AHOTAIISA

boonap T.C. Jlokamizallis MpUXOBaHUX BUTOKIB HAa MariCTPaJIbHUX BOJOBOJIAX
1 30HHMX BOJIONIPOBITHUX Mepekax. — KpamidikaliifHa HayKoBa Mpailsl Ha IpaBax
PYKOIIUCY.

Hucepramiss Ha 3m00yTTS HAYKOBOTO CTyIeHs gokTopa (imocodii 3a
crietiayipHIcTIO 192 — ByAiBHUIITBO Ta HMUBUIbHA 1HXeHepis (19 — ApxiTekTypa Ta
OyaiBHuITBO). Hamionanbumii yniBepeuteT “JIbBiBCcbka momitexHika”, JIbBis, 2025.

VY cydacHMX yMOBax 3Ha4HO1 3HOLIEHOCT1 BOAOIPOBIIHUX MEPEXK, MIIBUILICHHS
BapTOCTI BOAHUX PECYPCIB Ta EHEPreTUUHUX BUTPAT ITpoOiieMa BTpaT BOJIU, 30KpeMa
IPUXOBAaHUX BUTOKIB, HAOyBa€ KPUTHYHOTO 3HAYCHHSA IS 3a0€3MeUeHHs CTaJIOTO
BOJIONIOCTaYaHHs. 3a JaHUMU CBITOBOI NPAKTUKHU, MPUXOBaHI BUTOKU CTAHOBIIATH
Bix 10% 1o 50% BiJ 3arajJibHUX BTpAT Y CUCTEMaxX BOJOIMOCTAYaHHS 3aJIEKHO BiJl
BIKy Ta TEXHIYHOTO CTaHy TpyOompoBoaiB. B VYkpaini mpoOiema mpuUXOBaHHX
BUTOKIB OCOOJIMBO aKTyajbHa BHACIIJOK CTapiHHS 1HXKEHEPHOI 1H(PaCTPYKTypHu
MICT, 0OMEXEHHX (PIHAHCOBUX PECYpPCIB HA MOJAEPHI3ALII0 MEPEK 1 HETOCTATHHOTO
PIBHS BIPOBAKEHHS Cy4aCHUX TEXHOJIOT1i BUSIBJICHHS BUTOKIB.

[IpuxoBaHi BUTOKM TPU3BOAATH A0 3HMKEHHS €(PEKTUBHOCTI pOOOTH CUCTEM
BOJOINOCTaYaHHs, 30UIbLIEHHSI BUTPAT €JIEKTPOCHEPrii Ha NepeKadyBaHHS BOJIH,
MOTIPIIEHHST AKOCTI MOCHYT CIOXWBayaM, 301TbIIEHHS WMOBIPHOCTI aBapidiHUX
CUTYalliil, 10 BUMArae MoIuyKy HOBHX, OLIbII €(EKTUBHUX METOJIIB iX BHUSBICHHS
Ta Jjokamizaiii. [Ipu boMy BUTpaTH Ha TIONIYK TIPUXOBAHUX BUTOKIB TPAIUIIIHHUMU
METOJIJaMU 3aJIMILIAI0THCS BUCOKUMHU, a Yac BUSIBJICHHS — HA/ITO TPUBAJIMM.

KomruiekcHui migxiag 10 BUPIMICHHS 3a/1adl BUSBJICHHS BUTOKIB BOJIU 3
BOJOIIPOBIAHUX MEPEX 13 BHKOPUCTAHHSM CIICIIalli30BaHOTO  O0JIaIHAHHS,
MOCTITHOTO MOHITOPUHTY TMapaMeTpiB CHUCTEMH Ta Cy4dacHUX 1H(opMaiiHux
TEXHOJIOT1 3a0e3nevyye OmnepaTHuBHE BUSIBJICHHSA aBApIMHUX AUISTHOK 1 CHpHSIE
3HaYHOMY 3HWKEHHIO EKCIUTyaTallliHUX BHUTpaT Yy CEKTOpPl BOJOMOCTauyaHHS.
BaxxnuBy poJib y IbOMY MPOILIEC] BIJIITPA€ BIPOBAIKEHHS 30HyBaHH Mepex (DMA -

30H), aKTUBHUM KOHTPOJb 1 CTAOLTI3aIlig TUCKY, a TAKOX JIOKAJTbHUNA MOHITOPUHT



Butpat. KoHTposibOBaHe 3HMXKEHHS TUCKY B 30HAX 13 MIABUIIIECHUMHU BTpaTaMH BOJIU
€ OAHUM 3 HaWe(PEKTUBHINIMX 3aXOJlIB 3MEHIICHHS BHUTOKIB 1 IIIJIBUIICHHS
HAIIMHOCTI MEepexi.

