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YK 531.381

3BYPEHI PYXU TBEPJOI'O TIUIA 3 PYXOMOIO MACOIO ITLJ
JI€I0 TOCTIMHOIO MOMEHTY

Jlemenko /. JI.}, Kozayenxo T. 0.
Y00ecvra oepacasna axademis 6ydisnuymea ma apximexmypu

Anoraunis: [Ipobiema pyxy TBEepIOro Tijia BIIHOCHO HEPYXOMOI TOYKH € OIHIEIO 3 KIACHUYHHUX
3aJla4 MexaHiKW. 3allikaBJCHICTh HAYKOBIIIMHU 3aJladyaMH JUHAMIKM TBEPJAOro Tijla MOCHIMJIACH B
Ipyrii monoBuHI XX cTOpivydsl B 3B’SI3KY 3 PO3BHTKOM PaKETHO-KOCMIYHOI TeXHIKH. JlocmiKeHHs
PYXY CYNYTHHKIB HaBKOJO IIEHTpa Mac Ba)XJIMBO JJIsl CTBOPEHHS CHUCTEM YIPABIiHHS OpIEHTAIEl0,
crabimizanii pyxy i A po3B’si3yBaHHS MPAaKTHYHUX 3a7]ad KOCMOHAaBTUKU. B cTaTTi 3a J0MOMOroro
METO/Ia YCEpelHEHHS OJIEPKYEThCSl HAONIKEHe pO3B’si3aHHS 3alJadi M1po pyx JTUHAMIYHO
CUMETPUYHOI'0 TBEPAOTO TiJla 3 B’S3KOMPYKHUM €JIEeMEHTOM IIifl Ji€l0 TOCTIHHOTO MOMEHTY B
3B’s13aHUX ocsX. [Ipu BU3HAYeHHI (PaKTUYHOI Opi€HTAlli ITYYHOr'0 CyyTHUKa 3eMiti Oyna BiaMideHa
Mayia 3MiHa MOJYJIS BEKTOPY KIHETHYHOTO MOMEHTY CYNMYTHHKA Ha JUISHII MOJBOTY 3 BUMKHEHOIO
cucreMoro opieHTamii. s 3MiHa Oyna mosicHeHa NPUCYTHICTIO MAaJoro MOMEHTY 30ypeHHs, SIKHH €
MOCTIHUM B 3B’sI3aHill 3 CYITyTHUKOM CHCTEMi KOOpJIWHAT. Y BUMAJKy MallMX MOMEHTIB CHJI MOXKHA
3aCTOCOBYBaTH MeToiu 30ypeHb JIIsl BHU3HAYEHHsI AHANITHYHHX a00 YHCENbHUX OIHUCIB PYXY.
ACHMITOTHYHHUH MiJXiJI TO3BOJISIE OJIEpKATH JIEsKi SKICHI Pe3yJIbTaTH 1 OMHCYBATH E€BOIIOIII0 PYyXy
TBEPJIOTO TijIa 32 JIOTIOMOT'0I0 CIPOIICHUX yCEpeIHEHHUX PIBHIHB Ta YHCEIBHOr0 po3B’s3Ky. B pobori
MIpOBENICHA TIPOIIEypa YCEPENHEHHS Ta OJlep’KaHi YCepeaHEeH1 PIBHSHHS, SKi MPOCTIIE MOYaTKOBHUX,
Ta ONUCYIOTh PyX Ha BEMUKOMY iHTepBami dbacy. OpmepkaHi KUIBKICHI Ta SAKICHI pe3yibTaTH
TIOCIIDKeHh PyXy i Mi€I0 TOCTIHHOIO MOMEHTY IWHAMIYHO CHMETPUYHOTO TBEpPAOro Tila 3
PYXOMOIO Macolo Ta OyB TMpEACTaBIICHHUN OMHWC eBONIONii pyxy Tima. IlpoBemeHo uucenbpHE
IHTErpyBaHHS yCEpETHEHOI CUCTEMH PIBHSIHBL pyXy TBepmoro Tima. I'padidni 300pakeHHs po3B’SI3KiB
npencraBiieHi Ta oOropopeHi. OpepkaHO CHCTEMY PIBHSHD PyXy B CTaHAAPTHiN dopMi. JlocaimkeHo
epooriito pyxy Eimepa-Ilyanco mig qi€ro Maimx BHYTPIIIHIX Ta 30BHIMTHIX MOMEHTIB. CTaTTs MOXeE
pOo3TIsmaTUCS K PO3BUTOK IOMEPENHIX 3aJad Mpo PyX TBEPAOrO Tijia MiA MI€I0 MajJnX MOMEHTIB
(MOpO’KHHMHY, sIKa 3alOBHEHA PIAWHOK BEIHMKOI B’SI3KOCTi, PyXOMOi MacH, MOCTIHHHX MOMEHTIB B
3B’S3aHUX 3 TUIOM Ocsx). PoOoTa BHOCHTD BKIJIa]l B BUBYEHHS 33/1a4 PyXy KOCMIYHUX KOpaOJIiB i pyxiB
YWIEHIB eKiMmaxkiB BiMHOCHO mux Tin. OnepikaHi pe3ylbTaTd BaXKJIMBI IJIS YIIPABIIHHS 3 JOTIOMOTOO
PYXOMHUX Mac, ISl pyXiB 00epTOBUX CHApSIIB.

Kuro4oBi cjioBa: JuHAMIYHO CHMETPHUYHE TBEPJE TUIO, pyXOMa Maca, IpYKHI Ta JUCHIIATHBHI
eJIeMEHTH, MOCTIMHNIT MOMEHT.

PERTURBED MOTIONS OF A RIGID BODY WITH A MOVABLE
MASS UNDER THE ACTION OF CONSTANT TORQUE

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

Abstract: The problem of a rigid body motion about a fixed point is one of the classical
problems of mechanics. The interest in the problem of the rigid body dynamics has increased in the
second half of the XX century in connection with the development or rocket and space technologies.
The study of the motion of a satellite about center of mass is important for creating systems of
orientation control, stabilization of motion and for solving the practical problems of astronautics. The
paper develops an approximate solution by means of an averaging method for the motion in
dynamically symmetric rigid body containing a viscoelastic element and subjected to constant body-
fixed torque. Reference was made to the angular momentum vector of a satellite, noted during the
determination of the actual orientation of the artificial earth satellite. This change was explained as a

Jlemenko [I. ., Kozauenko T. O.
https://doi.org/10.31650/2618-0650-2025-7-1-6-14 6
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result of the presence of a small perturbation torque, which is constant in a fixed aces relative to the
satellite. In the case of small torques, it is possible to use perturbation methods to obtain analytical and
numerical descriptions of motion. The numerical integration of the averaged system of equations is
conducted for the body motion. The graphical presentations of the solutions are represented and
discussed. We received the system of motion equations in standard form. The asymptotic approach
permits to obtain some qualitative results and to describe evolution of rigid body motion using
simplified averaged equations and numerical solution. The paper can be considered as mainstreaming
of previous works for the problem of rigid body motion under the action of small torques (cavity filled
with a fluid of high viscosity, moving mass, constant body-fixed torques). The advantage of this work
is in receiving the original asymptotic and numerical calculations, as well as solutions that describe the
evolution of rigid body motion with a moving mass and subjected to constant body-fixed torque. The
paper presents a contribution in the problems of spacecraft motion, and the activities of crew members
about the vehicles. The importance of the results is in the moving mass control, and the motions of
spinning projectiles.

Keywords: dynamically symmetric rigid body, movable mass, elastic and dissipative elements,
constant torque.

Jlemenko [I. ., Kozauenko T. O.
https://doi.org/10.31650/2618-0650-2025-7-1-6-14 7
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1 BCTYI

Ha pyx cynmyTHuKa BiTHOCHO LIEHTpa Mac JF0Th MOMEHTH CHJI Pi3HOT (Qi3UUHOT IPUPOIH.
Lle, Hampukiaa, MOMEHTH, SKi 00YMOBJICHI pyxoM Mac BcepeauHi Tina. L{i pyxu MoxyTh OyTn
CIPUYMHEHUMH: HASBHICTIO B TUTi pOTOPIB, TPOCKOIIIB, a TAKOK 3MiHAMH IOJIOKEHb €KIMaxy.

BuBUYeHHSI BIUIMBY BWITYyCKaHHS ra3y B CHCTEMi cTaOumi3amii CylmyTHHKa Ha HOTO PyxX
BITHOCHO IIEHTPAa Mac 3BOJUTHCS 10 3aJadi MMPO EBOJIOIII0 OOCpTaHHS TBEPIOTO TiIA Tif
€0 MOMEHTA, ITOCTIMHOIO B 3B’ SI3aHUX OCSX.

2 AHAJI3 JITEPATYPHUX JAHUX TA IOCTAHOBKA NPOBJIEMH

Amnani3 JiTepaTypHUX JKepell MoKa3ye, 0 BUBYEHHS PyXy AMHAMIYHO CHUMETPHUYHOTO
TiIa 3 pyXOMOIO Macol0 € CKJIaJIHOIO, aJle BaXKJIMBOIO 3aauet0. BoHa notpelye 3acTocyBaHHS
Teopii nudepeHIiaTbHUX PIBHAHD 1 YUCEIBHOTO MOJIEIIOBAHHS IS TOCHIKEHHS MTOBEIIHKA
cucreMu. Pyxoma Maca BcepeaMHi Tila BIUIMBA€E Ha AMHAMIYHY MOBENIHKY cucTeMu. Orusn
POOIT 3 1€l TeMaTUKK MpecTaBieHuii B [1-4].

KocMmiunmii anapar abo cynyTHUK, repeOyBatoud Ha opOiTi HAaBKOJIO CBOTO LIEHTpa Mac,
3HAXOJUTHCSA I BIUIMBOM MOMEHTIB cuil pi3HOI (i3uunHoi mpupoau. Croad BXOISTbH
MOMEHTH, 1[0 T€HEPYIOThCS PYXOM BHYTPIIHIX Mac. 3Ha4Ha KUIBKICTh pOOIT NMpuCBAYEHA
aHaJI3y PI3HOMAHITHUX MpoOJeM IUHAMIKM KOCMIYHUX amapariB, IO MICTSITh BHYTPIIIHI
pyxomi macu. B [4-18] BuBUaimcs MUTaHHS CTIHKOCTI 1 HECTIMKOCTI, pE30HAHCHUX SIBHIII,
crabimizarii pyxiB. ¥ po6oti [11] oriHeHO BIUIMB Ha CTIMKICTh PIBHOMIPHOTO PYXY TipoCKOIa
Jlarpamka pyXxOMHX TOYKOBHX Mac (JIHIHHUX OCHHJIATOPIB), IO 3IIHCHIOIOTH KOJIMBAHHS
B3JI0B)X OC1 CUMETPii Tipockoria abo B3I0BXK OCEH, OPTOrOHATIBLHHUX 70 OCl CUMETPIi.

Y po6ori [12] TBepae TiNO 3 ASIKMMU PYXOMHMH YaCTHHAMHU PO3TIISIAETHCS SIK MOXKIIHBA
MOJIeNIb KOCMIYHOTO amapara 3 Macolo, II0 EKCHEHTPUYHO 00epTaeThbCs, TAKOXK BHUBUYEHO
JTUHAMIKY TIOJIO’KEHHS 1 KepYBaHHS 3a JOTIOMOTOI0 BHYTPIIIHIX 00EPTOBUX Mac.

Y pobortax [8, 13, 14] nocmimpkeHo 3agady NpO ONTUMAJIbHY 3a IIBHIKOJIEIO
cTabumizaIlito BUIBHOTO TBEPAOTO TiMAa 3 PYXOMOI Macor. Po3rmstHyro 3amady mpo
CIOBUIBHEHHS 00EpTaHHS B CEPEAOBHIII 3 OTIOPOM JUHAMIYHO CHMETPUYHOTO TBEPJOTO TiNla,
10 MICTHThH B'I3KONIPYKHUI €JIEMEHT, 32 MIHIMaJIbHHUM Yac.

B [15, 16] nocnimkena 3aga4a KBa3ioNTUMAIBLHOTO 3a IIBHIKOIIEI0 KEPYBaHHS 00EpTaHb
JUHAMIYHO CUMETPUYHOIO TiMAa 3 B A3KONPYKHUM €JIEMEHTOM B CEpPEJOBHILI 3 OMOPOM.
PosrnsiHyTa 3agaya KBa3ioNTUMAIBHOTO 32 IIBHAKOIIEI0 FalbMyBaHHS 00epTaHb AMHAMIYHO
CUMETPUYHOTO TBEPJOr0 TiNa 3 MOPOKHUHOIO, 3allOBHEHOIO B’S3KOK0 PIAMHOI, Ta 3
B’SI3KOTPYKHUM €JIEMEHTOM B CEPEIOBHIII 3 OTIOPOM.

VY crarti [17] moOya0BaHO HAOIMIKEHUH PO3B'SI30K 3a JOMOMOTOI0 METOY YCEPEAHCHHS
cuctemu piBHsAHb Elnepa 3 AogaTkoBuUMH uwieHamMHu 30ypeHHS [UIsl Maibke AMHAMIYHO
chepUyHOTO )KOPCTKOTO TiNa, IO MICTUTH B'SIBKOMPYKHUM eneMeHT. OTpUMaHHO PO3B'SI3KH,
SKI ONHUCYIOTh €BOJIIOLII0 PyXy TBEPAOTO Tila 3 PYXOMOIO Macol0 Ha HECKIHUCHHOMY
IHTepBaJli 4acy 3 aCUMITOTHYHO MaJIOI0 MOXUOKOIO.

B [18] mocnimpkeHo 3aady Mpo pyX B CEPEIOBHIIIL 3 OMOPOM JAUHAMIYHO CHMETPHYHOTO
TBEPJIOTO Tila 3 PYXOMOIO Macoro, sika 3’€JHaHa 3 TUIOM IPY)KHOIO B 53310 3a HAsBHOCTI
B’s13KOTO TepTs. Pe3ynbTaru, siKi npencTaBiieHi B 1 poOOTi Jat0Th MOXJIMBICTh aHaJI3yBaTh
KYTOBI1 PyXH IITYYHHX CYHNYTHHUKIB 1] A1€}0 MAINUX 30ypIOIOYMX MOMEHTIB.

B po6orax [19-23] Oynu 3HaiieHi aHANITHYHI PO3B’SI3KU 33/1a4l PO PyX CUMETPUYHOTO
TBEPAOTO TiNa, ONU3BKOTO 1O AMHAMIYHOTO CHUMETPUYHOTO il JI€I0 MOMEHTY, SKHH €
MOCTIHUM B 3B’sA3aHUX 3 TUIOM ocsax. B [23] mocnmimkyeTbcss pyX BIIHOCHO IIEHTpa Mac
OJMM3BKOTO0 10 JAWHAMIYHO C(HEPUYHOTO TBEPAOrO Tila 3 B’A3KOI0 PIUIMHOIO i €0
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noctiiHoro MomeHTy. B [24] mocmimpkyeTbCsi pyx CHMETPHUYHOIO TipOCTara, 3aliOBHEHOTO
PIAMHOIO BENTUKOT B SI3KOCTI, IMiJ II€0 MOCTIHHOTO MOMECHTY.

PosrnsiHemMO pyX OTUHAMIYHO CHMETPUYHOTO Tijla 3 PyXOMOIO Macolo, sika MPUKpIIieHa
B’SI3KOTIPYKHUM JeMII(PEepoM 10 TOYKH Ha oci cuMmeTpii (B HepepopmoBanomy craui) [1], mix
JI€r0 TTOCTIMHOTO MOMeHTY. HaOmmkeHa cucTema piBHSHBb 30ypeHOTO PyXy B MPOCKITISIX Ha
TOJIOBHI IIEHTpalbHI oci iHepiii Mae Burisiz [1]

Ap+(C—-A)gr=Lagr+Spr*+eM,,
AG+(A-C)pr=—Lpr+Sar*+eM,, (1)
Cr=-AC'Sr*(p’ +q°) +&M,,

ne P, d, r — mpoekiii abCOJIOTHOI KyTOBOI IIBUJIKOCTI ® Ha TOJOBHI IIEHTPalbHI OCI
inepuii, J =diag(A, A,C) — tensop inepuii He30ypenoro Tina, M, (i=12,3) — npoexuii
MOCTIHHOTO MOMEHTY B 3B’SI3aHUX 3 TUIOM ocsX, 0 < & << 1 manuii napamerp.

Koeimieatn L, S xapakTepu3yioTh 30yproiodi MOMEHTH CHIJI, SKi 0OyMOBIIEHI
HasBHICTIO B’S3KONPY)KHOTO €JIEMEHTa, Ta BHPAXKAIOTHCA dYepe3 MapaMeTpu CHCTEMHU

HaCTyrIHI/IM YUHOM:
L=mp® Q?A°C(A’p* + Alg” +C*r?),

2 4~3 -4 (2)
S =mp’AQ*C*(A-C)A™,

e M— Maca pyxoMmoi TOYKH, O — BIICTaHb BiJ] IIEHTpA Mac HeaePOPMOBAHOI CUCTEMU JI0
TOYKH KPITUICHHS, SIKa 3HAXOJUTHCS, 32 MPUIYIIEHHSM, Ha OCl IUHAMIYHOI CUMETPii bOTO
tima. Cram Q2 :C/ M, A =45/m BU3HAYAIOTh YACTOTY KOJMBAHb 1 LIBUJKICTH 1X 3racaHHsI
BIIOBIAHO; C— MKOPCTKICTH (KOE(]ILi€HT MPYKHOCTI), O — Koe(illieHT B’ SI3KOCTI Aemmdepa.

3 LI TA 3AJAYI JOCJIUKEHHS

JInst 3aCTOCYBaHHS aCUMIITOTUYHOIO METOJA IO PO3Bs3Ky cucTeMu (1) 3po6umo neski
MPHITYIICHHS, 11010 Koedinientis Q, A [1]
0O = io= o (3)

HepiBHocTi (3) 103BOJISAIOTH 3HEXTYBATH AUISTHKAMHU BUIBHUX KOJHMBaHb PyXIB MacH, sKi
00OyMOBJICHI TIOYAaTKOBMMH BiJXWJICHHSIMH, BHACIIJIOK iX IIBHUIKOTO 3racaHHs 1 BpaxyBaTH
BHUMYILICH1 KBa3iCTaI[IOHAPH] pyXH, BUKIIUKaH1 00EPTaHHSIM Tila.

3rinio 1o  ymoBu (3) Q2% 20" ¢ wammun rnapaMeTpamu, TaKUMHU IO
O —g, Q% ~¢.

Skmo mpumycruty, mo & =0, Q7 =0, AQ™ =0, 1o cucrema (1) iHTerpyerscs.

B upomy Bumaaky, mpu Iy #0, 3minai P,  3IiCHIOIOTH TapMOHIYHI KOJMBAaHHS,
4acToTa SIKUX |(C — A)r0| 3anexuTh Bix I;. BianosinHo cuctema piBHAHBG (1) € HeniHiiHOIO.

Po3B’s30k cucremu (1) mpu UX TPUITYIIEHHSIX Ma€ BUTIIST

p=acose, gq=asing, r=r, 4)

3actocyemo 4) SIK MIEPETBOPEHHS Io 3MIHHHAX a, r, e
a’=p°+9°a>0, p=r(C—A)A't. Judepenuirorous Ta POGIAIN PSAA MEPETBOPEHD
MaeMo, mo a = PCcos¢ + (sing . IlincraBumo B 11eii Bupa3 P i § 3 mepumux ABOX piBHAHB (1)
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Ta MPOBEACMO YCEPEIHCHHS OJICPKAHOTO PIBHAHHS i a 3a (¢aszoro ¢ [25]. Toai orpumane
PIBHSIHHS [T @ 1 I MaroTh BUIJIS (Kpamka — MoXigHa 3a 4acoM t):

a=SA"r‘a,

: 26342, ol Q)
r=—AC™Sr’a” +sC"M,.

Iicist psjy epeTBOpeHs Ta 3aMinu 3MinEuX X=a°, y=r>>0, r= ﬁ npusenemMo (5)
JI0 HACTYITHOI CHCTEMM:

X=2A"Sxy?,
. -2 2 -1 (6)
y = —2C2SAx Y2 + 2:CM, [y,

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

4  PE3VYJBTATHU JOCJIIXKEHb

B marematnunomy makeri Maple, 3 3actocyBanHsm metona Pynre-Kyrru-dennbepra
I’TOTO TOPSAKY TOYHOCTI, 3HAMICHO YHMCENbHUN PO3B’s130K cucteMu (6) 3a MOYATKOBUX
ymoB X(0)=1, y(0)=1 Tta npu neBHux 3HadeHHsx mapamerpie p =1 m=1 &£=0.1
A=15,C=1 ta M,=-0.135 a6o M, =-0.25, a takox 3HadeHHsx A Ta Q, mo
3a3HaydeH1 B Tabmuii 1.

Taoauna 1

3HaueHHs napamerpis 4 Ta Q

Bumnanok A Q
1 98 10
2 9 3

. . . 2 .

Ha puc. 1-2 300paxkeno rpadiku 3MiHM BeqmuumH X=a’° i Y=TI° KsajpaTiB
€KBATOPIaJIbHOI Ta OChOBOi KOMIIOHEHT KYTOBOI IIBHJIKOCTI TBEPAOIrO Tila MpPHU BKa3aHUX
napameTpax.

»it)

0754

0504

0254

Puc. 1. I'padiku 3minHOT Y B BuUmaakax | (— ) Ta2 (——-) mpu

3Ha4eHHsX MoMeHta M, =-0.135(—)1a M, =-0.25(—)

Jlemenxo [. ., Kozauenko T. O.
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1.14
x(1) e —

112 -

1.104 /

1.0%

1.06 - //
1.04- j‘
1.02- /

N ———

1] 20 40 t

— ——— —

Puc. 2. I'padiku 3minHOi Y B Bunangkax 1 (——)ta2 ( ) mpu
3Ha4eHHsAX MoMeHTa M, =-0.135(—)1a M, =-0.25(—)

5 OBI'OBOPEHHS PE3YJIBTATIB JOCJILIKEHHSA

. . . 2
3rigHo 70 puc. | 0cbOBa KOMIOHEHTA KYTOBOI MIBHAKOCTI Y =" cragae aCHMOTOTUYHO
HaOIMKAIOYKCh JI0 HYJISA. XapakTep CHaJaHHs 3aJeKUTh Bl BETUYMHU MMOCTIHHOTO MOMEHTA
M,, a takox Bix BeqmumH Q Ta A, MO XapaKTepPU3yIOTh YaCTOTY Ta 4Yac 3aTyXaHHS

BimbHUX KomBaHb. [Ipu M, =—0.135 nparuenust y 10 Hy:st BigOyBa€eThCsl MOBUIBHIIIE HIK

npu M, =—0.25. [Ipu 3Hauennsx Q Ta A y nepmomy BUNAAKy 4ac, 3a AKuii cmagae Y = I’
30UTBITYETHCSI B TOPIBHAHHI 3 BUNAAKoM 2. ToOTO 30UIBIICHHS BEJIWYMHU TOCTIMHOTO
momenty M, Ta npu cniBBigHomenHi A/ Q% ~1 npomikok dwacy, 3a SKHH OChOBa
KOMIIOHEHTA KyTOBOT IIBUKOCTI MparHe JI0 HyJsl, 3SMEHIITYEThCS.

SIk GauumMo 3 puc. 2 eKBaTopialbHa CKJIaAoBa KyTOBOi HIBHAKOCTI X =a’ 3pocrae.
3poctaHHs X BiAOYBa€ThCsl MOBUIBHO Ta uepe3 JESIKUN MPOMDKOK 4acy 30BCIM BiJICYTHE,
T00TO X mparHe a0 rpanuynux 3Hadens: X —1.01; 1.02; 1.09; 1.13. Ha xapakrep 3miHHOI

.. 2 2
x=a’ wmae BmmB cmiBBigHomeHHs BemmunH A/ Q°. IIpu A/Q° <1 3pocrtanns
€KBaTOPiaIbHOT CKJIAZOBOI JOCTATHHO MaJe.

6 BUCHOBKHU

B poOoti mpenacraBneHO HOBI SIKICHI Ta KUIBKICHI PE3YyJNbTaTH AOCHIIDKEHHS pPyXy
JUHAMIYHO CUMETPUYHOTO TBEPAOTO Tia 3 PyXOMOIO Macoro, 3’€HAHOIO 3 TUIOM IPYKHOIO
B'A3310 MiJ J1€I0 MOCTIHHOTO MOMeHTy. OnepaHO CUCTeMY PIBHSAHB Yy CTaHIAPTHIA (GopMi.
Jlo HeniHIIHOT cucTeMU PIBHAHB PYXY 3aCTOCOBAHO METOJ] ycepeaHeHHs. OTpuMaHy cucteMy
Oy/0 MpoaHaIi30BaHO Ta 3HAMIEHO YHCENbHUH pO3B’A30K MpH MEBHUX IapaMeTpax.
OpnepxaHi pe3ynbTaTH JaldM 3MOTY OLIHMTH JIUHAMIYHI €(peKTH, CIPUYMHEH] HasBHICTIO
PyXoMOi MacH Ta MOCTIHHUM MOMeHTOM. HOBi pe3ynbTaTH poO3rIIaloThCs K y3aralbHEHHS
pe3yibTaTiB, OTPUMAHHUX B TMOMEpeNHiX poOoTax aBTOpPiB. BaXkiIMBICTH OTPpUMaHMUX
pe3yibTaTiB 3yMOBJIEHA iX MOXJIMBUM 3aCTOCYBaHHSAM TMpH aHaji3l pyxy MITYYHUX
CYNYTHHUKIB, KOCMIYHMX KOpaOIiB, IPU KEPyBaHHI PyXOMUMH MacaMu, B TiPOCKOIIi.
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CALCULATION OF A CULVER PIPE BY THE NUMERICAL-
ANALYTICAL BOUNDARY ELEMENTS METHOD

Yu. Krutii’, V. Osadchiy!, V. Surianinov!
‘Odesa State Academy of Civil Engineering and Architecture

Abstract: The methodology for applying the numerical-analytical boundary elements method to
the calculation of reinforced concrete and fiber-reinforced concrete culverts is considered. The force
state of the pipe as part of the road embankment from the action of the soil mass and moving vehicle
load is determined by an alternating diagram of bending moments with a maximum positive moment
in the ridge and trough sections and a maximum negative moment in the side sections, which
necessitates the need for double rod reinforcement. Such reinforcement has low efficiency. It is
difficult to ensure the design thickness of the protective layer of concrete, the displacement of the ring
reinforcement in the direction of reducing the protective layer reduces the operational reliability of the
structure in terms of durability, and with an increase in the thickness of the protective layer, the
bearing capacity of the section decreases. One of the effective solutions to this problem is the use of
dispersed steel fiber reinforcement, which allows you to avoid the use of double rod reinforcement. In
addition, steel-fiber concrete improves the characteristics of concrete, and also allows you to change
the nature of the destruction process. Unlike conventional concrete, in which this process occurs
almost instantly, brittle destruction does not occur in fiber concrete, and the structure continues to
resist the load, and the nature of the destruction changes from brittle to ductile. Literature analysis
shows that in Ukraine, the emphasis in the study of culverts is on corrugated and plastic pipes, and
very little attention is paid to reinforced concrete and fiber concrete pipes. In the work, the culvert is
considered as a circular cylindrical shell. As a result of the implementation of the algorithm in
SCILAB, the values of deflections, angles of rotation, bending moments, transverse forces and stresses
were calculated. In order to verify the obtained results, computer modeling of the pipe and finite
element analysis of its stress-strain state in the ANSYS program were performed. A comparison of the
stressed and displaced values obtained by the two methods shows that the maximum difference
between the values of the stressed values is 0.65%, and the displaced values are 0.51%, which
indicates the effectiveness of the proposed calculation method.

Keywords: culvert, fiber-reinforced concrete, cylindrical shell, boundary element method,
SCILAB, ANSYS.

PO3PAXYHOK BOJOMNPOIIYCKHOI TPYBU YUCEJIBHO-
AHAJITUYHUM METOAOM IN'PAHUYHUX EJIEMEHTIB

KpyTiit ¥0. C.!, Ocagunii B. C.!, Cyp’aninos B. M.!
l0decvra depaxcasna avademia 6yoisHuymea ma apximexmypu

AHoTanisi: Po3risgaeTbess METOAMKA 3aCTOCYBAaHHS YHCEITBbHO-aHAITHYHOTO METOY TPAHUIHHX
€JIEMEHTIB 0 PO3paxyHKy 3aj1i300eTOHHUX Ta (hiOPOOETOHHMX BOIONPOIYCKHUX TpyO. CuiioBUl cTaH
TpyOM y CKJIali HACHIY JOPOTH Bim Iii Macw IPYyHTY i pyXOMOTro aBTOMOOUTFHOTO HaBaHTAXKEHHS
BU3HAYAETHCS 3HAKO3MIHHOIO eMIOPOI0 3THHAIBHUX MOMEHTIB 3 MAaKCUMaJbHUM TO3UTUBHAM
MOMEHTOM B KOHBKOBOMY 1 JIOTKOBOMY TIepepi3ax 1 MaKCHMaJlbHUM HEraTHUBHUM MOMEHTOM B OIUHHX
repepizax, mo oOyMOBIIO€ HEOOXIAHICTE IMOABIHHOTO CTPMYKHEBOTO apMyBaHHS. Take apMyBaHHS Ma€e
HU3BbKY e(peKTHBHICTh. Bakko 3a0e3neynTy MpOeKTHY TOBILMHY 3aXHCHOTO IIapy OETOHY, 3MIlICHHS
KUIbLIEBOT apMaTypu B OiK 3MEHILIEHHS 3aXMCHOTO MIapy 3HUXKYE eKCIUIyaTalidHy HaIiiHICTb
KOHCTPYKIIil IO JOBrOBIYHOCTI, a i3 30UIBIICHHSAM TOBIIMHH 3aXWCHOTO IIAPy 3HIKYETHCS Hecyda
30aTHICTH mepepizy. OmHUM 3 eeKTUBHHX pillleHb I1i€i mpoOjieMH € 3aCTOCYBaHHS JAUCIIEPCHOTO
apMyBaHHS cTajieBol0 (hiOporo, sike J03BOJSIE YHUKHYTH BUKOPHCTaHHS IOABIHHOIO CTPHXKHEBOI'O
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apmyBanHs. Kpim Toro, cranediOpoOeTOH TOKpallye XapaKTEPUCTHKH OETOHY, a TaKOX JIO3BOJISE
3MIHUTH XapakTep mpoiecy pyiHyBaHHs. Ha BigmiHy Bix 3BH4aiiHOro OeTOHY, B SIKOMY Iied mpoiec
BiOyBa€THCSI MPAKTUYHO MOMEHTAJbHO, Y (iOpoOeroHi He BinOyBaeTbcs KPHXKOrO pyWHYBaHHS, i
KOHCTPYKIIisl MPOAOBXKYE UYHHUTH OIMip HABAaHTAXECHHIO, a XapaKTep pPYWHYBAaHHS 3MIHIOETHCS 3
KPUXKOTO Ha B'I3KMHA. AHami3 JiTepaTypu MOKa3ye, MO B YKpaiHi akKUeHT Yy IOCHiJKEHHIX
BOJIONPOITYCKHUX TpyO poOUTHCS Ha To)pOBaHUX 1 IJIACTMACOBHX TPyOax, a 3ali300€TOHHUM i
¢ibpobeToHHUM TpyOaM TpPUIIISETBCS Oy)Ke Majo yBard. B poGoTi BomompomyckHa Tpyba
PO3IIIAAEThCS, SIK KPyroBa HWTIHAPUYHA 00oNoHKa. B pesymbraTi peanizanii anroputmy y SCILAB
oOuucrieHi 3Ha4YeHHS NPOTHHIB, KYTiB MOBOPOTY, 3THHAJIBFHMX MOMEHTIB, IOMEPEYHUX CHI 1
HampyXeHb. 3 MeTo Bepudikallii ofepKaHUX pe3yJbTaTiB BUKOHAHO KOMII'FOTEPHE MOJICIIOBAHHS
TpyOM Ta CKIHUCHHO-CJIEMEHTHHI aHaji3 ii HampyXeHo-7Ie(OopMOBaHOro crany y mporpami ANSYS.
[NopiBHSIHHA HampyXeHb 1 MmepeMilieHb, OTPUMAHUX JBOMa METOJAaMH, IMOKa3ye, M0 MaKCHMallbHa
PO30ODKHICTh BETMYMH HAIpyXeHb craHoBUTh 0,65%, a mepemimenr — 0,51%, mo cBim4uTH Tpo
e eKTUBHICTH 3aIIPONOHOBAHOTO METOJIY PO3PAXYHKY.

KmrouoBi caoBa: BomomnpomyckHa TpyOa, (iOpoOeToH, IIiHAPUYHA OOOJIOHKA, METO]
rpannyaux enementis, SCILAB, ANSYS.
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1 INTRODUCTION

Among many structures of circular cross-section, reinforced concrete culverts occupy a
significant place. The force state of the pipe as part of the road embankment from the action
of the soil mass and moving vehicle load is determined by an alternating diagram of bending
moments with a maximum positive moment in the ridge and trough sections and a maximum
negative moment in the side sections, which necessitates the need for double rod
reinforcement.

The low efficiency of such reinforcement is due to the fact that in this case the relative
working height of the section is small due to the need to ensure the requirements for the
thickness of the protective layer of concrete for the working reinforcement. In this case, it is
difficult to ensure the design thickness of the protective layer of concrete, the displacement of
the circular reinforcement in the direction of reducing the protective layer reduces the
operational reliability of the structure in terms of durability, and with an increase in the
thickness of the protective layer, the bearing capacity of the section decreases. One of the
effective solutions to this problem is the use of dispersed steel fiber reinforcement, which
allows you to avoid the use of double rod reinforcement. In addition, steel fiber concrete
allows you to improve such characteristics of concrete as crack resistance, frost resistance,
tensile strength, bending, torsion, etc., and also allows you to change the nature of the
destruction process. Unlike conventional concrete, in which this process occurs almost
instantly, brittle destruction does not occur in fiber concrete, and the structure continues to
resist the load, and the nature of the destruction changes from brittle to ductile.

2 ANALYSIS OF LITERATURY DATA AND RESOLVING THE PROBLEM

Literature analysis shows that in Ukraine, the emphasis in the study of culverts is on
corrugated and plastic pipes, and very little attention is paid to reinforced concrete and fiber
concrete pipes. We note the works [1-3]. The monograph [4] is very informative and useful in
terms of the study of fiber concrete pipes. In work [1], the stress-strain state of fiber concrete
water and sewer pipes manufactured by the dry vibropressing method was considered.
Laboratory tests of fiber concrete samples for compression, bending, crack resistance, tension
and heating were carried out at the test site. The optimal amount of fiber in concrete and the
necessary calculated mechanical characteristics of fiber concrete were determined. The
authors of the article [2] provide interesting statistics: as of the beginning of 2019, there were
about 130 thousand pieces of culverts on public roads in Ukraine, more than 80% of which
are reinforced concrete pipes.

It is known that the low tensile strength and brittleness of concrete [5-7] reduce its
structural efficiency. These disadvantages can be significantly compensated by dispersed
reinforcement of concrete [8, 9]. The resulting fiber-reinforced concrete is advantageously
different from traditional concrete, having several times higher tensile and shear strength,
impact strength, crack resistance, abrasion, frost resistance, water resistance, cavitation
resistance, fatigue strength, heat resistance, fire resistance, fracture toughness. Studies have
shown that the most indicative characteristics of fiber-reinforced concrete are strength,
toughness and fracture work in axial tension and bending. According to the latter indicator,
fiber-reinforced concrete can exceed standard concrete by 15-20 times [7-9].

From the point of view of structural mechanics, a culvert, regardless of the material used,
is a long cylindrical shell. Several methods have been recommended for analyzing the
operation of cylindrical shells. Simplified equations derived by Shorer [10] can be used. A
more complete system of equations, which, however, requires a lot of computational work,
was formulated by Jenkins [11]. The main analytical methods for their calculation were
developed in the last century. These are the moment-free and moment theories of shells, and
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the semi-moment theory [12]. The issues of strength and crack resistance of reinforced
concrete cylindrical shells have long attracted the attention of scientists [13]. This interest
does not wane even now. We note the works [14-17].

The analysis of the literature shows that very little attention is paid to the development of
new methods for calculating reinforced concrete and steel-fiber concrete cylindrical shells, so
this direction is relevant.

3 PURPOSE AND TASKS OF THE STADY

The purpose of the work is the application of the numerical-analytical boundary elements
method to the calculation of reinforced concrete and fiber-reinforced concrete culverts.

To achieve the set purpose, it is necessary to apply the numerical-analytical boundary
elements method to the calculation of a culvert, which is considered as a circular cylindrical
shell, to perform a numerical analysis of the pipe using the finite element method and to
conduct a comparative analysis of the results obtained by the two methods.

4 MATERIALS AND METHODS OF RESEARCH

Reinforced concrete and fiber concrete cylindrical shells are considered. Computer
modeling methods, methods of higher mathematics, numerical-analytical boundary element
method, finite element method are used.

5 RESEARCH RESULTS

Consider a culvert (Fig. 1), which from the point of view of structural mechanics is a
closed circular cylindrical shell of constant thickness. We will assume that the shell is rigidly
clamped at the ends, rests on two intermediate supports and is under the action of uniform
external pressure. The beam model of such a shell is presented in Fig. 2.

Fig. 1. Culvert
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Fig. 2. Closed circular cylindrical shell loaded with uniformly distributed pressure
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A detailed description of the numerical-analytical boundary element method and
examples of its implementation can be found in [18].

The algorithm for calculating a cylindrical shell is as follows:

e we break the shell (replacing its beam) into several modules. In this case, since it is
assumed that the pipe rests on two intermediate supports, there will be three such modules;

e we form matrices of initial and final parameters and the load vector, taking into
account the boundary conditions, equilibrium equations and compatibility equations of the
displacements of nodes 1 and 2.

Each module as a one-dimensional physical body has only two boundary points — x=0

and x=1. If the coordinate X of each rod is given the boundary value I, then a sufficiently
simple transformation can be performed according to the scheme
Y (1) = A()X(0) +B(1) = A1) X (0) - Y (1) =-B(1) > A(1)X.(0,1) =—B(1), (1)

where the finite boundary parameters of the matrix Y are transferred to the place of the
zero parameters of the vector X . In this case, these vectors are supplemented with equations
of equilibrium and commonality of displacements of nodal points and boundary conditions.
At the end of the transformation scheme (1) we have a system of linear equations for the
initial and final parameters of all modules of the structure. After calculating the initial
parameters of the modules, their stress-strain state is determined by the matrix equation

Y (x) = A(X) X (0) + B(x). ()

Thus, the solution of direct problems of structural mechanics of rod systems in the NA
BEM is reduced to the solution of one system of linear algebraic equations and the calculation
of the stress-strain state at the internal points of the rods according to the ratio of the initial
parameter method. Such a solution scheme ensures obtaining very accurate results.

The main operation in scheme (1) is the transfer of parameters from Y to X . The
process of transferring the final parameters of a vector Y to a vector X is based on the
following provisions. Vectors of any rod (and non-rod) structure at the limit value of the
coordinate x =/ will contain 3 groups of parameters. The first group is the zero boundary
parameters, determined by the given support conditions (boundary conditions). The second
group is the dependent parameters, related to each other by the equations of equilibrium and
the commonality of displacements of the structural nodes. The third group of boundary
parameters is not related to each other. These parameters can be conditionally called
independent. Transferring parameters from vector Y to vector X must be compensated by
non-zero elements of the matrix A, otherwise the original equation of the scheme (1) is
violated.

It is obvious that the independent parameters of the vector Y must be transferred to the
place of the zero parameters of the vector X , and the dependent parameters are transferred
according to the equations of their connection.

Before the parameter transfer operation, it is necessary to free the matrix A fields from
elements associated with zero parameters of the vector X , i.e., to zero the columns of the
matrix A, the numbers of which are equal to the numbers of zero rows of the vector X . Next,
non-zero compensating elements are introduced into the matrix A and the transformations
according to scheme (1) are completed, since only the signs of the elements change in the

matrix B [18].
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We write the equation of the boundary value problem in the form

AX,.=B, (3)

QOil (Il) Bfl_l (Il)
Q™ () B, (1)

MO (B
QIO (B
ME)| (BE()
5 _|P90). 5 _[BE(L)|
M (B (L)

Q?(0) By’ (1,)
Q273 (IS) B121_3(|3)
D¢*%(0) By (15)
M*2(0) Bs:°(I,)
Q"%(0) Bi (1)

The matrix A of fundamental functions in (1) after the above transformations has the
form

0O 0 -A, A, O 0O 0 O 0O 0 O
0O 0 -A, A, 0O -1 0 0 0O 0 0
O 0 A, A, 0 0 -1 0 00 0 O
10 A, A, O O 0 0O 0O 0 O
o0 0 0 0 A, -A,b -A, 0O 0 0 0
|00 0 0 0 A A A 0 -1 0 0
o0 0 0 0-A, A, A, 0 0 -1 0
o -1 0 0 0-A, A, A, 0 0 0 0
00 0 0 0 0 0 0 0A, -A, -A,
o0 0 0 0 0 0O 0 0O 0 O
o0 0 0 0 0 0 0 0O 0 O
o0 0 O 0 0 0 0 0O 0 O

Analytical expressions of fundamental functions (components of this matrix) are
obtained in [18] for all possible roots of the characteristic equation corresponding to the
differential equation of the problem.

Solving system (3), we obtain the kinematic and static parameters of the stress-strain
state of the shell.

6 DISCUSSION OF RESEARCH FINDINGS

In accordance with the given algorithm, the calculation of the fiber concrete culvert
under the action of uniform external pressure was performed (Fig. 3).
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As a result of the implementation of the algorithm in SCILAB [19], the values of
deflections, angles of rotation, bending moments, transverse forces and stresses were
calculated.

Numerical values of deflections and tension, calculated with a step of 1 m at the points of
the upper forming shell, are given in the table. 1.

The finite-element model of the pipe is built in the ANSY'S program [20].

Here, as in SCILAB, the values of deflections, angles of rotation, bending moments,
transverse forces and stresses are calculated (Table 1). The tension and displacement diagrams
are shown in fig. 4.
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NODAL SOLUTION
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Fig. 4. Stresses (a) and displacements (b) in the water culvert
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Table 1
Stresses and displacements in the fiber concrete water culvert
Coordinate along the MI'3, SCI.LAB MKS, ANSYS
. Stresses, Displacement, Stresses, Displacement,
axis, m
MPa mm MPa mm
1 20,871 0,7133 20,796 0,7132
2 20,644 0,6803 20,796 0,6830
3 32,743 0,0164 32,530 0,0162
4 20,643 0,7103 20,796 0,7139
5 20,675 0,7137 20,792 0,7130
6 20,912 0,7139 20,796 0,7130
7 32,743 0,0164 32,530 0,0162
8 20,716 0,7131 20,796 0,7140
9 20,715 0,7101 20,792 0,7130
10 20,715 0,7108 20,792 0,7130
11 20,779 0,7135 20,796 0,7139

7 CONCLUSIONS

Thus, the method of applying the numerical analytical method of boundary elements to
the calculation of reinforced concrete and fiber concrete culverts is proposed. In accordance
with the given algorithm, the calculation of the culvert for the action of external pressure was
performed. As a result of the implementation of the algorithm in SCILAB, the values of
deflections, angles of rotation, bending moments, transverse forces and stresses were
calculated. In order to verify the obtained results, computer modeling of the pipe and finite-
element analysis of its stress-strain state were performed in the ANSYS program. A
comparison of the stressed and displaced values obtained by the two methods shows that the
maximum discrepancy between the stressed and displaced values is 0.65%, and the displaced
value is 0.51%, which indicates the effectiveness of the proposed calculation method.
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AOCTUKEHHS EOFEKTUBHOCTI CUCTEMH OITOBIIIEHHA
TA EBAKYAIIIT JITEH 3 MOPYWIEHHSIM CJIYXY Y
3AKVIAZIAX OCBITH

Illosokos E. E.!, Maiioopoaa P. 1.}, Pamkesuu H. B.2, Orpom 0. A.},
Baanyk I1. T2

YHayionanvhuii ynieepcumem yusinbnozo saxucmy Yxpainu
2Yepracvkuii 0epacasnuti mexHon02iuHuLl YHieepcumem
300ecvra Oepacasna axademis 6ydienuymea ma apximexmypu

AHoTAalig: Y CTaTTi JOCHIHKEHO ePEeKTUBHICTh CY4aCHOI CHCTEMH OIOBIIICHHS Ta YIPaBJIIHHS
eBaKyalli€lo JiTeil 3 OCOONMBUMH OCBITHIMHU MOTpPeOaMH (3 IOPYIIEHHSIM CIIyXY) Y BUMAJAKY TOXKEXK Y
HaBUYaJIBHUX 3aKiajgax. JIOCHIDKeHHS CHPsSMOBAaHE Ha BJOCKOHAJICHHs ICHYIOUMX MIiAXOJIB JI0
IHKJTFO3MBHOIO HaBUaHHS Ta 3a0e3reueHHs Oe3Neky aiTell y Haa3BUYaliHUX CUTYyaIlisX.

Y Xomi AOCHIKeHHs OyjiM BHpIIIEHI HayKOBI 3aBIaHHs: MPOBEICHO aHAJI3 Cy4aCHUX CHUCTEM
OTOBINIEHHS Ta YIPaBIIHHS €BaKyalliclo B YKpaiHi; OOIpyHTOBAaHO MaTeMaTHYHy MOJIENb JIJISl OLIHKA
eeKTUBHOCTI TaKWX CHCTEM; 3JIHCHEHO MOJCIIOBAaHHS 4Yacy eBakyallil JiTell 3a JonoMororo
nporpaMHoro komruiekcy Pathfinder y peanbHuX yMOBax HaBYaIbHOTO 3aKIaTy.

Amnaniz HopMaTuBHOI 0a3u, YMHHOI Ha TEPUTOpii YKpalHH, 3aCBIIYMB, IIO ICHYIOUI TEXHIUHI
3aco0M OIMOBINIEHHS Ta YIPABJIiHHS €BaKyalli€l0 OpPIEHTOBaHI MEpEeBaKHO Ha Y4YHIB 0e3 0COONMBUX
OCBITHIX 1OTpeO. SIK HACIIOK, BOHU HE MOKYTh IIOBHOK MIPOIO BUKOHATH CBOIO (DYHKIIIFO JUIs ITEH
3 TIOPYIICHHSAM CITyXY, ITI0 CTBOPIOE 3arpo3y iXHIil Oe3melli y pa3i BHHUKHEHHS MTOXKEXKI.

MaremMaTHyHa MOJENb OMIHKM €(EeKTHBHOCTI CHCTEMH OIOBIIIEHHS IIOBHHHA BPaXOBYBATH
OCHOBHI TIPUHITAIIA OE3MEYHOI eBaKyallii: 3aBEpIICHHs €BaKyallii 0 HaCTaHHsS KPUTHYHUX 3HAUYCHBb
HEOE3MeUYHUX YMHHUKIB TOXKEXKI; MOMIHMBICTH OE3IMEPEIIKOTHOTO PYXY €BaKyalliiHUMH IIIITXaMU;
YIPaBIiHHSA PYyXOM JITEH 3 OCOOIMBUMH OCBITHIMHU IOTpeOaMH 3a TOTIOMOTOI0 3BYKOBHX, CBITIIOBHUX
Ta MOBIICHHEBHX 3aCO0IB OMOBIIIEHHS; KOPUTYBAaHHS IapaMeTpiB dHacy eBakyallil 3 ypaxyBaHHIM
MTOBEIIHKOBUX OCOOTMBOCTEH y CTPECOBHX yMOBaX.

Po3paxyHkoBa wacTWHa JOCHIIPKEHHS BHKOHaHa y mporpamHoMmy Komruiekci Pathfinder ma
MPUKJIAl JOIIKIIPHOTO HABYAJIBHOIO 3aKJIady AJs AITeH 3 MOpYyLIeHHAM ClyXy. byno po3riasHyTo asa
creHapii eBakyarlii: 0e3 yJOCKOHaJIeHOI CHCTEMH OIOBIIIIEHHS Ta 3 ii BIOPOBa/KEHHSIM. Pe3yiapTatn
MOJCTIOBAHHS MIATBEPAMIN €(PEKTUBHICTb CHCTEMH OMOBIIIEHHS, [O CKJIagy SKOi BXOISTb:
mporpaMHe 3a0e3rmedeHHs Ui BHUBeNEHHS iH(GopMmarii Ta oOprafizamii MOXEXKHOro IIyJIbTa
MOHITOPHHTY; HOXXEKHUN MPUHMaIBbHO-KOHTPOIBHUN NpriIaj; OJ0K HEHTPaJbHOrO KOHTpOIEpa; OJIOK
JKUBJICHHS; OJIOK TIICHIIIOBa4Ya TOTYXKHOCTI; OJIOK KOMYyTalii; aKyCTHYHI CHCTEMH;. BiOpariiiHi
CHCTEMH; CIIOBINIYBadi CBITJIO-3BYKOBi Ta CBITJIOBi; CBITJIOBI NMOKaXYWKH y BUTTISAI MEPEXTIMBUX
CBITJIOBUX JTOPKOK; TOXKEXHI CHOBIIlyBadi; PYYHI IMOXKEXHI CIIOBIN[yBadi; MPHUCTPii Oe3rmpoBiqHOrO
3’€IHaHHS; IHIWBIMyalbHI CIIOBIIIYBayl y BUTIISAI BiOpamidHuX Opacineris; nuteid 3’ennannd. [lanna
cHCTeMa J03BOJISIE CYTTEBO CKOPOTHUTH 4ac €BaKyallil 3aBISKH 3MEHIICHHIO 3aTPHUMOK, I10B’S3aHUX 3
MPOOY/DKEHHSIM BHUXOBATENsIMH JTeH, sKi mepe0yBalu y CTaHi CHY, a TaKOX BHKIIIOYAE BIUIHB
JIOACBKOTO (hakTopa.

KurouoBi ciioBa: moxexa, CHCTEMH OIOBIIEHHs, eBakyairist, Pathfinder.

[omoxos E. E., Maitbopona P. 1., Pamkeruu H. B., Otpomr 1O. A., bamayk I1. T'.
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RESEARCH EFFECTIVENESS OF THE MODERN SYSTEM OF
NOTIFICATION AND EVACUATION OF CHILDREN WITH
HEARING IMPAIRMENTS IN EDUCATIONAL INSTITUTIONS

E. Shcholokov!, R. Maiboroda®, N. Rashkevich?, Yu. Otrosh?, P. Balduk®
!National University of Civil Defence of Ukraine

2Cherkasy State Technological University

30dessa State Academy of Civil Engineering and Architecture

Abstract: The article investigates the effectiveness of a modern system for alerting and
managing the evacuation of children with special educational needs (with hearing impairment) in the
event of fires in educational institutions. The study is aimed at improving existing approaches to
inclusive education and ensuring the safety of children in emergency situations.

The study analyzed modern alerting and evacuation management systems in Ukraine. The
authors substantiated a mathematical model for assessing the effectiveness of such systems. The
authors simulated the evacuation time of children using the Pathfinder software package in real
conditions of an educational institution.

The researchers found that existing technical means of alerting and managing evacuation are
focused mainly on students without special educational needs. As a result, they cannot fully fulfill
their function for children with hearing impairment, which poses a threat to their safety in the event of
a fire.

The mathematical model for assessing the effectiveness of the alerting system should take into
account the basic principles of safe evacuation: completing the evacuation before the critical values of
dangerous fire factors are reached; the possibility of unhindered movement along evacuation routes;
movement control of children with special educational needs using sound, light and speech means of
notification; adjustment of evacuation time parameters taking into account behavioral characteristics in
stressful conditions.

The calculated part of the study was performed in the Pathfinder software package on the basis of
a preschool educational institution for children with hearing impairments. Two evacuation scenarios
were considered: without an improved notification system and with its implementation. The modeling
results confirmed the effectiveness of the notification system, which includes: software for displaying
information and organizing a fire monitoring console; fire receiving and control device; central
controller unit; power supply unit; power amplifier unit; switching unit; acoustic systems; vibration
systems; light-sound and light detectors; light indicators in the form of flickering light paths; fire
detectors; manual fire detectors; wireless connection device; individual detectors in the form of
vibrating bracelets; connection loop. This system allows you to significantly reduce evacuation time
by reducing delays associated with waking up sleeping children by caregivers, and also eliminates the
influence of the human factor.

Keywords: fire, warning systems, evacuation, Pathfinder.

[omoxos E. E., Maitbopona P. 1., Pamkeruu H. B., Otpomr 1O. A., bamayk I1. T'.
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1 BCTYI

[lix yac HaA3BUYAWHUX CUTYyaIlll Ta MOXKEX, MOTPIOHA YiTKAa Ta IMIBHJKA OpraHizaiis
eBaKyallii BCiX y4acHUKIB ocBiTHbOTrO miporiecy [1]. [IpoTe cTanmapTHi cUCTEMHU OTOBIIICHHS
(CO) wacto € HeAOCTaTHHO €(PEKTHBHUMHU Ui JIITEH 3 MOPYUICHHAM CIyXy, IO MOXeE
OPU3BOJUTH JIO 3aTPUMOK Y pearyBaHHI Ha BHHHKHEHHA 3arpo3. lle mimkpeciioe
aKTYaJbHICTh TPOBEICHHS NOCTIIPKEHHS €(pEeKTHBHOCTI CHCTEM OIOBINICHHS Ta €BaKyaiil
JiTell 3 METOI0 TMiIBUIICHHIO pIBHA O€3MeKH Yy 3aKiajax OCBITH Ta 3a0e3MeueHHS
PIBHOIIPABHOTO JIOCTYITY JIO 3aXHCTY.

HenmoTpumaHHsT OCHOBHUX TMpaBWJI TOKEXKHOT OE3MEKH, BIICYTHICTh e(QEKTHUBHUX
MPOTUIIOKEKHUX CHCTEM 1 BUKOPHCTAHHS 3acTapummx OymiBens Oe3 MoJepHizamii craim
KIIIOYOBUMH TPHYMHAMH, 1110 TTPHU3BENH /10 Tpareaii B Oxpecbkomy Kosemki (puc. 1).

Puc. 1. [Toxxexxa B O1eCbKOMY KOJIEIKI €eKOHOMIKH, IPaBa Ta TOTeNIbHO-PECTOPAHHOr0 Oi3HeCy
(M. Opneca, Ykpaina).

3okpema, 27 6epesnst 2019 poky ctanacs moxkexa B OyAiBIl JONIKUIBHOTO HAaBYAJILHOTO
3akiany B micti Kpusuit Pir (puc. 2). Boronb BUHUK y MPUMIIIEHHI MY3UYHOTO KaOlHETY,
PO3TAIIOBAHOTO HAa JPYroMy IMOBepCi JBOMOBEPXOBOi OymiBii. s raciHHS moxexi Oyio
3anmyyeHo 15 psrtyBambHukiB. [o mpubyrra nigposautie JJCHC coiBpoOITHUKH AUTAYOTO
canka eBakyroBaiu 115 ocib, 3 skux 87 Oynu nitu. [IpuunHOIO 3aropsiHHSI CTalno KOPOTKE
3aMHUKaHHS eIEKTPUYHOT MEPEXKi.

Puc. 2. IToxxexa B OyaiBiIi JOIIKITHHOTO HaBYaIbHOTO 3aKiany (M. Kpuswuii Pir, Ykpaina)

[omoxos E. E., Maitbopona P. 1., Pamkeruu H. B., Otpomr 1O. A., bamayk I1. T'.
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[loni6uuii Bumamox TtpamuBcs B HiY Ha 30 xoBtHa 2021 poui y wmicti Teriis,
BbinonepkiBchkoro paiiony, KuiBcbkoi 00nacTi, e TMoKexa BHHUKIA B XOJi HABYAIBHOTO
knacy (puc. 3). BHacmigok mporo Oy/no MOIIKOKEHE OOJHIIOBAaHHS CTIH Ta MalHO B
npuierioMy kiaci. OCHOBHOIO TNPHYMHOKO 3aiiMaHHS CTajlo TMOPYLICHHS BCTAHOBJIEHUX
3aKOHOJIABCTBOM BHMOT ITOKEKHOT OE3MEeKH.

Puc. 3. Hacniaku moxkexi B mkom (M. TetiiB, Ykpaina)

[lle omna moxexa crtamacs 9 mortoro 2021 pormi B MPUMIIIEHHI 3aKiIaay JOIMIKUTHHOT
ocBiTH B ceni XapuToHiBka, JXutomupcekoi oOmacti (puc. 4). Hursuuii camox OyB
pO3TalIOBAaHUN TiJ OJHIEIO TOKPIBJICIO 13 3aKiIafoM cepeaHboi ocBith. Ilicias BUsBICHHSA
3aiimaHHs Oyno eBakyioBaHo 30 miteit Ta 18 oci6 mepconary. Ocepenok MoKex i 3HAXO0TUBCS
y CnajbHOMY MPHUMIIICHH], BHACTIAOK YOro OYy/0 3HUIIEHO MAaiiHO B KIMHATI Ta TOIIIKOKEHO
BHYTPIIIHE 03/100JIeHHSI CTiH. [[pUYMHOIO TTOKEXK] CTANO KOPOTKE 3aMHKAHHS €JIEKTPOMEPEIKI.

OMLAIMOTIHS.WWW ri 3

Puc. 4. TToxxexxa B OyaiBIIi AOMIKITFHOTO HABYAIBHOTO 3aKiIany (c. XapuUTOHIBKa, YKpaiHa)

Taxox, B Hiu Ha 1 mororo 2023 poky B ceni CabaTuHiBKa, ['0J0BaHIBCHKOrO paiioHy,
KipoBorpascekoi 061acTi, BUHHKIIA IOXKEXKa B AUTAIOMY caliky (puc. 5). Ocepenok 3aiiManHs
3HaXOJMBCS Ha TOPHUIL OyiBIi, IO MPU3BEIIO JI0 3HAYHUX PYHHYBaHb: OyJI0 MOIIKOPKEHO Ta
3pyHHOBAHO MOKPIBIIO Ta MepeKpuTTs OyaiBmi Ha rwiomi 600 M2 IlpuynHOIO MOXEXkKi cTano
MOPYIISHHS IPAaBUJI eKCIUTyaTallii meyeil Ta AuMapis.

[omoxos E. E., Maitbopona P. 1., Pamkeruu H. B., Otpomr 1O. A., bamayk I1. T'.
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Puc. 5. [Toxexa B qutsiaomy cajky (c. CabatuHiBKa, YKpaiHa)

Bunmanky moxex y 3akiazax OCBITH CBLAYaTh MPO HEOOXIAHICTH YIOCKOHAJIEHHS
MPOTUIIOKEKHUX CHCTEM, PO3pOOKHM €e(PEKTUBHUX 3aXOJliB €Bakyallii Ta BIPOBAKEHHS
CHeIiai30BaHUX CHCTEM OTIOBIIICHHS /I BCIX KaTeropid HaceleHHs, 30KpeMa s oci0 3
nopymieHHsM cnyxy. lle 3a0e3meunTh CBO€YAacHE pearyBaHHS Ta 30€peke KUTTSA ITeH 1
TepCOHATY 3aKJIaJ(iB OCBITH.

2 AHAJI3 JITEPATYPHUX JAHUX TA ITOCTAHOBKA ITPOBJIEMU

[Tonibna mpobOseMaTuka OMOBIIEHHS AITEH 1 JIOJEH 3 BagaMu CIIyXy HEOJHOPAa30BO
posrisiaanacs B HAyKOBUX mparpix. Jleski 3 HuX 3a3HavaroTh MPO HEOOXIMHICTh PO3pOOICHHS
HOBUX CHUCTEM JUIsl BUPIIICHHS MPOOJIEMHU OTOBIIIEHHS JIIOJEH 3 CEeHCOPHUMHU HOPYIICHHIMHI
(3 BamamMm cClyXy, 30py Ta IHIIE) 3a PaxyHOK 3aCTOCYBaHHS ITJCHIIIOBAdiB Ta 3BYKOBHX
reHepatopiB [2]. MokinuBe IHIWBiAyaJdbHE OIOBIMIEHHS IPO TIOXKEXKY 3a JIOMOMOTOIO
MOOUTbHMX TenedoHiB [3, 4], a0 KOHTPOJb HAABHOCTI JIOjAEH B OyaiBIIl 32 JTOMOMOTOIO
MPUCTPOIO, IO J103BOJIsIE€ (hiKCyBaTH iX mepeOyBaHHS y BKaszaHii 30HI [5], BIICYTHICTBH
METO/IIB Ta METOJUK 100 OIiHKK edekTuBHOCTI CO Ha cTajail MpO€EKTyBaHHS TakK 1 Imij Jac ii
excrutyatariii [6]. [IpoBeaeHMMU MOCTIHKEHHSIMHA BH3HAYCHO, 10 HaBiTh crpaioBanHs CO
HE rapaHTye TOTo IO JIFOJM, HeralHO BUMHSTH HEraiHi aii 3 eBakyallii. OKpiM BUKOPUCTaHHS
CUTHAJIB €BaKyallii, 10JaTKOBUX IMi/IKa30K, BKJIIOYAIOUU MOBIIOMJICHHS TOJIOCOBOTO 3B’SI3KY,
MOTPIOHI TaKOX JIOJIATKOBI IHCTPYKTaX1 IEPCOHATy, HaBUAHHS Ta PO3pOOJICHHS IUIaHIB Al y
HaJ3BUYANHKUX cuTyarinx [7-9].

JocnimkenHss eeKTUBHOCTI ICHYIOUMX CHCTEM OIOBIIICHHS Ta €BaKyallii y 3akiagax
OCBITH CBIT4aTh MPO 3HAUHI MPOTAIMHYU Y BpaxyBaHHI MOTPeO iTe 3 MOPYIICHHSM CITyXY.

Pesynpratu aHamizy JpKepen MOKa3ylTh, MIO B OUIBIIOCTI  3aKjialliB  OCBITH
BUKOPUCTOBYETHCS CTaHAApTHE 3BYKOBE CIOBIIIEHHS, SKE€ € MaloeEeKTHUBHUM MJs 1€l
kareropii yuyHiB [10]. JlocoiiHUKKM NPOMOHYIOTH METOAM OLIHIOBAaHHS CHCTEM Ha OCHOBI
KpHUTEpIiB yacy peakilii, 3p03yMiIOCTI CUTHAJIIB Ta JJOCTYIHOCTI iH(opMmartii.

B [11] HaBeneHi pe3ynbTaTu AOCHIHKEHHS XapaKTEPUCTUK €BaKyallil JIOJCHKUX MOTOKIB
3 BKJIIOYEHHSIM JIO iX 4YHcla MajioMOOUTbHUX Trpyn HaceneHHs. bymo mpopaxoBano 15
CIICHApiiB 3 Y4acTI0 PI3HOT KUTBKOCTI areHTiB. Ha cepenHio MIBUAKICTh areHTIB HETaTHBHO
BIUTUBAIOTh YacTKa IO 3 OOMEKEHHMMH MOJIMBOCTAMU. 31 30UIBIICHHSIM YacTKU
IHKJIIO3UBHUX IIIIOXO/IB HeOe3leka HaTOBIY 30UIbLIyeThcs. JlaHe AOCHIIKEHHS KOpHUCHE
JUIS TIPOEKTYBaHHs O€3MeYHOi eBakyallii 3a JOTIOMOTOI0 KOMIT IOTEPHOTO MOJEIIOBAHHS Ta
JUIsl 3MEHILEHHS] YTBOPEHHS CKYITYEeHb PI3HUX Py MOOLIBHOCTI MiJ] yac eBakyarlii 3 Oy IiBiIi.
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B [12] mocmimwim eBakyamiro JFOJCH 13 3aCTOCYBaHHSM airoputmy Jledkerpu Ta
AITOPUTMY ONTHUMI3allii, MmO iMiTye pyx KoJyioHii mypax (ACO) Ta 3amponoHyBaIn
nokpamiennit meron eBakyauii DACO (Dijkstra-ant colony optimization). Meta nociikeHHs
noJisiraja B MPOEKTyBaHHI. Pe3ynpTaTu AOCHiIKEHb MATBEPIXKYIOTh, o anroputM DACO e
OUIBII JOCKOHAIUM B MOPIBHSIHHI 3 aITOPUTMOM JIeHKCTpH.

B [13] 3anponoHyBaii MOJIeNb €BaKyallii 3 BAKOPUCTAHHIM KJIITHHHUX aBTOMaTiB. Llei
QIrOpUT™M 00’€THY€E KIITHHHI aBTOMATH 3 MOJCIUTIO TIOTEHIIHHOTO €HEePreTUYHOTo TOJIS B
Teopii pyxy IIOJICHKUX TIOTOKIB Uis BHOOpPY O€3MEYHMX MNUISIXiB eBakyallii HAaTOBIY i
3HIKEHHSI IMOBIPHOCTI BUHUKHEHHS TUCHSIBH. J{J1s1 300Dy iH(OpMaIlii Mpo MoKexy Ta HaTOBII
Oyl BHKOPHCTaHI CIeIiadbHO pPO3poOJieHI Oe3pOTOBI JATUMKH, YAOCKOHAJICHI Kamepu
CIIOCTEPEXKEHHS 3 IUTYYHUM IHTEIEKTOM, IHTEJIEKTyallbHI CHCTEMHU aBapiiHUX BUBICOK, KOTpI
PETYIIOITh €BaKyallilo B MOBaxX peaJbHOro uacy. Takok B poOOTI omucaHl pe3ynbTaTu
MOJIEJIIOBAHHS aJlTOPUTMY Ha JIBOBUMIPHIM IUIOIIMHI, SIKa CTBOpEeHa Ha 0a3i OyJiBil JIIKapHi
aeporiopty IlekinHy. MojenoBanHa TMoOKa3ajgo, IO CEpeaHI dYac eBakyallii 3Ha4HO
nokpamuBcs. MakcuManbHe MOKpALIeHHS CTaHOBUJIO 72% B MOPIBHSHHI 3 CLIEHApiIMH, B
SKUX BHMKOPHUCTOBYBAJM 3BMYaiiHI €BaKyallliHl 3Haku. Pe3ynpTaTH JOCIIIKEHHS
MPOJIEMOHCTPYBAJIH, 10 3alpOINOHOBAaHA MOJENb 3MEHIIYE yac eBakyallii 0cooauBo 100pe B
MICIISIX 3 BEJIMKOIO KUIBKICTIO Jroei. PesympTatm poOoTH OyayTh BUKOPHCTAaHI IS
MIPOBEICHHS HATYPHOTO €KCIIEPUMEHTY HAIIUX JOCIIHKCHb.

B [14] npencraBuimu METOJOJIOTIIO pO3pOOKM IUIAHIB €BakKyallil HMUISIXOM IPOBEICHHS
MOJIETFOBAHHSI PYXY MINIOXO/IIB 3 areHTaMu, 10 MalOTh MOJIENh CBOro oToueHHs. Llew migxin
JI03BOJISIE OILIIHUTHU PI3HI ClieHapii 1 BUOMpATH HaWKpalluii BapiaHT Ha OCHOBI KOHKPETHHX
XapaKTEePHUCTHK IUITHKA. MeTon 00’€qHye MOJIENIOBaHHS 1 aHali3 JaHUX, BUKOPHUCTOBYIOUH
Metoq Monte — Kaprio it mokpaiieHHs: eKCTpeHoi eBakyartii. [[ins MmoaentoBaHHsI BUCOTHO1
OyniBii OyB 3acTocoBaHui mporpamuuii komruieke Pathfinder. Hamri mocmimkennst 6a3yroTbest
Ha nporpamHomy komruiekci Pathfinder.

B [15] ommcanu Teopiro MOJENIOBaHHS JIA €BaKyarlii JIOJed 3 BagaMu pyXxy, B sIKIi
3aCTOCOBaHI CHEIlaJIbHI JaHi A1 eBaKyalliliHUX 1HCTPYMEHTIB, 110 KEPYIOTh PyXOM arcHTIB
(HampuKiIaa BEPTUKAIBHI MIBUAKOCTI PyXy, KOTpl B cepenHboMy csratoth Bia 0,6 m/c mo 0,84
M/C B 3aJICKHOCTI BiJl IPUCTPOIO MEepeMillleHHs areHTa). B po6oTi 3anmponoHoBaHi airOPUTMH,
0 PO3PAXOBYIOTh PyX €BaKyalllMHHX HPHUCTPOIB (JIDKOK, Kpicel-KaTaJoK) dYepe3 IBEpHi
MPOpI3U 1 IpH PYCl MO CXOJaM, Ta BKIIIOYAIOTh B cede METO/1 T€OMETPUYHOIO PO3TaIlyBaHHS
JOCTYITHUX MapmipyTiB 3 JjikapHi. Lleli HOBHWI crmoci®0 BpaxoBye KIHOYOBI KOMIIOHCHTH
€BaKyallii, KOJU Talli€eHTH 30UpaloThcs IOBTOPHO 1 Mae 0araTo 3acTOCyBaHb, SIK B
MOJISTFOBaHHI €BaKyallii 3 JIKapHi, Tak 1 3 IHIIUX TPUMIIICHb, /I TPUCYTHI MajIoMOOLIbHI
moau. (DYHKIIOHAIBHICT, METOJy Oylia MpOTEeCTOBAaHA 1 CTAaHOBUTH B Mexax 6% Bifg
OUiKyBaHO1 MPOoXyKTUBHOCTI. [licis 3aBepieHHs MOANbIION0 TECTYBAaHHS IHCTPYMEHT MOXKeE
OyTM BHUKOPHUCTAHUW [JJIs 3HAYHOTO PO3IIMPEHHS IUIAHYBaHHS Ta JIarHOCTHYHUX
MO>KJIMBOCTEH, TIOB'SI3aHUX 3 €BAKYAI[I€IO 3 JTIKAPEHb Ta IHIIUX MEAUYHUX 3aKIaIiB.

B [16] posrnsnynu BmiauB (izMuHUX 3iTKHEHb Jrojed (occupant physical collisions —
OPC) na eBakyallito Ta 3ampoOINOHYBaJIM METOJ BIPTYyaJIbHOTO TPEHYBAHHs €BaKyallii mpu
noxexi B mnpumimeHHsx. Coepury A CTBOPEHHS peaiCTUYHOI CIHEHM TMOXKeXl B
IPUMIIIEHHI OyJI0 3aCTOCOBAaHO MOJICNIIOBAHHS 3 BHUKOPHUCTaHHAM iH(opMaliifHoro
MOJICIOBaHHA OyIiBIlI Ta QIrOPUTM Bi3yadizalii JUMy Ha OCHOBI MOJIENIOBAHHS
PO3paxyHKOBOI TiipoJuHaMiku noxkexi. [Ipukman BipTyanbHO! eBakyalii Mokas3aB, IO
HaiiOe3nmeyHimMii crocid eBakyarii ICTOTHO Bifpi3HsA€Tbcs Tmpu BpaxyBanHi OPC.
[IpencraBneni pe3yibTaTH IOCIIKEHHS JO3BOJISIOTH KopHucTyBadaMm mpotectyBatu OPC y
BIPTyaJIbHUX HABUaHHIX €BaKyalii 3 MNpHUMIIIEHb Ta JOMOMOXYTh OOpaTH HaHOLIbII
Oe3MeuHui X eBaKyailii.

BcranoBneno [17], mo mnpu eBakyauii JOCHUTh YacTO Ha CXOJOBHUX KIITHHAX
YTBOPIOIOTHCS TIOTOKHU BEIHMKOI MILTBHOCTI (7-8 OCi6/M2), SIKI TIPU3BOJSITh O BUHUKHEHHS

[omoxos E. E., Maitbopona P. 1., Pamkeruu H. B., Otpomr 1O. A., bamayk I1. T'.
https://doi.org/10.31650/2618-0650-2025-7-1-26-47 31




MexaHika Ta MaremMaTWuHi meromu / VII/1/2025
Mechanics and mathematical methods Crop. 26-47 | Page 26-47

CKYITYeHb (3aTOpiB), 1110, B CBOIO UEPry, IPU3BOAUTH JI0 30UTBIICHHS Yacy BUXOMY 13 OyIMHKY.
3acTocyBaHHsI HasSBHOI TEXHIKH, SIKa IPU MAaKCUMaJIbHUX XapaKTePUCTUKax jnocsrae jgume 10-
ro MOBEpXy, Mae€ psii HEJONIKIB: OOMEXKEHICTh MaHEBPEHOCTI NMPH pPO3rOpTaHHI W 3MiHI
MIOJIOKEHHSI, 0OMEKEHICTh KIJIbKOCTI JII0/IeH, 110 PyXalThCs HEIO, TPUBAIHMM Yac pO3rOpTaHHS
(BcranoBiieHust — g0 120 c, mimilom Ta BUCYHEHHs KosiiH — 70 100 c), 3almexHICTh Bix
CTOPOHHIX YMHHUKIB (IIBUIKICTH BITPY, OOMEKEHICTh i1 131y Ta pO3MipiB MalJaHYMKY JUIS
PO3ropTaHHs, HOro MOKPUTTS Ta KyT yXuiy Ao 6° tomo) [18, 19].

