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MATEMATHUYHE MOJAEJIIOBAHHSA ®AKTOPY EBAHOTPAHCHI}’AHIi P
3MIHI PIBHSI TIPYHTOBUX BO/I MICBbKUX TEPUTOPIAU

B pobomi 30iticneno mamemamuune mooenro8anHsa 3minu pieHs rpyrmoesux 600 (PI'B)
3 YPaxy6aHHAM GNIUBY WIMYYHUX NOKPUMMIE NOGEPXHI IpyHmMY i esanomparncnipayii. Mema
00CNI0JNCeHHsT — NIOGUWUMU MOYHICMb NPOSHO3I8 3MIHU PIBHA IPYHMOBUX 800 O
NIOBUWEHHST eKON02IYHOI De3neKu MICbKUX mepumopii, NiOMONIeHUX IPYHMOBUMU B00AMU.
1Ipocno3 maxkcumanvbHo2o pigHs IPYHMOBUX 600 0.1 micma Xapkosa, 6e3 epaxysanHs epexmy
esanompancnipayii Ha nepcnexmugy 50 poxis, ceiduums, wo Ha I-ii pik nioiom pieHs
cmanosumume 0,03 m, a na 50-i pix — oauzvko 1,5 m. 3 memor onmumizayii 600H020
banancy niozemHux 600 OJisi 3a0e3nedueHHs eKoo2iuHoi be3neku NiOMoOnIeHux mepumopii
8eIUK020 Micma, HA OCHOBI 3anponoHOBAHOI MamemamuyHoi mooeni 0y10 npoeedeHo
banancysanma 6udamkosux ma npudoymkosux cmamei. banancysannsa 6iobyeacmuvcsa npu
BHUJNCEHHI 000AmMK0B8020 JHCUusieHHs 8 2,4 pa3zu, mobmo 000amKose JHCUBIEHHS HeOOXIOHO
smenwumu 6 cepednvomy na 240 000 /006y, a maxoxc npu 36inbuienti 60006i060py 3
nepuio2o 8i0 NOBepxXHi 8000HOCHO20 20PU3OHMY 8 cepeonbomy 6 15 pazie, mobomo npu
30ibUenHHI 80008i000py 8 mexcax m. Xapxie 6 cepeonvomy na 300 000 M3/006y. Taxoorc
3pobneno npoenos sminu PI'B i3 ypaxysannsm 0ii esanompancnipayii na nepcnexmusy 50
poxig. I1io wmyynumu nokpummsamu xa I1-i pix niotiom piens cknaoe 0,05 m, a na 50— pix —
soice 2,56 m. Ha mepumopii, sinvuiti 6i0 wmyunux noxkpummis PI'B 6yoe cmabinizosamnuil
diero esanompancnipayii. Takum 4YuHOM, NOWUPEHHS NIOWI WIMYYHUX NOKPUMMIE NO
mepumopii micma cnpusimume 3HUNICEHHIO OIi esanomparcnipayii i CMiukomy ni08UWEHHIO
PI'B ma pozsumky niomonienus. IIpogedeHo oyiHKYy adekeamHoCmi 3anponoOHO8AHOL
MamemamuyHoi Mooeni 3a hakmuuHuMu OAHUMU MOHIMOPUHZY Pi6HS IPYHMOBUX 600. Oyinka
A0eK8aAmMHOCMI NPOBOOUMBCS HA 080X PI3HUX 3a NaHOwapmHumu ymosamu oinaukax. llepwa
OLIAIHKA NEepPesaN’tCHO pPO3MAUl08aHA Noceped NPUBAMHO20 CEeKmopy ma MAe GiLIbHY 6i0
nokpummie noegepxuio. /Jlpyea OiNsAHKA NPAKMUYHO NOGHICMIO 6KPUMA  WMYYHUMU
nokpummsamu. Pezynomamu po3paxyukie na mooeni 8usHaA4UIU MICHUU 83AEMO38 30K MIdC
PO3DAXYHKOBUMU MA (DAKMUYHUMU 3HAYEHHAMU MOHIMOPUHSY pi6Hie niozemuux 600. lLle
CI0UUMb NPO  AO0EK8AMHICIb CMBOPEHOI MamemMamuiHoi Mooeini pearvHum @izuuHum
YMOBAM.

Knouosi cnosa: 0ooamkoge sicusienis, pieeHb IPYHMOBUX 800, e6anOMpancnipayis,
NIOMONNEeHH S, MAMeMamuyHe MOOe08AHHS 3MIHU PIBHS IPYHMOBUX 80O.
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IBAHOTPAHCIIMPALIUY ITPY USMEHEHHUH YPOBHS I'PYHTOBBIX BO/JL
I'OPOACKHUX TEPPUTOPUU

