10 | 2.6149E-12

AHamni3 pe3yibTaTiB, NpPEACTaBICHUX Yy Tabiuui 1, mokasye, 110 3HAYEHHsS MPOTHHY
LEHTPaIbHOI AUISSHKU IUIACTUHU IPAKTUYHO HE 3aleXaTh BiA KUIbKOCTI KpalOBUX BY3JIB.
YucaoBi po3paxyHKH MOKa3ajid, IO Pe3ylbTaTH PO3PaXyHKIB MPAKTUYHO 30iraroThCsi B
tpetbomy HaOmmkenni (N = 24).

[IpoBeneHi MOCHIKEHHS TOKAa3ald, IO TOYHICTh 3aJ0BOJICHHS T'PaHUYHHX YMOB
IPOTMHY IJIACTUHU BXKeE B MepLIOMy HaOinkeHH1 (8 By3/1iB Ha KOHTYpI IUIACTUHU) JOPIBHIOE

6-10"m. YV nmBamuatn HabmwxenHsx (160 kpailoBMX By3HiB) I TOYHICTH JOPIiBHIOE
310" m .

BukopHcTOBYIOUM 3alpONOHOBAHHUN AJTOPUTM PO3PAXyeEMO BEIUYMHM HAaXWIiB U, B

OKpEMHUX TOYKaxX LEHTPaJbHOro mepeTuHy X, =0. BigmoBimHi pe3ynbTaTH pO3paxyHKIB
HaBeJIeHO y Tabuii 2.

Tadoaung 2

Benuunan HaxumiB U, LEHTPAJIbHOIO IE€PETHHY

X, = 0mutu

- KinpKicTh BY3710BUX TOYOK
N=8 N=24 N=40 N=160

0 -7.9226E-11 | -8.1747E-11 | -8.1819E-11 | -8.1821E-11
0,3 | 1.5822E-06 | 1.7757E-06 | 1.7713E-06 1.7712E-06
0,6 | 3.4355E-06 | 3.7874E-06 | 3.7838E-06 3.7837E-06
0,9 | 5.7823E-06 | 6.2348E-06 | 6.2382E-06 6.2382E-06
1,2 | 8.7285E-06 | 9.2202E-06 | 9.2318E-06 9.2318E-06
1,5 | 1.2186E-05 | 1.2666E-05 | 1.2680E-05 1.2680E-05
1,8 | 1.5733E-05 | 1.6161E-05 | 1.6171E-05 1.6172E-05
2,1 | 1.8478E-05 | 1.8802E-05 | 1.8806E-05 1.8807E-05
2,4 | 1.8810E-05 | 1.8924E-05 | 1.8932E-05 1.8934E-05
2,7 | 1.4249E-05 | 1.3943E-05 | 1.3951E-05 1.3957E-05
3 1.1051E-06 | 2.2179E-07 | 4.3730E-08 -5.9944E-11
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OtpumaHi 4uCIOBI  pe3yiabTaTH MNIATBEPIKYIOTh €(EKTUBHICT Ta TOYHICTh
3allpONIOHOBAHOr0 MiAXoay. TakuMmM 4YMHOM, TI'paHUYHI YMOBH 3aJadl 3a/J0BOJIbHSIOTHCS
noBHicTI0O. MakcumanbHi 3HaueHHS Haxwily Juis 8 1 160 By3iiB BipI3HAIOTHCA JIMILE HA
1,2 %.
PesynpraTi po3paxyHKy BEIMYMHH MOMEHTY M, y IEHTpaJbHOMY Mepepi3l IUIUTH

npeAcTaBieHi Ha puc. 3. 3HayenHs 11t 24 ta 160 By3uniB Bigpisustotbes Ha 0,13%.

12 +
81
4+
-3 2 -1 + 1 2 3
4 My
— N=8 - == N=24

Puc. 3. 3vina MoMeHTY M, B IEHTPAIbHOMY IIepepi3i IIHTH

BuKOpUCTOBYIOUM 3alTpONIOHOBAHMN MIiAXIA PO3PAXyeEMO MPOTMHHU, HAXUIM Ta MOMEHTH
JUISL PI3HUX BHIAIKIB MPYKHOI OCHOBHU. JIOCII/PKEHHS MPOBENEMO Ui BUIAJKy KBaJpPaTHOT
3aJ1i300€TOHHOT ITUIMTH, 10 3aTHCHEHAa 10 KOHTYpy Ta HaBaHTa)KEHAa PIBHOMIPHO-
PO3MOJIIJICHUM HAaBaHTAXXCHHSAM 3 IHTCHCHBHICTIO ( BiamoBimHi pe3ysibTaTH MaKCHMaIbHUX

BEJIMYMH IMPOTHHIB, HAXUJIIB TA MOMEHTIB HaBEJICHO y TaOJuIIi 3.
Taoauusa 3

[lopiBHSHHSI pe3yNbTaTiB, OTPUMAHUX ISl PI3HUX MOJIENei
MPY>KHOI OCHOBH

MaxkcuMaibHI 3Ha4E€HHS BiAMOBIIHUX BEJIUYUH
Twum ocHOBH
w U, My,
BinbHa nmoBepxHs 6.9040E-04 3.7724E-05 5385
OcHoBa Binknepa 3.0614E-04 1.9030E-05 2621
Tpumapamerpuyana ocHoBa | 2,9876E-04 1,8924E-05 2509

Po3mozin BeMuYnH NMpOruHiB Ta MOMEHTIB B IICHTPAJIbHOMY TIepepi3i KBaapaTHOI 3aJ1i30-
OETOHHOI TUINTH, HABAaHTA)KEHOI PIBHOMIPHO-PO3MOAIIEHUM HaBaHTaKEHHSAM, MpPEICTaBIIEHI
Ha puc. 4

- 10000 *  pgy,
w
— free bottom surface - - -Winkler foundation === three parameter foundation

Puc. 4. 3mina nepemiiieHs (3J1iBa) Ta MOMEHTIB (CIIpaBa) B LIEHTPAJIbHOMY Iiepepisi
KBaJIpaTHOI 3aJ1i30-0CTOHHOT ITUTH
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Amnaini3 oTpUMaHHUX pe3yJIbTaTIB JA030J5€ HE TUIbKHU MOPIBHATH BIUIMB MPYXKHOI OCHOBU
Ha PO3MOJ1J MEepeMillleHb Ta MOMEHTIB y IJIUTI, a 1 MIATBEPAXKYE TOYHICTh Ta €(PEKTUBHICTD
3allpOIIOHOBAHOr0 MiJXO/My: BEJIMYMHU IPOTHHIB Ta MOMEHTIB Biipi3HAIOThCA Ha 3 % Ta
1,5 % BiamoBigHO.

6 BHUCHOBKU

Y pobori moOyaoBaHO MaTeMaTHYHY MOJEIb TOHKOI 3ai300€TOHHOI IUIMTH SK
OJTHOPIAHOI OPTOTPOMHOI 3 ycepeaHeHuM MmoayieM ['yOepa. 3ampormoHOBaHO MaTeMaTHYHY
MOJIeNb TpUIApaMETPUUYHOI MPYXKHOI OCHOBH 3 YpaxXyBaHHSIM TepTS MDK HIKHBOIO
MOBEPXHEIO TUIMTH Ta OCHOBOIO. Ha OCHOBI 3aIIpONOHOBAaHUX Y POOOTI METOMAIB JOCIIIKEHHS
MPOBENICHO aHali3 HaIpy>KeHO-AehOPMOBAHOTO CTaHY TOHKOI OJIHOPIAHOI OpPTOTPOIHOL
KBaJIpaTHOI IUIACTMHH, IIOBHICTIO 3aTUCHYTOI IO KOHTYpY Y BHIAIKy, KOJM IUIMTA
3aBaHTAXY€ThCS BEPXHIM BAaHTAKEM 1 CIIMPAETHCS HA IPYKHY OCHOBY.

Po3ryissHyTO TpU TUIIM NPYKHUX OCHOB: TpHUIIapaMEeTpUYHA OCHOBA, OCHOBa BiHkiepa Ta
IUIMTa 3 BUIBHOIO HMXKHBOIO IOBepXxHer. [IpoBeneHO MOPIBHAJIBHUN aHalli3 pe3ysbTaTiB.
[IpykHa OCHOBa ICTOTHO 3MEHIIY€ HMPOTHMH, HAXWi 1 MOMEHT B IUIMTI. BcTaHoBieHo, 1o
pe3yibTaTH, OTPUMaHI AJI1 OCHOBH MoJieni BiHkiiepa Ta TpbOX NapaMeTpUyHOI BIIPI3HAIOThCS
HEe3Ha4yHO: NmporuH Ha 3 % 1 momeHT jumie Ha 1,5 %. Pe3ynabraTH, oTpuMaHi B pamKax
3aMpoIOHOBAHOI MOJIeNl, MPAaKTUYHO HE 3ajeXaTh BiJ Koe(illl€eHTa TEPTS MK HHKHBOIO
MOBEPXHEIO IJIUTH Ta (PyHIAMEHTOM.

7 ETUYHI JEKJIAPAILIILI

ABTOpM HE MawTh OyAb-AKMX (IHAHCOBUX YM He(pIHAHCOBUX IHTEPECIB MI0J0
MarepiaiiB, MPEACTaBICHUX Y 1[I CTATTI, K1 CJIiJT PO3KPUBATH.
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ANALYTICAL CALCULATION OF ABEAM BASED ON AN
ELASTIC WINKLER FOUNDATION WITH RANGE
INHOMOGENITY

Yu. Krutii’, M. Surianinov!, A. Perperil, V. Vakulenko!, N. Teorlo!
‘Odesa State Academy of Civil Engineering and Architecture

Abstract: The aim of the study is the further development of analytical methods for calculating
the bending of beams resting on a non-homogeneous continuous Winkler elastic foundation. This
paper considers the case when the beam is under the influence of a uniformly distributed constant
transverse load, and the inhomogeneity of the elastic foundation is given by a power function with an
arbitrary non-negative power exponent m>0. Fundamental functions and a partial solution of the
corresponding differential equation of beam bending are found in an explicit closed form. These
functions are dimensionless and are represented by absolutely and uniformly convergent power series.
In turn, the formulas for the parameters of the stress-strain state of the beam — deflection, angle of
rotation, bending moment and transverse force — are expressed through the indicated functions. The
unknown constants of integration in these formulas are expressed in terms of the initial parameters,
which are after the implementation of the specified boundary conditions. Thus, the calculation of the
beam for bending is reduced to the procedure of numerical implementation of explicit analytical
formulas for the parameters of the stress-strain state.

An example demonstrates the practical application of the obtained solutions. A prismatic
concrete beam based on a cubic variable elastic foundation is considered. This case corresponds to the
power value m=3. The results of the calculation by the author's method are presented in numerical
and graphical formats for the case when the left end of the beam is hinged and the right end is
clamped. The numerical values obtained by the author's method are accurate, since the applied
calculation method is based on the exact solution of the corresponding differential equation. The
availability of such solutions makes it possible to evaluate the accuracy of solutions obtained using
various approximate methods by comparison. For the purpose of such a comparison, the paper
presents the calculation results obtained by the finite element method (FEM). The absolute error of the
FEM method when calculating this design was determined.

Keywords: beam, inhomogeneous elastic foundation, power-law inhomogeneity, exact solution,
analytical calculation.

AHAJIITUYHMI PO3PAXYHOK BAJIKH, IIIO OMTUPAETHCS
HA MPYKHY OCHOBY BIHKJIEPA 31 CTENNEHEBOIO
HEOJHOPLIHICTIO

KpvrTiii H0. C.1, Cyp’aninos M. I'.!, Ilepuepi A. O.!, Bakvienko B. B.1,
Teopmo H. Al
10dacvra depacaska axademia EVOisHuYMEa Ma apXimexmypu

Anoraunin: Liyuo gocnmimKeHHs € MOJaNbIINI PO3BUTOK aHANITHYHMX METOJIIB pO3paxyHKy Ha
3rUH OaJIOK, M0 ONMUPAIOThCS HAa HEOJHOPIHY CYIUILHY TPYXKHY OCHOBY BiHkinepa. ¥ maHiit poboti
PO3TIIAAETHCS BUMIAJIOK, KOJM Oaiika 3HAXOAUTHCS MiJl BIUIMBOM PIBHOMIpHO PO3IMOJIJIEHOrO CTajIoro
MONEPEYHOT0 HABAHTAXKEHHS, @ HEOTHOPIIHICTH MPYKHOT OCHOBU 3a1a€ThCS CTETICHEBOIO (DYHKIIIEIO 3
JIOBIJTBHAM HEBI €MHAM TIOKa3HMKOM ctereHs M>=0. B sBHIN 3amMkHyTiH (opMmi 3HalineHi
(dbyHIaMeHTabHI (PYHKINT Ta YACTHHHUHA PO3B’ 30K BIAMOBIIHOIO JU(EPEHIIIALHOTO PiBHSIHHS 3THHY
Oanku. [lani ¢yHKii € 0e3pO3MIpHUMH Ta MPEICTABIISIOTHCS a0COMIOTHO i PIBHOMIPHO 301KHUMHU
CTEIEeHEBUMH psiZlaMu. B cBOrO uepry, yepe3 BkasaHi (PyHKIT BUPaKAOThCS POPMYIH JJIs TTApaMeTpiB
HaMpyXeHO-eOPMOBAHOTO CTaHy Oallki — MPOTHHY, KyTa MOBOPOTY, 3THHAJLHOTO MOMEHTY Ta
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nonepe4ynoi cuim. HeBijoMi KOHCTaHTH iHTErpyBaHHS B IMX (OpMYyNax BHpPakeHI uepe3 MOYaTKoBi
napameTpH, sIKi 3HAXOIAThCS TICIS peanizalii 3aJ[aHiuX TPAaHUYHUX YMOB. THM caMHM, pO3paxyHOK
0anKy Ha 3rWH 3BOJMTHCS N0 TMPOLEAYPH YHMCENBHOI peamisalii SBHHX aHATITHYHUX (Gopmyn it
napameTpiB HapyKeHo-1e(hOPMOBAHOTO CTaHY.

Ha npukiiazi mpoieMOHCTPOBAaHO MPAKTUYHE 3aCTOCYBAHHS OTPUMAHHUX PO3B’s3KiB. Po3risiHyTO
MpU3MaTHYHY OETOHHY 0aJIKy, III0 ONMUPAETHCS Ha KyOiYHO-3MiHHY MPY>KHY OCHOBY. TakoMy BHIIAIKY
BIZITTOBIIa€ 3HAYEHHS cTereHo M =3 . Pe3ynbraT po3paxyHKy aBTOPCHKHUM METOIOM TIPEJICTaBIICHI B
YUCENPHOMY Ta rpadivHoMy (GopMaTax Jisl BUMAIKy, KOJIU JIIBUN KiHElb Oallki BUTBHHM, a MPaBHA
3aTucHYTHI. OTprMaHi aBTOPCHKMM METOJ/IOM YHCEJIbHI 3HAYEHHS € TOYHNUMH, OCKUIbKU 3aCTOCOBAHUI
METOJl PO3PAaXyHKY IPYHTYETHCSI HA TOYHOMY PO3B’SI3KY BiIIMOBIIHOTO IH(EPEHIIAILHOTO PIBHIHHS.
HasBHicTh TakuxX pO3B’S3KIB [103BOJISE LUIAXOM IOPIBHSHHS OLIHIOBATH TOYHICTH PO3B’S3KIB,
OTPUMaHMX 3a JIOMOMOIOK PI3HOI'0 POAY HAOIMKEHHX METOJIIB. 3 METOH TaKOro IOPIBHSHHS, B
poOOTi HagaHO pe3yNabTAaTH PO3PaxyHKy, L0 OTpHUMaHi MeTogoM ckiHueHHuX ejemeHTiB (MCE).
Busnaueno abcomrorHy moxuoky Mmerony MCE nipu po3paxyHKy JaHOT KOHCTPYKIIII.

KnarouoBi cioBa: Oanka, HEOMHOpiIHA TPY>KHA OCHOBA, CTENEHEBA HEOTHOPIIHICTh, TOYHHH
PO3B’ 130K, aHATITUIHUIA PO3PAXyHOK.
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1 INTRODUCTION

The structure, which is a beam on an elastic foundation, is often used in engineering
practice, including in industrial and civil construction, in the railway industry, hydraulic
engineering, shipbuilding, aerospace engineering and others.

Among the existing models of the elastic foundation, the so-called Winkler model has
become widespread. In this model, the elastic foundation on which the structure rests is
represented as a set of vertical, closely spaced, unrelated springs. Such a situation can
generally be described by a single parameter, which is called the modulus of elasticity of the
foundation or the coefficient of subgrade reaction. In the simplest case, when the elastic
foundation is assumed to be homogeneous, the coefficient of subgrade reaction is constant,
which significantly simplifies the solution of the corresponding differential equation of beam
bending. This can explain the widely used assumption about the foundation homogeneity.
However, it is common knowledge that such an assumption is far from reality and for more
qualitative research it is necessary to take into account the foundation heterogeneity
(variability) [1]. In this case, the coefficient of subgrade reaction will be variable along the
axis of the beam, which significantly complicates the solution of the corresponding
differential equation. Therefore, various approximate methods are often used to solve the
problem in similar situations.

This work is devoted to the analytical calculation of the beam for bending in the case
when the inhomogeneity of the elastic foundation is described by a power-law function.

2 LITERATURE REVIEW AND PROBLEM STATEMENT

Despite the large number of publications devoted to the calculation of beams on an
elastic foundation, only a small number of them are devoted to the case of a variable
coefficient of subgrade reaction. For the first time, such a case was presented in a monograph
[2]. The author of the monograph considered a uniform beam on an elastic foundation with a
linearly variable coefficient of subgrade reaction and obtained the corresponding solution
based on the theory of Taylor series. Article [3] considered the case when the coefficient of
subgrade reaction is a power function of the coordinate. However, the analytical solution is
obtained only for the case when the degree is equal to 1. For other positive values of the
degree, a numerical solution method has been developed. The authors [4] proposed an
analytical method for calculating beams on heterogeneous soils, which is accompanied by a
corresponding numerical scheme. The theory of Green's functions was used as a research
toolkit, which made it possible to reduce the original problem to a system of integral
equations. After discretization, these equations are solved numerically using the Gauss-
Legendre quadrature scheme. The paper [5] considers the case of a linear variable coefficient
of subgrade reaction. The analytical solution of the corresponding differential equation of
beam bending is obtained here in an explicit closed form in terms of generalized
hypergeometric functions. The publication [6] is devoted to thin beams on an inhomogeneous
Winkler foundation. The finite difference method is used here to solve the corresponding
differential equation. Using the method of homotopy analysis, the authors of [7] obtained new
analytical solutions for the static deflection of anisotropic composite beams based on an
elastic foundation of variable stiffness. In particular, the case where the coefficient of
subgrade reaction changes according to a linear law is considered.

A detailed review of works on the bending of beams based on an elastic Winkler
foundation is given in publications [8, 9]. The authors of [8], after the relevant analysis, state
that there are no works in scientific periodicals that relate to analytical solutions of the beam
bending problem, when the coefficient of subgrade reaction is variable, except for cases when
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it is given by a linear function. In the same work, the authors obtained an analytical solution
with a non-linear variable coefficient of subgrade reaction. The specified solution was found
for the special case when the coefficient of subgrade reaction changes according to the
binomial law with the power of -4. The authors of [9], after reviewing the publications, come
to the conclusion that in the case of a variable coefficient of subgrade reaction, researchers
most often use FEM.

In the opinion of the authors of this work, the situation with the state of development of
analytical methods for the calculation of beams based on a non-uniform elastic foundation
may change significantly after the publication of the work in 2021 [10]. This assumption is
based on the fact that the specified work found an exact solution to the differential equation of
beam bending

EFY™' () +k()y(x) =a(x), 1)

when the linear coefficient of subgrade reaction k(x) and the load q(x) are given by

arbitrary continuous functions and the bending stiffness EI is assumed to be constant. In the
same work, an analytical method of numerical implementation of the found exact solution is
proposed. Therefore, the logical continuation can be the following studies on the analytical
calculation of real beam structures, which will use the results of the publication [10]. This
article is an example of such research.

In [10], for functions k(x) and q(x) accepted representations:

k(x) =k,B(x); q(x) =q,C(x), ()

where Kk,, ¢, — the value of the coefficient of subgrade reaction and the load at a certain

characteristic point of the beam, respectively; B(x), C(x) - dimensionless continuous

functions, which respectively express the laws of change of coefficient of subgrade reaction
and load along the beam length. In fact, B(x) function is characterized by the foundation
heterogeneity.

This work is devoted to the problem of analytical calculation of a beam, when the
inhomogeneity of a continuous Winkler elastic foundation is expressed by a power function

B(x):(lljm, m>0. 3)

It is possible to consider the transverse load acting on the beam to be uniformly distributed
with intensity q (Fig. 1).

q

Ty Y Y YR YY YN YYYYYYYNYYYYNYY i

k(7
Fig. 1. Calculation scheme of the beam
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In this case, according to formulas (2): q=0q,; C(x) =1 k, =k(I).

3 THE AIM AND OBJECTIVES OF RESEARCH

The objectives of research:

1. Obtain the calculation formulas for case (3) in an explicit form;

2. Perform an analytical calculation of a real beam structure based on a non-
homogeneous power-variable elastic foundation, using the author's method and FEM;

3. Determine the FEM error when calculating this design.

The aim of research is the further development of analytical methods for calculating
beams based on a non-homogeneous continuous Winkler elastic foundation.

4 RESEARCH RESULTS

4.1. Calculation formulas

In the publication [10], the following general formulas were obtained for the parameters
of the stress-strain state of the beam — deflection y(x), angle of rotation ¢(x), bending

moment M (x) and transverse force Q(X):

y(x) = y(0) X, (x) + @(0)IX,(x) - |\/|(0)—2X (x) - Q(O)EX (X)+ X 5(X); (4)
P(x) = Y(O) X, (%) +p(0) X, (x) - I\/|(0)—>< (x) - Q(O)—ZX (X)+ X 5(X); (%)
'Vl(X)=—Y(0)—2X1(X)—<0(0)—X2(X)+|V|(O)Xg(X)+Q(0)|X4(X)—qo|2X5(X); (6)
QM) =- (0) L% () - <0(0)—X (X)+|V|(0) X3(X) +Q(0) X 4 () = qoIXs (%) , (7)

where X, (X) (n=1,2,3,4)— dimensionless fundamental functions of the homogeneous

equation, i.e. solutions of equation (1) with zero right-hand side, X (x)— dimensionless
function through which the partial solution

. qpl*
X =
(x) £
of inhomogeneous equation (1) is expressed,

%, (0 =1X100; X,(0 = 12X X, (0 =PX/() (1=1,2,3,4,5). ®)

Functions X, (x) (n=12,3,4,5) are represented by uniformly convergent power series
of a dimensionless parameter —K with variable coefficients

X, ()= 8,000 =K, + KB, ,() - K, 5(x) +... (1=1,2,3,4,5), ©)
where

K

K= .
El

Yu. Krutii, M. Surianinov, A. Perperi, V. Vakulenko, N. Teorlo
https://doi.org/10.31650/2618-0650-2024-6-2-47-57 51




VI1/2/2024
Crop. 47-57/ Page 47-57

Mexanika Ta MareMaruuHi meromu /
Mechanics and mathematical methods

Here, the initial S ,(x) and generating £, (x) (k=123,...) functions are determined by
recurrent relations, which in our case take the form:

1 X n-1 .
Bro(X) = W(T] (n=1,2,3,4,5); (10)
B (X) = %'Iﬁ':[ (Iﬁjm B, (X)dxdxdxdx (n=1,2,3,4,5)(k=123,..). (11)

By successively integrating according to formula (11), it is possible to pass from the
recurrent to the analytical form of the record. As a result, for creative functions

n+km+4k-1
B (X) = L X (n=1,2,3,4,5)(k=12,3,.) (12)
(n _l)' pn,l,m pn,2,2m pn,k,km I

where
Prwkm = (N+Kkm+4Kk —4)(n+km+ 4k —3)(n+km + 4k — 2)(n + km+ 4k —1).

Therefore, according to (9), (10), (12), the functions X, (x) (n=1,2,3,4,5) will be determined
by the following series

X (X) =ﬁ(ﬂl {1+i (=K)" — (Tx)k(mﬂ (n=12345.  (13)

k=1 pn,l,m pn,2,2m"

Thus, thanks to formulas (4)-(8), (13), it is possible to analytically calculate beams based
on a power-variable elastic foundation with any boundary conditions.

4.2 Calculation example

It is possible to consider a prismatic concrete beam on a non-uniform elastic foundation
characterized by a cubic function

o-(3]

It is possible to assume that the left end of the beam is hinged, and the right end is
clamped. This method of fixing the ends of the beam will meet the boundary conditions:

y(0)=0; M(0)=0; y(I)=0; o(I) =0.

So, two initial parameters Yy(0), M(0) are known. The other two initial parameters
¢(0), Q(0) can be found from the system of equations, which will be obtained after the

implementation of the boundary conditions at the end x=1 using formulas (4), (5).
Substituting the found values for the initial parameters into formulas (4) - (7), there is:

y(X) = go_:‘l(ﬂqxz(x) +12X4(X) + Xs(x)); (D(X) = go_:?'(ﬂqxz(x) +12)Z4(X) + >Z5(X)) ;

M (X) = ~Gl? (2, X, (X) + 2, X, () + X5 (X)); Q(X) = =Gol (A, X, (X) + 2, X, (X) + X5 (X)),
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where
_ X4(I))Z5(I)_ )Z4(I)X5(I) . _ Xz(l)is(l)_ X2(|)X5(|)
XX, M= X,MX, M) T XX, () =XM%, (1)
Initial data:
E=15-10"kPa;

Beam length | =5m; Beam base width b =0,4m; Beam height h=0,6m;
k(1) =4-10°kN /m?; q=60kN /m.

The results of the calculation by the author's method (AM) in numerical format are
presented in the Tables 1 and 2, and in the graphic — in Fig. 2. For comparison in the Tables 1
and 2 also provide the results of FEM calculation in the LIRA software complex.

Table 1
Value of kinematic parameters

X y(x), m Relative o(x), rad Relative

— X error, error,

I AM FEM % AM FEM %

0 0 0,000000 0,000000 0,00 0,001430 0,001441 0,79
0,05 0,25 | 0,000355 0,000358 0,90 0,001399 0,001410 0,80
0,1 0,5 0,000695 0,000700 0,76 0,001312 0,001322 0,77
0,15 0,75 | 0,001007 0,001015 0,82 0,001178 0,001188 0,88
0,2 1 0,001280 0,001291 0,84 0,001005 0,001014 0,92
0,25 1,25 | 0,001507 0,001519 0,82 0,000802 0,000810 1,02
0,3 15 0,001679 0,001694 0,87 0,000578 0,000584 1,10
0,35 1,75 | 0,001794 0,001810 0,87 0,000341 0,000346 1,51
0,4 2 0,001850 0,001866 0,89 0,000100 0,000102 2,00
0,45 2,25 | 0,001845 0,001862 0,93 -0,000136 -0,000136 0,18
0,5 2,5 0,001782 0,001799 0,93 -0,000359 -0,000361 0,47
0,55 2,75 | 0,001667 0,001683 0,96 -0,000561 -0,000564 0,59
0,6 3 0,001505 0,001520 1,02 -0,000732 -0,000738 0,84
0,65 | 3,25 | 0,001304 | 0,001318 1,05 -0,000864 -0,000872 0,89
0,7 35 | 0,001076 | 0,001088 1,07 -0,000950 -0,000959 0,98
0,75 3,75 | 0,000834 0,000843 1,07 -0,000980 -0,000989 0,97
0,8 4 0,000592 0,000598 1,01 -0,000945 -0,000955 1,01
0,85 | 4,25 | 0,000367 | 0,000371 1,00 -0,000839 -0,000848 1,08
0,9 45 | 0,000179 | 0,000181 0,98 -0,000652 -0,000659 1,13
0,95 4,75 | 0,000049 0,000050 2,07 -0,000375 -0,000379 1,11

1 5 0,000000 0,000000 0,00 0,000000 0,000000 0,00

Table 2
The value of power parameters

X M (x), kNm Relative Q(x), kN Relative
— X error, error,

| AM FEM % AM FEM %

1 2 3 4 5 6 7 8

0 0 0,000000 0,000000 0,00 111,786398 112,266594 0,43
0,05 | 0,25 26,071600 26,191650 0,46 96,786409 97,266594 0,50
01 0,5 48,393228 48,633312 0,50 81,786748 82,266708 0,59
015 | 0,75 66,965126 67,325073 0,54 66,788992 67,267456 0,72
0,2 1 81,788193 82,267258 0,59 51,796965 52,270081 0,91
025 | 1,25 | 92,864630 | 93,460579 0,64 36,817291 37,276730 1,25

Yu. Krutii, M. Surianinov, A. Perperi, V. Vakulenko, N. Teorlo
https://doi.org/10.31650/2618-0650-2024-6-2-47-57 53




Mexanika Ta MareMaruuHi meromu /
Mechanics and mathematical methods

V1/2/2024

Crop. 47-57/ Page 47-57

1 2 3 4 5 6 7 8
0,3 15 100,198646 100,906456 0,71 21,859372 22,290459 1,97
035 | 1,75 103,797088 104,607101 0,78 6,934748 7,215006 4,04
0,4 2 103,669831 104,565750 0,86 -7,944165 -7,645602 3,76
045 | 2,25 99,829783 100,786606 0,96 -22,765843 -22,587624 0,78
0,5 2,5 92,292401 93,274666 1,06 -37,521801 -37,508293 0,04
055 | 2,75 81,074645 82,035446 1,19 -52,208865 -52,406574 0,38
0,6 3 66,193380 67,074409 1,33 -66,831296 -67,283829 0,68
0,65 | 3,25 47,663303 48,396305 1,54 -81,402382 -82,144341 0,91
0,7 3,5 25,494580 26,004408 2,00 -95,945083 -96,995552 1,09
0,75 | 3,75 -0,309507 -0,303227 2,03 -110,491213 -111,847778 1,23
0,8 4 -29,754462 -29,919407 0,55 -125,078596 -126,713303 1,31
0,85 | 425 -62,855458 -63,458076 0,96 -139,745560 -141,604584 1,33
0,9 45 -99,636426 | -100,724014 1,09 -154,522039 -156,531433 1,30
0,95 | 4,75 | -140,126418 | -141,726654 1,14 -169,416510 -171,496658 1,23
1 5 -184,352099 | -186,474655 1,15 -184,397896 -186,490402 1,13
0 1 2 3 H 5 xm -0.0010
0.0005 £.0005
0 T T 1
1 3 4 x.m
0,0010 0,0005
0.0010
0.0015
yomn 0.0015
00020 177 oo | P27EA
Graph of the deflection function Graph of the turning angle function
-200 - 200
-150 -150 -
-100 | -100 -
-50 - -50 A
0 ; : ; ‘ 0 ; ; ‘
1 2 3 4 5 x.m 1 2 3 4 5ox.m
50 50
100 | 100 1
150 M. kNm 150 | Q. kN

Graph of the bending moment function Graph of the transverse force function

Fig. 2. Graphs of beam state parameters

It should be noted that the LIRA software complex does not provide for the ability to
directly specify the law of change of the coefficient of subgrade reaction along the beam
length. For each finite element, the value of the coefficient of subgrade reaction is set as the
arithmetic mean of the values at its ends, which affects the error value.

5 DISCUSSION OF RESEARCH RESULTS

These studies are a logical continuation of the studies initiated in the publication [10],
and are entirely based on the results obtained there. In essence, it is about the application of
the general solutions obtained in [10] for the case when the inhomogeneous elastic foundation
is characterized by a power-law function. Since the proposed calculation method is based on
the exact solution of the corresponding differential equation, it allows obtaining qualitative
information and forming the most reliable picture of the stress-strain state of the beam.
Corresponding numerical results obtained with the help of exact solutions are usually
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interpreted as exact in the scientific literature. Such solutions in closed form are particularly
valuable, because they can serve as criteria by which the accuracy of various kinds of
approximate solutions can be evaluated.

6 CONCLUSIONS

1. An analytical method for calculating the bending of beams based on a continuous
elastic foundation with power-law heterogeneity with any power-law index is proposed
m=>0.

2. The obtained numerical results of the calculation should be interpreted as accurate.

3. The error of FEM calculations in the LIRA software complex for the considered
structure is determined.
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Abstract: A mathematical model of air contaminant (products of human activity) inflow into the
isolated air space has been developed. On the basis of the formula modified by us the simulation of
human respiration with carbon dioxide, water vapor and heat emission is implemented. The model also
takes into account the heat input from the human body through clothing.

Applying numerical modelling ANSYS CFD (Computational Fluid Dynamics) on the basis of
continuity equations and Reynolds-Averaged Navier-Stokes equations "RANS" (Reynolds-Averaged
Navier-Stokes) the following results on air medium state change in the isolated space were obtained:

- the human respiratory cycle is modelled at simultaneous heat transfer from the body surface
through clothes into the studied air space;

- the exponential equation of the trend line of CO, concentration to observation time was

obtained,;
- monitoring and rendering (visualization) of changes in CO, concentration, temperature and

relative humidity in the space under study by time along the room height was performed.

These results and regularities served as initial data for solving a number of model non-stationary
problems on aerodynamics and heat and mass transfer in the room. The inverse problem of general
exchange ventilation was to be solved. Changes in the state of the air environment initially
contaminated with carbon dioxide, heat and water vapors were studied when people were in the
studied space and the supply and exhaust ventilation was operating.

Of the four air change schemes planned for the study, the results for one schemes are presented in
this publication. The dynamics of assimilation of excess heat, humidity and carbon dioxide (CO,)

made it possible to assess the efficiency of ventilation systems and to predict improvements in their
energy efficiency when air parameters are brought up to standard values.

Keywords: mathematical model, air contaminant, aerodynamics, computational fluid dynamics,
air change scheme, relative humidity, temperature, carbon dioxide concentration, room working area,
rebranding, supply and exhaust ventilation.

MOJEJIOBAHHA HAIXOJXKEHHS «(IIKIJIJIUBOCTEN» ¥
HPUMIINEHHSA

Kiocak B. A}, Icaes B. ®.}, ®egopenko B. B.2, I'pinacos A. 0.3

'00ecwvra depacasna axademis 6ydienuymea ma apxiimexmypu

2Aryionepre mosapucmso Odecazas

SKomynanvhuii 3axnad «3anacui nynkmu ynpaeninus yuginonozo saxucny Q0eckoi Micbkoi paduy

AHortanin: Po3pobieHo MareMaTudHy MOZETbh HAJIXO/PKEHHS «IIKIAIMBOCTEH» (IPOTYKTIiB
JKUTTETISTIBHOCT JIFOJIUHH) JI0 130JIb0BAHOTO MOBITPSIHOTO TTpocTopy. Ha ocHOBI MonudikoBaHOT HAMU
(hopMynH peani3oBaHO IMITAIIIO TUXaHHS JIOJUHA 3 BUAUICHHS JIOKCHIY BYIJICIIO, BOASHOI apyu Ta
Teria. MoJienbio BpaXxoBY€EThCS TaK CaMO HaJIXOJIXKEHH: TeIia BiJl TiJia 4Yepe3 Ofifr.

3actocyBaBum uymcensHe MonemoBaHHS ANSYS CFD (Computational Fluid Dynamics —
o0uHCIIOBaNbHA TiOPOra3oJMHaMiKa) Ha OCHOBI pIBHSHb HEPO3PUBHOCTI Ta YCEPEAHEHHX 3a
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Peitnonbacom piBusab Hag'e-Ctokca «RANS» (Reynolds-Averaged Navier-Stokes) otrpumani
pe3yJIbTaTH 3MIHH

- 3MO/IeJIbOBaHUI JUXAJIbHUN IIMKJI JIIOJAMHU NP OTHOYACHOMY MEPEHECEHHI Teruia 3 MOBEpXHi
TiJia Yepe3 OST Y MOBITPSHHMN MPOCTIpP, MO TOCIIIKYEThCS;

- 0JIepKaHO €KCIIOHEHIIi}iHe piBHAHHA JIiHii TpeHay konuenTpauii CO, 10 4acy CIIOCTEPEKEHHS;

- BUKOHAaHO MOHITOPMHI Ta PEHACPHUHT (Bi3yami3allis) 1O BHCOTI MNPUMIIIEHHS 3MiHH
xonuenrpauii CO,, TemmepaTypu, BMICTy BOJOTM Ta HIBMAKOCTi IOBITPSA B JOCHIIXKyBaHOMY

MIPOCTOPI 32 YaCOM.

i pesympTaTé 1 3aKOHOMIpHOCTI MOCTYXHMJM BHUXiJHAMH JaHUMH Ha BHPIIICHHS HU3KA
MOJIEIbHUX HECTAIlIOHAPHUX 3aBJaHb 3 a€POAMHAMILI 1 TEIIOMAacOOMIHY y MpUMilleHH]. BupimenHio
MIJUIArajgo 3BOPOTHE 3aBJaHHS 3arajlbHOOOMIHHOI BeHTHALIl. JlocmipkyBasocs 3MiHA CTaHy
MOBITPSIHOTO CepeIOBUIIA CIIOYATKY 3a0pyJHEHOI TIOKCHAOM BYTJIELIO, TEIIOM Ta BOJISHUMH MapamMH
MIPU 3HAXOJKECHHI B JIOCIIKYBaHOMY MTPOCTOPI JIIOJIeH Ta poOOTI MPUILIMBHO-BUTSDKHOT BEHTHIIALLI. 3
YOTHPHOX 3aTUIAHOBAHUX CXEM MOBITPOOOMIHY pe3yiabTaTh AOCHIIKEHb OJHI€] CXEMU MPENCTaBIIeH] Y
uiif myosmikanii. JlnHamika acHMINALIT HaUIMILIKIB TETJIOTH, BOJIOTH Ta Aiokcuay Byrnemo (CO,) nana

MO>KIIUBICTh OLIHUTH €(PeKTUBHICTH POOOTH CHCTEM BEHTWJISILII, CIIPOrHO3YBATH MiABUILEHHS IXHBOT
eHeproeeKTUBHOCTI MPH JOBEACHHI MapaMeTpiB MOBITPS 10 HOPMATUBHUX 3HAYCHB.

Kiw4oBi cioBa: mateMaTwyHa MOJENb, «IIKLJTUBOCT», acpoJHHaMiKa, OOYHCITIOBAIbHA
rigpora3orHaMika, cXema IOBITPOOOMiHY, BiZHOCHa BOJIOTICTh, TEMIIEpaTypa, KOHIIEHTpALlisl
JIIOKCHTy BYTJIEITIO, poboUa 30Ha MPUMIIIEHHS, peOPEHIUHT, IPUITIIMBHO-BATSKHA BEHTUIIAILIS.
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1 INTRODUCTION

Tasks related to the design, installation, adjustment and control of supply and exhaust
ventilation systems require careful monitoring of changes in the air environment. This is due
to both the implementation of the requirements of the legislative framework of Ukraine and
its harmonization with the standards of the European Union [1, 2], and the solution of
problems to prevent the spread of pandemics that are currently haunting humanity [3].

Changes in the air environment are typical for rooms with mechanical supply and exhaust
ventilation (flow classrooms of educational institutions, classrooms of schools, group rooms
of kindergartens, conference rooms, offices). The main air contaminants that are released in
this case are carbon dioxide, water vapor and heat.

Based on the patterns of distribution of air contaminants in the volume of isolated air
space, it became possible to solve the inverse problem of supply and exhaust ventilation. The
change in the state of the air environment initially polluted with carbon dioxide, heat and
water vapor was studied when people were in the space and the supply and exhaust ventilation
was operating. A study of the efficiency of four generally accepted indoor air change schemes
has been conducted:

Scheme A "air supply from above — removal from below";

Scheme B "air supply from above — removal from above";

Scheme C "air supply from above — removal of air from two zones above and below";

Scheme D "air supply from below — removal from above" (displacement ventilation).

The results for Scheme A (change in carbon dioxide concentration) are presented in this
publication.

2 LITERATURE REVIEW AND PROBLEM STATEMENT

Creating a comfortable indoor microclimate involves meeting a number of restrictions
related to:

- temperature;

- relative humidity in the working area (WA) of the room;

- velocity of the stream entering the WA from the air distributor;

- temperature difference between the air in the WA and the stream from the air distributor
entering the space under study.

The content of carbon dioxide, water vapor, sensible and total heat, as well as other air ,
if any, in the indoor air must also be monitored.

In the practice of calculating changes in the state of the air environment in rooms for
various purposes, different methods and approaches were used [4-11]. Examples of successful
solutions to applied ventilation problems do not remove the question of the accuracy of the
results obtained using mathematical modeling. Currently, mathematical modeling methods are
used in engineering calculations, which provide an estimate of flow parameters based on the
numerical solution of the Reynolds equations of stationary or non-stationary Navier-Stokes
equations. (English RANS/URANS: Steady/Unsteady Reynolds Averaged Navier-Stokes) [7].

The above-mentioned works do not consider in aggregate the issues of interaction of air
pollution from people, occurring during moderate work, in ventilated rooms with different air
change schemes.

3 THE AIM AND OBJECTIVES OF THE STUDY

The aim of the study is to develop a mathematical model that determines the processes of
heat and mass exchange between humans and the environment. Based on this model, it is
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possible to solve applied problems related to the creation of a comfortable microclimate in
rooms, increasing the energy efficiency of systems that provide air change.

4 RESEARCH RESULTS

4.1 Study of the entry of air contaminants into an isolated space

Initial conditions:

- isolated space (see Fig. 1), with a volume of 12 m®, at a rate of 2m?/person,
according to the requirements of [1];

- number of people in the isolated space: 2 people;

Air parameters in the isolated space:

- air temperature: t =22°;

- initial level of CO, concentration: 350 ppm;

- atmospheric pressure: P, =101325 Pa ;

- relative humidity: ¢ =50% ;

- humidity content: d=8,29/kg;

- average body surface temperature of a dressed person: t, =27°.

Air parameters exhaled by a person [4]:

- CO,content in exhaled air — 4,0% (40000 ppm) ;

- air temperature: 34°;

- relative humidity: ¢ =91%;

- humidity content: d =31,2g/Kkg.

Modeling of the release of air contaminants into an isolated space is presented in the
research scheme in Fig. 1.

Volume to be investigated.
Initial air parameters:
P(abs)=101325 Pa;
Temperature =295,15 K;
CO2 =350 ppm;
- =50% ¥

Survey point within

Surfaces that limit the worklng area
the scope of the research
by boundary conditions

are adiabatic Air intake area

breathing volume: 0.5 |

Exhalation region of air:
€02 and moisture content =0.5 |
gas outlet temperature =307.15 K

Human body
_ with surface temperature = 300.15 K

000 1500,00 3000,00 (mm)

750,00 225000

Fig. 1. Schematic representation of air contaminants entering an insulated room

Using the ANSYS CFD (Computational Fluid Dynamics) computational hydrodynamics
simulation complex, a human breathing cycle function was mathematically created, which
generally simulates the flow of air contaminants (water vapor, relative humidity, carbon
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dioxide, air mass temperature) into the study space. At the same time, the flow of heat from
the human body through clothing into the study space is also simulated.

The breathing cycle was modeled by a sinusoidal function with a period of 4 seconds and
a respiratory volume of air V, = 0,5l, which corresponds to breathing at rest [5]. The
breathing function is defined in the boundary conditions of the "EXHAIL" outlet, with a
diameter of 20mm , which corresponds to the diameter of the human trachea. The function is
given by equation

Q) =”TMt-sin(2?ﬂtj,

where Q(t) — mass flow rate, kg/s, M (t)—mass of air exhaled by a person (th), kg ,

T —period s, t — time step, s. One respiratory cycle takes 4s, and the time step for the
calculation was set at 0,2s, which is of fundamental importance according to the Courant
number [6].

Visualization of breathing by time is presented in the graphs of Fig. 2 and 3, for which,
according to the function Q(t), 16 respiratory cycles were realized within 1 minute.
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0,0005

1
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o
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=]
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|

0,0003 —

exhalation [kg s”-1]

0,0002

0,0001 —
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[ e
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t

Fig. 2 Graph of the respiratory function Q(t)

The modeling of carbon dioxide, heat and humidity emissions from humans was
performed in the ANSYS CFX software package under non-stationary conditions in a multi-
component air environment, in which the monitoring of the air contaminants into the work
area was performed, geometrically located at a distance of 1,0—-1,2m, that is, the rooms
where sedentary activity predominates were considered. The model series of non-stationary
problems considered in this work are based on the mathematical analysis and interpretation of
physical processes of heat and mass transfer and hydrogasdynamics. Mathematical modeling
is based on the continuity equations averaged by Reynolds, the Navier-Stokes equations
"RANS" (Reynolds-Averaged Navier-Stokes), which is an abbreviated form of the general
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Navier-Stokes equations and the equations of the k-g¢ turbulence model (two-equation
standard model) [6-8].

Plane 1 Piane 1
4.000e-02 4,000e-02
3,0008-02 3.000e-02
2.000e-02 2.000e-02
1.000e-02
1.000e-02

1.000e-15
1.000e-15
4,000e-02 4,000e-02
3.000-02 500000
2.000e-02

2.000e-02
1.000e-02

1.000e-02
1.000e-15

1.000e-15

Fig. 3 Simulation of the human respiratory cycle

Continuity equation
dp
—+V(pu)=0,

where p — air density, u— flow velocity, V— Nabla operator.

Navier — Stokes equation:

o Ou, 0.
° (pquj):_@+i(#(%+i—z5 GU'B—@spgﬂL%_(pﬁin),

OX; o ox; | \ex, ox 37 ax J
—— o ou, 2 ou

T T Rl R LA W

pu;U; ut(axj axi) 3 (P Maxj) i

where p— pressure; Pa, x4 — dynamic viscosity, kg/ms; u - turbulent dynamic
viscosity, kg/ms; g — acceleration of gravity,m/s*; k— kinetic energy of turbulence,
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m?/s*, j=12,3.; &; — Kronecker symbol.

According to the Boussinesq approximation [7], the linear relationship between turbulent
and Reynolds stress and mean velocity is expressed as follows

—— 2 au; | ou;

]

Turbulent Kinetic energy

1== 1% = =
kzzuiuizz(uf+u§+u§)

The RANS k-¢ two-equation standard model is the definition of two transport equations
for two turbulent properties: the turbulent kinetic energy and the other turbulent properties,
which are the dissipation rate of the turbulent kinetic energy or the specific dissipation rate
[7]. Thus, the turbulent viscosity equation is defined using kand w:

pk
,th =
@
2SS, =~ =
W = MaX < o, CI ”* . ) Sij = Sij _l%é‘ki’ Cl :Z
imy[ ™, 3 0%, 'm 8

The transport of turbulent kinetic energy (k) according to the standard k —& model is
determined by the equation

0 0 ou. .« « pk ) ok
—(pk)+—\pu.k)=pr. —— ko + +0 — |—
2, (,0 ) x| (,0 i ) PT; ox Bp |:(/U - jale

The specific dissipation rate @ according to the equation:
0 ou,

0 0] .
6_t(pa))+6_xj(pujw)=a?prij8_xj_ﬁ pP° +

p kK 0w 0O ( *pkjﬁa)
o, ———+—|| u+o — |—

@ OX; OX; 0X; @ ) OX;
The closing coefficients of the k —@ model:

a=0,52;8=p,f,;5 =0,09;

o =0,50 =0,6;0,,=0,125,

0 ﬁa_a)go’
LOX; 0X Ligs
= +

" Koo o I =1+1oozw !

Ta0: oX; OX; o

QQ. S
Xo = %kgkl Sy =Sy _1%5ki

(5 o) 2 o,
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where C, —force limiting the stress [9]; 7; —Reynolds stress tensor, f,—vortex
stretching function, y —dimensionless vortex stretching parameter, S, and S, — function of
the undesirable effect of flow compression, €; —mean rotation tensor.

Another commonly accepted k —& recommended model of turbulent viscosity [6, 10], is
calculated using k and &(13)

k2

m=C

The transport equation for the standard k —&: model is determined by the equation:

o 0 ol wu k] ——ou
_(pk)+—(pujk):— [lu+—tJ _puiujg—pg,

) ox, ox, o, )ox; J.

0 0 o 4, oe | & —— Ou; &
—(pe)+—I(pu.e)=—|| p+= |— |-c,—puu’ —L—c, p—.
5 P o (pus2) ox] (” ajaxj PN o Tk

The coefficients of the model are constants:
c, =144, c, =192, c,=0,09, o =10, o, =13.

First of all, in an isolated volume, the change in CO, concentration over the observation
time is determined, the source of which is the physiology of human respiration. The graph of
the change in CO,concentration is shown in Fig. 4. Geometrically, the monitoring point is a
point located in the WA at a distance of 1,0-1,2m from the floor level. The contours

(planes) of air contaminants distribution in the room volume were also used to display the
results of the study.

ppm, CO,
2400

2200
2000
1800
1600
1400
1200
1000

800

600 == ppm, CO2 = = = trend line
-

400

200

0 1 2 3 4 D 6 7 8 9 10 11 12
Time (min)

Fig. 4 Graph of CO, concentration (ppm) by observation time

Regression analysis of CO, inflows indicates that the growing line of CO, concentration

(ppm) acquires a linear-broken character at small concentration values (<900 ppm), which is

due to the convective properties of the environment and an exponential character at
concentrations above 900 ppm.
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The exponential trend line model has the following equation, ppm(t)
ppm(t) =541,53exp(0,138t).

Monitoring the distribution of CO,concentration (Fig. 5) along the vertical line H , (by
room height, m) includes observations: at the beginning — ppm(0s); during — ppm (1505s)
and at the end — ppm (6005).

H,m
32

= = = ppm (0s);
— = ppm(150s)
==+ ppm (600 s)

-l -
" -

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
ppm, CO2

Fig. 5 Monitoring the distribution of CO, concentration by the height of the study space

Monitoring the CO, concentration on the vertical scale shows that in a homogeneous air
environment, under the influence of gravitational forces, the highest CO, concentration is
concentrated closer to the floor. The straightness of the lines (Fig. 5) at the beginning of the
observations is due to the principle of detailed equilibrium of the system [11].

Visualization of the results of the process of CO, inflow into the study volume over a
15-minute period is presented in Fig. 6.

T,=450s

I . .
CO2 Volume Fraction 'CO2 Volume Fraction L ‘
Contour 3 bottom of space Coniour 3 bosiom of space

'—5- ""—h‘ — ) —
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Fig. 6 Change in CO, concentration by the height and time of the isolated space

Secondly, observations were made on changes in temperature and relative humidity in
the isolated volume (Fig. 7) over time, in connection with breathing and heat loss from the

surface of the human body in clothing.

t, Ce
235 ¢, %

70

69
233 68
67
66
65
64
63
62
61
60
tC 39
Relative humadity, % 58

2 57
223 36
55

2 ~ 54

0 1 2 3 4 5 6 7 § 9 10 11 12 13 14 15
Time, min

Fig. 7 Graph of changes in temperature and relative humidity

Fig. 8 shows a visualization of changes in temperature and humidity that occur over a 15-
minute period. The simultaneous increase in temperature and humidity causes the process of
increasing the enthalpy of air in rooms where humans are primarily the source of pollution.
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t,=22.0°C, T:=0s

,=22.71 °C, T,=450s d,=8.8 g/kg, T,=450 s

080 1.000 (m)

0250 0750

3=23.28 °C, T5=900 s d3=9.4 g/kg, Ts=900 s

e

Fig. 8 Rendering of temperature and humidity content relative to the research point over time

Figs. 9-11 represent the planes of the distribution of the height of the studied space over
time:

* humidity content;

* temperature;

» air velocity.
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Fig. 10 Change in temperature along the height of the isolated space over time
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Fig. 11 Variation of velocity along the height of an isolated space over time

4.2 Modeling of air contaminant intake, scheme A

The assimilation of excess heat, humidity and carbon dioxide (CO,) in the research

space is organized according to variable schemes, which allows to assess the efficiency of
ventilation systems with various design solutions taking into account constant air flow.

The air contaminant parameters, which are later assimilated by ventilation systems for all
schemes, are adopted as follows:

- air temperature: 24°;

- initial level of CO, concentration: 2100 ppm ;

- atmospheric pressure: 101325 Pa;

- relative humidity: ¢ =65%;

- average surface temperature of a clothed person: 27°.

Results of studies of the "air contaminant” assimilation according to scheme A.