Cepen ICHYIOUHMX TiapaBiIidyHO-0a30BaHMX METOJIB JIOKai3allii BHUTOKIB,
HANOUTBII PO3MOBCIOIXKEHUM € METO/I T1APABIIYHOTO TPAII€HTA, AKUI 0a3yeThCs Ha
aHali3l 3MIHM THUCKY B3JIOBX JAUIIHKH TpyOompoBoxy. OJHaK OCHOBHHM
0OME)XEHHSIM METOy € HEOOX1AHICTb JTOCTYITY /IO MPOMDKHHUX TOUOK TPYOOIIPOBOIY
JUTST BCTAHOBJICHHS JAaTYWKIB THUCKY, IO MOTpeOye MPOBEACHHS TOTIOMIKHHUX
3eMJISTHUX pOOIT, 301JIbIIIY€E BUTPATH Yacy Ta PECypcCiB.

BpaxoByrour HEJOJMIKM ICHYIOYMX METOJIB, Y JUCepTalliiiHii poOoTi
c(hopMyJILOBAHO HOBH MiJIX1]T 10 BUABJICHHS Ta JIOKai3alli IPUXOBAaHUX BUTOKIB
BOJM Ha OCHOBI CTaTHUCTHYHO-TIIPABIIYHOTO MeToay. Po3poOiieHuit mMeTon
J03BOJISIE 32 MIHIMAQJIBHOKO KUIBKICTIO JOCTYIMHHX BHMIPIOBAHb THCKY Ta BUTpPAT
BUKOHATH JIOKATI3allll0 MICHS BUTOKY 3 BHUCOKOIO TOYHICTIO, IO MiJTBEPIKEHO
YUCEJIHHUM MOJICTIOBAHHSAM Ta HATYPHUMH €KCTIEPUMEHTAMH.

JocnimKkeHHs: BUKOHAHO 3 BUKOPUCTAHHSIM METOIIB TiAPaBIiYHOTO aHami3y,
MaTEMaTUYHOTO MOJICTIOBAHHS, CTATUCTUYHOI OOpPOOKH pe3yJbTaTiB HATypHHX
€KCIIEpUMEHTIB. BUKOpHCTaHO KJIACUYHI Ta Cy4acHI MIJXOJU A0 aHali3y MOXHUOOK
BUMIPIOBaHHs, 30KpeMa 3actocoBaHo kpurepii Koxpena, Cteronenra 1 Dimepa ais
MEPEBIPKH  OJHOPIAHOCTI  JTUCIEPCIM, OIIHKK JOCTOBIPHOCTI perpeciiHuxX
3aJIEKHOCTEN 1 BA3HAYEHHSI CTATUCTUYHOI 3HAYyI[0CT1 (PaKTOpIB.

st TeopeTHYHOr0 OOTPYHTYBAHHS CTATUCTUYHO-TIAPABIIYHOTO METOMIY
JoKaJi3aIli MpUXOBaHUX BUTOKIB BOJAW OyJI0 BUKOHAHO YHCEIbHE MOJCIIOBAHHS
MOXMOOK BU3HAYECHHS KOOPJMHAT MICIl BUTOKY 3aJIEKHO BiJ] OCHOBHUX BXIJTHUX
napamMeTpiB CUCTEMHU, TaKUX SK: JlaMeTp TPyOONpOBOMIY, HAJUIMIIKOBHUN THUCK Y
MEpexXi, IJola OTBOPY BHTOKY, Oe3po3MipHa BHUTpaTa BHUTOKY Ta BiJHOCHA
KOOpJIMHATa BUTOKY Ha JUISHIIL.

