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MPO CTIMKICTh OBEPTAHHSI BLJIbHOI CHUCTEMH JBOX
IMPYKHO 3B'SI3AHAUX TBEPIUX TLI

Kononos 0. M.1

Ynemumym npuxnaonoi mamemamuxu i mexanixu Hayionanonoi akademii nayk Yepainu

Anortanin: BuBeneHi piBHSHHA OOCpTaHHs BiIBHOI CHCTEMH JBOX TBEPAUX TiJ, 3’ €IHAHUX
NPY)XHUM c(epudHuM IapHipoM abo mrapHipoMm ['yka.V mnpumyliieHi, 10 LHEHTP Mac TBEPAUX Til
3HAaXOAMTHCS Ha TPETiIM TOJIOBHIM OcCi iHEepuii, BUIIMCAHI PIBHAHHS 30ypeHOro pyxy pO3IisayBaHOl
MEXaHIYHOI CHUCTEMH y BHIJIAAI BOCHMi 3BHYalHUX Au(epeHUialbHUX PIBHAHB 3 MEPIOAMYHUMHU
koedimieHTaMu. Y BHUMAJKy ABOX TipockomiB Jlarpamka oTpHMaHO XapaKTEpUCTHYHE PiBHSIHHSI
yerBepToro nopsky. Ha mifcrasi kputepist JIbenapa — Illinapa, 3amicaHoro B iHHOPHOMY BHTJISIL,
OTpUMaHi HEOOXiJHI yYMOBH CTIMKOCTI piBHOMIpHHX o0OepTaHb ripockomiB Jlarpamka y BUrmsni
CUCTEMH TPHOX HepaBeHCTB. [IpoBejieHI aHAITHYHI JOCIIIPKEHHS 1IUX YMOBH CTikikocTi. JloBeaeHO,
IO Tepila HEePiBHICTh 3aBXK]U BHUKOHAHA. I3 TpeThoi HEPIBHOCTI CIIY€E, IO KOJIHM TiPOCKOIU MAalOTh
piBHI OCbOBI MOMEHTH iHepuii i O0EepTalOThCS 3 OAHAKOBUMH KYTOBMMH IIBUAKOCTSIMH B Pi3HI
CTOPOHH a0O0 BiZICYTHS MPYKHICTh y IIAPHIPi, TO XapakTePUCTUUHE PiBHSHHS Ma€ KpaTHE KOPiHHSA i
MUTAHHSA TPO CTIMKICTh BUMArae IOJATKOBUX IOCIIKeHb. BuIucaHi yMOBHM CTIMKOCTI BiJIHOCHO
KIHETUYHIX MOMEHTIB 1 TIOKa3aHO, M0 cTapili Koe(illieHTH IMUX ABOX HEPIBHOCTEH IOMATHI 3BiAKH
BUIUTMBAE, IO CTIHKICTh 3aBXIU Oyle MOXIUBA NMPH JTOCUTh BEMKUX 3HAYEHHSIX OJHOrO 000 IBYX
KiHETHYHIX MOMEHTIB. AHaJOTiYHI BHCHOBKH OTpHMaHI 1 y BuUmaiky miapHipa ['yka, a Takox
MOKa3aHO, MO0 KOJH TiPOCKOIIM OJIHAKOBI, TO XapaKTEePUCTHYHE PIBHSIHHS PO3NAJA€ThCS HA J[BA
piBusiHHS. [lepie i npyre piBHSHHS ONMMCYIOTH CTIHKW BijbHI 0OEpTaHHS OJHOTO TipOCKONA Ha SKHUN
Jli€ BiJHOBIIIOBaJbHUN MOMEHT, TiJIbKM y OJHOMY i3 PIBHSIHHI Tpeba J0 eKBaTOpialbHOrO MOMEHTY
J0JJaTH MOMEHT MacH ApYroro ripockomna. [Ipu BigCyTHOCTI MPYXKHICTh y MApHIpi 3'ABISETHCS KpaTHI
HYJTOBI KOPiHS 1 MUTaHHS MPO CTIMKICTh BUMAarae JOJATKOBHX JOCIIKESHb.

KarouoBi cioBa: BitbHe 0oOepTaHHsS TOB'SI3aHOT CHCTEMH JIBOX TBEPAMX TiJI, IO TMPYKHO
BimHOBMIOE cepuuHmid mapHip, mapHip ['yka, ripockomm Jlarpamxka, piBHOMipHE OOEpTaHHS,
ACHMIITOTHYHA CTIHKICTB.

ON THE STABILITY OF ROTATION OF A FREE SYSTEM OF
TWO ELASTICLY CONNECTED RIGID BODIES

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

Abstract: The equations of rotation of the free system of two rigid bodies connected by an elastic
spherical joint or a Hook joint are derived. Assuming that the center of mass of the rigid bodies is
located on the third main axis of inertia, the equations of the disturbed motion of the mechanical
system under consideration are written in the form of eight ordinary differential equations with
periodic coefficients . In the case of two Lagrangian gyroscopes, a characteristic equation of the fourth
order is obtained. On the basis of the Lénar-Schipar criterion, written in innor form, the necessary
conditions for the stability of uniform rotations of Lagrange gyroscopes in the form of a system of
three inequalities are obtained. Analytical studies of these stability conditions were carried out. It is
proved that the first inequality is always satisfied. It follows from the third inequality that when
gyroscopes have equal axial moments of inertia and rotate with the same angular velocities in different
directions or there is no elasticity in the hinge, then the characteristic equation has multiple roots and
the question of stability requires additional research. The conditions of stability with respect to kinetic

Kononos 10.M.
https://doi.org/10.31650/2618-0650-2023-5-2-6-15 6
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moments are written and it is shown that the older coefficients of these two inequalities are positive,
from which it follows that stability will always be possible with sufficiently large values of one of the
two kinetic moments. Similar conclusions were obtained in the case of Hook's hinge, and it was also
shown that when the gyroscopes are the same, the characteristic equation breaks down into two
equations. The first and second equations describe the steady free rotation of one gyroscope on which
the restoring moment acts, only in one of the equations it is necessary to add the mass moment of the
second gyroscope to the equatorial moment. In the absence of elasticity in the joint, multiple zero roots
appear and the question of stability requires additional research.

Keywords: free rotation of a coupled system of two rigid bodies, elastically restoring spherical
joint, Hooke's joint, Lagrange gyroscopes, uniform rotation, asymptotic stability.

Kononos 10.M.
https://doi.org/10.31650/2618-0650-2023-5-2-6-15 7
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1 BCTYII

Ha manwmii yac € Benmuka KiTbKICTh POOIT Y SKHX JOCTIKYEThCS TUHAMIKA Ta CTIHKICTh
pyXy CHCTEM 3B'SI3aHMX TBepAuX TUL. JloCHTh XOpOmMH Orjsg muX poOIT HaBEICHO B
monorpadisix [1 — 4]. Hanpuknan po6ota [2] mictuthest 351 nocunanb. B monorpadii [1] 3
€IMHUX TIO3MINN BUKJIAJACHO MIAXIA O 3aJad MpO PyX CHUCTEM TBEpAUX TUI. Po3risiHyTO
MOJIeli, 110 JIOMYCKAI0Th PI3HOMaHITHI 3'€JTHAHHS T Ta iX 3araibHi IPOCTOPOBi pyxu. OaHaK,
3aaul IpO BUTBHUMA PyX CHUCTEM TOB'SI3aHMX TBEPAMX TUI JaJieKi 0 CBOTO 3aBEPIICHHS.
MaOyTh, OTHUMH 3 Tiepmux 1e Oymu podotu [5 — 7]. V crarti [5] BUBUAETHCS MOIOKEHHS
PIBHOBAru JBOX 3B'SI3aHUX TBEPAMUX TUT BITHOCHO OpOITATBHOT CUCTEMU KOOPAWHAT. ABTOPOM
BU3HAYEHO BCi IOJIOKEHHS BIJIHOCHOI PIBHOBAaru Ta OTPUMAHO JOCTaTHI YMOBH CTIHKOCTI.
Mogens CymyTHHKa, TPEACTABICHOTO JIBOMAa OJHAKOBHMH HECUMETPHUYHUMH TilIaMH,
NOB'SI3aHUMH HEBarOMHM CTPUYXKHEM, PO3IIAHaeThess B ctarti [6]. YV poboti [7] momens
CYIMyTHHUKA MIPEICTABIISETHCS CHCTEMOIO N TBEPAMX T 1 TIPOCTATIB, 3B'I3aHUMHU CHEPUIHUMHU
mrapHipamu. [IpoBeeHO YncenbHE IHTETPYBAaHHS PIBHSIHBb PYXY, IO TO3BOJHIO BU3HAYUTH
CTIKI BITHOCHI TIOJIOKCHHS piBHOBaru. HaBememo nuimie poOOTH, SKI HAWOIMXKYI 110
pO3rIsiIyBaHol y CTATTi 3ajadi. Y 3arajbHii MOCTaHOBII 33jJa4a PO PyX y CEpeIOBHII 3
OIOPOM BUJILHOI CHCTEMH JIBOX 3B'SI3aHHMX TBEPAMX TiJ PO3IIISIAEThCs B MoHOrpadii [8]. B Hiid
tTa y crarti [9] HaromomyeTbcs, MO B 3aJEKHOCTI BiJ BUOOPY OCHOBHOTO Tijia OyIyTh
NpeCTaBICHI Pi3HI BHAM PIBHSHHS PyXy BuIbHOI cucTtemu TBepaux Tim. Y crarti [10]
JOCITIJKeHI HEeOOXilHI YMOBHU CTIMKOCTI pIBHOMIpHHMX OOEpTaHb JABOX BUIBHUX TipPOCKOIIIB
Jlarpamka 3 17ealbHOIO PIIMHOIO, Ta TOKA3aHO, SK 3 PIBHSAHB IS HEBUIBHOI CHCTEMH
TipOCKOIIIB CHiAYIOTh PIBHSHHA sl BiIbHOI cucteMu. Pobota [11] y3aranbHioi pe3ynbraTu
crarti [10] Ha Bumamok n ripockomiB Jlarpamka 3 imeanbHOI0 piauHOM0. JlOCTimHKEHHS
BIUTMBY JHCHIIATUBHOTO | IMOCTIHHONO MOMEHTIB Ha CTIMKICTH PIBHOMIPHOrO 0OOepTaHHS
JIBOX MPY’KHO 3B’si3aHUX BUIBHUX ripockoniB Jlarpamka mposeneHo y pooori [12]. ¥V craTti
[13] mokazana MOKIMBICTH CTabimizamii HECTIMKOro OOEpTaHHS y CEPEAOBHUIINI 3 OMOPOM
ripockorna Jlarpamxka 3 i€abHOIO PIAMHOIO APYTMM 00epTOBHM TipockoroM. B poboti [14]
pO3TIISAAE€ThCS TUHAMIKA 1 OpIEHTAIlsl TBEPAOTO Tija MpuU BXOAl B atMocdepy, IUHaAMIKa 1
yIpaBIIiHHS KOAKCialbLHUMHU TipOoCTaTaMU CYINYTHHUKIB Ta 0arato iHIIMX OPUTIHAJIBHMUX 3a/1a4
KocMiuHOi1 MexaHiku. B [15] mpencraBnennii yHiikoBaHuid 1 100Ope po3poOIeHUA MiaXia 10
JUHAMIKM KYTOBUX PYXiB TBEpJHMX TiJ, IO 3a3HAIOTh MOMEHTIB 30ypeHHs Pi3HOI (i3U4HOI
npupoau. JleTabHO pO3TISAAEThCS i PI3HUX MOMEHTIB 30ypeHb, SK 30BHIIIHIX
(rpaBiTamiiiHuii, aepoAWHAMIUYHUMN, COHSYHUN THCK), TaK 1 BHYTPIIIHIX (3aBASIKH B’SI3Kil
piIMHI B pe3epByapax, NPYXHUM 1 B’S3KONPY)KHUM BJIACTUBOCTSAM Tima). HoBwit kiac
o0epTaHb JAMHAMIYHO CHMETPUYHOIO TBEPJOrO TiIa HABKOJIO HEPYXOMOi TOYKH 3
ypaxyBaHHSIM HECTAI[IOHAPHOTO 30ypIOIOYOTO MOMEHTY 1 IOBUIBHO 3MIHHOTO 3 YacoM
BiJTHOBJIFOIOYOT'O MOMEHTY BHBYAETHCS Y poOoTi [16]. B crarti [17] po3rasHyTO pyX HaBKOJIO
HeHTpY Mac cdepoima 3 MOPOKHUHOIO, 3aTIOBHEHOIO B’S3KOK0 PiAMHOK. MOMEHT CHII, IO
JiI0Th Ha TUIO 3 OOKy B’SA3KOI PIAMHU B TOPOXKHUHI, BH3HAYAIOTh 33 METOJUKOIO,
po3pobisenoro B pobdorax ®.JI. YHopHOychbka. ACUMITOTHYHHUH IiJIXiJ JO3BOJISIE OTPUMATH
JesIKl SIKICHI pe3yabTaTHh Ta ONMMCATH HENiHIMHY €BOJIIOLII0 KYTOBOTO PYXy 3a JOMOMOTOIO
CTPOIIEHUX yCepeaHEeHUX piBHAHB. CIIi 3a3HAYMTH, IO MAaTEeMaTHYHUI anmapaT Ta METOIU
JOCITIJIKEHS, sIKi Oysu po3pobJeHi B poboTax [14 — 17], 3Haiinuim 3acTOCyBaHHS B OaraTbox
3a/1auax TMHAMIKU Ta CTIHKOCTI PyXy CHCTEM 3B'SI3aHUX TBEPAMX TiJI.

VY naHiil cTaTTi NPOJOBXKYIOTHCS JOCHIIKEHHS CTIHKOCTI pyXy BUIBHOI CHCTEMM JBOX
TBEPUX, 5IKi Oy/In po3moyari B poboTax [8 —13] .

Kononos 10.M.
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2 IIOCTAHOBKA 3AJAYIl. OCHOBHI PIBHAHHSA

PosrnsiHeMo BUTBHHH PyX JBOX IPY)XKHO 3B’SI3aHUX TBepAUX Tl Sy 1 S,. Timamu Sy 1 S,
MalTh CHUIBHY TOuky O,. 3amuiemMo TeopeMy IpO 3MiHY MOMEHTY KIJIBKOCTI PyXy 1
KinbkocTi pyxy mmst tima S (i=1,2). Jlns mporo 3BinbHHMOCH Bin B'i3iB B Toukax O,.
[To3nauumo vepe3 Ry i L; roJoBHUI BEKTOp 1 TOJIOBHUH MOMEHT CHJI peaKIlii B'a31, 10 JIIOTh
Ha TUI0 S; 3 OOKy Tu1a S,. PIBHAHHA pyXy LEHTPYy Mac Ta pPIBHSHHS 3MIHM MOMEHTY
KUJIBKOCTI PyXy Tia Sj BIAHOCHO LIEHTPY Mac Tina, Touku Cj MaroTh BUrimx [8, 10]:

m;Vi = F +R; —Ri.; 1)
(Jiop) +exmVi =M; +L; —Li,g —si xRiy (i=12).  (2)
Tyt Jj — UeHTpaIbHUNA TEH30p 1HEpLii Ti1a Sj; ®j— KyToBa MIBUAKICTb TBEPJOIO TiIA S;
;M=m +m, —Maca BCi€l CUCTEeMH, q:@, Co :m,RlzR:,» =0, L1 =L3=0; Toukoro «r
» MO3HAYeHa a0COJIFOTHA MOX1/IHA.
Cucrema piBHSHB (2), 3 ypaxyBanHsaM (1), Oyae MaTH BUTIISI:

0 : :
(J1001) =My — Ly —¢g x(myF, — myF, + myf )/m
(Jz(l)z) =M2 +L2—[CZX(szl—mle)—szfZ:'/m, (3)
ne fi =@ xmye; + @y xMoey; fr =@ xMyep + @5 xMye,.
3B’sDKEMO 3 KOJKHHM 13 Tin S; He3MiHHO Oasuc ejebel 3 BepuHO0 B Touli Cj, oci

SKOr0 HalpaBUMO IO TOJOBHUX OCSX TeH30pa iHepuii Jj 1 BBEAEMO HEpyXOMHH Oa3uc

ef eg eg , BEKTOp eg SIKOTO MPOTHJICKHUN BEKTOPY MPUCKOPEHHS BUIBHOTO MajiHHA. Byaemo

BBA)KAaTH, 110 TPETI TOJIOBHI OCi iHepwUii MPOXOAATh A Ti S; 1 S, yepe3 Touky O,, TOOTO
OyneMo BBakKaTH, IO LEHTP Mac Tl S; JeXuTh Ha nux ocsx. Hexail tBepam Tima S; 1 S,
nop’si3ani B Toumi O, TPYKHUM  BIJHOBIIOBUIBHUM  Cc(EpUYHHM  IIapHIpOM

Ly =—kcy xcp/([eg][ca), k2 0.

BexropHi piBasaag (3) B I OCKHiHX Ha ocl yXOMOT'O basuc e' e' e' II HﬁMYIB
pHI D p p Yy €1€2€3 p
BUTJIAA:

APy +(CL - B)ng + /I[(pz —10p)azs — (dp + T Pp)ars +(p5 + q%)a%%} = —ka3z;
Bith —(CL— AP —u[(pz —pp)erts — (dp + 1o Pp)edi +(p3 + qg)allﬂ = —kai;
Cify+(B{ - A) proy =0
Ay +(Co - By + ﬂ[( B —fith)ards — (G + npr)adt +(pf + Qf)agﬂ =—kazy;  (4)
B3z —(Co — Ap)no P — 1| (1 —at)edd3 — (G + i py)aft + (pf +f Ja3h | = —kad;
Cafy +(B2 — Ay) pod2 =0.
Tyr p;,Qj,; — 0poeKiii BeKTopa KyTOBOi MIBHIAKOCTI ©; Ha Bici ejebel;
A = Ay +mymycf m; Bf =By +mymycf /m; Ag = Ay +mpmyc3 /m; Bj = B, + momyc /m;
i

H=MyMyCiCy /M; ey =€), &) — Hanpsivmi kocumycH. Koedimientn o), MoXHa BupasuTH

i0 ia]O

uepes a5 1 @

N 3. .
HaCTYIHUM YMHOM az,( = Z a}?gadg [8]
=1

Jlo cuctemu piBHSHB (4) TOTPIOHO MO00ABUTH PIBHSAHHS JUIsl HANPSMHUX KOCHHYCIB

[8]:

Kononos 10.M.
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61§ =~jodd + fagl: ayl = o] —ried;

dli(Z) = _Q|a32 + ﬁa'z%f diZ% = piaég ﬁall(z)’
a3 =—Giedd + sy, agd = Pk —heds; (5)
3] =-piad +Gidy; Gh =—piak + e

.i0 i0 i0
33 =—Pjay3 + Q3.

Cuctema (4) — (5) momyckae po3B’sI3KH:

Pi =i =0; 1 = wp;;
allg = CoS ayt; 0‘12 =sin ayjt; allg =0,

alzg_Z—Slna)mt a22—C050)0|t a23—0 a31 0; 0!32—0 0!
AKI BIINOBIJAIOTE PIBHOMIDHMM OOepTaHHAM TBepAuX Tin S; (i :1,2) 3 KYTOBUMH
MIBUJKOCTSMHU @; HABKOJIO BEPTHKAJIL.

3anumemo piBHsSHHSA (4) — (5) mas 30ypeHoro pyxy, 30epiraroud i 3MIHHUX iXHI
HoTIepeIHI MO3HAUYEHHS:

APy +(Cy = By) gy 0y + ﬂ[( P2 — @0202) 35 — (G + @pp Pz)aéﬂ = —kazs;
Bith —(Cr— A o1 Py - ﬂ[( By — @0z ets — (0 + @pp pz)“%ﬂ = —kor3;
AP +(Cp — Bp) oz + #[( b1 — opath )y — (G + oy Pl)azzll} = ka3 ©)
B2dz —(Co — Ap)anz P2 — /l[( b1 — opath)eds — (G + oy Pl)alzﬂ —keq3);
13 = agiosy — O a3 =-epiedy + py (i=12).
TyT aff =cospyi; ais =—singyi; ai =singyi; ads =Cosp; o = ok —ois ¢ =it 5 (i.k=1,2).

Takum uWHOM, OTpUMaHi BOCIM 3BHYAMHUX AudepeHmianbHuUX piBHAHL (9) 13
MepIOMYHUMH KOeilliEHTAMU OMUCYIOTh 30ypeHUN PyX y CEPEIOBHII 3 OMOPOM CHCTEMH
JBOX TIPYKHO TOB'SI3aHUX TBEPAUX TUT Y MPUNYIIEHHI, IO IX IEHTPU Mac 3HAXOISATHCS Ha
TpeTiii ronoBHOI oci iHepuii. YUepe3 aunamiuny (B # A ) HecuMeTpil0 TOCTIIKEHHS IIiX
PIBHSIHB CTa€ OCUTH CKJIQJHHUM. Y I[bOMY 3B'SI3KY MPOBEAEMO J1ajli aHATITHYHI TOCHIIPKSHHS
11t IBOX TipockoriB Jlarpamka (Bf = A).

3 YMOBH CTIMKOCTI PIBHOMIPHUX OBEPTAHb JIBOX T'TPOCKOIIIB
JIATPAHXKA

[TepeiinemMo 10 HOBHX 3MIHHUX P, (], a1i3, ai23 [8, 11]:
pi = pjsing; +0; cosg;; i = p; cosg; — g sing;;
i _ 00 Oi R B O i
a3 =13 SIN @ + a3 COSQY;; ar3 =13 COSY; —ap3SINQ; .

Hexait Q; =qf —ip], 7; = alg +iabs (i=12), Toni cucrema pisusnb (9) y HOBUX 3MiHHIX
MO’Ke OYTH 3alicaHa HACTYITHUM YHHOM:
Ay +(iCy +K)7y + pip =0,
Poia +(ICo +K)yz + mjy =0, (10)
ne Cj = Cjay; .

Kononos 10.M.
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iot

[IpencraBuBmm 1mykani ¢yHKUii y BUMISAI €9, 3alMIIeMO XapaKTepUCTUYHE
piBHsHHS 30ypeHoro pyxy (10):
R il
R Iy (13)
JTZE
abo
4 3 5 2 _
as0” +bgo’ —80° —bjo+ay =0, (14)

ne F =A% +(iC; + D) A+k;
ay = ARy — 1” = (Ay + ) (Ag +C5my) + Agsfm, > 0;
a3 = AD; + AyDy > 0; by = AIC, + ACy;
dy = D1D2 —(3162 +(Ai + Aé)k, b2 zélDZ +62D1;
al = k2D1 +(kl+k2)D2; bl =(él+C~2)k,
ag = (ky +kg )kp; g =0.
Jlst Toro, mo6 Bci Hymi piBHsSHHA (14) Oynum pi3HI 1 JeXanu Ha AIMCHIN Oci, 3TiIHO
kpu-tepito JIbenapa — Ilinapa, 3anucanoro B iHHOpHOMY Burisai [18, c. 39], HeoOxiaHO 1

JIOCTaTHBO, OO MATPHUIA CbOMOTO MOPSJIKY, sSKa CKJazeHa 3 KOoe(iIlieHTIB IbOTO PIBHSIHHS,
Oysa IHHOPHO-TIO3UTUBHOIO, TOOTO 1100 OyJIM MO3UTUBHO BU3HAUEHI MAaTpULLl Aq, Az, Ag 1 A7

|1 = |A1| = 4a4 >0;
ag by - i

l3=[As|=| 0 da, 3bs |=a4i3>0; (15)
4a, 3b; —2a

a, by -a b g
0 a by -a -b
ls=[Ag|=| 0 0 4a; 3by —2ap|=ayl5>0; (16)
0 4a 33 -2a, O
4a, 3bz3 -2a, O 0

ag by -a b a 0 0
a by - b p 0
0 a, by -a b oag|
4a, 3by -2a, -by|=aybl;>0. (17)
0 4a, 33 -2a, -b O
4a, 33 -2a, b 0 0
4a, 3by —-2a, by 0 0 0

I7 =|As|=

O O O o o
o
o

Tak six a4 >0, To 1;>0 1 CTIMKICTH PIBHOMIPHUX OOEPTaHb ABOX IPYKHO 3B’SI3aHHUX
ripockoriB Jlarpanyka BU3Ha4aeThCs TpboMa HepiBHOCTAME (15) — (17).

I3 mepisrocti (17) crmixye, mo xomu C;+C, =0 a6o k=0 (b =0) maemo I, =0 i
piBusiHHA (14) Mae kpaTHI KopeHs. B 11boMy pa3i yMOBH CTIMKOCTI MOTPeOYIOTh TOJATKOBHX
nocmimxens. Bumanok C+C, =Ciagy +Coayy =0  03Hayae, Mo TBEPAM Tila TOBHHI
obepTraTucs B pi3HI CTOPOHH 3 OJIHAKOBUM T10 MO/JIETIO KIHETHYHUMH MOMEHTaMHU.

Kononos 10.M.

https://doi.org/10.31650/2618-0650-2023-5-2-6-15 11




V/2/2023
Crop. 6-15 / Page 6-15

Mexanika Ta maremMaTuyHi meromu [
Mechanics and mathematical methods

3anumnieMo yMOBH CTIMKOCTI BITHOCHO KoeiIlieHTa MPY>KHOCTI chepruyHOro mapHipy

k:
|~31k + |~30 >0 X (18)
|~53k3 + |~52k3 + |~51k + |~50 >0; (19)
(|~73k3+ I~72k2+ I~71k+l~70)(C~1+C~2)k2 >O, (20)

e
~ , , ~ =~ X y2 R2 72, R2 pr R 2
|31:8(A1+ Az)a4>0; |30 I(C1A2+C2A§|_) +2(C1 A2+C2 A1%+8C1C2,U >01 (21)

I53 =8[(Ai— )Y +4/¢2}a4>0i

75 = 4{(A_{— Aé)[( AL-5 A A~ 4 AZ)C + (4 AP B A A - A'ZZ)CZ}+ 20(Af + Aé)yz}a4.
a1 KOe(ilieHTH He HaBEJCHO Yepe3 iIXHIO TPOMI3IKICTb.
I3 (21) BumtuBai, mo HepiBHicTh (18) 1 BigmosigHo (15) 3aBxau BukoHaHi. Takum

YHHOM, CTIMKICTh PIBHOMIpHHUX 0OepTaHb BOX MpPYXKHO 3B’s3aHUX TipockomiB Jlarpanxka
BH3HAYa€ThCs 1BOMa HepiBHOCTAME (16) — (17) i Bimmosizuo (19) — (20) .

YMOBU CTIMKOCTI BIZHOCHO KIHETUYHUX MOMEHTIB éi (i =1, 2) OyIyTh MaTH BUTJISI;
lisaCi' + 1isaCi* ++++ i1 Ci +ligo >0 (22)
5 4 S - R
(|i75Ci + |i74Ci +-o+ |i71Ci + |i70)(C1 +C2)k >0. (23)
Tyt
_ 12(~2 ' . _ 2[(~2 ' .
sy = 2A (c2 +3A2k) >0; lysy = 2 (cl +3A5k)>0;
. . (24)
ly75 = Aéz(c:z2 +4Aék) >0; 175 = Aéz(CZZ +4A§k) >0,

I3 HepiBHOCTEl (24) crmigye, mo crapiri KoediieHTH nux HepiBHOCcTeH (22) — (23)
JOJIaTHI 3BIJKM BUILUIMBA€, IO CTIMKICTh 3aBkIu Oyae MOKJIMBA HPU JOCHTH BEIIUKHX
3HAYEHHSIX OJHOTO 000 BYX KIHETHUYHIX MOMECHTIB.

V Bunanky mapHupiB I'yka, 3rizHo poOotu [8], Tpeba mokiactu wg, =gy =agy. Y

niomy pasi ymoBu criiikocti (16) — (17) BiZHOCHO KBaapara KyTOBOI IIBUAKOCTI X = a)g
MarOTh BUTJISI;

l53X® + 15yX? + lg X+ lsp > 0; (25)

(|73X3+|72X2+|71X+|70)(C1+C2)k2(0§ >0, (26)

e
ls = 2C2C2 [(c1 Ay —Cy )% + 4,uZC1C2}a4 >0, (27)

! ’ 2
I73:2(C1+Cz)C12C22[(C1A2—CzA1) +4y20102}>0. (28)

I3 mepiBrocreit (27) — (28) BurmmBae, mo crapii koedimieHTH HepiBHOCTEH (25) —
(26) nmonmatHi i CTIMKICTB 3aBXH Oy/1e MOXKJIMBA IIPU TOCUTH BEJIMKIN KYyTOBil IIBUAKOCTI.
3 xapakrepuctuaHoro piBHsHHs (13) ciiaye, mo xkoiau ripockony oqHakoBi (A, = A(,

C,=C{,mp =my,Cy =C;) i 00epPTAIOTHCS 3 OJHAKOBUMH KYTOBUMH IIBHIKOCTAMU ( @y = (1 ),
T0 Fy =F 111€ piBHSIHHA PO3MAAA€THCS HA J1BA PIBHSAHHSA

Alo'2+C1a)OO'—k=0 i (Al+ml(}12)02+Cla)00'—k=0.

Crnin 3a3HauvaTH, 1o mepme i apyre piBHSHHSA npu K #0 ONHMCYIOTH CTiMKi BiJIbHI
o0epTaHHsS OJHOTO TipPOCKOINA Ha KWK i€ BITHOBIIOBAILHUA MOMEHT, TUIBKH Y JAPYrOMY

Kononos 10.M.
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PIBHSIHHI 10 €KBATOPiaIbHOTO MOMEHTY 1HEpPIIil 101a€ThC MOMEHT MacH JAPYroro ripockora.
[Mpu BimcytHOCTI mpykHicTs y mapHipi (k=0) 3'SBIAIOTECA KpaTHI HYJIbOBI KOPIHHS 1
MIATAHHS PO CTIMKICTh BUMArae J0IaTKOBUX JIOCHIIKEHb.

4 OBI'OBOPEHHHA PE3YJIBTATIB JOCJIIKEHb

BuBeneni piBHSHHsS OOEpTaHHS BUIBHOI CHCTEMH JBOX TBEpPIAUX TUI, 3’ €IHAHHUX
IpYXKHUM cpepruuHuM mapHipoMm abo mapHipom ['yka. YV npumyieHi, o neHTp Mac TBEpIUX
TUJT 3HAXOJWUTHCS HAa TPETIM TOJIOBHIM OCl 1HEpIi, BUIHUCAHI DPIBHAHHS 30ypeHOr0 pyXy
MEXaHIYHOT CHUCTEeMHM Y BHUIJISIII BOCBMI 3BHYAaWHUX JAudepeHLianbHUX pPIBHSIHD 3
nepiomuuHuMH  KoedimieHTamMu. Y BUIMAIKy JBOX TipockomiB Jlarpanxa OTpUMaHO
XapaKTEepUCTHYHE PIBHAHHS 4eTBepToro mopsky. Ha mincrasi kpurepia JIbenapa — Hlinapa,
3aMMCcaHor0 B 1HHOPHOMY BHWIJISIII, OTpPHUMaHI YMOBH CTIMKOCTI PIBHOMIpHHX OO€pTaHb
ripockorniB Jlarpanxa y BUIJISIAI CHUCTEMH TpPbOX HepaBeHCTB. [IpoBeneHi aHamiTHYHI
JOCJTIJDKEHHS [IMX YMOBH CTiHKOCTi. JloBeIeHO, 0 TepIia HepiBHICTh 3aBXIM BUKOHaHA. I3
TPeThOi HEPIBHOCTI CIiAYy€, IO KOJU TiPOCKONM MalOTh PiBHI OCbOBI MOMEHTH iHepIi i
00epTaloThCs 3 OJHAKOBMMH KYTOBUMH IIBHUIKOCTSAMH B Pi3HI CTOpOHHW ab0 BIACYTHS
NPYKHICTh y IIAPHIpI, TO XapaKTEepPUCTHYHE PIBHSAHHSA Ma€ KpaTHE KOPIHHS 1 MUTaHHS PO
CTIMKICTh BHIMAara€ JOJATKOBHX JIOCHTI/DKeHb. BuWNMCcaHi yMOBH CTIMKOCTI BiJIHOCHO
KIHETUYHIX MOMEHTIB 1 TIOKa3aHO, IO CTapiIi KOe(illieHTH IUX JBOX HEPIBHOCTEW J10/1aTHI
3BIJIKM BUILIMBAE, IO CTIMKICTh 3aBXIW OyJe MOXJIHMBA MPU JOCUTH BEITUKHX 3HAYCHHSX
OJTHOTO 000 JBYX KIHETHYHIX MOMEHTIB. AHAQJIOTIYHI BHUCHOBKHM OTPHUMAaHi 1 Yy BHIIAAKY
mapHipa ['yka, a Tako)X IMOKa3aHO, IO KOJW TIPOCKOMH OJIHAKOBI, TO XapaKTEPUCTUUHE
PIBHSIHHS PO3MAAa€eThCs Ha ABa piBHsAHHSA. [lepie 1 Apyre piBHSHHSA ONMUCYIOTH CTIHKU BUIBHI
o0epTaHHs OJIHOTO TIPOCKOTAa HA KWK JI€ BIHOBIIOBAIBHUI MOMEHT, TUIBKH Yy OJHOMY 13
piBHSHHI Tpeba 10 €KBaTOpiaJbHOIO MOMEHTY JO0JaTH Macy Jpyroro ripockoma. IIpum
BIJICYTHOCTI TPYKHICTh Yy IIAPHIPI 3'SBISIETHCS KPAaTHUW HYJIOBUU KOPIHB 1 TMHTAHHS MPO
CTIMKiCTh BUMArae J0JaTKOBUX JOCIiIKEHb.

JlocmiokeHHsT BUKOHaHI B paMKaxX MPOTPaMHO-IUTFOBOI Ta KOHKYPCHOI TEMAaTHKH
HAH Vxkpaian Ne 2-19-I1 (maykoBo mocmigHa po6ota 3a temoro Bb-15-18-21/479) i Gynu
4acTKOBO miaTpuMana rpantom Big ®Ponmy Cimonca (Haropoma 1160640, IIpesumeHTCHKI
JTUCKPELiHI TPaHTH Ha MATPUMKY YKpainu, onepxysad Kononos FO.M.).
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VJIK 531.381

3BYPEHI PYXM TBEPJOI'O TLJIA 3 PYXOMOIO MACOIO B
CEPEJIOBHILII 3 OTIOPOM

Jemenxko . 1.1, Kozauenxo T. 0.1
Y0oecwvra deparcasna axademis 6yodisnuymea ma apximexmypu

AnoTamnist: J[ocmiKyIOTECS Pi3HI BHITAJKH PyXy TBEPAOrO TiJla 3 BHYTPIIIHIMH CTCTICHIMH
BIIBHOCTI. PO3rnsiHyTO pyxH Tina, sKe MICTUTH JiHIHHI NPYXKHI Ta AUCUIATUBHI €l1eMEHTH. 30KpeMma,
JIOCII/DKEHI PyXH Tijla, 0 HECE MacH, 3’€JHaHi 3 HUM 3a JOMOMOTO MPYXHUX CWI 3 JIHIHHAM
nemiipyBanasM. Ll cuTyalis MOIETIO€ HAsBHICTHP HEKOPCTKO 3aKpIIUICHUX JeTalield Ha
KOCMIYHOMY armapari, O BiAMNOBIHO YMHUTH CYTTEBUH BILIMB HA HOTO PyX BiTHOCHO LIEHTpa Mac.

Po3BuTOK nociikeHb 3a4a4 JUHAMIKKA TBEPAUX T HABKOJIO HOTO LIEHTpa Mac iie B HANPSMKY
BpaxyBaHHs TOTO (akTy, IO I TiJla HE € 1IeaNbHO TBEPIUMH, & JOCUTHh OJIHM3BKMMHU JIO iJealIbHUX
Mmojeneii. HeoOXiqHicTh aHalizy BIUTUBY pi3HUX HeEijeanbHOCTEH 00YMOBJICHa 3pOCTAaHHSM BUMOT JI0
TOYHOCTI PO3B’S3aHb MPAKTUYHUX 33/a4 KOCMOHABTHKH, ripockomii, Tomo. BrumB HeigeanbHOCTEH
Moxke OyTH BHSIBIICHHM 32 JIOTIOMOTOI0 aCHMITOTHYHHUX METOJIIB HETIHIMHOT MeXaHiKH (ycepeTHeHHS,
CUHTYJIAPHUX 30ypeHb Ta iH.). BiH 3BOAUTBCS 10 HAsSBHOCTI JTOJATKOBHX 30ypIOIOUHMX MOMECHTIB B
piBHsaHHAX pyxy Efnepa nesikoro ¢ixruBHOrO TBepaoro Tina. Y [1, 6] ogep>kaHo BEKTOpHE PiBHSHHSA,

SKEe OMHCYe 3MiHYy BEKTOpa () B CHCTEMi KOOpAHMHAT, 1MOB’s3aH0i 3 Tilom. Dynkuis @D(®) €

HOJIIHOMOM, 1[0 MIiCTHTh YETBEPTHUI 1 I’ ATHIA CTENEHI .

Psn poOiT mpucBsvueHO aHaNmi3y pi3HUX MPOOJIeM TUHAMIKM KOCMIYHHX amapaTiB, IIO MiCTATbH
BHYTpIlIHI Macu. BuBYanuch muTaHHS CTIMKOCTI Ta HECTIMKOCTI, a TaKoXX MPOOJIEMH KEpyBaHHS Ta
crabimi3arii pyxiB. B kocMigHOMY TIOJTEOTI 1HOJII BUHUKAE MOTPeOa 3arIyIIUTH XaOTHIHE 00epTaHHs,
sIKe BUHHUKAE 3 OyIb SIKUX NpUuuH. I 1bOro BUKOPUCTOBYIOTH MEPEMIIICHHS PYXOMHX Mac.

Mu pocnimKyemMo 3afady Mpo pyX B CEPENOBHILI 3 OIOPOM AWHAMIYHO CUMETPHYHOTO TBEPAOTO
TiJIa 3 PyXOMOIO TOYKOBOIO Macolo, sika 3’€IHaHa 3 TIJIOM MPYXKHOIO B’SI33[0 32 HASBHOCTI B’SI3KOTO
TEepTSA. 3a JOTMOMOTOI0 ACHMIITOTHYHOTO IMIIXOMy PIBHSHHS PyXy Tila 3 Macor Oyl CIPOIICHI.
HemniniliHa eBomonis KyTOBUX PyXiB Tijla MpoaHaji3oBaHa 3a JOIOMOIOI0 YCEpeIHEHHX PIBHSHB Ta
YHCeIbHOr0 iHTerpyBaHHs. [loOymoBaHo rpadikv BETWMYHH KBAJpPaTiB €KBATOPIAILHOI Ta OCHOBOI
KOMITOHEHT KYTOBOi INBWAKOCTI. Pe3ymbraTh, sKi TpejicTaBiieHi B il poOOTI Jal0Th MOXKJIHMBICTh
aHaJi3yBaTH KyTOBI PyXH IUTYYHUX CYITyTHHUKIB MiJ Ai€I0 MaJIHX 30ypIOIOYMX MOMEHTIB.

KuarouoBi cioBa: TBep/e Tijio, CepeAOBHUIIE 3 OIIOPOM, pyXOMa Maca.

PERTURBED MOTIONS OF A RIGID BODY WITH A MOVABLE
MASS IN A RESISTIVE MEDIUM

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

Abstract: Various cases of the rigid body motion having internal degrees of freedom was
studied. In particular, the motions of a body carrying masses which are attached to it by means of
elastic forces with linear damping was investigated. This situation simulates the presence of loosely
fixed components on a spacecraft, having a significant influence on its motion about its center of mass.

The development of research in dynamics of rigid body motions about its center of mass goes in
the direction of taking into account the fact that these bodies are not perfectly rigid but are rather close
to perfect models. The need for the analysis of the influence of various deviations from perfectness is
caused by growing accuracy requirements in space exploration, gyroscopy, etc. The influence of
imperfections can be revealed using asymptotic methods of nonlinear mechanics (averaging, singular
perturbations and others). This influence reduces the additional terms in the Euler equations of motion
of a fictitious rigid body. In the space flight, there arises sometimes a necessity to suppress the chaotic

Jlemenko /1. 1., Kozauenko T. O.
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rotation that occurs for one reason to another. To this end, the relative displacements of movable
masses are used.

A number of works are devoted to the analysis of various problems of the dynamics of space
vehicles containing internal masses. The issues of stability and instability and the problems of control
and stabilization of motions have been studied. In [1, 6] vector equation which describes the change of

vector @ in the system of coordinates connected with the body was obtained. Function ®(®) in the

right-hind side of this equation is a polynomial containing the fourth and fifth powers of ®.

We study the problem of the motion in a resistive medium of a dynamically symmetric rigid body
carrying a movable point mass, connected with the body by an elastic coupling in the presence of
viscous friction. By means of asymptotic approach equations of motion of body with mass are
simplified. Nonlinear evolution of angular motions of the body is analyzed using averaged equations
and numerical integration. Results summed up in this paper make it possible to analyze angular
motions of artificial satellites under the influence of small internal perturbation torques.

Keywords: rigid body, resistive medium, movable mass.

Jlemenko /1. 1., Kozauenko T. O.
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1 BCTYII

Ha pyx mTy4HOro CymyTHHKa BITHOCHO IIEHTpPa Mac JiIOTh MOMEHTH, 5IKi 00yMOBIIEHI
pyxoM naeskux Mac BcepenuHi Tinma. Il pyxu MoxyTe OyTh OOYMOBIECHUMH PI3ZHUMH
NpUYMHAMU: HAssBHICTIO B TU1I 00€pTOBHUX Mac (POTOPIB, TPOCKOIIB), a TAKOXK MEPEMIILICHHIM
eKinaky B BHIMAJIKY ITJIOTOBAHOTO amapara.

2 AHAJIIB JIITEPATYPHUX JAHUX TA IIOCTAHOBKA ITPOBJIEMHA

Benuka kiTbKicTh poOIT, TPHCBSYEHA JOCIIHKEHHIO OOEpTaHHS TBEPAOTO Tijda 3
PYXOMHUMH BHYTPIIIHIMA MacaMu 3 MPY>KHUMH Ta AUCUTIATUBHUMU efeMeHTaMu. Orisig poOiT
3 Ii€1 TEMATHKH MpeacTaBiIcHui B [1-6].

B po6Gotax [1, 6] po3rnsHyTi AesiKi BUNAAKKU PyXy TBEPAOTO Tija, SKi MICTATh pPyXoMi
BHYTPIIIIHI MacH, 3’€IHaHI1 3 TiJIOM 3a JIOTTIOMOT OO MPY>KHHUX Ta AUCUTIATUBHUX CJIEMEHTIB.