Scheme A (Fig. 12) provides the following constructive conditions for ventilation
functioning:

- air supply from above using a static chamber and a ceiling diffuser with a working
diameter of @150 mm;

- consumption of supply and exhaust air: 120m*/ hour ;

- exhaust ventilation is organized in the lower part of the wall using a ventilation grid.

First of all, it is reasonable to consider the time required to bring the microclimate of the
room to the normative state during CO,assimilation. In turn, preliminary studies have

established that the highest concentration is concentrated in the working zone, which is due to
the physical properties of carbon dioxide compared to the surrounding air.
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The space under study.

Initial conditions

of contaminated air:

P(abs)=101325 Pa;

Temperature =297,15 K;

CO2 = 2100 ppm;
~ 9=50%

Clean air inlet using plenum
box and ceiling diffuser
with air flow rate

of 120 m3/hour P . thi
Temperature =295,15 K; Survey point within
€02 =350 ppm; the working area

9=50% -
The human body as a source of excretory
air contaminant: Exhaust air outlet using a ventilation

Exhalation zone - incoming CO2 and moisture: grille at the bottom of the wall
respiratory volume:=0.5 I;

temperature gases: =307,15 K

Inhalation zone - espiratory volume:=0.5 |;

Body temperature in clothing =300.15 K

0,00 1500,00 3000,00 (mm)
——
750,00 2250,00

Fig. 12 Initial data for modeling and research according to scheme A

There is an interest in the organization of exhaust ventilation in the lower plane of the
working area, where the extraction of polluted air has the shortest path and the possibility of
repeated ascent of carbon dioxide into the human breathing zone is excluded. The dynamics
of changes in CO, concentration at the monitoring point in a 9-minute period is presented in

Fig. 13.

ppm, CO,
2200

scheme A

2000
1800
1600
1400
1200
1000
800
600
400

200
0 1 2 3 4 5 6 7 8 9 10
Time (min)

Fig. 13 Dynamics of changes in CO, concentration over the time of observation

The value of carbon dioxide on a vertical scale during the functioning of the ventilation
system (Fig. 14) is distributed with a fluctuation within 200 ppm, which indicates uniform
assimilation of polluted air in the study area over the time of observation.
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Fig. 14 Monitoring the distribution of CO, concentration on a vertical scale
Volumetric visualization of changes in the carbon dioxide content over a 9-minute period

of time is shown in Fig. 15

Fig. 15 Volumetric CO, rendering over time relative to the observation point

The formation of a uniform distribution of air is due to the geometric properties of the
ceiling diffuser (Fig. 16), which forms stream lines of a cyclic nature along the adiabatic walls
of the study space. The analysis of the jet (stream line) acquires a stable character, where the
velocity vector of the supply air coincides with its direction. That is, the use of static pressure
chambers in supply devices of air supply systems has advantages in terms of hydrodynamics

and acoustics.
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Fig. 16 Stream lines

The distribution of carbon dioxide concentration in different horizontal planes of the
investigated volume by both height and time is presented in Fig. 17

T4=180c

. .
CO2.Volume Fraction L !
Com?uv 2Zoneoutiet

T4=540c¢c

C0O2.Volume Fraction
Contour

C02.Volume Fraction
2 Zone outlet Copiat 2 Zcns ouliet

3000 (m) E
o180

—
o750 225

Fig. 17 Variation of CO, concentration by height and time, scheme A
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5 DISCUSSION OF RESEARCH RESULTS

On the basis of the developed mathematical model, it became possible to solve such
problems using the ANSY'S software complex as:

» Human air contaminant intake in an isolated space;

» Modeling of the change in the concentration of carbon dioxide, scheme A.

The ANSY'S mathematical apparatus allows analyzing the operation of air handling unit
to redistribute and remove the main air contaminants from the room (carbon dioxide, heat,
water vapor) and monitor temperature, humidity, relative humidity, enthalpy and air velocity
parameters

In particular, based on the contour distribution of carbon dioxide (see Fig. 18), it can be
concluded that after nine minutes of operation of the air handling unit according to scheme A,
the CO,content decreased from 2100 ppm to 600—800 ppm. The optimal parameters at the

inlet of the stream into the working area of the room [1, 2] for this indicator are
400 —-600 ppm..

Supply air zone Work area boundary
MiNg2=678 ppm MiNg,2=687 ppm
MaXce2=850 ppm MaXce2=864 ppm

3 )
o 10 2000 fm) [ 100 2000 m)
— — — — 1
g D 050 1500

Breathing zone
ming,z=700 ppm
MmaXg,;=857 ppm

3 ©
o 1000 2000 gm) ° 1500 2000 fm)
— — —  m—
050 50

o750 2%

Zone air outlet
Ming,,=724 ppm
MaXq2=828 ppm

Fig. 18 Variation of CO, concentration by height and time, scheme A . Time 540 s

6 CONCLUSIONS

With the use of the ANSYS software package, mathematical modeling of processes of
changing the state of the air environment has become possible. The above approach and
method provided an opportunity:

- processes of heat and mass exchange and hydrogas dynamics during the interaction of
systems (human and air handling unit operating according to various air change schemes);

- obtain intermediate results of the efficiency of various air change schemes in the room.

Subsequent publications will allow a comprehensive assessment and comparison of the
efficiency of all four air change schemes we have chosen, when solving the inverse problem
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(bringing the parameters of the polluted air environment of the room to optimal standard
parameters by means of general exchange ventilation).
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MEXAHOAKTUBALIA NOPTJAHJUEMEHTY TA Ii BIIJIUB HA
BJIACTUBOCTI BY AJIBEJIbHUX KOMITIO3UIIIN PI3HOI'O
HPU3HAYEHHA

Bapa6am 1. B., lagiquyk B. I'.}, Crpeasnos K. O.!

1 . . .
Ooecvia deparcasha akademis 0y0ieHUYmMea ma apXimexnypu

AHoTanisn: Po3rnsHyTi y cTaTTi NUTaHHS [TOB’s3aHi 3 BU3HAYCHHSIM BILTUBY MEXaHOAKTHUBAIlii Ha
BIIACTUBOCTI IIEMEHTHO —BOJHUX KOMITO3MIIiK Ta OyNiBeTbHUX PO3YMHIB Ha 1X OCHOBi. AKTyallbHUM
JUTSL TAaHOT'O JIOCITI/PKEHHS € aKTUBAIlisl IEMEHTY B MO€IHAHI 3 BAKOPUCTAHHAM MEJICHOTO KBAapIOBOTO
micky (S =250.m°/xe) Ta cynepmnactudikaropy Pemaxcon-Cymep TTK. KinbkicTh KBaproBoro
nicky Koperysanacs B aiana3oni Big 0 1o 40% macu niemenry, a cynepruiactudikaropy (0,15 - 1,5%)
MacH B'SXKY4Oro. 3acTOCyBaHHSA JaHOI TEXHOJOril 3abe3nedye MPUCKOPEHHS MNPOLECiB TigpaTamii
[EMEHTY, 30epeKeHHS HEOOXiJHOTO PiBHS PYyXJIUBOCTI KOMIIO3WIIM TpU MEHIIH BUTpaTi BOIU
3aMillyBaHHS, IHTEHCU(DIKaLiI0 €K30TEPMIYHOTO PO3IrpiBYy.

Hageneni excriepuMeHTasbHi JaHi JTO3BOJIMIM OIMIHUTH BIUIMB TEPMIHY aKTUBAIll B’ SKY4OTO Ta
BUTpAT CyIepIuiacTu(ikaTopy Ha pO3ILIMB BOAHOI IEMEHTHO—BMIIYI0u0i KoMmIio3uiii. BecranosieHo,
10 OCHOBHHUI BKJIAJl B 3HIKEHHS BOJIOTBEPAOrO BiIHOUICHHS (IIPH YMOBI OEpXKaHHS PIBHOB’S3KHX
KOMIIO3UIIIH) JIOCATAEThCs MPU aKTHBaIlil [[EMEHTHO-BMIilIyrouoi kommosulii nporsrom 180 cek. 3
nonaBanHsM 1,5% cynepruiacTudikyrodoi qodaBku. BogoTBep/ie BiTHOIICHHS 3MEHIITYETHCS OijbIe
HiK Ha 50%. Ilomanpme 30i7bMIEHHS KUTBKOCTI MIacTH(dikaTopy Mae mMainy e(peKTHBHICTH Ta ciabo
BIUTMBAE HA 3HWKCHHSI BOJJOTBEP/IOTO BiTHOIICHHSI.

AXTHBaIlisl B TIOEAHAHI 13 3MEHIICHHUM BOJIOTBEPJUM BiJHOIICHHSIM IIEMEHTHO-BOIHOI
KOMIIO3HUIII1 CIIpHs€E SIK MiJBUIIEHHIO 1HTEHCHBHOCTI PO3ITpiBYy, Tak i 3pOCTaHHIO ii MaKCHMAallbHOT
temneparypu. llicas akTuBaiii MakcHMManbHE 3HAYeHHsI TeMIlepaTypu 30imblnyBasock Ha 5-11%,
MOPIBHSIHO 3 HEaKTHBOBAHOIO IIEMEHTHO-BOMHOIO KoMmo3mmiero. Ik ex3orepMmiuHOi peakmii A
MEXaHOAKTHBOBAHOI I[EeMEHTHO-BOJHOI KOMITO3HMIIIl HAcTynae Ha 3 TONMHU paHilie B MOPIBHSHHI 3
HEaKTUBOBAHOIO CYMIMMIIIO. 3pOCTaHHS MIITHOCTI OyIiBETBHOTO PO3YMHY Ha MEXaHOAKTHBOBAHOMY
[IEMEHTI 3 IOJIAHHSAM CyNepruiacTudikyouoi 1o0aBku qocsraio 71% B MOpiBHAHHI 3 KOHTPOJIEM.

Knaro4oBi ciioBa: MexaHOakTHBallis, POTOPHHWH IIBUJAKICHUIA 3MilIyBad, IiacTH(iKyroya
n00aBKa, EK30TEPMIYHHUNA PO3ITPiB, BOXOTBEPAE BiIHOIICHHS.

MECHANOACTIVATION OF PORTLAND CEMENT AND ITS
INFLUENCE ON THE CHARACTERISTICS OF CONSTRUCTION
COMPOSITIONS FOR VARIOUS PURPOSES

L Barabash!, V. Davidchuk!, K. Streltsovl.

'Odesa State Academy of Civil Engineering and Architecture

Abstract: The issues considered in the article are related to determining the effect of mechanical
activation on the properties of cement-water compositions and building mortars based on them. The
activation of cement in combination with the use of ground quartz sand (S =250.:° /x2) and the
superplasticizer Relaxol-Super PC is relevant for this study. The amount of quartz sand was adjusted
in the range from 0 to 40% of the cement mass, and the superplasticizer (0,15 — 1,5%) of the binder
mass. The use of this technology ensures acceleration of cement hydration processes, maintaining the
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required level of composition mobility with a lower consumption of mixing water, and intensification
of exothermic heating.

The presented experimental data made it possible to evaluate the effect of the binder activation
period and the superplasticizer consumption on the flow of the agueous cement-containing
composition. It was found that the main contribution to the decrease in the water-solid ratio (provided
that equiviscous compositions are obtained) is achieved by activating the cement-containing
composition for 180 sec. with the addition of 1,5% superplasticizing additive. The water-solid ratio
decreases by more than 50%. A further increase in the amount of plasticizer has low efficiency and has
little effect on decreasing the water-solid ratio.

Activation in combination with reduced water hardening of the cement-water composition
contributes to both an increase in the heating intensity and an increase in its maximum temperature.
After activation, the maximum temperature increased by 5-11% compared to the non-activated
cement-water composition. The peak of the exothermic reaction for the mechanically activated
cement-water composition occurs 3 hours earlier compared to the non-activated mixture. The increase
in the strength of the mortar on mechanically activated cement with the addition of a superplasticizing
additive reached 71% compared to the control.

Keywords: mechanical activation, rotary high-speed mixer, plasticizing additive, exothermic
heating, water-solid ratio.
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1 BCTYII

[TepcieKTUBHUM METOJIOM ITOKpAIIEHHS (PI3MKO-MEXaHIYHUX XapaKTEPUCTUK OyaiBEeIbHUX
KOMIIO3MTIB € MEXaHOXIMIUYHa aKTHBallisl NOpTIaHAueMeHTY. EQexT Big mMexaHoaKTuBalii pi3Ko
3pOCTA€ B MMOEJHAHHI 3 BUKOPHCTAHHSIM ITOBEPXHEBO-aKTUBHUX PEUOBHH Ta MEJIEHOT'O KBapIIOBOT'O
micKy. 3a0e3nevyeHHs] BHCOKOTO CTYIEHsI aKTHBAIIIl IEMEHTY JOCATAETHCS NIIIXOM BUKOPHCTAHHS
MIBUAKICHUX akTuBartopiB. CyMmiCHE BHUKOPHUCTAaHHS TEpPepaxOBaHUX TEXHOJIOTIYHUX Ta
peuentypHux (GakTOpiB MOXKE CIPUATH PI3KOMY MiJBUIICHHIO TOTEHIIHHUX MOXKIUBOCTEH
B’SDKYYOro, IO MOXE BIZOOpa3HTHCS SIK Ha KIHETUII 3POCTaHHS MIIHOCTI OYIiBETbHOTO
KOMIIO3HTY, TaK 1 Ha il peaJlbHOMY 3Ha4€Hi B MAPOYHOMY BiIli.

2 AHAJII3 JITEPATYPHUX JAHUX TA IIOCTAHOBKA IMPOBJIEMU

OnHUM 3 OCHOBHUX 3aBJiaHb, IO CTOSTh MEPel TEXHOJIOTaMH, € TOKPAIICHHS BIIaCTHB OCTEH
LIEMEHTHOIO0 KaMEHIO0 Ta Oy/IBEIbHUX KOMIIO3MTIB Ha Horo ocHoBi. lle Bkpail BaxiuBa Ta
aKkTyaJlbHA 3ajaya, AJi1 BUPILIEHHS sIKOi CTBOpeH1 pizHoMmaHiTHI muiaxu [1]-[9], cepem skux
MEPCIEKTUBHUMH € MEXaHOXIMIYHI crocoOu aktuBamii B’spkydoro [10]-[15], BukopucTaHHA
MMOBEPXHEBO-aKTMBHUX PEYOBUH Ta MiHepajdbHUX HamnoBHIoBauiB [16]-[19]. Cepen icHyroumx
Croco0iB aKTHUBAIll MPOIECIB TiApaTamii MEMEHTHUX KOMITO3HUIIA HIUPOKE PO3IMOBCIOKCHHS
OJICP)KYIOTh TYpOYJIGHTHI IIBHJKICHI 3MilllyBaui pi3HUX KOHCTpyKIiK [20]-[22]. Bci BoHM MaroTh
OJHYy TEXHOJIOTIYHY METy, a caMe — IOKpAIlyBaTH SIK PEOJIOTiuHI, Tak 1 (I3UKO - MEXaHIuHI
BJIACTUBOCTI KOMMO3MIIHHUX MaTepianiB [23]-[27]. BukopucraHHs MIBUIKICHUX 3MIIIyBayiB
CIIpHsie BHPIIICHHIO KOMIUJIGKCY IIMTaHb, SKi IOB’s3aHi, HacamIepen, SK 3 ITOKpaIeHHIM
TOMOT'€HHOCT1 CBI?)KOIPUTOTOBJICHOI CYMIIlli TaK i 3 3pOCTaHHSIM MIIIHOCTI IIEMEHTHOTO KaMEHIO Ta
OyIiBeIbHOTO PO3UMHY Ha ioro ocHoBI [28], [29].

Bxkpaii BayKJIMBUM B TEXHOJIOT11 BUTOTOBJIEHHS pecypco30epirarounx OyaiBeIbHUX PO3YHMHIB €
BUKOPHCTAaHHS TIOBEPXHEBO-aKTUBHUX pedoBUH. Taki 100aBKH 4acTO BUKOPHCTOBYIOTH SIK OKPEMO,
Tak 1 B MOEIHAHHI 3 IHIIUMU JO0OAaBKaAaMU CHHTETHYHOrO0 ab0 HaTypadbHOro moxoxkeHHs [30].
HasBHICTH 1X 3MEHINye HAJJIMIIOK BOJW B MPOIECI MPUTOTYBAaHHS OYIAIBETHHOTO PO3YHHY, IO
NPU3BOAUTH JO IMiJABHINCHHS #oro wMinHocti [31, 32]. BukopucTaHHS IIBUIKICHOTO
TIAPOJMHAMIYHOIO 3MINIYBaHHS B IO€JHAHI 3 €(QEKTUBHOI BUTPATOK IIOBEPXHEBO-AKTHUBHOI
N00AaBKM Ta ONTHMAJIBHOIO 3a BHUTPATOIO KUIBKICTIO MENEHOTO KBapIlOBOI'O IiCKy, 3a0esrnedye
INPUCKOPEHHS TMPOIECIB TiApaTanii IeMeHTy, iHTeHcH(ikalii eK30TepMIYHOro po3irpiBy Ta
3pOCTaHHIO MIITHOCTI OyMiBEIBHOTO pO34MHY. Buile nmepepaxoBaHe 103BOJISE BIIMOBUTHCS SK BiJ
TEPMOBOJIOTOi 00POOKH, TaK 1 BiJl BAKOPUCTAHHS IBUJIKOTBEPIHYYNX I[EMECHTIB.

3 IIJb TA 3AJAYI JOCJIKEHHS

Meta nponoHOBaHOI POOOTH MONATAE Y BU3HAUEHI PO3IITBHOrO BIUIMBY MEXaHOAaKTHBAIIli
[UISIXOM IIBUAKICHOTO 3MINTYBAHHS [IEMEHTHO-BOJHUX KOMITO3HUIIIN B CIIEHIAIBHO PO3POOICHOMY
MexaHoakTiuBaTopi mpuMycosoi aii (N =180006 / xs) , cynepmaactudikyrouoi qobaBku Pemakcon

- Cynep IIK (B moganbmomy CIT), Ta BUTpaTH MEJIEHOro KBapioBOI'o MiCKY SIK Ha X PYXJIUBICTb,
€K30TEepPMIYHUI pO3IrpiB, @ TAKOX HAa MILHICTh NPU CTUCKY OYIIBEIHHOIO PO3YMHY. AKTHBALS
TUIBKU MOPTJIAHALIEMEHTY Ta CYMIIIl MOPTJAHALIEMEHTY 3 MEJIEHHM IICKOM 3[ilicHIOBajacs B
BOJIHOMY  CEpeNoBHIi, B MexaHoakTtuBaTtopi mnporsirom 180 cex. [lng KoHTposro
BHKOPHCTOBYBAJIOCS B’sDKyYe, SIKE MEXaHOAKTUBAIlll HE MiJsarano. BusHadyaBcs TakoK CyMiCHHI
BIIIMB MexaHoaktuBamii, BuTpath CII Ta MeneHOro KBapiOBOrO TMICKy Ha KIHETHKY
eK30TePMIYHOT0 PO3IrpiBY Ta HA MIIHICTH MPU CTUCKY OYAiBEIHHOTO PO3UHHY.

Jlis BU3HA4YEHHS €K30TEPMIYHOI'O pO3irpiBy BOJHOI LIEMEHTHO — BMIIIYIOYOi KOMIO3MIIii
BUKOPHCTOBYBABCSl TEPMOC, SKHUIl MPEACTaBIISAB COOOI0 CKIISIHY KOJIOY 3 MOABIHUMH CTIHKaMH,
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MIXK SIKUMHU CTBOpeHO BakyyM. Dikcallisi TeMIiepaTypu 3pa3KiB 3iilicHIOBazacs yepe3 koxkHi 30 xB
iX TBEpIHEHHs JO TOr'0 4Yacy, KOJIM HACTYIHHUH MOKa3HUK PO3IrpiBy HE 3MiHIOBaBCs, abo OyB
HUKYHUM TONEPETHBOTO.

Po3ginpHuit Ta cymicHuii BB mexaHoakTtuBaiii, CII Ta BUTpaTé MeleHOro micky Ha
MILHICTh OY/IBEJIbHOIO PO3UYMHY OLIHIOBaBCS ULUIAXOM BHIPOOYBaHb 3pa3KiB 0ajiouok
4x4x16 cM Ha cTHUCK y Billi 3-X, 7-u Ta 28-u nHiB TBepAHEeHHs. CKIaJ po3uMHOBOI CyMilll JJIs
BHUT'OTOBJICHHS 3pa3KiB mpuitmaBcs 1:1 (B’ spKyde : MICOK).

4  PE3VYJBTATHU JOCIIT)KEHb

B nocnipkeHHAX B SKOCTI B’SDKy4oro BukopucroByBancs nopriananement 11 1I/A-111-500.
B’soxyue BigmoBimae Bumoram JICTY b B.2.7-46:2010 '"lLlemenTtu 3aransHOOYAIBHOTO
npusHadeHHs. TexHiuHi yMoBU.". OnepkaHHs 3MIIIAHOTO B’SHKYYOTro 311 CHIOBAIOCS 32 PaXyHOK
CYMICHOTO TIOMEJy IMOPTJIAHIIIEMEHTY Ta KBapmoBoro micky B kiuibkocti 20 i 40 %. B sxocri
3aMOBHIOBAYA JUIs Oy/iBENLHOrO PO3YMHY BMKOPHCTOBYBABCS KBAapIoOBMH micok 3 M, =2,2. B

TaOy. 1 HaBelAeHI EKCIIEPUMEHTAIbHI JaHl, $Ki BiI3EPKaJIIOIOTh BIUIMB PELHENTYPHO —
TeXHOJOruyHUX (pakTopiB (PTD), a came: a) BMICT MEJIEHOTr0 MICKY Y B SXKy4oMy; 0) KOHLIEHTpawil
CII Penakcon - Cynep IIK; B) MmexaHoXiMI4HOT akTHBAIlli B’SHKYy40ro Ha BOJOTBEP/EC BIAHOIICHHS
(B/T) uneMeHTHO-BMIIyl0OUMX BOJHUX KOMIIO3ULIN 3 PO3MJIMBOM KOHYCY CyMilli Ha mpuOopi
Cytrapna(B KOXXHIH ToULll eKCiepuMeHTY) B Aiana3oHi /[ =120+5 wm.

Taomuus 1

Brume PT® Ha BogoTBep/ie BiIHOMIECHHS [IEMEHTHO-BMITITYIOUUX KOMITO3UIIIH

Ne IlemenT, %. Mein.micok, %. CII, %. B/T AxTUBAallisl, CEK
1 100 0 0 0,387 0
2 100 0 0,75 0,221 0
3 100 0 15 0,212 0
4 100 0 0 0,346 180
5 100 0 0,75 0,201 180
6 100 0 15 0,193 180
7 80 20 0 0,348 0
8 80 20 0,75 0,212 0
9 80 20 15 0,2 0
10 80 20 0 0,313 180
11 80 20 0,75 0,195 180
12 80 20 15 0,188 180
13 60 40 0 0,324 0
14 60 40 0,75 0,190 0
15 60 40 15 0,177 0
16 60 40 0 0,284 180
17 60 40 0,75 0,177 180
18 60 40 15 0,17 180

AHaji3 eKCIepuMEHTAIbHUX JaHWUX, HaBeIEeHUX B Ta0j. 1, CBITYUTH MPO TE, IO aKTHBALliS
LIEMEHTHO-BMIIIlyr040l BOAHOI KoMIo3uiii mpotrsarom 180 cek 3abe3medye OJEPKCHHS
HeoOXigHOro po3mmBy cymimn (miamerp 120+1 MM) mpu 3HM)KCHMX 3HAYCHHSX BOJIOTBEPAOrO
BimHomeHHs. Tak, MexaHOXIMIYHA aKTUBAIlisl [EMEHTHO-BOAHOI KOMMO3UIII CIIpUSE 3HUKECHHIO
BogotBepaoro BigHomieHHs 3 0,387 (koHTponms — aktuBamis BiacyTHs) g0 0,346 (akTuBamis
npotsirom 180 cek), To6To Maiixke Ha 12 %.

Crig BIAMITUTH BIUIMB MEXaHOAKTHBAIlil Ha 3HM)KCHHS BOJOTBEPJOrO BITHOIIECHHS TaKOX 1
JUIST KOMITO3MIII Ha MOPTIAHJALEMEHTI 3 J00aBKOK MEJIGHOIO0 KBapIoBOro Iicky. Tak, s
[IEMEHTHOBMIIyI04oi  Kommo3wmii 3 jgobaBkoro 20%  MeNeHOro  KBapIOBOIO  IMIiCKY
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MexaHoakTHBalis npuBoae a0 3HmwkeHHs B/T 3 0,348 mo 0,313, To6To Oinmbine HiK Ha 11%.
MexaHoxiMiuHa aKTHBaIlis IEMEHTHO-BOJIHOT KOMIT03uIIii 3 700aBK0r0 40% MeJIeHOro KBapIOBOrO
nicky 3a6esneuye 3HmwKeHHs B/T (B mopiBHsHHI 3 KoHTposieM) 3 0,324 no 0,284, ToOTO Maiibke Ha
14%.

o cTocyeThbes BIUIMBY MEXaHOAKTHBAIll BOJHUX IEMEHTHO - BMIN[YIOUMX KOMITO3MIIH Ha
3MiHY J[laMeTpy PO3ILUIMBY KOHYCY CyMIIIi B 4Yaci, TO CNiJl BIAMITHUTH, IO JJIsl BCIX PO3TIISTHYTHUX
KOMITO3HIIH TPOSBISETHCS TEHICHIISI 7O OUTBII IMBHUIKOI BTPATH PYXJIUBOCTI CyMillIel, TEpMiH
aKTuBallii SKUX 3pocrae. Busieno, mo 30imbiieHHs KimbkocTi CII y KOMIO3UINSAX CHpHsE
CIIOBIJIbHEHHIO BTPATH PyXJUBOCTI cymimeil. KiHeTuky 3MeHIIeHHs JlilaMeTpa po3IJIMBY KOHYyca
CyMilll MpeAcTaBiIeHa y Tadu 2.

Tadaung 2
JiameTp po3ruMBy KOHYyCa CyMiIIl CKIIaIiB
TepmiH, Ne cknany
rog
1 [ 2 | 3] 4] 5 [ 6 | 13| 14 [15] 16 | 17 | 18 |

Po3mnus, MM

0 120 120 | 120 120 | 120 120 120 120 120 120 120 120
1 107 109 | 109 94 90 90 113 109 110 97 95 113
2 105 95 97 74 69 83 106 100 103 83 70 102
3 89 91 86 54 52 72 97 85 95 62 56 84
4 63 89 78 - - 59 84 72 90 - - 65
5 - 84 73 - - - 70 65 82 - - -

6 - 64 66 - - - 54 58 74 - - -

BinmideHOo BIUIMB MeXaHOAKTHUBAIlli HAa 3HM)KCHHS BOJOTBEPIOrO BiJHOIICHHS I[€MEHTHO-
BOJIHUX KOMIIO3ULINA B HpUCyTHOCTI cynepmiactugikaropy. Tak, sikujo 3poctanns CII no 1,5%
BHUKJIMKA€ 3HUKEHHS BOJOTBEP/IOTO BIIHOIIEHHS IEMEHTHO-BOHOI Kommoswulii 3 0,387 mo 0,212
(KOHTpOJb — aKTUBAllisl BIACYTHsS), TO CYMICHUI BIUIMB MexaHoakTuBauii B mpucytHocTi CII
(1,5%) 3abe3neuye oaep:kaHHS 33JaHOTO PO3IUIMBY IIEMEHTHO-BOIHOT KOMITO3UIIii, MMPH MEHIIIH
KiJbKOCTi Boau 3amimyBanus (B /7 =0,193).

[IIBuaKicHE 3MiNTyBaHHS IIEMEHTHO-BMINIYIOUYUX KOMITO3MIIIN BigoOpaka€eThCsl TaKOX 1 HA
KIHETUIl X €K30TepMIuHOro posirpiBy. OpepkaHi eKCllepUMEHTallbHI pe3yiabTaTh, pHC. 1,
CBIAYaTh MPO HASBHICTh IHAYKIIITHOrO MEpioAy pO3IrpiBy LIEMEHTHO-BOJHUX KOMIIO3MIIM AK Ha
MEXaHOAKTUBOBAaHOMY B’sDKy4oMy (A), Tak 1 Ha B SKYUOMY, SIKE MEXaHOAKTUBALlll HE MIAJIArao
(K). Innykuiiinuii nepion Ha nopTiaaHALEMEHTI 0e3 100aBKU MEJIEHOr0 MICOKY 1 SKUH aKTHUBAIllil He
HiJuAraB, ckiagae mpuoin3Ho 4...6 TOOUMH 3 MOMEHTY 3aMilllyBaHHA Horo Bonoro. IlomepenHs
aKTHUBAIllSl CKOPOUYYE TEPMIH 1HAYKIIIHHOTO Mepioay €K30TEPMIYHOI0 PO3IirpiBy I1eMEHTHO-BOAHOT
KoMmmo3uiii g0 2-x — 3-X roamH. Ilo 3akiHYeHHIO IHAYKI[IHHOTO TMEpiony CIOCTEPIraeTbCs
IHTCHCHUBHE ITiIBUIICHHS TEMIIEPATYPU TBEPIHYIOT IIEMEHTHO-BOHOT KOMITO3HIII1.

JIJiss 1IeMEHTHO-BOJHOT KOMITO3UIIii, SKa HE MMiJyIsiraja MEXaHOAKTHBAIlli, MaKCUMaJIbHUN
pozirpiB He nepesuinyBas 51,7 °C, a mik po3irpiBy HacraBaB He paHime 11 roauH 3 MOMEHTY
3aMillTyBaHHS LIEMEHTY BOOIO.

MexaHoaKTHBAaIlisl 1IeMEHTHO-BOAHOI Kommo3uiii B mpucyrtHocti CIT B kimbkocti 1,5%
COpusie TiABUIIEHHI MIBHIKOCTI TigpaTarii, 1o BigoOpa)ka€ThCsi Ha 3POCTAaHHI MaKCHMAaJIbHOI
TemiepaTypu ii po3irpiy (puc. 1, a).
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Puc. 1. KineTrka ek30TepMiYHOTO PO3IrpiBy HEMEHTHO-BMIIIYFOUMX KOMIO3HUIIIH:
a, b — BMicT MeneHoro KBapIOBOTO MiCKY Y B’ sKydoMy, BiamosiaHo 0 ta 40%

BBenenHns 10 Ckiaay MOPTIAHALIEMEHTY MEJIEHOTO KBaplOBOTO TICKY CIPHSE
3MEHIIIEHHIO €K30T€PMIUYHOr0 PO3IrpiBy I[eMEHTHO-BMilly04oi koMmo3ulii. Tak, 3pocTaHHs
fioro Butpatu 40% crpuse 3HUKEHHIO MaKCHMAaJlbHOI TeMIepaTypu po3irpiBy TBEpAHYYOL
[IEMEHTHO-BMIIIYI0U01 KoMIo3uilii 3 57,4 no 39,5 °C, To6To 6inbmie Hixk Ha 31% (puc. 1, b).

3aKIIIOYHUM €TaroM JOCHIKEHHsI OyJI0 BU3HAUEHHS BILUTMBY MEXaHOXIMIYHOI aKTUBAIIil
nementy B npucytHocti CII Tta MeneHOro KBapLoBOro MHICKY Ha MILHICTb HPH CTHCKY
OyaiBETbHOTO PO3UMHY B Billl 3-X, 7-u Ta 28-1 JIHIB TBEPAHECHHS.

Amnaii3 rpagiuHHX 3aJ€KHOCTENH CBIIUUTH MPO T€, 110 CYMICHUN BIIJIMB MEXaHOAKTUBALIi
ta CII cnipusie 3pOCTaHHIO MIITHOCTI OY/iBEJILHOT'O pO3YMHY (B MOPIBHSHHI 3 KOHTPOJEM) B 3 -
X neHHoMy Bimi 3 32 MIla no 70 MIla, To6to Oinbmie HixX B 2 pa3u. B 28-u neHHOMY BiIi
PI3HHUIISI MIHOCTI 3HUXKYEThbcs 1 He mepeulrye 70%. BBenenns B moptinanaueMment 40%
MEJICHOTO KBapIIOBOT'O MICKY Pi3KO 3HIKYE MIIHICTbD, ajle€ 1 B IIbOMY pa3i MEXaHOAKTHBAIlisA B
npucytHocti CII 3a0e3nedye onepikaHHS MIIHOCTI OYJIBEIbHOIO PO3UYMHY HA CTUCK Ha
25...30% OuipmIol0 B TMOPIBHSHHI 3 MIIHICTIO KOHTPOJBHUX 3pa3KiB (MeXaHOaKTHBALis
BifCcyTHS, KijbKicTb CIT — 0%).

Kinetnka Habopy MilHOCTI Oy/iBeTbHIUM PO3YMHOM ITOKa3aHa Ha puc. 2.

bapabar L. B., {asimuayk B. I'., Ctpensiios K. O.
https://doi.org/10.31650/2618-0650-2024-6-2-77-87 82




V1/2/2024
Crop. 77-87/ Page 77-87

Mexanika Ta MareMaruuHi meroau /
Mechanics and mathematical methods

a) b)

T, mHi T, moml

Puc. 2. Kinerrka 3poctanHsi MiIIHOCTI Oy/1iBEIbHOTO PO3YHHY:

a, b — BMicT MerneHoTO TicKy y B'sxydomy 0 ta 40% BiANOBiAHO;
------------- — B'sDKyde MexaHOaKTHBOBaHe mpoTsaroM 180 cek.;.
------ KOHTPOJIb (MEXaHOAKTHBAIlisl B SDKYJOTO BiICYTHS);

1, 2 — Burpara cyneprmiactugikaropy 0 i 1,5% BianoBigHo (Big MacH LEMEHTY)

5 OBI'OBOPEHHA PE3YJBbTATIB JOCJII/UDKEHHSA

Cymicuamii BB mexanoaktuBaiii Ta CII cmpuse 3pocTaHHIO MIITHOCTI OyIiBEIBHOTO
pozuuny. IliABUIEHHS peakifHOlT 3MaTHOCTI KOMIIOHEHTIB B’SHKY4OTO TIOB’SI3aHO 3
MEXaHIYHUM PYHHYBAHHSIM TTOBEPXHEBOI 30HM TOHKOJMCIIEPCHUX YACTOK IIEMEHTY Ta 3€peH
MICKY B IpoIleci KOHTAKTHOI B3a€MOJIIi MK HUMHU Y POTOPHOMY IIBUIKICHOMY 3MIITyBadi.
Pe3ynbTath  eKCIEpUMEHTAILHUX JOCHTIDKCHb JIO3BOJIMJIA  ONTHMI3yBaTh sSIK TEPMIH
MexaHoakTuBanii, Butpatu CII, Tak i KiJIbKiCTh MEJIEHOr0 KBapLOBOrO MICKY y B SKy4OMY,
AK1 B CYKYIHOCTI 3a0€3[1€4yI0Th OJE€pP)KaHHS LIEMEHTHOIO0 KaMEHIO IiJIBUILEHHOI MILHOCTI.
binpm TOro, BUKOPUCTaHHS MEXAaHOAKTHBAIll 103BOJMJIO 3MEHIIMTH (B TOpPIBHSIHI 3
KOHTPOJIEM) BOAOTBEP/I€ BIAHOLIEHHS OuIbie HOK Ha 11%, CKOPOTUTH TEPMIH TyXKaBJICHHS 3
5 no 4 roauH, a TEPMiH IHAYKIIIHHOrO Nepioay Ha 2-3 TOAMHHU Ta 301JbIINTH MaKCUMAJIbHY
TEeMIIEpaTypy po3irpiBy oOinbuie Hix Ha 11%.

Buxopuctanns CII (1,5%) no3Bosnse 3MeHIIUTH (B MOPIBHSAHI 3 KOHTPOJIEM ) BOJOTBEP/E
BiHOLIEHHS OlIbIIe HIK Ha 45%, a B moeaHaHH] 3 MeEXaHOAaKTUBAaILi€r0 Olbie HivK Ha 50%.

BuxopucTaHHs MeleHOro KBapLOBOro MHiCKy Yy ckiaal B’sbkydoro (3 3amiHoro 40%
[IEMEHTY) CIIPUsi€ 3MEHIIEHHIO MaKCUMAJIbHOI TeMIiepaTypu po3irpiy 3 57,4 no 39,5 °C.

Pesynmbratn gochmipkeHb CBiAYaTh Mpo €PEKTHBHICTh MEXaHOXIMIYHOI aKTHUBAIlii
MOPTIAHALIEMEHTY 3 JO0OABKOK MEJICHOr0 KBapIIOBOr'O IICKY Y POTOPHOMY IIBHJIKICHOMY
smimyBaui. Edekr Big  akTuBamii = IEMEHTy  MiABUILYETbCI B  MPUCYTHOCTI
cynepractudikaTopy, 3a0e3Mmedyrodd MpH I[bOMY 3pPOCTaHHS MIIHOCTI OY/iBEIBHOTO
pO3uuHY B 28-u AeHHOMY Billi Oisbie Hik Ha 70% (B OPIBHSAHHI 3 KOHTPOJIEM).
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6 BUCHOBKHU

1. BukopucTaHHsi MEXaHOXIMIYHOI aKTHBAIlli IIEMEHTHO-BMIIIYIOYHM KOMIIO3UIIINA B

npucyTHOCTI cynepriactudikyroudoi nodasku Penakcon-Cymep IIK (mo 1,5% Binm macu
IIEMEHTY) JI03BOJIsIE 3MEHIITyBaTH BojpoTBepAe BigHomeHHs 3 0,387 mo 0,193, ToOTo Oinbiie
Hik Ha 50% (B MOPIBHSHHI 3 KOHTPOJIEM).

2. CymicHuii BB MexaHoakTuBalii B’spkydoro B mpucytHocti CII (1,5%) crpusie

3pOCTaHHIO MILHOCT1 Oy/IiBEJIbHOTO PO34MHYy B 28-U JAEHHOMY Billi Oinbiue Hixx Ha 70% (B
MOPIBHSIHHI 3 KOHTPOJIEM).
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VIIK 624.04

MEXAHI3MH IIJIACTUYHOI'O PYMHYBAHHSI APOK

Copoxa M. M.

' Ooecvra deporcasna axademis 6yOisnuymea ma apximexmypu

AHoTanisi: Po3risiaerscss METOMKA BI3HAYECHHS TPAaHMYHOTO HABAHTAKEHHS JIJIS ABOIMIAPHIPHOT 1
Oe3mapHipHOi apoK TMOCTIMHOI 1 3MIHHOI KOPCTKOCTi. P03paxyHOK BHUKOHYETHCSI 13 BUKOPHUCTAHHAM
METONy TPaHUYHOI piBHOBard. Po3risimaioTeess apKkud MiJ  Ji€l0  BEPTUKAIBHOTO  PIBHOMIPHO
pO3MOMITIEHOr0 HaBaHTakeHHS. [lomepeuHnii mepepi3 NPUHAHATHH y BUIISI HE apMOBAHOIO
npsMOKyTHUKa. HanpyxeHo-neopMOBaHMiI CTaH MPYXHO-TIACTHYHOIO  Marepially OINMUCYETHCS
niarpamoro [lpanaris. OcobmuBicTh AeopMyBaHHS MaTepialy MoJsrae B TOMY, IO TPAaHUIN TEKy4OCTi
IIpY PO3TSTYBaHHI 1 CTHCKY pi3HI. BuU3HAa4YeHHsA rpaHUYHOrO HaBaHTAXXEHHS Oa3yeThbCAd HA BpaxXyBaHHI
TIJIBKH OOHOTO (PaKTOPY — 3rUHAJIBHOrO MOMEHTY. ToOTO, py BUHUKHEHHI Y TIepepi3i apKu IT'PaHUYHOTO
MOMEHTY YTBOPIOEThCS TUIACTHYHWE IAPHIP, SKUH J03BOJISIE HEOOMEXKEHY KyTOBY nedopmaliito 0e3
3pPOCTaHHS 3TUHAIIBHOTO MOMEHTY. [Ipy yTBOpEHHI KiJIbKOX IUIACTHYHUX IIAPHIPIB PO3PaXyHKOBA CXeMa
apKH TIEPETBOPIOETHCS Y MEXaHI3M. 3BHYANHO, TaKU TIiJIXi/I TPU3BOMTH JI0 HETOYHOCTEH Y BU3HAUCHHI]
TPaHUYHOTO HABAHTAXEHHSA. AJle, Ha TMEPHIOMY eTami JOCJI/DKEHHS CTaBWjacs 3ajada JeTalbHOIro
BUBYEHHS 0COOJIMBOCTEH IJIACTHYHOTO MEXaHI3MY PYHHYBaHHS apKu.

JInst moCHiKeHHST TPAaHUYHOTO CTaHy apoOK BUKOPHCTOBYBAJIWCH JIBI METOAMKH — AHATITHYHHN
PO3PaxXyHOK 1 YHUCEIPHUI PO3PAaXyHOK 13 3aJIy4eHHSIM METOAY CKIHUEHHX eJIEeMEHTIB. BUKOpUCTaHH I TBOX
METOIMK PO3PaxXyHKy JO3BOJSIE KOHTPOJIFOBATH PE3yJBTATH 1 MiJABUINATHA iX JIOCTOBIPHICTB. 3
BUKOPHCTAHHSIM aHAJITHKA OJCPrKaHi BUPa3H Il BU3HAUCHHs TPAHUYHOTO HABAHTA)KEHHS 1 KOOP/IUHAT
nepepisiB, Jie yTBOPIOIOTHCS TUIACTHYHI MIapHipu. [ apoK TOCTIHOI >KOPCTKOCTI 3allicaHi T'OTOBI
dbopMynH Uil BU3HAUEHHS TPAaHUYHOTO HABAHTAXKEHHS, a JJISI apOK 3MIHHOI KOPCTKOCTI 3amucaHi
HENHIMHI PIBHSHHS, PO3B’S30K SIKMX JO3BOJNSIE 3HAWTH TpaHWYHE HaBaHTakeHHA. [l ducenmpHOro
PO3paxyHKy BHKOPHCTOBYBABCS, TaK 3BAHHUN «IPOCTHH METO», KOJMM Ha KOKHOMY €Talll PO3paxyHKy
BU3HAYaJlach KOOpJAWHATA YTBOPEHHS IUIACTHYHOI'O HIAPHIpY i BiAnoBijHe HaBaHTakeHHs. [Iporpama
po3paxyHky Harmcana Ha APDL.

B pesynbrari qocnmipkeHHsT BUSIBICHO, IO Oe3lIapHipHa apKa B 3aJIeKHOCTI BiJl CHiBBiHOIICHHS
CTPUIM MiAHOMY 0 MPOJIBOTY Ma€e Tpu (GOpM IUIACTUYHOTO PYHHYBaHHSI, BOILIAPHIPHA apKa Ma€ OIHY
(hopMy MIIACTUYHOTO PYHHYBaHHSI.

Karo4oBi cioBa: apku, NpyXHOMJIACTHYHE TiJO, MPSIMOKYTHHH TEPETHH, MIIACTHYHHUI IapHip,
PO3paxyHOK 3a TPAaHMYHOIO PIBHOBATOI0.

MECHANISMS OF PLASTIC DESTRUCTION OF ARCHES

M. Soroka!l
l0desa State Academy of Civil Engineering and Architecture

The method of determining the limit load for double-hinged and hingeless arches of fixed and
variable rigidity is considered. The calculation is performed using the limit equilibrium method.
Arches under the influence of a vertical uniformly distributed load are considered. The cross section is
taken in the form of a non-reinforced rectangle. The stress-strain state of an elastic-plastic material is
described by the Prandtl diagram. The peculiarities of material deformation are that the yield limits in
tension and compression are different. The determination of the limit load is based on taking into
account only one factor - the bending moment. When a limiting moment occurs in the arch section, a
plastic hinge is formed, which allows unlimited angular deformation without increasing the bending
moment. When several plastic hinges are formed, the design diagram of the arch turns into a
mechanism. Of course, this approach leads to inaccuracies in determining the limit load. However, at
the first stage of the study, the task was to study in detail the features of the plastic mechanism of arch
destruction.

Copoka M. M.
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To study the limiting state of the arches, two methods were used - analytical calculation and
numerical calculation using the finite element method. The use of two calculation methods allows you
to control the results and increase their reliability. Using analytics, formulas were obtained to
determine the limit load and coordinates of the sections where plastic hinges are formed. For arches of
constant stiffness, formulas are written to determine the limit load, and for arches of variable stiffness,
nonlinear equations are written, the solution of which allows us to find the limit load. For the
numerical calculation, a simple method was used, when at each stage of the calculation the coordinate
of the formation of the plastic hinge and the corresponding load were determined. The calculation
program is written in APDL.

As a result of the study, it was revealed that a hingeless arch, depending on the ratio of the lifting
boom to the span, has three forms of plastic destruction, while a double-hinged arch has only one form
of plastic destruction.

Keywords: arches, elastoplastic body, rectangular section, plastic hinge, calculation by limit
equilibrium.

Copoka M. M.
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1 BCTYIl

BuxopucranHs apok SK HECyYMX KOHCTPYKLIN MOCTIB, aKBEIyKIB 1 IHIIUX CIIOPYZ BIAOMO 3
JaBHIX 4aciB. | 3aBxau Oy/IiBENBbHUKIB IIKABHJIO 3HAYEHHS HABAHTAXCHHs, SIKE MPU3BEAE 10
pyHHYBaHHS apku. AJie, TIPH BIJCYTHOCTI MaTEMaTHYHOTO amapaTy po3paxyBaTH HECYdy
3JIATHICTh apKU OYyJI0 HEMOXKJIMBO 1 OyIBHUIITBO apOYHHUX CHOPYZA BHKOHYBAIOCH BUXOMISUH 13
JOCBiy iH)KeHepa, KU KepyBaB OyIIBHHUIITBOM. YacTo 3amac MIIIHOCTI apoK y JIECSATKH pa3iB
MIEPEBUIITYBaB MOTPIOHY MilHICTh. Lle mpuBeno 1o Toro, mo apku, nodyaoBaHi oinkIne Hixk 2000
POKIB MTOTOMY 30€peryiuch 10 HalllMX YaciB. Y Cy4acHUX yMOBaX, KOJH HEOOX1AHO €KOHOMHUTH
OyaiBenbHI MaTepiaiu, 3amac MIHOCTI oOMexXeHuil OyaiBeTbHUMHU HopMaMmu. ToMy moTpiGHO
pO3pOoOIATH OLIbII JOCKOHATI METOAMKHM pO3pPaxyHKY, SKi JIO3BOJSATH OUIBLI TOYHIIIE
BUKOHYBaTH PO3paxyHKH 1 THM CaMUM €KOHOMMTH Matepiai. ¥ JaHii poOOTI NpeacTaBieHa
aQHAJIITUYHA 1 YWCEIbHA METOAMKH pO3paxyHKy HECydoi 3JaTHOCTI JIBOIIAPHIPHOI 1
Oe3wapHipHOi apok 0e3 BpaxyBaHHs BIUIMBY I10310BXXHBOI CHJIM Ha BEIUYMHY T'PAaHUYHOTO
HaBaHTAXKEHHS.

2 AHAJII3 JITEPATYPHUX JAHUX TA TIOCAHOBKA ITPOBJIEMH

3agady 3HaXOPKEHHs PyHHIBHOrO HaBaHTaXeHHs copmyitoBaB e ["anineo [anineil. Asne
JOCUTh JIOBIO IIs 3aj7laya He MaJla TEOPEeTUYHOrO PO3B’SA3KY uepe3 BiJCYTHICTh HAJIEKHOIO
MaTeMaTHuHoro anapaty. Ilepiui poGoTH, IpUCBsIYEH] TEOPETUYHOMY BU3HAUEHHIO TPAaHUYHOTO
HaBaHTAXKEHHs Oynu omyOnmikoBaHi y mparsx [1]-[4] Ta iHIIMX TOCTHIAHMKIB JIMINE TMEPIHin
MOJIOBHHI JBA/ILATOrO CTOMTTS. Bynu chopmynboBaHi rinoTe3u 1 CTBOpEHA TEOpis pO3paxyHKy
3a TPaHUYHMM CTAHOM (TEOpis TPaHUYHOI piBHOBAaru). BHUKOHaHI TOCIIDKCHHS IS apOYHUX
cucrem [3]-[6] mokasamm, 110 BEJIMYMHA FPAHMYHOIO HABAHTAXKEHHS 3aJICKHTh HE TUIBKH BiJT
3TUHAJIBHAX MOMEHTIB, @ 1 BiJ] MO3M0BXKHIX CHJI. YITKOTrO MOPIBHSHHS BEJUYMHUA TPAHHYHOIO
HaBaHTa)XEHHS 3HAWJEHOro MpH BpaxyBaHHI TIALKM MOMEHTIB 1 NMpHU BpaxyBaHHI MOMEHTIB i
MO3/IOBXKHIX CHUJI y JIITepaTypl He 3HaiAeHo. Y naHiii poOoTi mocraBiieHa 3ajaya JEeTalbHOrO
JOCHI/DKEHHSI OCOOJIMBOCTEH IUIACTUYHOIO MEXaHI3My pyHHYBaHHS apku 0Oe3 BpaxyBaHHS
no30BXKHIX cwi. lle 3Ha4HO copollye 3agady po3paxyHKy apku 3a TPaHMYHAM CTaHOM 1
JI03BOJISIE OJIEP>KATH aHAJIITUYHI 3aJI€KHOCTI JIl BU3HAYEHHS I'PaHUMYHOI'O HaBaHTaXeHHsA. Kpim
AQHAJIITUYHOIO PO3B 3Ky BHUKOPHCTOBYETHCS YMCEIBHUI METOJ 13 3allydeHHAM METONy
CKIHUEHHX eJeMEHTIB. UMCenbHUiI MEeTO]] BU3HAUCHHSI TPAaHUYHOTO HABAHTAXXCHHS Iependavyae
BHKOHAHHS KUIBKOX CTaTMYHHX PO3PAaXyHKIB apKH 13 BCTAHOBJICHHSM IIApHIpY y Tepepisi, Je
YTBOPIOETHCS TUIACTUYHUI mapHip [7]. Po3paxyHOK BUKOHYETHCS A0 THX Iip, IOKU apKa He
NEPETBOPUTHCS y TUIACTUYHUNA MexaHi3M. Taka MeToauka 03BOJISIE€ YHUKHYTH IT€palliifiHuX
IIPOLIECIB, 1110 JO3BOJISIE 3MEHILIUTH TOXUOKY PO3PAXYHKY.

3  LIJb TA 3AJAYI JOCJIIKEHHS

MeTtoro naHoi poOOTH € TOCTIDKEHHS TPAaHUYHOTO CTaHy 1 IUIACTUYHOTO MEXaHI3My
pYHHYBaHHS KPYroBOi JBOMIAPHIPHOI 1 Oe3IapHipHOI apoK HE BPaxOBYIOUH BIUIUBY
MO370BXKHIX CHJI Ha BEJIMYMHY TPAaHUYHOTO HaBaHTaXEHHS. JIJII KOHTPOJIO pPE3yJIbTaTiB
pO3paxyHKy TmependadaeTbcs 3aCTOCYBaHHS ABOX MeTofiB. [lepmmii MeTon — BHUBEAEHHS
AQHAMTUYHUX PIBHSIHBb JJIsI BU3HAYCHHS TPAHUYHOTO HABAHTAXEHHS 1 MICIh YTBOPEHHS
IUTACTUYHHUX IIapHipiB. J[pyruii MeToj — CTBOPEHHsS MPOTrPaMH YUCEIBHOTO PO3PaXyHKY 3
BUKOPHUCTAaHHSM METOAY CKIHYEHUX eNeMEeHTIiB. Po3rismaroTbest apKu MOCTIHHOI Ta 3MiHHOI
JKOPCTKOCTI.
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4  PE3VYJIBTATHU JOCJIAKEHb

[lpn BUBeHEeHHI 3araJbHUX PIBHSHBb JUI BH3HAYCHHS TPAHUYHOTO HABaHTA)KCHHS
PO3TIISAAEMO KPYTrOBY apKy, J0 SKOI NMPHUKIATAEThCS BEPTUKAJIBHE PIBHOMIPHO PO3MOIiICHE
HaBaHTaXKEHHS. BBakaeMmo, 110 apka BUTOTOBJICHA 13 MPY)KHO-TUIACTUYHOIO Matepiaiy, SIKHUH
XapaKTepU3y€eThCS PI3HUMHU TPAHHUIISIMU IIJIACTUYHOCTI P PO3TATYBaHHI 1 CTHCKY. [Tonepeunuit
niepepi3 apku XapaKTepH3yeThbCs I'PaHUYHUM MOMEHTOM M, 3HauYeHHs SKOrO 3aJI€KHTh BiJl
¢dbopMu, po3MipiB MOMEPEedyHOro mepepizy 1 (I3UYHUX XapaKTepUCTHK Matepiamy. s apku
MOCTIMHOI ’KOPCTKOCTI TPaHUYHUM MOMEHT OJHAKOBHMH JJIsl yCiX Mepepi3iB, ISl apKd 3MIHHOI
’KOPCTKOCTI KOXKHHM IIepepi3 Mae CBOE 3HAYCHHS TPAHUYHOTO MOMEHTY.

