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IigBuIIeHHS €EMHOCTI Ta 32aBAI0CTIHKOCTI KaHAJIy nepeaadi JaHUX B CHCTeMi
ABTOMATHYHOI JIOKOMOTHBHOI CHTHAJII3amlil

Mera. Y10cKOHaNEHHS CHCTEMU aBTOMaTHYHOI JIOKOMOTHMBHOI CHTHAMI3alil LUISXOM IiJBUIIEHHS €MHOCTI Ta
3aBa/IOCTIMKOCTI KaHally mepeadl JaHuX 4epe3 pekoBy JiHio. Meroanka. [yt JOCSTHEHHS ITOCTaBJICHOT METH
NIPOBEJICHO aHAIi3 ICHYIOYHMX pIllleHb II0JI0 BJIOCKOHAJEHHS CHCTEMH aBTOMATHYHOI JOKOMOTHBHOI CHI'HaJi3alil.
[TpoBeneHo MOPIiBHSIBHY OLIHKY EMHOCTI KaHAIy Iepeiadi JaHuX B CHCTEMI aBTOMaTHYHOT IOKOMOTHBHOT CHTHAII-
3amii 3 yncoBuM koayBaHHAM AJICH Ta moTeHIIHOT eMHOCTI KaHAIy Yepe3 PeHKOBY JiHil0. 3alpolIOHOBaHA CHC-
TeMa KOMaHJ{ 6araTo3HavYHOI aBTOMAaTHYHOI IOKOMOTHBHOI CUTHaNI3awil, sika KpiM Tpaanmiiaux komang AJICH nae
3MOTY TIepe/iaBaTH Ha JIOKOMOTHUB iH(OpMAIIif0 PO 0OMEXEHHS MIBUIKOCTI Ha CTAHIIAX, TOCTiifHI 0OMEeXEeHHS Bif-
MTOBITHO IO OCOOJIMBOCTEH 3aJII3HUYHUX IIISTHOK, a TAaKOXK iHPOPMAIio Mpo MOTOYHY HOi3HY CHTYAIlif0 Ha IIePETOHi
3 ypaxyBaHHSM MOXJIMBOTO 30UIbIIEHHS MBUAKOCTEH M0 250 km/rox. JIns MigBUIIEHHS 3aBaIOCTIMKOCTI KaHAy
nepenayi JaHUX 3aMpPOIIOHOBAHO BHKOPUCTOBYBaTH koj Daiipa Ta kBagpaTypHy ¢azoBy Mmaninymsuito QPSK. Bu-
3HAYCHO TBIpHUH moJiiHOM Koy Daiipa, po3paxoBana iH(popMaIliiiHa IBUIKICTh Ta Yac Mepenadi O Hiei KOMaH/IH.
PesyabraTn. /i1 H0OCHiIKEeHHS 3aBaJOCTIHKOCTI 3alPOMOHOBAHOI CHCTEMH PO3POOJICHO IMITAIliiHY MOJIENb, MPo-
rpaMHUI KOJ| sIKOT HanucaHuii MoBoto Python. Beranosneno, mo kox @aiipa (12,6) rapaHToBaHO BUSIBIISIE BCI IMO-
MUJIKH, KpIM YOTHPHUKPATHHX, MIECTUKPATHUX Ta BOCBMHUKPATHUX. [yl yCYHEHHS TakMX HMOMMJIOK 3aIIPONOHOBAHO
BUKOHYBaTH 0araTOKpaTHUH NPUHOM KOXHOI KOMaHIH. BiAMoBinHO 10 pe3yibTaTiB MOAETIOBAHHS 3araJlbHUN Koe-
(ilicHT HEBHABJIEHHA U1 OXHOKPATHOro Hpuitomy nopismioe 0,0087, mis mokpaTHoro npuitomy — 1,6-107°, Y pasi
TPUKPATHOTO MPUIOMY HEBHSBICHHS HOMUJIOK IIijl 4ac MOJETIOBaHHs He ¢ikcyBanocs. HaykoBa HoBU3HA. ABTO-
paMu i€l poOOTH 3aIpPOIIOHOBAHO KOMIUIEKC PIICHb AJSI YIOCKOHAJIEHHS HEIEPEpBHOI CHCTEMH aBTOMAaTHYHOL
JIOKOMOTHUBHOI CHTHAITI3AIli1: 30UIBIIIEHHS] €HTPOIIi HKepena; 3MeHIIEeHHs iHpopMaIliiHuX BTPAT 3aBISKH 3aCTOCY-
BaHHIO 3aBajocTiiikoro xoxy Paiipa Ta YOTHPUMO3HUIIIITHOI (Pa30BOi MaHIMyNAIIl; MiABUIEHHS YacTOTH Iepeaadi
MOBiZIOMJIEHb Ta OararokpaTHuil npuiioM. IlpakTuyHa 3HaYMMicTh. BripoBa/pkeHHs 3aIIPONIOHOBAHUX PIllIEHb J10-
3BOJIUTH MMIJABHUIIUTHA €MHICTh Ta 3aBaJOCTIMKICTh KaHAIY Mepeaadi JaHuX 4epe3 PeHKOBY JIiHII0, PO3IIUPUTH CHCTE-
My KOMaH]] aBTOMaTH4HOI JIJOKOMOTHBHOI CUTHaJII3all] 3 ypaxyBaHHAM OOMEKeHb IIBHIKOCTI Ha CTaHIIsX, iH(op-
MaIlii mpo BCTAHOBJICHY MIBUAKICTh TS MIBHIKICHUX 3aiI3HUYHUX JIHIH, a TAKOXK MOCTIHHIUX 0OOMEKEHb BIATIOBIIHO
10 0COOIMBOCTEN 3alI3HUYHUX J1ISTHOK.

Kniouosi cnosa: aBTOMaTH4YHa JIOKOMOTHBHA CHTHANI3allis; peHKOBa JIHIS; €EMHICTh KaHAIy Iepeiayi; eHTpOIis
JOKepena; 3aBajiocTilike koayBaHHs; ko MDaiipa; yoTupuno3uiiiHa Gpa3zoBa MaHIITyJIsMis; iMiTaliHE MOJETIOBAHHS
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Beryn

CucrtemMa aBTOMAaTHYHOI JJOKOMOTHBHOI CHTHa-
mizamii (AJIC) 3abesmedye mepegady Ha JOKOMO-
THB iH(pOpMAITii TPO CUTHATN KOMIHHUX CBITIO(]O-
piB, 3MIMCHIOE KOHTPOJIb IIBHIKOCTI pyXy Moi3za,
MEepeBipKy MUIBHOCTI MAalIMHICTa Ta KepyBaHHS
€JIEKTPOIIHEBMAaTUYHUM KJIAIIaHOM aBTOCTOITy. Bin
HaziiHoi Ta edexTuBHOI podoTm AJIC Oararo
B UOMY 3QJISKUTh Oe3reka pyxy moizais [10, 20].

Hapasi B YkpaiHi 3acTOCOBY€TbCSI CUCTEMA aB-
TOMAaTHYIHOI JJOKOMOTHBHOI CHTHaJI3arii Oe3mepe-
pBHOI il 3 ynucnoBum koxyBanHsM AJICH. V rta-
Kilf cucTemi A yTBOPEHHS KaHATy 3B 3Ky MIiXK
KOJIIHHUMH Ta JOKOMOTHBHUMH HPUCTPOSMHU 3a-
CTOCOBYEThCS petikosa JiHis (PJI), yepes siky mo-
KYThb TIepeJaBaTHCh TPU KOJOBUX CUTHAIH (TpH
komauu): 3, JK ta WK. lle nae 3Mory ManimHicTy
oTpuMaTH iH(OpMaIlilo Mpo BIIBHICT JBOX OJOK-
JUISTHOK TIOTIepeNly Ioi371a Ta BXKUTH 3aXOJIiB JJIs
MiATpUMaHHS O€3MeYHO]I MBUAKOCTI PyXy 3 MOX-
JUBICTIO 3YMMHUTHCS Iepes MEPEeIIKOAOK 3a Ha-
npsiMkoM pyxy [20].

B yMoBax miJBUIICHHS IIBUIKOCTEH PYyXy IO-
i3miB 30imbIIyETHCA 1X TambMiBHUH nuiix. Lle Bu-
KJIMKae HEOOXIJHICTh TepelaBaTh Ha JIOKOMOTHUB
iHpOpMaILlil0o TPO BINBHICTh OLIBIIOT KiTBKOCTI
ONMOK-NMINSTHOK —Toriepeny. B cucremi KomaH[
AJICH Ttakox HE BpaxOBYIOTBCS TOCTIHHI Ta THM-
YacoBi MIBWJIKICHI OOMEXEHHs Ha HUISAXY TMPIMY-
BaHHs, OOMEXEHHS MIBUIKOCTI B 3aJIEKHOCTI BiJl
MapmpyTy pyxy cranmiero. Kpim HE3BbKOI iH)OD-
MaTuBHOCTI 10 HenouikiB cucteMu AJICH BimHO-
CAThCS: BHCOKA IHEPIIHHICTh, HU3bKa 3aBaJI0CTIiM-
KiCTh, peaizallisi Ha 3acTapiiiii eleMeHTHil 0as3i,
a TakoX HecTalljbHAa poOOTa B MEXax CTaHINI Ha
KOPOTKHUX PEHKOBUX KOJIAX.

3acrocyBaHHS LU(PPOBOrO pagioKkaHaly 3a-
MICTh KaHay 3B’s3Ky Ha 0a3i PJI mae 3mory cyrre-
BO MiABMINUTH iHoOpMaTHBHICTH cuctemu AJIC.
3okpema, B €BpONEHCHKill cucTeMi KepyBaHHS 3a-
nisHnYHIMH TiepeBe3eHHsMu ERTMS st nepena-
4l KOMaHJ KepyBaHHs Ha JIOKOMOTHUB BHKOPHCTO-
BY€TbCsl KaHai panios3s’sisky GSM-R [16, 15, 19,
20]. B poGori [14] s 3abe3nedeHHsT Oe3MEYHOT
nepeaayi JaHUX Ha JIOKOMOTHB MPOTIOHYETHCS BU-
KODHUCTOBYBAaTH  TPaHKIHTOBHH  paJiio3B’sI30K
TETRA y moegHaHHi 3 TEXHOJOTi€0 MOOIIBLHOTO
38’s3ky 5G. Ha manumii wac 3amicTe 3acTapinoro
craanapry GSM-R na 6a3i texnoznorii 5G NR po-
3po0Js€ETbcs  MalWOyTHS cucTeMa MOOIIBHOIO

3B’s3Ky I 3anmizHEYHOTO Tpancrmopty FRMCS,
BIIPOB/XKEHHSI SIKOT 3a0e3MeunTh TeJIeKOMYHiKa-
LiKHI MOTpeOu BCiX 3aMi3HAYHUX CITYKO Ta CIpHi-
TUME PO3BUTKY «pO3yMHOI 3amizHuii» [21]. B Vk-
paini cucrema GSM-R He BUKOPUCTOBYETHCH,
a BIPOBAKCHHA MepeKi MOOUTBHOTO 3B S3KY
FRMCS u9n iHImX cydacHUX TEIEKOMYHIKAI[iTHIX
cucTeM notpedye Ayke BETHKHX (piHAHCOBUX pe-
cypciB. Ha xainb, y 3B’513Ky i3 BOEHHUM CTaHOM Ta
CKJIQJIHOI0 €KOHOMIYHOIO CHUTYAIlI€I0 TaKi CHCTEMHU
HaWOIIKYMM 9acoM HaBpsI 9H 3 SBIATHCI B YK-
paini. ToMy TONOBHMM KaHAJIOM Mepeaadi JaHHX
Ha JIOKOMOTHB 3aJIMLIA€THCS KaHAJ Yepe3 PeHKOBY
JiHiFO.

VY pobori [1] mpoaHaai30BaHO CTATUCTUKY Bij-
moB cuctemu AJICH. BusHaueHo, 110 OCHOBHOIO
MIPUYMHOIO BiJIMOB € 3HOIICHICTH anapaTypH, IMepI
32 BCe 1€ CTOCYEThCS JIOKOMOTHBHOTO Jie-
mmdparopa. BcTaHOBIEHO TaKoXK, IO MPUIHHAME
3001B y cucremi AJICH 30Kkpema € CIOTBOpEHHS
YacOBUX ITapaMeTpiB KOAY, HAMarHi4eHiCTh peloK
Ta HECTAOUIbHE KUBJICHHS.

OnHMM 13 HampsIMiB BJIOCKOHAJICHHS CHCTEMH
AJICH € oHOBIEHHS JIOKOMOTHUBHOI anapatypu Ta
BIPOBAKCHHS OB e()EKTUBHUX METOMIB 00pO-
Oku curHaimiB. B po6oti [12] myist migBUIIEHHS 3a-
BagocTirikocTi cucremu AJICH 3ampomonoBanmii
YAOCKOHAIIEHUH METO JeIIN(pyBaHHS CHUTHANIB,
SIKUM 0a3yeThCsl Ha 3aCTOCYBaHHI CHEKTPAIbHOTO
aHamizy Ta Wavelet neperBopeHHs. ABTOpH pobo-
TH [6] TPOMOHYIOTH BHKOPHCTOBYBATH Hepome-
pPEXEBY MOJIENb JUIS PO3IMi3HABAHHS TPHUBAIOCTI
immysnbeiB Ta inTepBaiiB koxie AJICH. ¥V [9] mis
CBO€YACHOTO BHUSBJICHHS CIIOTBOPEHb CHUTHAy
B cuctemi AJICH 3anpornoHoBaHO BUKOPHUCTOBYBA-
TH aJJaliTUBHY CHUCTEMY HEHPOHEUITKOTO JIOTIYHOTO
BucHOBKY (ANFIS) Ta entpomiro lllenHoHa eneprii
BetiBneT-naketiB (WPESE). Jlns 3axucty nokomo-
TUBHOI CHTHaJIi3alii Bijg 3aBajx B poboti [17] mpo-
MIOHYEThCS MeTOZ 0OpOOKM CHUTHAIB 13 3aCTOCY-
BaHH;M anroputMy onrtumizanii PSO Ta rimmbokoi
Heiiponnoi mepexxi DBN. Ilpore Bce 1ie He Bupi-
Iye npo0JieMy HU3bKOT 1HGOPMATHUBHOCTI Ta IIIBH-
nkomii cucremu AJICH.

Iammit Hanpsim BrockoHaneHHst cucteMu AJIC
OB’ sI3aHUI 13 3aCTOCYBAHHSM OUTBII JOCKOHAIUX
MeTOJIiB mepenavi nanux depe3 PJI, mo kpim mif-
BHUIIIEHHS 3aBaJOCTIKOCTI 1acTh 3MOry IepeiaBa-
TH OLIBIIY KiJBKICTh KOMaH]I Ta 30UIBIIMTH IIBU/I-
KicTe mepemaui. B pob6ori [13] mis mepemadi Ko-
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mang AJIC 3anpomoHOBaHO BHUKOPHCTOBYBAaTH
MHOXHHHUH JOCTYH 3 KOJOBHUM PO3IUICHHIM
(CDMA) Ta mudepenmuianbay OiHapHy (aszoBy ma-
uinyssiro (DBPSK), a B [11] — oproronanbhe my-
JBTUIUICKCYBaHHS 3 YAaCTOTHUM  PO3/UICHHSIM
(OFDM) Ta xBanmpatrypHy (a3oBy MaHImysis
(QPSK). Texuomorii CDMA ta OFDM mnepenba-
YaloTh 3aCTOCYBaHHS IIMPOKOCMYTOBHX KaHAaJiB
3B’SI3KY, IPOTE PEHKOBA JIiHISI MA€ BITHOCHO BY3bKY
CMYTy TPOIYCKaHHS, SIKa CYTTEBO 3AJICKHUTH BiX
noexuHu PJI. ToMmy BIPOBaPKEHHSI TaKUX TEXHO-
Jioriit Ha minsHkax 3 gosrumu PJI moxke Oytu mpo-
ONeMHIM.

BpaxoByioun Bka3aHe, aKTyaJbHOIO 3aJIHIIa-
€Tbcs 3a7ada BJockoHajeHHs cucrtemMu AJIC Ta
MomyKy Oinbll e(QeKTUBHUX METOMAIB Mepeaadi
JaHWX Yepe3 peHKOBY JIHIFO.

Meta

MeTor po0OTH € BIOCKOHAJICHHS CUCTEMH aB-
TOMATHYHOI JIOKOMOTHBHOI CHTHANI3aIlil HTUIIXOM
MiBUIICHHS €MHOCTI Ta 3aBaJOCTIHKOCTI KaHAIy
nepeaayi JaHux yepe3 peiKoBy JiHif0.

Metoauka

Oyinka emHocmi xawnany 6 cucmemi AJICH.
CucreMa 3B’SI3Ky CKIIQIA€ThCS 3 JHKepena MoBilo-
MJICHB, KaHAITy Tiepe/iadi Ta OTpUMyBada MOBiJOM-
nens (puc. 1) [4, 18]. B mudpoBux cucremax Ha
MepelaBaibHiil  CTOPOHI TaKOX 3aCTOCOBYETHCS
KoJiep, SIKUil MOKe BUKOHYBaTH OJHY a00 KijbKa
(GyHKIIi#: 3MeHIIeHHs iHpopMaIliitHOT HaIMipHOCTI
MOBIIOMJICHHS, MUGPYBaHHSA JaHUX, 3aBaJIOCTiH-
KocTe KoayBaHHs. Ha mpuiimManbHUE cTOpOHI Jie-
KOJIEp BUKOHYE 3BOPOTHI (yHkiii. Kanan mMicTuth
MIEPETBOPIOBAY IMTOBIIOMIICHHSI HA CHUTHAJ, CEepPello-
BUIIIE TIepe/iadi Ta MepeTBOPIOBaY CUTHAITY Ha T0-
BijoMiIeHHs. Uepe3 BILIMB 3aBajl Ta CIIOTBOPEHHS
(hopMu curHairy B KaHaji BiOyBarOThcs iH(pOpMa-
ilHI BTpaTH.

B cucremi AJICH mxepeno ¢opmye onHe
3 TPHOX MOBIJIOMIICHD a1, &2, @3 (Koau 3, JK Ta WK)
BIJIMIOBIZIHO IO CTaHy KOJIHHOTO CBiTIIOPOpa Ta Ki-
JIBKOCTI BUIBHUX OJIOK-IIIAHOK. I10BiOMIIEHHS Iie-
PETBOPIOETHCS HA YUCIIOBUM KOJIOBUM CUTHAJ, SIKHI
nepenaerbes yepe3 PJI (cepemoBuine mepexadi) Ta
3aBJSKH 1HAYKTHBHOMY 3B’SI3KY HABOJMTBCS Y JIO-
koMoTuBHHX KoTymkax AJICH. JlokomoTuBHMIT
npuiiMad BUKOHYE (IUIbTpaLlilo Ta MiACHICHHS
OTpUMaHOro curHany. Jlemmdparop 4ucioBUx Ko-

JIOBUX CUTHAJIIB PO3MHU(PPOBYE OTPIMAHE TTOBIIOM-
JICHHS] T4 BMHKA€E BiJMOBITHUN CHTHAI Ha JIOKOMO-
TUBHOMY CBiTIO(Opi. 3aBISKN IbOMY ITOBITOMIICH-
HS TIEPEIA€THCS MAIIHICTY.

[lpunyctumo, 1m0 JHKepeno  MOBiIOMIEHBb
(puc. 1) reHepye moBifiomJeHHA &, (07HA 3 TPHOX

KOMaH/I AJICH), andasit
A={a,,a,,a;} o6’emom N =3; OTpuMyBay IOBi-

TOOTO Mae

nomiteHs (1okomoTuBHI npuctpoi AJICH) mae an-
¢daBir B. Tomi mBuakicTh mepemaui iHpopmarrii
B JMCKPETHOMY KaHaM i3 3aBaflaMu (CeperHs KiJib-
KicTh mepecianoi iHdopmarii 3a [2]) BU3HAYAETHCS
HACTYITHUM BHpa3oM [4]:

R="f.[H(A)-H(AB)] [6irc], (1)

e H(A) — EHTpOMIS JpKepena IMOBIJIOMIICHb

AJICH 3a Illennonom [2, 4]; H (A|B) — YMOBHa
enrporis [2, 4], mo xapakrepusye BTpaTu iHPOP-
Marlii y KaHaji 3B 3Ky (4epe3 Mdif0 3aBaj Ta CIO-
TBOpenns dopmu curnany); f., =1/T = — cepen-

HS 4acToTa MOBINOMIICHB; T, — CepeiHs TpHBa-

JIICTh OJTHOTO ITOBIIOMJICHHS (BH3HAYA€ETHCS THUIIOM
tpancmitepa — KITTLHI-5 a6o KITTLI-7).

3a dikcosanoro f. , MakCMManTbHO MOXKIMBA

indopmaniiina mBuakicts (1) B kanami AJICH mo-
CATAETBHCS 38 MaKCHMalbHOro 3Hadenns H(A) ta

MiHIMaJIbHOrO 3HaueHHs H (A|B) =0 (robro

BTparu iH(opMmartlii B kaHaMi BijcyTHi). BusHaunmo
MaKCUMAJIBHO MOJKJIMBY EHTPOIIIO JDKepena Juis
BUIIAJIKYy, KOJIM BCi TIOBIJIOMJICHHS HE3aJIS)KHI Ta
piBHOBiporimHi [2]:

Hunax (A) = log, N = log, 3~1,585 (Gir). (2)

Tomi 3 (1) omiHka MaKCHMaJIbHO MOXKIMBOI iH-
(dopmarritinoi meuakocti B kaHam AJICH mae ra-
KHWH BUTIA,

R

max

H A
= L() [6iT/c] . (3)
Tcep
Tpusanicts komoBoro mukiay AJICH npu Buko-

puctanni  tpaHcmitepa  KIITHI-5  cknamae
Top =16 ¢, a KIITUI-7 - T, =186 c. Tomy Biz-

moBimHO BHpasy (3) 3a yMOBH BHKOPHCTaHHS
KIITHI-5:
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Ry ~1,585/1,6 ~0,99 (6ir/c),
a 3a ymoBu Bukopuctanas KITTII-7:
Rax ~1,585/1,86 ~ 0,85 (6ir/c) .

B cucremi AJICH mnepemMHKaHHS JIOKOMOTHB-
HOTO CBITIO(OPY BiAOYBAETHCSA TUTHKH MICIS TIPH-

BHHW KaHaN Tiepenadi 3 0OMeXEeHHMHU MOTY>KHOC-
TSMH CHTHaJy Ta HIymy. BiAmoBigHo 1o Teopemu
[llennona-I"apTii [4] eMHICTh TaKOTO KaHAITy TpPH
aIUTHBHOMY O1IOMYy TayCOBOMY HIyMi 3aJ€KHTh
BiJl IIMPUHM CMYTM HpomyckaHHs F_ Ta BinHoO-

nieHHs curaain/mym SNR:

N . P .
HOMY TPBOX KOZOBHX LIHKIIB, TO6.TO. 3aCTOCOBY- C=F_log,|1+—= [61T/c], (4)
€TbCSl BeNHMKa iHpopMaliiiHa HagMipHICTb. 3 ypa- P.
XyBaHHAM LBOTO, iHpOpMaliiiHa MBUAKICTh B Ka- _
Haimi AJICH 3meHmnyeTbes 1ie BTpuYi i ctaHOBUTH A€ P, — cepenmst motyskHicTs curaany AJICH;
0,28 6it/c Ta 0,33 6i1/c, BiANIOBIAHO. P, — cepenHs NOTYKHICTb IIyMy (3aBajin).
OuiHMMO €MHICTH KaHaIly Tepeadi JaHuX ue-

pe3 petikoBy miHit0. Posrisremo PJI sk 6e3nepep-

Co T T Kanan |

! 1

1

Jlxepeno | Koze _:_’ [Mosinomnenns/ Cepenopuiie Curnan/ _E_) Texonep |—»] OtpumyBad
TIOBi1IOMJIEHB P 1 Curnan nepeaauyi [MoBizomnenns | P NOBiZIOMJIEHB
iy Sl —— :
Hoxepeno
3aBaj
Puc. 1. CtpykTypHa cXema CUCTEMU 3B 3Ky
Fig. 1. Communication system block diagram
[npuna F_ 49acTOTHOI CMYyTH MNpPOITyCKaHHS .
P x yr mpory C =300l0g, (1+1) =300 (6ir/c).  (5)

PJI 3anexxuTh Bif i JOBXKHMHH, cTaHy Oanacty, TU-
Iy peHoK, CTUKOBHX 3’ €IHYBadiB Ta iHINX (aKTo-
piB. Cucrema AJIC moBmHHa 3a0e3medyBaTH Ha-
NiiiHy Tiepeiavy MoBiJIOMJIEHb HA JIOKOMOTHB JIJIsI
Oyab-akoi noxkuHu PJI, ska IUIs JESAKUX THIIB
peiikoBux kin (PK) Moxe mocsiraTé 3Ha4YeHHS
2,6 kM. B moctynHuX JpKepenax, Ha jKajlb, HE BlIa-
JIOCh BUSIBUTH iH(OpMaIIilo TIPO HATYpHI eKcIiepu-
MEHTH 3 BU3HAYEHHS YaCTOTHOI XapaKTEePHCTUKU
PJI nosxuHoMO 2,6 xM. Ilig yac MoaearoBaHHS Iie-
penaui curaany depe3 PJI Ha Bigcrans 1 xm B [11]
Bukopuctano OFDM 31 cMmyroo  yactor
5,12...7,39 xI'u, npu npomy nouuHarouu 3 10 k'
3aracaHHsi B PJI olliHEHO sSK BHUCOKE. 3 MPaKTUKU
excrutyaranii ToHanbHUX peiikoBux kin (TPK) B
VYkpaiHi, i1 HECYy40i YaCTOTH CUTHAIBHOTO CTPY-
My S5kl rpannynHo pomyctuma gomxkuHa PJI
ckmagae 0,2 km; mmst 420 ['m— 1 kM. BpaxoByroun
ouinku edexkruBHol cmyru yacror PJI y [8] i [11]
Ta goceig ekcroryatanii TPK, B sxocti gqocuts mo-
MIpHOT OI[IHKKM B JaHid pOOOTI TNPHITyCKAETHCS
F. =300 I'm.

[pumyctumo, mo SNR = 1, ToOTO NOTYKHICTh
3aBagM JOPiBHIOE TOTYXHOCTI curHamy AJICH.
Togmi 3a (4):

binuii rayciB miym Mae HalOUTBIIy €HTPOIIIIO
cepen Oe3nepepBHUX 3aBajl 0OMEKEHOI MOTYXKHOC-
Ti. [Ipote 3aBanu B kaHaui nepenadi AJICH cyrre-
BO BiJIPi3HAIOTECS Bix Oinmoro mymy. Tam [itoTh
MOTY)KHI 30CEpPe/KEHI 3a CIEKTPOM 3aBajau (rap-
MOHIKH TSTOBOTO CTPYMY, 3aBajiMl BijJi KOHTaKTHOI
MEpexi, CUTHAIN KOHTPOJIO BUTLHOCTI PEHKOBOTO
KOJIa TOIIO) Ta IMITyJILCHI 3aBaj, SKi BUHUKAIOTh
BHACITIJIOK TIEPEMUKaHHsI OOMOTOK TSITOBUX JIBHUTY-
HIB €JIEKTPOBO3iB, KOPOTKOYACHOI'O ITOPYIICHHS
KOHTaKTy MK HMaHTOTpa)oM Ta KOHTAKTHOIO Me-
PEKEI0 Ta IHIIMX KOMYTAIIMHMUX MporeciB. €M-
HICTh KaHaJTy 3 TAaKUMH 3aBaJlaMH TaKOXX MOXKHA
po3paxyBaTH BiAmoBigHO 10 Bupasy (4). Ipu 1po-
My B SIKOCTi MOTYXXHOCTI IIyMy HEOOXiJHO BHKO-
PHUCTOBYBaTH €HTPOIIHHY MOTYXHICTh, TOOTO MO-
TY>KHICTh €KBIBAJIEHTHOTO OiJIOTO IIyMYy, SIKHH Mae
TaKy caMy eHTPOIIiIo, sIK JlaHa 3aBaza [4].

BusHaueHHsT €HTPOMNINHOI MOTYXHOCTI 3aBa,
mo ailoTh B PJI, morpedye okpeMux AOCIHIHKEHb.
Jnst Takux 3aBaj BiAHOLICHHS CHUTHAJ/LIYM MOXe
CWJIBHO BIAPI3HATHCSA BiJ ofuHMIl. ToMy oTpuma-
He y Bupasi (5) 3HaYCHHS EMHOCTI KaHAITy repejia-
gi Ha 6a3i PJI (300 6it/c) € nyxe mpuOIH3HUM.
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[Ipore, HaBiTH mpU Ty’Ke€ HU3BKOMY BiIHOIIECHHI
CUTHAJI/IIyM, 3HaYE€HHS! €EMHOCTI OyZe CyTTeBO Oi-
JBITAM, HDK iH(GOpMAaIiifiHa IMBUAKICTE B CHCTEMI
AJICH (0,33 6it/c abo 0,28 6iT/Cc 3aM€KHO BiA TH-
ny TpaHcmitepa). Takum 4MHOM, € CYTTEBHH pe-
cypc ans 30UTbLICHHS €MHOCTI KaHaly mnepeaadi
B cucremi AJIC. Jlyxe Hu3pka iHpopmamiiiHa
mBHaKicTh kKaHany AJICH moB’si3aHa 3 HU3BKOIO
3HAYHICTIO CHUCTEMH (BUKOPUCTOBYIOTHCS TiIBKH
TpH KOZOBHWX CHTHAJM) Ta BEIUKOIO TPHUBATICTIO
KOZOBOTO IIUKITY.

€MHICTh IUCKPETHOTO KaHaly i3 3aBajaMH BH-
3HAYAETHCS HACTYITHUM YUHOM [4]:

C = fo-max| H(A)~H(4|B)] [6iv/c], (6)

JIe¢ MAKCUMYM BPaxOBY€E BCI MOXIIMBI JiKepesa 1o-
BiJIOMJICHb Ha BXO/JII KaHAITy.

BiamosigHo g0 (6) MOXHa BHIUTMTH HACTYITHI
HaIpPSIMKH ITiIBUIICHHS €éMHOCTI kaHaiy AJIC:

1) s6inbmenns enrpomii wkepena H(A) 3a

paxyHOK posmmpeHHs: andapiTy (BHKOPHCTaHHS
OLTBIIIOT KITHKOCTI KOMaH/);

2) 3MeHIIeHHs iHpopMamiliHux BTpar H (A|B)
3aBISKH BHKOPHUCTAHHIO 3aBAaJOCTIHKMX METOIIB
KOJ[yBaHHS TIOBIJIOMJICHb 1 MOZYJISIIII CHUTHAJIB,
TiIBUIICHHS BiJHOIICHHS CUTHA/IITYM;

3) MmiABUINEHHS YaCTOTH Tepeaadi IOBiIOM-
nenb f. .

Cucmema xomano AJIC. B pobori [13] Hamu
3aIpPOINIOHOBAaHA CHUCTEMa KOMaHJ i Oararto3Hady-
HOI aBTOMAaTHYHOI JOKOMOTHMBHOI CHUT'Hai3alll, sika
BpPaxOBY€ MOJKJIMBE MiJIBUIICHHS MIBHIKOCTI PyXy
moi3miB 10 250 km/roj. Jlana cuctema MICTUTh:

1) Tpu KOMaHI¥ JUTS PETYJIIOBAHHS PyXY IMOI3/1iB
B MEXXax IMeperoHy Mpu BUKOPHUCTAHHI TPU3HAYHOTO
aBTOOJIOKYBaHH (aHayor koiB 3, JK Ta WK);

2) O7HY JOJATKOBY KOMAHIY JJIsl PETYTIOBAHHS
PYyXy IIpH YOTUPU3HAYHOMY aBTOOJIOKYBAHHI;

3) woTHpy KOMaHaW Ui mepedadi indopmarrii
PO BCTAHOBJICHY IIBUJIKICTh PYXy Ha CTaHIIi MpH
YCTaHOBIII MapHIPYTy NpUAOMY Ha OOKOBY KOIIiFO
3 BIAXWIEHHSM II0 CTPUIOYHHX NEPeBOAAX, SKi
MaroTh XPECTOBUHH PI3HUX MapOK;

4) m’sTh KOMaHI IS 1epeadi inpopmarii mpo
BCTaHOBIIeHY mBUAKicTh 160, 180, 200, 220 Ta
250 xkm/rox (maHi KOMaHIM 1epeadaveHi st BUCO-
KOIIBUIKICHHX TI0I3/1iB);

5) Tpu pesepBHUX KOMaH/H, SKi MOXYTh 3a-
CTOCOBYBATHCH JUIS Ilepeadi JI0aaTKOBOI iH(OD-

Marlii 3 ypaxyBaHHSIM KOHKPETHUX YMOB €KCILTya-
Tawii JiHii.

Takum gnHOM, 00’€M andapiTy 3ampoONOHOBa-
voi cucremu AJIC mopiBHioe 16. Jlns mepenaui
KoMaH[ 0yJeMO BUKOPUCTOBYBATH ABIMKOBI KOJO-
Bi kombOiHamii (KK). BuzHaunmo miHiManbHO He-
00XiHYy KUTBKICTh 1H(QOPMAMIHHUX eJIeMEHTIB
B KOXKHIH KOMO1HAIT

k>log, N =log,16=4. @)

3asadocmitike kodysauHsa. Jlnsg KOMIeEHcallii
iHpopMaLlifHUX BTpaT y KaHaji mepeaadi 3acToco-
BYIOThCSl Pi3HI BUAM 3aBajlOCTiHKUX KoxiB [4, 5,
18]. Tlpum BHMKOpHCTaHHI OJOKOBHX pO3IiIBHUX
KOJIB 10 iH(OpMaliiHUX EJIeMEHTIB OMAl0ThCs
MEPEBIPOYHI eIeMeHTH, 10 3abe3neuye iHpopma-
HiHY HAaIMIpHICTH MOBIJIOMIICHHS Ta Ja€ MOKJIH-
BiCTh BUSBIATH Ta/a00 BHUMPABIATH MOMWJIKH Ha
MpUAMAaNBHIN CTOPOHI.

B PJI nitoTe rapMoHIYHI 3aBagyl BEIHUKOI TpU-
BaJOCTi, IO MOXE MNPU3BECTH OO OJHOYACHOTO
crotBopeHHs1 Kinmbkox enemeHTiB KK, ToOTO MO
MOSIBA MAKETY MOMHJIOK. Y 3B’S3KY 3 I[UM IS 3a-
Oe3nedeHHst 3aBanoctiiikocti komana AJIC mpo-
MMOHYEMO BUKOPHCTOBYBAaTH HUKIIYHHNA Kox Daii-
pa, Tak sSK BiH Ja€ MOXJIHMBICTb BUSBJISATH Ta BH-
MPABIATH TAKETHI TIOMIJIKH.

Teipuuii noninom xony Qaiipa G, (x) BH3HA-

Ya€ThCS HACTYITHUM YHHOM [4]:
Gq)(x)zG(x)(xC@l). (8)

ne G(X) — He3BiAHMIA MOJIIHOM CTyIeHs t; C — moc-
TifiHE YUCII0, SIKE€ HE MOBHMHHO IUIMTHUCH O€3 ocTaui
Ha umcio m=2" -1,

CrymneHi nojiHoMiB t Ta C 00MparoThCs 3 ypa-
XYBaHHSIM JIOBKHHU MOJIIUBHX MaKeTiB TIOMHUJIOK.
[pumyctumo, mo t=2, ¢ =4. [ua oOpanux 3Ha-
yeHb M = 3. Uucno € He ainuThes O6e3 octadi Ha M,
110 33JI0BOJIbHSIE BUMOTaM J10 (8).

OOupaemMo HE3BITHUM MOJTHOM JPYroro CTyIe-

HSA G(X) =x*@®x®1 [4]. Bianosigso 10 Bupasy

(8) Bu3HAUaeMo TBipHMI MoTiHOM Koy Paiipa:
G, (x)= (x2 DX @1)(x4 @1) =

=x"exeox*eox’ ®x®1.(9)
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O6panuii kox Paiipa nae 3mory [4]:

1) BuABUTH OY/b-KHUH OAMHUYHHI MAKET I10-
MWIOK 13 JIOBKUHOIO, 10 HE [EpPEeBHUIIIYE
p=Cc+1=5;

2) BusBUTH OyJb-AKy KOMOiHamil0 i3 ABOX Ma-
KETiB MIOMUWJIOK, JOBXWHA HaWMEHIIIOTO 3 SKUX HE
nepesuinye t =2, a cyma 000X TMakeTiB He mepe-
Bulye p =Cc+1=5.

3aranpHa KinbKicTh eneMeHTiB KK Bu3HayaeTh-
csl SIK HaliMEeHIIIe CITiJIbHE KpaTHe Yrcen M 1a C

n=HCK(m,c)=HCK(3,4)=12, (10)
a KUTBKICTh TIEPEBIPOYHHX €JIEMEHTIB I =1 +C=6.

TakuMm ymHOM, AJIs TIepenadi KoMaHy Oaratos-
HayHOi cucteMu AJIC nponoHyeMO BUKOPHUCTOBY-
BaTH uKIiyHud ko Paiipa (12,6), TBipHUH MOTi-
HOM sikoro 3ajanuii Bupasom (9). Koxkna ilikoBa
KOMOIHaIlisI TAKOTO KOy MICTUTH HIICTh iH()OpMa-
MIAHKUX eJIeMEeHTIB, 1m0 BiAmoBigae ymosi (7). O6-
panuii dopmMar Kooy A€ 3MOry IepelaBaTh
2% = 64 pisaux mosigomienHs. Lle Hamae MoXKIH-
BiCTh po3mWUpUTH cucteMy komang AJIC, 3ampo-
MOHOBaHy B po0oTi [13]. 30kpema, MOKHA 100aBH-
TH KOMaHAM IS Tiepeqadi MOCTIHHUX OOMEXeHb
MIBUIKOCTI 3 ypaxyBaHHSIM OCOOJHMBOCTEH 3aii3-
HUYHOI JiNsHKY, iH(popMalii mpo BUTBHICTE a0o0
3aMHATICTh 3QMI3HUYHUX MEpei3/iB, 0 SKUX Ha-
OIMIKa€ThCA MOI3 /I, Ta 1HIIE.

Cxema mooynsyii. B cucremi AJICH 3actoco-
ByeTbCsi ammutiTyiHa Maninyssis (ASK), sika mo-
piBasiHo 3 wactotHoto (FSK) ta dasosoio (PSK)
MaHIMYJSLISIMH € HalMEHII 3aBal03aXHILEHOIO.
FSK ta PSK maroTh 3HaYHO Kparlly CTIHKICTh JI0
BIMBY 3aBaj. Ilporte, omaum i3 HemomikiB FSK
€ IIUPOKUHM YaCTOTHUI CIIEKTP MaHIIyJIbOBAaHOTO
CUTHAJY, SIKUW 3aliMa€e CyTTEBO OUIBIITY CMYTY Yac-
tot nopiBHsHO 3 ASK ta PSK [4].

Cnektp curHany AJIC po3TamoByeTbCs MiX
TapMOHIK TSATOBOTO CTPYMY, YacTOTH SIKUX KpaTHi
3HaueHHio 50 ['n. [Ipu mpoMy 3 ypaxyBaHHSIM Iie-
PEXiTHUX MUISHOK aMIUTITYJHO-9aCTOTHOI Xapak-
TEPUCTHKH JJOKOMOTUBHOTO (iNbTPYy LIMPHHA CIIe-
kTpy curHainy AJIC He Moxe mepeBHIyBaTH
25...30 I'u. Yepes 116 BUKOPUCTOBYBATH YaCTOTHY
MoayIsanito B cuctemi AJIC HeoIiIBHO.

s nepenaui curaanis AJIC gepes PJI npormo-
HYEMO BHKOPHCTOBYBATH 3aBaJIOCTIHKY KBaJpaTy-
pHy dazoBy mManinmymauito QPSK. Jlns cnpomienns
MpoIIeCcy JAEMOMYJISIII CUTHAIy oOupaeMo awde-
peHmianeHy ¢asoBy Manimymsinito DQPSK, mnpu

SIKIA 1HGOpMaNiHHAM TTapaMeTpoM € He abCOIoT-
HE 3HauYCHHs TOYaTKoBOI (has3u, a BiTHOCHMI (a3o-
BHi 3CyB MiXK JBOMa CyCifiHiMH cUMBOJamu [3, 4,
7].

CurnanbHe cy3ip’a ma maHinymsnii QPSK Tta
npukian ¢a3o-MaHiMyJIbOBAHOTO CHTHATY Mpel-
cTaBiieHl Ha puc. 2. Pa3a HECYIOTO CUTHAITy MOXe
mpuUAMaTh OJHE 3 YOTHUPHOX 3HAUCHb, IO JIA€ 3MO-
ry mepenaBatu aBa Oita iHdopmMauii 3a OAUH CUM-
Boj. TakuMm gmHOM, Tipn BuKopucTanHi QPSK in-
(hopmartiitHa MBUAKICT BABiUl ONIBINE HIXK IIBUI-
KiCcTh mepeadi CHMBOJIIB.

a-a
Ay
£<p=rr/2
o= =0 Ay
T<p=3n/2
6-h
Ups® 00 , 01 , 10 11

®=0 p=m2 = @=m @=3m2 "

Puc. 2. Curnansre cy3ip’st s cxemu moayiimii QPSK
(a) Ta npuknan Gpa3o-MaHimyIL0BaHOTO CUTHAIY (6)

Fig. 2. Signal constellation for QPSK modulation
scheme (a) and example of phase-shift keyed signal (b)

Bubepemo mnapamerpu QPSK curnamy AJIC.
Yacroru necyworo curHany cucreM AJICH, ki
BUKOPUCTOBYIOThCSI B YKpaiHi, AOPIBHIOIOTH 25
a6o 75 I'u. Jlnsa 3abe3neyeHHs MOKIMBOCTI OHO-
YaCHOTO 3aCTOCYBaHHS PIIlIEHHs, 3alIPOIIOHOBAHO-
ro B JaHiil poboTi, Ta icHytounx cucrem AJICH,
o0upaeMo 4acToTy Hecydoro curaamy 125 I'm, sixa
PO3TAIIOBYETHCSA MK TapMOHIK TSTOBOTO CTPYyMY
100 Ta 150 I'm. Takum 9YMHOM TPOTIOHYEMO HACTY-
nHi mapametpu QPSK curnamy AJIC:

1) gactora Hecydoro curnary — 125 I'm;

2) edextuBHa mmpuHa criektpy — 20 '

3) cuMBOJIbHA MIBUKICTH — 10 CHMB/C;

4) indopmaniitna mBuakicts (R) — 20 oit/c.
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Buznaunmo gac mepemadi OHOTO MTOBiTOMIICH-
Hs TOBXHWHOIO N = 12 OIT:
n 126it
P T TN
R 206ir/c
3anponoHoBaHa B JAaHiil poOoTi cuctema aae
3MOry mepemaBaTu onHy i3 64-x xomang AJIC 3a
0,6 c, B Toii yac sk cucrema AJICH 3a6e3neuye me-
penaBaHHs OnHIET 3 TPHOX KOMaHn 3a S...6 ¢ (Tpu-
BaJIiCTh TPHOX IMKIIIB KOJIOBOTO TpaHcMiTepa). Ta-
KAM YUHOM, BIPOBA/DKCHHS 3allPOIIOHOBAHOTO pi-
IICHHS JI03BOJIUTH OTPUMATH 3HAYHO Kpalili iH(pop-
MaTUBHICTh Ta MIBUAKOAI0 mopiBHAHO 3 AJICH.

Pe3yabTarn

Juis  gociimkeHHs 3aBalOCTIHKOCTI 3amporio-
HOBaHOI CHCTEMH Ha PiBHI MOBiIOMJICHh BUKOHAHO
MojenoBanHs Metojiom Monte Kapno. Biamogiz-
HUHW TIpOrpaMHUM KOI Hamucanuii MoBoro Python.
[Ipu mpoBexeHHI MOJEMOBaHHS OOpaHO HACTYIIHI
napameTpu:

1) kinbKicTh iHGOPMAIIWHKX €IEMEHTIB B KO-
*kHil KK -k = 6;

2) KinmbKicTh mepeBipouHux enemeHTiB B KK —
r==6;

3) tBipuuii nominom komy ®daiipa — G, (x)

BiAMoBiAHO 10 BHpasy (9);

4) KiNbKICTh iTepariii Ui KOXHOI KpaTHOCTI
nomunku — N, =10°;

5) xkpaTHOCTI MOMHUIOK — lyow = 1...12.

MopentoBaHHsT TIPOBOJMIN 32 HACTYITHUM ajl-
TOPUTMOM:

1) 3amatn kpatHicTs moMmtku | =1;
2) chopmyBati 12-TH eIEMEHTHHN BIHKOBHIA
BEKTOp NMOMHIKH &, B IKOMY KiIbKICTh OAWHHUIIb

nopiBHIOE | a po3TallyBaHHS OJUHUIIb — BUIIA-

mom !
JIKOBE (32 PIBHOMIpPHUM 3aKOHOM PO3IOALTY);

3) reHepyBaTH BHUIAIKOBY IIeCTUOITHY iHDOp-
mauiiiny KK T ;

4) yrBoputu 3aBafoctiiiky KK V, mmsxom 3a-

CTOCYBaHHA KoayBaHHA komoMm Palipa mo U; 3a

JIOTIOMOT 010 TBipHOTO MosTiHOMY Gy (X) ;

=b

5) o6uncimut KK Ha Bxomi mexozjepa
Vi =V ©&;

6) 00YMCINTH CUHAPOM TOMHJIKU S, LITAXOM

SAK

JIEKOyBaHHs V, 3a JIOIIOMOTOI0 TBIPHOT'O IOJIHO-
My Gy (X);

7) KO S, € HeHyJbOBHM, TO BpaxXyBaTH IIO-
MUWJIKY SIK HEBUSIBIICHY;,

8) Bukonatu kpoku 2)—7) N__ pa3is;

3ar
9) o6uncIUTH KOShIli€HT HEBUSBICHHS TOMH-
JIOK:

= (12)

1€ N,z — KUIBKICTh HEBUSBIIEHUX ITOMHIIOK;
N,.. — 3arasipHa kinbkicts KK 3 moMunkamu.

o
=]
st
=)

KoeditieHT HeBUSIBICHHS
[=] =1 [=1 [=1
< (=) f=] (=]
—_ — [ [
(=] wn [=) n

0.005 -

0.000

10) BukoHatu KpPOKH 2)-9) TUIst
Lons =(2,3...12).

[ |
- | ]
] ]
u _ B
H B B
H BB
" B BN
H B BN

1 2 3 ! 5 ! 7 ! 9 o 11 12

KpaTHiCTh IOMHIKH

Puc. 3. 3anexHicTh KOehII[iEHTy HEBHSBIICHH Bil KpaTHOCTI MOMIUIOK st Koxy Paiipa (12,6)

Fig. 3. Dependence of the non-detection coefficient on the error rate for the Fire code (12.6)
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X107

=]

=)

KoedinieHT HEBHABIECHHS

) =

5 6 7 8 9 10 11 12
KparHicTh TOMHIKH

Puc. 4. 3anexHicTh KOe]illieHTY HEBHUSBICHHS BiJl KpaTHOCTI MOMUJIOK MPH BUKOPUCTaHHI kony Daiipa (12,6)
Ta JIBOKPATHOT'O MPUHAOMY MOB1IOMJICHb

Fig. 4. Dependence of the non-detection coefficient on the error rate when using the Fire code (12.6)
and double message receiving

OtprMaHa B pe3ynbTaTi MOJEIIOBAHHS 3aJICK- Tabmnns 1
HICTh KOe(Iili€HTYy HEBUSABIEHHS BiJ KpPaTHOCTI

Pe3y.]'leaTﬂ MOAC/IIOBAHHSA
MOMHJIOK TIPEJICTaBJIeHa Ha puc. 3 T1a y Tabm. 1.

BinmoBigHo 10 pe3ynabTaTiB MOJCIIOBAHHS, KO Table 1
Qaiipa (12,6) BuSBISIE BCI TOMUIKH KPIM YOTHPH- Simulation results
KpaTHUX, IIECTUKPAaTHUX Ta BOCBMHUKpAaTHHX. 3a- . —
o LR . KpaTHlCTI) KOG(blL[lCHT HCBUABJICHHS
rajJbHU KOeQIli€HT HEBUSIBICHHS (BiIHOIICHHS OMILIOK
KIIBKOCTI BCIX HEBUSBICHUX TOMHIOK Oyab-SKOT ONHOKPATHUH ABOKPATHHH
. . - . . (R NIpUHNOM IpUHUOM
KpaTHOCTI 10 3arajbHOi KIJIBKOCTI iTeparii
12N,, ) mopisnioe 0,0087. 1 0 0
B cucremax AJIC nenepepBHOi Oii B Mexax 2 0 0
OJIOK-IIITITHKK Yepe3 PEHKOBY JIHII0 TepeaacThCs 3 0 0
olHa ¥ Ta cama KOMaH/a JIOKH IOi3Ha CHUTYaIlis
6 i 4 0,0362 7,7-10°
3anumaeTscst 0e3 3MiH. Lle cTBOproe ymoBH mis ! ’
0araToKpaTHOro NpUHOMY KOXXHOI KOMaHAW: pi- 5 0 0
IIeHHS TNpO OTpHMaHHsA MeBHOI komaHmu AJIC 5
o : . . . 6 0,0263 2,7-10°
MPUAMAETBCST TIIBKH MICHS TOTO, SK BiJIIOBiTHA
KK Oyne nexomoBana 6e3 MOMWIIIOK KiJlbKa pasiB 7 0 0
HOCTILIb. , 8 0,0422 8,810
Ha puc. 4 Ta y Tabn. 1 npeacrasieHi pe3ynbra-
TH MOJEIIOBAaHHS Yy pa3i BUKOpHUCTaHHA koxy Daii- 9 0 0
pa (12,6) Ta ABOKpaTHOTO MPUHOMY KOXKHOI KO- 10 0 0
MaHau. SIK BHJIHO, 3aBaIOCTIHKICTh CYTTEBO IOK- 1 0 0
pammiach: 3arajbHUN Koe(ili€HT HEBUSBICHHS
nommiok cknaznae 1,6-10°. Ipu MonenoBanHi cu- 12 0 0
CTEMH 3 TPUKPATHUM MTPHUAOMOM KOMAaH]I BHUIIQJIKIB
HEBUSIBIICHHS IOMUJIOK HE 3a(iKCOBaHO.
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HaykoBa HOBHU3HA Ta IPAKTUYHA
3HAYUMICTh

ABTOpamu 11i€i poOOTH 3aIpPOITOHOBAHO KOM-
IUIEKC PillleHb IS BAOCKOHAJIEHHS HETepepBHOI
CHCTEMH aBTOMAaTH4HOI JIOKOMOTHBHOI CHTHajIi3a-
wii: 30iMbLICHHS EHTPOMii JKepena; 3MEHIICHHS
iH(hOpMaIitHIX BTpAT 3aBASKH 3aCTOCYBaHHIO 3a-
BajgocTiiikoro xony Qaiipa Ta YOTHPHUIMO3ZULIHHOT
($a30BO1 MaHiyJAMil; MiIBUILIEHHS YacTOTH Iepe-
Jadi TIOB1IOMJICHB Ta 0araTOKpaTHUN TIPHHOM.

BrpoBamkeHHsT 3aIpONOHOBAHHUX pIllIEeHb JO-
3BOJIUTHh MIABHUIIATH €MHICTH Ta 3aBaJOCTIMKICTD
KaHaJy Tepeaadi JaHuX depe3 PerKoBy IiHi0, po-
3mupuTH cucreMy koMann AJIC 3 ypaxyBaHHAM
OOMEKeHb MIBHJKOCTI Ha CTaHIifAX, iH(opmarii
PO BCTAHOBJICHY IIBUIKICTh JJIS MIBUIKICHUX 3a-
JI3HUYHUX JIHIA, a TaKo)K MOCTIMHHX OOMEXEHb
BIAIIOBIAHO O OCOOJIMBOCTEH 3aMi3HUYHHMX ILIS-
HOK.

BucnoBku

1. Cuctema aBTOMaTHYHO! JTJOKOMOTHBHOI CHI-
namizauii AJICH, ska 3actocoByeThcst B YKpaiHi,
Ma€ HU3bKY 1H(POPMATHUBHICTH, BHUCOKY iHEpILil-
HICTh Ta HU3BKY 3aBaJIOCTIHKICTh, pealli3oBaHa Ha
3acTapimii eneMeHTHiH 0a3zi. OguH 13 HampsaMiB
BrockoHanieHHs cucrteMu AJIC moB’si3aHuii 13 3a-

CTOCYBAaHHSM O1ITBII JOCKOHAIMX METOIIB Iepe/a-
4l TaHUX.

2. 3anpornoHOBaHa B JaHiil poOOTI cucTeMa nae
3MOTy TepeJaBaTH Ha JIOKOMOTHB OJHY i3 64-x
komang AJIC. B tomy uncni iHpopmarito mpo 00-
MEXCHHSI IIBUJKOCTI Ha CTaHIIAX, a TAKOX 1H]O-
pMaIlifo mpo MOTOYHY IOI3HY CHUTYAIll0 Ha Tepe-
TOHI 3 YypaxyBaHHSAM MOJIMBOTO 30UIBIICHHS
mBuakocted 10 250 xm/roxa. us 3a0e3medycHHS
BHCOKOI 3aBaJOCTIHKOCTI KOXKHa KOMaHAa KOIy-
eTsest kogoM Daiipa (12,6). Kpim mporo, mis mepe-
nadi koMaHn gepe3 PJI mpomoHyeThCsi BUKOPUCTO-
BYBaTH 3aBaJOCTINKy KBaApaTypHy (ha3oBy MaHi-
MJIAIIO.

3. 3aBajOCTIMKICTh 3alPOIIOHOBAHOI CHUCTEMHU
Ha PiBHI TMOBIZOMJICHb HiATBEPKYETHCS PE3yIib-
TaTaMul iMiTariifHOTO0 MonenroBaHHSI. OTpUMaHO
3aJICKHICTD 3arallbHOTO KOEQIli€EHTY HEBUSBICHHS
BiJl KpaTHOCTi mpuiioMy KoxHOI komangun AJIC:
pu omHOKpatHOMy mpuiiomi — 0,0087, mBokpart-
HoMmy — 1,6-10°, TpUKpaTHOMY — HEBHSABIECHHS I1O-
MUJIOK He 3a(hiKCOBaHO.

4. Jlana poOorta nepeadayae IpoOBEACHHS MM01a-
JBIINX JOCTIPKEHb 32 HACTYIHUMH HalpsIMKaMH:
MojentoBanHs PJI sk jiHIl 3B’S3Ky, BU3HAYCHHS
LIMPHUHYU 1i CMYTH TPOITyCKaHHS; JOCIIKEHHS 3a-
Baj, 10 AiroTh B PJI; mociimkeHHs 1HIIUX 3aBajo-
CTIMKUX KOJIB.
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Increasing the Capacity and Interference Immunity of the Data Transmission
Channel in the Automatic Cab Signalling System

Purpose. Improvement of the automatic cab signaling (ACS) system by increasing the capacity and interference
immunity of the data transmission channel based on the rail line. Methodology. To achieve the purpose, the analysis
of existing solutions for improving the automatic cab signaling system has been performed. The comparative as-
sessment of capacity the data transmission channel in the automatic cab signaling system ALSN with numerical
coding and the potential capacity of the channel based on the rail line has been carried out. The system of commands
of the multi-valued ACS has been proposed, that in addition to traditional ALSN commands, allows transmitting to
the locomotive information about speed limits at stations, permanent restrictions according to the characteristics of
railway sections, as well as information about the current train situation on the section, taking into account the pos-
sible increase in speeds to 250 km/h. To increase the interference immunity of the data transmission channel, it was
proposed to use Fire code and quadrature phase shift keying QPSK. The generator polynomial of the Fire code has
been determined, the information rate and transmission time of one command have been calculated. Findings. To
study the interference immunity of proposed system, the simulation model has been developed, the program code of
which is written in Python. It was determined that the Fire code (12,6) is guaranteed to detect all errors except for
quadruple, sixfold and eightfold. To eliminate such errors, it is proposed to perform multiple receiving of each
command. According to the simulation results, the total non-detection coefficient for single reception is 0.0087, for
double reception is 1.6-10°. In the case of triple reception, no errors were detected during the simulation.
Originality. The authors of this work proposed a set of solutions for improving the continuous system of automatic
cab signaling: increasing the source entropy; reducing information losses by using the error-correcting Fire code and
quadrature phase shift keying; increasing the frequency of message transmission and multiple receiving.
Practical value. The implementation of the proposed solutions will allow increasing the capacity and interference
immunity of the data transmission channel based on the rail line, expanding the ACS command system taking into
account speed limits at stations, information about the set speed for high-speed railway lines, as well as permanent
restrictions in accordance with the characteristics of railway sections.

Keywords: automatic locomotive signaling; rail line; transmission channel capacity; source entropy; noise-
resistant coding; Faira code; four-position phase manipulation; simulation modeling
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Level-Based Classification of Electromagnetic Effects in Certification Tests
of Electric Rolling Stock

Purpose. To develop a conceptual framework for interpreting the results of electromagnetic compatibility (EMC)
certification tests of electric rolling stock using a multi-level classification system. The study aims to establish a struc-
tured method for distinguishing different states of electromagnetic influence based on measured parameters of ampli-
tude and duration, thereby improving the representation and understanding of test data within existing certification
procedures. Methodology. Existing approaches to electromagnetic compatibility testing and data interpretation in
railway applications were analyzed to identify limitations in differentiating levels of electromagnetic influence.
A structured method for precise classification is proposed, based on normalized comparison of interference character-
istics. The developed framework defines transition zones between safe and potentially critical operating conditions
and allows flexible adaptation of threshold parameters depending on test conditions. This ensures compliance with
certification requirements while enhancing the diagnostic depth and informativeness of the results. Findings. A multi-
level classification system for electromagnetic interference has been developed, providing a comprehensive represen-
tation of EMC test results. The approach enables identification of transitional states and trends toward critical operat-
ing conditions that are not detectable under a dichotomous evaluation scheme. It allows a more accurate interpretation
of test outcomes, supports early diagnostics of instability, and provides a quantitative basis for assessing the opera-
tional resilience of railway systems. Originality. A systematic, multi-level framework for interpreting EMC test re-
sults of electric rolling stock has been developed. Unlike conventional methods limited to threshold verification, the
proposed approach accounts for the dynamics of parameter variations and their interdependencies, enabling predictive
analysis and a more complete understanding of electromagnetic behavior under various operating conditions.
Practical value. The developed methodology enhances the accuracy, transparency, and reliability of certification
testing for electric locomotives, multiple-unit trains, and other electrically powered rolling stock. It contributes to
safer and more efficient railway operation by providing engineers and certification authorities with a comprehensive
analytical framework for assessing electromagnetic compatibility. The approach is applicable for optimizing design
solutions, refining certification criteria, and supporting the modernization of railway infrastructure.

Key words: electromagnetic compatibility; multi-level classification; certification testing; rolling stock; interfer-
ence analysis; traction current; predictive diagnostics; monitoring; operational safety; risk assessment

Introduction these conditions, ensuring the stability and reliabil-
ity of electronic system operation becomes a critical
factor for traffic safety.

Certification testing of electric rolling stock for
electromagnetic compatibility occupies a key posi-
tion in the railway transport safety assurance sys-
tem. Such tests are conducted to confirm the ability
of electric locomotives, electric multiple units, and
other types of electrically powered rolling stock
(hereinafter referred to as ERS) to operate within
a complex electromagnetic environment without
causing mutual interference with infrastructure ele-
ments — including signaling, interlocking, and
power supply systems, as well as communication
equipment [1, 2, 7, 16].

Modern railway systems are characterized by a
rapid increase in the level of digitalization and inte-
gration of electronic components. In train control
and centralized traffic control systems, micropro-
cessor-based controllers, converters, diagnostic
units, and communication systems are widely used.
This enhances their functionality but simultane-
ously complicates the electromagnetic operating en-
vironment. The growing density of electronic de-
vices within the limited spaces of rolling stock in-
creases the number of potential sources of interfer-
ence, while the transition to hybrid and digital
power supply circuits strengthens the requirements
for electromagnetic compatibility (EMC). Under
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The purpose of these tests is to determine
whether the electric rolling stock generates inadmis-
sible electromagnetic emissions affecting surround-
ing equipment, while maintaining its own immunity
to external electromagnetic fields.

Certification tests are carried out in accordance
with international standards such as IEC 62236,
CLC/TS 50238-2, and EN 50728, which define the
measurement procedures, control parameters, and
permissible levels of electromagnetic disturbances
[5, 6, 8,9, 10-13, 14].

During testing, both radiated and conducted
emissions, as well as the electromagnetic immunity
of systems under various power supply and load
conditions, are assessed. The results obtained make
it possible to confirm compliance with established
norms and thereby ensure the safe and reliable op-
eration of ERS as part of the railway system. How-
ever, the existing practice of interpreting test results
is primarily based on a binary principle — the tested
object is either considered compliant with the re-
guirements or not [4, 15].

This approach, based on a dichotomous evalua-
tion model (or binary classification scheme), en-
sures the formal completion of certification proce-
dures but does not always reflect the full complexity
of electromagnetic interactions occurring under real
operating conditions.

Despite its simplicity and clarity, the dichoto-
mous evaluation system has significant limitations
in terms of analytical informativeness. It does not
allow identification or recording of intermediate
states where the level of electromagnetic influence
approaches the permissible limits but has not yet for-
mally exceeded them. In such cases, the equipment is
considered “compliant”, although the actual interfer-
ence level may already pose a potential threat to the
stable operation of signaling and control systems. The
absence of gradations between acceptable and unac-
ceptable states leads to the loss of valuable diagnostic
information, limits predictive capabilities, and reduces
the effectiveness of preventive measures. This, in
turn, highlights the need to transition toward more
detailed and informative methods for interpreting
the results of certification testing.

Purpose

The objective of this research is to develop
a conceptual framework for a multi-level approach
to the interpretation of EMC test results for electric

rolling stock. The proposed approach is aimed at en-
hancing the informational value of electromagnetic
impact assessment without requiring any modifica-
tions to the existing regulatory framework. It sup-
plements the current binary evaluation system with
more detailed interpretive levels, thereby providing
a deeper understanding of the actual electromag-
netic stability of the tested objects.

The primary goal of the study is to establish
a method that enables the identification of transi-
tional zones between acceptable and critical operat-
ing conditions, the evaluation of EMC parameter
dynamics under various power supply scenarios,
and the utilization of the resulting data to refine en-
gineering decisions and improve certification re-
quirements.

This research does not intend to revise existing
standards but rather focuses on advancing analytical
and interpretative methods within the framework of
current requirements. The main attention is given to
the interaction between electric rolling stock and
signaling, interlocking, and communication sys-
tems, where ensuring electromagnetic compatibility
is of critical importance for traffic safety and the op-
erational stability of infrastructure elements.

To enhance the informativeness of EMC test re-
sult analysis, a multi-level classification system for
electromagnetic impact states is proposed. Unlike
the traditional dichotomous model, the suggested
approach introduces four evaluation levels that re-
flect not only compliance with normative limits but
also the degree of proximity to threshold values and
instances of their exceedance.

Such differentiation allows for the consideration
of transitional states, the detection of trends indicat-
ing the deterioration of the electromagnetic environ-
ment, and timely responses to potentially hazardous
conditions. Each level represents the degree of pa-
rameter deviation from permissible values and char-
acterizes the potential risk to the operation of sig-
naling and control systems, as well as other elec-
tronic components of the electric rolling stock.

Methodology

Analysis parameters. The parameters considered
in the analysis include the root mean square (RMS)
amplitude of the harmonic components of current |
, representing the intensity of electrical disturb-
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ances, and the duration of disturbance t (in sec-
onds), representing the time interval during which
the amplitude exceeds the threshold value.

For guantitative interpretation of the levels of
electromagnetic influence, normalized quantities of
current and duration of interference are introduced:

— i —normative (limit) value of current, A,

— t;, —normative (limit) value of duration, sec.
The values of 1, and t;, are obtained from the

standardized tables of harmonic current components
for different power supply systems of electric loco-
motives and electric multiple units — namely,
3 kV DC, 25 kV AC at 50 Hz, and combined sys-
tems. These data are based on the requirements of
the corresponding standard, which defines the per-
missible levels of harmonic components and the
limiting values of electromagnetic disturbances
within the relevant frequency bands associated with
the nominal signal frequencies of signaling and in-
terlocking equipment (Table 1) [1, 3, 5].

Table 1

Permissible values of harmonic current components
for electric locomotives and electric multiple units

Continuation of Table 1

Power Harmonic Nominal RMS har-
signal monic cur-
supply ft:eqléer:y frequency rent in
system and, Hz Hz ' band, max
19-21 11.6
21-29 25 1.0
29-31 116
40-46 5.0
3kv DC 46-54 >0 L3
54-60 5.0
4 5074
583 4 545 0.2
5517-5
503 5555 0.2
15-21 4.1
21-29 25 1.0
29-35 4.1
25kV AC 65-68 75 4.1
(50 Hz)
44624
538 4 500 0.2
5 462-5
538 5500 0.2

Power Harmonic Nominal RMS har-
supply frequency signal monic cur-
167-184 175 0.4
408-432 420 0.35
3KV DC 468-492 480 0.35
and 25 kV | 568-592 580 0.35
AC (50
Hz) 708-732 720 0.35
768-792 780 0.35
4 962-5
038 5000 0.2

The tables provided in the standard specify the
root mean square (RMS) current levels calculated
for all harmonic components simultaneously pre-
sent within a given frequency band, for a disturb-
ance duration exceeding 0.3 seconds. This duration
criterion serves as the regulatory basis for determin-
ing the limiting value of disturbance duration t;,,
which is used for the normalization of exposure du-
ration in the proposed classification system [3, 5].

The main evaluation parameters are as follows:

— harmonic component current — | ;

— maximum permissible current — I, ;
— disturbance duration — t;
— maximum permissible duration — t;,, .

The following normalized parameters are intro-
duced:

1:Iim

wherek, resents the relative exceedance of the cur-
rent amplitude with respect to the permissible value
and k; denotes the relative exceedance of the dis-
turbance duration.

Thus, the introduction of the variables k, and
k; makes it possible to construct a classification

system in which the system states are evaluated
comprehensively according to two key characteris-
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tics — the magnitude of the harmonic current com-
ponents and the duration of their impact. This pro-
vides a precise and unambiguous determination of
the risk level associated with electromagnetic dis-
turbances.

Levels of Stability and Risk. To analyze system
stability, it is proposed to distinguish four stability
levels depending on the amplitude and duration of
electromagnetic disturbances.

Level 1 (Safe — Green) — the zone of stable op-
eration, where both the amplitude of harmonic cur-
rent components and the disturbance duration are
significantly below the regulatory limits.

Condition of membership:

K, e(O,kll] e e(O, le],

where k|, is the amplitude threshold coefficient de-
fining the upper boundary of the safe zone and ki,
is the time threshold coefficient defining the maxi-
mum disturbance duration for this level.

Using the limiting current amplitude 1, and

limiting duration t;,, the amplitude and duration
corresponding to the safe level are determined as:

I1=k|1'||im; (1)
t=Kry b @)

The values I, and t, represent the actual bound-

aries of the safe zone, within which the system op-
erates stably and the observed disturbances do not
have a significant impact on the equipment or sig-
naling devices.

Level 2 (Advisory — Yellow) —the early warning
stage, in which the amplitude of harmonic current
components and the duration of the disturbance ap-
proach critical values but remain within the permis-
sible range.

Condition of membership:

k, E(kllvklz]/\kT e(le,sz]

where K, is the amplitude threshold coefficient de-
fining the upper boundary of the advisory level and
k;, is the time threshold coefficient defining the

maximum allowable duration for this level.
The real amplitude and duration for the advisory
level are calculated as:

|2=k|2‘|lim; (3)
t, =k, ‘tnm_ 4)

The values |, and t, define the boundary of the

region in which the system still operates correctly
but is approaching a state that requires monitoring
and possible intervention to prevent transition into
critical modes.

Level 3 (Pre—Critical — Red) — the heightened
alert zone, where the amplitudes of harmonic com-
ponents and the duration of disturbances are close
to the limiting values but do not yet exceed the nor-
mative limits |, and t;,,.

At this stage, the system operates in a condition
close to the critical state, requiring increased atten-
tion and parameter monitoring.

Condition of membership:

ki €(kip Ak e(kpp].

Thus, the «Pre—Critical» level denotes a condition
in which the influence of harmonic components
and their exposure time reach the admissible limits,
indicating the need for control and possible load
reduction to avoid transition into the critical zone.

Level 4 (Critical — Black) — the danger zone, in
which the amplitudes of harmonic components and
the duration of disturbances exceed the regulatory
limits.

This condition indicates that the system has ex-
ceeded the permissible values, which may lead to
malfunctions in equipment or signaling and inter-
locking systems.

Condition of membership:

ki €(Loo) Ak e(Lo0)

Therefore, the “Critical” level corresponds to the
state in which system parameters surpass the allow-
able norms, and operation occurs under conditions
of potential danger to stability and reliability of the
equipment.

To ensure the consistency of classification, the
normalization coefficients for amplitude and dura-
tion are selected so as to satisfy the inequalities:

0<k; <k, <1. 5)

0<kry <kpp <1 ©)
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This guarantees a logical progression from the
safe zone to the critical state. Such a dependence re-
flects the coherent variation of parameters: as the
amplitude of harmonic components increases and
the duration of the disturbance grows, the system
gradually transitions to a higher risk level.

This relationship reflects the coherence in the
variation of parameters: as the amplitude of the har-
monic components increases and the duration of ex-
posure grows, the system gradually transitions to
a higher risk level.

The classification function for the risk level

L(1.t) takes the following form:

LI<Il Attt

2,1, <1<, At <t<t,
31, <<l
4,1 >1

L(l,t)=
( ) im Al <U<t,

tim A > Gy )

Findings

The input parameters for the classification are
lim @nd t,;, — the limiting values of current and dis-

turbance duration as regulated by the relevant stand-
ards [1, 3, 5].
The coefficients k,;, K,,, k;;, k;, are deter-

mined either experimentally or set by a specialist
during testing, allowing the classification system to
be adapted to actual operating conditions and the
specific characteristics of the equipment.

This approach provides methodological flexibil-
ity: by adjusting the coefficient values, it is possible
not only to modify the boundaries of existing clas-
sification levels but also to introduce additional lev-
els if required for a more detailed assessment of sys-
tem status, provided that the consistency of the ine-
qualities between coefficients is maintained.

The proposed classification system enables the
automatic determination of the criticality level of
electromagnetic disturbances based on the meas-
ured amplitude and duration parameters | and t.

Figure 1 presents a binary representation of cer-
tification test results. The colored areas indicate re-
gions corresponding to permissible and non-permis-
sible values, providing a clear visual representation
of the system’s compliance with electromagnetic
compatibility requirements.

lim

Fig. 1. Binary representation of certification
test results showing compliance
and non-compliance regions

Despite its visual clarity, the binary representa-
tion does not reflect the degree of proximity of the
parameters to the threshold values and does not al-
low for a detailed assessment of the system state. In
the figure, this is manifested as abrupt transitions
between permissible and non-permissible zones,
which complicates the analysis of trends and hidden
dependencies in the data.

To increase informational content, a multi-level
approach is employed, enabling a more precise clas-
sification of test results.

Figure 2 presents a multi-level representation of
certification test results. Unlike the binary scheme,
the multi-level approach provides a more detailed
classification of the data, distributing parameter val-
ues across several ranges (Level 1-4) depending on
the degree of compliance with regulatory require-
ments.

The use of color coding allows for a visual as-
sessment not only of compliance or non-compliance
but also of the degree of proximity of parameters to
threshold values. This visualization method makes
the structure of the results distribution more trans-
parent, facilitating the analysis of trends, the identi-
fication of transitional areas, and the detection of
potential risk zones.
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Fig. 2. Level-based representation
of certification test results with color-coded Levels 1-4

Thus, the multi-level approach provides a foun-
dation for a more flexible and informative interpre-
tation of test results, offering enhanced support for
engineering and certification decisions. When pro-
cessing real test data, this approach enables a tran-
sition from the dichotomous “compliant / non-com-
pliant” evaluation to a multi-level classification sys-
tem, reflecting both the degree of proximity of pa-
rameters to threshold values and the dynamics of
their change over time.

Practical application. Example calculation for
frequency 420 Hz. To demonstrate the operation of
the classification system, the following coefficients
are proposed for the first two levels.

Level 1 (Safe):

k, =0.9.
Ky, =0.9

Level 2 (Advisory):
k;, =0.95

kr, =0.95

The coefficients k,,, k;,, kr; and K, were se-
lected to satisfy the conditions (6) and (7).

For a frequency of 420 Hz, the following limit-
ing values are established [1, 3, 5]:

lim =0.35 )

tim =03 (ec).

Using the proposed coefficients k,; and k;,, the
actual threshold values I, and t, for Level 1 are cal-
culated according to formulas (1) and (2):

=Ky Iy, =0.9-035=0.315 5, .

=Ky iy =0.9-03=027 (o0

Using the proposed coefficients k,, and k;,,
the actual threshold values I, and t, for Level 2
are calculated according to formulas (3) and (4):

1, =Kl =0.95-0.35=0333 (.

lim

t, =K, -t =0.95-0.3=0.285 (sec)
Figure 3 presents the calculation results for

420 Hz using a linear scale, on which the boundaries

of all classification levels are visually represented.

LA

0350 f
0.333 f=----------------e-
0315 [

Fig. 3. Level-based visualization for 420 Hz showing
calculated classification boundaries on a linear scale

Thus, the classification level zones for a fre-
quency of 420 Hz are determined according to for-
mula (7):
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1,1<0315A1<0.27
2,0.315<1<0.333A0.27 <t <0.285
3,0.333<1<0.35A0.285<t<0.3
4,1 >0.35A1>0.3

I—420(|vt):

Originality and practical value

The proposed methodology for interpreting elec-
tromagnetic compatibility test results differs from
traditional approaches by replacing the binary eval-
uation model — “compliant / non-compliant” — with
a multi-level classification system. This approach
allows for the consideration of the degree of prox-
imity of parameters to threshold values, the duration
of disturbances, and cumulative effects, providing
a more detailed assessment of the system state dur-
ing certification testing.

The scientific novelty of this work lies in the im-
plementation of a multi-level analytical model that
introduces several gradations of system state — from
safe (green) to critical (black). This enables a more
precise and informative differentiation of test re-
sults compared to the conventional dichotomous
scheme.

The methodology is based on standardized nor-
malized indicators of disturbance amplitude and du-
ration and incorporates them within the framework
of a level gradation system. This allows for compar-
ison of measured results with regulatory limits, ac-
counting for the degree of proximity to critical val-
ues, and forming a more accurate representation of
EMC status throughout operational use.

The practical significance of the methodology
lies in its ability to enhance the accuracy of analysis
and the reliability of EMC diagnostics while re-
maining fully compatible with existing standards.
The limiting values |, and t;, are retained, while

the introduced adjustable coefficients K,,, K,,, Ky,

k;, allow the level boundaries to be adapted to real

testing conditions, providing flexibility and scala-
bility for different electric rolling stock systems and
infrastructure.

Particularly important is the application of this
method in operational monitoring. Data visualiza-
tion in the form of level maps and zonal diagrams
enables clear and timely representation of the EMC
state.

This provides opportunities for:

— early detection of potential issues before pa-
rameters exceed threshold values,

— support for maintenance and preventive deci-
sion-making,

— integration into existing monitoring systems,
where state levels can be updated automatically.

Thus, the methodology offers a scientifically
grounded interpretation of test results and can be ap-
plied both in certification procedures and opera-
tional monitoring, providing an informative tool for
assessing the EMC status of modern railway sys-
tems.

Conclusions

The developed methodology is aimed at improv-
ing the process of evaluating electromagnetic ef-
fects that arise during testing and certification of
electric rolling stock. In modern power supply and
control systems, even moderate electromagnetic dis-
turbances can have a noticeable impact on the opera-
tion of electronic control units, safety systems, and
diagnostic modules. This highlights the necessity of
employing reliable and detailed analytical methods.

The proposed multi-level approach transcends
the traditional dichotomous evaluation framework
by introducing a graded classification system that
accounts not only for the exceedance of regulatory
limits but also for the degree of proximity of param-
eters to critical thresholds. This enables a more nu-
anced differentiation of the system’s condition and
allows for the identification of pre-failure or poten-
tially adverse scenarios before actual malfunctions
occur.

The introduction of a tiered classification pro-
vides additional opportunities for forecasting the
development of electromagnetic processes, as-
sessing high-risk zones, and correctly interpreting
the cumulative effects of interference. The method-
ology can be integrated into modern automated sys-
tems for monitoring and data analysis, thereby en-
hancing the accuracy of control, the speed of diag-
nostics, and the overall operational reliability of
equipment.

Thus, the proposed approach represents an ef-
fective and scientifically grounded tool that ensures
a comprehensive assessment of electromagnetic
compatibility and contributes to improving the
safety, resilience, and functional reliability of elec-
trical systems in electric rolling stock.
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PiBHeBa kinacudikanis eJ1eKTPOMAarHiTHOro BILIMBY y cepTH(iKkaniiiHuX
BUIIPOOYBAHHSIX €JIEeKTPOPYXOMOI0 CKJIAXY

Meta. Po3po0Oka KOHIeNTyalIbHOT OCHOBH AJIsl IHTEpIIpeTalii pe3yabTaTiB cepThdikaliiiHuX BUNPOOYBaHb eJeK-
TpoMmartitTHoI cymicHocTi (EMC) enekTpopyxoMoro ckianay i3 3aCTOCYBaHHIM 0araTopiBHEBOT CHCTEMH Kiachdika-
ii. Po3po0ka CTpyKTypOBaHOTO METOAY PO3Pi3HEHHS Pi3HUX CTaHIB €IEKTPOMATHITHOTO BILIMBY Ha OCHOBI BUMIips-
HUX MapaMeTpiB aMIUTITYIH Ta TPUBAIOCTI. [loKpameHHs peICTaBIeHAS Ta PO3yMiHHS TaHUX BUIIPOOYBAaHb y pam-
Kax iCHyIoUnX cepTudikaniiianx nporeayp. Meroauka. [IpoaHanizoBaHO iCHYIOUI IiIX0AH 10 BUMPOOYBAaHb €IIEKT-
POMarHiTHOI CYMICHOCTI Ta IHTepHpeTamii MaHWX Yy 3aJi3HAYHUX 3aCTOCYBAaHHAX MU BHUSBJICHHSI OOMEKCHb
y nudepeHmiarii piBHIB eIEKTPOMArHiTHOTO BILTUBY. CTPYKTYpOBaHHN METOJ TOYHOI Kiacu(ikaiii Ha OCHOBI HOp-
MaJli30BaHOTO TIOPIBHSIHHS XapaKTEPHUCTHK INEepeInkos. Bu3HaueHHs NepexiHUX 30HH MK O€3leUYHNMHU Ta HOTEH-
LiIfHO KPUTHYHUMH PEeXHMaMH POOOTH, MOXKIIMBICTh THYYKOI aJanTaiii MOpOroBUX MapameTpyu 3ajeXHO BiJl yMOB
BUIIPOOYBaHb. 3a0e3nedeHHs BiIIIOBITHOCTI cepThdikaliiHUM BUMOTaM Ta MiIBUILEHHS JiarHOCTHYHOT iH(pOpMaTH-
BHOCTI pe3yinbraTiB. PesyabraTn. Po3pobieHo OaraTopiBHeBy cucteMy Kiacugikaiii eeKTpoMarHiTHUX MEpeIKo],
110 3abe3eyye MOBHE MPEACTaBIeHHS pe3ynbTatiB BulpoOyBanb EMC. Inentudikanis nepexiJHuX CTaHiB Ta TeH/e-
HIIT 10 KPUTHYHUX PEKHUMIB, SKi HE BUSIBIISIOTHCS MPH BUKOPUCTAHHI JUXOTOMIYHOI OIiHKH. [1iBUIIIEHHS TOYHOCTI
iHTepHpeTalii pe3ynbTaTiB BUIPOOYBaHb, MIATPUMKA paHHBOT JIarHOCTHUKHN HECTAOUTFHOCTI Ta OCHOBA TSI KITBKICHOT
OIIIHKH €KCIUTyaTalliifHOl CTIHKOCTI 3aimi3HIYHEX cucteM. HaykoBa HoBu3Ha. Po3pobieHo cuctemaTn3oBaHy Oara-
TOpIBHEBY METOAMKY 1HTEpIIpeTalii pe3ynbTatiB Bunpodysans EMC emextpopyxomoro ckiany. Ha Biqminy Bix Tpa-
TUIIIHAX METOMIB, 0OMEKEHIX TEPEBIPKOI0 IIOPOTOBUX 3HAUCHb, 3aIIPOIIOHOBAHUH ITiAXi BPaXOBYe TUHAMIKY 3MiH
IapaMeTpiB Ta X B3aEMO3AJIECKHOCTI, 110 T03BOJISIE 3AIHCHIOBATH POTHO3HUH aHAIII3 Ta OTPUMYBATH OUIBIIOTO ysB-
JICHHS TIPO €JIEKTPOMATHITHY ITOBEIHKY B Pi3HHX yMoBax ekciuryaranii. [IpakTuuna 3HaunMicTs. Pozpobiena me-
TOJIMKA IMiBUIIY€E TOYHICTb, IPO30OPICTh Ta HANIHHICTh CepPTU(IKALIHHUX BUIPOOYBaHb €JIEKTPOBO3IB, ENEKTPOMOI3-
B Ta 1HIIOTO €JIEKTPUYHOTO pyXxoMoro ckiay. Crpusie Oubi Oe3neuHii Ta epeKTHBHIIIIN eKcITyaTanii 3a1i3HHIIb,
HAJIAI0u ¥ iHXKeHepaM Ta cepTHdiKaliifHUM opraHaM IOBHY aHAIITHYHY OCHOBY JUIsl OL[IHKH €JIEKTPOMArHIiTHOI CyMi-
CHOCTI. 3aCTOCOBYBaHHS JJIsl ONTUMI3allii IPOEKTHUX PillleHb, YAOCKOHAJICHHS cepTU]IKaLiiHUX KPUTEPIiB Ta MiaT-
PHMKH MOJIepHi3allii 3ai3Hu4HOI iH(pacTpyKTypH.

Knrouosi cnoea’ enektpoMarHiTHa CyMICHICTb; OaraTopiBHeBa kiacudikais; ceprudikariiini BUnpoOyBaHHs; py-
XOMHMH CKJIaJ]; aHaji3 MEepeIIKo/l; TATOBUH CTpyM; MPOTHO3HA JIIarHOCTHKA; MOHITOPUHT; eKCIUTyaTaniiiHa Oe3meka;
OIliHKA PH3HKIB
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MaTteMaTH4He MO/IEJTIOBAHHSA MPoLeCy HelTpaJizanil arpecuBHOI JOMIIIKHU
y niJ3eMHHX BOJAX: eKCIpec Mo/ie/ib

MeTta. OnHUM 3 CydacHHUX 3ac00iB 3aXHCTY MiI3EMHUX BOJ IIPU HAassBHOCTI arpeCHBHOI JOMIIIKH € BUKOPHCTAH-
HS TPOHHMKHHX Oap’epiB (reactive barrier). IIpm mpoBeneHHI NMPOEKTHUX POOIT BaXKIMBO 3a3Jalerilb BU3HAYATH
e(heKTHBHICTh MPOHUKHUX Oap’epiB. J{is pimeHHS Takoi CKIaHOI 3a1a4i MOTPiOHO MaTH CIEIiali30BaHi MaTeMaTH-
gHi Mozeni. B po0oTi po3risgaeTbes po3poOka drceTbHUX MOJIENEH Il pO3paxyHKy MpoIlecy HelTpasisaiii arpe-
CHBHOI TOMIIIIKH B TOTOII IMiA3€MHUX BOJ 32 JOTIOMOI0I0 IPOHUKHOTO 0ap’epy 3 ypaxyBaHHSAM TiAPOJHHAMIKU Te-
4ii. Meronuka. I'izpoarHaMika Mmi3eMHUX BOJ| ONUCYETHCS ABOBHUMIPHUM PIBHSHHAM (IJIaHOBa MOJelb) (inbTpa-
1ii Oe3HAMIPHOTO MOTOKY IPYHTOBHX BOJ. [[Jiss MOJIETIOBaHHS MPOIIECY PYXY arpeCUBHOI TOMIIIIKU B TOTOIlI IPYHTO-
BUX BOJI BHKOPHCTOBYETHCS JBOBHMIpHE DIBHSHHS KOHBEKTMBHO-IHMCIIEPCIHHOTO MOLIMPEHHs 3a0pynHIoBaya
B Oe3HaNipHOMY MOTOLIl MiA3eMHKUX BOA. J{JIsl YMCeNbHOTo iHTerpyBaHHs PiBHSIHHS (QiIbTpalii IpyHTOBHX BOJ BUKO-
PHCTOBYIOTBCS 1Bl KIHIIEBO-PI3HHUIIEBI CXEMH pO3LICIUICHHS. [[JIs1 YnceIbHOr0 iHTerpyBaHHS PiBHSAHHS MacollepHOCY
arpecMBHOI IOMIIIKM BUKOPHCTOBYETHCS CXE€Ma PO3IIEIUICHHS Mo (i3MuHMM mponecaM. PedyasTaTn. 3xilicHeHO
MIPOTpaMHy pealli3allio po3poOJeHNX YUCENbHUX MOJENEeH TUHAMIKH IPYHTOBHX BOJ T4 MacOIIEPEHOCY arpecuBHOI
JoMimku. Po3po0ieni KoMIT I0TepHi KO € IHCTPYMEHTOM [UIS OTIEPaTUBHOTO aHali3y e()eKTUBHOCTI BUKOPHUCTAHHS
npoHUKHOTO 6ap’epy. HaykoBa HOBH3HA. PO3IIIIHYTO pilleHHS KOMIUIEKCHOI 3a/1a4i TeoMirpariii — pyX arpecuBHO1
JIOMINIKY Ta i1 HeWTpami3allis y mpoHUKHOMY Oap’epi (reactive barrier). J{ist anamizy eeKTUBHOCTI pOOOTH MPOHUK-
HOTO 0ap’epy po3pOO0JIEHO YHCENbHY MOJETh JWHAMIKH TiI36MHHX BOJ Ta MAacOMEpPEHOCY arpecHBHOI JOMIIIKH
B I'pyHTOBUX Bojaax. Ha 0a3i po3po0ieHuX YHCeNbHUX MOJEIEH pO3pOOJCHO KOMII IOTEPHI KOIU IS TPOBEACHHS
00YHCITIOBAILHUX E€KCIIEpUMEHTIB. Po3po0iieH] uncenbHi MOJENl 1aloTh MOJKIIMBICTh MPOTSATOM OJHOIO POOOYOro
IHS 3IOIMCHUTH Cepil0 PO3paxyHKIB JJsl HAyKOBOIO OOIpYHTYBaHHS IapaMeTpiB MPOHHKHOro 0Oap’epy.
IpakTuuna 3HauumicTs. [1oOynoBaHi YncenabHI MOJENl JAIOTh MOXIIMBICTH OINEPATHBHO BUPIIIYBAaTH CKJIAJHI
3aj1a4i B Tairy3i OXOPOHH BOJHHX PECYpCiB Bij 3a0pyAHEHHS.

Kniouosi crosa: dinprparis; reomirpaiis 3a0pyHEeHHS! IPYHTOBHX BOJI, MAacOIIEPEHOC; MaTeMaTHYHe MOJEIIO-
BaHHS, IPOHUKHHUI Oap’ep
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Beryn

CriyHi BOAM, IO MOTPAIUIAIOTH y MiA3EMHHI
MOTIK 31 CXOBHIL (CTaBKU-BIACTIHHUKH), MOXKYTb
OyTH arpecHBHMMH Ta 3 4YacOM BIUIMBATH Ha CTiH-
KiCTh ()YHAAMEHTY CIIOPYA, Ii3€MHI KOMYHIKaIlii
tomo. TakuM YMHOM, WMOBIpHMMH € Taki AB1 CH-
Tyarii: Tepmia — MiATOTUIEHHSI TEpUTOpii; mpyra —
MIrparisi arpeCHBHAX PEYOBHH B MiA3€MHOMY TIO-
Tomi. XiMiyHO 3a0pyAHEH] IPYHTOBI BOJAHM B3a€EMO-
nitotTe 3 (yHoameHTamu OyniBenb. [HTEHCHBHe
3a0pyOHEHHS TPYHTOBUX BOJ TaKOXX Ma€ Micle
mpu iHGLIBTpAIii pi3HOrO poay AOMIMIOK B IPYH-
TOBi BOAHM BiJl MPOMHUCIOBUX MaiaHUMKiB a00 TpU
aBapifHUX BHUTOKAaX HA TPAHCHOPTi, MiAPHEMCT-
Bax.

Tomy, mapanenbHO 3 3a4a4€10 3HWKEHHSI PiBHS
IPYHTOBHX BOJI, BUHUKAE 3a/1a4a 110 3aXHCTy IPYH-
TOBUX BOJ Bim XiMiuHOTO 3a0pymHeHHsA. st pi-
LICHHS JJaHOI 3aJaui MOXKYTh BHKOPHCTOBYBATHUChH
pi3HI migxoau. 3 TOYKH 30py TIeoMirparii, JaHa
3a/la4a BiTHOCUTHCS N0 MPOOJIEMH MacOIEpPEeHOCY.
Pimennst 3amad macomepeHoOCy 3IIHCHIOETBCS 3a
JOTIOMOTOI0 YMCENTPHUX Ta aHAJNITHYHUX MOJCIeH
[1-6, 8-13].

BaxnuBuM muTaHHIM € po3pobOKa cIieriamizo-
BaHUX MOJEJIEH 11 KOMIUIEKCHOTO PillICHHS 3a/1a4
¢inpTparii Ta reoMirparii.

Meta

CTBOpeHHs MaTeMaTH4YHOI MOJENI JJisi po3pa-
XYHKY TIpoliecy HeHTpaizallii arpecuBHOI JOMill-
KM B TIOTOI MiJ3€MHUX BOJ 3a JOIIOMOTOIO IPO-
HUKHOTO Oap’epy.

MeTtoauka

Posrnsimaerbess mnmanoBa 3ajmada  GinbTparii
3 ypaxyBaHHSIM TOTO, IIO B MiJI3¢MHOMY BOJOHOC-
HOMY IIapi pO3TAallOBAaHWH TNPOHUKHHN Oap’ep.
Pyx rpyHTOBUX BOJI OITUCYETHCS PiBHSHHSIM:

oh oh? oh?)
p—=kh,| —+— |; @
ot ox® oy
ne h — rimmbuna rpyHToBUX; K — KoedimieHT QibT-
pauii; u — HecTaya HaCHIIEHHS; Nm — cepeHs ru-
OMHA ITi3¢MHOI0 MTOTOKY.
KommoHeHTH BEeKTOpY MIBHAKOCTI MiA3€MHOTO
MMOTOKY BU3HAUYAIOTHCs Ha 0a3i 3akony [lapci:

u=—ka—h, v=—ka—h. 2
2 oy

[TocranoBka kpaiioBux ymoB 1jist piBHsHHS (1)
posrisiHyTa B [7].

Jns excrpec po3paxyHKY BHKOPHCTOBYETHCS
HACTYIHE PiBHSAHHS (iabTparLii:

*h  %h
vaW:O. (3)

I'panudni ymoBu amst piBHSHHS (3) PO3TISHYTH
B [10].

Yucenvna mooens. Pimenns pisusaas (1) Oa-
3YEThCS HA METOJII PO3IIEIUICHHS T4 BUKOPUCTAHHI
METOJly CyMapHOl ampokcuMaitii. Pi3HuieBi pis-
HSIHHSI MalOTh BUTJISI

— Kpok No 1:
n+% n n+% n+%
hi,j _hlj: a hi,j +2h|1] "
At AX
h J% hn+2
+ a—"’Ay2 L1 (4)
— Kpok No 2:
et
-2 | R -h
=|a +
At AX?
h_n-_i—l _h_n-_i—l
a6
kh
e a=—=>=,
n

Jus mpaktuyHOI peanizamlii JaHOi YHCENBHOT
MoJiesli  po3pOOJIEHO KOMIT'IOTEPHUA KOJ, MOBa
nporpamyBanns FORTRAN.

UucenpHe pinieHHs piBHSHHSA (3) 0a3yeThes Ha
BUKOPHUCTaHHI JIOKaJbHO-OJJHOBHUMIPHOI Ppi3HHMIIC-
BOi cxeMmu. [ 1bOro BUKOPUCTOBYETHCS HE CaMe
piBHsHHSA (3) , a HOrO «EBOJIOLIMHNIY BUIIIAL.

JJist yMcenbHOro 1HTErpyBaHHS PiBHSHHA (iJib-
tpaiii (3) 3IifCHIOEThCS TIONEpE/IHIN 3ammc Horo
y BUTJISIAI HECTAIIIOHAPHOTO PiBHSHHS:
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oh  6*h  6%h
—_—= 7 + - (6)
ot ox° oy

Jaii 30ifCHIOETBCS PO3IMICTUICHHS IBOTO PiB-
HsaHHL. CXeMa pO3UISTUICHHS Ma€ BUTIISL;

oh | &°h

H52ky, (7)
ok . o%h

Mazky- (8)

VY pi3HiEBOMYy BUTISAI CXeMa 3alHCy€eThCS
Tax:
— Kpok Ne 1:
h". . —h" —h" +h".
n+l _ N i+1, i, ] i,] i-1,j
AX AX

— Kpok Ne 2:
h ., —h" —h" +h’
hi”}'lzhi”j +at—d2 5 2L pat— 2"'71
’ ’ Ay Ay

YMOBOIO 3aKiHUEHHS pO3PaXxyHKY € HACTYITHA!

n+l n
't —h;

<g,

ne ¢ = 0,01.

Po3paxyHOK 3a JaHOI YHCENHFHOI MOJIEILTIO
3MIACHIOETHCS HA 0a3i po3poOIeHOi KOMIT IOTEPHOT
nporpamu, MoBa nporpamyBanHs FORTRAN.

Mooenv pyxy acpecusnoi oomiwxu. JIjis Bu3Ha-
YEeHHS KOHLEHTpALil arpecuBHOI IOMILIKH B TOTO-
i TPYHTOBUX BOJl BAKOPHCTOBY€ETHCS PiBHSIHHS:

oC ouC ovC

—t—t—=

o ox oy

» (9)

20 Z)e 2,
M) Ty My

ne U, V — KOMIIOHEHTH BekTopa mBuakocti; C —
KOHIIGHTpAI[iSl arpeCUBHOI PEYOBUHH; [Ux, [y — Bi-
noMi KoeimieHTH Aucrepcii; N — Mopo3HicTh; t —
Jac.

s MozpenroBaHHS IIPOLIECY JIOKAJIBHOI HEWT-
pastizanii mi3eMHUX BOJ HPOIIOHYETHCSI BUKOPHC-
TaHHS CHeUialbHUX MPOHHUKHUX Oap’epiB, B SIKHX
MICTUTBCS Kpehaa. SIKI0 arpeCHBHOI JIOMIIIKOIO
B I'PYHTOBHX BOJaxX € a30THA KHCJIOTa, TO PIBHSHHS
peakuii Mae BUTIISAL

CaCo; +2HNO, — Ca(NO;), + H,0 +CO, .

Jns moOynoBu ymcensHOI MOZENi pyxy arpe-
CHBHOI JIOMIIIKA BUKOPUCTOBYETBHCS METOJ PO3-
meruieHHs. Posmiennennst 3aiHCHIOEThCS 3a (i3nd-
HUMU TPOIIECAMHU; MPOIIEC KOHBEKTUBHOTO PYXY Ta
TIPOIIEC TUCTIEPCIT:

©_0(, %2,
a o\ )Ty ey )
oC ouC ovC
—+—+—=0.
ot ox oy

[epmie piBHAHHS 1€l CHCTEMH PO3B’S3y€ETHCS
3a JOMOMOTOI0 CXEMH CyMapHOI alpoKCHMAIIii:

— Kpok Ne 1:
vl e
Ci,j _Ci,j ly _Ci,j +CHJ .
At g AX?
1 1
n+= n+=
FHy Ay ,
—Kpok Ne 2:
n+l n+% n+l n+l
Ci,j —Ci,j _ Ci+l,j _Ci,j 4
At A
1 1
N -Cl
+| Ky Ay2 .

Jpyre piBHSHHS 11i€1 CHCTEMU — PiBHSHHS KOH-
BEKTUBHOTO MEPEHOCY, IO PO3B’S3y€ThCS 3a JO-
MIOMOT'0I0 3MIHHO-TPUKYTHOT CXEMH PO3IIETIICHHS.

Po3pobnena koM’ 0TepHa mporpama, 1o pea-
JI3y€e PpPO3pPaxXyHOK pyXy arpecHBHOI JOMIIIIKA
B TIOTOLIi TPYHTOBUX BO/I.

Pe3yabTaTtu

Jani HaBeleHO pe3ynbTaTH OOYHCITIOBAIHLHOTO
EKCIIEpUMEHTY TI0 BU3HAYCHHIO €(eKTHBHOCTI BHU-
KOPHCTaHHSI IPOHUKHOTO Oap’epy Ha 6a3i mozeni
1aHoBoi ¢inbrpanii. MaTemMaTHyHe MOJETIOBAaH-
Hsl BUKOHAHO JUIS TAKUX MapaMeTpiB: po3Mipu po3-
paxynkoBoi obmacti 500x420 m; moposHnicts 0,3;
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koedinieaT ¢imprpamii 20 M/moly; raubrHa TpyH-
TOBHX BOJ Ha IOYaTKy PpO3PaxyHKOBOi oOiacTi
25 M, ruOuHa TPYHTOBUX BOJ| HAPHUKIHIN Po3pa-
XyHKOBOi oOmacti 20 M; HecTaua HacudeHHs 1. Po-
3TISIIA€THCS CUTYAIlisl, KOJIH B TMiJ3eMHOMY MOTOIII
€ xmapa arpecuBHOi nomimku (kucnora HCI),
KOHIIeHTparlis goMimku B xmapi 140 r/m. Ilouar-
KOBa XMapa 3a0pyIHIOBada Ma€ CKIJIAJHY I'e€OMeT-
puuHy ¢opmy. Xmapa pyxaeTbcsa B 00JacTb, lie
IUIaHY€ThCS PO3TAlIyBaHHSA JPEHAKHOI CBEpAJIO-
BUHU.

MaremMaTnyHe MOMAETIOBaHHSI Ha 0asi po3poo-
JICHUX YHCEIbHUX MOJENe BUKOHAHO IJISi TaKHX
CIICHAPIIB:

1.Pyx XxMapu arpecuBHOi JOMIIIKH B TOTOII
IPYHTOBHX BOJ| TIPH BiJICYTHOCTI JPEHa)KHOI CBEp-
1toBHHU (cuenapiid Ne 1).

2.Pyx xmapu IOMIIIKH B TIOTOI TPYHTOBUX
BOJI TIPH HASIBHOCTI MPAIIOI0Y01 JPEeHaKHOI CBEP/I-
JIOBUHH Ta MPOHUKHOTO Oap’epy (cueHapiii Ne 2).

Y

400

300

200 m+

100 m

0 98 M 196 M 294 m 392m 490 m

Puc. 1. I30miHi1 KOHIIEHTpaLii JOMIMIKHA B TIOTOIII
IpyHTOBUX BOJ, t = 54 n06u (cuenapiii Ne 1):
1-C=12,0r/™m%2-C=2791/™m% 3—-C =43,81/™M°
Fig. 1. Contour lines of contaminant concentration in

the groundwater flow, t = 54 days (scenario No. 1):
1-C=12.09/m3;2-C=27.99g/m3; 3-C=43.8g/m3

Sk MokHa O0a4HMTH 3 HAaBEJACHOTO PHCYHKA MpHU
BIJICYTHOCTI 3aXUCHOT0 0ap’epy, mo4yarkosa opma
oOnacti 3a0pyAHEHHS TMOBUIBHO 3MiHIOETHCS:
«XMapa» BUTATYETbCA B HAINPIMKY PyXy Mig3eM-
HOTO TOTOKY, PO3MIpH IUISIMH 30LIBIIYETHCS BHA-
CJIIJIOK TIPOIIECY JAUCHepCii.

Hns cuenapiro Ne 2 mpuiimanocs, o piBeHb
BOJH B cBeputoBuHI h =15 M, BomoTpus — ropuso-
HTaBHUNA. Bif3HaunMo, 10 B SKOCTI BHYTPINIHBOT
IpaHUYHOI YMOBH, ISl PI3HUIEBOI KOMIpKH, J€

po3TamoBaHa JPeHaKHOI CBEPAJIOBUHHU, CTAaBUTHCS
ymoBa ans konueHtpauii C = 0. di3uyno 1e o3Ha-
Yae, 10 JOMIIIKa «HE 3aTPUMYETHCS» BCEpennHi
KOMIPKH, a BITKAYYETHCS 31 CBEPJIOBUHHL.

Pe3ynbratn 00YHCITIOBAIBHOTO E€KCHEPHMEHTY
1uist cueHapito Ne 2 mokazaHo HIKYe Ha puc. 2.

Y

400 m-

300

N |
@l
200 M4— @)\\n .\ ka

N

(85

100

| } }
0 98 M 196 M 294 m 392 m 490 M

Puc. 2. 130miHiT KOHIIEHTpAIIil JOMIIIKH B TIOTOIII
IPYHTOBHUX BOJ, t=36 ni6 (crienapiii Ne 2):
1-C=12,0r/™3%2-C=2791r/™M3% 3—C=43,8 /™3

Fig. 2. Contour lines of contaminant concentration in
the groundwater flow, t = 36 days (scenario No. 2):
1-C=12.09/m3;2-C=279¢g/m3;3-C=43.8¢g/m3

Sx MoxxHa 0ayuTH 3 pUC. 2, BHUKOPHUCTAHHS
MIPOHUKHOTO Oap’epy Ja€ MOXKIHMBICTh 3aXWUCTHTH
JpEHaKHY CBEP/UIOBHHY BiJl IOTPAIUISIHHS arpecu-
BHOI JIOMIIIIKH.

Crin Big3HAYUTH, 10 Yac PO3PAXYHKY KOXKHO-
ro CIeHapito Ha 0a3i po3poOsieHoi Mojemi opiB-
HIOE 2 C.

HaykoBa Ta npakTH4Ha
3HAYMMICTB

PosriisHyTe pillleHHS KOMILJICKCHOI — 3ajauvi
reomirpaiii — pyx arpecMBHOI JIOMIIIKH Ta ii Hew-
Tpamisailis 'y TOpOHHKHOMY Oap’epi (reactive
barrier). Jlns aHamizy epeKTHBHOCTI poOOTH IMpO-
HUKHOTO Oap’epy po3po0JIeHO YHCENbHY MOAETbH
JMHAMIKM TiI3eMHHX BOJI Ta MacoIllepeHOCy arpe-
CHBHOI JIOMIIIIKA B IPYHTOBUX BOJAX.

Ha 6a3i noOyanoBaHuX YHCENbHUX MOJENEH po-
3pO0JIEHO KOMIT'IOTEPHI KOAW JJIsl MPOBEACHHS
00YHCITIOBATILHAX EKCIIEPUMEHTIB.

Po3po6iieHi yucenpHI MOJENI Jal0Th MOYKIIH-
BICTh MPOTATOM OJHOI0 PoOOYOro AHS 3AIHCHUTH
cepilo po3paxyHKIB IJIsi HAYKOBOI'O OOTPYHTYBaH-
HSl TapaMeTpiB IPOHUKHUX 0ap’epiB.
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Mathematical Modeling of the Neutralization Process of An Aggressive Impu-
rity in Groundwater: An Express Model

Purpose. One of the modern means of protecting groundwater in the presence of aggressive impurities is the use
of permeable barriers (reactive barrier). When conducting design work, it is important to determine the effectiveness
of permeable barriers in advance. To solve such a complex problem, it is necessary to have specialized mathematical
models. This paper considers the development of numerical models for calculating the process of neutralizing an
aggressive impurity in the groundwater flow using a permeable barrier with regard to the flow hydrodynamics.
Methodology. The hydrodynamics of groundwater is described by a two-dimensional equation (planar model) of
filtration of a non-pressure groundwater flow. To model the process of aggressive impurity movement in the
groundwater flow, a two-dimensional equation of convective-dispersive spreading of the pollutant in a non-pressure
groundwater flow is used. Two finite-difference splitting schemes are used to numerically integrate the groundwater
filtration equation. For the numerical integration of the equation of mass transfer of an aggressive impurity, a split-
ting scheme for physical processes is used. Finding. The software implementation of the developed numerical mod-
els of groundwater dynamics and mass transfer of aggressive impurities was carried out. The developed computer
codes are a tool for operational analysis of the permeable barrier efficiency. Originality. The solution to the com-
plex problem of geomigration - the movement of an aggressive impurity and its neutralization in a permeable barrier
- is considered. To analyze the efficiency of the permeable barrier, a numerical model of groundwater dynamics and
mass transfer of an aggressive impurity in groundwater was developed. On the basis of the developed numerical
models, computer codes for computational experiments were developed. The developed numerical models make it
possible to carry out a series of calculations within one working day to scientifically substantiate the parameters of
the permeable barrier. Practical value. The developed numerical models make it possible to quickly solve complex
problems in the field of water resources protection from pollution.

Keywords: filtration; geomigration of groundwater pollution; mass transfer; mathematical modeling; permeable
barrier
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Numerical Models in Applied Problems of Heat and Mass Transfer

Purpose. The problems of farm ventilation, prediction of CO concentration fields inside farms, prediction of ar-
tificial soil heating in greenhouses are considered. To solve a complex of such problems, it is necessary to have spe-
cialized mathematical models, oriented towards users in design organizations. Development of numerical models for
solving heat and mass transfer problems for agricultural facilities (farms, greenhouses). Methodology. To solve the
problem of ventilation of the working room (determination of the air flow velocity field in the room), a mathemati-
cal model of the motion of a vortex-free flow of an inviscid fluid (Laplace equation for the velocity potential) is
used. Numerical integration of the modeling equation is carried out using two schemes: a locally one-dimensional
scheme and a conditional approximation scheme. The G. Marchuk model is used to model the mass transfer process.
Splitting schemes are used for numerical integration of the modeling equation. Two numerical models are built to
analyze thermal fields in a stationary environment: a two-dimensional energy equation and a one-dimensional ener-
gy equation. Two difference schemes are used for numerical integration of the two-dimensional energy equation:
a conditional approximation scheme and an explicit finite-difference scheme. An implicit splitting scheme is used to
solve the one-dimensional energy equation. Findings. The software implementation of the developed numerical
models has been carried out. The results of computational experiments are presented. Originality. Effective mathe-
matical models and computer codes have been developed for solving problems of aerodynamics and mass transfer in
the working space, as well as the process of heat conduction in a stationary environment. The created numerical
models belong to the class of "diagnostic models™, that is, computer codes that implement the developed numerical
models make it possible to quickly obtain estimated data on thermal or concentration fields in the study area.
Practical value. The created computer codes can be used to analyze thermal and concentration fields in agricultural
premises (greenhouses, farms) to analyze the efficiency of energy systems and ensure the necessary ventilation and
heating modes of the environment.

Key words: heat and mass transfer; soil heating; room ventilation; energy saving; mathematical modeling

ing premises, at the stage of designing the ventila-

Introduction . o S
tion system, it is necessary to have specialized

Heat supply of agricultural facilities is a very
important task. Heat must provide the necessary air
conditions on farms, small enterprises engaged in
the processing of agricultural products, in green-
houses. Thanks to economical, resource-saving
heating modes, it is possible to reduce the cost of
many types of agricultural products. When consid-
ering the problems of this class, two classes of
tasks can be distinguished - this is the task of venti-
lation of working premises, in order to remove
harmful substances contained in the air of premis-
es, as well as artificial heating of the soil in green-
houses. Ventilation of agricultural premises is
a complex task, as it is necessary to take into ac-
count a significant number of factors that affect the
formation of concentration fields of harmful sub-
stances. To ensure the required air quality in work-

mathematical models.

For successful plant growth in cultivation fa-
cilities, especially during the cold season, it is very
important to maintain a stable temperature [2,
6-11]. Insufficient heat supply can lead to a slow-
down and reduction in growth.

To scientifically substantiate the parameters of
the greenhouse heating system, it is necessary to
solve a set of important problems. Particularly im-
portant problems include the problem of rational
heating of the soil in the greenhouse [11]. This is
due to the fact that the root system of plants must
be in a certain temperature range. Maintaining this
temperature range allows for a positive impact on
yield. On the other hand, a rational mode of heat-
ing the soil in the greenhouse allows for a reduc-
tion in the energy consumption of the enterprise
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and a reduction in the cost of production. To sub-
stantiate the heating mode, it is necessary to have
special mathematical models and calculation
methods. In this regard, an important scientific
problem is the development of methods for calcu-
lating the multifactor process of soil heating for
choosing an energy-saving heating mode.

Purpose

Development of numerical models for solving
heat and mass transfer problems for agricultural
facilities (farms, greenhouses).

Methodology

When solving heat and mass transfer problems,
it is necessary to determine two possible scenarios:

1. Scenario Ne 1: heat transfer (mass transfer)
process in the absence of medium movement — for
example, heating of soil in greenhouses with artifi-
cial heating.

2. Scenario Ne 2: the process of heat transfer
(mass transfer) in a moving medium — for example,
artificial heating of air in greenhouses.

Therefore, when developing numerical models
for the second scenario, it is necessary to add hy-
droaerodynamic equations to the modeling equa-
tions of heat and mass transfer. Let us consider the
modeling equations for solving problems of this
class. It should be emphasized that hydrodynamic
models are the foundation for creating methods for
calculating ventilation of agricultural premises.

Hydroaerodynamics model. To describe the
motion of an air or liquid medium, it is proposed to
use an inviscid fluid model. If the vortex process is
neglected, the modeling equation has the form:

oP?  opP?
W'ﬁ‘?:o. (1)

where P — speed potential.

The components of the air flow velocity vector
are related to the velocity potential by the follow-
ing dependencies:

oP oP
U=—,v=—.

ox oy

The boundary conditions for equation (1) are
considered in the works of Loytsyansky.

For the numerical solution of the modeling
equation (1), the method of establishing the solu-

tion in time is used. To use this method, the equa-
tion for the velocity potential is reduced to an
«evolutionary» form:

2 2
»_Fp o @
ot ox° oy
where t — fictitious time.
Next, a locally one-dimensional difference
scheme is constructed. For this, the coordinate
splitting of the equation (2) is carried out:

P P
a o ©
P o%P
Ao @

Next, a finite-difference scheme is constructed
for equations (3) and (4):

p" . —P" —-P" +P", .
n+l _ pn i+l ij i] i-1j
R, =R+t o +Vt o . (5
P" , —P" -P" +P"
|Di”j+1=|3i”j Fvt 5 Mov—1d 2"”1. (6)
' ' Ay Ay

As can be seen, for the numerical integration of
equations (3) and (4) an explicit difference scheme
is used, which enables simple software implemen-
tation of the constructed numerical model.

Cyclic calculation based on dependencies (5),
(6) ends when the condition is met:

<g,

n+1 n
R =)

where ¢ — small number (for example, ¢ = 0,001);
n — iteration number.

The components of the flow velocity vector are
calculated as follows:
Pi—Pj P.-P

u .= I ,V. .= I’j i’j_l_

b AX h Ay

When performing calculations based on the fi-
nite-difference scheme (5), (6), it is necessary to
use a small-time step, which is associated with the
stability of the difference schemes. Therefore, an-
other numerical model was constructed to solve
equation (2). The difference equations for the nu-
merical solution of equation (2) are as follows:
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R -Ry _| Ry
At AX?

1
n+l n+s n+l n+l n+l n+l
Pi,j - I:’i,j 2 PH-lj PI j PI j+l PI] ]
At AX® Ay®

This difference scheme is absolutely stable and
allows for simple software implementation.

The considered mathematical models were de-
veloped for truss ventilation problems.

Mass transfer model. To solve the problem of
mass transfer in a moving medium, the following
equation is used (G. Marchuk's model):

oC ouC ovC 0 ( GCJ
_+_+_=_ IJ'X_
ot OX oy oX OX

et n+
RLE R
LR

0 oC
+—pu,— [+Qd(x—x)d(y-V;), (7
2L Z e @ate-x)s(y-w). 0
where C — impurity concentration in a moving me-
dium; u, v — components of the flow velocity vec-
tor; t — time; px, py — diffusion coefficients; (i, Yi)
— Dirac delta function; Q — intensity of impurity
emission into the environment.
The boundary conditions for equation (7) are
considered in [3].
The solution of the modeling equation (7) is
based on its physical splitting. The splitting is car-
ried out as follows:

GC GUC GVC _0, (8)
ot X oy

oC 0 oC 0 oC

E ax( a}@(“yﬁj’ ©)
oC

EZQiS(X_Xi)S(y_yi)' (10)

The numerical solution of equation (8) is car-
ried out using the alternating triangular finite-
difference scheme. The solution of equation (9) is
carried out numerically using the method of A.A.
Samarsky.

To solve equation (10), the Euler method is
used.

This model, together with the developed nu-
merical aerodynamic model, is focused on predict-

ing CO levels on farms (CO emissions from ani-
mals).

Heat and mass transfer model. In the absence
of medium movement, the process of heat
conduction within the medium is modeled by the
following equation [1, 5]:

or o0 or) o oT
— =& |t | (11)
ot ox\ "ox) oy oy

where T — environment temperature; az(ax,ay)

— known thermal conductivity coefficients; X,y —

Cartesian coordinates; t — time.

To solve equation (11), the following boundary
conditions can most often be set: a «thermally in-
sulated» boundary, a boundary condition of the
first kind — a known temperature value at the
boundary; a boundary condition of the second kind
—a known heat flux at the boundary. For the time
t =0, a known temperature distribution in the cal-
culation domain is given.

Two difference schemes are used for numerical
integration. The first difference scheme is the ex-
plicit scheme [4]:

:Tinj 4a Tl?—lj 2lenl +Ti.nj a

' AX

n+l
Ti’j <+

n
TI g+l

- 2T + T
AyZ y:

+at

The second scheme is the conditional approxi-
mation scheme. This scheme is two-step and has
the form [4]:

n+% n ; n+% n+> n+%
T2 |, Tt | ], Tt Tl
X 2 y 2
At AX Ay
n+1 n+% n+1 n+1 n+1 n+1
Ti,j _Ti,j -la TH—lj le +la TI j+l le
X 2 y 2 !
At AX Ay

A feature of the conditional approximation scheme
is that the unknown temperature value can be
found using an explicit formula. Developed com-
puter code.
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In the case where a one-dimensional heat con-
duction process is considered, the modeling equa-
tion has the form [1, 5]:

ﬂ_ﬁ(a ﬂj
ot ox\ ox)’
where T — soil temperature; a — thermal conduc-
tivity coefficient; x — the Cartesian coordinate; t —
time.

The boundary conditions for the modeling
equation (1) are as follows (Fig. 6):

1.At x =0, the given temperature is
T, =20 °C, which is maintained constant (bounda-

ry condition of the first kind).

2. At the end of the calculation area, the condi-
tion of a «thermally insulated» wall is implement-
ed.

At the initial moment of time, it is assumed that
the temperature in the calculation region is known
T, =20°C.

Numerical models. For numerical integration of
the modeling equation (1), a total approximation
scheme is used. This scheme has the form of
a two-step splitting:

(12)

— first step:
n+ A
T 2-T" | T 24T, .
At A ’

— second step:

1
Tin+1 _Tin+2 |4 TI:'I—Il _T.I']Jrl .
At A

The unknown temperature value inside the soil
at each step of the decomposition is determined by
an explicit "running" calculation formula.

The software implementation of the developed
mathematical model was carried out, and the
«SOIL-1» program was developed.

The developed numerical models are focused
on predicting temperatures inside greenhouses, in
particular, in the soil of greenhouses during its arti-
ficial heating. These models can be used to select
an energy-saving mode of artificial soil heating in
greenhouses.

For numerical integration of the Laplace equa-
tion for the velocity potential, an explicit scheme is

used. Equation (2) was reduced to the «non-
stationary» form:

2 2
oP _o°P apP_op o0°P , (6)
o oy
where t — fictitious time.
To conduct computational experiments, a soft-
ware implementation of the constructed numerical
model was carried out in the FORTRAN language.

Findings

The figures below show the solution of two
model problems. The first problem is the ventila-
tion of a mini-farm, where three animals are locat-
ed. Fig. 1 shows the air pollution zone (CO con-
centration field) during ventilation of the farm. The
movement of the air flow is shown by «arrows». It
can be seen that the developed numerical model
makes it possible to determine the regularities of
the formation of pollution areas.

8. 118E+82
e
c

=—b. 149862 o

8.248E+808
8.568]

8.245E+82

Fig. 1. CO concentration contours centered on mini
farms

As can be seen from Fig. 1, pollution areas with
a significant gradient of CO concentration are
formed near the animals. The pollution areas have
the shape of a «circle», which is explained by the
fact that where the animals are located, the air flow
speed is low, and the formation of the pollution
area is greatly influenced by diffusion. The calcu-
lation time using the constructed model is 3 s.

Fig. 2 shows the solution to the second model
problem — determining the temperature field in the
soil (greenhouse) during its artificial heating. Four
heating elements are located in the middle of the
soil, where a constant temperature of +35 °C is
maintained. The positions of these heating ele-
ments are shown by a «circle» in Fig. 2. The tem-
perature field formed under the action of these
heating elements is shown in Fig. 2.
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Fig. 2. Temperature field inside the soil during artificial
heating

As can be seen from Fig. 2, the use of heating
elements allows you to form a temperature field in
the area of the root system in the range of 24 °C —
26 °C.

Note that the calculation time was 3 s.

Originality and practical value

The construction of a complex of numerical
models that make it possible to determine the dy-
namics of heat and mass transfer processes and
aerodynamics is considered.

Computer codes have been developed to solve
problems of aerodynamics and mass transfer in
a working space, as well as the process of heat
conduction in a stationary environment.

The created numerical models belong to the
class of «diagnostic models», that is, computer
codes that implement the developed numerical
models make it possible to quickly obtain estimat-
ed data related to thermal or concentration fields in
the study area.

Conclusions

1. An effective aerodynamic model has been
constructed to determine the air flow velocity field
in a ventilated room.

2. A numerical mass transfer model has been
developed to analyze indoor CO concentration
fields.

3. Two numerical models have been developed
to analyze the process of artificial soil heating.

4. A computational experiment was conducted,
confirming the effectiveness of the developed nu-
merical models.
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YuceabHi MOeJ1i B NIPUKJIATHUAX 32/12a49aX TEIJIOMACOIIEPEHOCY

Mera. PosrnsiHyTo 3ama4i BeHTWALil ¢epM, MporHo3yBaHHs KoHLeHTpauiiiHux moniB CO BcepenuHi depm,
MPOTHO3yBaHHS LITYYHOTO HATrPiBY IPYHTY B TEIUIMISIX. [IJist pillleHHs KOMILIEKCY TaKUX 3aad MOTpiOHO MaTH crie-
Iiaxi3oBaHI MaTeMaTHYHI MO, OpIEHTOBaHE Ha KOPUCTYBAdiB B MPOCKTHUX OpraHizamisx. Po3poOka gucempHUX
MoJeNnell I pilIeHHS 3a1ad TEIIOMACOIePeHOCY IS 00’ €KTiB CLNBCBKOTO rocmomapcTBa ((hepMu, TETUIHIIi).
Mertoauka. /g pimmeHHS 3a7a4i BEHTHIANII poO0YOro MpUMIIIEHHS (BH3HAYCHHS ITOJI MIBHIKOCTI IOBITPSHOTO
MOTOKY B IPHUMIIIEHHI) BUKOPHUCTOBYETHCSI MaTeMaTHYHA MOJEIb PyXy O€3BHXPOBOTO IOTOKY HEB’SI3KOi piAWHH
(piBHsHHS Jlammacy Ui MOTEHIATY MBUAKOCTI). YHCeNbHE IHTETPYBAHHS MOJICIIOIOYOT0 PiBHIHHS 3MIHCHIOETHCS
3a JIOTIOMOTOI0 JIBOX CXEM: JIOKQJIbHO- OJHOBHMIPHOI CXEMH Ta CXEMH YMOBHOI ampoKcuMartii. it MogearoBaHHs
NPOLIECY MAacOINEPEeHOCY BHUKOPUCTOBYEThCS Mojenb ['. Mapuyka. J{ns 4ncenbHOro iHTErpyBaHHS MOJIEIOHOYOTO
PIBHSIHHSI BUKOPHUCTOBYIOThCSI CXEMH PO3IIEIUIeHHs . J{Jsl aHai3y TEeIIOBUX I10JIiB B HEPYXOMOMY CEpEIOBHUIIIE I10-
OynoBaHi JIBi YMCeNbHI MOJIEIi: IBOBUMIpHE PIBHSHHS €HEPTii Ta 0JJHOBUMIpHE PiBHSHHS eHeprii. st uncenabpHOr0O
IHTErpyBaHHS IBOBUMIPHOTO PIiBHSHHS €HEprii BUKOPUCTOBYIOThCS JIBI PI3HUIEBI CXEMHU: CXeMa YMOBHOI allpoKCH-
Matlii Ta siBHa KiHLEBO-pi3HHIIEBa cxeMa. J[is pillieHHs] 0JJHOBUMIpPHOI'O PIBHSHHS €HEprii BUKOPHCTOBYEThCS HESIB-
Ha cxeMa posiieruieHHs. Pe3yabTaTu. 31iiicHeHa mporpaMHa peaizalisi po3po0JIeHHX YhcenbHUX Mozeneld. Hase-
JIeH] pe3yNbTaTH O0YMCITIOBATBbHUX eKkcriepuMeHTiB. HaykoBa HoBH3HA. P0o3po0ieHi epeKTHBHI MaTeMaTHIHI MO-
JIerTi Ta KOMIT FOTEePHI KOAM IS PO3B’A3KY 3a]ad aepoJUHAMIKH Ta MacolepeHocy B poO0uOMy NMpHUMIIIEHH], a Ta-
KO TIPOIECY TEIUIONPOBITHOCTI B HEpyXoMoMy cepenoBuiii. CTBOpeHi YHCENbHI MOJETI BITHOCATHCA 10 KJIacy
«diagnostic modelsy, To6To, KoM FOTEpHI KOJH, [0 Peali3yi0Th PO3POOIIEH] YUCENbHI MOIEN, TAI0Th MOXKIIUBICTh
OTIEPaTHBHO OTPUMATH OLIHOYHI [aHi MO0 TEIUIOBHX a0 KOHIICHTpAI[ifHUX IIOJNIB B 0OJACTi JOCIHIiIKEHHS.
MpakTuuna 3HaunMictb CTBOpEHI KOMIT FOTEPHI KOJIU MOXKYTh OyTH BUKOPUCTaHI JUIsl aHaJi3y TEIJIOBUX Ta KOH-
LEHTPALfHUX TI0JIIB B CUILIOCH NPUMIIIEHHSX (TN, (hepMu) I aHami3y eQpeKTUBHOCTI pOOOTH €HepreTHIHNX
CHCTEM Ta 3a0e3ICUCHHS MOTPIOHUX PEKUMIB BEHTHIIAIIIT Ta HATPIBY CEPEIOBHIIIA.