BaxnuBoro  0COONMBICTIO  JIOCHIKEHHS € BpaxyBaHHS WMOBIPHOCTI
OaratoaBapiitHOCTI IUISHOK BOJIONPOBIIHOT Mepeski. JIJist OIIHKY 11i€] KMOBIPHOCTI

Oyna 3acrocoBaHa Mojenb He3anexHux nonaid Ilyaccona. 3a rimore3amu



CTaIllOHAPHOCTI, OPJAMHAPHOCTI aBapidi Ta BIJICYTHOCTI B3a€MO3AJICKHOCTI MOJii
OTPUMAHO aHAJIITUYHI 3aJIEKHOCTI, IO JO3BOJISIIOTH OL[IHIOBATH PU3UK BUHUKHEHHSI
MHOKWHHUX BUTOKIB 3aJI€KHO B TUTOMOI aBapiitHOCTI, JOBKUHU JUISTHKH Ta 4acy,
HEOOX1THOTO JIJIS JIIKBI1JIaIlil BUTOKY.

Byno BcTaHOBIEHO, 1110 NP MATOMIM piuHii aBapiitHOCTI moHaxa 0,5 BUTOKY Ha
1 KM y IO€THAHHI 3 TPUBAJIMM YaCcOM JIOKaJIi3arlii 0JHOTO BUTOKY (TToHaT 48 TOIMH)
pU3MK BHUHUKHEHHS MHOXHHHHMX aBapid 3Ha4yHO 3pocTae. lle oOrpyHTOBYE
HEOOXIIHICTP MAKCUMAJIBHO IIBHUAKOI JIKBiJamii BUSABICHUX BHUTOKIB JUIA
MiHIMI3aIlli pU3HKIB.

Po3poOka  CTaTUCTMYHO-TIIPABIIYHOTO  METOJYy  JIOKadi3alii  BHUTOKIB
Oa3yBajacs Ha aHajii3l BIUIMBY BXIJIHHMX T'JIpaBIIYHUX NapamMeTpiB HA KOOPJUHATY
BUTOKY Ta IpPHUBEIEHY MOXUOKY JIOKaji3auii. ¥ 3aralbHOMY BHUMAJKy KOOpAMHATA
TOYKHM BUTOKY X € QpyHKui€e0 11 po3mipHuX BXigHUX mapaMetpiB: X = F (z;; z2; pi;
p2 v; Ly Dy Ae; Qi Oo; v). 3acTOCOBYIOUM T-TeopeMy bekiHrema, BiTHOCHY
KOOpJIMHATy X/L MOXXHAa MpEeACTaBUTU SK (PYHKIIIO BOCBMH O€3pO3MIpHHUX
koMmiuiekciB: X/L = F (I; AJ/D; AQ/Q; Rei; Rey; Eu; @o/mqp).

Ha uwucenpHil iMiTaliiiHIA MOJENI BHUKOHAHO TEOPETUYHI JOCIIJKEHHS 3
BU3HAUEHHS CUCTEMATUYHHUX MPHUBEACHUX MOXMOOK CTATUCTHUYHO-T1IPaBIIYHOIO
METO/1Y 3aJIE’KHO BIJI I’ SITU OCHOBHUX BX1JIHUX MapameTpiB: 0€3p03MIpHOI BUTPATH
BHUTOKY, JllaMeTpa TPyOOIPOBOTY, IUIOII OTBOPY, HAJJTUIITKOBOT'O TUCKY Ha JiISHII
Ta BIJIHOCHOI KOOpAMHATH BUTOKY. OTpuMaHl JiHII TpPEeHAY MOXYTb OyTH
PEKOMEHIOBaH1 Il KOPUTYBAJIBbHOTO YTOYHEHHS OYiKYBaHOI KOOPAMHATH TOYKHU
BUTOKY.JIJIT KOXXHOTO mMapaMmeTrpa MoOyJOBaHO OKpemi rpadiku 3aJeKHOCTEH
CepelHIX TMOXMOOK Ta CTaHJAPTHUX BIAXWICHb IMOXUOOK, M0 J03BOJISAIOTH
3IIACHIOBATH KOPEKIII0 OYIKYBAaHOTO MICISI BUTOKY 3 ypaxyBaHHSIM KOHKPETHHX
YMOB JIUISTHKH.