J{BomiapHipHa apka 3MiHHOI KopcTKOCcTi. MOMEHT 1HEpLii NONEPEeYHOro nepepizy apku
3MIHIOETBCA 32 3AKOHOM

1(e) = sina, (1)

ne |, — MoMeHT iHepuii mepepizy Ha oci CUMETpii apKH.

JUis CUMETpUYHOTO HABAaHTAKEHHS IUIACTUYHMH MeEXaHI3M pyHHYBAaHHS apKH TaKOX
NOBHUHEH OyTH cuMeTpu4HuM. [l 11bOro HeoOX1JHO YTBOPEHHS TPhOX IUIACTMYHHUX IIAPHIPIB,
PO3TaIIOBaHUX CUMETPUYHO BITHOCHO OCl CUMETPIi apKH. 3aJIeKHICTb, KA JO3BOJISIE BU3HAUUTU
3rMHAJIbHI MOMEHTH Yy Iepepizax apku Mae BUIIAA [9] (BUKOPUCTOBYIOTHCS MOJISIPHA CHCTEMA
KOOp/IMHAT)

2

2
M(a)z%—%COSaZ—H(RSina—R+f), (2)

ne |, f, R — npomir, crpina migiiomy i pagiyc apku; ( — iHTEHCHBHICTh HaBaHTAKEHHS,
H — po3mnop apku; & — KOOpIMHATA TIEpepPi3y apKH.

[InactuuHi MmIapHIpA YTBOPIOIOTHCS Yy Tepepizax, Je MII0Th EKCTpeMalbHI 3rHHANbHI
MOMEHTH. /{7151 BU3HAUEeHHS KOOPAWHAT TaKUX Mepepi3iB MoxiaHy (2) mpupiBHIEMO 10 HYIIS

%:cos(x(qusina—HR):O. (3)
PiBHsiHHA (3) Mae 1Ba pO3B’SI3KH:
1. cosa =0; toni o, =7/2; 4)
2. qR*sina—HR =0 Toxui sina2=cl]_|—R. (5)

[Tepmuii po3B’s30Kk BKa3ye Ha mepepi3, po3TAIOBAHUA HA OCI CUMETpii apKu, IPYrHil — Ha
JIBa Mepepi3u, PO3TAIIOBaHI CAMETPHUYHO BiJHOCHO OCi cuMeTpii apkw. [TigcTaBUMO KOOpIUHATH
nepepi3iB y Bupa3 (2) i npupiBHAEMO MOMEHTH y IIMX Tepepi3ax J0 BIIMOBIAHMX T'PaHUYHHUX
MOMEHTIB:

|2
IZ R2 HZ
&2 g MR- =My(a). 2

ne M, — rpaHu4HWI MOMEHT mepepidy Ha oci cumerpii apku; M, (e,) — rpaHHYHHI

MOMEHT IIepepi3y 3 KOOPAUHATOK ¢, .

Copoka M. M.
https://doi.org/10.31650/2618-0650-2024-6-2-88-99 91



https://doi.org/10.31650/2618-0650-2024-6-2-88-

VI/2/2024
Crop. 88-99 / Page 88-99

Mexanika Ta MareMaruuHi meroau /
Mechanics and mathematical methods

CI/ICTeMy piBHHHB MOXHa 3BCCTH JO OJHOI'O piBHHHHfI Bi,Z[HOCHO 3HAQUCHHA T'PaHUYHOI'O
HaBaHTa>XCHHA

fq*—4f%q(M, +2M(e,))+4M7 =0, (8)

Jnst  apku, JKOPCTKICTh SIKOT 3MIHIOEThCS 3a 3akoHOM (1), BHcCOTa TPSIMOKYTHOTO
MOTIEPEYHOT 0 MEePEPi3y 3MIHIOETHCS 32 3aKOHOM

h(e) =h,¥sina , )

ne h, —BucoTa monepeyHoro nepepisy Ha oci CUMETpii apKH.

I'pannyHi MOMEHTH MOXKYTh OyTH 00uucieHi 3a popmynamu [10]:

2
MO = % GVCGyt ; (10)
2 O, t0y,

2 foex
Mo(az):bh (@) ©yTy =M, 3fsin’a, =M, 3

2 o,.to,

, (11)

ne h(a,) — BHCOTa 1ONIEPEYHOrO TEPEPi3y apKHM i3 KOOPAMHATOW ¢, ; O i O, — IPaHHLi

yc
IJIACTUYHOCTI MaTepially IpU CTUCKY 1 PO3TSATyBaHHI.

3 ypaxyBaHHsM (11) po3B’sI30K HEMHIKHOrO piBHSAHHS (8) BHKOHYEMO i3 JIOIOMOIOIO
¢yukuii «llomyk po3s’szky» EXCEL. Ockinbku HenmiHiiiHE pIBHSHHS MOXE MaTH IEKIUIbKa
pillIeHb, JTOIIJIBHO BBECTH OOMEKEHHS:

q>0; [sing,|<1, sina, >sing,, (12)

1€ &, — KOOPJMHATA JIIBOi OITOPH apKH.
Jlna apku nocmiiinoi s#copcmkocmi CiJi IPUAHSTH:

I=1,, h=h,, My(e,) =M,.
Toni piBHsIHHS (8) MOXHA 3aMUcaTH TakK
f'g*-12M,f?q+4M; =0. (13)

Po3B’s30k (13) mae BurIIsn

q:4x°@5+J§> (14)

Sx BugHo 13 (14), rpaHMYHE HaABaHTAXKEHHS JUI1 apKU IOCTIHHOI KOPCTKOCTI IMPSIMO
IPOIOPIIiiHE 10 BEIMYMHN T'PAHMYHOTO MOMEHTY 1 00EpHEHO MPOMOpLIHE 10 KBapaTy CTpUIN
iAoMYy apKu.

Taxum uMHOM, 17151 JBOLIAPHIPHOI KPYTOBOI apKH, 3aBaHTa’KEHOI BEPTUKAJILHUM PIBHOMIPHO
PO3MOJIJIEHUM HAaBAHTA)KEHHSIM MAa€MO aHATITHYHI 3aJIEKHOCTI JJIsl BU3HAYEHHS I'PAaHUYHOIO
HaBaHTaxeHHS (14) 1 KOOpAMHAT YTBOPEHHs IUIACTMYHMUX wWapHipiB (4), (5). Jusa iHmmx
HaBaHTa)KECHb OTPIOHO 3aMMCyBaTH HOBI PIBHSHHS, 110 HE 30BCIM 3pyYHO.

JUis po3paxyHKy apok i3 Oy[b SKHM HaBaHTaXXEHHSIM CTBOpPEHA IPOrpamMa YuCeIbHOro
PO3paxyHKy T'DaHMYHOI'O HABAHTAXKEHHS 3 BUKOPHCTAHHSIM METOAY CKIHYEHHX €JIEMEHTIB
(MCE). Ilporpama ckianena Ha APDL 1 peanidye mpsmuii MeToJ po3paxyHKY T'paHHYHOTO
HaBaHTaXKeHH: [7].
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IMpuxiiagu po3paxyHKy ABOIIAPHIPHOI APKH.

Buxinni nani:

Iponit apku | =20m, crpina migitomy f =1+9m, posmipu momepeunoro mepepisy
b=0.2m, h=1.0m (ana apku 3minHOi xopcTkocti hy =1.0m), di3nuni XapakTepucTHKH
matepiany o, =14500xH /1’ , o, =1300xH/x* , M, =119.3038kHm .

Pe3ynbpTaTi aHAMITUYHOTO 1 YMCETHHOTO PO3PaXyHKIB MpeaCcTaBleHi y Tao. 1.
[Tpuxnaau moOyI0BU €MIOp 3STUHAIBHUX MOMEHTIB Y TPAHUYHOMY CTaHI apKH 1 TIIACTUIHUAN
MeXaHi3M pyWHYBaHHS MpeCTaBleH] Ha puc. 1-4.

Taoauns 1
I'panryHe HaBaHTaXEHHS JUIS IBOIIAPHIPHOI apku (kH/Mm)
ApKa mocTiiHOT XKOPCTKOCTI ApKa 3MIHHOI JKOPCTKOCTI
f / I AHaNITUYHUH YucensHuit IToxubOka AHaTITHYHUH YucenpHuit INoxubka
PO3B’SI30K PO3B’5130K % PO3B’5130K PO3B’5130K %
0.05 1390.707 1390.847 0.01 1383.080 1383.348 0.02
0.10 347.677 347.733 0.02 340.206 340.198 0.00
0.15 154.523 154.536 0.01 147.295 147.253 0.03
0.20 86.919 86.921 0.00 79.998 79.887 0.14
0.25 55.628 55.632 0.01 49.056 48.886 0.35
0.30 38.631 38.631 0.00 32.426 32.174 0.78
0.35 28.382 28.371 0.04 22.545 22.213 1.48
0.40 21.730 21.726 0.02 16.247 15.811 2.68
0.45 17.169 17.169 0.00 12.014 11.406 5.04
-119.304 -66.277 -13.2501 39.7767 92.8036
-92.7904 -39.7635 13.2633 66.2901 119.317
Puc. 1. Enropa MOMEHTIB B rpaHHMHOMY CTaHi apku nocTiitnoi sxoperkocti ( f/1=0,1)
T T e
i Hi’\iil|l|l|'lll\l|l‘l|(|||III||||1I|I|HI||||||||II|II||H|||||||||[llﬂlllllllll’llll'llllilillﬂllﬂlllllfllﬂllh’l.’ll!)lml_n'r;
-82.9364 £37.9944 6.94766 51.8897 96.8317
-60.4654 -15.5234 29.4187 74.3607 119.303
Puc. 3. Emopa MOMEHTIB B rpaHMYHOMY CTaHi apku 3minHoi xopetkocti ( f/1=0,35)
Copoka M. M.
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Puc. 4. [Inactvunmii Mexani3m pyiiHyBanHs apku 3minnoi xopcrkocri ( f /1=0,35)

Be3mapuipaa kpyrosa apka 3MiHHOI AopcTKOCTi (puc. 5).

q

IIEREREEEEEEREREREE

Puc. 5. Po3paxynkoBa cxema Oe3mapHipHOT apKi

Hnst 6e3mapHipHOi KpyroBoi apKy 3MIHHOI >KOPCTKOCTI HAaBaHTA)KCHHS 1 XapaKTEPUCTUKU
apKH MpHIMaeMO Taki Xk, 5K 1 JUIs JBOIIAPHIPHOI apku. MOMEHT iHepIlii TonepeyHoro nepepizy
apKH 3MIHIOETHCS 32 3aKOHOM

I(@)=1,/siha (15)

ne |, — MOMeHT iHepuii mepepisy Ha 0ci CUMETpIi apKH.

3anucyemo BUpa3 17151 00UMCIIEHHS 3THHAIBHUX MOMEHTIB y IIepepizax apKu

ql> oR? ) :
M(a):?—TCOSa —H (Rsing =R+ f )+ M («,) (16)

ne M (¢,) — MOMEHT B ONOPHUX IIepepi3ax apKu.

[TpupiBHsiBIM ToXigHy (16) H0 HYJS, OoAep)KMMO KOOpAMHATH TiepepiziB (4), (5), y sAkux
YTBOPIOKOThCS TIacTu4Hi 1mapHipu. IlincraBuBmm y (16) koopawnatu nepepiziB (4), (5), i
MPUPIBHSBIIM 3HAYCHHS MOMEHTIB y KX Iepepi3ax 10 BIAMOBIZHMX TPAaHWUYHUX MOMEHTIB,
OJICPIKUMO:

ql? :

5~ Hf M () =My; (17)
q( 1> o.) H’

|7 R _2—q+H(R—f)+M(aO)=—MO(a2), (18)

3HauYeHHS I'PaHUYHOrO MOMEHTY M, Uit mepepi3y, pO3TalIOBaHOIO HA OCI CUMETpii apku
BU3HAYA€ThCA 3 BUKOpHCTaHHM (10). ['paHrYHI MOMEHTH JUIs TIEpepi3iB 3 KOOPAUHATAMU ¢, 1

¢, BU3HA4aeMo 3a (popMyJIaMu:
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bh*(e,) o0 M
Mo(ao): ( 0) yeoyt - 20 (19)
2 o,+oy %/sm a,
bh*(a,) o0 2R?
My (az) = 24%) 9 . (20)

= MO = M03 _—
Oy TOy »\SISinzaz H?
ne h(ay,) =hy /3fsina, ; h(a,) =hy/3fsina, ; sina, =iR_

q

Cucrema nenminiiinux piBHsHb (17), (18), kpim HeBimomux ¢ 1 H, MmicTuTh HeBizome
3HAUeHHS OMNOPHOr0 MoMeHTYy M («,) y IpaHMYHOMY CTaHi apKd, IO HE J03BOJSAE 3HANTH

pO3B’s130K 3a7adi. ToMy Uil po3paxyHKy T'PaHHYHOIO CTaHy apku Oyjla CKiIajieHa Iporpama
PO3paxyHKy, sKa peajiiyBajla yucenbHUH MeTolx. Ha ocHOBI aHami3y pe3ysbTaTiB, OJEprKaHUX
YUCEIbHUM METOJOM, BMABJIEHI OCOOJIMBOCTI 3MIHM OIOPHOTO MOMEHTY MpH pI3HUX

cripimnomennsx f/l. 3naHHA OMOPHOrO MOMEHTY 03BOJMJIO BUKOHATH PO3B’SI30K CHCTEMH
piBHsHB (17), (18) 32 momomororo EXCEL i3 3any4ennsm oomexens (12).

Jna apxu nocmiinoi scopcmkocmi cnin npuitaaa h=h,, M, (e,) =M, .
Toni cucremy piBHsHB (17), (18) MOXkHA 3BECTH 10 KBAPATHOT'O PIBHSIHHS

g2 f* —4qf2[M (@) +3M, ]+ 4[M (&) - M, | = 0. (21)

Po3B’s130k (21) peCcTaBUMO Y BHTJISIII

q= 2:/!0 —MI\EIaO)+3+ (M+3J —(M—lJ (22)

IIpuknagu po3paxyHky 0e3lIAPHiIPHOI apKu.

Po3mipu nonepeyHoro nepepizy 1 pi3MuH1 XapaKTEPUCTUKKU MaTepiany NPUHHATI TAKUMHU SIK
1 U151 IBOLIAPHIPHOI apKu.

Pe3ynbTati po3paxyHKy MOKa3ajM, 10 Oe3IapHipHa apKa MOCTIHHOI KOPCTKOCTI Ma€e TpU
MOXXJIUBUX MEXaHI3MHU IJIACTHYHOI'O PYHHYBaHHS B 3aJIGKHOCTI BiJl CITIBBITHOIIECHHS CTPLIH
nigiioMy 10 MponboTy apku (puc. 6). Toukamu po3niny (opM IIACTUYHOTO PYHHYBaHHS €
TOUKH, A€ rpadik kpuBoi omopHoro MomeHTy M (e,) 3MiHIOE cBiii xapakrtep. Ilepmia Touka

f/1=0,147 o6uucmoersest B EXCEL i3 3amydeHHsM piBHSHb CTATUYHOTO PO3PAXYHKY apKu
[10] i nomatkoBOK yMOBOW @, = . Jnst apyroi Touku f /I =0,237 amanituunoro poss’ssky
e Oyno 3Haiineno i snauenns f /| BusHauamocs mmsxom migGopy.

Ipu f/1<0,147 nnactuuni mapHipu yTBOPIOIOTHCS B OMOPHMX Mepepizax, Ha HEeBeHKii
BiJICTaHi BiJ omop i Ha oci cuMerTpii apku. JIJis aHAJIITUYHOTO PO3PAXyHKY CIiJl MPUHHATH
M (a,) =—M,, Toxi I BU3HAYCHHSI T'PAHMYHOrO HABAHTAXKCHHS BUpa3 (22) MOXKHA IIPUBECTH
JI0 BUTTISILY

4M
a=—r

(23)
Mpu 0,147< f /1 <0,237 nnacTvunuii mapHip yTBOPIOETHCA HA OCi CUMETpii apKH i Migpsi

JeKiIbKa TMJIACTUYHUX LIAPHIPIB YTBOPIOIOTbCS CHUMETPUYHO Ha JEsAKid BifCTaHI Bif OmHOp.
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JinsHKa rpadika onopHOro MOMEHTY Ha IbOMY iHTEpBaIi MOXKe OyTH OIMCaHa 3a JOMOMOIOI0
ANPOKCUMALIHOTO MTOJIIHOMY:

L ORDROROR
M, | | | Ul ’

ne a =956707,98801; a,=-46444,01909; a,=14131,62162; a,=-1867,67974;
a; =89,22801.

HOpu f/1>0,237 peanizyeTbcs Kkimacuuna cxema IUIACTHYHOTO pyHHYBaHHS apKd —
IUTAaCTHYHI IIApHIPU YTBOPIOIOTHCS B OMOPHUX Iepepi3ax, Ha OCi CUMETpii 1 CUMETpHUYHO Ha
IesiKiit BincTaHi Big onop. s aHaTiTHYHOTO Po3paxyHKy y (22) ciig npuitvata M (o) =M, .

Tomi maemo:
16M
q= . 0, (24)

I'paHnyHi emopyu MOMEHTIB JJIs TPHOX ONMCAHUX BUIAIKIB IPEICTaBIIeH] Ha puc. 7-9.

Y21 M (e M,

1.0

0.5 =

0.0

0.po 0.05 0.10 0.15 .20 0.25 0.30 0.35 0.40 0.45

-0.5

-1.0

-1.5

Puc. 6. I'padix 3MiHM OIIOPHOTO MOMEHTY [UTs1 O€3MIapHIPHOI apKH ITOCTIIHOT )KOPCTKOCTI

o L L

-119.304 -66.2775 -13.2512 39.7751 92.8014
-92.7906 -39.7644 13.2619 66.2882 119.315

Puc. 7. Emopa 3ruHagbHIX MOMEHTIB ISl Oe3IIapHi pHOI apKH MOCTIHHOT JKOPCTKOCT] Y TPAaHUYHOMY CTaHi

npu f/I=0,1
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-119.304 -66.2797 -13.2556 39.7685 92.7926
-92.7918 -39.7677 13.2564 66.2805 119.305

Puc. 8. Emopa 3ruHagbHIX MOMEHTIB ISl Oe3IIapHi pHOI apKH MOCTIHHOT JKOPCTKOCTI Y TPAHUYHOMY CTaHi

mpu f/1=0,2

-119.304 -66.1915 -13.0792 40.0331 93.1454
-92.7476 -39.6353 13.477 66.5893 119.702

Puc. 9. Emopa 3ruHagbHUX MOMEHTIB /UTs Oe3IIapHipHOI apKy MOCTIHHOT JKOPCTKOCTI Y TPAHUYHOMY CTaHi

npu f/1=0,25
Po3paxyHOk apku 3MIHHOI JKOPCTKOCTI YCKIJIQJHIOETHCS THUM, IO 3aBISKH 3MIHHOMY
MONIEPEUHOMY TIepepidy 3MIHHMM € 1 I'paHUYHMH MOMEHT ymepepizi. Tomy rpadik 3MiHH
OIIOPHOT'O MOMEHTY HE Ma€ TOPH3OHTAJILHUX IUIIHOK (puc. 10). Ase, HE3Bakarouu Ha IIg,

CIIOCTEpIraeThbCsl CXOXKa KapTUHA IUIACTUYHOTO PYHHYBAaHHS apKud y TpaHUYHOMY CTaHi. SIK
BUAHO 13 puc. 6 1 puc. 10, TOukH, sIKI PO3AUIAIOTH (HOPMHU IUIACTUYHOIO PYHHYBAHHS, MalOTh

nipu6smasno Ti x 3navenns ( f /1 =0,147 i f/1=0,246), mo i 15 apku MOCTIHHOT KOPCTKOCTI.

Mo,) fM
4.0

3.0
2.0
1.0

0.0

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

-1.0

-2.0

Puc. 10. I'padik 3MiHE OHOPHOTO MOMEHTY IS O€3MIAPHIPHOT apKU 3MIHHOI HKOPCTKOCTI
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[TopiBHSIHHS pe3yJbTaTIB PO3paxyHKY I'PAaHUYHOIO HABAaHTA)KEHHS JJISI apoOK IMOCTIMHOI 1
3MIHHO{ ’KOPCTKOCT1 HaBEEHO y Taod. 2.

Taoauns 2

I'pannuHe HaBaHTaXXCHHS [T Oe3tapHipHoi apku (kH/m)

ApKa NocTiiHOT dKOPCTKOCTI ApKa 3MIHHOI KOPCTKOCTI
f / I Anamitmaan | YucensHUH INoxnbka AHanTHIHAN UYncensHnit INoxnbka

1 pO3B’SI30K PO3B’SI30K % PO3B’SI30K PO3B’SI30K %

0.05 477.216 479.118 0.40 512.935 512.931 0.00
0.10 119.304 119.775 0.39 129.020 128.426 0.46
0.15 57.482 57.486 0.39 59.732 59.545 0.31
0.20 91.912 91.912 0.01 95.915 95.783 0.14
0.25 76.354 76.355 0.00 89.691 89.509 0.20
0.30 53.024 53.024 0.00 66.909 66.663 0.37
0.35 38.956 38.957 0.00 53.769 53.463 0.57
0.40 29.826 29.826 0.00 46.511 46.165 0.74
0.45 23.566 23.566 0.00 45.039 44.715 0.72

Tabmusg 2 nokasye 106py 301KHICTb PE3yJIbTaTIB AHATITUYHOIO 1 YUCEITBHOTO PO3paxXyHKIB.
binbia BigMIHHICTH PE3YJIbTATIB JUIS apKH 3MIHHOI JKOPCTKOCTI TOB’s3aHa 3 THM, IO INPH
BUKOHAHHI YHCEIFHOIO PO3PaXyHKY KOPCTKICTh Y MEKaX OKPEMOTro CKIHYEHOTo eleMeHTy Oyna
MOCTIHHOIO 1 3MIHIOBAJIaCh CTPUOKOM IIPH IEPEXO/Ii A0 IHIIIOTO EJICMEHTY.

5 BHUCHOBKH

1. IBomapHipHa apka IpHu Jii piBHOMIPHO PO3IOIIJIEHON0 HABAHTAXKEHHS Ma€ JIMILIE OJIHY
opMy mmactuuHOro pyitHyBaHHs 1715 Gy1b kX BinHoutens f /1.

2. besmapHipHa apka mpu il piBHOMIPHO PO3IMOJIIEHOr0 HaBaHTa)XEHHS Mae TPHU Pi3HI
(opMu MIaCTHYHOTO pyitHyBaHHs B 3aJ1eXHOCTI Bif criBpimnomenns f /1.

3. 3HaueHHS IPAaHUYHOI0 HAaBAaHTAXEHHS JUISL apKH MOCTIHHOI JKOPCTKOCTI (JBOLIAPHIPHO] 1
Oe3mapHipHOi) MPSIMO TPOMOPIliifHE TPaHMYHOMY MOMEHTY 1 OOEpHEHO MPOMOpLiiHe 10
KBaJpaTy CTPUIN MIHOMY apKu.

4. Pe3ynpTaTi UMCEIBHOTO PO3paxyHKY 100pE CIIBNAAIOTh 13 PE3yJIbTaTaMH aHAJIITHYHOIO
PO3B’A3KY, IO JIO3BOJIIE BUKOPHUCTOBYBAaTH PO3POOJICHY MporpaMmy Ajisl po3paxyHKy apok i3
Oy/ab SKUM HaBaHTAXKEHHSM.

6 ETHUYHI IEKJAPAILIL

ABTOpU HE MalTh BIAMOBIAHUX (IHAHCOBUX UM HE(IHAHCOBUX IHTEpECIB, SKI CIiJ
PO3KpHBATH.
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VJIK 531

CTIMKICTH 3AJI30BETOHHUX CTIMOK ITPA
KOPOTKOYACHIU TA TPUBAJIIN JIi HABAHTAXKEHHSI

Bekiposa M. M.

1 . . .
Ooecvka deparcasna akademia OyOieHuymea ma apximexmypu

AHoTanisi: Po3risyraeTscsl MOBEiHKA MIAPHIPHO-OMEPTOl MO KIHIMX CTIMKM 3 TOYaTKOBHM
BUTMHOM TIpu [iii HaBaHTaxeHHs. [IpyxHi cTpuxHi po3ramoBaHi cumerpudHo. Criiika Mae
MOYaTKOBUI BUTHH, CTUCHYTA OCTIHHUMH y Yaci CHIIAMH.

Bci peanbHi €1eMEHTH MalOTh Ti YW 1HIII HEJOCKOHAIOCTI Yy BUIJISAAI TEXHOJIOTTYHMX BHTHUHIB,
TOMY BOHHM IIOYMHAIOTh BUTMHATHCS 3 CaMOr0 II0YaTKy HaBaHTaXeHHS. HaBaHTaxeHHS, TNpH
NIEPEBHIICHHI SIKOTO HABITh HAa HECKIHUCHHO Mally BEJMYMHY, BUHUKA€E BTpaTa CTIMKOCTI IaHOTO BUIY
nedopmallii, HA3UBAETHCS KPUTUIHUM. B po3paxyHKy Ha CTIHKICTh TIPU TPUBAJIiN JIii 30BHIITHUX CHII
HEOOXiTHO BU3HAYUTH HABAHTA)KEHHS, IIPH SIKOMY HIBUIKICTh IIEPEMIILICHb B Yaci MOHOTOHHO 3racae.
BupimenHs 3aqa4i y Takii MOCTaHOBIII MPUAHSATHO JJIsl CUCTEM, PO3BUTOK MEPEMIIllEHb SIKMX Y dYaci
NPU3BOJNTE JI0 3MiHH HAIPYKEHOro cTaHy. Lls yMoBa JJsi CTHCHYTOI CTIKM BUKOHYETHCS JIMIIE 32
HasBHOCTI IIOYaTKOBMX HEJIOCKOHAJOCTeH (IOYATKOBUH BHTWH, MO3AL[EHTPOBE MPHKJIAJACHHS
CTUCKAIOYOi CHJIM Ta IHIIE).

[Ipu BupimeHHi 3amad Teopii CTIHKOCTI BaXXIMBY POJIb Bilirpae ypaxyBaHHSI ITOB3Y4YOCTI
Mmarepiana. [ToB3ydicTh MOke OyTH 0OMEXKEHOIO B Yaci 800 HEOOMEKEHOIO.

[Ipu BupimmeHHi 3agadi NpPo CTIMKICTh CTIHOK 3 TIOYaTKOBHMMHU HEAOCKOHAIOCTSMH, IO
BHUTOTOBJICHI 3 MaTepially, SIKHUA Ma€ TOB3YYiCTh Ta MiJACUJICHUNA MPYXHAMH CTPHXKHSMH, TPUIAHSTI
HACTYITHI IPUITYIICHHS:

1) BBaXkaeThCs CIIPaBEUIMBOIO TIMOTE3a MIOCKKUX Mepepi3iB;

2) nedopmarii MaTepiay, 10 BOJOI€ MOB3YUIiCTIO i MPYKHUX CTPIIKHIB Y MICISX KOHTAKTY
OJIHAKOBI;

3) momymi nedopmaltiit mpu po3TATYBaHHI Ta CTUCKAHHI PiBHI;

4) wmarepiaJ, 0 M€ TIOB3YYiCTh, y PO3TATHYTIH 30HI MpaIltoe 6€3 MOSBH TPIIIUH.

3B’ 430K MiX AedopMalisMi 1 PYKHOCTSIMH B Marepiaii CTIHKH BCTaHOBIIOETHECS (OPMYIIOL0,
3aCHOBAHOIO Ha JHIHHIN 3aJIe)KHOCTI MiXk JeOpMAIisIMU 1 TIPYKHOCTSIMHU.

Mipa noB3ydocti 6eToHy MoOyA0BaHa 3a CIIaJKOBOIO TEOPIEI0 CTapiHHS.

VY poboti orpuMaHo iHTerpo-nudepeHiliiine piBHSIHHS — PIBHSIHHS MOBUILHOTO PYXy CTPHKHS,
oJlepXKaHi BHUpa3u Ui JOCHII)KEHHS BUTHHIB B OyAb-KMH MOMEHT 4acy, BUBEACHO (hopmymy ams
BU3HAYCHHS KPUTHYHOI CHITM TTPU TPUBAIIH il HaBaHTa)KeHHS.

Kuaro4oBi cioBa: CTiiKiCTh, CTilika, TOYATKOBI HEIOCKOHAJIOCTI, BUTHH, MIOB3YYiCTh, KPUTHYHA
CHWJIa, KPUTUYHE TICPEMILICHHSI.

STABILITY OF REINFORCED CONCRETE POSTS UNDER
SHORT-TERM AND LONG-TERM LOADING

M. Bekiroval
'Odesa State Academy of Civil Engineering and Architecture

Abstract: The behavior of hinged support at the ends of the rack with initial bending under the
action of load is considered. Spring rods are arranged symmetrically. The rack has an initial bend,
compressed by forces constant in time.

All real elements have one or another imperfections in the form of technological bends, therefore,
they begin to bend from the very beginning of the load. The load, when it is exceeded even by an
infinitesimally small amount, there is a loss of stability of this type of deformation, is called critical. In
the calculation of stability under the long-term action of external forces, it is necessary to determine
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the load, at which the rate of movement in time monotonically decays. Solving the problem in such a
setting is acceptable for systems, the development of movements of which in time leads to a change in
the stress state. This condition for a compressed rack is fulfilled only in the presence of initial
imperfections (initial bending, off-center application of compressive force, etc.).

When solving the problems of the theory of stability, taking into account the creep of the material
plays an important role. Creep can be limited in time or unlimited.

When solving the problem of the stability of racks with initial imperfections, made of a material
that has creep and reinforced with elastic rods, the following assumptions are made:

1) the hypothesis of flat sections is considered valid;

2) the deformations of the creeping material and the elastic rods at the points of contact are the
same;

3) the modulus of deformations during stretching and compression are equal;

4) the creep material works in the stretched zone without the appearance of cracks.

The relationship between deformations and elasticities in the material of the rack is established
by a formula based on the linear relationship between deformations and elasticities.

The creep rate of concrete is based on the hereditary theory of aging.

In the work, an integro-differential equation was obtained - the equation of slow motion of the
rod, expressions were obtained for the study of bends in any at what point in time, the formula for
determining the critical force with long-term load action is derived.

Keywords: stability, resistance, initial imperfections, bending, creep, critical force, critical
displacement.
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1 BCTVYI

VY nocnimkeHHsAX 3 OyAIBETbHOT MEXaHIKM MUTAHHS CTINKOCTI 3aiiMarOTh BaKJIMBE MicCIIE.
[Ipu nedopmyBaHHI CTHCIMX 1 CTUCIO-BUTHYTHX CTPHXKHIB pIBHOBara MK 30BHIIIHIM
HaBaHTKCHHSM 1 BHYTPIIIHIMU 3YCHJUISIMH MOXKE OYTH CTIHKOK a00 HECTIHKOIO.

B mepmoMmy BUNAAKy CTPHIKEHb, BIAXWUJICHHWH BiJl TOJOXKEHHS PIBHOBArM HA JIOCTATHBO
MaJly BEJMYUHY, MICIS YCYHEHHs NPHYWHH, IO BHUKJIMKANTa BIIXWICHHS, MOBEPTAETHCS B
MOYATKOBHH CTaH PIBHOBAru. B Ipyromy BHITAJKy BIAXHUJICHHS MIC/IS YCYHCHHS IIPUYHHH, 0
Horo BUKJIMKala, He 3HUKAE, a, HAaBMAKH, 3pOCTAE.

HaBaHTaxeHHs, mpU NEPEBUILEHH] SKOrO HAaBITh HA HECKIHUEHHO Majly BEIUYUHY,
BUHHUKAE BTpaTa CTIHKOCTI JaHOTO BUAY AedopMarliii, HA3UBAETHCS KPUTUIHHIM.

[Topymennst crifikocTi Tina, sike AeOPMYETHCS, NPU SKOMY IEpPBHHHA edopMartis
NepexXOAuTh B 1HIIMH, AKICHO HOBUN BUA NedopMallii, € BTPaTOI CTIHKOCTI MEPUIOro pOy.
[TopymieHHst CTIMKOCTI Tina, ske nePOPMYETHCSA, MPHU SIKOMY IEpBUHHA nedopmarllis He
MepexXouTh B iHIMUK BUJ AedopMallii, a MOYUHAE 3pOCTATH MMPUITIOCTIHHOMY HaBaHTaXEHHI,
a0o0, HaBITb, IPU HABAHTAXKEHHI, SIKE 3MEHIIYEThCS, € BTPATOIO CTIMKOCTI IPYTOr0 POY.

Hampuxiian, BTpata CTIKOCTI Mepmioro poay XapakTepHa JUisl IIEHTPaIbHO-CTUCHYTOTO
NPY>KHOTO CTPWIKHSA, BTpaTa CTIHKOCTI IPYroro poay — sl CTHCIO-BUTHYTOTO CTPHIKHS, SIKUN
Ma€ MOYaTKOBI HEAOCKOHAIOCTI.

2 AHAJII3 JUTEPATYPHHUX JAHUX TA IIOCTAHOBKA INIPOBJIEMH

[Tepure TeopeTnyHe pilICHHS 3a/Jadi NP0 CTIMKICTh MPYKHOTO IEHTPATBHO-CTUCHYTOT'O
CTpWXKHSA ofepxaHo B 1744 poui Jleonapmnom Elinepom [3].

Ile pimeHHs HaBeIEHO B YMCIIEHHIN JITepaTypi 3 CTIHKOCTI CTPHXKHIB, 3 SIKOI 0COOIHMBO
Bi3HAYMMO [5-6]. Asie BUnmpoOyBaHHs MMOKa3aJju, 10 1€ PIICHHS He MOXKHA 3aCTOCYBATH IS
peasbHUX CTPUKHIB, 1110 MOB’S3aHO 3 HEMUHYYIMU BUKPUBIICHHSIMH OCi €lleMEHTa y Impolieci
BUTOTOBJICHHS 1 TPAHCIIOPTYBAHHS Ta HEIOCKOHAIOCTSAMHU IIEHTPOBKU B MPOIIECi MOHTaxy. B
3B’SI3Ky 3 UM OyJIM OTPHMaHi Pi3HI PIlIEHHS JJISl CTPYOKHS MifJ JI€F0 OCbOBOI CTUCKAIOYOi
CHJIH, sIKa MPUKJIAICHA 3 €KCLIEHTPUCUTETOM. [6].

Onmna 3 mepmux myOmikamiif, B sAKid OyB JOCHIDKEHWH BIUIUB IOYATKOBUX
HEJOCKOHAJIOCTEH Ha CTiHKiCTh, € MoHOTpadist Pxkaninmaa O. P. [1]. [TouaTkoBi reomeTpuuHi
HEJOCKOHAJIOCTI HAaMOUIBII CYTTEBO BIJIMBAIOTh HAa CTIHKICTh TOHKOCTIHHMX €JIEMCHTIB
BiikpuToro mnepepizy [7]. Y crarri [8] npu ommci (popMu NMOYATKOBHX HEIOCKOHAJIOCTEH
BUKOPHCTOBYIOTBH IIOJIIHOM YETBEPTOr'O CTYIEHIO.

1O. M. PaGotuoB [10] Ta C. A. IllecrepikoB [11, 12] 3anponoHyBanu HOBUN MiIXiJx —
3B’S3JIM MUTAHHA CTIMKOCTI IPH MOB3Y4YOCTi 3 KJIACHYHUM BHU3HAUEHHSM CTIMKOCTI. B3sBIm
32 OCHOBY 3aKOH 3MIIIHEHHS, BOHU MPOBEIH HOro JiHeapHu3allilo 3 ypaxyBaHHSIM Hebarathox
MIPOTHHIB, a MOTIM BUKOHAJIM aHai3 PYXy CTPHXHS IIPH 1ii 30ypeHb.

He moxxna He Bim3HaunT podoTn BueHUX OeCchKoi MIKOJIM Teopii MOB3y4OCTI HA YOI 3
I.€. TIpokomosuuem [13-15].

VYci poboTtH, y SKUX PpO3IUISJAIOTBCA MHUTAHHSA CTIMKOCTI CTPHIKHIB 3 YpaxXyBaHHSIM
MOB3YYOCTi, MOXXHa pO30MTH Ha JBa HampsMKH. [lpu mnepmomMy, KJIACHYHOMY IiIXOi
MPHUITYCKaOTh ICHYBaHHSI 3MIHM CTIHKHX 3MIH PIBHOBAru — Micjsl IPOXOKEHHS JASSIKOT0 Yacy,
0 HA3MBAETHCS KPUTUYHHUM, BiOYBA€THCS IMepexil MPsAMONIHIAHOI (OpMH B BUKPHUBIICHY.
BBakaeTbcsi, 110 MpoLEC MOB3Y4YOCTI B CTPHXKHI B€JE€ J0 3MEHIUEHHS HOro >XOpPCTKOCTI,
BHACIIIJIOK YOro BiZI0yBa€eThCsl BTpaTa CTIMKOCTI.
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3 META TA 3AJAYI JOCJIKEHHS

MeTor JTaHOro TOCHIPKCHHS € OTpUMaHHS (GOpPMYIT JJIsl 3HAXO/DKCHHS KPUTUIHUX CHUIT
IpY TPUBAIN Al HaBaHTa)XeHHs, GOPMYJ I OTPUMAHHS IMepeMilleHb (BUTHHIB) B Oyb-
SIKU MOMEHT 4acy, BUPa3iB JIJisl BU3HAUCHHS HAIIPY)KEHOI'O CTaHY.

4  PE3VJBTATHU JOCJIIXKEHb

IIpu nedopMyBaHHI CTHCIUX 1 CTUCIO-BUTHYTUX CTPUKHIB piBHOBAara MiX 30BHIIIHIMH
HAaBAaHTAXXEHHSMU 1 BHYTPIIIHIMHU 3YCHJUIAMH MOXKe OYyTH CTiMiKOI0 4M HecTiiikooo. B
NEpPIIOMY BHITaJKy CTPHIXKEHb, BIIXWICHUH BiJl TOJOXKCHHS PIBHOBaruW Ha JIOCHTh Maiy
BEJIMYMHY, IICIS YCYHEHHS MPUYMHHU, [0 BUKIMKANA BiIXWJICHHS, IOBEPTAETHCA [0
MOYAaTKOBOT'O CTaHY PIBHOBAaru. Y APYroMy BHIIQJKy BIIXWJICHHS IICIs YCYHEHHS NMPHYWHM,
110 Oro BUKJIMKAJA, HE 3HUKAE, A, HABIIAKHU, 3POCTAE.

HaBaHTa)XeHHsI, MpU TIEPEBUIIECHHI $SKOrO HAaBiTh Ha HECKIHYEHHO MaJly BEIHMYUHY
B110yBa€THhCS BTpaTa CTIMKOCTI TaHOTO BUAY AedopMarlii, HA3UBAETHCSI KPUTUIHHUM.

[Tpu BupinieHH] 3a/1a4 31 CTIMKOCTI CTPHKHIB Yy MPYXKHIN Ta MPYKHO -TIJTACTUYHIN CTamisX
BHU3HAYaIOTh, B OCHOBHOMY, KpUTHYHE HAaBaHTaKCHHS.

Ha ocHoBi1 po3riisiny cTifikux 1 HecTIHKUX (popMm pyxy OyB chopMysbOBaHMM KpUTEpii
CTIMKOCTI IPH 3racaHHi MOB3y4O0CT1 MaTepiany.

CTifiKMM BBaXa€ThCS PyX, IKAW HE MPUBOAUTH MMapaMeTpH, 10 BU3HAYAIOTH TTOJIOKEHHS
CHCTEMHU MPOTATOM KOPOTKOro abo HECKIHUEHHO TPUBAJIOro BiApi3Ka yacy, A0 OyIb-KHUX
BEJIMKHAX 3HA4€Hb, TOOTO MEpPEMIlIEHHS CHCTEMH MiJ Ji€l0 TOCTIHHOTO HaBaHTaXCHHS
3pOCTAIOTh 13 3aracar04yor0 IMIBUAKICTIO, MOHOTOHHO HAOJIMIKAHOYKMCh 10 rpanuii. HalimeHia
BEJIMYMHA, 3/1aTHA BUKJIMKATH HEOOMEKEHE MEePEMILlIEHHsI CHCTEMH € KPUTHIHOIO.

[Ipu He3aTyxarodiil MOB3y40OCTI MaTepialy THyYKUN CTPHXKEHb 32 HassBHOCTI MOYAaTKOBOI
HEIOCKOHAJIOCTI MiJ Jdi€l0 CTHCKAIO4YOro HaBaHTa)XKEHHS OyIb-AKOro piBHS Oe3nepepBHO
BUTHHAETHCA 1, AKIO0 HABAHTAXKEHHS JIi€ TIPOTATOM JIOCUTh BEIUKOT0 IIPOMIXKKY 4acy, BTpayae
CTIHKICTB.

b
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Puc. 1. Criiika 3 10O4aTKOBUM BUTHHOM

VY po3paxyHKy Ha CTIWKICTh MpW TPUBAIINA Ail 30BHINIHIX CHJ HEOOXITHO BU3HAYUTHU
HABAaHTAXCHHS, TP SIKOMY IIBUJKICTh MEpPEMIlIeHb Y 4aci MOHOTOHHO 3racae. Po3B's3aHHs
3a/1ayi B TaKid MOCTAHOBIl € MPUHHATHUM JUJII CUCTEM, PO3BHUTOK NEPEMIIICHb SKMX Y Yaci
MPU3BOIUTH 10 3MIHM HAmpyXEHOro crany. Llsg yMoBa 11l CTUCHYTOI CTIMKH BUKOHYETHCS
JHIIe 32 HASBHOCTI IMOYATKOBHX HEIOCKOHAIOCTEH (IOYAaTKOBUH BHUTHH, IO3aICHTPOBE
IPUKIIAJEHHS CTUCKAIOUO01 CHIIN).

UYepe3 Te, 110 yac ICHYBaHHs Ta EKCIUIyaTallil eleMEeHTIB OyAiBeJIbHUX KOHCTPYKIIiH
OOYHUCITIOETBCS JCCATKAMH 1 COTHSAMH POKIB, CIIJI BUXOAMTH i3 TOro, IO Ili EJICMEHTH
BTpayaloTh CTIMKICTh MpU t = o0, TOMY MpuUiiMaTy, 0 KPUTUYHUHN yac t =00,

Po3riissHeMo MOBEAIHKY MIAPHIPHO-OMEPTOi MO KIHISAX CTIHKM 3 MOYaTKOBHUM BUTHHOM
npu TpuBamii 1ii HaBaHTakeHHsS. [IpyxHI cTprokHI posramoBaHi cuMmeTpudHo. CTilika Mae
TIOYaTKOBHI BUTHH Y, (Z), CTUCHYTa ocTiiHNMH y 4aci cunamu P (Puc. 1a, 6).

VY noBunbHOMY Tepepi3i Mo BUCOTI CTIHKM B MOMEHT yacy t MaTume Miclie Hanmpy>KeHUH
crad (Puc. 1c¢).

Jnsg Oyap-sIKOro TEpeTHHY MO BHUCOTI B MOMEHT 4acy U MOKHA 3amMcatd yMOBY
piBHOBAaru:

N;(t) =P -F,[ o) +on()]; (1)
M) =Py'(t) - F.h [ on®) -ou® ], 2)
IS
N;(t) — TIO3I0BXKHS CHJIa YaCTHHU TIepepi3y, BUKOHAHA 3 MaTepially, 10 Ma€ MOB3y4iCTh;
M;(t) — BTHHAJBHUKA MOMEHT y YacTHHI Iepepidy, BUKOHAHWH 3 MaTepialy, IO Mae
MIOB3YyYiCTh;

F, — monoBuHa MO IPYKHUX CTPUKHIB;

o, (1), o, (t) — Hampy)XeHHsI B IPYXHUX CTPHIKHSIX;
* XY .

y”(t)— nporuH criliku B MOMEHT 4acy t;

h, — BincTaHp Bill HEHTPY TSOKIHHS MEpepi3y 10 HEHTPY THKIHHSI NPYKHUX CTPUKHIB.

HopmanbHi Hanpy>KeHHs TOB3y40i CKJIaI0BOi Mepepi3y MpeaCcTaBIeH] y BUTIIAI1

BekipoBa M. M.
https://doi.org/10.31650/2618-0650-2024-6-2-100-108

104



V1/2/2024
Crop. 100-108 / Page 100-108

Mexanika Ta MareMaruuHi meroau /
Mechanics and mathematical methods

N (), Ms()

O-gl(t): F5 - |5 3)

ne
F; — muroma moB3y4oi CkJ1aI0BOi YaCTUHHU I1E€PEPI3Y;

| ; — MiHIMaJIbHMI MOMEHT 1HEpIii NOB3y4O0i CKJIaJJOBOi IEPETHHY;
7 — KOOpAMHATA BOJIOKHA.

[TincraBnsemo 3HaueHHs Nj(t) i M (t) 3 (1), (2) B (3) i orpumyemo

P-F[ont)+o,)] Py*(t)—hﬁ,\[cr;;(t)+cf;:1(t)]77
F |

5

oy (t) = (4)

5

BpaxoByroun, 1o

*! * 2 E
o000y (1) = 2 ©
p (1)
ne E, — Momyns npy:xHOCTI MaTepially IPYKHHX CTPUIKHIB; ]/ o () — xpuBH3HA CTIHKH,
OTPUMYEMO IHTETpO-Tu PepeHIiaibHe PIBHSIHHS MOBIJIBHOTO PYXY CTPHIKHS

w [L+ 2 mOERSEH]+ P5I(t Y

Z )

0°y*(z,7) +85(t,r)dz_:
2 or

y'(z,) -

(6)

I y “(z,7)+ un,E,
_ %(Z)[1+ nymOERS(, 7)),
z

ne y= Fa/Fg y Ny = 2h12F5/|57 m(t) = Ea/E(t) .

3ajaya Mpo CTIMKICTh B yMOBax IIOB3YYOCTI 3BOJUTHCS A0 PO3IJIAAY CTIMKUX Ta
HecTiiikux GopM pyxy. CTIMKMM BBa)KaeMO pyX CTIHKH, TIPU SKOMY MPOTHHH Ipu t—> o0
NparfHyTh A0 KiHIEBO1 BenuuuHU. [li] KpUTHYHUM HaBaHTAXEHHSM PO3yMieEMO HaiiMeHIIe
3HAa4YEeHHS CUJIH, 110 BUKIIMKA€E HeoOMeXeHe 301IbIIIeHHS TPOrHHIB.

ITpunyctumo, 1110 TOYaTKOBUIN BUTHH 3a1aHUM Y BUIIIA1 HAllIBXBUJII CHHYCOIN

¥o(2)= fsin % (7)
[Ipu upomy pitieHHs piBHSHHS (6) CIiA LIyKaTH y BUTJIAAL
y'(z.t)= f*(t)sin”l—z. (8)

Tonmi orpumaemo nudEpeHIliiiHE PpIBHSAHHS JpPYyroro TMOPSAKY 31 3MIHHEMH
Koe]ilieHTaMu:

d2f*(t) df "(t)
7 +y[1+@A-n)EO({) | —= - =0, 9)
O(t)=C, + Ae ™" (10)

Tas HAaCTYITHUMH MOYATKOBUMHU YMOBAMMU:
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f (z)=1(z), (11)
LINGY) ;ifl) _ y(a+e)nP3E f(z)). (12)
e

C=EC,, a=ae™”; a=EA. (13)

Pimenns piBHsHHA (9) 3 mouatkoBumHu ymoBamu (10) 1 (11) mMoxHa mpeacTaBUTH Y
BUTJISII:

* (a+c)yp P —K(t-7y) )
f = f —_— _ 1 _
(t) (rl){lwt Lol P [F(O) e F(t Tl):'} , (14)
K(t—7,)=y[l+cl-n)]t-7)+al-n)|[1-e7“]; (15)

_a(l-ne’ N a’(l-n)’e ™
2+cl-n)  [2+c@-n)][3+cl-n)]
F0)=1-—24=1) a’(L-n)’ . 17)
2+c(l-n) [2+C(1—77)][3+C(1—77)]

F(t—z,)=1 e (16)

5 BHUCHOBKH

1. OGrpynToBaHa (hi3uKko-MexaHIdHa MOJENIb PyXy BaHTa)Ky Ha KaHaTi IpH ioro nigiomi
(ctamiss TycKy) MeEXaHI3MOM MiAloMy BaHTaXy MiCcTOOyIiBHOrO Kpany. OOuncneni
AHATITHYHUM IIITXOM OCHOBHI KiHEMaTHYHO-CHIIOBI ITapaMeTpu PyXiB, 3a SKUX MiHIMi30BaHi
TUHAMIYHI HABaHTQ)XCHHSI Ha KaHATHY CUCTEMY, a KOJTMBAHHS BIJCYTHI.

2. OTpuMaHi y JaHOMY JOCIIIKEHH] Pe3yJIbTaTH MOXYTh Y MOAAIBIIOMY CIyT'YBaTH IS
YTOUHEHHS I BJIOCKOHAJICHHS ICHYIOUMX IHXXEHEPHHUX METOJIB PO3paxyHKy MeEXaHI3MiB
iAoMY BaHTaXy MiCTOOYIIBHUX KpaHiB (K i KpaHIB iHIIMX KOHCTPYKIH) Ha CTaisxX X
NPOCKTYBaHHS Ta Y PeXUMaxX peajbHOi ekciryaTamii. 3. JloTpuMaHHS BU3HAUYEHUX y JaHIN
poOOTI pEXUMIB IYCKY BaHTaKOMIAMOMHUX MEXaHI3MIB KpaHIB J03BOJIIE CYTTEBO

6 ETHUYHI IEKJIAPAILIL

ABTOp He Mae Oyap-aKkuX (piHaHCOBMX YW He(IHAHCOBHX IHTEPECIB IIOAO0 MaTtepialib,
MIPEICTABJICHUX Y Iil CTATTI, K1 CJIiJ] PO3KPUBATH.
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YK 624.012.45

OCOBJIMBOCTI OLIHIOBAHHS TEXHOJIOT'TYHOI
HOM KO/’ KEHOCTI BETOHY

Ouiitnuk H. B!, SIxymesa FO. B...

1 . . .
Ooecvia depoicasHa akademis 0yJieHuUYmMea ma apximexmypu

AHoTaniA: Y craTTi po3risAaroThCsl MUTAHHA IIOJO OTpPUMaHHA OyAiBEJIbHUX MaTepiamiB i
YCTAaTKyBaHHS 3 3a/JlaHIMH NapaMeTpaMi sIKOCTI MpH 3HFDKEHiH MatepianoMicTkocTi. [lokazano, 1o
OJHUM 13 MOXJIMBHX NUISIXIB 3HMKEHHS MaTepiajJoOMiCTKOCTI KOHCTPYKTUBHHX OyIiBEJBHHX
MaTepialliB € 3aCTOCYBaHHsI HAIIOBHIOBAYiB.

B namiii ctaTTi po3risgardd OCTOH SK KOHCTPYKIIMHUN MaTepiay Ta 3a3HadeHo, IO came
(dhopMyBaHHS KOHCTPYKIIi 4M BHUPOOY came Ba)XXKO IPOKOHTPOJIIOBATH HOTO KUIBKICHI Ta SKICHI
napameTpH aje IPaKTHYHO MOXKITMBO JIMIIIE OTPUMABIIHN FOTOBUN BUPIO UM KOHCTPYKIIITO.