Kniouosi cnosa: TemnomacornepeHoc; HarpiBaHHs IPYHTY; BEHTWIALIS MPUMIILEHHS; eHEpro30epexeHHs; Mare-
MaTH4HE MOJIEITIOBAHHS
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YK [656.2:355.1]:658.7-049.5

B. B. TYJIIMOBY

Kag. BilichKOBOT Ti/IFOTOBKH CIEILATICTIB JlepikaBHOT CHEIiabHOT CITy’KOM TPaHCTIOPTY, YKpaiHChKill qepkaBHUil yHIBEpCHTET
nayk# i rexuosorii, HHI JIIT, Byxn. Jlazapsina, 2, quinpo, Ykpaiuna, 49010, ten. +38 (067) 605 33 76,
exn. momrra gudviktor777@gmail.com, ORCID 0000-0002-6630-650X

AKTyaJIbHI NUTAHHSA 3aX0AiB 0e3NeKHU NPH JIOTICTHL 3aJiI3HUYHUM
TPAHCIIOPTOM

Meta. MeTor0 TOCTiIKESHHS € MPOBEACHHS 3MICTOBHOTO OPIBHAIBHOTO aHAIII3y CTaHy BHPOOHHYOrO TPaBMAaTH-
3My, ITOB’S3aHOTO 31 CIIY’KOOBOIO TisUTEHICTIO BIHICEKOBOCTYOOBIIIB IPH 31IHCHEHH] TIepeMillleHHs BiICEKOBUX BaH-
TaXIiB 3aJI3HUYHUM TPAHCIIOPTOM Ta OOTPYHTYBAHHS 3aII00iraHHs HEITACHUM BHITIAJKaM, HEIIIACHUM BUTIAIKaM 3 Biii-
CHKOBOCITYKOOBIISIMU 31 CMEPTEIbHAM HACHIIKOM, HEIIACHUM BHITIAJKaM, YHACIIIOK SIKUX BilICHBKOBOCIYKOOBIISIMH
OTpHUMaHi TSDKKI TpaBMu. MeToauka. BrucsiTiieHo po0IeMHi MUTaHHS i/ 9aC HaBaHTA)XCHHS BIHCHKOBHUX CIIEIIOHIB
Ta TPAHCIOPTIB B CYy4aCHUX YMOBax. BH3HaYeHO KOMIUIEKCHI 3aXO/M, CIPSIMOBaHI Ha ONTUMI3AIlil0 Ta BUKOHAHHSI
3ax0/iB O€3IeKH MiJ Yac BaHTa)XHO-PO3BAHTAKYBAIBHUX omepalliif. Ha mizcraBi mpoBeJeHOro aHalizy HallaloThCs
MPOTO3MLIT /I OPTraHi30BaHOTO HABAHTAXKCHHs (BUBAHTAXKCHHS) CILEJIOHIB Ta TPAHCHOPTIB 3 TOTPUMAHHIM 3aXi[
Oe3nexu. B nociikeHHI BUKOPUCTAHO IPAKTUYHUH TOCBi 0dillepiB cIyk0H BIiCbKOBUX crioTyueHb KomanayBaHHS
Cun norictuxu 30poitHux Cun YKpainu, BiliCbKOBHX YaCTHHH, SIKi HEPEMIIIYIOTHCS B CKJIaJli BIICHKOBHX €IIETIOHIB
Ta BiJNPaBISAIOTH BINCHKOBI BaHTaX1 JUIsl 3a0e31e4eHHs BUKOHAHHS 3aBJaHb JUIsl 3a0e3neYeHHs! BilicbkaM ychoro, 10
iM € HEeOOXiTHUM UTS KUTTS 1 POBEJICHHS oTiepamiii mix yac BiftHu. Pe3yasTaT. Opranizamis nepeBe3eHb BiiicbKo-
BUX YAaCTHH 3ai3HUYHUM TPAHCIIOPTOM B OCOOJMBHIA Mepio motpedye BUCOKOTO PiBHS IUIAHYBAaHHS, KOOPAUHALI]
Iift, MOTpUMaHHS 3aX0/1iB OC3MEKH Ta B3a€MOJIil MiXK BiiChKOBUMH ¥ IUBUTBHUMH CTPYKTypamu. Bif 3maromkeHocTi
IUX Jii 3aJeKUThH YCIIIIHICTH pO3TOPTAHHS BiIICHK 1 BUKOHAHHS 3aBAaHb O0OOPOHH JepyKaBU Ta 3a0e3MeUeHHS BilCh-
KOBUX YaCTHH BCHM HEOOXiTHHUM JUIs BUKOHAHHS 00iioBHX 3aBnaHs. HaykoBa HoBH3HA. Po3po6ieHo pekoMeHmanii
Ta JTOBIIKOBO-aHAJITHYHI MaTepialy UIs BilICbKOBHUX YaCTHH, OpTaHiB BiIHCHKOBOTO YTIPaBIIiHHS, HAYAJIEHUKIB YIIPaB-
JIiHb BIACHKOBHX CIOJIYYCHb Ha 3aTi3HHIIIX, BIHCHKOBUX KOMEHIaHTiB. CHCTEMAaTH30BaHO POOOTY KOMaHAMPIB (Ha-
YaJIbHUKIB) 1010 3a0e3MeUeHHs Ta BUKOHAHHS 0COOOBUM CKJIAJIOM BifiCHKOBOTO €IIEJIOHY Ta BAPTH TPaBHJI HAJIAaHHS
JIOMEMYHOI JOIIOMOTH MOTEPIUINM, AOTPUMaHHS OC3MeKH Mia yac nepeOyBaHHS Ha KOMISX 3ai3HUYHUX CTaHIIIH,
BUKOPHCTaHHS 3aCO0IB IMOXEXKOTaciHHS, a TAKOXX CHIHANIB, SIKI 3aCTOCOBYIOThCS Ha 3aJIi3HUYHOMY TPaHCHOPTI.
IpakTuuna 3HauuMmicTb. Pe3ynpraTh HOCHIDKEHHS MOXKHAa BHKOPHCTOBYBATH NpHU 3a0e3MedeHH] 30epesKeHHs
JKUTTS Ta 3MIIIHEHHI 37I0pOB’sT 0cOO0BOTO CKIJIaay BiiCBKOBOTO EIIEIOHY Ta BapT ITiJ Yac BUKOHAHHS 3aBJaHb 3 0XO-
POHHM 1 CYIIPOBOAY BiMCBKOBHMX TPAHCIIOPTIB, SIKI MICTATh HeOe3MeUHi BaHTaxi (30KpeMa, Ooempumacy) y paioHax
MPOBEICHHS omeparliit (0oioBux miif).

Kniouosi cnosa: 3ai3HMYHAI TPAHCTIOPT; BIHCHKOBI ITEPEBE3EHHS]; TPAHCTIOPTHI 3ac00M; BiIICHKOBHH E€IIEJIOH, BIHCH-
KOBHIl BaHTa)X; BAHTAXKHO-PO3BaHTAXXyBallbHE Miclle; 030po€eHHs, BilicbkoBa TexHika (OBT); MaTepiaibHO-TeXHIYHI
3aco0u; BUOYXOBI MaTepiaiu; BaroH ciry:k00Bo-TexHiuHui nepeodnaananuii (BCTII); BificbKOBO-TeXHi4HI 3ac00H

Beryn Hapasi BaxIuBUM € MUTaHHS FOTOBHOCTI 3A1HC-
HIOBATH MEPEMIIIEHHS BIHCHBKOBUX YaCTHH (IMip03-
IITiB) B KOPOTKI CTPOKHM, HE MOPYLIYIOUH iX Iijic-
HOCTI, 13 3a0e3MeYeHHsIM MOXKIIUBOCTI PanTOBOTO
nepexoay 10 BHKOHAHHS 3aBJaHb 33 NMpPU3HAYCH-
HSIM, IO € HEBIJ'€MHOIO CKJIaJ0BOIO BiHCHKOBHX
omnepartiii (6oitoBux fiit) [9].

BukoHaHHS NiepeBe3eHb 3aTI3HUYHIM TPAHCIIO-
PTOM B yMOBax CydacHOi BIHHH 31HCHIOETHCS
y HaJ[3BHYAHO CKJIaaHil oOcTaHOBI. Jlis MpoTUB-
Huka BT3 (BUCOKO TOYHOIO 30pO€r0) MO MUIIXaM
CIIOJIy4YE€Hb NPU3BOJIUTE O PYWHYBaHHS HaWBaXKJIU-
BILIIMX TPAHCIOPTHUX OO’ €KTIB.

B ocoGnuBuii niepios nepeBe3eHHs BIHCHKOBUX
YaCTHH 3aJII3HHYHUM TPAHCIIOPTOM € OJHHUM i3 OC-
HOBHHUX CIIOCO0IB CTPATEriyHOIO 1 TAKTHYHOTO Iie-
peMmimeHHs BiiChbK, 030pOEHHA, TEXHIKH, MaTepia-
JBHUX 3ac00iB, a TAKOXK MPH €BaKyallii MopaHeHUX,
TEXHIKHU Ta 3a1aci..

I'onoBHa nmpoGeMa nomsirae B ypakeHHI IPOTH-
BHUKOM MiCI[b HaBaHTa)KCHHS (BUBAHTAXXCHHS) Ta
HUISXiB MepecyBaHHs BIICHKOBHUX CILENIOHIB 13 3a-
CTOCYBaHHSIM BUCOKOTOYHOI 30poi: paker, 60M0 Ta
OC3MJIOTHHX JIITAbHUX anaparis.
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CTOJyYeHb MPU3BOAUTH O PyHHYBaHHS HalBaXKIIH-
BIIIX TPAHCIIOPTHHUX 00’ EKTIB.

OCHOBHMMH 3aBJaHHSMH YKp3aJli3HUI B Te-
pioJ BOEHHHUX 3arpos3 €:

— oprani3allis 3J1aropKeHo1 poOOTH 3alTi3HHUIb
1 I IIPHEMCTB 3 METOIO 3aJ0BOJICHHS OTPEO B TIC-
PEBE3CHHSX;

— 3a6e3neueHHs e(eKTUBHOI eKCIUTyaTallii 3aii-
3HUYHOTO PyXOMOTO CKJIa[ly, HOro PEMOHTY Ta OHO-
BJICHHS;

— BXKHTTS 3aXO0JiB JJIs 3a0e3meucHHs! (PyHKITiO-
HyBaHHS 3aJII3HUYHOTO TPAHCIIOPTY, WOTO iH(pa-
CTPYKTYpPH Ta HaIilfHOCTI HOTO pOOOTH B yMOBax
BOEHHOTO yacy [8].

Opranizariisi BiiCbKOBHX IepeBe3€Hb 3aIli3HAY-
HUM TPaHCIIOPTOM BKITIOUAE B ce0e 3aX0/IH, SIKi Po-
BOOATHCA IHTa6aMI/I OINCPAaTUBHUX KOMaHAYyBaHb,
mTabaMu 4aCcTUH, OpraHaMH 3aJIi3HUYHOTO TPaHC-
MOPTY 3 METOI0 CTBOPEHHS HEOOXIMHUX YMOB IS
nepeBe3eH st BIChK 1 MaTepiallbHUX 3aco0iB B 3a-
JaHUX PO3Mipax i BCTAHOBJICHI TEPMiHHU.

Opranu BificbKOBOTO YITpaBIiHHS 30008’ s13aHi:

— TUIAaHYBaTW 3aJIi3HUYHI TIEpEeBE3CHHS 3a3/aie-
Ti/ib, Y B3a€MOJIIT 3 3aTI3HUYHUMH aIMIHICTpaIlisIMHU;

— BU3HAYATH OOCSTH 1 TEPMiHU ITEPEBE3CHB;

— 3a0e3neuyBaT OXOPOHY, CYNPOBiJ i Oe3mneKy
BIMICHKOBHX €IIIEJIOHIB;

— 371MCHIOBaTH KOHTPOJIb 32 TEXHIYHUM CTAaHOM
BaroHiB i miardopm, MpHU3HAYEHUX I TepeBe-
3CHHS 030pOEHHS Ta BIICHKOBOT TEXHIKH.

Merta

[TepeBe3eHHs BIfiCBKOBUX YaCTHH 3aJi3HUYHUM
TPaHCIIOPTOM 3[IMCHIOEThCS 32 YMOBU HAasiBHOCTI
JOCTaTHBOTO Yacy Ta HEOOXiJHOCTI MEepeMiCTUTH
BiIICHKOBI YaCTHHU Ha BiJICTaHb, OLJIbIITY HIXK J000-
BHU Tiepexif, 30eperTH MOTOpecypc TeXHIKH Ta ma-
JTHHO-MAaCTHJIbHI MaTtepiand. 3alli3HUYHUM TpaHc-
MMOPTOM MOXYTh IEPEBO3UTHCS BIHCHKOBI YaCTHHU
(mixpo3niny) y moBHOMY CKJaai abo JInIne BaXKKe
030pO€HHS Ta BiiChKOBa TE€XHiKa, OCOOJMBO 3 Ma-
JIMM 3a11acoM X0y (pecypcy) Ta HU3bKHMH MapIio-
BHMH MOKJIHBOCTAMH [1].

MeTtoanka

Oprani3zaiiisi BIHCBKOBHX IEpPEBE3€Hb 3aJli3HUY-
HUM TPaHCIIOPTOM CKJIQJA€ThCS 3 HACTYITHUX €Ta-
MiB:

1. ITioecomosxa 0o nepesesenns. Ilepen Biamnpa-
BJIEHHSIM BiliCBKOBOI YaCTHHU:

— MPOBOJIUTHCS 3aBaHTAKEHHS BIMCHKOBOI TeX-
HIKH, 030pO€EHHS Ta MaTepiaTbHIX 3ac00iB Ha CTaH-
isIX HABAaHTAKCHHS;

— CKJIQIa€ThCs TUIAH HaBaHTAXKCHHA (TUIaH-
CXeMa elIesiony);

— MIPU3HAYAETHCS HAYATBHUK CIICIOHY, Ha4allb-
HUK BapTH, YePTrOBUH 10 €LIETIOHY.

2. opmysanns BIlicbK08020 ewienony (Hagam-
maoicenns). BilicbkoBuil emienoH (opMyeTbes 3a
MPUHIUTIOM:

|. TomoBHa yacTMHA — KOMAaHIHO-IITAOHI Ba-
TOHH, 3aCO0H 3B’SI3KY.

Il. OcHOBHa 4YacTMHa — BaroHH 3 OCOOOBUM
CKJIaJioM, OOHOBOIO TEXHIKOIO, 030POEHHSIM.

I1l. TumoBa yacTHHA — BaroHH 3 MPOJOBOIBCT-
BOM, MAJIIMBOM, MEJHYHAM MaiHOM, PEMOHTHHUMH
3acobamu.

IV. OxopoHHa rpymna — po3MillyeThCsl Ha 1MoYa-
TKY Ta B KiHIII CKIIay, Ma€ 30poro, 3aCO0M CIIocTe-
PEKeHHsI, 3B’SI3KY 1 CUTHaITi3aIil.

3. Opeanizayis pyxy ma cynposody. Pyx Bilich-
KOBHUX CILEJIOHIB 3IIHCHIOETHCSA 32 CIELiaTbHUMU
rpadikamMu B yMOBax ITiIBUIIEHOT TAEMHOCTI.

Ha kokeH emienoH nmpu3HA4YaeTbcs HAYaTBHHUK
eIIeTIONy, KWW BIAMOBiZa€ 3a JOTPUMAaHHA TIO-
PAOKY, TUCIHILUIIHY, 3aX0/IiB O€3MeKH, a TaKOXK 3a
OXOPOHY BIICHKOBUX BaHTaXIB.

4.Oxopona i obopona ewenony. Ilin yac pyxy:

— OpraHi30BY€THCS 30BHIMIHS 1 BHYTPIIIHS 0XO0-
POHa eIIIeIIOnY;

— YeproBi Mmarpyii CTeXaTh 32 CTaHOM ILIaT-
(hopM 1 KpiTIIEHHSIM TEXHIKH;

— Ha CTOSIHKaX BHCTaBISIEThCS BapTa, BU3HAYA-
IOTHCSI CEKTOPH 00OPOHH;

— y pa3i 3arpo3u Hamajy a0o JuBepcii emenoH
3aiiMae 00OpOHY 3a INITAHOM HaYaJbHUKA CIICIIOHY.

5. hesnexa pyxy. [1ns 3a0e3neueHHs Oe3MeKu:

1. 3a00pOoHSIETHCS TIEPEBE3CHHS JIFOJICH pa3oM i3
MaJBbHAM Ta BUOYXOBUMH MaTepiajlaMu.

2. 3MIICHIOETECS TEXHIYHUAMN OIJIA] BAaroHiB IIe-
pea BiIIIPaBICHHSM.

3. [IpoBoAMTECS IHCTPYKTaXX 0COOOBOTO CKIALy
3 MMATaHb TIOKEXKHOT Oe3MeKH, eBaKyallii, il y pasi
aBapii 4u Hamasmy.

6. Bzacmoois 3 yusinbHumu opearnamu. Yci me-
PEBE3eHHS 3AIMCHIOIOThCA Y TiCHIN B3aEMOIT 3:

— KepIBHUIITBOM 3aJi3HUIL (perioHajbHi YII-
paBITiHHS «YKP3aTi3HHI»);

— MICIIEBUMHU OpraHaMH BIIAJIN;
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— BIMCPKOBUMH KOMEHJAATYpaMHu 3ali3HUYHHUX
JUIBHULL TA CTAHIIIH;

— ciayx0aMHl OXOpOHH, TMOXKEKHOI Oe3nmeKku Ta
MEJIUYHOTO 3a0€3MeYCHHSI.

7. 3asepuienns nepegezenHs (nicii npubymms
eulenony):

— MPOBOJIUTHCS PO3BAHTAKEHHS TEXHIKU 1 MaTe-
pilagbHUX 3aco0iB 3a BCTAHOBJICHHMMH HOPMaMH
qacy;

— 3IIHCHIOETHCS TEpeBipKa LiTICHOCTI BaHTa-
KiB;

— TPOBOJIUTHCS PO3KPEIUTYBAHHS IIE€PEBI3ZHUX
JIOKYMEHTIB;

— CKJIQIAETHCS aKT MPUOYTTS 1 IpUMaHHS Biii-
CHKOBOTO €IICIIOHY.

CrxiagHicth Ta OaraTtorpaHHiCTh BiHCHKOBOL
CITy>KOM BHMAarae Biji KOKHOTO BiiCBKOBOCIYK00-
BIISI TBEPJIOTO 3HAHHS Ta TOYHOT'O JTOTPUMAaHHS 3a-
XOJiB Oe3MeKH mmij Jac nepeOyBaHHS Ha 3aJTi3HUY-
HUX KOJisIX Ta MOOIu3y.

Ocobnusocmi 6 mupHuii wac. OCHOBHUH aKICHT
pOOUTHCS HA MOTPUMAaHHI MIPABHII TOXKEXKHOI, TEX-
HIYHOI Ta TpaHCHOPTHOI Oe3mexku. Bzaemomis 3
npencrapaukamu JJCHC, momimii Ta 3amizHuii y
pasi aBapii 4u Ha[3BUYAIHOI CUTYAIlii Ma€ 37iCHIO-
BaTHCSl HETAHO Ta BIATIOBIAHO IO 3aTBEPIKEHHUX
anroputMiB. OpgHOYacHO Mae OyTH 3abe3neueHui
MOCUJICHUH KOHTPOJIb 32 JUCLHUILTIHOIO 0COO0BOTO
CKJIQJy Ta TOMNEPEDKEHHS PO3TOJIOUICHHS OYb-
SKUX BIIOMOCTEH MIOJO0 BAaHTAXIB 1 MapIIpyTy
PYyXy.

Ocobnusocmi y éocnnuii yac [3]:

1. BsxuBarOThCS 10JJATKOBI 3aX0 MAaCKyBaHHS
eleNony (CBiTIIOMAacKyBaHHS, JUMOBI 3aBiCH, PO30-
cepe/KeHe PO3TalllyBaHHs Ha CTAHIIISX).

2. llocumoeThCcsl OXOPOHA, 30UTBITYETHCS KiJlb-
KiCTh TOCTIB, OPraHi30BYIOTHCS JJOJATKOBI JO30pH.
[Tix wac pyxy uepe3 HeOe3MEUHI paifoHH BapTa Mae
OyTH TOTOBOIO JI0 BiIOWTTS Hamaay AWBEPCiitHO—
PO3BiAyBaJbHUX Tpyn npoTHBHUKA. [Ipm 3arposi
aBiallifHOrO YW apTHIICPIMNCHKOrO ynapy 3iHCHIO-
€TBCSI €BaKyallisi 0COOOBOTO CKJIQNy Ta YKPHTTS Y
BU3HAYECHUX MICIISIX.

3.V Bumajaky OOMOBUX il OXOpPOHa BaHTaXKY
OpTraHi30BYETHCS 32 MPUHIIUIIAMHI O0HOBOT OXOPOHH
(3acigku, maTpydi, 1030pu).

4. JlonaTKOBI 3aX0a1 OC3IEKU:

— MOCTilHA TIepeBipKa TEXHIYHOTO CTaHy Baro-
HiB 1 KpiIUIEHHSI BaHTaXYy;

— HasBHICTH 3aC001B MOKEKOTACIHHS Y BaroHax
3 TOPIOYMMH Ta HeOe3MeYHuMH MaTtepiaiamu. IH-
CTPYKTaX OCOOOBOT0 CKIIaAy IIOAO Ail MpH MO-
JKEXKI, aBapii YM HaIaii;

— 3a0e3MeueHHs] MEJUYHOI JOIIOMOTH Ta Opra-
Hi3aIlis 4epryBaHHs MeAIPaIiBHAUKIB i/ Yac mepe-
BE3CHHS.

3axoou 6esneku ma nogediHKU 0C0O08020
cknaody eiticbkosoeo eutenony. OcobOBUN CKIan
BIICBKOBOT'O €IIENIOHY (BiICHKOBOI KOMaHIH) 30-
0OB’s13aHUN JOTPUMYBATHCS BIHCHKOBOI JUCIIMII-
JIiHU, BUMOT cTaTyTiB 30poitanx Cun Ykpainu, Ha-
Ka3iB 1 PO3MOPSIHKCHh KOMAHINPIB 1 HAYaIbHUKIB,
3HATH 1 BUKOHYBATH MpaBUJIa IOBEAIHKH Ta 3aX0H
0e3meKu i 9ac MepeBe3eHH.

Oco0oBwHii CKIIaJ, SIKUW CIIIY€e B CKJIaJi BIHCH-
KOBOT'O €IIeIOHY (BiMICHKOBOI KOMaH/H), TTOBUHEH
3HATH WOr0 HOMEP, BIICHKOBE 3BAHHS Ta MPI3BUILE
HavYallbHUKA BIlICHKOBOTO €IIeNOHY (BiIiICBKOBOI KO-
MaHH).

BiiicbkoBoCTy)X00BEIb, SKAW BIJACTAB Bif Bili-
CBKOBOTO eIIeNOHY (BIHCHPKOBOI KOMaHIH), 30-
0OB’s13aHMI HETAHO MPHUOYTH IO BiICHKOBOTO KO-
MEHJIaHTa Ha TPAHCIOPTi, a TaM, JIe HOro Hemae, —
0 HadaJhbHUKA CTaHIli, JOMOBICTH (TIOBIIOMHUTH)
MIPUYWHY BiJICTaBaHHS, HA3BaTH HOMEP BilICHKOBOTO
eleNnony (BifCPKOBOI KOMaH/AM) 1 Hamaml IisTH 3a
HAOr0 HAaKa30M.

Oco00BOMY CKJIa[Ty BiICHKOBOTO €IIeTIOnY (BiH-
CHKOBOi KOMaH/11) 3a00POHSAETHCA:

— BTpY4YaTHCsl B pOOOTY MOCaJIOBHX OCiO opra-
HiB BiiiCEKOBHX CIIOJIY9€Hb 1 TPAHCTIOPTY;

— 3aTPUMYBATH IO13]] JJOBIIIE, HIXK TOTPiOHO /1715t
CTOSTHKH;

— 3MIHCHIOBATH MOCAAKYy Ta BHUCAJIKy JO TO-
JaHHS BCTAHOBJICHOI KOMaHAM a0o CUrHally, CTpH-
Oatu y BaroHu ab0 BUCTpUOYBAaTH 3 HUX IIiJ] 4Yac
pyxy noisza;

— 3YNHMHATH I1013/1 CTON-KPaHOM, KPiM BUIAKiB
BUHUKHEHHS 3arpo3u Oesmemni pyxy moizma abo
JKUTTIO JIFOJICH;

— mepeOyBaTH Ha JaxaxX BaroHiB, maTdopmax,
raJIbMiBHAX MalJaHYMKaX, y KabiHax i Ky30Bax Ma-
IIMH, OalTax TaHKiB, a Ha elIeKTPU(iIKOBAHUX 1S~
HKax 3aJi3HUII, KPIM TOTO, TOPKATHCS METaIEeBHUX
OTIOp 1 MPUCTPOIB 3a3eMJICHHSI KOHTaKTHOI MEpexi,
HAOJIKATHCS 0 KOHTAKTHOTO JIPOTY OJIMKYE HiXK
Ha 2 M;

— cupity abo CTOSTH y ABEPSIX BaroHiB, CiMpa-
THUCS Ha JIBEPHI 3aKJIAJKW BaroHiB;
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— 3aCTOCOBYBaTHM y BaroHax He MepeadaucHi
MIPaBUIAMHU BUIY OCBITJICHHS Ta OIAJICHHS,

— 3ampaBisTH (03ampaBisiTH) MaTbHAM TeX-
HiKY IiCJIA 3aBaHTAKCHHS;

— XOomuTH 0€3 IOTPeOH 3aTI3HUIHIMHE KOJTiSIMH,
3aCMidyBaTH TEPUTOPIIO0 M PO3MaIrOBaTH OararTs
B MEXXax CTaHIIii;

— CaMOCTIIIHO KOPHCTYBAaTUCSI TPAHCIOPTHUM
MaiHOM;

— BUKHUJATH Ha CTOSHKAX 1 MiJ 9ac pyxy Oy/b-
SIKi pedi 3 BaroHis [7].

3axoou beznexu nio yac HABAHMAdNCEHHs (PO3-
BAHMAIICEHHS) 3ANIBHUYHO20 PYXOMO20 CKAA0Y Mda
BUKOHAMHA THWUX 3a60aHb. BaHTa)xHO-pO3BaHTa-
JKyBaJIbHE MicCIle IIOBUHHO OyTH J00pe ocBiTieHe (3
ypaxyBaHHSM CBITIIOMacKyBaHHS) i BiJIbHE BiJ Tpe-
JIMETIB, 110 MEPEUIKOKAIOTh HABAHTAXKCHHIO (PO3-
BaHTakeHHIO). [lepen HaBaHTaKEHHSIM PYXOMHUMN
CKJIaJl OYMINAETHCS Bim Opymy, CHITY 1 JbOmy, a
B3UMKY 32 HEOOX1THOCTI IocunaeThes mickom [11].

[lig yac BigkpuBaHHA OOpPTY IUIATPOPMHU CIIiA
CTOATH Tak, MO0 OOpT, Majaro4d, HE 3a4YervB
0co0y, 110 HOTO BiIKPUBAE.

[Tig yac 3ai3my (3’137y) cCaMOXiJHOT MalllMHU Ha
pyxomuii ckiiaa 3a00poHEHO Oyab-KOMy, KpiM BO-
Ilisl, 3HAXOUTHUCH Y MAIIKHI.

KepiBHuK HaBaHTaXeHHS (KOMaHIUP Migpo3-
Iy, po3paxyHKy, eKilaxy, CTapIInuil MallliHN) T0-
BUHEH 3HAXOJUTHCH y TaKOMY MICIli, 3BiIKH BiH
MOJKe 0aYuTH TIOJIOXKEHHS KoJric a0 TyceHHIb Ma-
IIMHY M 9ac pyxy 1 mob ioro curHamu O0yno ao-
Ope BUIHO BOJIiI0, SIK MPaBUIIO, HA HACTYITHIN TUIAT-
¢dopmi. YHOUI U1 JONOMOTH KEpPiBHUKY HaBaHTa-
YKEHHS TIPU3HAYAETHCS CIIOCTEpiray, sIKHii MOBUHEH
CTEXKHUTH 3a MOJIOKCHHSIM KOJIiC a00 TYCEHHIIb ITij]
Yac MOBOPOTIB MAlllMH Y XOJi HABAaHTAXXEHHS, a, 3a
HEOOXIJJHOCTI, CUTHAJII3yBaTH KEPIBHUKY HaBaHTa-
YKESHHSI TIPO 3yMUHKY MAaIllUH.

KepiBHMK HaBaHTa)KCHHS TMOBHHEH CTEXMWTH,
00 CTBOJIM TapMar, CTPiJI KPaHiB Ta 1HII BUCTY-
naro4vi YaCTUHH 030POEHHS Ta BiICHKOBOI TEXHIKH
MiJ] 9ac TOBOPOTIB HAa 3ali3HUYHOMY PYXOMOMY
CKJIaJli HE TIOPYIIYBaIH O€3MeKy PyXy 110 CyMIKHHAX
KOJisIX.

Booiii 306086’ a3anuii:

— 3aBOJMTH ABUT'YH, IOYMHATH PYX Ta BUXOJUTU
3 KaOiHM MallWHU TITGKY 332 CUTHAJIIOM KEepPiBHUKA
HaBaHTaKCHHS,

— o0upaTty NpaBWILHUI HANPSAMOK pyxy (y pasi
HABaHTa)XCHHS 3 OOKOBOI'O HABAHTaXKyBAILHO-PO3-
BaHTa)KyBaJbHOTO TPUCTPOIO 3ai31 Ha PYXOMHMA
CKJIaJT 3[IHCHIOETBCS T KyToM 0au3bko 30° 1o oci
KoJ1ii), o0 3armo0irTd 3aiBUM MTOBOPOTAM ITiJT Yac
3ai3ny;

— pyxaTucsi Mo HaBaHTaKyBaJIbHO-PO3BAHTAXKY-
BaJIbHOMY TIPUCTPOIO 1 3aTi3HUYHUX IHIaThopmax
Ha TiepIiii mepenadi (Ha aBTOMOO1II 3 TBOMA BeIy-
YHMHU MOCTaMH — 3 BKJIIOYEHUM MEepPeIHIM MOCTOM
1 IEMYJIbTUTUTIKATOPOM);

— pyXaTucs IJIaBHO, He 3IHCHIOI0YH Pi3KUX PY-
XiB 1 MOBOPOTIB (Ha 30ipHO-pO30ipHUX TIaTGOpPMax
1 armapensax MOBOPOTH T'YCEHUYHHUX MAIlIUH HE J0Iy-
CKaIOThCA);

— YBaXHO CIIIIKyBAaTH 32 CUTHAJIAMH KepiBHUKA
HABaHTaXCHHS 1 OyTH TOTOBUM HErailHO 3yIHHUTH
MAaIIrHY;

— Y MOMEHT TlepeXxoAy KoJic abo TyCeHHIIb i3 Ba-
HTaKHO-PO3BAHTAXXYBAJILHOTO MPUCTPOIO HA 3aIi3-
HUYHY MmatopMy 3MEHIINTH MoJady MajuBa, Ha-
Mararo4rch 30eperTv IIaBHICTh PYXY;

— TIOBOPOT T'yCEHWYHOI MAIlTMHY Ha 3aTiI3HUYHIN
w1athopMi OYMHATH TIIBKH MiCIS TOTO, SIK Mep-
IIMI OMOPHUH KAaTOK BHYTPINIHBOI T'YCEHUII OIH-
HUTKCS Ha IMiI031 3a1I3HUYHOI TTaThopMu, He JI0-
MyCKalo4YM MPU IIbOMY BHXOJY OCi MEpIIOro KaTrka
TYCEHHUII, 110 3a0irae 3a MeXIi IMiJIOrH 3a1i3HUIHOT
miatdopmu;

—JUIsL BUPIBHIOBAHHS TYCEHWUYHOI MAaIIMHU
II0/I0 MOB3JIOBXKHBOI OCi 3ai3HUYHOI MmIaThopMu
BUKOPUCTOBYBATH PYyX B3JI0BX PYyXOMOTO CKIaay
a00 HamaraTHcs 3pOOUTH 1€ 32 PaXyHOK JEKIITHKOX
MOCTTIIOBHUX TIOBOPOTIB HA HEBEJHKI KyTH i Yac
pyXy (BIiepen i Hazaj) B Mexax OJHI€l 3ami3HHYHOT
m1aTGopmu.

[lin yac HaBaHTaKEHHS KPAHOM IIiJIOM BaH-
TaXy 1 pyX KpaHa MOBHHHI 3[[IHCHIOBATUCS TIIbKU
micis oAyl BiAIIOBIIHUX CUTHAIIB.

[1ix gac mepeMilIeHHs Ha CTaHIIISIX CITiJ] OCTepi-
raTucsi IOKOMOTHUBIB 1 BaroHiB, siIKi PyXarThCs 110
koxiisix. HeoOxigHo Oyt 0COONMBO yBa)KHUM ITiJ|
Yyac BUXOJly Ha KOJIiIO0 3-3a BaroHiB 4u Oy/iBelnb,
y pa3i HaOJWKEHHS MOTITy — BIAXOIUTH Ha Oe3re-
YHY BiJICTaHb.

O6xoauTy MOi31 3 JIOKOMOTHBOM, IO CTOITh,
a00 rpyIy BaroHiB NOTPIOHO Ha BIJICTaHI HE MEHII
3 M. He MokHa TIPOXOJIUTH MiXK pO3YETUICHIMH Ba-
TOHAMH, SIKIIO BiACTaHb MK HUMH MEHILIE 5 M.
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Oco0oBOMY CKJIaJly BIiCBKOBOTO €IICIIOHY 3a-
OOpOHSIETHCS:

— MPOKJIaJaTH MEepeXiTHi MICTKM mif 030poeH-
HSIM Ta TEXHIKOIO, IO PYyXalOThCs, 1 3HAXOAUTHUCS
MK pO3TaIllOBaHOI0 Ha IIAT()OPMi MAIIMHOIO Ta
1HIIIOKO, 110 HAOIMKAETHCA 4O Hel, OMMKYe HDK 3a
S

— 3HAaXOIMTHUCS Ha BIJICTAHI MEHIE HDK 3 M BiJ
3aJ1I3HAYHOI TIATGOPMU 3 TPOTHIIEKHOTO OOKY 00-
KOBOTO  BaHTa)XKHO-PO3BAHTAKYBaJbHOTO  MpPHU-
CTPOIO, 3 SIKOTO 3aDXK/IKae MallllHa, a i Yyac HaBa-
HTQ)XEHHS 3 TOPIEBOTO BaHTAKHO—PO3BAHTAKyBa-
JFHOTO TIPUCTPOIO 1 MiJ Yac pyxXy MaiIuH B3JOBXK
PYXOMOTO CKJlaxy — Mopyd i3 BaHTa)KHO-PO3BaHTa-
JKYBaJIbHUM TIPUCTPOEM 1 3ali3HUYHUMH TIIaT(hop-
MaMH, 10 SIKMX PYXalOThCsl MAIIHU;

— 3HAXOJMTHUCA ITiJl BAHTAXKEM Ta CTPLIAMH Ipa-
IOIOYHX KpPaHiB,

— 3aKpimATH (PO3KPITUIATH) 030pOEHHS Ta Bili-
CHKOBY TEXHIKY Ha pyXOMOMY CKJIaJi MiJ] 9ac pyxy
moi3jia Ta MaHEBPIB;

— 37MBaTH BOJY 13 CUCTEMH OXOJIOJUKEHHS Ma-
IIMH B3UMKY Ha MiAIOTY; mepediraTi Koiii mepen
JIOKOMOTHBAMH 1 BATOHAMH, SIKi PyXarOThCS;

— TIAJTi3aTH i BarOHU i TIEpeNi3aTH Yepe3 aB-
TO3YEIUICHHS BaroHiB; CHIITH Ha KOIii i Ha Kparo
BaHTA)KHO-PO3BAHTAXKYBAJIBHUX 1 IMMACAKUPCHKUX
mwiaThopm.

YaroBuM i crioctepiradyam 3a00pOHSIETHCS

— MiJ 9ac pyxy MOTAra BiAXOJUTHU Bif| 3aropo-
JOKCHHS, CUITH Ha 0opTax miardopM, Ha Kparo 1 Ha
CXO0Jax TaJbMIBHUX MalIaHYHKIB;

— i 9yac MaHeBpiB HA CTAHI[ISX 3HAXOJHUTHUCS
Ha MiJHDKKAX, MPU3HAYCHUX IS CKJIaJadiB IMoi3-
IiB, Ha paMi 1 Oykcax TuaTGopM, TPUMAIOUUCH 32
oopT;

— Ha CTOSIHKaX XOIMTH IO CYCIHIHN KOJIil.

Ha enextpudikoBaHux IiISHKaX 3aJli3HUII 3a-
OOpOHSETHC:

— CTaBaTH Ha OAaIITH TaHKIB, 3HAXOIUTHUCS Ha
Jaxax KaOiH 1 KyHTB CIeliaJbHIX aBTOMOOLIIB, Ha-
BaHTa)XCHUX Ha TUIaT(OPMHU, 1 Ha JJaxaX BaroHiB;

— PO3KpydYyBaTH MOTKH APOTY MOOIHM3Y MAIlIHH,
10 3aKPIIUTIOIOTHCS HA PYXOMOMY CKJIaJli, Ta BUCO-
ByBaTH aHTEHH MPHUCTPOIB, AKIIO KiHII X mpu
HBOMY MOXYTh HAOJIM3UTUCS 1O KOHTaKTHOTO
IpoTy OIMKYe HiXK Ha 2 M;

— TOpPKaTHCS METAJEBUX OIOp, MPUCTPOIB st
3a3eMJICHHS, 00ipBaHUX MPOBOJIB KOHTAKTHOI Me-
pexi 1 HabmKaTHCS 10 HUX OJIMbKYe HiXK Ha 2 M.

3 MeTOr0 3ano0iraHHs HEIMACHUM BUIAKaM KO-
MaHIUpP BIACHKOBOI YaCTHHM, Bl SKOi BiApsmKa-
€ThCSI BapTa, OPraHi30BYy€e 3 0COOOBHM CKJIAJIOM Ba-
PTH 3aHATTS 3 IPaBWJI HAIAaHHS TIOTEPITUTAM MEPIIOL
MEIMYHOI JOTOMOTH, O€3MeKu IMmiJ dac mepedy-
BaHHS Ha KOJISX 3alI3HUYHHUX CTAHIIH, BUKOPHC-
TaHHS 3aC00IB MMOXKEKOTACIHHS, a TAKOK CHTHAJIIIB,
SIKi 3aCTOCOBYIOTHCS Ha 3aTiI3HUYHOMY Ta BOJTHOMY
tpaucmopri [10].

Pyx 3MiH Ha IOCTH Ta 3 MOCTIB 3/IIHCHIOETHCS HA
MIDXKKOJIHT a00 y30i44i 3eMeIbHOTO MOJI0THA KOJIO-
HOIO 1o oxHOMYy. Ilepexin 3ami3HUYHOT KOMii 3Mi-
HOIO, sSIKa MPSIMY€ Ha MOCTH Ta 3 MOCTIB, 3MIHCHIO-
€ThCS MIBUAKO W TIABKU Mia npsamuM Kytom. Crin
MOTNEPETHBO MOUBUTUCH TIPABOPYY Ta JTIBOPY, ITe-
PEKOHATHCH Yy BiJICYTHOCTI HEOE3MMEKH.

Oprani3zaitist Oe31eKH Iij] 4ac MepeBe3eHb BilCh-
KOBHUX 3aJlI3HUYHUM TPAHCIIOPTOM € OJTHUM i3 Hali-
BOJIMBIMINX HANPSAMIB MiSIIBHOCTI KOMaHIWPiB
(HauanpHUKIB). BoHa cipsiMOBaHa Ha 3a0€3MCUCHHS
30epeIKEHHS JKUTTS 1 3I0POB’SI 0OCOOOBOTO CKIIAAY,
BaHTaXkiB, BINCHKOBOI TEXHIKH Ta 3ar100iraHHs Hajl-
3BHYAHHUM CHTYAIIisIM.

HavanbHuk BifiCBKOBOTO €IICJIOHY HEce 0COOH-
CTY BIATIOBIZANBHICTh 32 JOTPUMaHHS TIPaBHUI Oe3-
MIeKH, TIOXKEKHOT Oe3MeKkn Ta HaJaHHs MepIIoi Me-
JIUYHOT IOTIOMOTH TT1JIICTIIMMU.

HavanbHuk BiHCHKOBOTO eIIEIOHY 3000B’s3a-
HUM:

— NIPOBECTH IHCTPYKT@X OCOOOBOIO CKJIaay
I[0/10 MTPABHJI IOBEIIHKK Ha KOJIISX Ta Mo0Iu3y 3a-
JN3HUYHUX HIIAXIB;

— MOPAAKY TIOCAJIKU Ta BUCAJIKY;

— NIiil y pa3l BUHMKHEHHS IMOXKeXi abo Hemlac-
HOTO BUITAJIKY;

— HaJIaHHS MePIIoi METUYHOT JOTIOMOTH;

— TEePEBIPUTH HASBHICTh Ta CIIPABHICTH 3aC001B
MMOXKEXKOTaCiHHS, allTeYOK, BOTHETACHHUKIB, HOIII,

— TPU3HAYHUTH BiJIMOBIIaIBHUX OCI0 3a Memu-
YyHe 3a0e3MeueHHs], 3a TOXKEKHY Oe3MeKy, 3a KOHT-
POJIb OE3MEKH ITiJ] 4ac pyXy CILICIIOHY;

— OpraHi3yBaTH YepryBaHHS Ta CIIOCTEPEIKCHHS
M1 Yac CTOSTHOK HA CTAHIIAX.

Haoanns nepwioi meouunoi donomoeu. Koman-
mup (HavanbHUK) 3a0e3mnedye:

— HasIBHICTh y KO)KHOMY BaroHi amnTedkH Tep-
101 JOIIOMOTH;

— IHCTPYKTaK 0OCOOOBOI0 CKJIA/y 1100 il Mpr
TpaBMax, OIKax, KPOBOTEUaX, YPAKEHHSIX EJIEKT-
PUYHUM CTPYMOM;
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— HaBYaHHS BiMICHKOBOCITYKOOBIIIB KOPHCTY-
BaHHIO TIEPEB’S3yBAILHUMH MaTepialaMu, KTY-
TaMH, aHTUCETITUKAMH;

— MOPSAAOK eBaKyallii MOTEePIiINX JO MEIUUYHUX
MTyHKTIB 200 HaWOIMKINX JTIKYBAIbHUX YCTaHOB.

Buxopucmanna 3acobie noscescoeacinus. Ko-
MaHIup (Ha4aJbHUK) 3a0e3meuye:

— TIepeBipKy HAasBHOCTI Ta MPUIATHOCTI BOTHE-
TaCHHKIB Y KO)KHOMY BaroHi;

— 1HCTPYKTaX MPO MOPAJIOK iX BUKOPUCTAHHS;

— BH3HAYEHHS MicIb 30epiraHHs JierkozaiMuc-
THX MaTepialis;

— 3a00pOHY KypiHHS Ta BUKOPUCTAHHS BiIKpH-
TOTO BOTHIO;

— MIATOTOBKY 0COOOBOTO CKJIAJy IO AiH IPH BH-
HUKHEHHI TOXEeXi (TaciHHA OCepenKy, eBaKyarlis
JIIOJICH, BiJl’ € THAHHS HEOE3MCUHUX BaroHIB).

Konumpons i gionosioanvnicmes. Komanaup erie-
JIOHY HEce TIEpCOHAIBHY BiAMIOBIAATBHICTH 32 Opra-
Hizamito Oesrneku, 30epekeHHs KUTTS JIIOJCH Ta
BiIiICBKOBOTO MaiiHa.

omnst mig gac pyxy i CTOSTHOK TPOBOJIUTHCS
MepeBipka CTaHy TEXHIYHHUX 3aC001B, alTeYOK, BOT-
HETaCHHKIB Ta IHCTPYKTaX YEProBUX 0Ci0.

[Ipo Bci BUIaJKu TpaBMYBaHHS YU MOXKEXKI KO-
MaHAup 3000B’s3aHUI HEraifHO MOBIJOMHUTH CTap-
IIOr0 HayajJabHHKA, BIMCHKOBOTO KOMEHJAHTa Ha
[UIAXY MPOXOJ/UKCHHS Ta 3ali3HUYHY aJIMiHiCTpa-
miro [5].

PesyabTaTtu

Ha ocHOBI MpoOBEACHOTO MOCIiIKECHHS, BUXO-
JST9H 3 BUMOT KEPiBHHUX JOKYMEHTIB Ta iX (akTd-
HOTO BUKOHAHHS, CJIiJT BIAMITHTH, III0 pOOOTH Opra-
HiB BICHKOBOTO YNpAaBJIiHHS, KOMAaHAyBaHHS Yac-
THH, YIIPaBJIiHb BIHCHKOBUX CIIOJIyYeHb Ha 3aTi3HH-
X, BIHCBKOBHX KOMEHIATYp IOJO BHKOHAHHSI
3ax0fiB O€31eKH HEeIOCTATHBO.

Ha npuxinazi JIHinponeTpoBchkoi 06acTi 0yi1o
MIPOBEJICHO aHaji3 HeI[aCHWX BHITAJKiB, SKi CTa-
JIUCS 32 BU3HAUSHUH TIEPioJ ITiJ] YaC HaBaHTaKEHHS
(BUBaHTa)XEHHsI) BIMCHKOBHX YacTUH Ta MiAPO3[Ii-
JIiB, 8 TAKOK HAa MAPIIPYTax iXHHOTO MEPEMilllCHHS.

ImoctpaTtuBHa niarpama NpUYUH HEITACHUX BH-
nankiB (puc. 1) nokasye po3moaia TUIOBUX NPUYUH
HEIIACHUX BUMAJIKIB 111 Yac HaBaHTa)KEHHsI/BUBaH-
Ta)KEHHS Ta MEPEMIILIEHHS 3aIi3HULEIO.

HenocrarHiil IHCTPYKTaK/KOHTPO.Ib

= [TopyImeHHS TeXHOIOTI KPIILUIEHHS, PO3MIIIEHHS

= HeBiamoBiiHUIT a60 HeCIPAaBHUI KPIMIIBHIN MaTepiall, IHBeHTap

= [ToxnOKH BIiCHKOBOCTYKOOBIIIB

= [Hrre (KOMYHIKAITS, He3aI0BLTbHA IHPPACTPYKTYpa)

= [ToroaHi 30BHINIHI (GakTOpH

Puc. 1. InfocTpaTiBHA niarpaMa MpUYWH HENMACHUX BUIAJIKIB

Fig. 1. lllustrative diagram of the causes of accidents
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HaykoBa HOBH3Ha Ta MPaKTHYHA
3HAYUMICTD

TunoBi NpUYMHM HENIACHUX BUMAJKIB i Yac
HaBaHTAXKCHHS/BUBAHTAXKEHHS 1 pyXY 3aJII3HUALCIO:

1. JIroncekwuii dakTop (HEAOTPUMAHHS 1HCTPYK-
ITii, TOMHJIKKA TIPH KPITUICHH], HETPABIIIbHI il T
Yac MaHEBPYBaHH!).

2.HecnpaBHe abo0 HEBIAMOBIAHE KpPIMHIbHE
OCHAIIICHHS Ta iHBeHTap (BTpaTa CTIHKOCTI BaH-
TaXy, 3pUBH KPIiIUICHHS).

3. [lopy1ieHHs TEXHOIOTIi pO3MIIIIEHHS Ta Kpill-
neaast OBT/MT3 (HeBimmoBimHE poO3TalTyBaHHS,
HEeBpaxyBaHHS LIEHTPA Bary).

4. HepmoctaTHiii iHCTPYKTaX, MiATOTOBKA i KOH-
TPOJb TEpPCOHANy (BiICYTHICTh BiMIpPaIlfOBaHHS
orepariiii, BiZICYTHICTh BiJNOBINATHHOTO KOHT-
poJIIo).

5.TloromHi yMOBH Ta 30BHIIIHI (akTOpH (CIIH-
3bKa M1aTdopma, 00JIeIeHIHHS, 3HUKESHHS OTIIATY ).

6. [ndppacTpykTypHi npodieMu (He3aq0BUTLHHIA
CTaH paMI, KOJIiii, OCBiTIeHHs) [2].

KittouoBi BpasznuBi MicIist 3TiHO TOCIIHKEHHS:

— HaWOLIBII KPUTHYHI oTepartii, (ikcamis/Kpir-
JICHHSI TEXHIKH Ha m1aTdopMax, mepexi Mix mat-
(hopmamu mijx yac MaHeBpiB, podoTa Oing rabapury
PYXOMOTO CKIIay;

— BIAMOBIJAJIbHICTH SK HA PiBHI JIAHKH (HaYallb-
HUKH MiPO3ALTIB), TaK 1 Ha PiBHI 3aTi3HUYHOT CITy-
XKOM — 4YiTKE PO3MEKYBaHHS 00OB’SI3KiB € 000B’513-
KOBUM [4].

3axoou 3anobicanns (npaxmuuni pexomeHoa-
yii). Opranizariiigi:

1. BupoBa/ukeHHS  00OB’S3KOBOi  IpOLEIypH
«Ilepenonepariifina neperipka Oe3mekn» nepea Ko-
JKHOIO OTIepalli€l0 HaBaHTAKEHHS/BUBAHTAKEHHSL:
OTJISIT 1HBEHTApIO, KPIiIUIeHb, MOHITOPHHT IOTOJI-
HUX YMOB, PO3MOiJT O0OB’SI3KIB (BKJIIOYMTH Ha-
Ka3H, IHCTPYKIIIT).

2. [Ipu3HaueHHs BiANOBigaNBHOI 0coOM 3a Oe3-
MKy BaHTaXKHO-PO3BAHTAXKYBAILHUX POOIT BiJ Biii-
ChbKOBOI UACTHHH Ta BiJl 3aJII3HUIII; IPH 3arpo3i — 3y-
MIMHKA ONepalii 10 YCYHEHHsI PU3HUKY.

3.Ilporokonu cmiBopani 3 YKp3ami3HULEI,
orepaTopaMy 010 MaHEBPYBaHHS, OJIOKYBaHHS Ta
0e3MeYHnX KOPUIOPIB PYXY.

TexniuHi:

1. CrannapTuzanis KpinmwibHUX 3ac00iB, pery-
JsipHA TIepeBipka Ta oOCIyroByBaHHs (TepiouyHi
IHCIIEKIIiT).

2. Bukopuctanus cepTu(ikoBaHOi TapHOI Mpo-
OyKIii Ta cremiadbHUX MiIJO0HIB, (iKcaTopiB A
OBT, MT3.

HaBuanHs i TpeHyBaHHS:

1. PerymsipHi TpeHyBaHHS 3 BiOIpaIlfOBaHHA
omiepariii HaBaHTaXEHHS, KPIIUIEHHS B peajbHUX
yMOBax (BKIFOYHO 3 HIYHUMH, IOTOJHUMU CIICHAPI-
SIMH).

2. [HCTpyKTaX TIepe]] KOXKHOIO OTIEpaIli€ero 1 IOKy-
MEHTaJILHUAH 3aIHC PO MPOXOHKEHHS IHCTPYKTaXKY.

Kontpo:ns i MOHITOpHHT:

1. Benensst )xypHaiy iHIUICHTIB 1 HeOe3MeuHUX
MOAI# 3 aHATI30M MPHUYHH Ta BIPOBAKEHHIM KO-
pUTYBaJIbHHX 3aX0.iB [4].

2. llepioguuHi aymuTi Oe3rekn BaHTaXKHO-PO3-
BaHTaXXyBaJbHUX POOIT.

Pexomenoayii 3 onepamusroeo peazyéarnis npu
HewjacHomy eunaoxy. MHUTTEBa 3ylHMHKa OIepallii,
HaJaHHS TePIIoi TOTIOMOTH, €BaKyaIlisi TOCTpaXaa-
JI0T0, 3a0e3medyeHHs O0e3MleKu MICI MOIii, OBiTo-
MJICHHS BIJITIOBITHUX CITY)KO (MEIU4HA, BIMICHKOBA,
3ajizumyna) [4].

[IpoBeneHHs po3ciiTyBaHHS Ta BHECEHHS 3MiH
JI0 TIPOLICAYD.

BucHoBok

JloTpuMaHHS 3a3HaYCHUX BHMOT BOEpeke 0co-
0oBUi1 CKJIa] elIeNOHY Ta BapTH Bi (aTaJbHHUX BU-
MaJIKIB MPH HaBaHTa)KEHHi, BUBAHTAXXEHHI Ta Mpo-
CyBaHHI TI0 3ajJi3HHIN B CKIal emIeloHy abo
B CKJIaJIi BapTH MPU CYNPOBOJIi BiliChKOBUX BaHTa-
XKIB, @ TAKOX 3arajioM IpH repeOyBaHHI Ha 3ai3-
HUIL a0o mobnu3y Hei. 3HWKEHHS KUTBKOCTI TSK-
KHX HENIACHUX BUIAJKIB i 3aTHOJIMX MOMJIIMBO 3a
YMOBH: YITKOI TEXHOJIOTT po0iT, BiAMOBIAAILHOCTI
MOCaZioBUX OCi0, peryssipHOi MepeBipKH KPiIUieHb
Ta iHBEHTapI0, HABYaHHS 0COOOBOTO CKIIafy 1 Haje-
YKHOT CITIBITPALli 3 3aJTi3HUIICIO.

HaBeneni 3axonu Ta KOHTPOJIBHI MPOLECTYPH —
MPAaKTUYHA JOPOXKHS KapTta Jjs BifiCBKOBUX 4Yac-
THUH, SIKi BUKOHYIOTh BaHTaXKHO-PO3BAHTAXKYBAJIbHI
pOOOTH Ta TmepeBe3eHHs TEXHIKH 3aJIi3HUIETO.

CBoeyacHa opranizanisi poOOTH KOMaHIHMPIB
1 HaYaJIbHUKIB BapTH, MOCTIHHUIA KOHTPOJIb 32 BU-
KOHAaHHSM BHMOT O€3IeKH, HaBYaHHS OCOOOBOTO
CKJIaJy MpaBWJaM HaJaHHS JOTOMOTH i BUKOPHC-
TaHHS 3aCO0iB MOXKEXKOTaCiHHS — 3armopyka 30epe-
JKEHHS JKHMTTS, 30POB’S BIHCHKOBOCIY)KOOBIIIB Ta
YCIIIIHOTO BUKOHAHHS 3aB/IaHb BIHCHKOBOTO ellie-
JIOHY.
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Current Issues of Safety Measures in Railway Transport Logistics

Purpose. The purpose of the study is to conduct a substantive comparative analysis of the state of occupational
injuries related to the official activities of military personnel during the transportation of military cargo by rail and to
justify the prevention of accidents, fatal accidents involving military personnel, and accidents resulting in serious
injuries to military personnel. Methodology. Problematic issues during the loading of military trains and transports
in modern conditions are highlighted. Comprehensive measures aimed at optimizing and implementing safety
measures during loading and unloading operations are identified. Based on the analysis, proposals are made for the
organized loading (unloading) of trains and transport in compliance with safety measures. The study uses the practical
experience of officers of the military transport service of the Logistics Command of the Armed Forces of Ukraine.
Military units that are transported as part of military echelons and send military cargo to ensure the fulfillment of tasks
to provide troops with everything they need for life and operations during wartime. Findings. During a special period,
the transportation of military units by rail is one of the main methods of strategic and tactical movement of troops,
weapons, equipment, and material resources, as well as the evacuation of the wounded, equipment, and supplies.
Originality. Development of recommendations and reference and analytical material for military units, military com-
mand bodies, heads of military transport departments on railways, and military commandants. Systematization of the
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work of commanders (chiefs) to ensure and enforce the rules for providing first aid to victims, safety while on the
tracks of railway stations, the use of fire extinguishing equipment, as well as signals used in railway transport by
military echelon personnel and guards. Practical value. Ensuring the preservation of life and strengthening the health
of military echelon personnel and guards during the protection and escort of military transports with dangerous cargo
(ammunition) in areas of operations (combat actions).

Keywords: railway transport; military transport; vehicles; military echelon, military cargo; loading and unloading

site; armament, military equipment; material and technical resources; explosive materials; converted service and tech-
nical railcars; military technical resources
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MarteMaTH4He MOAEJTIOBAHHSA 3a0pyAHEHH MOBITPS MicJas BUOyXy B Kap’epi:
eKcIpec POorLo3

Mera. Po3podka CFD mozeni, o 1a€ MOKIJIMBICTh ONEPaTHBHO IPOrHO3YBATH PIBEHb IMHJIOBOTO 3a0py/IHEHHS
aTMoc(epHOTO TOBITPs Micis BUOYXy B Kap’epi, po3poOka mBuakoi po3paxyHnkoBoi moaeni CFD. Meroguka. Jlns
pilIeHHs 3a/1a9i aepOJIHAMIKHA Ta MacOIIEPEHOCY BUKOPHUCTOBYIOTHCS (PYHAaMEHTATbHI PIBHIHHSI MEXaHIKH CYIIITb-
HOTO cepenoBuia. Ilone MIBUAKOCTI MOBITPSHOTO MOTOKY MOJAEIIOETHCS 32 IOMOMOro0 piBHsAHHA Jlamnaca ais mo-
TeHLiaxy mBHAKOCTI. YucenbHe iHTerpyBaHHs piBHAHHA Jlamacy 31ifiCHIOETBCS 3a DOMOMOTOK METOJA PO3LLC-
nerss. [licist po3meruieHHs OYOyIOThCS Pi3HUIIEBI PIBHSAHHS, IO MOKYTh OYTH BHpIIIeHI 3a SBHOIO ¢opmymo. s
MOJICIIOBAHHS PO3NOBCIO/DKCHHS MUYy B aTMOCHEPHOMY ITOBITPI BUKOPUCTOBYETHCS Monenb . Mapuyka. s 4u-
CETIPHOTO IHTErpYBaHHS PiBHAHHS MacOIEPEHOCY BUKOPUCTOBYIOTHCS Pi3HUIIEBI CXeMH po3iueruieHHs. Ha nepuiomy
eTani 31iHCHIOETbCS (pi3UUHE PO3IICIUICHHST Ha PiBHAHHA Audy3ii Ta KOHBEKTHBHOTO nepeHocy muiy. Jlami Oymy-
I0ThCSI 3MIHHO-TPUKYTHI Pi3HHUIIEBI CXEMH po3LIeIUIeHHs. Penbed MiclieBOCTI MOIETIOETHCS Ha TIPSIMOKYTHIN pi3HU-
LeBii ciTIi 3a JonomMoroto MapkepiB. PesyabraTn. Po3po0ieHuii KOMIIEKC YUCEIbHUX MOJIENIeH JUIs pillleHHs 3a-
Jladu: aepoJMHAMIKHM Ta MacOoIlepeHOCY BaroMoi AOMIIIKH B aTtMocepHOMy HOBITpi. J[isi moOyIoBH YHCENbHUX MO-
JieNieid BUKOPUCTaH] KiHIIEBO-PI3HHUIIEBI CXEMHU PO3LICTUICHHS, 110 JIO3BOJIIIOTh OTPUMATH MPOCTI PO3PaxyHKOBI 3a-
nexxHocti. [ToOymoBaHi YHCeNbHI MOZAEN NAIOTh MOJIMBICTH ONEPATHBHO PO3PAaXOBYBATH IUHAMIKY ITHIOBOTO
3a0pyIHEHHS B YMOBax CKJIamHOTO penbedy micueBocti. HaykoBa HoBm3Ha. [1oOynoBaHi 4mcenbHI MOJENi LIS
aHaJi3y JAWHAMIKU MHJIOBOTO 3a0pyIHEHHS aTMOC(EpHOro MOBITps Imicis BHOYXy B Kap’epi. MoJens gae MOXKIH-
BICTh BPaXOBYBATH T€OMETPHYHY (OpMY penbedy, METEOyMOBH, MIBUJIKICTh IPaBiTALlifHOIO OCA/HKEHHS Iy, aT-
MochepHy audysito, popMmy mHIIIOBOT XMapH micis BHOYXY. Moers Moke OyTH BUKOPUCTAHA JUIS €KCIIPEC OIliHFO-
BaHHS BIUIMBY BHOYXIB Ha HaBKOJNMINHE cepepopuie. IlpakTuyHa 3HaymMicTs. Po3poOneHuil crenianizoBanuii
MakeT KOMIT IOTEPHUX MPOrpam Jjisl MPOBEACHHS 0OUMCITIOBATHHOTO €KCIIEPUMEHTY Ha 0a3i mo0y/IoBaHUX YHCEIb-
Hux Mozeineil. HaBeneHo pe3ynbTraTu YMCeIbHOrO EKCIIEPUMEHTY.

Knouogi cnosa: 3abpynHeHHs TOBITPs; HIIOBA XMapa; kap e€p; CFD mMonenroBaHHs; MaconepeHoc

Beryn 3 TOYKM 30py MOJCIIOBAHHS, PO3PAaXYHOK IOIIIH-
peHHS mHTy Ticis BHOYXy B Kap epi — IIe 3a/1ada
HECTaIl[lOHApHOTO MacoriepeHocy. s pinieHHs
33J1a4 TAHOTO KJIACY IIUPOKO BHKOPHUCTOBYIOTHCS
anamituudi mozeni [6-14] ta CFD monemni [1-3].
AHaniTHuHi MoJiesi NOTpeOyIoTh HE3HAYHOI KiJlb-
KICTI HOYAaTKOBUX JAHUX Ta IAl0OTh MOXKJIUBICTH

Bubyxu B kap’epax Npu3BOIATH A0 iHTECHCHB-
HOro  3a0pygHEHHS  atMoc(epHOro  MOBITPA
(puc. 1). Tomy, mporHo3yBaHHS AWHAMIKH 3a0pyI-
HEHHS aTMOoc(EepHOro TOBITPS Ticls BHOYXIB
B Kap’epax Ma€ BaXKJIMBE 3 TOYKH 30Dy 3aXHCTY
JIOBKUUIS, OXOpOHM Tpari. JlJisi TaKOro MporHo3y

BAXHO MAaTH CIIeLiaii30BaHi MaTeMaTU4YHI MOJEII.

aHaJi3yBaTH AMHAMIKU 3a0pyJHEHHS aTMOoc(epHo-
ro HOBITpA, ajie 0e3 ypaxyBaHHS BIUIUBY penbedy
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Ha el mporec. CFD Moneni maroTh MOXKIUBICTH
OTpUMAaTH JAeTalbHY iH(popMamio nmpo GopMmyBaH-
Hs1 o0nacTell MUIOBOTO 3a0pYAHCHHS, ajie oTpPio-
Ha 3HAaYHA KiIBKICTh HAyKOBO-OOTPYHTOBAHO! iH-
(hopmariii B sIKOCTI TOYATKOBHX JaHWX. Peamizaris
MaTeMaTHYHUX MOZEJEeH JaHOro Kiacy MHoTpedye
Jy’Ke TOTY)KHUX KOMII'IOTepiB Ta 3HAYHOTO 4acy
Ha TIPOBENEHHS pO3paxyHKy. Ha erami HaykoBo-
JOCITITHUIIBKUX POOIT, IO MOB’SI3aHi 3 OILIHIOBaH-
HSIM BIUTMBY BHOYXiB Ha 3a0pyAHEHHS HAaBKOJMIL-
HBOTO CEPENOBHINA L€ € JOCHUTh HE 3PyYHUM.
B Oararpox Bumagkax, mMpU MPOBEACHI HAYKOBHUX
JIOCHI/DKeHb, MOTPIOHO POOUTH 3HAYHY KUIBKIiCTh
po3paxyHKiB (HampuKial, BH3HA4YeHHS oOjactel
3a0pyOHEHHS TP PI3HUX METEOyMOBaX, pi3HOI
MOTYXKHOCTI BHOYXY TomIo). Tomy, Ui MPaKkTHUKH,
B)XXJIUBO MAaTH MaTeMaTH4YHi MOZENi, IO Bpaxo-
BYIOTh TaKi BXIHBI (aKTOPH, SIK PEeIbE], METEO-
YMOBH TOIIO, @ 3 IHIIOTO 00Ky, MOTPeOYIOTh MajIo
Yacy IpH peaizallii Ha KOMIT 10Tepi.

3araJpHOBIIOMO, 110 3a0pYAHEHHs BiJ TpaHC-
MOPTHUX 3ac00iB Ha MICBKUX BYJIHLAX € OyXe iH-
TEHCHBHUM 1 MOXXE 3aBJAaTH IIKOAW JroauHi. Jlms
3MEHIIEHHsS] 1HTeHCHBHOCTI 3a0pyIHEHHS MOBITPS
BiJl TOPO’KHBOTO PYXy MPOTOHYIOTHCS Pi3HI 3aX0-
Y TIOM’ IKILIE€HHS.

Puc. 1. [InnorazoBa xmapa B Kap’epi
[https://doi.org/10.15421/2018 277]

Fig. 1. Dust cloud in the quarry
[https://doi.org/10.15421/2018 277]

Meta

MeToro naHoi po0oTH € po3poOKa MIBUIKO PO3-
paxynkoBoi CFD mopeni ans ananisy 3a0pyaHeH-
Hs1 aTMOc(epHOro NMoBITpsI miciist BUOYXyY B Kap’epi.
CTBOpeHHS MaKeTy NMPHKIaJHUX IPOrpaM uis pi-
MIEHHS 3a/1a4 HECTAaIllOHApPHOTO PO3MOBCIOJDKEHHS
nuy B aTMocdepi B yMOBax CKIaJHOTO pelbedy
MICII€BOCTI.

MeToauka

[Ticna BuOyxy B Kap’epi (GOPMYETHCS MUIIOTA-
30Ba XMapa, 110 OYMHAE PyXaTHCs B HANpsAMY Bi-
Tpy. OCOOIMBICTIO TaHOTO MPOIECY € TE , MO PyX
XMapH BiIOYBAETbCA B yMOBaX CKIAAHOTO pelbedy
MicueBocTi. Ile 3HaUHO YCKIIAIHIOE PO3POOKY Ma-
TEMAaTUYHAX MOJIEJICH Ui OLIHIOBaHHS BIUIMBY
BHOYXiB B Kap’epax Ha 3a0pyIHEHHS HaBKOJIWIII-
HBOTO cepefoBHUINA. [ oTpuMaHHS HayKoBO 00-
IpyHTOBaHOi iH(opMamii moTpiOHO, MO0 MaTeMa-
THYHA MOJENb BPAaXOBYBaja HE TLIBKU METEOyMO-
BH, HO Takox penbed wmicuesocti [4]. Tomy,
NEepUIM, BaXKJIMBHM  €TallOM  MOJEIIOBAHHS
€ po3po0Ka MaTEMaTUIHOT MOJIENI TS PO3PAXYHKY
IOJII TIBHIIKOCTI TOBITPSHOTO IMOTOKY B YMOBax
CKJIaHOr0 penbedy MictieBocTi [4].

B naniii poOoTi [J1s pillIeHHS 1i€i 3a71a4i BUKO-
pHUCTOBYeEThCs piBHAHHS Jlammaca i moTeHmiamy
LIBUIKOCTI:

o°P  O°P

—2 + —2 = O y (1)

ox= oy
ne P — moTeHImian mBUIKOCTI MOBITPSHOTO MTOTOKY.

SKIo moje MOTEHIiaTy MIBHAKOCTI pO3paxo-
BaHO, TO KOMIIOHEHTH BEKTOPY IIBHUAKOCTI TMOBIT-
PSIHOTO TIOTOKY BH3HAYAIOTHCS TaK:

oP oP
=, V=—.
OX oy

Hust piBaAHHS (1) CTaBAATHCS TPaHUYHI YMOBH,
110 HaBeJeHi B poOoTi [4].

Pimennst piBHsHHS (1) 3HAXOOUTHCS YHCEIb-
HUM OUISIXOM. {1 1IbOr0 BUKOPUCTOBYIOTHCS IB1
pizHunesi cxemu. s noOyaoBU YncenbHO Moze-
Ji BUKOPUCTOBYETHCS METOJ PO3IICTUICHHS ISt

«HECTaLiOHAPHOT0» PIBHAHHS, 110 MA€ HACTYITHUH
BUTIISA;

u

P 0°P &°P
P _FP P ®
ot ox° oy
TyT t — QiKTUBHMH Uac.
Hani, npu moOy10Bi mepIIOi CXeMH peali3yeThb-
s TaKe PO3ILEIUICHHs PiBHIHHSA (2):

P _o'P.

o o’ )
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oP 0°P
ot oy
HeBigome 3Ha4YeHHS MOTEHINANY IIBUIKOCTI P

BU3HAYa€ThCs Ha 0a3i piBHsAHHA (3) Tak [5]:

n n n n
Pl _pn vt Rij— R Vi -R + B4
" " AX? AX?

(4)

HeBinome 3HaueHHs MOTeHLiaNy MBUAKOCTI P
BU3HAYAETHCS HA 0a3i piBHsIHHSA (4) Tak:

=p" +th'J+l i +Vt_Pi’nj + Rl
Ay?

n+1
Pi,j+ Ay2

Tak sk po3paxyHOK 3MIACHIOETHCS 32 «(PIKTHUB-
HUM) 4acOM, TO JIJIsl HOTr0 3YIMUHKH MOTPIOHO 11100
OyJia BUKOHAHa yMOBA:

n+l n
Rl R

JIe & — MaJIe YMCII0; N — HOMEp iTepallii.
Jpyra pi3HuiieBa cxema JUIsl YUCEIBHOTO pi-
IICHHS 3a/1a4i aepOIMHAMIKH Ma€ BUIIIAA [5]:

1 1 1 1 1
Pn+5 B Pn _Pn+5 Pn+§ _Pn+5 Pn+5
i | Tt TR L Zh +H1
At AX? Ay? ’
n+1 nJ% n+1 n+l n+l n+l
Ry —R; _ Rii — R Ria—R ©)
At AX? Ay? '

Sx MoxHa 6aunT 3 (5) pillieHHS 3a/1a4i 10 BH-
3HAYCHHIO MOTEHINATY MIBUAKOCTI PO3IICTUIIOETh-
csl Ha JBa KpOokKH. Ha KOKHOMY Kpoli moTeHmia
MIBUJIKOCTI BU3HAYAETHCS METOJIOM «PaxyHKY, IO
ODKUTBY.

3HaueHHs KOMIIOHEHT IIBUJIKOCTI PO3paxoBy-
€ThCcS Ha OIYHMX CTOPOHAX KOHTPOJIBHOTO 00’eMy
HACTYITHUM YHHOM [5]:

P~ P iR

v AX v Ay

Jnist BU3HaUEHHsS KOHLEHTpaLil MUy B aTMOC-
(dbepHOMY TIOBITpI MIPH PYCi MUIOBOT XMapy BHKO-
pucToByeThest piBHsHH [. Mapuyka (mpodinbHa
3amayva) [4]:

oC ouC N o(v—-w,)C

ot ox oy

0 oC 0 oC
=—(ux —j+—[uy—] , (6)
OX ox ) oy oy
ne C — KOHIIEHTpalisg MIy B aTMoc(epHOMY TOBi-
Tpi; U, V — KOMIIOHEHTH BEKTOPY MIBHIKOCTi MOBIT-
PSIHOTO TOTOKY; M=(ll, Ly) — KoedillieHTH aTMOC-
(dheproi mudy3ii; Ws — MBUAKICTH TPaBITAIITHOTO
OCaKeHHS NIy t 11e Jac.

[loyaTkoBi Ta TpaHW4HI YMOBH AJSl PIBHSHHS
(4) ormcawi B [1, 3, 5]. Ha micue BuOyxy B Kap’epi
3ajaeThesl opMa MUIOTAa30BOi XMapH Ta KOHICHT-
paitist muIy B XMapi.

Huns YHCEIHLHOTO pilIeHHs PiBHSHHS
I'. Mapuyka 3miiCHIOETBCSI HOTO (Pi3UUHE PO3IIeT-
JeHHs Tak [5]:

GC 6uC 6vC
at ax 8y

C_0(,, Y. 2,,
a o\ ) Ty ey S

Jaui 3aificHIOEThCS Taka TpaHCQOpMAIlisl MoXi-
JHUX:

=0;

ouC ou'C LuC.
ox o ox
NC_v'C v C,

oy oy
p_utlul o u—u
u = U = X
2 2
. VEM vl
V' = U = ;
2 2
+ n+1 n+1
au C zquJC —U C*]-] L+Cn+1.
ox AX o
- n+l - ~n+l
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Ha macrymaOoMy Kpormi 3amucyeThCcsi 3MiHHO-
TPHUKYTHA CXeMa PO3LICTIICHHS:
— NEPIIUNA KPOK:

k n

ck _cn
— = pck+ et =0;
At
— JpYTHH KPOK :
n+1 k
(:i,j+ _Ci,j + L;Cn+l+ L;Cn+1 :O
At

JlaHa cxema NO3BOJISIE BU3HAYaTH KOHIIEHTpa-
Iif0 ATy Ha KOXKHOMY KPOIIi 32 SIBHOIO CXEMOIO.
UucenbHe iHTErpyBaHHS PiBHAHHS TUQy3ii BU-
KOPHCTOBYETHCS KiHIIEBO-PI3HHUIIEBA CXEMa CyMap-
HOI ampokcumarii. Cxema po3IIeTUIEHHS Ma€ BH-
IS
—  IEepLIHHA KPOK:

n+% n n-*—E n+%
At g AX®
+% n+2
" —Cii?+Ga .
y Ayz !
—  JpyTHui KpoK:
1
n+=
Cl - Gi;? Ciy —Cij'
— 0 = | N |t
At AX
1 1
Cir,]}:rl - Cir,]}r
My AV2
Yy

Oco0NHBICTIO JTaHOT PI3HUIIEBOI CXEMH € T€, 1110
BU3HAYECHHSI KOHLEHTpAIIl MITy TaKoX 3iHCHIO-
€THCS 32 SIBHOIO (hOPMYJIOHO.

Penbed MiciieBoCTI MOJIETIOETHCS Ha TIPSIMOKY-
THI{ Pi3HUIIEBIH CITKH 3a JOMTOMOTOI0 MapKepiB.

3nilicHEHO KOJyBaHHS PO3POOJIEHUX YHCEIb-
HUX Mojeneii, MoBa nporpamyBanuas — FORTRAN.
Po3po0iennii KOMIUIEKC KOMIT IOTEPHHUX MPOrpam
BKJIIOUAE B cebe HiAnporpamMmu TUITY
SUBROUTINE:

1. DK1 — po3paxyHOK MOTEHIialy HIBHJIKOCTI
Ha 0a3i nepoi YncenbHoi MoJei.

2.DK2 — po3paxyHOK TOTEHIiATy MIBUAKOCTI
Ha 6a3i apyroi yncenbHOi Moxemi

3. DK3 — peauizariisi rpaHHYHEX YMOB B O0Jiac-
TSAX CKIIAJHOI T€OMETPUIHOT (popMH.

4. DKK — po3paxyHOK MOl IIBUIKOCTI MOBIT-
PSHOTO TTOTOKY.

5.DEl — po3paxyHOK KOHIEHTpamii muiy Ha
MepuIoMy Kpoui po3IlerieHHs (piBHSHHS NepeHo-
cy).

6. DE2 — po3paxyHOK KOHIICHTpaIlii MiiIy Ha
JOpyroMy Kpoli po3iieruieHHs (piBHSHHS MEepeHo-
cy).

7.DE3 — po3paxyHOK KOHIICHTpaIlii NIy Ha
MepIIOMY KpOIli po3mIeruieHHs (piBHSHHA TUdy-
3i7).

8.DE4 — po3paxyHOK KOHIICHTpaIlii NIy Ha
MEepIIOMY KpOIi pO3IIeIuieHHs (piBHSHHA TUQY-
3if).

9.DPP — nmpyk pe3ynbTaTiB 00UMCIIIOBATBHOTO
EKCTICPUMEHTY.

10. VDF — ¢aiin mo4aTkoBUX JaHUX.

PesyabTatn

Po3po6ieHi uncenbHi MOJETi aepoJMHaMIKH Ta
MacorepeHocy OynM BHUKOPUCTAaHI ISl PIlICHHS
MOJICTIbHOI 3a/ayi. Po3rismaBes mpoiec pyxy IMH-
JIOBOi XMapH Iicis BHOYXy B Kap €pi B yMOBax
CKIamHOTO penbedy. MeTa po3paxyHKy — aHaii3
CTIMKOCTI MOOYZOBaHMX YHCENBHUX MOJAEIEH MpH
pIlICHHI 3a7]a4 MacoIepeHOCy B 00JacTIX CKIaj-
HOT reoMeTpuyIHOi (PopMH.

Cxema pO3paxyHKOBOI 0O0JiacTi Toka3aHa Ha
puc.2. Sk MokHa O6a4UTH 3 pUC. 2 B PO3PaXyHKO-
Biif oOxyacti posramioBaHi nBi BrnaawHu. llepima
BIIQJMHA — Kap’ep, O (OPMYETbCS MUIOTa30Ba
xMmapa. Ha gHi apyroi BmajuHU po3TamioBaHa ax-
BaTopis piuku. LIBuakicTs BiTpy 8 M/C; IBHIKICTD
rpaBitaniiinoro ocamkenus mty 0,0002 m/c. Ko-
edinienTn armMochepHoi mudy3ii po3paxoByIOThCS
TaK:

1, =01U(x,y), 1, =01V(X,Y).

To6T0, KoedimienTn atMochepHoi nudysii 3a-
JeKaTh BiJ KOOPIWHAT Ta JIOKAJIBHOI MIBHIKOCTI
MOBITPSIHOTO MTOTOKY.

Hunamika dopmyBaHHS 00sacTi 3a0pyIHEHHS
MoKaszaHa Ha puc. 3-5.
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Puc. 2. Cxema po3paxyHKOBOi 001aCTi:
1 — penbed; 2 — nuora3osa xMapa; 3 — piuka

Fig. 2. Scheme of the calculation area:
1 — relief; 2 — dust cloud; 3 — river

0 X

Puc. 3. Konuentparis r/m® nuiy B o671acti
mocmimkenns, t = 0,1

Fig. 3. Concentration g/m® of dust
in the study area, t = 0.1

Puc. 4. Konuentparis r/m® nuiy B 0671acri
nmocmimkenss, t = 0,2

Fig. 4. Concentration g/m? of dust
in the study area, t = 0.2

X

Puc. 5. Konnenrpartis /M3 Ty B 001acTi
npocmimkenns, t =0,3

Fig. 5. Concentration g/m® of dust
in the study area, t = 0.3

Sk MoxHA 0auuTH 3 HaBEIEHUX PHUCYHKIB, 00-
nacTh 3a0pyAHEHHS , Ticas BUOYXY, 301IbIIYETHCS
B po3mipax. Tak fK po3risganocs MOAETIOBAaHHS
JIETKOBAaroBoi JOMIIIKK, TO MOXXHa OayuTH, LIO
MW , BHACHIOK aTMochepHol audys3ii, BUXOAUTh
3 Kap’epy.

[IpoBeneHunit O0OYKMCITIOBATIBHHUI EKCIICPUMEHT
MiATBEPIUB CTIMKICTh Ta Mpale3aTHICTh po3po0-
JICHUX YHCEIHHUX MOJENeH I aHanizy obmactei
3a0pyIHEHHS B YMOBaX CKJIaJHOTO pesbedy.

UYac po3paxyHKy 2 c.

HaykoBa HOBH3Ha Ta MPpaKTHYHA
3HAYUMICTD

[ToOymoBani uncenbHI MOACII JJIs aHAJI3y JIH-
HaMIKH TWJIOBOTO 3a0pyaHEHHS aTtMochepHOoro
MoBiTps micys BUOYXy B Kap’epi. Mozaens nae mMo-
JKJIMBICTh BPaxOBYBaTH T'e€OMETPHUYHY (opMy pe-
needy, METeOyMOBH, HIBHIKICTh TpaBiTallifHOTO
OCa/DKeHHA Ty, atMocdepHy nudysito, popmy
MWIOBOI XMapH Micysi BUOYXY.

Mogens Moxe OyTH BUKOpHCTaHA JJISl EKCIIPEC
OLIIHIOBaHHSI BIUTUBY BUOYXiB Ha HAaBKOJMIIHE ce-
penoBwuIe.

BucnoBku

Po3po0iieHnii KOMIUIEKC YHCEIbHUX MOZesei
JUTS PIlIICHHST HACTYITHHX 3a/1a4:

— aepOoANHAMIKH MOBITPSHOTO MOTOKY;

— MacoIIEpPEeHOCY BaroMoi JOMIIIKA B aTtMocde-
pHOMY TOBITpI.
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Jiig moOymoBM YHCENbHUX MOJEIeH BUKOPHC-
TaHi KIHIIEBO-PI3HUIICBI CXEMH PO3IICTUICHHS, 10
JO3BOJISIIOTH OTPUMATH TPOCTI PO3PaxyHKOBI 3a-
JIEKHOCTI.

[lobymoBani umcensHI MOIENl AAIOTh MOXKIIH-
BICTh ONEPaTUBHO PO3PAaXxOBYBAaTH OUHAMIKY IH-

JIOBOTO 3a0pYAHEHHSI B YMOBaX CKIIQIHOTO Pellbe-
¢y MiceBocTi.

[Momanbimii po3BUTOK JOCIIHKCHb Oyne 3Miii-
CHIOBaTucsl B HanpsMky ctBopeHHst 3D CFD mo-
JIeNeH.

10.

11.

12.

13.
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Mathematical Modeling of Air Pollution After a Quarry Explosion: Express
Forecast

Purpose. Development of a CFD model that makes it possible to quickly predict the level of dust pollution of
atmospheric air after an explosion in a quarry, development of a fast CFD calculation model. Methodology. To
solve the aerodynamics and mass transfer problem, the fundamental equations of continuum mechanics are used.
The air flow velocity field is modeled using the Laplace equation for the velocity potential. Numerical integration of
the Laplace equation is carried out using the splitting method. After splitting, difference equations are constructed
that can be solved by an explicit formula. The G. Marchuk model is used to model the distribution of dust in atmos-
pheric air. Difference splitting schemes are used for numerical integration of the mass transfer equation. At the first
stage, physical splitting is carried out into the equations of diffusion and convective dust transport. Then, alternating
triangular difference splitting schemes are constructed. The terrain is modeled on a rectangular difference grid using
markers. Findings. A set of numerical models has been developed to solve the problems of aerodynamics and mass
transfer of a significant impurity in atmospheric air. Finite-difference splitting schemes have been used to build nu-
merical models, which allow obtaining simple calculation dependencies. The constructed numerical models make it
possible to quickly calculate the dynamics of dust pollution in conditions of complex terrain. Originality. Numeri-
cal models have been built to analyze the dynamics of dust pollution of atmospheric air after an explosion in a quar-
ry. The model makes it possible to take into account the geometric shape of the relief, weather conditions, the rate of
gravitational dust deposition, atmospheric diffusion, and the shape of the dust cloud after the explosion. The model
can be used for rapid assessment of the impact of explosions on the environment. Practical value. A specialized
package of computer programs has been developed to conduct a computational experiment based on the constructed
numerical models. The results of the numerical experiment are presented.

Key words: air pollution; dust cloud; quarry; CFD modeling; mass transfer
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Environment Pollution Modeling on the Base of Quick Computing Models

Purpose. Development of a fast calculation models for determining zones of ground waters and air chemical
pollution during the emission of chemically hazardous substances from anthropogenic sources of pollution. To mod-
el the process of passive impurity transfer in ground waters and in atmospheric air, the G. Marchuk model is used,
which takes into account the speed and direction of the flow, the intensity of the emission of chemically hazardous
substances, and atmospheric diffusion (dispersion in round waters). Methodology. The process of ground waters
and air pollution modeling is based on the numerical integration of the mass transfer equation (G. Marchuk model).
Two numerical models were built. One numerical model was built to simulate ground waters pollution. Another
numerical model was built to simulate air pollution. The construction of a numerical models of the impurity propa-
gation process was carried out by splitting of the mass transfer equation (G. Marchuk model). Then a variable-
triangular finite-difference decomposition schemes were used for numerical integration. The unknown value of the
concentration of a chemically hazardous substance is carried out using explicit formulas. A set of applied programs
has been developed based on the constructed numerical models. Findings. A set of applied programs has been de-
veloped based on the constructed numerical models. The results of numerical calculations are presented, showing
the efficiency of the proposed numerical models. Originality. Proposed numerical models of mass transfer allow to
compute quickly the areas of chemical air pollution due to the emission of toxic substances from anthropogenic
sources of pollution. Practical value. Based on the proposed numerical models, a computer code has been devel-
oped. The developed models and computer code make it possible to estimate the size and intensity of environmental
pollution, and can be used in solving the problem of assessing the negative impact on the ground waters and air from
different sources. The results of numerical calculations show the operability of the proposed models.

Key words: ground waters pollution; air pollution; landfills; emergency release; mathematical model; numerical
simulation

Introduction

Landfills for solid construction waste are long-
term sources of environmental pollution. Almost
every country has a significant number of such
landfills. These sources has intensive negative ef-
fect on the ground waters and air pollution (Fig. 1).

Therefore, considerable attention is paid to the
problem of assessing the impact of landfills for
solid household waste on the environment, the
emission of hazardous substances from landfills

Fig. 1. Fire sources at the landfill

[2-6, 8, 9] and the problems of reducing the nega- [https://opentv.media/v-dnepropetrovskoj-oblasti-
tive impact on the environment [6]. sejchas-gorit-poligon-bytovyh-othodov-foto]
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Fig. 2. Accidental emission at the enterprise
[https://24tv.ua/avariya_na_fukusimi_1_fakti_pro_moto
roshnu_katastrofu_v_yaponiyi_n1185905]

Another problem in the field of environmental
safety is atmospheric air pollution during extreme
situations at enterprises (Fig.2). Powerful emis-
sions of chemically hazardous substances into the
air during such extreme situations lead to large-
scale environmental pollution. Therefore, it is very
important for practice to have mathematical mod-
els for predicting environmental pollution during
emergency emissions at enterprises.

Analysis of recent research. Problem of envi-
ronment pollution is of great interest. Pollution
may be caused by industrial emissions, accidental
emissions, inflow of toxic pollutants from landfills
to ground waters, etc. Many tools were developed
to predict atmosphere pollution in case of different
emissions. These tools may be divided in some
groups:

1. Simplified mathematical models — are used
for quick prediction of atmosphere pollution at in-
dustrial sites (for example, Berlyand’s model). As
a rule these are empirical models which do not
demand detail information about the atmosphere
conditions or source of emission.

2. Gauss models — are widely used for atmos-
phere pollution prediction. The models are semi-
empirical. These models allow to obtain important
information for stead- state emissions from differ-
ent sources. Some well-known commercial codes
were developed on the basis of Gauss models (for
example, AERMOD).

3. Analytical models which can be used for
steady state emissions or accidental emissions.

4. Numerical models which are based on nu-
merical integration of mass transfer equation [1, 2,
4-10].

5.CFD models which are based on numerical
integration of Fluid Dynamics models and equation

of Mass Transfer. Some well - known commercial
codes were developed on the basis of these models
(For example, ANSY'S Fluent, MODFLOW).

But the problem of quick computing mathemat-
ical models development for air pollution problems
is still exist. Engineers need «diagnostic» models
which allow to predict quickly air pollution using
standard input information.

Purpose

Development of quick computing mathematical
models to be used in applied calculations of ground
waters and atmosphere pollution problems.

Methodology

In this paper, we will consider an express mod-
els for assessing the areas of chemical pollution of
ground waters and atmospheric air. Therefore, the
prediction of pollution areas in ground waters is
carried out on the basis of a 2D model of the
transport of impurities (planning model, G. Mar-
chuk’s model) [1, 2, 8]:

oS ouS ovS a( as] a( as}
+— +

- - = - |+ — -
ot ox oy ox\"ax ) ayl Moy

é)qs(x—xi)(y—yi)v » (1)

where S is the average (by transfer height) value of
the concentration of a chemically hazardous sub-
stance; u,v — components of the speed vector in

the projection on the x, y coordinate axes, respec-
tively; x;,y; — Cartesian coordinates of the i-th

source of emission of a chemically hazardous sub-
stance at the facility; t — time, s; Hyolty — disper-

sion coefficients; 8(xi,yi) — Dirac delta function,

which is used to specify the location of the pollu-
tant release in the model. The emission intensity of
a chemically hazardous substance is equal to Q.

For equation (1), the following boundary condi-
tions are implemented:

1. At t = 0, the impurity concentration in the
study area is given.

2. At the boundaries where the flow enters the
study area, the condition S is set = S1, where S1 is
the known concentration of the impurity.
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3. At the boundaries where the flow leaves the
study area is given Z—S =0, where n is the unit vec-
n

tor normal to the boundary.
To simulate air pollution, Eg. (1) is also used
and in this case: p,,u,— are diffusion coeffi-

cients.

For numerical integration of the transport equa-
tion for ground waters pollution problems the fol-
lowing splitting for Eq. (1) was used:

os as_of o o
ot ox  oxl™Max )
oS s o oS
95 MW _0f, 95) 3
ot oy ay(uyayJ ®)

%leqs,(t)a(x—xi)(y—yi)- @

For the numerical solution of equation (2), the
following two-step splitting scheme is used:
— the first step uses the dependency:

1 1
1 + n+E + n+E
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— in the second step, the dependency is used:
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snl_ ™2 _ Ui+1,j3i++1,j _Ui,jsi,j+ N
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2
For the numerical solution of equation (3), the
following two-step splitting scheme is used:

— the first step uses the dependency:

N N n+% N n+%
sin,fi =S/, - At Vg VSt
) ) Ay
1 1
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— in the second step, the dependency is used:

1 - n+l - oh+l
Sin}a _ S:‘j*g At Vi S — Vi iSi N
, , Ay
n+% nJ% n+l n+1
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where v* = v+ V= V- :
2 2

For numerical integration of equation (4), the
Euler method is used.

To develop the second numerical model for air
pollution modeling, Eq. (1) was split at the differ-
ence level (here we use another notation for impu-
rity concentration “C”):

— the first step of splitting (k=1/4):

cHk _n
i ek, Lic)+2ck =
At 2 4

=E(MX*XCK+MX’XCK+
4
- Q
+M;yC”+My’yC”)+ZI'6,;
1=1
—the second step of splitting (k=n+1/2;
c = n+1/4):
ck-c¢ 1 ) G
M+E(LXCK+LVCK)+ZC§=

=%(Mx—xck+|v|;xc°+

N
- v Q..
+MWCk + MWCC)+|Z,£Z|6| ;
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— the second step of splitting (k= n+3/4;
c =n+1/2):

k

1 ink  -~ky, O~k
o +§(LXC +LyC)+ZCij=

1
=Z(M;XC" +M;CF+

N
_ N Q..
+MWCk + MWCC)—F;TISI y

—the fourth step of splitting (k=n+1;
c = n+3/4):
k c

1k +pnky, O~k
o +§(LXC +LyC)+ZCij=

=1(M;Xck+|v|;xc°+
4
— ~C + ~k NQ
+M,C"+M,C )+I§_128|.

In these expressions Ly, Ly... are difference op-
erators. These operators are described in [1].

Both finite-difference models were coded. For
programing of the developed numerical models
FORTRAN was used. Computer code includes
some SUBROUTINES which perform calculation
of each step of splitting for each finite- difference
model.

Following input data are used for numerical
experiment:

1. information about dimensions of the compu-
tational area where the numerical experiment will
be carried out;

2. industrial site position (for example, waste
landfill position or railway station position where
the accidental release may take place);

3. time step;

4. parameters of atmosphere stability, disper-
sion coefficients, wind speed and wind direction
(speed of ground waters flow and direction of this
flow);

5. toxic substance emission rate.

6. dimensions and form of emission source.

7. time of emission.

Findings

Based on the developed numerical models, two
model problems were solved. The first problem
considers the location of a possible landfill near the
village and ground waters pollution in case of con-
taminate inflow from the landfill to ground waters.
(Fig. 2).

It is assumed that the ground waters speed was
0.000002 m/s. The HCL emission intensity from
the landfill is assumed to be equal to 1 (dimension-
less value).

The simulation results are shown in Fig. 3.

ge Maps

Fig. 3. Location of possible landfill,
(Google Image 2025)

Fig. 4. Contamination zone, HCL concentration:
1-C=82mg/m? 2 - C =61mg/ms 3-C =37 mg/m?
One can see from Fig. 4 that intensive zone of
contamination of ground waters is formed near the
landfill. This zone can cause contamination of wa-
ter in wells which are used in the village which is
situated near the landfill
Below are the results of solving the second
problem — an emergency release at an railway sta-
tion (fire of oil tank). Wind speed was 8 m/s.
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Fig. 5. Area of contamination, CO concentration:
1-C =158 mg/m? 2 - C =96 mg/m?; 3—-C =71 mg/m3

As one can see from Fig.5, large contamination
zone is formed near the source of emission.

It took 2 sec to obtain results of numerical ex-
periment. Developed computer code allows to ob-
tain dimensions of contaminated zone and intensity
if contamination. Standard input information is
used for numerical modeling.

Originality and practical value

Numerical models have been proposed for the
operational determination of areas of pollution
from anthropogenic sources.

Computer code was developed using
FORTRAN. This computer code can be used for

operational solution of several applied problems in
the field of environmental safety (ground waters
and air pollution problems).

Modeling of ground waters and atmosphere
pollution is carried out using standard input infor-
mation. That is important for practical use of de-
veloped numerical models. Results of computer
experiment are presented as the contamination
zones.

Conclusions

1. Quick computing numerical models have
been developed for analyze of contamination zones
which are formed near different sources of toxic
pollutants emission.

2. Fundamental equation of mass transfer (mass
conservation law) was used as the basis of numeri-
cal model. This equation takes into account wind
velocity speed (ground waters speed and direc-
tion), it’s direction, atmosphere stability, intensity
of toxic pollutant emission

3. Developed numerical models can be used for
prediction of ground waters and atmosphere pollu-
tion in case of release of toxic pollutants from dif-
ferent sites and sources.
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MogaenoBaHHs 3a0pyAHEHHS JOBKILJIA HA 0a3i IIBUAKO PO3PAXyHKOBHX
MoJeJien

Merta. Po3po0Oka MIBUAKO PO3PaXyHKOBHUX MOJCICH /I BU3HAYCHHS 30H XIMIYHOTO 3a0pyTHCHHS IMiI3eMHHUX
BOJI Ta TMOBITPS MPH eMicii XIMIYHO HeOe3NeyHUX PEeYOBUH BiJI aHTPOIOTEHHUX JUKepes 3a0pyaHeHHs. s mMoje-
JIFOBaHHS MPOLIECY NMEPeHOCY NaCUBHOT IOMIIIKM B MiJI3EMHHUX BOAAX Ta B aTMOC(HEPHOMY IMOBITPI BUKOPHCTOBYETh-
cs Mogens I'. Mapuyka, 1o BpaxoBye MIBUAKICTh Ta HANPSAM PYXY HOTOKY, IHTEHCHBHICTB eMicii XiMiuHO Hebe3med-
HOi pe4oBWHH, aTMOocdepHy mudysiro (aucrmepciro). Meromuka. [Ipomec MomemtoBaHHS 3a0pyAHEHHS MTiA3EMHHUX
BOJI, aTMOC(EPHOTO TOBITPsI 0a3yeThCS Ha YHCEIBHOMY IHTETpYBaHHI piBHSHHS MacomnepeHocy (Moxensb . Mapay-
ka). [ToOymoBa yhceIbHUX MOJICIIeH IPOLeCY MOMIMPEHHS TOMIIIKH 3iHCHIOETHCS LIUIIXOM PO3LICIUICHHS PiBHSIHHS
MacormepeHocy. Jami OymyroTbes IBi KiHIIEBO-PI3HHUIIEBI CXEMH po3MICIUIeHHS. HeBimome 3HaYeHHS KOHICHTpPAMii
XiMIYHO HeOe3neyHo! peuyOBHHM BU3HAYACTCs 32 JOIMOMOTOI0 SBHUX (OPMYJ, LIO JO3BOJISE PO3POOUTH MPOCTHUl
ANTOPUTM pillleHHs Pi3HULIEBUX piBHAHB. Pe3yabraTn. Po3po0ieHuii KOMIUIEKC NPUKIAJAHUX MporpaM Ha 0a3i no-
OylnoBaHUX YMCICHHUX Mojelneil. HaBeneHi pe3yabTaTH YHCENbHUX PO3PaxXyHKIB, IO ITOKa3ylOTh Mpane3aaTHICTh
3aMpOINOHOBAHUX YHCEIbHUX Mojenell. HaykoBa HOBH3HA. 3ampONOHOBaHI YHCENIbHI MOJIENI MaCOMEPEHOCY, IO
JIAF0Th MOJKJIMBICTH IIBUJAKO PO3paxoBYBaTH 00JacTi XiMi4HOrO 3a0pyIHEHHs MiI3eMHHUX BOJ Ta aTMoc(epHOro
MOBITPS TIPH eMicii TOKCHYHUX PEYOBHH BiJi aHTPONOTEHHUX JKepen 3a0pyaHeHHs. [IpakTuuHa 3HayumicTs. Ha
0a3i 3ampOMOHOBAHMX YHCEIBHUX MOJAEICH po3poOIeHUil KOMIT'IOTepHUA Koz, Po3pobseHi wmozeni Ta
KOMII'FOTEPHUI KOJ Ja0Th MOXKITMBICTD IIBHUIKO OLIHIOBATH PO3MIPH Ta IHTEHCHBHICTH 3a0pyIHEHHS NOBKIILIA, Ta
MOe OyTH BUKOPUCTAHU MPHU PIillIeHH] TBOX KJIACIB 3a/1a4 110 OL[HIOBAHHIO aHTPOIIOI¢HHOTO BIUIUBY Ha HaBKOJIHILI-
HE CepeIOBHINE BiJl aHTPOIIOTEHUX JUKEPET 3a0pyAHEHHS.

Kouosi cnosa: 3a0pyaHEHHS MiA3eMHHUX BOJ, 3a0pYIHEHHS IOBITPS; IOJNITOHU BiJIXOJiB; aBapidiHUA BUKUI;
MaTeMaTu4Ha MOJIEJIb; YHCEIIbHE MOIETIOBaHHS
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On the Need to Conduct Additional Stress Tests to Evaluate the Safety
of the Hydraulic Structures Site at the Zaporizhzhia NPP

Purpose. Conducting a comprehensive analysis concerning the condition of the cooling pond dam at the Za-
porizhzhia Nuclear Power Plant (NPP), which is a key component in the hydraulic structures system at this NPP, to
justify further research. Additionally, identifying any extra or previously unaccounted factors that could affect the
overall safety of the structure. Methodology. The authors performed a comprehensive review of all available engi-
neering surveys and geotechnical research materials related to the Zaporizhzhia NPP cooling pond dam. These mate-
rials were produced by various organizations starting from the completion of the facility in 1985, with particular focus
on the period 2011-2018, especially after the publication of the 2011 stress test report. Special attention was given to
high-precision geodetic data on settlements and deformations of grades on the cooling pond dam. This enabled a new
perspective on the findings of the engineering and geological surveys, as well as the stress tests conducted based on
them. Findings. Based on the analysis of the dam body soil research data, previously unaddressed issues were raised
and examined, including those related to the facility's operation. The need to conduct new stress tests was justified,
considering the current conditions at the NPP site and its surroundings. Practical value. For the first time, a compre-
hensive analysis of the facility's condition was conducted based on accumulated geotechnical data. The stress tests
performed in 2011 were found to be overly optimistic. Originality. The need for further research on the facility was
justified, including through a program to evaluate the technical condition of the cooling pond dam using innovative
methods from the Prydniprovska State Academy of Civil Engineering and Architecture.

Keywords: Zaporizhzhia NPP; cooling pond dam; alluvial sands; soil liquefaction; dynamic instability; settlement;
creeping of slopes

Introduction arises from current regulatory requirements and de-
partmental job descriptions for NPP hydraulic struc-
tures. Repeatedly, employees of the Prydniprovska
State Academy of Civil Engineering and Architec-
ture (now known as the Educational and Scientific
Institute at the Ukrainian State University of Science
and Technologies) have emphasized the need for fur-
ther research on the cooling pond dam. Given its cur-
rent condition and surrounding situation, the im-
portance of this facility requires that all research fo-
cus on a dedicated section, separate from other struc-
tures at the NPP site. This article aims to justify the
inadequacy and incompleteness of all previous re-
search and to address some questions regarding po-

During the analysis of high-precision geodetic
observations of the cooling pond dam settlement at
Zaporizhzhia NPP, a key facility within the plant’s
hydraulic structures system, as well as the results of
engineering and geological surveys conducted from
2012 to 2018, it was suggested that the bearing prop-
erties of the sand foundations and the structure's body
are influenced by many other factors beyond those
previously identified. It was also found that earlier
research and observations are clearly insufficient to
determine the causes of the ongoing instability of the
cooling pond dam settlement. The need to monitor
this critical facility for the safe operation of the NPP
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tential causes of ongoing settlements of individual
buildings and structures at the NPP site.

Note. The events after further complicated the
situation at the site of the NPP hydraulic structures,
but the analysis of their consequences is already be-
yond the scope of this work and is the subject of fur-
ther research.

Purpose

A comprehensive analysis of the condition of the
cooling pond dam at the Zaporizhzhia NPP, a key
component of the hydraulic structures system at this
NPP, is required to justify further research. As well
as the identification of additional and previously un-
accounted factors that may affect the safety of the
structure as a whole.

Methodology

Physical and geographical conditions. Admin-
istratively, the study area is located in the city of En-
ergodar, Zaporizhia region, in the western part of
the NPP industrial zone, within the hydraulic struc-
tures site. Geomorphologically, the research terri-
tory lies within the first above-floodplain (sandy)
left-bank Vitachiv-Bug terrace of the Dnieper River
and on the left bank of the Kakhovka Reservoir. Be-
fore construction, the research area was characterized
by the water area of the Kakhovka Reservoir, primar-
ily formed by the flooded floodplain of the Konka
River and partially located on the coastal terrace of
the Dnieper River, with aeolian landforms. Abso-
lute surface levels range from 18.00 m to 25.0 m,
while the bottom surface of the Kakhovka Reservoir
varies from 8.0 m to 9.8 m. The surface relief of the
dam body is gently rolling and mainly eolian, created
by wind-blown sands. In some areas, sands are stabi-
lized by woody and herbaceous vegetation. The sur-
face levels here range from 16.0 to 22.0 m, with the
average crest level between 18.5 and 19.8 m. The
main water bodies influencing the hydrogeological
conditions of the research territory include:

— Kakhovka Reservoir;

— cooling pond.

Characteristics of hydraulic structures of the
NPP. The hydraulic structures of the Zaporizhzhia
NPP are a complex of engineering structures, in-
cluding a cooling pond dam with blowdown struc-
tures, inlet and outlet channels, several pumping sta-
tions for various purposes, spray ponds, cooling
towers, access roads, underground and overground
utility networks (Fig. 1). The combined use of such
hydraulic structures as a cooling pond, spray ponds,
and cooling towers allows combining the maneu-
verability and inertia of coolers in changing weather
conditions. This scheme has no analogues and, in
fact, was at one time experimental, which later
caused the emergence and existence of problems as-
sociated with the soils on which individual struc-
tures of this system are located, in particular, the
cooling pond dam. The cooling pond is formed by
fencing off a part of the water area of the Kakhovka
Reservoir by means of alluviation of a sand dam,
and is a water body where the effect of heated dis-
charge waters of the NPP is closed. From the south
and east, the dam adjoins the shore; from the north
and west, it is washed by the waters of the
Kakhovka Reservoir, which has a normal retention
level at an absolute elevation of +16.0 m and
a «dead» volume level of +12.0 m (according to
other data — 12.7 m). The dam of the cooling pond
has the shape of an irregular arc and measures
5.830 km in length (including the levee of the cargo
berth). The maximum point marks of the levee ridge
are 19.0...22.0 m. The width along the water's edge
varies from 216 to 590 m. The dam type is an
earthen alluvial dam without anti-filtration systems
(devices). The dam kind is homogeneous, with
freely formed slopes, a wide-profile (flattened pro-
file). Adopted based on the technical and economic
justification of the General Designer due to the need
to reduce the volume of slope reinforcement. Mate-
rial is fine and medium Quaternary eolian-alluvial
sands of the Dnieper and Konka river valleys. The
laying method is mainly alluviation by means of hy-
draulic mechanization under water to a depth of up
to 8 m, and partly by the «dry-excavated» technique
[1-3,7,11].
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Fig. 1. The tail-water channel from the cooling towers on the dam
of the Zaporizhzhia NPP cooling pond (photo 2010)

Engineering and geological characteristics of
the site. The geological structure of the area in-
cludes granites of the Archean-Proterozoic age,
which form the crystalline basement of the Ukrain-
ian Crystalline Shield (approximately at a depth of
about 60 m), covered by a layer of clays of the Ser-
ogoz (former Kharkov) stage of the Paleogene, pre-
sumably lying on sandstones of the Buchak stage of
the Paleogene. In the research area, clays of the Ser-
0goz stage are greenish-gray, dense with rare inclu-
sions of sandstone nodules, and were exposed at a
depth of 33 ... 35 m. Paleogene clays underlie a layer
of Quaternary eolian-alluvial sands with a thickness
of about 20 m, on which the dam of the cooling pond
rests. The dam was erected on fine eolian-alluvial
sands using the hydraulic filling method. The dam
body is non-uniform in density. In the thickness of
the soils of the dam base, floodplain sandy loams
are fragmentarily located, and floodplain loams are
almost everywhere. The loams are dark gray, with
an admixture of plant residues, soft-plastic con-
sistency, and a thickness of 0.2 to 1.2 m. Fine allu-
vial sands of natural composition with a thickness

of up to 14 m lie below. Alluvial sands underlie the
fine sands, but of medium size.

History of the construction of the NPP cooling
pond dam. Since the mid-80s, low-pressure fill
dams have been widely used on cooling reservoirs
of nuclear and thermal power plants and protective
levees on reservoirs with beach wave-absorbing dy-
namic slopes. This method of wave damping in
shallow water is taken from the natural analogue of
sea sand beaches. Such a design of hydraulic levees
from sandy or sand-gravel soils, with the laying of
the upstream slope of 1:30 — 1:40 at a dam height of
up to 5 m, turned out to be more economical than
with the traditional laying of 1:3 — 1.5 with slope
reinforcement with stone or concrete. At the same
time, the increase in the volume of alluviation in
terms of cost was offset by the simplification of al-
luviation technology, which reduced the need for
fastening. A typical example of the use of hydraulic
levees with a beach wave-absorbing slope was the
construction of the protective levee of the Za-
porizhzhia NPP on the Kakhovka Reservoir. The in-
itial project envisaged the dumping of a stone bench
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with a volume of 1.7 million m? into the water. The
decision to replace the stone bench with sand dams
with an above-water slope of 1:50 (Note: in later
projects, the above-water slope was 1:40 and 1:45)
and an underwater slope with location of 1:7 was
made after conducting research and heated debates
in the Ministry of Energy of the former USSR with
the support of the Chief Engineer at the “Hydropro-
ject” Institute T. P. Dotsenko and the Chief Hydrau-
lic Engineer at the “Atomteploelektroproekt™ Insti-
tute R. G. Minosyan. The actual savings from the
implementation of this decision amounted to about
$ 30 million USD. The construction of sand dams
with a beach wave-absorbing slope became possible
only thanks to the use of hydromechanization, a ma-
jor achievement in domestic hydraulic engineering
in those years [16].

Conclusions of the stress tests of the State Nu-
clear Regulatory Inspectorate of Ukraine for the
site of hydraulic structures of the NPP in 2011. The

Kyiv dam
i A

7
103,00/ J
/91,50 /

/Kanev dam

main conclusions from the national report on the re-
sults of stress tests of the NPP site in 2011, compiled
by the State Nuclear Regulatory Inspectorate of
Ukraine (regarding Zaporizhzhia NPP is given in
Section 3 of the report on pp. 55...58) are as follows
[4].

The assessment of dam failure events was per-
formed for the most conservative case, namely, the
failure of all dams of the Dnieper cascade upstream
of the Zaporizhzhia NPP, but under the condition of
maintaining the operability of the dam of the
Kakhovka HPP (it is located downstream of the Za-
porizhzhi NPP along the Dnieper River) (Fig. 2).
Based on the results of a detailed analysis, the max-
imum possible level in the Kakhovka Reservoir was
determined to be 19.36 m, which is lower than the
planned elevation of the site of the main NPP units
of 22.0 m, which, in particular, is located on the in-
digenous bank on natural soils.
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Fig. 2. Longitudinal section of the reservoirs of the Dnieper cascade of hydroelectric power plants (HPP)

The scenario for the degree of impact on the
NPP site, and in particular on the cooling pond dam,
was divided into several stages:

— a stable normal retention level in the cooling
pond;

— overflow occurs over the top of the blowdown
structure and the dam crest;

— adecrease in the level in the pond through the
blowdown structure until the design level is
reached:;
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— a decrease in the groundwater level to natural
values.

The following were established by calculations
for filling and emptying the NPP cooling pond dur-
ing the passage of a breakthrough wave of the up-
stream reservoirs of the Dnieper Cascade HPPs:

— an increase in the level in the NPP cooling
pond will occur above the normal level to the
16.70 m mark;

— the time for the water level to rise in the cool-
ing pond will be about six days;

— the additional volume of water entering the
cooling pond from the Kakhovka Reservoir during
the passage of the breakthrough wave will be ap-
proximately 2.0 million m?;

— the water level in the cooling pond will de-
crease to the design level of 16.5 m within 29 days
(43 days after the breakthrough);

— the above-mentioned fluctuations in the water
level in the NPP cooling pond will not affect the
safety of power units No. 1...6, since the planned el-
evation of the industrial site at their location is 22.0
m, which is 2.64 m higher than the calculated max-
imum level in the Kakhovka Reservoir during the
breakthrough of the Dnieper cascade dams;

— during the overflow into the cooling pond
through the dam crest, the operation of the coolers
of the technical water supply of the turbine equip-
ment may be disrupted (the cooling towers and
spray pools located on the dam will not work);

— the rise and fall of the water level will occur
quite slowly (the maximum daily fluctuations will
be less than 1.0 m/day), which will not affect the
stability of the structures located on the dam and
will not cause additional deformations (the spray
pools and the pumping station are protected by
drainage, and the cooling towers are built on a pile
foundation);

— for a northwest wind direction (during the pas-
sage of a breakthrough wave in the Kakhovka Res-
ervoir) with a velocity of W = 17 m/s (50% proba-
bility), the calculated wave height will not exceed
0.90 m. The height of the wind surge will be about
0.02 m, the wave run-up on the slope is 0.24 m.

Wave effects will cause minor reworking of the dam
slope up to 10 m wide, which will practically not
disrupt the design profile of the dam (width along
the crest 250 ... 400 m);

— when passing the peak of the breakthrough
wave, the water flow velocity in the Kakhovka Res-
ervoir will be at least 0.82 m/s. This velocity was
recognized as erosive for fine-grained sands that
make up the unreinforced outer slope of the cooling
pond dam. The erosion of the coastal slope of the
cooling pond dam by the water flow will occur dur-
ing the period when the water flow velocity exceeds
0.5 m/s. This velocity is possible for about 5 days.
The washed-away soil will be deposited on the un-
derwater part of the dam slope. According to calcu-
lations, in this case, the width of the damaged sec-
tion of the dam will allegedly be less than ten me-
ters.

In addition, as part of the «stress testsy, the pos-
sibility of water loss from the NPP cooling pond,
which may occur due to the destruction of the
Kakhovka HPP dam after a probable seismic event,
was considered. It was determined that the mini-
mum water level in the Kakhovka Reservoir at the
NPP site in the event of a dam break of the
Kakhovka HPP hydroelectric complex will be
10.0 m. According to the developers of the docu-
ment, due to the significant width of the enclosing
dam of the cooling pond, the dam itself will not be
destroyed. However, as a result of the destruction of
the Kakhovka HPP dam, the NPP cooling pond wa-
ter may be lost. In this case, it will also inevitably
affect the operability of the system for feeding the
spray pools of the technical water system of branch
consumers. For this scenario of events and preven-
tion of the impact of the consequences of accidents
at hydraulic structures on the NPP structures, the
following measures were planned, namely:

— a detailed analysis of the possibility of losing
water from the cooling pond as a result of the de-
struction of the Kakhovka HPP dam;

— development of additional measures to ensure
makeup of the spray pools of the technical water
system of responsible consumers.
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The situation at the sites of Ukrainian NPPs and,
in particular, the Zaporizhzhia NPP was also de-
scribed in a number of publications that were pub-
lished immediately after the publication of the stress
test report [5].

Characteristics of engineering-geological sur-
veys on the dam of the cooling pond up to 2014.

Modern geological and engineering-geological
processes and phenomena. During the operation of
hydraulic structures, negative man-made processes
were recorded. In 1993, the slope of the bucket ad-
jacent to pumping station No. 1 on the side of the
spray ponds collapsed. In the spring of 1993, a land-
slide of the coastal ledge made of loose backfill sand
was recorded at the dam of the cooling pond at the
junction with the pumping station supplying water
to the cooling towers. In both of these cases, the
causes of the landslide processes were not fully clar-
ified. The coastal slopes near pumping station No. 1
continue to be in an emergency condition to this day
(2014), negative man-made processes are mani-
fested in the form of collapse (sliding) of the coastal
zone, destruction of the building's blind area, and
subsidence of the concrete slope.

Fig. 3. Destruction of the slope fastening at the pumping station supplying water to the cooling towers (photo 2010)

The following was established based on the re-
sults of the visual inspection of the cooling pond
dam:

1.1 intensification in the processes of pro-
cessing the shoreline of the inner slope of the dam
(erosion, landslides, formation of bays), mainly in
places where there is no rubble fill;

1.2 non-design man-made reservoirs (lakes) on
the dam;

1.3 re-profiling of the upper part of the prism
(displacement of soil masses, formation of benches)
in the area between the outlet channel from the cool-
ing towers (the highway and the shoreline);

1.4 processing of the shoreline of the outer
slope of the dam (erosion of slopes, formation of
beaches) in places where there is no or deformation
of rubble fill;

1.5 intensification of the processes of pro-
cessing the shoreline of the outer slope of the dam
(formation of benches and terraces);

1.6 re-wintering of sands of the inner part of the
dam in areas not fixed by grass and woody vegeta-
tion (Fig. 3, 4).

o
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Fig. 4. Reworking of the coastal slope of the cooling pond dam from the side
of the Kakhovka Reservoir (photo 2010)

Forecast of changes in engineering and geolog-
ical conditions. The stability of the dam body,
which is made of water-saturated loose and uncon-
solidated alluvial fine sands, is not guaranteed. In
a water-saturated state, loose sands are dynamically
(seismically) unstable and can liquefy, leading to
a complete loss of bearing capacity even under mi-
nor dynamic (seismic) loads. The most significant
threat to the stability of the dam body comes from
seismic impacts during a design earthquake of mag-
nitude 6. At the maximum earthquake level of 7
points, which is adopted for the territory of hydrau-
lic structures, liquefaction of sands within the dam
body becomes unavoidable.

Geodetic observations of settlements and defor-
mations of hydraulic structures at nuclear power
plants. As established during the analysis of ar-
chival documents, during wash-in, observations and
control over the condition of the washed-in sands
were not actually conducted. At the initial stage of
constructing hydraulic structures (cooling towers
No. 1 and 2, spray ponds No. 1-3, and a pumping

station for feeding water to the cooling towers),
zones of loose sand had already been detected in the
dam body, mainly in the upper part of the geological
section. During operation, the development of exog-
enous processes, such as the collapse of the eastern
slope of pumping station No. 1 and the removal of
sand into the basins and canal, was observed in cer-
tain structures. All of this necessitated additional
surveys and systematic observations to develop
measures for engineering protection of the struc-
tures.

Geodetic measurements were performed using
a stationary system of soil grades along the dam
core and coastal slopes (they were actually first ini-
tiated in 1994). The grades were initially placed
along one profile, starting from the main bank up to
spray pond No. 3.

High-precision geodetic observations, according
to accuracy class 2, showed that between December
1997 and May 1998, the grades settled by 1 mm to
8 mm. The unevenness of settlements ranged from
6 to 12 mm. This indicates ongoing deformation of
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the earth dam. Monitoring of the soil marks on the
cooling pond dam ceased in 1998. Later, around
70% of the grades were destroyed during the opera-
tion of the structure and the construction of new fa-
cilities. In 2009, after an 11-year hiatus, the soil
grade network was restored. The network was ex-
panded with new soil grades distributed throughout
the entire dam body along several longitudinal and
transverse profiles.

Observations in 2009-2012 revealed that defor-
mations of the cooling pond dam continue at a rate
of 2...7 mm/year. The observed settlements along
the core of the cooling pond dam are less than 20%
of the calculated stabilized values. Based on the re-
sults of geodetic observations, deformations of the
bank slope were recorded. When comparing the ge-
odetic surveys of 1986 and 2012, their obvious dis-
crepancy was revealed, i.e., all signs of dam erosion
were present. Thus, the process of deformation of
the backfill soils and the dam body itself is in a dy-
namic state.

Analysis of the potential flooding risk at the Za-
porizhzhia NPP industrial site. The most significant
external source of flooding of the NPP site may be
flooding caused by possible accidents of hydraulic
structures of the Dnieper cascade of reservoirs dur-
ing seismic impacts.

During a breakthrough wave passing through the
Kakhovka Reservoir, water flow velocities reach
peak levels, causing erosion of the cooling pond's
outer slope and damaging its design profile. An in-
crease in the Kakhovka Reservoir's volume could
result in the water overflowing the dam of the cool-
ing pond.

The following will be affected: the dam of the
cooling pond with a complex of structures of the
cooling system of the main turbine equipment and
structures located behind the enclosing dam of the
cooling pond (inside the cooling pond): spray ponds
No. 1, 2; feeder channel; block pumping stations
No. 1 ... 6; cooling pond blowdown facility; cooling
pond make-up channel.

Conclusions based on the results of engineering
and geological surveys. Based on engineering and

geological surveys carried out in 1978-1983 and
2011-2012 by the NPP geological service, the fol-
lowing conclusions were made:

— sands that make up the dam body are charac-
terized by a non-uniform degree of compaction and
are divided into: loose and loose dynamically unsta-
ble; medium density and dense. They are also dis-
tinguished by different granulometric composition,
mainly fine and less often medium-sized;

— for many areas, data on completed engineer-
ing and geological surveys at the stage of working
documentation for construction are missing;

— no significant changes in the natural soils of
the foundation of the structure were found;

— over the period from 1978 to 2011, a decrease
in the thickness of loose sands in the dam body
(core) was established, averaging 35-40%. But this
is except for some areas, where an increase in the
thickness of loose sands in the dam body was estab-
lished, ranging from to 69%.;

— changes in the dam body indicate the process
of post-compaction of the sand layer. And that the
engineering and geological conditions during the
survey period remain unstable (the post-compaction
process is not complete), and thus the possibility of
further deformations remains;

— the presence of loose sands in the dam body,
especially in the first meters below the groundwater
level, requires an assessment of the possibility of
their liquefaction under the action of dynamic loads
(earthquakes, moving vehicles, the action of filtra-
tion flows, etc.);

— according to the results of dynamic probing
(2012), loose soils characterized by Pd < 20 kgf/cm?
(Pd < 2 MPa) have a high probability of liquefac-
tion, since these soils have virtually no consolida-
tion cohesion.

However, despite the above, the 2014 conclu-
sions stated that, overall, the levee is allegedly in
a stable condition, even with large areas of loose
variations in the sand massif. Geodetic measure-
ments in 2012 did not record any significant defor-
mations. The observed deformations and damages
are purely local in nature and have a limited extent.
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Additionally, the recommendations provided by the
NPP geologists, listed below, directly contradict the
conclusions they made.

To prevent the impact of hydraulic structure ac-
cidents on the Zaporizhzhia NPP facilities and their
operation, the following main measures were previ-
ously planned, but not implemented:

— additional raising of the crest of the enclosing
cooling pond dam to prevent overflow from the
Kakhovka Reservoir into the cooling pond when the
peak of the breakthrough wave passes;

— reconstruction (building up reinforced con-
crete structures and upgrading hydromechanical
equipment) of the blowdown structure to prevent
overflow from the Kakhovka Reservoir into the
pond when the peak of the breakthrough wave
passes;

— fastening the outer slope of the enclosing
cooling pond dam to prevent erosion of the dam
when the peak of the breakthrough wave passes in
the Kakhovka Reservoir.

Recommendations of the Prydniprovska State
Academy of Civil Engineering and Architecture
based on the results of the conducted research
(2014). For further safe operation of the NPP cool-
ing pond dam, it was necessary to carry out the fol-
lowing measures, namely:

— visual inspection of the technical condition of
the cooling pond dam;

— instrumental inspection — planned high-alti-
tude survey for the position of the soil grades of the
cooling pond dam, carried out until the settlements
are completely stabilized (noted by the authors of
the article);

— conducting a set of geophysical research to
determine the seismic parameters of the soils that
make up the dam body and its foundation;

— measuring the transverse profiles of the dam
body and the adjacent part of the reservoir bottom
using ground-penetrating radar (land) and echoloca-
tion (water);

— control engineering and geological surveys to
determine the dynamics in the development of tech-
nogenic processes (planned for 2018-2019);

— study of the petrographic microaggregate
states of all varieties of dredged sands, as well as
their research on vibrocreep.

This research could not be implemented for sev-
eral reasons.

Findings

The results of the analysis of all available mate-
rials on the NPP cooling pond dam can be summa-
rized as follows: the facility is crucial for safety and
should receive primary focus. The basis for upgrad-
ing the cooling pond dam's status to a higher cate-
gory, as well as the justification for further work on
the facility, according to the Prydniprovska State
Academy of Civil Engineering and Architecture, is
the following:

1. Results of studies to assess the technical con-
dition of the structure.

Note. Since its completion (1986), the cooling
pond dam has only been studied fragmentarily as
a whole.

Some of the documentation on the dam has been
lost.

Unfortunately, examining individual compo-
nents of the dam's structure (such as block pumping
stations, cooling towers, and sluice gates) does not
provide any information about their condition,
given the depth of their foundations and the design
features of their bases. Indirect data can be gathered
from the operation of spray ponds, buried pressure
pipelines, and the discharge channel from the cool-
ing towers.

The regular monitoring observations of the
groundwater level in the wells on the dam itself,
given its current condition, are entirely inadequate,
generally uninformative, and do not offer any in-
sights into the processes taking place within it.

2. Repeated appeals from the relevant services of
the NPP regarding the erosion of the shoreline (in
particular, already at 12 sites by March 2013);

Note. The periodic visual inspections of the
shoreline by the NPP hydrometallurgical shop only
verify the current condition and cannot determine
the internal causes that led to this. The backfilling
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of specific sections of the dam's outer and inner con-
tours with stone and construction waste is not part
of the project, does not account for the dam'’s overall
condition, and generally provides only short-term,
temporary stabilization.

3. Preliminary results from the analysis of the
causes of changes in specific sections of the dam
body along the length of the support profiles (based
on data from the 2012 executive survey).

Note. Preliminary analysis of highly scattered
data has revealed that in many areas, the lengths of
the cross-sections have undergone significant
changes. The reasons for this are unknown and still
need to be determined.

The relief of the underwater slope of the dam
from the Kakhovka Reservoir side is unknown, as it
has never been studied using accepted hydrological
methods.

The Prydniprovska State Academy of Civil En-
gineering and Architecture, based on the results of
the executive survey for the cross-sections of the
cooling pond dam, in particular, stated the follow-
ing:

— the given comparative values, as well as the
reasons for their changes, are approximate, serve
mainly for the initial qualitative assessment of the
intensity of geodynamic processes at the site of the
NPP hydraulic structures, and need to be clarified,;

— for a quantitative assessment, it is necessary to
develop and implement a program to monitor the
soil foundation of the dam at the NPP cooling pond.
This program should include a series of geodetic ob-
servations along selected cross-sectional reference
profiles of the structure, hydrological and, if needed,
shallow (near-surface) engineering and geological
studies, including in the water area.

— to adopt the profiles of the November 2012
geodetic survey as reference base profiles;

— the selected base profiles must be fixed on the
ground in the adopted manner;

— in addition to geodetic observations along the
profiles, perform similar work at selected sites lo-
cated on the side of the Kakhovka Reservoir and
presumably subject to the most intensive processing

of the shoreline (erosion and landslides);

— hydrological research must necessarily in-
clude work on the construction of hydrological
posts and line gauges, as well as mandatory depth
measurements on the side of the Kakhovka Reser-
voir using an echo sounder or other methods.

4. Findings and conclusions from the report of
American military engineers on the condition of the
dams of the Dnieper cascade «ENGINEERING
EVALUATION  ASSESSMENT», REPORT
FINAL, July 29, 2016 [13].