BukonaHa OIliHKa JAWHAMIKK PO3BUTKY MOKEXI BHCOTHOI OYAIBII NUISXOM BH3HAYCHHS
9yacy HaJIXOJDKEHHS HEeOe3NeYHWX YMHHHUKIB MOXKEX1 Y BIJCIKY BHCOTHOI OYAIBII HUIIXOM
BUKOpUcTaHHA nporpamaoro komriekcy FDS (Fire dynamics Simulator) [20], 3a nomomorozo
MpUKIaIHOTO TporpamHoro 3abesneueHHs PYROSIM [21, 22], Pathfinder [23, 24].
Pathfinder nae Bi3yanizoBaHe TpHBUMIpHE 300pa’k€HHS IpOLECY €BaKyalili 3 MOXKJIUBUM
3’CyBaHHIM MPUYUH 3aTPUMKH IiJ] Yac eBaKyarii.

Takok, IOCHKEHHS BKa3ylOTh, ULI0 BIPOBaKEHHs iHQopmamiiHux Tabmo 13
TEKCTOBUMH IHCTPYKIISIMU y TNPUMINIEHHSIX 3HAYHO CKOpodye yac eBakyauii. Kpim Toro,
BAKJIMBUM (AKTOPOM € B3AaEMOJIS TaKUX CHUCTEM 13 HaBYAJbHUM IEPCOHAJIOM Ta
CHeIiaTbHUMHU CITY)KOaMu IS IIBUAKOT KOOPAMHAILIT 1K M1 Yac HaJ3BUYAHOT CUTYaIll.

3 HIWIb TA 3AJAYI JOCJIIKEHHSA

Mera pocnipkeHHST — AOCTIAUTH €(PEKTUBHICTh CYY4aCHOI CHCTEMH OIOBIIIEHHS Ta
YIpaBIiHHS €BaKyalli€lo JITell 3 0COOJMBUMHU OCBITHIMU moTpebamMu (BagaMu CIyXy) MpHU
MOKeXKax Jyisd peatizailii IHKJIF03UBHOTO HaBYaHHS y 3aKJIaJjaX OCBITH.

JI1st mocATHEHHS MOCTaBIEHOT METH HEOOX1THO BUPIIIIUTH HACTYITHI HAYKOB1 3aB/IaHHS:

1. TlpoanamizyBaTu cydYacHi MIiAXOJM IWIOJ0 CHCTEM OIOBIIEHHS Ta YIPABJIIHHS
eBaKyallier B YKpaini.

2. O6rpyHTYBaTH MaTeMaTUYHy MOJIEIb JUISl OI[IHKY €(PEKTUBHOCTI CHCTEMH OTIOBIIIICHHS
Ta YIPABIIHHS €BaKyaIli€lo ITeH 3 0COOIMBUMHU OCBITHIMHU IMOTpEOAMHU.

3. IlpoBectn MojenroBaHHS Yacy eBakyarii aiteid 3a gomomoroto IIK Pathfinder 3
HAYyaJIbHOTO 3aKJIafdy.

4 PE3YJBbBTATHU JOCJIIKEHb

4.1. AmHaji3 cyyacHMX WiIX0[iB II0J0 CHCTEM ONOBIllIEHHSI Ta YyNpPaBJiHHA
eBaKyalnicio B YkpaiHni

BinmoBizno 10 HopMatuBHUX JoKyMeHTIB CO mpo MOXKEeKy Ta yIpaBIiHHS
€BaKyIOBAHHSM JIOJICH MPU3HAYCHA JIJISl OTIOBIIICHHS JIFOJICH, IO Mepe0yBalTh B OYIMHKY
(cropymi), mpO BHHUKHEHHSI TOXEXKI 3 METOK CTBOPEHHS YMOB Uil iX CBOEYACHOTO
€BaKyHOBaHHSI.

OnoBileHHS 301HCHIOCTHCI OJHUM 13 TaKUX CII0c00iB ab0 X KOMOIHAIIICIO:

— Mepelavyero 3BYKOBUX, a TaKOXk, 32 HEOOXIIHOCTI, CBITJIOBUX CUTHANIB OIMOBIIICHHS Y
BC1 IpUMIILIEHHS OyIUHKY;

— TPaHCIISIIEI0 MOBIIEHHEBUX TOBIIOMIJIEHD PO TOKEKY;

— Tepelader0 B OKpeMi 30HM OyJuHKY a0o0 MNpHUMIIIeHHsS MOBIIOMJIEHb MpPO MicCIe
BUHHUKHEHHS MOKEXKI1, PO NUISXU €BaKyIOBaHHS Ta Jiii, 110 3a0e3MeuyI0Th 0COONCTY Oe3neKy;
— YBIMKHEHHSIM CBITJIOBUX MOKKYHKIB PEKOMEHIOBAHOTO HANIPSIMKY €BaKYIOBAHHS,

— YBIMKHEHHSIM OCBITJICHHS €BaKyIOBaHHS;

— s CO4 ta COS TUMIB - JBOCTOPOHHIM 3B’SI3KOM MDK MPUMILICHHAM I0KEKHOTO
MOCTa Ta 30HAMH OTOBILI[EHHSI.

3a cnocobamu onosimeHHss CO AUUTHCS Ha CBITJIOBI (Bi3yasibHi), 3BYKOBI, MOBJIEHHEBI
Ta KOMOIHOBaHI.
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CO 3 BHUKOpPHUCTaHHSIM CBITJIOBOI (BI3yalIbHOT) CUTHAJI3AIlli CKIATAEThCS 13 CBITIOBUX
OTIOBIIIYBAYiB, CBITJIOBUX IOKaXXYMKIB, 3HaKiB, Ta0JI0 a00 IHIIMX MPHUCTPOIB, CHTHAJIbHA
iHpOpMalis BiJ SKUX CTBOPIOETHCS MOJAYEI0 CHTHANYy ympasiiHHS. [Ipu mpomy CBITIIOBI
(Bi3yasibHi) CHCTEMHU OIOBIIICHHS 3aCTOCOBYIOTHCS y pPa3i HEMOMJIHBOCTI 3a0€3MEUUTH
OTIOBIIIICHHSI 3BYKOBUMH Ta MOBJICHHEBUMH OTIOBIII[yBadaMH.

CO 3 BHKOPHCTaHHSM 3BYKOBOI CHTHaIi3allii CKJIAJa€ThCs 13 3BYKOBHUX ITOXKEIKHHX
omnoBinryBauiB 3rigHo 3 JICTY EN 54-3, mo reHepyroTh 3ByKOBI CUTHAJIN MOTIEPEHKEHHS PO
MO’KEXKY TIPH MMOa4i Ha HUX CUTHATY YIPaBIIIHHS.

CO nns 3abe3rmeueHHsT MOBIIGHHEBOTO OTIOBIIICHHS CKIQJA€ThCS 3 YCTaTKYBaHHS
yrpaBiiHHA Ta iHaukKamii 1 ryaaomoBis 3rigao 3 JJCTY-H CEN/TS 54-14, JICTY EN 54-16
ta JICTY EN 54-24 BignoBigHo. TpaHCHsIiss MOBJICHHEBOTO MOBIIOMIICHHS 3a0€3M€UYEThCS
pydHUM 200 aBTOMATUYHUM 3aITyCKOM YCTaTKyBaHHs YIIPABIIIHHS Ta 1HAUKAIIII.

Komb6inoBana CO ckiagaeThbes 13 CBITIIOBOI, 3ByKOBOT Ta/a00 MOBJIEHHEBOT CUTHAI3AII11.

[TpuBenenns B airo CO BUKOHYETHCS:

— B aBTOMAaTUYHOMY PEXHMMI1 CUTHAJIOM BiJ cucTeMu noxkexHoi curnaiizanii (CI1C);

— B PYYHOMY PEXHMI1 OMEPATUBHUM TMEPCOHAIIOM 13 TIOKEKHOTO TOCTa MPU OTPUMaHHI
curnany Big CIIC ab6o aBromaTtnuna cucrema noxexoracinag (ACIID). [Ipu upbomy pyunuit
pexuM Mae HalBuIui nipioputet ynpapiiaas CO.

OmoBileHHsT TIOBUHHO BUKOHYBAaTHCh Yy BCIX MNPUMIIIEHHAX OyIWHKIB (criopyn) 13
MOCTIMHUM Ta TUMYACOBUM IepeOyBaHHIM JIIOJIeH Ta, 3a HEOOXIIHOCTI, Ha MPHJICTIN 10
OYIUHKY TEPUTOPII.

MoBjieHH€EB] TOBIJOMJIEHHS PO TMOXEXY IOBUHHI OYTH KOPOTKMMHM, SCHUMHU Ta
3pO3YMUTHUMHU.

YV OyxmiBasx, Oe MOXIMUBE IiepeOyBaHHS JIOACH, IO HE BOJOJMIIOTH HAI[IOHATHHOIO
MOBOIO, MOBJICHHEB1 TOBITOMJICHHSI TTOBMHHI TPAHCIIIOBATUCA HA NEKUTBKOX MOBax, ajie¢ HE
OUTBIIIC HDK Ha YOTUPHOX.

Jonyckaetbest BukopructoByBaTd CO 3 pajiokaHaIbHUMH 3’ €THYBATBHUMU JIIHISIMH, TTPH
IbOMY BOHH ITOBHHHI OyTH 3a0€31e4YeH] aBTOMATHIHUM KOHTPOJIEM IX ITpale3aaTHOCTI.

B 3anexxHocTi Bin npu3HadYeHHs OYAUMHKY, MPUMIIICHHS, TUIOIT, TOBEPXOBOCTI, KUTHKOCTI
MiCIlb, YMOBHO1 BUCOTH, PEKUMY pOOOTH 00’ €KTa OOMPAETHCS THI CHCTEMH OIOBIIICHHS

Taoauns 1
Tunu CO
Xapakrepuctuka CO Ta yrnpaBIIiHHS HasBHICTB 3a3HAaYHUX XapaKTEPUCTUK Y
€BaKYIOBaHHSAM ITIOJICH pizaux tunis CO
1 2 3 4 5
1 2 3 4 5 6
1. CriocoOu OMOBIIIEHHS + + * * *
- 3ByKOBUH (I3BIHOK, THBAHUI1 CUTHAJI TOIIO);
- MOBJICHHEBHM (3almuc 1 Iepegava CremialbHIuX - - + + +
TEKCTIB);
- CBITJIOBHIA: * * - - -
a) CBITJIOBHI CUTHAJI, SIKHH OJIMMae;
0) CBITJI0BI MOKa34YMKH «Buxiny; * + + + +
B) CBITJIOBI HOKAa34YMKH HANPSMKY PYXY; - * * + +
I) CBITJIOBI TOKAa3UYUMKU HANPIAMKY pyxy 3 - * * * +
BKJIFOUEHHSIM OKPEMO JJIsl KOJKHO1 30HU
2. 3B'S30K 30HHU OTOBIMICHHS 3 IUCIETYEPCHKOIO - - * + +
3. YeprosicTh ONOBIIICHHS: * + - - -
- BCIX OJHOYACHO;
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[Tponosxenns tadbnuiti 1

1 2 4 5 6

w

- TUIBKA B OJHOMY NpHUMIilIeHHI (4acTuHi | * * * - -

OYIMHKY);

- CrHo4aky oOCIyroBYIOYOTO IIEPCOHANLy, a IOTIM - * + + +
yCciX IHIMX 33  CHEHIAIBHO  PO3pOOJICHOIO
YEepProBiCTIO

4. TloBna aBromaru3auis ympasminHa CO Ta - - - - +
MOXXJIMBICTh ~ PI3HUX  BapiaHTiB  opraizaiii
€BaKyIOBAHHS 3 KOJKHOT 30HU OTIOBIIIICHHS

[pumiTka. Y Tabnuili HaBeICHO TaKl MO3HAKU:
«+» - BUMAraerbCH,
«*» - pPEKOMEHIYETHCS;
«-» - HE BUMAraeThCsl.

CO 13 BHUKOpHUCTAaHHSIM MOBJIEHHEBOTO OIOBIIIEHHS 3a BIICYTHOCTI HEOE3MEYHHX
CUTYAIII JIOMYCKAETHCS BUKOPUCTOBYBATH B PEKUMI1 TPAHCIIAIII MY3UYHUX MPOTpaM Ta 1HIIO i
iHpopMallii 3 000B’I3KOBUM aBTOMATUYHUM BUMKHEHHSM IBOTO PEXUMY IPU HAJIXOIKEHHI
MIOXKEKHOI TPUBOTH.

Jlnst mikaBo1 A1 HAaC KaTeropii Jrojei, ToOTo BagamMu Ciayxy 1 ciabodyroumx ocio, y
3B’SI3KY 13 (Pi310JIOTTYHUMHU OCOOTMBOCTSIMUA OCHOBHUMH NIISIXaMH HAIXODKEHHS iHMopMallii
€ - HUI3bKOYaCTOTHA BiOpartis i 31p.

[Ipu BiAKIIFOYEHH] MITYYHOTO OCBITIIEHHS a00 mepeOyBaHH1 y CTafil CHY TUIyXi i JIITH sIKi
cnabo dyloTh, MO30aBISAIOTHCS B3aram iH(opMallii SK Tpo BHHUKHEHHS HAI3BUYAMHOL
CUTYaIIil UM MO/Iii, TaK 1 IPO HEOOXiIH1 il 3 eBaKyaIrii.

HasBHi B YkpaiHi cCTEeMHU OMOBIICHHS MMPU3HAYEH] IS MOTIEPEKEHHS PO HASIBHICTH
MOTEHITIHO HEOE3MEYHOTro CTaHy 3a JOTIOMOTOI0 T'yYHOTO TIPOHU3JIMBOTO 3BYKY Ta CBITJIIOBOT
iHauKanii. OHaK JIFOIM 3 BaJaMu CIyXy HE B 3M031 aJIeKBaTHO MOYYTH 3BYK MPO HEOE3IEKY.

Jlnst Takux O0O’€KTIB CIiJ TmependavyaTd OKpIM TPAAWLIHHUX METOJIB OIOBIIICHHS
JI0JIATKOBO HOBI - BiOparliiiHi (BiOparliiiHi JI>kka, OpaciaeTH, MOTyIIKH ).

[IIo6 3abe3rmeynTH BUBEICHHS TPUBOXKHUX CHUTHAIIB Yy pa3il MOXKEXKI Ha Taki MPUCTPOI,
HEOOXIJTHO aBTOMATHU3YBaTH X 13 CHCTEMOIO IMOXKEKHOI CUTHaI3aIlil 3 (QYHKIIIEF0 KOHTPOJIIO
X TEXHIYHOIO CTaHy Ta nepeAdaueHnX HOpMaIbHUX YMOB 3aCTOCYBaHHSI.

Puc. 6. OpieHTOBaHAa CTPYKTypa CUCTEMH OXKEKHOI CHTHATI3alli] Ta OMOBIIIEHHS Ta YIPaBIIiHHS
eBaKyali€ro JUIs JIIOJIEH 3 MOPYIICHHIM CITyXYy.
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Onuc no3HaueHs.

1. Ilporpamue 3a0e3nedeHHs UIsi BUBEACHHS iH(opMarii Ta opraizamii MOXEKHOTO
MyJAbTa MOHITOPHHTY.

. [ToxkexxHuN NpUMaIbHO-KOHTPOJIBHUN ITpUTIaL.
. BJIOK HeHTpabHOrO0 KOHTpOJIEpA.

. BIOK *uBIICHHS.

. brok mijcniroBaya moTyKHOCTI.

. brok komyTamii.

. AKYCTHYHI CUCTEMH.

. Bibparriiini cucremu.

. CrioBiltyBayi CBITJIO-3BYKOB1 Ta CBITJIOBI.

10. CBIT/I0B1 MOKAKYUKHU Y BUTJIAJII MEPEXTIUBUX CBITIOBUX JOPDKOK.

11. IMoxexHi crioBimyBayi.

12. PyyHi nmo>keXH] CIIOBIIIYBayl.

13. IIpuctpiit 6e3nMpOBIIHOTO 3’ €THAHHS.

14. [nuBinyanbpHI CHOBILIYBayl y BUTJIsA1 BiOpaliiiHuX Opacieris.

15. lneiid 3’eqHanHs.

VY 3B’s3Ky 13 THM 1110, HOBI 3alPOTIOHOBAHI CUCTEMH BUKOPHUCTOBYIOTH JIJIsI OTIOBIIICHHS
TaKTWJIBHUHN CIOCIO, HEOOXITHO TAKOXK MPOBECTH TOCITIKEHHS JJI1 BU3HAYCHHS BIIMOBITHUX
piBHIB BiOpallii B 1abopaTopii CHY AJIs JIto/iel pi3HOT BIKOBOI IPYIH Ta IPYMH MOOUTEHOCTI.

[Ipn 3agumileHOCTI NUIAXIB €Bakyallii CBITJIOBI MOKaXYMKH IO PO3TAIIOBYIOTHCS Ha
CTIHAX CTAIOTh MAJIOMOMITHUMHU, TOMY € HEOOXITHICTh Y OCHAIICH] T0JaTKOBHUMH CBITJIOBUMHU
MOKaXYUKAMH Y BUTJIAII MEPEXTIIMBUX CBITJIOBUX JOPLKOK J0 BUXOJY, IO I03BOJIUTH Kpalie
JIIOJISIM OPIEHTYBATHCS B TEMPSIBI.

JlJ11 BCTaHOBJICHHS 3arajlbHUX OJHOTUIIHUX MPHUHIHUIIIB, XapaKTEPUCTUK, ONTUMAIBLHOTO
CTYIEHsI BIOPSAKOBAHOCTI TaKUX NPHUCTPOiB, HEOOXIAHO pPO3pOOMTH Ta BIPOBAIAUTH
BIIMTOBIIHUI HOPMATUBHMIA TOKyMEHT. Lle m03BoMTh MailOyTHIM BUPOOHUKAM BHTOTOBIISTH
CTaHAAPTHU30BaH1 IPUCTPOI.

VY nockonanenHsa HassBHUX CO moJsArae B HACTYITHUX 3aX0/1aX:

— CHCTeMa OIOBIEHHS IOBMHHA JOJIATKOBO BKIJIIOYATH BiOpaIliiiHi TPUCTpOi s
JDKKA/TIONYIIKK Ta I1HAWMBiAyajdbHI CHoBimiyBaui (OpacieTd) B KUIBKOCTI sIka BiImoBimae
PO3paxyHKOBOT KUIBKOCTI JIITEH;

— IUIAXW eBaKyarlii MOBHHHI OyTH OCHAIlleHI CBITJIOBUMH TMOKa)XYMKAMHU Y BUTJISAII
MEPEXTJIUBUX CBITJIOBUX JOPDKOK J0O BHXOJy, IO JO3BOJHUTH Kpalle OpPIEHTYBAaTUCS B
TEeMpSIBI;

— TEXHIYH1 3aco00M CHUCTeMH MaloTh OyTM BUKOHAaHI HAa Cy4acHil eleMeHTHI 0a3i Ta
MICTUTH IHTEJIEKTYallbHY CKIAJOBYy, M0 3a0e3Me4uTh YIPaBIIHHA €BaKyalli€ro 3a
BIIMOBIIHUMHU aJTOPUTMAMU 3aJIEKHO BiJl PO3TAIlyBaHHS MICIIsl BHHUKHEHHS TOXKEXI,

— 000B'I3KOBOI0 YMOBOI0, 1110 3a0e31euye KOJIEKTUBHY Oe3mneky mix yac noxexi abo HC,
€ HaBYaHHS MOPSAJKY Ta MPaBHII [Iii K MOCAI0BUX 0CI0, TaK 1 AiTed 3 0COOIMBUMH OCBITHIMU
noTpebdamu (MOPYIIEHHSM CITyXY).

O 0 1N DN K W

4.2. OOrpyHTYBaHHSI MaTeMATH4YHOI MoOJeJi I OUIHKH e()eKTHBHOCTI CHCTEMH
ONOBIlICHHS TA YNPABJIHHSA €BaKyalicIo AiTeil 3 0c00IMBUMH OCBITHIMH moTpedamMu

3abe3neueHHss eBakyalii JloJed TojsArae 'y TakuX 00’€MHO-IUIaHYyBAJbHHUX 1
KOHCTPYKTUBHUX DILICHHSAX, 3a SKUX eBakyalis 3 00’€KkTa 3aBepLIyeTbCs JI0 HACTaHHS
IPAaHUYHO JIOMYCTUMHUX Ui JIIOAMHM 3HAaueHb HEOEe3MeYHUMX YHMHHUKIB IOXKEXKi, a INpHU
HEIOIUTFHOCTI eBaKyallii - 3a0e3neuyeThesi 3ac00aMM 1HAUB1TYaIbHOTO Ta/ab0 KOJIEKTUBHOTO
3aXMCTY Ta pATYBaHHS Jtojiel Ha 00’exTi [11]. [Insg 3abe3neueHns eBakyaiiii HEOOXiIHO:

— BCTAaHOBUTH KUIBKICTb, PO3MIPH Ta BIJNOBiIHE KOHCTPYKTHBHE 1 IUIaHyBaJbHE
BUKOHAHHS €BaKyall[ifHUX IUISXIB 1 BUXO/IIB;
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— 3a0€3MeYNTH MOXIIUBICTD OE3MEPEIIKOIHOTO PyXY JIIOJIEH eBaKyallifHUMU IIJISIXaMH;

— OprafizyBaTtH, 3a HEOOXIIHOCTI, YIPaBIiHHS PYXOM JIFOJICH eBaKyalliiHUMHU HMUIIXaMU
(CBITJIOB1 MOKa)KYHMKH, 3BYKOBE 1 MOBJICHHEBE OTIOBILIECHHS, 3HAKH OE3MEKH TOLIO).

BinmoBigHO 10 MpUAHATOI CBITOBOT MPAKTUKH YMOBa OE3MEYHOTO €BAKYIOBAHHS JIIOJICH
Ma€ HACTyITHE MaTeMaTU4He BinoOpakeHHS: tp < tsx J€, — PO3PaXyHKOBHH uac eBakyarlii
JIO/ICH TIPH TOKEXK1 3 BpaXyBaHHSAM dYacy NOYaTKy €BaKyIOBAaHHS, XB; tex — HEOOXIIHUI Hac
eBaKyarlii JIo/Iell pH MOKeXki (Jac BiX MOYATKY MOXKEXKi 10 ONOKYBaHHS NUISXIB €BaKyarlil
BHACIIIZIOK PO3MOBCIOKEHHSI HA HUX HEOE3NEeYHUX YMHHUKIB MOKEXKi, 0 MAIOTh TPAHUYIHO
JOITYCTHMI JUISL JTFO/IeH 3HAUEHHS ), XB.

Ha pmanmii wac B CBIiTI po3po0JICHO 1 3aCTOCOBYIOTBCS MaTEMaTHYHI MOJENI, sKi
BUKOPUCTOBYIOTHCSl [UIsl TIEPEBIPKM BHUKOHAHHS yMOBU Oe3NeyHOi eBakyalii Jrojned 3
00’€KTiB, 10 BIAPI3HSIOTHCS MK COOOO CKJIAJHICTIO NMPOBEAEHHS PO3pPaxyHKIB 1 TOUHICTIO
OTPUMAaHUX pPe3yabTaTiB. J{JIs1 BU3HAUEHHS PO3PaXyHKOBOTO Yacy €Bakyallii Jroaed Imij gac
MO’KEK1 3aCTOCOBYIOTHCS] HACTYITHI MaTeMaTUYH1 MO/IENI:

— aHaJTITUYHA MOJIEIID;

— MOJIeNb 1HAUBIYaIbHO-TIOTOKOBOTO PYXY JIFOJIEH;

— MOJIeNb IMITAI[IHHO-CTOXaHICTUYHOTO PYXY JIFO/IEH;

— IHTerpajgbHa MoJieNb (IHTerpajIbHUN METON);

—30HHA (30HaJIbHA) MOJIETb (METO);

— T0JTFOBA MOJETH (TIOJTBLOBUN METOI).

Ha croroanimHiii 1eHb B YKpaiHi €IMHUM YUHHUM HOPMATHBHHUM JOKYMEHTOM 3T1ITHO
SIKOTO BUKOHYETHCS TEpEeBIpKa BUKOHAHHS YMOB O€3MIEYHOTO €BAaKYIOBAHHS JIIOEH i yac
MOXKEX1 sBAsSEThCA [25]. Y AaHOMY HOPMATHMBHOMY MOKYMEHTI PEalli30BaHO IHTETpaIbHY
MOJIeNb (METO/) PO3paxyHKy HEOOXITHOTO Yacy eBaKyallii Jroel P MOXKeX1 1 aHAIITUIHY
MOJENb PO3paxyHKy 4acy eBakyallii JItoieH.

Heo06ximHo BiIMITUTH CYTTEBI HEOJIKHA peaTi30BaHUX METOIB PO3PAaXyHKIB, a caMe:

— HE BpaxoOBaHO BIUIMB HeOe3nmeyHuX 4yuHHUKIB nokexi (HYII) ma mBUAKICTE pyxy
MOTOKY JIIOJICH;

— HE BPaXOBY€E YAaCTKOBUHN PyX JIOAEH MPU BUHUKHEHH] CKYTYCHb;

— HE BpaxOBaHO MOMJIMBICTh €BaKyallii MOXeXHUMU JTipTamu.

4.3. MogemoBanHs 4acy eBakyamii jgiteii 3a gomomoror IIK Pathfinder 3
HAYaJBHOT0 3aKJIATy

OmHuM 3 HaWKpamuM MPOrpaMHHM KOMIIOHEHTOM TOKIIaJCHOTO B IIBHAKOMY Ta
peaNTiCTUYHOMY pO3paxyHKy eBakyallii JIoJed MpH IMOXKEeXl B IMOPIBHAHHI 3 IHIIUMH
po3paxyHkoBHMH rporpamamu € — Pathfinder [24-28].

VY [29] minkpecnroetbes, mo came B moaeni Pathfinder peanizoBanuii HailOuIbIl TOYHUI
ATOPUTM, SKUH TMependavyae IHTENCKTyalbHUH pPyX JIIOJEH B MOTOIl (MaHEBpYBaHHS,
YXUJICHHS BiJl 3ITKHEHHSI, IPUCKOPEHHS IIPU HASBHOCTI BUTBHOTO IPOCTOPY).

Pathfinder, six mporpama s MOAENIOBaHHS €Bakyallil y Haa3BHYalHUX CHUTYaIliiX 3
ypaxyBaHHSM MOKJIMBOCTI TOPSTYHKY JIIOJCH, BKJIIOYaE B ce0€ KOPHUCTYBaJIbHHUIIbKHIA
rpadiuHuil iHTEepdeic [uIs CTBOPEHHS MOJENi Ta MOIYylb JUIsl Meperjisay aHiMOBaHHX
TPUBUMIPHUX PE3YJIbTATIB.

Jlo3BoJisie BUKOHATH PO3PaxXyHOK €Bakyallii JroJeid TMpu TOXKEeXi IMBHAINIE Ta
pearicTUYHilIe, HDK 1HII PO3paxyHKOBI MporpaMu. BukoHye po3paxyHOK yacy eBakyailii Ta
yacy ICHYBaHHSA CKYMY€Hb 3a IHIUBIAYyaJbHO-MIOTOKOBOIO MOJEIII0 pyxy. IHTepdeiic
MporpaMu JO3BOJIAE 3a7aBaTH MapaMeTpu PO3paxyHKy mojeni BiamoBigHo 3HaueHb JCTY
8828:2019 INoxexHa Oe3neka. 3araabHi MOJTOKEHHS.
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4.3.1. Mooentwesanus nOpAMYHKY MAIOMOOIIbHUX 2Pyn 1I00el

Pathfinder no3Boiyisie MOAENMIOBATH TaKOX MOPATYHOK HEMOOUIBHHX JIIOJEH CHIAMH
MepPCOHATy HA HOIIAX, IHBATIMHUX KpiclaxX Ta IHIIUX CyaHAX. Y BUXITHHUX JaHUX 3aJal0ThCS
"kiieHTH" (areHTd, SAKUM TMOTpiOHA gomoMora s pyxy) Ta "moMiuHuKW" (areHTH, sKi
MEePEMIIyIOTh HEeMOOUTBHUX areHTis) [26].

[Iporpama no3BOJsie peani3yBaTH pi3HI BapiaHTH TOBEAIHKM Tl Yac TOPATYHKY:
MOMIYHUKH MOXYTh CYMpPOBOKYBAaTH KIIIEHTA BECh NUIAX J0 BUXOIy a00 30HHM Oe3MeKu, a
MOXYTh IE€peJaBaTh MOTO BiJ OJHIE] KOMAaHIM PATYBAJBHHUKIB M0 1HIIOI (HAampWKiIald, OTHA
KOMaH/ia Be3¢ HeMOOUTbHY JIIONMHY 110 JiTa, iHIIa 3ycTpivyae BHU3Y Y JidTa), ad0 HagaBaTu
JOTIOMOTY TUIBKM Ha YaCTHHI HNUIAXY (HAIIPHUKIIAA, TOTIOMOITH areHTy B KPICIi-KOJIICI MPH
CITYCKY CXOJaMHu).

OO0'enqHaHHS TIOMIYHUKIB y «KOMaHAH JOTIOMOTH» JO3BOJISIE BPaXOBYBATH OOMEKEHHS
KUTBKOCTI pEHCIB, BIMOBIIHO 10 BAMOT METOIUKH.

[Iporpama neperisay 3D-pe3ynbTaTiB pearicTHIHO BimoOpakae mpoIec NopsATYHKY.

Puc. 7. MojenroBaHHsI IpoLiecy eBakKyallil MalieHTiB 3 nanar JiKapeHb

4.3.2. Bizyanizauia nonie HUII pazom i3 esaxyauicio nrooeil.

VY Pathfinder mo)xHa oJHOYACHO MeEperysIaTH pe3yabTaTH eBakyallii Ta pe3yJabTaTH
MozentoBanHs mnomupenHss HYIL. 3a momomororo moniOHuX 300pakeHb MOKHA HAOYHO
MPOUTIOCTPYBATH, YA BCTUTAIOTh €BAKYIOBATHUCS JIIOAM 10 OJIOKYBaHHS IIISAXIB eBakyaii. s
BOTO HEOOXiTHO 3aBaHTAXHUTH pe3yJbTaTH pO3paxyHKy Pyrosim mo miommHax -
TeMIleparypa, MUIbHICTh UMY, JalbHICTh BUAUMOCTI 1 T.A. [Lomunan MoXXHA 1HIUBITyaIbHO
HaJIAIITOBYBATH, 33JJAI04H Jlalla30H 3HAYEHb Ta MapaMeTpu KOJIPHOT LIKaJIH.

Puc. 8. ImoctpyBaHHs NOMMpEHHS HEOE3MEUHNX (PAKTOPIB IMOXKEKi
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4.3.3. Konmypu wiinenocmi 1100cbK020 nomoKy

Jns HAOYHOTO 1 3pYYHOTO BiOOpakeHHS pe3yibTaTiB MOJENIOBAHHA MOJXKHA
BUKOPHUCTOBYBATH KOHTYPH - TOJISI PI3HUX MapaMeTpiB pyxy, HAIIPHUKIIAM, MIUIbHICTh areHTIB.
I'manka animais 3a0e3nedye meperisi pe3yabTaTiB y peaqbHoMy daci. KoHTypu 103BOJISIOTH
BiTOOpakaT IMIUIBHICTh, MIBUIKICTh, 3aBAHTAXCHICTh MUISAXIB Ta IHINI BEIUYHHH, TaKOXK
MOJKJIMBO CTBOPIOBaTH KOHTYPH KOPHCTYyBaua, BUKOPHUCTOBYBATH YCEPEIHEHHS, ITONIYK
MaKCHMaJTbHUX 1 MIHIMaTbHUX 3Ha4YeHb. KOXEH KOHTYp MOXHA IHIUBITyaJbHO
HAJIAIITOBYBATH — Jiala30H 3Ha4YeHb, KOJIIPHA IIIKaJa, 3TJIa/PKyBaHHs Ta iH.

Puc. 9. I'padiune 300paxkeHHs MIIJIBHOCTI JOJICHKOTO MOTOKY

4.3.4. Pyx azenmie 00 6uxo0ie

3a 3aMOBUYBAaHHSIM KOXHA JIOJMHA (areHT) BUKOPUCTOBYE KOMOIHAIII0 MapameTpiB
BuOOpy muisixy no Buxony. Cepea HMX mHapaMeTpiB: 4ac OUIKYBaHHS Iepel KOXHUMHU
JBEpUMa B MOTOYHOMY IMPHUMIIIEHH], Yac OI[IHKU B KOKHOI IBEpi 1O BUXO.Y, 1 BiJCTaHb,
BXKE€ MpoiijlcHa B NPUMIIICHHI. AT€HTH IUHAMIYHO pearyiTh Ha 3MIHY JOBXKUHHU 4Yepr,
BIJIKPUTTS/3aKpUTTS JIBEped Ta 3MiHY MOJU(IKaTOPIB MIBUAKOCTI B IPUMIIIEHHI (SIKI MOXXYTh
MOJEINIOBATH UM Ta CMITTS, IO yCKIaJHIOE pyx). KopucTtyBau Mojke HajalmTtoByBaTHU Bary
napaMmeTpiB, pEryiaiolud MOBEAIHKY. Hampukiaa, areHTy MoO)Ha BKa3aTH ICHOPYBAaTH
JOBXKHUHY Yepr 1JIETKO pyXaTHCs 10 HAlOIMKYOro BUXOY.

Kpim TOro, arentam MOXHa CTaBUTH IEBHI 1T (HampuKIaa, WTH y BKa3aHE MiCIe Ta
YeKaTH TaM BKa3aHWH Yac), ab0 NeBHI BUXO/IH.

4.3.5. Cxo0u, eckanamopu, 00piicKu, wio pyxaomscs, i pamnu

Cxo[iB Ta paMIy MOKHa CTBOPHUTHU B KUTbKa KJIallaHb MHUIIIL. [X MOYKHA BUKOPHCTOBYBAaTH
ISl MOJICJTFOBAHHS €CKAJIaTOPIB 1 JOPIKOK, L0 PyXarOThCs (MOXMINX 00 TOPU30HTAIBHUX).

4.3.6. Inougioyanvni nanawimyeanus aiooei

Koxna mromuHa B MoOJeNi MpeAcTaBlieHa areHTOM 3 BIAacHUM MpodigeM (B sSKOMY
BCTaHOBJIIOETHCS PO3MIP JIFOJMHU Ta IIBUAKICTH HOTO pyXy) Ta BIACHOIO MOBEIIHKOIO (PYyX 10
BUXOJIIB, OPOKHIX TOYOK Ta JiTiB). Ha 0CHOBI CBOIX XapaKTEpUCTUK KOXKEH areHT OLIHIOE
HABKOJIUIIIHIA TIPOCTIp Ta BUOHMpae MIISX OO0 BUXOMy. Hampuknan, TIOAM MOXYTh YHUKATH
JIOBTUX 4epr abo pearyBaTH Ha 3aKpUTTS JBEpEHl.
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MokHa cTBOpUTH pi3HOMaHiTHI mpodini moaei. [lapamerpu B mpodiai MOXKyTh OyTH
MOCTIHHMMH, a TaKOXX 3 PIBHOMIPHHM, HOPMaJIbHUM a00 JOTOHOPMAJIbHHM PO3MOILIOM.
Hanpuknan, mMoxHa CTBOPUTH MpoQili, IO MOJETIOIOTh AITEH Ta JOPOCIHX, a MOTIM
po3noainuTy iX cepen areHTiB y cruiBBigHomIeHHI 20 Ta 80 %. AHAJIOTIYHO MOXKHA CTBOPUTH
Ta PO3MOAUIMTH 037U pI3HOMAHITHUX MOBEHIHOK. JIIoAM MOXYTh HpsSMYBAaTH 10 PI3HHX
BHXO/IiB, BiZIBITyBaTH JOPOKHI TOUKH Ta YEKATH Ha 3aJaHUU Yac.

BinoOpaxxeHHS TpPUBHUMIPHUX pE3yJIbTaTiB MOKJIHMBE I Yac MOJCTIOBaHHA (IS
neperiisily TMOTOYHOTO CTaHy), TakK 1 IMcias 3aBepUICHHS po3paxyHKy. TpuBumipHa
Bi3yari3allis J03BOJISIE KOPUCTYBAYEBI CIIOCTEPIraTH 3a PyXOM JIIOJCH, MPOMOTYBATH 3aIUC
yrepen 1 Haszaja, MeperiisifaTd OUIAXH PyXy Ta BHOMpPATH areHTIB Ui CIIOCTEPEKEHHS. Y
¢aiini pesroMe BUBOAMTHCS 1H(OpMaIlist Ipo MIHIMAIbHUN, MAaKCUMaIbHUM Ta cepeHii yac
PyXy /0 BUXOAY, @ TaKOX IpO MEpIIMH 1 OCTaHHIN MUHYJIUHN yepe3 ABepl Ta MPUMILICHHS.
bubm neranpHa iHpOpMarlis HaBeneHa y Qaitiiax CSV, y ToMy 9HCII TIPO pyX OKpPEeMHX
JOJEH.

Jlig po3paxyHKIB yacy eBakyallli nmpuiiMaeThcsi mporpamHoro komiuiekcy Pathfinder,
KUl Mae mepeBaru Haja 3BUYHUM pospaxyHkoM 3a JICTY Tta no3Boiise OUIbII TOYHO
BUKOHATH OOYMCIIIOBAHHS 4acy eBakyallil 3 BpaxXyBaHHSIM 1HIUBITyaJbHUX OCOOIMBOCTEN Ta
TTOBEJIIHKH areHTiB (JTrojIei ).

4.4. PospaxyHok wuacy eBakyauii aiteii 3a gonmomorow IIK Pathfinder 3
HABYAJbHOI0 3aKJIa1y

[TpoBenemo po3paxyHOK yacy eBaKyailii JIFo/ieit 3a JOMOMOTOI0 IIPOTPAMHOTO KOMILIEKCY
Pathfinder Hanpukiaai JOMIKIUTEHOTO HABYAJILHOTO 3aKIaay JJIsl JITEH 3 MOPYIIECHHSM CITYXY.

HesBaxkaroun Ha TOM (hakT, MO MPHUMIMICHHS TOMIKUIBHOTO 3aKkiany oOaJHaHHI
CHUCTEMOIO KepyBaHHSI €BakyloBaHHAM [V—V Tumy, Bce x 0araTo dYacy ijae Ha peakIlio
J0JIel Ha OMOBIIIEHHS Mo Tokexy. Ocolwu, siki mepedyBaroTh y OymiBiIi, MOXYTh Ha Yac
BUHUKHEHHSI TIO’KEXK1 3HAXOJUTHCS B CTaHI CHY, 3HAYCHHS TPUBAJIOCTI BiJl MOYATKY €BaKyallii
cranoBuThb — 240 ¢ [30].

[Ipu opranizamii mporiecy eBakyallii BaXJIMBO PO3TJISAATH PIMICHHS, CHOpPSIMOBaHI HE
TUTBKHM Ha TMOKpAIeHHs 4Yacy eBakyallii, ajie i Ha 3HIWKEHHS IIUIbHOCTI JIOJACHKUX IOTOKIB.
Ile macTe MOXJIMBICTH MIHIMI3yBaTH PU3UKH TPaBMATHU3MY JIIOJCH 1 YTBOPECHHS NEPEIIKO Y
poIieci pyxy.

B saxocti HaiOUIbII e€()EeKTUBHOIO pIIEHHS BapTO PO3IJIANATH IMOETANHY EBaKYyallilo.
Cxema opranizanii moetanHoi eBaKyalii 3aCHOBaHa Ha MOALUII JIIOJIEH, 110 €BaKYyIOIOThCS, 1
3arnoOiraHHs iX MepeTuHy.

JIJis MOKITUBOCTI MPOBEICHHS PO3pPaxXyHKIB Ta MOJENIOBaHHS €Bakyallii 3 MPUMHITOTO
JOILIKUIFHOTO 3aKJIady Cil BU3BHAYUTH HACTYIHI BUXI/IHI J1aH1 K1 MPUIMAIOThCs 32 HaJIaHOKO
iHpOpMaIli€r0 Ta BAMOT HOPMaTUBHUX JOKYMEHTIB:

— ctyninb Boruectiikocti — [-1I [31];

— PEXKHUM pOOOTH — ITUT0J000BHIA;

— KiIbKicTh moBepxiB — 2 [32];

— rpynoBuii ocepeniok — 8 (2 rpynu Ha 1 moBepci Ta 6 Ha 2 nosepci) [32];

— BucoTa nosepxy — 3,3 m [33];

— 3arajbHa KUIbKICTb Jrosiel B OyauHKy — 96 ocib aiteit ta 18 nopocaux ocid;

— KUTbKicTh cxoa0Bux KiiTok CK1 — 3, cxonosuii mapmr — 1,35 m [32, 34];

— IHUpHUHA JIBEpeil cX0I0BUX KIITOK — 1,35 M [34];

— IIMpPUHA MPOXOiB Ta Kopuaopis — 1,4 m [33];

— IIMpUHA BXIAHUX JBepelt nuTsuux ocepenkis — 0,9 m [33];

- KUTbKicTh cxoiB Tumy C3 — 6 [32];

- mpuHa MapuiB cxoaiB Tuny C3 1 aBepeit Ha ix momanku — 0,9 m [33, 35];

- yac noyaTky eBakyarii — 240 ¢ [30];
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- IHTEHCHUBHICTh 1 IMIBUAKICTb PYXY JIOJCHKOTO IMOTOKY PI3HUMH IUISHKAMH IIJISXIB
eBaKyarlii B 3aJIeKHOCTI Bl IIUTLHOCTI JUIsl TPYIH MOOLTBHOCTI [35]:

Tabnuus 2
[HTEHCUBHICTD 1 BUIKICTD PYXY JIOJACHKOTO MOTOKY PI3HUMH JUISTHKAMH [IISAXIB
eBaKyallii B 3aJIeXKHOCTI Bl IUTBHOCTI JUIs TPy MOOUThHOCTI M1

I'pyna ['opu30HTANBHUN DUISIX Cxoi1 BHU3
MI'H HIBUAOKICTS, [HTEeHCUBHICTD, IIBuaKICTH, M/XB IHTEeHCUBHICTH, M/XB
M/XB M/XB
M1 100 1,0 100 1,0
— TUIOIIA TOPH3OHTAIBHOI TIPOEKIIii JIF0Iel 3 0OMekeHOo0 MOoGiTbHICTI0, M%/oc (puc. 10)
[22].
340posBi nroau
3 BagamMmu
cnyxy
3 obmexeHo
PO3yMOBOIO
OIANbHICTIO
@

o=0,28
c=0,46
f=0,10

Puc. 10. ITnoma ropu3oHTaNBEHOT MPOEKIIIi JTF0el 3 BalaMU CIYXy

JIns po3paxyHKy NpHUIMaeMo JBa MOMJIMBUX CIIEHapii eBakyarii HiTeld Mmpu yMOBHIH
MOXKEXKI.

1. 3aknan obnamHaHui THUHOBOIO cucTemoro omnosimeHHs CO4 (cBiTIOBUH, 3BYKOBHIA,
MoBJieHeBHi Tun onoBimenHs) [20]. [Toxkerka BUHMKAE BHOY1 KOJIU JIITH 3HAXOATHCS B CTaH1
CHy Ta 1030aBJeHI MOXJIHMBOCTI CaMOCTIHHO OTpUMYBaTH IH(OPMAII0 PO TMOXKEKY.
BuxoBareni siki nepe0yBaloTh B HIYHUH 4ac 3HAXOAATHCSA B CYCIAHbOMY MPUMIIIEHHI, MIiCIsA
OTPUMAaHHS CUTHAJTy MPO TMOKEXKY Bl CHUCTEMH TMOXKEXHOI CUTHami3amii (Aami Mo TeKcTi
CIIC), mnoumHaroTh MNpOOYMKYBaTH KOXKHOTO 13 JiTe Ta CyOpoOBOJXKYBaTH iX [0
eBaKyaliifHUX BUXOIB. B K0HIl rpymi 3HaxoauThes 1o 12 niTei.

2. 3akman oOmagHaHW BIOCKOHANEHOIO cucTeMoro omosimeHHs CO4 (CBITJIOBHIA,
3BYKOBHUI, MOBJIEHEBUH, JOJAaTKOBO BIOpaIifHUN THI OINOBIIICHHS, MEPEXTIUBI CBITIOBI
nopikku) [20]. TToxerka BHHUKAE BHOY1 KOJIH JIITH 3HAXOJIATHCS B CTaHi CHY, JITH CAMOCTIITHO
npoOyKYIOTECS BiA BiOpallii MPUCTPOIB PO3MILICHUX MiJ] MOAYIIKAMHU Ta IHAMBIIyaIbHHX
OpacneriB siki oTpumanu currai Big CIIC, mouynHaoTh caMOCTIIHO €BaKyIOBAaTHCS CIIAYIOUYH
32 HaANpsSMKOM MEPEXTIUBUX JOPDKOK Ta CBITWIBHMKIB. BuxoBareni siki nepeOyBaroTh B
HIYHUH Yac 3HAXOAATHCS B CYCIAHbOMY MPUMIIIEHHI, HICIS OTPUMAHHS CUTHAITY MPO MOXKEXY
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Big CIIC cnigytoTe 10 AiTeil Ta CympoBOKYBAaTH iX J0 €BaKkyaliHHUX BHXOJIB. B KoxHIH
IpyIi 3HaXOAUTHCS 10 12 niTei.

4.5. llepumii cuenapii

JliTi 3HaXOAAThCS B CTAJil CHY, OJH BHXOBATEIb HA JIBI TPYIH HAa KO)KHOMY MTOBEPCI.

Puc. 11. Po3MinieHHs areHTiB Ha IOYaTOK eBaKyarlii

BinOyBaetscs cmpamoBanns CIIC ta CO, BuxoBarenai OTPUMYIOTH CHTHA TIPO
HEOOXITHICTh TPOBEJACHHS eBakyarii. Yac pearyBaHHsS Ta TIOYaTKy NpsSMyBaHHS IS
MOXJIMBOCTI TpoOymKeHHs maited craHoButh — 240 ¢ BignmoBigHo mo JCTY 8828:2019
[ToxexxHa 6e3neka. 3araibHi MOJI0KEHHS.

Puc. 12. TlowaTok npsiMyBaHHS BUXOBATEIIB 10 MiTEH

BuxoBareni npubynu 10 rpyn, NpOBOAUTHCS iX MpoOy/pkeHHs. OpieHTOBaHMN 4Yac Ha
KOXXHY TUTHHY cKiazae 15 c¢. 3aranpHuil yac, BUTpadeHuit Ha nmpooymxennsa — 180 c.

3arayibHUH yac eBaKyallii 3a IepIIMM CleHapieM cTaHOBUTH Ha 408 c.

4.6. Ipyruii cueHapiii

Jitn K 1 32 HepIIUM CIIEHapieM 3HAaXOJAThCs B CTaJil CHY, OJUH BHUXOBaTelb Ha JIBi
Tpylu Ha KO)KHOMY IOBEpCi.
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BinOyBaerbcsi crpalfoBaHHs BiOpalifHUX HPUCTPOIB PO3MIMIEHUX i MOIyIIKAMH,
iHauBinyanbHux OpacneriB  gireid Bim curHanmie CIIC, AiTh TOYMHAIOTH CaMOCTIHHO
npoOymkyBatucs. Yac mnpoOy/pkeHHS Ta TOYaTKy eBakyarii agireii craHoButh 240 ¢
BiamosigHo 10 JICTY 8828:2019 IloxkexHa Oe3rneka. 3arajibHi IOJI0KCHHS.

BuxoBarensimMu ki npuOyau A0 TPyIl, MPOBOAMTHCS OIS MPHUMIIIEHb Ta MOJAJIbIIE
CYNPOBOJDKEHHS JITEH 10 eBaKyalliiHUX BUXOJIIB.

3araipHUI yac eBakyallii 3a APYyruM CIieHapieM cTaHOBUTH Ha 120 ¢ MeHmIe Bij 4acy 3a
MEPUINM CIEHAPIiEM.

[Tepesara CO (puc. 1) nossrae:

— B OUIBII IIBHJKIM eBakyamii AiTell 3a paXyHOK 3MEHIIEHHS 4acy BUTPAYCHOTO Ha
MpsIMyBaHHA Ta MO0y KEHHsI BUXOBATENAMU JITEH, K1 3a TIpIIMM BaplaHTOM NepeOyBaroTh
y cTajli cHY;

— OTPUMAHHS JITBMH CUTHAJIIB MPO TOXKEXKY;

— BUKJIFOUEHHSI OHATTS «JTIOJICBKOT0Y» (PaKTopy.

5 BHUCHOBKH

1. Ananizyroun BUMOTH YMHHUX Ha TEpUTOPii YKpaiHW HOPMATHBHUX JIOKYMEHTIB CIIiJ
3pOOMTH BHUCHOBOK, IO HAasBHI Ha TEMEpINIHIM Yac TEXHIYHI 3acO0M OTOBIMICHHS Ta
YOpaBIiHHS €BaKyalll€lo, X XapaKTepUCTHKH CIPSMOBaHI Ha 3BUYAaHUX Y4YHIB 0e3
BpaxyBaHHSl B HAIIOMYy BUIAJKY JiTeH 3 0COOJMBUMHU OCBITHIMU NMOTpebamu (HOPYIIEHHIM
CIIyXy) SIK HaCJiZIOK HE B 3M031 HaJIS)KHUM YAHOM BUKOHATHU CBOIO (DYHKIIIIO.

2. MarematuyHa MoOJieNlb OLIHKKA €(pEKTHUBHOCTI CHCTEMHU OMNOBILIEHHS Ta YIPaBIIHHS
€BaKyalli€l0 TTOBUHHA BIAMOBIIaTH OCHOBHUM MPHUHITUIIAM O€3MEYHOTO €BaKYIOBAHHSI JIIOJICH,
a came: 3a0e3MeuyBaTH MOXKJIUBICTh 3aBEPILIEHHS €BaKyallli 10 MOMEHTY HacTaHHS TPaHUYHO
nonyctuMux 3HadeHb HUYII;, Brmrowatm mnapameTpu, IO XapaKTepU3yIOTh MOMXKJIHMBOCTI
O€3MEepPEeNIKOAHOTO PyXy JIOJeH eBaKyallliHMMH TIUISIXaMU;, BpaxOBYBaTH CHEHUQIKY
YOpaBIIHHS PYXOM JIOJIeH, OCOOMMBO JMiTeld 3 OCOONMBHMHU OCBITHIMH TOTpebamu, 3a
JOTIOMOTOI0 3BYKOBUX, CBITJIOBUX Ta MOBJICHHEBUX 3acO0IB OTOBIMICHHS; KOPUTYBAaTH
napaMeTpu uacy eBakyallli 3 ypaxyBaHHSM crneuu(iku MOBEIIHKU JIIOJEH Yy CTPEeCOBUX
YMOBAaX Ta MOKJIMBHUX 3MiH Y IIPOCTOPI €BaKyarlii.

3. Jns migTBep/KeHHS €QEeKTUBHOCTI Cy4acHOI CHCTEMHU OIOBIIICHHS MpoBeleHa
po3paxynkoBa yactuHa poootu B [IK Pathfinder, sika monsarana y Bu3HaveHi yacy eBakyarrii
Ha ICHYIOYOMY JOUIKUIbHOMY HaBUYaJIbHOMY 3aKjajal Juid JITel 3 MOPYLICHHSIM CIyXy 3a
IBOMa crieHapisMu (0e3 Ta 3 yIOCKOHAJEHOI0 CHCTeMOro omoBimieHHs). EdexTuBHicTh
noJisirana B OUTBIN MIBUAKIM eBakyallii 3a paxXyHOK 3MEHIICHHS 4acy BUTPAYCHOT'0 Ha 3aX0JU
13 MpoOymKEHHSI BUXOBATENsIMU [TITEH, SK1 3a TIpIIUM BapiaHTOM MepedyBajiu y cTajii CHY,
BUKIIFOUEHHS TIOHSTTS «IIOJICBKOTO» (PaKTOpYy.

6 ETWYHI JEKJIAPALIL

ABTOpHM He MarTh Oyap-AKMX (IHAHCOBUX UM He(IHAHCOBUX IHTEPECIB MO0
MaTepialliB, IPeACTaBICHUX y Lii CTaTTi, AK1 CII1JI PO3KPUBATH.
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MEXAHOAKTHUBALS IIOPTJIAHAUEMEHTY 3 1TOBABKOIO
MEJIEHOI O BAITHAKY 1 11 BIVIMB HA MIIHICTD BYAIBEJIBHOI'O
PO3YNHY

Bapa6am 1. B.:, l'op6osuii O. JI.

Y00ecvra oepacasna axademis 6ydisnuymea ma apximexmypu

AHoTanisi: B npaktuii BUpoOHUITBA MiHEPaTbHUX B’SHKYYHX IIUPOKE PO3MOBCIOKECHHS OJlepKalli
3MilllaHi [IEMEHTH 3 BUKOPUCTAHHSM MiHEpaJbHHX J00aBOK 1, 30KpeMa, MelleHoro Bamusky. OpHieoo 3
BYUIMBUX MPOOJIEM B TEXHOJNOrii BHPOOHUIITBA 3MIIAHMX IIEMEHTIB € CTBOPEHHS ONTHMAaIbHUX
KOMOIHAII{A MOPTIaHALEMEHTY 3 MEJICHUM BaITHAKOM, 5Ki, OKPIM €KOHOMIYHOI €()EKTUBHOCTI, CIIPHUSIIOThH
OJIEP’)KAHHIO B’SDKYYOrO 3 TOKPAalIeHUMH BIACTUBOCTSIMU. AKTYaJIbHUM JUISL JTAHOTO JOCIHIDKEHHS €
AKTHUBAIlisl 3MIMIAHOTO B’SDKYYOro 3 BUKOPHCTAaHHIM cynepruiactudikytodoi nodaBku Penakcon-Cymep 1K
B Kimbkocti g0 1 % Bim Horo macu. B pobGori po3rispaerbes poO3AUILHUN Ta CYMICHUE BIUIMB
MeXaHOAKTHBAIlll, BUTPATH 3MIMIAHOTO B’SHKYYOro Ta JI0OOABKM MENEHOTO BAaITHSAKY y HBOMY, a TaKOX
BHTpaTa cymnepruiactTu(ikaTopy Ha MIl[HICTh Ha CTHUCK OY/AiBEIBHOTO PO3YMHY Y Bilmi 3-x Ta 28-um mid
TBEpJJHEHHSI B HOpMaJIbHUX yMoBax. J{Jis BU3HAUeHHs BIUIMBY Ta ONTUMI3aIlii epepaxoBaHux (akTopiB Ha
MIIHICTh Ha CTUCK OYJIBETHHOrO pPO3YMHY TPOBENeHO 3-X QakTopHuil ekcrepuMeHT. Opepxai
MOJTIHOMIaJIbHI MOJIEII JIO3BOJIMIIM BCTAHOBUTH TPIOPUTETHUN BIUIMB HAa MILHICTH OYAIiBEJIHHOTO PO3YHHY
BUTPATY MEXaHOAKTHBOBAHOT'O 3MIIIIAHOT'0 B’SDKYYOro. 3pOCTaHHs HOro BMICTY B CKIIaJIi PO3YHHY BUKITHKAE
MIJBUIIEHHS HOro MII[HOCTI Ha CTUCK B 3-X mo0oBoMy Bimi 3 24 MIla (koutpons) mo 40,5 MIla, To6To
Maibke Ha 70 %. HactymHum 3a 3HAYMMICTIO ()aKTOpOM BILTUBY HA MIIHICTh OYAiBEIBHOTO pO3UUHY Ha
MEXaHOAKTUBOBAHOMY 3MIIIAHOMY B’SKYU4OMY € BHUTpaTa cynepruiactTudikaTopy. 3poCcTaHHS HOTO BMICTY
Bix 0 mo 1 % BuKNIMKae 3pOCTaHHSA MILHOCTI po3unHy B 3-X moboomy Bimi 3 31 MIla mo 41,2 Mlla, To6To
Mmaiixe Ha 35 %. o crocyeTbesi BINIMBY MEXaHOAKTHBAIlll Ha MIIHICTh OyAiBETFHOIO PO3YHHY, TO CIif
BII3HAYUTH, II0 MAaKCHMaJIbHUM e(eKT BiJ IIBHAKICHOI OOPOOKH IEMEHTHO-BMIIIYIOYO0i KOMITO3MIN 3
T00aBKOIO MEJICHOTO BAITHIKY CITOCTEPIra€ThCS TaKOXK Yy 3-X J0OOBOMY Billi — B I[bOMY pPa3i 3pOCTaHHS
MIITHOCTI Ha CTUCK 3pa3KiB CTaHOBHUTH He MeHIe 60 %.

KurouoBi cjioBa: MexaHOAKTHBALisA, CynepruracTu(ikaTop, MeJIEHH BalHAK, MATEMAaTHIHUNA ITUIAH,
OyIiBenpHUN PO3UHH.

MECHANICALACTIVATION OF PORTLAND CEMENT WITH THE
ADDITION OF GROUND LIMESTONE AND ITS EFFECT ON THE
PLACE OF BIND SOLUTION

I. Barabash?!, O. Gorboviy*
'0desa State Academy of Civil Enginiring and Architecture

Abstract: In practice, the production of mineral binders has become widespread with mixed cements
using mineral additives and, in particular, ground limestone. One of the important problems in the
technology of production of mixed cements is the creation of optimal combinations of Portland cement
with ground limestone, which, in addition to economic efficiency, contribute to the production of a binder
with improved properties. The activation of a mixed binder using the superplasticizing additive Relaxol-
Super PC in an amount of up to 1% of its mass is relevant for this study. The work considers the separate
and combined effects of mechanical activation, the consumption of mixed binder and ground limestone
additives in it, as well as the consumption of SP on the compressive strength of the mortar at the age of 3
and 28 days of hardening under normal conditions. A 3-factor experiment was conducted to determine the
influence and optimization of the listed factors on the compressive strength of the mortar. The obtained
polynomial models allowed to establish the priority influence on the strength of the mortar of the
consumption of mechanically activated mixed binder. The increase in its content in the composition of the
mortar causes an increase in its compressive strength at 3-day age from 24 MPa (control) to 40.5 MPa, i.e.
by almost 70%. The next most important factor influencing the strength of the mortar on mechanically
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activated mixed binder is the consumption of SP. The increase in its consumption from 0 to 1% causes an
increase in the strength of the mortar at 3-day age from 31 MPa to 41.2 MPa, i.e. by almost 35%. As for the
influence of mechanical activation on the strength of the mortar, it should be determined that the maximum
effect of high-speed processing of the cement-containing composition with the addition of ground
limestone is also observed at a 3-day age - in this case, the increase in compressive strength of the samples
is not less than 60%.

Keywords: mechanical activation, superplasticizer, ground limestone, mathematical plan, mortar.
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1 BCTYI

OmnuM 13 e(eKTMBHUX METOMIB IMIJBUILEHHS EKCIUTyaTalliiHUX XapaKTepPHCTUK
OyIIBEIBPHOTO PO3YMHY € MEXaHOXIMIYHA aKTUBAIlisl MIHEPAIBHOTO B’ SDKYJOTO B TIOEHAHHI 3
BUKOPUCTaHHSAM CylepruiacTu(ikaTopiB Ta MiHepalbHUX 100aBOK. B mpakTuii BUpoOHHUIITBA
PO3YMHOBHX CyMimield Ta OyqiBeNbHUX PO3YHMHIB HA IX OCHOBI HIMPOKE PO3MOBCIOJHKECHHS
onepxkap noptaananement [11] 1I/A-B 3 no6aBkoro Bamusiky Big 6 1o 20 %. TexHOIOTIYHO
TaKW{ TOPTIAHAIEMEHT 3 BamHSAKOM (B MOJAIBIIOMY 3MIIIAHUN IIEMEHT) OJCPXKYIOTh SK
CYMICHHM TIOMEJIOM TOPTIAHIEMEHTHOTO KIIIHKEPY, TBOBOIHOTO TilCy Ta JOOABKU BaITHAKY
TaK 1 peTelbHUM 3MINTYBAHHSAM MOPTJIAHALEMEHTY 3 HeoOxiaHow (6...20 %) KUIbKICTIO
MEJIEHOro BamHsKy. Bimomo, 1m0 3pocTaHHsS MPOLEHTHOTO BMICTy BamHsaky (>20 %)
MPUBOANTH J0 AKTHBHOCTI 3MIIIAHOTO IIEMEHTY, IO MOTpeOye 3pOCTaHHS HOTO BUTpPATH B
OyniBebHOMY po3uuHi. [lepcrieKTUBHUM METO/IOM MOKPAIIEHHS MEXaHIYHUX XapaKTEPUCTHK
SK IIEMEHTHOTO KaMEHIO TaK 1 OyJIBEIbHOTO PO3UMHY Ha HOTO0 OCHOBI € MEXaHOAKTHBAlllsl
3MIIAHOTO IIEMEHTY B IIBHJAKICHOMY 3MIllyBayl TYpOYJEHTHOTro Tuly. TeXHOJIOTT4HO
MEXaHOXIMIUYHA aKTHBallil JOCUTh JETKO BIIUCYEThCS B ICHYIOUl TEXHOJIOTTYHI CXEMH
BUPOOHUIITBA PO3YMHOBUX CyMillIeH, 10 CHpHsi€ OUIbII MOBHOMY PO3KPHUTTIO MOTEHLIHHUX
MO>KJIMBOCTEH K 3MIIIAHOTO [IEMEHTY TaK 1 0y1IBEIbHOTO PO3YMHY Ha Or0 OCHOBI.

2 AHAJI3 JITEPATYPHUX JAHUX TA ITOCTAHOBKA ITPOBJIEMH

B npakTtuiii BUKOpUCTaHHS pO3YMHOBUX CyMIIIeH Ta OyiBeIbHUX PO3UYHMHIB HA IX OCHOBI
Bce OUTbIIIE PO3MOBCIOKEHHS OJCPXKYIOTh 3Mimmani B’spkydi [1-5]. B sikocTi MiHepanbHUX
N00aBOK /10 IIEMEHTIB MOJKJIMBO BHKOPHCTOBYBATH Pi3HI HeopraHiuHi martepiamm [6, 7]. Sk
MpaBUJIO, TIEpEBara HaJlA€ThCsl TUM MaTepiajaM, siKi XapaKTepru3yIThCsl BUCOKOIO MIITHICTIO 1
mubHICTIO [8]. Ilpu BBeAEHHI B MOPTIAHAIEMEHT MAJIOMIITHUX 1 BOJOTOEMHHUX MaTepiaiB
OJICPXKYIOTh 3MIlIaHEe B’sDKydYe 3 TMOHIDKEHOI0 MIIHICTIO, MOPO30CTIHKICTIO, MiIBUIIECHOIO
ycaakoro [9, 10]. OnHi€ero 3 Takux MIHEpPATbHHX T00ABOK JI0 IEMEHTY € KapOOHAT KaJIbIIito
CaCO3 (Bamusk). BHacmimok BeNMKUX PO3BiTaHUX 00’€MIB BaIHAKY BUKOPHCTAHHS HOTO B
SIKOCT1 MIHEpaAJIbHOT T0OABKH JI0 IIEMEHTY Oe3IepepBHO 3pOCTac i, Ha JaHUH Yac, 00’ €M TaKux
IIeMEHTIB mepeBuinye o0’em mnoptriaananementiB tumy [II[ 1. Ilopsng 3 mno3uTUBHUM
€KOJIOTTYHUM acCIIeKTOM 3aCTOCYBAaHHS BalHSAKY 3a0e3mneuye ojep:kaHHs OyJliBeTbHUX
pO3unHIB Ta OETOHIB 3HMW)KEHOI eHeproeMHOCTI [11]. 3HaYHO MiICHIIIOE TIO3UTUBHUM €(DEKT
BiJl BBE/ICHHS B MOPTJIAHALIEMEHT MEJICHOTO BAIMHIKY MEXaHOXIMIYHA aKTHUBAllld B sDKY4YOTro B
TypOyneHTHuX mnoTokax [12, 13]. BukopucraHHs MIBHUIKICHOTO TiAPOJUHAMIYHOTO
3MILTyBaHHS Ui aKTHBAIlil IIEMEHTY B MO€IHAHHI 3 ONTUMAJIBHOIO 32 KUIBKICTIO JI00aBKOIO
MEJICHOTO BamHAKy Ta cynepruiactudikaropy 3abe3meuyroTh, HOpsan 3 IUlacTudikailiero,
MIPUCKOPEHHS MPOIIECIB TifpaTallii IEeMEeHTY, 10 J03BOJUTH BIIMOBUTHUCH BiJl BUKOPUCTAHHS
eHepro3aTpaTHUX MIBUAKOTBEPAHYUIHX IIEeMEHTIB [14].

3 HIJIb TA 3AJAYI JOCHIUKEHHS

Merta 3arponoHoBaHOi poOOTH MOJIATa€ y BU3HAYEHH] PO3UTLHOTO Ta CYMICHOTO BIUIUBY
MEXaHOAKTHBALlll, BUTPATI 3MILIAHOTO B’SXKY4OTo Ta J0OaBKU MEJIECHOTO BalHAKY Y HbOMY, a
TaKO>X BUTpPATH cymnepriactugikyrodoi n1o6aBku Penakcon-Cynep 1K Ha MIIHICTE Ha CTHCK
Oy/iBETBHOTO PO3UMHY Yy Billi 3-X Ta 28-u Ai0 TBEpJHEHHS B H.y. MexaHOXIMIYHA aKTUBAIlis
MO/11(IKOBAHOT BOJTHOT KOMITO3UIIT TUTBKH 3 MOPTIAHILIEMEHTOM, a TAKOXK CYMIIIIl B SKY4OTO
3 MEJIEHUM BallHSKOM Ta CyMNepIulacTH(IKaTopoM 3AiHCHIOBANAcs B IIBHIKICHOMY MIIMHI
(n=1800 06/xB) poTsirom 180 cek. 151 KOHTPOJIO BUKOPUCTOBYBAJIACS CYMIll aHAIOTI4HOTO
CKJaay, aje sSKa MEXaHOXIMIYHIM akTuBallii He mifnsarana. (s BU3HAUEHHS BIUTUBY Ta
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ontuMizalii mepepaxoBaHuX (aKTOpiB Ha MIIHICTP HAa CTUCK OYyAIBEIHHOTO po34uHy OyB
npoBefeHu 3-X (AKTOPHUH EKCIIEPUMEHT, J€ B SKOCTI HE3aleKHUX Oynu NPUHHATI
criayrodi (akTopu: a) BUTpaTa 3MIIIAHOTO B SHKYYOTO Yy CKIIahi OymiBeIbHOTO pPO3YHHY; O)
BUTpaTa MEJCHOTO BamHAKY Yy CKIaAl 3MIIAHOTO  B’SDKy4Ooro, B)  BHUTpaTa
cynepmactudikyrodoi nodaBku Pemakcon-Cymep [IK (B mogansmomy CIT).

4 PE3YJIbTATU JOCJIIKEHHSA

B sKocTi B’SDKydoro B EKCHEPUMEHTAIbHHUX JOCTIDKEHHSX BHUKOPHUCTOBYBABCS
noptnaraiement [ II/A-I11-500, sxwit BimmoBimae Bumoram JICTY b B.2.7-46:2010
"[leMeHnTH 3aranbHOOYIIBHOTO MpH3HA4YE€HHA. TexHIyHI yMOBH'. 3MilIaHe B SKyde
OJIEPXKYBAJIA IIJISXOM PETEIHHOTO 3MINIYBAaHHS BIJ030BAaHOT KUTHKOCTI MEJIECHOTO BAITHSIKY
(20 140 % mo maci) Ta HopTIaHALIEMEHTY. B aKoCT1 3anmoBHIOBaYa Jij1s1 OYIiBETLHOTO PO3YMHY
BHKOPHCTOBYBaBCA KBapuosud micox 3 M, =2,2. JlocmimKyBanacs MilHICTh Ha CTHCK

3pa3kiB Oanayok — po3MipoM 4x4x16 cwm, siki OyJlM BUTOTOBJIEHI 13 PO3YMHOBOT CyMilll SIK Ha
MEXaHOAKTHBOBAHOMY 3MIIIAHOMY B’SKYy4OMY TakK 1 Ha B’S)Ky4OMY aHAJOTIYHOTO CKJIanay,
aje sAKe MEXaHOXIMIYHIN akTuBamii HE MipIsarano. ExcnepuMeHTanbHI JOCHIIKEHHS
MIPOBOJIMIIACS 3 BUKOPHUCTAHHSAM J[-ONTHMAabHOTO MaTeMaTHYHOTO IulaHy. B excnepumenTi
BapilOBaJIMCs HACTYNHI (pakTopu:

X, —BITHOIIEHHS Macy 3MIIIAHOTO B’SHKYJOTO J0 HEMEJIEHOTO KBAapIoOBOro micky — 1:3;
1:2:1:1;

X, —BUTpaTa MEJICHOTO BaIHAKY y 3MilIaHoMy B’ sukydomy — (20£20) %;

X, —surpara CII (Bix macu 3mimanoro B’spxydoro) — (0,5+0,5)%.

Butpata Boau 3aMilllyBaHHS JJIsl KOKHOI CTPOYKH MaTEMaTUYHOTO IUIaHY IpuiiManacs 3
pO3paxyHKy OJEp)KaHHS JiaMETpy PpO3IUIMBY CYMIllI HAa CTPYIIYBAIBHOMY CTOJIMKY Y
mianazoni 14045 mM. 3amaHumii  miaMeTp PO3IUIMBY PO3YMHOBOI CYMIIIl  TpHMaBCS
OJIHAaKOBUM JJISl IBOX IMOPIBHIOBAJIBHUX TEXHOJOTIH — 3 BUKOPHCTAHHAM MEXaHOAKTHBAIi
3MIIIAHOTO B’SHKYYOTO 1 TEXHOJIOTII, B SIKI MEXaHOAKTHBAIliS B sDKY4YOro HE mepeadadanacs
(koHTpOJB). [1MaH eKkcepuMeHTY 1 CKJIaau AOCTIHKCHHUX OyIiBEIbHUX PO3YMHIB HaBEICHI B
tabi. 1.

Tadauus 1
MarteMaTUYHUH IJ1aH €KCIIEPUMEHTY 1 CKJIad OyIiBEIbHUX PO3YNHIB

BMmicT cyxux KOMITIOHEHTIB PO3YMHOBOI CyMillli Ha
PiBHI He3ameKHUX OJIMH 3aMicC
No (haktopis 3B CKna’z[ 3MIIIAHOTO Ksapio- | Pxaxcon
B’SKYYOTO u st _Cynep
X, X, X ; IlopTnaunm- Menenui Hicok, MK, r

LIEMEHT, T BaITHSK, T

1 2 3 4 5 6 7 8 9

1 - - - 1:3 500 - 1500 0,0

2 - + - 1:3 300 200 1500 0,0

3 0 0 - 1:2 534 133 1333 0,0

4 + - - 1:1 1000 - 1000 0,0

5 + + - 1:1 600 400 1000 0,0
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1 2 3 4 5 6 7 8 9

6 - 0 0 1:3 400 100 1500 2,5
7 0 - 0 1:2 667 - 1333 3,4
8 0 0 0 1:2 534 133 1333 3,4
9 0 + 0 1:2 400 267 1333 3,4
10| + 0 0 11 800 200 1000 5,0
11 - - + 1:3 500 - 1500 5,0
12 - + + 1:3 300 200 1500 50
13| 0 0 + 1:2 534 133 1333 6,7
14| + - + 1:1 1000 - 1000 10,0
15 + + + 1:1 600 400 1000 10,0

IIpumitka: 1:3; 1:2; 1:1 — cniBBiIHOIIEHHSI MiK BUTPATOI 3MIIIAHOr0 B’SIZKY40ro (T) i KBapuoBoro
micky (1)

Cratuctuuna oOpoOKa eKCIIEpUMEHTAIBHUX JaHUX J03BOJIMIIA OJIEP>KATH TOJIIHOMIATBHI
Mozem (1-4) mirHOCTI OyAiBENHHOTO PO3YMHY HA CTUCK B 3-X Ta 28-m J000BOMY BIlli B
3JICIKHOCTI BIJT IOCTIIKYEMUX (PaKTOPIB:

R"®=23,6+6,6X,+2,5X-0,9X,X,+0,7X,X,
-3,0X,-0,9X? +0,6X,X, (1)
+3,6X,-0,2X%;

R.:% =39,0+10,7X, +4,4X} -1,3X,X, +0,8X,X,
~4,9X, -17X; ~0.7X:X, @
+5,7X,;

R: =13,3+3,6X, +1,3X2 ~0,5X,X, +0,2X, X,
~1,7X, -0,4X? -
+1,8X,;

Ry =29,8+8,2X,+3,3X/ —0,9X,X, +0,6X,X,
~3,9X, -1,2X} %)
+4,5X,.

ne R'“¥(MIa), R"* (MIla) — milHicTh Gy/1iBeTHOTO PO3YMHY HA MEXaHOAKTHBOBAHOMY
3MIlIaHOMY TOPTIAHAIEMEHTI y 3-X Ta 28-u J000BOMY BIIli;
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R“*(Mlla), R (MIla) — miunicts  GyliBE/ILHOTO ~ PO3YMHY ~ HAa  3MillIAHOMY

MOPTIAH/IIIEMEHTI, SKU MEXaHOAKTUBAIlii He MiIAraB (KOHTPOJb), y 3-X Ta 28-u 1000BOMY
BIITI.