B pabome nposedeno mamemamuueckoe Mmooenuposanue UIMEHEeHUs YPOBH:L
epyHmoswvix 600 (YI'B) ¢ yuemom enusanus ucKyccmeeHHblX NOKPbIMuLl NOGEPXHOCMU NOYBbI U
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asanompancnupayuu. Llens uccredosanusi — nosvicums MOYHOCMb NPOSHO308 UMEHEHUs
VPOBHAL  2PYHMOBLIX 600 Ol NOBLIUEHUS IKOAOSUUECKOU 0e30nacHOCmu  20pOOCKUX
meppumoputi, NOOMONJEHHbIX 2PYHMO8biMU 6oo0amu. IIpoeno3 makcumanrbHo2o YpoeHs
2PYHMOBbIX 600 05 20poda Xapvkosa, 0Oe3 yyema d¢hghekma 38anompancnupayuu Ha
nepcnekmugy 50 nem, ceudemenvcmayem, umo Ha 1-ii 200 noovem yposus cocmasum 0,03 m,
a Ha 50-11 200 - okono 1,5 m. C yervro onmumuzayuu HaA OCHO8e NPEONONCEHHOU
mMamemamuyeckou  Mooenu B00HO20  Oanawca NOO3EMHbIX 800 Ol  o0becneueHus:
9KOI02UHECKOU 0e30naACHOCMU NOOMONIEHHbIX MEPPUMOpull 601bUO20 20p00d, NPOBeOeHO
banancupoganue pacxoOuvblX U HNPUXOOHbIX cmamell. banancuposanue npoucxooum npu
CHUDICEHUU OONOTHUMENbHO20 numanus 6 2,4 pasa, mo ecmv OONOIHUMENbHOE NUMAHUE
HeoOxo0umMo ymeHnouiums 6 cpeonem na 240 000 M3/cym1<u, a makdxce npu yeeaudeHuu
60000mMbOOpa U3 Nep8o2o oM NOBEPXHOCMU BOOOHOCHO20 20PU30HMA 8 cpedHeM 8 15 pas, mo
ecms npu ysenudeHuu 800oomoopa 6 npedenax 2. Xapvkos 6 cpedonem Ha 300 000 M3/cym.
Taxowce coenan npoeno3 usmenenusi YI'B ¢ yuemom Oeticmeus 38anompancnupayuu Ha
nepcnexkmugy 50 nem. [100 uckyccmeeHnviMu nOKpvlmuamu Ha I-1i 200 noovem ypoems
cocmasum 0,05 m, a na 50-u 200 — yowce 2,56 m. Ha meppumopuu, ceob6o0HOl om
uckyccmeenHuvlx nokpvimuil YI'B 6yoem cmabunuzupoearn oeucmeuem 26anomparHcnupayuu.
Taxum obpazom, pacnpocmpaneHue niowaou UCKYCCMEEHHbIX NOKPLIMULL N0 Meppumopuu
2opooa 6ydem cnocobcmeo8ams CHUMNCEHUIO 0eltiCMBUsl I8ANOMPAHCAUPAYUU U YCIOUYUBOMY
nosviwenuro  YI'B u passumuro noomonnenus. Ilposedena oyenka adexsamuocmu
NPeONIONCEHHOU MAMEMAMU4eckol Mooeiu no Gakxmuieckum OaHHbIM MOHUMOPUHeA YPOBHS
epyHmosvix  600. OyeHka aoekeamHoCcmu Npo8oOUNACb HA 08YX  PA3IUYHBIX  NO
Janowapmusvimu ycnoguamu yyacmkax. Ilepguvlii yuacmox npeumyujecmeenio pacnoiodceH
noCpeou 4acmuo2o CeKkmopa u umeem c80000HYIO OmM NOKPLIMUL NOBEPXHOCMb. Bmopoil
YU4ACMOK NPpaAKmu4ecKu NOJIHOCMbI0 NOKPbIM UCKYCCMEEHHbIMU NOKpulmuamu. Pezynomamoi
pacuemos Ha MoOOelu ONpedenuniu MeCHYI B3AUMOCEA3b MedHcO0y PACUEMHbIMU U
Gakmuyeckumy  3HAYEHUAMU  MOHUMOPUHeA — VPOBHell  NOO3eMHbIX  600.  JDmo
ceuoemenvcmeyem 00 a0eK8AMHOCMU CO30AHHOU MAMeMAmMu4eckol Moo0elu pealbHbIM
@uzuuecKuUM Ycro8usaM.

Knwouesvie cnosa: Odononnumenvnoe numanue, ypoeHb  SPYHMOBLIX 800,
96aNOMPAHCRUPAYUS, NOOMONJIEHUEe, MAMeMamuieckoe MOOeIUposanue UMeHeHUs YPO8Hs
2PYHMOBIX 800.
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EVAPOTRANSPIRATION FACTOR MATHEMATICAL MODELING IN
GROUNGWATER LEVEL CHANGING PROCESS OF URBAN TERRITORIES

The mathematical modeling of groundwater level changing with influence of artificial
surface covers and evaportanspiration factor has been developed in the paper. Objective of
research is to improve the forecasts of groundwater level changing for environmental safety
of urban areas flooded by groundwater. The prediction of maximum groundwater level
altitude for the Kharkiv city, without taking into account the evapotranspiration effect on the
50 years perspective, indicates that for the 1% year the level rise will be 0,03 m, and for the
50" year near 1,5 m. In order to optimize groundwater balance using the proposed
mathematical model for the ensuring ecological safety of urban flooded territories the
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expense and profitable balance of groundwater parts have been provided. Balancing occurs
by the additional groundwater replenishment reducing in 2,4 times, that means to reduce
additional groundwater replenishment an average on 240,000 m*/day, and increase the
groundwater extraction in 15 times, that corresponds an average 300,000 m®day. Also, the
forecast of groundwater level changing included evapotranspiration effect for the 50 years
future has been provided in the paper. Under artificial covers for the 1% year, there will be
0,05 m of the level rising, and for the 50™ year it will be 2,56 m. On the territory, free of
artificial covers, groundwater level will be stabilized by the evapotranspiration action. Thus,
the proliferation of artificial surfaces in the city will contribute reducing the
evapotranspiration effect and groundwater level sustained increase and flood development.
Adequacy evaluation of proposed mathematical model on the actual groundwater level
monitoring data has been realized. The adequacy evaluation is carried out on two different
landscaped areas. The first section is mainly located in the middle of the private sector, and
has a free surface. The second section is practically completely covered with artificial covers.
The calculation results on the model have determined the good correlation between the
calculated and actual monitoring values of groundwater levels. This indicates the adequacy
of proposed mathematical model to real physical conditions.