BcraHoBieHo, 1110 OCHOBHMM (DAaKTOPOM MOXMOKM B METOAl TiAPaBIIYHOIO
rpajJiieHTa € TOYHICTh BUMIPIOBAHHS THCKY, TOMY JJisi 3a0€3MeUeHHs HaJlMHUX
pe3yJIbTaTiB PEKOMEHIY€EThCS 3aCTOCYBAHHS MPUIIAIIB 3 BUCOKUM KJIACOM TOYHOCTI

(ae ripme 0,25), TakoX BEIUKHM BIUIUB HAa CUCTEMATUYHY MOXUOKY JOKajizarlii



BUTOKIB Ma€ BIJTHOCHA KOOpJIMHATa BUTOKY X/L, J€ll0 MEHIIUN BIUIMB CIIpPABIIsE
niametp TpyOomposoay D. Ilnoimia oTBOpY BUTOKY o Ta O€3po3MipHa BUTpaTa
BUTOKY AQ/Q MaroTh BIIHOCHO HEBEJIMKHIA BIUIUB Ha TOXUOKY JIOKaMi3allii 1 MOXKYTh
OyTM BUKIIOYEHI TIpu T00yJ0BI HaOmmwkeHux Mojeneh. Iloxubku Oyiam
MIPOaHAJI30BaHl MUIIXOM TOOYA0BH 0araroakTOPHUX PETrpeciiHUX MOJeneH i3
BU3HAUEHHSIM CTAaHJAPTHUX BIIXHWIEHb 1 CEPEeIHIX KBaJAPAaTUYHHUX MOXUOOK IS
KOXXHOTO TapaMmeTpa.

Po3pobnennii CTaTUCTHYHO-TIIPABIIYHIN METO JIOKaii3alii BUTOKIB BOIU
BIJI3HAYAETHCS PSIIOM BAXKIMBHUX IEpeBar, M0 3a0e3NeuyloTh WOro MpaKTHYHY
e(eKTUBHICTh. 3aBASKA CTATUCTUYHINA OOpOOIll TMaKeTIB TOYOK BUMIPIOBAHHS
JIOCATAETHCSI BUCOKA TOUHICTh BU3HAYEHHS KOOPJIWHATH BUTOKY. MeToa 103BOJIsAE
IpaloBaTH 31 CTaHAAPTHUM OOJaJHAaHHSAM JJIs BUMIPIOBaHHS TUCKY 1 BUTpPATH
BOJM, IO BUKIIOYA€ HEOOXITHICTh MPOBEACHHS JOMOMIXKHUX PO3KOIOK JJIs
BCTAQHOBJICHHSI JOJATKOBUX BHUMIpPIOBAILHUX TPHUCTPOIB Y3I0BXK TPyOOIpPOBOMY.
3anponoHOBaHUM CTaTUCTUYHO-TIAPABIIYHUI METOJ peaji30oBaHO Y BHUIVIAL
anroputMmy B cepenoBuli Microsoft Excel 13 3acTocyBaHHSIM MakpOKOMaH IS
aBTOMaTH3allli PO3paxyHKOBHX Mpouenyp. Takuil Miaxia T03BOJSE ONEPATUBHO
00poONIATH pe3yNbTaTH TMOJbOBUX BUMIPIOBaHb 1 OTPUMYBaTH KOOPIWHATH
HMOBIPHOTO MICIISI BUTOKY 3 BUCOKOIO IIBHUJIKICTIO Ta TOYHICTIO 0€3 BUKOPUCTaHHS
CKJIaIHOTO MPOTpamMHOro 3abe3nedeHHs. 3aCTOCYBaHHs METOAY ICTOTHO CKOPOYye
TPUBAJICTh MOIIYKY Ta JIKBiAalii aBapii, 110 MO3UTHBHO BIUIMBAE HA 3arajibHy
HAJINHICTh (DYHKIIIOHYBaHHS BOJIOIIPOBITHUX CUCTEM.

