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YJIK 69.003.13

MeToauKa onpe/esieHUs] CTOUMOCTH
BbINOJIHEHHBIX PAa6OT HA 06bEKTax
KYyJIbTYPHOTO HacjJaeAusi B paMKax
CTPOUTETbHO-TEXHUYECKOMN 3KCNePTU3bI:
aHaJ/IM3 TUNUYHBIX OLIUGOK NPHU IPUMEHEeHUH
NOBBIAKUIMX KO3 PULIUEeHTOB

B.C. Muxees, B.M. Kpyrisikosa

®@I'b0OY BO «HayuoHabHbIL UccaedosamenbCkull
Mockosckuli 2ocydapcmeaeHHblli cmpoumeibHblll yHU8epcumemy,
2. Mockea (Poccusi)

Kniwo4yeBsblie cioBa U ¢ppasbl: HOpMaTUBHAsA JJOKYMeHTa-
1Ms; 00'beKThbl KyJbTYPHOTO Hac/jeJUs; MOBbILIAIOLIME KO-
bULMeHTbl; pecTaBpalLys; CMeTHasi CTOUMOCTb; CTPOUTEJIbHO-
TeXHHUUYecKasl IKCIepTU3a; CyZebHas IKCIepTHU3a; LieHoobpaso-
BaHUe B CTPOUTEJIbCTBE.

AnHoTtanus. 06bekThl KyabTypHoro Hacnenus (OKH) 3a-
HUMAIOT UCKJIIOYHTEJNbHOE MECTO B CUCTEME IoCy/JlapCTBEHHO-
ro peryJiMpoBaHNs CTPOUTENbHOMN JesATeJlbHOCTH Poccuiickoi
®epepanuy, 4TOo 00OyCJ0BJIMBaEeT IOBBIIIEHHble TPeOOBaHUA
K TOYHOCTH CTOMMOCTHBIX pacyeTOB IIpY NPOBeJEHUHN CTPOU-
TeJIbHO-TEXHUYECKHX 3KCIepTH3.

llesnb MccnenoBaHus — pa3paboTaTb U BepuUIMPOBAThb
MeTOAMKY OINpeJieleHUsI CTOUMOCTH BBIIOJIHEHHBIX paboT Ha
OKH B paMKax cy/ie6HOM CTpOUTEIbHO-TEXHUUECKOH 3KCIep-
THU3bI, 06€CMeYNBaKILY0 KOPPEKTHOE NPHMeEHEHHE MOBbILIAI0-
UX K03QPHULUEHTOB U UCKJIIOYeHHE TUIIMYHbBIX HApyLUIEHUH.

3aZja4yu: CUCTEMAaTU3MPOBATh JeUCTBYIOLIYI0 HOPMAaTUBHO-
MeTOoAHYeCKyl0 6a3y 1eHoo6pa3oBanus Ha OKH; BBIABUTH U
KJaccuPUIMpPOBATh THUINHUYHbIE OLIMOKH NPU NpPHMEHEHUHU
HNOBBILIAKIUX KO3QPULUEHTOB; NPOBECTH KOJIUYECTBEHHYIO
OI[eHKY CTOUMOCTHBIX MOC/IeICTBUM HapyIllleHUH; pa3paboTaTh
MONIAaroBYI0 MeTOAUKY BepudUKaAIUU IPUMeHseMbIX K03 du-
LIMeHTOB; apo6upoBaTh METOLUKY Ha peasIbHbIX IKCIIEPTHBIX
MaTepuasax.

['unoresa: 6GOJBLIMHCTBO CTOMMOCTHBIX HUCKaXXeHHUU Ha
OKH HoOCHT crcTeMHBIN XapaKTep U 00yCJI0BJI€HO OrpaHUYeH-
HbIM YHCJOM IOBTOPAIOIIUXCA MeTOJ0JIOTMYeCKUX Hapylle-
HUMH, yCTpaHeHHe KOTOPbIX BO3MOXKHO NOCpeACTBOM popMaslu-
30BaHHOM NpoLefypbl BepUPUKALUK.

MeTozpbl: cpaBHUTeJIbHBIA NPAaBOBOM aHaJW3 HOPMAaTHB-
HOM 6a3bl, IKCIIepTHOEe MOJeJMpPOBaHHe CTOMMOCTHBIX pacye-

CmpoumesnbHble KOHCMPYKYUU, 30aHUA U COOPYyH(eHUs
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TOB, CTATUCTUYECKUN aHA/IU3 MaTepuasioB 47 cy/leGHbIX CTPO-
HUTEJNIbHO-TeXHUYEeCKUX aKcnepTus 2019-2024 rogos.

Pe3ysbTaThl: CUCTEMATU3HUPOBAHBI MATH IPYII THIIUYHbBIX
omKn60K (4actota 29-68 %), ycTaHOBJIEH [jMaNla30H CTOMMOCT-
HbIX UCKakeHUH 15-57 %, BbIsIBJIEH YCTOWYHUBBIA TPEHJ PoO-
CTa cpeJiHero 3aBbllleHUs cTouMocTH ¢ 18,2 % no 33,2 % 3a
2019-2024 rr., paspa6oTaHa ¥ alpo6bupoBaHa IIeCTUITAIHAsA
MeToJMKa BepuPHUKaIUU K03 PULIMEHTOB (CTOUMOCTHbIE OT-
KJIOHEHMSI Ha 00'beKTax anpobanuu 27,3-44,8 %).

BBeaenue

06bekTh! KynbTypHOTOo Hacaeaus (OKH) Poccuiickoit @esiepanid UMerOT 0COOBINA MPaBOBOM
PEeXHM, ycTaHOBJIeHHBbIH PesepasbHbIM 3aKoHOM OT 25.06.2002 Ne 73-®3 [1]. LleHoo6pa3oBaHue
Ha TaKUX 00'bEKTax PeryjupyeTcs MHOTOYPOBHEBOW HOPMATHBHOM CHUCTEMOM, creldprKa KOTO-
POl MOpOXJAeT CHUCTEMHble OMIMOKU NPU NPOBEeJEeHUH CTPOUTENbHO-TEXHUYECKHUX IKCIEPTHUS.
Llesib vcciiefOBaHUSL — CUCTEMATU3UPOBATh TUMMYHbIE OIIUOKU MPU MPUMEHEHUH MOBBIIIANIINX
k03pPHLMEeHTOB K cMeTHbIM paclieHkaM Ha OKH u paspaboTaTb BepuPULHUPOBAHHYIO METOAUKY
UX YCTPAaHEHUsI B paMKax CyAeOHO0-3KCIepTHON NPAaKTUKH.

MeTo[0/10rMuecKy0 OCHOBY COCTaBJISIET aHaJU3 HOPMAaTUBHO-NIPABOBbIX aKTOB MUHCTPOSI U
MuHKynbTYpbl PO ¢ npuMeHeHHEM MeTOL0B CPAaBHUTEJBHOI'O IPAaBOBOTO aHaJM3a U 3KCIEepPTHO-
ro MojesnupoBaHusi. HopMaTrBHas 6a3a LleHOOO6pa30BaHUsI OXBAaTbIBaeT TPU ypPoOBHs: delepasib-
Hble coopHUKU ['ICH-PecTaBpanus [3] u PEPp; BegoMcTBeHHbIE oKyMeHTHI — [Ipukas MuHcTpos
Ne 421 /np ot 04.08.2020 u [locTaHoBeHue [IpaBuTesibeTBa N2 87 [2]; peruoHasnbHyo 6a3y cy6b-
eKToB P®. IMNuUpHyecKy0 OCHOBY COCTaBUJIU 47 CTPOUTE/IbHO-TEXHUYECKUX 3KcnepTus (2019-
2024 rr.) nmo OKH ¢denepanbHOTO, perioHaJIbHOT'O0 U MECTHOTO 3HAaYeHHs B MATU ropojax Poccum.
Kaxgoe 3ak/0ueHne BepuULMPOBaIOCh 110 NATHU TapaMeTpaM: HaJIM4Me HOPMaTHBHOI'O OCHOBa-
HUA KO3POPUIMEHTA; COOTBETCTBUE 00'bEKTA 00JI0KEHHUS; OTCYyTCTBUE AYOJUPOBaHUSA GaKTOPOB;
KOPPEKTHOCTb TEPPUTOPHUAIBHOIO0 MPUMEHEHUS; IPABOMEPHOCTh COBMECTHOTO IPUMEHEHHUA He-
CKOJIbKUX KO3)PUIUEHTOB.

Knaccudukanusa v yactora omm6oK

[lo uToram aHasu3a Bbl/leJIEHO NATh FPYINI HapylieHUH (puc. 1): o6k BbI60pa HOPMATHUB-
HOM 6a3bl - 68 %; ABoMHOe MpuMeHeHHe Ko3pPULMeHTOB — 54 %; OMUOKU TeppUTOPHUAIbHBIX
k03¢ punreHTOB — 43 %; HEO6G0CHOBaHHAsA CTECHEHHOCTb — 38 %; OIIMOKU HaKJIaJHbIX PACXO/I0B —
29 %. [IpumeHeHue pacueHok ['DCH BMecTo 'CH-PecTaBpanus U Ha060pOT UCKAKAET CTOUMOCTD
B 2,5-3,5 pa3a; ABOMHOH cyeT BO3HUKAeT IPU COBMECTHOM MCIOJIb30BaHUHU K03QPuUIeHTa CI0XK-
HbIX PeCTaBPalMOHHBIX PaboT U K03dPHUIIMeHTa CTECHEHHOCTH, yKe YYTEHHOTO B 6Aa30BbIX HOP-
Max '3CH-PectaBpanus [3].

Ko/imyecTBeHHas OLleHKa UCKAXKeHHU I

MopenbHble pacyeThl (Tabu. 1, puc. 2) MOKa3bIBAIOT, YTO OIIMOKHU 3aBbIIIAIOT CTOUMOCTh Ha
15-35 % unu 3aHWxKawT ee A0 57 %. [IpyMeHeHUe HOBOCTPOEYHBIX PaclieHOK BMECTO pecTaBpa-
[JMOHHBIX 4allle MPUBOJUT K 3aHMKEHHIO, MIOCKOJIbKY pecTaBpalMOHHble HOPMbl 3aKJa/bIBAOT
3HAYUTEJIbHO 6OJIbIINE TPy 03aTPATHL.

Civil Structures, Buildings and Related Structures 7
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OwmbKKU HakNaAHbIX
pacxofoB W NpuBbLINK

HenpasoMepHbIf Koad.
CTECHEHHOCTK

OWnBKN TeppuTOpUanLHLIX
Ko3(h(ULMEHTOB

[1BOIIHOE NPUMEHEHUe
Ko3(h(ULMEHTOB

Owubkn Beibopa

" 68%
HOpMaTuBHOW Hasbl

0 10 20 30 40 50 60 70 80

Jons oT OELI.[EI'O YMCNa U3y4YeHHbIX 3KCnepTus, %

Puc. 1. YacToTa BbIsIBJIEeHUS] TUIIMYHbBIX OLIUO0K NPpU npuMeHeHUU Koadounuenton Ha OKH (n = 47)

mmm  KoppekTHas CTOUMOCTb

2500 56.7% s CTOMMOCTb C OWNOKO#A

2000 1
> +35.0%

1500 4
+28.0%

1000 1 +15.0%

CTOMMOCTb, ThIC. Py6

500 4

[NBOAHON C4ET HoBOCTpoeYHbIE HenpaBoMepHbIA HeobocHoBaHHbIR Ownbka cTasku
(cnoxHocTb + pacLeHKH BMecTo TeppuTOpK- KO3(. CTECHEH- HaKNaAHbIX
CTECHEHHOCTh) PecTaBpaLUMOHHbIX anbHBbIA KO3, HOCTH (x1,15) pacxoznoe

Puc. 2. CpaBHeHHEe KOPPEKTHOUN U OMIUG0YHONU CTOUMOCTHU PaboT (ThIC. py6.)

Ta6smupa 1. BavsiHue TUNHYHBIX OMKO0K HA CTOMMOCTh paboT (MO/ie/IbHBINA pacyeT)

KoppekTHas cTou- CTOUMOCTB C OIIKG-
Bug omn6ku . OTKJIOHEHHE
MOCTB, ThIC. py0. KOH, ThIC. py6.
JIBOMHOW cYyeT: KO3QPUIUEHT CI0KHOCTH + 1250,0 16875 +35,0 %
CTECHEHHOCTb
HoBocTpoeuHble pacieHKH BMECTO pecTaBpa- 23400 10140 56,7 %
LIMOHHBIX
HenpaBoMepHbI# TeppUTOpHAIbHBIN KO3¢- 980,0 1254.4 +280 %
dunueHT
Heo6ocHOBaHHBIH KO3QDUIMEHT CTECHEHHO- 760,0 874,0 +150 %
ctu (x1,15)
OmunbKa CTaBKH HAKJIa[HBIX PACXO/I0B 1100,0 1298,0 +18,0 %
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40 =@~ CpepnHee 3aBblleHWe cTouMocTU, %
=i~ CpenHee 3aHWXeHUe CTONMOCTH, %

35 33.2%
31.5%

29.8%
30

25

20 18.2%

15

10

CpeaHee OTKNOHEeHWe CTOMMOCTK, %

5 7.1%

2019 2020 2021 2022 2023 2024
rog

Puc. 3. /[uHaMKKa CTOUMOCTHbBIX UCKaXKEHUH NIPY NPUMEHEeHUH NOoBbIamIuxX koadounrentoB Ha OKH
(2019-2024 rr.)

m [lons CMeT C BLIABNEHHLIMW HapyLLEHUAMM, %
100 4 llons cMeT 6e3 HapyweHuit, %

80

60

ons cMeT, %
,

40 1

20 A

31% 24%
18% °
14%
. -
T L
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Bbibop HOpMaTHBHOW GasReecTp KoO3(hULMEeHTIRPOBEPKa ABOHHOMO CHETBEPUDUKALIMA YCNOBUILOBMECTHOE NPUMEHEHMUE epecyéT CTOMMOCTH

Puc. 4. [losis cMeT c HapylIeHUsIMU Ha KaXKJ10M 3Tane Bepupukauuu (n = 47)
JuHaMuKa ¥ IpoPuab UCKAXKEHUH

3a 2019-2024 rr. cpeHee 3aBblllleHUe CTOUMOCTH Bbipocyo ¢ 18,2 % nmo 33,2 %, 3aHuxKe-
Hue - ¢ 7,1 % o 16,1 % (puc. 3), YTo OTpaXKaeT onepexarollee yCJI0XKHEHHE HOPMAaTUBHOU 6a3bl
OTHOCUTEJIbHO KBaJUPUKALUKU criennaaucToB. O6beKThl pelepasibHOr0 3HaUeHUsl HauboJiee moj-
BepKeHbI olIM6KaM Bbib6opa 6a3sbl (75 %), peruoHabHbIE — OIIMOKAM TEPPUTOPHUAIBHBIX K03ddU-
nueHToB (50 %).

MeToauka Bepupukanuu

Paspa6oTaHa mwectusTanHas npoueaypa (puc. 4).

Iman 1 - uaentudukauus HopMmatuBHoH 6a3bl ('DCH-PectaBpanus / IICH-PemonT / [ICH).
Iman 2 - peecTp k03P PUILHEHTOB C HOPMATUBHBIMU OCHOBAHUSMHU.

Iman 3 - npoBepKa ABOMHOrO cyeTa (MakKCUMyM HapylieHUu# - 24 % cmer).
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Iman 4 - BepuduKaLus JOKYMEHTAJbHOTO NOATBEPXKAEHUS CUTYAllUOHHBIX KO3 PHUIIMEHTOB.

Iman 5 - npoBepka NPaBOMEPHOCTHU COBMECTHOTO MMPUMEHEHHUS.

Iman 6 - nepecyeT UTOTOBOU CTOUMOCTH. Anpobaius Ha Tpex o6bekTax OKH denepanbHOTO
3Ha4YeHUs noATBepAnaa 3PPeKTUBHOCTb: CTOUMOCTHbIE OTKJIOHEHUs cOCTaBUIH 27,3-44,8 %.

1. MHOroypoBHeBOCTb HOPMAaTHBHOM 06a3bl LieHooOpa3zoBaHuss Ha OKH dopmupyer 06bek-
THUBHbIE PUCKU METO/I0JIOTUUYECKUX OUIMOO0K; UX IJIaBHble HCTOYHUKU — HEBEpPHOE NMOHKUMaHue cde-
pbl IpUMeHeHUsI K03 PULUEHTOB U HeJOCTAaTOYHAs KBaJIUPHUKALUS CIIEUATUCTOB.

2. IlaTh rpynn TUNUYHBIX OLIMOOK OXBAThIBAIOT 29-68 % HM3yuyeHHbIX 3KCIIEPTU3; CTOUMOCT-
Hble [10C/1eiCTBUSA AOCTUTAT 57% 0T 060CHOBAHHOTO YPOBHSI.

3. YcroWuyuBbld pocT cpenHero 3aBbiuieHus ¢ 18,2 % o 33,2 % 3a 2019-2024 rr. cBuje-
TEeJIbCTBYET O CUCTEMHOM Mpob6JeMe oTpacay, Tpebyrollell MeTOAUYEeCKOTO BMelLlaTe bCTBA pery-
JISTOPOB.

4. TllpepJsiokeHHas LIeCTUITANHAsA METO/[MKA BepudUKaIUU 00eCcrieurBaeT CUCTEMHBINA U BOC-
NPOU3BOJHUMbBIN MOAX0O/, U PEKOMEH/AYeTCs K BHEJJPEHHUIO B TPAKTHUKY CYAeOHON CTPOUTENbHO-TEX-
HUY€eCKOHN 3KCIEePTU3bl U IOCyJapCTBEHHOI0 pUHAHCOBOIO KOHTPOJISI HA 06bEKTAX KyJbTypHOIO
HacJjeusl.
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Methodology for Determining the Cost of Completed Works
at Cultural Heritage Sites Within Forensic Construction Expertise:
Analysis of Typical Errors in Applying Increasing Coefficients

V.S. Mikheev, V.M. Kruglyakova

National Research Moscow State University of Civil Engineering,
Moscow (Russia)

Key words and phrases: optimization; heat exchangers; design solutions; energy savings;
heating systems.

Abstract. Cultural heritage sites (CHS) occupy an exceptional place in the system of state
regulation of construction activities in the Russian Federation, necessitating high accuracy of cost
calculations in forensic construction expertise.

The purpose of the study is to develop and validate a methodology for determining the cost
of completed works at CHS within forensic construction expertise, ensuring correct application of
increasing coefficients and elimination of typical violations.

Objectives: systematise the current regulatory pricing framework for CHS; identify and classify
typical errors in applying increasing coefficients; quantify the cost consequences of identified
violations; develop a step-by-step coefficient verification methodology; test the methodology on
real forensic materials.

Hypothesis: most cost distortions at CHS are systemic and caused by a limited number of
recurring methodological violations eliminable through a formalised verification procedure.

Methods: comparative legal analysis of the regulatory framework, expert cost modelling,
statistical analysis of 47 forensic construction expertises (2019-2024).

Results: five groups of typical errors (frequency 29-68 %) are systematised; the range of cost
distortions is 15-57 %; a sustained growth trend of average cost overstatement from 18.2 % to
33.2 % over 2019-2024 is established; a six-step verification methodology is developed and tested
(deviations 27.3-44.8 % on three CHS objects).

© B.C. MuxeeB, B.M. KpyrzisikoBa, 2026
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YK 628.511

K onpepesieHnio ppaKkiHOHHOTO MPOCKOKa
NbLIM B UHEPLMOHHBIX NMbLJIEYJIOBUTEISIX
CO BCTPEYHBIMH 3aKPY4€HHBIMH MOTOKaAMU

H.10. Kapany3soBa, A./l. Xsib160B, A.A. MumMuIien

®I'BOY BO «Bosazozpadckull 2ocydapcmeeHHblll
mexHu4ecKull yHusepcumemp,
2. Boszozpad (Poccus)

KioueBsle c/10Ba U ¢ppasbl: annapaTt co BCTPEYHbIMU 3a-
KpYy4eHHbIMU MOTOKAMH; JUCIEPCHBIA COCTaB; MHTeTpaJibHas
byHKIMA pacnpefesieHUs:; MeJIKoAWcIepcHass Mbliab; PM10;
PM2,5; cymMapHbI MPOCKOK; ¢dopmysa A3apoBa; GpaKIUOH-
HbIM NPOCKOK; 3pPEKTUBHOCTD MblIeyIaBINBaHUS.

AnHoTanus. CTaThs NOCBsIIeHA BBIBOAY PacyeTHBIX pop-
Mys QpaKIMOHHOr0 K03dPHUIMeHTa NMPOCKOKa MblJIM B UHED-
[[UOHHbBIX NbLIEYJOBUTENSAX CO BCTPEYHBIMU 3aKPY4eHHbIMU
notokamu (B3II). llesib pa6oThl - 060CHOBaHHE MeTOZa pac-
yeTa QYHKIUU MPOCKOKA MO UHTErpasibHbIM QYHKIUAM pac-
npesesieHdsl Macchbl YacTHUI, 0 3KBHBaJEHTHBIM JaMeTpaM.
Jlnsi fOoCTKEHUS 1eJIU pellieHbl 3a/la4U: BbIBO/] ONpe/ieIeHUs
$paKLMOHHOIO MPOCKOKA uYepe3 MNpHpalleHUs MacC 4acTHlj
CMeXHbIX (pakUUl, NpejesbHbIA NepexoJ]; K MPOU3BOJHBIM
HMHTerpaibHbIX QYHKLUHN pacnpesesieHus], a TakKe 060CHOBa-
HUe YCTOMYUBOU K MOrpemHocTsaM auddepeHIMpoBaHUs pac-
yeTHONW (OPMBbI B BEPOSITHOCTHO-JIOrapupMUYeCcKo cucTteme
koopauHaT (popmysbl Azaposa). [lokazaHo, 4To GpaKIUOH-
HbI NMPOCKOK paBeH MPOU3BEJEHHI0 CYMMapHOIro MPOCKOKA
Ha OTHOILIEHHEe MPOU3BOAHBIX QYHKIHUHM NMPOXOAA HA BBIXOJE
¥ BXOJle amnmapara 4 4To ¢opmysia A3apoBa pa3BUBaeT KJac-
CUYECKUH MOAX0J K pacyeTy PppakIMOHHOU 3PpPEeKTUBHOCTU
yepes AUCIEPCHbIN cOCTaB NbLJIU 10 U Noc/e annapata. Teope-
THUYECKUEe Pe3y/bTaTbl COMOCTABJEHbI C 3KCIEPUMEHTAbHbI-
MU JJaHHBIMU 10 NPOCKOKYy B anmapartax B3Il Tumopasmepon
100-600 MM B NpOM3BOACTBE CTPOUTEJIbHBIX MAaTEpHUaJIOB, B
TOM yucie ajs dpakuut PM10 u PM2,5.

BBeaenue

[IpeanpUsATHSA CTPOUTEJNBHON UHAYCTPUHU OCTAOTCH OJHUM U3 3HAYUMbIX HCTOYHUKOB 3arpss-
HeHUsI aTMOCPEepHOTO BO3/JyXa TBEPABIMHU YACTHUIAMH: OCHOBHYI MacCy BbIOPOCOB COCTaBJISIET
HeopraHuyeckasl Mbljib, B TOM 4MCJe MeJKogucnepcHble dpakuud PM10 u PM2,5. [lia o4yucTku
aACMUPAILMOHHBIX U BEHTUJISIMOHHBIX BBIOPOCOB OT TAKUX YACTUI] HIUPOKO MPUMEHSIOTCSA UHEP-
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LJMOHHbIE annapaThl — [UKJIOHbI U BUXPEBbIe IblJIeyJ0BUTEJN CO BCTPEYHbIMU 3aKPY4EHHBIMH M10-
Tokamu (B3II) [1].

Pa6oTy nblieynaBauBaollero anmnapara TpaJguLHOHHO OLeHUBAIOT 110 00611lell CTelleHH OYUCT-
K (3ddekTuBHOCTH) 1. OJHAKO MPU HOPMUPOBAHUHM BbIOPOCOB MEJKOJUCIEPCHOU MBLIU 3TOr0
NI0KasaTeJisl HeJJOCTAaTOYHO: OZHa U Ta e 0011as 3pPeKTUBHOCTb MOXKET COOTBETCTBOBATH Cyllle-
CTBEHHO Pa3/IMYHOMY OCTATOYHOMY COJlepXKaHHI0 HauboJiee ONMACHbIX MeJKUX ¢pakiuid. [loaTomy
Ha/|30pHble OpraHbl TPeOYIOT OLeHUBATb He TOJIbKO 0611y10 3G PeKTUBHOCTD, HO U GYHKIHIO NIPO-
CKOKa, TO €CTb 3aBUCUMOCTb JI0JIM HEYJIOBJIEHHBbIX YaCTHI, OT UX pa3Mepa. Besnuuna, Haubosiee
[IOJTHO XapaKTepu3yllas 3Ty 3aBUCUMOCTb, — PPaKLUOHHBINA KO3pPUIIMeHT NpocKoKa &(8).

Knaccuueckuit nozaxoz K pacuety PppakyyroHHON 3QpPeKTUBHOCTH BbIpaKaeT ee yepes JHC-
IepPCHBbIM COCTAB MbLJIM /10 U NOCJe annapara [4; 8]; Ha 3TOM ke IPUHLUIIE OCHOBAaH MeTO/, MOCTPO-
eHus KpUBoU ppaKkOHHOU 3P PEKTUBHOCTU B BEPOSTHOCTHO-JIOrapuPpMHUUECKON CUCTEME KOOP-
JuHat. OgHako npsiMoe auddepeHMpoBaHNUE IKCIIePUMEHTabHbIX KPUBbBIX IPOX0/a IPUBOLUT K
pe3KOMy pOCTY NOTPELIHOCTH U pe3y/bTaTaM, JULIeHHbIM GHU3UYecKoro cMblicia. [is ycTpaHeHUs
3TOro HejocTaTKa B pabortax B.H. Azaposa [1] npeasioxxkeHa 3anuch $ppaKLMOHHOTO NPOCKOKa Ye-
pe3 MpOoM3BOJHbIe UHTErpaJbHbIX QYHKIMK pacnpesie/leHUsI Macchl YacTHUL, C YCTOWYUBBIM JUO-
depeHLMpPOBaHMEM CIIPAMJIEHHBIX QYHKIMN NPOX0/a; B Aa/ibHeHIlIeM TaKylo 3aMCh OyAeM Ha3bl-
BaTbh GopMys0oi A3apoBa. B HacTosel pa6oTe noc/ae0BaTeIbHO BbIBOAATCA JiBe GOPMbI 3aMUCH
$paKLMOHHOTO MPOCKOKA, YCTAaHABJIMBAETCS CBSI3b MEX/1y HUMH U 000CHOBbIBaeTcs: opmyJia Asa-
pOBa C MOCJEAYIOLUIMM CONIOCTABJAEHUEM C IKCIIEPUMEHTOM.

J¢PpeKTUBHOCTH U MPOCKOK KaK NMOKa3aTe /Il paboThI NbLIEY/I0BUTES

CteneHb 04UCTKU (3PPEKTHUBHOCTD) 1) ONpesessieTcs KaK OTHOLIEHHE MacChl YJIOBJEHHOIO
Marepuasa K Macce MaTepuaJa, IOCTYNMBILIETO B annapar 3a TOT e IPOMeXYTOK BpeMeHH [7]:

T] = MyJI/MBX = (MBX - MBbIX)/MBX = 1 - MB])IX/MBX’ (1)
rae M, M, M, . - Macchl 4acTHI COOTBETCTBEHHO Ha BXO/I€ B AlIIapaT, y/IOB/IEHHBIX B annapare
Y BbIHECEHHBIX C OUMIIIEHHBIM ra30M.

JlJis onleHKH BbIGpOCa MbLIK B aTMOochepy yAoOHee M0JIb30BaThCsA KO3PPUIIMEHTOM MPOCKOKA
€ — OTHOIlIEHHEeM MacChl TbLJIM, YHECEHHOU ra3aMH U3 NbLIEYJ0BUTES, K Macce MbLIW, MOCTYIUB-

el B HEro 3a TO e BpeMs. U3 onpeesieHHsI HEMOCPEICTBEHHO CIeAYET CBSI3b CYMMapHOTI0 Mpo-
CKOKa U 0611e 30 PEeKTUBHOCTH:

82 = MBbIX/MBX =1- Ut (2)
AHanorndHo A OTAeNbHON $pakuuu pasmepa & BBOAUTCA PPaKUOHHBIA KO3QPUIHEHT
npockoka €(8) u cBsA3aHHasi ¢ HUM ppakioHHast 3¢deKTUBHOCTD 1)(8):

e(8) =1-n(3). (3)

BesvunHa €(8) OTHOCHUTCS K YacTUIIAM OJJHOTO pa3Mepa, TorJa Kak cyMMapHbIH (0611ii) mpo-
CKOK €; XapaKTepu3yeT BCK MacCy NbUIK B LesioM. Eciu ussectHa auddepeHinanbHas GyHKIUA
pacrnpejiesieHUs1 MacChl 4acTHUL, N0 pasMepaM g(8), TO CyMMapHbIM NMPOCKOK BbIpa)KaeTcsl yepes
bpaKIMOHHBIN HHTETPAJIOM 10 BCEMY CIIEKTPY pa3MepoB [4; 6]:
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ey = [ €(8)g(8)ds. (4)

TakuM 06pa3oM, CyMMapHbIH MPOCKOK — UHTErpajibHash XapaKTepUCTHUKA, 3aBUCSLIAs OT JUC-
MePCHOTO COCTaBa KOHKPETHOM MbLIY, 3 PPAKIIMOHHBIM NPOCKOK — XapaKTEPUCTUKA CAaMOTO afIia-
para npy JJaHHOM peXHMe paboThl. 33/la4ya COCTOUT B TOM, YTOOBI MOJYYUTh pacyeTHYIO GopMyJTy
s €(8), npuroAHyo AJs 06paboTKH HATYPHBIX U3MEPEHUH AUCIIEPCHOT0 COCTaBa /10 U MOCJIe bl-
JIeyJIOBUTEJIS.