Keywords:  additional  groundwater  replenishment,  groundwater level,
evaportanspiration, flooding, mathematical modeling of groundwater level changing.

ITocTanoBka npodJieMu

JIns 3HAa4YHOI KIUIBKOCTI MiICT YKpaiHM XapakTepHe CHCTEMaTH4yHE IIiJIBULICHHS
cepennporo piBHsA TpyHTOBHX BOJ (PI'B) Ha 3a0ymoBaHMX TEpUTOPISIX Ta PO3IIUPCHHS
ninsHok nigroruieHHs. 3a 2011-2014 pp. muioma nigTorieHHs TepuTopii YKpaiHu cTaHOBUIIA
7,9 MiIH. Ta, a KUTBKICTh 3aTOIUICHUX HACEJIEHUX MyHKTIB ctanoBwia 4702. Bigsime Toro, B
2018 pori moma MmiITOIJICHHS CTaHOBWIA 8,9 MIIH. Ta, a KUIBKICTh 3aTOIUICHUX MOCEICHBb
cranoBuiia 4747. Lle# CUCOK MOYUHAETHCS 3 BETUKUX MIiCT YKpainu [1].

[TigToruieHHsT TPHU3BOIUTH 1O pPYHHYBaHHS MaTepiamiB MiJ3eMHHX KOMYHIKAIii,
3a0pyIHEHHS YChOTO MII36MHOTO MPOCTOPY MICT, 30KpeMa BEPXHIX TOPU3O0HTIB MiA3EMHUX
BOJI, BUHUKHEHHSI OOJIOTUCTHX IUISHOK 1 3aTOIUICHHS ITI36MHHUX NPHUMINIEHb y >KUTIOBUX
OynuHkax. Taki mpoliecd TPOBOKYIOTh PO3BHUTOK IIIJIOTO PSAAY E€KOJOTIYHO HEOE3MEeUHUX
010J10T1YHUX Ta (I3UKO-XIMIUHUX SBHUIL AKTMBHOTO PO3MHOXXEHHS KPOBOCOCHUX KOMaX,
MOSIBU aCKOMIIIETIB, YTBOPEHHS OTPYWHHUX BUMAPIB y TOBITPI, IO MIKIIJIMBO MO3HAYAETHCS Ha
3I0pOB’1 HACEJICHHS 1 CIpUYUHSE 3HAYHI MaTepianbHi 30UTKH. 3a0€3MedeHHs EeKOJOTIYHOi
OC3MEeKN TEePUTOPI, IO 3a3HAOTH MMATOIUICHHS, NUIIXOM TOIMEPEIHKEHHS PO3BHUTKY Ta
JKBIgAIli HETaTUBHUX HACIIIKIB I[OTO MPOIECY, € BAXKJIMBUM 3aBJIaHHSIM IIATPHUMaHHS
CTaJIOT'0 PO3BUTKY MICT.

Ha remepimHiii 4Yac 3adMIIalOTECA aKTyaIbHHUMH 3aBIaHHS KOMIUIEKCHOI OITIHKH
TEXHOTEHHOT'O BIUTMBY BeMUKUX MicT Ha PI'B Ta mporHo3yBaHHs HOro 3MiHH, BPaxOBYIOUU
HaTypHI JOCHIIJDKEHHS Ta PO3POOJICHHS MAaTeMAaTHMYHUX MOJENEH i yTOYHEHOI OITIHKH
MiJBUIICHHS PIBHS EKOJIOTiYHOT Oe3neku ypOaHI30BaHMX TEPHUTOPIM, IO 3a3HAIOTh
M ATOIUIEHHS.

AHani3 HayKOBHX JOCTI/DKEHb TOKAa3aB, M0 y BEMUKHUX MICTax YKpaiHU HacaMIiepen
BIJICYTHSI HEOOX1/IHA MOHITOPHMHIOBAa CHCTEMa KOHTPOJIO 32 PEKHUMOM IPYHTOBHUX BOJ, IO
CIPUYMHEHO EKOHOMIYHMMHU TpYAHOIIaMH. TOMy OIlIHKAa Ta TPOTHO3YBAHHS PO3BUTKY
MpoIIeCy MiATOTUICHHS OCTaHHIX POKIB HA IIUX TEPUTOPISX 3HAYHO YCKIATHIOETHbCSI. MeTtoau
Ta METOJUKHU MPOTHO3Y MiJTOIUIEHHS MICBKHX TEPUTOpii MOTpeOyIOTh po3poOKH Mojeneid,
0 BpPaxXxOBYIOTh TaKli KOMIUIEKCHI TEXHOTE€HHI (aKTOpH, SIK INTYy4YHI TOKPHUTTS, IO
3MEHUIYIOTh TPAHCHIPAIil0 uYepe3 pPOCIWHH, BUMAPOBYBAHHS 3 IPYHTOBHX BOJA Ta 3MIHY
BOJHOTO OajaHCy MiA3eMHHX BOJ TIiJi BIUTMBOM JOJAaTKOBOTO JXKHBJICHHS 1 BOJOBIIOOpY 3
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IPYHTOBHX BOJA. Takum 4MHOM, AOCTIDKEHHS TPOIEciB Ta YMHHUKIB 3MiHM PI'B mim gac
MPOTHO3YBAaHHS MAaKCUMAJbHOTO iX WIAHATTS, MIO JO3BOJUTH KITBKICHO OI[IHUTH PHU3HK
MiITOTUICHHS, € aKTYaJIbHOI0 HAayKOBO-TIPUKIIATHOIO 33/1a4Y€I0 y PO3Pi3il €KOJIOTIYHOI Oe3MeKn
BEJNUKHX MicT [1].