Amnanizyroun marematuyti mojeni (1-4) cmig BiAMITHUTH, 0 MakCHUMaJbHUN BILUIMB Ha
MIIHICTh OYAIBETFHOTO PO3YMHY 5K Y 3-X J000BOMY TaK iy 28-u 7000OBOMY Billi HaJJa€ BMICT

3Mima”oro B’sxydoro (X,) y po3umHOBIH OyaiBenbHi cymimi. [ligTBepmxeHHIM

BHU3HAYAJIbHOI'O BILJIUBY BMlCTy 3MIIIAHOTO B ﬂ)Ky‘-IOFO Ha MlIIHlCTI) 6YIIIB€JII>HOFO p03‘-II/IHy SAK

Ha MEXaHOAKTHBOBAHOMY TaK 1 Ha B’SDKY4OMy, SKE€ HE MIAIATAI0 MEXaHOAKTHBALil, €
oJtHO(aKTOPHI rpadiuHi 3aJIeKHOCTI, SIKi HaBe/IeH] Ha puc. 1. )
a)
46 46 46
42 42 42
5 A A
= 38 A 38 38
= 34 \ 34 34
1
[‘5’ 30 30 30
o 26 26
s A 26 . K
2 2 / 22 22 o
Q
2 s 18 \\\ 18
E A —— ——7
S 14 14 14 A
10 / K 10—
6 - 6 6
-1 0 1 q 0 1 -1 0 1
X1 X2 X3
0)
§ 70 70 A A
2 60 | 60 \\ 7
5 a 50 | /K
40 40 i
R A A
g 30 . 30 k 30 %‘
20 ! 20 ﬁ\ 20
K K ™~ K
10 ! 10 - 10 T
-1 0 1 -1 0 1 -1 0 1

Puc. 1. B penenTypHUX (akTOpiB HA MIIHICTH OYIiBEIFHOIO PO3YHHY HA CTUCK B 30HI MAKCHMYMY

(—) ta miHIMyMY (— ):
a — MirHicTh OyIiBEIEHOT0 PO3YHHY B 3-X 1000BOMY BIlli;
0 — MimHICTh OyAiBETFHOTO PO3UYHHY B 28-1 T0OOBOMY Billi;
K — KoHTp OB (MIIHICTH 3pa3KiB HAa B’sDKyIOMY, SIKE MEXaHOAKTHBAIII{ HE ITi[IATalIo;
A — MIIHICTB 3pa3KiB HA MEXaHOAKTUBOBAHOMY B’ SKYIOMY

AHanmi3yloud eKCIepUMMEHTaJIbHI [JaHi CJiJ BHU3HAUUTH, IO 3POCTaHHSA BMICTY
MEXaHOAKTHBOBAHOTO 3MIIIAHOTO B’SDKYYOTOo Yy CKJIaJi PO3YMHOBOI CyMIllll BHUKJIMKAE
MIZIBUIIEHHS. MIITHOCTI Ha CTHCK Oy/iBeNbHOrO po3uuHy B 3-X n0060BOoMYy Bili 3 24 Mlla no
40,5 Mlla, To6T0 Maibke Ha 70 %. B 28-u no6GoBomy Billi BIJIMB BMICTY aKTHBOBAaHOTO
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3MIIIAHOTO B’SHKYY4OTO Ha MIIHICTh OyIiBEIBHOTO PpO3YMHY [0 3HIKYETbCA 1 HE
nepesumrye 62,5 %. Hacrymaum 3a 3HauuMMICTIO (akTOpoM BIUIMBY Ha MIIHICT
Oy/iBETHLHOTO PO3YMHY Ha MEXaHOAKTHBOBaHOMY B spKydomy € Butparta CII. Cruin BinmiTutH,
mo 3poctanns BMicty CII Bin 0 10 1 % macu 3mimaHoro B’spKy4oro MpUBOAE A0 MiIBUIICHHS
MIITHOCTI IIEMEHTHO-IIIIAaHUX 3pa3kiB B 3-X moboBomy Bimi 3 31 MIla no 41,2 MIla to6T0
Mmaibke Ha 33 %, a B 28-u noboBomy Bimti Ha 29 % - 3 52 no 67 MIla. 1llo cTocyeTbcs BIITUBY
BMICTY MEJICHOTO BAITHSKY Ha MII[HICTh HAa CTUCK OYAIBEIBHOTO PO3YHMHY B 30HI MAaKCUMyMa,
TO EKCTIEPUMEHTAIBHO BCTAHOBIICHO, IO B 3-X JOOOBOMY Billi 3pOCTaHHS BUTPATH BAIHSKY Y
3Mimranomy B’spkydomy Bimg 0 mo 40 % Bukimmkae 3HWKEHHS Horo minHocti 3 40,5 MIla 1o
32 Mlla, To6T0 Mmaiixe Ha 27 %. Hdns OyaiBelbHOTO PO3YMHY Ha MEXaHOAKTHBOBAHOMY
B’sSOKydoMy y 28-u n000BOMy Billl BBEAEHHSA 10 CKIaAy 3MimaHoro B’spkydoro 40 %
MEJIEHOTO BAaIHIKY MPUBOJE /10 3HUKEHHS MIIIHOCTI 3pa3KiB (B MOPIBHSIHHI 3 BUKOPUCTAHHAIM
MOPTIaHALIEMEHTY 0e3 100aBKM MEJIEHOTo BanHAKy) Ha 23 % - 3 65,2 no 53 Mlla.

[Ilo crocyeTbcs BIUIMBY MEXaHOAKTHBALlll HAa MIIHICTh OYAIBEIBHOIO PO3YMHY TO CIij
BU3HAUWUTH, 110 MaKCUMaJbHUH e(eKT BiJ MBHUAKICHOI OOpOOKM LIEMEHTHO-BMILIYIOUOi
KOMITO3UIIIT 3 J00aBKOIO MEJIEHOTO BaIHSAKY CIOCTEPIraeThes B 3-X 1000BOMY Billl - B I[bOMY
pazi 3pocTaHHs MIITHOCTI Ha CTUCK 3pa3KiB CTaHOBHUTH He MeHIie 60 %. B 28-u noboBomy Bitri
eeKT BiJ MEXaHOAKTHBALI JEII0 3HWKYETHCS 1, B MOPIBHSIHHI 3 KOHTPOJIEM, HE MEPEBUIILYE
30...32 %.

[ligTBepIXKEeHHSIM MO3UTUBHOTO BIUIMBY MEXaHOAKTUBALIIl € rpadivHi 3aJIeKHOCTI, B IKUX
BIUI3EPKAIOETbCA  BIUIMB BUTPATH 3MIMIAHOTO B SKY4Oro Ha MILIHICTh Ha CTHCK
OyZAiBeNbHOTIO pO3unHy B 28-1 1060BOMY Billl, puC 2.

60

Res MITa

300 T30 1000

Puc.2. Biuiis BUTpaTH 3MilaHOTO B siky4doro (Kr/M°) Ha MiLHICTh Oy/IiBeJIbHOr0 PO3UUHY Ha CTUCK B 28-
n000BOMY BIIIi:
1 - MexaHOAaKTHBOBaHE 3MIIIIaHE B SDKy4E;
2- KOHTpOIIb (3MillIaHe B’SDKYYE, sIKe MEXaHOAKTHBALIT HE MiIAraino

3adixcyBaBmu dakropu X, i X, (BuTpartu meneHoro BamHsAKy Ta CII) Ha HynbOBHX
PIBHAX OTPUMAEMO MaTeMaTH4H1 3aJIe)KHOCTI, K1 MatOTh BUTJISA:

R“?(MIla) =39,0+10,7.X, +4,4X/, )
RY?(MIla) = 29,8+8,2.X, +3,3X_. (6)

Opepxani TpadiyHi 3aI€KHOCTI HATNSAHO MIATBEPKYIOTh BIUIMB MEXaHOXIMIYHOT
aKTHBallii Ha 3pOCTaHHA MIIHOCTI OyIiBEIbHOrO po3uuHy. Tak, MIIHICTH OyAiBETbHOTO
PO3UMHY HAa MEXaHOAKTHBABAHOMY 3MillaHoMy B’spkydomy (32 Mlla) 3a0e3neuyeTbest npu
BUTpaTi Horo B kimbkocTi 500 kr/vS. Jlns OTpUMaHHS aHAJOTIYHOI MIHOCTI OyAiBETLHOTO
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pO3YMHY Ha 3MIIAHOMY B’SDKYYOMY, SKE€ MEXaHOAKTHBAIlli Ha MiIsIraio, HEOoOXiTHO
BUTPATUTH HOTO B KinbkocTi 790 kr/m®, mo maibke na 60 % Oiblie.

5 OBI'OBOPEHHA PE3VYJIBTATIB JOCJIIKEHHSA

PosrmstHyTi Yy CTAaTTi  pe3ynbTaTd  JOCHIAIB IOB’S3aHI 3 BH3HAYCHHSM BIUIUBY
PEIEeNTYPHO-TEXHOJIOTTYHIX (PAKTOPiB, a came: a) MEXaHOXIMIYHOI aKTHBAIlii 3MIIIaHOTO
BSDKYJOTO (CyMill TMOPTIAHIIEMEHTY 3 J00aBKOIO MEJEHOrO BalHAKY; 0) BHTpaTu
3MmimaHoro B’spkydoro; B) Burpatu CII Ha MIIHICTP HAa CTUCK OYAIBEIBHOTO PO3YHHY.
Butpara 3MiIaHOTO B’SKYdoro mpuitmanocs B miamasoHi Big 500 mo 1000 kr/m®.
CratuctruHa 00poOKa eKCIepuMEHTAIbHUX JaHUX Ta OJIepKaHl MOJIHOMIAIbHI MOJIEN1 SIK Ha
MEXaHOAKTHBOBAHOMY B’SDKY4YOMY, Tak 1 Ha B SKYy4OMY, K€ HE MIJUIArano MeXaHOAKTHBAIlll,
JI03BOJIMJIM 3pOOUTH BUCHOBOK PO MPIOPUTETHUH BIUIMB Ha MILHICTh OY/A1BEIBHOTO PO3UYUHY
gK B 3-X 1000BoMy Tak 1 B 28-u 1000BOMy Billl BUTpaTy 3MIIIAHOTO B’SXKYy4Oro.
ExcriepuMmeHTanpHl JaHl CBig4aTh MNpO Te, IO 3pPOCTAaHHS BMICTY B’SKYyYOTO B CKJIajl
po3unHOBOi cymimi Bim 500 mo 1000 kr/mM® BUKIMKAe MiIBUINEHHS MIIHOCTI HAa CTHCK
OyIIBEIILHOTO PO3UMHY B 3-X noOoBoMmy Billi 3 24 no 40,5 MIla, a 28-u no6oBomy Bitli - 3 33
no 54 MlIla, To0to Mmaibxe Ha 66 %. HactymHum 3a 3HauMMicTiO ()aKTOPOM BIUIMBY Ha
MIIHICTh OYyIIBEIBLHOTO PO3YMHY Ha MEXaHOAKTHBOBaHOMY B’sbkydomy € Butpata CIIL
3poctanHs #oro Bmicty (Bix 0 g0 1 % Macu 3wmimaHOro B’SDKY4OTO) HPUBOIUTH JI0
MIIBUIIEHHS MIITHOCTI IIEMEHTHO-TIIIaHUX 3pa3kiB B 3-x mo6oBomy Bimi 3 31 Mlla mo 41,2
Mlla, Tobro maitxe Ha 33 %. [llo cTocyeTbcs BIIMBY MEJIEHOIO BamHAKY Ha MIIHICTh Ha
CTUCK OyJIBEIbHOTO PO3YMHY, TO CJIiJi BU3HAUWTH, 110 MEXAaHOAKTHBAIlll B 3HAYHIA Mipi
HIBEJIIOE CTaJl HOTO MIITHOCTI, 10 JO3BOJISIE BBOAUTH JI0 CKJIaay 3MIIIAaHOTO B’spKydoro a0 40
% MeJeHOro BanHsAKy 0e3 ICTOTHOTO 3HWKEHHS MIIIHOCTI PO3YMHY Ha CTUCK B 28-1 1000BOMY
BIIII.

6 BHUCHOBOK

MexaHoxiMiuyHa aKTUBAaLlis MOPTIAHALIEMEHTY 3 100aBKOIO MelIeHOro BamHsKy (110 40 %)
B mnpucyrtHocti CII € edekTHBHUM TEXHOJOTIYHMM BIUIMBOM B MpOIECi BUPOOHHUIITBA
OyIIBEJILHOTO PO3UYUHY.

7 ETWYHI JEKJIAPALIL

ABTOpPM HE MawTh Oyab-IKUX (IHAHCOBUX 4YM He(DIHAHCOBUX IHTEPECIB II0J0
MaTepiajiB, IPEJCTaBICHUX Y Lii CTATTI, sIKi CJIiJl PO3KPUBATH.
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ANALYSIS OF THE SUSTAINABILITY OF A SPATIAL
BUILDING

V. Fomin?, 1. Fomina!
!Odesa State Academy of Civil Engineering and Architecture

Abstract: Concrete columns are important elements of building structures that provide stability
and load-bearing capacity to buildings. However, their durability can be significantly reduced when
exposed to aggressive environments such as chemicals, moisture, salt, acid rain, etc. Asymmetric
exposure to such environments can lead to uneven concrete failure, which affects the spatial stability
of the column.

The main factors affecting column stability: 1. Aggressive environment: chemical corrosion of
concrete and reinforcement, uneven impact on different parts of the column (for example, one side of
the column is more exposed to moisture or chemicals), cracking and loss of concrete strength. 2.
Mechanical loads: asymmetrical loading of the column due to external factors (wind, earthquakes,
uneven weight distribution of the structure), Additional stresses in concrete and reinforcement. 3.
Design features: rigid clamping of the column (clamping) limits its ability to deform, which can lead
to stress concentration, the presence of reinforcement and its condition (corrosion of reinforcement
significantly reduces the bearing capacity of the column).

Consequences of asymmetric impact: uneven deformation: One side of the column may
deteriorate faster, resulting in a tilted or distorted structure, reduced bearing capacity: loss of concrete
and reinforcement strength reduces the column's ability to support loads, risk of failure: uneven
exposure can lead to sudden collapse of the column, which can endanger the entire structure.

Measures to improve stability: 1. Protection against aggressive environment: use of chemical-
resistant materials (e.g. special concrete grades), application of protective coatings on the column
surface (waterproofing, anti-corrosion coatings). 2. Design solutions: increasing the thickness of the
protective layer of concrete around the reinforcement, use of corrosion-resistant composite
reinforcement. 3. Monitoring and maintenance: regular inspection of the column for cracks, corrosion
and other defects, carry out repair work to eliminate damage. 4. Calculations and design: consideration
of the impact of aggressive environment at the design stage, use of software to model column
behaviour under asymmetric loads.

The spatial stability of a rigidly clamped concrete column under asymmetric aggressive
environment depends on many factors, including the quality of materials, design solutions and
operating conditions. To ensure the durability and safety of the structure, it is necessary to take into
account all these aspects at the design stage and regularly carry out preventive measures.

Keywords: reinforced concrete, corrosion, stability, boundary element method, finite element
method, frame, spatial stability, buildings and structures.

AHAJII3 CTIMKOCTI TIPOCTOPOBOI BY AIBJII

®domin B. M.}, ®omina I. I1.1

Y00ecvra depacasna axademisa 6ydienuymea ma apxiimexmypu

AHoTanissi: BeroHHI KOIOHM € BaXJIMBUMH eIIeMEHTaMH OyHiBeNbHUX KOHCTPYKIIH, SKi
3a0e3MeuyIoTh CTIHKICTh Ta Hecydy 3AaTHIiCTh OymiBenb. OnHak iXHA JOBTrOBiUHICTE MoOXe OyTH
3HAYHO 3HW)KEHA ITiJI BIUIMBOM arpeCMBHUX CEPENOBHUIN, TAaKMX SK XIMI4HI PEYOBHMHH, BOJIOTA, CLIb,
KUCIIOTHI Jomli Tomo. HecuMeTpuuHHMI BIUIMB TaKMX CEPENOBUII MOXE MPU3BOAUTH JIO
HEpiIBHOMIPHOT0 pyiHYyBaHHsI OETOHY, 1110 BIUITMBAE HA POCTOPOBY CTIHKICTh KOJOHHU.

OcHOBHI (akTOpH, IO BIUIMBAIOTh Ha CTIMKICTh KOJNOHH: 1. ArpecnBHE cepenoBuine: XiMiuHa
KOpO3ist OETOHY Ta apMaTypd, HEPiBHOMIPHHN BIUIMB Ha Pi3HI YAaCTHHHU KOJOHM (HANPHUKIAA, OIHA
CTOpPOHA KOJIOHH OUIBLIE ITiVIA€THCS BIUIMBY BOJIOTH 200 XIMIYHHUX PEUOBHH), YTBOPEHHS TPILIMH Ta
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BTpaTa MiHOCTi OeToHy. 2. MexaHiuHi HaBaHTa)KCHHS: HECUMETPUYHE HaBaHTA>KCHHSI KOJIOHH Yepes3
30BHIHI (pakTopu (BiTep, 3eMIETPYCH, HEPIBHOMIPHHH PO3MOALT Baru KOHCTPYKIii), BUHUKHEHHS
JOAAaTKOBHUX HaNpyXeHb y O0eToHi Ta apMarypi. 3. KOHCTpYKTHBHI OCOOIMBOCTI: KOPCTKE 3aTUCKAHHS
KOJIOHH (3allleMJICHHsI) oOMexye i1 MOXIMBICTE 10 nedopMalliii, M0 MOXe IPU3BOIAUTH JI0
KOHIIEHTpAIlil HaIllpy>KE€Hb, HASBHICTb apMaTypH Ta ii cTaH (KOpO3is apMaTypH 3HaAYHO 3HWKYE HECydy
3JIaTHICTh KOJIOHHU).

Hacnigku HecMMETpHYHOTO BILIMBY: HepiBHOMipHa Aedopmalis: OfHA CTOPOHA KOJIOHH MOXKeE
pyHHYBaTHCA WIBH/IIE, HIO NPHU3BOJUTH A0 Haxwmiy abo BUKPHBICHHS KOHCTPYKIi, 3HMKEHHS
Hecydol 31aTHOCTI: Brpara mMinHOCTI O€TOHY Ta apMaTypH 3MEHIIYE 3JaTHICTh KOJIOHW BUTPHUMYBAaTH
HABaHTa)XEHHS, PU3HK pyiHyBaHHs: HepiBHOMIpHHMI BIUIMB MOXE TPHU3BECTH JO PAaITOBOTO
pYHHYBaHHS KOJIOHH, II0 CTAHOBUTH 3arpo3y JJIs BCi€l KOHCTPYKITii.

3axomu Ui MiABUINEHHS CTIMKOCTI: 3aXUCT BiJi arpeCMBHOIO CEPEIOBHINA: BUKOPUCTAHHS
CTIHKMX 10 XIMIYHUX BIUIMBIB MaTepiajiB (HANpHKIaJ, CIeliadbHI Mapku OeTOHY), HaHECEeHH:
3aXMCHUX TIOKPUTTIB Ha TMOBEPXHIO KOJNOHHW (TiAPOI3ONSAIis, AaHTUKOPO3iliHI IMOKPUTTA). 2.
KoHCTpyKTHBHI pillleHHsI: 30UTbIIEHHS TOBIIMHM 3aXWMCHOTO Imapy OETOHY HaBKOJIO apMarypw,
BUKOPUCTAaHHSI KOMIIO3UTHOI apMarypH, CTIHKOI 0 Koposii. 3. MOHITOpHHT Ta 00CIyrOBYBaHHS:
PETYJSIpHUI OJISA] KOJIOHW Ha HAasBHICTH TPILIHMH, CIIMIB KOpo3ii Ta iHmMX JedeKTiB, MPOBEICHHS
PEMOHTHUX POOIT ISl YCYHEHHS MOIIKO/KEHb. 4. Po3paxyHKH Ta MPOEKTYBaHHsI: BpaXyBaHHs BILIUBY
arpecuBHOTO CEpPEIOBHINA Ha €Tari MPOEKTYBaHHS, BUKOPUCTAHHS MPOrPAMHOTO 3a0e3NeueHHs JIIst
MOJIETTIOBAHHS ITOBEAIHKH KOJIOHU TIPY HECHMETPHUYHUX HABAHTAKCHHSIX.

IIpocropoBa CTIHKICTh MKOPCTKO 3aTHCHYTOI OETOHHOI KOJIOHWM 32 HECHMETPHUYHOTO BILTUBY
arpecuBHOTO CEpENOBUINA 3aJISKUTh BiJl 0aratbox (HakTOpiB, BKIIOYAIOYM SIKICTH MaTepialis,
KOHCTPYKTHBHI pIllIGHHSI Ta YMOBHM eKciryatamii. JIisi 3a0e3neueHHs JIOBFOBIYHOCTI Ta Oe3reKn
KOHCTPYKIII HEOOXiJHO BpaxOBYBaTH BCI I[i aCIEKTH Ha eTami MPOEKTYBaHHSI Ta PEryJsIpHO
MIPOBOIUTH MPOQITAKTUYHI 3aXO0/IH.

KuarouoBi ciaoBa: 3ami300eTOH, KOpO3if, CTIHKICTb, METOJ TPAaHUYHHUX E€JIEMCHTIB, METOJ
KIHIIEBUX €JIEMEHTIB, pama, IPOCTOPOBA CTIHKICTh, OYIBIII Ta CIIOPY/IH.
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1 INTRODUCTION

In the process of operation, buildings and structures are affected by the external
environment for a long time and, as an example, corrosion. This greatly complicates the
durability and functionality of objects.

2 ANALYSIS LITERARY DATA AND PROBLEMS STATEMENT

Spatial stability of concrete columns is an important problem in structural mechanics,
especially when exposed to aggressive media. Unsymmetrical impact of such media can lead
to material degradation, change of mechanical properties and, as a consequence, to the loss of
structural stability. In this review, the main approaches to analysing the stability of rigidly
clamped concrete columns under asymmetric effects of aggressive media are discussed.

The foundations of the theory of structural stability were laid in the works of Euler, who
first considered the problem of longitudinal bending of a rod. For concrete columns, the
works devoted to the consideration of nonlinear material properties and geometrical
nonlinearity are of great importance.

The rigid pinching of the column in the foundation or slab significantly affects its
stability. The works [1, 2] consider the methods of taking into account rigid pinching in
stability calculations.

Aggressive media (acids, alkalis, salts) can cause corrosion of concrete and
reinforcement, which leads to a decrease in the strength and stiffness of the structure. The
main mechanisms of concrete degradation under the influence of different media are
described in [3, 4].

Non-uniform exposure to aggressive media can be caused by non-uniform distribution of
the medium around the column (e.g., on one side). This leads to non-uniform degradation of
the material and, as a consequence, to the occurrence of additional stresses and deformations
[5].

Modern methods of stability analysis include the use of finite element analysis (FEA),
which allows taking into account nonlinear material properties and geometrical nonlinearity.
In [6, 7], examples of using FEA to analyse the stability of concrete columns are presented.

Experimental studies play an important role in the validation of numerical models. In
[8, 9], experiments to determine the stability of concrete columns under the influence of
aggressive media are described.

In order to account for the asymmetric effects of aggressive media, it is necessary to
model the material degradation process. In [10, 11], models that take into account non-
uniform distribution of degradation along the column cross-section are proposed.

Non-symmetrical degradation leads to changes in the distribution of stresses and
deformations, which can significantly reduce the column stability. The works [12] consider
methods of accounting for this effect in stability calculations.

Analysis of the literature shows that the spatial stability of rigidly clamped concrete
columns under asymmetric effects of aggressive media is a complex problem requiring the
consideration of many factors. Modern methods of analysis, including numerical and
experimental approaches, make it possible to obtain more accurate estimates of the stability of
such structures. However, further research is needed to develop more advanced models that
take into account all aspects of the effects of aggressive media on concrete structures.
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3 PUPPOSE AND OBJECTIVES OF THE RESEARCH

In the present paper, a more complex case is considered when two of the adjacent side
faces are corroded, with the onset of corrosion processes in the faces not coinciding in time.

4 RESEARCH RESULTS

The column is a corner in the structure and the diagonal partition starts from it (Fig. 1).
We will call these two faces internal.
We denote the inner face perpendicular to the axis by number 1, and the face

perpendicular to the axis by number 2.
When investigating the stability of the column, we will follow the algorithm described

earlier.
In this case, we will define the values of critical forces as

X

P

!1[ D}

'Y
\

31[2} o —= [2}
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Fig. 1. Corner column

for loss of stability in the plane xy®, and in the plane xy®. It is clear that the loss of
stability will occur at the lower of them.
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Fig. 2. Longitudinal sections of the column
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Let the beginning of the corrosion process in face 1 corresponds to t = 0, and at the edge
of 2t=t{» >0.

X X
l PO () I PO ()
3 @
i B Q)
\ 2
{ Jim {
(1) (1)
liTl liTl
e 0
iz
b)

Fig.3. Dashed line column in the plane

Let's consider the stability of the column on the time interval o<t<t{?. Longitudinal
sections of the column by planes xy®u xy®® re presented in Fig. 2a) u 2b). The height and
depth of the corroded layer are determined by the following formulas

1O(t) =Vot, h®(x,t) = he MmO, )

Let's call the centreline geometric location of the centres of gravity of the uncorroded
cross-sections of the column (in Fig. 2c) the centre of gravity of the uncorroded part of the
cross-section is designated C1). In Fig. 3a) the dashed line shows the centreline of the column

in the plane xy®. In the plane xy®, it coincides with the column axis. Following the algorithm
outlined earlier, we construct the critical force equation:

FEOPY,t)cosk” + F (PY,t)sink{" -1=0 (i =1,2). (2)
Here index i corresponds to the loss of stability in the plan:
xy"  (i=12), ké”zI«/P(‘)/EﬁJS’, JW =d,d?/12, I =dd3/12,
RO(PY,1) =120 (A% 0,0 -1k{” cosk{? 42 (1) - 2, (4 (), ) sink{? 4 1),
FOPY1) =242 (1)) -1k sinkP 42 (1) + 2, (A9 (), 1) cos k" 42 (1),
Z9(& 1) :izfilz(§1t)(€(i))k1Zl(’ik)(é,t) =§: fj(i,k)éj,ézlﬁ,g(i) _PYI2/E,,
k=1 j=0
200 =10 ) /1, 9 —coefficients, which are defined fU(t), @& t)=
12 12 in t0£,0=3 00 (=12).
j=0

" d,[d, ~hV(E,OF [d, —h® (£, )]0
To determine the critical forces, we use equation (2), in which we should assume:

and f@(&t) =
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t0(&t)=12/[d,-h@E 0 | d,-hO DT,
£@(£t)=12/[d, ~h (&) ][d,~h(En T

The other designations remain as above.
5 DISCUSSION OF RESEARCH RESULTS

After all the calculations have been carried out, it can be said with certainty that the use
of this method can show how reliably the structure is operated and it is quite easy to calculate
its long-term use under the action of any aggressive environment.

6 CONCLUSIONS

The method for investigation of nonuniplanar stability of concrete columns with taking
into account nonsymmetrical aggressive environmental impact is offered, what allows their
on-time strengthening to secure the reliability of constructions.
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YK 004.514

THOOPMALIMHA CUCTEMA JJIsI OUUIIIEHHSA BOJIU HA
CYAHAXMOPCBKOI'O I PIYKOBOI'O @JIOTY

Becnanosa A. B., Xorin C. }0.2, Konosasos C. M.?

Y0o0ecvra deparcasna axademisn 6ydienuymea ma apximexmypu
200ecvruii HayionanbHUl MOPCLKULL yHIGEpCUmem

AHoTanis: 3a0e3eueHHs MOPChKHX 1 PIYKOBUX CYJCH OYMIIECHOO MPICHOIOBOOK € 3aBJaHHIM
MEPIIOPSAHOT Baru, OCKUIBKU BiJl IIbOTO 3aJIKHUTH 3a0e3IcUeHHS HAMBAKIIMBIIINX KUTTEBUX MOTPEO
YIEHIB eKimaxy 1 nacaxxupis cyaHa CTidHi BOJIU 3 CYJCH TaKOX HEOOXIHO OYMIIATH MEPE] BUKUIOM
B joBKiuIA. KpiM TOro BozoouucHe oOJIaJHAHHS € OJHIEI 3 KJIIOYOBHUX CHCTEM CIIEIlialli30BaHHX
CyJeH eHepro- i xwurre3abesnedeHHs. Ha cydacHuUX cyqHax BOJIOOYMCHI CHCTEMH MPAIlOKTh B
ABTOMATHYHOMY DPEXKHMI IIiJi YIPaBIiHHAM KOMITIOTEpiB, CTaOLIBHICTH POOOTH SKUX 3abe3rnedye
Kepyroda iHpopMaliiiHa cucrema.

Hana pobota mpucssiueHa po3poOiri iHopMmarliifHoi cucTeMu Jisi YIPABIIHHAS i KOHTPOIIO HaJ|
TEXHOJIOTTYHUMH TPOIIECAaMHU OYHIIECHHS BOJH, IPH I[bOMY B Hiif OyJI0 BUPIIICHO PsJl HEPIIOPSIHUX
MPUKIIAIHUX 3aBaHb.

Po3ristHyTO OCHOBHI acniekTd po3poOku iHGOPMAITiiTHOT CHCTEMU JUTS OYHINSHHS BOJU HA CYIHAX
MOPCBKOTO 1 PIY4KOBOro (IOTY PI3HOIO MNPU3HAYCHHS, BKIIOYAIOUYH BHMOIM JIO CHUCTEMH, Il
apXITEKTypy, TEXHIYHI pIIICHHS, 0 BHUKOPHUCTOBYBAIMCh, a TAKOXX METOAM aHai3y JaHHX Ta
IHTErpaIliio 3 IHIMMH cUcTeMaMu cyaHa. OmucaHi OCHOBHI BUMOTH JI0 CHCTEM IOIOHOTO THIY, iX
apxiTekTypa. by po3poOieHuil AeTanbHul MakeT iHTepdeicy KOpUCTyBaya, SIKAM y MOBHOMY 00Cs31
orucye po0OoTy iHpopMalliiiHoi cucteMu. Po3risHyTo (GopMysH, sKi BUKOPHCTOBYIOTHCSA B JaHIii
CHCTEMI, 3aBJIKH SIKHM BHUKOHYIOTHCSI PO3PaxXyHKH MO0 OYMINEHHS BOIH, a TAKOX EIEKTPOEHEprii,
10 CHOOXKMBa€ cucTeMa. HapemeHi mnpukiagd poOOTH CHCTEMH Ha OCHOBI PO3PaxyHKIB 3a
PO3MISIHYTUMH (POpMaMHM, a TaKOX MHPUKIaAA BUKOHAHHS 1H(POPMAIHOK cHcTeMO IpadikiB, sKi
MOKa3yloTh e(EKTHBHICTh OYMINECHHS BOAM Ta CIIOKHBYOI €JIEeKTpoeHeprii 3a med dac. Takox
HaBeZleHa TaONWIl, SKy TEHepye CHCTeMa, IO TOKa3ye IMapaMerph SKOCTI BOAW IO Ta IICHA
ounineHHs. Bee 1e mokazye po06oTy iHGOpMAIIiitHOT CHCTeMH ISl OYUIIEHHS BOAW Ha Cy[IHAX PI3HOTO
MpU3HAYEHHS, BKIIOYAIOYM CHEMiadbHI CyIOHAa s eHepro3abe3ledeHHs] BEUKAX OymiBeTbHUX
00'eKTiB 1 HaceleHNX MYyHKTIB IPH HAJ3BHYAHUX CHUTYAIlisIX PIZHOTO XapakKTepy, fKa AOoNoMarae
Bi3yari3yBaTH Ta aHali3yBaTH [aHi, IO JO3BOJIIE BYACHO BXKMBATH HEOOXITHWX 3aXOMIB I
MIATPUMKH BUCOKOI SIKOCT1 BOAH, a IIe, B CBOIO Uepry, 3a0e3meuye Oe3meKy, KoM(QOopT Ta eKOJIOTI9HICTh
CYTHOIUIABCTBA, CHPHUSE BHUKOHAHHIO MUDKHAapOIHHWX CTaHAApPTIB Ta TMOKPAIMIEHHIO 3aralbHoi
€KOJIOTTYHOI CUTYAIlil Y CBITOBOMY OKEaHi.

Onucana B crarTi iH(opMalliiiHa cucTeMa MOXKE 3HAWTH IIHPOKE 3aCTOCYBaHHS B SKOCTI
MIPOrpaMHOro 3a0e3neueHHs] poOOTH aBTOMAaTH30BAHOTO BOJOOYHCHOTO KOMILIEKCY Ha CYAHAX Pi3HOTO
MpU3HAYCHHS.

Kuarouogi ciioBa: indopmariiiiHa cucrtema, OUUIIEHHS BOIU, CyJJHAa MOPCEKOro (JIoTy, iHTepdeiic
KOpHCTyBada, Bizyali3allis.
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INFORMATION SYSTEM FOR WATER PURIFICATION ON
MARINE AND RIVER FLEET VESSELS

A. Bespaloval, S. Khotin?, S. Konovalov?
!Odesa State Academy of Civil Engineering and Architecture
2Odesa National Maritime University

Abstract: Providing sea and river vessels with purified fresh water is a task of primary
importance, as it depends on providing the most important vital needs of the crew members and
passengers of the vessel. Waste water from vessels must also be purified before being released into the
environment. In addition, water purification equipment is one of the key systems of specialized energy
and life support vessels. On modern ships, water purification systems work in automatic mode under
the control of computers, the stability of which is ensured by the control information system.

This work is devoted to the development of an information system for the management and
control of technological processes of water purification, while a number of primary applied tasks were
solved in it.

The main aspects of the development of an information system for water treatment on ships of the
sea and river fleet of various purposes are considered, including the requirements for the system, its
composition, the technical solutions that were used, as well as the methods of data analysis and
integration with other systems of the ship. The main requirements for systems of this type and their
architecture are described. A detailed layout of the user interface was developed, which fully describes
the operation of the information system. The formulas used in this system are considered, thanks to
which calculations are performed regarding water purification, as well as the electricity consumed by
the system. Examples of the system's operation based on calculations based on the considered forms,
as well as examples of the execution of graphs by the information system, which show the efficiency
of water purification and consumer electricity during this time, are given. Also shown is a table
generated by the system showing water quality parameters before and after treatment. All this shows
the operation of the information system for water purification on vessels of various purposes,
including special vessels for the energy supply of large construction objects and settlements in
emergency situations of various nature, which helps to visualize and analyze data, which allows you to
take the necessary measures in time to maintain high quality water, and this, in turn, ensures the
safety, comfort and environmental friendliness of shipping, contributes to the fulfillment of
international standards and the improvement of the general ecological situation in the world ocean.

The information system described in the article can be widely used as software for the operation
of an automated water treatment complex on ships of various purposes.

Keywords: information system, water treatment, sea vessels, user interface, visualization.
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1 BCTYIl

Excrutyaraiiiss cyzniB HeMUHydYe NOB'I3aHa 3 BUHHKHEHHSM Ta BUPIMICHHAM MpoOiIeM
OXOpPOHHM HABKOJUIIIHBOTO CEpPEAOBHINA Ta i3 3a0E3MEYCHHSM BiINOBIIHOCTI BHKHUIIB Ta
CKUIIB 3a0pYJHIOIOYMX PEUYOBHUH Cy4aCHHMM HOPMATHBHUM BUMoraM. B manwii wac Ha QuioTi
MEePEBAKHO 3aCTOCOBYIOTHCS JIBA CITIOCOOM BUPIIICHHS MPOOJIEMU CYTHOBHX BinxoiB [1].

1. Po3niibHEe HAKOMTMYCHHSI BCIX BUJIIB BIIXOJIIB JUTSI 37aBaHHS Ha Oeper.

[lepeBaroro 1pOrO € BHUCOKHHA CTYNIHb OYMIICHHS Ta pEyTWIi3amii BIIXOAIB MpH
nepepoOIIi Ha BEIMKUX OeperoBuX mianpueMcTBax. Kpim Toro, Ha cyaHi MOTPiOHUN MIHIMYM
CrermiabHOTO 00NajaHaHHA. HemoslikoM € HeOOXIIHICTP MaTH €MHOCTI, IO MOTpedye
JOJIATKOBUX MPUMIIIEHb Ta 3MEHIIY€E MPOBI3HY 3AaTHICTh. Llei crmocid 3acToCOByeThCS Ha
MaNMX Cydax 3 HETPUBAIMMU MapIIPYyTaMH Ta YaCTHMH 3y[UHKaMH, ane aOCOJIOTHO
HENPUIHITHAM JJTs1 BETUKAX TPAHCTIOPTHUX CYICH.

2. Tlepepobka BiAXOAIB Ha OOPTy CyAHa 3a JIOMOMOTOIO CIEHIATBbHUX CHUCTEM IS
ounmieHHs criyHux (CB) ta HadToBMicHux (HB) Boga, a Takox iHcuHepartopiB. IlepeBaramu
IIBOTO €:

— BEJIMKA aBTOHOMHICTG TIJIaBaHHS,

—  CKOPOYEHHs TPOCTOiB, MIHIMAJIbHI HAKOMUYYBaJlbHI €MHOCTI Ta, SK HACIIJIOK,
€(EeKTUBHICTh TaKUX CY/CH.

Jlo HemoJIKIB BIHOCATHCS: CKJIAIHICTh Ta JOPOKHEUA 3a3HAYCHUX CHUCTEM, a TaKOX
CHeIiabHOTO 00CIyroBYBaHHS, HEOOXIJHICTh JI0JaTKOBUX BUTpaT eHeprii. JlaHe pimeHHs
MOIUPUIIOCS TIEPEBAKHO HAa MOPCHKHX CYyJax Ta CyAax piuka-mope ruraBaHHs. OHaK HasBHE
o0OyaHaHHS TIEPEPOOKH OKPEMHX BHIIIB BIIXOJIB Y OUIBIIOCTI BUMAAKIB BXKE€ MOPAJIBLHO Ta
($h1BUYHO 3a CcTapino, HE 3aBXaAM 3a0e3leuye BUKOHAHHS BHUMOT CYYacHOI JOKYMEHTAIll, 110
periiaMeHTye, HOBE X € JOPOTMM IPU BCTAHOBJEHHI Ta B OOCIYrOBYBaHHI, Ma€ BHCOKY
E€HEePTOEMHICTIO 1 B IUIIHA HU3I PIYKOBUX CYJIEH 3 PI3HUX MPUYMH BCTAHOBIICHHS 3a3HAYCHHUX
MPUCTPOIB HEMOKJIUBE.

AHaniz cuTyalii TWUTaHHS TIOKa3ye, IO OCTaTOYHUN BHOIp Cmoco0y BHUAATCHHS
3a0pyIHEHD 13 CYJICH 3aJICKHUTh Bl 0araThoX (hakTopis.

2 AHAJI3 JITEPATYPHUX JAHUX TA IIOCTAHOBKA INPOBJIEMH

Uepes MDKHApOJHUN XapakTep MOPCHKUX II€pEeBE3€Hb BXKE IIOHAJ MIBCTOJITTS
(YHKIIOHYIOTh MDKHApPOJHI MpaBujia, 10 PEryIIOI0Th iX caHITapHI acrekTH. MbkHapoIHi
canitapHi mpaswia 1951 p. 3amiHeHi MDKHapOJHUMHU MEAMKO-CaHITAPHUMH IpaBUIaMHU
(MMCII), npuitastumu BO3 y 1969 p. ¥V 2005 poui Ha 58-if cecii BeecBiTHboi acambiei
oxopon# 3710poB's MMCII O6ynu neperiasHyTi Ta TONOBHEHI.

KepiBHuurBo 3 cyaHoBOi caHiTapii crtamo oQiiiiHUM 3arajibHOCBITOBUM 3BEICHHSIM
CaHITapHUX BUMOT A0 OyIIBHMIITBA Ta €KCIUTyaTallii cyleH. BUXiIHOI0O METO IhOro
JOKyMeHTa OyJlia CTaHJapTU3allisd CaHITApPHUX 3aXOJIB, IO 3AIMCHIOIOTHCS HA CyJaX 3 METOI0
OXOpOHH 370pOB'S MacaXHUpiB Ta NMpAIiBHUKIB Ta 3amoOiraHHs mnepenadi iHdekuii 3 omHiel
KpaiHu 10 iHIoi [2].

B ocranHi poku Tema eKOJIOTIYHOI Oe3MeKM Ha MOPCHKUX CyAHax CTae jaenani
akTyanbHimow. OAHUM 13 KIIOYOBUX acleKTiB, M0 NOTpeOyloTh OCOONMBOI yBaru, €
oumniieHHs Bogu [3, 4]. 3a0pynHEeHHS BOJM Ha CyIHAaX MOXeE IPHU3BECTH JO CEpHO3HHUX
€KOJIOTTYHUX HACTIJKIB Ta HETaTUBHO TMO3HAYUTHCS Ha 3JI0POB'T €KiMaxy Ta Maca)HupiB.
Po3poOka Ta BOpPOBaKEHHA CydacHUX IHQOpPMAIIMHUX CHUCTEM [UIS OYHUIIEHHS BOJU
JI03BOJIAIOTH HE JIMIIE TOKPAIIUTH SKICTh BOJAW Ha OOPTY, a i 3a0e3MeYuTH BiANOBIAHICTH
CYBOPHUM MUDKHApPOJHUM €KOJIOTIUHMM cTaHfapTaM. KpiM TOro BHUIEBKa3aHi CHUCTEMH,
CIOPUATUMYTH PO3pOOI Ta CTBOPEHHIO BHUCOKOTPOAYKTUBHUX BOJOOTPICHIOBAEHUX
YCTaHOBOK JJISl CY/IEH €HeproXKuTTe3ade3nedeHns. [5, 6].
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IadopmarriitHa cucteMa JIsi OYUIICHHS BOAM HA CyHAX BKJIFOYA€ KOMILUIEKC arapaTHUX 1
MPOrPaMHHX PIlIEHb, CIIPIMOBAHUX HA MOHITOPHUHI SKOCTI BOJM, aBTOMAaTH3allil0 MPOIECIB
OUMILIEHHS 1 CBOEYACHE pearyBaHHs Ha BIAXHICHHS Bl HOpM. Taka cuctema J03BOJIsIE 3HAYHO
MIIBUIMUTH  €(EKTUBHICTh eKCIUTyaTalii Cy[eH, MiHIMI3yBaTH pHU3UKUA 3a0pyaHEHHS
HABKOJIMIIHBOTO CEPEAOBHUINA Ta 3a0e3meynTH KOM(OPTHI YMOBHU JUISI BCIX, XTO 3HAXOIUTHCS
Ha 6opty [7, 8].

Mera 11i€1 CTaTTi — PO3TISHYTH OCHOBHI aCIeKTH PO3pOOKH iHPOPMAIIHHOT CUCTEMH IS
OYUILEHHS BOJYU HA CyIHAX MOPCHKOTO 1 pIYKOBOTO (PJIOTY, BKIFOYAFOUYM BUMOTH JI0 CUCTEMH,
il apXiTeKTypy, TEXHIYHI PIIICHHs, 110 BUKOPUCTOBYIOTHCS, a TAaKOX METOJH aHANI3Y JaHUX
Ta IHTETpaIliio 3 IHITUMH CUCTEMaMH CyIHA.

3 HIWIb TA 3AJAYI JOCJIIKEHHSA

[ndopmariitna cucremMa Juis OYMILEHHS BOJAM JOCHUTh CKJIaJHAa B TEXHIYHOMY Ta
1HpOpMaLIITHOMY acleKTl, TOMy Mae€ 3aJ0BOJIbHATH O0aratboM BUMOTram, 30kpema [9]:

— MOHITOPHHI SKOCTI BOJM: CUCTEMa IMOBUHHA BUMIPIOBAaTH OCHOBHI NMOKAa3HUKHU SKOCTI
BoaM, Takl sk pH (BoaHEeBUI NOKa3HUK — Mipa KUCJIOTHOCTI BOJHHMX PO3UYHHIB), PIBEHb
3a0pyHEHb, BMICT B&KKUX METAJIIB Ta MIKPOOPraHi3MiB;

— aBTOMAaTH3allisl NpOLEeciB OYMIIEHHA: iH(opmaliliHa cucTeMa IOBUHHA KepyBaTH
oOnasHaHHSAM Ui OYMILEHHS BOJM B aBTOMATUYHOMY PEXHUMI, MIHIMI3yIOUM BTpYyYaHHs
JIIOJIHM;

— aHaJi3 Ta 3BITHICTb: CHCTEMa MOBUHHA 30MpaTH J1aHi, aHAJII3yBaTH iX Ta reHepyBaTH
3BITH JUIS IPUAHATTS YIPABIIHCHKUX PILICHb;

— iHTerparlis 3 IHIITUMHA CHUCTEMaMH: MOXJIMBICTH IHTETpallii 3 CHCTeMaMu KepyBaHHS
CYTHOM Ta €KOJIOTTYHOTO MOHITOPHUHTY.

ApxiTekTypa iHGOpMAIIHHOI CHUCTEMH [UUII OYHIIEHHS BOJIW BKIIOYAE JCKLTbKA
KIIOYOBUX KOMIIOHEHTIB:JaTYMKM Ta CEHCOPU; LEHTPAIbHUNH KOHTpPOJIEP; OYHCHE
o0yaHaHHS, cepBEepHA YacTHHA; IHTep(eiic KopucTyBaya; CHCTEMHU CY/IHA.

B3aemoiro iux KOMIOHEHTIB MK CO00I0 CXeMaTHYHO MOKa3aHo Ha puc. 1.

Jlaturkuy Ta Lentpansumii OunchHe
CeHCcopH KOHTpoOJEp oOaHaHH
y
Cucremu InTepdeiic | CepsepHa
CyJHa KOpHCTyBaua YacTHHA

Puc. 1. Cxema ouniieHHS BOIU Ha CYIHI

JlaT4vKK Ta CEHCOPU BCTAHOBJIIOIOTHCS B PI3HUX TOUYKAX CUCTEMH OYHMIICHHS, BOHU
BHUMIPIOIOTH MapameTpu sKocTi Boau (pH, TypOiaHicTh (KamaMyTHICTE), BMICT XJIOPY 1 T.1T.).

IentpanbHuii KoHTpoJiep 30upae gaHi 3 JaTYUKIB Ta Kepye pPOOOTOI0 OYHCHOTO
oOnaHaHHS.

OuncHe o6nasHaHHS CKJIAJAETHCSA 3 PI3HUX MPUCTPOIB Ui OUYMILIEHHS BOJIU: (QUIBTPH,
HacocH, yiabTpadioneToBi JaMnu Ta iH. Takox BiH 31iiCHIOE (Qi3WYHE Ta XIMIYHE OYHUIICHHS
Boau. CepBepHa yacTuHa 30epirae Ta 00poOisie qaHi. Moxe OyTH peasnizoBaHa K Ha 6OpTYy
CyJHa, TaK 1y XMapi.

InTepdeiic xopucTyBaua — MaHelb KEpyBaHHA, 110 HAJa€ JIOCTYI JIO0 MOHITOPUHTY
CHCTEMH Ta KEpyBaHHs HEo, MoXke OyTM JOCTYMHMHA 3 KoMI'toTepa abo MOOUIBHOTO
MIPUCTPOIO.
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Hani #ipe iHTerpamis 3 IHIIMMHM CHCTEMaMH CyJIHA: CHCTEMa YIPABIIHHS CYIHOM
(mepenava gaHUX MPO SKICTh BOJM 10 CHCTEMH YIPABIIHHS CYTHOM ISl IPUHHSATTS PIllICHb
KaIliTAaHOM Ta KOMaHI010), €KOJIOTTYHII MOHITOPUHT (IHTETpaLis i3 CUCTEMOIO €KOJOTIYHOTO
MOHITOPUHTY ISl JOTPUMAHH MDKHAPOIHUX CTaHIAPTIB Ta HOPM) TOLIO.

s po3poOku iHTEepdeicy mporpaMu 3 OYMIICHHS BOJHM HAa CyJHAX MOPCHKOTO (ioty
BAXJINBO 3a0€3MEUUTH 3PYYHICTh BHUKOPHCTAHHS, 1HPOPMATHUBHICTD Ta (DyHKIIOHAJIBHICTS.
Hwkue HaBeneHO NpUKIAN Makery iHTepdeicy iHPOpMamiiHOI CUCTeMH, SKUH BKIIOYAE
OCHOBHI €JIEMEHTH YIPABIIIHHS Ta MOHITOPUHTY (pHC. 2):

—TOJIOBHA MTaHEIIb;

—MOHITOPHHT SKOCTi BOJIU;
—KepyBaHHs OYHCHUM 00JIaIHAHHSIM;
—aHaji3 JaHUX Ta 3BITH;
—HaJIAIITyBaHHS CHCTEMU;
—IIOBIJOMJIEHHS Ta OIOBIII[EHHS.

I'0j10BHA NaHe b MOHITOPHHL SIKOCTi BOAM

IudopMariiina cucTeMa OUHICHHS BOAK Pisens pH:  [7.0
Typ6ianicts: [0.5 NTU
Xnop: 0.5 ppm
PiBenb pH: [7.0 Temneparypa: |25°C Mikpoopranismu: |1 CFU/M1
Typ6inmicts: [0.5NTU | Xnop: [0.5ppm | [Tpadiku ta Tpenau: |

Mixkpoopranizmu: |1 CFU/m1 Tpadix pisas pH

T'padik TypbinHOCTI

1. MOHiTOpHHT SIKOCTi BOJIH

2. KepyBaHHsI 0O4UCHHM 00JIa[HAHHIM

I'padix edexruBHOCTI DinbTpanii

I |
I l
| I'padyik samMIKOBOro X10pY ]
I I

l

I I'padix crioxkuBaHHS IEKTPOCHEPTii

4. HamamryBaHHs CHCTEMH

5. TIoBiZOMIICHHS Ta OMOBIIEHHS

[
l
l 3. AHani3 JaHuX Ta 3BITH
l
l

a) b)
Bubip nepioxy:

Hacocn: © Veimk/Buvk  @inprpu:  © Vaimk/Bumk

OcranHi 24 roguau ]

V®-namnu:  © Yeimk/Bumk

OcranHi 7 gHiB ‘

Ximikati:  © YsiMx/Bumk

OcranHiit Micsip J

l ABTOMaTHYHHMIA ] BiTH
I Cran BoaH ‘
[ e ] [ EdexruBHicTh ounIeHHs ]
c) m
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HanauiryBaHHs 1aT4HKiB: S
TToTOYHi MOBiIOMJICHHS:
[ PiBens pH ]
[ Tyooiami ] «YBara: PiBenb pH Hmkue HOpME» £
ML R «ITonepe/KeHHs: BUCOKA TypOiHICTE»
[ Xiop l

Mikpoopranizmu

. IcTopist HOBIIOMIICHB:
3araJibHi HaJIAlITyBAHHS:

. . -
] «PiBenb pH BigHOBIECHO»

i Kani6pyBasHs o6nagHaHHs " 1
«TypbignicTh HOpMaTi30BaHa»

i HanamryBanHs Mepexi I

i Onosnenns [10 ] v

e) f)

Puc. 2. OcHoBHi enemeHTH iHTEpdETiCY:
a) TOJIOBHA MaHelb; b) MOHITOPHHT SIKOCTI BOIH; C) YIPABTiHHS OYUCHUM 00naaHaHHsM; d)
aHaJi3 JAaHWX Ta 3BiTH; €) HaNaITyBaHHs crucTeMu; ) MOBITOMIICHHS Ta OMOBIIIICHHS

l'onoBHa maHens Hajae 3arajibHUM OIJISA CTaHy CHUCTEMHM Ta OCHOBHMX IapaMeTpiB
SKOCT1 BoAu. EKpaH MOHITOPUHTY SIKOCTI BOJM HaJa€ JAeTalbHY 1H(OPMAILII0 MPO MOTOYHUMN
cTad Boau. EkpaH KepyBaHHS J103BOJIsi€E KOHTPOJIIOBATH Ta KEPYBAaTH OYMCHHUM OOJIaTHAHHSIM.
Expan ananizy naHux Haja€e MOKJIMBICTh MEPEIJISIaTH Ta TeHepyBaTH 3BITH IIPO CTaH BOIM.
Expan HanmamryBaHb J03BOJII€ 3MIHIOBAaTH MapaMeTpU CHUCTEMH Ta KOH(MIryparito JaTYUKIB.
Expan noBinomiieHb MoKa3ye NOTOYHI Ta MUHYJI1 OMOBIIIEHHS CUCTEMHU.

MarematnuHna Mojenb omnpicHoBanbHO1 yctaHoBku 3 MCII po3pobnena B [10, 11] 1
3aCHOBaHa Ha PIBHAHHIX 30epeKeHHs MacHu i eHeprii. OlHaK HaBelIeHa TaM CUCTEMa PIBHSHb
€ TIEPEBU3HAYCHOI0, Y PE3YNIbTaTl YOTO ITEPAIIHHUN MPOIIEC PO3PAXYHKIB HE MPUBOIUTH 10
BHPIIICHHS.

[IpuBenemMo Kinbka BaXIUBUX (OpMyJ, sIKI BHUKOPHUCTOBYIOTHCS 1H(OPMAIIITHOIO
CUCTEMOIO ISl OYUILEHHS BOJIU:

1. ®opmyna mia pospaxynky pH. PiBenp pH Boau € BaXJIMBUM TapameTpoM, SKUH
BUMIPIOETHCSL y TIpolieci oOuuiieHHS. BiH BHU3Ha4yaeThCs SK HETaTUBHUM Jorapudm
KOHIICHTpAIIii 10HIB BOJIHIO

pH =—Iog[H+]
ne |:H +}— KOHIICHTpAIlis 10HIB BOJHIO B MOJISIX Ha JITP (MOJIB/J).

2. ®opmyia A1 po3paxyHKy TypOiaHOCTi (kanamyTHOCTi). TypOinHicTh (KaJaMyTHICTD)
Boau Bumiproerscst B NTU (Nephelometric Turbidity Units), i moxe Oytu mpencraBieHa
yepes KoeilieHT po3CitoBaHHs CBITIIa YaCTUHKAMH, 10 3HAXOIATHCA Y BOI1

|
T=-2,
|
ne T — typbianicTs (kanamytHicTs) (NTU);
| ,— IHTEHCHUBHICTH CBiTJIa, 10 IPOXOUTH Yepe3 YUCTY BOJY;
| — iHTeHCHBHICTB CBiTJIA, IO IPOXOUTH Yepe3 3pa30K BOJIH.

3. @opmyna Ui PO3paXyHKY 3aJIMIIKOBOIO XJOPY. 3aJULIKOBHM XJIOp Y BOJII
BHU3HAYAETHCS SIK PI3HULSI MK BBEJIEHUM XJIOPOM 1 XJIOPOM, IO pearyBas i3 3a0pyaHIoBauyaMu

cl, =cl_,~Cl

res react ’

ne Cl,— 3amumikoBuit xiop (ppm);
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Cl

Clreact_
4. ®opmyna ans po3paxyHKy edektuBHOCTI QinbTparii. EdexTuBHICTh ¢inpTpalii Moxe
OyTH OlliHEHa 32 TaKOI0 (OPMYIIOI0

:Cin_icoutxloo%,

total — 3ATAJILHAI BBEIECHHUH XJI0p (ppm);

XJIOp, IO pearyBaB i3 3a0pyHioBauamu (ppm).

in
ne 17— edextuBHIcTh inbTpamii (%);
C,,— KOHIEeHTpauis 3a0pyaHIOBauiB Ha BXOA1 (MI/1);
C,,— KOHIIEHTpaIlis 3a0pyAHIOBaYiB Ha BUXOMI (MI/1).
5. ®opmyna st pO3paxyHKy CIOKUBaHHSA elekTpoeHeprii. CroKUBaHHS €JIEKTPOEHEePTil
CHCTEMOIO OUMIIEHHS BOJIM MOKHA pO3paxyBaTh TaKUM YUHOM

E =Pxt,

ne E — cmoskuBanus enexrpoeneprii (kBT ron);
P — motyxHicTh 001aaHanHs (kBT);
t—gac poGoTu 065maaHaHHA (TOAUHH).

Buxopucranns ngaHux ¢opmyn J03BOJislE HE TUIBKM aBTOMAaTH3yBaTU IPOIECH
MOHITOPUHTY Ta YIPaBIiHHSA CHUCTEMOIO OYMILIEHHS BOJM HA CyJIHAX, a W MPOBOJIUTH
aHATITHYHY pOOOTY 3 ONTHUMI3aIlli MUX TpoleciB. BmpoBamkeHHS TakuxX MaTeMaTHYHHUX
MIAXOAIB CIpHUs€ MIIBUIIEHHIO 3arajibHOi €(eKTUBHOCTI Ta HaAIMHOCTI pOOOTH CUCTEMH,
3a0e3mevyroun cTa0lIbHY SIKICTh BOJIM Ha OOPTY Cy/CH.

Posrisinemo mpukiiagy po3paxyHKy NpeICTaBICHUX BUIE (POpMyIL:

Ipuknax 1: Pospaxyrok piBHa pH. SIKIIO KOHIEHTpalis iOHIB BOJHIO y BOI [H +]

ctaHoBUTH 1x1077 MoJIB/11, TO piBeHs PH mopiBHIOBaTHME

pH =—log[1x107 |=7.

[Tpuknan 2: Po3paxyHOK TypOigHOCTI (KalamMyTHOCTI). SIKIIO iIHTEHCHUBHICTH CBITJIA, IO
IpoXouTh uepe3 uucty Boay |, cranoButh 100 onuHMIB, a IHTEHCHUBHICTH CBiTJa, IO

MPOXOIUTh Yepe3 3pa3ok Boau | — 5 oauHuip, T0 TypOiIHICTh | MOYKHA PO3paxyBaTH TaK

5
T= 100 = 0.05NTU.

Ile cmpolieHuit mpuKiIam, MO MOKa3ye MPUHIMIT PO3PaXyHKY TypOimHOCTI. Y pealbHii
MPaKTUI[l TOYHICTH BUMIPIOBAaHb Ta pO3PAXyHKYy MOXE 3aJekaTd Bi KaniOpyBaHHS
o0J1aJHaHHs, YMOB BUMIPIOBAHHS Ta XapaKTEPUCTHK YACTHHOK Y BOII.

[Mpuknan 3: Po3paxyHOok 3aiaumikoBoro xmaopy. Skiio 3aransauii Beeaenuid xiop Cl,,,,,

cranoButh 2.0 ppm, a xyop, mo pearyBaB i3 3abpynuioBauamu Cl. ., — 1.5 ppm, TO

sanuinkoBuii xaop Cl, . nopiBHroBaTHMe
Cl. =2.0ppm—1.5ppm=0.5ppm

ITpuknan 4: Po3paxyHok edexkTuBHOCTI (hinbTpanii. Ko KOHIeHTpalis 3a0py/IHIOBaviB
Ha Bxoxi ¢imprpa C,, cranoButrs 10 mr/m, a Ha Buxoai C,, — 1 mr/a, To epeKTUBHICTh

¢unpTpauii 7 Oyne

in

_10-1

= 046 =900
=5 x100% = 90%.

Becnanopa A. B., Xorin C. }O., Konosasnos C. M.
https://doi.org/10.31650/2618-0650-2025-7-1-66-77 72




MexaHnika Ta MareMaTtdyHi Meromgu [ % VI11/1/2025
Mechanics and mathematical methods Crop. 66-77/ Page 66-77

[Mpuknazn 5: Po3paxyHOK CIIOKHMBaHHS €JIEKTPOCHEPrii. SIKII0 NOTYXHICTh 001aHaHHs P
CTaHOBUTH 2.5 kBT, a yac poboTtn obOnagHanus t — 8 rouH, TO CIIOKUBAHHS €JIEKTPOEHEPTii
E moxHna po3paxyBaTu Tak

E = 2.5kBmx8200un = 20xBm - 200.

Kpim nporo, HaBeseHO MPUKIAAX Bizyaiizaii iHpopMaIiiHOIO cHUCTEMOIO TpadiKiB, sKi
HAOYHO MOKA3YIOTh BAXKIIMBI ACTMIEKTH CHCTEMH OYHMIIEHHS BOIH, 30KpeMa rpadikiB piBas pH
(puc. 3), piBHa TypOimHOCTI (puc. 4), 3MiHM pIBHS 3aJIMIIKOBOrO xjopy (puc. 5),
epexTuBHOCTI ¢uTbTpanii 3a0pyaHIoBadiB (puc. 6) Ta pO3paxyHKY CIIOKMBAaHHS €HEprii B
cUcTeMi ouuIneHHs Boau (puc. 7).

IMired pansa pH Y CHCTEMI OUMILEHHE BOAW

i
§ eoo
&

575 ‘H

550 E'““ﬁ_

525 R\“‘M

.
z 4 & 8 1
Wt {rogHmEH)
Puc. 3. 3mina piBus pH y cucremi ouuineHHs Boau
IMiria piokA TYPBIAHOCTI B CHETEMI QUMILIENHA BOM

51

4
5
E
23
¥
g
g
& 21

1

o H 4 & 8 10

“ar {rogHmH)

Puc. 4. 3mina piBHS TypOiZHOCTI B CHCTEMi OYHIICHHS BOIU
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3MiHA PIBHA JDNHILKOBOMD XROPY ¥ CHCTEMI OUHILEHHA BAOW

b

Q%1

o4

034

FJANHSEORRA Kesp [ppem)

ol

an

Wat |rogmen)

Puc. 5. 3miHa piBHS 3aJIMIIKOBOTO XJIOPY Y CUCTEMI OUHIIIEHHS BOIU

EpexTHBHICTD inbTRauii 3aBpyAHIOBI4IE Y CHITEMI GUHLLLEHHA BOGW

B0

Echer THEHICTE SLALTRALI (%)

&0 4

a 2 4 & 8 b 1]
Wl {romHEH]

Puc. 6. EdexruBHicTh QinbTpanii 3a0pyaHIOBaYiB Y CUCTEMI OUUIIIEHHS BOJH

POIPAXYHOK CNOMHBIHHA EREKTROSHERMT i CHETEMI CUHLIEHHA BOAM

23 1

20 4

CnosHABaMiS ENerTRoeHEnr (KB T-roml
]

2 4 L] & ple]
Wat {rogHHH)

Puc. 7. Po3paxyHOK CLIO)KUBAHHS €ICKTPOSHEPTIT y CUCTEMI OUHII[CHHSI BOJU

Ha nux rpagikax BuaHo, sik piBHI pH 1 TypOinHOCTI (KajJaMyTHOCTI) BOJM MOCTYIIOBO
3HWXKYIOTBCSI B MIpy NPOXOJUKEHHsI MpPOIecy OYMIeHHS mpoTaroM 10 roauH, Ipu IbOMY,
PiBEHb 3AJIMIIKOBOTO XJIOPY, €HeKTUBHICTD (PiIbTpallii 3a0pyIHIOBAaYiB, a TAKOXK CIIO’KUBAHHS
eHeprii, 3a mi > 10 TroaWH, HaBMAKW, MIABUINYIOThCS. Taki Tpadiku JOMOMAararoTh
Bi3yalli3yBaTH €(EKTHUBHICTb CHCTEMH OYMIIEHHS BOJAM Ta NpUHAMATH pIilMIeHHSA I i
ONTUMI3allii, a TAKOX MJIaHyBaTH €HEPrOCHOKUBAHHS Ta KEPYBaHHS pecypcaMu.

Indopmaniitna cuctema 103BoJIsIE 30MpaTH 1aH1 PO POOOTY CUCTEMH OYMILEHHS BOAU Ta
aHaJi3yBaTH iX 3a JJOIOMOTOI0 pi3HUX MeToiB. Lle Bkmouae B cebe:

— aHaji3 TPeH]liB — BUABIICHHS JOBFOCTPOKOBHX 3MiH y MapaMeTpax sSKOCTI BOJH;
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— TOPIBHAIBHUI aHaJIi3 — MOPIBHAHHS €(EKTUBHOCTI PI3HUX METO/IB OUUIIICHHS;

— 3BITM Ta TIOBIIOMJIGHHS — aBTOMAaTHYHE CTBOPCHHS 3BITIB Ta TOBIIOMIICHHS
BIJINOBITATbHUX OCI0 PO BUHUKHEHHS MTPOOJIEM.

30kpeMa, 110 3BITY TPO EQPEKTUBHICTh OYMINEHHS BXOJUTH MOAIOHA TaOIULS TIPO
napaMeTpH SIKOCTI BOJI JIO Ta IICHs OunIeHHs (Tadu. 1).

Tadoauus 1
[Tapamerpu sIKOCTI BOJIM JIO Ta MICJIs OUUIIICHHS
ITapameTp J1o ounieHHst Iicast ounmeHHs
Piens pH 6.0 7.0
Typ6inaicte (NTU) 5.0 0.5
Xnop (ppm) 0.0 0.5
MikpoopraHizmMu 1000 CFU/mlI 1 CFU/ml

Tabnuis 1 n1eMOHCTpye MOKpAIIEHHs SIKOCTI BOJAM MICHIS MPOXOJ/KEHHS Yepe3 CHUCTEMY
OUUIIICHHS.

4 OBI'OBOPEHHS PE3YJIBTATIB JOCJIIKEHHSA

CyuacHi TeXHOJIOT1i MOHITOPUHTY Ta aBTOMAaTH3allll MPOLECIB OYHUILEHHS BOJIU 3HAYHO
MIABUILYIOTh TOYHICTh KOHTPOJIIO Ta ONEPATUBHICTh pearyBaHHs Ha 3MIHM IapaMeTpiB BOJIU.
[nTerpamis iHdopmariiiHoi cucTeMH 3 IHIIMMU CHCTEMaMU CyJHA, TaKMMH SK CHCTEMa
VOpaBIIHHSA CYJAHOM Ta CKOJIOTIYHMNW MOHITOPHUHT CHOPUSE CTBOPEHHIO  €IUHOTO
1H(OPMAITIITHOTO MTPOCTOPY, IO MIABUIINYE 3arajibHy €()eKTUBHICTH YIPABIIHHS CYTHOM.

Ha mnpuknani anamizy 3miHu piBHS pH, TypOigHOCTI, PIBHSA 3aJIHIIKOBOTO XJIODY,
edekTuBHOCTI (iUIbTparii 3a0pyaHIOBaYiB, a TaKOX pPO3PaxyHKY CIIOKHWBaHHsS CHEprii B
CHUCTEM1 OYMIICHHS BOAM OY/IO TMOKa3aHO, SK BUKOPHUCTaHHS 1HGOPMAIIHHOT CHUCTEMU
JOTIOMAarae Bi3yalli3yBaTH Ta aHATI3yBaTH JaHi, IO J03BOJISIE BYACHO BXKMBATH HEOOXITHHX
3aXOMIB JJIS IMATPUMKH BUCOKOT SIKOCT1 BOJIH.

5 BUCHOBKH

Po3poOka Ta BrpoBapkeHHs iH(GOPMAIIHHOT CHCTEMHU JJIs OYMINECHHS BOJW HAa CyJIHAX
MOPCBKOTO 1 pIYKOBOTO (DJIOTY € BaXJIMBUMH KPOKAaMH Ha IIIISAXY JIO HiJBHIIECHHS €KOJIOTTYHOT
Oe3rnekn Ta e(PeKTUBHOCTI CYJHOIUIABCTBA. Taka cHCTeMa JI03BOJISIE 3a0€3MEUUTH CTAOUIBbHY
SKICTh BOJAM, HEOOXINHY JUIsl 3J0pOB’Sl €KIMaxky Ta MacaXKupiB, a TaKOXK MIHIMI3ZyBaTH
HETaTUBHMM BIUIMB Ha JOBKULIA. Kpim 1poro, BumeonucaHa iHdopmalliiiHa cucrema
3a0be3neunTh e(ekTUBHE  (PYHKI[IOHYBaHHS  BOJOOYHCHHUX YCTAaHOBOK CYACH  JUIs
eHepro3abe3neueHHs BeIUKUX OyIiBelbHUX 00'€KTIB 1 MPUOEPEKHUX HACETICHUX MMYHKTIB.

Takum uynmHOM, iH(OpMAaIiHA CHCTeMa JUIsl OYWIICHHS BOJAM Ha MOPCBHKHUX 1 PIYKOBUX
CyIHAaX PpI3HOrO TMPHU3HAYEHHS € HEBII'EMHHUM  €JIEMEHTOM Cy4acHOi MOPCBHKOT
iHpacTpykTypH, mo 3abe3nedye Oe3neky, KOMGOPT Ta €KOJOTTYHICTh CYAHOIUIABCTBA, a
TaKOX JO03BOJUTH BUPIIIUTH MPOOIEMYy BOJOTOCTAaYaHHS MPUOEPEKHUX HACEICHHUX MYHKTIB
Ta 00'€KTIB €KOHOMIKM. BHpoBapkeHHS TakUX CHUCTEM CHpUS€ HE TUIbKM BUKOHAHHIO
MDKHAapOJHHUX CTaHAAPTIB, a ¥ MOKpAIEHHIO 3arajlbHOi €KOJIOTIYHOI CUTyalii y CBITOBOMY
OKeaHi, a KpiM TOTO, BOHH JIOTIOMOKYTh 3a0€3MEeUUTH MOJIMIICHHS YMOB XHUTTS 1 poOOTH
TMOJeH, SKI MPOXXMBAIOTh B NpUOEpeKHUX paiioHaX, B TOMY YHMCIi 1 MPU HAA3BUYANHUX
CHUTYallisX.
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6 ETWYHI JEKJIAPAIII

[TyGmikytoun craTTio, ii aBTOpH HE MEPeCcHiAyloTh HIAKUX (HIHAHCOBO-KOMEPUIHHUX
iHTEepeciB 1 J03BOJISIOTH O€30IUIATHO BUKOPUCTOBYBATH 1i Marepiaii iHIIMM Oco0aM st
[UTYBaHHS B HAayKOBHX JOCII/UKCHHSX, 32 YMOBM BKa3iBKH IIOCHJIaHb Ha Hei B CBOIX
HAayKOBUX pO0OTaX, SIKIIO BOHM HE € JISUTHHICTIO KOMEPIIIMHOTO XapakTepy 3 METOIO
oco0ucToro 30arayeHHs.
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VIIK 622.4

MOJIEJTIOBAHHS BIJIMBY BEHTUJISILIIL HA
KOHUOEHTPALIIO PAJIOHY B IPUMILIEHHI

Kiocak B. A.%, Iarpamky €. B.

Y00ecvra depacasna axademis 6ydisnuymea ma apximexmypu

Anoranisi: upokuii crektp OyAiBeNbHHX MaTepialniB Ta KOHCTPYKTHBHUX pillleHb, IO
3aCTOCOBYIOTBCSI B Cy4acHOMY OYJIBHMIITBI JO3BOJISIOTH PEryIIOBATH KOHIIGHTPALil0 paIoHY B
MPUMINIEHHSX. AJle 4epe3 BIJICYTHICTh METOJIB IMPOEKTHOTO PO3PaXyHKYy HE MOXYTh ITOBHICTIO
3aMiHUTH COOOI0 BEHTWIALIID, B TOMY 4YHCHi 1 mpumycoBy. [IpoekTyBaHHsS paJoHOOE3MEuHuX i
OJTHOYACHO pecypcoedeKTHBHUX Oy/iBeb MOXKIUBO JIUIIE HA OCHOBI TEOPETHYHO OOIPYHTOBAHUX
PO3paxyHKOBHX METOJIIB, IO TOB’SI3YIOTh MK COOOI0 MPOIECH YTBOPEHHS PajioHy, 3aKOHOMIpHOCTI
HOro IepeHeceHH s Ta HAaKOMTMYEHHSI B TPUMIIICHHSX.

