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JKypnan BrjIioueH n nxgexcupyercs B 6ase ganHbix PYIHIT
(Poccuiicknit MHAEKC HAyYHOTO LIMTYPOBAHNA,
www.elibrary.ru)) Ha yc/oB1AX IOTHOTEKCTOBOTO pasMelle-
HMA, apXMBUPOBAHNA U JIEIO3UTHOTO XPaHEHNA.

Directory of Open Access Journals — DOA]J
(http://www.doaj.org).

Hayunas 6u6mmoreka oTkpbitoro gocryma «Knbep-
JIeannka». HNY MI'CY npegocTaBu MuIjeH3NIO Ha pas-
MellleHle MaTepuasos )XypHana « CTpOUTeIbCTBO: HayKa

u o6pasosanue» EBSCO Information Services
(http://www.ebsco.com/) — KpyIHejilleMy B MIpe arpera-
TOPY NOTHOTEKCTOBBIX )KYPHA/IOB I APYTUX UCTOYHUKOB
Hay4HOI nH}opmarym. ITonHbIe TEKCTDI BBITYCKOB XKyp-
Ha/la MOYKHO Oy/eT HajiTy B OOHOB/IEHHOII 6a3e JaHHBIX
EBSCO Applied Sciences («IIpukmagmsie HayKi»), KaK
TOJIbKO KOJUIEKIMs OyeT YKOMIUIEKTOBaHa I pa3MellieHa
Ha caiiTe arperatopa. PacnpocTpanseTcs yepes 37eKTpOH-
Hble 6ubnnoTexu «JIanp», «PykoHT», «IPRbooks», BXOZIUT
B Katasor komnanun East View Information Services, Inc.
ITo nanubiM PVIHII, cpenu 756 xypHanoB B 061acTi
crpoutensctBa «CTPOUTENBCTBO: HayKa 1 0Opa3oBaHye»
BXOZIUT B 8 BEYLIMX KYPHAJIOB OTPAC/IN.

Cratbsam npucsansaercs ungposoit ugertudukarop DOL

PEAKONNETHA

Tycamn Anexcanap PomaHOBWY, I7. pefakTop, Ji-p TeXH.
HayK, JIOIL., I1.0. 3aB. Kap. METa//IN9eCKMX U IePeBAHHBIX KOHCTPYK-
unit, HUY MI'CY, Mocksa, Poccust

Kopones Eprenmit BamepbeBud, 3aM. I7TaBHOTO peflakTopa,
I-p TexH. Hayk, 1pod., npopekrop, Cankr-IleTep6yprckuit rocy-
TAPCTBEHHDIN APXUTEKTYPHO-CTPOUTETbHbBII YHUBEPCUTET, CaHKT-
ITetep6ypr, Poccnsa

Cupopos Braguvup Huxonaesud, 3aM. I71. peflaktopa, Ji-p
TeXH. Hayk, mpod., wi.-kopp. PAACH, 3aB. kad. undopmatuku u
npuktagHoi MaTeMatuky, HUY MI'CY, Mocksa, Poccusa

Anexcees IOpuit Bragumuposud, 1-p apXuTeKTypbl, Ipog.,
npod. xad. rpagocrponrenncrsa, HY MI'CY, Mocksa, Poccus

Anppees Bnapgumup Uropesmuy, axkagemux PAACH, n-p
TeXH. HayK, mpod., mpod. kad. conporusnenus Marepuanos, HUY
MTI'CY, Mocksa, Poccus

Annckun Huxonaii AmexceeBud, Ji-p TeXH. HayK, npod.,
nupektop VHCTUTYTa THAPOTEXHMYECKOTO ¥ 3IHEPreTUIeCcKOro
crpoutennpctsa, HUY MI'CY, Mocksa, Poccusa

Tlarapun Bnagumup TennapbeBuy, ur.-xopp. PAACH, g-p
TeXH. HayK, pod., ITTaBHBII HAy4HbIT COTPYAHUK, HayuHno-mccre-
JOBATe/IbCKIIT MHCTUTYT CTPOUTENbHOI Gusnky Poccuitckoit aka-
JeMUM apXUTEKTYPbl M CTPOMTENbHBIX HayK, Mocksa, Poccus