AHaJi3 OCTAHHIX JOCTIIAKEHb | myOaikamii

B poborax [2-4] mamaHi 3arajbHi KOHIIEMIii aHTPOIIOTEHHOI'O BILIUBY Ha MiA3E€MHY
rizpocgepy 3a0y10BaHUX TEPUTOPIN Ta METOAM OOPOTHOU 3 MiATOIIICHHSIM.

dakTopH, IO BIUIMBAIOTh HAa PO3BUTOK MIATOIJICHHS MICT, OyiM omucaHi B poOoTax
Skosnesa €.0., lllepoaka O.B., Kcenodonrtosa b.C., Tapanosa P.A. ta inm. [2, 4].

SAmenko K.B., Anxarrep C., ComoraeB B.I., ITapdentreB O.A. Tta imm. [3, 5]
MPEJCTABIWIIA Y JIOCHIKCHHSIX METOJIU MPOTHO3YBaHHS, MOHITOPUHTY Ta PO3PAXyHKY 3MiH
PIBHS TPYHTOBHUX BO/I.

Bimomi Bueni Ta ¢axiBmi, Bkimouatoun SkoieBa €.0. [4], ComoraeBa B.L. [5],
Yebanoa O.FO. [6] Ta i1HII po3riIsmanyd IWHAMIKY DPIBHS TPYHTOBHUX BOJ Ta PO3BHUTOK
IpoIiecy MiATOIUICHHS MICBKHX Ta MPOMHUCIOBHX TEPUTOPIH.

[linrorieHHss Ta ympaBJIiHHA PIBHEM TIPYHTOBHX BOJ, YIPABIIHHS ITOBEPXHEBUM
CTOKOM BHCBiTIICHO B poboTax Jha A. K., Bloch R., Lamond J. [7], Bob M., Rahman N.,
Elamin A., Taher S. [8], Jiang Y., Zevenbergen C., Ma Y. [9] and others [10].

Binowmi BueHi Ta ¢axisui, 30kpema Adpamos C.K., Izekuep 10.C. [11], Uebanos O.1O.
[12], HertsproB B.M., Crpmxenpunmk I.I'. [13], Temima C.B. [14], SAummx A.B. [15],
MydraxoB A.I. [16] Ta iHmi BuB4wanm wmeroau ympaeiinHs PI'B Ta Ooporebu 3
MIITOTUICHHSIM MICBKUX Ta TPOMHCIOBUX TepUTOpid. B maHmii 9ac 3amadi 1HTErpoBaHOl
OI[IHKM TEXHOTEHHOTO BIUIMBY BEIMKUX MICT YKpaiHM Ha piBeHb IPYHTOBHX BOJ Ta
MPOTHO3YBAaHHS MOTO 3MIH 3 YypaxXyBaHHSIM pPO3POOKH TOTIMOICHUX JOCTIIKEHb Ta
MaTEeMAaTHYHUX MOJENeN ISl MiABUIICHHS EKOJOTIYHOi Oe3MeKH MICBKUX TEPUTOpINd 13
3arpo3010 MiATOIUICHHS 3aJUINAIOTHCSA aKTyalbHuMH [ 1].

Meta pocJainkenHs
Meta nociimkeHHs — po3pO0JICHHS MAaTeMaTUYHOI MOJIENI Ui yTOYHEHOTO MPOTHO3Y
3MIHU PIBHSA TPYHTOBHX BOJ JUIsl TiJBUIIEHHS EKOJOTIYHOI OE€3MEeKH MICBKHUX TEPHUTOPIH,
MiTOMJICHUX TPYHTOBUMU BOJIAMHU.