B xHu3i [7] BuBeneHi piBHSHHS pyXy TBepAOi OOOJOHKM 3 KOJMBHHMHU TOYKOBHMH
MacaMi. JlesKi sIKiCHI acleKTH 3ajadi Mpo pyX HABKOJO HEPYXOMOi TOYKH TBEPIOTO Tija 3
PYXOMOIO Macow aociipkyBanuch B [8]. B [9] po3rismaerscst TBepae TiIO 3 HEPYXOMOIO
TOYKOIO, B SIKOMY B3JIOBXK MPSMOJIIHIMHOTO >XK0700a, SKUW MPOXOAUTH Yepe3 II0 TOUKY,
3IHCHIOE KOJMBAHHS MPUKPIIJICHA 10 TPY>KUHHU TOUKA 3 33JJaHOI0 MacoIo.

B crartax [10-12] posrasmaeTscst pyX TBEPAOro Tija, IO SKOrO B TOYIl HEPYyXOMO
3B’A3aHOIO 3 TLIOM, MPHUKPIMJICHA 3a JTOTIOMOTOI0 MPY)KUHHOI B’A31 3 KBaJpaTUYHUM TEPTIM
pyxoMa maca. BuBYaeTbcs pyX AMHAMIYHO CUMMETPUYHOTO TBEPAOrO TiMa 31 CHEPUIHOIO
MOPOXXHUHOIO, 3allOBHEHOIO DIJUHOI0 BETUKOI B’SI3KOCTI, HECYYOrO PYyXOMy Macy, sKa
NPUKpPITIJIEHA 33 JOTIOMOTOI TPYXHOI B’SA31 3 B’S3KMM TEPTSAM Ha OCI  CHUMETPIii.
PosrnsgaeTscst pyX HaBKOJIO LIEHTpa iHepwii OJM3bKOI0 10 TUHAMIYHO c(hepHUyHOTr0 TBEPIOTO
TiJIa, IKE MICTHTh B’ SI3KOTIPY>KHHUI €JIEMEHT.

B poGori [13] owiHEeHO BIUIMB PYyXOMHX TOYKOBHX Mac (JiHIHHHX OCHWJIATOPIB), SIKi
3MIMCHIOIOTh KOJIMBAHHS B3JIOBXK OCI CUMETpii BOBUKa a00 B3JIOBXK OCEH, OPTOTOHAIBHHUX OC1
CHUMETpii, Ha CTIHKICTh PIBHOMIPHOTO pyXa BoBuKa Jlarpanxa.

B po6orax [10, 14, 15] pose’s3aHa 3amada 0OpO ONTHMAIbHY 3a IIBHIKOIIEIO
cTabumi3almio BUIBHOTO TBEPAOrO TiMa 3 PYXOMOIO MAacolo, sKa 3°€JHaHa 3 TUIOM
B’SI3KONPY)KHUM YHHOM. JlocTi/KeHa 3aa4a Ipo ONTHMANIBHE 32 IIBHIKOIEI0 TAIbMyBaHHS
TBEPAOTO Tija 31 cPepuIHOI0 MOPONKHUHOIO, 3aMIOBHEHOIO PIAMHOIO BEIUKOI B’S3KOCTIi, Ta
PYXOMOIO TOYKOBOIO Macolo, 3’€THAHOI CHIILHUM JIeMIdepoM 3 KopmycoM. PosrmsHyTa
3aJada Mpo ONTHMANIbHE 3a IIBUAKOIIEI0 TAIbMYBAaHHS B CEPENOBHILI 3 OMOPOM TBEPIOTO
TiTa 3 PyXOMOIO TOYKOBOIO Macor, 3’€aHaHor aemmndepom 3 kopmycom. B [16, 17]
JOCITIJKeHA 3a/laya KBa3iONTHMAIBHOTO 32 IIBHJKOIIEI0 KEpyBaHHA OOEpTaHb JAWHAMIYHO
CUMETPUYHOTO TUTa 3 B’SI3KOMPYKHUM €JIEMEHTOM B CEpeNoBHUIll 3 oropoM. PosrisHyra
3aJadya  KBa3iONTUMAIBHOIO 3a  INBUAKOMIEI0 TajJbMyBaHHS oOOepTaHb JAWHAMIYHO
CUMETPHYHOTO TBEPJOTO Tilla 3 TOPOKHUHOIO, 3allOBHEHOIO B’S3KOI0 pIAMHOIO, Ta 3
B’SI3KONPY)KHUM €JIEMEHTOM B cepenoBuiili 3 onopoM. B [18-21] posrisuyTi 3ama4i npo pyx
TBEPJIOTO TijIa BIAHOCHO IIEHTPa Mac B CEPEIOBUIIIl 3 OMTOPOM.

Po3srnsaaroteest 006epTaibHi pyXu JUHAMIYHO CUMETPHUYHOTO TiJIa 3 PyXOMOIO TOUYKOBOIO
Macoro, siKka TPHUKpIMJIEHA B’ S3KOMPYXKHUM JeMIIpepoM 10 TOYKM Ha oOci cuMmeTpii (B
HenedopmoBaHomy ctani) [1, 6], B cepenoBuiii 3 onopom. byaemMo BBaKaTH, 1[0 MOMEHTH
CHJI OTTOpY € JIiHIHHUMH Ta qucunatusaumu [1, 18-21]:

M =—-¢lp, My =-¢l,q, My =—¢cl,r, 1,1, >0, 1)

ae 1, 1,— aeski mocTiiiHi koeilieHTH NPOMOPLIHHOCTI, SIKi 3a7eXkKaTh BiJl BIACTHBOCTEN
cepeoBuINa Ta (POPMHU Tija.

Jlemenko /1. 1., Kozauenko T. O.
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3 ypaxyBanHsM (1) HaOmmkeHa cucTeMa piBHAHb 30ypeHOTro pyXy B HPOEKIisX Ha
rOJIOBHI IICHTpalIbHI Oci iHepii Mae Burmsn [1, 6, 18-21]

Ap+(C—A)gr =—¢l,p+Lar + Spr*,
Ag+(A-C)pr=—¢lq—Lpr+Sqrf, (2)
Ci =—¢l,r— AC'Sr’(p® +q°).

ne P, q,r - mpoekiii BekTopa abCOMIOTHOI KYTOBOI INBHIAKOCTI @  Ha 3B'A3aHi OCi,
J =diag(A, A, C) — tensop inepiii He30ypeHOro Tijia.

Koedimientu L, S B (2) BUpaxxatoTbCs Uepe3 MapaMeTpyu CUCTEMHU HACTYITHUM YHHOM:
L=mp*Q°A°C(A*p® + A’g” +C°r?),
S=mp’IQ'C*(A-C)A™*

©)

Koedimientn L, S xapakrepusyioTh 30yproroul MOMEHTH CHJ, SKi 0OyMOBIICHI
HasIBHICTIO B’SI3KOIPY)KHOTO €JIeMEHTa, M — Maca pyXoMOi TOYKH, O — BIJICTaHb BiJl IIEHTpa
Mac Here(hOpMOBAHOT CHCTEMHU IO TOYKHM KPIMJICHHS, sIKa 3HAXOAMTHCS, 3a MPHUITYIICHHIM, Ha
oci muHamiyHOi cumerpii mporo Tima. Crami Q°=c/m, A=35/M BH3HAYAIOTH YaCTOTY

KOJIMBaHb 1 MIBUJIKICTH iX 3racaHHs BIAMOBIIHO; C— KOPCTKICTh (KOEQIIIEHT MPYKHOCTI), O
— koedirieHT B’s13K0CTI nemMridepa.

3 LLJ1b TA 3AJAYI JOCJIJUKEHHS

Lisutio pobdoTH € TOCHiKEHHST PI3HUX BUIIAJKIB PyXy TBEPAOro TiJia 3 BHYTPINITHIMU
CTETICHSIMH BUIBHOCTI.
JlochimKyeTbes BHUIAJOK MOTY)XHOTrO Aemmdepa, konu koedimientn Q, A 3B’s3aHl

HepiBHOCTsMHU [1, 6]:

Q’0 Aol o 4

YMoBa (4) mo3BOJIsie BBECTHM Malvii mapamerp B (3) 1 BBakaTH BKazaHl 30yprorodi
MOMEHTHU MaJIMMH 3 METOIO 3aCTOCYBAaHHS aCHMIITOTUYHOTO METO/Ia ycepeaHeHHs [22].

Kpim Toro, HepiBHOCTI (4) T03BOJISIOTH HEXTYBATH JUISHKAMHU BITLHUX KOJHWBAaHb PYXiB
MacH, sKi OOyMOBJICHI MOYATKOBUMHU BIIXWUJICHHSIMH, BHACTIAOK iX IIBHUIKOTO 3racaHHs i
BpaxyBaTH BUMYIIICHI KBa3iCTaIllOHAPHI PYXH, BUKJIMKaHI 0OEpTaHHSAM Tija.

Bynmemo BBakatu, mo Q° g, AQ™ ~¢.

2 4 .

Komn £ =0, Q°=0, AQ™ =0 cucrema (1) iaTerpyeThCs, IpU NBOMY I =T, .

[Mpunycrumo, mo r,=0. B mpomy Bumanxky 3MiHHI [, (| 3A1HCHIOIOTH I'apMOHIYHI
KOJIMBAHHSI, 4aCTOTA SIKUX |(C -A) |’0| 3aJIeXHUTh BiX I,. Tonl cucrema piBHAHB (1) HemiHIMHA.

3aranbHuil MOPOKYBabHUM PO3B’ 130K cuctemHu (1) [23]
p=acosep, q=asing, r=r, (5)

3aCTOCYEMO SIK TIEPETBOPEHHS 110 3MiHHMX @, I, 1e a >0, a =const, p=r(C — A)A™t.

3 (5) omepxkumo, mo &= PCcose + §sing. [linctaBumo B 1e¥t Bupa3z P 1 (| 3 meprimx
nBox piBHstHB (1). B pe3ynbrarti ycepeaHeHHs! oiepKaHoro piBHIHHS st a 3a gaszo ¢ [22]
i, BpaxoByroun, mo a’ = p® + q°3anumemo pisasHas (1) 11 r y Burmsi (Kparnka — moxiaHa
3a gacom t):

Jlemenko /1. 1., Kozauenko T. O.
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a=-¢l,Aa+SA'r'a,

r =—l1,C'r — AC?Sr’a’ ©)
=—¢l, _

3pilicHoroun 3amiHy 3MiHHEX X=a’, y=r>>0 cucremy (6) mpuBemeMo 0

HAaCTYITHOI'O BUTJIAY:

% =-2x[ e, AT =SATY ],

()

dy _ e
E_—Zy[glg,c + AC Sxy].

B miit cuctemi X, Y — MOBUIbHI 3MiHHI.

4 PE3YJBTATHU JOCJ/IIIKEHDb

Cucrema (7) mpoinTerpoBaHa umcenbHO 3a mouaTkoBux ymoB X(0) =1, y(0)=1 Ta
napamerpiB p=1, m=1 A=98 Q=10, £=0.1, I, =1.0. YncenbHuii po3B’s30K CUCTEMH
oTpuMaHo B MaTeMaTmyHoMmy makeri Maple, 3 3acrocyBanusim Mmetoma Pynre-Kyrru-
®denpbepra n’sITOro MOPSAKY TOUHOCTI.

Ha puc. 1 — 4 306paxeHo rpadiku BemMuuH X =a° i y = r’ KBaJpaTiB eKBaTOPiaabHOI Ta
OChOBOT KOMITOHEHT KYTOBOi HIBHJKOCTI TBepAoro Tia y Bumaakax: 1) A=15 C=1 rta

I,=1.25 abo |, =2.5 (puc. 1,3);2) A=4, C=2 Tta I, =1.25 abo |, =2.5 (puc. 2, 4).
1

0.2+

0.6+

0.4+

0.2

1] 10 20 30 40

Puc. 1. I'padixu 3minrEnx X i Yy BBumaaky A=15 C=1 I, =125

1

0.5

0.6

0.4

0.2

a0

Puc. 2. I'padpixu 3MiHHUX X 1 Y BBumagky A=4, C=2, |, =125
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Puc. 3. I'padpiku 3mirEnX X 1 Yy BBumagky A=15 C=1 1, =25
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044Ny
A} ¥
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x e
I} T T
0 20 40 ] 20

Puc. 4. I'padixu 3mirENX X 1 Yy BBHmaaky A=4, C=2, 1, =25

5 OBI'OBOPEHHA PE3YJIBTATIB JOCJ/IIIKXEHHS

Ax OGaummo, 3 puc. 1-—4 3MiHHI X= a’ Ta y= r’ cmajgaroTh ACHMITOTHYHO
HaOJIIKAI0UKCh [0 HyIs. Y BUIAJKy BUKOHAHHS cmiBBigHomeHHs A/C =1,/1,, cucrema (7)
Ma€e eIuHMH po3B’s30K X = y. Ilpu BukoHani HepiBHOCTI A/C >1,/l, 3MiHHa y mBHImIE
nparse 10 Hyqst Hix X . Skmo x A/C < |, / |, HaBMmaky, 3MiHHA X CIAJa€ MIBHJILIE HIK ) .

Takox XapakTep cnaJaHHs BEJIMYMH KBaJpaTiB €KBATOPiaJbHOI Ta OCbOBOi KOMIOHEHT
KYTOBOT IIBHUIKOCTI TBEPJOTO TiJIa 3aJICKUTH BiJl CITIBBIIHOIICHHS MK MOMEHTAMH 1HEPIIii.
[Ipu 3pocranui Benmwunaun A/C (IpM OZHAKOBHX IHIIMX IapameTpax) CHaJaHHs 3MiHHHX

X=a’ Ta y = r? BinOyBaeThCs NOBLIBHIIIE.

6 BHCHOBKH

B pesynbTari AOCTIKEHHS PyXy B CEPENOBUI 3 OMOPOM OJIM3BKOTO A0 TUHAMIYHO
c(hepruyHOro TBEPJOTO Tija 3 PYXOMOK MAacol0, 3B’S3aHOI0 3 TIJIOM MPYKHOIO B’SI3310 TIPH
HasIBHOCTI B’A3KOTO TEPTs OAEP)KAHO CHUCTEMY DPIBHSIHb pyXy B craHmapTHiid ¢opwmi. Ilicns
OJIEpXKaHHS yCEpETHEHOT CHCTEeMH 3HAWIECHO YHCENbHUIN pO3B’s30K 3amadi. EBomomis pyxy
TBEPJOTO TiJla ONHUCYETbCA pPO3B’A3KaMH, SKIi MOXYTh OYTH BHKOPHUCTaHUMH, IIPH
JIOCJTIJDKEHHI OpieHTAIlil Ta cTabutizallii pyxy CylmyTHHUKA BIITHOCHO IIEHTpa Mac.
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V]IK 624

JOCJIIIZKEHHA METOIUK PO3PAXYHKY
ITPOI'PECYIOUYOI'O OBBAJIEHHA

Otpom IO. Al.,, MaiiGopoaa P. I'., Pamkesuu H. Bl., Pomin A. B,

YHayionanvnuii ynisepcumem yusinonoeo saxucmy Ypainu

Amnoraiisi. [IpoBeneHe MoaetoBaHHS POTPECYIOYOr0o 0OBaJICHHS OyAiBeIh B YMOBaX MOXKEXKI 3
BUKOpHUCTaHHAM mporpamuoro cepepoBuma JIIPA-CAIIP 3 meToro minBuieHHS piBHA 3a0e3MeYeHHS
MOKEXHOI OEe3MeKH.

[IpoanaimizoBaHi HayKoOBi Tpalli Ta HOPMYBaHHS BHMOT IIOAO IPOTPECYIOUOTO OOBaJICHHS
OyziBeNb B yMOBax IMOXEXi, IPUYMHA BUHUKHEHHS MPOTPECYIOYOro OOBAJICHHS B YMOBaX IMOXKEK,
PO3TIISTHYTI Cy4acHI METOMIU Ta IiIXOH JI0 PO3PaXyHKY MPOTPecyrodoro oOBajIeHHS B yMOBaX IMOXKEKi
B CIIIA Ta Ykpaini. BcraHosneHo, 110 Ha TenepiliHii 4Yac He ICHYE €IUHOI METOJUKH PO3PaxXyHKY Ha
«rporpecyroue oOBajieHHs». 3abe3neueHHs (pPo3po0ka METOAMKH PO3PaxyHKY) HEOOXIAHOIrO OImopy
00’€KTiB MPOrpecyouoMy 0OBaJICHHIO NMPH Pi3HUX KOMOIHOBaHMX OCOOJIMBHX JAifX MOXKEXI Ta BUOYXy
€ aKTyaJIbHUM HayKOBO-TTPAKTUYHUM 3aBIaHHSIM.

Po3pobiieHa 4rcenbHa MOZEIL MPOrPECYIOUOro OOBaJIeHHS OYIiBIAI B yMOBax IOXKEXi, SKe
MOJKE€ TPHU3BECTH JI0 Mporpecyrdoro obBaneHHs OymiBii. J[ms 11bOro, BUKOPHCTAaHWM MPOTPaMHUN
kommekc JIIPA-CAIIP. Byna cTBopeHa CKiH4€HO-€IEMEHTHY MOJENb TPHOX IMOBEPXOBOIO MAPKIHTY.
3acrocoBane nudepeHIliifHe PiBHSIHHS TEIIONPOBIMIHOCTI, SIKa BPaXxOBY€E paialliiHO-KOHBEKTHBHUHN
TEIUI0O0OOMIH BiJi TA30BOTO CepefoBHINA JO OOIrpiBHUX TIOBEPXOHb KOJIOHH, TEIIOOOMiH
TEIUIONPOBITHICTIO B KoOJOHi. Jlms Momemi Oyno BH3HAYE€HO THIHM JKOPCTKOCTI Ta BiJMOBiIHI
XapaKTepUCTUKU. B pe3ynbraTi 4McenbHOro MOJeNtoBaHHA OyJO0 BCTAHOBJICHO Miclle BUHUKHECHHS
MOKEX1, HACIIIKY BiJ SIKOT IPU3BEAYTh JI0 BTPATH HECYUOi 31aTHOCTI KOHCTPYKIIIH, 1, K HACIIIOK, 10
BTPATH 3araJibHOI CTIHKOCTI OYy/TiBJIi TAPKIHTY.

BceraHoBileHO, 1O MiIXOAM MIOA0 30UIBIICHHS IUION[I apMyBaHHS MarOTh MiCIe NPH
MPOEKTYBaHHI Oy/iBellb Ta CIOPY, MPOTE B3arayii He MPUIHATHI NP eKCILTyaTallii Bxke mo0y10BaHuX
OyziBeNnb Ta MPU HEOOXIAHOCTI MiJBUIIEHHS MEX BOTHECTIMKOCTI 3a71i300€TOHHUX KOHCTPYKIIH 0
HOPMOBaHHX 3HAYECHb.

KuarouoBi ciioBa: nporpecyrode oOBaleHHs, IMOXKekKa, BUOYX, dricenbHe MojaemoBanHs, JIIPA-
CAIIP.

RESEARCH OF PROGRESSIVE COLLAPSING CALCULATION
METHODS

Yu. Otrosh?, R. Maiboroda?!, N. Rashkevich!, A. Romin!
National University of Civil Defence of Ukraine

Abstract. Modeling of the progressive collapse of buildings under fire conditions was carried
out using the LIRA-CAD software environment in order to increase the level of fire safety.

Scientific works and standardization of requirements for the progressive collapse of buildings in
fire conditions are analyzed, the causes of progressive collapse in fire conditions, modern methods and
approaches to calculating progressive collapse in fire conditions in the USA and Ukraine are
considered. It has been established that currently there is no single methodology for calculating
"progressive collapse™”. Ensuring (development of calculation methodology) the necessary resistance
of objects to progressive collapse under various combined special effects of fire and explosion is an
urgent scientific and practical task.
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A numerical model of the progressive collapse of the building under fire conditions, which can
lead to the progressive collapse of the building, has been developed. For this, the LIRA-SAPR
software complex was used. A finite-element model of a three-story parking lot was created. The
applied differential equation of thermal conductivity takes into account radiation-convective heat
transfer from the gas medium to the heating surfaces of the column, heat transfer by thermal
conductivity in the column. Stiffness types and corresponding characteristics were determined for the
model. As a result of the numerical modeling, the place of the fire was established, the consequences
of which will lead to the loss of the load-bearing capacity of the structures, and, as a result, to the loss
of the overall stability of the parking building.

It has been established that approaches to increase the area of reinforcement take place in the
design of buildings and structures, but are generally not acceptable in the operation of already
constructed buildings and in the case of the need to increase the fire resistance limits of reinforced
concrete structures to standardized values.

Keywords: progressive collapse, fire, explosion, numerical modeling, LIRA-SAPR.
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1 BCTYII

3 PpO3BUTKOM apXiTeKTypu OyIBHHUIITBA, IMOSBOI0 HOBHX OYIIBEJIBHMX MaTepiaiis,
IH)KEHEpPHUX MallMH, BiAOyBae€ThCS 3BEACHHS PI3HUX 32 apXITEKTYPHOIO CKJIAHICTIO
OymiBenb, BiJi BHUCOTHUX JO0 HE3BUYHUX Ta apXITEKTYPHO-CKIAAHUX 3a KOHCTPYKIIEIO
OyniBenb. Taki OyaiBii MEpEeBaKHO XapaKTEPU3YIOThCS MEpeOyBaHHSAM 3HAYHOI KUJIBKOCTI
JIIOZIEN.

B ymoBax moskexi, MOpyIeHHs 3arajbHOi CTIHKOCTI OyiBii BiAOyBaeThCs BHACIHIOK
BTpaTH HECY4Oi 3/IaTHOCTI Ta pyHHYBaHHSA OKpeMHux eneMeHTiB. HeOesneka oOBaiy HeCyunx
KOHCTPYKIIiH, KpIM MaTepiaJbHOr0 30MTKY, CTaBUTh MiJ 3arpo3y XUTTS JIOJACH, sSKI B Hil
nepeOyBarOTh, Ta PATYBAJIBHUKIB TiJ] Yac TaciHHSA TOXKEXi. Y TEpeBaXHIN OUIBIIOCTI
BUNAJIKIB pyHHYBAaHHS KOHCTPYKLIA HPU3BOAMUTH JO IOBHOTO OOBaJCHHS Ta 3HUIICHHS
MaTepiaTbHUX IIHHOCTEH.

KoHncTpykTBHa cxema Oyab-skoi OymiBii MOBMHHA 3a0e3MedyBaTH HOTO MIIHICTB i
CTIMKICTh y BHIQAKY JIOKaJIbHOTO pPYWHYBaHHS HECYYHX KOHCTPYKIIiH, CHPUYMHEHUX
NOXKEKaMH Ta BUOyXaMu, K MiHIMyM Ha yac HeoOX1IHUH JUIsl TOBHOI eBaKyallil JIIoeH.

Brnepire 3 BUMagkoM mporpecyrodoro oOBaJeHHS JIIOJCTBO 3ycTpiinocs B 1968 porii,
KOJIM BHACTIIOK BUOYXYy MOOYTOBOTO Tra3y OyJo MOBHICTIO 3pyWHOBAHO KPUJIO 3 KUTJIOBUMU
KBapTHpamu 22-MoBepxoBoro OyauHKy «Ronan Pointy (JIoHmoH), 110 mpu3Beio a0 3arubeni
necatkiB moaen (puc. 1). Komiciero mo BHBUEHHIO MPUYMH Tpareaii 0yio 3ampOrOHOBAaHO

«Y3aKOHUTHY», MPOBEACHHS 000B'I3KOBOT0 PO3paxyHKy Oy/iBeNb ASSKUX BUJIIB HA TMPOTHIIIIO
IPOTPECyI0uoOMy 0OBAJICHHIO.
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Puc. 1. 16 TpaBus 1968 pik, JIoH10H, HacTiAKH edeKTy NPOrpecyrovoro 00BaJeHHs
KOHCTPYKUiii KUTJIOBOr0 OyIMHKY MicJiA BUOYXY MOOYTOBOIo ra3y B OjHil i3 KBapTHp

T L A S

11 Bepecnst 2001 poxy B Hpro-Mopky Tpammimacst TepOpUCTHYHA aTaKa JTiTAKAMH JBOX
O6amTt BcecBiTHiX TOpriBenbHUX 1eHTpiB. [Iporpecyroue oOBajeHHS LUX JIBOX YHIKaJIbHUX
OymiBenb BiAOYJOCS BHACHIIOK KOMOIHOBAaHOTO XapakKTepy Maike OJHOYACHO TPhOX
0COOJMBHX il THITY «yaap-BUOYX-TIOKEXKa», a HE OKPEMO KOXKHOTO0, SIK 11€ PO3IIIIanocs Mpu
MPOEKTYBaHHI 1 OyaiBHUITBI (puc. 2).
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2T SaTAN ; R ‘t - g 5 SR | i
Puc. 2 11 Bepecns 2001 poxy CIIIA. PyiiHyBaHHs CBIiTOBUX TOPTiBeJLHUX HEHTPIB B
pe3yJbTaTi TEPOPUCTUYHOTO AKTY Ta eeKTy MPOrpecyrluoro ooBajeHHs

Ha tepuropii mict Ykpainu, HalOUIbIIy KUIBKICTh 3aliMarOThb OYIMHKH PaIsHCHKOI
3a0ymoBu 50-80-X pokiB 3 meriu Ta maHenbHi BikoM 70-80-x pokiB MHHYIJIOTO cTOMITTA. Taka
crapa 3a0ymoBa, sIK 3’sCyBajoCs, T€K HE pO3paxoBaHa Ha MPOTHUIIIO MPOTPECYIOUOMY
0OBaJICHHS, IO MIATBEPKYETHCS TPAridHUMH TOAISIMHU 13 3aruOeuIo oA 1 3HAYHHUMHU
pyHHYBaHHSIMH.

13 xoBTHs 2007 poKy y OararomnoBepXiBIll aHEILHOTO TUIY M. JIHITIPO cTaBcs BUOYX
noOyToBoro rasy. B pesynbraTi BUOYXy B O/IHI 13 KBapTHP Bi1I0YIIOCS MOPYIICHHS HECYYHX
eJIeMeHTIB (IaHesnei) Ta BHHUK eeKT mporpecyrdoro ooBajieHHs. 3pyitHoBaHO 10 moBepxis,
3arunyno 24 moauHu (puc. 3).

e o _ G
Puc. 3. EdexT nporpecyo4oro pyiiHyBaHHsI IaHeJbHOI0 OyANHKY B pe3yJbTaTi
BHOYXY rasy

Curtyaltis 3 UEVISTHUMU OyJMHKaMH PaJITHCHKO1 3a0y/I0BH CYTTEBO HE BIZIPI3HIETHCS Bifl
naHenbHUX. Sk mpukiax, y micti HoBa Opneca Ha MukonaiBmiuHi, y KyTOBiH YacTHHI
I’ ITUTIOBEPXOBOTO KUTJIOBOTO OYIWMHKY CTaBCsS BHOyX MOOYTOBOTO ra3y, BHACIHIJIOK YOTO
BifOynocs pyitHyBaHHs 4 Ta 5 noBepxy (puc. 4).
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nc. 4. PyiilHyBaHHs 6yzm1< BHac.ﬂiudlc BHOYXY rasy

3HA4YHO Kpalle CUTyalis 3 OyIWHKaMu cydacHoi 3a0ymnoBu. 26 mrotoro 2022 poxy B
pe3yabTaTi BIY4aHHS TOTYXHOI pakeTd y BHCOTHY OyniBmio Ha piBHi 17-20 moBepxiB
nobnusy aeponopty «Kynsau» M. Kuesa, BinOynocs pyiiHyBaHHS Ta YMOBHE «BHMJAJICHHS»
YaCTUHHU HECYYMX KOHCTPYKLIiH (puc. 5). PaxT, mio OyaiBias BCTOsIA 1 HE 3aBAIMIACH MICIA
JIOCUTh TIOTY)KHOTO PaKETHOTO yAapy, CBIAYMTH MPO Te, IO ii 3BENHM 13 JOTPUMAHHSIM
Cy4JacHUX OyJiBeJIbHUX HOPMATHUBIB, BPAXOBYBAJIM aCIEKT MIPOrPECYI0YOro 0OBaJICHHS.

N P~ e - il —
b N - i

Puc. 5. Hacaigku BJIy4YaHHsI paKkeTH y sKHTJ

MOBEPXOBUIl OYIMHOK

[

11133707

[Tepen daxiBisiMu MOcTae HOBE 3aBIaHHS — 3a0€3MEUEHHS HEOOX1JHOTO OMOpPYy 00’ €KTIB
MPOTrPECyrYOMy OOBAJICHHIO MPH PI3HUX KOMOIHOBAaHUX OCOOIHMBHX JisIX MOXKEKi Ta BUOYXY.
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2 AHAJII3 JITEPATYPHUX JAHUX TA IOCTAHOBKA INPOBJIEMH

OcHoBHa MeTa po0OOTH, TIpeAcTaBieHoi B [1], monsArana y BH3HAYEHHI BaKIMBHX
napamMeTpiB i pO3paxyHKy KOHCTPYKTHBHHX €JEMEHTIB J0 TeMIEpaTypHHX Ta/abo
BUOYXOBHX HaBaHTa)KEHb. JIJIs IPOBEACHHS aHAII3y YYTJIUBOCTI HEOOX1MHO OyJI0 pO3pOOUTH
AQHAITHYHUI METOJ TOYHOTO PO3PAaxXyHKY peakilii eleMEeHTIB KOHCTPYKIIH Ha MOXEeXi Ta
BUOYXH, 1100 MOKHA OyJIO MIBUJIKO BUKOHATH YMCJIICHHI PO3paxyHKH 3yCHJb. Y Iiil poOOTi
Oyno 3poOJeHo MEeBHUH MNUIIX PO3IJSAY pPI3HUX YMOB 3akpilyieHHS (THIIB ONOp) Ta
NPUKJIAJICHUX HAaBAaHTAXCHb.

B [2] posrnsnyTi katactpodivyni noii B HaQTOBIH MPOMHUCIOBOCTI, IHIIMICHTH IIiJT Yac
CKJIaTHUX BHPOOHHYUX TIPOIECIB, HEMPABWIBHE ITOBO/DKEHHS 3 TOOYTOBHMH T'a30BHMHU
YCTAaHOBKAMM Ta TEPOPUCTHYHI aTaku. BUOyX CTBOpIOE€ BHOYXOBY XBHIIIO, SIKA CTBOPIOE
eKCTpeMallbHE HABaHTA)XCHHS Ha CYCiTHI KOHCTPYKIi, IO CHPUYHHSE TOUIKOJKCHHS Ta
pyHHYBaHHS, a TAKOXK MOYKE BUKUHYTH YJIaMKU KOHCTpYKUiN. OOUHCIIOBAIIbEHE MOJICTIOBAHHS
pO3rIsiHYTOI 3amadi OyJi0 BUKOHAHO 3 BHUKOPHCTAaHHSM TIAKETy HENIHIMHMX KIHIICBUX
enemenTiB Abaqus. UucenbHi Mozeni Oynu moOymoBaHi Ta MepeBipeHi 3 BUKOPUCTAHHIM
JAHUX ICHYIOYHMX IIOJIbOBHX €KCIIEPUMEHTIB. Pe3ynpTaTh 4MCENbHOI MEpEeBIpKA B I[HOMY
JOCIIJDKCHHI TOKa3aJid, 10 METOIM YHMCEIbHOTO MOJETIOBAHHS 3 BUKOPUCTAHHSM JIMIIE
Mozener miactuaHocTi JlxoncoHa-Kyka Ta MacoBoro mpornopiiiiiHoro aemmndyBaHHs 100pe
Y3TO/KYIOTBCS 3 JaHUMH TOJbOBUX BUMNPOOyBaHb. OJHAK y METOJaX, BUKOPHCTAaHHX Yy
IbOMY JOCIIKEHHI, € OOMEXEHHs, IJIs SKUX HEOOXIAHI TMOJaNbIl MOCTIIHKCHHS IS
NEepPEeBIPKY 1HIINX TEOPii y il ramy3i JOCIiHKEHHS.

OCHOBHOI0O METOI0 IIbOTO JOCHIIKCHHS [3] € YuceabHE MOJICTIOBAHHS ITOBEIIHKH,
po3poOka Mojesnell pyHHYBaHHS CTalI€BUX KOJIOH TiJ YAapHUMU HaBaHTOKEHHIMH 3
BUKOPHUCTaHHSAM  JHMHaMIi4HOTO  makeTy  kinmesux  enementis  ABAQUS/EXplicit.
3anponoOHOBAaHO  YMCENbHY MOJeNb Ta TMEPeBIpEHO Ha  OCHOBI  OMyOJIIKOBAaHHX
EKCIEPUMEHTAIBHUX BHUIPOOYBaHb Ha IIOBHOMACHITA0OHMX CTaJeBHX KOJIOHAX, SKi
MiITAI0ThCS TUHAMIYHUM BHOYXOBHM HaBaHTaXEHHSM. JIOCTIDKEHHS TakKOX MPEACTaBIIsIE
BUBEICHHS Ta TMEPEeBIPKY 3alpPONOHOBAHOTO AHAJTITMYHOIO MiAXOAY Ui PO3PaXyHKY
KPUTAYHOTO IMITYJIbCy BHOYXY, TIPH SKOMY CTajieBa KOJIOHA BTpaya€ CBOIO TJI00aabHY
CTIUKICTB.

Y [4] po3risHYTHH PO3PAaxXyHOK OYIiBETbHUX KOHCTPYKIIHA JUIsl 3aXHCTy BIiJ
BYTJICBOJIHEBUX MOXEX 1 BUOYXiB, HEOOXIAHICTh PO3IIISIY HU3KU MUTAHb, SIKI 3a3BUYAl HE
pO3TISAAIOTECA MPOEKTyBadbHUKaMU. OCHOBHI HampsiMH, SKi OXOIUTIOIOTHCA: JIaHi IIpo
BJIACTUBOCTI MaTrepiajiiB MpH MiABHIIEHIM TemIieparypi; JaHi Mpo BIACTHBOCTI MaTepiany 3
BHCOKOIO IBUJIKICTIO JAeopMallii /11 BAKOPUCTaHHS Y BUOYXOCTIHKIN KOHCTPYKIIi{; METOIN
aHaITi3y MOXKEeXKi Ta BUOYXY.

Poznin [5] momomarae uumtauam 3po3ymiTH HeOE3MEKy IMOXexi Ta BHOYXY, a TaKOXK
BU3HAYUTHU XIMI4HI BJACTHBOCTI, MTOB’s3aH1 3 3alMUCTICTIO Ta BUOYXOHEOe3MmeuHicTio. Buoyx
MPUBEPHYB HAIIOHAIbHY YyBary [0 HEOE3MEeKH TOpPIYoro Mmwiy B XIMIYHIA 1
CLIBCHKOTOCTIOAAPCHKiil TPOMHUCIOBOCTI

VY [6] po3risiHyTO, 110 TTOXKEXK], 1 BAOYXH € pe3yJbTaTOM PEakKiliii TOpiHHS, € MaJUBO Ta
KHACEHb pearyroThb, iHOi OypXJIMBO Ta MUTTEBO, BUUIAIOTH BEJIHUKY KUIBKICTh €HEprii.

VY [7] po3risiHYTO BiAIOBIAHICTE HOBOMY 3aKOHOAABCTBY Bemnukoi bpuranii ta €C
I10/10 Ta30BOi OE3MeKU IS XIMIYHUX 3aBOJIIB CHOT'OJIHI € OCHOBHUM (PAaKTOPOM, 11O BILJIMBAE
Ha iX TPOEKTYBAaHHS Ta pOOOTY.

V [8] HaBeneHO 3aCTOCYBAaHHS Y KPUMIHANICTHUII - PO3CIiAyBaHHS HaBMUCHHX IOXKEXK,
CIPUYMHEHUX 3JIOYUHHUMHU TMOPYIICHHSMH TpPaBUI MPO(ITAKTUKH, BUYMHEHHX 3 TOMCTH, 3
METOIO IPUXOBYBAHHS 1HIINX 3JI0YMHIB, IUIIXOM BaHJIA/Ii3My, BHACTIIOK IICUXIYHUX PO3JIa/IiB
a0o0 y pa3i camo3aiiMaHHs B TPOMaJICHKUX MICIISIX.
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B [9] npoanainizoBaHO MiXXKHApOJHI Ta HauioHaNbHI cTangapTH. Ilixg yac oObroBopeHHs
ayIUTYy TIOXKEXKHOI OE3MEeKW Ta BCTAHOBJIEHHS NEPETOPOJOK OOrOBOPIOIOTHCS HETATUBHI
HACIIJKU MPOEKTIB PEKOHCTPYKIIT Meperopoiok Ha Oy/iBeNbHI KOHCTPYKIIii, MOIIKOIKEHHS
MPOTHUIIOKEKHOTO  BIICIKY, BIUIMB Ha [UIAXM ©€BaKyarii JIIOJIeH, TNPOEKTYBaHHSI
JUMOBHIAJICHHS Ta 1HII CTaI[lOHAPHI 3aCO0H MPOTUTIOKEKHOTO 3aXHUCTY.

VYV [10] po3risiHyTa MOBEMIHKA Oy/iBENIb Ta KOHCTPYKIIH il 4aC KPUTUYHUX TIOJIMH.
Tum He MeHII, mpoOiieMa 4YacTO BUPIIIYEThCS SKICHO OararbMa YMHHHUMH KOJEKCaMH Ta
NpaBUJIaMH, TPOCKTYBAILHUKHA HE MOXYTh TOCHIJIATHCS HA KOHKPETHI METOMOJNOTIl st
OLIHKM a00 JOCSATHEHHS CTPYKTYPHOI UUTICHOCTI KOHCTpYKUiHA. TepMmiH CTpyKTypHa
IUTICHICTh TYT MA€ThCSA HA yBa3l K 3/aTHICTh KOHCTPYKIIl BUTPUMYBAaTH €KCTPEMaIbHI Aii,
ki Oe3rmocepeHbO BIUIMBAIOTH HAa CTPYKTYpPHY CHCTeMY, O€3 pO3BUTKY 3HAYHOTO
pyiiHyBaHHs. Y i CTaTTi ONHCAHO JBa OCHOBHI METOAM JOCSTHEHHS CTPYKTYPHOI
[UTICHOCTI: MIJXIiJ «3HU3Y Bropy», KOJH JOCTIKYIOTHCS HACHiAKH BiIMOB €JIEMEHTIB, HE
BPaxOBYIOYH MO/JICITIOBAHHS KOHKPETHOI Jii, Ika MOTJIa X CIIPOBOKYBATH; 1 HU3X1THUM MIAXI/,
KOJIM BU3HAYAETHCS PEAKIIISl CTPYKTYPH HAa KOHKPETHY BHITAIKOBY JiIO.

Takox mNpoBeACHUN aHalli3 CBITOBOrO Ta BITYM3HSHOIO JOCBINY 3 BUHUKHCHHS Ta
NONEPE/DKEHHST  HAJA3BUYaHUX CHUTyalid Ha TEpUTOPisAX, SAKI 3a3HATM  PaKeTHO-
apTWIEPINCHKUX ypakeHb B KOHTEKCTI BU3HaUEHHs HeOe3nek rpyHTiB. HaykoBa crinpHOTA 110
HeOe3MeK, OKpiM XiMIYHOTo 3a0pyIHEeHHs, BiTHOCUTH (i3nyHi nmopymenHs [11, 12].

®Di3u4HI TOPYIICHHS TPYHTY BUHUKAIOTh Yepe3 3aredyaTyBaHHsI BHACTIIOK OY/IIBHHUIITBA
00OpPOHHUX CHOPYJ, KOMIAHHS TPaHIIeH abo TyHENiB, YIIIIbHEHHS BHACTIIOK PyXY TEXHIKU Ta
BIIChK 200 YTBOpEHHS BUPB Bijg 6omOapyBanHs [11].

B [12] 3a3Ha4aeThces, 110 (i3UYHI MOPYIICHHS MOXKYTh IPU3BECTH JI0 3CYBIiB Ta €po3ii.

Busznaueno[13], mo ¢i3uko-XiMidHI TIpOIECH NPHU3BOIATH 110 3aKPUTHYHOTO
301IbIICHHST HEOE3NMEeYHUX YUHHMKIB, SKI y CBOIO 4epry MPHU3BOAATH 0 JIOKAIbHHUX (Y
HaWTIpIoMy crieHapii 10 (GOHOBUX) 3MiH IMOKA3HUKIB (DI3UKO-XIMIYHUX BIACTHBOCTEH (CTaHY)
IPYHTIB, HOCATh JOBFOCTPOKOBHI XapakTep HEOE3NEKH TIPYHTOBOTO CEpelOBUIIA Ta
CTAHOBJISATH HEOE3MEKY JIJIs1 HACETICHHS Ta TEPUTOPIH.

BiOpauiiiHuii BIIIMB 34aTE€H NMPHU3BECTH 1O YUIUIBHEHHS TIPYHTY, BHUTHUCKAaHHS BOJIHU,
NPOCiIaHHS TTOBEpXHi, YTBOPEHHS TIOPOXHHUH. TeMIeparypHUil BIUIMB — MOPYIIUTH
TEPMIYHMIA 1 BOXHUI pPEXUM IPYHTIB, 3MIHUTH TPaHYJIOMETPUYHMIA Ta arperaTHuil ckiaf [14].
Boenni nii BIIMBAaIOT, Ha OCHOBHU OyAiBEIb Ta CHOPYHA, Ta MOXYTh TPHU3BECTH [0
IIPOTPECYI0UOro 0OBaICHHS.

BpaxoByroun peanii BIHCBKOBOTO 4Yacy II0CTAa€ HarajbHE MUTAHHSA II1J36MHOTO
OyIIBHHUIITBA, a caMe 3axUCHUX CIOPYJ IMBUIBHOTO 3axucTy. Jlas 1poro moTpiOHO
IOPOBOIUTH JOCTIDKEHHS MOPYLIeHb IPYHTIB, $AKi CIPUYMHEHI BOEHHUMH MisIMH, Ta
BpPaxoBYBATH iX ITiJl YaC pEeKOHCTPYKIIii, HOBOTO Oy /1IBHUIITBA.

OTxe, Ha TEMEpIIHIN Yac He ICHYe €MHOI METOAMKH PO3PAXYHKY Ha «IIPOTPECyrode
obOBasieHHs». BecebiuHe MOCTiKeHHS Ta OIiHKA JIii pi3HOTO POy HE MPOCKTHUX Ta aBapiiHUX
HaBaHTaXCHb, KOMOIHALlis 1X BIUIMBY Ha OyJiBelbHI KOHCTPYKIil Pi3HUX TUIIB OyIUHKIB €
BKpail HEOOXIJHOIO YMOBOKO JIJIi PO3POOKHM Ta YAOCKOHAJIEHHS METOAMKUA PO3PAXYHKY
«IIPOTrPECcyoYOoro oOBaJICHHs» Oy/iBeNb Ta CIIOPY MijJ Yac MOXKEeX 1 BUOYXIB € aKTyaJbHUM
HAYKOBHUM 3aBJIaHHSM, OCOOJIMBO 3 BpaXyBaHHSM BiHCHKOBOTO Yacy.