Eprymenko Cepreit VIBaHOBUY, [1-p TexH. HayK, mpod.,
pod. kad. MHPOPMAIIMOHHBIX CHCTEM, TEXHOIOTHIT 1 aBTOMATH3a-
unn B crpoutensctse HNY MI'CY, Mocksa, Poccus

Kantapyxn Vismann IpuropbeBmdy, i-p TexXH. HaykK, npod.,
npod. Kad. TMAPABIMKM U TULPOTEXHMYECKOTO CTPOMTENTLCTBA,
HINY MI'CY, Mocksa, Poccus

Mawnnsn Jleon Pagasnosuy, akagemux PAACH, n-p TexH.
HayK, 1pod., mpod. Kad. aBTOMOOUIBHBIX JOPOT, JJOHCKOIT Tocyaap-
CTBEHHBIV TEXHIYeCKNIT yHUBepcnTeT, PocToB-Ha-Jlony, Poccusa

Opnos Bragumup AnekcaHgpoBud, [i-p TeXH. HayK, Ipod.,
npod. BofocHabxenus un BogoorseaeHusa, HIY MI'CY, Mocksa,
Poccna

ITycroBrap Amnppeit IlerpoBud, KaHj. TeXH. HayK, [OIL,
HayuHblli pykosogutenb HVIV crpouTenbHbIX MaTepuanoB U TexX-
nomoruir, HUY MI'CY, Mocksa, Poccusa

Conosbes Anekceit Kupmmurosuy, a-p texH. Hayk, npog.,
npod. kad. mpoekTUpoBaHUA 3aHUIT 1 coopyxennit, HY MI'CY,
Mocksa, Poccusa
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The journal is included (digital archiving, deposit and delivery
to users on an agreement for a MGSU) in the database

of Russian Science Citation Index (RSCI), supported by

the Scientific Electronic Library www.elibrary.ru on terms

of full text placement.

Indexed by Directory of Open Access Journals — DOAJ
(http://www.doaj.org).

Russian open access scientific library CyberLeninka.

Moscow State University of Civil Engineering has entered into
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The full text of Construction: Science and Education will be
found on EBSCO’s upgraded Applied Sciences database once
the collection is complete.

Distributed through electronic libraries “Lan”, “Rukont”,
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According to the RSCI, “Construction: Science and Education”
is one of the eight leading industry journals among 756 journals
in the field of construction.
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PEARKLHOHHDIH COBET

Teanuenko Bagepnii UBanoBuu, npencenarens, aka-
nemuk PAACH, mepserii Bune-npesuneHtT PAACH, a-p texH.
HaykK, npod., nmpod. kad. cTpOUTEILCTBA 0OBEKTOB TEIJIOBOM
U aTOMHOW 3HEpPreTHkH, rnoderHsli npesunent, HUY MI'CY,
Mocksa, Poccus

AxuHTONa AKHHTOe, 1-p, npod., aekan llIkonsl crpou-
TEIbCTBA U OKPYXKaIOLIeH IpUpoIHOit cpenbl, Npod. kad. 3KoHO-
MUKW M YHPaBJIE€HHS CTPOUTENIBCTBOM; WwieH LleHTpa mo ycToii-
YUBOMY Pa3BUTHIO CTPOUTENBCTBA, YHHMBepcUTeT LleHTpanabHOro
Jlankammupa, Ilpecron, Coenunennoe KoponesctBo BennkoOpu-
tannu 1 CeBepHoit Upnananm

Beauxos Buranuii BacuiibeBn4, 1-p TeXH. HayK, [TaBHBIN
Hay4HBII COTPYIHHK JIAOOPATOPHU THIPOJIOTHH PEYHBIX Oacceid-
HOB, MHCTUTYT BOaHbIX mpoOieM Poccumiickoil akageMun Hayk,
Mockga, Poccust

Benocrouxnii Anexcanap MuxaijioBHY, 1-p TEXH. HayK,
mpod., akanemuk PAACH, nayunslii pykoBomurtenb Haywno-
00pa30BaTeNbHOTO LEHTPa KOMITBIOTEPHOTO  MOJEIMPOBAHUS
YHHKQJIBHBIX 3JIaHNH, COOPYXEHHI 1 KOMIUIeKcoB M. A.B. 3oi10-
toBa, HUY MI'CY, Mockga, Poccus