5. Analysis of the results of engineering surveys
on the dam of the cooling pond starting from 1996,
especially for the period with the nuclear power
plant in 2011 to 2018.

Note. Materials from previous engineering sur-
veys reveal some contradictions between the actual
condition of the structure and the conclusions,
which do not allow for a comprehensive under-
standing of the soils' condition. The network of ex-
ploration well profiles is quite sparse. The condition
of the soils throughout the entire structure, espe-
cially within the coastal section near the Kakhovka
Reservoir, remains largely unknown. This is also
evidenced by geotechnical issues at the site of
pumping station No. 1 and along both banks. Ac-
cording to survey data, loose soils are found almost
everywhere, not only on the surface but also
throughout the thickness of the structure itself,
mainly near the groundwater level. Some of the
loose soils in the dam body are even categorized
into a special layer, characterized by extremely low
values of physical and mechanical properties. Addi-
tionally, in some areas, loose differences have even
been found beneath natural sandy soils. Presuma-
bly, the so-called «quicksand» known in local flood-
plains, even before construction began, is confined
to these zones. Certain features of the genesis and
morphology of local sands also undoubtedly influ-
ence their properties [8]. Overall, loose differences
of sandy soils within the structure are particularly
sensitive to any type of dynamic impacts—includ-
ing seismic activity—due to their engineering and
geological features, which can ultimately negatively
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affect the condition of the entire structure, given its
size and location within the industrial site of the
NPP.

As evidenced by the engineering survey materi-
als from 2011-2018, the condition of the cooling
pond dam was not assessed as optimistically by the
authors of the reporting materials after 2012. Even
then, it raised quite reasonable concerns. This is
supported by numerous recommendations and the
declared need for additional, highly specialized re-
search on the soil layers. The section on recommen-
dations regarding plans for reconstructing the entire
structure deserves attention. However, the authors
of the article have no information on whether these
recommendations have been implemented in prac-
tice. Meanwhile, their own specialized, comprehen-
sive research on the dam’s condition, proposed by
experts from Prydniprovska State Academy of Civil
Engineering and Architecture, based on their assess-
ment of the situation, was deemed unnecessary and
thus not considered. Consequently, this research
was not included in the 2021 tender documentation
for additional dam investigation. In fact, the tender
documents show that all dam research was limited
to geodetic observations of settlements, performed
by a third-party organization that had never previ-
ously worked at this NPP site and was unfamiliar
with its specifics. Moreover, these observations, af-
ter an initial cycle, were interrupted by the events of
February 2022. (Authors’ note).

6. Results of high-precision geodetic observa-
tions of soil grades.

Note. The recorded settlement of the structure,
which has a height of 10.5 to 13.6 meters, was up to
8 mm per year, and in some areas, such as around
the cooling towers, much more. In other words, it
significantly exceeded the maximum limits set by
regulatory documents for structures of this type (no
more than 2 mm per year). It indicates a lack of sta-
bilization in the soils of the dam body, especially in
many areas. Despite typical construction experience
showing that stabilization of settlements in alluvial
sandy soils within the Dnieper valley usually occurs
within the first 2-3 years after construction, with

only rare cases taking up to 10 years. The work on
building the cooling pond dam was essentially com-
pleted by 1985. Therefore, it appears that the unsta-
bilised settlements of the entire structure as a whole
still continue today, and their causes remain un-
known.

Geodetic observations of the dam's settlement
throughout its entire service life were conducted
with significant interruptions and did not provide
a complete picture of its planned high-altitude posi-
tion. Additionally, measuring settlement at a single
point (near-surface soil grade) with a profile width
of up to 500 m offers no justification for approxi-
mating the data collected along the entire profile, ei-
ther in length or depth (considering the thickness
and condition of the dam body’s alluvial soils). Es-
sentially, it amounts to a discrete study of the soil
grade's location.

The ongoing, substantial multidirectional
planned displacements of soil grades recorded dur-
ing geodetic research by the Prydniprovska State
Academy of Civil Engineering and Architecture
suggest complex movements of soil masses, possi-
bly influenced by fluctuations in the cooling pond
and the Kakhovka reservoir, as well as the operation
of cooling towers and spray ponds.

The revealed discrepancy between the current
position of the majority of the requirements of indi-
vidual clauses of the regulatory document SOU-N
MEV 40.1-00013741-79:2012 [10].

7. Late comments on individual provisions of the
2011 stress test report by State Nuclear Regulatory
Inspectorate of Ukraine by several researchers [6,
9].

Originality and Practical value

For the first time, a comprehensive analysis of
the facility's condition was conducted, based both
on its own research materials and on available data
from third-party organizations. Given the current
situation and today's realities, the need for large-
scale additional research on the facility was con-
firmed. This includes, among other things, the Pro-
gram for assessing the technical condition of the
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cooling pond dam, developed by the Prydniprovska
State Academy of Civil Engineering and Architec-
ture, utilizing its own innovative methods. Addi-
tionally, expanded research on the hydraulic struc-
tures of the NPP should become part of new stress
tests of the NPP site, conducted under the auspices of
the IAEA and, considering the strategic importance
of the facility, must meet all the fundamental require-
ments of this organization [12, 14, 15, 17].

Conclusions

The conclusions based on the results of the anal-
ysis of all available materials on the dam of the cool-
ing pond of the Zaporizhzhia NPP are as follows:

— the facility is significant for ensuring safety
and should be given primary attention;

— the data for preparing the stress tests were
based entirely on the materials of geotechnical re-
search conducted, apparently, before 2000, and
could not take into account further developments of
the situation;

— the 2011 stress tests did not consider the con-
dition of the soil for the structure at all, which was
largely unknown in most parts of this facility before
2011. Since the main engineering and geological
surveys, including the most informative dynamic
probing, were conducted later and only in parts, and
in many areas, especially on the side of the
Kakhovka Reservoir, the condition of the soils re-
mains unknown;

— given the condition of the soils, even a short-
term increase in the level of the Kakhovka Reservoir
to 19.36 m is sufficient to destroy the structure,
since more than 85% of its area will be underwater,
albeit possibly for a short time. Which will lead to
the sloughing of the bank slopes, the destruction of
the channel lining, the failure of the sluice gates, the
change in the position of large-diameter pressure
pipelines, the filling of spray pools, channels with
sand, etc.;

— regarding the parameters of the Kakhovka
Reservoir's water level increase, it is unclear which

time of year the calculations refer to. The presence
of a thick ice cover during winter could also alter
these parameters in terms of both timing and altitude
plans.

— the presence of powerful deep foundations of
cooling towers and a pumping station on the dam,
as well as the planning mark of the main block site
located at a distance of 22.0 m from the hydraulic
structures, which exceeds the flood level of 19.36
m, cannot in any way influence the development of
the situation with the dam soils;

— the assessment of the structure's condition
based on stress tests from 2011 appears overly opti-
mistic due to the lowered level of the Kakhovka
Reservoir. It also failed to consider the actual state
of the soils, as later researchers pointed out.

— in general, the soils of the structure, due to en-
gineering-geological and technological features, are
especially sensitive to any kind of external impacts,
including vibration. Which can ultimately harm the
condition of the entire structure as a whole, given its
dimensions and location;

— for the above reasons, any measurement of the
position of the Kakhovka Reservoir mirror is unde-
sirable due to the destruction of the hydraulic struc-
tures located above and below;

— the data from the stress tests of the NPP site
from 2011 were most likely based exclusively on
internal sources of information without access to the
funds of closed organizations located outside the
country (in particular, such as «Gidrospetsge-
ologiya», «Hydrogeological Expedition of the 16th
Districty, etc.);

— all of the above, in turn, is the basis for con-
ducting additional extended research on the hydrau-
lic structures of the NPP;

— extended research on the hydraulic structures
of the Zaporizhzhia NPP and, first of all, the dam of
the cooling pond, in turn, should become part of
new stress tests of the NPP site, conducted under the
auspices of the IAEA.
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IIpo HeoOXigHICTL MPOBEEHHS J0AATKOBUX CTPEC-TECTIiB VISl OLIHKHU 0e3NeKu
riIpOoTeXHiYHUX copya Ha TepuTopii 3anopizpkoi AEC

Merta. [IpoBecTi KOMIUICKCHHUI aHANI3 CcTaHy TpedIli 0XOJI0MKYBAILHOTO OaceiHy 3arnopi3bKoi aTOMHOI €JIeKT-
pocranmii (AEC), sika € KJIF0O90BIM KOMIIOHEHTOM CHCTEMH TiAPOTEXHIYHUX copyx Ha it AEC, mis o0rpyHTYBaHHS
MOANTBIIAX AOCIHiKeHb. KpiM TOTO, BUSIBIICHHS OyAb-KHUX JOJAaTKOBHX a00 paHille He BpaxoBaHUX (haKTOpIB, SKi
MOXYTh BIUIMHYTH Ha 3arajibHy Oe3rneky criopyau. MeTroauka. ABTOpHY NPOBENIN KOMIUIEKCHUI OIS YCIX AOCTYII-
HUX IHXCHEPHHUX OOCTEKCHb Ta FCOTCXHIUHUX MOCIIIHUIIBKIX MaTepialliB, OB’ I3aHUX 13 IPEOJICI0 0X0JI0KYBaIb-
Horo Oaceliny 3anopizbkoi AEC. Lli MmaTepianu Oysu MiATOTOBJICH] Pi3HUMHU OpraHi3allisiMy, IOYHMHAIOYH 3 MOMEHTY
3aBeplIeHHs OyniBHUITBA 00’ekTa B 1985 poui, 3 ocobnauBuM akiieHToM Ha repion 2011-2018 poki, 0co6IuBO micis
myOmikaiii 3BiTy mmpo crpec-tectd 2011 poky. OcobrBa yBara 0ysa npuaijicHa BACOKOTOYHUM T€OIC3UIHUM TaHUM
po ocigaHHs Ta AedopMariii yKociB rpedIIi 0X0IoKyBaabHOro 6aceiiny. 1le 103BOMIIO MO-HOBOMY MOTJISHYTH Ha
Pe3yIbTaTH iIH)KEHEPHO-TEOJIOTIYHNX JOCII/KEHB, @ TAKOXK CTPEC-TECTIB, TPOBEJICHNX Ha iX ocHOBI. Pe3yabpTaTn. Ha
OCHOBI aHANI3y JaHUX AOCHIHKEHB IPYHTIB TiJla Tpediti Oyid MiAHATI Ta pO3TISHYTI paHille He PO3TIITHYTI MUTAHHS,
B TOMY YHCIIi Ti, IO CTOCYIOThCS eKCIUTyaTallii 00’ exta. byna o0rpyHTOBaHa HEOOXiTHICTH MPOBEICHHS HOBHUX CTpEC-
TECTIB 3 ypaxyBaHHAM IMOTOYHUX YMOB Ha Teputopii AEC Ta B 11 okonmmsax. [Ipakrudna 3HaunMicTs. Briepire 0yio
MIPOBEJICHO KOMIUIEKCHHUH aHali3 cTaHy 00'€eKTa Ha OCHOBI HAKOIMYEHUX T€0TeXHIYHUX naHuX. CTpec-TecTy, mpose-
neni B 2011 pori, Oyiu Bu3HaHi HaaTo ontuMictnuHMU. HaykoBa HoBH3HA. Byna oOrpyHTOBaHa HEOOXIIHICTH MO~
JIATBIIUX JIOCHI/PKEHb 00’ €KTa, B TOMY YMCJIi 32 IOIIOMOT'OI0 ITPOrpaMH OLIHKH TEXHIYHOTO CTaHy Ipedili 0XO0JI0KY-
BaJIbHOTO OaceiiHy 3 BUKOPUCTaHHIM IHHOBaLiHHUX MeTOIB [IpHaHITPOBCHKOT epkaBHOT akajieMii HIMBLUILHOTO OY-
JIIBHUIITBA Ta apXITEKTYPH.

Kniouosi cnosa: 3anopizeka AEC; rpediist 0X0J105KyBaIbHOTO 0aceiiHy; alfoBialbHi MCKH; pO3PIIXKEHHS IPYHTY;
JMUHAMIYHA HECTa0IbHICTD; OCITaHHS; TOB3YYiCTh CXHUIIIB
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Baoxk muiaiHApiB i rivib3u HUIIHAPIB ABUTYHIB BHYTPIIHBOI0 3rOPSIHHSA
MaTepiaju i 0c001MBOCTI AeeKTYBAHHS IIPH PEMOHTI

Meta. OCHOBHOIO METOIO pOOOTH € OTJISN 1 CHCTEeMaTH3allisl MaTepiaiiB i nedeKTiB OJ0Ky HUITIHIAPIB Ta Tilb3
MITIHAPIB ABUTYHIB BHYTPIiITHROTO 3ropssHHs ([B3), a Takok aHami3 mpobieM i cydacHUX TeHACHIH nepeKTyBaHHI
pu peMoHTi. MeToanka. /o OCHOBHUX Mpo0JieM, sIKi ChOTOIHI OB’ s13aHi 3 Ae()eKTYBaHHAM OJIOKY IHIIHIPIB 1 T1163
witieapie JIB3, MoxHa BiIHECTH HACTYIHI: IIBHJIKE 3pOCTaHHs PiBHS aBTOMOOLII3AI] KpaiHy, 110 MPHU3BOAUTH 10
301IBIIEHHS KITBKOCTI OJIOKIB HMIIHAPIB 1 T1b3 1uiHapiB JIB3, siki moTpeOytoTh nqedekTyBaHHS; BUKOPUCTAHHS py-
4HOT mpalli, 10 poOuTh Tpouec AeeKTyBaHHS TPYIOMICTKHM Ta JIOPOTHM; motpeda kiacudikauii TumiB nedexTiB
i IX aBTOMaTHYHOTO PO3IMi3HABAHH:; BPaXyBaHHs BIUIMBY POOOYMX YMOB Ha PO3BUTOK Ae]eKTiB; moTpeda BUKOPHUC-
TaHHS HOBHX IPOIIECiB JeekTyBaHHS, MOTpeda KiTbKICHOT OIIHKU 3HOCY 1 MMPOTHO3Y 3aJIMIITKOBOTO PECYPCy IeTaleH;
ajiarnTarisi MeToIiB eeKTyBaHHS I KPUTEPiiB OIIHKHU JJIsT HOBHX MarepialiB. B poOoTi BUKOpHCTaHI HACTYITHI Me-
TOJIU JOCIKSHHS: TCOPETUYHI TOCTiKeHHS (KIacuikallis, CHCTeMaTH3allis), aHalli3 Ta y3araJbHEeHHS BiJOMUX Ha-
YKOBHX PE3YJIbTATIB, EMITIPUYHI MeTOH (IIOPIBHSIHHS, CIIOCTEPEKeHHS ). Pe3yabTaTn. ABTOpaMu NPOBEIEHO OIS
1 cHcTeMaTH3aIlil0 KOHCTPYKIIIHUX MaTepiaiiB i OCHOBHHX Ne(eKTiB OJOKY HWTIHIPIB Ta TiNb3u mumiHApiB JB3.
BusiBiieHO 0CHOBHI IIPOOJIEMH CydacHOTO Ae(eKTyBaHHS: HEJOCTaTHS aBTOMATH3AIlisl IPOLECiB; HU3bKa TOYHICTD Bi-
3yaJIbHUX Ta IHCTPYMEHTAILHIX METO/IiB; 0OMe)KeHa aJlanTallis iCHyFOUMX METO/IiB Ie()eKTyBaHHs 0 HOBUX Marepi-
aniB; noTpeda y KiIbKICHIHM OI[HIII 3aJIMIIKOBOTO pecypcy Aeraieil. BusHaueHo TeHeHIIIT PO3BUTKY CUCTEM JedeK-
TyBaHHS, 110 MOJISTAOTh y NMEPEXo/ii 10 aBTOMATU30BAHUX 1 KOMIT FOTEPU30BAaHUX TEXHOJIOTIH Je(eKTyBaHHS, CTBO-
peHHI 0a3 aHUX THIOBUX JIe(EKTIB i pO3POOJIEHHI aNrOPUTMIB MPOTHO3YBAHHS 3AJIMIIKOBOTO PECYpCy leTaleil.
HaykoBa HoBu3Ha. HaykoBa HOBH3HA POOOTH MOJISIrae y KOMIUIEKCHOMY MIZXO/I1 10 aHaji3y KOHCTPYKIIHHUX MaTe-
piaiiB, geeKTiB i CydacHUX TeHIEHII# nedexTyBaHHs OJIOKIB IMIIHAPIB 1 rink3 mwiiHApiB JIB3. Cucremarn3oBaHo
MaTepiau sl BATOTOBJICHHS JieTanel, 3aIpoIIoHOBaHO Kiacu]ikaliro 1e)eKTiB, BU3HAUYCHO (PaKTOpH, IO BILTHBA-
I0Th Ha IHTEHCHUBHICTb 3HOCY Ta YTBOPEHHS e(eKTiB. BcTaHOBICHO TeHIEHIIIT pO3BUTKY Ne(EKTyBaHHS B HANPSIMKY
aBTOMaTH3allii, MiABUIIEHHS YyTIMBOCTI Ta TOYHOCTI KOHTpoiro. [IpakTuuna 3HaunmicTs. [IpoBenenuit ananis no-
3BOJISIE€ TIABHUIIUTH €(EKTHBHICTH MPOIECIB Ae(DEeKTyBaHHSA Ta PEMOHTY OJIOKIB HIJIIHAPIB i Time3 mumiHApiB B3,
CTBOPIOBATH iH(pOpMaliiiHi 0a31 JAHUX THIIOBUX JE(EKTiB Ta YMOB iXHHOTO BHHUKHEHHS.

Kniouosi cnosa: nedexTyBaHHs, peMOHT; OJI0K IMJIIHAPIB; T'iIb3a MUJIiHAPA; MaTepiaiu OJ0Ka MUITiHApa; MaTepi-
M T1IB3W HWTHAPA; AedeKTn
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Beryn

CyuacHuil aBTOMOOINBHUI TPaHCIIOPT MpALIoe
Ha JIBUTYHaX BHYTpiHboro 3ropsuus (JIB3). Kinb-
KICTh aBTOMOO1TIB B CBITI, sIKI Ipamo0Ts Ha JIB3,
cknanae 99,8 %, 1, Ha myMKy aBTOpiB podoTH [18]
Taka TeHJICHIis Oyzae 30epiraTucs no 2040 poky.

B Vkpaini ekcruryaTyeTbcs BenMKa KiJIBKICTh
TPAHCIIOPTHUX 3aco0iB — ToHax 9,2 MIH, cepen
AKHX TexHiuHa Ta (a00) MopajbHa 3acTapilicTh
oxorutoe Maibke 70 % pyxoMoro ckiaay, a Kijb-
KiCTh aBTOMOOLITIB, eKcIuTyaToBaHux moHan 10 po-
KiB, cTaHOBHTH 83 % [9].

OcHoBHuMu pgetansimua [IB3, Big TexHi4HOTO
CTaHy SKHUX 3aJIeKaTh MOTYKHICTh, EKOHOMIYHICTB,
HaJIMHICT 1 JOBTOBIYHICTH ABUTYHA, € OJIOK M-
HIPIB 1 TUTB3H LUTIH/PIB.

Pecypc po6otu JIB3 3anexxuts Bij JOBroBidyHO-
CTi jeraneil UWIIHIPOIOPIIHEBOI TPYIH IBUTYHA
Ha 70...90 %.

Inrencudikanis pexuMiB poOOTH CydacHHX
JIB3, BUKOprCTaHHS HOBHX BH/IIB TIAJINBA Ta ITi/IBH-
LICHHS] BUMOT JI0 €KOJIOTTYHHX [TOKa3HHUKIB ITPHU3BO-
JSITh 710 3pOCTaHHS HABAHTAXXCHb 1 TEPMIYHHUX Ha-
MpyXeHb y OJIOKY HWITHIAPIB 1 rinb3ax. Lle 3ymoB-
JIIO€ TIOSIBY HOBUX THUMIB Ne()eKTiB, MiKPOTPIIIHH,
3HOCY IOBEPXOHB T'iNb3, Nedopmariiii Ta iH. Came 11
JIeTalli, BHACIIOK 3HOIITYBAaHHS paHille, HiK iHII,
JOCATAIOTh TPAHUYHUX pPO3MIPIB 1 BHUMArarTh
00OB’SI3KOBOTO BiJTHOBJICHHS TIPH KaIliTAIbHOMY
PEMOHTI.

3HOLTYBaHHS IIOBEPXHI T'JIb3U, YTBOPSHHS 331U~
piB, TpilIUH Ta iHMKX Ae(PEKTIB y MPOIECi eKCILTy-
aTallii ABUryHa MoTpedye sIKiCHOTO Je(eKTyBaHHS
i1 eeKTUBHOTO BiTHOBJICHHS. 3HOMIEHHS a00 MMoMI-
KOJDKEHHS T'lJIb3 IPU3BOANTH JI0 3HWKEHHS KOMITpe-
Cii, MiIBUILEHHS BUTPAT MaCTHIIBHOTO MaTepiany Ta
3MEHIIIEHHSI TOTYXXHOCTI JBWTYHAa. 3aMiHa Tib3
MIPH PEMOHTI JBUTYHIB MIOPIYHO BUMArae 3HaYHUX
BUTPAT, OCKUILKA TIOBTOPHO 0€3 BiTHOBJIEHHS MO-
YKHa BUKOpUCTATH TUTbKH 11 % Tib3.

CyuacHuil piBE€Hb PO3BUTKY aBTOMOOUIBHOTO
TPaHCIIOPTY BHMara€ BUCOKOS(PEKTHBHHX METOJIB
peMOHTY 1 Ae(eKTyBaHHSA. AJie ChOTOJHI BHSB-
neHHs Ae(eKTiB 1 OLiHKa SIKOCTI OJIOKY LMIIiHAPIB
1 TiIp3 HUIIIHAPA NEPEBAXKHO 3AJICXKUTH BiJl PyYHOT
parli JIOIUHH, 0 POOUTH TEXHOJIOTTYHUI mpoiiec
neeKTyBaHHS TPYJAOMICTKHM Ta JJOPOTHM.

[ligBuieHHs: eeKTUBHOCTI MEPEBIPKU TEXHIU-
HOTO CTaHy OJIOKIB LIMJIIHAPIB 1 T'JIb3 MOTpedye 3a-

CTOCYBaHHS CyYaCHHX TE€XHOJIOTIYHHX pillleHb, 30-
KpeMa BJIOCKOHAJICHHS TEXHOJOTIYHOTO MpOoLecy
neeKTyBaHHS.

Meta

MeTto1o poOOTH € OTJIA i CHCTEMAaTH3aIlis MaTe-
piauniB i gedexTiB 6JIOKY MWITIHAPIB Ta TiIb3 LHJIIH-
IpiB ABUTYHIB BHYTpIIIHBOTO 3ropsHHsA (/IB3),
a TaKOX aHaii3 mpo0IeM 1 Cy9acHUX TEHACHIIIN Je-
(eKxTyBaHHS IPU PEMOHTI.

MeToauka

Jlo ocHOBHHX TpoOJIEeM, SKi CHOTOHI BUHUKA-
I0Th NIpH JAe(PEKTYBaHHI [UJIIHAPIB 1 Tijab3 MHIIHI-
piB JIB3, MO)KHa BiJIHECTH HACTYIIHI:

— IIBHJKE 3pOCTaHHS PiBHS aBTOMOOLTI3allii Ha-
moi KpaiHu, M0 MPU3BOAUTH IO CYTTEBOTO 3011b-
IICHHS KUTBKOCTI IMITIHAPIB 1 TIb3 1mtiHapis JIB3,
SIKi TOTPEOYIOTh NeeKTyBaHHS;

— BUKOHAHHS Je(EeKTyBaHHS OpPraHOJCNTHY-
HUMH i IHCTPYMEHTAIFHIMHU METOAAMH, 1110 TIOTpe-
Oye py4HOI mpari JIIOJMHH, 3aJIeXKHUTh BiJl KBaJIidi-
Karii criemianxicta, poOUTh TEXHOJOTIYHUH TpoIiec
neQeKTyBaHHS TPYJIOMICTKHM Ta JOPOTHM,

— MuTaHHA Kinacuikaii THITB 1epeKTiB 1 iX aB-
TOMAaTH3allii, IO T03BOJIUTH PO3PI3HATH JePEKTH;

— 3QJEKHICTh PO3BUTKY Je(EKTiB B MaTepianax
OJIOKY IMJTIHAPIB 1 TiTB3 BiJl pOOOYHX YMOB (Temrie-
parypH, THCKY, MOTOPHOI OJIMBH, TIapaMeTpiB JIBU-
r'yHa), 0 MOTPeOy€e pO3pOOKH CYyYaCHUX MOJEIEH;

— CBOEYACHICTH 1 H/IIWHICTD BUSIBIICHHS PI3HUX
nedeKTiB, M0 MOTPeOye MiIBUIICHHS YYyTIMBOCTI
METOIiB JIe()eKTyBaHHS;

— HEeOoOXigHICTh aBTOMATHU3ALIT TEXHOJIOTIYHOTO
porecy Ae(eKTyBaHHS;

— moTtpeda BHKOPHCTaHHS HOBUX TEXHOJOTIY-
HUX NPOLECiB NeeKTyBaHHs, HAIPUKIIAM, YIIbTpa3-
BYKOBOTO Jie(peKTyBaHHs, BUKOPUCTAHHS BUXPOBUX
cTpymiB, 3D-ckanyBaHHs 200 KOMOIHAIT METOIIB;

— moTtpeba He TINBKY SIKICHOI, alle i KUTBKICHOI
OIIIHKK 3HOCY 1 MPOTHO3Y 3aJIMIIKOBOTO PECypcy
LHMTIHJPIB 1 TiIb3;

— BIPOB/DKEHHS HOBHUX MaTepiajiB i TEXHOJO-
riif 0OpoOKM JeTaseii: KOMIIO3UIIMHNX MaTepiais,
HaHOMaTepialiB, 0OpOOKHM MMOBEPXOHD AeTajel ja-
3€pHHUM NIPOMEHEM, TUIa3MOBUM HAITMJICHHSM Ta iH.,
notpelye aganTarii MeToiB 1eeKTyBaHHA i Kpu-
TEPIiB OLIHKH.
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Bupimenns nmpo6iieM gedexTyBaHHS OJIOKY IIH-
JHAPIB 1 T3 UWIIHAPIB € BAXKIUBUM 1 aKTyallb-
HUM, TOMY 110 A03BOJIUTH BUPIIIyBaTH 3a/adi Mpo-
THO3YBaHHS TepMiHy 0€3BiIMOBHOI pOOOTH Ta yCy-
HEHHS CepHO3HUX MOJIOMOK, 3HM3UTH BHTPATH Ha
KalliTaTbHAN PEMOHT ABHUTYHA, 3a0€3MeUUTH Halle-
JKHUH TEXHIYHWH piBEHb BiTHOBIICHHX HeTajci
1 IPOTOBXKHUTH CTPOK CITy>KOM JIBUTYHA B3arali.

B po6oTi BUKOpHCTaHi HACTYIIHI METOIX JOCi-
JOKCHHS: TCOPSTHYHI OCIiKEeHHS (KIacudikatis,
CUCTEeMaTH3allis), aHai3 Ta y3araJbHeHHS BiIOMHX
HAYKOBHUX pe3yJbTaTiB, EMIIpUYHI METOJH (TIOpiB-
HSTHHSI, CTIOCTEPEKECHH).

Pe3yabTarn

Hegpexmysanns 610Ky Yuninopis i 2inb3 YuriHo-
pie. JlebexTyBaHHs AeTaield — Il TEXHOJIOTIYHHIMA
MPOIIEC OLIHKH TEXHIYHOTO CTaHy HUIIXOM ITOPiB-
HSHHS ()aKTUIHHAX TTOKA3HUKIB 3 TaHUMHU TeXHIYHOI
JOKyMEHTalii Ta 3 MOJAIBIIUM COPTYBaHHAM Ha
rpymu [2, 10].

Mertoro nedekTyBaHHA AeTaleil € BU3HAYEHHS
TEXHIYHOTO CTaHy ITiJl YaC HaIXO/HKCHHS aBTOMOOI-
JIB Ta arperatiB Ha PEMOHTI Ta BUSIBIICHHS BCIX Je-
(heKTiB, SIKi MOXKYTh BIUIMHYTH Ha HaIIHHICTH Ta J0-
BrOBIYHICTH JIeTaliell MpH iXHii poOOTi 10 HACTYTI-
HOTO KaliTaJbHOTO PEMOHTY.

TexHiuHMI cTaH MOXKHA BU3HAYUTH SIK CYKYII-
HICTh CXHJIBHHX JIO 3MiHHU B IIPOIECi BUPOOHHIITBA
YM eKCIUTyaTallii skocTel BUpoOy, SKa XapaKTepu3y-
€THCSI B IEBHUH MOMEHT Yacy O3HaKaMH, BCTaHOBJIE-
HUMH TEXHIYHOIO IOKyMEHTAIIi €10 Ha el Bupio [13].

[Ipu aHami3i TEXHIYHOTO CTaHy BHU3HAYAIOTHCS
KOHCTPYKTHBHI €JIEMEHTH JICTAJICH, SIKI JISATaloTh
neeKTyBaHHIO:

— ONOK IWIIHAPIB. CTiHKKM OOOJIOHKH OXOJIO-
JDKEHHSI Ta BEPXHBOTO KapTepa, pi3b0OBI OTBOPH
i IMTAIBKK KPITUICHHS TOJIOBKH OJIOKY;

— TiJb3a MWIIHAPIB: OTBIp IIiJl MOPIIEHB, MOCa-
JIOYHA TIOBEPXHS.

JJ1st KOYKHOTO KOHCTPYKTHBHOTO €JIEMEHTa, 110
mijuiarae neeKTyBaHHIO, BU3HAYAIOTh TEXHOJIOTi-
YHi IMapaMeTpH: TOYHICTh po3Mipy, (hopMHU Ta pPo3-
TalIyBaHHS; MOPCTKICTh MOBEPXHi; PEMOHTHI PO3-
MipH; po3MipH, SKi JOMYCTHMi 0€3 PEMOHTY.

J1J1s1 KOHTPOJTIO SIKOCTI 1 BU3HAUEHHS TEXHIYHOTO
CTaHy JeTayieH i 9ac neeKTyBaHHS IPH PEMOHTI
HEOOXIJHI JIOKyMeHTallisi (TeXHIYHI yMOBH Ha Jie-
(eKxTyBaHHs, KpEeclIeHHs AeTanell) i KOHTPOJIbHO-
BUMIpIOBaJIbHI IHCTPYMEHTH:

— JiHifiKa MacmTaOHa,
mrranreHupkyis HII-11-250-0,05;
— mikpomeTpu MK-100 i MK-125;
inaukaropauid HyTpomip HI-160;

— pi3pboBa Kamiop-mpodka M11-6H,;
kaniOp-npodka HE 25,04 mm.

TexHiu"l BUMOTH Ha JeeKTyBaHHS CKIAAAIOTh
Ha TiJICTaBi aHaJi3y yMOB pOoOOTH JleTali, ii izuko-
MeXaHIYHUX BIACTHBOCTEH Ta IHIIMX TOKA3HHUKIB.
B TexnomnoriyHux Kaprax Ha JeeKTyBaHHS BKa3yIOTh
OCHOBHI BiJIOMOCTI TIpO J€Tallb, ii MaTepia Ta TBEp-
JiCTb, TEPMiYHYy OOpOOKY, a TAKOK MOKJIMBI AE(EKTH,
crocobOu iX BUSBICHHS, HOMIHAIBHI 1 TPAaHUYHI PO3-
Mipu Ta iu. [2].

HasBHicTs nedekTy merasi BUSBISETHCS TUITXOM
MOpPiBHSAHHA (PaKTUUHHUX (BUMipsHHX ab0 BH3HAUeE-
HUX IHIIMMH METOJaMH) Ta HOPMAaTUBHUX 3HAYCHb
rapaMeTpiB CTaHy, 0 BKa3aHi B TEXHIYHOI IOKyMe-
HTaIi] (TEXHIYHUX YMOBAX, POOOYHX KPECICHHSIX JIe-
Taji Ta in.) [6].

Konempyxmueno-mexnonociuna  xapaxmepuc-
muxa Oemareti. BIOK IWIIHAPIB BiTHOCUTHCS 0
KJIaCy «TOBCTOCTIHHMX KOPITyCHHUX JeTajei
1 € CKITQTHOIO KOPITYCHOIO JIETAILIIO, sIKa 3a0e31medye
KOHCTPYKTHBHY KOPCTKICTh JBUT'YHA.

OCHOBHHMH KOHCTPYKTHBHUMH €JIEMCHTaMH
OIIOKy WWIIHIAPIB € CTIHKH OOOJOHKHA OXOJIO-
JOKEHHS, TIOCAJ09HI OTBOPH ITiJ] BTYJIKU PO3MOIiTb-
HOTO BaJia, MOCa{0YHI OTBOPH ITiJl I'JIb3Y, THI3/1a ITi]]
BKJIQ/IMII KOPIHHUX IiJITUITHUKIB, TIOBEPXHI MpPU-
JISITaHHS 70 TOJIOBKU OJIOKY, KPUIIIKY PO3IIOIUTEHIX
IIeCTEePEHb, KapTepa 34eruieHHs Ta ix. [11].

MarepianoM OJioka TWIHIPIB MOXYTh OyTH
cipi 4aByHM (HaNpHUKIal, Cipuii YaByH MapoK
CU150, CY250), neroBaHi 4YaBYyHHU, aJIOMiHIi€BI
criaBu (Hanpukian, AJI4) Ta inmi cruiasw [3, 7].

lne3u mumiagpie JIB3, ski BiIHOCATBCSA J10
KJIACy «ITOPOKHIX IHJIIHAPIBY», CTBOPIOIOTH, Pa3oM
3 MMOPIIHEM Ta TOJIOBKOIO OJIOKA, KaMepy 3TOPsIHHS,
CHPSMOBYIOTh PyX MOPIIHS Ta BiJBOJATH TEILUIO
[10].

I'ne3u mumiamapis JIB3 noginstorecs Ha 1Ba oc-
HOBHI THITH — CyXi Ta MOKpI, B 3aJIeKHOCTI BiJ| Hasi-
BHOCTI IXHBOTO 0€3M0CEepEeTHHOTr0 KOHTAKTY 3 0XO-
JIOJKYBaJILHOIO PiAMHOIO.

Cyxi T'JIb31 HE MAKOTh MPSIMOTO KOHTAKTY 3 0X0-
JIOJKYBAITBHOIO PiJIMHOO, BCTAHOBIIOIOTHCS B KOP-
myc OJIOKY 3 HIUTEHOKO TocaaKor. Taki Tib3u Bij-
3HAYAIOTHCS TPOCTIIIOK KOHCTPYKIIIE, HIKYOKO
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BapTICTIO BHTOTOBJICHHS Ta 3a0€3Me4yI0Th BUIILY
KOPCTKICTH OJIOKA.

Hns ix BUPOOHMITBA 3a3BHYAil BUKOPHCTOBY-
10T cipuii abo JeroBaHwid YaByH, IHKOJH — CTallb.
VY nerkux JABWTYHaX 3aCTOCOBYIOTH aJFOMIHIEBI
CIIaBH 3 YaBYHHUMH BCTaBKaMH, 1110 JO3BOJISE 3Me-
HIIIUTH Macy KOHCTPYKIIii.

Moxkpi Time3u 06e3mocepeHh0 KOHTAKTYIOTh
3 OXOJIO/PKYBAJILHOIO PiTUHOIO JIBUTYHA, IO 3a0e3-
nedye edeKkTUBHIIIE BiIBEACHHS Temia Bij poo-
YUX ITOBEPXOHB ITAIIHAPIB. [X BUTOTOBISIOTH i3 BH-
COKOMIIIHOTO ab0 JIETOBaHOTO YaByHY, 1HOMI 3 Ha-
HECEHHSIM 3MILHEHOT0 poO04oro mapy Ajs miiBuU-
LIEHHS 3HOCOCTIMKOCTI.

KOHCTPYKTHBHUMH €IEeMEHTaMH T'1Ib3H [WITIH/I-
piB /IB3 € n3epkaiio muitiHApa, MOCagouHi MOSICKH,
KaHaBKH JUIA YOIUTBHIOBALHUX KiJellb, OTBip T[T

MOPIIEeHB, 30BHIIIHA MOBEpXHs, OypT (puc. 1) [11,
12].
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BYAOBATL1b3H BCTAHOBJIEHHA B BJIOK-KAPTEP

MOKPOI FL1b3H

BCTAHOBAEHHA B BIOK-KAPTEP
CYXOITLIb3H

Puc. 1. BynoBa rine3u utiHApPa Ta OTOYYIOYl IETAI:
1 — KaHaBKH JJIS1 YIMUTBHIOYUX KiJellh;
2, 4 — mocatouHi MOSCKH; 3 — BHYTPIIIHS MOBEPXHS
(m3epxano) uumiaapa; 5 — 6ypr; 6 — rip3a HUITiHAPa;
7 — 30Ha OXOJIOKEHHS; 8 — KapTep-0IIoK;
9 — kinmbe ymineHIOYe; 10 — KinmbIie i3 Mizi;
11 — mpoxkJTaaKka roJIOBKH OJIOKA IHITIHIPIB
Fig. 1. Structure of the cylinder liner and surrounding
components:
1 — grooves for sealing rings; 2, 4 — locating collars;
3 — inner surface (cylinder mirror); 5 — flange;

6 — cylinder liner; 7 — cooling zone; 8 — crankcase block;
9 — sealing ring; 10 — copper ring; 11 — cylinder head gasket

l'eomerpuyHMMU MapaMeTpamMH TiJIb3W LWITiH-
opa IB3 e:

— BHYTpIilIHIN giamerp;

— 30BHINIHIA TiameTp;

— noBxuHa [12].

PobGoua moBepxHs rine3u muiniHapa B3 mo-
BHHHA XapaKTEepPH3yBaTHUCS CTaOUIBHICTIO (QopMu,
BHUCOKHMMH MEXaHIYHUMH Ta TPUOOJIOTIHHUMH BJIac-
TUBOCTSIMH, ONTHUMAJbHOIO IIOPCTKICTIO, a TaKOX

CTIHKICTIO 10 BiOpaIiif i HaBaHTaKCHB, III0 BUHUKA-
I0Th TiJ] Yac poOOTH JBUTYHA.

JocsTHeHHS 3a3HAUYE€HUX BHUMOT 3abe3redy-
€THhCSI BAOOPOM BiIIIOBITHOT'O MaTepially rijb3u, pa-
L[IOHAIBHOIO TEXHOJIOTIEI0 i BUTOTOBJICHHA Ta 3a-
CTOCYBaHHSIM METOJIB 3MIITHEHHsI poO04O0l MOBep-
xHi [5].

I'np3u nuniaapie JIB3 BUTOTOBIISAIOTH 3 PI3HUX
MaTepiaiB, B TOMY YHCIi 3 4aByHiB (HalmpuKJal,
CU200), craneii (manpuknaa, 38XMIOA), kepa-
Mikn abo moriMepHuX cruiaBiB [3, 7, 12].

I'inp3u MOXKYTH OyTH BUTOTOBJIEHI 13 CIpOro 4a-
BYHY, a 1HO/Ii BOHM MalOTh BCTaBKY y BEpXHill dac-
THHI 3 IeroBaHoro 4aByny [10].

CTpyKTypa HH3BKOJETOBAHOTO YaBYHY B T'ilb-
3ax, OTPUMaHHMX JIUTTSIM Y MiIIaHO-TITHHUCTHX (op-
Max, € TIEPIITHOIO 3 HEBEIIMKOIO KUTBKICTIO (heputy
(mo 5 %) 1 cepenHpomIacTUHYATUM Tpaditom. Ma-
Tepial TiIb3 IWIIHAPIB, OTPUMAHUX METOJIOM Bij-
LEHTPOBOTO JUTTS (HAMPHKIAA, BUPOOIeHUX (ip-
moro GKN (BenukoOpuraHis), CHOXXUBa4aMU TIPO-
IyKIii sikoi € ¢pipmu kpaid 3axigHoi €Bponu i AMe-
puxu: Volvo, Scania, Ford, Jaguar ta inmi, Teves-
Thompson (CILIA), Renault (®panitis) Ta iH.), Ma-
I0Th OJHOPIIHY JAPiOHO3EPHHUCTY CTPYKTYpY [5].
Aute cepliO3HUM HEIOJIIKOM TaKUX YaBYHIB € JIiKBa-
uis hocdopy (P), cipku (S) 1 kpemHito (Si) Oisst 30-
BHIIITHBOI TTOBEPXHI TiJh31, BHACTIAOK YOTO 3MEH-
LIYETHCS TBEPAICTh BHYTPIIIHBOT poO0Y0i TOBEPXHi
TiIb3M, MOXKJIUBE TIOBEPXHEBE BIJIOUIIOBaHHS 4Ya-
BYHY.

Jis BUpOOHUIITBA TilIb3 IMITIHPIB BUKOPUCTO-
BYIOTh TakoX (ochopHcTi YaByHH, ajie HalOib-
muii eQexT B MiJBHINEHHI HATIHHOCTI MaTepiany
Jla€e KOMIUIEKCHe JeryBaHHs 4aByHy Cr, Ni, Mo, Cu
[5].

UaByHH OTpUMAalld HIMPOKE PO3MOBCIOJIKEHHS
JUTSE BAPOOHUIITBA T1JIh3 TOMY, 110 TPadiTOBI BKIIIO-
YEeHHS CIPUSIOTh YTPUMAHHIO MacTHUIILHOTO Mare-
piairy, moOpe MmigalThcs TEKCTYPYBAaHHIO TOBEp-
XHi (HampuKJaa, XOHIHTYBaHHSM, JIA3€PHOI0 00po-
OKOI0).

BupoOuuneo rins3 nuwiiHapis JAB3 3 nerosa-
HUX cTaned, Hampukiaza, crtaned 40X, 40XH,
38XMIOA, mo3Boiisie OTpUMATH BUCOKI MIITHICTb,
TBEPJICTh, TEPMOCTIHKICTh, A€ MOJMJIUBICTh Ha-
TUTABJICHHS] 3HOCOCTIMKHX MIapiB.

Cyuacsi /IB3 po3BuBatoThcs B HANpsIMKY 30171b-
IICHHS TUCKY Ta MEHIIIOT Bary, iXHi KOHCTPYKIIii Mo-
BHHHI OyTH OUIbII KOMIIAKTHUMH, TaKUM UYHHOM,
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TOBIIMHA CTIHOK TiTB3 IMIIHAPIB 3MEHIIYETHCA.
OpHak iHTCHCHBHI BiOparlii B riib3i IWIIHIPIB MO-
XKYTb IPU3BECTH JI0 KaBiTalii 0X0JIOKyBaJIbHOI pi-
IIMHY, 10 CTBOPIOE 3HAYHY MpPOOIeMy HaIiHOCTI
B3 [21].

[IpoGiiema mokparieHHs CTIHKOCTI A0 KaBiTarii
MO)ke OyTH BHUpilIEHa CTBOPEHHSM JIOJATKOBOTO
MOBEPXHEBOTO TTOKPHTTSL.

ABTOpu podoTtu [21] mpoBeny TOCTIIKSHHS Ti-
163 3 mokputTsiM Ni—P (ENP), sike Oyio TepmidHO
00pobiteHe. 3ampoITtoHOBaHE MOKPUTTS O3BOJIHIIO
301MBIIMNTH MIKPOTBEpPAICTh MOBEpXHi Ha 65,8 %
[21].

CporoHI aKTUBHO AOCIIIKYIOTHCS TAKOX aJIfo-
MiHi€BI CIUTaBH 3 MTOKPUTTSAMH. ATIOMIHI€BI CIIIaBU
cuctemu Al-Si Jierki, MalOTh XOpPOIIY TEILIONPO-
BIJIHICTh, 320€31eUyI0Th T0Ope OXONOKEHHS, J10-
3BOJISIFOTH 3MEHIIUTH Macy JBuryHa [19].

Ine3u 3 mokpurtsim Ni-SiC (amominieBa oc-
HoBa, MoKpUTTs Ni + SiC (5...10 %)) 3a0e3meuyoTsh
BHCOKY 3HOCOCTIHKICTh, HU3bKHI KOE]IiIlieHT Te-
pTsL.

KomnosuThi Matepianu (Hampukian, Al-Si +
SiC, Al-graphite) maroTs BeMKMii HOTEHIIAN, aje
BHCOKA BapTICTh 1 CKIATHICTh 0OPOOKH 00MEXKYIOTh
ix 3actocyBanus [19].

[lepcriekTuBHUMYU MaTepianaMu AJ BUPOOHHII-
TBa Tib3 uTiHAPIB [IB3 € KOMITO3uTH 1 HAaHOMAaTe-
piainu, siKi MOXKYTb 3a0€3MEUNTH BUCOKY HAJIIIHICTh
1 IOBrOBIYHICTH IIPU MEHIIIIH Ba3i, ajie iX mpakTHYHe
BUKOPHCTAHHS JUISl IIUPOKOTO BHPOOHHIITBA TLIIB3
MoTpedye MOAABINNX TOCIIHKEHb.

Bubip marepiany 11t BUpOOHHIITBA TiIb3 IHITI-
HApiB /B3 Mae Benuke 3Ha4Y€HHs, TOMY IO BIUIU-
Ba€ Ha 3HOC, TEPTsl, TEIUIONPOBIAHICTh 1 CTIHKICTh
riib3 10 aedopmartii.

Buo i xapaxmep oeghexmie demaneii. B npoueci
poboTu ABUTYHA OJIOK IMIIIHIPIB Ta T3 IMia-
I0TBCS il Pi3HOMaHITHUX IHTCHCUBHHX HaBaHTa-
JKE€Hb. MEXaHIYHMX, TEIJIOBHMX, XIMIYHHX, KaBiTa-
HiHHUX, BiOpaIliiHuX Ta iH.

Lle npu3BOAMTH 10 3HOCY, BIIXWIEHHS pO3Ta-
IIYBaHHS: HEMapalelbHOCTI, HeNepIEeHNKYIISPHO-
CTi Ta iH., BIAXWICHHS BiJ (hOpMH, TOPYIICHHS SIKO-
CTi MoBepXHi (3aAupam, puckam, Koposii), MexaHiu-
HUX TOIIKO/DKEeHb (TPIIIMH, BIAKOJIB, AC(PEKTIB

piz6) [4].

[lix gac excroryaTariii B 6JI0Ky IFUTIHAPIB 3’ SB-
TSI0ThCA AeDeKTH:

— 3HOC IWTIHJIPIB;
TPIITUHY 1 TPOOOIHM;
3HOC KJIAIIAHHUX THI3,
3HOC HaNpaBJIsIYUX BTYJIOK KJIANaHiB i MITO-
BXadiB;

— py¥HYBaHHS pi3p0M B KPIMIJIEHUX OTBOPAx
(puc. 2) [10-12].

a—a

6—C

Puc. 2. ledextu 610K ITiHAPIB:
a — pyi#HYBaHHS TIEPEMUYKH MK IHTIHIPAMH;
6 — npoboiHa CTIHKH 0JI0Ka; 6 — pyHHYBaHHS LIIHAPA;
2 — TpillMHA Ha BEPXHIii IJIOIHUHI OJOKY

Fig. 2. Defects of the cylinder block:
a — destruction of the partition between the cylinders;
b — hole in the block wall; ¢ — destruction of the cylinder;
d — crack on the upper surface of the block
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Ha puc. 3 moka3aHi BUIY 3HOITYBaHHSI TUJTh3 IIU-
niaapis JIB3 [5].

I_I

poGoua MoBepXHs Tiib3H | I

MexaHiuHe I_l

l_l CXOIUTIOBAHHAM |

Buau 3HOLUIYBAHHA

—

30BHiLIHA OBCPXHA TiIb3H I

aGpasuBHe |

MOJICKYJIAPHO-MEXaHIYHEe I KaBiTauiiine |

Ropo3ii’mo-.\lcxaui'mc l_l OKHCJIIOBAJILHC |

Puc. 3. Bunu 3HOIIYBaHHS TJIb3 [WIIHAPIB
Fig. 3. Types of cylinder liner wear

Hedexramu rine3 nuninapis B3 e:

— 3HOC BHYTPINIHBOI TOBEPXHI;

— 3HOC 30BHIINTHBOI TOBEPXHI;

3HOC MTOCAJKOBHUX MiCIb TiJIb3H;

— TPIIIVHA Ha TIOBEPXHi T'iIb3H;
pyitnyBanus Oypty (puc. 4) [5, 11, 14].

3HOC BHYTPIWHBLOT
nosepxHi
76%

3HOWyBaHHA
30BHIWHLOT
noBepxHi

3HOWYBaHHA Hopnam Gypry  18%
NOCAAKOBMX MiCUD. 1%
4%

Puc. 4. OcHoBHI fedekTH rib3u
Fig. 4. Main defects of the cylinder liner

3HOC BHYTPILIHBOT NOBEPXHI (A3epKaiia Irijib3n)
BiJTHOCHUTBCS JI0 OCHOBHHX JIe(DEKTIB TiJIb3.

B pesynbrati 3HOCY BHYTPIIIHBOT p000Y01 TIOBE-
PXHi T'iTb3W MUITiHApA, i1 Tpodinb Ha0yBa€e BUTIISY,
0 HaBeJleHwid Ha puc. 5 [2]. diamerp pobodoi mo-
BEPXHi T'UTb3U 3MIHIOETHCS HEPIBHOMIPHO: IHIIiH]I-
puuHa (hopma 1o JIOBXKHHI poO0Y0T YACTHHHU TTEepeT-
BOPIOETHCS B HEMPABWIBHHUI KOHYC, a IO M HIPH-
9HOCTI — B oBaJI [6]. HalO1IbIHil 3HOC TiIb3H ITU-
JMHAPIB  CIIOCTEPITaeThcs B  30HI  BEPXHBHOTO
KOMITPECIHHOTO KibI. [IpU4nHOI0 MOSBH OBalIb-
HOCTI TiJb3M CIY)XUTh HEPIBHOMIpDHHH THCK IOp-
IIHS Ha 11 CTIHKY B mepioj po6ovoro xoay. Y mio-
NIMHI XUTaHHS NIaTyHA TUCK MTOPIIIHS HA CTIHKH U~
JHApa 3HAYHO OUIIINE, HIXK B3JIOBXK OCI MUJIIHIpA,
TOMY 1 3HOIIIYBAaHHS B I[ifl IUIOIIMHI BUIIIE.

N
o

(=) o
(=] (=
\

[~
o

100
120 /
140 /
160 I

180

BincTani BiJ BEpXHBOrO TOPUA TiNIb3H, MKM

3uomynamm, MKM

Puc. 5. 3H0C rinb3u QUIIHAPIB Y 30H1
po6oYOro Xoay MOPIIHA

Fig. 5 Wear of the cylinder liner
in the piston stroke zone

AOpa3uBHHI 3HOC BHYTPIIIHBOI poO0OUO0i MOBe-
PXHi Tijb3u BiIOYBaEThCA B pe3yNbTaTI MeXaHid-
HOTO TEpTs MpPH TMOTPAIUIIHHI B JABUTYH MHITY
(puc. 6, a, 0) [4, 11, 14].

AHOMaNBHUI 3HOC TiJB3W MHUJIIHApPA CEePHO3HO
BIUIMBa€ Ha HAAIMHICTH Ta TepMmiH cimyxou /B3,
a BUBUYEHHS CTaHy 3HOCY TiJIb3 LMITIHAPIB B YMOBaX
eKCILTyaTallii Ma€e BeJIMKe iHKeHepHe 3HaYeHHs [5].

OCHOBHOIO 03HAKOIO JIe(EeKTy 30BHIIIHBOI IMO-
BEpXHI TiJIb3U € KaBiTAiltHUI 3HOC, KU 3’ SIBIISI-
€THCS B Pe3yJIbTaTi KOHTAKTY 30BHINIHBOI CTIHKH Ti-
JIB3U OJIOKY IFUTIHAPIB 3 OXOJIOHKYIOUOK PiTUHOI0
i BiOpartii rizib3u (puc. 6, 8).

Jlo 3HOCY IOCaJIKOBUX MOSICKIB MPUBOJHUTH CH-
JbHA BiOpartis (puc. 6, 2).

Hamyiom Oypra rijib3u MOXKE BUHHKATH 3 PI3HUX
MPUYHH:

— TOTpPAIUISHHS MiX TLUIb3010 OJIOKY IFUTIHApA
1 OypTOM CTOPOHHIX YaCTOUYOK (3aJIMIIKIB MPOKIIa-
JIOYHUX MaTepiaiiB, Opyay Ta iH.);

— BiACYTHOCTI TOpIeBOi KpoMKH ((hacku) moBe-
pxHi OypTy;

— TMepeKocy B onopi 0ypry;

— HEBIJNOBIIHOCTI 32 PO3MIpaMu TMPOKIAJKA
IUIs1 TOJIOBKH OJIOKY;

— BIJICYTHOCTI BUPIBHSIHHSI 200 OYMIIEHHS BOT-
HETPUBKOI KPOMKH Ha TOJIOBIII IIHMITIHIPA;

— MOpYLIEHHS NpoLecy OOpOOIIOBaHHS MPH pe-
MOHTI T'iJ1b3H (pHC. 6, €).
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a—a

Puc. 6. IedexTn Tib3u OJ0KY HUTIHIPIB:
a — 3aJMpKa A3epKaja; 6 — CIpaloBaHHs A3epKaa;
6 — KaBiTaIlii{Hi TIOMIKO/KEHHS; & — 3HOC MOCAIKOBHX IMOSCKIB; 0 — TPILIMHHU HA TIOBEPXHi T'iJIb3U; € — HAIIOM OYpTy

Fig. 6 Cylinder block liner defects:
a — scoring of the surface; b — wear of the surface;
c — cavitation damage; d — wear of the seating bands;
e — cracks on the liner surface; f — fracture of the flange

Busnauenns mexniunoco cmamy KOHCmMpYKmug-
HUXx enemenmie demanetl, wo deghexmyromocsi. Ile-
peBipKa TEXHIYHOTO CTaHY BUKOHYETHCS TIOETAITHO.

[lepmmii eran BU3HAUEHHS TEXHIYHOTO CTaHy
KOHCTPYKTHUBHHUX €JIEMEHTIB JeTajei — 30BHIIIHIN
OTJISAN, SIKUH BiTHOCUTHCS 10 OPTaHOJIEITHYHUX Me-
TOJIiB OLIIHKU TEXHIYHOTO CTaHy AeTaJied 1 BUKOHY-
IOTHCS 32 JIOTIOMOTO0 OPTaHiB MOYyTTSI.

30BHIIIHIA OIJIA] 03BOIAC BCTAHOBUTH HasIB-
HICTh BUOPAKOBOYHUX JIE(EKTIB OOOJIOHKH OXOJIO0-
JDKEHHS Ta BEPXHBOTO KapTepa, a MpH iX BiJCYTHO-
CT1 — MICISl pO3TalIyBaHHA 1 XapakTep (ZOBXKHHA,
IIoIia, rIMOMHA Ta 1H.) TPIIUH, BiIKOJIB, PHUCOK,
MIOJIPSINIMH Ta HIIUX BHIUMHUX AS(EKTiB.

I'np3u nuaiHapiB BUOPAKOBYIOTH MPU HasiBHO-
CTI TpimuH ab0 3JI0MIB, KaBITallIMHOMY HACKpi3-
HOMY pPYHHYBaHHI CTiHOK, TPAaHUYHOMY CITpaIlioO-
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BaHHIO TiJIb3, paHiIle PO3TOUYESHNUX HA OCTAaHHIN pe-
MOHTHH# po3mip [1].

Sxmo nedexTyBaHHS JeTajeld OpraHoJenTHY-
HUMH METOJAaMHU I0KAa3aJo, 10 B JeTaasiX BIACYTHI
HenpuirycTuMi AeexTH, Toal nedeKTyBaHHS BHKO-
HYIOTh IHCTPYMEHTATbHUMH METOAAMU 32 J0TIOMO-
TOI0 CIeHiadbHUX IHCTPYMEHTIB, MPUCTOCYBaHb,
MpWIaAiB Ta yCTaTKyBaHHS. [HCTpyMeHTalbHI Me-
TOJIU TO3BOJISIFOTH BUSIBUTH Ie(EKTH, IO OB’ sA3aH1
3 MOPYLICHHSM B3a€MHOTO PO3TallyBaHHs 0a30BUX
MTOBEPXOHB 1 Pi3NKO-MEXaHITHIMH BIACTHBOCTIMH
MaTepiany AeTanei, a TaKoX BU3HAYUTH JIIHCHI po-
3MipH 1 popMH 6a30BUX IOBEPXOHB JICTAJICH.

[Ipu BU3HAYEHHI TEXHIYHOTO CTaHy KOHCTPYK-
TUBHUX €JIEMEHTIB OJOKY HWIIHAPIB iHCTpyMEHTa-
JIbHUMH METOJaMU HEOOXITHO:

— BU3HAYWTH CTaH Pi3bOM B OTBOpAX IiJ IIIH-
JBKH KPITUIEHHS TOJIOBKY HWTIHPIB, IS 9OTO MOT-
PiOHO BKPYTHTH TI0 4ep3i B pi3b0OOBi OTBOPH KamioOp-
npoOky pizeboBy M11-6H. Kani6p-npobka mo-
BHHHA WITBHO BKpydyBatucs B otTBip. Ilorowmy-
BaHHS 1 OCbOBE MEPEMIIIICHHS KaJliOp-IPOOKHU CBijI-
4aTh PO 3HOC Pi3bOM B OTBOPi Ta HEOOXIiTHICTH pe-
MOHTHHUX BIUIUBIB;

— BU3HAYWTH CTaH OTBOPIB TiJ IITOBXadi, II0
JOCSITAEThCS BBECHHSAM KaiOp-poOKH B OTBOPH
i mroexadi. SAxmo kaniop npoxoauts (HE 25,04
MM) Kpi3b OTBOPH IIiJ] IITOBXa4Yi, TO OTBOPH MOTpE-
OyIOTh PEMOHTHUX BILTUBIB.

BusHaueHHS TEXHIYHOTO CTaHy KOHCTPYKTHB-
HUX EJIEMEHTIB TUTh3U IIIIHAPIB iHCTPYMEHTAb-
HUMH METO/IaMH BKJIIOYA€ HACTYIIHI €Talu:

1. BumipioBaHHsl JOBXKHHHU TiIb3H, BHUMIpIO-
BaHHSA IHAMKATOPHUM HYTPOMIpPOM JiaMeTpy
OTBOPY KOXHOI Tib3u B Tphox mosicax [-1, II-II,
III-IIT Ta nBOX B3a€EMHO MEPHEHAUKYJISPHUX ILJIO-
muHax A—A ta b-b (puc. 7).

[epmnii mosic BuMiproBaHHs |- po3rammoBanuit
Ha BijcTaHi 10...15 MM HHUKYe BEpXHBOTO Kpalo Ti-
n3u, Apyruii nosic [I-11 — mocepenuni, TpeTiii mosic
II-III — na BincTani 20 MM BHUIIEe HIPKHBOTO Kparlo.
OpnHa uIoImMHA BUMIPIOBaHHS T'UIB3M MapajeibHa
0Ci KOJIIHYATOTO Baa, a pyra — NepleHIUKyIsIpHa
TepIIii.

[lepen BuUMiproBaHHSM OTBOpPY TiJIb3H, 1HIWKA-
TOPHUH HYTPOMIp HEOOXiTHO BCTAaHOBUTH Ha 0a30-
BUH PO3MIp, SIKMM € HaWOIIbIIUI po3Mip OTBOPY,
10 BUMIPIOETHCA.

[?, 1/ ?J
IS ¢
|- /
2 Rl }
4
6 5
A

Puc. 7. Cxema BUMiprOBaHHS T1iIb3U HWTIHAPIB ABUTYHA
IHANKATOPHIM HYTPOMIpOM:
I, 11, 11l — mosicu BUMiproBaHHSI;
A-A, B-b — miomuH" BUMipIOBaHHS

Fig. 7. Diagram of measuring the engine cylinder liner
with a dial bore gauge:
I, I1, Il — measurement zones;
A-A, B-B — measurement planes

BceraHoBiieHHST 1HIWKATOPHOTO HYTpoMipa Ha
0a30BHii po3Mip 3MIMCHIOETHCS B HACTYITHIN MOCITi-
JIOBHOCTI:

— BUMIPATHA OTBIp TiJb3W MITAHTEHIMPKYIIEM;
0a30BUM € HAUOUTHIIMK UM PO3Mip (HApUKIa,
SIKIIIO JliaMeTp oTBOpy aAopiBHIoe 100,65 MM, Toxi
6azoBuM posmipom Oyae 101,0 Mm);

— BCTaHOBUTH Ha MIKpOMeTpi 0a30BHH po3Mip
(TonepenHBO TIEPEBIPUTH NPABUIIBHICTD HOTO yCTa-
HOBKH Ha «0»);

— BCTaHOBUTH BiJIMTOBIIHY BUMipIOBaJIbHY BCTa-
BKY y BUMIiPIOBAJIbHY TOJIOBKY iHAWKATOPHOTO HYT-
poMipa;

— BBECTH BHMIPIOBAJIBHY TOJIOBKY HyTpoOMipa
MK IT'SITOFO Ta TBUHTOM BCT@HOBJIEHOTO MiKpOMe-
Tpa Ta, moBepraryu nudepdIar iHauKaTopa, MoeI-
HaTH «0» 31 CTPUIKOIO; 1€ MOJIOKEHHS OyJIe Biano-
BizlaTu 0a30BOMY pO3Mipy.

BumiproBaHHsS TPOBOJAATH METOJOM IOTOWTY-
BaHHs (puc. 8).
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Puc. 8. Bu3HaueHHs cripallloBaHHs TiIb31 1HIUKATOP-
HUM HYTPOMipOM

Fig. 8. Determination of cylinder liner wear using
a dial bore gauge

2.Po3paxyHOK BEIMYMHM 3arajbHOrO 3HOCY

(3...) 3a popmyioro:

3302:D3 _Dn’

ne D, — Haiiblnble 3Ha4eHHs JiaMeTpa BCIX Iib3
JaHOTO OJIOKY (BUKOPHCTOBYBATU BEJIWYHMHY 3 Hal-
OinpmMM 3HOCOM), MM; D, — miameTp rinmesum 1o
eKcIuTyaTamii (HaiOimbIIuii TpaHUYHUA PO3MIp 3a
pobourM ab0 PEMOHTHUM KPECIICHHSIM), MM.

3. Po3paxyHOK BETMYMHU OTHOCTOPOHHBOTO He-
piBHOMIpHOTO 3HOCY (3, . ) 3a hopMyII0IO:

Hepie

3H€p[8 = B ' 33:12 '

ne f — xoedimieHT HEPIBHOMIPHOCTI 3HOCY, SKHUN
nopiearoe 0,6 [4].
4. Po3paxyHOK HEIWIIIHAPHYHOCTI MIOBEPXOHb —

oBabHOCTI (A, ) Ta KoHycomoai6HoCTi (A, . )-

OBasbHICTD BU3HAYAETHCS SIK PI3HUL PO3MIpIB,
BUMIPSHUX B OJHOMY TIOSICi, aJie B Pi3HUX B3aEMHO
HepHeHANKYJSIpHUAX TuionmHax (puc. 6). s kox-
HO{ T'iJIb3U MOTPIOHO OTPUMATH TPH 3HAYCHHS OBa-
JBHOCTI:

Ay = DA—AI—I - D5—51—1 1
AN D D

A03111 B/ DA—AIII R/ DE—EI]I =/

KonycononiOHicTh BH3HAYAETHCSA SK PI3HUIL
PO3MipiB, BUMIpIOBAaHHX B OJIHiH IUIOLIMHI, aje B Pi-
3HUX nosicax (puc. 6). s KO>KHOI I'iJIb31 OTpUMATH
JIBA 3HAYEHHS KOHYCOMOMi0HOCTI:

AK()HyCA*A = DmaxA—A - Dmin A-A4"

A D D

xonycb—F — “max5-5 — “min5-5 *

HedexTyBaHHS Tigb3u HEOOXIIHO TPOBOIWUTH
10 HAHOLTBIIUM 3HAYCHHSM.

5. PospaxyHnok posmipy 00poOku oteopy (D))
3a hopmyoro:

Dp=D3+3 +27,

Hepig

ae D, — Haiiblnble 3HaYeHHs JiaMeTpa BCiX rib3

JaHOTO OJIOKY (BUKOPHCTOBYBATH BEIUYHHY 3 Hal-

OibIIMM 3HOCOM), MM; 3, — BEIMYUHA OJTHOCTO-

POHHBOTO HEPIBHOMIPHOTO 3HOCY, MM; Z — MiHIMa-
JMEHUN OTHOCTOPOHHIW MPUIYCK HA 00pOOKY (Iis
pO3TOUyBaHHS Ta XOHIHT'YBaHHS 27 , JOPIBHIOE

0,150 mm) [4, 6].
Hani notpiOHO 3p0oOUTH MOPIBHSHHSA BETUINHH

D, i3 3HaYEHHAMM KATEroOpiiHUX PEMOHTHHUX PO3-

mipiB D, Ta npusHaunTH KaTEropit0 PEMOHTHOIO

pO3Mipy OAHY IS BCiX Tib3 (00paTu O1IbITy KaTe-
ropito PP):

D,, 2D, .

6. BumiproBaHHS MiKpOMETPOM JiaMeTpy Toca-
JIOYHOI TMOBEPXHI T'ib3 B OJHOMY Tosci (Tocepe-
JIUH1) 1 TBOX B3aEMHO MEPICHIUKYISAPHUX TIIOIIH-
Hax.

Ha migcraBi BUKOHAHMX BHMIpPIOBaHb Ta po3pa-
XYHKIB BU3HAYAIOTh TEXHIYHHUI CTaH MOBEPXOHb Jie-
Tajei.

Copmyeanns demanetl 3a pe3y1bmamamu KOHm-
ponto. Jns NpuitHATTS PillIeHHs! BiTHOCHO IOJAJThb-
IIOr0 BUKOPUCTAHHS JieTallel KepyrOThCsl HOpMaTH-
BHO-TEXHIYHUMH JIOKYMEHTaMH JJIsl TaHOTO BULY Ta
00’€KTy PEMOHTY.

B HOpMaTHBHHX HOKyMeHTax (TEXHIYHHX BUMO-
rax) 3a3HayueHo J[Ba BUM OLIHOYHHUX MapaMeTpiB Te-
XHIYHOT'O CTaHy JIETaJICH:

— KpHUTepil JOIMyCTUMOCTI TIOAABIIOTO BUKOPH-
CTaHHS JeTalli, IKUi 3a0e3meuye pecypc 10 HacTyI-
HOT'O PEMOHTY;
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— KPUTEpill TPaHUYHOTO CTaHy, 32 SKOTO JICTallb
He MO>ke OyTH BCTaHOBJIEHA HA aBTOMOO1IIb; TaKy Jie-
TaJlb PEMOHTYIOTH (BiJHOBIIOIOTB), SIKIIO € TEXHi-
YHO MOJKJIMBO Ta €KOHOMIYHO JOLIIBHO, a00 3aMi-
HIOIOTH HOBOIO (3aITaCHOIO) ACTAJLTIO.

JlonyCcTHMUM € TaKuid 3HOC JeTalli, IpU SIKOMY
JieTanb, BCTAHOBJICHA IICI KaiTalbHOTO PEMOHTY
0e3 pPeMOHTHOTO BIUIMBY, HAIIHHO IPAIIOE€ 0 Ha-
CTYIHOTO KaliTaJllbHOTO PEMOHTY.

[pyunHamy BUOpakyBaHHS jAeTaniell Moxke OyTh
TpaHIYHAN Ta aBapiitHMIA 3HOC, TIPH TOSIBI SIKUX TI0Aa-
JbIIa eKCIUTyaTallisl AeTajlell cTae HEMOXKIIHBOIO.

I'pannyauM € Takuil 3HOC AeTaii, IpU SIKOMY
BOHa HE MOKe OyTH BHUKOpHCTaHa 6e3 BiTHOBICHHS
abo noBrHHA OyTH 3aMiHEHA Ha HOBY.

B pesynbrarti gedektyBaHHs Ta COPTyBaHHS, Jie-
TaJi MOXyTh OyTH PO3/IiJIeHI HA TPU TPYIIH:

1)nmpumatHi geTati, KO BCi pO3MIpH BiIMOBi-
Jaf0Th TEXHIYHUM BHUMOTaM (XapakTep i BeTMYUHA
3HOCY 3HaXOJSTHCS B MEXKaX, 0 JOMYCKAIOThCS Te-
XHIYHUMHU YMOBAMH);

2) HempHIATHI AeTall, IKIIO € HeITOPaBHUH Jie-
¢exT (TpimmHa, Aedopmariis Tomo);

3) BiIHOBITIOBaHI JeTai, SIKIIO B JAeTali € aede-
KTH, [0 MIJISral0Th BiIHOBJIEHHIO 3T1JHO TEXHIY-
HOI IOKyMeHTaIi1 [2].

Jua neraneit, aki MpOWIUIN TIEPEBIpKy TEXHIU-
HOTO CTaHy, HEOOXiJHO TOPIBHATH NIHCHUI CTaH
napameTpiB KOHCTPYKTUBHHX €JIEMEHTIB JAeTaleil
3 TEXHIYHUMH BHMOTaMH Ta 3allMCcaTH KaTeropiro
crany nerami: «be3 pemoHTy», «B pemoHTY,
«bpax».

s neraneii kateropii «B peMoHT» moTpiOHO
MPU3HAYUTH CIIOCIO PEMOHTY Ta 3MICT omeparlii
JUTSL YCYHEHHSI e EeKTiB.

3HOC, MEXaHiYHi Ta KOPO3ilHI MOUIKOKEHHS
YCYBaIOTh 0OPOOKOIO JeTalIeH il pEeMOHTHHI PO3-
Mip (PP) abo mocTaHOBKOIO TOJIATKOBHX PEMOHT-
Hux neraneid (JJP/1), 3BaptoBaHHSM B cepelOBHIII
aproHy, a TAaKOX CHHTETUYHIMH MaTepiaaMu.

Hedopwmariii pizHOro XapakTepy yCyBalOTh CIO-
CapHO-MEXaHIYHOK 00pOOKOIO.

Ipobremu i axmyanvni numanus Oepexmy-
eanms einv3u yuninopa [B3. Croromni nedexty-
BaHHS T'ib3u wtiHApa /B3 1 BusiBeHHS ii siKOCTi
BUKOHYETKCS CIelialicTaMH BpyYHY 3 BUKOHAHHSIM
BI3yaJIbHOTO OTJISTy, BUKOPHCTaHHSM INTAHTEH-
LUPKYJIs, MIKpPOMETpa, iIHAUKaTOPHOTO HYTpOMIpa,
BUMIPIOBaHHSM PO3MIpiB. AJie 3aJIeXKHICTh MEpeBi-

PKH TEXHIYHOTO CTaHy TUIB3H Bijl pydHO] mparii po-
OWUTB MPOLIEC TPYIOMICTKUM Ta TOPOTHM.

Kpim Toro, mpu nedektyBaHHI TpamuLifHUMH
METOAAMHU BaXKKO CBO€YACHO 1 HaAIHHO BUSBIATH
pi3HiI AedeKTH, HAPHUKIAM, TPIIIHHH, SKi IMPOXO0-
ISITH €Tany PO3BUTKY B CyOMIKPOTPIIMHY 0 Mi-
KpOTPIIIHHA 1 Jai — JO TPIIIUHHA, KOPO3ito; 3a-
IIpH; KaBiTarito; 3Hoc. L{i mpoGremu moTpedyoTh
MiABHUIEHHS YYTJIMBOCTI METOAIB AedeKTyBaHHS
0e3 JeMOHTaxKy.

B po6ori [18] 3 MmeToro aBTOMaTH3a1IiT TIpoLiecy
3aMpoIIOHOBAHO HOBUH IiJIX1/1 0 BUSBJICHHS Acde-
KTiB TiJIb3 HUJIHIPIB ABUTYHIB BHYTPILIHBOTO 3rO-
pSAHHS. ABTOPH CTBOPIUTH HOBY 0a3y 300pakeHb Je-
(hextHUX TiB3 (710 1 000 300paxkeHs) st HABYAHHS
Ta TECTYBaHHS TPaHCPOPMEPHOI MOJIeINi 3 MeXaHi3-
MOM MOy Ha OJIOKM Ta MacKyBaHHSM IS TOY-
HOTO BUSBJICHHA 1e(heKTiB. 3anIpONOHOBaHA MOJIENb
MmoKasajia BUCOKY TOUHICTh 1 €peKTHBHICTH Yy MOpi-
BHSIHHI 3 TPAJAUIIIHHUMH METOIaMH.

Tpagumiiiai METOIM YacTO HE 3aOBONBHSIOTH
Cy4aCHMM BHMOTaM HaJ[iHHOTO OE3pyHHIBHOTO Jie-
(deKxTyBaHHsI BHYTPIIIHBOI MOBEpXHI Tinb3u. s
BHPIIICHHS MPOOJIEMH MTOTPIOHO BUKOPHCTOBYBATH
i MeToau AeeKTyBaHHS, HAPUKIIAA, YIbTPa3-
ByKOBe JAe(eKTyBaHHS, BUKOPHCTaHHS BUXPOBUX
ctpymiB, 3D-ckanyBaHHS a00 KOMOIHAITIFO METO/IiB.

Agtopu po6otu [15] 3 METOO MiABHIIUTH TOY-
HICTH 1 e()EeKTUBHICTH KOHTPOJIIO SKOCTI Ha BUPOO-
HUIITBI IPEICTABWIIN IHHOBALIIMHUHN TTiX1]] 0 aBTO-
MaTHUYHOTO BUSBIEHHS AE(PEKTIB Tib3 IMIIHAPIB,
30KpeMa 3aJIMPOK, SIKi BaXXKO BHSBUTU TPaHIiii-
HUMH METO/IaMHU.

I'inb3a muiHapa € OHIEI 3 BAXKIIUBUX YaCTHH
IBUTYHA. SIKICTh Tifb3u MWITIHIpa Oe3mocepeaHbO
BIUIMBAE Ha Oe3leKy Ta eHeproCHOXKMBaHHS JIBU-
ryHa. binbnricts po3MipHUX MEPEBiPOK T3 IUITi-
H/Ipa aBTOMATH30BaHa, ajie epeBipKa IMOBEPXHEBUX
JeeKTIB BCE 111¢ BUKOHYETHCS BEJIUKOIO KIJIbKICTIO
nepconaiy [15]. B ocTaHHi poKH JOCIIHUKH T10-
YaJIM BUKOPHCTOBYBATH TEXHOJIOTIIO BUSIBIICHHS 30-
OpaxxeHb 1 BU3HAYECHHS TIOBEPXHEBUX JIE(PEKTIB,
ase eeKT BUSIBICHHS BCE IlIe HE OTPUMAaB IUPO-
KOT'0 3aCTOCYBaHHS B TPOMHUCIIOBOCTI. Y cTaTTi [15]
JOCTIKY€EThCS Tib3a NWIIHIPA 3 33 JUPKaMH, SKa
TaKOX € CKJIaJTHOIO TIPH MePEeBipIli MOBEPXHi TiIb3H
mwitinapa. [ToBepxHeBi gedekTH Tiab3W MUITIHIPA,
TaKi SIK SMKH, IJIAKOBI BKJIFOUEHHS, 3JIUIIKH, TPYOi
3aJIMPKH, PIIKI 3aUpKH. VY 11ili CTaTTI B OCHOBHOMY
JOCITIJKYETHCS BUSIBIICHHS TIOBEPXHEBUX JIEPEKTIB
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riIh3H HUTiHAPa Ha 0cHOBI 3D-30py [15]. Excriepu-
MEHTH MOKa3yl0Th, U0 LIeH METOA YCHIIIHO peati-
3y€ aBTOMaTH4YHE BUSIBICHHS MMOBEPXHI TiJIb3U LIU-
JHApA Ta 3aCTOCOBYETHCS B IPOMHUCIIOBI ramysi.

3anmpomoHOBaHUN MiAXiA 3MeHITye ToTpely
B PYYHOMY OIJIsIIli, EKOHOMHUTH Yac i pecypcH, mij-
BHUIIY€ HAIIHHICTh MPOAYKIIIi i MOXe OyTH iHTErpo-
BaHWH y peasbHI BUPOOHMYI JiHII 1151 6e3mepeps-
HOT'O KOHTPOJTIO siKocTi [15].

Ha po3Butok aedexTiB (Hanpukiaj, KaBiTaliro,
TEepPMidHI BTOMHI TPIIIMHN) Ta HAAIHHICTH NedeKTy-
BaHHsI BIJIMBA€ HECTAI[IOHAPHICTH POOOYHX YMOB —
TeMIIepaTypH, TUCKY, MOTOPHOI OJIMBH, TapaMeTpiB
nBuryHa. Tomy HE0OXiaHI MOMIENi, 10 BPaxOBYIOTh
eKCIUTyaTalliifHi yMOBH.

Kapra 3HOCY MOXE Oe3mocepenHbo BigoOpa-
JKaTH CTaH 3HOCY Ta MEXaHi3M Iapy TepTs 3a Pi3HUX
YMOB 1 IIHPOKO BHKOPUCTOBYETHCS VIS IIPOTHO3Y-
BaHHsI 3HOCY Ta JIarHOCTUKW HECIIPaBHOCTEH cTa-
neBux MmarepianiB. B po6oti [20] ckmagena kapra
3HOCY TiIb3W IWITIHIpA JBUTYHA Ta ii Marepialib.
PoGoui mapameTrpu Oynu oTpuMaHi 3a TOTIOMOTOO
CTEHJIOBUX BUIIPOOYBaHb ABUT'YHA, & B SIKOCTI Mapa-
MeTpiB BUITPOOYBaHb Ha 3HOC Oynu 0OpaHi mapame-
TPH MOOITU3Y BEPXHBOT MEPTBOI TOUKH TLIH3H A~
Hapa (BMT). Ananizyrouu 3MiHy IIBHIKOCTI 3HOCY
3a pi3HUX MapaMeTpiB BUIPOOyBaHb, CTaH 3HOCY Ti-
TB3W IIJTiHApaA OyB PO3IUICHUN Ha JIETKUi, cepe-
Hiit Ta cunbHuil 3H0C [20]. Mopdororito moBepxHi
TUISIMU 3HOCY Ta TOTIEPEYHHIA Mepepi3 TUTb3U IHJTi-
H/Ipa aHaJi3yBaJIM 32 IOTIOMOT'OI0 CKaHYI04Oro elle-
KTpoHHOTO Mikpockona (SEM), a motiMm noOyxy-
BaJlM KapTy MexXaHi3Mmy 3Hocy. PesynbraTté moka-
3aJI, 10 OCHOBHUM MEXaHi3MOM 3HOCY ITpH He3Ha-
YHOMY 3HOCI € BIJIKOJIM, IIO CYIPOBOJKYIOTHCS
SIBUILIEM TUIACTHUYHOI nedopMaltii. 3HOLTYBaHHS BiJl
pO3IIapyBaHHs € OCHOBHUM MEXaHI3MOM Yy CTaHi
CEepPeIHBOr0 3HOCY, IO CYMPOBOKYETHCS HEBEIIH-
KO0 KUIBKICTIO MacoBOTO BiAIIAPOBYBaHHS. 3HO-
IIyBaHHS BiJIIapyBaHHS TOJIOBHUM YMHOM CIIPUYH-
HEHE TPIIIMHOI0, IO YTBOPIOETHCS TrpadiToM y
mapi gedopmarrii ado iy HuUM. OCHOBHUM MeXaHi-
3MOM 3HOCY y CTaHi CHJIBHOTO 3HOCY € MacOB€ BiJi-
mapyBanHs. ['padit Bifirpae poyib MepBUHAUX TPi-
LIMH, 10 MPHU3BOAMTH IO BiIIIAPOBYBaHHS LIapy
wiactuaHoi  gedopmartii [20]. Asropamu Oysia
CTBOpEHA KapTa 3HOIIYBaHHS, sSKa JIO3BOJISE Bi3ya-
Ji3yBaTH 00JIACTI BUCOKOTO PU3UKY 3HOCY IMPH pi3-
HUX peXrMax podboTH. BussieHo, mo 3MiHa MBHUI-
KOCTi Ta HaBaHT)KEHHS CYTTEBO BIUIMBAE HA THII

1 IHTeHCHBHICTh 3HOITyBaHHA. KapTta mMoxe OyTH
BUKOPHCTaHa Il ONTUMI3allii KOHCTPYKIII JBH-
r'yHa Ta BHOOPY MacTHUIILHUX MaTepiaiB.

AKTyaJIbHUMU TTUTaHHAMU Je(eKTyBaHHA T11b3
€ TIUTaHHA Kiaacudikarii TamB nedekTiB i aBToMa-
TH3allii, 0 JO3BOJIUTH BiJIPi3HATH MOBEPXHEBI 3a-
OpynIHEeHHS Bix epo3iifHoro 3HOCY 9u TpimmH. [loT-
piOHI anTOPUTMH, IO Nal0Th HE TIILKH BHCHOBOK
«e/HEeMaey, a i BU3HAYAIOTH THII, PO3MIp 1 CTYIIiHb
KPUTUYHOCTI JedekTiB. PimenHs mpobiemMu MoOXK-
JIUBO HA OCHOBI KOMIT IOTEPHOTO 30py 1 TITHOOKOTO
HaBuanHs (deep-learning).

B pob6orti [16] po3pobiieHO METOa Ta CUCTEMY
BYSIBJICHHS I€()EKTIB MIOBEPXHIi TUTB3H MIUTIHAPA HA
OCHOBI rrOoKoro HaBdaHHs. CriodaTky 0yJo CTBO-
PEHO CHUCTEMY BHUSBICHHS Je()EKTiB MalIuHHOTO
30py Ha OCHOBI NMPHUYMH Ta TUMIB AC(PEKTIB Tib3U
mwrtigapa. [lotiM Gymo 3ampormoHoOBaHO METOJT PO3-
LIMPEeHHs HA0opy NaHMX, 3aCHOBAaHUH HA aBTOMATH-
YHOMY BHJIYYEHHI obnacTi iHTepecy, mo edekTu-
BHO 301JIbIITy€ KiNBKiCTh 3pa3kiB. Jlami Oymo po3po-
OJIEHO METOJ] aBTOMAaTHYHOT'O PO3IIMUPEHHS 00JIACTi
nedekTiB 3a gonomorow XML-¢ariny, mo mokpa-
IIUIIO 3aTHICTh BUSBIATH HEBENWKi nedektu. Pe-
3yJIBTaTH AOCIIIKEHb [TOKa3aiy, 110 TOYHICTh BU-
SIBIICHHA Je(eKTiB MiCKy, NMOAPSAMHH Ta 3HOCY
ckmamna 77,5 %, 70 % Tta 66,3 %, BiAIOBIIHO, IO
MTOKPAIIMIIO Pe3yNIbTaTH MoHalMeH e Ha 26,3 % y
MOPIBHIHHI 3 TPAJULiIHHUMUA METOJaMH NeeKTy-
BanHs [16].

CyuacHull pO3BUTOK TEXHOJIOTII e(eKTyBaHHS
oTpedye He TUTBKH SKICHOT, alle i KiIbKiCHOT O1li-
HK{ 3HOCY 1 MIPOTHO3Y 3aJIUIIKOBOIO pecypcy. IH-
IIMMH CIIOBaMH, TTOTPIOHO HE TiJIbKW BUSBUTH Jie-
(bekT, a ¥ KITBKICHO OI[IHUTH HIBUJKICTH 3HOCY
1 MPOTHO3YBaTH MOMEHT BiIMOBH. TyT MOTpiOHI MO-
Jieli 3HOIYBaHHS T4 MOHITOPUHT B pPeabHOMY
gaci.

B pobori [17] BuKOHaHa OIliHKA HaAIHHOCTI
3HOCY KOMIIOHEHTIB TMOPIIHEBHX KiJIEIb Ta Tilb3
OWITIHIPIB HA OCHOBI MMOBIPHICHOTO KapTyBaHHSI.
ABTOpPH CIIOYATKy CTBOPHJIN MOJIEJb JUIS 3pa3KiB Ta
KOMITOHEHTIB (ITOPIIIHEBE KiJIbIIe-Tib3a IUTIHIPA,
PRCL) 3 BuKOpHCTaHHIM YAOCKOHAIIEHOI MOAEIi
3HOCY, MOJIeJIi IPUCKOPEHHSI Ta XapaKTEPUCTHK PO-
3nozAty 3Hocy. IloTiM aBTOPHM BHUKOHAIH JIOCII-
JDKEHHSI CTYIEeHI BIUIMBY TeMIIEpaTypH, HaBaHTa-
KEHHS Ta 4acy Ha BEJIMYUHY 3HOCY 3a JJOMOMOTOI0
aHaJi3y YyTIUBOCTI, 1 ONTHMi3yBaJlll MOJIENb 3HOCY
KOMITOHEHTIB. KpiM Toro, B po0OTi 3aIIpOIIOHOBAHO
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MiIXig HAa OCHOBI WMOBIPHICHOTO BimoOpakKeHHS
UL pO3TJSILy TPhOX CIIBBIOHOIIEHb BifoOpa-
XeHHs. MoJiens 3HOCY 3pa3Ka Ta CITiBBiJHOIICHHS
BiTOOpaskeHHSI BHKOPWCTAHO ISl MPOTHO3YBaHHS
TNIMOMHK 3HOCY, TEPMiHY CIy>KOM Ta HaIiHOCTI
3HOCY KOMIIOHEHTIB, SKi MOTiM Oynu MOpiBHSHI
3 eKCIIEPUMEHTATBHUMH pe3yJIbTaTaMH. 3arporo-
HOBaHHI aBTOPAMH ITiXiJT MOXKE CIIYyTyBaTH KepiB-
HUITBOM [UIsl TUIAHOBOTO TEXHIYHOTO OOCIyroBY-
BaHHS Ta OLIHKHU SIKOCT] KOMIIOHEHTIB I'UIb3 IIUJI1H-
IpiB — MOPIIHEBHX Kimerp [17].

Tpanumiiiai Metomu nedeKTyBaHHS TTOBHHHI
BpPaxoBYBaTH, HI0 Cy4YacHi TEXHOJOTii PEMOHTY
(TuTa3zmMoBe/TepMivHE HANMJICHHS, HAHSCCHHS TIOK-
PUTTIB, TEPMOIUIACTUYHE Je(pOPMYBaHHS, XOHIHTY-
BaHH) 3MIHIOIOTh MIKpOpeNbed i BIACTHBOCTI TO-
BEpXHi, Ta BUMAararTh aJanTailii MeTomiB aeeKTy-
BaHHS i KPUTEPIiB OILIHKH.

llepcnexkmueni Hanpsamu po36umxy mexuHono2ii

Oeexmyeannsi. 3poOUTH Tporiec neheKTyBaHHS T'i-
me3u mwniHapa JIB3 Oumemn HamidHUM, TOYHHIM,
MEHII TPYAOMICTKHM Ta AOPOTUM MOKHA HUISIXOM
aBTOMATHU3allii IpoIiecy i BUKOpUCTaHHS iH(opMa-
HMIHHUX TEXHOJIOTIN, IITYYHOTO IHTENEKTY.

AKTyallbHI HampsMH PO3BHUTKY TEXHOJOTII Je-
(heKTyBaHHS BKJIFOYAIOTh:

— MAIIWHHWUA 3ip 1 HAaBYaHHS IS aBTOMAaTH4-
HOTO AedeKTyBaHHs i Knacudikaiii nedeKTis i3 Ka-
Mmep, 3D-ckaHis;

— riopunai NDT-cucremu — noeiHaHHS YJIbT-
Pa3BYKY, BUXPOBHX CTpyMiB, 3D-ckaHyBaHH i cIie-
KTPaJIBHUX METOJIIB JUISA MiJBUIIEHHS HOCTOBIPHO-
CTi MepeBipKU TEXHIYHOTO CTaHy TiIb3W; T10pUIHi
NDT-cucremu (Non-Destructive Testing, meroau
0e3pyIHIBHOTO KOHTPOIIO) JIO3BOJIIOTH MOEIHYE
nBa abo OiuIbIle METOZIB KOHTPOJIIO abo iHTErpy-
I0Th KJIACUYH1 METO/IM 3 CYYaCHUMH TEXHOJIOT1sIMH,
TaKUMHU SIK IOTYYHUH 1HTEJNEKT, MAallMHHE HaB-
YaHHS, HEHPOHHI MEPEXKi TOIIO;

— KUIBKICHUM aHaJli3 Tpolecy 3HOCY 1 KapTh
3HouryBanHs (Wear maps), 1o notpebye raboparo-
PHUX 1 YHCENBHUX TOCIiIKEHB, B PE3YJIbTATI IKUX
OTPUMYIOTh KapTH PEXHUMiB 3HOCY MPH Pi3HUX Ha-
BaHTA)XEHHSX, IIBUIKOCTSIX, MACTHIBHUX YMOBAX;

— MOJIEJIOBaHHS KOHTAKTHOI TPHOOTEXHIKH
(mapa «mopIIeHb—KIJIbIIE-TUIB3a») 3 (DI3UUHUMHU
MOJIEJISIMU (TEPTSI, TiPOIMHAMIYHA OJIMBA, TEPMO-
MexaHika) JJis mepe10ayeHHs MOsiBH Je(EKTiB;

— po3po0Ka CcTaHIApPTIB OIIHKH NpH jJedeKTy-

BaHHI IMOBEPXOHB, SKi OTPUMaHI HOBUMH TEXHOJIO-
rissMu (HaIPUKIIa, MTOKPHUTTIB, 10 3HIKYIOTh KaBi-
TaliiiHe pyHHYBaHHS 1 3HOC);

— CTaHJApPTHU30BaHI 1aTaceTH i METOUKHN BEPH-
(hikamii — BigkpuTi 6a3u AePEKTIB AN TPEHYBaHHS
ML-moneneli, craHmapTH OLIHKH TOYHOCTI CUCTEM
nedeKTyBaHHS Ta iH.

[lepcriekTrBHI HampPSMU PO3BUTKY TEXHOJOTi{
nedeKTyBaHHS MarOTh BEJUKE 3HAYCHHS ISl aBTO-
MOOLUTHLHOT MPOMUCIIOBOCTI, OCKUTBKH JO3BOJISIFOTh!

— TIIBUIATH HAMIWHICTD 1 JOBrOBIYHICTH ABU-
T'YHIB;

— 3MEHIIUTH BUTPATH Ha 0OCIYrOBYBaHHS i pe-
MOHT,

— TIOKPAIIMTH EKOJIOTIUHI MMOKa3HUKH 32 Paxy-
HOK 3HW)KCHHS BTPAT €HEPril uepes TepTsl.

HaykoBa HOBH3HA Ta IPAKTUYHA
3HAYMMICTh

HaykoBa HOBH3Ha POOOTH MOJIATAE Y KOMILICKC-
HOMY MiJXO0/i A0 aHaji3y KOHCTPYKIIHUX MaTepi-
amB, nMedeKTiB i CydyacHHMX TeHACHIN nedexrty-
BaHHs OJIOKIB HIJIIHAPIB 1 T1Ib3 IutiHApiB [1B3.

ABTOpaMu poOoTH:

— CHCTEMaTH30BaHO CYy4YacHI KOHCTPYKIIHHI
MaTepiaiu, SKi 3aCTOCOBYIOTHCS JIJIsl BATOTOBJICHHS
OJIOKIB IWITIHAPIB 1 r'iib3 mutiHapis JB3;

— 3aIpPOTNOHOBAHO KiacH]ikalliro OCHOBHHX Jie-
(hexTiB OJOKIB HMITIHIIPIB 1 T1JIH3 MMITIH/PIB 32 Xapa-
KT€pOM BUHUKHEHHS, TPUYMHAMU Ta 30HAMH ITOIIIH-
pEHHS;

— BHM3HAYCHO OCHOBHI (haKTOPH, 1110 BIUIMBAIOThH
Ha IHTEHCUBHICTh 3HOCY Ta YTBOpPEHHS Je(eKTiB
y PI3HHUX YMOBax poOOTH JIBUT'YHA;

— y3arajbHEHO CyYacHi MeToau Ae(HeKTyBaHHS
1 BCTAHOBJICHO TEHJICHIIIi TXHBOTO PO3BUTKY B Ha-
MPSIMKY aBTOMATH3aIli1, MiBUILECHHS Yy TIMBOCTI Ta
TOYHOCTI KOHTPOJIIO;

— TiaKpeciieHa HeoOXiTHICTh aJanTaliii MEeTOIiB
nedeKTyBaHHS IO HOBUX MaTepiaiiB OJOKIB LIMIiH-
JpiB 1 riab3 mwitiapis JIB3 mist migBuiieHHs 10c-
TOBIPHOCTI OI[IHKH TEXHIYHOTO CTaHy JeTajei.

[IpakTU4HA 3HAYMMICTH TPOBEJCHOTO JOCHI-
JOKCHHS TIOJISITa€ y MOJKJIIMBOCTI BUKOPHUCTAHHS pe-
3yJBTATIB IS T ABUILEHHS €()eKTUBHOCTI IPOIIECiB
ne(eKTyBaHHS Ta PEMOHTY OJIOKIB LMTIHAPIB 1 Ti-
np3 numiaapie JAB3.

CucremaTH3allisi MatTepiaiB i THIOBHX Ae]ek-
TiB JIO3BOJISIE ONITUMI3yBaTH TEXHOJIOTIYHI TpOIeCcH
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nedeKTyBaHHS, 3MEHIINTH TPYAOMICTKICTh 1 Bap-
TiCTh POOIT, a TAKOXK MiJBUINUTH TOYHICTh BU3HA-
YEHHS TEXHIYHOTO CTaHy JIeTaJeH.

OtprMaHi B poOOTi pe3yibTaTH MOXYTh OyTH
BHKOPHCTaHI 3 METOIO:

— PO3pOOKM METOAMYHHMX PEKOMEHIAIii 3 ae-
(exTyBaHHS OJOKIB IMIIIHAPIB 1 TiB3 HMWTIHIPIB
JB3;

— BIPOBaKEHHS Je(eKTyBaHHS OJOKIB LMITiH-
IpiB i rine3 muninapis JIB3 B ymoBax aBToTpaHCcHO-
PTHUX I ATPHEMCTB;

— BIIOCKOHAJICHHSI HaBYaJIbHUX MaTepialiB A
MiArOTOBKM OakamnaBpiB creuianbHocTi J8 «ABTO-
MOOUTHHHI TPaHCTIOPTY;

— CTBOpEHHA iHpopMaIiitHux 0a3 JaHUX THIIO-
BUX JIe(heKTiB OJIOKIB MMTIHIPIB 1 T3 MUIIHAPIB
B3 Ta yMOB iXHROrO BUHUKHEHHS;

— pO3po0KHM TporpaM aBTOMATH3AIlli MPOIECIB
neeKTyBaHHs OJIOKIB IIWIIHAPIB 1 TIb3 HMUIIHAPIB
JB3 Ta nporHo3yBaHHs 3aJIHIIIKOBOIO PeCypcy Je-
Tajen.

BucHoBxku

B pob6oTu mpoBeneHO OriisiL i CHCTEMaTH3AIIio
KOHCTPYKI[IHHMUX MaTepianiB, 3 SIKHX BHTOTOBIIS-
FOTBCS OJIOKH IIJTIHAPIB Ta Tinb3u nuiiHapis JB3.

[Iupoko BUKOPUCTOBYIOTH Cipi i JieroBaHi ya-
BYHH, JICTOBaHI CTaJIi Ta aJIFOMIHI€BI CIIJIAaBH 3 BUCO-
KOO TEPMOCTIHKICTIO 1 3HOCOCTIHKICTIO.

BcranogiieHo, 1110 BUOIp MaTepiaty JJist BUTOTO-
BJICHHS OJIOKIB IIWJIIHAPIB 1 rijb3 muiinapis B3
CYTTEBO BIUIMBAE HA JIOBTOBIYHICTH, HAJIIAHICTH
1 pPEeMOHTONPUIATHICTH JIeTaJIEH.

[IpoBeneHo anami3 gedeKTiB OJIOKIB IMITIHIPIB 1
rine3 mwtiaapis JIB3 — TpimuH, 3a11piB, paKoBHH,
KOPO31HUX TOMIKOKEHb, AedopMaliiii Ta 3HOCY

MTOBEPXOHb 1 MPUYMH iX BUHUKHEHH:S. Bru3HaueHO
XapakTepHi 30HM BHUHUKHEHHS NeeKTiB Ta ¢ax-
TOPH, IO CHPUSIOTH IXHHOTO PO3BHUTKY.

BusiBieHo ocHOBHI mpo0iiemu cydacHoTo nede-
KTyBaHHS:

— HEJOCTAaTHS aBTOMAaTH3allis POLECiB,

— HHU3bKa TOYHICTH Bi3yalbHHX Ta IHCTPYMEHTa-
JIBHUX METO/IIB,

— oOMexeHa ajamnTallis iICHyIUYHX METOMIIB Je-
(bekTyBaHHS 10 HOBUX MaTepiaiB,;

— moTtpeba y KUTbKICHIA OIHII 3aJUIIKOBOTO
pecypcy neraiei.

[ligBUIINTH TOYHICTH pPE3YNbTaTiB JOEPEKTY-
BaHHS JIO3BOJISTIOTh HEPYHHIBHI METOAHU KOHTPOIIIO
(ynbTpa3ByKOBHUi, MarHiTOIOPOIIKOBH Ta iH.).

BusHaueHo TeHCHIIIT PO3BUTKY CUCTEM Je(heK-
TyBaHHSA, IO TOJISTAIOTH Y TIEPEX0Ii 0 aBTOMATH-
30BaHUX 1 KOMIT IOTEPH30BaHUX TEXHOJIOTIN Iedek-
TyBaHH:, CTBOpPEHHI 0a3 JaHUX THIIOBHUX JNE(EKTiB
1 aNrOpUTMIB MPOTHO3YBaHHSI 3AJIMIIKOBOTO PECY-
pcy neranei.

Pesynbpratn nocmimpkeHHS MOXKYTh OyTH BHKO-
pUCTaHiI y BUPOOHHMYIN Ta HABYAIBHINM JISIBHOCTI,
P PO3POOJIEHHI PEKOMEH AT 3 YIOCKOHAICHHS
TEXHOJIOTIYHUX TPOIECIB Ne)eKTyBaHHI Ta PEMO-
HTY JeTajieil muIiHaponopiiHeBoi rpynu JIB3.

OtpuMaHi pe3yabTaTH MOTIUOIIOIOTH HAYKOBI
YSIBJICHHSA PO TPOIIECH ITOIIKO/HKSHHS Ta e eKTy-
BaHHs OJIOKIB IWIIHApPIB 1 rinb3 mwiiHapiz B3
1 CTBOPIOIOTh TEOPETUYHY OCHOBY JUISI BJIOCKOHA-
JICHHS TEXHOJIOTiH nedeKTyBaHHS OJIOKIB IFIIIH/-
piB i T3 mumiHApiB [IB3 aBTOMOOITIB.

Pesynbratn po0OTH CHpPUSAIOTH IiJABHUILECHHIO
SIKOCTI AepexTyBaHHs OJOKIB MUIIHAPIB 1 TiIb3 K-
niaapis J1B3, miqBUIIEHHIO HAMIMHOCTI 1 IOBTOBiY-
HOCTIi JIBUTYHIB.
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Cylinder Block and Cylinder Liners of Internal Combustion Engines:
Materials and Features of Defect Detection During Repair

Purpose. The main goal of this study is to review and systematize the materials and defects of the cylinder block
and cylinder liners of internal combustion engines (ICE), as well as to analyze the issues and current trends in defect
detection during repair. Methodology. The main problems currently associated with the defect detection of cylinder
blocks and liners of ICEs include the following: the rapid growth of motorization, which leads to an increase in the
number of cylinder blocks and liners requiring defect inspection; the use of manual labor, which makes the defect
detection process labor-intensive and costly; the need for classification of defect types and their automatic recognition;
the consideration of operating conditions influencing defect development; the necessity of implementing new defect
detection processes; the need for quantitative wear assessment and prediction of component residual life; the adapta-
tion of inspection methods and evaluation criteria to new materials. The study employs the following research meth-
ods: theoretical analysis (classification, systematization), review and synthesis of known scientific results, and empir-
ical methods (comparison, observation). Findings. The authors conducted a review and systematization of structural
materials and the main defects of cylinder blocks and liners of ICEs. The main issues in modern defect detection were
identified as follows: insufficient process automation, low accuracy of visual and instrumental inspection methods,
limited adaptability of existing inspection techniques to new materials, and the need for quantitative evaluation of
component residual life. The development trends in defect detection systems are defined as the transition to automated
and computerized inspection technologies, the creation of databases of typical defects, and the development of algo-
rithms for predicting the residual life of components. Originality. The scientific novelty of this work lies in a com-
prehensive approach to analyzing structural materials, defects, and modern trends in defect detection of cylinder
blocks and liners of ICEs. Materials used in component manufacturing have been systematized, a defect classification
has been proposed, and the factors influencing wear intensity and defect formation have been identified. The trends
in the development of defect detection systems have been established toward automation, increased sensitivity, and
higher inspection accuracy. Practical value. The conducted analysis contributes to improving the efficiency of defect
detection and repair processes of cylinder blocks and liners of ICEs, as well as to the development of informational
databases of typical defects and the conditions under which they occur.

Keywords: defect detection; repair; cylinder block, cylinder liner, cylinder block materials; cylinder liner materi-
als; defects
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JocaigaxeHHs iHHOBaLIHHUX MaTepiaJiiB IJI PeMOHTY aBTOMOOITiB

Meta. OCHOBHOIO METOIO0 POOOTH € JOCHIHKEHHS BIUIMBY iHHOBALlIHHMUX MaTepiajiB Uil pEMOHTY aBTOMOOLIIB
Ha CTPYKTYPY i BIIACTHBOCTI MIOBEPXOHB TEPTSA ACTaNCH i MOKIMBHIA MEXaHI3M B3a€EMOJII MaTepialiB B TPHOOCIIONY-
yeHHAX. MeToauka. B po0oTi BUKOpHCTaHI HACTYITHI METOIU JOCHTIPKEHHS: TEOPETHYHI JOCHTiIKeHHs (Kimacudika-
Lisl, CUCTEeMaTu3allis), aHalli3 Ta y3arajlbHEHHS BIIOMHX HayKOBHX PE3yJbTaTiB, eMIIPUYHI MEeTOAH (NOpPiBHSHHSA,
CIOCTEPEKEHHS), eKCIIEpUMEHTaIbHI J0CHikeHHs (MeTanorpadiyHuii aHani3, BUIPOOYBaHHS Ha MIKpPOTBEPIICTS,
3HOCOCTIHMKICTh, BUMIPIOBAHHS IIIOPCTKOCTI MOBEpxXHi). Pe3ysabTaTn. 3anponoHoBaHi iHHOBaliiHI MaTepiaiu Ha oc-
HOBI CEpIEHTHHITIB. B 0CHOBY pO3p00KH MOKJIaAEHO i€l BUKOPUCTAHHS MaTepialliB HOBOTO MOKOJIIHHA Ta yIpaB-
JIHHS TPOIECaMH, 1110 BiI0yBalOThCs B 30HI KOHTAKTY Map TEPTs JUIs IiIBUILEHHS 3HOCOCTIHKOCTI Ta TOBFOBIYHOCTI
TpubocmoaydeHb. [IpoBeieHI eKcriepuMeHTabHI TOCTIIKCHHS MEXaHIi3My B3a€MOJIil iHHOBAI[IHUX MaTrepiamiB 3i
cramwto 40XH B ymoBax TepTs, sIKi TOKa3aly, M0 TBEPIICTh Ta 3HOCOCTIHKICTh TIOBEPXHEBOTO IIAPY 301IBIIYIOTHCS
y 3 14 pa3wu, BiOIOBIIHO, a IMOPCTKICTh KOHTAKTHUX ITOBEPXOHB 3MEHIITYEThCS y 6 pa3iB. KoMImoHeHTH iHHOBAII HHIX
MaTepianiB THQYHIYIOTh Y MMOBEPXHEBI MIapu MaTepialy OBEPXOHb TEPTS Ta YTBOPIOIOTh METAJOKEpPaMidHi IIapH,
10 ABJSIOTH COOO0 PO3YMHM KOMITOHEHTIB JOCIIIKEHIX MaTepialiB y ¢a3zoBux ckiamoux craii 40XH. 3ampomno-
HOBaHI iHHOBAIIii{HI MaTepiay JO3BOJIIOTH HE TUTHKH 3HU3UTH 3HOC TIOBEPXOHB TEPTS, ajie 1 BiTHOBUTH (QYHKITIOHA-
JBHUH CTaH 3HOIICHUX MOBEPXOHb O€3 MPUIUHCHHS eKcIuTyaTanii mexanismis. HaykoBa HoBu3Ha. OOIpyHTOBaHO
BUKOPHUCTAHHS IHHOBAIIMHUX MaTepiajiB Ui 3amo0iraHHs 3HOCY Ta BiJHOBJICHHS (DYHKI[IOHAILHOTO CTaHy MOBEp-
XOHb TEPTS JeTanell aBToMOoO1TIB. BcTaHOBIEHO MeXaHi3M i1 iIHHOBAIIHHUX MaTepialiB, SIKUil MOJISTae B CIPSIMOBA-
Hill 10HHIH AU y3ii KOMIIOHEHTIB CIEI[iaIbHOTO TPUOOJIOTIYHOTO CKaamy. JIOCIiHKEHO MEXaHIvHI 1 eKCIuTyaTaliiHi
BiactuBocTi ctaii 40XH Ta BCTaHOBJIEHO, 110 MiJBHIIEHHS TBEPAOCTI KOHTAKTHUX IIOBEPXOHB Y MOEIHAHHI 3 HU3bKOIO
LIOPCTKICTIO MPU3BOAUTD JI0 BAHUKHEHHS YHIKQJILHOTO aHTH(puKLiiiHoro epexry. [Ipakrnuna 3Haunmictb. [Ipose-
JIeH1 JOCIIKEHHSI TIPOIIeCiB 3HOCY Ta YTBOPEHHS 3HOCOCTIHKHUX IIapiB B YMOBAX JIii iHHOBaIiHHUX MaTepiajiB J03BO-
JSIOTh CHOPMYJITFOBATH YMOBU 0OPOOKH MOBEPXOHB TEPTS JUIs 3HIKSHHS 3HOCY, 3MILIHEHHS TIOBEPXOHb, BiTHOBJICHHS
(YHKIIOHATFHOTO CTaHY 3HONICHWX MOBEPXOHb 0€3 3YNMHMHKH eKCIUTyaTallil MeXxaHi3MiB. Po3po0ieHO TeXHOIOTivHI
MpUHOMY BHECEHHS IHHOBAIIHHIX MaTepialiB y BY3JIH TePTH, IO JO3BOJISIE OTPUMYBATH SIKICHI 3HOCOCTIHKi IIapy Ha
TIOBEPXHAX Hap TepTsl.

Knrouosi crnosa: 1HHOBaIHHI MaTepiay; mapa TEpTs; MIKPOCTPYKTYpa; TBEPIICTh; MOPCTKICTh; 3HOCOCTIHKICTB;
BiZIHOBJICHHSI IOBEPXOHb TEPTSI

Beryn IO BiJNIOBiZIaI0Th HOBOMY aBTOMOOIJIIO, 10 TPaHu-
YHO JIOIYCTUMHMX, & ITOTIM 1 10 TPAaHUYHUX 3HAYCHb,
IIPU SIKUX HOAAJIbIIE 3aCTOCYBaHHS 3a MPU3HAYECH-
HAM HenpunycTuMe abo Hemomiasae [10].

OCHOBHOIO MTPUYHHOI0, IO BUKJIMKAE 3MiHY Te-
XHIYHOTO CTaHy, € 3HOC JIeTaleil, By3IiB, arperaris
i cuctem aBTomMoOins [1, 10, 13].

B cyyacHuX aBTOMOOWIAX BEJIMKA KIIBKICTh Jie-
TaJiel, SIKi MPaIoTh B YMOBaX TEPTsl, HAPUKIIA/,
JeTani JBUTyHA BHYTpimHboro 3ropanns (/IB3).
Croromai 99,8 % aBTOMOOUILHOTO TPAHCIIOPTY

BaxxmmBuM 3aBJaHHSM aBTOMOOLIEHOTO TpaHC-
MopTy € 3a0e3redyeHHs SKICHOTO Ta Oe3leyHoro
Horo QyHKIIIOHyBaHHSI.

XapakTEepUCTHKOIO, SIKa CYTTEBO BIUIMBAE HA
e(eKTHBHICTh BUKOPUCTAaHHs aBTOMOO1IBHOIO Tpa-
HCTIOPTY Ta HaAiIHHICTh TPAHCIOPTHHUX 3ac00iB, €
TexHiYHMi cTad aBToMo0bimiB [10].

B nporieci po6oTu aBTOMOOLIS TOKa3HUKU HOTO
TEXHIYHOTO CTaHy 3MiHIOIOTHCSI BiJl MOYAaTKOBHX,
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B cBiTi mpamoe Ha JIB3. Astopu poboru [24] Bu-
CIIOBITIOIOTH IYMKY, 1110, HE3BKAIOYH HA PO3BUTOK
eJIeKTPOMOOLNTIB 1 Ti0puaiB, 85...90 % TpaHncnopt-
HOI eHeprii Oyxe HaaXOAWTH Bij 3BUYAHOTO Pin-
KOTO TajinBa, K€ NpuBoANTh y mito B3, mo 2040
POKY.

3HaueHHs Mpo0iIeMu 3HOCY Ta 11 MacmTabu xa-
paKTepU3yIOTh TaKOXK HACTYMHI IUGPH: Y THIIO-
BOMY JICTKOBOMY aBTOMOOLII Osu3bko 79 % eHeprii
BUTPAYAETHCS HA TIOAOJIAHHS TEPTS Ta BTPATH; BU-
TpaTH Ha MOJOJAHHS TEPTSA MOIJHMHAIOTH 0 Tpe-
THUHH €HEpTii, 0 BUPOOIISETHCS B CBITi; Yyepe3 3HOC
BY3J1iB TpubOOCHONy4YeHb BinOyBaeThes a0 80 % me-
xaHigaKX moaomok [1, 30].

[IpobmemMu 3HOCY neTaneid, By3IiB, arperariB
1 cCUCTeM aBTOMOOLITIB HaI3BUYANHHO aKTYyaJIbHI 1 IS
VYkpainu. ABTOMOOLTBHHIA TpaHCIOPT B YKpaiHi
HapaxoBye MoHaM 9,2 MIIH TPaHCIIOPTHUX 3ac00iB,
y TOMY YHCIi 6,9 MJIH JJETKOBUX aBTOMOOIIB, OJu-
3bK0 250 THC. aBTOOYCIB, 1,3 MJIH BaHTOKHUX aBTO-
M006iniB, moHay 840 THC. OIUHUIL MOTOTPAHCTIOPTY
[12]. Kpim Toro, GyHKIIOHYBaHHS aBTOMOO1IBHOTO
TpaHCHOPTY B YKpaiHi Mae cBoi 0cOOIMBOCTI, cepel
SKUX TexHiYHa Ta (a00) MopanbpHa 3acTapilicTh
Maibxe 70 BIZICOTKIB PyXOMOTO CKIIaay; CepemHil
BIK MapKy JIETKOBUX aBTOMOOLNIB B YKpaiHi csrae
22,7 pokiB, IO y /iBa pa3u MEPEBUIIYE el MOKa3-
HuK B €Bpormerickkomy Cotrosi (€C) — mpubnmusHO
11,5 pokiB; KiIbKiCTh aBTOMOOIMIB, SIKi €KCILTyaTy-
10Thest oHax 10 pokis, ctanoBUTh 83 % [12].

3HOIIYBaHHS AeTanel, By3JiB, arperaris Ta Cu-
CTE€M aBTOMOOIJISI IPUBOIUTH 0 PYHHYBaHHS I10Be-
PXOHB CITONYYEeHUX JieTajeld, HOPYIIeHHs 1X NepBi-
CHHUX reoMeTpuyHuX hopm, 00’emis, Bar [1, 8, 9, 12,
15].

Kpim Toro, 3mMiHa TEXHIYHOTO CTaHy aBTOMOOi-
JIB, 10 BiIOYBAETHCS B Pe3yiIbTaTi TEPTsI, IPH3BO-
JUTH 10 3pOCTaHHS MMTOMUX BUTPAT HA 3aracHi va-
CTHHH, TEXHIYHE OOCIYroByBaHHS Ta peMOHT [1,
15]. V pemoHTHHX po0oTax, siKi MMOraHO Tmijjia-
I0TBCS MEXaHi3allii Ta aBTOMaTu3allii, 3aifHATa pH-
ONM3HO JiecsiTa yacTuHa po00Y0i CHIIM BUCOKOT KBa-
migikarrii.

HaBeneni naHi 1eMOHCTPYIOTh 3HaYEHHS 1 PO3-
MipH npoOJieMH 3HOLITYBaHHS JAeTalieil 1 By3/iB aB-
TOMOOLIIB Ta 1X HACIIAKH.

CphOroiHi iCHy€ BeJIMKa KIJIbKICTh CITOCOO1B ITijI-
BUILIEHHS 3HOCOCTIHKOCTI fieTaneii aBTOMOO1IiB, Ha-
MPUKIAJ, TepMiuHa OOpoOKa, MOBEpXHEBUH Ha-

KJIETI, JIeTyBaHHA Ta iH. [[po0ieMu 3HOITYBaHHS fe-
TaJleli aBTOMOOLIIB YCIIIIHO BHPIIIYIOTHCS 3aCTO-
CYBaHHSM MAaCTWIBHUX MaTepialiB, SKi MiCTATbH
TpaauIiitHi mpucaaku (opra"ivni pocdaTtu, opraHi-
4Hi Cynb(iaH, OpraHidHI MeTaleBi CIOIYKH Ta iH.)
[7-9, 11, 17, 27].

AJe epeniueHi MeTOAH BIUTMBY Ha MPOIIECH Te-
PTS 1 3MEHIIICHHS 3HOIIYBaHHS AeTajieil aBTOMOOi-
JIiB 4acTO € HENOCTATHHO €(hEKTUBHUMHU, TIPH BHUCO-
KHX MaTepiaJIbHUX Ta eHePreTUYHHUX BUTpATaXx.

[TepcrieKTHBHUM HAIpsSIMOM BUPIIIEHHS IIPO-
OneM 3HOLTYBaHHSA JleTalieil aBTOMOOLTIB € 6e3po3-
OipHwmii cepsic (Smart self Technology) — HoBuit Ha-
MIPSIMOK Y TEXHOJIOTii PEMOHTY aBTOMOOLTIB, KUK
€ KOMILIEKCOM POOIT 3 TEXHIYHOTO 00CTYTOBYBaHHS
i MMOTOYHOTO PEMOHTY BY3IiB Ta MeXaHi3MiB 0e3
MIPOBEJIEHHS PO30MPaIbHO-CKIAMANBHAX POOIT i3
3aCTOCYBaHHSM HOBHUX MacCTHJIBHUX MaTepialib.

3 Hi€I0 METOI0 aKTHBHO JOCHIDKYIOThCS HaHO-
MPUCAJIKH A0 MACTHIIBHUX MaTepialis:

— Ha OCHOBI MeTajiB (MeTaieBi, OKCHU/HI, CYIIb-
¢biani TOMO);

— Ha OCHOBi Byriemio (rpadeH, HaHOTPYOKH,
(hynepeH, HaHOAIMA3H);

— HaHoKoMmmo3uTHI cuctemu [18, 20, 21, 23, 29,
30].

3a oCTaHHI POKH 3pOCiia KUTBKICTh JOCIiKEHb
MarHii-CHITIKaTHUX CIONYK 1 MPHPOTHUX CHITIKAT-
HUX MiHEpaJliB B AKOCT1 TPUOOTIPUCAJIOK.

JocnipkeHHs BIUIMBY TPUCAJIOK JI0 MAaCTHIIb-
HUX MaTepiaiiB Ha MMOBEPXHI TePTS i TPUOOIOTIUHI
XapaKTePUCTUKH MapH TEPTS «CTallb — CTalIb», SKi
poBeJieHI B poOoTi [26], mokasainu, 1m0 B pe3yiib-
TaTi 00pOOKH BiAOYBAETHCS 3MiHA CTPYKTYpPH CTall
1 I IBUIIIEHHS MIKPOTBEPIOCTi. Pe3ynbpraTn minaTBe-
PKYIOTh MIPHUITYIEHHS PO YTBOPEHHS KepaMidHO1
(cepBOBITHOI) IUTiBKH, SIKa Ma€ 3HAYHO OLTBIINNI 3a-
nac IIACTUYHOCTI TIOPIBHSHO 3 TIOBEPXHEIO 3 OKCH-
JTHOIO ILTIBKOO, IO 3a3BHYAil IPUCYTHS HA MOBEP-
XHI TIPH TEPTi 3 MACTHILHUM MaTepianoM 0e3 mpu-
CaJIKH.

ABTopu poboT [25] mpoBenyu TOCIiKEeHHS Ma-
CTHUJIBHHX MaTepiaiiB Ha ocHOBI HaHO-SiO;. Tecty-
BaHHS MAaCTWJIBHHUX MaTepiajiB 3 Pi3HOK KOHIEHT-
pamiero mpucagok: 0,5 mac. %, 1,5 mac. %,
2,5 mac. %, 3,5 mac. % Ta 4,5 mac.% HaHO-SiO; 10-
Ka3alii, 10 MacTWJIbHUI Marepian 3 3,5 mac. %
HaHO-SIO; 7103BOJIE 3MEHINUTH BTPATH BiJ 3HO-
LICHHS IeTaliei, B cepequboMy, Ha 42,43 %.
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B po6ori [19] mpoBeneno mociimKkeHHsT TpHOO-
JIOT1YHUX BJIACTMBOCTEH CyMIlll HAaHO-TiAPOKCUAY
cwiikary marsito (MSH) ta mikpoByrienesux chep
(CS). ABTOpamu moBeeHo, o po3kiaganass MSH
€ KIIF0YeM JI0 MPOSBY CHHEPTreTUYHOTO IPOTH3HO-
HIyBajbHOTO edekTy 3 amopduum Byrierem (a-C).
Pesynprarn mokaszanu, mo nporoHu H+, mo BuBi-
TMBHSIOTHCS B pe3ynbTari poskiaganas MSH, mo-
XKyThb edexktuBHO nepeTBoproBati Feo,Oz Ha FesOs
Ha 3HOLICHUX MOBEPXHAX JEeTalCH.

JocmimkeHass TpruOOIOTIYHOT TTOBETIHKHA HAHO-
komno3utiB MSH/MoS, nokasaio, mo aHTu(puk-
LifHI XapaKTEPUCTHKH 1 3HOCOCTIHKICTh MOBEPXOHb
TepTs mokpamryroThest Ha 44,8 % 1 41,2 %, Biamo-
BifHO [22]. OTpuMaHi pe3ynbTaTi aBTOPH MOSICHIO-
I0Th YTBOPECHHSIM MIIlHOI ABOIIAPOBOi TPUOOILTI-
BKH, BEpXHIi Map SKOi MiCTUTh BENHKY KUIBKIiCTh
MoS,, mo 3a6e3neuye moOpi aHTHPPUKIIIKAHI BIac-
THUBOCTI, TOJ AK CYCiAHIN 1map, SKUH CKIAJAEThCS 3
MSH, npoaykTiB peakiii MaCTHIbHOI IPUCAAKH Ta
MeTaiy, 3a0e3nedye cTadlIbHICTh IePIIOTOo Iapy.

VY pobori [28] mocmimkeHO KOMIIO3UTH 3 MOJIi-
tetpadToperrneHoBoi Matpurieto (PTFE) 3 mBoda-
3HUM apMYBaHHSM Ha OCHOBI aHTUTOPHTY Ta BOJIa-
CTOHITY. Pe3ymbraT moOKa3amu, IO TOPIBHIHO
3 JOJJABaHHSM MOHOQHTUTOPUTY 200 BOJNACTOHITY,
KOMITO3HUTH, OTPHMaHi IUISIXOM OJTHOYACHOTO HATIO-
BHEHHS JIBOX MiHepatiB, MPOJAEMOHCTPYBAIN Yy-
JIOBI TPUOOJIOTIYHI BIACTUBOCTI: CepeHii Koedii-
€HT TepTs Ta 00’eM 3HOCy Kommo3utiB (10Atg +
20W1)/PTFE 3menmmmucs Ha 44,2 % ta 71,4 %, Bin-
1oBiTHO, y iopiBHstHHI 3 ynctuM PTFE. ITix yac npo-
1ecy TepTs Ha 3HOIICHUX MOBEPXHSX K JBO(DA3HO
apmoBanux PTFE marpuyHuX KOMITO3UTIB, TaK i Bi-
JMOBIIHAX CTAJIEBHX KyJbOK YTBOpWJIACS CYILLIbHA
TpUOOILTIBKA, IO CKIANAEThcs mepeBaxHo 3 SiOy,
MgSiO;, Mg.SiOs, MgO, CaO, CaMg(SiOs), Ta
CaF [28]. 3meHIIeHHS TepTs Ta 3HOCY HOSICHIOETHCS
apmytounM edexrom minepaiiB Ha PTFE marpuirio,
a TaKOXK CKJIAJIHUMHU (i3MYHUMHU Ta XiMIYHHMH pea-
KIISIMH Ha MEXI1 TepTs, CTUMYJIbOBAaHIMHU CHHEpTe-
TUYHAMH e()eKTaMHu MK JBOMa MiHEpaJIaMH.

ITpoBeneHuit OrIIsIT HAYKOBUX JIKEPEI IMOKA3YE,
0 OJTHUM i3 TIEPCIIEKTUBHUX IUISXiB BHUPIIICHHS
mpo0JieMu 3HOCY JeTajeil aBTOMOOUTB B yMOBax
C€KOHOMIYHOI KpHU3H 1 Ie(iluTy pecypciB € po3po-
OKa HOBMX IHHOBAIIMHUX MPUCAIOK 10 MACTUIIBHUX
MaTepiajiB, a JOCIIPKEHHS! 3MiHU MOBEPXOHb 1 iX
BJIACTHBOCTEH € aKTyaJIbHOI0 HAayKOBO-TEXHIYHOIO
3a1a4ero.

Meta

MeToto poOOTH € AOCIiAKEHHS BIUIUBY iHHOBA-
UiHHUX MaTepianiB IJii PEMOHTY aBTOMOOLIIB Ha
CTPYKTYPY 1 BIACTHBOCTI TOBEPXOHB TEPTS JIeTaNICH
1 MOYKJITMBHIH MEXaHi3M B3a€MOJIii MaTepiaiiB B TPH-
0OCTIOTyYeHHSIX.

MeToauka

B po0oTi BUKOpUCTaHI HACTYITHI METOIH TOCITi-
JDKEHHSI: TEOPETUYHI JOCTiIKeHHs (kmacudikaris,
cucTeMaTu3allisl), aHali3 Ta y3araJbHEeHHS BiJOMUX
HayKOBHX PE3yNbTaTiB, EMITIPHYHI METOAH (TIOPiB-
HSTHHSL, CTIOCTEPEKEHHSI ), eKCIIEpUMEHTANIBHI AOCTi-
JoKeHHsI (MeTanorpadiyHuil aHai3, BAPOOYBaHHS
Ha MIKpPOTBEPIiCTh, 3HOCOCTIHKICTh, BUMipIOBaHHS
[IIOPCTKOCTI TIOBEPXHi).

IHHOBaIiiHI MaTepianu, IKi JOCIIMKEHI B PO-
00Ti, € MOpPOIIKaMH Ha OCHOBI IIPHPOJTHOTO MaTepi-
ay BITYM3HSHOTO POJOBHUINA, IO HAIEXKATh JO
IpyINHU CEPIEHTHHITIB, TUCTIIEPCHICTIO 1...3 MKM.

XiMIUHHMEA CKIIaJ JOCIIIKCHUX MaTepialiB Mic-
THTH BEIIUKY KiJIBKICTh XIMIYHUX CJIEMEHTIB — OJIH-
3bK0 32 eneMeHTiB, y ToMmy uuci Mg, Si, Fe, Cu,
Ni, Pb, Zn, Co, Cr, aje 0CHOBHA Bara IpHIIagac Ha
MarHiu, KpemHid Ta ix okucima: Mg =~ 23 %, Si —y
Mexax Bix 18 % mo 21 %, MgO — mo 38 %, SiO —
10 45 %.