3 LIJ1b TA 3AJAYI JOCJIUKEHHS

MeToro JOCIIIKEHHS € MOJICTIOBaHHS ITPOTPECYIOUOro 0OBajeHHs Oy/iBENIb B YMOBax
MOXEXI 3 BUKOpPUCTaHHAM mporpamHoro cepenosuiia JIIPA-CAIIP 3 meroro minBUIIEHHS
piBHS 3a0€3MEUCHHS MMOXKEKHOT OC3TEKH.

Jnist JoCsITHEHHSI TOCTaBICHOT METH MOTPeOyBaIX BUPILICHHS HACTYITHI 3aBIaHHS:
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— TMPOBECTH aHaNi3 HAyKOBHMX Ipallb Ta HOPMYBaHHS BHUMOT IIOJ0 MPOTPECYI0YOro
oOBaJIeHHs OyiBEJIb B YMOBaX MOXKEXKi, MPUUYMHA BUHUKHEHHS MPOTPECYI0U0ro 0OBaJICHHS B
YMOBaxX MOXEX, PO3MNIAHYTH Cy4acHI METOJM Ta MiAXOIU J0 PO3PAaXyHKY MPOrpecyroyoro
ob6BasieHHs B ymMoBax noxkexi B CIIIA ta Ykpaini;

— 3 METOI0 JOCHi/PKEHHSI BOTHECTIHKOCTI OyIiBil /0 MPOTpecyrodoro oOBaJIeHHS
pO3poOHUTH MOJIENTh MPOTPECYIOYOro OOBajieHHs Oy/iBiI (HAa MPHKJIAAl MAPKIHTY) B yMOBax
MOXKEXKI, 1110 MOKE MPU3BECTH 10 MIPOTPECYIOUOro 0OBasIeHHs OyIiBIi.

4 PE3YJbTATHU JOCIIIXKEHDb

5.1 Pe3yabTaTH 10C/TiI:KeHb METOIIB PO3PAXyYHKY NMPOTrPecy04voro 00BajeHHs

[Iporpecytode pyiiHyBaHHS 00’ €KTY — I OCTAaHHs, TABUHOMOIOHA CTa (il KIHETUIHOTO
MpoIlecy TOCTIJIOBHOTO HAKOMWYEHHS TOIIKO/DKeHb abo aedopmariii  CTpyKTYypHUX
€JIEMEHTIB 00’€KTy, II0 NPUBOAATH [0 BTPAaTH 3arajbHOi CTIHKOCTI 1 TE€OMETPUYHOI
HE3MIHHOCTI 00’ €KTY B I[IJIOMY, III0 PO3BHUBAETHCS B YaCI.

Opuu 3 HaiOLIBII BimoMHX MeTOHIB — 1ie Meton «Design of Structures to Resist
Progressive Collapse», sxuit OyB po3poOJieHH# s BHKOPHUCTaHHS BIHCHKOBUMH
iHXKeHepaMu. B 1IboMy METOJI pO3MIISIIA€ThCS HEOOXITHICTh 3aCTOCYBAHHS MEBHUX 3aXOIB
JU1st 3a0€3Me4YeHHsT CTIMKOCTI OyaiBil TMICHs JOKAIBHOTO PYHHYBaHHS, a TAaKOX BITHOBJICHHS
inTerpansHOcTi OymiBmi. Leit meron permamentyetses «Unified Facilities Criteria (UFC) 4-
023-03 Design of Buildings to Resist Progressive Collapse [15]», sikuii BUKOPHCTOBYETHCS
JUI PO3paxyHKy CTiHKocTi OyniBenb 10 mporpecyiouoro obBaneHHs. Lleit meTon Bumarae
BU3HAYCHHS MOTCHIIIMHUX CIIEHApIiB pylHYBaHHS OY/iBI1 Ta 3aCTOCYBaHHS KOHCTPYKITIHHUX
3ax0/iB 115 3a0e3MeYeHHs CTINKOCTI Oy/IiBIi.

Takox B CIHIA icuye merom «General Services Administration (GSA) Progressive
Collapse Analysis and Design Guidelines for New Federal Office Buildings and Major
Modernization ProjectS», sKkuii BHKOPHUCTOBYETHCSA IS PO3PaXyHKY CTIHKOCTI HOBHX
denepanbHux OyaiBenb Ta MPOEKTIB X MojepHizamii. B mpomy Meroai po3risgaroTbes
(bakTopH, MO MOXYTh MPU3BECTH JO MPOTPECYIOYOro OOBAJICHHS, Ta 3aX01, HEOOX1THI IS
3armo0iraHHs TAKUM CUTYaIlisIM.

Y CIHIA TakoX BHKOPHUCTOBYIOTBCS IHINI METOAH, sIKi po3pobisie «Los Alamos
National Laboratory (LANL) Methody, sixkuit po3risimae mporpecyrode oOBaJ€HHS 3 TOYKH
30py MexaHiKu TBepaoro tima, ta merox «FEMA 427, Primer for Design of Commercial
Buildings to Mitigate Terrorist Attacksy, sikuii BUKOPUCTOBYETBCS ISl pO3PAaXyHKY CTIHKOCTI
Oy/iBeNb 10 TEPOPUCTHYHUX aTak [ 16].

3aranpHUll MiAXiA A0 po3paxyHKiB nporpecyroyoro ooBaneHHs B CIHIA nepenbauae
BUKOPUCTAHHS TPhOX OCHOBHUX METOMIB: METOIY TATOBHX CHJ, METOAY albTePHATUBHUX
HUISX1B T2 METOY MiBHUILEHOI MiCIIEBOI CTIMKOCTI:

— METOJ] TATOBUX CHJI, SIK 1 B €BPOINEHCHKOMY COI031, 0a3ye€ThCsi HA BHKOPHCTAHHI
3'€JHAHD MK CTPYKTYpPHHUMH €JI€MEHTaMH, SKi 3a0e3MeuyloTh iXHIO IHTErpasIbHICTh y pasi
nokanpHOTO pyiHyBaHHsA. Omnak y CIIA migxim g0 po3paxyHKIB METOJOM TATOBUX CHII
BU3HavaeThes 3a gonomororo FEMA P-751 Design Guide for Improving School Safety in
Earthquakes, Floods and High Winds [17], sixa mepembadae 3acTOCYBaHHS JIOMOMIXHOTO
IPOTPaMHOTO 3a0€3MeYeHHs Ta PO3paxyHKIB;

— MeTton miaBHIIeHOi MicueBoi criikocTi B CIIIA 6a3yerhcsi Ha po3poOIi MIITHOCTI
KOHKPETHUX CTPYKTYPHHX €JIE€MEHTIB, SIKIi MOXYTh OyTH BHUMYIICHI MPAIIOBATH 33 MEXaMu
CBOET HOPMAIBHOI MIITHOCTI TpH JIOKaJIbHOMY pyiiHYyBaHHI. Y CIIIA 1ieli MeTo1 perymtoeTbest
nokymentamu UFC 4-023-03 Design of Buildings to Resist Progressive Collapse Ta Unified
Facilities Criteria (UFC) 4-023-07 Design to Resist the Effects of Accidental Explosions [18];
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— Merton anbTepHaTuBHUX NUIAXiB B CIIIA mepen6ayvae po3risin MOXKIUBHX NUISXIB AJIs
pO3MOiTy HaBaHTAXEHHS y BHUIAJKY JIOKAJbHOTO pyiHyBaHHA. llelt meton mepembavae
BUKOPUCTaHHS TPhOX AHATITUYHMX MPOLEAYp: JIHIKHOTO CTaTUYHOTO, HENIHIHHOTO
CTATUYHOTO Ta HEJiHIMHOTO AuHaMivyHOTO aHami3zy. ¥ CHIA Meros albTepHAaTUBHUX HMUISXIB
perymoetbest nokymentamu UFC 4-023-03 Design of Buildings to Resist Progressive
Collapse Ta Unified Facilities Criteria (UFC) 3-340-01 Design and Analysis of Hardened
Structures to Conventional Weapons Effects [19].

B Vxpaini y 2009 pomi HaOyB umaHOCTI JIBH B.2.2-24:2009 «bymuHku 1 criopyau.
[IpoekTyBaHHS BHCOTHHX >KHTJIOBHX 1 TPOMAJCHKHX OYAMHKIB», 1€ BIEpIIE BU3HAYCHO
TEPMiH NMPOTPeCy0YOro 0OBaJIEHHs Ta HABOJUTHCS METOAMKA PO3PaXyHKY.

Ha renepimmniii yac y 3B’a3Ky i3 ckacyBanusm JIBH B.2.2-24:2009 ta nHaGpanHs
3akoHHOCTI JIBH B.2.2-41:2019 «Bucotni OynaiBmi. OCHOBHI TOJIOKEHHS» TiJ TEPMIHOM
MPOTPECyYOoro OOBaJCHHS PO3YMIETbCS — OOBaJeHHsI OyiBIi BHACTIIOK JIOKAJIILHOTO
pyHHYBaHHS YaCTUHU HECYYMX KOHCTPYKLIH Ha OJAHOMY YHM JEKUIbKOX IMoBepxax. To0To
NOUIMPEHHS] MMOYAaTKOBOI'O MiICLIEBOTO PYHHYBAaHHS Yy BUIJISAI JIAHLIOTOBOI peakiii Bix
€JIEMEHTY JI0 €JIEMEHTY, 110 B PE3YJIbTATl 3aBEPITYETHCS 0OBaJICHHSIM OY/1iBIII (200 11 YaCTHHU
BHCOTOIO JIBa Ta O1JbIlIe IMOBEPXiB), [0 BTPATHIIM OMOPY BHACTIIOK (MICIIEBOTO) JIOKAJIBHOTO
pyiiHyBaHHs Ha Oynb-sKomMy moBepci. [IpuunHoto pyiiHyBaHHS MOXke OyTH Oyb-siKa 3 0e3Jidi
aBapiHUX CUTYaIlii, SKi HE PO3TJISAAAIOTHCS B 3BUMAHHOMY ITPOEKTYBaHHI.

3 ormsny Ha ne Tta BpaxoByroun Bumoru JIBH B.1.1-12 ta JIBH B.1.1-7 ocoGauBo
aKTyaJbHUMHU IIOCTAIOTh MpOOJeMH 3a0e3MeueHHs CEWCMOCTIHKOCTI Ta BOTHECTIMKOCTI
OyIiBeIbHMX KOHCTPYKIIA, a TaKoX CTIUKOCTI 0araTormoBepXOBHX OyiBeNlb 0
IPOTPECyouoro oOBaJieHHS. Y TOW K€ 4Yac 3eMJIETPYCH, MOXKEXIi, CHIIbHI BITPH, Ha SKi
BUKOHYIOTHCSI PO3PAXyHKHU OyaiBENb BIAMOBITHO 10 OYyIIBEIBHMX HOPM, TaKOXX HE MOBHHHI
IPU3BOUTH JI0 IPOTPECYI0YOT0 OOBAIICHHS.

MeTtoauka po3paxyHKiB Ha Iporpecyroue 00BajieHHsI IPOIOHYETHCSI HACTYIIHA:

— micng (opMyBaHHS pPO3PaXyHKOBOI CXEMH 3 BpaxyBaHHSM TpPaHUYHHUX YMOB
HEOOXI1THO BKa3aTH THIIB KIHIICBUX €JIEMEHTIB 1 iX skopcTKocTi. [ BpaxyBaHHs (Pi3HUHOI 1
F€OMETPUYHOT HEMIHIAHOCTI BUOUPAIOTHCSI BIJMOBIAHI TUMHU KIHIICBUX EJIEMEHTIB
(manpuxnan, 410, 442, 444). Ilpu 3aBmaHHI >KOPCTKOCTEH HAroJIONTye€THCS HEOOXITHICTh
BpaxyBaHHS HEJIHIMHOCTI 1 33Jal0ThCs MapaMeTpH MaTepially KOHCTPYKIIi 1 mapamerpu
apMarypu;

— JI0 pO3pPaxyHKOBOI MOJENi MPUKIATAIOTHCS JBa 3aBAHTAXCHHS: MEpPIIE MOJEIIOE
MOCTIMHI 1 TPUBAJi HABAHTAKCHHsI HA KOHCTPYKIIIO, IPYTe J03BOJISIE BpaxyBaTH Koe]iIlieHT
TUHaMIYHOCTI. J[JI 1IbOTO 70 BEPXHBOTO BYy3Ja 3pYWHOBAHOI KOJIOHW HEOOXITHO TOKJIACTH
3YCHJUISL, 10 CTAHOBUTH TEBHY YAaCTHHY BiJ] 3yCWJUIL B LI KOJIOHI, IO BUHUKAE TpU il
HABaHTa)XEHb 3 MEPIIOTro 3aBaHTAKECHHS,

— 3a J0moMOroro «MOHTaXHMX TaONHIby MOIEIIOITECS cTamli oOBaJeHHS.
®dopmyeThest ABI cTaaii. Y mepury BXOIATh BCl €IEMEHTH KOHCTPYKIli Oe3 BUKIIOYCHHS, B
JpyTy — BCl, 32 BUHATKOM 3pYHHOBaHOI KOJIOHH;

— N7 BUKOHAHHS HEJIIHIMHOTO pO3paxyHKY CHCTEMH 3 BpaxXyBaHHSIM MpOIECY
MOHTa)Xy HEOOXIJIHO 3aJaTH KiJbKICTh HEIIHIMHMX 3aBaHTaXKEHb PIBHE KUTBKOCTI CTasiit
MOHTaXy. /[ mpyroro HEmiHIMHOTO 3aBaHTAXCHHS HEOOXIHO BPaxXOBYBATH IOIEPEIHE
3aBaHTAKEHHSI.

5.2 Pe3yabTaTu Moaer0BaHHs nporpecyw4oro ooBasnents B [IK «JIIPA -CAIIP»

MeToauky MpoBEACHHS YHCEIBHOTO MOJCIIOBAHHS 1 aHai3y CHTYyallii, 0 CKiajacs,
MO>KHA TIPEJICTABUTH B HACTYITHOMY BHUTJISII:

1. Orinka >KOPCTKICHUX XapaKTEPUCTHUK, JIMCHUX CXeM pOOOTH 1 3aJIUIITKOBUX PECYpPCiB
HECydol 3/aTHOCTI KOHCTPYKTMBHUX BY3JIiB MpPU MHTTEBOMY 1 TPUBAJIOMY THIaX
HAaBAaHTAKCHHS B YMOBaX HOPMAaJIbHOI €KCILTyaTarlii.
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2. Oninka 3MiHU CXE€MH POOOTH 1 )KOPCTKICHUX XapaKTEPUCTUK KOHCTPYKTHUBHHX BY3JIiB
MY i1 MABUIICHUX HABAaHTAXKEHB 1 PO3BUTKY IUIACTUYHUX JePOopMalliil 10 BUXOY 3 JIay.

3. O1iHKa BIUTUBY BUSIBJICHUX CXeM POOOTH BY3JiB HA JIOKAJIbHI 30HM KOHCTPYKIIIi.

4. OniHKa BiATYKY CIIOPY/AY Ha BBEJCHHS MOKIMBHUX BHSIBIICHUX KOHCTPYKTUBHHX 3MiH.

[Ipontecu nedopmanii, pyiiHyBaHHS 1 OOBaJieHHS KOHCTPYKLiHl OyniBeIbHHX
KOHCTPYKITIA 3a CBOEID CYTTIO € PO3BHHEHUMH CHJIBHO HEIIHIWHUMU TPOIECaMH, IO
CYIPOBOJUKYIOTBCS  BEJIMKMMHU  IUIACTHYHUMH  JeopMariisiMu 1 nepeMilleHHIMH,
KOHTAKTHOIO B3a€EMOJIEI0 MK TpylmamMH €JIEeMEHTIB, JUHAMIYHHUMH HAaBaHTAXKYIOUHUMH
edeKTaMl y MOMEHT BiJIMOBH €JIEMEHTIB KOHCTPYKIIIH.

B cBiTAHl 1pOTO pe3ynbTaTH KOMIUIEKCHOTO YHCEIBLHOTO MOJCIIOBAHHS 1CTOTHO
3aJIeXaTh BiJl BXKUBAHUX METO/IiB BUPIIICHHS CKJIAJOBUX 3aB/IaHb:

— HENIiHIMHI TMHAMIYHI 3a]a4i;

— TeOMETPUYHO HENiHIHI 3a/1a4i 3 BEIMKUMU TEPEMIIIICHHIMU;

— TEOMETPUYHO HEJIIHIMHI 3a7a4i 3 BETUKUMH J1epopMaIlisimMu;

— (i3uvHO HeNiHIKWHI 33124l 3 PO3BUHEHOIO TUIACTUKOIO 1 HAKONIMYEHHSM IOIIKO)KEHb
Marepiaiaom;

— 3aBJJaHHS KOHTAKTHOI B3a€MO/IiT Pi3HUX IPYIl €JIEMEHTIB KOHCTPYKLIH, Y TOMY YHCIi 1
«CaMOKOHTAKT:

v/ mo0ymyBaTd CKiHYCHO-EIEMEHTHY MOJENb HAMPYKEHO-Ie()OPMOBAHOTO CTaHy
Oy[iBJII MMAPKIHTY JJIsI aBTOMOOLIIB 13 3a711300€TOHHUX KOHCTPYKIIIM Ta CKIHYEHO-CJIEMEHTHY
MOJIeTh €NIEMEHTY KOHCTPYKIIi (KOJIOHH) JIJIsl BA3HAYCHHS TEIUIOBOTO HAaBaHTAKEHHS;

v/ IpoaHali3yBaTH BapiaHTH IOKEK JUIS JOCHIHKEHHS BOTHECTIMKOCTI (CTifKOCTi)
OyIiBial B 3aJ€KHOCTI BiJ MICI BHHHKHEHHS Ta TIOKEKHOTO HABAHTAKEHHS Ha
BOTHE3axHIIEHI 3a11300€TOHHI KOHCTPYKIIiT OYy/IiBJIi TAPKIHTY;

v/ BUSBHUTH HAWOLIBII ypasiuBi KOHCTPYKIIii, BUKITIOYEHHS SIKUX i3 KOHCTPYKTHBHOI
CXEMU TIPHU3BEIC 10 HAHOUTBIINX 30UTKIB MPHU MOXKEXKI Ta B MOJATBIIIOMY J0 BTPATH CTIHKOCTI
OymiBii BILIOMY;

v IIPOBECTH OLIHIOBAHHS BOIHECTIMKOCTI BOTHE3aXMIIEHUX OyIiBEIbHMX KOHCTPYKIIii
3a IOTIOMOTOI0 PO3pOOICHOT MOIeNi:

v/ BH3HAYUTH PO3IOIiJ TEMIIEPATYP IO HEpepi3y OYAiBEIBHOT KOHCTPYKII;

v/ mepeBipuTH HECydy 3aTHICTh Oy/IiBENbHUX KOHCTPYKIH Mojeni (HampyKeHo-
nedopMoBaHUN CTaH 13 3MIHEHUMH >KOPCTKICHUMH XapaKTepUCTUKAMH BijJ BIUIMBY Ha
KOHCTPYKLIIO MiJIBUILEHUX TEMIIEPATYyp IMOXKEXKI);

v/ 3alpomoHyBaTd 3axOQ¥ 3 IABHINEHHS MeEX BOTHECTIMKOCTI KOHCTPYKIH 3a
JIOTTIOMOTOI0 BOTHE3aXMUCHHUX TMIOKPHUTTIB 3 HAYKOBO OOIPYHTOBAaHMMH TTapaMETPaMH.

v/ MOPIBHATH CTIMKIiCTh OYIiBII MAPKiHTY JO BIUIUBY BHCOKHX TEMIICPATYp MOXKEKi 3
BUKOPHUCTAHHSIM BOTHE3aXMCHUX TIOKPUTTIB JJIs MIJBHINCHHS MEX BOTHECTIMKOCTI
3aJ11300€TOHHUX KOHCTPYKIIK 1 6€3 BUKOPUCTaHHS.

Jnst mochipKeHHsT TPOTPeCcyrodoro OOBaJICHHS 3MOJICIhOBAaHUN 3-X TTOBEPXOBHMA
NapKiHT SBJIsle COOOI0 MOHOJITHO-KapKacHy OY/iBIIO, sKa BHKOHaHa 13 MOHOJIITHOTO
3amizoberony. Cxema OymiBmi sIBJIsiE COOOK0 TIOBHUM 3B’SI3KOBHM  Kapkac, 3araJibHOIO
MICTKiCTIO Ha 124 mapko Micib ImiJ1 JeTKOBi aBTOMOO1LT (pHC. 6).
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Puc. 6. Cxema kapkacy TpbOXIIOBEPXOBOI0 NAPKIHTY

Ha puc. 7 moka3zano ctBopeny B mporpamHomy komruiekci JIIPA-CAIIP ckindyeHo-
€JIEMEHTHY MOJIENIb TPHOXIIOBEPXOBOTO MApKIiHTY, 3a/laHi HAaBAaHTAKEHHS Ha KOHCTPYKLIi
MapKIHTY.

Puc. 7. CkinuenHo-ejiemenTHa 3D Moje/ib TPHOXIIOBEPXOBOI0 MAPKIiHIY

3MOIeThOBaHUM €JIEMEHTaM CKIHYEHO-EJIEMEHTHOI Mojesi Oyjo MPU3HAYCHO THUIH
YKOPCTKOCTI, SIK 300pakeHO Ha puC. 7 Ta HaJlaHi X XapakTepucTuku (tadi. 1-4).

Z1
-7 Zl
Y1l
‘ *1

50.00

50.00
40.00

a 0
Puc. 7. KopcrkicTh ko10H «bpyc 50 X 50» (a) Ta nepexkpurtiB «Iliaacruna H 40» (0)
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Ta6a. 1. XapakTepucTHKH 32/1i300eTOHHUX KOJIOH

In's Kome E, T/ Ro,3 EF, Elyé E‘IZé G‘Ikz, Y1,|Y2,|Z1, |22, | q, GFy, 1 GFz,
HTap /M T M M M cM | cM | eMm | eMm | /M T
3aii-

Bpyc | 300e- 10 765 2656

50%50 | Tton 306-10% | 2,5 000 15937 | 15937 | 11156 | 8,3 | 8,3 | 8,3 | 8,3 | 0,6 |265625 o5
KOJIOH

TaoJ1. 2. Z/KOpCTKIiCHI XapaKTepPUCTHKH IJIMTH NEPEeKPUTTH
Im'st KomenTap E(E1), /M?|Ro, T/M3|V12(V) |H, cm
[Tnactuaa H 20 | 3amizoberon mwmt| 2750000 2,5 0,2 20

TaoJ1. 3. ’KopcrkicHi xapakrepuctuku. IliacTuam (TenJionpoBiaHicTh)
Im'sa Komentap |H, cm K, C, Ro, H/m®
Jlx/(m-c-°C) | JIx/(xr-°C)
TennonposigHicTs | 3amizoderon | 200 0.850 1100 23030
Tennonposignicts | Bornesaxucr | 100 0.071 2000 5000
Tabu1. 4. ZKopcrkicHi xapakTepucTtuku. CTep kHi (KOHBEKIList)
Im'st Komenrap | H,cm a, JIx/(c-m?-°C)
KonBexkiiis 100 25

B pe3ynbrari 4YMCENBHOTO MOJETIOBAHHS OyJlO0 BCTAaHOBIEHO MiCIIE BHUHHKHEHHS
MOXKEXK1, HACHIJKK BiJl SKOI MPHU3BEIYTh A0 BTPATH HECYYOi 3MaTHOCTI KOHCTPYKIIH, 1, K
HACIII0K, /10 BTPATH 3arajibHOi CTIMKOCTI OyIiBIIi MapKIiHTY.

Jlns BpaxyBaHHS HeJiHIMHOCTI B mporpamHomy Komiuiekci <«JIIPA-CAIIP» Oys
oOpaHuil TMPOCTHI KPOKOBHH MeETOA 3 KUIbKICTIO KpokiB piBHMM 30. OOpaHO 3aKoH
HeTiHIHHOTO nedopMyBaHHS OETOHY, IO 3aCTOCOBYIOTHCS B IPOTPAMHOMY KOMILIEKCI
«JIIPA-CAIIP»: 1501 — xyckoBO-TiHIIHUI 3aK0H JehOpMyBaHHSI.

Jlnst po3paxyHKiB HEPIBHOMIPHUX PO3IOAUTIB TEMIEPATypy B IOMEPEYHOMY Iepepisi
3a7i300€TOHHOT ~ KOJIOHM ~ 3aCTOCOBYBAJIM ~ MAaTeMaTW4YHy  MOJENbh  HEeCTalllOHapHOi
TETJIOTIPOBITHOCTI, MaTeMaTHYHUN amapaT skoi BHKopucTtaHo B mporpami JIIPA-CAITIP.
Monens siBisie co0or0 audepenuiine piBHAHHS TEIUIONPOBIAHOCTI, SIKa BPaXxOBY€ pajialiifHo-
KOHBEKTHBHHMI TEIJIOOOMIH BiJI Ta30BOTO CEPEIOBHUINA 0 OOITPIBHUX IMMOBEPXOHb KOJOHHU
(06irpiB 3 4-ox cropiH) (rpanuuHi ymoBH IlI-ro pony), TemnooOMiH TEIUIONPOBIIHICTIO B
KOJIOH1. {711 po3B’si3aHHS PIBHSHHS TETUIONMPOBIAHOCTI BUKOPHCTOBYBABCS METOJ CKIHUCHUX
€JIEMEHTIB, peanizoBanuii B mporpami JIIPA-CAITIP.

5 OBI'OBOPEHHS PE3YJIBTATIB JOCJJIIKEHHSA

6.1 O06roBopeHHs1 pe3yJIbTATIB J0CTiI:KEHHS] MeTO/iB PO3PAXYHKY MPOrpecyrvyoro
00BaJICHHA

Pi3Hi HOpMaTWMBHI JOKYMEHTH MOXYTb MaTH pi3HI BHU3HAUEHHS MPOTPECyIOYOro
0OBaJICHHSI, aJie¢ BOHM MalOTh CHIJIbHI PUCH, SIKI TIOB'SI3aHI 3 TIOMHJIKAMHU TIPU MPOEKTYBaHHI,
HEBIPHUM pPO3PaxyHKOM HABAaHTAKEHb TAa HEBPaXyBaHHSIM MOJMIJIMBUX BIUIMBIB Ha OYHiBIIIO
MiJ 9ac eKCIUTyaTallii, TaKuxX sSIK BUOYXH, TOexki Toio. [Iporpecytode oOBaneHHs OymiBeNb
T1]T 9ac MOXKeX1 CTAaHOBUTH OCOOIMBY HEOE3MEKY.

3aranpHUM MiAXiA 10 po3paxyHKiB mporpecytoyoro oosaneHHs B CIIIA nepenbauae
BUKOPHUCTAHHA TPbOX OCHOBHHMX METOIB: METOJY TSATOBUX CHJI, METOAY albT€PHATHBHUX
NUISAXiB Ta METOAY MiABUIICHOT MicleBOi cTiiikocTi. KokeH 3 IuX MeTOAiB Mae CBOI
OCOOJIMBOCTI Ta 3aCTOCOBYETHCSI BIAMOBIIHO JI0 KOHKPETHUX YMOB. 3aCTOCYBaHHS ITUX
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METOMIB JI03BOJIsI€ 3a0E3MEUUTH CTIHKICTh OyHdiBeNb MiCNs JIOKAJIbHOTO pPYHHYBaHHS Ta
3MEHIIIMTH HACIIIKH MOYKJIUBUX KaTacTpod.

Metoau Ta WiAXOOM 10 PO3paxyHKy Iporpecyrodoro oOBajeHHs B YKpaiHi 3a
noniomororo IIK JIIPA-CAIIP Bkmro4aroTh  KBa3iCTaTWUYHY TIOCTAHOBKY (JIIHIMHUN Ta
HENIHIAHUA PO3paxyHOK) Ta JUHAMIYHY ITOCTAaHOBKY (JIIHIHHHIA Ta HENIHIHHUI PO3paxyHOK).
OcHOBHAa MeTa TaKOro pO3paxyHKy IIOJIATaE y TIPOEKTYBaHHI CIOPYH, SKi MOXYTh
NPOTHCTOSITH aBapiHUM CHUTYaIlisiM, 3MEHIIYIOYH HACIIAKH JJIS JIIOJIeH Ta HaBKOJHUIIHBOTO
CepeIoBUIIA.

JlocmipkeHHsT 3a  HampsIMKOM — IPOTPECcylouoro OOBaJeHHS BKIIOYAE€  PO3TIISAL
MOTEHIIIHHUX 3arpo3, IKi MOKYTb MTPU3BECTH 10 PYHHYBAaHHS KOHCTPYKIIiT Oy/IiBIIi.

Takum uuHOM, 3amoOIraHHs MPOTPECYr0UOMYy OOBAJICHHIO — OJHA 3 HaWBaKIMBIIINX
yMOB 0€31MeYHO1 eKCIUTyaTallii sk HOBOOY/JIOB, TaK 1 ICHyIOUMX Oy/liBeNb. 3T1IHO 3 BUMOTaMU
JABH B.1.2-14 ta IBH B.2.2-41 koHCTpyKTHBHA cucTema OyniBii Mae 3a0e3rnedyBaTH OIip
MIPOTPECYI0YOMY OOBAJICHHIO Ta JIOKAJTLHOMY PYHHYBAaHHIO y pa3i BUHUKHEHHI HaI3BUYAHHUX
CUTYAITIH.

6.2 O0roBopeHHs1 pe3yJbTaTiB MoOJe/I0BaHHsA Nporpecywo4oro ooBajenns B IIK
«JITPA -CAIIP»

JocnikeHHsT 3a HampsSMKOM MPOTPECYIOYOro OOBAJICHHS BKJIIOYAE  PO3TIISL
MOTEHIIIHHUX 3arpo3, fAKI MOXYTh TPHU3BECTH JIO0 PYHHYBAaHHS KOHCTPYKIIH OymiBii.
Po3pobiieHa koM 1oTepHa MOJIEINb JUIsl PO3paxyHKY Ha Iporpecyroue ooBajeHHs OyaiBIi Mmif
BIUTMBOM TEIJIOBOTO Ta HAMPYXEHO-Ie(hOPMOBAHOTO CTaHy OYdIiBII TPHhOX TMOBEPXOBOTO
napkiHry i aBToMoOiniB. JlaHe MOCHIMKeHHsI JOTOMara€ BU3HAYUTH HAWOLIBII craOki
MICIISI KOHCTPYKIII MapKiHTy Ha MPOTpecyrode OOBaJIeHHS, SKI MOTPeOYIOTh IMiICUIICHHS, a
TaKoK pPO3pOOUTH Ta BIPOBAJAUTU BIAMOBITHI 3aXOAM 3 TMOKPAIIEHHS BOTHECTIMKOCTI
KOHCTPYKITIA, BCTAHOBJICHHS CHCTEM TIOKEXKHOI CHTHami3aIli Ta aBTOMaTHYHOTO
MOXKE)KOTACIHHs, OpraHizallis eBakyalidiHUX BuxoAiB Ta iHmi. [Ipu oMy oOIrpyHTOBaHO
TOBIIMHY TACUBHOT'O BOTHE3aXUCHOTO MMOKPHUTTSL.

6 BUCHOBKHU

1. Ha TenepimmHiii 9ac He ICHy€ €IMHOI METOAMKH PO3pPaxXyHKY Ha «IpOTpecyrode
oOBaneHHs». Beebiune mocmikeHHs Ta OIiHKa JIii pi3HOro POAY He MPOEKTHUX Ta aBapiiHUX
HAaBaHTAKEHb, KOMOIHAIlIS iX BIUIMBY Ha OyAiBEIbHI KOHCTPYKIIi Pi3HUX THUITIIB OYyIWHKIB €
BKpail HEOOXIJHOI0 YMOBOIO Ui pO3POOKHM Ta YHOCKOHAJIEHHS METOJUKU PO3PaxXyHKY
«IIPOTPECy0UOro 0OBANICHHS» OyAiBEIh Ta CHOPY i Yac MOXKeX 1 BUOYXIB € aKTyaIbHUM
HAYKOBHUM 3aBJIaHHSIM, OCOOJIMBO 3 BpaXyBaHHSM BICHKOBOT'O Yacy.

Pi3Hi HOpMaTMBHI MOKYMEHTH MOXXYTh MaTH Pi3HI BH3HAYCHHS TIPOTPECYIOUOTO
oOBaJIeHHS, ajie BOHU MAlOTh CIIUIBHI PUCH, SIKI TIOB'SI3aHI 3 MOMHJIKAMHU IPU MPOEKTYBAHHI,
HEBIPHUM PO3paXyHKOM HAaBaHTAXCHb Ta HEBpPaXyBaHHSIM MOJXKJIMBHX BIUIMBIB Ha OY/IIBIIO
miJ 9ac eKCIuTyarailii, TakKux sK BUOYXH, MOXkexi Tomo. OCHOBHA MeTa KOXXHOTO METOMY
noyisirae B 3a0e€3MeUeHH] CTIMKOCTI OymiBil Ta il 3aXHMCTy BiJl JIOKaJbHOTO PYWHYBaHHS
HIJIIXOM PO3MOALTY HaBaHTAXKEHHS Ta 3a0€3MeYeHHs MIITHOCTI KOHCTPYKIIiM.

[TocTtae 3aBmaHHs 3a0e€3MEUYECHHS HEOOXIAHOTO OMOpPY O0O0’€KTIB MPOTrPeCyrvdoOMYy
0OBaJICHHIO IIPY PI3HUX KOMOIHOBAaHMX OCOOJIMBHX JifIX MOXKEXKI Ta BUOYXY.

2. JlocnimKkyBaHHM TPHOX MOBEPXOBHM MAPKIHT € MOHOJIITHO-KAPKACHOIO OY/IiBIICIO, 110
BUKOHAHA 13 MOHOJIITHOTO 3a1i300€TOHY, sIKi OUIBII CXWJIBHI 10 MPOTPECYI0YOT0 OOBAJICHHS.
CtpykTypa OymiBiIil CKIAJAETHCS 3 KOJIOH Ta MEPEKPHUTTIB, SIKI YTBOPIOIOTH MTOBHUH 3B'sI3KOBUI
Kapkac. Y JaHOMY BHIIaJKy, BUKOPUCTOBYIouM nporpamuuii kommiekc JIIPA-CAIIP, Gyno
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CTBOPEHO CKIHUEHO-EJIEMEHTHY MOJIENb TPbhOX MOBEPXOBOro mapkinry. s moxmeni Oyio
BU3HAYEHO THUITH KOPCTKOCTI Ta BIAMOBIAHI XapaKTEPHUCTUKH.

Ilin wac nocmimkeHHs BOTHECTIMKOCTI Ta CTIMKOCTI OYyIiBIl JO MPOTrPecyrdoro
oOBaJIeHHSI OyJI0 3MOJICTHOBAHO BapiaHTH TMOXKEXK JJIs BU3HAUEHHS HACIIJIKIB BUHUKHCHHS
MOXKEXKI HAa KOHCTPYKIIT MapKiHTy. B pe3ynpTaTi ynceabHOro MOJENOBaHHS OyJi0 BHSBICHO
MOTEHIIIHHE MICIIE BUHHMKHEHHS TIOXKEXi, M0 MOXE TPHU3BECTH 0 MPOTPECyIOYOro
0OBaJICHHS.

3. BcranoBiieHo, 110 MiAX0aM 1100 301IBIIECHHS TUIONII apMyBaHHS MalOTh MICIe TIPH
NpOEKTYBaHHI Oy[iBesNb Ta CHOpYJ, MPOTe B3araji He MPUUHATHI MpH eKCIUTyaTtamii Bke
noOynoBaHuX OyiBellb Ta TMPH HEOOXIMHOCTI MIABUIIECHHS MEX BOTHECTIMKOCTI
3aJ11300€TOHHUX KOHCTPYKIIN 10 HOPMOBaHHUX 3HAUCHb.
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UDK 624.04

EXPERIMENTAL STUDIES OF SERIAL ROAD-AIRPORT
REINFORCED CONCRETE SLAB

M. Surianinov?, I. Korneeval
'Odessa State Academy of Construction and Architecture

Abstract. The results of experimental studies of the load-bearing capacity and crack resistance
of the serially produced road-airfield reinforced concrete slab PAG, manufactured at Velikodolinsky
Reinforced Concrete Plant LLC by order of the Odessa State Academy of Construction and
Architecture, are presented. In accordance with the regulatory documents in force in Ukraine, one of
two possible loading schemes was considered — with a load by a concentrated force applied on the
cantilever part of the slab. The slab was tested on a specially made stand, which consists of four
support posts connected in pairs by beams on which the slab rested. The load was applied along the
width of the slab in steps — 0.04 from the destructive load, along two concentrated vertical stripes.
Each load stage ended with a five-minute hold, at the beginning and end of which readings were taken
on the measuring instruments. All tests were carried out using two 30t jacks and a 50t dynamometer.
The principle of operation of the jack was that its lower plane pressed on a two-level cross-beam
system, and through it the load was distributed onto the slab. During testing, the applied load,
deflections and deformations were recorded on the slabs. Dial indicators and deflectometers were used
as measuring instruments. The process of crack formation on the surfaces of the slabs was observed
using a Brinell tube in the places of the greatest opening of the cracks.

As a result of the tests, the load-bearing capacity of the slab was 163.2 kN with a bending
moment of 78.3 kKNm. The load corresponding to the onset of cracking is 86.4 kN with a bending
moment of 36.9 kNm. The maximum crack opening width was 1.0 mm. Based on the indicator
readings, graphs of the dependence of relative deformation on load were constructed. Graphs of the
dependence of deflections on load are constructed using data from two deflection meters. Before the
first crack appears, the maximum deflection of the slab is 12.0% of the deflection recorded at the end
of the tests.

Keywords: reinforced concrete, PAG slab, load-bearing capacity, deformability, crack
resistance, experimental studies.

EKCIIEPUMEHTAJIBHI JTOCJIKEHHS CEPIMHOI
NTOPOXKHO-AEPOJPOMHOI 3AJII30BETOHHOI IVIUTU

Cyp'sininos M.I'.}, Kopueesa 1.B.!

Y0oecvra deparcasna axademis 6yodisnuymea ma apximexmypu

AHoTtanis. HaBeneHo pe3ynbTaTH eKCIIEPUMEHTAIBHUX HOCIIIKEHb HECy4doi 3JaTHOCTI Ta
TPITUTHOCTIMKOCTI TOPOKHBO-aEPOIPOMHOI 3aiTi300eToHHOI UTH 1AL, 1m0 cepifiHO BHUITYCKA€ThHCA,
BurotoBiieHoi Ha TOB «Bemukononuucekuii 3aBox 3bK» mHa 3amoBiieHHs OechKoi AepKaBHOI
akazeMii OyZiBHMLTBA Ta apXiTEKTypu. BiAmoBimHO 1O HOPMATHBHUX JOKYMEHTIB, IO IiIOTh B
VYKpaiHi, pO3MISHYTO OAHY 3 JABOX MOXIMBHX CXEM HAaBaHTAXCHHA — TIPM HaBaHTaXCHHI
30CEepPEeKEHOI0 CUIIOK, TIPUKIIAJICHOI0 HAa KOHCOJIbHIM YacTHHI TiuTH. [lnura BHNpoOoOByBanach Ha
CHeIialbHO BUTOTOBIICHOMY CTEHJI, IO CKJIAJAE€ThCS 3 YOTUPHOX OIMOPHUX CTOWOK, TOB'SI3aHHX
NOMapHO MiX cO0OK0 Oankamu, Ha sIKi cnupanacs miuta. HaBaHTakeHHS MPUKIAAANocs Mo IIUPUHI
wmTti cxoxamu — 1o 0,04 Bij pyHHIBHOTO, MO JIBOX 30CEPE/DKEHHX BEpTHKANbHUX cMyT. KokHa

M. Surianinov, |. Korneeva
https://doi.org/10.31650/2618-0650-2023-5-2-41-51 41




V/2/2023
Crop. 41-51 / Page 41-51

MexaHika Ta MaremaTuyHi merogu /
Mechanics and mathematical methods

CTYIIHb HaBaHTA)KEHHsI 3aKiHUYBaJIaCs M'SITUXBIJIMHHOIO BUTPUMKOIO, Ha MOYATKY 1 HAIPHUKIHIN SKOI
3HIMANKMCAd TOKa3aHHA Ha BUMIPIOBAJbHUX MpHiIafax. Yci BHUNPOOyBaHHA IPOBOAWINCS 3
BUKOpHCTaHHAM ABOX AoMkpaTiB 30 T ta 50-ToHHOro muHamomerpa. [IpuHIMI POOOTH JOMKpaTa
HOJISITaB y TOMY, 1110 MOTO HMXKHSI IUIOLIMHA THCHYJIA Ha IBOPIBHEBY MEPEXpPECHO-0aIKOBY CHCTEMY, a
gyepe3 Hei HAaBaHTaKCHHS PO3MOAUILIIOCS HA IUIMTY. Y mpoleci BHIPOOYBaHHSA IUIMTH (iKCyBaIH
NPHUKIAJCHE  HABaHTAKEHHS, MNporuHu Ta  jgedopmartii. Sk BUMIpIOBajbHI  NPHIAAH
BUKOPUCTOBYBAIMCS 1HAWKATOPH TOAMHHOTO TUMY 1 mporuHoMmipu. IIpouec TpiliMHOYTBOpEHHS Ha
MOBEPXHSX IUTUT CIOCTEPIraBcs 3a JOMOMOTOI0 TpyOku bpiHemns y micusx HalOiIbIIOro PO3KPHUTTS
TPIIIHH.

B pesynbrari BUnpoOyBaHb HeCyda 3[aTHICTh IUIMTH ckiana 163,2 kH mnpu 3ruHanbHOMY
momeHTi 78,3 kHwm. HaBanTaxkeHHs, 110 BiANOBiIA€E MOYATKY TPILIMHOYTBOPEHHS, AopiBHIOE 86,4 kH
NpY 3TUHATBLHOMY MOMEHTI 36,9 kHM. MakcuManbHa MIMPHHA PO3KPUTTS TPIIUH cTaHOBWIA 1,0 MM.
3a mMoOKa3aHHAMHU I1HIWKATOpiB MOOyMOoBaHO Tpadiku 3aJeKHOCTI BIAHOCHOI nedopmarii Bif
HaBaHTa)XCHHs. | 'padiku 3aleXHOCTI MPOTHHIB Bil HABaHTaXKEHHS, MOOYZOBaHI 3a JaHWUMH JBOX
mporuHoMipis. Jlo mosBKM mepmioi TPIIMHU MaKCHUMalbHUH MPOTHMH IUIMTH CTaHOBUTH 12,0% Big
NPOTHHY, 3a(piKCOBAHOTO HANIPUKIHII BUITPOOYBaHb.