OnpepesieHue GpPaKkIMOHHOrO MPOCKOKA Yepe3 NpUpaLIeHUsI MacC YaCTHULL

PaccMoTpuM MHTerpajbHble (KyMyJATHBHbIE) QYHKIMU Macchl 4acTHIl: mycTb M_ (8) - mac-
ca 4YacTHIl Ha BXO/le B alllapaT, UMeWINX 3KBUBAJIEHTHbIA AUaMeTp He GoJiee §, U aHAJOTUYHO
M, (8) - Ha Bbixoze. 06e GpYHKIMM MOHOTOHHO BO3PACTAIOT OT HyJA (mpu § — 0) J0 nosiHOM Mac-
Cbl COOTBETCTBYIOIETO MOTOKA (IIpU § — 00).

BeiziesiM y3KUM MHTepBas pa3MepoB [, 6 + A]. Macca yacTul 3TOU ppaKIMH, MOCTYNHUBIIAS
B anmnapar, paBHa npupamenuo M_ (6 + A) - M_ (6), a Macca To# xe ¢paKLuu, BbBIHECEHHAs! C 04U~
IeHHbIM ra3om, pasHa M, (6 + A) - M (8). [lo onpejesieHnto MpocKoKa /10Jis1 YaCTHI| JaHHOW
dpakuuy, npoiezimas CKBO3b annapaT, eCTb OTHOLIEHHUE 3THUX NpUpalleHu. [lepexos K npeaesy

npu A — 0, nony4yaeM ¢pakUOHHbIN K09)PULIMEHT MPOCKOKA B TOUKe §:

8(8) = lim MBI)IX (6+A)_MBI>IX (6)
Tao0 My (5+4)-My (8) (5)

CopepxaTesibHbIN CMbICT GOPMYJIbl: GPAKIIMOHHBIN MPOCKOK PAaBEH OTHOIIEHUIO «BbIXOJHON»
U «BXOJHOMN» MaccC 4acTHUL, B 6eCKOHEYHO Y3KOM JlMana3oHe pa3MepoB BOJIU3M §, TO eCTb OTHOIlIe-
HUIO JIOKAJIbHBIX IJIOTHOCTEHM Macchl. 3anvcaHHas B ¢popMe mnpejesa, ¢opMysa HarIsAHO NOKa-
3bIBaeT, uTo £(8) — Npou3BOJHAasA XapaKTepHUCTUKA: U B YUC/IUTeJIe, U B 3HaMeHaTeJ/le CTOSIT Npu-
palleHus1 KyMyJSTHUBHBIX Macc, a He caMu Maccel. OlHAaKo B TakoM Buze $opmysa AJs pacyeTa
HeyJl00Ha, MOCKOJIbKY OIlepHUpyeT HeloCpPeACTBEHHO NpHpallleHUs MU U3MepsieMbIX Macc, Kaxioe
13 KOTOPBIX HECET CBOIO NOTPEIIHOCTb.

l'lepexo,q K HHTEerpaJibHbIM (l)y}ll(l.ll/lﬂM pacnpeae/jieHua MacCcChbl YaCTHUIY

HopMpreM KyMyJIATHBHbI€ MAaCChbl HA IOJIHbI€ MaCChbl IIOTOKOB. 0603HaYUM CyMMapHbIe Mac-
) )
Cbl Ha BXOZ€ U BbIXO/ € MBX 4 MBbIX W BBEl€M MHTETrpaJIbHbIE (bYHKI_[I/II/I pacnpeneseHrud MaccChbl 4a-

CTHUI] 10 IUaMeTPaM:

My, (3) My (8)
Dyy (8):]3)(—2: Dyyix (6)2%' (6)
BX Myyix

Kaxaasa u3 oyHkuuil D(6) npeacTaBisieT JIOJ10 MacChl, MPUXOAAIIYIOCA HAa YacTUIbl AHUaMe-
TpoM He 6oJiee §; 3TO Ge3pa3sMepHble MOHOTOHHO Bo3pacTarliue GyHKIHUH, u3MeHsomuecs ot 0
Jo 1. [logcTaBuM BbipaxkeHus M(56) = MED(S) B dopmysy npefena. [locTossHHbIe MHOXXUTETU Mim
U MZBX BBIHOCSTCS 3a 3HAK NMpUpalleH!s; pa3/ie/IMB YUCIUTEeNb U 3HaMeHaTe b Ha A U nepelss K
npe/jiesy, oJiydaeM B UUCJIUTeJIe U 3HaMeHaTeJie IPOU3BO/[Hble HHTErpabHbIX GYHKIIUN pacrpe-

AeJIeHUud:
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5 lim DBLIX (6+A)_DBBIX (8) 5 dDBbIX (8)
(5) _ MBbIX A0 A _ MBbIX . dd
o)== Dy (518) Dy (3 ME Dy (3) (7)
My im Zex B My 9% 10)
A—0 A dd

o )
[lepBbidi MHOXKUTEND M

€y OKOHYaTeJIbHO:

by .
/M., 1o onpejesieHHI0 eCTb CyMMapHbIA KO3 GUIMEHT MPOCKOKa

dDBHx (6)
£(8) =gy dDd—f’(S) (8)
dd

[ToslyueHHOE COOTHOILEHUE U TpPeACTaBJsgeT co6oi dopmysny AsapoBa s GpPaKIMOHHOTO
npockoka. Bropas ¢opma 3anucu He sIBJISIeTCS CaMOCTOSITE/IbHOM TMIIOTE30M — OHA CTPOTO ClIeAy-
eT U3 ompejiesieHUs] MPOCKOKA Yepe3 MpHUpaLleHUs MacC MpeAebHbIM EPEX0L0M NMPU HOPMHUPO-
BaHUM MaccC Ha MOJIHbIEe TOTOKU. EAMHCTBEHHOE colep)KaTesIbHOE JI0N0JTHEHHE COCTOUT B TOM, UTO
OTHOLIEHHE MOJIHbIX MacC BbI/IEJIEHO B OT/AE/JIbHbI MHOXHTEJ/Ib ~ CYMMapHbIA MPOCKOK E;, KOTO-
pbIM HA MPaKTUKe U3MePSeTCs He3aBUCUMO M0 0611el 3¢ beKTUBHOCTHU anmnapara.

[Tocko/IbKY NMpOX3BOJHAs UHTErpasibHON QYHKIUM pacnpesiesieHUs ecTb JUddepeHMaIbHAsA
dyHKIUSA pacnpeneseHds (IJIOTHOCTh) Macchl yactut, f{8) = dD(8)/dS, bopmyny A3apoBa MOXXHO
3anucaTh B 9KBUBaJIEHTHOW, HauboJiee ynoTpebuTebHOU dpopMe [2]:

S
8(8)282-%, 9)

rae f. (8) uf,  (6) - nuddepenunanbubie pyHKIMU pacnpesie/ieHHs MacChl YaCTHUI 10 IUaMeTpaM
JIJIsl IBLJIM Ha BXOJie U BbIxXoze. [IpakTHyeckas 1leHHOCTb popMyJibl o4yeBU/HA: GpaKIMOHHBIN IPO-
CKOK MOXXHO pacCYMTaTh, 3HasA JIMLIb CyMMapHbIX NPOCKOK &g (M3 061Ied 3G HeKTUBHOCTH) U rpa-
HyJIOMEeTPUYECKHUI COCTaB NbIM 10 U MOC/e annapara, 6e3 NpsiMoro UsMepeHusi Macc OTAe/IbHbIX

dpakuui.
BbIBO/, B BepOSITHOCTHO-/IOTapUPMHUUYECKOI ccTeMe KOOPAHHAT

[lonyyeHnas ¢opmyna TpebyeT auddepeHIMpPOBAHUS UHTerpajbHbIX QYHKIUU pacnpepe-
senus. Ecniu puddepeHnmpoBaTh 3KCIEPUMEHTANbHYI0 KPUBYIO MPOX0Ja HENOCPeJCTBEHHO,
MOrpPEeLIHOCTh Pe3KO BO3pacTaeT, a pe3y/]bTaT HepeaKo TepsieT ¢usnyeckuid cMmbica. [loaTomy
11e/1ec006pa3Ho MepedTH B TaKyl0 CUCTEMY KOOPJMHAT, B KOTOPOW HMHTerpajbHas QyHKLUMsA pac-
npejesieHUs cupsaMisieTcs, a uddepeHIMpOBaHUE CTAHOBUTCS YCTOWYUBLIM [1; 2].

BBesneM npeobpa3oBaHue KoopAuHaTHOHN ceTkU X = W(§), ¥y = (D) c MOHOTOHHO BO3pacTalo-
My yHKuMAMH ¥ U @. B BepossTHOCTHO-/IorapudMUUecKoi ceTKe 10 0CH abCIMCC OTKIIa/bIBa-
10T X = [g5, a 10 OCU OpJIUHAT - y = CD_l(D), rge @' - byHK1Ms, 06paTHass HOPMUPOBAHHOU PYHK-
nuu Jlansiaca. B aTux KoopArHaTax JorapupMUIeCcKu-HOPMaJbHO paclpeieJeHHbINA JUCTEPCHBIN
COCTaB M300paXkaeTcs NMPSIMOU JIMHUEH, YTO U 06ecleyrMBaeT YCTOMYHUBOCTb YucIeHHOro audode-
peHLUPOBaHHUS.

[lyctb uHTerpasbHasi GyHKLHS I[pPOXOJAa CBsi3aHAa C HOPMHUPOBAHHOW NepeMEeHHOH t
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COOTHOLIEeHHueM

D(8) = erf(t), (10)

rJle t MOHOTOHHO 3aBUCHUT OT X U, yepe3 X, oT 6. luddepenuupys o6e 4acTu 1o § no npaBuity aud-
dbepeHUPOBAHUA CI0KHOW QYHKIUH, TOJIydaeM

dD derf(t) dt dx 1 _2 , dx
= ——— =—02e ‘tx'_. (11)
ds dt  dx d§ 2 ds

3amnucaB 3TO BbIpa’KeHHe OTAEJbHO [IJIs1 BXOJa U BbIX0/A U NMOACTAaBUB B dopmyJy A g(5), 3a-
Me4yaeM, 4YTO OOLIUH MHOXKUTEJb dX/dS cokpalaeTcs. B pesysnbraTe npuxoauM K pa6odeit ¢popme,
B KOTOPOU BCe BEJIMYMHBI BHIYUC/SIOTCS M0 CIPSMJIEHHBIM (2 3HAYUT, YCTOUYHUBO AU depeHIupy-
eMbIM) QYHKIUSIM:

d-y BBIX (X) ,&

dx e 2
e(x) =gy - . .
> dyBx (X) 7y]§bIX (12)
dx e 2

Jlorapudmupys, nosydaeM yao06HYO AJis perpecCCUOHHON 06paboTKH aiAUTUBHYIO GopMmy:

t'
lg8(5)=1g82 +lg%+(t§1ﬂx _tlgx)' (13)

BX

[Ipy cnpsiM/leHMH UHTeTrpaJbHbIX QYHKLMH pacnpefiesieHUsi B BEPOSITHOCTHO-Jorapudmuye-
CKOM ceTKe MpOU3BOJHbIe Y’ W V' TOCTOSHHBI U OTPE/EJIAITCS NPOCTO HAKJIOHOM MPAMBIX, 110-
aToMy popMysa AsapoBa faeT GU3MYeCKH OCMbICJeHHble 3HadyeHus €(8) Aaxke Tora, Korja nps-
Moe JuddepeHIMpPOBaHKEe IKCIePUMEHTAIbHOM KPUBOH 3aBeloMO HenpueMieMo. OHa coxpaHsieT
cTporyto cBs3b £(8) ¢ mporn3BoAHBIMU GYHKLMH IPOX0/a, HO BBINOJIHAET AuddepeHUpOBaHUE He
Ha/l «CbIPOM» KPUBOMH, a HAJl ee [VIaJKUM CIPSIMJIEHHBIM NPUOGIMKEHUEM.

BaxkHO moJuepKHYTb, UTO PopMysia A3apoBa pasBUBAET KJACCUYECKHUU MOJX0J K pacyeTy
dpakoHHON 3P EeKTUBHOCTU Yepe3 AUCIEPCHBIN COCTaB MbLIW [0 U MocJe anmnapara [4; 8]. Ee
INpUHIMIINAJIbHOE OTJIMYMe — Iepexos OT NpsaAMoro AuddepeHMPOBAaHUA SKCIEpPUMEHTAJbHOU
KpUBOH K U depeHIMPOBaHHUIO CIPSAMJIEHHBIX QYHKIMHI IPOXOAA, YTO U 06ecrieyuBaeT BbIYUCIIH-
TeJIbHYI0 YCTOMYHUBOCTb METO/A U JieJIaeT ero NpUroAHbIM /i1 06pab0TKH HATYPHBIX U3MEpPeHUH
Ha JeUCTBYIIMX allapaTax.

OTpesibHBIA MPAaKTUYECKU BaXKHbBIM CJIy4all BOSHUKAET, KOrJa 3aKOHbI paclpejie/ieHUsI MaccChl
YacTUL, Ha BXO/le U BbIXO/le alnapara jorapudmMuiecku-HopMasbHbl. Torja, kak nokasaso B [1; 3],
camMa GyHKUMA PPaKLHUOHHOTO INPOCKOKA NPUOOpeTaeT BUJ, yCEYEeHHOIO JiorapupMuyecKu-HOP-
MaJIbHOT'0 3aKOHA, a BXOAdLIMe B Hee MapaMeTpbl BbIPAXKAIOTCA B 3aMKHYTOH ¢popMe yepe3 Mesu-
aHHbIe AUaMeTpbl U CTaHAAPTHBIE OTKJIOHEHUS BXOJAHOTO U BBIXOJHOTO pacnpeneneHui. [leTanb-
HbI{ BBIBOJ, 3TOrO CJy4asi, aHaJM3 HOPMUPYIOILEr0 MHOXKHUTEJISI YCEYEHHOT0 3aKOHA U CJIeICTBUSA
JLJ1s1 OLleHKU BbIOPOCOB MEJIKOJUCIIEPCHOU MbIJIM BBIXOAAT 3a PAaMKH HacCTOsLL el paboThl U COCTaB-
JIAI0T NIpeAMeT OTAe/IbHOM NMyOJINKal MY, IPOJoJ/LKalollel JaHHYO CTaThIo.
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Ta6smmna 1. JKBUBaJIEHT MMPOCKOKA YACTHUIL TPYU CKOPOCTH B CpeJIHEM ceyeHUH 3-5 M/c

OpaknuoHHas
apdextuBHOCTH 1(8), %

dpaknuoHHast

0,
fpockox £(8), % apdextuBHocTb 1(5), %

[pockok £(6), %

100 0,333 50 0,167
90 0,300 40 0,133
80 0,267 30 0,100
70 0,233 20 0,067
60 0,200 10 0,033

BKCHepHMEHTaJlehIe pe3yabTaThl IPOCKOKA B allllapaTax B3Il

[TosnyyeHHble GOpMyJibl MPUMEHSJIUCh AJi 00pabOTKH HATYpPHBIX U3MEpPEHUH B CHCTeMax
acnypalyu npeAnpuUsTUHE M0 TPOU3BOACTBY KEPAM3UTA, CUJIMKATHOT0 KUPIHYa U ac6ecTolleMeHT-
HBIX U3/IeJINH, OCHalleHHbIX anmnapaTtamMu B3Il [3; 5]. /lucriepcHbIE cocTaB onpeessics MeTO0M
MUKPOCKOIINM; UHTerpajbHble QYHKIMUA pacnpejieieHdsl CTPOUJIUCh B BEPOSTHOCTHO-Jorapud-
MUYECKON U IBOWHOM JIorapudMHUYECKON CeTKaX, YTO MO3BOJISJIO YCTOWYHMBO HAXOJUTh MPOU3BO-
JHbIe, BXoJs1ue B opMysny A3apoBa.

JKCMepUMeHTHI IPU YCAO0BHOM CKOPOCTU B CpelHEM cedeHUU 3-5 M/c mokasasy, 4yTO ammna-
patel B3Il MeHbuiero guamerpa 3p¢deKTHBHEE YJIABIMBAIOT KpyNnHbIe YacTUlpbl. [asa yactuy 50
MKM MPOCKOK CHMXKaeTcCs ¢ pocToM JuaMmeTpa annaparta: y B3I1-200 on coctaBus okoJsio 0,33 %,
y B3I1-600 - okosio 0,30 %. [asa yactuy 10 MM npockok B B3I1-200 Haxoauiics B AuamnasoHe
0,30-0,32 %, a B B3I1-600 - 0,28-0,30 %, To ecTb yacTuLbl 10 MKM TaK»Ke HECKOJIbKO JIyYllle yJiaB-
JIMBAIOTCS allapaToM MeHblilero auameTtpa. [y HauboJiee MeJiKoW dpakiuu 2,5 MKM HabJ01a-
eTcs o6paTHas kapTuHa: npockok B B3I1-200 coctrarui 0,05-0,06 %, a B B3I1-600 - 0,011-0,06 %,
03TOMY AJis1 yJaBJuBaHus yactul, PM2,5 npegnouTrTenbHee annapat 6oJibiiero guamerpa. Co-
OTBETCTBUE 3KBHBAJIEHTA NPOCKOKA U QpaKLMOHHON 3P PeKTUBHOCTH NpPHBEEHO B TabJI. 1.

Jis annapaTtoB B3I1-100 u B3I1-300 moJsiyyeHbl perpecCUOHHbIE 3aBUCUMOCTH QPaKIMOHHOTO
npockoka yactul, PM2,5 u PM10 oT yc10BHOW CKOPOCTU V B CpeJIHEM CEYEHUHU U COOTHOLIEHHUS
pacxo/0B K, yepe3 HUKHUH BBOJ B BU/Ie MOJIHBIX IIOJIMHOMOB BTOPOT'O MOPs/IKA M0 KaX/0H Tepe-
MeHHOH, HanpuMep a4 B3I1-100:

£,5=1,827 - 0,0565v - 8,29 K, + 0,0585v" - 22,61K,” - 1,845 VK, + 0,2368 V'K, +

14
+5,018vK * - 0,5577 V'K ”. (14)

ITU 3aBUCHMOCTU NO3BOJISIOT NIPeiBAPUTEJILHO OLeHUBAaTh QPaKIMOHHYI0 3QPeKTUBHOCTD B
3aBHUCHMOCTH OT TUIIOpa3Mepa, CKOPOCTU U COOTHOILEHUsI pacxoZoB. [I[poBepoyHble pacyeTsl TOKa-
3bIBAIOT, YTO NPHU BapbUpPOBaHUU V B fuanasone 3,3-5,3 m/c u K = 0,1-0,3 npoCKOK /11 KPYIHbIX
YaCTUL, OCTAETCS MaJiblM, TOT/J|A KaK JJ1s1 MeJIKOW GppaKLMU OH CyLeCTBEHHO BBIIIE, UYTO COIJIacyeT-
csl c 0011lell 3aKOHOMEPHOCTBIO YXYy/ILIEeHUs YJIaBJMBaHUs C YMeHbllleHHeM pa3Mepa 4acTHlLL.

[Tocko/IbKY MCIIepCHBIM COCTaB NOCTYNalolleld NbLJIM MeHseTCs BO BpeMeHH, 001y addek-
THUBHOCTb anmnapara LieJiecoo6pa3Ho OLleHUBATh He OJHUM YHCJIOM, a KaK CAy4yallHyl0 BeJUYUHY
[3; 7]. A1 mbLin ac6ecTta 1Mo BIGOPKE 06beMOM 25 M3MepeHUH OLleHKH MapaMeTpoB CyMMapHO-
ro MPOCKOKa COCTaBUJIM: cpefHee 3HayeHue M, = 0,0521 u cpeHeKBajpaTHYeCKOe OTKJIOHEHHE
o =0,00678. [IpoBepka 10 KPUTEPUIO XZ [TupcoHa npu ypoBHe 3HayuMocTu o = 0,05 (XZ = 1,89 npu
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KpPUTHUYECKOM 3HaueHUH 16,9) noaTBep/uia ruIoTe3y 0 HOpMaJbHOM 3aKOHeE, I03TOMY IJIOTHOCTh
pacnpeiesieHUs CYMMapHOI'0 IPOCKOKA 3allUChbIBAeTCs B BUJE

) . _(ex-00521)
f(gz): 202 e 000009 (15)

—e =
o221 0,00678+21

[IpescraBiieHne €5 Kak C1y4allHON BEJIMYMHBI B COYETAaHHMHU C BbIBEJIEHHON GpOpPMYJIOH 103BO-
JISIET TMIEPEHOCUTDh CTATUCTUYECKUH XapaKTep CyMMapHOTO NMPOCKOKA Ha PpPaKLHMOHHBIA MPOCKOK
€(8) u, TeM caMbIM, OIleHHBATb BEPOSTHOCTb MPEBBIINIEHUS HOPMATUBOB MO MEJKOAMCIEPCHON
b1 PM10 u PM2,5 B aTMochepHOM BO3AyXe.

BbIBOABI

@®pakyoHHbIN K03QPUIMEHT NPOCKOKa €(0) AOMYyCKaeT JiBe 3KBUBaJIeHTHbIe GOPMbI 3aMUCU:
yepe3 NpUpaleHHUs] KyMYJISTUBHBIX MacC CMeXHbIX QpaKIUi U Yepe3 MPOU3BOJHbIE UHTErpasib-
HbIX QYHKIUHU pacnpejiesieHHusl Macchl 4YacTHI] 10 JiuaMmeTpaM. Bropast ¢opma CcTporo BbIBOJUTCSA
M3 MEPBOU IMpeieIbHBIM MEPEX0I0M NPH HOPMUPOBAHUHK MacC HA MOJIHbIE TOTOKH; MHOXKHTEIEM
IIPY OTHOIIEHHMH NPOU3BOAHBIX BbICTYNAaeT CyMMapHbIA MPOCKOK £ = 1 - 1.

[Ipsimoe auddepeHnMpOBaHHE 3KCIEPHMEHTANbHBIX KPHUBBIX MPOX0JA HEAOMYyCTHMO H3-3a
pe3Koro pocra norpeiHocTH. [lepexos B BEpOATHOCTHO-JIOTapUPMUIYECKYIO CUCTEMY KOOPAHUHAT
CIpSIMJISIET UHTEerpajbHble QYHKIUU paclpesie/ieHUs1 U JiesaeT auddepeHIIMpoBaHUe YCTONUH-
BbIM, COXPaHss CTPOTYIO CBSA3b £(6) c IPOM3BOAHBIMU QYHKIIMN MPOX0/a.

Ha yyacTkax crekTpa, T/ie pacnpe/ieJieHdsl Macchl YaCTUI[ HA BXOJle U BbIX0/Jle JioTapudpmMuye-
CKU-HOPMaJibHbI, QYyHKIHS QPAKIMOHHOIO0 MPOCKOKA MOJYMHSETCS yCeueHHOMY JorapudmMude-
CKU-HOPMaJIbHOMY 3aKOHY, NapaMeTpbl KOTOPOr0 BbIpaXKalOTCs yepe3 MeJMaHHble JUaMeTpbl U
CTaHJAPTHBIE OTKJIOHEHHUSI BXOJJHOTO U BBIXOJAHOTO pacnpe/ieJleHUH.

JKcrnepuMeHTaJIbHbIe JaHHble N0 annapataM B3Il Tunopasmepor 100-600 MM noaTBepxaa-
I0T TEOPEeTUYECKHEe 3aBUCUMOCTH: C YMeHbIIIeHHEeM IMaMeTpa alnapara yJaydiiaeTcs yJaBJIuBaHue
KpynHbIXx ¢pakiui (50 u 10 MKM), Toraa Kak AJs ¢ppaknuu PM2,5 npeanodyTUTe/bHbI anapaThbl
6oJibliero AuamMmetpa. CyMMapHbIH MPOCKOK I1e/1ec006pa3Ho pacCMaTPUBATh KaK CIYyYalHYIO BeJH-
YHHY, YTO MO3BOJISIET OIEHUBATh BEPOSITHOCTb BBINOJIHEHHWSI HOPMATHUBOB 10 MeJIKOJHCIIEepPCHOU
IbLIM B CHCTEMax 00eCHbLIMBAOIEN BEHTUISALUH CTPOUTEIbHBIX TPOU3BOJCTB.
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Determination of the Fractional Dust Leakage in Inertial Dust Collectors
with Counter-Swirling Flows

N.Yu. Karapuzova, A.D. Khlybov, A.A. Mimishev

Volgograd State Technical University,
Volgograd (Russia)

Key words and phrases: fractional penetration; total penetration; Azarov formula; CSF device;
integral distribution function; disperse composition; dust collection efficiency; fine dust; PM10;
PM2.5.

Abstract. This article is derives of calculation formulas for the fractional dust penetration
coefficient in inertial dust collectors with counter swirling flows (CSF). The objective of the study
is to substantiate a method for calculating the penetration function based on the integral mass
distribution functions of particles by equivalent diameters. To achieve this goal, the following tasks
were addressed: derivation of the definition of fractional penetration through the mass increments
of adjacent fractions, the limit transition to the derivatives of integral distribution functions, and
substantiation of a calculation form in the probability-logarithmic coordinate system that is
resistant to differentiation errors (the Azarov formula). It is shown that the fractional penetration is
equal to the product of the total penetration and the ratio of the derivatives of the passage functions
at the outlet and inlet of the device, and that the Azarov formula develops the classical approach
to calculating fractional efficiency through the disperse composition of dust before and after the
device. The theoretical results are compared with experimental data on penetration in CSF devices
of standard sizes 100-600 mm in the production of building materials, including for the PM10 and
PM2.5 fractions.
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OnpejesieHHe PacieTHOTO BO3AyX006MeHa
JJIS1 CBapOYHBIX MOCTOB Liexa
110 U3TOTOBJIEHHIO JAeTasIei
U Y3JI0B CUCTE€M BEHTUISLUU

JL.I. Ycapckuit, U.B. 3UHKHUH

@I'BOY BO «Boszoepadckuil 2ocydapcmeeHHblll
mexHu4ecKull yHugepcumemy,
2. Boszozpad (Poccus)

KioueBble cj10Ba U ¢pa3bl: NpOMbILJIIEHHAsA BEHTHUJIS-
I[1f1; pacyeTHBINA BO3JlyX000MeH; CBapOYHbIH MOCT.

AnHoTanus. llesnblo AaHHOW PabGoOThI SABJSSETCS BbLIGOD
HauboJiee KOPPEKTHOro crnocoba ompejesieHUs TpebyeMoro
BO3/1yX000MeHa /[Jil CBapOYHbIX IOCTOB B IieXe M0 NPOU3BOJ-
CTBY JleTajlell CUCTeM BEeHTHUJSLUU. 3aZlayd HCCe0BaHUsA
BKJIIOYA/IM CPaBHEHHE JIBYX METOJO0B pacyeTa: 10 MapKe CBa-
POYHBIX MaTepuaJIOB U MO YAEJbHOMY BblJIeJIEHUIO 3arpss-
HSIOIIUX BEIIeCTB, a TaKXKe aHa/U3 MOJIyYeHHbIX 3Ha4eHUH
BO3/lyxooO0MeHa. ['MnoTe3a 3aksioyasach B MPeIOJIOKEHUH,
4yTO 06a MeToJa MOTYT JlaBaTb GJMU3KHE Pe3yJbTaThl, OJHAKO
HauboJiblllee BJIMSIHHME Ha UTOTOBOE 3HAueHHe OyZeT OKasbl-
BaTb XUMHUYECKUN COCTAB CBAPOYHOI'0 a3Po030Jisl, B YACTHOCTHU
Bbl/le/IeHUs1 MapraHua. B xozie paboThl NpHUMEHSIJIMCh METO/bI
MH)XEHEPHOI'0 pacyeTa Ha OCHOBe crpaBouHbIX JaHHbIX ([TJK,
yZleJibHble TIOKa3aTeJu), a TaKKe CpaBHUTEJbHbIN aHaiu3. Oc-
HOBHbIE pe3yJIbTaThbl I0OKA3aJ/IM, YTO MaKCHMaJbHbINA BO3/1yX0-
06MeH TpebyeTcs IpHU M0JyaBTOMaTHYeCKOM CBapKe MPOBOJIO-
kol CB-0,8I'2C: mo nmepBoMy MeToAy moJjydeHo 1220 M3/‘{, o
BTOpOoMy — 1160 M3/‘{ (TUMUTHPYOIUN GAKTOP — COeTUHEHUS
MapraHia). PacxoxaeHue okasajoch HE3HAYUTEJNbHbIM, YTO
NOATBEPXK/AAeT KOPPEKTHOCTh U B3aUM0O3aMEHSIEMOCTb 060UX
NO/AX0/0B AJIsl IPAKTUYEeCKOTO MPOEKTUPOBAHUSI BEHTUJISILIUH.

CBapouHble pabOThI CYUTAIOTCH OAHUMU M3 HaubOJIee ONIACHBIX JIJiS 3/J0POBbs YesioBeka. Kito-
YeBbIM He6JIaronpUsaTHbIM GaKTOPOM 3/ieCh BBICTyIAeT CBAPOYHBIN aspo3oJib. OH mpejcTaBseT
CO00M CJIOKHYIO CMeCh, BK/IIOYAIILYI0 OKCUJbl Pa3JIMYHBbIX MeTa/JIOB (HallpHMep, KeJje3a, Map-
raHIia, HUKeJIsl, XpoMa), TOKCUYHbIe ra3bl (030H, OKCHUJ YI/IepoAa, OKCH/IbI a30Ta, PTOPOBOAOPOA), a
TaK)Xe CBepXMeJIKUe YacTHLbl YJIbTpaZCclIepCHOro pa3Mepa.