JI71s1 moIabIIoro Y I0CKOHAICHHS POTHO3YBAHHS HAIIMTHOCTI BOIOIIPOBITHUX
MEpexX y AucepTaliiHiii  poOoTi Oysno 1oOYyIOBaHO MOJIENb  OIIHKHU
OaraToaBapiiiHocTi Ha ocHOBI mpouecy [lyaccona. Byna BBenena onTumizaiiiina
GyHKUIA Fypy, sIKA XapAKTEPU3YE CIIBBLAHOIICHHS IPUBEIEHOI TOXUOKH JIOKaIi3arii
BUTOKY [0 WMOBIPHOCTI BHUSBJICHHS BHUTOKY MICJSI MEPUIOr0 JOMOMIXHOTO
pO3KpUTTS TpyOotpoBoay. Lle 703BoMIIO0 aHATITUYHO OOTPYHTYBATH €(hEKTHBHICTh
3aCTOCYBaHHS CTATUCTUYHO-TIAPABIIYHOIO METOJY B MOPIBHSAHHI 3 KIIACUYHUM

METOJIOM T1PaBIIYHOTO TPaJII€HTA.



BpaxoByroun ICTOTHM BIUIMB TOYHOCTI BH3HAYEHHS KOE(]IIIEHTIB
TAPaBIIYHOTO TEPTS HA MOXUOKY CTaTHUCTUYHO-T1APaBIIYHOTO METOY, BUKOHAHO
MOPIBHAJIBHUN aHami3 GopMyI JIJIsl BU3HaYCHHS KoedillieHTa T1IpaBIiyHOTO TEPTSI.
Cepen SsIBHUX 3aJIOKHOCTEM Koe(illieHTa TiapaBiIiyHOTO TEpTs BIJ YHCIa
Peiinonpca y mmpokoMy aiana3oHi BiqHOCHUX mopcetkocTeit Bix 0,0002 mo 0,01
HalKpali pe3yJlbTaTd Mokazana (opmysa XoyiaHaa, sika 3abe3nedye TMOXHOKY B
Mexkax +1% BITHOCHO eTaJloHHOi, ayie HesaBHOI gopmynu Konbpyka-Baiita. Ile
pobuth dhopmyny XonaHaa HaleEeKTUBHINIOW JJIS MPAKTUYHOTO 3aCTOCYBaHHS B
aNrOpUTMAaXx JIOKaji3alii BUTOKIB 3a CTATUCTUYHO-T1APABIIYHUM METOIOM.

Jlnst Bepudikariiii po3po0aeHOro MEeTo1y MPOBEACHO HATYPHI JOCIIIKEHHS Ha
BOJONPOBIAHUX Mepexkax wmict JIbBoBa Ta Kam'suug-Iloginscbkoro. Ilig uac
BUNPOOYBaHb 3/IICHIOBATIUCS BUMIPIOBAHHS TUCKY 1 BUTPATHU BOJAM HA MOYATKY Ta
KIHIl TOCTIPKYBAHUX JUISHOK 13 BCTAHOBJICHHSIM PEaIbHUX MICI[b BUTOKIB MICIIA
MPOBENCHHS PO3KOMOK. OTpuMaHi pe3ynbTaTH HATYpHUX EKCIICPUMEHTIB
MIATBEPAWIA BHUCOKY TOYHICTh CTATUCTUYHO-TIAPABIIYHOIO METOJY: CEepelHs
IpUBEAEHA MOXMOKAa BU3HAYEHHSI KOOPJIMHATU BUTOKY CKJaja He Ouibiue 2%, 1110
BIJIMOBIIa€ BUCOKUM CTaHJapTaM TOYHOCTI JIJIS TipaBiiuHO-0a30BaHUX METOIIB.

