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PO CTIMKICTh OBEPTAHHS BJIbHOI CUCTEMMU JIBOX
HPYKHO 3B’A3AHUX TBEPIUX TLJI

Kononos 10. M.!

Ynemumym npuxnaonoi mamemamuxu i mexanixu Hayionanwioi akademii nayx Ypainu

AHoTtanisi. BuBeneHi piBHAHHS OOepTaHHS BUIbHOI CHCTEMH JBOX TBEPAWX T, 3’€THAHUX
MPYXKHUM c(EpUYHUM IapHipoM abo mapHipoM ['yka. Y mpuirymieHi, mo meHTp Mac TBEPIUX Till
3HaXO/UTBCS Ha TPETil TONOBHIH OCi iHepIii, BUIMCAHI PIBHSHHS 30ypeHOro pyXy pO3IIISIyBaHOI
MeXaHIYHOI CHUCTeMH y BHIIAJI BOCHMI 3BHYAaWHUX JH]epeHIiaJbHUX DIBHSHB 3 MEPiOJUUHUMHU
koedimieHTaMu. Y BUMagKy ABOX TipockomiB JlarpaHka OTPUMaHO XapaKTePUCTUYHE PIBHSHHS
yerBepToro nopsiky. Ha miacrai kputepis Jlbenapa—Illinapa, 3amucaHoro B iHHOPHOMY BHUTJISIL,
OTpUMaHi HEOOXiJIHI YMOBH CTIHKOCTiI pPIBHOMIPHHUX 00epTaHb TipockomiB Jlarpamka y BHTISII
CHCTEMH TPhOX HepaBeHCTB. [IpoBeneHi aHaIITUYHI JOCIIPKEHHS IIMX YMOBH CTiiKocTi. JloBeneHo,
IO Tepiia HepiBHICTh 3aBXKM BHKOHAHA. [3 TPeThOi HEPIBHOCTI CIIye, IO KOJIU TiPOCKONU MAIOTh
piBHI OChOBI MOMEHTH iHEpIil i 00epTalThcs 3 OMHAKOBUMHU KYTOBHMH INBHJIKOCTSIMH B pi3Hi
CTOPOHHU a0o0 BIJIICYTHS TPYXKHICTh Y MIAPHIPI, TO XapaKTEpPUCTUIHE PIBHSIHHS Ma€ KpaTHE KOPIHHA 1
MUTaHHS PO CTIMKICTh BHUMArae I0JAaTKOBUX JOCITI/KEHb. BumucaHi yMOBH CTIHKOCTI BiJHOCHO
KIHETUYHIX MOMEHTIB 1 MOKa3aHO, IO cTapiii Koe(illieHTH LUX JBOX HEPIBHOCTEH NOJMATHI 3BIIAKH
BUIUIMBAE, MO CTIMKICTh 3aBXAW OyAe MOXJIMBA IMPU JOCHTH BEITUKHUX 3HAYECHHSX OTHOTO 000 IBYX
KIHeTHYHIX MOMEHTIB. AHAJIOTIYHI BHCHOBKH OTpHMMaHi 1 y BHMaAKy mapHipa ['yka, a Takox
[IOKA3aHO, IO KOJIM TIPOCKOIM OJHAKOBI, TO XapaKTEPHUCTUYHE DPIBHAHHSA PO3MAJAEThCs Ha [Ba
piBasHHA. [lepre 1 npyre piBHSHHS OMUCYIOTHh CTIHKH BUTbHI 0O0EpPTaHHS OTHOTO TiPOCKOITA HA SIKUH
Jli€ BiTHOBIIOBAJBPHUN MOMEHT, TUTPKHA y ONHOMY 13 pIBHSHHI Tpeda 0 eKBaTOpiadhbHOrO MOMEHTY
JIOIaTH MOMEHT MAacH JPYToro ripockoma. IIpu BiACYTHOCTI MPYXKHICTE Y MAaPHIPI 3'IBISETHCS KpaTHI
HYJIBOBI KOPIHS 1 TTUTaHHS PO CTIHKICTh BUMAarae J0JaTKOBUX JOCIIKCHb.

KuaiouoBi cioBa: ButbHE oOepTaHHS TOB’S3aHOI CHCTEMH IBOX TBEPAWX T, MO MPYKHO
BiTHOBIIOE cQepudHni mIapHip, mapHip ['yka, ripockomu Jlarpanxka, piBHOMIpHe 00OepTaHHA,
ACUMITOTHYHA CTIHKICTB.

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

Yu. Kononov?
Ynstitute 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.
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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.
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1 BCTYI

Ha nanmii yac € Benuka KiTbKICTh pOOIT y SKUX JAOCHIPKYETHCS AUHAMIKA Ta CTIAKICTb
PyXy cucTeM 3B'SI3aHMX TBEepAUX TuI. JlOCUTH XOpOIIMH OrJsA IUX poOIT HaBEACHO B
moHorpadisx [1-4]. Hanpuknax po6ora [2] mictuthes 351 mocunans. B monorpadii [1] 3
€IMHUX TO3WIIH BUKIAJEHO MIAXiT 0 3aJad MPO PyX CUCTEM TBEPAHMX Til. Po3risHyTO
MOJIeNi, MO JOIMyCKaloTh PI3HOMAHITHI 3’€HAHHS TiUT Ta iX 3arajbHi MPOCTOPOBI PYXH.
Opnak, 3amadi Mpo BUIBHMKA pPyX CHCTEM TIOB'S3aHUX TBEPAMX TIT JajeKi A0 CBOTO
3aBepuIcHHs. MaOyTh, OHUMH 3 nepumx 1e Oynu podotu [5-7]. V crarri [5] BUBYaeThCs
MOJIOKEHHSI PIBHOBaru JBOX 3B’S3aHMX TBEPAMX TUT BIZHOCHO OpPOITaIbHOI CHCTEMH
KOOpJIMHAT. ABTOPOM BH3HAYEHO BC1 MTOJIOKEHHS BITHOCHOI pIBHOBAaru Ta OTpUMaHO JOCTaTHI
YMOBH  CTiKOCTi. Mojens  CymyTHUKa, MPEACTAaBICHOIO  JBOMAa  OJHAaKOBUMH
HECUMETPHUYHHUMH TLUIAMH, TIOB’SI3aHUMHU HEBAarOMHUM CTPH)KHEM, PO3TJISIIAEThCS B CTATTI [6].
Y pobori [7] Moaens CymyTHHKA TPEACTABISIETHCS CHCTEMOIO N TBEPAMX TLT 1 TipoCTaTiB,
3B's13aHUMU cheprUuHUMU HapHipaMu. [IpoBeseHo yncenbHe IHTETpyBaHHS PIBHSAHD PYyXY, L0
JI03BOJIMJIO BU3HAYUTH CTIKI BITHOCHI MOJIO’KEHHs piBHOBaru. HaBenemo mnuiie po6otu, siKi
HaWOMMXK4l 10 pO3IJIAyBaHOI y CTATTI 3aAayl. Y 3arajibHii MOCTaHOBIN 3ajada Ipo pyX y
CEpEe/IOBUIIII 3 OTOPOM BUTBHOI CHUCTEMH JBOX 3B’SI3aHHMX TBEPIMX TUT PO3TIIAIAETHCS B
monorpadii [8]. B wiii Ta y crarri [9] Haromomyerbcs, 110 B 3aJEKHOCTI BiJ BHOOPY
OCHOBHOTO TUIa OYAyTh MpenCTaBICH] Pi3HI BUAM PIBHSIHHS PYXY BUIBHOI CHCTEMHU TBEPAMX
tit. ¥ crarri [10] gocnmimkeHi HEoOXiqHI YMOBH CTIiKOCTI PIBHOMIpHHX OOEpTaHb JIBOX
BUIBHUX TipockomiB Jlarpanka 3 ieaqbHOIO0 PIAMHOIO, Ta IMOKAa3aHO, SK 3 PIBHSAHb IS
HEBUIbHOI CHCTEMH TIPOCKOIIB CIIAYIOTh PIBHSHHS JUIsi BUTbHOI cucrtemu. Pobota [11]
y3aranpHIOoi pe3ynbratu ctatTi [10] Ha Bumamok n ripockomiB Jlarpamka 3 igeasbHOIO
pimuHOo0. JIOCHKEHHS BIUIMBY JWCHIIATUBHOTO | MOCTIHHOIO MOMEHTIB Ha CTIAKICTH
pIBHOMIpHOTO 0OEpTaHHS JABOX MPYKHO 3B’S3aHUX BUIBHHX TipockoriB Jlarpanika MpoBeIeHO
y pob6orti [12]. V crarri [13] moka3aHa MOKJIMBICTH CTaOimi3allii HECTIHKOTO OOEpTaHHS Y
CEpeNIOBHINI 3 OMOpPOM Tipockomna Jlarpamwxka 3 11€aJbHOIO PIIUHOIO JIPYTHM OOEPTOBUM
ripockoroM. B po6oTi [14] po3rasgaeTbest [uHaMiKa 1 OpieHTAIlIs] TBEPIOTO Tila MPU BXO/II B
atMocdepy, IuHaMiKa 1 YIpaBJiHHA KOAKCiaTbHHUMH TIpoCTaTaMU CYNYTHHKIB Ta Oaratro
IHITMX OPUTIHAIBHUX 3aJa4 KocMiuHOi MexaHiku. B [15] mpeacraBneHuii yHiikoBaHMHA 1
nobpe po3poOSIeHWH MiAXiA M0 AWHAMIKA KYTOBHUX PYXIB TBEPAUX TUI, IO 3a3HAIOThH
MOMEHTIB 30ypeHHS pi3HOI Gi3UYHOI Tpupoau. JleTaabHO pPO3TIIANAETHCA MOisl PI3HHUX
MOMEHTIB 30ypeHb, K 30BHIIIHIX (TpaBiTalliiHUM, acpOIMHAMIYHUHN, COHSYHUI THCK), TakK i
BHYTpIIIHIX (3aBOSKM B S3KIH pIAMHI B pe3epByapax, MPYKHHM 1 B’ S3KONPYKHUM
BJIACTUBOCTAM Tida). HoBuii kiac oOepTaHb AWMHAMIYHO CHMETPUYHOTO TBEPJOTO Tila
HABKOJIO HEPYXOMOI TOYKH 3 YypaxyBaHHSM HECTAI[IOHAPHOTO 30ypIOIOYOr0 MOMEHTY 1
MOBUIbHO 3MIHHOTO 3 4acOM BIHOBIIIOIOYOTO MOMEHTY BHUBYAEThCs y poboTi [16]. B crarti
[17] po3rasiHyTO pyX HaBKOJIO LIEHTPY Mac cdepoina 3 MOPOKHUHOK, 3aIIOBHEHOIO B’S3KOO
pianHO0. MOMEHT CuIL, 10 AiI0Th Ha TUIO 3 OOKY B’SI3KOi PIAMHU B MOPOKHUHI, BUBHAYAIOTh
3a METOJHMKOK, po3poOiieHoo B poborax @. JI. YopHoychbka. ACHUMOTOTHYHHN MiIXin
JI03BOJISIE OTPUMATH JesIKi SKICHI pe3y/ibTaTH Ta ONUCATH HENIHIHHY €BOJIOLII0 KYTOBOTO
PYXY 3a JIOTIOMOTOI0 CIPOLIEHUX yCepeaHEeHUX piBHIHb. CIijl 3a3HAUUTH, 110 MaTeMaTHYHHHI
anmapar Ta METOIM [OCHIDKEHs, sKi Oyau po3pobsieHi B pobGorax [14-17], 3Haiinuim
3aCTOCYBAaHHS B 0araThboX 3ajlauyax JWHAMIKH Ta CTIAKOCTI pyXy CHCTEM 3B'S3aHMX TBEPIHX
TIN.

VY naniif cTtaTTi IpOAOBKYIOTHCS JOCHIIKEHHS CTIMKOCTI pyXy BUIBHOI CHCTEMHU JABOX
TBEPAMX, sIKi Oyam posmoyari B podorax [8-13] .

Kononos 10. M.
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2 MOCTAHOBKA 3AJJAUYIL. OCHOBHI PIBHSAHHSA

Po3risiHeMO BUTbHHIA pyX JBOX NPYKHO 3B’sI3aHUX TBEpAMX TuT Sq 1 S,. Timamu S; 1 S,
MaloTh CHUTbHY TOYKy O, . 3amuimeMo TeopeMy IMpo 3MiHYy MOMEHTY KUIBKOCTI pyXy 1
KimpkocTi pyxy mns tima S (i=1,2). Jlng mporo 3BiTbHMMOCH Bin B'A3iB B Toukax O,.
[To3naunmo vepe3 R; i L; roJoBHHMI BEKTOP 1 TOJOBHUI MOMEHT CHII peakilii B'si3i, IO IFOTh
Ha TUI0O S; 3 OOKy Tima S,. PIBHSHHS pyxXy IEHTPY Mac Ta pPIiBHAHHSA 3MIHM MOMEHTY
KUTBKOCTI pyXy Tifa S; BIJHOCHO LEHTPY Mac Tina, Touku C; maroTh Buriisif [8, 10]:

mV; =F +R; —Rj,1 1)

(Ji0) + ¢ xMV; =M + L — i,y —si xRiyy (1=12). )

Tyt J;j — ueHTpanbHUM TEH30p 1HEpIIl TUla Sj; ®;— KyTOBa MIBUJAKICTh TBEPAOIrO Tiia
Sj ;m=m +my, — Maca Bciei cucremu, ¢ =C0O,, ¢, =0,Co,R;=R3=0, L;=L3=0;

TOYKOIO «» TI03HaYeHa a0COTIOTHA TOX1/IHA.
Cucrema piBHSIHB (2), 3 ypaxyBaHHsM (1), Oyzne MaTu BUTIISA:

(J10)” =My — Ly —¢g x(myF; — myF, + myf )/m;
(Jo02)" =My + Ly —[ ¢ x(mpFy ~mFy) ¢ xfp | /m, ®3)

e f2 =1 XIMCy + @y XTHCH.
3B’sKEMO 3 KOKHHMM 13 Tl S; He3MiHHO Oasuc ejehel 3 BepmmHOM B Touli Cj, oci
SKOTO HampaBUMO MO TOJOBHHMX OCSX TEH30pa iHepmii J; 1 BBeAEMO HepyxoMmuil Oazuc

ededed, BekTOp €3 SIKOTO MPOTHIEKHHA BEKTOPY MPHCKOPEHHS BUIbHOTO majiHus. Byemo
BBXXaTH, 1110 TPETI FOJIOBHI OCI IHEpLii MPOXOAATh Ui TUT Sy 1 S, uepe3 Touky O,, TOOTO
OylnemMo BBaXKaTH, IO IIEHTP Mac Til S; JEKHUTh Ha nuX ocsx. Hexait TBepau Tima Sy i S,
nmoB’si3aHi B Toumi O,  MPYKHUM  BIJHOBIIOBAJLHUM  C(HEPUYHUM  IIAPHIPOM

L2 =—k('}_|_XCZ/(|C1||C2|), k>0.

BekropHi piBHAHHS (3) B IIPOEKIiAX HAa OCi pyXoMOro 6asucy €] e, e NpuilMyTh BUTJISL:

AP +(C —Bra + N[(Pz —y0p) a5 — (G + FpPa)arst +(p3 + q%)a%%} = —kas;

Bith — (C1 — A p - ﬂ[( Py —Fo0p)ads —(Gg +FPy)ods +(P5 + qg)all?%J = —kasi;

Cifi +(B{ - A) poy =0;
Ap Py +(Cy —Bp)ray + M[( Py —Ry)ads — (G + R py)adt +(pf + Qf)azzﬂ = —kady; (4)

Bz — (C2 — Ag)a Py — e (Pr— )3 — (&g + rpy)e? + (pf -+ of B | = ket

Cafy +(Bz — Ay) podz =0.
Tyr pj,Qj,f — T@poekiii BekTopa KyTOBOI MIBHJAKOCTI ®; Ha BicCl eileizei3;

A = A +mymyc? /m; Bl = By + mymyc? /m; Ay = Ag +mpmyc3 /m; BY = By +momyeZ /m;

Kononos 10. M.
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4= MyMyCiCy /M; az,(—e'#-e}(— HANPSIMHI KOCI/IHyCI/I. KoedimienTn o), MoxHA BUpasuTH

i0 . _jo i
4epes dyy i a)g HACTYIHUM YMHOM ol Zaygaka [8].

Jlo cucremu piBHSIHB (4) TOTPiOHO I[OI[aTI/I p]BH;{HHs[ TSl HATIPSIMHUX KOCUHYCIB [8]:
61f =—Giod + ol ao) = piod —riads;
Gl3 =—Giak) + ek, a3 = Pk —hedd;
648 = Qi + [k G = Piakd — fied; (5)
4] = -pios + Giedls o83 =P + Gial;
3 =—piag + Giofs.
Cucrema (4), (5) normyckae po3B’sI3KH:
Pi =0 =0; 1 = ayj;
alicl) = COS apt; alig =sin ayjt; alig =0;
a'ﬁ =—sin apjt; a22 = COS a;t; a23 =0; a31 =0; a32 =0, a

AKI BIANOBINAIOTH PIBHOMIPHMM OO€pTaHHAM TBEpAMX Tl S; (i=12) 3 KyTOBHMH
MIBUJKOCTSIMU ¢; HABKOJIO BEPTHKAII.

Banumiemo piBasHHA (4), (5) mis 30ypeHOro pyxy, 30epiraroum s 3MIHHHX iXHi
TOTIePEIHI TO3HAYCHHS:

AP +(Cp—Bpagi oy + ﬂ[( P2 — wpaUp)ags — (dz + @y pz)azd = —ka33;

Bith — (C1 — A)wp1Pr — #[(pz wolz) s — (Gy + @y Po) i J ka3,

Aoy +(Cp — Bl)axody + ﬂ[(lol wp101) 33 — (Gy + o1 Pr) s J —ka33; (6)
B2ds —(Co — Ag) gz P2 — ﬂ[( Py — @1t ) ol — (G + oy Py ) o } =—kofs;

13 = apiaryy —Gi; g3 =—apieqg + py (i=1,2).
ik _ Coik ik Lk Lo i
Tyr a1 =cosgy;; a1z =—singy; az =singy; azx =Cosey; o =o —@i; ¢ =it ;(i,k=1,2).

TakuM YHHOM, OTpMMaHi BiCiM 3BHYaWHUX audepeHIiaabHuX piBHAHL (6) i3
MepioMYHUMHU Koe(il[ieHTaMH OMHUCYIOTh 30ypeHUll pyX y CepelOBHILI 3 OMOPOM CHUCTEMHU
JIBOX MPY)KHO MOB'A3aHUX TBEPAMX TUT y MPHUMYIIEHHI, 10 iX LEHTPU Mac 3HaXOJAAThCS Ha
TpeTiit rosioBHOI oci iHepuii. Yepe3 auHamiuHy (B # A') HecuMmeTpito TOCHIKEHHS LUX
PIBHSIHB CTa€ JOCUTH CKIAJHUM. Y IIbOMY 3B'I3KYy MPOBEAEMO Jali aHAJITUYHI JOCTIKEHHS
a71st 1BoX ripockoriB Jlarpamxka (B = A ).

3 YMOBH CTIMKOCTI PIBHOMIPHUX OBEPTAHbB IBOX I'’POCKOIIIB
JIAI'PAHKA

Ilepeiinemo 10 HOBHX 3MIHHUX P, G, a]i_g, aég [8, 11]:

Kononos 10. M.
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Pi = Pj Sing; +0;j COSg;; G = pj COSg; — G Sing;;
(Z]i_s = afsi) sing, +a% CoS¢;; ai23 =af3i COS @ —a% sing; .
Hexail Q; =q/ —ipl, i =iz +icths (i=12), Toxi cucrema piBHAHD (6) y HOBHX 3MIHHMX
MoO>ke OyTH 3amrcaHa HACTYITHUM YHHOM:
A+ (IC +K)p + p2ip = 0;

Aoiip +(Co +K)pp + pijfy =0, (7)

ne Cj =Cia; -
[IpencraBuBmIn mykaHi QyHKIIi y BUTIISIAL e'“!, sammmemo XapaKTEepUCTUYHE PIBHSHHS
30ypenoro pyxy (10):
oW
W
abo
(9)

a40'4+b30'3—a202—b10+a0=0,
ne F = A% +(iC; + D) A+k;
ay = LA, — 1 = (A +cfmy)(Ay +cimy) + Agsimy > 0;
a3 =0; by = AIC, + ACy;
as 2—6162 +(A5|I_+Aé)k, b2 =0;
a1=0; Q_Z(él-i-éz)k;

aO:kZ; by =0.

st Toro, mo6 Bci Hymi piBHsHHS (9) Oynu pi3HI 1 Jekanu Ha JIMCHIA OCi, 3TigHO
kputepito JIbenapa—Illinapa, 3anucanoro B iHHOpHOMY BuIiai [18, c. 39], HeoOximHO 1
JOCTaTHBO, OO MATPHUIl CHOMOTO TOPSJIKY, sSKa CKJIaJeHa 3 Koe(]ilieHTIB I[bOTO PIBHSHHSI,
Oyna IHHOPHO-TIO3UTUBHOIO, TOOTO 100 Oy MO3UTUBHO BU3HAUEHI MATPULll Aq, A3, Ag 1 A7

Il =|Al| =4a4 >0;

ag b —a
l3=[Ag|=| 0 4a, 3b|=a4i3>0; (10)
4a, 3y 2a
ag b3 -a b g
0 ay b3 —ay _b_l_
ls=[As|=| 0 0 da, 3by —2ay|=ayl5>0; (11)
0 4a, 33 -2a, O
4a, 33 2a, O 0

Kononos 10. M.
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ag by -a b 3w 0 O
ag b -a b a O

0 a b -a b g i

3 —2a, -by|=a4bl;>0. (12)
0 4a 3y 22, b O

4a, 3y -2a, by 0 0

4a, 3by -2a, b O 0 0

I, =|A;|=

o O O o o
o
o
o
[sY)
S

Tak sx a4 >0, o I{>0 1 crilikicTe piBHOMIpHMX 00epTaHb BOX HPYXKHO 3B’S3aHUX
ripockoriB Jlarpamxka Bu3HauaeThcs TphoMa HepiBHOCTsiMHE (10)—(12).

I3 mepisuocri (12) crminye, mo xkomu C;+C,=0 a6o k=0 (b =0) maemo I;=0 i
piBHsAHHSA (9) Mae KpaTHI KopeHs. B 11boMy pa3i yMOBHU CTIHKOCTI HOTPEOYIOTh JOJATKOBUX
nocmikens. Bumagok  C; +C, =Ciap; +Coapp =0  03Ha4ae, 1m0 TBEPAM TiNA TMOBHHI
obepTaTucs B pI3HI CTOPOHH 3 OJTHAKOBUM TI0 MOJIENIO KIHETUYHUMH MOMEHTaMHU.

3anuieMo yMOBH CTIHKOCTI BIAHOCHO KO€]illi€eHTa IPYKHOCTI CPepuyHOro mapHipy K :

I3k +139>0; (13)

T5ak® + T5ok® + Tg k + 159 > 0; (14)

(f73k3+f72k2+f71k+f70)(61+62)k2 >0, (15)
e

31 =8(A+ Ab)ag > 0; Tag = (Cy A+ Co )’ +2(CF AZ+CE AB+8C,Cor® >0, (16)

s =8[(A1'— )2 +4u2]a4 >0;
s =4{ (- M) ( A2 A8y — 4 Z)C + (4 A2+ 5 Ay — AZ)C, |+ 20(A + A2 s

[H1111 KOCIIIEHTH HE HABEIEHO Yepe3 IXHIO IPOMI3JIKICTD.

I3 (16) BumumuBai, mo HepiBHicTh (13) i BigmosigHo (10) 3aBkau BuKOHaHi. Takum
YUHOM, HEOOXIHI YMOBU CTIMKOCTI PIBHOMIPHHUX OOEpTaHb JBOX MPYKHO 3B’S3aHUX
ripockoris Jlarpamka Bu3HadaroThCs aBoma HepiBHocTsMH (11), (12) i Bimmosiguo (14), (15) .

YMOBH CTIHKOCTI BITHOCHO KIHETHYHHUX MOMEHTIB éi (i =1,2) OyIyTh MaTH BUTJIS;
lisaCit + 1i5aCy +++++ isaCi +liso >0; (17)
(|i75C~i5 + 174G+ 4 1;7,C; + Ii70)(él +Cz)k2 >0. (18)
Tyr
l154 =2A§2(é§ +3Aék) >0; Iy =2A1’2((~112 +3Aék) >0;
l175 = Aéz(ézz +4Aék)>0: ly75 = Aéz(égz +4A§k)>0.
I3 nepiBHocteit (19) cmiaye, mo crapirn koedimientn HepiBHoctei (17), (18) momartwi

3BiIKM BWILTMBAE, IO CTIHKICTh 3aBXIU OyJde MOXKIWBA NPU JOCUTHh BEIHKUX 3HAYCHHSIX
OJIHOT'O 200 IBOX KIHETHUYHUX MOMEHTIB.

(19)

Kononos 10. M.
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VY Bunmanky mapaupiB ['yka, 3rimHo poGotu [8], Tpeba moxmactu wp =wgy =ay. Y

nitomy pasi ymoBu criiikocti (11), (12) BigHOCHO KBajparta KyTOBOi IIBHIKOCTI x=a)§
MAalOTh BUIJISLI:

|53X3+|52X2+|51X+|50 >0, (20)
(|73X3+|72X2+|71X+|70)(C1+C2)k20)g >0, (21)
Je
! / 2 .
|53 :2C12C22 [(ClAZ_CZ Aﬂ.) +4/LlZClC2:|a4 >0; (22)
/ "2
l,3=2(C; +C,)CACE [(c:lAz—c2 A) +4y2clcz}>o. (23)

I3 HepiBHOCTE (22), (23) BUIUMBAE, Mo cTapuri koediienTn HepiBHOcTer (20), (21)
JOJIaTHI1 1 CTIMKICTh 3aBX/AU Oyie MOXJIMBA MPHU TOCUTH BEJMKIA KYTOBIH IIBUAKOCTI.
3 xapaktepucTudHoro piBHsHHA (13) cmimye, mo KoJu ripockomu oxHakoBi (A;= A,

C,=C;,my=my,Cr=¢;) 1 o0OepTaloThcsi 3 OJHAKOBUMH KyTOBUMH IIBHAKOCTSIMH
(wgp = wp1 =), T0 Fp = F 111e pIBHAHHS pO3Maa€ThCs HA 1B PIBHSIHHS

A_1p'2+C1a)oa—k=O i (Al+mlolz)02+C1a)00'—k:0.

Cnin 3a3Havary, 10 Hepire i apyre piBHAHHS NMpu K # 0 OMUCYIOTH CTIMKI 0OepTaHHS
OJIHOTO BUIBHOTO TIPOCKOIA HAa SIKMH Ji€ BIIHOBIIOBAJILHUNA MOMEHT, TUIBKH y APYTOMY
PIBHSIHHI JI0 €KBATOPIAJIPHOTO MOMEHTY IHEpIlii JOJA€EThCS MOMEHT IHEpIii Macu APYroro
ripockomna. Ilpu BimcytHOCTI mpykHicTh y mmapHipi (k=0) 3'SIBISOTECS KpaTHI HYIbOBI
KOPIHHS 1 MUTAHHSI TIPO CTIMKICTh BUMArae 0JAaTKOBUX JIOCIIKEHb.

4 OBI'OBOPEHHA PE3YJIBTATIB JOCJII/UKEHD

Buseneni piBHAHHS 00epTaHHS BUIBHOI CHCTEMH JABOX TBEPAUX TUI, 3’ €THAHUX MPYKHUM
chepuyHUM IIapHipoM abo mapHipoMm ['yka. Y mpumymieHi, mo IEHTP Mac TBEPIUX TiT
3HAXOJAUTHCA HA TPETIM TOJOBHIM OCl 1HEpIlii, BUNHUCAHI PIBHAHHSI 30ypeHOTO pPyXy
MEXaHIYHOT CHCTEMH Yy BHUIVISAI BOCBMI 3BHYaHUX AWQEPEHIIAIBHUX pIBHSIHL 3
NepioguYHUMU  KoedilieHTamMu. Y BHUNAAKY JBOX TipockomiB Jlarpanxka OTpUMaHO
XapaKTepUCTUYHE PIBHSAHHS uyeTBepToro mopsiky. Ha miacraBi kputepis Jlbenapa—Illinapa,
3alMCaHOT0 B IHHOPHOMY BUTJIAMl, OTPUMaHi yYMOBM CTIHKOCTI PIBHOMIpHUX OOepTaHb
ripockoniB Jlarpamxka y BUIISAI CUCTEMH TpboX HepiBHOCTel. [IpoBenmeni anamiTuyHi
JOCTIKEHHSI IIUX YMOB CTiiikocTi. JloBelneHo, 110 mepiia HEepiBHICTh 3aBXAW BHKOHaHA. [3
TPeThOi HEPIBHOCTI CIIAY€, IO KOJM TiPpOCKONMM MAlOTh PIBHI OChOBI MOMEHTH IHEpIii 1
00epTaloThCcsl 3 OJIHAKOBUMHU KYTOBHMH INBHUJKOCTSIMH B Pi3HI CTOpPOHM ab0 BIACYTHS
IPYXHICTh y HIApHIpI, TO XapaKTEepUCTUUYHE PIBHSIHHSA Ma€ KpaTHE KOPIHHS 1 MUTaHHS NPO
CTIMKICT, BHMMAara€e JJOJATKOBHX JOCTi/PKeHb. Bumucani yMOBH CTIMKOCTI BiTHOCHO
KIHETUYHIX MOMEHTIB 1 OKa3aHo, IO CTapiili Koe(illieHTH IUX JBOX HEPIBHOCTEH JOJATHI,
3BiIKM BWILTMBAE, IO CTIHKICTh 3aBXIU OyJe MOXKIUBA MPU JOCUTH BEIMKHX 3HAUYEHHSIX
OJTHOTO 000 JBYX KIHETHYHIX MOMEHTIB. AHAaJOTiYHI BHCHOBKM OTPHMaHI 1 y BHUMAJKy
mapHipa ['yka, a Tako)XX MOKa3aHO, IO KOJU TIPOCKONMH OJHAKOBI, TO XapaKTepUCTHUYHE
PIBHSHHS PO3MaA€ThCs HA J1Ba piBHAHHSA. Ilepie i 1pyre piBHSHHS OMMCYIOTh CTIHKM BUIBHI
o0OepTaHHs OJHOTO TIPOCKOIA, Ha SIKUI Jli€ BITHOBIIIOBAJHHUIA MOMEHT, TUIBKH Y OJHOMY i3
piBHSHHI TpeOa 10 €KBATOPIAJILHOTO MOMEHTY JOJaTh Macy Apyroro ripockoma. [lpu

Kononos 10. M.
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BIZICYTHOCTI MPYXHOCTI y IIapHIpi 3'BISETHCS KPAaTHUH HYIBOBUH KOPiHB, 1 MUTaHHA PO
CTIHKICTh BUMArae JI0JJaTKOBHX JIOCIIKEHb.

JlocmipkeHHsT BUKOHAHI B paMKax MpOrpaMHO-LLIBOBOI Ta KOHKypcHOi Tematnku HAH
VYxpainu Ne 2-19-I1 (HaykoBo gociigHa pobota 3a TeMoro Bb-15-18-21/479) i 6ynu gacTkoBO
nigrpumani rpaaToM Big ®ouay Cimonca (Haropoma 1160640, IIpe3suaeHTChKI qUCKpEiiH1
IpaHTH Ha MATPUMKY YKpainu, ogepxyBad Kononos 10.M.).
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VJIK 531.381

3BYPEHI PYXU TBEPJOI'O TIUIA 3 PYXOMOIO MACOIO B
CEPEJAOBHIII 3 OITOPOM

Jlemenko /. JI.}, Kozayenxo T. O.!
Y00ecvra oepacasna axademis 6ydisnuymea ma apximexmypu

AuoTtauist. J[ocHiKyIOTbCsL Pi3HI BHIIQAKH PYyXy TBEPIOTrO TiNa 3 BHYTPIIIHIMU CTENCHIMH
BUIBHOCTI. PO3rIsHYTO pyX® Tina, sike MICTUTH JIiHIHHI MPYXKHI Ta JUCUTIIATUBHI €IEMEHTH. 30Kpema,
JOCITI/DKEH] pyXH Tija, 0 Hece MacH, 3’€JHaHi 3 HAM 3a JIONOMOTOI0 MPYKHUX CHII 3 JIHIHHUM
nemngipyBanHaM. Ll cuTyamis Moaenroe HasSBHICTD HEKOPCTKO 3aKpilNIeHWX JieTaled Ha
KOCMIYHOMY araparti, 1110 BiIMOBIIHO YHHUTh CYTTEBHUI BIUTUB Ha HOTO PyX BIJTHOCHO IIEHTpA Mac.

Po3BuTOK nMOCHIIKEHD 3a/1a4 JMHAMIKA TBEPAUX TiJ1 HABKOJIO HOro IIEHTpa Mac iJie B HAPSMKY
BpaxyBaHHs TOro (hakTy, IO Ii TiIa HE € ileaNbHO TBEPAUMH, a JOCHUTh OJIM3BKUMH JIO iJcaIbHUX
Mozened. HeoOXinHIiCTh aHami3y BIUIMBY PI3HHX HEiZeaIbHOCTEH 00yMOBJIeHa 3POCTaHHSM BHUMOT JIO
TOYHOCTI PO3B’sI3aHb MPAKTUYHUX 337]ad4 KOCMOHABTHKH, TIPOCKOIIii, Toino. Brme HeigeanbHOCTEH
MoOXe OyTH BUSIBIICHUM 3a JIOIOMOT'OI0 aCUMIITOTUYHUX METOJ(IB HENMiHIHHOT MEXaHiku (ycepeHEeHHS,
CHUHTYJIApHUX 30ypeHb Ta iH.). BiH 3BOJAMTBCS 10 HAsABHOCTI JOJAATKOBHX 30ypIOIOYMX MOMEHTIB B
piBHsHHSAX pyxy Eitnepa neskoro ¢iktuBHOTO TBepaoro Tia. Y [1, 6] onep»,aHo BEKTOpHE PIBHSHHS,
SKe ONHMCYye 3MiHy BEeKTOpa (D B CHMCTEMi KOOpAMHAT, 1OB’s3aHOi 3 Tinom. DyHkuis ®(®) e
MOJIHOMOM, TII0 MICTHTb YE€TBEPTHIA 1 I’ ATHI CTENEH] O .

Psn po0iT mpucBsYeHO aHaNmi3y PI3HHX MPOOJIEM JUHAMIKM KOCMIYHHX arnapatiB, IO MICTATh
BHYTPIIIHI MacH. BUBUaNMCh MUTaHHS CTIMKOCTI Ta HECTIMKOCTi, a TaKOXK MpPOOJIEeMHU KepyBaHHS Ta
crabimizamii pyxiB. B KOCMIYHOMY MONBHOTI iHOMI BUHHUKAE MOTpeda 3arIyIINTH XaOTHIHE O0CpTaHHSI,
sIKe BUHHUKAE 3 Oy/Ib IKUX TMPUIWH. 15 IIbOr0 BUKOPHCTOBYIOTH MEPEMIIIIEHHS PYXOMHUX Mac.

Mu pocmmKyeMo 3a1aqy IMpo PyX B CEPEIOBHIII 3 OMOPOM TUHAMIYHO CHUMETPHYHOTO TBEPIOTO
TiJla 3 PyXOMOIO TOYKOBOIO MacoOl0, sKa 3’€qHaHa 3 TLIOM TPY)KHOIO B 53310 3a HASBHOCTI B’S3KOTO
TepTsa. 3a JOMOMOTOI0 ACHMIITOTHYHOTO MiAXOAY PIBHSHHS PyXy Tila 3 Macol OyJd CIPOIICHI.
Hemniniitna eBomionis KyTOBHX PyXiB Tila MpOaHAJi30BaHa 3a JOIMOMOI'OI0 YCEPETHEHUX PIBHSIHD Ta
YHCeNbHOro iHTerpyBaHHA. [loOymoBano rpadike BemWYWH KBaIpaTiB €KBAaTOPIaIbHOI Ta OCHOBOI
KOMIIOHEHT KyTOBOi IIBUAKOCTI. Pe3ympTaTth, SKi mpencTamBieHi B Hid poOOTi AarOTh MOXIJIHBICTH
aHaI3yBaTH KyTOBI pyXH MITyYHUX CYIyTHHKIB MiJ Ai€F0 MaHX 30ypIOIOYIX MOMEHTIB.

KrouoBi ciioBa: TBepie TiNo, cepeloBHIIE 3 OMTOPOM, pyxoMa Maca.

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

D. Leshchenko?, T. Kozachenko!
!0dessa 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 /. M., 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.

Jlemenxo . O., Kozauenko T. O.
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1 BCTYI

Ha pyx mTy4HOTO CyIyTHHKAa BIIHOCHO IIEHTpa Mac JIFOTh MOMEHTH, SIKi 0OyMOBIEHI
pyxoM Jeskux Mmac BcepenuHi Tina. Lli pyxu MoxyTe OyTH OOYMOBICHMMH DPi3HHUMHU
NPUYMHAMH: HAsIBHICTIO B TUTi 00epTOBUX Mac (POTOPIB, TIPOCKOIIIB), a TAKOXK TMEPEMIICHHIM
eKiMa)Ky B BUIMAAKY ITIIOTOBAHOTO arapara.

2 AHAJII3 JITEPATYPHUX JAHUX TA IOCTAHOBKA NPOBJIEMH

Benmka KutbKicTh poOIT, TpPUCBAYCHA AOCHTIIKEHHIO OOEpTaHHS TBEPIOTO Tima 3
PYXOMUMH BHYTPIIIHIMU MacaMu 3 TIPY>KHUMH Ta TUCUTIATUBHUMU ereMeHTaMu. Orisig pooir
3 11i€T TeMaTHKK TpesicTaBieHui B [1-6].

B po6Gorax [1, 6] po3rnsHyTi Iesiki BUIaIKH pyXy TBEPIOTO Tija, SKi MICTATh PyXOMi
BHYTpIIIHI MacH, 3 €/IHaH1 3 TUIOM 3a JIOIOMOTOI0 IPYKHUX Ta TUCUIIATUBHUX €JIEMEHTIB.

B kuu3i [7] BuBemeHi piBHSHHS pyXy TBepaoi OOOJIOHKM 3 KOJUBHUMH TOYKOBHMH
Macami. Jlesiki SKIiCH1 acMeKTH 3a7adl mpo pyX HABKOJIO HEPYXOMOI TOUKH TBEPIOTO TuIa 3
PYXOMOI0 Macow AochiypKyBanuck B [8]. B [9] po3risnaeTscs TBepae TUIO 3 HEPYXOMOIO
TOYKOI0, B SIKOMY B3JOBX MPSMOJIIHITHOTO k051002, SIKHH HPOXOIUTHh uYepe3 L0 TOUKY,
3MIACHIOE KOJMBAHHS MPUKPIMJICHA 10 MPYKWHUA TOYKA 3 33/IaHOK0 MACO¥0.

B crarmsax [10-12] posrispaerbess pyx TBEpAOTO Tiia, 70 SIKOTO B TOYI[ HEPYXOMO
3B’S13aHOIO 3 TITOM, MPHUKPIIUIEHA 33 JIOTIOMOTOI0 MPYKUHHOI B 531 3 KBaJ[paTHYHUM TEPTIM
pyxoma maca. BuBdaeTbcs pyx AMHAMIYHO CHMMETPUYHOIO TBEPAOIrO Tia 31 CHEpUUHOIO
MOPOYKHUHOIO, 3alOBHEHOIO DIOMHOI0 BEIMKOI B’SI3KOCTi, HECYYOTO PYyXOMYy Macy, sKa
MPUKpPIIJIEHA 3a JOTIOMOTOI0 TIPYXKHOT B’S31 3 B’A3KMM TEpPTSAM Ha OCI CHMETpIii.
PosrnsimaeThcst pyx HaBKOJIO LEHTpa 1HEPIlii OJU3BKO0 JI0 JMHAMIYHO C(HEPUIHOTO TBEPIOTO
TiJa, IKE MICTUTh B’ SI3KOTIPY>KHHM €JIIEMEHT.

B po6oTi [13] oriHeHO BIUIMB PyXOMHX TOYKOBHX Mac (JIHIMHHX OCIHJISATOPIB), SKi
3MIACHIOIOTH KOJIMBaHHS B3JIOBXK OCi CHMETpIii BOBUKa a00 B3J0BXK OCEH, OPTOTOHAIBHUX OCI
CUMETpii, Ha CTIMKICTh PIBHOMIPHOTO pyxa BoBUKa Jlarpanxka.