BractiBoCTI KOHCTPYKIii BU3HAYAIOTHCS AK 1HAWBIyaIbHUMH BIACTUBOCTSIMHU BCIiX ITiJICHCTEM
(6eToHy, apMaTypH), i 3MiHAMH [TUX BJIACTHBOCTEH MPU BCEPEMHI CTPYKTYPHUX B3aEMOJISX. Y CBOIO
4yepry, Marepiall KOHCTPYKIIii (O€TOH) € IMiICUCTEMOI0, SIKa CKIIAIA€ThCs 3 XapaKTEePHUX CTPYKTYPHHIX
HEOJHOPITHOCTEH.

OckinbKH CKJaj OETOHY BIUIMBAE HA CTPYKTYPY, XapaKTEPHCTHUKH MIITHOCTI Ta jJedopMaTuBHI
BJIACTHBOCTI 3aJ1i300€TOHHUX KOHCTPYKIIil, [0 MPAIOIOTh ITiJ] BILTMBOM 30BHIIIHIX BIUIUBIB, ICHYE
HEOOXiTHICTh OLIBII TOCKOHAIOTO BUBYEHHS HOTO Ta BU3HAYCHHS ONTUMAIIBHUX CKIAJIOBHX 3 METOO
3a0e3MeyeHHs eKCITyaTaliiHol HaJifHOCTI KOHCTPYKIIH.

Y mepioj TEXHONOTIYHOI mepepoOKH OETOHy Yy BHpPOOM Ha BCIX pIBHSAX CTPYKTYPHHX
HEOJHOPIJTHOCTEH y MaTepiaji BUHMKAIOTh TEXHOJIOTIYHI TPIMIMHH, $Ki, OyAy4d CTPYKTYpHUMH
rapaMeTpaMu OETOHY, BUBHAYAIOTH IMOMIKOKEHICTh KOHCTPYKIIiH, 1 THM CaMUM - 1 IX eKCIUTyaTaIliifHy
HalI{HICTb.

JlociKEHHSIMI BCTAHOBJIEHO, 1110 TE€XHOJIOTYHA IMOIIKO/PKEHICTh ICTOTHO BIUIMBAa€E Ha
MIIHICHI Ta AedopMaTUBHI BJIaCTUBOCT1 OETOHY.

Kuarouosi cioBa: 6eToH, OymiBellbHI MaTepiayii, TEXHOJIOTIYHA TIOIIKO/PKEHICTb, 1e(hOpMaTUBHI
BIIACTUBOCTi OETOHY.

FEATURES OF ASSESSMENT OF TECHNOLOGICAL DAMAGE
OF CONCRETE

N. Olivnuk!, Yu. Yakusheva!
'Odesa State Academy of Civil Engineering and Architecture

Abstract: The article deals with the issue of obtaining building materials and equipment with
specified quality parameters with reduced material consumption. It is shown that one of the possible
ways to reduce the material density of structural building materials is the use of fillers.

In this article, considering concrete as a structural material, it is stated that it is the formation of
the structure or product that is difficult to control its quantitative and qualitative parameters, but it is
practically possible only after receiving the finished product or structure.

Properties of the structure are determined as individual properties of all subsystems (concrete,
reinforcement), and changes in these properties during structural interactions. In turn, the construction
material (concrete) is a subsystem that consists of characteristic structural inhomogeneities.

Since the composition of concrete affects the structure, strength characteristics and deformable
properties of reinforced concrete structures operating under the influence of external influences, there
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is a need for a more thorough study of it and the determination of optimal components in order to
ensure the operational reliability of structures.

During the technological processing of concrete into products, at all levels of structural in
homogeneities in the material, technological cracks appear, which, being the structural parameters of
concrete, determine the damage of structures, and thus their operational reliability.

Research has established that technological damage significantly affects the strength and
deformation properties of concrete.

Keywords: concrete, building materials, technological damage, deformable properties of
concrete.
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1 BCTYII

B octaHH1 poku po3BUTOK MICT YKpaiHM 3aJIeKUTh BiJ] TAKUX COLIAJILHUX MPOOJIEM, SIK
OyAIBHULTBO  KHUTJIA, CTBOPEHHS  TPAHCIOPTHUX  MeEpeX Ta  1HQPACTPYKTypH
xuTrezabesnedeHns. llnsgxu pimeHHs 1ux npoOieM NPOAMKTOBaHI, B MeEpUIy 4Yepry,
BHMOT'aMH €KOJIOTil B TIOEJIHAHHI 3 CEHEPreTUYHUM 3a0C3MEUeHHSAM, a 3HA4YuTh, 1 1X
eKOHOMIKOIO.

SkicTh Ta eKkcILTyaTalliiHa HaJIdHICTh KOHCTPYKIli 3HAYHOK MIpPOI 3aJICKHUTh BiJ
MaTepiajiB, 3 SKHX BOHa BHUTOTOBJIeHa. Hecyuya 3MaTHICTh KOHCTPYKII BH3HAYAETHCA
3JIaTHICTh MaTepiay IMPOJIOBKYBaTH BUKOHYBATH CBOI (DYHKIIii B HOBUX YMOBAaX.

ToMmy akTyaqbHUM 3aJMIIAETHCS 3aBJaHHS OTPUMAaHHsS OY/IBEJILHUX MaTepialiB i
yCTaTKyBaHHS 3 3aJJaHUMU MapaMeTpaMu SKOCTI IIpH 3HMKEH1H MaTepiasomicTkocTi. OHUM
13 LIUISIXIB 3HUKEHHS MaTepilaJIoOMICTKOCTI KOHCTPYKTMBHHMX Oy/AIBEJIBHUX MaTepialliB 1 €
3aCTOCYBaHHS HAIIOBHIOBAYIB.

Jlo HamoBHIOBAYiB BiTHOCSITh YACTUHKH JOBITHHUX (OPM 1 MOBEPXHEBOI aKTUBHOCTI,
PO3MIp SIKUX HE J03BOJISIE IM CTBOPIOBATH B HABKOJIMIIHHOMY B'SDKydOMY 1o aedopmartiii i
HANpy)KeHb 1 BHUKJMKAa€ iX ydacTb Yy Ipolecax OpraHizaimii CTPYKTYpH eJeMEHTapHHX
CTPYKTYPHHUX €JIEMEHTIB B'SKYUOTO.

2 AHAJII3 JIITEPATYPHUX JAHUX TA IOCTAHOBKA ITPOBJIEMU

B cuny ocobGmuBocreit cBoei OynoBu 0E€TOH € OaraTOKOMIIOHEHTHUM 1 6aratoda3oBuUM
MOJIIKPUCTAJIIYHUM YTBOPEHHSM, 1[0 Ma€ PO3BHHEHY CHUCTEMY MaKpoO- 1 MiKpoJae(deKTiB, 110
BHHHUKAIOTh Y CTPYKTYPi Npu (popMyBaHHI.

Ockiyibki O€TOH SIK KOHCTPYKLIWHHMA Matepial (OpMYeThCs OE€3MOCEepPelHhO B caMiid
KOHCTPYKIIi 4d BHPOOi, IPOKOHTPOIIOBATH HOT0 KIJIbKICHI Ta SIKICHI mapaMeTpH MPaKTUYHO
MOKJIMBO JIMILI€ OTPUMABIIN TOTOBHUI BUPIO YK KOHCTPYKIIIO.

He3Baxkatoun Ha wMaibke JBOXCOTJITHIM JOCBIA 3acTOCyBaHHS 1 3HayHI o00csarH
BUKOPHUCTaHHS, 3 IKUM HE MOXE 3PIBHITHCS >KOJAHHUI KOMITO3HUIIMHUN MaTepial, 3al1i300€TOH
B JIaHMH 4Yac BCE X € JAJeKO He A0 KIHIA BUBYEHUM. [1OTpiOHI yTOYHEHHS pO3paxyHKY
KOHCTPYKIIH 3 METOIO SKHAHOBHIIIOTO BpaXyBaHHs (aKTOPiB, 110 BIUIMBAIOTH Ha iX poOOTY
M1l HABAaHTAKCHHSIM.

BrnactuBOCTI KOHCTPYKIIi BU3HAYAKOTHCS SK 1HAWBIAYaJbHUMH BJIACTHBOCTSAMH BCIX
nigcucTeM (0€TOHY, apMaTypH), 1 3MiHAMHU ITUX BJIACTUBOCTEH MPU CEPEIUHHHUX B3aEMOJIifX.
VY cBow uepry, marepiajl KOHCTPYKIi (O€TOH) € MiACHCTeMOI0, fKa CKJIQJa€ThCca 3
XapaKTepHUX CTPYKTYpHUX HeofHopigHocTel. Tomy amd  posrisily  KOMIO3UIINMHUX
OyniBenpHux MatepianiB (KBM) iX [ouiJIbHO NpPEACTaBIsATA SK CKJIaJHOOPraHi30BaHi
CHUCTEMH, OpraHi3oBaHI 3a NPHHIUIOM "CTPyKTypa B CTPyKTypi" abo "KOMIO3UT Yy
komno3uti". Ile no3Bonsie ysButn KBM, sk ckmagHi cUCTeMH, IO CaMOOPTaHI3yIOThCS, 3
1€EPApXiYHOI0 CYHIAPSIHICTIO pI3HUX PIBHIB CTPYKTYPHHUX HEOJHOPIAHOCTEH, 3 SKICHO
BIIMIHHUMHU MEXaHi3MaMH CTPYKTypoyTBopeHHs. Excriyarariiini HaBaHTa)K€HHS, 110 A1I0Th
Ha KOHCTPYKIIIO, BUKJIMKAIOTh Yy Hill aedopmarliii Ta Hampyru, siki Matepian clpuiimMae ta
Nepepo3NnoALILE MK BIACHUMH CTPYKTYpHUMU eneMeHTamu. Hecyua 31aTHICTD KOHCTPYKIIT
BH3HAYAETHCS 3JaTHICTIO MaTepiajay IPOJOBKYBATH BHUKOHYBAaTH CBOi (YHKIIi B HOBHUX
yMOBaXx.

TakuM 4MHOM, CTPYKTYpY KOHCTPYKIIii MOXKHA TPEIACTABUTH PI3HUMHU MOJEISMH, BHI
SKUX 3aJIOKUTh BiJl TIOCTABJICHOI METH aHaji3y Ta BUBYEHHS I TOBEIIHKH TpH il
eKCIUTyaTalllfHUX HaBaHTaXeHb. ONHUC CTPYKTYpU KOHCTPYKIII [03BOJSE BUIIIMTU
HaWBaXIMBINI €JIEMEHTH, 110 BHM3HAYaIOTh HECydy 3AaTHICTh OKpeMHUX il 4YacTUH, YCi€i
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KOHCTPYKUII y CKJIaal co01 Moai0HUX, PO3KPUTH POJIb MaTepialy B poOOTi, BUBHAYUTH LUISIXU
CHPSIMOBAHOI0 MPOEKTYBAaHHS MaTepially Jisi KOHKPETHOI KOHCTPYKLIII.

VY KoMIO3MLIMHMX Marepiajax Ta KOHCTPYKLISIX Yy 3arajbHOMY BHIIQJIKy MOXKHA
BHJIUTUTH KiJIbKa XapaKTEPHUX BHJIIB MOMIKOHKEHOCTI, IO BIAPI3HAIOTHCS 3a MEXaHi3MaMH
yTBOpeHHs [ 1, 2]:

B)

\r

G,

A

Puc. 1. XapakTep MOMKOIKEHOCTI KPUCTATIB (a), 3epeH neMeHTy (0), IpiOHMX 3aroBHIOBaYiB (B),
[IEMEHTHOTO KaMiHHA (T), 0eTOHY (1) Ta KOHCTPYKIIii (e):
1 — TpimuHA y BUXiTHIX KOMIIOHCHTAX;
2 — TpIUIMHH, 1110 BUHUKIIX TIPU YTBOPEHHI CTPYKTYpU MaTtepiais;
3 — TpilIMHH, 1110 YTBOPUIIKCS 332 PAXyHOK FT€OMETPHUYHHUX OCOOIMBOCTEH KOHCTPYKIIIT;
4 — excruTyaTamliiHi TPIIIHA

— TIOHIKO/KEHICTh OKPEMHX KOMITOHEHTIB, SIKa MPUBHOCUTHCS 3 HUMH B Marepian i
KOHCTPYKIIiIO (TI04aTKOBA);

— TOLIKO/KEHICTb, IO BHHHMKAE B IEpIoJ TEXHOJIOTIYHOI MepepoOKH BUXITHUX
CKJIaJIOBUX B MaTepiall 1 Horo B KOHCTPYKLIIO (TEXHOJOr14Ha), puc. 1.;

— MOIIKO/PKEHICTh, 1110 BUHMKAE MpU M1l HA Marepiajl KOHCTPYKIIT eKCIUTyaTaliiHUX
HaBaHTAXXEHb (EKCILTyaTalliiiHa).

Ockinbku ckiag O€TOHY BIUIMBa€ Ha CTPYKTYpPY, XapaKTEpUCTHUKUA MIIHOCTI Ta
nehopMaTUBHI BIACTUBOCTI 3alli300€TOHHUX KOHCTPYKIIIM, IO MPaIlOTh IiJl BILIABOM
30BHIIIHIX BIUIMBIB, ICHY€ HEOOXIAHICTh OLIIBII JOCKOHAJIOTO BUBYEHHS HOTO Ta BU3HAYCH HS
ONTUMAJIBHUX CKJIQJOBHX 3 METOI0 3a0€3MeueHHs eKCIUTyaTalliiHOl HaJIHOCTI KOHCTPYKIIii.
VY nmepiof TEXHOJOrIYHOI NepepoOku OeTOHYy y BHUpPOOM Ha BCIX PIBHSAX CTPYKTYpPHHX
HEOJHOPIAHOCTEH Yy MaTepiaji BHHHMKAIOTh TEXHOJIOTIYHI  TPINMHHU, 5Ki, Oyay4u
CTPYKTYPHUMHU TapaMeTpaMH OETOHY, BHU3HAYalOTh IMOIIKO/PKEHICTh KOHCTPYKIIH, 1 TUM
caMuM - 1 iX ekcIulyaTamiiiHy HamiiHicTh. CydacHUR eTam JOCTIDKCHHS IOKa3ye, IIo
TEXHOJIOTIYHA IMOLIKOMKEHICTh OCOOJIMBO BIUIMBAaE Ha JAedopmaiiifHi  BIACTUBOCTI
3al1I300€TOHHUX E€IEMEHTIB. 3acTOCyBaHHS HAIMOBHIOBAYiB, ONTHUMAIbHUX 3a BHUIOM,
KUTBKICTIO Ta JUCIIEPCHICTIO, TO3BOJISIE KEPYBATH TEXHOJOTIYHUM TOMIKOKEHHSIM OCTOHHUX
Ta 3ali300€TOHHUX KOHCTPYKILIH, IO MJO03BOJS€ MiABHIIYBaTH iX (DI3MKO-TEXHIYHI
XapaKTEPUCTUKH.
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ExcrnuryaTaniiini HaBaHTa)K€HHS, 110 JAIIOTh Ha KOHCTPYKIIIO, BUKIMKAIOTh Yy HIiH
nedopmartiii Ta HaNpPyXKEHHS, SKI Marepiajl CIpUMaEe Ta MEPEepO3MONAUILE MK BIACHUMH
CTPYKTYpHUMH elleMeHTamMHu. Hecydya 34aTHICTh KOHCTPYKLII BH3HAYa€TbCS 3JATHICTIO
Marepiaiay Ipo0BKyBaTH BUKOHYBATH CBOi (DYHKIIIT y HOBUX YMOBaX.

PyitHyBaHHS OETOHY 3aBJHM IIOB'S3aHE 3 HAKOIMYEHHSM ITOIIKOKCHb IMOYaTKOBOI
CTPYKTypu OETOHY Ha pIi3HUX PIBHSX 1 MOTIMHAHHAM eHeprii aedopmartii, 3 MOAaIbIINM
BUJIUIEHHSM 11 Ha MOBEPXHIO HOBOCTBOPEHUX TPILIUH pyHHYBaHHS [2 ].

Ob6'ekToM aHamizy € aedeKTH, 10 BHUHUKIM Yy NEpioA TEXHOJOTIYHOI MepepoOKu
OTpUMaHHs OyIiBEIbHHX MaTepialiB Ta KOHCTpYKIii. [lomiOHi nedexkTn BigHECEHI a0
TEXHOJIOTTYHUX, HaYaIbHUX a00 craJKoBUX JedeKTiB. BiamoBinHo 10 [2], 10 TEXHOIOTTYHUX
(crtagxoBUX) JAeEeKTIB MOXKHA BigHECTH nedekTr (opu, Kamiasipu, TPIIUHA PI3HUX BUMIIB 1
T.IL.), sIKI BUHUKAIOTh y MEpioj] OTpUMaHHS MaTepially Ta KOHCTPYKIT esKi MPUCYTHI B HUX
N0 TPOKJIAJaHHS eKCIUTyaTalliiHMX HaBaHTAXXEHb. Tak SK MeXaHIYHI XapaKTEePUCTHKH
KOMITO3UIIIMHUX MaTtepialliB, BKJIIOYAIOYW OY/iBENbHI, 3HAYHOK MIpOK BHU3HAYAIOTHCS
TpIIIMHAMH, TO B MOJAJbIIOMY MU IiJ TEXHOJIOTIYHUMH Je(peKkTaMu OyIAeMO pPO3yMiTH
TPIIMHY, SKI BUHMKAIOTh y Martepiajl OyAiBeJIbHUX KOHCTPYKIIM y mepiox opraHizawii
CTPYKTYpU 1 SIKI ICHYIOTb Y HbOMY JIO JOJATKy 3OBHIIIHIX HaBaHTaxkeHb. Ilpu mpomy
nependavyaeTbes, IO TPIMIMHU, [0 BHHUKAIOTH Yy MaTepiaji, aBTOMAaTHYHO CTalOTh
TPIIIMHAMHM KOHCTPYKIIIi Ta BU3HAYAIOTh THM CaMHM ii TPIMHOCTIMKICTh, 1eOPMATUBHICTh
Ta HEeCydyy 3JaTHiCTh. Hampukian, y 30ipHHX 3ai300€TOHHHMX €IeMEHTaX 4YacTKa TPIlUH
TEXHOJIOTTYHOTO TOXOKEHHS B1J] 3aralbHOI KUTBKOCTI 1edekTiB pocsrae 0au3bko 60% [2].

[IpoBeneni pocminM MiATBEPAMIIM, IO EKCILTyaTaliiHlI TPIIIMHU PO3BUBAIOTHCS 3
TEXHOJIOTTYHUX. MOXHa MPUITYCTUTH, 110 €KCIUTyaTaliiiHl TPIIMHU 3aBEPIIYIOTh JPOOJIECHHS
Marepiajy Ha Belquki Ojoku. Ile XapakTepHO Il CKJIadiB 13 HE3HAYHHM HAKOIMHUYCHHSIM
nedeKTIB y TepIli [MUKIM 3BOJIOXKEHHS - BUCYITYBaHHSA. OCKIIbKM OSTOH € MaTepiaioM THITY
«CTPYKTYpa B CTPYKTYypi», 1€ KOXXEH BENUKUH OJOK CKIQJaeThCs 31 CHIBAPYKHOCTI
JIpiOHIIIMX, TO MOKHA TPUITYCTUTH, 1110 00'eMHI 1edopmaliii MIKipHOTO TaKOTO OJI0KY MOXYTh
MIPU3BECTU 10 HOT0 ApoOIeHHs Ha min0noku. [Ipu boMy MaTFOHOK TPIIIKMH yCcepearHi OJIOKY
MOBTOPIOE MAJIOHOK TPIIIMH Ha OlIbII BHCOKOMY MaciiTabHOMy piBHI. Take IpoOiieHHs
CTPYKTYpHUX OJIOKIB MPU3BOAMUTH O IHTEHCUBHOTO PO3BUTKY €KCILTYaTAIIHUX TPIIIUH.

®Di3uK0-MEXaHI4YHI BJIACTUBOCTI KOMIIO3MLIMHUX MaTepiaiiB 3HaYHOIO MIPOKO 3aleXkaTh
BiJ cTyneHsa nedekrHocti ixHboi crpyktypH. Lli medextn, posaineni Ha TexHoIOrivYHI (a0
CMaJKOBl) Ta eKCIUIyaTalliiiHi, MalTh BJACHY ICTOPII0 PO3BUTKY: BiJl 3apOPKEHHS 0
MEPETBOPEHHS Ha HEOOOPOTHY pPO3BUBAETHCS TpinmHy. CrmaakoBi nedeKTH € HE TiJIbKH
BIJIMOBIIaJIbHUMHU 3a 3a0e3MEeUCHHs] HEOOXITHUX (I3MKO-MEXaHIYHMX XapaKTePUCTUK, a |
BHU3HAYaIOTh KIHETUKY PO3BUTKY €KCIIyaTalliHUX Ae(eKTIB 1, OTXKe, EKCIUlyaTaliiHy
JIOBT'OBIUHICTh KOMITO3UTHUX MaTepialliB Ta KOHCTPYKIIIH.

OcCkinbKM MeEXaHI4YHI XapaKTepUCTHKU KOMIIO3MLIHHUX MaTepiayiB y 3HauHId Mipi
BU3HAYAIOTBCS TpIIIMHAMHU, TO HaJali BBaXaeMo, IO caMe TpPIIIMHA BHU3HAYAIOThH
MOIIKO/XKEHICTh MaTepiany, a, 0TKe, 1 KOHCTPYKIIIi.

CropsimoBaHa 3MiHa TEXHOJIOTTYHOI TOILIKOAXKEHOCTI JI03BOJISIE 3MIHIOBATH XapakTep
TPIIIMHO yTBOPEHHS Ta pyHHYBaHHA KOHCTPYKLii. 3acTOCYBaHHS MIHEPAJIbHOIO
HAIMOBHIOBAYa y MEBHUX KUIBKOCTAX 1 MEBHOI AMCIEPCHOCTI JO3BOJISIE KEPYBATH MpoIlecaMu
oprasizaiii CTpyKTypu OETOHY Ta peryiaroBaTH HOro mo4yaTkoBi 00'eMHI 3MiHH, a OTXKe, 1
TEXHOJIOTIYHY TIONIKOJDKEHICTh 3 METOK OTPUMaHHS OyAiBEIbHMX KOHCTPYKIH 3
HEOOX1JHUMH BJIACTUBOCTSAMU.

MiHepanbHi HAMOBHIOBAYi, BITMBAIOYU Ha (i3UKO-MEXaHIYHI BIACTHBOCTI IIEMEHTHOTO
KaMiHHS, BHU3HA4YalOTh MOro MAaTepialOMICTKICTh, IO 3alIeKUTh BiA e(EeKTHBHOCTI
BUKOPHCTAaHHS KJIIHKEPHOI YAaCTHMHU IIeMEHTy. UuM Kpamie, TOBHIIIe BHKOPUCTOBYETHCS
MOTEHIIHI BJIACTUBOCTI HAWJOPOXKYOrOo Ta EHEPrOEMHOTO KOMIIOHEHTa IEMEHTHHX
KOMITO3HUI[if, THUM MEHIIE MaTepiaJoMicTKicTh. JOBEnNeHO MOXKIHMBICTh 3HIKCHHS
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MatepianomicTkocti Ha 15...21% 3a paxyHOK 3acTOCyBaHHS HAalOBHIOBAYiB, ONTUMAJbHHUX 32
00pa3oM Ta SIKICHUM CKJIaJIOM.

Jlo HamoBHIOBauiB BIJHOCATh YAaCTUHKU JOBIIBHMX (QOpPM 1 MOBEPXHEBOI aKTUBHOCTI,
pO3Mip SKHX HE J103BOJIsIE IM CTBOPIOBATH B HABKOJMIIHBOMY B'SI3KOMY TOJII jJedopMaliii i
HaIpY>KEHb 1 BUKIIMKAE X JOJII0 B MPOIlecax opraHizailii CTpyKTypH MaTepialy, [0 Ma€ MeBHI
BIIACTHUBOCTI.

TeopeTnyHOIO OCHOBOIO 3aCTOCYBAaHHS MaJjIOAaKTHBHHMX HAIOBHIOBadiB € TOW (akT, 110
YACTHHKU IeMeHTy 3aBOuIbmku Oinbine 40 — 60 MKM TiApaTylOThCs HE3HAYHO HaBITh IO
3aKIHUYEHHIO KIJIbKOX POKIB TBEpAIHHS LEMEHTHOIrO KaMiHHS 1 €, O CyTi, Hloro 6aiacTHOO
CKJIaJJOBOIO, BUKOHYIOUM POJb MiKpOHAaNoBHIOBaua. ToMy 3HauHa YacTHHA BEIHMKHX 3E€pEH
[EMEHTY MOXe OyTH 3aMiHeHa 0e3 BeIMKHX 30UTKIB JUIsl HOTO SKOCTI MPUOIM3HO TAKUMH 3K
3a pO3MIpaMH YaCTKaMU MajJOaKTHMBHUX PEYOBHH. 3MICT XIMIYHO IHEPTHUX HAIlOBHIOBAYIB Y
CKJIa/ll IEMEHTY J103BOJISIE TAKOXK SKOCh MPUCKOPUTHU TipaTalilo KIIHKEPHUX MIHEpaliB, 1110
YaCTUYHO 3alOBHIOE HEMOJIK LeMeHTy. | Ounbln 3HAaYHUM, SKIIO HE OCHOBHUM KpUTEpiEM
HEOOXITHOCTI 3aCTOCYBaHHS MiHEpaJbHMX HAIOBHIOBAuiB, € €KOHOMisl JOPOroro SIKiCHOTO
B'SKYYOr0 — [IEMEHTY.

HanmoBHtoBaui, mo HE MICTITh XIMIYHO AaKTHBHHX KOMIIOHEHTIB (MaJIOAaKTHBHI
MiHEpajbHI HANOBHIOBAYi), HE BCTYNAIOTh Yy XIMI4HI peakuli 3 I1HIIMMU CKJIaJO0BUMHU
eJIeMEHTaMU [IEeMEHTHOr0 B'SHDKY4Oro Ta BOJOI0 3aMilIyBaHHS.

MiHepasbHi HAallOBHIOBAYi, BIUIMBAIOUM Ha (Pi3MKO-MEXaHiuHI BJIACTHBOCTI IIEMEHTHOI'O
KaMiHHS, BHW3HAYAIOTh HOr0 MaTepialoMICTKICTh, M0 3aJeKHTh Bill e(OEKTHBHOCTI
BUKOPHCTAaHHS KJIIHKEPHOI YaCTHHU ILeMEHTy. UMM Kpaie, IMOBHIIllE BUKOPHCTOBYETHCS
MNOTEHIIMHI BJIACTUBOCTI HANHJOPOXKYOrO Ta EHEPrOEMHONO KOMIIOHEHTa IE€MEHTHHX
KOMIO3MIIIM, TUM MEHIIE MaTepiajJoMICTKICTb. JIOBEIEHO MOXIMBICTh 3HM)KEHHS
MaTepiajomicTkocTi Ha 15...21% 3a paxyHOK 3aCTOCYBaHHS HAIIOBHIOBAYiB, ONTUMAJIbHHUX 32
00pa3oM Ta SIKICHUM CKJIaJIOM.

VY mpakTHIli TOMIMPEHi [Ba CIOCOOM BBEIEHHS HAMOBHIOBAdiB. Y MEPHIOMY BHUIAAKY —
HUISIXOM CITUTBHOTO TTOMENY KIJIIHKEPY Ta CHPOBHHHU HAIllOBHIOBAUiB, MOMEPETHHO PO3METICHUX
ab0 OTpUMaHUX Yy NPUPOJHOMY TOPOIIKOMOAIOHOMY CTaHi, B IHIIOMY — HAlOBHIOBaYl
BBOJISITH OE€3MOCEPENHBO 0 CKJIaay OCETOHHOI CyMil y polieci ii mpuroTyBaHHS.

[IpoBenenuii aHami3 Mokasas, 110 MIHEpaJbHI HANOBHIOBadl € €()EKTHUBHUM METOJOM
yIpaBJIiHHA CTPYKTYPOYTBOPEHHIM KOHCTPYKIIIT .

3  LLJIb TA 3AJAYI JOCJIJZKEHHS

Cxian 6eToHHOI cywmimn HaBeneHO y Tabimuii 1. BBeneHHs HamoBHIOBaua 0 CKIamy
O0eToHHO1 cyminn OyJj0 BHKOHAHO B mpoiieci ii BUTOTOBJEHHS. KijbKICTh Ta JHMCIIEPCHICTH
HaITOBHIOBa4Ya HaBEACHO y TaOMI 2.

Taémamus 1
Cxuax 6erony Ha 1a°

HalimenyBanHs Ilo3navyeHHs KimpkicTs, KT
I1e6iup 1| 1100
ITicox II 717
Bopa M 140
Lement I 350

VY sKocTI HamloOBHIOBada 3aCTOCOBYBABCS KBapLOBHM MOPCHKUN TMICOK 3 MHTOMOIO
noeepxuero 100,200,300 4 / k2 , monepeHp0 po3MeNeHHil y Ky IboBoMY MiuHi. KBaprosuit
HAMOBHIOBAY IMepel] MOMEJIOM IMPOCIFOBAaBCS dYepe3 CHUTO 3 [iaMeTpoM OTBOpPIiB DMM,
mpoMHBaBcs 1 MpocyuryBaBcs. [Ipym momeni HamoBHIOBaya MPOBOAMBCA MiAOIp Kylb, MIO
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MEJIOTh 1 BCTAHOBJIIOBABCS Yac MOMEIY B 3aJ€KHOCTI BiJl OTPUMAHHS HEOOX1HOI MUTOMOI
MOBEpPXHIi, KOHTposboBaHOi npunaaoM [ICX-4. BeeneHnHs HamoBHIOBaua 0e3MOCEPEHBO 10
CKJIaay 0€TOHHOI CyMillli OYJI0 BUKOHAHO Yy MPOILIECi ii IPUrOTyBaHHS.

3 METOI JTOCHTIPKEHHS MOYaTKOBOT (TEXHOJOT1YHOI) MOIIKOKEHOCTI OCTOHHUX MPU3M
yBary 3BEpPTAJIOCS Ha MEpPEXKYy IOBEPXHEBUX TpilmMH. [l OuIbll  SKiCHOT OIIIHKH
TEXHOJIOTIYHOI TOIIKO/KEHOCTI 3pa3KiB MPOSBJICHHS TPINIMH 3AIHCHIOBANIOCA IICHsA
nocarHeHHs 3pa3kamu Biky 200...220 ni6, micns mpoxo/KeHHs KapOoHi3alii, TOOTO pO3BUTKY
(Gi3n4yHUX Ta XIMIYHUX HOpoleciB MiJ Ji€lo Ha O6eroH atMocdepHoro CO,y NpPUCYTHOCTI

BOJIOTOCT1, KOJIU MOBEPXHS OETOHY MOKPUBAETHCS MEpEKer TOHKUX TpimuH. IloBepxHeBi
TPIIMHU (DIKCYBaNMCs BUTPHUMKOIO 3pa3KiB y BOAHHMX po3uMHax TaHiHy mpoTsrom 30...40
XBWIMH, a MICJsl 3aMOYYBAaHHS — BUCYLIYBAJMCS y JIabopaTopii MpoTAroM ABOX 110. 3MiHa
JTy’KHOCTI OE€TOHY B pailoHI TpIIIMH 3MIHIOBaJa OKpacy TaHIHY, BHUSABISAIOUM 1 (pikcyroun
TPILLMHHY.

Tadauus 2

JucnepcHICTh Ta KibKICTh HAITOBHIOBAYA B 3aJIS)KHOCTI BiJl CKJIay OETOHY

Jlucnepcnicts HanosHioaua (S, ) , M¥kr Kinpkictb HamoBHIOBaya
Ne ckmamy y (H) . %
100 200 300 '
1 1 0 0 8
2 0 1 0 8
3 0 0 1 8
4 1 0 0 10
5 0 1 0 10
6 0 0 1 10
7 1 0 0 12
8 0 1 0 12
9 0 0 1 12

Ha mpusmax a5 BU3HAQYEHHS TEXHOJOTIYHOI TMOMIKOPKEHOCTI BUIUBIMCS IUISTHKH
mwiortero 10x10 cM, Ha IKKUX 1 BU3HAYaAcs KIJbKICHA OLIHKA TEXHOIOTIYHOI MOIMKOIKEHOCTI
BHUMIPOM JIOBXKUH IOBEPXHEBUX TPIILIMH KypBIMETPOM 3 TOUHICTIO 10 1 MM (puc. 2.).

KoeilieHT TeXHONOriuHOI MOMIKOMKEHOCTI 3a TIJIOUICIO (Kns) BU3HA4YaBCsA 3a

METOAMKOIO [2], SIK BIJHOLIEHHS CYMHU JIOBXHUH MOBEepXHEBUX TpimH (7o), BUMIPSHUX Yy
mexkax austHkd 10x10 em g0 ot i€l gimstaku (S)

n, =3 e [ﬂ} &

em?

@i3UYHUN CEHC MOJISITae B OIIHII MUTOMOI JOBXXHHH MOBEPXHEBUX TPIIINH, BUSIBICHUX
Ha OJIMHMUIII IOBEPXHI.

KoedirieHT TeXHOIOr1YHOT MOMIKOHKEHOCTI 10 JIiHIT (KnL) MPUAHATUHN SK BiAHOIIECHHS
JIOBXKMHU xapaktepHoi uiHii (L), 1m0 mnepernHae CTPyKTypHi OJOKH, OOMEKEHI
TEXHOJIOTIYHUMHM TPIIIMHAMU, 10 CYMM JOBXKHH LIMX TPILIMH, IO NPUMUKAIOTh [, 3 OJHOrO
00Ky

Kn = )

L [ou
ZTO cm

@Di3UyHUN 3MICT TIOJIATAE B OIIHIII TUTOMOI JOBXXHHH MOBEPXHEBUX TPILUH, BUSBICHUX
Ha OIMHMUII JOBXWHU.
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Puc. 2. Meroauka OIIHKH TEXHOJIOTIYHOT IMOIITKOKEHOCT] 32 OCTOHHIMH MTPU3MaMHU:
a) pO3TaUIyBaHHS XapaKTePHHUX JiHIM Ta IUIOmII Ha 3pa3Ky-puU3Mi 3 BHSBICHHM XapaKTepOM
MOIIKOIXKEHOCTI;
0) po3moin ycaakoBUX nedopMariil y 3pa3Ky IpsMOKYTHOI GopMu;
B) (parMeHT BHW3HA4YCHHS KOE(]iIieHTa ITOIMIKOPKEHOCTI 3a XapaKTePHOIO IJiHi€lo (Y TONepedHOMY
nepepisi);
1 — TexHONOTIYHI TPIINHY;
2, 3 — momepeyHa Ta MO3A0BXKHS XapaKTepHi JiHii A1 BU3HAUCHHS KOe(illi€HTa MOIIKO/PKEHOCTI 0 JiHiT

(Kn,);

4 — mmoria BU3HA4YEHHS Koe(ilieHTa MOIMIKOHKEHOCTI 32 TUIOMICHO (Kns ) ;

5 — TeXHOJOTI4HI TPILIKMHH, [0 YTBOPIOIOTh OCEPEIKH, SIKi IepeTUHAE XapaKTepHa monepeyna miist (L);

6 — HarpsaMoK nedopmartiii;

7 — emopa ycaakoBux aedopmartiii;

8 — cTpyKTypHIi O1OKH

[Ipu BBemeHHi Koe(ilieHTa TEXHOJIOTIYHOI MOIIKOKEHOCTI 1O  JiHil ( Kng )

JOTPUMYBAJIUCS HAOYHOCTI, TOOTO 31 30LIBLICHHSM IOMIKOKEHOCTI (3MEHIICHHSIM
CTPYKTYpHUX OJIOKIB (OCEpEKiB) i, OTKE, ZTO , IO TMPUIAJIAI0Th HAa XapaKTepHy JiHiwo (L)),
36ubIyeThea Kn, .

Jnst mociipKeHHS HamnpyXeHO-I1e(OpMOBAHOTO CTaHy OCETOHY EKCIIEPUMEHTAJIbHUX
3pa3KiB BUKOPHCTOBYBAJIMCS JIPOTOBI TEH30PE3UCTOPHU HA MarnepoBiil OCHOBI 3 6azor 50 MM
ta oropoM 400 Owm.

4  PE3VYJBTATU JOCJIIIKEHHSA

B pesynbTaTi mpoBEAEHHX MOCHIIKEHb MO OIYHUM TpaHsM MpU3M OyIH OTpUMaHi
nosxuHu TpinmH (T,,cm) Ta KoedillieHTH TEXHOJIOTIYHOI MOMKOIKEHOCTI 3a IUIOMIEI0, SIKi

IpeAcTaBieHl y Tabnuui 3.

Omiitauk H. B., fAxymesa 1O. B.
https://doi.org/10.31650/2618-0650-2024-6-2-109-123 116




V1/2/2024
Crop. 109-123/ Page 109-123

Mexanika Ta MareMaruuHi meroau /
Mechanics and mathematical methods

Benmnunna TeXHOJOTTYHOI MOIIKOMKEHOCTI, M0 BUPaXKEHA 3a JOMOMOro KoedilieHTa
TEXHOJIOIYHOI ITOMIKOIKEHOCTI (Kns), [0 BU3HAYAETHCS 3a IUIOMICHD 3pa3KiB-NIPU3M B
3aJIEKHOCTI BiJl KIJBKOCTI Ta SIKOCTI HAIlOBHIOBAaYa 3MiHIOETbCI B Mexkax Bix 0,65 1o
1,36 cm/cm? (Ha 109,2%) i mpencrapiena y Tabmui 3.

B pe3ynbraTi IpoBeACHUX AOCIIHKEHD IO IBOX OOKOBHMX T'paHsX MPHU3M OyJIM OTpUMaHi
Taki CepeqHi XapaKTEepPUCTUKU: KOe(]IillieHT TEXHOJOTiYHOi MOIIKOPKEHOCTI 3a TUIONICH,
KOe(IIIEHTH  TEXHOJIOTIYHOI IOUIKO/PKEHOCTI B  XapaKTepHHUX Iepepizax  IpHU3M
(MO3710B’)KHBOMY Ta TONEPEYHOMY), SIK1 IPEACTaBiIeHI B TabauIi 3.

BenmnunHa TEXHONMOTIYHOI TOIIKOMKEHOCTI, BHUpPaKEHa 3a JJOMOMOror KoedilieHTa

TEXHOJIOTIYHOI MOIIKOKEHOCTI (Kns), BHU3HAUYEHOTO 3a MJIOLICI0 3pa3KiB-IPU3M 3aJIeKHO

BiJl KiZTbKOCTI Ta SKOCTI HAIOBHIOBAauya 3MiHIOEThCA B Mexax Big 0,65 mo 1,36 cm/cm? (Ha
109,2%) ta npencrasieHa y Tabnuui 3.

BrumB KinbKOCTI HalOBHIOBaua Ha KOE(ILIEHT TEXHOJIOTTYHOI MOIIKOKEHHS OETOHY,
BH3HAYEHHUH 3a IUIOIIEIO 3pa3KiB-MPU3M, BioOpakeHo y Tabawuii 3 ta puc. 3. Ilpu 3MmiHi Big 8

1m0 10% Bix macu B'sukydoro i moctiiiHoi mucmepcuocti Sy =100 M ke MPU3BOAUTE 10
3meHeHHs koedinienta Kng Bix 1,36 no 0,88 cm/cm? (na 55,1%). Hanani spocranns H 10
12% cupuunnioe 36inburenns koedinienra Kng mo 1,16 em/em? (na 31,5%).
Ta6anusa 3
KoedimienTu texnonoriuxoi noukomkenocti (Kn, , Kng) (Kni, Kns) Ta JoBKUHHI

texnosoriyaux tpimus (T,) , BU3HaUYCHi 32 MpU3MaMK

Io3moBxHi#t mepepis INomepexoBuit .
(L, = 40 cx) nepepis B o
2 = = M
No cKany H , % Sy, M /K2 (Lﬂ 10 CM)
Kn, , Kn,,

T, cm - T,, cm - T, cm Kns,

em ! em eml em el en
1 100 100,3 0,399 27,3 0,367 136 1,36
2 8 200 113 0,354 29,3 0,341 125 1,25
3 300 135,7 0,295 35,3 0,283 78 0,78
4 100 127 0,315 32,2 0,311 88 0,88
5 10 200 120,6 0,332 32,5 0,308 99 0,99
6 300 142 0,282 38,5 0,260 65 0,65
7 100 112 0,357 30,8 0,325 116 1,16
8 12 200 110,3 0,363 314 0,318 106 1,06
9 300 129,8 0,308 33,5 0,299 73 0,73

IMoniOHuit xapakrep 3MiHM KoediumieHTa Kng crocrepiraerbcs TakoX 3a MOCTIHHOL
Sy =200 M | ke : SHYKEHHS Kng Bix 1,25 1o 0,99 cm/cm2 (Ha 26,7%) npu 3mini H Big 8 1o
10%, i 36inbmenns Kng no 1,06 cm/cm? (Ha 7%) 3a mopansuioro 3poctants H 10 12%. Ipu
noctiitniit mucnepcrocti Sy =300 m° / ke crocTepiraeThCs aHAIOTIUHMIA XapakTep BILUBY H
3 IUIaBHIIION 3MiHOM KoediuieHTa Kng, T06TO 13 3MeHmenHsaM Big 0,78 no 0,65 cm/cm? (Ha

19,7%) npu 3mini H Bix 8 1o 10 % ta 3poctannsam g0 0,73 cm/cm? (Ha 12%) 31 30i1bIIEHHAM
H no 12%. Cnix 3a3Ha4uTH, 10 MaKCUMalbHI 3MiHM KoedinieHTa Kng mpocTexyroTbes 3a

noctitinoi Sy =100 m° / ke : 3menmenns Ha 55,1% (npu 36imbmenni H Bix 8 no 10%) Ta
360imbiienHs Ha 31,5% (mpu Bapianii A Big 10 mo 12%) ). Minimaneni 3min  Kng
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criocTepirarothest py 3Mmini H Big 10 mo 12%: migsumienns Ha 7% 3a Sy =200 m® [ ke,
BinmoBinHo, Ha 12% — naa Sy =300 v’ / ke .

a) Kns, enm/em?

L5

o
f=J
—_
e

B) Enr.caicM
0.4

Ll

10 12
—8— Sy=100 m2/xr —&— Sy=200 25
— 88— 5y=300 m2/kr

. %

0) Kns, es/em?
1.5

Sy, MYET
0.5 ¥

8 10 12

r) Knp,ca'eMm
0.4

Sy, MY/kT

& 8 10 12

e) Knr, esleu

0,4

" Sy, MA/KT

B 10 12

—— H=8% —=— H=10% —&— H=12%

Puc. 3. BrmuB kinbKOCTI HalloBHIOBaua (a, B, 1) Ta JucnepcHOcTi (0, T, €) Ha KoedilieHTH

TEXHOJIOTIYHOI MOIIKOKEHOCTI OeToHy, BU3HAUeHi 3a miomeo Kng (a, 6), mo momepeunomy Kn, , (8, T) Ta

HO37I0BXKHBbOMY Ilepepizam npusmu Kn, (1, €) npu BiIIOBIIHUX AUCIIEPCHOCTITA KiNBKOCTI HAIOBHIOBaYa

BmnuB  skocTi  HamoBHIOBaua  (JUCIEPCHOCTI) Ha  KOe(DILI€EHT  TEXHOJOrIYHOi
MOIIKO/KEHOCTI OCTOHY, BU3HAYCHHUN 3a TUIONICIO 3pa3KiB-TPU3M, BiIoOpakeHO Ha puc. 3.
3MiHa Sy Bim 100 go 200 m%kr 3a Butpatoro H =8% npusBoguts 10 3MeHIIECHHS

xoedimienta Kng Bix 1,36 10 1,25 cm/cm? (ua 8,8%). [lopansuie 36inbmenHs S, 1o 300 M?/KT
CIIpUYMHSE 3HMKEHHS BenumuuHM Koedimienta Kng mo 0,78 cm/cm2 (Ha 60,9%). Ilpn

ixcosaniit ximexocri H =12 % crnocrepiraeThes aHanoriuHmi XapakTep BIUIHBY S, , ane 3

Omiiinuk H. B., Sxymiesa FO. B.

https://doi.org/10.31650/2618-0650-2024-6-2-109-123 118




V1/2/2024
Crop. 109-123/ Page 109-123

MexaHika Ta MareMaruuHi meroau /
Mechanics and mathematical methods

61100 [UIABHOK 3MiHOK K, : 3HIKeHHs Bix 1,16 1o 1,06 cm/cm? (Ha 9,3%) npu 3miHi S,

Bix 100 mo 200 m%/kr Ta cyrreBoMy 3MeHmenHi 10 0,73 cm/cm2 (Ha 45,2%) npu 30inbIIEHH]
S, no 300 m%xr. Ipn dikcopaniit ximpkocri H =10% 3mina S, Bix 100 g0 200 m?/kr

HpHU3BOIUTE 110 3pocTaHHa KngBia 0,88 no 0,99 cm/cM? (Ha 12,5%). Topanbiue 36ibIIeHHS
S, mo 300 m?%/xr Bukmmkae piske 3umkenns Kng 1o 0,65 cm/em? (52,3%). Coix 3a3HaunTH,
10 HalOIbIi 3MiHM KoedimienTa Kng (45,25 52,3; 60,9%) criocrepiraroTbes Mpu nepexosi
3HAYEHHS Sy Big 200 10 300 M?/kr Ta nocritinomy H = 12, 10 ta 8% Bignosigxo. Halimennri
- 8,8; 9,3; 12,5% — cmocrepirarothcs IpH 3MiHI Sy Bim 100 1o 200 M?/kr Ta mocTiiHOMY

H=28,12 Ta 10% BiamoBigHO.
TakuM YMHOM, MaKCHMalbHE 3HAUYEHHS KOeQIII€HTa TEXHOJIOITYHOI MOLIKOIKEHOCTI
0€TOHY, BU3HAYEHOI'0 3a IJIOLIEI0 3pa3KiB-NIPU3M, JOCITA€ThCS MPU KUIBKOCTI HAallOBHIOBada

H =8%sin macu B'sokydoro Ta aucnepcocti S, =100 Mm* | ke (1,36), a miniMaibHA — TIpH
Kinbkocti HarosHiosaya f{ =10 % Ta nucnepcnocti S, =300 m* ke (0,65).

BenmnunHa TEXHOJIOTIYHOI TOIIKOMKEHOCTI, BUpPaKEHa 3a JJOMOMOror KoedilieHTa
TEXHOJIOITYHOI MOIIKOAKEHOCT1, BU3HAYEHOI'O 3a IONEPEYHUM HEepepizoM 3pa3KiB-TIPHU3M,
3aJIGKHO BiJ KIJIBKOCTI Ta SKOCTI HallOBHIOBada, 3MIHIOEThCA B Mexkax Big 0,26 mo 0,367 (Ha
41,2%) Ta mpeacTaBiieHa B TaOJMII 3.

BrumB KinbKOCTI HalmOBHIOBaYa Ha KOCQIIIEHT TEXHOJIOTIYHOI IMOMIKOIKEHOCTI OETOHY,
BH3HAYCHUH 10 MOMEPEYHOMY Iepepidy 3pa3KiB-TIPU3M, BiIOOpaKEHO Ha PUCYHKY 3, (AuB.
takox Taosmmro 3). 3mina Big 8 g0 10% Big Macu B'SDKY4YOro NmpH IMOCTIHHIA JTHUCIEPCHOCTI

Sy =100 2 | k2 IPU3BOAMTH 10 3HMKEHHs koediuienta Kn Bix 0,367 no 0,311 (na 18%).
INopanbmie 30inbienns H no 12% cnpuuunHioe migsuieHHs koedinienra Kn o 0,325 (Ha
4,5%). Tloni6nuii xapakrep 3minm Kn — cnocrepiraetbes mpu nocriiniii S, =200 M ke
smenmenHs Kn, Big 0,341 no 0,308 (ua 10,7%) npu 3mini Big 8 1o 10%, 1 3poctaHHs 10
0,318 (na 3,3%) npu 36inbmenni H no 12%. [pu Hesminniit qucnepenocti S, =300 M Ko

Mae€ Miclie aHaJori4HUM XapakTep BIUMBY H: 3meHmieHHs Bix 0,283 no 0,26 (ua 8,9%) npu
smiai A Big 8 mo 10% 1 36impmennst g0 0,299 (wa 15%) npum 3pocranni H no 12%.

HeoOxinno BifsHaumTH, M0 MakcumanbHi 3Minn Kn_ xapaktepni: mis S, =100 M ke —
3HmKkeHHs Ha 18% (mpu 30inpimeHHi Big 8 mo 10%) i mis Sy =300 1% / k2 — migBUIEHHS Ha
15% (upu 36impmenHi H Big 10%) no 12%). Minimanbhi 3MiHM KoeginieHTta Kng
crioctepiratothes 3a 3Minn H Bin 10 no 12%: 36inemenns Ha 3,3% (S, =200 M ke) Ta
36inpmenns na 4,5% (S, =100 M x2).

BB siKOCT1 HanoBHIOBaua Ha KOE(ILIEHT TEXHOJOITYHOI IMOLIKOKEHOCTI OETOHY,
BU3HAYCHUN 32 MOMEPEYHUM MEpPEepi3zoM 3pasKiB-TIpU3M, BigoOpakeHO Ha MaiioHKy 4.1 (T)

(nmuB. Takox Tabmuito 4.1). 3mina Sy Bix 100 no 200 M?/kr 3a Horo Butpati 8% NPU3BOAUTH
1o 3menmenHs Kn, Big 0,367 no 0,341 (na 7,6%). Iloganbiie 3011bI1eHHS Sy 10 300 M2%/kr
cnpuuuHse 3HauHe 3MeHmeHHs Kn  go 0,283 (ma 20,5%). Ilpu QikcoBaHiii KiIbKOCTI
H =10% 3mina Sy Bix 100 10 200 M%/KTr MPaKTUYHO HE MPU3BOAUTE 10 3MiHH (3MEHIICHHS
Kn_ Biz 0,311 mo 0,308 (ua 0,1%)). Moganeme 36imemenns S, g0 300 M%/Kr BHKIHKae

sHayHe 3MmeHmenHs Kn, o 0,26 (#a 18,5%). Ilpu dikcoBaniit kimekocti H =12%

Omiitauk H. B., fAxymesa 1O. B.
https://doi.org/10.31650/2618-0650-2024-6-2-109-123 119




V1/2/2024
Crop. 109-123/ Page 109-123

Mexanika Ta MareMaruuHi meroau /
Mechanics and mathematical methods

CIOCTepiraeMo aHaJIOTiYHUH XapakTep BIUIMBY S, 3 Oibll MIaBHOM 3MiHo0 KN, TOOTO i3
sMmeHIeHHsM Big 0,325 no 0,318 (Ha 2,2%) npu 3miH1 Sy Bizm 100 1o 200 M2/KT Ta 3MEHIIEHH]
10 0,299 (na 6 ,4%) 31 301IBIICHHSAM Sy 10 300 m%/xr. Ciin 3a3HauUTH, 10 MAKCUMAJIbHI
Bix 200 mo 300 M?%kr Ta

nocriithomy H = 10 Ta 8% Bimnosigno. Minimaneni 3miem Kn, (0,1 T1a 2,2 %)

sminn Kn_ (18,5 ta 20,5%) crocrepiraroTbess mpu 3Mini S,

crocrepirarotbest pu 3Mini S, Bim 100 mo 200 m?/kr Ta mocriiinomy H = 10 Ta 12%

y
BiJIIOB1/IHO.

3BiicH BUIUIMBAa€, IO MaKCUMallbHE 3HA4YEeHHS KoedillieHTa TEXHOJOTI4HOI
MOLIKO/KEHOCTI OETOHY, BH3HAUEHOI'O0 3a IMONEPEYHHM IEpepi3oM  3pas3KiB-TIPU3M,
JOCSATAETHCSL MPU KUTBKOCTI HamoBHIOBaua H =8% Big macu B'ShHKydoro Ta JMCIIEPCHOCTI

S, =100 M 1x2(0,367), a wminiManbHe — TpH KimbkocTi HamoBHioBaua H =10% Ta
mucneperocti S, =300 m* k2 (0,26).