MatemaTnyHe MOJENIOBAaHHS Ma€ OUTbIIl MEpCIeKTHBH JUIl OMHCYy Ta aHalli3y TaKuX
0araToakTOpPHUX MPOIIECIB, a TAKOK BUMArae 3HaYHO MEHIIIMX YaCOBHX Ta MaTepialbHUX BUTPAT HIK
HaTypHi jgociipkenHs. CydacHuil piBeHb 3HaHb B JJaHIH 00JacTi He JJ03BOJISIE CTBOPUTH YHIBEPCAIHHOT
Mojieni. ToMy BUKOPUCTOBYIOTHCSI MATEMATHYHI MOJIEITI 3 IEBHUMH OOMEKEHHSIMH.

B naniit poboTi OyayeThcs Ta JAOCHIIPKYEThCS MAaTEMaTHYHA MOJE/b, SKa OMHCYE MPOLEC 3MIHH
KOHIICHTpAIlil paZioHy B JKUTIOBOMY NPHUMIIIEHI NPH BEHTWISIIii, B TOMY YHCIi MPUMYCOBIH.
MogenroBaHHS JTO3BOJISIE HAM 3pPO3YMITH CKJIaJHI SIBUINA, 30KpeMa Te, SIKy polib Bimirpae audysis, a
SIKy KOHBEKIIis. BpaxyBaHHS KOHBEKIIii, TOOTO PyXy pPaJIOHy il JI€I0 MOBITPSIHUX MOTOKIB i Pi3HUIIH
THCKY, IO3BOJIAE€ IMITYBAaTH Pi3HI CTparerii BEHTWIAIil. BCTaHOBIEHO 3B’S30K MDK IIBHAKICTIO
MEXaHIYHOI CHCTEMH BEHTWJIAIII Ta BHOAJICHHSIM paJoHy 3 IMPHUMIIICHHS.3alIpOIIOHOBaHA HAMH
MOJIENIb BPaxOBYe K AU(y3iiHUMA, Tak 1 KOHBEKIIMHMIA THIT MOIIUPEHHS PaJOHy B MpuMilieHHi. BoHa
JIO3BOJISIE OIIHUTH B KOHKPETHUX YHCIOBUX MapaMeTpax poJib BEHTHIIAIII B 3MEHIIICHHI KOHIIEHTpaITii
pamoHy Ta  ONTHMI3yBaTH CHCTEMH BEHTWIALII 3 ypaxyBaHHSIM HEOOXiTHOCTI MiHIMI3amil
KOHIIEHTpAIlii paJoHy B OyIiBIISX.

PesynpTaTét MOXKYTh OyTH BHKOPHCTaHI B O€3mOCepeqHiX po3paxyHKax, a TaKoXK MPH MOOyIOBi
OUTBII 3aralbHUX MOJENEN opraHi3alii MOBITPSHOTO OOMIHY B MPUMIIMIEHHSAX SK BUPOOHHUYWX, TakK i
KHUTIIOBHX.

KouoBi ciioBa: MareMaTnyHa MoJieib, KOHIICHTpAIis PaJOHy, CHCTEMU BEHTHJISII, KU TIOBHUIH
KoM(DOpT.

MODELLING THE EFFECT OF VENTILATION ON INDOOR
RADON CONCENTRATION

V. Kiosak?!, Ye. Patrashku!
!0desa State Academy of Civil Engineering and Architecture

Abstract: A wide range of building materials and design solutions used in modern construction
make it possible to regulate the radon concentration in premises. However, due to the lack of design
calculation methods, they cannot completely replace ventilation, including forced ventilation. The
design of radon-safe and resource-efficient buildings is possible only on the basis of theoretically
sound calculation methods that link the processes of radon formation, the patterns of its transfer and
accumulation in the premises.

Mathematical modelling has greater prospects for describing and analysing such multifactorial
processes, and requires significantly less time and material costs than field studies. The current level
of knowledge in this area does not allow for the creation of a universal model. Therefore,
mathematical models with certain limitations are used.

In this paper, we build and study a mathematical model that describes the process of changing the
radon concentration in a residential building during ventilation, including forced ventilation.

Kiocak B. A., [laTpamky €. B.
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Modelling allows us to understand complex phenomena, in particular, what role diffusion plays and
what role convention plays. Taking into account the convention, i.e. the movement of radon under the
influence of air flows and pressure differences, allows us to simulate different ventilation strategies.
The relationship between the speed of the mechanical ventilation system and radon removal from the
room is established.

The model we propose takes into account both diffusion and convection types of radon
propagation in a room. It allows us to estimate the role of ventilation in reducing radon concentration
in specific numerical parameters and optimise ventilation systems to minimise radon concentration in
buildings.

The results can be used in direct calculations, as well as in the construction of more general
models of air exchange in both industrial and residential premises.

Keywords: mathematical model, radon concentration, ventilation systems, residential comfort.
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1 BCTYIl

Po3paxyHku mokasyroTh, mo 6nu3bko 80% uacy IO MPOBOAATH Y MPUMILIECHHSX, IO
MOSICHIOE 3HAYHY 103y ONMpOMiHeHHsA (10 65%) HaceneHHs MPUPOJHUMHU PATIOHYKIiIaMU
(TTPH), siki micTsTBCS B Oy/AiBeIbHUX MaTepianax, BUpoOax ta KOHCTpyKuisax. Lle migkpeciioe
BOKJIMBICTH OOMEXECHHSI OINPOMIHEHHS JIIOJCH TPHPOJHUMHU JDKEpEIaMH 10HI3yI04YOro
BUIIPOMIHIOBAaHHS NIISXOM 3HWKEHHS padiallifHoro (oHy MiHEpaabHOi CHPOBHUHH, IO
BUKOPHUCTOBYETHCSI TPH BHPOOHUITBI OynmiBedbHUX MarepianiB. TakuM YHHOM, THUTaHHS
OTPUMAHHS €KOJIOTTYHO Oe3meyHuX OyIiBEeTbHUX MaTePialliB 3aJHIIAETHCS aKTyaIbHUM.

JloBroxuByui mpupomni pamioaktusHi enementu (K, Ra, 2*2Th, U Ta in.) Ta ix
KOPOTKOXHUBYY1 JIOYIpHI PAJIOHYKIAM € OCHOBHUMH JDKEpeIaMH paaialliiHOTO (OHY B
CepeNOBHII JIONMHM. 30KpeMa, pajioakTuBHMi ra3 pagoH (???Rn) i modipHi aepo3oibHi
MIPOJIYKTH MOT0 po3Majly BiANOBIJAIOTH 3a MOHA/ MOJIOBUHY IPUPOJHOTO ONPOMIHEHHS. 3apa3s
CepeHs piuHa J03a ONPOMIHEHHS HaceJleHHs cTaHoBUTH 2,4 M3B (240 mbep), 3 sxux 1,5 m3B
(150 mOGep) mpumanae Ha BHYTPIIIHE OMPOMIHEHHS pagoHoM. Jyist 3a0e3neueHHs pajioHOBOT
0e3neKku HeoOX1HI YIOCKOHAJIEHI METOAM PpO3PAaXyHKY pajlioaKTUBHOCTI IOBITPSIHOTO
cepenoBuina [1], ski MOXyTh OyTH CTBOpEHI Ha OCHOBiI (Di3MKO-MaTeMaTHYHHUX MOJENIeH
MpOLIECIB BUAUICHHS paloHy Ta HOTO MPOHUKHEHHS B mpuMimieHHs. [IpoTe pons nudy3iitHux
MpoLeciB eMaHalii paJoHy 3 MIHEpaJbHOI CHUPOBUHU Yy (OpMyBaHHI O€3MeYyHOro Ta
KOM(OPTHOTO cepeIoBHIA TOMEIIKAHHS JIOAUHH 111€ HEJJOCTaTHO BUBYEHI.

2 AHAJI3 JITEPATYPHUX JAHUX TA IIOCAHOBKA INPOBJIEMHA

BrumB pamony Ha nmroaei, y Tid 4 iHIIIA Mipi, OXOIUTIOE BCE HACEJICHHS TUIAHETH
HE3QJICKHO Bi CTaTi, BiKy Ta mpodeciitHoi misutbHOCTI [2]. JlochimkeHHs piBHS pajoHy
MPOBOJATECS B muUTHIA Bomi [3, 4], mpupomnomy rasi [5], rpyHToBOMY moOBIiTpi [6],
atMochepHomy moBitpi [7]. Tlpore HaiOUIbIIA KUIBKICTE POOIT y OaraThboxX KpaiHax
30cepe/pKeHa Ha JIOCTIDKEHHSX BMICTY paJoOHYy B TOBITPI NPHUMINICHh JKUTIOBUX Ta
rpoMajickkux OyniBenb [5, 8]. I[ndopmariis mpo BUCOKI piBHI paJioHy B TOBITP1 JKUTIOBUX
OyIWHKIB, III0 HE MOB’S3aH1 3 BUPOOHUYOIO AISUTBHICTIO YPAaHOBHUX IIaXT, BIEPIIE 3’ IBUJIACS Y
[Bemnii B cepenuni XX cromirts [9]. Lle cramo MOmTOBXOM AJii MacOBHX OOCTEXKEHB IO
BChOMY CBITY, pe3yJbTaTHU SKUX ITi3HINIE OyJdW y3arajibHEHI Ta MPEICTaBIICHI Y JOMOBIIIX
HaykoBoro komirery 3 aii atromuoi paxiamii npu Opranizamii O0'ennannx Hamit (HKIAP
OOH) [10].

[nTepec 10 rpomaachbkux Oy/iBedb BUHUK Y JOCITITHUKIB MOPIBHSHO HEIIOAABHO, 1 B
OCHOBHOMY OOCTEXYBAJIHMCh MPHUMIIIEHHS MUTAYUX ycTaHoB [8]. Ilitsam Ta chiBpoOITHHKAM
JOBOJUTHCS MPOBOJUTH OUIbIIE 4Yacy B OCBITHIX YCTaHOBAaX, HDK y OyAb-SKOMY IHIIOMY
MicIi, OkpiM AoMy. B ornsnosiit cratTi [9] aBTOpH 3a3Ha4ar0Th, UI0 PiBHI PaJOHY B MOBITpP1
NPUMILIEHb JUTSYMX YCTAaHOB BHIII, HDK Yy JKUTIOBUX OyaAiBIAX, 4Yepe3 OCOOIMBOCTI
BEHTUJISIIMHUX Ta ONaIIOBAILHUX cUcTeM. KpiM Toro, y OyAiBisix, 3BeeHUX y cepeanni XX
CTOJITTS Ta paHille, paJialifHUI KOHTPOJIb BMICTY pajJioHy B MOBITpI HE NpOBOJUBCI. B
npoektax OyiBesllb 4YacTo He Mependaydaauch MiJBajibHI MPHUMIIIEHHS, SKI MOrjiaM ©
BUKOHYBATH poJib "Oydepa" i eKcXamsil pajioHy 3 MOBEPXHI MiJICTUIAI0YOTO IPYHTY.

VY 6inpmocTi 3apyODKHUX KpaiH piBeHb pajioHy B IMOBITPI BUMIPIOETHCS B OJUHMIIAX
akTUBHOCTI pasoHy (OA), ofHaK y HU3LI NOCTPaJsIHCbKUX KpaiH (A3zepOaiipkaH, binopycs,
Kupruzis, = MongoBa, Tamkukucran, VYkpaiHa)  BHMKOPHCTOBYIOTHCS  NOKa3HUKHU
CepeqHbOPIYHOI eKBiBasieHTHOT oanHMII akTUBHOCTI (EPOA) 130TOMIB panony (222Rn, 220Rn)
[1]. e cnpuuuHse TPYAHOLI Ta TIOMIJIKHU TPH CHIBIpali 3 MbKHAPOIHUMHU OpraHi3allisiMH,
takumu sk HKJIAP OOH i1 BOO3 [2, 10]. BpaxoByrouu, IO pagioMETpu aepo30iiB €
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OCHOBHHMM IHCTPYMEHTOM BHMIPIOBaHb, IEPEXil HA HOPMYBAHHS 32 OJUHHIISIMH aKTUBHOCTI
paJoHy BUMarae BeJMKHX (piHAaHCOBMX BHTpAT Ta yacy [8].

3a omiHKamH, cepe/iHiil piBeHb 00’€MHOT akTUBHOCTI (OA) pagoHy B MOBITPi MPUMIIICHb
1o cBiTy cTaHOBHUTH O1m3bK0 40 Bi/M?, poTe B KpaiHax 3 BUCOKUM MPUPOJHUM pajialliiHuM
¢onom (Lseiimapis, CepOis) mel piBeHb MOXe B KUIbKa pa3iB IEPEBHUIYBATH
cepenHbocBiTOBHU [2]. Hanpukmnan, B mKojax i autsunx cagkax 20 kpain pisens OA pagony
Bapiroethes Bin 17 brk/m?® (CayniBebka Apasis) mo 317 bx/m? (CrioBauunna) [11]. Y nepion 3
2010 mo 2020 pik piBerp OA pasoHy B NPUMIIICHHSX MMOYAaTKOBUX KJAaciB pi3HUX KpaiH
BapitoBaBcs Bim 27 nmo 480 bk/m3, cepenne 3HadeHHs craHoBwio 133,43+95,14 Bx/m?, a
cepente reomerpuune — 109,06+1,87 br/m® [9]. V 63 kpainax, 30kpeMa 42 €BpOINCHCHKUX,
cepenHe apupmernyne 3HaueHHs OA paZioHy B HOBITPI NPUMIIIEHb JUTSYMX CAAKIB 1 LIKLT
cranoBmio 59 Bx/M?, a cepenne reomerpuane — 36 br/m? [8]. Bigomo, mo B 1/3 obcTexkeHNX
npuMmilieHb auTsunx ycraHoB Ilopryranii ta Icmanii piBeHb OA paJoHY NepeBUIIYBaB
pedepentHuit piseHs 300 bx/m?, a B 75% npumileHs nepesuiyBaB pekoMmenaosanuii BOO3
pisers 100 Bx/m? [9]. V CIIIA, 30kpema B mrati Heto-Hopk, piBens OA pagoHy B MIKONAX
BapitoBaBcs Bin 148 Bx/m* no 740 Bx/m°, nepesuiyroun BcTaHoBieHi Hopmu [2]. He menm
xapakTepHoto € curyauis B YopHoropii, ae cepeanst OA pagoHy B MOBITpi nmpuMimieHs 213
muTsunx  cankie nepesuiryBaga 300 bx/m?, a B 111 mnpumimenHsx 47 mKUT piBeHb
nepesunryBa 1000 bx/m? [12]. le cBimunTh PO PU3UK PO3BUTKY PATOH-IHAYKOBAHOTO paKy
JIETeHb TIPU TPUBAIOMY MepeOyBaHHI B MOTaHO BEHTHUJILOBAHUX MPUMIIIEHHAX. Y DIHISHIIT
MakcUManbHUM piBeHb OA paJoHy B AUTAYUX CaJKaX 1 IIKoJIaX cTaHOBUB 2426 bx/m? Ta 4205
bx/M? BIIMOBIAHO, 10 BUMAarauo HeraHux i 3 00Ky OCBITHIX YCTaHOB JJIsi 3HM)KEHHS PIBHS
pamony [11].

3  LJIb TA 3AJIAUI JOCJLKEHHS

Metoto poOOTH € PO3BUTOK TEOPETHYHUX OCHOB MOJICIIOBAHHS PO3MOBCIO/DKEHHS Ta3y
panoH B mpumimieHHi. OCHOBHI 3aJadi JOCIIKEHHS — II€ PO3POOKH METOJIB OI[IHKUA 3MIH
KOHIICHTpaIlli pajoHy B OYIIBII TpH IMEPEXOoJi BiJ aKTUBHOTO JI0 IMACHBHOTO PEKHUMIB
eKcIUTyaTarlii, a TaKOX, OIlIHKa KpPaTHOCTI OOMIHY IOBITPSHOI Macu Ui 3HMKCHHS
KOHIIeHTpalii pamony. Ilim akTUBHMM pPEXKUMOM eKCIUTyaTarii MPUMIIIEHHS PO3yMIEMO
PSKUM YTPUMAHHS NPUMIIIEHHS MPH aKTUBHIA JISUIBHOCTI JIFOJWHU, a IMTACUBHUI PEKUM B
MPOTHIIC)KHOMY BHITAJIKY.

4  PE3YJBbTATHU JOCJIIKEHb

Cytb po3po0ieHOoro miaxoAy A0 BHU3HAUYEHHS MEXaHI3MIB 1 MmapamMeTpiB HaJXOJKEHHS
pasony mojsrae B 6e3nepepBHOMY BUMIPIOBAaHHI KOHLIEHTpALlli paJioHy 1 pI3HMIII TeMIepaTyp
30BHI 1 BCepeauHl MPUMINICHHS 3 KPOKOM B onHy roauHy [3]. Taki ymMOBH NpoBeIeHHS
BUMIPIOBaHb HEOOXIIHI JJIs BIICTEKEHHS TUHAMIKM KOHIIGHTpAIll paJloHy Mij 4ac Mepexoay
MPUMILIEHHSI 3 aKTUBHOTO PEXUMY eKcIuTyaTarii (mia 4ac akTUBHOI AISNTBHOCTI JIIOJUHU B
MPUMIILIEHHI) y CcTalioHapHUW cTaH (KO JIOJM TOKUAAIOTh MPUMIIICHHS HaNpPUKIHII
poGoyoro JHs abo JArarTh CraTH). Y CTalliOHAPHOMY CTaHI MPUPOTHHUM MOBITPOOOMIH Yy
MPUMIIIEHH] 32 BU3HAYEHHSAM MEHIIUH, HDK B aKTUBHOMY PEXHUMI, 1 IPU LIbOMY BiA0yBa€ThCs
HaKONMMYEHHS paJoOHy B TPUMILIEHH] (3pocTaHHsA  KoHIeHTpauii). I[IpomoHyeTbcs
BUKOPHUCTOBYBaTH MpH oOpoOll BHUMIpIOBaHb HE JOCSATHYTE€ MaKCUMallbHE 3HAa4YeHHs
KOHIIEHTpallli paZloHy B NMPUMILIEHH], a BCIO KpUBY HakoNnu4yeHHs. Takuil mpuHIUI 0OpoOKu
BHUMIPIOBaHb OJIM3bKHMI IO METOJYy BUMIPIOBaHb Y HAKONMWYYBAJIbHIA Kamepi, ONMHUCAHOTO B
po6oTi [3]. BuzHnaueHHs1 mapaMeTpiB HaJXO/KEHHS 1| HAKONMMYEHHS PaJIoHy B PO3pOOIICHOMY
MIAX0/I1 MPOBOJUTHCS Ha IMIJICTaB1 aHAi3y YacOBOTO PsIAY 3MIHM KOHIIEHTpALlii paJoHy.
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TunoBuii BUIMIAL 4acoBOro psay KoHIEHTpaniipagony (4, bx/m®) HaBeneno na puc. 1.
brnu3pkuit 10 HaBeIEHOTO XapakTep 3MIHMKOHIICHTpAIlil paJioHy B Yaci MOKa3aHO B 0ararhox
poborax [3, 8].

A, briv?

Yace
(mara
-+ 4 3
0T T T T

18.00 9.00 0.00 15.00
(7.03) (8.03) (9.03) (9.03)

Puc. 1. TunoBwuii BUI 4aCOBOTO Psily KOHIIEHTpALIil paioHy

HakormmdeHHsT pajioHy IS CTAIIOHAPHOTO PEXUMY eKCIUTyaTarlil MPUMIIICHHS SBIISIE
co0010 TIpoIIeC i3 BUXOI0M Ha Hacu4eHHs. [Ipu IboMy, BUXiJI 3HAUE€HHS KOHIIEHTpAIIii paIoHy
B IPUMIIIEHH] HA PIBHOBAry BU3HAYA€ThCA JACIKHUMU MOCTIMHUMH NapaMeTpamu (IIBHAKICTIO
HAJXOJKEHHS PaZiOHy 1 KPAaTHICTIO MOBITPoOOMiHY). [[st oliHKM 1uX mapaMeTpiB HEOOX1IHO
MaTeMaTHYHO OIKUCATH TIPOLeC 3MIHM KOHIEHTpalii pamoHy B daci. JlocmimkeHHs,
MPUCBSIYCHI HAXO/PKCHHIO PAZiOHy B MPUMIIICHHS OymiBeNb, TPAJAMIIIMHO CHUPAIOTHCS Ha
pi3HOrO poay maremaTuuHi Mogeni. Lle 3ymoBieHO Hacammepen TUM, IO CKJIAIHICTh
BH3HAUYEHHS PEAbHOTO HAIXO/HKEHHS paJlOHy B KOHKPETH1 OYy/IiBIIl HE Ja€ 3MOTH MPOBOJAUTH
€KCIIEpUMEHTAJIbHI BUMIPIOBaHHSI BCIX HEOOXITHUX TmapameTpiB. TuMyacoBa 3aJIeKHICTh
KOoHIeHTpaii pagony A(t) y npumilieHHi MOXe OyTH TpeCcTaBiIeHa Y BHIJISIII BiOMOTO
nudepeHITiaTbHOTO PIBHAHHS MEPIIOTro MOPSAAKY (MepeadadaeTbes, Mo PagoH MepeMIlTy€eThCs
MHTTEBO TI0 BChOMY 00'€MY ITPUMIIIICHHS )

PO _s0)-(A0) - AT 4,0 —(AD - AT ) 4 &)

ne: dynkiis S(t) omucye cymapHe MUTOME HAJIXO/DKEHHS PaJOHy B OJUHHYHUEN 00'eM
npuMileHHs  (IWBUJAKICTs  Haaxomkenns), Br/(m*ron); A, (t) —Qynkuis, mo ommcye
3aJIE)KHICTD 3HAYEHHS KpaTHOCTI MOBITPOOOMIHY BiJ qacy, rog ™
Az =0,00735 200 ' — mocTiiiHa po3mamy panoHY; AsmM — KOHIICHTpAllil paJoHy B
30BHIIIHBOMY HOBITPi, BK/M°,

OCKUTbKM HaBITh MOBHICTIO 3aKpUTE MPUMIIICHHS MaTUME KPATHICTh MOBITPOOOMIHY B
CTaIllOHapHOMY PEXHUMI eKcIuTyartaiii Ha piBHiI npuHaiiMHi 0,05 rox’, o Habararo Giiblie 3a
MOCTIiHY po3Majay, TPETIM YiIeHOM piBHAHHS (1) MOXKHA 3HEXTYBATH.

VY cBoro yepry, ans M. Onecu cepefHs KOHIEHTpallisl pajoHyy 30BHIUIHBOMY HOBITpi

AT™ (oTpuMaHa Ha MiACTaBi TPUBATOTO MOBHOCE30HHOTO BHMIPIOBAHHS ITOBHOCE30HHOTO
n
BUMIPIOBaHHs 32 JIOTIOMOTO0 pajoH-MoHiTopa AlphaGUARD) ctanosuts 12 Br/m>.
Takum umHOM, BHecok AS™ 'y piBHI KOHIEHTpamil pagoHy Hajali TakoX He
n
BpaxoBYBaBCsl.
CyMapHa HIBUKICTh HAIXO/DKEHHS PaJIoHy So Y IEBHMI MOMEHT 4acy 3yMOBJIEHA JIBOMa
OCHOBHMMH MexaHi3Mamu: Audy3iiiHuM 1 koHBekTMBHUM Sy =S,+S., nge Sy i S
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BIJMOBITHO IMBHUAKOCTI IU(Y31IMHOTO Ta KOHBEKTUBHOTO HAJIXOJDKCHHS paJOHy B
npumimenss, bx/(m®ron).
Jas onucy mBHAKOCTI AU(y31HHOTO HAAXOMKEHHA PaJOHY, S, BBOAATH A0 PO3IILAAY

2%
ae

(; — WBHKICTH EKCXANALIl PAZOHY 3 j-0i IOBEPXHI, Bx/(M?-c), moma sikoi gopisuioe 17 i M

V —o06'eM npuMimenss, M°.

HIBuaKicTh excXamsalii pajoHy MOXHa Oe3locepelHbO0 TOB'SA3aTH 3 MUTOMOKO

IUIBHICTh TIOTOKY paJioHy (IIBMIKICTH eKcXalduii pagoHy) (, Tak o S, ne

, ne Cp —

aKTUBHICTIO pajifo-226 y byaisensHoMy matepiani =C; pE
C

IUTOMA aKTHBHICTh pajito-226 y MaTepiaini mapy, BK/KT; p— IIIbHICTH MaTepiany, Kr/m>;
E - koedilienT emanysanus panoHy; D, —koediuient mudysii B marepiani mapy, m*-c?;
&— TIOPUCTICTh MaTepiany;  — MOJIOBHHA TOBIIHWHM IIapy MaTepiaiy, M.

bazoBuil migxin 10 ONUCYy MIBUAKOCTI KOHBEKTHUBHOTO HAJXO/DKEHHS paJioHy B
MIPUMIIIEHHS TPYHTYETHCS Ha IPOCTIN aHAJIOTIi TIOTOKY, BUKJIIMKAHOTO Pi3HHIIEIO THCKIB [3]. V

ObOMY BHUIIAJKY, HIBI/I,ZIKiCTI) KOHBCKTHUBHOTO HAaAXOIKCHHA paaoHy, S OIINCYETHCA

AP, . .
bopmynow S, :A;?V ', ne A - KOHILEHTpalisi pajJoHy B KOHBEKTUBHOMY MOTOLIi
C

c!

TOBITPA, Br/m®; AP — pI3HMIS THUCKIB, IO 3yMOBIIIOE KOHBEKTHMBHMU moTik, Ila; R —

3arajlbHUM  OMip KOHCTPYKIli OymiBiIl HAIXOJKEHHIO KOHBEKTHBHOTO IIOTOKY TIOBITPS,
Ma-c-m®.

[TapameTrpu B mpaBiii YacTHHI PIBHSHHS O€3MOCEPEIHbO 3aJIekKaTh Bi TOTO, SKE
cepenoBuine ado TPOCTIP € JHKEPEJIOM KOHBEKTHMBHOTO MOTOKY moBiTps. Ile moxe Oyru
MIOUIBHANA  mpocTip mixg  OyxmiBiero abo iHme mnpumimeHHs. JleTanpHimi Mojaeni
KOHBEKTUBHOTO MEXaHI3MY HaJIXOKEHHS PaJioHy B IPUMIIIIEHHS IPYHTYIOTHCSI Ha BBEJICHHI B
po3rsia cnenuiYHUX MapaMeTpiB, IO XapaKTEPU3YIOTh KOHKPETHI BJIACTUBOCTI OY/IBIII Ta
KJIIMaTu4H1 yMoOBH [3].

Tak, y pamkax Mojeni, SKy BHKOPHCTOBYIOTH y Dincbkomy LleHTpi pamiariiinoi Ta
snepHoi Oe3rneku [11], pi3HUISI TUCKIB Yy TPYHTOBOMY MOBITPI Ta y NMPHUMIIICHHI Ha PiBHI
HIJUIOTY HOB'SI3Y€ThCS 3 PI3HULECIO TEMIIEPATyp y MPUMILIEHH] [, 1 B 30BHINIHINA aTMocdepi
T, Ta piBHem HedtpanbHoro tucky H ., (Neutral Pressure Level), Ha sikoMy pocsraerbes

piBHICTH THCKIB ycepeauHi Ta 30BHI OymiBmi. Tomi [11] AP:poanp,'”T—O‘“,

in

e

0, —TYCTHHA TIOBITpS 32 HOPMAJILHOTO THCKY, KI/M>;  — NPUCKOPEHHS BUILHOTO TajliHHS,

M/c?.

Y [3, 9] wi104OBMMH XapaKTepUCTHKaMU Oy/iBIi BHUCTYNAalOTh e(eKTHBHA IJIoIIa
. . . R .
Harikagas [1* i mnoma HarikaHHA pagoHy 117" . EdexTMBHa TIoma HATiKaHHS

Ham Ham

IT1° mokasye IOy BiIKpUTMX AUISHOK B OGOJOHII OYMiBIi, 4yepe3 AKi MOBITpS Moike

Ham

HAJIXOAUTH 260 BUXOIUTH 3 Oy/iBIi. BBeeHHs i mMpoke BUKOpUCTaHHA mapamerpa I1°

Ham
TICHO MOB'A3aHE 3 TUM, 110 OyJ0 CTBOPEHO 1 BIIIPALbOBAHO €KCIIEPUMEHTAIbHY MPOLEAYPY
Horo BUMIpPIOBAHHS 3a JIOTIOMOIOI0 HarHITaJbHUX JABepel (aeponBepi) [5]. 3a anamoriero 3
e(pEeKTUBHOIO IUIOLICI HATIKAaHHs, JJIS OINUCY KOHBEKTHBHOTO IE€PEHECEHHS paJoHy B

. . R .
Oy/iBII0 BUKOPUCTOBYETHCS TaKe MOHATTS, SIK IUIONIA HaTiKaHH pajgony [I/." . 3rimHo 3 [3]

Ham

I_HBI/I,[[KiCTB KOHBCKTHBHOI'O HAaJAXO/KCHHA paJOHY Sc’ 3YMOBJICHA e(i)eKTOM auMmaps (CTCK-
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: R
edekToM), MOKe OyTH BUpaKEHA Yepe3 IUIONTy HATIKaHHS pafoHy /7" Ta MOKa3HUK CTEIICHS

Ham
n

AKMA 3aI€XKUTh BiJ aepOJAMHAMIYHMX XapaKTepPUCTUK Micupb IHQIbTpamii Ta

ApgH
PO

pisauns ryctuH nositps Ap = p, (T, —T,,)/T,, BU3HaUaeTbCS 4epe3 PI3HHULIO TEMIIEPATYp

r?

excinpTpanii moBiTps B OymiBiai S, = A%H;"mz)o( le, ne H —Bucora OyaiBii, a

ycepenuHi OyniBii Ta HO3a HEW, U,— IIBUAKICTb IH(LIbTpalii HOBITps, MOB'A3aHa 3
BEJIMUMHOI0 TUCKY Py, M/c.

HaBeneni migxoau 10 MOJEIIOBaHHS KOHBEKTHBHOTO HAJIXODKCHHS JTAIOTh MOKIIMBICTH
pOOUTH TPUHIMIIOBI BUCHOBKU MPO 3aJEXKHICTh KOHIEHTpALil paJloHy B MPUMILIEHHI BiJ
PI3HHULI TeMmIepaTyp MDK BHYTPIIHIM 00'€eMOM HPUMIIIEHHS 1 30BHIIIHBOIO aTMOC(EPOIO
AT :Tin _Tout'

3okpema, y poboti [11], monenb, po3pobnena y dincekomy LleHTpi pamiariitHoi Ta
sinepHoi Oe3meku, Oyna BUKOPUCTAHA /I BHUBUEHHS CE30HHUX Bapialid KOHIIEHTpaIlii
panony.

Teopernuni ysBIEHHS Ta €KCIIEPUMEHTAIBHI JaHI TIPO 3B'S30K MIBHAKOCTI HAIXOKCHHS
pajoHy 3 pi3HuUIEO TemrepaTyp AT JaroTh 3MOTY 3alpOTIOHYBATH CIOCIO BH3HAYCHHS
BHECKY IU(Y31HHOTO Ta KOHBEKTHMBHOIO TMOTOKY (MEXaHI3MY HAIXOKE€HHS) paJioHy B
MPUMILIEHHS Ha TIACTaBl BUBYEHHS 3aJIeKHOCTI KOHLEHTpalii paJoHy BiI pI3HHUIIL
TeMIlepaTyp MK BHYTPIIIHIM 00'eMOM MPUMIIIEHHS 1 30BHIIIHBOI0 aTMOC(HEPOIO.

[IBuaxicTs HAIXOKEHHS pajoHy S, it AT #0 oOymoBieHa cymapHUM JUDy3iHHUM 1
KOHBEKTHBHUM HaJXO/HKEHHSIM PAJOHY B MPUMIMICHHS. 3 OTJISAAY Ha T€, 10 KOHBEKTHUBHUI
MOTIK PaJIOHy B MPHUMIIICHH] BU3HAYA€ThCs pi3HUIC0 Temneparyp AT , mpu AT =0 BHecok
[OTO MEXaHI3MY B CyMapHy IIBUIKICTh HAIXOKEHHS MOKHA BUKIIOUUTU. TOMY MIBUAKICTD
HagXo/KeHHs pamoHy S, mnpu AT =0 BignmoBimatume mBHAKOCTI Iudys3iliHOrO
HAJXO/KEHHS PaIOHY.

3ayIeKHICTh IMBUIKOCTI HAJIXODKEHHS PaJlOHY B NPHUMIIICHHS S)Ais PIBHUX PI3HUIb
temneparyp AT nae 3MOry BCTaHOBUTH JIOMIHYIOUMU TOTIK pajioHy — IUQy3idHUH, 3a
BIJICYTHOCTI 3aJIS)KHOCTI MIBUAKOCTI HAJXOKEHHS panoHy Big AT , a00 KOHBEKTHMBHUH, ITI0
BIJINIOBI/Ia€ 3HAYHOMY 3POCTaHHIO IMIBUAKOCTI HAJIXOKEHHS pafoHy 31 3poctanHsM AT . [Tpu
IIbOMY, BHECOK JU(]y31HHOTO0 TOTOKY paJOHy B NPHUMIINICHHI MOX€ OyTHM BH3HA4Y€HO K
BIJTHOIIICHHS IIBUIKOCTI HAJIXOJDKCHHS PaJOHy IPH HYJIbOBIM pisHMII Temmeparyp AT 1o
IIBUJIKOCTI HAJIXO/DKEHHS PAJIOHY TIPU CEPE/HIN 3a/iauiii pi3auii Temreparyp AT :

S,(0
M (%) = p, AlOO%. 3 ypaxyBaHHSM NpPHUUHATHX MPHUIYIIEHb 3arajlbHUM
SO (ATcp)
PO3B'SI30K PIBHSHHS (1) MOJKE Oytu MIPE/ICTABIICHO y BHTJIS
Iz\, (t)dt j’zv (t)dt ) . .
A(t)e = I S(t)e dt+A,, e A — KOHCTaHTa IHTerpyBaHHs, ILIO BIIOBIgAE
KOHIIEHTpallii pajoHy B TI0YaTKOBUI MOMEHT 4acy, bx/m3,

Po3B's130Kk pIBHSHHS AJI 9acOBOi 3alIeKHOCTI KOHIeHTpanii pamony A(t) ommcyerbcs
TaKUM BUPA30M

A(t) = e*fﬂv (t)dtJ«S(t)ejﬂv (t)dtdt N Aae—jzv(t)dt. @

Y poboti [3] mokazaHo, IO B MeXaxX JOOOBHX BHUMIPIOBaHb 3HAUEHHS IIBHUIKOCTI
HA/IXO/DKEHHS paJIoHy HE 3a3Ha€ ICTOTHHUX 3MiH y 4aci. Takum 4MHOM, JUIS XapaKTepHOIO
HEOOXIJJTHOTO JJIsi OTPUMAaHHA KPHBOI HAKOMHMUYEHHS paJioHy J000BOro mepiofy, 3MiHa
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CyMapHO1 IIBUAKOCTI HAIXO/KEHHS paJOHY BHU3HAYATUMETHCS BUKIIOYHO PI3HUIICIO
temneparypu AT . SKmjo Temep NPHUITYCTUTH, IO KPAaTHICTh MOBITPOOOMIHY MOCTilHA
BEJIMYMHA, IO BIINOBINAE CTAI[IOHAPHOMY PEXHMMY EKCILTyaTalil MpUMIIEHHs, TO PIBHIHHS
MO>Ke OyTH 3allMCaHO y BUTIISAL

S S
A0-32+( A=) ©
s
ne A,— KpaTHICTb IOBITPOOOMIHY 3a CTaI[ilOHAPHOIO pPEKUMY EKCILTyaTarii

IpUMilIEHHs, TOAY; S, —CyMapHa IIBHJKICTh HAJIXO/KEHHS PaJOHy B OJMHUYHUN 06'eM
npumimenns, bx/(m3Tom).

HakonuvenHss aKTHUBHOCTI SIBJIA€ COOOI0 TpOIeC, OOYMOBJICHHHA  IIBHUIKICTIO
HAJXOJKEHHS paJiOHy B MPUMIIIEHHS 1 KPaTHICTIO MOBITPOOOMIHY B CTalllOHAPHOMY CTaHi, 3
BUXOJOM Ha HacuueHHA A =S,/ ;. Y nbomy Bunazky, piBHsSHHS (3) HaOyBa€ BUTIITY

At) = A, (1-e ™)+ Ae ™, (4)

ne A, — MakCcuMajdbHa KOHIEHTpalld paJoHy, sKa MOKe OyTH JOCATHyTa B
IPUMIIIEHH 32 3aJaHUX yMOB, Br/M3,

PiBasmaa (3), y saxkomy A, =4;,, onmcye TIpouec HAKONWYEHHS paJoOHy Yy
KBa3iCTAI[IOHAPHOMY CTaHl TPHUMIMIECHHSA. Y peaTbHOCTI aKTUBHA AUUIBHICTH JIOJUHU B
MPUMIIIIEHH] TPHU3BOJUTH JO 3MIH KpaTHOCTI moBiTpooOMiHy. I[lpm 1mpoMy mporec
HAaKOIMMYCHHS AaKTHBHOCTI HE JIOCATA€ CBOTO HACHYCHHS 1 HE 3aBXKIW BUXOIUTH Y
CTaIlIOHAPHHUI CTaH, TOMY MPEACTABIISIE IHTEPEC ONMUC YAaCOBUX PsI/IiB KOHIICHTPAIIll paloHy B
JIIOYNX TPHUMIMICHHSIX 31 3MIHHOIO KPATHICTIO MOBITPOOOMIHY JUIsl OTPUMAaHHS TapameTpiB
peanbHUX CITIBBITHOIIEHh MDK PEKHMaMH MOBITpoOoOMiHY. JIJis bOro HEOOXIITHO OMUCATH

dynxuiro 4, (t).

[Tin gac mepexoay MPUMIIIEHHSI B aKTUBHHUI PEKUM €KCIUTyaTarlli (Hampukiaa, mia Jac
BiTYMHEHHsS BiKOH) QyHKuis A, (t) aemoHcTpyBatmme crymiHdacte 3poctaHHs. Ilim uac
3a4MHEHHS BIKOH, KPaTHICTh IMOBITPOOOMIHY MOBEPTATUMETHCS JI0 CBOTO CTaIlliOHAPHOTO
3HayeHHs A, [Ipouec 3minm ¢yHkuii A, (t) mix 4ac BiguMHEHHS BIKOH a00 BBIMKHEHHS
MPUMYCOBOI BEHTWJIALII (SK IPOIECH, SKI HAHOUIBII 3HAUYyIle BIUIMBAIOTh HA 3HAYCHHS
KPaTHOCTI MOBITPOOOMIHY) 3pY4HO OMMCATH 3a A0moMoror ¢yHkiii Xesicaitna O(t) , Takum
Bupazom: A, (t) =4, +A0(N —t), me N xapakrepusye TpPHBAIICTb NPOBITPIOBAHHS, TOJ;
A —oJaTKoBa KpaTHICTh MOBITPOOOMIHY, 3yMOBJIEHA AISUTBHICTIO JIOAUHU, | (IIpH LBOMY,
Ay = A+ A, BIANOBIIAE KPAaTHOCTI MOBITPOOOMIHY 3a AKTUBHOIO PEXUMY EKCILTyaTalii

a

MIPUMIIIICHHS ).
Oynkuis Xesicaiija Moxke OyTH 3amucaHa y BUIISIIL  Oe3nepepBHOI  (yHKIIIT
1, 12

O(N —t) = > +§ , 1e Kk — koedimieHt migiiomy, OutbIOMy K BiAMOBiTae KpyTilmii

eZ(k(N—t)) +1
nigiom Qyskuii B Touni t = N.

Takum umHOM, JUIst mpouecy 3miHu ¢yHkuii A, (t) mix yac BinkpuBaHHS BikHa OyIo
npUiHATO BUpas (5)

y) eZ(kN —kt) -1
3pyuno moxnactu koedimieHT k=50, mpu 1pOMy dYac mepexoqy MDK CTaHAMH

CTAaHOBUTDH MPHUOTU3HO 5 XBWIMH, IO HA0AraTo MEHIIE KPOKY BUMIPIOBAHb, SIKU OPIBHIOE
60 xXBHIMHAM.
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[TincraBuBIM BUpas (5) UIs KpaTHOCTI MOBITPOOOMIHY B 3arajibHUI PO3B'SA30K PIBHIHHS
JUIE  4acoBOT 3alieXHOCTI KOHIeHTpamii pamony A(t) (2), 1 NOKJIABIIM IIBUIKICTH

HAJXOPKEHHS paJoHY 10 IPHUMIIIEHHS TakKOlo, IO JOPIBHIOE BEIMYMHI S;, OTpUMaeMO

TaKUi BUpa3
A(t) = %eﬂot (W _e—2kt(\N _1))—/1/2k (Soﬂozts +3So/10t2 n SOZ.'[Z i
+Sp AP (W —1)2kWt — 2t + At(W —1) —3) + 6S,t + 6 A "W /%,

(6)

e W =(e*" +1)™.

Sxmo tenep noxynactu, mo A =0 (IpH 3HaYEHH1 KPATHOCTI MOBITPOOOMIHY A, = A;, Mo
BIJIOB11a€ KPATHOCTI MOBITPOOOMIHY B CTalllOHAPHOMY PEXKUMI €KCIUTyaTalli MPUMIIIEHHS),
OTpUMAEMO JIsI BUPa3y (6)

O i G T 0

Ockinpku Bupas 1+ 20t+%202t2+%203t3... ABJIsIE cO0OI0 po3KIaganHs (yHKuil e B

psan Teinopa, To Bupas (7) npu A = 0 BIAMOBIIa€ OTPUMAHOMY.

A, br/v3

Puc. 2. YacoBa 3ay1e)XHICTh KOHIIEHTPALIIT PaJIOHY, 10 XapaKTepHu3ye Mepexis i3 cTallioHapHOro 10
AKTHUBHOTO PSKUMY SKCIUTyaTallii

A, br/m3

Puc. 3. YacoBa 3ay1eXHICTh KOHIIEHTpALii PaJoHy, [0 XapaKTepH3ye
TIepexij i3 aKTUBHOTO JI0 CTalliOHAPHOTO PEKUMY €KCIUTyaTarlii
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https://doi.org/10.31650/2618-0650-2025-7-1-78-89 86



https://doi.org/10.31650/2618-0650-2025-7-1-78-

VII/1/2025
Crop. 78-89 / Page 78-89

MexaHnika Ta MareMaTtdyHi Meromgu [
Mechanics and mathematical methods

Panime piBHAHHIO 4YacoBOI 3aJeKHOCTI KOHIEHTpalii paJoHy JUIs TOCTIHHOL
CTalliOHAPHOI KPaTHOCTI OBITPOOOMIHY (4).

PiBasiHHS (6) MOXKHA BBaXKaTH 0A30BUM ISl MOJICITFOBAaHHS HAIXODKCHHS 1 HAKOTIMUCHHS
panoHy B arMmocdepi MpUMillIeHb.

[Ipoctimmit Bupa3 (4) s TOCTIMHOT KPaTHOCTI MOBITPOOOMIHY TakKOX Ja€ 3MOTY
OJiepKaTU 3HAYEHHs WIBMJKOCTI HAIXOMKEHHS PafoHy S, 1 KpaTHOCTI NOBITPOOOMIHY

Ao CBO€IO 4eproro piBHAHHA (6) na€ 3MOTy OTPUMATH 3HAUEHHS KPAaTHOCTI MOBITPOOOMIHY B
aKTUBHOMY PeXUMI eKcIutyarauii 4, .

PiBusinus (4) i (6) Oynu BHKOpHCTaHi Ul ONMHUCY AUITHOK YacOBOTO PsAy KOHIEHTpAIii
paZioHy, IO XapaKTePU3YyIOTh MEPEXOAN MPUMIIICHHS 31 CTAIIOHAPHOTO B aKTUBHUU PEKUM
excrutyatarii. Ilicist BUAUIEHHS MIYKaHUX AUBTHOK KOXXHA 3 KPUBHX 3MIHHM KOHIIEHTpAIii
pasoHy 3a/1aBajiacsi HEJIIHIMHOIO PErpeciiiHOI0 MOJEIUIIO 3a J0NOMOroo piBHsHb (4) (Puc.2)
a6o (6) (Puc.3).

Ha mizncraBi omiHKM MapameTpiB perpeciiHoi Mojieni MOXyTb OyTH OTpHUMaHI OCHOBHI
3HQUECHHS, MO0 MLIKaBJIATb: CyMapHa MIBUIKICTh HAAXOMKEHHS paloHy S, A, (KpaTHICTh

HOBITPOOOMIHY y CTalllOHAPHOMY pPEXHMI eKcIulyartamii), A,, =A+A4, (kparHicTh

a

NOBITPOOOMiHY B akTuBHOMY pekuMi). Ilpu mpomy cepemne 3HaueHHs A, Moxe Oyru

OTPHMAaHO YCEPEIHEHHSAM 3HAa4eHb KPaTHOCTI MOBITpOOOMIHY A, 1 A 3 Baramw,

akm
BIINOBIIHUMH 4acy 3HAXO/KEHHS MPUMIIICHHS B CTAl[lOHAPHOMY 1 aKTUBHOMY pPEXHMax
eKcIuTyaTarii.

5 OBI'OBOPEHHA PE3YJIBTATIB JOCJIIKEHHSA

BenTwsinist Bifirpae BaXJIMBY POJIb Y 3MEHIICHHI HAKOMWYEHHS PaJOHY B KUTJIOBHUX
MPUMIIIICHHSAX, CHPHUSAIOYM OOMIHY TOBITPS B MPHUMIIMICHHI 3 30BHINIHIM TMOBITPSIM, IO
J0TIOMarae 3HU3UTH KOHIEHTpAIll0 pajoHy. MaTeMaTH4YHe MOJCTIOBaHHS KOHBEKIIIHHUX
MexaHI3MIB 1 nudy3ii paoHy J0MOMaraloTh 3pO3YMITH CKJIaJHI MPOIECH, 32 JTOTIOMOTOIO
SIKUX PaJIOH PyXa€eTbCs BCEPEIHI Oy 1iBEIIb.

MareMaTtuuHi piBHSHHS JO3BOJISIOTH OMUCATH, SIK PAJIOH MOTparuisie B OyaiBii, SK BIH
pyXaeTbes Kpi3hb Pi3HI MaTepiaiu 1 K BiH HAKOMMUYYETHCSA B PI3HUX 30HaX (y MmigBajgax ado Ha
MepIIrx noBepxax). MoaearoBaHHsI BAKOPHCTOBYETHCS [T TOUHOTO TIPOTHO3Y PiBHIB PaIoHy
3a pi3HMX YMOB (IIBUIKICTh BEHTHWJIALIL, OynmiBenbHI MaTepianu, morogHi ymoBwH). Lli
MPOTHO3W MAaIOTh BAXJIMBE 3HAYCHHS ISl OI[IHKM DPH3UKY Ta 3a0e3MleuUeHHsI TOro, Io0
KOHLIGHTpAllil paJoHy 3ajuiianacs Hrokue OesmeyHoro piBHSA. Taki Mopmeni ocoOnuBO
KOPHMCHI, KOJIM HEMOXJIMBO TPOBECTH MacIiTaOHI BUMIPIOBaHHS B KOXKHIA Oymiii abo Ha
KOKHIN TUISHIIIL.

MatematuuHi MOZAeNi MOXYTh IMITyBaTH, SIK PI3HI CTpaTerii BEHTUIALIl (BIIKPUTTS
BIKOH, MEXaHI4HI CHUCTEMH BEHTWJIAII) BIUIMBAIOTh HA KOHIIEHTpAII0 pPaJloHYy B OymiBIIi.
Po3ymitoun B3a€MO3B'I30K MDK INBHIKICTEO BCHTWIALII Ta BUAAJICHHAM PaJOHY,
MIPOEKTYBAIBHUKU Ta IHXKEHEepu OyaiBeldb MOXYThb ONTHUMIZYBAaTH CHUCTEMM BEHTHIIALIT JUIs
MiHIMI3aIil pajoHy.

6 BUCHOBKHU

Taxkum yMHOM, BEHTHJIALS BIIIrpa€e BaXKJIMBY POJIb B YIPABIIiHHI KOHIIEHTPALIIEIO PAJOHy
B [IPUMIIIEHHI, CIIPUSIOUN MOBITPOOOMIHY, 3MEHIITYIOUH HAJXO/DKEHHS PAJOHY 1 3a1o0iratoun
HOro HAKONMWYEHHIO B >KUTJIOBUX NPHUMILICHHAX, TUM CAMHUM 3aXHUINAIOYM MEIIKAHIIB BiJ
OTIPOMIHEHHS PAZJOHOM.
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Hamu 3anmpomnoHOBaHO MaTeMaTH4Hy MOJENb, IO OMUCYE POJIb BEHTHIIALII y 3MEHIIEHH1
KOHIICHTpallli pajJioHy 3 ypaxyBaHHSIM SK TUQY31HHOTO, TaK 1 KOHBEKTHBHOTO MEXaHI3MiB
MOIIHUPEHHS PAJOHy B MPHUMIIIEHHI. Y3araibHeHa MOJIENb JIA€ 3MOTY OIIIHUTH B KOHKPETHUX
M(poBUX TapaMeTpax poJib BEHTWISIII y 3MEHIICHHI KOHIEHTpalii panony. Lli omiHku
BIIrpafOTh BAXKJIUBY pOJb MpPHU OOTPYHTYBAaHHI EKOHOMIUYHOT €(QEKTHBHOCTI HAasBHOI
BEHTWIALIIHOT CHUCTEMH Ta JO3BOJIIOTH 3aJaBaTd IUIHOBI IMapaMeTpH MPOCKTOBAHHMX
BEHTHIISALITHUX CUCTEM.

7 ETWYHI JEKJAPAIIIL

ABTOpPM HE MalOTh BIANOBIIHUX (PIHAHCOBHUX 4M HE(PIHAHCOBUX IHTEPECIB, SIK1 CILL
PO3KpUBaTH.
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NON-FOURIER HEAT CONDUCTION IN TWO-DIMENSIONAL
MEDIA

O. Pysarenko!
!0desa State Academy of Civil Engineering and Architecture

Abstract: Real-time heat distribution and phase transformation based on operating conditions
and material properties can be estimated using heat equations. The corresponding characteristic
functions are used to analyze heat conduction processes in various fields, including laser and electron
beam processing. A powerful universal analytical and numerical method that transforms partial
differential equations into a coupled system of ordinary differential equations is the wavelet transform
method. Fourier and non-Fourier heat equations can be implemented for both equilibrium and non-
equilibrium thermodynamic processes, including a wide range of processes such as the two-
temperature model, ultrafast laser irradiation, and biological processes. The ultrafast laser heating
process of nanofilms is characterized by ultrashort duration and ultrasmall spatial size, in which the
classical Fourier law based on the local equilibrium hypothesis is no longer applicable. Based on the
Cattaneo-Vernotte model and the double phase delay model, two-dimensional analytical solutions of
thermal conductivity in two-dimensional structures under the action of ultrafast laser are obtained
using the integral transform method. The results show that there is a thermal wave phenomenon inside
the film, which becomes increasingly obvious as the temperature gradient delay time elapses. In this
paper, non-Fourier heat conduction problems with temperature and heat flux relaxations are studied
based on the wavelet finite element method and solved by the central difference scheme for one-
dimensional and two-dimensional media. The heat wave model and the double phase delay model are
used to formulate the finite elements, and a new formulation of the wavelet finite element solution is
proposed to solve the computational optimization problem. Compared with the current methodologies
for the heat wave model and the dual phase delay model, the present model is a direct model that
describes the thermal behavior with a single equation with respect to temperature. The developed
method can be used for arbitrary shapes. A new iteration update methodology is also proposed for the
dual phase delay model to solve the computationally efficient problems. The time iteration algorithms
do not use the global stiffness matrix. This allows for optimized calculations. Numerical calculations
were performed in comparison with the classical finite element method and the spectral finite element
method. The comparisons in accuracy, efficiency, flexibility and applicability confirm that the
developed method is an effective and alternative tool for thermal analysis of local volumes of two-
dimensional materials.

Keywords: heat wave, heat flux, wavelet-transform, non-Fourier heat conduction, two-
dimensional material.

TEIUIONPOBIIHICTH HE-®YP'€ TUITY Y JIBOBUMIPHUX
CEPEJOBMILAX

Iucapenxo O. M.}

Y0oecvra oeporcasna akademis bydienuymea ma apximexmypu

AHoTamisi: Posnoxin Terura B peanbHOMY 4Yaci Ta (pa3oBe IMEPETBOPEHHS Ha OCHOBI YMOB
eKCIUTyaTaIlii Ta BIACTHBOCTEH MaTepially MOKHA OI[IHUTH 3a JIOTIOMOT'O0 PiBHSIHB TEILIONPOBIIHOCTI.
BinmoBinHi xapakTepucTuyHi (hyHKIIII BHKOPUCTOBYIOTHCS JUIS aHAJI3y MPOIIECIB TEIUIONPOBIAHOCTI B
pi3BHHX 00NAcTSAX, BKIIOYAIOYHM JIa3epHY Ta EIEKTPOHHO-IPOMEHEBY 00poOKy. [loTyxHuM
YHIBEPCAIbHUM aHAIITHYHUM 1 YUCEIbHUM METOAOM, SIKMH IepeTBopioe nudepeHLianbHi piBHIHHS B
YaCTUHHHUX MOXiIHUX Yy MOB’5I3aHy CHCTEMY 3BUYalHUX JuepeHIiabHUX PiBHSHB, € METOJ BEHBIIET -
neperBopeHHs. PiBHSHHSA TEMJIOEMHOCTI, IIO ONUCYIOTHCS Ta HE OMMCYIOThCSl Dyp’e piBHAHHIM
MOXYTh OYyTH peani3oBaHi SIK Uil PIBHOBAXHHX, TaK 1 Ui HEPIBHOBAXXHUX TEPMOIUHAMIYHHX
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MPOLIECiB, BKIIOYAIOUN IIHUPOKUN CIIEKTP MPOLECIB, TAKHX SIK TBOTEMIIEpaTypHa MOZEb, HaAIBHIKE
Ja3epHe ONMpOMiHEeHHs Ta OionoriuHi mporecu. HagmBuakuii mporec Ja3epHOro HarpiBy HaHOIUTIBOK
XapaKTePU3YETbCS HAJKOPOTKOIO TPHBAJICTIO Ta HAJMajlMM TPOCTOPOBHM PO3MIPOM, Yy SIKOMY
kinacuyHui 3akoH ®yp’e, 3aCHOBaHMI Ha TiMOTE31 TOKaIbHOI piBHOBAry, Oinblie He 3acTOCOBHUN. Ha
ocHoBi mozeni Katraneo-Beprotra Ta Mozeni monBiitHOI (a30BoOi 3aTpUMKH METOJOM iHTErPaTbHOTO
MEpEeTBOPEHHSI OTPUMAHO JBOBUMIpHI aHANITWYHI PIMIEHHS TEMJIONPOBIIHOCTI y JBOBHMIPHUX
CTPYKTypax Wi Ji€l0 HaIIMBUIKOrO Jiazepa. Pe3ynbraTé MOKasyloTh, IO BCEPEIHHI IUTIBKH ICHYE
SIBHIEC TEIUIOBOI XBWJI, SIKE€ CTa€ BCE OUIBII OYEBUIHHM Yy MIpy TOTO, SIK MHHA€ 4Yac 3aTPUMKHU
rpafieHTa TemmepaTypu. Y i poOoTi gocmimkyrorbess He @Dyp’e-TermonpoBimHi 3agadi 3
penakcalliero TeMIepaTypy Ta TEIIOBOTO MOTOKY Ha OCHOBI BEUBIIET-METONY CKIHUCHHUX CIIEMEHTIB 1
PO3B’SI3YIOTHCS LIEHTPAIbHO-PI3HUIIEBOIO CXEMOIO JJISI OTHOBHMIPHOTO Ta ABOBUMIPHOTO CEpEIOBHILL.
Mogenb TemIoBOi XBWJII Ta MOJIENb NOABIHHOI (a30BOi 3aTPUMKH BHKOPHUCTOBYIOTHCS LIS
(hopMyITIOBaHHSI CKIHUEHHUX €JIEMEHTIB, a TaKOX MPOMOHYETHCSI HOBE (POPMYIIOBAHHS BEHBIETHOT'O
CKIHUEHHO-EJIEMEHTHOI'0 PIillIeHHS JUIs BHPIIIEHHs NpoOJIeMH OOYHCIIOBANBHOI onTuMmizamii. Y
MOPIBHSAHHI 3 TOTOYHMMM METOAOJIOTIAMU JJIi MOJENi TEIIOBOI XBWJl Ta Mopaeiai aBodasHol
3aTPUMKH, IS MOJICNb € MPSIMOI0 MOJIEIUIIO, SIKa OMKCYE TEIUIOBY IMOBEIIHKY 32 JOMOMOIO0 €JMHOTO
PIBHSHHS 1IONIO TeMIiepaTypu. Po3pobnennii Mero MOKHAa BUKOPUCTOBYBATH ISl JIOBUTBHUX (OPM.
HoBa meronomnoris oHOBIIEHHs iTepallii TakoX MPOMOHYEThCs A 1B0(}HA30BOI MOAENTI 3aTPUMKHU JIJIsI
epekTHBHOrO BUpINICHHS OOYHCIIOBAIBHUX MpoOieM. ANTOpUTMH 4YacOBUX  iTepallii  He
BUKOPUCTOBYIOTh TJIO0AJbHY MATPHIIO >KOpcTKocTi. Lle o3Boisie onTUMI3yBaTH pO3paxyHKH.
UmcenbHi po3paxyHKH MPOBOJIWINCH Y TOPIBHSIHHI 3 KJIACHYHAM METOJIOM CKiHYCHHHUX €JIEeMEHTIB Ta
CIIEKTPaJbHUM METOJIOM CKIHYEHHUX eneMeHTIB. [opiBHSIHHS TOYHOCTI, €EKTUBHOCTI, THYYKOCTI Ta
3aCTOCOBHOCTI MIATBEP/PKYIOTh, IO pO3po0IeHuil MeToJ € ePEeKTHBHUM Ta albTepHATHBHUM
THCTPYMEHTOM JIJIsl TEPMIYHOTO aHAITI3y JJOKAIBHUX 00’ €MIB IBOBHMIPHUX MaTepiaiB.

Kuro4uoBi ciioBa: XBUJIS TEIUIA, TEIJIOBHM TOTIK, BEWBJIET-IIEPETBOPECHHS, TCILIOMPOBITHICTh HE
®dyp'e Ty, IBOBUMIPHHUI MaTepia.
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1 INTRODUCTION

The treatment of some film materials with high-intensity and ultrashort laser radiation
leads to the appearance of microscale hot spots of heat transfer. In this case, experiments
indicate the appearance of sharp wave fronts responsible for the temperature rise, which are
difficult to interpret by the classical Fourier model. The macroscopic heat wave model can be
considered as the first attempt to describe heat transport at the microscale. A subsequent
modification led to the hyperbolic equation of thermal state and assumed the description of
heat transport by a wave with a finite velocity. A number of attempts to describe heat
transport at the microscale were supplemented by the Cattaneo-Vernotte model and the dual-
phase model with delay.

However, the two-stage model and the later proposed pure phonon field model suggest
that the microscale thermal behavior follows neither the pattern given by the thermal wave
model nor the Fourier diffusion model. To fill the gap between the microscopic and
macroscopic theories, a double-phase-lag model was proposed according to two time
constants in the thermal evolution equation. The double-phase-lag model aims to eliminate the
precedence assumption made in mesoscale heat transport models. The basic procedure in
these considerations is to fix the cause-and-effect relationship between the temperature
gradient and the heat flux. It should be emphasized that the models for the meso- and
microscales are derived using a Taylor series expansion. In fact, this method of derivation is
incompatible with the second law of thermodynamics. Moreover, the equations of the double-
phase-delay model are a special, linearized version of the Jeffrey equation and use
interdependent parameters.

2 ANALYSIS OF LITERATURY DATA AND RESOLVING THE PROBLEM

Compared to the parabolic diffusion equation, the Fourier model and the double phase
delay model are hyperbolic methods. As a result, there is a resurgent interest in solving heat
equations given by a model that takes into account the finite speed of heat wave propagation
in the tested media. The set of numerical schemes for solving the heat conduction equation
can be divided into both analytical and numerical solutions. The most widely used
methodologies are those using the Laplace transform [1, 2], Green function [3, 4] and the
integral equation method [5, 6]. The rather complex mathematical transformations that are
necessary in analytical methods represent the main obstacles to their practical application.
Due to the complexity of the hyperbolic equation, which leads to ambiguity in the tested
domain, only very few simple cases can be solved analytically. Consequently, numerical
solutions and methods attract more attention.

However, the exact solution for the two-dimensional film material is still sometimes not
easy to obtain. One of the most common techniques for analyzing this problem is the finite
difference method [7-10]. A significant improvement of this approach was the finite
difference algorithm, based on which a convergent three-level finite difference scheme was
developed [11-13] and a high-accuracy finite difference method for solving the two-
dimensional problem [14-16]. The discontinuous finite difference model [17, 18] has enabled
the analysis of heat wave propagation in one-dimensional and two-dimensional media using a
double-delayed phase model. Modification of the finite difference method by wavelet
transforms is not widely used in analytical methods of studying heat conduction processes in
two-dimensional structures. However, it should be noted that the effectiveness of wavelet
transforms has been previously tested for dynamic analysis and elastic wave problems.
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This study aims to develop a wavelet transform formulation for the finite difference
method and corresponding solution methodologies for non-Fourier heat conduction, in
particular, for the heat wave model and the double phase delay model.

3 PURPOSE AND OBJECTIVES OF THE STUDY

Since the heat diffusion equation is parabolic in nature, it is easy to see from the idea of
wave motion that this equation implies an infinite speed of heat wave propagation. In turn,
this indicates that a local change in the heat flux gspatial rand temporal t coordinatescan

lead to an instantaneous perturbation of the temperature field ®. It was verified that the
conclusion is inconsistent with experiments. With the development of materials processing
using pulsed sources and the requirement of laser-induced guide waves in structural health
monitoring, the classical Fourier law has been shown to be inadequate in modeling high-
frequency response. The above problems have led to many attempts to improve the classical
model, the most famous of which is probably the thermal wave model, which takes into
account thermal "inertia".

In this model, the approximation of the heat transfer process can be described by a
Jeffreys-type constitutive relation

7,0, (1 1)+0,(r,t)—aA®=Q(r,t)/(pc)+7,Q (r,t)/(pC),
where 7, — is the relaxation time; Q — depicts the heat source; p — is the density; c— is

the specific heat of the material, a=x/(pc)—is the thermal diffusivity; x— is the

conductivity for thermal medium.

It should be noted that this equation cannot be considered as a real approximation of the
single-phase delay relationship, which leads to ill-posed problems. A series of experimental
studies have confirmed that the thermal wave model performs better than the classical Fourier
law in numerical prediction. At the same time, it has been found that the model only takes into
account fast transient effects, but not microstructural interactions. These two effects can be
reasonably represented by the double-phase-delay model as the relationship between the heat
flux g and the temperature gradient VO

7,0, (1,1)+ 0, (1,t)—aAB(r1,t) —ar [AO(r,1)], =Q(r,t)/(pc)+7,Q,(r.t)/(pC),

where 7, is the delay time caused by the micro-structural interactions (phase-lag of the

temperature gradient).

The extreme nature of the thermal parameters used in numerical calculations of pulsed
thermal action by a laser leads to difficulties at the stage of modeling the processes. As a rule,
the models of the thermal wave and double phase delay are usually transformed into the
corresponding normalized forms. At the first stage, the parameters of the excited pulse are
subjected to a non-dimensionalization procedure. Next, a Gaussian profile is used to model
the light intensity of laser pulses

_(1_R)|o 42742
Q= \/;tp exp(l t/tp),

where R —is the reflectivity of irradiated surface; 1, — is the laser output intensity;
t, — is the full-width-at-half-maximum of pulse.

The set of dimensionless parameters of length (X,Y,R.), time (7,7,,7,), temperature

(), heat flux (¢), and heat source (W) were used in this study
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X=X y-_Y R fe _t b _To
2,/ar, 2\/ar,

C:2 arO' 7—2—10, 7/1:2_70, 72_270’
5= ’72’2'0 k(©-0,) . TO\/; _ 2ry\maz,
Na (1-R)I, "’

@-R)1, " Y TRy,
where T, — is the reference temperature.

In this case, the dimensionless model with a phase delay of the Jeffreys constitutive type
IS rewritten as

B, +2B,—AB—y,[ABl, =2y +y,,

and for the value ¥ the following relation can be written

l//:

@exp(l—yzlyf).
7

Both models contain partial differential equations which, after transformation, can be
used in the finite difference method to describe heat transfer processes for boundary
conditions of different types.

The finite element method involves first partitioning the domain Q into a grid in terms
of a set of non-overlapping subdomains Q.. Subsequently, each subdomain is mapped onto a

unit interval taking into account the dimensionality of the problem being analyzed. The finite
element method is complemented by wavelet transforms. In the unit interval, some wavelets

of the m-th order B -spline jon the interval 7, , (&) are used to construct wavelet finite
element formulations for the heat transfer problem. According to the m-th order B -spline
functions corresponding wavelets with m-th order (BSWImj) can be determined. In this case,
the inner B -spline describes a mesh of m segments for the cases Al (no boundaries), A2
(internal nodes), and A3 (presence of one boundary):

ol oyl oyl
Al:x! L =x ==X =0,

m+2
A2:x) =k2*, k=01,.,2),

yl vyl —
A3 X2j+1 - X2j+2 e X2j+m—1 =1

An arbitrarily specified scale j immediately fixes the discretization step, which in this

case is equal to 1/2'. At the next stage, in order to introduce at least one internal B-spline
function into the working area, the following condition is checked for feasibility

2/ >2m-1.
Assuming that j, is the initial scale, for each previously considered case (A, i=1 2,3)
for j> j, we get:

ALind, (€)=nk (270&) k=-m+1..,~1
A2:775, (€)= 1125 m (1—2j7j°§),k =2l -m+1..,2" -1,

A3:n), (&)=nk, (27 E-277k),k=0,...,2) —m.
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The scaling functions 7, ., (£) satisfy the relation:
Moy =nr (270¢) k=—m+1,..,-1;

Mo =TTzjm s (2j7j°§), k=2'-m+1,..,2' -1,

= (278 E~27k) k =0,...,2) - m.

The system of primary scaling functions allows for a full scaling of the wavelet
transforms, which fix both the main interpolating function and the shape function in the parent
wavelet. For the two-dimensional case, we then define the horizontal and vertical
interpolating vectors based on the equation:

N = {1 i (VM 2 (€))7, = {0t ()7 i ()12, ()]

where &, 7 belong to the interval [0, 1], which depict the normalized x and y coordinates,
respectively.

The two-dimensional interpolating function is formulated based on the Kronecker
product between two vectors in the characteristic equation. The basic procedures of two-
dimensional analysis can be carried out for the basic functions of wavelet transforms. Within
the framework of the finite element method, the unknown continuous function of the

temperature field ®(&, y,t) can be interpolated in the elementary domain as
O(&, x.t)=506°,

where S is the interpolating function; ®° is the nodal temperature in an element.

The analysis of the variants of constructing the computational grid showed that there is
more than one node in the element. Only for such a case the interpolating function and nodal
temperature can be written in matrix form. In this work, the third-order wavelet transform
function is chosen as the interpolating function S .

The physical field of two-dimensional composite structures can be written in terms of
wavelet coefficients. In this case, for the convergence of the calculation procedure in wavelet
interpolations, an additional transformation matrix is required. This matrix © is used to
transform the wavelet coefficients into the physical domain. After the specified steps, the
interpolation of the value S can be carried out, namely

n®=_S.

and for the transformation matrices we get

O={n2 (&) (&) ®n (m)n* (2,)-)

The system of partial differential equations fixed for the heat wave model is transformed
into a wavelet transform formula for finite elements using a trial function. The requirement of
two-order continuity of £, namely the Af component, complicates the choice of the trial
function in the wavelet transform. Therefore, the weak form is usually used. By writing the
characteristic equation with the trial function 9 and integrating it by parts over the region of
interest O, we get

[ B,d0+2 Bdo+| vavpda=| 9(2y+y,)dO.

The weak form of the heat wave propagation model can be obtained in matrix form based
on Hamilton's principle, namely

-0
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PB,+YB, +UB=W,

where the matrices included in this equation can be defined as follows

P=an+l:nz+l:a),a)jSTSdet(J), Y=an+1:nil:2a),a)jSTSdet(J),
e i j e i
n+l n+l n+l n+l

U=222 00Vs'VSdet(J), P=3> > oS’ (2w +y,)det(d),

where e is the symbol that defines the total number of finite elements used in the
simulation; i and j are the element indices that correspond to different directions in the two-

dimensional medium; @, and ; are the corresponding weights of the Gaussian integrations;

J is the Jacobian matrix.

The methodology for calculating the reduced matrix parameters refers to the basic theory
of the finite element method. The methodology for calculating the reduced matrix parameters
refers to the basic theory of the finite element method. The structure of the equation
containing the matrix parameters is the same as that of a typical wave propagation equation or
dynamic reactions in elastic interactions. Based on these assumptions, it can be stated that the
temperature change propagates in a wave-like mode.

The same weak form process for the heat wave propagation model is used to construct
the corresponding weak form for the double phase delay model, where P,Y,Z,U and W are

defined by the following relation
PR, +(Y+Z)B,+UB=W.

The matrix Z, which defines the damping parameters, is essentially the key element that
contains the difference between the double phase delay model and the model of body wave
propagation in a two-dimensional medium. The relaxation time ratio y, =7, / z,7v2 determines

the properties of Z, matrix in double phase delay model

n+l n+l

Z=y,2.>.> 00,VSTVSdet(J)=yU.
e i j

The equations for W and Z represent the basic formulation of the solution of wavelet
transforms for the heat wave model and the double phase delay model. However, numerical
experiments have shown that these basic formulations are only suitable for calculations that
rely on a computational grid with small cells. As a result, this places a strong limitation on the
number of degrees of freedom.

The mode superposition scheme and the central time difference integration scheme are
well suited for solving the systems of equations of the double phase delay model. These
schemes, however, are limited in the case of small degrees of freedom. To analyze this
problem, a 1000-degree-of-freedom structure could be considered. Weak forms can be used to
obtain matrices P,Y,Z and U of size 1000 x 1000 and a vector W of size 1000 x 1. After
this, the superposition of modes can be performed. In general, for the inverse matrix of 1000
x 1000, the improved numerical method of Lankoz should be used. It should be noted that for
the problem of heat wave propagation, direct time iteration, namely, the scheme of integration
over the central difference time, is more effective. Let us write the basic equations for the
propagation of a heat wave in accordance with the central difference time integration scheme:

ﬁ;/JrA;/ B Zﬂy + ﬂ}/—A}/ ﬂy+A7 - ﬂy—Ay N
P( A j+Y[ Ay ]+Uﬂ7 =Wpg,,
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1 1 2 1 1

where Ay is the step between the neighbor integration slice in time domain.

Accordingly, for the dual phase delay method the last equation should be modified using
the following substitutions

pi tyv, ety oy tp  ty, tp Ly A

Ay? 2Ay Ay? 20y 2Ay T AyP 2Ay Ay? 20y 2Ay u.

For the analysis of heat wave propagation, it is important to fix both the boundary and
initial conditions. Thermal boundary conditions can be divided into three types: the Dirichlet
condition for temperatures of some regions (condition 1); the Neumann condition for heat
flows; (condition 2); a mixture of the first and second boundary conditions (condition 3).

It is worth noting that the exact definition of the boundary condition of the second type in
the given calculation algorithm is impossible. The reason for this statement is that the heat
flux in non-Fourier problems is not directly proportional to the temperature gradient,
especially in heterogeneous materials or for low-temperature phenomena. Implicit calculation
scheme, allows to describe experimental results beyond Fourier. In this technique, the initial
condition constraint is to set the initial value to £, and f,, and thus the initial value of
temperature and heat flux can be controlled. Of course, a higher-order modification of the first
and second derivatives of temperature can be considered in the calculation scheme. But such a
calculation technique is not accurate enough. For this reason, the heat flux is usually
considered as an independent state variable in the calculations.

Conditional stability is a drawback of the central difference method. This stability can be

formulated as a requirement that the time step length Ay be less than some critical value y,,
closely related to the dynamic properties of the discretized system

Ay <Ay, =2lw,,

where @, — is the shortest period of eigenvalue of the discrete system.

4 RESEARCH RESULTS

Model calculations for the case of heat wave propagation assumed the use of the
boundary condition of the second type. In particular, the heat flux through local boundary
surfaces was zero. For the one-dimensional case, the boundary is set at the two ends of the
domain. The Neumann boundary in the case of a two-dimensional medium was limited by the
lateral surfaces. For both the one-dimensional and two-dimensional cases, an initial condition
is used for which the initial changes in temperature and heat flux were negligible.