3anponoHOBaHUN METO/1 J03BOJISIE 3HAYHO CKOPOTUTH Yac JIOKaJTi3allii BUTOKY:
3aMICTh TPAAMLINHUX 72 TOJIMH, HEOOXITHUX ISl BUABJICHHS 1 YCYHEHHSI BUTOKY
KJIACHYHUMHU METOIaMH, CTATUCTUYHO-T1IPABIIYHUN METO]] 3a0e31euy€e BUSBICHHS
BUTOKY Ta OPIEHTOBHY JIOKaJi3alito 3a 8—16 roaun. Lle B 4—6 pa3iB mBuUIIIE, HIXK
IIPU BUKOPHUCTaHHI TPATUIIIMHUX IMAXOIIB, 110 KPUTUYHO BAXKIUBO IS MIHIMI3aIlii
eKCIUTyaTamiiHux BTpaT. Ha OCHOBI OTpMMaHUX EKCHEPUMEHTAIbHHX 1
TEOPETHYHUX PE3yJbTaTiB PpO3pOOJEHO MaTeMaTHYHY MOJACIh BU3HAYCHHS
EKOHOMIYHOTO €(eKTy BiJ] BIPOBAIKEHHS CTATUCTUYHO-TIAPABIIYHOTO METOY.
Mopnenb BpaxoBy€ €KOHOMIIO BOJHUX PECYpPCIB 32 paXyHOK CKOPOUYEHHSI TEPMIHIB
JIKB1AAIT BUTOKIB, EKOHOMIIO €JIEKTPOCHEPTii Ha M1HOM BOJHU, 3SMEHIIEHHS! BUTPAT
Ha OYMCTKY BOJIM, a TAKOXK 3HIDKCHHSI 3aTPAT Ha 00CITyTOBYBAaHHSI IIEPCOHATIOM.

Po3paxynku, BukoHaH1 Jijis Bogorony M. Kam'suers-I1oaiabcbkuid, mokasanu,

0 €KOHOMIYHHM e(EeKT BiJ BIPOBAIKEHHS CTATUCTUYHO-T1IPABIIYHOTO METOMY



ckJ1aziae 0Jau3bKo 48,3 THC. TPH Ha OJWH BUTIK. 32 ()aKTUYHOT CepeIHbOI KIJTLKOCTI
BUSABJICHUX IPUXOBAaHUX BUTOKIB y po3mipi 100 BumaakiB Ha piKk 3araJbHUN
eKOHOMIYHUI eeKT Moxe csraTu 4,83 MIIH I'pH Ha pIK.

KpiMm Toro, ckopodeHHs TEpMIHIB JIKBiJallli BHUTOKIB CYTTEBO 3MEHIIYE
CTIOKUBAHHS €JIEKTPOCHEPril HACOCHUMU CTAHIIISIMH, 10 € BAXKJIMBUM YHHHUKOM B
yMOBax TMOCTIHHOTO 3pOCTaHHs Tapu(iB Ha EIEKTPOEHEPriio 1 HEOOXITHOCTI
M1JBUILIEHHS €HEeProe()eKTUBHOCTI CUCTEM BOIOMIOCTAYaHHS.

TakuMm dYWHOM, IHUCEPTAIIHHOIO POOOTOI BUPIMICHO BAXKIWUBY HAYKOBO-
MPaKTUYHY 3a/1a4y YAOCKOHAJIEHHS METO/I1B JIOKaIi3al1lii MPUXOBAHUX BUTOKIB BOJU
B HAINIPHUX BOJONPOBIJHUX MeEpexax 3a paxyHOK pO3pOOKH CTaTUCTUYHO-
TIAPABIIYHOTO MIAXOYy, IO 0a3yeThbCs HAa KOMIUIEKCHOMY BpaxyBaHHI BIUIMBY
OCHOBHMX T1/IpaBIiYHUX TMapaMeTpiB 1 CTAaTUCTUYHUX BJIACTUBOCTEH BUTOKIB.
Otpumani pe3ynbTaTH AOCTIIKEHHS CHPUATUMYTh MIJBUIIEHHIO €(EKTHBHOCTI
poOOTH BOJOMPOBIAHUX MEPEXK Ta 3a0E3MEUEHHIO CTaJOr0 PO3BUTKY CHUCTEM
LEHTPaII30BaHOr0 BOAOIIOCTAYaHHS B YKpaiHi.