BenmnunHa TEXHOJOTIYHOI TMOIIKOIKEHOCTI, BHpPa)K€Ha 3a JONMOMOror KoedimieHTa
TEXHOJIOTIYHOT TMOIIKO/PKEHOCT], BU3HAYEHOI'0 IMO3J0BXKHBOTO IEepepi3y 3pa3KiB-Mpu3M, B
3aJ1€KHOCTI BiJ KUIBKOCTI Ta SIKOCTI HAIIOBHIOBada 3MIHIOETHCI B Mexkax Bix 0,282 mo 0,399
(ma 41,5%) 1 mpencrasnena B Tabmuii 4.1.

BnnuB KiJbKOCT1 HaloOBHIOBaua Ha KOE(ILIEHT TEXHOJOITUHOI MOUIKOJKEHOCTI OETOHY,
BHU3HAUEHUHN IO MO3J0BXXHbOMY IEpPEpi3y 3pa3KiB-TpU3M BiJoOpakeHO Ha pUCYHKY 4.1, It
(muB. Takox Tabmuio 4.1). 3mina H Big 8 go 10% Big Macu BSDKY4Oro 3a MOCTIHHOI

JUCIIEPCHOCTI Sy =100 »* [ k2 npu3BoxuTh no 3HkKeHHs Kn Big 0,399 no 0,315 (ma
26,7%). Ilopanbiue 3pocranns H 1o 12% Buknukae 30inbmenHs Kn, xo 0,357 (na 13,3%).
Ananoriunuii xapakrep 3minm Kn_ crocrepiraetees mpu mocriiuii S, =200 M ke
smenmenHs Kn, Big 0,354 no 0,332 (ua 6,6%) npu 3minHi H Bia 8 1o 10% Tta 3poctanns Kn,
mo 0,363 (ma 9,3%) mnpum 36impmenHi H ngo 12%. Ilpum moctiliHi OuCTIEPCHOCTI
S, =300 M° | ke cnocrepiraemo ToiGHMIT xapakTep BIMBY H, TO6TO 3i 3MEHIICHHAM Bij

0,295 no 0,282 (Ha 4,6%) 31 30umbmenuam H Bix 8 1o 10% Ta 36inmemennsm g0 0,308 (Ha
9,2%) npu 3miH1 H 10 12%. Crin 3a3Ha4nTH, 0 MaKCUMalbHI 3MiHM KN, crocrepiratotbes

mpu S, =100 M [ ke : 3meHmenHs Ha 26,7% (pu 3poctanHi Big 8 1o 10%) i 36inpmenni Ha
13,3% (upu 3poctanHi Big 10 no 12%). Minimanssi 3mian Kn,  crioctepirarorscs 3a 3MiHu /1
Bix 10 1o 12% — 3menmenus Ha 4,6% (Sy =300 1° [ ke) .

BrumB nmucniepcHOcTi Ha  KOe(IIIEHT TEXHOJIOTIYHOI IMOIIKO/KEHOCTI  OETOHY,
BHU3HAYEHUH 110 MMO3I0BKHLOMY Iepepi3y 3pa3KiB-IpHU3M, BiI0OpakeHO Ha PUCYHKY 3, ¢ (IuB.
tabmuiro 3). 3miHa Sy Bix 100 10 200 m?/xr ipu Butpati H =8 % npusBoauth 10 3HMKEHHS
Kn, Big 0399 no 0354 (na 127%). Ilopansmie 3poctanus Sy o 300 MZ/KT BUKIJIMKA€E 3HAUHE
sHkerHs KoL o 0,295 (sa 20%). Ipu dikcosaniii kinexocri H =10 % 3mina S, Bix 100
1o 200 M%Kr 3yMOBJIOE 3pOCTaHHS Kn, Bin 0,315 no 0,332 (ma 5,4%). Iloganbure
36inbenns Sy 1o 300 M?/kr pernamentye 3uaune 3menimends Kn, 1o 0,282 (ua 17,7%). lpu
¢ikcoaniit kinpkocti H =12 % criocrepiraetsest xapaktep BILUIMBY Sy , MOAIOHU 10 BIUTMBY
H =10 % :36insmenns Kn, Bix 0,357 o0 0,363 (na 1,7%) npu 3mini Sy Bix 100 g0 200 M%/kr

i 3nauyne smenmenns no 0,308 (ma 17 , 8%) npu migsumenni Sy 1o 300 m%/xr. HeoOxiano
BIZI3HAYMTH, 10 MaKcuMaJbHi 3MiHM koedimienta Kn, (17,7; 17,8; 20%) cnocrepiratorbes
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npu BapitoBanni Sy Bix 200 mo 300 m%/kr ta nocriinomy H = 10, 12 Ta 8% BianosigHo.
Minimasshi sminn Kn, (1,7 Ta 5,4%) npoctexyroTbes npu nepexoai Sy Big 100 1o 200 M%/kr
ta noctiiitnomy H = 12 ta 10% BinmnosiaHo.

3 UpOro BUIJIMBAE, II0 MaKCHMallbHE 3HAuYeHHS Koe(illieHTa TEXHOJOrIYHOI
MOIIKO/KEHOCTI O0E€TOHY, BHM3HAYCHOrO I10 TIO3J0BXKHBOMY TIepepidy 3pa3KiB-IPHU3M,
JIOCSITA€ThCS TPU KUJIbKOCTI HamoBHIOBaua H = 8% BiJg Macu B'SDKy4YOro Ta JUCHEPCHOCTI

S, =100 m* 1 k2 (0,399), a MiHiManbHe 3HAUEHHS — NPH KiMbKocTi HamoBHIoBaya H =10%:

Ta nucnepcrocti S, =300 M ke (0,282).

5 BHUCHOBKH

1. TlpoBeaeHUMH JOCHIUKCHHSIMHA BCTAHOBJICHO, IO TEXHOJIOTTYHA MOIIKOKEHICTh
ICTOTHO BIUTMBA€E Ha MIITHICHI Ta JehOpMaTHBHI BJIACTUBOCTI OETOHY.

2. BuBueHO BIJIMB KUJIbKOCTI MiHepalbHOro HanoBHioBaua (H = 8, 10 Tta 12% Bix macu
B'SDKY4Oro), a Takoxk mucrepcHocti (Sy = 100, 200 ta 300 M%/KT 3a KOXHOIO KiJBKIiCTIO) Ha
TEXHOJIOTTUHY MOLIKO/KEHICTh, BUPaXEHY Koe(illieHTaMU TE€XHOJIOTTYHOT MOLIKOKEHOCTI 3a
miometo  (Kng)ta y xapakrepumx mepepizax (Kn ). IlinTBepmkyerbcs ydacTs
HAllOBHIOBAYiB B OpraHizaiii CTpyKTypu OC€TOHy Ta (GOpMYBaHHI TEXHOJOTIYHOI
MOLIKO/MKEHOCT],  30KpeMa, MaKCHMalbHE 3HaueHHS  KoedillieHTa  TEXHOJOTIYHOI
MOILIKO/MKEHOCTI OETOHY, BH3HAYEHOIO 33 TMOMEPEYHHM IMEepepi3oM  3pa3KiB-TIPHU3M,
JOCATAa€ThCs MpH KimbKocTi HamoBHroBaua H =8%:Bix macu B'spKydoro ta JucIepCcHOCTI

S, =100 M 1x2(0,367), a wminmiManeHa — mnpu KinbkocTi HamoBHioBada H =10%:Ta

. 2 . . . .
mucnepcrocti S, =300 m° /x2 (0,26) ; Maxcumasbhe 3HaueHHs KoedilieHTa TEXHOJOTIYHO

MOILIKO/KEHOCTI OETOHY, BHU3HAYEHOI'O0 IO TIO3JI0OBXKHBOMY Iepepidy 3pasKiB-TIPHU3M,
JIOCSATAETHCSI TIPU KimbKocTi HamoBHioBaya H =8 % :Bix macu B'skydoro ta JHCIIEPCHOCTI

S, =100 m* [ ke (0,399), a miHiManbHe 3HAYEHHS — IPH KiTbKocTi HamoBHioBaua H =10 %

mucniepcrocti S, =300 M* [ ke (0,282) ; MakcuManbHe 3HAYCHHs KOe]il[ieHTa TeXHONOTHO

MOLIKO/KEHOCTI OETOHY, BH3HAYEHOIO 3a IUIOLIEK 3pa3KIB-NPU3M, [JOCATAETbCA IPHU
KilbkocTi  HamoBHOBaua H =8%  Bix Macm  BSDKyd4oro Ta  JIHCIEPCHOCTI

S, =100 M | k2 (1,36) , a MiniMaTbHe — npu KinbkocTi HarosrioBaya H =10 % mucnepcrocrti

S, =300 m* k2 (0,65) .

6 ETHWYHI JEKJIAPAIIII

ABTOpHM HE MawTh OyAb-AKMX (IHAHCOBUX YHM HEPIHAHCOBHX IHTEPECIB IIOA0
MatepiaiiB, MPEACTaBICHUX Y 1[I CTATTi, SIK1 CII1J] PO3KPUBATH.
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DISPERSION OF LAMB WAVES IN MULTILAYER
STRUCTURES

O. Pysarenko!

l0desa State Academy of Civil Engineering and Architecture

Abstract: Low cost, the possibility of online monitoring and high sensitivity distinguish the
method of structural monitoring using Lamb waves from other available methods. Structural analysis
based on Lamb waves in heterogeneous materials requires fundamental knowledge of the behavior of
Lamb waves in such materials. This basic knowledge is critical for signal processing in determining
possible damage that can be detected by the propagating wave. Recently, Lamb wave methods have
been used to simultaneously survey large areas of composite structures. However, such methods are
more complex than traditional ultrasonic testing because Lamb waves have dispersive characteristics,
namely, the wave speed varies depending on the frequency, modes and thickness of the plates.
Experimentally measured group velocities of Lamb waves in composite materials with anisotropic
characteristics do not coincide with theoretical group velocities, which are calculated using the
dispersion equation of Lamb waves. This discrepancy arises because in anisotropic materials there is
an angle between the direction of the group velocity and the direction of the phase velocity. This work
investigates the propagation characteristics of Lamb waves in composites, focusing on group velocity
and characteristic wave curves. For symmetric laminates, a robust method is proposed by imposing
boundary conditions on the mid-plane and top surface to separate symmetric and antisymmetric wave
modes. The dispersive and anisotropic behavior of Lamb waves in two different types of symmetrical
laminates is theoretically studied in detail. The dispersion of Lamb waves was studied for 10
symmetric and asymmetric modes. It is shown that only fundamental modes are not characterized by a
cutoff frequency, which indicates the interaction of fundamental modes with composite layers in the
low-frequency range. A high level of group velocity dispersion was discovered for the SHO and SO
modes. It is concluded that in isotropic laminates, dispersion is characteristic of symmetric modes. It is
shown that the frequency dependence of the group velocity of Lamb waves of laminar composites can
be represented in polynomial form.

Keywords: Lamb wave, group velocity dispersion, wavelet analysis, laminar composites.

JUCHEPCIA XBUJIb IEMBA Y BAI'ATOIIAPOBUX
CTPYKTYPAX

Mucapenko O. M. 1!

1 . . .
Odecvka Oepocasna akademis OyOisHuymea ma apximexmypu

AHoTanin: 3 pi3HUX JOCTYIMHUX MiAXOIB CTPYKTYPHOT'O MOHITOPUHTY KOMITO3UTHUX MAaTepiaiB
BUKOPHCTaHHS XBHJIb JlemOa € ayxke IiKaBUM METOIOM Yepe3 HOro HU3bKY BapTiCTh, OHJIAWH-
MOHITOPHHT 1 BHCOKY WyTJIMBICTh. CTPYKTYpHHUIl aHami3 Ha OCHOBI XBHIb Jlemba y reTeporeHHHuX
Marepianiax morpedye GhyHIaMEHTaIbHUX 3HaHb IIPO TOBEIIHKY XBHJIb Y TaKuX Marepianax. 11i 6a3osi
3HaHHS MalOTh BHUpIMIAIbGHE 3HAYCHHS i1 OOpPOOKHM CHUTHATIB TPH BHU3HAYCHHI MOMIIUBUX
MOIIKO/KEHbB, SIKI MOXKYTh OYTH BHSBIICHI XBWJICIO, IO MOMIMPIOETHCSA. OCTaHHIM 4YacoM METOIU
XBUJIb JlemOa cTanu BUKOPUCTOBYBATHCS JIJIsl OTHOYACHOTO OOCTEIKEHHSI BEJIMKOI IO KOMITO3UTHHX
KOHCTpyKIii. OJHaK Taki METOH CKIIQHIII 3a TPAJAUIIKHHI yIbTPa3ByKOBI BUIPOOYBAHHS, OCKUIBKH
XBHJII MaIOTh JTUCTIEPCiHHI XapaKTepuCTUKU, TOOTO. IIIBHAKICTh XBHIII 3MIHIOETHCS B 3aJIEKHOCTI Bijl
YacTOTH, MOJ Ta TOBIIMHHW TUIACTHH. EKCIEepUMEHTAN-HO BHUMIPSHI TPYIOBI IIBUKOCTI XBHJIb B
KOMIIO3UIIIIHUX MarepiajiaXx 3 aHi30TPONHUMU XapaKTepUCTHUKaMU He 30iraloTbcsi 3 TPYHOBUMH
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TEOPETUYHUMH IIBUAKOCTSIMH, SIKI PO3PAXOBYIOTHCS 32 AOMOMOIOI0 AWCHEPCIHOTO PIBHSHHS XBHJIb
Jlemba. L1 HEBIAMOBIHICTH, BUHHKAE UYepe3 Te, IO B aHI30TPOITHUX MarepiallaX iCHYE KyT Mix
HampsIMKOM TPYMOBOI HMIBUIKOCTI Ta HampsMKOM (a3oBoi MBUAKOCTL. Y i poOOTi JOCIiIKEHO
XapaKTEePUCTUKU TIOIIMPEHHS XBWIb JlemOa B KOMIO3MUTAax 3 yIMOPOM Ha TPYNOBY IIBUIKICTH 1
XapakTepHi XBHJIEBI KpuBi. IS CUMETpUYHMX JlaMiHATIB MPOMOHYETHCS HAAIWHUI METOJ MUIIXOM
HAKJIAIaHHS TPAHMYHAX YMOB Ha CEPEJIHIO TUIOLIMHY Ta BEPXHIO MOBEPXHIO JJISI OALTY CHMETPUIHUX
Ta AaHTUCHUMETPUYHUX XBHIBOBUX MOJ. JleTanbHO TEOpPETMYHO MOCIHIPKEHO JUCHEpCiiHy Ta
aHI30TPONHY MOBEAIHKY XBWJb Jlem0Oa y NMBOX pPI3HMX THUNAX CUMETPHUYHMX JiamiHaTiB. Jlucmepcis
XBHJIb ITPY MOMIMPEHHI MK [IapaMH B JIAMiHApPHUX KOMIIO3UTaX JocipKeHa Ut 10 cuMeTpudHuX Ta
acuMmeTpuyHuX MoJ. [lokazaHo, 110 NHIlle OCHOBHI MOJM HE XapaKTePH3yIOTHCS YacTOTOK 3pi3y, 110
BKa3ye Ha B3aeMOJi10 (PyHAaMEHTAIbHUX MO/ 13 IIIapaMy KOMITO3UTY Y HU3bKOYaCTOTHOMY Jiara3oHi.
BusiBiieHo BUCOKHMIA piBeHB Auctepcii rpymoBoi mBuakocti Mox SHo i So. 3po6iieHo BUCHOBOK, IO B
130TPONMHUX JaMiHaTax JuCIepcis MpH MOWMPEHHI XBHJIBOBOTO IPOLECY XapakTepHa IS
cuMeTpudHMX MoiA. Iloka3aHo, 110 YacTOTHA 3aJIeKHICTh T'PYNOBOI IIBHJIKOCTI XBWUJb JlemOa
JaMiHApHUX KOMITO3UTIB MOKe OyTH Mpe/ICTaBIICHA B MOJIIHOMIiaNbHIH (Gopmi.

KirouoBi cioBa: xBuist JlemOa, nucriepcis rpyloBoi HIBHOKOCTI, BEHBIJIET-aHAI3, JaMiHApHI
KOMITO3UTH.
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1 INTRODUCTION

Non-destructive testing [1, 2] and structural health monitoring [3, 4] have traditionally
been the two main wavelet transform methods for assessing the integrity and degradation of
composite systems widely used in construction. Implementation of an active diagnostic
procedure that uses ultrasonic waves to detect damage, localize and subsequently evaluate
damage involves understanding the propagation characteristics of these waves in composites.

Factors that influence the speed of wave mode propagation include the laminate laying
features, wave direction, frequency and interface conditions. The dependence of the wave
front speed on frequency leads to the need for a detailed study of the dispersion properties of
directed waves propagating along the plane of an elastic composite plate with boundaries free
from mechanical stress (Lamb waves).

As a rule, the direction of waves in laminar composites is classified by polarization
perpendicular to the composite plate (symmetric S waves, antisymmetric A waves) and
parallel to the plate (shear horizontal SH waves).

For waves propagating in multilayer composites, wave interactions depend on the
properties of the constituents, geometry, direction of propagation, frequency, and interfacial
conditions. If the wavelengths significantly exceed the dimensions of the constituent
composites (the diameters of the fibers and the distance between them), each plate can be
considered as an equivalent homogeneous orthotropic or transversally isotropic material with
an axis of symmetry parallel to the fibers.

2 ANALYSIS OF PUBLICATIONS

The study of Lamb waves (wavelet analysis) in composites [5] is most often carried out
using two theoretical approaches, namely, exact solutions using three-dimensional elasticity
theory and approximate solutions using plate theory.

Saito and Okabe [6] investigated the dispersion relation of Lamb waves propagating in a
cross-ply CFRP laminate. Using a formalism of the multi-layer Lamb wave model, they
compared a homogeneous single-layer model and multi-layer models.

Liu and Huang [7] examined the effect of inclusion shapes, inclusion contents, inclusion
elastic constants, and plate thickness on the dispersion relations and modes of wave
propagation in inclusion-reinforced composite plates. They determined the dispersion
relations and the modal patterns of Lamb waves using the dynamic stiffness matrix method.

Orta et al. [8] introduced the new computational framework which allows to estimate the
dispersion curves for the first nine symmetric and nine anti-symmetric Lamb modes.
Analytically calculated dispersion curves using 5-SDT for different propagation directions
and polar plots for selected frequency of different materials are compared with the results
from both the semi analytical finite element method, and lower order shear deformation
theories.

Ma et al. [9] constructed dispersion relations using the formulas of reverberation rays in a
three-dimensional Cartesian coordinate, and numerically solved the transcendental equations
using an improved mode tracking method.

Peddeti and Santhanam [10] formulated a semi-analytical finite element method (for the
acoustoelastic problem of guided waves in weakly nonlinear elastic plates). It was shown that
the formulation of this method provides phase velocity dispersion curve results identical to
the results obtained for the problem of a plate under uniaxial and uniform tensile stress.

The character of the elastic waves causes that damage detection based on the analysis of
the dynamic response of an interrogated structure becomes rather difficult [11, 12].
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However, in a relatively small number of studies, dispersions of not phase, but group
velocities of Lamb waves are considered [13-17].

So, the knowledge of moduli and group velocity dispersion enables the optimal location
of the sensors in order to detect the potential damage.

The purpose of this work is to study the group velocity dispersion of symmetric and
antisymmetric Lamb waves in laminar composites with different stacking structures.

3 PURPOSE AND OBJECTIVES OF THE STUDY

In general, transition waves propagating in anisotropic composites cause disturbances for
all three displacement components. It is necessary to separately analyze the propagation of
waves along the symmetry axes, namely, to take into account the splitting of S-, A- and SH-
waves. The ultimate goal of the study is to compare the polynomial and exponential forms of
the dispersion law for laminar composites. A Cartesian coordinate system is used in which the
z-axis is perpendicular to the mid-plane of the composite laminate. The distance between the
two outer surfaces of the laminate is z= +d /2. Let us consider the case of propagation of a
packet of Lamb waves in the direction of 6. Each layer of the composite laminate is
considered as a monoclinic material with a plane of symmetry (x—y). The relationship

between mechanical stress and deformation takes the following matrix form
A =G;Dy, (1)

where {(a =a;) ~\(d, =5 )li.ke(x v, 2)}\{(& =7) ~\(d, =7 )li.k e(yz, Xz, xy)}
are the matrices A and D coefficients; G is the stiffness matrix.
The equations of motion in the absence of body forces are governed by

Oux T Ty T T, =P (2)
Ty 0y +Tp, = P2 3
Tux T Ty T0,, =P 4

where p isthe mass density of the lamina, and dot denotes time derivative; «,,c, and
a, are the displacements in the X,y and z— directions.
Boundary conditions on the top and bottom surfaces of the laminate

o,=1,,=1,,=0,atz=45/2 (5)

Lamb waves can be considered as standing waves in the z-direction of the plate. The
result of this assumption is a model of wave motion in the form of a superposition of plane
harmonic waves. Each plane harmonic wave moving in the k direction is represented by
displacement coefficients

(o, 05} ={B.(2).8,(2). B, (2)}exp i (kx+k,y) et} (6)

where k =[kx,ky]T and its magnitude k = k| =wlv,=2x/ A is the wave number; o is
the angular frequency; A is the wavelength and v, is the phase velocity. In the x-y plane,
k = k[cos n,sin 77]T , Where 7 is the direction of wave propagation.

In an off-axis laminar composite plate, solutions to the equation of motion can be simply
separated into symmetric and antisymmetric waves. This consideration allows us to write
down a fairly simple analytical representation
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B, = E,cosz, B, = Fcosz, B, = G,cosz

: : o 7
B, =E.sinz, B, = Fsinz, B, , =G,sinz (7)
where u is the variable to be determined by Lamb wave kinematics; subscripts “s” and
“a” represent symmetric and antisymmetric modes, respectively.
Substituting equation (7) into the equations of symmetrical wave motion, leads to an
expression in matrix form

Ay - pa)z Ay A E,
/_\12 Azz__ pa)z Ay K =0, (8)
A Ay Ay — pwz G,

where the overbar denotes complex conjugation.
The relationship between the elements of matrix (A — pw?®l) (8), stiffness matrix, and 3x3

identity matrix 1 have a polynomial form.
Nontrivial solutions Es, Fs and Gs in equation (8) lead to the following sixth-order
polynomial in u

e’ +e,u’ +e,=0, 9

where e, (i =1,2,3) are real-valued coefficients of Gj;, k, and pew?.

For each fixed u (k = 1,2,3), solutions Es, Fs and Gs are interrelated according to the
equations

(An - po’ ) Ags = Ay

B —
Ay (Azz —po’ ) —ApAy

S

E, =RE (10)

S S

G - AL _(An _pa’z)(Azz _Pa)z) E
s 2
Ay (Azz - po )_A12A23

. =iSE,. (11)

Antisymmetric modes make it possible to obtain similar relations: F, =RE, and
G,= — iSE,.
Equations (5), (7), (10), and (11) can be rearranged as

3
=Z[H1jsin(yjz+go), szcos(yjz+go),

(Gziryz’axz ) 12512

H3J-COS(,L1J-Z+¢))]AJ- =0, (12)

where phases @ =0 and ¢ =7/2 correspond to symmetrical and asymmetrical Lamb
wave modes, respectively, and

Hy; =Gk, + Gk Ry +Gypp;S; + Gy (ky + kXRi) (13)
H, =G, (4R, +k,S; )+ Gy (1, +k,S)) (14)
Hyj = Gus (4R; +K, S )+ G (11 +K,S; ). (13)
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The simplified Lamb wave propagation model assumes ideal coupling between layers of
the laminated composite in the z-direction. Accounting for laminate heterogeneity requires an
exponential change in the displacement components

B, =Eexp(iuz), B, = Fexp(iuz), B, =—Gexp(iuz). (16)
For each wi, values F and G can be expressed in terms of E as F =RE, and

G, =-SE, (i=16). In addition, Rj:1 = Rjand Sj:1 = - S;.
Finally, the equation of motion for each layer is

Y AE exp{i [(kxx+ kyy)—a)t]}i:Ej {LR;,S; exp(inz). (17)

The stress components oz, 7, and 7, between adjacent composite layers can be
expressed as

(6,177} = ikexp{i[(kxx+kyy)—wt]}iEj {H,, Hyj Hyy fexp(ingz) (18)

By imposing displacement and stress continuity conditions along the interfaces between
laminate layers. The solution of equation (18) leads to the dispersion relations of Lamb waves
in symmetrical laminates.

Implicit functional forms J (@, k) = 0 and J (w, k,7) = 0 allow us to represent the
dispersion relation between @ and k. These relations can be solved explicitly in the form of
real roots of @ =Q(k), or @ =Q(k,7).

The phase velocity of plane waves is defined as

o)k w
”p—(ﬂm—(vjk' 9

The group velocity, determined from the envelopes of the wave packet, can be calculated
using the implicit function G

oJ 1 ok
=— 20
% "5 0w (20)
Cartesian projections of group velocity are determined by grad 2
Uy cosn —sin oQ [ ok
’ { o UH } (21)
Uy, sinp cosn ||0Q/kon

The current point on the wave-front curve represents the distance traveled by the elastic
disturbance per unit time. Thus, the wave-front curve determines the location of the wave-
front per unit time from the disturbance emitted by the point source at the initial time. Thus,
waveforms are of great importance for detecting mechanical damage in laminar composites.

The relationship between the slowness curve and the direction of the group velocity
allows wave curves to be calculated. The dispersion law of each Lamb wave mode can be
expressed as an explicit function of €2 (k,7). The slowness curve is geometrically a level
surface of Q (k,n) at 220(k,77) = wo. Differentiating both sides of the equation with respect to

nyields
Mk 20_, 2
ok on On
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The group velocity dispersion for a given direction of wave propagation 7: can be
obtained by using two dispersion relations @ = 2 (k,7) , the directions of which differ slightly
m £ An /2. Then derivative term 0£2 /07 can be approximated by finite central difference
Q(k)ﬂﬁAﬂ/z _Q(k)

m—An
= —= 23
A (23)

o0
on

nm=m
The dispersion contribution 642/0k can be calculated using the calculation formula

Q
ok

W, —,

Ko (7)—k (1)

4 RESEARCH RESULTS

The laminated composite material used in this study was characterized by the following
properties: tensile stiffness E; = 1.276-10 Pa, E; = E3 = 1.13-10%° Pa; shear moduli G, =
5.97-10° Pa; Gi3 = 5.97-10° Pa; G23 = 5.97-10° Pa; Poisson's ratios v12 = 0.3, v13=0.3; v23 =
0.34; density p = 1.578-10% kg/m3; stacking sequences [+45s/-456]s (specimen A;), [+45/-
45/0/90];s (specimen Ay).

Spectral dependences of the dimensionless group velocity v'g = vg/vT for fixed values of
the dimensionless frequency f ' = wdlvT along the @ direction of laminates A1 and Az are given
in Tables 1 - 4. The value vt defined as (Gi12/p)°° is the transverse wave velocity in lamina
(associated with shear in plane).

Table 1

Spectral profile of Lamb waves for laminate A:
(symmetric modes)

!

2z vy 2 vy

So SHo S1 Sz SH>
05 | 3.325 | 2.384 | 5.0 | 0.962 | 0.001 | 0.001
10 | 3.218 | 2.321| 5.6 | 0.921| 0.002 | 0.003
15 | 3.085 | 2305 | 6.2 | 0.824| 1512 | 1.264
20 | 2798 | 2.208 | 6.8 | 0.841 | 2.358 | 1.587
25 | 2237 | 2126 | 7.4 | 0.935| 2.857 | 1.698
30 | 1.749 | 2111 | 8.0 | 1.045| 3.042 | 1.762
40 | 0387 | 1564 | 8.6 | 1.018 | 3.110 | 1.852
50 | 1.400 | 0.631 | 9.2 | 1.089 | 3.043 | 1.964
6.0 | 1.310 | 0.735| 9.5 | 1.088 | 3.002 | 1.993
70 | 1.182 | 0.786 | 10.1 | 1.070 | 2.804 | 2.057
8.0 | 1.087 | 0.811 | 10.8 | 0.993 | 2.220 | 2.125
9.0 | 1.010 | 0.832|11.4 | 0.968| 0.995 | 2.173
10.0 | 1.000 | 0.846 | 12.0 | 0.970 | 0.484 | 2.186
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Table 2

Spectral profile of Lamb waves for laminate A:

(asymmetrical modes)

O L T R vlg
Ao A1 Az As SHs
05 |0.651|25 | 1.882 | 85 | 0593 | 0.003 | 0.001
1.0 0847 |29 | 2456 | 8.6 | 0.612 | 0.227 | 0.001
15 10.851 |33 | 2,614 | 87 |0.715|0.418 | 0.002
20 [0.856 |37 | 2913 | 88 | 0.783 | 0.623 | 0.003
25 1062341 | 3.111 | 89 |0.805|0.701 | 0.003
30 | 067845 | 3.152 | 9.0 | 0.890 | 0.862 | 0.004
35 (069949 | 3112 | 9.1 [0.904 | 0.871 | 0.125
40 1073453 | 3.087 | 9.2 |0.928 | 0.885| 0.364
45 10790 |57 | 2924 | 9.3 | 0.957|0.889 | 0.541
50 /080261 | 2631 | 94 |0.981|0.896 | 0.683
55 1081365 | 2185 | 95 | 1.061 | 0.900 | 0.754
6.0 [0.845|69 | 1598 | 9.6 |1.082 | 0.882 | 0.974
65 [ 0887 |73 | 1.273 | 9.7 |1.106]|0.874 | 1.116
70 10902 |77 | 0832 | 9.8 | 1.125|0.856 | 1.277
75 1088381 | 0401 | 99 |1.143|0.830 | 1.452
80 [0.879 |85 | 0.368 | 10.0 | 1.162 | 0.795 | 1.5833
85 (087289 | 0420 | 10.1 | 1.175] 0.791 | 1.986
90 |0.870]9.3 | 0468 | 10.2 | 1.188 | 0.784 | 2.178
95 |0.868]9.7 | 0502 | 10.3 | 1.205 | 0.781 | 2.376
10.0 | 0.867 | 10.2 | 0.539 | 10.7 | 1.203 | 0.791 | 2.715
Table 3
Spectral profile of Lamb waves for laminate A
(symmetric modes)
f! U'g f! UIQ
So SHo St Sz SH>
05 | 3.042 | 1.803| 5.0 | 1527 | 0.041 | 0.005
1.0 | 3.005 | 1.752 | 5.6 | 1.832 | 1.184 | 0.679
15 | 2910 | 1.685| 6.2 | 1.709 | 0.913 | 1.563
20 | 2805 | 1599 | 6.8 | 1.564 | 1.286 | 2.037
25 | 2609 |1485| 74 [1301]1.701 | 2311
30 | 2308 |1.361| 8.0 |1.105]| 1.723 | 2.325
40 | 0.726 | 1.100 | 8.6 | 0.984 | 1.600 | 2.297
50 | 0948 | 0556 | 9.2 |0.826 | 1.417 | 2.137
6.0 | 0911 | 0.674| 9.5 | 0.794 | 1.284 | 2.000
7.0 | 0926 |0.725|10.1 | 0.731 | 1.142 | 1.806
8.0 | 0937 |0.792 | 10.8 | 0.701 | 0.984 | 1.658
9.0 | 0.945 | 0.805| 11.4 | 0.702 | 0.900 | 1.052
10.0 | 0.954 | 0.815| 12.0 | 0.704 | 0.898 | 0.854
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Table 4

Spectral profile of Lamb waves for laminate A
(asymmetrical modes)

fr U’g fr U'g f! UIQ

Ao A1 A2 Az SH3
05 (0898 |25 1.218 | 85 |0.924 | 0.003 | 0.002
10 ]0.898| 2.9 1530 | 8.6 | 0.895| 0.008 | 0.164
15 0897 | 3.3 1.809 | 8.7 | 0.861 | 0.012 | 0.308
20 |0.897 | 3.7 2184 | 8.8 | 0.837| 0.016 | 0.407
25 10897 4.1 2.394 | 8.9 | 0.820| 0.021 | 0.593
3.0 {0896 |45 2426 | 9.0 | 0.815| 0.028 | 0.699
35 [0.895|49 2385 | 9.1 |0.793| 0.089 | 0.715
40 ]10.894 |53 2.288 | 9.2 | 0.765| 0.187 | 0.805
45 10894 |57 2235 | 93 |0.737 | 0.352 | 0.881
50 |0.893|6.1 1980 | 94 | 0.718 | 0.605 | 0.973
55 [0.893| 6.5 1684 | 95 | 0.694 | 0.831| 1.113
6.0 | 0.893|6.9 1295 | 96 | 0.711 | 0927 | 1.188
6.5 0892 7.3 1.064 | 9.7 | 0.725| 1.164 | 1.246
70 0892 | 7.7 0.845 | 9.8 | 0.740 | 1.235 | 1.358
75 |0.891 8.1 0555 | 9.9 | 0.756 | 1.380 | 1.455
8.0 {0891 |85 | 0485 | 100 | 0.768 | 1.486 | 1.557
85 |0.891 8.9 0.316 | 10.1 | 0.773 | 1.604 | 1.618
9.0 |0.890 9.3 0.484 | 10.2 | 0.791 | 1.728 | 1.735
95 |0.890| 9.7 0.587 | 10.3 | 0.804 | 1.872 | 1.882
10.0 | 0.890 | 10.2 | 0.615 | 10.7 | 0.809 | 1.914 | 1.912

5 DISCUSSION OF RESEARCH RESULTS

Five symmetric (Tables 1 and 3) and five asymmetric (Tables 2 and 4) modes illustrate
the dispersion of Lamb waves curves in the layered composites A; and A,. The analysis
showed that only the fundamental modes (Ao, So and SHo) are not characterized by a cutoff
frequency. This fact indicates the interactionof fundamental modes with composite layers in
the low-frequency range. The frequency ' = xd/vt can be considered as the boundary
frequency for SHo and Sp modes, which have low dispersion in the range o < o'.

The calculation results show that the Ao mode provides higher resolution than the So and
SHo modes. One of the reasons can be pointed to the fact that the Ao mode wavelength is
always shorter than that of the So mode, especially in the low frequency range. Lamb wave
propagation in a relatively thick symmetrical corner laminate (+45¢/-456)s for the high
frequency range has a rather complex behaviour.

The SHo and So modes are characterized by a fairly high level of group velocity
dispersion. Analysis of the numerical data allows us to conclude that there is a higher level of
symmetric mode dispersion for the quasi-isotropic laminate A, (+45/-45/0/90)s. On the other
hand, the dispersion of the antisymmetric wave mode Ao in both laminates is weaker for
w'# 1.

The results of calculations of group velocity dispersion surfaces for wave modes in the
laminar composites used make it possible to represent the polynomial dependence

L'g= Vg (f") in matrix form

v =0, () k=1...5ie(S

g,

S SHQA,SHQ%)

0,A'v0,A
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0,076 —0,631 1467 -1514 3,798
0,009 0,182 -1,096 1813 2,264
“~|_0,004 0,092 -0,0637 1231 1,759
0,002 0,047 -0,307 0,0469 1,584

6 CONCLUSIONS

Exact solutions of Lamb waves in a plate can be established on the basis of three-
dimensional elasticity theory and subsequently extended to a laminate with an arbitrary
structure. For symmetrical laminates, a reliable wave mode separation method is used. A
numerical method for obtaining group velocity dispersions and wave curves is proposed. The
dispersions and characteristic wave curves of Lamb waves are analyzed for two types of
laminates. The proposed methods effectively model the dispersive and anisotropic behavior of
Lamb waves in laminates. It was found that the Ao mode has the best characteristics for
structural monitoring of laminar composites.

The speed of propagation of multi-frequency components within the wave packet
remains almost unchanged, which causes only slight deformation of the wave packet shape
when moving in the composite layers. In addition, the significantly low attenuation of Ag
mode and high sensitivity to the growth of delamination in the sample indicate the practical
value of using symmetric modes as a diagnostic tool.
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V]IK 519.854.4

PO3POBKA AJJAIITUBHUX AJITOPUTMIB POEBOI'O
IHTEJIEKTY Y ITPOEKTYBAHHI TA YIIPABJIIHHI
IHZKEHEPHUMHU CUCTEMAMU

Kupuaos C. O, Cikopa . B, Paduys 10. B

'Odecurutl nayionarsruti Mopcukuil yeigepcumem

LK umomupcsxuil depaxcaenuil yuigepcumem iveni leana ®panra
*Kuiscsrutl nayionatsuull yuisepcumem &ydisuuymea i apximexmypu

AHoTalin: Y CraTTi po3rsIAIOThCA MUTAHHS MPOSKTYBAHHS Ta YIPABIIHHS 1HXCHEPHUMH
CHUCTEMaMH B YMOBaxX 3pOCTaHHS OOCATIB JaHMX Yy JIOKAJIBHHX OOYHCIIOBAIBHHX Mepexkax. 3
PO3BHTKOM POEBOTO IHTENEKTY HMOBIpHICTh iCHYyBaHHSI HeoOXijHoi iH(opMmamii Ans ynpaBmiHHS
IH)KEHEPHUMH CHUCTEMaMH 30UIBIIYEThCS, ajle MOXIIMBICTH il 3HAXOIKEHHs 3MeHInyerbes. Lle
CTBOPIOE HEOOXIIHICTH Y po3p0o0Ili HOBUX METOJIIB Ta IHCTPYMEHTAIBHUX 3aC001B /ISl BUKOPUCTAaHHS
QJIANTUBHUX aJITOPHTMIB POEBOTO IHTENEKTY. METOI TaKMX aJTOPHTMIB € 3a0e3IeueHHS MOKITHBOCTI
00po0OKH iH(OpMAIIii Ta MOIIYKY 3alUTIB 3 MAKCUMAJIEHOIO PEJICBAaHTHICTIO, TCHEPYIOUH SIKHAHO1IBIITY
KUTBKICTB pe3ynbTariB nomyky (SERP), mo MicTsare TexHiuHy iHdopmariro. PO3BUTOK anropuTMiB
POEBOTO IHTEJIEKTY HEMOXKIUBUI 0e3 IXHBOI IHTENeKTyawdi3allii, fKa BKIFOYAE€ CEMAHTHUKO-
CUHTAKCUYHHWI aHalli3 TEKCTiB, MPUPOAHO-MOBHI 3aCO0M Ta IHTEJIEKTYal bHI alTrOPUTMH BH3HAYCHHS
3Ha4yIIOCTi iH(popMmamiiHX pecypciB. Y cucremax nudpoBoro nomyky iHpopmanii (DIRS) 3amut
(OpMY€EThCS Y BHIJISII KITFOUOBHX CJiB 200 iX KOMOIHAIIH, MOB'SI3aHUX JIOTIYHUMHE orepartissmu. J{is
MOWIYKY OfHi€l 1 Tiel x iHpOpMAaIii BHKOPUCTOBYIOTHCA Pi3HI KIIOUOBI CJIOBa, BHOIp SIKUX €
cyO'ektuBHuM. Ilepmmii eram anropuTMy TmoJisra€ y BU3HAYEHHI MHOKHHHA — 3MICTOBHHUX
BignoBigHOCTEH 1 (popMyBaHHI BHXIJIHOI MHOXHHM 3allMTIB B MeXax IHKeHepHOi cuctemu. Jlis
3a0e3neyeHHs] TTOBHOTH BHOOpY pO3risiiaeThesl cymapHa penieBanTHicT SERP mo BigHomenHto 10
TpylH KPUTEPiiB 3HAYYMIOCTI. BUHUKAE HEOOXIMHICTh y PO3poO0Ii ePEeKTHBHOTO HEHPOMEPEKEBOTO
aNropuTMYy AJISl pO3B’SI3aHHS 3a/1a4i IPU3HAUYEHHS KOXKHIN rpyni kpuTepiiB 3amuty ogHiei SERP. Lle
no3BoiuTh posnofimmtd SERP 3a rpymamm kpurepiiB Tak, mo0 KOXKHa CTOpPIHKa OLHIOBajacs
MEpPeBaXHO OJHIEI0 TPYMOI KpUTEpiiB, 1 CymapHa peJeBaHTHICTh 3a BCciMa Tpynamu Oyna
MAaKCUMaJIbHOIO. TakuM YHMHOM, CTaTTsl MiAKPECIIOE BAXKJIMBICTH PO3POOKM HOBHUX METONIB Ta
IHCTpYMEHTaJbHUX 3acO0iB [Js1 BIPOBAKEHHS aJalTUBHUX JITOPUTMIB POEBOTO I1HTENEKTY B
imKeHepHUX cucteMax. OcoOnuBYy yBary MpUIUIEHO po3polili eheKTHBHUX HeHpoMepeKeBrX
aNropuTMiB, SIKi 3a0e3neyarb ONTHMAIBHUHA PO3MOALT PEJIEBAHTHOCTI IMOIIYKOBHUX CTOPIHOK, IIO
MiABHIIWTH TOYHICTH Ta €(DEKTHUBHICTH MOIIYKY iH(QOpMAIIii B CKIaJHUX iH)KEHEPHUX CHCTEMAaX.

Kaio4oBi cioBa: poeBuii iHTENEKT, iH)KEHEpHA CHCTEMa, OOYMCIIIOBANIBHA MEpEeKa, alanTHBHI
AITOPUTMH, MATPHIIS TPOLYKTUBHOCTEH, HEHPONOoAiOH1 MOzIeTi.
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DEVELOPMENT OF ADAPTIVE ALGORITHMS OF SWARM
INTELLIGENCE IN DESIGN AND MANAGEMENT OF
ENGINEERING SYSTEMS

S. Kyrylov!, Ya. Sikora®, Yu. Riabchun®

'Odesa National Maritime University

‘Zhytomyr State Ivan Franko University

#Kyiv National University of Construction and Architecture

Abstract: The article examines the design and management of engineering systems in the
context of growing data volumes in local computer networks. With the development of swarm
intelligence, the probability of the existence of the necessary information for managing engineering
systems increases, but the possibility of finding it decreases. This creates the need to develop new
methods and tools for using adaptive algorithms of swarm intelligence. The purpose of such
algorithms is to ensure the ability to process information and find queries with maximum relevance,
generating the largest number of search results (SERPs) containing technical information. The
development of swarm intelligence algorithms is impossible without their intellectualization, which
includes semantic and syntactic analysis of texts, natural language tools, and intelligent algorithms for
determining the significance of information resources. In digital information retrieval systems (DIRS),
a query is formed in the form of keywords or their combinations, connected by logical operations. To
search for the same information, different keywords are used, the choice of which is subjective. The
first stage of the algorithm consists in determining the set of meaningful correspondences and forming
the initial set of requests within the engineering system. To ensure the completeness of the selection,
the total relevance of the SERP in relation to the group of significance criteria is considered. There is a
need to develop an efficient neural network algorithm to solve the problem of assigning one SERP to
each group of query criteria. This will make it possible to distribute SERPs by criteria groups so that
each page is evaluated mainly by one criteria group, and the total relevance of all groups is
maximized. Thus, the article emphasizes the importance of developing new methods and tools for
implementing adaptive swarm intelligence algorithms in engineering systems. Special attention is paid
to the development of effective neural network algorithms that will ensure optimal distribution of the
relevance of search pages, which will increase the accuracy and efficiency of information search in
complex engineering systems.

Keywords: swarm intelligence, engineering system, computing network, adaptive algorithms,
performance matrix, neuro-like models.
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1 BCTYII

Cy4acHi 1H)XEHEpHI CUCTEMHU CTAalOTh BCE OUIBII CKIAJHUMHU Ta AUHAMIYHUMHU. Bumoru mo ix
MPOAYKTUBHOCTI, HAJIHHOCTI Ta €()EKTUBHOCTI 3pOCTAIOTh, 10 GOPMYyE OTPeOy y HOBUX MiAX0aax
JI0 TIPOEKTYBaHHS Ta YNPaBIIHHSI IUMU CHCTeMaMH. TpajuiliiiHi alrOPUTMHU HE 3aBXKIH MOXYTh
epEeKTUBHO CHpABIATHCA 31 3MIHAMH B CEpENOBUIN a00 BUMOTaMH /O CHCTEM i caMe TOMY
aJanTHBHI aJrOpPUTMH, SKI MOXYTh 3MIHIOBaTH CBOIO IOBEAIHKY B 3aJ€XHOCTI BiJl YMOB,
JTO3BOJISIIOTH O15b111 €()eKTUBHO BUPIIIYBAaTH 3aBAAHHS B JUHAMIYHUX CEpEIOBUIIAX.

Konneniiist poeBoro iHTENEKTy, ska O0a3yeThCs Ha TMOBEIIHI KOJEKTHUBIB O10JOTTYHUX
Opra”i3mMiB (Hampukiaja, Mypax abo MTaxiB), € TEpPCHEeKTUBHUM MIJXOJOM JJIsi PO3POOKH
aJaNTUBHHUX aJropuTMiB. BUKOpHCTAaHHS pPOEBOrO IHTENEKTY JO3BOJISIE CTBOPIOBATH PO3IOJINIEHI,
THYYKi Ta CTIKiI CHCTEMH yIpaBiiHHS. Y 0araTbox cdepax, TakuxX sSK poOOTOTEXHiKa, CHEPreTHKa,
TPAHCHOPT Ta iHIN, 1HXXEHEPHI CHCTEeMH IOTPEOYIOTh €()EKTUBHHUX METOJIB YIPABIIHHS s
MiJBUILIEHHS TPOAYKTHBHOCTI Ta 3HM)KEHHS BHUTpPAT 1 pO3poOKa HOBUX aJTOPUTMIB Ha OCHOBI
POEBOTrO IHTENEKTY MOXe 3HAYHO MOKPALIUTH 1 MpoLecy. BripoBa)KeHHs aJallTUBHUX aJr OPUTMIB
pPOEBOTO IHTENEKTYy Yy MPOEKTYBAaHHS Ta VYIIPABIIHHS IH)XCHEPHUMH CHCTEMaMH MAa€ BEJHUKHMA
MOTEHINa ISl TABUIIEHHS iX €(QEeKTUBHOCTI, HAIIWHOCTI Ta CTIMKOCTI, IO NPU3BOAUTH 10
MOKPAIICHHS pOOOTH 1ICHYIOUUX CHCTEM Ta CTBOPEHHS HOBUX, OLIBII JTOCKOHAJHMX pimieHb. Takum
YHHOM, JOCIHIIKEHHS 3 PO3pOOKHM aJalTUBHHUX allOPHUTMIB POEBOrO IHTENEKTY € HaJA3BUYANHO
aKTyaJIbHUM Ta BaXXJIUBUM JUJISl PO3BUTKY Cy4yaCHUX 1HKEHEPHUX CHUCTEM 1 Ma€ 3HAUYHUU MOTEHIial
JUTS IPAKTHYHOTO 3aCTOCYBAHHS Y PI3HUX Tally3sX.

2 AHAJII3 JIITEPATYPHUX JAHUX TA IOCTAHOBKA INIPOBJIEMU

Y CcyyacHMX HAyKOBHUX JIOCHIDKEHHSX PpOEBUH IHTENEKT 3aliMae BaKJIMBE MicCIe SK
NEepCHEeKTUBHUN MIX1J sl pO3B'sI3aHHS CKJIAJHUX 3a7a4 Y PI3HHUX raiy3sx. AJalnTUBHI aJrOpUTMHU
MarOTh 3/IaTHICTh 3MIHIOBATH CBOIO IMMOBEAIHKY BIMOBIAHO /10 3MiH Y HABKOJUITHEOMY CEPEIOBHIIL.
VY KOHTEKCTI PO€BOrO IHTEIEKTY, aJalTUBHI aIrOPUTMHU JO3BOJIAIOTH CUCTEMaM e(eKTHBHIIIE
pearyBati Ha nuHamiuHi 3Mminu [1, 5]. Hampuknan, y mocmimxenni [15] Oymno mokasano, 1o
anantuBHi BapianTd ACO MOXYyTb 3HaYHO MIJBUIIUTU NPOAYKTHUBHICTh y 3a/lauyax 3 AUHAMIYHUMU
0OMEXEHHSAMU.

PoeBuil iHTeNEKT 3HAXOAWUTH IIMPOKE 3aCTOCYBAHHS B PI3HUX IHXKEHEPHUX cHcTeMax. Y
pOOOTOTEXHIIll, AJTOPUTMH POEBOrO I1HTENEKTY BHUKOPUCTOBYIOTHCA JMJIA KOOpPAMHALIL pyXy
ABTOHOMHHMX pPo0OoTiB. Y nocmikenHi [12] Oyno mokaszano, mo BukopucTanHs PSO mo3Boisie
e(eKTUBHO IJJAaHYBaTU MapUIPYTH I TPYNU POOOTIB y CKIAJHUX cepeloBUllaX. B eHepreTuuHiii
rajysi, 30KkpeMa B YIPaBJIHHI PO3NOAIEHUMH €HEPreTUYHUMU PECYypPCaMM, arOPUTMHU POEBOIO
IHTEJIEKTY 3aCTOCOBYIOThCS JUISl ONTUMI3aLli po3MOA1y HaBaHTaKE€Hb Ta MiHIMI3allli BTpaT eHeprii
[10]. He3Baxkarounm Ha 3HA4YHI JOCATHEHHS, 3aCTOCYBaHHS POEBOT'O IHTEIEKTY B 1HXKEHEPHUX
CHCTeMax CTUKA€TbCA 3 HMU3KOK BUKIHMKIB. OJHUM 3 TOJIOBHHX € MHTAaHHS MaclTabOBaHOCTI,
OCKINbKM 301MbIIEHHS KINBKOCTI areHTiB MOXK€ MPHU3BECTH OO0 3POCTaHHS OOYMCIIOBAIBHOL
ckJanHocCTi. TakoX BaKJIMBOIO NMPOOJIEMOIO € 3a0e3MeUeHHs CTINKOCTI cucTeMH J10 3001B OKpeMUX
areHTiB. Y gociipkeHHi [2] Oyio 3ampornoHOBaHO ACKigbKa MigXOMiB IS MiJABHIICHHS CTIHKOCTI
PO€BUX CHCTEM, BKJIOYAalOYM BHUKOPHUCTAaHHS pE3EPBHUX AareHTIB Ta aJalTUBHUX CTpaTerii
BIJIHOBJICHHS.

TakuM 4YuHOM, JITEPATyPHHUI OIJIAJ TTOKA3ye, IO po3poOKa aJaliTHBHUX aJrOPUTMIB POEBOTO
IHTENIEKTy € aKTyaJbHUM Ta TEPCIEKTUBHUM HAMPSAMKOM JOCHTIIKEHb, SKHH Mae BEIHKUI
MOTEHINAT JIJIT TOKpamieHHsT e(QEeKTUBHOCTI Ta HaMIHHOCTI iHXeHepHuX cuctem. llomampmri
JOCTIJKEHHS B L1 ray31 MOXKYTh IPUBECTHU J0 CTBOPEHHS HOBHX, OLJIBII TOCKOHAJINX AT OPUTMIB
Ta IX YCIIIIHOTO 3aCTOCYBaHHS y PI3HUX Trajy3sAX TEXHIKHA Ta MPOMHCIOBOCTI.
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3 HIJI TA3ABAAHHSA JOCJIIIKEHHSA

MerToro cTarTi € po3poOKa aAanTUBHUX aJITOPUTMIB POEBOrO IHTENIEKTY, SIKI MOXYTb OYyTH
e(eKTUBHO 3aCTOCOBaHI y IPOEKTyBaHHI Ta yNpaBJIiHHI 1H)KEHEPHUMH CUCTEMaMH.

3aBiaHHS JIOCHI/DKCHHS: JIONOBHUTH alTOPUTMH €JIEMEHTH CEMaHTHKO-CHHTAaKCHYHOTO
aHaI3y TEKCTIB Ta MPUPOAHO-MOBHI 3acO0M ISl MOKpAaIMIeHHs 0O0poOKH iHpopMaIlii; po3podouTu
MOJeNi 1HXKEHEPHUX CHCTEM, SKi OyIyTh BHKOPHUCTOBYBATH aJalTUBHI alrOPUTMU POEBOTO
IHTENIeKTY JJIsl ONTUMIi3alii poOOTH CHCTEM; BUSHAYUTH KpUTEpPii 3HAYYNIOCTI Ta PeNeBaHTHOCTI ISt
OLIIHKH €()eKTUBHOCTI alIr OPUTMIB.