The calculation of the physical parameters of heat transfer before the non-
dimensionalization procedure was performed for the following characteristic values. Thermal
and kinematic parameters: « =0,23-10*m?/s, r, = 0,172 ps. Geometrical characteristics:

x=5mn (equivalent to 1.257 in the dimensionless domain) for the 1D case, radius r =6 nm
(equivalent to 1.508 in the dimensionless domain) for the 2D case. Energy characteristics:
excitation parameter, 7, =100 fs (equivalent to y, =0,29), the reflectivity of the irradiated
surface is simply assumed to be R=0. Spatial and temporal computational grid
characteristics: for the one-dimensional case, t=3 ps (equivalent to ¥ =8,72), divided into
10,000 time steps; for the two-dimensional case, t=1,5 ps (equivalent to y =4,3604),
divided into 10,000 time steps.
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Temperature changes at the excited point (X,=0), the middle of the medium
(X, =0,657) and at the end of the one-dimensional region (X, =1,293) were calculated

using the thermal wave propagation and double phase delay methods. Tables 1-3 illustrate the
calculated dependencies 7 =7(y) obtained using wavelet transforms for cases C1 — C6

(,=0;0,10,4;0,8;1,2; and 1.5, respectively).

Table 1

Wavelet performances for different y, (point X,)

4

n

C1

C2

C3

C4

C5

C6

0

0

0

0

0

0

0.5

1.104

1.259

1.340

1.365

1.418

1.468

1

0.712

0.867

0.939

0.984

1.021

1.077

1.5

0.562

0.717

0.794

0.830

0.870

0.921

2.0

0.482

0.641

0.710

0.752

0.787

0.838

2.5

0.401

0.554

0.622

0.663

0.717

0.763

3.0

0.367

0.526

0.603

0.628

0.675

0.736

3.5

0.322

0.476

0.542

0.592

0.626

0.675

4.0

0.295

0.459

0.535

0.568

0.604

0.648

4.5

0.241

0.409

0.470

0.503

0.547

0.602

5.0

0.237

0.399

0.473

0.514

0.547

0.590

5.5

0.230

0.394

0.466

0.491

0.546

0.599

6.0

0.228

0.390

0.452

0.506

0.548

0.580

6.5

0.221

0.387

0.451

0.488

0.523

0.574

7.0

0.216

0.373

0.437

0.496

0.528

0.575

7.5

0.214

0.372

0.446

0.484

0.518

0.569

8.0

0.211

0.371

0.445

0.478

0.530

0.569

Table 2

Wavelet performances for different », (point X, )

/4

n

C1

C2

C3

C4

C5

C6

0

0

0

0

0

0

0

0.5

0

0

0

0

0.026

0.031

1

0

0

0.042

0.050

0.054

0.058

1.5

0.081

0.110

0.253

0.293

0.405

0.471

2.0

0.342

0.264

0.407

0.454

0.554

0.631

2.5

0.275

0.252

0.390

0.441

0.538

0.611

3.0

0.264

0.247

0.390

0.432

0.531

0.605

3.5

0.253

0.245

0.381

0.432

0.543

0.607

4.0

0.258

0.241

0.386

0.429

0.533

0.602

4.5

0.256

0.237

0.377

0.423

0.526

0.598

5.0

0.252

0.235

0.368

0.423

0.527

0.596

5.5

0.250

0.232

0.376

0.418

0.529

0.581

6.0

0.248

0.230

0.375

0.422

0.528

0.572

6.5

0.241

0.228

0.364

0421

0.511

0.566

7.0

0.239

0.226

0.357

0.417

0.509

0.564

7.5

0.236

0.224

0.361

0.413

0.507

0.560

8.0

0.233

0.221

0.366

0.403

0.501

0.558
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Table 3

Wavelet performances for different y, (point X,)

¥ n
C1 C2 C3 C4 C5 C6
0 0 0 0 0 0
0.5 0 0 0 0 0 10.020
1 0 0 0 0 ]0.021 | 0.044
1.5 0 0 ]0.022 | 0.034 | 0.063 | 0.085

2.0 0 0 0.036 | 0.082 | 0.127 | 0.234
25 | 0.032 | 0.083 | 0.133 | 0.251 | 0.337 | 0.399
3.0 | 0.226 | 0.187 | 0.238 | 0.338 | 0.447 | 0.502
3.5 | 0.241 | 0.236 | 0.301 | 0.399 | 0.495 | 0.540
4.0 | 0.252 | 0.261 | 0.313 | 0.427 | 0.515 | 0.564
45 | 0.260 | 0.270 | 0.340 | 0.438 | 0.531 | 0.583
5.0 | 0.262 | 0.272 | 0.334 | 0.442 | 0.528 | 0.586
55 | 0.260 | 0.273 | 0.337 | 0.441 | 0.537 | 0.592
6.0 | 0.258 | 0.271 | 0.327 | 0.426 | 0.541 | 0.596
6.5 | 0.256 | 0.268 | 0.323 | 0.429 | 0.523 | 0.598
7.0 | 0.254 | 0.265| 0.329 | 0.416 | 0.518 | 0.602
7.5 | 0.253 | 0.264 | 0.321 | 0.433 | 0.527 | 0.604
8.0 | 0.252 | 0.263 | 0.326 | 0.413 | 0.519 | 0.606

5 DISCUSSION OF RESEARCH RESULTS

The calculation results indicate a shift of the extreme values of 7 relative to X =0 to
the region of large values . In addition, the increase in dispersion near the maximum

n=n(y) is smeared with increasing y,. The diffusive behavior becomes more dominant. The
tendency for the dispersion to increase becomes more and more pronounced for the responses
at X =X, and X =X,. At the midpoint (X ~ X, /2) the responses for y, =0 exhibit

typical wave behavior similar to an elastic wave, and the wave arrival time is instinctively
close to y =1,25. The propagation pattern of the thermal wave corresponds to the existence of

two regimes for the diffusion (y,=0,5) and superdiffusion cases (y,=15). For these

regimes, the time for the wave to completely pass through the sample is calculated with a
large error, since the thermal behavior is not wave-like. Comparison of the responses at
X =0,6283 with X =1,257 allows us to state that the temperature disturbance arrives at
almost the same time for these two positions. Consequently, the speed of the heat wave is
large enough for the diffusion and superdiffusion cases.

The changes in the temperature distribution in the computational domain have a clearly
expressed wave-like character. In this case, the pulsed thermal disturbance propagates in the
wave form. The value y=2,16 corresponds to a clear circular wave front, on which the
energy of the pulsed thermal disturbance is mainly concentrated. With increasing
dimensionless time ( = 4,38), the thermal energy is slowly absorbed by the medium.

Due to the increase of y,, the matrix Z plays a more important role in the damping term.

As a consequence, the temperature changes in the region after the wave front become sharper
compared to the wave-like behavior. When y, =0,5, all wave-like features disappear, the

disturbance caused by the pulse is completely transferred by diffusion. The wave front shape
is smoothed out and the characteristic temperature in this case is always the hot spot.

O. Pysarenko
https://doi.org/10.31650/2618-0650-2025-6-1-90-102 99




MexaHika Ta MaremMaTHuHi meromu / | VI1/1/2025
Mechanics and mathematical methods e a Crop. 90-102 / Page 90-102

Increasing y, to 1.5 is the reason for the occurrence of the super-diffusion regime. Compared
with normal diffusion, this value provides a higher diffusion rate at an early stage.

6 CONCLUSIONS

In this paper, an improved formulation of finite difference wavelet transforms is
developed to perform numerical experiments to describe the thermal characteristics in one-
dimensional and two-dimensional media. The simultaneous use of the central difference
scheme in time and the wavelet interpolation technique for spatial coordinates allowed us to
develop a hyperbolic model of thermal conductivity in two-dimensional structures. In order to
verify the calculations, the proposed algorithm was tested by comparing with classical finite
difference and spectral finite difference methods. The comparison was made taking into
account the parameters of accuracy and efficiency.

For the case of 2D media, different mesh geometries were tested for different types of
boundary conditions. The improved methods of describing thermal wave propagation and
double phase delay can be considered as an alternative tool for thermal analysis. It should be
noted that the use of the heat flux boundary condition in this calculation method requires
further development due to the accumulation of calculation errors of the finite difference
method. The wavelet-transforms of the state variable expressed in terms of finite differences
can provide a solution to this problem.
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METOJAN OBPOBKHA BEJIMKUX JAHUX I ITPOI'HO3YBAHHA
TUMYACOBUX PSIIB 3A JOITOMOI'OI0O HEMPOHHUX
MEPEX

Kaumenko O. B.!, Cyxomannosa O. B.2, Kpapuenko B. B.

TEAM International
2Biticbkosuil incmumym menekomynikayiti ma ingpopmamusayii imeni I'epoie Kpym

AHoTanisi: Y cTarTi JeTanbHO PO3TISHYTO OCOOMMBOCTI (DYHKIIOHYBaHHS HEHPOHHHX MEPEX Y
KOHTEKCTI X 3acToCyBaHHS Ui OOpOOKHM BEIHMKHX OOCSTIB JIaHUX 1 MPOTHO3YBaHHS THMYAaCOBHX
pSiB, TPUAUISIOUM OCOOIMBY YBary MexaHi3MaM HAKOMWYCHHS IHTENEKTYaIbHOIO KamiTamy.
BcraHoBIIEHO, 10 KIIOYOBOIO XapaKTEPUCTUKOID TaKUX HEHMPOHHMX MEpPeX € IXHS 3AaTHICTh JI0
aJalITHBHOTO HAJAIITYBaHHS BaroBUX KOeQII[iEHTIB 1 B3a€MO3B’S3KIB MK HEHpOHAMH, IO
JIOCSITAETBhCSL 3aBJIIKM BUKOPHCTAHHIO MPHHIMITIB camMoopraHizaiii. Y cTaTTi NpoBeJeHO aHai3
MoJieliel HeMpOHHUX Mepek, 30Kpema Mepexi Xomndurga ta XemMmiHra, siKi OpIiEHTOBaHI Ha
30epeXKeHHs eTAIOHHKUX 3Pa3KiB 32 PaXyHOK IONEPeIHbOT IHIIiai3allii, ajJe JeMOHCTPYIOTh OOMEXKEHY
THYYKICTh y 3MIHIOBaHHMX cepenoBuinax. JloBeaeHo, 110 Mepexi, apXiTeKTypa SKMX Mo0yJoBaHa Ha
OCHOBI IIPHMHIIMIY MiHIMI3amii BigcTtaHi XeMMiHra, e(peKTHBHO BHKOHYIOTH 3aBIaHHs KiacuQikarii
JBIAKOBMX BXIJIHUX JaHUX Ta ieHTH(IKAIT 3pa3KiB 13 HAHMEHIIIOK BIJICTAHHIO JIO IMOJaHOT0 CUTHAITY.
Pazom 3 TIM, 3a3HaUEHO, IO OOMEXEHHS B OOUYMCITIOBAILHUX PECypcax Ta BIIACYTHICTH 3BOPOTHOTO
3B’SI3Ky 3 023010 3HAHb MOXKYTh CIIPUYIUHATH IEBHY HECTAOLIBHICTL Yy POOOTI TaKUX MEpex. Y CTaTTi
3aIPOITIOHOBAHO METOJT ONTHMI3allii CTPYKTYPH HEHPOHHHUX MEpEX, IO Iepemdadac 3aMiHy OKpEeMHUX
IIapiB Ha MAaTPHUIll BaroBUX KOe(DIILli€HTIB, IO Ja€ 3MOI'y 3HHU3UTH OOYUCIIIOBAJIbHY CKIaIHICTH 0€3
BTPATH TOYHOCTI OTPUMYBAaHHX pe3yiabTaTiB. OmiHeHO e()EeKTUBHICT, HEHPOHHUX MEPEX y KOHTEKCTI
aHaJi3y BEIMKUX MACHBIB THUMYACOBHX PSIIB, 30KpeMa y BUIIAIKaX, KOJIW JaHI XapaKTePU3YIOTHCS
BHCOKOIO JWHAMIYHICTIO Ta CKIAQJHAMH HENIHIHHUMH 3aJSKHOCTIMH. Y CTaTTi pPo3po0JICHO
peKoMeHmaIlii UIsl CTBOPSHHS HEHPOHHUX MEPEX 13 MOKpAICHUMHU IMOKa3HUKaMH CTaOUTBHOCTI Ta
IJTACTUYHOCTI, AKi 37aTHI 30epiraTé cOpMOBaHI 3HAHHS HABITh y BHIAJKaX BIUTUBY 30BHIMIHIX
curHaiiB. OMUCaHO MiAXid, 3TIAHO 3 SKAM Tporec oOpoOku iH(popmariii 0a3yeTbCcsl HAa aKTHBAIil
KOPOTKOYacHOi mam’sTi, ()yHKI[IOHYBaHHI CUCTEMHU yBaru Ta BUKOPHCTaHHI TOBTOTPUBAINX 3B’SI3KiB,
10 CIIPHsI€ TOUHINTIN iMeHTHDIKAITIT KIaciB JaHUX.

KuarouoBi ciaoBa: o0poOka BeTMKMX JAaHUX, IMPOTHO3YBAHHS THMYACOBUX pSAiB, HEHPOHHI
Mepexi, MalliHHEe HaBYaHHSI, aHAI3 JaHUX, aKTHBAIAHI (QYHKIIII.

METHODS OF PROCESSING BIG DATA AND FORECASTING
TIME SERIES USING NEURAL NETWORKS

O. Klymenko?!, O. Sukhomlynova?, V. Kravchenko?
TEAM International
2Kruty Heroes Military Institute of Telecommunications and Information Technology

Abstract: The article examines in detail the features of the functioning of neural networks in the
context of their application for processing large amounts of data and forecasting time series, paying
special attention to the mechanisms of accumulation of intellectual capital. It is established that the
key characteristic of such neural networks is their ability to adaptively adjust weight coefficients and
interconnections between neurons, which is achieved through the use of self-organization principles.
The article analyzes neural network models, in particular Hopfield and Hamming networks, which are
focused on preserving reference samples through preliminary initialization, but demonstrate limited
flexibility in changing environments. It is proven that networks, the architecture of which is built on
the principle of minimizing the Hamming distance, effectively perform the tasks of classifying binary
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input data and identifying samples with the smallest distance to the given signal. At the same time, it is
noted that limitations in computing resources and the lack of feedback with the knowledge base can
cause a certain instability in the operation of such networks. The article proposes a method for
optimizing the structure of neural networks, which involves replacing individual layers with matrices
of weight coefficients, which makes it possible to reduce the computational complexity without losing
the accuracy of the obtained results. The effectiveness of neural networks is assessed in the context of
analyzing large arrays of time series, in particular in cases where the data are characterized by high
dynamics and complex nonlinear dependencies. The article develops recommendations for creating
neural networks with improved stability and plasticity indicators, which are able to preserve the
formed knowledge even in cases of influence of external signals. An approach is described according
to which the information processing process is based on the activation of short-term memory, the
functioning of the attention system and the use of long-term connections, which contributes to a more
accurate identification of data classes.

Keywords: big data processing, time series forecasting, neural networks, machine learning, data
analysis, activation functions.
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1 BCTYIl

VY cydacHMX yMOBax CTPIMKOTO PO3BUTKY IH(OpPMAIifHUX TEXHOJIOTiH Ta HU(POBOI
Tpancdopmariii, 00poOka BEIMKUX 0OCATIB TaHUX CTA€ KPUTHYHO BAXIIMBOIO IS IIPUHAHSATTS
OOrpyHTOBaHMX YIPABIIHCHKHUX PIlIEHb y PI3HUX cdepax ALTBHOCTI, 30KpeMa B €KOHOMIIII,
¢biHaHCcaX, MEIWIMHI, CHEPreTHIl, Ta IHIIUX Taly3sx. Benmwki gaHi MICTATh XapaKTepHUH
MOTEHIlia] ISl aHaNi3y CKJIaJHUX CHUCTEM, IMPOTHO3YBAaHHS 3MIiH Ta ONTHUMI3aIlii MPOIIECIB.
OpHak TpajuiidHI METOIM OOPOOKH JaHUX YaCTO BHSIBJISIFOTHCS HEJOCTATHHO €(DEKTHUBHUMH
4epe3 BUCOKHIA PIBEHb CKIAJHOCTI, TUHAMIYHOCTI Ta 0araToBUMIPHOCTI IUX AaHuX. [IpoBigHe
3HaYeHHS HAOYBaIOTh JIOCIIDKEHHSI METO/IIB TPOrHO3YBAaHHS YaCOBUX PAIIB, OCKUIBKU aHAII3
TPEH/IIB, LUKIIYHOCTI Ta IHIIMX XapaKTEPUCTUK € OCHOBOKO JUIsi MOOYJOBH MPOTHO3IB Y
pi3HUX cdepax, TaKuX K (pIHAHCOBUN PUHOK, EHEPreTHKa, KJIiMaToJoris Tomo. | BiInoBiAHO
B OOIPYHTOBAHOMY KOHTEKCT1 HEHPOHHI MepeXk1 IEMOHCTPYIOTh CBOIO €(EKTUBHICTD 3aBJISIKU
3/1aTHOCTI1 BUSIBJISITH HENIHINHI 3aJIEKHOCTI, aJaliTyBaTUCA 10 JUHAMIYHUX 3MIH 1 paIlOBaTu
3 BEJIMKMMH MacuBaMH JaHuX. He3Baxkaroun Ha mporpec y J0CHIPKEHH1 METOIB MAIllIMHHOTO
HaBYaHHS Ta HEMPOHHUX MEPEeX, ICHYIOTh BUKIIMKH, MOB'A3aH1 3 ONTUMI3ALIEI0 apXITEKTypH
HEHPOHHUX MEpeX, MIHIMI3alll€l0 TOMMIIOK IPOrHO3YBaHHS, a TaKoX 3a0e3NeyeHHsIM
BHCOKOT IIBUJIKOCTI 0OpOOKHM JaHUX 332 YMOB OOMEXEHHUX PECYPCIB.

2 AHAJI3 JITEPATYPHUX JAHUX TA IOCTAHOBKA INPOBJIEMHA

VY psal cydacHHMX HayKOBHUX pOOIT BUCBITJIIIOETHCS MUTAHHS CTOCOBHO TOTEHINANy
HEUPOHHUX MEPEXK JJIA BUPIIMICHHS 3a/1a4, 1[0 BUMArarTh aHaJI3y BEIIMKUX 00CATIB JaHUX 13
BHCOKOIO JUHAMIYHICTIO Ta CKJIIATHUMH HEIHIMHUMU 3aJIeKHOCTIMU. Y poboTax J[3smynuy
M., llImatkoBcbka T., bopuctok O. [1], llakip A., Creremann /[l., Bonk M., JIxamoyc H.,
Typoscki K. [13] neTanbpHO po3risiHyTO 6a30B1 METOIM OOPOOKH BETUKUX JAaHUX 1 aITOPUTMHU
MalIMHHOTO HAaBYaHHS, IO Jie)KaThb B OCHOBI HEMPOHHMX Mepex. ABTOpU BKa3zylOTh Ha
3MaTHICTh INITYYHUX HEHPOHHUX MEPEX BHUSABJISITA MPUXOBAHI 3aKOHOMIPHOCTI Yy BEIMKHUX
Habopax JaHUX, 10 € KJIIOYOBUM JUIsl IPOTHO3YBaHHS TUMYACOBUX PsAiB. Y MOJANbIIUX
nocmipkeHusax Iakin  O., ITloropemoB O. [7] akmeHTOBaHO YyBary Ha 3acTOCYBaHHI
PEKYpEHTHUX HEHPOHHHUX MEpeX 1 JIOBFOTPUBAIOI KOPOTKOYACHOI maM’sTi  JUIs
MPOTHO3YBAHHS THUMYACOBUX PsIIiB, TaKUX SK (PIHAHCOBI MOKA3HHWKH, IMOTOJHI YMOBH Ta
€HepreTHYH1 BUTPATH.

VY cywacHux nocnimkennsx Yxkan JI., Ban P., Jliz., JIi [Ix. [16] po3rasHyTO NMUTaHHS
ONTHUMI3alll apXiTeKTypu HEHPOHHUX MeEpEeX Uil MIABHILEHHS iXHbOI TOYHOCTI Ta
e(heKTUBHOCTI TIpH PoOOTI 3 BEIUKUMH JaHUMU. KpiM TOro, AOCHIKeHHsS XeBaMalak X.,
Bbeprmeiip K., bangapa K. [5], Titab A. [12] akueHTyt0Th yBary Ha BUKOPHUCTaHHI 3TOPTKOBUX
HerponHux mepex (CNN) a1 KoMOIHOBAaHOTO aHAI3y YaCOBUX PSIIiB 1 MPOCTOPOBUX JAHUX,
[0 JI03BOJISIE IOCSATATH BHUCOKOI TOYHOCTI MPOTHO3YBaHHS. ABTOPH 3a3HA4alOTh, IO SIKICHA
MIArOTOBKA JaHUX 3HAYHO BIUIMBAE HA TOYHICTh MPOTHO3YBAHHS TUMYACOBUX PAMIB. Y CTATTi
Bin Wkan M., Yenp M. [15], BucBiTieHo mnpoGieMy MacIITaGyBaHHS OGUHCITIOBATBHHX
pecypciB Uil HaBUaHHS HEMPOHHUX MEPEX Y 3aJadax BEIMKUX JaHUX. 3alpOTOHOBaHI
pIIEHHS BKJIIOYAIOTh BUKOPHCTAHHSA PO3MOJUIEHUX OOYHMCIEHb, XMapHUX IaTtgopMm Ta
OTNTUMI30BAaHUX AITOPUTMIB, 110 IO3BOJISIOTH 3HU3UTH BUTPATH Yacy Ta PECYpCiB.

Mu MoOXkeMO KOHCTaTyBaTH, IO OTJIS[ cydacHOi Oa3u JOCHIKEHHS CBIIYUTH MPO
MPOBIIHY POJIb HEHPOHHUX MEPeX y 3amadax oOpOOKHM BENUKUX JTAHUX 1 MPOTHO3yBAHHSA
TUMYACOBUX PAJIB, OJHAK MHUTAHHS ONTHMI3AIlll apXiTEeKTypH, 3HIKEHHS OOYHCIIOBAIBLHOT
CKJIQJIHOCTI Ta ajamTamii A0 3MIHIOBAHUX CEPEJOBHUII 3alUIIAIOTHCS aKTyallbHUMHU W
MOTPeOYIOTh MOAATBIIOTO AOCTITKSHHS.
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3 OUJIb TA 3AJAYI JOCJIKEHHSA

MeTo1o cTaTTi BU3HAYEHO PO3pOOKY e(hEeKTUBHUX IHCTPYMEHTIB 0OPOOKH BEIMKHX JaHUX
1 IPOTHO3YBaHHS THMYAacOBUX pAJiB, 3aCHOBAaHMX Ha HEWPOHHHX Mepekax. 3aBIaHHS
JOCITI/DKEHHS: a) JOCHIAUTH OCOOIMBOCTI (PYHKIIOHYBaHHA MOJETEeH HEHPOHHHX MEpex,
TakuX AK Mepexi Xomdinma ta XeMMiHra, A aHaii3y BEIMKHX JAaHUX 1 MPOTHO3YBAHHS
THUMYACOBHX PAJiB; 0) OOIPYHTYBATH IONUIBHICTH YAOCKOHAJICHHS MOJEICH HEHpOHHUX
MEpEeX IUIIXOM pPO3POOKH HOBHX apXITEKTYp, SIKi TO3BOJIAIOTH 3a0e3MmedynTd OanmaHc Mix
CTaOUTBHICTIO 1 IJIACTUYHICTIO B TpOIECci poOOTH 3 BEIMKMMH MacHBaMHU JIaHUX; B)
3alpONOHYBATH AJITOPUTM IHTErparii MeXaHi3MiB JOBrOTPHBAJIOI MaM’sTi Ta 3BOPOTHOTO
3B’S3Ky JUIA TIIBUIICHHS THYYKOCTI HEHMPOHHUX MEpEeX Yy 3aJadax MPOrHO3YBaHHS
TUMYaCOBUX DPSITIB.

4  PE3VYJIbBTATU JOCJJIIXKXEHHSA

[Ipouiec HaBuaHHS HEHPOHHOI MepeXi, IKUH IPYHTYEThCSA Ha NMPUHIUIIT HAKOTTMYEHHS 1
MPOTHO3YBaHHS, Tependadyae BUKOPUCTAHHS BHUOIPKH, IO CKIATAETHCS 3 UYUCICHHUX Tap
BXITHUX 1 BUXIJIHUX BEKTOPIB, AKI TICHO IOB’s3aHI MDK Cc00010. BakiMBOO 0COOIHMBICTIO
AITOPUTMY TAaKOTO THITY € MEXaHI3M CaMOOpraHiailii, 3a JIOMOMOTOI0 SIKOTO 3IHCHIOETHCS
ajamnTanis BaroBUX KOeilieHTIB 1 3B’A3KIB MK HelpoHamu. OJHaK ICHYIOTh creuudiuHi
MO/IENTl HEHPOHHUX MEPEXK, y AKUX KOHIEMIIII0 HAKOTTMYCHHS IHTEICKTYAIBHOTO KaliTary He
MOXHa PO3TISIATH K MPOCTE A0JaBaHHS HAaBUYOK a00 AOCBiMy. Y MOMIOHUX Mepekax BaroBi
Koe(DilliIEHTH CHUHAICIB OOYHUCIIOIOTHCS JIMIIE OAMH pa3 Ha I[OYaTKOBOMY  eTarli
HaJaIITYBaHHs, TPYHTYIOUHCh Ha XapaKTEPUCTHUKAaX JaHUX, 1m0 oOpoomstoThes. [licms mporo
MpOLIEC HAKOMUYEHHS JaHUX MEpeXl 3BOJUTHCS BHUKIIOUHO JO TMOYATKOBOTO PO3PAXYHKY.
Taki HEMpOHHI Mepexi, AK-0T Mepexa Xondinaa Ta Mepeka XeMMIiHTa, 30epiraroTh 3pa3ku
11e 10 Tojiavl peajbHUX JaHWX Ha iXHIM BX1J 1 HE MalOTh 3JaTHOCTI 0 afanTarli abo 3MiHH
CBOiX MapaMeTpiB ITiCIIS IOTO €Tary.

Mepexi 1IbOro THITY MalOTh OOMEXEHUN CIIEKTP MOMKIMBOCTEH, ajKe, He3BaKalOuu Ha
MO>KJIUBICTh BUKOPUCTOBYBATH ampiOpHi 3HAHHS, BOHM HE 3[aTHI aJalTyBaTUCS O HOBUX
JAaHUX, OCKUIBKM T030aBJieHI 3BOPOTHOTO 3B’S3Ky 3 IHTENEKTyalbHUM Oa3zucom. Mepexi
Xondinga Ta XeMMiHra, 3aBASKH CBOId CTPYKTYpl J100pe BIHCYIOTHCS B KOHIICTIIii
opranizaiii cnutbHO1 AisuTbHOCTI. Mepexa Xomndinga, 30KkpeMa, CKIaIae€ThCs 3 €AMHOTO Mapy
HEUPOHIB, KUIBKICTh SKUX OJHOYACHO BIAMOBIAAE€ KUILKOCTI BXOJIB 1 BUXOJIB. Y Cl HEHPOHHU
MOB’sI3aH1 MK CO0OI0 4epe3 CHHAICH, L0 JI03BOJISIE KO)KHOMY 3 HUX OTPUMYBATH CUTHAJIU
yepe3 BXITHUN CHHAIIC 1 epeiaBaTH iX naji yepe3 akconu (puc. 1.). Ili mepexi, He3Bakarouu
Ha CBOI OOMEXEHHs, 3aliMaloTh BAXJIMBE MiCLIe Yy JOCIIKEHHI Ta po3polii Moaeneil amis
BHUpIIIEHHsT cnenu(iuHuX 3aBIaHb, IIOB’S3aHMX 13 aHAI30M BEIMKUX JAHUX 1
MIPOTHO3YBAaHHSAM TUMYAacOBUX PAIiB [2].

3aBiaHHs, SKE€ BUPINIYETbCS HEUPOHHOIO MEPEkEeK B Mexkax i (YHKIIOHYBaHHS SK
«Mojeni OOpOoOKM BEJIMKUX JaHWX 1 MNPOTHO3YBAHHA THMYACOBUX pSIiB», 3a3BUUail
(GopMyIIOETBCS TAaKUM UYMHOM: ICHYe Ha0lp JBIMKOBUX CHTHAIIB, L0 MOXYTb OyTH
IpEeJCTaBJIeH] y BUIJI1 300paXxeHb, OLU(PPOBAHUX 3BYKOBHUX 3alMCiB a00 IHIINX JAaHUX, SKI
XapaKTepU3yIOTh ME€BHI 00’ €KTH UM MPOLIECH, 1 AKi BBAXKAIOTHCS €TATOHHUMU 3pa3kami [3, 8].
OCHOBHOIO METOIO MEpEX1 € 3/aTHICTh Ha OCHOBI HEMOBHOTO a00 CHOTBOPEHOTO BXIAHOTO
CUTHaJly, TIOJJAHOTO Ha ii BXif, 1A€HTHU(IKYBaTH BIINOBIIHUI €TaJOHHUHN 3pa30K, SKIIO BiH
NPUCYTHIM y mam’aTri, ab0 BHU3HAYMUTH, IO BXIAHUHA CUTHAJ HE BINOBIJAE KOAHOMY i3
30epeKeHUX 3pa3KiB.

Kimnmenxo O. B., CyxomnnnoBa O. B., Kpasuenko B. B.
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Puc. 1. ®opmaTHe cTpyKTypyBaHH: HEHpOHHOI Mepexi Xondinaa st 00poOKH BEMTUKUX JaHHX i
MPOrHO3yBaHHS TUMYACOBHX PsJIiB

VY 3aranbHOMY BUMNAJAKY OYyIb-SKMH CUTHAJ, HE3aJE€KHO BiJ] HOro MpUpoau, MOXe OyTH
MPE/ICTaBICHU y BUIJISAI BEKTOpa, L0 BiOOpa)kae MOro OCHOBHI XapaKTEPUCTHKU Ta
CTPYKTYpyY. s BenWMKHMX AaHWX, TaKUX SK YacOBl1 pAMU, LW MIXiA T03BOJIIE 00pOOIATH
iH(pOpMaIlito B KOMIAKTHINA dopmi, 3a0e3nmedyrour MOXIHUBICTh ii €)EKTHBHOTO aHAII3y Ta
BUKOPHUCTAHHS MJI1 TMPOTHO3YBaHHsA. HelpoHHI Mepexi, sKi peari3yloTh Takl 3aBJaHHS,
0COOJIMBO aKTyaJIbH1 Y KOHTEKCTi 0OpOOKH BETUKHUX OOCATIB TAaHUX, /1€ TPAJAUIIIIHI METOIN HE
3aBXKIOM 37aTHI CIPABIATHCS 3 BHUCOKOI JHWHAMIYHICTIO Ta HEJNIHIAHICTIO mporeciB. lle
BIIKPUBA€E MEPCHEKTUBHU iX 3aCTOCYBAaHHS JJISl aHANI3y Ta MPOTHO3YBaHHS THUMYACOBHX PAJIIB
y cdepax ¢iHaHCIB, METUIIMHUA, CHEPTETUKUA Ta IHIIUX Taly3siX, € TOYHICTH 1 IIBHUIKICTH
00poOku iHopMaIlii MaroTh BUpimaabHe 3Ha4YeHHs [ 10].

KoxeHn eneMeHT BXiTHOTO BEKTOpa Xij MOXKE MAaTH 3HaYeHHS abo «+1», abo «-1», mo
JI03BOJISIE OMMCYBAaTH XapaKTEPUCTUKH JaHUX Y YITKIM JBiHKOBIA ¢opmi. Bekrop, skwmii
NpECTaBIsE I-i 3pa30K, MO3HAYAETHCS K Xk, i€ HOro KOMIIOHEHTH Xk HAJIEKaTh MHOKHUHI
k=0,...m—1, a m Bu3Hayuae 3arajbHy KUIBKICTh 3pa3KiB. Y Tporeci poOOTH HEHpOHHA
Mepeska, pO3Mi3HAI0YM a00 «3rajylounm» KOHKPETHHI 3pa30K Ha OCHOBI MOJAHUX HAa BXIf
JTaHuX, GOpMye Ha CBOIX BUXOJaX pe3yjibTaT y BHUIJISAI TOYHOTO BIITBOPEHHS I[LOTO 3pa3Ka,
TOO0TO Y=Xk, 1€ Y € BEKTOPOM BUXIJIHUX 3HAYEHb MEPEKI.

X ={xi:i=0,..,n-1}, (1)

N— KUIbKICTh HEWpPOHIB B Mepexki 1 PO3MIPHICTh BXIMHUX 1 BUXIAHUX (OPMYIOUHUX
BEKTOPIB.

Takuit minxin mae ocoOnHMBE 3HAYEHHS B 3a/a4ax OOpOOKM BENMKHX JaHUX, KOJIH
HEOOXiZIHO TMpaIfoBaTd 3 BEITUKUM MAacHBOM THMYAacOBHUX pSAIB. 3aBASKH MOKIUBOCTI
TOYHOTO BU3HAYEHHS Ta BIITBOPEHHS XapaKTEPHUX 3pa3KiB, HEHPOHHI Mepexi 3a0e3MmeuyoTh
He JuiIe Knacudikaiiro, ajne i MporHo3yBaHHS CKJIaJHUX HEJNIHIHHUX 3ajexHocTel. Bkazana
BIIACTHBICTh € OCOOJIMBO KOPUCHOK y BUMAJIKaX, KOJU HEOOXITHO BUAUIUTU KJIFOUOBI TPEHAU
3 BETUKUX MAcCHUBIB JIaHUX, TaKUX K ()IHAHCOBI MOKA3HUKHU, METEOPOJIOTIUHI CIIOCTEPEKEHHS
a00 MenuYHi JOCTIKEHHS, 1 BUKOPUCTOBYBATH iX JJIs1 TOYHOTO MPOTHO3YBaHHS MailOyTHIX
3MIH TUMYacOBHX psIiB [4].
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Y ={yi:i=0,.,n-1}. (2)

SIKII0 BUXITHUNA BEKTOP HE 30IraeThCs 3 MOJHHUM 13 3pa3KOBHX, TO Mepeka (PaKTHUHO HE
3/IaTHA PO3II3HATH BXITHUHM CUTHAJ 1 CTBOPIOE pE3yNbTaT, KWW HE BIANOBIAA€ KOTHOMY i3
3aKiaieHuX mabiaoHiB. Hampuknaz, sIKIIo BXiIHI CUTHAIH € TpadiuHUMHU 300paKeHHSIMH, TO
JlaHi, BIITBOPEHI MEpEXer0 Ha BUXO/Ii, MOXKYTh BHUIIIAATH SIK YITKE BiIOOpayKEHHS OJIHOTO 13
3pa3KoBHX 300pakeHb (y pa3i YCHINIHOTO pO3Ii3HAaBaHHS) a00 XK SK HETOYHA IMIIPOBI3aIlis,
sKa He Ma€ KOHKPETHOTO ceHcy (y pa3i HeBaadi).

Ha erani iximiamizamii HEWpOHHOI MepeXi HaJaIITyBaHHS BaroBHX KOe(IIiEHTIB
CHHAIICIB 3IIHCHIOETBCS 3a TIEBHUMH QITOPHUTMaMH, SKi 3a0e3NeuyloTh I0YaTKOBE
(dhopMyBaHHS CTPYKTYPH Mepexi, 1m0 GopMmye Mepexi eHEeKTUBHO MPAIIOBATH 3 BEIUKUMHU
MacHBaMH JaHUX 1 aJanTyBaTUCS [0 3aBJaHb NPOTHO3YBAaHHS THUMYACOBHX psaiB. Takuii
MiAX1J 0COOIMBO BaXJIMBUN JUISl 3a]a4, /i€ TOYHICTh 1 3JaTHICTh MEpeXl 0 po3Mi3HaBaHHS
CKJIa/IHUX MATepHIB Y BEJTUKUX 00csArax JaHUX € BUPINIATIbHUMU, HAIPUKIIAL, Y (piHaHCOBOMY
aHaJli31, MPOTHO3YBaHH1 MOTOJAHUX YMOB UM OI[IHII1 TOBEIIHKU CIIOKUBAYIB Y MAPKETHUHTY

m-1
DX, i |,
Wij =3 k=0 (3)
0, i=ij.

VY Mogeni mijJ iHAeKcaMH | Ta | pO3YMIilOTh BIIIOBIAHO iHAEKCH MPECHHANTHYHOTO Ta
TIOCTCHHATITHYHOTO HEeHpOHiB, sKi OepyTh y4acTh y Tlepeiadi CHTHamy. 3HAueHHS X\,
BIAMOBINAIOTE I-My Ta j-My €JeMeHTaM BEKTopa, 1o omucye K-ii 3pa3ok OaHuX, SKHA
BUKOPHUCTOBYEThCS B Tiporieci oOpoOku. Takuii minxid T03BOJIAE€ JETATbHO MOJCITIOBATH
3B'I3KM MDK HEHpOHaMU Ta IXHIO B3a€EMOJIII0 B MPOIIECi HABYaHHS HEUPOHHOI MEPEXKi, 10 €
BAKJIMBHUM Y 33Jjauax IPOrHO3YBaHHS TUMYACOBUX PAliB. BUKOpUCTaHHS TaKUX CTPYKTYPHUX
€JIEMEHTIB Yy KOHTEKCT1 BEJIMKHX JaHUX J1a€ 3MOTy MEpeXi aJanTyBaTHCS A0 CKIAIHHUX
MaTepHIB 1 BUABISATH B3a€EMO3B’SI3KM MDK PI3HUMH €JIEMEHTAaMH JIaHHUX, 3a0e3medyroun
e(eKTHBHICTh aHAJI3y Ta MporHo3yBaHHs [ 13].

[Iponiec ¢yHKITIOHYBaHHS HEHPOHHOI MEpeki BiIOYBAEThCSA 32 TaKMM QJTOPUTMOM (Jie
yepe3 P IO3HAYa€eThCs HOMEp IiTeparlii), KOJM Ha BXiJ HEHPOHHOI MeEpexi IMOJAEThCs
HEBIIOMHI CHUTHa, SKUH MOTpedye oOpoOKHM Ta aHAmi3y 1 caM CHUTHAJI BBOJMTHCS MIJISAXOM
0e3MocepeIHbOr0  BCTAHOBJIGHHS BIANOBIIHMX 3HA4Y€Hb AaKCOHIB, IO MPEICTABIAIOThH
MMOYaTKOBI BXiJHI JaHi s oOumciieHb y Mepexi [10]. 3anpornoHBaHuid minxig € KIOYOBUM
JUIsl 3a7a4 OOpOOKHM BEIIMKUX JaHUX, 30KpeMa y BHITQJIKaX, KOJIM HEOOXITHO aHali3yBaTH
yacoBi psau. BXigHuwii curHan Moke MICTUTH BEJIMKY KUIBKICTh 1HQOpMaIii, 1o
XapaKTepHu3ye CKIIaH1 MPOIECH, 1 MpaBUiIbHA 1HIL1ai3al1lid JaHUX € OCHOBOIO JIJIsl OIANbIIOT
poOOTH Mepexi 3 BUSBICHHS 3aKOHOMIPHOCTEH 1 MOOY0BH MPOTHO31B

¥,(0)=x,.1=0,..,n—1. (4)

TakuM YMHOM, TO3HAUEHHS BXIIHUX CHHAIICIB HAa CXeMi HEHPOHHOI MEpeXi HOCHTH
YMOBHHIA XapakTep 1 CIyrye JHIle AJis CIPOIIEeHHS BI3yallbHOTO ysBIEHHS mpoiecy. Hynb y
TyKKax MpaBoOpyd Bif Yi BKa3ye Ha Te, IO 11€ MOYaTKOBUH, a00 HYIHOBHIA, €Tall ITepaTUBHOTO
UKy QyHKIIOHYBaHHS Mepexi. Ha HacTymHOMy eTami BUKOHYETHCS PO3PaxyHOK HOBOTO
CTaHy KOKHOTO HeWpoHa B MEPEeXi, 10 J03BOJISi€ OHOBIIOBATH IXHI 3HAUEHHS BIATOBITHO JIO
QITOPUTMIB HAaBYAaHHSA Ta B3aeMoAii Mik mmapamu. Lleit mpouec € dbyHIamMeHTaNTbHUM IS
poOOTH HEMPOHHUX MEpeX Yy 3aJauax 0OpoOKH BEMHKUX JAaHUX 1 MPOTHO3YBaHHS TUMYAacCOBUX
pAmIB, aJKe caMe Yepe3 MOCTYIOBE OHOBIICHHS CTaHIB HEHPOHIB Mepeska 3/1aTHa MOJICTIOBATH
CKJIa/IHI 3aKOHOMIPHOCTI, SIKi IPUXOBaHi y BelMUKHUX oOcsrax iHdopmarii [12]. Takwid migxin
JI03BOJISIE 320€3MEYUTH TOYHICTh aHAMI3y Ta aAaTUBHICTh 10 IUHAMIYHUX 3MiH JaHUX
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n-1
s(p+D)=2wxy()  j=0...n-l, 5)

bt

1 HOB1 3HAUEHHS aKCOHIB B MEpExXi
yi(p+1) = f[s;(p+D)], (6)

ne f — akruBaniiina QyHKIisS y BUIIISAII CTpUOKa, HaBe[eHa Ha puc. 1.

Ha mnactymHomy erami mnepeBIpsS€TbCs, YU 3MIHHJIMCS BUXIJHI 3HAUYEHHS aKCOHIB
MOPIBHSHO 3 MOTIEPEHBOIO iTepariero. SIKIo 3MiHM BiOyIUCs, alTOPUTM TOBEPTAETHCS 10
JPYroro IyHKTY JUIsl TIOJAIBIIIOTO OHOBJICHHS CTaHIB HEWpOHIB. SIKIO K BUXIiTHI 3HAYCHHSI
CTaOUTI3yBaIMCS, TIPOLIEC 3aBEPIIYETHCS, a CHOPMOBAHUN BUXIJIHHN BEKTOpP BBAXKAETHCA
3pa3KoM, KM HailKpalie BiIMoBiIae BXITHUM JaHUM.

Sk 3a3Havanocs paHille, IHKOJU HEHPOHHA MEpeka MOXKE HE BIOPATHUCS 13 3aBJaHHSAM
po3Mi3HaBaHHSA, BHJAIOYM Ha BUXOAl oO0Opa3, SKUM HE Mae BIINOBIAHHUKA Cepel
3amaM’siITOBaHUX 3pas3kiB. lle oOMekeHHs MOB’si3aHE 3 €MHICTIO MEpEeXi, sika JUIsl Mepexi
Xonoguiza 0oOMEXYyeTbCS KUIBKICTIO 3pa3KiB mmm, [0 HE [OBHHHA IE€pPEBUILYBaTH
npubmmsao 0,15—-n, ge N—kimbKicTh He#poHiB. KpiM ToTO0, SIKIIO /JBa 3pa3ku, HAPHUKIA],
A i B, maroTh 3HAYHY CXOXKICTh, Mepeka MOXE CTBOPIOBATH IEpexpecHi acoriamii. Y
TaKOMY BHUIIQJIKy MOJIaHHS Ha BXiJ MEpei BeKTopa A Mo)ke MPU3BOJUTH 0 (GOpMyBaHHS Ha
BUXOJIi BekTopa B, i HaBmakwu [5].

Konu 3aBnanHs He BuMarae siBHOro (hopMyBaHHsS MOBHOTO o0Opa3y, a JOCTaTHBO JIMIIE
BU3HAUUTH 1eHTU(IKaIfHUI HOMep 3pas3ka, A peaji3alii acoliaTUBHOI IaM STi
e(eKTHBHO BUKOPHUCTOBYETHCA Mepeka XemMiHra. Ll monmens y MOpIBHSHHI 3 MEpEexKero
Xondinga morpedye MEHIIMX OOYMCITIOBAIBHMX PECYPCIB 1 MaM’ATi, MO TOSICHIOEThCS i
MPOCTOIO CTPYKTYPOr0. Meperka XeMMIHTa CKJIaIa€ThCs 3 IBOX IapiB HEHPOHIB. Y KOKHOMY
mapi € mmm HEHPOHIB, 16 Mmm BiAMOBiIAaE KUTLKOCTI 3pa3kiB (puc. 2.). Heiiponu nepioro
iapy MaroTh 10 N CHHAICIB, IO MIIKIOYEH] A0 BXOAIB MEPEXI, SKI YTBOPIOIOTh TaK 3BaHUMN
GbikTUBHMIA HYIBOBHM mmap. HelipoHu apyroro mapy moB’s3aHi MK co000 1HTI0ITOPHUMU,
TOOTO HEraTUBHUMH 3BOPOTHUMHU, CHHAIICAMH, 110 0OMEXYIOTh B3aeMHUI BIuB. Kpim Toro,
KOKeH HEHpPOH Ma€ TMO3UTHUBHUU 3BOPOTHHUN 3B 30K 4Yepe3 €IWHUN CHHAIC, 3 €IHAHHHA 13
BJIACHUM akcoHoM [14].

3E0POTHII 3B MOK
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¥
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W e
1
X m m + 8
o/ -~/
Bxig — | map Buxig — 2 map

Puc. 2. dopmaTHE CTpyKTypyBaHHS HEHPOHHOI Mepexi XeMMiHTa Al 00pOOKH BENUKUX JTAHHX i
MIPOTHO3YBAaHHSA TUMYACOBUX DPAIIB
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3aBnsAKM CBOIH HPOCTOTI Ta €PEKTUBHOCTI, Mepeka XeMMIiHTra JIeMOHCTPYE 3HAYHHIM
MOTEHIia] /Ui poOOTH 13 3ala4aMy MPOTHO3YBAHHS YAaCOBUX PAIIB, /1€ TOUYHE PO3IMi3HABAHHS
Ta KJIACU(iKaIlis € KpUTUYHO BXKIMBUMH 11 OOpOOKH BEIMKHUX OOCATIB TaHHX.

[MpuHmn poboTH Mepexi XeMMIHra MoJsirae B OOYHMCICHHI BiACTaHI XEMMIHTa MDK
TECTOBAHUM BXITHHM CHTHAJIOM 1 KO)KHUM 13 3pa3KOBUX 00pas3iB, M0 30epiratoThCsi B mam'ari
Mepexi. Bincranp XeMMiHTra BU3HAYAETHCS SIK KUTBKICTD po3psiniB (OITIB), AKi BIAPI3ZHAIOTHCS
MDK JBOMa OiHApHUMH BEKTOpaMH. 3aBJaHHS MEpEXi MoJirac y BU3HAUYCHHI 3pas3ka, s
SAKOTO I BIACTaHb € MIHIMAJIBHOIO. Y pe3yibTaTi IBOTO TMPOLECY aKTHBYETHCS €IHHUN
BUXITHUI HEHPOH, IO BIAMOBIAA€ 3pa3Ky 3 HAHMEHIIOK BiZICTAHHIO XEMMIHra J0 MOJaHOTO
BXIJIHOTO CHUTHAIY [6].

Ha erani imimiamizamii mMepexi BiOYBAaeThCS HaANAIUTYBAaHHS BaroBUX KOE(QILIIEHTIB
HEHpPOHIB MEpIIOro Iapy Ta MOPOTrOBUX 3HAdYeHb akTHBaliiHOi (yHkuii. {1 mapamerpu
BHU3HAYAIOTHCA 3TIIHO 31 CHEIIaIbHUMH aJIrOpUTMamH, SIKi 3a0e3MeuyloTh KOPEKTHICTH 1
TOYHICTH POOOTH Mepexi B Tmpoileci oOpoOku maHuX. Takuil MiAXiA € Haa3BUYANHO
eeKTUBHUM JJIs 3a/Jad aHaji3y BEIMKUX OOCITiB JaHUX, OCOOJMBO B KOHTEKCTI
MPOrHO3YBaHHS THMYacoBHX psAiB. Mepexa 37aTHa MIBUJIKO IACHTU(]IKYBaTH KIHOYOB1
3aKOHOMIPHOCTI Yy BXIAHMX JIaHUX, BH3HAYalOYM HaAWOUIbII pENIeBaHTHI 3pa3Ku JUIs
MOJANIBIIIOTO aHai3y, M0 POOUTH il BaXXJIWUBUM IHCTPYMEHTOM Il TOOYIOBH MOJENIEH
MIPOTHO3YBAaHHS B YMOBaX CKJIQIHUX 1 JMHAMIYHAX CUCTEM:

i=0_..n—1 k=0 __m-1 (7)

e Xik — I-if ememenT k-To 3paska.

Barosi koedimienTn iHTIOITOpHUX (TadbMIBHMX) CHHAIMCIB Yy JAPYroMy Iiapi Mepexi
XeMMiHTa 3aal0Thes K Aeske 3HadenHs 0<e<1/m, me m-— KiTbKICTh 3pa3kiB. BomHouac
KOKEH HEHPOH y IbOMY IIapl Ma€ MO3WTHBHUN CHHAIIC, MOB’SI3aHUN 13 BJACHUM aKCOHOM,
SIKUW OTPUMYE Bary «+1».

[Ipomec ¢yHKITIOHYBaHHS HEHPOHHOI MEpeKi XeMMiHra BimOyBaeThCs 3a HACTYITHUM
ANTOPUTMOM: Ha BX1I MEPEXi MOJAAEThCS HEBIIOMUN BEKTOp X :{x'.!': i =U=...=?’I—1}= ae m—

KUIBKICTh KOMITOHEHT BekTopa. Ha OCHOBI I[bOr0 BXIJHOI'O CHTHAJy BHKOHYIOTHCS
0oOUYHCIEHHSI CTaHIB HEHPOHIB TMEPIIOro Iapy, sKi MPEJICTaBISIOTh CO00I0 MPOMDKHI
Pe3yJbTaTH IS MOAAIBII0T 00poOKH. Y MO3HAYEHHAX 1HJICKCH B JIy)KKaX BKa3ylOTh Ha HOMEpP
mapy, J0 SKOro HajekaTh HEHpoHHW. HaBeJeHMIT aJrOPUTM € OCHOBOIO POOOTH MEpexi
XeMMiHTa, fIKa JEMOHCTPYE BHUCOKY €(EKTUBHICTb B 0OpOOIll BEIUKHX OOCATIB JaHUX.
3acrocyBaHHs 1i€i MoJeni OCOOIMBO akTyallbHE AJS 3a/lad MPOTHO3YBAaHHS TUMYACOBUX
psdiB, ajpke BOHA JO3BOJSE MIBUAKO 1AeHTU(IKYBaTH Ta Kiacu(iKyBaTH BXIiIHI CHUTHAIH,
3a0e3Meyyour BUCOKY TOYHICTh 1 HIBUIKICTH OOYHCIIEHBb, IO € KPUTUYHHUMH Yy CY4aCHUX
yMOBax aHaJli3y JaHHX.

n-1
s (p+D) =2 wi(p). j=0..n-1. )

=0
ITicnst 3aBepiIeHHS PO3paxyHKIB CTaHIB HEHPOHIB MEPIIOro IIapy OTPUMaHi 3HAYCHHS
BUKOPHUCTOBYIOTbCS JUIsl iHIIianizamii akcoHiB apyroro mapy [9]. Lleit mporec 3abe3neuye
nepeaayy oOpobieHoi iHpopMallii Ha HAaCTYMHUH eTanm poOOTH MEepeXi, 110 € BaXKJIMBUM

KPOKOM y ()OpMYBaHH1 OCTATOUHUX PE3YJIbTATIB.

Takuif MexaHi3M Tmepefayi JaHUX MDK IIapaMH HEHPOHHOI Mepexi J103BOJIsE
ajanTyBaTHca 10 crneuuikd BXigHoi iHpopmarlii Ta 3a0e3nedyBaTH TOYHICTH OOPOOKH
BEJIMKHX OOCATIB TaHMX, OCOOJUBO y BUIAJKaX MPOTHO3yBaHHS THUMYACOBHUX PAAIB. 3aBISKU
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IbOMY MeEpeka 3/JaTHa MOJICTIOBATH CKJIAQJHI 3alIe)KHOCTI Ta BHUSBIATH KIIOYOBI
3aKOHOMIPHOCTI, SIKi € OCHOBOIO JJIsl IPUMHATTS pilieHb abo (popMyBaHHS MPOTHO3IB.

VW=, 9)
2. Bu3zHa4aroThCsl HOBI CTAHH OYIKYBaHMX HEHUPOHIB APYroTO IIapy
Yy M-l P
sP@+D =y, (M- k= ji0=0,m-1, (10)

L

1 TOKa3HUKH BiJIIOBIIHUX aKCOHIB
YO+ =£[sP@+D].j=0..m-1. 1)

AxtuBartiiitna ¢yukiis f y maniii moaeni mae Gpopmy mopory, sk mokasaHo Ha puc. 2.,
NpUYOMYy 3HA4YeHHS MOpOory F TOBMHHO OyTH J[JOCTaTHBO BEINMKUM, MO0 YHUKHYTH
HAaCUYEHHS JUIs Oy/b-IKMX MOXJIMBUX 3HaUeHb apryMeHTy. Ha HacTynnHOMYy erarni anropurmy
NepeBIPAEThCS, YU 3MIHWINCA BHUXIAHI 3HAUEHHS HEWPOHIB JPYroro mapy y MOPIBHSAHHI 3
MOTIEPEAHBOI0 ITeparficro. SKImo 3MIHM BiIOyIHCs, aaTOPUTM TOBEPTAETHCS JO IPYTroro
KpPOKY JUIsl OHOBJICHHS CTaHIB Mepexi. B iHIIOMy BUNaKy MpoIeC 3aBEPIIYETHCS.

5 OBI'OBOPEHHS PE3YJIBTATIB JOCJILIKEHHSA

3 aHamizy anropuTMy BHIHO, IO POJb IEPHIOr0 MIapy HOCHUTh YMOBHHUH XapakTep:
3HAQYEHHS BaroBUX KOE(QIII€EHTIB BUKOPUCTOBYIOTHCS JIMIIE HA TEPIIOMY KPOIIi, IMICS YOT0
Mepexa OuTbIlie 0 HUX He 3BepTaeTbes. lle m03Bosisie 3aMIHUTH MEPUIU IIap MaTPUIICIO
BaroBHUX KOEQIIIEHTIB 03 MIKOAM IS (PYHKI[IOHAIBHOCTI. Y peaIbHUX yMOBaX, KOJIU BXIiJTHI
JaH1 3MIHIOIOTHCS JMHAMIYHO 1 MEpeka, MMOBIPHO, HIKOJIM HE OTPUMAE OJHAKOBUN BEKTOD
NBI4l, MOXX€ BHWHHKHYTH CHUTYaIlis, 3a SKOi Baru MepeXi MOCTIMHO 3MIHIOIOTHCSA, HE
JOCSTAl0YM CTAOUTBHOCTI. Y TakKWX BHIMAJAKaX Mepeka BTpayae 3/IaTHICTh HAKOMWYYBATH
IHTEJICKTyaJIbHUH KariTas abo 3HaHHs, 0 poOUTh ii poOoTy MeHI edeKTHBHOI. [[01aTKOBO
ICHYIOTh TNPHUKIAJH MEPEX, B SKUX HABITh YOTHPU IHMKIIYHO IOJIaHI BEKTOPHU MOXKYTh
BUKJIIMKATH O€3MEepepBHI 3MIiHU Bar, IO MPHU3BOJMUTH IO TPOIECY, SIKUH He cXomuThes. Ls
TUMYacoBa HECTAOUILHICTh CTalla OJHIECI0 3 KIIOYOBUX NMPUYHH PO3POOKH aJbTePHATHBHUX
KOH(}Irypariii HEHpOHHUX MEpEXK, 3AaTHUX 3a0e31euyBaTh CTa0lIBHICTh Y HABYAHHI.

3 MeTor0 PO3B’si3aHHs MPpoOIeMu OagaHCy MK CTaOUTBHICTIO Ta TUIACTHUYHICTIO, 3B S3KH,
10 WIYTh 3BEPXY BHH3, BIIIrparOTh BUPIMIATIBHY POJIb. BOHM MO3BONSIOTE OKYCYBATH yBary
Mepexi Ta 3amoOiraTH aerpananii mam’sTi i BIUIMBOM CTOpPOHHIX curHaimiB. Ilpomec
00poOku iH(OpMaIlil TOUUHAETHCS 3 MOMEHTY, KOJIU CEHCOPHUHN BX1/l aKTUBYE KOPOTKOYACHY
nam’sTh, CHCTEMY yBaru Ta opieHTailil. BXiIHUi cUTHANI MpEeNCTaBICHUIA y BUTIISL MATEPHY
aKTHUBHOCTI B TEpUIOMY INapi KOpOoTKouyacHOi mam’sti. [loku 1ieil maTepH 3alHIaeThest
MOMIOHMM 70 BXIJHOTO, CHCTEMa OPIEHTAIl 3aJUIIAETHCS HEAKTUBHOIO yepe3 OaJlaHC MiK
CTHUMYJIIOIOYMM CUTHAJIOM 1 FaJIbMIBHUMH BILUTHBAMH KOPOTKOYACHOT IaM’STi.

3B’sA3KH, SIKi HAyTh Bil HUXKHIX MIapiB 0 BEPXHIX 1 30epiratoTh JOBIOTPUBATY HaM'ATh Y
BUIJIAJI BaroBUX KOE(Qilli€HTIB, BIUIMBAIOTh Ha e€JleMeHTH JApyroro mapy. Lli enementn
KOJyIOTh KJIacH, a iXHs aKTHBaIlis BiOYBAa€ThCS, KOJIU MaTEepPH KOPOTKOYACHOT Mam’sTi B
nepuioMy Iapi HaiOUIBIIOI MIPOI0 BIANOBIAA€ XapaKTEPUCTHKAM KJacy, 3allUCaHUM Y
JOBroTpuBaiiii mam’sti. TakuM 4MHOM, Mepeka 37aTHa e(eKTHUBHO KJIAcHU(iKyBaTH AaHl Ta
3a0e3neyyBaTi BUCOKOTOYHE MPOTHO3YBAHHS HA OCHOBI BEJIMKOTO OOCITY TUMYACOBHX PSIIIB.
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6 BUCHOBKHU

VY xoni mocnimkeHHs Oyno AETalIbHO BHBYCHO (YHKIIOHYBAaHHS HEHPOHHHX MEPEK,
30KpeMa TakuxX MojeneH, sik Mepexxa Xomduiga Ta Mepexa XeMMIiHTa, SKi 1 Bi3HAYAIOThCS
3MATHICTIO 30epiraTé eTaJIOHHI 3pa3Ky NUIIXOM IMOMEpenHbOi iHimiamizalii, mpoTe MarTh
OOMEXeHHS B aJamnTallil A0 3MIHIOBAHUX YMOB 4Yepe3 BIICYTHICTh MEXaHi3My 3BOPOTHOTO
3B’s3Ky 3 0a3or0 3HaHb. OIIHEHO, [0 BUKOPHCTAaHHS NPUHIMITY MiHIMI3amii BigcTaHi
XemMMiHTa € eeKTUBHHM IS iIeHTHQIKaIii 3pa3KiB, HAWOUTBII MOTIOHUX 10 BXIiTHOTO
CUTHAITY, 0COOJIMBO Y JABIHKOBUX MaHUX. Pa30M i3 TUM BUSBIICHO, IO TIPH BHCOKIHN MOIIOHOCTI
MDK 3pa3kaMd MOXKJIMBE BHHHUKHEHHS IEPEXPECHHUX acollialid, mo motpedye J0aaTKOBOi
ONTHUMI3ALlI] apXITEKTYpU MEPEX1 JUIsl YCYHEHHS TaKUX SIBUILI.

OOrpyHTOBaHO AOLUIbHICTh BIPOBAPKEHHS CTPYKTYPHUX 3MIH y HEHPOHHHUX MeEpeikax,
SK1 JI03BOJIAIOTH JIOCSTTH OajaHCy MDK iXHBbOIO CTaOUIBHICTIO Ta IJIACTHYHICTIO. 30KpeMa,
OyIJI0 3aIPONOHOBAHO 3aMIHUTH OKPEMI IIapu MEpeKl MaTPUIIMU BaroBuX Koe(ili€eHTiB, 1110
3a0e3neuye 3HMKEHHS OOYUCIIIOBAIBHUX BUTPAT Ta MiJBUILEHHS €(QEKTUBHOCTI 0€3 BTpaTH
TOYHOCTI OTpUMaHUX pe3ynabTariB. Po3po0ieHo pexoMeHmali Jjisi CTBOPEHHS HEHPOHHUX
MEpeX 13 TMOKPAIIEHOI CTAOUIBHICTIO, SK1 30€piraroTh HAKOMMYEHI 3HAHHS Ta 3aXUINAIOTh
nam’siTh BiJl 30BHIMIHIX BIUIMBIB, L0 CIpHUSi€ €PEKTUBHOCTI X BUKOPUCTAHHS B YMOBax
3MIHIOBAaHUX CEPEJOBHII. 3ampONOHOBAHO MIAXiM 70 00poOKu iH(opMarii, sKuii 6a3yeTbes
Ha aKTHBAIll KOPOTKOYAaCHOi mMaMm’ATi, IHTerpamii CHUCTEeMH yBaru Ta BHUKOPUCTAHHI
JTOBIOTPUBAIIMX 3B’S3KIB, IO MIABUINYE TOYHICTH 1meHTH(IKaIii KiIaciB MaHUX y 3amadax
MMPOTHO3YBAaHHS TUMYACOBUX PSIIB 1 CTIPUSE BJOCKOHAJICHHIO MOJENIEH Il aHATI3y BEITUKHUX
00csriB iHpOopMaIrii.

7 ETWYHI JEKJIAPALIL

ABTOpHM HE MaroTh Oyab-AkuX (IHAHCOBUX YH HEPIHAHCOBUX IHTEPECIB MO0
MarepiaiiB, IPEACTABICHUX Yy LI CTATTI, K1 CJIIT PO3KPHUBATH.
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YK 624.04

I'PAHUYHE HABAHTA’KEHHS APOK 13 BPAXYBAHHAM
3I'HHAJIBHOI'O MOMEHTY I 1IOB310B’KHbOI CUJIN

Copokxa M. M.

Y00ecvra oeparcasna axademis 6yodisnuymea ma apximexmypu

AHoTtauisi: Po3rnsmaetbcs TpaHHMYHUE CTaH KPYroBHX apoK IMOCTIMHOI 1 3MiHHOI »KOPCTKOCTI.
Marepian apok MPYKHO-TUIACTUYHMN 1 Mae Pi3HI TpaHUIl TEKYy4OCTi MPH PO3TATYBAHHI 1 CTHCHEHHI.
ApMyBaHHS Tiepepidy TakoK MPHHHATO Yy BHIJISII MPYKHO-TUIACTHYHOTO Marepiay i3 OJHAKOBHMH
TPaHUISIMA TEKY4OCTi MPHU PO3TATY 1 CTUCHEHHI. PO3MISTHYTO BHKOPHCTaHHS Yy pO3paxyHKax JBOX
(akTopiB — MO3J0BKHBOI CHIIM 1 3rHHANLHOrO MOMEHTY. JIIs BU3HAYCHHS TPAaHWYHOTO HABAHTAKEHHS
BUKOPUCTOBYETBCSI METO/I TPAHUYHOT PIBHOBATH i3 3aJTy4e€HHSIM 00J1aCTi MIIIHOCTI MOMEPEYHOr0 Tepepizy
apku. O0JacTh MIITHOCTI Iepepi3y apKu OYIyEThCS Ha OCHOBI aHAITHYHUX 3aJIeKHOCTEH [12].

Jnst 3HaXODKEHHSI TPAHMYHOTO HABAHTAXXEHHS ISl apOK 3alpONIOHOBAHUI allrOpUTM 1 po3poliieHa
mporpamMa po3paxyHKy. AJTOPUTM PO3PaxXyHKY BHKOPHUCTOBYE TaK 3BaHUN «IIpSMHUA MeTomy. Takuii
mijxig He notpedye BUKOPUCTAHHS iTepalliiHUX MPOIECIB, MO CIpPUsE OUIBINN TOYHOCTI PO3PaxXyHKIB.
[Iporpama po3paxyHKy, sika peaiizye qaHuit aaroput™, Hanvcana Ha APDL 1 BUKOHY€EThCS Y CepEIOBHIIT
ANSYS. V mporpami peanizoBaHuii pO3paXyHOK JBOIIAPHIPHHUX 1 O€3MApHIPHUX KPYrOBHX apoK i3
JIBOTaBPOBUM apMOBaHHM TiepepizoM. Bukopucranus APDL mo3Bonsie JD0CUTH TPOCTO IEPEUTH 0
PO3PaxyHKY apoK Oy ib-IK0I reoMeTpuyHOi popMmu. [Ij1st 11bOro moTpioHO JIKIIIE CKOPUTYBATH OJIOK OITUCY
reoMeTpil po3paxyHKOBOI MoJIeli. PO3paxyHOK TakoK MOYKHA BUKOHYBATH TIPH [Tii OYIb-SIKOT'O ITPOCTOTO
HaBaHTakeHHs. [Ipukimamy po3paxyHKy BUKOHaHI JUIA apoK i3 MPSIMOKYTHHM HE apMOBAaHUM II€PEPi3oM
TIpH i1 pIBHOMIPHO PO3MOALICHOTO BEPTHKATEHOTO HABAHTAYKEHHS.

VY pe3yipTaTi po3paxyHKIB OfepyKaHi 3HAYCHHS TPAHWYHUX HABAaHTAXXEHb IS apoOK IOCTIAHOI i
3MIHHOI KOpPCTKOCTL. [IpoBeneHO TOPIBHSAHHS OACP)KAaHWX TPAHWIHUX HABAHTAXKCHDL 13 TPAaHUYHUMH
HaBaHTAKCHHSMH, sIKi OyiM ofeprkaHi i3 BpaxXyBaHHSIM TUIBKH 3THHAILHONO MOMEHTY. IlokazaHo, 110
PO3paxyHOK apoK 3a TPAaHUIHHUM CTAHOM HEOOX1IHO MPOBOAWTH i3 BPaxXyBaHHSM 1 3THHAJIHFHOIO MOMEHTY
1 TO3MOBXHBOI cuin. BpaxyBaHHA mpu OOYHCIEHHI TUIBKH 3TWHAIBHOTO MOMEHTY HE JO3BOJIIE
BHKOPHICTATH TOBHY HECYYy 3/IaTHICTh MOMEPEYHOro Mepepisy, M0 MPU3BOANTH 10 3HAYHHUX MOXHOOK y
BH3HAYEHHI TPaHIYHOTO HABAaHTAXKEHHS IS apKU.

Kuio4oBi cjioBa: apku, Mpy>XKHOIIACTHYHE TLTO, IPSIMOKYTHHAN TEPETHH, TIACTHYHUHN IapHIp,
PO3paxyHOK 32 TPAHHYHOIO PIBHOBATOO

LIMIT LOAD OF ARCHES TAKING INTO ACCOUNT BENDING
MOMENT AND LONGITUDINAL FORCE

M. Soroka?!
'Odesa State Academy of Civil Engineering and Architecture

Abstract: The limit state of circular arches of constant and variable stiffness is considered. The
material of the arches is elastic-plastic and has different yield points in tension and compression. The
reinforcement of the section is also taken in the form of an elastic-plastic material with the same yield
points in tension and compression. The use of two factors in the calculations is considered -
longitudinal force and bending moment. To determine the ultimate load, the limit equilibrium method
is used with the involvement of the strength region of the cross-section of the arch. The strength region
of the arch section is built on the basis of analytical dependencies [12].

To find the ultimate load for arches, an algorithm is proposed and a calculation program is
developed. The calculation algorithm uses the so-called "direct method". This approach does not
require the use of iterative processes, which contributes to greater accuracy of calculations. The
calculation program that implements this algorithm is written in APDL and runs in the ANSYS
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environment. The program implements the calculation of two-hinged and hingeless circular arches
with an I-beam reinforced section. Using APDL makes it quite easy to proceed to the calculation of
arches of any geometric shape. To do this, you only need to adjust the geometry description block of
the calculation model. The calculation can also be performed under the action of any simple load. The
calculation examples are performed for arches with a rectangular unreinforced section under the action
of a uniformly distributed vertical load.

As a result of the calculations, the values of the ultimate loads for arches of constant and variable
stiffness were obtained. The obtained ultimate loads were compared with the ultimate loads that were
obtained taking into account only the bending moment. It is shown that the calculation of arches
according to the limit state must be carried out taking into account both the bending moment and the
longitudinal force. Taking into account only the bending moment when calculating does not allow
using the full bearing capacity of the cross section, which leads to significant errors in determining the
ultimate load for the arch.

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

[Inpoke BUKOPHCTAHHS 3a1i300€TOHHUX, JIEPEB’SIHUX 1 METAJICBUX apOK y SIKOCTI HECY4HX
KOHCTPYKIIill OyiBesb Ta criopya noTpedye Y/IOCKOHAJICHHS METOJMKH iX PO3PAXYHKY. 3HaHHS
TPAaHUYHOTO HAaBAaHTAKEHHS HEOOXINHE K ISl apOK, SIKi MPOEKTYIOTHCS, TaK 1 U apoK, sIKi
3HAXOJAThCSL B Tporieci ekcruryaTarii. OCKUIbKHA OUTBIIICTh pO3paxyHKIB HECYdoi 37aTHOCTI
apOK BUKOHYIOTHCSI 13 BpaxyBaHHSM TUIBKH 3THHAIBHUX MOMEHTIB, BHHUKIA HEOOXiTHICTH
BUSIBUTH, SIK BIUTUBA€E BPAaXyBaHHs MO3/I0BXHBOI CHJTM HA BEJIMYMHY TPAHUYHOTO HABAHTAKCHHS.
VY nomnepenniit po6oti [13] mpoBeneHO poO3paxyHOK HECYdol 37aTHOCTI apoK Oe3 BpaxyBaHHS
MO3/IOBXKHBOT CHi. Y JaHiii poOOoTi MpeacTaBlieHa YiceNbHA METOMMKA PO3paxyHKy Hecydoi
3IATHOCTI JIBOILAPHIPHOT 1 Oe31IapHIpHOI apoK 13 BpaxXyBaHHSM BIUIMBY IMO30BXKHBOI CHIIU 1
MOMEHTY Ha BEJMYMHY TPAaHMYHOTO HABAaHTAKCHHS. BWKOHAHO TIOPIBHSHHS pE3YNbTaTiB
pO3paxyHKYy 13 pe3ynbratamu podotu [13].

2 AHAJI3 JITEPATYPHUX JAHUX TA ITOCTAHOBKA 3AJJAYI

TeopetndHi po6OTH, MPUCBAYCHI AOCTIPKCHHIO TPAHUYHOTO CTaHy KOHCTpYKIin [1] - [4]
OMyYOJIIKOBAH1 y TEpIIii TMOJIOBUHI ABAAUATOTO CTOJITTSA, KOJM OYB CTBOPEHHUU HAJCKHUN
MaTeMaTHYHHUN arapaT. Y TMepHrX JOCTIHKEHHIX, BUKOHAHUX 13 BUKOPHCTaHHSM CTBOPEHOI
Teopii IpaHUYHOi PIBHOBArd, BBaKalOCh, 10 HAWOUIBII 3HAaYMMUM (HAaKTOPOM Bif SIKOTO
3aJIeKUTH BEIMYMHA TPAHUYHOTO HABAaHTAKEHHSI. € 3TUHAILHIIA MOMEHT. ByJio BBEICHO TOHATTS
IUIACTUYHOTO LIApHIPY, KUl J03BOJISIB BUIbHUI OBOPOT YAaCTUH KOHCTPYKII. AJjie, Ha BIAMIHY
Bl MPOCTOTO MIAPHIPY, Yy IUIACTUYHOMY IIAPHIPI JiSB IUIACTUYHUK MOMeHT. [lomambri
nocmimkenns [3] - [7] mokaszanm, 1mo BpaxyBaHHS TUIBKH 3THHAILHOTO MOMEHTY HE 3aBIKIH
MIPUBOUTH 10 BIpHOTO pe3ynbTary. Hampukiaa, Ha BeMYMHY TPAHUYHOTO HABAHTAXECHHS IS
apOYHMX CHCTEM 3HAYHUN BIUIMB Ma€ TMO3I0BXKHS cuia. BpaxyBanHs 1BoX (akropiB —
MO3/I0BKHBOT CHJT 1 MOMEHTY YCKJIaTHIJIO PO3PaxXyHKH 1 IIPUBEJIO /IO BBEACHHS TaKOTO MOHSTTS
sIK 00sacTh MinHOCTI. [le 06macTh, sika OyAyeThCcs Yy KOOpIMHATaAX MOMEHT — TIO3/I0BXKHS CUJIa,
OKpecieHa rpaHM4HMMH 3HaueHHaMH M, 1 N,. B 3aranpHOMy Bumagxky rpaHuus oOnmacTi

MminHocTi KpuBouiHiiHa [9, 10, 12], ame B JedKkMX BHUMagKax JUIs 3PYYHOCTI OOYHCIICHB
KPHUBOJIIHIIHY TPAHUIIIO 3aMIHIOIOTH Bimpizkamu npsmux [3, 5]. @opma o6macTi MIITHOCTI JUTst
CTPW)KHEBMX KOHCTPYKIIIH 3allekKWTh Bix (GOPMH IOMEPEUHOro Tiepepidy 1 JiarpaMu
nedopMyBaHHS Marepiany. 3aJeKHOCTI, SIKi OMUCYIOTh 00JIACTh MIITHOCTI pa3oM 13 PIBHSIHHIMH
CTaTHKH 1 JESIKUMHU OOMEKEHHSIMH MOKHA PO3IJISIIATH SIK EKCTpEMaIIbHY 3aj[auy, pO3B’ 30K SKO1
Jla€ 3HAYEHHS TPAaHUYHOIO HaBaHTakeHHA [l11]. Ause, Taka MeETOJIMKAa pO3PaxXyHKY Mae
oOMexeHHs. BoHa jificHa TUTbKU IJIs1 CHMETPUUHUX apOK 13 CUMETPHUYHHM HABaHTAKECHHSIM.
JIns HeCUMETPUYHUX CHUCTEM BHHUKA€ HEOOXIAHICTH CTBOPEHHS OUIBII 3aralibHOi METOJHUKHU
po3paxyHky. Taka MeTroauKa i3 BUKOPHUCTaHHSAM IPSIMOTO METOIY PO3paxyHKy [8] 1 metomay
CKIHUEHHX €JIeMEHTIB 3alpONOHOBAHA Y JIaHiii poOOoTi.