JocnimkeHHs BIUIMBY iHHOBAIlifHMX MaTepia-
JIiB OYJI0 TIPOBEICHO HA KOHCTPYKIIHHIN JIeTOBaHI i
crani 40XH, sika IUpoOKo BUKOPHCTOBYETHLCS HA aB-
TOMOOUILHOMY TPAHCIIOPTI 3aBASKH TO€JIHAHHIO
BHCOKOI MIITHOCTi, 3HOCOCTIMKOCTI Ta IporapToBa-
HOCTI.

[TinroroBka MetaneBux 3paskis 31 craimi 40XH
BKJIFOUAIIA:

— MexaHiyHy o0poOky (umutipyBaHHS, IMONIPY-
BaHHA);

— OYMIIEHHS CITUPTOM;

— BHUCYIIyBaHHSI.

JocnipkeHHsT TPOIIECIB TePTS IPOBEACHO Ha
BUNIPOOYBaJIbHOMY CTEH]Ii, IKMi CTBOPEHO Ha 0a3i
MamHy TepTst CMII-2, 3a cXeMOr0 poJINK — pOJTHUK:
OJIMH — PYXJINBHH, IHITUH — HEPYXOMHMIH.

HaBaHTa)keHHsI Ha 3pa3KH 31HCHIOBAIOCS B [ii-
amazoni Bin 0 kr/cm? 1o 350 kr/cMm2.

[IBuKiCTh BIAHOCHOTO TEPEMIllIEHHS MOBEp-
XOHB TepTs He nepeBuiryBaina 60000 Mmm/xB.

Yacrora obepTaHHS PyXOMOTO POJIMKA CKia-
nana n = 500 00/xB.
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TemnepaTypa HaBKOJIHMIIHHOTO CEepEIOBHUIIA:
20...25 °C.

YMOBU TepTsA: Yy MacCTHIBHOMY CepelOBHII
3 IHHOBAIITHIMH TIPHUCATKAMH.

Konnenrpariist mpruicagku 10 MacTHIBHOTO Ma-
Tepiany cranoBuia 0,1 % wmac.

MacTunsHuH MaTepiall T0IaBaBCs B 30HY TEPTS
3 pesepByapy €MHICTIO 50 MJI O XJIOPBIHIJIOBIii
TpyO1i 3 KepaMiuHUM HaKOHEYHUKOM. Butpara ma-
CTHJILHOTO MaTepiaiay CTaHOBWIIA 4 Kparuti/XB.

BunpoOyBaHHS TPOBOAMIIHCS 1T ITUTOAUHHUMEI
LIUKJIaMH 13 3yMUHKaMH Yepe3 KOKHY TOJUHY IS
BU3HAYCHHS BEJIMYMHUA 3HOCY METOIOM 3Baxy-
BaHHSI.

Y nporeci 06poOKK KOHTPOIIOBAIHN TaKi mapa-
METpH: TeMIIEpaTypy, CHUIy CTPyMy, THCK, BEIU-
YUHY TUIIMA KOHTaKTY.

MikpocTpyKTypa, MIKpOTBEPIiCTh, MOPCTKICTh
1 3HOCOCTIHKICTh MOBEpXHi 3pa3kiB 3i cranmi 40XH
JOCTIDKEHO Y BUXIJHOMY CTaHi 1 Micisi 00poOKu
IHHOBAIITHAM MaTepiaoMm.

MertanorpadiuHi AOCHiIKEHHST 3pa3KiB MPOBO-
JTWIM 3a JOMOMOToK Mikpockomnie MIM—-9 Ta
Neophot-2.

JL1st MIKpOCTPYKTYPHOTO aHaJIi3y 3pa3KiB BUTO-
TOBJISLIY ILTi(hH 3T1IHO 3 METOIUKOIO [3].

[lomipyBaHHST 3pa3KkiB POOMIIM 32 JTOTIOMOTOIO
aJMa3HOI IIacTH.

TpasieHHs 3pa3KiB MPOBOAWIN y CTAHIAPTHOMY
tpasutedi (4 % po3unn HNOs B eTanomi).

BumiproBaHHS MIKpOTBEPAOCTI 1 TOBIIWHU
OTPUMAaHMX IapiB mpoBoawiIH Ha mpuiaai [IMT-3
BJIABIIIOBAHHSIM AJIMA3HOI YOTUPUTPAHHOT MipaMiu
3 KyTOM TpH BepmuHi 136°, mpu HaBaHTaXEHHIX
0,49 H i 0,98 H, BUTpUMKH mil HaBaHTOKEHHIM
15 ¢, Biamogiamo 10 BuMOT [2]. JloCiimKeHHS BUKO-
HYBaJIHCS IIUISIXOM TPUPA30BOTO MOBTOPEHHSI BUMi-
piB gk 1O mupuHI nuTiha, Tak i B IAMOWHY 3MilHE-
HOTro mapy. Bifctanb MK TOYKaMH BHMIipPIOBaHHS
cranoBmia 0,25...0,50 mm.

[lopcTkicTh MOBEpXHI BUMipIOBaiach mMpoino-
METpOM: Jliara30H BUMIPIOBAHHS TJIMOWHH: JI0
200 mxm; Tounicts: 0,01...0,05 mxMm [5], [6].

BusHaueHHs BTpaTé MacH 3pasKiB 37iHCHEHO
IUITXOM 3Ba)KyBaHHS Ha aHAJII THYHUX Barax i3 To4-
Hictio 1o 107 1.

Ha mouarkoBomy eTari Oyo IpoBeJcHO 3BaxKy-
BaHHs 3pa3KiB y BUXIHOMY CTaHi, 0 3a0e3rnedye
0a30Be 3HAUEHHS MacH JUIs MMOJANBIINX PO3PaxyH-
KiB.

[Ticns 3aBeprieHHs BUIPOOYBaHb 3pa3ku OyIo
OYMILICHO BiJ MPOJYKTiB 3HOLIYBaHHS, 3HE)KUPEHO
3 METOI0 YCYHEHHS BIUIUBY MOBEPXHEBUX 3a0py/I-
HEHb Ha Pe3yJIbTaTH BUMipIOBaHb.

3Ba)kyBaHHS JTO3BOJISIE BCTAHOBHUTH (PAKTHIHY
Macy 3pasKiB MiCJs €KCHEPUMEHTY: PI3HHLS MiX
MOYAaTKOBUM Ta KiHI[EBUM 3HAYCHHSIM MacH BH3Ha-
Ya€eTHCS K MMOKA3HUK BTPATH MAcH, IO XapaKTepu-
3y€ IHTEHCUBHICTbH MPOLIECIB 3HOLTYBAHHSI.

PesyabTaru

B mporieci 00poOKHM TTOBEpXOHb TEPTS TOCITI-
JDKEHUMH MatepiajlaMH iCTOTHY pOJib BiAirparoTh
CUJTIKaTH.

Cuikaty — 1ie CIIOIYKU XIMIYHHAX €IEMEHTIB i3
KpeMHieM, 110 TIepeOyBarOTh Y HAWBHUIIOMY CTYIICHI
OKHCJICHHS 1 YTBOPIOIOTH 13 KHCHEM KpEeMHIii-KHC-
HeBi Terpaeapu [SiO4]* [14].

OCHOBHUM CTPYKTYPHHUM €JICMEHTOM CHUTIKAaTiB
e rpyna [SiO4]* 3 Si* y nentpi 3 wotupma O? B Be-
pIIMHAX TeTpaeapa 3 pebpaMu IOBKUHOK 2,64 A
(puc. 1).

VY cknaji iHHOBaIIHHUX MaTepialiB € CHIIKaTH
MarHiro y pisHHX Qopmax i3 3arajbHo0 (OopMYyIIoH
nMgO-mSiOa.

3asexHO Bix KOHIEHTpaIll kpemHesemy (SiO2)
PO3pI3HAIOTH OPTO-, MipO-, METa-, TUCHIIIKATH Ta
iHmIi mpocrti cumikatu [14].

3a xapakTepoM CTPYKTYPHHX MOTHUBIB, TeTpae-
apu [SiO4]* MOKYTB 3’€IHYBaTHCSA B KOMIUIEKCH Pi-
3HUX (POpM: KiJIbIIEBi, JIAHIIOTOBI, IIAPYyBaTi, Kap-
kacHi Ta inmn [14]. Jlo TaHIFOroBMX CHIIIKATIB Ha-
JIE)KUTh €HCTATHT, a J0 CHIIKATIB i3 IIapyBaTOIO
CTPYKTYPOIO BIJJHOCATBHCS CHJIIKATH T'PYI TaJIbKY,
CEpPIICHTHHITY, KaOJiHITY.

HM |

"

0.16

|l<

0

Puc. 1. Terpaeapuuna oprorpyna [SiO4]*
Fig. 1. Tetrahedral orthogroup [SiO4]*
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[IpupomHi cumikaTd MICTATH Bei (as3u, sSKi Bij-
MOBITArOTh Aiarpami ctany cuctemu MgO-SiOy, ane
OCHOBHUMH (DazaMu € POPCTEPUT Ta CHCTEPHUT.

®opcreput 2MgO-SiO, mae poMOiUHYy KpHCTa-
NiuHy pemiTKy 3 mapamerpamu a=4,770 A,
b=10,260 A, ¢=5,990 A. dopcrepur criiikuii
y BCBOMY Jiala3oHi TeMIlepaTyp, Ma€ TBEPIiCTb
7 oguHUIB 3a mKanow Mooca.

Encratur MgO-SiO; Mae cTpyKTypy, IO CKIa-
JIA€ThCS 3 HECKIHUEHHUX JaHILIOKKIB, 1 IBOX MOJII-
MOp(hHUX (POpPM: EHCTATHUTY i KIIIHOCHCTATHTY.

BaxxmBoo BIACTHBICTIO CHIIIKATIB € iX 31aT-
HICTh O B3a€EMHOTO YTBOPEHHS TBEPAWX PO3UMHIB
Ta (a30BUX NMEPETBOPEHB.

CpOro/igi BeIvKa KUJIbKICTh JeTallell aBTOMOO1-
JIiB BUPOOJIAETHCS 3 OCHOBHMX KOHCTPYKITIHHUX Ma-
TepialiiB — CTajie i yaByHiB. Y CTPYKTYpi cTane Ta
YaByHIB, 3riIHO 3 Aiarpamoro crany Fe-C, Byriens,
MpU OYIb-SIKUX KOHIICHTPAIISAX, MPUCYTHIH yV BH-
i nementuty (FesC, 1). Ilpu Bmicti Byrmerro
C <0,8 % eMEeHTUT BXOOUTH OO0 CKJIany HepniTy
(ID), a npu C >0,8 % — HEMEHTHUT CIOCTEPIraeThCs
y BUILHOMY BHTJISIII.

Ha puc. 2 nmpeacrapieHa KpHcTadidHa pPeIriTKa
nementury [16]. llemenTuT Mae poMOiuHy KpUCTa-
JMiYHY PEHNTKYy 3 HACTyIHUMH IlapameTpaMu:
a=5,077 A, b=6,776 A, c=4,515 A.

[NopiBHSHHS MapaMeTpiB KPUCTATIYHUX pelli-
TOK LIEMEHTHUTY 1 (opcrepury (Tadi. 1) mokasajio
MPAKTUYHO MTOBHMIA 30iT TapaMeTpiB MO JTBOX KOOP-
JTUHATHUX OCSX. BIM3BKICTh MapaMeTpiB KpHCTai-
YHHX PEIIiTOK IEMEHTHUTY Ta (JOPCTEPUTY JT03BOJISIE
YTBOPIOBATH Ha MOBEPXHI CTall CHIIIKATHI CIIOIYKH
0€3 CYyTTEBOT'O CIIOTBOPEHHS iX KPHCTATIYHHX PEIlli-
TOK, II0 A€ BaXKJIUBO JUIS MPOXOJUKCHHS IUQy-
31HHUX TPOIIECIB.

Puc. 2. Kpucraniuna peuritka nementury FesC

Fig. 2. Crystal lattice of cementite FesC

JocmimkeHHs IHHOBalIMHUX TTPUCAI0K 10 Mac-
TUJIBHOTO MaTepiany OyJ0 IpOBEACHO Ha KOHCTPY-
KuilHil nerosaniii ctani 40XH, sika BUKOPUCTOBY-
€THCS I BATOTOBJICHHS BUCOKOMIIIHUX BIIIIOBIIA-
JBHHX JIETaNeH, SKi MPaIio0Th B CKIATHUX YMOBaX
JTUHAMIYHUX 1 yTapPHUX HaBaHTaXKCHb, TEPT.

31 cram 40XH BHroToBisIOTHL OCi, BaJiM, Ia-
TYHH, 3yOdacTi Kojieca, My(pTH, BaJIH-IIECTIpHI,
IINWHJE, OOJTH, BaXKeli, ITOKH, IWIHIPH Ta
1HIII BIANOBINAIbHI HABAHTAXKEH] JeTal.

Taonums 1

I[MapameTpu KpUCTATIYHUX PELTiTOK
LIeMEHTHUTY Ta (popcrepury

Table 1
Crystal lattice parameters of cementite and forsterite
Iapamerp, A
dopcre- a=4,770 b =10,260 ¢=5,990
pur
Ilemen- c=4,515 2a=10,154 | b=6,726
TUT
Pizaurs 0,255 0,106 0,736
napameT-
pis, A
Pizuuns 5,3 1,0 10,9
rnapamer-
piB, %
Ximiuamii  ckaam  cram  40XH  HaBegeHo
B Tab. 2 [4].

Tabnuus 2

Ximiunmii ckiaaa crauai 40XH

Table 2
Chemical composition of 40XH steel
Byrneup 0,36...0,44
Kpewmniit 0,17...0,37
Mapranens 0,50...0,80
Xpom 0,45...0,75
Hikens 1,00...1,40

Buxigna crpykrypa crami 40XH — ctpykrypa
mics HopMaltizamii — mpeAcTaBieHa 3epHaMu de-
pUTY Ta IpiOHOIIACTHHYACTOTO MEPIITY.
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[lix wac BumpoOyBaHHS, YaCTHHKH MaTepiary
MPUCAKH TIOTPAIUISIOTH 31 3MAaIICHHSIM Y 30HY Te-
pTS 1 MiANAIOTBCSA BIUIMBY KOHTAKTHOTO THCKY.
B pe3ymbrari mhoro BiAOYBA€ETHCS MPOIEC PYHHY-
BaHHSI JCSKUX KPUCTAJIB IPHUCAIKH 1 YTBOPCHHS aK-
TUBHUX paaukaiiB. OJHOYACHO 3 UM, KPHUCTAIH
MIPUCAAKH, SIKI MAIOTh OiIBIII BUCOKY TBEPIICTh, PO-
OJIATh MIKpOIUTi(hyBaHHS TTOBEPXOHBL TEPTS Ta BH-
JTAJICHHST OKUCHUX ILTiBOK. TakuM 4unHOM, BijOyBa-
€ThCS MiITOTOBKA KOHTAKTYIOUUX TTOBEPXOHb JI0 Ca-
MOTO TIpOIleCy 0OpOOKH MacTHILHUM MaTepiajioM
3 IPUCAKOI0, 3MEHIIICHHS IOPCTKOCTI MOBEPXHi Ta
11 aKTHUBAaLsL.

Ilix miero KOHTAaKTHUX HaBaHTa)KCHb BinOyBa-
€ThCs 3aMillleHHs KaTioHiB Mg?* B kpucTanax npu-
ca/iky Ha KaTionu Fe?* 3 yTBOpeHHAM TBEpIHX PO3-
guHiB. BHACTIIOK IIbOTO HA TTOBEPXHI TEPTS YTBO-
PIOETHCS Map METaIOKepaMiKH, IO MIITHO OB’ s3a-
HUN 3 TOBepxHer netaidi (puc. 3). 3MaTHICTH
CHJIIKATIB 10 YTBOPCHHS B3aEMHUX TBEPAHMX PO3UU-
HiB TPHU3BOJNUTH IO TOTO, IO METaTOKepaMidHHI
1ap Ha MOBEPXHI TEPTS CKIAMAEThCS 3 PI3HUX 3a
CTPYKTYPOIO CHOJIYK (B1Jl HECKIHYCHHHX I1apiB 1 Jia-
HITFOKKIB 10 amMop(dHOI (a3u), SKi MOB’sI3aHI MK
co0010 1 3AaTHI A0 ToJANBIINX (ha30BUX MEPETBO-
PEHb.

1
o S

Puc. 3. Crpykrypa cram 40XH micis Tepts
B YMOBaX MaCTHJILHOTO MaTepiany 3 BHKOPUCTAHHAM
npucaixu, x 400

Fig. 3. Structure of steel 40XH after friction
in a lubricant with the use of an additive, x 400

HocnimkeHHs micias oOpoOKH MaCTHILHUM Ma-
TEpiajoM 3 MPUCATKOIO MMOKA3aJI0, 10 KOMIOHEHTH
npucajku JUQYyHIYIOTh Y TIOBEPXHEBI MApH CTaJIi i
YTBOPIOIOTH CIIEU(IUHI TBEpI PO3UMHHU 1 XIMiuHI
CTIOJIYKH, TJIMOMHA MPOHUKHEHHS SKUX CTAaHOBUTH
0,1...0,2 mm.

Ileit mporiec TpuBae OTH, JOKU BCS MOBEPXHS
MeTaly He OyJe HacHueHa MaTepiaJoM MpUCalKu.
3aBeplLeHHs MPOLeCY HACHYCHHS MOBEPXHI TEPTs
MarepiajioM TMPHUCAAKUA CYHPOBOIKYETHCS PI3KHM
3HIDKEHHSIM Koe]illieHTa TepTs Ta TEMIepaTypH BY-
3712 TepTSI.

Y miamoBepxHeBux mapax craii 40XH crocre-
piraeTbCsl TOAPIOHEHHS IIEMEHTHUTHUX ILIACTHH
y HEpJIiTi.

TakuM YHHOM, MPOIECH, IO BiAOYBAIOTHCS
B 30HI TepPTs Ipu 00POOITi MACTHIIEHUM MaTepiaioM
3 JOCHIDKEHUMH MpPUCAJKaMH, MOKHA PO3IiINUTH
Ha YOTUPH C€TaIH:

1 — axTHBaIis MOBEPXHI;

2 — agcopOrist MaTepiary MpUCagKy MMOBEPXHeE-
BUMHU Irapamu cram 40XH;

3 — mudy3is MaTepiaxy IpUCAAKHU 3 TIOBEpPXHE-
BOTO APy yriubd MeTamy;

4 — BiTHOBJICHHS TIOBEPXOHb TEPTS 31 3MEHIIICH-
HSIM IIOPCTKOCTI.

BumiproBaHHS MiKpOTBEpAOCTI MPOBOAWIN Ha
npwiani [IMT-3 (puc. 4).

Puc. 4. MikpocTpyKTypa NoBEpXHEBUX IIapiB
3 BiIOMTKaMH ajMa3Hoi mipamiau, x 300

Fig. 4. Microstructure of surface layers
with diamond pyramid indenter, x 300

B Tabn. 3 mpencraBieHO pe3yibTaTH JIOCIi-
JUKEHHS IIIOPCTKOCTI, MEXaHIYHHX 1 eKCIUTyaTaIlii-
HUX BJIACTHBOCTEH KOHTAKTYIOUMX MOBEPXOHb: Mi-
KPOTBEPIOCTi, 3HOCOCTIHKOCTI.

JocimimkeHHsT MIKpOTBEPAOCTI 00pOOISHUX T10-
BEPXOHb TEPTS I03BOJIMIIO BCTAHOBUTH TIEBHY 3aJIe-
JKHICTh. MIKpPOTBEPIICTh TIOBEPXHEBOTO IIapy, IO
BHSIBIIETBCSI HA MIKPONDTi(hi y BHUIJIAII CBITIOL
cMyTH (puc. 3), BIIPI3HAETHCS BiJ BUXiAHOT TBEP/IO-
cti cranmi 40XH, 1, K paBuII0, 3HAYHO HIEPEBUIIYE
ii (puc. 5). Ha rmmbuni nopsaaxy 0,2 M i Oinbie
MIKPOTBEPIICTh TIOPIBHIOETHCS 3 BUXITHOK MIKpO-
tBepaicTio crami 40XH. MakcumanbHe IIiBH-
IIEHHS MiIKPOTBEP/IOCTI 3HAXOIUTHCS Ha TITUOWHI J10
0,04 MM Big moBepxHi TEPTSI.
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Tabmums 3
BaacTtuBocti noBepxHeBux mapis craji 40XH
Table 3

Properties of the surface layers of steel 40XH

Cranp MexaHi4Hi 1 eKCIITyaTaliigi
40XH BJIIACTUBOCTI
MIKpOTBEp- | MIOPCTKICTH | 3HOCOCTIHKICTBH
AicTs, Ra, MKkM
HV
BUXIIHUI 200 1,25 1,510t
CTaH
CTaH MiCIs 585 0,2 0,4-1011
00poOKHu
HV 700

600

500

400 -

300

200

100 +

0,15 0,2

0 0,05 0,1 0,25 0,3

h, mm

Puc. 5. 3anexHicTh MiKpOTBEPIOCTI CTai
40XH Bix raubuHYU wapy:
1 — o6pobka 3 mpucaakoro 1; 2 — 06poOka 3 mpucagKor 2

Fig. 5. Dependence of microhardness
of 40XH steel on layer depth:
1 — treatment with additive 1; 2 — treatment with additive 2

[IpoBeneHi BHUIIPOOYyBaHHS TOBEPXOHb TEPTH,
o o0poOIieHi MacTHIILHIMHU MatepiajiaMu 3 Tpu-
Ca/IKaMH, TI0Ka3aJi 301IbIIEHHS TBEPIOCTI IIOBEPX-
HEBHX IIapiB y 3 pa3u, SMEHIICHHS MIOPCTKOCTI KO-
HTAaKTYIOUMX TMOBEPXOHb Yy 6 pa3iB, MiJBUIICHHS
3HOCOCTIHKOCTI y 4 pasu. IlinBuieHas TBepAOCTi
KOHTaKTHUX IOBEPXOHb B IOEIHAHHI 3 HU3BKOIO
IIOPCTKICTIO TPU3BEIO J0 BUHUKHEHHS YHIKab-
HOTO aHTU(PUKIIHHOTO edeKTy.

Ha ocHoBi poBenieHNX 10CHIKEHb PO3pO0IIeH]
TEXHOJIOTIYHI TPUAOMH BHECEHHS 1HHOBAIlIHHHX
MatepialiB (IpUCaOK) y BY3IH TEPTSL, IKi JO3BOIIS-
I0Th HE TIJIbKM 3HAYHO 3HU3UTH 3HOIIYBAaHHS, aje
i BIAHOBUTHU (YHKLIOHANBHUH CTaH 3HOMIEHHUX IO-
BEPXOHb JIeTaJIeH.

HaykoBa HOBHU3HA Ta IPAKTUYHA
3HAYUMICTh

OOrpyHTOBaHO BHUKOPHCTAHHS 1HHOBAIIHHUX
MaTepiamiB 1y 3ar00iranHs 3HOCY Ta BiTHOBJICHHS
(hyHKIIIOHATFHOTO CTaHy IOBEPXOHB TEPTS IeTaICH
aBTOMOOLIIB.

BcranoBneno Mmexani3M il iIHHOBaLliiHUX MaTe-
piaiB, sIKui MOJISITaE B CIPSMOBaHii 10HHIN nudy-
311 KOMIIOHEHTIB CIEliaJbHOTO TPHUOOIOTiYHOrO
CKJIAZy.

HocmimkeHo MexaHiuHi 1 eKCIITyaTalliitHi Biac-
tuBocTi ctaim 40XH Ta BCcTaHOBJIEHO, IO IIiABH-
LICHHS] TBEPJIOCTI KOHTAKTHUX MOBEPXOHB Y MOE-
HaHHI 3 HA3bKOKO IMIOPCTKICTIO MPU3BOAUTH /IO BH-
HUKHEHHS YHIKaJIbHOTO aHTH(PUKIIHHOTO eeKTy.

[IpoBeneHi MOCHiIPKEHHST MPOLECIB 3HOCY Ta
YTBOPEHHSI 3HOCOCTIHKHX IIapiB B YMOBaxX Jii iHHO-
BallifHUX MaTepiajiiB JT03BOJIAIOTH CHOPMYITIOBATH
YMOBH OOpOOKHM MOBEPXOHb TEPTS IS 3HWKEHHS
3HOCY, 3MII[HEHHS] IOBEPXOHbB, BiAHOBJICHHS (YHK-
[IOHAJIFHOTO CTaHy 3HOIICHWX MOBEPXOHb 0€3 3y-
MUHKY eKCIUTyaTallii MexaHi3MiB.

Po3pobieHo TeXHOMOTIYHI TPUIHOMH BHECEHHS
IHHOBAIIMHUX MaTepialiB y BY3JH TEPTA, IO JO-
3BOJISIIOTH OTPUMYBATH SIKICHI 3HOCOCTIHKI IIIapH Ha
MOBEPXHSX Map TEePTH.

BucHoBku

B pobori 3ampornoHoBaHi iHHOBaIliifHI MaTepi-
aJIi Ha OCHOBI1 CEPIIEHTHHITIB 10 MACTHUIILHUX MaTe-
pianiB. B ocHOBY po3poOKu MOKJa/ieHo i/1el BHKO-
PHUCTaHHS MaTepialliB HOBOTO ITOKOIIIHHS Ta YIpaB-
JIHHS TpoIlecaMu, 1110 BiI0yBarOThCS B 30HI KOHTa-
KTy TIap TepTs JAJs MiABUIIEHHS 3HOCOCTIHKOCTI Ta
JIOBTOBIYHOCTI TPHOOCIIONY4EHb.

[IpoBeneHi exkcnepuMeHTa bHI OCIiKEHHS
MEXaHi3My B3a€MOJIil IHHOBAILIMHUX MaTepiaiB 3i
cramno 40XH B ymoBax TepTsi, SIKi BKJIIOYAIOThH
aHaJTi3 XiMIYHOTO CKJIay MOPOIIKOBUX MaTepiajiB,
MeTanorpadiuHi JOCITiKEHHS TOBEPXOHb TEPTS Ta
3MiHH X MEXaHIYHHX 1 eKCTUTyaTaliiHIX BIaCTHBO-
cTel.

Mo>JIMBHI MeXaHi3M il IHHOBAIIHHUX MaTepi-
aliB y TPUOOCIIONYYCHHSX IOJISITAE B CIPSIMOBaHIH
10HHIM 1ndy3ii KOMIOHEHTIB CEeUiaIbHOTO TPUOO-
JIOTIYHOTO cKIIaay. KoMIoHeHTH iHHOBaI[iHHIX Ma-
TepianiB TUPYHAYIOTh Y TIOBEPXHEBI [IapH MaTepi-
aJly TIOBEPXOHb TEPTS Ta YTBOPIOIOTH MeTaloKepa-
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MiYHI ITapH, IO SBISTFOTH COOOI0 PO3YMHH KOMIIO-
HEHTIB JOCHTIDKCHUX MaTepianiB y (a3oBux ckia-
noBux craii 40XH.

JochimkeHHs] MEXaHIYHUX 1 eKCIUTyaTaiifHuX
BIIACTHBOCTEW TIOBEPXOHB TEPTS ITOKA3aJIH, 110 TBE-
PAICTH Ta 3HOCOCTIHKICTh TOBEPXHEBOTO mapy 30i-
TBIIYIOTECS Y 3 14 pa3u BIAMOBITHO, a MIOPCTKICTh
KOHTaKTHUX ITOBEPXOHb 3MEHINYEThCA y 6 pasiB.
[ligBuieHHsT TBEPAOCTI KOHTAKTHUX TTOBEPXOHb
y TIOETHAHHI 3 HU3BKOIO IIOPCTKICTIO MPU3BEIIO 10
BUHUKHEHHS YHIKQJIBHOTO aHTH(pUKIiHOTO ede-
KTY.

[IpoBeneHi mociipKeHHS MPOLECIB 3HOCY Ta
YTBOPEHHSI 3HOCOCTIHKHX IIapiB B YMOBaXx Jii iHHO-
BallifHUX MaTepiaiiB IT03BOJIAIOTH CHOPMYITIOBATH

yMOBH OOpPOOKH TOBEPXOHb TEPTS AJISI 3HIKCHHS
3HOCY, 3MII[HEHHS] IOBEPXOHbB, BiAHOBICHHS (QYyHK-
LIOHAJBHOTO CTaHy 3HOUIEHUX MOBEPXOHb 0e3 3y-
MMMHKY eKCIUTyaTallii MexaHi3MiB.

Po3pobireHo TeXHOMOTIUHI MPUHOMH BHECEHHS
IHHOBAIIfHUX MaTepialiB y BY3JIH TepTs, WO AO-
3BOJISIIOTH OTPUMYBATH SIKICHI 3HOCOCTIHKI IIapH Ha
TTOBEPXHIi IMap TePTA.

3anpornoHoBaHi 1HHOBAIlIlHI MaTepiaii J03BO-
JISIIOTh HE TUTBKW 3HU3HUTH 3HOC TIOBEPXOHBb TEPTH,
a TaKOXX BIAHOBUTH (YyHKIIIOHANBHAN CTaH 3HOIIIE-
HUX MTOBEPXOHb 0€3 MPUMHUHEHHS eKCIUTyaTallii Me-
XaHI3MiB.
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Research on Innovative Materials for Automobile Repair

Purpose. The main purpose of the work is to study the influence of innovative materials for car repair on the
structure and properties of friction surfaces of parts and the possible mechanism of interaction of materials in tribo-
logical pairs. Methodology. The following research methods were used in the work: theoretical research (classifica-
tion, systematization), analysis and generalization of known scientific results, empirical methods (comparison, obser-
vation), experimental research (metallographic analysis, microhardness testing, wear resistance testing, surface rough-
ness measurement). Findings. Innovative materials based on serpentinites are proposed. The development is based on
the ideas of using new-generation materials and controlling the processes occurring in the contact zone of friction
pairs to increase the wear resistance and durability of tribological combinations. Experimental studies of the mecha-
nism of interaction of innovative materials with 40XH steel under friction conditions have shown that the hardness
and wear resistance of the surface layer increase by 3 and 4 times, respectively, and the roughness of the contact
surfaces decreases by 6 times. The components of innovative materials diffuse into the surface layers of friction sur-
faces and form metal-ceramic layers, which are solutions of the components of the studied materials in the phase
components of 40XH steel. The proposed innovative materials not only reduce the wear of friction surfaces, but also
restore the functional condition of worn surfaces without interrupting the operation of mechanisms. Originality. The
use of innovative materials to prevent wear and restore the functional condition of friction surfaces of automotive
parts has been substantiated. The mechanism of action of innovative materials has been established, which consists in
the directed ion diffusion of components of a special tribological composition. The mechanical and operational prop-
erties of 40XH steel have been studied, and it has been established that an increase in the hardness of contact surfaces
in combination with low roughness leads to a unique anti-friction effect. Practical value. Studies of wear processes
and the formation of wear-resistant layers under the influence of innovative materials allow us to formulate conditions
for treating friction surfaces to reduce wear, strengthen surfaces, and restore the functional state of worn surfaces
without stopping the operation of mechanisms. Technological methods for introducing innovative materials into fric-
tion units have been developed, allowing high-quality wear-resistant layers to be obtained on friction pair surfaces.

Keywords: innovative materials; friction pair; microstructure; hardness; roughness; wear resistance; restoration of
friction surfaces
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IHigBuieHHs piBHSA 0e3MeKH i 3aXUIIEHOCTI TPAHCIIOPTHOI iHGpPacCTPYKTYpH
Bi/l IOBITPAHMX 3arP0O3 HA OCHOBI IX AKYCTHYHOI ifeHTH]iKaLil

MeTta. MeTo10 10oCIiIKeHHS € IIIBUICHHS PiBHS 0€3MEKU Ta 3aXMIIEHOCT] TPAHCIOPTHOT iHPPACTPYKTYpPH LIS~
XOM CTBOPEHHS IHTEIEKTYaIbHOI CHCTEMH MOHITOPHHTY, 34aTHOT BUSABIIATH Ta KJIACH(IKyBaTH MOBITPSHI 3arpo3u 3a
iX aKyCTHYHMMH XapakTepucTHKaMu. PoOora crmpsiMoBaHa Ha pO3pOOJICHHS aJTOPUTMIB IONEPEAHBOTO PO3Ii3HA-
BaHHS OC3MUIOTHUX JITAEHUX allapaTiB i KPIJIATHX PAaKeT Y 30Hi BiAMOBINANBEHOCTI iHPPaCTPYKTypHUX 00’ €KTIB, IO
€ aKTyaJbHUM B YMOBAaX TiOPHIHMX 3arpo3 Ta 3pOCTaHHS POJIi aBTOHOMHHX cucTeM Oe3nekn. Meroauka. Bukopuc-
TaHO KOMIDICKCHHH MiXif, AKAH 00’ €IHy€e MeToIu HU(PPOBOI 0OPOOKH CUTHAIIIB, MAIITMHHOTO HABYAHHS Ta MIiKPOKO-
HTpOJIepHUX o0unciiens. st moOynoBM HaBYaIbHOI BUOIPKM MPOBEAEHO CHEKTPAJIbHUI aHalli3 aKyCTUYHHUX CHTHA-
Typ MOBITpsiHUX 00’ €KTIiB y cepenoBuiui MatLab i3 3actocyBannsm naketiB Audio Toolbox i DSP System Toolbox.
OCHOBHUMH O3HAaKaMH CUTHaJIIB ctanu Mel-uactoTHi kenictpaibHi koedinientn (MFCC), mo 3abe3neunnu epexTu-
BHE BH/IUJICHHS IHPOPMATHUBHUX YaCTOTHUX KOMIIOHEHTIB. Moenb Ty4yHOT HeWPOHHOI MEpexki, ONTUMI30BaHa ISt
koHTposiepa STM32, peanizoBana 3 Bukopuctanusm 0id6miorek CMSIS-DSP ta X—~CUBE-AL [Ins nepenaBanus aa-
HUX MK CEHCOPHHUMH BY3JIaMH 3aCTOCOBaHO 0e31poToBi nmpotokoiu ZigBee i LoRa, 110 103B0st0Th hopMyBaTu
MacintaboBany eHeproeekTuBHy Mepexy. Pesyabrarn. Cructema 3abe3mneuye peecTpallito, aHami3 i kiacudikairo
3BYKOBHX CHUTHAJIIB y PEXNMIi peasbHOTO Yacy 3 TouHicTio 85-90 %. Po3pobienuii mpoToTHI CEHCOPHOTO BY3Ia i3
MEMS-mikpodoHOM BHKOHYE OOYHCTICHHS JOKAIBHO, O3 MOTpedu B XMapHUX cepBicax. HaykoBa HoOBH3HA. YTiepiie
3aIPONOHOBAHO KOHIICTIIFO 1HTEerpallii akyCTHYHO1 i1eHTH(]IKaIli] HOBITPSHUX 3aTP0O3 Y CHCTEMY MOHITOPHHTY CTaHy
TPaHCIIOPTHOI iHYPACTPYKTYPH 3 BUKOPUCTAHHAM BOYIOBAaHOTO LITYYHOTO iHTENIEKTY, aBTOHOMHOTO HaBYaHHS Ta JIO-
KaJIbHOTO NPUHHATTS pimeHs. [lpakTuuna 3HaunMicTb. OTpUMaHi pe3yabTaT MOXKYTb OyTH BUKOPUCTaHI JJIsI CTBO-
PEHHS MEpEeK PaHHbOTO BHUSBIICHHS 3arpo3, MOJICPHi3allil CHCTEM MOHITOPUHTY KOHTAaKTHUX MEPEX, 00’ €KTIB KpUTHY-
HOI 1H(PACTPYKTYpH Ta 3a0e3MeUeHHs TEXHOJIOTTYHOT He3aJIeKHOCTI y cdhepi 0OOPOHHMX i TPAHCIIOPTHUX PIllISHb.

Kniouosi croea: 3anizuuns; inhpacTpykrypa; enekrpudikailis; KOHTAKTHA MEpPEXa; MOHITOPHUHT; Oe3MeKa; aKyc-
TUYHA i1eHTH(IKALisT; TOBITPSHI 3arPO3H1; MIKPOKOHTPOJIEPHI OOUUCIICHHS; MEJI-4aCTOTHI KETICTPaJIbHI KoedillieHTH;
HEHpOHHa Mepexa

Beryn Mepex. OcoOIUBO BaXIIMBY POJIb BIIIMPAIOTh €JICK-
TprudikoBaHi 3aMi3HULI, SKi 3a0€31euyloTh 3HaYHi
€KOJIOTIYHI TIepeBaru: e1eKTPOIoi3ii CYyTTEBO 3HU-
KYIOTh BUKUJIM TTADHUKOBUX ra3iB, MiHIMI3YIOTh 3a-

3amizHuuHa 1HQPACTPYKTYpa, HE3aJEKHO Bix
TOTO, Y BOHA eNIEKTPHU(iKOBaHA, UM MPAITIOE HA JH-
3eJbHIA TA31, € KIOYOBUM €JIEMEHTOM e(eKTHB-
HOro QyHKIIOHYBaHHsI II00aJIbHUX TPAHCIIOPTHUX
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OpyIHEHHS MOBITPS Ta CHPHUAIOTH JOCATHEHHIO ITi-
JIe CcTanoro po3BUTKY. Y TOPIBHSHHI 3 IU3EIb-
HUMH CHCTEMaM{, BOHHU BIAPI3HSIOTHCS BUILOO
eHepProeEeKTUBHICTIO Ta CKOHOMIYHOIO OITUTHHI-
CTIO, JO3BOJISIIOTH AOCSITaTH OUTBIINX LIBUIKOCTEH,
3a0e3MeuyIoTh Kpally AUHAMIKY PyXy W 3HWKYIOTb
piBenp mrymy. CyKymHICTh IUX TepeBar poOHTH
eNeKTpu(iKalilo OCHOBOIO CTaIMX TPAHCIOPTHUX
pillleHb, MiJBUILYIOYM BOJHOYAC EKCILTyaTaliiiHy
HAJIAHICTD 1 KICTh JKUTTS HACEIICHHS, SIKE TIPOXKH-
Ba€ MOpyd i3 3ai3HUIIMHU. ToMy y Oaratbox Kpai-
HaX CBiTy eJeKTpUQiKallis 3aTi3HUIb CTala Mpiopu-
TETHUM HaIpsIMOM iHBECTHIIIH, 30KpeMa B €Bporii,
A3ii Ta IliBHIUHIN AMmepwuri, SKi CbOTOIHI JTEMOH-
CTPYIOTh JIIZICPCTBO Y BIPOBAKCHHI YUCTHX, IIIBHU-
JKICHHX 1 HAIHHUX TPAHCIOPTHUX CHCTEM.

OpHak, SK eneKTpu]iKoBaHi, TaKk 1 HEEIEKTPH-
¢ikoBaHi 3aJi3HAYHI CHCTEMH CTUKAIOThCS 31 3HAY-
HUMH TPOOJIeMaMH, MOB'SI3aHUMH 3 TEXHIYHUM 00-
CIIyTOBYBaHHSM, O€3MEKOI0 Ta EKCIUTyaTalliifHOO
HaziiHicTIO. [loBiTpsHI HiHIT B enekTpudikoBaHUX
Mepexax, 30KpeMa, CXWJIbHI 10 3HOCY, MOIIKO-
JDKEHbB, TIOB'SI3aHKX 3 MOTOJHIMH YMOBaMH, Ta MOT-
PpeOyIOTH 4aCTOTO TEXHIYHOTO OOCITYyTOBYBaHHS IS
3a0e3neueHHs Oe3neyHoi Ta edekTuBHOI podoTu. Li
npoOJeMHu MOXYTh MPHU3BECTH 10 MepeboiB y 00-
CIIyTOBYBaHHI, BHCOKHAX BUTPAT Ha TEXHIYHE 00CITy-
TOBYBaHHS Ta 301IBIIIEHHS Yacy MpocTor. [HTepHeT
peueii (IoT) mpornoHye NepCreKTUBHI PIlICHHS A5
MOHITOPHHTY 1HQPACTPYKTYPH B PEXKHMI pealb-
HOTO 4Yacy, U0 103BOJISIE IPOBOANUTH MPOTHO3HE Te-
XHIYHEe OOCIyroBYBaHHS, sike mependadae 3001 Ta
ONTUMI3y€ Tpadiku TEXHIYHOTO OOCITYrOBYBaHHS.
Hampuxian, npuctpoi IoT MoxyTs BuMiptoBaTH
KPUTHYHI €JIEKTPUYHI TapaMeTpH, TaKi SIK Hampyra
Ta CTPYM B MPHCTPOSIX €IEKTPONOCTAYaHHs, JI0TO-
Mararo4M 3MEHILINTH BTpaTH eHeprii Ta 3abesme-
9uTH Oe3nedHy Ta e(peKTUBHY POOOTY CUCTEMH.

B ocranHi poku 3'aBuiiacs HOBa Ta HarajibHa 3a-
rpo3a s 3alli3HUYHOI 1HPPaCTPYKTypH: HEIOPOTi
6e3nioTHi JitaneHi amaparu (BILJIA), mupoko Bi-
JoMi sik apoHu. TpuBarounii KOHQIIKT B YKpaiHi
MIJKPECIUB BPA3JIMBICTh KPUTUYHOI 1HPPACTPYK-
TYPH, OCKUIBKH JPOHH BUKOPUCTOBYIOTHCS JUISI Ha-
IUTFOBaHHS Ta TIONIKOJPKEHHS [[IHHUX aKTHBIB, Ta-
KHX SIK 3QJII3HWYHI Ta CHEepreTH4Hi cuctemu. Tpa-
JOULIAHI CUCTEMHU NPOTUIOBITPSHOI 00OpOHHM Ma-
I0Th TPYAHOLII 3 BHUSBIICHHSM Ta MEPEXOIUICHHIM
[IMX HEBEJIMKUX HU3bKOIITAIOUUX 3arP03, SKi BAXKKO
BIJICTeXKYBaTH 3a JIONIOMOTOI0 3BUYAHIX METOIB.

e cTBOpmiio HarampHy mOTpeOy B iHHOBAIHIX
IiIX0/1aX, 30KpeMa, i JI0 BUSIBIICHHS Ta ieHTU(iKa-
1ii IpOHIB y cUCTeMax MOHITOPHHTY iH(ppacTpyK-
TYpH.

30iNbLICHHS] iHTEHCUBHOCTI BOPOKMX aTaK Ha
00’€KTH KPUTUYHOI iHPPaCTPyKTypH, B T.4. TPaHC-
mopTHOI (3ai3HUYHI CTaHIIi, BY3JIH, TATOBI IMiCTa-
HIii, JeT0, MOCTH TOWIO), JIe, 3AeOUTBIIOTO, MiCIs
OTOJIOIICHHS TOBITPSHOI TPUBOTU HE TPHUIUHSI-
€TBCS POOOTA 1 TEXHOJIOTIYHI MPOIECH, 3HATHO TTif-
BHIIy€ TOTEHIIIHI PU3UKHU ISl IEPCOHAITY, TOMY
noTpedye BAOCKOHAICHHS CHCTEMH O€3MEKH TaKUX
00’€KTIB.

s 3aBYacHOTO TIOTIEpEDKEHHS POOITHHUKIB
mpo HeOe3MeKy BHUKOPUCTOBYETHCS HalllOHATbHA
crcTeMa OMOBIIIEHHS MPO MOBITPSHY TPHBOTY MO
OKpEeMHUX O0JIaCTSIX KpaiHW, OTHAK JJI 00’ €KTIB IO
HE MPUMUHSIOTH CBOI0 POOOTY BXKJIMBHM € BHU3HA-
YyeHHsI HeOe3MeKk Ha OUIbIN JIOKaTbHOMY (00’ €KTO-
BOMY) piBHI, III0 MOXKe OyTH peai3oBaHO Ha OCHOBI
HOBITHIX TEXHIYHUX 3ac00iB 32 pPI3HOMAHITHHX 03-
Hak. B kiHIeBOMy BHIAIKy 3aB4yacHe MoIlepe-
JDKEHHSI J03BOJIMTH TpalliBHUKaM HE 3YNHHSIOUYH
TEXHOJIOTIYHI MPOIEeCH BCTHTATH BXKUTH HEOOXi-
HUX OE3MEeKOBUX 3aXOJliB, HANpPHKIAA TOKUHYTH
BPAa3JUBI JUISTHKY 1 IPOCITIYBaTH B yKPUTTS a00 Ha
OLIbLI Oe3meuHi MaliTaHYNKH.

O2ns0 memoodig ioenmughikayii nosimpaHux 3a-
2po3. BusBneHHs HaOMMKEHHs TIOTSHIIIIHOT TOBIT-
psiHOT 3arpo3u 6a3yeThest HA OCHOBI Pi3HUX (i3nd-
HUX NPUHLHMIIB, 30KpeMa ONTHYHOTO, PaIiojoKa-
HIKHOTO Ta aKyCcTU4HOTIO [2, 8, 26]. Cucrema ifeH-
TUdikalii TOBWHHA 3a0e3ledyBaTH HE JIMIIE
(hikcamiro (akTy MOTPAIUIIHHS MOBITPSIHOT HEOe3-
MeKd B KOHTPOJHOBAHWH MPOCTip (BHUSIBICHHSN),
a ¥ po3mi3HaBaHHs TUITY, BU3HAYCHHS TIapaMeTpiB
pyxy (HampsiM, BUCOTA, MIBUJIKICTB), Ta CEJIEKIII0 B
YMOBax Pi3HOTO POy 3aBaj Ta MOXKIIUBICTh 1HTET-
pauii ganoi iHpopManii B cuctemy Oe3meku OibIn
BHCOKOTO PiBHSI.

EdexTuBHE BHpilICHHS IaHMX 3aBJaHb Ha CY-
YaCHOMY TE€XHOJIOTTYHOMY PiBHI MOTpeOy€E MepBUH-
HUX 3HaHb Ta 6a3 JaHUX MPO YHIKAIbHI TOPTPETH
BIUIA pi3Hoi ¢i3nuHOi mpupoan Ta IX MOXKIUBI
3MiHHM, IO JO3BOJISE MIIBUIIYBATH AKICTH 1JICHTH-
¢ikarii i oOMiH iH(QOpMAIIi€l0 Ha OCHOBI BUKOpPHC-
TaHHA METOAIB LITYYHOrO iHTeNeKTy. B Tabn. 1 Ha-
BEJICHO MOPIBHSHHS OCHOBHUX MOXKJIMBOCTEH 3aco0-
0iB BUSIBIICHHS MOBITPSIHUX 1ijei [2]. Tpeba 3ayBa-
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XKUTH, M0 YHIBEpCaIbHUX 3ac00iB BUSIBICHHS
BITJIA 3a HamiiiHICTIO, BCEMIOI'OQHOIO JI€I0 1 TOYHI-
CTIO BU3HAYCHHS KOOPJWHAT HE ICHYE, TAKOXK BaX-

JTUBUM (DaKTOPOM CHCTEMH iAeHTHdIKaIii € 11 Bap-
TICTh, IPOCTOTA I MOXKIIUBICTh IIBUAKOTO PO3TOp-
TaHHs.

Tabnuns 1
ITopiBHSIHHS XapaKTEePUCTHK 32C00iB BUSBJICHHS MOBITPSIHMX Hebe3NeK
Table 1
Comparison of characteristics of air hazard detection devices
3aco0u BHABIICHHS MOBITPSIHUX HeOE3MeK
XapaKTepUCTHKH - - — -
OnTuyni Panmionokarriiai AKycTHYHI
BusiBienus 00MEKeHO 00MEKEHO 00MEKEHO
PosniznaBanHs 0e3 0OMexKeHb 00MEKEHO 00MEXKEHO
Cenexiis 0e3 0OMEXEHb 00OMEXEHO 00OMeEXEHO
BuwmiproBanHs
p . 00MEKEHO 0e3 0OMeKCHD 00MEKEHO
JATBHOCTI
BumiproBaHHS KyTa 0e3 oOMexeHb 0e3 0OMeXCHb 00MexeHO
BumiproBanas
. 00MEXKEHO 00OMEKEHO 00MEKEHO
IIBUIKOCTI
3a1eXHICTh Bif
CHJIbHA criabxa cepeaHs
MOTOJTHUX YMOB
3aeKHICTh BiJl 30BHIIII-
.. . CHJIbHA HE 3aJICKUTH HE 3aJICKUTh
HBOI OCBITJIICHOCTI
Baprticth cepeHs BHCOKa HHU3bKa

OnruyHi 3ac00H € JOCUTHh HAMIMHUMH IS BUSIB-
JICHHSI MaJIOPO3MIPHHUX, MAJIOIIBHIKICHUAX 1 TaKUX,
II0 MalOTh MaJli 3HAYSHHS TEIUIOBOI Ta pajlioJoKa-
wiitHoi curuatyp BITJIA [6].

BaxmBuM TOKa3HUKOM €(EeKTUBHOCTI OITHY-
HUX 3aco0iB € Mexa BusiBieHHs BIIJIA pizHOT po3-
MIpHOCTI 7151 00’ EKTUBY ONTHKO-EIEKTPOHHOT CHC-
TEMH 13 3aJJaHUM KyTOM TIOJISL 30py Ta (POKYCHOIO
BiJICTAaHHIO 32 METEOPOJIOTIYHOT AAJILHOCTI BUIUMO-
cti 100 xM i1 xoedimieHTi po3CitOBaHHS Y BUIANMI
o0sacti cnektpa [20]. SkicTh onTUYHOI ineHTUI-
Kallii CyTTEBO 3aJICKUTh Bl 3MIHU CHEKTPAIbHOTO
KoedillieHTa POMYCKaHHSA aTMOC(EepH 3a JTOBXKH-
HaMU XBHJIb, TAKOXX 3aJIKHUTH Bl METEOPOJIOTIHHOT
NAIBHOCTI BUJAUMOCTI 1 BU3HAYAETHCA IOTOJHUMU
YMOBaMH.

PanionokauiifHuii KOHTPOJIb TOBITPSHOTO IPOC-
TOPY € JIOCHTh €(PEKTUBHUM Y TOMY BHUITAJIKY, KOJIU
noMiTHICTh (BinOuBHa 31atHicTh) BIIJIA B miama-
30H1 paIlOXBUIIb Bi/IMTOBiAa€ pO3Mi3HABAIBHIN 37aT-
HOCTI pajaiosioKalliiHoi crauiii. BinOusHiI BaacTH-
BocTi BITJIA B pamiosokamiidHid CTaHIi OIIiHIO-

I0ThCS 32 €(hDEKTUBHOIO TUIOIIEIO PO3CiOBaHHSI TOBi-
TpsiHoro 00’exTa [3].

HesBaxaroun Ha Te, 10 pajioyioKamis € JOCTaT-
HbO HAJiHUM 3aCO00M KOHTPOIO TIOBITPSHOTO
MIPOCTOpY, 3aBJaHHs BUSBICHHS Ta iIeHTU(IKaIT
MaJIOPO3MIPHOTO  MAJIOMIBUAKICHOTO  YAAapHOTO
BIUJIA 3 manow e(eKTHBHOI IUIONICI0 PO3Cio-
BaHHs CTaHOBHUTH mpobiemy [3]. BITJIA 3 macoro
MeHIe 5,0 KT CyTTEBO 3BYKYIOTh MEXi IXHbOTO BHU-
SIBJICHHS, @ BUCOKA YacTKa pajionpo30pux Marepia-
JIiB B KOHCTPYKIIii Mai)ke YHEMOXKIIUBJIIOE TXHE BH-
SIBJICHHS 3a JIOTIOMOTO0 pajiosiokanii [25]. Takox
BapTO 3a3HAYUTH, IO PAJIOJIOKAIIIHI CTaHII] € aK-
TUBHMMH 3aC00aMM CKaHyBaHHS HOBITPSHOTO IPO-
CTOPY, a uepe3 IXHE BUIPOMIHEHHS ITiJ] 4ac PoOOTH
CTalOTh Bpa3IMBUMHU 110 npotupanapuux BIUIA.

BaxummBoro iHpopmatuBHOIO o3Hakor BITJIA
il Yac IMOJILOTY € aKyCTHYHE BHIIPOMIHIOBAHHS,
ske no3Bousie BUsABIATH BIIJIA B ymMoBax Koo O1I-
THUYHI Ta pagionoKaliiiHi 3aco0u He 3a0e3MedyIoTh
HEOOXIJJHOT TOYHOCTI. AKYCTHYHI (3BYKOBi) XBHIII,
mo rexepyrotbest BIUIA, nommprooThes y npoc-
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TOpi 1 MOXKYTh (PIKCYBaTHCS aKyCTUIHUMU TPUiTMa-
YaMu curHaiy (MikpogoHamu), SKi MepeTBOPIOIOThH
aKyCTHYHHUHA THCK Ha eNIeKTPUYHUI curHait. Mexi
aKyCTUYHOI'O BMSBJICHHS BH3HAYAIOTHCS YYyTJIMBI-
CTIO MiKpO(OHIB.

bxepenamu 3BykoBux xBuib BITJIA 3a3Buuait
€ PyXoMi YCTaHOBKH 1 JIONaTi MOBITPSHUX TBUHTIB,
Jie 4acToTa TeHEPOBAHOTO 3BYKY KpaTHa 4acTOTi
oOepTaHHsI KOJIIHYAaCTOro Bajla IMOPLIHEBOTO JBU-
T'YHA, KITBKOCTI Ta YaCTOTi 00epTaHHs JIomaTei mo-
BITPSHOTO TBHHTA, a IHTEHCHBHICTH 3BYKY 3aJe-
KUTh BiJ] IBUKOCTI OOTIKaHHS JIOMATEH MOBITPAM
[9].

VY peaapbHOMY CepeIOBHIII aKyCTUIHE BUIIPOMIi-
HIOBAaHHS 3raca€ BHACIIJOK B’S3KOCTI MOBITpPs Ta
MOJIEKYJISIPHOTO TepTsl. 3aracaHHs 3ByKOBUX XBHJIb
TakoX BIiTOYBa€Tbcd TPU IXHROMY MOIIUPEHHI
B3JIOBXK TOTJIMHAIOYO1 TTOBEPXHI Ta BU3HAYAETHCS 11
KoedilieHToM noriauHanHs. OHaK ICTOTHIILY POJib
y 3racaHHi 3BYKOBHX XBWIIb BiJirpae TypOyJeHT-
HicTh OBITpst. HeaOusiky Bary B mboMy Bifirpae Bi-
Tep 1 BUCXiHI MOTOKM MoBiTps. Ha HU3bKMX YacTo-
Tax IOJATKOBE 3aracaHHs 3aJIe)KUTh BiJl BiicTaHi 10
JDKepela 3ByKy, a Ha Janekux (moHaza 4 kM) BijcTa-
HSIX BHCOKI YaCTOTH MPAKTUYHO HE BiYYTHI.

3acTrocyBaHHSI aKyCTUYHHUX CHCTEM BUSIBICHHS
3a0e3redye BU3HAYCHHS IEJICHTY JIITATBHOTO ara-
paty Ta #oro xiacy (Tumy). AKyCTHYHI CHCTEMH,
MaroTh Taki nepesaru [17]:

— 3a0e3MmeuyloTh CTiiKe aBTOMAaTH4YHE BHSIB-
JICHHS MAJOIIBUAKICHUX MAaJOBHUCOTHHUX IOBITPS-
HUX 1iJ1ed B Oy/Ib-SIKHX TIOTOIHUX YMOBaX Ta B yMO-
Bax CKJIAJHUX PeIbe]iB MiCIIEBOCTI;

— CKPHTHICTh POOOTH Ta 30epeKeHHS mparie3ia-
THOCTI B yMOBaX PajlioeIeKTPOHHOT MIPOTH/IIT;

— Maxi rabapuTH, HU3bKE EHEProCHOXHBAHHS
Ta Kpallli TOKa3HUKHN «e()eKTUBHICTh—BaPTICTHY.

TakuMm yrHOM, 3aBIaHHS aKyCTHYHOI i1eHTH(i-
kauii BITJIA 1 kpunatux paker noJjsrae y po3poori
MOJIeJIi, SIKA 103BOJIUTD aI€KBATHO ONKCYBATH CIIe-
KTpaJIbHI 1 KOPEJAIiifHI BIACTHBOCTI aKyCTHYHOTO
CUTHAITy Ha 3HAYHHUX YACOBUX 1HTEpBaiax, Ta 3a0e3-
MEYNTH MiIBUIIEHHS CIIEKTPAILHOTO PO3PI3HEHHS B
00J1aCTi HU3bKOYACTOTHUX CKJIAJIOBHX CIIEKTpa J10-
CITIPKYBaHOTO CUTHAITY.

Icnyroui pivienns 0ns MOHIMOPUH2Y 3ANI3HUYHOL

ingppacmpyxmypu. Yucnenni pocuimkenss [7, 19]
CTOCYIOTBHCSI MOHITOPHHTY Ta 11arHOCTUKH 3aJli3HU-
4yHOT iHQPACTPYKTYpH 3 METOI MiJBHIICHHS Oe3-

rekn Ta epeKTUBHOCTI eKcIuTyaTamii. B omHiit 3 Ta-
KHX poOiT npeacrasieHo cuctemy PAMAR SMD —
TMIarHOCTHYHUHN TPUCTPIH IS 3aTi3HHIHUX KOHTA-
KTHUX MEpeK, SKUil 30Mpae maHi B peKuMi peajh-
HOTO Yacy MpO HaNpyTy >KUBJICHHS, TEMIIEPATypy,
BOJIOTICTb Ta 3araibHuil cTan cucteMu. Lis cucrema
CIpHUs€ MiABUINEHHIO OE3MeKH, 3HIKY€E BUTPATH Ha
BiJIHOBJICHHS Ta MiHIMI3y€ KOMITEHCAIlil, MMOB'sI3aH1
i3 3aTpuMkamu. [HIIE mOCTiIKEHHS 30cepeiKeHe
Ha MOHITOPUHTY CTPYMO3HIMadiB T 9ac ¢pakTud-
HOI eKCIUTyaTaii, MPeICTaBISI0YN IMiIXil HA OC-
HOBi CTaHWiH, SKWH BUSBISE MPOOIEMH HUISIXOM
aHaN3y BEPTUKAIHHOTO 3MIIMIEHHS KOHTAKTHHX
MIPOBO/IIB, CIIPUIMHEHOTO TPOI3IOM TT0i3iB. BusiB-
JIAIOYU HaJIMIpHI a00 HEJIOCTaTHI KOHTAKTHI CHJIH,
s cucTeMa 3abe3reuye OeslevHy Ta HaJidHy po-
6oty manTorpada.

CucreMa MOHITOPHUHTY KOHTAKTHOI Mepexi
Siemens Sicat® CMS (Ceterary Monitoring
System) [23] npononye Ge3niepepBHUil Ta OE3KOH-
TaKTHUH MOHITOPUHT CHJI HATSTy KOHTAKTHHX IIPO-
BOJIiB. BoHa OIliHIOE TaH] TaTYMKIB Ta MEepeac Biji-
¢inpTpoBaHy iH(MOpMaILiO I0 UEHTPIB yIPaBIiHHS
JUTSL IIBUAKOTO BUSABIICHHS Ta JIOKAIi3allii HeCIpaB-
Hocte. Cepell MOMITHUX OCOOJIMBOCTEH — HE1HBA-
3MBHI BUMIPIOBaHHS, sIKi 3a1100iraloTh 3HOCY MeXa-
HIYHUX KOMITOHEHTIB, HaJiliHe BUSIBJICHHS 3a JIOIO-
MOTOIO BiZICTE)KEHHS HaXHJIy TOBOPOTHOTO BasKells,
JIETKE MOJICPHI3YBaHHS iICHYFOUHUX CUCTEM Ta HU3bKI
BUMOTH 110 00ciayroByBaHHs. CHUrHami3alis, Kepo-
BaHa IMOJISMH, Ta IIbOBE TIOBIJOMIIEHHS PO He-
CIPABHOCTI Ie OLIBIIE MiJBHUINYIOTh EKCIUTyaTa-
HiliHy eheKTUBHICT O3 MepeBaHTAKEHHS IAHUMHU.

Kommawis Sensonic GmbH [21] po3po6una cu-
ctemy SonicTwin®, ska BHUKOPHUCTOBYE BOJIO-
KOHHO-ONITUYHE 30HJIyBaHHs BiOpamii ans orpu-
MaHHS IPOTHO3HOI iH(pOpMAIIil PO ILTICHICTH KO-
i Ta MOTEeHIIWHI pyu3uKY i Oe3nexu. Bukopuc-
TOBYIOYH iCHyI09y BOJIOKOHHO-ONITHYHY
KOMYHIKAIliiiHy iHppacTpyKTypy, Ile pillleHHs 3a-
Oe3nedye eKOHOMIYHO e(peKTHBHHI Ta MaciiTabo-
BaHUH MOHITOPHHT.

JlomaTkoBi JOCSTHEHHS B JIarHOCTHII 3ajIi3-
HUIIb BKIIIOYAIOTh IHTETPALil0 CEHCOPHUX TEXHOJIO-
rifi Ta aHaIi3 JaHUX Y PEKUMI peasibHoro vacy [13].
[Migxin «3akputoi cucremm» [14], sxuii mojsrae
B TOMY, 1110 Cy4acHi JaTYMKH iHTErpOBaHi 3 LIEHTpa-
JI30BaHUMH apXiTEKTypaMu MPUNAHATTS PILICHb,
JIO3BOJISIE TIOKPALIUTH OTEPATHBHICTh pearyBaHHS
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pu 00CITyTOBYBaHHI iHPPACTPYKTYPH 3aBISKH aB-
TOMaTUYHOMY BUSIBIICHHIO JeeKTHUX By3miB. [la-
paenbHi 3yCHIUIA B Taly3i 1HTEIEKTYaIbHUX CHC-
TEM TATOBOTO JKUBIIEHHS [15] cripssMOBaHi Ha OIITH-
Mi3allilo ynpaBlliHHS €HEProCIOKUBAaHHIM Ta 3Me-
HIICHHS KaIliTaJIOBKIIICHb 3aBJISIKU
ONTUMAaJbHOMY YIIPABIiHHIO IE€PETBOPIOBAYAMH,
MPUCTPOSIMUA HAKOIIMYECHHS €HEPTii Ta BiAHOBIIIOBA-
HUMH pKepenamu. Li pinreHHst 6a3yroThesl HA CHH-
XPOHI30BaHUX BUMIPIOBAHHIX PO3MOLTY HAIPyTH,
IO JIOCATAIOTHCS] 33 JOMOMOIOI0 MAaTONOTYKHUX
MiKpOKOHTpoOJepiB (Hanpuknaa, Atmegal 28RFAT)
Ta 0e3IPOTOBOI IIepenadi TaHuX.

Y KOHTEKCTI 3pOCTalounx 3arpo3 0e3merti, BUKo-
pHUCTaHHs OE3MiJIOTHHUX JNiTAIFHUX anapaTiB CTBO-
PIOE HOBI BPa3IMUBOCTI AJIsl KpUTHYHOT iHPpacTpyK-
TypH, BKJIFOYAIOUN 3aTi3HUYHI cucteMu. B moci-
JOKEHHI [28] mpejcTraBieHa aBTOHOMHA T1aThopma
BUSIBJICHHS IPOHIB JaJIeKOT0 pajiycy [ii, sika iHTe-
Tpy€e anapaTHi Ta IporpaMHi KOMIIOHEHTH 11 ee-
KTUBHOI JIoKaizauii uizeid. BoHa ocHamena anar-
TUBHOIO CHCTEMOIO (JOKYCYBaHHSI KaMepu Ta Hew-
POHHOIO Mepexero, o 3a0e3neuye TOUHICTh BUSB-
nerHa 95,5 % mna BigcraHsx mo 250 mertpiB.
Cucrema, mnoOynoBana na NVIDIA GeForce
GTX 1080, 00poOasie ABOMOTOKOBUEH Meia-BXif
3 HHM3bKOIO 3aTPUMKOIO Ta 3alUCy€ MOAil BTOPI-
HEHHS 3 KOHTEKCTHUMHU METaJaHUMHU.

e onnn nepcnekTuBHUi miaxin [11] Bukopuc-
TOBYE aJTOPUTMHU AKyCTUYHOTO BHSIBJICHHS Ta IJIU-
6okoro HauanHs 1t ineHTHDiKamii BIUJIA. 1106
nojxoyiatu JeiluT MapKOBaHUX ayJi0JaHUX JPO-
HiB, IPOTIOHYETHLCS T10pUaHNH HaOip JaHUX, 11O TO-
€IHY€ peaibHi 3allMCH 13 CHHTETUYHHAM ay/io, 3Tre-
HEPOBAHUM T'€HEPATHBHO-3MarajlbHUIMU MepeKaMu
(GAN). I[NopiBHsUTEHE TECTyBaHHS apXiTEKTyp HEH-
ponHux mMepex CNN, RNN ta CRNN gemoHcTpye
e(eKTUBHICTh TIOpUIHOTO HAOOPY NaHUX Y PO3Mi-
3HaBaHHI K BioMux, Tak i HoBux BILJIA, minTBep-
Tokyroun noteHrian GAN A miBUIIEHHS TOYHO-
cTi KiTacugikarii.

3pocratoya MomyJsipHiCTh APOHIB Y TAKUX Taly-
351X, SIK JIOTICTHKA, Oe3IIeKa Ta IHKEeHEePis, iIBHIIYE
aKTYaJIbHICTh ABTOMAaTH30BaHMX CHUCTEM BHSB-
nenus. Y [24] Mozenb BHUSABICHHS Ha OCHOBI
YOLOvV4 HaB4aeThCsl Ha 3MIlIAaHUX HAOOpax JaHUX
npo aponu Ta nraxu. OmiHKa IPOIYKTUBHOCTI BU-
KOHYETBHCS 3 BUKOPUCTAHHSIM TaKMX MOKA3HUKIB, IK
CepeaHsl TOYHICTh, MPELU3iiHICTh, MOBHOTA, F1-

ominka Ta FPS — mokasye, mo cuctema focsrae Bu-
COKOi MIBHJKOCTI Ta TOYHOCTiI BUSBJICHHS, 0CO0-
JUBO TIpH TecTyBaHHI Ha maTdopmax DJI Phantom
III ra DJI Mavic Pro.

Y CyKymHOCTI IIi JOCHIKEHHS TiAKPECITIOI0Th
LIBUJIKUAN PO3BUTOK Ta iHTETPALlil0 CHCTEM MOHITO-
PHUHTY IIMPOKOI 30HM Ta TEXHOIOTIH BHUSBICHHS
JPOHIB Y CydyacHHH 3axHcT iH(ppacTpykTypu. Buko-
puctaHHs 1wiathopMm IHTepHETYy peyeit, XMapHUX
004HCIIEHb Ta HEAOPOTUX BOYIOBAHUX CHCTEM J0-
3BOJISIE PO3TOPTATH MACIITaA0OBaHi, BUCOKOIIPOAYK-
TUBHI pilIEHHS AJIS1 MOHITOpPUHTY. BrimroueHns me-
XaHIYHUX Ta EKOJIOTIYHUX MapaMeTpiB IiIBHILYE
CTIMKICTh CHCTEMH, TOAl K INIMOOKE HAaBYAHHS Ta
reHepallisi CAHTCTUYHUX Ha0OpiB JaHUX 3HAYHO ITi-
JIBUIIYIOTH TOUHICTh BUSBJICHHS ApOoHiB. L1 iHHOBa-
1ii 3a0e3Mevy0oTh CBOEYaCHE BUSBICHHS HECIIPaB-
HOCTEH, eeKTUBHE IUIaHyBaHHS TEXHIYHOTO 00-
CIIyrOBYBaHHS Ta CTIMKICTh JI0 MOBITPSHHUX 3arpo3,
MiATPUMYIOUr Oe3nedny, Ha/iifHy Ta cTairy poOoTy
KPUTHYHO BKJIMBOI 3ai3HUYHOI IHPPACTPYKTYPH.

Merta

Mertoto 11i€i pobOTH € HaJaHHs KOMILIEKCHOTO
OTJISITY CYYacHOTO CTaHy TEXHOJIOTili MOHITOPHUHTY
3aJi3HUIb, BKIIOYAIOUH iHTerpauito [Hrepuety pe-
Yell JUIi MOHITOPHHTY CTaHy iH(PacTpyKTypu Ta
BUSIBIICHHS MTOBITPSHUX 3arpo3. Lle Bkmovae:

— aHaJi3 MOTOYHOTO CTaHy ICHYIOYHX pillleHb
JUISI MOHITOPHHTY 3aJi3HUYHOI iHPPacTpyKTypH;

— JIOCITI/KEHHSI aKyCTUYHHUX CUTHATY IOBITPS-
HUX 3arpo3 Ta iX iieHTudikaIiro;

— BUBYCHHS METOJIB IHTErpallii MallluHHOTO Ha-
BYAaHHS Ta HEWPOHHHX MEPEX Yy CHCTEMH BHSB-
JICHHS TIOBITPSHHUX y PEXKUMI PEabHOT0 4acy;

— pO3poOKy amapaTHOTO Ta MPOrPaMHOro pi-
IICHHS JIJIs BOYJOBAHOTO ayaio BHSIBJICHHS TOBIT-
PSIHUX 3arpo3 Ha OCHOBI IITYYHOTO iHTEJEKTY, OIl-
THMI30BaHOTO JUIsl BUKOPHCTaHHS Ha MIKPOKOHTPO-
NepHUX TaTdopmax.

Bupimyroun 11 misti, JOCTIKEHHS Ma€e Ha METi
CIPUATH PO3p0oOIIi OLIBII CTIHKHUX Ta Oe3MeYHNX 3a-
JM3HUYHUX CHUCTEM, 3JIaTHHUX 3aXHIIATH KPUTHIHO
Ba)KITMB1 aKTUBH BiJI HOBUX 3arp03, 30epirarodu npu
LBOMY OTlepaliiHy eeKTHBHICTb.

V it po6OTI pO3IIIAAAIOTHCS TEXHIYHI PILICHHS
Ta JOCTIKYEThCS IHTErpallis ayaioCUCTEM BHSIB-
JICHHS APOHIB 3 MOHITOPHHIOM 3aJli3HUYHOI iH(pa-
CTPYKTYpH B PEXHMi peabHOro 4acy. 30Kpema,
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yBara 30CepeKyeThCsl Ha BUKOPUCTaHHI MOXKIIUBO-
CTeld CHCTEM MOHITOPHHTY IIHPOKOTO CHEKTPY
(WAMS) 1 MOHITOPUHTY MEXaHIYHHX MapaMmeT-
piB TIPUCTPOIB eJeKTporocTadanas. KpiM mporo,
JOCHIKY€ETHCS SIK I[i CHCTEMH MOKHA TTOKPAILHTH,
BKIIIOUMBIIM JACLEHTPai30BaHi, aBTOHOMHI pi-
IIIEHHS Ha OCHOBI IITYYHOTO IHTENIEKTY JJISI BUSB-
nenHst BIIJIA, BUKOpHCTOBYIOUN aKyCTUYHMN aHa-
i3 1715 igeHTUdiKamii yHIKaTbHUX 3ByKOBUX CUTHA-
Typ APOHIB.

VY mepiry depry migBUIIEHHA OE3MEeKH MOJISITrae
B PaHHbOMY BHSIBJICHHI Ta PO3Ii3HABaHHI TOBITPS-
HUX HeOe3IeK, 10 HaOMmKAIOTHCS, TAKHX K yIapHi
OC3ITIIOTHI JIITATBbHI anapaTd abo KpuiaTi paKkeTH,
3 METOI0 BUKOPHUCTaHHA W€l iHpopMarii sl mpuid-
HSTTA BiJMIOBIHUX PIllICHB 1 3aXUCTY.

MeTtoauka

InenTudikaris ta kiacudikaiis NOBITPIHUX 3a-
TpO3 Ha OCHOBI aKyCTHYHHUX CUTHATYpP € KPUTHYHO
BKIMBAM KOMITOHEHTOM PO3POOKH €(PEeKTHBHIX
CHCTEM BUSBICHHS B pealbHOMY 4aci AJIs 3aXHUCTY
KpUTH4HOI iHppacTpykTypu. OcobnuBa yBara
B IIbOMY JTOCJIIJPKEHHI TIPUILISETHCS HU3bKOIITAl0-
gyuM Oe3ninoTHEM nitanpHUX amaparam (BIIJIA),
SK1 CTAaHOBJISITH 3HAUYHY HeOE3MeKy uepe3 CBOIO 3/1a-
THICTH HaOIMKATUCA 0 IlJIeH Ha MaauxX BHUCOTAaX,
4acTO YHHKAIOYH 3BUYAHOTO PaJlioNOKAIIITHOTO
BusiBneHHs. i BIUIA 3a3Buuaii BupoOstoThHCS ce-
piiiHO 3 BHKOPHCTaHHSM €KOHOMIYHO €(DEKTUBHHX
JBUTYHIB BHYTPILIHBOTO 3TOPSIHHA, TAKHUX SIK IOP-
mHeBUd ABUryH MD—-550, 110 mu1poKko BUKOPUCTO-
BYETBCS B IMIIPOBI30BaHUX a00 KOMEPIIHHO MOIH-
(ikoBaHMX yHapHUX OE€3MIOTHMKAX. IXHiii mosiT
CTBOPIOE XapaKTEPHUH aKyCTUYHHH CIiJ — MOEN-
HaHHS OUKIIIYHOI pOOOTH MOPIIHEBOTO JBUTYHA Ta
B3a€MO/II1 JIoTaTel poTopa 3 HOBITPSM — SIKHI 4acTO
CIPUIMAEThCA SIK TIIMOOKE, TOBTOPIOBAHE T'yJiHHS
YU TYIL.

JJis oJanbIioro BJOCKOHAIEHHS allTOPUTMIB
knacudikanii HasBHUN HaOip MaHUX OyJO PO3MIH-
PEeHO, BKIIOYHBIIH ayJio- Ta BifleopparMeHTH mpo-
JBOTIB KpWIaTHX paket. Li 3arpo3u 1eMOHCTPYIOTh
YITKO 1HIIUIA aKyCTUYHUI MPOQ1ib, 0 XapaKTepu-
3yeThes OinblI cTabiIbHUM 1 Oe3mepepBHIM BHCO-
KOYaCTOTHHM CIIEKTPOM IIyMY, CIPHYUHEHUM CTili-
KHM peakTHBHUM pyxoM. OHaK KUIBKICTh MepeBi-
PEHHX 3aIKCIB KPUIIATHX PakeT Oyiia 0OMeXeHa Mo-

piBHSHO 31 3HauHMM 0Ocsarom ganux BIUJIA Tumy
Shahed.

BaxxnuBuM KpOKOM Y IIbOMY JOCIIKEHHI 3aii-
MaB 30ip Ta momepenHs oOpoOka ayaioceMIuIiB i3
3araxbHOIOCTYITHUX JDKEPEN, BKIFOYAI0UN BIAKPUTI
KaHa| COIIaTbHUX Mepex. 3i0paHi 3amwcu Oymn
BiJpeaaroBaHi Uil BUIyYSHHS YACTHX aKyCTHYHHX
CErMEHTIB — BUAAJICHHS 3BYKiB BHOYXiB, JIFOJCHKOI
MOBH Ta IHIIMX HEPEJIeBAaHTHUX IIYMOBHX apTeda-
KTiB. Ayi010piKKH OyJIH BiJOKpEMJIeHI Bif BiJieo-
3amuciB Ta oOpi3aHi, MO0 30cepeautucs Ha (azax
TPOJIBOTY.

OO6pobnenwnii Habip MaHUX MOTIM OYB TiAIaHUI
CICKTPAIBLHOMY aHai3y JUIsl BUIUICHHS CTa0llb-
HHMX YaCTOTHHMX KOMIIOHEHTIB, SIK1 IIOCTIHHO 3'SIBJIS-
IOThCS B 3aIMCaX KOHKPETHUX TOBITPSIHUX 3arpos.
Amnarniz 6yno nposeneno B MatLab 3a gqomomororo
Audio Toolbox Ta DSP System Toolbox, 1110 103B0-
JIMJIO TEHEPYBATH CIIEKTPOTPaMU BUCOKOI PO3.IiIb-
HOT 3/IJaTHOCTI Ta CTATUCTHYHE MOJICIIOBAHHS PO3-
MOJTiTy 3BYKOBOI €HEepril 3 INIMHOM Yacy Ta YacTOTH.

[Mpomec BuIyYeHHS aKyCTHYHOI CHTHATYpH
BKJIFOUYAB MOPIBHAHHS KUTFKOX BHIIAKIB MPOJIHOTIB
BIUUTA Ta paker, ¢inpTpamito myMy HaBKOJHII-
HBOTO CEpENIOBHIIA Ta BUSIBICHHS MOBTOPIOBAHHX
CHEKTpaIbHUX madmoHiB. e mo3Bonmio orpumarn
XapakTepHi aKyCTHYHI «BIIOMTKH» AT KOXKHOTO
TUIy TOBITpsHOI 3arpo3u. Lli «BigOWTKW» BKITIO-
YaJy JJOMiHYIOYi 9aCTOTHI CMYTH, TApMOHIiIHI CTpy-
KTYpH Ta 9aCOBY IWHAMIKy 3ByKOBOi €Heprii.

OTtpumaHi aKyCTH4YHI MOJIETIi BpaXOBYIOTh MiH-
JIUBICTh 3BYKY 4epe3 JOIJIePiBChKi 3CYBH, TOIIH-
PEHHS B PI3HUX CEpeIOBHIIAX Ta OOMEXEHHS 3aIlu-
CYIHOUuX NpUCTpoiB. He3paxkarouun Ha 11 (akTopw,
y KUTBKOX 3pa3kax OyJi BUSIBJICHI y3Tro/DKEHi Xxapa-
KTEPUCTHKH CIIEKTPAILHOI IIITBHOCTI, 0 3a0e31e-
4ye Ha/IiiHy OCHOBY JUIs Kiacu(ikaliii CHTHaIiB.

[puknann HEoOpPOOIECHUX aKyCTUYHUX CHTHA-
JIiB Ta TXHI BIAIIOBIIHI YaCTOTHI CIIEKTPH JJISI TBOX
PI3HHX THUIIIB MOBITPSHUX 3arp03 — YAAPHOTO Oe31Ti-
JIOTHHKA Ta KPUJIATOI pakeTH — MmokasaHi Ha puc. 1.
i curHamm uTOCTPYIOTh YacoBy ¢GopMy XBHIJII Ta
CHEKTPAJbHUIA PO3IOALT TPH MIKOBi iHTEHCUBHO-
cti. OTprMaHi aKyCTUYHI CHTHATYpH, OTPUMaHi 3a
JIOTIOMOT'OI0 CIIEKTPAIILHOTO aHami3y Ta (inbTpallii,
ne puc. 1, a Bignosinae Tunmosomy BITJIA 3 mopmi-
HEBHM JBUTYHOM, a PUC. 1, 6 LIFOCTpYy€e CUTHATYPY
KPHWJIATOT paKeTH 3 PEAKTUBHHUM JIBUTYHOM.

BisyasnbHi BigMiHHOCTI B TapMOHIHHIH CTPYyK-
Typi Ta AOMIHAaHTHHMX [iama3oHax 4YacTOT MiX
JIBOMa THIIaMH 3arpo3 (opMyroTh OCHOBY JUIsl TIO-
JANIBIIOT Kitacu(ikallii Ta BUSBICHHS.
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i pesynbraté GOpMyIOTH OCHOBY JIJISI 2T OpH-
TMiB aKyCTUYHOTO PO3IMi3HABAHHA, Ta IEMOHCTPY-
I0Tb MOJJIMBICTH iMeHTH(]IKAIl KOHKpETHOi 3a-
TPO3H 3a JIOTIOMOTOI0 HETOPOTHUX BOYJOBAHUX MiK-
POQOHHUX CUCTEM.

KnrodoBi crnektpanbHi Ta 4acoBi XapakTepuc-
THKH aKyCTHYHUX BHIIpoMiHIOBaHb Binl BIIJIA Ta
KpUJIATHX paKkeT HaBeJeHO B Tab. 2.

e mopiBHAHHS MiIKPECTIOE€ Pi3HI aKyCTHYHI
npodii IPOHIB 3 MOPITHEBIUMHU JBUTYHAMH, TAKUX
SIK Ti, 10 0a3yroThes Ha nBuryHax MD—-550, mopis-
HSTHO 3 KpUJIaTUMH PaKeTaMH 3 PEaKTUBHUM JBUTY-
HOM. [loMiTHI BIIMIHHOCTI BKIIIOYAIOTh TOMIHYIOU1
Jliara3oHu YacTOT, TAPMOHIWHY CTPYKTYpY Ta MO-
JIesTl MOAYJISIIT 3BYKY, SIKi € KpUTHYHO BaXKIIMBUMU
U1t epekTHBHOT Kiacudikarrii 3arpos.

a—a

Amplitude

S
i)

Amplitude

[P

JloMiHaHTHUI Aiama3oH 9acTOT CTOCY€EThCS Tie-
PBUHHOI €HEPreTHYHOI CMYTH, B SIKill 30cepeKeH1
HaWTY4YHIII KOMIIOHEHTH 3BYKY, IIIO CITYTY€ KIIFOY0-
BUM IHIMKaTOPOM THITy aKyCTUYHOTO JpKepena. [a-
PMOHIYHI KOMIIOHEHTH BiOOpa)XatoTh HasBHICTh
MEePiOIMYHUX CUTHAIIIB, 1110 YaCTO BUHUKAIOThH BHA-
CIJIIJIOK IMKIJIIB JBUTYHA Ta B3a€EMOJ1 JIomaTei po-
TOpa — O3HAK, SIKi 0OCOOJIIMBO BUpPaXXEHi B MOPLIHE-
BUX jApoHax. Iliku cnekTpanpHOI HIIBHOCTI BifO-
OpakaroTh pi3ke 30UTBIICHHS aKyCTHUYHOI eHeprii
Ha MMEeBHUX YaCTOTaX 1 € MIHHUMH JJIs1 PO3Pi3HEHHS
PI3HUX THUIIB MOBITPSHUX 3arpo3. MiHIUBICTD 3BY-
KOBOTO THCKY ONHCY€E CTYITiHb, 10 AKOi aMILTITyaa
AKyCTHYHOT'O CHUTHANTy KOJMBAETHCA 3 4acoM, (ik-
cytoun eeKTH MOAYIIALIT, XapaKTepHi AJIsl IEBHUX
PYXOMHX CHCTEM.

500

1000 1500 2000 2500 3000 3500 4000 4500 5000

Frequency (f)

S A R R v 1 K0 A 1 (Y
1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency (f)

Puc. 1. AKycTHYHI CHTHATYpH yAApHOro Oe3MiIOTHHKA (@) Ta KPHIaTol pakeTu (0)

Fig. 1. Acoustic signatures of a strike drone (a) and a cruise missile (b)
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Tabnums 2

IMopiBHSIHHS XapaKTepHCTUK BHSIBJIEHUX MOBITPSIHUX Hebe3NeK

Table 2

Comparison of characteristics of identified air hazards

[TapameTtp

BITJTA (Ilaxem)

Kpunara pakera

JloMiHAaHTHHMI [iama30H YacToOT

TapmoHiuHI cK1aq0BI

[NaTepH Moyl

[Miku ciekTpabHOT NIUTBHOCTI

Tun mymy

3MiHHICTB 3ByKOBOTO THUCKY
(BIKHO 5 cexyHT)

TpuBanicTs BUABIEHOI
CUTHATypH

HasBHiCTE HOTIIEpiBCHKOTO
3CyBY
YacroTa nuckpernsariii 3ammicy

EdekrrBHa KUIBKICT CMYT

80-250 I'y

SBHi, nepionudaHi TapMOHiKH 110 2 K[ 11
AMITTITY THa MOZYJISLISI, 3yMOBJICHA
oGepranusimM sonaTti (3—8 I'm)
JuckperHi miku koxxHi ~80-120 I'y
ITynbcyrounii niym ABuryHa +
TapMOHIKH BiJ JIOmaTen
Komuanns +6 nb (depes Momymsiiio)
5-15 cexynn no mpoasoTy

[MomipHuii (3MiHHA TEOMETPIs MUIIXY)

Pexomenmosano >16 kI'g

13-20

400-1000 I'x

Iupokuii crekTp, MEHII
CTPYKTYpOBaHUHI

BigHocHO cTabinpHuil TOH,
HE3HAYHI KOJUBAHHS aMILTITYIH

besnepepBHa niiBuineHa
CIIEKTpaJlbHa cMyTa

TpuBane peBiHHS PEaKTHBHOT'O
JiTaka
Konusanus +2 gb
3-8 cexyHI 10 POIBOTY

UYitka 3MiHa TOHY IIpH pyci

Baxano > 24 xI'1

20-30

MFCC

PesyabTaTtn

Krnacudikariis moBiTpSHHUX 3arpo3 Ha OCHOBI
AKyCTHMYHHMX JIaHUX € CIeEI[iaJli30BaHUM BHITaJKOM
pO3Mi3HaBaHHs 3BYKiB HaBKOJMIIHBOTO CEPeo-
BHIIA, JOOpE BiIOMOI ray3i MITy4YHOTO iHTEJIEeKTY.
Ls mpoGiiema BKIIFOYa€ BU3HAUYEHHS THITY 3BYKOBOT
Mo/Iii 3 ay/1i03anucy, 4acTo 3a HassBHOCTi ()OHOBOTO
myMy abo MIHIMBOCTI HaBKOJHIIHBEOTO CEpeso-
BUINA. Y HAIIOMY BHIIQJIKy METOIO € PO3Pi3HEHHS
BITJTIA, Takux sIKk MOPIIHEBI APOHU, Ta THIIKX TOBIi-
TPSIHUX 3arpo3, TAKUX SIK KPUJIATI paKeTH, Ha OCHOB1
X YHIKaJIbHOTO aKyCTHYHOTO BUIIPOMIHIOBaHHS, 3a-
(hikCOBaHOTO B pealbHUX yMOBAX.

JIJis MOCSITHEeHHST HAIIHOTO pPO3Ii3HABaHHS 3a
TaKOi MiHJIMBOCTi aBTOPH MPONOHYIOTH BUKOPHCTO-
BYBAaTH MOJEJI INIMOOKOrO HAaBYaHHS, SIKi JTOBEJH
CBOIO e(eKTUBHICTh sl Kiacudikamii aymio. Lli
MOJIeJII aBTOMAaTHYHO BHBYAKOTH BiAIOBiAHI m1a0-
JIOHU 3 TIPEJCTAaBICHb O3HAK, TAKUX AK CIIEKTPOT-
pamu abo kercTpanbHi Koedimientn. Cepen mu-

POKO BHUKOPUCTOBYBaHMX MOJEJCH € IITy4YHI HEH-
pourni mepexi (IIIHM) ta 3ropTkoBi HefpoHHI Me-
pexi (3HM), kokHa 3 SIKUX TPOMIOHYE KOMIIPOMIC
MiX CKJIaJHICTIO, YaCOM HABYaHHS Ta e(EeKTHBHi-
CTIO PO3TOPTaHHS.

e mocnimxeHHs 0a3yeThCs Ha 3arajlbHOJOCTY-
NHiA peanizamii cucremu kiacudikaii ayzmio [10,
27], i aBTOpHY BUCIIOBIIOIOTH TMOSKY TBOPIIIO IPOe-
KTy 32 BHECOK Y BIAKpUTHH KOJ, SKUH I103BOJIVB
aJIanTaniio 10 3aBJlaHb BUSBICHHS JPOHIB. 3rajjaHa
crcTeMa MPOTOHYE MPaKTHYHE TIOPIBHIHHS apXiTe-
KTyp HeiipoHHHX Mepesxxk ANN, CNNI1D ta CNN2D
Ha Habopi manux UrbanSound8K Ta memoHCTpyeE,
SIK TaKi MOJIeJli MOYKHA HaBYaTH Ta PO3TOPTaTH 3 BU-
COKOIO 3pYYHICTIO BHKOpHCTaHHS. Ha mortouHomy
eTari po3podku Oyno obpano moaens ANN, ocki-
JIbKW BOHA ITPOTIOHYE HAMBHIIY HMOBIPHICTh KIIACH-
(ikarii U1 1ITbOBUX THUIIIB 3BYKY Ta Mae repeada-
4qyBaHy, MaclITabOBaHy apXiTeKTypy, 100pe mpuc-
TOCOBaHy Ui BOYI0BaHOI peai3arfii.
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Juisa eQexTHBHOTO MOAAaHHS aymioOAaHUX y MO-
Jieli MaIlMHHOTO HaBYaHHs, HEOOPOOIeH] CUTHATH
XBWJIb TIOBHHHI OYyTH IMEPETBOPEHI HA KOMIIAKTHI,
3MICTOBHI INIPEACTaBICHHA. Y LbOMY JOCIIIKEeHHI
Bukopuctano Mel-Frequency Cepstral Coefficients
(MFCC) — mmmpoko momumpeHy (yHKIIO B pO3IIi-
3HABaHHI MOBJICHHA Ta 3BYKY.

OnHieto 3 kimovoBux nepesar MFCC e ixus cTili-
KiCTh JI0 Pi3HOi TPUBAJIOCTI BXiJHUX 3BYKiB. Ha Bif-
MiHY BiJ HEOOpOOJIEHNX XBHIHOBUX (hopM abo Tpo-
CTHX cIIeKTpabHUX 03HaK, MFCC 00YHCITIOIOThCS
JUTS1 KOPOTKUX KaJIpiB, IO ePEKPUBAIOTHCS (HAIpU-
kmana, 25 mc 3 kpokoM 10 Mc), a oTiM ycepeaHto-
I0THCS 200 00'€HYIOTHCS 3 TUIMHOM 4acy, 1o 3a0e3-
Tevye TOCTiI0OBHY PO3MIpHICTh O3HAK HABITH IS ay-
niocurnanis pizaoi Tpusasocti. Lle poours MFCC
noOpe TmpUIaTHUME s 0OpOOKH ayAioCeTMEHTIB
BIUUTA Ta paker, 3amucaHuX y MOJbOBHUX YMOBaX,
TPHUBAJIICTH SIKMX MOKE 3MiHFOBaTuCs Bif 2 10 10 ce-
KYH/I 3aJIe)KHO BiJl YMOB 3aIIHCy.

BaragpHa (Gopmyna s K-ro  koedimieHTta
MFCC 3 BiKOHHOTO CUTHAJIBHOTO KaJpy BU3HAYA-
€THCSI BUPA30M:

C .= ilog(sn)-cos[%k(n —0.5)}

’

ne S, — eHepreTnuHMii BHXig N-ro Men-dinbTpa;
N — kinbkicth QinbTpiB Mena; K — kinbKicTb 30epe-
KEHHUX KeTcTpalbHUX KoedimieHTiB (3a3Buyail 13—
20).

[IpakTnuHa peanizaiis nepeadadae po3mori-
JICHY CHCTEMY aKyCTHYHOT'O BHSBJICHHS, IO CKJIa-
JTAETHCS 3 aBTOHOMHHX CEHCOPHHX OJIOKIB, PO3Mi-
IICHMUX Y CITIII B3JI0BXK KPUTHYHO BaXKJIMBHUX 30H 1H-
dpactpykrypu. Koxen G110k BKIOUae:

— MIKpOOHHUI MacuB Ui BCECTIPSIMOBAHOTO
3aXOIUICHHS 3BYKY;

— JIOKaJIbHY MONepeIHI0 00pOOKY Ta BUITYYEHHS
MFCC y pexumi peanbHOTO 4acy;

— BOyJ0BaHy HEHPOHHY MEPEKEBY MOJIEIb ISt
knacugikallii BXiZJHOTO ayIioKajpy;

— Oe3aporoBuii 3Bs130Kk (Hampukian, ZigBee,
LoRa) myis nepecuiianHs CHIOBIIIICHb.

Cucrema mpamroe HaCTYITHAM YHHOM:

1. Akyctruni naHi Oe3nepepBHO (iKCYyIOTBCS
KO>KHHM BY3JIOM.

2. Xapakrepuctiuku MFCC 004nCiII0I0TECS Ta
NepeaaloThes B JOKAIBbHO 30epexeHnil Kiacudika-
TOP.

3. Ilicas BUABJICHHS MOBITPSIHOI 3arpo3ud MeTa-
JaHi (TUN, JOCTOBIPHICTh, MO3HAYKa Yacy, MOX-
JIMBO, HAMPSIMOK) HAJICHIAIOTHCS IO LEHTPAIBLHOTO
By3Ja.

4. Jlani MaTYNKIB 3 KUTBKOX BY3I1iB MOYKHA 00'€/1-
HATH JJIs1 OI[IHKH TPaeKTOpii Ta mBuakoctTi BITJIA.

Byznu moBuHHI OyTH MalOMOTYXHUMH, CaMo-
JIOCTAaTHIMH Ta PO3POOJICHUMH IS iHTerparii B Oi-
JBIIy MYJBTUMOJAAJIbHY CHCTEMY OIOBIILICHHS.
Taka apxiTekTypa 103BoJIsIe MaciiTaboBaHuii Ta Oa-
TaTOPiBHEBHUI 3aXWCT 3aJi3HUYHUX Ta €HEPreTHd-
HUX aKTHBIB.

B 1abn. 3 mpencrasieHo cepefHi KoegilieHTH
MFCC ans Habopy kimacudikoBaHUX ayi03pasKiB.
Koxen aymiokiac, BKIIOYalOUH MOBITPSIHI 3arpo3u
(manpuknan, BITJIA, pakera) Ta 3ByKH HaBKOJIMII-
HBOTO CEPEeIOBHUIIA, AEMOHCTPY€E YITKHH CIIEKTpa-
neHUHN podins. He3Baxkaroun Ha IEBHY KOPEISAIIII0
MDK MOMIOHMMH KJIacaMHu, BCi BEKTOPH-CTOBIIII
€ YHIKQJIbHUMH, 1110 TiATBEPKYE, 10 HAOIp 03HAK
MFCC edextuBHO (ikcye po3pi3HIOBaIIbHI Xapak-
TepucTUKA. Lle maTBepmKye TOCTOBIPHICTD Mpe-
craBiaeHds Ha ocHOBI MFCC mis HanmiiiHol Kiacu-
(hikamii aymio.

Ha puc. 2 mokasaHo 3arajibHy apXiTeKTypy IITY-
yHO1 HerpoHHoi Mepexi (LIHM), mo Bukopucto-
BY€ThCSI U Kiacudikamii aymio. Bxiguuii mrap
ckianaeThes 3 20 HEWPOHIB, MO BiMOBIIA€ KITBKO-
cti BuryueHunx ozHak MFCC Ha ayniocerment. Bu-
X1HHUN 11ap MICTUTh HEWPOHHU, IO JIOPIBHIOE KiJIb-
KOCTI IUTHOBHX ayAiOKJIAciB, MIO JO3BOJISAE 3iiAC-
HIOBAaTH 0araToKIJIACOBY Kiacuikarliro.

Mepeka BKIIFOYAa€ Kilbka MPUXOBAHUX MIapiB,
CTPYKTYpa KX 3MIHIOETHCS B PI3HUX KOH(Iryparisax
JuIsl OaTaHCYBaHHS TIPOJAYKTHUBHOCTI Kiacuikarti ta
obOMexeHb nam'sati. OCKUTbKY LIJIbOBA anapaTHa Iiia-
Tdopma 6azyeThest Ha MikpokoHTposepi STM32 i3 3a-
ragpHUM 00'eMoM urenr-am'siti 512 Kib, xinbkicts
Ta po3Mip NMPUXOBAHUX IAPIB ONTUMI30BaHi JUIs 3a-
Oe3redeH s TOro, 00 BCsS MepeXka MOrJjia TTOMICTH-
trcs mpubmmsno B 450 Kib noctynnoi mam'aTi npo-
rpam, 110 JI03BOJISE PO3ropTartH ii Ha BOYZOBaHHX CH-
cTemMax 0e3 30BHIIIHBOI TaM'sITi.
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Tabnuns 3
Cepenni xoedinieaTn MFCC s kiacngpikoBanux ayaiospaskis
Table 3
Average MFCC coefficients for classified audio samples
MFCC BITJIA Pakera T"aBkiT coOaku ITym nBy- BinGiiinnii
Ne (Cx) ryHa MOJIOTOK
1 —254,4 -163,6 -215,2 -125,8 —64,8
2 113,8 117,8 80,9 78,4 47,3
20 0,3 -0,7 2,3 2,3 2,2
B Tab1. 4 3BeneHi xapaKTEepUCTUKU POTYKTHUB- VY npyromy croBmui Tabj. 4 MOKa3aHO 3araibHUN

HOCTI KiJIbKOX KOH(QIrypauiil ry4Hux HedpoHHux  po3mip mMozeni B Kib, po3paxoBanuii Ha OCHOBI Kijib-
MEpPEXK, M0 BUKOPUCTOBYIOTHCS JUIsl KiacH(ikalii  KOCTI HapaMeTpiB, 10 HABYAIOTHCS, 3 BAKOPUCTAHHIM
aynio. KoxeH ps7ok BinmoBijae MeBHIM apxitek- 32-0iTHOI TOYHOCTI 3 IUIABAHOYOI0 KOMOK. Y Tpe-
Typl IIPUXOBAHOTO LIapy, & KUIBKICTH HEMPOHIB y  ThOMY CTOBIIL IPEACTABICHO PE3YJIbTYIOUY TOUHICTh
KOXXHOMY IIapi BKa3aHa B MEPIIOMY CTOBIIIII. BaIiaIIil, TOCATHYTY B 331a4i Kiacudikarrii.

BxigHui

r MNpuxoaHi wapwm

b

RITIIRRREERY

Puc. 2. 3aranpHa apxiTekTypa ITy4YHOT HEHPOHHOT Mepexi,
1110 BUKOPHCTOBYETHCS JUIA Kiacudikaiii

Fig. 2. General architecture of the artificial neural network
used for classification
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Tabnumns 4

Po3mip Ta TouHicTh HiTBLOBOY MOJE/Ii IITYYHOI HEIIPOHHOI Mepexki
3aJ1eKHO Bi/l apXiTeKTypH NPHX0BAHOI0 LIAPY

Table 4

Size and accuracy of the target model of an artificial neural network depending
on the architecture of the hidden layer

ApXiTeKkTypa MPUXOBaHUX LIapiB Po3mip mozeni HTHM TounicTs npu Bamigarii
IHM

1000-750-500-250-100-50 4,98 Mib 0,9046
512-256-128-64-32 737,5 Kib 0,8850
416-208-104-52-26 497,9 Kib 0,8931
400-200-100-50-25 462,7 Kib 0,8899
392-196-98-49-24 4454 Kib 0,8959
384-192-96-48-24 428,7 Kib 0,8909
368-184-92-46-23 396,1 Kib 0,8822
352-176-88-44-22 364,8 Kib 0,8746
320-160-80-40-20 306,2 Kib 0,8866
256-128-64-32-16 204,9 Kib 0,8479
128-64-32-16 65,3 Kib 0,8026
32-16 16 Kib 0,6963

Xoua JaHi 3arajioM MoKa3yloTh, 0 301IbIICHHS
KUTBKOCTI HEMpOHIB MPU3BOIUTH N0 MOKpAICHHS
TOYHOCTI, 111 TSHJCHIISI HE € CYBOPO MOHOTOHHOIO
4yepe3 CTOXaCTUYHHMH XapakTep MpoLeayp HaB-
YaHHs, BKIIIOYAIOUX 1HIIIATI3aI[if0 BUMIAAKOBUX Bar
Ta MiHi-makeTHUH BUOIip. Lle minkpeciroe komMmpo-
MiC MDX TIPOAYKTHBHICTIO Kiacudikamii Ta oome-
KEHHSIMHM MaM'sITi, 1[0 0COOJIMBO BXKIUBO IS PO3-
ropTaHHs Ha BOYJIOBaHMX CHCTEMaX 3 OOMEKEHUM
oOcsiroM (hnem-mam'ati, TakuX SK MIKpPOKOHTPO-
nepu STM32.

Ha puc. 3 umocTpyeTbest aUHAMIKa HaBUaHHS
BuOpanoi mojem IIIHM, mo moka3ye eBONFOIi0
TOYHOCTI KIACU]iKaIlii IpOTIroM ernoxX HaBYaHHS
SIK TS HaBYAJLHMX, TAK 1 JJIsS BaliJamiiiHuX Habo-
piB JaHHX.

CrabinpHa KOHBEPreHILis Ta MiHIMaJbHUN PO3-
PHUB MK TOYHICTIO HABYAHHS Ta BaJIiAallii CBIiq4aTh
PO T€, IO MOJIENh J00PE y3aralbHIOETHCS Oe3 3Ha-
YHOTrO nepeHaByanHsi. Ha puc. 4 mpencraBieHo
3B'I30K MiXK PO3MIPOM MOJIEIi Ta TOYHICTIO KJIacu-
¢ikamii s pizaux apxitekryp [IIHM. Sk moka-

3aHO, 301NIBIICHHS KUTBKOCTI HEWPOHIB MPHXOBa-
HOTO IIapy MOKpaIlye€ TOYHICTh JO MEBHOI TOUKH,
TTICTIS SIKOT TPHUPICT MPOTYKTHBHOCTI 3MEHIITYETHCS.

VY mpaktnuHoMy Aianazoni po3mipis LIHM Bix
300 mo 500 Kib criocrepexyBaHa TOUHICTh Bajiia-
mii 3anuiaerbes B mexax 85-90 %, 1m0 neMoHcCT-
PY€ MOXKITUBICTH PO3TOPTaHHS HaliHOT Kitacuika-
i Ha OCHOBI IITYYHOTO 1HTEJNEKTY Ha MIKPOKOHT-
ponepax, Takux sik STM32, 6e3 nepeBuieHHs 00-
MEXEHb JIOCTYITHOI aM'sTi.

Po3spobkra anapammnozo ma npoepamnozo 3ades-
neuenns  60yoosanoeo  ILlI-piwenns. Bnposa-
JOKeHHsT BOYJIOBaHOTO pIllIEHHS Ha OCHOBI IITY4-
HOTO 1HTEJIEKTY 30CEPEIKEHO HAaBKOJIO TPHOX OCHO-
BHUX KoMTIIOHEHTiB: MEMS-mikpodoHa, MiKpOKOH-
tposiepa STM32 ta Momynst 6€3ApOTOBOTO 3B'SI3KY
ZigBee. MEMS-Mikpo(hoH MpoOMoOHy€e BHCOKY 4yT-
JIUBICTh, KOMIIAKTHUI pPO3MIp Ta HU3bKE E€HEpro-
CIIOYKUBAHHS, 1[0 POOUTH HOTO i1ealbHUM JIst Oe3-
MEPEPBHOTO aKyCTUYHOTO MOHITOPUHTY B PO3MOIi-
JIEHUX CEHCOPHUX Mepexax. MIiKpOKOHTpoJep
STM32 cmyXHTb IIEHTPATHLHUM IIPOIIECOPOM, 00pa-
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HUM 3aBJISIKH OaJIaHCY OOYHCIIOBATBHAX MOXKITBO-
CTeH, HU3bKOTO CHEPrOCIOXKUBAHHS Ta MIATPUMKHU
HEHPOHHOTO MEPEKEBOTO BHBOJY Ha MPUCTPOI ve-
pe3 STM32Cube.Al. Monyns ZigBee 3abe3mneuye
HajiiiHy Oe3IpOTOBY Mepenady AaHWX 3 HU3BKUM
CHEProCIOKUBAaHHAM JI0 CUCTEM BUIIIOTO PiBHS 200

TouHicTb
1.20
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KOOpJMHATOPIB ¥ KOH(Iiryparisx menr-mepex. Pa-
30M Ili KOMIIOHCHTH YTBOPIOIOTh KOMITAKTHE, CKO-
HOMIYHO e(ekTHBHE Ta eHeproedeKTHBHE BOYIO-
BaHe PIllICHHS, aJJalITOBaHE JUIS TI0JIBOBOTO PO3Top-
TaHHS B KPUTHYHO BaXUIMBUX 1HPPACTPYKTYPHUX
cepeIoBHILAX.
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Puc. 3. TouHicTh IpM HABYAHHI Ta MPH BaTiIaIlil IITYYHOT HEHPOHHOT MEpexKi

Fig. 3. Accuracy during training and validation of the artificial neural network
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Puc. 4. TouHicTh B 3aJIe)KHOCTI BiJl pO3Mipy ITEOBOI MOJEI IITYYHOT HEUPOHHOT Mepexi

Fig. 4. Accuracy depending on the size of the target artificial neural network model

Ha pwuc. 5 npeycraBieHo cxeMaTu4Hy Jiiarpamy
araparHoi apXiTeKTypH, po3poOIIeHOT Jiist BOY0Ba-
HO1 ayJiIOCUCTEMH BUSBJICHHS JIPOHIB.

Ha puc. 6 moka3zano mporiec iHTerpaiiii mTyYHo1
HEHPOHHOI MepexKi B IPOLIMBKY MIKpOKOHTpOJIepa
3a JONOMOTOI0 CEepeloBHINA TreHepamii Komy
STM32Cube.
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Fig. 5. Schematic diagram of the drone audio-detector sensor
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Fig. 6. Integration of the artificial neural network into the microcontroller firmware
using the STM32Cube code initialization tool

[Mnarpopma STM32 migTpumye MOIYIBHUHA
MiAXia 4yepes iCHyro4l mporpaMHi Gi0IioTeKH, 110
JI03BOJISIE €PEeKTHBHO PO3pOOIsATH BOYZAOBaHI mpo-
rpamu ITy4yHOro inrenekty. Jnsg nudposoro 3axo-
IUICHHS 3BYKY CHCTEMa BHKOPHCTOBYE BOYIOBaHY
niaTpuMKy Mikpodonis MEMS, BHKOpUCTOBYIOUYH
neperBopenHs PDM-PCM ta un¢posi intepdeiicu
(I2S). BuiryuenHs o3HaK peasiizoBaHO 3a J0MOMO-
roro 6i10miorek CMSIS—DSP, sixa Hazjae onTHMI30-
BaHI TMPOUEAYpPH I OOYMCICHHS Koe(illieHTIB

MFCC y pexumi peanbHoro yacy. OcTtatouHuit
eTarl KIacudikaiii BAKOHY€EThCsI BOY/IOBaHOIO IITY-
YHOIO0 HEMPOHHOIO MEPEXKEI0, SIKA EPETBOPIOETHCS
Ta po3ropraerscs 3a gonomorow X—CUBE-AI, in-
ctpymenrapito STMicroelectronics a1 iHTErparii
HaBYEHMX HEHUPOHHUX Mepex y npomuBky STM32.
Le#t nporpamuwmii cTeKk 3a0e3Medye MOBHY 00pOOKyY
CUTHAJIB Ta KOHBEEP JIOTIYHOTO BUCHOBKY Ha MpH-
CTpOI1 3 MiHIMaJIbHUMH HaKJIaJIHUMHU BUTPATaMHU pe-
CypCiB.
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Ha ocHOBI mocmimKkeHnX TEXHONOTIH y mii po-
0O0Ti MPONOHYETHCSI KOHILIEMIIISI MOHITOPHHTY CTaHy
3aJI3HUYHOI 1HPACTPYKTYpH, IHTETpOBaHA 3 BUSB-
JIEHHSIM TTOBITpsHMX 3arpos (puc. 7) [1, 5, 16]. 3a-
MPOIMIOHOBaHA CHUCTEMa BUKOPHCTOBYE JBI Oe3apo-
TOBI TEXHOJIOTIi: ZigBee, 1m0 BHKOPUCTOBYETHCS
JUTS 3B'SI3KY Ha KOPOTKIil BiZicTaHI Mi’kK CEHCOPHUMU
Omokamu B paaiyci 75—100 metpis, Ta LoRa, 110 Bu-
KOPHUCTOBYEThCS JIJISl TIepeiadi Ha BEJIMKI BiACTaHi
(5-15 kM) KPUTHYHUX, y3araJbHEHUX JAHHUX, TAKUX
SIK aHOMAJIbHI TTOAi1 ab0 TiATBEPMKEHI MOBITPSHI
3arpo3u, A0 HEHTPAILHOI CHCTEMH YIPaBIiHHS.

B sK0OCTI KO)KHOTO CEHCOPHOTO OJIOKY JIEKUTh
MaJIOMOTYKHAN MIKPOKOHTPOJIEP STM32,
iHTepdeiicopannii = 3 mudposum  MEMS-
MiKpO()OHOM, 3JaTHUM IIOCTIHHO KOHTPOIIOBATH
aKyCTHYHI CUTHAJTH. 3axoruIeHHSI 3BYKY
IHIIIFOETHCS, KOJIM HABKOJIMIIHIA ITyM TEPEBUIIYE
3a3/aJIerilb BU3HAYCHUHN MOPIr aMILIITYIAH, IO
3MEHIIIy€ CHOXXUBaHHSA e€Heprii Ta MiHIMI3ye
HernoTpiObHy 00poOKy. Ilicns 3axommeHHsT cCUTHAITY

LoRa signal

75-100 m

ZigBee signal L

BiH O0OpOOISIETECS JIOKAIBHO: MIKPOKOHTPOJIEP
obuncmoe MFCC 3a 1omomMoror onTuMizoBaHUX
mpouenyp CMSIS-DSP, a moriMm BUKOHYE
Kkiacudikalito 3arpo3 3a JOMOMOTOI0 BOYIOBaHOI
ITYYHOI HEHPOHHOI Mepexi, pO3ropHYTOi dYepes
X-CUBE-AI.

Becs xoHBeep 00poOKH — B 3aXOIIJICHHS 3BYKY
Ta BUIIyYEHHS O3HAK J0 BUBEICHHS — BUKOHYETHCS
Ha TmpucTpoi, 0Oe3 HEOOXiJHOCTI 30BHINIHBOT
00pobkn abo mimkmrodyeHHsa. Lls  BOymoBaHa
apxiTeKTypa IITYYHOTO IHTENEKTy 3a0e3nedye
HU3BKY 3aTPUMKY, €HEproe)eKTHBHICTh Ta HAIIHY
pobory B mompOBHX  yMmoBax. MonynbHa
KOHCTPYKLISl JO3BOJSIE DPO3LIMPUTH Ty CaMy
wiatpopMy s MOHITOPUHTY 1HIIUX KPUTUYHUX
napameTpiB 3alli3HUYHOI iHOPACTPYKTYPH, TaKUX
SIK BiOparlis, eleKTpu4Hui myMm abo CTPYKTYpHi
aHOMaJTi1, 1110 POOUTH 11 MacIITaOOBaHUM PIlIEHHSIM
JUIS  IHTENEKTYaJIbHUX  3alli3HUYHUX  CHCTEM
HACTYITHOTO TTOKOJIiHHSI.

Puc. 7. KoHremniss MOHITOPHHTY CTaHY 3ai3HHYHOI IHPpaCTPyKTypH
3 iHTErPOBaHUM BUSBJICHHSAM MOBITPSHHUX 3arpo3

Fig. 7. Concept of railway infrastructure condition monitoring with integrated aerial threat detection

Po3pobnena cuctema 3abe3nedye BHSABICHHS
MOBITPSIHUX 3arp0o3 y PealbHOMY Yaci IUIIXOM aKy-
ctryHol igeHTudikamii Tunosux curnaryp BIIJIA
Ta KpHWJaTux pakeT. BcTaHOBIEHO, L0 3acTOCy-
BaHHs Mel-4acTOTHUX KeNcTpaIbHUX KOe]ilieHTiB

(MFCC) sixk Habopy 03HAK Ja€ MOXKIIUBICTh e€(peKTH-
BHO BiJIOKPEMJIFOBATH MOBITPsHI 00’ €KTH BiJl OHO-
BUX LIYMiB HaBiTh 32 HU3bKOT'O PiBHS CUTHAIY.
BumnpoOyBaHHsl POTOTHITY 3 MiKPOKOHTpOJIE-
pom STM32 Tta mikpodonom MEMS miareepaumu
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cTabinpHy TOUHICTH Kinacudikaii 85-90 % mpu 00-
MexeHoMy o0cs3i mam’arti 300-500 Kib. OnTuma-
JPHA apXiTeKTypa INTYYHOI HEWPOHHOI Mepexi
(392-196-98-49-24 neiipoHiB) 3ab6e3meunIa KOMII-
POMIiC MiX IIBUIKOAI€I0, TOYHICTIO Ta eHeproedek-
TUBHIiCTIO. BOyoBanwmii aHai3 i mepexaBaHHs Ja-
Hux yepe3 ZigBee/LoRa mo3Bomstors GopmyBatn
PO3MOIIEHY MEPEKY CEHCOPIB 13 4aCOM PeaKIIii 10
lec.

OTtpuMaHi pe3ynbTaT HiATBEPIKYIOTh €PEeKTH-
BHICTh aKyCTHYHOTO TiAXOIy JUISA IHTETpallii y cuc-
TeMH Oe3MeKH TPaHCIOPTHOI iHPPACTPYKTYpH, IO
(hYHKITIOHYIOTh B YMOBAaX IOBITPSHHX 3arpo3.

HaykoBa HOBH3HA Ta IPAKTUYHA
3HAYMMICTB

Briepmie po3pobneHo koHIemmiro BOyZOBaHOI
CHCTEMH aKyCTHYHOTO BHSIBJICHHS MOBITPSHUX 3a-
rpo3, sika noeanye aHaniz MFCC-koedimieHTi, Me-
TOAM TITYYHOTO IHTEIEKTY Ta MIKPOKOHTPOJIEPHY
peamizamiro Ha STM32. 3anmpornoHOBaHUM ITiIXi]T
3abe3nedye 0OpoOKy cHTHAIIB O3 XMapHUX pecyp-
CiB, IO MiIBHIIY€ CTIHKICTh CHCTEMU JI0 30BHIIIHIX
BIUIMBIB 1 CKOPOYYE 3aTPUMKY BiITYKY.

[IpakTiyHe 3HAYCHHS POOOTH IOJIATAE y CTBO-
PCHHI TEXHOJIOTTYHOT OCHOBH JISI PO3TrOPTaHHS aBTO-
HOMHHX CEHCOPHHMX MEPEeX Ha 00 €KTaxX KPHTHUIHOI
iHppacTpykTypu. Po3pobneHi pilleHHS MOXYTh
OyTH BUKOPHCTaHI B CHCTEMax MOHITOPUHIY CTaHy
KOHTAKTHUX MEPEK, ONOBILICHHS ITEPCOHAITY 3aJIi3-
HAYHUX JEN0 Ta TATOBHX IMJACTAHINNA, a TaKoX
y KOMILIEKCax 000POHHOTO CIIOCTEPEKESHHSL.

BucHoBku

B 11poMy J1ociipKeHHI IPOIIOHYETHCS HOBA BOY-
JIOBaHA CHCTEMa Ha OCHOBI INTYYHOTO IHTENEKTY
JUIS. BUSIBJICHHS TOBITPSHUX 3arpo3 y pealbHOMY

4aci, iIHTerpoBaHa B MIUPIITY CUCTEMY MOHITOPHUHTY
3ai3HUYHOI iH(pacTpykTypu. KoHcTpykuis cuc-
TeMU noeIHy€e KomrmakTHi MEMS-mikpodonu, Mik-
poxonTtponepu STM32 ta momyni 6e31poTOBOTO
3B'I3Ky ZigBee s popMyBaHHS pO3MOALICHOT Me-
PEXi aKyCTUYHUX AATYHKIB, 31aTHHUX 0 JIOKAJi30-
BaHOTO 3aXOIUICHHA Ta 00POOKH 3BYKY. AKYCTHYHI
CUTHAJIM aHATI3YIOThCS Ha MPUCTPOI 3 BUKOPUCTAH-
HAM Mel-4acTOTHUX KeNcTpaJbHUX KOe]ilie€HTiB
(MFCC) sax ocHoBHOrO HaOOpy (YHKIIH, MicCIsA
9Oro TPOBOAUTHECS Kiach(ikallis 3a JTOIMOMOTOI0
JETKUX WITy4yHUX HelpoHHUX Mepex (ANN),
PO3TOPHYTHX 3a JIOTIOMOTOI0 1HCTPYMEHTAapiio
STM32 X-CUBE-ALL

AmnapaTHa Ta IIporpaMHa apXiTekrypa Oyia pe-
TEJBHO ONTHUMI30BaHa JijIsi pOOOTH B YMOBaX 0OMe-
JKEHOI MaM'siTi Ta MOTYXHOCTI MiKpPOKOHTpPOJIEPiB
Ha ocHOoBi STM32. Oninka KiTbKOX KOHQITyparii
ANN mnokaszana, 1o mozeni posmipom 300—500 Kib
MIOCTIHHO OCSTa M TOYHOCTI mepeBipku Binm 85 %
10 90%, neMOHCTpYIOUM HalidiHMH OajmaHc MiX
MPOAYKTHBHICTIO Ta pO3TOpPTaHHSIM. Bech KOoHBeep
BUBO/JIY IIPALIIOE HE3AJIEIKHO BiJl XMAPHUX CEPBICIB,
3a0e3MeuyloYr HU3bKY 3aTPUMKY BIATYKY Ta BHILY
CTIMKICTh CHCTEMH B KDUTUYHHUX MOJILOBUX YMOBAX.

OxpiM BUSIBTICHHS JPOHIB, MOJTyJIbHA CTPYKTYpa
CHCTEMH [103BOJISIE PO3IIMPUTH 11 I MIMPIIUX 3a-
BJIaHb MOHITOPHHTY CTaHy 3aJli3HUIIb, TAKUX SIK Bi-
JCTSKEHHS CJICKTPUYHUX aHOMaii abo MexaHid-
HOTO 3HOCY 00J1a/THaHHS MTOBITPSHUX JiHIN. Pe3yb-
TaTH MiATBEPUKYIOTh MOXIIMBICTH PO3TOPTAHHS
aKyCTHYHUX KJIACH(]IKaTOpiB HA OCHOBI HEHPOHHUX
Mepex y BOYJOBaHHX CepeIOBHIAX 3 00MEKEHUMHU
MOXITMBOCTSIMH, IIIO BiJIKPUBAE IUIAX JUIS MacITa-
OOBaHMX, IHTEJIIEKTyaIbHUX T4 ABTOHOMHUX CEHCO-
PHEX DIillIeHb ISl 3aXUCTY KPUTHYHOT iHPpacTpyk-
TYpH.
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Increasing the Level of Safety and Security of Transport Infrastructure from
Air Threats Based on Their Acoustic Identification

Purpose. The purpose of the study is to enhance the safety and protection of transport infrastructure through the
development of an intelligent monitoring system capable of detecting and classifying aerial threats based on their
acoustic characteristics. The work focuses on designing algorithms for the early recognition of unmanned aerial vehi-
cles (UAVs) and cruise missiles near critical infrastructure, addressing the growing importance of autonomous safety
systems under hybrid threat conditions. Methodology. The research applies a comprehensive approach combining
digital signal processing, machine learning, and embedded computing. Acoustic signatures of aerial targets were an-
alyzed in MatLab using Audio Toolbox and DSP System Toolbox. Mel-Frequency Cepstral Coefficients (MFCC)
were used as primary features to capture the most informative frequency components. The artificial neural network
model was optimized for STM32 microcontrollers and implemented using CMSIS-DSP and X—CUBE-AI libraries.
Wireless data exchange between sensor nodes employed ZigBee and LoRa protocols, ensuring scalable and energy-
efficient communication. Findings. The system provides real-time acquisition, processing, and classification of acous-
tic signals with an accuracy of 85-90%. The MEMS-based sensor node prototype performs fully local processing
without cloud services. Originality. For the first time, a concept integrating acoustic identification of aerial threats
into transport infrastructure monitoring has been developed using embedded artificial intelligence, on-device learning,
and local decision-making capabilities. Practical value. The results can be used to create distributed early-warning
systems, upgrade contact line and infrastructure monitoring, and strengthen technological autonomy in defense and
transport security applications.

Keywords: railway; infrastructure; electrification; contact network; monitoring; safety; acoustic identification; air
threats; microcontroller computing; low-frequency cepstral coefficients; neural network
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Oco0auBoCTI OyNIBHMITBA Nepei3aiB MPH 3aCTOCYBAHHI CyMillIeHOT KOJIil
(1 520/1 435 mm) Ha Mepexi 3aMi3HNIb YKpPaiHU

Merta. OOrpyHTYyBaHHS Ta PO3pO0OKa TEXHIYHHUX PIllICHB [T OYIBHHUIITBA 3aTi3HUYHUX MEPEi3/IiB HA CyMilICHIH
komii 1 520/1 435 MM 3 ypaxyBaHHAM CY4acHHX TEXHOJOTii Ta BUMOT €KCIUTyaTallil Ha MEPEexXi 3aIi3HUIb YKpaiHH.
HenocrartHicTs yHi(IKOBaHHX Ta ONTHMI30BaHUX PILlIEHb CTPUMYE TEMIIH BIIPOBAJKEHHS CyMIIIEHOT KOJII1 Ha KIItO-
YOBHUX IUITHKaX Mepexi. [ BUpIIEHHS IbOTO 3aBAAHHS MPOBEICHO aHANTi3 ICHYIOUMX CBITOBHX Ta BITYM3HSHHX
HOPMATHBHUX JOKYMEHTIB 11070 OyMiBHUIITBA TEepei3diB HA CyMIIEHil KOii; po3risaHyTO Ta MOPIBHSHI Pi3HI TeX-
HOJIOTIYHI pillleHHs Ta MaTepiaiy I Nepei3HUX HACTIIIIB (TyMOBO-KOP/IHI, 3a1i300€TOHHI, KOMOIHOBaHi), OIIIHEHO
iXHI eKCIUTyaTaIiiiHi Ta eKOHOMIiYHI XapakrepucTuku. Meroauka. [ BuOopy HalOULIBII palliOHATEHOTO BapiaHTY
KOHCTPYKIii MMepei3HOro HacTWIIy y poOO0Ti BUKOPHUCTAHO METOAN CHCTEMHOTO aHaNli3y, & TAaKOX METOJl aHaJi3y ie-
papxiit (MAI) o oOrpyHTYBaHHS TEeXHIYHHX pimeHb. MeToauka mepeadadae TOCTiHKEHHSI 0COONMUBOCTEH OyIiB-
HUIITBA NEPEi3/iB Ha CyMIlleHiH Kol BUOIp ONTUMAaJIbHUX MaTepialiiB Ta TEXHOJIOTIH, o 34aTHI 3abe3neynT Oe3-
NeKy, HaliiHICTh Ta €KOHOMIYHY e()eKTHBHICTB JJIsl YCIIIIHOI IHTerpamii yKpaiHChKOT 3ali3HHMII 10 €BPOIEHCHKOT
cucremu. PesyabraTn. IIpoBeneno noOynoBy iepapxii kpuTepiiB, X momapHe MOpIBHSIHHS, PO3PaXYHOK BaroBHX
Koe(illieHTIB 1 KOMIUIEKCHY OI[IHKY ajbTepHAaTUB. 3acTocyBaHHS MAI 03BOJMIO BU3HAYUTH MPIOPUTETHICTH Pi3-
HUX THIIIB Mepei3HUX HACTHJIIB 32 KPUTEPIsIMU JJOBIOBIYHOCTI, BApPTOCTI, CTIMKOCTI /10 BiOpallii, IIyMOIOTJIMHAHHIO,
CKJIQIHICTIO PEMOHTY HaJIaTH PEKOMEHallil 11010 BIPOBA/DKEHHS Cy4aCHUX TEXHOJIOT1H OyAiBHUIITBA Nepei3liB Ha
Mepexi 3aii3Hnip Ykpainn. HaykoBa HoBH3HA. B po06oTi Briepire B paMKax yKpalHCBKHX peaiiil MPOBEJEHO CHC-
TEMHHIA aHANi3 Ta OIiHKY €(EeKTHBHOCTI Cy4aCHHX THIIIB TEPEi3HUX HACTIIIIB JJS CYMIMIEHOI KOJIil, BKIIOYAIOYH
BukopuctanHs MAI nis 6aratokpurepiansHoro Bubopy. Ilpakruyne 3HaveHHs1. PesynbraTt poO0oTH MOXKYTh OyTH
BHKOPHUCTaHI TEXHITHUMH Ta MPOEKTHUMH IiAPO3AiIaMy Y Kp3alli3HUIIl TP PO3POOIIi Ta BIIPOBAKEHHI MPOEKTIB HA
IUISHKAX 13 CYMINIEHOIO KOJIi€I0, BHPOOHWKAMH E€JIEMEHTIB BEPXHBOI OYIOBH KOJIi JJIs amanTamii CBO€ET MPOIyKIIii
JI0 Cy4aCHUX BUMOT, IPOEKTHUMH OPTraHi3alisiMU JUIs OOIPYHTYBaHHS BUOOPY TEXHOJIOTYHHX PIllICHb.