Barun Huxonaii UBaHoBHY, 1-p TeXH. HayK, pod., npod.
Kag. CTPOUTEIILCTBA YHUKAIBHBIX 3/1aHUH U coopyxeHni, CaHKT-
[erepOyprekuii monurexHudeckuii ynusepeurer I[lerpa Bemu-
koro, Caunkr-IlerepOypr, Poccust

Bepuep Urops M., 1-p, Ph.D., Texunon — M3paunbckuii
HHCTUTYT TeXHOJIOrnit, Xaiida, U3pamib

BuaacoB [lenuc HukonaeBu4, 1-p TeXH. HayK, Ha4YaJIbHUK
MacTepCKOil TpaHCIOPTHOTro 00Ciy>kMBaHUs HayuHO-1IpOEKTHOro
o0BeAMHEHNUS TpaHcHopTa u Jopor, Hayuno-uccnenoBarenbCkuit
U TPOEKTHBIH MHCTUTYT [eHepanbHOro miaHa ropopa MOCKBBI,
Mockga, Poccust

I'pa¢pxuna Mapuna BaagumMupoBHa, 1-p TEXH. Hayk,
mpod., 3aB. Kad. IKOIOTHUECKOW OE30MaCHOCTH TEXHUYECKUX
cucteM, MOCKOBCKHI IMOJIMTEXHUUECKUN YHUBEPCUTET, MOCKBa,
Poccus

Epodees Baagumup TpodumoBuu, akagemuk PAACH,
I-p TEXH. HayK, npod., JeKaH apXUTEKTypHO-CTPOHTEIHLHOTO
(akynbrera, 3aB. Kad. CTPOUTEIBHBIX MaTEPHAIOB M TEXHOJO-
ruil, HannonanpHbIi uccnenoBarensckuit MopIoBekHii rocyaap-
crBeHHbI ynusepcurer um. H.I1. Orapesa, Capanck, Poccus

3aBaackac damanaac Kazemupac, HHOCTpaHHBIN WieH
PAACH, n-p texH. HayK, mpod., 3aB. Ka). CTPOUTEIBHBIX TEX-
HOJIOTUH U yIpaBiIeHUs], BUIbHIOCCKUI TeXHUYECKUN YHUBEp-
cuteT uM. ['enemunaca, BunbHioc, JIuta

HNnbuyeB BsiuecsiaB AjiexkcanapoBuy, akanemuk PAACH,
sune-npesugeHt PAACH, akagemux PUA, n-p texH. Hayk, npod.,
HayuHblii pykoBozutens, OO0 «loxzemnpoexr», Mocksa, Poccust

Kapnenko Hukonaii UBanoBuu, akanemux PAACH, n-p
TEXH. HayK, mpod., 3aB. JabopaTopueil MpodIeM MPOYHOCTU U
KauecTBa B CTPOUTENbCTBE, HayuHo-nccIe10BaTeIbCKIid HHCTH-

TYT CTpouTeNbHOU (usku Poccuiickoit akageMun apXUTEKTypbl
U CTPOUTENbHBIX HaykK, MockBa, Poccust

Kosiiep KoncranTuu, 1-p TexH. Hayk, A0L., TexHHOH —
W3pamibckuii HHCTUTYT TexHonorui, Xaiida, M3pams

KonuynoB Burammii UBanoBuy, akanemux PAACH, n-p
TEXH. HayK, npod., 3aB. Kad. YHUKAIBHBIX 3[JaHUH M COOpYKe-
nuii, KOro-3anagueiii rocynapcTBeHHbIH yHuBepcuret, Kypck,
Poccus

Kocuupin Cepreii BopucoBud4, a-p TexH. Hayk, npod.,
3aB. Kad). TCOPETHICCKOI MeXaHHUKH, PoCCHICKUil yHUBEPCHTET
TpaHcnopra, Mocksa, Poccust