KuarouoBgi cioBa: 3amizo0eton, muta [IAD', Hecy4a 3maTHICTh, AeOpPMATUBHICTS,
TPIIIMHOCTINKICTD, CKCIICPUMEHTAJIBHI JTOCITIHPKCHHS.
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1 INTRODUCTION

PAG series slabs (smooth airfield slab) are widely used in the construction of runways
and airfield sites, as well as in road construction. Such slabs are used to create platforms and
roads designed to accommodate heavy equipment. Such slabs are used on construction sites,
especially those where the capabilities of a tower crane cannot be dispensed with. As you
know, the design of such a crane is designed in such a way that it can easily move along rail
tracks. And it is the airfield slab that often becomes the basis for arranging a site for rails.

Of course, the main purpose of PAG slabs is runways and airfield sites. Practice shows
that such plates can withstand a load of 50-80 tons, which ensures safe movement of any
aircraft along the runway. An important quality of PAG is the preservation of ideal condition
even under extreme climatic conditions: severe frosts, exposure to precipitation, abundant
sunlight. Such unique properties and a wide range of applications attract special attention
from scientists and operators in different countries who strive to constantly improve the
characteristics of PAG slabs.

2 LITERATURE ANALYSES AND PROBLEM STATEMENT

Experimental studies of airfield slabs, as well as methods for their calculation, are very
diverse. Relevant work is being carried out in many countries, but it should be noted that
testing PAG slabs requires special equipment, is labor-intensive and expensive. Most tests of
airfield slabs are full-scale tests, which can be static (under the action of stepwise applied
static loads) or dynamic (under the action of repeatedly repeated moving loads). Such tests are
usually carried out at airfields. Tests in laboratory conditions are carried out extremely rarely.

The US Federal Aviation Administration has tested coatings with three different flexural
strength limits for two base options. The formation of cracks near transition seams was
considered. Sections of the pavement were tested using a moving load simulating an aircraft
[1]. The results of full-scale accelerated tests to assess the remaining service life of a rigid
airfield pavement at Fort Worth Meacham International Airport, USA are presented in [2].
Full-scale fatigue tests of 15 large-scale slabs with four different types of foundations are
described in [3]. The condition of the slabs was monitored using temperature sensors and
strain gauges [4] over a two-year period from the moment they were laid at Incheon
International Airport (Incheon, South Korea). No less interesting field studies are described in
[5-7] and a number of other works.

Now about laboratory tests. The article [8] describes the evolution of precast concrete
pavements in different countries and, in particular, in the USA. An overview of the results of
accelerated loading tests using a heavy vehicle simulator is presented. In [9], the results of
experimental studies of the load-bearing capacity of reinforced concrete road surface slabs,
prestressed slabs and threshold unevenness of the test site are presented. The influence of
incomplete contact of the PAG slab with the base on the stress-strain state of both the slab
itself and its base is considered in [10]. In [11] the results of tests of sixteen airfield slabs for
fatigue strength are presented. The article [12] is devoted to the same problem.

3 PURPOSE AND OBJECTIVES OF THE STUDY

The purpose of this work is to experimentally study the load-bearing capacity and crack
resistance of a serial road-airfield reinforced concrete slab PAG in laboratory conditions.

4 MATERIALS AND METHODS OF RESEARCH
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We studied a serial reinforced concrete slab 1P30-18-30, manufactured at Velikodolinsky
Reinforced Concrete Plant LLC by order of the Odessa State Academy of Construction and
Architecture (OSACA). The mass of the slab was 2.2 tons, overall dimensions were
3000x1750x170 mm. For reinforcement, type Al reinforcement KR5, KR11, with a diameter
of 12 mm, was used [13]. The load was applied in small steps to study in detail the process of
deformation of the slab. At each stage, instrument readings were recorded twice, and also,
starting from the moment of formation of the first crack, the opening width of the cracks was
measured. Dial indicators, deflectometers, and a Brinell tube were used as measuring
instruments [14]. According to the regulatory documents in force in Ukraine [15], airfield
slabs (like road slabs) are calculated according to two loading schemes — with a load by a
concentrated force applied in the middle of the span, and with a load by a concentrated force
applied on the console. Here we considered a cantilever loading scheme. The tests were
carried out in the laboratory of the Department of Structural Mechanics of OSACA.

5 RESEARCH RESULTS

For testing, a special stand was developed, which consists of four support posts
connected in pairs by beams. The road slab rested on the beams. The load was applied along
the width of the slab in steps — 0.04 from the destructive load, along two concentrated
vertical stripes. Each load stage ended with a five-minute hold, at the beginning and end of
which readings were taken on the measuring instruments.

All tests were carried out using two 30t jacks and a 50t dynamometer. The principle of
operation of the jack was that its lower plane pressed on a two-level cross-beam system, and
through it the load was distributed onto the slab (Fig. 1).

! 3
¥ ord'd
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During the test of the slab (the loading diagram is shown in Fig. 2), the applied load,
deflections and deformations were recorded. Deformations were measured using dial
indicators with a scale of 0.01 mm and a base of 24 cm in the cantilever part of the slab, 36
cm in the span. The process of crack formation on the surfaces of the slabs was observed
using a Brinell tube in the places of the greatest opening of the cracks. The Brinell tube
division value was 0.1 mm.

In accordance with the accepted loading scheme, two rows of indicators were installed on
the upper surface of the slab (Fig. 3). The first group of seven indicators (2i — 6i) is installed
in the upper span of the slab, and the second group (9i — 13i) is installed on the cantilever
loading area. Indicators 8i, 14i were mounted on the side faces in the support area of the
cantilever section. A pair of indicators 1i, 7i recorded the deformation of the compressed zone
in the span of the slab.
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Fig. 2. Cantilever loading scheme
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Fig. 3. Indicator location
As a result of the tests, the load-bearing capacity of the slab was 163.2 kN with a bending
moment of 78.3 kNm.
The load corresponding to the onset of cracking is 86.4 kN with a bending moment of
36.9 kNm.

6 DISCUSSION OF RESEARCH FINDINGS
The test results obtained at each loading stage are presented in table 1.
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Table 1
Slab test results

Load stage number | Load, kN Cracl.< F)penlng Wlth’ mm
Initial Ultimate

1 19,2
2 38,4
3 48,0
4 57,6
5 67,2
6 76,8 1-0,1 1-10
7 86,4
8 96,0 2-0,1 2-05
9 105,6 3-0,05 3-10
10 1152 |4,5,6-0,1(4,56-0.1
11 124,8
12 134,4
13 144,0 7-0,05 7-0,05
14 153,6 8-0,05 8-0,05
15 163,2 9-0,05 9-0,05

In Fig. 4 shows graphs of the dependence of relative deformation on load, constructed
according to indicator readings.
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Fig. 4. Relative deformation according to indicator readings
Graphs of the dependence of deflections on load, constructed using data from two
deflectometers, are shown in Fig. 5.

M. Surianinov, |. Korneeva
https://doi.org/10.31650/2618-0650-2023-5-2-41-50 46




V/2/2023
Crop. 41-50 / Page 41-50

Mexanika Ta maremMaTtuyHi meromu [/
Mechanics and mathematical methods

12
1o

D
[s=}

[an] [as]
Loaad, KN

—
[§¥] N

l
Y

<
—

ot ||

-10.0 -5.0 5,0 10,0 15.0

Deflection, mm

Fig. 5. Slab deflections

Before the first crack appears, the maximum deflection of the slab is 12.0% of the
deflection recorded at the end of the tests.

7 CONCLUSIONS

Thus, experimental studies of the load-bearing capacity and crack resistance of the
commercially produced road and airfield reinforced concrete slab PAG, manufactured at
Velikodolinsky Reinforced Concrete Plant LLC, were carried out under laboratory conditions.
The tests were carried out on a specially made stand.

Dial indicators and deflectometers were used as measuring instruments. The process of
crack formation on the surfaces of the slabs was observed using a Brinell tube in the places of
the greatest opening of the cracks.

As a result of the tests, the load-bearing capacity of the slab was 163.2 kN with a bending
moment of 78.3 kNm. The load corresponding to the onset of cracking is 86.4 kN with a
bending moment of 36.9 kNm. The maximum crack opening width was 1.0 mm. Based on the
indicator readings, graphs of the dependence of relative deformation on load were
constructed. Graphs of the dependence of deflections on load are constructed using data from
two deflection meters. Before the first crack appears, the maximum deflection of the slab is
12.0% of the deflection recorded at the end of the tests.
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BILJIMB MEXAHOXIMIYHOI AKTUBALIIT KOMITIO3ULIITHOTO
IEMEHTY HA MIIHICTH BYAIBEJILHOIO PO3YNHY

Bapa6am 1. B.}, Iiporos /1. 0.}

Y0o0ecvra depacasna axademis H6ydisnuymea ma apximexmypu

AHoTamia. B crarTti po3risHyTI nuTaHHA, SKi TOB’s3aHI 3 BHKOPHCTaHHSM B TEXHOJIOTI]
BUTOTOBJICHHSI PO3YMHOBUX CyMilied Ta OyIiBeNbHHMX PO3YMHIB Ha IX OCHOBI LIBHIKICHHX
3MIIIyBadiB, po0OTa AKMX BUKIUKAE MEXaHOXIMIUHY aKTHBAIliO B’ sShKydoro. Bukopucranuii B poOOTi
POTOpPHUHN TPOTUTEUIHHUN MJIMH BHUKOHYE pOJh aKTHBaTOpa IIOBEPXHEBOI 30HW SK 3€peH
MOPTAAHILUEMEHTY, TaK 1 3epeH KBapLOBOTO MICKY i, TAKUM YHMHOM, CHpHse iHTeHcu]ikauii mpoueciB
CTPYKTYPOYTBOPEHHS SIK IIEMEHTHOTO TiCTa, TaK 1 OyiBEILHOTO PO3YMHY Ha Horo 0CHOBI. Buxomsauun
3 TOTO, 1110 OIHUM 13 NEPCIIEKTUBHUX HAIPSAMIB 3HI)KEHHS BUTPAT HA aKTUBALIO LIEMEHTY € 3HH)KEHH
€HEPrOEMHOCTI C€aMoro Mpolecy AWcHepranii, TO BHKOPHUCTaHHS BiTHOCHO MAaJOCHEPTOEMHHUX
POTOPHMX MJIMHIB MOX€E PO3IIISAATUCS SIK e()EeKTUBHUH CIIOCIO MiABUIEHHS aKTHBHOCTI B SKYYOTO.

[Micns cyMicHOT akTHBaIlii TOPTIAH/IIEMEHTY Ta HEMOJIOTOTO KBapIIOBOTO MICKY (KUIBKICTh SIKOTO
koperyBasacs Bix 0 1o 50 % macu nemenTy; TepMin aktuBauii - 300 cex) OynH BUTOTOBIIEHI 3pa3KH 13
PIBHOB'SI3KOI'0 [IEMEHTHOI'O TicTa. EKCIEpUMEHTaIbHO BCTAHOBJICHO, IO MaKCHUMallbHA MIIHICTh
LEMEHTHOTO KaMeHI0 B 28-M AEHHOMY Billl Jocsraiacsi Mpd BHUKOPHCTOBYBaHHI KOMITO3HLIHHOTO
uemMeHty 3 20 %-uM BMICTOM aKTHBOBAHOTO MmicKy. Jisi BU3HAYCHHS BIUIMBY OOCIIKYBaHHX
(dakTopiB, TaKMX, SK BHTpPaTa MEXaHOAKTUBOBAHOIO KOMIIO3HMIIMHOIO B’SHKY4Oro, KOHIICHTpAIlil
cyneprutactudikaropy C-3 (0...1,5 %) Ta Butpatn MmikpokpemHesemy (0...10 %) Ha MinHicTH
OyZiBEeIBHOTO PO3YHMHY B 2-X Ta 28-u IEHHOMY Billi, OyB mpoBeaeHUH 3-X (aKTOPHUH €KCIIEPUMEHT.
BcraHoBiieHO, 110 B JIOCIIPKEHOMY IEPioji TBEPAHCHHS HAMOIIbIIMN BIUIMB HA MIIHICTh HA CTHCK
JUISL  JTOCHI/DKEHUX CKJIamiB OymiBenbHOro posuuHy (Big 1:3 go 1:1) Hamae BMIiCT B HHX
MEXaHOAKTUBOBAHOI'O KOMITO3ULIMHOTO IeMeHTy. HacTynmHuM 3a BIUIMBOM Ha MILHICTb OyIiBEILHOTO
po3uuHy € BuTpara cynepiuiactugikaropy C-3. 3pocTaHHs MIIHOCTI Ha CTUCK OY/IBEIBHOIO PO3YUHY
BiJl BBEJCHHS JO HOro ckiaay MikpokpemHesemy He mnepeBuirye 10-15 %. CymicHuii BIiuB
MEXaHOAKTUBaLii B’SDKy4oro 1 BUKOpUcTaHHA po0aBku C-3 3a0es3meuye 3pOCTaHHS MILHOCTI
OyxaiBenbHOTO po3umHYy (ckian po3umHy 1:1) B 28-m gernomy Bimi 3 43,5 Mlla (HeakTuBOBaHE
B’shkyde; nobaeka C-3 BimcytHs) g0 63 Mlla, To0to Maibke Ha 45 %. st OymiBebHOTO PO3YMHY
AHAJIOTIYHOTO BiKy 3 MEHIIOK BHTPAaTOK KOMIO3HIIMHOTO IeMeHTy (ckiax po3umHy 1:3)
MEXaHOAKTUBalLig B'sHKy4oro B mpucyTHocTi 1,5 % moGaBku C-3 3abesnedye 3pocTaHHS MIiLHOCTI
po3unHy Ha cTrck 3 21 MIla (B'sbkyue HemexaHoakTuBoBaHe; C-3 =0 %) 1o 39 MIla.

Kui04oBi c10Ba: KOMIO3HUIIHNHN [IEMEHT, OyAiBeIbHUI PO3YNH, PO3ZYMHOBA CYMIIIl, aKTHBAIIi,
MPOTUTEUiHHUIA MITUH.

INFLUENCE OF MECHANOCHEMICAL ACTIVATION OF
COMPOSITE CEMENT FOR THE STRENGTH OF MORTAR

I. Barabash?, D. Pirogov!
'0dessa State Academy of Civil Engineering and Architecture

Abstract. The article discusses issues related to the use of technology for the production of
mortar mixtures and mortars based on high-speed mixers, the operation of which causes
mechanochemical activation of the binder. The rotary counterflow mill used in the work acts as an
activator of the surface zone of both Portland cement grains and quartz sand grains and, thus,
contributes to the intensification of the processes of structure formation of cement paste and mortar
based on it. Based on the fact that one of the promising ways to reduce the cost of cement activation is
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to reduce the energy intensity of the dispersion process itself, the use of relatively low-energy rotary
mills can be considered as an effective way to increase the activity of the binder.

After the joint activation of Portland cement and unground quartz sand (the amount of which was
adjusted from 0 to 50 % of the cement mass; activation period - 300 seconds), samples were made
from equal-viscosity cement paste. It was experimentally established that the maximum strength of
cement stone at 28 days of age was achieved when using composite cement with a 20 % content of
activated sand. To determine the influence of the studied factors, such as the consumption of
mechanically activated composite binder, the concentration of superplasticizer C-3 (0...1,5 %) and the
consumption of microsilica (0...10 %) on the strength of the mortar in 2 and 28-day old, a 3-factor
experiment was conducted. It was established that in the studied hardening period, the content of
mechanically activated composite cement has the greatest influence on the compressive strength for
the studied mortar compositions (from 1:3 to 1:1). The next most important influence on the strength
of the mortar is the consumption of superplasticizer C-3. The increase in compressive strength of a
mortar from the introduction of microsilica into its composition does not exceed 10-15 %. The
combined effect of mechanical activation of the binder and the use of the C-3 additive ensures an
increase in the strength of the mortar (mortar composition 1:1) at 28 days of age from 43,5 MPa (non-
activated binder; no C-3 additive) to 63 MPa, that is, almost by 45 %. For a mortar of similar age with
a lower consumption of composite cement (mortar composition 1:3), mechanical activation of the
binder in the presence of 1,5 % C-3 additive ensures an increase in the compressive strength of the
mortar from 21 MPa (non-mechanically activated binder; C-3 = 0 %) to 39 MPa.

Keywords: composite cement, mortar, mortar mixture, activation, counterflow mill.
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1 BCTYII

IleMeHTHHMII KaMiHb, SKHH Ma€ B CBOEMY CKJIaJl MeEJCHUH KBApIOBHM ICOK,
XapaKTepU3yeThCS BIIHOCHO HE3HAYHUMHU 00 €MHMMH JAedopMallisiMi 1 BOJOIIE BHCOKOIO
MIIHICTIO Ta KOPO31MHOIO CTIHKICTIO. BMICT MeneHOro KBapioBOTO IMICKy B IIEMEHTI, KWW
BUKOPUCTOBYETHCS I BUTOTOBJICHHS OyIiBEIbHUX PO3YMHIB 1 SKi TBEPAiIOTH B HOPMAIbHUX
ymoBax, ckiagae 20...40 %. KsapuoBuii micok, SKHII BUKOPHUCTOBYETHCS B SKOCTI
MiHepanbHOI J0OABKH /10 MOPTIAHIIEMEHTY, TOBHHEH XapaKTepU3yBaTUCs BUCOKUM BMICTOM
kpemHilikucaotd (He menme 90 %), a Bmict wactok Menme 0,05 MM He MOBHHCH
nepesuiryBatd 3 %. B ymoBax TpaaumiiiHOi TEXHOJOTii BHUTOTOBJICHHSA Oy/iBEIbHUX
pPO3YMHIB MEJCHUN KBapIOBUH IMICOK MPAKTHMYHO HE BCTYMAa€ B XIMIYHY B3a€EMOII0 3
MPOAYKTaMH TifipaTanii B sKy40ro i BBEACHHS HOro 10 CKIIaay LEeMEHTY BUKIIUKAE 3HIKCHHS
MIITHOCTI SIK IIEMEHTHOTO KaMEHI0, TaK 1 OyiBEJBPHOTO PO3UYMHY Ha HOro ocHOBi. Tomy
0CcOOJMBO AaKTyalbHUM € TIOIIYK HOBUX TEXHOJIOTIYHMX TPHUHOMIB, SKi JO3BOJIAIOTH
aKTUBYBAaTH MOBEPXHEBUI IIap fK 3€peH KBAPIIOBOI'O MICKY TaK 1 YAaCTOK LEMEHTY 1, TAKUM
YMHOM, MPUCKOPUTH TPOLEC CTPYKTYPOYTBOPEHHS TBEPIHYYOI CHCTEMH 1 3pOCTaHHS ii
MILHOCTI.

2 AHAJIIB JIITEPATYPHUX JAHUX TA IOCTAHOBKA ITPOBJIEMHA

BukopucTtanHs B TEXHOJIOT1i BUTOTOBJIEHHSI MOPTIAHILEMEHTY MiHEpAJIIbHUX J00aBOK 3
METOI0 €KOHOMII B’S’KY4OTr0, PEeryIIOBaHHs BIACTUBOCTEH OyIiBEIbHUX PO3UUHIB 1 OCTOHY €
OJTHUM 13 HaWOLIbIT €EeKTUBHUX TEXHOJOTIYHUX MPUHOMIB, SIKHH 3 YCIIXOM 3aCTOCOBYETHCS
B OyniBenpHIN mpaktuiii [1-3]. Cepen miHepalbHUX 100aBOK MPUPOJTHOTO TOXOKEHHS
oco0iMBe Miclle 3aiiMalOTh KBapLOBI TMICKW, SKI TNpPU CHOUIBHOMY MOJApIOHEHHI 3
MOPTJIAHIIEMEHTOM YTBOPIOIOTh KOMITO3MINIMHUI 1ieMeHT [4-6]. Kommo3umiiHuii 1ieMeHT
cpusie (HOpMYyBaHHIO OIBII MIUIBHOI JPiOHOMOPHUCTOI CTPYKTYPH IIEMEHTHOTO KaMEHIO,
MIJBUIICHHIO HWOrO BOJOHEMPOHHKHOCTI Ta Mopo3ocTiiikocti [7-9]. [lokpamenHus
BJIACTMBOCTEH IIEMEHTHOIO KaMEHI0O Ha KOMIO3UIIMHOMY II€MEHTi, Ha Hall MOTJIs,
OOyMOBJIGHO THM, IIO YacTKH KBapIOBOTO ITICKY, MalOYd JOCTaTHHO BHCOKY MILIHICTb,
PIBHOMIPHO PO3MOAUISIOTHCS B MPOIIECI aKTHBAIl B MOPOKHHMHAX MK 3€pHAMHU IIEMEHTY,
BUKOHYIOUYH POJIb IIEHTPIB KPUCTAI3aLl] 1 MiCIs 3aBepIIeHHs MPOLECy TifpaTaiii 0CTalThC
PIBHOMIPHO PO3MOJUICHUMH B KaMEHI, TMOKPAIIIOYU HOoro cTpykTypy. Came HasBHICTBH
3HA4YHOI KIUIBKOCTI IIGHTPIB KpHCTamizamii 3a0e3leuye YTBOPEHHS IIUIBHOI CTPYKTYpH
IIEMEHTHOTO KaMeHI0. B TexHoorii BUTOTOBJICHHS OyiBEIBHUX pPO3UMHIB 3HAYHA YyBara
NPUIUIAETBCS SIK BUBYEHHIO BJIACTUBOCTEH PO3UYMHOBHMX CyMillleH, Tak 1 pamioHaJIbHUM
croco0aM iX BUTOTOBJICHHS JJIsI OTPUMaHHs OyIiBeIbHUX pOo3unHiB 3a1aHoi sikocti [10,11]. B
NPaKTULll TPUTOTYBaHHS PO3YMHOBUX CyMillIeH IIMPOKE PO3MOBCIOKEHHS OepiKaIH
IIBUJIKICHI 3MIITyBa4l Pi3HUX KOHCTPYKIIIH, poOOTa SKUX BHKJIMKAE aKTHUBAIIIIO B’SKYUOTO.
[lepcneKTHBHUM HAIpaBJICHHSM CIIiJ] BB)KATH MEXaHOXIMIYHY 0OpOOKY MOPTIAaH/ILIEMEHTY B
TpruOO3MilTyBa4ax OCOOJMBUX KOHCTPYKIIH - CTPYWHHUX MIIMHAX, SIKI JOCHUTH €(QEKTHBHO
3a0e3MeuyloTh 3pPOCTaHHS MOBEPXHEBOI €Heprii yacToK B’shKydoro. Buxoasum 3 Toro, mio
HaWOIIBIT TEPCHEKTUBHUM HANpsSMOM 3HIDKEHHS COOIBapTOCTI aKTUBAIll IEMEHTY €
3HWKEHHSI €HEPrOEMHOCTI CaMOro TPOIECy aKTHBallii, TO BUKOPHCTAHHS TaKUX arperaris
MOXKE PO3TIIAIATUCA SIK Oe3abTEpPHATHUBHUN CIIOCIO MMiJIBHIIEHHS AaKTHUBHOCTI B’SKYUOTO.
[lepcneKTUBHUM HAmpsiMOM  CJiI paxyBaTH MEXaHOXIMIUHYy OOpoOKYy KOMIO3HIIIHOTO
MOPTIAHLEMEHTY B CIELIaIbHO CKOHCTPYHOBAHOMY POTOPHOMY MPOTHUTEUIHHOMY MIIMHI,
SIKUW € PI3HOBUIOM CTPYHHUX MIIMHIB [12].

Bapa6am 1. B., [liporos 1. O.
https://doi.org/10.31650/2618-0650-2023-5-2-51-60 53



V/2/2023
Crop. 51-60 / Page 51-60

MexaHika Ta MaremaTuyHi merogu /
Mechanics and mathematical methods

3 HOUIb TA 3AJAYI JOCIAKEHHSA

Buie BukiageHe 3yMOBWIO METY JaHOT POOOTH, sIKa TOJISATAE B €KCIIEPUMEHTAILHOMY
MIITBEP/HKEHHI MOYKJIMBOCTI TMIJIBHIIEHHS MIIHOCTI OyAIBEIBHOTO PO3YMHY 3a PaxXyHOK
BUKOPHUCTAHHS MEXaHOAKTHBOBAHOTO KOMIIO3HIIIITHOTO IIEMEHTY.

CyMicHa  aKkTUBaIis TOPTIAHAIEMEHTY Ta HEMOJOTOr0  KBapIOBOTO  IICKY
3MIHCHIOBaJIacsl B POTOPHOMY MpoTHUTediiiHOMY MimHI npotsrom 60, 180, 300 i 600 cexk.
KoHnmnenTpaiiisi KBapioBoro micKy B KOMITIO3HUITIHHOMY 1IeMeHT1 KoiuBaack Bix 0 1o 50 % (o
Maci). /[ KOHTPOJIO BUTOTOBISIIOCH 3MillIaHE B’sDKy4Ye (IIEMEHT + KBapIIOBUH IMICOK), SIKE
MEeXaHOaKTHUBAIlll He Tisrano. KoHeHTparliss KBapIoBOro MmicKy B 3MIIIAHOMY B’ SDKYYOMY
KOJIMBaJIach B ToMY X Aiana3oHi (Bix 0 mo 50 % mo maci).

[Ticns BU3HAYEHHS ONTHUMAJIBLHOTO 3a CKJIQJ0M KOMIIO3HUIIIHHOTO LIEMEHTY (KpuTepiit -
MaKCHUMaJlbHa MILHICTh Ha CTUCK B 28-M JeHHOMY Billi) OyB mpoBeneHuil 3-X (akTopHUii
eKCIIEpUMEHT 3 METOI BH3HAYEHHS BIUIMBY JOCHIDKYBaHUX (pakTopiB (BUTpaTa
KOMITO3ULIIHHOTO B’SXKY4OTr0, KOHIEHTpalis cynepruiactugikyrouoi 1o6asku C-3 Ta BUTpaTH
MIKPOKPEMHE3EeMY) Ha MIITHICTh OYy/IIBEIbBHOTO PO3YMHY B 2-X Ta 28-1 IEHHOMY BiIIl.

4 PE3YJbBTATHU JOCJIIIKEHDb

B nocnimxeHHSX B AKOCTI B SDKY40ro BUKOpUCTOBYBaBcs noptTinanauement 111 11/A-111-
500, sxuii Bignoimae Bumoram JICTY b B. 2.7-46:2010 «llementu 3aranbHOOYIIBHOTO
MpU3HAYCHHS. TeXHIYHI YMOBHY.

Jns BU3HAYEHHS ONTHMAIBHOTO CKJIaQy KOMIO3HMLIMHOTO ILIEMEHTY 3JiHCHIOBaJIacs
MEXaHOXIMIYHA aKTHBallisl TOPTJIAHIIEMEHTY, a TaKO0X IOPTIAHAIEMEHTY 3 J00aBKOIO
KBapI10BOTro micky (B KinbkocTi Big 10 no 50 % iioro macu) Brpomosx 60, 180, 300 i 600 cexk.
3a KpuTepiil ONTUMAIBHOCTI OyJjia MPUHHATa MaKCUMabHa MIIHICTh [IEMEHTHOTO KaMEHIO B
28-u nenHomy Bimi. Jlnsg mporo gochifpKyBajiacsi MIIHICTh Ha CTHUCK 3pa3KiB-0anodok
po3mipom 40x40x160 MM, sKki OyJd BHUTOTOBJEHI 3 BHUKOPHUCTAHHSM KOMIIO3UIIMHOTO
IeMeHTy. BuTpaTta Boau BH3HaAuanacs IiaMeTpOM pO3IUIMBY LIEMEHTHOrO TicTa Ha MpuOOpi
Cyrrapna B gianazoni 90 = 5 mm. HaBezneni Ha puc. 1 excriepuMeHTaIbHI KPUBI CBiA4aTh MPO
Te, IO AKTUBAIlil KOMIIO3UIIKHOTO eMeHTy mpoTsiroM 300 cek BUKIMKAE IMiTBUIICHHS
MIITHOCTI Ha CTHCK IIEMEHTHOTO KaMEHIO B 30H1 MakcuMyma 3 52 MIla (tepmin aktuBaritii 60
cek) o 62 MIla (tepmin aktuBaiii 300 cek).
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Puc. 1. Brmus BMicTy KBapIIoBOTO IiCKY Ha MIITHICTh IIEMEHTHOTO KaMEHIO B Billi 28-U JTHIB:
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1,2,3 - eMeHTHUI KaMiHb Ha KOMIIO3HIIHHOMY LIEMEHTI, akTHBOBaHOTO mpotsiroM 60, 300 i 600 cek;
1’ - ueMEHTHHMIT KaMiHb Ha HEMEXaHOAKTHBOBAHOMY MOPTIAHIIEMEHTI 3 T00aBKOIO KBAPIIOBOIO MICKY

3poctranHs TepMmiHy akTuBamii 70 600 cex HE3HAYHO BIUIMBAE HA 3POCTAaHHS MIITHOCTI
IIEMEHTHOTO KaMeHI0 1 He mepeBumlye 3...5 %. Cnig BiAMITUTH HEOJAHO3HAYHHH BILJIUB
BMICTYy KBapioBOTO TICKy Ha MIIHICTh IEMEHTHOTO KaMEHIO [UIsl PI3HUX TEXHOJOTIN
BUTOTOBJICHHSI B SKY4Oro. SIKIIO JUIsi KOHTPOJIBHUX 3pa3KiB XapaKTEPHO 3HMXKEHHS MIITHOCTI
Ha CTUCK IIPU 3pOCTaHHI BMICTY B IIEeMEHTI KBapIIOBOTO IICKY, TO /Ui IEMEHTHOTO KaMEHIO Ha
KOMITO3HUIIIHHOMY IIEMEHTI CIOCTEPIraeThCs IMABUINCHHS MIIHOCTI 13 3pOCTaHHSIM BHUTPATH
KBapIIOBOTO IMICKy. MaKCHUMaJdbHMHA NPHUPICT MILHOCTI CIIOCTEPIraeTbcs NpU BBEIEHHI B
KoMmo3uIiiaui memeHt 20 % kBaproBoro Imicky. B 1boMy pa3i MIIHICTP Ha CTHCK
IIEMEHTHOr0 KaMeHIo0 cTtae piBHOo 62 MIla (tepmin axtuBamii 300 cex), mo Ha 10 %
MEPEBUIIYE MIIHICTH 0€3700aBOYHOT0 IIEMEHTHOTO KaMEHI0 Ha MEXaHOAKTHBOBAHOMY
nopTiaraieMenTi. Cil BiIMITUTH, [0 MIIHICTh IEMEHTHOTO KaMEHIO Ha KOMITO3UIIIHHOMY
neMmeHTi 3 20 %-010 700aBKOIO KBapIIOBOTO IicKy Maibke Ha 30 % mepeBHINye MIIHICTh
[IEMEHTHOTO0 KaMEHI0 Ha 0e3700aBOYHOMY MOPTIAHIIEMEHTI, SKAH MeXaHOaKTHBalii He
migusaras. B momambmoMy B IOCHIIDKCHHSX  BHKOPHCTOBYBABCS — KOMITO3MITIHHUN
MOPTJIAH/ALEMEHT, KU OTpUMYBaBCsS MexaHoakTuBalliero mnpotrsrom 300 cex cywmimi
noptiaanaieMenTy 3 20%-010 100aBKOI0 KBapIIOBOTO TTICKY.

[IpencraBnsB iHTEpec 3'sCyBaTH BIUIUB BUTPATH KOMITO3UIIITHOTO IEMEHTY Ha MIIHICTh
OyniBenbHOTO po3umHy. [lopsn 3 UM (akTOpoM BapirOBaIMCs TAKOXX HACTYITHI HE3aJICKHI
3MiHHI: BUTpata cynepmiactudikaropy C-3 Ta MiKpOKpeMHE3EMY.

Jlnst BUpiIIEHHS TTOCTaBIEHOT 3a/1a4ui OyB peanizoBaHui 3-X (aKTOPHHUI EKCIIEPUMEHT 3
15-TH TOUKOBUM CUMETPUYHUM IUIaHOM. B ekcriepiuMeHTi BapitoBaucs Taki (JaKTOPH CKIIaay:

X1 — ieMeHTHO-TiIade BigHomenHs Big 1:3 go 1:1;

X2 — xiabKicTh cynepmiactudikaropy C-3 (B % Bin macu uementy) -0,75 £ 0,75;

X3 — KUIBKICTh MIKpOKpeMHe3eMy (B % BiJl MacH LieMeHTy) -5 £ 5.

Jlis KOHTPOJIO TPOBOAMBCS IJIAHOBAHHMM EKCIIEPUMEHT Ha HEMEXaHOAKTHMBOBAHOMY
noptiagauemMenti 3 20 %-o0  100aBKOIO KBaploBOro micky. Bei gocmimkeHi po3uuHHI
CyMIllll XapaKTEPHU3yBAIUCS PIBHOIO PYXOMICTIO, sika ckiagana 130 MM pO3IUTMBY KOHYCY
(micast 30-u cTpylIyBaHb Ha CTPYUIYIOUYOMY CTOJIHKY).

[lnan excrepuMeHTy 1 CKJIaaW JOCHIDKEHUX OyAiBeIbHUX PO3YMHIB TPUBEICHI B
Tabmui 1.

Tadauus 1
IInan exciepuMeEHTY i CKJIaau Oy IiBeTbHUX PO3YHHIB
Ne | Xp| X2 | X3 X1 X2 X3 Cxuan OyaiBebHOT PO3YHHOBOI CyMiTi
3/m B’soxyue/ C-3, MK, | B’sxyue, | ITicok kB., | C-3, Mixkpo-
[Ticok % % r r r KpeMHe3eM, T

1 - -] - 0,33 0 0 500 1500 0 0
2 -+ - 0,33 15 0 500 1500 6,0 0
3 007 - 0,50 0,75 0 667 1333 3,75 0
4 + | -] - 1,00 0 0 1000 1000 0 0
5 + |+ | - 1,00 15 0 1000 1000 12,0 0
6 -101]0 0,33 0,75 5 500 1500 3,0 20,0
7 0] -10 0,50 0 5 667 1333 0 25,0
8 0/0]0 0,50 0,75 5 667 1333 3,75 25,0
9 0|+ 1|0 0,50 15 5 667 1333 7,5 25,0
10 + 1010 1,00 0,75 5 1000 1000 6,0 40,0
11 - -+ 0,33 0 10 500 1500 0 40,0
12 -+ ]+ 0,33 15 10 500 1500 6,0 40,0
13 00|+ 0,50 0,75 10 667 1333 3,75 50,0
14 + | - |+ 1,00 0 10 1000 1000 0 80,0
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[16 [+ ]+ [ +] 1,00 | 15 | 10 | 1000 | 1000 | 12,0 | 80,0 |

B pe3ymbrari CcTaTUCTUYHOI OOpOOKM  EKCHEpUMEHTAIbHUX JaHUX  OJepKaHi
noiHoMianbH1 Mozem (1-4) 3amexHOCTI MIITHOCTI Oy/iBebHOTO po3uMHy Ha ctuck (MIla)
BiJl IOCIIDKyBaHUX (haKTOPIB:

Ra2 =363+79 - X1-46-X°+03 - X1- X2+02 X1 X3 @)
+4.7-X2-0,6 - Xo? +05 X2 X3
+22-X3-0,2 - X3°
Re"®=512+120-X1-6,6 - X12-05-X1- X>+0,6 - X1 - X3° (@)
+55- X, +0,8 - X2? +0,6-X2-X3
+31-X3 -1,0- Xa2
Rei? =221+77 -X1-17 -X°+14-X1-X+02 X1 X3 (3)
+4.4 - X +0,8 - Xo? +0,7- X2 X3
+14-X3+0,3- X352
Re*“*®=403+106-X1-48-X1?°-06-X1-Xo+05-X1-X3 4)
+44 - X+ 0,4 - Xr? +0,7- X2 X3
+23-X3+0,1- X2
pe  Re™?, Re™?® - wMimmicte OymiBeNbHOTO PO3YMHY HA  KOMIO3MIIHHOMY
MEXaHOAKTHBOBA-HOMY MOPTIAHIIEMEHTI y 2-X JIeHHOMY Ta 28-u ieHHOoMY Billi, MlIla;
Ra®?,  R&®*® - wMinmicts  OymiBenpHOro  po3umHy  Ha  TpaaULiHHOMY

(HEMEXaHOAKTHBOBAHOMY) TOPTIAHILEMEHTI 3 Jgo0aBkoro 20 % HEMeIeHOro KBapioBOTO
micky, Ml1a.

AHaniz MatematnuHux Mojened (1-4) mokaszaB, IO TO BENUYHHI KOEPIIIEHTIB TpU
BapiiioBaHuX (paKTOpax K Ha MEXaHOAKTUBOBAHOMY B’SDKY4OMY, TaK 1 Ha B’ SDKYUOMY, sIKE HE
MiIaBaIOCS] MEXaHOAKTHUBAIlli, HAHOUMBIINI BIUIMB HAa MIIHICTh HA CTHUCK OYAiBEIILHOTO
pPO3YMHY B JIOCHTIKYBAaHOMY TIE€piol TBEPAHEHHS HAIAa€ BMICT KOMIO3UIIIMHOTO IIEMEHTY B
PO3UuHI.

[TinTBepHKEHHSM BHUINECKA3aHOTO € rpadivuHi 3aiexHocTi (puc. 2), sAKi BigoOpaxarTh
BIUIMB BHUTPATH MEXAaHOAKTHMBOBAHOT'O KOMIO3MLIWHOTO LEMEHTY B PO3YMHI Ha MILHICTh
OyIiBEJIbHOTO PO3YMHY HA CTUCK B 28-U JCHHOMY BIIi.
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LlemMeHTHO-MIIIIaHE  BiIHOIICHHS

Puc. 2. BriiiuB 11eMeHTHO-MIIIIAHOTO BiTHOIIEHHS Ha MILHICTH OyiBEJILHOTO PO34MHY B 28 I€HHOMY Billi:
1,2,3 — Burpara cynepmiacrudikaropy C-3 B kinbkocri 0, 0,75 1 1,5 % Bix Macu LeMeHTY, BiANIOBITHO;
a) B’sDKyde MEXaHOaKTHBOBaHe; 0) B’sSHKyde HEMEXaHOAKTHBOBAaHE (KOHTPOJIb)

ExcriepuMeHTaIbHO BHUSIBICHO, IO 3pPOCTAHHS BMICTYy KOMITO3HIIHHOTO IIEMEHTY B
OyniBenbHOMY po3umHi (Big 1:3 o 1:1) mpuBoje 10 3poCTaHHS MILIHOCTI HA CTHUCK PO3YMHY
Ha MEXaHOaKTUBOBaHOMY B’sikydomy 3 27 MlIla go 52 MIla (C-3 = 0 %). 3pocTaHHs BUTpaTu
C-3 no 1,5 % macu UEeMeHTy BMKIMKA€ 3POCTaHHS MIIHOCTI Oy/iBENILHOTO PO3YMHY Ha
MeXaHOaKTUBOBaHOMY B’shkydomy Bing 39 MIla no 63 MIla, ToOto Oinbmie Hix Ha 60 %.
MinHicTh pO3UuMHY Ha CTHUCK QHAJOTIYHOTO 3a BHUTPATOI B SHKYYOro, aie sike
MEXaHOAaKTHUBAIll He mimisarano, He mepeBumye 51 MIla. Hactymamm 3a BIiMBOM Ha
MIIHICTh OYAiBENBHOTO PO3YMHY € BUTpara cynepruiactudikatopy C-3. 3pocrtanHs ioro
kimbkocTi Big 0 10 1,5 % BUKIMKaAE 3pOCTaHHS MIITHOCTI PO3YMHY Ha CTHCK B 28-U JICHHOMY
Bili maibxe Ha 10 MlIla (koHTpons) i Ha 12 Mlla — Ha MEXaHOAKTUBOBAHOMY B’SXKYUOMY.
BBenenus mo ckiamy po34MHOBOI CyMilll MIKpPOKPEMHE3EMY BUKIIMKA€E BIJIHOCHO MEHITUUN
MPUPICT MIITHOCTI Ha CTHCK (0 BigHOUIeHHIO 10 BuTpatu C-3) i He nepeBuurye 4...5 Mlla.
CyMicHHMII BIUTMB MeEXaHOAKTHBAIll B'SHKydoro 1 BBeAeHHs pgo00aBku (-3 3abesmeuye
3pOCTaHHs MIIHOCTI OyiBEIHHOTO PO3YMHY Ha KOMIIO3UIIHHOMY LIEMEHTI B 28-M JIEHHOMY
Bili (ckiaa po3uuny 1:1) 3 43,5 MIla (kouTpoias) o 63 Mlla, To6To maitke Ha 45 %. ns
Oy/iBETLHOTO PO3YMHY 3 MEHILIOIO BUTPATOI0 KOMITO3UIIIHHOTO IIEMEHTY (CKia po3uuHy 1:3)
MEeXaHOAaKTUBOBaHE B’sbKyde B mpucyTHocTi 1,5 % C-3 3abe3nedye Oi1bIll 3HaYHE 3pPOCTAHHS
MIITHOCT] pO34MHY Ha cTUCK - 3 20,6 MlIla (koHTpoias) 10 39 Mlla, To6To Mmaitxe B 1,9 pasu.

S OBI'OBOPEHHA PE3YJIBTATIB JOCJIKEHHSA

CymMicHa 00poOKa B MPOTUTEYIHHOMY MIIMHI TTOPTIAHIIIEMEHTY 3 T00aBKOIO KBapIIOBOTO
nicky (10 50 % macu B’spKydoro) 3a0e3rnedye 3pOCTaHHs MIITHOCTI IIEMEHTHOT'O KaMeHIo, 1110,
Ha Hall TMOTJIS, TIOB’SI3aHO 13 3pOCTAaHHSAM PEaKIIMHOI 3aTHOCTI K 3€PEeH IEMEHTY, TaK 1
aKTUBOBAaHOI TOBEpPXHI YacTOK TMicKy. IIiABUINEHHS peakIiifHOi 31aTHOCTI KOMIIOHEHTIB
B’SDKYYOTO TOB’S3aHO 3 MEXaHIYHHM DPYHHYBaHHSIM IOBEPXHEBOI 30HU TOHKOHCIIEPCHUX
YaCTOK LIEMEHTY Ta 3€peH MICKYy B MpOIleci KOHTAKTHOI B3a€MO/ii Mi’K HUMH B MOBITPSHOMY
TypOyJE€HTHOMY TIOTOL[l NPOTHUTEUIHHOrO MIIMHA. Pe3ynbTaTé  eKCIepUMEHTaIbHUX
JOCHIKeHb JI03BOJIWJIM ONTUMI3yBaTH SIK TEPMIH MEXaHOAKTHBalii, TaK 1 KIIBbKICTh
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KBapIIOBOTO IMICKY B KOMITO3UI[IHHOMY IIEMEHTI, 5IKl B CYKYITHOCTI 3a0€3MeUyIOTh OJIepKaHHs
LIEMEHTHOI'O KAMEHIO MaKCUMAJILHOT MIIIHOCTI.