BukiaaeHHs 0CHOBHOIO MaTepiary J0CTiI:KeHHS
Ha npuxmnani M. XapkoBa AJis IPOTHO3YBaHHS PIBHEBOIO PEXXKUMY I'PYHTOBHUX BOJ IIPH
3MiHI BOJOTOCTOAPCHKUX YMOB, PO3POOJIECHO MAaTEMAaTHYHY MOJENb, IO BPaXxOBY€E iCTOTHI
crarti Oanancy: iHQIIBTpalilo aTMOchepHUX BOJ, JOJATKOBE >KUBJICHHS B IPYHTOBI BOJM,
TpaHCIIpaIliio, BUIIAPOBYBAHHS, €BallOTpaHCHipalio 1 BoAOBiAOIp 3 mig3eMHMX Boia. Ha
ocHOBl piBHsAHHSI MydraxoBa A.JK. moOyaoBaHO MaTeMaTHUHY MOJENb, fKa JJ03BOJIAJIA
OTPUMATH PO3B’SI30K Cc(HOPMYNIbOBAHOI 3adadi B 3aMKHYTOMY aHATITHYHOMY BUTIISAL (Y
BUDIISAI psafiB). Lle maso MOXIUBICTH MPOBECTH Bi3yalli3allil0 pPE3yNbTATiB 1 MiATBEPIUTH
HOTIEPEeIHRO OTPUMaHi aBTopoM fAaHi [17, 18] mpo BIIMB 101aTKOBOTO KUBJICHHS HA PiBEHb
I'PYHTOBUX BOJ 3 BUKOPUCTAHHAM TPAAULIHHOTO 1HKEHEPHOTO MiIXOY.
3 METOI0 CTBOPEHHS MAaTeMaTHYHOI MoJeii oOpaHo audepeHIliaabHI PIBHIHHS IS
onucy 3Minu PI'B Ta BinnmoBinHi TpaHUYHI YMOBH.
[Ipu ibOMy TPHUIHSATI TaKi MPUTTYIICHHS:
— 3MmiHa PI'B Mmae ycramenuil xapakrep, mpo IO CBigYaTh JdaHi OaraTopiyHUX
nociikeHb ['eonoriunoi mapTii B 3-X peKUMHHX BOJOITYHKTaX M. XapKiB;
— PO3MIAJAIOTHCS AUISHKA 3 OJHOPIAHMMH TiAPOTEONOTIYHUMH YMOBAMM B3JJOBXK
OJTHOTO 3 HANPSIMKIB, 110 JI03BOJISIE BAKOPUCTOBYBATH PIBHIHHS TIJI0CKOT (PimbTpalrii.
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JIy1st MosteTIoBaHHS PO3TIISIHYTO PIBHSHHS (PUIBTPaLlifHOTO HATIOPY Y BHMAAKY TUIOCKOT
¢inbrpanii, ske Moxke OyTH 6a30BUM JUIsl CTBOPEHHS MaTeMaTHYHOI Mozeni onucy 3MiH PI'B,
KO0 MOYKHA BpaxyBaTH (haKTOpH MITYYHUX TIOKPUTTIB Ta €BANIOTPAHCITIpaIlii:

o*h  ,0%h (1)
5g+Yr57=0,

ne h — piBeHb IPYHTOBUX BOJ, M; X, Y — KOOpAMHATH, TOKa3aHi Ha puc. 1; y — koedimieHT
aH130Tporii.

Ha Tepurtopii 6aratbox MictT YKpaiHu 3Ha4HY IUIONLY 3alMarOTh INTY4YHI JOPOKHI
HOKPUTTS 1 Oy/iBIIi, 110 MEPEIIKOIKAIOTH IPUPOJHUM TpoliecaM iHIbTpanii aTMochepHux
OmaJiB, BUMIAPOBYBAaHHS Ta TpaHcmipailii. ToMy mpu MOJenroBaHHI 3MiHU PIBHS IPYHTOBUX
BOJI BPaxOBaHO ICHYBAaHHS TaKWX MAUITHOK TEPHUTOpPii, IO YaCTKOBO MOKPHUTI INTYYHHUMHU
MOKPUTTSIMHU, /1€ BIUIMB MPUPOJHHUX 1 TEXHOTEHHUX (DakTopiB Oyne BiAOyBaTHCs JIHIIEe Ha
He3a0y10BaHii moBepxHi 1i€l aAunsHkH (puc. 1).

-l-a -l 0 I I+a

Puc. 1. Cxema po3paxyHkoBoi od.acti aJ1s1 BusHauennss PI'B.

[Mpunycrumo, mo Ha ginsHkax [—l-a+-I] ta [I+1+a] BinOyBaeTbcs BIUIMB NpUpPOIHUX 1
TEXHOTEHHMX (DaKTOPIB HA 3MiHY PiBHS IPYHTOBHX BOJ; B TOM 4ac sk Ha minsukax [-| +0] Ta
[0+]] BmmMBY Ha piBeHB IPYHTOBHX BOJA HE BiOYBA€THCS 3aBISKU LITYYHHUM HOKPHTTSIM
(puc. 1). Toni, BpaxoByrOuH, IIO 30BHIIIHS HOpManb Ha Biapi3ky [-| + |]. mpu y=-L
CHIBMaAa€ 3 MNPOTWICKHUM HampsMkoM oci Oy, MaeMO TaKy TpaHM4YHY YMOBY, MIO
XapaKTepPU3y€e HASIBHICTh MITYYHUX MTOKPUTTIB:

oh
oy |-1<x<ly=-L

Ha ninsakax [-l-a; -] Ta [l; |+a] BimOyBaerbcs iHGIbTpallis, BOIOBIIOIp,
TpaHCHipallis i BUITApOBYBaHHSI, TOMY Ma€MO

_oh

oy :fl+sl_gl_dl_kl’

I<x<l+a,y=-L

ne f1 — nonarkoBe KUBIICHHS IPYHTOBHUX BOJ (IPUOYTKOBA YacTUHA OallaHCy IPYHTOBHX BOJ);
S1 — KUIBKICTh OMAaJiB, sKa 1HOUIBTPYETHCS B IPYHTOBI BoaM (MPUOYTKOBA YacTHHA OajlaHCy
IPYHTOBUX BOM); J1 — IHTEHCHBHICTb TpaHCHipalii (BUJaTKOBAa YacTWHA OalaHCy IPYHTOBHUX
BOJ); (1 — IHTCHCHBHICTh BUITAPOBYBAaHHS (BUIaTKOBA YaCTHHA OaJaHCy IPYHTOBHX BON); K1 —
BOJIOBIIOIp 3 IPYHTOBUX BOJ (BUJATKOBA YaCTHHA OalaHCy IPYHTOBUX BOJ).
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AHanoriuHy ymoBy craBuMo Ha pginsHmi [-1-a; —l] mpm y=-L, no3na4aroum