4  PE3VYJBTATU JOCJIIIXKXEHHSA

B mpormeci po3BUTKY pO€BOro IHTENEKTY 1 3pOCTaHHA OOCATIB JaHUX JIOKAJIbHUX
OOYHCITIOBAIbHUX MeEpeX WMOBIPHICTh ICHYBaHHS MOTpiOHOI i1H(opMamii And yHnpaBiiHHS
IHKEHEepHIMH CHCTEMaMH 3pOCTa€, a MOJJIMBICTH 11 3HAXOMKEHHsS 3MEHIIyeThes. Hamexuwmii
QITOPUTM MPOEKTYBaHHS Ta YNpPaBJIIHHI 1H)KEHEPHUMM CHCTEMaMHU CTa€ CIJIBHOI MHPOOIEMOIO.
[TorpiOHI HOBI MeTOAM Ta IHCTPYMEHTaJbHI 3aco0M, SIKI BUPIIIYIOTb IPOOJEMH pPO3pOOKHU 1
BUKOPUCTaHHS aJalNTUBHUX aJrOPUTMIB POEBOrO 1HTENEKTY. METOI pOEBOro IHTENEKTY €
pO3ropTaHHs anropuTMy poeBoro iHTenekTy (digital information retrieval systems (DIRS) i1
HaJaHHS TPOEKTYBAJILHUKY 1HXXEHEPHUX CHUCTEM MOXJIMBOCTI OOpOoOKM iH(oOpMallii Ta MOMmyKy
3anuTiB (search engine results page (SERP), B MakcumanbHOMY CTyHEeH1 BIJIOBIJIHI 3MICTY
ocoOucTOro 3amury (3a0e3lnedyuTd pelIeBaHTHICTb — TOYHICTh IPOEKTYBaHHS), IMPU LbOMY,
reHepyBaTH sskoMora outbiry KuibkicTb SERP, 1110 MICTSATH TeXHIUHY 1HPOpMALiO.

P03BHTOK aaropuTMy pPOEBOTr0 IHTEIEKTY HEMOXIJIMBUH 0e3 iXHBOI IHTEJNeKTyami3alii, 1o
BKJIFOYA€ 3aCTOCYBAaHHS CEMAaHTHUKO-CMHTAKCHUYHOIO aHai3y TEKCTIB, MPHPOAHO-MOBHHUX 3ac00iB,
IHTEJICKTyaIbHUX aJIFOPUTMIB BU3HAYCHHsS 3HAYYIIOCTI Ta 1HPOPMAIIHHUX pecypciB yis
IPOEKTyBaJbHHUKA, OTPUMaHHS JIOJATKOBOI iHGopMalii MNpo MOKYMEHTH IIJISIXOM aHalizy
CTPYKTYpH aJalTUBHOTO aJrOPUTMY pOEBOrO I1HTENEKTY Yy MPOEKTyBaHHI Ta YIpaBiiHHI
imkeHepauMHu  cucteMamu. Y DIRS 3anut QopmyeTrbes y BUIIISINI KIOYOBOrO CiioBa abo
KOMOiHaIlli KIFOYOBHX CIIiB, MOB'S3aHUX JIOTIYHUMU omepauisMu. s momyky omHiei 1 Tiel x
TEKCTOBOI iH(OpMaIlii BUKOPUCTOBYIOTHCS Pi3HI KIIOUOBI clI0Ba, BUOIp AKUX Cy0'eKTUBHUM [3].

[lepmmii eram moJyiirae y BHU3HAYEHHI MHOXHWHU ‘Al 3MICTOBHUX BIAMOBIIHOCTEH 1
dbopMyBaHHS BUXiTHOI MHOXMHH 3allMTIB B MEXKaX I1HXXEHEPHOI CHCTEMHU — TpPUBIAJIBHHHA 1 B
OCHOBHOMY, 3alleXHUTh BiJg ocobOmuBoctedr Tux abo iHmmx DIRS. CdopmoBany MHOXKHHY
3MICTOBHUX BIAMOBIAHOCTEH TO3HAYMMO SK MHOXHMHA ‘V~ KpUTEpiiB 3HAYYIIOCTI (Ba)KJIMBOCTI
nomrykoBux 3anuTiB) DIRS nipu renepanii SERP, V = {v}, u =1, ..., U; U — 3araipHa KiJIbKiCTh
KpuTepiiB 3Hauyniocti 3anuTy B DIRS. Hexali B pe3ynbrati 3anuty 3HaiiieHo MHOXKUHY D poeBux
enementiB omyky {dj}, j = I, ..., M, ne M — 3aranbpHa KiJIbKiCTh CTaHUIIb 3HaMAeHUX DIRS Ha onuH
nonrykoBuii 3anut. Koxken nokyment dj, j = 1, ..., M BIANOBIAHO 10 KOXHOTO KPUTEPirO Vy, U=1, ...,
U, BoJozie mMeBHOI pesieBaHTHICTIO Iy, u=1, ..., U, j = I, ..., M. 13 3amanoi MHOXXUHU M pO€BHX
€JIEMEHTIB MOIIYKY HEoO0X1IHO chopMyBaTH HabOIp 3 S poEBUX €JIEMEHTIB, IIPH IKOMY CyMapHa S €

U S

eruj pEeBAaHTHOIO: 3a BCIMa KpHUTEpPIsIMH 3HAYymocTti Oyne wmakcumanbHowo [7]. s
u=l j=1
3a0e3MeyeHHs] TOBHOTH BHUOOpPY 3 MHOXHUHHM albTEpHATHUB OyJeMO po3risaaTd CyMapHy
peseBaHTHICTD lij y Oyab-skiit SERP dj mo BiiHOLICHHIO 10 IPYNU BCIISKUX MOEAHAHD KPUTEPITB Vy
(pucyHok 1).
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Puc. 1. I'pyna kputepiiB poeBoro anroputmy B DIRS

Hexaii i-y rpyny kputepiiB 3anuty DIRS cknagarots K kputepiis 3 U, ne U — 3aranbHa
KIJIBKICTh KpUTepiiB 3HauymocTi 3anuty B DIRS. KinbkicTs BapiaHTiB moueproBoro Budopy K
ul!
U -k)!
rpyna Ma€ CBOK MeBHY no3uuio. OgHaK, BiJl NEPECTAaHOBOK KPHUTEPIiB B IPOCTOPi, LIO

MOKPUBAETHCS M1IMHOKHHI, HOMEP BIJOBITHOTO JOKYMEHTA HE 3MIHIOETHCS.

KinpkicTp MiAMHOXKHH 3 pI3HUMH TOTYXHOCTAMHU craHoBuUTh U. Tomy makcumanbsHa
KUIBKICTh TPyH KpHUTEpiiB 3Hauymiocti 3anuty (abo poOiT B TepMmiHax 3amadi Mpo
npu3HaveHHs) Oye ctaHoBUTH [4]

U
DUl
k=1

TKIU—K)!

KputepiiB 3 U CTaHOBUTH . YV chopMoBaHUX MIMHOKHHAX 3 K KpUTepiiB, KOKHA

1)

ne U — 3aranpHa KUIbKICTh KpUTepiiB 3HauyniocTi 3anuty B DIRS.

Y 3B'I3Ky 3 IIUM BHHHUKAa€ HEOOXIIHICTH B pO3poOIi €(PEKTUBHOIO 1 IIBHIKOTO
HEHPOMEPEKEBOT0 aJITOPUTMY PO3B’sI3aHHS 3a/1a4i PO MPU3HAYCHHS KOXKHIN TPYITl KpUTEPIiB
sanuty oxHiei SERP 3 HabGopy S, 10 siKOi 3BOAUTHCA 3aja4a paHKOBAHOTO IMPEACTABICHHS
3Haiipenux DIRS enementiB. Ha npyromy erami peamizaiii MeToqy paH)XyBaHHsI HEOOXI1IHO
tak posnoauutd SERP 3a rpymamu kpuTepiiB, 00 KOXHa CTOpiHKa OI[IHIOBAaBCH,
MEPEeBAYXKHO, OJHIEI0 TPYIOK KPHUTEpiiB, KOXKHA Tpyla KPUTEPiiB OLiHIOBaja, MEPEBAKHO,
OHy CTOpiHKY, 1 cymapHa peneBaHTHiCTh SERP 3a BciMa KOMOIHATOpHMMH TpynaMu
kputepiis 3Hauyniocti DIRS 6yna makcumansHoto [14].
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[TosHauumo uepes R:HrjiH—N x M matpuio npoayktuBHocTed (Tabn. 1), ereMeHTH

SKO1 i (OPMYIOTh pEJICBAaHTHICTh OKYMEHTa 3 HOMEPOM | BIJIHOCHO T'PYyIH KpPUTEPIiB 3
HOMepoM |, mpuuoMy, M — 3aranbHa KinbkicTh SERP 3naiimenunx DIRS, N — 3arajibHa
KUIbKICTh KOMOIHATOPHUX IPYI KPUTEPIiB 3HAUYILIOCT1 3alUTY.

Taoanus 1
Buxinni mapamerpu 3ama4i npo npusHaueHHs B DIRS
['pyna kputepiis 1 ['pyna kpuTepiis i ['pyna kputepiis N

SERP 1 r rii rin
SERP ...

SERP j ris ji

SERP ...
SERP M mi I'mj I'mN

[Toznaunmo uepez X :HriiH_N x M Matpuiio HEBIIOMHX, €JIEMEHT SKOi Xji ImpuiiMae

3HaueHHs 1, skio SERP 3 HomMepoM j Oy/e OmiHIOBaTHCS 3 MAKCUMAIbHOKO PEJICBAHTHICTIO 32
IPYNOK KpuTepiiB 3 HOMepoM I, i 3HadeHHs 0, B iHmoMy Bunaaky. OOMeEKeHHS
MaTeMaTUYHOI MOJIEJIi PEACTABUMO CUCTEMOIO PIBHSHB!

X; <Li=1N

.Mg
Il

—
Il
uN

x. <1 j=1LM )

JI

.MZ
Il

[N

X; €{0.4}, j=1M,i=1N

B HaBeneniit cuctemi mnepiie piBHSHHS o3Haydae, mo koxHa SERP ormiHtoeThcst ogHi€0
IpyNo0 KpuTepiiB. BiAmoBiiHo 10 Ipyroro piBHAHHSA KOXKHA Ipyna KpUTEpiiB OIIHIOE OJIHY
CTOPIHKY TOIIYKY. YMOBH TPEThOTO PIBHSHHS € MPUPOJHUMHU OOMEKEHHSMH Ha BBEIEHI
3MiHHI. BpaxoByroul Iie, BH3HAuaeMO MAaTpULIO IpHU3HAuYeHb X, NpH SKIH (QopMyeThes
KpPUTEPIN ONTUMAJILHOCTI

M N
F(X):Zerixjiamax. (3)
i=1 i=1
3amaua (2)-(3) Ha3uBaeTbCs 3aJadyel0 PO NpPU3HAUEHHS 3 AAUTHUBHUM KpUTEpieEM
ontumanbHocTl. [lpm  posrmsal  3amaul nmpo NpU3HAUYEHHS B CTAHIApTHIN  Qopmi
nependavyaeTbCsl, M0 KUIBKICTh PI3HUX KOMOIHATOPHUX T'PYI KPUTEPIiB JOPIBHIOE KIJIBKOCTI
SERP: M=N. HeBaxxko moka3aTH, 1110 BBeACHHAM (IKTHBHUX I'Pyl KPUTEpiiB a00 (HIKTUBHUX
sHaiaeHnx SERP, maTematndHa Mojelns y BigkpuTiii ¢opmi (2) exBiBaseHTHa mozeni (4) [8]:
- M
Y x;<Li=LN,
=l
= _
] ™ {: ] = 4
12X = Lj=1M,

fml

(4)

0<x, <Lj=LM,. i=LN,
N =M.
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Buxonsun 3 toro, mo marpuis oOMEXeHb yMOB (4) € aOCOMOTHO YHIMOAYJISIPHOIO
(iTounceNlbHA MATpUIS Ha3UBA€THCS a0CONIOTHOK a00 IIJIKOM YHIMOIYJSPHOM, SKIIO
Oyab-skuii il MiHOp nopiBHoOE (“17, “-1” abo “0”), To Oynb-IKWUH OIMOPHUN TUIaH
MaremMaTHyHoi Moxeni (4) € [UIOYMCENIbHUM, 3BIJICH BUIUIMBA€ EKBIBAJICHTHICTh
MaTeMaTUyHUX mozener (2) i (4) [6]. Kpim Toro, Tak sk 3 yMOB (4) 1 YMOB HEBiJ'€MHOCTI
3MIHHUX aBTOMAaTHYHO BUIUIMBAa€, IO 3MiHHI He MOXYyTb Oytu Oimbmie “0”, BHUXiTHA
MaTeMaTHyHa MoAeNb (2) eKBiBaJIeHTHa (3 TOYKH 30py MOIIYKY ONTHUMAJIbHOTO PIILIEHHS
3a1avi Mpo MPH3HAYEHHs) MaTeMaTH4yHId Mmojem 3 oOMmexeHHsMu (4), ymoBamu M=N i
oomexeHHamu x>0, j=1,2,...,M. Hexaii, Hanpukiaj, KilbKicTh 3HaiiieHux eixementiB SERP
NepeBHINy€e KiJIbKICTh KpuTepiiB (rpyn kputepiiB) N. Benmemo momatkoBi ¢GikTHBHI KpuTepii
(rpynu  kputepiiB) 3 iHgekcamu: j=N+I, .., M. Koedimientn Tabaumi NpU3HAYCHb,
MOKJIaJIeMO DPIBHHUMHU HyJ0. B 1bOMYy BHINAAKy OTpUMYyeEMO 3anady, cGopMylIbOBaHy B
craHmapTHii Qopmi. SIKio B onTHMaIbHOMY IJIaHi i€l 3aaaui xji=1, TO/i CTOpiHKA MOIIYKY |
OLIIHIOETHCA 32 (PIKTUBHUM KpUTEpieM (TpyNor KpUTepiiB), TOOTO, 3aiuIIaeThes 0e3 podoTu
[9]. MeTox 3 BUKOpUCTaHHSM HeilpomepekeBoi Moaeni 103BoJisie paHxkyBaTu SERP sk B pasi
MHOXUHU V — KpUTEPIIB 3HAUUMOCTI, TaK 1 B FpaHUYHOMY BUnajky V=1.

[lepedopmyntoemMo 3aBAaHHS paHXUpPyBaHHS HACTYyMHUM 4YMHOM. Hexall € MHOXHHa
gyucea — 3HadyeHb peieBaHTHOCTI SERP, 3maiinenux B pesynbrari 3amuty B DIRS: {ri},
ieN=1...,n. HeoOXiZHO pO3CTaBUTH 4YHCIa B MOPSAKY 3POCTaHHS, TOOTO 3HAUTH TaKy
nepectanoBky inaexcis j = z(i), Toni Vjl..(n-1) r;<r;,, Ilobynyemo po3s’s3anus wiei
3a/1a4l Ha OCHOB1 BUKOPHCTAaHHS CHHTE30BaHOI BUIIE HEHPOMOIOHI MoJeNl Il BUPIIIEHHS
3aJlay  KOMOIHATOPHOI ONTHMI3allii aJaNTHUBHOTO aJIrOPUTMY POEBOTO IHTEIEKTY Yy
MPOEKTYBaHHI Ta YMpaBiiHHI iHXeHepHUMH cuctemamu [11]. 3 miero MeTow 3BeaeMO
chopMyIbOBaHY 3aJladyy COPTYBAaHHS YHCEN JO 3aJadl pPOEBOro iHTeNekTy. [y mporo
JIOBEIEMO Take TBepkeHHs. Hexail icHye noBinmbHa MHOXuHA uucen {ri}, ieN=1..,n i
MOHOTOHHO  3pocraroumii  psa  mogatHux  umcen  {aj}, JjeN=l..,n, Takux, 1IO
Vjiel..(n-1) a, <a,

i+1- Ha MuOxuHi Beinsakux migcranosok {m(i)} = 71, j = x(i) i 3anaemo

TMHIHHAHA QyHKIIOHAT BUTY

J[ﬂ(i)]zéajrj. (5)

[MToznaunmo j*=zn*(i) nepecTaHOBKY, SIKa COPTYE B MOPSAKY 3pOCTaHHS 3a/laHy JAOBLIbHY
MHOXHHY drcen {ri}, TOOTO 3a10BOJIbHSIE YMOBI

z(i)ell

n
7 (i) =arg max { J[z(i)]} =arg max { > ar.
(i) = arg max {3 [z(7)]} = arg ]Zl) i ©)
JInst 1oka3y LbOro TBEPKCHHS BI3bMEMO JOBUIbHY mificTaHOBKY 7(i), siKa MOPOIKYE
HACTYIIHY IEPECTaHOBKY BMXIJHOI MHOXXHMHU YHCEI (rl,rz,...,rk,...,rj,...,ri,...,rn) (puc. 2a).
Jus Bu3HaveHocTi BBaxkatumemo, mo K < | 1 r¢ > ri ToOTO 1 mapa 4wucen
(G hyyes Bseens Tjyes By 1) B WM IEpecTaHOBIN € HE BiJCOPTOBAHOK y PO3yMiHHI
chopmynboBaHoi BuIie 3amadi. BizbMeMo apyry migctaHoBKy 7m*(i), oTpuMaHy 3 mepiuoi
tpaHcnosuiii k-ro i i-ro ememenriB. Lli#i mizcraHoBIi Oyae BiAMOBiZAaTH IEpECTaHOBKA
BUXIJHOI MHOXHMHH YHCET: , sKa BIAPI3HAETHCA Bia MEpHIOi THM, MO0 Ha K-My MicIi
3HAXOAMTHCS YUCIO [i, a Ha |-My — BigmoBiaHo rk. (puc. 2b) [13]. ¥V Takiii nepecTaHoBII 115
napa gricen Oyne BiqcopToBaHa y (hopMaTi MOCTaBICHOI 3a/1a4i.
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w

122 ok o5 .1 . nl 122 ok ) .1l _nl

Puc. 2 (a,b) [lepecranoBKH BUXiTHOT MHOKHHH YHCEN aTAlITUBHOTO aJITOPUTMY POEBOTO 1HTEICKTY Yy
MPOCKTYBaHHI Ta YIPABIiHHI IHKEHEPHUMHU CUCTEMaMuU
Busnaunmo 3nauenns Qyukiionany (5) va migcranoBkax z(i), i £*(i):

Iz®)]=D ar, +ar +ar, )

jeN

I 7()]= %ajrj+akn+a,rk. ®
je
f]

1 3HAKIEMO TXHIO PI3HUITIO

AKl =3 [z*(1)]-I[=()]=an —af —(af +ar) = (a, —a)x(f +§)

B cuny npuitastoro mpunymenns K<l i ry >ri, omke, mo-meprie: ri-ry <0, mo-apyre:
ar—a1<0, Tak sk psi yrcen {@j} € MOHOTOHHO 3POCTAIOYMM 33 BU3HAYCHHSM. 3BiIKU BHILJIUBAE

AL =3[ 7"(i) |- 3 [=(@)]=0, 9)
TOOTO 3HAYEHHS BBEIEHOro JiHIMHOro ¢yHKIioHaMy (5) Ha MepecTaHoBLi, B SKIA Aeska
napavrcesl BiJICOpPTOBaHa, Ounbine abo JJOPIBHIOE 3HAYEHHIO JaHOro (yHKIiOHANy Ha
MEePECTaHOBIII, IO BIAPIZHAETHCSA TUILKH THM, III0 0OpaHa mapa duces He BigcoproBaHa. Ha
TPETbOMY 1 UYETBEPTOMY e€Tamax peamizanii Meroqy (OpMyeTbcsi 1 BHUKOPUCTOBYETHCS
HelflpomepexeBa MOZENb PO3B’sI3aHHS 3a1a4ul (OpMYyBaHHS aJaTUBHOI'O aJrOpPUTMY PO€EBOTO
IHTEJIEKTY Y IPOEKTYBaHHI Ta yIIPaBJIIHHI 1HKEHEPHUMU CHCTEMaMHU.

5 OBI'OBOPEHHS PE3YJBTATIB

Byno nocmimkeno npobiieMu yrnpaBiiiHHS IHXKEHEPHUMHU CUCTEMaMU B YMOBaX 3POCTaHHS
00CAriB JaHUX Ta CKJIATHOCTI Mepex. byyno copmMoBaHO HOBI METOIU Ta IHCTPYMEHTAJIbHI
3aco0M I pO3pOOKHM I BHKOPHCTAaHHS aJallTHBHUX AJTOPUTMIB POEBOTO iHTENIEKTYy. Byio
PO3pO0JIEHO ANTOPUTMHU IS 3a0€3MEUeHHST PEICBAHTHOCTI MOIIYKOBHUX 3aIUTIB y CHCTEMax
nugposoro nomyky iHpopmanii (DIRS) 3 ypaxyBaHHSM CEMaHTUKO-CUHTAKCUYHOTO aHAJI3y
TEKCTIB Ta IHTEJICKTYaJbHUX AJTOPUTMIB BH3HAUYCHHS 3HAYYIIOCTI iHPOPMAIIHHUX pecypcCiB.
3anporoHoOBaHl  aNrOPUTMH  CHOPUSIOTH  MIJABHINEHHIO TOYHOCTI MPOEKTYBaHHS Ta
e eKTUBHOCTI yIpaBIiHHS IH)KCHEPHIUMH CHCTEMaMHU.
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6 BHUCHOBKHU

BusnaueHo, mo B yMoOBax NOCTIHHOTO 301JbIIEHHS OO0CATY JaHUX Ta CKJIaJHOCTI
TH)KCHEPHUX CHCTEM CTAa€ OYEBUIHOK HEOOXIAHICTh BIPOBA/KEHHS aJalTHBHUX aJITOPUTMIB
po€eBoro iHTeneKTy. Taki aaropuTMu 3/aTHI 3a0e3MeunTd OUTbIl €pEeKTHUBHE YIIPABIIHHS Ta
IPOEKTYBaHHS 1HKEHEPHHUX CHCTEM 3aBJASKH CBOIH 3/1aTHOCTI alaNTyBaTHCS O 3MIHHUX YMOB
Ta 3a0e3meyyBaTl BHCOKY PEJIEBAHTHICTh OTPUMaHUX pe3ynbTaTiB. OOIpyHTOBaHO, IO JIA
peastizanii aAanTUBHUX alrOPUTMIB POEBOTO 1HTENEKTY MOTPIOHO PO3POOMTH HOBI METO/IU Ta
IHCTpYMEHTaJIbHI 3aco0H, 10 BKJIIOYA€ 3aCTOCYBaHHS CEMaHTHKO-CMHTAKCHUYHOTO aHaJi3y
TEKCTiB, IPUPOJHO-MOBHUX 3acO0IB Ta IHTEJNEKTyaJbHUX QJITOPUTMIB BU3HAYEHHS
3HAYYyMOCTI iHPopMamiiHuX pecypciB. Crin 3a0e3nednTH, mo0 i METOAN MOTIH 00pOOIISITH
BEIMKI OOCArM JaHUX Ta TEHEepyBaTH MAaKCHUMaJIbHO PEJIEBAaHTHI pPE3yabTaTH IS
MPOEKTYBAIbHUKIB 1H)KEHEPHUX CHUCTEM.

JloBesieHo, 1110 OJHUM 3 KIIFOUOBHUX ACIEKTIB € po3poOKka e(heKTUBHUX HEHpOMepexKeBUX
QITOPUTMIB JUJI PO3B'A3aHHSA 3a/laul IPU3HAUYEHHS Ta PaH)KyBaHHS MOLIYKOBHX 3amuTiB. Taki
QITOPUTMH IOBUHHI 3a0€3MEUUTH ONTUMAJILHUN PO3MOALI PEIEBAHTHOCTI IOIIYKOBUX
CTOpPIHOK BIJNOBIAHO JO TIpyln KpUTEpiiB, 1[0 JO03BOJUTH MIJBULIIMTH TOYHICTH Ta
e(eKTUBHICTh MOIIYKY IH(opmanii. BukopucranHs HelWpoMepekeBUX MOJENEN J103BOJIsIE
pO3rIAIaTH 3a1adi KOMOIHATOPHOI onTUMIi3allii Ta 3a0e3medyBaTd BUCOKY IPOJYKTHBHICTh
HaBiTh y BMIAJKy HPOEKTYBAaHHS CKJIAQJAHUX IHXKEHEPHUX CHUCTEM Ha OCHOBI POEBOIO
IHTEJICKTY .

7 ETWUYHI JEKJIAPAIIII

ABTOpM HE MawTh OyAb-iKuX (IHAHCOBUX YHM HE(PIHAHCOBUX IHTEPECIB MI0JI0
MarepiaiiB, MPEACTaBICHUX Y 11l CTATTI, K1 CIIiJT PO3KPUBATH.
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V]IK 004.52

HEWMPOMEPEXKEBI MATEMATHUYHI MOJIEJII
JJIOJUHOMAIINHHOI'O CITIVIKYBAHHSA TA
PO3ITII3BHABAHHSA

Kupnnos C. 0.}, Kupanoga JI. 02, Cyeoposa C. IT'?
'Odecvruil nayionarsruli Mopcwkull VHigepcumen

!Odecvruti nayionatsuuli exoHoMivHull VHIGEDCUMEM
*Henimenyiapra axademia Vipainu

AHoTAauisa: JocnipkeHHs MIPUCBSTYEHE HelipoMepexeBil iHTepnperamii  3a;adi
JIFOAMHOMAIIMHHOI'O CITUIKYBaHHS Ta PO3Mi3HABaHHS 32 MHOXXHHOIO KPUTEPIiB, POMIISTHYTOI SIK 3a1adi
npo mnpu3HaueHHs. OCHOBHA MeTa IOJAra€ B 3BEJCHHI Ili€l 3amadi A0 CTaHAApPTHOI (opmu, e
KUIBKICTh TPYIl KPUTEPIiB IOPIBHIOE KiJIbKOCTI PaHXXKHPYBAHUX 3alMTIB. Y JOCIIIKEHHI BH3HAYEHO
apxiTeKTypy HEHPOHHOI Mepexi Ta 3alPOIOHOBAHO BUKOPUCTAHHS Mepeki OlHapHUX HEHpOHIB, IIO0
npeacTaBisic cOOOK MATPUII0 BU3HAYEHOI PO3MIpPHOCTI. 3ampollOHOBaHA MOJIENb PaHXKHPYBaHHS
0a3yeThcs Ha HEHUPOHHINA Mepexi, sika MICTHTh JTOBLIbHI 3BOpOTHI 3B13KH. Lle m0o3BOJIsIE mepenaBaT
30y/UKeHHST HazaJ JO0 HEHpOHa, IO CIpHUsSE TOBTOPHOMY BHUKOHAHHIO Horo QyHkmii. OpHak y
JUHAMIYHUX HEMPOHHUX MepekaX BUHHUKA€E HECTIHKICTh, 10 BHUSBISETHCS y BUIIQAKOBIH 3MiHI CTaHIB
HEHpOHIB 0e3 JOCSATHEHHs CTalllOHApHUX cTaHiB. [luTaHHS CTIHKOCTI JMHAMIKM TaKMX CHCTEM
3aJIMIIAETHCS BIAKPUTUM. Po3risHyTa muckpeTHa Helipomepexka Xomndinna Mae Taki XapakTepHCTHKH:
OJIMH TIap eJIEMEHTIB, KOKEH €JIEMEHT 3B'SI3y€ThCS 3 YCiMa iHIIMMH, aje He 3 caMUM cO00K0; 32 OJIH
€Tall OHOBJIIOETHCS JIMIIE OIMH EJEMEHT; €JIEMEHTH OHOBIIOIOTHCS y BHIIAJKOBOMY IIOPSZIKY, aje
KOKCH OHOBJIFOETHCS 3 OJHAKOBOIO 4YacTOTON; (yHKIisI BuXomy OiHapHa (3HaueHHs "0" abo "1").
Heiipomepexa Xomdinma € peKypeHTHOIO: BHX1J MEpeXi MOBTOPHO BUKOPHCTOBYETHCS SIK BBEACHHS
JI0 JOCSTHEHHs CTidkoro craHy. [licisi 3amycKy Hedpomepeska 3MIHIOE CBil CTaH, IOCTYIIOBO
MEPEeXOSIIH [0 YCTAIEHOT'0 PEXUMY, IO JO3BOJSIE iMEHTH(IKYBATH IIJIaH OLIHIOBAHHS IIPOIECY
JIOUHOMAIIIMHHOTO ~ CIJIKYBaHHS 33 MHOXXHHOK KpuTepiiB. [l yTOYHEHHS pe3ysbTariB
BUKOPHCTOBYIOTBCS TIPOLEAYPH BHIIQJKOBOTO TIOIIYKY. 3alporlOHOBaHA €HEpreTHyHa (QyHKIis
MIHIMI3Y€eThCS JUTS 3a0€3MeUCHHST BAKOHAHHS 0OMeXeHb Ta po3B's3aHHs 3a1adi. [loOymnoBana yHKiis
JIOCSITa€ MIHIMYMY JIMIIIE B CTaHax, IO Bi/IOBIIAIOTh MJIaHAM TpH3Ha4YeHb. BU3HAUCHHS MapaMeTpiB
Mepexi 3AIHCHIOETHCSl IIJIIXOM 3ICTaBJICHHS OTPUMaHUX (DYHKUIA 3 €HEepreTMUHO0 (YHKIIEI B
saransHoMy Buripsini. Economic University woneni npogeMoHcTpyBaia, o Heiipomepexa Xomdinza
Moxe OyTH YCHIIIHO 3aCTOCOBaHAa MUl PAH)KYBaHHS 3allUTIB Y CHCTEMax JIFOJUHOMAIIMHHOTO
CIUIKYBaHHS Ta PO3Mi3HaBaHHs, 3a0e3MeUyr0Yl BUCOKY TOUHICTh Ta €()eKTUBHICTh BUPIIIICHHS 3a/1a4
paHXyBaHHS.

KnrouoBi cioBa: Heifpomepe:keBa MoOJeNb, HEHPOH, JIFOJMHOMAIIMHHE CIIUIKYBaHHS,
EHEepreTUYH1 QYHKITIS, ONTHUMI3ytounii ()yHKITiOHA.

NEURONET MATHEMATICAL MODELS OF HUMAN-MACHINE
COMMUNICATION AND RECOGNITION

S. Kyrylov!, L. KyrylovaZ®, S. Suvorova®
{Odesa National Economic University

{Odesa National Maritime University
‘Penitentiary Academy Of Ukraine

Abstract: The study is devoted to the neural network interpretation of the task of human-
machine communication and recognition by multiple criteria, considered as a task of assignment. The
main goal is to reduce this problem to a standard form, where the number of criteria groups is equal to
the number of ranked documents. The study defined the architecture of a neural network and proposed
the use of a network of binary neurons, which is a matrix of a certain dimension. The proposed
ranking model is based on a neural network that contains arbitrary feedback. This allows the excitation
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to be transmitted back to the neuron, which contributes to the repeated performance of its function.
However, in dynamic neural networks instability occurs, which is manifested in a random change in
the states of neurons without reaching stationary states. The question of stability of the dynamics of
such systems remains open. The considered discrete Hopfield neural network has the following
characteristics: one layer of elements, each element is connected to all others, but not to itself; only
one element is updated per stage; elements are updated in random order, but each is updated with the
same frequency; the output function is binary (value "0" or "1"). A Hopfield neural network is
recurrent: the output of the network is reused as input until a steady state is reached. After starting, the
neural network changes its state, gradually moving to a stable mode, which allows identifying a plan
for evaluating the process of human-machine communication according to a set of criteria. Random
search procedures are used to refine the results. The proposed energy function is minimized to ensure
that the constraints are met and the problem is solved. The constructed function reaches a minimum
only in the states corresponding to the assignment plans. The definition of the network parameters is
carried out by comparing the obtained functions with the energy function in general form. The
practical implementation of the model demonstrated that Hopfield's neural network can be
successfully applied to document ranking in human-machine communication and recognition systems,
providing high accuracy and efficiency in solving ranking problems.

Keywords: neural network model, neuron, human-machine communication, energy function,
optimizing functional.
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1 BCTVYII

B ocranHi poKH criocTepiraeTbcsi CTPIMKHAKA PO3BUTOK TEXHOJIOTIH ITYYHOTO IHTEICKTY
(III), 30xpema HEHPOMEpPEKEBUX MOJEICH, SKi 3HAYHO 3MIHIOIOTH CIIOCOOM B3a€EMOJIT
JIOAMHM 3 KOMIT'IOTEpHUMH cucTeMaMu. OJHI€I0 3 KIIOYOBUX 00JacTei 3acTOCyBaHHS
HellpoMepexx € JIoAMHOMAIIMHHE CHUIKYBaHHS Ta pPO3IMi3HaBaHHSA, SIK€ CTa€ BCE OUIBII
BaXJIMBHUM Yy Oarathox cepax xuTTs. HelipomepexeBi MaTeMaTHyHI MoJeni 3a0€3MeuyoTh
BHUCOKHI PiBEHb TOYHOCTI Ta e€(pEeKTUBHOCTI B PO3Ii3HABaHHI MOBH, 300pakeHb, TEKCTIB Ta
IHIIMX BUAIB iH(OpMaIlii, BOHU TO3BOJSIFOTH CTBOPIOBATH 1HTYITUBHO 3p0O3yMini iHTepdeiicu
JUId  KOPHUCTYyBadiB, IIABUINYIOTh HPOAYKTUBHICTh Ipalli Ta MOKpAIlylOThb SKICTb
00CIIYyrOByBaHHS B PI3HUX Tally3sX, TAKUX SK MEIHUIIMHA, OCBITa, IPOMHUCIOBICTh Ta PO3BAry.
AKTyanbHICTh JIOCJTI/DKCHHSI TaKOX 3yMOBJIEHAa HEOOXITHICTIO TIOKPAIIEHHS B3a€MOJii
JIOAMHM 3 MalllMHAaMH B YMOBaX 3pOCTalOYOro OOCSATY JAaHMX Ta CKJIQJHOCTI 3aBIaHb.
BukopucTtanHg HelpoMepeKeBUX MOAENEH 11 CTBOPEHHS OLIbII MPUPOAHUX 1 3PO3YMUIMX
CIOCO0IB CHIJKYBaHHS CIpUSE€ MIJBUIIEHHIO €()EKTUBHOCTI Ta 3pYyYHOCTI BMKOPHCTAHHS
TexHosnori. KpiM TOro, moOCHKEHHS HEWpOMEpEeXKEeBUX MoOJAeNeH Yy KOHTEKCTI
JIOAVMHOMAIIMHHOTO CIUIKYBaHHS Ma€ BEIMKE 3HAYEeHHS [JIsI PO3BUTKY TEXHOJIOTIH
pO3Mi3HaBaHHS €MOIlI Ta HaMmipiB KOPUCTYBadyiB, IO MOXe OyTH BHKOPHCTaHE IJIs
MOKpAIIEHHS] KOPUCTYBALbKOT'O JIOCBIY Ta PO3pOOKH aJaNTHBHUX CHCTEM, SIKi pearyroTh Ha
noTpedu KOPUCTYBAdiB y pealbHOMY 4Yaci. TakuM 4MHOM, AOCIHIIHKEHHS HEUPOMEpPEKEBHUX
MaTeMaTHUYHUX MOAeNeH TI0AMHOMAIIMHHOIO CIIJIKYBAaHHS Ta PO3Ii3HABAaHHS € HaJ3BUYaliHO
aKTyaJIbHUM 1 BXKJIMBUM JUIS IOJAJIbIIOI0 PO3BUTKY CYy4aCHHUX TE€XHOJIOTIH Ta iX iHTerpauii B
MOBCSKICHHE KHUTTS.

2 AHAJII3 JITEPATYPHUX JAHUX TA IIOCTAHOBKA IMPOBJIEMU

JIromMHOMAIIMHHE CIUJIKYBaHHA € 0araTorpaHHOI0 Taily33l0, M0 o0'eHye 3HAHHS 3
KOMI'TOTEPHUX HAyK, ICHXOJIOTii, JIHIBICTUKM Ta IHIIMX IUCHUIUIH. Bix paHHIX crnpoO
aBTOMAaTU3YBATH CHIJKYBaHHS 32 JIOMOMOTOI0 NMPOCTUX AJITOPUTMIB 10 CydacHUX Mojeliel Ha
OCHOBI HEWPOHHHUX MEpEXK, 11l HampsMOK MOCTIHHO po3BUBA€ThCSI. OTHUM 13 KIHOYOBHX
ACIEKTIB € pO3Mi3HABAHHS MOBJIEHHS Ta TEKCTY, 10 OMUCAHO B mpasx [1, 2].

3acToCyBaHHS HEWPOHHHUX MEpEX Yy 3aJadyax poO3MI3HABAHHS CTaj0 PEBONIIOLIHNHUM
KpPOKOM, IO 3HAYHO MIJBUIIWJIO TOYHICTh Ta €(QEKTUBHICTh IIUX mpoueciB. Helipomepexi,
30KpeMa KOHBoJIIOLIHHI HelpoHHI Mepexi (CNN) Ta pexypenTHi HelipoHHI Mepexi (RNN),
IIUPOKO BHKOPHUCTOBYIOTHCSI JJISI PO3IMi3HABaHHA 300pa’keHb, MOBJIEHHS Ta TeKCTiB [3].
Po3BUTOK TI/MOOKOro HaBUaHHS JO3BOJIMB CTBOPIOBATH CKJIAJHI MOJeNi, SKI MOXYTb
HABYATHCS HA BEJMKUX MAcHBaxX JaHMX Ta 31 CHIOBATH TOYHE PO3Mi3HABAHHS.

3ajaul onTUMI3alli € LEHTPAJIbHUMM Yy 0araTbOX JOCHIPKEHHSX, IO CTOCYIOTHCS
Helflpomepex. 30KkpemMa, METOU ONTUMI3allii BUKOPUCTOBYIOTbCS ISl HABYAHHS HEHPOHHMX
MEpEeK Ta MOKPAIIEHHS 1X MPOAYKTUBHOCTI. Y poOoTax [4, 5] po3rasaaroThCs pi3Hi MiAX0AH
JI0 OMTHMI3alliil, BKIYAOUW TPAJIEHTHUHA CITyCK, CTOXaCTHYHHUMA TPai€HTHUN CITYyCK Ta iHII
METOJIH.

[MutaHHs CTIHKOCTI € Ba)XJIMBHM aclEKTOM IpU PO3poOIl JAMHAMIYHUX HEHPOHHUX
Mepex. Y gociikeHHi [6] po3risnaroTbes MeToau 3a0e3nedeHHsl CTIHKOCTI HeWpoMepex,
BKJIIOYAIOYM aHaJll3 CHEKTPaJbHUX BJIACTMBOCTEH MaTpullb Bar Ta 3acTOCYBaHHS
cTabum3yrounx QyHKIiH aktuBaiii. CydacHi JOCIIDKEHHS aKIIEHTYIOTh yBary Ha iHTerparii
HEWPOHHUX MEpEeX Yy CHCTEMH JIOJMHOMAIIMHHOIO CIUIKYBaHHS Ta PO3IIISIAIOTHCS
NPUKIaTd BUKOPHCTAHHS HEHPOHHMX MEpeX JUIs CTBOPEHHA 4aT-O0O0TiB, CHCTEM
pO3Mi3HaBaHHS €MOIlill Ta aganTUBHUX iHTepdeiiciB. Y pobdotax [7, 8] aHami3yloTbcs pPi3HI
MOJIeNl Ta aJrOpUTMU pPAaH)KYBaHHS, 30KpeMa 3 BUKOPHUCTAaHHSM HEHPOHHUX MeEpex Ta
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0co0JIuBa yBara HpHUIAUISETbCS MUTAHHSAM ONTUMI3Allll paHXKyBaHHsS Ta IHTErpauii pi3HHUX
KpuTepiiB ominku. Oris JiTepaTypH MOKa3ye, IO HEHPOMEPESIKEBI MaTEMaTUYHI MOJENI €
MNOTY)KHUM 1HCTPYMEHTOM ISl BUpIIIEHHS 3a7ad JIOAWHOMAIIMHHOTO CHUIKYBaHHS Ta
posmizHaBaHHs. CydacHi JOCIHIDKEHHS CIPSIMOBaHI Ha MiABUIIEHHS TOYHOCTI, CTAO1IBHOCTI
Ta eexTuBHOCTI MX Mozenen. [loganpin AOCHiHKEHHS MalOTh Ha METI IHTErpallil0 HOBUX
METO/IB ONTHUMI3allil, aHaJ3y CTIIKOCTI Ta 3aCTOCYBaHHS HEMpOMEpeX y piI3HUX MPUKJIATHUX
KOHTEKCTaXx.

3 HWJIb TA BAJAYI JOCIILIKEHHSA

MeToro JociIKeHHs € po3poOKa Ta aHali3 HEHPOMEPEKEBUX MaTEMaTUUHUX MOJEIEH,
AK1 JO3BOJIAIOTH BUPIIITYBATH 3aBJIaHHA JIIOJMHOMAIINHHOIO CIIJIKYBaHHS Ta PO3MI3HaBaHHS,
30KpeMa, 4Yepe3 3acToCyBaHHsA Helpomepexi Xonduiga. JocaiiKeHHS COpsAMOBaHE Ha
BHU3HAUEHHS apXiTEeKTypH HEHpOHHOI Mepexi, mapaMeTpiB ii (QYyHKLIIOHYBaHHS, a TaKOX
pO3pOOKY MeTomiB s 3a0e3nevyeHHs] CTaliabHOCTI JAWHAMIKA CHCTEMH Ta JOCSTHEHHS
TOYHHUX 1 €(EKTUBHUX PE3yJIbTaTIB PaHKyBAaHHS 3aIHUTIB 3a O€3JI1YYI0 KPUTEPIiB.

3aziaul JOCHIIKEHHS:

—  PO3TJISHYTH 3ajadl JIIOJAMHOMAIIMHHOIO CHUIKYBaHHS Ta PO3II3HABAHHS SK 3ajayl
PO MPU3HAYEHHSI, 1[0 BPaXOBYIOTh MHOXHHY KPUTEPIiB;

— 1no0yayBaTH HeHpoMepeXkeBy MOAENIb pPAaHXKYBAaHHA 3alUTIB Yy CHUCTEMax
JFOIMHOMAIIMHHOIO CIJIKYBaHHS Ta pO3Mi3HABAHHS.

4 PE3YJIBbBTATHU JOCIIAKEHDb

PosrastHemo HelipoMepekeBOMY IHTEPIPETAIIiIO 3a/1a41 JIOJUHOMAIIIMHHOTO CIIJIKYBaHHS
Ta PO3Mi3HaBaHHA 3a OE3/11Y4I0 KpUTEpIiB K 3a7adi NPO INPU3HAYEHHS, 33 YMOBHU 3BEIECHHS
3a1avi Mpo MpU3HAYEHHS 10 CTaHAapTHOI (GopmH (YHCIO TPpyH KpUTEPIiB JOPIBHIOE YHCITY
paHKHMPYBaHUX 3aMUTIB). BH3HAUMMO apXiTeKTypy HEHpOHHOI Mepexi, i BBEIEMO B PO3TJIS]
Mepexy OlHapHUX HEMpPOHIB, IO MPEICTABIISE COOOI MATPHUII0 PO3MIpHICTIO NXN, ne
N=N—-M — ugucno rpyn KpuTepiiB. 3a OCHOBY MOJesi paHKHUPYBaHHS MOXe OYTH B3sTa
HelipoHHa Mepexa (puc. 3.), II0 MICTHTh JOBUIBHI 3BOPOTHI 3B'SI3KH, 3a SKUMHU IeperaHe
30yPKEHHS ITOBEPTAETHCS /10 JAHOTO HEHPOHa, 1 BiH ITOBTOPHO BUKOHYE CBOIO (QyHKIIIO [9].

VY nuHaMIYHHMX HEHMPOHHMX MepekaxX HECTIHKICTh MPOSBISETHCS B OJyKae 3MiHI CTaHIB
HEWPOHIB, 110 HE MPUBOJUTH 10 BUHUKHEHHS CTAI[iOHAPHUX CTaHIB. Y 3arajJbHOMY BHUITJKYy
BIJITOBI/Ib HA MTUTAHHS PO CTIHKICTh TUHAMIKU JIOBUTLHOI CUCTEMH 3 3BOPOTHUMHU 3B'I3KAMHU
€ BKpall CKJIQJHOIO 1 IO TEMEePIlIHbOro Yacy € BiAKpuTor (puc. 1.).

Hexaii BukopucTtoByBaHa MAHCKpeTHa Heiipomepexxa Xondinna wMae HaCTyHHI
XapaKTePUCTUKU:

1). Onun miap eneMeHTiB (BXiAHI €IEMEHTH, MO MPEACTABIIIOTh BXIJAHUN 3pa3okK, HE
BpPaxoBYIOThCS).

2). KoxxeH eneMeHT 3B'A3y€Tbcs 3 yciMa IHIIMMHU EJIEMEHTaMH, ajieé CJIEMEHT He
3B'I3y€THCS 3 CAMUM COOOI0.

3). 3a oJ1uH eTar OHOBIIIOETHCS TIIBKH OMH €JICMEHT.

4). EneMEeHTH OHOBJIIOIOTHCS y BHIAJAKOBOMY TIOPSIKY, ajie B CEPEAHbOMY KOXKEH
€JIEMEHT IIOBUHEH OHOBJIIOBATUCS B OJIHIHN 1 Tiil caMii Mipi (4acTOTI).

5). Beenennst enemeHta oOMekeHO 3HaueHHAMH “0” abo “1”, To6TO (yHKIS BHXOIY
Oinapna [10].

Heiipomepexa Xomndinaa € peKypeHTHOIO B PO3YMiHHI TOTO, IO JJisI KOXKHOTO BXiTHOTO
3pa3Kka BHXiJ MepexXi MOBTOPHO BUKOPHUCTOBYETHCS B SKOCTI BBEEHHS J0O THX Iip, MOKU HE
Oyzne HOCATHYTO CTIHKOro craHy. BiIMoBiAHMM YHHOM OpraHizoBaHa (3alporpaMoBaHa)
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HelipoMepeka TMICHS «3allyCKy» 3MIHIOE CBIA CTaH, MOCTYMOBO MEPEXOsiYd B YCTAJICHUM
pexuM. 3a UM PEKUMOM 1IEHTH(IKYETbCS pe3ynbTaT — IUIAH OLIHIOBAHHS TIPOLIECY
JIFOJTMHOMAIIIMHHOTO CITUIKYBaHHS Ta PO3ITi3HABAHHS O€3JIYYI0 TPyN KPUTEPIIB, IKUH MOXKE HE
30iraTucs 3 TOUHUM pilleHHsAM. [ yTOYHEHHS pe3yabpTary, 3a3BU4ail, BAKOPHCTOBYIOTHCS
MpoLeAYpPH BUIIAJKOBOro nomryky [11].

X1g —» ® > Y1
\4
X0 —>o¢—o—@ 2 ® > V2
' Wiz | Wap | Wa2 | Wpp
Y
Xo —>o—@— i ® > i

Was | W33 | Wz | Wy3

v
<
>

Xno —»‘ *—o—+o >® ®

Wag | Way | Wagq | Wiy

A

A

A

<

Puc. 1. Heiipomeperka Xondinga B 3a1a9i paH>KyBaHHS IPOIIECY JIFOAMHOMAIIHHHOTO CIUIKYBaHHS Ta
po3mi3HaBaHHSA (X — BXiIHI MOITYKOBI 3aIIUTH B MEXaX OKPEMOI CHCTEMH; Y - BUXOAH HEHpoHa, W — BETHINHH
3MillleHb Ta CHHAITHYHUX 3B'SI3KiB)

3py4HO BBakaTu, MmO HelpoMepexa Xomndinga HE Mae BXITHUX EJIEMEHTIB, TaK SK
BXIJHUH BEKTOp MPOCTO BU3HAYAE MMOYATKOBI 3HAYEHHS aKTUBHOCTI €leMeHTiB. EnemeHTn
OHOBJIFOETHCS TOJII, KOJIM BCI €JIEMEHTH MepefaayTh CBOi 3HAYCHHS aKTHUBHOCTI 32 HassBHUMH
3BKEHUM 3B'SI3KiB, MICISI YOTO OOUMCIIOETHCS CyMa JIO/aHKIB (TOOTO OepeThesi CKaIsIpHHMA
JIOJIaHOK). 3HAYEHHS aKTHUBHOCTI €JIEMEHTa BUXOJUTh HAa OCHOBI BHUKOPHUCTAHHS JESKOTO

npaBuia aktuBizamii. KoxHill minodncenbHUl 3MiHHINA Xjj — MOCTaBUMO Yy BiANOBIAHICTD
BUXIJIHUH CHTHAT |j-Tr0 HefipoHa Ujj, 1110 CTOITh B I-MY PSAAKY i B j-My CTOBIIIII MATPHIIi MEPEKi
(X; =) < (u; =1),vi, jeLLN (1)

CykymHicTh 30y/UKEHUX HEUPOHIB IHTEPIIPETYETHCA K TUTaH MpU3HA4YeHb. BiamoBigHO 10
(10), inTepnperyemo oOMexeHHs (2) 1 HiIboBY (yHKIIIO (3), B pe3yibTaTi OTPUMYEMO:

u. =1Vvieln,

2ty =He @
u. =1Vj eﬁ,

20 =1 ©

ZZ% =N, @)

j=1 i=1

d(u) = ;iz_l:ujirji — max, )
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ne Uji — 3HadyeHHs BuXoay Helpomepexi Xondinma; rji — 3HAYEHHS MaTpHUI
MPOAYKTUBHOCTI €IEMEHTH SKOi i MPEACTaBISAIOTh COO00 PENeBAHTHICTh CTOPIHKU MOLIYKY
HOMEPOM | 100 KPUTEPIitO (IPYIH KPUTEPIiB) 3 HOMEPOM i.
CxoHCTpyroeMo eHepretiuny QyHkuito E°(U), minimizanis skoi 3a0e3leuye BUKOHAHHS
oOMmexeHb (2)-(3) 1 po3B’s30k 3aaaui (4). [Todyayemo ii y Burisiai
E°(u) = E) (u) + Eg (u),
(6)
Jie OCTaHHIM JOAaHOK 3a0e3medye ONTHUMI3alilo (YHKII BapTOCTi i 3 TOYHICTIO /IO
KoHCTaHTU F>0 0HO3HAaYHO BU3HAYAETHCS HACTYITHUM YHHOM

E°(u) ——FZZuJ,rJ,, @)

j=1 i=1

a mepmMid J0JaHOK 3abe3neuye BUKOHAHHA OOMeEXeHb 1 Moxe OyTu mnoOymoBaHUN
JeKiIbKkoMa crocobamu. BiamoBiiHO [0 mepmioro 3 HUX LEH KOMIIOHEHT EHEpreTHUYHOL
(yHKI1, 110 KOHCTPYIOETHCSI, MA€ BUTIIAL

EX(u)=" ZZZU,. it ZZZUJ. it ZZU ' ®

j=1i=1 v=i j=1 0=l p=i j=1i=1

ne A, B i C — mo3uTuBHI KOHCTaHTH. [lepmmii 1ogaHOK MpUiiMae MiHIMaJbHE 1 HYJILOBE
3HAYCHHS JIMIIIC B TOMY BHIIAJIKY, SIKIIIO KOXKEH PsIoK MaTpulll {Uij} MiCTHTh He Oijblie OHi€eT
OJIMHUII, IPYTHHA JONAHOK MpuiiMae MiHIMalbHE HYJILOBE 3HAUYCHHS, SKIIO KOXEH CTOBIEIb
JTaHOi MaTpulll MICTUTh He Olunbllle OHIET OAMHHULI, HApEUITi, TPeTi J0JaHOK HpHilmMae
MiHIMaJIbHE HYJIbOBE 3HAUYCHHS, SIKIIO Y BCiil MaTpuili {Ujj} MICTUTBCS PiBHO N ONUHHMIIG.

[MoGynoBana ¢yukuis £,°(U) mocsrae cBoro MiHiMyMy B ycCix cTaHax, sKi BiAIOBiIaOTh
CYKymHOCTI oOMexeHb (2)-(3) 1 mpeAcTaBinsoTh co0OI0 IIaH MpHU3HAYeHb. BiAmoBimTHO 10
JIPYroro crnoco0y moOya0BU IIOr0 KOMIIOHEHTa €HEePreTUYHOI (YHKIIil, 0 KOHCTPYIOEThCS,
Oyaemo mMaTu

2

o = ANy
E, (u)= ZZ[guji 1j Z ZUJ' ! ©)

j=1 i=1 \_j=L

Jie TICPIIMHA JTOJaHOK MpUMae MiHIMajbHE HYJbOBE 3HAYCHHS TUIBKH B TOMY BHUIAJKY
SKIIO B Oynb-sikoMy psinky matpuii {Uij} Oyme Tinbku oauH 30yIKCHUH HEHUPOH, a Ipyrui
JIOJTAHOK — SIKIIIO B OY/Ib-SIKOMY CTOBIIIII ITi€1 MaTpuIli Oy/1e PIBHO OJUH 30y KSHUI HEUPOH.