Jlnis BU3HAUEHHS BIUIMBY BHUTPAaTH MEXaHOAKTUBOBAHOIO KOMIIO3MLIHHOIO ILIEMEHTY,
BMICTy cynepruiacTudikyrouoi nodaBku C-3 Ta BHUTpaTH MIKpOKpEMHE3eMYy Ha MIIHICTb
OyIiBEJIbHOTO pPO3YMHY OYB MpOBeIeHMH 3-X (HaKTOpHUN IUIaHOBAaHWUU ekcnepumeHT. [lo
e(pEeKTUBHOCTI BIUIMBY Ha MIIHICTh OyAIBENBHOTO pPO3YMHY He3alexkHi (akropu
PO3MNOAUTIIINCS HACTYITHUM YHHOM:

a) BUTpaTa KOMITO3UI[IHHOTO B’SHDKYYOrO B CKJIali OyMiBENLHOTO PO3UMHY (B’sDKyYe:
KBapIOBHH MICOK) - B miama3oHi Big 1:3 g0 1:1;

0) Butpara cyneprutactudikaropy C-3;

B) BUTpaTa MiKpOKPEMHE3EMY.

Pesynprati OCHiKeHb CBiq4aTh Mpo €PEKTUBHICTH MEXaHOXIMIYHOI 0O0pOOKHU
KOMITO3HIIIHHOTO [EMEHTY B MPOTUTEHIHHMY POTOPHOMY MIIMHI. MeXaHOaKTHBOBAaHE TaKHM
YIHOM KOMIIO3HIIIIHE B’ sDKyUe 3a0e3edye 3pOCTaHHs MIITHOCTI OYAiBEIHHOTO PO3UHHY B

28-u nenHomy Biui Big 1,4 1o 1,9 pas3u (B mopiBHSIHHI 3 KOHTPOJIEM).

5 BHUCHOBKH

1. Busznaueno, mo MexaHoxiMiuHa akTuBamis npotsroM 300 cex MOpPTIaHALEMEHTY 3
no6askoro 20 % KBapLOBOro MICKy 3a0e3neuye oJepXaHHA KOMIIO3ULIHHOTO IIEMEHTY 3
MIIHICTIO Ha CTUCK B 28-m aeHHoMmy Bimi 62 Mlla, mo maiike Ha 30 % BUIIE MIIHOCTI
[IEMEHTHOTO KaMEHI0 Ha HEMEXaHOAKTHBOBAHOMY TOPTJIAHIIEMEHTI 0e3 J00aBKu
KBapI[OBOTO TICKY.

2. BukopucTaHHs TUTBKM MEXaHOAKTHUBALll KOMIIO3UIIHHOTO MOPTIAHALEMEHTY CIIPHSE
IIIBUIIICHHIO MIIHOCTI OyAIBEIHHOTO PO3YMHY Ha CTHCK B cepeaHbomy Ha 23-25 % (B
MOPIBHSAHHI 3 MILHICTIO PO3YMHY Ha LIEMEHTHOMY B’SKYYOMY, SK€ MEXaHOAKTHBAIlll He
T JIJISITATIO ).

3. CyMicHMI BIUIMB MeXaHOAKTHUBAIl 1 cynepruactTudikyroyoi nodaBku C-3 3abe3neuye
3pOCTaHHS MIITHOCTI OYIiBETLHOTO po3unHy (CKiaa 1:3) Ha KOMIO3UIIIHHOMY IIEMEHTI B 28-1
JICHHOMY Billl Maiike B 1,9 pa3u (B MOpPiBHAHHI 3 MILHICTIO PO3YMHY aHAJOTTYHOTO CKJIQAy Ha
HEaKTHBOBAHOMY B’sDKydoMy i 6e3 mobaBku C-3).
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UDC 614.841

SIMULATION OF HUMAN EVACUATION IN CASE OF FIRE
USING PATHFINDER SOFTWARE

E. Shcholokov?, Yu. Otrosh?, N. Rashkevich!, R. Melezhyk?
!National University of Civil Defence of Ukraine

Abstract. This research analyses scientific publications that highlight the problems of evacuation
of people during emergencies and the latest methods, techniques and strategies. It is determined that
the PATHFINDER software complex gives a more accurate calculation compared to the simplified
analytical model. The PATHFINDER software complex allows to simulate evacuation in various
buildings and areas. Moreover it gives a wider range of possibilities, such as: simulation of evacuation
of people with disabilities; ability to set and adjust the speed of agents in different sections of the
escape route; the presence of a function that regulates the onset of movement of agents in a given
behaviour.

In this work the computer simulation of the actual time of evacuation of people from the integral
property complex of industrial and household facilities was carried out. The duration of the
evacuation of people from the rooms of buildings and structures bases on the model of the
movement of people to the exit in one of the following ways: based on a simplified analytical
model of human flow; based on a mathematical model of the individual-flowing movement of
people from a building or structure; based on a simulation-stochastic model of human flows.

These calculations were performed in accordance with the recommendations and instructions
using the PATHFINDER software for the two most likely fire scenarios. According to the scenario,
the fire occurred in the room with the highest fire-hazardous load or in the room with the smallest
volume:scenario 1 - fire occurs in the hot shop; scenario 2 - a fire occurs in the administrative
room.

The software provides an opportunity to quickly calculate various ways of evacuating people
from the rooms. The use of PATHFINDER software gives more accurate results than the
calculation given in regulatory document, due to the greater detalization of the evacuation
calculation, and also helps to avoid possible errors and reduce calculation errors.

Keywords: fire, evacuation time, combustion products, modeling, PATHFINDER.

MO/JIEJIOBAHHS EBAKY AL JIIOJAEN MPU MOXKEXKI 3A
JIOMOMOT' OO ITIPOTPAMHOI'O 3ABE3NEYEHHS
PATHFINDER

I{oaokos E. E., Orpom 0. A.l, Pamkesuu H. B.}, Meaexux P. C.!

'Hayionanenuii ynieepcumem yusinonozo saxucmy Yxpainu

AHoTalist. Y 1Ib0My IOCIIDKEHHI MPOBOIUTHCS aHAII3 HAYKOBUX ITyOJIIKAIliH, SKi BUCBITIIIOIOTE
mpoOJieMHI THTaHHS e€BaKyallil JIoAeH mij Yac HaI3BUYAlHMX CHTyalliii Ta HOBITHI METOIU Ta
cTparerii, MmO CHOPSMOBaHI Ha 3a0e3leYeHHs Oe3meKd. ABTOpaMH BH3HAYEHO, IO MPOrpaMHUI
komiuiekc PATHFINDER nae Oiniblil TOYHHE PO3paxyHOK MOPIBHSHO 31 CIIPOIICHOI aHAJITHUHOO
mogemto. [Iporpamuuii kommnekc PATHFINDER no3Bonsie iMiTyBaTH eBakyalito B pisHUX OyIiBIAx
i 3oHax. Kpim Toro, e mae OifblI IIMPOKHHA CHEKTP MOXXJIMBOCTEH, TaKWX SIK: iMiTauis eBakKyamii
mrojiell 3 OOMEKEHHMH MOXKIIMBOCTSIMU; MOXIIMBICTh BCTAHOBIJIIOBATH Ta PETrYJIOBATH IIBUJKICTH
areHTIB Ha PI3HMX IUISHKaxX [UIAXY eBaKyallil, HasBHICTb (YHKIIi, SKa PEryNIO€ TOYaTOK PYyXy
areHTIiB y MEBHIil MOBEIIHII.
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B naniit poboTi mpoBeAeHO KOMII' IOTEPHE MOJCTIOBaHHS (DaKTUIHOTO Yacy €BaKyarlii JroaeH 3
IUJTICHOTO MaifHOBOTO KOMIUIEKCY ITPOMMCIIOBUX 1 TOOYTOBHUX 00’ €KTiB. TpHBaJicTh eBaKyarlii JItoaen
BU3HAYAETHCS HAa OCHOBI MOJETIOBaHHSA PyXy JIIOJEH A0 BHXOJY HAa30BHI OIHUM 3 HACTYITHHX
croco0iB: 3a CIPOIIEHOI aHAIITHYHOI MOJACIUII0 PYXy JIOJACBKOIO TOTOKY; 32 MaTeMaTHYHOIO
MOJIC/UII0 1HAMBIAyaJbHO-TIOTOKOBOIO PYyXy JIOACH 3 OymiBiali 4M CHOpyAM; 3a IMiTalliifHo-
CTOXaCTHYHOIO MOAEJITIO PyXY JIIOJCHKUX TOTOKIB.

HaBeneni pospaxyHku Oyiau BHMKOHAaHI BiJNOBIZHO A0 pPEKOMEHAALid Ta I1HCTPYKUId 3
BUKOpHUCTaHHAM Tnporpamuoro 3abesneueHHs PATHFINDER s 1nBox HaHOUIbII 1MOBIPHHX
CICHApIiiB MOXEXi. 3a CcleHapieM TMO)Kea BUHHUKIA B NPHUMILNICHHI 3  HaHOUIBIIMM
MOKEKOHEOE3MEYHNM HaBaHTAXKEHHAM a00 B NMPHUMILICHHI 3 HaMEHIIMM 00’€éMOM: cueHapid 1 —
MOXKEeKa BHHUKAE B TapsuoMy IieXy; CIeHapiii 2 — ToXKeXa BHHHKAE B aJMiHICTPATHBHOMY
MPUMITICHH.

[Iporpamuuii kommiekc PATHFINDER nae MOXIHBICTH HIBHIKO pPO3PaxoBYBaTH Pi3Hi crlocoOn
eBakyalii Jogeld 3 mpumimieHb. PesynpraTi po3paxyHkiB € Tounimmmu HiX 3a JCTY 8828:2019,
3aBJSIKM OUIBININ jeramizaiii po3paxyHKy eBakyailii, a TakoX JI03BOJISIE YHUKHYTH MOMXIUBHX
MOMMJIOK Ta 3MEHIITUTH TTOXUOKH PO3PaxXyHKIB.

KarouoBi ciaoBa: moxxexa, yac eBakyailii, IpoaykTu ropinas, monenroBaHHsa, PATHFINDER.
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1 INTRODUCTION

Every day in Ukraine, on average, occur 277 fires, material damage from which amounts
to 34 million 445 thousand (UAH). Every day, as a result of fires, 4 people are killed or get
injured, 77 buildings (structures) and 14 pieces of technical equipment are destroyed or
damaged by fire. Direct losses from one fire are from 26 thousand (UAH) [1].

According to statistics, the largest proportion of fire deaths is caused by exposure of fire
hazards. An important component of saving people's lives is to ensure the correct and timely
evacuation from the rooms affected by fire [1].

It is a global practice to use for evacuation calculations not only regulatory documents,
but also computer softwares, such as PATHFINDER. It is used for simulation of evacuation
in emergency situations with consideration of the possibility of rescuing people.

Among the advantages of the software is the immediacy of calculations, the ability to
change the parameters at any time and get the result immediately.

In recent years, there has been an increase in cases of unprofessional calculation of
evacuation time by incompetent organisations. As a result, it can lead to death or injury of
people in case of realisation of emergency scenarios. The professional calculation of
evacuation time forms an appropriate fire safety action plan.

Thus, a relevant scientific and technical task is to improve the calculation methodology
using the PATHFINDER software - to model human behaviour in various fire scenarios and
calculate evacuation times. This will help to minimise the number of victims of fire or avoid
them completely.

2 ANALYSIS OF LITERARY DATA AND PROBLEM STATEMENT

It is noted in [2] that estimating evacuation time is a non-trivial problem due to the
interaction between thousands of individual agents, which generates various collective
phenomena such as bottlenecks, interrupted flow, and stop-and-go waves. However, it would
be advisable to use specialised software such as PATHFINDER, which allows modelling and
analysing evacuation processes in complex spatial environments such as buildings and
structures.

In [3], the purpose of the study is to emphasise the importance of safety in crowded
spaces, such as airports, railway stations, amusement parks, etc. during hours of maximum
concentration of people or during large-scale events. The paper reviews the complexity of the
evacuation process and sets a task of developing new methods and tools aimed at improving
safe evacuation strategies. Particular attention is paid to understanding the dynamics of
evacuation, solving the complexity of decision-making during evacuation and using
hierarchical models and visual observations to predict people's movements and optimise safe
exit routes. However, the PATHFINDER features, that allow to calculate the behaviour of
people, which in the program is the set of actions that the agent performs, are not used.

In [4], recognising human behaviour and monitoring real-world environments is a
challenging research task. Time series analysis methods, including hidden Markov models,
have been used to solve such problems. However in many complex cases they are not
effective, because some types of behaviour are much more difficult to model. This is the case,
in particular, when there is a lack of raw data. It is advisable to use stochastic models of
human behaviour, which are represented by a mathematical model in PATHFINDER.

In [5], it is noted that it is advisable to combine building information modelling
technology with geographic information system technology to build a three-dimensional
spatial scene of evacuation in case of a fire in a building. It is possible to use a graphical
interface to set a graphical data, as well as 2D and 3D visualisation tools. This approach
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allows for a quantitative analysis of qualitative indicators related to evacuation and provides
an effective visualisation of emergency situations management. The PATHFINDER software
allows to use a graphical interface to meet the design and visualisation objectives of the
evacuation process.

In [6], the modelling of fire development and the dynamics of people's movement
during emergency evacuation is considered. There are three different ways to model fire
development: two-zone fire models; computational fluid dynamics (CFD) and stochastic
models. PATHFINDER supports two simulation modes. In control mode, agents move
independently towards their goal, avoiding other passengers and obstacles. The flow rate
through the doors is not defined, but is the result of the interaction of the occupants with each
other and with the boundaries of the rooms.

Paper [7] analyses human behaviour in case of a fire in buildings using computer
modelling of evacuation. Unpredictable human behaviour in critical situations is at the core of
all problems related to the fire safety of buildings, regardless of their purpose. The
PATHFINDER software makes it possible to simulate evacuation and program certain agent
behaviour, which allows to make such calculations.

In [8], it is proposed to simulate evacuation in emergency situations using a program
that contains a graphical interface for creating models and a module for viewing animated
three-dimensional results, simulating the rescue of non-mobile groups of people, contours of
the density of human flow and a grid for simulating movement.

In [9], the calculation of evacuation was carried out according to the two most likely
fire scenarios. When selecting a fire scenario, the following options were assumed: a fire
occurs in a room with the highest fire hazardous load or in a room with the smallest volume.

One of the main factors in ensuring the safety of people's lives is the correct
calculation of the evacuation of people from the rooms. According to the analysis of fire
statistics, the majority of people who die in a fire are those who have been poisoned by toxic
combustion products.

The analysis of the publications has shown that the vast majority of works related to
evacuation investigate patterns of human behaviour in emergency situations.

3 MATERIALS AND METHODS

The calculation of estimated duration of the evacuation of people from the rooms of
buildings and structures bases on the model of the movement of people to the exit in one of
the following ways:

- based on a simplified analytical model of human flow;

- based on a mathematical model of the individual-flowing movement of people from
a building or structure;

- based on a simulation-stochastic model of human flows.

Calculation of the estimated duration of evacuation of people from the rooms of
buildings and structures using a simplified analytical model of the movement of the
human flow. The estimated duration of evacuation of people from the rooms of buildings is
determined by calculating the duration of movement of one or more human flows through the
evacuation exits from the most distant locations of people. During the calculation, the entire
path of the human flow is divided into sections (passage, corridor, doorway, flight of stairs,
vestibule). The initial sections are the passages between workplaces, equipment, rows of
chairs, etc.

Calculation of the estimated time of the evacuation of people from the rooms of
buildings and structures using a mathematical model of individual flow. The estimated
time of evacuation of people from a building is set by the time the last person leaves it. Before
starting the simulation of the evacuation process, the layout of evacuation routes in the
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building is set. All evacuation routes are divided into evacuation sections. The length and
width of each section of the escape route for buildings under design are taken according to the
project, and for constructed buildings - according to the actual value. The length of the path
through stairways is measured by the length of the flight of stairs. The path length in a
doorway is assumed to be zero. Evacuation areas can be horizontal and inclined (stairs to the
bottom, stairs to the top and a ramp). When calculating the dimensions of a person, the area of
their horizontal projection is taken as the size of the person. The coordinates of each person
are set - the distance from the centre of the projection to the end of the evacuation area where
they are located.

Software calculation. PATHFINDER is a computer program that implements an
individual model of people’s movement during evacuation. The program has a graphical
interface for setting the initial data, as well as tools for 2D and 3D visualisation of the results.

PATHFINDER has two modes of motion simulation. In *“guided motion” mode,
agents use a motion control system to move and interact with each other. This mode attempts
to mimic human behaviour as closely as possible.

Agents can be represented by different models. They can be represented by simple
shapes, including discs or cylinders. They can also be displayed as mannequin shapes or as
human avatars specified in profiles. Settings are available in the “View” menu, “Agents”
submenu.

In addition, agents can be painted in different colours through the “View” - “Agent
Colour” menu:

- by default. If an individual colour is set for an agent, it is used; otherwise, the colour
from the agent profile is used.

- by a motion group. The same colour will be used for all agents of the motion group.
The colour of the group is set in the properties panel of the motion group. If the agent is not
part of the group, the default colour is used for it.

- by a motion group template. If the agent is part of a motion group that is created
using a group template, the agent is coloured according to the template colour for its motion
group. Otherwise, the default colour will be used.

- by behaviour. Agents are coloured in accordance with the colour set for their
behaviour.

- by profile. Agents are coloured according to the colour specified for their profile.

The main components of evacuation are: rooms bounded by walls; doors connecting
rooms on the same level; stairs/ramps connecting rooms on different levels; elevators
connecting multiple levels. Rooms can have any polygonal shape and cannot overlap on the
same level.

PATHFINDER has two tools for creating new rooms. The “polygonal rooms” tool
allows to create complex shape rooms with any number of vertices.

Stairs in PATHFINDER modelled as a single straight stairway and can be created
using two tools. One tool creates a staircase between two parallel room boundaries; the other
allows to create a staircase with specified parameters, such as a certain number of steps,
height difference, etc., at each of the room boundaries.

In PATHFINDER, agents are defined by two groups of parameters: profiles and
behaviours.

Profiles define fixed characteristics of agents, such as maximum speed, radius, avatar,
and colour. Behaviour: defines a list of actions that the agent performs during the simulation,
such as moving to a safe zone, waiting, moving to the exit.

The priority level of the agent. The higher the value, the higher the priority. When
moving, agents with a low priority will move out of the way of agents with a higher priority.

The diameter of the cylinder that describes the agent, is its "shoulder width". It is used
for path calculation during simulation and collision processing. This value also determines
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how many agents can be added to a room without overlapping.

Compression ratio. A controlled mode parameter that sets how much agents can shrink
when passing each other in narrow corridors. This coefficient must be greater than 0 and less
or equal to 1. It makes it possible to take advantage of the elliptical shape of the agents (the
ability to turn sideways), as opposed to using exclusively round agents in the calculation.

Behaviours in PATHFINDER are a set of actions that agents perform through the time
of simulation. As soon as an agent has completed all its actions, it is removed from the model.
Additional actions can make the agent wait, or go to its assignment place, such as a room or a
point to an exit.

Thus, to use PATHFINDER, it is necessary to have experience with object modelling
software.

According to [10] and many years of experience in calculating the evacuation of
people, it is possible to identify the main necessary conditions for the correct formation of an
evacuation report:

1. First of all, it is required to study carefully the location of people, employees or
visitors in the plans of the rooms of the calculation object.

2. Study the specifics of the factory, institution, organisation, as there are different
approaches of calculating evacuation, for example, in school and at manufacture.

3. Mark exits, including emergency exits, on the floor plans to create evacuation routes
and flows of people.

4. Check the availability of fire protection systems for early detection and prevention
of the spread of fires or other hazardous situations.

5. Calculate the time of evacuation of people to the moment of leaving the building
structure.

6. Calculate the fire hazardous components.

7. Obtain the necessary time for the safe evacuation of people.

This is a brief sequence of the process of calculating the required evacuation time.

4 RESEARCH RESULTS

For the calculation, we assume a fire occurrence scenario that realises the worst
conditions for evacuating people and/or the highest dynamics of the growth of hazardous fire
components.

When choosing a fire scenario, we proceed from the following: a fire occurs in the
room with the highest fire hazardous load or in the room with the smallest volume.

Scenario 1 - a fire occurs in a hot shop at +10,900 between the C-}0/5-6 axis. The area
of the room is 113.67 m2. The hazardous fire components slowly spread throughout the hot
shop and to the floor corridor (room 402), the area of the floor corridor is 53.01 m2, the fire
develops on a vertical or horizontal surface in the form of a burning rectangle.

Scenario 2 - a fire occurs in an administrative room at the area +10,900-25,600
between the axes I'-A/1-11. The area of the room is 1581 m? The fire factors spread
throughout the administrative room. The fire evolves on a horizontal or vertical combustion
surface in the form of a combustion rectangle.

When determining the number of people to be evacuated from apartments, we use the
standards for residential buildings (the area standard is 8 m? per person) [10].

The calculation does not take into account technical rooms, bathrooms, kitchens and
other rooms where, according to the project documentation, no people are expected to be
present and there are no workplaces and compliance with the requirements for the
arrangement of escape routes and exits is considered sufficient to ensure safe evacuation from
such rooms.
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Fig. 2 — Simulation of escape routes

For the calculation of the actual evacuation time, a model of the building from which
the evacuation will be carried out was created in the PATHFINDER program. Underlays from
DWG files were used to build.

A practical calculation of the evacuation time in an integral property complex of
industrial and household facilities along Glybochitskaya Street, 44 and Kosogorny Lane, 4 in
the district Shevchenkovsky in Kyiv was made. The required evacuation time and the actual
evacuation time was determined. These calculations were made in accordance with [10].

For the calculation, we accepted the scenario of a fire causing, in which the worst
conditions for the evacuation of people and (or) the highest dynamics of the growth of
dangerous fire factors are realised.

The maximum speed of 100 m/min (1.67 m/s) was set. It adjusts automatically for all
possible obstacles. In the stream, the speed reached 1.5 m/s, and when overcoming stairs, it
reached 1 m/s.
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Fig. 3— Agents movement in flow

During evacuation, the human flow has the greatest density near the doorways. As a
result of the software calculation, the maximum agent density on area was 3 person per m2,

Table 1.1.
Calculation results of the required evacuation time

Ne Option Results according to selected scenarios

Nel Ne2

Required time for
1 evacuation of people 198 81
from rooms, sec

Verifying the fulfilment of the condition of safe evacuation of people (table 1.2).

Table 1.2.
Verifying the conditions for safe evacuation of people.
Name of the Req_uwed_ Evacuation Estlr_nateq Verifying
Ne evacuation time, . evacuation time, :
room start time, sec conclusion
sec sec
Administrative building
1 | Sthfloor | 198 | 20 | 75 | Performed
Technological building
2 | 3rdfloor | 81 | 20 | 54 | Performed

The two most likely fire scenarios were calculated. When choosing a fire occurring
scenario, we proceeded from the following: a fire occurs in a room with the highest fire-
hazardous load or in a room with the smallest volume:

- scenario 1 - fire occurs in the hot shop;

- scenario 2 - fire occurs in the administrative room.

The following results were obtained. For Scenario 1, the estimated evacuation time is
54 sec. For Scenario 2, the estimated evacuation time is 75 sec. The actual evacuation time
from the third floor of the office building is 120 sec.
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Fig 3 — Agents simulation. Scenario 2 “Office building”

A computer simulation of the actual evacuation time was carried out. These
calculations were made in accordance with the recommendations and user guides for the
PATHFINDER software package. Scenarios:

- scenario 1 - fire occurs in the hot shop;
- scenario 2 - a fire occurs in the administrative room.
The actual evacuation time for the first scenario was 73 sec, and for the second scenario
120 sec.

5 CONCLUSIONS

Based on the results of the studies, the following conclusions were made.

1.Meeting the requirements of regulatory documents to ensure the safe evacuation of
people from the buildings during an emergency situation will help minimise the number or
even avoid victims that may be the result of a fire.

One of the main factors in ensuring the safety of people's lives is a correctly made
calculation of the evacuation of people from the buildings. Since, according to the analysis of
statistical data on fires, the main number of those killed in the fire are people who were
poisoned by toxic combustion products. Therefore, it is important to evacuate before the onset
of extreme fire conditions.

Scientific publications, that investigate problems of evacuation during different
emergency situations and new methods, techniques and strategies, were analysed.

2. Computer simulation on the actual time of evacuation of people from the integral
property complex of industrial and household facilities on the street Glybochitskaya, 44 and
prov. Kosogorny, 4 in the Shevchenko district of Kyiv was carried out. These calculations are
made in accordance with the recommendations and instructions for users of the
PATHFINDER software.

The calculation was made for the two most likely fire occurring scenarios. Scenarios:

- scenario 1 - fire occurs in the hot shop;
- scenario 2 - a fire occurs in the administrative room.
The actual evacuation time for the first scenario was 73 sec, and for the second scenario
120 sec.

A practical calculation of the evacuation time in an integral property complex of

industrial and household facilities along Glybochitskaya Street, 44 and Kosogorny Lane, 4 in
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the district Shevchenkovsky in Kyiv was made. The required evacuation time and the actual
evacuation time was determined. These calculations were made in accordance with [10].

The two most likely fire scenarios were calculated. When choosing a fire occurring
scenario, we proceeded from the following: a fire occurs in a room with the highest fire-
hazardous load or in a room with the smallest volume:

- scenario 1 - fire occurs in the hot shop;

- scenario 2 - fire occurs in the administrative room.

The following results were obtained. For Scenario 1, the estimated evacuation time is
54 sec. For Scenario 2, the estimated evacuation time is 75 sec.

Using the PATHFINDER software complex allows to simulate evacuation in various
buildings and rooms with the possibility of taking into account such factors as: simulation of
evacuation of people with disabilities; ability to set and adjust the speed of agents in different
sections of the escape route; the presence of a function that regulates the onset of movement
of agents in a given behaviour.

Thus, the use of PATHFINDER software gives more accurate results than the
calculation given in regulatory document [10], due to the greater detalization of the
evacuation calculation, and also helps to avoid possible errors and reduce calculation errors.
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THO®OPMAIIMHA TEXHOJIOTI'ISI OIITHIOBAHHSA
TEILJIOI3OJIALII BATATOIIAPOBUX CTIH

Pauuncnbka A. JI.Y, Ilapenxo O. IL.!

YOoecwvruii nayionanvnuii ynisepcumem imeni 1.1 Meunuxosa

AHoTanisi. B ymoBax cborojeHHs mMpoOjemMa i30JIIii MOBEPXOHL € AYXKE aKTyalbHOIO IJIs
IIMPOKHUX Kil HaceieHHs YKpaiHu. BciMm Bimomo, 1o i30Msmisi MOBEpXHi J03BOJISIE 3MEHIIMTH
TEIUIOBIAZaYy 3a PaxyHOK BHUKOPHCTaHHS MarepialiB 13 HHU3bKOIO TEIUIONPOBiAHICTIO. Y pasi
BIICYTHOCTI ITOCTIHOTO ONAJICHHS Iy)KE€ aKTyaJIbHUM € TMUTAHHS TETUIOI30JIAI IMTIHAPUIHUX TPYO.
[TuranHsa migbopy i30JAMii Ta PO3POOKHN KOHCTPYKTHBY HOTPEOy€E KOMILIEKCHOTO Ta MPOodeciiHOTO
miaxony. Jis po3paxyHKy 3amadi Terunoizossuii QaxiBiio HEoOXiZHO MaTHh IHCTPYMEHTapii s
MPOBEJICHHSI PO3PaXxyHKY TEMIIEPaTypHOrO IOJsl i3 30EpeKEHHSM OTPHUMAaHUX pPe3yJbTaTiB st
MTOAAJTBIIIOTO aHAII3Y.

Y poboti mpencTaBieHo po3poliieHy iH(GOpPMAIiiHY TEXHOJOTi0, IO 03BOJIsIE (haxiBIro
MPOBOJUTH PO3PAXYHOK TEMIEpPaTypHOro Mojs A OaraTomapoBUX LWIHAPUYHUX TpyO. st
noOynoBu iHcTpyMeHTapito [T BuKOpHCTOBYBajacs 00'€KTHO-OpiEHTOBaHa MoOBa mporpaMmyBaHHS C#
Ta iHTerpoBaHe cepenosuiie po3podku Microsoft Visual Studio.

Crnim 3a3HaunTH, IIO NpPU TPOBEACHHI pPO3paxyHKiB HemMae HeOOXiIHOCTI 3amgaBaTé
XapaKTePUCTUKH MatepianiB TpyO Ta i30Jsmii, OCKiIbKM BCi maHi 30epiratothes y BJ] IT. s
moOyIOBH MOAYJsSl JaHUX BHKOPUCTOBYBAJIaCs OO0'€KTHO-pEIISIiifHA CHCTeMa YIpaBIiHHS Oa3aMu
nannx — PostgreSQL. Ilicna npoBeneHHs po3paxyHKiB yci moOynoBaHi pO3paxyHKOBI MoJeni Ta
OTPUMaHI YKCJIOBI MO Pe3ysIbTaTiB Tak camo 30epiratothes y BJ1. e mo3Bosisie B pasi moTpedu He
MPOBOJUTH TIOBTOPHUI PO3paxyHOK, 2 BAKOPHCTOBYBATH JIaHi, IO BXKE €.

Jns aHamizy pe3ynbTariB po3poOiieHUil iHCTpyMeHTapiid A03Bojse OymayBath Tpadikv 3MiHH
TeMrieparypu OaratomapoBoi cTiHKH. [Ipm 1boMy BHOIp HEOOXITHHMX PO3PaXyHKOBHX MOJEJEH
KOpHUCTYBau 3iilicHIoe camocTiiiHo 3 ganux BJI IT. [[ns Bi3yanbHOT HAOWHOCTI PO3pPaxyHKIB YMCIOBOT
MOJIeTli BUKOPHUCTOBYIOTH TakKeT 3aco0iB po3poOkum TpuBuMipHOi Tpadiku DirectX. Aptopamu
PO3po0IEHO ANrOpPUTM TOOYAOBH KOJIBOPOBOTO TEMIIEPATYpPHOTO TOJIS 3TiMHO 3 TPOBEACHUMH
po3paxyHkamu. J{isi HaWBUIOI TeMrepaTypu MOJsS BHUOMUPAETbCS YEPBOHWH KOJIp, a HAWHHMKUOL
TeMIepaTypu — CUHIH.

Oco0nmBICTIO 3ampONOHOBaHOI iH(pOpMamiiHOi TexHOJOril € Te, mo i (YHKIIOHAT IO3BOJISIE
MPaIIOBATH 3 IHCTPYMEHTAPiEM TPhOM KOPUCTYBauaM i3 Pi3HUM piBHEM JIOCTYITy: aaMiHicTpaTopy b1,
iHKeHepy NoOYZI0BM MaTeMaTHUYHUX MOJeNe Ta (haxiBleBi aHaJi3y YHCIOBUX MOJICIICH.

KarouoBi ciaoBa: iHdopmariiina TexHoJoris, ©0a3wm MaHWUX, TeMIepaTypHEe IIoJe,
TEIUIONPOBIHICTH, OaraToIIapoBa NUIIHIPUYHA TPYOa.

INFORMATION TECHNOLOGY FOR ASSESSING THERMAL
INSULATION OF MULTI-LAYER WALLS

A. Rachinska, O.Tsarenko!
'Odesa I.1. Mechnikov National University

Abstract. In today's conditions, the problem of insulation of surfaces is very relevant for wide
circles of the population of Ukraine. Everyone knows that surface insulation allows to reduce heat
transfer due to the use of materials with low thermal conductivity. In the absence of permanent
heating, the issue of thermal insulation of cylindrical pipes is very relevant. The issue of insulation
selection and structural design requires a complex and professional approach. To calculate the problem
of thermal insulation, a specialist needs to have a toolkit for calculating the temperature field and
saving the obtained results for further analysis.
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The work presents the developed information technology that allows a specialist to calculate the
temperature field for multilayer cylindrical pipes. The object-oriented programming language C# and
the Microsoft Visual Studio integrated development environment were used to build the IT toolkit.

It should be noted that when making calculations, there is no need to specify the characteristics of
pipe and insulation materials, since all data is stored in the IT database. The object-relational database
management system - PostgreSQL was used to build the data module. After the calculations, all the
built calculation models and the received numerical models of the results are also stored in the
database. This allows you not to recalculate if necessary, but to use the data that is already available.

To analyze the results, the developed toolkit allows you to plot temperature changes of a
multilayer wall. At the same time, the user selects the necessary calculation models independently
from IT database data. The DirectX three-dimensional graphics development tool package is used for
visual representation of numerical model calculations. The authors developed an algorithm for
constructing a color temperature field according to the calculations. Red is chosen for the highest field
temperature, and blue for the lowest temperature.

A feature of the proposed information technology is that its functionality allows three users with
different levels of access to work with the toolkit: a database administrator, a mathematical model
construction engineer, and a numerical model analysis specialist.

Keywords: information technology, databases, temperature field, thermal conductivity,
multilayer cylindrical pipe.
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1 BCTYII

Po3paxyHOK mpoIieciB TEIIONPOBIAHOCTI € OJHUM 13 BXJIMBHUX PO3AUIB CYYacHHUX
IH)KEHEpHUX JIOCIIKEHb Y TEXHOJIOTTYHUX nporecax. [llnpoke 3acTocyBaHHS y BCIX raiy3six
MIPOMHMCIIOBOCTI Ta TOCIOJAPCHKOI MISUTBHOCTI JIFOAMHU Ma€ TEIJIOBa 130JIAIIIS. Ii MpaBUJIbHE
3aCTOCYBaHHS 3HAYHOK  MIpOIO  BH3HA4Ya€ MOXJIHMBICTH  MIATPUMKH  HEOOXITHUX
TEXHOJIOTIYHMX TIPOLIECIB 1 3pEITOI pOOWTHh BHPIMIATLHUNA BIUIMB HAa IOKa3HUKH
eHeproe(eKTUBHOCTI Ta EKCILTyaTaIlii.

3pocTaHHsA BapTOCTI €HEprii Ta HOBI BUMOTH CHOTOJCHHS JI0 TEIUIOBOTO 3aXHUCTYy
icHytounx OyJiBeNb Ta TEIJIOTPAaC BHU3HAYa€ HEOOXIAHICTh BUKOPHUCTaHHS iH(pOpMaLiiHUX
TEXHOJIOTIH PO3paxyHKYy 130JsI11ii OaraTomapoBUX KOHCTPYKIIIH.

2 AHAJIIB JITEPATYPHUX JAHUX I IOCTAHOBKA 3AJAUI

BibmIicTh TEXHOJOTIYHUX TPOIECIB 3AIMCHIOIOTHCSA 3 BUILICHHSM a00 TOTJIMHAHHIM
TEIUIOTH. [HXeHep y CBOIM MiSJIBHOCTI Ma€ CHpaBy 3 PI3HUMHU TEIUIOBUMH IpoIecaMu 1 ix
KOHCTPYKTUBHHUM O(OPMIICHHSIM y BHUTJISA/I TEMJIOTEXHIYHOTO OOJagHaHHs, sike BOyJIOBaHE B
TEXHOJIOT14HI nporecu. ToMy BiH MOBHHEH BMITH I'PaMOTHO 1 €()eKTHBHO BHKOPHCTOBYBAaTH
Take 0o0JaTHAHHS, KEPYBATH TEIJIOCHEPTCTUYHUMHU CXEMaMH Y BUPOOHHUIITBI 32 JJOMTOMOTOIO
iHpopManifHuX TexHosorid. dDaxiBenp MMOBUHEH J00pe 3HATH TEIJIOBI MPOLECH Ta
MIPOBOJIUTH PO3PAXYHOK TEXHIYHUX KOHCTPYKITIH, III0 BUKOPUCTOBYIOTHCS Ha TIPAKTHIILI.

[TpoGnemi po3paxyHKy IPOILIECIB TEIJIOMPOBIAHOCTI MPUCBSIYEHO OaraTto poodIT CydacHHUX
IH)KEHEePHUX JOCTIHDKeHh B MAIIMHOOYIBHIA Ta aTOMHIN MPOMMCIIOBOCTI, B TEXHOJOTTUHUX
mpolecax TeIIOCHEPTeTUYHUX Taly3el TOCMOIapChKOT MisTbHOCTI.

B [1-4] posrisHyTO Mpo6ieMy TEIIONPOBITHOCTI OaraTomapoBUX CTiH Pi3HOI (GopMH.
OTpumaHi MaTeMaTU4HI MOJENI TEIUIOMPOBIAHOCTI IUIOCKOI, HMIIHAPUYHOT Ta chepuyHoi
CTIH.

Posrnsinemo GararomapoBe TUIO MpPocToi (GOpMH, MIO CKIATAETHCA 3 M OJAHOPITHHUX
mapiB, MK SKUMH Ma€ MICI€ 1J€albHUM TEIUIOBUM KOHTAaKT. byaemo BBaxaTH, IO
TeMIlepaTypa Tijda, IO PO3TISAAETHCSA, 3MIHIOETHCS B3JIOBXK OAHIET KOOpIWHATH, a
teruonpoBiaHicts A; (1=1,2,...,M) KOXHOrO 3 mIapiB MOCTiifHA. Y IbOMY BHIIAJKY
TEIUIOBUH TMOTIK, 110 MPOXOIUTHh uepe3 OyIb-sKy 130T€pMIYHY MOBEPXHIO Tijia, JOPIBHIOE:

Q =Q; =const.

Hexaii Ha moBepxHsX, II0 OOMEXYIOTh TiNIO, 3a4aHi rpanuuHi ymosu lll-ro pony, a
TeMIICPaTypH 30BHILIHIX cepenoBull Tc, i T, MiANOpsaKoBYIOThCs HepiBHOCTI Te > Tc, .
[To3zHaunmo TemriepaTypu TpPaHUYHHX IIapiB Tsi, pO3MipH KOXKHOTO Iapy BBa)XKaEMO

3aaHuMH. BodeBu b, TEMIIepaTypu 30BHIIITHIX MOBEPXOHB T1JIa MAIOTh 1HACKCH «1» 1 «m+1».
UYepes MOCTiHHICTh TEIUIOBUX MOTOKIB HA 130TEPMIYHUX MOBEPXHSX VIS 30BHIIIHIX MEX
TiJla MOXHA 3amucaTu

Q=a5,(Te, - Tg), Q=5  —Tc,), 1)

ae O, x, - KOeQilieHT TEIIOBi1adi BHYTPIIIHLOIO Ta 30BHIIIHBOrO HIAPY 3 CEPEAOBUILEM

m+1

BITMOBIIHO, @ S, - TJI0MA 1-01 MOBEPXHI.

Takwuii ke TEIUIOBUM TOTIK MEPENAEThCs Yepe3 KOXKEH 13 mapiB 0aratomapoBoro Tiua.
Toni BignoBiAHO 110 3ak0HY Dyp'e OTpUMaEMO
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Ai(Tg —Ts.
- '(n_s' Sia) L i=12...m. @)
i+1 dn
3 s(n)
[To3znaunmo
N,
l—dn = Nni+1 = F
n; i
S(n)
Ta 00'emHaeMo piBHOCTI (1) Ta (2) y cucteMy piBHSHb
Q= alsl(Tcl _Tsl)i Te, —Ts, = i’
(T, ~To) >
= Sl SZ I:
Q /’ll Fl ’ Tsl _T52 :Z:LQ’
Ty . @
Q= 2?' J T52 _T53:_§Q1
T, —T, E
Q= A, =, T, —T, . =—-"Q,
\Q = azsmﬂcrsml _TCZ)' T. = Q
Sms1 'Co T T o -
5S4

CknazeMo TOYJIEHHO MpaBi Ta JBI YacTHMHHW pPIiBHSAHB (3) Ta OTPUMAEMO HACTYITHE
BUPAKCHHSA JJIA TCIIJIOBOT'O MOTOKY:

1 o F 1
=1.-(To. =T.), =|—+) —+——| . 4
Q=n.-(Te,-Tc,) 71 2s "2 s (4)

i m+1

2

Benmnuuny M« Ha3WMBalOTh MOBHUM KOEQIIIEHTOM TeIulonepeaadi OaraTomapoBoi
ctinku. Bupas (4) misa teroBoro motoky Q gepes GaraTomapoBy CTIHKY MOIIOHO IO BUPa3y
TEIUIOBOTO TOTOKY Ul OJHOIIAPOBOI CTIHKM. BiAMIHHICTH moyiArae JuIIe B 3aluci
KoedimienTa Tertonepenayi CTiHKYA, MPUYOMY OJHOIIAPOBA CTIHKA € OKpEeMUM BUIANOK (4)
npu M=1. JIng 3pydHOCTI MOPIBHSHHS HPOIECIB TEIUIONPOBIAHOCTI B OararomapoBiii Ta
OJTHOPIAHIN CTIHKAaX BBOJSATH €KBIBAJICHTHY TETUIOMPOBIAHICTH OaraTomapoBoi CTIHKH

ﬂ“ek = Z_ll Fi Z_];;:: (5)

BukopucroByloun Iie MO3HA4YeHHS, PIBHICTH (4) MOXHa 3amucaTd y BHIVIAIL, IO
(dbopManbpHO 30ira€Thes 3 BUPA30M TEILIOBOTO MOTOKY JJISL OJTHOPITHOT CTIHKH:

1 N:m+1 1
=T, —T, +——+
? (Cl Cz) aS A a,S

€K

m+1

Onnak KoediIieHT /lek TYT BXKE HE € KOHCTAHTOIO, a 3aJICKHTh, SIK 11€ BUTUIUBAE 3 (5), BiX

YyuCiia IapiB, iX TEIUIONPOBIAHOCTEH Ta PO3MIpiB, a TaKOX BIJI T€OMETpHYHOI (hopmu
OararomapoBoi CTiHKU. Bupimryrouu cuctemy piBHSAHB (3), OTpUMYEMO, 10 TEMIIEPATypH Ha
MeJKax IapiB Sj Ta Ha 30BHIMIHIX MOBEPXHSAX CTIHKH S W S, BU3HAYAIOTHCS BUPA3aMHU:
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1
T =T — :
> “ © 1S,
Ts, =Tc, -Q L h
? . _a151 A
1 LR
1= Tey —Q e X ©®)
Si.. C
' ' S
i m-1
TS :TC —Q 1 + i y
" oSt o A
1
T, =Te, +Q—.
Sma =102 +Q St

Posnoninu Temneparyp y KO)XHOMY KOHKPETHOMY IIapi 3HAXOAATHCS 3 BUKOPUCTAHHSAM
bopmynu

n
T=T51 _(TS:L _Tsz)Nrr:; '

ng

7ie B IKOCT1 TeMIIepaTyp Ha Mexi mapy OepyTbes 3HadeHHs (6).