Kynpusinos Banepuii Huxoaaesuu, ui.-kopp. PAACH,
I-p TeXH. HayK, Ipod., mpod. Kad. IMPOEKTHPOBAHUS 3IaHHI,
Kazanckuii rocymapcTBEHHBIH —apXUTEKTYypPHO-CTPOHUTEIbHBIHN
yHusepcuret, Kasans, Poccus

JlecoBuk Basiepuii Cranuciapouy, €wi-kopp. PAACH, n-p
TEXH. HayK, pod., 3aB. Kad. CTPOUTEIHHOIO MaTepUaIoBE/ICHHSI,
M37IeNMi ¥ KOHCTPYKIMI, benaropoackuii rocynapcTBEHHbIH TEXHO-
norudeckuit yausepeureT uM. B.IN Illyxosa, benropoxn, Poccus

Meuepun Bukrtop, gokrop-uH)eHep, 1pod., npod. kad.
CTPOMUTENIBHBIX MATEPHAJIOB CTPOUTEIBHOTO MHCTUTYTa, TeXHH-
yeckuil yausepcutet [lpesnena, ['epmanns

Opeabckas Oabra Bnagumuposua, wi.-xopp. PAACH,
I-p apX., mpo@d., npod. Kag. apXUTEKTypHOTO IPOCKTHPOBAHUS,
Huxeropoackuil rocynapcTBEHHbIH apXUTEKTYPHO-CTPOUTENb-
Hblil yHuBepcuret, Huxuuit Horopoa, Poccust

IlepBoB Anexceii 'epmaHOBUY, J-p TEXH. HayK, Mpog.,
npod. xad. BomocHabxeHus u BopoorBeneHus, HUY MI'CY,
Mockaa, Poccus

ITonomapes Amnapeii BynmmupoBu4, 1-p TEXH. Hayk,
mpod., 3aB. Kad). CTPOUTEIFHOTO MPOU3BOJCTBA U F€OTEXHHKH,
[lepMckuit HaIMOHAJIBHBIN UCCIIEIOBATENbCKUI TOTUTEXHUYEC-
kuii yHusepeuter, [lepms, Pocens

Cxouayoosuy FOpuii Jleonnosuy, ui.-kopp. PAACH, n-p
TEXH. HayK, mpod., pextop, HoBocrOMpckuii rocyaapcTBeHHbII
ApXUTEKTYpPHO-CTpOoUTENbHbINH yHUuBepcurer (Cuberpun), Hoso-
cubupck, Poccust

TkaueB Banentun HuxuroBm4, a-p apx., npod., npood.
kad. apxurekrypsr, HUY MI'CY, Mocksa, Poccust

Tpasym Buaagumup Wabwny, akagemmk PAACH, g-p
TeXH. HayK, Ipod., 3aMeCTUTEIb I'eHEPAILHOTO JUPEKTOpa IO
Hay4yHOH pabote, raBHbld KoHCTpykTOp, 3AO «loprnpoekT»,
Mocksa, Poccus

®apauc Muxayis H., a-p, npod., npod. u aupexrop
J1a60paTopuu KOHCTPYKIUI CTPOUTEIHHOTO (aKyIbTeTa, YHU-
Bepcuret [larpaca, [larpac, ['pemms

Yepusiii Podepr, 1-p, npod., npod. kad. cTpouTenbHbIX
MarepuagoB U XUMHHM, Yemckui TEeXHMYECKUl YHHBEPCUTET
B [Ipare, Yenickas PecnyOnuka
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AHHOTALUMUA

BBeaeHwme. [pocTpaHCTBEHHbIE CTEPXXHEBbBIE KOHCTPYKLIMM NOKPLITUIA NPUMEHSIOT Ans 6onee adhdeKTUBHOIO NPOMbILLINEH-
HOro NPOV3BOACTBA CTPOUTENMbHBLIX KOHCTPYKLMIA, YTO NMO3BONSET CHU3NTbL 3aTpaTbl OT MAacCOBOCTU WX BbiMycka, cneuvanu-
3auuM NPOU3BOACTBA U PaLMOHaNbHOCTV KOHCTPYKTUBHBIX peLlueHuid. [pn npoeKTMpoBaHnM NpoCTPAHCTBEHHbIX MOKPbLITUI
MCMOMb3YIOT YHUKANbHblEe KOHCTPYKLMN €OVHUYHOMO UCMOSTHEHUS, KOTOPbIe MOMOraloT PeLlnTb rpaHANO3HbIE apXUTEKTYp-
Hble 1 PyHKLMOHaNbHbIE 3adaun. bonbwmm CNpocoM MOnb3yTCA U NOKPbLITUSA, UMEIOLLVE B CBOEN OCHOBE CTaHAApTHbIe
3MeMeHTbI, KOTOpble CMOCOBCTBYIOT CO3AAHMNIO PA3MUYHBIX aPXUTEKTYPHBIX (DOPM.