B po6Gorax [10, 14, 15] posB’s3aHa 3agada 0OpO ONTHMAIbHY 3a MIBUIAKOIIEIO
cTabumizallifo BUIBHOTO TBEPAOro Tila 3 PYXOMOI Macow, sKa 3’€JIHaHa 3 TUIOM
B’S3KONPYKHUM 4nHOM. JlocmimkeHa 3a1a4a mpo ONTUMaiIbHE 3a MIBUIKOAIEI0 TallbMyBaHHS
TBEPJIOTO Tia 31 C(HEPUYHOIO MOPOKHUHOIO, 3AMOBHEHOIO PIAMHOIO BEIIMKOI B’S3KOCTI, Ta
PYXOMOIO TOYKOBOIO Macol0, 3’€JHAHOI0 CUJIBHUM JeMrdepoM 3 KopmycoMm. Posrishyra
3ajlaya Mpo ONTHMallbHE 3a IIBUJAKOJIEI0 TrajlbMyBaHHS B CEPEOBHILI 3 ONOPOM TBEPAOTO
TIa 3 PYXOMOIO TOYKOBOIO Macoio, 3’€mHaHow nemmdepom 3 kopmycom. B [16, 17]
JOCTiPKEeHa 3a/a4a KBa3iONMTHUMAIIbHOTO 3a IIBHIKOAIEI0 KepyBaHHS 0OepTaHb JUHAMIYHO
CUMETPUYHOTO TiNa 3 B SI3KOMPY)KHUM €JIEMEHTOM B CepeloBHIII 3 omopom. Po3srisHyra
3alaya  KBa3IOMTUMAJIBHOTO 32 IIBUJAKOMAIEI0 TallbMyBaHHS 00epTaHb JUHAMIYHO
CUMETPUYHOTO TBEPAOrO TiNa 3 MOPOKHUHOIO, 3all0OBHEHOIO B’SI3KOI0 PIAMHOI, Ta 3
B’SI3KONPY)KHUM €JIEMEHTOM B cepeloBHILi 3 omopoM. B [18-21] posrisuHyTi 3amaui mpo pyx
TBEPAOTO TiIa BITHOCHO IIEHTPa Mac B CEPEOBHIII 3 OTIOPOM.

Posrnsimatotbes o0epTaibHi pyxu AMHAMIYHO CUMETPUYHOTO Tijia 3 PYXOMOIO TOYKOBOIO
Maco, sKa MPUKPIIUIEHA B’A3KONPYKHUM JeMI(epoM 0 TOYKM Ha oci cumerpii (B
HenepopmoBanomy cradi) [1, 6], B cepenoBuit 3 onopom. bymemMo BBaxaTH, 110 MOMEHTH
CHJI OTIOPY € JiHIHHUMHU Ta qucunatuBHuMU [1, 18-21]:

le =—¢l,p, ]\42r =—¢lyg, M3r =—elyr, 1,1, >0, (1)

ae |, l,— nmeski mocTiiiHI Koe(Ii€eHTH MPONOPLIMHOCTI, SKI 3aJIeKaTh Bl BIACTHUBOCTEN

cepenoBuIna Ta GopMu Tina.

Jlemenxo . O., Kozauenko T. O.
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3 ypaxyBanusMm (1) HabmmkeHa cucrema pIiBHSHB 30ypeHOTO pPyXy B IPOEKIIAX Ha
TOJIOBHI IIEHTpaNIbHI OcCi iHepiii mae Burisia [1, 6, 18-21]

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

e P, q,r — mnpoekmii Bekropa aOCOMIOTHOI KYTOBOI IIBUAKOCTI @ Ha 3B'M3aHI OCI,
J =diag(A, A, C) — tensop inepiii He30ypeHOro Tija.

Koediuientn L, S B (2) BupaxkaroTbcs yepe3 napamMeTpu CUCTEMU HACTYITHUM YUHOM:
L=mp* Q?A°C(A’p® + A%q° +C*r?),

2 2443 4 3
S =mpZAQ“*C3(A-C)A

Koedimientn L, S xapakTepu3yioTh 30yproodi MOMEHTH CHJI, sKi OOyMOBIIEHI
HasBHICTIO B’SI3KOTMPYKHOTO €JIEMEHTa, M— Maca PyxOMOi TOYKH, O — BIJACTaHb Bill IEHTpa
Mac HeiepOPMOBAHOT CHCTEMH JI0 TOYKHU KPIIJICHHS, SIKa 3HAXOAUTHCS, 3a MPUIYIIICHHSIM, Ha
oci guHamiuHOi cuMerpii mporo Ttima. Cram QF = c/m, A=45/m BHU3HAYAIOTh YACTOTY

KOJIMBAHb 1 MBUJIKICT 1X 3racaHHs BiIOBIIHO; C— MKOPCTKICTh (KOCQIIIIEHT MPYXKHOCTI), O —
KoedimieHT B’s13K0CT1 Aemrdepa.

3 LIJIb TA 3AJAYI JOCJIIKEHHS

Hisutio pod0oTH € TOCTIHKEHHST PI3HUX BHIMAJKIB PyXy TBEPJOTO TUIa 3 BHYTPINIHIMHU
CTEIEHSIMH BUILHOCTI.
JlocmiKy€eTbCsl BUIIAOK TMOTYXKHOTO neMridepa, koiau koedimientn Q, A 3B’sa3aH1

HepiBHOCTMH [1, 6]:
Q°0 Aol o 4)

YMmoBa (4) mo3Bojisie BBeCTH Maydid mapameTp B (3) 1 BBakaTH BKaszaHi 30yprorodi
MOMEHTH MaJIMMH 3 METOIO 3aCTOCYBaHHSI aCHMIITOTHYHOTO METO/a ycepenHenHs [22].

Kpim Toro, HepiBHOCTI (4) M03BOJISIIOTh HEXTYBATH JUITHKAMH BUTHHUX KOJIMBaHb PYXIB
MacH, sKi OOyMOBJICHI MOYaTKOBUMHM BIIXWJICHHSMH, BHACIIIOK iX IIBHUJKOTO 3TAacaHHS 1
BpaxyBaTH BUMYIIEHI KBa3iCTalllOHAPHI PYXH, BUKIMKaH1 00epTaHHSAM Tija.

bynemo BBaxkaru, 1110 Q?leg, I ~¢.

Komu £=0, Q°=0, AQ™* =0 cucrema (1) iHTErpyeThCS, IPU LBOMY I =TI

[Mpunycrumo, mo r,=0. B npomy Bumaaky 3MiHHI [, ( 3[1iCHIOIOTH I'apMOHIYHI
KOJIMBAHHS, YaCTOTa SKUX |(C -A) I‘0| 3a1exutsb Bix I,. Toai cucrema piBHsAHb (1) HenmiHilHA.

3arajgbpHUI MOPOPKYBaTbHII Po3B’si30k cuctemu (1) [23]
p=acose, q=asing, r=r, (5)

3aCTOCYEMO SIK TIEPETBOPEHHS [0 3MiHHUX &, I, ne a >0, a=const, p=r(C — A)A't.

3 (5) onmepxxkumo, mo &= PCos¢ + (sing . IlincraBumo B 1eit Bupa3 P 1 ( 3 mepmux
nBoX piBHAHB (1). B pe3ynbrati ycepeaHeHHs oAep:KaHOTO PIBHSHHS IS a 3a ¢pa3orw ¢ [22]
1, BpaxoBYIOUH, 110 a’ = p? + g° 3anumemMo piBHsHHS (1) uia r y BUrsiai (kpamnka — moxiHa
3a yacoMm t):

Jlemenxo . O., Kozauenko T. O.
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a=—-el,Aa+SAr'a,
r =—£l,C7'r — ACSr’a’.

(6)

3pilicHIOIOUM 3aMiHy 3MiHHMX X=a’, y=r>>0 cucremy (6) NpUBEIEMO JIO
HAaCTYITHOT'O BUIJIAAY:

% =-2x| gl At —SATY? |,

(7)

dy _ 4 -
E_—Zy[glsc +AC?Sxy |.

B 1iit cucremi X, Y — MOBUTbHI 3MIHHI.

4 PE3VYJIBTATHU JOCJIIAXEHbD

Cucrema (7) mpoinTerpoBaHa 4YmcelbHO 3a modaTkoBux ymoB X(0)=1, y(0)=1 Ta
napamerpiB p=1, m=1, 4=98, =10, £=0.1, I, =1.0. YncenbHuii po3B’I30K CUCTEMH
OTPUMaHO B MaremMaTHyHoMy makeTi Maple, 3 3actocyBanusm wmerona Pynre-Kyrru-
®enpbepra 1m’4Toro NOPSAAKY TOUHOCTI.

Ha puc. 1 — 4 306paxeno rpadiku BenuunH X =a’ i y =’ KBaJaparTiB eKBaTOpiaabHOT Ta
0CBhOBOT KOMITOHEHT KyTOBOI HIBHAKOCTI TBEpAOoro Tima y Bumagkax: 1) A=15 C=1 Tta

I,=1.25a60 I, =25 (puc. 1,3);2) A=4, C=2 Ta |, =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 3miHEX X 1 Y BBumaaky A=15 C=1 1, =125

1

0.2+

0.6 1

0.4+

0.2

a0

Puc. 2. I'padixu 3mMiHHEX X 1 Y BBUmaaky A=4, C=2, |, =125
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20 30 40

Puc. 3. I'padixu 3minHux x 1y BBumagky A=15 C=1 |, =25

0.5
0.4
0.4+
}J
0.2

I:l T T
1] 20 40 &0 a0
t

Puc. 4. I'padiku 3mMinHux x 1 Yy BBunmagky A=4, C=2, |,=25

S OBI'OBOPEHHA PE3YJIBTATIB JOCJIIKEHHSA

Sk Gauumo, 3 puc. 1-4 s3mimEi Xx=a’ Ta y=r’ CHajalOTh ACHMMITOTHYHO
HaOMIKAIOUKCh 10 Hy/Id. Y BUNAJIKy BUKOHaHHSA ciiBBimHomeHHs A/C =1,/1,, cucrema (7)
Ma€ e€IMHHN po3B’s30k X = . Ilpu BukoHaHi HepiBHOcTi A/C > I, /|, 3MiHHA y mBHIIE
mparse A0 HyJs HbK X . SIKIIo A/ C<l, / |, HaBmaky, 3MIHHA X CHAJa€ MIBUJIC HUK ) .

Takox Xapaktep CriajJjaHHs BEJIUYHMH KBAJPATiB €KBATOPIAIBHOT Ta OCHOBOI KOMIIOHEHT
KYTOBO1 IIBUJKOCTI TBEPJOTO Tifla 3aJIeKUTh BiJ CHIBBIAHOLIEHHS MDK MOMEHTAMHU I1HEPIIi.
IIpu 3pocranHi Benuunad A/C (IpH OJHAKOBUX IHIIMX HapaMeTpax) CrnagaHHsI 3MIHHHX

x=a’ Ta y = r? BinOyBaeThCs MOBUIBHIIIIE.

6 BHCHOBKH

B pesynbrari mociimkeHHS pyXy B CEpEIOBUII 3 OMOPOM OIU3BKOTO A0 JUHAMIYHO
c(epUuHOTO TBEPJOTO TiIa 3 PYXOMOIO MAacCO0, 3B’S3aHOI0 3 TLIOM IPY)KHOIO B’SI3310 IpHU
HasIBHOCTI B’SI3KOTO TEPTs OJEPKAHO CUCTEMY PIiBHSAHBb pyXy B cTaHAapTHiN ¢opmi. Ilicns
OJIepXKaHHs YCepeJHEHOI CUCTEMHU 3HaWJIeHO YMCEeNIbHUM PO3B’sA30K 3aj4aui. EBomromis pyxy
TBEPJOTO TiNa OMHUCYETHCA PO3B’A3KaMM, $AKI MOXYTb OyTH BHUKOPHCTAaHMMH, NpHU
JOCII/DKEHH1 OpieHTallii Ta crabinizanii pyxXy CymyTHHKa BITHOCHO LIEHTpa Mac.
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JOCHIKEHHA METOAUK PO3PAXYHKY
HPOI'PECYIOYO0I'O OBBAJIEHHSA

Otpom 0. Al., Maiidopona P. I'., Pamkesuu H. B'., Pomin A. B,

YHayionanvnuii ynieepcumem yusinbrozo saxucmy Ykpainu

Awnotauisi. [IpoBeieHe MoeTIOBaHHS MPOrPECYIOUOro 0OBasieHHs1 Oy/iBelb B YMOBaX MOXEXi 3
BHUKOpHUCTaHHSM MporpamHoro cepenosuina JIIPA-CAIIP 3 mMeroro migBUILNEHHS PiBHS 3a0e3MedeHHs
MOXKEXKHOI Oe3MeKH.

[IpoananizoBaHi HaykOBI Mpaili Ta HOPMYBAaHHS BHUMOI MO0 IMPOTPECYHOUOro OOBaJICHHS
Oy/iBenb B yMOBaX IMOXKEKi, NPUYMHU BUHUKHEHHS MPOrPECYIOUOro OOBAJICHHS B YMOBaX IOXKEK,
POBIIISIHYTI CydacHi METOAM Ta MiJXOJIH JI0 PO3PaxyHKY MPOrpecyrouoro oOBaJIeHHs B yMOBaX MOXKEXI
B CIIA Ta Ykpaini. BcraHorieHo, 110 Ha TENEpilIHii 4ac He iICHY€e €JMHOT METOMKH PO3PaxyHKy Ha
«rporpecyroue oOBajicHHs». 3abe3neueHHs (po3po0ka METOIMKH PO3PaxyHKY) HEOOXiTHOI'O OMopy
00’€KTIB MporpecyrouoMy 0OBaJIeHHIO MPH PI3HUX KOMOIHOBaHHUX OCOONMBHX JIiSIX TOXKEXK] Ta BUOYXY
€ aKTyaJbHHUM HayKOBO-TIPAKTUYHUM 3aBJIAHHSIM.

Po3pobiiena unceabHa MO MPOrPECyrUoro oOBajaeHHs Oy IiBJIi B yMOBaX MOXEXKI, SKEe MOXKE
MIPHU3BECTH JI0 IPOTPECYIOY0ro 00BaneHHs Oy aiBmi. J{is boro, BUKOPUCTAaHUH TPOTPaMHI KOMILIEKC
JIIPA-CAIIP. Bbyna crTBOpeHa CKIHYEHO-CIEMEHTHY MOZCIL TPhOX IOBEPXOBOrO MAPKIHTY.
3acrocoBaHe nudepeHIliiHe PIBHSIHHS TEIUIONPOBIIHOCTI, KA BPaXOBYE pajdiallifHO-KOHBEKTHBHUN
TEIIOOOMIH  BiJl Ta30BOTO CEpPEIOBHINA 10 OOIrPIBHUX ITOBEPXOHH KOJIOHW, TEIUIOOOMIH
TETUIONMPOBIAHICTIO B KONOHI. s Mozemi Oyiio BHW3HAYEHO THIH JKOPCTKOCTI Ta BiMMOBIIHI
XapaKTepUCTUKU. B pe3ynpTaTi 4MCEIbHOrO MOAENIOBAaHHs Oyj0 BCTAaHOBJIEHO MICIIC BUHUKHEHHS
TTOXKEXK1, HACTIAKHU BiJl IKOi MMPU3BEMYTH A0 BTPATH HECYUOi 3MaTHOCTI KOHCTPYKIIIH, 1, IK HACTIAOK, 1O
BTPATH 3aTaIBHOI CTIHKOCTI OYIiBIIi TAPKIHTY.

Bceranosneno, mo MigXoaW IOA0 30UTBIIEHHS IUIONII apMyBaHHS MAalOTh MICIE TIPH
MPOEKTyBaHHI Oy/liBeIh Ta CIIOPYI, IPOTE B3arayli He MPUWHATHI IPH €KCILTyaTallil Bxke Mo0yI0BaHUX
OyziBens Ta MPU HEOOXIMHOCTI MIABUINEHHS MEX BOTHECTIMKOCTI 3ali300€TOHHUX KOHCTPYKIIH 110
HOPMOBAaHMX 3HAUYCHb.

KurouoBi ciioBa: mporpecyrode oOBaleHHs, MOXKexa, BUOyX, uncenbHe moaemtoBanns, JIIPA-
CAIIP.

RESEARCH OF PROGRESSIVE COLLAPSING CALCULATION
METHODS

Yu. Otrosh!, R. Maiboroda?!, N. Rashkevich', A. Romin'
INational 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.

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

Otpom 0. A., Maiibopona P. 1., Pamkesuu H. B., Pomin A. B.
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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 BCTYI

3 PO3BHUTKOM apXiTeKTypu OyIiBHUIITBA, TMOSBOI HOBHUX OyAIBEIbHHX MaTepiais,
IH)KEHEpHUX MaAIllMH, BiIOYBA€TbCS 3BENEHHS PI3HUX 3a apXITEKTYPHOKO CKJIAIHICTIO
OydiBeNnb, Bil BHCOTHUX [0 HE3BUYHHX Ta AapXITEKTYPHO-CKJIATHUX 32 KOHCTPYKIIIEIO
OyniBenb. Taki OynmiBii MEepeBaKHO XapaKTEPU3YIOThCA MEepeOyBaHHAM 3HAYHOI KLTBKOCTI
JIIOJIEH.

B ymoBax moskexi, MOpyHmIeHHs 3arajbHOI CTIHKOCTI OyaiBIi BiOYBa€eThcs BHACIIIOK
BTpAaTH HECy4oi 3JaTHOCTI Ta pyHHYBaHHS OKpeMHX eleMeHTiB. Hebesneka oOBaimy Hecydux
KOHCTPYKI[il, KpIM MaTepiaJbHOTO0 30UTKY, CTAaBUTH ITijl 3arpo3y >KHUTTS JIOACH, SKi B Hii
nepeOyBaroTh, Ta PIATYBAIBHHUKIB TiJI Yac TacCiHHA TOXEXi. Y MepeBaxHid OUTbIIOCTI
BHITAJIKIB PYWHYBaHHS KOHCTPYKI[IH TPHU3BOJHUTH JO IOBHOTO OOBAJCHHS Ta 3HHUIICHHS
MaTepialbHUX I[IHHOCTEH.

KoHcTpykTuBHA cxema Oyab-skoi OymiBii MOBHMHHA 3a0e3medyBaTd HOro MIIHICTH 1
CTIMKICTh y BHIAAKY JOKAJLHOTO PYWHYBAaHHS HECY4MX KOHCTPYKIIH, CIPUYUHEHUX
MO’KeKaMH Ta BHOyXaMHu, SIK MIHIMYM Ha 9ac HEOOX1THUU T MOBHOI €BaKyaIlii JIFOICH.

Brnepire 3 BumagkoMm mporpecyrdoro oOBaJeHHs JIOACTBO 3ycTpuiocs B 1968 pori,
KOJIM BHACTIZAOK BUOYXYy MOOYTOBOTO razy Oysio MOBHICTIO 3pYHHOBAHO KPUJIO 3 JKUTIOBUMU
KBapTHpamu 22-moBepxoBoro OyauHkKy «Ronan Pointy (Jlonmow), 1o mpusseno 1o 3arubeni
necsaTtkiB yoaen (puc. 1). Komiciero mo BUBYEHHIO TPUYHMH Tpareidii Oyio 3arporoHOBAHO

«Y3aKOHUTH», MPOBEACHHS 000B'SI3KOBOTO PO3PAXYHKY OyAIBENb JACIKUX BUIIB HA TMPOTHUIIIO
MPOTPECYIOYOMY 0OBATICHHIO.

e

"

P ——

il

Puc. 1. 16 tpaBust 1968 pik, JlonmoH, Hachiaku eQexTy Mporpecyrouoro 00OBaIeHHs: KOHCTPYKITii
JKUTIOBOTO OYIMHKY Micisi BUOYXY MOOYTOBOTO ra3y B OJHIH 13 KBapTHP

11 Bepecus 2001 poxy B Heto-Hopky Tpanuiacs TepopUCTHYHA aTaka JiTaKaMu JBOX
Oamt BceecBiTHIX TopriBenbHUX LEeHTpiB. IIporpecyroue oOBajeHHsS LUX JBOX YHIKAIbHUX
OyaiBenb B1IOYyJI0CAs BHACHIOK KOMOIHOBAaHOTO XapakTepy Maike OJHOYAaCHO TPbOX

0COOIMBUX /11 TUITY «yZap-BUOYX-TIOKEXKa», a HE OKPEMO KOXKHOTO, sIK 11€ PO3IIsfanocs Ipu
MPOEKTYBaHHI 1 OyAIBHULITBI (pHC. 2).
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Puc. 2. 11 Bepecns 2001 poky CILA. PyiiHyBaHHS CBITOBUX TOPTiBEIBbHUX IIEHTPIB B pe3yabTaTi
TEPOPUCTUYHOTO aKTy Ta e(eKTY MPOrpecyodoro 0OBaIeHHs

Ha rtepuropii mict Ykpainu, HalOLIbIIY KiTBKICTh 3aliMarOTh OYAWHKH DPaSTHCHKOL
3a0ynoBu 50-80-x pokiB 3 mernu Ta maHenbHi BikoM 70-80-x pokiB muHynoro cromitts. Taka
crapa 3a0yaoBa, SIK 3’ACyBajocCs, T€X HE pO3paxOBaHa Ha MPOTHIIID MPOTPECYIOUOMY
O0OBaJICHHS, IO MIATBEPKYETHCS TPAriyHUMH TOMIIMH 13 3aruOesuIio JTOJACH 1 3HAYHUMHU
pYHHYBaHHSIMH.

13 xoBtHs 2007 poky y 6araromnoBepXiBIll MaHEIHHOTO THIY M. J[HIMTpO cTaBcs BUOYX
noOyroBoro razy. B pe3ynpraTi BUOYXY B OJHIN 13 KBapTUP BiOYJIOCS MOPYIICHHS HECYIHX
eleMeHTIB (MaHesnei) Ta BUHUK e(PeKT mporpecyrodoro ooBaneHHs. 3pyiiHoBaHO 10 moBepxis,
3arunyno 24 moaunu (puc. 3).

Puc. 3. Edext mporpecyrouoro pyliHyBaHHS TAHETBHOTO OYIMHKY B PE3YIbTaTi BUOYXY razy

Curyariis 3 HerIIHUMU OyIMHKaMH paJitHChKO1 3a0y/I0BH CYTT€EBO HE BIJPI3HAETHCS Bill
naHenpHUX. Sk mpukiax, y Micti Hoa Opneca Ha MukonaiBuiuHi, y KyTOBIM YacTHHI
I’ ITUIIOBEPXOBOTO JKUTJIOBOrO OYJMHKY cTaBCsi BUOYX MOOYTOBOrO ra3y, BHACHIJOK YOTO
BiZIOynoCs pyiiHYBaHHS 4 Ta 5 moBepxy (puc. 4).
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Puc. 4. PyiinyBaHHs OyTMHKY BHACIIIOK BUOYXY Tra3y

3HA4YHO Kpallle CUTyaris 3 OyIWHKaMu cydacHoi 3a0ymnoBu. 26 mrotoro 2022 poky B
pe3ynbTaTli BIyYaHHS TMOTY)KHOI pakeTd y BHUCOTHY OyxaiBiato Ha piBHI 17-20 moBepxiB
no6nuzy aeponopty «Kymsau» M. KueBa, BinOysocst pyliHyBaHHSI Ta YMOBHE «BUJAJICHHS
YaCTUHU HECYYHMX KOHCTPYKIIH (puc. 5). Dakr, 1mo OymiBis BCTOsJA 1 HE 3aBAIIACH ICIS
JOCUTh TOTYKHOTO PAKETHOTO yaapy, CBIMYUTH PO Te, MO il 3BEIH 13 JOTPUMAHHIM
CydacHHUX Oy/iBeTbHUX HOPMATHBIB, BpaXOBYBAJIM aACIIEKT MPOTPECYIOYOTO OOBAJICHHS.

o AL Wy

Puc. 5. Hacniaky BirydaHHs pakeTH y *KHTJIOBHH 25 MOBEPXOBUH OYIHMHOK

Ilepen ¢axiBisiMu MocTae HOBE 3aB/aHHs — 3a0e3MeueHHs] HEOOX1THOTO OMopy 00’ €KTIB
MPOrPECYI0YOMY OOBATICHHIO MPH PI3HUX KOMOIHOBAaHUX OCOOIMBHX AiAX MOXKEXK1 Ta BUOYXY.
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2 AHAJII3 JITEPATYPHUX JAHUX TA IOCTAHOBKA INPOBJIEMHA

OcHoBHa MeTa poOoTu, mpexacraBieHOi B [1], monsrana y BU3HAYEHHI BaXKIMBHUX
napamMeTpiB sl PO3paxyHKy KOHCTPYKTHBHHMX €JIE€MEHTIB JO TeMIIepaTypHUX Ta/abo
BUOYXOBUX HaBaHTaXEHb. J[JIs1 poBEeIeHHS aHANI3Yy YyTJIIMBOCTI HEOOXITHO OyJI0 PO3poOHTH
AQHAJITHYHUA METOJ TOYHOTO PO3PaxyHKy peakilii eJeMEHTIB KOHCTPYKIIIH Ha TOXEeXi Ta
BUOYXH, m00 MOXHa Oyl0 MIBUAKO BUKOHATH YHCICHHI PO3PaXyHKH 3ycwib. Y Wil poOOTi
Oymo 3poOJeHO MEBHHMH NUIAX pO3TISAY pPI3HUX YMOB 3akpilUieHHs (THIIB OMOp) Ta
MPUKIIAJICHUX HABAaHTAXKCHb.

B [2] posrisinyTi karactpodiuni moAii B HahTOBI MPOMHUCIOBOCTI, IHIUACHTH i Yac
CKJIAJJHUX BHPOOHHYUX TMPOLECIB, HEMpPaBWIbHE MOBOKEHHS 3 MOOYTOBUMH Ta30BUMH
YCTaHOBKaMHM Ta TEpPOPUCTUYHI aTaku. BuOyx cTBOproe BHOYXOBY XBHIIIO, SIKa CTBOPIOE
eKCTpeMalilbHE HAaBaHTA)KEHHS HA CYCIHI KOHCTPYKIii, IO CHPUYMHSE TOIIKOKEHHS Ta
pyHHYBaHHS, a TAKOXK MOYK€ BUKUHYTU yJIaMKH KOHCTPYKLIH. OOUuCIoBaibHe MOJICIIIOBAaHHS
po3rIsiHYTOT 3a7adi OyJ0 BHKOHAHO 3 BHUKOPUCTAHHAM TAKETy HENHIMHUX KIHIIEBUX
enemenTiB Abaqus. YucenbHi Mozeni Oynu MoOyIOBaHiI Ta MepeBipeHi 3 BUKOPUCTAHHSIM
JaHUX ICHYIOUHMX TMOJIFOBHX EKCIEPUMEHTIB. Pe3ynbTaTH 4YHCeNnbHOT TEepeBIpKH B IHOMY
JOCITIDKeHHI TIOKa3alld, 10 METOIM YHCEIIbHOTO MOJCTIOBAHHS 3 BHUKOPHCTAHHSM JIWIIIE
Moiener tractuaHocTi JIkoHcoHna-Kyka Ta MacoBoro mpomnopuidHoro aeMrdyBaHHS 100pe
Y3TODKYIOTBCS 3 JAHUMH TOJHOBHX BUMpPoOyBaHb. OJHAaK y MeTOJaX, BUKOPHUCTAaHUX Yy
IbOMY JOCIHIUKEHHI, € OOMEXKEHHs, I SKUX HEOOXIITH1 TOJaNbIIl JOCHTIIKEHHS IS
MepeBIPKU HIIUX TEOPIid y il rany3i JOCHIHKEHHS.

OCHOBHOI0O METOIO IILOTO IOCHIKECHHS [3] € 4YncenbHEe MOJECIIOBAHHS ITOBCHIHKH,
po3pobka Mojenell pyHHYBaHHS CTaJE€BHX KOJOH il YIapHUMU HaBaHTAKEHHSAMU 3
BUKOPDHUCTAaHHAM  JWHAMIYHOTO MakeTy cKiHueHmx enementis ~ ABAQUS/EXxplicit.
3anpormoHOBAaHO  YHCENbHY MOJIENh Ta IMEpPEeBIpEHO HAa  OCHOBI  OMyOJIKOBaHUX
eKCIIEPUMEHTAJIbHUX BUNPOOYyBaHh Ha IMOBHOMACINTAOHMX CTalleBUX KOJIOHAX, sKi
MIIAI0TECA TUHAMIYHUM BHOYXOBHM HaBaHTaXCHHSAM. JIOCTUDKEHHS TaKOX IPEICTaBIISIE
BHUBEJCHHS Ta TEPEBIPKY 3allPONOHOBAHOTO AHAMITHUYHOTO TIAXOAY [UII PO3PaxyHKY
KPUTHUYHOTO IMIYJAbCY BUOYXY, IpHU SIKOMY CTalleBa KOJIOHAa BTPAaya€ CBOIO TJIOOANbHY
CTIMKICTB.

Y [4] po3risHYTHI pO3paxyHOK OymiBeIbHUX KOHCTPYKIIM JUIS 3aXUCTy Bif
BYIJICBOJIHEBUX TOXKEXK 1 BUOYXIB, HEOOXIAHICTh PO3TJISAAY HU3ZKU MHUTaHb, SKi 3a3BUYAl HE
PO3IIIAIAIOTECS MPOEKTyBaTbHUKaMU. (OCHOBHI HampsiMHM, $KI OXOIUTIOIOTBCS: JaHl Mpo
BJIACTUBOCTI MaTepialliB MpU MiABUIIEHIA TeMmIepaTypi; AaHi MPO BIACTHBOCTI Marepiary 3
BHCOKOIO IIBHUJIKICTIO Aedopmariii 1711 BUKOPUCTAHHS y BUOYXOCTINKIA KOHCTPYKILii; METOIU
aHaJi3y MOXKeXi Ta BUOYXY.

Poznin [5] momomarae uumTauam 3po3yMITH HeOe3IleKy MOXexki Ta BHOyXy, a TaKoxk
BU3HAYUTHU XIMI4H1 BIACTUBOCTI, OB’ 5I3aH1 3 3alIMUCTICTIO Ta BUOYXOHeOe3neuHicTio. Bubyx
MPUBEPHYB HAIlIOHAIbHY yBary /A0 HeOe3MeKd TOprUYoro MUy B  XIMIYHIA 1
CUTBCHKOT'OCIIOIAPCHKIN MMPOMHUCIOBOCTI

VY [6] po3risiHyTO, 110 MOKEX], 1 BUOYXH € pe3yIbTaToOM peakliii TOpiHHs, e MaJ1BO Ta
KHCEHb pearyoTb, IHO1 OYpXJIMBO Ta MUTTEBO, BUJUISIOTh BEJIUKY KUIBKICTh €HEPTii.

VY [7] po3riasHYTO BIANOBIAHICTE HOBOMY 3aKkOHOAaBCTBY Bemmkoi Bpuranii ta €C
1010 Ta30BOi O€3MeKu A7 XIMIYHUX 3aBOJIIB CHOT'OJIHI € OCHOBHUM (DaKTOPOM, III0 BILIUBAE
Ha iX MPOEKTYyBaHHs Ta poOoTYy.

V [8] HaBeeHO 3aCTOCYBAaHHS Y KPUMIHATICTULI — PO3CIIIyBaHHS HABMUCHUX MOXEXK,
CIPUYMHEHUX 3JIOYMHHUMHU HOPYIIEHHSMH MPaBWI NMPO(UIAKTUKU, BUMHEHUX 3 MOMCTH, 3
METOI0 MPUXOBYBAHHS HIIKX 3JI0YMHIB, IIJIIXOM BaHAATi3MYy, BHACIIIOK ICUXIYHUX PO3JIAJIiB
abo y pa3i camo3aiiMaHHs B TPOMaJICHKUX MICIISIX.
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B [9] npoananizoBaHO MDKHapOJHI Ta HalioHaIbHI cTangapTH. Ilin yac oOGroBopeHHs
ayIUTy TIOXEXKHOI OE3MEKHM Ta BCTAHOBJICHHS MEPEropofoK OOrOBOPIOIOTHCS HEraTHUBHI
HACJIIKK TPOEKTIB PEKOHCTPYKIIil Meperopo oK Ha OyaiBebHI KOHCTPYKIi, TTOIIKOIKEHHS
MPOTHIIOKEKHOTO  BIACIKY, BIUIMB Ha [UIAXM €BaKyamil JIOJCH, MNpOEKTyBaHHS
JMMOBHJIAJICHHSI Ta 1HII CTAI[IOHAPHI 3aCO0U TIPOTHITOKEKHOTO 3aXHCTY.

VY [10] posrisiHyra moBeniHKa OyiiBeNlb Ta KOHCTPYKIIIH I Yac KPUTHYHUX MOJIH.
Tum He MeHII, mpobiieMa YacTo BUPINIYEThCA SKICHO OaraTbMa YHHHUMH KOJEKCAMH Ta
MpaBUJIAMH, TPOCKTYBAJLHUKHA HE MOXYTh TOCHJIATHCS HA KOHKPETHI METOMOJIOTIi s
OLIHKK a00 MJOCSATHEHHS CTPYKTYpHOI IIUTICHOCTI KOHCTpyKmiin. TepmiH cTpykTypHa
[UTICHICTh TYT Ma€ThCA HAa yBa3l SK 3AaTHICTh KOHCTPYKIIil BATPUMYBATH €KCTpEMalbHi Iii,
K1 0Oe3Mocepe/HhO BIUIMBAIOTh HA CTPYKTYpPHY CHCTEMY, 0€3 PO3BUTKY 3HAYHOTO
pyliHyBaHHS. Y 1il CTaTTl ONWCAaHO JBa OCHOBHI METOOU JOCSTHEHHS CTPYKTYpPHOIi
LUTICHOCTI: MIAX1J «3HU3Y BrOpYy», KOJH JOCTIKYIOTHCS HACTIAKKA BIMOB €JIEMEHTIB, HE
BpPaxOBYIOYM MOJIEJIFOBaHHS KOHKPETHOT Jiii, Ika MOTJIa IX COPOBOKYBATH; 1 HU3X1IHUHN MIAXI,
KOJIM BU3HAYAETHCS PEAKIIisl CTPYKTYPH HA KOHKPETHY BHITAIKOBY JIiFO.

Takox mpoBeieHUI aHaI3 CBITOBOTO Ta BITYM3HSHOTO JIOCBIAY 3 BHHMKHEHHS Ta
MONEPE/DKEHHS.  HAA3BUYaMHMX CHUTYyallli Ha TEpUTOpIAX, SKI 3a3HAJU  PAKETHO-
apTUJIepIiChKUX ypakeHb B KOHTEKCTI BU3BHaUEHHs HeOe3nek IpyHTiB. HaykoBa criibHOTa 110
Hebe3MneK, OKpIM XIMIYHOTO 3a0pyAHEHHS, BITHOCUTD (i3uyH1 nopymenHs [11, 12].

@Oi3u4H1 NOpYLIEHHS IPYHTY BUHUKAIOTh Yepe3 3areyaTyBaHHs BHACHIIOK OYyIIBHUIITBA
000pOHHUX CIIOPY/[l, KOMIAaHHS TpaHIIe abo TyHeNB, YIIUIbHEHHS BHACTIIOK PyXy TEXHIKH Ta
Bilicbk a00 yTBOpeHHs BUPB Bix 6omOapayBanHs [11].

B [12] 3a3HauaeThcest, 10 (i3MYHI MOPYIISHHS] MOXKYTH MTPU3BECTH JI0 3CYBIB Ta €pO3ii.

Buznaueno[13], mo ¢i3uKo-XiMi4HI TIPOIIECH MPHU3BOIATH JI0 3aKPUTHYHOTO
30UTBIIIEHHsT HEOE3MEYHNX YMHHUKIB, SIKI Y CBOIO 4epry MNPHU3BOAATH A0 JOKaTbHHUX (Y
HaWTIpIIoMy ciieHapii 10 (POHOBUX) 3MiH MMOKA3HUKIB ()I3MKO-XIMIYHUX BJIACTUBOCTEH (CTaHY)
IPYHTIB, HOCATH JOBIOCTPOKOBHMM XapakTep HeOe3leKkd IPYHTOBOIO CEepeloBHINA Ta
CTAaHOBJISITH HEOE3IEKY I HACEJICHHS Ta TEPUTOPIH.

BibOpariiinnii BIJIMB 3aT€H MPU3BECTH IO YIIUTbHEHHS TPYHTY, BUTHUCKAHHS BOJIH,
MPOCIJaHHS T[OBEPXHi, YTBOPEHHS MOPOXHUH. TeMIeparypHHil BIUIUB — MOPYIIUTH
TePMIYHUH 1 BOJHUN PEKHUM IPYHTIB, 3MIHUTH I'PaHYJIOMETPUYHUMA Ta arperatHuid ckman [14].
Boenni nii BmuMBaiOTH Ha OCHOBU OyJiBeldb Ta CHOPYH, Ta MOXYTh IPHU3BECTH JIO
MIPOrpPeCyr4oro ooBageHHsI.

BpaxoByroun peanii BINICBKOBOTO 4Yacy IIOCTa€ HarajibH€ MHUTAHHA MiI36MHOIO
OyIIBHMIITBA, a caM€ 3aXWCHUX CHOPYJ MHUBUILHOTO 3axucTy. Jlis 1poro moTpibHO
MPOBOJUTH JIOCHIPKEHHS TMOPYIICHb TIPYHTIB, $KI CHPUYMHEHI BOEHHUMHU [isIMH, Ta
BpPaxOBYBATH iX MiJ Yac pEKOHCTPYKIii, HOBOTO OyIiBHHUIITBA.

OTxe, Ha TemepilllHIA Yac HE ICHYe €IMHOI METOAMKH PO3PaxyHKy Ha «IIporpecyroue
oOBaneHHs . BeceOiuHe TOCTIHKEHHS Ta OLIHKA il PI3HOTO poAy HE MPOEKTHUX Ta aBapliiHUX
HaBaHTa)XeHb, KOMOIHAI[IS 1X BIUIMBY Ha OyaAiBelIbHI KOHCTPYKI[Ii PI3HUX THUMIB OYyAUHKIB €
BKpail HEOOXiTHOI YMOBOIO MJisi PO3pPOOKM Ta YIOCKOHAJIIEHHS METOAMKH PO3PaXyHKY
«IIPOTpecyrovyoro oOBajeHHs» OyAiBeNab Ta CHOPY[ MiJ Yac MOXKEX 1 BUOYXIB € aKTyaJlbHUM
HayKOBUM 3aBJaHHSIM, OCOOJIUBO 3 BpaXyBaHHSAM BilICBKOBOTO 4acy.

3 HIJb TA 3AJAYI JOCTLTKEHHS

MeToro AOCHIKEHHSI € MOJICNIIOBaHHS MPOTPeCyouoro ooBajgeHHs Oy/aiBenb B yMOBaxX
MOXKEeX1 3 BUKOpUCTaHHAM mporpamHoro cepenosuina JIIPA-CAIIP 3 meToro miBHIIEHHS
piBHS 3a0€3MeYeHHs OXKEKHOT OE3MEKH.

Jlist JOCSTHEHHSI MOCTABICHOT METH NMOTPeOyBalu BUPIIIEHHS HACTYITHI 3aBJaHHS:
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— TIPOBECTH aHaNi3 HAayKOBHUX Ipalb Ta HOPMYBAHHS BUMOT IIOJIO HPOTPECYIOUOTO
oOBasieHHs OyZiBeNh B yMOBAX IMOKEXI1, MPUUYMHU BUHUKHEHHS IIPOTPECYI0Y0ro 0OBaJICHHS B
YMOBaX MOXEX, PO3MVIAHYTH Cy4acHI METOJHM Ta MiIXOIH JI0 PO3PaXyHKY HPOTPECYIOHOro
oOBasieHHs B ymoBax noxkexi B CLLIA Ta Ykpaini;

— 3 METOI0 JOCIHI/DKEHHS BOTHECTIMKOCTI OyIiBIl /0 MHpPOTPEeCcyrouoro OOBaJICHHS
PO3pPOOUTH MOJIETh MPOTPECYIOUOro oOBasieHHsT OyaiBIi (Ha MPHKIAJI MAPKIHTY) B yMOBAax
MTOKEXKI, 0 MOXKE MPU3BECTH J0 MPOTPECyrOUoro 0OBaneHHs Oy IiBIIi.