3 HIJIb TA 3AJAYI JOCJIIKEHHSA
[IpoBeneMo nociimKeHHS I IMUTIHAPUIHOI 0araTomapoBoi CTIHKH:

F = ! In| JixL . S; =2nrL = nld?.
2nL f

[lincraBnsroun 111 3Ha4YeHHS A0 piBHOCTI (4)-(6), oTpuMaeMo Taki pO3pPaxyHKOBI

bopmymnu:
o IJIg IOTOKY TCIJIOTH, IO MPOXOAUTh Y€pE3 OJAUHUIIO JOBXUHU LII/IJ'IiHI[pI/I‘-IHO'f CTIHKH:
L= (T, ~Tc, )= Zlte, - T, )
au="-"™; Te, - Te, =5 ©Te, —Tc, ) (7)
z

me M, - KoebilieHT Teruionepenadyi  GararomiapoBoi  UMIIHAPUYHOI  CTIHKH, a
~ 1 1 no1 disq 1 . . .
R, ==—-= + In + - TMOBHHWH TEPMIYHHMU OIip TeIuionepeaadi

N, ogdy 524 d; ol
OararomapoBoi MUIIHAPUIHOT CTIHKH,
e IS TEMIIEPATyp HA MEXKaX IIapiB:

1 L1 (d .
Te =T —JL Y n| L =12 m; (8)
i+1 1 d 2}\‘ d
T 0l g4k k

® U TEMIIEpaTypy Ha 30BHILIHINA MeXi Sy, 1 IHIIHIPUYHOI CTIHKH

Tt - L |n{dm+1j, )

Sm+1 T 0L1d1 27\.3 dl
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d

n1 d
ne ﬁeK =|n| —mL Z—h’] —L | _ exBiBaNGHTHA TEIJIONMPOBIAHICTH GaraToIIapoBoi
1 =1 ﬂ’ i

WTIHAPUIHOT CTIHKH.

B pobGoti craBuThCcs 1T A icHyro4oi mareMarnyHoi mozem (7)-(9) moOymyBatu
iHpopMalliiiHy ~ TEXHOJOTII0  pPO3PaxyHKy  TEMIEpaTypHOrO  MOJsA  IMJIiHAPHYHOI
OararommapoBoi cTiHKU. Po3pobieHa iHdopMaliiifHa TEXHOJOTISI MOXEe OyTH BHUKOpPHCTaHA
(baxiBUAMU AJI5 pO3PaXyHKY TEXHIYHUX KOHCTPYKI[iH, IO BUKOPUCTOBYIOTHCS Ha MPAKTHIL.

Jlst mocsTHEHHS 1T He0OX1THO PO3TISHYTI HACTYITHI 3a/1a4i:

e 3a7a4a po3pOOKH apXIiTEeKTYypHOTO pilleHHs 1H(OpMaIliiHOT TEXHOJIOTI,
e 3a7ay4a Bizyasizaiii TeMIepaTypHOTro MOJs MUJIIHIPUIHOI OaraTonapoBoi CTIHKH;
e 3a7a4a ONTUMAJILHOTO 30€pEKEHHS BX1IHUX Ta BUXITHUX JAHUX.

4 PE3YJIBTATHU JOCJIIKEHHSA

B poGoti moGynoBano iHdopmaliitHy TeXHOJIOTiIO [5-6] po3paxyHKy TeMIlepaTypHOTO
TTOJTSI IFUTIHAPUYIHOT 0araTomapoBoi CTIHKY 3 apXITEKTYPHHUM pillleHHAM BUAY [7]:

IHTEpdeRcHIi
mogynes IT

N

Mogyne
agmMisicTparopa
nOaHux 1T

PozpayHKCEMI
mogyns IT

Mogyne
JaHnx
IT

Mogyne
Biayanizauil
TEMMEPaTYPHOD
nonA

Puc.1. Apxitekrypa iH(pOpMaLiifHOT TEXHOJIOTI] PO3paxXyHKY

[ToGynoBana IT no3Bossie 3a AOMOMOror0 iHTEp(EHCHOro MOAYNS CTBOPIOBATH pi3HI
MaTeMaTUYHI MO MIIIHAPUYHOI OaraTomapoBoi ctiHu. [liqyac moOymoBu MaTeMaTHYHOI
Mojieli B iHTep(ericHOMY MOAYNI 0OMpaeThesi, MO-TEpIle, MaTepiaja KOKHOro 1apy, a Horo
XapaKTEPUCTHKH 3aBaHTaXyioTh 3 BJ] Mmomyns manmx. Moaudikamis B/ [8] xapakTepuctuk
MaTepialiB BUKOHYEThCS 3a JOMOMOTror Mopayis amMinictparopa ganux IT. Ilo-gpyre, B
iHTepheliCHOMY MOIYJI 3alal0ThCsA TEMIIEpaTypy 30BHIIMIHBOTO Ta BHYTPIIIHBOTO IIapiB
CTIHM Ta BiJ BIJCTaHI J0 LEHTPY LWIIHIPUYHOI TpyOu i koxkHoro miapy. IToOymoBana
MareMaThuyHa Mojenb 30epiraerbest B b/l Momyns maHux, skmo Takoi moneni B bJl me He
icHYE.

Po3paxynkoBuii Moaynb IT oTpuMye uucenbHUN pe3yibTaT TEMIEPATypPHOTO MOJA
no0yJ0BaHOT MaTEeMaTUYHOT MOJIENI Yy BUTJISAAI PO3paXyHKOBOI Moiei, sika Oy/ie BHECEHa 110
MOJYJIS JaHUX Y SKOCTI BXITHUX JaHUX, SIKIIO TAaKUN PO3paxyHOK pOOUTHCS BIIEpILIE.

Pe3ynbraTi 4YMCENBHOTO JOCHIPKEHHS Bi3yali3yIOThCS 3a JIOMOMOTOIO BiIIOBITHOTO
rpadiugoro moxmyns [9-10].  InurepdelicHuii mMomynp Mae (YHKIIIOHAN, MO JIO3BOJISE
aHaJI3yBaTH ICHYIOYM MAaTEMAaTU4HI Ta PO3paxXyHKOBI MOJieNi Oe3 HOBOTO PO3PaxyHKY.

Ha puc. 2-5 npeacrasieHo temrepaTypHe 1oJie Ta rpadik 3aJIeKHOCTI TEMIEPAaTypH Bij
BiJICTaHi 0 LEHTPY HMWIIHAPUIHOI TPYOH AJIsl PI3HUX MOJIeNel 6araTonapoBoi MuTiHAPUIHOT
cTinku. YepBOHMI KOJIp BIAMOBiJAAa€e OIBII BHCOKMM TeMIIEpaTypaMm, a CHHIA — OLIbII
HU3BKUM.
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Puc.2. TemnepaTypHe 1oIe ABOIIAPOBO1 Puc.3. TemnepaTypHe noxe ABOIIAPOBO1
TpyOH: afOMiHi#f — IOBCTh TpyOH: moJinporiyieH — a3dect

300

250 +

200 +

150 ~

100

03 04 05 06 o7 038 09 1,0 1.1 12

Puc.4. I'padik 3MiHM TemneparypH B 3aJIe>KHOCTI Bij BiICTaHi 10 LEHTPY JBOIIAPOBOI TpyOH

OO

Puc.5. TemnepaTypHe none TpUIIapoBoi Puc.6. TemneparypHe mosie TpUIIapoBOi TpyOu:
TpyOH: oJinpoIiieH — a30ecT-MacisiHa Kpacka AIFOMIiHI} — MacJIsTHa Kpacka — MOBCTh
T

300

250 +

200 +

150 +

100 +

50 +

0 i | } : } d
0,7 08 0,9 1,0 11 12 1.3

Puc.7. I'pacix 3MiHn TeMIiepaTypH B 3aJI€KHOCTI B/ BiICTaHi 10 IEHTPY TPUIIAPOBOI TpyOH
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5 OBI'OBOPEHHA PE3VYJIBTATIB JOCJIIKEHHSA

Ha puc. 4 npencraBnero rpadik 3minu temneparypu (°C) IBOIIApOBiH CTiHI IS Pi3HUX
MarepianiB. Kpusa 1 BiAmoBimae TeMrepaTypHOMY TOJIO prc.2, B KPUBA 2 — TEMIIEPATYPHOMY
nomio puc.3. Ilpu mnpoBereHHS OOUYMCIEHHS MOJENI 33JaBajKcs HACTYIHI MapaMeTpH:

TEMIeparypa BHYTPILIHBOIO CEPEIOBHIIA TCl =250°C, remmeparypa 30BHIIIHLOTO
cepeIoBUINA TC2 =50°C, reomerpis koncrpykuii — d, =0.4m, d, =0.6x, d, =11,

koedimienTn Terosianadi o; = o, =1.

[IpoBeneHo umceNbHUN EKCHEPUMEHT Ui TPHUILAPOBOI LMIIHAPUYHOI TPYOM UL THX
caMUX IapaMeTpiB 30BHIIIHHOTO Ta BHYTPIINIHBOTO CEPENOBHUIN. [ €oMeTpis KOHCTPYKIIIi:
d,=08m, d,=1.0m, d;=1.2m, d, =1.3m. Ha puc.7 npexcrasneso rpadix 3minu
temneparypu (°C)  TpummapoBiii cTiHI a1 pisHUX MarepiamiB. KpuBa 1 Biamosimae
TEeMIIepaTypHOMY TOJIO PUC.5, B KpUBA 2 — TEMIIEPaTypHOMY IOJIIO pUC.6.

Buano, mo mpu ogHaKoBid TeoMeTpii KOHCTPYKINI JUisi OLIBII CYy4acHOTO Martepiainy
WIHAPUYHAX TPYO — MOJINpPOMiJIeHy, TEIUIOi30IALis KOHCTPYKII JOCSTaeTbes Kpale,
HaBITh IIPU BUKOPHUCTaH1 a30€CTy.

6 BUCHOBKHU

Po3pob6neno iHbopmarliiiny TEXHOJOTIIO JOCTIKEHHS 0aratomapoBoi IWIHAPUYHOT
CTiHM, sIKAa MOXXe OyaM BHUKOpUCTaHAa (axiBLUSAMHU ISl PO3PAXyHKY Ta JOCIIJKCHHS
TEMITIEPaTyPHOTO OIS MUIHAPUIHUX TPYO.

OyHKIIOHAT 1HTEP(EHCHOr0 MOAYJS NTO03BOJSE IHTYITUBHO MPOCTO MPOBECTH IPOLIEC
MOJICITIOBAHHS 3a7avl JJisi KOpHCTyBada Oe3 cheliaabHOl MiAroToBKH. Bci po3paxoBani
Mojeni 30epiraloTbes B 0a3l JaHux mporpamHoro 3abesneueHHs IT. Bukopucranss
TPUBHUMIPHOI Tpadiku 1a€ MOKIIUBICTh Bi3yaldi3yBaTH pPO3paxOBaHE TEMIIepaTypHE IMoJIe.

Oco0nuBicTIO po3pobaeHoi iHpopMaIiifHOT TEXHOIIOTIT € Te, 0 B Hil € TPU He3aIekKHI
(dbyHKIIOHATBHI MOAYJi: poboTa 3 0a30l0 JIaHWX, MOOyaOoBa Monei Ta aHami3 maHux. lle
JI03BOJISIE  BUKOPHCTOBYBAaTH 1 TPbOM KOPUCTYBauaM JUIs BHPILICHHS pPI3HUX 3a1ad
IIOCIIKEHHS.
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VJIK 539.3

BUKOPUCTAHHSA MOJEJII BAJIICTUYHOI'O MAATHHUKA
B AHAJII3I HEPEXITHUX ITPOLIECIB KPAHOBUX CUCTEM

Yosuiok 0. B. 1, Yepeaniuenxo I1. I1. !, Iyapa H. C.?, Kosynunus C. 1.2
YKuiscoxuii Hayionanvnuii ynisepcumem 6yoienuymea ma apximexmypu
°Hayionanvruii asiayitinuii ynigepcumem

Awnoranin. [IpoBenennii  aHamizs Hu3ku  (akTopiB, SKi  BIUIMBAKOTh HA  TOYHICTh
EKCIIePUMEHTAILHOTO BU3HAYEHHS MaJIUX MIBHAKOCTEH MasTHHUKOBHX KOJHMBAaHb BaHTa)Xy Ha KaHATi
BAaHTKOIIAHOMHOTO MEXaHI3My KpaHa, 1[0 BHHHUKAIOTh IPH ITyCKYy, TAJIBMYBaHHI UM pEeBEpCyBaHHI
KpaHoBOi cucTeMu. KaHar mpu 1bOMY pO3TISAAETHCS SK TPYyKHA HHUTKA. TEOpPEeTUYHO
MPOaHaT30BaHNH BIUTMB CKIHYEHOT MacH Ta 3TUHHOI MPYKHOCTI BUCKA HA YaCTOTY BIIACHUX KOJIUBAaHb
MasTHUKA. [TokazaHo, 10 OCHOBHHM (DakTOpOM, SIKWi BIUTMBAaE Ha BJIACHY 4YacTOTy, € 3THHHA
NPYXHICTh HUTKH BUCKA, a BIUIMB MacH HUTKU (KaHaTy) OagiCTHYHOTO MasTHHKA MOYKHA 3BECTH JIO
MiHiMyMy. OTpUMaHHl TOYHUH aHATITUYHUI BHpa3 IS BIACHOI YaCTOTH PEAIbHOTO MasTHHUKA 3a
TOBITBHOI JKOPCTKOCTI JIETKOTO BHICKA. JIJs HEBeIMKOI Macu BaHTaXy W IIBHAKOCTI PyXy IIpH
IMITyJIbCHOMY BIUIMBI Ha KPaHOBY cHCTeMy (IyCK, rajJbMyBaHHS, pPeBEPCYBaHHs) BUHHKAIOThH IMEBHI
TPYJIHOIII MO0 BpaxyBaHHs CKiHUEHOI Mach W JKOPCTKOCTI BHCKa 33Ul PO3PaXyHKY BIACHOI
YacTOTH KOJHMBAaHb MasTHUKA. 3a iJlcaJIbHOI CUTYyallli Macy BUCKa MOXHa 3pOOUTH HAJTO MaJlOK Y
MOPIBHAHHI 3 Macoi0 MasSTHUKA (BaHTa)k Ta KaHAT), ajie IIPH KOPOTKIil JOBKHHI KaHATY 30iIbIIYETHCS
BJIaCHAa YacTOTa MasTHHKA, IO 3HIKYE YYTJIMBICTh CHCTEMH JI0 30BHIIIHIX IMIYJIbCHUX BILUIHUBIB, i
3pOCTa€ BIUTUB MPYXKHOCTI HUTKK (KaHATY) Ha IO 4acToTy. TOMy y peanbHiil CHTyaIlii Maca MasiTHHKA,
fioro moBkuHa (KaHATy) Ta YKOPCTKICTh BMCKA 3aBKIM IOBMHHI OyTH OOpaHi i BpaxoBaHi y TOYHHMX
nocmipKeHHsX (i po3paxyHKax) BUXOISYH KOMIPOMiCHHX MipKYBaHb.

Y maHOMy JOCHIJIKCHHI TCOPETHYHO OINHIOETHCS y HAOIMKEHHI MAJIOTO MapameTpy CTEIiHb
BIUIMBY BKa3aHWX BHIIE (paKTOpIB Ha BIIACHY YACTOTY KOJHMBAaHb MasAsTHHKA (TOOTO, IO CYTi, BAaHTaXy
Ha KaHari).

OTpuMaHi y JaHOMY JOCHIKCHHI Pe3yabTaTH MOXKYTh y MOJAAIBIIIOMY OyTH BHKOPHUCTaHI s
YTOYHCHHS ¥ BJIOCKOHAJICHHS ICHYIOYHMX IHXKCHEPHHX METOMIB PO3PaxyHKY Ta aHali3y IMepexiTHuX
mporeciB  (ITycKy, TalbMyBaHHS, PEBEPCYBaHHS Ta 1H.) KPAaHOBHX CHCTEM SK Ha CTamisaxX ix
MPOSKTYBAaHHS, TaK 1 Y PeKUMaxX pealbHOI eKCIuTyaTamii 3311 onTuMizaiii poOOTH BKa3aHUX BUIIE
cucTeM (Ta MEXaHI3MiB).

KuarouoBi caoBa: momens, OamicCTHYHMN MasSTHHK, aHaii3, IEPEeXiTHI IPOIECH, KpPaHOBI
CUCTEMH, KOJIMBAHHS, ITyCK, TAJIbMYBaHHS.

USE OF THE BALLISTIC PENDULUM MODEL IN THE
ANALYSIS OF CRANE SYSTEM TRANSIENTS

Yu. Chovniuk?, P. Cherednichenko, N. Shudra?, S. S.Kozupitsa?
! Kyiv National University of Civil Engineering and Architecture
2 National Aviation University

Abstract. A number of factors affecting the accuracy of experimental determination of small
velocities of pendulum vibrations of the load on the rope of the crane hoisting mechanism, arising at
start-up, braking or reversing of the crane system, have been analyzed. The rope is considered as an
elastic thread. The influence of finite mass and bending elasticity of the viscus on the frequency of
natural oscillations of the pendulum is theoretically analyzed. It is shown that the main factor
influencing the natural frequency is the bending elasticity of the viscus thread, and the influence of the
mass of the thread (rope) of the ballistic pendulum can be minimized. An exact analytical expression

Yoguiok 0. B., Yepenniuenxo I1. I1., lllyapa H. C., Ko3ymuns C. 1.
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for the natural frequency of a real pendulum at arbitrary stiffness of the lightweight viscus is obtained.
For small mass of cargo and speed of movement at impulse influence on the crane system (starting,
braking, reversing) there are certain difficulties in taking into account the final mass and stiffness of
the viscus for calculation of natural frequency of pendulum oscillations. In an ideal situation, the mass
of the temple can be made too small compared to the mass of the pendulum (load and rope), but with a
short length of rope increases the natural frequency of the pendulum, which reduces the sensitivity of
the system to external impulsive influences, and increases the influence of the elasticity of the thread
(rope) on this frequency. Therefore, in a real situation, the mass of the pendulum, its length (of the
rope) and the stiffness of the temple should always be chosen and taken into account in accurate
studies (and calculations) based on compromise considerations.

In this study, the degree of influence of the above factors on the natural frequency of oscillation
of a pendulum (i.e., essentially a weight on a rope) is theoretically evaluated in the small-parameter
approximation.

The results obtained in this study can be further used to refine and improve the existing
engineering methods of calculation and analysis of transients (start-up, braking, reversing, etc.) of
crane systems both at the stages of their design and in the modes of real operation to optimize the
performance of the above systems (and mechanisms).

Keywords: model, ballistic pendulum, analysis, transients, crane systems, oscillations, starting,
braking.

Yoguiok 0. B., Yepenniuenxo I1. I1., lllyapa H. C., Ko3ymuns C. 1.
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1 BCTYII

Y mporecax mMycKy, TalbMyBaHHS, PEBEPCYBAaHHS KPAaHOBUX CHCTEM Y OCTaHHIX
HEMHWHYYE BHHHKAIOTh MAsTHUKOBI KOJMBAHHS BaHTa)Xy Ha KaHATI BaHTaXXOIiAHOMHOTO
MeXaHi3My, fKi, 3po3yMijia, € He0aKaHUMHU, OCKITBKA MOXXYTh TPU3BECTH N0 aBapilHHUX
curyamiidi. BUKOpHCTaHHS Cy4acHHX MEXaTPOHHHX CHCTEM YIIPABIIHHS PyXOM, 30KpeMa,
MPUBOJIOM KPAHOBOTO MEXaHI3My MiAHOMy BaHTaXy, HO3BOJSIOTH CYTTEBO 3MEHIIUTU
HETaTUBHUI BIUIUB PO3TOWIYBaHHS BaHTAXy Ha KaHATI y Mpolecax MyCcKy/TalbMyBaHHS UM
peBepcyBanHs. OpfHaK [Jis aaeKBaTHOTO TAaciHHS BKa3aHWX KOJHMBaHb Tpeda Maru
iHdopmariito mpo iX XapaKTepUCTHUKH, MPUYOMY OIMEpaTWBHY 1 A0BOJi TouHy. Came 1
npobiema i po3riisiHyTa y JaHOMY JTOCIiKEHH.

2 AHAJI3 JITEPATYPHUX JAHUX TA IOCTAHOBKA IMPOBJIEMHA

AHaJi3 BIUIMBY MPYXHHMX BJIACTUBOCTEH CTPIKHs/KAHATY TpPU 3TMHI, MacH BHCKA,
BaHTaXy IpoBeaeHuil y podorax [1, 2]. ABropu [3-15] m0CHiKyIOTh PiI3HOMAHITHI aCHEKTH
JTUHAMIKW BaHTAXOIIJHOMHUX MEXaHI3MiB KPaHiB, MPOTE KOPUCTYIOTHCS MOACTISIMU TIPYKHHIX
eneMeHTiB (KaHaTiB), sIKi HE BPaxOBYIOTh MacCy BHCKa Ta 3THHHY JKOPCTKICTh KaHaTy. Y
JAHOMY JIOCNIIJDKEHHS BIIEpIIE BHKOPHCTaHA MOJCNIb OaJiCTUYHOrO MasTHUKA s
JETATHHOTO 1 BCEOTYHOTO JTOCHIIPKEHHSI BHHUKAIOUMX Y KPAaHOBUX CHCTEMaX KOJIMBAaHb.

3 LLJIb TA 3AJAYI JOCJLKEHHS

Po6ota monsirae y oO0rpyHTyBaHHI (Pi3UMKO-MEXaHIYHOT MOJIEeNII MasSTHUKOBUX KOJMBaHb
BaHTXXy Ha KaHATI BAHTAXKOIIJHOMHOTO MEXaHI3My KpaHa.

4 MATEPIAJIN TA METOJAUKA JOCIIIKXEHD

Buxopucrana Monens 0agicCTHYHOTO MasTHUKA, METOJIM MaTeMaTU4YHOI (Pi3UKH, amapar
mudepeHIlialbHUX PIBHAHD Yy YAaCTHHHUX TOXITHUX JUIS 3HAXOJDKCHHS BJIACHUX YacTOT
MasSTHUKOBHUX KOJHMBaHb y HaOJMKEHHI Majol Macu W »OopcTKocTi Bucka (kaHaTy). Brmache
MasSTHUK (KaHAaT 1 BaHTaX, SKAW HAa HbOMY 3aKpIIUICHWN) y AaHid poOOTI PO3TISHYTI SK
crcTeMa 3 PO3IMOIIICHHMH TapameTpaMu (IHCKPETHO-KOHTHHYyalbHE HaOmmKeHHs). Kpim
TOTO, JUIsI TIPOBEIEHHS JTOCIIHPKCHHS 3aCTOCOBYIOTHCS €IIEMEHTH MAaTEMaTHYHOTO amapary
KJIACHYHOTO BapiamifHOTO YUCJICHHS, TEOPETHUYHOI MEXaHIKH, ONTUMAIBHOTO YIPABIIHHSA, a
TaKOX MAaTEMAaTHYHOTO MOJICTIOBAHHS, $IKI BHUKOPHUCTOBYIOTHCS Y YHCIEHHUX pPoOOTax
BITUM3HSHUX Ta 3apyO01>KHUX aBTOPIB.

5 PE3VJIBbBTATHU JOCJIKEHHSA

PosrnsiHemMo 30cepemkeHy Macy m (BaHTax), sika 3aKpiluieHa Ha TOHKOMY THYYKOMY
CTpwkHi (MOIeNb KaHaTy), HJIs KOTporo 3amaHi mgoBxuHa L, pamiyc ¢ (kpyroBuit
MOTIEPEYHHH Tepepi3), MNbHICTh MaTepiay p© , Mmoaynb FOura E . CtpmkeHb 3akpiruieHui
it 3adikcoBaHMI Ha OJHOMY KiHIII Ta BUIRHUU Ha KiHII 13 TMPUKPIIJICHOI 0 HHOTO MAaCOI0
(BanTa). SIKII0 y 3a71a4i MH HEXTYEMO 3THHHOIO MPYXKHICTIO CTPUXKHSI, TOJAI MH OyIeMO HOro
Ha3UBAaTH HUTKOIO. CHJIOIO TEPTS 3 MOBITPSM HEXTYEMO.

PiBHSIHHSI 3THHHHMX KOJHMBaHb PO3TSTHYTOTO Barol0 BaHTaXXy MPYKHOTO CTPWKHS TPU
HEBEJIMKUX 3TUHaX (KOJM MOXHA 3HEXTYBAaTH OOCPTAILHUM PYXOM €JIEMEHTIB CTPIIKHS) Ma€e
Bigomuii Buz [2]:

Yoguiok 0. B., Yepenniuenxo I1. I1., lllyapa H. C., Ko3ymuns C. 1.
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4 2
El E_E(TEJH, 5.9 ¢
x4 ox OX ot (1)
4
T=p-S-g(L—x)+mg, S=ar?, | :jzzds’:ﬂrT.
Tyr | — MomeHT iHepmii MmomepeyHoro mepepidy CTpHKHs. SIK IMOKa3yloTh IPOCTI

OI[IHKHM, TEXHIYHO HEBA)KKO BMIOTOBUTH CTPUIKEHBb TaK, 11006 Horo cymapha maca p-S-L
Oyna Habarato MEHILIOIO 32 Macy MiABIIIEHOTO BaHTaXy M. Y LbOMY BHUIIAJKy CHJIa HATATY
CTPYIKHS MOYKE BB@XaTHCh NOCTiMHOW | ~MQ, a piBHsHHA (1) CYyTTEBO CHOPOILYETHCS.
Bynemo y momaneioMy po3B's3yBatu 3aady came y IiboMY HaOJIMKEeHHI.

Jlist 3pydHOCTI aHami3y pIBHAHHS TepeigeMo A0 Oe3po3MipHUX 3MIHHUX, KOJH
KOOp/JMHATa Y HOPMOBAaHAa Ha JIOBXHHY CTPIJKHS, & 4Yac 7 Ha YacTOTy KOJHMBaHb
MaTEeMaTHYHOTO MasTHUKA. Y 1[bOMY BUMAJKY piBHAHHS (1) MOXe OyTH 3amucane HaCTyITHUM
YHHOM:

2 0%z 0% 0%z

& 4 8y2+'u' =0,

ar?

4
, T=a)0't=t'\/?z, 82=LE, y:ﬁ<<1.

2

y =
()

| =

Tyt Oe3po3MipHHIl MapaMeTp & XapaKTepu3ye MPYXKHI BIACTHBOCTI CTPHXKHS TNPH
3TUHI, @ 4 — 0e3p0o3MipHY Macy BUCKa. 3a3HAUYMMO, 1110 MIPU MOBHOMY HEXTYBaHHI 3THHHOIO
YKOPCTKICTIO

(8 = 0), MaTUMEMO 3aMicTh (2) XBHJIBOBE PIBHSHHS Ul KOJIMBaHb THYYKOI MAacHUBHOI,
OJTHOPITHO PO3TATHYTOI HUTKH. Pa30Ba MIBUAKICTH O1KYUOT B3JOBX HUTKH MOMEPEYHOT XBUITL

Oyze TopiBHIOBAaTH CchoO-L-\/;:w/y-g-L.

. o . -2
Jlis KyToBUX mapaMerpiB Bucka (craneBuil kamar pagiycom I'=3-107° M, mosxuno0

L=10m, E=2-10"11a, m=10%kr, p=78-10"3kr/m®) & ~01ta 1 ~0,02. Buxomsun 3
[IUX OLIHOK, Oy/leMO HIKYe BBO)XAaTH OOWJBa MapaMeTpu 4 Ta & MAJUMH y MOPIBHIHHI 3 1,

o610 (£,1)<< 1.

. Xoua napameTp IpyKHOCTI & Habarato MeHiue 1, BiH CTOITh mepen MoXigHowo 4-To
MOPSAAKY, 1 HaBiTh 3a HEBCIMKHUX 3THMHIB CTPKHSA (MOAETh KaHATy) II€I0 CKIAJI0BOIO
PIBHSHHS HEXTYBaTH HE MOXHA. AHAJIOTIYHO 32 MaJIOCTI MapameTpa 4 4WICH 3 MOXIJHOI0 Y
Yaci TaKOX MOXKe OyTH CYTTEBUM, SIKIIO YaCTOTH 3TMHHUX KOJWBAaHb BHUCOKI y MOPIBHSHHI 3
YaCTOTOI KOJMBAaHb MATEMAaTUYHOTO MasTHHUKA.

PiBusiHHs (2) ciig MOMOBHUTH TPaHWYHMMH yMoBaMHd. Ha mTiBOMY KiHINI CTPHIKHS
(y = 0) — IIc YMOBa 3aKpiIjIeHOTo (3adikCOBaHOTO) KiHIISA, a HA MPABOMY KiHIII (y =1), e
NPUKpIIUIEHUH BaHTaX (Maca), JOPIBHIOE HYJIIO 3THHHHMKA MOMEHT (iHEpIi€l0 BaHTaXy IO
BIJIHOILICHHIO JI0 00epTaHb 3aBASKH MAJIOCTI PO3MIPiB HEXTYEMO):

2
% _0, a_; —0. 3)
y=0,r ay y=17

YerBepTa yMOBa 3B'A3y€ PIBHOMIIOUY cuUy (Tepepidyloua CHila TUTFOC MPOEKINis CHIIN
HATSTy) Ha IPaBOMY KiHIII BUCKA ¥ MPUCKOPEHHS 3aKPIIJICHOIO Ha CTPHYKHI BAHTaXKY:

2(0,7)=0,

Yoguiok 0. B., Yepenniuenxo I1. I1., lllyapa H. C., Ko3ymuns C. 1.
https://doi.org/10.31650/2618-0650-2023-5-2-81-92 84



V/2/2023
Crop. 81-92 / Page 81-92

MexaHika Ta MaremaTuyHi merogu /
Mechanics and mathematical methods

8%z 0z 0%z , 0% _8_22

El - —- —mag-— -m-—= Rl
3 ax 2 3 2
X x=Lt ot x=Lt 8y 6y y=17r ot y=1r
(4)
PiBusiHHs (2) 3 rpanuunuMu ymoBamu (3), (4) mo3BoJisie 3HAWTH BJACHI 4YacTOTH
KOJIMBaHb MasTHHUKA, KOTPi MOKHA XapaKTepH3yBaTH 0E€3pO3MIPHOI0 BEIMYHHOIO () (8, ,u) -

BiI[HOH_IeHH}IM YaCTOTU PpCAJIbHOTO MasdTHHKAa OO0 YaCTOTU MATCMATUYHOI'O MAadTHHUKaA

Wy =4/0/L.

Bynemo po3B'szyBatu piBHSHHS (2) METOOM PO3/UIEHHS 3MIHHUX, MOJAI0UM LIYKaHY
Gyukuio y surisagi Z (y,r)zéf(y)-&(r). [To3Hayaroyy¥ KOHCTAHTY pO3AiIeHHS K (2 2
MaTHMEMO J[Ba PiBHSHHS JUIS 4aCOBOTO (9(2') i KoopiMHATHOTO (akTopiB & (y):

2 4 2
d<e d d
——+0%.0=0, 52-—45——f+m2-§:0. (5)
dr dy® dy

Po3B's130k 49(1') MepIIOTo PIBHSAHHS CUCTEMHU (5) Mae BHJ 3BHYAWHUA TapMOHIYHUX
¢byHnkuiii yacy 3 yacrotoro €2 . Po3B's30k apyroro piBHsAHHS (5) OynemMo HIYKaTH y BUIJISI
€KCIIOHEHTH 5(y)~ eXp(a - y). Toni MaemMo XapakTepUCTUYHE PIBHSHHS AJIs KOEPIIIEHTIB

a, a Horo HaOMKEHUH pO3B'SI30K 3alMIIEMO, CKOPUCTABIIWCH MaJUMH 3HAYCHHSIMHU
napameTpiB 4 Ta &

1+1-4us20?
e2.a* —a?+ 0% =0, o’ = He 2

a ! >>1
’ 1 R— )
252 &2

2 2
oy = Q7 pu<<1.
(6)
[Tpu 3amuci KOpeHiB XapaKTEPUCTHYHOTO PIBHSIHHSA MU BBAXKAJIH, MIO JTUCKPHUMIHAHT
pIBHSHHS JOJATHIM U yci KOpeHi IiHCHI, OCKIMTbKM y PO3IJISIAYyBaHId 3ajadi OdiKyBaHa
OCHOBHA BJIacHa YacToTa MasiTHUKa (2 ~1. BucokouacToTHi MOJIH, KOJIH:

Q> th = 1
25\/;

MPU3BOJASTH /10 YSIBHUX KOPEHIB XapaKTEPUCTUYHOIO PIBHSHHS. 3pO3YyMLJIO, IO MOXHA
MPUITYCTUTH HACTYIHE. aMIUTITyAa TaKHMX BHCOKOYACTOTHUX MOJ HAaBiTh MPH IMITYJIIbCHOMY
BIUIMBI Ha MasSTHUK TOPIBHSIHO MaJia, 1 BOHU JOAANYyTh €hEeKTH APYTOro MOPSIKY MajocCTi y
MOPIBHSHHI 3 PETYJISIPHUMHU KOJUBAaHHIMHU MasTHUKA Ha OCHOBHIH yacToTi 2 ~ 1.

MosxHa 3anucatd (GyHIaMEHTAILHUI PO3B'I30K I KOOPAMHATHOTO piBHSHHSA (D) y

BUTJISAIL:

>>1, (7)

E(y)=Cy -sinh(ayy)+C, -cosh(ag y )+ Cs - sinh(a, ¥ )+ Cy4 - cosh(a, ).
(8)

[TincraBnsroun (8) y Tpu rpaHUYHUX YMOBH (3), MOKHA BUKIIOYUTH TPH KOHCTAHTHU
IHTErpyBaHHsI, IMICJISI YOTO MAaTUMEMO PO3B'SI30K 3 TOUHICTIO 10 aMILTITY/IH:

é(y)z(sinhal—ﬁ-sinhazj-(cosh(aly)—cosh(azy))—

)

9)
C(22 . o .

—| coshay ——5-coshar, |-| sinh(eqy)-—Lsinh(a,y) |
q 2%
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BuxopucTtoBytoun YeTBepTy TpaHWUYHY YMOBY (4), OTPUMAEMO DIBHSHHS IS
BU3HAYCHHA BJIACHHUX HaCTOT KOJIMBAHb MassTHUKaA Q .

3
_,2.0%6, 0g

oy =0%-£(), (10)

y=1
abo

(—82)- [Shal —ﬁ-shazj-(af’ -shoy —ag’-sha2)—

a1
2
a
- Chal——zz-chaz -(af’-chal—al-azz-chaz) +
a1

a
+ Shal——Z'Shaz '(al'Shal—Olz'Shaz)—
"
2
a
— Chal——zz-chaz (aq -chay —ay -chary ) =
n

2 o) 0522 N
=Q°. Shal——-Shaz '(ChO[l—Chaz)— Chal——z'Chaz . Shal——'Shaz .

241 oq 2%
(11)
VY tpancuenaenTHoMy piBHAHHI (11) g ) npuitHATI HACTYNHI TO3HAYCHHS
sinh(U)=sh(U)= % : (e+U —e™V ); ch(U)=cosh(U )= % : (e*u +eY )
(12)

[Ipoanamnizyemo Temep MOXKIUBICTh OTPUMAHHS HAOIUKEHOTO PO3B'SA3KY JUIS BIACHOI
gacToTh (2 peajpbHOTO MasATHHKAa Yy HaONMKEHHI MajocTi Mach M >KOPCTKOCTI BHCKA.
Po3risiHemMo crioyatky cuTyamito abCONMIOTHY THYYKOTO BHCKa (HUTKa abo0 JIAHIIFO)KOK), KOJIH
napaMerp 3ruHHOI kopcTkocTi€ =0. Toxmi mpu BIAHOCHO MajaoOMy 3HAYEHHI £/ PO3B'I30K

apyroro piBastaHs (5) Oyae maBaTh Maiike JIiHIHHE PillIEHHS:

é(y):Cl-sh(Q-\/;.y)+C2 -Ch(Q-\/;-y):
~(c-0-\u- V+C2)'(1+0(#92))—> &(y)=y.

JliniiiHa ¢yHKIis f(y) — 1€ KOJIMBaHHS MAaT€MaTU4YHOI'O0 MasTHHKA. ToMmy BiacHa

(13)

Y4acTOTa KOJIMBaHb, BU3HaueHa 3 piBHsAHHA (10) um (11), mpu migcraHoOBIi y HBOTO (YHKIIi
(13) Q =1, sk i moBHHHO OyTH.

JUist mOaNIbIIIOTO aHallizy, 3aUIIAI0YNCh Y MEeKax Ii€i TOUHOCTI PO3paxyHKY, MOXKHA Y
(9) moxmactn a, =0. Toxi 3amict (9) mMaTuMemo (oOpMy MPYKHOTO BHCKA Y BHIIISII
HaCTymHOT QyHKITIi:

., shley-i-y])-shey
£(y)=y+ e

Tyt npyra ckinagoBa y mpaBiii yactui (14) 3abe3nedye BUKOHaHHS Apyroi ymoBu (3)
JUIS 3aKpIIUIEHOr0 KiHLA BHCKa, a HOpMyBaHHA y (14) oOpaHo Tak, 11100 BHKOHYBajach

piBHicTh & (1) =1.

(14)
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[Mincrasmstoun tenep (14) y piBusaHs (10) wm (11) # BpaxoBylounm, mo o :gf_l,

OTPUMAEMO HACTYIHHMH BHMpa3 I OCHOBHOI YacTOTH KOJIMBaHb DPEAIbHOrO MasTHHKA
(4 —0):

1 sh(U
QZ:—, th(U):L. (15)
1-g-th(l/ &) ch(U)
I3 ypaxyBaHHSM CKiHYCHHOI MacH BHCKa (BJaCHE KaHATy) MOYKHA OTPHUMATH OiJIbII
3arajibHUIM HaOMM)KEHUI BUpa3 /1y BIACHOT YaCTOTH PEalbHOTO MasiTHUKA TIPU (,u,g) << 1:

Q:1+%+%+O(sg)+0(gz)+0(y\/;). (16)

SAx BUAHO, YacTOTa KOJIMBaHb PEAJLHOTO MasTHUKA Oyje 3ajekard HE TUIBKU Bij
peuoBHMHHU ¥ popmu BucKa (TOOTO KaHATy), ajie i Bil MacH BaHTaXy i BUCKa.

Caix 3a3HaunTH, 1m0 BUKOpUCTaHHS (opmynu (15) y «3BOpOTHOMY» TpaHHYHOMY
BUNAJAKY, KOJdu & >>1, 103Boisie JOCHTH KOPEKTHO OLIHMTH BJIACHY 4YacTOTY KOJHMBAHb
BaHTaXy Mach M, 3aKpilUIEHOT0 Ha KIiHI[ (KPYroBOro mepepily) JIErKOro MpyKHOTO
CTPHKHS, aJle 32 YMOBHU BiICYTHOCTI i Tsokinus. Jliticno, npu § — 0 mapamerp & — o,

i3 (15):
02 =(1- - th(y/e)) ' 225362 (1 0[¢2))

w=0. |3 920 >ﬁ 37[8.
L 2L V mL

Le#t ¢dakr ropoputh mpo Tte, mo ¢opmyna (15) ans OCHOBHOI YAaCTOTH KOJIWBaHb
peaIbHOTO MasiTHUKAa MOKe OyTH CHpaBeUIMBOIO JJs AOBUIbHOrO (!) mapamerpy &, MOKH
MOJKHA 3HEXTYBATH MacO0 BHCKA.

Kputepiii Manocti Macu BHCKA [jis BHIAAKY, KOojdu &£ >1, 1merko orpuMaru 3 Tiei
BUMOTH, 100 y BUCKY He 30y/KYBaJMCh 3TWHHI KOJUBAHHS 3 YaCTOTaMH, OJIIM3BKUMHU IO
OCHOBHOI 4acToTH MasiTHHKa. I[s BuMora BimoOpaxkena y HepiBHocTi (7). Tomy kpurepiit
KopekTHOCTI hopmysu (15) 11 Mmacu BUCKa Ma€e BUJ:

1 l—g-th(}é) e>>1 1

= > U << ——. (18)
45202 452 12.¢*

Buxonanus kputepito (18) 3anuimae KOpeKTHUMH yC1 HaBEACHI BUIIC MipKyBaHHS, SKi
Oynu 3poOJeHi micis OTPUMAaHHS TOYHMX KOPEHIB XapaKTePUCTUYHOTO piBHAHHA (6), a
3Ha4MTH 1 BUpa3(15).

Takum yrHOM, JUI1 OOYMCICHHS OCHOBHOI YaCTOTH KOJHMBAHb PEaJbHOI0 MasTHUKA Ha

JIETKOMY OJIHOPITHOMY BHCKY (u << 1) 3 JOBUTHHOIO (POPMOIO MOIMEPEYHOTO Mepepi3y Ciif

(17)

<<

CIIOYATKY OIIIHUTH BEJIIMYMHY Mapamerpa & . SIKIio mMaca BHCKa 3a10BONIbHsIE KpuTepito (18),
TOJIl OCHOBHY YacCTOTY MasiTHUKA (® MO>KHa 3HAWTH 3a POPMYJIOIO:

2 g (“%j 1

zIW)}, €=E'

ae My Ta | p —Maca BHCKa 1 MOMeHT iHepuii Horo nomnepeuHoro nepepizy. Ciia 3a3HaYUTH,

10} (19)

110 HiSKHX 0OMEXEHb Ha BEIMUMHY NapameTpa &y ¢opmyii (19) He Haknanaerbes! ¥V npomy
BUIAKy BHCOKOYACTOTHI KOJIMBAHHA TPAKTUYHO OyAyTh BIJICYTHI, OCKUIBKH KOpEHI
XapaKTEePUCTHYHOTO piBHAHHS (6) mificHi, opMa HATATHYTOrO BHCKAa Ma€ BHJ MOHOTOHHOI
3anexxHocti (9) Bix KoopAMHATH Z(X), a pipasHHSA (10) mae enuHUN PO3B'I30K ISl BIACHOT

YaCTOTH MasiTHHKA.
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Slkiio kpurepiii (18) He BUKOHYETBCst 200 1 ~ 1, Tomi y BHCKY MOXYTh 30y)KyBaTUCh
3TUHHI KOJIMBAaHHS 1 XBWJI 3 HECHIBBUMIPDHUMH YacTOTaMH, a CIIEKTP KOJHBAaHb BAHTAXY
TaKOX MaTHME BHCOKOYACTOTHI TapMOHIKH. MasTHHK Yy [bOMY pPEXKHMI 3IIHCHIOE
HEpETYJISPHI KOJTMBAaHHS, [0 HE JI03BOJISIE BHKOPUCTOBYBATH MOTO (K OAIICTHYHUNA MAsITHUK)
3ayisl NIarHOCTHKHM W JWHAMIYHOTO aHalli3y MalluX IMIYJbCIB 30yIKEeHHS pyxy (KpaHOBOi
CHCTEMH).

Po3rnsiHeMO 1110 cUTYyaIlio OUTBII JeTaIbHO.

Bemmuuny Q¢ (7) i3 ypaxyBaHHSAM BBEIEHHX Yy (2) € Ta £/ MOXKHA NOAATU HACTYITHUM

_ mgt
"t E

JI71s1 ICTUHHOTO 3HAYEHHA (¢ TOJI MAEMO:

YUHOM.