Kniouosi crosa: cymiiieHa Kojist; 3ai3HUYHHUE mepei3; nepei3Huii HACTHII, METO aHai3y iepapXiil; Ykp3ais-
HUIS; OyIIBHUIITBO, SKCILIyaTalliiiHa HAIHICTh

Beryn koumii 1 435 MM, Tofi sIK yKpaiHChbKa Mepexa icTo-
pu4HO BUKOpUCTOBYE mupuHy 1 520 Mm.
BrpoBakeHHsT CyMimieHoOi KOJii € OJIHUM
3 HaHOUIBII palliOHAJIBHUX Ta €KOHOMIUHO BHUTiJI-
HUX [UISXIB BUPIMICHHS I1i€] POOJIEMHU, OCKITbKH
J03BOJISIE 3a0e3neuuTH Oe3nepepBHUI PyX pyXo-
MOTO CKiIaay 000X CTaHmapTiB Oe3 HeoOXiTHOCTI
[EPEBAHTAXXCHHS BaHTaXiB a00 3MIHH BI3KIB Ha
MPUKOPJAOHHUX Hepexonax. [Ipore, BupoBamKkeHHS
CyMIIIeHOi KoJii Ha iCHYIOYili Mepexi CympoBO-

B ymoBax rmo6amizamii Ta moriuONeHHS €Ko-
HOMIYHOT iHTerpauii Ykpainu 1o €Bporneicbkoro
Coro3y, 3aJIi3HUYHUI TPAHCIIOPT BiAIrpae KPUTHY-
HO BaJIMBY pOJIb Yy 3a0e3rnedeHHl ePeKTUBHUX
JIOTICTUYHUX JIAHIFOTiB. KirtouoBuM cTparerivHuM
3aBJaHHAM JJIs 3aJi3HUYHOI raiy3i YKpaiHu € ra-
PMOHI3aIisl 3 €BPOINEHCHKOI 3aTi3HUYHOI Mepe-
Ker, sKa (QYHKIIOHYye Ha CTaHOApTHIA IIMPHUHI
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JDKY€EThCSI HU3KOIO TEXHOJIOT1YHHMX BHKIIHKIB, ce-
pen AKX ocoOJMBE MicIle IMocizae mpodieMaTnKa
3ami3HUYHKMX niepei3miB. Jlocmimkenns [4] 3ocepe-
JDKeHe Ha mpomnecax (pyHKIiOHyBaHHsS HeOe3meu-
HHX TPAHCIOPTHUX 00’ €KTIB — 3aJII3HUYHHX TIEepei-
30iB 3 PI3HOIO 1HTEHCHBHICTIO Ta MapaMeTpamu
nepeBe3eHHs], SKi MOTpeOyIoTh BUPIIIEHHS HIMPO-
KOTO KOJIa TEOPETHYHUX, MPAKTHYHUX Ta OpraHiza-
MIHHUX 3aBAaHb. [lepei3an € KPUTHIHO BaKITUBUMH
CIIEMEHTaMU 3aJII3HUYHOI 1HPPACTPYKTypH, IO 3a-
0e31euyIoTh MepeTHH KOJii 3 aBBTOMOOLITEHOIO JTIOPO-
TOI0, 1 IXHS KOHCTPYKIIiSl Ha CyMiIeHiil komii mepe-
TBOPIOETHCS Ha «BY3bKE MiCIIE» BCHOTO MPOEKTY.

Ha BigmiHy Big OJTHOKOJIHHOI CUCTEMH, JIe TIe-
pei3HMiT HACTHII Mae JIUIIE J1Ba KaHAIM I peOopa
KOJIIC, CyMillleHa KOJisl BUMara€ po3MiIleHHS Y0-
TUPBOX pEHOK Ta POpMyBaHHS BiJIIOBITHOI CHUCTE-
MU K0y100iB. Lle 3HaUHO yCKIIaAHIOE KOHCTPYKIIIIO
HACTHITy, 301NIbIIy€e KUTBKICTh CTHKIB Ta BHMAarae
BHUCOKOI TOYHOCTI MPH MOHTaXi, 00 3a0e3MeYnTh
Oe3neuHuil mpoxin KoJjicHuX map o0ox tumi. He-
MIPaBUIIBHO CIIPOEKTOBAHW a00 3MOHTOBAHUH Tie-
pei3a i3 CyMIIIICHOIO KOJIEK CTAHOBUTH ITiBHIIIC-
HUI PU3UK SK JUTS 3aJ1i3HUYHOTO, TaK 1 JJI1 aBTOMO-
OimpHOTO TpaHcmopty. lle Bumarae BHKOpHCTaHHS
MepeioBUX, JOBrOBIYHHUX Ta 3HOCOCTIMKHX MaTepi-
aJliB, M0 3a0e3MeYyIOTh iIealbHO PiBHY ITOBEPXHIO.

Xoda B YKpaiHi BXK€ € TIEBHUN JOCBIJ yIamITy-
BaHHS CYMIIIEHOI KOJii, iCHyIOUi TeXHIUHI cTaHaa-
pTH TOTPeOYIOTH OHOBIEHHS Ta JIOMIOBHEHHS
3 ypaxyBaHHSIM Cy4YacHUX TEXHOJOTIH, IO JIOBEIH
CBOO e()eKTUBHICTh y CBITi (HAIIPHUKIIA], MOAYJIbHI
CHCTEMH 3 eJlacTOMepHHX MarepiaiiB). Hemocrart-
HICTh YHI(QIKOBaHUX Ta ONTHUMI30BaHUX pIillICHb
CTPUMYE TEMIH BIPOBA/UKEHHS CYMIIIEHOI KOl
Ha KJIFOYOBUX JUITHKAX MEPExi.

3 omsay Ha BHINE3a3HAYEHE, JOCIIIKEHHS
ocobmmBoCTel OyMiBHHIITBA MEepei3/IiB Ha CyMile-
Hil KOJIi1 € BIANIOBiAIbHUM HAYKOBO-TIPAKTUYHAM
3aBJaHHsAM. BuOip onTuManbHHX MaTepialliB Ta
TEXHOJIOTIH, 1m0 3/1aTHI 3a0e3neunTH Oe3neKy, Ha-
TIUHICTh T2 €eKOHOMIYHY €(DEeKTHBHICTD, € KPUTHY-
HO Ba)KJIUBUM IS YCIIITHOL iHTErpalii yKpaiHCh-
KOT 3aJTi3HUIII /IO €BPOIIEHCHKOT CHCTEMH.

MeTta

Mertoro gociiKeHHs € O0IPyHTYBaHHS Ta poO3-
pOOJICHHS TEXHIYHUX pIlIeHb M[0/I0 OYyIiBHHUIITBA
3aJi3HUYHUX Tepei3iB  Ha CyMilleHid Kol
1520/1 435 MM 3 ypaxyBaHHSIM CyYaCHUX TEXHO-

JIOTIH Ta eKCIUTyaTaI[ifHIX BUMOT Ha MEpexi 3aii-
3HMIL YKpaiau. HemocratHicth yHi(ikoBaHHX Ta
OINITHMI30BaHUX KOHCTPYKTHUBHUX pillleHb Hapasi
CTPUMY€E TEMIIH BIPOBAKEHHS CYMIILIICHOI KOJIiT Ha
KITIOYOBHMX HANpsMKax 3ali3HUYHOI 1H(pacTpyKTy-
pH.

st JOCSTHEHHS MOCTABICHOI METH MPOBEACHO
aHaJI3 YUHHUX BITYM3HSHUX Ta MIXKHAPOJHHX HO-
PMaTHBHHX JTOKYMEHTIB, III0 PETJIAMEHTYIOTh OyIi-
BHULITBO Tepei3aiB Ha cymilieHiil kounii. Po3rmsHy-
TO W TOPIBHSHO Pi3HI THIU MEPEi3HUX HACTUIIIB —
TYMOBO-KOP/IHi, 3ai300€TOHHI Ta KOMOiHOBaHI,
a TaK0>K BUKOHAHO OLIIHKY iXHIX eKCIUTyaTaliiHuX,
TEXHOJIOTIYHUX 1 eKOHOMIYHUX XapaKTECPHUCTHK.

MeToauka

[Ipn 3aCTOCYBaHHI cyMimieHoi KOJIii
1520/1 435 MM Ha 3ami3HUYHUX TEpei3aax BUHHU-
KarOTh TEXHIYHI BUKJIIMKH, TIOB’s13aHi 3 PI3HOO IIH-
PHUHOIO KOJIiH Ta OE3MEKOI0 PYXY aBTOTPAHCIIOPTY.
OcHoBHI Tipo0eMu: pi3Ha BiACTaHb MiX pelKkamu,
IO YCKJIAZHIOE KOHCTPYKLIIO HACTHIY Iepei3my;
HEOOXITHICT, HAAIHHOT POOOTH MEpei3HOTO TOK-
PUTTS MIPH MPOi3/li BAXKKOTO aBTOTPAHCIOPTY; CTa-
OLTBHICTE 130MA1IIT KO 711 pOOOTH CHTHAII3aITi.

Mertonuka mependadae MOCTIHKEHHS OCOOIH-
BOCTEH OyIiBHUIITBA MEPEi3IiB Ha CyMIllleHIH KoJIil
BUOIp ONTHMAIBHUX MarepialiB Ta TEXHOJIOTIH,
oo 31aTHi 3abe3nednTH Oe3leKy, HaJaiiHICTh Ta
€KOHOMIUHY e(eKTHBHICTh JJIsl YCIIIIHOI iHTerpa-
1ii yKpaiHCHKOI 3ajli3HMIN IO €BPONEHCHKOI cHc-
temu. J{ns BHOOpY HaWOLIBII PamioHAIEHOTO Bapi-
aHTY KOHCTPYKIIi TMepei3Horo HacTuiy B poOoTi
BUKOPUCTAHO METOJM CHCTEMHOTO aHawi3y, a Juls
OOTpyHTYBaHHS TEXHIYHUX PillleHh — METOJ] aHAaIIi-
3y iepapxiit (MAI).

ByniBHUIITBO 3ali3HUYHUX Tepei3/iiB Ha CyMi-
mieniit komii (1 520/1 435 mm) B ymMOBax yKpaiHCh-
KOI 3aJi3HMYHOT MEpeXi CyNPOBOKYETHCS HU3-
KOI0 KOHCTPYKTHUBHHX, TEXHOJIOTIYHUX 1 EKCILTya-
TallifHUX ocoOnuBocTeil. OCHOBHA METa TaKOTro
OymiBHHUIITBa — 3a0e3neueHHs Oe3rneyHoro Ta ede-
KTHBHOTO TEPETHHY 3aJi3HUYHUX KOJii aBTOMOOi-
JTHHAMH IIUIIXaMH, KUK riepeabadae pyx Moi3ziB
JIBOMa THIIAMU KOJMIHHOT mupuuu (Tabdm. 1).

AT «Yxpzanizaus» (Y3) mae Hamip nmoOymay-
BaTH JBOKOJIMHY 3ali3HUIIIO 10 KopaoHy 3 [Tob-
mero. Lle 7103BONMUTE KOMIAHIl 3allyCTHUTH TMPsMi
nmoi3au 3 Ykpainu no €porneiickkoro Corosy 0e3
3aMiHM Bi3KiB. 70-KiJoMeTpoBHii MapiipyT Oyne
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mepeoOIaHaHO 31 3BHYANHOI MIMPOKOKOMIHHOT
3amizHumi 1 520 minmiMeTpiB Ha ITBOKONIKWHY JIHIIO
LUISIXOM J0AaBaHHs MapanelbHuX KON s Komii
1435 mm (puc. 1) [11].

Puc. 1. /IBokoutifiHa JiJITHKA:
37iBa — cyminieHa kouist 1 520/1 435 mm)

Fig. 1. Double-track section:
on the left — dual-gauge track 1520/1435 mm

Ha oxpemux mainssHKax 3aii3HUIB BKE BUKOPHU-
croByeThes cymimena komis (1 520/1 435 mm).
Hampuxian, Ha cranmii Moctuckka 1 € komOiHO-
BaHa KOJIisl, 110 JI03BOJIsiE 0OOPOOIIATH acakKUPChKi
Ta BaHTaXHI moi3au, mo pyxatoTtbes 3 [lompmni 6e3
3aMiHH Bi3KiB. [licist mpoXoIKeHHS MPUKOPIAOHHO-
ro nepexony MocTuceka — Menuka Ta B’i31y 1O
[TompIi BUKOPUCTOBYIOTHCS ICHYIOUI JiHII 3 mIH-
punoto komii 1 435 mM. JIoBXKHHA CYMIIIEHHX KO-
i Ha ginsHii XupiB—HukaHKOBUYI CTaHOBHTH
6mu3pko0 24 kM [8].

Tabmums 1

KoHcTpyKTHBHI, TEXHOJIOTIYHI i ekcmuryaTamniiini 0co6auBocTi Oy1iBHUITBA
3aTi3HHYHEX Mepei3aiB Ha cymimeniit kouii (1 520/1 435 mm)

Table 1

Structural, technological and operational features of railway level crossing
construction on dual-gauge track (1520/1435 mm)

1. KoHCTpYKTHBHI 0COOIHBOCTI

1.1 Tum peKoBOi pemIiTKH: ISl CyMiIIeHOI KOl Ha nepei3iax BUKOPUCTOBYIOTHCS CIIeliaibHi KOHCTPYKILT, sIKi
JIO3BOJISTIOT YKJIaJIaTH YOTHUPH PEHKOBI HUTKH, 3a0€31e4yI0uH CTaOlIbHY IINPHHY

000x kot — 1 520 mm i 1 435 mmMm.

1.2 Kouist: moTpiOHO nepeoaynTH MiABUIIEHI BUMOTH 10 TEOMETPHUYHOT TOYHOCTI YKJIaJaHHS peoK, 0COOIMBO
B 30HI IEPEi3HOTO HACTUITY, A€ BiIOYBAETHCS MEPETHH 13 aBTOAOPOTaMH.

1.3 Hactun nepei3ay: BUKOPHUCTOBYIOTECSI MOJTYJIbHI TEPEi3HI HACTWIIN, IKi CyMiCHI 3 0araTopeiiKoBUMH CHCTe-
MaMH, HalpHKJIal, F'yMOBO-KOPAHI a0 3a1i300€TOHHI IIINTH 3 (pe3epOBaHUMH KaHAIAMH JJISl PO3MIIIECHHS

peiiok Ha pi3Hil IHPUHI.

2. TexHOJIOT1YHI 0COOJMBOCTI OYAIBHUIITBA

2.1 MiaroToBui poGoTH: Yepe3 yCKiIaJHEHHsI KOHCTPYKIIIi Ha CyMilleHii Kol nepe0ayaeThesi peKOHCTPYKILis
3eMJISTHOT'O TI0JIOTHA 3 YpaxXyBaHHIM HOBUX rabapuTiB i IpEHaKY.

2.2 YknanauHs peiiok: 3acTocoByeThes Kpimenns tumy «FASTCLIP», « W14y abo aHamorivHi, siki MarOTh OyTH

aJlanToBaHi U1 cyMileHoi koHdiryparii kourii.

2.3 Curnaitizaiiist i aBTOMaTHKa: HEOOXiIHO rmepeodIaHaTi IPUCTPOT Mepei3HOT CUTHATIZAMIT I BUSIBICHHS

Noi3MiB, 1m0 pyxatoTbes o kol 1 5201 1 435 mm.

3. Excrutyaraniiiti 0co0inBOCTI

3.1 lepopmarrii Ta 3HOC: "uepe3 CKIaIHy TEOMETPito 1 30iIbIIIeHe HABAaHTAKEHHS HA OKPEMi eJIeMEHTH (0COOIHBO
Ha BHYTPIIIHIO PEHKY) 3pOCTAIOTh PU3HUKH 3HOCY 1 HOTpeda y YacTioMy TEXHIYHOMY 00CITyrOBYBaHHI.
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[IponoBxenHs tabn. 1

Continuation of Table 1

3.2 OOMesKeHHS LIBUIKOCTI: ISl pyXy MOT3/IiB 110 Mepei3aaM CyMileHOT Kol MOXKyTh THMYacOBO BBOJUTHUCS

00OMEKEHHS IBUIKOCTI.

3.3 Be3neka pyxy: piBeHb OC3ICKH 3pOCTAE 32 PAXyHOK 3aCTOCYBAaHHS AKTUBHHIX CHCTEM OTIOBIIIICHHS BOJIITB aB-
TOMOOLITIB, BCTAHOBJICHHS IIJIAr0ayMiB 13 TIOKPAIICHUM TPUBOJIOM, a TAKOXK JIOJTATKOBHX OT'OPOJIXKCHB.

4. HopmaTHBHE Ta npaBoBe 3a0e31eYeHHs

4.1 B YkpaiHi 3aCTOCOBYIOTECS IIPH MTPOEKTYBAHHI MEpei3iB i3 CyMIlICHOIO KOJIE0 aaanToBaHi OJI0KEeHHS
3 JIBH B.2.3-19:2018 Ta cranmapt Ykp3anizauii CTIT 02.01-002:2023, a Tako JOCBiI €BPONEHCHKUX KpaiH, Jie

aHAJIOTI4HI 00’ €KTH B)KE BIPOBAKCHO.

Tpamuniiini TexHOJIOTii OymIBHHUIITBA, TaKi sK
acanbTyBaHHS a00 YKJIaJaHHS JIEPEB’SIHOI'O Ha-
CTHITy, € Hee(QeKTHBHHMH ISl 0OaraTOperKOBHX
CHCTEM, OCKUJIBKM HE MOXYTh 3a0€3IeYUTH HEO0O-
XiJIHy TOYHICTh Ta JIOBrOBI4HICTh. lle mpu3BoauTH
JI0 BUCOKHX €KCIUTyaTal[ifHUX BUTpAT, YaCTHX pe-
MOHTIB 1, SIK HAaCIiZOK, 0 HEOOXITHOCTI 3aKPHUTTS
nepei3ay, 10 CTBOPIOE 3HAUHI HE3PYYHOCTI s
ABTOMOOIJILHOTO PYXY.

Cepen muTaHb, IO CTOCYIOTHCS KOHCTPYKTHB-
HUX O0COOJHMBOCTEH, PO3IIISIHEMO OCHOBHI IMiAXOIU
10 O0JaIITyBaHHs MEpei3iB Ha CyMIIIEHIN KOTii.
B 6araTrox kpaiHaX BUKOPHUCTOBYIOTHCS MOIYJBHI
nepei3Hi HacTHIIH, sIKi CyMiCHI 3 6araTOpeKoOBUMHA
CHUCTEMaMH, HAalpHKIaJA, 3 €JaCTOMEPHHX IUIHT,
takux gk ['BP, STRAIL a6o koMOiHOBaHI CUCTEMH
«ryma+0eToH», TyMOBO-KOpAHi abo 3ani300eToHHI
IUIMTA 3 (Ppe3epoBaHMMHU KaHAJIaMHU JUIsl PO3Mi-
HICHHS peioK Ha pi3Hii mmpuHi. (1. 1.3, Tadm. 1).

I'ymMOBi pileHHS Ta KOMIOHEHTH JAJIsl 3alli3HU-
YHHUX Tepei3/iB — 1€ MepeBipeHa eeMEeHTHa CHC-
TeMa, sika BUKOPUCTOBYEThCs O Beiit €Bpomi [9].
[ligxoauTh K JUIS MIMIOXOIB 3 HEBEIUKUM PYXOM,
TaK i JUIsl iIHTEHCUBHOTO PyXy TPaHCIOPTY (puc. 2).

Puc. 2. Cucrema ryMoBuX IUTUT Ha Hepeizi

Fig. 2. Rubber slab system at the level crossing

JInsl TIOIIUPEHHST CYy4YaCHUX MPAKTUK Ta BHUMOT
I0Z0 PO3POOKH iHKEHEPHHX PIlIeHb IS Hepei3-
IIiB MK aBTOMAriCTpasIMH Ta 3aJi3HUISIMH BHKO-
puctoByeThest «JloBiqHuK 3 epeizaisy [6].

Tak, mepeizni Hactum STRAIL (Himeuunna)
IIMPOKO BUKOPUCTOBYIOTHCS Ha 3aJII3HUYHHX Iepe-
i3max i3 cymimienoro komiero (1 520/1 435 mwm).
MaroTh BHCOKY JOBrOBIUHICTH, 3MEHIIYIOTH IIyM
Ta BiOparii, ane qopoxui y BupoOHUNTBi. HaBene-
Ha Ha puc. 3 moaynpHa cuctema STRAIL cknana-
€THCSI 3 OKPEMHX CYLIIBHUX TYMOBUX MaHeNeH, sKi
3’€IHaHI MK cO000 32 JAOTIOMOTOI0 TePMETHYHOT
3aMKOBOi CHCTEMH, MiIXOAWTH M OyAb-IKOTO
TUIy PEHOK Ta ILimaj, 3abe3nedye TpUBaIUil Tep-
MiH CIIy)KOW, HIBHJKE Ta JIETKe BCTAHOBJICHHS Ta
BUJIQJICHHS.

. Puc. 3. Cucrema 3anizanunux nepeizais STRAIL

Fig. 3. STRAIL railway level crossing system

[lepeizau 3 enacTOMEPHUX IUIMT — CHELiabHI
KOHCTPYKIIIT 3a/li3HUYHUX Mepei3aiB IpeACTaBIeHO
B po6ori [10] (puc. 4).
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Pos3pis Railbeton 3 enacToMmepHO OKaHTOBKOK

ApmosaHumii  EnacromepHa kpaiiosa
6oparop
|

ceKkuin

UeHTpanbHa nauTa

KpaitoBa naurta

TS
NSAsay
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SN
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NSSAN
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NNAAan
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ANAAS
SR
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NigcrnnbHuia 6eton C30/37

EnacromepHi cmyrun, 2000 x 120 x 10

MospoeXxHa 6eToHHA wWnana

Puc. 4. EnactoMepHa KpaiioBa CeKIlis mepeizmy

Fig. 4. Elastomer edge section of the level crossing

B skypuami [5] mpeacraBieHa iHTeIeKTyalbHa
CUCTEMa, 110 IHTErpy€e MOJAYJII, SIKi MalOTh 0COOJIH-
B€ 3HAYCHHS JUIA Oe3MMeKH 3aMi3HIYHUX Mepei3miB

[ligBomsuM MiACYMKH KOPOTKOTO OTJISIAY KOHC-
TPYKUiH mepei3iB, ciij 3a3HAYMTH, IO Ha 3ali3-
HUISIX IIUPOKO 3aCTOCOBYIOTHCS Cy4YacHi CUCTEMHU
TTOKPHTTS 3aJi3HUYHHUX TEPei3/iB, SKi CKIaaloTh-
Cs 3 OKPEMHUX TI'OTOBHX CJIEMEHTIB (MOAYIMIB), IO
YKJIAAAI0THCS MK pelikamu, 300Ky BiJl HUX Ta Ha
migxomax o mepeizmy. BoHu mpwifiun Ha 3MiHY
TpaauliiHUM acaTbTOOETOHHUM a00 JIepeB’ THUM
HacTWiIaM. Sk mpaBWIlO, Taki HACTHIIM BUTOTOBIISI-
IOTBCSL 3 TYMOBO-KOPAHHMX a00 3ai300€TOHHHX
MatepianiB. OCHOBHI IepeBard MOLyJIbHOCTI:

— IIBUJKICTH MOHT@)XYy: MOJYJi BHUTOTOBIIS-
IOThCS Ha 3aBOJ, IO 3HAYHO IPUCKOPIOE YKIIa-
JTaHHS IX Ha MiCIi;

— BHCOKA SKICTB: 3aBOJICbKE BHPOOHHMIITBO 3a-
0e3nedye TOYHICTh PO3MIPIB Ta SAKICTh MaTepialiB;

— JIOBrOBIYHICTh: BUKOPUCTaHHS MILHUX MarTe-
piamiB, CTIHKMX 0 HABaHTaXKEHb Ta aTMOC(EpHUX
BILINBIB,

— JIETKICTh 3aMiHU: y Pa3i MOMIKOHKEHHS 3aMi-
HIOETBCS JIMIIE MOIIKO/DKEHUH MONIYJb, @ HE BECh
HaCTHUII;

— 3HW)KEHHS LIyMy Ta BiOpauii: TyMOBI KOMIIO-
HEHTH, 30KpeMa, MOXXYTb 3MEHIIYBaTH ILIyM Bij
MpoT3/y aBTOMOOLTIB.

st mepei3niB Ha cyMilleHii Koii, e moTpio-
Ha BHCOKa TOYHICTH 1 CKJIafHi ()OPMH BHUDI3iB, BU-
POOHMLITBO SIK T'YMOBHX, TaK 1 3aJi300€TOHHHX

Ut Oyae CKIaTHIIINM 1, BIATIOBITHO, TOPOXKIHM,
HDK JUIS CTaHJApTHHUX mepeizniB. Bubip 3anexuTsb
Bil KOHKPETHHX BHUMOT TPOEKTY, IHTEHCHUBHOCTI
pyxXy, OIO/KETy Ta MpiopUTeTiB (HampuKiIam, 49d
BaXTUBIIINN KOMQOPT sl TACaXXHPiB aBTOTPAHC-
MOPTY, Y JIOBrOBIYHICTh MEPEI3HOTO HACTHLITY).

BapricTh Ta 1OBroBi4HICTH Pi3HUX THIIIB TIepei-
3HMX HACTHJIIB 3aJiekaTh Bij OaraThox (axTopiB
(BUpOOHMK, KOHKpeTHa Mopuikamis, iHTCHCHUB-
HICTh PyXy, YMOBH €KCIUTyaTallii, IKiCTb MOHTaXy
tomio) (Tabm. 2).

Sk BUTUIMBAE 3 aHaIizy Talu. 2, mpobieMaThuka
3ali3HUYHUX TIEpei3/NiB Ha CyMilleHid Koumii mpo-
SIBIIIETHCS. B HEOOXITHOCTI ypaxyBaHHS pi3HOMaHi-
THHX, 1HKOJIM CYNEPEUWIMBUX BHUMOT: KOHCTPYKTHU-
BHA CKJIQJIHICTh, BUMOTH JI0 O€3MeKH, eKcIuryara-
[iHI BUMOTH, BapTiCTh, BIACYTHICTH yHiBepCallb-
HUX pileHb. Bubip onTumansHUX MaTepiaiiB Ta
TEXHOJIOTH, 110 3/aTHI 3a0e3meunuT Oe3eKy, Ha-
IAHICTh Ta €eKOHOMIYHY €()EeKTHBHICTD, € KPUTUY-
HO Ba)XJIUBUM MJIs YCIIIITHOI iHTerparii yKpaiHCh-
KOI 3aJIi3HUII J0 €BpoNeichkoi cuctemu. [1jis Bu-
pIlIEHHS] TaKOTO HAYKOBO-NPAKTUYHOTO 3aBIaHHS
B pobori 3actocoBaHo MAI, sikuii 103BOJISIE CHC-
TEMaTU3yBaTH CKJAIHI PIIICHHS, [0 BKJIOYAIOTh
Oarato KpHUTepiiB, 1 3acToCcyBaTH OallbHY OI[IHKY
U1 BUOOpY HaMKpaloi anbTepHaTHBU.

BignoBigHo 1m0 Tadi. 2 METOI0 IOCIIIKEHHS
€ BUOIp ONTUMAILHOTO TUIY MOKPUTTS 3aJTi3HUY-
Horo nepeizay. Kpurepismu OynyTh «xapakrepuc-
TUKW» 3 TAOJUIl: JTOBrOBIYHICTH, IIOYaTKOBA Bap-
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TiCTh, BapTICTh MOHTaXy, CTIMKICTH 10 BiOpa-
1ii/ymapy, UIyMOTIOTTIMHAHHS, KOM(OpPT mpoizmy
aBTO, CKJIAIHICTb PEMOHTY. AJbTEpHATUBAMH BU-

CTYNalOTh «BHJU TUIATY. T'yMOBO-KOPJHI TUIHTH,
3a11300€TOHHI TUIMTH, €TaCTOMEPHI TUIHTH 1 KOM-
OiHoBaHi cucremHu (Tadm. 3).

Tabnums 2

Y3aranbHeHe cHiBBiAHOIEHHA Pi3HUX TUIIB NMepPei3HMX HACTUWIIB

Table 2

General correlation of different types of level crossing decks

I'ymoBo-kopaHi

3aii300eTOHHI TTUTH (MOHO-

Enacromepni
IUTATH (HaIlpU-

KombinoBani cucreMu

XapaxTepuctuia Tt (Cyu.mLHO_ JITHI/301pH1) kman, STRAIL, (ryma+6eToH)
TYMOBI) TBP)
. . . 3a1i300€TOHHA OCHO-
Bucokominnza CrernianpHi
. . . Ba + rymMo-
Marepian ryma, apMoBaHa 3aiz06eToH €JIaCTOMEpHI . . .
. BUii/IOJIIMEpHU
KOpAOM cymini .
BEpPXHIH map
JloBrosiumicts 20...30+ (BepxHii
(poxiB) 10...20 20...40+ 15...25+ 1rap Mo>ke BUMaraTu
p 3aMiHHM paHilie)
IlouarkoBa Bap- . Bumia (Moxe KOHKY-
. . Bumia (mopiBHSIHO Buma (gacto
TiCTb (MaTepi- Cepenns/Hmxua N pyBaTH 3 eacToMep-
N 3 3b) HalBHIIA)
an/m?) HHUMH)
. . . Cepenus/Buma (3a-
Bapricts MoOHTa- Bumia (Baxkki, moTpibeH Hwuzpka (Mo- e ma

Ky

Hwmx4a (srerki)

KpaH)

ITyJIbHA, JIETKA)

JIEXKUTH BiJl Baru Mo-
ITyTIB)

Cri#ikicTh 0O BiO-
pauii/ymapy

Hyxe Bucoka

Cepenus/Huspka (3KOpCTKi,
CXWJIBHI 10 TPIIINH)

Hyxe Bucoka

Bucoka (rymoBuit
rap aMOpPTHU3YE)

[IymonornuHanHs

Hyxe Bucoka

Hwusnka

Hyxe Bucoka

Bucoka (rymoBuit
Iap MOTIIMHAE)

KomdopT npoizny
aBTO

Bucoxwuii (piBHa,
eacTHYHa MOBep-
XHS)

CepenHiii ()KOpCTKHH, MO-
JKITUBI HEPIBHOCTI)

Bucoknii

Bucoxnii

CkagHiCTh pemMo-

Ipocrwuii (3amina

Cknannuii (6eToOHyBaHHS,

IIpocTwii (3a-

3aMiHa BEpXHBOTO
mapy/mMoLyJist, OCHO-

HT MOJTYJIs E€MOHTaX MiHa MOAYJIs .
Y Ays) A ) Ays) Ba JIOBrOBIUHA
Baxui 3a uncry ry-
Bara monynis Jlerki Hyxe Baxki Jlerxki MY, JIeTII 328 YUCTHH
6eToH
BigminHo (po- .
Hyxe nobpe (To- Hob6pe/BinminHO

Ananraris s
CyMIIeHOT KOl

yHe (hpe3epyBaH-
Hs KaHaJiB)

Jo6pe (cknmamHe BiIMBaH-
Hs1/(pe3epyBaHH)

3po0IeHi st
CKJIAIHUX
KoH(iryparmii)

(xoMOiHaIIis MIiITHOC-
Ti Ta TOYHOCTI)
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Tabnuns 3
Kpurepii it anbTepHaTUBH i 111 BUOOPY THUIY OKPHUTTS 3aJi3HUYHOT0 Mepei3ay
Table 3
Criteria and alternatives for selecting the type of railway level crossing deck
Kpurepii AnpTepHaTUBU
K1 JloBroBiuHiCTh Al ['ymoBO-KOpIHI TUINTH
K2 [TouaTkoOBa BapTiCTH A2 3ami300eToOHHI IHTH
K3 BapTicte MOHTaXY A3 Emnactomepni mmutu (STRAIL, I'BP)
K4 CrifikicTh 10 BiOpatmii/ynapy A4 Komb6iHoBaHi cucteMu («ryMKa+GeToH»)
K5 [llymonornuHaHHs
K6 KompopT mpoizny aBTo
K7 CKIaHICTh PEMOHTY
3HAYEHOI0 UIKAJOK 1HTEHCHBHOCTI Ba)KJIMBOCTI
PesyabTaTu (wkanoro Caari), 1O JAONOMara€ IMepeBecTH

st JOCATHEHHS MOCTaBICHOI METH PO3IJISIHY-
TO ¥ MOPIBHAHO Pi3HI THMU TMEpEi3HUX HACTHUIIIB,
a TaKOXX BUKOHAHO OI[IHKY TXHIX eKCIUTyaTaIliifHuX,
TEXHOJIOTIYHUX 1 EKOHOMIYHUX XapaKTEPUCTHK.

Buxopucranuss MAI 103Bojsie BpaxoBYBaTH
CHIBBiTHOIICHHS PI3HUX TUIIIB NEPEi3HUX HACTHUIIIB
(Tabn. 2). BukoHaHHS poO3paxyHKIB Iepemdadae
TaKy MOCHiIOBHICTb:

1. BusHaueHHsT MeTH — BHOIp ONTHMAaIbHOTO
TUILY IOKPUTTS 3aJII3HUYHOTO Tepei3my.

2. BuzHaueHHs KPHUTEPIiB — 16 «XapaKTepPHCTH-
Ki» 3 TaOJI. 2: JIOBrOBIUHICTb, I0YaTKOBA BAPTICTh,
BapTICTh MOHTaXYy, CTIHKICTb 10 BiOparii/ynapy,
IIYMOTIOTJIMHAHHS, KOM(OPT MpOoi3y aBTo, CKIal-
HICTh PEMOHTY

3. Bu3HaueHHs anbTEPHATUB - L€ BUAM ILIHT:
TYMOBO-KOD/TIHI TUIATH, 3aJ1i300€TOHHI ITUTH, €J1a-
CTOMEPHI IJIUTH, KOMOIHOBAaHI CUCTEMHU

4.TloGynoBa iepapxii. [Ipu moOynoBi iepapxiit
BpaxoOBaHO TaKi TPH PiBHi:

1) BepxHiii piBeHb — BHOIp ONTHMAIBHOTO TTOK-
PUTTS;

2) cepenHiii piBeHb — KpUTEPil (OBTOBIYHICTS,
BapTICTh, CTIHKICTh, TOIIO);

3) HWXKHIA piBEeHb — AIbTEPHATUBU (TYMOBO-
KOD/IHi, 3a111300€TOHHI TOLLO).

5. Ilonapue mopiBHsAHHS KpuTepiiB. HeobxinHo
MOPIBHITH KOXKEH KPHUTEPil 3 KOKHHUM IHIIUM 3a
mkanoro MAI 1mo0 BU3HAYMTH IXHIO BaroMicThb
(BaxnuBicTh). Ilpym 1pOMYy Kepyemocsl YiTKO BH-

Cy0’€KTHBHI CYIKCHHSI €KCTIepTa y KiIbKiCHI 3Ha-
yenHs. [lIkama Mae Taki OCHOBHI piBHI:

1 — piBHa BaXXJIMBICTh (1Ba KpUTEpii MAIOTh OJ-
HaKOBE 3HAYCHHS);

3 — momipHa mepeBara (OAWH KpUTepii momip-
HO BaXXJIMBIIIHMH 32 1HIITHH);

5 — cunpHa mepeBara (OMH KpUTEpidl CHUIILHO
BOKJIUBIIININ 32 1HITHH);

7 — myxke cuibHa riepeBara (OOUH KPHTEPIi
JIy’Ke CHJIbHO BaYKJIMBIIIIUH 32 1HIIUH);

9 — abcomoTHa nepeBara (OJMH KpUTEpii aod-
COJTFOTHO BYKJTUBIIIIHI 3a 1HIIIHH).

2, 4, 6, 8 — npoMiXKHI 3HAYEHHS, 1110 BUKOPHC-
TOBYIOTBCS JJIsS TOHIIOI Tpajailii. 3BOPOTHI 3HA-
yenns (1/3, 1/5 1 T. 1.) BUKOPUCTOBYIOTKCS, SKIIO
MOPIBHIHHS #1€ Y 3BOPOTHOMY HOPSAIKY.

6. [lonapHe MOpIBHSHHSA AJITEPHATUB 32 KOXK-
HUM KputepieM. [TopiBHIOEMO KOXHY albTepHATH-
BY 3 IHIIIOIO, aJie BXE B MEKaX KOXKHOTO OKPEMOTO
Kputepiro. HaBenemo mnpukiajg MOpIBHSIHHS 3a
kputepieM «JloBroiunicTe» (Tad:i. 4). ExcrieprHi
CYIPKEHHSL:

— 3ay1i300eToHHI THTH (A2) € CHIIBHO JIOBIO-
BIYHILIMMH, Hi’ T'yMOBO-KOpHI (A1) — 5;

— 3aniz00eToHHI (A2) € MOMIPHO JOBrOBiYHI-
IIMMH, HXK KOMOiHOBaHi (A4) — 3;

— KoMOiHOBaHi cuctemMu (A4) € MOMIPHO JIOB-
TOBIYHINIMMH, HIXX enacToMmepHi (A3) — 3;

— emactomepHi (A3) € TOMIpHO JOBrOBIYHI-
IIMMH, Hi’K TYMOBO-KOpJHi (A1) — 3;
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— 3ami3o0eToHHi (A2) € qy’Xe CHIBHO JOBrOBi-
YHIIITIMH, HIK enacToMepHi (A3) — 7;

— koM0OiHoBaHi (A4) € TMOMIpHO JOBrOBiYHI-
LIMMH, HiXK TYMOBO-KopaHi (Al) — 3.

Leit iporiec MOBTOPIOETHCS IS BCIX KPUTEPIiB.

7.Cunre3 pesynbraTiB. OOUUCIIOEMO 3arajb-
HUI TpiOpUTET I KOXKHOI anbrepHaTuBu. Lle po-
OWTbCA NUIIXOM MHOXEHHS BEKTOpa BaroMOCTi
KpUTEpiiB HA MATPHIIO TIPIOPUTETIB aTbTCPHATHR.

Pesynprarom Oyzne enuHUil BEKTOD, /1€ KOXKHA allb-
TepHaTHUBA OTPHUMAE CBil 3araJbHHUKA 0an. AlbTep-
HaTHBAa 3 HalBUIIMM OajoM OyJe BBaXKaTHCs Hali-
O1TBII ONITUMAJIBHUM PilICHHSIM.

Hoxnanuuii onuc Bukopuctands MAI nipu Bu-
pilIeHH] Pi3HUX 3aBIAHHSA PO3TIIHYTO B PoOOTax
aBTopiB [2, 7]. Tomy B Wiii cTaTTi 3yNHHUMOCS Ha
aHaJTi31 OCTaTOYHUX PE3yIbTATIB.

Tabnuus 4
MaTpuus NonapHuX NOPiBHAHL 32 KpUTepieM «/loBropivHicTh»
Table 4
Pairwise comparison matrix by the criterion «Durability”
AJnprepHaTuBa Al A2 A3 A4 .
(T'yma) (3b) (Enacromep) (KombGinoBaHi)
Al (I'yma) 1 1/5 1/3 1/3
A2 (3b) 5 1 7 3
A3 (Enactomep) 3 17 1 1/3
A4 (KombinoBaHi) 3 1/3 3 1

Po3paxyHOK JOKanmbHHX MpPIOPUTETIB (Bar) BU-
KOHYETBHCS 32 METOZOM I€OMETPHYHOIO CEPEeIHbO-
ro. ['eomeTpudHe cepeqHe € HaAMOILIBII BiIMOBiA-
HUM 1 IUPOKO MPUHAHITAM METOIOM JJISl PO3paxy-
HKY JIOKQJIbHUX TPIOPUTETIB y METOJ aHaji3y ie-
papxiii. BoHO [03BOJsIE KOPEKTHO IEPEBECTH
Cy0’€KTHBHI CY/DKEHHS PO BIJHOCHI IepeBard B
KIUJIBKICHI Baru, 30epiraro4u mpu 1bOMY JIOTIKY T0-
MapHUX TOPiBHSHB.

[lokaxkemo Ha TpUKIALl PO3pPaxyHKy cepen-
Hporo reomerpuunoro (I'C) mmst meprioro psaxa
(Tabm. 4):

I'Cona A1=4‘#1-1-£-l =4/i:0,386
533 45

AmnarnoriuHo po3paxoBaHi nokazauku ['C s
HIINX aTbTepHATHB:

I'Cona A2=4/5-1-7-3 =4/105 = 3,201

FCdﬂﬂAB—ﬁfB -1 ——‘{/: 0,615

I'C ons Ad =43 5 .3-1=43=1316

Cyma I'C: 0,386+3,201+0,615+1,316=5,518.

HopwmanizoBani Baru (JIokanbsHi mpiopuTteTn):

Al (I'yma): 0,386/5,518 ~ 0,070;

A2 (3b): 3,201/5,518 =~ 0,580;

A3 (Enacromep): 0,615/5,518 ~ 0,111,

A4 (Kombinosani): 1,316/5,518 ~ 0,238.

TakuM 4rHOM, 3a KpuTepieM «/]OBroBiuHICTEHY
3ai1i300eToHHI uTH (A2) € aOCOJIIOTHUM JIijie-
POM, IO BIATIOBia€ MOTEPETHIM BUCHOBKAM.

Jig oniHku ocoOIMBOCTEH Oy TiBHUIITBA TIepei-
3MiB Ha MEPEeXI 3alli3HUIb YKpaiHU MPH 3aCTOCY-
BanHi cymimenoi koumii (1 520/1 435 mm) HeoOXi-
HUH MYITbTHUAMCIUILTIHApHUN minxin. Kputwmaso
BaXUIMBUMH JIJISL JIOCTOBIPHOCTI Ta 00’ €KTUBHOCTI
pe3yJbTaTiB Oyb-IKOT'0 €KCIIEPTHOTO OIIHIOBAHHS
€ TpaBUIBHUNA MiAOip ckiany ekcrepTiB. [CHYIOTh
peKoMeHIaIliT Ta HAWKpAIlli MPAKTHKH 1010 ONTH-
MaJIbHOT KUTBKOCTI €KCIIEePTiB Ta IXHHOTO ()axoBOTO
cknany. 1[o0 yHUKHYTH Cy0’€KTUBHOTO BILUIUBY
ontHi€T 0coOM, 3a3BUYAN PEKOMEHIIYEThCS HE MEH-
me 3-5 ekcrneptiB. Haifuacrimie BBaXKa€TbCs, 110
ONTHUMAaJIbHA KUIBKICTh CKCIEPTIB CTAHOBUTH Bija 7
1o 15 ocib. Y 1iii Mexi rpyna € JoCcTaTHhO IpeI-
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CTaBHUIIHKOIO JIJIsl OXOTUICHHS Pi3HUX TOYOK 30Dy,
aye Ie He HACTUTPKH BEIMKOIO, 00 YCKIaJIHUTH
MPOIIEC B3AEMOJIIT UM JOCSATHEHHS KOHCEHCYCY.

Y BUNanKy NPOBEICHHS ILOTO JOCHIKCHHS
eKCIIepTH MaloTh MPEJCTABISATH Pi3HI Tamy3i Ta
MaTd TJIMOOKI 3HaHHSA VY BIiINOBiAHUX cdepax

(tabm. 5).

Tabnuus 5
daxoBHii CKJIaJ eKCHePTiB /sl OTPUMAHHS TOCTOBIPHUX i 00’ €KTHBHHUX pe3yJbTaTiB y MeToi aHaJi3y iepa-
pxiii (MAI)

Table 5
Professional composition of experts for obtaining reliable and objective results in the Analytic Hierarchy
Process (AHP)
Excneptu, 110 IpeACTaBIsIOTh Pi3Hi Crienianizanis 3Ha4yeHHs

ramysi

1. 3amizanyHi komiHukH (THXKe-
HEepH KoJIii):

2. daxiBii 3 Oy/AiBHUILITBA Ta
MPOEKTYBaHHA IHPPACTPYKTYpH
(IIuBinbHI 1HXEHEPH, IO CICIIi-
AITi3yI0THCS HA IOPOrax Ta MOC-
Tax):

3. daxiBmi 3 eKkcIuTyararii Ta
YTPUMAaHHS 3aJTi3HUIIb:

4. Cneuiaiictu 3 0€31eKH PyXy
O13/1iB Ta aBTOMOOLILHOTO Tpa-
HCIIOPTY:

5. Exonomictu / ®axiBIi 3 3aKy-
miBenb (s iHGpacTPYKTypHHUX
MIPOEKTIB):

[IpoexTyBanHs, OYOIBHULITBO, yTPH-
MaHHS Ta eKCIUTyaTallis 3aJi3HNIHOT
KOJii, BEepXHBO1 OyIOBH KOIii, 30KpeMa
CTPUTIOYHUX TIEPEBOIIB, TIEPEi3/iB.

[IpoekTyBaHHs Ta OyIIBHULITBO aBTO-
MOOUIBHHX J0pIr, achaibTOOETOHHUX
MIOKPHUTTIB, KOHCTPYKLIiH nepei3ais,
JIPCHAKHUX CHCTEM.

[loxeHHa eKcIUTyaTaIlisl 3III3HHYHIX
IUITHOK, TUTaHYBaHHS «BIKOH», OpTaHi-
3aIlis peMOHTHHX pOOIT, YIpaBITiHHS
BUTpaTaMM Ha yTPUMAaHHSL.

AHaJni3 pu3HKiB, po3po0Ka CTaHAapTIB
Oe3meKu, po3CITiyBaHHs HIUIACHTIB.

AHati3 BUTpaT-BHI0Jl, PO3paxyHOK
JKUTTEBOTO LIUKITY TIPOEKTY, BAPTICTh
MaTepialiB, JIOTICTHKA.

Pozymirots cienngiky HaBaHTa-
JKEHb, B3a€EMOJII1 KoJieco-peiika,
BHMOTH JI0 T€OMETpil KOJii, 0c00-
TUBOCTI poOOTH Ha Tepeizgax. Bo-
HH MOXYTh OLIHUTH JOBIOBIYHICTb,
CTIHKICTh 10 BiOpalliif, peMOHTO-
NPUJIATHICTD PI3HUX KOHCTPYKIIIH.

MoxyTh OLiHUTH KOM(OPT Mpoi3ay
ABTOMOOWUTIB, CTIHKICTh HACTHITY JI0
JIOPO’KHBOTO PYXY, IUTAHHS Jpe-
HaXYy Ta iHTerpariii 3 TOpoKHIM
TIOJIOTHOM.

HapmanyTs ninHy iH(MOpMAaIIifo mpo
peasbHy BapTiCTh MOHTaXYy (Bpaxo-
BYIOYH Yac MPOCTO0, HEOOXiTHICTh
TEXHIKH), CKJIaIHICTh PEMOHTY, a
TaKOX MPO BIUIUB PI3HHUX THIIIB
HACTUIIIB HA MIOTOYHI SKCILTyaTa-
1iifHI BUTpATH.

MoOXyTb OLIIHUTH PiBEHb OE3IeKH,
KU 3a0e3neuye Toi 4M IHIMH THI
HACTHIIY, OCOOJIMBO HAa CYMiIIEHIH
KOJIii, Ie € YCKJIATHIOF0Yi (PaKTOPH.

JlommoMOoXyTh 3 00’ €KTHBHOIO OIliH-
KOIO TIOYaTKOBOI BapTOCTI Marepia-
JIiB, BAPTOCTI MOHTAXY, a TAKOXK
JOBFOCTPOKOBUX EKOHOMIYHHUX I10-
Ka3HHKIB.

3aBnanHs (acuiitaropa, SIKM HTPOBOIHUTH Ce-
cito 3 MAI, 101TOMOTTH €KCIIepTy YiTKO BU3HAYUTH
CTYHiHb IEpeBaru OJHOrO KPUTEPII0 Hal iHIIUM,
BUKOPUCTOBYIOUM TOYHI ()OPMYNIOBAHHS IIKAJIH
Caari, 1100 YHUKHYTH Cy0’€KTHBHOCTI Ta 3a0e3re-

YUTH Y3TOJUKEHICTh Cy/KeHb. B pamkax anamizy
MEepei3HUX HACTWIIB EKCHEePTH BU3HAYMIIM TaKi
rnobanbHi Baru KputepiiB (Tadin. 6), mo nano mo-
MJIUBICTh OTPUMATH MOPIBHSIHHSA AJISl Pi3HUX Bapi-
aHTiB (Tadu. 7).
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Tabnuus 6
BapianTu rio6aabsHoi Baru Kpurtepiis
Table 6
Variants of the global weight of criteria
Kpurepiit Bara (rmoGanbHuit npioputet)
1-it BapianT 2-if BapiaHT 3-if BapiaHT
JIOBroBiuHICTh 0,40 0,05 0,25
Bapticts MOHTaXY 0,15 0,35 0,20
CrifikicTs 10 BiOparmii 0,20 0,05 0,15
[lymonornmuHaHHS 0,10 0,05 0,10
Komdopt mpoizay aBTo 0,10 0,10 0,15
CKIIQIHICTh PEMOHTY 0,05 0,40 0,15
Cyma 1,00 1,00 1,00
Tabonuus 7
IincymMKoBe nOpiBHAHHA TPHOX BAPIaHTIB
Table 7
Final comparison of three options
Bapiant Tpiopuretn 1-e Micue 2-¢ Micue 3-¢ Micue 4-¢ icue
Bapiant 1 Bamnniai (:;i[gBFOBiq- E?E?;gg{)ep 3aJEé)3:(2)gZ§0H Tyma (0,241) K01E/106]i1}213(g;aHi
e I v L IR el e
Bapianr 3 30anaHcoBaHMM E?gfgzgl)ep I'yma (0,280) 3?3%222;01{ K01E/106’i1}gé1;aHi

Bucnosok na ocnogi danux maba. 7. AnprepHa-
tuBa A3 (EmacToMepHi IDIMTH) IEMOHCTPYE BHUHS-
TKOBY CTIMKICTB 1 CTaOUIBHICTD JiJIEpCTBa HE3aie-
JKHO BiJI 3MiHM TIPiOpUTETIB. ¥ BCIX TPHOX CIICHA-
pisix BoHaA 3aiimae mepme micue. Lle cBimuuTh mpo
Te, 110 el BapiaHT € HANOLIbII YHIBEpCATbHUM Ta
ONTUMAJIbHUM, OCKUIBKH HOTro TmiepeBard (KOM-
($opT, HU3BKUH piBEHb IIYMy, MPOCTOTa MOHTa-
KYy/pPEMOHTY) € JNOCTaTHhO BaroMHMH, 10O Tiepe-
Ba)KaTW HAaBITh TOJ, KOJNMU iHON KpHUTepii (SIK-OT
JIOBTOBIYHICTH) OTPUMYIOTh BHCOKY Bary.

AnprepHatuBa Al (I'ymMOBO-KOpIHI TITUTH) €
CHIIBHUM «Jpyrum» HomepoM. BoHa mocinae npy-
re Miclle B JIBOX 3 TPbOX BapiaHTiB, IO pOOUTH il
Iy’Ke HaJliIfHOIO allbTEePHATUBOIO.

AnbrepHatuBa A2 (3ami300€TOHHI IUIMTH) TIO-
cijiae pyre Miciie JMIIe B MEPIIOMY CIIeHapii, Je
«JlOBrOBIYHICTEY» € HANBAKJIMBIIIMM KPHUTEPIEM.

Le miaTBepmKye, mo Ied BapiaHT € IIIHOBUM
i Oy/ie ONTUMAIIEHUM JUIIIE 32 JTy’Ke CrienrpIgaHIX
YMOB, e Bara iHIIUX KPUTEPIiiB € HU3BKOIO.

[IpoBenennii anamni3 iepapxiii mokasas, IO JJIs
nepei3ay Ha cyMilieHii Komii BHOIp THUITYy HACTHITY
He € oueBuaHUM. O/THAK, BUKOPUCTOBYIOYH CTPYK-
TYpOBaHUH MiJIXiJl Ta aHANI3YIOYM Pi3HI clieHapii,
MO’KHa 3 BHCOKOIO HMOBIPHICTIO BHU3HAYUTU Haid-
OLITBII ONITUMAITFHE PIIIICHHS.

JIHIPOBChKE HAayKOBO-KOHCTPYKTOPCHKE TEX-
HOJIOTiYHE OIOpO KONIHHOTO rocrmomapcTBay imii
«HAKTI» AT «Yxp3amizHULs» po3poditoe cTaH-
JapT 1 KOHCTPYKIIO Iepei3/iB 3 yHiBepcalbHUM
3aJ11300€TOHHUM HACTHIJIOM 4Yepe3 3ai3HUYHI KOl
3 pelikamu tuny P65 ta UIC60. Cranmapt 3acto-
COBYIOTH IIpH IPOEKTYBaHHI Mepei3ay 3 YHiBep-
CaJIbHUM 3aj1i300€TOHHUM HAaCTUJIOM dYepe3 3ajIi3-
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HUYHI KOJIii, HOTO MOTOYHOMY YTpHWMAaHHI Ta pe-
MOHTI.

[lepei3Huil HaCTHII CKIAlaEThCS 3 OKPEMUX 3a-
T1300€TOHHUX IUTHT Ta 0aJoK, BUPOOiB

KOMIUICKTYIOUHX, INNal MOCTOBHUX il IUIUTH
nepeizay Ta peiKoBoi KoJil 3 po3AiIbHUM KIEMHO-
6onroBuM ckpiruteHHsiM tury Kb. B mmanax BOy-
JTOBaHi 100eIi BUTOTOBIIEH] 13 MOMIETUICHY HU3b-
KOT'O THCKY JAJIsl IPUKPIIUIEHHS 3@ AOIIOMOIOI0 LIy~
PYIIB IUIMT MEPEei3HOrO Ta MIIIOXiAHOTO HACTHIIIB
o tman (puc. 5).

PobGotn 3 ynamryBaHHS HEpei3HOrO HAaCTUILY
BUKOHYIOTBbCS B JIBa €TaIlW: MiArOTOBYMH Ta OCHO-
BHUI. OCHOBHI POOOTH BUKOHYIOTBCS Y «BIKHO»
3rigHo 3 BuMmoramu I[I1-0273, a came: meMOHTax
peliKo-ImanbHOi PEIIiTKA 1CHYIYOTrOo Tepeiy,
YKJIalaHHs PeUKO-IITNANIBHOT PEIITKH 31 IINaiaMu
MOCTOBHUMHU IIiJl TUTUTH YHIBEPCATHHOTO TEPEi3my,
BHIIPABIICHHS KOii y IiaHi Ta mpodisi, yKiagaHHS
Ta 3aKpilICHHS IUIAT 1 OAJOK YHIBepCalbHOTO Tie-
pEi3HOTO HACTHITY, BCTAHOBIICHHS KOMIUIEKTYIOYHX
BHUPOOIB.

Hactun cyuyacHoro 3amizHHYHOTO Tepei3my sk
MPaBWIO CKJIAJAETHCSA 3 TPHOX PAIIB 3aTi300€TOH-
HUX TOAT. {71 ABOKOJMIMHOT MiNITHKHA KOXKEH DPSII

Mae€ OICTh TUIHT, SKi YKIAJAI0ThCS 10 1 MCHs pei-
KM 1 MafOTh OOIUpPAHHS 3 KOPCTKUM KPITUICHHIM
10 3a11300€TOHHOI MIMaNK CelialbHOi KOHCTPYK-
uii. [To noBkWHI KOJIiT KOXKHA TUTMTA TPUKPITUICHA
IO I SITH IIHAaJl.

B wiit po6oTi po3rnsaalThCsl MUTaHHS OymiB-
HUIITBA Mepei3iB Ha AUISHKAX sK HOBOI TPacH €B-
poreficbkoi komii 1 435 MM, Tak 1 pEeKOHCTPYKIIT
OKPEeMHUX HAIpPSMKIB ITiJ] €BPOCTaHIAPT 3 3aCTOCY-
BaHHsIM cyMirnenol kouii (1 520/1 435 mm).

Cranmapt T ITPHUEMCTBA Ykp3ami3autti
CTII 02.01-002:2023 Ta KpecleHHS € IIHHAM
IoKepesioM iHpopMalii, OCKIIBKM BiH TOKa3ye, SIK
VYKp3ani3HUIs BUPIIye TUTAaHHA CyMilIeHOI KOl
Ha mpaktumi. YwaaWit crasmapt CTII 02.01-
002:2023 wmicTuTh TIEpeBipeHi Ta 3aTBEPHKEHI Te-
XHIYHI pIillICHHS, SKI BIAMOBIIaIOTH BUMOraM 0e3-
MeKH, eKCIuTyartarii Ta oOCIyroByBaHHS Ha yKpa-
fHCBKi# 3ami3HmuHid Mepexi [3]. el crammapr
BpaxoBye  OCOONMBOCTI  yKpaiHChKOi KOl
1 520 MM Ta ii cymimenns 3 1 435 MM, a Takox
MicIieBi YMOBH ekcriryatartii. Takuit miaxin BKITO-
Yae aJIanTalfito 10 yKpaiHChbKHMX THIIIB IIIaN, CKpi-
TUICHb, HABAHTAKEHD Ta KJIIMATUYHUX yMOB [1].
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Puc. 5. Cxemu nonepevHux mepepisiB yHiBEpCaAILHOTO NEPEI3HOTO HACTHITY
Ha OJTHOKOJIHHIN AinsHIi 3 peiikamu Ty UIC60:
1 — rumnra BHyTpimHs [1By; 2 — munra 3oBHimHS [13y; 3 — 6anka ¢pynnamentHa bdDy; 4 — mura BHYTpIlIHA MIIOXiXHOTO HACTH-
ny IInBy; 5 — 3armymika tuny 311I; 6 — 6anka pynnamentna bdmy; 7 — BinGilinuk tumy BIT;
8 — mmara mMocToBa mij MTH nepeizay; 9 — peiika Tumy UIC60

Fig. 5. Cross-sectional schemes of a universal level crossing deck on a single-track section with UIC60 rails:
1 —inner slab (PVu); 2 — outer slab (PZu); 3 — foundation beam (BFu); 4 — inner pedestrian slab (PpVu);
5 — plug type (ZSh); 6 — foundation beam (BFpu); 7 — bumper type (VP); 8 — bridge sleeper under crossing slabs; 9 — UIC60 rail
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Ha kpecnenni (puc. 6) HaBeIeHI KOHKPETHI Po-
3MipH Ta KOHCTPYKTHBHI eIeMeHTH (3a11300€TOHH]
TUTUTH, METAaJEBi JIUCTH, AepPeB’ TH1

Opycw, amanTarisi KpiljieHb), Mo € HaI3BHYaii-
HO B)KJTUBHM JJIsl IPAKTHYHOTO MPOEKTYBAHHSI.
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Puc. 6. [Ipuknan obnamryBaHHs 3aJ1i3HUYHOTO Nepei3ay Ha CyMilleHii Kol

Fig. 6. Example of railway level crossing arrangement on a dual-gauge track

Bunrkae nutaHHS: 9 iCHYIOTH Kpallli BapiaH-
ti? «Kpami» BapiaHTH — 1¢ BiJHOCHE MOHSTT,
SIKE 3aJISKUTH BiJl KOHKPETHUX KPHUTEPIiB ONTHMi-
3amii (BapTiCTh, JNOBTOBIYHICTh, IIBHUIKICTH MOH-
Taxy, piBeHb HIyMy, oOCIyroByBaHHs Tomio). Ha
puc. 5 mokasaHi 3ai300€TOHHI IUTUTH, aJie, SIK Oy-
JI0 TIOKAa3aHO paHille, ICHYIOTh TaKOX TyMOBO-
KOpJIHI MOJAYJIbHI HACTWJIM, 3aCTOCYBaHHS SKHUX
3a0e3mneuye:

— DIBMAIIMKA MOHTaX 3aBISKM MEHIIIH Basi Ta
CIIPOIIEHOMY KPIIJICHHIO;

— MEHIIWH IIyM Ta BiOpallito i3-3a Kpamoi aMmo-
PTHU3AIiHOI BIACTUBOCTI TYMU;

— Kpamuii KoMGOopT Ui aBTOMOOILTIB — OLIbII
€JIACTHYHA TIOBEPXHSL.

Jlo HeIoJIIKIB CIIiJT BiIIHECTH BHUIIY ITOYATKOBY
BapTICTh MaTepiany Ta MOTEHIIITHO MEHIINH Tep-
MiH CIy’)XOH (XouYa IIe KOMITEHCYETHhCS JIETKICTIO
3aMiHU CEeKIIiH).

Mpuxman VYxp3amizammi B CTIT  02.01-
002:2023 € HanmiiHOI Ta MPHUHATHOK OCHOBOIO
JUIsl IPOEKTYBAHHS Tepei3/liB Ha CyMillleHil Kol B
Vkpaini. Bin BigoOpakae MOTOYHI CTaHIAPTH Ta
migxonn. «Kpamri» BapianTH OyAyTh CTOCYBaTHCH,
cKopille, onTUMi3allii Ta BUOOPY KOHKPETHUX Ma-
TepialiB Ta TEXHOJIOTIH, a He MPHUHITUIIOBOI CXEMHU
YOTHPBOX PEHOK. 3acCTOCYBaHHS I'yMOBO-KOPIAHHX
IUIUT MOXXKe OyTH «KpamuMm» y IMEeBHUX YMOBAX,
HATIPUKIIAJ], Y MiChbKill 3a0y/IOBi, Jie BaKIMBUH pi-
BEHb IIyMy, a00 Ha AUISHKAX 3 JyXe IHTEHCHBHUM

ABTOMOOIUTFHUM DPYXOM, JI¢ MIBHAKICTh MOHTaXY
€ KPUTHYHOIO.

Bubip wmix 3ami300€TOHHUMH Ta TyMOBO-
KOPJHAMH HACTHJIAMH, a TaKOX MK Pi3HUMH TH-
MaMu CKpIIUICHb, Mae OyTH 3pOOJICHUI Ha OCHOBI
JIETAILHOTO TEXHIKO-€KOHOMIYHOT'O aHai3y KOHK-
PETHOTO TPOEKTY, BPAXOBYIOUH iHTEHCHUBHICTH Py-
Xy, OIOJDKET, NOCTYIMHICTh MarepiaiiB Ta BUMOTH
710 TIOAAJIBIIOT0 00CITYTOBYBaHHSI.

HaykoBa HOBU3HA Ta IPAKTUYHE
3HaAYeHHs

Y poboTi Bhepie B YKpaiHCBKiM TpakTHII
MPOBEJICHO CUCTEMHHUH aHami3 e(peKTUBHOCTI Cy-
YaCHHX THITIB MEePEi3HNX HACTUIIIB IJISl CyMIIIeHOT
KOJIii 3 BUKOPHUCTaHHSM METOAY aHallizy iepapxiit
(MAI) s GaraTOKpHTEpialbHOTO BHOOPY OITH-
ManbHOTO pimeHHs. 3actocyBanHs MAI nano 3mo-
Ty BU3HAYUTH MPIOPUTETHICTh KOHCTPYKITIH TIepei-
3HMX HACTHIIIB 32 TaKUMHU KPHUTEPisIMH, SIK JIOBIO-
BIUHICTh, BapTICTh, CTIMKICTH 10 BiOpalii, mrymo-
MOTJIMHAHHSA Ta CKJIaJHICTh 0OCITYrOBYBaHHS.

OTtpumaHi pe3ynbTaTu J03BOJSIOTH CHOpMyBa-
TH HAayKOBO OOIPYHTOBaHI PEKOMEHMAIIi II070
BIIPOBA)KCHHS CyYaCHUX TEXHOIIOTIH OYHiBHUIIT-
Ba nepei3maiB Ha JUISHKAX 3a113HUIb 13 CYMIIIICHOIO
Koxiero. Po3po0iieHi TMOJIOKEHHS MOXYTh OyTH
BHUKOPHUCTAHI:
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— TEXHIYHHMH Ta TPOEKTHUMH IiIPO3AiJIaMU
AT «Yxp3ami3HUIs» npu peamizaiii iHppacTpyk-
TYpPHHX MPOEKTIB;

— BHUPOOHHMKAaMH €JIEMEHTIB BEpPXHBOI OYyIOBU
KOJI1 A7s aganTarii KOHCTPYKINH 10 BUMOT CyMi-
HIECHOT KOJIIi;

— MPOEKTHUMH OpTaHi3alisiMH Uil OOIPYHTY-
BaHHS BUOOPY TEXHOJIOTIYHHX PIIIEHb IPH HOBOMY
OyHIBHHUIITBI Ta PEKOHCTPYKITii TIepei3IiB.

BucHoBxku

Kiro4oBUM cTpaTerivHuM 3aBIaHHIM PO3BUTKY
3aJI3HUYHOI Tairy3i YKpalHu € TapMOHi3aIlis 3 €B-
POIEHCHKOI0 3aTiI3HUYHOIO0 MEPEeXkero, sika (QyHKIIi-
OHY€ Ha cTaHaapTHil mupuHi komii 1 435 mm, Toxi
SK YKpaiHChKa Mepexa icTopudHOo moOymoBaHa Ha
mpuHi 1 520 MmMm. BripoBamkeHHS CyMilieHOl KO-
JIii € OJTHUM 13 HaHpaIiOHATBHIIINX Ta EKOHOMIYHO
JOUITPHUX MUISXiB BUPIMICHHS IIHOTO 3aBIAaHHSA,
OCKLITBbKH 3a0e3mneuye Oe3lepepBHUN pyX pPyXOMo-
ro ckiaay o0oX cTaHmapTiB 0e3 HeOOXITHOCTI Te-
pEBaHTaXEHHS BaHTaXiB ab0 3aMiHM BI3KIB Ha
MPUKOPJIOHHUX TEePEX0ax.

Pazom i3 THM, peanizallisi IPOEKTIB CyMillICHOT
KoJii Ha iCHYIOUid 1H(pacTPyKTypi CyNpOBOIKY-
€ThCS HU3KOI0 TEXHOJIOTIYHHX BHKIIWKIB, Cepen
SIKUX OCOOJIMBY CKJIATHICTh CTAHOBUTH OYIiBHUIIT-

BO Ta eKCIUTyaTallis 3aJIi3HIYHUX nepei3maiB. [lepe-
1311 € KPUTUIHO BOKIMBUMHU eJieMEHTaMH iH(ppa-
CTPYKTYpPH, 110 3a0€3MeUyI0Th MEPETUH 3ai3HUIl
3 aBTOMOOUIBHUMH JIOpPOTaMH, a Ha JJSHKAX Cy-
MIIIEHO1 KOJii BOHH IIEPETBOPIOIOTHCS HA TTOTECH-
LiKHI «BY3bKI MICIISD» BCHOT'O TIPOEKTY.

CyMilieHa Kojdisi Ha mepei3gax — TEeXHIYHO
CKJIaJIHe, MIPOTE BHpilryBaHe 3anaHHs. Haitmepc-
NEeKTUBHIMINMHU HalpsIMaMy PO3BHUTKY € 3aCTOCY-
BaHHs €JacCTOMEPHUX HACTWIIB, PO3AUILHHUX TOK-
PUTTIB Ta IHTETPOBAHUX aBTOMATH30BAHUX CHUCTEM
CUTHai3alii. ¥ mepcheKTHBi, 3 OISy Ha PO3BH-
TOK BHCOKOLIBHJIKICHOTO PYXY, JOLIIBHUM € MOC-
TYIMOBE YCYHEHHsI Mepei3/iB NUIIXOM 3aMiHM iX Ha
PI3HOpPIBHEBI EPETHHU.

VY po6oTi Boepie B yKpaiHCBKUX yMOBax Ipo-
BE/ICHO CUCTEMHHMI aHali3 e(eKTUBHOCTI Cy4acHUX
TUIB MEepPei3HUX HACTHIIIB JJISI CYyMIIIEHO1 KOl i3
3aCTOCYBaHHSIM MeTOAy aHamizy iepapxii (MAI)
IUIs1 GaraTOKpUTEPialbHOTO BHOOPY. 3aCTOCYBaHHS
IBOTO METOAY JAajo 3MOTY BH3HAYHTH TPiOPUTET-
HICTh KOHCTPYKIIH HACTHJIIB 32 KPHUTEPIsIMH JOB-
TOBIYHOCTI, BapTOCTi, CTIMKOCTI A0 BiOparii, mry-
MOIIOTJIMHAHHA Ta CKHaHHOCTi PEMOHTY, a TaKOX
pO3poOHUTH pEeKOMEH[AIll IMOAO0 BIIPOBAKCHHS
Cy4JaCHHX TEXHOJOTii OyIiBHHUIITBA Tepei3miB Ha
MepexXi 3ai3HHLb YKpaiHH.
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Features of Level Crossing Construction with the Use of Dual Gauge
(1520/1435 mm) on the Ukrainian Railway Network

Purpose. The purpose of the study is to justify and develop technical solutions for the construction of railway
level crossings on dual gauge tracks (1520/1435 mm), taking into account modern technologies and operational re-
quirements within the Ukrainian railway network. The lack of unified and optimized solutions hinders the pace of
dual gauge implementation on key network segments. To address this issue, an analysis was conducted of existing
international and domestic regulatory documents related to the construction of level crossings on dual gauge tracks.
Various technological solutions and materials for level crossing decks (rubber-cord, reinforced concrete, and com-
bined types) were examined and compared, with an assessment of their operational and economic characteristics.
Methodology. To select the most rational design option for level crossing decks, the study employed methods of
systems analysis as well as the Analytic Hierarchy Process (AHP) to substantiate technical decisions. The method-
ology involves examining the specific features of constructing crossings on dual gauge track, selecting optimal ma-
terials and technologies capable of ensuring safety, reliability, and cost-effectiveness for the successful integration
of the Ukrainian railway into the European rail system. Findings. A hierarchy of criteria was developed, followed
by pairwise comparisons, calculation of weight coefficients, and a comprehensive evaluation of alternatives. The
application of AHP made it possible to determine the priority of different crossing deck types based on criteria such
as durability, cost, vibration resistance, noise absorption, and maintenance complexity. Recommendations were pro-
vided for the implementation of modern level crossing construction technologies on the Ukrainian railway network.
Originality. For the first time in the context of Ukraine, a systematic analysis and efficiency assessment of modern
level crossing deck types for dual gauge was conducted. This includes the application of the AHP method for multi-
criteria decision-making. Practical value. The results of this research can be used by the technical and design de-
partments of Ukrzaliznytsia in developing and implementing projects on sections with dual gauge tracks, by track
component manufacturers to adapt their products to modern requirements, and by design organizations in substanti-
ating the selection of technological solutions.

Keywords: dual-gauge track; railway level crossing; crossing deck; Analytic Hierarchy Process (AHP); Ukr-
zaliznytsia; construction; operational reliability
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CyuacHni MeToau Ta 32c00M po0OTH 3 YACOBHMH PSAAMH

Merta. [IpoBecTH cTpyKTypOBaHUi aHaji3 Ta Kiacu(iKalilo CydaCHUX METOJIB i MOJEJeH, 1110 3aCTOCOBYIOThCS
Uil poOOTH 3 YAaCOBHMHU pPsiZiaMu pi3HOI npupoau. Ilpu oMy Oyiia npuaiieHa yBara He TijIbKH TUTIOBHMHU O3HaKa-
MU Ta POJIOM OOYHCIIEHb, @ i BHIUICHHSIM NpPEJIMETHOI 00J1acTi 3aCTOCYBaHHS, CIIBCTABJICHHS Ta BHIJICHHS CJ1a0-
KUX Ta CHJIHUX CTOPIH MpH POOOTI 3 Pi3HUMH HAOOpaMH JaHUX 3 MPUBEICHHSIM BIANOBIJHUX MPHUKIAIIB o0acTeil
BUKOPHCTAHHS 3 aKI[EHTOM Ha nepeBaru. Meromosorisi. [ToeTanmuuii Ta netanbHUMA pO3risa HasIBHUX METOJIB 1 MO-
Jienei Ha OCHOBI IX OCHOBHHUX XapaKTEPUCTHUK, chep BUKOPUCTAHHS Ta OCOOIMBOCTEH pOOOTH 13 BKIIIOYECHHS IMiIX0-
IIiB pi3HOI MPHPOIU Ta SKi BUKOPHCTOBYIOTH Pi3HI BIACTHUBOCTI YacOBHX psaiB. Pe3yabTraTrn. AHamiz HaiOimpmI
MOMINPEHNX METOMIB OOpOOKM YaCOBHX psAMIB Ta OKpeMHi po3rman iX mpenctaBHHKiB. OcoOmuBYy yBary
MPUAIIEHO TIOPUIHUM MOJEISIM, SKi MOKYTh HOETHYBaTH METOAN OJHOTO ab0 pi3HHMX KJIACiB, a TAKOK HETUIIOBUM
miaxomaMm, MO TPYHTYIOTBCS Ha CIENU(IYHUX BIACTUBOCTAX YACOBHX psAMiB, 30KpeMa iX (paKTaIbHOCTI.
HaykxoBa HoBu3Ha. [lomsrae y KommiekcHOMY Ta (QyHIAMEHTaJIFHOMY PO3IJISAlI METOJIIB aHAI3y YacOBHX PSIiB,
MMOYUHAIOYH BiJl KIACHYHUX JIHIHHUX 1 HEMIHIHHUX CTATUCTUYHUX MOJEICH Ta METO/IB IITYYHOTO iHTEJIEKTY, 1 3a-
KIHYYIOUH TIOpUAHUMH H (QpakTanbHUMH IiJXOJIaMH, 3 aKLIEHTOM Ha BUJAUICHHS iXHIX oOyacteil 3acTOCYBaHHS Ta
MOPIBHSHHA TepeBar 1 HenomikiB. IIpakTHyHa 3HAYMMICTB JIOCHI/DKEHHS IOJISArae y CUCTeMaTH3alii MaTepiaiy,
SIKMH MOXKe OyTH BUKOPHUCTAHUM JJIsl TIOTIEPEHBOTO aHaJi3y MpeMEeTHOI 00acTi Ta BHOOPY IHCTPYMEHTIB 3 ypaxy-
BaHHSIM X e()eKTHBHOCTI, 1110, y CBOIO YePry, CIPOLIYE MOIIYK aHAJIOTIB i CKOPOUYE Yac MiJrOTOBKH J0 JOCIIIKEHb.
OxpiM TOro, y poOOTi BUCBITJIEHO MEHIII BiJIOMi Ta HETHIIOBI METO/H, SIKI CTAHOBIISITH IHTEPEC LIS TIOAANBIINX JJOC-
JDKEHP Ta MOXXYTh OYTH IMEpCIEKTUBHUMH KaHAWOATAMH [UII MaiOyTHIX HAyKOBHUX PO3pPOOOK y cdepi podoTh
3 YaCOBUMH PSAAMH.

Kouosi cnosa: indopmariitai TexHOOTrIT; IporpaMHe 3ade3nedeHHs; dacoBi psau; RNN; mepexi tpancdop-
MepH; KOHCTPYKTUBHO-TIPOAYKIIHHE MOIETIOBAHHS; (PpAKTANIN; PEKYPEHTHI JliarpamMmu

cs1 y (iHAHCOBHX, EKOHOMIYHHX, TEXHIYHHUX, TIPH-

Beryn .
POIHUYMX Ta MEANYHUX JAOCHIKEHHSX.

YacoBuil psjf € OJHUM 13 HAWIOUMIUPEHIIIMX
croco0iB TpeACTaBIeHHs] 3MiHU CTaHy CKJIAJHOI
CHCTEMH MPOTATOM BH3HAYCHOTO MPOMIKKY 4Yacy
Ta BUKOPHUCTOBYETHCS JIJII CHCTEMHOTO OITUCY
MPOLIECIB Ha OCHOBI IPOBEJACHHUX CIIOCTEPEKEHb.
Take mpencraBieHHs 03BOJISE 3IIHICHIOBATH aHa-
i3 MOTOYHUX TMPOIECIB CHCTEMH, OyayBaTu iXHIO
XapaKTePUCTUKY Ta Ha OCHOBI HasBHMX 3HAYCHb
MPOTHO3YBATH TMOAAJBIITY IMOBEAIHKY CUCTEMH. 3a-
BJIIKH IIbOMY YaCOBIi PSIIA IIUPOKO 3aCTOCOBYIOTh-

3 PO3BUTKOM MaTeMaTHYHHX METOJIIB Ta iH]O-
pMaIiiHIX TEXHOJNOTIH 3 SIBISIETHCS Bce OiNbIIe
THCTPYMEHTIB Ui pOOOTH 3 YacOBHUMH psijIaMH,
BKJIIOYHO 3 1X aHaJi30M, MOJICIIOBaHHIM Ta MpO-
rHo3yBaHHAM [41]. KoxkHa Tpymia MeToiB Ma€ CBO1
MPUHIIUIK POOOTH Ta Crenu(iKy 3aCTOCYBaHHS.

Kinacuuni MeToau poOOTH 3 YaCOBUMH DPSIaMHU
YMOBHO MOJUIAIOTH HA JIBI OCHOBHI I'pyNu — JiHIN-
Hi Ta HeniHiiHI Moneni [23].

JliniliHi MeTtonu 0a3ylOThcs Ha TPUIYIICHHI,
[0 3aJIEKHOCTI MK TIOTOYHHUMHM Ta MOMEPEIHIMU
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3HAYEHHSIMH PSALY MOXYTh OyTH IPEICTaBIICHI SIK
niHitHi komOiHamii [38]. Takwii miaxix g03Bosiste
OyayBaTH MPOCTiI MOJETI, AKi JIETKO peaizyIoThCs
1 BHUKOPHCTOBYIOThCSI Ha mpakTumi. OmgHak TodY-
HICTh TPOTHO3YBaHHS NPH HASBHOCTI CKJIaTHHX,
HeNMiHiiHUX  a0o  (pakTadbHHX  3aJIeKHOCTEH
y Ha/laHOMY HA0Opi JaHMX 3AIHIIAETHCI OOMexe-
HOIO.

HeniniitHi MeTOmu O3BOJSIOTH BPAaxOBYBaTH
CKJIaJIHI B3a€MO3B’SI3KH Ta BHYTPILIHIO CTPYKTYpPY
psAdy, BKIIOYHO 3 epexTaMu mam’siTi, B3aemo3zae-
JKHOCTSAMH Ha Pi3HUX YaCOBMX MacinTabax Ta ¢pa-
KTaJIbHUMH BIACTHBOCTSAMH, 110 3a0e3medye Oibin
TOYHE BiITBOPECHHS TWHAMIKH PEAIbHUX IPOIIECIB
[15]. TIpoTte Taki MeTomM TOTPEOYIOTH OLNBIIHX
OOYHCITIOBATIBHAX PECYPCIB 1 € CKIAIHIIIUMH Y
HaJAIITYBaHHI Ta IHTEPIIPETAIlii.

OKpiM KITaCHYHUX METOJIB, Y Cy4acHHX TOCIHi-
JOKCHHSX Jiefaji Oulbllie yBaru NMpPUIISETHCS HE-
TUTIOBHUM TiJX0/aM, 5IKi He 0OMEXYIOThCS CTaH[a-
PTHUMHU CTaTUCTUYHHMH a00 MAIIMHHUMH METO-
JaMH.

OpHuM i3 TakMX MiAXOAIB € KOHCTPYKTHBHO-
MPOJYKIiifHe MOJemtoBaHHsA [1], sike TPYHTy€eThCS
Ha BUKOPUCTAaHHI T€HEPaTHBHOI MOJEIi 4acoBOTO
psny, sika J03BOJIsiE TOOYTyBaTH 4acoBi POy pis3-
HOI CTpyKTypH [32]. IHIIUM OPHUKIAIOM HETHIIO-
BOTO MJIXOAy € PeKypeHTHWH aHami3 [5], mo mo-
3BOJIIE BHSBIATH TIPUXOBaHI  3aKOHOMIPHOCTI
y HENiHIMHUX Ta XaOTHYHHX CHUCTEMax 4epe3 pe-
KOHCTPYKITif0 (pa30BOr0 MPOCTOPY Ta aHali3 To-
BTOPIOBAaHHUX CTaHiB. PeKypeHTHHII aHalli3 HE 3aB-
XKIW Tependayae mpsMe MPOTHO3YBaHHS, IMPOTE
3a0esreyuye JeTajabHE PO3YMIHHS CTPYKTYPHU PSIY
Ta J103BOJIsIE OyIyBaTH OLIBIN TOYHI MOJENi TMpo-
THO3yBaHHS a00 BUSBIATH KPUTHYHI 3MiHH Y -
HaMILi CUCTEMH.

MeTta

MerToto 1aHOT poOOTH € 3A1MCHEHHS TPYHTOBHOT
knacudikalii iCHyloOUuX METOJIB Ta MOJeIel po-
0OTH 3 YACOBHMH psiiaMu. Y Mexax TOCIiKEHHS
PO3IJISAAIOTHCS K 3arajbHOBIOMI, Tak 1 OLIbII
HIIIOBI MiIXOMAH, IO BiJ3HAYAOTHCS CrEIU(IIHH-
MU 0cOONMBOCTAMH 3acTocyBaHHS. OKpemy yBary
MPUIIIEHO ONMKCY OCHOBHHX NMPHHIUIIB (PYHKITIO-
HYBaHHS KOXXHOTO METOJy Ta aHaimizy cdep ix
MPAKTUYHOTO BHUKOPHCTAHHS, IO JO3BOJISE BU3HA-
9uTH 1X eeKTUBHICTH 3aJIe)KHO BiJ TUIy Ta Biac-
THBOCTEH YaCOBHX PSIIB.

MeToauka

OCHOBHUM TIPOIEC  JIOCII/DKCHHS  TOJISATaB
Yy BH3HAYCHHI OCHOBHHUX TPYI MOJENei, X Kiacu-
(dhikarifHux 03HaK, cpep BUKOPHCTAHHSI, & TaKOX
CWIBbHUX 1 cmabkux ctopin. OkpeMy yBary Oyio
MPUIIIEHO aHaJi3y KIOYOBHX XapaKTEPHCTHK da-
COBHUX pSAIiB, fKi BHKOPHCTOBYIOTBCS KOKHOIO
3 PO3MIISIHYTHX MOZeJei y mporeci oOpoOku Ta
nporHo3yBaHHa. Kpim 3aragbHOBIZOMHX IpecTa-
BHUKIB KIIACHYHUX TPYII, JIO PO3TIs Ay OyIIU BKITIO-
YeHI TaKoXX MOJETI, y OCHOBI SKHX JI€KaTh HETH-
MOBI BJIACTUBOCTI YacCOBUX PSJIB, IO JO3BOJSIOThH
MIIBUIIATA e(QEeKTUBHICTh aHami3y CKIaJHUX Ta
HECTaIllOHAPHUX JaHUX. Y SKOCTI BiIMPaBHOI TOY-
Ki Oynau oOpaHi 3araJbHOBIZIOMI JIIHIMHI Ta HEJNi-
HIWHI MOAEI.

Knacuuni ninitini memoou. Sk Bxe Oyno 3a3Ha-
YeHO, JiHIHHI MeTOJH, siKi 0a3yroThCs Ha MpPUIY-
LICHHI, 0 3HAYCHHS PSIIy MOYKHA OMHUCATHU SIK JIi-
HIHHY KOMOIHAI0 TOMEepPeNHIX CIIOCTEPEKEHb.
bazoBumu migxomamu, siKi MOXYTh SIK BUKOPHCTO-
BYBaTHUCSI OKPEMO, TaK i OyTH CKJIaJOBUMH OLIbII
KOMIUICKCHUX MOJIEJICH, € METOAM aBToperpecii ta
KOB3HOTO cepenuporo [10, 12].

Mopnens aBtoperpecii (AR) ommcye motouHe
3HA4YeHHS PALY K JIiHIHY KoMOiHalio monepen-
HIX 3Ha4YeHb, MO JA03BOJIE ePEeKTUBHO BimoOpaka-
TH KOPOTKOCTPOKOBI 3aJI©KHOCTI Ta TpeHau. Mo-
Jiens KoB3HOTO cepenHboro (MA) dokycyeTbes Ha
BIUTMBI BWIAJIKOBHX KOJHBaHb PAAy, (GopMyrouu
MPOTHO3 dYepe3 JIiHIHHY KOMOIHAIlI0 MomepeaHix
MMOMMJIOK Ta 3MEHIITYIOYH BIUTHB HIYMY.

Ille omHMM BIZOMHM JIHIHHUM MiAXOJOM
€ CKCTIOHCHIIIHHE 3IJ1a/UKyBaHHS, SKE 3aCTOCOBY-
€TbCS JIJII TIPOTHO3YBAHHS PSIB 13 TCHICHIIAMU
Ta CE30HHUMH KOJIMBaHHSAMHU. [[pHHIIMT 1[LOTO Me-
TONy TIOJISITA€ Y HaJaHHI OUIBIIOI BarWM OCTaHHIM
CTHIOCTEPSIKECHHSAM, IO JO03BOJSE MOJIENI IIBHIIKO
pearyBaTH Ha 3MiHU JUHaMIKW psiay. [CHYIOTH pi3-
Hi BapiaHTH eKCHOHEHIIIITHOTO 3TJaJKyBaHHSI:
MpocTe, MOJBilHE Ta MOTpiiHE, M0 TO3BOJISIE Bpa-
XOBYBATH TPEH]I 1 CE30HHICTb.

3aBasSKM THYYKOCTI Ta MPOCTOTI €KCIIOHEHIIiH-
HE 3MVIQJKYBaHHS IIUPOKO BHKOPHCTOBYETHCS
y MPaKTUYHUX 33/1a4ax MMPOTHO3YBaHHS, OCOOJINBO
KOJIM HEeOOXIIHO OTPpUMATH MIBUAKUH MPOTHO3 0e3
CKJIQJIHOT HaJIaIlITyBaHHS.

Jist OifbIl HAOUHOTO PO3IIISTY 3aCTOCYBAHHS
OCHOBHUX KOMIIOHEHTIB JIHIHHMX METOJIB IPO-
CHO3YBaHHS MOKHA BUALHTH Mojeiai ARIMA (aB-
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TOperpecifina iHTerpoBaHa MOJETh KOB3HOTO Ce-
penuboro) [16] Ta SARIMA [24], ski, y cBOIO uep-
ry, € y3aranpHeHHsM Mojeri ARMA [7] (aBtope-
rpeciiiHa KoB3Ha cepenHs). OOumBI Moaemi BKIIIO-
YaloTh HACTYMHI KIIOYOBI KOMIIOHEHTH: aBTOpe-
rpecito (AutoRegressive), 1mo omnucye 3ajIexHICTh
MMOTOYHOTO 3HAYEHHS PSAY BiJ MOMEpenHiX; iHTer-
pyBanus (Integrated), sike 3abesmedye mnepeTBO-
PEHHSL psiy JO0 CTalliOHAPHOTO CTaHy; Ta KOB3HE
cepenne (Moving Average), 0 BpaxoBY€ BIUIHB
BUITAJKOBUX KOJMBaHb IIOMUJIOK ITPOTHO3YBaHHS.

I'onosHa BimMinHICTE SARIMA mosnsrae y Bpa-
XyBaHHI CE30HHOCTI 3HAYE€Hb YacOBOTO PAMY, IIO
JIO3BOJISIE MOJIENTI BiICTEXYBATH MTOBTOPIOBAHI IIH-
KITiYHI 32JIe)KHOCTI Ta iHTepBaJIbHI KOJIMBAHHS.

Mogens ARIMA nemoHcTpy€e BUCOKY eheKTu-
BHICTh TIpH poOOTi 3 YaCOBUMH psAgaMH 0e3 JiTKO
BUPaXEHOI CE30HHOCTI a00 KOJNM aHalli3 OXOILIIOE
KOPOTKI poMixku vacy [8, 17]. Y Bunajakax, Koyiu
BXiJHI JaHi MarOTh SIBHY CE30HHY MPHUPO.Y, 3aCTO-
coBytoTb SARIMA, mo no3Bosisie OiNbII TOYHO
BiTOOpakaTH IMUKJIIYHI KOJUBAHHS Ta CE30HHI 3a-
KoHOMipHOCTI [9, 25].

Heninitini memoou npoenoszyeanns. HemiHiiiHi
MeToIu 0a3yrThCs HE JIMIIE Ha JIIHIMHUX 3B’sA3KaxX
MiXX 3HAUEHHSIMHU 4acOBOTO DSy, ajie i BpaxoBy-
I0Th CKIIQJIHIII Ta HETPHUBialbHI 3aJeKHOCTI, IO
JIO3BOJISIE OMUCYBAaTH P 3 OLMBII TUHAMIYHOIO
CTPYKTYPOIO.

Jlo KJIacMYHMX TMPEACTaBHUKIB IHOTO KIacy
Hanexxkate Moaedi ARCH ta GARCH [21], siki
IPYHTYIOTBCS. Ha TIPUMYLICHHI, IO JUCTIepcis da-
COBOTO DAY Ha KOXXHOMY YacOBOMY TIPOMIXKY HE
€ CTaJIOI0 BEJIMYMHOIO, a BH3HAYAETHCS HAOOPOM
napametpiB. KirouoBa BiMiHHICTh TOJNSTAE y TO-
My, mo moaenb GARCH BpaxoBye He mnuiie 3aie-
KHICTh BiJl TIONEPEIHIX IMOMIJIOK TIPOTHO3Y,
a ¥ BIUIMB IOTIEpEHIX 3HAYECHBb AWCIIEpCii Ha I0-
TOYHHKA cTaH. 3aBASKM I[ili BIACTMBOCTI, MOZEII
ARCH Tta GARCH mupoko BHKOPHCTOBYIOTBHCS
y 33j1a4ax aHaii3y i MPOTHO3YBaHHS YaCOBHX PSAIiB
13 BUCOKUM piBHEM BOJATWIIBHOCTI, 30KpeMa y ¢i-
HaHCOBiH cdepi, Jie X eQeKTUBHICTh YacTo MOpiB-
HIOEThCS 3 pe3ynbraramu ARIMA -moneneit [35].

OxpiM BpaxyBaHHS 3MIiHHOI JaucHepcii, okpe-
MHM B@)KJIMBUM HAIPSIMOM HEJIIHIHHUX IiAXO/iB
€ BUKOPHCTaHHS ()paKTaJbHUX BIACTUBOCTEH ya-
COBUX psAiB. BUAUISIOTH TpH KIIIOYOBI XapaKTepu-
CTHKH (hPaKTAIBHOCTI:

— CaMOMOIIOHICTh — 37aTHICTH YaCOBOTO PSAY
MPOSIBJISATH TOBTOPIOBAHUI MaTepH, KUK 30epirae
cBOIO (hOpPMY TIpH PO3IIIAI Ha PI3HUX MacImTadax;

— ¢pakTrambHa PO3MIPHICTH — HAa BIAMIHY Bif
KJIAaCMYHOI €BKJIIZI0OBOi PO3MIPHOCTi, MOXE MpHI-
MaTH JApoOOBi 3HAYEHHS, IO XapaKTePHU3YIOTh
CKJIAHICTh CTPYKTYPH Ta CTYHiHb 3allOBHEHHS
npoctopy[2];

— nmosroTpuBana 3anexHictb  (Long-Range
Dependence, LRD) — 30epexeHHs BIUTHBY IOTIE-
pemHiX 3HAYCHh Ha TIOTOYHI HABITH Ha BEIHKUX
YacoBHX iHTEpBajax.

Haii6inpm 3Ha9ymmM MmMoKa3HUKOM (hpakTaib-
HOCTi BHCTyIae mokasHuk Xepcra [28], skuii BU-
KOPHCTOBYETHCS JIJISL OLIHKH K (PPaKTaIbHOI PO3-
MipHOCTi, Tak i crymens LRD. Voro 3mauenns
3MiHIOIOTECS y Mexax (0, 1): HaOmmxerni a0
0,5 cBimuate Tpo cnabKy QpakTaabHICTh; 3HAYCH-
Hs1, ONMU3BKI 10 1 — PO BHUCOKY MEPCHUCTEHTHICTD
1 CHJIbHY JIOBTOTPUBANy IaM STh; 3HAYEHHS, OIHU-
3pKi 10 0,1 — MpO aHTHIIEPCUCTEHTHY MOBEAIHKY.
[Toka3Huk Xepcra € OCHOBOIO JIJISl MYJIbTU(PAKTA-
npauX Mozeneit (MMAR, MFDFA) [19] Ta Buko-
PHUCTOBYETBCSA Y MOIUGIKAIIAX iICHYIOUUX METO/IIB,
30KpeMa y MoJieNi Ipo0OBOro OPOYHIBCHKOTO PyXy
(fBm)[1] ra ARFIMA [20].

OO6macTh 3aCTOCYBaHHS (DPAKTATBHUX MOJETeH
€ Ha/3BUYaHO IMPOKOI. BoHW edekTuBHI mpu
poOOTi 3 psimamu, IO MalOTh CKIAIHY CTPYKTYpY,
BHCOKHH piBEHb CaMOMOIIOHOCTI Ta BHpaKeHi
O3HaKW JaoBrorpupaioi mam’sTi. Haliwacrime ix
3aCTOCOBYIOTH JJISl aHali3y (iHAHCOBHX YaCOBHX
psaiB [11], kIiMaTHYHHUX Ta METEOPOJIOTIYHUX J1a-
Hux [18], GiomenmuHuX cHUTHATIB [3], MOKa3HUKIB
SHEepPreTUYHHX 1 TeJeKOMYHIKalliiHuX cucteMm [6,
10], a Takox y reo(i3MUHUX 1 CEHCMOJIOTIUHUX
JTIOCII JKEHHSX.

[lepeBaroro HemiHIHHUX METOJIB € iXHS YHi-
BEPCAJIBHICTh 1 3JATHICTh BiJIOOpaXkaTH CKIIAJHI
3aJI€KHOCTI, HETOCSKHI UIS JIHIMHUX MOJIEJIEH.
BoaHodac HeIOIKOM € MiABUILEHA OOYKUCIFOBAIE-
Ha CKJIaJIHICTh 1 HEOOXIIHICTh PETEIHHOIO HaJlalll-
TyBaHHSI.

Memoou wmyunoeo inmenekmy. 3 PO3BHTKOM
iH(pOpMaIIHHUX TEXHOJOTIH, IITYYHOTO 1HTEIEKTY
Ta CHHTETUYHUX HEWPOHHHUX MEpeXk, JUIsi BUPI-
LICHHS 337a4 NPOTHO3YBAaHHS YacOBHUX PAOIB Je-
JlaJTi 4acTilie 3aCTOCOBYIOTh came IIi migxoau. Oc-
HOBHUMH TIepeBaraMu MoJieliell Ty4HOTO 1HTele-
KTy TIOPIBHSHO 3 KIACHYHUMU JIHIHHUMH Ta HEi-
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HIMHUMHM CTaTUCTUYHHMH METOJaMH € BHCOKa
THYYKICTh Ta aJanTUBHICT 0 CKIaJHUX CTPYKTYP
1 B3a€MO3B’SI3KIB Y TaHUX, MOXKJIMBICTb aBTOMATH-
3amii mpolecy HaBYaHHS, a TAaKOX, SK IPAaBUIIO,
BUIIIa TOYHICTh MPOTHO3iB MOPIBHSHO 31 3BHUYAMd-
HUMH MOJEIISIMH.

Haii0inpmuM HeoIiKOM TakUX MOAENEH € He-
00XimHicTh (ha3u HaBUaHHS, sika IOTPeOye momnepe-
JIHBOT MIATOTOBKM Ta MEPETBOPEHHS BXITHHUX Ja-
HHAX IS TIPUCKOPEHHsI oOumciieHb. Ilicas mporo
MOYNHAETHCS MPOIEC HABYAHHS HAa OCHOBI HasIBHUX
¢parmMeHTiB yacoBoro psmy. 31e0i7bIIOr0 BiH MO-
JTa€ y MOeTamHii mojadi ¢ikcoBaHMX BIKOH Ja-
HHX Pa3oM 3 OYIKYBaHUM PE3yJIbTaTOM.

[lig yac HaBuaHHS Mepeka BCTAHOBIIOE Ta KO-
pUrye BHYTpIIIHI 3B’SI3KM MiX elleMeHTamH, (hop-
MyIo4H HeoOXiJHI MpuxoBaHi mapametpH. [Ipomec
MOBTOPIOETHCS JIEKIJIbKa pa3iB (€moX) AJIsi 0CTaTo-
YHOT'O HaJIAIITyBaHHS Mojeii. Baxnmupo minrpu-
MyBaTH 0ajaHC MiX KiTBKICTIO MOJaHUX (parMeH-
TiB 711 HABYAaHHS Ta KUTBKICTIO €TO0X, MO0 YHUK-
HYTH SK HEJIOHABUAHHS, TaK i MEpCHAaBYAHHS Me-
pexi.

HaiimommpeHimor apXiTeKTypor HEHpOHHHUX
MepeX sl MPOTHO3YBaHHS MOJANbIINX 3HAYCHD
YacOBHX pS/IiB € PEKYpPEHTHI HEHpOHHI Mepexi
(Recurrent Neural Networks, RNN) [26]. Ocrosna
imess RNN monsirae y HasBHOCTI BHYTPIIIHBOT
mam’sITi, sika MOCTYMOBO 30aravyeThCsi HA OCHOBI
KO)KHOTO LMKy HaBUaHHs. 3aBISKUA LbOMY iH]O-
pMarlisi 3 TIOTIepeNIHIX KPOKIB IMEpelacThcsl y Ha-
CTYIIHI, III0 JJO3BOJISIE MOJIENTi 30epiraTu 3aiexHoC-
Ti MK 3HAYEHHSMHU 4aCOBOTO Psy Ha Pi3HUX Ya-
coBux Mmacmrabax. Taka BmacTuBicTb poOuTh RNN
0C00JIMBO €)eKTUBHUMHU Ui POOOTH 3 MOCIIIOB-
HUMH JaHUMH, JIe TIOPSJOK Ta B3a€MO3B’I3KH MiXK
CIIOCTEPESIKCHHSIMH MAIOTh KPUTHYHE 3HAYCHHSL.

[Mompu cBoi mepeBaru, kinacuuHi RNN wacto
CTHKAIOThCS 3 MpoOJiIeMaMH 3aTyXaHHS TpajicHTa
ab0 BHOYXYy rpajlieHTa TIpu PoOOTi 3 JOBIHMH ITOC-
JIIIOBHOCTSIMU.

RNN Ta ixHi Bapianii IHUPOKO 3aCTOCOBYIOTHCS
HE JIUIIE JUIS TPOTHO3YBaHHs (hiHAHCOBHX Ta €KO-
HOMIYHHMX 4YacoBHX psdiB [36], ame # y 3amauax
06po0KkK TpupoaHOi MOBH [27], GioMenuUIHUX CH-
rHaniB [31], enepreruunux cuctem [4] Ta mereo-
pororiyanx gaHux [22]. BoHU 103BOISIOTH MOjIe-
JIFOBATH CKJIaAHI HEJIHINMHI 3aJI€KHOCTI, 10 BaXKKO
MIJIAI0ThCS aHAII3Y KIACHYHUMHM JIHIHHUMH a00
MPOCTUMH HENiHIHHUMH METOJIAMH.

Mooenv LSTM. 3 ycix BapiaHTiB peKypeHTHUX
HEHpOHHUX  MEpeX  HaWOUIbII  MOMKPEHUM
€ LSTM (Long Short-Term Memory). OcHOBHOIO
HOTO OCOONMBICTIO € HASIBHICTh KaHATY JOBIOTPH-
BaJIol mamM’siTi, IKUH MOETaHO HAaKOoNmU4ye iH(op-
Mallito, Ta TPbOX THIB BEHTHJIIB, 1[0 PETYJIOIOThH
MOTIK JaHUX y KaHaj i 3 Hporo. KoxkeH BEHTHIIb
BUKOHY€E KOHKPETHI (DyHKIIii:

— BXIAHMH BEHTWIIb BH3Hayae, sIKi HOBI Qpar-
MEHTH iHoOpMamii CcIig AoJaTH 0 ITOTOYHOTO
CTaHy KaHaly, 3a0e3meuytoun 30epexeHHs BaXKIIu-
BUX JieTajlell 3 TOTOYHOTO KPOKY;

— BEHTHJIb 3a0yTTS BUpINIyE, SKi €IEMEHTH iH-
dhopmartii oTpiOHO BHUAAIUTH HA OCHOBI IOPIB-
HSTHHSI TTOTIEPETHBOTO CTaHy Ta IOTOYHOTO BXiJHO-
T'0 CUTHAIY, IO J03BOJISIE KOHTPOIIOBATH HAKOIIHU-
YeHHs Ha UTMIIKOBUX JaHHX;

— BUXIJHUM BEHTHJIb KOHTPOJIIOE, sIKi (pparme-
HTH 3 MIOTOYHOT'O CTaHy KaHamy OyAyTh mepenaHi
Ha BUXIiJ, BpPaXOBYIOUH SIK TIONIEPENHIN CTaH, TaK
1 TOTOYHUI BXif, 3a0e3Meuyoyr KOPEeKTHY Iepe-
nady iH(opmalii qati.

Oo6nacth 3acrocyBanHs LSTM Bkitouae yacosi
PSIA 3 TOBTOTPHBAIMMHE 3aJISKHOCTSMH Ta CKJIa[-
HUMH 3aKOHOMIPHOCTSIMHU MiX 3Ha4YeHHSMH. THUMO-
BUMHU MPUKJIaIaMHU € 3MiHU BapTOCTI aKitiit [34].

Jo ocHoBHEX HemomikiB LSTM BigHOCATE CXH-
JBHICTH J0 TEePeBaHTaXEHb, BUCOKI OOUHCIIOBAITH-
Hi BUTpaTH, a TaKOX 3HAYHY YYTJIMBICThH JI0 HaJa-
IITYBaHb TileprapamMeTpiB, 0 BUMArae peTesibHo-
ro miabopy napameTpiB HaBuaHHs [43].

Heitiponni mepexci mpancgopmepu. Y 2020-x
POKax BEJIMKOI MOMyJISIPHOCTI HaOymnu Mojeni Tpa-
Hc(opMepH, AKi CTaau ITOMIHYIOYHM apXiTeKTyp-
HUM CTHJIEM JUTS CydacHux momenei [39].

OcHOBHa BiZIMiHHICTh TpaHc(OpMeEpiB Bij Kia-
cuyarx RNN-migxomiB mosnsrae y BHpOBaKEHHI
MexaHi3my camoyBaru (self-attention). [lpuaHImn
Horo poOOTH MONSTAE y OJTHOYACHOMY CIIPHHHSTTI
BCHOTO HA0Opy BXiJHHMX JaHUX 0e3 HeoOXiTHOCTI
iX mocimigoBHOI 00poOKu. [[i1st KO)KHOTO enemMeHTa
OO0YHCITIOETHCS OIIHKA HOTr0 BIUIMBY Ha BCI iHIII
CIIEMEHTH.

ApxitekTtypa TpaHcpOpMepiB 3poOmia crpas-
JKHIO PEBOJIIOLIIO Y chepi 00pOoOKH MPUPOIHOT MO-
Bu (NLP) Ta renepatuaux moxeneit [37]. Pazom
i3 UM, Ha 1 OCHOBI OynH PO3pOOIEeHI MiAXOIN IS
pobotu 3 yacoBuMH psigamu. OJHUM i3 TaKHX pi-
ureHb € Autoformer [42], npuHuun po6OTH SKOTO
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0a3yeThCs HA IEKOMITO3MIII YacOBOTO PsAy Ta 00-
YHUCIICHH] aBTOKOPEJISIIIIi.

[lix gac mepmroro erarry BXiZHHWIA YacOBUH Pl
PO3KIIAIAETHCS HAa KOMITIOHEHTH, SIKi BiToOpakaroTh
TPEHJT Ta CE30HHICTh, 3 BUKOPUCTAHHSM KOB3HOTO
cepenHboro. Jlam 00YHMCITIOETHCS TTOKA3HUK aBTO-
KOpEJAIii MK OTPHMAaHHMH KOMITOHEHTaMH, IO
JIO3BOJISIE MOJICHI BUSBIISTH MOXJIMBI 3aTPUMKHU Y
Yaci, sSKi KOPENIOTH i3 TOTOYHUMH 3HAYCHHSIMHU.
OtpuMaHi 3aKOHOMIPHOCTI BHKOPHUCTOBYIOTBCS
JUTSL TIPOTHO3YBAHHS TTOIAJBIINX 3HAYCHD PSITY.

Tibpuoni mooeni Hetiponnux mepedc. Sk 1 xia-
CHUYHI CTaTHUCTUYHI MOJelNi, CydJacHi MOZeli Ma-
NIMHHOT'O HABYaHHS TaKOX PO3IIUPIOIOTHCS Yepes3
ribpuau3amio apxiTeKTypH Ta JOAaBaHHS HOBUX
CJICMEHTIB JIJIs TiABUIIICHHS €()eKTUBHOCTI.

Bepyuu 3a mpuxnag moneni tuny LSTM, mMox-
Ha BUJILJTUTH JIBA OCHOBHUX ITIIXOJH: PO3IIUPEHHS
3a JIOLIOMOTOI0 J0JaTKOBUX CTaTUCTUYHHUX OIepa-
il Ta TOBHE TiOpUIHE TIOEAHAHHA 3 1HITUMHU MO-
JeNTMH MAIIMHHOTO HABYaHHSI.

Jlo mepuioro migxoay BiIHOCSTH, HAIPHUKIA/I,
mozerni LSTM-ARIMA [13]. Sk BurumiBae 3 Ha-
3BH, BOHa TIOETHYE POOOTY JBOX MOJEINei:
ARIMA BiamnoBinae 3a moOyI0BY MPOTHO3Y JiHIN-
HOI YaCTWHHW YacOBOT'O Py, a Pi3HUIS MiX pea-
JBPHAMH JaHUMH T4 MPOTHO30M TEPeIacThCs
y LSTM mist MomemoBaHHS HENIHIMHUX KOMIIOHE-
HTIB.

Hpyruii miaxig mepenbadae moBHE TiOpHHE
nmoeqHanHs LSTM 3 immumum cydacHumu ML-
momensamu, sk-oT  Autoformer—LSTM [40] Ta
CNN-LSTM [44].

Y moneni Autoformer-LSTM nepimwmii erar me-
pendayae AEKOMITO3HUINIO YacOBOTO sy Ta 004H-
CJICHHS aBTOKOPEJAIIl JJIs BH3HAUCHHS JIOBIO-
CTPOKOBHUX 3aynexHocTedl. Ha ocHOBI mux maHux
Autoformer ¢opmye TOBrocTpoOKOBHI MPOTHO3, a
LSTM y apyromy etari aHanizye KOPOTKOCTPOKO-
Bi 3aJIEXKHOCTI Ta (hiHATI3Yy€e TIPOTHO3, 3a0€3IMeTyI0-
9 TOYHE BIATBOPEHHS SIK TJI00ATBHUX, TaK 1 JOKa-
JBHUX MATEPHIB.

Y mozaeni CNN-LSTM crnovaTky BHKOPUCTO-
ByeTbesi CNN-11ap, siKuii BUIIISE JIOKaJIBHI O3HA-
KU Ta 3MEHIIy€ IIyM y BXimHUX mAaHuX. [licns mpo-
ro LSTM-miap aHaji3ye 4acoBi 3aJIeXKHOCTI MiX
BUJIIJICHUMH O3HAKaMU, IO JO3BOJISIE MOJAEII 3a-
XOILTIOBATH SIK MPOCTOPOBI, TaK i THMYACOBI 3aKO-
HOMIPHOCTI B PsLJI.

FractalNet-LSTM mooens. OxpemMo Ciim BHi-
JIUTH TiAXig 10 Tiopuausaiii Mojenel Ha OCHOBI
BUKOPUCTAHHS CIIEUU(IYHUX BIACTHBOCTEH 4aco-
BuX psamiB. OmHuM i3 TpUKIAAIB € MOJIeib
FractalNet-LSTM, sika noenHye ¢pakTaabHy HEid-
POHHY MEpeXy Ta PEKypEeHTHY HEHpPOHHY Mepexy
LSTM [30].

[Iporec 00poOKM NaHUX Y IMili MOJEII BUIIISIA€
HACTYITHUM YHUHOM:

— ¢pakTangpHI IIapyu — BXIOHI aHI IPOXOISAThH
gepe3 KiTbKa mapiB GpakTanbHOI 3TOPTKH, Ha SKHUX
BUIISIOTHCS CKJIAHI MATEPHHU Ta O3HAKK CaMOIIO-
niOoHOCTI 3HaueHsb psay. Lleit etan no3Bomsie BUIy-
YUTH KJTFOUOBI XapaKTEPUCTUKU CTPYKTYPH Haco-
BOTO psily, SIKI BOKKO BPaxyBaTH TPaIUIlIHHUMH
METOJaMHu,

— LSTM-map — oTpuMaHi 03HAaKH IEepeat0Th-
csa no LSTM, ska anamizye iX y 4acoBoMy KOH-
TEKCTI Ta MOJEIIOE 3aJIE)KHOCTI MIXK MOCHiIOBHU-
MU 3HAUCHHSMH JJI NPOTHO3YBAHHS MOJATBIIHX
CTaHiB psIY.

[Ipote, y BunamKky psjiB 3 BUCOKOIO BOJATHIIb-
HICTIO, HampHUKJIaja, (iHAHCOBHUX MOKAa3HHKIB, pe-
3yJILTATH MOKAa3ally, 10 MOJENb MOTpedye J0aaT-
koBoro jgoomnpariroBanns [30]. Lle cBiguuTh npo te,
mo KoMOiHamis (pakTaibHOI Ta peKypeHTHOI 00-
pOOKHM 1ae mepeBaru MpH CKIAIHUX CTPYKTYPHHX
3aJICKHOCTSIX.

Pexypenmuuti  ananiz  ma  uxopucmamums
pexypenmuux Oiacpam. PexypeHTHU aHali3 € Me-
TOJIOM JIOCII/PKEHHSI JTWHAMIKHM YacOBHUX PAIIB,
SIKMH TPYHTYETHCSI Ha 1/1eT TOBTOPIOBAHOCTI CTaHIB
cuctemu. OCHOBHA MeTa IMIAXOAY TOJISITA€E
y BU3HAYCHHI MOMEHTIB Yacy, KOJH CHCTeMa MOBe-
pTaeThcst 10 CTaHy, OJIM3BKOTO JI0 TIONEePEIHBOTO.
Le mo3Bosic BUSABIATHA 3aKOHOMIPHOCTI, Mepiou-
YHICTh, XaOTHUYHI MMOBENIHKHA Ta CTPYKTYPHI 3MiHU

pany.
st Bi3yallbHOTO aHali3y TaKuX IOBTOPIiB BU-
KOPHCTOBYIOTBCS PEKypeHTHI Jiarpamu

(Recurrence Plots, RP). Bonn m103B0IsI0TE HAOYHO
BiJI0OOPa3UTH MOMEHTH, KOJIM 3HAUYCHHS DSy 3HOBY
HAOMIKAIOThCA JI0 TonepenHix craHiB. YopHi Tou-
KM Ha Jiarpami Mmo3HadaloTh HAsBHICTH TOBTOPIO-
BaHOT'O CTaHy, a Ol — #oro BijcyTHicTh (puc. 1).
3aBIsSKM IbOMY MOXKHA JIETKO BHSBIISITH IIE€PiOJIU-
4Hi a00 MOBTOPIOBaHI MAaTEPHHU, CTPYKTYPHI 3MiHH
y IWHaMili psmy, a TaKOX HasBHICTh XaOTUYHOI
IOBEIIHKYA Y1 aHOMAJIIil.
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Ha ocHOBi pekypeHTHUX [iarpaM TakoX po3-
poOJieH] KiJBbKICHI MOKa3HUKH, SIKi J03BOJISIOTH Lo “M /\ h. m‘
OiJIbII JIETAJBbHO aHai3yBaTH 4acoBuit psa [14]. \

Jlo HUX BIAHOCSTH YaCTKy TOYOK, IO BimoOpaxkae | L \
3araibHy IOBTOPIOBAHICTB, BIICOTOK TOYOK, sKi oo \ | ‘ '1 J
(GOpMyIOTh IiaroHalbHi JiHIl, IO CBIAYUTH TPO ,

Q54

PETYIAPHICTh TOBEMIHKH, a TaKOXX BEPTHKAIbHI P | |

JiHii, fKi BKa3ylOTb Ha 3acTiiiHi abo «3a0i0KOBa- ' \ \ |
Hi» cranu. Kpim Toro, 3a TOMOMOT0r0 CemiaaTbHIX -104 ! '

METPHUK BHU3HAYAETHCS CKIANHICTH 1 Hemepenoauy-

BaHicTh psy [5, 29]. o : i 6 8 10

Pexypentnuii anamiz Ta aiarpaMu OcoOJIMBO \
e(heKTUBHI TSI TOCHIDKCHHS CKJIAIHHUX, HETiHIH- 9 ‘
HAX Ta (pakTalbHUX YacoBUX psAmiB. [[o Takmx ‘ |
BITHOCATH (piHAHCOBI 1HJIEKCH, KJIIMaTHYHI Ta Me-
TEOPOJIOTIYHI JlaHi, 010MEIUYHI CUTHAIM, SHEepre-
THYHI Ta Teodi3nyHi psaau. BukopucrtaHHS 1IHOTO
MiAXO0Y O3BOJISIE OLIIHUTH CTPYKTYPY PsAY, BHIi- ‘ |
JUTA 3aKOHOMIPHOCTI, BHUSIBUTU JOBIOCTPOKOBI ’ |
3aJIe)KHOCTI Ta MiITOTYBATH JaHi JJIS TOHAIBIIOrO
MOJIETIOBaHHS 200 POTHO3YBAaHHS.

TakuM 4YMHOM, PEKYpPEHTHHH aHalli3 pa3oM i3

wo

o 100 200 00 %00

PEKYPEHTHUMH JiarpaMaMH € TOTYXXHHM I1HCTPY- Puc. 1. I'padik yacoBoro psay Ta BiAmoBigHa
MEHTOM JUTsi BUBYCHHSI JMHAMIKHA YacOBUX PSIiB, oMy peKypeHTHa Jiarpama
oco6nHBp TaMm, Ji¢ KJIACHYHi JIIHIHHI Ta MPOCTI cTa- Fig. 1. Time series graph and corresponding
TUCTUYHI METOM BUABJISIOTHCS HEJOCTATHBO ede- recurrence diagram

KTUBHHMH.

Koncmpyxmueno-npooykyitine  mooenoeanms
@paxkmanvrux yacosux psdie. OKpiM BKe 3a3Ha-
YEHUX MOIIUPEHUX METOMIB POOOTH Ta MPOTHO3Y- I‘ (]l '4 '
BaHHS YacOBUX PSAIB CIIJ TaKOX BiJ3HAYUTH IR ‘\ \ \‘! | 1| lllll' |I'|
51 MeToz HAa  OCHOBI KOHCTPYKTHBHO- N [ \ .: I‘ "‘ l\" i|\ lHIH I ) l “
npoaykiiiHoro mojemoBanus [1]. OcHoBHHUME ( | W |‘ | I
CYTHOCTSIMU JIaHOTO MiJIXOy € KOHCTPYKTOPH, SIKi 1 | "| ,‘I ||||" ,' f
MPE3eHTYIOTh Habip HOCIIB, CUTHATYpU BiJHOCUH 0! [

Ta omnepariii, Habip TBep/KeHb 3 iHopMaliero s !
MiATPUMKH TIPOIeCY KOHCTPYIOBaHHSA [32]. e 7_’” oA B

Enementom poboTtu Ge3nocepenHbo 3 (pakra- oL ! ‘l ” \? '” m
JHHAMH YaCOBHMHU PsJIaMH B JAHOMY BHTIQJIKy BH- “ I ' J \ |'|l UL
CTyIa€ KOHCTPYKTHBHA MOJIEJNb, sIKA OIHUCYE CTPY- 'y ‘ "R TRALT

|

. . sl |h [ l’ll
KTypy Ta OKpeMmi MaTeMaTuyHi napamerpu. [lns | f‘ }.'1 | I

"f' '\'\ 'l\"l\‘ |,."
\ \' r'\' I I

[
I o |

‘l ( 'w‘\' ,‘ ,l \
| \

OIMCY CTPYKTYpPH 1 TOBIrOICHYIOYHX 3B°I3KIB BUKO- ! I [ f " H ,01 I ‘,\
pucroByetbes L-cuctema [33]. 1 | | \l' Y1
OmnucaHi KOHCTPYKTHBHI MOJENi BUPI3HSIIOTHCS w I}

BEJIMKUM PIBHEM T'HYYKOCTI, SKHH IOJISTae Y MOX- T > T
JUBOCTI TeHepalil SK JAeTepMiHOBaHUX TaK 1 CTO-
XaCTHYHUX (pUC. 2) 4acCOBUX PSAIB BIATOBIAHO JO
BU3HAYCHUX MAaTEeMaTUYHUX I1apaMeTpiB.

Puc.2. Yacosi psiii mOpokeHi OHIEO
KOHCTPYKTUBHOIO MOJIEILITIO
3 Ta 6e3 BIPOBaJKEHHS MOKa3HUKA TUCTIEPCiT

Fig. 2. Time series generated by one constructive model
with and without introducing dispersion measure
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Pe3yabTarn

VY it po6oTi Oynu po3rIIsIHYTI OCHOBHI KJIACH
METO/JIIB aHaJli3y YaCOBHX PSAIB, a TaKOX HaWIIO-
IMIUPCHINI iXHI TMPEACTaBHUKHA 13 3a3HAYCHHSIM
chep BUKOPUCTAHHS, IepeBar Ta oOMexkeHb. Ok-
peMy yBary mpuAiIeHO MEHII BiZOMHM, ajie mepc-
MEKTUBHUM TIIX0JaM, SIKi BPaXOBYIOTh CIeIudid-
HI BJIACTHBOCTI YaCOBHX DSJIiB, TaKi K (hpaKTayib-
HICTh Ta PEKYPEHTHICTb.

Byno mpoanamizoBaHO Kilbka OCHOBHHX TPYI
MOJEINeH — JiHiMHI, HeiHiiHI Ta TiopuaHi. [lopsn
13 IIMM PO3TIIIHYTO TaKOX METOAM PEKYpEHTHOTO
aHai3y Ta KOHCTPYKTUBHO-TIPOAYKIIHHOTO MOJe-
JIOBaHHS, SIKi TPEICTaBISIOTh allbTEpPHATUBHI, He-
THIIOBI IMIAXOIX [0 JOCHIHKEHHS IUHAMIYHHUX CH-
CTeM.

Koxen i3 onmcanux MeToiB Mae BiacHi cepu
3aCTOCYBaHHS Ta L. binblmicte Mojneneit opieH-
TOBaHi 0e3MmocepeIHhO Ha MPOTHO3YBAHHS YaCOBHX
pAmiB 1 JEMOHCTPYIOTH BHCOKY e(heKTHBHICTD
y MeKax IIbOro 3aBIaHHS. BogHouac iXHI MOXITH-
BOCTI YacTO OOMEXKYIOThCSI JIMIIE OTPUMAaHHSIM
MporHo3y, 0e3 (opMyBaHHS AOAATKOBHX apTedak-
TiB aHAII3Y, AKi MOTJIH O OyTH BUKOPHCTaHI B IIH-
PIIOMY KOHTEKCTI.

MeTtoau peKypeHTHOTO aHajli3y, HaBIaKH, poo-
JATH aKLIEHT HEe JIMIIe Ha pe3yibTaTi IPOTHO3Y,
a ¥ Ha IPOMDKHHUX apTedakTax, TaKuX K peKype-
HTHI Jiarpamu a00 KOHCTPYKTHBHI Mopemi. Lli
eJIEMEHTH MOXYTh CIIyTYBaTH JDKEPEIOM TIIHOIIO-
ro PO3YMIHHS BHYTPIIIHBOI CTPYKTypH psmy Ta
3aCTOCOBYBATHUCS JUISI PO3B’s3aHHS HIMPILIOTO KOJa
3aBJiaHb, BKJIIOYHO 3 KJIACHU(IKAI[IEr0, BUSBICHHAM
aHOMaJIili YM IPOTHO3YBaHHSIM.

[lincymoBylOUM, MOXHA CTBEPIKYBaTH, IO
ChOTO/IHI ICHYE IIUPOKHHA CHEKTP 1HCTPYMEHTIB
JUIS aHaJli3y YacOBUX PAMIB PI3HOI MPHPOIU Ta
ckiagHocTi. OHAK Hapa3i HEMOXKIIMBO BHOKPEMH-
TH YHIBepcallbHy MOJIeNb, sika O JoMiHyBasia 3a
BciMa kputepisiMmu edextuBHocTi. Came TOMy ax-
THBHO PO3BUBAIOTHCS HOBI METOAM Ta TiOpHIHI
apxXiTeKTypH, IO MOEAHYIOTh MEpeBaru pi3HUX
MIIXOMIB 1 KOMIIGHCYIOTh ixHI oOMexeHHs. lle
CTBOPIOE MilIHE MIAIPYHTS AJS MOAANBLIMX JOCHi-
JDKEHB 1 BIIOCKOHAJICHHS METOJMK MMPOTHO3YBaHHS
4acOBUX PSAIIB.

HaykoBa HOBHU3HA Ta IPAKTUYHA
3HAYUMICTh

IToxi6oHa kmacudikaris BiIOMHX METOIB poOO-
TH 3 YaCOBHMH PSJAMHU J03BOJISIE CUCTEMATH3yBa-
TH HasBHUN 1HCTpYMEHTapiil i 3HAYHO CKOPOTUTH
yac, HEOOXIOHMM Ha IIOYATKOBHMX e€Tamax mgOCIIi-
JUKeHHS a00 MpakTHIHOI poOOTH B 00paHii cdepi.
Taxkwuii migxiAg cpuse HE JUIIEC KPaoMy po3yMiH-
HIO MOKJIMBOCTEH Pi3HHX TPy METOAIB, ajie i J0-
3BOJIIE OOWpaTH HAWOIIBIN IOMUIBHI 3aCO0HM IS
BUPIIICHHS KOHKPETHUX 3aBJIaHb.

KpiMm Toro, moniOHa kimacudikallis 1ae 3MOTy
PO3MIISIIATH METOAM HE JIWIIEC B KOHTEKCTI OCHOB-
HOTO 3aBJIaHHS TIPOTHO3YBAaHHS YaCOBUX PSIIIiB, aje
i y IUpIIOMY acleKTi — Ui aHamizy, iHTeprpera-
il Ta MOJEIIOBAHHS.

BucHoBku

[lupoke 3acTOCyBaHHS 4YacoOBUX PsIiB IS
OIMCY Ta aHaJli3y CKJIAIHUX CHCTEM 3yMOBHJIO T1O-
SIBY 3HAYHOI KUTBKOCTI PI3HOMAHITHHX METO/IiB
pobotu 3 HUMU. OCHOBHHM 3aBJIaHHAM Y IIiHi cdepi
€ TPOTHO3yBaHHS TOAAJBIINX 3HAYEHBb, IO MAE
Ba)KJIBE 3HAUCHHS SIK [T BUKOHAHHS TPAKTUYHUX
Iifl y MMOTOYHUHA MOMEHT (HANpWKIAA, Y BHUIIAIKY
(biHAaHCOBMX 1HBECTHIIiH), TaK 1 JUIsl 3aBYaCHOI IiJI-
TOTOBKH 10 MOXJIMBHUX IOMIH YH CTaHIB CUCTEMH
(30kxpema, mpupoaHUX Katactpod). O4eBHIHO, IO
TOYHICTh PEe3yNbTATIB Ta YHiBEpCaIbHICTH 00paHOT
Mojieni Oe3rmocepeIHbO BU3HAYAIOTH 11 LIHHICTH Ta
MIPaKTUYHY €()EeKTUBHICTb.

3 PO3BUTKOM CyYaCHHX MaT€MaTHYHHX IiIXO-
IiB Ta iH(QOpMAIIIHHUX TEXHOJIOTIH copmyBanocs
HIMPOKE KOJIO MOJIENeH /ISl IPOTHO3yBaHHS 4aco-
BUX PsiB. 3arajioM ix MOXXHAa YMOBHO IMOJIUINTH
HA TPU OCHOBHI KJIACH: CTATUCTHYHI METOJU, MO-
JIeJTl MAIIMHHOTO HaBYaHHS Ta 1HII, HETHUIIOBI IIif-
XOZH.