BIJIMOBIHI MapamMeTpu BOJHOTO OajlaHCy 3 iHIEKcOM 2. B mojanbumioMy BHKOPHUCTOBYEMO
CHMETPUYHY MOJIENb, TOMY BBaKa€MO, 110

f1=f2; S1=S2; 91= g2; d1=d2; k1= ko.
Otpumaemo

_a_h =f,+s,—-9,—d, —k,.
x|l <x<-l-a,y=-L
OcCkinbKM 3MiHA DPIBHIB I'PYHTOBUX BOJ Ta iX PO3MOBCIOJUKCHHS € JIOKAJbHHMH, i
MOJICITIOBAHHS TPOBOJMUTHCS MJII OOMEXKEHHMX JUITHOK MICBKOI TepuTopli (IIPOMHCIOBUX
00'exTiB, OyAiBeNb 1 T. iH.) 3 OJHOPITHUMH T1IPOT€OJIOTIYHUMH YMOBAaMH, MOKHA MIPUHHSATH,
1110 OOKOBHUI MTPUIUIKB 1 BIATIK PiBHI Mk CO0010, TOMY

oh
&x=l+a_e1(y)
2
ce(y) =, )
14 (vl yg)
il ~ey)
oxlx=-l-a * y

Jie T — BIAHOCHA MIHJIMBICTh MOTEHIIIHHOI TpaHCIIipallii; Yso — mapameTp, 0 XapaKTepusye
BHCOTY KalISIPHOTO BCMOKTYBaHHS BOJY; Y — TTTMOWMHA, J1e BiAOYBAETHCSI TUCK BOJIOTH, SIKUI
BCMOKTY€E. Y po3paxyHKax MPUUHATO 3HAYCHHS T = 2,2.

VY monmanemmx po3paxyHKax MPUUHSTO, IO Yso = 3, TOOTO BBaXKaJIOCh, MO0 L =6 M.
Skuro eaBamoTpaHCHUpAllisi HE BpPaXOBYBalach, TO 3HAUYCHHS L OOTOBOPIOETHCS OKPEMO.
[ToyaTkoBHii piBeHb NIPUHMAETHCS 3a TOUKY Bimtiky, h=0:

Takum ynHOM, C(POpPMYNIBOBAHO TaKy KpaloBY 3aaady Ul BU3HAYEHHS HEBIOMOL
bynKii h(x, y). Tpeba 3HaliTH PO3B’A30K AU(EPEHIIaTBLHOTO PIBHIHHS

2 2
5_21+7/i28_2120
OX oy
IpH TAKUX KPaHOBUX YMOBaX:
oh
= o ;
oyl-1<x<ly=-L (3)
oh
_6_yISXSI+a,y:—L_f1+sl_gl_d]_—kl, (4)
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oh

_5;|SXS—L—&y:_L_f2+%‘92—df—M, -
oh
= —e (y),

(6)
oh
= —e(y),
OX |x = -] = a l(y)
: 2
ne GpyHkuis el(Y)= W BU3HAUCHA B (2).
50

3ayBakxuMo, 1110 HEMOXJIMBO MOOYIyBaTH OJHY CHCTeMy 0a3uCHUX (DYHKIIHM Juis 1miei
KpalioBOi 3a7a4il 3 HEOJHOPIIHUMH KpalOBUMH yMOBaMHU Ha TPhOX MeXax. Tomy B poOOTi
3aMpONOHOBAHO IIYKaTH HEB1IOMY (YHKIIIO h(X, y) y BUTJIAZI CYMH JIBOX JIO/IaHKIB:

h(x, y)=h(x,y), +hy(x,y).

Koxmniit Qynkuii h, (X,y), i=12 BignoBigae cBOs KpaioBa 3ajada, IpH YOMYy B
KOJXKHIN 3 IMX 3a7a4 HasBHI OJTHOPIAHI TPaHWYHI YMOBH, 1110 JIa€ 3MOTY MOOYTyBaTH CUCTEMH
He3aNeKHUX OazucHuX (yHKIIA. Takwii 3aci0 He JMIIe JO3BOJISLE MOOYAYBaTH PO3B’SI30K
chopmynboBaHOi KpaitoBoi 3amaui (1), (3)—(6), mo BpaxoBye HasSBHICTh IITYYHUX MOKPHUTTIB,
1H(UIbTpaLil0, BUMAPOBYBAHHS Ta TPAHCHIpAIlilo, a TaKOXK e(eKT eBanoTpaHcmipaii, ane i
JOCIIIIUTH OKPEMO BIUIMB IITYYHUX TOKPHUTTIB Ta e(eKT eBamoTpaHcmiparii. Tak, kpaiioBa
3amada JUIs  QyHKIii hl(x y) ONKCY€ HASABHICTh IITYYHUX TOKPHUTTIB, 1H(IIBTpaIilo,
BUIIAPOBYBAHHS Ta TPAHCIHIpaIlilo, ajie He BpaxoBye e(eKT eBaroTpaHcIipanii B 3aJI€KHOCTI
Bi rymbuHu. 1o 3a1aqy chopmMyITr0eMO TaKUM YHHOM:

2 2

=0,
my:O
n i
oy l-l<x<ly=-L

7

_oh =f +s -k "
oyl-l-as<x<-l,y=-L * * ¥
_oh =f +s -k,
oy l<x<l+a, y=-L
ol g
aXx:ir(IJra)
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ne f1 — nogaTkoBe JKUBICHHS IPYHTOBHX BOJ (IPHOYTKOBA YacTHHA OaaHCy IPYHTOBHUX BOJ);
S1 — KUIBKICTh ONAJIB, KA iHQUIBTPYETbCA B I'PYHTOBI BOAU (MpUOYTKOBA YacTUHA OallaHCY
IPYHTOBHUX BOJ); K1 — BOAOBIAOIp 3 IPYHTOBUX BOJ (BHIATKOBA YaCTHHA OajgaHCy IPYHTOBHX
BOJT).