B nuiomy BkazaHa QyHKIS NpHiiMae MiHIMalbHE HYJIbOBE 3HAUYEHHS TUIBKM y CTaHax,
AK1 BiAMOB1NaIOTh oOMexeHHsM (1)-(2) 1 mpeacTaBisioTh CO0OK IUJIAHK TPHU3HAYEHD.
[TincymoByroun ¢yskiito (7) 3 pynkuiero (8) ado (9), CKOHCTPYIOEMO €HEPTreTHYHY (YHKIIIIO
B 3aBEPIICHOMY BUTIIAI

2

n n n B n n n n n n n
E°(u)=— ZZZujiujU+EZZZujium+ DD up-n| =FY > urg, 10)

j=1 i=1 p#u j=1 i=1 j=1 i=1

abo

o Ad n B "
E (u):EZ[Zu - ) +EZ Zu“_l —Fzzujirji- (11)
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Busnauumo mnapamerpu Mepexi, 31CTaBUBIIM OAHY 3 OTpUMaHuX (QyHKUIA 3
CHEPreTUYHOI (YHKIIIEI0, 3aITUCAHOT B 3arajlbHOMY BUTJISI1

E(U T, I)———ZZZZTWNU U#V+Zzu IJ" (12)

j=1 i=1 p=1v=1 j=1 i<l

ne T.  —KoedillieHT 3B'13Ky Mi)K BXOZOM ij-r0 HEHpoOHa i BUXOAOM uV-10; lji — 3MitneHHs

jipv
ij-ro HelipoHa.

Y mpoMy Bupasi Uis eHEpreTuyHoi (QYyHKIil Mepexi HAaBMHUCHE OIYUICHHH YaCOBHMA
napaMeTp B 3B'A3KYy 3 THM, IO TP BU3HAYCHHI CHHAICIB 1 30BHIIIHIX 3CYBiB BiH HE Bifirpae
ICTOTHOT POl SIK U1 MEPEX 3 AUCKPETHUM 4acoM, TaK 1 JJIs1 MEPEX 3 O€3MEpEpBHUM YACOM.
Binbm Toro, TaHUM BUPA30M CIIiJl KOPHCTYBATHUCS TIPU BU3HAYCHHI MapaMeTpiB CHHTE30BAHUX
MEpEeX, K 3 IUCKPETHUMH, TaK i 3 Oe3nepepBHUMHU cTaHaMu. [1i1CTaBOO IS IBOTO CITY)KUTh
TOH (aKT, MO eHepreTHuHi (YHKIII MEpexX 3 JUCKPETHHUMH 1 3 Oe3lepepBHUMHU CTaHAMH
BIJIPI3HAIOTHCSA TUIBKM HASBHICTIO Y OCTAHHIX IHTErpajbHOIO JI0/laHKa, SIKE SIK BlJ 3HAYEHb
CHMHAIICIB, TaK 1 Bi/I 30BHIIIHIX 3CYBiB B SBHOMY BUIJIS/I HE 3aJeKUTh [12].

Jns Ttoro, mo O BHU3HAYUTU MapamMeTpu MeEpexXi BIAMOBIAHO 10 MMOOYIOBAHOI
eneprernyHoi GyHkiii (10), HaBegemo Bupa3 1 miel pyHkuii 1o Buay (12)

E°(u)== §:§:§:u Uy, +— §:§:§:u U+ — 2:2:2:2:“ U, — Cn§:§:u

=1 0=l vai j=1 0=l pi j=1 i=1 p=1v=l j=1i=1

_FZZUJI ji

j=1 i<l

(13)

[TpupiBHsIEMO Koe(illieHTH TpU JIHIMHUX 1 KBaApPaTHYHUX YJICHAX OCTAHHBOI'O BHpa3y i
eneprii (12). OcranHiit TOAaHOK 3 PO3TISIY MOKHA BUKJIFOUHUTH, TaK SIK BiH HE 3AJICKUTH BiJ
CTaHy MEpeXi CHiJKyBaHHs. 3iCTaBIEHHS JIIHIHHUX YJICHIB J03BOJIMTh BU3HAUYUTH 3HAUCHHS
30BHIIIHIX 3CYBIB, a 31CTaBJCHHS KBaJpPaTUYHUX YJIEHIB JO3BOJIUTH BU3HAUMTH CHHAINTUYHI
3B'I3KM MK HeMpoHaMH. AHaJi3 IEepLIoro A0JaHKa CKOHCTPYHOBaHOI €HEpreTUYHOI QyHKIIIT
CBIAYUTH PO Te€, MO0 OyAb-IKHIl HEHpOH Mepexi MOBHHEH MaTH CHHANTHYHI 3B'I3KH 3
KoediieHToM —4 3 yciMa HelipoHaMH OJJHOMMEHHOTO 3 HUM psiika (yMOBa 4=i) KpiM caMoro
PO3IIIIHYTOrO HelipoHa (yMoBa VZ]).

Jpyruii IOTAHOK AWKTYE HAsBHICTh 3B'SI3KiB 3 KoedilieHTOM — B MiX HelpoHaMu
OJIHOMMEHHOTO CTOBIIIS (YyMOBa V=j) KpiM BJIaCHOTO 3BOPOTHOrO 3B's3Ky (ymoBa u#i). Tpers
CKJIaJI0Ba CBIAYUTH MPO T€, IO BCl HEHPOHU MeEpexi MOB'sI3aHI OAMH 3 OAHUM CHHAICaMH 3
koedimieHTaMu — C. CKOpPUCTaBIIUCH MapaMeTpoM — Jji, CPOPMYEMO PE3YIbTYIOUHH BUpPa3
JUTSI CAHAITUYHHX 3B'SI3KIB MEPEeX1 y BUTIISIL

Ty = A3, (1-6,)~B5,(1-5,) ~C =

jigv

=-As,, - BS, +(A+B)5,6,-C,i, j,uveln (14)

Amnaini3 yerBepTOro 1 M'ITOr0 JOJAHKIB CKOHCTPYHOBAaHOI €HepreTuuyHoi (QyHKIii
CBIAYUTH MPO T€, 110 HAa BCl HEUPOHM Mepexi HEeOOXIJHO MOJaBaTH 30BHIIIHI 3MIIIEHHS Y
BUTJISAIL

;=-Cn-Fc,i,jeln.

jit

(15)

Sk mpaBmiIO, B MPaKTUYHMX 3aBAaHHAX HpuiiMaioTh F=1 i 4=B, Toal Bci HEHYJbOBI
3B'I3Ky MalOTh OJIHAKOBY Bary, sika aopiBHIoe A. Kpim Toro, anamizyroun Bupasu (14) 1 (15),
MOJKHA TIOMITHTH, 110 HasIBHICTh II100aJIbHUX 3B'A3KiB 3 KoedimieHToM C KOKHOTO HEHpOHa 3
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KO)KHUM B KIHI[EBOMY CTaHI MEpexi, BIAMOBIAAE MIaHy MpU3HAYEHb, 3a0e3meuye moaady Ha
Oyab-sSKWl HEHpPOH 3 OOKYy BCIX IHIIMX CYMapHOrO CUTHaly, SKUW gopiBHIOE CN, sSKuid
KOMITCHCYEThCSI TOCTIHHUM 3MmimeHHAIM Cn. OTke, JUid CHPOIICHHS CTPYKTYPH CHHAIICIB
Mepexi rinodanbHUMHE 3B'a3kaMu 3 Baroto C 1 yactuHoio 3cyBy Ch B mepiiomy HaOnMKeHH1
Mo)kHa 3HexTyBatH [13].

baxxana Mopmenp HEHPOHHOI Mepexki MpoIecy JIOJAMHOMANIMHHOTO CITUIKYBaHHS Ta
pO3Mi3HaBaHHSA MICTUTh MATPULIO 3 NxN HEWPOHIB, HA KOXKEH 3 SKHUX MOJAETHCS 30BHILIHE

3MIIIEHHS, SKE AOPIBHIOE BiAMOBIAHIN MPOAYKTUBHOCTI | i="Ti a BUXIJHUN CUTHAN Oy/b-

SKOro HelpoHa Uji, 3 Koe]ilieHTOM A, MOAA€THCSI Ha BXOJIU BCiX HEHPOHIB OJHOHMEHHHUX 3
HUM PSAAKY 1 CTOBIILI.

[Hmmit BapiaHT mapaMeTpiB Mepexi Uil ONTHMAJBHOIO IUIaHY OLIIHIOBAHHS IIPOLIECY
JIOAVMHOMAIIMHHOTO CHIJIKYBaHHS Ta pO3Mi3HABaHHA MO)XKHA OTPUMATH, BUKOPHCTOBYIOUU
CKOHCTpYHOBaHy eHeprernyHy ¢yHkuito y Burisai (14). AnamoriyHo mnpoBeAeHi BHILE
MpoIeypi HaBeneMo el Bupas 10 HoBoro Buay (15)

SORLS D D AT B HHNITI D ATE

j=1 i=1 v=1 j=1 i=1 u=1 j=1 i=1

n n n n (16)

BY DU -F> S+ (A+ B).

j=1 i=1 j=1 i=l

[TopiBHsIEMO KOe(DilliEHTH NMpU JTIHIHHUX 1 KBaJApAaTUYHUX YJICHAX, BIAKMHYBIIW OCTaHHIN
JOAaHOK. B pe3ynbTarti oTpuMaemo:

Ty ==Ad, =3

jiav

I =—(A+B)—Fr,i, ], ,u,Vel n. 17)

Kpim posrisiHyToro ¢yHKIioHamy, MOKHa BUKOPUCTOBYBATH Pi3HI KOMOiHAIIT QyHKIIII
(6) i (7) nst KoHCTpyrOBaHHs eHepreTnunoi Gpynkuii £°(U). B pesynbrati OyaemMo oTpuMyBaTH
pi3HI BapiaHTH mapaMmeTpiB Helpomepexi. Ilpu noOymoBi HelpomoniOHI Mepexi 3
Oe3nepepBHUMHU CTaHAMH HEOOX1HO 3a0€3MeUYUTH YMOBHU 3HAXO/KEHHS TOUOK CIIOKOI B
KyTax N-MipHOro KkyOa ii mpocropy ctaHiB. I[HmmM cnocoGoMm 3a0e3meueHHs CyBOpPOI
O1HApHOCT! BUXIJIHMX CUTHAJIB HEMPOHIB B CTIMKUX CTaHAX € JOJAaBaHHA /0 CHEPreTHYHOL
GyHKI1I1, 110 KOHCTPYIOETHCSA, JOAATKOBOI CKJIA0BO1, 10 AOCATAE MIHIMAJILHOTO 3HAYEHHS Ha
CTaHaxX MEpEeXi, B SKMX BHUXIJHI CHUTHAJIM HEHpoHIB OepyTh 3HaueHHs “0” abo “1” [14].
[TpuknamgoM Takoi GyHKITIT MOXKE CITY)KUTH HACTYITHA

0 (CRRL . Gy, 2
B =5 220 0uy) = ZZU—EJZZ“ (18)

ne G>0 — koHcranTa. JlomaBummM Led OOJAHOK 10 paHille HoOYyJOBaHOI €HepreTUYHOl
¢byHkuii, Hanpukian y Buriaai (19), orpumaemo

E'(u)== ZZZUJ. pt iiiujiu T iiiiujium

j=1 i=1 v=i j=1 i=1l p=i J:l i=1 p=1v=1
n C (19)

23S u-cn Y3 U, -FY Y uyr, +

j=1 i=1 j=1i=1 j=1 i=1

le

3B1IKM BU3HAYMMO HACTYIIHI MapaMeTpu HelpoMepexi MOLIyKy
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Tw=—A5,(1-6,)-B5,(1-5,)-C+G4,6, =

jiav iu™iv

=-A5,, - BJ, +(A+ B+G)é‘w§iv -C,

(20)

. S _cnorr j,mveln.

I 2 ji

OO6'ennaBmm Bupasu (20) i (16), MOXXKHAa CKOHCTPYIOBATH CHEPreTHYHY (QYHKIIO Y
TaKOMY BUTJISIT

E(u)_ ZZZUJI JV+ Zzzunum ZZUJI+ ZZU

j=1 i=1 v=1 j=1 i=1 p=1 j=1 i=1 j=1 i=1

21
A S0, B Su, ~FY Suyr, + (A+B) 21
j=1 i=1 j=1 i=1 j=1 i=1
3BIIKM LIyKaH1 MapaMeTpu MEpeX1 BU3HAYAI0ThCs HACTYITHUM YHHOM:
Tiw =—Ad,, —BS, +G6, 6,
| =[ArB-C|-Fr. | 1n (22)
i = + —E - rji,J,/l,VG ,N.

PamxyBaHHS 3amuTiB JIOAMHOMAIIMHHOTO CIIJIKYBaHHS Ta pO3Mi3HaBaHHS y pasi
€IMHOTO KPUTEPII0 3HAUYIIOCTI, TOOTO B IpaHMYHOMY BHUMajaky — V=1, peamnizyerbcs npu
HACTYITHOMY TPUITYLIEHHI: € 0e3J1iu 3HaueHb PEICBAaHTHOCTI CIHUCKY 3alMTIiB, 3HAWJICHUX B
pesynbtati 3anuty: {ri}, ieN=1...,n. B pe3yibTaTi paHXupyBaHHs, YUCJIa PO3CTABIISIOTHCS B
nopsiAKy 3pocTanss inaekcis j = z(i) Tak mo, Vjel..(n-1),r, <r,.

IMapa uucen {rg, r} 6yma odbpana A0BiIIbHO. AHAJIOTIYHI JOKa3:W MOKHA HAJATH 1 10 OYIb-
AKOl 1HIIO1 Mmapu yuced. 3okpeMa, ymosa (1) Oyne cnpaBeIIMBOIO JIl PI3HUX Map CYCITHIX
enmeMeHTiB. B cuiny Toro, mo Oyab-sfka IepecTaHOBKa MOXKe OyTH TMpecTaBicHa
CYIEPIO3UIIIE€I0 TPAHCIO3UII CYCITHIX €NeMEeHTIB, MaKCHMallbHE 3Ha4YeHHS JIHIHHOTO
¢dyHKImioHany Oyae mocsraTucs Ha TEPECTaHOBIl, B SKi BCI MapH CYCiHIX EIEMEHTIB
BiicopToBani [15]. TakuM 9mHOM, BHXiJHA 3agada TOIIYKY COPTYIHOUOi IMEPEeCTaHOBKU
3Be/leHa 10 ONTHMi3alii JiHIHHOTO (YHKI[IOHATy Ha MHOXHHI BCUISKUX MEpPEecTaHOBOK,
pO3B’si3aHHS SIKOI BHM3Ha4aeTbesl y BUrisiai (2). Jns po3s’si3aHHS Takoro 3aBJaHHS 3a
JIOTIOMOTOF0 HEeWpOomoniOHI Mepexki HaBeneMmo ii Helpomepe:keBoMy iHTeprmperamito [16].
VsBiMO OBiNBbHY mifcTaHoBKY J = (i) y BUMIAAi MaTpuli HeipoHiB [Vij] po3MipHicTio Nxn
HACTYITHUM YUHOM

(j=nr()) <V, =1), Vi, jeln. (23)

Ha 3micToBHOMY piBHI 30ymKeHuil ctan Helipona Vij=1 Biamoigae Tomy Qakry, mo I-i
CIIEMEHT BHXITHOI MHOYXHHH 3HAYCHb PEIEBAHTHOCTI I, 3aiiMae j-e micue B migctaHoBIt 7(i).
VYV Oyap-skoMy psSAKY 1 KOXKHOMY CTOBIILI Takoi MaTpulll MOBUHEH OYyTH pIBHO OAMH
30y/DKEHHI HEHPOH, OTXE CIPaBeIIMBI OOMEXEHHS BUITY:

Zvij =1,Vjeln,
. (24)
Zv =1, Vieln.
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HeiipomepexeBa iHTepmperamiss ontumizyrodoro «¢yHKIIOHATY Oyae mpeicTaBiieHa
HACTYITHUM YHHOM

n

pV) =2 3, Zn: Vi — max (25)

=1 =l

Lle 3aBepiuanbHUil eTan MO0y J0BH aJTOPUTMY.

5 OBI'OBOPEHHSA PE3YJBTATIB JOCJII/UKEHHSA

[lopiBHSIBIIM OCTaHHI BHpa3u 3 pe3yjbTaTaMU HEMpOMEpeKeBOi IHTeprpeTanii 3agadi
npo npusHaueHHs y Burisiai (1)-(4), mpuxoauMo 10 BUCHOBKY IMPO Te, LI0 ONTHUMIi3alliiiHa
MOCTAHOBKA 3a]1ayil JIFOIMHOMAIIMHHOTO CIIUJIKYBAaHHS Ta PO3Mi3HABAaHHS TOTOKHA MMOCTaHOBIII
3aJa4i Ipo MPHU3HAYEHHS 32 YMOBH, IO E€JIEMEHTH MaTpHIll MPOAYKTUBHOCTEH OCTaHHBOT
BU3HAYAIOTHCS K

c,=a;r Ljel..n (26)

Orxe, mnonanplie noOynoBa HEHPOMEPEKI JIIOJAMHOMAIIMHHOIO CHUIKYBaHHA Ta
po3mi3HaBaHHS Oy/ie MOBHICTIO 30iraTHCs 3 MOOYIOBOIO MEPEeXi THS PO3B’s3aHHS 3a7a4i PO
npusHadyeHHs. [Ipy iboMy nmapameTpu Mepesx AJis BUPIIIEHHS sIK IepLIoi, Tak 1 Apyroi 3axadi
OyIyTh BU3Ha4YaTHUCSA OJHUMHM 1 TUMHU K BUpPazaMu. 30Kpema, CKOPUCTaBLIUCh MapaMeTpaMu
Mepexi I BUPILIEHHS 3a4adl Ipo MPU3HAYEHHS 3 ypaxyBaHHSIM yMoOBH (22), oTpuMaeMo
napaMeTpy Mepesxi AJis BUPILICHHS 3a/1a4l COPTYBAaHHS B HACTYIIHOMY BUTJISIL:

Tjiyv :_Ab‘iy _é‘iv'
|, =—(A+B)-Fr,, j,mveln. (27)

ji?
BuxopucToByrouH iHII BUpa3u U1 BUZHAYCHHS TapaMeTpiB MEpexi, BUPIIIY€E 3aBJaHHS
Ipo TMpU3HAYEHHsS, MOXXKHA OTpPUMATH pPOAMHY HeHpomepexx i pO3B’si3aHHS 3a4aui
COPTYBaHHS JaHUX B CHCTEMI JIIOJMHOMAIINHHOTO CIJIKYBaHHS Ta pO3IMi3HABAHHS.

6 BHUCHOBKU

JlociKeHHs 1oKa3alio, 10 3aadl JIIOAMHOMAIINHHOIO CIIJIKYBaHHS Ta pO3Mi3HAaBaHHS
MOXYTb OyTH €(QEeKTUBHO IHTEPIPETOBaHI K 3a/]ayl PO MPU3HAYEHHA. 3a YMOBHU 3BEIIECHHS
3a/1aui Mpo MPU3HAYCHHS JO CTaHIApPTHOI (OpMHU, € KUTBKICTh TPyl KPUTEPIiB JOPIBHIOE
KUTbKOCT1 paH)KUPYBAHHMX 3aIUTIB, BIAETHCA JOCATTH ONTHUMAJIBHOTO PO3MOILITY PECypciB i
HIABUIIUTU TOYHICTb pO3MI3HABaHHs. BU3HaueHHS apXiTEKTypd HEMPOHHOI Mepexi, L0
BKJIIOYAE Mepexy OlHapHUX HEHWpOHIB, IMOKa3ajlo, IO s JOCATHEHHsS CTIMKMX CTaHIB
HEOOXITHO BpaxOBYBAaTH cCHEUU(DIUYHI XapaKTEPUCTHUKU Ta 3B'A3KM MDK HEHpOHaMH.
BukopuctaHHs eHepreTH4HOi (YHKIT uisi MiHIMIZalii OOMEXKEeHb 1 IIIbOBOI (QYHKITIT
JI03BOJISIE 3a0€3MEUYUTH CTAOUILHICTh Ta OMTUMI3AIi0 (YHKIIOHYBAaHHS HEHpPOMEpexKi, o €
KPUTUYHO BXKJIMBUM [l JAMHAMIYHUX HEHpOHHUX Mepex. lIpakTuuHa peamizailis Ta
BepH(ikallisi 3amponoOHOBAHOI MOJIENI IMOKa3aia, 1o HehWpoMmepexa Xomndiiga mMoxe OyTh
YCHINIHO 3aCTOCOBaHA JUIS pAaH)KyBaHHS 3alHTIB Yy CHCTEMax JIFOJWHOMAIIMHHOTO
CIUIKYBaHHA Ta poO3Mi3HaBaHHsS. Po3po0JieHi MeToAau [03BOJIAIOTH OTPUMYBATH TOYHI
pe3ybTaTH, SKi BIAMOBIIAIOTH CYKYIHOCTI OOMEKEHb Ta 3a0e3MeuyloTh BHUCOKWH PIBEHb
MPOAYKTUBHOCTI MPU BUPINIEHH] 3aB/IaHb PaHKYBaHHS.
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7  ETWYHI JEKJAPALT

ABTOpPH HE MarOTh BIAMOBITHUX (IHAHCOBMX YM HE(PIHAHCOBHMX IHTEPECIB, SKi CIIi
PO3KpHBATH.
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MOJAEJTIOBAHHA BOTHE3AXUCTY CBITJIOIIPO30PUX
OPACAJHUX KOHCTPYKUINA 3 BJIALLITYBAHHAM
3POLIIYBAUIB

Maii6opona P. 1.}, Pamkesuu H. B. %, Orpom 0. A., Baaayk II. I'.?

1 . o . . .
Hayionanvhuti ynieepcumem yusineHo2o 3axucmy Yxpainu

2 . . .
Ooecwvra deparcasna akademis OyOieHuymea ma apximexmypu

Anotanisi: [TonynsapHICTh CBITJIONPO30pUX MaTepiaiiB y OYAiBHHUIITBI, OCOOJIMBO B BHUCOTHHX
OyIIBISX, CTBOPIOE BUKJIMKH 100 BJOCKOHAIECHHS ITIIXOMIIB 0 3a0e3MeueHHS MOXKEKHOT Oe3MeKu.
CBRITJIONPO30pi KOHCTPYKIIii MaroTh oOMexeHy. I1ia yac moxesxi BOHM MOXYTh IIBUIAKO HarpiBaTHCS,
Tpickarucsi a00 HaBiTh PYHHYBATHCS, IO CHpPHUSIE MPOHUKHEHHIO BOTHIO B iHII YacTWHU OyAiBI Ta
301JIBIITY€ MIBHUJIKICTh MOMIMPEHHS TIOMXKEXKI.

B pobori po3rnsHyTi MpakTU4HI CIIOCOOM Ta MPUHOMU OOMEXXEHHS TOIIMPEHHS ITOXKEKi I10
dacamax OynmiBm, cepell SIKMUX 3aCTOCYBaHHS MPOTUIIOKE)KHUX KApHHU3IB, 3aXUCHHUX CEKpaHiB 3
BOTHETPUBKOI'O Marepiany, 0OMeXXeHHS IOl BIKOHHOTO OTBOPY, @ TAKOX 3aCTOCYBaHHS BOJSHOT'O
3porryBaHHs. BopsHe 3pomryBaHHS € €(EKTHBHMM METONOM TacCiHHS TMOXKEXKI 1 OXOJOMKEHHS
(acamHUX €JEeMEHTIB, aje HOoro mapamerpH, Taki SIK poOOYMil THCK, BUTPATH BOIH, PO3TAITYBaHHS,
TOIIO NOTPEOYIOTH PETENBHOTO AOCIHIIKEHHS JJIS1 JOCATHEHHSI MAKCUMAJIbHOT €(DEKTUBHOCTI.

Meroro naHoi poOOTH € 3a JOINOMOrOK MPOrpaMHOro KOMIUEKCY PyroSim  mocmimuTu
e(eKTHBHICTh 3aCTOCYBaHHSI 3pOIIYBayiB JUIA 3aXUCTY CBITJIONMPO30OPUX KOHCTPYKLiN dacamy
BHUCOTHUX OyJIiBEJIb Ta BU3HAYUTH iX OCHOBHI NTApaMeTpH.

3a momomororo PyroSim Oyna cTBopeHa AeTanbHa TPUBHMIpHY MOJENb, K4 BPaXxOBYE CKIIAAHI
reoMeTpuuHi ¢opmMu OyJiBii Ta BIUIMB MPOTUIIOKEKHUX CHCTEM 3 YpaxyBaHHSM 0COOIMBOCTEH
cBiTIONPO30pHX (hacamiB. Y Xoni AOCIIKEHb TaKOX BPaxXOBaHI CTPYKTYPHI €IEMEHTH, IO MOXYTb
BIJIMBATH HA IMOMIMPEHHS BOTHIO 1 JUMY, a cCaMe€ XapaKTepUCTUKWA MarepialiiB, IMOXKexHE
HABaHTAXXCHHS, BCTAHOBJICHHA BIKOHHUX OTBOpPiB. PyroSim, MOZeNO0YM MOMIUPEHHS MOXEXKi,
JI03BOJIMB BpaxyBaTH TEIUIOBI 1 JMMOBI MOTOKH, KOHBEKTUBHHW BIUJIMB, IO BHHUKAIOTH TiJl Yac
TTOJKEXKI1, a TAKOXK B3aEMOJIIF0 3POIITYBaYiB 3 TETUIOBIM HAaBaHTAKEHHSIM.

Pesynbrarn MozmentoBaHHS MOXYTh OYTHM BHKOPUCTaHI JIJIsl ONTHMi3alii MPOEKTyBaHHS
MPOTHIKESIKHUX CHUCTEM 1 3a0e3MeYeHHs BiIIOBIIHOCTI OYIIBEIBHUX HOPM IUTAHHSAM ITOXKEKHOI
Oe3nexu. 30KpeMa, MOJCIIOBaHHS 103BOJIIE€ BU3HAUYMTH HAHOUIBbII e(eKTUBHI crIocoOM PO3MIIIEHHS
3pOlIyBayiB, BPaxXxOBYIOUM CIEIU(IYHI YMOBH Ta KOHCTPYKIIIMHI OCOOJMBOCTI OymiBii. 3aBasku
bOMY MO>KHA HE JIMILIE MiJBUIIUTH PiBEHb 3aXUCTY OYyIiBeJIb Bill TIOXKEXK, ajle i MiHIMi3yBaTH BUTPATH
Ha BCTAHOBJICHHS 1 0OCITyTOBYBaHHS TIOKEKHUX CUCTEM.

KirouoBi cj1oBa: noxesxa, MOJEIIOBaHHS, pyHHYBaHHs, 3pouryBay, PyroSim.

MODELING OF FIRE PROTECTION OF TRANSPARENT
FACADE STRUCTURES WITH SPRINKLERS

R. Maiborodal, N. Rashkevich!, Yu. Otrosh!, P. Balduk?
!National University of Civil Defence of Ukraine
‘Odesa State Academy of Civil Engineering and Architecture

Abstract: The popularity of translucent materials in construction, especially in high-rise
buildings, creates challenges for improving approaches to fire safety. Translucent designs have a
limited. During a fire, they can quickly heat up, crack or even collapse, which helps the fire to spread
to other parts of the building and increases the speed of fire spread.
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Practical methods and methods of limiting the spread of fire on building facades are considered
in the work, including the use of fire eaves, protective screens made of fire-resistant material, limiting
the area of the window opening, as well as the use of water irrigation. Water irrigation is an effective
method of extinguishing fire and cooling facade elements, but its parameters, such as working
pressure, water flow, location, etc., require careful research to achieve maximum efficiency.

The purpose of this work is to use the PyroSim software complex to investigate the effectiveness
of sprinklers for the protection of transparent structures on the facade of high-rise buildings and to
determine their main parameters.

With the help of PyroSim, a detailed three-dimensional model was created, which takes into
account the complex geometric shapes of the building and the impact of fire protection systems, taking
into account the features of translucent facades. In the course of research, structural elements that can
affect the spread of fire and smoke are also taken into account, namely the characteristics of materials,
fire load, installation of window openings. PyroSim, simulating the spread of a fire, made it possible to
take into account heat and smoke flows, convective effects occurring during a fire, as well as the
interaction of sprinklers with the heat load.

The results of such modeling can be used to optimize the design of fire protection systems and
ensure the compliance of building regulations with fire safety issues. In particular, modeling allows
you to determine the most effective ways to place sprinklers, taking into account the specific
conditions and structural features of the building. Thanks to this, it is possible not only to increase the
level of protection of buildings against fires, but also to minimize the costs of installing and
maintaining fire systems.

Keywords: fire, simulation, destruction, sprinkler, PyroSim.
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1 BCTYII

Temnu BucOTHOro OyIIBHUILITBA, 3 BUKOPUCTAHHSIM CBITJIONPO30PUX KOHCTPYKLIH,
HEYXWJIbHO 3pocTatoTh. Lle sBuiie mae Ge3niu mepeBar, TakKMX SIK €CTETUYHICTb, PUPOJHE
OCBITJICHHS, eHeproe()eKTUBHICTh, MTaHOpaMHMK BUTIIA. OMHAK, TTOPST 3 MU IepeBaram,
3pOCTa€e BaXKIMBICTh MUTaHb MOXKEKHOT Oe3neku. CBiTnonpo3opi dacaau, xoua i mpuBabIUBI
Ta (YHKIIOHAJTBbHI, MOXKYTh CTBOPIOBATH TEBHI BUKIUKU 3 TOUKH 30pYy 3aXHUCTY BiJ] TOXKEKI.
[Tpu BUHUKHEHHI 3aliMaHHS B OJHIN YacTUHI OyAiBJi, TEIJIO MOXE IIBUIKO IMeperaBaThcs
yepe3 CKIIAHI KOHCTPYKIIT 10 1HIIMX YaCTHH, 30UIbIIYIOYN PU3HK MOIIMPEHHS BOrHIO. Brcoki
TEeMITepaTypyd MOXYTh CHPUYUHUTH TPIIIUHK a00 HABITH PO3PHUB CKISTHUX KOHCTPYKIIIH, IIO
CTBOPIOE JIOJATKOBI HEOE3MEKM JUIsl eBakyallii Jrofed Ta poOoTH TokekHUX. [lutaHHS
3a0e31eueHHs OKEXHOI 0e311eKH BUCOTHUX OYAiBeNb € akTyallbHuM [1, 2].

BaxmBoro  ckianoBoro 3a0e3meueHHs OE3MeKM € BHKOPHCTAHHS —BOTHECTIMKHX
MaTepiajiB y KOHCTPYKLISX paM Ta yIIIJIbHEHb CBITJIONpo30opux (acaniB. OpHak, HaBITh 3
ypaxyBaHHSIM IIUX 3aX0JliB, €PEKTUBHICTh 3aXHCTy MOXe OyTH 0OMEXeHOK 0e3 J0IaTKOBUX
CHCTEeM aKTHUBHOIO 3axucTy. OJHUM 3 MEepCHeKTUBHUX PILICHb € BCTAHOBJIEHHS 3pOIIYBayiB,
SKi MOXYTh 3HAYHO MiJIBUIIUTH PiBEHb OE3MEKU. 3pOIIyBayi € YaCTUHOK aBTOMATHYHHUX
CHCTEM MOXKEXKOTaclHHS, SIKI aKTUBYIOTbCSI IIPU BUSBJICHHI MOXKEXI Ta 3a0€3M1€4yI0Th IIBUIKE
OXOJIOJKEHHSI KOHCTPYKIIiH, 3amo0iratoun ix pyiHyBaHHIO Ta OIIUPEHHIO BOTHIO.

2 AHAJII3 JIITEPATYPHUX JAHUX TA IIOCTAHOBKA ITPOBJIEMHU

J1o 3axo/iB 11010 OOMEKEHHsI MOIIMPECHHS MOXKEKI Ha (acaji BiZHOCATHCS aKTHBHI Ta
MACHUBHI 3aX0JId TMPOTHIIOKEKHOTO 3aXHCTy OyaiBeib. J[0 aKTMBHHUM 3axojaM BITHOCSITh
IPUCTPIM CUCTEM aBTOMATHUYHOTO MOKEXKOTaciHHS ab0 BOASHOIO 3pPOLIEHHSI CBITIONPO30PUX
dacaniB OyziBenb, 10 MAaCUBHUX - KOHCTPYKTHUBHI pillleHHS (acaaiB abo OyniBenb, IO
MEePEeNIKO/KAIOTh BUXONY MOJIyM's Ha (acaa abo JIOKani3yloTh HOro po3Mmipu B MPUHHATHX
MeKax (BepTUKAJIbHHUI MIXXKITOBEPXOBHIA MOSIC YU TMPOTHIIOKEKHI KO3UPKH) [3].

Ceitnonpo3opi KOHCTPYKIII TOBWHHI BIAMOBIAATH BHUMOTaM BOTHECTIHKOCTI, IO
3a0e3nedye 3amoOiraHHs MOMIMPEHHIO BOTHIO HA IHIN TMOBEPXHM YM YACTHHU OYHiBIIi.
BaxJMBOIO YMOBOIO € NIPaBUJIbHE BUKOHAHHS CTHKIB 1 3'€JHAHb MK OKPEMHMH €JIEeMEHTaMH
dacany /s 3aM00IraHHs YTBOPEHHIO TTPOMIXKIB, Yepe3 sKi MOXKe MOLIMPIOBATUCS BOTOHB [4].
KpiMm Toro, HeoOXigHO mepeq0aYuTH BCTAHOBJICHHS TNPOTHIIOKESKHUX Oap'epiB, sKi
YCKJIaJHIOIOTh MOIIMPEHHS MoayM'st y310Bxk ¢acamy [5]. MiKnoBepXoBi MOsSCH BUKOHYIOTh
poiib Oap'epiB, uepe3 sKi MOXKeka HE MOBUHHA mepeiTh Ha moepX. OJHAK y BUCOTHHUX
OyAMHKaxX 13 30BHIIIHBOIO OOKYy BHHHUKAIOTh 3HAuUHI, BEPTUKAJIbHO CIPSIMOBaHI BITPOBI
MOTOKH, 3[aTHI BINIUBATH HA XapaKTep 30BHIIIHBOT 0K EXI.

3HayHa YacTMHA HAyKOBHUX Ipallb MPUCBSYEHA PO3pOOI Ta BAOCKOHAJEHHIO METOMAIB
BUIIPOOYBaHb Ha BOTHECTiiKicTh [6,7] BBemeHHs HOBHMX CTaHIApPTIB Ta MPOTOKOJIIB
TECTYBaHHS J03BOJISIE OTPUMYBATH OLJIBII JOCTOBIPHI Ta PENPE3EHTATUBHI PE3YJIbTATH.

BoruecTifikicTb CBITJIONPO30pOI KOHCTPYKLIT 3aJIeKUTh HE TUIBKM BiJ BOTHECTIHKOCTI
CKJIONIAKeTa, ajie M BiJ EJEeMEHTIB HeCyuyuxX KOHCTPYKLIH Ta X 34aTHOCTI YMHUTHU OIIp
noexi. J1ocmiKeHHs: BOTHECTIMKOCTI BOTHE3aXUINEHUX 3a1i300€ TOHHUX KOHCTPYKIii [8, 9]
€ B@XKIMBHM KpOKOM JIO IIJBUIICHHS IIOXEXKHOI O€3MEeKH BHUCOTHHX OymiBelab 3
CBITJIONPO30PUMH KOHCTPYKIIISIMHU, 3a0€31euyroun 00MEKCHHSI MO PEHHS BOTHIO.

JlocTmimKYyIOThCA PI3HI MIAXOAM A0 MOJETIOBAHHS TMOXKEKHHUX CUTYyallld, BKIIOYAIOUU
eKCIIePUMEHTAJIbHI BUIIPOOYBaHHS B JJAOOPATOPHUX YMOBaX Ta KOMITFOTEPHE MOJICITIOBAHHS
[10].

Hocnigauku [11, 12] 30cepe/kyroTh CBOKO yBary Ha po3poOili HOBHX TEXHOJIOTIH, M0
MiABUIIYIOTh BOTHECTIMKICTh CBITIIONPO30puX QacaiB. BukopucTaHHs HOBHX Marepialis,
Moau(iKallisl apXITEKTypHUX pILIEHb Ta BJOCKOHAJIEHHS CHUCTEM BEHTUIIALII Ta 1HXKEHEPHHUX
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KOMYHIKaIllil — BCe 1€ CTa€ 00’ €KTOM AOCIIKEHb sl 3a0€3MeueHHs] HaAliHOT 3aXUCTy BiJ
MOXKEX1.

Tak, snoHcbkuit BueHmii [13] 3a pe3ynbraTaMu YHMCIEHHHX BOTHEBUX CKCIICPUMEHTIB
BCTAHOBHUB, IO TOPU3OHTAJIBHHA KO3UPOK po3mipoMm 0,74 M, po3TalIOBaHUN HajJ BIKHOM
NPUMIILIEHHS, 10 TOPUTh, HE JO03BOJSE MOIYM's 3pYHHYBATH BHUILE PO3TALIOBAHE BIKHO.
Pe3ynbTaTté nuX AOCHTIKEHb 3pOOMIIM BHECOK Y HOPMATUBHI BUMOT'H 0aratbox KpaiH.

3apyoOixkaumu BueHuMHU [14, 15] 3a pesynbTatamMu HayKOBUX IOCTIKEHb 3pPOOJICHO
BHUCHOBOK y TOMY, IO Y BHCOTY TOJYM'S MOXEXi, IIO BHXOIWTh 3 BIiKHA IaJlAl04uoro
MPUMIIIEHHS, BIUIMBAE MOTYXXHICTh BOTHHINA TOXEXKI, a TAKOX CIIBBIAHOIICHHS PO3MipiB
BIKOHHOr0 0TBOpY. ClipaBeaJInBO NMPUIYCTUTH, 110 OJHUM 13 aKTUBHUX METOJIIB OOMEKEHHS
NOIIMPEeHHsT TOoXexXi Ha ¢acani OyniBai Moke OyTH MeETOA, 3aCHOBAaHUH Ha 3HIDKCHHS
PO3MipiB (TIOII1) BIKOHHOTO OTBOPY, Yepe3 SIKUM MOJyM's MOJKE BUXOJUTH Ha30BHI.

VY poboti [16] mpencTaBieHi HAOYHI PeE3yIbTaTH KOMI'TOTEPHOTO MOJICTIOBAHHS, IO
XapaKTepU3ylOTh MO3UTUBHUM BIUJIMB HASBHOCTI KO3UPKIB HAa OOMEKEHHS BIUIMBY MOJIyM's Ha
dacan Oyaismi.

B poGoti [17] HaBoAsATbCA pe3yJbTaTH HATYPHUX JOCIIDKEHb 3arapTOBAHOrO CKia 3
BUKOPHCTAHHSIM BOJSHHX 3POIIyBayiB. 3a3HAYAETHCS, [0 CUCTEMa BOASHOTO CIPUHKIIEPHOTO
3pOLIEHHS 3/1aTHA MiABUIIUTHU CTIMKICTh CKJa B YMOBaX MOXKEX1 MPOTATOM T'OIUHHU.

OpHak, BOISHE 3POMLICHHS, SK CIOCIO 3aXHCTy, Ma€ YHCIEHHI MPOTUPIYYS Yy CBOIH
e(EeKTHBHOCTI, a TAKO)K BUMAarae BpaxXyBaHHs BEJIMKOI KiJIbKOCTI KPUTEPIiB, K BIJIUBAIOTh HA
e(eKTHUBHICTb 3aXHUCTY.

3  ILJIb TA 3AJIAYI JOCTIDKEHHS

MeToro pobOTH € TOCTIKEHHS €(QEKTUBHOCTI 3aCTOCYBaHHS 3pOIINYBadiB I 3aXHCTY
CBITJIONPO30pPHX KOHCTPYKIIKA ¢acaay BHCOTHHX OyAiBelb Ta BHU3HAYUTH 1X OCHOBHI
apaMeTpHu.

JI71st TOCSITHEHHS TTOCTABJICHOI METH HEOOXITHO BUPIIIIUTH HACTYITHI HAYKOB1 3aB/IaHHS:

— TIpoaHaNi3yBaTH NUTaHHS  3a0e€3ME4YeHHs  BOTHECTIHKOCTI  CBITJIIOMPO30pHX
KOHCTPYKIIiii;

— 0OrpyHTYBaTH BHOIp IHCTpYMEHTANbHOI 0a3u s BU3HAUYEHHS €()EKTUBHOCTI 3aXHUCTY
3pOIIyBa4aMu CBITIONMPO30pHX KOHCTPYKLIH (hacaay BUCOTHUX OyaiBenb

— 3a JIONOMOrOI0 IPOrpaMHOro Komiuiekcy PyroSim mpoBecT MOJENIOBaHHS MOXKEXI
BHCOTHUX OY/IBJISX 31 CBITJIONMPO30PUX KOHCTPYKIIH (acaay 3 yJamTyBaHHSIM 3pOIITYBadiB.

4 PE3YJBTATHU JOCJIIKEHb

[Toxkex1 y BHUCOTHMX OyAMHKax, L0 BiOYBAalIOTbCS Yy BCbOMY CBITI, CB1AYaTh MPO
XapakTep iX HOLIMPEHHsI 3 30BHIMIHBOI CTOpoHM OyxiBii. Lle € 3HAUHMM BHMKJIMKOM IS
3a0e3MeYeHHS MOXKEeKHOI Oe3MeKH.

Ha pucynkax 1-5 HaBeneHi pe3oHaHCHI MOJil, SKi MOB’S3aHI 3 MOXKEKaMU B BUCOTHHUX
OyIiBIIsX.
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L enae XV

Puc. 3. Iloxexa y m. Minan, Itamist (29 cepras 2021 poxy).
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Puc. 5. Tloxexa y m. [Iyoai, OAE (27 uepsast 2023 poky).

Ha po3BuTok mokexi mo ¢acagy BHUCOTHHUX OYIMHKIB BIUIUBAE: IMOTYKHICTH BOTHHIIA
HOEXKi (UMM TOTYKHIIIE BOTHHUIIE MOXKEXK1, TUM OUIbIIE TEIJia Ta MOJyM'ss BUAUISETHCS, 110
CIpusie MBUJIIOMY HarpiBaHHIO 1 3aiiMaHHs (hacaJHUX MaTepialiB); roprouya odpodka dacary,
[0 BHKOPHUCTOBYEThCS ISl OOJIMLIOBAHHS, YTEIICHHS, YIIUIbHEHHS, 30BHIlIHI yMOBH (BiTep,
KOHBEKTHBHI TIOTOKH, SIKi MiIHIMAOTh TOJIyM'sl, Tapsde TOBITpsS Ha OUIbIIY BHCOTY BTOpPY B3J0BXK
(bacany).

BornecTifikicTh CBITJIONPO30pOi KOHCTPYKIIi € OJHMM 13 OCHOBHHMX acCIHEKTiB TpHU
MPOEKTYBaHHI 1 BUOOpi MarepianiB it QacamiB OyaiBenb, BHU3HAYAIOYM 3JaTHICTh
KOHCTPYKIIii MPOTHCTOATH BIUIMBY BOTHIO IPOTATOM IIEBHOrO 4Yacy, 3amo0irarodm #Horo
MOIMPEHHI0 Ta 3a0esmeuyroun Oe3meky Jmrofe 1 30epexeHHs MaiiHa. OCHOBHUMH
¢dakTopami, 1110 BIUIMBAIOTh HA BOTHECTIMKICTh, € MaTepialii Ta KOHCTPYKTUBHI PIIICHHS.

Marepianu, 110 BUKOPHUCTOBYIOTHCS, BKJIOYAIOTh CHELialbHE BOTHECTIHKE CKIO, SIKE
Mo)ke OyTu OaraTomapoBUM a0oO JTaMiHOBAHHMM i3 3aCTOCYBaHHSM CIIEIiallbHUX IJTBOK 1
HAMOBHIOBAYiB, IO 3[aTHE YTPUMYBAaTH CBOIO IIUTICHICTH 1 130JIFOFOYI BIIACTHBOCTI TpHU
BHUCOKHX Temmeparypax. Jis pam i mpodiniB BUKOPUCTOBYIOTHCS allfOMiHi€BI abo craneBi
npodiai 3 BOTHECTIMKUM 3allOBHIOBaYeM a00 MOKPUTTAM, IO MiJBHUIILYE X BOTHECTIHKICTD.
CBITJIONPO30pi KOHCTPYKIIii MOBUHHI MTPOXOJIUTH OOOB'SI3KOBE TECTYBAHHS HAa BOTHECTIHKICTh
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y cepTu(iKOBaHUX JIA0OpaTOPisiX, 1€ BHU3HAYAETHCS YaAC, MPOTITOM SIKOTO KOHCTPYKIIIA
30epirae cBOi 3aXHCHI BIACTUBOCTI IIPU BIUIMBI BUCOKHX TeMiiepaTyp. KpiM Toro, HeoOxiiHO
BHKOPHCTOBYBATH ITPOTUIIOKEKHI Oap'epu, yIIUIbHIOBAYI 1 TEPMETUKH, L0 MEPEUIKOIKAIOThH
MOIIMPEHHIO BOTHIO 1 TUMY Uepe3 CTUKH 1 3'€THAaHHS KOHCTPYKITIH.

KOHCTpYKTHBHI pillleHHSI MalOTh BPaxOBYBaTH THUIT KOHCTPYKIIIT 1 i1 B3aEMOJIit0 3 IHIIIUMH
eleMeHTaMu Oy[iBJi, IHTErpylO4YM BOTHECTIIKI CBITJIONpo3opi ¢dacagu 3 CHCTEMaMu
MPOTUIMIOKEKHOTO  3aXHCTy, TAaKUMH SK aBTOMAaTU4YHI CHCTEMH TOXKEKOTaciHHS 1
JMMOBH/TaJICHHS.

3acTocyBaHHS NPOrpaMHOro Komriekcy PyroSim ans Bu3zHaueHHA eQEeKTHBHOCTI
3aXHCTY 3pOLIyBadaMy CBITIONPO30PUX KOHCTPYKLIH (acaay BUCOTHHX Oy/iBENb MOJIArae B
MPOBEJIEHHI JIETAJIBHOIO MOJEIIOBAaHHSA Ta aHalli3y NOXEXHUX cleHapliB. PyroSim e
MOTY)XHHM IHCTPYMEHTOM, IO JIO3BOJISIE CUMYJTIOBATH MOIIMPEHHS BOTHIO Ta BIUTUB CHCTEM
MPOTHUIOKEKHOT O 3aXKUCTY, BKIIOYAIOUH 3pOIIyBaYi.

Buxopucranns PyroSim nepenbayvae:

1. CtBOpeHHs TpuBUMIpHOI MOeNl OyA1BII.

2. Po3MileHHs 3polTyBayviB.

3. MonemoBaHHS MTOXKEKi.

4. AHaJli3 TEIUIOBUX IMOTOKIB 1 TEMIIEPATYPHUX IOJIIB.

5. Bizyamizartis i 3BiTHICTb.

6. OnTuMizalis CHCTeM MPOTHITOKEKHOTO 3aXHUCTY .

Ha ocHOBi pe3ynbTaTiB CHUMYJIAIIi MOXKHA migiOpaTH onTUMajbHE PO3TAllyBaHHS Ta
napaMeTpy 3pOIIyBayiB JUIsl MiIBUILIEHHS €(EeKTUBHOCTI 3aXUCTY.

Buxopuctanus PyroSim pgo3Bosisie 3A1MCHUTH KOMIUIEKCHUN aHai3 e(peKTUBHOCTI
3aXHCTy 3pOllyBayaMH CBITJIONPO30PHX KOHCTPYKLIM dacagy BHUCOTHUX Oy/iBEb,
3a0e3Meuyoud BHCOKHH PIBEHb MPOTHUIIOKEKHOI OE3MEKHM Ta 3axXMCTy MaiHa Ta JKUTTS
JIOJIEH.

Jlis  BU3HAYEHHS TapaMeTpiB 3pOIIyBadyiB 3 METOK 3aXUCTy CBITJIIONMPO30pPHUX
KOHCTpPYKIiN (acany BUCOTHHUX OyAiBeab B mporpaMHoMy KoMmiuiekci PyroSim Oyio
CTBOpEHO (puc. 6) ¢pparMeHT MOHOJITHOI 3ai300€TOHHOI BUCOTHOI OyaiBii (6 moBepxiB) 3
rabapuTHUMH PO3MipaMu:

— 3arayibHa BHUcoTa — 18 M;

— BUCOTA MOBEPXY — 3 M;

— mmpuHa — 14 m;

— raubuHa 10 M;

— kojouH - 0,6 x 0,6 M

— 30BHIIIHI HE Hecydi cTian — 0,12 M;

— neperopoaku — 0,12 m;

— nepekpurta — 0,2 m;

— JIOBXKMHA KIMHATH — 5,5 M;

— rnuOuHa KIMHATH — 7 M.
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Puc. 6. Mozens OynuHKy BinTBopeHoro B PyroSim.

OCHOBHI KOHCTPYKTUBHI €JI€MEHTH OYIMHKY BHUKOHAHO 3 MOHOJITHOIO OETOHY THIY
«Oeron Baxkuil» rycrmHono 2280 kr/mM®, muroma Temnoemuicts 2,04 kJlx/(kr-K) Ta
teronposignicTio 1,35 Br/(M-K). Temnepatypa naBkonumuboro cepeposuma — 20 °C.
Hanpsmok Ta cuna BiApy HE BpaXOBYBaJoCh.

dacan OymiBiai BUKOHAHO i3 JABOKaMepHOro ckjonakery. Posmipu BikoH — 1,3 x 3 M.
I'ycruna ckna — 2500 kr/m®. Tlutoma Temnoemuicts — 0,68 kJIx/(xr-K). TemnonposigHicTs —
0,06 Bt/(m°K).

JIJiss MOXKJIMBOCTI BU3HAYCHHS 3HAYCHB TEIUIOBOI'O IMOTOKY, IO HAIXOIUTh BiJl TMOXKEXKI,
po3mimieHo 15 naTuukiB Ha 3aaHIN BiJ MiCIIsI MOXKEXI TOBEPXHi CKJa BIKOH (puc. 7).

Puc. 7. Po3aMileHHs AaTYUKIB HA 3aHIN BT MiCIIsI ITOXKEKi IIOBEPXHI CKJIa BIKOH.

3a BUXIJHMMH YMOBaMH IOKEXa BUHUKAE BHACITIJOK HEOOEPEKHOIO MOBOHKEHHS MiJ
yac KypiHHs. [lokexHe HaBaHTa)KE€HHsI Ha NIOBEPCI 32 aHAIITUYHUMH JaHUMH B CEPEIHHOMY
cranoBuTh 660 KBT/M? i3 MakcuManbHOKW Temmeparyporo ropinus 1180°C. IMommpenus
noyiyM’st TI0 TpuUMilIeHHI BigOyBaetbest 13 mBuakictio 0,027 m/c. Ilim wac mpoBeneHHS
pPO3paxyHKIB HE BpaxoByBaJach po0OTa CHCTEM MPOTHIIOKEKHOIO 3aXHUCTy, IMOXKexKa
po3BUBaiacs BiJIbHO.

Bincranp Bif 3pollyBayiB, II0 PO3TALIOBYIOTHCS BCEPEIMHI MO MEPUMETPY 30BHIIIHIX
OrOpO/KYBAJILHUX CBITJIONPO30PUX KOHCTPYKUIN dacany, 10 HUX KOHCTPYKLIA CTaHOBUThH —
0,5 M, a BiACTaHb MIX 3polIyBauyaMu — 2 M (puc. 8).
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| |
Puc. 8. Po3MillieHHs 3poiyBayiB 1o nepuMeTpy 30BHILIHIX OTOPOPKYBAILHUX CBITIOMPO30PUX
KOHCTpYKIIiN (acay.