4 PE3YJBTATHU JOCIIKEHb

4.1 Pe3yabTaTH J0CHiIZKEHb METOAIB PO3PaXyHKY NPOrpecyvyoro o0BajieHHs

[Iporpecyroue pyitHyBaHHS 00’€KTy — II€ OCTaHHS, JIABUHOIOI0HA CTadlsl KIHETHYHOTO
MpoLeCy MOCHIJOBHOTO HAKONWYEHHsI TMOIIKOKEHb abo nedopmaiiil  CTPYKTYpHUX
€JIIEMEHTIB O00’€KTy, M0 MPHUBOJATH JIO0 BTpPaTH 3arajibHOI CTIMKOCTI 1 TE€OMETPUYHOI
HE3MIHHOCT1 00’ €KTY B IIIJIOMY, 1110 PO3BUBAETHCA B YacCl.

Onmuu 3 HaiOuTeII Bimomux MeTodiB — me Meton «Design of Structures to Resist
Progressive Collapse», skuit OyB po3poOiieHHE s BHKOPUCTaHHS BiHCHKOBUMH
1HKeHepaMu. B 1iboMy MeTO/l po3IIIsSIaeThbecsl HEOOXIAHICTh 3aCTOCYBaHHSI MEBHUX 3aXOJ1B
JUid 3a0e3MeueHHsl CTIMKOCTI OyaiBIIi Micis JOKaJbHOTO PYHHYBaHHS, a TaK0X BIIHOBJICHHS
inTerpanpHocTi OymiBm. Ieit meroa perimamentyerbes «Unified Facilities Criteria (UFC) 4-
023-03 Design of Buildings to Resist Progressive Collapse [15]», sikuii BUKOPHCTOBYETHCS
JUTsL pO3paxyHKy CTIMKOCT1 OyIiBeNb JO mporpecyrodoro oOBaneHHs. Lleir meron Bumarae
BHU3HAUYEHHS NOTEHUIMHUX CIieHapiiB pyiHHYBaHHs Oy/iBJ1 Ta 3aCTOCYBaHHS KOHCTPYKIITHUX
3aXOMiB JJIs 3a0€3MeUeHHs CTIHKOCT1 OyMiBITi.

Takoxx B CIIIA icuye merom «General Services Administration (GSA) Progressive
Collapse Analysis and Design Guidelines for New Federal Office Buildings and Major
Modernization ProjectS», sKuHii BHKOPHCTOBYETHCS IS PO3PAaXyHKY CTiHKOCTI HOBHX
dbenepanbHUX OyIiBENb Ta TPOEKTIB iX MomepHizamii. B 1mpoMy MeTOal po3riasaaroThCs
(hakTopH, 0 MOXYTh MPU3BECTH JI0 MPOTPECYIOYOTO OOBAJIICHHS, Ta 3aX0H, HEOOXITH1 IS
3amo0iraHHsl TAKUM CUTYAaI[isIM.

VY CIIIA Takox BHKOPHUCTOBYIOTBCS iHIII METOIH, sKi po3pobisie «Los Alamos National
Laboratory (LANL) Method», sikuit posrisgae mporpecyrode OOBajJCHHS 3 TOYKH 30pYy
MeXxaHiku TBepaoro Tiia, Ta meto «FEMA 427, Primer for Design of Commercial Buildings
to Mitigate Terrorist Attacks», sikuii BHKOPUCTOBYETHCS /IS PO3PAXYHKY CTIHKOCTI OymiBeb
JI0 TEPOPUCTUYHUX aTak [16].

3aranbHUM MOXiA A0 po3paxyHKiB mporpecyrodoro ob6sanenHs B CIIIA nepenbauae
BUKOPUCTAHHS TPHOX OCHOBHHX METOJIB: METOMY TSITOBUX CHJI, METOAY ajJbTePHATUBHUX
[UISXIB Ta METOY MiABUILEHOT MIiCIIEBOI CTIMKOCTI:

— METOJl TATOBHX CWJ, SIK 1 B €BpomeichbKOMYy COr03i, 0a3yeTbcs Ha BUKOPHCTAaHHI
3'€eTHAaHb MDK CTPYKTYPHHMH elleMEHTaMH, K1 3a0e3MeuyroTh iXHIO IHTEeTpalbHICTh y pasi
nokanbHOro pyiiHyBaHHs. Omnak y CIIA miaxig 10 po3paxyHKiB METOJOM TSATOBHX CHI
BU3HaAYaeThes 3a jgormomororo FEMA P-751 Design Guide for Improving School Safety in
Earthquakes, Floods and High Winds [17], sixka mepenbadae 3acTOCYBaHHS TOMOMDKHOTO
IIPOrpaMHOTro 3a0€3MeUYeHHs Ta PO3paxyHKiB;

— MeToj minBuiieHoi MicueBoi criiikocti B CIA 6a3zyeTbcs Ha po3poOlli MIHOCTI
KOHKPETHUX CTPYKTYPHHX €JIEMEHTIB, SIKi MOXKYTh OyTH BUMYIIEHI MpAIfOBaTH 32 MEXaMu
CBO€1 HOPMAJIbHOT MILHOCTI NpH JIOKainbHOMY pyitHyBaHHI. ¥ CILA el MeTos peryiroerses
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];

— MmeToJ anbrepHaTuBHUX NULIXiB B CHIA mepenbayae po3riis MOXKIMBHUX HMUISAXIB IS
pO3MOALTY HAaBAaHTAXKEHHS y BMIAJIKYy JOKalbHOro pyiHyBaHHS. Lleit meron mnependauae
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BUKOPDUCTaHHA TPbOX AaHAJITUYHUX MPOLEAYp: JIHIHHOTO CTaTUYHOTO, HENIHIMHOTO
CTaTUYHOTO Ta HEJiHIHHOTO nuHaMidHOTO aHanizy. Y CLHA merox anbTepHAaTUBHHX LUIAXIB
perymoerbess 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 Vkpaini y 2009 poui waGys umuHocti JIBH B.2.2-24:2009 «bymusaku i criopynu.
[IpoexTyBaHHS BHCOTHHX JKHTJIOBHX 1 TPDOMAJCHKMX OYIMHKIB», i€ BIIEpIIE BHU3HAYCHO
TEPMiH IPOTPECYIOUOTO OOBAJICHHS Ta HABOJIUTHCS METOMKA PO3PAXYHKY.

Ha TenepimmHiii wac y 3B’s3Ky i3 ckacyBanHsMm JIBH B.2.2-24:2009 Tta HaOpaHHs
3akonHocTi JIBH B.2.2-41:2019 «BucoTni OyniBii. OCHOBHI MOJIOKEHHS» i TEPMIHOM
MIPOrPECYIOUOro OOBaJIEHHS PO3YMI€Tbcs — OOBajieHHS OyaAiBJII BHACHIIOK JIOKAJIbHOTO
pyHHYBaHHS YaCTMHM HECYYHMX KOHCTPYKIIM Ha OJHOMY YHM JAEKUIbKOX MoBepxax. To0To
MOIIMPEHHSI MOYaTKOBOI'O MICIIEBOTO pPYHHYBAaHHS y BUIJISAl JIAHIIOTOBOI peakiii Bix
€JIEMEHTY JI0 €JIEMEHTY, 1[0 B PE3yJbTaTi 3aBEepIIyeThcs 0OBasieHHAM OyiBii (a0o ii yacTuHU
BHCOTOIO JIBa Ta OUThIIIE TOBEPXIB), [0 BTPATHJIA OMOPY BHACIIIOK (MICIIEBOTO) JOKAIHHOTO
pyliHyBaHHS Ha Oyab-sikomy noBepcl. [IpuunHoto pyiiHyBaHHS MOXke OyTH Oynb-sKa 3 0e3miui
aBapiffHUX CUTYAIllll, sIK1 HE PO3IJIAJAI0THCS B 3BUYAITHOMY NPOEKTYBAHHI.

3 ornany Ha ue Tta BpaxoBytoun Bumoru JIBH B.1.1-12 ta JIBH B.1.1-7 ocoGmuBo
aKTyaTbHUMH TIOCTAIOTh TPOOIEeMH 3a0e3MedyeHHs] CEHCMOCTIMKOCTI Ta BOTHECTIHKOCTI
OyIiBeTbHMX KOHCTPYKIIIH, a TaKoXX CTIHKOCTI 0araromoBepxoBUX OyaiBelb 0
MPOrpecyrodoro oOBaJIeHHA. Y TOH jke yac 3eMJIeTpyCH, IMOKEXKi, CHIIbHI BITPH, Ha Kl
BUKOHYIOTHCSI PO3paxyHKU OyJiBeib BIAMOBIIHO /10 OyAIBEIbHUX HOPM, TaKOX HE MOBUHHI
MPU3BOAUTHU J0 MIPOTPECYI0OUOTO OOBATICHHS.

Metouka po3paxyHKiB Ha MPOrpecyrode 0OBaJIeHHS MIPOMIOHYETHCSI HACTYITHA:

— micast popMyBaHHS pO3paxyHKOBOT CXEMH 3 BpaxXyBaHHSM T'PaHUYHUX YMOB HEOOX1THO
BKa3aTH THITIB KIHIIEBHUX €JEMEHTIB 1 iX »KopcTtkocTi. J[ns BpaxyBaHHsS ¢i3mdHOT 1
T€OMETPHUYHOT HEJIHIRHOCTI BUOWPAIOTHCST BIATMOBIAHI THIW KIHIIEBUX €JIEMEHTIB
(manpuxnan, 410, 442, 444). Ilpu 3aBIaHHI >KOPCTKOCTEH HAroJOMIYETHCA HEOOXITHICTH
BpaxyBaHHSI HEJIIHIMHOCTI 1 3a7al0ThCA TMMapaMeTpu Marepialy KOHCTPYKIi 1 mapaMeTpu
apMarypu;

— 10 PO3paxyHKOBOI MOJENi NPUKIAJAIOTHCS JBa 3aBAHTAXKEHHS: IEpIIe MOJIEIIOE
MOCTIMHI 1 TpUBaJl HABAHTAKCHHSI Ha KOHCTPYKIIIIO, APYTe JTO3BOJIIE BpaxyBaTH KOCQIIIEHT
OUHAMIYHOCTI. JIJis IbOTO /10 BEPXHHOIO BYy3Ja 3PYHHOBAHOI KOJIOHU HEOOXIAHO IOKIIACTH
3yCWJIIS, U0 CTAaHOBUTH MEBHY YaCTHHY BiJl 3yCWJUIA B I KOJIOHI, 110 BUHUKA€E MpH Ail
HABaHTAXEHb 3 MEPIIOr0 3aBaHTAXKCHHS;

— 32 IOMOMOT0I0 « MOHTXHUX TaOIHUIIBY» MOAETIOThCA cTafii oOBaneHHs. DopmyeTbes
IBi cTafii. Y mepiry BXOJSITh BCl €I€MEHTH KOHCTPYKIlii 0e3 BUKIIIOUEHHS, B IPYTy — BCi, 3a
BUHATKOM 3pYHHOBAHO1 KOJIOHU;

— JUIsl BAKOHAHHS HEJIHIMHOTO PO3paxyHKy CUCTEMH 3 BpaXyBaHHSM IMPOIIECY MOHTAXY
HEOOX1THO 3a/1aTH KUIbKICTh HENIHIMHUX 3aBaHTaXeHb PIBHE KUIBKOCTI cTafiil MOHTaxy. J{is
JPYroro HEeMHIHHOTO 3aBaHTaKEHHS HEOOX1THO BPaXOBYBATH MOIEPEIHE 3aBAHTAKCHHS.

4.2 Pe3yabTaTl MO/IeJIIOBaHHSA nporpecyro4yoro ooBaneHHs B IIK «JIIPA -CAIIP»

MeToauKy NpOBEACHHS YHMCEIbHOTO MOJENIOBAaHHS 1 aHaji3y CUTYyallii, 10 CKJagacs,
MOJKHA MPEJICTABUTH B HACTYITHOMY BHIJISII:

1. Ominka )KOpCTKlCHI/IX XapaKTepUCTUK, AIMCHUX CXeM pOoOOTH 1 3aJUIIKOBUX PECYpCiB
HECy4oi 3/1aTHOCTI KOHCTPYKTMBHMX BY3JIB TIpPH MHUTTEBOMY 1 TPHUBAJIOMY THUIaX
HaBaHTAXXEHHS B YMOBAaX HOPMAJIbHOI €KCILTyaTallii.

2. OriHKa 3MiHH CXeMHU pPOOOTH 1 KOPCTKICHUX XapaKTEPUCTUK KOHCTPYKTUBHUX BY3JIiB
npHu Jii NiABUIEHNX HABAHTAXXEHb 1 PO3BUTKY IIACTUYHHX JieopMalliil 10 BUXOAY 3 Jay.

3. O1iHKa BIUIMBY BUSBJIEHUX CXE€M pOOOTH BY3JIiB Ha JIOKAJIbHI 30HU KOHCTPYKIIii.
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4. O1iHKa BIITyKYy CHOPYIM Ha BBEJCHHS MOXJIMBUX BUSBJICHUX KOHCTPYKTHBHUX 3MiH.

[Ipouecu nedopmariii, pyliHyBaHHS 1 00BaJICHHS KOHCTPYKII OyIiBeTbHUX KOHCTPYKIIIH
3a CBO€IO CYTTIO € PO3BUHEHUMHM CHJIBHO HEJIHIMHMMHU NPOILECAMHU, IO CYNPOBOKYIOTHCS
BEJIMKUMH TUIACTUYHUMH J1eopMalisiMU 1 MepeMilleHHsIMH, KOHTAaKTHOIO B3a€EMOJIEI0 MK
IpylIaMH  €JIEMCHTIB, IUHAMIYHAMH HABaHTAXYIOUHNMH €(QEeKTaMH Yy MOMEHT BiJMOBH
€JIEMEHTIB KOHCTPYKIIIH.

B cBiTiIi 1BOTO pe3ysbTaTH KOMIUIEKCHOTO YHCEIBHOTO MOJICIIOBAHHS ICTOTHO 3aJIeKaTh
BiJl BXKUBAHUX METO/IIB BUPIIICHHS CKJIQJI0BHUX 3aBJIaHb:

— HeNIHINHI IUHAMIYHI 3a0a41;

— TEOMETPHUYHO HENiHIHHI 3a/1a4i 3 BEJIMKAMH TTIEPEMIIICHHSIMH;

— T€OMETPUYHO HEJHINHI 33/1a41 3 BEJIMKUMHU JiehopMaIlisiMu;

— (13U4HO HEMiHIMHI 3a7a4l 3 PO3BMHEHOIO IJIACTUKOIO 1 HAKOMUYEHHSM MOIIKOIKEHb
Marepiajaom;

— 3aBJIJaHHS] KOHTAKTHOT B3a€MO/IIT PI3HUX T'PYIl €JIEMEHTIB KOHCTPYKIIH, Y TOMY YMCI 1
«CaMOKOHTaKT»:

v moOyayBaTi CKiHYEHO-EJIEMEHTHY MOJENb HAIpPYKeHO-1e(GOPMOBAHOTO CTaHy
OyZiBIIl MAapKIHTY U1 aBTOMOOLTIB 13 3al11300€TOHHUX KOHCTPYKIINA Ta CKIHYEHO-EJIEMEHTHY
MOJIENh €JIEMEHTY KOHCTPYKIIil (KOJIOHM) /TS BU3HAYCHHS TETJIOBOTO HAaBaHTAKEHHS;

v/ NpoaHai3yBaTH BapiaHTH IMOXEX JUIsS JIOCIIDKEHHS BOTHECTIMKOCTI (CTiHKOCTI)
OymiBIl B 3aJeKHOCTI BiJ MICI BHUHHKHEHHS Ta TIOKEKHOTO HABaHTAXEHHS Ha
BOTHE3aXUIIEH1 3a/11300€TOHHI KOHCTPYKIIT OyAiBI1 MapKIHTY;

v/ BUABHUTH HAWOUIBIN ypasMBi KOHCTPYKILii, BUKIIOUEHHs SKUX i3 KOHCTPYKTHBHOI
CXEMH TIPHU3BEJIC 10 HAHOLTBIITUX 30MTKIB TIPH TMOXKEXK1 Ta B MOJAIBIIIOMY JI0 BTPATH CTIHKOCTI
OyniBJI1l BIIJIOMY;

v/ IIPOBECTH OLIHIOBAHHS BOTHECTIMKOCTI BOTHE3aXHUIIEHUX OYAiBEIbHUX KOHCTPYKIIil
3a JIONIOMOTOI0 PO3POOICHOT MOIEI:

v/ BU3HAYUTH PO3IIOJIII TEMIIEPATYP IO TEPEPi3y OYMIBENLHOT KOHCTPYKIIIL;

v/ IepeBIpUTH HeCydy 3JaTHICTh OYMIBENbHHUX KOHCTPYKIiH Moneni (HampyxeHo-
nehopMOBaHUN CTaH 13 3MIHEHHMH J>KOPCTKICHUMHU XapaKTepUCTUKAMHU BiJ BIUIMBY Ha
KOHCTPYKITIIO ITIIBUIIICHUX TEMIIEPATyp MOXKEXK1);

v/ 3aIpoONOHYBaTH 3axOAM 3 IJBMIIEHHS MEX BOTHECTIMKOCTI KOHCTPYKILIH 3a
JOTIOMOTOI0 BOTHE3aXHCHUX MOKPUTTIB 3 HAYKOBO OOIPYHTOBAHUMH ITapaMeTPaMHU.

v/ TOPIBHATHU CTiMKicTh OyHiBIi MApKIiHIy 10 BILIMBY BHCOKHX TEMIIEPATYpP IOXKEXKI 3
BUKOPUCTAHHSIM BOTHE3aXMCHUX MOKPHUTTIB JUIsl MIABUIICHHS MEX BOTHECTIMKOCTI
3113006 TOHHUX KOHCTPYKIIIK 1 0€3 BUKOPHUCTaHHSI.

Jlis  nocnimKeHHS TPOTPECcyrouoro OOBajJeHHS 3MOJICNbOBAHUN 3-X TMOBEPXOBUI
MapKiHT SBJs€ COOOI0 MOHONITHO-KapKacHy OyIiBIO, sKa BUKOHaHA 13 MOHOJITHOTO
3anizo0eTony. Cxema OyaiBii sBisge€ cOO0K IOBHUM 3B S3KOBHUI KapKac, 3arajbHOIO
MICTKICTIO Ha 124 mapko MICIlb IiJ] JIETKOB1 aBTOMOOLTI (puc. 6).
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Puc. 6. Cxema kapkacy TpbOXIIOBEPXOBOI'0 MapKiHTy

Ha puc. 7 mokazano ctBopeHy B mnporpamHoMy komiuiekci JIIPA-CAIIP ckinueHo-
€JIIEMEHTHY MOJIeJb TPHOXIIOBEPXOBOIO MApKIHTY, 33/JaHl HaBAaHTa)KEHHS Ha KOHCTPYKIii
MapKIHTY.

Puc. 7. CxinuenHo-enemMenTHa 3D MoJiesb TPhOXIIOBEPXOBOTO MAPKIHTY

3MOJIeIbOBAaHUM €JIEMEHTaM CKIHUYEHO-€JIEMEHTHOI MoJieni Oylno MpH3HA4YeHO THUIU
YKOPCTKOCTI, SIK 300paskeH0 Ha puC. 7 Ta HaJaHi ix xapakTepucTuku (Tadm. 1-4).

Z1
z1

Y1
Y1

50.00

40.00

50.00

a 7

Puc. 7. XKopctkicts konoH «bpyc 50 % 50» (a) Ta nepexpurtiB «[lnacruna H 40» (0)
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Taoanna 1
XapaKTepUCTHKH 3113006 TOHHUX KOJIOH

[ Kome .| Ro, | EF, [ Ely, | Elz, | GIk, | Y1, [ Y2, [Z21,]Zz2,] q, |GFy,|[GF
Im'st E, o/m 3 T2 2 2

HTap /M T M M M cM cM | cM | eMm | T/M T |z, T

3ai- o ow |

- o N N

Bpye | 300e- 300 106| 25 | S | 15937 |15937| 11156 | 8.3 | 83 |83(83| 06 | & | 8

50x50 | Tom © © | @

KOJIOH

Taoauus 2
JKopcTkicHi XapaKTepUCTUKH TUTMTH EPEKPUTTS
Im'st KomenTap E(E1), /M*|Ro, /M%|V12(V) |H, cm
[Mnactinaa H 20 | 3amizoberon mmmr| 2750000 2,5 0,2 20
Tabanuns 3
XKoperkicHi xapakrepucTuki. [InacTuHu (TEMIONPOBIAHICTS)
IM'st Komentap | H, cm K, C, Ro, H/m®
Jx/(m-c-°C) | JIx/(xr-°C)
TemnonposinHicts | 3amizoberon | 200 0.850 1100 23030
TemnonposigHicts | Boraezaxucr | 100 0.071 2000 5000
Ta0auns 4
JKopcrkicHi xapakTepuctuku. CTepKHi (KOHBEKITIS)
Im'st KomenTap H, cm a, Jix/(c-M>-°C)
KonBekmist 100 25

B pe3ynbrari uncenbHOTO MOJICITIOBAHHS OYJIO BCTAHOBIJICHO MICIIe BUHUKHEHHS TTOXKEXKI,
HACJIIKY B SKOT MPU3BEIYTh A0 BTPATH HECYYOl 31aTHOCTI KOHCTPYKITIH, 1, sIK HACHIJOK, JI0
BTPATH 3arajbHO1 CTIMKOCTI OyAiBJIl MApKIHTY.

Jlst BpaxyBaHHS HEJIHIHHOCTI B mporpamHomy Komiuiekci «JIIPA-CAIIP» 6yB oOpanuii
MPOCTUM KPOKOBUH METON 3 KUIBKICTIO KpokiB piBHUM 30. OOpaHO 3aKOH HENIHIMHOTO
nedopmMyBaHHSI OETOHY, IO 3aCTOCOBYIOThCA B IporpamHomy Komiuiekci «JIIPA-CAIIP»:
1501 — xyckoBoO-JiHIHHMN 3aKOH JehOPMYBaHHSI.

s po3paxyHKIB HEPIBHOMIPHUX PO3MOJLUIIB TEMIIEpaTypu B MOMEPEYHOMY Mepepisi
3ali300€TOHHOT ~ KOJIOHM  3aCTOCOBYBaJM  MaTeMaTH4YHY  MOJENIb  HECTalllOHApHO1
TEIUIONPOBITHOCTI, MaTeMaTHYHUN amapar skoi BukopuctaHo B mporpami JIIPA-CAIIP.
Monens sBisie coboro audepeHifiiine piBHAHHS TEIUIONPOBITHOCTI, SIKa BPaXOBY€E paaialliiiHO-
KOHBEKTHBHHUH TEIIOOOMIH BiJl Ta30BOTO CEPEIOBHUINA JIO OOIrpIBHUX MOBEPXOHb KOJOHHU
(oOirpiB 3 4-ox ctopin) (rpanuuni ymoBu III-ro posmy), TemnooOMiH TEIIOMPOBITHICTIO B
KoJIOHI. J[71s1 po3B’si3aHHS PIBHAHHS TEIJIONPOBITHOCTI BUKOPUCTOBYBABCS METOJI CKIHYEHUX
eJIEMEHTIB, peaiizoBanuii B nporpami JIIPA-CAIIP.

5 OBI'OBOPEHHA PE3YJIBTATIB JOCJIIKEHHSA

5.1 O6roBopeHHs pe3yJabTaTiB JAOC/IIKEHHSI METOIIB PO3PaXyHKY NMPOrPecyrvoro
o0BaJIeHHA

Pi3Hi HOpMaTHBHI JOKYMEHTH MOXYTb MAaTH pI3HI BH3HAUEHHS MPOTPECYIOUOTO
oOBaJIeHHs, ajle BOHM MalOTh CIUIbHI PUCH, fAKi MOB'I3aH] 3 MOMUJIKAMH MPH MPOEKTYBaHHI,
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HEBIPHUM pO3PAaXyHKOM HABaHTAXXEHb TAa HEBPAXyBaHHSM MOXUIMBUX BIUIMBIB Ha Oy/IiBIIIO
M Yac eKCIuTyaTallii, TaKuX K BUOyXH, moxkexi Tomo. [Iporpecyroue oOBasieHHsT Oy/IiBeNb
IiJ] 9ac MOXKEeXi CTAaHOBUTH 0COOIUBY HEOE3IEKY.

3aranpHUM WOXig 10 po3paxyHKIB mporpecyrouoro oOBanenHss B CHIA mependauae
BUKOPHUCTaHHS TPhOX OCHOBHUX METOMIB: METOJY TATOBHX CHJI, METOJIY AJIbTEPHATHBHUX
NUIAXIB T4 METOAY MiABHIICHOI MICIEBOi CTiKocTi. KokeH 3 1mux MeromiB Mae CBOi
OCOOJMBOCTI Ta 3aCTOCOBYETHCS BIANOBIAHO 1O KOHKPETHHX YMOB. 3aCTOCYBaHHS IIHX
METOJIB JI03BOJISIE 3a0€3MEUUTH CTIHKICTh OyHIiBENb TWiCIs JIOKAIbHOTO pPYWHYBAaHHS Ta
3MEHIINTH HACTIIKNA MOKJIMBHX KaTacTpoo.

Metoau Ta WAXOOM 1O PO3PaxyHKy NPOTPECYIOUOTr0 OOBajJeHHS B YKpaiHi 3a
nonomoroto IIK JIIPA-CAIIP BximouaroTh  KBa3iCTaTUYHY IIOCTAHOBKY (JIIHIAHUN Ta
HENHIMHUNA PO3paxyHOK) Ta AMHAMIYHY IMOCTAHOBKY (JIIHIMHUNA Ta HENIHIMHUI pO3paxyHOK).
OcHOBHa MeTa Takoro pO3paxyHKy IIOJSTrae y TPOEKTYBaHHI CHOPYJ, SKI MOXYTb
MPOTHCTOSITH aBApPIMHUM CHUTYAIlisIM, 3MEHIIYIOYH HACIIIKK JUTSl JIFOJIEH Ta HaBKOJHITHBOTO
CepeI0BHILA.

JlocmipkeHHST 32 HANpsIMKOM — TPOTPECYI0OYOro  OOBaJieHHS  BKIIOYA€E  PO3TIISA
MOTEHLIHHUX 3arpo3, sIKi MOKYTh IIPU3BECTHU 0 PyHHYBaHHS KOHCTPYKIIii Oy TiBI1.

Takum umHOM, 3amOOIraHHS MPOTPECYOUOMY OOBAJICHHIO — OJIHA 3 HAWBaKJIMBIIINX
yMOB 0€3IMeYHO01 eKCIuTyaTallii sk HOBOOY/IOB, TaK 1 ICHYIOUHX OyziBeb. 3riTHO 3 BUMOTaMH
JIbH B.1.2-14 ta JIBH B.2.2-41 koHcTpykTHBHa cucteMa Oy/iBii Mae 3abe3nedyBaTu Omip
MIPOTPECYIOYOMY OOBAJICHHIO Ta JIOKATHPHOMY PYHHYBAHHIO y pa3i BUHUKHEHHI Ha/I3BHYATHIX
CUTYaIIIH.

5.2 O0roBopeHHs1 pe3yJbTaTiB MO/JeJIOBAHHSI Nporpecyrwyoro oosajeHnsa B IIK
«JITPA -CAIIP»

JlocnipkeHHsT 32 HalNpsIMKOM — IIPOTPecylodoro oOOBajJieHHS  BKJIIOYAE€  PO3TIISL
MOTEHIINHUX 3arpo3, sKI MOXYTh TPHU3BECTH JI0 pPYHHYBaHHA KOHCTPYKIIH OyiBIIi.
Po3po6iiena koM 10TepHA MOJIENb JUTsl PO3PaXyHKY Ha Mporpecyrode oOBajaeHHs OymaiBii i
BIUIMBOM TEIJIOBOTO Ta HAMPYKEHO-Ie()OPMOBAHOTO CTaHy OYIIBIII TPhOX IOBEPXOBOTO
MapKiHry i1 aBToMOOUTIB. J[aHe MOCHIKEHHS J0TOMarae€ BH3HAYMTH HAWOUIBII CllalOKi
MiCIIsI KOHCTPYKIIII MapKiHTy Ha MpOTpecyrde OOBajeHHs, SKI MOTPEOYIOTh MiJCUIICHHS, a
TaKoXX PO3POOMTH Ta BHOPOBAJAUTH BIAMOBIAHI 3aX0IW 3 TMOKPAIIEHHS BOTHECTIMKOCTI
KOHCTPYKII, BCTAHOBJICHHS CHCTEM IIOKEKHO1 CHUTHaii3alii Ta aBTOMaTHYHOIO
MOKEKOTACIHHS, OpraHizailisi eBakyalliiHMX BHXOAIB Ta iHII. Ilpum 1pomy oOIrpyHTOBaHO
TOBUIMHY TACUBHOTO BOI'HE3aXUCHOTO MMOKPUTTSL.

6 BHUCHOBKU

1. Ha remepimHiii 4ac He iCHYe €IMHOI METOAMKM PO3pPaxyHKy Ha «IIPOrpecyroue
oOBaneHHs . BeeOiune TOCiKeHHs Ta OLIHKA Jii PI3HOTO POy HE MPOEKTHUX Ta aBapiiHUX
HaBaHTa)XeHb, KOMOIHAI[IS IX BIUIMBY Ha OyaAiBelIbHI KOHCTPYKIIi PI3HUX THUMIB OYyAUHKIB €
BKpail HEOOXIZHOIO YMOBOIO Ui PO3POOKM Ta YJOCKOHAJEHHS METOJUKH PO3pPaxyHKY
«IIPOrpecyrovyoro oOBajeHHs» Oy/iBeNb Ta CIOPYJl Ml 4ac MOXKeX 1 BUOYXIB € aKTyaJlbHUM
HayKOBUM 3aBJaHHAM, OCOOJIMBO 3 BpaXyBaHHSAM BilICBKOBOTO 4acy.

Pi3Hi HOpMaTHBHI JOKYMEHTH MOXYTb MAaTH pI3HI BHU3HAUEHHS MPOTPECYIOUOTO
oOBaJIeHHs, ajle BOHM MaloTh CIUIbHI PHCH, fKI MOB'I3aHI 3 NOMUJIKAMU MPU HPOEKTYBaHHI,
HEBIPHUM pO3PAXyHKOM HABaHTaXEHb TAa HEBPaXyBaHHSAM MOXUIMBUX BIUIMBIB Ha Oy[iBIIIO
Mi yac eKcIUlyaTalii, Takux sK BHOyXH, Mmoxexi Tormo. OCHOBHa MeTa KOXKHOTO METOIY
noJisirae B 3a0e3MeyeHHl CTIHKOCTI OyaiBii Ta 1l 3aXMCTy BiJ JIOKaJIbHOTO PYHHYBaHHS
[UIIXOM PO3MOLTy HaBaHTaXEHH Ta 3a0€3MeUeHHs MIlHOCTI KOHCTPYKITIH.
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Ilocrae 3aBmanHa 3a0e3nedeHHs HEOOXIAHOTO OMOpPYy OO’€KTIB  MPOrpecyrnvdoMy
0OBaJICHHIO MPU PI3HUX KOMOIHOBAaHUX OCOOJIMBUX JiSIX TIOXKEXK] Ta BUOYXY.

2. JlocmimpKyBaHUN TPHOX MOBEPXOBHI MApKIHT € MOHOJITHO-KapKacHOIO OyIiBIIEtO, 1110
BHKOHAHA 13 MOHOJITHOTO 3aJi300€TOHY, SIKi OUTBII CXWJIBHI IO MPOTPECYI0YOro 0OBaICHHSI.
CrpykTypa OyIiBIIi CKIaAETHCS 3 KOJOH Ta IEPEKPHTTIB, sIKi YTBOPIOIOTH TIOBHUH 3B'SI3KOBUI
Kapkac. Y JaHOMY BHIIaJKy, BUKOpUCTOBYIOuM nporpamuuil komiuiekc JIIPA-CAIIP, 6yno
CTBOPEHO CKIHUEHO-CJIEMEHTHY MOJIeIbh TPhOX IMOBEPXOBOTrO Mapkinry. s momem Oyro
BHU3HAYCHO TUITH KOPCTKOCTI Ta BIAMOBIIHI XapaKTEPUCTUKH.

ITin wac nOCHiKEHHS BOTHECTIMKOCTI Ta CTIMKOCTI OyMiBIII JIO TPOTPECYIOUYOTO
oOBaJieHHsT OYJIO 3MOJICIbOBAHO BapiaHTH IMOKEX U BU3HAYCHHS HACIIIKIB BUHUKHCHHS
MO’KEXK1 Ha KOHCTPYKIIIT NapKiHry. B pe3ynbrari yucenbHOro MOJEIIOBAaHHS OYJIO BHSIBJIEHO
MOTEHI[IfHE MICIIE BHHHKHEHHS TMIOXKEXI, IM0 MOXE€ TPHU3BECTH O MPOTPECyrYOro
0oOBaJICHHSI.

3. BcraHoBIIEHO, 110 MIAXOAW 1100 30UIbIIEHHS IUIONII apMYBaHHS MalOTh MICIE MPH
MIPOEKTyBaHH1 OyniBeNlb Ta CIOPYA, NMPOTE B3arajll He NMPUHHATHI NMpU EKCIUTyaTalil BKe
noOynoBaHux Oy/iBelb Ta TMPH  HEOOXITHOCTI TMIABUINEHHS MEX BOTHECTIHKOCTI
3a11300€TOHHUX KOHCTPYKLIN JO HOPMOBAaHUX 3HAYEHb.
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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.

EKCIHEPUMEHTAJIBHI JOCJIKEHHS CEPIMHOI
TOPOXKHO-AEPOJPOMHOI 3AJII30BETOHHOI IVINTU

Cyp'sininos M. I'.}, Kopneena 1. B.}

Y0o0ecvra oepacasna axademis bydienuymea ma apximexmypu

AHoTtanisi. HaBeneHo pe3ynbTaTH eKCIIEpUMEHTANbHUX JOCTIPKEHb Hecydoi 34aTHOCTI Ta
TPIMUHOCTIIKOCTI TOPOXKHBO-aepOAPOMHOI 3aii3o0eTonHol Tt 1IAI, mo cepiliHO BUIyCKa€eThCH,
BuroroBiieHoi Ha TOB «Benukononuncekuii 3aBoj 3bK» Ha 3amoBneHHst Opecbkoi aep:KaBHOL
akanemii OyMIBHHIITBA Ta apXiTeKTypu. BignmoBimHO 10 HOpPMATHBHHUX JOKYMEHTIB, IO IIIOTh B
VkpaiHi, pO3MISHYTO OAHY 3 JABOX MOXJIHMBHX CXEM HAaBaHTAKCHHS — TP HaBaHTAKEHHI
30CEepPEeHKEHOI0 CHIION, NMPHUKIAZACHOI0 Ha KOHCOJBbHIA 4acTWHI miuuTu. [lnnta BunpoOoByBanach Ha
CHeliaJIbHO BHUTOTOBJICHOMY CTEH[I, IO CKJIAAA€ThCS 3 YOTHPHOX OINOPHHUX CTOHOK, IOB'S3aHHUX
MOMAapHO MK co00r0 Oajkamu, Ha sIKi ciupanacs miuuta. HaBaHTa)keHHS MPUKIIanaocs Mo IIHPUHI
wmth cxoxamu — 1o 0,04 Bixg pyiHIBHOro, MO JIBOX 30CEPEIKEHHX BEPTHUKaJIbHHX cMyr. KoskHa
CTYIIiHb HaBaHTa)KEHHsI 3aKiHUyBaJIacs M'ITUXBHJIMHHOI BUTPUMKOIO, Ha TIOYATKY 1 HAIIPUKIHLI SIKOi
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3HIMANMCS TIOKAa3aHHS Ha BHUMIPIOBAIBHUX TNpwiagax. Yci BHOpoOyBaHHS MPOBOAMIIHCS 3
BUKOpUCTaHHSM J1BOX AoMkpaTiB 30 T ta 50-ToHHOro muHamomerpa. lIpmHuuMn poOOTH JOMKpaTa
MOJISITaB y TOMY, III0 MOTO HIDKHS TUIOLIMHA TUCHYJIA Ha JABOPIBHEBY IEpeXpecHO-0aIKOBY CHCTEMY, a
4yepe3 Hel HaBaHTAXKEHHS PO3MOIUIIIOCS Ha IUIHMTY. Y Tpoueci BUIPOOYBaHHS IUIMTH (HiKCyBaiw
NpUKIaJeHe HaBaHTaOKEHHA, MNporuHu Ta  gedopmamii. Sk BUMIiproBaibHI — HpUIaIH
BUKOPUCTOBYBAJIMCSl 1HAWKATOPH TOJWHHOTO THUMY 1 mporuHomipu. [Iporec TpillMHOYTBOpEHHS Ha
MOBEPXHSIX TUIUT CIIOCTEpiraBcs 3a JOMOMOrow TpyOku BpiHemns y micusx HalHOLIBIIOrO PO3KPUTTS
TPILIHH.

B pesynprari BUNpoOyBaHb Hecyda 3JaTHICTh IUMTH ckiana 163,2 kH npu 3ruHambHOMY
MoMmeHTi 78,3 kHwm. HaBaHTaskeHHs, 10 BiAMOBiga€ MOYATKY TPIIMHOYTBOPEHHsI, AopiBHIOE 86,4 KH
MpH 3ruHabHOMY MOMEHTI 36,9 kHM. MakcuManbHa MIMPUHA PO3KPUTTS TPIMMH craHoBMia 1,0 MM.
3a ToOKazaHHsIMH IHAWKATOpiB MOOyqOoBaHO Trpadikd 3aleKHOCTI BiTHOCHOI Jedopmarnii Bix
HaBaHTaXeHHs. ['padiku 3aJeKHOCTI MPOTHHIB BiJ HaBaHTAXXEHHs, MOOYIOBaHI 3a JaHUMHU JIBOX
nporuHoMipiB. JIo mosBU mepmioi TPINMHE MaKCHMAaJIbHUH TPOTHH TUIMTH CTaHOBHTH 12,0% Bix
MPOTHHY, 3a(iKCOBAHOTO HAIPUKIHI[I BUIIPOOYBaHb.

KawuoBi caoBa: 3amizoberon, rtumrta [IAI, Hecywa 3[aTHICTh, JAe(OPMAaTHBHICTS,
TPIIMHOCTIAKICTD, €KCIIEPUMEHTAJIBHI TOCITIIKEHHS.
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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.
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4 MATERIALS AND METHODS OF RESEARCH

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).

Fig. 1. Test bench
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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
the upper surface of the slab (Fig. 3). The first group of seven

of indicators were installed on
indicators (21 — 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. 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 kKN with a bending moment of

36.9 KNm.
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6 DISCUSSION OF RESEARCH FINDINGS

The test results obtained at each loading stage are presented in table 1.
Table 1
Slab test results

Crack opening width, mm
Load stage number | Load, KN — -
Initial Ultimate
1 19,2
2 38,4
3 48,0
4 57,6
5 67,2
6 76,8 1-01 1-1,0
7 86,4
8 96,0 2-0,1 2-05
9 105,6 3-0,05 3-10
10 1152 | 4,56-014,56-0,1
11 124,8
12 134,4
13 1440 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.

1
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Fig. 4. Relative deformation according to indicator readings
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Graphs of the dependence of deflections on load, constructed using data from two
deflectometers, are shown in Fig. 5.
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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 kKNm. 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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VJIK 666.9.022

BIIVINB MEXAHOXIMIYHOI AKTUBAIUI KOMIIO3UIIHHOI'O
IHEMEHTY HA MIITHICTh BYAIBEJIBHOT'O PO3YHNHY

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

Y00ecvra depacasna axademis 6ydienuymea ma apximexmypu

AHoTanisi. B cTarTi po3risiHYyTI NMUTaHHS, SIKI TOB’A3aHI 3 BHUKOPUCTAHHSIM B TEXHOJOTii
BUTOTOBJICHHSI PO3YMHOBUX CyMilleli Ta OyAiBeNbHHX pO3YMHIB Ha iX OCHOBI IIBUAKICHUX
3MilllyBayiB, po0OTa SKUX BUKIMKA€E MEXaHOXIMIYHY aKTHBAIlil0 B’spKydoro. Bukopucranuii B po0oTi
POTOPHHH TIPOTUTECUIHHWNH MIMH BHKOHYE pOIIb aKTHUBATOpa IOBEPXHEBOI 30HU SK 3€peH
MOPTIAHIEMEHTY, TaK 1 3epeH KBapIlOBOTO MICKY i, TAKUM YMHOM, CHpusie iHTeHcHu]ikallii mporiecis
CTPYKTYPOYTBOPEHHS SIK IIEMEHTHOI'O TiCTa, Tak i OyIiBEJIHHOI0 PO3UMHY Ha Horo ocHoBi. Buxossun
3 TOTO, IO OJHUM 13 TIEPCIIEKTUBHUX HANPSMIB 3HVDKEHHS BUTPAT HA aKTHBAIIIO IIEMEHTY € 3HU)KECHHS
EHEepProeMHOCT1 CaMoro Tpollecy Juclepraiii, TO BHUKOPHUCTAHHS BIJHOCHO MallOCHEPTOEMHUX
POTOPHHX MIIMHIB MOXE PO3IIISIIATHCS SIK €EKTUBHUM CIIOCIO MiIBUIIIEHHS aKTUBHOCTI B SDKYYOTO.