JddexTrBHASA BEHTHUJIALHUS SBJSETCS OCHOBHBIM CpPeJICTBOM obecrneyeHust 6€30TacHbIX YCI0-
BUM TpyAa. HejocTaTo4uHbIN BO3/yX00OMeH NMPUBOJAUT K NMPEBBIIIEHUIO MTpeJieJIbHO JJONYCTHUMBbIX
koHueHTpauui (IIAK) BpeaHbIX BellecTB, NpodeccHOHaNIbHBIM 3a60/1€BaHUAM (MTHEBMOKOHHO3,
CHZepo3, TOpaXKeHHe HEPBHOM CUCTEMBI U Jip.) U CO3/iaeT B3PbIBOII0’KAPOONACHY0 06CTaHOBKY.
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PacueT Bo3/1lyx006MeHa MM0O3BOJISIET BBIYUCAUTD, CKOJIBKO BO3/lyXa HY)KHO MOJIaTh B MoMellle-
HUe, YTOOBI B paboyell 30He COXpaHAJUCh JONYCTUMbIe MapaMeTpbl Bo3ayxa. [Ipu 3ToM y4uThIBa-
I0TCSl TPY PEXHMa: TeIJIblH, XOJOAHbINA U MepeXo/HbIN MePHUObI TOAA.

B naHHO¥ pa6oTe GyAyT pacCMaTpUBaThCs IBa METO/A ONpe/iesIeHUsI TPeOyeMOTo BO3AyX0006-
MeHa, IPUMeHeHHe KOTOPBIX Oy/IeT 3aBUCETb OT U3BECTHBIX UCXO/IHbBIX JJAHHBIX.

TpebyeMblii BO3/IyX006MeH GY/IeT BITIOJHATLCS 10 MapKe CBAPOYHOTO MaTeprasia U Mo yJeib-
HOMY KOJIMYECTBY 3arps3HSIONINX BellleCTB, MOMaIaloliuX B BO3/1yX paboyeil 30HbI.

1. Ilo mapke ceapo4yHo20 MamepuaJa.

B ocHOBy BblYMCJIeHUN TpebGyeMOro Bo3/[yX00OMeHa 3aKJ/ia/IblBaeTCsl TeX3a/laHre, KOTopoe B
06s13aTeJIbHOM TOPsIZKe COAEPXKUT CBEJIEHHS 0 MapKe U 4acOBOM pacxojie MaTepuasa (Kr/4). 3to
OTHOCHUTCS KaK K 060pyZ0BaHHIO, OCHALILEHHOMY JIOKQJIbHBIMU OTCOCAaMU, TaK U K CJIy4yasiM BbINOJI-
HEHUsI CBAapOYHBIX PabOT 6e3 KeCTKOU MPUBSI3KU K OJTHOMY MeCTY (paccesiHHAsi CBapKa).

[To TeXHOJIOTMYECKOMY 33/]JaHUI0 U3BECTHO, YTO Ha MPeANPUSITHH PACIOJI0KEHO 2 CBAPOYHbBIX
[I0CTa, HA KOTOPBIX MPOU3BOJASTCS CBApOYHbIe PAGOThI PyYHOU JyroBOM CBAapKOH 3JIeKTpOAaMH
YOHMU-13/55 c pacxomom asektpoza 0,15 kr/4 u AHO-4 ¢ pacxomom asektpoza 0,15 kr/4 u mosty-
aBTOMAaTHU4YECKOM CBApKOU CTaJiel B cpeJie YIJIEKUCJIOT0 ra3a 3JIeKTpoAHoU npoBoJsiokor CB-0,8I'2C
¢ pacxojioM npoBoJioku 0,61 Kr/4.

CorniacHo mpuJiokeHHI0 1 JoKyMeHTa [2], A/ KOK/I0W MapKU CBApOYHOTO MaTepuasa Haxo-
JMTCS CBOE 3HAYEHMe y/eJbHOTO PacxoAa Bo3ayxa (M°/kr). Ecau cBapKa BbINOJIHSETCS Paccpeso-
TOo4YeHOo (He y 0JJHOTO I0CTa) U MPUMEHSETCs 001e00MeHHast BEHTUJIALMS, TO OOIIUNA TOTPeOHbIN
BO3/[yX000OMEH MOJIY4YaloT MyTeM CYMMHUPOBaHHUs 06'b€eMOB BO3/1yXa, HEOOXOAUMBIX /1J151 pa3baBiie-
HUS BpeJHbIX BbIZIEJIEHUH OT 3JIEKTPOJIOB BCEX UCMOJIb3YEMbIX MaPOK:

L..=LyG,+L,G,+..+L G

pacy n’

rae G - pacxo,ayeMbIEI MaTepH1asl CBapo4HOro 060py0BaHuUs, KT /4; L, - y/ieIbHO€e KOJIUYECTBO MPHU-
TOYHOI'0 BO3/lyXa, M~ /KT.

TexHosOrM4YecKON JOKyMeHTalued MOXeT ObITb MpeSyCMOTPEHO OJJHOBPeMEHHOEe HCIO0Jb-
30BaHHe KaK CTAaLMOHApHbIX (QUKCHPOBAHHBIX), TAK W MepeBUKHbIX (HeQUKCUPOBAHHBIX) CBa-
POUYHBIX OCTOB UJIM MECT pe3KU. B Takux CHTyalusiX Ta 4acTb BpeJHbIX BbIOPOCOB, KOTOpas He
ObL1a 3aXBayeHa CUCTeMaMHU JIOKaJbHOTO oTcoca (coctaBJstomas 10 % aubo 25 %), o6s3aTesibHO
IIpMHUMaeTCsl B pacyeT NPU BbIYHCJIeHUH 06'beMa [10Z,laBaeMoro Bo3Jyxa. ITOT BO34yX HE0OX0AUM
JJ1s pa36aBJ/ieHusl BpeIHbIX KOMIIOHEHTOB, 00pa3yoILMXCA B X0/ie paccpej0TOYeHHON CBapKu WJIU
pe3KHu.

[Ipu paccessHHOM U GUKCUPOBAHHOMN CBapKe YYHUTBIBAIOT, YTO YaCTh BPeAHbIX BEIeCTB Y/IaBJIu-
BAlOT JIOKa/IbHble BBITSKHbIE YCTPOMCTBA, KOTOPbIe NepexXBaThIBAlOT ONpeJe/leHHYI0 J10JI10 Bpe/-
HbIX BblJeJleHUH. B cBA3M ¢ 3TUM B pacueTHble GOpPMyJibl BBOASATCSA COOTBETCTBYlOLIME KO3) U-
LIMeHThl, 3aBUCSIIMe OT THUIIA MECTHOI0 0TCOCAa U pacxoja cBapoyHoro marepuana: K = 0,1 - gnsa
BBITSDKHBIX Kados, K = 0,25 - A/ Bcex NPOYMUX Pa3HOBUHOCTENW MeCTHBIX 0TcocoB. Ha fjaHHOM
npeJIpUsITHU MECTHbIE OTCOChI HE MPeAyCMOTPEHDI, IO3TOMY pacyeT BbINOJIHSETCs 6e3 06aB0oY-
HbIX KO3pPUIIMEHTOB.

Korza Bce ucxofHble JaHHble U3BECTHbl, MOXHO NPUCTYNUTh K CaMOMy pacyeTy BO3JyXO-
obMeHa:

- U1 py4yHOH cBapku ajekTpogamu AHO-4 TpebOyeMbli BO3AyX000MeH paBeH:

Lyaes = 0,15:2000 = 300 m°/y;

- U1 py4YHOU cBapkH aJyiekTpogamu YOHU-13/55: Lines = 0,15-4600 = 690 M3/‘-I;

- [Jid I0JIyaBTOMAaTHUYECKOW CBApPKU CTaJlell B Cpefie YIJIEKUC/IOTO0 ra3a 3JIEKTPOLAHOU MPOBO-
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Ta6auna 1. 3HaueHUs y/ieIbHBIX BIOPOCOB 3arpsi3HSIONUX BEIL[ECTB,
00pa3yIIUXCS B MPOLECCE CBAPKU

PacueTHbIi napameTp

HaumeHoBaHue

XapaKTepI/ICTI/IKa, 0603HaYeHHEe eJUuHHUIa 3Ha4YeHHe

PyuyHas nyroBas cBapka ctasieil. dnektpoans AHO-4

YaesbHbIH N0Ka3aTeslb BblAeaeHus i-ro 3B, K;:

JIDKeJ1e30 TPUOKCH/, r/Kr 15,73
MapraHen, ¥ ero coeiMHEHUs r/Kr 1,66
[IbL1b Heopranuyeckas, copepxaias 70-20 % SiO, r/Kr 0,41

PyudHas gyroBas cBapka ctaseit. dinektpogsl YOHU-13/55

YaesbHbIH N0OKa3aTesb BblAeaeHus i-ro 3B, K;:

JIMKeJ1e30 TPUOKCU], r/Kr 13,90
Mapraner 4 ero coeJJuHeHHUs r/Kr 1,09
A30Ta IUOKCHU/ r/Kr 2,16
Asor (II) okcup r/Kr 0,35
Yrnepop okcup, r/Kr 13,3
®TopucTble ra3oo6pa3Hble COeJUHEHUS r/Kr 0,93
®Topu bl HeOpraHUYeCKHe MJ10X0 PaCTBOPHUMbIe r/Kr 1

[Ib11e HEeopraHuyeckas, cogepxamas 70-20 % Si0, r/Kr 1

[TosiyaBTOMaTH4ecKasi CBapka CTajed B cpejie YIJIeKUC/I0T0 rasa aJeKTpoAHoN npoBoJsiokoi. [IpoBosioka CB-0,8I'2C

YnenbHbIM [TOKa3aTe b BblJeaeHus i-ro 3B, Kyt

JUKeJ1e30 TPUOKCU/ r/Kr 7,67
MapraHen 4 ero coeiMHeHUs r/Kr 1,90
[Ib1e Heopranuyeckas, cogepxxaias 70-20 % Si0, r/Kr 0,43

Jokout CB-0,8I'2C: L =0,61-2000 = 1220 M3/‘I.

acqd
OTcroza cne,qyel'ar, YTO 3a pacuyeTHbIA BO3yX00OMEH NPUHUMAETCS Lpacq =1220 M3/‘{, NOJIy4YeH-
HbI{ [IpU pacyeTe M0JyaBTOMaTHYeCKOU CBapKOU 3/1eKTPOLHON IPOBOJIOKOH.
2. Ha ocHose ydeabHbix 3HaueHUll 8pedHbIX sewjecms, nonadarwux 8 803dyx paboueli 30Hbl.
Bce 3HauyeHUs yJie/IbHBIX BbIOPOCOB 3arpsi3HSIOLIMX BELIECTB, 00pPa3yIOLIMXCS B IPOLECCE
CBapKH, NpUBe/ieHbI B Ta61. 1.
Korza Bce nokasaTe/iy 3arps3HsIOLIMX BelleCTB U3BECTHBI, ONlpe/ie/IMTh TpebyeMblil BO3yX0-

06MeH MOXHO 1o popmyJie:
L= mi/(l'[,ZlKi-Cq)),

rae /K, - npefesibHO oNycTUMas KOHIEHTPalUs [-r0 BelleCTBa; ch - poHOBasA KOHIEHTpAIUs
3arps3HSIONIMX BEIeCTB B MPUTOYHOM BO3/yXE, MI‘/M3; m; - yaeJibHOe KOJIMYeCTBO 3arpsA3HAI0-
IIMX BELEeCTB, 0NaJailluX B BO3/yX pabo4e 30Hbl, I/4, m, = K, *B, rae B - 4acoBO# pacxoj npu-
MeHSIeMbIX ChIpbsl U MaTepHaJioB (Kr/4), KOTOPbIA BBIYUC/ISETCS, UCXO/S U3 PpaKTUUEeCKU U3pac-
XOZI0BAHHBIX 06'b€EMOB 1 HOPMATHBHBIX 3HAaYeHUH 06pa30BaHUs OTXO/I0B NPU GYHKIIMOHUPOBAHUU

Heating, Ventilation, Air Conditioning, Gas Supply and Lighting 23



Components of Scientific and Technological Progress

TEXHOJIOTUYECKOro 060pysoBanus; K, — yle/bHbIl N0Ka3aTe b BblJ|eI€HUs i-T0 3arpA3HAIOLIEr0
BellleCTBa Ha eJJMHUIY MacChl pacXoyeMbIX (IpUTrOTaBJNBAaEMbIX) CbIpbS U MAaTepUaJIoB, I'/KI.

Ha nepBoM 3Tane cjeflyeT BBIYMCIUTD CYMMapHOe KOJIMYeCTBO BCEX BpeIHbIX BellleCTB, KOTO-
pble MONajalT B BO3AYyX paboyeil 30HbI IPY BbINOJHEHUU PYYHOH J[yrOBOM CBApKH C UCIOJIb30Ba-
HHEeM 3JIeKTpoJoB Mapku AHO-4:

= 15,73:0,15 = 2,36 r/u;
=1,66:0,15 = 0,25 r/y;
mHH =0,41:0,15 = 0,06 /4.

/:LH)K

TpebGyeMblii BO3/JyX00OMEH 0 KaXK/I0MY U3 BELIECTB COCTABUT:

Ly e = 2,36/0,04 = 59M/‘{
TpM_025/0001 250M/q
Ly = 0,06/0,1=0,6 M /4.

KosinyecTBO 3arpsisHSOLUX BELIECTB NMPU PYy4YHOW [AYroBOM cBapke 3JjiekTpojamu YOHMU-
13/55 paBHo:

14)K_139015 2,09 r/u;
=1,09-0,15=0,16 r/u;
mA =2,16:0,15=0,32r/y;
My = 0,35-0,15=0,05r1/y;
m, =13,3:0,15=2,0r/y;
mg-=0,93:0,15=0,14 r/y;
mg,;, =1,0:0,15=0,15/y;
my, =1,0:0,15=0,15r/4.

11

TpebyeMblii BO3/[yX000MeH 10 KaXJJOMY M3 BellleCTB COCTABUT:

L =2,09/0,04 = 52,25 M>/3;

Tp AnK

Ly = 0,16/0,001 = 160M/q

Lyya=032/01= 32M/q

L =0,05/0,4 = 012M/q

TP A(ID)

L., =2,0/3=0,67M /l{
qu)r 0 14/0,014 = 10M /q
L, ey=015/0,03= 5m° /q
L,ny=015/01=15m /q.

KosinuecTBO 3arpsA3HAIIINX BeleCTB MPHU MOJyaBTOMAaTUUECKON CBapKe CTaled B cpejie yrie-
KHCJIOTO ra3a 3/IeKTpoHOoH npoBosiokoi CB-0,8I'2C cocTaBUT:

=7,67:0,61 = 4,68 /4;
=1,90,61=1,16r1/3;
mHH =0,43:0,61=0,26 r/u.

[[I/[)K

TpebGyeMblii BO3JyX00OMEH 0 KaXK/I0MY U3 BELIECTB COCTABUT:
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3
Ly e = 468/0,04 = 117 v’ /1;
Lypw = 1,16/0,001 = 1160 u*/s;
Loy = 026/0,1=2,6 °/u.

M3 BbIlIeNpUBeAEHHBIX PacyeTOB BHUJHO, YTO IMpPU MOJyaBTOMAaTU4YECKOW CBapkKe AJid Map-
raHlla 4 ero coeJIMHeHUN TpebyeMblii BO3yX00OMeH LTp v = 1160 M3/‘-I - MaKCUMaJIbHBIN U3 BCEX
OCTaJIbHBIX, I09TOMY IPUHUMAETCA 3a pacyeTHBIH.

[lo uToraM BBINOJIHEHUSI PAacueToOB HEOOXOAMMOI'0 BO3/yXO0OOMeHa, a TaKXKe INPOBeJEHHOI0
aHa/1M3a IPUMEHUTEJIBHO K CBAapOYHBIM [IOCTAM IleXa, BBIIYCKAKIEro JeTaly U y3Jibl [Jis1 BEHTH-
JIIMOHHBIX CUCTEM, ObIJIM UCIO0JIb30BaHbI IBE METOAUKH ONpe/eseHus :

1) mo Mapke CBapO4YHOI'0 MaTepUaJa;

2) 1o yAeJbHOMY KOJMYeCTBY 3B, 06pa3yonyxcs B IPOLecce CBapKH.

CpaBHeHMe MMOKA3a/10, YTO HAaUOOJbIIUK pacieTHbIA BO3YX000MeH HAaOGJ/II0/[aeTcs MPU MOJIy-
aBTOMaTHYeCKOU CBapKe CTaJiell B cpejie YIJIEKHUCIO0T0 ra3a 3JieKTpoAHoU npoBoJiokon CB-0,8I'2C,
YTO 06yCJI0BJIEHO NOBBILIEHHBIM Bbl/leJIeHUEM MapraHlia U ero coeJUHeHUH.

B nepBOM pacueTe 110 MapKe CBapO4YHOI'0 MaTepHaJsia Mbl 0JIy4UIU Lpacq =1220 M3/'-I. Bo BTO-
poOM pacyeTe, MO YAeJbHOMY KOJIMYECTBY 3arps3HAIOIIUX BeEIlEeCTB, TPebGyeMblil BO3/yX00OMeH
COCTaBUJI LTp v = 1160 M3/‘~I. HesHauuTe/ibHbIE pACXOXKJEHUS B BEJIMYMHAX PACYETHOrO BO3JyXO-
o6MeHa OObSCHAIOTCA PAa3/JIMYMAMU B UCXOJHBIX JAHHBIX U MeTOJMKaX y4eTa Bpe/JHbIX BellecTs,
OJIHAKO OHHU He OKa3bIBAIOT CYLeCTBEHHOI'O BJIUSHUS HAa UTOTOBBIN pe3y/bTaT.

TakuM 06pa3oM, 06a MeToZia pacyeTa MOTYT OBbITh IPU3HAHBI KOPPEKTHBIMHU U B3aMMO3aMeHs-
eMbIMU. JIJIsI MPaKTUYEeCKOro MpUMEeHeHUs JONYCKaeTcsl HCII0JIb30BaHUE JII0O0T0 U3 HUX, UCXOAs
U3 TpebGOBAaHUM TOYHOCTH, JOCTYIHOCTH UCXOJHBIX JAHHBIX U 0COOEHHOCTEN TeXHOJOTHMYeCcKOIo
npolecca.
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Determination of Calculated Air Exchange for Welding Stations
in a Workshop Manufacturing Parts and Components of Ventilation Systems

D.G. Usadsky, I.V. Zinkin

Volgograd State Technical University,
Volgograd (Russia)

Key words and phrases: design air exchange; welding station; industrial ventilation.

Abstract. The purpose of this work is to select the most correct method for determining
the required air exchange for welding stations in a workshop manufacturing ventilation system
components. The research objectives included comparing two calculation methods (by the grade
of welding materials and by the specific emission of pollutants) and analyzing the obtained air
exchange values. The hypothesis was that both methods can yield similar results, but the greatest
influence on the final value would be exerted by the chemical composition of welding fume,
particularly manganese emissions. The study employed engineering calculation methods based
on reference data (MPC, specific emission rates) as well as comparative analysis. The main results
showed that the maximum air exchange is required for semi-automatic welding with Sv-0.8G2S
wire: the first method yielded 1220 m3/h, while the second gave 1160 m3/h (limiting factor -
manganese compounds). The discrepancy proved insignificant, confirming the correctness and
interchangeability of both approaches for practical ventilation design.

© A.I. Ycaackui, U.B. 3unkuH, 2026
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YK 697.4:621.565.954

Cuctema TenyioCHaGKeHHUs € GIIOUAHbIM
TeNJIOHOCUTEeJIeM, IVIACTUHYATHIM U
CNUpPaIbHBIM TENJI00OMEHHUKOM (YHJIJIEPOM)

B.M. ®okuH, C.B. HectepeHko,
®.A. Kosecuukog, H.10. EBctadbeBa

@I'BOY BO «Boszoepadckuil 2ocydapcmeeHHblll
mexHuU4ecKull yHusepcumemn,
2. Bosnzoepad (Poccusi)

Kno4yeBbie cjioBa U ¢pasbl: MIaCTUHYATBIA TeN1006-
MEHHHUK; CUCTeMa TelJIOCHAGXKeHUs; CIUPAIbHBINA Tema006-
MEeHHUK; QJIFOUHBIN TEMJIOHOCUTEJIb; 3HEPTOAY/IUT.

AHHOTanus. B craTbe MPUBOJUTCS YCTPOMCTBO 3KCIEPH-
MEHTJIbHOW YCTAaHOBKM JIJIl U3y4YeHHUs], UCC/IeJIOBaHUs, MPO-
BeJIeHUs IHEPreTHYEeCKoro oO6C/e/JOBaHUS U 3JHEProayAuTa
CUCTEMbI TeIJIOCHAOXKeHUs € QJIIOUAHBIM TEIMJIOHOCUTEJIEM,
IJIACTUHYATBIMU TEMJIO0OMEHHHUKAMHU WU CIIUPAJbHBIM TEIIO-
06MeHHUKOM (4uisiepoM). llesnb: paspaboTKa 3KCIEpPUMEH-
TaJIbHOM yCTAHOBKH /1151 U3yU€EeHHsI CUCTEMBI TEIJIOCHAOXKEHUS
U TeNJ006MeHHbIX aNnapaToB ¢ QJIOUAHBIM TENJOHOCUTE-
JieM. 3ajauu: pa3paboTKa METOJUK dHepreTHYeCKOoro ayjuTa
MJIACTUHYATOr0 TEIMJIOOOMEHHUKA U CIUPAJIbHOTO TEeNa006-
MeHHUKaA (4usiepa). [MnoTes3a: nmoBblllleHUE SHEPTETUYECKON
3pPEeKTUBHOCTH CUCTEM TEIJIOCHAGKEHHUS U TEMJI006MEHHBIX
annapaToB. MeTo/, vMccieloBaHUS: MaTeMaTU4YeCKUN U pusu-
YeCKHU aKcrepuMeHT. JloCTUrHYThIA pe3y/nbTaT: pa3paboTka
YCTPOUCTB U METO/IMK JIJisl UCCJIeIOBAHUS TEMJIO0OMEHHbIX all-
napaToB € GpJIIOHUAHBIM TENJIOHOCUTEJEM.

[ocynapcTBEHHBIMU OpraHaMU TNMOCTOSIHHO CTaBATCS 33Ja4d MOBbILIEHHUs] 3HEpPreTHYeCcKoU
30 PeKTUBHOCTH TENJIOBbIX U JHEPreTHUYeCKUX YyCTAHOBOK. B 4acTHOCTH, MHOTOKOHTYpHbIe QJII0-
U/IHble CUCTEMbI TEIJOCHAGKEHUSI MPUMEHSIIOTCS [Jisl TENJIOIHEePreTUYeCKUX CUCTEM TeIJIOCHA0-
’KeHUs1 00'bEKTOB HePTera3oKOHAEHCATHbIX MECTOPOXAEeHHUH, Ille IIMPOKOe IpUMeHeHHe UMeT
TEIMJIOHOCUTE/IM U3 TPYIIbl aHTUPPU3BI — ITUJIEHIVIMKOJIb, TENJIOHOCUTE/IM U3 TPYIIbl OpraHuye-
CKHX — IVIMLIePHUH, U3 IPYIbI COJNIEBBIX PACCOJIOB — aLeTaT HAaTpusA 8 %.

®uronpl /15 CUCTEM TENJIOCHA0XKeHHUs — 3TO COBOKYIHOCTb KU KOCTEN U pacTBOPOB, HAChI-
LleHHBIX ra3aMy, 06/1a/jal0MX YHUKAJbHBIMU CBOMCTBaMU. CUCTeMa TenJoCHa6eHUs ¢ GIronj-
HBbIM TeIlJIOHOCUTeJIeM, IIJIACTUHYATBIMU TelJIOOOMEHHUKAMU U CIHMpaJbHbIM TelJ000MEeHHUKOM,
HUMEIOT:

- IepBbId OCHOBHOM KOHTYP LUPKYJSLHUHU CUCTEMBI TeNJIOCHAOXeHUsI ¢ TPyOONpOBOAaMHU U
TEIJIOreHepaTOPOM, 3all0JIHEHHBIMU BOJOH;

- BTOPOU NPOMEXYTOYHBIA KOHTYP C TPyOONpOBOJAMH U JBYMH IJIaCTUHYATbIMU TeIJI000-
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Puc. 1. CxeMa ycTpoicTBa /Jis1 UCCJIe[J0BAaHUS U IPOBEJeHNS SHEPTreTUYeCKOro aygura
MJIACTUHYATBIX TENJI00OMEHHUKOB U CUCTEMbI FOpsi4ero BOA0CHa0KeHHUS:
1 - TemyoreHepartop, 2 - TepMOMeTp Nojalollel ropsiueld BoJbl IEPBOT0 KOHTYPA, 3 — MJIACTUHYATbIN
TeIJIO0OMEeHHHUK, 4 - TepMOMeTp 06paTHOM BOJbl IEPBOr0 KOHTYPA, 5 — pacXxofoMep NepBOro KOHTYP3,
6 - HUPKYJIALMOHHBINA Hacoc, 7 — BO3YX0CO0PHUK, 8 — MpeZloXpaHUTeNbHBIH KJallaH, 9 - pacxozomep,
10 - TepMoMeTp HarpeToro ¢JioUAa BTOPOTO KOHTYPA, 11 - miacTUHYAThIA TENJIOOOMEHHHUK Ha ropsiyee
BOZIOCHAGXXeHUs, 12 — TepMOMETP OxJIaxKAeHHOro QJIoH/1a BTOPOro KOHTYpa; 13 - pacxozoMep BoJibl
Ha ropsiuee BOJ0CHa6GXeHUE TPEThEro KOHTypa, 14 u 15 - TepMoOMeTpbI X0JIOAHON U ropsiueil Bozbl
TpeTbero KOHTypa
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b W,
i TE 111
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Puc. 2. Cxema ycTpo#cTBa /1 UCCJIeJOBAaHUS U IPOBE/IEHNS SHEPTETUYECKOT0 ay/JUTa CIIUPATbHOTO
TeINJI000MeHHUKa (Yuiiepa):

1 - TensioreHepaTop, 2 - TEpMOMETP NOAAIIEN TOpsiuYel BOAbI IEPBOr0 KOHTYPA, 3 — NJIaCTUHYATbIN
TeIJIO0OMEeHHHUK, 4 — TepMOMeTp 06paTHOMN BOJbl IEPBOI0 KOHTYPA, 5 — pacxofoMep epBOro KOHTYPa,
6 - LUPKYJIALMOHHBINA HAacoc, 7 — BO3AYXOCOOPHUK, 8 — IpeloXpaHUTebHBIN K/anaH, 9 — pacxofoMep
BTOpOro KoHTypa, 10 - TepMoMeTp HarpeToro ¢JironAa BTOPOro KOHTYpa, 11 - cnupaabHbIN
TeNJI000MeHHUK (Yniiep), 12 - TepMoMeTp oxsaxkAeHHOro GJIIoUAa BTOPOTO KOHTYPa, 13 - KaJlopuMeTp,
14 - MeluasiKa KaJOpuMeTpa

MEeHHHKaMH, 3all0JIHEHHbIMU QJIFOUI0M;

- TpeTHUH U YeTBEPTHIK BCIlOMOraTesibHble KOHTYpPHI JIJIsl CUCTEMbI TOpPsSIYero BOJOCHAbOKe-
HUS WJIM HarpeBa UccjieyeMoH XKUJKOCTH (B 3aBUCUMOCTH OT CXEMBI).

OueHka saHepreTudeckod 3dPeKTUBHOCTH NMpeobpa3zoBaHus TemnoBod sHepruu u KIlJ| nnia-
CTUHYATBIX TElNJIO0OMEHHHUKOB MPOBOJAUTCS HAa pa3paboTaHHON aBTOPAaMM 3KCIepUMEHTaTbHOU
yCTaHOBKe, IPUBeJIeHHOU Ha puc. 1.

OueHka sHepreTudyeckod 3pdeKTHUBHOCTH Npeobpa3oBaHUsl TenaoBod sHepruu U KII/l criu-
paJibHOro TemJoo6MeHHUKa (4u/iepa) NPpOBOAUTCA Ha pa3pabOTaHHON aBTOpaMH 3KClepUMeH-
TaJIbHOM yCTaHOBKe, IPUBeIeHHOHN Ha puUcC. 2.

Paspa6oTaHHble Hay4yHO-3KCIIepUMeEHTa/IbHble YCTaHOBKHU (puc. 1 U puc. 2) npejHa3HayeHbl
JUIs1 CPAaBHUTENBHOI0 aHAIM3a U OKOHYATEJIbHOTO pelleHusI 0 BbI6OPY TEelJI00OMEHHBIX anmnapa-
TOB Pa3JIMYHOrO Ha3HAYEHMUSs], TENJIOTEXHUYECKOT0 060py0BaHUS U TPUOOPOB, a TAKKE KUJKOT0
TerioHocuTess (GJronaa), UCOJIb3yeMbIX B MHOTOKOHTYPHBIX (QJIIOM/HBIX CUCTEMAX TeIJOCHA6-
»keHUs1. [losrydyeHHble pe3y/bTaThbl 06C/IeL0BaHUS MO3BOJISAT MOBBICUTh YHUBEPCAJbHOCTb 3KCIe-
pPUMEHTAJIbHOM YCTAaHOBKH 3a CYET OJJHOBPEMEHHOI'0 U3yYeHUsl IHePreTUYeCKOH 3G PeKTUBHOCTH
CUCTEM TEIJIOCHAOXKEHUS, a TaKKe CpaBHUBATh 3P PEKTUBHOCTD PA3JIMYHbIX THUIIOB TENJI00OMEH-
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HBIX alapaToB U TEMJIOHOCUTeel JJis GIIOUAHBIX MHOTOKOHTYPHBIX CUCTEM TEIJIOCHAGXKEHHUS.