3 META TA 3AJAYI JOCJIKEHHS

Y naniii poOOTI TOCTaBleHa 3aqada JOCHIIKEHHS TPAHUYHOTO CTaHy apoK MpHU
BpaxyBaHHI 3TMHAJbHOTO MOMEHTY 1 MO3J0BXHBKOI cunu. IlepenbadaeTscsi CTBOpEHHS
MporpaMu JJisi PO3paxyHKy apoK Ha OCHOBI HaBEJIEHOTO aJrOpPUTMY 13 BHKOPUCTAHHIM
METO/y CKiHYEHUX eleMeHTIB. Takox mependadyaeThCsl MOPIBHSAHHS OJEPKAHUX PE3yNbTaTiB
13 pesynbTaraMu, OJCpKaHUMH paHIlle TPHU PO3PaXyHKy TPAHUYHOTO CTaHy apok 0e3
BpaxyBaHHsI TIO3/I0BXHBOI CHIIM. PoO3rmsgaroThCs apku SK 3MIHHOI, TaK 1 TOCTIHHOT
AKOPCTKOCTI.
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4 PE3YJbTATHU JOCIIIKXEHHSA

Meroqka BHU3HAYEHHS TPAHMYHOTO HABAHTAKEHHS IS apoK 0a3yeTbcs Ha TilmoTe3ax
TEeopii PO3paxyHKy KOHCTPYKIIIH 32 TpaHUYHUM cTaHoM [1, 2, 3].

IIpu cTBOpEHHI MporpaMu po3paxyHKy TPaHUYHOTO CTaHy apoK 32 METOJOM CKIHYEHHX
€JIEMEHTIB BUKOPHCTOBYETHCS MPSAMHUIA METOM, KU JUIS BUIAJKY, KOJIM BPaXOBYETHCS TLIBKU
3THHAJIBHUNA MOMEHT onucaHuid y minpy4auky [8]. Ilpu BpaxyBaHHI mie i MO3I0BXKHBOT CHIIN
aNITOPUTM PO3PAaXyYHKY apKH 3MIHHO1T dKOPCTKOCT1 MOYKHA OIIMCATH TaK.

1. Apka po3ouBaerbcs Ha ckindeHi enemenTd (CE) mocriiiHoi sxopcTkocTi. [ KosKHOTO
CE apku 3MIHHOT JKOPCTKOCTI OYyAyeThCsi 001acTh MIHOCTIL. J[JIs1 apKu MOCTIHHOT )KOPCTKOCT1
oOnactb MiHOCTI e1uHa i ycix CE.

2. BUKOHYETBCS CTATUYHUI PO3PaXyHOK apKH TPH il OTMHUYHOTO HaBaHTakeHHs (J =1).

ToOto, B ycix nepepizax apku Bu3HaqaroTsest 3ycwust M, 1 N, .

3. Il KOXHOTO TIepepidy apKdh i3 3aCTOCYyBaHHSM OOJNACTi MIITHOCTI BW3HAYAETHCS
KOMOIHAIlisl TPAHUYHHUX 3yCHJb — 3THHAIBHOIO MoMeHTYy M, 1 nosmoBxHboi cumu N, sika

MIEPEBOIUTH TIepepi3 y INIACTUYHUN CTaH.
4. 3 ypaxyBaHHSM TioOTe3 TEOpii pO3paxyHKy CHCTEM 3a TpPAaHMYHMM CTaHOM Uil yCiX
nepepiziB apKu BU3HAYAETHCS 3HAUEHHS TPAHUYHOIO HABAHTAXKEHHS

q:1-|Mb/M1 , 260 q:1-|Nb/N1|.

5. Bubupaetbcs nepepis, A€ rpaHUYHE HABaHTAKEHHS HalMEHIIE 1 Ui IIbOro Iepepi3zy
(CKIHUEHOTO €JIEMEHTY) BCTAaHOBIIOIOTHCS )KOpcTKocTi El 1 EA Gnmu3bki 1o Hys.

6. bymyoTecsi emopd MOMEHTIB 1 TO3J0BXKHIX CHJI BiJl 3HAHACHOTO TPAHUIHOTO
HaBaHTaxeHHd M, =qM,; N, =gN,.

7. IlepeBipsieThCSl TEOMETPUYHA 3MIHHICTh apKu. SIKIIIO apKa CTa€ TEOMETPUYHO 3MIHHOIO
PO3pPaxyHOK 3aKIHUYETHCSI.

8. 3 ypaxyBaHHSIM 3MIHH >KOPCTKOCTEH CKIHYEHHX EJIEMEHTIB BIIMOBIIHO 10 M. 5 apka
3aBaHTKYETHCS OJMHIYHUM HABAHTAKCHHSM 1 3HAXOAThCS HOBI 3HaueHHs 3ycwuis M, 1 N, .

9. JInst KoXHOTO TIepepi3y apKH 13 3aCTOCYBAaHHIM 00JIACTi MIITHOCTI 1 3 BpaXyBaHHSAM YiKe

icHyrounx 3ycuwib M, 1 N, Bu3HauaeTbcsl KOMOIHAIA 3TUHAIBHOIO MOMEHTY M, i

1o3710BXHBOT cui N, ska IepeBOIUTh Tepepi3 y MIACTHIHUN CTaH.
10. JIns ycix mepepi3iB BUSHAYAETHCS IPUPICT IPAaHUIHOTO HABAaHTKEHHS A(

M, +AgM,| =My, aGo |N, +AgN,|=N, .

11. Bubupaetncs niepepis, Jie NpUpicT rPaHUYHOTO HABAaHTAKEHHS HAUMEHIIWH 1 JJIs IbOTO
nepepizy (CKIHYEHOTO eIEMEHTY) BCTaHOBIIOIOThCS xKopcTkocTi El 1 EA Gnusbki 10 Hyns.
12. BynyroTbcs enmropy 3THHATBHIX MOMEHTIB 1 [O3/I0BXKHIX CHUT:

M, =M, +AgM,; N, =N, +AqN,.
13. BuzHauaeTbcsl rpaHMYHE HABAHTAXKEHHS JJIs1 apKH Ha IaHOMY €Tarli po3paxyHKy
q=0q+Aq.

14. TlepeBipsieTbcsi TeOMETPUYHA 3MIHHICTh apKH. SIKIIO apKa € TeOMETPUYHO HE3MIHHOIO
PO3PaXyHOK TPOJOBXKYEThCS, MOYMHAIOUM 13 M. 8. Y NPOTUICKHOMY BHIAIKY pPO3paxyHOK
3aKIHUY€ETHCS.

Takuii anroputm po3paxyHKy HE MICTUTb iTepaliiiHIX MPOLECIB 1 JO3BOJISIE JOCUTH IIPOCTO
OOUMCIMTH TPaHUYHE HABAHTAXKEHH, BU3HAUUTHU Tepepi3H, SKi NepexosTh y INIACTUYHUM CTaH
1 M00yAyBaTH €MIOPH 3yCHIb y TPAHUYHOMY CTaHi apKH.
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PosrnsiHeMo OLTBIT AETATBHO JEKi IMYHKTH HaBEACHOTO anroputMy. s moOymoBu obmacti
MIIHOCTI ~ MOMEPEYHOr0 Iepepisy BUKOPUCTOBYIOThCS — aHATIITH4HI  3ajexHocTi  [12].
3HaX0/DKEHHS TPAaHUYHUX 3YCWIIb JUIS IONIEPEYHOTO Nepepizy 0a3yeThCs Ha JOIMYIICHHI METOTY
IpaHUYHOI pIBHOBAry mpo JiHiiiHe 1eopMyBaHHS Hepepi3y A0 JOCSITHEHHS IUIACTUYHOTO CTaHy.
Jlist mpuKITay po3risIHEMO BEPXHIO YACTHHY 00J1aCTi MIIIHOCTI HECUMETPHYHOTO Tiepepi3y (puc.
1). ['panmuni 3ycriist 1yt iepepizy, BIMOBIAHO 0 M. 3, MOXKHA 3HAWTH K TIEPETUH NPSAMOi, SKa
MPOXOANTH 4Yepe3 HyJlb 1 TOYKY 3 KOOpAWHATAMH 3YCHJIb Bil OJMHHUYHOTO HABAHTAXEHHS, 13
TPaHUIICIO 00JIACTi MIITHOCTI.

Ve N, N, i

Puc. 1. BusHaueHHs1 IpaHMYHUX 3yCHJIb TSl TIepepi3y, BIAMIOBIIHO 10 1. 3 alITOPUTMY PO3Pax yHKY

JUid 3HAXODKCHHS TPaHWYHMX 3YCHJIb Y Tepepi3l BIiANOBImHO 10 1. 9 HEoOXimHO

BpaxoByBatu 3ycriwist M, 1 N, sxi nifoTe y mepepisi, 1 Be Bil HUX BigKJIaJaTH 3HAYCHHS

OJIMHUYHUX 3yCHITb (pHC. 2).

/ N, N N

Puc. 2. BusHaueHHs TpaHIYHMX 3yCHIIb TS TIEpEpi3y, BIAIOBIIHO A0 1. 9 alropuTMy po3paxyHKy

3a onMcaHUM AITOPUTMOM CKJIaJIeHa NMporpaMa po3paxyHKy apoK 3a TPaHMYHUM CTaHOM.
Jnst HanMcaHHs POrpaMK BUKOPUCTOBYBajlack MoBa nporpamyBanHs APDL, sika € cki1aoBoro
yacTuHOI mnporpamHoro kommiekcy ANSYS. Buxopucranns APDL oOymoBieHe THM, ILIO
CTaTUYHUI PO3paxyHOK apKH, MOoOYyIOBY €MIOp BHYTPILIHIX 3yCHJIb, MTOOYIOBY 1e(pOpPMOBaHOT
cxemu apku Oepe Ha cebe IIK ANSYS. V mporpami mHa APDL mnotpiOHO nuime 3anatu
napaMeTpy apku 1 ONHMcaTh MOPSAJOK i BIINOBIAHO 10 alropuTMy po3paxyHKy. IIporpama
CKJIaJIeHa y TPUIYLIEHHI, [0 apka Mae JBOTABPOBUI IONEpeYHHi mepepi3, apMOBaHUN
noBiitHO apmaryporo [12]. I3 Takoro mepepizy, 3MIHIOIOYH HOTO MapaMETPH, JIETKO OJIepyKaTh
TaBPOBUIA, a00 MPSIMOKYTHHUH Tepepi3.
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5 OBI'OBOPEHHA PE3YJIBTATIB JOC/IIKEHHSA

Ipuxaaam po3paxyHky
Po3rmsgatoThes IBomIapHipHa i Oe3lIapHipHa HE apMOBaHI apKH MPSIMOKYTHOTO IMOIIEPEYHOTO
nepepisy TOCTiHHOT 1 3MIHHOT KOPCTKOCTi, 3aBaHT&XEHI PIBHOMIPHO PpO3MOIUICHUM
BCPTHKAIBGHUM HaBaHTaxeHHsM. [lapamerpu apok [13]: mpomir | =20m, crpina mimiiomy
f =1+9m, posmipu mnomepeunoro mnepepisy b=0.2m, h=1.0m (w1 apku 3miHHOI

xkoperkocti  hy=1.0m), disuuni  xapakrepuctuku  marepiany o, =14500xH, /m,
o, =1300xH/m*, M, =119.3038xHwm .

ba3oBi Touku 065aCT1 MIITHOCT1 JIs1 OTIMCAHOTO TONIEPEYHOTO TIepepi3y MpeACTaBiIeHi y Tao.
1. Ins ve apmoBanoro nepepizy Touku B i C i Touku F i K — criBnagarote. st ckMETpUYIHOTO
nepepizy 06JacTh MIIIHOCTI CUMETPUYHA BITHOCHO oci N .

Taoauns 1
ba3oBi Touku 0651aCcT1 MILIHOCTI
Bepxus rpanuis Hroxns rpannns

Touka M,, kH/m N,, kH Touka M,, kH/m N,, kH
A 0.000 -2900.000 A 0.000 -2900.000
B 45.978 -2805.200 Bl -45.978 -2805.200
C 45.978 -2805.200 Cl -45.978 -2805.200
D 142.200 -2584.000 D1 -142.200 -2584.000
J 395.000 -1320.000 J1 -395.000 -1320.000
G 142.200 -56.000 Gl -142.200 -56.000
F 45.978 165.000 Fl -45.978 165.000
K 45.978 165.000 K1 -45.978 165.000
L 0.000 260.000 L 0.000 260.000

Pe3ysbratt po3paxyHKy apoK 3a 3alpOTIOHOBAaHMM aJrOPMTMOM IpeJCTaBieHi y Tab. 2, 3.
Tam >xe mpescTaBicHI pe3yJIbTaTH, OJEPKaHi i3 BPaXyBaHHSM TUTbKH 3MMHAILHOTO MOMEHTY,
ozepikani y pobori [13].

Taoauus 2
3HaYCHHS IPAHIYHOIO HABAHTAKCHHS ISl ABOILAPHIPHOT apku, xkH/m
IMocriitHOT 3kOpCTKOCTI 3MIHHO{ KOPCTKOCTI
f/1 3 ypaxysanusam(3 ypaxysarusm|BinminmicTs 3 3 ypaxyBaHHsaM| BiqMiHHICTb
M M, N % ypaxylf/?HH"M M, N %

0.05 | 1390.847 46.648 18.70 1383.348 46.656 18.69
0.10 | 347.7326 99.676 11.09 340.198 99.678 10.94
0.15 | 154.5364 146.727 0.52 147.253 142.151 0.35
0.20 | 86.92066 164.465 6.17 79.887 151.784 6.21
0.25 | 55.63248 154.724 9.42 48.886 135.894 9.42
0.30 | 38.63138 123.618 10.48 32.174 99.971 10.26
0.35 | 28.37138 77.001 9.23 22.213 57.059 8.79
0.40 | 21.72562 43.438 6.66 15.811 30.822 6.44
045 | 17.16934 28.138 4.84 11.406 18.761 4.88
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Tabmanusa 3
3HaueHHs IPAHUYHOTO HABAHTAXKCHHS JUIS Oe3IapHipHOT apku, xH/m
[ocrTiitHO1 >KOpCTKOCTI 3MIHHOT )KOPCTKOCTI

o 3 S

f/1 3 ypaxyBaunsm3 ypaxyBaumsm|BinminHicTs 3 ypaxyBanHsM| BiqmiHHICTD

M M, N % |PPEORTENL M N %

0.05 479.118 17.502 185.90 512.931 17.535 186.78
0.10 119.304 65.843 57.75 128.426 66.944 62.94
0.15 57.486 122.385 72.16 59.545 128.157 73.11
0.20 91.912 164.068 56.38 95.783 174.751 58.38
0.25 76.355 160.883 71.26 89.509 195.192 74.24
0.30 53.024 121.709 78.62 66.663 175.543 89.91
0.35 38.957 77.334 66.00 53.463 142.221 90.72
0.40 29.826 44.094 38.60 46.165 113.199 84.13
0.45 23.566 26.917 13.28 44.715 111.460 85.47

I'padiune 300paXkeHHs 3MIHM TPAaHUYHOTO HABAaHTAXKEHHS U1 apOK IpeCTaBJIeHEe Ha PHUC.
3-6. [lns mOXWIIMX apoK TpaHWYHE HABAHTAXXECHHS, BU3HA4YeHEe Oe3 BpaxyBaHHS MO3I0BXHBOI
CWJIM, Ma€ JIOCUTh BEJIMKE 3HA4YeHHS. AJie aHali3 MOoKa3ye, 1[0 IS JBOUIAPHIPHUX apoK 13
f/1<0.15 i must GesmapHipaux apok i3 f /1 <0.1 mMO3OBXHS cHla MEPEeBHINYE IPAHHLIIO

MIITHOCTI TIepepi3y 1 pylHYBaHHS Tepepizy BimOYBAa€ThCS 3a PaxXyHOK IMO30BXKHBOI CHIIH, a HE

MOMEHTY.
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Puc. 3. I'pannunHe HaBaHTaXEHHS I ABOIIAPHIPHOI apKH MOCTIHHOI JKOPCTKOCTI
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Puc. 5. ['pannuHe HaBaHTaKEHHsI 15 O€31IapHIPHOT apKH MOCTIHHOT dKOPCTKOCTI

550
500
450
400
350
300
250
200
150
100

50

S

0,00 0,10 0,20 0,30 0,40 0,50

—0=—0He3 N =—r—i3BpaxyBaHHAM N
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6 BUCHOBKH

1. 3anpomnoHoBaHUil aNrOPUTM PO3PAXYHKY CUCTEM 3a TPAHUYHUM CTAaHOM 3 ypaxyBaHHSIM
3THHAJIBHOTO MOMEHTY 1 TIO37I0BXXHBOI CHJIM HE MICTUTB ITepaliiiHUX MPOLeayp 1 HOro TOYHICTh
BU3HAYAETHCS TOUHICTIO METO/TY CKIHUCHUX EJIEMEHTIB.

2. 3HavyeHHs TPAHUYHOTO HABAaHTAKEHHS JUIS TOJIOTHX apoK, OJepikaHe 0e3 BpaxyBaHHS
MO3/I0BXKHBOT CWIIM, HE MOXKHAa BBAKATH JIOCTOBIPHMM, TaK SIK pyHHYBaHHS TIiepepi3iB
BiIOYBA€THCS HE 32 PAXyHOK 3rMHAJIBHOTO MOMEHTY, a 32 PaXyHOK ITO3/I0BKHBOT CHJIH.

3. BpaxyBaHHS 3rHHAIFHOTO MOMEHTY 1 TMO3J0BXXHBOI CHITH 1a€ MOYKIIMBICTh BUKOPUCTATH
JOJATKOBI pe3epBH MaTepialy i MPUBOIUTH 10 30UTHIICHHS T'PAHUYHOTO HABAHTAXKEHHS, III0
M1IBUIIYE HECYYY 37aTHICTb CUCTEMH.

7 ETHWYHI JEKJAPAIIII

ABTOp He Mae Oynb-iKMX (IHAHCOBUX 4YM HE(PIHAHCOBUX IHTEPECIB IIOJO MaTepiajis,
MIPE/ICTaBICHUX Y 11l CTATTI, SIK1 CJI1JT PO3KPUBATH.
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VJIK 004.58

PO3POBKA AJITOPUTMY NNOITYKY OINTUMAJIBHOI'O
MAPHIPYTY ¥ 3AKPUTUX TPUMIILITEHHAX

Jucenkxo M. C.!
{Hepowcaenuti yHigepcumem « K umoMupcvka noiimexuixay

AHoTanisi: PO3BUTOK IHK/IIO3MBHOTO CEpPENOBHINA € BAXKIMBAM AaclleKTOM Cy4YacHOTO
CYCIIBCTBA, 30KpeMa y cdepi HaBIraliiHUX CUCTEM I BHYTPIIIHIX MpHUMilleHb, baraTo icCHyrounx
QITOPUTMIB TOLIYKY HAWKOPOTIIOrO WUISAXY, TaKUX SK KIaCHYHUH airoputM JlelikcTpu, He
BpaxoBYIOTh crHenu@iuHi TOTpeOW KOPUCTYBadiB 3 OOMEKEHHMMH MOXIUBOCTSMHU. Lle moxke
MPHU3BOAUTH JI0 CTBOPEHHS MapIIpyTiB, sIKi € HENpUIATHAMHU a00 HE3pyYHUMH IS JIIoJed Ha
IHBJIIZIHUX Bi3KaX, OCi0 3 MOpYHIEHHSIM 30py, a TaKOX Ui THX, XTO MAa€ TUMYacoBi TPYIHOII 3
nepecyBaHHsIM. OcCO0JIMBO KPUTHUYHOK Taka NpoOjeMa € B MEIWYHMX 3aKiazax, J€ IIBUJKICTH i
JOCTYITHICTh TIEpEMILIIEHHs] MOXKYTh 0e3MocepelHbOo BIUTUBATH HA SIKICTh O0CITYrOBYBaHHS Ta Oe3MeKy
MaLiCHTIB.

VY uifi podori mporoHyeTbess Moaudikailis anropurMmy JlelkcTpu, ska T03BOJSE IWHAMIYHO
ajantyBaTH Bark pebp rpad)a BIAMOBIAHO 10 OCOOJUBUX IMOTPeO KOPUCTYBAYiB Ta MOTOYHUX YMOB
CepeloBHIIa. 3ampornoHOBaHUN METOJ] BUKOPHCTOBYE MPOMYKIIHHY MOJENb 3HAHb, IO Ja€ 3MOTY
CHUCTEMI MNpuAMATH PIMICHHS Ha OCHOBI (OpPMalli30BaHUX IIPAaBUJI, BPAXOBYIOUH IapamMeTpH
JOCTYITHOCTi, 30KpeMa HasBHICTh JI(TiB, MaHAyCiB, IMUPUHY JBEPHHUX MPOPI3iB, OCBITIICHHS,
TaKTWIbHI TI03HAYKHY Ta iHII (hakTopu. Po3polbiieHa ajanTHBHA HaBiraliiiHa cicTeMa, 1o peaizoBaHa
Ha OCHOBI MOAHM(IKOBAHOTO airoput™My JlefikcTpu, Mae Taki KJIIOYOBI IIepeBaru: MOXKIHBICTH
TepcoHallizamii MapmipyTiB BiMMOBIZHO JO MPOQUII0 KOPHCTyBada, aBTOMATHYHE BHUKIIOYCHHS
HEAOCTYIHUX a00 MaJoNnpuUAaTHUX MUIAXIB, JAWHAMIYHE KOPUTYBAaHHS MapIIpyTy B pa3i 3MiH
CepemoBHIIa (HAPUKIIAJ, PEMOHTHUX POOIT a00 HECTIPaBHOCTI JTi(PTIB).

3ampoIToHOBaHUH aNTOPUTM MOXe OyTH BUKOPHCTAHHMMA IS ONTHUMI3AIlil HaBITarii HE JHUIIC B
MEINYHUX 3aKJIa/laX, a § y TOProBeJIbHUX IIEHTPaxX, HABUYAIbHUX yCTAHOBAX, TPAHCIIOPTHUX BY3JIaX Ta
IHIMX OymiBISAX 3 IHTEHCHBHHUM ITIOTOKOM JTFOJei. Pe3ynprat MpoBeAeHOro AOCIHIHKEHHS CBigYaTh,
0 BIIPOBAHKEHHS aJalTHBHOTO IMIAXOY MO0 TOIIYKY MapIIpyTiB MiJBUIIYE PIBEHb JOCTYITHOCTI Ta
3py4YHOCTI HaBiramii Juid BCiX KaTeropii kopuctyBadiB. [lomampmimii po3BHTOK CHCTEMH MOXKE
BKJIFOYATH IHTETpAIil0 TEXHOJOTIH INTYYHOrO IHTENEKTy JUIi aBTOMATHYHOTO aHali3y 3MIiH ¥y
CEpElOBHII, a TaKOX PO3MHUPEHHS aNTrOpuTMy I POOOTH Y BIAKPUTHX MPOCTOpaX, 30KpeMa y
MICHKHX HaBITAI[IHHIX CUCTEMAX.

KuamouoBi cioBa: amanTuBHICTB, anropuTtMm JleikcTpu, rpad, IHKIIO3MBHICTH, KOPHCTYyBadi,
MEIWYHI 3aKiaJW, HAaBiramis, MapmpyT, MOMYK NUIAXy, NPUMIIIEHHS, TPOAYKIifHA MOIETb
IPEe/ICTABICHHS 3HaHb, CHCTEMA, TEXHOJIOT1i.

DEVELOPMENT OF AN ALGORITHM FOR SEARCHING FOR
THE OPTIMAL ROUTE IN INDOOR PREMISES

M. Lysenko*
IState University "Zhytomyr Polytechnic"

Abstract: The development of an inclusive environment is a crucial aspect of modern society,
particularly in the field of indoor navigation systems. Many existing shortest path algorithms, such as
the classic Dijkstra’s algorithm, do not take into account the specific needs of users with disabilities.
This can lead to the creation of routes that are unsuitable or inconvenient for wheelchair users,
individuals with visual or hearing impairments, and those with temporary mobility difficulties. This
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issue is especially critical in medical facilities, where the speed and accessibility of movement can
directly impact the quality of service and patient safety.

This paper presents a modification of Dijkstra’s algorithm that allows for the dynamic adaptation
of graph weights according to the specific needs of users and the current environmental conditions.
The proposed approach integrates a production knowledge model, enabling the algorithm to make
decisions based on formalized rules that consider accessibility parameters such as the availability of
elevators, ramps, doorway widths, lighting, tactile markings, and other factors.

The adaptive navigation system, built on the basis of the modified Dijkstra’s algorithm, offers
several key advantages: the ability to personalize routes according to the user’s profile, automatic
exclusion of inaccessible or unsuitable paths, and dynamic route adjustment in response to
environmental changes (e.g., construction work or elevator malfunctions). The proposed algorithm can
be used to optimize navigation not only in medical facilities but also in shopping centers, educational
institutions, transportation hubs, and other buildings with high pedestrian traffic.

The results of the study indicate that implementing an adaptive approach to route searching
significantly enhances accessibility and convenience for all categories of users. Future system
development may include the integration of artificial intelligence technologies for real-time analysis of
environmental changes, as well as extending the algorithm for use in open spaces, particularly in urban
navigation systems.

Keywords: adaptivity, building, Dijkstra’s algorithm, graph, inclusivity, medical facilities,
navigation, pathfinding, production knowledge model, route, system, technologies, users.
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1 BCTYIl

CyuacHi iHKEHEpHI CUCTEMH CTAlOTh BCE OUTBII CKIAIHUMH Ta TUHAMIYHUMU. Bumorn
70 iX MPOIYKTHUBHOCTI, HAIIMHOCTI Ta €PEeKTHBHOCTI 3pOCTalOTh, M0 (opmye moTpedy y
HOBHX TIIXOAax JO MPOSKTYBAHHS Ta YIPAaBIIHHSA IUMH CHCTEMaMH. Tpaauiiiiai
AITOPUTMHU HE 3aBXKAM MOXXYTh €()DEKTHBHO CHpaBJIATHCS 31 3MIHAMH B CepeloBHUINI abo
BHMOTaMH JI0 CHUCTEM 1 camMe TOMY aJalTHBHI aJIrOPUTMH, SIKI MOXYTh 3MIHIOBATH CBOIO
MOBEJIIHKY B 3aJI©KHOCTI BiJl YMOB, JJO3BOJISIFOTH OUTHII €()EeKTHBHO BHPIIIYBATH 3aB/JIaHHS B
JMHAMIYHUX CEePEIOBHUIIAX.

KoHreriiss poeBOTo iHTENEKTY, sika 0a3yeThCsl HA MOBEIHIII KOJICKTHBIB Oi0JOTTIHHX
OpraHi3miB (Hampukiag, Mypax abo MTaxiB), € MEPCIEKTUBHUM MIAXOJOM AJIsi PO3POOKH
aNanTHBHUX QJITOPUTMIB. BHKOpPHCTaHHS pPOEBOTO IHTENEKTY JO3BOJISIE CTBOPIOBATH
pPO3MOJIUIEH], THYYKI Ta CTIHKI CHUCTEMM YIpaBiiHHI. Y 0araTboX cdepax, TaKMX SK
poOOTOTEXHIKAa, €HEepreTuka, TPaHCHOPT Ta I1HIN, IHXKEHEPHI CUCTEMH MOTPeOYyIOTh
e(eKTUBHUX METO/IB YIPABIIHHS Ul NIABUIIEHHS NPOAYKTUBHOCTI Ta 3HM)KEHHS BUTpAT 1
po3po0Ka HOBHX QJTOPUTMIB Ha OCHOBI POEBOIO IHTENEKTY MOKE 3HAYHO MOKPALIUTH Iii
nporecu. BripoBa/pkeHHS alalTHBHUX aJTOPUTMIB POEBOTO IHTENEKTY y MPOEKTYBaHHS Ta
YOpaBIIHHS 1HXEHEPHUMU CHCTEMaMH Ma€ BEIWKHM TOTEHINan Ui MIABUIIEHHS 1X
e(eKTUBHOCTI, HAIIITHOCT1 Ta CTIHKOCTI, 1110 IPU3BOJUTH A0 MOKPALEHHS POOOTH ICHYIOUUX
CHUCTEM Ta CTBOPEHHS HOBUX, OUTBHII OCKOHATUX PIMICHb. TaKUM YHHOM, JOCTIDKCHHS 3
PO3pOOKH aNanTUBHUX AQJITOPUTMIB POEBOTO IHTEIEKTY € HAA3BUYAWHO AaKTyaJbHUM Ta
BXUIMBUM JUIS PO3BUTKY CYYaCHHX IH)KCHEPHHX CHUCTEM 1 Ma€ 3HAYHHWHA TOTCHINAN JUTs
IIPAKTUYHOI'O 3aCTOCYBAHHS Y PI3HUX rally3sX.

2 AHAJI3 JITEPATYPHUX JAHUX TA IOCTAHOBKA IIPOBJIEMU

CydvacHi HaBiraIiiiHi cucteMu Jyisi OyaiBenb MPECTABICHO B PsiIi POOIT 3aKOPIOHHUX
Ta BITYM3HSHUX HAYKOBI[IB. 3yMMMHUMOCH Ha KUTBKOX 3 HUX.

ABtopamu [1] mpencTaBieHO OCHOBHI TPUHIMIHN TPbhOX AITOPUTMIB IOIIYKY
HalKopoTHIOro HUIAXY Ta MPOBEACHO IXHE IOPIBHAHHS IIJISXOM aHajii3y 4acoBOi Ta
IpocTopoBoi ckinagHocTi. Kpim TOro, ysaranbHeHO 00JacTh 3aCTOCYBaHHS PI3HUX
anropuTMiB. Anroput™m JIeWKCTpu — 1e KIACHYHUN aJITOPUTM OTPUMAaHHS HAHKOPOTIIOTO
IISXY Bill KOHKPETHOI BEpIMHM 10 6ymb-AKoi iHmoi. oro mHMpoko BHKOPHCTOBYIOTH B
JIOPOXKHIX MapuipyTax. Llel anroput™ Mo’kHa BUKOPHUCTOBYBATH JIMILE TOAL, KOJIU Yy rpadi
HE ICHYE JKOJHOrOo pebpa 3 BiI’€MHOI Baror. Anroput™M bemnmana-dopaa MoxHA
BUKOPHUCTOBYBATH Ha rpadax 3 BiJI’eMHOIO Baroo pedp, SKIIO rpad He MICTUTh HETaTUBHOTO
LUKy, JOCTYIHOTO 3 BUXITHOi BepIMHM. Pe3ynabTar poOOTH IL[bOIO QJITOPUTMY MOXHA
BUKOPDUCTAaTH JUIl BU3HAYCHHS ICHYBaHHS LMKIY BiI’eMHOI Bark y rpadi. Anroputm
dnoiiga-Yopuiemia — 11e alrOpuT™M JUHAMIYHOTO MPOrpaMyBaHHS, SKMA MOXeE BUPILIMTH
npobseMy HaHKOpOTHIOro UHUIAXY MDK OyAb-SKMMM JBOMa BepUIMHaMH. MeTton
BUKOPHUCTOBYETHCS Ha 3BaXKEHUX Tpadax, y SKMX MOXKYTh OyTH SIK JOJATHi, Tak 1 Bia €MHI
Baru pedp, MpoTe y HbOMY HE Mae OyTH BiJ’€MHHMX IHUKIIB. TakuM YMHOM, L€l METO[
3arajibHIIMN y NOPIBHAHHI 3 aropuT™MoM JleiikcTpu. OniHak, y IpakTUIli i TPH aJrOpUTMHU
0e3mocepeIHbO HE 3aCTOCOBYIOTHCS, a MPOBOJUTHCS 1X Moau(ikaiis Ta onTHUMI3alis s
MiABUIIECHHS e(DeKTUBHOCTI.

VY nocnimkeHHi [2] aBTopaMH MOPIBHIOBAJMCS AaITOPUTMH TMOINYKY HUIAXYy A*,
Heviketpu Ta nomyk y mupuny (BFS) y rpi Maze Runner. [Iponec mopiBHSHHS IHX
AITOPUTMIB TOJIATAB y 3aMiHl aJrOpUTMY B I'pl Ta BUMIPIOBAHHI 4Yacy MpPOILECY, AOBKHHU
MapIIpyTy Ta KUIbKOCTI OJIOKIB, 3a/ISTHUX B ICHYIOUOMY OOUHCITIOBAILHOMY MTPOLIECI.

Luay S. Jabbar, Eyad I. Abbas, Sundus D. Hasanb y cBoemy nocnimkenHi [3]
BHCBITJIIOIOTH MPOLIEC BIPOBA/PKEHHS PETPOAKTUBHOI CTPYKTYPH JaHUX YEPrH MPIOPUTETIB,
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o pobutk anroput™m JlelikcTpu TuHAMIYHUM. Y [IBOMY JOCITIHKCHH] OyJI0 3MIHEHO MiIXi,
CIPSIMOBAHMN Ha TMEpeCcyBaHHS BIEPEl] Y HAWKOPOTIIOMY HAIMpPSIMKY JJIS JABOX MEPEX Ta
nBox wmapmpyTiB. CrodaTKky 3HAXOJWUThCA CTAaTHYHUNA HAWKOPOTIIMH IIJISAX, TOTIM
3MIICHIOETHCS TIEPEXia /0 TMEpLIOro By3ja MICHS MOYaTKoBOro. Y I[bOMY BY3Iy Baru y
CeTMEHTaX, CIPSMOBAHUX 13 IBOTO BY3Ja, 3MIHIOIOTHCS, IO aHYIIOE TONEPeaHIN
HAKOPOTIIMIA IIJISX Ta TO3BOJISIE 3HAWTH HOBUU MapmipyT. [IoTiM 31iliCHIOETBCS TIepexif 10
HACTYITHOTO BY3Jla y 3HAHJIEHOMY HAMKOPOTIIOMY HUIAXY, 1 ONEpallis MOBTOPIOETHCS 10
3aBepIIeHHS. [1est monsirae B ToMy, 110 HAaHKpAaIuii MapmIpyT MOXKeE TOCTIHHO 3MIHIOBATHCS
Ha OCHOBI OcCTaHHiIX gaHux. L[i Oe3nmepepBHI 3MIHM PO3IJISAAOTHECS Yy i poOoTi, Je
3allpONOHOBAHA CHCTEMa 3/aTHA 3HAXOJWUTH ONTHMANbHI MapIIPYyTH Ta aBTOMATHYHO
OHOBJIIOBATH iX BIIMOBIAHO JI0 3MIHHUX [TapaMeTpiB.

ABTOpamu nociikeHHs1 [4] Oyno peani3oBaHO MeToj anroputMmy Jledkertpu uist
nomryky Haiikopotiioro nuisixy B GIS. Texnonoris GIS BukopuctoBye anroputm [eiikctpu
JUId HaJaHHS 1HQopMalii, BI3yaJlbHO BIOOpa)karouu AaHl MPO MICLE3HAXOHKEHHS A0PIr,
MICIb Ta@ HAaWKOPOTIIOrO MaplIpyTy BiJ MOYAaTKOBOTO JO KIHIEBOIO IMYHKTY Ha KapTi.
['eoindopmairiitHa cucTtemMa MONIYKY HAaWKOPOTIIIOTO MapHIpyTy BioOpaskae Bizyamizarlito
MPOCTOPOBUX JAHUX KapT MPOMUCIOBHUX 30H, IHTerpoBaHux 13 GoogleMaps.

ABTopu [6] AOCHIIKYIOTH 3aCTOCYBaHHS aNroputMmy JleHKcTpu [Uisi 3HAXOKEHHS
HaWKOPOTIIOTO HUISIXY B JOPOXKHIX Mepekax. BoHU MigKpecnoTh BaXKIUBICTh BUPILIEHHS
i€l 3a7ayl JUIsl MICBKMX TPaHCIOPTHUX CHUCTEM, HaBIrallIiHUX MporpaM Ta ONTUMI3aIlii
MapupyTiB. Y poOOTi po3MISIaloThCs OCHOBU IpadoBOi T€Opii, METOJOJIOTIS aJrOpUTMY Ta
ioro edextuBHicTb. OCHOBHA yBara MpPUIUIAETHCA KIACUYHOMY MIIXOIY IO BUPILIEHHS
3a/1a4l MOLIYyKY HAaWKOPOTLIOro MIISAXY AJIsS CTaTUYHUX rpadiB 13 HEBII €MHHUMHU Baramu.
KpiM TeopeTHyHOro ommucy, aBTOPH HABOJATh EKCHEPUMEHTAJIbHI PpE3yJIbTaTH, IO
JIEMOHCTPYIOTh 3aCTOCYBaHHS aJIFOPUTMY Ha pEaJIbHUX JOPOKHIX Mepekax. Bukopucranus
MOBH TpOTpaMyBaHHs Java s Bizyasizaiii pe3ysabTaTiB JI03BOJISIE€ OIIHUTH €()EKTHUBHICTh
anropuT™My. BHCHOBKM CTaTTi BKa3ylOTh Ha TMOTEHINIAN anroputMy JledkcTtpu, mpote
BHU3HAIOTh HEOOX1THICTh MOKPAIICHB ISl JMHAMIYHHUX Ta BEITUKHX MEPEK.

Crarta [7] pocnimKye BUKOPUCTaHHS airoputMy JIeWKCTpu i BU3HAYEHHS
HaKOpOTIIOro MapuipyTy MiX TYPUCTUYHHMMU JIOKalIIMU. ABTOPU aKLEHTYIOTh yBary Ha
ONTHMI3allii MOJOPOKEH 3a OTIOMOTOK0 TeoiH(OPMAIIHHUX TEXHOJOTIH, IO T03BOJISIOTH
CKOpOUYYBaTH BIACTaHb, 4Yac Ta BUTPAaTH Ha MO3AKU. JlOCHIIKEHHS OXOIUIIOE IPOLEC
po3poOKu  Be0-3aCTOCYHKY, 3acHOBAHOTO Ha anroput™mi JlefikecTpu, 3 MOOUIBHOIO
ananTauiero. OnUcaHoO eTanu CTBOPEHHS CHCTEMH, BKIIIOYAIOUM 301p JaHMX, MPOECKTYBAHHS
3a gonomororo UML, peanizaiiito Ta TecTyBaHHs. Pe3ynpTaT eKCIEpUMEHTAIbHOIO aHAJI3y
MOKa3yl0Th €(PEKTUBHICTh AITOPUTMY Il CTAaTUUHUX MAapIIPYTiB, aje HarojoLIyeTbCs Ha
HEOOXIHOCTI BpaxyBaHHS JUHAMIYHUX 3MIiH, TaKUX SIK JOpPOXKHI 3aTOpu. ABTOpU
PEKOMEH/YIOTh PO3LIMPEHHS (DYyHKIIOHAy 3aCTOCYHKY LUIAXOM IHTerpamii AaHux Hpo
Tpadik.

Crarts [8] mocnimkye BIOCKOHAJECHHS anroputMmy JleMkcTpu [uisi HaBiraumii mig yac
eBakyalii. ABTOpaMH 3alpOlNOHOBAaHO CHUCTeMy aBTOHOMHOi eBakyauii (AEN), o
BUKOPHUCTOBYE JAMHAMIYHI BKa31BHUKH Ul CHOPSIMYBAHHS JIOJIell HAWKOPOTIIMM 1 BOJHOYAC
OesneyHuM MapuipyroM. OcHOBHI Mojudikaiii aaropuTMy BKIIOUYAIOTh OJIOKYBaHHS
HeOe3NeYHUX BY3IIIB (HANpHUKIAA, 30H 3aiiMaHHsA) Ta OOMEXKEHHs HANpsMKIB pyXy.
Mertonosnoris BKJIo4ae 1moOynoBy rpada OyaiBii, pPO3MIIIEHHS BY3JIB Ta OOYMCICHHS
NUIAXiB. AHali3 J0BOAUTH €(EKTUBHICTh 3MIH Yy BHOOpI O€3MeuHOro Mapuipyry.
JloCHi/DKEHHST akTyajbHe I €BaKyallliHUX CHCTEM, MOKpAIlylud IIBHUIKICTb 1 TOYHICTh
Mmapupytu3zanii. [Toganemn gocmimKeHHsT MOXYTh CHPSMOBYBAaTHCS Ha MAacHITaOOBaHICTh
ITOPUTMY ISl BEIUKHUX CIIOPYI.

Hocmipkenns [9] npucBsyeHe 3aCTOCYBaHHIO alropuTMmy JleHKkcTpu juisi BU3HAYEHHS
HailkopoTiioro nuiAxy B rpadi 3 AMHAMIYHOIO Barol pedep, IO MOJENIOE JOPOXKHIO
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Mepexy. ABTOpPH pO3IIsIalOTh OJHO- Ta IBOCTOPOHHI OopieHTOBaHi rpadu. ExciepumenTu
MPOBOIMIIKCS Ha ABOX Tunax kapt (Map A Ta Map B), 1o Biapi3HAIOTbCS PO3MOILIIOM Bark
pebep. Pesynapratm mokazanu epeKTHBHICTH anroputmy JIeMKCTpW A OJHOCTOPOHHIX
rpadiB, aje BUSBUIM MPOOIEMH 3 IUKIIYHICTIO Y IBOCTOPOHHIX rpadax, mo MpU3BOAMIO JI0
HEMOJKIIUBOCTI 3HaiTH pimeHHs y 17,5% Bunaakis. JlocmipKeHHST TAKOXK OI[IHIOBAJIO BILIMB
IAHAMIYHOI 3MIHM Barv Ha 4ac OOYMCIIEHHS, [TOKa3aBIIM HE3HAYHMI BIUIMB HA IIBHUIKICTH
poboTu arroputMy. ABTOpH 0OTOBOPIOIOTH NPUYMHA BUHUKHEHHS LUKIIB Y IBOCTOPOHHIX
rpadax Ta MPOMOHYIOTh HUISXM IX YCYHEHHs. 3arajioMm, poOoTa JEMOHCTPYE MPaKTHUHY
3aCTOCOBHICTh arOpUTMY JleWKCTpH Ui 3a7ad MapIIpyTH3allil 3 THHAMIYHOIO Baroo, aie
MIZIKPECIII0e  HEOOXiTHICTh BpaxyBaHHA OCOOIMBOCTEH CTPYKTypu rpady mpH HOTO
BUKOPHUCTAHHI.

Cratrs [10] mocnmimpkye cucteMy HaBiraumii Juis HE3psS4YMX Ta KOPHUCTYBauiB 3 BaJaMu
30py VYHIBEPCUTETCHKOTO Kammycy. OCHOBOIO CHCTEMH € MOJU(IKOBAHHI alTOpUTM
JeiikeTpu, 1mo npairoe 3 rpadoBO0 CTPYKTYPOIO JTaHUX, JI€ BY3JU MPEACTABIAIOTH JIOKAIIil
(aymuTopii, KOpUIOpU TOIO), a pedpa — NUIAXH MDK HUMH 3 JETAIbHUMH OIHCAMHU.
Cucrema BpaxoBy€e MPOCTOPOBI KOOPJMHATH Ta KYyTH MOBOPOTIB, 3a0€3MeUyr0ud TOYHI Ta
3po3yminl IHCTpYKIii. Bukopucranus anroputmy JIeMKCTpU TapaHTye 3HAXOKCHHS
HaWKOPOTIIOTO IUISAXY, a JOJaBaHHS KOHTEKCTHHUX OMMUCIB Ta OOUMCIEHHS KYTiB ITOBOPOTIB
poOUTH HaBIraiito OUIbII IHTYITUBHOIO Ta 3pYYHOIO JJIsi KOpUcTyBadiB. [HTepdeiic cucremu
aJlanToBaHui Uisi poOOTH 3 MPOTpaMHUM 3a0€3MeUeHHAM JUIsl YUTaHHS €KpaHy, 10 pOOUTh
il TOCTYNHOK JJIS JIFOAEH 3 BajgaMu 30py. ABTOPH CTBEPKYIOTh, II0 CHUCTEMA 3HAYHO
MOKpalllye aBTOHOMHICTh Ta Oe3MeKy MepecyBaHHS HE3pSUMX JIIOJIeH B YHIBEPCUTETCHKOMY
cepenoBuINi. JIOCHKEHHsI AEMOHCTPY€E YCIIIIHE 3aCTOCYBaHHS anroputmy JleWkcTpu B
KOHTEKCTI HaBiraiii Jyist JIFOJAeH 3 BaJaMu 30pY, MIJKPECTIOYN BaXKJIMBICTh BpaxyBaHHS
MIPOCTOPOBUX 0COOJIMBOCTEH Ta KOHTEKCTYAIbHOT iH(GOpMAIIii 1 eeKTUBHOIT HaBirafii.

3 LI TA 3ABJAHHS JOCJIIKEHHS

OCHOBHOIO METOIO IAHOTO JIOCII/PKEHHS € pOo3p0o0Ka alrOpuTMY IMONIYKY ONTHMATBHIX
MapHIpyTiB y 3aKpUTHX NPHUMIMICHHAX HOUIIXOM Moaudikarii anroputmy JledkcTpu mis
BpaxyBaHHs TOTpeO pi3HUX Kareropid kopucryBadiB. OcoOiuBa yBara NPUAUIIETHCS
IHKITFO3UBHOCTI, TOOTO 3a0€3MEYEeHHIO JOCTYIMHOCTI MapmpyTiB s 0ci0 i3 0OMEKEHUMH
MOXJTMBOCTSIMH, 30KpeMa JIF0JICH Ha 1HBATIAHUX Bi3KaX, 0Ci0 13 MOPYIICHHIM 30Dy, JIFOIeH
MOXWJIOTO BIKYy, 0Ci0, IO MarTh THMYACOBI TPYIHOIII 3 IEpecyBaHHSM (HAMPHUKIIAL,
TPaBMH).

Jlnst peamizarfii MomykKy ONTHMAIbLHOTO MAapHIPYTy HEOOXITHUM € BIIPOBAIKCHHS
MPOIYKIIIMHOT MOJIeNi 3HaHb, SKa J03BOJIUTh (OpMallizyBaTH IpaBuiia i YMOBH JUIsl BUOODY.
[IpoxykuiiiHa MozeNib 3HaHb JAacTh 3MOTY QITOPUTMY JWHAMIYHO 3MIHIOBAaTH KpHUTEpil
ONTHUMAJFHOCTI 3aJIeKHO BiJ MPOQLI0 KOPHUCTYyBaya, IHTETpyBaTU AOJATKOBI 3HAHHS IO
cepeloBUIlE (HAMpUKIAA, TUMYAcOBO HENOCTymHI JiTu uM 3a0JOKOBaHI 30HH),
3a0€e3MeYNTH THYYKICTh 1 IallTUBHICTh CUCTEMU 10 HOBUX YMOB.

PesynbTaToM JOCHiDKEHHS Ma€ cTaTH C(QEKTHBHUW aJanTHBHHUN aJrOPUTM, SKHIA
MO)XKHA IHTETPYBaTH B aBTOMATH30BaHI CHUCTeMM HaBiramii. Takuii anroputMm cnpusTuMe
MOJIMIIEHHI0 KOPUCTYBAIbKOTO JIOCBiLy BcepenuHi OyaiBenab, OCOOIMBO B YMOBAax
MEJMYHUX 3aKJIa/liB, JIe TOYHICTH 1 MIBUAKICTh HaBIraIlii MatOTh KPUTHYHE 3HAYCHHSL.

4  PE3VYJBTATHU JOCJIKEHHSA

Cnin 3a3HauuTH, MO anroput™ JleHKCTpu € OJHUM 13 HANMNONIMPEHIIMX METOJB
MOIITYKY HAaWKOPOTIIOTo HUIAXY B rpadi, MO Mpalioe MUISIXOM ITEpaTUBHOIO BU3HAUYEHHS
MiHIMaTbHOI BIJICTaHl1 Bil CTapTOBOi BEPIIMHU 1O BCiX iHmMMX BepmuH rpada. Cepen
KJIIOYOBUX XapaKTEPUCTHUK JAHOTO aJrOPUTMY CIiJ BUIUTUTH BUKOPUCTAHHS MPIOPUTETHOI
Yepru Al BUOOPY BEPIIMHU 3 HAMEHIIIOI0 Barol Ta CTATUYHMU MiIXif, KUl nependadae
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HE3MIHHICTh Baru pedp Mix 4ac BUKOHAHHS anroputMmy. OIHAK y BHIAAKY IHKIIO3UBHOI
HaBiramii BcepeanHi OyAiBenp e Mmiaxiq Mae CyTTeBI OOMEKEHHsI, OCKUIbKM HE BPaXxOBY€
cneur(iHUX MOTPed KOPUCTYBAYIB Ta AWHAMIYHUX 3MIH y JOCTYIMHOCTI MAapIIPYTiB.

Ananranis anroputMmy JIeMKCTpH, M0 MPOMOHYETHCS, Mependadae Kilbka KIIFOUOBUX
3MiH JUIS BpaxyBaHHS IMapaMeTpiB iHKIIO3UBHOCTI. [IponoHyeThCs 3ampoBauTH THHAMIYHE
KopuTryBaHHs Baru peOp. Bara koxxHoro pedpa rpada (o BimoBigae CerMeHTy Mapupyry)
BHU3HAYAETHCS HE JIMIIC JOBXKWHOKIO MNUIAXY, ale W JOCTYIHICTIO CeTMEHTa MJsl PI3HUX
KaTeropii KOpHCTyBa4iB (HANpUKIAl, CXOAW MOXYTh OTPHMATH YK€ BEIUKY Bary Juis
JIO/IeH Ha Bi3Kax), XapaKTEPUCTHUKAMH CEPEIOBHUINA (HAIPUKIIAI, TIOTaHEe OCBITICHHS J10/1a€
Bary JUisl JIIOAEW 13 BagaMH 30pYy) Ta NOTOYHHM CTAaHOM EJIEMEHTIB IH(PPACTPYKTypH
(HecmipaBHICTb Ji(pTa, pEMOHT MaHIyca).

[Ipouec mnoOynoBu rpada uid BHYTPILIHBOI Hapiramii mnependadae QopmaibHe
MPE/ICTAaBICHHS IPOCTOPOBOI CTPYKTYpH OymiBmi y Bursidi rpadosoi mogem G =(V,E)
JIe MHOKMHA BepIIMH V BIiJMIOBi/Ia€ KIFOUYOBHUM JIOKAIISIM, TAKUM SIK MIPUMIIIIEHHS, TBEPHI
npopi3u, JidTH, a MHOXHHA pedep E ommcye MOXIHMBI NMUIAXH TIEPEMINIEHHS MDK HUMH,
HaNpUKIaJ, KOPUIOPH, CXOJI0BI MapIli Ta HaHIYCH.

Muoxuna BepmuH V sBisie co00l0 Bigkpute KiacuikaiiiiHe yrpymyBaHHS Ta
BKJIIOUAE B ceOe BaXKJIMBI AJIS [IEPEMILIEHHS! TOUKH OY/IBIl U, SIKUM IMPUCBOEHO YHIKAIbHUM

inenTudikarop i,v, €V, ta koopauHaTtH (X;,Y;), IO BIANOBINAIOTH HOT0O pO3TalIyBaHHIO HAa
riani Oyaisii. KoxHa BepiinHa V, € By3JI0M 3BakeHOro rpady, siKiii mpuTaMaHHI HACTYIH1
BiactuBocTi: THI t— kimHarta (i), msepi (t,), cxomu (t;), midt (t,), manmyc (i), Tomo;
noctynHicTh (accessibility) o— 4 JocTynmHM BY30J7 AJisi MEBHUX TPYN KOPUCTYBadiB
(HampuKaA, KOPUCTYBadiB B IHBANIIHUX Bi3Kax); iHIII aTpuOytu (mark) M— mwupuHa
JBEpEe, yMOBU OCBITJICHHS, TAKTHJIbHI TO3HAYKH TOIIO.

Koxne pebpo € ;€E  wmae Bary pebpa ;. Bara pebpa ;. BH3HAYaeThCs 3a

nornomororo ¢popmyn (1):
wy = dij + pil; +Sjj» (1)

pe: d; — Oisnuna Bincramb MK Bysnamm u; Ta U;; Py — Bara pebpa BiIOBiIHO
npoduUIF0 KOPHCTyBaya, SKa BH3HAya€ JOCTYMHICTH peldpa Ui TNEBHUX KaTeropii

KOPHUCTYBaviB (33/10BOJIbHAE MOTpebaM KOpUCTyBaua); S; — JuHaMi4Ha Bara pelpa,

MOB’s3aHa 31 CTAaHOM CepeloBUIIA (HANPHUKIAL, THUMYAcOBI TEPEIIKOIH, PEMOHT,
HECIPaBHOCTI TiTYy).

k
KoxeHn K-Tuii KOpUCTYyBau CHCTEMH Ma€ BIIACHHU MPOdiIb , SIKAM BU3HAYa€ THI
notpe6 (“0e3 ocobmmBOCTEH”, “ManOMOOUIBHICTE”, “MOPYIIEHHS 30pYy”’) Ta IHIUBIAYyalbHI

npioputeTH (MiHIMI3alis yacy abo 3ycuib). [Ipodinb pi'} BIUIMBA€E HA Bary KOXHOro pedpa

Ta JIO3BOJISE aaNTyBaTH MapUIPYT IiJ KOHKPETHOTO KOPHUCTyBada. AJITOPUTM IPOTIOHYE
KUIbKa albTepHATUBHUX MApIIPYTiB, SIKIIO ONTUMAIBHHUM 3a BIICTaHHIO NUIAX HEAOCTYIHHMA
gyepe3 OOMEXKEHHs, TO s IbOI0 B NPIOPUTETHY YEPry BKIIOYAIOTHCS MapUIpyTd 3
MIHIMQJIbHUM KOMIIPOMICOM MK JIOB)KMHOIO 1 IOCTYIHICTIO.

Jlnst ypaxyBaHHs apaMeTpiB IHKIIO3UBHOCTI BUKOPUCTOBYEMO HACTYIIHI MMOKAa3HUKH, a
caMme, JOCTYNHICTh Ji(TIB, HasBHICTb MaHAYCIB, OCBITJICHHS Ta MAapKyBaHHS, MIUPUHY
MIPOXO/IB, TAKTUIIbHI TO3HAYKH.

Jliptn MaroTh MpiOpUTET JUIs KOPUCTYBauyiB Ha IHBAJAHUX Bi3Kax abo 3 BagaMu
OTOPHO-PYXOBOro amapary (mpodiib KOpUCTyBauya — «MAJOMOOUIBHICTB»). Y pasi
HECTpPaBHOCTI JiTa CcUCTeMa aBTOMAaTHYHO [I0JIa€ AIbTEPHATUBHUN Mapupyr i3
BUKOPUCTaHHAM MaHIyciB a00 CXOJIB 13 MiHIMaIbHUMHU MEPEIIKOIaMH.
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[Mannycu po3risiialoThCsl SIK MPIOPUTETHI €IEMEHTH MAapLIPYTy IS MaJOMOOUIBHHX
KOpHUCTyBauiB. Y pa3i X HasBHOCTI cHUCTeMa 30UIblye Bary pedep, sSKi BKIIOYAIOTh CXOJU
0e3 maHmyciB.

Jlisi KOpUCTYBauiB Ha Bi3KaX CHCTEMa BUKJIIOYAE BY3bKI MPOXOJAM Ta JBEPl, SKIIO iX
[IMpUHA MEHINIA 32 BCTAHOBJICH] CTAHIAPTH JTOCTYITHOCTI.

Jns nromeit i3 mopymieHHAM (BagaMu) 30py Bary peOp 30UIbIIYIOTH Y BUIAAKY
HEIOCTaTHBOTO OCBITJICHHS UM BIICYTHOCT1 TAKTHJILHOTO MapKyBaHHS.

I'pad Mae qMHAMIYHO OHOBITIOBATUCS HAa OCHOBI JAHHMX MPO HABKOJIMIITHE CEPEAOBUIIIE B
peambHOMY dYaci, Takux fK: craryc JiTiB (IpalfoloTh YW HE MPAIOIOTh); HAsSBHICTH
TTUMYACOBHX TepemmKko (OyIiBHUIITBO, PEMOHT a00 3a0JIOKOBaHI NUISAXH); MIMIOXITHHHA pPyX
(30HM IHTEHCUBHOTO PYyXY, K1 MOXYTh COPUYMHUTH 3aTpUMKH). Ll JaH1 BUKOPUCTOBYIOTHCS
JUISL BDaXYBaHHS 3HAYEHHS S;; B PEXKUMI PEATBHOTO Yacy.

Jnst peanizarii (3amycky) ajaropuTMy HOTPiOHO BHUKOHATH Psii MOCTIAOBHUX JIiH,
30Kpema, mepmmM etanoM € QopmyBanus rpady Oymiem G=(V,E). Jna uporo
MIPOBOJUTHCS 1HILIaJI3a1lisl BY3JIiB, @ cCaMe€ CTBOPIOEMO BY30JI ¥; JUISl KOXKHOIO KJIFOUOBOTO
Micus B Oy/iBiIl, sIKI IPUIMaOTh y4acTh Y IEpEMIlll€HH] Malll€EHTIB 110 TEPUTOPIi MEAUYHOTO
saknany. Pikcyemo koopauHatH (X;,Y,) KOXKHOTO U, -TO By3la. BpaxoByroum pesymbratu

MIPOBEICHOTO aHAJI3y CIOPYJ MEINYHUX 3aKJIa/liB, BAKOPHCTAHHS aJalITUBHUX aJITOPUTMIB,
MIPOMOHYEMO CTBOPUTH HACTYMHY MHOXHHY BY31iB V , sika Oyne o0’eJHYBaTH HACTYIIHI
MIIMHOXXHWHHU:

- MAMHOXUHY A — TIpUMIIIeHHS: KaOiHeTH, 30HU OYiKYBaHHSI, CAaHITapHI BY3JIH;

- MIMHOXUHY B —aBepi: Touku BXoay/BUXOY, ABEPHI MPOPI3U MK MPUMIILIEHHSIMU;

- maMHOXUHY C — CXOAH: MDKIIOBEPXOBI IEPEXOIH;

- miaMHOXKUHY L —midTr: maxTy midTiB Ta TOYKH X BXOIY/BHXOY.

- MIMHOXWHY H — manmycw: moXuii JOPLKKU TSl 3a0€31MeUeHHS TOCTYITHOCTI.

- migMHOXMHY G —rmepexpecTs KOpPUAOPIB: TOUKU 3JIUTTA YU PO3TATY:KEHHS
MapIHIpyTiB.

Busnawaemo, mo AcV,BcV,CcV,LcV,HcV,G V.

[Ipu yomy erleMeHTH BKa3aHUX MIJIMHOXHUH HE HaJeXaTh IHIIUM MiIMHOXKUHAM, TOOTO:

ANB=3,AnC=0, AnL=F, AnH=9, AnG=3,BNC=J,BNL=0,
BNH=0,BNG=F,CnL=F,CnH=3,CnG=F,LNnH=J,LNnG=,
HNG=J.

TakuM yuHOM

V=AuBUCULUHUG. (2)

MHosxuHa By31iB OyJie MPeACTaBIATH cO00I0 BiIKpUTE KiacudikaliiHe yrpynyBaHHS,
gake Oyne amanTyBatuca 10 OyIiBJII MEIUYHOIO 3aKiIagy 1 Moke OyTH MpeacTaBieHE y
Burisgi (3):

\Y ={ul,uz,...,un}, (3)

1€ N— KUIbKICTh BY3JiB, BUBHAYEHHUX y OYAIBII1 MEAUYHOTO 3aKJIaay.

HactynuuMm etanom e iHiniamizanis peOp. [[ns BUKOHaHHS JaHOTO eTamy HEeoOXiIHO
CTBOPUTHU MHOXUHY peOp E, sika Oyzne 00’eaHyBaTH HACTYIHI MiIMHOKHHHU:

- MIMHOXHUHY F —Kopumopw, o € CroTydeHHSIM MK By3JIaMu;

- MIMHOXKUHY | — CX00B1 Mepexoau, 10 3 €IHYIOTh TTOBEPXH;

- migMHOXHMHY W —1m1axTu JiTiB, 10 € BEPTUKAILHUMU CIIOY4YEHHSIMU MDK BY3J1aMU;

- MZIMHOXUHY Z — TOBXKWHA MaHIyCIB.
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Busuauaemo, mo FcE, | cE,W cE,Z cE. Exementn BKa3zaHUX IIIMHOXHH €
YHIKaJIbHUMH Ta HE BXOAATH Y 1HIII MIIMHOKUHU. TakuM YMHOM, JUIsl HUX CIIPAaBEIUBO

FNI=0,F W=, FNZ=3, 1 n"W=3,InZ=WnNZ=.
OTxe,
E=FuluWwuZ. 4)
MuoxuHa pedp Oyne mpencTaBisATH COOOI0 BIIKpUTE KiacHQiKamiiHe yrpyrnyBaHHS,

sgke Oynme amanTyBaThcs 1O OY[iBJII MEIUYHOTO 3aKJIaay 1 MOXKe OyTH MpeJCTaBleHE Y

surisiai  (5). BpaxoByemo, mo koxkHe pebpo €; 3'enHye 1aBa Bysd U, Ta U,

i=1.n, j=2..n, 1e N—KUIbKICTh BY3JIiB OYIiBIII MEIUYHOTO 3aKJIay, OTPUMYEMO:

E:{'ﬂ{ z'=1=_._=r1=j=2=...=r1}_ (5)
KoxxHe peOpo €; MaTuMe MoYaTKoOBY Bary @; piBHY Horo ¢isuuniii Bincrani d;.
wy =d;. (6)

Hactynuum eramom € Bu3Ha4yeHHS Bar MpoduI0 KOpHCTyBauya pi'; Ta CTaHy
cepe/loBUINA S;. 3 METOI BPaXyBaHHS IMMPOKOTO CHEKTPY (HaKTOPIB, sAKi BIUIMBAIOTH Ha

BUOIp ONTUMAIBHOTO MapuIpyTy Ui KOPHCTYBadiB 13 pI3HUMH HOTpedamu,
BHKOPHUCTOBYETHCS MTPOIYKITiifHA MO/IC)Tb 3HAHb.

[IpoxayxkiriitHa Moienb 3HaHB € e(heKTHBHUM 3ac000M Jytsi popmarmizallii mpaBuiI i yMOB
y cucreMax MpUUHATTS pimeHb. BoHa rpyHTyeTbcs Ha Habopi mpaBun R, ki
dbopmymoroThes y hopmarti: "Sxkmo (ymoBa), To (mis)". Y KOHTEKCTI CUCTEM MapIIpyTH3aIlii
Il MpaBWIa PEryIiO0Th 3MIHY Bar MaplIpyTiB 3aJIeKHO Big MpoQuUII0 KOpHUCTyBada Ta
MOTOYHOTO CTaHy cepepoBuma. CTpykTypa MoOJeni BKIIOYAE KUIbKa KIIFOUOBUX
komnioHeHTiB. [lo-mepie, me daktu, 1Mo MICTATh IHGOPMAII0 MPO TMOTOYHUN CTaH
Cepe/IOBUINA, HAPUKIAJ, AOCTYIMHICTh JIPTIB, MAaHAYCIB, MIUPHUHY ABEpEd, a TAKOXK IpO
npodine kopuctyBaua. Ilo-mpyre, HaOip mnpaBun 3a0e3nedye JIOT1YHI YMOBH, SKi
BHU3HAYAIOTh BUOIP ONTUMAIBHUX MapuipyTiB. Hapemiri, MOaynb NPUIAHATTS pillIeHb CIYTr'ye
MEXaHI3MOM BHUKOHAHHS IIUX MpaBWiI, MOIU(DIKYyHOUYM Bary MapuipyTiB BiIIlOBIIHO [0
BCTAHOBJICHHX YMOB, III0 TapaHTY€ aJanTHUBHICTh 1 TOYHICTh HABITaIItHOT CHCTEMH.

@opmanizanis npasuil R,y TpoaykuiiHid Mozenm 3abe3lnedye MOMKIUBICTh
JUHAMIYHOTO BHUOOpPY MapuIpyTiB 13 ypaxyBaHHSM BCTaHOBJEHHMX KpuTepiiB. [lpuxman
MIPaBUIIL:

Locmynuicmo ingppacmpyxkmypu

[TpaBuiio R, : flkimio mapumipyr BKIrOYa€ CXOAM, a KOPUCTYBAy NEPECYBAETHCS HA BI3KY,
TO BCTAHOBUTH Bary pedpa sk "HECKIHYEHHICTh'".

ITpaBmio R, : fIkmo midT HEJOCTYNHUIl (HECHIPAaBHICTb, PEMOHT), TO BUKIIOYUTHU BCi
MapIpyTH, SIKi 3aJIeKaTh Bl HOTO BUKOPUCTAHHSL.

InousioyanvHi npiopumemu Kopucmysaua, ujo 8U3HAaueHi tlo2o npoghinem

ITpaBuiio R;: fIkmo kopucTyBau Mae OOMEXEHHs y IEpPECYBaHHI Ta HPIOPUTETOM €
MiHIMi3aliss (i3UYHOTO HABaHTAXEHHS, TO JOJATH J0 Baru pedpa KOediIieHT 3aJIeKHO Bif
nigiomy abo cIycky.

[TpaBuiio R,: SIkio kopucTyBad i3 BajaMH 30py, a MaplIpyT Ma€ MOraHe OCBITJICHHS,
TO 30UTBIINTH Bary peOpa Ha BU3HAUEHUH KOEQILli€HT.

Junamiuni ymosu cepedosuwya
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ITpaBmiio R,: SIkimo cermMeHT MapmipyTy TMMYacOBO HEIOCTYIIHUH 4Yepe3 PEMOHT, TO
BHUKJIFOUUTH BIAMOBITHE peOpo 3 Tpada.

ITpaBuno Ry : Skimio B OyaiBii € BeluKa KUIbKICTh KOPHCTYBauiB, Ki BUKOPHUCTOBYIOTh
7T, TO 30LTBIIUTH Bary pelp, sSKi BKIIOYAIOTh JI(T, Yepe3 MOXKIIUBI 3aTPHUMKH.

Ili mnpaBuna 3a0e3nedyrOTh MOXJIMBICTH THYYKOI —ajmamTamii  Mapmpyry /o
PI3HOMAaHITHHX YMOB 1 IPOQiJIiB KOPUCTYBAYIB.

Bara peOp /11 KOHKPETHOTO KOPHUCTYBaya pi'; BU3HAYAETHCA MPO(DiIeM KOPUCTYBAUIB. 1
XapakTePUCTHKAMHU Kpalo — u; Ta L;. BoHa BpaxoBy€ KOHKPETHI NOTPeOH Ta OOMEKEHHS

KOPHUCTYBa4a, TakKi SK THUN MOOUIBHOCTI, CEHCOPHI 3MI0HOCTI Ta TUMYACOBI YM TOCTIHHI
¢b131uH1 OOMEKEHHS

piﬁzzgnzlfc(uiuwuj)f (7)

ne:

- U: mpoduib KopucTyBaua, SKUH MICTUTh TaKy iH(OpMAIlO, SIK THUI MOOUIBHOCTI,
repeBaru Ta OOMEeKEHHS.

- f.: dyHKis, ska 3acToCOBYe mpaBmwiIo R, I HalamTyBaHHS Baru pedpa Ha OCHOBI

npodinto kopucryaua U Ta BpaxoByluM THI KpaiB peOp u; Ta v; 30Kpema
MpUHAISXKHICTH 10 miamaoxuH C, L, H.
3HaYEeHHs, TIOB’S3aHE 3i CTAHOM CEPENOBHIIA S; BPAaXOBYE YMOBU HABKOJMIIHBOTO

CEpENOBHINA B PEANTbHOMY 4Yaci, sKi MOXYTh BIUIMHYTH HA JIOCTYNHICTh pebpa €; 3a
paxyHOK CTaHy BY3IiB u; Ta U;, a TAKOXK camoro pebpa €; . Lle Bkiouae Taki pakropw, sk

HECIIPaBHICTH Ji(pTa, THMYACOBI IEPEIIKOIH Ta BEIMKA KUTHKICTh MIIIOXOIIB
_ n
Sij _Zc:lgc(D1eij’Ui’Uj)’ (8)

ne:

- D: JlaHi npo HaBKOJIMIITHE CEPEOBHINE, SIKI MICTATh iH(pOPMAIIil0 B peaIbHOMY Yaci
po iH}pacTpyKkTypy OyaiBii (HapUKIIad, CTaH JiTa, yMOBU OCBITIICHHS ).

- 0.: yHKIisd, sIKa 3aCTOCOBYE MpaBWIO R [UIS HalalITyBaHHS BarW Kparo Ha OCHOBI

JIAaHUX HAaBKOJIMIIHBOTO cepefoBuina D Ta XapakrepucTuk Kparo pebpa €; (cTtan v, Ta v;)

Ta CTaHy camoro peopa.

Bara pebp rpada BusHauaerhcs KoMmOiHaIiero (i3MYHOT BiACTaHi, Barorw mpodiuis
KOPHUCTYBa4a Ta Barol0 HaBKOJHUIIHBOTO cepeaoBuina. DopMaiizyroud 1i KOMIOHEHTH 3a
JOTIOMOTOI0 MAaTeMAaTUYHOTO NPEJCTABJICHHA, aJanTUBHUK anroputMm [leiikctpu Moxe
JUHAMIYHO PEryIIOBaTH Baru pedp Ha OCHOBI KOHKPETHHX MOTpeO KOPHUCTyBada Ta CTaHY
cepenoBuina. Takuii migxix rapaHTye, 110 HaBiraimiiiHa cuctema 3abe3leuye ONTHUMAJIbHI,
JOCTYIHI Ta O€3MeUH1 MapuIpyTH AJsl BCIX KOPUCTYBaYiB.

Taxum YMHOM KpOKU MOAN(DIKOBAHOTO arOpUTMy JleWKeTpu OyayTh HaCTYIHI:

1. Iniyianizayis.

- Jlna KoXHOro By3na U, €V, BCTAHOBIIOEMO Opi€HTOBHY Bincranb dist v, = oo,
BcraHoBIII0OEMO Opi€HTOBHY BifcTaHb BUXiqHOTO By3na u) dist v = co.

- Imimiamizamis wepru npioputerie Q 3 ycima By3nmamu B V, TpIOpUTETHUMH 3a iX
MOTIEPETHIMH BiICTAaHSMHU.

2. OcHo8HUU YUuKi.
- [Toxu Q He mycre:
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- Butsryemo By30:1 v; i3 HAMEHINOK OPIEHTOBHOIO BIICTaHHIO Bix Q.
- [lnst xoxkHOTO Cycina v, 3 v;:
- O6uHCITIOEMO MHaMiuRY Bary @ = d. + Pk +S;

1j ij ij ij -

- shamo  dist(v,) > dist(v;) + @

i, oHoBnenns dist(v,) = dist(v;) + ;.

- OHOBIIOEMO Yepry npioputeriB Q HOBOIO OPIEHTOBHOIO BIICTAHHIO IS U .

3. Illpununenns:

- ANTOpPUTM 3aBEpUIYETHCS, KOJIM BCi BY3JIM OOpOOJICHI Ta BU3HAYCHO HAWKOPOTIIUIN
IUISX Bl BUXIJHOTO BY3J1a JI0 BY3JIiB IPU3HAYCHHS.