[Ticnst cymicHOT akTHBAIlil TOPTIIAHAIIEMEHTY Ta HEMOJIOTOT'O KBAPIIOBOTO IMICKY (KUTBKICTh SIKOTO
koperysajacs Big 0 10 50 % Macu 1ieMenTy; Tepmin aktuBaiii - 300 cex) OyJid BUTOTOBJICHI 3pa3Ky 13
PIBHOB'SI3KOTO IIeMEHTHOro Ticta. EKCHeprMeHTanbHO BCTAaHOBJIEHO, IO MAaKCHMallbHa MIIlHICTh
[EMEHTHOTO KaMeHI0 B 28-M JIEHHOMY Billl Jlocsraniacsi MPpH BUKOPHCTOBYBAaHHI KOMIIO3HUITIITHOTO
nemeHTy 3 20 %-UM BMICTOM aKTHBOBAHOTO ImicKy. [Iyisi BH3HAYEHHs BIUIMBY JIOCIIJDKYBaHHX
(dakTopiB, TakuX, SK BUTpaTa MEXaHOAKTHBOBAHOTO KOMIIO3MIIIHHOTO B’SKYYOro, KOHIIEHTpAIlil
cynepmnactudikatopy C-3 (0...1,5 %) Ta BuTpatm Mmikpokpemuesemy (0...10 %) Ha MinHICTD
OyaiBeIbHOIO PO3YMHY B 2-X Ta 28-M JICHHOMY Billi, OyB MpoBeAcHUN 3-X (haKTOPHHHA EKCIEPUMEHT.
BceranoBneHo, mo B JOCTIPKEHOMY TIepioli TBEPIHCHHS HAHOUTBIIINI BIUIMB Ha MIITHICTH HA CTHUCK
JUTSL  TOCHIDKCHWX CKJIamiB  OymiBenpHOro poszumHy (Bim 1:3 mo 1:1) Hamae BMIiCT B HHX
MEXaHOAKTUBOBAHOTO KOMITO3HUITIHHOTO IIeMEHTY. HacTylmHIM 32 BIJIMBOM Ha MIITHICTh OYIiBEIBHOTO
po3unHy € BuTpaTa cynepiuiactugikaropy C-3. 3pocTaHHs MIIIHOCTI Ha CTUCK OYIIBEIBHOTO PO3YUHY
Bil BBENEHHS IO HOro cKiamy MikpokpemHesemy He mepeBumrye 10-15 %. CymicHuii BB
MEXaHOAKTHBAIlil B’SDKydoro 1 BHUKOpUCTaHHS no0aBku C-3 3abe3medye 3pocTaHHSA MIITHOCTI
OyxaiBenmpHOrO0 po3unHy (cknax po3umHy 1:1) B 28-m nmennomy Bimi 3 43,5 Mlla (meaktuBoBaHe
B’spKyue; nodaBka C-3 BincytHs) mo 63 Mlla, To6To Maibke Ha 45 %. lnst OyniBeNIbHOrO PO3YMHY
AQHAJIOTIYHOTO BIKy 3 MEHIIO BHTPATO0 KOMITO3WIIHHOTO IMeMeHTy (ckiman po3umHy 1:3)
MexaHOaKTHBalLid BSDKydoro B mpucyTHocTi 1,5 % noGaBku C-3 3abe3nedye 3pocTaHHS MILHOCTI
po3urHy Ha cTrck 3 21 MIla (B’ sbkyde HemexanoaktuBoBane; C-3 =0 %) 1o 39 MIla.

Kuaro4oBi ci1oBa: KOMIO3UIIIHHUHN 11eMeHT, Oy/IiBeTbHUI PO3YNH, PO3YHMHOBA CyMIIll, aKTHUBAIIis,
MPOTUTEUITHII MITHH.

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

I. Barabash?, D. Pirogov*
10dessa 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

llemeHTHUIT KaMiHb, SKHA Ma€ B CBOEMY CKJIaJi MEJIEHUH KBapIOBHH MIiCOK,
XapaKTepU3Y€EThCS BITHOCHO HE3HAYHHMH 00 €MHHMMHU jaedopMallisiMd 1 BOJOJIE€ BHCOKOIO
MIIHICTIO Ta KOPO3IHHOI0 CTIMKiCTIO. BMICT MeneHOro KBapIioBOTO IICKY B IIEMEHTI, KU
BUKOPHUCTOBYETHCS JJIsi BUTOTOBJICHHS OY/IBEIBHUX PO3YHHIB 1 K1 TBEPAIIOTH B HOPMAIIbHUX
ymoBax, ckiamae 20...40 %. KsapmoBuii micOK, SKH BHKOPHCTOBYETHCS B SKOCTI
MiHEepaIbHOT T00ABKH JI0 TIOPTIAHIIEMEHTY, TIOBHHEH XapaKTePH3yBaTUCS BUCOKHM BMICTOM
kpemHiiikucinot (He wmenme 90 %), a Bmict wactok wmeHme 0,05 MM HE TOBHHEH
nepesuiyBatd 3 %. B yMmoBax TpamuiidHOi TEXHOJIOTIT BHUTOTOBJICHHS OyIIBEIbHUX
PO3YMHIB MEJIEHUH KBapLOBUN MICOK MPAKTUYHO HE BCTyNAae B XIMIYHY B3a€EMOAI0 3
MPOJAYKTAaMH Tiapatailii B sXKy4oro 1 BBEJICHHS HOTO 70 CKJIaly IIEMEHTY BUKIIMKAE 3HIKECHHS
MIIIHOCTI K I[EMEHTHOTO KaMeHI0, TaK 1 OYyIIBETbHOrO pPO3YMHY Ha MOro OCHOBL. Tomy
O0COOJIMBO aKTyaJbHUM € TIOIIYK HOBHUX TEXHOJIOTTYHUX MPUHOMIB, SIKI J03BOJISIOTH
aKTHBYBAaTH TOBEPXHEBHUH IIap SIK 3€pEH KBApIIOBOTO MICKY TaK 1 YaCTOK LIEMEHTY i, TAKUM
YUHOM, MPUCKOPUTH TMPOLIEC CTPYKTYPOYTBOPEHHS TBEPAHYUOi CHUCTEMM 1 3pOCTAHHS ii
MII[HOCTI.

2 AHAJII3 JITEPATYPHUX JAHUX TA TIOCTAHOBKA IMPOBJIEMU

BuxopucTaHHs B TEXHOJIOTIl BUTOTOBJICHHS TOPTJIAHIIIEMEHTY MiHEPAILHUX JI00ABOK 3
METOI0 €KOHOMII B’SKY4OI0, PEeryIloBaHHS BJIACTUBOCTEH OyNiBEIbHUX PO3UYHMHIB 1 OETOHY €
OJIHUM 13 HaWOUThII €(PEKTUBHUX TEXHOJIOTIYHUX MPUHOMIB, SIKAU 3 YCIIXOM 3aCTOCOBYETHCS
B OyniBenbHiM mpaktuili [1-3]. Cepen MiHepalbHUX J00aBOK MPUPOIHOTO ITOXOKEHHS
ocoOnMBe MiICIle 3aliMarOTh KBapIOBI ITICKH, SKI TPH CHUIBHOMY TOAPIOHEHHI 3
MOPTJIAHIIEMEHTOM YTBOPIOIOTh KOMITO3MINIMHMKN 11eMeHT [4-6]. KoMmmosuiiiHuii 11eMeHT
crpusie (OpMyBaHHIO OUIBIN IMIUTBHOI APIOHOTIOPHUCTOI CTPYKTYPH ILIEMEHTHOTO KaMEHIO,
MIBUIIEHHIO HOTO  BOJOHEMPOHUKHOCTI Ta Moposoctidkocti [7-9]. TlokpameHHs
BJIACTUBOCTEH I[EMEHTHOTO KaMEHI0O Ha KOMIIO3MIIIHHOMY IIEMEHTI, Ha Hall MO,
0OyMOBJIEHO THM, III0 YaCTKU KBAapLOBOTO IMICKY, Mar4d JOCTaTHHO BHCOKY MIIHICTb,
PIBHOMIPHO PO3MOJAUISIOTBECS B MPOIEC aKTHBalll B MOPOKHMHAX MDK 3€pHAMHU IIEMEHTY,
BUKOHYIOUH POJIb IIEHTPIB KPUCTATI3AIIi 1 IMICJISI 3aBEPIICHHS MPOIECy TiapaTallii OCTarThCs
PIBHOMIPHO pO3MOJUICHUMH B KaMEHi, MOKPAIIIOYH HOro CTpykTypy. Came HasBHICTh
3Ha4YHOI KUTBKOCTI WEHTPIB KpucCTaizaimii 3a0e3reuye yTBOPEHHS IIUIBHOI CTPYKTYpPH
LIEMEHTHOTO KaMeHI0. B TexHosorii BUTOTOBiIEHHs OyiBEeIbHUX PO3YHMHIB 3HAYHA YyBara
NPUAUISETbCA SIK BUBYEHHIO BIIACTHUBOCTENW PO3UYMHOBUX CYMIIIEH, Tak 1 palioOHaJIbHUM
crioco6aM X BUTOTOBIICHHS JJIsl OTPUMaHHA OyZiBeIbHUX PO3YUHIB 3a7aHoi sikocTi [10, 11].
B mpakTuni mpuroTyBaHHS PO3YMHOBUX CYyMIlIEH IIMPOKE PO3MOBCIOIKEHHS OJEpiKalu
IIBUKICHI 3MIlIyBadl Pi3HUX KOHCTPYKIIiH, poOOTa SKMX BUKIUKAE aKTHBAIIO B’ SHXKY4OTO.
[lepcrieKTUBHUM HaIpaBIIEHHSM CJIi/l BBaXKaTH MEXaHOXIMIYHY 0OpOOKY MOPTIAHIIIEMEHTY B
TpuOO3MillyBayax OCOOJUBUX KOHCTPYKLIH - CTpYHHHMX MIIMHAX, SKI JOCUTHh €()EKTUBHO
3a0e3MeuyloTh 3pOCTaHHS MOBEPXHEBOI €Heprii 4yacToK B’shKydoro. Buxoasuum 3 Toro, 1o
HaOUTbII MEpCHEKTUBHUM HANpsMOM 3HIDKEHHS COOIBapTOCTI aKTWBallli IIEMEHTY €
3HIDKEHHSI €HEPrO€MHOCTI CaMOro MpOIleCy akTHBallii, TO BUKOPUCTAaHHS TaKHX arperaTiB
MOXK€ pO3rNsgaTHcs SK Oe3aabTepHATUBHUN CHOCIO MIABUIIEHHS AKTUBHOCTI B’SHKYUOTO.
[lepcneKTUBHUM HampsiMOM CJIiJI paxyBaTH MEXaHOXIMIYHY OOpoOKy KOMIO3HIIMHOTO
MOPTIAH/IIEMEHTY B CIEiadbHO CKOHCTPYHOBAHOMY POTOPHOMY MPOTHTECHIHHOMY MIIMHI,
SKUH € pI3HOBUJIOM CTPYHHUX MJIMHIB [12].
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3 IWIb TA 3AJAYI JOCJIIKEHHSA

Bumie BukiageHe 3yMOBHIIO METy JaHOi poOOTH, sIKa IMOJIATAE B €KCIIEPUMEHTAILHOMY
MIATBEP/DKCHH] MOJKJIMBOCTI MIJBUIICHHS MIHOCTI OyiBETbHOTO PO3YMHY 32 PaxXyHOK
BUKOPUCTaHHS MEXaHOAKTUBOBAHOTO KOMITO3HUIIHHOTO IIEMEHTY.

CymicHa aKTWBallis MOPTIAHIAIEMEHTY Ta  HEMOJIOTOTO  KBAapIIOBOTO  ITCKY
3MifICHIOBaNIacsT B POTOPHOMY TMpoTHUTediiHOMY MuimHI mpotsrom 60, 180, 300 i 600 cek.
KonrenTparisi KBapIoBoro micKy B KOMIIO3UIIIHHOMY IIeMeHTi KosmBanack Big 0 1o 50 % (o
Mmaci). /Jis KOHTPOJII0 BUTOTOBIUIOCH 3MillIaHe B’sDKyde (LIEMEHT + KBAapIOBUH ITICOK), SIKE
MeXaHOAKTUBALIl He miasarano. KoHmeHTpallisi KBapioBOro MiCKy B 3MIIIAHOMY B SDKY4OMY
KOJIMBaJIach B TOMY kK aiana3oHi (Big 0 1o 50 % mo maci).

[licnst BU3HAYEHHS ONTUMAIBHOTO 3a CKJIAJIOM KOMITO3ULIMHOTO LIEMEHTY (KpuUTepid -
MaKCHMajbHa MIIHICTh Ha CTUCK B 28-U JE€HHOMY BIll) OyB mpoBeneHui 3-X (hakTOpHMI
eKCIIEpUMEHT 3 METOI0 BHM3HAUEHHS BIUIMBY JIOCIIDKYBaHUX (akTopiB (BUTpaTa
KOMITO3UIIITHOTO B’S’KY40ro, KOHIIEHTpallis cynepruiacTudikyrodoi no6asku C-3 Ta BUTpaTH
MIKpOKpPEMHE3EMY) Ha MILHICTh OY/IBEIHHOTO PO3UMHY B 2-X Ta 28-U IEHHOMY BIIll.

4 PE3YJbTATHU JOCJIIIKEHb

B nocnimxeHHSX B SIKOCTI B’SDKY4OTr0 BUKOpHCTOBYBaBcs noprianauement [11T I1/A-11I-
500, sxmit Biamoimae Bumoram JICTY b B. 2.7-46:2010 «llemenTn 3araibHOOYHAIBHOTO
npu3HaYeHHs. TeXHIYH1 YMOBU.

JIJis BU3HAYEHHS ONTHMAJIBHOTO CKJIAJy KOMIIO3MINIMHOTO IIEMEHTY 3JifCHIOBaIaCs
MEXaHOXIMIUYHA aKTHUBAIlil TOPTIAHIIEMEHTY, a TaKOX MOPTJIAHIIEMEHTY 3 J100aBKOIO
KBapLOBOTo MicKy (B KuibkocTi Bix 10 1o 50 % i#oro macu) Bupoaosx 60, 180, 300 1 600 cek.
3a KpuTepiii ONTHUMAIBHOCTI Oyia MpUIHATA MaKCUMaJIbHA MIIHICTh IIEMEHTHOTO KaMEHIO B
28-u penHomy Bimi. Jlms 1pOTO AOCHKYBajlacs MIIHICTP HAa CTHUCK 3pa3KiB-0alovok
posmipom 40x40x160 MM, siki OyJaud BHUTOTOBJICHI 3 BUKOPHUCTAHHSM KOMITO3HUIIIHHOTO
neMeHty. Butpara Boau BHU3HaAYanacs JiaMeTpOM PO3IUIMBY IIEMEHTHOTO TicTa Ha mpubopi
Cytrapna B aiana3zoni 90 = 5 mM. HaBeneni Ha puc. 1 ekcriepuMeHTaabHI KPUB1 CBIT4aTh IIPO
T€, [0 aKTUBAIsl KOMIIO3UIIIHOrO 1eMeHTy mpotsaroM 300 cexk BHUKJIMKAaE MiIBULICHHS
MIIIHOCTI Ha CTUCK IIEMEHTHOTO KaMEHIO B 30H1I Makcumyma 3 52 MIla (Tepmin aktuBaiii 60
cek) 1o 62 MIla (tepmin aktuBartii 300 cex).
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Puc. 1. Brus BMicTy KBapIoBOro MicKy Ha MIIIHICTh IIEMEHTHOTO KaMEHIO B Billi 28-1 HIB:
1,2,3 - neMeHTHUI KaMiHb HAa KOMITO3HIIIHHOMY IIEMEHTI, akTHBOBaHOTO mpoTsirom 60, 300 1 600 cek;
1’ - neMeHTHHI KaMiHb Ha HEMEXaHOAKTHBOBAHOMY TOPTIAH/IIEMEHTI 3 JOOABKOIO KBAPIIOBOT'O ITiCKY
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3pocTtanHs TepMiHy akTuBaiii 70 600 cex HE3HAYHO BIUIMBAE HA 3POCTAHHS MIITHOCTI
[IEMEHTHOTO KaMeHI0 1 He mnepeBumnye 3...5 %. Cnig BIAMITUTH HEOJHO3HAYHUI BIUIVB
BMICTYy KBapIIOBOTO IICKy Ha MIIHICTh IIEMEHTHOTO KaMEHIO I PI3HUX TEXHOJOTIH
BUTOTOBJICHHSI B SDKYYOT0. SIKIIO /Ui KOHTPOJIBHUX 3pa3KiB XapaKTEPHO 3HIKEHHS MIITHOCTI
Ha CTUCK IIPY 3pOCTaHHI BMICTY B IIEMEHTI KBapI[OBOTO MICKY, TO ISl IIEMEHTHOTO KaMEHIO Ha
KOMIO3HIIHHOMY LEMEHTI CHOCTEPIraeThCsl MiABUIIEHHS MIIHOCTI i3 3pOCTaHHSIM BHTPATH
KBapIIOBOTO IMICKy. MaKCHUMalbHUH TPUPICT MIIHOCTI CIOCTEPIra€ThCsi NMPH BBEACHHI B
Komnosuuiitauii miemMeHT 20 % KBapmoBoro micky. B mpomy pasi MIIHICTP Ha CTHCK
IIEMEHTHOTO KaMeHIo crae piBHOIO 62 MIla (tepmin aktuBamii 300 cek), mo Ha 10 %
MEPEeBUIIYE MIIHICTh 0e3700aBOYHOTO ILEMEHTHOTO KaMEHI0 Ha MEXaHOAKTHBOBAHOMY
nopmianaieMenTi. CiiJi BIAMITUTH, 110 MIHICTh IEMEHTHOTO KaMEHIO Ha KOMMO3UILIHHOMY
uemeHTi 3 20 %-010 100aBKOIO KBapLOBOro micky maibke Ha 30 % mnepeBuIlye MIIHICTh
LIEMEHTHOTO KaMEHI0 Ha 0e3100aBOYHOMY NOPTIAHILEMEHTI, SKUA MeXaHOaKTUBallli He
nipsirae. B mopanmemoMy B JIOCHDKEHHSIX ~ BHKOPHUCTOBYBABCS — KOMIIO3HUINIMHUMN
MOPTJIAHIIIEMEHT, SIKMH OTPUMYyBaBCS MeXaHOakTHBalieo mnpoTsarom 300 cex cymimri
nopTianaieMenTy 3 20%-010 100aBKOI0 KBapIIOBOTO TTICKY.

[IpencraBnsaB iHTEpEC 3'CYyBaTH BIUIUB BUTPATH KOMITO3UIIIMHOTO IIEMEHTY Ha MIITHICTh
OyniBensHOTO po3uuHy. [lopsia 3 muM (pakTopom BapiroBaMCs TAaKOXX HACTYITHI HE3aJIekKH1
3MiHHI: BUTpata cymnepruiactudikatopy C-3 Ta MIKpOKpEeMHE3EMY.

Jlst BUpIIeHHST TTOCTaBJIEHOT 3a7a4l OyB peanizoBaHuil 3-X (PaKTOpHHI €KCIIEPUMEHT 3
15-T1 TOUKOBUM CUMETPUYHUM ILJIaHOM. B ekcrieprMeHTi BapitoBanucs Taki GakTopu CKiIafy:

X1 — leMeHTHoO-ITIa"e BigHomeHHs Big 1:3 go 1:1;

X2 — xinbkicTh cynepmiactudikatopy C-3 (B % Big macu uementy) -0,75 =+ 0,75;

X3 — KUIBKICTh MIKpOKpeMHe3eMy (B % Bil Macu LIEMEHTY) -5 * 5.

JUis KOHTPOJIO TPOBOJAMBCS IJIAHOBAHUM EKCIIEPUMEHT Ha HEMEXaHOAKTHBOBAHOMY
nopmianaieMenTi 3 20 %-or0  100aBKOIO KBapIlOBOTO IMICKYy. Bci mocmimkeHi po3dyuHHI
CyMIIlll XapaKTepU3yBAIUCS PIBHOIO PYXOMICTIO, ska ckimanana 130 MM poO3IUIMBY KOHYCY
(mmicna 30-u cTpyIIyBaHb Ha CTPYIIYIOUOMY CTOJIUKY).

[Inan ekcrmepuMeHTy 1 CKJIaaM JOCHTIDKEHUX Oy[iBEeIbHUX PO3YMHIB IPUBEICHI B
Tabymmi 1.

Taoaunsa 1
[Iman excrieprMeHTYy 1 cKiaau OyAiBeIbHIX PO3UMHIB
No | Xe| Xo | X3 X1 X2 X3 Cxutagy OyIiBEeTbHOI PO3YHHOBOT CyMimIi
3/ B’sokyae/ C-3, | MK, | B’sxyue, T ITicokx C-3, Mikpo-
ITicox % % KB., T r KpEeMHe3eM, T

1 -l - - 0,33 0 0 500 1500 0 0
2 -+ - 0,33 15 0 500 1500 6,0 0
3 0|0 - 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 -10|O0 0,33 0,75 5 500 1500 3,0 20,0
7 of-10 0,50 0 5 667 1333 0 25,0
8 oOo(0|O 0,50 0,75 5 667 1333 3,75 25,0
9 ol+1|0 0,50 15 5 667 1333 7,5 25,0
10 +|0]|0 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 0| 0|+ 0,50 0,75 10 667 1333 3,75 50,0
14 + | - | + 1,00 0 10 1000 1000 0 80,0
15 + | + | + 1,00 15 10 1000 1000 12,0 80,0
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B pesymbraTi craTHCTH4YHOI OOpPOOKM EKCIEPUMEHTANIbHUX JaHUX OJepKaHi
noJiiHOMianbHI Mozeni (1—4 ) 3anexHocTi MiltHOCTI OyniBenbHOTO po3unHy Ha cTrck (Mlla)
BiJl TOCTIKYBaHUX (PaKTOPIB:

Ra"? =363+7,9-X1-46-X1°+03-X1-X+0,2 - Xi- X3 (1)
+47-X2-06 - X2 +05-X2- X3
+22-X3-0,2 - X352

ReM2=512+12,0 - X1—6,6 - X132~ 0,5 X1 - X2+ 0,6 - X1 - X3? (2)
+55-X2 +0,8 - X7? +0,6-X2- X3
+3,1-X; —1,0 - X32

Re? =221+77 -X1—-17-X%+14-X1-X>+02-X1-X3 ®3)
+4,4-X2+0,8 - X7 +0,7-X2- X3
+14-X3+0,3 - X32

R*2 =403+106-X1-48-X12-06-X1-Xo+05- X1 - X3 4)
+4.4- X, + 0,4 - Xo2 +0,7- X2+ X3

+23-X3+0,1- X532

ne Re™?, Re™?® — MminmicTs Gy/iBeNbHOTO PO3YMHY Ha KOMIO3ULIHHOMY MEXaHOAKTHBOBA-
HOMY MOPTJIAHALIEMEHTI Y 2-X AeHHOMY Ta 28-u neHHomy Bini, MI1a;

Re*?, Re®?® —  wMimmicte  Oy/iBebHOTO  pO3uMHY  HA  TPaJMIiiHOMY
(HEeMexaHOAKTHBOBaHOMY) MOpTIaHALEMEeHTI 3 Ao0aBkoio 20 % HeMeleHOro KBaplOBOTO
micky, Ml1a.

AnHaniz matemaTudHuUX Mojenei (1—4) mokaszaB, IO MO BETUYHHI KOEQIIIEHTIB TpH
BapiiioBaHNX (pakTopax SIK Ha MEXaHOAKTHBOBAHOMY B’SKY4YOMY, TaK 1 Ha B’ SDKYUYOMY, sIKE HE
MiIaBajgocss MEXaHOAKTHBAIlll, HAHOUIbIIMK BIUIMB HA MIIHICTP HAa CTUCK OYHIBEIHHOTO
pPO3UYMHY B JOCTIDKYBAHOMY IEpioji TBEPAHCHHS HAJAa€ BMICT KOMITO3HMIIIMHOTO IIEMEHTY B
pPO3YHHI.

[TinTBEepKEHHSAM BHILIECKa3aHOTO € rpadivyHi 3a1exHOCTI (puc. 2), AKi BigoOpakaroTh
BIUIUB BHUTPATH MEXaHOAKTUBOBAHOI'O KOMIIO3ULINHOTO IIEMEHTY B PO3YMHI Ha MIIHICTh
OyIIBEJILHOTO PO3YMHY HA CTUCK B 28-1 JCHHOMY BIIII.

ExcriepuMeHTansHO BUSBICHO, LIO 3POCTaHHS BMICTY KOMIIO3MIIIMHOTO ILIEMEHTY B
OyxaiBenbHOMY po3unHi (Big 1:3 mo 1:1) mpuBoje 10 3pOCTaHHS MILHOCTI Ha CTUCK PO3UYUHY
Ha MEXaHOAKTUBOBaHOMY B’sukydomy 3 27 MIla no 52 MIla (C-3 = 0 %). 3poctanHs BUTpaTu
C-3 mo 1,5 % Macu ueMEeHTY BUKIUKa€e 3pOCTaHHS MIIHOCTI OY/iBEIbHOTO PO3YHMHY Ha
MEXaHOAKTHBOBAaHOMY B’spkydomy Bia 39 MIla no 63 Mlla, tobro Ginbiie HiK Ha 60 %.
MilHICTh pO3YMHY Ha CTHCK aHAJOTIYHOTO 3a BUTPATOI0 B SDKY4YOro, aiue sike
MeXaHOaKTuBalii He mimiarano, He nepeBuinye 51 MIla. Hactymnum 3a BmiMBoM Ha
MIIHICTh OYAIBEIBHOTO PO3YMHY € BUTpaTa cynepruiactudikaropy C-3. 3pocraHHs HOro
kiabkocTi Bix 0 10 1,5 % BUKIMKae 3pOoCcTaHHS MIIIHOCTI PO3YMHY HA CTUCK B 28-U JIEHHOMY
Bili Maibke Ha 10 MIla (kxoHTposb) 1 Ha 12 MIla — Ha MeXaHOAKTUBOBAaHOMY B’SKy4OMY.
BBenenHs 10 ckjiaay pO3UYMHOBOI CyMillli MIKPOKpEMHE3eMY BUKIMKA€ BITHOCHO MEHIIUI
MIPHUPICT MIIHOCTI HA CTHCK (MO BiAHOUIEHHIO 10 BUTpatu C-3) i He mepeBuiye 4...5 Mlla.
CyMicHUIl BIUIMB MEXaHOAKTHBALlll B’SHKydoro 1 BBeaeHHS JnoOaBku C-3 3abesmneuye
3pOCTaHHs MIIHOCTI OyIIBEIFHOTO PO3YMHY HAa KOMIIO3HUIIIHHOMY IIEMEHTI B 28-U JIEHHOMY
Billi (ckian po3unny 1:1) 3 43,5 MIla (kouTpons) 1o 63 Mlla, Tob6to maitke Ha 45 %. Jlns
Oy/iBETLHOTO PO3YMHY 3 MEHILOIO BUTPATOI0 KOMITO3ULIITHOTO [IEMEHTY (CKIaj po3uuHy 1:3)
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MEXaHOAKTHBOBaHE B’spKyue B mpucytHocTi 1,5 % C-3 3a0e3mnedye OUTbI 3HAYHE 3pOCTAHHS
MIITHOCTI pO34MHY Ha cTUCK - 3 20,6 MlIla (kouTposns) g0 39 Mlla, To6To maiixke B 1,9 pasm.
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IlemenTHO-ITIIIAHE  BIAHOMIECHHS

Puc. 2. BruiuB nieMeHTHO-TIIIIAHOTO BiJJHOLICHHS HA MillHICTh OY/iBEIBHOIO pO34YHHY B 28 JIeHHOMY Billi:
1,2,3 — Butpara cynepmnacrudikaropy C-3 B kinbkocri 0, 0,75 1 1,5 % Big Macu ieMeHTY, BiJIIOBiTHO;
a) B’shKyde MEXaHOAKTUBOBaHE; 0) B’sUKyde HEMEXaHOAKTUBOBAaHE (KOHTPOJIb)

5 OBI'OBOPEHHS PE3YJIBTATIB JOCJIIJKEHHSA

CymicHa 006po0OKa B MPOTUTEYIMHOMY MIIMHI MOPTIAHAIIEMEHTY 3 100aBKOIO KBAPIIOBOTO
micky (1o 50 % macu B’skydoro) 3a0esneuye 3pOCTaHHS MILHOCTI IEMEHTHOTO KaMeHIo, 1110,
Ha Hall TOTJISAJ, MOB’S3aHO i3 3POCTaHHSAM PEAKIIfHOT 3IATHOCTI SK 3€pPEeH IIEMEHTY, TaK 1
aKTUBOBAHOI TOBEpPXHI 4YacTOK TicKy. IlimBuIeHHs peakiiHOi 34aTHOCTI KOMIIOHEHTIB
B’SDKYYOTO TOB’S3aHO 3 MEXaHIYHMM DPYWHYBaHHSM IOBEPXHEBOI 30HH TOHKOMCIEPCHHUX
YaCTOK IIEMEHTY Ta 3€PEH ITICKy B MPOIIeCci KOHTAKTHOT B3a€MOJIii MDK HUMHU B MOBITPSIHOMY
TypOyJICHTHOMY TIOTOIII MPOTUTEUYIMHOTO MIIMHA. Pe3yiapTatm  eKCIepUMEHTAIbHUX
JOCTIPKEHb JO03BOJMIM ONTHMI3yBaTH SK TEPMIH MEXaHOAKTHBAIlil, TaKk 1 KIUIbKICTh
KBapLIOBOTO MICKY B KOMIIO3UIITHOMY LIEMEHTI, SIKi B CYKYITHOCTi 3a0€3Me4yl0Th 0P KaHHs
[IEMEHTHOTO KAMEHIO0 MaKCHMAaJIbHOT MII[HOCTI.

Jlns BU3HAUEHHS BIUIMBY BUTPAaTH MEXaHOAKTHBOBAHOTO KOMIIO3HUIIMHOTO IIEMEHTY,
BMICTy cymnepruiactugikyrouoi no6aBku C-3 Ta BUTpaTH MIKpOKpEMHE3eMy Ha MILHICTh
OymiBebHOTO PO34YMHY OyB TMpoBeneHWH 3-X (aKTOpHUI IIaHOBaHM ekcrepumeHT. [lo
e(pEeKTUBHOCTI BIUIUBY Ha MIIHICTh OYAIBENBHOTO PO3YMHY HE3aleXH1 (akropu
PO3MOALTHIIUCS HACTYITHUM YHHOM:

a) BUTpaTa KOMIIO3UIIIMHOTO B’SDKYYOTO B CKJIaJi OYHIBENBHOTO PO3YHMHY (B’sDKyUe:
KBapLOBUH MiCOK) - B Aiana3oHi Big 1:3 mo 1:1;

0) BuTpata cynepmiactugikatopy C-3;

B) BUTpaTa MIKPOKPEMHE3EMY.

PesynpTati JOCHKEHb CBiI4aTh Mpo e(EKTHUBHICTh MEXaHOXIMIYHOT 0OpoOKH
KOMIO3ULIHOTO EMEHTY B IMPOTUTEUIHHMY POTOPHOMY MJIHMHI. MeXaHOAKTHBOBaHE TAaKUM
YMHOM KOMITIO3UIliiiHE B’shKydue 3a0e3rnedye 3pOoCTaHHS MIIHOCTI OyAiBEIbHOIO PO3UMHY B
28-u nenHomy Biui Bix 1,4 1o 1,9 pa3u (B NOpiBHIHHI 3 KOHTPOJIEM).
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5 BHUCHOBKH

1. BuznaueHo, 1m0 MexaHOXiMiyHa akTuBamis npoTsroM 300 cex MOPTIaHIIEMEHTY 3
nobaskor 20 % kBapmoBOTO TicKy 3abe3reuye oJep KaHHS KOMIIO3UIITHOTO IIEMEHTY 3
MIITHICTIO Ha CTHUCK B 28-u neHHOMy Bii 62 MIla, mo maibke Ha 30 % BHIIE MIITHOCTI
[IEMEHTHOTO KAMEHI0O Ha HEMEXaHOAKTHBOBAHOMY MMOPTIAHAIEMEHTI 0e3 J100aBKH
KBapIIOBOTO ITICKY.

2. BukopucraHHs TUTBKM MEXaHOAKTHBAIll KOMIIO3UIIIMHOTO MOPTIAHAEMEHTY CIPHSIE
MIIBUIIEHHIO MIMHOCTI OyAiBETbHOTO PO3UYMHY Ha CTHUCK B cepeaHboMy Ha 23-25 % (B
MOPIBHSAHHI 3 MIIHICTIO PO34YMHY Ha LEMEHTHOMY B SDKY4OMY, SKE€ MEXaHOAKTHBAIll He
MJYISITaNo).

3. CymicHwmii BIUTMB MEXaHOAKTHBAIIi 1 cynepractudikyrodoi nodasku C-3 3abe3nedye
3pOCTaHHS MILHOCTI OyAIBEJIbHOTO po3unHy (ckiaj 1:3) Ha KOMIO3ULIMHOMY LIEMEHTI B 28-u
JIEHHOMY BII[1 Maiixke B 1,9 pa3u (B MOPIBHAHHI 3 MIHICTIO PO3YMHY aHAJIOTIYHOTO CKJIAAy Ha
HEaKTUBOBAHOMY B’sDKydoMYy i 6e3 mobasku C-3).

Jlitepatypa

1. Kpusenko II. B., ITymkapépa K.K., I'oiy B.W., KoBanbuyk I'.}O. IleMeHTbI 1 OSTOHBI HAa OCHOBE
TOIUTMBHBIX 3011 U nutakoB. Kues: Dkcnpecc-Ilomurpad, 2012. 258c¢.

2. JBopkin JI. M., JiBopkin O.JI., Mupouenko A.B., Crenaciok F0.0. Beron Ha MajoKIiHKEPHOMY
HuIakonoptiaananemMenTi. byaiBensHi MaTepianu ta Bupoou, 2013. Ned C.15-18.

3. Canmupkuit M. A., Kponueaunpka T.I1., I'es’rok [.M. IlIBuakoTBepAHY4l NOPTIAHIALEMEHTH 3
N00aBKOIO BamnHAKY. byniBenbHi Marepianu ta Bupoou, 2019. Nel/2 (100). C.34-37.

4. Cobonp X. C. Konremnmis 3acToCyBaHHS MOAM(PIKOBAHMX KOMIIO3MIIIHHUX IIEMEHTIB Yy
oynisenpHOMYy BHpoOHMITBI. BicHmk HYJIIL. Teopis i mpaktmka OymiBHHIITBA, 2004. Ne520.
C.179-182.

5. Tokapuyk B. B., CoxomemoB B. 0., Csimepcbkuii B. A. OcoOmmBocTi TBEpIHEHHS
KOMITO3UINIMHMX IIEMEHTIB 3 CIUIIKATHUMH Jo0aBKaMH Pi3HOro IMOXOo/keHHsA. CXigHo-
€BporieichKuil XKypHa mepenoBux TexHoorii, 2015. Ne3/11 (75) C.9-14.

6. Krivenko P., Sanytsky M., Kropyvnytska T. The effect of nano-silica on the early strength of
alkali-activated Portland composite cements. Solid State Phenomena. 2018. 296. P.21-26.

7. Tposu B. B. [lobaBku mia OeroniB i OyxiBensHux po3umHiB. Kuis: Acmexr-Ilomirpad, 2010.

228c.

8. Jlgopkin JI. M., Mapuyk B.B. Komnosumiiisi memMeHTH HU3bKOI BOIOMOTpEOM i GeToHM Ha ix
OCHOBI. PecypcoekoHOMHI MaTepiain, KOHCTPYKIIii, OyniBmi Ta ciopyau, 2015. Bumn. 31. C.59-67.

9. Canuupkuit M. A., Cobonp X. C., MapkiB T. €. MoaudikoBaHi KOMIIO3HI[iHHI 1leMeHTH. JIbBIB:
HYJIIL, 2001. 130c.

10. PynoBa P. @., HocoBcbkmit FO.JI. TexHomoriss MomudikoBaHUX OymiBedbHUX po3unHIB. KuiB:
KHYBA, 2007. 256c.

11. T'on B. L. beronwu i Oynisensri po3unau. Kuis: YBIIK ExcO6, 2003. 468c.

12. Iliporos . O., bapabam 1.B. Brimme pexxuMy akTuBaIlii Ha BIaCTUBOCTI I[EMEHTY, IIEMEHTHOTO
TICTA Ta KaMeHI0 Ha Horo ocHOBi. CTpPYKTYpOYTBOPEHHsS Ta pPYWHYBaHHS KOMIIO3HUIIHHUX
OyniBenbHUX MaTepiaiiB Ta KoHCTpyKuUii, 2023. C.109-110.

References

1. Kirivenko, P. V., Pushkaryova, K.K., Gots, V.I., Kovalchuk, G.Yu. (2012). Tsementi i betoni na
osnhove toplivnikh zol i shlakov. [Cements and concretes based on fuel ashes and slags].
(monograph). Kyiv. Ekspress-Poligraf. [in Russian].

2. Dvorkin, L. I, Dvorkin, O.L., Myronenko, A.V., Stepasiuk, Yu.O. (2013). Beton na
maloklinkernomu shlakoportlandtsementi. [Concrete on low-clinker slag portland cement].
Building materials and products. (4). 15-18. [in Ukraine].

Bapa6am I. B., [Tiporos . O.
https://doi.org/10.31650/2618-0650-2023-5-2-51-59 58




MexaHnika Ta MareMaTtdyHi Meromgu [
Mechanics and mathematical methods

3.

10.

11.

12.

V1212023
Crop. 51-59 / Page 51-59

Sanytskyi, M.A., Kropyvnytska, T.P., Heviuk, .M. (2019). Shvidkotverdnuchi portlandtsementi z
dobavkoyu vapnyaku. [Quick-hardening Portland cements with the addition of limestone].
Building materials and products. 1/2 (100). 34-37. [in Ukraine].

Sobol, Kh. S. (2004). Kontseptsiya zastosuvannya modifikovanikh kompozitsiinikh tsementiv u
budivelnomu virobnitstvi. [The concept of using modified composite cements in construction
production]. Bulletin NULP. Theory and Building Practice. (520). 179-182. [in Ukraine].
Tokarchuk, V. V., Sokoltsov, V.Iu., Sviderskyi, V.A. (2015). Osoblivosti tverdnennya
kompozitsiinikh tsementiv z silikatnimi dobavkami riznogo pokhodzhennya. [Features of
hardening of composite cements with silicate additives of various origins]. Eastern-European
Journal of Enterprise Technologies. 3/11 (75). 9-14. [in Ukraine].

Krivenko, P., Sanytsky, M., Kropyvnytska, T. (2018). The effect of nano-silica on the early
strength of alkali-activated Portland composite cements. Solid State Phenomena. (296). 21-26.
Troian, V. V. (2010). Dobavki dlya betoniv i budivelnikh rozchiniv. [Additives for concrete and
mortars]. Kyiv. Aspekt-Poligraf. [in Ukraine].

Dvorkin, L. I., Marchuk, V.V. (2015). Kompozitsiini tsementi nizkoi vodopotrebi i betoni na ikh
osnovi. [Composite cements of low water consumption and concrete based on them]. Resource-
saving materials, structures, buildings and structures. no. 31. 59—67. [in Ukraine].

Sanytskyi, M. A., Sobol, Kh.S., Markiv, T.le. (2001). Modifikovani kompozitsiini tsementi.
[Modified composite cements]. Lviv. NULP. [in Ukraine].