O6a yctpoiicTtBa (puc. 1 U puc. 2) BK/IIOYAIOT B ce6s1 OCHOBHbIE 3J1EMEHThI: 3JeKTPUUeCKUN
BOJZlOHArpeBareJib (TelJoreHepaTop), BO3AYX0COOPHUK, NPeJOXPaHUTENbHbIN K1anaH ¢ MaHOMe-
TPOM, LIUPKYJISIIMOHHbIE HACOChI, TEPMOMETPBI, PAcX0OMepPHI, IIJIaCTUHYATbIE TeNJ00O6MEeHHUKHU
U CIIUPaJbHBIN TEMJI00O6MEHHUK (YuJliep), TPyOONPOBO/bl CUCTEMbI TEMJIOCHAOKEHUSI U JIpyroe
o6opy/l0BaHUE.

B kauecTBe Ten/ioreHepupyolleil ycTaHOBKHM MCI0JIb30BAaH IPOTOYHbIN 3/IeKTPUYECKUH BOJ0-
HarpeBaTeJib C MO3ULUOHHBIM PErYISTOPOM TEMIIEPATYPbl U aBTOMAaTUYECKUM PETYJASITOPOM TEM-
nepaTypahl.

TemmnepaTypa TensioHocuTesiedl (BoAbl U GJOW/A) HAa BXOJE U BBIXOJE TeIJIOTeHepaTopa, a
TaK)Ke JlaBJeHHe B CHUCTeMe KOHTPOJIMPYIOTCS JaTYMKaMU TeMIlepaTypbl U JAaBJjieHUs. besomnac-
HOCTb paboThl 06€CIeYMBAIOT AaBTOMATUYECKHUE BBIKJIIOUATENN U IPUOOPHI 6€30MaCHOCTH.

[lepesaya TensioBOM 3HEPTUM MEX/JY KOHTYpaMH LUPKYJSILUU OCYLIECTBJSETCA depes3 IJia-
CTMHYaTble NPOTHBOTOYHbIE peKyllepaTHBHbIE TeNJOOOMeHHble annapaTthl (MJacTUHYAThIA Te-
1006MeHHHUK). TeMnepaTypa Ha BX0/ie ¥ BbIX0/ie TeIJIO0OOMEeHHBIX allllapaToB CO CTOPOHLI [TEPBO-
ro, BTOPOI'0 ¥ TPeThero KOHTYPOB KOHTPOJIUPYETCs AaTYMKaMU TeMIlepaTyphl.

Paz6epeM paboTy MHOTOKOHTYPHOUM CUCTEMBI TeIJIOCHAOKeHus (puc. 1 u puc. 2).

[Tepsblil KOHMYyp — TeNJ0Basi CEThb, 3all0JIHEHHAs! BOJOM.

B asnexTpuueckuil kotes 1 U3 o6paTHOro Tpy60npoBoja TEMJI0CETH LUPKY/ISALMOHHBIM HACo-
COM 6, oJlaeTcsi o6paTHasl ceTeBasi BoJla C TeMIlepaTypoi t.”, rie HarpeBaeTcs B KOTJIE 10 TeMIIe-
paTypsl t;, OTKy/ia NoJjaeTcs B MOJaKKMi TPy6onpoBo/ TemoceTy. Harperas BoJa U3 TENI0BOH
CeTH MepexXoJUT B MJIACTUHYATBIM TENJIOOOMEHHHUK 3, TAe nepejaeT CBOI0 TeMJOTY BOJAE BTOPOTO
KOHTYpa.

OxJsiak/ieHHasi BOJa M3 TeMJIOOOMEHHHKA IOCTYNaeT B O0GpaTHbIA TPyGONpPOBO/J, TEIMJIOBOU
CeTH C TeMnepaTypoH t.”. [lo mokasaHu0 pacxojomepa 5 MepBOro KOHTypa LUPKYJIALUU ONpeJe-
JIIETCA PACXO/, BOJIbl B CUCTEME TEIJIOCHa6XeHUA G BO3yX0CO0PHUK 7 U Mpej0XpaHUTEIbHbIA
KJanaH 8 KOHTPOJIMPYIOT U 06ecreduBalOT HaZleXKHYI0 paboTy CUCTeMbI TelJ0CHAGKEHHUS.

Bmopoti konmyp - cucteMa, 3anoJHeHHasa QJIIOUA0M, /1S IJIAaCTUHYATOr0 TelJIO0OOMEeHHHUKA U
CIHPaJIbHOTO TEeII00OMEeHHUKA (YuJiepa).

®ron/| ¢ TeMIepaTypou ty, NMOAAeTCs B IJIaCTUHYATBIA TENJI00OMEHHHUK 3, I/le HarpeBaeTCs
CEeTeBOM BOJIOM NMEPBOro KOHTYpa /10 TeMIIEPaTyphl t.,, U HarpeThld GJIIOU MOCTyNaeT B I1aCTHH-
YaTbl¥ TEMJIOOOMEHHUK WU CIHUPAJbHbIN Tem1006MeHHUK (YuJiep). [Io mokasaHuio pacxomome-
pa ¢uronza 9 BTOpOro KOHTypa LUMPKYJIALMHU ONpeesseTca pacxo duounsa B cucteme Gy,

Tpemuii konmyp yupkysasyuu (puc. 1) - cuctema, 3ano/JIHEHHasA BOAOH B IJIACTUHYATOM TeIJI0-
obMeHHUKe 11, rae TemsoTa oT TemoHocuTens (puronga) NpoMeKyTo4yHOro (BTOpOro) KOHTypa
nepeaeTcs X0J0JHOW BOJe U3 BOAONPOBOJAA BCIIOMOraTeJbHOTO (TPEThero) KOHTYypa LUPKYJIs-
IIUM /11 HarpeBa BOJbl CUCTEMBI TOPSYEr0 BOAOCHAGKEHH .

Yemeepmuiii koHmyp (puc. 2) - cucTeMa CIUpaJbHOro TemsoobMeHHuKa 11 (yusnepa), mo-
Ipy>KEHHOI'0 B KaJlopuMeTp 13, 3aM0/IHEHHOTO UCC/IeAyeMOH KU/ KOCTbIO, I/le TENJIOTa OT TeIJIo-
HocuTess (dJona) NpoMeKyTOUHOro (BTOPOro) KOHTYpa LUPKYJAALUU NepefaeTcs KUJKOCTU
KajJopuMeTpa. Mewanka KajnopuMeTpa 14 mpefHa3HayeHa [ NepeMellMBaHUs HCCIefyeMOu
KUJKOCTH.

Paspa6oTaHHble B cTaTbe YCTPONCTBA U MeTOJAMKHU NPOBeJleHUA 3HeproayAuTa AJis CUCTeMbl
TeNJI0CHA6GXKeHUs C QJIIOUHBIM TEINJIOHOCUTEJEM IO03BOJISIOT MPOBECTH OLEHKY TEIJIOTEXHU-
YeCKUX MapaMeTpoB NPUOOPOB M 3HepreTHYecKOoU 3P PeKTUBHOCTH Npeobpa3oBaHUS TeIJIOBOU
3Hepruy, a Takxke KII/l miacTHHYATOro TEM/JI006MEeHHUKA U CIUPAJIbHOIO TEMJIOOOMEeHHHUKA (YHJI-
Jiepa). JKCIepuMeHTa/IbHble YCTaHOBKU (pUC. 1 ¥ puc. 2) M03BOJIAIOT NPOBOAUTb SHEPTeTHYECKUI
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ayJuT KOHTYPOB LIUPKYJISALUY, 3al10JIHEHHbBIX BOLOW WU QJIIOHUI0M.

JlOTIOJIHUTEIbHO [IJ11 BTOPOT0 KOHTYPA LUPKYJISALMUYU U [IJIACTUHYATBIX TENJIO0OMEHHUKOB 3 U
11 (puc. 1) N1poBOAAT UCCIe0BAHUS:

- TemoBoH MowHocTH U KII/| nyiacTuHYaTOro Tenjio006MeHHUKa;

- ko3dduuueHTa TENJIOOTA4YH U TeIJIoNepejayy B TEMJI00OMEHHUKE;

- IUIOILAJU MJIACTUHYATOro TelJo0OMeHHHUKa.

JlONOJIHUTE/IbHO J1/11 Y4eTBEPTOT0 KOHTYPA LIUPKYJIALMU U CIMPAJIbHOTO Tem1oo6MeHHUKa 11
(umssiepa), HOTPYKEHHOTO B KUJIKOCTb KasiopuMeTpa 13, rje TemsaoTa oT TemyaoHocuTes (aou-
Jla) IPOMeXyTOYHOro (BTOPOro) KOHTYpa LUPKYJISALWY NlepefaeTcsl )KUJKOCTH KaJoOpuMeTpa, po-
BOJSITCSI UCCJIeI0BAHUSA:

- TemaoBo# MouHocTH U KII/| kaiopumeTpa;

- TEeNJI0EeMKOCTH U 06'beMa UCCIelyeMOH KUJKOCTH B KaJIOPUMETPE;

- IUIOLA/¥ COHUPAJbHOIO TensoobMeHHUKa 11 (uusiepa).

JloNOJIHUTEe/IbHO HA 3KCIIepUMeHTa/IbHOM ycTaHOBKe (pUc. 1 U puc. 2) NIPpOBOAATCS UCC/Ie[0Ba-
HUS y/ieJIbHOTO TeIJIOBOr0 NOTOKA OT TPyOOINPOBO/IOB U TelJIoreHepaTopa K Hapy>KHOMY BO3JyXY
v onpegesieHue KIIJ| KOHTypOB UUPKYJALWH.

HWccnenoBaHWIo JaHHBIX BOIPOCOB MOCBSLIEHBI paboThl aBTOPOB [1-7].
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Heat Supply System with Fluid Coolant, Plate and Spiral Heat Exchanger (Chiller)
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exchanger; energy audit.

Abstract. The article presents the design of an experimental installation for studying,
researching, conducting an energy survey and energy audit of a heat supply system with a fluid
coolant, plate heat exchangers and a spiral heat exchanger (chiller). Objective: to develop an
experimental installation for studying the heat supply system and heat exchangers with a fluid
coolant. Objectives: to develop energy audit techniques for a plate heat exchanger and a spiral heat
exchanger (chiller). Hypothesis: increasing the energy efficiency of heat supply systems and heat
exchangers. Research method: mathematical and physical experiment. Result achieved: development
of devices and techniques for the study of heat exchangers with a fluid coolant.
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Abstract. The aim of this study is a comprehensive
analysis of the current status, properties, and potential
applications of photoluminescent concrete in construction
and architecture. This work included systematizing scientific
literature from 2015-2025, identifying key components and
production technologies, assessing the functional capabilities
and limitations of the material under study, and standardizing
terminology. The study is based on the hypothesis that the
integration of phosphorescent pigments and modified additives
into a cement matrix significantly improves the decorative
and performance properties of concrete, providing significant
energy savings and increasing infrastructure safety without
compromising its strength properties. The methodology
included a systematic search and screening of publications in
Web of Science, Scopus, and Google Scholar, standardization
of keywords, bibliometric data processing using BibExcel, and
a comparative analysis of the optical, mechanical properties,
and durability of the composites. As a result, the property
of the material to absorb natural and artificial light and emit
it for 8-12 hours was confirmed, priority areas of application
were identified, the main barriers to implementation were
determined, and a 20 % increase in research activity per
year was recorded, demonstrating the high potential of
photoluminescent concrete as a basis for energy-efficient, safe
and aesthetically expressive urban environments.

Introduction

The development of building materials science aims to improve the functionality, reliability,
environmental friendliness, and decorative aesthetics of materials. Among the tasks and priority
areas of current issues in urban development and improvement are highlighting the architectural
character of construction, eliminating the monotony and homogeneity of buildings, structures,
and small architectural forms. In this regard, the need for new generation concrete with specific
performance indicators is growing, creating the necessary conditions for systematically improving
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the quality and comfort of the urban environment [1-16]. Possible solutions for increasing the
efficiency of photoconcrete and its derivatives include the integrated use of waste rock, modified
additives, and modern pigments. The functional possibilities of concrete can be expanded and its
quality indicators improved by using photoconcrete pigments, which introduce new principles
for concrete design and increase technical and economic efficiency thanks to the introduction of
modern energy-saving technologies [4]. Photoconcrete is being studied from the perspective of
geoarchitectural engineering, which seeks to solve the problem of improving the living environment
and enriching the natural and aesthetic landscape of the area as a whole [16-22]. This article
presents the properties and applications of photoluminescent concrete, discussing the components
and factors affecting concrete, and the challenges it faces [15].

The durability, structural performance, and design aspects of luminous concrete for
infrastructure applications are examined in [28], while [26] reviews the properties of luminous
materials used in glow in the dark concrete together with installation methods, material behaviour,
and manufacturing techniques. The potential and capabilities of raw materials for glow in the dark
concrete, including their performance, compatibility, and the challenges involved in achieving
the desired effects, are analysed in [18]. A broader overview of recent developments in luminous
concrete - its applications, properties, and production technologies - is provided in [7]. Advanced
phosphorescent materials employed in glow in the dark photoluminescent concrete, discussing
their potential uses, manufacturing routes, and physical characteristics are highlighted in [13]. The
influence of nano sized phosphor particles on glow in the dark concrete, particularly their effects on
optical, mechanical, and thermal properties, is reviewed in [12].

In [27], long-chain phosphorescent materials, SrAl,O0,:Eu,p and Dy3p, were prepared using
the strong-state response technique. Their luminescence properties were enhanced by changing
the reaction parameters. Long-chain phosphorescent materials are a type of photoluminescent
material. These materials can store energy when exposed to natural or artificial sunlight, and
after storing the energy, they self-luminize and glow in the dark, making them energy-saving and
environmentally friendly [25]. Due to the development of long-glow materials, many scientists
have used them and considered them to be iridescent coatings [5]. By blending glitter shades and
additives, luminous coatings are manufactured. They can be used for flashing signals and warning
functions because they can adapt to various road conditions [14]. Further studies explore examples
of light-emitting material components and technologies for integrating light-emitting structures
containing luminescent materials and pigments [16; 24]. In [16], a test method is proposed to
measure the intensity and duration of luminance of coated concrete surfaces, with luminance used
as a key indicator of radiant sealant performance. Finally, high mechanical performance, including
compressive strength and slip resistance, is reported to be achievable by incorporating glowing
strontium aluminate, which provides a luminous effect lasting up to ten hours.

Hojjat Hashempour Jafghani and Hadi Barghalam report on the construction of light emitting
concrete structures, detailing the manufacturing process and different concrete formulations
incorporating light emitting pigments and materials such as sulfide powder, titanium powder; resins,
cement, sand, gravel, and water. Their work provides a practical account of how photoluminescent
components can be integrated into concrete mixes to achieve light emitting behaviour [9].

Another study investigates a soybean based luminescent sealant composed of soybean
polystyrene methyl ester and strontium aluminate phosphorescent powder, applied to enhance the
brightness of concrete surfaces [1-3; 17]. The authors focus on testing procedures for measuring
the duration and intensity of luminescence of coated concrete, highlighting luminance measurement
as a key parameter for evaluating sealant performance [1-3; 17].
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Materials and Methods

The first stage of the literature review involved formulating research questions, which played
a significant role in defining the scope of the study and guiding the review process. The systematic
review aimed to examine the global development of luminous concrete, including various aspects
such as the definition of luminous concrete, its features, applications, drawbacks, and benefits, as
well as its various methods and components, in addition to the challenges and difficulties facing
the process [8]. In this review, we sought to gain a comprehensive understanding of the topic and
present a model study on luminous concrete.

Our research questions are:

1. What is luminous concrete?

2. Isluminous concrete environmentally friendly?

3. What are the challenges facing the use of luminous concrete?

We established criteria to determine which research articles would be included or excluded
after identifying research topics. Which involved using specific keywords to search Google Scholar
and the Web of Science core collection. The review proposes a two-stage process for selecting and
analyzing research papers.

Stage 1. Locating, evaluating, and screening studies

We looked through the Web of Science and Scopus databases for potential publications for
evaluation. We developed several keyword lists to help find and search research. The terms “What
is photoluminescent concrete, its components, uses, its relation to sustainability, and its role in
architecture” were the research criteria.

Stage 2. Data extraction and coherence analysis were performed using BibExcel BibExcel
was used to extract the article title, authors, journal, year of publication, and other published
information. This program enables us to draw a diagram of the relationships between articles. More
details are provided below (Table 1).

Data extraction and screening of related research papers

In line with the objective of our study, we adhered to the suggested guidelines for selecting
relevant published research for our systematic literature review and extracting relevant data from
them. The process involved several steps, including screening research papers based on titles,
keywords, abstracts, and titles.

Protocol development

The protocol regulates the research methodology and review of published research. The protocol
included the following: a Google Scholar search was conducted to identify study publications. Only
peer-reviewed research publications published within the past few years were included in the
search criteria. The search terms “photoconcrete”, “advantages”, “disadvantages”, “components”,
and “uses” were selected for use in research published by other researchers . By following these
steps, we were able to extract any research paper containing the term “photoconcrete” in its title,
keywords, or content. Published scientific dissertations and peer-reviewed articles were included.

Exclusion based on keywords and titles

Titles and keywords were used to sort the research and scientific articles found through the
search protocol. Research and scientific articles that were not related to the primary research area
were excluded. This step reduced the number of research papers to be screened.

Results

Keyword selection and standardization
Based on an analysis of more than 100 research papers and scientific reviews in the field of
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Table 1. Most frequently used keywords (Top 10)

No. Key word Frequency, %
1 Luminescent concrete 98
2 Phosphorescent materials 92
3 Photoluminescence 85
4 Luminescence intensity 80
5 Glow duration 78
6 Optical properties 75
7 Self-illuminating concrete 70
8 Sustainable infrastructure 65
9 Smart roads 60
10 Energy-saving building materials 55

photoluminescent concrete from 2015 to 2025, detailed data indicated that the average number
of keywords per research paper was 5-8 words at most. Due to the overlap of many of them,
the keywords were standardized [30]. Therefore, related phrases such as “glow-in-the-dark

» o« » o« » o«

photoluminescent concrete”, “phosphorescent materials”, “photoluminescence”, “afterglow duration”,
“optical properties”, “self-luminescent concrete”, “sustainable infrastructure”, and “energy-efficient
building materials” were used. Keywords in the same field were then standardized into a single,
most commonly used term. Examples include “photoluminescent concrete”, “self-luminescent
concrete”, and “glowing concrete”, all of which are now “photoluminescent concrete.” Table 1 shows
the most commonly used terms.
Analysis of research published annually

One hundred fifty to two hundred scientific research papers (research papers, conference
proceedings, patents, and reviews) were published in this field during the period 2015-2025. At the
beginning of the field’s spread in 2015, the number of published research papers was approximately
10-15. Between 2016 and 2018, the number of published research papers was approximately
40-50. Research in this field has continued to increase at a rate of 20 % annually.

Discussion

Definition of luminous concrete

In domestic and foreign practices, issues of production and application of architectural and
decorative concrete and products based on it have been widely studied [11; 20]. Depending on the
purpose, pigments or modifiers can be added to the composition of luminous concrete to obtain
products with high aesthetic and functional properties [21; 29]. The aesthetic value of luminous
concrete products lies in the architectural expression of the surface structure. The introduction of
a luminous pigment into the composition of decorative concrete, while maintaining all the required
performance characteristics, will provide an additional property - glowing - for the architectural
expressiveness of products at night. The significance of this study lies in the fact that the glowing
effect allows for expanding the functional scope of architectural and decorative products, increasing
their technical and economic efficiency by saving energy by eliminating the need for additional
lighting sources in public spaces, and increasing the safety of traffic and pedestrian flows [6; 10]
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Currently, the uses of luminous pigment in concrete have not been sufficiently studied. The well-
known method of introducing luminous pigments into decorative concrete products, which aims
to ensure the glow of only the upper decorative layer, has several significant drawbacks: it does not
provide glow throughout the entire operational period, does not technically allow for the production
of products with complex configurations, and reduces the physical and mechanical properties of
the material [23]. This study aims to investigate the properties of photochromic pigments and the
formation of luminous decorative surfaces of products using photochromic pigments. This allows
the production of products with a front surface formed in various positions and configurations,
while maintaining the physical and mechanical properties of concrete, ensuring high architectural
and decorative expression in daylight and a stable glow in the dark throughout the entire period of
use [19].
Applications on luminous concrete

Luminous concrete (or glow-in-the-dark concrete) incorporates phosphorescent aggregates
that absorb UV light (sunlight or artificial) and emit a soft glow for hours afterward. It is primarily
used for aesthetic, safety, and wayfinding purposes. Here are notable projects worldwide:

1. Van Gogh-Roosegaarde Cycle Path (Nuenen, Netherlands, 2014).

Description: The most famous example. Designed by artist Daan Roosegaarde, this 1km bike
path near Eindhoven celebrates Van Gogh. Thousands of luminous stones are embedded in the
concrete surface.

Effect: Creates swirling, starry night patterns inspired by “The Starry Night,” glowing for up to 8
hours after dusk. Enhances safety and provides a magical experience.

Material: Luminous stones set in concrete, coated with a weather-resistant layer.

2. Przelomy Centre (Szczecin, Poland, 2016).

Description: A museum/park commemorating WWII history designed by Robert Konieczny /
KWK Promes.

Implementation: The large, sloping concrete plaza surrounding the building incorporates
luminous aggregate.

Effect: After sunset, the vast surface emits a subtle, ethereal glow, transforming the memorial
space and providing ambient light. It creates a contemplative atmosphere and gentle wayfinding.

3. Luminaid Pathway (Budapest, Hungary - Concept/Prototype).

Description: A concept design by Zsuzsanna Pésfai & Aron Losonczi (the latter being a pioneer
in translucent concrete) for a temporary installation along the Danube.

Effect: Envisioned as glowing stepping-stones or pathways along the riverbank, enhancing
nighttime ambiance and safety for pedestrians.

Status: Showcases the potential for urban beautification and safety, though often cited as a
smaller-scale or conceptual application.

4. Glowing Path, Nowy Sacz (near Krakéw), Poland.

Details: The Polish Institute of Polymer Technology developed luminous concrete and used it in
2021 to create a path approximately 100 meters long in a park.

Property: The material can glow for more than 10 hours after being charged by natural or
artificial light.

5. Decorative panels & urban furniture (various locations)

Description: Smaller-scale applications are becoming more common.

Applications: Benches, plinths for sculptures, decorative wall panels in public spaces, facades of
commercial buildings, signage elements.

Effect: Adds visual interest and subtle illumination after dark, contributing to unique urban
identity and safer public spaces. Often used in parks, plazas, or cultural districts.
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6. Experimental pavements & sidewalks (various trials):

Description: Cities and research institutions are testing luminous concrete in sidewalks and
crosswalks.

Goal: Improve pedestrian safety at night, reduce reliance on streetlights (lowering energy
consumption and light pollution), and add aesthetic value.

Challenges: Scaling up production, ensuring long-term durability under heavy wear, and
managing cost-effectiveness compared to traditional materials plus lighting.

7. Pilot projects in Japan.

Details: Several Japanese universities and companies (such as Tokyo University of Science and
Takenaka) are developing luminous concrete.

Applications: It has been used in limited sections of sidewalks or as decorative elements in
some public parks or experimental exhibitions to study durability, performance, and sustainability.

8. Architectural and interior design elements (global).

Details: Some interior design companies and designers around the world have begun using
luminous concrete as a luxury product.

Examples: It can be found in interior wall panels (unique cafes, restaurants, or shops); interior
flooring (limited indoor or semi-indoor spaces); furniture or sculptures, such as tables, benches, or
artwork; limited facade cladding as an aesthetic element.

Key considerations and limitations

Luminous concrete has several limitations that need to be considered in practice. It is
significantly more expensive than standard concrete because of the specialized aggregates required.
In terms of durability and maintenance, it is generally robust, but the exposed aggregate surface can
wear under heavy traffic, which may reduce glow intensity over time; resin-based versions may also
yellow and therefore require appropriate sealing. Its performance depends on light exposure: the
material must receive sufficient UV light, ideally sunlight, to “charge”, and glow intensity diminishes
over the night and is weaker on cloudy days or in shaded locations. The glow itself provides ambient
illumination and wayfinding rather than task lighting; it is relatively subtle, with an afterglow
lasting around 8-12 hours and gradually fading. At present, most large-scale applications remain
prototypes, art installations, or limited features rather than full roads or structures, mainly because
of cost and technical constraints. In terms of material forms, luminous concrete can be produced
as pure concrete with luminous aggregate, as terrazzo-style surfaces where aggregate is embedded
in resin, as prefabricated luminous stones or pavers set into standard concrete, or as cast-in-place
concrete.

Conclusion

This article provides the assessment of studies related to luminous concrete. It provides an
overview of the current status of the field of luminous concrete and addresses gaps in the relevant
literature that need to be developed to improve the performance, environmental friendliness, and
decorative aesthetics of the materials. To increase the efficiency of luminous concrete and products
made from it, such as waste rock, modified additives, and modern pigments, their quality can be
enhanced using luminous pigments. These pigments provide new principles for concrete design,
increase technical and economic efficiency, save energy, and enhance the natural environment
and aesthetic impact of the area. A review of the current literature reveals that luminous concrete
represents a promising breakthrough in the field of sustainable and smart building materials.
Studies demonstrate this material’s ability to absorb natural or artificial light during the day and
emit it at night in the form of a visible glow. This phenomenon is attributed to a delayed light
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emission mechanism, which has been thoroughly researched to improve its efficiency and duration.
In conclusion, luminous concrete is a revolutionary technology that opens new horizons for
sustainable architecture and smart infrastructure.
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KiwueBble c/10Ba U Pppasbl: [eKOPATUBHBIA 6€TOH; HHTEHCUBHOCTD JIOMUHECIEHIUH; JIIO-
MUHECLEeHTHBIN 6eTOH; YMHbIE JOPOTrd; GOTONIOMHUHECLEHTHBIA MUTMEHT.

AHHOTanus. llesb10 JaHHOTO HCC/eOBAaHUSA SIBASAETCS KOMILJIEKCHBIMA aHA/U3 COBPEMEHHOTO
COCTOSIHUSI, CBOMCTB U NePCIEKTUB NPUMeHeHUSA GOTOJIOMUHECIIEHTHOTO 6ETOHA B CTPOUTEJLCTBE
Y apxXuTeKType. B pamMmkax paboThl pewiaanch 3a1a44 [0 CUCTEMATHU3A MU HAYyIHOH JINTEPATYPHI 32
2015-2025 rr., uaeHTUPUKAUU KJIIOUEBbIX KOMIOHEHTOB U TEXHOJIOTUM MPOU3BO/CTBA, OLleHKE
JYHKIIMOHA/IbHBIX BO3MOXKHOCTEN M OrpaHUYEHUHN MaTepuasa, a TakkKe YHUPUKALUK TEePMUHO-
Jlorudyeckoro anmnapara. UcciefoBaHne 6a3upyeTcss Ha TUIIOTE3€, COMJIACHO KOTOPOW MHTerpalus
docdopecieHTHbIX MUTMEHTOB U MOAUPHUIIMPOBAHHBIX 1006ABOK B IIeMEHTHYI0 MaTPHUILy N0O3BOJIS-
eT CYyUIeCTBEHHO YJIYYIIUTb JIeKOPAaTUBHbIE U 3KCIJIyaTAl[MOHHbIE XapaKTePUCTUKHA 6GeTOHa, 06e-
CrieyrBasl 3HAYMTEbHYI0 3KOHOMHIO 3HEPTHUU U MOBBIIIEHNE 6e30MacHOCTH HHPPACTPYKTYPhI 6e3
CHUM>KEHUSI ero MPOYHOCTHBIX MapaMeTpoB. MeTo0/10THs BKJIIOYala CUCTeMAaTUYeCKUH MOUCK U
CKpUHUHT nyb6sinkanui B 6azax Web of Science, Scopus u Google Scholar, crangapTuzanuio Kiro-
YeBbIX CJIOB, OUOJMOMETPHUYECKYI0 06paboTKY JaHHbIX ¢ moMolibio BibExcel, a Tak)xe cpaBHUTE/b-
HbIM aHa/IM3 ONTHYECKUX, MEXaHUUYECKUX CBOWCTB U JIOJITOBEYHOCTH KOMIIO3UTOB. B pe3ysbTaTe
MOATBEPXKEeHa CIOCOOHOCTh MaTepUaJsia MorolaTh eCTECTBEHHOE U UCKYCCTBEHHOE OCBeleHHe
Y U3JIy4aTb ero B TeueHUe 8-12 4., BbISABJIEHbI IPUOPUTETHbIE CHepbl NPUMEHEHUS, ONpe/iesieHbl
OCHOBHbIe Gapbepbl BHEJ[PeHUS U 3aPHUKCUPOBAH POCT UCC/IEI0BATENbCKON aKTUBHOCTH Ha 20 % B
roJi, YTO JIOKa3bIBaeT BbICOKHH MOTEeHI[Ma/l GOTOJIOMUHECIIEHTHOTO 6eTOHA KaK OCHOBBI /1J1s1 SHEP-
ros¢pdeKTUBHOMN, 6€30MaCHON U 3CTeTUYECKU BbIpa3uTeJbHOU IroOpoACKON Cpeibl.