CratucTHYHI METOIU YTBOPIOIOTH TEOPETHY-
HUM QyHIAMEHT, Ha OCHOBI SIKOIO MOOYZOBaHi
KJIACU4HI JITOPUTMH IPOTHO3YBaHHA. Mogaeni
MAaIIMHHOTO HaBYAHHS, Y CBOIO Yepry, IPyHTYIOTh-
cs Ha aBTOMAaTH3alii MpoIeciB i JEMOHCTPYIOTbH
3MIATHICTh TPAIIOBATH 31 CKIJHINIMMHU CTPYKTY-
pamMu Ta BeNIMKUMH oOcsramu naHux. Herumosi
METOJIM TIOEAHYIOTh MiJAXOAH 3 PI3HUX JUCILHUILIIH,
BiJIKPHBAIOYX HOBI MOXKIIMBOCTI JUISI pOOOTH 3 psi-
JaMH 0COOIMBOI IPUPOAH.
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OCHOBHUM BUKIIUKOM 3aJTHIIIAE€THCS Pi3HOMAaHI-
THICTB CTPYKTYPp 1 THIIiB 3B’S3KiB M)XK 3HAYCHHSIMH
qacoBUX psAAiB. BoHM MOXyTh MaTH JiHiiHMA a0
HETMHIHHANA XapakTep, NpPOSBIATH CE30HHICTB,
(hpakTalbHi BIACTMBOCTI Y BUCOKUM PiBEHb BOJIA-
TUJIBHOCTI. Y HACHiJOK IIBOTO AJIsl ACSKUX 3aBAaHb
OLIBII TOWITFHUM € 3aCTOCYBAaHHS NIPOCTHX JIiHIN-

HUX Moenei, Toal AK IS 1HIIMX HeoOXiJHe BH-
KOPHUCTaHHS CY4aCHUX apXITEKTyp HEHPOHHHX Me-
pex. Takum 9uHOM, TIEpII HIXK PO3IMOYATH POOOTY
3 YacOBHUM PSAOM, CJiJ MPOBECTH HOTO Kiacudi-
KaIliro Ta 00paTy HaOLIbIIT aICKBATHY MOJICIb JJIs
MIPOTHO3YBaHHS.
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Modern Methods and Tools for Working with Time Series

Purpose. To conduct a structured analysis and classification of modern methods and models used to work with
time series of various nature. Attention was paid not only to typical features and types of calculations, but also to
identifying the subject area of application, comparing and highlighting strengths and weaknesses when working with
different data sets, with relevant examples of areas of use and an emphasis on advantages. Methodology. A step-by-
step and detailed review of existing methods and models based on their main characteristics, areas of use, and fea-
tures of working with approaches of different nature that use different properties of time series. Findings. Analysis
of the most common methods for processing time series and a separate review of their representatives. Particular atten-
tion is paid to hybrid models that can combine methods of one or different classes, as well as atypical approaches based
on the specific properties of time series, in particular their fractality. Originality. It consists in a comprehensive and
fundamental consideration of methods for analyzing time series, ranging from classical linear and nonlinear statistical
models and artificial intelligence methods to hybrid and fractal approaches, with an emphasis on identifying their areas
of application and comparing their advantages and disadvantages. The practical value of the research lies in the sys-
tematization of material that can be used for preliminary analysis of the subject area and selection of tools based on
their effectiveness, which, in turn, simplifies the search for analogues and reduces the time required to prepare for
research. In addition, the work highlights lesser-known and atypical methods that are of interest for further research
and may be promising candidates for future scientific developments in the field of time series analysis.

Keywords: information technology; software; time series; RNN; transformer networks; constrictive-synthesizing
modeling; fractal; recurrent plots

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2025/341773 © A. A. XKanan, B. L. lllunkapenxko, 2025

151


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15802/stp2025/341773
https://doi.org/10.21511/imfi.21(1).2024.17
https://doi.org/10.1109/gcat52182.2021.9587540
https://doi.org/10.1016/j.cosrev.2024.100648
https://doi.org/10.48550/arXiv.2403.14587
https://doi.org/10.48550/arXiv.1706.03762
https://doi.org/10.1109/ceepe64987.2025.11033988
https://doi.org/10.4324/9780429492648
https://proceedings.neurips.cc/paper_files/paper/2021/file/bcc0d400288793e8bdcd7c19a8ac0c2b-Paper.pdf
https://proceedings.neurips.cc/paper_files/paper/2021/file/bcc0d400288793e8bdcd7c19a8ac0c2b-Paper.pdf
https://doi.org/10.1007/s43069-023-00224-5
https://doi.org/10.1016/j.energy.2022.124889

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)
Hayka Ta nporpec tparcmopty, 2025, Ne 4 (112)

[HOOPMALIIMHO-KOMYHIKALIIHI TEXHOJIOT' I TA MATEMATHUYHE MOZEJIIOBAHHS

REFERENCES

1. Skalozub, V., llman, V., & Bilyy, B. (2020). Constructive multiplayer models for ordering a set of sequences,
taking into account the complexity operations of formations. Science and Transport Progress, 4(88), 61-76.
DOI: https://doi.org/10.15802/stp2020/213232 (in Ukrainian)

2. Al-Kadi, O. S. (2017). Fractals for biomedical texture analysis. Biomedical Texture Analysis, 131-161.

DOI: https://doi.org/10.1016/b978-0-12-812133-7.00005-3 (in English)

3. Bansal, I. R., Ashourvan, A., Bertolero, M., Bassett, D. S., & Pequito, S. (2022). Model-based stationarity filter-
ing of long-term memory data applied to resting-state blood-oxygen-level-dependent signal. PLOS ONE,
17(7), e0268752. DOI: https://doi.org/10.1371/journal.pone.0268752 (in English)

4. Bashar, M. A., Nayak, R., Astin-Walmsley, K., & Heath, K. (2023). Machine learning for predicting propensity-
to-pay energy bills. Intelligent Systems with Applications, 17, 200176.

DOI: https://doi.org/10.1016/j.iswa.2023.200176 (in English)

5. Belozyorov, V., & Zaytsev, V. (2016) Recurrence analysis of time series generated by 3D autonomous quadratic
dynamical system depending on parameters. Journal of Optimization, Differential Equations and Their Ap-
plications, 24(8), 56-70. DOI: https://doi.org/10.15421/141604 (in English)

6. Castro, A. L., Marcato, A. L. M., & De Aguiar, E. P. (2023). Multifractal analysis of the Brazilian electricity
market. IEEE Access, 11, 98939-98957. DOI: https://doi.org/10.1109/access.2023.3313099 (in English)

7. Chen, J.-F., Wang, W.-M., & Huang, C.-M. (1995). Analysis of an adaptive time-series autoregressive moving-
average (ARMA) model for short-term load forecasting. Electric Power Systems Research, 1995, 34(3),
187-196. DOI: https://doi.org/10.1016/0378-7796(95)00977-1 (in English)

8. Contreras, J., Espinola, R., Nogales, F. J., & Conejo, A. J. (2003). ARIMA models to predict next-day electricity
prices. IEEE Transactions on Power Systems, 18(3), 1014-1020.

DOI: https://doi.org/10.1109/tpwrs.2002.804943 (in English)

9. Dabral, P.P., & Murry, M. Z. (2017). Modelling and forecasting of rainfall time series using SARIMA. Envi-
ronmental Processes, 4, 399-419. DOI: https://doi.org/10.1007/s40710-017-0226-y (in English)

10. Ghaffarpour, R., & Zamanian, S. (2022). Fractal-based lightning model for investigation of lightning direct
strokes to the communication towers. Electrical Engineering, 104, 2543-2551.

DOI: https://doi.org/10.1007/s00202-022-01503-w (in English)

11. Gottimukkala, S. R. (2025, February). Applying the Multifractal Model of Asset Returns (MMAR) to financial
markets: insights and limitations. In 10th International Conference on Signal Processing and Communica-
tion (ICSC) (pp. 277-282). Noida, India. DOI: https://doi.org/10.1109/icsc64553.2025.10968868
(in English)

12. Kaur, J., Parmar, K. S., & Singh, S. (2023). Autoregressive models in environmental forecasting time series: a
theoretical and application review. Environmental Science and Pollution Research, 30(8), 19617-19641.
DOI: https://doi.org/10.1007/s11356-023-25148-9 (in English)

13. Kashif, K., & Slepaczuk, R. (2025). LSTM-ARIMA as a hybrid approach in algorithmic investment strategies.
Knowledge-Based Systems. 320, 113563. DOI: https://doi.org/10.1016/j.knosys.2025.113563 (in English)

14. Kirichenko, L., Radivilova, T., & Stepanenko, J. (2021, April). Applying recurrence plots to classify time series.
Computational Linguistics and Intelligent Systems. In Proceedings of the 5th International Conference,
COLINS-2021. (pp. 16-26). Kharkiv, Ukraine. Retrieved from https://web.kpi.kharkov.ua/iks/wp-content/
uploads/sites/113/2021/10/CoLInS_Volume2_2021.pdf (in English)

15. Konar, S., Auluck, N., Ganesan, R., Goyal, A. K., Kaur, T., Sahi, M., Samra, T., Thingnam, S. K. S., & Puri, G.
D. (2022). A non-linear time series based artificial intelligence model to predict outcome in cardiac sur-
gery. Health Technology, 12(6), 1169-1181. DOI: https://doi.org/10.1007/s12553-022-00706-2 (in English)

16. Kontopoulou, V. I., Panagopoulos, A. D., Kakkos, I., & Matsopoulos, G. K. (2023). A review of ARIMA vs.
machine learning approaches for time series forecasting in data driven networks. Future Internet, 15(8),
255. DOI: https://doi.org/10.3390/fi15080255 (in English)

17. Lee, C.-M., & Ko, C.-N. (2011). Short-term load forecasting using lifting scheme and ARIMA models. Expert
Systems with Applications, 38(5), 5902-5911. DOI: https://doi.org/10.1016/j.eswa.2010.11.033 (in English)

18. Meenakshi, M., & Gowrisankar, A. (2025). Multifractal analysis on ozone depletion and climate change: the
time series approaches. Contemporary Mathematics, 6(1), 594-616.

DOI: https://doi.org/10.37256/cm.6120256141 (in English)

19. Mensi, W., Kumar, A. S, Vo, X. V., & Kang, S. H. (2024). Asymmetric multifractality and dynamic efficiency
in DeFi markets. Journal of Economic and Financial Studies, 48(2), 280-297.

DOI: https://doi.org/10.1007/s12197-023-09655-6 (in English)

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2025/341773 © A. A. XKanan, B. L. lllunkapenxko, 2025

152


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15802/stp2025/341773
https://doi.org/10.15802/stp2020/213232
https://doi.org/10.1016/b978-0-12-812133-7.00005-3
https://doi.org/10.1371/journal.pone.0268752
https://doi.org/10.1016/j.iswa.2023.200176
https://doi.org/10.15421/141604
https://doi.org/10.1109/access.2023.3313099
https://doi.org/10.1016/0378-7796(95)00977-1
https://doi.org/10.1109/tpwrs.2002.804943
https://doi.org/10.1007/s40710-017-0226-y
https://doi.org/10.1007/s00202-022-01503-w
https://doi.org/10.1109/icsc64553.2025.10968868
https://doi.org/10.1007/s11356-023-25148-9
https://doi.org/10.1016/j.knosys.2025.113563
https://web.kpi.kharkov.ua/iks/wp-content/uploads/sites/113/2021/10/CoLInS_Volume2_2021.pdf
https://web.kpi.kharkov.ua/iks/wp-content/uploads/sites/113/2021/10/CoLInS_Volume2_2021.pdf
https://doi.org/10.1007/s12553-022-00706-2
https://doi.org/10.3390/fi15080255
https://doi.org/10.1016/j.eswa.2010.11.033
https://doi.org/10.37256/cm.6120256141
https://doi.org/10.1007/s12197-023-09655-6

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)
Hayka Ta nporpec tparcmopty, 2025, Ne 4 (112)

[HOOPMALIIMHO-KOMYHIKALIIHI TEXHOJIOT' I TA MATEMATHUYHE MOZEJIIOBAHHS

20. Monge, M., & Infante, J. (2023). A fractional ARIMA (ARFIMA) model in the analysis of historical crude oil
prices. Energy RESEARCH LETTERS, 4(1). DOI: https://doi.org/10.46557/001¢.36578 (in English)

21. Oktaviani, F., Miftahuddin, & Setiawan, 1. (2021). Forecasting sea surface temperature anomalies using the
SARIMA ARCH/GARCH model. Journal of Physics: Conference Series, 1882, 012020.

DOI: https://doi.org/10.1088/1742-6596/1882/1/012020 (in English)

22.0uma, Y. O., Cheruyot, R., & Wachera, A. N. (2022). Rainfall and runoff time-series trend analysis using
LSTM recurrent neural network and wavelet neural network with satellite-based meteorological data: case
study of Nzoia hydrologic basin. Complex & Intelligent Systems, 8(1), 213-236.

DOI: https://doi.org/10.1007/s40747-021-00365-2 (in English)

23.Park, M.-J., & Yang, H.-S. (2024). Comparative Study of Time Series Analysis Algorithms Suitable for Short-
Term Forecasting in Implementing Demand Response Based on AMI. Sensors, 24(22), 7205.

DOI: https://doi.org/10.3390/s24227205 (in English)

24. Pramanik, A., Sultana, S., & Rahman, Md. S. (2022, October). Time series analysis and forecasting of Monkey-
pox disease using ARIMA and SARIMA model. In 2022 13th International Conference on Computing
Communication and Networking Technologies (ICCCNT) (pp. 1-7). Kharagpur, India.

DOI: https://doi.org/10.1109/iccent54827.2022.9984345 (in English)

25.Ray, S., Das, S. S., Mishra, P., & Al Khatib, A. M. G. (2021). Time series SARIMA modelling and forecasting
of monthly rainfall and temperature in the South Asian countries. Earth Systems and Environment, 5(3),
531-546. DOI: https://doi.org/10.1007/s41748-021-00205-w (in English)

26. Salem, F. M. (2022). Recurrent Neural Networks (RNN). In Recurrent Neural Networks. (pp. 43-67). Springer,
Cham. DOI: https://doi.org/10.1007/978-3-030-89929-5 3 (in English)

27. Saraswat, M., & Srishti. (2022). Leveraging genre classification with RNN for book recommendation. Interna-
tional Journal of Information Technology, 14(7), 3751-3756.

DOI: https://doi.org/10.1007/s41870-022-00937-6 (in English)

28. Serletis, A., & Rosenberg, A. A. (2007). The Hurst exponent in energy futures prices. Physica A: Statistical Me-
chanics and its Applications, 380, 325-332. DOI: https://doi.org/10.1016/j.physa.2007.02.055 (in English)

29. Shabani, M., Magris, M., Tzagkarakis, G., Kanniainen, J., & losifidis, A. (2023). Predicting the state of synchro-
nization of financial time series using cross recurrence plots. Neural Computing and Applications, 35(25),
18519-18531. DOI: https://doi.org/10.1007/s00521-023-08674-y (in English)

30. Shakhovska, N., Shymanskyi, V., & Prymachenko, M. (2025). FractalNet-LSTM model for time series forecast-
ing. Computers, Materials & Continua, 82(3), 4469-4484.

DOI: https://doi.org/10.32604/cmc.2025.062675 (in English)

31.Shen, J., Liu, F., Tu, Y., & Tang, C. (2021). Finding gene network topologies for given biological function with
recurrent neural network. Nature Communications, 12, 3125.

DOI: https://doi.org/10.1038/s41467-021-23420-5 (in English)

32. Shynkarenko, K., Lytvynenko, R., Chyhir, I., & Nikitina, I. (2020). Modeling of lightning flashes in thunder-
storm front by constructive production of fractal time series. In Advances in Intelligent Systems and Com-
puting 1V, 1080, 173-185. DOI: https://doi.org/10.1007/978-3-030-33695-0_13 (in English)

33. Shynkarenko, V., & Zhadan, A. (2020). Modeling of the deterministic fractal time series by one rule construc-
tors. In Proceedings of the 2020 IEEE 15th International Conference on Computer Sciences and Infor-
mation Technologies (CSIT) (pp. 336-339). Zbarazh, Ukraine.

DOI: https://doi.org/10.1109/csit49958.2020.9321923 (in English)

34. Sohail, A., Afroz, H., Singh, J. N., Goel, D., & Jasim, L. H. (2024). Stock price prediction using LSTM. In Pro-
ceedings of the 2024 1st International Conference on Advances in Computing, Communication and Net-
working (ICAC2N) (pp. 48-53). Greater Noida, India.

DOI: https://doi.org/10.1109/icac2n63387.2024.10895015 (in English)

35. Srihari G., Kusuma T., Chetanraj D. B., Kumar J. P. S., & Aluvala R. (2024). Predictive modeling of return vola-
tility in sustainable investments: An in-depth analysis of ARIMA, GARCH, and ARCH techniques. Invest-
ment Management and Financial Innovations, 21(1), 213.

DOI: https://doi.org/10.21511/imfi.21(1).2024.17 (in English)

36. Srivastava P., & Mishra P. K. (2021). Stock market prediction using RNN LSTM. In 2021 2nd Global Confer-
ence for Advancement in Technology (GCAT) (pp. 1-5). Bangalore, India.
DOI: https://doi.org/10.1109/gcat52182.2021.9587540 (in English)

37. Thirunavukarasu, R., & Kotei, E. (2024). A comprehensive review on transformer network for natural and medi-
cal image analysis. Computer Science Review, 53, 100648. DOI: https://doi.org/10.1016/j.cosrev.
2024.100648 (in English)

Creative Commons Attribution 4.0 International

doi: https://doi.org/10.15802/stp2025/341773 © A. A. XKanan, B. L. lllunkapenxko, 2025

153


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15802/stp2025/341773
https://doi.org/10.46557/001c.36578
https://doi.org/10.1088/1742-6596/1882/1/012020
https://doi.org/10.1007/s40747-021-00365-2
https://doi.org/10.3390/s24227205
https://doi.org/10.1109/icccnt54827.2022.9984345
https://doi.org/10.1007/s41748-021-00205-w
https://doi.org/10.1007/978-3-030-89929-5_3
https://doi.org/10.1007/s41870-022-00937-6
https://doi.org/10.1016/j.physa.2007.02.055
https://doi.org/10.1007/s00521-023-08674-y
https://doi.org/10.32604/cmc.2025.062675
https://doi.org/10.1038/s41467-021-23420-5
https://doi.org/10.1007/978-3-030-33695-0_13
https://doi.org/10.1109/csit49958.2020.9321923
https://doi.org/10.1109/icac2n63387.2024.10895015
https://doi.org/10.21511/imfi.21(1).2024.17
https://doi.org/10.1109/gcat52182.2021.9587540
https://doi.org/10.1016/j.cosrev.2024.100648
https://doi.org/10.1016/j.cosrev.2024.100648

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)
Hayka Ta nporpec tparcmopty, 2025, Ne 4 (112)

[HOOPMALIIMHO-KOMYHIKALIIHI TEXHOJIOT' I TA MATEMATHUYHE MOZEJIIOBAHHS

38. Toner W., & Darlow L. (2024). An Analysis of Linear Time Series Forecasting Models. arXiv.org.
DOI: https://doi.org/10.48550/arXiv.2403.14587 (in English)

39. Vaswani, A., Shazeer, N., Parmar, N., Uszkoreit, J., Jones, L., Gomez, A. N., Kaiser, L., & Polosukhin, I.
(2017). Attention is all you need. arXiv.org. DOI: https://doi.org/10.48550/arXiv.1706.03762 (in English)

40.Wang, H., & Yao, J. (2025). Forecasting carbon emissions in power systems using Autoformer and LSTM: a
case study of the Spanish electricity market. In Proceedings of the 2025 8th International Conference on
Energy, Electrical and Power Engineering (CEEPE) (pp. 1445-1450). Wuxi, China.
DOI: https://doi.org/10.1109/ceepe64987.2025.11033988 (in English)

41. Weigend, A. (2018). Time Series Prediction: Forecasting the Future and Understanding the Past. New York.
DOI: https://doi.org/10.4324/9780429492648 (in English)

42.Wu, H., Xu, J., Wang, J., & Long, M. (2021). Autoformer: decomposition transformers with auto-correlation for
long-term series forecasting. Advances in Neural Information Processing Systems, 34, 22419-22430. Re-
trieved from https://proceedings.neurips.cc/paper_files/paper/2021/file/
bcc0d400288793e8bdcd7c19a8ac0c2b-Paper.pdf (in English)

43.Yilmaz, D., & Biiyiiktahtakin, 1. E. (2023). Learning optimal solutions via an LSTM-optimization framework.
Operations Research Forum, 4(2), 48. DOI: https://doi.org/10.1007/s43069-023-00224-5 (in English)

44.Zha, W, Liu, Y., Wan, Y., Luo, R, Li, D., Yang, S., & Xu, Y. (2022). Forecasting monthly gas field production
based on the CNN-LSTM maodel. Energy, 260, 124889.
DOI: https://doi.org/10.1016/j.energy.2022.124889 (in English)

Hapiitiona mo penkosnerii: 11.08.2025
[Mpuiinsra go npyky: 16.12.2025

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2025/341773 © A. A. XKanan, B. L. lllunkapenxko, 2025

154


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15802/stp2025/341773
https://doi.org/10.48550/arXiv.2403.14587
https://doi.org/10.48550/arXiv.1706.03762
https://doi.org/10.1109/ceepe64987.2025.11033988
https://doi.org/10.4324/9780429492648
https://proceedings.neurips.cc/paper_files/paper/2021/file/bcc0d400288793e8bdcd7c19a8ac0c2b-Paper.pdf
https://proceedings.neurips.cc/paper_files/paper/2021/file/bcc0d400288793e8bdcd7c19a8ac0c2b-Paper.pdf
https://doi.org/10.1007/s43069-023-00224-5
https://doi.org/10.1016/j.energy.2022.124889

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxka Ta nmporpec Tpancnopry, 2025, Ne 4 (112)

PYXOMMMH CKJAJ I TATA NOI3IB

YK 629.424:621.31

€. C. PABOBY, B. X. €PIISIH?, €. B. JMCEHKO?, €. I'. YEPHUIIIEHKO*, A. 10. ) KYKOB?®

Kag. «EneKTpuyYHHil TPaHCIIOPT Ta TEMIOBO300Y1yBaHHs», HallioHanbHuii TeXHiYHUH yHIBEpCUTET «XapKiBChKUI MOTITEXHIY-
HHH IHCTUTYT», ByJ1. Kuprnnuosa, 2, 61002, Xapkis, Ykpaina, Ten.+38 (097) 302 14 54, en. nomrra riabov.ievgen@gmail.com,
ORCID 0000-0003-0753-514X

?Kad. «ETeKTpU4HUH TPaHCTIOPT Ta TEMIOBO300YIyBaHH sy, HallioHATBHIH TeXHIYHUH YHIBepCHTET «XapKiBChKHIT MOJTITEXHiY-
HHH IHCTUTYT», ByJ1. Kupnnuoga, 2, 61002, Xapkis, Ykpaina, tei. +38(057) 707 65 30, en. nourra bag.eritsyan@gmail.com,
ORCID 0000-0003-0579-3882

SKa¢. «EneKTpHYHHIl TPAHCIIOPT Ta TEII0BO300yyBaHHs», HallioHanpHuii TeXHIYHMI YHiBEpCHTET «XapKiBChKUH MOJTITEXH Y-
HUM iHCTUTYTY, By Kupnudosa, 2, 61002, Xapkis, Ykpaina, ten. +38(057) 707 65 30,

ern. mourra yevhen.lysenko@ieee.khpi.edu.ua, ORCID 0009-0007-1263-7446

“Kad. «ENeKTpHUHHMIA TPAHCTIOPT Ta TEMIOBO300yAyBaHHs», HallioHaTBHUI TEXHIYHUH YHiBepCUTET «XapKiBCHKHUI MOMITEXHi4-
HUI1 IHCTUTYTY, ByJ. Kuprnmdosa, 2, 61002, Xapkis, Ykpaina, ten. +38(057) 707 65 30,

eit. mourra yevhen.chernyshenko@ieee.khpi.edu.ua, ORCID 0009-0000-9476-1107

5TOB «XapkiBchkuii enexTpo-MamuHoOyAiBHMI 3aBoay», Ip. [epois Xapkosa, 199, 61037, Xapkis, Ykpaina,

ten. +38 (099) 074 01 95, en. nomura zukant83@gmail.com, ORCID 0009-0001-5229-1685

IMinBuIeHHs TATOBUX BJIACTHBOCTEl MaHeBPOBOro TemioBozy YME3
3a PaXyHOK PO3MOALIY TAT0BOI0 3yCHLJISA Mi’K OCSIMH TeIJIOBO3Yy

Mera. JlociipkeHHsT IPUCBSYeHE BU3HAUCHHIO BIUIMBY MEPEPO3NOALTY CHIIM TATM MK OCSIMH Ha IiJABUIICHHS
TATOBUX BiactuBocteil TeroBosy UME3. Metoanka. Po3pobiieHo MaTeMaTHYHy MOJICITb /ISl BU3HAYCHHS Koediri-
€HTY BUKOPUCTaHHS 34inHol Macu TemioBo3y UYME3 npu nepepo3noaini TSAroBoro 3yCHUIS MiXK OCSIMU TEIJIOBO3Y.
[MTokazaHo, 1110 BHACTIZOK Jii CHJI y 3y04aTOMy 3a4eruieH] TArOBUX PEIyKTOPIB Ta Aii CHJIM TATHM HA aBTO3YEIUICHHI
BUHHMKAE PO3BAHTAXXEHHS MEPILOi, Ipyroi Ta 4eTBEpPTOi Oceil Ta JOBAHTAXXEHHS TPETHOI, I’ATOI Ta MIOCTOI ocel 3a
HanpsiIMKOM pyXy TeroBo3y. PesyabraTu. [IpoBeneHo po3paxyHKH KoedilieHTy BUKOPUCTAHHS 3YiITHOI MacH TeTl-
JIOBO3Y IIPH PI3HMX 3HAYCHHSIX KOE(IIIEHTY 3UCTUICHHS Ta PI3HUX CXEeMax >KUBIICHHSAM TATOBHX €JIEKTPOIBHUIYHIB.
BwusnaveHo, o HalOUTB I 3HAYCHHS KOS(IIiEHTY BUKOPUCTAHHS 3IiITHOT MacH IOKOMOTHBY JTOCATAIOTHCS Y BUTIAZIKY
IHIMBITyaTbHOTO JKMBJICHHS Ta KEPYBaHH TSATOBUMH €JIEKTPOABUIYHaMH. [Ipu TakoMy crioco0i *KHUBIEHHSI MOXKIIMBE
HaKWOUIBII TOYHE BpaxyBaHHs (PAKTHUYHOI'O OCHOBOTO HABAHTAXKECHHS INPHU IEPEPO3IOALTI TATOBOTO 3YCHIUIS MIiXK
0CSIMH Ter10Bo3y. [Ipy rpyrnoBoMy KMBJIEHHI TATOBHX JIBUTYHIB, y BUIIAJIKY 00’€JHaHHS ocell 3 OJIU3bKUMHU Koedi-
LIEHTAMU BUKOPUCTAHHS 34ilTHOT MAaCH OCI, TAKOXK JIOCATAETHCS MIPAKTHYHO MMOBHE BUKOPUCTAHHS 34inHOT MacH. [Ipu
[[LOMY BeJIMYMHA KOC(DIli€EHTY BUKOPUCTAHHS 3YIMTHOT MacH TEIUIOBO3Y € CTAOUIBHOIO 1 MIPAKTUYHO HE 3aJICKUTH Bij
TATOBOT0 3ycwuist. [Ipy MOBI3KOBOMY JKUBIICHHI Ta Y BHIIAJIKY ITPYIOBOTO JKUBJICHHS YCiX €IEKTPOJBUTYHIB Koediii-
€HT BUKOPUCTaHHS 34iIHOI Macy 3MiHIOEThCs y Jiana3oni 0,8...0,87, mpu bOMy MeHILi 3HaYEHHSI JJOCSATatOThCS MTPU
BHUILIOMY TSTOBOMY 3yCHJUII TetioBo3y. HaykoBa HoBH3HA. OOIpYHTOBaHO MOXKIIMBICTb ITiABUIIEHHS TATOBHUX BJIac-
tuBocTel TermoBosy UME3 muisxom mepepo3nomidy TATOBHUX 3yCHIIb MIK OCSIMH TEIUIOBO3Y 3 ypaxyBaHHSIM
nepepo3no ity (akTHIHOTO OCHOBOTO HaBaHTAXEHHs. BU3HaueHO panioHaJbHI BapiaHTH CXEM JKHBJICHHS TSATOBHX
SNICKTPOABHUTYHIB, TIPU SIKUX 3a0€3MeuyeTbcs BHUCOKMI KOE(ii€eHT BHKOPHCTaHHS 3YiTHOI MacH TEIUIOBO3Y.
pakTuuna 3HaunMicTh. OTpUMaHI Pe3yIbTaTH MOXKYTh OyTH BUKOPHCTaHHI IIpH MoAepHi3auii TeruioBo3iB UME3,
110 JJO3BOJISIE TIIBUIUTH X TSATOBI BIACTHBOCTI. 3aIIPOIIOHOBAHUH MiIXiJ O IMOKPAIEHHS TATOBUX BIACTHBOCTEH
MoJke OyTH 3aCTOCOBAaHUH IS IHIIOTO TATOBOTO PYXOMOTO CKIIAMY.

Kniouosi cnosa: TATOBO-CHEPTETUYHI XapaKTEPUCTUKH; TATOBI BIACTHBOCTI; KOEQIIi€HT BUKOPUCTAHHS 3YilTHOT
MacH; TATOBUIA eJIEKTPONPUBO/I; TATOBHI €JIEKTPOIBUTYH; eHEProe(eKTUBHICTh
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Beryn

Ha mouatkoBux Ta 3aBeplanbHUX eTanax 3aji3-
HUYHUX [e€peBe3eHb 3AIHCHIOIOThCS MaHEBPOBI
oreparii i3 3aCTOCYBaHHSM MaHEBPOBHX JIOKOMO-
tuBiB. Ha crantisx AT «Ykp3aimi3HHIS IS IT-OTO
BUKOPUCTOBYIOTBCS MaHEBpPOBI TEIIOBO3U cepil
UMES3. HasiBHUi1 apk LUX TEMJIOBO3iB XapaKTepu-
3y€ThCS 3HAYHIUMH TEPMiHAMU CITYy’KOM Ta HETOCTa-
THBO BHCOKHMH TATOBO-CHEPreTHYHUMH MOKa3HU-
kami [3]. YCcyHEHHS IbOTO MOXITUBE IUIIXOM MO-
nepHizamii HasBHHX Temioo3iB UME3. Bimowmi
MMPOCKTH MOJEPHi3aIlii IIMX TEIUIOBO3IB BiJl KOMIIa-
Hiit CZ LOKO [9] ta ZOS Zvolen s.r.0. [15], sxki
CHpSMOBaHI y TIEpITy Yepry Ha ITiABHUIEHHS Talu-
BHOT €(eKTHBHOCTI, IO JOCSTAETHCS 3aCTOCYBaH-
HSIM Cy4YacHHUX JW3eIbHUX ABHUTYHIB. [lokpaiieHHs
TATOBUX BJIACTUBOCTEH MOJEPHI30BaHHX TEILIOBO-
3i8. UME3 moB’s3aHe i3 3aCTOCYBaHHSM TSTOBOI
CJIEKTPUYHO] Mepeadi MOTYKHOCTI 3MiHHO-ITOCTiH-
HOTO CTPyMY Ta MiKPOIPOIIECOPHOI CHCTEMH Kepy-
BaHHS, IO TiIBUIIY€ TPOTHOOKCYBAIbHI BIIACTUBO-
CTi TEIJIOBO3Y.

[HIIMM HampsIMKOM MiABHUINEHHS TATOBO-CHEP-
FEeTUYHUX BiacTtuBocTeil TeroBoly UYME3 e yno-
CKOHAJICHHSI 10T0 TATOBOTO eJIEKTPONpuBoay. Y [7]
MOKa3aHo, 10 JUIs HasBHUX Ter10Bo3iB cepii YME3
MiABHIICHHS 1X €Heproe(eKTUBHOCTI MOXKe OyTH
JOCATHYTO TIPH 3MiHI KUTBKOCTI TPAIIOIOYNX TSITO-
BUX €JIEKTPOJIBUTYHIB B 3aJICKHOCTI BiJl TTO3HIIT KO-
HTpoliepa MamuHicta. Ha cepiiiHMX TeruioBo3ax
UME3 Takwuii anroput™ poOOTH He mependoadeHui,
OJHAaK HOro MOKHa BIPOBAIUTH MPH MOAEPHi3awii
TerioBo3iB [12]. Ciix ovikyBaTH, 10 IPU BUKOPH-
CTaHHI TATOBOTO €IEKTPOIIPUBOJLY 3 CIEKTPOJIBUTY-
HaMU 3MIHHOTO CTPYMY Ta BIPOBKEHHI MTOTIOHIX
eHepro3oepirarounx AITOPUTMIB KepyBaHHS Oara-
TOJBUTYHHHUM TSTOBUM elleKTpornpuBogom [13]
Oyzne AOCSTHYTO 3HA4YHE MiABHIIECHHS CHEPreTHY-
HUX NIOKa3HUKIB TEIJIOBO3Y. 3BaXKal0UH HA TEHICH-
1ii 10 3pOCTaHHs BapTOCTI EHEPropecypeiB Ta Mo-
CHJICHHS €KOJIOT1YHUX BUMOT, BUKOPUCTAHHS €Hep-
ro30epiratoumx TEXHOJOTIH Ha PyXOMOMY CKJaji
3a0e3MeYnTh CTA0UILHICTh Ta KOHKYPEHTOCIPOMO-
YKHICTh 3aJII3HUYHUX TIEPEBE3CHb.

[Ipu BUKOpHCTaHHI TATOBOIO EJIEKTPOIIPHBOLY
3 €IIeKTPOABUIYHAMH 3MIHHOTO CTPYMY JOIIEHIM
€ TIPOBA/DKEHHS TEPEPO3MNOUTy CHIM TITH MiXK
OCSIMH, LI0 MiJBUIIY€E TATrOBI BIACTHUBOCTI TEILIO-
Bo3y [8]. Lle HeoOximHO a1t poOOTH 3 MO131aMu 30i-

JIBIIIEHO] BaroBOi HOPMH, TIPH BHUBI3HIN Ta mepena-
TOYHIH POOOTI.

Sk BimoMo, mpu peaitizailii CHIIM TSTH BiIOyBa-
€TBCS TIEPEPO3ITOAIT HABAHTAKEHHS MIXK OCSIMH JIO-
KOMOTHBY: HAaBaHTa)KCHHsI OJHUX OCEH 3MCEHIIy-
€THCSI, @ IHIIUX — 30UTBIIYETHCS BITHOCHO CTATHY-
HOTO 3Ha4eHHs. [lepepo3noia 3aJIeKUTh BiJl KOHC-
TpyKmii ekimaknoi wactuau [6, 11, 14]. Ile
BUKJIMKA€ HEOOXIHICTh 3HWKCHHS CHUJIM TITHU Ha
PO3BaHTaXKEHUX OCSX. TOMY MPHU IPYHOBOMY KHB-
JIEHH] TATOBUX ENEKTPOABHUTYHIB, SIKE 3aCTOCOBY-
€Thcs Ha cepiitHoMy TeroBo3i UME3, HaiiGinbpma
CWJIa TSTW BU3HAYAETHCS PO3BAHTAKCHHSIM TICBHHUX
oceil.

[Ipu BuKOpHCTaHHI iHAWBITYyaTEHOTO YKUBICHHS
1 perymoBaHHsI TSATOBHX €JICKTPOJBUTYHIB ab0 OK-
pPEMUX TPYIl 3 SBISETHCS MOXJIMBICTH TEPEPO3IIO-
Ty TATOBOTO 3YCHIUIS MiX KOJNICHUMHU TapaMHu.
30kpemMa, MOXKIIMBE MMiBUIICHHS CUJIM TATH Ha THX
0CsIX, SIKi Oy Iy Th ToBaHTaxeHHI. L{e 103BOIUTH mij-
BHUIIIUTH CUITY TATH JIOKOMOTHUBY B I[IJIOMY.

Meta

MeTor0 CTaTTi € BU3HAUCHHS BIUIMBY MEPEPO3-
TIOJIUTY CHITM TATH MiX OCSIMH Ha ITiIBUIIICHHS TSTO-
BHX BIacTUBOCTeH TemnoBosy YME3.

MeTtoauka

Jnsi BU3HAYCHHS! BIUTUBY TI€PEPO3IOMALTY CHI
TATH MK OCSAMH Ha TSTOBI BIACTUBOCTI JIOKOMO-
TUBY BUKOPUCTAEMO METOJIMKY BU3HAUYEHHS Koedi-
MIEHTY 34iHOT Macu JokomMoTuBy [1, 5, 10].

Crarnyauii KoeilieHT BUKOPUCTAHHS 34iIHOL
MacH JIOKOMOTHUBY BH3HAYAETHCS 32 BUPA3OM:

_ Onin
Q

ne  Q., — HallMEHIIe OCHOBE HABAHTAKEHHS KO-

B )

JicHoi mapy; Q, — cTaTH4HE HABaHTa)KEHHs KOJic-
HOI ITapH.

Bupas (1) 3anucanuii st BapiaHTy TPYIIOBOTO
KUBJICHHS TSTOBHUX EJIEKTPOJABUTYHIB, IPU SIKOMY
HE MOXIIMBO TEPEPO3NOAUIATH CHIY TATH MiX
ocsimu [2, 4].

[nsa BuUnagxky, KOJM TACOBUM €JIEKTPONPHUBOJ
JIO3BOJISIE TIEPEPOMOAUIATH CHUITY TATH MK OCSIMH,
CTaTUYHUN KOEQIIEHT BHUKOPUCTAHHS 3YiITHOI
MacH NPOIOHYETHCSI BU3HAYATH 3a HACTYITHUM BU-
pazomM:
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n
I:i max
p==r (2)
Nk,
ne K.« — IPaHu4Ha CUJia TATH I-0i KOJIICHOI IapH,

N — KUTBKICTh OCEH JIOKOMOTHUBY, SIKUMH 3]IIHCHIO-
€ThCs TAra; F, — rpaHu4Ha cuia TATH OJHIEI Ocl
P CTATUYHOMY HaBaHTaXCHHI.

I'pannyHe 3HAYEHHS CHIM TATH i-0i KOJICHOT
Mapy BU3HAYAETHCS 32 BUPA3OM:

I:imax :\PiQi ' (3)

ne V¥, —xoedilieHT 34emnieHHs i-0i KoaicHoi mapw;
Q, — dakTHYHE HaBaHTaXXEHHS i-01 KOJTICHOI MapH 3

ypaxyBaHHSIM [1€PepO3OIiTy HaBaHTaKCHHSI.

VY Bupasi (3) He BpaXxOBYIOThCS TUHAMIYHI ITPO-
[IECH TIPU KOJMUBAHHIX TAPECOPEHHUX Mac, SIKi MPH-
3BOJIATH /IO 3MIHM BEPTHUKAILHOTO HABAHTAKEHHS
Ha KouslicHy mapy. Jlnst BpaxyBaHHS LbOTO HEOO-

XiJJHe KOMIUIEKCHE TOCTI/DKEHHS Ha OCHOBI MOje-
JIIOBAHHSL.

I'pannyHe 3HAYEHHS CHJIH TSITH i-01 KOJICHOT
Mapy BU3HAYAETHCS 32 BUPA30OM:

Fo=%0Qo, (4)

ae ¥, — koedilieHT 349eIUIeHHs KOJIiCHOI Tapy MpH

CTaTUYHOMY HaBaHTa)KEHHI.

[Tpn momepenHix po3paxyHKax, Uil iX CHpo-
IIEHHS, MOXHA TIPUHHATH, IO KOCMIIIEHTH 34ell-
JICHHS PiBHI Mixk coboto [1, 4].

B xonctpykuii TemnoBosy UME3 nepenbaueno
CIMpaHHS Ky30Ba Ha Bi3KH Yepe3 MasTHAKOBI ITiIBi-
cku. HexTyroum NpyXHICTIO TYMOBHX €JIEMEHTIB,
sIKi iepeg0dadeHi B KOHCTPYKIIii MasiTHUKOBUX T'BHH-
TiB, MOYKHA TIPUHHSATH, IO CIIUPAHHS Ky30Ba HA Bi-
3KH € JKOPCTKUM 1 Bi3KH HE MOXYThH TEPEMIilyBa-
THUCSI BITHOCHO Ky30Ba Y BepTHKaJIbHIN TO3I0BKHiH
TUTOLLIMHI.

Ha puc. 1 moka3zaHo cxeMy NpHUKIaAEHHS CHUI
y TATOBOMY PEXHMI.

L Yy
- - -
"\
My
| ]! s |
YL R P, A‘/’Hx R - L]
p wi Nt Le N4 p ‘ IR IR |
| RN | N A Al o
L I S
2 (&3

Puc. 1. Cxema cui i MOMEHTIB

Fig. 1. Diagram of forces and moments

3MiHa HaBaHTA)XEHHs KOJICHOI mapu oOyMOB-
JieHa BoMa (hakTopamHu: MEpIInid — nepeaada ooe-
pPTar040ro MOMEHTY, MPHU SAKOMY BHACIIIOK THCKY
3y0a 1ecTepHi Ha 3y0 3y04acToro kKojeca BUHHKA-
IOTh JOJATKOBI HABAHTAXXEHHS HA IT1ABICI TATOBOrO
JIBUTYHA Ta OCI KOJIICHOT mapu; Ipyruii — nepesa-
YCH0 CHJIU TSTH YePe3 aBTO3YCTUICHHS.

3MiHa HaBaHTaKEHHS KOJIICHOI IMapH Bij il cri
Ta MOMEHTIB, 1110 IEPEIA0THCS Ha Hel uepe3 KopITyc
JBUT'YHA Ta TATOBUX PEAYKTOPIB, 32 BEJIMYUHOIO J10-
PIBHIOE JTOJTATKOBMM HaBaHTAXXEHHIM Ha Mi/IBicCi TS-
TOBOTO JIBUI'YHA BIiINOBIJHOI KomicHOT mapu [1].
BiamoBigHo 10 po3TallyBaHHS TSATOBUX JBHUTYHIB

BITHOCHO KOJICHHUX Map BUHHMKAIOTH DPO3BaHTa-
xeHHs [, II Ta IV-i koxicHOT mapu 3a HAPSAMKOM
pyxy. dus H1, V ta VI-i konicHOT apu 3a HampsiM-
KOM pYyXy BUHUKA€E TOBaHTaKeHHA. TakuM YNHOM:

AR'=-P,
AP} =P,
API=P, -
AP/ =P,
AP/ =P,
AP/ =P,
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ae B,...,P,— 1o1aTkoBl HaBaHTa)K€HHS Ha MiABiCi
TATOBOTO JIBUTYHA, 1[0 BHHUKAIOTH MIPH Tepeaadi
KPYTHJIHLHOT'O MOMEHTY BHACIIIJIOK TUCKY 3y0a Iec-
TepHi Ha 3y0 3y04acToro Koieca.

Po3paxyHOK 10AaTKOBHUX HABaHTaXKEHb 3JiMC-
HIOETKCS 32 BUPA30OM:

p=_i" (6)
C

ne F, — cuma taru i-oi komicHoi mapu; R — paxniyc
IO KOJTy KOUCHHSI KOJIICHOI TapH; ¢ — BIJCTaHb BiJl
MiBICY TATOBOTO JIBUTYHA JIO OCi KOJIICHOI MapH.

MoMeHT, SIKUii BUHUKA€ Ha paMi TEIUIOBO3Y Bix
nil HaBaHTa)XEHb HAa OMNOpax TITOBHX JBUTYHIB,
MOJKe OYTH OI[iIHEHHI HACTYITHUM BHPA30M:

_(R+R)L_((R-P)+(R-R))L,
! 2 2

(1)

ae L, — BigcTaHp M TOUKaMH MiJBiCy NEpIIOro Ta
HIOCTOTO TATOBUX €JIEKTPOJBUTYHIB; L, — BiJcTaHb

MiX TOYKaMH MiJIBIiCY JIPyTrOro Ta I’ SITOTO TATOBUX
€JIEKTPOJIBUTYHIB,

VY Bupasi (7) mpuitHsTO, M0 TOYKH MiABICY IPY-
TOro Ta TPETHOTO, YETBEPTOTO Ta I SITOTO EIEKTPO-
JBUTYHIB 3HAaXOJAThCS Ha OJHAKOBIHM BiACTaHI BiJ
0Ci TEIIOBO3Y.

MomeHT, SIKiii BUHUKA€E Ha paMi TEII0oBO3Y Bif
nepeaayl TAroOBOro 3yCHILIS Yepe3 aBTO34eTIICHHS:

M, =—| SF |(H,-R). ®

ne H, —BHcOTa OCi aBTO3YEIICHHS.
3arajbHHII MOMEHT Ha TOJIOBHIA paMu TEILIO-
BO3Y:
M,=M,+M,. 9)

Pi3HuI HaBaHTa)KeHHS Ha KOJICHI TapH Bi3KiB
BiJ] J1if MOMEHTY Ha TOJIOBHIN paMi IOKOMOTHBA BH-
3HAYAIOTHCS BIJIIOBITHO 3a BUpa3aMu:

M,
3L (10)
__r
62 3|_

ne L — 6a3a 10koMOTHBa IO IKBOPHSIM.

JlomaTkoBi HaBaHTaKCHHS Ha KOJIICHI MapH JIo-
KOMOTHBA PO3PaXOBYOTHCSI HACTYITHUM YHHOM:

AP, =AP + AP|
AP, = AP + AP}
AP, = AP, + AP,

. (11)
AP, =AP,, + AP,

AR, = AP, + AP}
AP, = AP, + AP

dakTHyHe HABAHTAXKCHHS HA KOJICHI rnapu BHU-
3HAYA€THCS SIK.

Q =Q,+APR. (12)

Takum unnoM, Bupasu (2)—(12) cknamaroTh Ma-
TEMaTHYHY MOJIENb IS BU3HAYEHHS KOe(illi€HTY
BUKOPHUCTAHHS 34ilTHOI MacH.

PesyabTaTtn

I'eomerpuuni po3mipu TernoBosy UME3, HeoO-
XigHI JUIS TIpOBENEHHS pO3pPaxyHKiB, HABEICHO
y Taou. 1.

3 BUKOpPHCTAaHHSM 3alpOIIOHOBAHOT MaTeMaTHy-
HOI MOJIET TPOBENEHO PO3PAXyHKH KOeQillieHTy
BHKOPHUCTAHHS 34iITHOI MacH sl CepPiifHOTO TeTLIo-
BO3Y (IIPY IITATHIN CXeMi BKJIIOUCHHS TATOBUX elle-
KTPOJIBUTYHIB 3 TPYINOBUM JKUBIICHHSM). Pe3yib-
TaTH PO3paxyHKiB HaBeNeHO y TaOi. 2. SIk BHIHO
3 IaHuX Ta0I. 2, 31 3pOCTaHHIM CHUJIM TATU KOedilli-
€HT BUKOPHCTAHHSI 34ilTHOT Macu TEIUIOBO3y 3MEH-
IIYETHCS, 10 HEraTWBHO BIUIMBAE HA HMOTO TATOBI
BJ1acTUBOCTI. J{yist npuksiay y Tabi. 3 HaBelIeH1 Koe-
(ilieHTH BUKOPUCTAHHS 34ilTHOT MacH JIIsi OKpEMHUX
oceit ipu cwi Tsiru 240 kH (To0TO cra TATH KOXKHOT
oci —40 xH). SIx BumHO 3 JaHUX Tab. 3, HAUOUTBII
PO3BaHTAXKEHOIO € YeTBEPTa BiCh, a TAKOXK IepIla
Ta TpeTs oci. lle BUHWKae BHaCHiJIOK «BiATHC-
KaHHS» KOJIICHOI Mapu 3yCWIISIMH y 3y0YacTomy
3aueruieHHi. Hail0inpin HaBaHTaXKEHUMH € TpeT,
II’sATa Ta MI0CTa KOJIICHA Iapa, 110 € HACHII0K iX
«IPUTUCKAHHS) K CHJIAaMH y 3y0d4acToMy 3ader-
JIEHHI, TaK 1 JOBaHTAKEHHIM 3aJHLOTO Bi3Ka BiJ
CHJTH Ha aBTO3YEIUICHHI.

Bracninok oco0nMBOCTE BCTaHOBIECHHS Tpe-
THOTO Ta YETBEPTOI'O KOJICHO-MOTOPHOIO OJIOKY
Ha TIEpEJIHbOMY Ta 3aJIHhOMY Bi3KY BiJIIOBiJTHO
TPETS BiCh BUSIBIISIETHCS JJOBAHTAXKEHOIO, a YETBE-
pTa — po3BaHTa)keHOW. BKazaHuil xapakrep po3-
MOIy PO3BaHTAKEHb 1 JOBAaHTaXCHb KOJICHUX
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map Oyzae 30epiraTucs 1 MpW IHIIMX 3HAYEHHIX
CWJIU TSTH, aie OyIAyTh 3MiHIOBATHUCS iX YHCENbHI
3HAUEHHS.

Takum yuHOM, IS IIIABUILEHHS TATOBUX BJac-
THBOCTEH TEIUIOBO3Y HEOOXIAHO 30UTBIIUTH CHIN
TATU 11’ATOI, MOCTOI Ta TPEThOi OCi, AKI BHSIBIIS-

IOTBCSI IOBAaHTAXEHUMH y TATOBHX pexuMax. J[o-
LiJHHO MPOBECTH PO3PAaXYHKH IPAaHUYHUX 3HAYCHD
KoeQilieHTa BAKOPUCTAHHS 34ilTHO MacH JIOKOMO-
THBY, IO JO3BOJHTH OLIHUTH BIUIMB IIEPEPO3IO-
Iy CHITH TATH MK OCSIMU JIOKOMOTHBY Ha TIiABU-
LICHHSA HOTO TATOBUX BIACTHBOCTEH.

Tabmums 1
I'eomeTpuuHni po3mipu Temiosozy YME3
(3a 1aHUMHU TeXHIYHOI JOKYMeHTAaLii)
Table 1
Geometric dimensions of the ChME3 diesel locomotive
(according to technical documentation)
HaiimenyBanns Bennunna
Paniyc xoneca o koiry koueHHS R, M 0,525
Bincrasp BiJ TOYKH TiIBICY TATOBOTO JBUTYHA 0 OCi KOJICHOI Mapu C, M 0,891
Bucota oci aBTO34eIIICHHS Bifl piBHS TOJIOBOK peifok Hy, M 1,055
Baza nokomoTHBa 1Mo mKBOpH:IM L, M 8,66
Bifcranp Mixk TOUKaMH IiBICY MEPIIOTO Ta MIOCTOTO TATOBUX €JIEKTPOABUTYHIB, L1 (M) 10,8
Bifcranp Mixk TOUKaMH IiBICY MEPIIOTO Ta MIOCTOTO TATOBUX €JIEKTPOABUTYHIB, Lo (M) 6,88
CraTuvHe HaBaHTaXXeHHs Ha Bick, Qo (kH) 201,1
Tabnuns 2
Pe3yabTaTn po3paxyHkiB koedilieHTY BUKOPHCTAHHSI
34inmHoOI MacH JJis1 cepiiiHOTro TeNnJ0B0O3y
Table 2

Results of calculations of the coefficient of adhesion weight
for a serial diesel locomotive

Cuna T4r¥ TemoBo3y, kH KoedimieHT BUKOpHCTaHHS 39ilTHOT Hait6inpmmit K.()C(pi}lieHT BUKOPHC-
MAcH TEIJIOBO3Y TaHHs 34iITHOT MacH oci

240 0,858 1,142
270 0,841 1,159
300 0,823 1,177
330 0,805 1,195
360 0,788 1,212
390 0,77 1,23

420 0,752 1,248
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Tabnums 3
KoedinienTn BuKopucTaHHA 34inHOI MacH NPH CWJIi TATH oHi€l oci, piBHiii 40 kH
Table 3
Coefficients of adhesion weight at a single axle tractive effort of 40 kN
Homep oci | 1l 11 v V Vi
KoedoirmienT BUKOpHCTaHHS 34YilTHOI MacH 0,907 0,907 1,142 0,858 1,093 1,093
oci

JInst BUSHaYEeHHS TPAaHUYHUX CHII TATH, SKi MO-
KHa pealli3yBaTy KOXHOIO BiCCIO Y BUMAJKY Mepe-
PO3MOAINY TSITU MK OCSMH, 3aCTOCOBAHO HaBeJe-
HUN HWXKYE aNrOPUTM, SKAN BKIIFOYAE IMOCIiIOB-
HICTb [Ii:

1.3amaTy 3HaYEHHS CWIH TATH I KOXKHOI OCl
FivFig.

2. O0uncnauTy QakTUIHE HABAHTAKEHHS KOJIiC-
HuX Tap 3a Mometio (5)—(12).

3. O0uncIUTH TpaHUYHI 3HAYCHHS CHIJIH TATH 32
(3) pu 3amarHoMy KOeiiEHTI 3USTUICHHS Ta MOPi-
BHATH 13 3aJlaHUM{ 3HAYCHHSIMHU CHIIM TATH
F,.....F,. lmsaxom 3minu 3Hauens F,...,F4 10-
CSITTH PIBHOCTI WX CHJI TPAHMYHNM 3HAYEHHSIM, PO-
3paxoBaHuM 3a (3).

4. OGUHCIUTH CHITY TATH IIPA CTATUIHOMY HaBa-
HTaXeHHi 3a (4).

5. O0uncnauTn KoedillieHT BUKOPUCTAHHS 34ill-
HOI MacH JIOKOMOTHBY 3a (2).

Po3paxyHKH TpOBEIEHO NpU Pi3HUX 3HAYECHHS
KoeilieHTy 3YeIIeHHs Ta TPU Pi3HUX BapiaHTax
KUBJICHHS TATOBHX EJIEKTPOJBUTYHIB. PO3risiHyTO
IHIIMBITyaJIbHE Ta TPYIIOBE KUBJICHHS TATOBUX €lie-
KTponBuryHiB. [lpu iHOUBiAyabHOMY >XUBJICHHS
MOJKJIMBO JIOCATTH IOBHOTO BpaxyBaHHS MEpepo3-
MOJIUTY OChOBHX HaBaHTakeHb. OJTHAK TakWil Bapi-
aHT MOTpeOye IHIUBIAYATBHOTO KUBJICHHS 1 Kepy-
BaHHsS KOXXHHM €JIEKTPOJIBUTYHOM, IIO Mi/IBUIIYE
BapTICTh TATOBOTO EJIEKTPOIIPHBO/LY.

[Ipu rpynoBoMy >KWBJICHHI i KEpyBaHHI €JIEKT-
POABUTYHH 00 €THYIOTBCS y KiJIbKa TpyI, KOXKHA
3 IKHX OTPUMYE JKUBJIEHHS BiJI OKPEMOTO MepeTBO-
proBaua. Lle 3MeHIIye BapTicTh TATOBOTO €JIEKTPO-
npuBoxry. OHaK CiiJl 3a3HAYUTH, 10 Yepe3 PO3KUA
XapaKTepPUCTUK EJIEKTPOJBUTYHIB HaBaHTAKEHHS
€JIEKTPOJIBUTYHIB B OJIHIH IpyIli HE MOXKe OYTH iJie-
HTHYHUM. Lle Oy e 3MeHIyBaTH TATOBI 3yCHILIS OK-
pemux oceil. Y il poOOTi Iie acrekT He BpaxoBy-
€ThCSI.

VY nmocrmimkeHH1 pO3TISHYTO Taki BapiaHTH Tpy-
MOBOTO >KUBJICHHS:

a) TPYIOBE KUBJIEHHSI YCiX TATOBUX €JIEKTPOJ-
BuryHiB. Lle BiAmoBinae cepiifHOMY TEITOBO3Y;,

0)rpyrnoBe IOBI3KOBE JKUBJICHHS, MPH SKOMY
TPU ENEKTPOIBUTYHU KOXKHOTO 3 Bi3KiB IIiJ€JHY-
FOTBCS 10 TSATOBOT'O IIEPETBOPIOBAYA,;

B) IPYIIOBE >KMUBJICHHS TPbOX I'PYI €NCKTPOIBHU-
T'YHIB, B SIKil € JIBa eJIEKTPOABUTYHH. EnekTpoaBu-
TYHU 3’€[HaHI y TPYyIH HacTymHUM duHOM: | Ta I,
I rtalV, V taVl;

T') TPYTIOBE KUBJICHHS IBOX IPYII €JIEKTPOABUTY-
HIB TIO TPH €JEKTPOABHUryHa. EjeKkTpoaBUTyHH
3’eaHaHi y rpynu HacTyrmHUM yrHOM: I, [T Ta IV, 111,
V taVI.

3’enHaHHA ENEKTPOJBUTYHIB 3a BapiaHTaMH
B) 1 T) Mae Ha MeTi 00’ €THATH OCi 3 ONM3BLKUMH KO-
ediieHTaMi BUKOPUCTAHHS 34ilTHOT MaCH.

VY 1abin. 4—-6 HaBeeHO pe3yabTaTH PO3PaxyHKIB
TPaHUYHHUX CHJI TATH 1 KoedimieHTa BUKOPUCTAHHS
34iITHOT MacH JIIsl pi3HUX 3HAYEHb Koe(DiIieHTy 3ue-
TUTEHHS TIPY Pi3HHUX BapiaHTaX >KUBJICHHS. 3 JaHUX
TabJ1. 4-6 Ta puc. 2 ciiaye, 0 HAWBHUII 3HAYCHHS
koedilieHTa BAKOPUCTAHHS 34IiITHOT MAaCH JIOKOMO-
TUBY JOCSTAIOTHCS TPH 1HAWBIyalbHOMY >KUB-
NeHHi. B nboMy BHINaaKy MOXIIMBE OKpEME Kepy-
BaHHS KOXXHHM €JIEKTPOABUIYHOM 3 ypaxyBaHHSIM
(hakTyHOTO HaBaHTaXeHHs oceil. Cmin Big3Ha-
YHTH, IO MPH BUCOKUX 3HAUCHHS CHIIU TATU Koedi-
[IEHT BUKOPUCTAHHS 34YiMHOT MacH CTa€ OibIIUM
onunuLi. Lle € HacHiAKOM 10BaHTa)KE€HHS 33JHHOTO
Bi3Ka CHJIOIO Ha aBTo3ueruieHHi. Halimenm koedi-
LIEHTH BUKOPUCTAHHS 34UilTHOT MacH JJOKOMOTHBY €
IpU TPYNOBOMY JKMBJICHHI YCiX €JIEKTPOJBUIYHIB
(BapiaHT ) Ta 1O Bi3KOBOMY >KUBJICHHI (BapiaHT 6).
e MOSICHIOETBCS TUM, IO Y CKJIAi KOXKHOI TPYIH €
0Ci 3 HU3bKUMH KOoeillieHTaM1 BUKOPUCTaHHSA 3Yi-
ITHOT MAacH 1 BiZIIIOBITHO TaKi 0Ci 0OMEXYIOTh BEJIH-
YUHY CHJIM TSATH PEIITH OCEH, SIKi BXOASATH 1O i€l
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rpynu. HaifHrkdi 3Ha4eHHS KOeillieHTy BUKOPHC-  KOPHCTaHHS 34iMTHOI MacH 3HaXOAWUTHCS Y Jiamas3o-
TaHHs 34inmHOi Macu, piBHi 0,8...0,847, nocsra- HiB 0,828...0,87. [Ipu ipoMy 3 pocTOM 3arajabHOTO
IOTBCS TIPU IPYTIIOBOMY JKUBJICHHI YCiX €ICKTPOJIBU-  TATOBOTO 3yCHIUIS KOS(IIiEHT BUKOPUCTAHHS 34iIl-
ryHiB. [Ipu o Bi3koBOMY JKMBJICHHI KOE(]IIiEHT BU-  HOI MacH JIOKOMOTHBY 3MEHIITYETHCS.

Tabnuus 4
I'pannyHi 3HaYeHHA CHJI TATH NPH KoedinienTi 3uenienns y=0,25
Table 4
Limit values of traction forces at a coefficient of adhesion y=0.25
BapianTu xuBICHHS Cuna taru, kH B
Howmep oci 3aranbpHa
| 1 11 v \Y \4
[anuBinyansHe 451 45,1 60,0 42,4 57,1 57,1 306,8 1,014
I'pymose (Bci 42,6 42,6 42,6 42,6 42,6 42,6 255,6 0,847
€JIEKTPOABHUTYHN)
I'pymoBe 1o Bi3koBe 449 44,9 44,9 42,6 42,6 42,6 262,5 0,87
I'pymoBe mo nBa 455 45,5 42,0 42,0 56,5 56,5 295,0 0,955
enexkrpoasurysu (I+11,
II+1V, V+VI)
I'pymoBe 1o Tpu 42,5 42,5 571 425 571 571 298,8 0,99
€JIEKTPOABUTYHH
(IHIIH+IV, HI+V+VI)
Tabmuns 5
I'pannyHi 3HAYEHHS CHJI TATU NP KoedinieHTi 3uenienus: y=0,3
Table 5
Limit values of traction forces at a coefficient of friction y=0.3
BapianTu ®uBICHHS Cuna tsaru, kH B
Homep oci 3aranpHa
| 1l Il v \Y VI
IHnuBinyansHe 53,1 53,1 75,9 49,3 70,5 70,5 372,4 1,029
I'pymose (Bci 49,7 49,7 49,7 49,7 49,7 49,7 298,2 0,824
€JIEKTPOABHUTYHN)
I'pymoBe 1o Bi3KOBe 52,8 52,8 52,8 49,6 49,6 49,6 307,2 0,849
I'pymoBe mo 1Ba 53,8 53,8 48,7 48,7 69,5 69,5 3440 0,95
enextpoasurynu (I+11,
II+1V, V+VI)
I'pynose o tpu 49,4 49,4 70,6 49,4 70,6 70,6 360,0 0,995
€JIeKTPOABUTYHU
(I+I+1V, HI+V+VI)
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Tabmuus 6
I'panuyHi 3HaYEeHHA CHJI TATH NPH KoedinieHTi 3uenienns y=0,35
Table 6
Limit values of traction forces at a coefficient of adhesion y=0.35
BapianTtu xuBneHss Cuna taru, xH B
Howmep oci 3aranpHa
| I I v \% VI
InnuBinyansHe 60,8 60,8 92,4 55,8 84,8 84,8 4415 1,04
I'pynose (Bci 56,3 56,3 56,3 56,3 56,3 56,3 337,8 0,8

€JIEKTPOABUTYHN)

I'pynogse mo BizkoBe 60,4 60,4 60,4 56,3 56,3 56,3 349,8 0,828
I'pynoge 1o aBa 61,9 61,9 54,7 54,7 83,2 83,2 399,6 0,946

enexrpoasurynu (I+11,
I+1V, V+VI)

I'pymoBe 1o Tpu 55,8 55,8 84,8 55,8 84,8 84,8 421,8 1,0
CJICKTPOIBUT'YHH

(I++1V, H+V+VI)

l.% -
3 — —F — : .
- Z 88 i o ] & inuBiTyanpHe
3 ‘E = 0.7 §: :§§ :§§: Erpynose (BCi €TEKTPOABUTYHH)
;g 2 < 82 - - - @ rpynoBe MOBi3KOBE
g g Z04 | i - I rpyIIoBe 110 J1Ba CICKTPONBUIYHH
- E 8% %: :§§ :%%: D TpyIoBe MO TPHU eIEKTPOABHTIYHH
0

0.25 0.3
KoedimieHT 3uerureHHs

0.35

Puc. 2. 3anexHicTh KOeQillieHTy BUKOPUCTAHHS 3YilTHOI MACH JIOKOMOTHBY
MIPH Pi3HHUX KOoe(illieHTaX 3UYCTUICHHS Ta BapiaHTaX KUBIICHHS TATOBUX CIIEKTPOJABHUTYHIB

Fig. 2. Dependence of the coefficient of adhesion weight for different adhesion coefficients
and traction motor power supply options

Bucoki koedili€eHTH BHKOPUCTAaHHS 3YiIHOI
Macu JOoKoMOoTHBY, piBHiI 0,99...1,0, mocsratoTscs
TIpH TPYTIOBOMY JKHUBJICHHI BapiaHTi 2, sIKUH Tepe-
0avae 1Bi rpynu 3 00’ €THAHHSM Y TPYITH €JIEKTPO/I-
BuryHiB I, Il ta IV, Ill, V TaVI oceii. Y Bapianri s,
AKMA nepenbavae TpuU Tpynu 3 00’ €THaHHAM
y rpynu enekrpoasuryHis I ta II, Il ta IV, V TaVI
oceit, kKoe(illieHTH BHKOPUCTAHHS 3YIIIHOI Macu
3HaxXOUThCs y AiamaszoHi 0,946...0,95. Bucoki 3Ha-
YeHHS! Koe(ilieHTy BUKOPHCTAaHHA 3YiHOI MacH
JUIS 1IMX BapiaHTIB KHUBJICHHS TMOSCHIOETHCS THM,
[0 Y MEXaX OJHI€T TpymH 00’ €JHYIOThCS OCi 3 OJH-
3bKMMHU HaBaHTaXKeHHsAMH. Lle 3abe3mnedye BUCOKI
3HAYEHHS 3arajlbHOr0 TSTOBOTO 3YCHIUIS TaKWX

IpyI, IpH IbOMY KOe(illiEHT BUKOPUCTAHHS 34ill-
HOT MacH MPaKTHYHO HE 3MIHIOETHCS TIPH 3MiHi 3a-
rajJbHOTO TATOBOTO 3yCHIUIA. TakuM YMHOM, TIPOBe-
JICHI PO3paxyHKH MOKa3ylOTh MOXJIUBICTh ITiJIBH-
LIEHHS TSATOBUX BIACTHBOCTEH Termmoro3y UYM3 npu
BUKOPHUCTAHHI MEPEPO3NOIITY TATOBUX 3yCHIIb MIX
OCSIMHU JIOKOMOTHUBY 3 ypaxyBaHHsIM iX (aKTHIHOTO
HaBaHTaxeHHs. Lle no3Bossie 3abe3neunTt Koedirri-
€HT BUKOPHCTAHHS 34ilTHOT MAacH OJIM3bKUM 0 OJIU-
Huti. HaiiBuii noka3HUKU Koe]illieHTy BUKOPHC-
TaHHS 3YIMHOI Macu JOCATalOThCs MPH 1HAUBITya-
JLHOMY JKMBJICHHI Ta TPYIIOBOMY >KHBJICHHI Y Bapi-
aHTax 3 ABOMa rpynamu (10 oJHiel rpynu BXOISTh
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enexrponsurynu L, I Ta IV oceit, mo npyroi — ene-
krpoasurynu I, V taVI oceii) Ta 3 TppoMa rpy-
namu (3 00’€HAHHSAM Yy TPYIHU €NEKTPOJIBUTYHIB
I'Ta IL, III Ta IV, V TaVI ocei). Ilpu inguBigyans-
HOMY Ta TPyIOBOMY JXHBJICHHI 3 TPhOMa TPyIaMu
cwia Taru ofHiei oci nocsirae 84,8 xH. [pu rpyno-
BOMY JKHMBJICHHI 3 TPbOMa TPyIaMH €JIEKTPOABULY-
HIB HalOUTbIIa cuiia TSITW OAHIET OCi CTAaHOBHUTH
83,2 xH. dakTuHe OChOBE HABAHTAXCHHS Yy LUX
pexxumMax ckinanae 6musbko 240 kH. s Bubopy Ba-
piaHTy TPYHOBOTO XHUBJICHHS HEOOX1THO BpaxyBaTu
MTOKa3HUKH €HeproeeKTHBHOCTI, BapTICTh TATO-
BOT'O ENIEKTPONPHUBOAY Ta (aKTOPH, AKi MOB’s3aHi
3 06e3MeKor0 pyxXy IpHU peaizaiii alropuTMy mepe-
PO3MOILTY TATOBHUX 3yCHITb.

HaykoBa HOBU3HA Ta NPAKTHYHA
3HAYHMICTh

OOTpyHTOBaHO MOYIIMBICT MiABUINEHHS TSTO-
BHX BiiacTuBocTel Terorosy YME3 nuisixom Beta-
HOBJICHHS TSTOBHX 3YCHJIb OCEH TEIIOBO3Y 3 ypa-
XYBaHHSM TIEPEpO3NOALTy (aKTHIHOTO OCHOBOTO
HaBaHTa)XeHHs. Bu3HaueHO parioHaiabHI BapiaHTH
CXEM JKUBJICHHSl TATOBHX €JICKTPOJBUTYHIB, MPH
SIKUX 320€31eUy€eThCsl BUCOKHUI KOeillieHT BUKOPH-
CTaHHSI 34ilTHOI MAacH TEIUIOBO3Y.

[IpakTH4Ha 3HAYUMICTH OTPUMAHHX PE3yibTa-
TiB TIOJISITA€ B MOXJIMBOCTI 1X BUKOPUCTAHHS TPHU
MOJIEpHi3allil TerI0BO3iB, [0 JI03BOJISE i IBUIIIUTH
IX TATOB1 BJACTHUBOCTI.

BucHoBkH

[ligBuieHHsT TITOBO-CHEPTeTUYHUX MOKa3HU-
KiB MaHEBpPOBUX TEIUIOBO31B HEOOXimHe 1uis 3a0e3-
TIeYeHHS CTa0lILbHOTO BUKOHAHHS MaHEBPOBOI poO-
00TH.

[ligBuieHHsT TATOBHX BJIACTMBOCTEH MaHEBPO-
BHX JIOKOMOTHBIB MOXe OyTH 37iliCHEHO 3acobaMu
TSATOBOTO €JIEKTPONPHBONY. BripoBamkeHHs Kepy-
BaHHsI CHJIOIO TSATH OKPEMHUX OCel UM iX TpyIl JO3BO-
Jsi€  BPaxOBYBaTH MEPEPO3NOIUT HABAHTAKCHHS
MIDXK OCSMH JJOKOMOTHBY TP peaji3allii CHIIN TSTH.
BHacmigok 11b0ro MOXJIUBE MIABUILEHHS 3arayIbHOT
CHIJTU TSATH JJOKOMOTHBY.

BuxonaHi po3paxyHKH MOKa3ylOTh, IO MPH iH-
JIMB1lyaJlbHOMY KMBJICHHI TSATOBHX €JIEKTPOIBUTY-
HIiB Ta y BUIaJKaX IPYNOBOTO KUBJICHHIM 3 00’ €I
HaHHSAM KUTBKOX €JIEKTPO/IBUTYHIB MOXKIIMBE J10CS-
THEHHS BEIMYMHH KOe(illi€HTY BUKOPHCTAHHS 34i-
MMHOT MacH JIOKOMOTHUBY, OJIM3bKOI 10 oauuuili. 1le
CBIIYMTH NMPO MaKCHMAaJIbHE BUKOPHCTAHHS TATO-
BUX BJIACTUBOCTEH TEIJIOBO3Y.
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Improving the Traction Properties of the Shunting Diesel Locomotives ChME3
by Distributing the Traction Force Between the Axles of the Diesel Locomotive

Purpose. Research into the specific determination of the influence of redistribution of traction force between axles
on increasing the traction properties of the ChME3 diesel locomotive. Methodology. A mathematical model has been
developed to determine the coefficient of utilization of the coupling mass of the ChME3 diesel locomotive when
redistributing the tractive effort between the axles of the diesel locomotive. It is shown that as a result of the action of
forces in the gear meshing of traction reducers and the action of the traction force on the automatic coupling, the
unloading of the first, second, and fourth axles and the loading of the third, fifth, and sixth axles occurs in the direction
of movement of the locomotive. Finding. Calculations of the coefficient of utilization of the traction mass of a diesel
locomotive were carried out at different values of the coefficient of coupling and different schemes of power supply
of traction electric motors. It was determined that the highest values of the coefficient of utilization of the traction
mass of a locomotive are achieved in the case of individual power supply and control of traction electric motors. This
method of power supply allows for the most accurate consideration of the actual axle load when redistributing the
tractive effort between the axles of the locomotive. With group power supply of traction motors, in the case of com-
bining axles with close axle coupling mass utilization coefficients, almost full utilization of coupling mass is also
achieved. At the same time, the value of the coefficient of utilization of the traction mass of the diesel locomotive is
stable and practically does not depend on the traction force. With by-bogie power supply and group power supply of
all electric motors, the coupling mass utilization coefficient varies in the range of 0.8...0.87, with lower values being
achieved at higher traction force of the diesel locomotive. Originality. The possibility of increasing the traction prop-
erties of the ChME3 diesel locomotive by redistributing traction forces between the axles of the diesel locomotive,
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taking into account the redistribution of the actual axle load, is substantiated. Rational options for power supply
schemes for traction electric motors have been identified, which ensure a high utilization factor of the traction mass
of the diesel locomotive. Practical value. The results obtained can be used in the modernization of ChME3 diesel
locomotives, which allows to increase their traction properties. The proposed approach to improving traction proper-
ties can be applied to other traction rolling stock.

Keywords: traction and energy characteristics; traction properties; coupling mass utilization factor; traction electric
drive; traction electric motor; energy efficiency
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ABTOMOOiIBHI TyHeJIi IK (PaKTOP KIIMATHYHOI HEHTPAJIBLHOCTI BEJIMKOI0 MicTa

Mera. BusHaueHHs IpIOPUTETHOCTI PO3BUTKY Mepeki aBTOMOOUIBHHUX TYHENIB, nepeadaueHux y ['eHepaibHO-
My 1uiai M. KueBa, 3 ypaxyBaHHSIM 3aJ1a4 KJIIMaTUYHOI HEUTPAIILHOCTI MICTa; CHCTEMHE OL[IHIOBAHHS BIUIUBY aBTO-
MOOITBHOTO TYHEN0 Ha (YHKIIOHYBaHHS MicTa, 3MiHy Tpadiky Ta eKOJOTiYHMX (KJIIMaTWYHUX) MOKa3HHUKIB.
Metoanka. MoaudikoBanuiit MmeTox MOp(oJIOTiYHOro aHali3y ypOaHi30BaHUX TEPUTOPIi, SKUH BPaXxOBYBaB IPYIH
CTPYKTYPHO-(DYHKI[IOHAJIBHHUX 1 KIIMAaTHYHUX (€KOJIOTIYHMX) (PaKTOPIB Ta PU3MKIB, 30KpeMa: 3a0pyIHEHHS HOBITPS
(aBTOMOOUTBHI BHKHIH), TMPOTSDKHICTH MapIIPYTy CIOMYYCHHS, TOPOXKHI 3aTOPH, IIYM 1 TUHAMIYHI BIUIMBU TOIIO.
TpancriopthHa Mozens M. KueBa Oyia rpezicraBiieHa y BUTIISII IBOX CKJIAJIOBUX — MOJIEJI TPAHCIIOPTHOT IPOMO3HUIIiT
(ckmagaeTbes 3 €JNEMEHTIB TPAHCIIOPTHOI CHCTEMH MicTa: BYJIMYHO-AOPOXKHS MeEpeka, MapIIpyTH I'POMajChKOTO
TPAHCHOPTY Pi3HHUX THITIB, 3YIMIHKH TOIIO) Ta MOJEII TPAaHCIOPTHOTO TOMHTY (XapaKTepu3ye il BHOOPY peKUMiB
1 MapmIpyTiB HepeMimieHb, mapaMeTpu MOOITFHOCTI HacemeHHs Tomo). CHHTE3 IMX JABOX METOIMK PO3TIIIIAETHCS
aBTOPaMH SIK BOKJIMBHH TIPOIEC NIEPETBOPEHHS HAYKOBHUX METOJIB B yNpaBIiHCHKI fii. Pe3yabTaTn. Po3pobneno
CHUCTEMHY MOJEJb HiATPUMKH NPUHHATTS PIlIeHb 100 BHU3HAYCHHS MPIOPUTETHOCTI Ta PaHXyBaHHS (IOLiIBHOT
4eproBocTi) OyAiBHUIITBA aBTOMOOUTBHUX TyHENTIB y M. KueBi 3 ypaxyBaHHAM (hakTOpy KIIMAaTHUIHOI HEHTpaasHOC-
Ti, MPOBE/ICHA TOPIBHIbHA OLlIHKA W BU3HAYEHMH HaWOIIbII PEUTHHTOBHI aBTOMOOUILHUI TYHEJb (3 TPAcolo Bil
lanunpkoi o 10 moyatky bpoBapchkoro mpocrnekTy). TecTyBaHHs CIICHApil0 BBEICHHS 3a3HAYCHOI'O TYHEIIO
B TPaHCIOPTHY Mo/ienb M. KueBa J103BOJIMIIO OL[IHUTH 3arajibHi 3MiHU Tpadika Ta JI0BEIO MOXKJIMBICTH CKOPOUSHHS
BukuniB CO> Ha nmoHazn 4 % Bij o0cAriB 3aranpHOI emicii okcuny Byriemto rno micty. HaykoBa nHoBu3Ha. Briepie
noOysoBaHa KOMIUIEKCHA MOP(OJIOTiyHa MOJEb Ul OLIHKM CHCTEMHM aBTOMOOUIBHMX TYHEIB 3 ypaxyBaHHSIM
BIUIMBY Ha KJIIOYOBI (paKTOPH PHU3HKY, 110 JI03BOJIMIIO OLIIHUTH aJIbTePHATHBHI KOH(Irypauii (cueHapii) 3 ypaxyBaH-
HSIM 3aJaHoi MPiOPUTETHOCTI (Bark) TOTO UM IHIIOTO PU3HKY, 30KkpeMa — BUKNAIB CO2; po3KpHUTa KiNbKiCHAa KOPEs-
i MK TPacor aBTOMOOLTBHOTO TYHENO, HOTO BIUIMBOM Ha Michbkui Tpadik Ta 3MmeHIIeHHsM BHKHIIB CO».
[pakruyna 3HaunMicTs. B poboti Ha mpuximani M. KueBa Bmepre noBeneHW BUCOKHH BIDIHB aBTOMOOLTEHUX
TYHEJIB Ha 3MCHIICHHS BUKHIIB MAPHUKOBHUX ra3iB (0OJHOYACHO 3 BUPINICHHAM HU3KH TPAHCHIOPTHUX, TEPUTOPiaIb-
HUX Ta 0e3 MEeKOBUX MpoOieM), m0 Ja€ MiACTaBA PO3TILAAaTH PO3BHTOK ITi3eMHOI TPAHCIIOPTHOI iHPPaCTPYKTypH
SK BaroMy CKJagoBy 3a0e3ledeHHS KIIMAaTHYHOI HEHTPAIBHOCTI Ta CTajJoOro pO3BUTKY BEIUKHUX MICT.
I'panToBa minTpumka. JlocmipkeHHS BUKOHAHE B paMax pamkoBoi mporpamu Horizon Europe, mpoekt «Ukraine
towards Carbon Neutrality (U_CAN)», rpanTtoBa yroga: 101148374, i npodinancoBane €pporeiicbkium Cor30M.

Kniouosi crosa: inaHyBaHHS MICT; Ti3eMHe OyNiBHHUIITBO; KIIIMaTHYHA HEUTpanbHICTh; eMicis CO2; aBTOMOOi-
JIbHI TYHEJN1; MiChbKHH TpadiK; CHCTEMHUH aHai3; TPaHCIIOPTHA MOJIEITh
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Beryn

st 3abe3nedyeHHs: npolecy CUCTEMHOI TpaHC-
¢dopmarii BeIMKHUX MICT CBITY Ta YKpaiHu Ha IIJIs-
Xy IO KIIMaTU9HOI HEUTPaIbHOCTI OCOOJHMBOTO
3Ha4YeHHs] HaOyBa€ OCIiKEHHS 1HHOBAIIITHUX
MiJXO/IB JI0 MICHKOTO IJIaHYBaHHS, CIPSIMOBAHHMX
Ha MaKCHMaJbHE CKOPOUYCHHS BUKHIIB MapHHUKO-
BHX rasiB. Bukunu Bif TpaHCIIOPTY B CEPETHBOMY
CTaHOBIISITh YBEPTH BiJl 3arajbHUX BUKHU/IB MAPHU-
KOBHX Ta3iB y kpainax €C, a B micTax 1el mokas-
HUK csarae 10 60...70 % (yacTrHA TPOMHUCIIOBOCTI
Ta eHepreTvkn — 0am3bK0 30...40 %) [3, 10]. V3-
BUYAa€HUMHU HANPSMKaMH CKOPOYEHHS TPaHCIOPT-
HUX BUKH[IB € PO3BUTOK aBTOMOOINBHOI TEXHIKH,
30KpeMa — BIOCKOHAJICHHS TPAIUIIHHAX JBUTYHIB
1 BHITyCK €NEeKTPOMOOLNIB;, pO3MIMPEHHST 00CsTiB
nepeBe3eHb MacaXUPCHKUM TPAHCIOPTOM (Iepe-
BO)XHO €JEKTPUYHUM); MOMIUPEHHS BEIOCHIIECTHO-
TO pyXy 1 pO3BUTOK MICBKOI BeJIOCUTIEIHOI iH]pa-
CTPYKTYpH ToII0. 3MeHIIeHHs1 BUukuaiB CO; cTpu-
MYETBCSI THM, 1[0 OCHOBHHUM BHJOM TPaHCHOPTY
W Hamami 3aJUIIAETbCc MPUBATHUHA aBTOMOOIINB,
OUTBIIICTD SKOTO Tpalioe Ha OeH3WHI abo AM3eTb-
HOMY TalWBi, 1 T TEHAEHIs 30epekeThCs MpH-
HaiiMHi y cepenuiii mepcrmextusi [10, 11]. Tomy
KJIIMaTHYHUH Tepexisi moTpedye CYTTEBOIO BIOC-
KOHaJICHHsI MIiCbKOTO TpadiKy, 110 B yMOBax Mai-
Ke BUYEPIaHUX MOXKIMBOCTEH 301IbIIEHHS IIiTb-
HOCTI BYJIMYHO-JOPOXHBOI MeEpexki, moTpedye
IHHOBAIIMHUX MIAXOJMIB 1 3HAYHOI MIPOI0 MOXKE
OyTH JIOCATHYTO PO3BUTKOM ITiJ36MHOI TPaHCIIOP-
THOI iH(ppacTpykTypu [1, 9, 12]. Bukopucranus
MICBKOT'O MIiJ3€MHOr0 MPOCTOPY 5K €()EKTHBHOI'O
THCTPYMEHTY PO3BaHTa)KECHHS BYJIHMYHO-JTO0POKHBOT
MEpeXi Ta CIPUSHHA KIIMaTHYHIA HEUTPabHOCTI
MICTa, CIUPAETHCS HA MOXKIUBOCTI 30UIBIIATH
MIBHJIKICTh TPAHCTIOPTHOTO PYXY HE TiIBKH aBTO-
MOOUTFHUMH TYHEISIMH, ajie W TmprieraumMu (i Ha-
BiTh BijJJaieHNMH) aBToMarictpaismu. Lle mocsra-
€TBCSl ISIXOM TEPEPO3NOALTY TPAHCHOPTHUX TIO-
TOKIB MK Ha3eMHOIO Ta TiJ3eMHOIO iHXXEHEpPHO-
TPAHCIIOPTHOIO  1H(QPACTPYKTYpPOIO, IIKBiAAII€I0
3aTPUMOK 1 HaBiTh MPOCTOIB aBTOMOOLIIB, 3MEH-
IICHHS| aBapiliHUX CHTYyalliif, a TaKOX BIACTUBOC-
TSMH aBTOMOOUTFHUX TYHENiB 3a0e31euyBaTH Hai-
KOPOTIII BifIcTaHi niepecyBaHHs 0e3 mepemmko (Bi-
JICYTHICTh TIEPETUHIB TOIIIO) Ta 3MOTOI BiJ[BE/ICH-
Hid Ta yTWimi3alii aBTOMOOUTPHMX  BUKHUIIB
y migzemHomy nipocropi [1]. Kpim Toro, po3Butok
MII3€MHOI 1H)KEHEPHO-TPAHCIIOPTHOI 1HPPACTPYK-

TYpH B YMOBaxX BOEHHHX 1 TEPOPHCTUYHHUX 3arpo3
CYTTEBO MiJIBHUIIYE Oe3neKy W HaailHICTh TpaHc-
[IOPTHOTO CIOJyYCHHS, a TPAHCIOPTHI TYyHEi
B pa3i moTpebu MOXyTh BUKOHYBAaTH (PYHKIIi 3a-
XHUCHHX CTIOPY/I TS IIUBLILHOTO HacesneHHs [2].

Jns  30inbmieHHS ©()EeKTUBHOCTI  BYJIMYHO-
JIOPOXKHBOI Mepexi, MOJIMIIEHHS pyXy Tpadiky
W 3B’S3KIB MK OKpPEeMHMH paioHaMH (30KpeMa
JIiBUM 1 ipaBuM Oeperamu JlHinpa) mix yac po3po-
OKM pi3HMX penakuiii i mpoektiB I'eHepaabHOTO
wiady M. Kuea [15], B OCHOBHOMY pO3IiIsiiaincst
8 BapiaHTIB aBTOMOOLIbHUX TyHeMiB (puc. 1), mpo-
T€ TIOBOEHHE BiJTHOBJICHHSI CTOJIUII MOTpeOye yTO-
YHEHHS IUX PIlICHb W BW3HAYCHHS MOIUIBHOCTI
W  mpioputeTHOCTI  OyMiBHWIITBA  TiA3EMHHX
00’€KTIB 3 ypaxyBaHHSIM KJIIMaTHYHHUX 1 O€3MeKo-
BUX PHU3HKIB.

Puc. 1. Cxema aBTOMOOLTBHUX TYHENIB
Fig. 1. Scheme of car tunnels

Meta

MerToto pobOTH € CHCTEMHA OI[iHKa MPiOpUTET-
HOCTi PO3BUTKY MEpEXi aBTOMOOIUIBHUX TYHEIB
3 ypaxyBaHHSM 33/1a4 KJIIMAaTUYHOT HEHTPAILHOCTI
MiCTa, a TaKOX JOCIIPKEHHS BIUIMBY HaWOIIbII
PEHTHHTOBOTO aBTOMOOIUIFHOTO TYHENO Ha (yHK-
[IOHYBaHHS TPAHCIOPTHOI CHCTEMH MiCTa, 3MiHY
nepepo3noiny Tpadiky, eKoJoriuHi (KJIiMaTH4Hi)
MOKa3HHUKH.

MeTtoanka

OniHIOBaHHS BIUIMBY IOOYJOBH aBTOMOOIJIb-
HOTO TYHEJIO Ha (PYHKI[IOHYBaHHS MiCTa € JOCHTh
CKJIaJIHOIO 33/1a4€t0, 0 XapaKTEPU3YEThCS PSIOM
HEBU3HAYCHOCTEH Pi3HOI MPUPOAH.
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[To-mreprire, 30HM HABKOJIO KiHITIB (TTOPTAITiB) aB-
TOMOOIIBHOTO TYHENI0 MOXYTh OyTH Di3HODPiTHH-
MU, MaTH MPOCTOPOBO PO3MOJiIEHI XapaKTepHCTH-
KH SIKi TIO pi3HOMY BH3HAYaTHMYTh €()EeKTUBHICTH
moOyJ0BM aBTOMOOLITHHOTO TYHEJIO Ha BiIIOBIAHIN
ninsaii. KpiM Toro, HEMOXIIMBO YITKO OKpPECIHTH
MeXi 30HH BIUTUBY aBTOMOOLIEHOTO TYHETIIO.

[To-npyre, XapaKTepUCTUKU MOXYTh TaKOX Ba-
pitoBaTHCh y 4aci: Taki (aKTopH, SIK iHTEHCHUBHICTh
1 cepeHsl MIBHIKICTh TOPOXKHBOTO PyXY, IPOITyC-
KHa 37]aTHICTh BYJHIb 1 JTOPIT, MOXYTh 3MiHIOBa-
THCH 3aJIeKHO Bim yacy mo0wm, ce3oHy Tomio. Ta-
KOX, OCKIJIbKM TOTEHIliiiHa moOymoBa aBTOMOOI-
JFHOTO TYHENIO € MalOYTHBOIO TMOJI€I0, CTATUCTH-
YHi JIaHi Jal0Th JIUIIE MPUOIN3HY OIiHKY.

[lo-Tpete, nesiki BakIMBI  XapaKTEPHCTHKH
€ HEUYITKUMH, HEBUMIPIOBAaHHUMHU a00 cy0’€KTHBHO
BUMIPIOBaHUMHU — HANPUKIIAJ, BiTHOUICHHS JiJISTH-
KM JI0 UEHTPY MicTa, abo HaJeKHICTh eleMeHTa
BYJUYHO-I0OPOKHBOI MEPEXki 10 KpUTHYHOI iH(pa-
CTPYKTYpH.

Uepes e Mmeronu, modyaoBaHi Ha Oe3mocepen-
HBOMY OaraTOKpHTEpiaJbHOMY OIIHIOBaHHI — TaKi
SIK, HaIPUKJIaJ, METON aHalli3y iepapxiii, mo OyB
3acTocoBaHuii B poOoTi [8], MOXyTh HaaMipHO
crpollyBaTH npobieMy, irHOPYIOUH CKJIaHI B3ae-
MO3B’SI3KM MK BEJIMKOIO KIJIBKICTIO XapaKTepHC-
THK, SKi BU3HAYAIOTHh BIUTMB aBTOMOOUTFHOTO TYy-
HEJo Ha (YHKIIOHYBaHHS TPAHCIIOPTHOI CHCTEMH
MicTa.

JlJ1s TIOBHOIIIHHOTO PO3TJISAY Wi€l 3amayi mpo-
MOHYETBCSI BUKOPUCTATH MOAM(DIKOBAaHHH METOJ
MopdonoriuHoro anaimizy (MMMA). B uinomy,
MeToJT MOP(OJIOTIYHOIO aHai3y 3aCTOCOBYBAaBCS
PI3HHMU aBTOpaMu Ui ypOaHICTHYHUX 3ajad, 30-
Kpema JJisl aHali3y TPaHCHOPTHOI CUCTEMHU MicTa
Ha OCHOBI XapaKTEPUCTHK aBTOMOOLIIB, pyxy Tpa-
HCIIOPTY 1 cTaHy jopir [14]; cTBOpeHHS KOMILICK-
CHOTO TiAXO0Iy 70 IOOYIOBH CIleHapiiB aBTOMAaTH-
3amii, ejaekTpudikamii i nudposizaiii TpaHCHIOPT-
HOro cektopy [13]; CTBOpEHHS CHCTEMH OIiHFO-
BaHHS MOTOYHOTO CTaHy TPAHCIIOPTHOI CHUCTEMH i
MOTCHIIWHUX TEPEXOIiB MK IUMH CTaHAMU JIJIst
MiCTa, 3 METOI0 KOHCTpPYIOBaHHSI crpateriii [6].
Crin 3a3Ha4nTH, 110 MOPOIOTiYHUK aHai3 B 0i-
JBIIOCTI POOIT BHKOPHCTOBYETHCS BHKIIOYHO SIK
crnoci® cTpyKTypu3zanii ckiaaHoi mpobiemu, 06e3
PO3IIMPEHUX aHATI THYHUX MOKIUBOCTEH.

ABTOpaMH CTaTTi BXKE HEOJHOPA30BO YCIHILIHO
BUKOPHCTOBYBaJlaCh MoAudikallis MeToay Mopdo-

JIOTIYHOIO aHaji3y Ul CKIAJHUX CHCTEMHHUX 3a-
a4, 30Kpema, IMOB’s3aHMX 13  IH)KEHEPHO-
TPaHCIOPTHOIO 1HPPACTPYKTYPOIO MicTa 1 MiI3eM-
HUM OyAiBHHUIITBOM, 30KpeMa OILIHIOBAHHS JUISTHOK
OyIiBHMIITBA i [3¢MHUX MapKiHriB [12].

Ineeto MMMA € mnpencraBieHHS CKJIaIHHUX
00’€KTIB 3 HEBH3HAYCHICTIO K CYMEPHO3WIINA Be-
JUKOT KITBKOCTI MOXKIIMBUX KOH(]Irypariii 3Ha4eHb
3aJaHuX mapameTpiB. s KoHdirypamiii BH3Ha-
YarTbCsl IMOBIPHOCTI 3 YpaxyBaHHSIM ITiICHIICHHS
00 TIpUTHIYEHHS NEIKHUX Tap 3HAYCHb MapaMmeTpiB,
OI0 B CBOIO YEpry IO3BOJIIE BHU3HAYMUTH OUIBII
00’€KTHUBHI OLHKM MapaMeTpiB 3 YpaxyBaHHAM
B3a€EMO3B’S3KIB MK HUMH. SIK TpaBHiIo, 3a ITUM
CIiTye NPYTHH eTar, ¢ Ha OCHOBI pPO3PaxOBaHUX
3HA4YeHb OIHIOIOTHCS ANBTEPHATHUBU pillicHb a0
HACIiAKIB, SKi BX€ MOXYTb OYTH BHKOPHCTaHi
B MIPOIIEC] MPUUHATTA pilICHHS.

Jliis maHoi 3ama4i Ha TEpIIOMY eTarli po3riisiia-
JIUCh XapaKTEPUCTUKU JIISTHOK HABKOJIO KIiHIIIB
(moprtamniB) aBTOMOOUTEHOTO TYHENIO, TOAI SK Ha
IpyroMy  eTami  OIlIHIOBAJIUCh  MapaMeTpH,
MOB’sI3aHl 3 MPUUHATTAM PIMIEHHS IOAO JOILIb-
HOCTI 1 IPIOPUTETHOCTI TTOOYTOBH aBTOMOOIITFHOTO
TYHEJII0, 30KpeMa CTYIEeHI0 WOTo BIUIMBY Ha Pi3Hi
(akTopH pHU3HKY.

Ji1s1 sIKiCHOTO 1 BCEOIYHOTO OI[IHIOBAHHS BILIH-
BY aBTOMOOUTBHOTO TYHENIO 10 HAOOpy Mmapamer-
piB Ha TepIIOMY eTami Hpea sSBISIOTHCS HACTYITHI
BUMOTH:

— Habip mapameTpiB Mae OyTH JOCTATHBO IIH-
POKHUM 1 Pi3HOPITHUM, OXOILTIOIOYM OiJIBIIICTH ac-
MIEKTIB, SIKI BaYKJIMBI JIJIsi OL[IHFOBAHHS BILIMBY aB-
TOMOOUILHOTO TYHEJIIO;

— IIpY IIbOMY Ha0ip mapameTpiB Mae OyTH TpH-
natHuil st 06pooku (10 10 mapameTpiB), i yHHKa-
TU ayOJdrOBaHHS, TOOTO HE OMHMCYBAaTH OJHI U Ti
K XapaKTePHUCTHKH;

— KOXKHHUH napamerp MIOBUHEH Oytn
MOB’s13aHUM Xo4a O i3 OJJHUM i3 acleKTiB BIUIUBY
ABTOMOOIJIEHOTO TYHEITIO;

— KO)KHUH TTapaMeTp NOBHUHEH MaTH aJbTepHa-
TUBHI 3HAYeHHS, Taki M0 B 3araJbHOMY BHIAJIKY
30Ha BIUIMBY aBTOMOOIIBHOTO TYHEIO0 HE MOXKe
OyTH omMcaHa JUILE OJHUM 13 HUX Yepe3 HEeBU3HA-
YEHOCTI, BKa3aHl BUIIIE;

—mapaMeTpd  TOBHHHI  SBISITH  cO0OIO
00’ €KTUBHI XapaKTEPUCTUKH, HABITh SKIIO IX BaX-
KO a00 HEMOKIIMBO BHUMIpSITH.
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B pesynprati Oynmo obpano 10 mapamerpis, ki
MO>KHa 00’€JHaTH B TPH Ipynu: QakTopu paiioHy-
BaHHs Micta (mapamerpu 1...3); dakTopu mopox-
HBOTO pyXy (mapametpu 4...8); dhakTopu KpuUTHI-
Ho1 iH(pacTpykTypH (mapametpu 9, 10):

1. Tun 3a0yn0BU B paiiOHi MOTEHIIHHOTO aBTO-
MOOLUTFHOTO TYHEII0 (PKUTIIOBa 3a0ya0Ba; aJMiHiC-
TpaThBHA a00 KOMepIIiifHa 3a0yJ0Ba; apXiTeKTypHI
nam’ITKd ¥ TypuUCTHYHI 00’€KTH; MapKu, 30HU Bi-
JIOYMHKY; MPOMUCIIOBA 3a0y0Ba; He3aOyaoBaHi
TepUTOPIi).

2. «DakTop cepeaMiCTA» — BITHOIICHHS aBTO-
MOOITBHOTO TYHENIO A0 TPAaHCHOPTHOI CHUCTEMH
MicTa (IiITHKA pO3TalloBaHa B 30HI CEPEIMICTS;
TUTSTHKA 11032 CEPEeIMICTSIM, aje CYTTEBO BILIHBAE
Ha aBTOMOOITTbHUHN PyX Yy CepeMIiCTi; AUISHKA 11032
CEPeMICTSIM 3araJlbHOMICBKOTO 3HAYCHHS;, IiJISH-
Ka I103a CepeIMiCTSM MICIIeBOTO 3HAYCHHS).

3. lllinpHICTS HAaceIeHHSA B 30HI MOTEHI[IHHOTO

aBTOMOOUTLHOTO  TyHemo  (mo 150 ocib/ra;
150...200 oci6/ra; 200...300 ocib/ra; Oinblie
300 ocib/ra).

4. 1o60oBUi1 MasSTHUKOBUH PyX MpaliBHUKIB 3a
MapIIpyToM MOTEHI[IHHOTO aBTOMOOIIEHOTO TyHE-
70 (HU3BKUH; CepEIHIN; BUCOKHH).

5. UIinbHICTh  BYNUYHO-AOPOXKHBOI ~ MEpExi
B paliOHI MOTEHIIHHOTO aBTOMOOUIFHOTO TYHENIO
(0,5...1 km/xkM%; 1...1,5 xm/xm?; 1,5...2,2 kM/KMZ;
2,2...3 kM/kM?).

6. CepenHst MIBUIKICTh aBTOMOOUIBHOTO PyXY
y roguaH «mik» (mo 20 xkM/rom; 20...40 km/roxm;
Oinbire 40 kM/Tox).

7. Ha3emHa 3B’s13aHICTh KiHIIB aBTOMOOIJIEHOTO
TYHENI0 MaricTpaisiMd (He3aJoBiJIbHA — HeMae
MpSIMUX T[UIAXiB, JOBTi 00’1311 3 CYTTEBHMH IIe-
PEIIKoIaMI; YaCTKOBO 33JI0BiJIbHA — OJIMH MPSIMUAHN
NUISX 3 MEBHUMHU TMEpelIkojaMu; 3aJ0BUTbHA —
OJIMH MariCTpajJbHUHA NUIAX, a00 JEeKiTbKa albTep-
HAaTMBHUX LUISAXIB 13 IEBHUMH NEPELIKOJaMHU; J0-
Opa — OlIbIIe OJTHOTO MaricTPaIbHOTO LUISAXY).

8.IlpomyckHa 34aTHICTP HAa3eMHHX IDISAXiB
B paiioHI MOTEHI[IHHOTO aBTOMOOIUTFHOTO TYHEIO
(morana — By3bKi Marictpali, BEJIMKa KIJIbKICTh
MEPETHHIB, OCOOJIMBO HEpEryIhbOBaHUX, IPHIIAp-
KOBaHI aBTOMOOLI; cepeqHsl — MaricTpali cepe-
HBOI IIMPHUHM, NEKITbKa MEPEeTHHIB, MEePEeBaXKHO
peryinboBaHUX; BUCOKA — IIHPOKI MaricTpai, Maio
NEPETHHIB, IEPETUHH PETYIIHOBaH]).

9.CryniHb KpPUTHYHOCTI 0O’€KTy iHXEHEPHO-
TPaHCTIOPTHOI 1HGPACTPYKTYpH (00’ €KT KPUTUIHOT

iH(bpacTpyKTypH, (QYHKIIi SKOTO MOXYTh OyTH
nepenani iHIMMM 00’€KTaM JIUIIe 3 BEIUKUMHU
BTpaTtamMu; 00’€KT KpPHUTUYHOI iH(PACTPYKTYpH,
(yHKIIT AKOTO MOXYTh OyTH TepenaHi IHIITUM
00’ekTaM 3 TIOMIpHHMH BTpaTaMu; 00’€KT TpaHC-
MOPTHOT 1H(QPACTPYKTYpH, IO HE HAIEKHUTH [0
KPUTHYHOT).

10. Cran BPa3IMBOCTI 1H)KEHEPHO-
TpaHCHOPTHOI 1H(PACTPYKTYpU (BUCOKHWH; cepen-
Hill; HU3bKHIA).

Y Bursiai MopdoIoriaHol TabuUIl 11 TapaMe-
TPH TIpeICcTaBIcH] B Tab. 1.

Ha npyromy erarmi 6yna nodynoBana MopgoJio-
rigyHa TabJuIls, SKa MICTUTh TTapaMeTpr, HeoOXiaHi
JUTSL TIATPUMKH TPUAHATTS PIIIEHb MO0 JOILTb-
HOCTI 1 IPIOPUTETHOCTI MOOYAOBU aBTOMOOIILHOTO
tyHemo. Edekr Big moOynoBu aBTOMOOIIBHOTO
TYHEJI0 € KOMIDIEKCHUM, i MOK€ BIUTMHYTH B Pi3-
Hill Mipi Ha psin (HaKkTOPiB PUBKKY, cepell IKUX MO-
’KHA BUIUINTH IIICTH OCHOBHUX:

P1. 3a0pynHenns noBiTps (BUKUIU TIKiTTMBAX
BHXJIOITHHX Ta3iB).

P2. llym i aunamiuHi BIUTMBU (TYJ JABHUTYHIB,
JISI3TaHHs TpamBaiB, BiOparlii Ta iH.).

P3. JlopoxHi 3aTopu (3MEHIIEHHA CEpemHbOI
LIBUJIKOCTI PyXYy, MOPYILICHHS (DYHKIIi TpaHCIOp-
Ty, TIABUINEHI BUKUIHU IIKIJUIUBHUX Ta3iB).

P4. JlopoxHi aBapii (HagMipHi 3aTpUMKH, Tpa-
BMYBaHHS JTIIOJIEH ).

P5. IIpoTsbkHICTH MapIIpyTy CITOTYYCHHSI.

P6. BpaznuBicTe BHACTIIOK BOEHHHUX aTak abo
TEPAaKTiB.

TakuM 4wHOM, 10 MOPQOJOTiUHOI TaOIHII
JPYTOTo €TaIly yBIHIIIO BiCiM MTapaMeTpiB:

A. JlomineHicTs TIOOYJOBH  aBTOMOOLITBHOTO
TYHENIO (IOLUIbHUIN; HeIOLIIbHUM).

B. Barowmictb (pakTopiB pu3uKy Ha AinsHII (3a-
OpyIHEHHS TOBITpPS; IIyM 1 JUHAMIYHI BIUTUBH;
JOPOXKHI 3aTOpPH; JOPOKHBO-TPAHCIIOPTHI MPHUTO-
I, TIPOTSKHICTH MapIIpyTy CIOIYyYEHHS, BPa3Jiu-
BiCTh BHACJIJIOK BOEHHHX aTak abo TEPAaKTiB).

Pemrra mapamerpis C...H MaioTh oxHaKoBy
CTPYKTYpYy, OIHCYIOUH BIUIUB aBTOMOOLIBHOTO
TYHENI0 Ha KOXHHH 13 (akTopiB puzuky Pl...P6,
3 YOTUpMa ajlbTePHATUBAMU: HE BILIMBAE; YACTKO-
BO MIHIMIi3y€; TIOMIPHO MIHIMI3Y€E; CYTTEBO MiHIMi-
3ye.

3araspHUA  BUTISA  MOPQONOTidHOT  TabauIi
JPYyTroro eTaiy oKa3aHo B Ta0I. 2.
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TPAHCIIOPTHE BYJIBHUIITBO

Tabnaums 1
XapaKkTepuCTHKH TUITHKH NOTEHIiHHOr0 TYHe 10
Table 1
Characteristics of the potential tunnel site
3. [inb- 4. MasTHUKO- 5. limeHICTE BY-
1. Tum 3a0ymoBU 2. ®akTop cepeamicTs HICTH Hace- BUH pyX JITYHO-JOPOXKHBOT
JICHHS MIPaLiBHUKIB Mepexi
1.1. XKutnosa 3a0y- 2.1. linsgHKa po3TaloBaHa B 3.1. o 50 N
y A tka posta 'H 4.1. Hmpkuit | 5.1.0,5...1 kmM/KkM?
I0Ba 30Hi cepeamicTs ocio/ra
1.2. Anminictpa- 2.2. JlinsgHka 1mo3a cepeaMICTsIM, 39.50...100
TUBHI OyIiBi, KO- aJie CyTTEBO BIUIMBA€E Ha aBTO- ' ;)ci6./.r.a 4.2. Cepenniit | 5.2.1...1,5 km/km?
MepiiiiiHa 3a0y10Ba MOOITBHUH PYX Y CepenMicTi
1.3. ApxiTektypHi . . 3.3.
, N 2.3. JlingHka 1no3a cepeMicTsIM .
HaM’ATKHU i TypH- A . pen 100...200 4.3. Bucokuit | 5.3.1,5...2 km/km?
. 5 3araJlJbHOMICbKOI'O 3HAYCHHS .
CTHYHI 00 €KTH ocib/ra
1.4. ITapxu, 30HK 2.4. linsuka no3a cepeamictsiM | 3.4. binbire
Tapxr, Al pen ! 5.4.2...2,5 km/kn?
BiJIIOYMHKY MICIIEBOTO 3HAUCHHSA 200 ocib/ra
1.5. IIpomucinosa
3a0ymoBa
1.6. He3abynoBaHi
TepuTopii
7. HazemHa
> : 10. Cran Bpas-
6. Cepennst mBHI- 3B’S3aHICTh 8. [Iporryck- . . ..
: . . . 9. CTyniHp KPUTHYHOCTI JIMBOCTI 1HXe-
KICTh aBTOMOO1JIb- KIHIIIB aBTO- Ha 3[aTHICTh \ .
. 00’€KTy IHKEHEPHO- HEepHO-
HOTO PyXy Y TOAMHHU MOOUIBHOTO Ha3eMHHUX . "
. . TPaHCIIOPTHOI iH(pacTpyKTypH TPaHCIIOPTHOT
K TYHEJIFO aB- IUISXiB T
TOLUISIXaMA PaCcIPYKIyP

7.1. HezanoBins- 9.1. He3aminHMit 00’ €KT KpHU-

6.1. mo 20 xm/rox 8.1. Ilorana .. 10.1. Bucoxkuit
Ha TUYHOI 1HQPACTPYKTYPH
6.2.20...40 xm/rox 7.2. qa(.:TKOBO 8.2. Cepennst 9:2. ‘{acnco.]?(') 3aMinHHii 00" exT 10.2. Cepenniit
3aJJ0BiIbHA KPUTHYHOI iHPpacTpyKTypH
6.3. moman 40 ‘ 9.3. O6’eKT TpAaHCTIOPTHOI 1H- §
KM/rox 7.3. 3agoBinbHa 8.3. Bucoka (bpacTpyKTypH, 110 HE Haje- 10.3. Huzbkwuit

JKUATh 10 KPUTUYHOT

7.4. Nobpa
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Tabnuus 2

IMapameTpu pilieHHA MO0 AOUITBbHOCTI i MpiopUTeTHOCTI MOOY10BH ABTOMOOITIHLHOTO TYHEJII0

Table 2

Decision parameters regarding the feasibility and priority of building a car tunnel

A. JIoiNBHICTE
aBTOMOOIJIEHOTO
TYHEITI0

B. Barowmicts (akTopiB pusuky

Ha IUTSTHIN

C. BB o0y 10Bu aBTO-
MOOLITEHOTO TYHEINO Ha
(akTop «3a0pyIHEHHS

TOBITPSI»

D. Brutus mo6ynoBu aB-
TOMOOUTPHOTO TYHEJIIO Ha
taxrop «lym i nuHAMIYH]
BIUTUBH

A.1. JlouinsHui

B.1. 3a0pynHeHHS TOBITPS

C.1. He BrummBae

D.1. He BruinBae

A.2. Hepmorinbs-
HUH

B.2. lllym i auHAMIYHI BIUIUBU

C.2. YacTkoBO MiHIMi3ye

D.2. YactkoBo MiHIMI3yE

B.3. doposxHi 3aTOpH

C.3. [ToMipHO MiHIMI3YE

D.3. IlomipHO MiHIMI3YE

B.4. 1opoXxHBO-TpaHCTIOPTHI

npuroan

C.4. CyrTeBo MiHIMIZYE

D.4. CyrTeBo MiHIMIZYE

B.5. IIpoTspxHICTE MapuipyTy

CIIOJTyYEHHS

B.6. Bpa3nusicTh BHACTIIOK
BOEHHHX aTak abo TepaKTiB

E. BrutuB noOynoBu
aBTOMOOLIIBHOTO
TYHEJNIO Ha (haKTop
«JloposkHi 3aTOPI»

F. BruuB no0yn0Bu aB-
TOMOOLUIHFHOTO TYHEITIO
Ha (akTop «/{opoxHBO-
TPAHCIIOPTHI PUTOIM

G. BruuB no0Oyj0Bu aB-
TOMOOUIFHOTO TYHEJIO Ha
taxrop «IIpoTskHICTD
MapIIpyTy CHOJIYYESHHS

H. BruB no0OynoBu aB-
TOMOOLUITHPHOTO TYHEJIIO Ha
(dakTop «Bpa3muBicTh
BHACJIJIOK BOEHHUX aTaK
ab0 TepaKTiB»

E.1. He BrinBae

F.1. He BumnBae

G.1. He BmnBae

H.1. He BrutuBae

E.2. HactkoBo

F.2. YacTtkoBO MiHIMIi3y€e

G.2. YacTkoBO MiHIMI3yE

H.2. YacTkoBO MiHIMI3Yy€E

MiHIMi3ye

E.3. TTomipHo

L F.3. [TomipHO MiHIMI3YE
MiHIMi3ye

G.3. [TomipHo MiHIMI3Yye H.3. TlomipHO MiHIMI3YE

E.4. CyrreBo MiHiMI3ye | F.4. CyTTeBO MiHIMI3YE

Pe3yabTaTn

Pezynomamu mopghonoziunozo ananisy cucme-
My asmomobinbHux mynenie. s mobymgoBaHOL
cucteMu MOp(doOriuHuX TabJMIs Oysa MpoBee-
Ha po3paxyHKoBa mporenypa MMMA. BxingHi
OIIIHKM B METOJ[I BU3HAYAJIUCh Ha OCHOBI ['eHepa-
npHOTO IiaHy M. KueBa, TpaHCIOPTHOI cXemw,
iHcTpyMeHTiB Google Maps, reonpocTopoBux Ta
IHIIMX JTOTIOMDKHHX JKepen AaHuX. B pesynbrari
OyJIM OTpUMaHi OIiHKHY, HaBe/IeHi B Tal. 3.

Arperyrounii napamerp «A. douinbHicts Oyni-
BHUIITBa» J03BOJISIE 3pOOMTH BHCHOBKH ILOJO 3a-
raJbHUX MPIOPUTETIB OY/IBHUIITBA aBTOMOOITHBHUX

G.4. CyTTeBO MiHIMIBYE H.4. CyrTeBo MiHIMIZYE

TyHeniB. Slk BUAHO 3 Tabn. 3, OyIiBHUITBO BCiX
aBTOMOOIUILHUX TYHEINIB, rmependadyeHux |eHepa-
JIbHUM T1aHOM M. KueBa, € ckopile IOoLijibHUM,
HiXK HEAOIUILHUM, MIPU [[bOMY HAHOIBIIY OLIHKY
CIpUATINBOCTI MaroTh TyHemi 3, 4, 5, mio
3’€IHYIOTh TIpaBuii 1 niBuid 6epern uinpa. Lle mo-
SICHIOETBCS 1X 3JIATHICTIO MPOTHIISTH (aKTOpy pu-
3UKy, TIOB’S3aHOMY i3 BIHICBKOBHMH 3arpo3amu,
SIKMH POOUTH CYTTEBUI BHECOK B arperoBaHy OLiH-
KY.

Jns  BU3HA4YEHHS HaWOUIBII MPIOPUTETHHX
(pefiTHHTOBUX) aBTOMOOIIBHUX TYHENIB 3 TOYKH
30py KJIIMaTHYHOI HEHTPaIbHOCTI HEOOXITHO PO3-
[JISHYTH 3AaTHICTh MOTEHIIHHOTO aBTOMOOIIBHOTO
TYHEN0 MiHiMi3yBatu (akropu pusuky «Pl. 3a-
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OpynHeHHs moBiTps», «P3. JlopoxHi 3atopm»
(CTIOBiIbHEHA IIBHJIKICTH 1 MiABUIIEHUH Yac Mpoc-
TOI aBTOMOOILTIB MPU3BOAATH A0 30UIBIICHHS Ki-
JIKOCTI BUKHIIB BUXJIOIMHUX Ta3iB), «P5. IIpoTsk-

HICTh MapHIPYTy CIIOIyYEHHS» (MOBIIHHA 9ac pyxy

TaKOK MPOIMOPILIHHO 301IbIIYE BUKUAN).
[opiBHsHHS aBTOMOOINBHUX TYHEIIB 3a BILIH-

BOM Ha IIi ()aKTOpH PU3HKY TIOKa3aHe Ha puc. 2—4.

Tabnuus 3
BnuiuBu TyHedqiB 1...8 Ha dakTopu pusuky
Table 3
Impacts of tunnels 1...8 on risk factors
Tynens
[Tapametp AnbTepHaTHBA
1 2 3 4 5 6 7 8
A. JlowinsHics A.1. JlouinbHuit 0,750 | 0,977 | 0,993 | 0,997 | 0,998 | 0,976 | 0,886 | 0,973
OyniBHHMITBA A.2. Henouinbhuit 0,250 | 0,023 | 0,007 | 0,003 | 0,002 | 0,024 | 0,114 | 0,027
B‘1'3a61;iy$f““°' 0,152 | 0,062 | 0,031 | 0,020 | 0,051 | 0,044 | 0,150 | 0,081
B.2. Hiywm i mwamivi | 194 | 9032 | 0,018 | 0,008 | 0,029 | 0,020 | 0,093 | 0,054
BIIJIMBAU
‘ B.3. Jloposxi satopu | 0,274 | 0,379 | 0,276 | 0,315 | 0,331 | 0,439 | 0,352 | 0,331
B. Baromicth
(baxTopis pism- B.4. Jloposo- 0,141 | 0,036 | 0,049 | 0,049 | 0,029 | 0,037 | 0,081 | 0,050
Ky Ha JLIHI TPaHCIIOPTHI IPUTOA
B.5. Tlpomoxwicts 194 | 331 | 0,294 | 0,317 | 0,324 | 0,300 | 0,190 | 0,303
MapIpyTy CIIOJTYYECHHS
B.6. Bpa3nusicTh BHa-
crTiok Boennux atak | 0,139 | 0,160 | 0,332 | 0,291 | 0,236 | 0,161 | 0,133 | 0,182
abo TepaxTiB
C.1. He Brumsae 0,013 | 0,003 | 0,019 | 0,021 | 0,000 | 0,007 | 0,001 | 0,002
C. BB Ha
(axrop 3a6- | C-2 Yactkoso mimimisye | 0,266 | 0,230 | 0,274 | 0,298 | 0,104 | 0,296 | 0,139 | 0,191
pymHEHHS 10~ | C 3 Tlomipuo minimizye | 0,463 | 0,577 | 0,599 | 0,631 | 0,543 | 0,570 | 0,457 | 0,525
BITpSI»
C.4. Cyrreso minimisye | 0,259 | 0,189 | 0,108 | 0,050 | 0,353 | 0,127 | 0,404 | 0,282
D.1. He Brumsae 0,043 | 0,027 | 0,097 | 0,100 | 0,011 | 0,044 | 0,014 | 0,018
D. BuiuB Ha
(axrop «llyw i | D2 YacTkoso mimimisye | 0,318 | 0,476 | 0,502 | 0,625 | 0,325 | 0,546 | 0,265 | 0,333
JMHAMIYHi D.3. Homipuo wminimisye | 0,354 | 0,310 | 0,270 | 0,215 | 0,377 | 0,273 | 0,368 | 0,368
BIIJIUBH))
D.4. Cyrreo minimisye | 0,286 | 0,187 | 0,130 | 0,061 | 0,287 | 0,136 | 0,353 | 0,281
E.1. He BrumBae 0,076 | 0,002 | 0,005 | 0,001 | 0,000 | 0,003 | 0,013 | 0,002
(f BHHHBI[Ha E.2. YacTkoBo minimisye | 0,390 | 0,081 | 0,138 | 0,086 | 0,060 | 0,097 | 0,283 | 0,131
AKTOP «0-
posci saropuy | E-3. Tlomipro minimisye | 0,308 | 0,326 | 0,357 | 0,362 | 0,276 | 0,382 | 0,334 | 0,337
E.4. Cyrreso minimizye | 0,225 | 0,591 | 0,499 | 0,552 | 0,663 | 0,519 | 0,370 | 0,530

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2025/345002

172

©T. L laiiko, 1. O. CaBuenko, B. I1. Tapaciok, /1. O. becmasnos, 2025


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15802/stp2025/345002

TPAHCIIOPTHE BYJIBHUIITBO

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka Ta nporpec tpatcmopty, 2025, Ne 4 (112)

[ponoBxenus Tabaumi 3

Continuation of Table 3

Tynens
[Tapamerp ArnbTepHaTHBa
1 2 3 4 5 6 7 8
F. Brumis uHa F.1. He BmuBae 0,232 | 0,074 | 0,337 | 0,616 | 0,015 | 0,316 | 0,030 | 0,048
thaxrop «[lo- F.2. YactkoBo minimizye | 0,367 | 0,472 | 0,372 | 0,238 | 0,438 | 0,375 | 0,395 | 0,457
POXHBO-
TpaHCIIOPTHi F.3. ITomipuo minimizye | 0,239 | 0,299 | 0,200 | 0,105 | 0,329 | 0,208 | 0,308 | 0,308
HpUrOIH» F.4. CyrreBo minimizye | 0,162 | 0,155 | 0,092 | 0,041 | 0,218 | 0,102 | 0,267 | 0,187
G.1. He BrutmBae 0,128 | 0,020 | 0,002 | 0,001 | 0,010 | 0,014 | 0,125 | 0,021
G. Bruus Ha o
nporsxmicrs | G-2. YacTkoso winimisye | 0,266 | 0,101 | 0,075 | 0,089 | 0,077 | 0,096 | 0,252 | 0,098
MapmipyTy Cmo- | 3.3, [Tomipuo minimizye | 0,343 | 0,345 | 0,357 | 0,345 | 0,358 | 0,335 | 0,355 | 0,367
JIyYEeHHS
G.4. Cyrreo Mminimizye | 0,263 | 0,534 | 0,567 | 0,595 | 0,555 | 0,556 | 0,268 | 0,515
H. Bruus Ha H.1. He BruBae 0,052 | 0,007 | 0,000 | 0,000 | 0,000 | 0,007 | 0,020 | 0,006
axrop «Bpas- | 5y, omo winimisye | 0,278 | 0,102 | 0,025 | 0,021 | 0,019 | 0,093 | 0,215 | 0,112
JIUBICTH BHA-
ciifok BoeHHUX | H.3. ITomipno minimizye | 0,234 | 0,219 | 0,209 | 0,204 | 0,193 | 0,225 | 0,234 | 0,214
aTak abo Tep-
AKTiBY H.4. Cyrreso minimisye | 0,436 | 0,673 | 0,766 | 0,775 | 0,788 | 0,675 | 0,530 | 0,668
C. Bnaue Ha dakTop «3abpyaHeHHA nosiTpa» E. Bname Ha dakTop «[LopokKHi 3aTopu»
0,7 0,7
0,6 0,6
0,5 0,5
0,4 0,4
0,3 0,3
0,2 0,2
0,1 0,1
0 0
C1.He  C.2.Yactkoso C.3.MomipHo C.4. Cyrreso E.1. He E.2.Yactkoso E.3.MomipHo  E.4. CyTteBo
BNMBAE MiHimizye MiHimizye MiHiMizye BrnMBac MiHiMi3ye MiHimisye MiHimisye
_ ] 5 e m—T —3

— —

3 ] el e — —

Puc. 2. Bt aBTOMOOIIbHUX TyHENIB 1...8
Ha (akTop pusuky «P1. 3a0pynHeHHS MOBITPS»

Fig. 2. Impact of car tunnels 1...8
on the risk factor «P1. Air pollution»

Puc. 3. Bruti aBTOMOOITHHHX TYyHENIB 1...8
Ha (axtop pu3uky «P3. JlopokHi 3aTOPI»

Fig. 3. Impact of car tunnels 1...8
on the risk factor «P3. Traffic jams»
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G. Bnaue Ha ¢akTop «TpOTAXKHICTD MapwpyTy
CNONYYeHHA»
0,7
0,6
0,5
04
0,3
0,2

0
G.1. He
BM/IMBAE

G.2. Yactrkoeo G.3.[lomipHo G.4. CytTeBO
MiHimi3ye MiHimi3ye MiHiMi3ye
—1 2 3 4 —5 —6 —7 —8
Puc. 4. BB aBToMOO1bHUX TyHENIB 1...8 Ha dakTop
pu3uKy «PS5. [IpOoTsHKHICTD MapIIpyTy CHOIyYEHHS»

Fig. 4. Impact of car tunnels 1...8
on the risk factor «P5. Length of the connection route»

Juis 6inpiroi HAOYHOCTI TOPIBHSHHS BIUTUBY
OyIiBHUIITBA TOTEHI[IHMX aBTOMOOLIBHUX TYHe-
JiB Ha Pi3HI (HaKTOPHU PU3UKY BBEAEMO KOCQIIiEHT
Wratioz(Wmedium+Whigh)/ (Wlow+Wnone), SIKUN BiIL06pa-
JKa€ BITHOIICHHS CYMH OI[IHOK albTEPHATHB TIOMi-
PHOTO Winedium 1 CYTTEBOTO Whigh BIUTUBY OY/iBHHII-
TBa aBTOMOOUIBHOTO TYHENIIO Ha MiHIMI3aIliio Bij-
MOBIAHOTO (haKTOPy PHU3UKY, IO CyMH Bar albTep-
HATHB YaCTKOBOTO Wiow 1 BIICYTHBOTO Wnone BIUTUBY
Oy/ZIBHHUIITBA aBTOMOOUIBLHOTO TYHEII0 Ha MiHIMi-
3amiro Toro X (aktopa pu3uKy. binmbin 3HaAYEHHS
Oro Koe(imieHTa CBi4aTh MpO OLIBIT 3HAYHHUN
BILIMB TMOTSHIIIHOTO OYIiBHUIITBA aBTOMOOLIBLHO-
ro TYHEN0 Ha BiqnoBimHuil (aktop pusuky. Posz-
paxoBaHi KOE(ILIEHTH Wratio A1 BCIX BOCEMH aB-
TOMOOIIBHUX TYHEJIIB HAaBEIEHI y BHUIJISI Jiarpa-
MM Ha puc. 5.