Runova, R. F., Nosovskyi, Yu.L. (2007). Tekhnologiya modifikovanikh budivelnikh rozchiniv.
[Technology of modified construction mortars]. Kyiv. KNUBA. [in Ukraine].

Hots, V.1. (2003). Betoni i budivelni rozchini. [Concretes and mortars]. Kyiv. UVPK EksODb. [in
Ukraine].

Pirohov, D. O., Barabash, LV. (2023). Vpliv rezhimu aktivatsii na vlastivosti tsementu,
tsementnogo tista ta kamenyu na yogo osnovi. [The influence of the activation mode on the
properties of cement, cement paste and stone based on it]. Structure formation and destruction of
composite building materials and structures. 109—110. [in Ukraing].

Bapaotam Isan BacunsoBuu

Opnechbka JiepaBHa akazieMist Oy/IiBHUIITBA Ta apXiTEKTypH
JL.T.H., ipodecop

Byan. [inpixcona, 4 Ozneca, Ykpaina 65029
dekansti@ukr.net,

ORCID: 0000-0003-0241-4728

Miporos Imutpo OuekciiioBu4

Opnechbka JiepaBHa akajieMist Oy/IiBHUIITBA Ta apXiTEKTypr
acripaHT

Byan. [inpixcona, 4 Ozneca, Ykpaina 65029
pirogovdima45@gmail.com,

ORCID: 0009-0003-4096-3186

Jlna nocunans:
Bapabam 1. B., Iliporos JI. O. BnimmB MexaHOXIMIYHOI aKTHBAIlii KOMIO3HI[IHHOTO IIEMEHTY Ha MIIHICTh
OyniBeIbHOTO po3unHy. Mexanika Ta MatemMaTnyHi Mmetoan, 2023. T. V. Ne 2. C. 51-59.

For references:
I. Barabash, D. Pirogov (2023). Influence of mechanochemical activation of composite cement for the strength
of mortar. Mechanics and Mathematical Methods. V(2). 51-59.

Bapa6am I. B., [Tiporos . O.
https://doi.org/10.31650/2618-0650-2023-5-2-51-59 59




V/2/2023
Crop. 60-70/ Page 60-70

MexaHnika Ta MareMaTtdyHi Meromgu [
Mechanics and mathematical methods
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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/JIEJTIOBAHHS EBAKY AL JIIOJAEN NP MOXKEXKI 3A
JIOMOMOT' OO TIPOTPAMHOI'O 3ABE3NEYEHHS
PATHFINDER

Ilos10koB E. E.}, Orpom 1O. A.}, Pamkesuu H. B.}, Menexuk P. C.!

'Hayionanvnuii ynieepcumem yusinbnozo saxucmy Ypainu

AHoTanig. Y nboMy JOCTiKEHH]I TPOBOIUTHCS aHANI3 HAYKOBUX IYyOIiKaIllii, SKi BUCBITIIOIOTh
MpoOJieMHI THTaHHS €BaKyallil JIoOAeHd WiJ 4Yac HaJ3BHYAHMX CHTYyaIliii Ta HOBITHI METOIU Ta
cTparerii, IO CHpPsAMOBaHI Ha 3a0e3nedyeHHs Oe3leKkd. ABTOpaMHM BH3HAYEHO, IO IMPOTPAMHUI
komiuiekc PATHFINDER nae Ginmbin ToOuHUI po3paxyHOK IOPIBHSHO 31 CIPOIIEHO aHATITHYHOO
monemto. [Iporpamunit komrekc PATHFINDER no3Bonsie imiTyBaTh eBakyaitiro B pi3sHUX OyIiBIIsSX
i 3oHax. Kpim Toro, me aae OLIbII MMPOKUN CHEKTP MOMXJIMBOCTEH, TAKUX SK: IMITaIlisl eBaKyarfii
aroned 3 OOMEeKEHHMMH MOMKJIMBOCTSMH; MOXIIMBICTH BCTAHOBJIIOBATH Ta PETYJIOBATH IIBHJIKICTH
areHTiB Ha PI3HMX IUISHKAX LUIXY €BaKyalii; HasBHICTH (QYHKLIl, sIKa PETYIIO€ IMOYaTOK PYyXy
areHTIB y MEBHI MOBE/IIHIII.

B nawniii pob0Ti mpoBeneHO KOMII'IOTEpHE MOAETIOBaHHA (PAKTUYHOrO 4acy eBakyalii Jiroaed 3
LLTICHOTO MAaHOBOI'O KOMILUIEKCY IPOMHUCIIOBUX 1 MOOyTOBHX 00’€kTiB. TpHBajicTh eBakyarii Jtoaei
BHU3HAYAETbCS Ha OCHOBI MOJENIOBAHHSA PyXy JIOAEH J0 BUXONYy HAa30BHI OAHHMM 3 HACTYHHHX
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CIOCO0IB: 32 CHPOLICHOI aHAJTITHYHOIO MOJEIUII0 PyXY JIIOACBKOTO TOTOKY; 32 MaTeMaTUYHOO
MOJEIUII0 1HJMBiyaJbHO-IOTOKOBOTO pyXy JOJed 3 OyaAiBal 4YM CHOpyAW; 3a iMiTalidHO-
CTOXaCTUYHOIO MOJICIUIIO PYXY JIOACHKUX MOTOKIB.

Hageneni pospaxyHku Oyl BUKOHAHI BIiINOBIAHO [0 pEKOMEHJALM Ta IHCTPYKUiHd 3
BUKOpUCTaHHSM mporpamHoro 3abesnedeHHss PATHFINDER pns aBox HaiOumeln iMOBipHHX
CIICHapilB MOoXexi. 3a cleHapieM TMOXeka BHHUKIA B NPHUMINIGHHI 3  HaWOUIbIIMM
MOXEeKOHEOE3MeUHNM HaBaHTXKEHHSIM a00 B MPHUMIIIEHHI 3 HallMeHIIMM 00’eMoM: creHapii 1 —
MoXKe)Xa BHHUKAE B TapsuoMy IleXy; cCleHapii 2 — ToXeka BUHHKAE B aIMIHICTPATHBHOMY
MPUMIIICHHI.

[porpamuuii komruiekc PATHFINDER nae MoXJIMBICTh HIBUAKO PO3PaXOBYBATH Pi3HI CIIOCOOH
eBaKyallil Jrojaeil 3 mpuMinieHs. Pesynbratn po3paxyHkiB € TounimmMu HiX 32 JCTY 8828:2019,
3aBASKM OUIBbINIK JeTaji3ailii po3paxyHKy eBakyallil, a TaKOX JO3BOJSE YHUKHYTH MOXJIMBUX
MOMUJIOK Ta 3MEHIIMTH TTOXUOKH PO3PaxXyHKIB.

KiouoBi ciioBa: nokexa, yac eBakyailii, IpoaykTu ropinas, monemoBanus, 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
how many agents can be added to a room without overlapping.
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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-10/5-6 axis. The area of
the room is 113.67 m?. 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

No Option Results according to selected scenarios

Nel Ne2

Required time for 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 Reqylrec_i Evacuation start Estlr_nate(_j Verifying
Ne evacuation time, . evacuation time, .
room time, sec conclusion
sec sec
Administrative building
1 | 5thfloor | 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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THOOPMALIMHA TEXHOJIOT'ISI OLIIHIOBAHHS
TEILIOI3OJIALII BATATOIIAPOBUX CTIH

Paunncnka A. JL., Ilapenko O. I1.}

Y0o0ecvruii nayionanonuii ynisepcumem imeni 1.1 Meunuxoea

AHoTanisgs. B yMoBax chOrojeHHs mpoOiieMa i30JLii MOBEPXOHb € JY)KE aKTyaJbHOK JUIs
IIMPOKUX KT HaceleHHs Ykpainu. BciM Biiomo, 10 130JsI(is MOBEPXHI JO3BOJISIE 3MEHIIUTH
TEIJIOBIIady 32 paxyHOK BHKOPHUCTAHHS MaTepiaiiB i3 HHU3BKOI TEIJIONpPOBiAHICTIO. Y pa3si
BIJICYTHOCTI TIOCTIHOT'O ONAJICHHS JY)Ke aKTyaJbHUM € MUTAHHS TEIUIOI30JAIIT IHIIHAPUIHUX TPYO.
[MuTtanns migbopy i30ms1ii Ta po3poOKH KOHCTPYKTHBY MOTpPEOye KOMIUIEKCHOIO Ta MpodeciiiHoro
migxony. Jns po3paxyHKy 3aiadi Teruioizonsmii (axiBmio HeOOXiJHO MaTH IHCTPYMEHTapid st
MPOBEJICHHS PO3PaXyHKY TEMIIEPATypHOro TMOJs 13 30€PeKEHHSIM OTPUMAHUX PEe3yJbTaTiB IS
MOJIAJTBIIION0 aHAI3Y.

Y poboTi mpeacTaBicHO po3poOJieHYy iH(GOPMALIHY TEXHOJOr 0, IO I03BOJSE (axiBIO
MPOBOJIUTH PO3PaXyHOK TEMIIEPATYpPHOrO MOJS JUisd OaraTomapoBUX IHIHAPUYHUX TpyO. Js
noOynoBu iHcTpyMeHTapito [T BukoprcroByBasiacsi 00'€eKTHO-Opi€HTOBaHa MoBa mporpamyBanHs C#
Ta iHTerpoBaHe cepeaopuiie po3podku Microsoft Visual Studio.

Cnig 3a3HauMTH, 110 TPH MPOBEACHHI PO3PaxyHKIB HEMae HEOOXITHOCTI 3ajaBaTH
XapaKTePUCTUKKU MatepiaiiB TpyO Ta i30JsIii, OCKUIBKM BCi aaHi 30epiratotbes y BJI IT. s
moOyIOBM MOAYJIS JaHUX BHKOPUCTOBYBajacsi O0'€KTHO-peNsiliiHa CHUCTeMa YIpaBIiHHSA Oa3aMu
maanx — PostgreSQL. Ilicmsa mpoBemeHHS po3paxyHKIB yci MOOyIOBaHI PO3PaxyHKOBI MoJemi Ta
OTPUMAaHI YHMCIIOBI MOJETI PE3yNIbTaTiB Tak caMo 30epiratothbest y bJ1. Ie no3Borsie B pasi moTpedu He
MPOBOJIMTH TIOBTOPHUH PO3paxyHOK, & BAKOPUCTOBYBATH JIaHi, IO BKE €.

st aHamizy pe3ynibTariB po3poOIeHW IHCTpyMEHTapiii 103Bojsie OymyBaTH Tpadikv 3MiHH
TeMmIiepaTypu OaraTormmapoBoi cTiHku. Ilpu oMy BHOIp HEOOXIMHHX PO3PAXYHKOBHUX MOJEICH
KOpHCTYyBau 31iicHIoe camocTiiino 3 manux b/l IT. J{ns Bi3yalbHOI HAOYHOCTI PO3PaxyHKIB YHCIOBOT
MOl BUKOPUCTOBYIOTh TakKeT 3aco0iB po3poOku TpuBuMipHOi rpadiku DirectX. ABTopamm
pO3po0IeHO aNTOpUTM TOOYJOBH KOJBOPOBOTO TEMIEPATYPHOTO IOJIA 3TIAHO 3 TPOBEICHUMH
po3paxynkamu. /i1 HaWBHINOI TeMIEpaTypH IIONs BHOWPAETHCS YEPBOHWUU KOJIp, a HAWHMKIOL
TeMIepaTypu — CHHIMH.

Oco0nrBicTIO 3ampOIIOHOBaHOI iH(GOPMAIIITHOI TeXHONIOTii € Te, Mo ii (PYHKI[IOHAT I03BOJISIE
MIPAIIOBATH 3 IHCTPYMEHTAPIEM TPhOM KOPHCTYBavaM i3 pi3HUM piBHEM IOCTYITy: aaMiHicTpaTtopy b1,
ImKeHepy Mo0yI0BH MaTeMaTHYHUX Mojerneil Ta (haxiBIeBi aHali3y YUCIOBIX MOIEIEH.

KaouoBi ciaoBa: iHdopmarniiina TexHoJoOris, ©a3wm [OaHUX, TEMIIEpaTypHE IIOJe,
TEIUTOMPOBITHICTH, OaraTomapoBa IIUTiHAPUYHA TPyOa.

INFORMATION TECHNOLOGY FOR ASSESSING THERMAL
INSULATION OF MULTI-LAYER WALLS

A. Rachinska, O. Tsarenko!
!0desa 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 BCTYI

Po3paxyHOK MpoleciB TEIJIOMPOBIMHOCTI € OJHUM 13 BXKJIMBUX PO3IUTIB CydaCHHX
IHKCHEePHUX JIOCHIDKCHD y TEXHOJIOTTYHHX Tporiecax. [Ilupoke 3acTocyBaHHS y BCIX Tamy3siX
IIPOMHUCIIOBOCTI Ta TOCHOAAPCHKOI MisSTLHOCTI JIIOMHN Ma€ TEIUIoBa i30J1A1is. 11 IpaBuIbHe
3aCTOCYBaHHS 3HAYHOIO MIPOK  BH3HAYa€ MOXJIMBICTh  MIATPUMKH  HEOOXITHUX
TEXHOJIOTTYHUX TIPOIECIB 1 3pEmITOr0 pPOOWUTh BUPIMIATBHUA BIUIMB HA ITOKA3HHUKH
eHeproeeKTUBHOCTI Ta EKCILTyaTallii.

3pocTaHHs BapTOCTI €HEprii Ta HOBI BUMOTH CBOTOJCHHS JIO TEIUIOBOTO 3aXHCTY
ICHytouux OyJiBedb Ta TEIUIOTpac BU3HA4Ya€ HEOOXIJHICTb BUKOPUCTAHHS IH(GOPMALIHHUX
TEXHOJIOTIM pO3paxyHKY 13011111 GararonapoBUX KOHCTPYKIIH.

2 AHAJII3 JIITEPATYPHUX JAHUX I IOCTAHOBKA 3ATAYI

ButbmIicTh TEXHOJIOTIUHUX MPOIECIB 3MIMCHIOIOTHCS 3 BUIUICHHSIM a00 TOTJIWHAHHSIM
TEIUIOTU. |HXeHep y CBOil AIAJIBbHOCTI Ma€ CHpaBy 3 PI3HUMH TEIJIOBUMHM IpolLecamMu 1 ix
KOHCTPYKTUBHUM O(GOPMIIEHHSM Y BUIJISA1 TEIUIOTEXHIYHOTO 00 HAHHS, sike BOyJOBaHE B
TEXHOJIOTI4H1 npoiiecu. ToMy BiH OBHHEH BMITH IPaMOTHO 1 €()EeKTUBHO BUKOPUCTOBYBAaTH
Take OOJIaHAHHS, KEPYBATH TEIUIOCHEPTeTHYHUMH CXEMaMH Yy BHPOOHHUIITBI 32 JIOTIOMOTOO
iHbopMaIiitHuX TexHoJsorid. daxiBelb MOBHHEH J00pe 3HATH TEIJIOBI TMPOIECH Ta
MIPOBOJUTH PO3PAXYHOK TEXHIYHUX KOHCTPYKIIIH, 1110 BAKOPUCTOBYIOTHCS HA MPAKTHUIIL.

[Tpo6eMi po3paxyHKy MpOIIECiB TEMIOMPOBITHOCTI MTPUCBIYCHO O6AaraTo podIT CydacHUX
THKEHEPHUX JOCTIIKEHh B MAIIMHOOY/IIBHIN Ta aTOMHIA MPOMHCIOBOCTI, B TEXHOJIOTIYHHUX
Mpolecax TEIIOEHEPreTHYHUX raty3ei ToCno1apchbKol qisSIbHOCTI.

B [1-4] posrasHyTo mpo0emMy TEIUIOMPOBITHOCTI OaraTomapoBUX CTiH Pi3HOT (POpPMH.
OTpumaHi MaTeMaTHYH1 MOJEl TEeIJIOMPOBITHOCTI TUIOCKOI, IMMIHAPUYHOI Ta CHEPUIHOT
CTIH.

PosrnssHemo OGaraTtomapoBe TUIO MPOCTOi (OPMH, IO CKIANAETHCA 3 M OJHOPITHUX
mapiB, MDK SKUMH Ma€ MICIe IiealbHUN TEIUIOBUH KOHTakT. bynemo BBakatw, 0
TeMIleparypa TuUIa, IO PO3IJSAAEThCSA, 3MIHIOETHCS B3JIOBXK OJHIET KOOpIMHATH, a
teruonpoBinHicTs A; (1=1,2,..,m) KOXHOro 3 mapiB HOCTiHHAa. Y IbOMY BHNAJIKY
TEIUIOBUU TOTIK, IO MPOXOJIUTH uepe3 Oyab-sAKy 130TepMiuHY MOBEPXHIO Tila, JOPIBHIOE:
Q=Q; =const.

Hexaii Ha moBepxHAX, 10 OOMEXYIOTh TiO, 3adaHi rpaHuuHi ymoBu Ill-ro poxy, a
TEeMIIepaTypy 30BHILIHIX CEPEeIOBHIILL Tcl i TC2 HiAMOPSAIKOBYIOTHCS HEPIBHOCTI Tcl > T02 )

[To3HaunMo TemmepaTypu TpaHUYHUX [IapiB TSi, pPO3MIpU KOXKHOTO IIIapy BBaXKAEMO

3aJaHUMU. BoueBu b, TEMIIEpaTypy 30BHIIIHIX MOBEPXOHb TUIa MAIOTh IHIACKCH «1» 1 «m+1».
Uepe3 NMOCTIHHICTh TETUIOBHX IOTOKIB Ha 130TEPMIYHHMX MOBEPXHAX ISl 30BHIITHIX MEX
TiIa MOKHA 3aIUCATH

Q = alsl(l'cl _T51)’ Q = a28m+l(TSm+1 _TC

ae Q,Q, - KoeDIieHT TEIIoBiAIaydl BHYTPIIIHEOTO Ta 30BHINIHBOTO LIAPY 3 CEPEJOBHIIEM

) (1)

2

BiJINOBIIHO, @ S, - MJIOIIA i-01 TOBEPXHI.
Taxwuii >xe TerIoBUH MOTIK MEepelaeTbcs Yepe3 KOXKEH 13 mapiB 0araromapoBOro Tiia.
Toni BigmoBinHO 10 3akoHY Dyp'e 0OTpUMaemMo
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s mTsw) g,
ni+l dn ' 1&gy .
1 s(m)
[To3znaunmo
Mit1 d
n .
— Nr::|+1 — Fi
) s(n)
Ta 00'eHaemMo piBHOCTI (1) Ta (2) y cucreMy piBHSAHb
(Q =S, (T, —T. / T. -7, =2
Q =y 1( c, sl)f c, S ’
(T, ~To) s
Fl s, S, A, )
_ (-I-S2 _Tsz) abo = (3)
Q=44 Fo Ts, = Ts, = _zQ’
Ts. —Ts., -
Q=/1m|:—m’ Ts, —Ts,., :TZQ,
Q= Olzsmﬂcrsm+l _Tcz)v T, —-T. = Q
e ° azsm+1

CxiaieMo TIOWJIEHHO MpaBl Ta JIiBI YacTUHHM PIiBHAHB (3) Ta OTPUMAEMO HACTYITHE
BHUPaKEHHS VIS TETNIOBOTO TMTOTOKY:
1 oF 1)
Q=n.-(Te, -T,) n=|—(0+2,7+——| - (4)
aS, Si a,S

i m+1

Benuuuny  m« Ha3MBalOTh MOBHUM Koe(ilieHTOM Teruionepenadi OaraTomapoBoi
cTiHku. Bupas (4) mis terioBoro nmotoky Q uepes3 GaraTomapoBy CTIHKY MOAIOHO 70 BHpa3y
TEIUIOBOTO TIOTOKY /IS OJHOIIAPOBOi CTIHKH. BiAMIHHICT TMOJSATAE JIMIIE B 3amluci
koedilieHTa TeIuionepenayi CTIHKM, MPUUYOMY OJHOIIAPOBA CTIHKA € OKpeMHil BUMAIOK (4)
npu M=1. J{ns 3pydyHOCTI MOPIBHSAHHS TPOIIECIB TEIUIONPOBITHOCTI B OaraTomapoBiid Ta
OJIHOPIJHIM CTIHKaX BBOJSAThH €KBIBAJCHTHY TEILIOMPOBIAHICTh 0araTomapoBoi CTIHKU

ﬂezc = 2 Fi IZi;E ' (5)

BukopucroBytoun 1€ MO3HAa4YeHHs, pIBHICTh (4) MOXHa 3amucaTd y BUIJISAAL, 11O
(hopManbHO 30iraeThCs 3 BUPA30M TETIOBOTO MOTOKY JJISl OJTHOPIAHOT CTIHKU:

1 Nnm+l 1
=(T. -T, +—t
0 ( “ CZ) S A, &S

m+1

Onnax koediltienT A, TyT BXke He € KOHCTAHTOIO, a 3ANEKUTh, SK I1€ BUTLTHBAE 3 (5), Bill
yuciaa I1apiB, iX TEIUIOMPOBITHOCTEH Ta pPO3MIpiB, a TaKOX Bi TeoMeTpU4HOi (Gopmu
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OararomapoBoi CTiHKH. Bupinrytoun cuctemy piBHSHB (3), OTpUMYEMO, IO TEMIIEPATypH Ha
MeXax apiB S Ta HA 30BHILIHIX MOBEPXHAX CTIHKM Sq # Sy, 1 BU3HAYAIOThCSA BUPA3aMU:

1
Te =T, - |
s, = I, QOC131
1 F
Te. =Te. — +—1 |
s, = Ic, Q_Otls1 »
1 LR
Ts =T - Yk 6
s, =Tc, —Q oS, El’“k (6)
1 MR
Ts =Te. - £y |
Smo G Q_alsl El Ay
1
T  =Te +Q——
Sme C2 QO°25m+1

Posnoainu Temnepatyp y KOXKHOMY KOHKPETHOMY IIapi 3HAXOAATHCSA 3 BUKOPHUCTAHHSAM
bopmynu

n
Ny

N2

ny

T:Tsl _(Tsl _Tsz)

JIe B SIKOCT1 TEMIIEpaTyp Ha MEXi mapy 6epyThcst 3HaueHHs (6).
3 HUJIb TA 3AJAYI JOCJIIKEHHSA

[IpoBeneMo HOCHIHKEHHS IS ATIHAPUIHOT 0araTomapoBoi CTIHKU:

F=—t | fil | s =2nnL =nld?.
2nL H

[lincraBnsroun 111 3Ha4eHHS J0 piBHOCTI (4)-(6), OTpuMaeMo Taki PO3PaXyHKOBI

dhopmyu:
® IS TIOTOKY TEIJIOTH, IO IPOXOIUTh YePe3 OUHHMII0 JOBXKUHU IMIITHIAPHUYHOT CTIHKH:

Q ~ 1
aL=_,"="m; (Tcl -Tc, )Zﬁ—“(Tcl -Tc, ) (7
Z
e ﬁz - koedimieHT Terulonepenadi  OaraTomIapoBOi  IMIIHAPWYHOI  CTIHKH, a
~ 1 1 LU | d; 1 ) ) .
R, =—= + z In( 1+1 J+ - TIOBHHMI TepMIUHUH OmMip Temonepenayi
N, oqdy 524 d; ool
6araTomapoBoi HMIIHAPUYHOT CTIHKH;
e IS TEMIIEpaTyp Ha MeXxax HIapiB:
i
Ts,., =Tc, _Ac L+ ziln LIy . i=1,2,...m; (8)
I+ TC 0‘1d1 k:lz}\‘k dk
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¢ JUIA TEMIICpATypU HA 30BHIIIHIA MCK1 Sm+1 OUITIHAPUYHO1 CTIHKH

S PR TR SR S (9)
Sm+1 1 T a’ldl 2)\’3K dl
dm+l m 1 di+1 . . . .
ze /16,< =1In T Ziln di - CKBIBAJICHTHA TEIUIOMPOBITHICTE OaraTomapoBoi
1 =1 i

WTIHIPUYHOT CTIHKH.

B poboti craBuThcd 1UIb IS ICHYHOUOi MareMaTudHoi mozeni (7)-(9) moOyaysatu
iHpopMaLlliiHy ~ TEXHOJIOTII0O  PO3PaxXyHKY  TEMIIEPaTypHOrO  MOJiA  LMJIIHIAPUYHOT
OaraTomapoBoi CTiHKM. Po3pobneHa iHopMalliiiHa TEXHOJIOTiII MOe OyTH BHKOpUCTaHa
(baxiBISIMU 7151 PO3paXyHKY TEXHIYHUX KOHCTPYKIIIH, 1110 BAUKOPUCTOBYIOTHCS Ha MPAKTHULIL.

Jlist mocArHeHHs LTI HEOOX1AHO PO3IJISTHYTI HACTYITHI 3a/1a4i:

e 3aj1a4a po3pOOKHU apXITEKTYpPHOTO pillIeHHs 1H(OopMaliiHOT TEXHOJIOTi;
e 33j1a4a BI3yaJlizallil TeMIIepaTypHOIO MOoJIs HWIIHAPUYHOT 0araromapoBoi CTIHKY;
® 3a7a4a ONTUMAJILHOTO 30€pE)KEHHS BXITHUX Ta BUXITHUX JaHHX.

4 PE3YJbTATU JOCJIIKEHHS

B po6oTi moGynoBano iH(MOpMaIliiHy TEXHOJOTIIO [5-6] po3paxyHKy TeMIIepaTypHOTO
TTOJIS IMUTIHIPUYHOT OaraTomapoBoi CTIHKHM 3 apXITEeKTypHUM pillieHHsM BUAy [7]:

|HTepdeicHui
mMoayns IT

N

Monyne
aamikicTparopa
danmx IT

Po3pasyHKOBUIA
Mogyns 1T

=

Moaynb
Biayanizauil
TEMNEPaTypHOrO
nona

Puc.1. Apxitektypa iHOpPMAIIIHOT TEXHOIOTIT PO3PAXYHKY

[To6ynosana IT no3Boissie 3a momoMororo iHTepdelcHOro MOIAyNs CTBOPIOBATH pi3HI
MaTeMaTH4HI MOJeN HUIIHAPUYHOI OaraTomapoBoi ctinu. [liquac mobynoBu MaTeMaTHYHOT
Mozeni B iHTeppeicCHOMY MOyl 00UpaEThCs, MO-MepIle, MaTepial KOKHOTO 1iapy, a Horo
XapaKTEePUCTUKU 3aBaHTaXyiOTh 3 BJ] momayns nanux. Moaudikamis BJ] [8] xapakrepuctuk
MaTepiajliB BUKOHYETbCS 3a JIOMIOMOror0 Moaynst aaMiHictpatopa nanux IT. Ilo-nmpyre, B
iHTepQelicHOMY MOy 3a/Jal0ThCsl TEMIepaTypH 30BHIIIHHOIO Ta BHYTPIIIHBOTO IMIapiB
CTIHM Ta BiJ BIACTaHi J0 LEHTPY LMIIHAPUYHOI TpyOum s koxHoro mapy. IloGynoBana
MaTeMaTU4yHa Mojeib 30epiraeTbest B b/l Moxyns nanux, sikmio Ttakoi Mojeni B B/l me He
iCHYE.

PospaxynkoBuii monyias IT oTpuMye ducenpHHMI pe3yabTaT TEMIIEPATYPHOIO IIOJIA
noOy10BaHOT MaTEMAaTUYHOT MOJIEN1 y BUTJISAAI PO3paxyHKOBO1 MoJieni, sika OyJie BHeCeHa 0
MOJIyJIsl TAaHUX Y SIKOCT1 BXIIHUX JJAHUX, SKIIO TaKUi pO3paxyHOK pOOUTHCS BIEpIIIE.
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PesynbraTi 4MCeNbHOTO IOCHIIPKEHHS Bi3yalli3yIOThCS 3a JONOMOTOIO BIAMOBIAHOTO
rpapiunoro moxyns [9-10].  IarepdeiicHuii Momynp Mae QYHKIIOHAN, MO JO3BOJISIE
aHAIII3yBaTH ICHYIOUM MaTEMaTH4YHI Ta PO3PaxXyHKOBI MOJIENi O€3 HOBOTO PO3PAXYHKY.

Ha puc. 2-5 npeacraBieHo TeMreparypHe moJje Ta rpadik 3aJeKHOCTI TeMIEpaTypH Bif
BIJICTaH1 0 UEHTPY IWIIHAPUIHOT TPYOH JJIs PI3HUX MOJIeNeii 6araromapoBoi HMITIHAPUIHOT
crinku. YepBOoHMI KOJIp BiNNOBimae OUTBII BHUCOKMM TEMIIEpaTypaM, a CHHIH — OUIbII
HU3BKUM.

Puc. 2. TemmnieparypHe moie JBOIIAPOBOT Puc. 3. TemnepaTypHe mosne JBOIIAPOBOT
TpYOH: aIOMiHIi — MOBCTh TpyOH: MOMIMPOIiJIeH — a30ecT

300 T T T T

250 ~

200 4

150

100 +

Puc. 4. I'padik 3MiHH TeMIIEpaTypH B 3aJI€KHOCTI BiJl BIICTaHI 10 LIGHTPY ABOIIAPOBOI TPyOH

OO

Puc. 5. TemnepaTypHe 1moje TpHIIApOBOi Puc. 6. TemnepatypHe nose TPHIIAPOBOL TPYOH:
TpyOH: MOTIMPOITiTIeH — a30ecT-MacisIHa Kpacka ANFOMiHIA — MacIITHa KpacKka — TIOBCTh
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T
300

250 +

200 +

150 +

100 +

50 +

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

Puc. 7. I'padik 3MiHM TeMIepaTypH B 3aJICKHOCTI BiJ] BIICTaHI J0 IIEHTPY TPHUIIAPOBOI TPyOH

5 OBI'OBOPEHHA PE3YJIBTATIB JOCJIIKEHHS

Ha puc. 4 npeacrasneno rpagik 3minu temmneparypu (°C) nBomapoBidl CTiHI AJIs pI3HUX
MatepianiB. KpuBa 1 BignoBigae TemnepaTypHOMY MOJIIO PUC.2, B KpUBA 2 — TEMIEPATypHOMY
nomo puc.3. [lpu mpoBeneHHS OOUYMCIEHHS MOJENI 3aJaBajiuCsi HACTYMHI MapaMmeTpu:

TemnepaTypa BHYTPIlIHBOTO —cepefoBuma o = 250°C, TtemmepaTypa 30BHIIIHBEOTO
cepenosnma T =50°C, reomerpis xoncTpyxuii — d,=0.4m, d,=0.6m, d;=1.1m,

KOe(DIIIEHTH TEMIoBIIadl o) = o, = 1.

[IpoBeneHO 4YMCENbHUI EKCHEPUMEHT Ui TPHUIIAPOBOI HWIIHAPUYIHOT TPYOW Ui THUX
CaMUX IapaMeTpiB 30BHINIHBOTO Ta BHYTPIIIHHOTO cepeaoBHUIl. ['eoMeTpis KOHCTPYKIIii:
d,=0.8m, d,=1.0m, d;=1.2m, d, =1.3m. Ha puc.7 npexcrasneno rpadik 3minu
temneparypu (°C) TpumapoBiii cTiHi s pizHux MarepiamiB. Kpua 1 Bimmosimae
TeMIIePaTypPHOMY TIOJIIO PUC.5, B KpUBa 2 — TEMIIEpaTypHOMY TOJII0 pHUC.6.

BuaHo, mo npu oaHAKOBIH TeoMeTpii KOHCTPYKINT I OUThII Cy4acHOTO MaTepiany
HWIHAPUYHAX TPpyO0 — TMOJINPOMUIEHY, TEIUIO30JIAIIS KOHCTPYKIIl JTOCATAETHCS Kparlle,
HaBITh NMPU BUKOPHUCTaHI a30ecTy.

6 BHUCHOBKU

Po3pobneno iHdopMaliifHy TEXHOJOTi0 JOCHIPKEHHS OaraTromapoBoi MHJIIHIPHIHOT
CTIHM, fKa MOXe Oyau BHUKOpUCTaHa (axiBIsIMU JUIS PO3PAXyHKY Ta JOCIIHKEHHS
TEMIEPATYPHOTO IMOJIS WIIHAPUYHUX TPYO.

OyHKIIOHAN HTEPPEHCHOTO MOyl JO3BOJSE IHTYITHBHO IMPOCTO IPOBECTH MPOIEC
MOJEINIOBaHHS 3a/ayi A KOpHCTyBaua Oe3 crelianbHOi MiAroToBKU. Bcei pospaxoBani
MoJienm 30epiratoTbesi B 0a3i gaHMX mporpamHoro 3abesneuenHs [T. Bukopucranas
TPUBUMIPHOI rpadiku Ja€ MOXKIMUBICTh BI3yali3yBaTH pPO3paxoBaHE TEMIEpaTypHE MoJe.

Oco0nuBicTIO po3pobieHoi iHhopMalliifHOT TEXHOJIOTIT € Te, 10 B Hil € TpU He3alekHi
¢GyHKIIOHATBHI MOIyl: poboTa 3 0a3010 JaHUX, MOOynoBa Mojeni Ta aHami3 JaHux. Lle
JI03BOJIIE BUKOPUCTOBYBAaTH 1 TPbOM KOPUCTyBayaM [UIsl BHPIMICHHS pPI3HUX 33434
JOCTIKEHHS.
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VK 539.3

BUKOPUCTAHHSA MOJIEJII BAJIICTUYHOI'O MAATHHUKA
B AHAJII3I HEPEXITHUX MPOLHECIB KPAHOBUX CUCTEM

Yosuiok I0. B. 1, Yepeaniuenxo II. I1. %, Illyapa H. C.*, Kosynuns C. 1.2
YKuiscoxuii Hayionanvnuii ynieepcumem 6yoisnuymea ma apximexmypu
2Hayionanvnuii agiayitinuil yrnisepcumem

Anoraunis. [Ipopenenuii  aHani3  HuU3KHM  (DakTOpiB, SAKI  BIUIMBAIOTh HAa  TOYHICTh
CKCIICPUMCHTAJIbHOI'O BHU3HAYCHHA MaJIUX HIBPI}IKOCTCP'I MasATHUKOBHUX KOJIMBAHb BaHTAXy Ha KaHaTi
BaHTAXKOMIAMOMHOIO0 MEXaHIi3My KpaHa, [0 BHHHKAIOTh MPHU IIYCKY, rajJbMyBaHHI 4YHM pPEBEPCYBaHHI
KpaHoBOi cucreMu. KaHar mipum 1bOMY pPO3TJSTAETBCS SK TPY)KHA HHUTKA. TeOpeTHIHO
MPOaHATI30BaHUI BILIMB CKIHYEHOT MacH Ta 3TMHHOI MIPYHOCTI BUCKA HA YaCTOTY BJIACHHUX KOJIMBAHb
MasTHHKa. Iloka3aHo, 110 OCHOBHHUM (haKTOPOM, SIKWH BIUIMBA€ HA BIIACHY 4YacTOTYy, € 3THMHHA
MPY/KHICTh HATKH BHCKA, a BIJIMB MacH HUTKH (KaHaTry) OagiCTHYHOrO MasTHHKA MOJKHA 3BECTH 0
MiHiMyMy. OTpUMaHHi TOYHUH aHATITUYHUN BUpPA3 IS BJIACHOI YaCTOTH PEAIbHOTO MasTHUKA 3a
JOBUIBHOT KOPCTKOCTI Jierkoro BucCKa. s HEBEIMKOI MacH BaHTAXy H IIBHIKOCTI PyXy IpH
IMIYJIBCHOMY BIUIMBI Ha KPaHOBY cHCTeMY (IIyCK, TFaJIbMyBaHHs, PEBEPCYBaHHS) BUHUKAIOTHL IICBHI
TPYJAHOIII MO0 BpaxyBaHHS CKIHUEHOI MacH W »OPCTKOCTI BHMCKa 3a/jIsl pPO3PaxyHKy BIJIACHOI
YacTOTH KOJMBaHb MasTHHKA. 3a iJeanbHOI CUTYyallli Macy BUCKa MOXXKHA 3pOOMTH HAATO MAJIOIO Y
[TOPIBHSAHHI 3 MacOl0 MasTHHKA (BAaHTaX Ta KaHaT), ajie IPY KOPOTKiil JOBKUHI KaHATY 30LILIIYETHCS
BJIaCHA 4YacTOTa MasTHHKA, 10 3HWKYE YYTIMBICTh CHCTEMH JO 30BHILIHIX IMIYJIbCHHMX BIUIMBIB, 1
3pOCTa€ BIUIMB IPYKHOCTI HUTKM (KaHATy) Ha If0 4acToTy. TOMy y peajbHiii CHTyallii Maca MasiTHHKA,
fioro moBxkuHa (KaHaTy) Ta YOPCTKICTb BMCKA 3aBXKIW TOBHHHI OyTH 0OpaHi i BpaxoBaHi y TOYHHX
nociimkeHasx (1 po3paxyHKkax) BUXOIIYM KOMIIPOMICHUX MIpKyBaHb.

Y maHoMy IOCHTIIKEHHI TCOPETHYHO OIHIOETHCS Y HAOMMKEHHI MAaJIoro IapaMeTpy CTEIliHb
BIIMBY BKa3aHMX BHUIIE (PAaKTOpIB Ha BJIACHY YACTOTY KONMBAaHB MasATHHKA (TOOTO, IO CyTi, BAHTAXKY
Ha KaHari).

OtpuMaHi y JaHOMY JOCTIIPKEHHI Pe3ylIbTaTH MOXYTh Y IMOJAJILIIOMY OyTH BHUKOPHCTAHI IS
YTOUYHEHHS i BJOCKOHAJICHHS ICHYIOUMX IHXXEHEPHUX METOIB PO3paxXyHKY Ta aHali3y IepeXiITHMX
npouecis (IIyCcKy, rajJbMyBaHHs, pEBEPCYBaHHSA Ta 1H.) KpaHOBMX CHCTEM SK Ha Cramigx Iix
MIPOEKTYBAaHHS, TaK 1 Y peKMMaxX peasbHOI eKCIuTyaTallii 3a/UIsl ONTUMI3allii pOOOTH BKa3aHHX BUIIE
CHCTEM (Ta MEXaHI3MiB).

KurouoBi ciioBa: Mozens, OaTicTHIHUN MasITHHK, aHAJTI3, TIEPEX1THI IPOIIeCH, KPaHOBI CHCTEMH,
KOIIUBAHHSI, MYCK, raTbMyBaHHSI.

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

Yu. Chovniuk?, P. Cherednichenko, N. Shudra?, S. Kozupitsa 2
1 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
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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.
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1 BCTYI

VY mpomecax mycKy, TalbMyBaHHS, PEBEpCYBaHHS KpPAaHOBUX CHCTEM Yy OCTaHHIX
HEMHUHYYE BHHHKAIOTh MAasATHUKOBI KOJHMBAHHA BAHTAXy Ha KaHATI BAHTaXOIITHOMHOTO
MeXaHi3My, fKi, 3po3yMmina, € HeOa)KaHUMH, OCKUTBKM MOXYTh MPHU3BECTH 10 aBapiifHUX
cutyaniii. BUKOpHCTaHHS Cy4acHMX MEXaTPOHHUX CHCTEM YIIPABIIHHI PYXOM, 30KpeMma,
MPUBOJOM KPAHOBOTO MEXaHI3MYy MIJHOMY BaHTaxy, MO3BOJSIIOTH CYTTEBO 3MEHIIUTH
HETaTUBHUI BIUTUB PO3TOWyBaHHS BaHTaXy Ha KaHATI y Mpolecax MyCcKy/TaJbMyBaHHS 4d
peBepcyBanHsi. OnHak s aJEKBaTHOTO TAaciHHS BKa3aHUX KOJMBAaHb Tpebda MaTH
iHbOpMaLlll0 TPO IX XapaKTEepUCTUKU, NPUYOMY OIEpaTWBHY 1 J0Bojdl TouHy. Came ud
npo6JieMa 1 po3rJIIHyTa y JaHOMY JTOCHIKEHHI.