© Srewi Dhamyaa Ali Kadhim, Obaidi Adham A. Hameed, Farah Faaq Taha,
Isam Saleem Mhaimeed, 2026
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OnTuMH3anus opraHu3anuu
BO3BeAE€HUSI MOHOJIUTHBIX KOHCTPYKIIUHA
B ’KUWJIMIIIHOM CTPOMTE/IbCTBE

AM. KupcaHnosa, A.O. Xy6aeB

@I'60Y BO «HayuoHaabHblll uccaedosamenscKuil
Mockosckuli 2ocydapcmeeHHblli cmpoumesbHblll yHUgepcumemy,
2. Mockea (Poccus)

KirouyeBble cj0oBa M ¢pa3bl: 6eTOHHPOBAHUE; KUJIUILL-
HO€ CTPOUTEJIbCTBO; 3aXBAaTKHU; MOHOJIUTHbIE KOHCTPYKIIUU;
onaysiybo4yHble pabOThl; OpPraHMW3alMOHHO-TEXHOJIOTHYECKHUE
pellleHUs]; OpraHU3alUsl CTPOUTENbCTBA; TEXHOJIOTUYECKHUE
OrpaHUYeHUs.

AnHoTanusa. CTaThsl NOCBSIlleHA ONTHMMHU3ALUU OpPraHU-
3allM1 BO3BEJEHUS MOHOJUTHBIX KOHCTPYKIIMU B KUJIUILHOM
CTPOUTENIbCTBE. PaccMoTpeHa CBSI3b MeX/Jy MOATOTOBUTEJIb-
HbIMH, ONaJy0OYHbIMH, apMaTYpPHBbIMH, GETOHHBIMH U KOH-
TPOJBbHBIMHU ONEpPAUSAMH, OT KOTOPbIX 3aBUCHT NPOJOIKH-
TeJIbHOCTb MPOU3BOACTBA paboT. [lokazaHo, YTO yBesJMYeHHUE
CPOKOB 4acCTO CBSI3aHO C pa3pblBaMHU MeEX/Jy CMEXHBbIMU HpO-
LeccaMy: HeymnopsiJoYeHHON Mojayell MaTepuasioB, J0paboT-
KOH 3JIeMeHTOB Ha MOHTAXXHOM IOPU30HTE, 3a/lep>KKaMU MpHU-
€MKH U HecOIVIaCOBAaHHOCThIO Iepexo/ia MeX/Jy 3aXBaTKaMHU.
[IpeniokeH MOPSALOK BbIOOpA OPraHU3ALMOHHO-TEXHOJIOTH-
YeCKHUX pelleHUl, OCHOBAaHHbIM Ha BbISIBJIEHWU Ollepaluy, co3-
JaoLMX 3a/lePKKH, UX TPYNIUPOBKE 110 30HAM YNPaBJIeHUA U
MpOBEpPKe TEXHOJOTUYECKHUX OTPAaHUYEHUH 10 U3BMEHEeHUs rpa-
¢uka npousBoacTBa paboT. ONTUMHU3AIUA PAaCCMATPUBAETCSA
KaK ymnpaBJieHHWe BCel Moc/e[0BaTeNbHOCTbI0 GETOHHBIX pa-
60T, 6e3 cBe/leHUs 33/1a4M K YCKOPEHHUIO OT/IeJIbHOW ONepaluu.

MOHOJIUTHbIE KeJIe3060eTOHHbIE KOHCTPYKIUK INIUPOKO MPUMEHSIIOTCS B KHUJIUIHOM CTPOU-
TeJIbCTBE, TaK KaK HeCYLIUH KapKac GOpPMHUPYETCs HEMOCPEJCTBEHHO Ha IJIOLIAZIKe U MOXKET ObITh
aJlaITUPOBaH K IUIaHUPOBKe 3JaHus. OpraHu3aiys Takux paboT CTPOUTCS BOKPYT MOBTOPSIEMOM
MOC/Ie/JOBAaTEJIbHOCTH Ha THUIIOBOM 3Take: OmMalyOKa, apMUpOBaHHeE, MPUEMKa, OETOHUPOBAHHUE,
BblJlep>KMBaHUe U pacnanyOka. [Ipu Tpygoemkoctu 1 M> MOHOJHTHBIX JK€J€306eTOHHbIX KOH-
CTPYKIMH 4-8 4esi-4 OCHOBHAs JI0Jisl 3aTPaT MPUXOAUTCS Ha MOATOTOBKY U COOPKY KOHCTPYKI[UM:
onaysiybo4Hble paboThl 3aHUMalOT 40-45 %, apmatypHbie - 30-35 %, 6eToHHbIe — 20-25 % [1]. On-
TUMH3alUs OpraHU3aluy paboT A0/DKHA pacCMaTPUBATbLCs Yepe3 CorJiacoBaHHEe CMEXHBIX onepa-
I[UH: MOArOTOBKY MaTepHUaJioB, 060pOT omasy6KH, paboTy M0 3aXBaTKaM, IPUEMKY U COOJIIOIEHUE
TEXHOJIOTUYECKUX OTPAaHUYEHUH MPU 6ETOHUPOBAHUH.

PaccMOTpUM, KaK CBSI3b ONaJyOGOYHBIX, apMaTypPHbIX, OETOHHBIX W MPUEMOYHBIX Olepalui
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onpejeJisieT OpraHU3al {0 BO3BeLeHUs] MOHOJIMTHOTO KapKaca U BbIOOD [ToKa3aTeJsiel JI/1s1 OLleHKH
IPUHATBIX PELIeHHUH.

[Ipoecc ycTpoiicTBa MOHOJIMTHBIX KOHCTPYKLMK BKJIIOYAeT 3arOTOBKY, TPAHCIOPTUPOBKY U
onepalMy Ha CTPOMTeJIbHOM IJIOLAJIKe; UX CBA3b ONpeJesisieT BO3MOXHOCTb COKpalleHus Npo-
JOJDKUTENBHOCTH paboT [2]. B 3Toi JioruKe pe3epB COKpalleHHUs CPOKa CBSI3aH C MOATOTOBKOU
MaTepHasIoB, oJayeld apMaTypbl, FOTOBHOCTbIO ONaTy6KH U IPUEMKOU y4yacTKa Nepes YKJIaJAKoH
CMecH.

KauecTBO cMecy, criocob nojauu, ynjoOTHEHHE, COCTOsIHUE OMNalyOKH, KJIUMaTHYeCcKue ycJo-
BUf, 000pyloBaHNE, KBaJIUPUKALMsl pab04YMX, KOHTPOJIb KayeCTBa U apMaTypHble paboThl BIAUSIOT
Ha CpPOK 4yepe3 rOTOBHOCTb y4yacTKa K ciaeaywouei onepauuu [3]. ¥ecTkas wau pacciaouBLIasics
CMecCh YCJI0XKHSET YKAaJKy B 30He apMaTyphbl, HeZlOCTaTOYHOE YIIJIOTHEHHE [IPUBOAUT K IIyCTOTaM,
HENoAroTOBJIeHHAs ONalybKa yBeJTMYMBaeT BpeMsl MOHTAXa M paclasyOKH, CPbIB IOCTABKH HapY-
[IaeT PeXUM GETOHHUPOBAHUS. ITH YCIOBUSA J0KHBI ObITh OTpaxkeHsI B [II1P 1 TexHOo/IOrH4YeCcKUX
KapTax /|0 Hadyasla paboT: 110 3aXBaTKaM, IOCTaBKe CMeCH, IpUeMKe CKPbITbIX paboT, 3SMUMHEMY pe-
*KMMY M KOHTPOJIIO IPOYHOCTHU. [Ipy TUNIOBOM NOAroTOBKE JJOKYMeHTal MU 6e3 NPUBS3KH K 00bek-
Ty TaKHe pellleHHs NepeHOoCATC Ha IJIOaKY, a 3a/lep>KKM HaYMHAIOT HaKallJINBAaTbCA Y2Ke B XoJie
pa6ort [4].

[locsie BbIsSIBIEHHS NPUYMH 3aZlep:KeK OpraHU3alOHHble pelleHHUs MPOBEPSITCSA MO COMo-
CTaBUMBIM NOKa3aTeJAM: NPOAOJKUTENbHOCTb PAOOT HAa TUIOBOM 3Taxke, AJIUTEJbHOCTb MOBTO-
psieMbIX ollepaljiil U HaJu4ue [POCTOEB MeX/y CMeXHBbIMU npoleccaMu. CpaBHEHHE BbINOJIHAET-
Cd IIpU OJJMHAKOBBIX MCXOJHBIX YCIOBHUAX: COCTaBe paboT, criocobe MoJayy MaTepruasoB, NOPSALKe
TPaHCIOPTUPOBKHU M MOHTaxa [5]. [yis1 kaxz0ro peuieHuss GUKCUPyeTcs: K3MeHeHUe CPoKa U JIu-
TeJIbHOCTH Ollepaliil A0 U NI0cJie KOPPEKTUPOBKH.

[locsie 6eTOHMPOBAHHUS ONMaTyOOUYHBIH KOMILJIEKT OCTAeTCsl HA KOHCTPYKIUH [0 Habopa 6eTo-
HOM TpebyeMol MPOYHOCTU. PaHHSS pacnanybka MoxeT GpopMaibHO 0CBOOOJUTH 3aXBATKY, HO IPH
HeJJ0CTaTOYHOM MPOYHOCTH GeTOHA BO3pacTaeT PUCK MOBPEX/JeHHUS KPOMOK, HapylleHUsl reoMme-
TPUH U edeKTOB NOBEPXHOCTU [6]. Tl onany604HON CUCTEMBI yYUTbIBAeTCs Yyepe3 BpeMs 060-
pOTa KOMIJIEKTA, TPYL0EMKOCTb MOHTaXa U pacnajyOKH, a TakKe 3aBUCUMOCTb OT MeXaHU3alL U
[7]. Beibop omaysy6o4HOTO KOMILJIEKTA TaK)Ke CBSI3aH C MPOAOJLKHUTENbHOCThIO Ollepalud: Hemo-
CTaTO4YHas XKeCTKOCTb IIIUTOB MOXKET BbI3BAThb CMellleHHe apMaTypPHbIX KApKacoB, [1J10X0 NOAT0TOB-
JIeHHasl nasy6a yCc/l0XKHSAeT AeMOHTaX U yBeJIMYMBaeT BpeMs pacnanyoku. [Ipy KoppeKTHpOBKe
CXeMbl OpraHu3aliu NPOU3BOACTBA PAabOT CPOK CHATHSA ONAJYOKH JO/KEH Ha3HAYaThCs 1Mo dak-
TUYECKOMY Habopy NPOYHOCTU 6eTOHA, 6€3 NPUBA3KHU K >KeJlaeMOH CKOPOCTH BBINIOJIHEHHSI PaboT.

BrisiBJIeHHBIE MPUYMHBI 33/lepXKEK CBOJSATCS K OJHOW MPOM3BOJCTBEHHOH 3azade: ybpaThb C
MOHTQ>XHOT'O TOPU30HTA OIlepaliuy, KOTOPble MOXXHO BBINOJHUTD 0 [I0Aa4d MaTepHaJioB Ha 3TaX.
Jis1 3TOrO paccMaTpyBaeTCsl MOPSA0K paboT, MPHU KOTOPOM MOAGOpP apMaTypHBIX 3JIEMEHTOB, UX
Hape3Ka U KOMILJIEKTalMsl BBIIIOJIHAIOTCS 3apaHee, a Ha 3TaX IepesjaloTCsl 3JIeMEHThI, TOTOBbIE K
YCTaHOBKe B NpeJieslaXx Ha3HayeHHOW 3axBaTKHU [8]. Paboune 30HbI paszesgoTcs N0 o4epeHOCTH
BbINOJIHEHUS ONlepal Ui, YToObl apMaTypHble, onaay60uHble U 6eTOHHbIe paboThl He 6JIOKMpPOBa-
JIU JpyT Apyra. M3aMeHeHUe NPOJO/KUTEBHOCTH NIPU TaKOM IOpsAZIKe OpraHU3alyU [T0Ka3aHbl B
Tabs. 1.

CpaBHeHMe [0 U 10CJe U3MeHeHUs OpraHu3alyu paboT 3aZjaeT JIOTUKY JlajlbHelliero Bbl6o-
pa peweHuil. CHayasa GUKCUPYIOTCA NMpo6JieMHble MecTa Ha MOHTQXHOM TOPU30HTe: MOUCK Ma-
TepUasoB, py4yHas JopaboTKa 3/1eMeHTOB, OXKH/laHHe IPUEMKH, JTULIHHE IlepeMelleHUs] onaayoKu
U 33/lep>KKa llepefiadyy ydacTKa 10/ C/eAyOLyI0 onepanyio. 3aTeM 3TU NIPUYKHBI TPYNNUPYIOTCA
10 30HaM yInpaBJIeHUsl: MaTepUaJsibl, 3aroTOBKa, Nepejaya y4acTKa, IpUeMKa, onajyboka U pacmna-
Jy6ka. Jl1l KaXKJ0M pyINbl HA3HAYaeTCs pellleHue, CBI3aHHOE C IIpeJiBapHUTeIbHON OATOTOBKOU
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Ta6auna 1. 3aMeHeHUe NPOJO/KUTEBHOCTH [UKJIA BO3BE[eHUS] TUIIOBOI0 3Taxa [8]

[TokasaTtesb Jlo KOppeKTUPOBKHU [Tocnie KOppPEKTUPOBKU
TUnoBOM 3TaX, BEPXHSIs FPAHUIA UCXOJHOTO0 JMana3oHa 14 pabouux AHEH 6 pabo4ux AHeH
TUNoOBOM 3TaX, HIKHSAS TPaHULIA UCXOAHOTO AUalla3oHa 10 pabouux AHEN 6 pabo4ux gHel
YcTraHoBKa 1 06BsI3Ka OJJHOTO MHJIOHA 40 MuH 8 MUH
MoHTax 6aTK1 44 5 MuH

AHanua opraHm3saummn pa60T Ha 3Taxe

v

BbisiBneHne npninH NpocTtoes

v

CuctemMaTtusaums BbISIBIIEHHbIX r|po6neM

v

Mop6op opraHn3aumnoHHO-TEXHONOrMYe CKuX 47
peLueHuni

v

[MpoBepka TeXHONorn4yecknx orpaHM4eHNn

HET

OrpaHunyeHunsa cobniogeHsl?

KoppekTupoBka rpadgvka npomssoacraa
pa6oT

v

KoHTponb pesynbTtaTa

Puc. 1. Cxema BbI60pa OpraHU3aLMOHHO-TEXHOJIOTHYECKUX PelleHUH A/ ONTUMHU3alUU
GEeTOHHBIX paboT

3JIEMEHTOB, pa3/ieJleHHeM paboT Mo 3axBaTKaM U COIJIaCOBaHHEM apMaTypHBIX, ONaly60YHbIX U
6eTOHHBIX onepaunui. 3MeHeHUe Mopsiika paboT BBINOJIHSETCS MOCTAE NPOBEPKU TEXHOJIOTUYE-
CKHX OIpaHHWYeHUH, a pe3y/IbTaT OLleHUBAEeTCs 10 MPOA0/LKUTENbHOCTH PabOT Ha TUIIOBOM 3TaXKe
Y IJIUTEJbHOCTH NMOBTOPSIEMbIX OTlepaLui.

[lepen n3MeHeHueM rpaduka NpoU3BOJCTBA PabOT MPOBEPAIOTCHA OTPAaHUYEHUs], CBSI3aHHbIe
C peXXMMOM 6eTOHHMPOBAHUSA U paboToi onany6ku. [y BEpTHKAJbHBIX KOHCTPYKLUHI KJI0YeBbIM
napaMeTpoM fBJseTcs G0KOBOe JaBJIeHHe CBeXey/I0XKeHHOH 6eTOHHOM cMecH. OHO 3aBUCHUT OT
CKOPOCTH 6eTOHUPOBAHUS, BBICOTHI CJI0S], TOABMXKHOCTH CMECH, TEMIIepAaTyphbl U 06 bEMHOI0 Beca.
[Ipu pocTe cKOpPOCTH MOJayX YBeJUUUBAETCS Harpy3ka Ha IUThI, KpelJIeHUsI U COeJJMHEeHUs], T0-
3TOMY COKpallleHHe CpOKa 3a CYeT YCKOPEHHOU YKJIaIKU TpebyeT OTAebHON POBEPKH.

[Ipu BbicoTe GeToHUpPOBaHUA 3,3 M, TeMnepaType cMecu 15 °C, TosuHe cTeHbl 250 MM, ocaj-
Ke KOHyca 75 MM M 06beMHOM Bece cMeck 25 kH/M® yBeMdyeHne ckopocTy 6eTOHHpOBaHHs ¢ 3,0
Jo 3,5 M/4 NIpUBOAUT K pocTy 60KoBoro AamyeHusd c 47,7 no 51,75 KH/MZ. [IpupocT cocTaBsieT

Construction Technology and Management 43



Components of Scientific and Technological Progress

60,00 4776 5175
50,00 ’

40,00
30,00
20,00
10,00

0,00

EBokoBoe gaBiaeHte, kH /M2

3,0 3,5
CKOpOCTb GETOHHPOBAHHS, M/4

Puc. 2. BiusiHue cKopocTU 6eTOHUPOBaHUS Ha 60KOBOE JlaB/ieHHe OETOHHON CMecH
Ha onasy6Ky Mo JAaHHbBIM [9]

8,49 % [9]. [Ipu MONMBITKE COKPATUTD MPOLO/KUTEIbHOCTh PaboT 3a cyeT 6oJiee OBICTPOU MoJaYH
GeToHa BO3pacTaeT 60KOBOE ZlaBJIeHHEe Ha OMaJyOKYy, YBEJUYMBAETCs Harpy3Ka Ha LU[UThI, Kperie-
HUS U COeJJUHEHMUSs], YCJI0XKHSAETCSl KOHTPOJIb [eOMEeTPUU KOHCTPYKIMU U KauecTBa NOBEPXHOCTH
6eToHa (puc. 2). U3MeHeHUe cXeMbl OpraHU3alUU paboT JA0KHO ONMHUPATHCS HA MPOBEPKY TEXHO-
JIOTUYECKHUX [IapaMeTpOB, a He Ha MeXaHU4YeCKoe yBeJInYeHre CKOPOCTH 6eTOHUPOBaHUS.

B 3UMHUI nepuoj, K 3TUM OrpaHUYEHHUAM [00aBJseTCs peXUM TBepJeHus1 b6eToHa. [Ipu oT-
puLlaTeJbHOW TeMIlepaType CPOK pacnady0K{ 3aBUCUT OT (paKTH4YeCKOro Habopa NPOYHOCTU U
noJJiep>KaHusl pacyeTHOM TeMIepaTypbl B KOHCTPYKLUU. TepMoaKTHBHasA onajybka co BCTPOEH-
HbIM caMoperyjupyromumcs kabenem 40 Bt/m nojjepkuBaeT TeMnepatypy 6eToHa Bbiie +6 °C
py Hapy»KHoU TeMnepatype f0 —30 °C; npu noJieBbIX UCNIBITAaHUAX MTOCJI€e 3aJIMBKU TeMIepaTypa
crabunusupoBasach Ha ypoBHe 8-10 °C, pacnany6ka yepe3 14 cyTOK He BbIsIBUJIA IOBEPXHOCTHBIX
TpeuiyH [10]. [Ipu 3uMHeM GETOHUPOBAHUM CPOK PaACMaNyOKU U Mepexos K CAeAyollel onepanuu
JLOJDKHBI Ha3HauyaTbCsd N0 paKTUUEeCKOMY TeMIlepaTypHOMY peXUMy U Habopy NPOYHOCTH GeTOoHa.

YBesiMyeHHe NPOJOJ/LKUTEJIBHOCTH BO3BeJEeHHWS MOHOJIMTHBIX KOHCTPYKLMH CBsI3aHO IIpe-
KJle BCero C HeCOIJIaCOBAaHHOCTbIO CMEXHBIX OllepalMi. 3a/lep>KKW BO3HUKAIOT NPU NOATOTOBKe
U [ojilaye apMaTyphl, OXKUJAHUU NPUEMKH, IePECTAHOBKe OMaIyOKH, HApyLIeHUU pexuMma 6eTo-
HUPOBAHUSI U HECBOEBPEMEHHOMW pacnajybke. YCKOpeHUe OHOW onepalyu He AaeT YCTOWYHUBO-
ro pe3y/ibTaTa, ecJU COXPAHSIOTCH 0XKUJAaHUsI MEX/AY NMOAOTOBKON MaTepuasoB, apMHUPOBAHUEM,
OTNaJlyb04YHbIMHU paboTaMu, 6ETOHHUPOBAHHUEM U KOHTPOJIEM KayeCcTBa.

Jl1g peleHUs 3TOM 3a/,a4U NpeJJloxKeH MOPSALAO0K Bbl6opa OpraHU3alMOHHO-TEXHOJI0THYeCKUX
pellleHUH: CHavyala oNpeze/sA0TCA ollepaldy, CO3JaKIlKe 3aZlepKKU B IPOU3BOACTBe paboT, 3a-
TeM OHM TPYNIHUPYIOTCA 110 30HaM yIpaBJIeHHs, 110C/e Yero Ha3Ha4yalTCcad MepoNpUATHS 10 MOJ-
rOTOBKe MaTepuaJoB, paboTe M0 3aXBaTKaM, COIJIACOBAHHUIO apMaTYPHBIX, ONaJy604YHbIX U 6ETOH-
HbIX onepanuil. [lepes; ©13MeHeHMEM CxeMbl MPOU3BO/CTBA PabOT NPOBEPSIIOTCS TEXHOJOTHYECKHE
OTpaHUYEeHUs: JlaBJeHre 6ETOHHOW CMeCH Ha OmaJiyOKy, CPOK pacnasy6Ku, TeEMIEPATypHbIN pe-
KUM U paKTU4YeCKUH Habop NpoyHoCcTH 6eToHa. Takol Mopsi0K 03BOJISIeT pacCMaTPUBATh ONTH-
MH3alMI0 KaK yIllpaBJeHre BCel Noc/ie0BaTe/IbHOCTbIO BO3BELeHNSI MOHOJUTHBIX KOHCTPYKLIUH,
6e3 cBeJleHUs 3a/la4U K YCKOPEHHIO OT/eJIbHbIX Ollepaliui.
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structures; formwork works; construction organization; organizational and technological solutions;
technological constraints.

Abstract. The article deals with the optimization of the organization of monolithic construction
in residential building. The relationship between preparatory, formwork, reinforcement, concreting
and control operations is considered, as this relationship affects the duration of construction works.
It is shown that schedule delays are often caused by gaps between adjacent processes: disordered
material supply, rework of elements on the working level, delays in inspection and poor coordination
between work sections. A procedure is proposed for selecting organizational and technological
solutions based on identifying operations that cause delays, grouping them by management
areas and checking technological constraints before changing the work sequence. Optimization is
considered as the management of the entire sequence of concrete works, without reducing the task
to the acceleration of a single operation.

© A.M. KupcaHoBa, A.O. Xy6aes, 2026
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MeTo/ BOCCTaHOBJ/IEHUSI NOBPEXKAEHHbBIX
NPOU3BOJCTBEHHbIX 00 bEKTOB
B YCJIOBMAX CTECHEHHOM ropoACKOM 3aCTPOUKHU

AA. PYAEHKol, 0.C. f[aCKYTI/IHal, A.E. MﬂxaﬁHOBl,
2
A.H. buprokoB

L orsoy Bo «Cankm-Ilemep6ypaeckuil 2ocydapcmeeHHblll
apxumekmypHO-cmpoume/ibHbulll yHU8epcumemy;
* ®I'KBOY BO «BoenHas akademusi
Mamepua/abHO-MexXHUYecKo20 06ecneyeHus»,
2. Cankm-Ilemep6ype (Poccus)

KiwueBsble c/0oBa U ¢pa3bl: NPOU3BOACTBEHHbIN 00b-
€KT; PeMOHTHO-BOCCTAHOBUTEJIbHbIE PA6OThI; CTECHEHHAs I'o-
poJAckas 3acTpoika; GaKTOpbl CTPOUTEILCTBA.

AHHOTanusA. B craThe paccMaTpuBaeTcss MeTOJ[ BOCCTa-
HOBJIEHUS] TIOBPEX/EHHbIX IPOU3BOJCTBEHHBIX OOBHEKTOB B
YCJIOBHUSIX CTECHEHHOM TOpPOJCKOMN 3acTpoiku. llesib uccaeno-
BaHHUA — OLleHKa 3HaUMMOCTH GAKTOPOB, BJIUAOLUX Ha 3 dek-
TUBHOCTb BOCCTAHOBJIEHUSI TIOBPEX/JEHHbIX 3/laHUU B YCI0BU-
AX CTECHEHHOM IOPOJCKON 3aCTPOMKHU. 3aZjla4u HUCC/le[JOBaHHUS:
chopMHpoBaTh MacCUMB HccaefyeMblX GaKTOPOB, Ha OCHOBa-
HUU perpecCUOHHOr0 aHa/ln3a pa3paboTaTb MaTeMaTHYeCKYI0
MOJle/Ib, YYMTBIBAIOLIYIO0 BJHsIHME Kaxkgoro ¢akTopa Ha pe-
3yJIbTUPYIOIHMH TI0Ka3aTelb.

Hayuynasi runoresa MccjefoBaHUsA 3aKJIOYaeTCs B Npej-
MOJIO)KEHUH, YTO BOCCTAHOBJEHHE MOBPEXJAEHHBIX OO6BEK-
TOB CJle/lyeT pacCMaTpUBaTb KaK KOMILJIEKCHYIO WH>KeHepHO-
OpraHM3allMOHHYI0 33Jiayy, pelleHne KOTOPOoH TpebyeT ofHO-
BPEMEHHOTO0 y4yeTa KOHCTPYKTHBHBIX, TEXHOJIOTUYECKHUX, [IPO-
CTPAHCTBEHHO-JIOTUCTUYECKUX U COLHAJIbHO-3KOJIOTHYEeCKUX
dakTopoB. B KauecTBe MeTOZ0B McClIe[0BaHUs B JAHHOH CTa-
Tbe HCI0JIb30BaHbl MHOTOQaKTOPHBIA perpecCMOHHbIN aHa-
JIU3, SKCIIepPTHO-aHAJINTUYeCKas OLleHKa, MOJeJINPOBaHue.

[losnyyeHHble pe3ynbTaTbl HCCAeOBaHUSA I0O3BOJIUIU
OINpeJie/INTh B KauecTBe HauboJiee 3HAUUMBbIX Takue GaKTOphI,
KaK OTPaHUYEeHHOCTb CTPOUTEJBbHOU IJIOIAAKH, 6JIM30CThb CY-
[IECTBYIOLIMX 3[JAHUH U COOPYKEHHH, CJI0KHOCTb JIOTUCTHUKU
JlOCTaBKW MaTepHasoB, UHTEHCUBHOCTb TPAHCIOPTHOIO JBU-
»KeHUSs1, HaJIM4YKe N0J3eMHbIX KOMMYHUKAIMH, KIUMaTHYECKHe
Y [IOTOZHbl€e yCJIOBUSI.

BoccTaHoBJ/IeHUE MOBpEeXAEHHBIX ITPOMU3BOACTBEHHBIX 00'bEKTOB B YyCJI0BUAX MJIOTHOM ropoj-
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CKOM 3aCTPOMKU NpejCcTaBJisieT cO60U ofHy M3 HauboJiee CJ0XKHBIX 3aJlad COBpEMEHHOI'0 CTPOU-
TeJIbCTBA.

AHanu3 cyllecTBY0OUIMX MOAX0J0B K IJIAHUPOBAaHUK PEMOHTHO-BOCCTAaHOBUTEJbHbBIX paboT
II0OKa3bIBaeT, YTO TPaJULIMOHHbIe METO/bl, OCHOBAHHbIe HAa HOPDMATUBHBIX [T0Ka3aTeJIsAX, He Bcerja
obecrnedynBalOT TpebyeMyr TOYHOCTb B celMdUUeCKUX YCIOBUAX FOPOACKON 3acTpoku [1]. ITo
00yCJIOBJIEHO BJMSIHUEM MHOXKeCTBAa B3aWMOCBSI3aHHbIX (QAKTOPOB, TAKMX KaK OrpaHUYEHHOCTb
CTPOUTEJbHON IJIOLA/KH, 6JIM30CTh CYLeCTBYIOLIMX 3JaHUH U COOPYKEHUH, HaJInYre N0/j3eMHbIX
KOMMYHMKALUH, orpaHuYeHue 30Hbl paboThl IPy30I04’beMHbIX MEXaHU3MOB, a TaK)Ke 0COGEeHHO-
CTH KOOpJWHALMU YYaCTHUKOB CTPOUTEJIBHOTO IIPOLiecca B yCI0BUSAX IPOCTPAHCTBEHHbIX OPaHU-
yeHUH [2].

B nocnenHue rofbl /s pelleHUs 3aa4 OLleHKU U ydyeTa paKTOPOB CTECHEHHOCTH B CTPOM-
TEeJIbCTBE BCe 4Yallle TPUMEHSIOTCS MeTo/[bl MaTeMaTUUYECKOT0 MOJE/JUPOBAaHUS, B YaCTHOCTH pe-
IPeCCUOHHBbIA aHaiu3. JlaHHbIM NOAX0J M03BOJISIET YCTAHOBUTb KOJIMYEeCTBEHHble 3aBUCUMOCTH
MeXxy NoKasaTessIMM KayeCTBa PEMOHTHO-BOCCTAHOBUTEJBbHBIX PAabOT M BJIMUAIOLMMU Ha HUX
dbakTOpaMu CTeCHEHHOW 3aCTPOUMKH, YTO CO3/J]aeT OCHOBY /IJi1 060CHOBAHHOIO MJIAHUPOBAHUS U
ylIpaBJieHHs CTPOUTeNbHBIMU NpoLeccaMu [3].

JlJ1s1 BBISIBJIEHUS W NOC/EAYIOLeH OlleHKH PaKTOPOB CTECHEHHOCTH, BJAMUSIOIIMX HA KauecTBO
PEMOHTHO-BOCCTAHOBUTEJIbHBIX PaboT NPU YCTPAaHEHUH NMOBPEXJAEHUN NPOU3BOJCTBEHHBIX 00b-
eKTOB, B KaueCcTBe 6a30BOT0 MOJX0/a NPUHAT MeTO/, IKCIIEPTHBIX OLleHOK, M03BOJIAIILUN popMa-
JIN30BaTh NpodeccuoHalbHble CYKJEHUs CIEeLUaTUCTOB U MOJYYUTh COIOCTABUMble pe3yJbTaThl
JJ1S Ja/IbHeHIlero pacyeTa.