[TapameTpu 3pomryBaua (puc. 9):

— TemIiepaTypa crpaioBans — 74 °C;
— BuTpatu Boau — 0,8 11/c;

— po6ountii Tuck — 7 Ia;

— k-¢akrop — 85;

— TUII CTPYMHUHHO] Teuil — KOHIYHUH.

Puc. 9. Burnsan cipusakIiiepa 3poiryBajgbHOTO.

Ha 146 (+1) cexyHal BiJg MOYaTKy MHOXEX1 B1IOYBa€eTbCs CHPALOBAHHS HEPILOroO,
miBime posTamoBaHoro crpuHkiepa (puc. 10), ma 133 (*1) cekyHal copamboBye
neHtpanbHui (puc. 11) ta Ha 134 (£1) cexyHal crnpalbOBY€ OCTaHHIM CHpPUHKIIEp, SIKUI
po3TanioBanuii mpaBopyu (puc. 12).

Maiibopona P. 1., Pamkesud H. B., Orpomr 1O. A., bannyk IL T
https://doi.org/10.31650/2618-0650-2024-6-2-160-174 168



https://doi.org/10.31650/2618-0650-2024-6-2-160-174

Mexanika Ta MareMaTduHi MeTomu [/ % V1/2/2024
Mechanics and mathematical methods Crop. 160-174 / Page 160-174

Puc. 11. I'pacdiune 300paskeHHs CIIPAIFOBAHHS PYroTo CIPHHKIIEpa

Puc. 12. I'padiune 300pakeHHs CIIPaIIOBaHHS TPETHOTO CIPUHKIIEpA

MaxkcumarbHe 3HAYeHHs MMaJaloyoro TEIJIOBOrO MOTOKY Ha 3a/Hii YacTUHI CKia 3
HeoOIrpiBHiil 4acTHHi craHoBWiIa He Oimbmie 2 kB1/M2, mo B 20 pasiB MeHIIE KPUTHYHOIO
3naueHns — 40,3 kBT/M%, Ipu AKOMy ONMPAIOYMCh HA HAYKOBi JOCIIUKEHHS HE BilOyBa€ThCA
pYHHYBaHHS TOJBIHOTO CKJIOMAaKeTa 31 He3arapToBaHOT O CKJIAa TOBIIUHOKW 6 MM (puc. 13).
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Puc. 13. I'padik 3HaUeHb Maal090T0 TETUIOBOTO ITOTOKY HA 3aJHIH YaCTHHI CKJIa 3 HEOOIrpiBHOI YaCTHHU Y
JIBOX TOYKaXx.

3MEHIIICHHsST 3HA4YeHb TEIUIOBOrO MOTOKY B 20 pasiB BiIl JOMYCTUMHUX 3HA4Y€Hb €
pe3yJbTaTOM POOOTH CHPUHKIIEPHHUX 3POIITyBadiB 3 BUTpaToro Boaw 0,8 m/c.

B momanpmiomy, HEe 3MIHIOIOYM YMOBH, IPOBEICHO MOJCITIOBAHb I BU3HAYCHHS
MiHIMaJIbHUX 3HA4E€Hb BUTPAT BOJM 31 3pOIIYyBayiB 11 3a0e3neueHHs e()EeKTUBHOIO 3aXUCTY.

3menmyroun Butpat Big 0,8 n/c mo 0,7 n/c, 0,6 n/c, ta 0,5 y/c 3HAYECHHS TEMJIOBOIO
IOTOKY Ha 3ajHili YaCTMHI CKJa 3 HeOoOIrpiBHil 4acTuHi migsummnaca 3 2 kBr/M? no 10,5
kB1/M?, 21,2 kxB1/M?, 36,5 kB1/M? Bimnosiguo (tabm. 1).

Tab6anuns 1.
3HaueHHs TEIJIOBOro NOTOKY Bij MOXKEX1 Ha 3a/IH1 YaCTHHI CKJIa 3 HEOOIrpiBHIIM YacTUHI
3aXUILEHOr 0 3pOLIyBayaMu MpU Pi3HUX BUTPATaxX BOJIMU 3 HUX

Ne3/m | Bwutpatu Boau 3i 3ponryBada 3Ha4YeHHs TEMIOBOr0 MOTOKY BucHoBok
1 0,8 n/c 2 kBt/M? 3a710BOJIbHSIE
2 0,7 n/c 10,5 kB1/M? 3a/10BOJIbHSIE
3 0,6 n/c 21,2 kBt/m? 3a710BOJIBHSIE
4 0,5 n/c 36,5 kB1/M? 3aJI0BOJIbHSIE

[IpoBiBIIM psAZ YMCENBHUX PO3PAaxXyHKIB 3a JomoMoroi PyroSim Oyno BU3HadeHO, 110
Uit eeKTUBHOTO 3aXUCTy CyLUIbHOrO (hacany 3anmizo0eToHHUX OyiBesb, SKUH BUKOHAHO 13
MOJIBITHOTO CKJIOMAaKeTa 31 He3arapToBaHUMU CKJIOM TOBIIUMHOIO 6 MM po3Mipamu 1,3 X 3 M, 3
PO3MILIEHOMY B HbOMY IIOKEKHHM HABaHTaXKEHHAM 660 KBT/M? Ta MaKCHMAlIbHOKO
temnepatypoto ropinas 1180 °C, mocTaTHO pO3MICTHTH TPH 3pOIITyBayi.

Bincranp Bin 3porryBayiB, IO PO3TAIIOBYIOTHCS BCEPEAWHI MO MEPUMETPY 30BHIIIHIX
OrOpPOJKYBAJILHUX CBITJIONPO30PUX KOHCTPYKIiN (acamy, A0 HUX KOHCTPYKIM MOBHHHA
craHoBUTH - 0,5 M, a BIICTaHb MK 3pOIIyBa4aMHu - 2 M.

Tak sx mig yac po3paxyHKiB He OyJio B3ATO [0 YBard 3MiHY TeMmIeparypu
HaBKOJIMIITHHOT'O 3aJI&KHO BiJl MOPH POKY, MOXIMBY 3MiHY pPO3TallyBaHHS ITOKEKHOTO
HaBaHTAKCHHsI, 0yJI0O YMOBHO IPUIHATO KoedilieHT Oe3neku - 1,3.

MiHiMaJIbHI TapaMeTpH 3poliyBaya CTAHOBUJIM:

- TeMIiepaTtypa crpaioBanus — 74 °C;

- BuTpatu Boau — 0,6 11/c;

- pobounii Tuck — 7 Ila;

- K-pakTop — 85;

- THII CTPYMHMHHOI Teuii — KOHIYHUH.

3pouryBadi  MOXYTb OyTH Jyke e(EeKTUBHUMH I 3aXUCTy CBITIONPO30pUX
KOHCTPYKIIi pacaay BUCOTHUX OYIiBEIb.
Maiibopona P. 1., Pamkesud H. B., Orpomr 1O. A., bannyk IL T
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BukopucTanHs 3pomryBadiB € BaXKJIMBHM 3aXOJOM 3a0€3MEYECHHS IMPOTHIIOKEKHOI
Oe3nexu. 3polryBadi MOXKYTh 3HAYHO IMIJBUILUTH PIBEHb 3aXUCTY, 3al100Iral0yy MOLIUPEHHIO
BOT'HIO Ta 3MEHIITYHOYH IIKOY BiJ IOXKEXI, a came:

— CIPUSIOTH OXOJIO[DKEHHIO CBITJIONPO30PUX KOHCTPYKLIN, 3HHXKYIOUH TEMIIepaTypy
cKJla 1 MeTasieBUX NpoduliB (e 3amodirae iXHboMY Je(GOopMyBaHHIO 1 PYWHYBAHHIO ITij
BIUTMBOM BHCOKHX TEMITEPATyp);

— 3MCHIIYIOTh TEIJIOBE BUIIPOMIHIOBAHHS;

— 3MEHINYIOTh PHU3UK YTBOPEHHS TPINIMH y CKJi Yepe3 TEIUIOBE HaBaHTAXKCHHS,
30epiraroyu MiliCHICTh CBITIIONPO30pUX €IEMEHTIB 1 3am00iraroun ix pyiHyBaHHIO;

— JIOTIOMAraroTh 3MEHIIUTH BUIUICHHS JUMY Ta TOKCHYHHUX Ta3iB, IO yTBOPIOIOTHCS MiJ
yac TOpIHHA, IOKpAIlyloud YMOBH JUIS €Bakyalli Ta pOOOTH MOXKEXKHO-PATYBaJIbHUX
TiIPO3/ITIB;

— aBTOMAaTUYHE CIIPAIIOBaHHS, 3a0e3edy€e OnepaTUBHICTh B JIKBiIallii MOXKEX1 HAaBITh 3a
B1JICYyTHOCTI JIFOJIEH.

3poiryBadl MOXKYTb OyTH IHTErpOBaHi 3 IHIIMMHU NPOTUIIOKEKHUMHU CHCTEMaMH, TAKUMU
K CHCTEeMHM IUMOBHUJAJICHHS 1 CUTHaNi3alii, 1o 3al0e3medye KOMIUIEKCHHW MiAXia A0
MPOTUTIOKEKHOT'O 3aXHCTY.

OnHak, BapTO BpaxOBYBaTH KUIbKA BHUKJIHUKIB, 3 SIKUHMH MOXYTb 3ITKHYTUCS CHUCTEMHU
3pOIIYBayiB y CBITJIONPO30PUX KOHCTPYKIISIX BUCOTHUX OyJiBeNb, a caMe: BUCOTHI OyIiBIIi
BHUMAararmTh CUCTEM 3 BUCOKUM THCKOM BOJH, 1100 3a0€3MeUnTH HaJIEeKHE PO3MUIIOBAHHS Ha
BEPXHIX IOBEpXax; IMOCTIMHMHA KOHTAKT 3 BOJOK MOXE BUKIMKATH KOPO3i0 METaJIEBUX
€JIEMEHTIB, 1110 BUMAra€e BUKOPUCTAHHS CHeliaJIbHUX aHTUKOPO31MHUX MaTepiaiB.

5 OBI'OBOPEHHJs PE3YJIBTATIB JOCJIKEHHSA

€ HeoOX1JHICTh BCTAHOBJIEHHS 3pOILIYBayiB, SIKI MOXXYThb 3HAYHO MIJBUIIUTH DPIBEHb
Oesneku. 3pomryBaui 3a0e3meuyroTh MIBUJKE OXOJIOKEHHS KOHCTPYKIIH, 3amobirarwouu ix
pyHHYBaHHIO Ta MOMMpPEHHIO BoOrHio. CIiJ 3a3HAYUTH, IIO0 BOASHE 3POIICHHS BHMAarae
BpaxyBaHHS BEJIUKOI KIIbKOCTI KPUTEPIiB, SKi BILTUBAIOTH HA €()EeKTUBHICTh 3aXHCTY .

BoueBup, OIiIBHE 3aCTOCYBaHHS MPOTPAMHOTO KOMIUIEKCY PyroSim [uist BU3HauUCHHS
e(peKTUBHOCTI 3aXHMCTy 3pOILIyBauaMM CBITIONPO30PUX KOHCTPYKIIiH (acaxy BHCOTHHX
OyniBeJb MOJISITa€e B MPOBECHHI JETaJbHOTO MOJICITIOBAHHS Ta aHAI3Y MMOKESKHUX CIICHAPITB.

Bukopucranns PyroSim mo3Bomsie 3MiHCHHUTH KOMIUIEKCHUH aHali3 e(QeKTHBHOCTI
3aXHCTy 3pOINyBayaMH CBITJIONPO30PUX KOHCTPYKIiM (acamy BHCOTHHX OyxiBeuns,
3a0€3Meuylour BHCOKHI PIBEHb MPOTHIIOKEKHOI O€3MEeKM Ta 3aXHCTy MaiHa Ta KHUTTS
JIIOJIEN.

[Tin 4Yac dYMCETBHOTO EKCHEPHMEHTY BCTAHOBJEHO (Taby. 1) BeNMYMHM 3HAYEHHS
TEMJIOBOT'O MOTOKY BiJl MOKEX1 HA 3aJIHI YaCTHHI CKJIa 3 HEOOITPIBHINA YaCTHHI 3aXHIIEHOTO
3polryBadaMHy IMpH Pi3HUX BUTpATaxX BOIU 3 HUX. Pe3yibTaTH MOAETIOBAHHS 32 JOIMOMOIOO
pOrpaMHOro KOMIUIEKCY PYroSim moka3yroTh MpaBHJbHE PO3TAllyBaHHS Ta HAJNAIITYBaHHSI
napaMeTpiB 3pOLIyBayiB.

BukopuctanHs 3pollyBauiB € BaXKJIMBUM 3aXOJOM 3a0€3ME4YEeHHs MPOTHIIOKEKHOT
Oe3mneku. 3polryBayui MOKYTh 3HAYHO ITIIBUIIMTH PIBEHb 3aXHUCTY, 3al100Iral0uy MOMUPEHHIO
BOT'HIO Ta 3MEHIITYOYH IIKOY BiJl TIOMKEXKI.

Pe3ynbTatn mMonentoBaHHS MOXYTh OyTH BHUKOPHCTAHI JUIsl ONTHMi3alii MPOEKTYBaHHS
MPOTUTIOKEKHUX CHCTEM.
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6 BHUCHOBKHU

CaiTiIonpo30pi KOHCTPYKITIi, TaKi K CKJIsHI (acaau, 3a0e3MeUyr0Th €CTETUUHUA BUTJTIS
OyaiBii 1 MakcCHMallbHe BHKOPUCTaHHS MPHUPOJHOTO OCBITICHHS, ajié BOHH TaKOX MAarOTh
OOMEXEHHs 111010 BOTHECTIHKOCTI. B yMoBax mokexi Taki KOHCTPYKLIi MOXYTb IIBHIKO
HArpiBaTUCs, M0 MPU3BOAUTH JO IXHBOTO PYWHYBaHHS 1 CIIpUs€e MOMMPEHHIO BOrHIO. Lle
CTBOPIO€ 10AATKOB1 PU3UKH JJIs 0€3MEeKH MEIIKaHIIB 1 CTIIKOCTI OyiBJIi B LILIIOMY.

CucremMu BOJSHOrO 3pOIIyBaHHS € €(EeKTUBHUM METOJOM TAaciHHS TMOXeXi Ta
OXOJIOJKEHHSI  CBITJIOMpo3opux ¢acaniB. Pe3ynbTaTh MojemoBaHHS 3a JTOMOMOTOIO
IpOrpaMHOr0 KOMIUIEKCY PyroSim mokas3yroTh, IO MpaBWIBHE pO3TAIlyBaHHS Ta
HaJIalITYBaHHA MapaMeTpiB 3pOLIyBadiB MOXKYTh CYTTEBO 3HU3UTH PU3UK IOLIMPEHHS BOTHIO
Ta 30€perTu KOHCTPYKTUBHY LIJIICHICTh (acais.

PyroSim € DOTYy)XHUM IHCTPyMEHTOM JJIi MOJEIIIOBAaHHS TIOXEX Ta BIUIUBY
IPOTUIIOKEKHUX CUCTEM Ha CKJIQJIHUX apXITEKTypHUX 00'eKTax, 30KpeMa BUCOTHUX OYyJiBISIX
31 CBITJIONPO30pyUMHU (PacalHUMH KOHCTPYKIIISIMH.

Pe3ynbTatn mMonentoBaHHS MOXYTbh OyTH BHUKOPHMCTAHI JUIsl ONTHMIi3alii MPOEKTYBaHHS
IPOTUIOXKEKHUX CHCTEM 1 3a0e3MEe4YeHHs] BIINOBIAHOCTI OyIIBEJIBHUX HOPM IHTaHHAM
noxexxHoi Oesnexku. lle copusie migBUIIEHHIO pIBHSA O€3MEKM BUCOTHUX OyaAiBenb Ta
MiHIMi3allii pU3KUKIB JJIS )KUTTS 1 370pOB's JIFOICH.

7 TOASKH

ABTOpH BUCIIOBIIIOIOTh HIMpy moasky kommanii Thunderhead Engineering (CHIA) 3a
MIITPUMKY IIBOTO JTOCIIIPKCHHS.

8 ETHWYHI JEKJAPALIL

ABTOpU CTaTTI HE MAIOTh BIANOBIAHUX (DIHAHCOBUX UM HE(PIHAHCOBUX 1HTEPECIB, AK1 CIIIJ
PO3KpHBATH.
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VIIK 624

MPO OBUMCJIEHHS IHCOJIALII MPUMIIIEHD

Marpamky €. B.!, Konecank C. M.}

Y00ecwvra deparcasna axademis 6ydienuymea ma apximexmypu

Anortanin: CoHsYHE BUMPOMIHIOBAaHHSI Ma€ 3HAYHUU SIK TIO3UTHBHUH, TaK 1 HETATMBHUI BILTUB
Ha BCI MPOIIECH JKUTTEIISUTBHOCTI JTIOAWHU. By IIBHUITBO 1 €KCILTyaTarlisi Copy/I sIK JKATIOBUX, TaK 1
MPOMUCIIOBUX BUMAarae aHaii3y BIUIMBY coHIls. Cepes HanpsiMiB HAYKOBHX JIOCIIDKEHb, ITOB’SI3aHUX 3
COHAYHOIO pajiali€o, OCOONMBO aKTyaJbHUMHM €: COHSYHA €HEpPreTHKa,  BIUIMB COHLSA Ha
OrOpOJIKYBaJIbHI KOHCTPYKIII CIIOPY[A, JOCATHEHHS COHSYHOrO KOM(OpTY B JKHTIOBHX Ta
BUPOOHUYUX CIOPYAAX, 320€3MEUeHHS CAHITAPHO-TIEHIYHUX HOPM.

[1ig iHCOMALI€I0 PO3YMIIOTh BEJIMYMHY MPUTOKY COHSYHOI pajialii, sIKky 0OUUCIIIOIOThH B KaIOpisiX
Ha OJMHUITIO TUIONI TOPU3OHTAIBHOI MOBEPXHI 32 OJMHUIIO 4Yacy. MeToau po3paxyHKy iHCOJSIIIL
MO’KHA MTOJIIJIMTH HA [IBA TUIIM: T€OMETPUYHI Ta eHepreTudHi. PiBeHb 1HCOIMLIT )KUTIOBUX MPHUMILICHb
PEryIIOEThCA  JIEPKABHUMH OyIiBebHUMH HOpPMaMmH. 3TiHO 3 JIIOYMMH HOpPMaMH TPUBATICTh
IHCOJIAIIIT JKUTJIOBUX MPUMIIIIEHb IOBUHHA CTAHOBUTH HE MEHIIE 2,5 TOAWH B Tiepiof 3 22 Gepe3Hs 1o
22 BepecHsi. B mux HOpMax BH3HAYeHi i PEKOMEHJIOBaHI METOAM o04rcieHHs. BoHU, B OCHOBHOMY,
reoMeTpruyHi. EHepreTryHi MeTOAM OOYMCIEHHS THCOMNAIT OUTBIN AWHAMIYHI 1 3a3HAIOTH 3MiH, TOMY
110 BOHM BPaxOBYIOTh BJIIACTUBOCTI MaTepianiB. A OyZiBesibHI MaTepiain MOCTIHO MOAEPHI3YIOThCH 1
MaloTh PIi3HI peakilii Ha COHSYHY pafiamito. 3 iHIIOro OOKy, €HepreTWYHi MEeTOAW OOYHMCIICHHS
iHCOMsLii € Oifbll TOYHMMHU 1 BpaxoBYIOTh Oinblie (akTopiB, Oe3mocepeqHbO IOB’SI3aHUX 3
KOHKPETHOIO CIOPYIOK Yd MpUMIIIEHHsM. TOMY TOpPIBHSUIbHHI aHa3 IHCONAIIi MPUMIIIEHB,
00YHCTICHUI PI3HUMH METOJaMH € aKTyaJbHOI HayKOBOIO Mpo0ieMor0. PO3BUTOK KoM IOTEpPHUX
METOJIB JTOCTIKEHHS BiIKPHBAE IUPOKI MOXKITUBOCTI JIJISI MOJICITFOBAHHSI CTaHY 1HCOJISIIIIT JKUTIOBOTO
MPUMILICHHS Ha €TaIl MPOCKTyBaHHS.

B poGoti po3pobiieHo 00’ €KTHO-Opi€EHTOBAHHUN METO]] OOYMCIICHHS 1HCOSIIT JIJIS )KUTJIOBHUX Ta
BUpOOHMYMX npuMminieHs. Lle mae 3Mory moOymyBaTé TPOCTOPOBY KapTHHY OIPOMiHEHHS
NPUMILICHHS Ta TPOJEMOHCTPYBATH BIUIUB Ha IIeH MPOoLeC 3MiHM BXIJIHUX MTapamMeTpiB.

Kiro4ori cjioBa: coHsuHa pajiariis, iHCOJAIIS IPUMIIICHb, MPOCKTYBaHHS Oy IiBEIb.
ON CALCULATING THE INSOLATION OF INDOOR SPACES

E. Patrashkul, S. Kolesnvk!

'Odesa State Academy of Civil Engineering and Architecture

Abstract: Solar radiation has a significant both positive and negative impact on all processes of
human life. The construction and operation of both residential and industrial buildings requires an
analysis of the sun's influence. Among the areas of scientific research related to solar radiation, the
following are particularly relevant: solar energy, the impact of the sun on building envelopes,
achieving solar comfort in residential and industrial buildings, and ensuring sanitary and hygienic
standards.

Insolation is defined as the amount of solar radiation inflow calculated in calories per unit area of
a horizontal surface per unit time. Methods for calculating insolation can be divided into two types:
geometric and energy-based. The insolation level of residential premises is regulated by state
construction legislation. According to the current standards, the duration of insolation of residential
premises should be at least 2,5 hours between 22 March and 22 September. These standards define and
recommend calculation methods. They are mainly geometric. Energy-based methods for calculating
insolation are more dynamic and subject to change, as they take into account the properties of
materials. And building materials are constantly being modernizedd and have different reactions to
solar radiation. On the other hand, energy-based methods of calculating insolation are more accurate
and take into account more factors directly related to a particular building or room. Therefore, a

[Matpamky €. B., Konecauk C. M.
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comparative analysis of indoor insolation calculated by different methods is an urgent scientific
problem. The development of computer research methods opens up wide opportunities for modelling
the insolation state of a dwelling at the design stage.

In this paper, an object-oriented method for calculating insolation for residential and industrial
premises is developed. This makes it possible to build a spatial picture of the room'’s irradiation and
demonstrate the impact of changes in input parameters on this process.

Keywords: solar radiation, indoor insolation, building design.
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1 BCTVYII

EneproedekTHBHICTb, 370pOBE OTOYYIOUE CEPEAOBHINE 1 BIJHOBIIOBAJIBHI JDKEpesa
eHeprii — 1me MeTa po3BUTKY JroactBa. L{i miy HaOyBarTh Bce OLIBbINY aKTyallbHICTh B
MOJANBIIOMY PO3BUTKY MICHKOTr'O IUTaHYBaHHs Ta OyniBHHMIITBA. B €Bpomi Bke ChOrofgHi B
MicTax MpoKuBae 10 75% HaceleHHs 1 TOMY MicTa TpalOTh BH3HA4YajbHY pOJIb B CTAJIOMY
PO3BUTKY JIFOACTBA.

MicTa pocTyTh, 1 O Mipi aKTUBi3alii ypOaHi3allii ClIoCTepIiraeThCsl yIIIIbHEHHS, a TAKOX
PO3LIMPEHHS 3a PaxXyHOK HE MICBKHMX 3eMellb. MichbKe IJIaHyBaHHS NMOBHHHO BPaxOBYBaTH
30iIbIIeHHS TPUTOKY Joae. [Iporaosyerscst, mo 10 2050 poky MichKi XKHTEN CKIAIyTh AB1
TPETHUHH CBITOBOTO HacesieHHs. HeoOXifHicTh 30epekeHHsI CIIbChbKOTr0 IOCIIOIAPCHKUX YTidb
JUIS BUPILIEHHS MPoOJieM 3 MPOAYKTaMH XapuyBaHHS MPUBOAMTH 10 YIIIJIBHEHHS 1CHYIOUHX
3a0ymoB. PazoM 3 TuM, TEHACHINS 10 YIIUIBHEHHS 3a0ylOB HETaTUBHO BIUIMBA€E Ha
MOKJIMBICTh JOCTYNY JO COHAYHOI eHeprii B MicTaX, 3MEHIIYIOYM KUTbKICTh COHSYHOI'O Ta
JIEHHOT'O CBITJIA B )KWJIMX Ta BUPOOHUYUX MPUMILIIEHHSX.

JlocTyIl 10 COHSYHUX MPOMEHIB € BaXJIMBUM acCIEKTOM MICBKOI 3a0yZ0BH. AJle 3 TOUKU
30py MICBKOI'O IIJJAHYBAHHS 11€ JIMILE OJIHA 3 0araTbOX CKJIaJHUX MPOOJIeM MPOEKTyBaHHS, 110
BKJIIOYAIOTh TPAHCHOPT, Oe3meKy, IIyM, 3a0pyaHEHHS OTOYYIOUOro cepeoBHIIa i OaraTto
iHmoro. TakuM 4YHHOM, IMUJIaHYBaHHS JOCTYIy JO COHSYHOTO CBITJa BUMAra€ MPOCTHX
METOAIB JJii X 3acCTOCYBaHHsS Ha TIOYAaTKOBUX CTaisiX MPOEKTyBaHHA. [ eoMerpuuHi
00MEXEHHs MICHKOIr0 IJIaHY CYTTEBO BIUIMBAIOTH SIK 330BHI HA CIIOPY/H, TaK 1 HA BHYTPIIIHINA
CTaH IMpHUMilleHb. MOXIMBICT, JOCTYNYy JO COHAYHOI  pajiamii BU3HAYAETHCA
AHTPOIIOTEHHUMH OOMEXKEHHSMH Ta HE MOXKE€ OyTH 3MIHEHUM JI0 KIHIS CTPOKY CIYXOH
OyxiBii a00 10 i peKOHCTPYKITIi.

BrumiB consvHOi pamiamii Ha OymiBiai Ta X MENIKaHIB MO)XXHa 300pa3uTH B BUTIIAII
cxemu (Puc.1).

CAHITAPHO- _
EHEPITH TITIEHHYHIH
ACIHEKT
OFOPOJKYBATBHI KOM®OPT
KOHCTPYKIH

Puc.1 AcriekTy BIUTUBY 1HCOJISIIIIT

BunpoMiHIOBaHHS COHIISI € I[IHHUM JDKEPEJIOM €Heprii, ajie Ma€ 1 HeraTUBHUIN BIUIMB Ha
Oropo/KyBaJibHI KOHCTpyKLii. B €Bponeiickkomy Coro31 BiCyTHS 3aKOHOJaB4a 0asza A
BUMIpPIB Ta HOPMYBaHHS COHSIYHOTO OIPOMIHEHHS B MICBKHUX IUIaHaX. Xoda ICHYe
3aKOHOJaBYa BHMMOra J0 KIJbKOCTI JCHHOrO CBiTJIA, 30Kpema, cranmapt EN 17037 [9].
BiHOCHO COHSYHOTrO CBiTJIa B €BPOIIl HEMA€E KOPCTKOrO 3aKOHOJABCTBA 1 B PI3HUX KpaiHax
3aCTOCOBYIOTHCS Pi3HI MiAX0AU. €Bporeiichka peKoMeHIallisl IPONOHY€e MiHIMaIbHUN PiBEHb
COHSIYHOT'O ONPOMIHIOBAHHS, IO JOCSATAa€ MOBEPXHI BiKHA HAa TEBHUHM 4ac B MeBHY 0a30BY
naTy.

B wmiif po60Ti MU JOCTIAKYEMO METOIU 1HCOMALIT MPUMIIIEHb 3 CaHITAPHO-TIT€EHIYHOI0
METOIO.

[Matpamky €. B., Konecauk C. M.
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2 AHAJII3 JITEPATYPHUX JAHUX TA IIOCTAHOBKA IMPOBJIEMU

JleprkaBHi OymiBeNlbHI Ta CaHITapHI HOPMH YKpainu HaBejaeHi B cranaaptax [1-3].

BinmoBinmHi Hopmu €Bpomneiicbkoro Coro3y Ui JEHHOIO OCBITJICHHS JKHUTJIOBHX
IPUMILIEHb MicTAThCs [9)].

B pobotax [5, 6,8] ommcaHi reomeTpuyHi METOMI OIIHKH IHCOJSAIIl MPUMIICHb Ta
CHOpPY.

Hocmimkennst [7, 10, 11] BpaxoBy:OTh BIUIMB Ha i1HCOJSIIIIO JOAaTKOBHX (DAKTOPIB,
30KpeMa, BIUIMB TiHi Ta iHIIMX KOHCTPYKIIIi.

Orusan miTepaTypu 3a TEMOKO 1HCOJAIIT KUTIOBUX MPUMIIIEHb MOKHA 3HAWTH B poOOTax

[8, 10].
3 HIJb TA 3AJAYI JOCJIKEHHSA

[HCOMAIIS TpUMIIIIeHb 3a0e31euye B HUX CIPUATIIMBI CAaHITAPHO-TITIEHIYHI YMOBH, TaK sSIK
BHUKJIMKA€E 3aruOesib XBOPOOOTBOPHUX OaKTEepii, IMIKiIIMBUX MIKPOOpraHi3MmiB. Takok BOHa
MO3UTHUBHO BIJIMBAE HA ICUXO(1310J0TTYHUNA CTaH JIFOAUHHU.

B ocHoBy mepmmux paasHCbKMX HOPM IO 1HcOJIALIT Oysu IMOKJaaeHi MIKpoO10J0rivHi
nocaikeHHs. TakuMm ynHoM, B 1963 poui Oyia BBeeHa nepiua pajasHCbka HOpMa 1HCOJIALII.
Bona BHMarana HenmepepBHY IHCOJISIIIO Ha MPOTA31 TpbOX ToAuH. 3a mepiox 3 1963 poky
3HHMKJIa BUMOT'a HETIEPEPBHOCTI 1HCOJIAIIT Ta OyB 3MEHIIIEHUI MiHIManbHUK Yac. Ha choromHi
BiH CKJIaJla€ HE MEHIIIE JBOX 3 MOJOBUHOIO T'OAMH, TOOTO He MeHIe 150 XBummH.

3 1 ciung 2011 poky B YkpaiHi Jiie cTaHIapT, KUl perjaMeHTye pO3paxyHKH 1HCOJSALIT
IpUMILIEHb Ta cnopyx. B po3pobui 6yaiBeabHUX HOPM NMPUNHSIIM ydacTh 27 CHElialicTiB 3
10 HaykoBux oprasizaniii Ykpainu. B Tomy umcni 1 ¢axisui 3 Onecbkoi AepkaBHOI akaaemii
OymiBHMIITBA Ta apXxiTekTypu. KOJEKTHB po3poOHUKIB cKiagaBca 3 19 JoKTOpiB Ta
KaHIUAATIB TEXHIYHHUX, apXiTEeKTYpHHX, MEIUYHHUX Ta OionoriyHmx Hayk. Bim Opecwkoi
nepkaBHOI akaaemii OyAiBHHUIITBA Ta apXiTeKTypH B poOOTI MpHMany y4acTh KaHAHUIATH
TEXHIYHUX HayK, foueHtu €.B. BitBunpka Ta M.T. ['mikmas.

Jlo po3poOku OymiBeTbHUX HOPM CIIOHYKaJla HEOOXIIHICTh BIOPSAKYBAHHS METOJIB
PO3paxyHKy iHCOMSMIT OyaiBeNnb Ta NPUMIIIEHb, IO 3aCTOCOBYIOTHCS MPH TPOCKTHUX
poboTax.

I'ocTpo nocrano NUTaHHS B1ICYTHOCTI 3aKOHO/IaBUO 3aKPIIUIEHUX MPAaBUII PO3PAXyHKY Ta
NUTaHHS iX Miclsd B IpoekTyBaHHI. IlpakTuka BuMmarama po3paxyHKIB 1€ Ha eTaml [0
MPOEKTHOI MiJITOTOBKH, MPH YOMY, SIK 3 TOYKH 30pY CaHITApHO-TIrI€EHIYHUX HOPM, TaK i
eHepro3bepekeHHsa. byna pospobiiena 3aragbHa MeETOAMKA MJOCHIIKEHHS, Ky MOXKHa
300pa3utu cxemoro (Puc. 2).

3acTOCYBaHHsI CTaHJAPTU30BAHOIO MIAXOLY A0 OOUYMCIEHHSI TPUBAJIOCTI IHCOJSALIT €
NEepIIMM KPOKOM B HAINPSIMKY BIOCKOHAJIEHHS NMPOEKTHUX pobiT. HacTymHuM Kpokom Mae
CTaTH po3poOKa HOPM IO PO3PAXYHKY COHII€3aXHCHUX METO/IB.

Anle po3paxyHOK JHIIE TPUBAJIOCTI 1HCOJAIII HE BIAMOBIAAE Cy4aCHUM BHUMOTaMm 1
MOJIMBOCTSIM. 30KpeMa, MOXKJIMBOCTI MOJENIOBaHHS BIUIMBY COHAYHOI panianii Ha
CaHITAapHO-TITIEHIYHUH Ta KOMQOPTHUN CTaH NPHUMIIICHHS 3a JOIMOMOIOK IPOTrPaMHOrO
3a0e3MeveHHSI.

[Matpamky €. B., Konecauk C. M.
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Puc.2 PexoMeH1oBaHMii aITOPUTM BUKOPUCTAHHS PI3HUX METOIB PO3PAXYHKY TPUBAIOCTI IHCOSALIT
MIPUMIIIEHb PY aHaJTi3l BUKOHAHHS CaHITApPHUX HOPM

HaranpHO € HeoOXiHICTh MEPEeXoy 10 HOPMYBAaHHS KUIbKICHUX TTOKa3HUKIB 1HCOJISIIIT
SK 3 TOYKU 30py CAaHITAPHO-TIMEHIYHOIO BIUIMBY, TaK 1 3 TOUKH 30pY ONTUMIi3aLlii TEMI0BOrO
BIuMBY. Came ToMy, TeMa BUBYEHHS METO/AIB OOYMCIICHHS 1HCOJIMIT 1 iX Momudikaris 1is
notped no0y10BU SKICHUX KIJIbKICHUX MOJIEJIEN € aKTyallbHOIO.

4 PE3YJIBTATU JOCJIIKEHb

BcranoBiieHO po3paxyHKOBI mapaMeTpH, 0 OYAyTh MOKJa/IeHi B OCHOBY €HEPreTUIHOTr0
METOAY PO3pPaxyHKy IHCOJSAIII HUIIXOM BpaxyBaHHS IHTEHCHBHOCTI Ta JO3M O10JOTi4HO
aktuBHOrO fmianasony Y@ pamianii (B+C). Merox rpyHTyeThCs Ha BU3HAYCHHI TaKoOi /103U
Y® conauyHoi panialii, 110 MpoiIia yepe3 BIKHO B MPUMIIEHHS OyaiBIi, 3a SIKOI THHYTh
XBOpOOOTBOpHI OakTepii Ta WIKIIIMBI MIKpPOOPraHi3MH, YUM 3a0e3MeuyeThCsl HOPMOBaHUI
piBeHb OakTepuIMIHOI epeKTUBHOCTI (caHalii), IK y TOBITPi )KUTIOBUX MPUMIILIEHb, TAK 1 HA
fioro mosepxHsx [5, 8].

3 norysany eHeprii Y@ onpoMiHEHHS, L0 HaJXOAMTH Yy MPUMIIIEHHS, CTA€ OYEBUIHOIO
HEOOXIAHICT, BpaxyBaHHS MPO30POCTI IMMOOK, TJIONI CBITIOOTBOPY (YMM Ounbima HOTo
JI01a, TO OUTbIIE eHeprii MPOHUKAE B MPUMIIIEHHS) Ta pO3Mipy IPUMIICHHS (YUM OUTbIINN
PO3Mip MPUMIIIEHHSI, TO MEHIIOW Oyje MUTOMA €HEepris, 0 MPpUIagae Ha OJUHHINO 00'eMy
HOBITPS MPUMIIIEHHS Ta OAMHULIO Horo noeepxoHs). i mapamerpu He BpaxoBYIOTbh YMHHI
HOPMH 3 PO3PaxXyHKY 1HCOJISLII IPUMILIEHb.

3 ypaxyBaHHSIM BHIIEBUKIAICHOT 0, HA0YB PO3BUTKY €HEPreTHYHHI METO]] 3 PO3PAXyHKY
THCOJISIIIIT )KUTJIOBUX ITPUMIIIICHB.

J171st po3paxyHKiB BUKOPHUCTOBYIOTHCSI HACTYITHI BHX1JIHI JaHi.

1. AXTUHOMETpPHYHI JaHi MmOJ0 IHTEHCHMBHOCTI Y@ CcoOHsUHOI pamiamii (Jxiama3oHy

< 320 um), npsiMoi J, Ha HOPMaJIbHY JIO0 TIPOMEHIB TIOBEPXHIO 1 Po3CisHOT J

\p
Ha TOPU3OHTAJIbHY MTOBEPXHIO, PO3PaXOBAHOI 3a TOIMHAMU J00H.

2. OpieHTalisl CBITJIOOTBOPY 32 CTOPOHAMHU TOPU3OHTY (a3UMYT HOpMaJi 0 IUIOHIMHU
BikHA 4, ).

110 TIOIagac

po3 >

3. Koopaunaru const (hy i A;) Ha mepioxn iHcomsmil.

4. TTapameTpu CBITIIOOTBOPY («y CBITII»), uMpuHa b i BUucora &, m.
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5. KoHcTpyKIIist CBITJIONPO30POi YaCTUHH BIKOH 1 TUIIU CKJIA.

6. baza manmx mpo koedilieHTH MPO30pOCTi cydacHoro ckia y mianazoni (B+C) Y@
pamiariii 3a pi3HHX KYTIB IaJIiHHSI COHSYHOTO IIPOMECHSI.

7. [Tapamerpu npuMiteHHs, riubuna L, mupuna B 1 Bucota H, m.
[TocnimoBHICT PO3paxyHKY:

1. Buznadenns kyta 6 (KyTa naJiHHs COHSYHOTIO IPOMEHS Ha CKJIO).

Kyt 0 Bu3navaetbcs 3a popmynamMu cepruuHOi TpUTOHOMETPii

C0S@ = sSino - Sing + COSy - COSJ - COS,

ne
@ - reorpadivHa mMpoTa MiCLIEBOCTI, Tpas;
0 - HAXWJI COHIIA, TPa;
Y - 4aCOBUM KYT, Tpasl.
MoxHa BUKOPUCTOBYBATH CIPOIIEHUH METOJ BHM3HAuYeHHs KyTa @ 3 3aCTOCYBaHHSIM
CXeMHU, MOAAHOI Ha pUC. 3, SKIIO JOMYCKAETHCS HEBEIMKa MOXUOKA.

Puc. 3. Cxema BusHauenss KyTa 6 (N - HOpMaib 10 IUIOMIMHY BIKHA)

3 puc. 3 BUAHO, IO HAa MOBEpXHI MiBchepH, PO3TAIIOBAHOI HAJ KOJIOM TOPU3OHTY,
PO3TAIIOBYETHCS NMPSIMOKYTHHI TPUKYTHHK. KaTeTamMu MpsSMOKYTHOTO TPUKYTHHKA € BHCOTa
CTOSIHHSI COHIISI B JIaHy TOJIUHY 00H ho 1 pi3HUIA a3UMYTIB MPOEKIIiT COHSTYHOTO IIPOMEHS Ha
TOPU3OHTAIBHY TUIOMIMHY Ag Ta a3uMyTa HOpPMaJi 0 IUIOMIUHM BikHA A,. ['imoTeHy3a 1p0ro

IPSIMOKYTHOI'O TPUKYTHMKA 1 JOPIBHIOBATUME KYTY 6. Y 3B'3Ky 3 UM KYyT € BU3HAUMUThHCA 32
Bizomoro Teopemoto Ilidaropa

0=\JRZ +(A,-A).

3anexHo Bia opieHTalii BikHa (4,) 1 4acy 10o0u (po3TamryBaHHs COHIIS Ha HeOocxuii, Ao)
BEJIMYMHA KAaTETa MPSIMOKYTHOIO TPHKYTHHKA MOKE BU3HAYaTucs ik pisHus (A)—A4,).abo

sk pisauns (A, — 4,).

1. BusHaueHHs cyMapHOi iHTEHCUBHOCTI chM Y@ papianii, o npuxoauTh 10 dacaxy

OyAiBIIi 3 ypaxyBaHHSIM Opi€HTALlli CBITIIOOTBOPY:

MBm
JCyM:an+0,5JpD3=JCOS¢9+O,5JPO3[ }

2
M
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2. BusHaueHHs cymapHOi iHTeHcHUBHOCTI Y@ pagiamii, mo mpoinmia 4depe3 BIKOHHY
KOHCTPYKIO B MNpuMimenHs J, ., 3 ypaxyBaHHAM rnoriuHanHs Y@ papianii y
CBITJIONPO30Pi KOHCTPYKLI].

33k, | B
- VM o - 5 )
npum cymcn MZ

ne k., — koedilieHT MPO30pOCTi CKIONaKeTa 3a KyTa 6.
3. [ToBHa kinbkicTh Y@ eHeprii, o mpoiiia yepes oy BikHa (S)

Q = anuMS 1

4. JToza Y® paniatiii B moBiTpi mpuMitieHHs (A,)
T | Hoc

rossal 2]

ne
V - 00'eM mpuminieHHs,
7 - TPUBAJIICTh ONTPOMIHEHHS, TOAMHH.
5. Jlo3a YO panianii no moBepxHsax mpuMitneHHs (Ax)
T onC
Anpx =3, 6QE [,ijwz }

ne F — moma BCix MOBEPXOHb NPMMIIEHHS 3a BUPaXyBaHHSAM ILIONI BikHa, m? | 3,6 —
Koe(iILiEHT MepeBeICHHS PO3MIPHOCTI MBm - 200 y po3MipHicTh Joic.

5 OBI'OBOPEHHSA PE3YJBTATIB JOCJII/UKEHHSA

PosrisiHeMo mpukian po3paxyHKy 1HCOJSIIT KU TIOBOro mpuMinieHHs. Hexaif motpidbHo
OLIHKUTH €()EKTUBHICTh 1HCOMALIT KUTIOBOr0 NPUMILIEHHS CXiqHOI opienTarii B Micti M (46°
IIH. 1IL.) TTiJ1 9ac onpominenHs Bupoaosx 2 roaut (3 7% mo 9%), 22 Gepesns.

BuxinHi gani ays po3paxyHKy:

1. I[Tapamerpu npumimenHns (mupuHa B = 3,0 m; rnmubuna L = 4,2 m; Bucora H = 2,8m).

2. ITapamerpu cBiTiooTBOpY (upuHa | = 1,9 M; Bucota h = 1,65 m).

3. KoHcrpykinisi BikHa — OJJHOKaMEpHUMN CKIIOMaKeT.

4. Tun ckia — cuilikaTHe ckjo JIncHyaHCHKOro 3aBOY.

[TocniioBHICTD pO3paxyHKY:

1.3a MmicToOymiBHUMHU TapaMeTpaMu 3a0yJOBH BHU3HAYAETHCS a3uMyT HOpMaJi 10
wiomyay BikHa, A =90° Bix HanpsMKy Ha MiBJICHb.

2.3a YacoM ONpPOMIHEHHS BH3HAYAIOTh KOOPIWHATH COHISI CEPEeAMHH TIEpioay
onpominenns (Ha 8%°), ho = 16,29, Ag = 64,4° (Bix HaNPAMKY Ha HiBJEHB).

3. 3a mapamerpamu Ay, ho i Ao BU3HAYAETHCS KYT MK HAlPSIMKOM COHSTYHOTO TPOMEHS 1
HOPMOIO 10 IUIOIIMHY BikHA (0) 3 BUKOpUCTaHHSIM (OpMYJ CHEPUUHOT TPUT OHOMETPII.

4.3a aKTHHOMETPUYHUMH TaOauusMU [4] BU3HAYA€ThCS ITHTEHCUBHICTH NpsiMoi YO
paniauii aianmazony < 320 HM Ha HOpPMaJIbHY 1O IIPOMEHIB MOBEPXHIO 1 PO3CISHOI pajiamii
TOrO CaMoro Jiama3oHy Ha TOPH30HTAJIbHY IMOBEPXHIO, K Le mogaHo B [4] mus OepesHs
Micsaus aus mmpotu 460 mamomy Bumajaky Ha cepeauuy nepiony ompominenus (na 8%):
npsiva | = 5.3MBT/M? i poscisiHa Ha BepTHKanbHY 10BepXHIO 0.5 * [0, = 27MBT /M2,

[aTeHcuBHICTh psMoi Y@ paaianii Ha BepTUKaJIbHI TOBEPXHI KOPUTYETHCS KyTOM 0

J,, =J,c0s0=5,3c0s30,3=5,3-0,863=4,6 mBm / M

[Matpamky €. B., Konecauk C. M.
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[nuTreHcuBHICTh cyMapHoi Y@ pazianii nepea gacanom cXiHOI OpI€HTALl] CTAHOBUTHME:

MBm
.

J,, =3, +05] =46+27=316

cym

5. Koeinient npozopocti ckaonakera npu 0 = 30,3° (nus. [4]):

k,, =k +k,=0,52-0,52=0,27.
6. [arencuBHicTs Y@ paaianii B pUMIIIEHH] MiCIIs MPOXOHKEHHS Yepe3 CKIIOMaKeT:

J =J k =31,6-0,27=8,5 mBml m* .

npum cym en

7. TloBHa kinbkicte Y@ eneprii (Q), mo mpoiinuia yepes miomry Bikna (S = h-[,M?) y
MPUMILICHHS:

Q=J,5=85(169-19)=2664 uBm.

8. lo3a Y@ papianii mijg 9yac JBOTOAMHHOTO OMPOMIHEHHS (T = 2 TOAWHH), OTpUMaHa

noBiTpsiM nipuminiersst (06'em mpumimennas V = LBH I:MS:I )

Qr 3,6-26,64-2

A =36—=
V. 4,2-30-2,8

. =5,43 el m°.
9. Jloza Y@ papiariii mijx yac JBOTOJUHHOI'O ONPOMIHEHHsS (T = 2 TOJIWHH), OTPUMaHA
HOBEPXHSIMH MTPUMIIICHHS [F =(2LB+2LH +2BH) - S] :
g_ 3,6-26,64-2

A, =36—= =3,07 el M°
” F (2-4,2'3,0+2-4,2-2,8+2-3,0-2,8)—3,13

3icraBieHHs] OTpUMaHHX 103 Y® pagiamii 3 HOPMATUBHHMH JI03aMH JUIS TOBITPS
npumimens (39 Jx/M3) Ta itoro mosepxonb (15 J[k/M? ) MmOKa3ye,l0 B LbOMY BHITAIKY
piBeHb OakTepunuaHOT e(eKTHBHOCTI He 3abe3meyeHo He IS TMOBITPS MPHUMIIICHHS
A, =5,43<39 ﬂ.?fC/Ms, HEe JUI1 WOro MOBEPXOHb Anpx =3,07 <15 ﬂOfC/MZ. 30inbIIeHHS
TpuBaiocTi iHcomauii go 3 romun (3 7%° mo 10%°) Takox He gae HEOOXiTHOro piBHA
GaxrepuiaHoi epextuBrocti A, =14,7 <39 [/ M, Anpx =8,3<15 /Pl M?, 60 BHCOKa

inTencusHicTs Y®-panianii 8 10%° pisko 3HMKyeTbCA 3aBASKH 301IbIIEHHIO KyTa 0, a OTKe, i
3HUKEHHIO J,, Yepe3 MOHKEHHS cOos 0, a TaKOXK 3HUKECHHIO Jpuy Y€pe3 MOHIKEHHS Ko, IpH
30UTBIIIEHH] 6.

TakuM 4MHOM, CX1JIHY OpIEHTALIIIO CBITIOOTBOPIB HE MOYKHA BBAXKaTH ONTHUMAJIbHOIO.

OpieHTanis CBITIOOTBOPIB Ha MIBJAEHHO-CXIJHUN HANpsIMOK Kpamia. SIKIIO CBITJIOBHM
OTBIp TOrO CaMOro NPHUMIIIEHHS Opi€HTYBaTH Ha MiBAeHHUWH cxing, Ay = 45° To piBeHb
OakTepuIMIHOI €(PEKTUBHOCTI 1HCOJIALIT 3aleKaTUME BiJ 4yacy J100W, B SKHUW BiIOyBa€ThCs
OMPOMIHEHHS, 1 TPUBAJIOCTI OIPOMIHEHHS.

3a asoroaunnoro onpominenus 3 9% o 11%° y nositpi npumimenns noza YO paxiaii

3 . .
3QIMINIAEThCS  HIDKYOI0 32 Hopmy A, =29<39 [xc/m°, a mnoBepxHi mpuUMIiLICHHS
. . 2
OTpPUMAIOTh HEOOXinHy mo3y onpominenns A, =16,5<15 i/ m". 3a tpuromunHoro
onpominenns 3 9% no 12% nosirps i moBepxHi MpUMIlEHHS OTPUMAKOTL HEOOXIiAHY 103y
. _ 3 _ 2

onpominenns (A, =44,2>39 [bic/ m*, A, =25>15 Jjic| m°).

PiBenp OakrepunugHoi e(hEeKTUBHOCTI PO3TIIIHYTOrO0 MPHUMIMIEHHS 32 JBOTOJUHHOTO
ONMpOMiHEHHs Oynae 3a0e3nmeueHo TIMBbKM 3a Opi€HTAIil CBITVIOOTBOPY Ha MiBACHb

[Matpamky €. B., Konecauk C. M.
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(A, =42,1>39 JIxc! M, Anpx =23,8>15 /pc/ Mz) , MBIEHHUN cXix abo MIBAEHHUH 3axif
3a MaJjmx a3UMYTIB HOpMaJi 10 IJIOIMHU BiKHA
(A, =39,9>39 /]! M, A= 22,6 >15 Dic/ m*). TlosicHeHHs 1bOMY BHILIABA€ 3 TablL.

4, 3 SIKOT BUJHO, 11O B TEPII FOJAWHHM, IICISA CXOAY COHIlA, a TAKOXK 1 Iepe]] 3aX0A0M COHIIS,
IHTEHCHBHICTh TIPSAMOI pajiamii TOpiBHIOE HYIIO aX A0 9-1 TONWHU paHKYy, a po3cisHOl — 10 8-1
roguan. Llei dakT migTBeppKye mpodieMu caHyBaHHS MPUMIIIEHb y PaHHI TOIWHU 100U 3a
CX1THO1 Opi€HTalii CBITIOOTBOPY 1 32 BEIMKHUX a3UMYTIB HOpPMaJji /10 TJIOUIMHU BiKHA JJIS
MiBJICHHO-CX1THOTO HAMPSIMKY.

6 BHCHOBKH

CyuacHi motpebu 0 OifbII MTbHOI 3a0yTI0BH MICBKHX TEPUTOPiI BUMAaraioTh HOBHX
METOAMK PO3PaxyHKy IHCOJISILIT KUTJIOBUX NPUMIIIEHb. 3aCTOCOBYBAaTH 1X MOTPIOHO K Ha
erarll poeKTyBaHHs OyiBelsb, TaK 1 IpU peKOHCTpyKIii. HoBuii etan po3BUTKy OyniBeNbHOT
IHIyCTpli BUMarae 00’€KTHO OpIEHTOBAHWUX KUIBKICHUX METOIB OIIHIOBAHHS 1HCOJAIII 3
ypaxyBaHHSM sIK MiHIMaJbHUX MMOKAa3HUKIB I 3a0€3MEUCHHS CaHITaAPHO-TITI€EHIYHUX BUMOT,
Tak 1 BEPXHIX, TPAaHUYHUX 3HAYEHb I 3a0e3leyeHHs] eHeproeeKTUBHOCTI Ta >KUTIIOB Or'0
koMdopty. EHepreTnyHuil miAXi € OJHIEID 13 MOMJMBOCTEH JOCATHEHHS MOTPIOHOTO
pe3yJibTaTy.

7 ETWYHI JEKJIAPAIIII

ABTOpU CTATTI HE MAIOTh BIANOBIAHUX (PIHAHCOBUX UM HE(PIHAHCOBUX 1HTEPECIB, K1 CIIIJ
PO3KpHUBATH.
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