Bennunna nmouatkoBoro PI'B € noBinbHOIO.

Otpumano 3HadeHHs 3MmiHM PI'B  npum HesmiHHIN eBamoTpaHcmipaliii, 1o
Bi3yaJli30BaHO PO3paxyHKaMH UId OOMEKEHHMX IUITHOK TepuTopii M. XapKiB Ha puc. 2, jae
300pakena ¢yukmis hi(X,y). Otpumani Takok 3HaueHHsS 3MmiHm PI'B mpum 3miHHiM
eBaroTpaHcHiparii, siki 300paxeHi Ha puc. 3.

0.00010-

A hwm

0,00008
—0,00006
-~ 0,00004
,00002
1 [ I [ e : 3
-1500-1000 -500 0 500 1000 1500 ¥, M Vi

Puc. 2. Cepennnono6osa 3mina PI'B 3a npodisem Puc. 3. 3mina PI'B npu 3minnii
MojeJi, 0e3 BpaxyBaHHs [Iii eBanoTpaHcmipanii. eBanoTpaHcmipanmii.

Po3pobiiennii mporuo3 makcumanbHO BUCOKMX PI'B (puc. 2) Michbkux Teputopiii Ha
npukiaaai M. XapkiB 6e3 BpaxyBaHHS il eBarnoTpaHcmipallii Ha nepcnekTuBy S0 pokiB BKazye,
o Ha |- pik migiom piBHa ckiazae 0,03 m, a Ha 50-if pik — Bxke 1,5 M. 3 MeTorO onTUMI3aIlii
BOJHOTO OaJaHCy MiA3€MHUX BOJ JUIs 3a0€3MEYCHHS EKOJOTigyHOi Oe3MeKH MiATOIUICHUX
TEPUTOPIA BEIMKOTO MicTa, OyJ0 MPOBEACHO OalaHCYBaHHS BUIATKOBHX Ta MPHOYTKOBHX
crareil. banancyBaHHs BinOyBaeTbCs NMpU 3HMKEHHI JT0JIATKOBOTO JKUBJIECHHSA B 2,4 pasw,
TOOTO JTOAATKOBE KUBJICHHS HEOOXITHO 3MEHIIUTH B cepennbomy Ha 240 000 M3//:[o6y, a
TaKOX IpU 30UIbIICHHI BOJOBIAOOPY 3 MEPUIOrO Bif MOBEPXHI BOAOHOCHOTO TOPH3OHTY B
cepenHpboMy B 15 paziB, ToOTO mpu 301IBIICHHI BOJOBIAOOPY B Mekax M. XapkiB B
cepearboMy Ha 300 000 M%/106y. Ha 36inbireH s BOLOBIA60pY HeoOXixHoO BuTpaTHTH 24 000
kBT-u, mo BiamoBimae 48 tuc. rpu/m00. OCKIIBKH SKICTh TPYHTOBHX BOJ Y M. XapkiB
HEBHCOKA, PO3paxoBaHUN 00’€M BOAM MOXKE OYTH BHUKOPUCTAHUH JJIS TEXHIYHUX Lijed abo
0OBOJTHEHHSI PIYOK.

Takox 3pobsieno nporuo3 3minu PI'B i3 ypaxyBanHsM [ii eBamorpancmipanii (puc. 3)
Ha niepcnekTuBy 50 pokis. [1ix mTydHIME TOKPUTTAMU Ha 1-i1 pik migitoM piBHs ckiazae 0,05
M, a Ha 50-i pik — Bxke 2,56 M. Ha tepuropii, BinbHINM Bix mTydHux nokputtiB PI'B Oyne
cTabuTI30BaHUi [I€10 eBamoTpaHcmipaiii. TakuM YHHOM, TOMIMPEHHS IUIONI IITYYHUX
HNOKPUTTIB MO TEPUTOpIi MiCTa CHPUATHME 3HWKEHHIO il eBamoTpaHcmipauii i cTiikomy
niaunieHao PI'B ta po3sutky migrorutenus [1].

Oninka aaeKkBaTHOCTI MoaeJIi
OmiHka aaeKBaTHOCTI MOJAETI MPOBOAMIACH Ha JABOX pI3HUX 3a JaHIMIAa(QTHUMH
yMoBaMu AiisiHKax. [lepima minsHKa mepeBakHO pO3TAIIOBaHa IIOCEPE]] IPUBATHOTO CEKTOPY,
Ta Ma€ BUIbHY BiJ MOKPHUTTIB MOBEpxHIO. Jpyra niiasHKa MpPaKTUYHO TOBHICTIO BKpUTa
IITYYHAMH TOKPUTTAMH.
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Puc. 4. IlynkTn cnocrepe:xennsi 3a PI'B 3a mepion 3 1965 mo 2017 pp. (y NpSIMOKYTHHKY BHHECEHO JAaHi
cnocrepexens 3a PI'B YkpHAIIHTI3).