B Tabs. 1 oTpaxeHbl pe3yJbTaThbl paH:XKUpoBaHUs 23 GaKTOPOB, BAUSIOIIUX HA KauecTBO pe-
MOHTHO-BOCCTAaHOBUTEJIbHBIX paboT. OLeHKU 3KkcnepToB GOPMUPOBAJUCH MO LiKajae oT 1 fo 23
6a/1710B, rie 1 — HauMeHee 3HaYMMbIN QakTop, a 23 — Haubosiee 3HAYMMbIN aKTOP.

Ta6auna 1. OT60p GaKTOPOB MO 3KCHEPTHLIM OLleHKaM

JKCIepThl ¥ Bec

1 2 3 4 5 6 7 8 9 | 10 | 11 | paHros | dakropa

Ne | HaumeHoBaHue ¢paKTOpa

Hannuyue MOoA3€MHBIX

. 19 | 19 | 20 | 16 | 17 | 18 | 19 | 20 | 16 | 17 | 20 201 0,0662
KOMMYHHUKaL MU

bsinsocThb cymecTBy-

2 | IoIWMX 3JaHUHU U CO- 21 | 22 |\ 23 | 21 | 22 | 23 | 21 | 22 | 23 | 21 | 23 242 0,0797
Opy>KeHU !
3 | Knaccudukanusa pabouux | 6 6 7 8 9 | 10 | 7 8 9 | 10 | 8 88 0,0290

g | CTCITOG SO 18 | 18 | 19 | 20 | 16 | 17 | 18 | 19 | 20 | 16 | 19 | 200 0,0659
AOCTaBKH MaTepI/IaJIOB

OpraHusanus CTpou-
5 | TenbHOroO reHepasbHO- 1 2 3 4 5 1 2 3 4 5 1 31 0,0102
ro mjaHa

Br16op u pasmeleHue

6 , 14 | 15 | 14 | 15 | 11 | 12 | 13 | 14 | 15 | 11 | 12 | 146 | 0,0481
CTPOUTEJIbHOU TEXHHUKH

7 | Texuonorns BOSBeAEHUA | 43 | 4, | g3 | 44 | 15| 11 | 12 | 13 | 14 | 15 | 11 | 145 0,0478
HecyIero kapkaca

g | TPeOOBAHMA HAAIOPHBIX | o | 50 | 16| 17 | 18 | 19 | 20 | 16 | 17 | 18 | 16 | 197 0,0649

OpraHoB
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Ta6smmpa 1. OT60op GaKTOPOB 10 IKCIEPTHBIM OLleHKaM (TPoJ0KEHNE)

JxcnepThl ¥ Bec

1 2 3 4 5 6 7 8 9 | 10 | 11 | pauros | paxropa

Ne | HaumeHoBanue pakTopa

KinumaTuueckue u norona-
HbI€ YCJIOBUA

10 17 |17 | 18 | 19 | 20 | 16 | 17 | 18 | 19 | 20 | 18 199 0,0655

YpoBeHb MexaHuU3a-

1 uuu CMP

15| 11 | 15| 11 | 12 | 13 | 14 | 15 | 11 | 12 | 13 142 0,0468

[IpyMeHeHMe CrielHaIu-
12 | supoBaH- 11 12 | 11 | 12 | 13 | 14 | 15 | 11 | 12 | 13 | 14 138 0,0455
HOTr0 060py/l0BaHHUSA

OGecreyeHHOCTb CTPOU-

13 ! ! 9 9 10|67 8 /10|6]|7|8]6 86 0,0283
TEJIbBHOU TEXHUYKOU

14 | Cobmoaenue Texioo- 8 8|9 106 7|9 10]6]7]10 90 0,0296
ruu CMP

15 | KauectsoumonHorampo- | | 5 |, | 5 | 4| 2 | 3| 4 |5 | 1 | 2 32 0,0105

€KTHOH IOKyMeHTalu1

OrpaHnyeHue N0BOpOTa
cTpeJibl KpaHa

16 16 | 16 | 17 | 18 | 19 | 20 | 16 | 17 | 18 | 19 | 17 193 0,0636

CBOEBpeMeHHaH IoCTaB-
Ka MaTepuaJsioB

17 10 | 10 | 6 7 8 9 6 7 8 9 7 87 0,0287

OrpaHHM4eHHOCTb CTPOU-

18 .
TeJIbHOM MJIOLAKH

23 | 21 | 22| 23 | 21| 22| 23 | 21| 22| 23 | 22 243 0,0800

WHTEHCUBHOCTb TpPaHC-
MOPTHOTO JIBMXKEHUS

19 22 | 23 | 21 | 22 | 23 | 21 | 22 | 23 | 21 | 22 | 21 241 0,0794

OGecrneyeHHOCTb TPY/0-
BBIMH pecypcamMu

20 7 7 8 9 10| 6 8 9 10 | 6 9 89 0,0293

Hanuune n A0CTaTO4-

21
HOCTb GUHAHCHPOBAHUSA

5 1 2 3 4 5 1 2 3 4 5 35 0,0115

OnepaTUBHOCTD NIPHU-
22 | HATUA ynpaBJeHYeCKUX 3 4 5 1 2 3 4 5 1 2 3 33 0,0109
pelieHUR

KoopauHauus mexay
y4acTHUKaMHU mpolecca

23 4 5 1 2 3 4 5 1 2 3 4 34 0,0112

[lo uToram 06paboTKM M aHA/IM3a IKCIIEPTHBIX OLLEHOK ObIJIU OllpesiesieHbl 6 KpUTUYECKU 3Ha-
YHUMbIX (AKTOPOB, OKA3bIBAKWIUX HAUOOJIee CUIbHOE BJIHSIHUE HAa KAYECTBO PEMOHTHO-BOCCTAHO-
BUTEJIbHBIX PAOOT B YCIO0BUSIX CTECHEHHOW F'OPOACKOM 3aCTPOUKHU:

1) orpaHM4eHHOCTb CTPOUTENLHOM MJIOMAKH ~ X ;

2) 06JIM30CTh CYIECTBYIOIIUX 3/TaHUN U COOPYKEHUHN — X

3) MHTEHCMBHOCTb TPAHCIIOPTHOTO JABMMEHUS — X5;

4) Ha/M4uMe MoJ3eMHbIX KOMMYHHUKAI[UH — Xy

5) C/I0KHOCTb JIOTUCTUKH JJOCTAaBKU MaTEPHAJIOB - Xc;

6) KJMMaTHYeCKHe U NOTOAHbIE YCIOBUA — X,.

C/ieyrolUM 3TaANOM ABJSIETCS PaHXXUPOBaHUe BbIOPAHHBIX GAKTOPOB MO CTENEHU UX 3HAYU-
MOCTH C LleJIbI0 OLleHUTb COIVIACOBAaHHOCTb 3KCIIEPTHBIX CYXJeHUH MocpeACTBOM Ko3pdulueHTa
KOHKopaauuu Kenpasna:

27
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re S - cyMMa KBaJ[paTOB OTKJIOHEHHWH BCeX OLEHOK PAaHrOB KaXKJOT0 00beKTa 3KCIEPTU3bl OT
CpeJiHero 3HaueHUsl; N — KOJIMYeCTBO IKCIePTOB; M — KOJIMYeCTBO GaKTOPOB.

3HavyeHue koapounuenTa paBHo 0,96, YTO CBUAETENBCTBYET O BbICOKOW CTENIEHU COIVIACOBaH-
HOCTH MHEHHUH 3KCIepTOB.

[[J'IH AeCATH O6'beKTOB, nogJiexalux peMOHTHO-BOCCTAHOBUTEJ/IbHBIM pa60TaM, ObLIU OLeHe-
HbI paHee 0TOOpPaHHbIE KPUTUYECKH 3HAYMMble $paKTOpbl. Ha 0CHOBe MoJlyYeHHBIX JAHHBIX GBIIO
NOCTPOEHO ypaBHEHHEe MHOKeCTBEHHON perpeccuu:

y,=a+ b1x1 + bzx2 + b3x3 + b4x4 + b5x5 + b6x6, (2)

r/ie a - CBOGO/HbIN YeH perpeccuu; by, by, by, b, b, b, — 4acTHbIE KO3PPUIMEHThI PErPECCHH, OT-
pakarolye BJAHSHUE KaXK10ro pakTopa.

Jlasiee olleHUBAETCSA aJIEKBAaTHOCTb U IPUMEHUMOCTb MOJIe/IM Ha TPAKTUKe MEeTO/I0M Pa3JioKe-
HHMsl TIEPEMEHHOM Y, Ha HECKOJIbKO COCTaBJIAIOIHUX:

- CyMMa KB3/IpaTOB OTHOCUTEJbHO CPEJHETO:

S (3, ) =Tss =0,321;
i=1

- CyMMa KBaJ[paToB, 00yC/I0BJIeHHAsI perpeccuen:

(5, -7)* =RSS =0,319;

s

Il
Ju

- CyMMa KBa/IpaToB, 0603Havawoas OIINOKY perpeccuu:

(5, —y;)* =ESS =0,002.

s

I
[SN

B xoze nccienoBaHys 6b1J10 BBIIBJIEHO 6 KDUTHYECKHU 3HAYMMBbIX $aKTOPOB, BJAUAIOIMX HA Ka-
YeCTBO PEMOHTHO-BOCCTAHOBUTE/IbHBIX PA0OT B YCJIOBUSAX CTECHEHHOMN rOPO/ICKON 3aCTPOUKH.

Pe3y/ibTaThl paH>XXMPOBaHUsA 110 6a/IJIBHOM 1LIKaJie IPUBeJeHbl B Ta0J1. 2.

Ha ocHOBe noJsiy4yeHHBIX JAHHBIX C IPUMEHEHUEM MeTOo/ia HAMMEeHbIINX KBaZpaToOB ONpeJeie-
HbI K03QPHUIIUEHThI perpeccuu AJisi KaxA0oro U3 ¢akTopos, obecreduBalolyie 0CHOBY [/l HOCTPO-
€HHUd YpaBHEHHS MHOXXeCTBEHHOW JIMHEHHOUN perpeccuu:

y,=0,108x, + 0,065x, + 0,063x, + 0,068x, + 0,101x5 + 0,067x, - 0,327.

[IpoBepka perpeccuu U K03dPULUEHT AeTEPMUHALUU onpefestoTcs no opmysnam (3) u (4)
COOTBETCTBEHHO:

TSS = RSS + ESS = 0,319 + 0,002 = 0,321, (3)
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Ta6smua 2. PamxupoBanue ¢pakTopoB

HanmenoBanue OneHOYHBbIN
Ne PacminppoBka noHATHUS
dakTopa 6ass
[lnomanpe y4yactka < 0,5 S34, mioTHasd OKpykaroljas 3acTPOiKa, Ipak-
THUYEeCKH OTCYTCTBYIOT 30HBI CKJIaJAMPOBaHHS, JAOPOTH OJHOCTOPOHHEro 1
JIBH>KE€HHA
OrpaHM4YeHHOCTh
1 | cTpouTesbHOU [lnowazae yyactka 0,5-1,0 S37, cpeiHsisA MJIOTHOCTb 3aCTPOMKHU, OrpaHH- 2
MJIOIA/IKH YeHHbIe 30HbI CKJIaJUPOBaHUs
[lnomaaps y4yactka > 1,0 S3/, BO3MOXKHa OpraHU3alus MOJHOLEHHOIO 3
CTPOUTEJIHOrO reHepabHoro miaHa (CI') ¢ 3oHaMu ck/IafupOBaHUA
PaccTosiHuMe OT CTpOUTe/NbHOHW 30HBI O OJMkaillero 3JaHus < 5 M,
TpebyeTcs ycusieHHe QyHAaMEHTOB M 3allUTa KOHCTPYKLMUH COCEeJHHX 1
06'BEKTOB
bausocTs cye-
2 | cTBywoIUX 3aHUM | Pacctosinue 5-15 M, He06X04MM MOHUTOPUHT JedopMalnuil U OrpaHUYEeH- 2
Y COOpYXEeHUH Hasi 30Ha paboThbl TEXHUKHU
Pacctosinue > 15 M, MUHHMMaJIbHO€ BJIMSIHME Ha OKPY>KaIOLIYI0 3aCTPOMUKY, 3
CTaH/JapTHble Mepbl 6€30MaCHOCTH
BbicokonHTeHCUBHOE ABmKeHUe (> 1000 aBT./4), Bbe3/, TEXHUKU BO3MO- 1
>KeH TOJIbKO B HOYHOe BpeMs, TpebyeTcsl olLlellIeHHe U PeryJIupoBLIMKU
WHTEeHCUBHOCTD . .
YmepeHHoe aBmxkeHue (500-1000 aBT./4), orpaHUYEHHbIH BpeMeHHOU
3 | TpaHCIOPTHOIO 2
KOPHUJ0p AJs AOCTaBKH, YaCTUYHOEe epeKpPbITHE MOJIOCHI
JIBM>KEHUS
Huskass uHTeHCUBHOCTB (< 500 aBT./4), CBOGOJHBINA peXHUM Bbe3ja, He 3
TpebyeT crelyaJbHbIX Mep 110 OpraHu3al Uy ABHKEHUS
[l1oTHasA ceTh KOMMYHHUKALUH (ra3, 3J1eKTPOIPOBO/], BOAOIPOBO/, TEIJIO-
CeThb) C HEOOXOAUMOCTBIO TepeKJIaIKH UJIH MTOBECKH, OTPaHUYeHHe MPH- 1
MeHeHUs CBalHOI0 060pyA0BaHUs
Hanwuwne nog-
4 3eMHBIX KOMMY- Hannuue oT/e/IbHBIX ceTell ¢ YaCTUYHOU NepeKJIaKoH, IpUuMeHeHH e 111a- 2
HUKaIUu{ JSIAX METO/0B 3eMJITHBIX PaboT
KoMMyHHMKanMH OTCYTCTBYIOT MJIM BBIHECEHBI 3a PeJiesIbl CTPOUTENbHON 3
30HBI, CTAaH/AAPTHBIE METO/bI IPOU3BO/ICTBA PaboT
Y3kue nmogbe3sbl (< 4 M), Bbe3/l TOJBKO B HOYHOE BpeMs, OTCyTCTBHE 1
IJIOIAJKU PAsrpy3KH, TpebyeTcs neperpyska ¢ Majoro TpaHCIopTa
CNOXHOCTD JIOTH- . .
[logbesabl 4-6 M, orpaHMYeHHbIH BpeMEHHOM KODHUAOP J[AOCTaBKHU
5 | cTHUKM JOCTaBKH . . 2
(6-22 4), HasinyKe HeGOJIbIION Pa3rpPy304HON 30HbI
MaTepHasoB
[llupokure noAbe3Ab! (> 6 M), CBOGOAHBIA PEKUM JJOCTaBKH, HAJIMUHe pas- 3
IPy304YHOH MJIOMAAKH U OypepHOI 30HbI XpaHEHHUs
Heb6saronpustHele ycaoBus (t < -15 °C waum > +35 °C, cuibHble 0CaJiKHy,
BeTep > 10 M/c), HEO6XOJUMOCTb YCTPONUCTBA 3aLUIUTHBIX YKPBITUH U NIPO- 1
rpeBa KOHCTPYKLHH
Kiumatuueckue u
6 YMepeHHO HebGaronpusaTHele ycaoBus (t ot =15 °C go 0 °C wim ot +25 °C
MOTO/IHbI€e YCI0BUSA o 2
J0 +35 °C), npyMeHeHMe J0II0JIHUTENbHbIX TEXHOJIOIMYECKUX Mep
BiaronpusTHele kauMaTuyeckue ycaoBusa (t ot 0 °C go +25 °C), cran- 3
JlapTHas TeXHOJIOrUsl MIPOU3BO/CTBA paboT 6e3 J0NOTHUTENbHBIX 3aTPaT
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R? - RSS _ TSS —ESS _ 1_ESS ~0,99. (4)
TSS TSS TSS

3HaueHHe Ko3pPHULIMEeHTa JAeTepMHUHAIUN (R2 = 0,99) oTpakaeT BBICOKYI 3HAaUYMMOCTb pe-
IPECCHOHHON MOJIesid, a TaKXKe MOATBepK/AaeT TOUHOCTh NMPOTHO3UPOBAHUs MOKa3aTeJsiel Kaue-
CTBA PEMOHTHO-BOCCTAHOBUTEJIbHBIX PA0OT.

[IpoBepka CTaTUCTUYECKOW 3HAUMMOCTHM YpaBHEHHUS perpeccud C MCIO0JIb30BaHUEM
F-xputepus @uiepa onpegesnsetcs no GopmyJie:

R? .n—m—l

1-R? m

=31,9, (5)

2
rge R° - koaddULMeHT JeTepMUHALIMK; N — KOJIUYECTBO 06'b€KTOB; M — YUCJIO HE3aBUCUMBIX Ilepe-
MEeHHBIX.
KpuTnueckoe 3HaueHue Kputepus F-kpurtepus Quiiepa (Fxpm) cocTaBJisieT 2,92 npu 3a/laH-
HOM ypOBHe 3Ha4MMOCTH a = 0,05 ¥ 3HaYeHHUsIX cTeneHek cBoboab k;, =m =6,k,=n-m-1=3,
CpaBHuBas 3HavyeHue Fpu F BBIINIOJIHAETCA YCJI0BUe:

Kput’

FR > FKpI/lT' (6)

HMcxo/s1 U3 BbINIOJIHEHHOTO YCJIOBUS, HyJIeBasi TUIIOTe3a Obljla OTKJIOHEHA.

Takum o6pasom, paspaboTaHHoe ypaBHeHue perpeccuu y, = 0,108x, + 0,065x, + 0,063x, +
+0,068x, + 0,101x, + 0,067x, - 0,327 nprU3HaHO CTATUCTHUYECKH 3HAYUMbBIM C YPOBHEM HAJIEIKHO-
ctu 95 %.

[loslyueHHBIE B HACTOSLIEM HCCJIe[0BaHUM pe3yJbTaThbl M03BOJIAIT pacCMaTpUBATh BOCCTa-
HOBJIEHHE MOBPEX/IeHHbIX NPOU3BOJCTBEHHBIX 06'bEKTOB B YCJOBHUAX CTECHEHHOU rOpO/ICKOM 3a-
CTPOMKH KaK KOMILJIEKCHYI0 HHXXeHepHO-OPTraHU3alMOHHYI0 33/iady, pelieHne KOTOPOU TpebyeT
O/IHOBPEMEHHOTO y4YeTa KOHCTPYKTUBHBIX, TEXHOJIOTUYECKUX, TPOCTPAHCTBEHHO-JIOTUCTUYECKUX
¥ COIIMaJIbHO-3KOJIOTHUYeCcKUX GaKTopoB. [IpeasiokeHHass MeTOAMKa, OObeJUHSIONAs KOJH4e-
CTBEHHOEe paHXHpoBaHHe GAKTOPOB CTECHEHHOCTH, MHOTO(AKTOPHOE PErPECCHOHHOE MO/IeTUPO-
BaHMeE U MO3TAINHYI0 NMPOLEAYPY OPraHHU3alMOHHO-TEXHOJIOTUUYECKON MOATOTOBKH, COTJIAaCyeTcsl C
COBpPEMEHHOH MapaJJUrMO yCTOMYMBOrO CTPOUTENBCTBA M PAa3BUBAET CYILECTBYIOIIME MOAXOAbI
K PEKOHCTPYKIIMU U PEMOHTHO-BOCCTAHOBUTEJNbHBIM pab0TaM Ha MPOU3BOJCTBEHHBIX 00bEKTAX
[1; 2].

[TosyyeHHbIe B HACTOALIEM MCCJIe0BaHUKU Ko3pduuuenTsl perpeccuu (b, = 0,108 asa orpa-
HUYEHHOCTH IJIOWIAJKU H b5 = 0,101 pgJig JIOTUCTUKU JOCTAaBKU MaTepHaIOB) KOJUYECTBEHHO
NOATBEPXAAIOT JOMUHUPYIOUIYIO POJIb UMEHHO 3TUX PAKTOPOB, YTO COTJIACYETCH C JaHHBIMH HC-
caeloBaHUM [5], B KOTOPBIX MPUBOAUTCS NPUOPHUTETHOCTh OPraHU3al[MOHHO-NIPOCTPAHCTBEHHBIX
OTpaHUYEHUU MPU BBIMOJHEHUH PA6OT B I[eHTPaAJbHbIX PAOHAX MEraMoJIHCOB.

BbicoKkoe 3HaueHHe K03dduUIlMeHTa AeTepMHHAIUU (R2 = 0,99) u 3HauMMOe NpeBbIlIEeHUE
pakTuyeckoro F-kputepus Ouniepa Haj TabaM4YHbIM (F, = 31,9 > Fxpm = 2,92) cBUeTeNbCTBYIOT
0 CTaTUCTUYECKOW YCTOMUYMBOCTH MOCTPOEHHOU MOJENU U €€ NMPUTOJHOCTHU AJs MPaKTUYECKOro
NPOrHO3MPOBAHHUS MIOKa3aTeslsl Ka4ecTBa PEMOHTHO-BOCCTAHOBUTEJbHBIX paboT (Y, ). AHasoruy-
Hble 3HAaYEeHUS aJIeKBaTHOCTU PErpecCHOHHBIX MOJe/iel OTMe4YeHbl B UCCAeJ0BaHUAX [4-6], 4TO
NOATBEPXK/AAEeT KOPPEKTHOCTb NMPUMEHEHUsl MeTOo/a HauMEHbUIMX KBaJpaTOB U MJAaHUPOBAHUSA
3KCMepUMEHTA K 33/]Ja4aM CTPOUTESbHOTO MPOU3BO/ICTBA.
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B pe3y/sbTaTe NpoBeseHHOr0 HUCCJIeL0BaHUsl padpaboTaHa MeTOJMKa yyeTa QpaKTOpPOB CTec-
HEHHOW TI'OpOACKOM 3aCTpPOMKH NpPU BOCCTAaHOBJIEHUM NOBPEXJAEHHBbIX NPOU3BO/JCTBEHHBIX 00b-
€KTOB, 00beJMHAIAs KOJUYEeCTBEHHbI aHa/u3 3HAUUMbIX NAapaMeTpPoB U MHOrodakTopHoe
perpeccMoHHOe MoJiesiMpoBaHre. Ha oCHOBaHMM BbINIOJIHEHHOHN paboThl cHOPMYyIMPOBAHBI CIEeLy-
IOLIMe BBIBO/JbI.

1. CucreMaTU3UpPOBaHbI U KjaaccudUuLMpoBaHbl GaKTOPHI, ONpesesoliie KauecTBO peMOHT-
HO-BOCCTAHOBUTEJIbHBIX Pab0T Ha MPOU3BOACTBEHHBIX 00'bEKTAX B YCJIOBUSAX CTECHEHHOHN ropoj-
ckoii 3acTpoiiku. ChopMUPOBaHHbBIN NlepeyeHb BKJIWO4YaeT 23 dpakTopa.

2. IlocpeacTBOM MeTOZa 3KCHEPTHBIX OLEHOK € ydyacTHeM 11 cnenuaucToB U C UCII0JIb30Ba-
HUeM KoaddunuernTa koukopanuu Kengamna (W = 0,96) ycraHoBJieHA BhICOKAsl CTeNeHb COTJia-
COBAaHHOCTH MHEHHH 3KCIEePTOB U BblJleJIEHbI 11eCTb KPUTHUYECKH 3HAYMMbIX PaKTOpOB.

3. TlocTpoeHo ypaBHeHWe MHOXECTBEHHOMW JIMHENHHOH perpeccuu Y, = 0,108x, + 0,065x, +
+ 0,063x3 +0,068x, + 0,101)(5 + 0,067x6 - 0,327, k03pPUIMEHTHI KOTOPOTO MOJYYeHbl METOOM
HauMeHbUIUX KBaZpaToOB.

[lepcrieKTUBHBIMU HallpaBJeHUSMHU JaJbHENIINX UCCIeJOBAHUMN ABJSAIOTCSA: pacliMpeHue Bbl-
O0pKH 0O'BEKTOB JJI1 yTOYHEHUs] KO3QPUIIMEHTOB pPerpeccuy Y BbISIBJIEHUA HeJMHENHbIX 3aBU-
cuMocTel Mexly GaKTopaMH; yueT Ce30HHbIX U perMoHaJbHbIX 0CO6EeHHOCTe! MPOM3BO/CTBA pa-
60T; MHTeTpalLUsl NMPeJJIO)KEHHON MeTOAUKHA B MHOPMAlMOHHOE MOjie/IMpoBaHue 3aaHu (BIM)
JIJ1s1 aBTOMaTHU3MPOBAaHHOT0 GOPMUPOBAHHUA KaleHAapHbIxX I1aHOB U CI'Tl; pazpaboTka udppoBbIX
MHCTPYMEHTOB NOAJAEPKKU NPUHATHUS pelleHUH NpHU BOCCTAHOBJIEHUHM NPOHU3BOJACTBEHHBIX 06b-
eKTOB B YCJIOBUAX CTECHEHHOW rOPOJICKOM 3aCTPOMKHU.
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A Method for Restoring Damaged Industrial Facilities
in Constrained Urban Development Conditions
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Key words and phrases: repair and restoration works; constrained urban development;
industrial facility; construction factors.

Abstract. The article discusses a method for restoring damaged production facilities in a
densely built-up urban environment. The purpose of the study is to assess the significance of factors
that affect the effectiveness of restoring damaged buildings in a densely built-up urban environment.
The objective of the study is to create a set of factors to be investigated and, based on regression
analysis, develop a mathematical model that takes into account the impact of each factor on the
resulting indicator.

The scientific hypothesis of the study is based on the assumption that the restoration of
damaged facilities should be considered as a complex engineering and organizational task that
requires simultaneous consideration of structural, technological, spatial-logistical, and socio-
environmental factors. The research methods used in this article include multivariate regression
analysis, expert analysis, and modeling.

The research results allowed us to identify the most significant factors, such as the limited
size of the construction site, the proximity of existing buildings and structures, the complexity of
logistics for delivering materials, the intensity of traffic, the presence of underground utilities, and
the climate and weather conditions.
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Key words and phrases: organizational and technical
reserves; construction equipment; production efficiency;
machinery fleet optimization; organizational and technological
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management.

Abstract. This article examines organizational and
technical reserves for improving the efficiency of construction
production by optimizing the wuse of machinery and
mechanisms. It analyzes modern approaches to the formation
of construction equipment fleets, methods for technical and
economic evaluation of machine efficiency, and innovative
approaches to the automation and digitalization of construction
processes. Particular attention is paid to the practical aspects
of implementing monitoring, simulation, redundancy, and
predictive analytics systems, which can significantly improve
productivity and reduce operating costs. The need for an
integrated approach to realizing organizational and technical
reserves is substantiated, including optimizing the structure
of the equipment fleet, improving maintenance and repair
systems, applying redundancy methods, computer modeling,
and digitalizing the management of mechanized operations.
The results of an analysis of scientific research and practical
experience are presented, confirming the possibility of
increasing labor productivity through systematic efforts to
identify and utilize these reserves.

Introduction

Modern construction is characterized by a high degree of mechanization and automation
of technological processes. In the face of increasing competition and the need to reduce project
implementation timelines, the task of improving the efficiency of machinery and mechanisms as the
main component of the production potential of construction organizations is particularly relevant.

Organizational and technical reserves are understood as untapped opportunities for increasing
production efficiency associated with improving the organization and technology of work, improving
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equipment utilization, and implementing innovative solutions. Implementing these potentials
typically does not require significant capital investment but can provide a significant increase in
productivity and a reduction in the cost of construction and installation work [1].

The study aims to analyze organizational and technical potential for improving construction
efficiency, identify areas for optimizing the use of machinery and equipment, and substantiate
methods for their practical implementation based on modern scientific approaches and technological
solutions.

The efficiency of construction equipment is characterized by a system of metrics, among
which productivity, reliability, fuel efficiency, shift efficiency, and technical availability are Kkey.
A comprehensive assessment of these metrics allows us to identify bottlenecks in equipment
operation and determine areas for optimization.

One of the key factors in the reliability of construction equipment is its utilization rate.
Researchers note that many regulatory documents provide outdated data on machine utilization
rates during working hours, which require updating, as machines are constantly being improved [5].
Reliable assessment of machine operating time requires full-scale testing and the creation of up-to-
date databases. An analysis of the performance of high-performance excavators at Russian mining
enterprises shows that the actual average monthly productivity achieved is 30 % or more lower
than the estimated technical performance [6]. To increase productivity, it is necessary to minimize
negative factors and optimize the operation of machine systems. This feasibility is supported by
available information on record productivity figures established during industrial experiments [6].

Identifying reserves is based on a systems analysis of production processes and factors
influencing machine performance. Classifying reserves by various criteria is crucial: by location and
use, time, life cycle stage, and reproduction process [1]. Particular attention is required to ensure
the completeness of reserves for the three components of the labor process (means of labor, objects
of labor, and labor resources), since a reserve determined for one resource cannot be realized if
reserves for other resources are insufficient [1]. This underscores the importance of an integrated
approach to planning efficiency improvement measures. An important methodological tool is the
technical and economic assessment of the use of machines, which allows the goal to determine the
efficiency of using both individual units of equipment and sets of machines, taking into account the
compatibility of their technical characteristics.

One of the significant organizational reserves is the rational formation of a fleet of construction
machinery. Experience shows that in many organizations, the structure of the fleet of equipment does
not fully correspond to the volume and types of work performed, leading to equipment downtime
and inefficient use of resources. Researchers propose a new approach to the formation of resource-
saving fleets, complexes, and sets of roads, construction, and lifting and transport equipment based
on the synthesis of investment and organizational-technological design, construction process
modeling, models of technical and economic performance indicators for machine sets, databases,
and modern information technologies [3].