2 AHAJII3 JIITEPATYPHUX JAHUX TA TIOCTAHOBKA ITPOBJIEMH

AHani3 BIUTMBY MPYKHHX BJIACTUBOCTEH CTpW)KHs/KaHATy MpPH 3THMHI, MacH BHCKa,
BaHTaXXy NpoBeAeHui y pobdorax [1, 2]. ABtopu [3-15] mocmipKy0Th pi3HOMAHITHI aClIEeKTH
JTMHAMIKH BaHTa)KOMIAMOMHUX MEXaH13MIB KpaHiB, MPOTE KOPUCTYIOTHCS MOJAETAMU MPYKHUX
eneMeHTiB (KaHaTiB), SIKI HE BPAaxOBYIOTh Macy BHCKa Ta 3THHHY >XKOPCTKICTh KaHary. Y
JTAHOMY JIOCHII/DKEHHS BIEpIIe BHUKOPHUCTAHA MOJEIh OaliCTUYHOTO MAasTHUKA ISt
JETATBHOTO 1 BCEOTYHOTO TOCIIKEHHS BUHUKAIOUNX y KPAHOBUX CHCTEMAaxX KOJIMBAHb.

3 HIUJIb TA 3AJAYI JOCIIKEHHSA

PoGoTa nossrae y o0rpyHTyBaHH1 (Hi3MKO-MEXaHIYHOT MOJICNII MasSTHUKOBHX KOJIMBAaHb
BAHTAXXY Ha KaHAT1 BAHTAXKOMIIHOMHOTO MEXaHI3My KpaHa.

4  MATEPIAJIM TA METOAUKA JOCJIIKEHb

Bukopucrana mMozens OalliCTUYHOTO MasTHHKA, METOJM MaTeMaTW4HOI (i3WKH, amapar
mudepeHianbHUX PIBHSHb y YAaCTUHHHMX TOXITHUX IS 3HAXO/DKCHHS BIIACHHX YacTOT
MasITHUKOBHUX KOJMBaHb y HAOJMKCHHI Maslol MacH M »OPCTKOCTI BHcKa (kaHaTy). Bimache
MasTHUK (KaHAT 1 BaHTaX, KM HAa HHOMY 3aKpilIEHHI) y AaHid poOOTI PO3IISHYTI SK
cHCTeMa 3 PO3MOJUICHUMH MapamerpaMu (JIUCKPETHO-KOHTHHYyal bHE HaOmmxeHHs). Kpim
TOTO, JUISl TIPOBEACHHS NOCITIKCHHS 3aCTOCOBYIOTHCS CIIEMEHTH MaTEMaTHYHOTO arapary
KJIACMYHOTO BapiallifHOTO YMCIICHHS, TEOPETHYHOI MEXaHIKU, ONTUMAIBHOTO YIPABIIHHSA, a
TAKO’)XK MAaTEMaTUYHOTO MOJICIIOBAaHHS, SKI BUKOPHUCTOBYIOTBCS Y YHCJICHHUX poOoTax
BITYM3HSHUX Ta 3apyOLKHHUX aBTOPIB.

5 PE3VYJIBTATHU JOCJIIIKEHHS

PosrisiHeMo 3ocepemkeny macy m (BaHTax), siKa 3aKpilUieHa HA TOHKOMY THYYKOMY
cTpwkHI (MOJenp KaHaTry), MUl KOTporo 3aiaHi noexuHa L, panmiyc I (xkpyroswuii
HOMEPEeYHHUit TIepepi3), MUTbHICT MaTepiany 0 , Moayab FOura E . Ctpmkens 3akpiruieHnit
i 3adikcoBaHM HA OJHOMY KiHIII Ta BUIBHUI Ha KIHII 13 MPUKPIIUIEHOIO J0 HHOI'O Macolo
(BaHTax). SIKIIO y 3a/1a4i MU HEXTYEMO 3THHHOIO MPYKHICTIO CTPHXKHS, TOI1 MU OyeMo Horo
Ha3MBaTH HUTKOIO. CHUJIOIO TEPTS 3 MOBITPSAM HEXTYEMO.

PiBHSIHHS 3TMHHUX KOJHMBAaHb PO3TATHYTOTO Barol0 BAaHTAXy MPYKXHOTO CTPHXKHS MPHU
HEBEIMKHUX 3TUHAX (KOJHM MOYKHA 3HEXTYBaTH 00EpTaJbHUM PYXOM EIIEMEHTIB CTPHXKHS) Mae
Bigomuii Buj [2]:
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B9 29 1.2 p.5.9 20,
ad . x) P )

4

T=p-S-g(L—x)+mg, S=ar?, I:jzzds':ﬂrT.

oz a( azj 8%z

Tyr |- momeHnT iHepuii momepeyHOro mepepisy CTprKHS. SIK MOKa3yrTh MPOCTI
OI[IHKH, TEXHIYHO HEBA)XKO BHTOTOBUTH CTPWKEHb TaK, m06 Horo cymapha maca p-S-L
Oyna HabaraTo MEHIIOIO 32 Macy MiIBIIEHOTO BaHTaxy M. Y HbOMY BHIIQJKy CHJIA HATATY
CTPHMKHSI MOKE BBa)KaTHCh MOCTIHHOW | ~MQ, a piBusHHA (1) CyTTEBO CHPOIIYETHCS.
Bynemo y noganemiomy po3B'si3yBaTu 3aauy came y IbOMY HaOJIHKEHHI.

JUia 3pydHOCTI aHali3y PpIBHAHHA MHepeiaeMo 10 Oe3po3MIpHUX 3MIHHHUX, KOJIH
KOOpAMHATa Y HOPMOBaHa Ha JOBXHHY CTPH)KHA, & dYac 7 Ha YacTOTy KOJIMBaHb
MaTeMaTUYHOTO MAsTHUKA. Y I[bOMY BUNAJAKY piBHsAHHS (1) Moxe OyTH 3amucaHne HACTYITHUM
YHHOM:

, ' 0% 0%z
a2 tH =0
oy oy ot @)
yzé T=mn 1=t- g gzzﬁ ﬂ:@<<1.
) O I’ 4mgL2 j m

Tyt 6e3po3mipHHMil mapamMeTp & XapakTepus3ye NPYKHI1 BIIACTUBOCTI CTPIIKHS MPHU
3TUHIL, a 4 — 0e3po3MipHYy Macy BUCKa. 3a3HAYUMO, U0 MPHU MMOBHOMY HEXTYBaHH1 3TUHHOIO

KOPCTKICTIO
(8:0), MaTHMEMO 3aMicTh (2) XBWJIbOBE PIBHSHHS Ul KOJHBAaHb THYYKOT MAacHBHOI,
OJIHOPIAHO pO3TATHYTOT HUTKU. Da30Ba MIBUAKICTH OLKYUYO1 B3JOBXK HUTKU MOTIEPEYHOT XBUIT1

Oyze nopiBHIOBATH CL:a)O-L-\/;:J,LJ~g~L.

Jlnst KyTOBUX MapaMeTpiB BHCKa (CTaJIeBUI KaHAT pajiycoMm I = 3-107 M, JIOB)KHHOIO
L=10m, E= 2.10% IMa, m =10 xkr, p=18 '10+3KF/M3) e~0]1lra 1 ~002. Buxonsuu 3
LUX OI[IHOK, Oy/leMO HMK4Ye BBaXKaTH OOMJIBa MapamMeTpu 4 Ta & MaJUMH y NOPIBHAHHI 3 1,

TOOTO (8,;1)<<1.

Xoua mapaMeTrp HpYyXHOCTI & HabaraTo MeHue 1, BIH CTOITh mepe] MOXiAHOK 4-ro
HOPSIKY, 1 HaBiTh 3a HEBEIMKUX 3TUHIB CTPWKHSA (MOJENb KaHATy) LIEK CKIAJI0BOIO
PIBHSHHS HEXTYBaTH HE MOXKHA. AHAJIOTIYHO 3a MAJIOCTi IMapaMeTpa A YIeH 3 MOXITHOI0 y
4aci TaKOXK MOKe OYTH CYTTEBHM, SIKIIO YaCTOTH 3TMHHUX KOJUBaHb BUCOKI y MOPIBHSAHHI 3
Y4aCTOTOIO KOJMBAaHb MAaTEMAaTHYHOTO MasiTHUKA.

PiBusiHHSL (2) cnnii JOMOBHHUTH TPaHWYHUMH yMmMoBamH. Ha JiBOMy KIHI[I CTPHXKHS
(y = 0) — 1Ie yMOBa 3aKpirieHoro (3agikcoBaHOTO) KiHIISA, a HA MPAaBOMY KiHIIi (y :1), ne
OPUKPIJICHUH BaHTax (Maca), JOPIBHIOE HYIO 3THHHHNA MOMEHT (iHEpILi€r0 BaHTaXy IO
BIJIHOLICHHIO 10 00epTaHb 3aB/SKU MAIOCTi PO3MIPiB HEXTYEMO):

2
2(0,7)=0, a =0, oz =0. ©)
2
y=0,7 oy y=1r

UYerBepTa yMoBa 3B'sI3ye PIBHOJIIOUY CHITY (TIepepi3yioda Cuiia TUTIOC MPOEKI[iS CHIIN

HATATY) Ha MPaBOMY KiHIIi BHCKa i IPHUCKOPEHHS 3aKPIIJICHOIO Ha CTPIIKHI BAaHTAXY:
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3 2
E|.E_mg az =m ZE

3 A "2 ¢ 3 2|
X
ox x=L 1 S P o V), 07,

(4)

Pigusinas (2) 3 rpanmyaumu ymoBamu (3), (4) mo3BoJsie 3HAWTH BIIACHI YaCTOTH
KOJIMBAaHb MAsTHUKA, KOTPi MOKHA XapaKTepHU3yBaTH 0E3PO3MIPHOIO BEIMYHHOKO Q(s, y) -
BIJIHOIICHHSM YaCTOTH pPEAJIbHOIO MasTHUKA JO 4YaCTOTH MAaTeMaTUYHOrO MasTHHKA

CENCTE

Bynemo po3B'sizyBatu piBHSHHS (2) METOAOM PO3AUICHHS 3MIHHHUX, HOJAIOUU LIYKaHY
¢ynkuiro y Burmsimi Z (y,z')zf(y)-é’(r). Tlo3HAYAI0MM KOHCTAHTY O3AiTeHHA sk QO 2,
MaTUMEMO J1Ba PIBHSHHS JIJIs1 4aCOBOTO (9(2') 1 KOOPAMHATHOTO (aKTOpiB g(y):

2 4 2

d<o d d
— +0?%.6=0, 82'—5——5"',“92'5:0- (5)

dr dy® dy

Po3B's30k (9(2') MepIIOTO PIBHSAHHS cucTeMH (5) Mae BUJ 3BHYAHUN TapMOHIYHUX
GbyHKIii yacy 3 gactotoro (2 . Po3B's30k apyroro piBHsHHS (5) OyaeMo IIyKaTd y BUIIISI
€KCIIOHEHTH §(y)~ exp(a- y). Toxni MmaeMo XapakTepuUCTHUYHE PIBHSIHHS AJIs1 KOE(IIIEHTIB

a, a Horo HaOMKEHUH pO3B'SI30K 3alMIIEeMO, CKOPHCTABIIMCh MalUMM 3HAUYEHHSIMU
napaMmeTpiB U Ta & :

1+ 1— 4us’Q?
£2.0* —a?+ 0% =0, o= HE 2

252 &2 (6)

a22 zsz <<1.

[Tpu 3amuci KOpeHiB XapaKTEePUCTHYHOTO PIBHSHHS MU BBaXKaJIH, IO AUCKPUMIHAHT
pPIBHSIHHSL JOJATHIA W ycl KOpeH1 IIHCHI, OCKUIBKM Yy pPO3IVIAyBaHId 3aaadi OYiKyBaHa
OCHOBHa BJlacHa yactota MasTHuka (2 ~1. BucokoyacToTHI MO, KOJIH:

1
1, 7
i (7)

MPU3BOJATH J0 YSIBHUX KOPEHIB XapaKTEPUCTUYHOTO PIBHAHHA. 3pO3yMiIO, IO MOYXKHA
MPUITYCTUTH HACTYIIHE. aMILIITyJa TaKMX BHCOKOYACTOTHUX MOJ{ HABITh IPH IMIYJIbLCHOMY
BIUTMBI HA MAasTHUK MOPIBHSHO Mala, 1 BOHU J0AaAyTh €heKTU OPYroro MopsaKy MajocTi y
MOPIBHSAHHI 3 PEryISAPHUMHU KOJUBAHHIMHU MasTHUKA Ha OCHOBHIM yactori QQ ~1.

Mosxna 3anucatd (QpyHIaMEHTaIbHUI PO3B'I30K At kKoopauHatHoro piBHsHHS (5) y
BUTISAAL

E(y)=Cy -sinh(ayy)+C, - cosh(eq y )+ Cs - sinh(ar, y )+ Cy4 - cosh(a, Y ). (8)

Q>th =

[MincraBnsiroun (8) y Tpu I'paHUYHUX YMOBH (3), MOXHA BUKIIOUUTH TPH KOHCTaHTH
IHTErpyBaHHs, MICIs YOT0 MaTUMEMO PO3B'SI30K 3 TOUHICTIO JIO aMILTITYIM !

&(y)=| sinhey — 22 -sinha, |-(cosh(ery)—cosh(a,y))-
gl
9)
Of22 . oy .
—| coshay ——=-cosha, || sinh(ayy)——+sinh(eyy) |
o as
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BukopucToByroun 4eTBepTy TpaHUYHY YMOBY (4), OTpHUMaeMoO pIiBHSHHS JUIS
BU3HAYCHHS BIIACHHUX YaCTOT KOJIMBaHb MasiTHUKA (2 :

2 0% 9 )
—et T2+ = =Q° - £(1), (10)
o ),

abo
(—82)-{[Sha1 —az-shaz}(af -shoy —ag’ -sha, )—
gl

2

- Chal—azz-ChaZ]‘(af-Chal—arazz-Chaz) +

o

(11)

+ Shal—az~Sha2j-(a1-sha1—a2~Sha2)—

o

o2
- Chal——zz-chaz (o -chay —ay -Chary ) =

a1

24| shag =22 -sh hay —ch hay %2 .ch hay —ZL-sh
=Q°. S 0{1—;'3 (2%)) '(C 0{1—0 az)— Cl al—T'C a) |+ S al——-s (2%)) .
1 o aj

VY tpancuenaentHoMy piBHsHHI (11) i Q mpuiiHATI HACTYITHI TO3HAYCHHS
. 1 _ 1 _
smh(U):sh(U):E-(e*U e V) ch(U):cosh(U)za-(e“’ ve V) (12)

[IpoananizyeMo Temep MOXIJIMUBICTH OTPUMAHHS HAOJMKEHOTO PO3B'SI3KY JJIS BJIACHOI
qacToTH {2 peaJbHOr0 MasTHHKA y HAOJMKEHHI MajoCTi Mach i JKOPCTKOCTI BHCKA.
Po3risiHeMO croyaTky CHTYallil0 abCOMIOTHY THYYKOTro BHCKa (HUTKAa abo0 JIAHIFOXKOK), KOJIH
napameTp 3ruHHOI xkopctkocTi £ =0. Toxai mpu BITHOCHO MajoOMy 3HAY€HHI A DO3B'A30K

apyroro piBasHH (5) Oy/ae maBaTH Maike JTiHIAHE PIICHHS
&(y)=Cy - Sh(Q'\/;' Y)+ C, 'Ch(Q'\/;' Y)=
=(cr- 0yl rol?)) 5 s(y)=y.

JliHifiHa QyHKIIA §(y) — 1l KOJIMBaHHS MaTeMaTHM4YHOro MasTHuUKa. Tomy BiacHa

(13)

94acTOTa KOJHMBaHb, BU3Ha4YeHa 3 piBHsAHHA (10) um (11), mpu migctaHoBI y HBOTO (QyHKINT
(13) Q =1, sx i moBHHHO OYTH.

JI1st TOAaMBIIOr0 aHaNI3Y, 3aIMIIAI0YKHCh Y MEKaX Ii€] TOYHOCTI PO3paxyHKy, MOKHA Y
(9) mokmactu ap, =0. Toxi 3amicte (9) mMaruMemo (oOpMy MPYKHOTO BHCKA y BHIJISAAI

HACTYMHOT (PyHKIIII:
sh(ay -[L-y]) - shey
a1 ch o1 .

& (y) ~y+ (14)
Tyt npyra cknagoBa y mpaBiii gactuHi (14) 3a0e3nedye BUKOHAHHS Apyroi yMoBHU (3)
JUIS 3aKpIIUIEHOTO KIHIA BHMCKa, a HopMmyBaHHA Yy (14) oOpaHo Tak, 100 BHKOHYyBajach

PIBHICTB f(l) =1.
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[MincraBnstoun Tenep (14) y piBasuus (10) um (11) i BpaxoByrouw, mo 25_1,

OTpUMAEMO HaCTyHHI/Ifl BUpa3 JId OCHOBHOI YaCTOTH KOJIMBaHb pCaJIbHOTO MAasATHHUKA

(1 —0):

» 1 ( )_sh(U)

“otne) T o) (19

I3 ypaxyBaHHsIM CKIHYEHHOI MacH BHCKa (BJIacHE KaHATy) MOYKHAa OTPUMATH OUIBII
3arajibHUM HaOJIMKEHUI BUpa3 JUid BIACHOI YaCTOTH PeabHOI0 MasiTHUKA IPU (y,g) <<1:

Q:1+‘92+%+O(g,u)+0(82)+0(,u\/;). (16)

Sx BUAHO, YacTOTa KOJIMBaHb PEAJIBHOTO MasTHUKA Oy/e 3aJeXaTh He TUTBKH BiJ
peuoBUHHM i (opmH BHCKa (TOOTO KaHATY), ajie i Bil MacH BaHTaXKy i BHCKa.

Cnig 3a3HaumtH, 10 BUKOpHcTaHHS (opmymu (15) y «3BOpPOTHOMY» TIpaHHYHOMY
BUINAJKY, KOMM & >>1, 103BOJIsIE JOCHTH KOPEKTHO OLIHHUTH BIACHY YacTOTY KOJHMBAHb
BaHTaXy Mack M, 3akpiluIeHOT0 Ha KiHII (KPyroBOTO Mepepidy) JIErKOro MPY:KHOTO
CTPHIKHSI, ajle 33 YMOBH BiICYTHOCTI cuiti Tsokinus. Jiliceo, mpu g — 0 mapamerp & — oo,
3 (15):

02 = (1-¢ th(1/e))* 222 >3¢2 (14 0[¢2)

2 17
w=0. |3 90 )r_1/37w. 0
L 2LV mL

Leit ¢akt rosopurh mpo Te, mo (opmyna (15) mist OCHOBHOI 4acTOTH KOJIMBAaHb
peaIbHOTO MasiTHUKa MOKe OyTH cIipaBeAsIuBOIO Ui NoBUIbHOTO (!) mapamerpy &, MOKH
MOJKHA 3HEXTYBaTH MacO0 BHCKA.

Kpurepiii ManocTi Macu BUCKa Ui BHNAAKY, Koau & >1, snerxko orpumaru 3 Tiel
BUMOTH, 100 y BHCKY HE 30yIDKYBaJlMCh 3TMHHI KOJMBAaHHS 3 YacTOTaMH, OJM3BKUMH JI0
OCHOBHOI 4acTOTH MasTHHMKA. LIs Bumora BimoOpaxkeHa y HepiBHocTi (7). ToMmy kpurepiii
KopekTHoCTi popmynu (15) i Mmacu BUCKa Ma€ BUIL:

1 l—g-th(%) e>>1 1

= > U << ——— . (18)
482007 4¢? 12- &%

Bukonanus kputepito (18) 3anminae KOpeKTHUMHU yCi HaBEICHI BHIIEC MIPKYBaHHS, SIK1
Oynu 3poOJieHl Mmicisi OTPUMaHHS TOYHHMX KOPEHIB XapaKTEPUCTHYHOTO piBHSAHHA (6), a
3HA4YUTH 1 BUpa3(15).

TakuMm 9uHOM, J1J1s1 OOYHCICHHS OCHOBHOI YaCTOTH KOJIMBaHb PEAJIbHOTO MasTHHKA Ha
JIETKOMY OJHOPITHOMY BHCKY (,u << 1) 3 JOBUTFHOIO (POPMOIO TOMEPEUHOTO MEPepi3y Ciia

<<

CIIOYATKy OI[IHUTH BEIUYMHY Mapamerpa & . SIKIIo Maca BHCKa 3a/10BOJIbHsE KpuTepito (18),
TO/1l OCHOBHY YacTOTY MasTHHKa (@ MO>KHa 3HAiTH 3a GOpMyIIOIO:

@+¢é) .

2.9, _ -t
@ L {]—ahi%i}’ “TL

ae My ta I p — Maca BHCKa I MOMEHT iHepILii iforo nomnepe4noro nepepisy. Cirix 3a3Ha4uTH,

(19)

110 HISKUX 0OMEXEHb Ha BETMUMHY mapamerpa &y ¢opmyni (19) He Haknagaerbcs! ¥V mpomy
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BUIAJKy BHCOKOYACTOTHI KOJIMBAHHS MPAKTUYHO OYAYTb BIICYTHI, OCKUIBKH KOpEHi
XapaKTepUCTUYHOTO piBHsHHA (6) niiicHi, (hopMa HATATHYTOrO BHCKAa MAa€ BHJ MOHOTOHHOI
3anexxHocTi (9) Big KOOpAMHATH Z(X), a piBastaHES (10) mae equHUI pO3B'A30K AJIs BIACHOT
YaCTOTH MasITHUKA.

SIkmo kpurepiii (18) He BUKOHYeThest a00 4 ~ 1, ToIi y BUCKY MOXYTh 30Y/IKYBaTHCh
3TUHHI KOJIMBAHHS 1 XBHWJII 3 HECIIBBUMIPDHUMH YacCTOTaMH, a CHEKTpP KOJHMBAHb BAHTAXY
TaKOXX MaTHME BHCOKOYACTOTHI TapMOHIKA. MasSTHUK y [bOMY PEXKHMI 3IIHCHIOE
HEpEeryIspHi KOJUBAHHS, IO HE JO3BOJISIE BUKOPUCTOBYBATH HOTO (SIK OATICTUYHHI MasTHHK )
3ajy1sl IArHOCTHKHM W JAMHAMIYHOTO aHai3y MaluX IMIYJbCiB 30y/DKeHHS pyXy (KpaHOBOI
CHCTEMHU).

PosrnsiHeMo 1110 cutyariito OUThI I€TaabHO.

Bemmunny (¢ (7) i3 ypaxyBaHHAM BBEJEHUX y (2) & Ta f MOXHA IIOJATH HACTYITHUM

YUHOM.

m-\/g-vL
Jo-z-rP JE

JI1sl ICTHHHOTO 3HAYEHHS (Dhf TOJ1 MAEMO:

th = (20)

m-g

g
Ont =Qpe -1 [— = . 21
ht = {2ht ‘/L oS JE (21)

OTxe, BeIMYMHA (hf HE 3aJEKHUTH BiJ NOBKHHU BuCKa L. YMoBa BHHMKHEHHS

PE30HAHCHUX (3 YaCTOTOIO BUIBHUX KOJIMBAaHb MAasiTHUKA) SIBUIIl HAOYBA€ BUTJISILY:

m g L
=1. 22

3 ymoBH (22) nerko OTpUMAaTH 3HAYCHHS JOBXKHHH BHCKA (L ), 3a SIKOTO BMHHUKAIOTh

th =l

PE30HAHCH MDK MAasSTHHKOBOIO YacTOTOIO KOJIMBAaHb BaHTAXKy Ha KaHarTl ( %j Ta

YaCTOTOIO 3riHHUX KOJIMBAHb BHCKa (T06T0 caMoro KaHaTY):

2 .6

* /R § E

L = Lres :pz—’ (23)
m--g

*
TOOTO 3a 1€ JOBKUHHU BHCKA L ICHY€ PE30HAHC.

WDnf = \/% . (24)

IIpu gacrorax 2> Q¢ (a)>(0hf) BIIOJIOBXK BHCKa (KaHATy) PO3MOBCIOUKYIOTHCS

BHUCOKOYACTOTHI 3TMHHI KOJWBaHHSA 1 XBMIl. [li 3rMHHI KOJMBAHHS EKCIIOHEHI[AIIBHO
3pOCTAOTh MO aMILTITY/Il BIIOJOBK BHCKa (KaHATy) i MalOTh MPOCTOPOBHIA MEPiOT KOJTHBAHb.
OmnucyroTh 11i KOJIMBHI Ta XBUIILOBI MPOIIECH Y BUCKY (KaHATi) HACTYITHI 3aJI€KHOCTI:

; 22
y)~eplay), o? = @
&
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abo:

f(y)~exp{kRe-x}-{s‘”}w.m-x>, )

COS

ac:

Kpe = ‘/\7;\/— cos{1 arctg/4 292—1};

af,,.
k'm:@\/l_a sm{ -arctgy/4ue Q% - 1}

Hwxue, y Tabn. 1 mogani uncenbH1 OMIHKA th , (hf U PI3HUX 3HAYEHBb JOBKHUHH

(27)

Bucka (kaHary) L ii 3aganux mapamerpiB MaTepiany (crajieBuil kaHar):
p=8 10%kr’; E =2-10% IMa; r=5- 1072 M, §=9,81m/c% m =10%kr.
Kanat mae xpyrosuii mepepi3 (S = 2). JIns BEMMYUHA (W MaeMoO (HE3alexHO BiX

L ) macrymHe 3Ha4YeHHS:

ong =626 c.
Taoauns 1
Banexuicts (ps Bix noBxuHM BrcKa (kaHaty) L

L,m Qs
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 Bignoinae mopxuni Bucka (KaHaTy), Ha SKOMY 3aKpilJIEHHI

Oaruckad st JocaipKeHHsT MapiiHChKOT 3anaAnHH.
3azmaunmo, mo L >50 M xapakrepmi mis maxTHuX migdOMHMKIB (OpU 3ansraHHi

BYTUUIS Ha BEJIMKHUX TNTHOMHAX).
Y Tabmuui 2 naBenmeHi 3HaueHHS L o MU pIBHMX Mac BaHTaXy W HACTYITHHX

napaMeTpiB Marepiany Bucka (kaHary): p =8 103k, E = 2.101 [Ma; r=3- 1072 M,
g =9,81m/c?.

Taoaums 2
BanexHicts L oq Bix 7 BanTaKy
m, xr L res. M
100 117,300
200 29,325
500 4,692
800 1,833
1000 1,173
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Pesynbpratu HaBeneHi y Tabn. 2 JO3BOJISIOTH CTBEPIKYBATH, M0 HEOAKaHI pe30HAHCHI
SIBHIIA Y KaHATaX BAaHTAKOIMIJHOMHUX MeXaHi3MiB (KOJIH CITIBIAJal0Th YaCTOTH 3THHHHX Ta
MasTHUKOBHUX KOJMBaHb) BHHUKAIOTh NPU HE3HAUYHUX HaBaHTakeHHsX (mo 500 kr) Ha
noBkuHaxX Bucka (Bix 4,7 m 1o 117,3 m). L{ro oOcTaBuHy ciig 000B'I3K0BO BPaxOBYBAaTH MPHU
MPOEKTYBaHHI MOAIOHNX MEXaHI3MIB 3317151 3a00IraHHs BAHUKHEHHIO aBapiiHUX CHTYaIlil.

5 BHUCHOBKH

1. O6rpyHTOoBaHa (hi3MKO-MEXaHIYHA MOJEIh OAIICTUYHOTO MAasTHHKA, SKa aJCKBaTHO
OTIMICYE MAasATHUKOBI KOJIMBAHHS BAaHTAXXY Ha KaHATaX KPAaHOBOI CHCTEMH.

2. BcraHOBIICHI PeXMMH ITyCKy Ta TaJbMyBaHHS KPaHOBOI CHUCTEMH, SIKi KEPYHOTHCS
MEXaTPOHHMMH CHCTEMaMH YIIPaBJIIHHS 1 3a0€3MeuyloTh MIHIMaJIbHI aMIUTITY I HeOaKaHUX
MasTHUKOBUX KOJIMBaHb BAHTAXY W CHUTYyallii, 3a AKOT BUHHUKAIOTh PE30HAHCU MasSTHUKOBHX
KOJIMBaHb 31 3rUHHUMH KOJINBAaHHSIMU BJIACHE BaHTAXy HA KaHAT1 KpaHy.

3. BcTaHOBNeHI OCHOBHI KpHUTEpii, SKi 3a0e3MeUyloTh CIPaBEIMBICTh 3aCTOCYBAHHS
dbopMyIt T BIaCHOT 4aCTOTH (3rHHHO-Ma STHUKOBHX) KOJIMBaHb BAaHTAXy Ha KaHATi, a TAKOXK
YMOBH, 3a SKHX Y KaHaTaX KPaHOBOi CHCTEMH MOXYTh 30Y/PKYBAaTHCh 3TMHHI KOJIUBaHHS Ta
XBWJI1 13 HECIIBBUMIPHUMH YaCTOTaMH, a CIEKTP KOJMBAaHb BJIACHE BAHTAXy MAE Y CBOEMY
CKJIaJi BHMCOKOYACTOTHI rapMOHIKA. MasTHUK (BaHTaX Ha KaHATi) y TakKhX peKAMax
(hyHKITIOHYBAHHS BAaHTAXXOITTHOMHOTO MEXaHI3MYy KpaHa 31MCHIOE HEPETYIIApHI KOJTUBAaHHS,
7€ HE ICHY€ MOMJIMBOCTEH YIpaBiiHHS HHMH 330BHI. HaBemeHi uucenbHI OIIHKH IS
BKa3aHHUX CUTYaIll (yHKI[IOHYBAaHHS KPaHIB.

4. Otpumani y poOOTI pe3ylnbTaTH MOXYTh Yy TMOJAJIBIIOMY OyTH BUKOPUCTaHI st
YTOYHEHHS U BJIOCKOHAJICHHS 1H)KEHEPHUX METOMIB PO3PaxyHKYy KPAaHOBUX CHUCTEM, IIAXTHUX
MiTHOMHHKIB (3 TOPH30HTIB TJIMOOKOTO 3aJIATaHHs), BAHTAXOIMIAHOMHHMX MEXaHI3MIB, SKi
MPAIIOI0Th B YMOBAaxX TJIMOOKOT0 3aHypeHHs (Ha MOpI, B OKeaHi) SIK Ha CTaIisX MPOEKTyBaHHS
BKa3aHMX BHIIE CHUCTEM, TaK 1y peKHUMax iX peaabHO1 eKCILTyaTaIrii.
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T'PAHUYHUI CTAH APMOBAHUX JIBOIIAPHIPHUX APOK
JABOTABPOBOI'O IIEPEPI3Y

Copokxa M. M.

Y Ooecvra deporcasna axademisn Gydienuymea ma apximexmypu

AHoTauist. Po3risigaeTecss MeTouKa BU3HAUYCHHST TPAHUYHOIO HABAHTAKEHHS ISl IBOLIAPHIPHUX
apok. Po3paxyHOK BUKOHYETBCS 13 BHKOPHCTaHHSIM METOJly TpaHW4HOI piBHOBary. [lomepeunuii nepepis
apKyl TIpUUHATHH y BUDJAII apMOBaHOrO JBOTaBpa. HampyxkeHo aeopMOBaHWII CTaH Marepiaity
JIBOTaBpa OMHUCYEThCA Aiarpamoro [Ipanaris. Ane Ha BiIMIHY BiJ] KITACHYHOI JliarpaMi Ma€ Pi3Hi TpaHHMIl
TEKY4OCTI TpH PO3TATYBaHHI 1 CTHUCKy. Marepiad apMaTypy OINHCYEThCS KIACHYHOIO Jiarpamoro
[pasaris i3 oMHAKOBUMH TPAHHIIMU TEKYYOCTI IPH PO3TATYBaHHI i CTHUCKY.

VY OinpmiocTi BUMAAKIB TpaHHMYHA piBHOBara Iepepizy 0a3yeTbcss HAa BHUKOPUCTaHHI OJIHOTO
(akTOpy — IUIACTUYHOTO MOMEHTY, TIPH JIOCATHEHHI SKOrO Iepepi3 NepeXo/MTh y IIACTUYHUHN CTaH 13
MOXJIMBICTIO HEOOMEXKEHOTO JiepopMyBaHHs. AJie JuIst apKH TAKWH MiIX1] He MOKe OyTH PHHHSITHIA, TaK
SK y 11 TepepizaXx BHHHKAIOTh 3HAYHI TTO3/I0BXKHI CWIIM. ITHOpYBaHHS TMO3JIOBKHIX CHII IPUBOJUTH JI0
MOXUOOK y BU3HAYCHHI TPAaHWYHOTO HaBaHTaKeHHS. TOoMy JUisl apoK MPY BU3HAYEHHI IPAHUYHOTO CTaHy
TIOTIEPEYHOT0 TIEpepi3y BXKIMBO BPaXOBYBATH 1 3TWHANLHUA MOMEHT i MO3JIOBXHIO cHily. ToOTo, 1ist
nepexojy Tepepisy y TpaHHYHUE CTaH J0 HBOTO TOTPIOHO NPUKIACTH TPAaHHUYHUI MOMEHT, SIKOMY
BI/INOBI/Ia€ MEBHA MO3I0BXKHS cria. L{e mprUBOAUTE 10 MOHSTTS 00J1acTi MILHOCTI Hepepi3y, o0ya0BaHy
Yy KOOpJWHATaX 3rHHAJBHANA MOMEHT — ITO3IOBXHS cuia. 'paHuis 1i€i o0nacTi BKa3ye Ha TPaHUYHHUHA
CTaH Tiepepi3y 1 ONMUCYEThCS YMOBAaMH TEKY4YOCTi, SKi MOXKHA OJEp)KaTH, PO3TIIHYBIIN IUIACTHYHY
piBHOBary rmepepizy. BUKOpHCTOBYIOUM YMOBH TEKYUOCTi, PIBHSHHS PIBHOBArd apku i AesKi 0OMEKECHHS
MOXHa CKJIAaCTW ONTUMI3AlifHYy 3ajady I 3HAXOMKEHHA I'PaHUYHOIO HaBaHTaKEHHs. | paHuuHe
HaBaHTaKEHHS (ITUThOBa (PYHKITISA) 116 HAMEHINIE HABAHTAXCHHS, SIKE 3aJJ0BOJILHSE PIBHSHHSIM PIBHOBArd
apK#, yMOBaM TEKy4JOCTI 1 OOMEXEHHAM. 3MIHHOIO TIPOSKTY € KOOpAWHATA Tepepi3y, sIKe IMePEXOanuTh Y
IDIACTHYHY CTadifo. Po3B’s30K Takoi 3amadi I apoOK MOCTIHHOI 1 3MIHHOI KOPCTKOCTI BUKOHYBABCS 3a
JIOTIOMOT'O0  €JICKTPOHHUX TaOmuib. Takox OyiM BHKOHaHI po3paxyHku apok y ITK Jlipa-CAIIP.
[lopiBHAHHS pe3yNbTaTiB pO3paxyHKY MOKa3aIo 3a10BUIbHY 301KHICTb.

KuarouoBi cinoBa: apkw, NMpy>XHOIUIACTUYHE TiTO, JBOTaBPOBHI apMOBaHWMA TEpPETHH, OOIACTb
MIITHOCTI, PO3PaxXyHOK 32 TPAaHUYHOIO PIBHOBATOI0.

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

M. Soroka?!
'Odessa 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

ApKHU JIOCUTH YaCTO BUKOPHCTOBYIOTHCS SIK HECY4l KOHCTPYKLii OyaiBens i ciopya. Jlocuts
YacTo IHKEHEpIB I[IKaBUTh HeCyda 3/aTHICTh apOK, TOOTO TaKe HABAaHTAKEHHS IIPH SIKOMY apKa
MIEPETBOPHUTHCS Y MEXaHi3M. BUKOHAHHS TaKOTO PO3PAaXyHKY ISl apKU CIIPOIIYETHCS THM, IO
BICb apKU ONKCYEThCS OE3MepepBHOIO (PYHKIIIEO, IO JIO3BOJSE YACTHHY PO3PaXyHKIB
BUKOHYBaTH aHAITHYHO. J[Jisi apKu MO>KHa OJepKaTh 3aJIeKHOCTI Ul BU3HAUEHHS 3yCHIb Y
BUTIIAI aHAITHIHUX Qopmyd. Lle criporrye mopanbIni po3paxyHKi TPaHUYHOTO HABAHTAKECHHS.
VY  maniii poOOTI mTpenacTaBieHa METOAMKA pPO3PAaXyHKYy HECydoi 3JaTHOCTI apku i3
BukopuctanHsM EXCEL Anani3 pe3ynbTaTiB po3paxyHKy J03BOJHUTH 3p0OUTH BUCHOBKH IIIOJIO
CWJIbHUX 1 CJIAOKMX CTOPIH 0OpaHO1 METOIUKH.

2 AHAJII3 JIITEPATYPHUX JAHUX TA TIOCTAHOBKA 3AJJAYI

[TpobGnemMa TEOPETUYHOTO BHW3HAYCHHS PYHHIBHOTO HABAHTKCHHS JUIS CIIOPYJ BHHUKIA
nocuTh naBHO. Taky 3amady Bmeprne chopmymoBaB [amineil. Ame dYepe3 BiACYTHICTH
MaTeMaTUYHOTO arapaTy KOpeKTHE BHPINICHHS 371a4i TOJl OyJ0 HEMOXJIHBO. | ymine mepriit
moyioBuHI XX CTOJITTS PO3B’SA30K 3a7adi 3HAXO/DKCHHS TPAaHUYHOTO HaBaHTAXEHHsS OyIio
oTpuMaHo y mparmsx [1-4] Ta IHIIUX JOCHIMHMKIB. Y MepHmxX poOOTax BBAXKAIOCS, IO
BU3HAYAIbHE 3HAUYCHHS Y BAHUKHEHHS TPAaHWUIHOTO CTaHY BHOCUTH 3TUHATLHHII MOMEHT. Brime
TTO3/IOBKHBOT CHJTH BBa)KABCS HE3HAYHMM. [logaibiii TOCITIKSHHS TIOKA3aJIH, 110 TTO3/[0BXHIO
CHJIy HE 3aBKJIM MOKHA IrHOpyBatu. [lJi1 apoyHMX CHUCTEM TMO3A0BXKHS CUJia POOUTH MOMITHUI
BHECOK Y BEJIMYMHY T'PaHUYHOTO HaBaHTaxeHHs [3-6]. IIpm po3B'sizaHHI 3amad TpaHUIHOL
PIBHOBaru 3 ypaxyBaHHSM MOMEHTY Ta MO3/J0BXKHbOI CHJI BUKOPHCTOBYETHCS TIOHATTS 00J1aCTh
MiIfHOCTI Tepepidy. Taka 007acTh € 3aMKHYTOIO IUIOIIMHOKO B KOOPAMHATAX MOMEHT -
MO37I0BXKHS cuja. BimMmoBiAHO MO TimoTe3n Teopii IpaHWYHOI pIBHOBArM BCEpEeAMHI 00acTi
MIITHOCTI MaTepiaj mepepi3y mpaifoe B MPYXKHIN CTadii, a Ha i MeX1 MOMEHT 1 IMO3/IOBXKHS CHUJIa
JOCSTalOTh TPAHWYHUX 3HAYEHb 1 3'IBISETHCS MOMIIMBICTb HEOOMEXEHOTrO IUIACTUYHOTO
nedopmyBanHs. ['padidne 300paxkeHHs 001acTi MIIHOCTI JUIS HE apMOBAHMX Iepepi3iB pi3HOT
dbopmu mpencrasieHo B [3], [4], [6]. O6macTi MIITHOCTI NMPSIMOKYTHHX apMOBaHHX IEpepi3iB
npeacTasieni B [5], [7-9].

[Ipu po3B’s3Ky 3a/iau rpaHUYHOI PIBHOBArM JOCHUTH 3pYyYHMMHU € JBa MeTtoau. [lepuimii
METOJI TOJISITa€ y CKJIaJaHHI Ta BHPIINICHHI EKCTPEMalIbHOT 3adadi Jyisi 3HAXOHKCHHS
MIHIMaJIbHOTO 3HAUEHHS HABAaHTAXKEHHS, IO 3aJ0BOJIbHSE DIBHSHHSAM CTaTUKH Ta YMOB
mwiactuanocti  [3], [5]. Iwomi, i chopoiieHHS 3ajadi  PAHMIKO O00JacTi  MIIHOCTI
NPEICTABIISIFOTh Y BUIVIAI OaraToKyTHHKA [5].

Jpyruii Mmeton nependadyae MOCIIAOBHE BUKITIOUEHHS 3 POOOTH Hepepi3iB, SAKi Nepelnum y
rwiacTuyHuid ctad [11]. Lle no3Bonse AOCHimKyBaT MOCTIIOBHICTh MOSBU TUIACTUYHHUX 30H 31
30UTBIIIEHHSM HAaBAaHTAKEHHSI.