Po3ramryBaHHsI OCTIB CIIOCTEPEXKEHb Ta TOYKM KOHTpouto 3a PI'B, mo posrisaatorscs
B po00TI, HamaHo Ha puc. 4. Touku A, b, B — pe>)KUMHI BOJOITYHKTH JIEPKaBHOT CITOCTEPEIKHOT
Mepexki y M. XapkiB, 1 CHEI[iaibHI CIOCTePEXHI MYHKTH YKPaAiHCBKOTO TOJOBHOTO
BupooHnyoro HJII irmkeHepHo-TeXHIYHMX Ta exonoriunux BuinykyBanb (YkpHJIIHTI3) aus
MoHiTOpuHTY 3MiHu PI'B, B sikux npoBomunuck BumiproBanss [19, 20].

Tabauus 1

[TopiBHAHHS MOHITOPUHTOBHX JIJAHWUX 3 TPOTHO30BaHWMH 111010 3MiHU PI'B

®dak- Pix o 3MmiHa P.FB Ha 3MmiHa PF. B Ha

No THUYHA Aoc. . Kinbkicth daktnu Mozeni 0e3 MoOZen 13

TO4- | raubu- BigM. AoCI POKIB ochia- | Ha 3MiHa BpaxyBaHHS Jii BpaxyBaHHM Jiii
ku | HaPI'B | ycra, M mesﬂs{, JKEHHSA PI'B,m | eBanorpancmipanii, | eBamorpancmipaii,
M M

2 |2,7-35] 103,08 | 1978 38 14-2,2 2,08 1,25

10 1,3 103,4 | 2016

1 14,250 99,7 1965 36 1,6-1,7 1,97 1,45

5 |2,6-3,3| 100,05 | 2001

8 |2,3-4,3| 100,0- | 1993 8 -0,6- 0,44 -0,27-0,23

102,32 1,3*

6 |29-30]| 101,4 | 2001

A 5,10 2004 13 -0,3* HemoxnuBo —-0,40*
5,40 2017 BpaxyBaTH

b 2,37 2004 13 —0,45* HemosxnuBo —0,45*
2,82 2017 BpaxyBaTH

* — PI'B 3uu3uscs.
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Touku A4, b, B Ha AUNSHII, IO PO3TISAAETHCSA, 3HAXOMATHCSA IMOCEpe] MPUBATHOTO
CEeKTOpy, Je Ourblia dYacTMHA TepuUTopii He3a0ymoBaHA Ta O3€JEHEHa, IO CIpHseE
iHTeHcu¢ikanii mpomecy eBamorpancmipanii. 3mina PI'B 3a Oararopiunumii mepiog B
ceepmioBuHax Ha TOB «CAH IHBEB Vkpaina» (Touka A4), Ha Byn. KoHTopchbkiit (paHimie
UepBoHoxkOBTHEBA, Touka b) Ta Ha ByJ. O. HeBcbkoro (Touka B) HaBeaeHa Ha puc. 4.

[TopiBHAHHS MOHITOPUHTOBHMX JIaHUX 3 MPOTHO30BaHMMHU 1110710 3MiHu PI'B HaBesneHi B
Tabm. 1.

[TopiBHSIHHS pe3y/ibTaTiB MOJICIIOBAHHS Ta JAaHUX HATYpHHUX CIIOCTEpEkKEHb BKAa3ye Ha
a/IeKBAaTHICTh CTBOPEHOT MOJIeNi (PaKTUYHUM JaHWUM, 110 HajaHi y Tabnuui 1. BpaxyBauus nii
eBaroTpaHcHiparii 103Boyisie pobuTH Okl TOYHWUK TporHo3 3miHu PI'B. Orxke, mis
eBarnoTpaHcmipanii crabinizye ta 3Hmwkye PI'B (Toukum A4, b). A Ha TepuTOpisiX, BKPUTHX
MTYYHUMH TOKPHUTTSAMU (ToukH 1, 2, 3, 5, 6, 8, 10) mis eBanoTpaHcIipallii HEMOXKJIMBA, TOMY
BinOyBaeThes migiiom PI'B.

BucHoBku

Bnepmie po3pobiieHo MaTemMaTH4HY MOJENIb 3MiHM pPIBHS TIPYHTOBHX BOJ, IO
BOJIHOYAC BPaxoOBY€ BIUIMB IITYYHUX MOKPHUTTIB Ta eBanoTpaHcmipaniio. Ha npukiani micta
XapkoBa po3po0JIeHO TMPOTHO3HUM BapiaHT MAKCHMAJIbHOTO ITJBUINCHHS PIBHS I'PYHTOBHUX
BOJI B YMOBaxX HPUPOIHO-TEXHOT€HHUX TI'€OCHCTEM BEIMKHX MICT. 3alpONOHOBAHO 3aXOAU
HIOJI0 ONTHMI3alii OalaHCy IPYHTOBHX BOJ 3aBASKH BpPAaxXyBaHHIO BIUTUBY TEXHOT€HHUX
(axTOpiB HA IPYHTOBI BOJIH.

[IpoBeneHO OIIHKY aJeKBAaTHOCTI 3allpOIMIOHOBAHOI MaTEeMaTUYHOI MOJeNl 3a
(aKTUUHUMH JAHHUMU MOHITOPHUHTY pIiBHS IPYHTOBHX BOJ. Pe3ynmpTatu po3paxyHKIB Ha
MOJIeJII BU3HAYIIIM JOOpE Y3TrO/PKEHHSI MK PO3PaxXyHKOBUMH Ta (PaKTHUHUMH 3HAYCHHSIMHU
MOHITOPHHTY pIBHIB TiA3eMHUX BOJ. lLle CBigUWTH MpPO aaeKBaTHICTh CTBOPEHOI
MaTeMaTUYHOI MOJeJi pealbHUM IPUPOTHUM YMOBAM.
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