Qpe (20)

9 m-g
e =Q -\/:: : (21)
h LT \/;.ﬂ_.rg.\/E

Otrxe, BeNMYMHA ¢ HE 3AJIEKUTH BiA JOBKHMHU BUCKa L. YMoBa BUHUKHEHHS:

PEC30HAHCHUX (3 YaCTOTOIO BIIbHHUX KOJMBAHb MaHTHI/IKa) SIBUII] Ha6YBa€ BUTILAAY.

Mg L

th =1 =1. (22)

3 ymoBH (22) 7erko OTPUMATH 3HAYCHHS TOBXHHHU BHCKA (L ), 3a SIKOTO BHHMKAIOTh

pPE30HAaHCH MK MasTHHKOBOIO YacTOTOIO KOJIMBaHb BaHTaXy Ha KaHaTi ( %j Ta

YaCTOTOI0 3rMHHKX KOJIMBaHb BUCKA (TOOTO CaMOTo KaHATy):

p-7r2-r6-E

mz-g ’

L = Lyes = (23)

*
TOOTO 3a 1i€l goBxuHM Bucka L icHye pesoHanc:

Wi = \/% . (24)

IIpu uwacrorax Q> ¢ (a)>a)hf) BIIOJIOBXK BHCKa (KaHATy) PO3MOBCIODKYIOTHCS

BHCOKOYACTOTHI 3TMHHI KOJMBaHHSA 1 XBWil. Lli 3rMHHI KOJMBaHHSA EKCIIOHCHINAIBHO
3pOCTalOTh M0 aMILTITY/l BIIOJOBK BHCKa (KaHATy) i MarOTh MPOCTOPOBHI MEPiOj] KOJIHUBAHb.
OnucyroTh i KOJMBHI Ta XBHJIBOBI MPOIECH Y BUCKY (KaHaTi) HACTYITHI 3aJIe)KHOCTI:

1+i-4/4us’Q? -1
&(y)-explay), a?=""" zﬂgz ’ (25)
&

abo:

£(9)- o0l -1 flkin ) 26)

ac:
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4, .
Kre =M-cos{l-arctg\/4y52£22 —1};
Ve L 2
4f,, .
Kim =%- sin{%-arctgwm;zngz —1}.

Hmxde, y Tabn. 1 momaui yncenbHi OMiHKKA (Qn¢, Wphs VIS PI3HUX 3HAYCHB JOBXKUHU

(27)

Bucka (kanarty) L # 3amaHux mapamerpiB marepiany (craneBuii KaHat):
p=8-10%kr/n?; E =2-10"11a; r =5-102y, g =9,81w/c% m=10%kr.
Kanat mae kpyroBuii nepepis (S =nar 2). JIsl BEeNUYUHU (W MAeMO (HE3aJIeKHO Bin

L ) HacTymHE 3HAYCHHS:
Whi = 6,26 ct.

Tabmuus 1 — 3anexuicts (2 Bix JOBXKHHU BHCKa (kaHaty) L

L ,» M Q hf
10 6,32
20 8,94
50 14,14

100 20,00

500 44,72

1000 63,25

10000* 200,00

*TIpumitka. L =10000 m Bimnosigae nosxuHi Bucka (KaHary), Ha SKOMY 3aKPilLICHUM
Oaruckad nms mociipKeHHs MapiiHChKOI 3arauHu.

3aszmaunmo, mo L >50 m xapaxrepmi mns maxTtHMX migioMHuKiB (Ipu 3aisraHHi
BYTUUIS HA BEJIMKUX TITHONHAX).

V Tabmauui 2 HaBexeHi 3Ha4eHHS L o 01 pi3HMX Mac BaHTaXy W HACTYIHHX

napameTpiB Marepiany Bucka (kaHary): p =8 103k, E=2 -1011Ha; r=3.10" M,
g =9,81m/c?

Taomuus 2 — 3anexHicts L res BLI 7 BaHTaxy

m, Kr L ress M
100 117,300
200 29,325
500 4,692
800 1,833

1000 1,173

Pesynbratu HaBeneHi y Tabn. 2 HO3BOJSIOTH CTBEPKYBATH, 110 HeOaxkaHi pe30HAHCHI
SIBHIA Y KaHATaX BaHTAKOIIHOMHUX MeXaHi3MiB (KOJM CITiBIIaAal0Th 4aCTOTH 3TMHHHUX Ta
MasTHUKOBUX KOJIMBaHb) BHUHUKAIOTh NPU HE3HAUYHUX HaBaHTakeHHIX (mo 500 kr) Ha
noBxkuHax Bucka (Bix 4,7 m 1o 117,3 m). Lo oGcTaBuny citiji 000B'SI3KOBO BpaxOBYBaTH MPH
MPOEKTYBaHHI MOAIOHUX MEXaHi3MiB 331 3aM100IraHHs] BUHUKHEHHIO aBapiiHUX CUTYallii.

(22)
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5 BHUCHOBKH

1. OGrpynToBaHa (i3MKO-MeXaHiYHA MOJAENh OATICTUYHOTO MAasTHUKA, SKa aJeKBATHO
OIMCY€ MAaATHUKOBI KOJMBAHHS BaHTA)KYy Ha KaHATaX KPAHOBOT CHCTEMH.

2. BcraHoBneHI peXMMHU IYCKY Ta TalbMyBaHHS KPaHOBOI CHCTEMH, SKi KEPYIOTHCS
MEXaTPOHHUMH CHUCTEMaMHU YIPaBJIiHHA 1 3a0€3MeuyloTh MiHIMAJIbHI aMIUTITyId HeOaKaHUX
MasITHUKOBUX KOJIMBaHb BAaHTaXy W CHUTYyaIlil, 3a SIKOT BUHUKAIOTh PE30HAHCH MAasTHHKOBHX
KOJINBaHb 31 3rHHHUMH KOJMBAHHSMH BJIACHE BAaHTA)Xy Ha KaHATi KpaHy.

3. BcranoBneHi OCHOBHI KpuTepii, siki 3a0€3MeUyrOTh CIPABEAIUBICTh 3aCTOCYBAHHS
bopMy TSt BIACHOT 4aCTOTH (3rMHHO-Ma SITHUKOBHX) KOJMBAaHb BAHTA)Xy Ha KaHATi, a TAKOK
YMOBH, 3a SKUX y KaHAaTax KPAaHOBOi CHCTEMHU MOXYTh 30Y/KYBAaTHUCh 3TUHHI KOJIHMBAHHS Ta
XBWJI 13 HECMIBBUMIPHUMH YacCTOTAMH, a CIIEKTP KOJWBAaHb BJIACHE BAHTAXy MA€ Y CBOEMY
CKJIaJli BHCOKOYACTOTHI TapMOHIKM. MasTHUK (BaHTaX Ha KaHATi) y TaKUX pPEeKUMAax
(yHKIIIOHYBaHHSI BAHTQ)XKOITIHOMHOTO MEXaHI3My KpaHa 3[1HCHIOE HEepPEeTYJSIpHI KOJMBAaHHS,
Je HE ICHYe€ MOXIIMBOCTCH YIIpaBIiHHS HUMH 330BHI. HaBejeHi YHCENbHI OINIHKH IS
BKa3aHMX CUTYaIliil ()yHKIIIOHYBaHHS KpPaHiB.

4. Orpumani y poOOTi pe3yabTaTH MOXYTh y TOJANBIIOMY OYTH BHUKOPUCTAaHI st
YTOYHEHHS 1 BJIOCKOHAJICHHS IH)KCHEPHHUX METOMIB PO3PaxXyHKY KPaHOBHX CHUCTEM, IIAXTHHX
MiAHOMHHKIB (3 TOPHU30HTIB TJIHOOKOTO 3aJIATaHHS), BAHTAXOIIIHOMHHMX MEXaHI3MiB, sKi
MPAIOI0Th B YMOBaX IIIMOOKOr0 3aHypeHHs (Ha MOpi, B OKeaHi) SIK Ha CTaIifAX MPOECKTYBaHHS
BKA3aHUX BHILE CUCTEM, TaK 1 y peKuMax iX peabHOi eKCIuTyaTarlii.
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VIIK 624.04

TPAHUYHUII CTAH APMOBAHHUX JIBOIIAPHIPHUX APOK
ABOTABPOBOI'O IIEPEPI3Y

Copoxka M. M.

Y Ooecvka oepacasna axademisn 6ydisnuymea ma apximexmypu

AHoTanis. Po3risgaeTsess METOAMKA BU3HAYEHHS MPAHUYHOTO HaBaHTAKEHHS JUIA JBOLIAPHIPHUX
apok. Po3paxyHOK BUKOHYETBCA 13 BUKOPHUCTaHHIM METONy IpaHW4HOiI piBHOBaru. l[lomepeunuii nepepi3
apKu TPUHHATHHA y BHIJISIOI apMOBaHOro JBOTaBpa. HampyxkeHo nedopmoBaHuili craH Marepiaiy
JIBOTaBpa OMHUCYEThCA miarpamoro [Ipanatis. Ane Ha BIIMIHY BiJl KJIACHYHOI JiarpaMy Mae pi3HI TPaHUII
TEKy4OCTi TpH pO3TATYBaHHI 1 CTHUCKy. Marepian apmaTypud OINHMCYETHCS KIACHYHOIO Jiarpamoro
[IpanaTas i3 oIHAKOBUMH TPaHULIIMH TEKYHOCT] IIPY PO3TSATYBaHHI 1 CTHCKY.

VY GinbIIoCTi BUIAJIKIB TPaHHMYHA PiBHOBAra repepily 0a3yeTbcsi Ha BUKOPUCTAHHI OJHOTO (haKTopy
— IDIaCTUYHOTO MOMEHTY, TNpH JOCSTHEHHI SKOro Tepepi3 IepexoAuTh y IUIACTHYHWEM CTaH i3
MOXKJIMBICTIO HEOOMEKEHOro AeopMyBaHHs. AJie JIs ApKU TaKUK MiAXia He Moxe OyTH NPUIHATUH, Tak
AK y 11 mepepizax BUHUKAIOTh 3HAYHI MO3JIOBXKHI CHJIM. ITHOpYBaHHS IO3IOBXHIX CHJI TPHUBOIUTH IO
MOXHOOK y BU3HAUCHHI TPAaHUMYHOIO HaBaHTa)KEHHs. TOMY JUIS apoK NPH BH3HAYCHHI TPAHIMYHOTO CTaHY
MOTIEPEYHOTO Mepepi3y BAKIMBO BPAXOBYBATH i 3TMHAJBHUM MOMEHT 1 MO3IOBXHIO cuiy. ToOTo, mis
nepexoay Mepepisy y T'paHHYHHMH CTaH JO HBOTO MOTPIOHO MPHKIACTH TPAHWYHUNA MOMEHT, SKOMY
BIJITIOBI/Ia€ TIeBHA TO370BKHS cuia. Lle mpuBOaUTE 10 MOHATTS 00IACTi MILIHOCTI MEepepizy, Mo0y10BaHy
Yy KOOpIMHATAX 3THHAIBHUNA MOMEHT — MO3I0BXKHA cuia. ['paHuis 1iel 00nacTi BKa3ye Ha TPaHUYHHUMA
CTaH Tepepi3y i OMHCYETHCS YMOBAMHM TEKYYOCTi, SIKi MOXKHA OJEp)KaTH, PO3INISHYBIUM IUIACTUYHY
piBHOBary mepepizy. BUKOpHCTOBYIOUM YMOBHU TEKYUOCTi, PiBHSIHHS PIBHOBAr'M apKH i JIEsiki OOMEKEeHHS
MOXKHA CKJIACTH ONTUMI3AlliiiHy 3a7ady JJs 3HAXOJPKEHHS TPaHWYHOTO HaBaHTaXeHHs. [ paHuuHe
HaBaHTaXeHHA (I[ThoBa (PYHKIIisT) I HAlIMEHIIIe HaBaHTAXXESHHSI, IKe 3aJJ0BOJIbHSE PIBHAHHSAM PiBHOBAru
apK{, yMOBaM TEKY4OCTi 1 OOMEXEHHSM. 3MIHHOIO MPOEKTY € KOOPAMHATA Mepepi3y, SKe MepexXOanuTh y
IUTACTHYHY CTajit0. PO3B’s130k Takoi 3a7ayi Uis apoK MOCTIHHOI 1 3MIHHOI )KOPCTKOCTI BUKOHYBABCS 32
JIOTIOMOTO0  €NIeKTPOHHUX Tabmuis. Takok Oynm BukoHaHi po3paxyHkd apok y IIK Jlipa-CAIIP.
[opiBHSIHHS pe3yNbTaTiB po3paxyHKY MOKa3ajo 3a/I0BLIbHY 301KHICTS.

KarwuoBi cioBa: apku, Npy>KHOIUTACTHYHE TiJIO, ABOTaBPOBHH apMOBAHUN MEpPETHH, O00NACTb
MIITHOCTI, pO3paxyHOK 3a TPAaHUYHOIO PIBHOBArOM0.

LIMIT STATE OF REINFORCED DOUBLE-HINGED ARCHES OF I-
SECTION

M. Sorokat
!0dessa State Academy of Civil Engineering and Architecture

Abstract. The method of determining the limit load for double-hinged arches is considered. The
calculation is performed using the limit equilibrium method. The cross-section of the arch is taken in
the form of a reinforced I-beam. The strain-deformed state of the I-beam material is described by the
Prandtl diagram. But unlike the classical diagram, it has different yield points under tension and
compression. The reinforcement material is described by the classic Prandtl diagram with the same
yield strength in tension and compression.In most cases, the ultimate equilibrium of the cross-section
is based on the use of one factor - the plastic moment, upon reaching which the cross-section enters a
plastic state with the possibility of unlimited deformation. But such an approach cannot be adopted for
an arch, as significant longitudinal forces arise in its sections. Ignoring longitudinal forces leads to
errors in determining the ultimate load. Therefore, for arches, when determining the limit state of the
cross section, it is important to take into account both the bending moment and the longitudinal force.
That is, for the transition of the section to the limit state, it is necessary to apply a limit moment to it,
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which corresponds to a certain longitudinal force. This leads to the concept of the region of cross-
sectional strength, constructed in the coordinates of the bending moment - longitudinal force. The
boundary of this region indicates the limit state of the cross-section and is described by the flow
conditions, which can be obtained by considering the plastic equilibrium of the cross-section. Using
the flow conditions, the equilibrium equation of the arch and some constraints, it is possible to
formulate an optimization problem for finding the limit load. Limit load (objective function) is the
smallest load that satisfies the arch equilibrium equation, yield conditions and constraints. The project
variable is the coordinate of the cross-section that enters the plastic stage. The solution of this problem
for arches of constant and variable stiffness was performed using electronic spreadsheets. Arch
calculations were also performed in PC Lira-CAD. A comparison of the calculation results showed a
satisfactory convergence.

Keywords: arches, elastoplastic body, reinforced I-section, strength area, calculation by limit
equilibrium.
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1 BCTYIl

ApKH TOCHUTBH 4acTO BUKOPHUCTOBYIOTHCS SIK HECY4l KOHCTPYKIIT OyaiBensb 1 ciopya. Jocuts
YacTo 1HXKEHEpIB IIKaBUTh Hecyya 37aTHICTh apOK, TOOTO Take HABAHTAKEHHS MPH SIKOMY apKa
NIEPETBOPUTHCS y MEXaHi3M. BHKOHAHHS Takoro po3paxyHKy JJsl apKH CHPOIIYETHCS THUM, IO
BICh apKU OMNHCYETHCS O€3MepepBHOIO (DYHKIIE€I0, IO JIO3BOJIAE YACTHHY pPO3PaXyHKIB
BUKOHYBaTH aHAIITUYHO. [ apku MOXKHA OfiepKaTH 3aJIEKHOCTI Ul BU3HAYCHHS 3yCHJIb Y
BUIIIAI aHATITHYHUX Gopmy:. Lle crporye moganbin po3paxyHKy TPaHUYHOTO HAaBAHTaXKEHHSI.
Y nmaniii poOOTI mMpeacTaBiIeHa METOJIMKAa PO3pPaxXyHKy HECy4doi 3JaTHOCTI apkd 13
BukoprctanusiM EXCEL Amnani3 pe3ynbratiB po3paxyHKy JT03BOJIUTH 3pOOUTH BUCHOBKH OO
CHJIbHHUX 1 CJTA0KHX CTOPiH 0OpaHOi METOMKH.

2 AHAJII3 JITEPATYPHUX JAHUX TA IIOCTAHOBKA 3AJAYI

[Ipobnema TeopeTMYHOrO BHU3HAYEHHS PYWHIBHOTO HAaBAaHTAXKEHHS ISl CHOPYHA BUHMKIIA
JOCUTh JaBHO. Taky 3amauy Brepiie chopmymoBaB [amineil. Asie depe3 BiICYTHICTbH
MaTEMaTHYHOTO amapaTy KOPEKTHE BUPIMICHHS 3/1a4i Tol Oys0 HEMOXJIUBO. | ymine meprrii
nosioBHHI XX CTOMITTS PO3B’SI30K 3a/1adi 3HAXO/KEHHS T'PAHUYHOIO HABAaHTAXEHHA OyIo
orpuMaHo y mparix [1] - [4] Ta 1HIKX AOCTIMHUKIB. Y TEpmIMX poOOTax BBAXKAJIOCH, IO
BU3HAYaJbHE 3HAYCHHS Y BUHUKHEHHS TPAHUYHOTO CTaHY BHOCUTH 3TMHAILHII MOMEHT. Brius
MO3/IOBKHBOI CHJIM BBa)kKaBCS He3HAYHUM. [lopamnbiini JOCHiKEHHS MoKa3aliy, 10 MO3I0BXKHIO
CHJTy HE 3aBX/IM MOXKHA irHOpyBaTH. [[Jis apouHMX CHCTEM MO3/0BXKHS CHJIa POOUTH HOMITHHIMA
BHECOK Yy BEJIIMUMHY TPAaHUYHOrO HaBaHTakeHHA [3] - [6]. Ilpu po3B's3aHHi 3ama4 rpaHUYHOI
pIBHOBaru 3 ypaxyBaHHSIM MOMEHTY Ta MO3/IOBKHBOI CHIIM BUKOPUCTOBYETHCS MOHSTTS 00JIACTh
MIITHOCTI Tiepepidy. Taka 00JacTh € 3aMKHYTOI IUIOIIMHOK B KOOPJAWHATaX MOMEHT -
NO3JIOBXKHS cuia. BiAmoBigHO 1O rimoTe3n Teopii TpaHUYHOI PiBHOBArM BCEpEAMHI 001acTi
MIITHOCTI MaTepiall epepi3y Mpalltoe B MPYKHINA CTafil, a Ha 11 MEXi MOMEHT 1 TTO3I0BXKHS CHJIa
JOCATAIOTh TPAHWUYHHUX 3HAYCHb 1 3'SIBISETHCS MOKIJIMBICTH HEOOMEKEHOTO IIACTHYHOTO
nedopmyBanss. ['padiune 300pakeHHsT 00J1aCTi MIITHOCTI I HE apMOBaHUX IEpepi3iB Pi3HOI
¢opmu npencrasneHo B [3], [4], [6]. OGnacti MIIHOCTI MPAMOKYTHHUX apMOBAaHUX IEpepi3iB
npeacrasieni B [5], [7] - [10].

ITpu po3B’s3Ky 3a7ad TPaHUYHOI PIBHOBArM JOCHTH 3PYYHUMHU € JBa MeToau. lleprmii
METOJI TIONISATaE y CKJIaJaHHI Ta BHUPIMIEHH] EKCTpEeMalbHOI 3a1avi Ul 3HAXOIKEHHS
MIHIMATPHOTO 3HAUEHHS HABAaHTAXXCHHS, IO 3aJ0BOJILHSE DIBHSIHHSAM CTaTHKUA Ta YMOB
wiactuanocti  [3], [5]. Iwomi, s cOpoieHHS 3amadi  TPaHMIO O007acTi  MIIHOCTI
IPENICTaBISIOTh Y BUIIISII OaraToKyTHHKA [S].

Jpyruii MeToy rependadae mociiJOBHE BUKITIOUSHHS 3 POOOTH MepepisiB, sAKl MEepeHum y
miactuyanid crtad [12]. Ile mo3Bossie mocmimpKyBaTH MOCTIIOBHICTh TOSBA TUIACTHYHUX 30H 31
301TBIIICHHSM HaBaHTaKEHHSI.

3 META TA 3AJAYI JOCTIAKEHHSA

MeToro 1aHOTO JOCHIDKEHHS € ampodarlis METOAWKH OOYHCICHHS TPaHUYHOTO
HaBaHTAXEHHS U1 apMOBAaHOI JBOIIAPHIPHOI apKH JBOTaBpoBOoro mepepizy. IlocraBiena
3a/laya po3paxyHKy apoK MOCTIMHOI 1 3MIHHOI OpPCTKOCTi. P03B’ 30K momiOHOT 3amadi Jyuist
apoK, sKi MarOTh NPSAMOKYTHH IONEpeYHHid mepepis, npenacrasieHo y [13]. ['pannune
HAaBAaHTA)XEHHA JMJI1 apoK mependayaeTbcs BHU3HAuaTH JBoma cmocobamu. Hlnsxom
dbopMyBaHHS aHANITUYHHUX 3aJICKHOCTEH EKCTpEeManbHOI 3a/1a4i 3 MOAATBIINM PO3B'SI3aHHIM
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YHUCENIFHIM CIIOCOOOM 3 JJOMOMOTOI0 €IEKTPOHHUX TaOJIHIb 1 MIJISIXOM YHCEITBHOTO PO3B’A3KY
3agadi MeTozioM ckindeHux enemeHTiB y [IK Jlipa-CAIIP i3 HacTymHUM aHaIi30M OTPUMAaHUX
pe3yabTaTIB.

4 PE3YJBTATHU JOCJIIKEHb

PosrisiHemMo nBoImapHipHY KpPYroBy apKy IMOCTIHHOI )KOPCTKOCTI, 3aBaHTKEHY PIBHOMIPHO
pPO3MOIIJICHUM BEPTUKAJIHHUM HaBaHTaKEHHsAM (puc. 1). I'paHnyHe HaBaHTaKEHHS OynemMo
BU3HAYATH MIPU BpaxyBaHHI JBOX (DaKTOPIiB — 3rWHAIBHOTO MOMEHTY 1 MO30BXHBOI crid. Tak
SK CHCTEMa CHMETPHUYHA, TO TPAHWYHHUN CTaH apKH MOKe OyTH JOCATHYTHH HPH TEpexoml y
IUIACTUYHHMNA CTaH, a0o Tepepidy Ha oci cuMeTpii apku, ad0 OJHOYACHO y JBOX Iepepizax,
PO3TaIIOBaHUX CUMETPUYHO BITHOCHO OCI CUMETPI.

q
EEEREEEEEERERERERE

||

)

Puc. 1. Po3zpaxyHkoBa cxeM apKH.

BusHaueHHs rpaHUYHOTO HABAaHTAXXEHHS JUIA apKH 0a3yeThcs Ha PO3B’SI3KY eKCTpEeMallbHO1
3aj1a4i — 3HAUTH 3HAYCHHS MiHIMAJLHOTO HaBAaHTAXKEHHS, MIPU SKOMY OJJHOYACHO BUKOHYIOTHCS
YMOBH CTaTHKU 1 YMOBH IUIaCTUYHOCTI. [liT yMOBaMHU CTaTHKH PO3YMIEMO BHpa3H, OJepiKaHi
NPU CTATUYHOMY PO3pPaxyHKy apKH, sIKi JO3BOJISIOTH BU3HAYUTH MOMEHT 1 TIO3I0BXKHIO CHITY Y
Oymb sikomy mepepizi [13]. YMOBHM mutacTHYHOCTI JUIsl JBOTABPOBOIO Iepepi3y 3amucaHi i3
BpaxyBaHHSAM 3THHAJIBHONO MOMEHTY 1 MO310BXKHBOI cuu B podoti [10]. Ili ymoBH MaroTh
Pi3HMI BUIJISA B 3aJIEKHOCTI BiJl TOJIOKEHHS LIEHTPY 3TUHY MEpepizy — y MeKax BepXHbOI Ui
HIOKHBOI TIOJUIN, a00 Yy MeXax CTIHKH JBOTaBpa. ToMy Mpu po3B’si3aHHI 3a/1a4l 3HAXOMKECHHS
IPaHWYHOTO HABAaHTAKEHHS JUIS apKW Ha KOXKHIM iTeparii moTpiOHO BUKOPHCTOBYBAaTH YMOBH
IJIACTUYHOCTI BIAMOBIIHO 70 TOJOXKEHHS IEHTPY 3ruHy. L{i1hoBOIO (QyHKIIEO 3amadl €
3HAUYEHHS TPAaHUYHOTO HABAHTA)KEHHS, 3MIHHUMH IPOEKTY € KOOpJAMHATA Mepepizy « , SKHUii
MePEXOUTh Y IUIACTUYHUHN CTaH 1 KOOpAMHATA EHTPY 3ruHy mepepidy. Jlo oOMexeHb 3amadi
BIZTHOCSTBCS PIBHSHHS CTAaTUKH, YMOBH IUIACTUYHOCTI, (Pi3WYHI XapaKTEPUCTHKH MaTepialiB.
Takox HakIagar0ThCs OOMEXEHHS Ha 3HAYCHHSI KOOPAMHATH TIEpepi3y 1 IEHTPY 3TUHY.

Jlns iBOIIapHIpHOT apKu MOCTIHHOT )KOPCTKOCTI 3a1a4a 3anucyeTbes y Burisiai (1). Y upomy
Bupasi mosHadeno; M, i N, — rpanuunHi MOMEHT i IO3IOBXHS CHia y Hepepisi, skmii

NIEPEHILOB Y IUIACTUYHMI cTaH; H — ropu3oHTansHa ONopHa peakilisi apKu, sika BH3HAYA€ThCS 32
meromom cii; N, i N{ —3ycuust y HiokHil i BepxHiii apMatypi.
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M)

(2)

g — min;
afl® oo - .
Mb:E Z_R cos’a |-H(Rsina—R+ f);

N, =—gRcos’ @ —Hsing;

LEHTp 3rHHy y BepxHill momuui gsoraspa h/2 <y <(h,+h/2):

N, =-o,b, (g+ h, —yj+aty{b1h1 +th+b2(y—gﬂ— N.+Ng;

b, (h ? + b,(  hY
szacy?{§+h2—yj +aty{b1hl(hlz +yj+thy+ (y——j }r

+ Ns’(h2 —a’+g—yj+ Ns(hl—a+2+ yj— N,Y;

LIEHTp 3rMHy Y CTiHI{ aBoTaBpa —h/2 <y <h/2:

Nb:—acy{bzhz+t(g—yﬂ+aty[blhl+t(g+yH—N;JrNs;
h+h t(h Y +h t(h Y
szac{bzhz( 5 2 —yj+5(5—y] }+aty|:b1hl(h12 +yj+5(5+yJ }L
, , h h
+Ns(h2—a+E—yj+Ns(h1—a+E+yj—be;

LEHTp 3TMHY y HIKHIi nommui asotaspa —(h, +h/2) <y <—h/2:

Nb:—acy{b2h2+th—bl(g+yﬂ ybl( +hl+yj N.+N;
oo 2500 o3 0] 220

+ NS’(h2 —a’+%—y}+ Ns(hl—a+g+ yj— N,V

ay<a<rn/2.
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[Ipu po3rasai apku 3MIHHOI JKOPCTKOCTI BBaXKAJOCs, IO 3aKOH 3MiHM MOMEHTY 1HEpIIii
MOTIEPEYHOT 0 TIepepi3y NPUNHATUN Y BUTIISAAL:

I(a)=1,sinx,

ne |, — MoMeHT iHepii momepedHOro mepepisy apku Ha 0ci CUMETPil.

Takox BBaXkajocs, IO YKOPCTKICTh MOMEPEYHOIro Mepepidy apKu, BiAMOBiAHO 10 (2),
3MIiHIOETBCSI 33 PAaXYHOK 3MiHM BHCOTH cTiHkm nsotaBpa N. Tomi (GopMmambHO JUIS apKu
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3MIHHOT J>KOPCTKOCTI €KCTpeMalibHa 3ajada 3aiuimaeTrbes y Burisigi (1). Ane motpiOHO
nam’siTaTH, 10 BUCOTa CTIHKM JBOTaBPOBOTO MEpEpi3y 3aJeKUTh BiJ HOTr0 KOOpPIMHATH,
t00T0 h=h(er). 3Baxaroun Ha 3aKOH 3MIHM MOMEHTY iHEpIl MOMEPEYHOro mepepisy

nBOTaBpa (2), st BU3HAYSHHSI BUCOTH CTIHKH MOTPIOHO PO3B’sA3aTH PIBHSHHS:

h®() + ah? (@) + bh(e) +T =0, @)

e 5:%[b1h1 +hh, +V (A +A) ;

512 BB g (a1, -a) |
o 4(blhlt+b2h2)+1iv[&(hl—a)2+As'(h2_a’)2}_lzlo sina ;
V=E/E.

Ipukaaxg 1. Po3paxyHOK apku MOCTIHHOI KOPCTKOCTI MpoiaboToM 20M 13 3MIHHOIO
CTPLIOIO iAoMY .
[Tonepeunwuii nepepi3z apku NPUHHATO Y BUIJISL ABOTABPa i3 XapaKTepUCTUKAMHU:

b =0.4a; h =024 b, =0.4n; h, =024, hy=0.84; t=0.15;
A =0.001232%; A’ =0.0006281%; a =0.03x; a'=0.03x;

o, =14500xH /2" ; o, =1300kH /M*; o, =365000kH /1’ ;

E=23.10"xH/m*; E, =2.1.10° kH/ .

Po3p’si30k 3amaui BukoHyBaBcs y makeri EXCEL 3a momomororo ¢yskiii «llomryk
pimenss». Ll ¢yHKIIS 103BONSE JOCHTH MPOCTO PO3B’SA3YyBAaTH EKCTpeMajbHI 3agadi i3
HEJHIHUMU 3aJ1€KHOCTSAMHU.

Pesynbrati po3paxyHKy apKH i3 pi3HUM 3HA4YCHHSM CTPUIM MHiAHOMY 3a JIOIOMOTOIO
EXCEL mnpencraBineno y tabm. 1 1 Ha puc. 2. JIna mopiBHSHHA y TaOMWIll TpeIcTaBIICHI
pe3yabTaT HeNiHIMHOrO po3paxyHky Takoi x apku y IIK Jlipa-CAIIP. IIpu BuxopucranHi
1K Jlipa-CAIIP Bich apku pozouBanack Ha 80 0JHAKOBUX CKIHUCHHUX €JIEMEHTIB.

Taoauns 1

Pe3ynbTaTi po3paxyHKy OBOIIAPHIPHOI apKH IMOCTIHHOT JKOPCTKOCTI

CTpiJ'Ia I'pannune Bigcraus 1o I'pannune
Hiz[ﬁOMy HABAHTAXXCHHSA nepepigy 13 | HaBaHTaXCHHII 301KHICTD
fu (EXCEL) IUIACTUKOIO (Hipa—CAHP) %
’ g, kH/™m M g, xH/™m
1 81.935 10.000 98.4 20.09
2 163.964 10.000 187.74 14.50
3 246.283 10.000 259.2 5.24
4 300.380 1.180 299.77 0.20
5 306.667 1.439 316.8 3.30
6 292.341 1.497 306.9 4,98
7 263.638 1.461 274.96 4.29
8 225.713 1.359 227.25 0.68
9 181.838 10.000 182 0.09
10 129.432 10.000 140.4 8.47
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Sk Gaummo i3 Tabm. 1, g apok i3 crpinoto migidomy 4m < f <8m y rpaHHYHOMY CTaHi
YTBOPIOKOTHCS JIBI CHMETPUYHO PO3TAIIOBAaHI IUIACTUYHI 30HM; Uit apok 1w < f <3m i

f=9m, f=10m yrBOprOETHCSA OIHA 30HA MJIACTUYHOCTI HA OCi cMMeTpii apku. 301KHICTh

IPaHUYHOTO HaBaHTAXEHHS, onepxaHoro 3a pomomoroto EXCEL i1 IIK Jlipa-CAIIP ne
3aJI0BUTBbHA JJIS TYKE TOJIOTHX apoK 1 3aI0BIJIbHA IS 1HIIUX apoK.

350
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I'pannune HaBaHTaxeHHS (, KH/M
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o

Puc. 2. 'pannvHe HaBaHTaKSHHS [T TBOIIAPHIPHOT apKH IMOCTIHHOT KOPCTKOCTI

—e—( ——(_LIRA

8 9 10

11

Crpina migitomy f, M

Ipukaan 2. Po3paxyHOK apKy 3MIHHOI )KOPCTKOCTI TPOJILOTOM 20M 13 3MIHHOIO CTPIJIOIO

migiioMy.

[Tonepeunnii mepepisz apku MPUUHATO y BUTIISAII ABOTABPA 13 XapaKTEPUCTHUKAMU:

b =0.4m; h =0.2m; b, =0.4m; h,=0.2m; hy=0.8m; t=0.15u;
A = 0.001232:%: a=0.03m; a' =0.03x:

A =0.001232x°

o, =14500kH/M*; o, =1300kH/M*; o, =365000xH /M’ ;

E=2310" kH/M*; E, =2.1.10° kH/ M*.
Pesynbratu po3paxyHKy apku npeacTaBieHi y Taoim. 2 1 Ha puc. 3.

Taoanns 2

PesynpTatu po3paxyHKy ABOIIAPHIPHOI apKH 3MiHHOT )KOPCTKOCTI

Crpina I'panuune Biacrass mo I'panuune
midiony HAaBaHTAXKEHHA | Tepepisy i3 | HABAHTAKEHHSA | 36iKHICTH
. (EXCEL) mnacrukoro | (Jlipa-CAIIP) %
’ g, xkH/m M g, kH/m
1 81.717 10.000 98.10 20.05
2 163.741 10.000 185.50 13.29
3 245.029 10.000 250.92 2.40
4 284.266 1.046 284.10 0.06
5 282.286 1.183 288.00 2.02
Copoka M. M.
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6 257.628 1.223 268.95 4.39
7 218.921 1.113 223.79 2.22
8 175.194 0.949 170.46 2.70
9 121.617 10.000 122.46 0.69

Sk 1 ns apku MOCTIHHOT AKOPCTKOCTI, JIJISl apKU 3MIHHOI KOPCTKOCTI XapaKTepHA BEJIMKA
pO30IXKHICTD pe3yibTariB, onepxkanux 3a gonomororo EXCEL i IIK Jlipa-CAIIP, misa nyxe
TIOJIOTHX apOK.

300

N
w
o

A\

200

100

I'pannune HaBaHTAXKEHHS (, KH/M
=
wv (9,
o o

0 1 2 3 4 5 6 7 8 9 10

—o—(q ——@_LIRA Crpina migiiomy f, M

Puc. 3. I'pannyHe HaBaHTa>KeHHS JUIS ABOIIAPHIPHOT apKK 3MIHHOT XKOPCTKOCTI
5 OBI'OBOPEHHHA PE3YJIBTATIB JOCJIAXKXEHDb

Posrnsnyra MeTonMka BU3HAYEHHS! TPAHUYHOTO HABAaHTAXKEHHS JJI1 CUMETPUYHHX apoOK 13
BukopuctanHs nakety EXCEL mo3Bonse mBHIKO omep)kaTH pe3ynbTar. Ane A I[bOTro
MOTPiOHO B aHATITUYHOMY BHTJISI CPOPMYBATH YMOBH CTATUKH 1 YMOBH IuIacTUYHOCTI. [Ipn
HasIBHOCTI IIMX JBOX KOMIIOHEHTIB MOXHA HIBHJKO OJEpXaTu pe3yibTar. JlaHy METOIHKY
MO’KHA PEKOMEHAYBATH JJIsl PO3PAXYHKY CUMETPUYHHUX apOYHUX CHUCTEM. Y BHIAJIKYy apoK 13
HEMETPUYHUM HAaBAHTAKEHHSAM 3ajladya CTa€ 3HAYHO CKJIaHimo0. Po3B’s30K Takoi 3amadi
MOTPiOHO MTPOBOJIUTH y JIEKiIbKA €TaIliB Ha KO)KHOMY 13 SIKUX TIOTPIOHO MIHSATH PO3PaXyHKOBY
cxemy 1 (popmyBaTu HOBI PiBHSHHS CTaTHKHU. /[ Toro, mob po3paxoByBaTH HECUMETPUYHI
apoyHi 1 pamMHI CHCTEMH TMOTPIOHO CTBOPUTH IHIIWNA AJITOPUTM 3HAXOJDKEHHS TPAHUYHOTO
HABAaHTA)XCHHA. | Takui anropuTM, Ha TyMKYy aBTOpPa, MOXHA CTBOPUTH 13 BUKOPUCTAHHSIM
METOAY CKIHYCHHX €JIEMEHTIB JIi CTaTUYHOTO pPO3paxyHKy apkKd 13 Oyab-SIKUM
HaBaHTaxeHHsM. [lepepi3, e BUHHMKAIOTHh IUIACTHYHI Jedopmarii 1 3Ha4eHHS BiJIOBITHOTO
HABaHTAKCHHSI BU3HAYAIOTHCS 13 BUKOPUCTAHHSAM YMOB IIACTUYHOCTI. [ mboro moTpioHO
HalMcaTH BIANOBIAHY HporpaMmy po3paxyHky. Jyxke mobpe mis wiei metn migxoauts 1K
ANSYS, skuit Haae MOXKIIHBICTB TTMcaTH Tiporpamu Ha APDL.

Copoka M. M.
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6 BUCHOBKHU

1. Bukopucranas EXCEL no3Bosisie 1OCHTP TNpPOCTO BHU3HAYAaTH TPaHUYHE
HaBaHTAXEHHs U1 CUMETPUYHOI apo4yHOi cHCTeMH. Ajle MOTPIOHO 3ayBaXKUTH, IO IS
Pi3HUX HaBaHTAKEHb MOTPIOHO 3aMTUCYBATH CBOi YMOBHU CTaTHUKHU, TOOTO y KO)KHOMY BUIIAJIKY
MOTPiOHO aHATITUYHO PO3PAXYBATH CTATUYHO HEBU3HAUYBAHY apKy.

2. Ilpu HecUMETPHUYHOMY 3aBaHTAXXCHHI JABOLIAPHIPHOI apKU PO3PAaXyHOK JTOBEIETHCS
BUKOHYBATH y JIBa eTanu. Ha mepmomMy eTamni BU3HAYaIOTHCs MICIIe JIe TIepepi3 MepeXoIuTh Yy
IUTACTUYHUI CTaH 1 BIAMOBIIHE HABAaHTAXEHHS, HA APYTrOMY — 3MIHHTH PO3PaXyHKOBY CXEMY
apKU 1 3amucaTy HOB1 PIBHSHHS CTaTHUKH.

3. Ilpu po3B’s3Ky eKcTpeMalbHOI 3a1adi 13 33aJaHOK TOYHICTIO BU3HAYAIOTHCS SIK
IpaHUYHE HABAaHTAXKEHHs, TaK 1 KOOpJAMHATA Mepepidy, y SIKOMY BHHUKAIOTh IJIACTUYHI
nedopmarii. TouHicTh po3paxyHKy apku MeToqoM ckindeHux enementiB y IIK Jlipa-CAIIP
3aJICKUTH B1JI CTETICHI TMCKpETH3aIlii oci apKu.

4. Sk mokasye aHami3 puc. 2 i puc. 3, HAUOUIBII ONTUMATBHUM 13 TOUKH 30py HECydoi
3IaTHOCTI apKH 13 JBOTAaBPOBUM IOTIEPEUYHUM TIEPEPI30M € CITIBBITHOIICHHS CTPLIU MigHOMY
JI0 TIPOJILOTY IO TOPiBHIOE 1/4.
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OIIIHKA BILIMBY TPIIIUH HA BOTHECTIMKICTh
3I'MHAJIBHUX 3AJII3BOBETOHHUX EJIEMEHTIB

Bacuabuenko O. B.!, laninin O. M.}, Japmodain E. A2, JIynenko T. O.!
'Hayionanvnuii ynisepcumem yusginonozo saxucmy Ypainu
2Xapxigcoka Oepacasna axademis izuuHol Kynbmypu

AHoOTamlis. 3anpornoOHOBAaHO YOOCKOHAJCHY METOAUKY PpO3PaxyHKy MeXi BOTHECTIHKOCTI
3THHAJIBHUX 3113006 TOHHUX KOHCTPYKITiH 33 HASBHOCTI B HUX TPIMIUH. Y 3B'SI3KY 3 1AM PO3TISTHYTO
MOJXKJIMB1 CIIeHapii TOSBH TPIMIWH MPH HArpiBaHHI Ta iX BIUIMB Ha BOTHECTIMKICTh HA MPUKIAIL
3TUHAJIBHOT 3a1i300eTOHHOI KOHCTpYKUii (Oanku).llokazaHo, mo SKIIO PO3PaxyHKOBa KPUTHYHA
TeMIlepaTypa apMaTypy MEHIIAa 3a KPUTHYHY TeMIeparypy OeToHy (L€ TOBOPUTh IMPO 3HAYHE
HABaHTA)KEHHS HAa KOHCTPYKIIIIO), TO TPIIIMHU B PO3TATHYTIH 30HI OETOHY YTBOPIOIOTBHCS ITiCIS
nocsrHeHHst |l cranii HampykeHo-medopmoBaHOro cTaHy. beToH 3aXxuMcHOro miapy He BCTHUTA€E
JerpaayBaTH, TTMOWHA TPILIMHM 3aIMIIAE€THCS MOCTIHHOIO 1 MeKa BOIHECTIMKOCTI PO3PaxOBYETHCS 3
ypaxyBaHHSIM TOTO, IO TOBIIMHA 3aXMCHOrO IIapy OeTOHy 3MEHIIeHa Ha TJIMOMHY PO3KPUTTS
TpIilMHM. SIKIO po3paxyHKOBa KPpUTHYHA TEMIIEpaTypa apMaTypH Oiibllla 32 KpUTUYHY TEMIIEPaTypy
0eToHy (Lle TOBOPUTH MPO HE3HAUYHE HABAHTAKEHHS HAa KOHCTPYKILIIO), TO TPIIIMHH YTBOPIOIOTHCS
BHACJTIIOK JIeTpajallii MOBEPXHEBOTrO I1apy OCTOHY. [xHs rMOUHA MOBUHHA MTOCTIHHO 301IbIYBATHCS
pasoM i3 MpOCyBaHHSAM MEXi MPOTpiBaHHS HIapy OETOHY J0 KpUTHYHOI Temmeparypu. Po3paxyHok
MeX1 BOTHECTIMKOCTI B LIbOMY BHIIQJIKY MOXKHA IIPOBOJUTH HE BPAaxOBYIOUHM YTBOpeHHs TpimuH. Ha
mijicTaBl PO3TISHYTHX TPUIYIIEHb 3alpPOIIOHOBAHO METOAWKY OI[IHKH BIUIMBY TPIIIMH Ha MEXY
BOTHECTIHKOCTI 3THMHANBHUX 3ai300€TOHHUX KOHCTPYKIIiH, siKa TOJIsArae B aHami3i MOXIUBOCTI
YTBOPEHHS BIIKPUTHX TPIIUH (YOMY CIpHUsS€ HArpiBaHHS) Ta OMiHI ix riauOwau. Ha HacTymHOMY
eTarli OLIHIOETHCS Yac MpOrpiBy mmapy OeTOHy Ha IMUOWMHY PO3KPHUTTS TPILIMHM Ta1 1 TeMIepaTypa B
TpinuHi yepe3 el dac. [lami OmMiHIOEThCSA Yac 0 HACTaHHS KPUTHYHOI TEMIIepaTypu apMaTyph Ta2
IpU NpOrpiBaHHI mapy OETOHY Bix AHA TPIIMHH A0 apMaTypH. Mexa BOTHECTIHKOCTI BU3HAYAETHCS
SIK CyMa Ta1 1 Ta2. Pe3ynpTaTu po3paxyHKiB 3a 3alpoONOHOBaHOI0 METOIUKOIO MOKa3aly, 0 HasBHICTh
BIIKPUTHX TPIIIMH y 3rHHATBHHAX 3113006 TOHHUX KOHCTPYKIIISX 3AaTHE Maibke yIIBidi 3HU3UTH IXHIO
MEXY BOTHECTIMKOCTI. 3alpOIIOHOBaHA METOAMKA Ja€ 3MOIY Yy KOXKHOMY KOHKPETHOMY BHIIAJIKY
OOIpYHTOBaHO  3ampoBaJKyBaTH 3aXxOAW IIOAO MiJBUINEHHS BOTHECTIMKOCTI  3THHAJIBHHUX
3113006 TOHHUX KOHCTPYKITIH IIUITXOM 3aCTOCYBAaHHS ISl HUX BOTHE3aXHCHUX MTOKPUTTIB.