18
16

8
6
SI III | |

3abpyaHeHHa
noBsiTpA

[JopomHi 3aTopu MpoTsmHicTb

MapupyTy
crnony4yeHHs

H]l m2 W3 w4 m5 W6 m7 H8

Puc. 5. IopiBHSIHHS aBTOMOOUILHNX TyHENIB 1...8
3a 3B€/ICHUM ITIOKa3HUKOM BIUTUBY Ha (JAKTOPH PUZUKY

Fig. 5. Comparison of car tunnels 1...8
by the combined indicator of impact on risk factors

Sx G6auumo 3 puc. 2...5, aBTOMOOINBHUN Ty-
Heslb 5 Mae 3HaYHMK BIUTUB Ha (akTOpU PH3HKY,
MOB’sI3aHl 3 KJIIMAaTUYHOI HeWTpaybHicTiO. llei
ABTOMOOIUTEHUI TYHENh Ma€ HaWBUIIHMIA PEHTHHT 31
3HAYHOIO TIEpeBaror0 3a ¢axTopamMu 3a0pyAHEHHS
MOBITPSL 1 JOPOXHIX 3aTOPiB, 1 3HAXOAUTHCS
B TPIHIll HAWBAXKIHMBIMINX TYHENIB 33 ACIEKTOM
MIPOTSDKHOCTI MapmipyTy cromydeHHs. Ha apyriit
Mo3uLii 32 BIVINBOM Ha 3a0pyIHEHHS MOBITPS 3HA-
XOJIUTHCSI aBTOMOOUTBHUN TYHENb [, SIKUH TaKOK
Ma€ BHCOKE 3HAYCHHS AIBTCPHATHBH CYTTEBOTO
BIUTMBY Ha EKOJIOTIYHUH (KIIMaTHYHUI) acrekT
(puc. 1), ogHak 3a BIUIMBOM Ha J1Ba iHII PO3TIISHY-
Ti TTOKa3HUKW PHU3UKY [Ied aBTOMOOUTFHUI TyHEIb
Mae OUTBII CKPOMHI TIOKa3HHUKH, OCKIJIBKH BiH (hak-
TUYHO JyOJIOE€ ICHYIOUY TPAHCIIOPTHY apTepiro
3 BHCOKOIO TPOMYCKHOIO 3AaTHicTio. TakuM 4u-
HOM, aBTOMOOUTFHUI TyHETh 5 MOXe OyTH peKo-
MEHJIOBaHWH Ui TEPLHIOYEepProBOro OyAiBHHIITBA
1 JIOIIIBHO JOCTIAMTH MOTO BIUIMB Ha (DYHKIIOHY-
BaHHS TPAHCHOPTHOI cucTeMu M. Kuea Ta 3araib-
HOT'O 3MEHIIIEHHSA aBTOMOOUTLHIUX BUKHUIIB.

Pesynomamu oyinku énausie agmomobiibHo2o
MYHeN0 3 BUKOPUCTNAHHAM NPOSHO3ZHOI MPAHCHO-
pmHoi modeni m. Kuesa. TecTyBaHHS TIpiOpUTET-
HOTO aBTOMOOLUTBHOTO TYHEIN0 5 mpoBeaeHe i3 BU-
KOPHCTaHHSM MPOTHO3HOI TPAHCIIOPTHOT MOJIEII M.
KueBa Ta iioro mpumichkoi 30HH, PO3pOOIIEHIH
B HaBuanpHili HaykoBO-mocHijHINA sabopaTopii
MIPOCTOPOBOTO TUIAHYBAHHS TEPUTOPIH Ta MOJEIIO-
BaHHS TPAaHCIOPTHUX MOTOKIB KadeIpu MiCBKOTO
OyxiBHUITBa KUIBCHKOTO HAIIOHAIBHOTO YyHiBEp-
cuTeTy OYAIBHHIITBA Ta apXiTEKTypH, fKa, MOAI0HO
710 MOP(OJIOriYHOT MOJIENI, € MaTeMaTUYHUM 1H-
CTPYMEHTOM JUIS KiJBKICHOI Ta SIKICHOI OITIHKH
HACIIIKIB TPUHHATTS YIPABIiHCHKUX PillleHb MPH
TPaHCIIOPTHOMY IUTaHyBaHHI TepuTopiit [4]. Tpan-
CIIOPTHY MOJIENIb MOKHA NPEACTABUTH y BUTIIII
JIBOX CKJIQJIOBHX — MOJIEJNIi TPAHCHOPTHOI IPOTO-
3uii (CKIaJIa€EThCs 3 €IEMEHTIB TPAHCIOPTHOI CH-
CTEMH MICTa: BYJIMYHO-ZIOPOKHS Mepexka, Mapii-
PYTH TPOMAJCBKOTO TpPAHCHOPTY pI3HUX THIIIB,
3YMHHKH TOIIO) Ta MOAEII TPAaHCIIOPTHOTO TOIHUTY
(xapakrepu3sye 1iJ1i BUOOPY peXXUMIB 1 MapuipyTiB
nepeMillieHb, napaMmeTpd MOOUTBHOCTI HaceJIeHHS
TOIIIO).

CTpyKTypa XapaKTepHCTHK, SIKi BUKOPHCTOBY-
IOTHCS Y TPAHCHIOPTHIN MOJIENi:

1. IlpocTopoBo-IuIaHyBalbHI XapaKTEPUCTHKH:
napaMmeTpu MopQOJIOTiYHOT CTPYKTYpU MicTa, 30K-
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pema ¢yHKIIOHAIbHE 30HYBaHHS TepUTOpii, KOH-
¢irypaniss ByITHYHO-IOPOKHBOI MEpeXi Ta KiIacu-
¢ikamis BynuIib; 0cOOIMBY yBary NpUAUISIOTH Ha-
SIBHOCTI TPAHCTIOPTHO-TIEPECaTKOBUX BY3IiB 1 PO3-
MOMIITY 30H TOKIHHS MOI3I0K Y MEXKax MicTa.

2. EnemMeHTH 1H)XEHEPHO-TPAHCIIOPTHOI 1H(pa-
CTPYKTYpH: OXOIUTIOIOTH TEXHIYHI Ta eKCIUTyara-
iHI TapaMeTpu MEpeki TPOMAICHKOTO TPaHCIIO-
PTY (THIIK pyXOMOTO CKIIaay, MapUIpyTH, iHTEpBa-
T, IIBUIKICTh PyXy TOILO), iHAWBIAyaJILHOTO Tpa-
HCTOpPTy (IHTEHCHBHICTH, CEpeqHS IIBHUIKICTD,
0OMeXEeHHSI PyXy TOIIO).

3. ConianpHO-€KOHOMIYHI MapaMeTpHu: BKJIIO-
YJalOTh IPOCTOPOBHH PO3MOMIT HACENEHHS, IIih-
HICTh Ta CTPYKTYpPY JOMOTOCIOJAPCTB, PiBEHH aB-
TOMOO1I3aIlii, PO3MIIIEHHS MICIlb MPUKJIAJaHHS
mpaili, HasBHICTh HaBYAJbHHX Ta KOMEPIIHHHMX
YCTaHOB, SIKi BUCTYHAIOTh SIK JpKepena ado MOTIH-
Ha4i TPAaHCTIOPTHOTO IOTUTY.

4. TToBeNiHKOBI XapakTEPUCTUKU: TPAHCIIOPTHA
MOJIeTThb BPAaxOBY€ MOTHBAIliIO TMOI3M0K (poboui,
OCBITHI, CoOIliaNbHi, MOOYTOBI IIiJi), YacoBi mMmapa-
MeTpH (TPUBAIICTh MOI3O0K, 3aTPUMKH B pyci),
JIOTiKy BUOOpPY BUAY TPaHCIOPTY (3 ypaxyBaHHSIM
3aTpar), a TaKOX MapIIPyTHI MepeBaru KOPUCTY-
BayiB.

Y pesymbraTi TPaHCIOPTHOTO MOJICIIOBAHHS
MOJKHa OTPUMATH HaBaHTKEHHS Ha Pi3HI eJIeMeH-
TH BYJIUYHO-JIOPOKHBOI MEpexi, MaTpHili Kopec-
MOHJIEHININ JUIsl PI3HUX PEKUMIB TEPEMIIIICHbD,
€KOJIOTIYHY (KIIIMaTHYHY) OI[IHKY JOCIIIKYyBaHHUX
TEPUTOPIi, TEXHIKO-€KOHOMIYHI OOTpYHTYBaHHS
PO3BUTKY 1HXKEHEPHO-TPAHCIIOPTHOI 1H(paACTPyK-
TypH.

JJ1s OIiHKYM BIUTMBY aBTOMOOIJIEHOTO TYHEIO 5
pO3TIIAIany Ba cleHapii: cueHapiit 1 (6azoBwmii) —
ICHyIOUa MPOrHO3HA TPAHCIOPTHA MOJEIb MicTa
Kuesa Tta iforo mpumicekoi 30HU [5], sk ocHOBa
JUIL  TIOAAJIBIIOTO TOPIBHSHHSA PO3PaXyHKOBHX
CIeHapiiB; clieHapiii 2 — BIIPOBAKECHHS B ICHYIOUY
MOJieTTb aBTOMOOITBHOTO TyHENr Bix [amuipkoi
wionli a0 bBpoBapcekoro mnpocnekry B paiioHi
ct. M JliBoOepeskHa 3 MUPUHOIO TPOi3HOT YacTHHH
y JIBI CMYTH PyXy B KOXXHOMY HaIpsIMKY (pHc. 6).

Kaprorpamu TpaHcnopTHOro MOJENIIOBaHHS Bi-
JnoOpaxeHi Ha puc. 7 Ta 8.

VY pe3ynbTaTti MpOBEAEHUX PO3PaXyHKIB OTpH-
MaHi MOKa3HUKHU SIKOCTI (YHKUIOHYBaHHS BYJIHY-
HO-/10pOXHBOI Mepexi o M. KueBy 3a nBoma cue-
Hapismu (Ta0i. 4).

Ryiv

Wit 2ry, il

Puc. 6. TpacyBaHHS MPOEKTHOTO aBTOMOOLITEHOTO
TYHEJNIO 5 Y po3paxyHKOBOMY CIIeHapiro 2
Fig. 6. Route of the design car tunnel 5
in calculation scenario 2

YmoBHI no3Ha4YeHHA

YmOBHI no3HaueHHa
noncricT
7200
365002 y

e 1000 L0

Puc. 7. KapTorpamu iHTEHCUBHOCTI PyXy TPaHCIIOPTY:
a — cuieHapiit 1; 6 — cuenapiit 2

Fig. 7. Traffic intensity maps:
a—scenario 1; b — scenario 2
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Puc. 8. Kaprorpamu 3aBaHTax€HOCTI BYJIHYHO-
JIOPOKHBOT Mepexi:

a — cueHapiii 1; 6 — crienapiii 2

Fig. 8. Traffic maps of the street and road network:

a — scenario 1; b — scenario 2

Tabnuus 4

KinbkicHi pe3yJbTaTu MoJeTII0BAHHS
(3a 1 cepennboao0oBuii nepiog no Kuepy B ninomy)

Table 4

Quantitative modeling results
(for 1 average daily period for Kyiv as a whole)

3aranpHui mpooir

3aranbHUH yac pe-

Hazga . . P
. IHJUBI1yaJIbHOTO aizarii KopecnoH-
CleHapIIo TPAHCIIOPTY, KM JISHIIIH, TOJ
Cnenapiit 1 35 379 458 2712 178
35229 968 2 612 965
Cuenapiii 2 —149 490 —-99213
(-0,42 %) (-3,6 %)

AHaii3 OTpUMaHUX Pe3yJbTaTiB CBIMYUTH, IIO
CTIOpPY/KEHHS 1 BKJIIOYEHHsI B TPaHCIIOPTHY Mepe-
Ky aBTOMOOUIRHOI'O TYHENI0 5 3MEHIIHTH 3arajib-
HU# Tipo0IT 1HAWBIAYATFHOTO TPAHCIOPTY (aBTOMO-
6imiB) B M. Kuesi Ha 149,5 THc. kM Ha m00y, mpu
LOMY 3araJIbHUM Yac pealtizalii KOpeCTIOHICHIIIN
3MeHIMThCs Ha 3,6 % (maibke Ha 100 Tuc. rom.).

Ha 2020...2024 poxu miIbOBUH TOKa3HUK BH-
KHJIIB aBTOMOOUIBHOTO TPAaHCHOPTY B kpainax €C
criragaB 115,1 r CO2/xkm (3a cranmaprom WLTP)
[7]. B Vkpaiui, mne mepeBakaroTh aBTOMOOLTI Oi-
JBIIOTO CTPOKY eKCIuTyaramii, Hi y Kpainax €C,
CepelHi TOKa3HUK BUKHUIIB MOXE 3HAXOIAUTHUCH
y mexax 130...140 r COz/km. Buxoasum 3 116010
MOJKHA KOHCTaTyBaTH, 1[0 BBEJCHHS B €KCILTyaTa-
Lil0 PO3MIISIHYTOTO aBTOMOOIIBHOTO TYHENIO 5
ckoporuth  Bukuau CO 3a o0y  Ha
19.4...20,9 ToHH TiNBKH 32 (HAKTOPOM CKOPOUCHHS
3arajbHOro mpoOiry aeromoOiniB. Ille Oinbime
3HAYCHHS Ma€ BIUIUB aBTOMOOIIBHOTO TYHEJIO Ha
3MEHIIICHHSI BUKUIB 3aBISIKU CKOPOUYCHHIO 3ara-
JIFHOTO 9Yacy peaii3arlii TpaHCIOPTHUX KOPECIIOH-
neHiii (moizmok) Ha 99,2 THC. TOAMH, OCKUIBKU
e(exT 30iIbIIeHHS MIBHUIKOCTI PyXy, MPOIMOPITiH-
HUM YHHOM CKOPOYY€ BHKHIU. TakMM YHUHOM 3a-
raJpHUN OYIKYBaHMH €(EKT CKOPOUCHHS BUKHIIB
CO; moxe ckmacty moHag 4 % BiJ BUKHIIIB yChOTO
aBTOMOOUTEHOTO pyXy MictoM KwueBom (mo
179 1/n06a), a MyIbTHILTIKATUBHUN eQekT Oyne
ie OUTBIINM.

BapTo 3ayBakuTH, 1110 MPOrHO3HA TPAHCHIOPTHA
Mojzenib M. KneBa Ta WOro mpuMIchbKoOi 30HH, sIKa
BUKOPHCTOBYBaJIaCh B Iiii poOOTI, Hapasi He Bpa-
XOBy€ (pakTop CIIPOBOKOBAHOTO (iHIYKOBaHOTO)
TIOTIMTY, KOJIU Kpallli YMOBH JUIsl pyXy aBTOMOOIJIIB
BUKJIMKAIOTH 30UTBIIEHHS MOMUTY HA IMOI3JKH aB-
TOMOOIISIMU 332 paxyHOK iHIIUX PEKUMIB MOOLIb-
HOCTI.

HaykoBa HOBHU3HA Ta NPAKTHUYHA
3HAYMMICTH

CTpyKTypyBaHHSl CKJIQIHHUX MICBKHUX MpoOieM
1 IPUIHATTS MJIAaHYBAJBHUX pillleHb B yMOBax Oa-
raTOKpUTepiaIbHUX 3a/1a4 3[iHCHEHE LUIIXOM MO-
I(IKOBaHOTO METOAY MOP(OJIOriYHOrO aHami3y,
SKUW PO3TIIAJIA€ThCS AK BXJIMBUN MPOLIEC TEPET-
BOPEHHsSI HAyKOBHUX METOMIB B YNPAaBIiHCBKI Iii.
KnimatnuHi pu3MKK, BBEJEHI B aHali3 CHCTEMH
aBTOMOOUIPHUX TYHENIB, O3BOJMIM OUIBII KOM-
IUIEKCHO 1 OO0 €KTHUBHO OLIHHUTH IPIOPUTETHICTDH
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PO3BUTKY TiA3eMHOi iH(pacTpykTypu. Bmepiie
3 BHUKOPHCTaHHSM MPOTHO3HOI TPaHCIOPTHOI MO-
nemi M. KueBa mocTaBimeHa mociigHa 3amava i
OTpPUMaHi KUTBKICHI TIOKa3HUKH 3MiHH TpadiKy Bixg
BKITIOYEHHSI aBTOMOOIJIBHOTO TYHEINIO0 B TPaHCIIOP-
THY MEpEXy MiCTa, 30KpeMa — BIUIMB BH3HAYCHOT
Tpacu TyHesro Ha 3MeHueHHs emicii CO».

Po3pobiena xoMIiekcHa MOAEIb Ta METOJUKA
CIICHApHOTO aHaNmi3y 3a0e3MedyIoTh MIChKE CaMo-
BpsILyBaHHS, Iep>KaBHI OpraHy Baju, 3alliKaBleHi
TpOMAJIChKiI OpraHizamii Ta iHBECTOpIB €(EKTHB-
HUMU MOXJIUBOCTSIMH JUTSl IPUHHSATTS TUTaHYBab-
HUX DIilllcHb, BUXOJASYU i3 CHCTEMHUX IO3UIIIN
1 cycrninbpHOT Baru (akToOpiB PH3HKY.

BucHoBxku

[[Inpoke 0CBOEHHS MiCBHKOTO Mi3€MHOTO MPOC-
TOpY KpiM BUpIMIEHHS TPAHCIIOPTHUX, TepUTOpia-
JTBHUX, T1IPOTEXHIYHUX, EHEPTeTHYHUX 1 Oe3meKo-
BUX TPOOJIEM BEIHUKOTO MiCTa MOXKE PO3TIISAATUCS
SK eQEeKTUBHHUIA IHCTPYMEHT CHPHUSHHS KITIMaTHY-
Hill HEHTpaNBHOCTI (3MEHIICHHIO BHKH[IIB MapHU-
KOBUX TaziB). [Ipy npoMy 3amadi MokpamieHHs Mi-
ChKOTO Tpadiky KOPENIITh i3 3aladyaMHu MiHIMi-
3amnii Bukuais COo.

BukopucTanHs KOMIUIEKCHOT Mojeni Monudi-
KOBaHOTO METOy MOP(OJOTIYHOrO aHaizy JuIs
OIIHKM CHCTEMH aBTOMOOUTHHHX TYHEIIB JaJio
MOJKJIUBICTh OILIIHUTH TPIOPUTETHICTH (IIepiiouep-
TOBICTh) OYiBHUIITBA aBTOMOOIIBLHUX TYHENIB, SKi
po3rIsIAUCh IpH po3pobui ['enepansHOTO TIIAHY
M. Kuesa [15], 3 ypaxyBaHHSIM KJIIMaTHYHHX (€KO-
JOTiYHUX) pu3uKiB. HaiOinemmid pedTuHr oTpu-
MaB TyHenb 5 (Bin ["amuipkol oiomii A0 movarky
BpoBapcbkoro nmpocnekry).

OriHKa BIUIMBY JIaHOTO aBTOMOOIJIBHOIO TYHE-
JI0 Ha MICBKHI Tpadik NMPOBOAMIACH 3 BHKOPHC-
TaHHSAM TPOTHO3HOI TpaHCTIOPTHOI Moeni M. Kue-

Ba — IIEPEBIPEHOT0 €KCIIEPTHOTO 1HCTPYMEHTY IS
MIATPUMKH TIPUAHATTS pillleHb B 0OJIACTI ympas-
JIIHHSL TPAHCIOPTHOIO iH(pacTpyKTypor. Pe3yib-
TaTH TPAHCIIOPTHOTO MOJICIIOBAHHS ITOKa3ylOTh,
IO BBEJICHHS B EKCIUTyaTallil0 3a3HA4YEHOTrO aBTO-
MOOLUTFHOTO TYHEIIO0 3MEHIINYIOTh 3a JI00Y 3aralib-
HUH TpoOir iHANBITyaTFHOTO TPAHCIIOPTY B MEXKax
micta Ha 149,5 Tuc. KM, a 3aragpHUN Yac peaisa-
1ii TPaHCIOPTHUX KOPECIOHACHLIN — Ha 99,2 THC.
TOJIMH, II0 CyMapHO 3MEHIIY€ BHUKHIN BCHOTO aB-
TOMOOITIBHOIO pyxy MicToM npuOiau3Ho Ha 4%.
Xo4a npoBeAeHE PEUTUHIYBAHHS BOCBMH aBTOMO-
OUTBHMX TYHENIB CBiAYWUTH TPO JCIIO MEHIIUH
BIUIMB iHIMWMX Tpac Ha Tpadik i1 Bukumu COz, mei
BIUIMB YCE€ K TaKH 3QJIUIIAETHCSA BaroMUM. MoxKHA
MPUITYCTUTH, IO PO3risHyTa B ['eHepambHOMY
IUTaHI CUCTeMa 3 BOCBMH aBTOMOOUILHUX TYHEINiB
y pa3i BBEJCHHA B €KCILTyaTallil0 TiTbKA 33 paxy-
HOK BJOCKOHAJICHHS MIChbKOro Tpadiky Moria
0 3meHmmTH 00csaru Bukuaie CO; na 18...20 %,
a 3 ypaxyBaHHSM MO>KJIMBOI BiJJBEJCHHS Ta YTHIIi-
3amii aBTOMOOITBPHUX BHKHIIB y aBTOMOOLTHHHX
TyHensx — Ha 25...27 %, 06e3 BpaxyBaHHs (DaKTOpy
CIIPOBOKOBAHOTO MOMUTY. TakuM 4WHOM, Y poOOTi
Ha npukiani M. Kuesa Bmepie noBeneHU BHUCO-
KWl BIUIUB aBTOMOOUTFHUX TYHETIB Ha 3MEHIIICHHS
BUKH/IIB TAPHUKOBUX Ta3iB, IO Ja€ MiJCTaBU PO3-
[JIAATH TiI3eMHY TPaHCIOPTHY IH(PACTPYKTYpy
SIK BaroMy CKJIQJIOBY KJIIMAaTHYHOI HEUTPaIbHOCTI
BEJIMKUX MICT.
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Car Tunnels as a Climate Neutrality Factor for a Large City

Purpose. Determining the development priorities for a network of car tunnels envisioned in the Kyiv city Gen-
eral Plan, considering the city’s climate neutrality problem; systemic evaluation of a car tunnel’s impact on the
city’s functioning, traffic change, and ecological (climate) indicators. Methodology. Modified morphological analy-
sis method for urbanized territories, considering the groups of structural and functional, and ecological (climate)
factors and risks, including: air pollution (car exhaust fumes), route length, traffic jams, dynamic noise etc. The
transport model for Kyiv was introduced as a combination of two components — the transport supply model (consist-
ing of the city’s traffic system elements: road network, different public transport routes, stations etc.), and the
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transport demand model (which characterizes the purposes for the choice of modes and routes for movement, popu-
lation mobility parameters etc.). The synthesis of these methodologies is considered by the authors as an important
process of converting scientific methods into management decisions. Findings. A systemic decision support model
was developed for evaluating priorities, and ranking (advisable queueing) of tunnel construction in Kyiv considering
the climate neutrality factor; a comparative assessment was made, and the highest-ranking tunnel was determined
(the track from Galytska square to the start of the Brovarskyi avenue). Testing the scenario that incorporates said
tunnel into the transport model of Kyiv allowed to assess the overall expected traffic change, and demonstrated the
capacity to reduce overall CO, exhaust by 4 % of the total city’s emission. Originality. The novel construction of a
morphological model for evaluating a system of car tunnels considering their impact on key risk factors that allowed
to assess alternative configurations (scenarios) taking into account different priorities (weights) of a certain risk,
particularly those impacting CO- emission; a quantitative correlation was revealed between the tunnel’s track, its
impact on the city traffic, and reduction of CO; exhaust. Practical value. The paper demonstrates the high impact of
car tunnels on the reduction of greenhouse gas emission (as well as mitigating a number of transport, territorial and
safety issues) on the example of Kyiv city, providing the basis of considering the development of the underground
traffic infrastructure as a constituent of achieving climate neutrality and sustainable development in big cities.
Grant support. The research was conducted within the Horizon Europe frame program, project «Ukraine towards
Carbon Neutrality (U_CAN)», grant agreement 101148374, and financed by the European Union.

Keywords: city planning; underground construction; climate neutrality; CO2 emission; car tunnels; city traffic;
system analysis; transport model
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OO0rpyHTYBaHHSI ONITUMAJIBHOI OCTIZOBHOCTI PEKOHCTPYKUIiI MPOMMCIOBUX
OyAiBeJib y IPO€EKTAX peBiTasi3alii 3 ypaxyBaHHAM iX Maii0yTHbOI QyHKIIL

Mera. BrockoHaneHHS METOAUYHOTO MIAXOIY IO OpTaHi3aIlii mpoIecy peBitaiizamii KOJUIIHIX 00’ €KTiB TpaH-
CHOPTHOT iH(QPACTPYKTYPH 3 ypaxyBaHHAM iX MaiOyTHROI (hyHKIIT ((PyHKIINH) B yMOBaX 9aCOBHX i PeCypCHHX 00-
MexeHb. Meroanka. CUCTEeMHHI TiJIXiJ] 10 MOJICNIIOBaHHS MPOLIECY OpraHi3auii peiTaiizauii B 4aCTHHI OOTPYHTY-
BaHHS MOCIJOBHOCTI BKJIIOUCHHS HE()YHKI[IOHYIOUHX 00’ €KTIB TPaHCHOPTHOI 1H(PPACTPYKTYpPH 1O MPOEKTY; KOM-
TUIEKCHUH TiIXiJ 10 GOpPMYyBaHHS MHOXHMHY BH3Ha4albHUX (DAKTOPIB BIUIMBY €K30I'€HHOT'O Ta €HJOT€HHOI'0 XapaK-
Tepy. Pe3ynbraTn. BirockoHarieHO METOOMYHMEN MiAXiA A0 OpraHizamii mpouecy pesiTaiizauii KOJHMIIHIX 00’€KTiB
TPAHCIOPTHOT IHPPACTPYKTYPH 3 YpaXyBaHHAM 30€PEIKCHHS aBTCHTHYHOCTI OYIiBeIb, alalTHBHOTO BUKOPUCTAHHS
X TIPOCTOpY, 3aCTOCYBAaHHS TEXHOJIOT1H OYAiBEIbHOIO iHPOPMALIHHOTO MO/ICIIOBAHHS, IITYYHOTO IHTEIEKTY, IHTe-
pHETY pedeit, BHOIPKOBOTO IEMOHTaKy KOHCTPYKIIiH, peMemiaii IpyHTIB UIs JOTPUMAaHHS BHMOT IIOAO Oe3IeKH,
KOM}OPTY, IHKITIO3UBHOCTI Ta eHeproe()eKTUBHOCTI, 10 3a0e3reuye BBEACHHS B €KCIUTyaTalilo 00 €KTIB i3 3a/1aHu-
MH TEXHIKO-€KOHOMIYHMMH XapaKTEPUCTHKaMH B MEXax HasBHUX PeCypCcHHX oOMexeHb. HaykoBa HoBHM3HA. 3a-
CTOCOBAaHO CHCTEMHHH MIiIXiJ IO OpraHizalii MpoIeciB peBiTamizallii KOJIHIIHIX 00’ €KTiB TPAHCIIOPTHOI iHPpacTpy-
KTypH, IO Tiepeadadae MoeTamHui aHalli3 IMOCIiJOBHOCTI IEPETBOPCHHS OYAiBeNb 1 CIOPYA i3 ypaxyBaHHSAM BH3HA-
YaTpHIX YMHHUKIB BIUTUBY Ha BHOIp iX MailOyTHBOI (QYHKIII, IpH IBOMY 3a7adi IepeTBOPEHHS MichKO1 3a0yI0BH
4yepe3 NepeocMUCIeHHs (QYHKIIIH Bke iCHYIounX OyAiBesb 3aMicTh OyIiBHHIITBA HOBUX 00’€KTIB KOPENIOIOTH 13 3a-
JlauyaMH 1110JJ0 CTBOPEHHS CTAJIOr0 JKUTJIA, EKOHOMIYHOTO 3pOCTaHHSI, BiIIOBIJAILHOIO BUPOOHHIITBA i CTIO)KUBAHHSI.
I[IpakTHyHa 3HAYUMICTH. 3aa4a IEPETBOPECHHS MICHKOI 3a0y/0BU Yepe3 MepeoCMUCICHHS (YHKIIH BXKE iCHYIO-
YHUX TIPOMHCIIOBHX OyiBeNb 3aMiCTh OYyAiBHUIITBA HOBUX 00’ €KTIB KOPEIIOE 13 3a/lauaMM LI0J0 CTBOPEHHS CTAJIOro
KT, EKOHOMIYHOTO 3POCTaHHS, BIAMOBIAaIbHOTO BUPOOHMIITBA 1 CIIOKMBAHHS. 3alpPOIIOHOBAHHMN MiAXiT 70 BU-
3HAYCHHS ONTHUMAIIFHOI ITOCIIIOBHOCTI PEKOHCTPYKIi HEBHKOPHUCTOBYBAaHHUX 00’ €KTIiB TPAHCIOPTHOI iHPPaCTPyK-
TYpH 31 3MIHOI0 IX (QYHKI[IOHATEHOTO TPU3HAYCHHS Y MPOEKTAX PEBiTaNi3alii J03BOJsE BUZHAYUTH MPiOPUTECTHICTH
i3 ypaXxyBaHHSM BIUIMBY MHOXKHHH BU3Ha4aJIbHUX (aKTOPIB i 3abe3neuye opraHu AepKaBHOI BIaIH, OpraHH Micle-
BOT'O CAMOBpSIIYBaHHS Ta iHBECTOPIB iHCTpYMEHTAapieM Uil NPUHHATTS epEeKTHBHHX pillleHb B YMOBaX YacOBHX
1 pecypcHUX 0OMEKEHB, 13 YpaXyBaHHIM TEXHIYHHUX, FOPUIUIHUX Ta (DiIHAHCOBUX aCTEKTIB.

Krouosi cnosa: pesitanizamis; peKOHCTPYKINiS; KOMIUICKCHUNA MMiIXiJ; BU3HAYANBHI (pakTOpH; KpUTEpii; ONTH-
MaJlbHa TIOCIIIIOBHICTh PEKOHCTPYKIIii 00 €KTIB; CTaIHi PO3BUTOK

Beryn KIIIOHAJBHOTO MPU3HAYEHHS € BAXKIUBUM 3aBJIaH-
HSM 71 3a0€3MeveHHs] CTaJIOr0 PO3BHUTKY MICT,
SIK€ J03BOJISIE KOMIUIEKCHO BUPINIyBaTH MicTOOY-
JIiBHI, €KOHOMIYHi, €KOJIOTI4HI 1 COIliaJIbHI MPO-
onemu [6, 17].

[Ipu oOrpyHTYyBaHHI IOLIIBHOCTI peai3amii
MPOEKTIB  peBiTalizalil  HEBHUKOPHCTOBYBaHMX
00’ €KTIB TpaHCTIOPTHOT iHPPACTPYKTYpH 31 3MIHOIO
iX (DyHKIIOHATBLHOTO NPU3HAYEHHS CITiI BPaXxoOBY-
BaTH, 110!

— PEKOHCTPYKIIisl Oy/iBeib 3a3BUYAil € JIeIIeB-
1100 33 HOBE OY/IIBHHUIITBO, 1 32 YMOBH, 110 00’ €KTH

Ha cwhoromni y 0ararbox MicTax € MOKHHYTI
MTPOMUCIIOBI OyIiBIIi, 30KpeMa 00’€KTH TpPaHCIIOP-
THOI 1H(pPaCTPYKTYpH, TakKi SIK aBTOBOK3aJIH, 3aJIi3-
HUYHI CTaHIlii, PiYKOBI MOPTH, TpamBaiiHi i Tpo-
neibycHi gerno Tomo. Taki 00’€kTH 3a3BHYail Ma-
I0Th BHT1JIHE MiClle pO3TallyBaHHS, XapaKTEPHHH,
no0pe yri3HaBaHUI 30BHIIIHIM BUIIISI, 1110 POOUTH
iX TMepCIeKTUBHHMH 3 TOYKY 30pY IEpPETBOPEHHS
Ha 00’ €KTH UUBUILHOTO MPU3HAYCHHSI.

PesiTamizaiiss HEBUKOPHUCTOBYBaHHX 00’ €KTiB
TPaHCIOPTHOI iHQPACTPYKTYPH 31 3MIHOIO iX QyH-
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nepeOyBaroTh y 33JOBUTFHOMY TEXHIYHOMY CTaHi, iX
3HECEHHS BUJIAETHCS CKOHOMIUHO HEIOUIITbHUM;

— 3a3BMYail Taki 00’€KTH MarOTh PO3BUHEHY
IHKEeHepHY 1HPPaCTPYKTypy, IO CYTTEBO 3/IEIIEB-
JIIO€ X PEKOHCTPYKITIIO;

— PEKOHCTPYKIIiS MOKHHYTUX OO0 €KTIB 13 Ha-
JMaHHSIM 1M HOBUX (DYHKLIN CIpHSE MiABUIIEHHIO
IHBECTHIIITHOT TPUBAaOINBOCTI paiioHy, 3aITy4eHHIO
1HBECTOpIB, MiANPHUEMIIIB Ta KITi€HTIB, CTBOPEHHIO
HOBHUX POOOYUX MIiCIlb, 1, SIK HACIiJIOK, 30UIBLIICH-
HIO HaJXOKEHb JI0 MICIIEBHX OIOIKETIB 3a paxy-
HOK CIITaYyBaHUX TO/ATKIB.

[Ipote pesiTamizamisi HEBHUKOPHCTOBYBaHUX
00’ €KTIB TPAaHCTIOPTHOT IHPPACTPYKTYPH 31 3MIHOIO
iX (yHKI[IOHATBHOTO TPHU3HAYEHHS Ma€ HE JIUIIIe
EKOHOMIYHI ITepeBary, aje i coliaibHi, 30KpeMa:

— MEPEeTBOPEHHSI MOKMHYTUX MiChKHX TEPHTO-
piit Ha TOCTYIHI TPOMAJCHKi IPOCTOPH 3 KYJIBTYP-
HO-PO3BAXKaJbHUMHU LIEHTpaMHu, o¢icHUMHU OyIiB-
JISIMH, J)KUTJIOBUMH OyTUHKaMH TOIIIO;

— YCYHEHHS JENpPECHBHUX PAHOHIB 3aBIAKH X
TIEPETBOPEHHIO Ha OaraTopyHKIIOHAIEHI TIPOCTOPH,
IO MOKPAIIy€E 3arajibHUi BUIJIA]] MICTa 1 CTBOPIOE
BiqUyTTs O€3MEKH Y OT0 MEIIKAHIIB Ta TOCTElH;

— 30epeXeHHSI TIPHU peBiTaiizallii aBTeHTHYHO-
ro BUIJISY OyiBEIb, IO JI03BOJISIE IOEHATH HOBI
¢yHKLii 00’€KTy 3 HOTrO iCTOPUYHHUM MHHYIUM,
IHTETPYIOYH B Cy4acHE MICTO.

Takok Ha KOPHUCTh BIPOBA/KEHHS IPOEKTIB
peBiTanizauii 06’€xTiB TpaHCOPTHOI 1H(pacTpykK-
TYpH CBiZYaTh i €KOJIOTIYHI BUTOMH, 30KpeMa.:

— 3a0e3MevyeH s PaIlioHaTEHOTO BHUKOPUCTAHHS
3eMEJIbHUX PECYPCIB, a/DKE BUKOPHCTAHHS IS 1H-
mmx QyHKIiH Bxe 3a0yJOBaHUX 3eMENbHUX JIUISTHOK
JI03BOJISIE YHUKHYTH OCBOEHHS HOBHX TEPHUTOPIH,
HAIPUKJIaJ], Ha OKOJIMIIX MICTa, SIKI 4aCTO BUKOPHC-
TOBYFOTBCS JIJIs CLILCHKOTOCIIOIAPCHKUX TIOTPEO;

— BUKOPHUCTAHHS iICHYFOUMX OyIiBeNb 1 CrIOpy.
KOJIMIITHIX 00’ €KTIB TPaHCIIOPTHOI iHPPACTPYKTY-
pu miz HOBi (pyHKIIT 103BOJIsIE MiHIMI3yBaTH 00CST
OyaiBeNIbHUX BITXOMIB BiJl IX 3HECEHHS 1 BiJIOBiJI-
HO IIKOJY JTOBKIJUTIO.

[Ipu peamizanii mpoekTiB peBiTaizamii J0Tpu-
MYIOTHCSI TIPUHITUIIB CTAJIOTO PO3BUTKY, 30KpeMa
nepeadadaeTbesl 3aCTOCYBAaHHS CyYacHHUX €HEpro-
OIIAJTHUX TEXHOJIOTIH, CIIPSIMOBAHUX Ha 3MEHIIIEH-
Hs CTIO)KMBaHHS €HEPTil, 3HIKEHHS BUTPAT Ta CKO-
POYCHHS HETaTUBHOTO BIUTUBY Ha JOBKIJUISL.

Jlo MO3UTUBHUX MPUKJIAIiB peBiTanizamnii HeBU-
KOPHCTOBYBaHUX 00’€KTIB TPaHCHOPTHOI iH(pa-

CTPYKTYPH 31 3MiHOIO iX ()YHKITIOHATBHOTO IMPHU3-
HA4YeHHs MOKHA BiTHECTH:

— peBiTami3aliio MOpTy Ta CKIAJACBKUX MPHUMi-
menp HafenCity y wm. ['amOyp3i (Himedumnna)
3 TepeTBOpPEHHSIM iX Ha OaraTodyHKITIOHATHHHUN
MICBKUH paliOH i3 KUTIOBUMH OyAuHKamu, odic-
HUMHU OY[iBJISIMH, TOPTOBEIbHUMH LIEHTPAMH, KY-
JBTYPHO-PO3BAXAIEHUMH 00’ €KTaMH, MapKOBOIO
30HOIO; MPH I[LOMY OKpEMi 3acTapiiai OymiBmi, SKi
Mald iCTOPUKO-KyJIbTYpPHE 3HaUCHHS, 30eperin Ta
iHTerpyBaiu B HOBY 3a0ynoBy (puc. 1, a) [2];

— peBiTam3aIliio KOJUITHEOTO PiYKOBOTO IIOp-
Ty St. Katharine Docks y m. Jlounon (Benuka bpu-
TaHis), B pe3yJbTari sikoi Oynu cTBOpeHi odicHi Ta
JKUTIOBI OymiBIi, pecTropaHw, Oapyu Ta cydacHa
crostHKa Juis sxT (puc. 1, 6) [21];

— peBiTaji3allil0 KOJUIIHBOTO TPaMBAHHOIO
neno De Hallen y m. Amcrepnam (Himepmanmm),
30yJOBaHOT'O Ha MOYaTKy XX CTONITTS; Ie JCTO
Majo BIJIKpUTI 3ajid, BHUCOKI CTeJi, OpHIiHAJIbHI
MeTaJleBl KOHCTPYKIIi, IO i/I€albHO TiAXOIATh
JUTSL BEJTMKUX TPOMAJICHKUX MPOCTOPIB; el 00’ €KT
OyB mepeTBOpEHHI Ha KyJIbTYPHUH LIEHTP, B IKOMY
po3mimeHo KkiHoteaTp, 0i0mioTeky, (yakopTH,
MaiCTepHi, Mara3uHy Ta TOTEJb; MPU IbOMY MaK-
CUMAJIbHO 30€peKCHO aBTEHTHYHUIN BUTIIA OYIiB-
i, BKIIIOYHO 3 TpaMBalHUMH KOJISIMH, SIKi CTalln
eleMeHTaMu au3aiiny mimioru (puc. 1, 6) [16];

— peBiTamizaifiro OyJiBJIi KOJHUIIHBOTO JICTIO
MEPIIOr0 BY3bKOKONIHHOTO €IeKTPUYHOTO TpamBast
B M. KpakiB (ITosbina) 3 mepeTBOpEHHIM Ha My3eid
MyHinmnaapHoro OyaisauiTBa (puc. 1, 2) [10];

— peBiTajizallito KOMIUIEKCY OyaiBelib 1 CIIOpY/T
KOJIMIIHBOTO JIapHUIIBKOTO IIOBKOBOTO KOMOiHATY
B M. KHiB i3 mepeTBOpeHHSIM Ha KpeaTUBHUI Kiac-
Tep «Apt-3aBon «IInardopmay, B skoMy po3Tamio-
BaHi KOBOPKiHI'H, MUCTEIBKHIA MPOCTip, QyIKOpTH,
TBOpuYi MaiictepHi (puc. 1, 0) [7].

AHaii3 nux Ta 0arathoX iHIIUX TPOEKTIB peEBi-
Taltizalii HeQyHKI[IOHYIOUMX 00’€KTiB TPaHCIIOPT-
HOI iH(pacTpyKTypH mix uBiIbHI 06°ekTH [13-15,
18-20] 3 pisHOMaHITHUMH (YHKI[ISIMHA JIO3BOJISE
3pOOMTH BHUCHOBOK, IO OCHOBHUM 3aBIaHHSIMH
TaKUX MPOEKTIB €:

— 30epexeHHsl ICTOpPUYHOI CHaAIIMHU, apXiTe-
KTypHHUX 0coOiHBOCTEl OyIiBeNb pa3oM i3 ix iHTe-
rpalii€ero B CydacHUH MIChKUH JaHAmadT;

— MiJBUILEHHS PUHKOBOI BAPTOCTI HEPYXOMOTO
MaiiHa 3aBJSKH NEPETBOPEHHIO HE(DYHKIIOHYIOUNX

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2025/346790

182

© T. C. KpaBuynoscbka, K. B. banakin, 2025


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15802/stp2025/346790

TPAHCIIOPTHE BYJIBHUIITBO

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka Ta nporpec tpatcnopty, 2025, Ne 4 (112)

aKTWBIB Ha CyYacHi 00’ €KTH KUTJIIOBOTO Ta KOMep-
LiHHOTO MPU3HAYCHHS;

— TMOKpAIICHHS SIKOCT1 KUTTS Y MICBKHX paio-
Hax 3aBJISKU CTBOPCHHIO HOBHX «MiCIb TSDKIHHS
HacCeJIEHHS: KUTJIOBHX KOMIUIEKCIB, 00’ €KTIB COLIi-
IbHO-TIOOYTOBOTO, KYJIBTYPHOTO Ta TPOMaCHKO-
O MPU3HAYCHHS;

— CTHMYJIIOBaHHS €KOHOMIYHOTO PO3BHUTKY 4e-
pe3 3almydeHHs iHBECTHUILil, CTBOPEHHS HOBHX PO-
00YHX MICIb.

HesBaxaroun Ha OYEBHIHI IepeBaru, po3poo-
HHAKH TIPOEKTIB peBiTami3allii KOJHUIIHIX 00’€KTiB
TPaHCHOPTHOI iHPPACTPYKTYPH 3i 3MiHOIO iX (yH-
KI[IOHAJILHOTO NPU3HAYEHHS CTUKAIOTHCS 3 HU3KOIO
mpo0ieM, 0OYMOBIICHUX

— TEXHIYHUM CTaHOM OyJiBeJib, BiJ SKOTO 3a-
JIeKaTHMe HEeOOXITHHM 00CAT IHBECTHUIIINH;

— HEBIAMOBIAHICTIO KOJHIIHIX MPOMHCIOBHX
OyzaiBeJib CydyaCHMM BHMOTaM IIIOJO IOXEKHOI
Oe3neky, iHKII03UBHOCTI, KOMPOPTY Ta eHeproe-
(heKTHBHOCTI,

— IOPUAMYHUMH CKIIAHOIIAMU OTPHUMAHHS J10-
3BiJIbHOI ToKyMeHTauii [4, 20].

[IpoTe ocHOBHI mMuTaHHS, TOB’S3aHi 3 IOIIIb-
HICTIO Ta e(DEeKTUBHICTIO pearizallii IPO€EKTIB peBi-
Tai3anii KOJMIIHIX 00 €KTIB TpaHCIOPTHOI iH(Dpa-
CTPYKTYPH 31 3MiHOIO iX (PYHKIIOHATEHOTO TPH3HA-
YeHHs, TOB’s3aHI 3 OOTPYHTYBaHHSM MalOyTHBOT
¢yukmii (pyHKHiH) peBiTami30BaHMX OO0’ €KTIB Ta
BU3HAYEHHSM IOCIIIOBHOCTI X TIEPETBOPEHHSI.

Meta

Mertoro poOOTH € BIOCKOHAJIEHHS METOIUYHO-
ro MiAXOJy JIO OpraHi3alli mpolecy peBitamizarii
KOJIMIIHIX 00’€KTIB TPaHCHOPTHOI iHQPACTPYKTY-
pu 3 ypaxyBaHHAM iX MaiOyTHBOT QyHKIIi (PyHK-
i) B YMOBax YacOBUX 1 peCypCHUX OOMEKEHb.

MeTtoauka

Meroauka IOCHIKEHHS IPYHTYEThCS Ha 3a-
CTOCYBaHHI CHCTEMHOTO MIXOAy A0 Oprasizarii
MpOIIeciB peBiTali3allii KOJHUIIHIX 00’ €KTIB TpaHc-
noptHOi iH(ppacTpykrypu. lle mepemdauae moera-
MHUHA aHali3 MOCTiIOBHOCTI MEpeTBOPEHHs Oyi-
BeNb 1 CHOpYA 13 ypaxyBaHHSM BH3HAYalIbHUX
YMHHUKIB BIUIMBY Ha BHOIp X MaiOyTHBOI (QyHK-
uii. Takuit miaxix 3a0e3neuye NpUAHATTS paLioHa-
JHHHX pillleHh B yMOBaX OOMEXEHUX PecypCiB.

Puc. 1. PesitanizoBani 00’ ekt

TPaHCHOPTHOI iHPPACTPYKTYPH:
a — HafenCity; 6 — St. Katharine Docks; ¢ — De Hallen;
2 — TpaMBaiiHe jeno; 0 — Apr-3aBox «Ilmatdpopmay

Fig. 1. Revitalised transport infrastructure objects:

a — HafenCity; b — St. Katharine Docks; ¢ — De Hallen;
d — tram depot; e — Art factory «Platformy»
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Pe3yabTaTn

MaiiOytHs QyHkuis (pyHkmii) 06’ekra peita-
mizanii mae 3abesnedyBaTd Horo HalOiIbII edek-
THUBHE BHKOPHCTaHHS, TOOTO Take BHKOPHCTaHHS,
sIKe € QI3MIHO MOYKITMBUM, IOPHINIHO TO3BOJICHUM
Ta EKOHOMIYHO JOUUIBHUM, B pe3yJbTaTi YOro
006’ ekt mocsarae HaibineIoi Baprocri [3, 9].

OO6rpyHTyBanHA MaitOyTHBOI ¢YyHKIII (pyHK-
i) 00’€exTy peBiTaiizallii NOTPiOHO 3MIMCHIOBATH
3 ypaxyBaHHSM KOMILUIEKCHOTO BIUIMBY HU3KU BU-
3HAYAIBLHUX CHIOTCHHHUX Ta CK30TC¢HHUX (DaKTOPIB.

Jo eHnoreHHMX (haKTOpiB, SKI MOXYTH SIK
CTPHSTH, TaK i 0OMEXyBaTH MeBHI QyHKIIT, MOKHa
BiTHECTH TaKi:

— icropuuyHa Ta (ab0) apXiTeKTypHa MiHHICTh
00’€eKTa peBiTaizalii;

— apXiTeKTypHi pilleHHs 00’€KTa peBiTaiiza-
1ii;

— 00’eMHO-TUIaHYBaHHI pilleHHs 00’€KTa peBi-
Tam3arii;

— KOHCTPYKTHBHI pillleHHs 00’ €KTa peBiTariza-
1ii;

— OpraHi3aliiHO-TEXHOJIOTIYHI  Ta
pitmeHHs 00’ €KTa peBiTaizaiii;

— iHKeHepHI KOMYyHIiKamii Ta iX TeXHIYHUN
CTaH;

— TEXHIYHHH CTaH OKPEMHX KOHCTPYKTHBHHX
€JIEMEHTIB Ta 00’ €KTa peBiTami3amii B miJIOMY.

Jo ek3oreHHUX (akTopiB, SKi MOXYTh SK
CTPUSTH MEBHUM (QYHKIIISM, TaK 1 iX 0OMeKyBaTH,
MOYKHA BiJHECTH TaKI:

— MicIle po3TamnryBaHHs 00’ €KTa peBiTalizaiii;

— TPaHCHOPTHA JOCTYIHICTh (HANPHUKIAM, O1IH-
3BKICTh JIO TIEHTPY MicTa poOuTh 00’€KT mpuBad-
JIUBUM JJI PO3MIIIEHHS JKUTIIA, TOTEINIB, 0piCHIX
MPUMIlIEHb, TOPTOBEIBHO-PO3BAKAIBHHUX IIEHTPIB;
BiJ/IajieHi IPOMUCIIOB] 30HM MOXYTh OyTH NpHBa-
OJMBUMHM JIJIsI PO3MIILIICHHS CKJIAJICHKOI HEPYXOMO-
CTi, IOTICTHYHUX IIEHTPIB);

— XapakTep HaBKOJMIIHKOI 3a0y/IOBH Ta collia-
neHOT iH(paCTPYKTYpH;

— PUHKOBHII IOTIHT;

— MpaBoBi 0OMeXeHHs (30HIHT BH3HA4Ya€ yMO-
BU Ta OOMEXEHHS BHKOPUCTAHHS TEPHUTOPIl IUIs
MiCTOOY/AIBHUX MOTPed y Mexax BU3HAYCHHUX 30H,
a TOMy MOXJIMBO OyJie TIOTpiOHa mpolenypa 3MiHHA
IIbOBOTO TPH3HAYCHHS).

Jiist IpUHAHATTA OOTPYHTOBAHOTO PillIEeHHs MIO-
10 BU3HAYeHHA MaiOyTHBbOI (QyHKUil ((yHKUiN)
00’exTa peBiTamizalii JOIiJILHO 3aCTOCOBYBATH

TEXHIYHI

— MapKeTHWHTOBI AOCTIIKEHHS IIOA0 PUHKOBOI
KOH FOHKTYpH, a TaKOX IIHOBOi MOJITHKH HA Bij-
MOBITHOMY PHHKY HEPYXOMOCTI;

— SWOT-anani3, B MexXax sIKOr0 BUKOHYETHCS
OIIIHIOBaHHSI CHJIFHUX 1 CTAOK¥X CTOPIH AOCHIKY-
BaHOrO 00’€KTa, a TAaKOX MOMKJIMBOCTEH Ta 3arpo3
3 00Ky 30BHIIIHBOTO CEPEIOBUIIA;

— KOHILIENITyallbHEe MPOEKTYBaHHS 3 (hopmyitio-
BaHHJIM OCHOBHOI imei peBiTamizalmii KOHKpETHOrO
00’€eKTy, BU3HAYCHHSAM LIeH 1 mapameTpis, a Ta-
KO TIONIEPEIHBOIO OIIHKOIO MOKIIUBOCTEH peairi-
3ar1ii Ta epEeKTUBHOCTI.

Pesitamizamisi HEBUKOPUCTOBYBaHHX 00’ €KTiB
TpaHCIIOPTHOI 1H(PACTPYKTYpH 31 3MIHOIO iX (yH-
KIIIOHAIBHOTO TPU3HAYEHHS mependadae 3acTocy-
BaHHS KOMIUIEKCY CY4aCHUX TEXHOJIOTiH Ta MiIxo-
JIiB, CIIPSAMOBAHMX HA TXHIO aJaNTallil0 O HOBHX
(dbyHKIiH 13 3a0e3nedeHHsIM Oe3MeKH, 1HKIII03UBHO-
cTi, kKoM(opTy Ta eHeproeeKTUBHOCTI, 30KpeMa:

— 00CTe)KEHHsI KOHCTPYKTUBHHX  CJIEMEHTIB
OyxiBmi ((dhyHIAMEHTIB, CTiH, MEPEKPHUTTIB, Naxy,
ITiJTOT, BIKOHHUX 1 TBEPHHUX MPOPIi3iB, BHYTPIIIHIX
CAaHTEXHIYHHUX Ta EJIEKTPUYHUX TPHUCTPOIB) Ui
OIIIHIOBaHHS iX TEXHIYHOTO CTaHy Ta BH3HAUYEHHS
3HOCY, 30KpeMa 3 3aCTOCYBaHHSIM HEpYHHiIBHUX
METOZIB;

— OyniBenbHe iH(oOpMaIliiiHE MOAETIOBaHHS
(BIM-texHomorii) st CTBOpPEHHsSI OYIiBENBbHOT
iHpopmariiiHoi Mojeni o0’ekra peiTamizamii
(BIM-mozeni 00’ekTa), 10 NPEACTaBIsE COOOO
Ha0Ip CTPYKTYpOBaHUX 1 HECTPYKTYPOBaHUX iH{]O-
pMarniiiHux KoHTelHepiB (HaOOpiB JaHWX) y pam-
Kax MUTICHOT iHPOPMaIiiHHOT CUCTEMH, IO MICTATh
HEOOXiJHI reoMeTpuuHi, (iznuHi, QyHKIIOHATBHI
Ta 1HIII XapaKTEPHUCTHUKU 00’€KTa, HAa OCHOBI SKHX
PO3pOOJIAETHCS IOKYMEHTAIIIS, 10 CYIPOBOJIKYE
JKUTTEBUHN ITMKIT 00’ €KTa (MPOEKTHA Ta KOLITOPHC-
Ha JOKYMEHTalis, peKOMEeHIamii IO0J0 eKCIUTya-
tamii) [11]. Ie cnpuse mpouecaMm MPOEKTYBAHH,
PEKOHCTPYKIIIi Ta MOJaJbIIOl eKCIUTyaTarlii i € Ha-
JIIHOI0 OCHOBOIO [UISl IPUHHATTS PillIeHb;

— 30epe)KeHHS] aBTCHTUYHOCTI IIIIXOM MaKCH-
MaJIBHOTO 30€peXEeHHs OPUTIHANBHUX €JICMEHTIB
OymiBi;

— aJanTUBHE BUKOPUCTAHHS MPOCTOpPY dYepe3
30epeKeHHs] OPUTiHABHUX MPOCTOPOBUX XapaKTe-
PUCTHK (BHCOKUX CTE€Jb, BEJIHUKHX BIKOH, BIIKPH-
TOTO TUIAHYBAHHS) Ta iHTerpauis iX y HOBY (pyHK-
uito (pynkuii) [5, 15];
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— TEXHOJIOTISl MITYYHOTO IHTENEKTY I03BOJIIE
MiABUIIUTH SKICTh MPOEKTYBAaHHS Ta ONTUMi3yBaTH
IH3aiiH, cripuse 3a0e3NedeHHI0 KOHTPOJIIO SKOCTi
po0iT, MOHITOPHHTY O€3MeKH, 30KpemMa IPH 3aCTO-
CyBaHHI JJIsl aHANI3y IUTaHIB, BHUSBIICHHS MMPUXOBa-
HUX KOMYHiKamii abo OLiHKK CTaHy MaTepiais;

— TEXHOJIOTiS BHOIPKOBOTO AEMOHTAaXYy, SKa
repeadavae po3OHpaHHSA JIUIIE OKPEMHX YaCTHH
OyaiBJIi 4M CIIOpYIH, a HE BCHOrO 00’ €KTa B ILJIO-
My, IO JTO3BOJIAE MIATOTYBaTH 00’ €KT IO PEKOHC-
TPYKIii, HE PYWHYIOUH HOTO TOBHICTIO, 3aBISKH
YOMY JOCATAETHCA MiHiIMizallis 00csTiB OyIiBenb-
HUX BiAXOJIB Ta 30epeKeHHS €NEeMEHTIB AJIs TO-
BTOPHOTO BHKOPHCTAaHHS Ha OCHOBI IPHHIIMITIB
HUPKYISIPHOT eKOHOMIKH,

— pemeqiamisi TPYHTIiB, sKa Tmependadae OYH-
HICHHST 3a0pYJHEHUX MPOMHCIOBUX TEPUTOPIAX
IUITXOM BHUBEICHHS 3a0pyIHIOBAYIB 3 HABKOIHIII-
HBOTO CEPEAOBUIA, 30KpEMa 3 IPYHTY, IMiI3eMHHX,
MOBEPXHEBUX BOJ Ta arMocdepu, i3 3acCTOCyBaH-
HsM (i3UYHIX, 010JI0T19HUX 200 XIMIYHHUX METOIiB
Ut 3a0e3TeueHHs eKOJIOTIYHOI Oe3MeKn peBiTai-
30BaHoOro 06’exra [8];

— TIJCWJICHHA KOHCTPYKTUBHHUX EJIEMEHTIB Oy-
JBEJIb;

— 3aCTOCYBaHHSl JIETKUX OyIiBETBbHHX KOHC-
TPYKLiH, 30KpeMa MeTaJeBUX KOHCTPYKIIH, IO
3a0e3reyuye 3MEHIICHHS HABaHTAXXCHHS HA OCHOBY
Ta QyH/IaMEHT;

— TEXHOJIOTISl iHTepHeTy pedel IUIsi ONTHMi3a-
1ii BUKOPUCTaHHS peCypcCiB, YIPaBIiHHSA KiIiMa-
TOM, OCBITJICHHSIM Ta O€3MEeKOr0 Oy 1iBETb;

— 3a0e3MeueHHsT €HEepPreTHYHOI eQEeKTHBHOCTI
OyniBesb, 3MEHIICHHS CIIOXKHBAaHHS eHeprii y Oy-
TIBIISIX, 30KpeMa HUISIXOM BHUKOPHCTaHHS €(eKTH-
BHUX TeIUIOIBOJILIIMHAX MaTepialliB Ta CHCTEM
BeHTUIIbOBaHUX (hacais [1];

— 3aCTOCYBaHHS BiTHOBIIIOBAHUX DKEpEIl CHEp-
rif, 30KpeMa BCTaHOBJICHHS COHSYHHMX IaHENeH,
TEIJIOBUX HACOCIB 1 CHCTEM peKyIepallii Teria s
3MEHIICHHs eKCIUTyaTalliiHuX BUTPAT Ta BYTJIEIle-
BOTO CIIITTy.

3acTocyBaHHSI TAKOTO KOMIUIEKCY TEXHOJOTIH i
MIIXOMIB IO peBiTamisalii HEeBHKOPHUCTOBYBAaHUX
00’€KTiB TpaHCTIOPTHOT IHYPACTPYKTYPH 31 3MiHOIO
iX (DyHKIIOHAJTBHOTO TPU3HAUCHHS JIO3BOJISIE TIe-
pETBOpUTH 3aHeN0aHI MPOMHUCIIOBI OyaiBIi Ha Cy-
YacHi, (QyHKIiIOHaNBHI Ta NMpPUBAOIMBI MPOCTOPH,
AKl BIANOBIAIOTH BHUMOTraM CTajlOTO PO3BHUTKY
MICT.

[lomo opramnizartii peBiTaiizarii 00’ €KTiB TpaH-
CHOPTHOI iHQPACTPYKTYpH 31 3MIHOIO iX (QyHKIIiO-
HAJIBHOTO TPU3HAYEHHS MOKHA 3alpoONOHYBaTH
JEeKUIbKa MiIXOMIB:

— IHTErpoBaHU{ MIiAXiM, KWK Mepexdadae Ime-
PETBOPEHHS BCHOTO KOMIUIEKCY OYIiBEINb 1 CrIOpy/T
JUISL CTBOPEHHS ITUTICHOTO MIiCBKOTO CEpeIoBHIINA
3 HaJI)KHUMH KOMYHIKAIlisIMHA, JOPOTaMH, 30HaMHU
BIMIOYMHKY Ta 00’ €KTaMu COLiaTbHO-OOYTOBOTO
MpU3HAYCHHS; B pe3yNbTaTi 3a0e3nedyeThesl siKic-
HHW, TAPMOHIWHANA PO3BUTOK TEPHUTOPIl; BIAIIOBII-
HO TakW{ MigXi MOTpedye 3amydeHHs 3HAYHUX
1HBECTHUIiH 1 3a3BUYall TPUBAIOTO Yacy JJisl peai-
3ail;

— ¢parMeHTapHUA WiAXiA, SKAKH TMependadae
peBiTamizaiio oKpeMux OyliBeab ab0 HEBEIMKHX
TUISTHOK Y MEKaX MPOMMCIOBOI 30HM; TaKUH Mij-
Xig 3abesmedye THYYKICTh, MOTpeOy€e MEHIIOTO
00CATY IHBECTHIIIH 1 JO3BOJISE IBUIIIC peallizyBa-
TH TIPOEKTH.

Bubip Toro um iHIIOTO MIXOAy M0 OpraHi3arii
peBiTamzarii 00’€KTiB TPaHCHIOPTHOI iH(pacTpyK-
TYpPH 31 3MiHOIO TX (PYHKIIOHAIEHOTO MPU3HAYCHHSI
3anekaTuMe Bifl MacmTaliB MPOEKTY, (hiHAHCOBHUX
MOJXKITUBOCTEH, IiJIell iHBECTOPIB, a TAKOX MICTO-
OyJIBHUX YMOB i OOMEKEHb.

s BM3HAYEHHS ONTHMAJIBHOI MOCIIZOBHOCTI
PEKOHCTPYKIIii MPOMHCIOBUX Oy iBENh Y IPOEKTAX
peBiTami3anii MpONnoOHyEThCSI KOMIUIEKCHUH TiIXi,
SIKMH TPYHTYETBCS Ha aHali3i MHOXXWHU BH3Ha4a-
TpHUX (DaKTOpiB i3 ypaxyBaHHAM MPIOPHUTETIB
MIPOEKTY.

SIK OCHOBHI KpHTepii JJIs1 BU3HAUCHHS ONTHMA-
JIBHOT MOCITITIOBHOCTI PEKOHCTPYKIIiT POMHUCIOBUX
OyZiBeNb y MpOEKTaX peBiTamizalii AOIIIBHO 3a-
CTOCOBYBATH TaKi:

— TEXHIYHHH CTaH 1 Oe3leKa, IO € TOJOBHUM
MIpiOpUTETOM;

— Mait0yTHe (YHKIIOHATbHE BHKOPHCTAHHS
(11e 30KpeMa BIUIMBA€E HA 00CATU HEOOX1THUX POOIT
1 X MPIOPUTETHICTH);

— 3a0e3neueHHs] KOMYHIKaIlisiMu (OI[iHIOBaHHS
ICHYIOUHMX IH)KCHEPHUX MEpex, MiJl’ 3HUX MUIAXiB
TOWO; OYMiBI, Je Mepexi Bke (QYHKIIOHYIOTS,
MOXYTh OyTH IIBU/IIC BBEJCHI B EKCILTYaTAIlil0);

— (iHaHCOBI KpUTEPIi: MOCIIIOBHICTH PEBiTANI-
3amii 00’€KTIB 4acTO 3aJIeXKUTh BiJl (iHAHCOBOT
MOJIeJIi TIPOEKTY Ta HEOOXiIHOCTI MIBUIKOI OKYII-
HOCTI KaIliTATbHUX BKJIaJleHb; 00 €KTH, SIKi TIOTpe-
OyI0Th MIHIMAJIbHUX THBECTHIIIN 1 MOKYTh IIIBHIKO
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IMOYaTH TPUHOCHTH AOXiA (HampuKiIam, 37aada B
OpeHOy MiA CKJaau, KpeaTuBHI MPOCTOPH TOIIO),
4acTO PEKOHCTPYIOIOTHCS MEPUIMMHU ISl 3aTy4eH-
HS CTapTOBOTO KaIliTally Ta JAEMOHCTpaIlil ycmixy
IIPOEKTY; SAKILIO NPOEKT € JOBrOTPUBAIMM, TO HOC-
JIJIOBHICTH peBiTallizaiii 00’€KTiB MOXE BHU3HAYa-
THCS TpaHIIaMH 1HBECTHUIIIA ab0 eTamaMu Kpemu-
TyBaHHS;

— MpUBaOJIUBICTh 00 €KTYy peBiTamizamii ams
KJTieHTiB (OKYyMIiB a00 opeHaapiB): 00’ €KTH 3 BU-
COKMM TIONUTOM (HAINpHUKiIaa, opicH B IEHTPaIhb-
HI 9acTWHI MicTa) MOXYTh MaTH MPIOPHUTET Hal
00’eKTaMH, IO MOTPEOYIOTH TPUBAJIOTO MOUIYKY
pEe3UICHTIB (HAPHUKIAL, CHeliali3oBaHi KyJIbTyp-
Hi IIEHTPH);

— MiCTOOY/IBHI Ta COIiajbHI KpUTEPii: peBiTa-
Jizanis OymiBesib, PO3TAIIOBAHUX Y3J0BXK TOJIOB-
HUX BYIUIH a00 MOOIN3y KUTIOBUX PalOHIB, MO-
Ke MaTH OUTBIINI MO3UTUBHHUN COLIANbHUN e(eKT,
MOKpALIYIOUX 3arajbHUi BUIVIAJ PAMOHY Ta 3MEH-
IIyIOYH HETaTUBHUH BIUTMB 3aHET0aHUX TEPUTOPIN
Ha JOBKIIIS;

— opranizanis OymiBelbHUX POOIT i JIOTICTHKH
TakKUM YMHOM, 1100 HE TEepPenIKo/HKaTi (yHKITiO-
HYBAaHHIO BJK€ PEBITATI30BaHUX Oy/IiBEIb.

VY mijoMy X TOCTIIOBHICTH peBiTaiizallii He-
BUKOPUCTOBYBaHUX 00’€KTIB TpPaHCIIOPTHOI iH(pa-
CTPYKTYPH 31 3MiHOIO iX ()YHKIIOHAIBHOTO IPH3-
HAYeHHsI BU3HAYAETHCS ILISIXOM IOIIYKY OanaHcy
MiXk moTpebamu y Oesrieri, eHeproeeKTHBHOCTI,
KOoM(DOpTIi, IHKITIO3UBHOCTI OyAiBeINb 1 (hiHAHCOBOIO
JOLITBHICTIO 3 ypaxXyBaHHSM IUJIEH CTaJoro pos-
BUTKY (puc. 2).

Puc. 2. PesitanizoBana OyiBiisi TpaMBaliHOTO JIETIO
1] iIHHOBaIiHHO-KpeaTuBHUHU mpocTip Lem Station
y M. JIsBiB [12]

Fig. 2. Revitalised tram depot building converted
into Lem Station, an innovative and creative space
in Lviv [12]

Hampuknan, sKmo mpu BU3HAYCHHI MTOCHTIIOB-
HOCTI peBiTamizallii 00’€KTiB mepeBara HaJaa€ThCs
(iHaHCOBOMY KpHTEpil0, TO CIIOYaTKy IEepEeTBO-
prOrOTh OyAiBmi A OQicHI Ta TOPrOBEIbHI MPUMi-
MIEHHS, SIKi MOXYTh 3a0€3MeYnTH IIBHIKY OKYII-
HICTh I1HBECTHIIIHA, a BXKE IMOTIM TNEPETBOPIOIOTH
OyiBII ITiJ] )KUTJIOBI Ta COIIaNIbHI 00’ €KTH.

SIkimo k TIpW BM3HAYCHHI MOCTIAOBHOCTI pEBi-
Tajizamii 00’€KTIB mepeBara HaJa€ThCs COLlialb-
HOMY KPHUTEPI0, TO CIIOYATKy PEBITANI3yIOTh Oyi-
BIIIO IMiJ KYyJbTypHUH IIeHTp abo TpOMaJChKUi
MPOCTip 3 METO NPHUBEPHEHHS JO HHOTO YBarw,
a BXK€ TOTIM peBITaNi3ylOTh OyIiBil miJ 00’ €KTH
KOMEPIIIHHOTO TTPU3HAYCHHS.

HaykoBa HOBU3HA Ta NPAKTUYHA
3HAYMMICTH

HaykoBa HOBM3HA pOOOTH mOJSTae B 3aCTOCY-
BaHHI CUCTEMHOTO MiJXOAy IO OpraHi3alii nmporie-
CiB peBiTamizaiii KOJHIIHIX 00 €KTIB TpaHCIOPT-
HOI 1H(QPACTPYKTypH, M0 Iependadae MOSTATHAN
aHaJi3 TMOCTiIOBHOCTI TEpEeTBOpEHHsI Oy/iBeib
1 CrIopy i3 ypaxyBaHHSIM BHU3HAYAJIHHIX YMHHHUKIB
BIUIMBY Ha BHOIp iX MaiOyTHbOi QyHKuil. Takuii
miaxix 3a0e3nedye MPUHHATTS paliOHAIBHUX Pi-
[IeHb B YMOBaxX 0OMEKEHUX PECYpCiB.

[IpakTu4Ha 3HAYUMICTh POOOTH MOJSTAE B TO-
My, IO 3alpOTOHOBAHMW MiAXiA A0 BU3HAYCHHS
ONTUMAJTBHOI TIOCIIIOBHOCTI PEKOHCTPYKIIIi HEBH-
KOPHCTOBYBaHUX 0O0’€KTIB TPaHCIOPTHOI iH(pa-
CTPYKTYPH 31 3MiHOIO iX ()YHKIIIOHAIBHOTO IMPHU3-
HaYeHHsI y TPO€EKTaX peBiTamizalii 3adbe3neuye op-
TaHU JEp)KaBHOI BIIQJM, OPTaHU MICIIEBOTO CaMo-
BpSIAyBaHHS Ta iHBECTOPIB IHCTPYMEHTapieM MJist
OPUHHATTS €(EeKTUBHHUX DIllICeHb B YMOBaxX 4aco-
BHX 1 PECYPCHHX OOMEKEHb, 13 YpaxyBaHHSIM TeX-
HIYHUX, IOPUANYHHUX Ta (IHAHCOBUX ACTIEKTIB.

BucnoBkun

PeBitamizaliis HEBUKOPHUCTOBYBaHHX OO0 €KTIB
TPaHCIOPTHOI 1HPPACTPYKTYpH 3i 3MiHOMWO iX (YH-
KIIIOHAJBHOTO TPU3HAYCHHS, KPIM BHPIIIEHHS Mic-
TOOYNiBHUX, EKOHOMIYHUX, €KOJIOTIYHUX Ta COIlia-
JIbHUX 3aBJaHb IEPETBOPEHHS JErpajoBaHUX Te-
PHUTOpIH, MOXe PO3TISIATHCS K ePEKTHBHUH MijI-
X1 40 3a0e3meyeHHs] TOCITHEHHS ILiIeH CTajaoro
po3BuTKy MicT. [Ipu npomy 3amadi nmepeTBOpeHHs
MICBKOI 3a0yJ0BH uepe3 IMePEeOCMUCICHHS (YHK-
il BXe iCHYI0UuX Oy/iBellb 3aMiCTh Oy IIBHUIITBA
HOBUX O0’€KTIB KOPEIIOITH i3 3ajadaMH MI0JI0
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CTBOPEHHSI CTaJOro JXKUTIA, €KOHOMIYHOTO 3pOC-  TPYKIlii HEBUKOPHCTOBYBAHUX 00’ €KTIB TPAHCIIOP-
TaHHs, BiANOBIJaJbHOTO BHUPOOHHLTBA 1 CHOXKH- THOI iH(pacTPyKTypH 31 3MiHOIO iX (DyHKIiIOHAb-
BaHHS. HOTO TMpPHU3HAYEHHS Yy TMPOEKTaxX peBitamizauii Ao-

3acTocyBaHHS 3allpOMIOHOBAHOTO IMIAXOAY O  3BOJISIE BH3HAYWTH TMPIOPUTETHICTH 13 ypaxyBaH-

BH3HAYEHHS ONTHMAJIBHOI IMOCHTIOBHOCTI PEKOHC-  HSAM BIUTMBY MHOXXHHH BU3HAYAIBHUX (PaKTOPIB.
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Substantiation of the Optimal Sequence of industrial Building Reconstruction
in Revitalization Projects, Taking into Account Their Future Function

Purpose. Development of a methodological approach to the revitalization of former transport infrastructure ob-
jects, taking into account their future function (functions) within the constraints of time and resources.
Methodology. A systems approach to modelling the revitalization process in terms of substantiating the sequence of
inclusion of non-functioning transport infrastructure objects in the project; a comprehensive approach to forming
a set of determining factors of exogenous and endogenous nature. Findings. A methodological approach to the revi-
talization of former transport infrastructure objects has been improved, taking into account the preservation of the
authenticity of buildings, the adaptive use of their space, the application of building information modelling technol-
ogies, artificial intelligence, the Internet of Things, selective dismantling of structures, and soil remediation to meet
safety, comfort, inclusiveness, and energy efficiency requirements, ensuring the commissioning of objects with
specified technical and economic characteristics within existing resource constraints. Originality. A systems ap-
proach has been applied to the organization of the revitalization processes of former transport infrastructure objects,
which involves a step-by-step analysis of the sequence of transformation of buildings and structures, taking into
account the determining factors influencing the choice of their future function; at the same time, the tasks of trans-
forming urban development by rethinking the functions of existing buildings instead of constructing new objects
correlate with the tasks of creating sustainable housing, economic growth, responsible production and consumption.
Practical value. The task of transforming urban development by rethinking the functions of existing industrial
buildings instead of constructing new objects correlates with the tasks of creating sustainable housing, economic
growth, responsible production and consumption. The proposed approach to determining the optimal sequence for
the reconstruction of unused transport infrastructure objects with a change in their functional purpose in revitaliza-
tion projects allows priorities to be set taking into account the influence of a number of determining factors and pro-
vides state authorities, local self-government bodies and investors with tools for making effective decisions under
time and resource constraints, taking into account technical, legal and financial aspects.

Keywords: revitalization; reconstruction; complex approach; determining factors; criteria; optimal sequence of
reconstruction of objects; sustainable development
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3acagu KoHuenuii 3B0POTHOI KOHBEPCii 1JIf OOIPYHTYBAHHSA 32CTOCYBAHHA
NMiJI3eMHHUX CIIOPYA METPOIOJIITeHY B IKOCTI YKPUTTIB

Merta. ABTOpHY CTaBIIAThH 32 METY BU3HAUUTH 3aCaH KOHIICIIIIT 3BOPOTHOT KOHBEPCIT ISl OOTPYHTYBaHHS 3aCTO-
CyBaHHS WiJ3EMHHUX CIOPYX METpPOINOJITEHY B SKOCTI YKPUTTIB 0O0’€KTiB KPUTHYHOI iH(PPACTPYKTYpH.
Metoauka. Y crarTi IpoaHai3oBaHO Ta Kjacu(pikoBaHO BKe 30yl0BaHI YKPHUTTS, a TAKOXK 3alpOIIOHOBaHI Ha Oyi-
BEJIPHOMY PUHKY YKpaiHM CHOpYAM TOABIHHOTO MpH3HAYCHHS. BU3HAUCHO OCOOJIMBOCTI 3aXMCHUX CIOPYI, IXHI
KOHCTPYKTHBHI NapaMeTpH, NepeBaru i HeJoMiku. BinMmiueHo, 1110 nosiBa HOBHX i€ Ta HaBiTh ()OPMYyBaHHS KOH-
eI, 10 OXOIUTIOIOTh MIPUCBAYCHI YKPUTTSIM CYMDKHI 00J1aCTi, IOB’SI3Y€THCS 3 OCBOEHHM ITiI3EMHOTO TIPOCTOPY
BEJIMKHX MiCT, TOOTO 3 00JacTio, o Bke Oyna po3pobieHa panimie. JloBeneHo, Mo YKpaiHCBKUH MOCBII 3aCTOCY-
BaHHS 3aXUCHHX CIIOPY] HaJa€ MOXKIINBICTh CTBOPEHHS HOBOI KOHIICTIIII1, B AIKii BXKE BiTOMi KOHCTPYKIIi MiI3eMHNX
CHOPY/I IIMBITBHOTO NPU3HAYCHHS MOXKYTh YCIIIIHO BUKOHYBAaTU POJIb YKPUTTIB. Pe3yabTarn. [{ns oGrpyHTYyBaHHS
3aCTOCYBAHHS IMIA3EMHHX CIIOPY B SIKOCTI YKPUTTIB ISl 00 €KTiB KPUTHUHOI iIHPPACTPYKTYPH 3aMPOBAIKCHO HOBY
KOHIIETIIIIIO, IKa OTpUMaja Ha3By «3BOPOTHA KOHBEPCis». 3BOPOTHA KOHBEPCIS MPECTaBIIsE COOOIO0 MPOLEC NEPEHOCY
CYTO IIMBUIBHUX KOHCTPYKTHBHO-TEXHOJIOTIUHHX PillIeHb Y BIfICBKOBY cdepy, a TakoxkK B 00J1acTh, 0 OJM3bKa JI0 Hed,
a caMe 00J1aCcTh CIIOPY/DKEHHS 3aXUCHUX criopya. OOIpyHTOBAHO, 10 OHOCKJICIIHYACTA CTAHIIISI METPOTOJITEHY MiJi-
KOTO 3aKJIaJICHHS, CIIOPY/IKEHA 13 MOHOJIITHOTO 3aJ1i300€TOHY, i KOJIOHHA CTAHIIisI METPOIOIITEHY MIJIKOTO 3aKJiaIcH-
Hsl, 3SMOHTOBaHa i3 301pHOTO 3aJ11300€TOHY, MalOTh BUCOKHH ITOTEHIIIaJ B IKOCTI YKPUTTIB. JJOBEIEHO, 1110 KOHCTPYK-
TUBHO-TEXHOJIOTI4HI pillleHHs OyIiBHUITBA IMiJA3€MHHUX CIOPYA METPOIOJITeHY (CTaHILii MUIKOrO 3aKIajeHHs) ITe-
peHOCAThCS 710 00JIacTi CIOPY/KEHHSI 3aXUCHHUX CIOPYJ, @ HE BUKOPHCTOBYIOTHCS B SIKOCTI 00’€KTIB MOABIHHOTO
npusHadeHHs. HaykoBa HoBu3HA. B cTarTi Briepie HaBeseHi 3acajy KOHILEMIIT 3BOPOTHOI KOHBEpCIi, sika Ha/ae
MOXJIMBICTh PO3LIMPEHHS MPOCTOPY pillIeHb CTBOPEHHS 3axMCHUX cropyd. IIpakTuuHa 3HAYMMICTB TONATAE
B OOTPYHTYBaHHI CTAaHIIII METPOIOJITEHY MLIKOTO 3aKJIaICHHS B SIKOCTI YKPUTTIB 00’ €KTIB KPUTHYHOI iIHPPACTPYKTYpPH.

Kniouosi cnosa: 3BOpOTHa KOHBEpCis; METPOIOJITEH; Mi3eMHA CHOpPY/a; 3aXHUCHA CIOPYHAA; YKPUTTS; 00’ €KT
MOJIBIMHOTO MPU3HAYEHHS; KPUTHYHA iH(pacTpyKTypa

Beryn Ha cporomni ms mpobiema, BUpINICHHS SKOI
BiZIMiu€HE TOCTPOIO aKTYalbHICTIO, PO3IIISIAETHCS
3 AEKLTBKOX PaKypcCiB, KOXKEH 3 AKuX (popMye HOBI
KOHIIENIIi] 3aXUCTY y BiIIOBIIHOCTI O OCOOIMBO-
creit minxonis [8, 10]. ITo-niepiie, Ha MOYATKY TMO-
BHOMACIITAOHOTO BTOPrHEHHS, KOJIHM ITiJ[3€MHi
CIIOPY/IM METPOTIONITEHY Ta iHII 3aCTOCOBYBAIIUCS
CUTYaTHUBHO, IOYAIM 3 SIBJISITUCS METOJOJIOTIUHI
KPOKH, IO MOCTYIOBO OKPECIIIOIOTh KOHIICHIIO
BUKOPHCTaHHSI BKa3aHUX CIIOPYA SK YKPUTTIB Ta
00’exTiB nozBiliHOTO Npu3Hadenus [3]. [To-apyre,

HeoOxiguicThs 3a0e3neueHHs Oe3leKu LUBUIb-
HOTO HaceJICHHs, 00 €KTIB KPUTHYHOI i TpaHCIIOp-
THOI iH(pacTpyKTypu Ta Oe3rmepepBHOCTI BUPOO-
HUYKX TPOIIECIB B YMOBaX 3aCTOCYBaHHS MPOTHUB-
HUKOM 3ac00iB YpaKeHHS, II0 OXOIUTIOIOTH BCIO
TEpUTOpit0 YKpalHH, CTala MOTYKHUM CTHMYJIOM
JUIET aKTUBHOTO PO3BHUTKY OyAiBENbHOI raiysi
y cepi CTBOPEHHS YKPHUTTIB, B TOMY YHCII W JIs
00’€KTiB KpuTHYHOI iHppacTpykTypu [7, 13].
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royvaa po3BUBATUCS 00JACTh caMe 3aXHCHHX CIIO-
pya, sika BKe Mae neBHi HampaioBanus [12]. ITo-
TPETE, MPOAOBKYIOTHCS HAYKOBI PO3pOOKH B 00J1a-
CTi CTBOPEHHSI YKPHUTTIB B paMKax JepKaBHOI KOH-
menmii «Kpaixa-poprers» [1].

OxpiM OUX MaricTpalbHUX HampsMiB, CIiJ Ta-
KOXX BIA3HAYUMTH, IO MOTEHLIHHA IOsSBa HOBHUX
i7e# Ta HaBiTh (hOPMYBaHHS KOHIIETIIN, IO OXOT-
JIOIOTh TPHUCBSUEHI YKPUTTSAM CYMiKHI 00JacTi,
OB’ SI3y€EThCS 3 00JACTIO, IO BXKE Oyia po3poodiie-
Ha JeTajdbHO ¥ IUTAHOMIPHO, a caMe OCBOEHHS IIi-
I3€MHOTO TIPOCTOPY BeMMKHX MicT. L{g cuctema-
THYHA TpaKTHKa, IO BKJIOYana B cebe mocii-
TOKEHHS TPAHCIIOPTHUX CHUCTEM (TyHeJli i MeTporio-
JTEeHW), MiA3EMHUX CHOPYA W 00’€KTiB pi3HOTO
npu3HadeHHs (BiJ MaraswHiB [0 CYyCIIBHO-
KyJbTYPHHX MPOCTOPIB) ¥ YUCTO yTUIIITAPHOTO (T1a-
PKIHTH, CKJIaay, pe3epByapH TOIIO) Ma€ HU3KY Ha-
MparbOBaHUX i anmpoOOBaHMX PIllICHb, SIKI MOXKYTh
MICJIS JOCTaTHBOT'O HAYKOBOTO OOIPYHTYBaHHS OyTH
BUKOPHCTAHI /ISl CTBOPEHHS 3aXUCHUX criopy [16].

Jesiki pimeHHs, 00 TPUHHATI B YKpaiHi 1 BxKe
MOCTYMOBO CKJIAJHM CTPATETil0 PO3BUTKY (QOHIY
3aXHCHUX CIIOPYJA HHUBiIBHOTO 3axucty [14], mo-
3BOJISIIOTH  MaKCHMAQJIBHO HIMPOKO PO3TIISTHYTH
npobieMy 3axXHCHUX CIOpPY. Ui IUBUIFHOTO Ha-
CelieHHA W 00’€KTIB KPUTUYHOI Ta TPAHCHOPTHOI
iH(ppacTpykTypu. [leBHI KOHIENTYyalbHI MPUIIOMH,
Kl € XapaKTepHUMU U HaIloi KpaiHW, MOXYTb
BBA)KATHUCSI TAKUMH, 1[0 OKPECIIIOITh YKPalHChKUI
JIOCBIJl SIK HE MEHII TBOPYiH, HDX (iHCHKUI abo
i3painbcekwmii [1, 16].

TakuM 4YMHOM, BpaxoOBYIOUHM BXKE ICHYIOYi Ha-
MpaioBaHHs B 001acTi 3aXMCHUX CHOPYA, CIij
3alpOIIOHYBAaTH HOBY KOHIICMIIIO, IO BpPaxoBYE
HAaKOIMYCHUH JTOCBIJ OCBOEHHS IMiJI3EMHOTO MPOC-
TOpY, SIKA MOKHA 3aCTOCYBATH B iHIIIN SKOCTI.

Meta

Mertor0 HaykoBOI CTaTTi € BH3HAYCHHS 3aca
KOHIIEMIIT 3BOPOTHOT KOHBEPCIi /i 00IpyHTYBaH-
HS 3aCTOCYBaHHS IiJ3€MHHX CIIOPYJ METpPOIIOIi-
TEHy B SIKOCTI YKPHTTIB 00’€KTIB KPUTHYHOI iH-
(bpacTpyKTypH.

MeTtoauka

OCHOBHI IOJIOKEHHS IIOJ0 NPOEKTYBAaHHS 3a-
XMCHHUX CHOPYZ IHBIIBHOTO 3aXHUCTy Ta CHOPY.I
MOJIBIHHOTO TPU3HAYEHHS, NMPU3HAYEHUX I VK-

PUTTS HACEJNEHHs BU3HAYEHI B HOPMaTHUBHOMY J0-
KyMeHTi [4].

[IpoananizyBaBuim Bxke 30yZOBaHI YKPUTTS Ta
3amporoHOBaHI Ha OyiBeTbHOMY PHUHKY CIOPYIU
MTO/IBIHOTO MPU3HAYEHHS MOXHA 1X KIacu]ikysa-
TH, PO3JUINBIIN HA I’ ATh TPy KOHCTPYKLIH:

1. MoHoOiTHI 3a11300€TOHHI.

2. 306ipHi 3a11300€TOHHI.

3. KoM0GiHoBaHi 3a51i300€ TOHHI.

4. MonynbHi 3a11300€TOHHI.

5. Meranesi.

Bci Bka3aHi BHIlle THIH KOHCTPYKIIIA PO3TAIIO-
BYIOTH Ha MOBEPXHI 3eMJIi, TOBHICTIO 00 YaCTKOBO
3aruOIIOI0Th Y TPYHT.

Mononimui 3a1i306emoHHI YKpUumms SIBISIOTH
co0010 1imicHi, 0e3M0BHI KOHCTPYKIii, BUKOHAHI
[UISXOM YKJIaJaHHS OCTOHHOI CyMillli B CIIeIiaib-
HO TIATOTOBJIEHY OManyOKy, apMOBaHy METAIEBUM
kapkacoM. Llg TexHomoris 3a0e3nedye BUCOKY Mi-
LHICTb, )KOPCTKICTh Ta TEPMETHUYHICTH CIIOPY/IH.

ByaiBHUIITBO MOHONITHHX 3113006 TOHHUX VK-
PUTTIB IIUPOKO 3aCTOCOBYETHCS [UIA CTBOPEHHS
0e3rmeyHux YMOB MpH Oprasizamii HaBYaJIbHOTO
Ipolecy B 3aKjazax cepeaHboi ocsitu. B mepesa-
XKHIM OlnpmocTti npoTtupamianiHi ykputTs (I1IPY),
SKi BH3HAYCHI HOPMATUBHUMHU JOKYMEHTaMH,
OTPUMYIOTh HE MPOCTO MOJBiHHE MpPHU3HAYCHHS.
Came 11e#l yKpaiHCBKHI JOCBIJ Ha/la€ MOXKIIUBICTh
po3moyaTH CTBOPEHHS HOBOI KOHIICHII, 3acaau
SIKOi OyJie okpeciieHo Hipk4de. JlocBin Oy/IiBHHIITBA
MiJ3eMHUX IIKiJ, SKUH HaWIUTigHIE TPOSBUBCS
B M. 3alIOpIXKKi, JEMOHCTPYE 1HBEPCiIO, a caMe: He
[IPY BuKOHY€E ponb mij3eMHOi MIKONK (MOJBilHE
npuzHaueHHs [IPY), a mig3emMHa mkona Moxe ciy-
rysatu i [IPV.

Taka mifg3zeMHa mIKoJIa, 1[0 3arjanbieHa Bij Io-
BepxHi 3emii Ha 2...3 M, € OJHOIOBEPXOBOIO,
MaiiKe MPSAMOKYTHOI ()OpMH B TUIaHI i3 3arajibHH-
MU po3MipaMu B ocax 45%30 M, BUCOTOIO TIOBEPXY
(i mimoru go crem) 2,7 m [11]. Ciopyna Buko-
HY€ETHCS B MOHOJIITHOMY 3aJ1i300€TOHHOMY KapKa-
Ci, eJIeMeHTaMH YKOPCTKOCTI SIKOI CIIYTYIOTh CTiHH-
niagparmu topuHOO 300 MM Ta XpecTomoaioHi
KOJIOHH TOBIIUHOIO CcTiHOK 600 mMwm. BryTtpimHi
MEPEropoIKH BUKOHYIOTBCSA 3 KE€pPaMidHOI IMOBHO-
Ti01 meryit M150 Ha IEMEHTHO-ITIIAHOMY PO3YH-
Hi M100. 3aransauii Bursia [IPY/mkonu i3 ocHo-
BHUMH BHCOTHUMH BiAMITKaMH 300paXeHO Ha
puc. 1.
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Puc. 1. 3aranpHuil BUIIIS] MOHOJIITHOTO 3a1i300eTonHoro ITPY [11]

Fig. 1. General view of a monolithic reinforced concrete shelter [11]

TexHomoTisl CIOpy/IKeHHSI MOHOJIITHUX 3aJ1i30-
OCTOHHHX YKPHTTIB € BiJOMOIO Ta 0aratropasoBo
BiJIITPAIIbOBAHO0.

Ilepesacu mononimuux 3aniz006emoHHUX VK-
pummia:

— TiJBWINEHA MIIHICTh Ta CTIMKICTh 10 pyWHI-
BHUX (akTopiB (yaapHi XBWi, BAOYXOBiI HaBaHTa-
YKCHHs1, 00BaJICHHSI CyCiJTHIX OyliBeb);

— BHUCOKHI PiBeHb T€pMETUYHOCTI (BiJICYTHICTh
IIBiB MiHIMI3y€e PH3UK MPOHUKHEHHS BOJIU Ta Ta-
3iB, OTPYHHUX PEUOBHH, PaJli0aKTUBHOTO THITY);

— MOXJIMBICTh CTBOPEHHS YKPHUTTIB CKJIaJHOT
KoH(irypamii (103BOJIIE IHTETPYBAaTH YKPHUTTS
3 ICHYIOUHMH CTIOPYIaMH);

— JIOBIOBIUHICTh Ta HAIIHHICTH (3a SKICHOTO
CTHOPYIKEHHS CIyXaTb ACCATHIITTAMH, HE IOTpe-
OyrouM 3HAYHUX PEMOHTIB).

Heooniku mononimuux 3anizo0emonHHux yK-
pummie:

— TPHUBAJICTH OyAIBEIBHOTO LIUKITY;

— BHCOKa BapTICTh onalyOHUX poOiT (BapTiCTh

MaTepialliB onajgyOKH, BCTAHOBJICHHS Ta JIEMOH-
Tax);

— 3aJIeKHICTH BiJI TOTOTHUX YMOB;

— CKJIQJIHICTh BHECCHHS 3MIiH MiClisi OCTOHY-
BaHHS.

36ipui  3anizobemonni yKpumms TPEACTABIS-
I0Th COOOI0 KOHCTPYKIIii, IO CKIAJalThCs 3 OK-
pEMHX €JIEMEHTIB, BUTOTOBJICHHUX B 3aBOJICBKHX
yMOBax Ta 3MOHTOBAaHHMX Ha MIiCIli eKCILTyaTarlii
[5]. 3a paxyHOK MEHIIMX BHUTpAT Yacy Ha CIIOPY-
JDKEHHSI, TIOPIBHSHO 3 MOHOJITHUMH 3aJ1i300€TOH-
HUMH YKPUTTSIMH, 30ipHI 3a1i300€TOHHI CIIOpYIH
HaOyJM MUpPOKOTo 3acTocyBanHs. Ha punky Ykpa-
{HM 3ampONOHOBaHI Pi3HI BapiaHTH 30ipHUX 3ali-
300€TOHHUX YKPHUTTIB JJIs 3axucTy Bix 10 mromei
Ta Oinbie (puc. 2).

TexHiYHI XapaKTEPUCTUKH CIIOPY/I, 32 TIOTPeOH,
MOYTh OyTH 3MiHEH] B HANPSIMKY SIK ITi{BUIIICHHS
TakK i MOHWKEHHS BUMOT 32 PaxyHOK ajanTauii BU-
poOHUIITBA OJIOKIB ITiJ] 3aITUT 3aMOBHUKA.
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Puc. 2. 3aranpanii urisag [IPY misg 200 ocid
(BupOOHUIITBO 3aBOJY 3aiizo0eTonHuX BUpoOiB Nel, M. Kpemenuyk)

Fig. 2. General view of a radiation shelter for 200 people
(production of reinforced concrete products plant No. 1, Kremenchuk)

[epeBaru 30ipHUX 327113006 TOHHUX YKPHUTTIB:

— MIIHICTh MaTepiary OJOKIB 3a paxyHOK 3a-
BOJICBKOT'O BUTOTOBJICHHS;

— IIBUJKICTH MOHTaXY;

— HE3JICKHICTh BiJl IOTOJHUX YMOB;

— YHIBEpPCAIBHICTh Ta AAANTHUBHICTh 10 Pi3HUX
MIPOEKTIB;

— eKOHOMIYHICTh 32 PaxyHOK CEpifHOro BHTO-
TOBJIGHHS Ta 3HIDKCHHS Yacy Ha OyiBelIbHO-
MOHTaXHi po0OTH;

— MOJXJIMBICTh 3aMiHM OKpeMHX 30ipHUX ee-
MEHTIB y pa3i iX 4aCTKOBOT'O MOIIKO/IXKEHHSI.

Henoniku 30ipHUX 3a1i300€ TOHHUX YKPHUTTIB!

— 0OMeKeHHS TeOMETPUYHUX (POopM po3MipaMu
CTaHIapTH30BaHUX OJIOKIB;

— motpeba y cremianizoBaHiil OyIiBeNbHINA Te-
XHII Ta ymamTyBaHHI MaWJaHYWKIB IS 11 BCTa-
HOBJICHHS;

— TOPIBHSTHO CKJIaJHA T€PMETH3allisl CTHKIB;

— CKJIIHICTh BHECEHHS 3MiH JI0 TOTOBOi KOHC-
TPYKIIIi;

— 3aJISKHICTh BiJ] BAPOOHHUKA.

Kombinosani 3anizo0emonni KoHcmpyKkyii 1o-
€JIHYIOTh TEXHOJIOTii CTBOPEHHS MOHOIITHOTO Ta

36ipHOTO 3am3oberony [6]. Ile o3Havae, 110 MEBHI
€JIEMEHTH KOHCTPYKIIii, Hanpukial, QyHniaMeHTHa
IUINTA, CTIHH, TIEPEKPHUTTS, BUKOHYIOTHCS IUITXOM
YKJIaJIaHHsI MOHOJIITHOTO OETOHYy, TOMI SIK 1HIII
elleMeHTH (OKpeMi JIISHKU CTiH, TEeperopoJiKH,
CXOZIOBI Mapii) € TOTOBHMH 3a1i300€TOHHUMHU
BHpOOaMH, BUTOTOBJICHMMH Ha 3aBOi 1 TOTOBHUMU
JUISI MOHTaXY Ha OyAiBeTbHOMY MaliIaHIHKY.

MosxmBi koMOiHaii 30ipHOTO 1 MOHONITHOTO
3aJ1i300€TOHY B KOHCTPYKIIil YKPHTTS:

1. MoHoniTHu#t QyHmamenT, 30ipHi CTiHHM Ta
MEPEKPHUTTSI.

2. dyHnaMeHTHA ITUTA Ta CTIHH — MOHOJITHI,
MEPEKPUTTS — 301pHi.

3. MoHomiTHUI Kapkac (KoioHH, Oanku), 30ip-
Hi CTIHOBI MaHeJNi Ta IUIMTH NepeKpUTTs (puc. 3).

4. YacTuHa CTiH, 0 KOHTAKTYIOTh 3 IPYHTOM —
MOHOITITHI, BHYTPIIIHI IEPETOPOJIKH — 301pHi.

5. 30ipHi 00’eMHi MOAymi Ta MOHOJITHI
3’€IHyBaJIbHI €JIEMEHTH.

6. 30ipHi CTIHOBI €IEMEHTH 3 MOHOJITHUM ap-
MYIOUUM KOHTYPOM.

7. Iamn komOiHali.
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Puc. 3. 3aranpHuii BUrIIsg KOMOIHOBAHOTO
(361pHO-MOHOJITHOTO) YKPHTTSI

Fig. 3. General view of a combined
(prefabricated-monolithic) shelter

VY Bumanxy komnu 30ipHi OJIOKHM € IMyCTOTLUINMH
1 B MojajiblIOMy TependavaioTh 3aloBHEHHs Oe-
TOHHOIO CYMILIIIO, TOOTO BiAIrpalOTh pOJb He-
3MIHHOI OTMAIyOKH, TOJI MOMJIMBO BHUKJIFOYHATH Ta-
KHH HEJOJIK MOHOJITHOTO OETOHYBaHHS SIK MOH-
Tax 1 IEMOHTaX ONaTyOKH.

Ilepesazu koMOIHOBAHUX 3GNI300€MOHHUX KOH-
CcmpyKyitl (Kpim 3a3Havenux 0as 30ipHuUxX ma MOHO-
JEMHUX KOHCIPYKYITL):

— ONTHMIi3aLisl MILIHOCTI Ta TEPMETUYHOCTI;

— THYYKICTh TPO€KTYBaHHS Ta ajanramis O0
MICIICBHX YMOB;

— MPHUCKOPEHHs 3arajibHUX TEPMiHIB OymiBHHU-
LITBA 33 PaxyHOK NapaJieIbHOTO BUTOTOBJICHHS
30IpHHUX SJIEMEHTIB Ha 3aBOJI.

Heooniku xombinosanux 3ani300emonHUX KOH-
CMPYKYILL:

— CKJIAJIHICTb NPOEKTYBAHHS Ta PO3PAXYHKIB;

— PU3MKH, IOB’s3aHi 3 3a0C3MEUYEHHSAM SKOCTI
3’€THaHb.

Mooyneni  3anizobemonni ykpumms CKIajga-
IOTBCSl 3 OKPEMHX TFOTOBHX 00’ €MHHX OJIOKIB (MO-
JTyJiB), BATOTOBJICHMX Ha 3aBO/I.

BukopucTaHHs OKpeMHX MOJYINIB SIK YKPUTTIB
00MEXYETBCSI MOKIIMBOCTSIMU TPaHCIIOPTHHX 3a-
co0iB Tpu3HAUEHHWX JUIS iX TEpeBe3eHHS, TOMY
B MEPEeBaXKHIM OLIBIIOCTI OKpeMi MOIyJi MpH3Ha-
YeHi [T HEBEITUKOI KUTbKOCTI Jrojei (o 10 ocib).

OxpeMi MOyITli MOXKYTh 3’ €JHYBaTHCh MiX CO-
00r0, yTBOPIOIOYHU OiNbIIe 3a 00CSITrOM Ta IUIOIIU-
HOIO YKPHTTSI HEOOXiZHOTo po3Mipy Ta KOHQIry-
parii B TakoMy pasi ix MO)KHa pO3rJIssaaTH SK 30ip-
Hi 3a1i300eToHHI YKpUTTS (pHc. 4).

Puc. 4. 36ipHe MOIyIbHE YKPUTTS
y cThIl «OyIUHKIB TO6ITIB» [2]

Fig. 4. Prefabricated modular shelter
in the style of “hobbit houses” [2]

Memanegi xoncmpyxkyii yKpummie BUKOPHUCTO-
BYIOTBCSL JUIS YJNAIITyBaHHSI YKPUTTIB 0COOMCTOrO
KOPHUCTYBaHHs [UIsl HEBEIMUKOI KUTBKOCTI JFOAEH

Puc. 5. Metanese ropposane yrkputts [9]

Fig. 5. Metal corrugated shelter [9]

Jiist criopypKeHHs YKPUTTIB MiJIBUILEHOT MiCT-
KOCTiI MeTaJl BUKOPUCTOBYIOTh B SIKOCTI OCHOBHHX
€JIEMEHTIB KOHCTPYKIIii, [0 COPUHMAaIOTh TOJIOBHI
3yCHJUIS, 1HII €IEeMEHTU KOHCTPYKLIi CIOPYIXKY-
I0Tb 13 30ipHOTO 200 MOHOJITHOTO 3a1i300€TOHY.

Tlepesazu memanesux KOHCMPYKYIl YKpUmMmis:

— MEHIIIA Maca €JICMEHTIB, MOPIBHSHO 3 3aJ1i30-
OCTOHHUMU;

— MPOCTI Ta HaJiiHI cIocoOn 3’€JHAHHS OKpe-
MHX €JIEMEHTIB;

— MOXKJIMBICTh IEPEKPUTTS BEJTUKHUX TPOJILOTIB;

— HE3AJICKHICTP BiJl TOTOJJHIX YMOB;

— MOOUIBHICTh T4 MOXIIUBICTh IEPEAUCIIOKA-
1ii;

— MEHIII, 32 paXyHOK 3MEHIIICHHS BJIACHOI Baru
KOHCTPYKIIii, BAMOTH JI0 (QyHIaMEHTY;

— BHCOKA TEXHOJIOTTYHICTh BUPOOHHUIITBA;
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— CTIMKICTh O CEMCMIYHHMX BIUIMBIB, MOXKJIH-
BICTh TPYKHOiI POOOTH OKpEeMHX EIEMEHTIB 0e3
pyHiHYBaHb;

— PEMOHTONPHIATHICTD;

— 3PYYHICTh KPIIJICHHS] HABICHOTO 00JIaTHaHHS
710 METAJICBUX EIIEMEHTIB.

Heoonixu memanesux KOHCMpYKyitl yKpUmmis.

— KOpo3isl, MOTpeOyI0Th CHemiaabHOi 00POOKH;

— BOTHECTIMKICTB, 110 € HWXKYOI, HIXK Y 3alli-
300eTOHY 1 HOTpedye 3aXMCHOTO Iapy;

— BHCOKa TEIUIOTPOBITHICTE, IO TATHE MOTpPE-
Oy B yTeIUIeHH,

— HH3bKa 3BYKOI30JIALliS, 110 TOTPeOye 3aXUCTy
BiJI IIyMY;

— BpPa3NUBICTh /IO YJNAaMKIiB Ta yIapHOI XBHII
(3aJ1eKHO BiJl TOBIUHH METAIY);

— TMpH 3BapIOBaHHI €JIEMEHTIB BUHHKAE MOTpE-
0a B kBaITi(hiKOBaHUX POOITHHKAX.

[IpoBeneHuit aHai3 iICHYIOUMX Ha PUHKY YKpa-
{HM Ta BXkKe 30y/IOBaHMX 3aXUCHHUX CIIOPY/ IUBIIb-
HOTO 3aXHCTy JIO3BOJISIE€ KIacu(iKkyBaTH iX 3a Ma-
TepiaJloM HeCcydnmX KOHCTPYKIii Ha IT’SITh OCHOB-
HUX THUOIB (MOHOJITHI, 30ipHi, KOMOIHOBaHI, MO-
AyJbHI 3a11300eToHHI Ta MetaneBi). KoxeH 3 mux
THUTIIB Ma€ CBOI XapakTepHI TEXHOJIOTiYHI 0coOIH-
BOCTI CITOPYJIXKEHHSI, @ TAKOXK BH3HAUYCHI IepeBaru
Ta HEJONIKH, 10 CYTTEBO BIUIMBAIOThH HA iXHIO Mi-
IIHICTh, TEPMETHYHICTb, IIBUAKICTH 3BEJICHHS, Bap-
TICTh Ta 1HII €KCIUTyaTallii{Hi XapaKTEPUCTHUKH.

PesyabTaTtn

[IpoanamizoBaHi THIM YKPHUTTIB i3 BHU3HAYEH-
HsIM iXHIX TepeBar Ta HeJOJIKIB CBiIYaTh MpO Te,
[0 MOTEHIIia] OyAiBeIbHUX KOHCTPYKIIIH, SIKI BH-
CTYIAIOTh B 3aXHMCHIH pojii a00 B SKOCTI 00’€KTiB
MOABIMHOTO TPH3HAYEHHS, € HE BUYEPIIAHUM.
JIJis pO3BUTKY IOTO TMOTCHINANY CIIiJ{ BUSBUTH
MOJKJIUBICTh 3aCTOCYBAHHS BXKE BIJIOMHUX 1 IIIUPOKO
anpoOoOBaHUX Mi3eMHUX CIOPY[, SIKi MalOTh BH-
COKY MIIIHICTb, CTIHKICTh Ta JAOBIOBIYHICTH, a Ta-
KOXX MOXYTb OyTH MOTEHI[IHHUMH YKPUTTAMH.

JInst oOrpyHTYBaHHS 3aCTOCYBAaHHS ITiA3€MHHX
CHOPYJ B SIKOCTI YKPUTTIB I 00’ €KTiB KPUTUIHOT
THOPACTPYKTYPH CIIiJI 3aITPOBAIUTH HOBY KOHIIETI-
110, sIKA Ma€ Ha3By «3BOPOTHA KOHBepcis». Bino-
MO, IO B 3arajJbHOMY CEHCi KOHBepcis (JaT.
conversio) mpexacraBise cob0K0 TMporec OOMiHY,
3aMiHy, nepedopMaTyBaHHs abo Mepexoay 4M Ie-
peHocy 3 oaHiei obnacti B iHIIY; Y BYy3bKOMY 3a-
CTOCYBaHHI TEPMiHY KOHBEpCisl BiliCBKOBOT'O BUPO-

OHHMIITBAa TIpeACTaBisic COOOI0 TPOIEC TIEPEXOAy
MiANPUEMCTB BiliCBKOBO-TIPOMHUCIOBOTO KOMILIEK-
cy y cdepy UMBIIFHOIO BUPOOHUITBA i3 BiAMOBII-
HOIO 3aMiHOIO Ta TIEPEOPIEHTAITIEIO TTPOIYKTY.

TakuM YHHOM, SKIIO PO3LIIMPHUTH TEPBUHHY
KOHIIEMIIiF0, 3BOPOTHA KOHBEPCIsl MPEICTABIISE CO-
0010 TIpoIIeC ePEeHOCy CYTO MUBIIFHIX KOHCTPYK-
TUBHO-TEXHOJIOTIYHUX PIIIEHb Y BIIICBKOBY cepy,
a TakoXX B 00JIacTh, 110 OJM3bKa 4O Hel, a came
00J1aCTh CHOPYAXKEHHS 3aXUCHHUX CIIOPYA.

HaiisickpaBimiM mprKiIagoM 3BOPOTHOI KOHBE-
pcii € 3acTocyBaHHS MiI3eMHUX CIIOPYA METPOIIO-
JiTeHy B SIKOCTi YKpHUTTiB. CHiA MiAKPECIUTH, L0
KOHCTPYKTHUBHO-TEXHOJIOTIYHI pillleHHs OyXiBHHUII-
TBa MIiJI3EMHUX CIIOPYZA METPOIONITEHYy came Tie-
pPEHOCATBCS 0 00NacTi CIOpPYIKEHHS 3aXHCHHUX
CIIOPY/I, @ HE BUKOPUCTOBYIOThCS B SIKOCTI 00’ €KTIB
MTO/IBITHOTO TIPU3HAYECHHSI.

Came 1 BiIMIHHICTH XapaKTepU3ye KOHIICH-
1iF0 3BOPOTHOI KOHBEPCIi, B X0 peamizalii fKoi,
HaIPUKIIAJ, KOHCTPYKIIi CTaHIid METPONOJITeHY
MIJIKOTO 3aKIaJCHHS CTal0Th KOHCTPYKIISAMH YK-
pUTTSL 00’€KTiB KpUTHUYHOI iHpacTpykTypu. Xin
MMOBHOMACIITa0HOI BiffHM pOCiAChKOI (emepartii
POTH YKpaiHHu JTOBIB JOCTATHHO BHCOKY €(EeKTH-
BHICTH CTaHIIIii METPOMONITEHY B SIKOCTI 3aXHCHUX
CIOPY/, ajie JOCBiJl BAKOPUCTaHHS iX B KHiBChbKO-
My, JHIMpoBcbkOMY ¥ XapKiBCbKOMY METPOIIOJNi-
TEHax CBIYHUTH MPO HENOCTaTHI piBeHb BHUBIJIb-
HEHHS TOTEHIIany YKpHUTTS. 30UTBIIMTH 1el pi-
BEHb MOXIIMBO, SIKIIO MO30YTHCS OCHOBHOTO HPH-
3HAYEHHS MiA3€MHOI CIIOPYAN METPOIOIITEHY ITiJT
Yac npoliecy 3BOpoTHOi KoHBepcii. Takuii KoHIer-
TyaJlbHUH KPOK JI03BOJISIE 3aCTOCOBYBAaTH BHIIE
3rajfladi CTaHIiHHI KOHCTPYKIIii, SIKi BXXK€ MAaloTh
YiTKi ~ KOHCTPYKTHBHO-TEXHOJOTIYHI  pilICHHS
i iH(OpMAIio MPO MIMHICTh Ta CTIHKICTH A0 0CO-
OJIMBOTO BIUTHBY, SIK 3aXHCHI CIIOPYIH.

Juia mpukiagy mpoaHallizyeMo N1Bi HaWOLIbIT
PO3MOBCIOJIXKCHI CTAHIIT METPOIOJITEHYy MIJIKOTrO
3aKJIaJIeHHs, SIKi YCHIIIHO CIIOPY/DKYBAJIUCS Ha
METPOIIOJIiTeHaX YKpaiHU 1 MalOTh BUCOKI IOKa3-
HHMKH MIITHOCTI, CTIMKOCTI ¥ HamiiHocTi. Komonna
CTaHIIisl, 1[0 MOHTYETHCS 13 30IpHHUX €JIEMEHTIB, SIKi
MOEAHYIOTHCS 3a JI0IIOMOTOI0 3BapIOBAaHHS Ta OMO-
HOJIIYYBaHHS, SK KOHCTPYKIIiS, IO MOXE MAaTH
3Ha4YHy 3BOPOTHY 3acunky (3...20 M Big mepek-
PHUTTS cepeIHbOro 3aily), BiANOBiAae BUMOTaM YK-
PUTTIB LMBIIBHOTO HAaceleHHs H 00’ €KTiB KpUTHY-
Hol iHppacTpykTypH (puc. 6, a).
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Puc. 6. CraHIii METpOIOIITEHY MIIIKOTO 3aKJIaJICHHS:
a — KOJIOHHA 13 30ipHOT0 3a11i300€TOHY;
6 — OTHOCKJICTIIHYACTA i3 MOHOJIITHOTO 3a1i306eTony [15]

Fig. 6. Shallow subway stations:
a — column made of precast reinforced concrete;
b — single-vaulted made of monolithic reinforced concrete [15]

s migzemHa criopyla padiiie oTpuMaia Io-
CTaTHE OOIPYHTYBaHHs JJIsi BUIMAAKY 3MiHU TOB-
IIUHA 3aCHUIIKH, a TaKoOX Oylia JOCHiKeHa s
BUIIAJIKIB CIIEIIaIbHOTO HaBaHTaXKCHHs (yIapH ITiJT
Yyac MaJiHHS JITaabHOTO amapary abo BHOyXH)
[16]. BiampariboBaHa TEXHOJIOTISI CIIOPY/DKEHHS Ta
JIOCTAaTHI MIIHICTIO W CTIMKICTh HAJAIOTh MOXKIJIK-
BOCTI ii MPsIMOTO 3aCTOCYBaHHS HE SIK YKPHUTTS a00
00’€ekTa MOJBIHOrO MPU3HAUCHHS, & CaMe 3aXHC-
HOI CIOpPYAM B paMKax KOHIEMIlii 3BOPOTHOI KOH-
Bepcii.

OmHOCKIIENIHYACcTa CTaHIls MIUJIKOrO 3aKiia-
neHHsl (puc. 6, a) XapaKkTepu3yeThbCs THM, M0 BHY-
TPIMIHIA MPOCTip, HA BIAMIHY BiJl KOJOHHOI CTaH-
1ii, BUIbHUHN BiJi BHYTPILIHIX HECYYUX €JIEMEHTIB.
CraHIisl CIIOPYIKY€ETHCS MUISIXOM BKIIQJaHHS MO-
HOJIITHOTO OSTOHY 10 3a3/1aJIeTi/{b BCTAHOBJICHUM B
MPOEKTHE TOJIOKEHHST M IMOEIHAHUM MIX CO0O0I0

3BapIOBaHHAM apMaTypHHM Kapkacam. [licis
OTpUMaHHsI OETOHOM MPOEKTHOI MILHOCTi, OAHO-
CKJICTIIHYACTA CTAHIIIS SIBIISIE COOOI0 AYKe )KOPCTKY
1 MIIHY MOHOJITHY KOHCTPYKIIIIO i3 3HAYHUM IIPO-
TOHOM, IO JO3BOJISIE BUKOPHUCTOBYBATH 11 SIK 3aXH-
CHY CHOPYAY 3 BEMUKUM 00csTOM. Taka KOHCTPYK-
i TaKOXX OTpHMajia HayKOBEe OOTPYHTYBAaHHS IS
JESIKMX BUIAAKIB CIIELIaIbHOIO HAaBAaHTAXEHHS,
30KpeMa, BHOYXOBOTO 1 MoOxe OyTH HE MIpOCTO
00’€KTOM TIOJIBIHHOTO MPHU3HAYCHHS, TOOTO CTaH-
II€I0, IO CIIYTYE YKPUTTSAM, @ OKPEMUM YKPHTTSIM
I ABMINEHOI MIITHOCTI Ta cTifikocTi [15].

Takum YMHOM, JIBa MiJI3€MHI 00’ €KTU METPOTIO-
JMTEeHy M 4Yac iX pO3IsAy B MeKax KOHIICTIii
3BOPOTHOI KOHBEPCii OTPUMYIOTh HOBY POJIb y BH-
VISl YKPUTTIB, SIKI 3 CaMOI'0 IOYATKy ITO3HAYCHI
3HAYHOIO MIIHICTIO # CTIMKICTIO, JOBEICHOIO
MIPAKTUKOKO OYy/IBHUIITBA Ta €KCILTyaTailii MeTpo-
MOJIITeHIB YKpaiHH.

HaykoBa HOBH3Ha Ta MpaKTHYHA
3HAYUMICTD

B crarti Bhepie HaBeACHI 3acaay KOHIICTIIIT
3BOPOTHOI KOHBEpCIi, SKa HaJa€ MOXKIUBICTh PO3-
MIMPEHHS TPOCTOPY PIlICHb CTBOPEHHS 3aXHUCHUX
CTIOPYZ Ha OCHOBI BXK€ BIIOMUX KOHCTPYKIIIH MET-
poromiTeny.

[IpakTHYHA 3HAYUMICTH JTOCII/PKEHHS TMOJISITae
B OOTpYHTYBaHHI CTaHI[ii METPOITOJIITEHY MIJIKOTO
3aKJIaJIEHHs] B IKOCTi YKPHUTTIB 00’ €KTiB KPUTUIHOT

iHOPACTPYKTYpH.

BucnoBku

B HaykoBilf CTAaTTi HaKpecIeHO 3acajd HOBOI
KOHIIEMIIi1, 3aBJKN SKIH MOXJIMBO OOIPYHTOBaHO
Ta eQEeKTUBHO 3aCTOCOBYBATH KOHCTPYKIIi IWBi-
JILHOTO TPHU3HAYEHHS B SKOCTI YKPHUTTIB 00’ €KTIiB
KpUTHYHOT iHpacTpyKTypH (KOHIIETIIist 3BOPOTHOT
KOHBepCii).

[MpoBenenmii anami3 cUTyarii, IO CKJIanacs
B 00JacTi CTBOpPEHHS YKPHUTTIB Ta 00’ €KTIB TO-
JBIITHOTO MTPHU3HAYEHHS, J03BOJISIE HAJIaTH OOTPYH-
TyBaHHS peallizaiii HOBOi KOHIIEMIIii, 0 PO3IIH-
PIOE MOMKJIMBOCTI CTBOPEHHSI 00 €KTIB 3aXHCTy
KPUTHYHOT iHPPACTPYKTYpH, CIIUPAIOYNCh HA BIKE
po3pobuieHi i anpoOoBaHi KOHCTPYKTHBHI PillIeHHS
MiA3€MHUX MOCYJ METPONONITEHY, SAKi TOBEIH Mix
yac eKCIUTyarallii BHUCOKI ITOKa3HHUKH MIIHOCTI,
CTIMKOCTI Ta HAIHHOCTI.
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B nonmanpmomy mocmikeHHS B paMKaxX HaKpe- 00’ €KTiB KpUTHYHOI iHQPACTPYKTYpH, Y KOHKpET-

CIIEHOI 3ajaui TIAHYEThCS MPOJOBKUTH, BUKOHA- HUX BHIAJAKax Jii CHemiaJbHOTO HaBaHTAKCHHS,
BIIM HAayKOBEe OOIPYHTYBaHHS PO3TJSIHYTHX MMiJ3e- IO € aKTyaJbHUM Ha ChOTOMHI, i 4ac BOEHHOTO
MHUX CHOPYJ, IO BUCTYHAIOTh B POJIi YKPUTTIB  CTaHy.

10.

11.

12.

13.

14.

15.

CIIMCOK BUKOPUCTAHUX JUKEPEJI

Bbimuk A. C. 3axuct 00’€KTiB KpUTHYHOT iHQPACTPYKTYPH IIPH MiI3EMHOMY PO3TaIllyBaHHI 3T1JHO JepKaBHOT
koHueniii «Kpaina-popreus». Tesu donosioett XIV Misxcrhapoonoi naykoso-npakmuunoi kongepenyii « Kom-
nJIeKCHe 3a0e3neyentst SKoCmi mexHono2iuHux npoyecie ma cucmemy. YepHairis: HY «YepHiriBcbka mostitex-
Hika». 2024. T. 2. C. 181-182.

BupoOHIK MOy IbHIX MOOITBHUX YKPUTTIB mij Kintou B Ykpaini. Hobbit House.

URL: https://hobbithouse.com.ua/

Taiiko I'. I, I'an A. JI., Bantriuna B. B., Martsiifayk I. O. AHaui3 mporpecCUBHUX KOHCTPYKTUBHUX PillICHb Mij-
3eMHUX CHOPYA UUBLUIBHOTO 3aXUCTy. Mocmu ma myHeni: meopis, docniodcenns, npakmuxa. 2024. Ne 26.

C. 31-40. DOI: https://doi.org/10.15802/bttrp2024/315286

JFH B.2.2-5:2023. 3axucHi cnopyou yugineHozo 3axucmy. 3i 3minoro Ne . [Ynaawmii Big 2023-11-01]. Kuis :
MinicTepcTBO pO3BUTKY TpOMaJ, TEPUTOPIit Ta iHPpacTpykTypu Yipainu, 2023. 124 c.

JICTY 9195:2022. IlI6uokocnopyoaicysani 3axuchi cnopyou YyusiibHo20 3axucmy mMooyioHo2o muny. OCHOGHI
nonoxcenns. [Ynauuit Big 2023-03-01]. Kuis : 11 «VkpHIHII», 2023. 15 c.

JICTY b B.2.6-154:2010. bemonni ma 3anizobemonni koncmpykyii. 36ipno-mononimui koncmpyxyii. Ilpasuna
npoexmysannsi. [Unnunii Big 2011-06-01]. Kuis : Minperion6yn Ykpainu, 2011. 20 c.

Kograns M. B., Kosans B. B., binuk A. C., Komtopy6a B. 1., Kyopakos O. M. Ocrosu indiceneproeo 3axucmy
00’ exmie kpumuurol ingppacmpykmypu enepeemuyroi 2anysi Ykpainu 6i0 3aco0ie nogimpsano2o Hanady npo-
mugnuka : MoHOTpadis / 3a pen. A. C. binuka ; I'enepanbauii mrad 36porinux Cun Yipainu. Kuis : Jlipa-K,
2023. 185 c.

Kosane M. B., Kosans B. B., Komropy6a B. 1., bimuk A. C. OpranizaniiiHo-TexHi4HI 3acaay IOOYIOBU CHCTE-
MU IHKCHEPHOTO 3aXUCTY 00’ €KTiB KPUTHYHOI iHYPACTPYKTYpH EHepreTHIHO]I ramy3i Ykpainu. Hayka i 06o-
pona.2022. Ne 3-4. C. 11-16. DOI: https://doi.org/10.33099/2618-1614-2022-20-3-4-11-16

MertiaBecT po3poOUB IPOTOTHIT OaraTOPYHKIIOHATEHOTO MOOITHPHOTO YKPHUTTS ISl 3aXUCHUKIB. Medianop-
man I pynu Memineecm. URL.: https://metinvest.media/ua/page/metnvest-rozrobiv-prototip-
bagatofunkconalnogo-moblnogo-ukrittya-dlya-zahisnikv

Hexopa B., Hixuuk B., I[To3xees C., JIynenko 0., Muxaiiios B. Oco0a1BOCTI Ta MepCneKTUBH €(EKTUBHOTO
(hyHKIIOHYBaHHS 3aXHUCHUX CIIOPY/ IMBIIBHOTO 3aXUCTY B YMOBax 00HoBHX Ail. Haykosuii gicnuk: L{ugine-
Hutl 3axucm ma nodxcedcrua 6esnexa. 2023. Ne 1(15). C. 149-157.

DOI: https://doi.org/10.33269/nvcz.2023.1(15).149-157

Hoge OyaiBHHITBO MPOTHPAAiallifHOTO YKPUTTA Ha Teputopii bamabuHcrkoi rimuasii “Ilpectik” 3a ampecoro:
ByIL. [IpectmkHa, 2-a, cmT banabune, 3anmopi3pkuit paiioH, 3amopi3bka 0071acTh» (KOPUTYBaHHS) : EKCIIEPTH3a
npoekty Ne 0113-24E Bin 18.09.2024. TOB "TPAAITPOEKT-M". 3amopixoks : [liBneHpekcreptipoekT, 2024.
URL.: https://e-construction.gov.ua/document_detail/doc_id=3707521986193262073/optype=6

Ocramenko 1. C., bannikos J[. O. Oco0nuBoCTi BU3HAUYCHH HABAHTAXKCHP BiJ Jii CYYaCHUX 3aCO0IB YpaXKeH-
Hs1. Mamepianu oonosioeti 111 Miscnapoonoi naykogo-npakmuyHoi koughepenyii «Jlocicmuxa i mpancnopmua
besnexa. [Ipobaemu ma nepcnekmusu po3gumky 6 KOHMeKCmi ananizy Cy4acHux 6UKIUKie i 3azposy. JIHinpo:
YJAVHT. 2025. C. 4-7. URL.: https://crust.ust.edu.ua/items/18998b23-9059-49f6-a6b0-5bc7e0dda63f

Ipo kpumuuny inghpacmpyxmypy : 3axon Yepainu 6io 16.11.2021 Ne 1882-1X : craHom Ha 21 Bepec. 2024 p.
URL.: https://zakon.rada.gov.ua/laws/show/1882-20#Text

IIpo cxeanennss Cmpameeii po36umky ooy 3axucHux cnopyo yueiibHo2o 3axucmy Ha nepiood 0o 2034 poky
ma 3ameepodicenHs onepayitinozo naany 3axo0dis 3 it peanizayii : Poznopsiypk. Kad. MinictpiB Ykpainu Bin
04.03.2025 Ne 183-p : cranoM Ha 29 xoBT. 2025 p. URL: https://zakon.rada.gov.ua/laws/show/183-2025-
p#Text

Trotekin O. JI. Teopemuuni 0cHOBU KOMNIEKCHO20 AHANIZY MYHENbHUX KOHCMPYKYIl : MOHOTpadis. JHimpo :
Kypdonn, 2020. 187 c.

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2025/346737 © O. JI. Trotekin, Jl. O. Bannikos, I. C. Ocranenko, M. B. I'eprud, 2025

197


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15802/stp2025/346737
https://hobbithouse.com.ua/
https://doi.org/10.15802/bttrp2024/315286
https://doi.org/10.33099/2618-1614-2022-20-3-4-11-16
https://metinvest.media/ua/page/metnvest-rozrobiv-prototip-bagatofunkconalnogo-moblnogo-ukrittya-dlya-zahisnikv
https://metinvest.media/ua/page/metnvest-rozrobiv-prototip-bagatofunkconalnogo-moblnogo-ukrittya-dlya-zahisnikv
https://doi.org/10.33269/nvcz.2023.1(15).149-157
https://e-construction.gov.ua/document_detail/doc_id=3707521986193262073/optype=6
https://crust.ust.edu.ua/items/18998b23-9059-49f6-a6b0-5bc7e0dda63f
https://zakon.rada.gov.ua/laws/show/1882-20#Text
https://zakon.rada.gov.ua/laws/show/183-2025-р#Text
https://zakon.rada.gov.ua/laws/show/183-2025-р#Text

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka Ta nporpec tpatcmopty, 2025, Ne 4 (112)

TPAHCIIOPTHE BYJIBHUIITBO

16. Trotekin O. JI. Tparchopmariiss TMBIIBHOT cTpaTeTii OCBOEHHS MiA36MHOTO MIPOCTOPY SIK OCHOBA CTBOPEHHS
HOBOI KOHIIeNii 3axucty. Mamepianu oonogioeu 111 Mixcnapooroi naykogo-npakmuunoi koupepenyii «Jloei-
cmuka i mpancnopmua 6esnexa: [Ipobremu ma nepcneKmusu po36umxy 6 KOHMeKcmi aHanizy cyu4acHux eu-
kaukie i saeposzy. quinpo: YAYHT. 2025. C. 77-80.