YacoBa  ckiaaHICTh  MOAU(DIKOBAHOTO  alropuT™my  JleHkeTpu — 3ayMIIaeTbes
O((V+E)logV), me V — kinbkicte BepminH y rpadi, a E— ximbkicte pebep. lLle
MOSICHIOETBCSI THUM, IO JWHAMIYHE KOPHUTYBaHHS Baru He 3MIHIOE (PyHAaMEHTaIbHOL
CTPYKTYpH aJICOPUTMY; BiH JIMILIE 3MIHIOE Bard pedep MijJ yac BUKOHAHHS.

OnHak CKJIAIHICTh MPOCTOPY MOKE JEMIO 30UTHIIMTHUCS Yepe3 HeoOXiIHICTh 30epiratu
J0IaTKOBY 1H(MOpMaIlito mpo npodull KOPUCTYBAYIB 1 YMOBH CEpEAOBHINA. 3a3BUYall UM
MO)KHa KepyBaTH, OCKUIbKU KUIBKICTh MPO(UIIB KOPUCTYBauiB 1 (PaKTOPIB HABKOJUIITHHOTO
CEpEeIOBHINA BITHOCHO HEBEIMKA MOPIBHSIHO 3 PO3MIpOM rpada.

PozmupenHs cTpyKTypu alroputMy rnependadae iHTErpamiio IpoAyKIiHHOT Moaeml SIK
OKPEMOTO MOJYJIsl, IO aKTUBHO B3aEMOJIIE€ 3 OCHOBHUMH KOMIIOHEHTAMH aJIallTHBHOTO
anroputmy Jleiiketpu. Moayne npodinto kopuctyBada 3abesneuye nepenady iHpopmairii
po IHAMBIAYyaldbHI HOTpeOM Ta MPIOPUTETH, IO JIO3BOJIAE aAITOPUTMY BpPaxOBYBaTH
crenugiuHi BUMOTH KOXKHOTO KopucTyBaya. Moxynp rpada MicTUTh 0a30Bl JaHl Mpo
CTPYKTYpYy OyaiBii, BKIO4aroun pedpa Ta BepmnHU rpada, sSKi CIYTyIOTh OCHOBOIO IS
MOIIYKy MapmpyTiB. BogHodac Momyns mnpoaykiliii oOpobise HaOlp mpaBui, 10
J03BOJISIIOTh MOU(DIKYBAaTH Baru pedp rpada 3ajaexHOo Bl TWHAMIYHUX YMOB CEpEIOBHIIA
Ta MoTped KopucTyBaya, 3a0e3Mevyroun alaliTUBHICTD 1 €EKTUBHICTh MApIIPYTH3AIII].

Ertanu poGoTu airoputMy 3 MpOaYKIIIHHOIO MOJIEIUTIO:

[Himiamizamis: 30uparoTbess GakTd MPO CcepepoBUIE (JOCTYIMHICTH MapIIpPyTiB, CTaH
iH(ppacTpyKTypH) Ta mpo(diIs KOpUCTyBaya.

Amnaniz npaBwi: IlponykiiiiHa mojaens oOpoOisie mpaBuia, BU3HAYAKOYM HEOOXiTHI
Mo uGikariii Bar peop.

Moaudikamis rpada: Baru peOp KOpUTylHOTHCS BIAMOBIIHO /10 Pe3yibTaTiB 0OpOOKH
npaBuwil. HegocTymHi MapiipyTi BUKITIOYAOThCS 3 Tpada.

Buxonanns anroputmy [eiikctpu: Ha onoBneHoMy rpadi BUKOHYETHCS MOIIYK
HaWKOPOTIIOTO HUISAXY, 0 BPAXOBYE YMOBU IHKIFO3UBHOCTI.

®opmyBaHHA pe3yabTaTy: KopucryBaueBi HaJae€ThCs ONTUMAIBHUI MapuipyT i3
MOSICHEHHSIM, K1 IpaBuia OyJau 3aCTOCOBaHI.

[TepeBaru inTerparrii:

['Hy4KiCTh: MOXJIMBICTh HIBUIKO aJANTyBaTHCA 0 3MIH y cepenoBulli abo morpebdax
KOpHCTYyBaya.

MacmtaboBaHICTh: MOKJIHMBICTh JOJIaBaHHS HOBUX TpaBHI 0e3 MOTpeOu 3MiHIOBATH
OCHOBHY CTPYKTYPY QJITOPUTMY.

IIpo3opicTh: 4iTKe MOACHEHHs, YoMy Oyi0 0OpaHO TOI 4M IHIIMM MapHIpyT, MiABUIIYE
JIOBIpY KOPUCTYBayiB.

[aTerpanis npoaykuiiHOT MOJeNi 3HaHb y aanTUBHUN anroput™ [ledkcTpu cTBOprO€E
edeKTUBHY CHUCTEMY MapHIpyTHU3allii, 3/aTHY BpPaxOBYBaTH IIUPOKUN CIEKTpP YyMOB 1
3a0e3neuyBaTé BUCOKHM piBeHb IHKIIO3UBHOCTI. Lle pileHHs 103BOJISE MOKPAIMTH SKICTh
0o0CcIyroByBaHHSI B MEAMYHUX 3aKIa/laX Ta 3a0€3MEeYUTH 3PYYHICTh 1 JOCTYMHICTh AJIs BCIX
KaTeropiif KOpUCTyBayiB.
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5 OBI'OBOPEHHA PE3VYJIBTATIB

[Momanpmmii pPO3BUTOK 1 BJIOCKOHAJCHHS CHUCTEMH HaBiramii BiIKpUBae 3HauHI
NEPCHEKTUBH ISl MOKpaleHHs ii (yHKI[IOHATBHOCTI, aJalTUBHOCTI Ta MacIITaOOBAaHOCTI.
OpHuM 13 HampsMIB € PO3MIMPEHHS MOXJIMBOCTEH TEPCOHANI3AIIT MapIIpyTiB, IO
BpPaxOBYBaTUMYTh piBeHb (PI3MUHOI aKTUBHOCTI, KOM(OPTHICTh TEpECYBaHHS, a TaKOXK
IHIMBIqyanbHI OOMEXEHHS UM CTaH 370pOB’s KOpUCTyBada. [HTerpariss pekoMeHmamii y
peaTbHOMY dYaci J03BOJHMTH ONEPATHBHO KOPHUTYBATH MapIIPyTH 3aJ€KHO BiI 3MIH
cepenoBuma. IlinTpuMka GaraTOMOBHOCTI 3pOOHMTH CHUCTEMY JOCTYIHOIO MJISi IIMPIIOL
aymuTopii, a BIPOBAMKEHHS TEXHOJOTIM JOIMOBHEHOI pPEaThbHOCTI CHPHUATHME OUIBII
IHTYITUBHIA Bi3yanizauii mapupytiB. KpiM Toro, ontumizaiisi ajaropuTMiB JJ03BOJUTH
MIIBUIIATA MIBUIKICTE POOOTH CHUCTEMH, OCOOJMBO Y BEJIMKUX OYAIBISAX, 30KpeMa 3a
JOTIOMOTOI0 MAlTMHHOTO HABYAHHS JJISl IIPOTHO3YBAHHS 3aBAHTAXKEHOCTI MapIIPYTiB.

[lepcriekTHBHU 3aCTOCYBaHHS aNTOPUTMY HE OOMEXYIOTbCS OKpEeMHMM OyniBIsMHU. Y
TOProBeJIbHUX LEHTpax MOAU(IKOBAHUI aJrOpUTM MO’KE JOTIOMOITH Bi/IB1TyBauaM 3HANUTH
ONTHUMAJIbHI MapLIPYyTH MDK MarasuHaMH 4d BHMXOJIaMH, BPaxOBYIOUM IOTOKH Jrojaed. Y
HaBYAJIBHUX 3aKiIagaxX aJIrOPUTM TOJIETIINTh TE€PeCcyBaHHS CTYACHTIB 1 TIepCOHATY,
BpaxOBYIOUM OOMEXEHHS JOCTYIHOCTI ayAUTOpPid. Y TPaHCIOPTHUX BY3/IaX, TAKUX SIK
aepoTOpPTH YM BOK3AJIH, CHPUATHME HIBHAKOMY U 3pYYHOMY TEpPECYBAaHHIO TMAacaXHpiB i3
ypaxyBaHHSM JOCTYMHUX 30H 1 Ji(TiB. Po3mIMpeHHs 3alporIOHOBAHOTO aIrOPUTMY MOILIYKY
ONTHUMAJIBHOTO MAapIIPyTy Ha 30BHIIIHE CEPENOBHINE BIAKPUE MOKJIMBOCTI CTBOPECHHS
IHKJTIO3UBHUX ~MICBKMX MapuUIpyTiB, BpPaxOBYIOUM SKICTh TpOTyapiB, NaHAYCIB YH
TpaHcropTHOi 1HpacTpykrypu. Kpim Toro, amroputM Moke OyTH 3aCTOCOBAaHUU Y
CHUCTEMax eBakyallii Jyisi ONTHUMaJIbHOTO BHUBEIACHHS JIOACH 13 OymiBenb IIia dYac
HaJ3BUYAHUX CUTyalllil a0 B TYPUCTHUYHUX MapIIpyTax Hjsi 3a0e3MeUeHHs] JOCTYITHOCTI
BU3HAYHUX M1aM’SITOK.

[Momanpuri TeopeTWyHI AOCHIIKEHHS CHPSMOBAaHI HAa aJaNTaIliio aaropuTMy s
cnenudiuHUX 3a7a4, TaKUX K eHeproeekTuBHICTh a00 minBuIIeHHS Oe3neku. [loeqnanus
anroputMy JleMkcTpu 3 IHIIMMH METOJAaMU ONTHUMI3allil, HAmpHUKIaJ, TE€HEeTUYHUMU
QITOPUTMAMH YW METOJaMH pOI0 YACTHUHOK, IO3BOJIUTH JOCSATTH 1€ OUIbII TOYHHX
pe3ynbTaTiB. BUKOpPUCTaHHS KOMITIOTEPHUX CHUMYISIIA JUIsi TECTYBaHHS alTOpUTMY Y
BIPTYaIbHUX CEPEIOBUIIAX TAKOXK CHPUIATUME HOTO BIOCKOHAJICHHIO.

MacmraOyBaHHsl CHUCTEMH Iepeadadae ii agamnTalilo 0 BEIUKUX OyiBEIbHUX
KOMIUIEKCIB 1 KaMIyCiB 13 Oarathbma 3’€IHaHMMHU 30HaMU. Po3poOka yHiBepcanmpHOTO API
CIPHUATUME IHTErparlii AITOPUTMY B Pi3HI KOMEPIIiiHI Ta AepKaBHI HaBIraIiiHi miaThopMHu.
Lle He TUIBKK PO3MWIHUPUTH cepy 3acTOCyBaHHS CUCTEMH, a i 3a0e3MeYuTh MiJBHUILEHHS
IHKJTFO3UBHOCTI B IUPOKOMY MaciiTadi. B pe3ynpTaTi 3anponoHOBaHUI METOJI MOXKE CTaTh
OCHOBOIO JUISl CTBOPEHHS YHIBEpCaJbHUX pIllleHb, SKI 3aJ0BOJILHATUMYTH TOTpeOU
KOPHUCTYBAYiB 13 pI3HUMHU BUMOTAaMH B Oy/Ib-SIKOMY CEPEOBHILLL.

6 BHUCHOBKHU

Y pe3ynbTaTi MPOBEAEGHOTO MOCHKEHHS OylOo [OCSITHYTO TOCTAaBICHUX I[UICH,
CIPSMOBAHUX Ha PO3pOOKY aIrOPUTMY MOLIYKY ONTUMAJIBHOTO MapLIPYTy Yy 3aKpUTHX
MPUMIIIEHHSAX 13 BUKOPUCTAHHAM MOJAU(DIKOBAHOTO anroputmy JledkcTpu Ta npoaykuiitHoi
MO/Iei 3HaHb.

VY mporeci po3poOku aganTuBHOrO ainroputMmy Jleiikctpu Oyma cTBOpeHa Horo
Moau(piKoBaHA Bepcis, sKa BpaxoBye creuu(idHi noTpeOu KOpHUCTyBadiB 13 0OMEXEHUMHU
MOXJIMBOCTSIMH. OCHOBHOIO IepeBaroro Iiei Bepcii € aganTailis Bar peOp rpada OyaiBii
3aJIeKHO BiJ] MOTped KOpUCTYBaya Ta IMHAMIYHUX YMOB CEpEIOBHILA, TAKUX K JOCTYIHICTh
7MiQTiB, MAHAYCIB YK HAsBHICTH MEpEIIKOJ. AJNTOPUTM 3AaTHUM BUKIIOYATH HEIOCTYIHI
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MapIIpyTH Ta MPOMOHYBAaTH AJbTEPHATHUBHI HUIAXH, 3a0€3MeUyl0ur NpU bOMY THYYKIiCTb
HaBITh B YMOBAaX YacTHX 3MiH CEPEIOBHILA, HAPUKIAJ, IMiJ Yac PEMOHTIB Y BUHUKHEHHS
HECIIPAaBHOCTEH.

[Mponykmiitna Moaens 3HaHB Oyna IHTErpoBaHAa B TIPOIEC MAapIIPYTH3allii, IO
J03BOJIMIIO popMai3yBaTH IpaBuia JUisi BAOOPY MapIIpyTiB, 3a0€3MeYMBIIN 00’ €KTUBHICTD
1 TpO30pICTh NPUHHATTA pimeHb. Ll1 Momens BpaxoBye IMIHMPOKHA CIEKTp (PaKTopiB,
BKJIFOUAIOYM MpOoQuUIh KOPUCTYBa4a Ta XapaKTEPUCTHKH CEpPEeNOBUINA. 3aBISKH il
BUKOPHCTAaHHIO CHCTEMa CTajla MacmTaboBaHOIO, 10 Ja€ MOKJIMBICTh JIETKO J0aBaTl HOBI
MIpaBWJIa Ta PO3MIMPIOBATH (PYHKITIOHAT JJIsl TOKPAIICHHS aIanTallil 10 pi3HUX CIICHAPiiB.

Teopernunuii BHECOK wi€i poOOTH Moisirae y Moau(ikamii KIACHYHOTO AITOPUTMY
JleikcTpu, sKui MOke OyTM 3aCTOCOBaHMH Yy PIZHOMAHITHHMX 3a/adyax MapuIpyTH3allii.
[IpakTHuHMI BHECOK BKJIIOYAa€E pPO3pOOKY OCHOBM JUIsl HaBIraliiHUX CHCTEM, LIO
BIINOBIal0Th NPUHIMIAM YHIBepcalibHOro ju3aiiHy. Taki cucreMu MOXyTh OyTH
e(pEeKTHBHO BHKOPHUCTaHI B MEIWYHHUX 3aKJIagaxX, TOPrOBEIFHUX IEHTpaX, HaBYAIBHHUX
YCTaHOBAX Ta IHIIMX THUIAX OYIiBENb.

TakuM 4YMHOM, 3ampONOHOBaHAa CHCTEMa IMOLIYKY MapLIpyTy VCIHIIIHO JOcsAriia
MocTaByieHuX LiIeil. Bona 3abe3neuye aganTHBHICTb, IHKJIIO3UBHICTh 1 €(EKTUBHICTH Y
HaBiramii BcepeuHi OyiBeNlb, CTBOPIOIOYM YMOBU i KOM(OPTHOTO IepecyBaHHs
KOpUCTYBaviB 13 pI3HUMH mOoTpedamu. Pe3ynbTatu 1bOTO JTOCHIDKEHHS MOXKYTh CTaTH
0a3010 JIJIs1 MOJAIBIINX POOIT y rany3i IHKIF3UBHOTO JU3aifHY Ta aBTOMAaTU30BaHUX CHCTEM
HaBirarii.

7 ETHWYHI JEKJIAPALIL

ABTOp HEe Mae Oyab-sSKkux (HIHAHCOBUX YW HE(IHAHCOBUX IHTEPECIB IIOJ0 MaTepiajis,
MPEACTABICHUX Y 1 CTATTI, SIK1 CJTiT PO3KPHUBATH.
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JOCJIKEHHS TEINJIOBUX BJJACTUBOCTEM
I'MMCOKAPTOHHOI'O BOT'HE3AXNCHOTI'O OBJIMIIIOBAHHA
CTAJIEBUX BAJIOK B YMOBAX ITO/KEKI

3aika H. I1.}

‘Hayionanvnuii ynisepcumem yueinornozo 3axucmy Yxpainu

Anortanisi: PoOora mnpucBsueHa BHPINIEHHIO aKTyaJbHOI HAaYKOBO-TEXHIYHOI  3aadi
YIOCKOHAJICHHSI PO3paxyHKOBOI'O METOJy BH3HAUYEHHS TEMIIEPATypHHUX TIOKA3HUKIB Y CTaJleBHX
0anKax i3 TINCOKApPTOHHUM BOTHE3aXUCHHUM OOJHIFOBAHHSM B YMOBaX TEIJIOBOTO BILUIMBY TOXKEXI,
HEOOXITHUH JUTsl OLIIHIOBaHHS BOTHECTIMKOCTI TakuX OajioK. Y pe3ysbTaTi MPOBEICHUX JOCIIPKEHb
OJIepKaHO JaHl TPO TEIJIOBI XapaKTEPUCTHKM TilICOKAPTOHHOTO BOTHE3aXUCHOI'O OOJIMIIFOBAHHS
cTajeBUx 0aJIOK, IO € YACTHHOO MOYATKOBUX JAHUX JUIS 3[IHCHEHHS TETUIOBOT'O PO3PAXYHKY.

OCHOBHOIO  TEMJOTEXHIYHOW  XapaKTEpPUCTUKOI  TIMCOKAPTOHHOTO  BOTHE3aXHCHOTO
OOJUITIOBaHHS, 1110 BUBYAsacs Oyia TeMIepaTypHa 3aJIeKHICTh HOro Koedili€HTy TEIUIONpOBiTHOCTI
MpH CTaJIWX 3HAYEHHSIX TYCTHHHU 1 TeruioeMHOCTi. JlaHa 3aleXHICTh BH3HAYCHA HA OCHOBI JIAHHX
TEeMITepaTypHUX BUMIPIOBaHb IPY BOTHEBUX BUIPOOYBAHHSX 3pa3KiB (hparMeHTIB cTaIeBUX OaJIoK.

Jnst mpakTU4HOi peanmizalfii TelIOTEXHIYHOrO PO3PaxyHKYy JIsl OI[IHFOBAHHS BOTHECTIMKOCTI
craneBoi OalkW i3 TINCOKAPTOHHHM BOTHE3aXUCHHUM OOJUIFOBAHHSM OJiep)KaHa TeMIlepaTypHa
3aJIeKHICTh HOTO KOe(illieHTY TEIoNpoBiHOCTI OyNa y3arajgbHeHa 1 mojiaHa y TaOnuuHiil ¢opmi.
OTpumaHa y3arajibHEHa 3aJICKHICTh KOE(II[iEHTy TEIIONPOBITHOCTI MOXe OyTH 3acTocoBaHA st
TiIICOKapPTOHHOTO BOTHE3aXMCHOTO OOJHMIIOBAHHS CTaJeBUX OAJOK ISl PO3paxyHKy TEMIIEpaTypu y
JMAHUX KOHCTPYKIIISX TOBITUHOIO 0 67.5 MM Ta ryctuHA 950 Kr/™m°,

VY cTarTi MoKazaHO pe3yibTaTH JOCIIKEHHS aJeKBATHOCTI JaHUX, OTPMMAHHUX 3a JIOTMOMOIOI0
OTPUMAHOI 3aieKHOCTi. )1 1150T0 OyJ10 TPOAHAI30BAHO KPUTEPil MPUUHATHOCTI, 1[0 BU3HAYAIOTHCS
Ha OCHOBI BiJHOCHOI Ta aOCONIOTHOI MOXHOKH PO3PaXyHKOBHX TEMIIEPATYPHHX ITOKAa3HUKIB. [l
aHaNi3y aIeKBaTHOCTI OTPUMAaHMX JAHUX PO3PaxXOBaHO 3HAYEHHS CTATHCTUYHUX KpuTepiiB Koxpena,
Crpronenta Ta ®imepa. [lokazaHo HaJeXHY aJeKBAaTHICTh OTPUMAHUX PO3PAXYHKOBHX IaHUX Ha
OCHOBI BH3HAYEHHOI TEMITEPATypHOI 3aJIEKHOCTI Koe(illi€eHTa TEIUIOMPOBIMHOCTI TIICOKAPTOHHOTO
BOTHE3aXHMCHOTO OOJHMITIOBAHHS, OCKUIBKHM ITPOAHATI30BaHI CTATUCTHYHI KpUTepii, AKi OyiIr BH3HAUEHI
IpU TIOPIBHSHHI PO3PaxXyHKOBHX Ta EKCIIEPUMEHTAJIbHUX ITaHUX, HE TIEPEBHIIYIOTH TaOINYHUX
3HAYCHb.

KurouoBi ciioBa: TerumodiznyHi XapakTePUCTUKH, KOS(IITIEHT TEILIOMPOBITHOCTI, CTaIeBl OAJIKH,
TiICOKapTOHHE BOrHE3aXMCHE OOMHUITIOBAHHS, BUITPOOYBaHHS Ha BOTHECTIHKICTb.

RESEARCH ON THE THERMAL PROPERTIES OF GYPSUM
PLASTERBOARD CLADDING OF STEEL BEAMS UNDER FIRE
CONDITIONS

N. Zaika®
INational University of Civil Defence of Ukraine

Abstract: The work is devoted to solving the urgent scientific and technical problem of
improving the calculation method for determining temperature indicators in steel beams with gypsum
plasterboard fireproof cladding under conditions of thermal impact of fire, necessary for assessing the
fire resistance of such beams. As a result of the conducted research, data were obtained on the thermal
characteristics of gypsum plasterboard fireproof cladding of steel beams, which are part of the initial
data for thermal calculation.

The main thermal characteristic of gypsum plasterboard fireproof cladding that was studied was
the temperature dependence of its thermal conductivity coefficient at constant values of density and
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heat capacity. This dependence was determined on the basis of temperature measurement data during
fire tests of samples of fragments of steel beams.

For the practical implementation of the thermal calculation for assessing the fire resistance of a
steel beam with gypsum plasterboard fireproof cladding, the obtained temperature dependence of its
thermal conductivity coefficient was summarized and presented in tabular form. The obtained
generalized dependence of the thermal conductivity coefficient can be applied for gypsum board
fireproof cladding of steel beams to calculate the temperature in these structures with a thickness of up
to 67.5 mm and a density of 950 kg/m®.

The article shows the results of a study of the adequacy of the data obtained using the obtained
dependence. For this purpose, the acceptance criteria were analyzed, which are determined on the
basis of the relative and absolute error of the calculated temperature indicators. To analyze the
adequacy of the obtained data, the values of the Cochrane, Student and Fisher statistical criteria were
calculated. The proper adequacy of the obtained calculated data based on the determined temperature
dependence of the thermal conductivity coefficient of gypsum board fireproof cladding is shown, since
the analyzed statistical criteria, which were determined when comparing the calculated and
experimental data, do not exceed the tabular values.

Keywords: fire, thermophysical characteristics, thermal conductivity coefficient, steel beams,
gypsum plasterboard cladding, fire resistance testing.
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1 BCTYIl

CrasnieBi 0alKy € MMPOKO 3aCTOCOBHOIO Y Cy4aCHOMY OYHIBHHIITBI KOHCTPYKTUBHUMH
eneMeHTaMu. [Ipu 1bOMY, HMIMPOKOTO BUKOPHUCTAHHS 3a3HAIM CTAleBl Oalku y Kapkacax
OyaiBeNb IMBHJIKOTO CIOpYKyBaHHs. Lle OymiBiai MPOMHCIOBUX Ta CUTLCHKOT'OCIIONAPCHKHX
00’exTiB (TEXHOJIOTIYHI IIEXH, CKJIaIi Ta CXOBUINA, €IEBATOPU Ta 3€PHOCXOBHIIA, TCILIUII Ta
ntaxodepmu), OyIiBIIi TPAHCIIOPTHUX MIAPHUEMCTB, BUCTAaBKOBO-PO3BaXKAJIbHI KOMIUIEKCH Ta
GI3KYIBTYpHO-030POBYl 00 ’€KTH, TOPTiBEIbHI KOMIUIEKCH, aJMIHICTPaTHBHO-TPOMAJICHKI
OymiBJIi, TOIIO.

['onoBHMM HENOJNIKOM CTajeBUX OaJOK € IXHS HHU3bKa BOTHECTIHKICTh. Brcoka
TETUIONPOBITHICTE CTaJIl Ta BITHOCHO Majll TabapuTH Mepepi3iB CTAICBUX OATOK € MPUYHOIO
iXHPOTO MBUAKOTO HarpiBaHHsg. HarpiBanHs craneBux Oanok go temmeparypu Bin 450 °C mo
650 °C mpu amif0ounMX MEXaHIYHWX HABAHTAKCHHSAX € MPUYMHOI0 HAPOINEHHS TUIACTHYHHX
nedopmartiit, € 11 HUX pydHiBHEMHE [1]. ¥ OUIBIIOCTI BUMAAKIB TAKHIA CTAH CIIOCTEPIra€ThCs
npu TpuBanocTi 15-20 XB BIUIMBY CTaHJAPTHOIO TEMIIEPATYpHOTO PEXHUMY IOXKEXI, 10,
MEePEBAYKHO, € HEIOCTaTHIM I BUIMOBIAHOCTI CTajJ€BUX OalOK BUMOTaM MO0 iXHBOT
BOTHECTIMKOCTI /{7151 mpuBeneHHs y BIAMOBIAHICTh CTajJe€BUX OaJIOK BUMOTaM MO0 iXHBOT
BOTHECTIMKOCTI C3aCTOCOBYIOTh BOTHE3aXUCHI CUCTEMH.

EdextuBHrMEU 3acobamm utsi 3a0€3medYeHHST BIATIOBIAHOCTI CTAJIEBUX OaJOK BUMOTaM
II0JI0 BOTHECTIMKOCTI € 3aCTOCYBaHHS BOTHE3aXWCHUX OOJMIIOBaHb, y TOMY YHCIII,
TiIICOKAPTOHHOTO BOTHE3aXMCHOTO oOymimroBaHHs. IlepeBarn iXHBOTO BHKOPHCTAHHS
3yYMOBJIEHE MPOAYKTHUBHICTIO, MOHTQ)XHMX OTepalliii, MOpPIBHAHO HEBEIUKOI Barolo,
HEBEJINKOIO BAPTICTIO 1 BUCOKMMH TETUIO130I0BAIbBHIMH BIACTHBOCTSIMH.

Jlnst OliHIOBAaHHS BOTHECTIMKOCTI CTaJIeBUX OaJOK ICHYE JBa OCHOBHHMX MIiIXOIU —
eKCIEPUMEHTAJIbHUI 32 METOJOM BOTHEBUX BHUIPOOYBaHb Ta PO3PAXyHKOBO-TEOPETUUHHM.
Bumoru mon0 mpoBeAeHH] OIIHIOBAaHHS BOTHECTIMKOCTI CTaJeBUX OajlOK Ta BOTHE3aXMCHOI
3IaTHOCTI MMOPUTTIB €KCIIEPUMEHTAILHUMH METOJaMHK OTKcaHi y cranaapTi [2]. Jauuii miaxin
€ TPyIO3aTpPaTHUM Ta BapTICHUM. AJITEPHATHBOIO J0 BUKOPUCTAHHS E€KCIIEPUMEHTAIBHUX
METOJIIB € 3acCTOCYBaHHS pO3paxyHKOBUX Merodl. HactanoBu mono 3miliCHEHHS
PO3pPaxyHKOBOI'O OLIIHIOBAHHSI BOTHECTIMKOCTI CTajeBUX 0aJOK 13 BOTHE3aXUCTOM HaJar0ThCs
y HopMmax [3].

3 ormaay Ha 1@, JOCHIDKEHHS 3 MHTaHb BOTHECTIMKOCTI cTajeBHX Oajok 3
rICOKapTOHHUM BOTHE3aXHCHUM OOJIMIIOBAHHSM € aKTyaJIbHUMHU.

2 AHAJI3 JITEPATYPHUX JAHUX TA IOCTAHOBKA INPOBJIEMH

JocnimkeHHsM Koe(illieHTy TeIUIONPOBIAHOCTI PI3HUX BOTHE3aXMCHUX 1 OyHIBEIbHHUX
MaTepialliB IPUCBIYECHO CEPIF0 EKCIIEPUMEHTAIBHUX 1 TEOPETUYHUX pobiT [4—16].

Po6ora [4] MicTHTh ONHCaHHS YOTHPHOX BapiaHTIB OI[HIOBAHHS BOTHE3aXHCHHX
BJIACTUBOCTEH OOJMITIOBAaHHS CTajeBUX Oalok. TamM TakoX ONMCAaHO pPI3HI BapiaHTH
3aCTOCYBaHHS HE3aXMINECHMX Ta 3aXWICHUX CTAJIEBUX OaJOK MpU 3aJy4eHHI METOIy
T€OMETPUYHOTO CEpPEeHBOr0 AaHAJNITUYHOTO paHXKyBaHHA. Y paMKkax Ii€e]l cucTteMH He
PO3IIISIHYTO 3aCTOCYBAHHSI TIICOKAPTOHHOTO OOJIMIFOBAHHS B SIKOCTI BOTHE3aXUCHHX 3aCO01B.

PoGoTa [5] MICTUTB pe3ynbTaTH AOCHIPKEHb pealbHOT MOBEIIHKH CTaJIeBUX OaJOK MpHU
BIUIMBI Nokexi. [Ipote gaHa poboTa He MICTUTH JaHUX 11010 MOBEAIHKU CTajeBUX Oalok i3
BOTHE3aXHCHUM TiIICOKaPTOHHUM OOJIMIIOBAHHSM.

VY poboti [6] HaBeaeHO AaHI MO0 BUNPOOYBAHHS CTaleBUX OAJlOK 13 CHy4yBaJbHUMHU
3aXMCHUMH NOKpUTTAMHU. Jlocninu Oyiau BUKOHaHI Ha o6nanHaHHi 1aboparopii HanionaneHO1
noXkexxHoi1 ciyx6u Itamii. IlpoTe y naHMX MOCTKEHHAX HEAOCTATHBO NPUIUICHO YBaru
BUNPOOYBAHHIM CTaJIeBUX OAJOK 13 TINCOKAPTOHHUM BOTHE3aXUCHUM OOJIHITFOBAHHSIM.
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PoGora [7] npucBsiueHO BHMBYCHHS TEIUIOBOTO BIUIMBY IIOKEKI Ha EKCIIaHJIOBaHUN
BEPMUKYIIT SK MOJU(IKOBAaHWUN HAMOBHIOBAY Ui 30UTBIIICHHS BOTHE3aXMCHOI 3JaTHOCTI
BOTHE3aXMCHUX NOKpUTTIB. IIpoTe y maHiii poOOTI HEIOCTaTHHO YBaru MpPUILICHO
riICOKapTOHHUM ITUTAM SIK BOTHE3aXHCHOMY 3ac00y aba eIeMEHTY BOIHE3aXHCHOT CUCTEMHU
CTaJeBUX OaJOK.

PoGoTa [8] micTuTh cHcTeMaTH30BaHI JaHi IMOAO MPOEKTYBAHHS BOTHE3aXUIICHUX
crajeBux Oanok 3a OpaswibChKOIO cHucTeMolo cTaHmapTiB. Cepex Takux 3aco0iB
MIPONIOHYETHCSI BUKOPHUCTAHHS OOJIMIIOBAHHS TICOKapTOHHMMH ImTamu. Ilpote, y nanii
po0OTI HE HABEJEHO BUMOT OO0 KOHCTPYKTUBHUX JAHUX BOTHE3aXHCHOTO OOJMIIOBAaHHS
TaKOro THITY.

VY nocnimxenH1 [9] BUKOHAHO MOPIBHSIHHS PE3y/bTaTiB €KCIEPUMEHTAIbHUX JTOCIIIKEHb
Ta pO3PaXyHKOBHX JaHUX INOAO TEMIEPAaTypH BCEPEAWHI BOTHE3AXHIIEHUX CTAJIEBUX
KOHCTPYKIIN B yMOBax MOXEeX1 3a MDKHapoJHUMHU pekoMeHpaamisMmu. [Ipore, nana poOota
MICTUTh OOMEXEHY KUIBKICTh JJAHUX 11010 BepHu(IKallii HaBECHUX MOJIETEH.

Po6oTa [10] npucBsueHa KOMIUIEKCHUM XIMIYHHUM JOCIIDKCHHSIM BIUIMBY XIMI4HOTO
CKJIay B’SDKYYMX Ha TIOJINIICHHS BOTHE3aXMCHUX BJIACTUBOCTEH BEPMHUKYIIT HHX Ta
rincoBux mwiut. [Ipote, y naniit poOOTI HE MPUALTEHO TaKWi BIJIUB HA 3HAYCHHS KOCQIIIEHTY
TEIUIONPOBITHOCT1 1HOTO 3MIHY Y 3aJIeXKHOCTI B TEMIIepaTypHy HarpiBaHHS.

Pesynbratu nmocmipkeHb, 1m0 HaBeAeHi y poOoti [11] omnMcyroTh BOrHE3axucHI
BJIACTUBOCTI TOJIMEPHUX MOKPUTTIB CTajleBUX Oasok. BumpoOyBaHHS NpPOBOIMINCH HpU
CTaH/IaPTHOMY TeMIIepaTypHOMY pEeXHMI MOXKeX1 1 Ha iXHIH OCHOBI OyJO BCTAHOBIJIEHO
B3a€EMO3B’SI30K MDK TXHIMM KOHCTPYKTHBHHMM IapaMeTpaMH Ta MEXEK BOTHECTIMKOCT1
craneBux Oanok. [IpoTe maHi JOCTIPKEHHS HE MICTIThH JaHUX II0JI0 METOJAMK BUBUCHHS iXHIX
Ter0(QI3MIHUX TTapaMETPiB.

PobGoTa [12] micTuTh maHi JOCHIKEHb BOTHE3aXUCHOTO TMOKPHUTTS IS CTaJeBUX OajoK
Ha OCHOBI €MTOKCHIHOT CMOJIA. AJie HaBEJIEH1 pe3yJIbTaTH HE TOPIBHIOBAIINCA 3 €(PEKTUBHICTIO
IHIITMX BOTHE3aXHWCHUX 3aC00IB, 30KpeMa Ha OCHOBI TIMICOKAPTOHHMUX TUTHT.

Pe3ynbratu eKkcrniepuMEHTAIbHUX, YUCIOBUX Ta TEOPETUUYHUX JOCHIHKEHb MOBEIIHKU
0aJI0K i3 BOrHE3aXHCHUM OOJIHIFOBaHHSAM omucani y po6oti [13]. Jocmimkeno temmneparypHi
MOKa3HUKKM HArpiBaHHs cTajeBUX Oanok. B Toil ke yac muTaHHS BOTHE3aXUCTy Ha OCHOBI
rICOKaPTOHHUX IUIUT TaKuX 0alloK HE PO3IJISIIAnoCh.

Y pob6oti [14] mpoanHamizoBaHO CydYacHI MiAXOAM JO PO3PaXyHKOBOTO OIIHIOBAHHS
BOTHECTIMKOCTI CTaJIeBUX OallOK 13 BOTHE3axXMCHUM oOnuiroBaHHsAM. [Ipu mpomy Oyio
3alporOHOBAHO  3aCTOCOBYBAaTH  YIOCKOHAJIGHUH  po3paxyHKoBui — meton.  Ilpote
MOPIBHSJILHUN aHaJi3 HOro e(PeKTUBHOCTI MOPIBHSAHO 3 IHITUMU METOJaMHU HE BUKOHYBAJIOCS.

Pesynbratu, HaBeneHi y po0oTi [15], 103BOMSIIOTH IPOCTIAKYBATH 3aJICKHICTh BEJIMYUHU
MeX1 BOTHECTIHKOCTI CTaJieBHX OalloK BiJ PO3KHAY TeMmIepaTypd Ha IxHIA o0O0IirpiBHII
noBepxHi. Pob6ora [16] MicTUTh MaHi 11070 BIUIMBY 3aCTOCYBAaHHS PI3HHX TEeMIIEpATYPHHX
peKUMIB TIOKEKI BIAMIHHI BiJ CTAaHJAPTHOTO HAa BOTHECTIMKICTh CTajeBHUX Oajok i3
BOTHE3aXHUCHUM 0OnuItoBaHHAM. [IpoTe 3amummuivchk 0e3 yBarum HUTAHHS BIUIUBY TaKHX
PEXHUMIB Ha cTaneBi OANKH 13 TICOKAPTOHHUM BOTHE3aXHCHUM OOJIMIFOBAHHSIM.

3aranoM MO>KHa 3a3HAYUTH, IO JOCTIKEHHS, CIPSIMOBaHI Ha BUBYEHHS BJIACTUBOCTEH
T'IICOKPTOHHOTO BOTHE3aXHCHOTO OOJMIIOBAHHS CTalleBUX OAJOK SIK KOMILIEKCY MOYAaTKOBHX
JaHUX [ BUpPIIEHHS 3a/7adl  pO3paxyHKOBOTO OILIHIOBAHHS iX BOTHECTIMKOCTI €
aKTyaJlbHUMHU.
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3 HOUJIb TA 3AJAYI JOCJIKEHHSA

Metoto poOOTH € AOCHIKEHHS TeIIo(Pi3UYHUX XapaKTePUCTHK TilCOKAPTOHHOTO
BOTHE3aXHCHOTO OONHIIOBaHHSA (parMeHTiB CcTaJieBUX OaloOK MiAJaHUX BOTHEBUM
BUIIPOOYBaHHSIM B yMOBaX TEIUIOBOTO BIUIMBY CTaHJAPTHOTO TEMIIEPATYPHOTO PEXKUMY
MTOKEXKI.

JUist JOCSTHEHHSI TOCTABJICHOT METH BHUPIIIYBAJIMCS HACTYITHI 3a/1a4i:

—  BH3HAYUTH KOE(QIUI€HT TEIUIOMPOBIAHOCTI TiNCOKAPTOHHOTO BOTHE3aXHCHOTO
OOJIMIIIOBaHHSI HA OCHOBI TEMIEPAaTypHUX BUMIPIOBaHb, OTPUMAHUX IIiJ] 4ac BUIIPOOYBaHb
(dbparMeHTiB cTajieBUX OAIOK 13 JaHUM THUIIOM BOTHE3aXUCHOTO OOJIUIIFOBAHHS.

—  BU3HAUUTH  TEMIEpaTypHy  3aJeXHICTh  Koe(IieHTa  TEIUIONpPOBITHOCTI
rCOKaPTOHHOTO BOTHE3aXUCHOTO OOJUIIOBAHHSA JJISl PO3PaXyHKy TEMIIEpATypH y CTaJeBUX
0aJoK 13 JaHUM THUIIOM BOTHE3aXHCTYy B YMOBaX BIUIMBY CTaHJApTHOTO TEMIIEPaTypHOIO
PEXUMY MOMKEXKI.

—  BU3HAYUTH TEMIEPATypHUIN PEXUM HarpiBaHHS CTale€BOi OAJKHU 13 TIICOKapTOHHUM
BOTHE3aXHUCHUM OOJIMIIOBAHHSIM B YMOBAaX BIUIMBY CTAHIAAPTHOTO TEMIEPATYPHOTO PEKUMY
MOKEX1 13 3aCTOCYBAHHSIM OTPUMAHOI 3aJ€XKHICTh Koe(ili€HTa TEIUIONPOBIIHOCTI JAHOTO
OOJIMIIFOBAHHS.

—  JIOCHITUTH a/IEKBaTHICTh PO3PaXyHKOBUX IMOKA3HUKIB TeMIlepaTypu Ajs (parMeHTiB
CTaJleBUX OaJlOK 13 TIMCOKAPTOHHUM BOTHE3aXHCHUM OOJMIIOBAHHSM B YMOBAaX TEIUIOBOTO
BILTUBY CTAaHAAPTHOTO TEMIIEPATYPHOTO PEKUMY IOKEXK1 HA OCHOBI BUSBIICHO].

4 PE3VYJIBTATU JOCJIIXKXEHb

Jnst mocnipkeHHsT Oyl0 BUKOPUCTAHO pE3yJIbTaTH BOTHEBUX BHUIPOOYBaHb 3pa3KiB,
KOHCTPYKTHBHA CXeMa SIKUX MPEICTaBlIeHa Ha puc. 1.

CraneBuii npodinb Tepmonapa
JINCTU rincokapToHy Lypynun dikcato I .
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3pasok | TNy 3pasok Il Tuny 3pasok Il Tuny
Puc. 1. KoHCTpYKTHBHI CXeMHU TIepepi3iB 3pa3KiB i BUIPOOYBAHHS

Jlns BHUBYEHHS BIACTUBOCTEH TICOKApTOHHUX IUIMT B yMOBax Harpiey Oyio
nepeadauyeHe BOTHE3aXUCHE OOJIMIIOBaHHS Ha OCHOBI JIUCTIB 3 TIICOKAPTOHY BOTHECTIHKOTO
BupobHuuTBa (hipMu «KNAUF (Vkpaina)» posmipamu 1200x2500 mm ToBHIMHOIO 12.5 MM,
BUTOTOBJNIEHHX 3a BUMoramu TYVY Cr. 2.7 24577862.001 98.

CrasieBi 3pa3ku i3 BOTHE3aXMCHUM OOJIMIIIOBAHHSM BUTOTOBJIEHI Y TPHOX MOJIU(IKAIIAX:
OJIHO-, IBO- Ta TPHOXIIAPOBOMY BUKOHaHHI. [[ys (ikcarii rincokapTOHHOTO OOJUIFOBAaHHS Ha
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CTaJeBOMY 3pa3Ky OylM BUKOPHUCTaHI KOMIUIGKTH KpINWIBHUX JETaleld Ta CTaJeBOTO
npointo ITIT 60/27 Bupobuunrsa dipmu «kKNAUF (Ykpaina)» tadim. 1.

Tadauus 1
[TapameTpu Ta TOBIIMHH OOJHUITIOBAHHS HA 3pa3Kax
. JoBxuHa 3sencna 3sencna Koedimient ['ycruna Topumna
[Tpodins TOBILIMHA TOBILIMHA . obnumro- | Tum
3paska 3pasia, nepepizy, | mepepisy, o fepepsy: |- LM, BaHHs (, | 3pa3ka
I, m ’ 2T AV, Mt | kB ’
0, MM MM MM
12,5 1
Ne20 0.95 3,4 4,5 222,2 950 25 2
37,5 3

Jlnia iHTepnperalii pe3yabTaTiB BUMIPIOBaHb, OTPUMAaHMX IiJ] YaC BOTHEBUX (PparMeHTIB
CTaJIeBUX OaJOK 3 BOTHE3aXHMCHUM OOJHUITIOBAaHHSAM BIAMOBIAHO 10 [2] 3aCTOCOBYETHCS
pexkypeHTHa ¢opMyaa A BHU3HAUEHHS MPHUPOLIEHHS KOEQIIEHTY TEIJIONMPOBIIHOCTI 3a
BCTAHOBJICHUI MTPOMDKOK 4Yacy, 10 Ma€ BUTIISA]

Y, ¢ 1 s
A ®)={d -—-cp. -Q+%) —— |-| AG,, +(e1° =D)AL, |, 1
p,[() p A apa ( 3) (a[—ea’t)At:| |: at ( ) [j| ( )
C,op A, A, A . : . .
ne ¢=——-——, — — Koe(ilieHT mepepidy Ais cTaneBoi OankH, 130JbOBaHUX
C.pa V
BOTHE3aXMCHUM MarepiajioM; ¢, — TNHUTOMa TEIUIOEMHICTh CTaji, IO 3aJeKUTh BiJ

TEMIIEPATYpPH; ¢, — MUTOMA TEIUIOEMHICTh MaTepialy, 10 He 3aJIeXHTh Bil TeMiepatypu; d, —
TOBIIIMHA BOTHE3aXHUCHOTO MaTepiany; At < 30 — iHTepBa (MPOMDKOK) Yacy, sl 0OUUCICHHS
npu 3HaveHH1 At 6inbme 30 ¢, npuiiMaeTbes 3HaueHHs piBHE 30 c; Afat — TeMriepaTypa craii
B MOMEHT yacy t; 6yt — Temmeparypa HaBKOJMIIHBOTO Ta3y B MOMEHT 4Yacy t; Afg: —
30UTBIIIEHHS TEMIIEPATYPU Y IPUMIIICHHI 13 TIOKEXKEI0 3a MPOMDKOK vacy At ; Ap — koedirieHT
TEIJIONPOBIMHOCTI BOTHE3aXHCHOI CHCTEMH; pa T'yCTHHA cTani; pp = 950 kr/M® — ryctuHa
BOTHE3aXHCHOTO MaTepiaiy.

Jns  BukopuctanHs  piBHsHHS (1) BHUKOpHCTaHI  TeMIlEpaTypHi  3aJeKHOCTI
Ter1o(i3NIHUX XapaKTEePUCTUK cTaii [2], siki HaBeaeHi y Tabi. 2.

Taéauus 2
Temnodi3nyH1 XapaKTEepUCTUKU KOHCTPYKLIAHOT cTami

KOC(I.)H_[IEHT. O06’eMHa MUTOMA TEIJIOEMHICTB, Cp(6)-p, ['ycruna,

TeronpoigHocti, A(6), 02-C G
Bt/(m-°C) T/ (v*-C)
425+0,7736-1,69 102602+2,22 10%03

54-3,33-102%6 npu 20 °C <6 <600 °C,

npu 20 °C <6 <800 °C, 666-13002/(6-738) ipu 600 °C< <735 °C, 7850
27,3 mpu 6 > 800 °C 545+17820/(6-731) nipu 735 °C< <900 °C,
650 mpu 900 °C < < 1200 °C
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3rigHo i3 pexkoMmeHuailisMu [2, 17] TEIJIOEMHICTh BBaKAEThCS CTAJOK 1 piBHA Cp =
1000 dx/(xr-°C).

Ha puc. 2. noka3ani rpadiku 3a1eXHOCTI BiJ] 4acy BEJIUYMHH CEPEIHBOI TeMIepaTypH
JUIs KOXKHOTO 13 3pa3kiB. BennumHa Temmeparypu Oyna ycepeqHeHa 3a MOKa3HUKAMHU TPbOX
TepMoTap, BCTAHOBJICHUX Ha CTaJIEBOMY 3pa3Ky, sIK MmokazaHo Ha puc. 1. Ha manux rpadikax
TaKOX TOKa3aHi BIIXWICHHS 3HAYCHb BUMIPSHOT TEMIIEPATypH Bijl 3HAUCHHSI MAaTEeMaTHYHOTO

OYIKyBaHHSI.
0, °C

800

600

400

200

t, xB
60

8001 -
600" -

4001 -
3paskm Ne5, Ne6

200

I t, xB
0 20 40 60

Puc. 2. Kpusi cepeanpoi TemMiiepaTypH UL 3pa3ka OIHOTO THILY YCepeIHEeHi 3a OKa3HUKaMH 3 TPbOX
TepMOIap BCTAHOBJICHUX Ha MOBEPXHI CTAIEBOr0 OCep/isl 3pa3KiB y 3aJIeKHOCTI BijI 4acy nepepoiry
BHIIPOOYBaHb

BukopuctoBytoun nani, momani y Ttabn. 1, Ta 3actrocoByroun Qopmyny (1), Oyio
BUKOHAHO OOYHCIIEHHSI KOE(III€HTY TEIUIONPOBITHOCTI TilCOKAPTOHHOTO BOTHE3aXHCHOTO
obmuiroBanHsa. OzepkaHi pe3ynbTaTd MOKa3aHi Ha PUC. 3 Y BUIJISAI KPUBUX 3alleKHOCTEH
Koe(illieHTy TEeIUIONPOBITHOCTI TICOKAPTOHHOTO BOTHE3aXMCHOTO OOJIMILIOBaHHS Y
3aJIeKHOCTI BiJl 4acy BUIIPOOYBaHHS.
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A, BT/(M-°C)
8 T
6_
4_
2F
0 A t, xB
0 20 40 60

Puc. 3. Kpusi 3anexnocreli KoedilieHTY TEIIONPOBIHOCTI TIICOKAPTOHHOT'O BOrHE3aXUCHOT'O
OOJTMIIIOBAaHHS 3pa3KiB 3aJIEKHO BiJl Yacy BUIPOOYBaHHS

Kpugi, mokazani Ha puc. 3 MalOTh XapaKTepPHI OCOOIMBOCTI, 110 MOKHA TPOCIIIKYBaTH
Ha MPUKIAIl XapakTepy 3MiHU Koe(illieHTa TeMIONPOBIAHOCTI IpU MOPIBHIHHI TOBCTOTO Ta
TOHKOTO mIapy OOJHIIOBaHHA. ICHye IMOMITHA BIIMIHHICTh SIKAa TPOSIBISIETBCA Y IMOSBI
MakcuMyMmy rpadiky KoediieHTa TeIIOMPOBIIHOCTI TICOKAPTOHHOTO OOJIUITIOBAHHS MaJlol
TOBUIMHM, 1 BIICYTHOCTI TaKOro MaKCUMyMy i1 3pa3KiB 13 TOBCTIIIMM IIapoM
TIICOKAPTOHHOTO BOTHE3aXMCHOTO oOuIfoBaHHs. [losBa TaKOr0O MakKCHMyMY ITOSICHIOETHCS
THUM, III0 TIPU MaJid TOBIIMHI T1IICOKAPTOHHOTO OOJIMITIOBAHHS Ma€ MICII€ BIUIMB BHYTPIITHIX
MPOIIECIB y CTall, 0 MA€ YITKUA MaKCUMYM TEIUIOEMHOCTI MPHU JOCATaHHI TEMIIepaTyp MpH
SIKUX CTIOCTEPIra€ThCsl MAKCUMYM Y TIIICOKaPTOHHOMY OOJIUITIOBAHHI.

[Ipn wHarpiBaHHi BCIX 3pa3KiB 13 TIICOKAPTOHHUM BOTHE3aXHCHUM OOJIMIFOBAHHS
3QJIEKHICTh 3MIHHM KOe(]illieHTa TEIUIONPOBITHOCTI Mae moaiOoHui Burisaa. CHuTbHOIO
OCOOJIMBICTIO € JOCTaTHhO TPUBAIHMMA Tiepiosy 30epekeHHs BENMYMHH KoedilieHTa
TEIUIONPOBITHOCTI Ha oxHOMY piBHI. [lpw mocsrHeHHI OULIBIIMX TeMIeparyp 3 TEBHOTO
MOMEHTY KOE(]IIIEHT TEIJIONPOBIIHOCTI TOYMHAE IMBUAKO 3poctaTd. lle Moxke Oyrm
MOSICHEHO THUM, III0 BHUIIAPOBYETHCS BUIbHA BOJIOTa Y TINCOKAPTOHI, a MOTIM aKTHUBI3YIOThCS
MIPOLIECH JAECTPYKIiS TICy pyHHYBaHHS CaMOro OOJIHIFOBAHHS.

Takox € TOMITHOIO IliKaBa OCOOJMBICTh 3MIHM KOE(QIIIEHTY TEIJIOTIPOBIIHOCTI
TIMCOKaPTOHHOTO BOTHE3aXUCHOTO OOJIMITIOBAHHS TOBIIHMHOKO OuIbINe 32 50 MM BiIMOBiIHUX
3pa3KkiB ()parMeHTIB CTaJeBUX OaJOK, IO TMOJATa€ y JOCATHEHHI MEBHOTO MIHIMyMYy Ha
novatkoBux crafiix 3 30 xB. Bona moxe OyTu NHOsSICHEHa TUM, IO Ma€ Micle Oinblia
KUTBKICTh BOJIOTH, SIKa JUCIOKYEThCS Yy KapKaci TiICOBOrO KaMEHI0 y 3pa3kax, e
rilCOKapTOHHE BOTHE3aXWMCHE OONHIIOBaHHS Mae Outblly ToBimMHY. [lpu HarpiBanHi
TICOKAPTOHHOTO OOJIMIIIOBaHHS MPUCYTHSI BOJIOTa MTOYMHAE BUIIAPOBYBATHUCS 1 TAKUM YHHOM
CHOBUIBHIOE TMIPOIIEC HArpiBy 1 TUM CaMHM BIUIMBa€ Ha Mepedir 3MiHM KoedilieHTa
TEIUIONPOBITHOCTI, SIK 11€ MOKHA MOOAYUTH aHANI3YIOYH BIMOBIIHI KPUBIL.

BpaxoByroun oxepkaHi pe3ynbTaTH, sSKi Oyau OOYHMCIeHI 3 BUKOPHCTAHHSIM
BUKOPUCTAaHHUX PO3PAXYHKOBHUX METOAMK, OYyi0o moOynoBaHo rpadik ycepeaHeHoT 3aIeKHOCTI
BEJIMYUHM KOeQilli€eHTa TeIIONPOBITHOCTI Bi Temneparypu. OTpuMaHuii rpadik nokazaHun
Ha puc. 4.
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4, BT/(M-°C)
| |

g i

S&mﬂﬂ—ﬂ@—@@—@@-@@"ee/e?/o 6, °C
0 200 400 600 800  1x10°

Puc. 4. YcepenHeHa 3anexHICTh BETHYHUHA KOeDilli€HTa TEIIOMPOBIIHOCTI BiJl TAOIMYHUX 3HAYCHB
TeMIepaTypu JJIs 3pa3KiB ()parMeHTIB CTaJICBHX OAJIOK 13 TIMCOKAPTOHHUM BOTHE3aXHUCHUM OOJUIFOBAaHHSIM

Jia  oOuucieHb TeMmIepaTypu HarpiBy CTajJeBHUX OaJOK 3py4HO 3aCTOCOBYBAaTH
3aJIeKHICTh KOe(illieHTa TEMJIOMPOBIIHOCTI Bl TEMIIEpaTypu y BUIIIAAI TaOIUYHOI Gopmu,
sKa TMoka3aHa y Tabm. 3.

Taoauus 3
Tabnuuna hopma TemmepaTypHOi 3aI€KHOCTI KoeilieHTa TeTUIONPOBITHOCTI
TIMICOKapTOHHOTO BOTHE3aXHWCHOTO OOJIUITFOBAHHS

KoeditieHT TemnonpoBiiHOCT1 [TuToma TenIoeMHICTD ['ycTuHa,
3

6, °C A(6), Br/(m-°C) cp(0), Tx/(xr-°C) ps Kr/M
20 1.2
50 0.094

100 0.011

150 0.023

200 0.136 1000 950
250 0.2

300 0.267

350 0.266

450 0.294

500 0.341

550 0.382

600 0.418

650 0.475

700 0.553

750 0.678 1000 200
800 0.611

850 1.212

900 1.201

950 2.014

1000 4.937

1050 15

Takum uymHOM, Oyna ojepkaHa 3&JIEXKHICTh KoedillieHTa  TEIUIONpPOBIIHOCTI
riICOKapTOHHOTO BOTHE3aXHWCHOT'O OOJUIIOBAHHS TOBIIMHOIO 70 67.5 MM, IO BiANOBiAa€e
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MOTIEPEeIHBO BCTAHOBJICHUM JIaHUM MUTOMOI TEIUIOEMHOCTI Ta TYCTHHH TilICOKapTOHY (JIUB.
Tabi. 2)

BukopucroByroun JaHi o0 TEIUIOPI3MYHUX BiacTuBOCTed (muB. Tabi. 3.8)
TiICOKAPTOHHOTO BOTHE3aXUCHOTO OOJUITIOBAHHS, IO OYJIO OJIEpP’KAHO PO3PAXyHKOBUM
[JITXOM, 3aCTOCOBYIOUM DPE3YyJIbTAaTH BOTHEBUX BHUIIPOOYBaHb (DParMEHTIB CTAJIEBUX OallOK
Oyl0  BHU3HAYEHO TEMIIEPATypHI PEKHUMU  TPOTPIBaHHS  BUIPOOYBAaHHUX  OCEPIs
BUTIPoOOBYBaHUX. [l mpoBeneHHsT OOYMCIEHb TEMIEpPaTYpHUX PEXHMIB HarpiBy 3pa3sKiB
OyJ10 3aCTOCOBAHO PIBHSIHHS

Aﬁa]t — /’i’pAp . (eg,t _Ha,t) X
vd,c, (L+¢/3)

At—(e"° -1)-AG,,. (2)

Pesynbratu oGuuciaeHb HaBEAEHI Y BUIVISI KPUBHX TEMIIEPATYpPHUX PEKUMIB HArpiBy
CTaJIEBOTO OCEpAs 3ap3KiB pa3oM 13 KPUBUM, IO OJIep’KaHl €KCIEePUMEHTAIbHUM IIISXOM.
[ToOynoBaHi KpUBI TEMIEpAaTypHUX PEKHUMIB MOKa3aH1 HAa pUC. S

6, °C
| T
800+ /1)/ /_/ﬂ'—"_:'—_
600F .~ 7 |
A
400 0 |
/,\3
200 P |
0= - . | t, X8
0 20 40 60
6, °C
| T
| 1 /_//,/’_ﬂ—’_d:
800 /}
- ,’/ A‘-
6001 - . 7
400 _>,' |
3 9
200 oo -,_\ Ne _
0== i ' t, XB

Puc. 5. I'padiku TeMriepaTypHAX pEKHUMIB HATPiBY CTAIEBOTO ocepas 3paskiB Oamok Nel, Ne2 (a) Ta 3pa3kiB Ne3,
Ne4 (6) 3 TiNCOKAPTOHHUM BOTHE3aXMCHUM OOJMIIOBAHHSM : | — CTAaHJAPTHUI TEMIIEPATYPHUIN PEIKIM TIOKENKI;
2 - eKCIIepUMEHTAIBHI J]aHi; 3 - pO3paxyHKOBI JaHi

KpuBi Ha puc. 5 BKa3ylOTb Ha HEBEIMKY pO30ODKHICTD MDK pPO3paXyHKOBUMH Ta
eKCTIIEpUMEHTAIbHUMU JTAHUMH, SIK1 OJIeprKaHi 3a y3arajJbHEHOIO TEMIIEPATYPHOIO 3aJICKHICTIO
KoeillieHTa TEeIUIONPOBIIHOCTI T1ICOKAPTOHHOTO BOTHE3aXUCHOTO OOJIMIIFOBaHHS.
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5 OBI'OBOPEHHA PE3VYJIBTATIB JOCJIIKEHHSA

3 METOI0 BUBUEHHS JIOCTOBIPHOCTI PE3y/IbTaTIB OOUUCIICHHS TEMIIEPAaTYpHUX 3HAUCHb Ta
KpUTEPiiB NPUHHATHOCTI pe3yJbTaTiB pO3paxyHKy MapaMeTpiB TEIJIOBOTO BILIMBY MOXKEXI Ha
3pa3ku (parMeHTIB CTAJIEBHX OAJOK i3 TIMCOKAPTOHHUM BOTHE3aXHUCHUM OOJHIFOBAHHSIM
OyJl0 BU3HAYEHO BIAMOBIMHI CTATHCTUYHI MOKA3HUKH OTPHUMAHUX PO3PAXyHKOBUX JaHUX.
OOuuciieHI TOKa3HWKU CEPeJHIX BEIUYMH aOCOJIFOTHOTO  BIIXWJICHHS, BIJIHOCHOTO
BIIXWJICHHS,  CEPEIHBbOKBAIPATUYHOTO  BIAXWJIEHHS TpPH  TOPIBHAJIBHOTO  aHANIZY
eKCTIEPUMEHTAIBHUX 1 PO3PAaXyHKOBUX TaHMX JUIS JTOCIIKYBaHUX 3pa3KiB 3BelEHi 10 TaoIl.
4.

Taoauus 4

AOCOIOTHI, BIIHOCHI Ta CEpeIHbOKBAIPATUYHI PU MOPIBHSAHHI PO3PaXyHKOBUX Ta
€KCIIEPUMEHTAJIbHUX MTOKA3HUKIB

Ne 3paska AGcomoTH1 BinnocHi CepenHboKBaipaTHy
Biaxuienss, °C Biaxuienus, % Hi BigxuaeHus, °C

1 40.796 12.89 18.27

2 37.673 12.682 9.655

3 30.345 9.082 6.09

4 39.271 14.505 17.24

5 15.07 4.247 3.915

6 25.302 8.3 9.619
Cepenni 3HaUEHHS 31.41 10.284 10.798

CratucTUuHI MOKA3HWKH, MOKa3aHl y Taba. 4 BKa3ylOTh Ha Te, IO MOXHOKa, OTpUMaHa
IUISIXOM MOPIBHAJIBHOTO aHaji3y PO3PAaXyHKOBHX Ta EKCIIEPUMEHTAIbHUX TEMIIepaTypHUX
TaHUX Y 3pa3kax (¢parMeHTiB CTaJeBUX OallOK 13 TINCOKaPTOHHUM BOTHE3aXHCHUM
OOJIMIIIOBAaHHSM CYTTEBOTO BIUIMBY Ha TOYHICTH PO3pPaxyHKIB HE Ma€, OCKUIBKH CEpEIHE
3HauYeHHS BIIHOCHOI nmoxuOku He mepesuinye 10.3 %, a 3HAUEHHS CepeIHBOKBAAPATHUYHOTO
BinxmieHHs € He Bumie 10.8 °C. Ile mae 3Mory cTBepKyBaTH, 1110 3a MPOBEACHUM aHAII30M
CTAaTUCTUYHHUX MapaMeTpiB OOYHMCIEHUX AAHUX IIOJI0 TEMIIEpAaTypu OJep)KaHa 3aJIeKHICTh
KoedilieHTa TEIUIONPOBIIHOCTI MOXKe OyTH 3aCTOCOBaHA Ui PO3PaxXyHKIB TEMIIEpaTypH
HarpiBaHHs CTaJeBUX 0aJIOK 13 TIIMICOKAPTOHHUM BOTHE3aXUCHUM OOJIUITFOBAHHSM.

Jlani mo10 po3paxoBaHMX CTATUCTUYHMX KPUTEPIIB Ul TEMIIEPaTypHUX MOKAa3HUKIB
BIINOBIHUX BUIIPOOYBAHUX 3pa3KiB MojaHi y Tabi. 5.

Taoauusa 5

CraTtucTuuHi  KpuTepii [MIOAO PO3PAaxOBaHUX TEMIEPATypHHX JaHUX  JUIA
BUNPOOYBAHMX 3pa3KiB CTaEBUX OAJIOK 13 TIICOKAPTOHHUM BOTHE3aXHCHUM OOIUIIOBAHHSIM

No 3paska Kpurepiii Koxpena | Kpurepiit CteionenTa Kputepiit ®imepa
1 0.411 0.703 0.904
2 0.396 0.641 0.907
3 0.624 0.659 0.986
4 0.578 0.68 0.927
5 0.85 0.876 0.959
6 0.684 0.823 0.931
7 0.549 0.656 0.886
8 0.584 0.72 0.928
3aika H. I1.
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OTtpumani naHi y Tabi. 5 MoKa3yroTh, [0 CTATUCTUYHI KPHUTEPIl, SIKI XapaKTepHU3yIOTh
PO3KUJ BIIXWICHb TEMIeEpaTyp y IOCIHKYBAHHUX 3pa3Kax HE MEPEBHUINYIOTH TaOIMYHUX
3Ha4yeHb. lle 3HAUMTH, WO OJAEp)KaHA 3AICKHICTH Koe]illieHTa TEIUIONPOBIIHOCTI BiA
TEMIIepaTypu Mo>ke OyTH 3aCTOCOBaHA SIK 3arajibHa JJIsl PO3paxyHKy TeMIIepaTyp HarpiBaHHsS
CTaJIeBUX OAJIOK i3 TIMCOKAPTOHHUX BOIHE3aXHCHUM OOJIMITIOBAHHSM.

6 BUCHOBKH

1. Oneprkana y3arajgbHEeHa 3aJISKHICTh KOe]illieHTa TEeTJIONPOBIAHOCTI TIICOKAPTOHHOTO
BOTHE3aXHCHOTO OOJMIFOBaHHS BiI TeMmIeparypu y TaOmuuHid ¢opwmi, ska Moxe OyTu
3acTOCOBaHa Ui OOYHCIICHHS TEMIIEpaTypu Yy CTaJIeBHX Oajlkax 13 JaHUM THIIOM
BOTHE3aXUCTy Y IHTEpBaJl 3HAUYE€Hb WOTO TOBIIMHU 70 67.5 MM TpH 3HAYEHHI MUTOMOI
temmoemuocti 1000 [x/(xr-°C) ta ryctunau 950 kr/m°,

2. Tlokazano, 10 oOjepX.aHa 3aJEKHICTh KOEQIIiEHTa TETUIOMPOBITHOCTI  BiJ
TeMIlepaTypu Moke OyTH 3acTocoBaHa SK 3arajJbHa [UIsl pPO3pPaxyHKY TeMIEepaTypHUX
MOKA3HUKIB TIPU HArpiBaHHI y CTAJIEBUX OAJIOK 3a CTaHJAAPTHOIO TEMIIEPATyPHOIO KPHUBOIO 13
TIMCOKaPTOHHUM BOTHE3aXHCHUM OOJIMIIOBAHHSAM, OCKUIHKM BEJTUYMHA BITHOCHA TIOXHOKA HE
nepesuinye 10.3 %, a Benu4MHa cepeJHHOKBAAPATUUYHOIO BiAXWIEHHA He nepesBunrye 10.8
°C.

3. INokazano mo cratucTH4HiI KpuTepii agekBarHocTi Koxpena, CthromeHTa Ta dimepa,
oOuMclieHux Juid pe3yibTaTiB pO3paxyHKy TeMIlepaTypu y CTaleBuX Oaikax 13
TICOKapTOHHUM  BOTHE3aXWCHUM  OOJIMIIIOBAaHHSAM  TIPU  TMOPIBHSJIBHOMY  aHaji3i
PO3paxyHKOBHX Ta €KCIIEPUMEHTAIbHUX JaHUX MalOTh 3HaYeHHS He Ouiblie BiAmoigHO 0.7,
0.88 Ta 0.96 1 He € OuTbIIMMU 32 TaOIMYHI 3HaYeHHS. [le 03Havae, Mo pe3ynbTaTH 00YNCICHB
MIPU 3aCTOCYBAaHHI OTPUMAHO1 3aJIKHOCTI KOe]illieHTa TEIJIOMPOBIAHOCTI BiJl TEMIIEPATypH €
a/IeKBaTHUMH.

7 ETWYHI JEKJIAPALIL

ABTOp HE Mae BIiANOBITHUX (iHAHCOBUX YW HEPIHAHCOBUX IHTEpECIB, SKI CIIiJT
PO3KpHBaTH.
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3ACTOCYBAHHSA CUCTEM HITYYHOI'O IHTEJEKTY JJIA
BUPIIIEHHS MMPOBJEM MMOXKEXXHOI BE3IIEKHU

JNanuk 10. 0.1, Kipiuenxo JI. 0.2

YHayionanvnuii ynieepcumem yusinbrozo saxucmy Ykpainu
200ecvka Oepocasna axademis 6YOieHUyMEa ma apxXimexmypu

AHoTanifA: Y craTri 0coOnMBa yBara 3BEPTAETHCS HA KATaCTPO(H, CIPUYHUHEHI PAKETHHMH
o0cTpinamu, TEXHOrE€HHHUMH aBapisMH Ta NPUPOJHUMH IMOXKEXKAMH, SKi MAIOTh 3HAYHI JIFOJICBKI Ta
MaTepiajbHi BTpaTH. BusiBieHo OCHOBHI (pakTOpy BUHHKHEHHsSI MAaclITa0HWUX TOXKEXK, 3HAYHUX
MaTepialbHUX 30UTKIB Ta €KOJIOTTYHUX HACII/IKIB, BU3HAYCHI JIOJChKI Ta MaTepiaiabHi 30MTKH. Takox
MpoaHali30BaHo 3anyueHHs cui ta 3aco0iB JICHC Ykpainu Juist JTKBimamii Moex 1 HaA3BUYAHHUX
CHUTYaIlil.

[IporonytoTbcst HOBI MiAXoAW g0 3a0e3NeueHHS NOXKEKHOI Oe3lmeku, 30KpeMa depes
BHUKOPHUCTaHHS CYYaCHHX TEXHOJOTIH, TakuX sk mryuHuit inTenekt (LUI). Il Mae 3HauHMIA TOTEHITIAT
JUTSL TIOJIIMIIIEHHSI KOXKHOTO €TaIry poOOTH 3 TIOKEKaMH: BiJi IPOTHO3YBAHHS Ta PAHHBOT'O BHUSBIICHHS
JI0 YIIPABIIiHHSI pECypCaMHt Ta BiHOBIICHHS TEPUTOPIN MiCJI HAJ3BUYAHHHUX CHTYaIliii. BukopucranHus
I no3Bonsiec CKOPOTUTH 4Yac peakilii, MiJBUIIUTH TOYHICTH aHalli3y PU3UKIB Ta OINTHUMI3yBaTH
YIpaBIIiHHSA €BaKyalli€ro. 3aBIAKU IHTerpaili uX TEXHOJIOTH MOXKJIUBE CTBOPEHHS OUIbII Oe3MeUHUX
1 CTIMKHX CHCTeM, SIKI CHPHSIOTH MiHIMI3alil 30MTKIB Ta MiABHINECHHIO HAJIMHOCTI pearyBaHHS Ha
TTOXKEXKI.

B poboti mpoBeneHnil aHami3 BITYM3HSHUAX Ta 3apyODKHHMX JIOCHIJDKEHb, SIKHH MiIATBEPIKYE
e eKTHBHICTh 3aCTOCYBAaHHSI TEXHOJIOTIM INTYyJdHOTO IHTENEKTY I MOHITOPHHTY, aHaji3y Ta
MPOrHO3YBaHHS HAI3BMYalHMX CHTyalliil. 30Kpema, Taki TEXHOJIOrii, Ak LU(POBI JBIHHHUKH,
QITOPUTMH MAIIMHHOTO HaBYaHHS JO3BOJISIIOTH OIEPATHBHO pearyBaTH Ha TIOXKEXI, MMOKPaIlyBaTH
YIIPaBIIHHS PATYBAJILHAMH OIEPAITIMA Ta MIHIMI3YBAaTH PU3HKH JIJIST HACCIICHHS.

[IporpaMHi KOMIIJIEKCH 3 BHUKOPHUCTAHHSIM INTYYHOTO I1HTENEKTY HAJalOTh MOXKIUBOCTI IS
TIPOTHO3YBAHHS PHU3UKIB TIOXKEK, MIBUIKOTO BHUSBIICHHS 3aiiMaHHsS, ONTHMI3arii pecypciB I dac
TaciHHS Ta TUTAHYBAHHS 3aXO[iB KOHTPOMIO. Tako BOHM 3a0e3MeuyroTh aHalli3 HACHIAKIB MOXKEXK Ta
CIIPUAIOTH PO3POOLI CTpaTeriii ans 3amobiranns MaiiGyTHIM 3arpo3aM. IXHe BUKOPHCTAHHS OXOILTIOE
BCi eTamy poOOTH 3 MOKESKAMHM, BiJl IPOTHUIIOKESKHIX 3aXO0JIiB 0 BiTHOBIICHHS TEPUTOPIH. IHTErpartii
MOMIOHMX CHCTEM Y BITYM3HSIHY NPAKTUKY IUTS MIOBUIICHHS DPIBHS MOXKEXHOI Oe3meku. OIiHEeHO
MOTEHIliaN 1HTerpamii MOMIOHMX CHCTeM Yy BITYM3HSAHY TNPAKTUKY 3 METOI0 ITi/IBHUINEHHS PiBHA
nokexxHoi Oe3meku. I[urerpamis Il mo3Bomnse omepatwBHO OOPOOIATH BENMHKI OOCATH IaHUX,
3a0e3medylour TOYHICTh Ta €PEKTHUBHICTh aHANi3y, IO € KPUTHYHO BAXXIIMBUM JJISI CBOEYACHOTO
pearyBaHHS Ha HaJI3BUYAlHI CHTYaITil.

KiouoBi ciioBa: TOXeXa, HAJA3BUYAHA CHTYyaIlis, MPOTPAMHI KOMIUICKCH, MITYYHUH
IHTENEKT, IOKEKHA Oe3meKa.

APPLICATION OF ARTIFICIAL INTELLIGENCE SYSTEMS TO
SOLVING FIRE SAFETY PROBLEMS

Yu. Danyk?, D. Kirichenko?
INational University of Civil Defence of Ukraine
20desa State Academy of Civil Engineering and Architecture

Abstract: The popularity of translucent materials in construction, especially in high-rise
buildings, creates challenges for improving approaches to fire safety. Translucent designs have a
limited. During a fire, they can quickly heat up, crack or even collapse, which helps the fire to spread
to other parts of the building and increases the speed of fire spread.
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Practical methods and methods of limiting the spread of fire on building facades are considered
in the work, including the use of fire eaves, protective screens made of fire-resistant material, limiting
the area of the window opening, as well as the use of water irrigation. Water irrigation is an effective
method of extinguishing fire and cooling facade elements, but its parameters, such as working
pressure, water flow, location, etc., require careful research to achieve maximum efficiency.