TakuM 4YHMHOM, y JUcCepTaliiiHId pOOOTI BUPIMIEHO BaXXJIMBE HAYKOBO-
MIPUKIIAJIHE 3aBJIaHHS YJIOCKOHAJICHHS METOIB JIOKaTi3allii MPUXOBaHUX BUTOKIB
BOJIM, 1110 MAa€ 3HAYHUI NOTEHIIIAJT JIJIS1 MIBUILIEHHS €(PEKTUBHOCTI (PYHKIIOHYBaHHS

CHUCTEM L[eHTpaJ'IiSOBaHOFO BOAOIIOCTAYaHHA.

Kuro4uoBi ci1oBa: Kj1ac TOYHOCTI, MPUXOBAHUM BUTIK, TAPABIIYHUAN TPAII€EHT,
npobiema 6araToaBapiitHOCTI, BIIHOCHA TTOXMOKA, BOJOMPOBITHA MEPEKaA, BTPATH

HaIopy, BOJOMPOBIIHI CUCTEMH, TOYHICTh BUMIPIOBAHHS.
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ABSTRACT

Bodnar T.S. Localization of Hidden Leaks in Trunk Water Mains and Zonal

Water Supply Networks. — Qualification scientific work as a manuscript.

Dissertation for the degree of Doctor of Philosophy in Specialty 192 —
Construction and Civil Engineering (Field 19 — Architecture and Construction). Lviv

Polytechnic National University, Lviv, 2025.

In modern conditions of significant deterioration of water supply networks,
rising costs of water resources, and increasing energy consumption, the issue of
water losses—particularly hidden leaks—has become critically important for
ensuring sustainable water supply. According to global practices, hidden leaks
account for 10% to 50% of total losses in water supply systems, depending on the
age and technical condition of the pipelines. In Ukraine, the problem of hidden leaks
is particularly acute due to the aging of urban infrastructure, limited financial
resources for network modernization, and insufficient implementation of modern

leak detection technologies.

Hidden leaks reduce the efficiency of water supply systems, increase electricity
consumption for water pumping, worsen service quality for consumers, and raise the
risk of emergencies. This necessitates the search for new, more efficient methods of
leak detection and localization. However, traditional leak detection methods remain

costly and time-consuming.

A comprehensive approach to solving the problem of leak detection—through
the use of specialized equipment, continuous monitoring of system parameters, and
modern information technologies—enables the prompt identification of emergency
areas and significantly reduces operational costs in the water supply sector. Network
zoning (DMA zones), active pressure control and stabilization, and local

consumption monitoring play a crucial role in this process. Controlled pressure



reduction in zones with high water losses is one of the most effective measures for

leak reduction and network reliability improvement.

Among existing hydraulically based leak localization methods, the most
common is the hydraulic gradient method, which analyzes pressure changes along a
pipeline section. However, its main limitation is the need for access to intermediate
points of the pipeline to install pressure sensors, requiring excavation work and

increasing time and resource costs.

Given the limitations of existing methods, this dissertation presents a new
approach to the detection and localization of hidden water leaks based on a
statistical-hydraulic method. The developed method allows high-accuracy
localization of the leak location using a minimal number of pressure and flow

measurements, which is confirmed by numerical simulations and field experiments.

The research employed hydraulic analysis methods, mathematical modeling,
and statistical processing of field experiment results. Both classical and modern
approaches to measurement error analysis were used, including Cochran’s,
Student’s, and Fisher’s criteria to verify variance homogeneity, assess the reliability

of regression dependencies, and determine statistical significance.

To theoretically substantiate the statistical-hydraulic method of hidden leak
localization, numerical modeling of localization error based on system input
parameters was conducted, such as pipeline diameter, excess pressure in the

network, leak orifice area, dimensionless leak flow rate, and relative leak location.

A key feature of the study is the consideration of the probability of multiple
simultaneous leaks in network sections. The Poisson model of independent events
was used to assess this probability. Based on the assumptions of stationarity,
ordinariness, and independence of accidents, analytical expressions were obtained
to estimate the risk of multiple leaks depending on specific failure rates, pipeline

length, and the time required for leak elimination.



It was found that with a specific annual failure rate exceeding 0.5 leaks/km and
a long localization time (over 48 hours), the risk of multiple leaks increases
significantly. This justifies the need for rapid response and leak repair to minimize

risks.