O. L. TIUTKINY", D. O. BANNIKOV?, I. S. OSTAPENKQ?, M. V. HERNYCH?*

"Dep. «Transport Infrastructure», Ukrainian State University of Science and Technologies, SEI DIIT, Lazariana St., 2, Ukraine,
Dnipro, 49010, tel. +38 (066) 290 45 18, e-mail o.l.tiutkin@ust.edu.ua, ORCID 0000-0003-4921-475

2Dep. «Construction Production and Geodesy», Ukrainian State University of Science and Technologies, SEI DIIT, Lazariana
St., 2, Dnipro, Ukraine, 49010, tel. +38 (063) 400 43 07, e-mail d.o.bannikov@ust.edu.ua, ORCID 0000-0002-9019-9679

3Dep. of Military Training of Specialists of the State Special Service of Transport, Ukrainian State University of Science and
Technologies, SEI DIIT, Lazariana St., 2, Dnipro, Ukraine, 49010, tel. +38 (056) 793 19 09, e-mail i.s.ostapenko@ust.edu.ua,
ORCID 0000-0003-2232-7138

“Dep. of Military Training of Specialists of the State Special Service of Transport, Ukrainian State University of Science and
Technologies, SEI DIIT, Lazariana St., 2, Dnipro, Ukraine, 49010, tel. +38 (096) 784 51 17, e-mail m.v.hernych@ust.edu.ua,
ORCID 0000-0002-5069-4798

Principles of the Concept of Reverse Conversion to Substantiate the Use
of Underground Metro Structures as Shelters

Purpose. The authors set the goal of determining the principles of the concept of reverse conversion to substan-
tiate the use of underground metro structures as shelters for critical infrastructure facilities. Methodology. The arti-
cle analyzes and classifies already constructed shelters, as well as dual-purpose facilities offered on the construction
market of Ukraine. The features of protective structures, their design parameters, advantages and disadvantages are
determined. It is noted that the emergence of new ideas and even the formation of concepts covering adjacent areas
dedicated to shelters is associated with the development of the underground space of large cities, that is, with an area
that has already been developed earlier. It is proven that the Ukrainian experience in the use of protective structures
provides the opportunity to create a new concept in which already known designs of underground civil structures
can successfully perform the role of shelters. Findings. To substantiate the use of underground structures as shelters
for critical infrastructure facilities, a new concept has been introduced, which has been called «reverse conversiony.
Reverse conversion is the process of transferring exclusively civilian design and technological solutions to the mili-
tary sphere, as well as to the area close to it, namely the area of construction of protective structures. It is substanti-
ated that a single-vaulted shallow metro station, built of monolithic reinforced concrete, and a column shallow metro
station, assembled from precast reinforced concrete, have high potential as shelters. It is proven that design and
technological solutions for the construction of underground metro structures (shallow stations) are transferred to the
area of construction of protective structures, and are not used as dual-purpose facilities. Originality. The article first
presents the principles of the concept of reverse conversion, which provides an opportunity to expand the space of
solutions for creating protective structures. Practical value lies in in the substantiation of shallow subway stations
as shelters for critical infrastructure facilities.

Keywords: reverse conversion; metro; underground structure; protective structure; shelter; dual-purpose facility;
critical infrastructure

REFERENCES

1. Bilyk, A. S. (2024). Zakhyst obiektiv krytychnoi infrastruktury pry pidzemnomu roztashuvanni zghidno
derzhavnoi kontseptsii «Kraina-fortetsia». In Tezy dopovidei XIV Mizhnarodnoi naukovo-praktychnoi kon-
fe-rentsii «Kompleksne zabezpechennia yakosti tekhnolohichnykh protsesiv ta system» » (Vol. 2, pp. 181-
182). Chernihiv: NU «Chernihivska politekhnikay. (in Ukrainian)

2. Vyrobnyk modulnykh mobilnykh ukryttiv pid kliuch v Ukraini. Hobbit House. Retrieved from
https://hobbithouse.com.ua/ (in Ukrainian)

3. Haiko, H. I, Han, A. L., Vapnichna, V. V., & Matviichuk, I. O. (2024). Analysis of progressive design solu-
tionsfor underground civil protection structures. Bridges and Tunnels: Theory, Research, Practice, 26, 31-
40. DOI: https://doi.org/10.15802/bttrp2024/315286 (in Ukrainian)

4. Zakhysni sporudy tsyvilnoho zakhystu. zi Zminoiu Ne 1, 124 DBN V.2.2-5:2023. (2023) (in Ukrainian)

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2025/346737 © O. JI. Trotekin, Jl. O. Bannikos, I. C. Ocranenko, M. B. I'eprud, 2025

198


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15802/stp2025/346737
https://hobbithouse.com.ua/
https://doi.org/10.15802/bttrp2024/315286

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka Ta nporpec tpatcmopty, 2025, Ne 4 (112)

TPAHCIIOPTHE BYJIBHUIITBO

5. Shvydkosporudzhuvani zakhysni sporudy tsyvilnoho zakhystu modulnoho typu. Osnovni polozhennia,
15 DSTU 9195:2022. (2023). (in Ukrainian)

6. Betonni ta zalizobetonni konstruktsii. Zbirno-monolitni konstruktsii. Pravyla proektuvannia,

20 DSTU B V.2.6-154:2010. (2011). (in Ukrainian)

7. Koval, M. V., Koval, V. V., Bilyk, A. S., Kotsiuruba, V. I., & Kubrakov, O. M. (2023). Osnovy inzhenernoho
zakhystu obiektiv krytychnoi infrastruktury enerhetychnoi haluzi Ukrainy vid zasobiv povitrianoho napadu
protyvnyka: monografiya. Kyiv: Heneralnyi shtab Zbroinykh Syl Ukrainy. (in Ukrainian)

8. Koval, M. V., Koval, V. V., Kotsiuruba, V. I., & Bilyk, A. S. (2022). Orhanizatsiino-tekhnichni zasady pobu-
dovy systemy inzhenernoho zakhystu obiektiv krytychnoi infrastruktury enerhetychnoi haluzi Ukrainy.
Nauka i oborona, 3-4, 11-16. DOI: https://doi.org/10.33099/2618-1614-2022-20-3-4-11-16 (in Ukrainian)

9. Metinvest rozrobyv prototyp bahatofunktsionalnoho mobilnoho ukryttia dlia zakhysnykiv. Mediaportal Hrupy
Metinvest. Retrieved from https://metinvest.media/ua/page/metnvest-rozrobiv-prototip-
bagatofunkconalnogo-moblnogo-ukrittya-dlya-zahisnikv (in Ukrainian)

10. Nekora, V., Nizhnyk, V., Pozdieiev, S., Lutsenko, Yu., & Mykhailov, V. (2023). Peculiarities and prospects of
effective functioning of protective structures of civil protection in conditions of hostilities. Scientific Bulle-
tin: Civil Protection and Fire Safety, 1(15), 149-157. DOI: https://doi.org/10.33269/nvcz.2023.1(15).149-
157 (in Ukrainian)

11. Nove budivnytstvo protyradiatsiinoho ukryttia na terytorii Balabynskoi himnazii «Prestyzh» za adresoiu: vul.
Prestyzhna, 2-a, smt Balabyne, Zaporizkyi raion, Zaporizka oblast (koryhuvannia). (2024). Ekspertyza pro
iektu No. 0113-24E, Hradproekt-M. Zaporizhia: Pivdenekspertproekt. Retrieved from https://e-
construction.gov.ua/document_detail/doc_id=3707521986193262073/optype=6 (in Ukrainian))

12. Ostapenko, I. S., & Bannikov, D. O. (2025). Osoblyvosti vyznachennia navantazhen vid dii suchasnykh zasobiv
urazhennia. In Materialy dopovidei 11l Mizhnarodnoi naukovo-praktychnoi konferentsii «Lohistyka i
transportna bezpeka: Problemy ta perspektyvy rozvytku v konteksti analizu suchasnykh vyklykiv i zahroz»
(pp. 4-7). Dnipro, Ukraina. Retrieved from https://crust.ust.edu.ua/items/18998b23-9059-49f6-a6h0-
5bc7e0dda63f (in Ukrainian)

13. Pro krytychnu infrastrukturu : Zakon Ukrainy vid 16.11.2021 Me 1882-1X. Retrieved from
https://zakon.rada.gov.ua/laws/show/1882-20#Text (in Ukrainian)

14. Pro skhvalennia Stratehii rozvytku fondu zakhysnykh sporud tsyvilnoho zakhystu na period do 2034 roku ta zat-
verdzhennia operatsiinoho planu zakhodiv z yii realizatsii : Rozporiadzh. Kab. Ministriv Ukrainy vid
04.03.2025 Ne 183-r. Retrieved from https://zakon.rada.gov.ua/laws/show/183-2025-%D1%80
(in Ukrainian)

15. Tiutkin, O. L. (2020). Teoretychni osnovy kompleksnoho analizu tunelnykh konstruktsii. Dnipro: Zhurfond.

(in Ukrainian)

16. Tiutkin, O. L. (2025). Transformatsiia tsyvilnoi stratehii osvoiennia pidzemnoho prostoru yak osnova stvorennia
novoi kontseptsii zakhystu. In Materialy dopovidei 111 Mizhnarodnoi naukovo-praktychnoi konferentsii
“Lohistyka i transportna bezpeka: Problemy ta perspektyvy rozvytku v konteksti analizu suchasnykh
vyklykiv i zahrozy (pp. 77-80). Dnipro, Ukraina. (in Ukrainian)

Hapnivinna oo peaxoserii: 10.08.2025
[pwuitasara no apyky: 12.12.2025

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2025/346737 © O. JI. Trotekin, Jl. O. Bannikos, I. C. Ocranenko, M. B. I'eprud, 2025

199


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15802/stp2025/346737
https://doi.org/10.33099/2618-1614-2022-20-3-4-11-16
https://metinvest.media/ua/page/metnvest-rozrobiv-prototip-bagatofunkconalnogo-moblnogo-ukrittya-dlya-zahisnikv
https://metinvest.media/ua/page/metnvest-rozrobiv-prototip-bagatofunkconalnogo-moblnogo-ukrittya-dlya-zahisnikv
https://doi.org/10.33269/nvcz.2023.1(15).149-157
https://doi.org/10.33269/nvcz.2023.1(15).149-157
https://e-construction.gov.ua/document_detail/doc_id=3707521986193262073/optype=6
https://e-construction.gov.ua/document_detail/doc_id=3707521986193262073/optype=6
https://crust.ust.edu.ua/items/18998b23-9059-49f6-a6b0-5bc7e0dda63f
https://crust.ust.edu.ua/items/18998b23-9059-49f6-a6b0-5bc7e0dda63f
https://zakon.rada.gov.ua/laws/show/1882-20#Text
https://zakon.rada.gov.ua/laws/show/183-2025-%D1%80

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka Ta nporpec tpatcmopty, 2025, Ne 4 (112)

TPAHCIIOPTHE BYJIBHUIITBO

YK 519.87:624.191.8

K. €. ®EJIOPOB?, O. JI. TFOTBKIH?"

Kad. «TpancriopTHa iHppacTpykTypay, YKpaiHChKHil epskaBHUI yHiBepcUTET HaykH i Texuonoriit, HHI IIT, Byn. JlasapsnHa,
2, Muinpo, Ykpaina, 49010, Tex. +38 (096) 353 29 33, en. nomra kostia.fedoroff] @gmail.com, ORCID 0000-0002-3010-0489
’Kad. «TpancropTHa iHppacTpyKTypa», YKpaiHChKHI epKaBHUH YHIBEpCUTET HaykH i TexHostorii, HHI JIIIT, By Jlazapsua,
2, Muinpo, Ykpaina, 49010, temr. +38 (066) 290 45 18, en. moura 0.1.tiutkin@ust.edu.ua, ORCID 0000-0003-4921-4758

MaremMaTH4YHe MOAEJIOBAHHA KOHCTPYKIII CTAHIII METPOIOJIITEHY MIJIOHHOTO
THITY HA OCHOBI YHCEJILHOI0 AHAJII3Y

Meta. ABTOpH CTaBIISTH 32 METY IIPOBECTH MaTeMaTHYHE MOJIEIIIOBAaHHS KOHCTPYKLII CTaHIii METPOIOJITEHY
MJIOHHOTO THITY Ha OCHOBI YHCEJILHOTO aHaJli3y METOJOM CKIHYEHHHX EJIEMEHTIB, a TAKOX BUKOHATH IMOIIYK KOM-
MOHEHT HaIpYXEHO-A1e(OPMOBAHOIO CTaHy W 3’CYBaTH MILHICTh KOMOIHOBAHOTO KpIIJICHHS, SIKE 3BOJIUTHCS Ha
ocHoBi HoBoaBcTpilicbkkoro MeToy Criopy/pKeHHs TyHeaiB. Meroauka. [y JOCSATHEHHs TocTaBlIeHoT 3a/1a4i 0yI1o
PO3pOOIEHO CKIHUEHHO-EIEMEHTHY MOJIENb CTaHIl METPOIOJITEHy MIJIOHHOTO TUIY Y podeciiiHoMy po3paxyHKo-
Bomy komruiekci Structure CAD for Windows. B Mmozeni moBHOFO Miporo BioOpakeHi BIACTHBOCTI KOMOIHOBAHOTO
(THIMYacoBOTO Ta MOCTIITHOTO) KPIIJICHHS CTaHIlii METPONOIITEHY IMIJIOHHOTO THIY. 3MOZehOBaHa MOJOBHUHA CTaH-
il METPOTIOITiTeHY MIJIOHHOTO THUITY, MOJEI HaJaHi qeopManiiHi XapakTepUCTHKH, B3ATI 3 peallbHIX iHXCHEPHO-
TE€OJIOTIYHHUX JOCHIIKEeHb. TakoX MO MOAENI MPUKIAACHHH KOMIUIEKC TPAaHHYHHX YMOB, SIKI BIATIOBIJAlOTH peailb-
HOMY J1e()OPMYBaHHIO CHCTEMH, a TaKOXX CIIOJIyYeHHS HaBaHTakeHb. PedynwbTaTu. [lim gac uncenpHOro aHamizy
OTPUMAHO peNpe3eHTATUBHY 1H(POpPMAIIi0 MIOA0 HAIPYKEHO-1e(OPMOBAHOTO CTaHy CTAHIIII METPOIIONITCHY MiIOH-
HOTO THITy 1 3’5ICOBaHO, IO HAsBHICTh NPOXOJIB, a TaKOX IUILHHIL IMEpeXoJy IMPOXOAYy B IJIOH il HaBIakH,
CBIJTUUTH PO 3HAYHMIA X mepepo3noiit. JeTanpHuii aHali3 MepeMillieHb OTIPaBH JIOBIB, 10 Ae()OpMyBaHHS ONpaBH
CepelHbOro i OOKOBOTO TYHEINB MIATBEPIXKYE Maibke OIHOpINHE MEepeMilIeHHS CTaHLIHHOT KOHCTPYKII.
BusHaueHo MakcuMasbHI 3HAYEHHS HAIPYXKEHb y MOCTIiifHIN ONpaBi CTaHIIl METPOIOJITeHY MiJIOHHOTO THIy. Hasi-
BHICTh CHUCTEMH IJIOHIB, a TaKOX MPOXOMAiB (OpMye HEOJHOPITHMH HANpYXEHHH CTaH, SKUH B KOMIUIEKCI
3 OJHOPIZHMM JAe(OPMOBAHUM, NPEACTABISE€ BU3HAYAIBHY IIepeBary CTaHLIHHOT KOHCTPYKLII Takoro THILY.
HaykoBa HOBH3HA pe3ynbTaTiB IOJITAE Y BIEPIIE OTPUMAHUX B X0/ MaTEMaTHYHOTO MOJICTIOBAHHS pe3yIbTaTax
Harpy>XeHo-/1e()OPMOBAHOT0 CTaHy KOHCTPYKIi CTAaHI] MJOHHOTO THITY, IO CHOPYIUKYEThCS B MIIIHUX MOPOJAX
Ha ocHoBi NATM. Mpakruuna 3HauuMicTh. [i XapakTepusyloTh pe3ylIbTaTH aHANI3y MIlHOCTI KOMGiHOBaHOTO
(THIMYacOBOTO Ta IOCTIHOTO) KPITUICHHS CTaHIIi MIIOHHOTO TUIY TIOOKOTO 3aKIaICHHS.

Kniouosi cnosa: METponoIiTeH; CTaHIS MUJIOHHOTO THILY; CKEJIbHI NMOPOJM; HaNpyXeHO-1e(OpPMOBAHUN CTaH,;
METOJI CKIHYeHHHX eJleMeHTIB; HoBoaBCTPIHCHKHUI METO CIIOPYPKEHHS TYHEIIB

Beryn KEHO-ZIe()OPMOBAHOTO CTaHY KOHCTPYKIIii CTaHIiT
METPOTIOJIITEHY MMiIOHHOTO THITy [1-3].

3agaya MaTeMaTHYHOTO MOJEIIOBAHHSA, IO
PO3B’S3y€ThCS B IaHIN CTaTTi, HABITh 32 HAIBHOCTI
npodeciiiHOro0 po3paxyHKOBOTO KOMIUIEKCY Majia
NEeBHI TepeayMoBH. [lepegyMoBaMH YHCETHHOTO
aHalizy € BiJOOpPaXEHHS peanbHOI KOHCTPYKIIil
CTaHIlil METPOMOJITeHY MiJIOHHOTO THITy B MaTe-
MaTHYHIN MOJIEl MaKCHMAalbHO ITOBHO, 4 TaKOX
MIPOBEJICHHS YHCENBHOTO aHali3y i3 MiHIMaIbHOIO
KUIBKICTIO MIPHUITYIICHb.

He Bukiukae HiSIKHX CYMHIBIB Te, IO IOCTa-
HOBKa 3ajiadi, [0 BUPILIYETHCSA B paMKaxX YHCEIIb-
HOTO aHali3y, MOKe OYyTH BHKJIIOYHO NPOCTOPO-
Bot0. Sk Bxke OyJo mpoaHanizoBaHo B pobotax [4,
5, 8], ciix BpaxoByBaTH HMpPOCTOPOBHH (aKTOp SIK

MatemaTuyHe MOJEIIOBaHHS KOHCTPYKIIII cTa-
HIIii METPOMONITeHY MiJOHHOTO THUIY TIMOOKOTO
3aKJIaJIeHHs, [0 MPOBOJUTHCS HA OCHOBI YHCEIh-
HOTO aHaJli3y METOJOM CKIiHYCHHHMX €JICMEHTIB,
€ CKJIQJIHUM 3aBJIaHHSM HaBiTh JUIS BXKE BiIOMHUX
KOHCTPYKIIi#i 1i€i miazemuoi criopyau [3, 6, 10].

st HOBOT KOHCTPYKIIii TaKOTO THUITy CTaHIIi,
IO CIOPYJKYETHCS B MIIHUX MOPOJaxX Ha OCHOBI
HoBoagctpiiicbkoro MeToay cropyKEeHHS TyHe-
aiB (NATM) i Mae kapAUHATIBHO iHIY CTPYKTYPY,
3ajauya MPOBEJCHHS YWCENLHOTO aHalli3y, SIKHHA
€ aJeKBaTHUM pEaJIbHIN CHUTYyaIlil, YCKIaIHIOETCS
me Outeine [2]. HasBHicTh podeciiiHux po3paxy-
HKOBHMX KOMIUIEKCIB JUIsl YHCENBHOTO aHaji3y Jie-
IO 3MEHINY€ CKJIaTHICTh 3ajadi MOLIYKY Harpy-
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Takui, 110 Ma€ MEepUIOUYEeproBe 3HAYCHHS IiJ 4ac
(dbopMyBaHHA Hampy>KeHO-Ae(HOPMOBAHOTO CTaHy.
BinmoBigHO, OCHOBHOIO TEPEAYMOBOIO YHUCEIHHO-
T0 aHaJi3y € BpaxXyBaHHS MPOCTOPOBOCTI KOHCTPY-
KIIii i gac po3pobku mozemi [9, 11].

Hpyroio mnepeayMoBOIO, SiKa peani3oBaHa Iij
4ac MaTeMaTUYHOTO MOJENIOBAHHSI, € MaKCUMallb-
HO TIOBHE BiTIOOPa)KCHHS B CKIHYCHHO-CIEMCHTHIM
MOJIeJTi pO3MipiB CTaHIii METPOMOMiTEHY MiJIOHHO-
ro tuny, mo crnopymkyerscst NATM, ta Bnactu-
BOCTEH OTOYYIOUOI'O MacHBY, OTPUMAaHHUX HA OCHO-
Bi aHANI3y iH)KEHEPHO-TEOIOTIYHIX YMOB.

Be3cymHiBHO, IO B MOJANBIIOMY YHCEIEHOMY
aHa;i3l MOBHOIO MipOI0 BimOOpaKEHO OCHOBHHIA
MPUHLMII T€OMEXaHiKU, a caMe IMPUHLIUI B3a€MHO-
r0 BIUIUBY MiJI3€MHOI CIOPYOH Ta OTOYYIOHOTO
macuBy [7, 12]. be3 iioro BTiieHHS B CKiHYE€HHO-
€JIEMEHTHUX MOJIENIAX CTaHIlil METPOIIONITEeHy IIi-
JIOHHOTO THITY, 1[0 MaKCHUMaJbHO TiCHO B3a€EMOJi€
31 CKEJIbHUM OTOYYIOUMM MAacuBOM, (popMyroun
3araibHAN HaNpPYyXEeHO-IeOPMOBAHHUNA CTaH, He-
MOXJIHBO BinoOpasutu ocobmuBocti NATM, a ca-
Me 0araTonapoBiCTh Ta CYIUTBHICT OMPaBH.

OnHak ciaij BH3HATH, IO HE BCl OCOOIMBOCTI
IOTO METOMY CIIOPYKEHHS IiJ3eMHUX 00’ €KTIB
Oynu BiOOpakeHI B CKIHYCHHO-CJICMEHTHUX MO-
JeTIsiX, OJJHAK II¢ He BIUIMHYJIO HETaTHBHO Ha JOCS-
THEHHSI METH HAayKOBOI CTaTTi, a JIMIIE JAEIIO0 CKO-
pUryBajO OTpUMaHi pe3ylbTaTd. Baxineum
eTaroM OyJiBHMUIITBA CTAHII METPOIOJITEHY IIi-
JIOHHOTO THITY, SIKHi He OyB BTUICHUH B XOAi Ma-
TEMaTUYHOTO0 MOJENIOBAHHS, € IMOCITiIOBHE CTBO-
peHHS BHUPOOKM IO YaCTMHAX W 3aKpiluieHHS ii
THUMYacOBUM KpIIJICHHSIM, MO CKJIaJaliocs He
TUTBKA 31 CTaJIEBHX apoOK W TOPKPET-OETOHY TOB-
oo 0,2 M, sSKi B MOJEN BioOpaXkeHi TTOBHOIO
Mipor0. BiAmoBizHO, JOCHIHKEHHS MNPOBOAUTHCS
BUKITFOYHO B €KCIUTyaTaIiiHINA CTaIii.

Meta

MeToro HayKoBOiI CTATTi € MPOBEJCHHS Mare-
MaTUYHOTO MOJICTFOBAaHHS KOHCTPYKIII CTaHIii
METPOMOJITeHY MMUIOHHOTO THUIy Ha OCHOBI YHcCe-
JILHOTO aHaJli3y METO/IOM CKIHUCHHHMX CJIEMEHTIB 13
MOITYKOM MaKCHMAIbHUX KOMIIOHEHT HaIpyKeHO-
1e(OpMOBAHOTO CTaHy 1 MOAAJBIIUM 3’ ICYyBaHHIM
MIITHOCTI KOMOIHOBaHOTO (THMYACOBE Ta MOCTIIHE)
KpIIUIeHHS, SKe 3BOJIUTHCS Ha OocHOBI HoBoaBcrt-
pilicbkoro  MeToAy  CHIOpPYIDKEHHS  TYHENIB
(NATM).

MeToauka

Jlis mocATHEHHS MMOCTABIICHOI 3aa4i 0yo po-
3p00JICHO CKIHYCHHO-CJIEMEHTHY MOJICNIb CTaHIN1
METPOMNOJIITeHy MIJIOHHOTO THITY B MpodeciiiHOMy
po3paxyHkoBomy komrmiekci Structure CAD for
Windows, version 11.5 (SCAD) [1]. V Hiii noB-
HOIO MipOI0 BimoOpa)keHi BIIACTHBOCTI KOMOiHOBa-
HOTO (THMYAacOBOTO Ta TIOCTIMHOTO) KPITUICHHS
CTaHLi1 METPOMOMITEHY MJIOHHOTO THITY.

TakuM 4MHOM, Ha MEPIIOMY eTami MareMaTHd-
HOT'O MOJEJIIOBAaHHS Ha OCHOBI YMCEIBHOTO aHaJi3y
OyJI0 CTBOPEHO IUTACTUHYACTHH IMPOTOTHIT MOTIEpe-
YHOTO Mepepi3y KpilUIeHHsI CTaHIii METPOIIOITeHY
migoHHOTO THITy (puC. 1), B sSIKOMY BimoOpakeHa
CHUCTEMa «CTaHI[IHHA KOHCTPYKIiS — OTOYYIOUWH
MacuB» 3 ii pealbHUMU PO3MipaMH Ta TITHOMHOO
3aKJaJeHHs, [0 XapaKTepHa JJs  CTaHMil
«lenTpanpHa» J{HIMPOBCEKOTO METPOTIONITEHY.

-

Puc. 1. [InacTrHYacTa MOIENH KPITUIEHHS
CTaHIIii METPOIIOJIITEHY MIJIOHHOTO THITY

Fig. 1. Plate model of pylon-type metro station lining
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OcTaToyHO CTBOpEHa IUIACTUHYACTa MOJENb
KpIIUIEHHS CTaHILii METPOIOIITeHy MiJIOHHOTO TH-
My B MUJIOHHIN YacTHHI (KUTBKICTH By3miB — 4 938,
KUTBKICTh CKIHUEHHUX eleMeHTIiB — 4 780) mae po-
3MipH: TI0 TOPU30OHTANIBHIN oci — 20 M, 10 BEpTH-
KaJbHiA oci — 55,5 M. Ilpuitnara 3miHHa BucOTa
CKIHYCHHOTO €JIEMEHTa, [0 3HAXOJUTHCS B MEKax
0,2x0,2 M ta 0,2x0,25 M. bim3pko 90 % monmeni
(ckenmbHHI MacHB, OTOUYIOUYHMI CTaHIiI0 METPOIIO-
JTeHy MJIOHHOTO THITY, W TipCHKHI MacuB JI0 TO-
BEpXHi) CKIAAaf0Th CKIHYCHHI €JICMEHTH pO3Mipa-
mu 0,5x0,5 M.

3MozenboBaHul ()parMeHT CTaHIii MUTOHHOTO
tuny y 3D-Burnsai (kimekicTh By3nmiB — 124 320,
KIJIBKICTh CKIHYEHHHX ejieMeHTiB — 115 067, 3a-
BJJAHHSI XapaKTEPU3Y€EThCS K 3a/1a4a BUCOKOI Po3-
MipHOCTi) (puc. 2).

nt
HHETHHH
By

i
HOTT
.

Ny
H

X<

Puc. 2. [IpocTopoBa MOJieNb CTaHIIl MIJIOHHOTO TUITY

Fig. 2. Spatial model of a pylon-type station

ITicns cTBOpeHHST MOAei, i HagaBawcs Tpa-
HUYHI yMOBH. OCKUIBKH 3MOJIEIHOBaHA JUIBHUIISA
CTaHILii, 110 TOBTOPIOETHCS, TOPIIM CKiHYEHHO-
€JIEMEHTHOI MOJIeNi HaJaHO TPaHWYHI YMOBH, IO
BIIMOBINAIOTH IUTOCKIHW medopmMartii (3abopoHa Je-
(opMyBaHHS TIO TOPU3OHTAIBHINA W TMO370BKHIN
ocsiM, To0TO ocsim X Ta Y komimiekcy SCAD Bin-
MOBITHO). MoaemtoBaHHs TOJIOBUHU CTAHIII MeT-
POIIONIITEHY MIJIOHHOTO THITYy MOTpPe0y€e TPaHUYHOT
YMOBH, III0 BifjoOpaxkae cuMeTpiro (3a0opoHa fe-
(hopMyBaHHS IO TOPU3OHTAIBHIN 0ci, TOOTO oci X
SCAD). Amaniz iHXEHEPHO-TCOJOTIYHUX YMOB
CBIJYUTH, IO CTAHII ITOKOITHCS Ha MILIHINA Malo-
nedhopMoBaHiii OCHOBI (TUTariorpaHiT), TO CIIiJ Ha-
ATV MOJIENI TPaHW4YHI YMOBH, IO 3a00POHSIOTH
nepemileHHs mo TpboM ocsiM (oci X, Y Ta Z KoM-
mwiekcy SCAD).

Hedopmartiitai XapaKTepUCTHKH, SKi MTPUCBOIO-
BaJIMCsl TeTpaeApam i mpu3Mam, BiAMOBiIalOTh Ma-
TepiajaM, 0 MOJACTIOITH KOMOIHOBaHE KpiIieH-
HS CTaHIlil METPOMOJITeHY MIJIOHHOTO THITY, TOOTO
TAUMYacoBe TOBIMHOKO 0,2 M 3 OEToHy Kiacy
C20/25 3 moaynem npyxHocTi Ep=23-10° MIla Ta
PO3paxyHKOBUM OIIOpPOM Ha CTHUCK Rp= 14,5 Mlla,
a TaKOX TIOCTiiiHE 3 MOAyJNeM MpPYKHOCTI
Ep=30,5-10° MIla Ta po3paXyHKOBMM OHOpPOM Ha
ctuck Ry = 25,0 MITa.

[licns 3aBmanHs nedopMariiHUX XapakTepuc-
THK JIO MOJISJII KPIIJICHHsI CTAHIIIT MIJIOHHOTO THITY
Oy/M J10/1aHI HaBaHTaXKCHHs: 1) BacHa Bara Ioc-
TIHHOTO Ta THMYAacOBOTO KpIIJICHHS; 2) HaBaHTa-
JKCHHS B1JI HABKOJMIITHBOTO TPYHTY; 3) TUMYaCOBE
HaBaHTaXCHHSI.

PesyabraTn

3araynpHUA Ae)OpMOBaHUI CTaH AJS KPIIUICHHS
CTaHIil METPOIOJIITEHY MiJIOHHOTO THUITy 3aBTOB-
mku 0,5 M (moctiiine kpimienHs) ta 0,2 M (Tumua-
COBE KpIIJICHHS) Ul ABOX KOMIIOHEHT HaBEAEHO
Ha puc. 3.

SxicHuil aHali3 1e)OPMOBAHOTO CTaHY 3araib-
HOI MOJeNi IEMOHCTPYE, 10 MPeICTaBlIeHa Ieoo-
riYHa TOBIIA Ma€ HaWOLIbIIE aKTUBHE IePopMy-
BaHHsS B BEPXHBbOMY Iiapi ocanoux mopia. dop-
MYBaHHSI TOPU30HTAIEHUX TEpeMillleHh He3HAYHe,
IO TOSICHIOETHCSI HASBHICTIO MiJ] OCaJOBUMH IIO-
pOJlaMH TIOTY>KHOTO MarMaTHYHOTO (hyHJaMEHTY.
BepTukanbHa KOMIIOHEHTa OLUIbII BHpaKeHa, IO
XapaKTePU3YEThCS JOCUTh BUCOKUMH 3HAYEHHSAMHU
MIepeMilleHb.
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Puc. 3. TopuszoHTanbHi (@) Ta BepTUKANBHI (0) IepeMilIeHHS (MM)
MOJIeINi CTaHIIil METPOTOJITeHY MIJIOHHOTO THITY ¥ MiCIli IPOXOIY

Fig. 3. Horizontal (a) and vertical (b) displacements (mm)
of the pylon-type metro station model at the passage location

[Ticns gxicHOrO aHamizy pe3ysbTaTiB BH3HAYe-
HO MaKCHMaJlbHI 3HaYCHHsI NIEPEMIlCHb: TOPHU30H-
TaJbHI (HWKYE 32 TOPU3OHTAIBHUM JiameTp O0Ko-
BOT0 TYHENI y Mici npoxoay) — —1,82 Mm, Bep-
TUKaJIBHI (1IeJIUra CKIICTIIHHS CePEIHbOTO TYHEIIO
y Michi mpoxoay) — —96,9 mm. lle 3HaueHHs Bep-
TUKAJIBbHUX MEPEMilleHb CBIAYUTD NMPO MOTEHILIHHE
3HAYHE OCIJIaHHs JICHHOI MOBEPXHi, 110 MOTpedye
3aMpOBAKCHHAS TTOCTIHHOTO MAapKIIeHIePCHKOTO
KOHTPOJIIO y MeXax OyJiBHHULITBA CTaHLIi.

AHaniz BEpTHUKAILHOI KOMIOHEHTH JIedopMy-
BaHHSI JUIs 3arajlbHOT MOJIEN TaKOX JEMOHCTPYE Te,
10 Y MICIIi TIPOXOTy ¥ MiJIOHHINA YaCTHHI 3HAYESHHS
MaloTh OJHAKOBUH moOpsiok. [lepemiiieHHs cepen-
HBOT'O Ta OOKOBOTO TYHEJIB Y MiCIli POXOTY CKJa-
nae —13,84 MM, a B MiTOHHINA YacTHHI — —12,58 MM,
a Ha piBHI TOPU3OHTAIBLHOTO JiaMeTpy CTaHLiHHOT
KOHCTPYKIIT BignoBigHo —6,92 it —6,29 mm. Taki
OTpHMaHi pe3yibTaTH CBiAYATh MPO TE, 10 KOHCT-
PYKLisl CTaHUil METPONOJIITEeHY MiJIOHHOTO THUILY,
X04Ya 1 € CTPYKTYPOIO HEOJIHOPITHOI Ta BCE XK Je-
($hopMyeThCsl B JOCUTH OIHOpiagHOMY craHi. To0To,

3HAYHUX CTPHOKIB BEPTHKAJIbHUX W TOPU3OHTAIIb-
HUX TEpeMillleHb B MEPEXOdl BiJ MICI MPOXOay
10 TUIOHY He crocrtepiraerscs. Lle mosicHIoeThes
TUM, III0 ONpaBa CTAHIII METPOMOIITEHY MiJIOHHO-
r'0 THITY, KOTPa CKJIAJA€ThCs 3 THMYACOBOTO 1 MOC-
TIHHOTO KpiIUICHHSA, B HOBHIl Mipi BUKOPHCTOBYE
npoctopoBuii  (paktop. Came pO3MOAIT Pi3HHUX
KOMIIOHEHT HaIpyKE€HO-1e()OpMOBAaHOTO CTaHy,
mo e (akTop 103BOJSIE peani3yBaTH, XapakTe-
pHU3y€e KOHCTPYKILIIO SIK TaKy, 0 HE MA€ HEMOTpi-
OHOTO J0JATKOBOT'O i IKPITUICHHS.

Binbm peTajgbHUM aHa3 MEPEMIICHb OIPaBH
JIOBIB, 1110 JiehopMyBaHHS OIPaBH CEPEIHBOIO i 0O-
KOBOTO TYHEIB, OCOOJIMBO B paliOHI TOPH30HTAIBHO-
ro JiaMeTpy # JIOTKOBOI YaCTHHH, ITiJTBEPDKYE
Maibke OIHOPIHE MEepeMilleHHs! CTaHLIHHOI KOHC-
Tpykuii. Hampuknan, BepTHkanbHI mepeMillieHHS
JIOTKOBOI YaCTHHM OOKOBOTO TYHENIO CKJIAJaloTh —
3,05...-3,71 mm (mpoxim) #u -3,37...-3,91 mm
(B Micui miJIOHY), a Ui JJOTKOBOI YaCTHHU Cepel-
HBOTO TYHENIO BiamosigHo —1,73 & —1,57 mm. Ma-
KCHMaJIbHEe 3HA4Y€HHS BEPTHKAIBHUX IEpeMillleHb
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CIIOCTEPITa€TBCS Yy 3aMKy CEpelHbOTO TYHENI0 THILY SIK MaiDKe OJHOPIAHUN 13 3HAaUCHHSMH Iepe-
i ckmagae —10,3 mm (y mici nmpoxoay). OTpuMaHi  MillleHb, IO 3HAXOIATHCSI B HOPMAaTHBHUX MEXKaXx.

PE3YIbTATU XAPAKTCPU3YIOTH I[e(bOpMOBaHI/If/'I CTaH

Hampyxenuii ctaH KpiruleHHS CTaHINI IiJIOH-

KOHCTPYKIIi CTaHIii METPOMOJITeHy IIIOHHOTO HOTO THIY HaBeJeHO I ()parMeHTiB KOHCTPYKIIiT
B MIJIOHHIN YacTHHI Ta MICIi MPOXOIy Ha puc. 4.
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Puc. 4. TopusontaibHe (a) i BepTukansHe (6) HopmanbHe HarpyxeHHs (kKH/m?)
y KpIIJICHHI CTaHUil METPONOJIITEHY MIJIOHHOTO TUILY BiJI TIOE€THAHHS HABAHTAXKECHb

Fig. 4. Horizontal (a) and vertical (b) normal stress (kN/m?)
in the pylon-type metro station lining from a combination of loads

SIKicHWIA aHaJli3 HOPMAaJBHHUX HAIPy>KeHb J0-
BOJIUTH, IO HANPY>KEHWH CTaH KOHCTPYKIIi CTaH-
i1 METPOIIOJIITEHY MJIOHHOTO THITY HE € OJJHOPIJI-
HuM. lle 00’ekTMBHA CHTYyallis, OCKUIbKA MaiiKe
HEMOJKJIMBO OTPHMATH OIHOPITHHUN HANpYKEHHI
CTaH JJIsl CTPYKTYPH 3 BUpi3aMU U MiAKPIIJIEHUMH
TUTBHUISIMA. B 3a/1a4i POEKTYBAHHS TaKOTO THITY
CTaHI1 i He BXOIUTH 3a0e3MedeHHs OJTHOPITHOTO
HaNpYyXEHOTO CTaHy KOHCTPYKLii, a BHKIIOYHO
3a0e3reUeHHs 11 MIiIHOCTI.

OpnHak, KOHCTaTyI0uYd HEOAHOPIAHICTH HAIpy-
’KEHOTO CTaHy B CTaHLIMHIA KOHCTPYKLIi, ciaix Ta-
KO BUIMITHUTH, 11O, HANPHUKIA], B OOKOBOMY TY-
Hel | JIOTKOBIH YacTHHI CEPEeIHBLOTO TYHEIIO PO3-

MOJIJT TOPU3OHTAIBHOT KOMIIOHEHTH Maiike i/1eH-
TUYHHAN, a HaOiIbIIa HEOAHOPIMHICTh SIK B SIKiC-
HOMY, TaK 1 KUIBKICHOMY IJIaHi CIIOCTEpPIraeThCs
JUTSL BEPTUKAJIBHOT KOMITOHEHTH, B SIKiH JKOPCTKICTh
MIIJIOHY € BHUPIMIAIBFHOIO A (JOPMYBaHHS HAIpPy-
KEHOTO CTaHy.

HasiBHICTH CHUCTEMHM MIJIOHIB, & TAKOX IPOXO-
JiB, IO 3HAYHO BIUIMBAIOTH Ha PO3IOJALT HAmpy-
XKeHb, POpMy€e HEOAHOPIAHWN HANpy>KEHUH CTaH,
SKHH B KOMIUIEKCI 3 OJHOPIIHUM JIe()OPMOBAHUM,
MpeACTaBisie BU3HAYAJIBHY II€peBary CTaHLiHHOL
KOHCTPYKLii Takoro Ttumy. HaiOinem xapakrep-
HUAM B IUIaHI HEOJHOPIAHOCTI € PO3MOAUT JOTHY-
HUX KOMITOHEHT (puc. 5).
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Puc. 5. [Jotuuni Hanpyxenns B momuni XY (kH/M?) (a) it mwiomuni YZ (xH/M?) (6)
Y KpIIJICHH] CTaHIil METPOTOJIITEHY MUIOHHOTO TUITY BiJl TO€THAHHS HABAHTa)KEHBb

Fig. 5. Tangential stresses in the XY plane (kN/m?) (a) and the YZ plane (kN/m?) (b)
in the pylon-type metro station lining from the combination of loads

SAxOu cTpyKTypa CTaHIii METpPOIOJITEHY IIi-
JoHHOTO THUNy Oyna 6 oxHopiaHOW (OyniBenbHA
CTalis — BUNAJIOK 0e3 MPOXO/iB, IKHUH BHHUKAE IO
iXHBOTO CHOPYKEHHS TMICIS 3aKpIiIUIEHHS TPHOX
CTaHIIHUX TYHEIIB), TO HANPYKEHUI CTAaH TaKOX
OyB O0u oHOpiTHUM. HasBHICTE IPOXOIIB, @ TAKOXK
TUTBHUI NEPeXoy NPOXOay B MUIOH W HaBIIAKH,
Ha MPUKJIl PO3MOALTY KOMIIOHEHT AOTHYHHUX Ha-
NPYXXEHb CBITYUTH PO 3HAYHUH X TEPEPO3NOILI.

KoHIeHTpaTOpn HampyXeHb, HANPHKIA, IS
JTOTUYHUX HAIpyKeHb B IUomuHi YZ (puc. 5, 0),
301IBLIYIOYH 3HAUCHHS HaIllpyKeHb Maibke B 7 pa-
31B, 3MINIYOTHCS JIO TIJIOHA, KW MA€ BHCOKY Mi-
IHICTh ¥ MOXE CHPUMHATH TaKi HamnpyKeHHs 0e3
pyiinyBaHHs. IIpM LBOMY KOHILIEHTPATOpH, IO
3HAXOAATHCS Ha ONpaBi CEPEAHBOrO TYHENIO, Ta-
KOX MEpeMIIyIOThCSl B MicLle MIJIOHY, @ KOHLEHT-
paiiss HOpMallbHUX HAaINpyXeHb (IuB. puc. 4) 3a-
JIMIIIAETHCS B MICLII OMpaBH.

[licnsa anamizy pe3ynbTaTiB BU3HAUYCHO MaKCH-
MaJIbHI1 3HAYEHHS HAIIPYKEHHsI Y TIOCTIiHIN ompasi
CTaHIil METPOMONITEHY MUIOHHOTO TUmy: 1) Hera-

TUBHI TOPH30HTAJbHI HampyXeHHs (Bick X, B Ii-
JIOHHIN yacTuHi) — —5,76 Mlla; mo3uTHBHE TOPH-
30HTalIbHE HaIpyXeHHs (Bick X, B MUIOHHIN Yac-
TuHi) — 2,6 MIla; 2) HeraTBHI HOpMaJbHI Hampy-
skeHHs (Bich Y, B MUIOHHIN yacTuHi) — —8,03 MITa;
MO3UTUBHE TOPU3OHTAJIbHE HAIPY)XEHHs (Bich Y,
y micmi npoxonay) — 7,39 Mlla; 3) HeraTuBHiI HOp-
MaJbHi Hanpy>XeHHs (Bich Z, B MUIOHHIA YacTHHI)
— —27,6 Mlla; no3uTUBHE TOPU3OHTAJIBHE HAIPY-
JKeHHs (Bich Z, B TijIoHHIM dactuHi) — 0,76 MIla;
4) notuuHi HanpyxeHHs (monmHa XY, B MiJIOH-
Hill yactuHi) — —0,79 MIla; noTHYHI HaNpyKEHHS
(rurormuaa XY, B mijoHHIA vactuHi) — 0,95 MIla;
5) motu4Hi HampyxeHHs (TuiomuHa XZ, B MiJOH-
Hill yacTuHi) — —6,64 MIla; nOTHYHI HaNpyKEHHS
(mmommua XZ, B miytoHHid yactuHi) — 6,81 Mlla;
6) noTM4HI HanpyXeHHs (TUIomuHa YZ, B MiJIOH-
Hill yacTuHi) — —2,39 MIla; noTH4HI HapyKEeHHS
(rutomuHa YZ, B niioHHIN yactuHi) — 2,58 MITa.
OpHak 3HaY€HHs HANpPYXXEHOTO CTaHy KOMIIO-
HEHTIB HE € JIeTAIbHUM, OCKUTbKH B XapaKTepPHUX
TOYKaX MOXJIMBA B3aEMOJiS KOMIIOHEHT. Tomy
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MPOBEACHO PO3PAXYHOK EKBIBAICHTHHX HArpy-
KEHb 3a YETBEPTOIO0 TEOPI€I0 MIIHOCTI (EHepreTu-
YHa) Y KIJIbKOX XapaKTepHHUX TOYKax (KOHIEHTpa-
Topax) (puc. 6).

a—a

Puc. 6. Cxema KOHIICHTPATOPIiB HANIPYKECHb
B KOMOIHOBaHOMY KPIIUICHHI CTaHIIii METPOIOJITEHY
MJIOHHOT'O TUITY B MJTOHHIM yacTuHi (@)
Ta Micri mpoxoay (6)

Fig. 6. Diagram of stress concentrators
in the combined lining of a pylon-type metro station
in the pylon part () and the passageway (b)

AHami3 po3MIIeHHs KOHIIGHTPATOPiB HAaIpy-
KE€Hb CBITYUTH MPO Te, MO OIIBIIICTh 3 HUX YTBO-
peHi pi3HUMH KOMITIOHEHTaMHU Halpy»XeHb, TOOTO
B KOXKHIH TOYLI MakCMMaJbHE 3HAUYEHHS NpHUMae
OJIHE HAIPY>KEHHS 32 HOPMAJILHOIO a00 JOTUYHOIO
koMroHeHTamu. Lleit pakT 3HOBY 10BOAMTE Te, 1110
3aBJISIKK MTPOCTOPOBOMY (PaKTOPOBI, SIKUIT yTBOPIO-
€TbCS B HEOTHOPIOHIM CTPYKTYpi cTaHUii MeTpo-
MOJIITEHY TIJIOHHOTO THIy, KOMIIOHEHTH Harpy-
XKEHb PO30CEPEIDKYIOThCS B €JIeMEHTax KOMOIHO-
BaHOI ONPABHU.

Cynsun 3 HaBeOeHOI CXEMH KOHLIEHTPAaTOpiB
HaTpYXEHb, I’ SITh 3 HUX BIIHOCATHLCS 10 KOMOIHO-
BaHOI OMNpaBH, sKa 00pamiIloe MiJIOH (KOHIEHTpa-

TOpH B TOYKAX 5 (3Bepxy), 5 (3HUBY), 6, 7 1 2 (3HU-
3y)); TPY TOYKH KOHIIEHTpAILii HaNpyXeHb CIOCTe-
piraroTbcsi Ha BHYTPILIHIK MOBEPXHI OMpaBU cepe-
HROTO 1 OOKOBOTO TYHENiB, IO MeEXYIOTh
3 mijoHoM (Touku 1 (3Bepxy), 1 (3HU3Y) 1 2 (3Bep-
Xy)) 1 I’Th TOYOK KOHIEHTpaLii Hallpy>KeHb Hasi-
BHI Ha BHYTpIIIHIA MOBEpXHI ONpaBU OOKOBOTO
TyHemto (Touku 3, 4, 8 (3Bepxy), 8 (3HM3Y) i 9).
Crig BimMITUTH, 110 B KOHIICHTpATOpax, IO 3Ha-
XOISTBCS B OKOJIMLI MiJIOHY Ta ONpaBH, IO 10
HBOTO TIPUMUKaE, sIK Oyze MmoKazaHo HiwKde, (op-
MyBaHHs HalpyXEHOIo CTaHy € SIBHO NPOCTOPO-
BUM, 3 MPEBATIOBAHHSIM KOMIIOHEHT Hampy>KeHb,
10 BUHUKAIOTh B 30HI MEPEMUYKH, aje Iepena-
FOTHCSI HA ITIJIOH.

[lig vac KiTBKICHOTO aHaiily KOMIIOHEHT Ha-
MPYKEHOT'O CTaHy B KOHIEHTPATOpax Hampy>KeHb
B TOYKax 5 (3Bepxy), 5 (3HUY), 6 # 7 BiamiueHO,
0 TaHIBHOI) KOMITOHEHTOI0 HOPMaJbHOTO Ha-
MPYKEHHsI € caMe BepTHKalbHE HAmpyXeHHS (110
oci Z SCAD), sxe mae 3Hauenns —15,9...-20,9
Mlla. IIpu npoMy piBEHH TOPU3OHTAIBHOI KOMIIO-
HEHTH HOpMaJIbHHUX HampyxeHb (1o oci X SCAD)
TaKOX € JOCTaTHhO BHCOKMM (—5,1...—8,0 MIIa),
a JAOTMYHA KOMIIOHEHTA HalpyXXeHb € IOMIpHOIO
(B miamazoni —2,0...1,2 MITa).

B Toukax 1 (3Bepxy), | (3HM3Y), 2 (3Bepxy) i 2
(3HU3Y), WO 3HAXOAATHCS B OKOJIUII MiJIOHY, Ha-
MPY)KEHUH CTaH BXKe € OUThII PiBHOMIpHHUM, TPO
IO CBiMYaTh 3HAYCHHS HOPMAJbHUX U JOTHYHHX
HanpyxeHb. B Toukax Ha moBepxHi OOKOBOI ompa-
Bu 8 (3Bepxy), 8 (3HHM3Y) U 9 HampyXeHHI CTaH
BIJIMIOBITa€ CTHUCKY.

Jiisi BKa3zaHMX KOHIIGHTPATOPIB HANpYKEHb 3a
YETBEPTOK TEOPi€I0 MIITHOCTI PO3PAaXOBAHO €KBi-
BaJICHTHI HaNpyXCHHS B KPIIJICHH] CTaHIIii MiJIOH-
HOTO THUILY Bijl IOE€HAHHS HABAHTAXKEHb BiJIOBII-
HO 110 TIomH XZ Ta YZ. AHami3ylouu eKBiBaje-
HTHI HaIlpy>KEHHS, SIK1 BXXE€ € CKIIPHUMH BEJINYH-
HAMH 1 BHP&XAIOTh CIIOJyYEHHS KOMITIOHEHT
HalpyXeHb, 1[0 € BEKTOPaMH, CJIiJ] 3Ba)KaTH, ILO
BHpa3 /ISl eHePTeTUYHO1 Teopii MIITHOCTI (YeTBEp-
TOT) 3MIHIOBABCS B 3QJICXKHOCTI Bi IJIOIIHHH.

OxpiM 1OI'0 B MOJAJNBIIOMY aHaji3l 3HAYCHb
CIIiJ] AOAAaTKOBO BPAaxOBYBATH, SIKAa NaHiBHA KOM-
MOHEHTa HaNpyXeHb (OpPMye EKBiBaJCHTHE Ha-
NPYXXEHHS 1 B AKiH IUIOMINHI, a TAKOX MEXY Mill-
HOCTI MaTepiaily KoMOiHOBaHOi ompaBu. Marepia-
JI1 TUMYACOBOT'0 Ta MOCTIHHOTO KPiIUIeHb NPUITHA-
Ti HACTYITHUMH:
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1) TiM9acoBe KpilIeHHS:

— Topkper-0eToH (ToBmmHa 0,2 M, Kinac 6eTo-
ny C20/25, momyns npyxuocti Ep = 23-10° MIla,
pO3paxyHKOBHH ormip Ha cTuck Ry = 14,5 MlIla);

— crajneBa aporsHa citka (2x@10/150 mwm,
nBorrapoBa, knac A400C, xapakTepHa Mexa TEKy-
gocti — 4 000 MlIla, po3paxyHKOBa Mexa TeKy4J0C-
1i — 3 636,4 MIla);

— 1patuacti Oanku (xkmac A400C, xapaktepHa
Mexa TtekydocTi — 4 000 Mlla, po3paxyHkoBa Me-
*a TekydocTi — 3 636,4 MIla);

2) mocTiifHe KpilIeHHs:

— TopkpeT-0eToH (ToBimHA 0,5 M, Kl1ac 6eTOHY
C35/45, monyns npyxknocti Ep = 30,5-10° MIla,
pO3paxyHKOBHH orip Ha cTuck Ry = 25,0 MlIla);

— apmarypa (kmac A400C, xapakTepHa Mexa
tekydocTi — 4 000 MIIa, po3paxyHKOBa Mexa Te-
Ky4ocTi — 3 636,4 MIIa).

Cynsun 13 popM Ta TIIOIII KOHLIEHTPATOPiB Ha-
MpYyKEeHb, MPEJICTABJICHUX Ha pUC. 6, BOHU HE 3adi-
MafoTh TUMYACOBE KPIIUICHHS, 3HAXOASYNCH BH-
KIIFOYHO B TIOCTiiHIH ompasi. BiamosigHo, B SIKOCTI
MeXi MIIJHOCTI MaTepially, y poJii sSIkoi BHCTyMHae
PO3paxyHKOBHUH OImip CTUCKY OeTOHY Ry, mpuitHATO
TopkpeT-0eToH 3 kimacom C35/45 #1 po3paxyHKO-
BUM OIIOPOM Ha cTUCK Ry = 25,0 MITa.

3amac MilHOCTI, IKUH pO3paxOBaHO BHKIIOYHO
3a TOPKPET-OETOHOM IIOCTIHHOI (32 TpilKUHYyBaTiC-
TI0), mepedyBae y mexax 9,0...1,2, a Touni 6 gopi-
BHIOE OJIMHUII (€KBIBAJICHTHE HAINPYKEHHS JTOPiB-
HI0€ 24,4 MIIa), a B Toumi 5 — 1,2 (ekBiBajeHTHE
HanpyxeHHs AopiBHioe 21,2 MIla). ¥V nux Toukax,
SK BKe OyJIO MOSICHEHO BHIIE, NMPOSIBISIETHCS KOH-
LEHTpallis HalpyKeHb uyepe3 Te, 0 Mpoxia Oys
3MOJICTIbOBAHUI Y BHIJISAI HE OBOIIHOI, a MPSMO-
KyTHOT KOHCTpYKLii. OHAaK, BpaxoBYIHOUYH 0cO0IIH-
BOCTI CKIHYEHHO-CJICMEHTHOI MOJICITi 1 aHATI3yI0un
pa3oM i3 eKBIBAJICHTHUM HANpPY>XEHHIM OKpeMi
KOMITOHEHTH Halpy»XeHb, CIiJ BiIMITHTH, IO
B TOUKax 5 (3BepXy i 3HHM3Y) 1 6 HaNpyKEHHS CTHC-
Ky € BUCOKMM (HOpMaJIbHa BepPTUKaJIbHAa KOMITOHE-
HTa 3HaXOJMTHCS B miama3oni —15,9...-20,9 MIla).

Cynasuu 3 3Ha4YeHb 3amacy MIIHOCTi, OTpUMa-
HUX TicJs PO3paxyHKy €KBiBaJCHTHUX HaIlpy>KEeHb,
KOHCTPYKLisl HOCTIHHOT ONpaBH Ma€ TOCTATHIO Mill-
HICTh Uil TIONANBIIOI HOPMAIBHOI EeKCIUTyaTarlii.
[Tpu pOMy CIiJT pEeKOMEH/yBaTH J0JaTKOBE apMy-
BaHHs B 30HI KOHLIEHTPATOPiB Ha BHYTPIIIHIN MO-
BEpPXHI TIOCTIMHOI OMpaBU CEPEeTHBOTO TYHEIIO
(Toukum 5 (3Bepxy i 3HM3Y), 6 1 7) Mg 301IbIICHHS
koe(illieHTy 3amacy i JIOKaJIbHOT MIITHOCTI.

HaykoBa HOBH3Ha Ta MpaKTHUYHA
3HAYUMICTD

HaykoBa HOBHM3Ha pe3ynbTaTiB MOJATA€E y BIEP-
e OTPUMAHHX B XOJi MaTeMaTHYHOTO MOJEIO-
BaHHS pe3yJbTaTax HarpyKeHo-nedopmMoBaHOTO
CTaHy CTaHIlii MJIOHHOTO THITY, IO CIIOPYAXKYETHCS
B MinHUX moponax Ha ocHOBI NATM. Ilpaktnuny
3HAYUMICTh JOCTIIKECHb XapaKTePU3YIOTh PE3yiib-
TaTH aHaN3y MIIHOCTI KOMOIHOBaHOTO (THMYAaco-
BOTO Ta MOCTIHOTO) KPIIJICHHS CTAHI1 TIIOHHOTO
THUITY TIIMOOKOTO 3aKJIaICHHS.

BucHoBku

VY crarTi nmpoaHasi3oBaHi epeayMOBH MaTeMa-
TUYHOT'O MOJEIIOBAHHS KOHCTPYKIIIi CTaHIIIi MeT-
POTIONITEHY MIJOHHOTO THITY Ha OCHOBI YHCEIBHO-
ro anamizy. B po3pobrneHiii mpocTopoBiii mMozeni
BiZJOOpakeHi BIIACTUBOCTI KPIIJICHHSI CTaHII1 MeT-
POTIONITeHY MIJIOHHOTO THUIY W OCOOJMBOCTI CTaH-
iHHOT KOHCTPYKIIii, TaKi sIK IPOCTOPOBUH (hakTop,
CUCTEMa «IIIJIOH — MPOXIi» Ta B3a€MOJIIA MIXK elie-
MEHTaMH KOHCTPYKIi Ta OTOYYIOUHM CKEJIbHUM
MacHBOM.

ITix yac ymMceNpHOTO aHaANi3y OTPUMAHO perpe-
3eHTAaTWBHY 1iHQOpMAIil0 [IOJ0 HANpPY>KEHO-
nehOpMOBAHOTO CTaHY CTaHIlli METPOMNOJITeHY
MIJIOHHOTO THUMY 1 3’sICOBaHO, IO HASBHICTH TIPO-
XOJiB, a TaKOX JUIbHHUIb MEPEX0ay IPOXOay
B TJIOH ¥ HaBIaKW, CBITYUTH MPO 3HAYHHH X Tie-
PepO3MOJIi, NPUIOMY KOHIEHTPATOPH 3MIilIyIOTh-
Cs JIO TIJIOHA, KW MAa€ BUCOKY MIIHICTh W MOXe
CTIPUIHATH TaKi HaMpYXeHHs 0e3 pylHyBaHHS.
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Mathematical Modeling of the Pylon-Type Metro Station Design Based
on Numerical Analysis

Purpose. The authors set the goal of conducting mathematical modeling of the pylon-type metro station struc-
ture based on numerical analysis using the finite element method, as well as searching for components of the stress-
strain state and determining the strength of the combined reinforcement, which is constructed based on the New
Austrian tunneling method. Methodology. To achieve the task, a finite element model of a pylon-type metro station
was developed in the professional calculation complex Structure CAD for Windows. The model fully reflects the
properties of the combined (temporary and permanent) lining of a pylon-type metro station. Half of the pylon-type
metro station was modeled; the model was given deformation characteristics taken from real engineering and geo-
logical studies. Also, a set of boundary conditions was applied to the model, which corresponds to the real defor-
mation of the system, as well as the combination of loads. Findings. During the numerical analysis, representative
information was obtained on the stress-strain state of the pylon-type metro station and it was found that the presence
of passages, as well as sections of the passage transition into the pylon and vice versa, indicates their significant
redistribution. A detailed analysis of the frame displacements proved that the deformation of the frame of the middle
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and side tunnels confirms the almost uniform movement of the station structure. The maximum values of stresses in
the permanent frame of the pylon-type metro station were determined. The presence of a system of pylons, as well
as passages, forms a non-uniform stress state, which, in combination with a uniform deformed state, represents
a defining advantage of the station structure of this type. Originality of the results lies in the first obtained during
mathematical modeling of the stress-strain state of the structure of a pylon-type station, which is being built in
strong soils based on NATM. Practical value. It is characterized by the results of the analysis of the strength of the
combined (temporary and permanent) lining of a deep-buried pylon-type station.

Keywords: metro; pylon-type station; rock formations; stress-strain state; finite element method; New Austrian
tunneling method
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CrarucTHYHMI aHAJII3 PO3BUTKY OyaiBeJbHOI rajay3i YKpaiHu
y 2020-2024 pokax Ta opraHizaniiHoO-TeXHOJOTYHi BACHOBKH

Mera. Hamatu minicHy # 3po3yminy oLiHKY 3MiH y OyIiBeNbHil ramy3i YKpaiHu B KpH30BHH Nepioll, MOKa3aTH,
SIK BOHH BIUIMHYJH Ha OOCSTH POOIT, CTPYKTYpY MOIHTY, PHHOK Tparii Ta (piHaHCOBI pe3yibTaTH MiAMPHUEMCTB
i chopMyJIFOBaTH MPAKTUYHI BUCHOBKH JIJIs OpraHizaiiii BinoyqoBu. MeToauka. 3aCTOCOBAHO MOEIHAHHS 3arajbHO-
HAYKOBHUX ITIAXOMIB 13 MPO30PHMHU CTATUCTHYHUMH Ipoueaypamu. [1opiBHIHHS BUKOHAHO HA TapMOHI30BaHiil OCHO-
Bi 31 CTAJIOI0 TEPUTOPiaIbHOIO 023010, 0€3 ypaxyBaHHSI THMYacOBO OKYNOBaHHMX TEPUTOpIiii Ta 30H OoloBHX 1iil. Bu-
KOpPHUCTaHO iHJEKCH Ha (ikcoBaHil 0a3i Ta MOKPOKOBI IHAEKCH JJIsl BIICTEXKEHHS TUHAMIKH, CTPYKTYPHUIN aHai3
YacTOK 3a BHUJAMH OYHiBEIbHOI MPOIYKIIT, a TAKOXK ICKOMIIO3MIIII0 BHECKIB OKPEMHUX MiArany3eil y 3MiHy 3arajib-
HUX IMOKa3HUKIB. [IpoBesieHO MepeBipKy YyTIMBOCTI 11010 BUOOPY 0a30BOro mepiony i mepesar, a TaKoXk JOTIYHY
Kpoc-TiepeBipky miacyMmkiB. Pe3yabpraTu. BetaHoBIEHO MOCTITOBHICTE criagHOT (pa3y, eTamy aJarnTallii Ta mocTyIo-
BOTO BimHOBICHHA. 3a(DiKCOBAHO CTIMKHIA 3CYB HOMHUTY BiJ KUTIOBOTO CETMEHTA IO iH)KCHEPHOI 1HPpacTpyKTypu
Ta IPOMHUCIOBUX 00’ €KTiB. [l0Ka3aHO MOCHICHHS PO MAIKX i MIKPOIIATIPHEMCTB Y 3aiHATOCTI OPSJ i3 TOMIiTHOIO
pizHHUICIO Y (PiHAHCOBHX pe3yNbTaTax MiX BHIAMH AisUTBHOCTI Ta pO3MIpHHMH Tpymamu. [ligkpecieHo 3amex-
HICTh Bi MyONIYHHX TpPOrpaM 1 BaKIHMBICTH IPO30POTO YIIPABIIHHS CTPOKAMH, BApTICTIO Ta JIOTICTHKOIO.
HaykoBa HOBH3HA. 3alIpOIIOHOBAHO MPOCTY W BOJHOYAC CTPOTINIY aHANITHYHY PAMKY, IO JO3BOJISIE BiJOKPEMUTH
OpraHiyHe BiJIHOBJEHHS BiJ CTaTHCTHYHHUX e(eKTiB 0a3u Ta 3MIH OXOIUICHHS. Y TOYHEHO NMPHPOAY CTPYKTYPHHUX
3pylleHb, CHOPMOBAHO KiJIbKICHI OLIIHKM BHECKIB MiAraiy3eil, O0IpyHTOBaHO BUKOPUCTAHHS CTaJOl TEPUTOPiaIbHOT
OCHOBH JUIsl KOPEKTHOTO MikyacoBoro 3ictapieHHs. [IpakTuuna 3HauuMicTs. PesynbraTi npunatHi Ui npiopu-
TU3allii MPOEKTIB BiOYIOBH KPUTHYHOI IHYPACTPYKTYPH, peasiCTUHYHOTO IUIaHyBaHHs PECYpPCiB 1 JaHIIOTIB MOCTa-
YaHHsI, a TAKOXK JJIsl HAJIAINTYBAHHS KOHTPAaKTHUX MOJENEH 3 MiJICHJIEHUM KOHTPOJIEM PHU3MKIB 1 BapTocTi. OKpeMo
0OTpYHTOBaHO PO3TOpTaHHA iH(OPMAMIHHOTO MOJIEIIOBaHHS Oy/iBeNb i3 YaCOBUM i BapTICHIM BHMIipOM, 3aCTOCY-
BaHHS MOJYJBHHX Ta IHIYCTpPialdi30BaHUX PIllICHb, THYYKHX CXeM CyOmiapsamy i mudpoBoro MOHITOPUHTY, IO M-
BHIIYIOTh KEPOBAHICTH 1 Y3TO/KCHICTH il YIACHUKIB Y 3MiHHOMY CEPEOBHIIII.

Kouosi cnosa: OyniBenbHa ramy3b; o0csaru BupoOHuITBA; nuHaMika 2020-2024; ingexcu OyniBeIbHOT MPOIY-
KIIii; ilKEHEPHI CIIopyad; HEeXXUTIOBe OyaiBHUIITBO; BIM-TexHoIOTiIi; MicIIBOEHHE BiTHOBJICHHS, JIOTiCTHKA OYIiB-
HUIITBA; OpPTaHi3aIlifHO-TEeXHOJIOTIYHI BUCHOBKH

Beryn BUX IIOKa3HWKAX, MOTIPIIUBINN JIHHAMIKY BHPOO-
neHol OyniBeNbHOI MPOAYKIIl BXKe 3a MiICyMKaMu
2020 p.

3 movaTKOM MoBHOMAcHITaOHOT BIHH IIIOK MO-
CHJIUBCS: 3’SBWIIMCSI 3Ha4HI (i3WYHI Ta 1HCTHUTY-
iHI OOMEXeHHS s pealizaiii 1HBeCTHIIHHO-
OyIiBENBHUX TIPOEKTIB, 3POCIN PUBHKH Oe3MeKH,
MMOCHJIMIJIMCS JIoricTUYHi Oap’epu U aediumtu pe-
CYpCiB, Ha OKPEMHUX TEPHUTOPIsX BimOymacs (hakTu-
YyHa 3ynuHKa pooOit. Ile 3ymMoBmIIO rmOOKy perie-
Cil0 B CEKTOpi Ta MMOCTAaBUJIO TiJ 3arpo3y Oe3mepe-
PBHICTh BUKOHAHHS 0araThbOX MPOEKTIB, OCOOIMBO
y perioHax, 0e3MmocepelHbO OXOIUIEHUX OOHOBHMU
nistmu [10, 11].

VYnponorxk 2020-2024 pp. OyniBenbHa ranysb
VYkpainu po3BuBajacs B yMoBax Oe3nperneneHTHOT
TypOYJI€HTHOCTi, 3yMOBJIIEHOI MOCTiIOBHUM BILIH-
BOM J[BOX CUCTEeMHHUX LIOKIB — naHaemii COVID-
19 Ta moBHOMacIITaOHOI BiifHH, 1110 po3MoYanacs y
motomy 2022 p. Ilanzemis cnpuuyMHWIA pi3Ke
3BY)KEHHSI TUIATOCIIPOMOXKHOTO TIOMUTY JIOMOTOC-
noJiapcTB 1 Oi3Hecy, yNMOBUILHEHHS, a MOJCKYIH
MOBHE MPU3YNMHEHHS 1HBECTHLIHHUX MpPOrpam,
MOPYIIEHHS JIaHIIOTIB MOCTAYaHHs Ta 3POCTAaHHS
MaKpOeKOHOMIuHOI HeBu3HaueHocTi [7]. Lle 6Ges-
MOCEPEHbO IMO3HAYMWIOCS Ha KIIOYOBUX Taly3e-
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B ymoBax BHCOKO1 HEBU3HAYEHOCTI IOBIOCTPO-
KOBE TPOTHO3YBaHHS TPUBAJIOCTI KpHU3H Ta ii Hac-
JAKIB U1 Taly3i yckiagHeHe. BogHovac miamnpu-
€MCTBa BHMYIICHI aJalTyBaTHUCS IO EKCTpeMallb-
HUX 00CTaBWH, MOOLUTI3yIOUM BHYTPIIIHI pPe3epBH,
BIIPOB/KYIOUH aHTHUKPU30BI MiAXOAHM IO YHpaB-
JHHA, TIATPUMYIOUM KaApOBUH MOTEHIIAN Ta THY-
YKO aJamnTylo4dd BUPOOHHMYI MPOIECH. 3BiICH BH-
IUIMBAa€E HAYKOBO-TIpakTH4YHa mpolieMa: morpeda
B Y3TOJUKEHIN, CTATHCTUYHO OOTIPYHTOBAHIN OLIIHII
TUHAMIKH, TEHIEHIIH 1 CTPYKTYpHUX 3pYIIeHb Oy-
niBenpHOI Tamy3i y 2020-2024 pp. Sk OCHOBU AJIs
OOIpYHTOBaHUX YMPaBIiHCHKUX PillleHb, MPiOpH-
Tr3amii BiOYZIOBH, ONTUMI3allli pecypcHOro Iuia-
HYBaHHS Ta 3HWKEHHS IPOEKTHUX PU3HKIB.

[IpobnemaTnka OIIHIOBaHHS CY4acHOTO CTaHY
W TeHACHIIN pO3BUTKY OyJIiBENbHOI Tanmy3i YKpai-
HH BHUCBITJIEHA y TPansiX HU3KH BITYM3HSHHUX JOC-
nmigHukiB, 30kpema B. 1. Kpusnuka, C. A. MaTtioxa
Ta iH. Y IUX OyOJiKalisX po3risHYyTO MaKpOEKO-
HOMIYHI JeTepMiHAaHTH AWHAMIKH Tary3i, IHBECTH-
LiHHY aKTHBHICTb, IHCTUTYIIIIIHI YNHHUKH Ta OCO-
OJIMBOCTI PEryJATOPHOrO CEPEJOBHIIA i BUKOPHC-
TOBYIOTBCS IHCTpYMEHTH CTPYKTYpPHO-
JUHAMIYHOTO Ta TOPIBHSJIBHOTO aHamily Ha 0asi
odiriitHoi cratrctuku. OpHAaK, OUIBIIICTH POOIT
30CEPE/DKCHI MePeBaKHO Ha JOBOEHHOMY 3pi3i a0
KOPOTKHX YacoBHX iHTepBanax no 2022 poky, 1o
3HWKYE JTOCTOBIPHICTH TXHIX BUCHOBKIB B YMOBaXx
micIsIKpU30Boi Tpanchopmartii ramysi [2].

Pizka 3MiHa omepariifHOro cepemoBHINa MiCsA
2020 poxy (manmeMiuHi 0OMEXEeHHS) Ta 3 JIFOTOTO
2022 poky (moBHOMacmitabHa BiifHA) 3yMOBHIIA
MOSIBY HOBHX CHUCTEMHHUX PHU3UKIB 1 3pYyIICHb
Yy CTPYKTypi MONUTY Ha OyHiBeNbHY MPOIYKILIO.
OxpeMi aHanmiTHYHI Martepianu (iKCYIOTh aKIEHT
Ha BiA0YI0BI KPUTHYHOT iHPPACTPYKTypH Ta mepe-
OpI€HTAIIiI0 1HBECTHIIIH, IPOTE Y HAYKOBOMY JTHC-
Kypci MOKH 10 Opakye y3TOKEHUX eMITipHIHIX
JOCTIKEHb, Ki O y €IMHIA METONMYHINA paMili
oxorurroBany niepiox 2020-2024 pp. Ta oJHOYaCHO
BpaxoBYBaJIH:

— 00cATH 1 CTPYKTYpPY BHPOOJIEHOT OyAiBebHOT
MPOYKIIIT;

— PUHKOBY 3aiHATICTH 3a PO3MIpOM MiAIIpH-
€MCTB,;

— (iHaHCOBI pe3yJIbTATH JIO OMOJATKYBaHHS, 13
MiATBEPIUKEHHSAM HAaOiHOCTI DKepen Ta y3ro-
JOKEHHSIM OUHHLB BUMIpY.

Takum YHMHOM, HAsBHUN HAyKOBUI BHECOK
chopMyBaB KOpPHUCHE MIATPYHTA Ui PO3YMiHHSA

IOBOEHHUX TPEHMIB, OMHAK 3aJIUIIAE€ BiIKPHUTOIO
noTpedy B OHOBJICHOMY KOMIUIEKCHOMY CTaTHUCTHU-
yHOMY aHami3i 2020-2024 pp. 3 mepexpecHoo Te-
PEBIPKOIO TTOKA3HUKIB 1 BIATBOPIOBAHOIO METOIIH-
KOI0. 3aroBHECHHS IIi€i IMPOTATWHU TO3BOJIUTH
YTOUHUTH MAacIITabu CTPYKTYPHOTO 3CYBY Ha KO-
PHUCTh iH)KEHEPHUX CHOPYA, KiJIbKICHO OIUCAaTH
HOBY KOHOQITYpamifo pWHKY Tpaimi Ta OKPECIHUTH
MexXi (hiHAaHCOBOi CTIMKOCTI Trally3eBHX CErMEHTIB
y KOHTEKCTI IpOrpam 1moBoeHHo1 BinOy1osu [1-3].

Meta

Merta gocmiKeHHS — 3AIMCHATH KOMIUIEKCHY,
CTaTUCTUYHO OOIPYHTOBAHY OLIHKY AWHAMIKH Ta
CTPYKTYPHHX 3pYIICHb y OyAiBENbHIN ramysi Yk-
painu y 2020-2024 pp. mig KyMyJISTHBHAM BIDIH-
oM mnazaemii COVID-19 ta noBHOMAaciITaOHOL
BillHM, 3 aKUEHTOM Ha TPaHC(HOPMALIID TOMHUTY
1 IPOTO3HIIii Y CETMEHTAaX Tays3i.

i MOCATHEHHS METH HEOOXiJHO pPO3B’sA3aTH
Takl 3aBIaHHS:

1. KinpKiCHO OoXapakTepu3yBaTH TUHAMIKy 00-
csTiB BUPOOIEHOI OyAiBeNbHOT poayKiii 3a 2020—
2024 pp. (iHACKCH 10 TOMEPEIHBLOTO POKY, Cepeli-
HBOPIYHI TEMITH 3MiHH).

2. OUiHUTH CTPYKTYPHI 3CYBH MiX >KHTIOBHUM,
HEKATJIOBUM OyJiBHUITBOM Ta 1HXCHEPHUMHU
criopyaamu (4acTKH y MiICyMKY POKY; BHECKH ITiJI-
ray3eil y npupict/mainas).

3. [lpoanamizyBaTi pUHOK Mpalli 3a PO3MipoOM
MiANPUEMCTB (BEJHKI, CepeiHi, Mami; 3 HUX —
MIKpO) Ta 3aiKCyBaTH 3MIHH Yy CTPYKTYpi 3aiHs-
TOCTI.

4. Tocniautu (piHAHCOBI PE3yJITATH JI0 OIOJA-
TKyBaHHS 3a BHJAaMHU JiSUTBHOCTI Ta pO3MipaMu
MiIPUEMCTB; 1AeHTU(IKYBATH O3HAKU TOJSpH3a-
1ii TpuOyTKiB/30UTKIB.

5. CunHTe3yBaTH OpraHizaliiHO-TeXHOJIOTIUHI BU-
CHOBKH JUIS YIIPABIIIHHS TIPOEKTAMH BiJIOYIOBH: BH-
3HAYEHHS MPIOPHUTETIB IHKEHEPHOT iHPPACTPYKTYPH,
ONTUMI3allisl JIOTICTUKH ¥ pecypciB, BHOIp THYYKHX
KOHTPaKTHHUX Mojenei, interpamis BIM-migxonis
(4D/5D) nns utaHyBaHHS CTPOKIB 1 BAPTOCTI.

[IpakTHyHaA MIHHICTH TOJIATAE Y MOYKJIMBOCTI
3aCTOCYBaHHS OTPUMAHUX PE3YNbTATIB s Ti/IBU-
mIeHHS e(EeKTHBHOCTI IUIaHYBaHHS, YNpPaBIiHHA
pHU3UKAMH Ta pecypcamul y Imporpamax HOBOEHHOT
BiJIOY/IOBH, a TAKOX y peaizalii MpoeKTiB HOBOTO
OyliBHUIITBA, PEKOHCTPYKLiI Ta MoAepHizamii
B yMOBax 00MEXEHb 1 BUCOKOT HEBU3HAYEHOCTI.
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MeToanka

JlochimkeHHs] BUKOHAHO Ha OCHOBI O(DiliifHUX
MacuBiB gaHuXx J[lepkaBHOi CIyOW CTaTHCTHKH
Ykpainu 11o/10:

— 00csriB BEpOOIeHOT OyAiBENbHOT MPOIYKITT
3a Bugamu (2019-2024);

— YHCENbHOCTI HaliMaHMX TPAIiBHHUKIB 33 BU-
JIaM{ JiSUTBHOCTI 3 PO3IOILIOM 332 PO3MipaMH ITiJi-
npuemcts (2019-2024);

— (inaHCOBUX pe3yJbTATIB 1O OMOAATKyBaHHSI
3a BHIIAMH TiSUTBHOCTI ¥ po3MipaMH ITiIIPHEMCTB
(2024).

Jnsi KOPEKTHOCTI MIKYacoBHX 3iCTaBlIeHb 3a-
CTOCOBAHO TapMOHI30BaHy TEPUTOPiaJbHY OCHOBY,
TOOTO JaHi HaBeAeHO 0e3 ypaxyBaHHS THMYACOBO
OKYIIOBaHMX TEPHUTOPIiH i 30H OOHOBHX [iil y Tepi-
OJTY, KOJIM BOHH HE IOKPUBAIOTHCS OPILiHHOIO 3Bi-
THICTIO.

AHaNITUYHUNA THCTPYMEHTApil BKIIIOYAE:

— 1HJEKCH JI0 TOMIEPEAHBOr0 POKY Ta Ha (ikco-
BaHiM 0a31 — I JUHAMIKH;

— CTPYKTYPHHUH aHaJi3 4acTOK OCHOBHHX Cer-
MEHTIB (KHUTJIOBI, HEXKHUTIOBI OyAiBIi, iHKEHEpHI
CIIOPY/IH ) — JIJIsl BUSIBIICHHS 3CYBIB;

— JIEKOMITO3UINI0 BHECKIB MiACEKTOPIB y TpH-
picT/maiHHsA 3araJbHOTO TOKa3HWKA — JUIS 17CH-
TUdiKalii TpaiiBepiB;

— TIepEeBIPKU YYTIUBOCTI A0 BUOOPY 0a30BOTO
POKYy/Bar i Kpoc-epeBipKy MiJICyMKIB MK TaOiu-
MU Ta OQIIAHUMH ITiJICYMKaMHU.

OOMexeHHS: TIO3HAYKH «K/C» (KOH(DIIEHIIIIHO)
y miaTabIuvHUAX po3pi3ax HE IHTEPIPETYIOTHCA,
a piYHI TIOKa3HWKU OKPYTIIIOIOTBCS IO OJIHOTO-
JIBOX 3HAKIB MiCIsl KOMH 3 MOXKJIMBUMH HEBEJIHKH-
MU pO301)KHOCTSIMH B 3arallbHIN CyMi.

PesyabTaTtn

Junamixa eunycky. ByniBenbHa Tany3b Hae-
XKUTH JI0 MPOBITHUX, CTPYKTYPOYTBOPIOIOUUX CEK-
TOpIB HAIlIOHAFHOTO TOCHOJAapCTBa: ii cTabiibHe
¢dyHKIIOHYBaHHSI 3a0e3nedye iHPPacTpYKTypHHMA
PO3BUTOK JEp)KaBH Ta IMIATPUMYE 3HAYHY 3aifHS-
TiCTb.

Anami3 oQIimiiHUX CTATUCTUYHHMX JaHUX 34
2020-2024 pp. ¢ikcye BHCOKY TypOYJIEHTHICTB
1 pi3HOCTIPSIMOBAHICTh TWHAMIKH.

BusiBiieHo 1Ba rMOOKI peleciiiHi MpoBaaud —
y 2020 p. (Hacmiakyd maHAEMIYHUX OOMEXKEHb) Ta

y 2022 p. (moyatok MOBHOMACIITAOHOI BIWHH).
[Mounnaroun 3 2023 p., cnocrepiraerbes ¢asza moc-
TYIOBOTO BiJHOBJICHHS: 1HAEKC 0OCSTY BHUpOOIIE-
HOI OyxiBenmbHOI Tpoxaykiii craHoBuB =~ 144 %
y 2023/2022 ta = 127 % y 2024/2023 (no momepe-
OHBOTO POKY). llo3uTHBHHUE iMIyNbC mMepexyciMm
3YMOBJICHUI aKTHBi3alli€l0 MporpaM BigOynoBH
KpUTHYHOI 1H(PACTPYKTYpH, BiIHOBICHHSAM TpaH-
CHOPTHO-JIOTICTUYHHUX CIHOJYYEHb 1 PEJIOKaIl€r0
(abo MozepHi3alli€r0) MPOMHUCIOBUX 00’ €KTIB.

CTpyKTypa BHITyCKYy 3a3Haja CyTTEBOTO 3CYBY.
Cranom Ha 2024 p. IOMIHYIOTh iH)KEHEpHI CIIOPY-
IO IXHS YacTKa y MiJCYMKY Traiy3i CTaHOBHJa
~58 %, Tomi AK HEXKUTIIOBI OyxiBm — ~29 %, a xu-
Ti0Bi — =13 %. lle BigmoOpaxae BUMyIIIEHY Tepeo-
PIEHTAIIII0 1HBECTHUIIN 3 KMTIOBOIO CErMEHTa Ha
KOPHUCTb CTpaTeriyHux iHQPacCTPYKTypHHX Ta
MIPOMHUCIIOBO-BUPOOHMYNX  IMPOEKTIB, KPUTHYHO
BaKJIMBUX VISl EKOHOMIYHOT CTiliKoCTi [3].

Jns meranizanii 3a3HaueHuX 3pyiieHs y tabm. 1
CHCTEMaTH30BaHO 3BECHI AaHi 100 00CATIB BU-
poOienoi OymiBenbHOT MPOAYKINi 32 OCHOBHHMU
Bugamu y 2020-2024 pp., i3 BizoOpaskeHHAM piu-
HUX 1HJEKCIB Ta YaCTOK V IiJICYMKY.

BriM 3BezieHi 1aHi MaCKYIOTh CyTTEBI BHYTPIIIHI
CTPYKTYpHI 3pymieHHs. J{is iXHBOTO PO3KPHUTTS
y TaOJl. 2 HaBeACHO JeTaNi3alliio 3a maBuaaMu Oy-
TBENBHOI JIISUTBHOCTI: KUTIIOBI Ta HEXXHUTIIOBI Oyi-
BJi, a TAKOXX MIATPYNHU iHXKEHEPHHUX CHopyn (30K-
peMa TpaHcHopTHa 1HGPACTPyKTypa, TPyOONIpoBO-
I, JTiHIT eNeKTPOHHUX KOMYHIKAIIH Ta eleKTpore-
penadi ToIo) i3 BiAIOBITHUMH TEMITaMH 3MiHH.

Amnauni3 ganux Tabj. 2 mokasye, mo OyiBeabHa
rajy3b YKpaiHu miciis mokoBoro namiaas 2022 p.
nepernua y ¢asy mocTynoBOro BiTHOBICHHS.

byoisni. Y 2021 p. obcsar 3pic Ha 27,6 % (1m0
2020 p.), y 2022 p. BigOyecs cmang Ha 51,2 %,
y 2023 p. — BigHoBieHHs Ha 30,6 %, a y 2024 p.
3pocTaHHs 3akpinwiocs e Ha 33,7 %. Taka tpae-
KTOpisl BiJOOpakae YyTIMBICTH CETMEHTa 10 MpU-
BaTHUX IHBECTHUIIIN Ta MJIATOCTIPOMOMXHOCTI JIOMO-
TOCIIOIapPCTB, IO BiJHOBIIOIOTHCS TIOBIIBHIIIE,
HiXk OropkeTHE (piHAHCYBAHHS.

Tnoicenepni cnopyou. Ilicns npupocty 27,8 %
y 2021 p., cerMeHT 3a3HaB NaJAiHHA HA MOHAX 58 %
y 2022 p., ipote y 2023 p. MpoJIeMOHCTPYBAB pi3Kke
BifiHOBIEHHS +54,9 %, a 'y 2024 p. 3pocTaHHs 30€epi-
riocst Ha piBHI +22,2 %. Lle y3romkyeTbes 3 mpio-
PHUTETOM BiTHOBICHHS KPUTHIHOI iHYPACTPYKTYPH.
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Tabnums 1

O0csaru Bupo0.iaeHoi oyaiBeabHoi mpoaykii 3a Buaamu y 2020-2024 poxax, MJIH. TpH*

Table 1
Volumes of construction output by type in 2020-2024, million UAH*

VY tomy umcmi Tewmr 3minm 3ara- q q .

Bynisannrso, - ] | ImxenepHi |ipHOTO OyIiBHHUI- 6aCT.K a actTKa frKe-

yChOTO YAIBIL | Hurnoi 6y-| Hexutiiosi | cnopynu | 1Ba, % 10 momepe- yxgl/-** Hep HH};C&O_

JIUHKU OymiBii JHBOTO POKy™* BENb, Y% pya, %
2020 202080,8 |80625,6| 29083,6 | 515420 | 1214552 — 39,9 60,1
2021 258 073,6 |102894,3| 39 147,9 63 746,4 | 155179,3 127,7 39,9 60,1
2022 1149438 |50172,5| 20072,2 30 100,3 64 771,3 44,5 43,6 56,4
2023 165818,2 |65511,5| 22 906,6 42 604,9 | 100 306,7 144,3 39,5 60,5
2024 210197,4 |87605,9| 274458 60 160,1 | 1225915 126,7 41,7 58,3

! Jlani HaBeneHO Ge3 ypaxyBaHHsS THMYACOBO OKYTIOBAHUX POCIHCHKOIO (helepallielo TepUTOpiii Ta 9aCTHHH TEPHTOPIH, Ha STKHX
Be/lyThCs (Belucs) 60HOBI Aii.

* ChopmoBaHo aBTOpOM 3a jgaHumu [3]
** Po3paxoBaHO aBTOPOM

Tabnuus 2

Junamika o6cariB Bupo0.eHoi 6yaiBeabHOI npoaykuii 3a minsugamu y 2020-2024 poxax, MJIH. TpH*

Table 2
Dynamics of construction output by sub-type in 2020-2024, million UAH*
Poku Temn 3minu, %**
2021/ 2022/ 2023/ 2024/
2020 2021 2022 2023 2024

2020 2021 2022 2023

By/liBHULTBO 202 080,8[258 073,6(114 943,8/165 818,2[210 197,4| 127,71 | 44,54 | 144,26 | 126,76

Byaisai: 80 625,6 |102 894,3|50 172,5 | 65 511,5 | 87 605,9 | 127,62 | 48,76 | 130,57 | 133,73

— xutiosi Gymumkn | 29 083,6 | 39 147,920 072,2 | 22 906,6 | 27 445,8 | 134,60 | 51,27 | 114,12 | 119,82

— mexwtyioBi Oyxieni |51 542,0 |63 746,430 100,3 | 42 604,9 |60 160,1 | 123,68 | 47,22 | 141,54 | 141,20

3 HUX:

‘6YZ“B“‘3;}Z[2‘;;‘TOPTY T 7696 | 6688 | 5369 | 6050 | 3438 | 86,90 | 80,28 |112,68| 56,83

‘HPOMHCE‘;;;;CMMCL“ 15971,8|19 848,410 249,0 |12 570,6 | 17 784,8 | 124,27 | 51,64 | 122,65 | 141,48

Tmxenepni ciopyn: 121 455,2|155 179,3| 64 771,3 100 306,7[122 591,5| 127,77 | 41,74 | 154,86 | 122,22

’TpaHC“OpTT‘;;;“‘i’paCpr“' 67 857,8|90 093,023 773,1| 37 957,4 | 27 014,4 | 132,77 | 26,39 | 159,67 | 71,17
— aBTOMOOUIBHI TOpOTH

3arajbHOrO KopuctyBaHHs,| 62 126,8 | 83 957,3 |17 062,4 | 25 356,4 | 17 493,2| 135,14 | 20,32 | 148,61 | 68,99
BYJIMIII Ta 1HIII TOPOTH

— sayisHuIi 1890,8 | 17291 | 1357,2 | 1063,7 | 1661,7 | 91,45 | 78,49 | 78,37 | 156,22
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[ponoBxeHHs Tabnaumi 2

Continuation of Table 2

Poxu Temn 3minu, %**
2021/ | 2022/ | 2023/ | 2024/
2020 2021 2022 2023 2024
2020 2021 2022 2023
— 3;miTHO-TIOcaAKoBi cmyru | 429,0 680,9 K/c K/c — 158,72 - — —

— MOCTH, €CTaKaJIH, TYHell
Ta METPO

— MOPTORBI CIIOPY/IH, KaHa-
i, amOu Ta igmn Bogui | 11157 | 995,9 K/c
CIIOpYIH

— TpyOorpoBoay, JiHii erne-

22955 | 27298 | 5206,8 | 8429,2 | 7570,9 | 118,92 |190,74 | 161,89 | 89,82

K/c 288,6 | 89,26 - - -

KTPOHHUX KoMyHikamiiHux| 21 945,0 | 26 804,7 | 15 626,9 | 22 687,3 | 27 563,3 | 122,14 | 58,30 |145,18|121,49

MEpEexX Ta eJIeKTponepenadi

— MaricTpaibHi TpyOompo-
BOJIH, JTiHIT €CKTPOHHUX
KOMYHIKaI[ifHIX Mepex Ta
eNeKTporepenayi

— MicieBi TpyOOnpoBOIH,
JIHIT eNeKTPOHHUX KOMYHi-
KalllfHUX MEPEeX Ta eJIeKT-

porepenaui

— KOMILJICKCHI CIIOPY/IH
MIPOMHCIIOBUX 00'€KTIB!

10 058,612 428,8| 7 367,9 |11 820,9|12 542,0| 123,56 | 59,28 | 160,44 | 106,10

11 886,4|14 375,9| 8 259,0 |10 866,4 | 15 021,3|120,94 | 57,45 | 131,57 | 138,24

25 333,1|30 746,3 |22 665,035 473,5|43 241,9| 121,37 | 73,72 | 156,51 | 121,90

— criopyau ripanyono0ysHi| 14 008,7 |17 309,1 | 14 831,6 | 26 024,1 | 26 279,9 | 123,56 | 85,69 | 175,46 | 100,98

— criopyu enektpocraniii| 7 532,9 | 8982,8 | 5810,8 | 7420,9 |14 278,4| 119,25 | 64,69 |127,71|192,41

— CIIOPYIU TATIPUEMCTB

Ll .| 3424 377,1 392,4
XIMI9HOT IPOMHUCIIOBOCTI

— CIIOPYAN BAXKKOI IIPOMH-

5251 622,7 |110,13|104,06 | 133,82 | 118,59

cyroBocCTiI, He Kiacugikosa-| 34491 | 4077,3 | 1630,2 | 1503,4 | 2060,9 |118,21| 39,98 | 92,22 | 137,08

Hi paHime

— iHm imkeHepHi criopyau:| 6 319,3 | 7535,3 | 2706,3 | 4188,5 |24 771,9| 119,24 | 35,91 | 154,77 | 591,43

— CIIOPTHUBHI Ta peKpeariii-

. 1856,3 | 2945,1 | 260,1
HI CLIOpy iU

276,5 477,2 |158,65| 8,83 |106,31|172,59

! Jlani naBeneno 6e3 ypaxyBaHHs THMYACOBO OKYIIOBAHUX POCIHCHKOI0 (helepalli€ro TEPUTOPili Ta YACTUHY TEPUTOPIH, Ha AKHUX

Be/lyThCsl (Belucs) 60ioBI ii.

* CchopmoBaHO aBTOpOM 3a qaHuMH [ 3]

** Po3paxoBaHO aBTOPOM

K/c — KOH(DiNCeHIIITHO; TaHi HEe OTPHITIOTHIOIOTHCS

Jlinepu 3poctanns y 2024 p. (mo 2023 p.) 3a
MABUIAMU:

— iHI imKeHepHi ciopyau — +591 %);

— crnopyau enekTpocrtaHiiii — +192 %);

— KOMILJIEKCHI IPOMHMCIIOBI 00’ ekt — +122 %);

— TpyOONpPOBOIM, JiHII EIEKTPOHHUX KOMYHIi-
Kalii Ta enekTpornepenadi — +121 %.

Taki HaJBHUCOKI TEMIIM CBiI4YaTh HE JIMIIE MPO
«PUHKOBE TIOXKBABJICHHS», a Pajllie Mpo IILOBE
BU3HAYEHHs IMpiopUTeTiB BiAOyIOBH (€HEpreTuka,
KOMYHiKaIlii, IpOMHUCIIOBO-BUPOOHHNYA iH(pacTpy-
KTypa) Ta edekT Hu3bKoi 0a3u 2023 p. y yacTuHi
migsuniB. Crpykrypa momuty y 2023-2024 pp.
(dopMmyBanacsi mepeBaXKHO IiJi BIUIMBOM JEpKaB-
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HUX 1 MDKHApOIHWX Tporpam ¢iHaHCYBaHHS Bij-
HOBJICHHS, II0 3yMOBIIIO€ 3MillleHHA TopTdens 3a-
MOBJICHb y OiK BENIMKUX iHPPACTPYKTYPHHUX MPOE-
KTiB 1 BUCYBA€ IiIBUIEHI BUMOTH J0 KBamiQikarii
MiAPATHUKIB, MPO30POCTI MPOLEAYP 1 KOHTPOIIO
BUKOPHUCTAHHS KOLITIB.

Topisusnus 3 00860eHHUM nepiodom. Jlns mos-
HOTH aHaNi3y AOMUIHHO 3iCTABUTH MOTOYHI TEHE-
HOii 2020-2024 pp. i3 JOBOEHHOIO TWHAMIKOIO. 3a
nanumu Jlepikeraty Ta y3araidbHEHHSMH, HaBee-
HumMu 'y crarri KpuBmmka # Marroxa (2020),
y 2015-2019 pp. OyniBensHa Tany3p YKpaiHd Je-
MOHCTpYBaJjia CTiiike 3pOCTaHHs:

—y 2019 p. oOcsr BupoOIEHOI OyHiBENBHHOT
npoaykii cranoBuB 181,7 mipa TpH, 1m0 mpudmn-
3HO y 3,2 pa3u nepeBunwio pisers 2015 p.;

— piYHI TeMIH MPHUPOCTY y HU3II HAMPAMIB CsI-
ramu 25-40 %, a B OKpeMHX BHJaX MisITBHOCTI
(mepenyciM y HEXUTIOBOMY OYAiBHUITBI Ta KOM-
TUIGKCHUX TPOMUCIIOBUX criopynax) ikcyBamucs
iKoBi 3HaYeHHA 70 +150 % 3a pik;

— y crpykrypi 2019 p. momiHyBaiwm PHHKOBO
OpIEHTOBaHI CErMEHTH: HEXHUTIIOBI OymiBii —
27,7 %, KOMIUIEKCHI TIPOMHCIIOBI CIOpYyId —
20,2 %, tpancrioptHi 00’ektr — 18,5 %, kuTmoBi
Oyauaku — 18,3 %; 4acTka «iHIIUX THXCHEPHHX
criopya» ctanoBuia 0mu3bko 4 % [3].

Ha i BizHOCHO piBHOMIipHOTO Mimitomy 2015—
2019 pp. mepiox 2020-2024 pp. xapaKTepU3y€eThCsI
pI3KO BHIIOI0 BOJATWIIBHICTIO: JBOMA CIaJIHUMH
¢dazamu (manmemivani mok 2020 p. Ta BOEHHUI
mok 2022 p.) i BiAHOBIIOBAIBHOIO TPAEKTOPIEIO
2023-2024 pp. OcoOiMBO MOKA30BOK € MiArpyna

300000

; 250000
: 200000
50000
00000
50000
0

HpH

MJIH

1
1

O6csar

2015 2016 2017 2018

BymiBHUIITBO, BCHOTO

2019

«IHII 1HKEHEePHI CTIOpyAn»: 32 HU3BKOI 0asu 1mo-
nepenHsLoro poky y 2024 p. 3adikcoBano +591 %
(mo 2023 p.), mo BimoOpaxkae MOOLUTI3aliHHUE Xa-
pakTep TONMUTY Ha BinOyAOBY KpUTHYHOI iH(pa-
CTPYKTYpH Ta 00’ €KTIB €HEPTEeTHUKH.

OtpumaHi 3iCTaBICHHS MiATBEPIKYIOTh CTPYK-
TYpHY T€PEOPi€HTALII0 iHBECTUIIH 13 >KUTIOBOTO
CcerMeHTa Ha IH(PACTPYKTYpHI Ta IPOMHCIOBO-
BUPOOHWYI 00 €KTH — THIIOBUH MapKep €KOHOMIKH
BOEHHOI'O 4Yacy, a He KIaCUYHOI'O PUHKOBOTO IUK-
Ty 3pocTaHHA. BinnosinHo, axmo y 2015-2019 pp.
PO3BUTOK Taily3i 3yMOBIIOBABCSI NPHUPOCTOM IpPH-
BaTHHUX 1HBECTHMLIN 32 YMOB CTaOlIbHIIIOTO MOMHU-
Ty, T0 y 2020-2024 pp. dopmyeThCs KpPHU30BO-
BiTHOBIIIOBAJIbHA TPAEKTOPIsA, JIe TMPOBITHY PpOIb
BIZIIrpaloTh 1HXKEHEPHI CHOPYAM Ta MPOMHCIIOBI
KOMIUIEKCH, 1O (hiHAHCYIOTBCS MEPEBaXKHO 3a pa-
XYHOK JIEP)KaBHUX 1 JOHOPCHKHUX MPOTrpaM, TOJI K
MpUBaTHE XHUTJIOBE OyIiBHUITBO TUMYACOBO Bil-
XOIWTH HA APYTHH TIIaH.

3a3HadveHi BIIMIHHOCTI JIOMUIBFHO 1IFOCTPYBaTH
Ha puc. 1, sxuil BimoOpakae TMHAMIKY 3arajbHOTO
OyaiBHUIITBA, OyIiBeah Ta IHXXCHEPHHX CIOPYI
y 2020-2024 pp.

3 mpuKIagHOI TIO3UIIT MTOPIBHIHHS TepiofiB di-
KCY€E 3MIiHY IPIOPUTETIB 3aMOBJICHb: BiJl )KHTIOBUX
OyIiBeNbHUX LUKIIB — A0 1HQPACTPYKTYpHUX Ta
MIPOMHUCIIOBO-BUPOOHUYNX KOHTPAKTIB 13 IIiABHIIIE-
HUMH BHMOTaMH JI0 TPOEKTYBAaHHS, JIOTICTHKU Ta
po3opocTi. OUiKyeThCs, 10 KUTIOBHH CETMEHT
BiJTHOBJTFOBATUMETHCSI TIOBIJIbHIIIIE ¥ 3alieKaTHMe
BiJ{ IMOTEYHUX MPOTPaM, MITpaIliifHOl TUHAMIKH Ta
crabifi3arii I0X0/iB JJOMOTOCIIOIAPCTB.

2020 2021 2022 2023 2024

- Pix .
Bynisini ImxeHepH1 ciopyau

Puc. 1. lunamika oOcsriB OyaiBenbHOT mpoaykiii Ykpainu (2015-2024 pp.)
! Nlani HaBeneHo 6e3 ypaxyBaHHs THMYACOBO OKYIIOBAHUX POCIHCHKOIO (pefiepaliclo TEpUTOpiii Ta YaCTUHH TEPUTOPIii,
Ha SIKHX BeAyTbhcs (Bemmcs) Ooiosi mii. [loGymoBaHo 3a manumu [3], 3icTaBIeHHS JOBOEHHUX 3HAUCHb — 3a [2]

Fig. 1. Dynamics of construction output in Ukraine (2015-2024)
! Data exclude territories temporarily occupied by the russian federation and parts of territories
where hostilities are (were) ongoing. Based on data from [3], comparison of pre-war values — according to [2]
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[ounnaroun 3 2023 p., 3aranpHe OYyAIBHUITBO,
OydiBmi Ta IHXKEHEPHI CHOPYAH JEMOHCTPYIOTh
CTaJie BiJIHOBJICHHS; BOJAHOYAC 1HKECHEPHI CIOPYAH
3pocCTaroTh MBHIIIE, HiXK Oyaisimi. Lle po3xomken-
HS TEMIIIB MIATBEPHKYE paHillle OKPECIeHy Imepeo-
pi€HTali0 1HBECTHLIN i3 MPUBATHOTO >KUTIOBOTO
CerMeHTa Ha iH(QPACTPYKTypHE Ta TMPOMHUCIOBE
OyaiBHUITBO. CTPYKTYPHHIA PO3IMOMALT 00CSTIB BHU-
pobuieHoi OyniBenbHOI mpoaykuii y 2024 p. 3acBi-
J4y€e JOMiHYBaHHs iH)KeHepHHX cropyn (=58 %).
Hexuntnosi Oynieni ¢popmyroTs 61u3pko 29 %, TO-
Tl SIK )KUTIIOBI — OpieHTOBHO 13 %.

Taki mpomnopiItii y3roKyrThCS 3 MOTEPEAHIM
aHaITI30M 1 BiTOOpakaroTh CTIMKY MepeopieHTAIII0
PUHKY: Bim OLIBIIOI TMUTOMOI Barm MPUBATHOTO
*)uTioBoro OymiBaunTBa y 2019 p. no mepesaru
1HPPACTPYKTYypHHX MPOEKTIB y 2024 p.

Punok npayi. Anaini3 kKagpoBoro 3a0e3MeYeHHs
OyaiBesbHOI ramy3i (auB. Tabi. 3) 3aCBiUy€ BIUIMB
JIBOX 30BHIIIHIX MIOKiB (manxemii 2020 p. Ta mos-
HOMacmTabHOI BiifHM 3 mroToro 2022 p.) Ha Ynce-
JMBHICTh HAIMaHMX TIPAIiBHUKIB 1 CTPYKTYpPY 3aii-
HsarocTi [7, 9].

3a o(imiifHOIO CTATHCTUKOI0, CPOPMOBAHOIO Ha
YUHHOMY JUIS BiJIIOBITHUX IIEPiOiB TepUTOpPiaIb-
HOMY OXOIUICHHI (0€3 THMYacOBO OKYIIOBaHUX Te-
puTopiii Ta 30H O60iOBUX i), cepeTHbOOOITIKOBA
YHCENBHICTh HAIMaHMUX MPAIiBHUKIB 3MEHIITHIACS
3301,4 Tuc. ocio y 2021 p. mo 224,9 tuc. y 2022 p.
(=25,4 % p/p). Y 2023-2024 pp. dikcyeThcs mo-

BUIbHE BiTHOBJICHHS; cTaHOM Ha 2024 p. IOKa3HUK
cranoButh Jnme ~197,0 tuc. ocib. [lopiBHSHHS
3 noBoeHHNM 2019 p. (285,6 THC.) ciix TpaKTyBaTH
SIK 1HAWKATUBHE Yepe3 BiAMIHHOCTI TEPUTOPiallb-
HOTO OXOIUICHHS; BIATIOBIIHO arperoBaHa OITIHKA
«=—=31 % 3a 2019-2024 pp.» He iHTEPNPETYETHCS
SIK JKOPCTKE MiXKYacoBe 3iCTaBJICHHS PiBHIB 1 MOT-
pebye TapMoHi3amii 3a CTallOI0 TEPHUTOPIATHHOIO
6azoro [1].

lamyzeBuii puUHOK mpami XapaKTepU3y€EThCS
CTalUM JIOMiHYBaHHSM MalluX Cy0’€KTiB 1 3poc-
TaHHSIM POIli MIKpOOi3HECY:

— Mani mignpuemctBa — 58,7 % 3aiiHsTOCTI
y 2024 p. (mpotu 56,5 % y 2019 p.);

— mikpomignpuemctea — 254 % y 2024 p.
(mpotu 21,4 % y 2019 p.);

— cepenni — 35,6 % y 2024 p. (npotu 40,3 %
y 2019 p.);

— Bemuki — 5,7% y 2024 p. (mpotu 3,2 %
y 2019 p.) [1].

Li 3pymieHHs! BKa3yiOTh Ha (pparMeHTaIliro pu-
HKY Tpairi Ta Mepepo3mOoJin 3alHATOCTI Ha KO-
PUCTh MEHIIUX POOOTOAABIIB, MIO Y3TOKYETHCS
3 TMPaKTHUKOI CyOmiapsmy, MOOUTFHUX Opuran
1 THYYKHX BUPOOHHYMX KOHQIrypamiid y mepiof
BinOyn0BU. BomHOUAC CKOpPOYCHHS 3arajbHOI Y-
CENILHOCTI TIepCOHAy YTPUMYE Taly3b HHUXKYE JI0-
BOEHHHX DIBHIB, MiJIBUIIYE YyTIUBICTh IO KaapO-
BUX PHU3UKIB i TIOCHIIFOE BUMOTH JI0 MiJATOTOBKH Ta
yTpUMaHHs KBaJIi(hiKOBaHUX KaapiB.

Tabmums 3

KisnbkicTs HaliMaHuX NpauniBHUKIB y OyaiBHUUTBI 32 po3mipamu nignpuemcts y 2019-2024 pp.

Table 3
Number of employees in construction by enterprise size in 2019-2024
Pix yf)‘;‘i’g"’ Besmuxi, oci6| Bemnki, % Ce})’;’é‘*i’ Cepesi, % | Maui, oci6 | Mai, % |° H“z)‘cl‘i“é“p"’ Miigf’x%
2019 | 285647 9110 3,2 115138 40,3 161 399 56,5 61078 21,4
2020 | 282799 | 12400 4,4 111 247 39,3 159 152 56,3 60 865 21,5
2021 | 301416 | 22398 7.4 115 806 38,4 163 212 54,2 64 562 21,4
2022 | 224 937 9517 4,2 90435 40,2 124 985 55,6 48 758 21,7
2023 | 197 662 9 388 47 72 055 36,5 116 219 58,8 49 143 24,9
2024 | 196983 | 11276 57 70 080 35,6 115 627 58,7 50 050 254

! Nlani naBeneHo 6€3 ypaxyBaHHs THMYACOBO OKYIIOBAHUX POCIHCHKOIO (heiepalliclo TEpHTOpiii Ta YaCTUHM TEPUTOPI, Ha AKUX
BenyThes (Benucs) 6oiioBi aii. ChopmoBaHO aBTOpOoM 3a taHuMH [1]
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Qinancosi pezyromamu. OIHAHCOBI MIACYMKH
2024 p., 3a3HaveHi y Tabn. 4, 3acBigUyIOTH MOJIs-
pu3alio pe3ynbTaTiB y OyaiBenbHil ramysi: cyKy-
mHUM (piHAHCOBUI pe3ynpTaT OO OMOAATKYBaHHS
€ mpuOyTKOBHM, alie POPMYETHCA Ha T CYTTEBUX
PO30KHOCTEH MK MiAPO3AIaMH Ta IpynamMu Mia-
npueMmcts [4].

3a BUIaMU AisUTBHOCTI Tairy3b 3aBepIInia pik i3
3araipHUM npuOyTKoM ~ 1,308 mupx rpH. Kitovo-
BUM JpaiiBepoM CTajH Clieliani3oBaHi OyAiBenbHi
pobotu — = 4,878 mupa rpH. HatoMicTs OyAiBHUII-
TBO OyziBenp 3anmummaiocs 30UTKOBUM — =
—3,568 mupn rpH, a OYAIBHHIITBO CIIOPYA JaJIO
Maike HynboBuH pesynbraTr =~ —0,0018 Mipz rpH,
0 y MiJICYMKY HE BILTMHYJIO iCTOTHO Ha OaiaHc.

VY po3pizi po3mipy HiANPUEMCTB BHUpIIIATBHY
POJb BiAirpany cepefHi KOMIMaHii 3 mpruOyTKOM =~
5,101 mmpnx tpH. BHECOK BENMKHX MiINPUEMCTB
OyB MO3UTHUBHKUM, aje moMipHuM — ~ 0,586 mipa
rpH. BonmHowac, mani miampweMmMcTBa y IiJioMy

MIPOJIEMOHCTPYBaIX 30MTOK ~ —4,378 ™Mupa TpH;
y CKJIaJli MaJHuX MIKpOMiINpHUEMCTBA MalOTh HAMTi-
pury auHamiky (= —7,152 Mapa rpH K MTiIMHOXH-
Ha Kareropii «wmaimi»). BakimBa neTanb: MOIPH
BiJI'€MHHI CyMapHUWH pe3ynbTaT MalluX, Y CErMeH-
Ti crenianizoBaHux poOIT 1 Malli, i MIKpOMiInpu-
€MCTBa MaJld NpUOYTOK, OJJHAK HOTr0 HE BHCTAuH-
710, 00 TIEPEKPHUTH TIMOOKI BTPATH MaIUX/MIKpO
B OyIiBHUIITBI Oy1iBEIIb.

OTxe, MO3UTUBHUN MiICYMOK ramy3i y 2024 p.
chopMyBalli HacamIiepesl CepefHi ITiIMpHeEMCTBA
Ta BUCOKOIMPHOYTKOBHU CEKTOp CHEmiali30BaHIX
poOiT. Lle Bka3ye Ha CTPYKTYpHY HEOAHOPIIAHICTbH
(hiHaHCOBOI CTIHKOCTI: MIAPSTHUKH, IO TIPAITIOIOThH
y Cheriami3oBaHUX BHAaX poOIT, aganTyBaivcs
Kpallle 30KpeMa 3aBJISIKM 3pOCTaHHIO iH(pacTpyk-
TYPHHX 3aMOBJICHb, TOJI SIK Oi3HEC-MOJIeINb, Opi€H-
TOBaHa Ha OYHIBHUITBO Oy/iBelb, 3aJHINANACS
HaHOUIBII PU3UKOBOIO OCOOJIUBO JJI MAJIUX 1 MiK-
POKOMITaHiH.

Tabnuus 4

3BeneHuil piHAHCOBHUIA Pe3y/IbTAT 10 ONOJATKYBAHHSA MiANPUEMCTB 3 PO3IOAiJIOM HA BeJIUKI, cepeaHi, MaJii Ta
Mikponignpuemcra oyaiBeabHOI rauaysiy 2024 p., Tuc. rpH

Table 4

Consolidated financial result before taxation of enterprises broken down into large, medium, small, and
micro enterprises in the construction industry in 2024, thousand UAH

®dinaHcoBui B .. C .. Maui i . .
HOK3.3HI/IK pesynbTar, CJIUKI MAnpu- €pCaH1 manpu- aJIl MANPUEM- | 3 HUX MIKPOIIJI-
€MCTBa €MCTBa CTBa NpueEMCTBa
THUC. TPH
BynisauTBO (YyCHOTO) 1308127,1| +585805,0 | +5100804,9 | -4378482,8 | —7 151 653,7
ByniBaHIITBO OYIiBETH -3567913 | +946695,0 | +2263553,9 | -6778161,9 | —7 983 044
ByniBHUIITBO CIOpY -1752,1 -360 890,0 +881 754,7 -522 616,8 -196 492,1
CrierianizoBasi 0yaiBenbHi podoru | 4 877 792,2 - +1 955 496,3 | +2 922 295,9 | +1 027 882,4

Nani naBeneno Ge3 ypaxyBaHHs THMYACOBO OKYIIOBAaHHX POCIHCHKOIO (eepalliero TEPUTOPIili Ta YaCTHHU TEPUTOPIii, HA SKUX

BeyThes (Benucest) 6oiiosi aii. ChopMoBaHo aBTOpoM 3a qaHuMu [4]

HaykoBa HOBH3HA Ta NPAKTHYHA
3HAYUMICTh

HaykoBa HOBHM3HAa NpEJCTaBIEHOTO JJOCIi-
JOKEHHS TIOJISITae y TOMY, HIO:

1. Boepiue 37iiicCHEHO KOMIUIEKCHUI CTaTHCTH-
YHHUH aHaJi3 KyMYJSTHUBHOTO BIUIMBY JIBOX ITOCITi-
JIOBHUX CUCTEMHHX WIOKIB — maHaemii COVID-19

Ta TMMOBHOMACINTa0HOI BIHHM — Ha Oy/iBeNbHY Ta-
Ty3b Ykpainn y 2020-2024 pp.

2. InenTndikoBaHO W KIIBKICHO MIATBEPIKEHO
CTPYKTYpPHHI 3CYB 1HBECTHIIIH: BiJI )KUTIOBOTO Ce-
IMEHTa — A0 IHKEHEPHUX CIOpY[ i MPOMHUCIIOBO-
BUpOOHNYHX 00’ekTiB (y 2024 p.: iHXKEHEpHI CHO-
pymu = 58 %, HexHUTI0BI OyaiBIi = 29 %, KHUTIOBI
Oyanuku = 13 % y miacyMmKy raiysi).
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3.BusiBneno npaiieepu BimHoBieHHS 2023—
2024 pp. MOOiTi3aliitHOTO XapakTepy: NpiOpUTETHI
mporpaMu BiIOYOBH KPUTHUYHOI iHPpacTpyKTypH
(emepreruka, TpaHCTIOPT/KOMYHIKAIIii, TPOMHUCIIOBI
KOMIUTEKCH) Ta epeKT HHU3bKOi 0a3W y HU3I Mil-
BUJIB.

4. BcTaHOBIIEHO HOBI CTPYKTYPHI AUCTPOTIOPLIT
Yy KapOBOMY Ta (hiHAHCOBOMY BUMipax:

— PUHOK Tpami: 3pOCTaHHS PO MaluxX 1 Mik-
pomianpueMcTs y 3aiHsTocTi (58,7% 1 25,4 %
y 2024 p.) Ha TI1i CYTTEBOTO CKOPOUYEHHS 3arajbHOI
YUCEHHOCTI MTOPIBHIHO 3 JIOBOEHHHUM IIEP1OA0M;

— (inancu: MOJISIpU3aLlist pe3yabTaTiB
y 2024 p.: cykymHO Tamy3p — +1,308 mupm rpH;
KITFOYOB1 TTO3UTHBHI BHECKH — CepeIHi MiAIpUEMC-
1Ba (+5,101 Mupa TpH) Ta cremianizoBaHi OyiBe-
TbHI poboTH (+4,878 Mapa rpH); Bia eMHi — OyiB-
HUNTBO OymiBens (—3,568 wupx TpH), Maii
(—4,378 mapna rpH) Ta MIiKpOMiAIPUEMCTBA
(—7,152 mapn TpH).

[IpakTHYHA 3HAYUMICTH OJEP)KAaHUX Pe3yJbTa-
TiB TIONSITa€ y TOMY, IO OTPUMaHi pe3yjbTaTH
MOXYTh OyTH BUKOPHCTaHI:

— OpraHaMu Jep>KaBHOI BIaIH — IJISI KOPUTY-
BaHHS CTpATeTiii MOBOEHHOI BiOYAOBH, MPIOPUTH-
3alii iHPPaCTPYKTypHHUX 1HBECTHIIIM, TiABUIICHHS
MPO30POCTI  PO3MOALTY  pEecypciB 1  pHU3UK-
MEHEDKMEHTY IIPOrpam;

— cy0’eKTaMu TOCNOJapIOBAaHHS — JUIsl ajanTa-
1ii Oi3Hec-MoJeneil 10 «BOEHHOI» CTPYKTYpH TO-
MUTY: nuBepcudikarii moprdens Ha KOPHUCTh iH-
(pacTpyKTYpHUX/TIPOMUCIIOBUX MIPOEKTIB, ONITUMi-
3allii JIAHIFOTIB MIOCTa4YaHHs Ta IUIAHYBaHHS PeCyp-
ciB (BIM—4D/5D, rHy4Ki KOHTpaKTHI MOJIEi).

— HAayKOBO-OCBITHIMH YCTaHOBaMH — SIK €MITi-
puuHa 0a3za JUIsl MOAAIBINNX JOCIIIKEHb 1 OHOB-
JIEHHsI OCBITHIX IpOrpaM 3 Oprasizaiii Ta ymnpas-
JiHHSA OYJIIBHUIITBOM B YMOBaX BOEHHOI Ta IOBO-
€HHOI EKOHOMIKH.

BucunoBxku

JochimkeHHs] TATBEpAWIO, IO TICHS JBOX
IOKIB cekTop OyniBHumnTBa 3 2023 p. yBiifmoB
y a3y noctymnoBoro BigHoOBJeHHS. Lle BigHOBIICH-
HSl Ma€ He JIMIIe IUKIIYHUH, a i CTPYKTypHUIA Xa-
paxTep: MOMUT 1 pecypcu 3MILLYIOThCS BiJl KHUTIIO-
BOTO CErMEHTa JI0 iHPPACTPYKTYPHHX Ta MPOMKC-
JIOBO-BUPOOHUYHX MPOEKTIB.

Punok mpaui mepeOymoByeTbcs B OiK Maimx
1 MIKpOMiANPUEMCTB, a (iHAHCOBI pe3yJbTAaTH 3a-

JIATIAIOTHECS HEOMHOPIMHUMH MDK BHIAMH ITisTh-
HOCTi Ta po3MipHUMH Tpynamu. Peamizarmis BinOy-
JIOBU CYTTEBO CIHUPAETHCS HA MyOJNIiYHI Tporpamu
1 BUMarae MigBUIIEHOT MPO30POCTI YIMPABIIHHSA
CTpPOKaMH, BapTIiCTIO Ta pu3ukamu. [lopiBHSIHHS
3IIHCHIOBAJIMCS HAa TapMOHI30BaHii TepHUTOpiallb-
Hill OCHOBI, 110 MiHIMi3y€ BUKPHBICHHS Bil 3MiH
oxommrenns micms 2022 p. [10, 11].

OpraHni3aliiHO-TEeXHOJIOTIYHI PEKOMECH/IAIIIT:

1.Tlpioputer imxeHepHOI 1H(PACTPYKTYpH.
®opmyBatu OpT(ENTs TPOEKTIB 3 YHI(IKOBAaHUMHU
CTaH/apTaMH MIBHIKOTO PO3TOPTaHHS; 3aCTOCOBY-
BaTH IHAYCTpialli3oBaHi Ta MOJIYJbHI pilllCHHS,
a TaKOX HACKPI3Hy KoopauHaliro Ha 6a3i BIM ms
CKOPOYCHHS IIUKITY «IIPOEKTYBAHHS — OyiBHUILITBO
— BBEJICHHSD.

2. @okyc Ha mpoMHUCIIOBI 00’ ekTH. MacmTady-
BaTH KOMIIETEHIli KepyBaHHS CKJIAJHUMH BUPOO-
HUYUMH  TPOEKTAMH:  OHOBUTH  TPOEKTHO-
KOIITOPUCHY 0a3y, ONTUMi3yBaTH JIOTICTHKY CIie-
[iaJhbHOTO OOJIaTHAHHSA, BUKOPHUCTOBYBATH IOETa-
ITHI ITYCKH Ta CIIEHapHe TUIaHyBaHHS.

3. KagpoBa Moaens izl pUHKOBY CTPYKTYpY. 3a
JTOMiHYBaHHS MalliX 1 MIKPOIiIPUEMCTB — TIepe-
XOJUTH IO MEPEIKEBUX CXEM CyOmiapsmay, MOOLIb-
HUX OpHUrag i KOPOTKUX KOHTPAKTiB; pPO3TOPHYTH
OesmepepBHE HaBUAHHS, aTECTAIll0 Ta MPOrpaMH
30epekeHHs sIpa KBami(pikoBaHUX Ka/IpiB.

4. ludpoBe ympaBliHHSI PHUIUKOM, CTPOKAMH
i BapricTio. 3anpoBajkyBatn BIM—4D/5D, enune
CepeIOBUIIE JTaHUX, XMapHUHA MOHITOPHHI BHKO-
HaHHS; YHI(IKyBaTH TPOIEIypH YIPABIIHHS 3Mi-
HaMU Ta KOHTPOJIIO BapTOCTi; 3a0€3MeYUTH ayAUTH
MPO30pocCTi ¥ MOBHUM IM(POBUIT CITiji yXBaJCHUX
pimens [6, 8].

5. CrilikicTh Ta eHeproeeKTUBHICTh K HOpMa.
[IpoekTryBat 3a MiAXOAOM BapTOCTI YKUTTEBOTO
LUKITy; iHTeTpyBaTH BiJTHOBIIOBaHI JKepera eHep-
rii, pe3epByBaHHS KPUTHYHUX CHUCTEM, BHUKOPHC-
TaHHS JIOKAJIBHUX MaTepialliB; HaJaBaTH MPIOPUTET
pIIIEHHAM, [0 3MEHIIYIOTh EKCIUTyaTalliifHi BH-
TpaTH Ta MiABHUILYIOTh HaMiHHICTE [5].

6. KontpaktHi Mozeni i 3akymiBii. Bukopucro-
BYBaTH JIOTOBOPH 3 YiTKUM PO3MOJIIIIOM DPU3HKIB
1 MexaHi3MaMH OIIaTH 3a Pe3yJbTaT, aHTUKOPYI-
HIHHAMH TIPUITUCAMH Ta BIAKPUTOIO 3BITHICTIO;
CHUHXPOHI3YBaTH BUMOTH 3aMOBHHKA, ITiJPS/THUAKIB
1 MmocTadanbHUKIB Yepe3 CTaHJapTH30BaHi periia-
MEHTH.

7.Jlani Ta BixTBOpIOBaHiCTh. [ligTpuUMyBaTn
yHi(ikoBaHi KinacudikaTopu, BiAKpUTI QopmaTh
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1 IepioTNYHI OHOBJICHHS CTATUCTHKH; y TaOIHIIIX Takuit HaOip y3arajgbHEHb 1 MPAKTUIHHUX KpO-
1 pUCyHKax 4iTKO (piKcyBaTu TepuTOpiajibHEe OXON- KiB 3abe3medye KepoBaHICTh BiOYAOBUMX MPO-
JICHHS Ta METOJ O0UHCIIEHHS TOKa3HUKIB. rpaM i 3HIKYE PU3UKH TPOEKTIB y CEPeOBHUIIII BU-

COKOI HEBM3HAYEHOCTI.
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Purpose. To provide a coherent and accessible assessment of changes in Ukraine’s construction sector during
the crisis period; to show how these shifts affected output, demand structure, the labor market, and firms’ financial
performance; and to derive practical guidance for organizing reconstruction. Methodology. The study combines
general scientific approaches with transparent statistical procedures. Comparisons are conducted on a harmonized,
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fixed territorial basis, excluding temporarily occupied territories and areas of active hostilities. We employ fixed-
base and chain indices to track dynamics, a structural analysis of shares by construction product type, and a decom-
position of sub-sector contributions to changes in aggregate indicators. Sensitivity checks are performed for the
choice of base period and weighting choices, complemented by logical cross-checks of totals. Findings. We identify
a sequence of contraction, adaptation, and gradual recovery. Evidence shows a persistent shift in demand from resi-
dential building towards engineering infrastructure and industrial facilities. The role of small and micro enterprises
in employment increases, while financial outcomes diverge notably across activity types and firm-size groups. The
findings also underline reliance on public reconstruction programs and the importance of transparent management of
schedules, costs, and logistics. Originality. We propose a concise yet rigorous analytical framework that separates
organic recovery from statistical base effects and changes in coverage. The nature of structural shifts is clarified;
quantitative estimates of sub-sector contributions are produced; and the use of a fixed territorial basis is justified for
correct intertemporal comparison. Practical value. The results support the prioritization of critical-infrastructure
projects, realistic planning of resources and supply chains, and the design of contracting models with strengthened
control of risk and cost. The analysis further substantiates the deployment of building information modelling with
time and cost dimensions, the use of modular and industrialized solutions, flexible subcontracting arrangements, and
digital monitoring—measures that enhance project controllability and coordination among stakeholders in a volatile
environment.

Keywords: construction industry; output; 2020-2024 dynamics; construction output indices; engineering struc-
tures; non-residential buildings; BIM technologies; post-war recovery; construction logistics; organizational-
technological implications
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