3 META TA 3AJIAYI JOCJIKEHHS

MeTor0 n[aHOTO JAOCHIMKEHHS € ampoOaiisi METOJWKH OOYUCIEHHS TPaHUYHOTO
HaBaHTAXXEHHsS 7S apMOBaHOI JIBOIIAPHIPHOI apku ABOTaBpoBoro mnepepidy. IlocraBrnena
3a/laya po3paxyHKy apokK IMOCTIMHOI 1 3MIHHOI KOpcTKocTi. Po3B 5130k moaiOHOT 3amayl st
apoK, SIKi MarTh MPSIMOKYTHHU MOMEpEeYHUuil mepepis, mnpeactaieHo y [12]. I'pannune
HAaBaHTAXKEHHS JUIA apoK TependadaeTbCs BU3HAUaTH JBoMa crocobamu. [lnsxom
(dbopMyBaHHS aHAITUYHHUX 3aJEKHOCTEH eKCTpeMaibHOI 3a/1adi 3 MOJAIbIINM PO3B'SI3aHHIM
YHCENFHUM CIIOCOOOM 3 JOTIOMOTO0 €IEKTPOHHHUX TaOJHUIIb 1 MUISIXOM YHCEIBHOTO PO3B’SI3KY
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3agaui MmetogoM ckiHueHux eneMeHTiB y I1K Jlipa-CAIIP i3 HacTymHMM aHai30M OTPHUMAaHUX
pEe3yIbTaTIB.

4 PE3YJIbTATHU JOCJIIKEHb

PosrisiHeMo ABomIapHIpHY KPYTOBY apKy MOCTIHHOT )KOPCTKOCTI, 3aBaHTaXXEHY PIBHOMIPHO
PO3IOIIIEHUM BEPTUKAIGHAM HaBaHTaxXeHHsAM (puc. 1). 'paHnune HaBaHTakeHHS OymeMo
BU3HAYATH MPU BpaxyBaHHI IBOX (paKTOPiB — 3rHHAIBHOTO MOMEHTY 1 MO3J0BXHBOT crim. Tak
K CHCTEMa CHMETPHYHA, TO TPAaHMYHUK CTaH apKu MOKe OyTH JOCATHYTUH TpH MEpexXoli y
TUIACTUYHUNA cTaH, abo mepepisy Ha oci cUMeTpii apku, a0 OJHOYACHO Yy JBOX Iepepizax,
PO3TAIIOBAaHUX CUMETPUYHO BITHOCHO OC1 CUMETDIi.

q
TEETEETEERERERE R AR

e |

L |

Puc. 1. Po3paxyHkoBa cxeM apKu

Bu3HaueHHS TPaHUYHOTO HABAHTAXKEHHS VISl apKU 0a3yeThCsl HA PO3B’SI3KY €KCTPEMAaJIbHOT
3a/1a4i — 3HANTH 3HAYEHHS MIHIMAJbHOTO HABAHTA)KEHHS, TIPH SKOMY OJJHOYACHO BHKOHYIOTHCS
YMOBH CTaTHKH 1 YMOBH ILIaCTUYHOCTI. [li yMOBaMH CTaTHKH pO3yMiEMO BHUpa3H, OJICpKaHi
NIPU CTATUYHOMY PO3pPaxyHKY apKH, sIKi JI03BOJISIIOTh BU3HAYUTH MOMEHT 1 MO3/IOBKHIO CHITY Y
Oyap skomy mepepizi [12]. YMoBM mmacTHUHOCTI IjIsi JBOTaBPOBOTO IIEpepi3y 3ammcaHi i3
BpaxyBaHHSIM 3THHAILHOTO MOMEHTY 1 MO3JIOBXKHBOT ciit. L{i yMOBM MaroTh pi3HUII BHUTJIST B
3aJIKHOCTI Bijl TIOJIOXKEHHS IICHTPY 3THHY Tepepi3y — y MeXaX BEPXHbOI UM HIKHBOT TMOJIHIL,
ab0 y Mexax CTIHKM JBOTaBpa. TOMy IpW PO3B’sS3aHHI 3a/laui 3HAXOJDPKCHHS TPAHUYHOTO
HABaHTAXKEHHS U1l apKU HA KOXHIH iTepalii moTpiOHO BUKOPUCTOBYBATH YMOBH ILIACTHYHOCTI
BIMOBIIHO /10 TIOJIOKEHHS LIEHTpPY 3runy. L{U1b0BoI0 QYyHKITIEIO 33/1a41 € 3HAYCHHSI TPAHUYHOTO
HABAaHTAXKEHHS, 3MIHHHUMU TPOEKTYy € KOOpAMHATa Nepepisy «, SKAW NepexoauTh Y
IUTACTUYHUIM CTaH 1 KOOpAWHATA LEHTPY 3ruHy nepepizy. Jlo oOMekeHb 3a/1aui BiTHOCATHCS
PIBHSHHS CTAaTUKM, YMOBHM IUIACTHUYHOCTI, (I3UYHI XapaKTEPUCTUKU MaTepianiB. Takox
HaKJIaJaloThcss 0OMEXKEHHS Ha 3HAYeHHs KOOPJIMHATH Tepepi3y 1 HEHTPY 3TUHY.

JInst ABOIIApHIPHOT apKu IMOCTIMHOI JKOPCTKOCTI 3ahava 3amucyerbest y Burisai (1). V
ubomy Bupasi nosnaseno; M, i N, — rpannuni MoMeHT i MO310BXKHS cHiia y mepepisi, skuii

TepeNIoB y IIaCTHYHMIA cTaH; H — ropusoHTaIbHA OMIOPHA PEaKIlis apKH, AKa BU3HAYAETHCS 3a
metozoM cuir; N, 1 N] —3ycumuis y HIOKHIH 1 BepXHil apMmarypi.
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g — min;
q(1? 2 2 . )
Mb:E Z—R cos’a |-H(Rsina—R+ f);

N, =-qRcos’ a —H sing;
LEHTp 3rHHy Yy BepxHiil mommmi asoraspa h/2 <y <(h, +h/2):

N, =-o,b, (ng h, —y}rqy {blh1 +th+b2(y—gﬂ— N/ +Ng;

b, (h ? +h b h)
Mb=00y§(§+h2—yj +th{b1h1(h12 +yJ+thy+§(y_§j :|+

+Ns'(h2—a'+g—yj+ Ns(hl—a+g+ yj—be;

LEHTP 3rUHY y cTiHmi asoraBpa —h/2 <y <h/2:

Nb:—acy{bzhz+t(g—yﬂ+aty{blhl+t(g+yﬂ—Ns’+Ns;
h+h t(h Y +h t(h Y
M, ZUC{bzhz( 5 2 _yj+z[5—y] j|+o-ty|:b1h1(th+ yj+§(§+ yj }+
, , h h
+N/| h,-a +E—y + N, hl—a+E+y -N,y;

LEHTp 3MMHY y HWKHIH momumi xsoraspa —(h, +h/2) <y <-h/2:

N, =-0o, [bzh2 +th—b1(g+ yﬂ+atybl(g+hl+yj—N;+ N,; ()

h, +h h. Y| ab(h i
szac{bzhz( 22 —yj—thy+%(5+yj }+%bl(§+hl+yJ +

+Ns’(h2—a'+g—yj+ Ns(hl—a+g+ yj—be;

ay<a<r/2.

[Ipu po3srsizi apku 3MIiHHOT )KOPCTKOCTI BBaXKAIOCS, 10 3aKOH 3MIHU MOMEHTY iHepii
MOTIEPEYHOT0 TIEPEPi3y NPUHHATUN Y BUTIISIL:

() =1,sina, (2)

ne |, — MomenT iHepuii monepedsoro nepepisy apku Ha 0Ci CUMETpii.

Takox BBaxanocs, 10 XOPCTKICTh MOMEPEYHOro Mepepidy apku, BIANOBiTHO a0 (2),
3MIiHIOETBCSA 32 PaxXyHOK 3MiHM BHCOTH CTiHKH aBotaBpa N. Toxi ¢opmansHO amst apku
3MIHHOT KOPCTKOCTI €KCTpeMallbHa 3ajada 3ajuuiaerbes y Burisaai (1). Ane moTpiOHO
mam’aTaTH, 110 BUCOTA CTIHKM JBOTaBPOBOIO IMeEpepidy 3aleXUTh B HOro KOOpAMHATH,
t06T0 h=h(er). 3Baxkaroun Ha 3aKOH 3MIHH MOMEHTY IHEpIlil MOMEPEYHOro TMepepizy
nBoTaBpa (2), Juis BU3HAYEHHS BUCOTH CTIHKH MOTPIOHO pO3B’SI3aTH PIBHAHHS:
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h*(a) + ah?(a) +bh(a) +€ =0, (3)

e §=§[blhl+b2h2 +7(A+A)]:

5:%{—b1hlz ;bzhzz +VA, (h,—a)+VA (h, —a’)};
4(bh +b,h) 127

t t
V=E/E.

ol
Il

[A(h-a)'+ & (h,-a) |-Zesina

Hpuxkaan 1. Po3paxyHOK apku HOCTIHHOT KOPCTKOCTI MpojboToM 20 M 13 3MIHHOIO
CTPUIOIO MiTHOMY.
[Toniepeunwuii mepepi3 apku NPUUHSATO y BUTIISA/IL IBOTABpPA 13 XapaKTePUCTUKAMMU:

b, =0.4m; h =0.2m; b,=0.4m; h,=0.2m; hy=0.8m; t=0.15x;

A =0.001232x%; A, =0.0006281%; a=0.03xm; a’ =0.03x;

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

E=23.10"kH/M*; E, =2.1-10° kH/ ",

Posp’s30k 3amaui BukonyBaBcsi y makeri EXCEL 3a pomomororo ¢yskmii «llomryk
pimeHHs». [lg QyHKIiL M03BOMSIE TOCHTH TPOCTO PO3B’SI3yBaTH EKCTpEMalbHI 3amadi 13
HEJHIHUMU 3aJ1eKHOCTAMHU.

Pesynbraté po3paxyHKy apkd 13 pI3HUM 3HAYEHHSM CTPUIM MiTHOMY 3a JOTIOMOTOIO
EXCEL mnpencraBneno y tabmn. 1 1 Ha puc. 2. Jlna mopiBHSHHSA y TaOJuUIll MpeacTaBieHI

pe3ynbTaTH HEJiHIHHOTO po3paxyHKy Takoi k apku y IIK Jlipa-CAIIP. IIpu BuKOpucTaHHI
ITK Jlipa-CAIIP Bich apku po3OuBasiack Ha 80 0JHAKOBUX CKIHUEHUX €JIEMCHTIB.

Taoanusa 1

Pe3ynbraTi po3paxyHKy ABOMIAPHIPHOI apKu MOCTIHHOIT KOPCTKOCTI

Crpina I'panuune Biacrass mo I'panuune
niz[ﬁOMy HaBaHTaXXCHHS nepepigy 13 HaB.aHTa)KeHHSI 301KHICTE
P (EXCEL) mnactukoro | (Jlipa-CAIIP) %
’ g, xkH/™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 6auumo 13 Tabmn. 1, s apok i3 crpinoro migdomy 4m < f <8m y rpaHMYHOMY CTaHi
YTBOPIOIOTBCS JIBI CHMMETPUYHO pO3TAIOBAaHI IJIACTUYHI 30HHU; Ui apok 1w < f<3m i
f =9m, f =10m yTBOpIOETBCS OJHA 30HA IJIACTHYHOCTI HA OCi CUMETpii apku. 30DKHICTh

IPaHUYHOTO HaBaHTaXeHHs, onepxkanoro 3a momomoroto EXCEL i IIK Jlipa-CAIIP ne
3aJI0BUTBHA JUIS TyX€e TOJIOTUX apOK 1 3aI0BUIbHA JUIS 1HIITNX apoK.

350

w
o
o

N
(O]
o

=
o
o

I'pannuHe HaBaHTaXEeHHH (],
g 8 EH/B
o

o

0 1 2 3 4 5 6 7 8 9 10 11
Crpina migiiomy f, M
—e—(q——0_LIRA P Y

Puc. 2. 'pannyuHe HaBaHTa)KEHHS JUIsl IBOLIAPHIPHOT apKH MOCTIHHOT XKOPCTKOCTI

Ipuknang 2. Po3paxyHOK apkud 3MIHHOI KOPCTKOCTI TposiboToM 20 M 13 3MIHHOIO
CTPIOIO MiTHOMY.
[Tontepeunwuii mepepi3 apku NPUKUHATO y BUTJISAI IBOTABPA 13 XapaKTepUCTUKAMMU:

b =0.4x; b =0.20; b, =0.4x; h,=0.20; hy=0.8xm; t=0.15x;
A =0.001232x; A, =0.001232x%; a=0.03x; a’=0.03x;
o, =14500xH/n*; o, =1300kH[M*; o, =365000KH /M ;
E=23.10"kH/M*; E, =2.1-10° kH/ ",
Pesynbratu po3paxyHKy apku NpeacTaBieHi y Tadi. 2 i Ha puc. 3.
Taoanusa 2

PesynbraTi po3paxyHKy ABOMIAPHIPHOT apKK 3MiHHOI )KOPCTKOCTI

Crpina I'panuune Bincrans 10 I'panuune
HiHﬁOMy HaBaHTAXXCHHA r[epepigy 13 HaB.aHTa)KeHHH 301KHICTE
F o (EXCEL) miactukoro | (Jlipa-CAIIP) %

’ g, kH/™m M g, xkH/™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
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
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SIK 1 U1 apKH MOCTIHHOT dKOPCTKOCTI, /Ul apKHU 3MIHHOT dKOPCTKOCTI XapaKTepHa BeJIMKa
PO30DLKHICTh pe3yabTaTiB, oaepkanux 3a normomoroto EXCEL i ITK Jlipa-CAIIP, mis myxe
MOJIOTUX apOK.
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Puc. 3. ['pannyHe HaBaHTa)KEHHS [UIs IBOLIAPHIPHOT apKH 3MIHHOI )KOPCTKOCTI

5 OBI'OBOPEHHA PE3YJIBTATIB JOCJ/IIIKEHb

PosrnsiHyra MeToaMKka BU3HAYCHHS TPAHUYHOTO HABAHTAXKCHHS ISl CHMETPUYHHUX apOK
13 BukopuctanHs makery EXCEL mo3Bosisie BUIKO OAepX aTu pe3ynbTaT. Ajie A 1bOTO
MOTPiOHO B aHAITUYHOMY BHUTJISAII CPOPMYBATH YMOBH CTATHKH 1 yMOBH ILIaCTHUHOCTI. [Ipu
HAsBHOCTI IIMX JIBOX KOMIIOHEHTIB MOXHA IIBHJKO OJEpKaTh pe3yiabTar. [laHy MeToauKy
MO’KHA PEKOMEH/IyBAaTH JUISI PO3PaXyHKY CUMETPHUYHUX apOYHUX CUCTEM. Y BHUMAJIKY apoK i3
HEMETPUYHUM HABAaHTKCHHSAM 3aj[ada CTa€ 3HAYHO CKJIaMHImOr0. Po3B’A30K Takoi 3amadvi
MOTPIOHO MPOBOJUTH y JEKUTbKA €TaIliB Ha KOXKHOMY 13 SIKMX IMOTPIOHO MIHATH PO3PaxyHKOBY
cxeMmy 1 ¢opMyBaTH HOBI PIBHSAHHS CTaTUKH. [ Toro, MO0 po3paxoByBaTH HECHUMETPUUHI
apoyHi 1 paMHI CHCTEMU TOTPIOHO CTBOPHUTH IHIIMI aJITOPUTM 3HAXOKCHHS T'PAHHMYHOTO
HaBaHTAXEHHs. | Takwii anropuT™, Ha JYMKY aBTOpa, MOXHA CTBOPHTH 13 BUKOPUCTAHHSIM
METOJy CKIHYCHHX C€JIEMEHTIB Ui CTaTUYHOTO PO3PaxyHKy apKu 13 Oylb-IKUM
HaBaHTaXeHHAM. [lepepi3, 1e BUHMUKAIOTh IUIACTHYHI AcdopmMallii 1 3HaYCHHs BiIMOBIIHOTO
HABAHTAXXCHHSI BU3HAYAIOTHCS 13 BUKOPUCTAHHSAM YMOB IUIACTHYHOCTI. J[isi 1bOTO TOTPIOHO
HamucaTH BIAMOBIIHY Hporpamy pospaxyHky. Jlyxke nobpe mia miei metu minxomuts [TK
ANSYS, sxuit Hajae MOXKIUBICTH TTMcaTy nporpamu Ha APDL.

6 BHUCHOBKH

1. Bukopucranns EXCEL no3Bonse 1ocuth npocTo BU3HAUaTH IPAaHUYHE HABAaHTAXKEHHS
JUIS. CHMETPUYHOI apOYHOi CUCTEMHU. AJie MOTPIOHO 3ayBAXKUTH, 10 JUIS PI3HUX HAaBAaHTaKEHb
NOTpiOHO 3aMKUCyBATH CBOi YMOBU CTaTUKHU, TOOTO Y KOKHOMY BUIAAKy NOTPIOHO aHATITUYHO
poO3paxyBaTy CTATUYHO HEBU3HAYYBAHY apKy.

2. Tlpy HecUMETPHUYHOMY 3aBaHTAXXEHHI JBOLIAPHIPHOI apKu PO3PaXyHOK JOBEIETHCS
BUKOHYBAaTH y JiBa eTanu. Ha nmepiioMy erani BU3ZHAYaIOTHCS MICIIE JIe TIepepi3 NepexoauTh y
IUTACTUYHUH CTaH 1 BIAMOBIIHE HABaHTAXEHHA, HA IPYTOMY — 3MIHUTH PO3PaxXyHKOBY CXeMY
apKH 13amMCcaTy HOBI PIBHSHHS CTaTHKH.
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3. Tlpu po3B’s3Ky eKCTpeManbHOI 3aJadi i3 3aJaHOI0 TOYHICTIO BHU3HAYAKOTHCS SIK
IpaHUYHE HABAaHTAXKCHHS, TaK 1 KOOpJHMHATa Mepepidy, y SAKOMY BUHHMKAIOTh IUIACTHYHI
nedopmartii. TouHiCTh po3paxyHKy apku mMeToioM ckinueHux enemeHTiB y 1K Jlipa-CAIIP
3aJISKUTh BiJl CTENEH] TUCKPETH3allil 0Ci apKu.

4. SIx mokaszye aHaii3 puc. 2 i puc. 3, HAHOUIBII ONTUMAIBHUM i3 TOYKH 30py HECy4oi
3IATHOCTI apKH 13 ABOTaBPOBUM MOIMEPEYHUM MEPEPI3OM € CITIBBIIHOMIECHHS CTPUIN MiTiHOMY
JI0 TPOJILOTY IO JOPiBHIOE 1/4.
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OILIHKA BILIUMBY TPIIIUH HA BOTHECTIMKICTh
3I'MHAJIBHUX 3AJII3OBETOHHUX EJIEMEHTIB

Bacuabuenxo O. B.!, Janinin O. M.}, Japmodan E. A.?, JIynenxo T. 0.1

YHayionanvnuii ynieepcumem yusinbrozo saxucmy Yxpainu
2Xapxiscvka Oepocasna axademis pizuunoi Kynomypu

AHoTauisi. 3amnporoHOBaHO YAOCKOHANIEHY METOJAMKY pO3PaxyHKY MeKi BOTHECTIHKOCTI
3TUHABHUX 3aJ1i300€TOHHUX KOHCTPYKIIH 32 HAABHOCTI B HUX TPIIIMH. Y 3B'SI3KYy 3 IIUM PO3IJISTHYTO
MOXIIMBI CIleHapii TOSBU TPIIIUH MPH HATpiBaHHI Ta iX BIUIMB HAa BOTHECTIMKICTh HA MPHKIAJII
3TUHAJIBHOIT 3a1i300eTOHHOT KOHCTpYKmii (Oanku).[loka3aHo, mo SKIIO po3paxyHKOBAa KPHUTHYHA
TeMIepatypa apMaTypd MEHIIA 3a KPUTUYHY TemIepaTypy OeToHy (Ile¢ TOBOpUTH MpO 3HAYHE
HABaHTa)XEHHS Ha KOHCTPYKILIO), TO TPIIIMHK B PO3TATHYTIH 30HI OETOHY YTBOPIOIOTBCS MiCIIS
nocsirHenHst |l cranii HampykeHo-medOpMOBaHOTO CTaHy. BeTOH 3aXMCHOro mapy HE BCTHTAE
JerpajayBaTH, TIMOWHA TPIMIMHU 3aJIMIIAETHCS MOCTIHHOK 1 MeKa BOTHECTIMKOCTI pO3PaxOBYETHCS 3
ypaxyBaHHSM TOTO, IO TOBIIMHA 3aXWCHOIO Imapy OETOHY 3MEHIIeHAa Ha TJIUOWHY pPO3KPUTTS
TpImuHU. SIKIIO pO3paxyHKOBa KPUTHYHA TeMIIepaTypa apMaTypH OUIbIa 3a KPUTHUHY TEMIEpaTypy
OeToHy (Ile TOBOPUTH MPO HE3HAYHE HABAHTAXCHHS HAa KOHCTPYKIIIO), TO TPIIIMHU YTBOPIOKOTHCS
BHACJIIJIOK Jerpaallii MOBEPXHEBOIo 1apy OCTOHY. IXHst rMOMHA MOBUHHA MTOCTIHO 301IbIITYBATHCS
pa3oM i3 MPOCYBaHHSIM MEXI MPOTrpiBaHHS MIapy OCTOHY O KPUTHUYHOI TeMIepaTypu. Po3paxyHok
MEKI BOTHECTIKOCTI B I[bOMY BHIIAJKY MOXKHA MTPOBOJMTH HE BPaXOBYIOUW YTBOPEHHs TpimmH. Ha
MiJICTaBl PO3TISIHYTHX TPUIYIICHh 3alPOIIOHOBAHO METOJMKY OIIHKH BIUIUBY TPINIMH HAa MEXY
BOTHECTIMKOCTI 3THHAJBHUX 3a1i300€TOHHUX KOHCTPYKIIH, SKa TIOJATaE B aHaJi3l MOMJIHBOCTI
YTBOPEHHS BIAKPUTHX TPIMIMH (YOMY CIpHsS€ HArpiBaHHS) Ta OMIHIN iX rimbwHn. Ha HacTtymHOMY
eTari OILIHIOETHCS Yac MPOrpiBy mapy OSTOHY Ha TIHOMHY PO3KPHUTTS TPINTUHU Ta1 1 TEMIEpATypa B
TpimuHI Yepe3 1ei Jac. Jlami OmiHIOEThCS Jac 0 HACTaHHS KPUTHYHOI TEMIIEPATYpU apMaTypH Ta2
TIpH TIPOTPiBaHHI mapy OCTOHY Bif IHA TPIIMHA 0 apMaTypu. Meka BOTHECTIHKOCTI BH3HAYAETHCS
SIK CyMa Ta1 1 Ta2. Pe3ynpTaTi po3paxyHKiB 3a 3aIIPOITOHOBAHOI0 METOIUKOIO TTOKA3aJd, IO HasBHICTh
BIIKPUTHX TPIMIUH Y 3THHATIBHUX 3aJ11300€TOHHUX KOHCTPYKIIAX 3/aTHE Maike y/ABiUi 3HU3UTH IXHIO
MEXY BOTHECTIMKOCTi. 3alponoHOBaHA METOIMKA A€ 3MOTy y KOXXHOMY KOHKPETHOMY BHITIQJKY
OOTpYHTOBAaHO 3alpoOBaPKyBaTH 3aXOAW IIOAO INABUIIEHHS BOTHECTIHKOCTI 3THHAIBHUAX
3aI1i300€TOHHUX KOHCTPYKIIiH IIISIXOM 3aCTOCYBAHHS /ISl HUX BOTHE3aXUCHUX MOKPHUTTIB.

Kuio4oBi cjioBa: Mexa BOTHECTIHKOCTI, KpUTHYHA TEMIIEpAaTypa, YTBOPEHHS TPIIMH y OETOH,
PO3KPHUTTS TPILTUH

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

0. Vasilchenko!, O. Danilint, E. Darmofal?, T. Lutsenko!
INational University of Civil Defence of Ukraine
2Kharkiv 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
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
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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 141 and ta2. 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.
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1 BCTYII

VY npomucioBux OyAMHKAX 13 3aJ11300€TOHHUM KapKacoM JJIsl MATBEPKEHHS X CTYIEHs
BOTHECTIHKOCTI OOOB'SI3KOBO TPOBOIMTHCS TIEPEBIpKa MEX BOTHECTIHKOCTI OCHOBHHX
KOHCTPYKTUBHUX eyieMeHTIB. [Ipr boMy KOHCTPYKTHBHI €JIeMEHTH OyiBeNb, IO HaJIeKATh
1o noteHuiitno Hebesneynnx o0'ektiB (ITHO) abo o6'ekriB minBumenoi Hebesneku (OITH),
HEOOXIJTHO TEPEBIPATH 3 ypaxyBaHHSM MOXKIUBHUX IMOE€THAHb OCOOJMBHX HaBaHTaKEHb a00
iHIIMX HeraTUBHUX (akTopiB. Jlo 0cOONMMBUX HAaBaHTa)KEHb, HACTIIKU SKUX 31aTHI 3pOOHTH
JIOJaTKOBUM BIUIMB Ha BOTHECTIHKICTh, MOXKHA BIIHECTH BHOYXH, MI0 BHKJIMKAIOTh
nedopmarllito KOHCTPYKI[H, pi3HI HAJHOPMATHBHI MEXaHIUH1 BIUIMBU. TakoX HE MOKHA
CKUJATH 3 paXxyHKIB BIUIUB KOPO3Ii.

Vi mi (akTopu BIUIMBAIOTh HAa CTIHKICTH OyMiBENBHMX KOHCTPYKIii. IX moTpi6HO
nependavaty Mg 4dac npoektyBaHHs Oynieens OIIH, a Takox BpaxoByBaTu M dac
oOcTexxeHHs1 OyniBenb MICHs aBapid  JUIsi TPOTHO3YBAaHHS MOJKJIMBOCTI  MOJANBIIOL
eKcruTyaTarii.

ExcriepMeHTanbHi METOIM BU3HAYEHHS BOTHECTIMKOCTI 3al1i300€TOHHUX KOHCTPYKIIiH
HE 3aBX/JU MPHUAATHI, Mo-Teplle, yepe3 MaciTadHuil (akTop; no-apyre, Mig 4ac 00CTeKEHHS
BXKE€ ICHYIOUHX CIIOPYII; MO-TPETE, Yepe3 HEMOKIMBICTh BIATBOPUTH HETaTHBHI BIUIUBH Ta 1X
noeqHaHHsA. TOMy BENHMKOTO 3HaueHHS HaOyBalOTh pPO3PaxXyHKOBI METOAM BH3HAYCHHS
BOTHECTIMKOCTI, B SKHX MOXHa CHOpoOyBaTH BpaxyBaTH SKII0O HE Bcl, TO Xoda 0O
HalBa)xMBIilIi (PaKTOPH, 110 BIIMBAIOThH Ha pe3ynbrar [1, 2].

OaHMM 13 TakUX BaXJIUBUX (AKTOpIB € HasBHICTh TpiuH. HeOesmeka 3HaYHMX SIK
TPUBAJIUX, TaK 1 KOPOTKOYACHUX AeopMarliii 3a1i3006 TOHHMX KOHCTPYKI[IH CKIATa€ThCsl B
TOMY, III0 BOHU BHUKIHKAIOTh YTBOPEHHS 1 PO3KPUTTA TPIIMH B OeTOHI. Takok TpIIMHU
MOXYTh YTBOPIOBATHUCSI BHACTIIOK KOpo3ii 6eTony. [Ipoiecn yrBopeHHS Ta pO3BUTKY TPIIIUH
yCYTyOJIIIOTh BILUTUB BUCOKOT TEMIIEPATYPH ITiJT Yac Toxexi [3, 4].

Metonu po3paxyHKy BOTHECTIMKOCTi, IO BUKOPHUCTOBYIOTHCS, HE BpaxOBYIOTb
MO>XKJIMBOTO BIUIMBY TPIIIMH Ha OTPUMaHUMN pe3ynabTaT. Alle SKIIO BIUIMB ICHYE, HOro He
MOXHa ITHOpYBAaTH.

TakuM 4YMHOM, aKTyaldbHOIO MPOOJIEMOIO € HEeBpaxyBaHHS HASBHOCTI TPIIIUH B
3a11300€TOHHUX KOHCTPYKIIISIX TIPH PO3PaxXyHKY iX MeEX BOTHecTidkocTti. Llg1 mpobiema
3arOCTPIOETHCS TP OLIHIOBAHHI BOTHECTIMKOCTI 3a1i300€TOHHMX KOHCTPYKIIIH B pealbHUX
yMOBax, 0COOJMBO KOJM KOHCTPYKIII MpH EKCILTyaTalil IMiagaBajucs BIUIMBY KOpPO3ii 4d
Oy TIOIIKO/PKEHI BHACIIZOK ynapy abo BuOyxy. Po3poOieHHs MeTomy po3paxyHKy MExi
BOTHECTIHKOCTI 32113006 TOHHUX KOHCTPYKIIiH, sSIKWi BpaXOBYBaB OW HAsBHICTh Y HUX TPIIIHH,
nano O 3MOTY TOYHILIE OLIHIOBATU CTiMKICTh KOHCTpykHii OITH Ha Bumagok moxexi i,
BIZAIIOBIAHO, MABUCHUTH IX HaIHHICT.

2 AHAJII3 JITEPATYPHUX JAHUX TA IOCTAHOBKA INPOBJIEMH

MeTtoa OLIHKM BOTHECTIHKOCTI 3aCHOBAHMI Ha KIACHYHIA METOIUI PO3PaXyHKY
KOHCTPYKIIii 32 TPaHUYHUM CTaHOM, KOJIU 1l Hecyda 3/1aTHICTh MiJ JI€I0 BUCOKOT TeMIIepaTypu
3HIDKYETHCS 10 BETMYMHUA poO0YOro HaBaHTakeHHS [ 1, 2]. BBaxaeTbes, 110 AJs 3rHHATBHUX
3al1i300€TOHHUX €JEMEHTIB MIIHICTh B OCHOBHOMY 3a0€3MEYyEThCsl CTAaHOM CTalleBOi
apMatypu. Y CTaTUYHINA YaCTHHI pO3paxyHKy BU3HAYAE€TbCA KPUTUYHA TEMIEpaTypa CTalieBOi
apMaTypH, a TEINIOTEXHIYHINA — Yac, MPOTATOM SIKOTO JIOCSTA€EThHCS 11 KpUTHYHA TEMIIEpaTypa,
IIPU MIPOTPiBaHHI 3aXUCHOTO 11apy OETOHY.

Meta Takoro po3paxyHKy — SKHaWOuIbllle HAOMU3UTHUCA 1O EKCIEePUMEHTAIBHOTO
BHU3HAYEHHS MEX1 BOTHECTIMKOCTI 3a1i300€TOHHOTO 3TWHAIBHOTO €JIeMEHTa, SKOM 1e Oymo
MOJXKJIMBO. 3iCTAaBIEHHS PE3YNbTATIB EKCIEPUMEHTAIBHOTO Ta TEOPETHYHOTO BHU3HAUEHHS
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MEX1 BOTHECTIMKOCTI B pi3HUX poboTax [2, 5, 6] moka3ye, 10 TOBHHM 30ir HE JOCATAETHCS.
[IpyunHOI0O 1BOTO MOXHAa HA3BaTH HEMOXKJIHMBICTH MepeadaYnuTd MPH TEOPETHUHUX
pO3paxyHKaxX yci OCOOJNMBOCTI MIMCHOTO CTaHy IOCIHIIKYBaHUX 3paskiB. TyT Hacamriiepen
MA€ThCS Ha yBa3l HASBHICTh PI3HUX HEIOCKOHAIOCTEH y pealbHUX 3a1i300€TOHHUX 3pa3Kax,
0 HE MIIAI0ThCS TOYHOMY 00JiKy. OIHIEI0 3 TAaKUX HEAOCKOHAJIOCTEH, sKi, IPOTEe, MOXKHA
MIEBHOIO MIPOIO TIepeI0auuTH, € HASIBHICTD TPILIUH.

ABapiiiHe YTBOPEHHS TPIIMH Y 3aTi300€TOHHUX KOHCTPYKIIX MOXeE BimOyBaTHCS
BHACHIIOK 200 MEXaHIYHOTO BIUIMBY, 200 TEIUIOBOTO (KOJIM TeMIieparypa OETOHY MEPEeBHINYE
KPUTHYHY) a00 MpY NO€AHAHHI X (HaKTOPIB.

[Ipy MexaHIYHOMY BIUIMBI TPIIMHU TOYHHAIOTH YTBOPIOBATUCS Yy PO3TATHYTIA 30HI
0eTOHy 3rMHalbHOrO eneMeHTa micast gocarHeHHs |l craaii HampyxeHo-nedopmoBaHoro
crany [7, 8, 9]. 3 momanpmiuM 30UTHIICHHSM HABAHTAKEHHS BIIOYBA€ThCS 3pPOCTAaHHS Ta
PO3KpUTTS TpiuH. Y pobotax [4, 7] 3a3Ha4€HO, 10 y BaXKKOMY O€TOH1 TPIILIMHU IIMPUHOIO
1 MM mommproroThes B mmOuHy Ha 10-20 MM. Ane B 1ux poOOTax po3rIISIaiocs TUTBKH
YTBOPEHHS TPIIIMH MPU NEPEBAHTAXKEHH1 3pa3KiB Y HOPMAJIbHUX YMOBAaX 1 HE PO3TJIAIA€ThCS
BIUIB HarpiBaHHs Ha IIeW MPOIIEC.

[Ipu TennoBoMy BIUIMBI TPIIIMHU B 3aJ1i300€TOHHUX KOHCTPYKI[ISIX YTBOPIOIOTHCS MiCIs
JOCSATHEHHSI KPUTUYHOI TeMriepaTypu 0eToHyY ther. Jl1s O€TOHY 3 CHITIKATHUM HArOBHIOBAYEM
e npubmmsHo 575 °C (1o BiAMOBiAAaE MOTIMOP(PHOMY CTPYKTYPHOMY TEpeXoy -KBapIiy B
a-kBapi) [10]. ¥V poGorti [11] moka3aHo, IO Take TMEPETBOPEHHS BUKIMUKAE ACTPAIAIlIIO
MTOBEPXHEBOTO IIapy OETOHY, IO MPOSBISETHCS Yy MOSIBI CITKM TPIIMH Ha HOTO MOBEPXHI.
Takosx Bka3zaHo, 1110 J10AaTKOBOIO IPUUYNHOIO IILOTO € 30UIbIIEHHS BHYTPIIIHIX HAIPYXXEeHb 5K
MDK KOMIIOHEHTaMH OE€TOHY, TaK 1 MDK 3€pHaMH IIEMEHTHOTO KaMeHI0. AJie B Iiif poOOTI KpiM
TEMIIepaTypy He PO3MISIHYTO OJHOYACHUI BIUIMB MEXaHIYHOTO HaBAaHTAKEHHS Ha 3pa3Ku, 1110
BUMNPOOyBaMCh. | TOMy € MiACTaBHM NPHUIYCTUTH, IO Yy 3pa3Kax CIOCTEPIrajocs JIHIIe
YTBOPEHHS TPITMH Ha TIOBEPXHI OETOHY 0€3 iX pO3KPHUTTS.

TakuM 4YMHOM, HEBUPINICHOI YAaCTHHOI MPOOJIEeMH € BH3HA4YEHHS OCOOIMBOCTEH
YTBOPEHHS TPIIMH B 3rUHANBHIN 3a711300€TOHHINA KOHCTPYKIlIi MPU OJHOYACHIN il BUCOKOT
TEMIIepaTypd 1 HABAaHTA)XEHHS B AacleKTl 3'ICyBaHHsS CTYNEHS BIUIMBY IHUX TPIUMH Ha
PO3paxyHOK MEK1 BOTHECTIMKOCTI KOHCTPYKIII.

3 LI TA 3AJIAYI JOCJIIPKEHHS

Metoro poOOTH € YAOCKOHAJICHHS METOJIUKH PO3PaXyHKy MEXK1 BOTHECTIHKOCTI
3TMHAJIBHOT 3a11300€TOHHOT KOHCTPYKIi 3 ypaxyBaHHSM MOJJIMBOCTI YTBOPEHHS B Hil
TPIIIHH.

Jlyis nocsITHEHHST METH IOCTIKEHHS HEOOX1THO BUPIIIUTH HACTYIHI 3aBIaHHS:

1. IIpoananizyBaTH OCOOIMBOCTI YTBOPEHHS TPIIIMH Y 3THHAJIBHOMY 3a11300€TOHHOMY
€JIEMEHTI B 3aJIe)KHOCTI BiJl CHIBBITHOLIEHHS MK KPUTHYHHUMHU TeMmIlepaTypamMu OETOHY Ta
CTaJIeBO1 apMaTypH.

2. 3ampomoHyBaTH YAOCKOHAJEHHM CHOci0 ypaxyBaHHS IIBHJIKOCTI MPOrpiBaHHA
3aXMCHOTO 11apy OETOHY 3aJIe)KHO BiJl MEXaHI3My YTBOPEHHS TPILLIMH.

3. IlepeBipuTH 3aIpPONOHOBAHUI yIOCKOHAJIEHHUH CIIOCIO pO3paxyHKy BOIHECTIMKOCTI Ha
MIPUKIIA/li 3TUHAIBHOTO 3a11300€TOHHOTO €JIeMEHTA 3 TPIIMHAMH.

4  PE3VYJBTATHU JOCJIIKEHb

4.1 AmnHani3 oco0auMBoOCTeli  yYTBOPeHHSl TPIMH Y  3TUHAJIBHOMY
3aJ1i300€TOHHOMY eJIeMeHTi

PosrnsiHemMo 1€ 3aBlaHHS Ha NPUKIAAl 3TMHAIBHOI 3al1i300€TOHHOI KOHCTpYKLIi. Sk
00'eKT JOCHIPKEHHS 3'ICYEMO BIUIMB TPIIIMH, IO YTBOPHJIMCS B 3ali300€TOHHIN Oamnii 3
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PI3HUX IPUYHMH HA PO3PAXYHKOBY MEXY BOTHECTIHKOCTI.