The development of the statistical-hydraulic leak localization method was
based on analyzing the influence of input hydraulic parameters on the leak location
and the resulting localization error. In general, the leak point coordinate X is a
function of 11 dimensional input parameters: X = F (zi, z2, p1, p2, 7, L, D, de, O,
0-,v).Using Buckingham’s n-theorem, the relative coordinate X/L can be represented
as a function of eight dimensionless complexes: X/L =f (I, Ae/D, AQ/Q, Rei, Rez, Eu,

W0/ mp).

Theoretical studies were conducted using a numerical simulation model to
determine systematic relative errors of the statistical-hydraulic method depending
on five main input parameters: dimensionless leak flow rate, pipe diameter, orifice
area, excess pressure, and relative leak coordinate. The resulting trend lines can be
used to adjust the expected leak location. For each parameter, separate graphs of
average error and standard deviation were constructed to enable corrections based

on specific site conditions.

It was determined that the main source of error in the hydraulic gradient method
1s pressure measurement accuracy. Therefore, high-precision instruments (class
accuracy not worse than 0.25) are recommended. The relative leak coordinate (X/L)
has a strong impact on systematic localization error, while pipeline diameter (D) has
a moderate effect. The leak orifice area (wo) and dimensionless leak flow rate (40/Q)
have relatively minor impacts and can be excluded in simplified models. Errors were
analyzed using multiple regression models with the determination of standard

deviations and root mean square errors for each parameter.

The proposed statistical-hydraulic leak localization method has several

practical advantages. Using statistical processing of measurement point packets,



high accuracy in determining the leak coordinate is achieved. This eliminates the
need for additional excavations to install sensors along the pipeline. The method was
implemented in Microsoft Excel using macros to automate calculations. This
approach allows fast processing of field measurement data and accurate leak location

identification without complex software.

The method significantly reduces the time needed for leak localization and

repair, improving the overall reliability of water supply systems.

To further enhance the reliability forecasting of water networks, a Poisson-
based model for multiple leak risk assessment was developed. An optimization
function Fopt was introduced, representing the ratio of relative localization error to
the probability of leak detection after the first auxiliary pipeline excavation. This
allowed for an analytical justification of the efficiency of the statistical-hydraulic

method compared to the traditional hydraulic gradient method.

Considering the significant effect of hydraulic friction factor accuracy on
localization errors, a comparative analysis of friction factor formulas was performed.
Among the explicit formulas over a wide Reynolds number and relative roughness
range (0.0002—-0.01), the Haaland formula showed the best accuracy—within 1%
of the Colebrook-White benchmark. This makes the Haaland formula the most

efficient for practical application in statistical-hydraulic leak localization algorithms.

To verify the method, field tests were conducted on water networks in Lviv and
Kamianets-Podilskyi. Measurements of pressure and flow at the start and end of test
sections were followed by excavations to confirm real leak locations. Field results
confirmed high accuracy of the method: the average relative localization error did

not exceed 2%, meeting the high standards for hydraulically based methods.

The method allows a significant reduction in localization time: from the
traditional 72 hours to approximately 8—16 hours i.e. 4 to 6 times faster than classical

approaches. This is critical for minimizing operational losses. Based on theoretical



and experimental data, a mathematical model for estimating the economic effect of
implementing the method was developed. The model includes savings from shorter
repair times, reduced water losses, energy savings for water lifting, reduced water

treatment costs, and lower labour expenditures.

Calculations for the Kamianets-Podilskyi system show that the economic
benefit per leak is approximately UAH 48,300. With an average of 100 hidden leaks

detected annually, the total annual economic effect may reach UAH 4.83 million.

Moreover, faster leak repair reduces energy consumption by pumping
stations—crucial under rising electricity tariffs and the need to improve energy

efficiency in water supply systems.

Thus, the dissertation addresses a vital scientific and practical problem of
improving hidden leak localization methods in pressurized water supply systems
through the development of a statistical-hydraulic approach that incorporates key
hydraulic parameters and statistical leak characteristics. The findings contribute to
enhancing the efficiency of water supply networks and promoting sustainable

development of centralized water supply systems in Ukraine.

Keywords: accuracy class, hidden leakage, hydraulic gradient, multi-leakage
problem, relative error, water supply network, head loss, water supply systems,

measurement accuracy.