The purpose of this work is to use the PyroSim software complex to investigate the effectiveness
of sprinklers for the protection of transparent structures on the facade of high-rise buildings and to
determine their main parameters.

With the help of PyroSim, a detailed three-dimensional model was created, which takes into
account the complex geometric shapes of the building and the impact of fire protection systems, taking
into account the features of translucent facades. In the course of research, structural elements that can
affect the spread of fire and smoke are also taken into account, namely the characteristics of materials,
fire load, installation of window openings. PyroSim, simulating the spread of a fire, made it possible to
take into account heat and smoke flows, convective effects occurring during a fire, as well as the
interaction of sprinklers with the heat load.

The results of such modeling can be used to optimize the design of fire protection systems and
ensure the compliance of building regulations with fire safety issues. In particular, modeling allows
you to determine the most effective ways to place sprinklers, taking into account the specific
conditions and structural features of the building. Thanks to this, it is possible not only to increase the
level of protection of buildings against fires, but also to minimize the costs of installing and
maintaining fire systems.

Keywords: fire, simulation, destruction, sprinkler, PyroSim.
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1 BCTYII

3pocTaHHs KUTBKOCTI Ta IHTEHCHBHOCTI TMOXEX Y CBITi, BUKJIMKaHE 3MIHAMH KIIMAaTy,
CTBOPIOE HOBI BHKIMKH Yy cdepi moxexHoi Oe3nekd. SICKpaBUM TNPHKIAIOM MPOSBY
HeOe3MeKH € JIicoBi moxexi B JIyrancekiii oomacti (Ykpaina, JIyranceka o0macts, puc. 1). Y
BepecHi 2020 poky Ha JlyraHnIuHi JICOB1 TOKEKI OXOTHIIN KUTbKA palioHIB. YHACTIIOK i€l
eKoJIoTiuHO1 KaracTpodu 3arunyan 5 ocid, 109 orpumanm mnopanenHs, a monax 3000
MEIIKaHIIB Oy/IM eBaKyioBaHi. 3arajibHi MarepiaabHi 30MTKU OIIHWIN Y TTOHAA 12 MUTBHOHIB
rpuBeHb. 3a iHpopmariicto Kabinery MiHicTpiB Ykpainu, 3arajgbpHa 1uiola noxesxi ouipme 20
TUCsY rexTapis [1].

Puc.1. [Toxexi B JIyrancekiii odiacri, 2020 pik, Ykpaina

Byno BusBIEHO KiTbKa MPUYMH BUHUKHEHHS Ta MOMIMPEHHS MOXKEX:

— MOPYIIEHHS MTPAaBUJI IPOTUIIOXKEKHOT OE3IEKH Y JIICOBUX MAacHBaXx;

— MOJIMB1 HABMHUCHI TiNaMu (MI03PIOETHCS JTIOACHKUN (hakTop);

— HECIPUSTIIMBI MOTOJHI YMOBH, 30KpeMa CWIbHHI BiTep A0 25 M/c Ta BHCOKa
TEeMIIepaTypa;

— HENOCTaTHs KUIBKICTh pecypciB ISl ONEpPaTUBHOIO pearyBaHHS Ha HaA3BUYAMHY
CUTYAIIIIO.

Ile mpuBeno OO0 BUHUKHEHHS MacHITAOHUX TMOXeX Ha JlyraHmwuHi, SKi HIBUIKO
MOUIMPIOBAJIMCS Yepe3 MOT01y Ta 3aBAAIN 3HAYHOI HIKOJW MPUPOJi, CIPUYUHHUBIIH JTIOJCHKI
KEPTBU Ta 3HA4H1 MaTepiajabHi 30UTKU.

Takox, BuUHMKamu JicOBI MOKexi B YopHOOMIBCHKINA 30HI BiguykeHHs (YkpaiHa,
KuiBceka obnacts, puc. 2). Iloxxexi B 30H1 BindykeHHs oxonwiu noHax 11 500 rekrapis,
3HUUIMBILY JIICOBI MAaCHUBHU, NOKMHYT1 HAaCeJIEH1 MyHKTH Ta HPpacTpyKTypy. [lo raciHusa Oymno
3aiydero noHan 200 4osoBik Ta 64 0MUHHIL TEXHIKH [2].
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Puc.2. Tloxexi B YopHoOMILCHKIl 30H1, 2020 pik, YkpaiHna

Byro BUsIBIIEHO KiTbKa MPUYUH BUHUKHEHHS Ta TIOIIUPEHHS TIOXKEXK:

— 3a nanumu HarlonansHoi nmominii Ykpainu, moskexi Oylu CHpUYMHEH1 YMHCHUM
MIANaJoOM CyXOi POCIMHHOCTI B OKpEeMHUX pailloHaX, L0 CTajJ0 OCHOBHOI MPUYHUHOIO
BUHUKHEHHS MMOKEXKI;

— cyXa MoroJia Ta CHJILHHAN BiTE€p CIPHSUTH MIBUAKOMY MOITUPEHHIO BOTHIO;

— BeJMKa IUIOIIAa 30HU BIYYKEHHS Ta BaXKOJOCTYIHICTh OKpPEMHUX IUISTHOK
YCKJIQTHUJIM CBOEYACHE BHSIBJICHHS Ta JIIKBIJAI[IIO TIOXKEXK HA PaHHIX CTaIsAX.

B Kanidopnii (CILA, Kanidopsis, puc. 3) Oyno 3adikcoBaHo noHan 8 600 moxkex,
SIKI OXOTIMUIM TE€PUTOPIIO TUTOMICI0 Oyn3bKo 1,7 MUTbOHA TeKTapiB. YHACTIIOK KaTacTpodu
3aruHyso moHaiMenme 31 ocoba, monaa 100 000 memkaHIiB OyJay 3MYIIIEH]1 €BaKyIOBATHUCH,
ta 3uuieHo noxaa 10 000 OyxiBesb, BKIIOYAIOUH KATIOBI Oy IMHKH Ta iHGpacTpykTypy [3].

Puc.3. Jlicosi noxesxi B KamigopHii, 2020 pik, CLIA

Byno BUSIBIIEHO YOTHPHU NMPUYNH BUHUKHEHHS Ta MOUIMPEHHS MOXKEX:

— aHOMaJIbHa CIeKa Ta MocyXa, 10 CTBOPUIIM CHPHUSATINBI YMOBH I PO3NOBCIOJUKEHHS
BOTHIO;

— 6mu3pko 12 000 ynapiB OIMCKaBKM 32 KOPOTKMH Mepiof], 10 COPUYMHUIA YUCIIEHHI
3aropsiHHS;

— HenbanicTh a00 HaBMUCHI il JTIOEH, K1 MPU3BENU 10 BUHUKHEHHS OCEPE/IKiB BOTHIO;

— HEJIOCTaTHsI TOTOBHICTh CUCTEM PAaHHBOTO BUSBIICHHS MOXKEX /IO TAKUX MOKEXK.

Bruitky 2021 poky cramucs macmrabHi jicoBi noxexi B Kamigopnii (CHIA, mrat
Kamidopnis, puc. 4). [Toxxexi oxonuwiu Beanye3H1 TepUTOPii, 3HUIMBIIK ToHAA 470 THCSY
TeKTapiB JIicy, COTHI OYMHKIB Ta HPPACTPYKTYpY. YHACTIIOK KaTacTpo(u 3aruHyIu KiTbKa
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JO/IeH, ECATKA OTPUMANIM MOPAHEHHS, a THUCSYl MEUIKAHIIB Oyau 3MYILIEHI eBaKyrOBaTHUCS

[4].

Puc. 4. Jlicosi noxexi B Kanicopsii, 2021 pik, CILIA

Byro BUsIBIIEHO KiTbKa OCHOBHUX MPUYMH BUHUKHEHHS TTOMKEK:

— TpUBAJIa TIOCYXa Ta aHOMAaJIbHA CIIeKa, IO CTBOPHIIN CIIPHSTIMBI YMOBH JUIS 3aliMaHHST,

— CHJILHHH BiTEp, SIKUI CIIPHUSB NIBHIKOMY TOIIMPEHHIO BOTHIO;

— HEHaJIS)KHUI CTaH JICIB, BKIIOYAIOYN BEITUKY KUTBKICTh CyXOCTOTO;

— 30UTBIICHHS KUTHKOCTI JIFOACHKUX (DAaKTOPIB, TAaKUX SK HEOOEPEKHE IMOBOJKCHHS 3
BOTHEM.

[Timpus Kaxorcrkoi 'EC (Vkpaina, XepcoHncbka o6macts, M. HoBa KaxoBka, puc. 5) Lle
Tpanuiocsi 6 uepBHA 2023 poky, KOJIM POCIHCHKI BiChbKa 3MIHCHUIW MApUB T'pebIi
KaxoBchkoi rigpoenekTpocTaHilii. BHacHiZoK IIbOTO CTaNOCsA 3aTOIICHHS 3HAYHOI YaCTUHH
XepcoHChKOi 00J1acTi, 30KpeMa HACEJICHUX ITYHKTIB, CUILCBKOTOCIOAAPCHKUX Yrigb Ta
npupogaux o00’ektiB. CtaHoM Ha uepBeHb 2023 poky Oyno miaTBeppkeHo 3arudens 21
ocoon. KutbkicTe 3HUKIMX O€3BICTH 3aJMIIACTHCS HEBIIOMOIO. bimspko 17 THcsy ocid 3
MIIKOHTPOJIBHUX TEPUTOPil YKpainu Oyio eBakyiioBaHo [5].

Puc. 5. Hacniaxu ninpuBy Kaxoscskoi I'EC, gepsens 2023 poky, Ykpaina

[IpyunHOIO pYyHHYBaHHS CTajJ0 3aMiHyBaHHS Ta MiIpUB Tpelii  POCIHCHKUMU
OKyMNalifHUMHU BiCbKaMU, sIKI KOHTPOJIIOBAJIM 00’€KT Ha TOM MomeHT. lle mpusBeno a0
HIHATTS PIBHS BOAM /10 KPUTUYHMX 3HA4YEHb Ta 3HUIIEHHS iH(pacTpyKTypu B OaraTbox
HaCeJICHUX IYHKTaX, 3aruoesi Jtoaell Ta pyHHyBaHHS €KOCUCTEMH Ta 3a0pyIHEHHS IPYHTIB.

JlicoBi moxexi B ABctpanii (mtatu HoBuii I[liBnennuit Yennc, Bikropis Ta 3axigHa
AgBctpainis, puc. 6). Y ciuni 2024 poky BOrOHb OXOIMB 3HaYHI TEPUTOPil. YHACTIIOK MOXKEK
3aruHyau moHaiiMenmie 33 mroaunHu, Oymo 3HuIIeHO ToHan 2500 OyauHKIB, a MITEHOHHU
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JIMKUX TBAapHH, 30KpeMa KOaJdM Ta KEHTYpy, 3arMHYIH 4epe3 MOLIMPEHHsS BOTHIO. Takox
MOXKe)Ka 3HUILIUBILY MMOHAJ] 6 MUTBHOHIB FeKTapiB JICiB Ta YarapHUKIB [ 6].

Puc. 6. Hacninku nicoBux noxex B ABctpaitii, ciueHb 2024 pix

Byno BHsBIIEHO Taki MPUYWHU TTOXKEK:

— BUCOKI TEeMITEpaTypH y mrarax, nmonayn 45°C;

— TpUBaJia Mocyxa, sika 3po0uiIa pOCIMHHICTD JETKO3aiMHCTOIO;
— TIOPUBH BITPY, IO CIPHUSIIO MIBUIKOMY ITOIIHPEHHIO BOTHIO,
— Hea0ase MOBO/KEHHS 13 BIIKPUTUM BOTHEM.

Tpanuitiitai MeToau GOPOTHOM 3 MOXKEKAMU BUSBISIOTHCS Je1alli MEHII €()eKTUBHUMHU B
yMOBax 3MiH KJIIMaTy, 30KpeMa depe3 30UTbIIEeHHs MacIITa0lB Ta MBUAKOCTI 1X MOMIUPEHHS.
Ile cTBOprOE HEOOXIAHICTH Y PO3p0OIIl HOBUX MIIXOIIB 10 3a0€3MEYCHHS MOKEKHOT OE3IeKH,
30KpeMa 4epe3 BUKOPHUCTAHHS CyJaCHUX TEXHOJIOTIH, TakuX sK mTydyHui inTenaext (IHI).

TakuM YMHOM, aKTyaJIbHOIO HayKOBO-TIPAKTUYHOIO 33/1a4€10 JOCHIIPKEHHS € TPOBEICHHS
aHai3y MPOTPpaMHHUX KOMILIEKCIB, siki 3actocoBytoTh LI, mis BupimenHs 3amad y chepi
MOKEXKHOT O€3MeKH 3 METOI0 IMPOTHO3YBAaHHS, MOHITOPHMHTY Ta YIPABIIHHS MpoIllecaMu
TaciHHS MOXKEX.

2  AHAJID JITEPATYPHHX JAHHX TA IOCTAHOBKA IIPOBJIEMH

[Oryannii HTenekt (LI) Ta TexHoJOTHi Ha WOro OCHOBI CTald OJHUM 3 HAMOLIBII
MEPCIeKTUBHUX HAMpsIMKIB y 3abe3leueHHi TMOXKeXHOI Oe3meku, 30kpemMa y chepi
IIPOEKTYBAHHs, MOHITOPMHIY Ta IPOTHO3YBaHHS HAJ3BUYAWHUX CHUTyalid. 3a OCTaHHE
JNECSITUIIITTS JOCHITHUKK BIA3HAYAIOTh 3HAYHUM Mporpec y po3poOIli IHTEIeKTyaabHUX
CHCTEM, $SIKi CHIPHSIOTH 3HW)KCHHIO PHU3UKIB BUHHUKHEHHS TMOXEX Ta IMiJBUIICHHIO
e(EeKTUBHOCTI pearyBaHHs Ha HUX.

OpHier0 3 KIIOUOBUX IHINIATUB y LbOMY HANpsSMKY € BIPOBAKEHHSA alTOPUTMIB
HITYYHOTO IHTEJEKTY JJsl IMPOEKTYBAaHHS MOXEXHOi Oe3neku OyniBenb. Y poboti [7]
3alpONOHOBAHO JIOPOXKHIO KapTy 3actocyBaHHs LI 1t miABUIEHHS CTPYKTYpHOT CTIMKOCTI
OyniBenb, a TaKOXX BIPOBAKEHO TPU KOHLEMINI: IMPOEKTYBaHHS MOXKEXKHOI Oe3meku 3
BukopuctanHsaM I, mudpoBi ABIMHMKM [UIS MOHITOPMHTY B pealbHOMY Yaci Ta
cyneppeanbHe mporHo3yBaHHsa (SURF) eBomtorii moxex. IlomibHi igei po3BHUBAIOTHCS 1 B
po0orti [8], ne neranpHO onucano iHTerpaito I B iHmxeHepito moxexHoi 6e3nexku OyiBeb.
s koHIemnIis BifoOpakeHa Ha puc. 7, sKui AeMoHcTpye eBoumowito podi LI y 3abezneuenni
MOXKEeXHOT Oe3neku MaiOyTHix MicT. Takuii minxia 103Bojsie epeKTUBHIIIE MiATOTYBATUCS 10
Ha/I3BUYAHUX CUTYallill, MIHIMI3yBaTH 30UTKU Ta MPUCKOPUTH MPOLIEC BITHOBICHHS.
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« Smart Fire Design
» Fire Database
« Education with VR/AR

* Smart firefighting
* loT & Digital Twin

Fire Safety Design
& Education

i * Al-based fireforecast
Investigation, Subsidy * Minimize damages
& Reconstruction Recover Regover Foundation & Insurance
Current City Fire Safety budget Future City Fire Safety budget

Puc. 7. Ponb 1TyqHOr0 iHTENEKTY y (POPMYBaHHI MOXKEXKHOI Oe31ekn MailOyTHHOT0O MicTa

IMoniOHI  AOCHIDKEHHST TIITBEP/DKYIOTh €()eKTUBHICTh NHU(POBUX TEXHOJIOTIH 1
rMOMHHOTO HaBYaHHs. Hanpuknanm, pos3poOka mporpamuoro 3adesmeuenus IFETool [9]
MPOJEMOHCTPYBAJIA MOJKJIMBICTh INBHIKOTO Ta TOYHOTO aHAJi3y IapaMeTpiB IMOXKEXi B
CKJIAJHUX apXiTEKTypHUX CTPyKTypaX, Takux sk arpiymu. IFETo0Ol € inTenexTyanbHUM
THCTPYMEHTOM, IIIO JIO3BOJISIE MOJICTIOBATH PO3BUTOK IOXKEXK1, MPOTHO3YBAaTH TEMIIEpaTypHi
MOKA3HUKH, KOHIIEHTPAIII0 IIKIUIMBUX PEYOBHH Ta BUIUMICTh JuMYy. Bisyamizaiis
iHTepdelicy Ta GYHKIIOHATEHUX MOKITUBOCTEH IIHOTO IHCTPYMEHTY MpECTaBJIeHa Ha puc. 8.
3aBISKA CTBOPEHHIO BEIMKOI YUCIOBOI 0a3W JaHMX MOXKEXK Ta TPEHYBAHHIO TIMOWHHUX
HeiiponHux Mepex, IFETool nocsrae tounocti 97% y nporHo3yBaHHI OCHOBHHX TTapaMeTpiB
noxkexi. Lle, y cBO uepry, 103BoJIsI€ IHKEHEepaM 3HAYHO CKOPOTHTH Yac Ha TMPOEKTYBAHHS
Oe3rmeyHux 00'€KTiB, 30€piralouu BUCOKY SKICTh aHAI3Y.

CQ, SureFire
Smart Urban Resilience

SUREFIRE SYSTEM and Firefighting

Intelligent Fire Engineering Tool (IFETool) v1.1

Sprinkler Activation Atrium / Large-volume Space Tunnel / Underground Space
Prediction of the activation Tenability images and ASET Critical event forecast such as
time&HRR for detector/sprinkler assessment for atrium design backlayering

Building Structure Human Behaviour Automatic Design
Structural resistance Evacuation scheme and RSET Auto-drawing of the fire
performance under the fire event analysis protection systems

Puc. 8. Iurepdeiic inTeNeKTyaabHOro iHCTpyMEHTY moxexoracinus |FETool

OcobnuBy yBary MpUBEpPTaE METOJ TMPOEKTYBAHHS TOXKEXKHOI OE3MeKH Ha OCHOBI
nponyktuBHocTi (PBD), skuii 3Ha4HO BIOCKOHAJIeHO 3aBAsku 3actocyBanHio LI VYV
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nocmimpkenHi [10] Oynao 3ampornoHOBaHO IHTENEKTYalbHY CTPYKTYPY MAJsl IPOTHO3YBaHHS
pyxXy aAuMy Ta JOCTymHOro Oesmeynoro uacy eBakyarii (ASET) B ymoBax atpiymy.
Bukopucranus TpancnoHoBaHoi 3ropTkoBoi HeiipoHHO1 Mepexi (TCNN) no3Bossie 3MeHImMTH
BUTpaTU dacy Ta pecypciB Ha mnpoBeneHHs CFD-pospaxyHnkiB, 30epiraroun mpu IbOMY
TOYHICTH pe3ynbTariB. Lle miarBepmkye nonutbHicTs iHTerpanii LI y cysacHe npoektyBaHHs
JUTS TTABUIICHHS €(EKTHBHOCTI Ta HAJIHHOCT1 CUCTEM ITOKEIKHOT OS3ITEeKH.

VY codepi pearyBaHHSI Ha MOKEXKi 3HAUHY POJIb BIIrpalOTh CUCTEMH, IO 3a0€3MeUyIOTh
MOHITOPUHT y peasibHOMY Yaci. ¥ po6ori [11] onucana cucrema nudposoro Boruio AlD-Fire,
sKa TOEHYE ceHcopu [HTepHeTy pedeid (30ip 1 mepeaaya JaHWX), XMapHEe 30epiraHHs JTaHuX
ta amropurMu Conv-LSTM s anamizy mpoCTOpPOBO-4acOBHX XapaKTEPUCTHK MOMKEXKI.
CucremMa yCHIIHO TIPOJEMOHCTPOBAHA B pEATbHUX YyMOBaX, 3a0€3Meuyroud BHUCOKY
MIBUJIKICTH 1 TOUHICTH BUSIBJICHHS TIOJKEXK 13 3aTPUMKOIO MEHIIIE HIXK OJIHA CeKyHJa. BizyanbHa
cxema apxirekrypu cuctemu AlID-Fire (puc. 9) memoHcTpye poOOTy ceHCOpiB mast 300py
JaHUX, nepenady iHdopmailii uepe3 MpoBiIHYy Ta 0€31pOTOBY MEpeXki Ha XMapHU cepBep, Jie
LITYYHUN THTENEKT aHali3ye JaHl Ta Bi3yaji3ye pe3yabTaTH Ha iHTepgeicl KopucTyBaya Juist
OTEpaTUBHOTO MOHITOPHMHTY Ta pearyBaHHS Ha mokexi. Lleil migxin 1o3Bojsie onepaTUBHO
pearyBaTd Ha pPO3BHTOK HAQJ3BHUYAHHUX CHUTyallid Ta e(QEeKTHBHO YNPAaBISATH IPOIIECOM
eBaKyallii Ta pATyBaJIbHUX OMeEpallii.

1, loT Sensors
Data collection Wireless 2. Cloud Server 3. Al Engine
controller network
P CXD g Al
"""""""""" * £ E 7YYy
3 B \ A
Wired data fransler _ Sensor Network i
’ :
i
\ v
\ \
4, Interface

»- [
P i
| ’ 4.~_~
5
v
o o o o e

Puc. 9. ApxiTekTypa CHCTEMH IITYYHOTO IHTEIEKTY s IH(POBOro BHUsBICHHS moxkexi (AlD-Fire)

[Tomanpimi mOCHIKEHHS JEMOHCTPYIOTh MepcrekTuBU BukopuctaHHs LI s
MOKpAILIEHHS i Mif] 4ac MOXKEeXHOro pearyBaHHs. Y poOoti [12] 3anmponoHOBaHO MOJENb Ha
ocHOBi nerekrtopa o0'ekTiB YOLOV4 s peanbHOro dacy, sika JO3BOJISIE TMOKPAIIUTH
KOMaHJyBaHHsl Ta OOJIK MepcoHally Ha MICII MOXeXi. J[eTeKkTop nocsrae TOYHOCTI MOHAL
90% npu migpaxyHKy KUIBKOCTI MOXEKHUX aBTOMOOLIIB 1 PATYBaJIBHHUKIB 3a JOIOMOTOIO
300pakeHb Bil KaMep Yy MOKEKHUX aBTOMOOUISAX, MallMHAX MIBUAKOI JOMOMOTH YU JAPOHAX.
Puc. 10 imrocTpye KITIOYOBI €Tamy OMEPAaTUBHOTO KEpyBaHHS PATYBaJIbHUMU omneparlismu. Le
JOCTIKEHHSI JEMOHCTPYE MOXIIMBICTH 3acTocyBaHHs TexHojorii Il mus omeparuBHOTO
KepYBaHHs PATYBAJbHUMHM OIEPaLlsIMK Ta MiIBUIICHHS BIINOBIIAIBHOCTI EPCOHAITY IiJT Yac
HaJ3BUYAIHUX CUTYAIliil.
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Cameras take pictures/vidcos

Fire companies arrive at scenes 5 &
P sending to Cloud

|| |.| i‘ i.".m
Commander receive needed real-time Data are sent to trained Al software
mformation for making decisions & visual database

~Ji of fire trucks, # of fire oy
fighters, othe ectives, l

Puc. 10. IIponenypa ynpasiiHHs MOXKEKHOIO O€3MEKOI0 3 BAKOPHCTAHHSIM INTYYHOTO 1HTEIEKTY

©

le omHe MOCHHKEHHS  JIEMOHCTPYE  CXOXY MEPCHEKTHBY  BHUKOPHCTAHHS
IHTEJIEKTYyaIbHUX CHUCTEM JJIsi MOHITOPHHTY TOXEX TUIbKH B TyHensx. Y po6oti [13]
3aMpOINOHOBAHO THTEJIEKTYaJIbHY CHCTEMY ITOYKEKOTACIHHS Ha OCHOBI MU(POBOTO ABIMHUKA,
sKa BKJIIOYAa€ YOTHPU OCHOBHI KOMIIOHEHTH: CEHCOPHY MEpPEXY, CEpBep AaHUX, IITy4YHUI
1HTENeKT 1711 00poOKu iHopMalii Ta iHTepdeiic KoprcTyBaya Il Bizyaiizallii pe3yabTaTiB.
Ha puc. 11 npencraBieHO apxXiTEKTypy CHCTEMH, JI¢ CEHCOpHA Mepeka 30upae daHi Mpo
TeMmrneparypy, BuaAuMIcTh 1 piBeHb CO y peallbHOMY Yaci, a cepBep mepenae Il JaHi It
00po6Oku HII. IITyuynuii iHTENEKT aHANI3ye OTpUMaHy iHGOpPMAIlifo, BU3HAYAIOYH MICIE Ta
po3Mip moxkexi 3 TouHICTI0 98%. JlaHi Bi3yani3yloTbCs Ha KOPUCTYBAlbKOMY 1HTepderici 1is
KOOPAMHAIIIT eBaKyallii Ta pATyBAIBHUX OIEparlliil i3 3aTpUMKOIO JuIIe 1 CeKyHay.

2. Cloud Data Server

Data
collection

3. Al Engine
I @ controller

Data
preprocess

A

|
Loy
A~

(=

4. User Interface

«— Wired data transfer

«+-- Wireless data transfer

Puc. 11. ApxiTexTypa iHTEIEKTyaIbHOI CHCTEMH TTOXKEXOTaCiHHA Ha OCHOBI M(POBOTO JBiHHMKA IS
MOHITOPHHTY TIOKEX y TYHEIISIX
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OcTaHHIMH JCCATUIITTSIMH 3piC TOMUT HAa BUCOTHI OYMIBIII JUTSL 33JOBOJICHHSI MOTPEO
cydacHoi ypOanizamii. OmHak OynmiBeNbHI BUKIHWKH Ta BEIUKE IMOKE)KHE HaBAHTAKEHHS
MPU3BENIN 10 YACTHUX MOKEXK, SIKI COPUYMHUIN 3HAYHI BTPATHU JIFOJCHKHUX JKUTTIB 1 MaiHa. Sk
3a3Ha4aioTh y [14], BaXIMBO 3po3yMiTH (I3MKY MOUIMPEHHS BOTHIO Ta UMY y BHUCOTHHX
OymiBIsX 1 BOPOBAKYBATH 3aXO[H, IIO JTO3BOJSATH 3aro0iraTé mokexam y MailOyTHbOMY.
Oco06nmBy yBary aBTOpH NMPHIUIAIOTH (acagaM, aHATI3YIOUN IXHIO POJIb Y PO3BUTKY HOMXKEX.
BaxumBy dYacTuHy IiXHBOTO JOCTIDKCHHsS 3aiiMae BHUKOpHCTaHHA TexHousorid LI Ta
TJIMOMHHOTO HABYaHHS ISl MOJICNIOBAHHS CIEHApiilB TOXEeXi, a TaKoX sl PaHHBOTO
MOTIEPEDKCHHS Ta OIIHKM PU3MKIB. APXITEKTOpaM 1 IH)KEHepaM IIe JI03BOJIIE€ CTBOPIOBATH
e(EeKTHBHIIII CHCTEMH IOXKEXHOT OE3MeKH, M0 BiAIMOBINAIOTH IUIIM CTaJIOTO0 po3BUTKY. Ha
puc. 12 mpencTaBiIeHO apXiTEKTypy CHCTEMH MOJICIIOBAHHS TOXEX 3a JIOIOMOTOIO
NIMOMHHOTO HaBYaHHS, sIKa JI03BOJISIE aHATI3yBaTH MOBEAIHKY MOKEXK Y BUCOTHUX OYIIBIIAX.

Data extraction

HRR
(kw) o |ty ) T T

400

HRR (1))

~ 200 1 1 R e T o SR e i e o s G e

lnput =0 | lccceefeten-
224x224x3

500
Time (s)

0
112x112x64 1000

28x2§x255

14x14x512
7x7x5127

512 512 1
o

Output

@ Conv+RelLU

(1) Max pooling
| FC+RelLU

@ FC + Linear

Conv1

Puc. 12. ApxiTekTypa CUCTEMH MOJICIIOBAHHS MT0XKEXK Y BUCOTHUX OYIIBIISAX 13 BUKOPUCTAHHIM
TTTMOMHHOI'O HaBYaHHS

O1iHKa MOJITUKU YIPaBJIIHHSA MOXXEXKHOK OE3NeKOd B yMOBaX pPO3YMHHUX MICT €
BAXJIMBUM €JIEMEHTOM 3a0€3MeUeHHsl CTaJIoro po3BUTKY. Sk 3a3Hauatoth y [15], iHTerpamis
Benukux naHux (BD) ta mryunoro intenexty (II) no3Bosise He juiie 3MEHIIUTHA KUTbKICTh
MOXEeX, ane W MIABUILUTH e(EeKTHUBHICTh TaciHHS, 3MEHIIUTH MaTepiajbHi 30UTKH Ta
KUIBKICTB KEepTB. Y NOCIIKEHH], TPOBeIeHOMY B MicTi HaHb4aH, HOBa MOJIITHKA yIIPaBIIIHHS
MOKEKHOI O€3MEeKOI0 Ha OCHOBI BEIMKHMX JaHUX I[OKa3ana 30UIbIIEeHHS e(pEeKTHBHOCTI
racinHs noxkex Ha 9,07%. OCHOBHI eTanM MOKEXHO-PIATYBaJIbHOTO TPOLECY B KOHTEKCT1
BUKOPUCTaHHS BEIMKHX JIAaHUX MpeCTaBieH1 Ha puc. 13.
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Scene of the Fire Fire Alarm Fire Data Display
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Implement Fire Fighting
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Post disaster Assessment
Puc. 13. [ToxkexHO-pATYBaNBHHI MPOLIEC Y BUKOPHUCTAHHI BenuKux nanux (BD)

Takox, nociimkeHHS BKa3yloTh, 1o mTydHuil iHtenekt (III) nemonctpye 3HauHMiA
MOTEeHITIAT y cepl mokKeKHOT Oe3MeKH 3aBIASKHA IHTErparlil MepeoBUX TEXHOJIOTIH, TaKUX SK
rIMOMHHE HaBYaHHS, HUQPPoBI ABIMHUKY, |0T Ta MpOrHO3yBaHHS Ha OCHOBI BEIMKUX JaHHX.
[IpoBeneHi gocaimKeHHs MIATBEPKYIOTh epekTuBHICTh 111l y BroCKOHaIEHHT TPOEKTYBaHHS
MOXKEKHOT1 Oe3MeKH, MOHITOPUHTY B pealbHOMYy dYacl Ta MPOTHO3YBaHHI HaJI3BUYAWHUX
CUTYaIIIH.

3a pe3ynbTaTaMu aHAI3Y HAYKOBUX JDKEpes BusBieHo, mo I mae 3HauHMil moTeHITiam
JUIS TIOJIMILIEHHS KOKHOTO eTamy poOOTH 3 MOXKEXKaMH: BiJ MPOTHO3YBAaHHSA Ta PaHHbOTO
BUSBJICHHS 70 YIPaBIiHHA pecypcaMy Ta BITHOBJIEHHS TEPUTOPIM IMICIA HaI3BUYANHUX
cutyamii. IaTerpamis Il mo3Bosse omepaTUBHO OOpOONATH BEIUKI OOCITH JaHUX,
3a0€3mevyoud TOYHICTh Ta ©€()EeKTHUBHICTh aHali3y, IO € KPUTHYHO BAXKIUBUM IS
CBO€YACHOTO pearyBaHHs Ha HaJ3BHYalHI CUTYaIlli.

Buxopucrtanns LI 1o3BonuTh CKOPOTUTH Yac peakilii, MiJBUIIUTH TOYHICTH aHAJI3Y
PU3HKIB Ta ONTUMI3YBAaTH YINPABIIHHA €BaKyalli€ro. 3aBIAKH IHTETrpallii IUX TEXHOJIOTIH
MOXJTMBE CTBOPEHHs OUThII OE3MEYHMX 1 CTINKUX CHCTEM, SIKI CIIPUSIOTh MiHIMI3allii 30MTKIB
Ta IMIJIBUIICHHIO HAJIMHOCT1 pearyBaHHs Ha MOXKEXKI.

3 OUTb TA 3ATAYI JOCILTAEHHA

Meta nmocCHiKeHHST — JOCHIOUTH €e(QEeKTUBHICTh IHTErpamii MTYYHOrO IHTENEeKTy B
MpOrpamMHi KOMIUIEKCH JUIsl TOKPAIICHHS TPOIIECIB MPOTHO3yBaHHS, BUSBJICHHS, MO HITOPUHTY
Ta YOPaBIiHHS TMOXEXaMH, 30KpeMa s 3a0e3lneyeHHs HEOOXIIHOTO pPIBHA MOXKEXKHOI
Oe3MeKu Ta pearyBaHHs Ha HaJ3BUYalHI CUTYaIlil.

JlJis nocsiTHEeHHS TOCTaBJICHOT METH HEOOX1HO BUPIIIUTH HACTYITHI HAYKOB1 3aBAaHHS:

1. TIpoananizyBaTu HaykoBI JDKepelsa 1010 MiIX0IB 3a0e3MeueHHs MOKEXKHOT Oe3MeKn
[UISXOM  BIPOBAKEHHS TEXHOJOTIM Ha ocHoBl mry4yHoro iHTenekty (LHI) mns
BJIOCKOHAJICHHSI TPOEKTYBAHHS TMOXKEXKHOT OE€3MeKH, MOHITOPUHTY B peajbHOMY Haci Ta
MPOTHO3YBaHH1 HAI3BUYAMHUX CUTYAIIiH.

2. OuiHUTH MOXXIIMBOCTI TpPOrpaMHUX KoMIiuiekciB Ha ocHoBi LI anms ontumizarmii
pecypcCiB Mia Yac TaciHHA MOKEX, MIIAHYBAHHS 3aXOJliB KOHTPOJIO Ta 3MEHIIEHHS PU3UKIB
JUIS HACEJICHHS 1 MaifHa, a TaKOX iX BIUTUB HA BIAHOBIIEHHS TEPUTOPIHM Micias HaI3BUYAWHUX
CUTYyalliif Ta BIANOBIAHO OIIHUTH TMOTEHLIAN IHTerpamii MmoAiOHMX CHUCTEM Yy BITUYM3HSIHY
NPAKTUKY JUIS MIABUILEHHS PIBHS MOXKEXHOI O€3MeKH.
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4 PE3YJIbTATHU JOCJ/IIKEHb

IFETool — me mepemoBe mnporpamHe 3a0e3medeHHs, pPO3poOJIeHE IS aHali3y Ta
ontuMizamii moxexHoi Oe3neku B OymiBmsax. Lleidl iHcTpyMeHT 0a3yeTbcsi Ha IITyYHOMY
IHTEJNIeKT1 3 TOYHICTIO TPOTHO3HOI Mozeni 97%, mo poOuTh uyac oOYMCICHHsS HabaraTto
KOPOTILUM, HDK Y TPaIUIIHHAX METO aX.

IFETool ctBopmiu Bueni Aubdy Il3ena, Csonina Yxana, Jlinr-uy Cy, Ciusgu By Ta
Xyan CinsHa. BiH crpsiMOBaHWII Ha BHpIMIEHHS JESIKUX OCHOBHHX OOMEXEHb ICHYIOUHX
METOJIOJIOTIH aHali3y MOKeXHOi Oe3mekn. OCHOBHAa MeTa PO3pOOKH IIbOTO IHCTPYMEHTY —
3a0e3MeUnTH MBUAKE, CKOHOMIYHE Ta TOYHE MOJICIIIOBAHHS CIeHApiiB moxexi. Lle 1o3BomuTh
IH)KeHepaM 1 apXiTeKTopaMm MpHilMaTh OOIpyHTOBaH1 PIIIEHHS MIOA0 TMOXKEKHOI CTpaTerii,
BHKOPUCTOBYIOUHM 0a3y manmx mojemoBaHHs CFD, 0co0nmBO MMIOA0 CKIIATHUX TEOMETPid
Oy/iBEb.

[Mporpamuwuii komruieke IFETool o0'eqnye Kinbka OCHOBHUX (DYHKIIIH, CIIPSIMOBaHHX Ha
3a0e3neueHHs OE3MEeKH B yMOBaX MOXKEXKi. [HCTpyMEHT Jja€ 3MOTy IMPOTHO3YBATH TIOIIMPEHHS
MY pa3oM i3 Temrieparyporo Ta kKoureHTpailiero CO, BpaxoByHOUH T€OMETPit0 OYHIiBII Ta
MOXJIMBI CIIEHapli pO3BUTKY MOAIA. BiH TakoX BHUKOPUCTOBYETHCS MJS PO3PAXyHKY
JOCTYITHOTO 0€3MeYHOr0 Yyacy BUXOy Y MOPIBHAHHI 3 HEOOXITHUM O€3ME€YHUM YacOM BUXOY

JUIS IPUMHATTS PIIIEHHS PO MOTpeOr 3MIHU KOHCTPYKI(Ii a0o 3MIHM CTpaTerii moxexi (puc.
14).

(a) Fire risk of reducing the atrium height (b) Fire hazard of a larger fire size

(c) Optimize by increasing the extraction rate (d) Optimize by reducing the fire size

Svose ot

Srane srone

Puc. 14. Oninka noxexxHoi 6e3rexu aTpiymy 3a gornomororo |IFETool, (a) sMenments Bucotu atpiymy, (b)
301TIBIIEHAS PO3MIPY MOXKEXKi, (C) ONTUMIi3allisl KOHCTPYKIIIi IUITXOM 30UIBIICHAS IIBUIKOCTI JUMOBHIAIICHHS Ta
(d) smenmenns po3mipy moxkexi

[HCTpyMEHT MoO’ke BpPaxOBYBAaTH 3MEHIICHHsS BUCOTH aTpiyMmMy, 30UIBLIEHHS PO3MIPY
MOXKEXkKi, & TAKOXK ONTHMI3AIlil0 CUCTEMH JAMMOBUIAICHHS a00 3MIHY PO3MIpy MOKEKHOTO
HABaHTAKCHHSL.

IFETool akTiBHO 3aCTOCOBYETHCS JJIsl BUPIIICHHS CKJIaHHUX 3aBAaHb. Hanpuknam, npu
pO3rIIsAAi BapiaHTIB 3MIHM BHCOTH aTpiyMmy JUisi 30UTbIIEHHS KOPHCHOI IJiomli OymiBii,
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IHCTPYMEHT HaJa€ peKOMEHallii 1010 HeOOX1THOT MIBUAKOCTI JUMOBHIATICHHS. Y BUMAAKY
3MIH y MOXEKHOMY HaBaHTQXEHHI CHUCTeMa J03BOJISIE€ IIBUAKO OLIHUTH BIAMOBITHICTH
ICHYIOUHX CUCTEM O€3MEKH HOBUM YMOBAM.

IFETool nemoHcTpye BHCOKY e(QEKTHBHICTh Yy BHpINICHHI 3a3/a4, IOB'SI3aHUX 13
3a0e3MeUeHHsIM TIOKEKHOI Oe3meKku. 3aBIsIKM BUKOPUCTAHHIO CyYacHHUX alTOPHTMIB
IITYYHOTO IHTENEKTy, LEeH IHCTPYMEHT 3HAa4YHO CIPOILY€E MPOLEC NPUHHATTS PpIlIeHb,
3a0e3Meuyloud BHCOKY TOYHICTh 1 IIBHJAKICTH pO3paxyHKiB. MaiOyTHI OHOBJIECHHS
MIPOTPAMHOTO KOMIUIEKCY CHPSMOBaHI Ha PO3UIMPEHHS MOMJIMBOCTEH MJIsl aHai3y HOBHX
TumiB OyiBeNb 1 CIICHAPiiB.

FireAl — me mnporpamMHHMii KOMIUIEKC, po3poOJeHuil kommnadiero Robotto, skwit
BUKOPHUCTOBYE IITYYHUH IHTEJIEKT JUIsl aBTOMATH3allli 0OpoOKHM JaHUX Ta CTBOPEHHSI KapT, 1110
3HAYHO CHPOIIYE MPOIECH, MOB'A3aH1 3 TACIHHAM JICOBUX MOXek. CrucreMa IHTETrpyeThes 3
wiardopmoro Nova Maps, 3abe3neuyroun KoprcTyBadyaM 3py4HUN 1HTepQeic 1 CTBOPEHHS
JNeTalpHUX Ta 1H(QOpPMATHMBHUX KapT ©0e3 HEOoOXIAHOCTI 3alydeHHs (¢axiBIiB 3
reoindopmariitaux cucrem (I'IC) [16].

Onniero 3 wirouoBux ¢yskuiin FireAl € momyns Hotspots (Iapsui Toukw), skuit
BUKOPHCTOBYE TIEPEIOBI ATOPUTMH IITYYHOTO IHTENEKTY JJISI aBTOMAaTHYHOTO Ta TOYHOTO
BUSIBJICHHS TapsYMX TOYOK Ha 1H(pauepBOoHMX 300pakeHHsX. g iHpopmamis nomomarae
MJIaHYBaTH CTPaTerito OOpOTHOM 3 BOTHEM, BIICTEKYBAaTH HWOTO TMOIIMPEHHS Ta BU3HAYATH
30HM MiZBHIICHOTO pu3nKy. Ha puc. 16 300paxkeno kapty mpoekrty FireAl, no sikoi Oymu
JO/aHl 3HIMKH 3 JpoHy, 0O0poOjeHi mporpaMHUM 3a0€3Me4YeHHSIM 13 3aCTOCYBAaHHSIM
mTydHoro iHtenekty. Il aBToMaTWyHO BHSBUB rapsiul TOYKH OCEPENKIB MOXKeXl, SK1
MMO3HAUYCHI Ha KapTi YePBOHUMH TOUYKAMH, IO JO3BOJISIE ONEPATUBHO aHAJI3yBaTH CUTYaIlilo
Ta pearyBaTu Ha 3arpo3H.

JlomoBHoroun Moayiab Hotspots, ¢yukiis Fire Perimeter (ITepumerp moskexi) Hamae
ITHCTpYMEHTH 11 CTBOPEHHS AQHANITHYHUX JaHUX IIOJ0 PO3IMIUPEHHS  IOXKEXKI.
BuxopucTtoByroun mepenoBi MOJIIroHaabHI IHCTPYMEHTH, CUCTEMa J03BOJISIE BU3HAYATH MEXI1
MOKEeXK1 Ta aHaT3yBaTH il JMHAMIKY, IO € KPUTHYHO BAXJIMBUM I €()EKTUBHOTO
pearyBaHHs Ta NPUHHATTS PiLlEHb.

Beta 227 Hotspot My Fire 0 . m ¢

—

/22,1212 2023/08/22.1226

> L o B

Puc. 16. Kapra 3 rapsunmu TOYKaMH OCEPEIKiB MOKeXi, BusiBiieHuME 3a nomomororo LI mpoekry FireAl
JIns mokpamieHHs: Bi3yamnizalii Ta mepenadi KpuTuuHoi iHpopmanii FireAl mpomonye

Wildfire Icon Pack (Habip ikoH [yist JTiCOBUX MOXKEK) — OI0MIOTEKY Cremiaii3oBaHUX 1KOH, SKi
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MOXKHA J10j1aBaTu Ha Kapty. lle 3abe3neuye dirke Ta iHGOPMATHBHE MO3HAYCHHS BAXKIIMBHUX
00'eKTiB Ta SBUII, COPUSAIOYM Kpallidi KOMYHIKAIil MDK yYaCHHKaMHU ONeEpalii 3 raciHHA
TTOXKEXK.

Nova Maps — 1e IHTYITHBHO 3p0O3yMisie porpaMHe 3a0e3redyeHHs Al CTBOPEHHS KapT,
SKE CIHpOINye mpolec OOpoOKH [aHWX, OTPUMAHMX 3 JpoHIB. BOHO 103BOISIE JIETKO
CTBOPIOBATH OPTOMO3aiKH, HAKJIAJaTH Bigeo Ta OOpoONATH TEIIOBI 300pa)kKeHHH,
3a0e3Meuyoud  KOPHCTYBAa4yiB TOYHMMH Ta JCTAIBHUMHU KapTamMd ISl  TPUAHATTS
OOTPYHTOBAHUX PIlICHB.

FireAl cymicHuii 3 pi3HOMaHITHUMH IJ1aTGOPMaMHU Ta HPUCTPOSIMH, IO POOUTH HOTO
YHIBEpCAJIbHUM IHCTPYMEHTOM JUIS TIOXKEKHUX CIYKO Yy BChOMY CBIiTi. 3aBISKH TPOCTOTI
BUKOPHUCTaHHS Ta aBTOMAaTH3allii CKIAJAHUX mporeciB, FireAl mo3Boiise 30cepeauTHcs Ha
rOJIOBHOMY — €(EKTUBHOMY Ta 0€3[1€YHOMY T'aCiHHI MOXKEX, MIHIMI3YIOUN PU3HUKH IS KUTTS
mrozielt Ta 30epeXeHHs HaBKOJIMIITHBOTO CEePEIOBHUIIIA.

FireAl € mnikaBuUM IHCTPYMEHTOM, SIKAH BHKOPUCTOBYE IITYYHHH IHTENEKT ISt
ABTOMATH3Allil POIIECIB BUABJICHHS Ta MOHITOPHHTY JICOBMX TOXeX. Moro dyHKIioHaTbH
MOJKJIMBOCTi, TakKi SK aBTOMAaTHYHE BHSBJICHHSA TapsyuX TOYOK, BH3HAYCHHS IEPUMETPY
MOKEK1 Ta BUKOPUCTAHHS CHeliali30BaHuX 1IKOH JuIs KapTorpadyBaHHS, 3HAYHO MiIBULIYIOTh
edeKTUBHICTh Ta Oe3MeKy orneparliif 3 raciHHs noxex. [arerparis 3 niaatdopmoro Nova Maps
3a0e3neyye 3py4yHHUIl Ta IHTYITUBHO 3pO3yMUIMH 1HTepdelic Ui KOPUCTYyBadiB, 10 POOUTH
FireAl 3pyuHuM IHITPYMEHTOM JUTS IOXKEKHUX CITYkKO y BCbOMY CBITI.

[Mpoekr OVERWATCH po3po0iisie HOBHiA Halip aNrOpUTMIB MAIIMHHOTO HAaBYaAHHS
Juisi  KapTorpadyBaHHS TOBEHEH, TOXKEX Ta IMOIMKO/KeHUX Teputopi. [li anroputmu
MPHU3HAYCHI JJIs BHKOPHCTAHHS K AaHUX cynyTHukiB Copernicus Sentinel, tak i maHumx,
OTPUMaHMX 3a JOTIOMOTOI0 JPOHIB. PI3HOMAHITHICTH Ta €KCIEepTHU3a KOMAaHIU IPOEKTY
CIIPHUSIOTH pO3pOOIIi Ta HABYAHHIO KX Mozesei [17].

3okpema, it cynyTHHKa Sentinel-2 mranyeTscst 3acTOCYBaHHS TEXHIK CYIEPpO3aUTbHOT
3MaTHOCTI, AKI OynyTh HaBueHi Ha 10-meTpoBux (BUIMMMI Ta OMMXKHIN 1HPpauyepBOHUHN
miamazonn) Ta 20-merpoBux (red edge, SWIR niamaszonn) paHuMx, 1100 TOKpAIIUTH
MIPOCTOPOBY PO3AUIBHY 3/IaTHICTh BUXITHUX JaHUX 10 S5 merpiB. lle M03BOJUTH OMIHUTH
e(eKTHBHICTh TAKOTO MIAXOAY JUISI CTBOPEHHS OUIhII TOYHMX KapT. HaBdeHi amroputvmu
OyIyTh OIIIHEHI Ta BaJliJOBaHI Ha peajbHUX BHIAJKaX, 30KpeMa MOBEHSAX Ta TMOXKEkKax, IO
B1IOYBaTUMYTHCSI TIPOTITOM TPHUBAIOCTI MPOEKTY, a IXHI OMEpAIiifHI MOKJIHUBOCTI OYIyTh
MepeBipeHi 3a JOTIOMOTOI0 JPOHIB.

[TepeBaru Bukopucranns I B mpoexti OVERWATCH:

— 3JIaTHICTh 0OPOOIISITH BENHKI 00OCATH TaHUX Y KOPOTKUM Yac;

— MOe mparnoBatu 24/7;

— HaBYEHI MOJIEJli 3HAYHO 3MEHIIYIOTh KUIbKICTh MOMUJIOK Ta MiBUIIYIOTH TOYHICTH 1
MPEIU3IHHICTb.

[IpuknamomM 3acTOCYBaHHS LIMX TEXHOJIOTIH € HamiBaBTOMATUYHE BUIUICHHS 3TOPUIMX
Teputopii B Icmanii, mo AEMOHCTpYye €PEeKTHUBHICTH PO3POOIHUX ANTOPUTMIB y pEaTbHUX
yMOBaXx.

HITyunuit iHTENeKkT, po3poOineHuil y pamkax mnpoekty OVERWATCH, npomonye
IHCTpYMEHTH /ISl HIBUJIKOTO TA TOYHOTO KapTorpadyBaHHS CTUXIHHUX JIUX, TAKUX SK MOBEHI
Ta TOXEXI. BUKOpUCTaHHS NepefoBUX AJITOPUTMIB MAIIMHHOIO HABYAaHHS Ta IHTErpaiis
JAHUX 3 PI3HUX JDKepes, BKIIOYAIOUM CYNYTHUKA Ta JApPOHH, 3abe3neuye e(eKTuBHE
YIIpaBIJIiHHSA KPU30BUMM CHUTYaIlIIMH Ta MIHIMI3alil0 {XHIX HACJIiIKIB s CYCHUIbCTBA Ta
HaBKOJIMIIHBOTO CEPEIOBUIIIA.

ALERTCalifornia — e nporpama, 3acHoBana B YHiBepcureti Kamidopnii B Can-/liero,
sIKa BUKOPUCTOBYE TMEPE0B1 TEXHOJIOTII JUIsI MOHITOPUHTY Ta pearyBaHHs Ha MPUPOIHI JIHXa,
30Kpema JIicoBi okexi. OIHUM 13 KIIFOUOBUX KOMIIOHEHTIB 11i€i porpamMu € Mepexa 3 oHa
1 080 BHCOKOTOYHMX NAHOpPaMHUX Kamep, po3TamoBaHUX Mo Bciil Kamigopnii, 1mo
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3a0e3MeuyroTh HUI0A000BUN MOHITOPHHT i3 BUKOPUCTAHHAM iH(pauepBoHOoi HiyHOT Bi3ii. Lli
KaMepu 37aTHi BHUKOHYBaTH 360-rpagycHi oOepTh NpUOIM3HO KOXKHI /Bl XBUJIMHHU Ta
oxorutoBath 10 60 Muib yaeHs i 120 Muiib yHOUI 3a sicHoi norozu [ 18].

VY cniBnopari 3 JlenapTaMeHTOM JIICOBOTO TOCIONAPCTBA Ta MPOTHIIOKEKHOTO 3aXHUCTY
Kanmigopuii (CAL FIRE) ta mapraepom Digital Path, ALERTCalifornia po3po6uia
IHCTpYMEHT Ha OCHOBI IITYYHOTO IHTENEKTY s BusiBieHHs noxkex. Llei LI ananizye nani 3
Mepexi KaMmep, BHABISIOYM aHOMalii, [0 MOXYTh CBIIYMTH MpPO TMOYATOK mokexi. I[lpm
BUSIBIICHHI TIOTEHIIIHHOTO 3alilMaHHS CHCTEMa HAJCWIIA€ CIOBINICHHS NOXEKHUKAM 13
3a3HaYCHHSAM DPIBHSA BIEBHEHOCTI Ta MPUOIM3HOTO Micus iHImAeHTY. [licns miaTBepuKeHHs,
PATYBAIBHUKMA MOKYTh HIBHJIKO pearyBaTH Ha TOXEXY Ha PaHHIA CTajil, IO IO3BOJISE
crpumMyBatH 1i mommpenHs. Ha puc. 17 300paxeno kapty mepexi kamep ALERTCalifornia,
sgKa TMOKpUBae Tepuropito mrarie KamipopHis Ta cycigHiX perioHiB. Y mpaBidi 4acTuHI
MOKa3aHO peajbHI 300paKeHHS 3 KaMep Y PEeXHUMI pealbHOTO 4Yacy, 0 BUKOPUCTOBYIOTHCS
IUTSL MOHITOPHHTY Ta BUSBIICHHSI TTOXKEX.

360° @ Single G Offine (D

€ a

Puc. 17. Mepexa kamep ALERTCalifornia

s TtexHonoriss ocobauBo eheKTHBHA y BIIAJICHUX pPAaiOHAX 1 B HIYHUH dYac, KOJIH
TpaIMIliiHI METOIN BHUSBICHHS MOXXYTh OyTHM MEHII HamiiHuMmH. Y BepecHi 2023 poky I
BHUSBUB 3aiiMaHHS 1mooym3y ['pacc-Bemri o 5:19 panky, Toal Sk mepmnid A3BIHOK Ha HOMEP
911 wnanpiimoB nume o 6:01 panky. 3aBAsSKH paHHBOMY BHUSBIEHHIO Ta IIBHAKOMY
pearyBaHHIO MOKEXY BAIOCS OOMEXHUTH IJIOUICI0 MEHIIIE YBEPTI aKpa.

Broposamkennss IIII B pamkax mnpoekry ALERTCalifornia 3Hauno migBuirye
e(deKTUBHICT, OOpOTHOM 3 JCOBHUMH TMOXKEKaMH, 3MEHIIYIOYH Yac pearyBaHHsS Ta
MOKpAIYIOUM CUTYaliiiHy oOi3HaHicTh. Ll TexHomoris oTpumana BHU3HAHHS, 30Kpema Oyia
Ha3BaHa OJHMM 13 HalKkpamux BuHaxodiB 2023 poky 3a Bepcieto xypuany TIME.

HlIryunuii inTenekt, iHTerpoBanuii y npoekt ALERTCalifornia, nemoncrpye 3naunmit
MOTEHIliaJl y paHHbOMY BUSBJIEHHI Ta pearyBaHHI Ha JicoBi moxkexi. [loenHaHHS Mepexi
BHCOKOTOYHMX Kamep 13 MepeloBUMHU alTOpUTMaMU MAIIMHHOTO HaBYaHHA 3a0e3nedye
IIBUJKE BUSBICHHS aHOMAid, IO crpuse eQeKTHBHOMY CTPUMYBAHHIO MOXKEK HA PaHHIX
CTaliAX Ta MiHIM13aIlil IXHPOTO BILJIMBY Ha JIOBKULIS Ta CyCILIBCTBO.

5 OBI'OBOPEHHS PE3YJIBTATIB JOCJIIKEHHSA

@dyHKIIOHANBHI MOXJIMBOCTI mITydyHOoro iHtenekty y cucremi Wildfire Analyst,
po3po0OiieHiii  kommaniero  Technosylva, nmemoHcTpyrOTh IHHOBAIIMHUN — TiOXiK 10
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MPOTHO3YBAHHS MOUIMPEHHS JIICOBUX TMOXKEX, aHAII3Y PU3UKIB Ta MIATPUMKH OINEPATHBHOTO
pearyBanHs. lls cucrema moenHye cydacHi anrOpUTMH 3 MOOUIBHMMH Ta XMapHUMU
TEXHOJIOTSIMH, 3a0e31euylodn BceOiuHuil aHaii3 y peasibHOMY 4aci [19].

Wildfire Analyst € iHcTpyMeHTOM, SIKMH O3BOJISIE MPOTHO3YBATH IMOIIMPEHHS TOXKEK,
aHAI3YBAaTH PHUBMKH Ta po3podiiath cueHapii "mo, skmo". Cucrema IHTETpyeThCS 3
MIPOTHO3aMH TIOTOJIH, 320€3MeUy0Ur aKTyallbHi JIaHi MO0 PU3UKIB TOXKEXK Ta MOTCHIIIMHUX
HacniiKiB. SIK 3a3HauyaroTh aBTOpW nochiukeHHs Monenepo C., Pamipec X. ta Kapain A.,
MOOUTEHUH nomaToK "KWIICHBKOBHIA aHANITHK JIICOBUX TOXKEX'" TO3BOJISE MPOTHO3YBATH
MOBEJIIHKY BOTHIO Oe3MmocepenHbo 3 MiCls TMOAil, HaNal4h TOXESKHUKAM KIIOUYOBY
iH(opMaIlito 1151 ONIepaTUBHOTO NPUUHATTS piteHs [ 20].

FireRisk — KOMITOHEHT, skl 3a0e3reuye IIOJACHHI MPOTHO3M PU3HKY JTICOBUX TOXKEK,
BpPaxOBYIOYHM IMOTOIHI YMOBH Ta BOJIOTICTh manuBa. L{i maHi OHOBIIOIOTHCS KOXHI 1-3 TOMHH,
10 JIO3BOJISIE CBOEYACHO BUSBIISATH 30HHM IIJBUIIEHOT HEOE3MEKH.

FireSim Hamae MOXJIMBOCTI MPOTHO3YBaHHSI TOIIMPEHHS aKTUBHHUX TMOXKEXK Y PEKUAMI
peanpHOTO Yacy, a TaKOX aHalli3y cieHapiiB "mro, skuro". lle cnpuse He nuiie onepaTUBHOMY
pearyBaHHIO, aJie i CTPaTEriIHOMY TUIAHYBAaHHIO JIJIsl 3SMEHIIICHHS BIUTHBY MOYKEXK.

FireSight nosBosisie omiHuTH pU3MKH Ui iHOPACTPYKTYpH Ta MOTEHINHHI cnocoOu ix
3MEHIIEHHSI TUIIXOM 3MilHeHHs o0'ektTiB. lleW miaxig 3abesmedye JTOBTOCTPOKOBE
TJIAaHYBaHHS JUTSl TIIBUIICHHS CTIMKOCTI 10 JIICOBUX MOMKEX.

Ha puc. 18 300paxkeno npukian BukopuctanHs mganux i3 Wildfire Analyst s
MIPOrHO3YBaHHS MOMIMPEHHS MOXKEXI1 Ta MOBEIIHKY Ha JiHii moxexi. Kapra nemoHcTpye 30H1
MOITMPEHHST BOTHIO, TOYKH 3aiiMaHHs, MEXI MMOXeXl Ta OIlHKKM pusukiB. L{i mani €
KIIFOYOBUMH JIJIS1 IPUNHSATTS PIllIeHb Y MOJbOBUX YMOBAX.

VIIRS data (UTC)
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Puc. 18. [Iporuo3yBaHHs MOLMIMPEHHS MOXKEKI Ta TOBEIIHKH Ha JiHIT MOXKEK]

[nTerpamisa 3 peaJbHUMHU JaHUMU TMPO TOTOAY, BOJIOTICTh MajvBa Ta IHII (haKTOPH
poouts Wildfire Analyst moTyxHHM iHCTpYMEHTOM JJisl OpraHisaifiif, M0 3alMarOThCsI
YIPaBJIIHHAM PHU3UKaMH JIICOBUX MOXEX. 3aBJISKM BHKOPHCTAHHIO INTYYHOTO IHTEJEKTY,
cucreMa IIOJHS BHKOHYE MUIBHOHM CHMYMALIN, IO CHpPUSE MiABUIIEHHIO TOYHOCTI
MIPOTHO3IB.

Wildfire Analyst crae HeBin’€éMHOIO YaCTHHOK CYYaCHOTO YIPABIIHHS PH3UKAMU
MOXKeX, 3a0esneuyroun e(eKkTUBHE pearyBaHHS Ta MIATPUMKY MPUHHATTSA pilleHb s
MOKEXHHUKIB, IHPPACTPYKTYPHUX KOMIaHIN Ta HIIMX 3al[IKaBIEHUX CTOPIH.

Pano Al — ne cucrema, 1m0 BUKOPHCTOBYE LITYYHHUH IHTENEKT IJIi aBTOMATHUYHOI'O
BUSIBJICHHS, MIATBEP/KEHHS Ta Kiacuikaiii JICOBUX IMOXEX y PEKHUMI peaJlbHOTO 4acy.
Cucrema ckiamaeTbess 3 Mepexi Pano Stations, po3ramoBaHuX Ha BHCOKHX TOYKaX, SKi
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Oe3nepepBHO CKaHYIOTh JaHamadr 3a gomomoror 360-rpagyCHHX yIbTPaBUCOKOSKICHHX
kamep. Li cranmii 31aTHI BUSBJISATH O3HAKY MOKEKHOT aKTUBHOCTI B pajiyci 1o 10 muib [21].

ANropuTMH TIMOOKOTO HAaBYaHHS Ta KOMII'FOTEPHOTO 30pYy, iHTerpoBani B Pano Al,
aBTOMATHYHO aHAII3YIOTh OTpUMaHi 300pa)XeHHs /ISl BUSBJICHHS MOTCHLIMHUX 3arpo3 (puc.
19). V pa3i BusABICHHS MOXJIMBOIO 3aiiMaHHS CHCTEMa HAJCHJIA€ CIOBIIICHHS
npodecioHaiaM 3 MOHITOPHUHTY TTOXKEXK, HAJAI0UX IHTEICKTYaIbHO IICHTPOBaHI 300pakeHHS 3
MOKPAIIEHUM 3yMOM, IO MPUCKOPIOE MIATBEP/HKCHHS IMOJii Ta BU3HAYCHHS TOYHOTO MICIIS
MTOXKEXKI.

Puc. 19. BusBieHns mry4Horo inrenekty Pano

[Ticns mingTBepmKeHHS ToXexi Pano Al momomarae mBUIKO MOIIMPIOBATH 1HGOPMAITiTO
cepel pOo3IMUPEHOT KOMaHIW B PEKHUMI peaqbHOTO uacy. BOymoBaHi 1HCTpYMEHTH st
CHOBIIIEHb Ta MOOUTLHUX TMOBIAOMIICHD 3a0€3IEeUYIOTh MEPIIUM pearyBalbHUKaM JOCTYI JI0
aKTyaJIbHUX 300paXkeHb Ta KIFOYOBO1 IH(POpMAIIii TPO MICIIE3HAXO0HKEHHS Ta PyX MOXKEXKI, 110
JI03BOJISE€ pearyBaTu Ha MOi1 3 OUIBIIOI0 TOUYHICTIO Ta KOHTPOJIEM.

Buxopucranns Pano Al cnpuse mBuamomy BHUSBICHHIO Ta pearyBaHHIO Ha JIICOBI
MOXKEXKI, IO JOoIoMarae 3MEHIIWTH iXHIM BIUIMB Ha JKUTTI JIOAeH, MaliHO Ta JOBKULIA.
InTerpamis cydacuux texunosoriid Il 3 BucOkOTOUHMMH Kamepamu Ta MIATHOPMOIO s
yrpaBiiHHS 1HGOPMaLIEIO NIABUINYE €PEKTUBHICTH OOPOTHOU 3 JIICOBUMHU MOKEKAMHU.

Cucrema Pano Al nemoHcTpye edeKTUBHICTh BUKOPUCTAHHS LITYYHOTO IHTENEKTY JUIS
PaHHBOTO BUSBIJICHHS Ta MOHITOPHMHIY JIICOBUX MoOexk. [loemHaHHS Mepeki BUCOKOTOUYHHUX
KaMmep, alTOPUTMIB INIMOOKOT0 HaBYaHHS Ta IHTEIPOBAHOI INIATGOPMHU JUIs MIATBEPIKEHHS Ta
HACIIIIKIB.

OroraTech — ue mmargopma, sika BHKOPHCTOBYE CYIYTHHUKOBI JaHi Uil BUPIIICHHS
npoOJeMH MOHITOPUHTY Ta YIOPaBIiHHS JIICOBUMHU mMoOxekaMu. OCHOBOIO CHCTEMHU €
iHTerpamis ganux i3 moHan 20 cymyTHuKOBUX mkepen, Bkimtouatoun aaHi NASA, NOAA,
ESA Ta npuBatHux kommaniil. Lls iHdopmawis anamizyerscs anroputmamu HII s
3a0e3MeYeHHs TOYHOTO Ta CBOEYACHOTO BHUSBIICHHS MOXKEK [22].

Cucrema BKITIOYA€E KiTbKa OCHOBHUX KOMIIOHEHTIB.

[lepmnii KOMIIOHEHT, OIliHKA pPH3UKY, TMepeadadyac MPOTHO3YBAHHS MOXKJIMBOCTI
BUHHUKHEHHS TMOKE€K Ha OCHOBI TOTOJHHUX YMOB, BOJIOTOCTI POCIMHHOCTI Ta IHIIUX
exoJyioriuHux (akropis. Llei miaxia A03BOJsiE BU3HAYUTH MOTEHILINHHO HeOe3neuHi TepuTopii
Ta BXKUTH MPEBEHTUBHUX 3aXO/IiB.

Jpyruii KOMIIOHEHT, PaHHE BUSIBICHHS, PEaNi3yeThCsl 3aBISKH aHANI3y CYMYTHUKOBHX
300paXeHb y PEXHUMi peaJbHOro yacy. ANTOPUTMHM MAIIMHHOTO HABYAaHHS aBTOMATHYHO

Hanuk 0. O., Kipiuenko /1. O.
https://doi.org/10.31650/2618-0650-2025-7-1-152-172 168




MexaHika Ta MaremMaTuuyHi meromu / YA VII/1/2025
Mechanics and mathematical methods ] Crop. 152-172/ Page 152-172

BUSIBJISIFOTh aHOMaJTii, TIOB’sI3aH1 3 MOMJIMBUM 3aiiMaHHSIM. Y pa3i BHUSBJICHHS MOTCHIIHHOT
3arpo3W CHCTEMa T'eHEepye CIHOBIIICHHS IS BIANOBIIHUX CIYKO, 3a0e3Medyrouu MIBUIKE
pearyBaHHSI.

Tpetiii KOMIOOHEHT, MOHITOPHHT Yy pealbHOMY Yaci, JO3BOJISIE CTEKHUTH 32 PO3BUTKOM
MOKeX1 HAa OCHOBI MOCTIHUX OHOBJIeHb. CHcTeMa 3a0e3mneduye KijlbKa OHOBJIEHb Ha TOJAWHY,
[0 JI03BOJISIE€ KOOPAMHYBATHU il PATYBAIBHUX CIIY)K0 Yy TMHAMIYHOMY CEpEeIOBHIII.

OcTaHHIM KOMIIOHEHTOM € aHalli3 30WTKIB, KW JOTIOMAara€e OLIHUTH IUIONLY 3TOPUIHX
TepUTOPIil Ta MacmTabu MOMIKO/KEeHb. Lli JaH1 BUKOPUCTOBYIOTHCS VIS IJIAHYBAaHHS 3aXO0/I1B
3 BIJTHOBJICHHS JTICOBUX €KOCHUCTEM Ta IH(PACTPYKTYPH.

IHTerpariss muX KOMIIOHEHTIB 3a0e3neuye e()eKTHBHY CHCTEMY YIPABIIHHS JIICOBUMH
MO’KEKaMH, fKa BUKOPUCTOBYETbCA y 0araTbOX perioHax cBITY. 3acCTOCYBaHHsI LITYYHOTO
IHTEJIEKTY J1I03BOJISIE 3HAYHO CKOPOTUTHU Yac pearyBaHHs Ha JIICOBI1 MMOXKEX1, 3MEHIITYIOUH IXHI1I
BILJIMB Ha HABKOJIMIITHE CEPEIOBHUIIE Ta CYCIILUIHCTBO.

Cucrema OroraTech 3acTocoBye KOCMIiYHI TEXHOJIOTIH Yy TMOETHAHHI 3 aIrOPUTMaMH
LITY4YHOT'O IHTEJIEKTY /7151 00pOTHOU 3 TICOBUMH MOXKEKaMU. [HTerpalisi CynyTHUKOBUX JaHUX
Ta TMEpeloBUX METOMIB aHali3y [J03BojisiE €(EeKTHBHO IPOrHO3YBaTH, BHUSBISATH Ta
MOHITOPUTH TIOKEX1, a TaKOXX OIIHIOBATH 1XH1 HACHINKH. Takuil MiAXiJ CIpUs€ HE JIUIIE
MOKPAIICHHIO YIPABIiHHSI KPU30BUMHU CHUTYAIliIMH, ale W 3aXHCTy €KOCHUCTeM Ta JKHUTTS
JrozeN.

6 BHUCHOBKHU

1. CraTtucTrKa TOXKEX Ta HAA3BUYAMHMX CCUTYAI[Id CBIIUUTH MPO 3POCTAHHS KUTHKOCTI
Ta MacIITa0HOCTI TMOXKEX Ta HAI3BUYAMHMX CUTyalllil y cBiTi Ta B YkpaiHi. OCHOBHUMHU
MPUYMHAMHU 3JIAIIAIOTHCS] TIOPYIICHHSI TEXHIKM O€3MEeKH, TEXHOTeHHI ()aKTOpH Ta BILUIUB
mosickkoro (aktopy. OcoOMBYy yBary mpUBEpPTalOTh KaTacTpodu, CIPUYMHEH! paKEeTHUMU
00cTpuTaMH, TEXHOTCHHHUMH aBapissMH Ta TMPUPOJHUMH TOXKEKAMH, SKI MArOTh 3Ha4YHI
JIIOJICBK1 Ta MaTepiaibHI BTpaTH. 3a pe3yJbTaTaMH aHAI3y HAYKOBUX JDKEPEN BHSIBJIIEHO, IO
I mae 3HAYHWI MOTEHIIAN JUISl TOJIMIICHHS KOXKHOTO €Tamy poOOTH 3 TMOXKEKaMH: Bij
MIPOTHO3YBaHHS Ta PAHHBOTO BHSBICHHS JIO YIPAaBIiHHA pecypcaMd Ta BiIHOBJICHHS
TEPUTOPIN MMics HAA3BUYAMHUX cuTyariil. [arerparis I go3Bossie onepaTuBHO 0OPOOIATH
BEJIMKI 00CATH JaHUX, 3a0€3MeUyrUd TOYHICTh Ta €()EKTHBHICTh aHAJI3y, IO € KPUTHUYHO
BaYXJIMBUM JIJISl CBOEYACHOTO pearyBaHHs Ha HaJ3BUYaliHi CUTYaILii.

2. BiTun3HsHI Ta 3apyODKHI TOCTIDKEHHS TMIATBEPKYIOTh €(DEKTUBHICTh 3aCTOCYBaHHS
TEXHOJIOTI INTYYHOTO IHTEJIEKTY JUIsi MOHITOPHHTY, aHajli3y Ta NpPOTHO3yBaHHS
HaJ3BUYAHUX CHUTYyaliil. 30Kpema, Taki TEXHOJIOTii, SK HU(POBI IBIHHUKU, AITOPUTMHU
MAIIMHHOTO HaBYaHHS JIO3BOJISIIOTH OIICPATHBHO pearyBaTH Ha TMOXKEXKi, MOKpAIlyBaTH
yIpaBJIiHHS PATYBAILHUMHU OTIEPALliIMU Ta MIHIMI3yBaTH PU3UKH ISl HACETICHHSI Ta MaifHa.

3. [IlporpamMHi KOMIUIEKCH IITy4YHOTO IHTEJIEKTY HAJalOTh MOMJIHMBOCTI  JUIf
MIPOTHO3YBaHHS PU3UKIB MOKEX, HIBUIAKOTO BHUSBICHHS 3aiMaHHS, ONTHUMI3AIlll pecypciB Mij
Yac raciHHs Ta IUTAHYBaHHS 3aX0/1iB KOHTPOJIt0. Takok BOHM 3a0€3MeUyr0Th aHalli3 HACTiIKIB
MOKEX Ta CHPUSIOTH PO3pOOII CTpaTeriil 1y 3amobiraHHs MaiOyTHiM 3arposaM. IxHe
BUKOPHUCTAHHSI OXOIUTIOE BCI €Tanmu PoOOTH 3 TMOXKEXKaMH, BiJ MPOTHIOKEKHUX 3aXOMIB JI0
BIJTHOBJICHHS TEPUTOpIM. iHTerpamii MOAIOHMX CHUCTEM Y BITUM3HAHY MPAKTHKY JUIs
MIABUIICHHS PIBHS MOXKeXHOI Oe3meku. OIiHEHO MOTEeHIIan HTerparii NoJAi0HUX CUCTEM Y
BITUM3HSAHY MIPAKTUKY 3 METOIO MIIBULIICHHS PIBHS MMOKEXKHO1T Oe3MeKu.

7  ETWYHI JEKJAPAIII

ABTOpH CTaTTi HE MalOTh BIAMNOBITHUX (PIHAHCOBUX UM HE(HIHAHCOBUX IHTEPECIB, K1 CIIJ
PO3KpHBaTH.
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