SIKIIO MPUIYCTUTH, IO B MICIi PO3KPUTOI TPILIMHHU TOBIIMHA 3aXHMCHOTO IIapy OETOHY
3MCHIIYEThCS, TO B IBOMY MIiCIli 3MEHIIUTHCSA 1 Yac MPOTpiBy CTAJEBOi apMarypu [0
KPUTUYHOI TeMIepaTypH, KOJIU YTBOPIOETHCS IUIACTHYHUN IIapHip 1 BigOyBaeThCs
pyHHYBaHHS 3rHHAJIBHOI 3aJ11300€TOHHOT KOHCTPYKIil. TyT MOXJIHBI JBa clieHapii pO3BUTKY
o 1ii:

1) skmo po3paxyHKOBa KpUTHYHA Temieparypa apmaTypu MeHma 3a 575 °C (ue
TOBOPUTH MPO 3HAYHE HABAHTAKEHHS HA KOHCTPYKIIIO), TO TPIUIMHM (SKIO0 BOHH HE BUHUKIIN
paHilie) MOXYTh YTBOPIOBATHCS B PO3TATHYTIH 30HI OCTOHY TUIBKH micis gocsirHeHHs |l
cTajil HarpyXeHO-/1e()OPMOBAHOTO CTaHy. B 1IbOMy BUTIaIKy MOXHA MPHUITYCTUTH, IIO 32 Yac,
HEOOXIHUH /I NpOTpiBaHHS CTaJeBOi apMaTypu [0 KpPUTUYHOI TeMIieparypu, OeTOH
3aXMCHOTO IIapy HE BCTUTAE JIETPAyBaTH 1 IITMOMHA TPIIIUHU 3JIMIIAETHCS MOCTIHOI0. Toi
HEOOXITHO MPOBECTH PO3PAXYHOK HA PO3KPUTTS TPINIMH Ta 3 MPHUMYIICHHS, M0 TIUOMHA
PO3KPUTTS TPINUHKA 3aJeKUTh Bia 1i mmpuHu SK Nere= (10...20) @cre, OOUUCTUTH MEXKY
BOTHECTIHKOCTI 3 ypaxyBaHHSIM TOTO, III0 TOBIIMHA 3aXMCHOTO IIapy OETOHY 3MEHIIEeHAa Ha
INIUOUHY PO3KPUTTS TPILIUHY;

2) KO0 po3paxyHKOBa KpPUTHYHA TemIiepaTypa apMarypu Outbmia 3a 575 °C (ue
TOBOPUTh TMPO HE3HAUYHE HABAaHTAXXEHHS HA KOHCTPYKIIIO), TO TPILUHU MOXKYTh
YTBOPIOBATHCS BHACHINIOK Jerpajalii HOBEpXHEBOIo mapy OeTOHy. IXHS rMOMHA TOBMHHA
MOCTIMHO 30UTBIIYBATHCS Pa3OM 13 TMPOCYBAHHSM MEX1 TPOTpIBaHHA IHapy OETOHY [0
KpUTHYHOI Temmeparypu. MokHa HaBiTh OYIKyBaTH, IO IMBUAKICTb PO3BUTKY TPIIIMH
MepeBUIyBaTUME IMIBUAKICTb IPOCYBAHHS MEX1 MpOTpiBaHHSA OETOHY 10 KPUTHYHOT
TeMIEepPaTypHu, OCKUIBKHM TEPMIYHHI OMip y pailoHI CTIHOK TpPIIMHK MEHIIWH, HDK BiJ
MOBEPXHI 3aJ1i300€TOHHOT KOHCTPYKIii. TakuM TIUISIXOM MOXeE BiIOyBaTHCS PO3BUTOK BKE
ICHYIOUMX TPIIIUH, 0 YTBOPHJIUCS paHimie. TUM He MEHII, PO3KPUTTS TPIMIUH (SKIIO BOHO
BiIOyBaTUMETHCS) HABPS UM Ma€ BIUIMBATH SK (PaKTOP Ha MIBHIAKICTH MPOTPIBY 3aXHCHOTO
mapy OCTOHY, OCKUTBKA BOHO Y IIbOMY BHMAJAKy Oyae BTOpHHHHM. T0OOTO, KOJU TPIIIUHU
YTBOPIOIOTBHCS 1 PO3KPUBAIOTHCS MO Mipl NPOTrpiBaHHS OETOHY, TO PO3TPICKYBAaHHS e
MOCTYIOBO (TOMIAPOBO) OJTHOYACHO 3 MPOTPIBaHHAM OCTOHY /10 KPUTHYHOI TEMIIEPATypH, 1y
LIbOMY BUIAJIKy TPIIMHOYTBOPEHHS HE BIUIMBA€ HA LIBUJKICTh NMPOrpiBy. TakuM 4uMHOM, y
PO3IJISIHYTOMY BUIIAJIKy TOBLIMHA 3aXUCHOTO 1Iapy OeToHy Oyne Oe3rnepepBHO 3MEHIIYBaTUCS
Ha TJIMOMHY PO3BUTKY TPIIIMHU Pa30M 3 IIAPOM, IO MPOTPIBAETHCS, 1 TPIIMHOYTBOPEHHS HE
MIOBMHHO BPaxOBYBaTHCA IIPU PO3PaXyHKY MEK1 BOTHECTIHKOCTI.

Taxox, y3arajapHIOr0uUM 00M/Ba CLIEHapii, MO’KHA AIMTH BUCHOBKY, 11O SIKIIO J0 MOYATKY
BOTHEBOTO BIUIMBY TPIIIMH y 3aXWCHOMY Iapi OETOHY 3TMHAJIBHOTO 3alli300€TOHHOTO
esleMeHTa He Oys0, TO MiJl Yac pOo3paxyHKy MeXl1 BOIHECTIMKOCTI HEMa€e CEHCY BpaxOBYBaTH
3MEHIICHHS TOBIUHM 3aXHCHOTO I1apy OETOHY, TOMY II0 HA MOMEHT YTBOPEHHS TPIIIMH Ll
11ap Y>K€ MOKHa BBa)KaTH JOCUTH IPOTPITUM.

4.2. YI0CKOHAJIEHHSI METOAMKH PO3PAXyHKY MeKi BOTHeCTiliKOCTi 3rHHAIbHOL
3a/1i300€TOHHOI KOHCTPYKIIii

Po3paxyHok Mexki BOTHECTIMKOCTI 3THMHAbHOI  3ali300€TOHHOI KOHCTPYKIIi 3
ypaxyBaHHSM MOXJIMBOCTI YTBOPEHHSI Ta PO3KPUTTS TPIIMH HPONOHYETHCS BUKOHATHU 3a
METOJIOM, 1110 BUPAKAEThCS B HACTYIHIM MOCIIIOBHOCTI:

1. Bu3HaueHHs KpUTHYHOI TEMIIEpaTypy apMaTypy IpHU BiAMOBIIHOMY HaBaHTa)KEHHI.

2. Bu3HaueHHs MUPHUHMU TPIIIKH, 1110 PO3KPUIMCS MPU HArPiBaHHI, Ta OLIHKA IX TITMOMHH.
SIKIIO pO3KPUTI TPIILIMHU YTBOPUIIUCS 10 HAarpiBaHHs, CIiJ] IEPEUTH /10 MYHKTY 5.

3. Bu3HaueHHs Yacy NpOrpiBaHHS 3aXHUCHOTO IIapy OETOHY Ha TJIMOUHY PO3KPUTTS
TPIIUHY.

4. BusHaueHHs TeMIIEpaTypy B TPIIIMHI 3a Yac MPOTPiBaHHS 3aXMCHOTO IIapy OETOHY Ha
il TInouny.

5. BusHaueHHs yacy HpOrpiBaHHs 0 KPUTUYHOI TEMIIEPAaTypH apMaTypH 3aJIUIIKOBOTO
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mrapy 6eToHy (Bif JHA TPILIMHK 10 apMaTypH).

6. BuzHadyeHHs1 MeXi BOTHECTIKOCTI SIK CyMH 4YaciB 3a MyHKTaMu 3 Ta 5.

3acTocyeMO 3ampoONOHOBAHUI METOJ| PO3PaXyHKY MeEXi BOTHECTIMKOCTI Ha MPHKIAAi
3anizo0eTonHOi Oanku mepepizom 0,7x0,3 M 3 ToBmMHOIO 3axucHoro mapy as=0,035wm 3
oerony B25 (Rp=14,5MIla) i3 cwiikaTHUM HamOBHIOBaYe€M 31 CTaJeBOIO apMaTypol B
po3TsruyTiii 30H1 818 A400C Ta B ctucHyTiit 30HI — 4018 A400C (Rs=340 MIla). banka
PIBHOMIPHO HaBaHTa)KEHA IO YCii JOBXKHUHI.

3rilHO TOTIepEeTHFOMY aHAJi3y PO3TISAAETHCS BHUITAJOK, KOJU HABAaHTAXKCHHS, 33 SKHM
YTBOPIOETHCS 3TMHAIBHUNA MOMEHT, MiJOMPAEThCS TaKUM, MO0 PO3paXxyHKOBAa KPUTHYHA
TeMreparypa apmatypu He nepeBuiryBaia 575 °C. Takox 10 yBaru OepeTbCsi MPUITYIICHHS,
0 TPIIMHU B 3aXMCHOMY Iapi OETOHY PO3KPUBAIOTHCA TUIBKH, KOJIM HOTO TOBEpPXHS
MIPOrpIETHCS Ha MEBHY TJIMOMHY 10 KPUTUYHOI TEMIIEPATypu OETOHY.

3a UMMM yMOBAMH BHKOHYETbCS PO3PAaxXyHOK MeEX1 3ali300eTOHHOT Oanku 3
ypaxyBaHHSIM MO>KJIMBOCTI YTBOPEHHS Ta PO3KPUTTS TPIIIMH 32 3aIIPOIIOHOBAHAM METOOM.

1. Kpurnuna TtemnepaTypa apMarypu Iser BH3HA4aeTbcs TaOJIMYHO Ha OCHOBI
CHIBBIJHOILIEHHS:

— MP
Rs-A-h(1-0,5)"

ne yst — Koe(IieHT 3HIKEHHS omnopy crajii; M, — 3ruHanbHUA MOMEHT Oallku B CepeluHi
npoikoTy; As — IO Tepepisy apMaTypd B pO3TATHYTiH 30mHi, As = 20,36 cM?; & —
Koe(illieHT BIAHOCHOT BUCOTU CTUCHYTOI 30HU OETOHY.

Mexa BOTHECTIHKOCTI 3a11300eTOHHOT Oanku 0e3 ypaxyBaHHs TPIIIMH BU3HAYAETHCS 31
criBBiHOIIEHHS 3a [7]:

kw/ab +X -t
erf = : )
2\/31, 0 -t
ne K — koedillieHT rycTuHE OETOHY; ap — KOShIlieHT TEMIIEPATypOIIPOBIAHOCTI OETOHY; X = as
— TOBIIIMHA 3aXUCHOTO IIapy; O = Ts — Meka BorHecTikocTi; t1 = 1) Ta {3 = tj — TemmnepaTypa
crangaptHoi noxkexi, t) = 1250 °C; t2 = tser — KpUTHUHA TeMIlepaTypa apMaryp,; ts = to —
ImovyaTKoOBa TEMIIepaTypa Ha IOBEPXHI, 110 o0irpiBaerbes, 1o=20 °C.
2. lllupuHa pO3KPUTTSI TPIIMH Acrc 00UUCITIOETHCS 3a [7]:

T 1)

G 3
By = %%%\VE—Wd , (3)
S
ne 01=1, 2=1, 3= 1 — xoediiieHTH, 10 3aJeKaTh Biff TPUBAJIOCTI A1l HABAHTAXKEHHS, BUIY
apMatypu, BUIY HaBaHTaXeHHs; Es — momynp mnpyxHocti, Es = 210000 Mlla; os —
HaNpyXeHHsI B MO3/I0BXKHIA PO3TATHYTIH apmaTypi:

_ MD
Tz (A+A)

1€ Zs — BIICTaHb BiJ LEHTPY TSDKIHHSA PO3TATHYTOI apMaTypu 1O TOYKH IPHUKIAJaHHS
PIBHOJIMHOT 3yCHIIb y CTUCHYTIN 30H1 efeMeHTa, Zs= 0,5 M; A’s — mioma nepepisy apMaTypu B
cTUCHYTiH 30Hi, A's=10,18 cM? W — KoedillieHT, IO BpaxoBye HePiBHOMIpHMiI po3MoaiI
BIJTHOCHUX Jie(hopMalliii po3TArHYTOT apMaTypH MiX TpIIIMHAMH B OETOHI:

(4)

(e}
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y =20 3,5—100% , (5)

)

ne b — mmpuHa 6anky; h,— KOpHCHA TOBIIMHA OETOHY.
3. Yac nporpiBaHHs mapy OCTOHY Ha INIMOUMHY PO3KPHUTTS TPILUHU 7,, BU3HAYAEThCH,

BHXOIYM 3i criiBBigHOmeHHs (2), me X =90 — rpannus mporpiBy 6ETOHY 0 TeMIEpaTypu

t t,, =575°C.

ber » @=1,,;t =t Tat,=t; t, =t — KpuTUUHA TemnepaTypa OETOHY, P =t

4. Temmneparypa B TpimuHi t,, 3a 4ac NporpiBaHHS 3aXUCHOrO Wiapy OeTOHy Ha ii

ber

TIIMOUHY 7, BA3HAYA€THCA 32 POPMYIIOIO:
t,, =345lg(8t,, +1)+t,. (6)

5. Yac nporpiBaHHS 7,, 10 KPUTUYHOT TEMIEPATypH apMaTypH {g, mapy 6etoHy Aa (Bix

Scr
JIHA TPIIIMHKA 0 apMaTypH) BU3HAYAETHCS, BUXOISYHM 31 CIIBBigHOIICHHS (2), /1e
t,=t;t, =t
_ — 5 — — - — =3 1 M4 ALl*
X_Aa'_as 5’ t2 _tbcr t:L _tAl’ t2 _tScr’
6. MexXy BOTHECTIMKOCTI 3TMHAIBHOI 3aIi300€TOHHOT KOHCTPYKIII 3 ypaxyBaHHIM
PO3KPHUTTS TPILUH Tscr MO’KHA BU3HAYUTH SIK:

z-s.cr - TAl + Z-AZ (7)

Jlnst o6panoi O6anku po3paxoBaHO 3a 3aMPOTIOHOBAHUM METOJIOM 3JIC)KHO BiJl BEJIMYUHH
3TUHAILHOTO MOMEHTY IIUPHHY PO3KPUTTS TPIIIWH, KPUTHUYHY TEMIIEpaTypy apMmarypu i
MEXY BOTHECTIUKOCT1 0€3 ypaxXyBaHHsI TPIITHH.

Po3paxyHkn MeXi BOTHECTIHKOCTI 3 ypaXyBaHHSAM TpIIIMH, BUKOHAaHO 3a
3alpONOHOBAHMM METOJIOM 32 BHITAJKOM, KOJHM pPO3paxXyHKOBa KpPUTHYHA TeMIIEpaTypa
apMaTypu MeHma 3a 575 °C. IX BUKOHAHO 3 MPHUIIYIIEHHSM, 10 TPIIMHY B 3aXMCHOMY IIapi
OCTOHY PO3KPUBAIOTHCS TUIHKH, KOJM HOTrO MOBEPXHS MPOTPIETHCS HA TEBHY TIIMOWHY IO
KPUTHYHOI Temreparypu OeroHy. [TTMOWMHY TpIMH NMPUKAHATO 3aJIeXKHO Bif iX HIIMPUHU 3
nomymenus h,. = (10...20)-a,, .

Pesynbratu po3paxyHkiB HaBeJeHO B TabO. 1.
Taoanus 1
Po3paxyHKOB1 XapaKTepHCTHUKA 3aJ1i300€TOHHOT OaJIKH 3aJIeKHO BiJl BETUYHMHH 3THHAIBHOTO
MOMEHTY 1 TNIMOMHH TPIIIUH

HalimenyBaHHs XapaKTepHUCTUKU 3runabamit Moment, M, MH M
0,25 0,3 0,35
KoedirieHT 3HIKEHHS OOPY CTaJIeBOi apMaTypH, Vst 0,60 0,732 0,87
Kputrnuna Temneparypa po060o4oi apMaTypH, tser, °C 550 506 470
Mesxa BOrHECTIMKOCTI 0€3 ypaxyBaHHS TPIlllUH, T, XB 126 108 96
Po3paxyHKOBa mmpuHa PO3KPUTTS TPIIIHH, 8crc, MM 0,08 0,10 0,112
Meska BOrHECTIMKOCTI Tpy TmOuHI TpinwHY 10 MM, 7, XB 86 74 66
Meska BOTHECTIMKOCTI TPpH TIIMOWHI TPIlWHM 15 MM, 7, XB 69 59 53
Meska BOrHECTIMKOCTI Tpy TMOuHI TpinwHY 20 MM, 7, XB 54 47 41

Pesynpratu, HaBeneHi B TaOu. 1, MOKa3ylOTh, LIO HAsBHICTh PO3KPUTUX TPIMIMH Y
3TUHAJIBHUX  3aJ1I300€TOHHUX  KOHCTPYKIIAX 3/JaTHa CHJIBHO BIUIMBaTH Ha  IXHIO
BOTHECTIHKICTb.

[Ipu piBHOMIpHOMY HaBaHTaXXEHHI OalkyW HAHOUIBbLII HAMpyXEHHS 1, BiANOBITHO,
YTBOPEHHS TpilIMH BinOyBatoThes y ii cepenniil wactuni. [upuna 1 rauOuHa TpimMH, a
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TaKOX KPUTHYHA TEMIIEpaTypa apMaTypu 3ajeXaTh BiJ BEIUYMHU HABAaHTAXCHHA, SIKE
XapaKTePU3YEThCS BEIMYMHOIO 3TrHHAILHOTO MOMEHTY. Came 3 I1iel IpUYUHU 31 30UTbIICHHSIM
3TUHAJFHOTO MOMEHTY 3MEHIIYEThCS KpPUTHYHA TeMIleparypa apMarypd, MIHpIIe
PO3KPHUBAIOTHCS TPILIMHK Y PO3TATHYTIH 30HI OETOHY 1 30UTBIIYEThCA iX TIMOMHA, JIOKAJIBHO
3MEHIIYIOuM Mmap OeToHy Ouis apmarypu, SKAH MporpiBaeTscsi. Bce 1e mpuckoproe
YTBOPEHHS IUIACTUYHOTO MIAPHIPY B apMaTypi MpU HarpiBaHHI Ta, BIAMOBIAHO, pyWHYBaHHS
Oanku.

6 OBI'OBOPEHHA PE3YJIBTATIB JOCJIAKEHHS

Po3paxyHku mnokazanu, mo Juisi 0OpaHOTO BHIIAAKY, KOJIM PO3paXyHKOBAa KPUTHYHA
TeMmreparypa apMmaTypu MeHmia 3a 575 °C, 3HIDKEHHS MeXl BOTHECTIMKOCTI 3THMHAIbHUX
3a11300€TOHHUX KOHCTPYKIIIA 3aJ€KHO BiJ MIMOMHU BIAKPUTHX TPIMIMH MOXHA MPUOIHU3HO
OIIHUTH 3a MOKa3HUKOM 3,0 XB-MM™ MOpIBHSHO 3 MEXKEI BOIHECTIKOCTi 6e3 ypaxyBaHHS
TPUUMH Ts. TOOTO, 3HAKOUM TIAMOMHY BIAKPUTHUX TPIIIMH B 3aXMCHOMY MIapi OeTOHY
3TUHAJIBHOI 3a11300€TOHHOT KOHCTPYKII1i, MOKHA MPUOJIM3HO OLIHUTH il MEKY BOTHECTIMKOCT1
K Ts.cr=Ts—3,0-Nere. Ll mpubnu3Ha oIfiHKa Ma€ MEPCHEKTHBY MOJANBIIOTO JOCTIHKEHHS Y
CEHCl BU3HAYCHHS KOe(]IilliEHTYy BOTHECTIMKOCTI, IO 3aJieKUTh Bl CTaHy TMOIIKOKEHHS
3TMHAJIBHOT 32113006 TOHHOT KOHCTPYKITI.

HaBeneni pe3ynpTaTd MiATBEP/KYIOTH HEOE3MEKy TMEePEBAHTAKEHHS 3THHATBHHUX
3aJ1i300€TOHHUX KOHCTPYKIIIHA, TOMY IO II¢ CIPHYHHSE TIOSBY 1 PO3KPUTTS B HUX TPIIIHH, IO
MPHU3BOANTH JIO MIBUIIIOTO IMPOTPIBaHHS 3aXMCHOTO MIapy OCTOHY B MICISX YTBOPCHHS
TpilH. Po3paxyHKM 3a 3alpoONOHOBAaHOIO METOJUKOI JAlOTh 3MOTYy Yy KOXKHOMY
KOHKPETHOMY BHIAJKy OOIPYHTOBYBAaTH 3axOJ{ IIOJIO IJIBHUIICHHS BOTHECTIMKOCTI
3TUHAJIBHUX 3a711300€TOHHUX KOHCTPYKIIA HUISIXOM 3aCTOCYBAHHSI JUIsl HUX BOTHE3aXHCHUX
MOKpUTTiB. KpiM TOro, Mo>kHa pPEKOMEHyBaTH Yy BUIAIKaX BHUKOPHCTAHHS 3a1i300€TOHHHUX
KOHCTPYKIIIH Ha 00'€KTax MIABUIIEHOT HEOE3MEKH I 3MEHIICHHS TPINIIMHOYTBOPEHHS B
3aXMCHOMY IIapi OCTOHY MiJBUINYBAaTH HOTO IUIACTHYHICTH, 3aCTOCOBYIOUM IPOCOUYCHHS
CHeliaTbHUMU TIOJIIMEPHUMHU CKJIaJiaMH. TakoXX 3 II€l0 METOI0 MOKHA TPH BUTOTOBJICHHI
BIIMOBIIaJIbHUX 3THHAIBHUX 3a1i300€TOHHUX KOHCTPYKIlIH BUKOHYBAaTH 3aXWCHUM IIap 3
¢bibpobeTony sk ykazano B [12].

7 BUCHOBKHU

1. ¥V poGoTi po3riasHyTO ABa CIIEHApis BIUIMBY TPIIIMH, IO YTBOPIOIOTHCS 3a PIZHHUX
NPUYMH B PO3TATHYTIA 30HI OETOHY 3THHAIBHOT 3ali300€TOHHOT KOHCTPYKIl, Ha
PO3paxyHKOBY Mexy Boruectiikocti. [loka3aHo, 110 TpiliMHU MOXXYTb CYTT€BO BILJIMBATH Ha
MEXYy BOTHECTIHKOCTI 3TMHAIbHOI 3alli300€TOHHOT KOHCTPYKIIi, SKIIO pO3paxyHKOBa
KpUTHYHA TeMIIepaTypa apMarypu Meniia 3a 575 °C.

2. Y po06oTi 3aIIpONOHOBAHO YJOCKOHAJIIEHY METOJIUKY PO3PAXYHKY MEXi1 BOTHECTIHKOCT1
3TUHAJIBHUX 3a1i300€TOHHUX KOHCTPYKLIM 3a HasSBHOCTI B HHUX TpILIUH, $Ka BKIIOYAE
MOCTYINOBE BU3HAUCHHS:

—  KPUTHYHOI TeMIepaTypu apMaTypH;

—  IIMPHUHHU PO3KPUTTS TPIIIMH Ta OLIHKA TTTUOWHU TPILIHH, 10 PO3KPHIIUCS;

—  yacy NpoTrpiBaHHS 3aXUCHOTO Lapy OETOHY Ha TINTMOUHY PO3KPUTTS TPILIUHH;

— TeMIlepaTypu B TpIIIMHI 3a Yac MNPOTpIBaHHS 3aXUCHOrO Iapy OeToHy Ha ii
rIIMOUHY;

— yacy MporpiBaHHSA 1O KPUTHYHOI TeMIepaTypu apMmMaTypu mapy OeTOHY BiJ AHA
TPILIMHHU 70 apMaTypH;

—  OCTaTOYHHUH pO3PaxyHOK MeXi BOTHECTIMKOCTI.

3 OmiHOYHI PO3paxyHKH MOKa3aJd, 10 3a HAsBHOCTI BIAKPUTHX TPILIUH Y 3aXHCHOMY
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mapi OeTOHYy BOTHECTIHKICTh 3THHAIBHUX 3A1300€TOHHUX KOHCTPYKLINH 3HMKYETHCS

MOPIBHSHO 3 MEXEK BOTHECTIHKOCTI 0€3 ypaxyBaHHS TPIIMH MPHOIM3HO 32 MOKa3HHUKOM

3,0 xB-MM™! 3aJI€KHO Bij rMOUHI TPILIUH.

Jlirepatypa

1. Kovalov A., Otrosh Yu., Surianinov. M., Kovalevska T. Experimental and computer researches
of ferroconcrete floor slabs at high-temperature influences. Materials Science Forum. 2019.
Vol. 968. P. 361-367. https://doi.org/10.4028/www.scientific.net/ MSF.968.361

2. Otrosh Yu., Surianinov M., Holodnov O., Starova O. Experimental and computer researches of
ferroconcrete beams at high-temperature influences. Materials Science Forum. 2019. Vol. 968.
P. 355-360. https://doi.org/10.4028/www.scientific.net/MSF.968.355

3. Cramer J., Javidmehr S., Empelmann M. Simulation of Crack Propagation in Reinforced
Concrete Elements. Appl. Sci. 2021. Vol. 11. P. 785. https://doi.org/10.3390/app11020785

4. Chiu C. K., Chi K. N., Ho B.T. Experimental Investigation on Flexural Crack Control for High-
Strength Reinforced-Concrete Beam Members. Int. J. Concr. Struct. Mater. 2018. Vol. 12. P. 41.
https://doi.org/10.1186/s40069-018-0253-8

5. Jason L., Torre-Casanova A., Davenne L., Pinelli X. Cracking behavior of reinforced concrete
beams: experiment and simulations on the numerical influence of the steel-concrete bond.
International Journal of Fracture, Springer Verlag. 2013. Vol. 180, No 2, P.243-260.
https://doi.org/10.1007/s10704-013-9815-6. hal-01411075

6. Srimook P., Maruyama I., Shibuya K., Tomita S., lgarashi G., Yo Hibino Y., Yamada K.
Evaluation of thermal crack width and crack spacing in massive reinforced concrete structures
subject to external restraints using RBSM. Engineering Fracture Mechanics. 2022. Vol. 274.
108800. https://doi.org/10.1016/j.engfracmech.2022.108800

7. Vasilchenko A., Danilin O., Lutsenko T., Ruban A. Features of Evaluation of Fire Resistance of
Reinforced Concrete Ribbed Slab under Combined Effect "Explosion-Fire". Materials Science
Forum. 2021. Vol. 1038. P. 492-499. https://doi.org/10.4028/www.scientific.net/MSF.1038.492

8. Dahmani, L., Khennane, A. & Kaci, S. Crack identification in reinforced concrete beams using
ANSYS software. Strength Mater. 2010. Vol. 42. P. 232-240. https://doi.org/10.1007/s11223-
010-9212-6

9. Zhang X., Shen Q.-Q., Li Zh.-Y., Tang S.-H., Luo Y.-Sh. Experimental Study on Fire Resistance
of Reinforced Concrete Frame Structure. International Conference on Mechanics and Civil
Engineering. P. 1031-1037. https://doi.org/10.2991/icmce-14.2014.186

10. Anders Hosthagen. Thermal Crack Risk Estimation and Material Properties of Young Concrete
Division of Structural and Fire Engineering. Department of Civil, Environmental and Natural
Resources Engineering Luled University of Technology. 2017. ISSN 1402-1757

11. Srisoros W., Nakamura H., Kunieda M., Ishikawa Y. Analysis of Crack Propagation due to
Thermal Stress in Concrete Considering Solidified Constitutive Model. Journal of Advanced
Concrete Technology. 2007. Vol. 5. Ne 1. P. 99-112. https://doi.org/10.3151/jact.5.99

12. Vasilchenko Alexey, Doronin Evgeny, Chernenko Oleksandr, Ponomarenko Ivan. Estimation of
fire resistance of bending reinforced concrete elements based on concrete with disperse fibers.
IOP Conf. Series: Materials Science and Engineering. 2019, 708, 012075.
https://doi.org/10.1088/1757-899X/708/1/012075

References

1. Kovalov, A., Otrosh, Yu., Surianinov, M., & Kovalevska, T. (2019). Experimental and computer
researches of ferroconcrete floor slabs at high-temperature influences. Materials Science Forum,
968, 361-367. https://doi.org/10.4028/www.scientific.net/MSF.968.361

2. Otrosh, Yu., Surianinov, M., Holodnov, O., & Starova, O. (2019). Experimental and computer
researches of ferroconcrete beams at high-temperature influences. Materials Science Forum, 968,
355-360. https://doi.org/10.4028/www.scientific.net/MSF.968.355

3. Cramer, J., Javidmehr, S., & Empelmann, M. (2021). Simulation of Crack Propagation in
Reinforced Concrete Elements. Applied Science, 11, 785. https://doi.org/10.3390/app11020785

4. Chiu, C.K.,, Chi, K.N., & Ho, B.T. (2018). Experimental Investigation on Flexural Crack Control
for High-Strength Reinforced-Concrete Beam Members. International Journal Concrete Structure
Materials, 12, 41. https://doi.org/10.1186/s40069-018-0253-8

Bacunpuenko O. B., Jlaninia O. M., [lapmodain E. A., JIynenko T. O.
https://doi.org/10.31650/2618-0650-2023-5-2-102-112 110



https://www.sciencedirect.com/science/article/pii/S0013794422005185#!
https://www.sciencedirect.com/science/article/pii/S0013794422005185#!
https://www.sciencedirect.com/science/article/pii/S0013794422005185#!
https://www.sciencedirect.com/science/article/pii/S0013794422005185#!
https://www.sciencedirect.com/science/article/pii/S0013794422005185#!
https://www.sciencedirect.com/science/article/pii/S0013794422005185#!
https://www.sciencedirect.com/science/article/pii/S0013794422005185#!
https://www.sciencedirect.com/journal/engineering-fracture-mechanics
https://www.sciencedirect.com/journal/engineering-fracture-mechanics/vol/274/suppl/C
https://doi.org/10.1016/j.engfracmech.2022.108800
https://translate.academic.ru/effect/ru/en/
https://doi.org/10.4028/www.scientific.net/MSF.1038.492
https://doi.org/10.3151/jact.5.99
https://doi.org/10.1088/1757-899X/708/1/012075

MexaHnika Ta MareMaTtdyHi Meromgu [
Mechanics and mathematical methods

5.

10.

11.

12.

V/2/2023
Crop. 102-112 / Page 102-112

Jason, L., Torre-Casanova, A., Davenne, L., & Pinelli, X. (2013). Cracking behavior of
reinforced concrete beams: experiment and simulations on the numerical influence of the steel-
concrete bond. International Journal of Fracture, Springer Verlag, 180(2), 243-260.
https://doi.org/10.1007/s10704-013-9815-6. hal-01411075

Srimook, P., Maruyama, I., Shibuya, K., Tomita, S., Igarashi, G.-Yo, Hibino, Y., & Yamada, K.
(2022). Evaluation of thermal crack width and crack spacing in massive reinforced concrete
structures subject to external restraints using RBSM. Engineering Fracture Mechanics, 274,
108800. https://doi.org/10.1016/j.engfracmech.2022.108800

Vasilchenko, A., Danilin, O., Lutsenko, T., & Ruban A. (2021). Features of Evaluation of Fire
Resistance of Reinforced Concrete Ribbed Slab under Combined Effect "Explosion-Fire".
Materials Science Forum, 1038, 492-499.
https://doi.org/10.4028/www.scientific.net/MSF.1038.492

Dahmani, L., Khennane, A., & Kaci, S. (2010). Crack identification in reinforced concrete beams
using ANSYS software. Strength Materials, 42, 232—240. https://doi.org/10.1007/s11223-010-
9212-6

Zhang, X., Shen, Q.-Q., Li, Zh.-Y., Tang, S.-H., & Luo, Y.-Sh. (2014). Experimental Study on
Fire Resistance of Reinforced Concrete Frame Structure. International Conference on Mechanics
and Civil Engineering, 1031-1037. https://doi.org/10.2991/icmce-14.2014.186

Hosthagen, Anders. (2017). Thermal Crack Risk Estimation and Material Properties of Young
Concrete Division of Structural and Fire Engineering. Department of Civil, Environmental and
Natural Resources Engineering Luled University of Technology. ISSN 1402-1757

Srisoros, W., Nakamura, H., Kunieda, M., & Ishikawa, Y. (2007). Analysis of Crack Propagation
due to Thermal Stress in Concrete Considering Solidified Constitutive Model. Journal of
Advanced Concrete Technology, 5(1), 99-112. https://doi.org/10.3151/jact.5.99

Vasilchenko, A., Doronin, E., Chernenko, O., & Ponomarenko, I. (2019). Estimation of fire
resistance of bending reinforced concrete elements based on concrete with disperse fibers. IOP
Conf. Series: Materials Science and Engineering, 708, 012075. https://doi.org/10.1088/1757-
899X/708/1/012075

Bacuibuenko Ouekciii Bonogumuposuy
HarmionansHu#l yHiBEpCUTET IUBUIFHOTO 3aXHCTy YKpaiHu
K.T.H., JOLIEHT

ByI. UepHumeBchka, 94, M. XapkiB, Ykpaina, 61023
avas2006@ukr.net

ORCID: 0000-0002-5806-4029

Haninin Onexkcanap MukiaiioBuu

HarmionansHu# yHiBEpCUTET IUBUIEHOTO 3aXHUCTy YKpaiHU
K.T.H., JOIICHT

ByI. UepHumeBchka, 94, M. XapkiB, Ykpaina, 61023
danilin7887@gmail.com

ORCID: 0000-0002-4474-7179

Hapmodan Eneonopa AnartosiiBHa

XapkiBchbKa JiepykaBHa akaieMist (Di3n4HOI KyJIbTypH
K.T.H., JOIICHT

Byi. KioukiBchka, 99, M. XapkiB, Ykpaina, 61058
elyadarmofal@gmail.com

ORCID: 0000-0001-9868-0486

Bacunpuenko O. B., Jlaninia O. M., [lapmodain E. A., JIynenko T. O.
https://doi.org/10.31650/2618-0650-2023-5-2-102-112

111


https://www.sciencedirect.com/science/article/pii/S0013794422005185#!
https://www.sciencedirect.com/science/article/pii/S0013794422005185#!
https://www.sciencedirect.com/science/article/pii/S0013794422005185#!
https://www.sciencedirect.com/science/article/pii/S0013794422005185#!
https://www.sciencedirect.com/science/article/pii/S0013794422005185#!
https://www.sciencedirect.com/science/article/pii/S0013794422005185#!
https://www.sciencedirect.com/science/article/pii/S0013794422005185#!
https://www.sciencedirect.com/journal/engineering-fracture-mechanics
https://www.sciencedirect.com/journal/engineering-fracture-mechanics/vol/274/suppl/C
https://doi.org/10.1016/j.engfracmech.2022.108800
https://translate.academic.ru/effect/ru/en/
https://doi.org/10.4028/www.scientific.net/MSF.1038.492
https://doi.org/10.3151/jact.5.99
https://doi.org/10.1088/1757-899X/708/1/012075
https://doi.org/10.1088/1757-899X/708/1/012075
https://mail.ukr.net/desktop#sendmsg/f=to=Fp1wEuHL9TJ-lz07FhDMEuRwthVe
mailto:elyadarmofal@gmail.com

MexaHnika Ta MareMaTtdyHi Meromgu [ Y ¥ V/2/2023
Mechanics and mathematical methods R Crop. 102-112 / Page 102-112

Jynenko Terana OgnekciiBHa

HanionanbHuii yHIBEpCUTET UBIIBHOTO 3aXUCTY YKpaiHU
K.H. I€pK.yIp., TOLEHT

Bya. UepHumeBceka, 94, M. XapkiB, Ykpaina, 61023
lutsenkotal3@nuczu.edu.ua

ORCID: 0000-0001-7373-4548

Jlna nocunans:

Bacumpuenko O. B., [Haminia O. M., [apmodan E. A., Jlymesko T. O. OmiHka BIUIMBY TpIMMH Ha

BOTHECTIHKICTD 3rMHANBHUX 3a1i300€TOHHMX eleMeHTiB. MexaHnika Ta MateMatnuni metomn, 2023. T. V. Ne 2.
C. 103-112.

For references:

O. Vasilchenko, O. Danilin, E. Darmofal, T. Lutsenko. (2023). Estimation of influence of cracks in bending
reinforced concrete elements on their fire resistance. Mechanics and Mathematical Methods. V(2). 103-112.

Bacunpuenko O. B., Jlaninia O. M., [lapmodain E. A., JIynenko T. O.
https://doi.org/10.31650/2618-0650-2023-5-2-102-112 112



mailto:lutsenkota13@nuczu.edu.ua

HayKOBe BUJaHHs

MEXAHIKA TA MATEMATHUYHI METOA

MECHANICS AND MATHEMATICAL METHODS

Haykosuii )xypHan

(YKpaiHCBHKOIO Ta aHTJIHCHKOI0 MOBaMH)

BinnosinansHuii 3a Bunyck: Kospos A. B.

[Migmucano mo apyky 22.12.2023 p.
dopmat 60x84/8 Tlarmip odicuuii ['apritypa Times

Hudposwuii apyk. YM.-apyk. apk. 13,37.
Haknazn 50 mpum. 3am. Ne23-33E

Bunasens i BurorosiroBau:
Onecbka Aep:kaBHa akafeMis OyIIBHHITBA Ta ApXiTEKTYpH
Ceinourso JIK Ne 4515 Bin 01.04.2013 p.
VYkpaina, 65029, m. Oneca, Byn. JlimpixcoHa, 4.
ten.: (048) 729-85-34, e-mail: rio@odaba.edu.ua

HanpykoBaHo B aBTOPCHKIii pelakilii 3 TOTOBOI'O OPUTiHATI-MAKETy
B penakuiliHo-eunaBandomy Bigaini OJJABA


mailto:rio@odaba.edu.ua

	зміст
	CONTENT
	УДК 531.381

	Збурені рухи твердого тіла з рухомою масою в середовищі з опором
	Perturbed motions of a rigid body with a movable mass in a resistive medium
	1 ВСТУП
	2 АНАЛІЗ ЛІТЕРАТУРНИХ ДАНИХ ТА ПОСТАНОВКА ПРОБЛЕМИ
	3 ЦІЛЬ ТА ЗАДАЧІ ДОСЛІДЖЕННЯ
	4 РЕЗУЛЬТАТИ ДОСЛІДЖЕНЬ
	5 ОБГОВОРЕННЯ РЕЗУЛЬТАТІВ ДОСЛІДЖЕННЯ
	6 ВИСНОВКИ
	Література
	References

	Лещенко Д. Д., Козаченко Т. О. Збурені рухи твердого тіла з рухомою масою в середовищі з опором
	D. Leshchenko, T. Kozachenko. (2023).  Perturbed motions of a rigid body with a movable mass in a resistive medium. Mechanics and Mathematical methods. 5 (2). 16–24.
	УДК 624
	2 АНАЛІЗ ЛІТЕРАТУРНИХ ДАНИХ ТА ПОСТАНОВКА ПРОБЛЕМИ (1)
	3 ЦІЛЬ ТА ЗАДАЧІ ДОСЛІДЖЕННЯ (1)
	4 РЕЗУЛЬТАТИ ДОСЛІДЖЕНЬ (1)
	5 ОБГОВОРЕННЯ РЕЗУЛЬТАТІВ ДОСЛІДЖЕННЯ (1)
	6 ВИСНОВКИ (1)
	UDK 624.04
	EXPERIMENTAL STUDIES OF SERIAL ROAD-AIRPORT REINFORCED CONCRETE slab
	УДК 666.9.022
	1  ВСТУП
	2  АНАЛІЗ ЛІТЕРАТУРНИХ ДАНИХ ТА ПОСТАНОВКА ПРОБЛЕМИ
	3 ЦІЛЬ ТА ЗАДАЧІ ДОСЛІДЖЕННЯ (2)
	4  РЕЗУЛЬТАТИ ДОСЛІДЖЕНЬ
	5 ВИСНОВКИ
	UDC 614.841
	1 INTRODUCTION
	2 ANALYSIS OF LITERARY DATA AND PROBLEM STATEMENT
	4 Research Results
	Література

	УДК 004.9:536.2
	Інформаційна технологія оцінювання теплоізоляції багатошарових стін
	INFORMATION TECHNOLOGY FOR ASSESSING THERMAL INSULATION OF MULTI-LAYER WALLS
	1 ВСТУП (1)
	2 АНАЛІЗ ЛІТЕРАТУРНИХ ДАНИХ І ПОСТАНОВКА ЗАДАЧІ
	3 ЦІЛЬ ТА ЗАДАЧІ ДОСЛІДЖЕННЯ (3)
	4 РЕЗУЛЬТАТИ ДОСЛІДЖЕННЯ
	5 ОБГОВОРЕННЯ РЕЗУЛЬТАТІВ ДОСЛІДЖЕННЯ (2)
	6 ВИСНОВКИ (2)
	Література
	References

	A. Rachinska, O. Tsarenko (2023). Іnformation technology for assessing thermal insulation of multi-layer walls. Mechanics and Mathematical methods. V(2). 71–79.
	УДК 539.3
	1 ВСТУП (2)
	2 АНАЛІЗ ЛІТЕРАТУРНИХ ДАНИХ ТА ПОСТАНОВКА ПРОБЛЕМИ (2)
	3 ЦІЛЬ ТА ЗАДАЧІ ДОСЛІДЖЕННЯ (4)
	5 РЕЗУЛЬТАТИ ДОСЛІДЖЕННЯ
	5 ВИСНОВКИ (1)
	УДК 624.04
	ГРАНИЧНИЙ СТАН АРМОВАНИХ ДВОШАРНІРНИХ АРОК ДВОТАВРОВОГО ПЕРЕРІЗУ
	1 ВСТУП (3)
	2 АНАЛІЗ ЛІТЕРАТУРНИХ ДАНИХ ТА ПОСТАНОВКА ЗАДАЧІ
	3 МЕТА ТА ЗАДАЧІ ДОСЛІДЖЕННЯ
	4 РЕЗУЛЬТАТИ ДОСЛІДЖЕНЬ (2)
	5  обговорення результатів досліджень
	6  ВИСНОВКИ
	Література
	References

	1  ВСТУП (1)
	2 АНАЛІЗ ЛІТЕРАТУРНИХ ДАНИХ ТА ПОСТАНОВКА ПРОБЛЕМИ (3)
	3 ЦІЛІ ТА ЗАДАЧІ ДОСЛІДЖЕННЯ