An important factor influencing the implementation of investment projects in construction is
the organizational and technological reliability of machines and processes during construction and
installation work [3; 5]. Organizational and technological reliability is understood as the ability
of technological, organizational, managerial, and economic decisions to ensure the achievement
of a specified construction result under the random disturbances inherent in construction as a
complex probabilistic system [3; 5]. Significant potential for improving efficiency lies in the use
of redundancy methods in construction. Redundancy consists of the use of additional (backup)
elements that ensure the system’s operability in the event of failures of primary elements.

The research shows that the reliability of a construction project increases when certain parts
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of the project can be restored during operation, and the presence of a reserve fund of machines,
structures, and crews significantly facilitates recovery processes in emergency situations [9]. By
reducing the recovery time for failed assets with a reserve fund, both the availability and reliability
of the project can be significantly increased. The results of a study of the reliability indicators of
construction process systems with the simultaneous operation of backup and primary elements
allow for an assessment of the effectiveness of the selected work organization scheme [4; 8]. The
dependence of reliability indicators on the use of the simultaneous operation of primary and backup
components of the production process enables a well-founded approach to the selection of the
optimal redundancy structure. In the factory production of modular, prefabricated devices, various
redundancy methods—structural and functional—are used to improve the reliability and stability
of process flows [10]. These principles can be effectively applied to the organization of construction
processes. Significant potential for increased efficiency lies in improving the maintenance and repair
(M&R) system. The traditional system of scheduled preventive maintenance, focused on standard
service life, does not always take into account the actual technical condition of the machines and
their operating intensity. An important area is improving the reliability of process equipment at the
design stage and maintaining this reliability during operation [10]. This requires the development
and implementation of diagnostic systems that enable a transition to condition-based maintenance.

An effective method for identifying and implementing potential redundancies is the use of
computer simulation modeling, not only for individual components (excavators, dump trucks,
and complexes), but also for the entire transport system [6]. Modeling allows for the evaluation
of the efficiency and reliability of machines at any facility and the most accurate prediction of the
completion times and costs of individual types of work, even at the design stage [5]. The Institute of
Mining of the Ural Branch of the Russian Academy of Sciences has developed a computer program,
“Quarry Transport System,” aimed at solving the problems of optimizing excavator-dump truck
complexes [6]. The use of such a universal research and optimization tool allows for significant
results in substantiating rational equipment parameters for specific operating conditions and
increasing the machine utilization rate through organizational and technological solutions [6].
Simulation modeling takes into account the impact of possible reactions to various situations arising
during construction on the efficiency of the investment project being implemented [3]. For example,
an algorithm for substantiating the efficiency of an investment project can be developed using the
Monte Carlo method. To automate the design of resource-saving technology for the construction
of buildings and structures, methodological and mathematical support is being developed using
simulation and multifactor mathematical models [3]. An important condition for automating the
calculation of technical and economic indicators is the creation of reference databases as a key
component of technological processes. Researchers note that the volume of reference information
for organizational and technological processes is comparable to the volume of reference information
for construction machinery and equipment [3]. Without creating a reference database, it is virtually
impossible to automate the calculation of technical and economic indicators for the relevant
technological processes, whether excavation, concrete, or installation work.

To assess the reliability and service life of machines, researchers have created a database based
on the results of in-kind tests of tamping and leveling machines, cranes, excavators, bulldozers,
pipelayers, drilling rigs, and dredgers [5]. To validate the database values, two stages of verification
are conducted: logical and mathematical, including verification of the sample’s normal distribution
using the Pearson goodness-of-fit test [5].

The use of predictive analytics methods for forecasting the technical condition of machines
deserves special attention. Analyzing equipment performance data collected through telematics
systems allows for the identification of patterns that precede failures and timely maintenance
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Table 1. Key organizational and technical reserves and methods for their implementation:

Reserve focus

Implementation Methods

Expected Effect

Fleet optimization

Development of resource-saving sys-
tems, consideration of organizational
and technological reliability

Increased reduced

downtime

productivity,

Redundancy
Structural and functional redundancy

Creation of reserve funds

Increased reliability, reduced losses
from failures

Improved maintenance and repair

Condition-based maintenance, diag-
nostics

Increased periods between repairs,
reduced unscheduled downtime

Computer Simulation

modeling

modeling

Monte Carlo method

Justified selection of parameters,
forecasting deadlines and costs

Information support

Creation of reference information da-
tabases, full-scale testing

Reliability of calculations, updating of
standards

planning. The use of modern data analysis technologies to optimize operations is particularly
relevant in the context of the digitalization of the construction industry. The proposed model for
justifying machine operating time allows for the assessment of equipment efficiency and reliability,
as well as the risk of completing the planned scope of work within the target timeframe [5].

The challenging operating conditions of construction companies, caused by crises and increased
competition, require the exploration and mobilization of reserves in the field of construction
mechanization [7]. Over the past decades, the technical equipment of the construction industry
has declined, and the number of machines with expired service lives has increased, making the
restoration and efficient use of construction equipment a pressing issue [7].

The primary strategic goal of developing and utilizing technical potential is to ensure the
necessary technological advancement not only for individual organizations, but also for the regional
and national construction industry as a whole [7]. An integral part of the strategy for developing
and utilizing technical potential is the organizational and economic mechanisms that implement
it, which together constitute a strategic management system. The practical implementation of
developed strategic decisions requires the phased implementation of organizational, technological,
and marketing measures, as well as the specification and concretization of proposed activities [7].

The economic component is crucial in utilizing potential for improving production efficiency.
This means that all identified and utilized potential has a specific effect, which must be determined
and summarized across all measures taken to implement it [1]. Researchers note that the use
of high-performance construction machinery and mechanisms enables higher rates of process
intensification. However, this leads to additional costs, both in labor and material resources, which
affects the increase in the cost of construction products [2]. Identifying and studying reserves for
intensifying technological processes and developing measures for their application are aimed at
ensuring the reduction of additional costs while choosing rational solutions [2].

Organizational and technical reserves for improving the efficiency of construction production
using machines and mechanisms represent significant potential for the development of construction
organizations. Realizing this potential requires an integrated approach, including: optimization
of the structure of the machine and mechanism fleet based on organizational and technological
reliability and the formation of resource-saving systems; the use of redundancy methods to
increase the reliability of construction systems and reduce losses from failures Implementation
of modern methods for organizing technical maintenance and repairs, including condition-based
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maintenance; the use of computer simulation modeling to validate rational equipment parameters
and forecast work schedules and costs; creation and updating of reference databases based on field
tests; digitalization of mechanized work management and the use of predictive analytics; strategic
planning for the development of technical potential, taking into account the economic efficiency of
proposed solutions.

Scientific research and practical experience confirm that systematic work to identify and
utilize organizational and technical reserves can significantly increase labor productivity, reduce
operating costs, and ensure the stability of production processes. In today’s economic environment,
these factors are becoming key to maintaining the competitiveness and sustainable development of
construction organizations. Further research in this area should be aimed at developing industry-
specific reserve assessment methods, adapting simulation modeling and machine learning methods
to the challenges of construction production, and creating standard solutions for automating the
management of mechanized work for enterprises of various sizes.
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OpraHnsauuomlo TEXHUYIECKHX pe3ePBbI
MOBbBINIEHUA PE3YJIbTATUBHOCTH CTPOUTE/IbBHOTO MPOU3BOACTBA
C UCNI0JIb30BAHHUEM MAllIUH U MEXaHU3MOB

W.M. CaBun, U.JI. AbpamoB

@I'B0Y BO «HayuoHaabHblll UccaedosamenbcKuil
Mockoackuli 20cydapcmeeHHbIll cmpoume/ibHbIl yHUBepcumemsy,
2. Mockea (Poccusi)

KioueBble c/i0Ba U ppa3sbl: MMUTALMOHHOE MOJIEJIMPOBAaHNE; ONTUMH3aIUs apKa MallWH;
OpraHU3aIMOHHO-TEXHUYECKHEe pPe3epBbl; OPraHU3aIl[MOHHO-TEXHOJIOTHYECKAsA HAJIEXKHOCTD; Tpe-
JUKTHBHAs aHAJIMTHUKA; pe3epBUPOBAHUE; CTPOUTENbHAS TEXHUKA; TEXHUYECKOe 06CAyKUBaHUE U
peMoHT; nudpoBU3anus yrnpaBaeHus; 3G PeKTUBHOCTD MPOU3BO/ICTBA.

AHHOTanusA. B cTaTbe paccMaTpUBAIOTCS OPraHU3aANMOHHO-TEXHUYECKHE pe3ePBbl MOBbIIIe-
HUA 3P PEKTUBHOCTH CTPOUTEJSBHOTO MPOU3BO/ACTBA 3a CUET ONMTUMU3ALMHK HCIOJIb30BaHUS Ma-
IIMH U MEeXaHU3MOB. AHAJIM3UPYIOTCS COBPEMEHHbIE MOAX0/bI K GOPMHUPOBAHUIO MAPKOB CTPOU-
TeJIbHOM TEXHUKH, METO/Jbl TEXHUKO-IKOHOMUYECKON OIleHKH 3G PEeKTUBHOCTH MAIIMH, a2 TaKXKe
WHHOBAIlMOHHbIE HaNpaBJIeHUs aBTOMATH3alMH U IUPPOBU3AIUN CTPOUTEJBHBIX MPOIECCOB.
Oco6oe BHUMaHHE yesseTcs NPAaKTHUYeCKHM acleKTaM BHeJ[PeHHUs] CUCTeM MOHUTOPHUHIA, UMHU-
TALlMOHHOTO MO/IeJTMPOBAHUs], Pe3ePBUPOBAHUS U MPEAUKTUBHON aHAJIUTHUKH, TO3BOJIAIOIIUX Cy-
IleCTBEHHO MOBBICUTh MPOU3BOJAUTENBHOCTb U CHU3UTD 3KCITyaTallMOHHbIe 3aTpaThl. 06GOCHOBBI-
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BaeTcCAa HEO6XO,£LI/IMOCTI:: KOMIIVIEKCHOTI'O IMoAxoAad K peaJIn3alli OPraHU3alJMOHHO-TEXHHUYE€CKUX pe-
3€PBOB, BKVINYAKOUIEro OIMITUMHU3AIHUI0 CTPYKTYPhI IApKa TEXHUKH, COBEPIIEHCTBOBAHHUE CUCTEMbI
TEeXHHU4Y€eCKOTI'o 06CJIy)KI/IBaHI/IH U pEeMOHTa, IPpUMEHEHHE MEeTOA0B Pe3€epPBUPOBAHUA, KOMIIbIOTEP-
HOIr'o MoAe/JIMPOBAaHUA U L[PICl)pOBI/ISaI_II/II-O yHhnpaBJieHHUA MEeXaHU3NPOBaHHBIMU pa6OTaMI/I. Hpe,E[CTaB-
JIEHbI pe3yJIbTAThl dHAJIN3a HAay4YHbIX I/ICCJ'IeAOBaHI/Iﬁ W NMPAKTHUYECKOI'0 OIIbITa, IOATBEPXAAK0Ie
BO3MOXHOCTb MOBbBIIIEHUA MPOU3BOANUTEJTILHOCTH TPpy[da IIPU CUCTEMHOU pa60Te 110 BbIABJIEHHUIO U
HCIIOJIb30OBAHHUIO pAaCCMAaTpPUBAEMBIX PE3€PBOB.

© I.M. Savin, I.L. Abramov, 2026
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Abstract. This article analyzes the problems in the
maintenance process of the Chinese subway. The purpose of
the work is to describe the structure designed by the authors of
the article for carrying out maintenance work on subway cars.
The authors solved the problem of optimizing the design of a
simple support device. The proposed transport device is aimed
at increasing the mechanization of the production process,
namely, increasing the convenience of movement, simplifying
work operations. The practical value of this research lies
in the development of an optimized safety design at metro
rolling stock manufacturing and repair facilities in the field
of occupational safety in the Chinese subway and around the
world.

Introduction

Due to the acceleration of urbanization in China, the metro, as a key element of urban
transport, is actively expanding its network and scale of operation - today the metro operates in
more than 50 cities of the People’s Republic of China, the total length of operated lines exceeds 15
thousand kilometers, and the daily passenger traffic exceeds one billion people [1; 2]. However, the
expansion of the metro network has led to an increase in the complexity and danger of production
and repair work, as well as serious problems in the field of labor protection: the frequency of
occupational diseases among personnel (related to noise, prolonged body tilt) remains high, and
cases of injuries during work related to poor-quality fastening and non-compliance with working
conditions continue to occur. Research shows that modern maintenance and safety management
in the metro faces serious challenges, such as unwise design of the work environment, insufficient
equipment protection, irregular production technologies, and an imperfect management system.
These problems are related to outdated security design concepts, insufficient use of modern
technologies, and imperfect management mechanisms. Production and maintenance of metro cars
include welding, installation and other work that is accompanied by unfavorable conditions (high
temperature, strong noise, dust), which threatens the health of employees and requires a serious
approach to labor protection [3; 4]. In this work, protective equipment (including adjustable height,
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Fig. 2. Universal adjustable support device

reliable fastening, anti-slip elements) is optimized in order to reduce risks, prevent occupational
diseases and injuries, and ensure the safety and reliability of the metro.

Problems of ensuring metro safety

In this study, based on the theory of ergonomics and the theory of system safety, a new design
of a support device for servicing metro cars is proposed, which ensures labor safety in railway
transport. As shown in Fig. 1, an ordinary simple type A support device has a number of significant
disadvantages: its triangular legs have a small contact area with the working surface, which often
leads to equipment tipping orshifting, while there are no elements in the structure to prevent sliding
and tipping; in addition, its height is usually fixed, therefore, it is not suitable for maintenance of
metro sections with different heights, and also does not meet ergonomic requirements - it does
not provide a comfortable working space for the operator, forcing him to take the wrong working
positions. For example, constant forward leaning, which over time causes fatigue and leads to
occupational diseases of the musculoskeletal system [5].
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Fig. 3. Application of a universal adjustable support device
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Fig. 4. Analysis of the S-N curve
Equipment optimization and design principles

Based on the traditional simple type A support device, we have optimized and upgraded it to
a universal adjustable support device, taking into account modern production needs to meet the
requirements of various operations, as shown in Fig. 2.

When designing new equipment, we provide height adjustment by making internal and external
holes in the internal and external columns and using pins to fix their position [7].

In the frame of the support base, thin holes are created that interact with the built-in mounting
slots of the [-beams of the production line. This ensures the stability of universal adjustable support
and prevents it from tipping over.

Horizontal adjustment to any size allows you to process and store parts of various sizes by
adjusting the width. The red area on the surface is a nylon pad that effectively prevents slipping and
absorbs noise (Fig. 2).

As shown in Fig. 3, the design allows you to save materials, reduce economic costs, effectively
use production space, optimize the technical layout, reduce labor costs and contribute to an efficient,
stable and safe organization of production at enterprises.

Based on the analysis of the S-N curve shown in Fig. 4, it was found that the fatigue life of the
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device reaches 1.4 million cycles, which significantly exceeds the requirements of normal operating
conditions, and it works safely and stably, having a long service life [7; 8].

Conclusion

This study focuses on key issues of labor protection at all stages of production and maintenance
of metro cars. This allows you to systematically prevent and manage safety risks at all stages of
production (from the start of production to the production line) and throughout the entire life cycle
(after production- transportation and storage) and also provides a practical reference model for
research in the field of mechanical engineering and equipment design taking into account safety
requirements.

The presented results show that the optimization of equipment allows overcoming the limitation
of traditional safety management - previously, production and maintenance paid attention only
to physical safety in the workplace, but this was not enough. If you combine vibration and noise
reduction technologies with safety measures, it is possible to eliminate the risks of occupational
diseases immediately upon occurrence, as well as create a modern working environment where
there will be both safety and comfort [9, 10].

Metro systems in China and Russia, despite their differences and cultural peculiarities,
have a number of similar problems, and these problems, according to the authors of the article,
are primarily associated with outdated design concepts in the field of safety, insufficient use of
modern technologies and imperfect control mechanisms. When optimizing technological processes
and developing the design of the support device, the authors adhered to the principle of “safety
first, production second”. In addition, the integration of ergonomics requirements into existing
operational standards helps to further reduce the likelihood of occupational diseases in employees.

Currently, the authors of this paper are applying for patents for a utility model and industrial
design of a universal adjustable support device for metro maintenance.
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[IpoeKkTHpPOBaHME PErYINPYEMOro OMOPHOro yCTPOIiCTBa
JJIS1 TEXHUY€ECKOTo 06C/TyKUBaHNsI BAarOHOB METPOMOJIUTEHA

Csao Wllycunsb, H.P. TypkuHa

®I'BOY BO «baamutickull 2ocydapcmeeHHblll mexHuveckutl yHusepcumem «BOEHMEX»
umenu JI.D. YemuHosar, e. Cankm-Ilemep6ype (Poccus)

KitoueBble c10Ba U ¢ppas3bl: TPOU3BOJCTBEHHOE TEXHUUECKOE 06CIYKUBAHUE; POCTOE OTOP-
HO€ YCTPOMCTBO; CUCTEMA IKCIIyaTAI[UU U TEXHUYECKOTO OOCIYKUBaHUS; CHIXKeHHUE BUOpAIUU U
IIyMa; TEXHUYeCKoe 06CIyKMBAaHHE BarOHOB METPOIOJIUTEHA; 3PTOHOMHUKA.

AHHOTanusA. AHaJU3UPYIOTCSI TPO6JEMbl B MPOLiECCE TEXHUYECKOTO OOCAYKUBAHUS KUTAK-
CKOro MeTponosiuTeHa. llesib paboThI - JJaTh ONHCAHUE CIIPOEKTUPOBAHHOM aBTOPAMU CTAaThU KOH-
CTPYKLUMH [AJ51 NPOBeZieHUs1 paboT MO TEXHUYECKOMY OOCJIYKMBAaHHWIO BaroHOB METPONOJIUTEHA.
ABTOpaMu pellleHa 33/1a4a M0 ONMTUMHU3ALUN KOHCTPYKIMHU MIPOCTOTO OMOPHOTO YCTPOUCTBA, Pe-
JlaraeMoe TPaHCIOPTHOEe YCTPONUCTBO HAMPAaBJIeHO HA MOBBIIIEHWE MeXaHW3aluH MPOU3BOACTBEH-
HOT'0 MpOIecca, a UMEHHO MOBBILIEHUs YJ06CTBA NepeMeLeH s, yIPOILeHHs] paboyrx onepauu.
[IpakTHYeckasi 1JeHHOCTb 3TOTO HCCJe[IOBAHUS 3aKJIIOUaeTCsd B pa3paboTKe ONTUMU3UPOBAHHOU
KOHCTPYKL MU MO0 0OecreyeHuI0 6e30MacHOCTH Ha MPEeANPHUATUSAX M0 U3FOTOBJEHUIO U PEMOHTY
MOZIBUXKHOT'0 COCTAaBa METPOTMOJIMTEHA B 06J1aCTU 6€30MaCHOCTU TPy/Ja B MeTpomnoiuTeHe Kutas u
BO BCEM MHUDe.

© Xiao Shuxin, N.R. Turkina, 2026
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External Economic Factors
in Yemen'’s Energy Sector Crisis:
A Regional and Global Trade Perspective

H.M.H. Al-Eryani, S.B. Zaynullin

Peoples’ Friendship University of Russia
named after Patrice Lumumba,
Moscow (Russia)

Key words and phrases: blockade; energy crisis; global
trade relations; LNG; maritime trade; regional economy; Yemen.

Abstract. The article examines external, regional, and
global trade factors shaping the depth and duration of Yemen'’s
energy sector crisis. The purpose of the study is to assess the
influence of external trade factors on Yemen’s energy sector
crisis and determine their role in constraining the country’s
post-conflict recovery prospects. The tasks are to analyze the
consequences of Red Sea shipping disruption for Yemen'’s
maritime trade; to assess competitive pressure on Yemen’s LNG
sector from regional Gulf producers; to examine the degree
of Yemen’s integration into regional energy infrastructure;
to study the impact of international sanctions regimes.
The hypothesis assumes that external trade factors, including
maritime blockade, regional LNG market competition, and
sanctions regimes, actively amplify the consequences of the
domestic conflict, converting a temporary export crisis into
a structurally entrenched collapse. Methods include analysis
of UNCTAD trade statistics, GECF and World Bank reports;
comparative analysis of Somalia and Libya cases. The findings
demonstrate that Yemen’s maritime routes through Bab-el-
Mandeb are disrupted by more than 70 %; Yemen'’s share of the
Gulf LNG market has fallen to zero amid new Qatari capacity
additions of 48 million tonnes per year; regional energy
network integration is absent. It is concluded that measures
to restore maritime security, market integration, and financial
compliance must be incorporated into Yemen’s post-conflict
energy sector recovery strategy.

Introduction

Existing research on Yemen’s energy sector crisis has focused overwhelmingly on internal
causes: civil conflict, governance failure, institutional collapse, leaving the role of external, regional,
and global trade factors under examined. Yemen'’s position astride the Bab-el-Mandeb strait embeds
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its energy trade in a wider global system, a relevance that has grown since late 2023, when Houthi
attacks on shipping triggered a rerouting of trade around the Cape of Good Hcontinue expanding
capacity and securing long-term Asian contracts (GECF, 2024). The central hypothesis is that
external trade and security factors function as an active amplifying mechanism that converts
domestic conflict into a structurally locked-in export collapse.

Literature Review

The economic geography of maritime chokepoints is well studied for Hormuz and Suez, but
Bab-el-Mandeb, through which 8.8 million barrels of oil equivalent passed daily before 2023 (EIA,
2024), has received less attention. UNCTAD (2024) documents that Red Sea shipping volumes fell
over 70% in early 2024, adding 10-14 days and significant cost to Asia-Europe voyages. GECF’s
2024 Global Gas Outlook projects Gulf LNG capacity additions of over 48 million tonnes per annum
by 2030, led by Qatar, directly competing for the Asian buyer base any restored Yemeni LNG sector
would need.

The World Bank’s MENA Economic Update (2024) shows energy market integration has
historically supported faster post-conflict recovery, yet Yemen remains almost entirely outside GCC
integration initiatives. Russian-language scholarship offers relevant grounding: Sadovskaya and
Shmat (2017) show resource dependence interacts with institutional quality to produce divergent
growth outcomes; Al-Selwi (2024) documents Yemen's recovery potential obstructed by economic
and political barriers; Shmeleva (2019) traces Bab-el-Mandeb’s and Balhaf’s role in the conflict.
Somalia’s parallel exclusion from East African energy networks (African Development Bank, 2023)
illustrates a comparable dynamic.

Research Methodology

This study applies a comparative trade-economics methodology, drawing on international
trade and shipping statistics rather than the country-specific fiscal and production data dominating
existing Yemen-focused research, since the questions concern Yemen’s position within external
trade systems. Primary data sources include UNCTAD’s Review of Maritime Transport (2024), the
EIA’'s World 0Oil Transit Chokepoints report (2024), the Gas Exporting Countries Forum’s Global Gas
Outlook (2024), the World Bank’s MENA Economic Update (2024), and the African Development
Bank’s regional energy reports (2023) for the Somalia comparative case. A structured comparative
case method (Yin, 2018) situates Yemen against Somalia and Libya as analytically comparable cases
of conflict-driven exclusion from regional energy trade systems.

Results and Discussion

The Red Sea disruption and its compounding effect
The Houthi campaign against commercial shipping since late 2023 produced a maritime
disruption whose scale rivals direct domestic war costs. UNCTAD (2024) documents container
transits through Suez-Red Sea falling approximately 70 % in early 2024, adding 10-14 days of
transit time and raising insurance premiums (EIA, 2024).
Regional LNG market competition and the closing window
GECF’s 2024 Global Gas Outlook documents an unprecedented wave of Gulf LNG expansion, led
by Qatar’s North Field projects, adding approximately 48 million tonnes per annum by 2030 (GECE,
2024) - directly where a restored Yemeni LNG sector would seek to compete.
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Table 1. Indicators of maritime trade disruption in the Red Sea / Bab-el-Mandeb (2023-2025)

. Pre-disruption Post-disruption

Indicator (2023) (2024-25) Change
Suez/Red Sea transit volume, TEU index 100 (baseline) ~30 -70 %
Asia-Europe transit time, days 26-30 36-44 +10-14 days

-1 i 1 0,

War-risk insurance premium, % of 0.1-0.2 % 0.5-1.0 % +3-5x
vessel value
0il/LNG transit through Bab-el-Mandeb, o
thousand bbl/day 8,800 4,000-5,000 45..-55%

Table 2. Gulf LNG capacity additions and Yemen's market position (2024-2030, forecast)

Country 2024 LNG Capacity (Mtpa) Addition by 2030 (Mtpa) Yemen's Market Share
Qatar 77 +48 0%
UAE 6 +9.6 0%
Oman 11 +4 0%
Yemen (Balhaf, mothballed) 0 (since 2015) - 0%

Even in an optimistic scenario where Yemen restores Balhaf operations within five years, it
would enter an Asian LNG market already substantially served by 48+ million tonnes of new Gulf
supply under long-term contracts.

Institutional barriers and recovery strategy

Yemen has not been incorporated into regional energy integration initiatives that supported
faster recovery elsewhere in MENA (World Bank MENA Economic Update, 2024) - a dynamic
paralleled by Somalia’s exclusion from East African energy networks (African Development Bank,
2023). International banks have also become risk-averse toward Houthi-controlled territory given
targeted sanctions since 2024 (OFAC, 2024). A comprehensive recovery framework must address
maritime security, market entry strategy, regional integration diplomacy, and banking compliance -
alongside domestic political settlement.

Conclusion

This article has examined Yemen’s energy sector crisis through an external, regional, and global
trade lens largely absent from existing literature. The post-2023 Red Sea disruption has raised the
cost of Yemen-origin maritime trade (transit volumes - 70 %); the Gulf LNG expansion (48+ million
tonnes per annum by 2030) is narrowing Yemen’s commercial window; its absence from regional
integration removes a recovery pathway available elsewhere; and sanctions compliance adds a
financing barrier additive to physical and political ones. The hypothesis is confirmed: external trade
and security factors actively amplify domestic conflict into a deeper export collapse.
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BHemHeskoHOMHYeCKHEe PaKTOPbI KpU3HCa SIHEPreTu4eckoro cekropa HemeHna:
peruoHajibHbIA U MUPOXO03SIICTBEHHBINA aCIEKT

X.M.X. Anb-Upsuuy, C.b. 3aliHyInH

@I'BEOY BO «Pocculickuil yHugepcumem 0pyxc6bl Hapodos umeHu llampuca JIymymobsi»,
2. Mockea (Poccus)

Kirouessble c/10Ba ¥ ¢ppassl: 610Ka/a; eMeH; MMpOX03aiCcTBeHHbIE CBA3M; MOPCKas TOProB-
Jisl; perMoHaJbHad 3KoHOMUKa; CIII'; aHepreTudecKni KpUsuc.

AHHOTanudA. B craTbe paccMaTpHUBalOTCA BHELIHWE, perHOHa/IbHble U MHUPOX03HUCTBEHHbIE
dakTopel, popmMupyOIIMe [VIyOMHY M NPOAOJKUTENbHOCTb KpHU3UCa IHEPreTUYeCcKOro CeKTopa
Hemena. llesb ucciiejoBaHus — OLEHUTb BJAUAHUE BHEIIHUX MMPOX03HCTBEHHbIX GaKTOpOB Ha
KPHM3MC 3HepreTH4ecKoro cektropa MemeHa u onpeje/uTb UX PoJib B OFPAaHUYEHUH TepPCIeKTHB
NOCTKOHQJIMKTHOI'O BOCCTAHOBJIEHUS] CTPaHbl. 33/la4y: IPOaHa/JIM3UPOBaTh NOC/IeACTBUSA Hapylle-
HUS CyA0xoAcTBa B KpacHOM Mope; oLjleHUTh KOHKYpPEHTHOe JlaBjaeHue Ha neMeHckul CIIT-cekTop;
paccMoTpeThb CTeneHb UHTerpanuu emena B pernoHalbHYI0 SHEPreTHIecKy MHPPacTPyKTypy;
M3Y4YUTb BJIMUSIHHUE CAHKIIMOHHBIX PEXKUMOB. [MII0Te3a: BHEIIHHE MUPOX03sHCTBEHHbIE GpaKTOPHI -
MopcKas 6J0KaJla, pernoHa/bHas KOHKypeHIus1 3a pblHKU CIII' ¥ caHKIIMOHHbIE peXHUMbl — aK-
TUBHO YCUJIMBAIOT MOC/IE/CTBUS BHyTPEeHHET0 KOHQJIMKTA, IpeBpaias BpeMeHHbIH 3KCIOPTHBIH
KpPU3HUC B CTPYKTYPHO 3aKpelJieHHbIU KoJutanc. Metogpl: aHanu3 cratuctuku OHKTA/L, noksnazos
@®CITI" u BceMupHoro 6aHKa; CpaBHUTEJIbHbBIN aHaAU3 cay4daeB Comanu U JIuBuU. PeaysbTaThl: MOp-
cKHe MapipyThl HemeHa uepes Ba6-a1b-Mane6 HapyieHsl Gosiee yeMm Ha 70 %; noaa Memena Ha
pbiHKe CIIT" Ilepcupckoro 3ajuBa COKpaTHIach A0 HyJid Ha GQOHe BBOJA KaTapCKHUX MOLIHOCTEN B
48 MJIH TOHH B IoJl; pernoHaJIbHas MHTerpanysa sHepreTU4eCcKrUX ceTel OTCYyTCTBYeT. BbIBO: Mephl
10 BOCCTAHOBJIEHHIO MOPCKOM 6€30MaCHOCTH, PpIHOYHOM MHTerpanuyu U GUHAHCOBOTO KOMILJIAeH-
ca JJ0JDKHBI ObITh BK/IIOUYEHBI B CTPATETHI0 TOCTKOHPIMKTHOIO BOCCTAaHOBJIEHUS SHEPTeTUYECKOT0
cektopa MemeHa.