KuiouoBi ciioBa: Mexa BOTHECTIMKOCTI, KpUTUYHA TEMIIEpATypa, YTBOPECHHS TPINUH y OCTOHI,
PO3KPHUTTS TPILIIH

ESTIMATION OF INFLUENCE OF CRACKS IN BENDING
REINFORCED CONCRETE ELEMENTS ON THEIR FIRE
RESISTANCE

O. Vasilchenkot, O. Danilin!, E. Darmofal?, T. Lutsenko!
!National University of Civil Defence of Ukraine
Kharkiv State Academy of Physical Culture

Abstract. The paper considers possible scenarios of cracking during heating and their impact on
fire resistance using the example of a bending reinforced concrete structure (beam). It is shown that if
the calculated critical temperature of reinforcement is less than the critical temperature of concrete
(this indicates a significant load on the structure), then cracks in the tensile zone of concrete are
formed after reaching the second stage of the stress-strain state. The concrete of the protective layer
does not have time to degrade, the depth of the crack remains constant, and the fire resistance limit is

Bacunpuenxko O. B., laninin O. M., lapmogan E. A., JIynenko T. O.
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calculated taking into account that the thickness of the protective layer of concrete is reduced by the
depth of the crack opening. If the calculated critical temperature of the reinforcement is greater than
the critical temperature of the concrete (this indicates a slight load on the structure), then cracks are
formed as a result of the degradation of the surface layer of concrete. Their depth should constantly
increase with the progression of the concrete layer heating to the critical temperature. In this case, the
calculation of the fire resistance limit can be performed without taking into account the formation of
cracks. Based on the considered assumptions, a methodology for assessing the impact of cracks on the
fire resistance limit of bending reinforced concrete structures is proposed, which consists in analyzing
the possibility of open cracks (which is facilitated by heating) and estimating their depth. At the next
stage, the heating time of the concrete layer to the crack opening depth ta; and the temperature in the
crack after this time are estimated. Next, the time until the critical temperature of the reinforcement ta»
is estimated when the concrete layer is heated from the bottom of the crack to the reinforcement. The
fire resistance limit is defined as the sum of 1) and 1a2. The results of the calculations according to the
proposed methodology showed that the presence of open cracks in bending reinforced concrete
structures can almost halve the fire resistance limit.

Keywords: fire resistance limit, critical temperature, cracking in concrete, crack opening in
concrete.

Bacunpuenxko O. B., laninin O. M., lapmogan E. A., JIynenko T. O.
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1 BCTYII

VY npomuciioBux OyIWHKaX 13 3a71i300€TOHHUM KapKacoM IS TiITBEPHKEHHS iX CTYICHS
BOTHECTIMKOCTI OOOB'SI3KOBO TMPOBOAMTHCS TIEPEBIpKa MEX BOTHECTIMKOCTI OCHOBHHUX
KOHCTPYKTUBHHX e€JeMeHTIB. [Ipy IbOMy KOHCTPYKTHBHI €JIEMEHTU OyaiBelb, 110 HAJICKATh
1o noreHiiiHo HeOesnmeuHux 00'ekTiB (ITHO) abo o6'extiB minBuimeHoi Hebesmeku (OITH),
HEOOXIJTHO MEpPEeBIPATH 3 ypaxXyBaHHSIM MOXJIMBUX MO€THAHb OCOOIMBUX HaBaHTaXCHb a00
1HIIMX HeraTuBHUX (hakTopiB. Jlo 0COONMMBUX HaBaHTa)XE€Hb, HACTINKU SKHUX 37aTHI 3pOOHTH
JIOMaTKOBUW BIUIMB HA BOTHECTIMKICTh, MOXXHA BIAHECTHM BHOYXH, IO BUKIHUKAIOThH
neopmariito KOHCTPYKLIH, pi3HI HaAHOPMATHBHI MEXaHIYHI BIUIMBH. TakoX He MOXKHA
CKHJIaTH 3 PaxyHKIB BIUIMB KOPO3ii.

Vei mi (akropu BILIMBAIOTH HA CTiHKiCTh OymiBeNbHHX KOHCTPYKIiH. IX morpi6HO
nepenpbavaTu Mg 4dac mpoekTyBaHHs OymiBenb OITH, a Takox BpaxoByBaTH IIij dac
oOcTekeHHsT OyJiBenb IMICHs aBapii Ui MPOTHO3YBAHHS MOMJIMBOCTI  MMOJANIBIION
eKCIuTyaTarti.

ExcniepumeHTanbHi METOIM BU3HAUEHHS BOTHECTIMKOCTI 3a1i300€TOHHMX KOHCTPYKIIIH
HE 3aBXKIU MPUAATHI, O-TIepIIe, Yepe3 MacmTaOHui (GakTop; mo-apyre, i yac 0OCTSKEHHS
B)KE€ ICHYIOUHX CIIOPYII; MO-TPETE, Yepe3 HEMOXIIUBICTh BIATBOPUTH HETaTHBHI BIUIMBH Ta iX
noeaHanHs. ToMmy BEJNMKOTO 3HAueHHS Ha0yBalOTh PO3PaxXyHKOBI METOAM BHU3HAYCHHS
BOTHECTIMKOCTI, B SKHX MOXHa CHnpoOyBaTH BpaxyBaTH SKII0O HE BCI, TO Xoya O
HalBaXKIMBilI (aKTOpH, 110 BIUIMBAIOTH Ha pe3ynbTart [1, 2].

OmHuM 13 TakuX BaXJIWBHX (PaKTOpIB € HaAsABHICTH TpimmH. Hebe3meka 3HAYHUX SIK
TPUBAJIMX, TaK 1 KOPOTKOYACHUX Jedopmaliil 3a1i300€TOHHUX KOHCTPYKLIN CKIIATAa€eThCs B
TOMY, 10 BOHU BHUKIWKAIOTh YTBOPEHHS 1 PO3KPHUTTS TPINMH B OeTOHI. TakoX TpIIWHU
MOXYTh YTBOPIOBATHCS BHACIIJOK KOpo3ii 6eTony. [Iporiecu yTBOpeHHS Ta pO3BUTKY TPILIMH
yCYryOJIIIOTh BITUB BHCOKOI TEMIIEPATYpPH M1 yac moxexi [3, 4].

Metoau po3paxyHKY BOTHECTIMKOCTI, IO BHUKOPUCTOBYIOTHCS, HE BpPaXOBYIOThH
MOJJIMBOTO BIUIMBY TPIIIMH HAa OTPUMAaHHUU pe3yibTar. AJie SKIIO BIUIMB iCHYE, HOTO HE
MOYKHA ITHOPYBaTH.

Takum YMHOM, aKTyaJbHOIO TPOOJIEMOIO € HEBpPaxyBaHHs HAsSBHOCTI TPINIUH B
3a11300€TOHHUX KOHCTPYKLISAX TPH PO3paxyHKy iX Mex BorHecTtiiikocti. Llg mpobimema
3arOCTPIOETHCS TIPH OIIHIOBAHHI BOTHECTIHKOCTI 3a1i300€TOHHUX KOHCTPYKIIM B peaTbHUX
YMOBaX, OCOOJIMBO KOJHM KOHCTPYKLIi NMpH eKcIuTyaTauii MifgaBalucs BIUIMBY KOpO3il 4H
OyJM TIOIIKOJ/KEHI BHACIHIIOK ynapy abo BuUOyxy. Po3poOieHHsT METOny pO3paxyHKY MExi
BOTHECTIMKOCTI 3aJ11300€TOHHUX KOHCTPYKIIii, SIKW BpaxoByBaB OW HasIBHICTh y HUX TPILIUH,
Jano 0 3MOTy TOYHIINIE OIIHIOBAaTH CTiMKicTh KOoHCTpyKui OITH Ha BUmagok moxexi i,
BIAIIOBIAHO, IIABUCUTH 1X HAAIWHICTD.

2 AHAJIB JITEPATYPHUX JAHUX TA IOCTAHOBKA ITPOBJIEMH

Meron OIIIHKM BOTHECTIHKOCTI 3aCHOBAaHMM Ha KJIACHMYHIM METOIUIIl PO3paxyHKY
KOHCTPYKLIi 32 TpPaHUYHUM CTaHOM, KOJIH ii Hecy4a 3IaTHICTh MiJ Ji€10 BUCOKOI TeMIepaTypu
3HIDKYETHCS JI0 BEJIMUMHHA POOOYOro HaBaHTaxeHHs [1, 2]. BBaxkaeThcs, 1m0 U1l 3STUHATIBHUAX
3a1i300€TOHHUX €JIEMEHTIB MIIHICTh B OCHOBHOMY 3a0€3Me4yeThbCs CTaHOM CTalleBOi
apMaTypu. Y CTaTHYHIN YaCTHHI pO3PaXxyHKY BH3HAYAE€THCS KPUTHYHA TEMIIEpaTypa CTajieBol
apMaTypH, a TeIJIOTEXHIYHIH — Yac, MPOTATOM SIKOTO JOCSATAETHCS I KpUTHYHA TeMIepaTypa,
IpY IPOTPiBaHHI 3aXMCHOTO 1Iapy OETOHY.

Mera Takoro po3paxyHKy — SKHAWOUIbIIe HAOMHM3UTHUCA N0 EKCIEPUMEHTAIBHOTO
BU3HAUEHHSI MEX1 BOTHECTIMKOCTI 3alli300€TOHHOTO 3THHAIBLHOTO €leMEeHTa, AKOu 1e Oyio
MOYJIMBO. 3iCTaBJICHHS PE3yJbTAaTiB EKCIEPUMEHTATBHOTO Ta TEOPSTUYHOTO BHU3HAYCHHS
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MeX1 BOTHECTIMKOCTI B pi3HHX poOorax [2, 5, 6] moka3ye, 110 TOBHHM 30ir HE JOCATAETHCA.
[lpyumHOIO 1HOrO MOXKHA HAa3BaTH HEMOXIIHMBICTE TeEpeI0aYuTH TPH TEOPETHUYHUX
po3paxyHKax yci 0COOJMBOCTI AIMCHOTO CTaHy JOCHIIKYyBaHHMX 3paskiB. Tyr Hacammepen
Ma€ThCS Ha yBa3l HASBHICTh PI3HUX HEIOCKOHAJIOCTEH y peajbHUX 3a1300€TOHHHX 3pa3Kax,
10 HE MiJAI0ThCS TOYHOMY 00MiKy. ONHI€I0 3 TAaKUX HEOCKOHANIOCTEH, SIKi, MPOTE, MOKHA
MIEBHOIO MIPOIO MepeI0aYnTH, € HAABHICTh TPIIIKH.

ABapiifHe yTBOpEHHS TPILIMH Y 3a]1i300€TOHHMX KOHCTPYKIIAX MOXe BigOyBaTucs
BHACIIIOK 200 MEXaHIYHOTO BIUIMBY, 200 TEIJIOBOTO (KOJIM TeMIiepaTrypa OCTOHY MEPEBUINYE
KPUTHUYHY) a00 IpH MOEAHAHHI IUX (PaKTOPIB.

[Ipn MexaHIYHOMY BIUIMBI TPIIIMHU TIOYHWHAIOTH YTBOPIOBATHUCS Y PO3TATHYTIH 30HI
OCTOHY 3TMHAIBHOTO eleMeHTa micist aocsrHeHHs |l crazaii HampyxeHo-nedopMoBaHOTO
crany [7, 8, 9]. 3 momanbmiM 30UTBIICHHSIM HaBaHTAXXCHHS BIIOYBA€ThCS 3POCTAaHHS Ta
PO3KpUTTS TpiuH. Y poboTax [4, 7] 3a3Ha4eHO, M0 y BAXKKOMY OETOHI TPILIMHU IIHPHHOIO
1 MM mommupioroThecsi B rauOuHy Ha 10-20 MM. AJle B 1muxX poOOoTax po3rIILnanocsl TiIbKH
YTBOPEHHS TPIILIMH MPH MEPEBaHTAXKECHHI 3pa3KiB Y HOPMAJIBHUX YMOBAX 1 HE PO3TIISIAETHCA
BIUIMB HarpiBaHHS Ha IIel Tporec.

[Tpu TennoBoMy BIUIMBI TPIIIMHU B 3a11300€TOHHUX KOHCTPYKIIISIX YTBOPIOIOTHCS MiCIsS
JIOCSITHEHHSI KPUTUYHOI TeMnepaTrypu 0eToHy ther. [ OeToHY 3 CHIIIKaTHUM HallOBHIOBaYEM
e npubauzno 575 °C (o BiAnoBigae momMopGHOMY CTPYKTYpHOMY Iepexony B-KBapiy B
a-kBapi) [10]. ¥V poGoti [11] moka3aHo, IO Take MEPETBOPEHHSI BUKIMKAE JCTpajallito
MIOBEPXHEBOT'0 IIapy OETOHY, IO MPOSIBISETHCS Y MOSIBI CITKM TPILIMH HA MOTO MOBEPXHI.
Takox BKa3zaHO, IO TIOAATKOBOIO MPUIMHOIO IIHOTO € 30UTBIIEHHS BHYTPIIITHIX HAIPYXKEHB K
MK KOMIIOHEHTaMU OETOHY, TaK 1 MiXK 3¢pHaMH LIEMEHTHOT'O KaMeHI0. AJie B LIl poOOTI KpiM
TeMITEpaTypy HE PO3TIISIHYTO OJAHOYACHUH BIUIMB MEXaHIYHOTO HAaBAaHTAXKEHHS HA 3pa3KH, 10
BUNIPOOyBanuCch. | TOMy € MiACTaBM NPUITYCTUTH, IO Y 3pa3Kax CIOCTEpiragocs JUIIe
YTBOPEHHS TPIIIMH HA TIOBEPXHI OETOHY 0€3 X PO3KPHUTTS.

TakuM YHHOM, HEBUPIIICHOIO YAaCTUHOIO MPOOJIEMH € BHU3HAYEHHS OCOOJIMBOCTEH
YTBOPEHHS TPIIIMH B 3TMHANBHIHN 3a/1i300€TOHHINH KOHCTPYKIIi IPHU OJHOYACHIH Iii BUCOKO]
TEMIIepaTypyu 1 HABaHTA)XEHHS B AaCMEKTi 3'ACyBaHHS CTYNEHS BIUIMBY LMX TPIIIMH Ha
PO3paxyHOK MEKi BOTHECTIMKOCTI KOHCTPYKIIii.

3 LI TA 3AJIAYI JOCJIIIYKEHHS

Meroio pobOTH € YIOCKOHAJICHHS METOJUKH PO3PAXyHKY MEXi BOTHECTIHKOCTI
3TUHAIBHOI 3a11300€TOHHOI KOHCTPYKIIT 3 YpaxyBaHHSM MOXKJIMBOCTI YTBOPEHHS B Hiii
TPIIIHH.

J5ist MOCATHEHHS. METH JOCTIKEHHST HEOOX1THO BUPIIIUTH HACTYITHI 3aBIAHHS:

1. IIpoananizyBaT OCOOJIMBOCTI YTBOPEHHSI TPIIIUH Yy 3rUHAJIBLHOMY 3al1i300€TOHHOMY
€JIEMEHTI B 3aJIEKHOCTI BiJl CHIBBIIHOIIEHHS MK KPUTHUYHHUMH TeMIIepaTypamMH OCTOHY Ta
CTAJIEBOI apMaTypH.

2. 3anpomoHyBaTH YJOCKOHAJEHHH croci®d ypaxyBaHHS IIBUIKOCTI IPOTpPiBaHHS
3aXHCHOTO MIapy OCTOHY 3aJIeXKHO BiJ MEXaHI3My YTBOPEHHS TPIIIHH.

3. [lepeBipuTH 3anPONIOHOBAHUI yOCKOHAJICHH CIIOCIO po3paxyHKy BOTHECTIHKOCTI Ha
MIPUKJIAJi 3THHAIBHOTO 3a11300€TOHHOTO €JIEMEHTA 3 TPIIUHAMU.

4  AHAJI3 OCOBJIMBOCTEM YTBOPEHHS TPIIIVH Y
3I'NHAJIBHOMY 3AJII3BOBETOHHOMY EJIEMEHTI

PosrnsiHemMo 11e 3aBAaHHS HA TPHUKJIAAl 3THHAIBHOI 3ai300€TOHHOI KOHCTPYKINi. Sk
00'€eKT JOCHIKEHHS 3'SICYEMO BIUIMB TPILMH, 1[0 YTBOPWJIKCS B 3ai300€TOHHIN Oanmi 3
PI3HUX MPUYUH HA PO3PAXYHKOBY MEXY BOTHECTIHKOCTI.
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SIKII0 MPUMYCTUTH, IO B MICI{i PO3KPHUTOI TPIIIMHU TOBIIMHA 3aXHCHOTO IIapy OETOHY
3MEHIIIYETHCSA, TO B IbOMY MICIII 3MEHIIUTHCA 1 4Yac MPOTPiBY CTajeBOi apMmaTypu 0
KPUTUYHOI TeMIepaTypH, KOJIM YTBOPIOETHCS IUIACTUYHUN mIapHip 1 BigOyBaeTbcs
pyHHYBaHHS 3THHAIBHOI 3a11300€TOHHOT KOHCTPYKINi. TyT MOXJIMBI /Ba CIieHapii pO3BUTKY
HOJIiH:

1) sKmO po3paxyHKOBa KpPUTHYHA Temreparypa apmatypu Menma 3a 575°C (ue
TOBOPHTH MPO 3HAYHE HABAHTAXKCHHSI HA KOHCTPYKIIIIO), TO TPIITUHHY (SIKIIIO BOHU HE BUHUKIIN
paHiiie) MOXYTh YTBOPIOBATHUCS B PO3TATHYTIA 30HI OC€TOHY TIIBKM Micis mocsrHeHHs |l
CTaJii HampyXeHo-1e(OPMOBAHOTO CTaHy. B 1IbOMy BHUIIaJKy MOKHA MPUITYCTHTH, 1110 3a 4ac,
HEOOXITHUW JJIsI TIPOTPIBaHHS CTajeBOI apMaTypW 10 KPHUTHYHOI TeMIepaTrypH, OETOH
3aXMCHOTO IIapy HE BCTUTAE JICTPAAYBaTH 1 INIMOMHA TPILMHU 3aJMIIAEThes ocTiiiHo0. Toxi
HEOOXITHO MPOBECTH PO3PAXyHOK HA PO3KPUTTS TPINIMH Ta 3 MPHUNYIIECHHS, IO TIUOWHA
PO3KPHUTTSl TPIIIMHU 3aleKuTh Bif 11 mmpuHd K here= (10...20)-8cre, 00UMCIUTH MEKY
BOTHECTINKOCTI 3 ypaxyBaHHSM TOTO, IO TOBIIMHA 3aXMCHOTO IIapy OCTOHY 3MCHIIIEHA Ha
[JIMOMHY PO3KPUTTS TPIIIKMHY;

2) SKIIO pO3paxyHKOBa KPHUTHYHA TeMmIeparypa apmarypu Oinbma 3a 575 °C (ue
TOBOPUTh TMPO HE3HAUYHE HABAHTAXKEHHS Ha KOHCTPYKLIIO), TO TPIIIMHK MOXYTb
YTBOPIOBATHCS BHACIIZIOK Jerpasjallii MOBEpXHEBOTO Mapy OETOHY. IXHs THOMHA NOBMHHA
NOCTIHO 30UIBIIYBATUCS Pa3oM 13 MPOCYBAaHHSIM MeEXi NpOrpiBaHHA wIapy OETOHY [0
KPUTHYHOI TeMriepaTypu. MO’KHa HaBiTh OYIKYBaTH, IO INBHJKICTE PO3BUTKY TPIIIHMH
NEepeBUIlyBaTUME ULIBHJKICTh IPOCYBAaHHS MEXI MPOrpiBaHHSA OETOHY OO0 KPUTHYHOI
TEMIIEpaTypy, OCKUIbKH TEPMIYHUH OMip y palloHl CTIHOK TPIIIMHA MEHIIUH, HIX BIiJI
NOBEPXHI 3a11300€TOHHOI KOHCTpYKIii. TakuM HUIIXOM MOXe BigOyBaTHCS PO3BUTOK BXKE
ICHYIOUHX TPIIIKH, 0 YTBOPWJIMCS paHime. TUM HE MEHII, PO3KPUTTS TPIIIHUH (SKIIO BOHO
BiZIOYBaTUMETHCSI) HABPSII YM Ma€ BIUIMBATU AK (AKTOp HA MIBUAKICTH MPOTPiBY 3aXHUCHOTO
mapy OCTOHY, OCKITBKM BOHO Y I[bOMY BHNAAKY Oyne BTOpHHHUM. ToOTO, KOJM TPIITUHU
YTBOPIOIOTbCA 1 PO3KPHUBAIOTBCA IO Mipi NpOrpiBaHHA OETOHY, TO PO3TPICKYBaHHS WHje
MOCTYIIOBO (ITOIIApPOBO) OJJTHOYACHO 3 MPOrPiBaHHSAM OCTOHY /10 KPUTHYHOI TeMIIepaTypH, 1y
[[OMY BHIAJKy TPIIIMHOYTBOPEHHSI HE BIUTUBAE HA IIBUJIKICTH MPOTpiBy. Takum YuHOM, y
PO3TISIHYTOMY BHIIAIKy TOBIMHA 3aXMCHOTO Iapy OeToHy Oyze Oe3repepBHO 3MEHIITYBAaTUCS
Ha TTUOMHY PO3BUTKY TPIIIMHHU Pa3oM 3 MIApOM, IO MPOTPIBAETHCS, 1 TPIIIMHOYTBOPEHHS HE
MMOBMHHO BPaXxOBYBATUCS MPU PO3PAXYHKY MEXKi BOTHECTIHKOCTI.

Takox, y3araqpHIOIOYH O0H/IBA CIIEHAPil, MOXKHA JIHTH BUCHOBKY, IO SKIIO 0 MOYATKY
BOTHEBOTO BIUIMBY TPINIMH Yy 3aXMCHOMY Iapi OETOHY 3THHAJBLHOTO 3aj1i300€TOHHOTO
ejeMeHTa He 0yJ10, TO Mij Yac po3paxyHKy MEKi BOTHECTIHKOCTI HEMAa€ CEHCY BPaxOBYBAaTH
3MEHIICHHS TOBIIUHH 3aXHUCHOTO 1Iapy OETOHY, TOMY IIO HA MOMEHT YTBOPEHHS TPIIIMH i
Iap y’ke MOXXHa BBXKaTH JJOCUTH IIPOTPITHM.

5 YAOCKOHAJIEHHA METOJUKH PO3PAXYHKY MEXKI
BOT'HECTIMKOCTI 3rHHAJIBHOI 3AJII30OBETOHHOI KOHCTPYKIII

Po3paxyHOk MeXi BOTHECTIHKOCTI 3TMHAJBHOI 3alli300€TOHHOI KOHCTPYKIIi 3
ypaxyBaHHSIM MOXKJIMBOCTI YTBOPEHHS Ta PO3KPHUTTS TPIIIMH MPOIOHYETHCS BUKOHATH 32
METOJIOM, 1[0 BUPAKAETHCS B HACTYITHIN MOCITOBHOCTI:

1. BusnaueHHs1 KpUTUYHOT TEMIIEPATYPH apMaTypH IPH BIATIOBIAHOMY HaBaHTa)KEHHI.

2. BuzHa4yeHHs MHUPUHU TPILIMH, 10 PO3KPUIIMCS IPU HArpiBaHHi, Ta OLIHKA iX TITHOHHU.
SIKI10 pO3KPUTI TPIMIMHA YTBOPUIIUCS IO HATPiBaHHS, CIIIJI IEPEUTH 10 TIYHKTY 5.

3. BusHayeHHs Yacy MNpOTrpiBaHHS 3aXMCHOTO HIapy OCTOHY Ha TIHOMHY PO3KPUTTS
TPIIIUHHU.

4. BusHaueHHs TeMIepaTypH B TPIIIKHI 3a Yac MPOTPiBaHHS 3aXMCHOTO Iapy OeTOHy Ha
il rInouHy.
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5. BusHaveHHs 4acy MpOrpiBaHHS 10 KPUTHYHOI TEMIIEpaTypu apMaTypH 3aJUIIKOBOTO
mapy 6eToHy (Bi THA TPIITUHU 10 apMaTypH).

6. BuzHaueHHs Mei BOTHECTIHKOCTI SIK CyMH 4YaciB 3a MyHKTaMH 3 Ta 5.

3acTocyeMO 3alpOTIOHOBAHHMI METOJI PO3paxyHKy MEKI BOTHECTIMKOCTI Ha MPHKIaIi
3amizo0eTonHo1 Oanku mepepizom 0,7x0,3 M 3 ToBmMHOIO 3axucHoro mapy as=0,035m 3
o6erony B25 (Rp=14,5 MIla) i3 cuiikaTHUM HAIlOBHIOBAaYe€M 31 CTaJIEBOI0 apMaTypoio B
po3tsrHyTiii 30HI 8018 A400C Ta B ctucHyTii 30HI — 4018 A400C (Rs=340 MIla). banka
PIBHOMIPHO HaBaHTa)XKEHA I10 YCiil TOBXUHI.

3riiHO MONEPEIHbOMY aHAJI3y PO3IJIAAAETHCS BUIANOK, KOJM HAaBAaHTAXEHHS, 33 SIKUM
YTBOPIOETHCS 3TMHAIBHUN MOMEHT, MiJOUPAEThCS TaKUM, II00 PO3paXyHKOBAa KPUTHUYHA
TeMIiepatypa apmatypu He nepesuiryBaia 575 °C. Takox 10 yBaru OepeThbCsl IPHUITYIIECHHS,
IO TPIIIMHM B 3aXHUCHOMY IIapi OCTOHY PpO3KPHBAIOTHCA TUIBKH, KOJIM MOTO IMOBEPXHS
MPOTPIETHCS HA TIEBHY TIMOUHY 10 KPUTUIHOI TEeMIIepaTypu OETOHY.

3a UMM yMOBaMHM BUKOHYETbCA pO3pPaxXyHOK MexXi 3anmiz00eToHHOi Oanku 3
ypaxyBaHHSIM MOKIMBOCTI YTBOPEHHS Ta PO3KPUTTS TPIILUH 3a 3allPOIIOHOBAHUM METOIOM.

1. Kpurnuna temnepaTypa apmarypu lser BHU3HAYaeTbcs TAaOMUYHO Ha OCHOBI
CHIBBIIHOIIIEHHS:

M

" Rs A hy(1-058)’ @)

ne yst — KOeQiieHT 3HMKEHHS onopy craii; M, — 3ruHajbHUA MOMEHT Oallku B CepeluH1
PONLOTY; As — TIJIONIA Hepepi3y apMaTypH B PO3TATHYTii 30Hi, As=20,36 cM?; & — koedilieHT
BIJIHOCHOT BUCOTH CTHUCHYTO1 30HU OETOHY.

Merka BOTHECTIMKOCTI 3a/1i300€TOHHOI Oanku 0e3 ypaxyBaHHS TPIIIMH BU3HAYAETHCS 31
CITIBBITHOIIICHHS 32 [7]:

k a, +X t -t

2\jab’e _t3_t4’ @

ne k — koedimieHT rycTHHH OETOHY; ap — KOe]iIliEHT TEMITEPaTypOIPOBITHOCTI OETOHY; X = as
— TOBILIMHA 3aXHCHOrO Iapy; 0=ts — Mexa BorHecTidkocTi; t1=t| Ta t3=t| — Temmneparypa
crangaptoi moxkexi, 1=1250 °C; tr=tser — kpuTmuHa TemmepaTypa apmarypu; U=ty —
OoYaTKOBa TeMIIepaTypa Ha MOBEPXHI, 110 00irpiBaeThes, to=20 °C.

2. lllupuna po3KPUTTS TPIITUH Acrc 0OUUCITIOETHCS 32 [7]:

erf

GS
Ay, = WPZ%WE—% | 3)

S

ne e1=1, @2=1, @3=1 — koedimieHTH, MO 3aJeKaTh BiJl TPUBAJIOCTI /il HABAaHTAXXEHHS, BUIY
apMaTypH, BUIy HaBaHTaxeHHs; Es — Mmoaynb npyxHocTi, Es=210000 MIla; g5 — HanpyxeHHs
B MTO3/IOBXKHIN PO3TATHYTIM apMaTypi:

o=, 0
z, (A +A)

e Zs — BIACTaHb BiJ LEHTPY TSOKIHHS PO3TATHYTOI apMaTypu 1O TOYKHM MPHUKIaJaHHS
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PIBHOJIMHOI 3yCHIIb Y CTUCHYTIH 30H1 enieMenTa, Zs=0,5 m; A’s — mtoma nepepizy apMaTypH B
cTucHyTiit 30mHi, A's=10,18 cM?, Y — KoedillieHT, MO BPAXOBYe HEPIBHOMIPHMHA PO3IIOIIT
BIZTHOCHHX Jie(hopMalliii po3TArHYTOI apMaTypH MiX TpillMHAMU B OETOHI:

y =20 3,5—100% , (5)

ne b — mumpuna 6anku; ho — KoprucHa TOBIIHHA GETOHY.

3. Yac mporpiBanHs mapy O€TOHY Ha TTUOMHY PO3KPUTTS TPIIIMHU TAl BU3HAYAETHCH,
BUXOJSYH 31 CIIBBITHOIICHHS (2), A€ X=0 — TpaHUIls MPOTpiBy O€TOHY 710 TeMriepaTypu lncr;
0=ta1; t1=t| Ta ts3=t) ; t>=tper — KpuTHUHA TeMIEpaTypa 6eTony, ther=575 °C; t4=to.

4. Temneparypa B TpiumHi {a1 3a 4ac mporpiBaHHS 3aXHCHOrO Imapy OeToHy Ha ii
ITIMOMHY TAl BU3HAYAETHCA 32 (POPMYIIOIO:

t, =345lg(8t,, +1)+t,. (6)

5. Yac mporpiBaHHs Ta2 10 KPUTUYHOI TEMIIEpaTypu apMarypu tser mapy Oetony Aa (Big
JTHA TPIIIMHYU JI0 apMaTypH) BUSHAYAETHCS, BUXOIYM 31 CHiBBiAHOMIEHHS (2), 16 X=Aa=as—o;
0=ta2; t1=ta1; to=tser; ta3=t; ta=ta.

6. Mexy BOTHECTIHKOCTI 3THHAJIBHOI 3a1i300€TOHHOI KOHCTPYKIIi 3 ypaxyBaHHSIM
PO3KPUTTS TPIIIUH Ts.cr MO’KHA BU3HAUUTH SK:

Ts.cr=Ta1tTA2. (7)

Jnst 06paHoi Oanku po3paxoBaHO 3a 3aIPOMOHOBAHUM METOJOM 3AJIEKHO BiJl BETUYUHU
3TUHAJILHOTO MOMEHTY IIUPHHY PO3KPHUTTS TPIIIMH, KPUTHYHY TEMIEpaTypy apMaTypH i
MEKY BOTHECTIMKOCTI 6€3 ypaXyBaHHS TPILUH.

Po3paxyHkn MeXi BOTHECTIMKOCTI 3  ypaxyBaHHSM TpIIIMH, BHUKOHAHO 3a
3aMpOTNIOHOBAaHUM METOJIOM 3a BHITAJIKOM, KOJM PO3pPaxXyHKOBa KpUTHYHA TEMIEparypa
apMmaTypu MeHma 3a 575 °C. Ix BUKOHAHO 3 MPUIYIIEHHAM, IO TPIITMHU B 3aXHCHOMY Iapi
0ETOHY PO3KpPUBAIOTHCS TUIBKU, KOJM HOTO MOBEPXHs MPOTPIETHCS Ha MEBHY TIHMOUHY 10
KpPUTHYHOI TeMmriepaTypu OeToHy. ['TMOWHY TPIIUH MPUHAHATO 3aJEKHO BiJ iX MIUPUHU 3
nonymeHHs Nere=(10...20) acrc.

Pesynbratu po3paxyHkiB HaBeneHO B Ta0JI. 1.

Taoaunsa 1
Po3paxyHKOBi XapaKTepUCTHUKH 3aJ1i300€TOHHOT OATTKY 3aJICIKHO BiJl BETHYHUHH
3TUHAJIBHOTO MOMEHTY 1 IJIMOUHH TPIIHUH

o 3runanbHui MoMeHT, M, MH-M

HaiimeHyBaHHS XapaKTePUCTHKH 0.25 03 035
KoediuieHT 3HMKEHHS OMIOPY CTaNeBOi 060 0732 087
apMaTypH, Yst ' ' '
Kputnuna Temneparypa pododoi apmarypu, tscr, 550 506 470
°C
Meska BOTHECTIMKOCTI Oe3 ypaxyBaHHS TPillIUH, 126 108 9%
7, XB
Po3paxyHKoBa mMpHHA PO3KPUTTS TPIIIUH, Acrc, 008 010 0112
MM 1 ’ 1
Meska BOTHECTIMKOCTI IpY rIMOMHI TpinmHu 10 86 74 66
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MM, 7, XB
Meska BOTHECTIMKOCTI MY TIAHOUHI TpiluHU 15

69 59 53
MM, 7, XB
Mexka BOTHECTIMKOCTI ITpH TUOWHI TpinuHu 20

54 47 41
MM, 7, XB

Pesynpratn, HaBenmeHi B Tabu. 1, MOKa3ylOTh, IO HASBHICTh PO3KPUTHX TPILMH Y
3TUHAJLHUX  3allI300€TOHHUX  KOHCTPYKIISX 37aTHA CHUJIBHO BIUIMBaTHU Ha  IXHIO
BOTHECTINKICTB.

IIpu piBHOMIpPHOMY HaBaHTaKEHHI OalKy HAWOUIBLI HANpYXEHHS 1, BIJMOBIJTHO,
YTBOPEHHS TPINIUMH BiAOYBarOThCsA y ii cepemniil wactuHi. [llupuHa 1 rmmOuna TpimmH, a
TaKOK KPUTHYHA TEMIIEpaTypa apMaTypu 3alie)kaTh BiJ] BEIMYMHU HABAHTAKCHHS, SKE
XapaKTEePU3YETHCS BEIMUYNHOIO 3TrHHAIBHOTO MOMEHTY. Came 3 11i€i MPUYMHU 31 301TBIIICHHIM
3THHAJBHOTO MOMEHTY 3MEHIIYEThCS KPUTHYHA TEMIEparypa apMarypd, [IUpIIe
PO3KPHUBAIOTHCS TPIIIMHU Y PO3TATHYTIN 30HI OCTOHY 1 30LIBITYEThCS 1X TIMOWHA, JTOKAIBHO
3MEHIIyIouM Mmap OeToHy Ol apmaTypu, SKHi mporpiBaeThcs. Bce 1e mnpuckoproe
YTBOPEHHSI TJIACTUYHOTO IIAPHIPY B apMaTypi IpH HarpiBaHHI Ta, BiANOBIAHO, pyHHYBaHHS
Oaskm.

6 OBI'OBOPEHHS PE3YJIBTATIB JOCJ/IIKEHHSA

Po3paxynku mokazanu, mo Juisi 0OpaHOTO BHIIAIKY, KOJIH PO3PaxyHKOBAa KPUTHYHA
TeMriepatypa apmatypu MeHmma 3a 575 °C, 3HWKEHHS MEX1 BOTHECTIMKOCTI 3THHAIBHHX
3aJ11300€TOHHUX KOHCTPYKIIH 3aJIe)KHO BiJl TIMOMHU BIIKPUTUX TPIIIMH MOKHA TPUOJIU3HO
OLIHUTH 3a MOKA3HMKOM 3,0 XB-MM™' TIOPiBHSIHO 3 MEXEI0 BOTHECTIHKOCTi 03 ypaxXyBaHHS
TpiuH Ts. T00TO, 3HAIOYM TAUOMHY BIOKPUTHUX TPIIIMH B 3aXMCHOMY mIapi OeToHy
3TUHAJILHO1 3aJ11300€TOHHOT KOHCTPYKIIii, MOXHA TPUOJIM3HO OIIHUTH i1 M€Ky BOTHECTIMKOCTI
K Ts.or=Ts—3,0-Nere. L] mpubnu3Ha oIfiHKa Ma€e MEpCHeKTUBY MOJANIBIIONO TOCTIKEHHS Y
CEHCl BU3HAYCHHs KOE(DIIi€EHTYy BOTHECTIMKOCTI, IO 3aJICKUTh BiJ] CTAHY IOIIKOIKCHHS
3TUHAJIBHOI 32113006 TOHHOT KOHCTPYKIIii.

HaBeneni pe3ynpTaTd MiATBEPUKYIOTh HEOE3NEKy TIEePEBAHTAKCHHSI 3THHATBHUX
3aJ11300€TOHHUX KOHCTPYKIIii, TOMY IO II€ CIIPHYUHSE MOSBY 1 PO3KPUTTS B HUX TPIIIKH, 1110
NPU3BOJMTH 10 IIBUAIIOTO TPOTPIBAHHS 3aXUCHOTO MIapy OETOHY B MICISIX YTBOPCHHS
TpimuH. Po3paxyHku 3a 3alpOINOHOBAHOI METOAMKOIO Jal0Th 3MOTY y KOXHOMY
KOHKPETHOMY BHIAJKy OOIPYHTOBYBAaTH 3aXxOAHW IOAO MIiABUIIEHHS BOTHECTIHKOCTI
3TUHAJIBHUX 3a711300€TOHHUX KOHCTPYKIIH MIISXOM 3aCTOCYBaHHS IJISi HMX BOTHE3aXUCHUX
nokpuTTiB. KpiM TOro, Mo’kHa peKOMEHAYBAaTH y BHUIAJKaX BHUKOPHUCTAHHS 3aJ11300€TOHHUX
KOHCTPYKLINA Ha 00'eKTax MiJBUIIEHOI HEOE3MeKH JUIs 3MEHIICHHS TPIIMHOYTBOPEHHS B
3aXHCHOMY Imapi OCTOHY IiJIBHINYBAaTH WOTO IUIACTUYHICTh, 3aCTOCOBYIOYHM TPOCOYCHHS
CreliaJbHUMU TMOJIMEPHUMH CKiIafgaMu. Takoxk 3 Ii€l0 METOI0 MOXKHa NPU BUTOTOBJICHHI
BIJIMOBIIAJIbHUX 3THHAJIBHUX 3a11300€TOHHUX KOHCTPYKIIM BHKOHYBAaTH 3aXHCHUH IHap 3
¢idpobdeTony sk ykazaHo B [12].

7 BUCHOBKH

1. ¥V po0oTi po3risiHyTO 1Ba CLEHApis BIUIMBY TPIIIMH, IO YTBOPIOIOTHCS 32 PI3HUX
NPUYMH B PO3TATHYTIM 30HI OETOHY B3THHAIBHOI 3ali300€TOHHOI KOHCTPYKIli, Ha
PO3PaxyHKOBY MEXY BOTHecTiikocTi. [Toka3aHo, 1o TPillliHU MOXKYTh CYTTEBO BIUIMBATH HA
MEXY BOTHECTIMKOCTI 3THHAJIBHOI 3ai300€TOHHOI KOHCTPYKIIIi, SKII0 pPO3paxyHKOBa
KpUTHYHA TeMIepaTypa apMaTypu MeHma 3a 575 °C.

2. Y po0oTi 3anponoHOBaHO YJOCKOHAJICHY METOJIUKY PO3PaXyHKY MeX1 BOTHECTIHKOCTI
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3TUHAJIBHUX 3a1i300€TOHHUX KOHCTPYKIM 3a HAsgBHOCTI B HHX TPIIIMH, SKa BKIJIIOYAE
MIOCTYITOBE BU3HAYCHHS:

—  KPHUTUYHOI TEMIIEpaTypH apMaTypH;

—  IIAPUHU PO3KPHUTTS TPIIIMH Ta OIIHKA TTTMOMHU TPIIIKH, 10 PO3KPUITUCS;

—  Yacy mporpiBaHHS 3aXUCHOTO Mapy OCTOHY Ha TTUOWHY PO3KPHUTTS TPIIIUHH,

— TeMmmeparypd B TpIIMHI 3a Yac NPOTrpiBaHHSA 3aXUCHOTO Mmapy OeToHy Ha ii
IIIMONHY;

— yacy MporpiBaHHS J0 KPUTHUYHOI TeMIlEpaTypH apMaTypH Inapy OeTOHY BiJ THa
TPILIMHH IO apMaTypH;

—  OCTaTOYHUH pO3PaxyHOK MeXi BOTHECTIMKOCTI.

3 OuiHOYHI pO3paxyHKH TOKA3aJd, 10 3a HASBHOCTI BIAKPUTUX TPINIUH Y 3aXHUCHOMY
miapi  OETOHY BOTHECTIWKICTh 3THHAJIBHUX 3aTi300€TOHHUX KOHCTPYKIIH 3HUKYETHCS
MOPIBHSHO 3 MEXEI BOTHECTIMKOCTI 0€3 ypaxyBaHHS TPIIIMH MPUOJM3HO 332 TOKA3HUKOM
3,0 xB-MM ™! 3aJI€XKHO Bijl ITHOUHK TPIIIKH.
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