© H.M.H. Al-Eryani, S.B. Zaynullin, 2026
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WHBEeCTULMOHHBIN KJIUMAT U ero BJIUsAHUE
Ha MeXXJYHAapoAHOe COTPYAHUYECTBO

0.B. BopoHkoBa, M. Caniym

@I'BOY BO «Pocculickuii 2ocydapcmeeHHbll
2udpomMemeopoio2uvecKull yHugepcumemy,
2. Cankm-Ilemep6ype (Poccus)

KiroueBble cjioBa U Ppa3bl: MHBECTUIIMOHHBIA KJIUMAT;
MHCTUTYLHOHAJNbHAA CpeJia; MEXAYHapoJHOe COTpyLHHUYeE-
CTBO; 00OOOLIEHHBbI MeTOJ, MOMEHTOB; NaHeJIbHble [aHHbIE;
noporosble 3QQPeKThl; NpsAMble UHOCTPAHHble WHBECTHLHUY;
pPery/siTOpHBIE Gapbephl.

AnHoTanus. llesb uccie0BaHMA 3aKJ/I0YaeTCsl B KoJIMye-
CTBEHHOU OIleHKe BJINAAHUS KOMIIOHEHTOB WHBECTHIIMOHHOIO
KJIMMaTa Ha NpsiMble MHOCTPaHHblEe UHBECTUIIMH U pa3/IMyHble
$OopMBI MeX/IlyHapoJHOI'0 COTPYAHUYECTBA.

B 3azayu uccienoBaHus BXOJWJIM aHAJIW3 HMHCTHUTYLHO-
Ha/IbHbIX U MaKpO3KOHOMHUYECKUX JleTepMUHAHT UHBECTHULIU-
OHHOM aKTHUBHOCTH, OLleHKa UX BO3JeNCTBUSA Ha pa3/IM4yHble
$opMBl MEXAYHAPOJHOTO COTPYAHHUYECTBA, BbISIBJEHHUE IIO-
poroBbiXx 3OPEeKTOB AAMUHUCTPATUBHON 3OPEKTHBHOCTH,
a TaKXe COIOCTaBJIeHHe BJIMSAHUA (QaKTOPOB WHBECTUIMOH-
HOT0 KJIUMaTa Ha MpsiMble UHBECTULIUM U COBMECTHbIE MpeJ-
HNpUATHUS.

['unoresa wuccie0BaHUA COCTOUT B IPEANOJ0XKEHUH,
YTO UHCTUTYLIMOHa/TbHble GAaKTOPhl OKa3bIBAIOT HoJiee cylle-
CTBEHHOe BJIMSIHUE Ha MeX/yHapOJAHYI0 HHBECTHLIUOHHYIO KO-
onepaLltio, 4eM MaKpO3IKOHOMHUYECKHUe II0OKa3aTeH.

MeTo/0/10TUY€eCKYI0 OCHOBY MCCJEeOBAaHUS COCTaBUJI
0000111eHHbIA MeToJ MoMeHTOB (GMM), npuMeHeHHbIH K Ma-
HeJIbHBIM JJaHHbIM 47 cTpaH 32 2013-2025 rr. /lns BbIsiBJAEHUSA
HeJIUHeHHbIX 3G (eKTOB HCII0JIb30BaJICS MOPOTOBBINA MOJXOJ
XaHceHa, a A/ aHa/M3a NPUYUHHO-C/Ie/CTBEHHBIX CBSI3eH —
BEKTOpPHasi MO/ie/Ib KOPPEeKIMU OMKUO0K U TecThl ['peltH/pKepa.

B pesysbTraTe uccie[0BaHUs YCTAHOBJIEHO IpeobJiazia-
HUe UHCTHUTYLHUOHa/JbHBbIX GaKTOPOB HaJ, MaKpO3IKOHOMMYeE-
CKUMHU NIPU OOGbSICHEHUU MEXCTPAaHOBOW BapHaLUM NPSIMbIX
MHOCTPaHHBIX HMHBecTMLUH. Hanbosibliee BjMsiHUE Ipofe-
MOHCTPHUPOBAJIM NOKa3aTe Iy 3alUThl IpaB COGCTBEHHOCTH U
BEPXOBEHCTBA 3aKOHA. BrisiBjieH NoporoBblil 3¢ PeKT afMUHU-
CTpaTUBHOM 3)QPEeKTUBHOCTHU: JOCTHIXKEHHEe OIpeJesleHHOIo
YPOBHSI KauecTBa WHCTUTYTOB CONPOBOX/JIAETCS HEMPOIOp-
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LJMOHAJIbHBIM POCTOM HHBECTULUOHHOW aKTHUBHOCTH, CHHU-
’)KeHHMeM TPaHCAKLMOHHBIX HU3Jep:KeK U yBeJMYeHHeM 4ucja
MeX/YHapOJHbIX COBMECTHBIX NpeANnpuaTHi. HaydHasd HOBU3-
Ha UCCJIeJOBAaHUS 3aKJ/I04aeTCs B IeKOMIIO3MLIUM UHBECTULIU-
OHHOTO KJIUMaTa Ha OT/JeJbHble KOMIIOHEHTHI U BBISBJIEHUHU
MX HEOJJMHAKOBOI'0 BJIMAHUSA Ha pa3/iMyHble POPMbI MeXyHa-
POJHOTO COTPYAHUYECTBA.

TpaHchopMmansa r106aabHbIX TPOU3BO/CTBEHHBIX lieNloyeK U ¢parMeHTal sl MUPOBOTO 3KO-
HOMHUYECKOTO IMPOCTPAHCTBA aKTYyaJU3UPYIOT NEPECMOTP JeTepMUHAHT, ONOCPeAYIOILIUX BbI6OP
JIOKaLlUM JJis1 pasMellleHUs] kKanuTasa. Kiaccuyeckue Mojeny, Bocxojduive K napagurme /[las-
HUHTA, CBSI3bIBAJIM MOTHUBALMI0 MHOCTPAHHOTO MHBECTOpA NMPEUMYyIeCTBEHHO C pecypcHOM obe-
CIIe4eHHOCTbI0, EMKOCTBIO PbIHKA CObITA U CTOMMOCTbIO paKTOPOB NPOU3BOACTBA. IMIIUPUYECKHUE
JlaHHble T0CJIeJHEr0 JeCATUIEeTHUS YKa3blBalOT Ha CMellleHHe aKL,eHTOB B CTOPOHY KaueCTBEHHBIX
XapaKTePUCTHUK Cpeibl — NIPeCKa3yeMOCTH PEryIsiTOPHOIO M0Jisl, TPAHCIIAPEHTHOCTH CYL0NPOU3-
BO/ICTBA, CTAOWIBHOCTU HAJIOTOBOT0 3aKOHOaTebCTBa [1; 2].

TeM He MeHee JJUCKYCCHOHHBIM OCTAETCsl BONPOC O CPABHUTEJIbHON 3HAYMMOCTHU PpopMaIbHbIX
UHCTUTYTOB U MaKpoHUHAHCOBBIX [TI0Ka3aTeJsell IPUMEHUTENbHO K Pa3HbIM THIIAM MeX/yHapoZ-
HOHM KOOTEpaLMH - OT CO3AaHUsA GUINAJIOB 0 3aK/IIYEHUS CTPATErHIECKUX absIHCOB 6e3 06pa-
30BaHUA IOPUUYECKOTIO JIMLA B OPUCAUKLUY PeLUIIUEHTa.

Pa6oTsbl, ony6iMKOBaHHbIE B NOC/AeAHUE TO/bl, QUKCUPYIOT HEOAHOPOAHOCTb 3¢ dekToB. Tak,
McCleJ0BaHMs Ha MaTepUaJlax pa3BUBaAIOIIUXCS PIHKOB JIeMOHCTPUPYIOT MOBBIILIEHHY0 YyBCTBU-
TeJIbHOCTb MHBECTOPOB K 3alllUTe MUHOPUTAPHBIX aKL[JMOHEPOB U YPOBHIO KOPPYNIIMOHHOIO JiaB-
senus [3; 4]. HanpoTtus, npu aHanuse Bei6opkHu cTpaH OI3CP nepBocTeneHHoe 3HaYyeHUe NpHo6pe-
TAOT HAJIOTOBblE CTUMYJIbI U U3LEPKKU aIMUHUCTPUPOBaHUA [5].

O6Hapy>KMBaeTCs MeTOJ0JIOTMYeCKUH pa3pbiB: MHOTME 3MIMpHUYECKHE MOJeNH ONepUupyloT
arperupoBaHHbIMU HUHJEKCaMU, Tepsis cneluPUKY OTAe/bHbIX KOMIIOHEHT, TM60 OrpaHUYUBAOTCS
CTaTU4YeCKUMHU peTrpecCcUsiMU, MTHOPUPYS IHJOIeHHOCTb U 00paTHYIO Kay3aJbHOCTD [6; 7].

llesp HacToOAIEN paboThl — [UbPepeHIMPOBAHHAS OLlEeHKA BJUSHUS KOMIIOHEHTOB WHBECTH-
[JMOHHOTO KJIMMaTa Ha apaMeTpbl MeX/JyHapO4HOI0 COTPYAHHUYECTBA C YCTPAaHEHUEM CMelleHUH,
MOPOXK/IAeMbIX JIBYCTOPOHHEHN MPUYMHHOCTBIO U PONYLIEHHBIMU NTePEMEHHbBIMH.

[ [OCTHXKeHUsl LieJIM N0c/e/0BaTe/lbHO pellajluch 3aJayd NOCTPOeHHUs] MHOTO(GaKTOpHOH
JUHAMHUYeCKOW MOJiesIM Ha NaHeJbHbIX JaHHbBIX, TeCTUPOBAHUSI FMNIOTE3bl 0 HAJIMYMH IOPOTOBBIX
ypPOBHEN MHCTUTYLMOHAJbHOIO KayeCTBa, M0OC/Ie NPeo0JeHUsI KOTOPbIX UHTEHCUBHOCTb KOOIle-
paluy Bo3pacTaeT HENpPONOPLMOHAJIBHO, a TaKXXe CONOCTABJIEHUS 3JIaCTUYHOCTEH [/l IOTOKOB
KalyTaJia B peaJibHbIN CEKTOP U BJIOKEHUU B PUHAHCOBblE UHCTPYMEHTHI.

IMnupuyeckas 6a3a cpopMupoBaHa 1o 47 rocyjapcrsaM, kjaaccuduurpyeMblM BceMupHBIM
06aHKOM KaK CTpaHbl CO CPeJJHUM M BBICOKMM YPOBHEM /[I0X0/ia, 32 BpeMeHHON MHTepBan 2013-
2025 rr. Boibopka uck/o4daeT oduIOpHble IOPUCAUKIIMUA U FOCYAAPCTBA C IKCTPEMAJBLHOU MOJIU-
THUYEeCKON HeCTabUIbHOCTBIO, CIOCOOHOM UCKa3UTh IKOHOMETPUUYECKHE OLleHKHU. 3aBUCHMas lepe-
MEeHHasl — YUCTBhIY IPUTOK NPSIMbIX UHOCTPAHHBIX MHBECTULIUH B NpoueHTax K BBII, nsBiekaeMbiii
u3 6a3el UNCTAD. Jlna TecTUpPOBaHUS POOACTHOCTU [IOMOJHUTEJbHO BBOAUTCA NepeMeHHasl UH-
TEHCUBHOCTH MEX/IyHAPOJHbIX COBMECTHBIX NMPEANPHUITHH, OLleHeHHasl 10 KOJIMYeCTBY BHOBb 3a-
pPerucTpUpPOBAHHBIX OPUAUYECKHUX JIML, C UHOCTPaHHBIM yyacTrveM Ha 1000 pe3nieHTOB Ha OCHOBe
JIAaHHBIX HallMOHAJIbHBIX PErUCTPATOPOB, arperupoBaHHbIX B 6a3e LexisNexis.

HeszaBucuMble NlepeMeHHble CIrPyNIUPOBaHbl B TPU 6J10Ka. [lepBblil 0XBaTbIBaeT UHCTUTYLHUO-
HaJIbHble UHJWKATOPbI: HH/EKC BEPXOBEHCTBA 3aKOHA U UH/eKC KOHTPOJIS KOPPYNLIMY U3 IPOEKTa
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Worldwide Governance Indicators, a Tak:Xe UHAEKC 3alIUThl TPaB COOCTBEHHOCTU U3 €XeroJHUKa
Heritage Foundation. Bropoii 6/10K BKJIl0UaeT MaKpO3KOHOMHYECKHE MapaMeTpbl: TeMI WHGJIs-
[IMY, BOJIATUJIBHOCTh 0OMEHHOr0 Kypca (CTaHAapTHOe OTKJIOHEHHe JHEBHbIX KoJie6aHUM 3a roj)
Y OTHOLUeHMe rocypapcrseHHoro joJra k BBIL. Tpetuii 6s10k npezcTaB/ieH KOHTPOJIbHBIMU Ilepe-
MeHHbIMU: Jorapudm BBII Ha ayury HacesieHus, [0Jisi TOPOJCKOrO HacesJeHHs], 06eCre4YeHHOCTh
IpUPOAHBIMU pecypcaMU (peHTa OT 400bIYU ChIpbs B IpoueHTax K BBII).

MeTof0/10TMYeCKU KapKac BBICTPOEH Ha JAWHAMHUYeCKOU NaHe/JbHOW perpeccuy, OLleHHUBa-
eMOU 0606I1I[eHHbIM METO/JOM MOMEHTOB B CUCTeMHOU crnenudukanuu no ApessaHo — boepy u
brangenny - bonay. UHCTpyMeHTaMHU [Jis1 3HAOT€HHBIX PerpeccopoB CAy:KaT Jlard BTOPOro u 60-
Jiee BbICOKMX MOPsAAKOB. COCTOATE/NbHOCTh OLEHOK BepuduLupoBaHa TectoM CapraHa Ha CBepx-
UJleHTUOHLUPYIOLe OrPaHUYEeHNs U TeCTOM ApeJsilaHO — boH/la Ha aBTOKOppPeJIALUI0 OCTaTKOB
BTOpPOTO nopsjka. [yiss o6HapyKeHUs1 MTOPOTOBbIX 3¢ PEKTOB NPUMEHSIICS MOAX0 XaHCeHa, 03BO-
JIIOLMHA 3HJIOMeHHO ONpeJe/UTh TOUYKY NepeKJ/JYeHUsl pexxuMa 6e3 HaBs3bIBaHUsSl allpUOpPHOU
dyHKIMOHaNIbHON GOpMBL. [lONMOHUTENBHO cleludrLiMpOBaHa BeKTOPHAsA MOJesb KOppeKIUU
OLIMOOK JJIs1 OLeHKU KPaTKOCPOYHOM M JIOJIFOCPOYHOM NMPUYMHHOCTH 1o ['pelH/Kepy Mex 1y UH-
CTUTYLMOHAJIbHBIMU UHJUKATOPAaMU U IOTOKAMH KaluTaJja.

OneHku 6a30BOH crnenupUKaLUM JeMOHCTPUPYIOT, YTO BapHalus BXOAALUX MPSIMbIX MHO-
ctpaHHbiXx UHBecTuL M (IIMH) Ha 62 % 06'bSACHSETCA COBMECTHONW JUHAMUKON MHCTUTYLLUOHAJIb-
HBbIX U MaKpO3KOHOMHYECKUX GaKTOPOB NPU KOHTPOJIe MacliTaba IKOHOMUKH. [IpesiesbHBIN 3¢-
beKT nHJeKca 3alUThI IPaB COGCTBEHHOCTH OKa3aJ/icsl HauboJiee BbIpaXKeHHBIM: POCT MHAUKATOpa
Ha OJIHO CTaH/JlapTHOEe OTKJIOHEHUE COMNPSHKEH C MOBbIIIeHWeM 01U MHBecTUlluil B BBII Ha 0,94
INPOLEHTHOI0 MYHKTA NpH PuKcalyu npouux ycaoBui. KoadduuueHT npu nepeMeHHON Bepxo-
BEHCTBA 3aKoHa cocTaBuJ 0,78 U 3HaUUM Ha OJHOIPOLEHTHOM YPOBHE, TOTAA KaK 3J1aCTUYHOCTh
110 UHJEKCY KOHTPOJIs Koppynnuu gocturaa 0,53. Cpein MakpO3KOHOMUYECKUX NTIepEMEHHbIX Hau-
GoJiblliee JleMpecCHBHOE BO3/leMCTBUE 3aPpUKCUPOBAHO ¥ BOJATUIBHOCTU 0OMEHHOro Kypca (ko-
adpounueHT -0,41), onepexkast Mo MoOAyJI0 BKIaJ UHGAAIKMOHHOTO dpakTopa (-0,22). OTHOLIEHUE
rocyfapcrBeHHoro goJra Kk BBII gfeMoHcTpUpyeT 3HA4UMOCTD JIMILIb [IPU MPEBBILIEHUH 110pOra B
75 %, HUXKe KOTOpPOro CBSI3b CTATUCTUYECKH HEOTJNYHUMa OT HYJIA.

Tect XaHceHa u/ieHTUGHULIMPOBAJ TIOPOTOBOE 3HAUYEHHUE [IJIs1 MH/EKCA BEPXOBEHCTBA 3aKOHA Ha
ypoBHe 0,25 (cTaHaapTu3upoBaHHas 1iKajaa oT -2,5 70 +2,5). B noiBbI60pKe rocy/1apcTB, NpeBoC-
XOAALMX AaHHBIM NMOpPOT, 3JacTUYHOCTh [IMU no npupocTy MHCTUTYLIMOHAJBHOTO KadyecTBa BO3-
pacTaeT 6oJiee 4YEM B/IBOE MO CPAaBHEHHIO CO CPEJHUM I10 BbIOOPKe 3HaYyeHUeM U jgocturaet 0,41.
WHBIMY c/10BaMy, y/y4lleHHe IPaBOBOM cpe/ibl 10C/Ie IPOX0XK/AeHUs oNpe/ie/leHHOro pybexa JaeT
HENpOINOPLHOHAJBHO BBICOKYIO OT/jady B TEPMUHAX NPHUBJIEYEHHsI UHOCTPAHHOTO KanuTasla.

OueHKHU AJis1 aJIbTepHAaTUBHOU 3aBUCHMMOW IlepeMeHHON — KOJIMYeCcTBa COBMEeCTHBIX NpeAIpu-
STUW Ha Aylly HAaceJeHUs — BbISIBUJIM CMELIEHHE 3HAYMMOCTH B I0JIb3y IOKa3aTesJed aJMUHU-
cTpaTuBHOU 3¢pdekTuBHOCTU. COKpallleHUe CpeJIHEr0 BpeMeHH PerucTpalidu HOBOro 6u3Heca Ha
OJIMH JleHb aCCOLMUPYETCS C POCTOM 4YMC/a MeXYHAapOAHBIX MapTHepPCTB Ha 3,2 % NpH Npovux
paBHBIX. B TO ke BpeMsi HaJloroBble CTaBKU Ha NPUOBIIb KOPIOPAL M 0Ka3blBAlOT CTATUCTUYECKU
3HAYMMOe, HO IKOHOMHYEeCKH yMepeHHoe BausAHUe (koadpduuueHT asactuaHocty -0,18), yTo co-
IJIacyeTcsl C TUIOTE30HM 0 CHMXKarLelcs poin GUCKaIbHON KOHKYPEHLUU 110 Mepe BO3pacTaHUs
3HAYMMOCTH HEHAJIOTOBBIX MHCTUTYLIMOHAIbHBIX NPEUMYLIECTB.

PesynbTaThl Tecta 'peliHpxepa NoATBePX/AA0T OJHOHANPAB/IEHHYI0 NPUYUNHHOCTD: yJIydlile-
HUe UHCTUTYTOB NpeJlIecTBYeT POCTY UHBECTULIMHU C JIaroM B OJMH-JBa roga. O6paTHas CBA3b -
OT IPUTOKA KallMTa/la K Ka4eCTBY HHCTUTYTOB — He JleTeKTUPYeTCs Ha IpUeMJIeMOM YpOBHe 3Ha-
YHMOCTH, YTO M03BOJISIET TPAKTOBATh UHCTUTYLMOHAIbHbIE pedOPMbI KaK 3K30TeHHbIH JipaiiBep
MeX/[yHapoZHOH Koollepalluy B paMKaxX UCCIe0BaHHOIO [lepuoza.
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BrisiB/IeHHOe [JOMHUHMpOBaHHE HMHJEKCa 3alllUTbl NpPaB COOCTBEHHOCTU HaJ, (pUHAHCOBBIMU
nepeMeHHbIMH COOTBETCTBYET BbIBOJAM, MPEACTABJEHHBIM B paboTe A/XKeMOIJy U COAaBTOPOB O
IIepBOCTEeNeHHON POJIM UHKJIIO3UBHBIX UHCTUTYTOB, HO OJHOBPEMEHHO BHOCUT YTOUYHEHME, Kaca-
toueecs audbdepennuanuu a¢pdpekToB nmo dpopmam koomnepauuu [8]. [lonyuyeHHbIEe faHHbIE CBU/lE-
TEeJIbCTBYIOT, YTO AJISI NPSMbIX HMHBECTHULUN B OCHOBHbIE QOH/BI KJIOUYEBbIM (GAKTOPOM CIAYKHUT
3alMTa OT SKCIpPONpHAlMU M HelpescKa3yeMOro U3MeHeHHs peryJMpoBaHHs, TOTJA KaK AJs
napTHepckux GopM, NpejroJaralolidx pasjeseHde KOHTPOJA U NpUObLIM, Ha NepeJHUN IJaH
BBIXOZST ONEpPalMOHHbIE AClEeKThl a/IMUHUCTPATUBHOIO GpeMeHH. [JJaHHBIM pe3yJbTaT pa3BUBa-
eT [0JIOXKeHUS, BbIJBUHYTble B 00Jlee paHHUX 3MIIMPHUUYECKUX MCC/Ie/J0BaHUAX Ha IIpUMepe CTpaH
LlenTpanbHoi u BocTtouHo#t EBponbl [9], rie NpUOPUTETHOCTD TEX WU UHBIX KOMIIOHEHT J1€J10BO-
ro KJIMMaTa He Obljla pacKpbITa C HEOOXOAMMOM JleTalr3aLen.

Pukcanusa noporooro 3pdexkTa 4aCTUYHO 0O'bSACHAET NPOTUBOpEUYUs] Mexay paboTaMu, He
0OHApYKMBIIMMU 3HAYMMOMW CBSI3U MexAy UHCTUTyTaMu U [IMW B rpymnie HauMeHee pa3BUTBIX
CTpaH, U UCCJIeJOBAaHUSAMH, KOHCTaTUPOBABIIMMHU CUJIBHYIO NOJIOKUTEBHYI0 KOPPeJIALMI0 Ha Ma-
Tepuasie ToCyAapcTB co cpefHUM poxonoM [10; 11]. [To Bcelt BUAMMOCTHY, 0 llepeceyeHus onpe/e-
JIEHHOTO MHUHHMMaJIbHOTO YPOBHS WHCTUTYLIMOHAJIBbHOW 3peJOCTH UHBECTOPBI HEe pacCMaTPUBAIOT
IOPUCAUKLUIO B Ka4yeCTBe NOTEeHIIMaJIbHON IVIOWEAAKH JJIs OJTOCPOYHBIX IPOEKTOB, OPUEHTUDY-
SICh MCKJIIOYHUTEJIbHO Ha PeCypCHYI0 PeHTYy WJM JOCTYI K JelleBoi paboyei cuie. [Ipeonosenune
nopora nepeBOJUT PeXUM KOHKYPEHLMH 32 KallUTaJs U3 MJIOCKOCTH L1eHOBBIX IPEUMYILLECTB B IJI0-
CKOCTb TapaHTHUH CTaGUIbHOCTH «IIPaBUJI UTPBI».

OrpaHuyeHHs] HACTOSILET0 MCCIe[0BaHUs CBf3aHbl C arperdpoBaHueM noTokoB [IMU 6es
pas/IoXKeHHUd M0 CEKTOpaM 3KOHOMHUKHU M CTpaHaM NMPOMUCX0XKJeHUd KanuTaaa. MHBecTopsl U3 pas-
JINYHBIX IPABOBbIX TPAJULIUK MOTYT NPOABJATH HEOJAUHAKOBYIO YYBCTBUTEJIBHOCTD K OTZEJbHBIM
napaMeTpaM Cpefbl, UTO 3aCJAY>KUBaeT OTJAeJbHOrO aHa/u3a C NpHMeHeHHeM TpaBUTALMOHHBIX
Mozesiel. Kpome Toro, BpeMeHHOU ropu3oHT 2013-2025 rT. oXBaThIBAET NEPUO/ SKCTPAOPAUHAD-
HbIX MOHETApHBIX CTUMYJIOB B Pa3BUTHIX 9KOHOMHUKAX, UCKAKAIOIIUX IJ1I00a/IbHble IOTOKU KaluTa-
JIa; 3KCTpanoJsaLys MoJy4YeHHbIX K09 QULMeHTOB Ha Iepuo/ibl HOpMa/IM3aLuK JeHeKHO-KpeJUT-
HOM MOJIUTUKHU TPeOyeT OCTOPOXKHOCTH.

[IpoBeieHHBIN aHA/NNW3 NO3BOJIMJ 3IMIHMPUYECKU OOOCHOBATb JEKOMIIO3WUIIMIO TOHATUA WH-
BECTHLIMOHHOI'0 KJMMaTa Ha He3aBUCHMMble COCTABJISIOLIME C HEPABHOM CTelleHbI0 BJMSHUSA Ha
MeX/YHapoJHOe 3KOHOMHYECKOe COTpyJLHHYecTBO. [loka3aHo, YTO MHCTUTYLMOHAJbHbIE XapakK-
TEPUCTHUKH, NIpeX/e BCEero 3allluTa NpaB COOGCTBEHHOCTH M BEPXOBEHCTBO 3aKOHA, NPEBOCXOAAT
[0 3HAYMMOCTU MaKpO3IKOHOMHYeCKHe (PaKTOpbl NPU OOBSICHEHUM MEXCTPAaHOBOU Bapualuu
BXOJSIMX MPSIMbIX UHBECTUIIMNA. OGHAPYKEHHBINA MOPOroBbIk 3$PEKT CBHU/IETENbCTBYET O HEJU-
HeMHOM XapaKTepe CBfI3U: rocyapcTBa, ¢opcUpoBaBIIve UHCTUTYLHOHA/IbHbIE pedOPMBI U IIpe-
0Jl0J1eBIIME KPUTUUECKUH pybex KauecTBa pery/asiTOPHOM Cpe/ibl, 10JIy4atoT HEPONOPLHOHAIBHO
6OJIBIINHN BBIMTPHILI B BUJIE MHTEHCUPUKALMY TPUTOKA KAalMTa/la U YBEJUYEeHHUs YMCIa TEXHOJIO-
ru4ecKux napTHepcTB. HoBH3HaA Mcc/1ej0BaHMA 3aKJII0YaeTCsl B OHOBPEMEHHOU OlleHKe BJIUSHUA
KOMIIOHEHTOB MHBECTHULMOHHOTO KJIMMaTa Ha pa3/JiMyHble GOopMbl MeXAYHAPOLHOM KOOMEpaALUH C
yCTpaHeHHeM 3HJ0TeHHOCTH, a TaKXKe B IMIUPUYECKON HleHTUPUKALMK CTPYKTYPHOTO CABUTrA B
3JIaCTUYHOCTH MHBECTHULIMHI N0 MHCTUTYLIMOHAJbHBIM HHAMKATOpaM. JlaJbHellive U3bICKaHUA 1ie-
Jlecoo6pa3HO HANpPaBUThb HAa aHAJ/IU3 CEKTOPAJIbHOMN reTeporeHHOCTU 3G PeKTOB U U3yYeHHUe POJIU
HeOpMaJIbHbIX MHCTUTYTOB, BKJ/IIOYAs [J|eJIOBYI0 3TUKY U UMILIMLUTHbIE KOHTPAKTHble HOPMBI, B
IpYBJIeYeHUM HHOCTPAaHHOIO KanuTaJja.
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Investment Climate and Its Impact on International Cooperation
0.V. Voronkova, M. Salloum

Russian State Hydrometeorological University,
S. Petersburg (Russia)

Key words and phrases: investment climate; foreign direct investment; institutional
environment; international cooperation; panel data; generalized method of moments; threshold
effects; regulatory barriers.

Abstract. The purpose of the study is to provide a quantitative assessment of the impact of
investment climate components on foreign direct investment and various forms of international
cooperation.

The objectives of the study included the analysis of institutional and macroeconomic
determinants of investment activity, the assessment of their impact on different forms of
international cooperation, the identification of threshold effects of administrative efficiency, as well
as the comparison of the influence of investment climate factors on foreign direct investment and
joint ventures.

The research hypothesis is that institutional factors exert a stronger influence on international
investment cooperation than macroeconomic indicators.

The methodological framework of the study is based on the generalized method of moments
(GMM) applied to panel data from 47 countries for the period 2013-2025. Hansen’s threshold
approach was used to identify nonlinear effects, while vector error correction models and Granger
causality tests were employed to analyze causal relationships.

The results of the study demonstrate the predominance of institutional factors over
macroeconomic variables in explaining cross-country variation in foreign direct investment inflows.
The strongest effects were observed for property rights protection and rule of law indicators.
A threshold effect of administrative efficiency was identified: once a certain level of institutional
quality is achieved, transaction costs decrease nonlinearly, stimulating investment activity and
increasing the number of international joint ventures. The scientific novelty of the study lies in the
decomposition of the investment climate into separate components and the identification of their
unequal impact on different forms of international cooperation.
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