MaTtepuansl u metoabl. [peamMeToM “ccneaoBaHNUs CryXUT NPOCTPAHCTBEHHAs apXUTEKTYPHO-KOHCTPYKTUBHAs cuctema,
KoTOpas AaeT BO3MOXHOCTb BOMMOTUTb MPOEKTUPOBOYHbIE 3a4auu, ABNSACh ObICTPOBO3BOAMMON, NETKON, NMEIOLLEN YHU-
MUMPOBaHHbIE 3NIEMEHTbI, UCKMNIOYAIOLLME MOHTaXHYIO CBapKY. Takne apkv HangyT LWMPOKOE MPUMEHEHNE OT CMOPTUBHbIX
[0 BbICTABOYHbIX KOMMNMEKCOB brnaropgapsi nx ObICTPOMY MOHTaxy. Apka MOXeT UMEeTb OYepTaHWs OKPY>KHOCTW, annwunca,
napabonbl unu, n3rnbasce B AByX HanpaBneHusix, NPUHUMaTe (OOPMY NMPOU3BOIbHOW KPMBOW C COMPSXEHNEM KPUBbIX, N30-
FHYTbIX B Pa3Hble CTOPOHbI.

PesynktaThl. [MpocTpaHcTBEHHast apka cobpaHa no NpuHLMNY Kpuctannorpaduieckon TPUaHrynaLMoOHHON CXeMmbl, rae
MOXHO BbIAENUTH BEPXHUIA N HWXKHWI NOSICa, PackoChl U CTePXHW. MNpeanoxeH HOBbIN YHUBEPCanbHbIN LWAPHUPHBIA coeamn-
HUTEMbHBINA ANEeMEeHT, CBA3bIBAOLLMIA OT LWECTH A0 ABEHAALATU CTaHAAPTHbLIX CTEPXKHEN, YTO AaeT BO3MOXHOCTb A0OUTLCS
MWHUMarbHOrO KONMYecTBa TMNOPa3MePOB U BbIMOMHATL HA3EMHYHO PYYHYI0 COOPKY YKPYMHEHHbIX 3MEMEHTOB KOHCTPYK-
LK1, NPOCTPaHCTBEHHAS XECTKOCTb CUCTEMbI 06ecneyeHa Npu Nx LLApHUPHBIX CBS3SIX MexXay COBoM.

BbiBoabl. PesynbraThl MccneaoBaHys No3BONSAOT CHMTATb Tako BapuaHT CTEPXHEBOW NPOCTPAHCTBEHHOW apku nepcrnek-
TUBHbIM peLleHneM. YCTaHOBMEHO, YTO OCHOBHbLIM HanpaBieHWeM yCOBEPLUEHCTBOBaHUSI MPOCTPAHCTBEHHbIX CTEPXHEBBLIX
KOHCTPYKLMI SIBMSAETCA paspaboTka HOBbIX Y3MOBbIX COEAUHEHWIA.

KIMKOYEBBIE CITOBA: npoCcTpaHCTBEHHbIE MOKPbITUSA, METANNNYeCKne KOHCTPYKLUN, apXUTEKTYPHO-KOHCTPYKTUBHbIE CU-
CTeMbI, MPOCTPAHCTBEHHAs apka, MPOCTPaHCTBEHHAS XECTKOCTb, LUAPHUPHOE COEAUHEHNE, KOHHEKTOP

OonAa UWUTUPOBAHUA: Llapumosa H.I~, Tymacos A.A., KypbaHosa A.A., LimaHkesuy A.B. ®opmoobpasoBaHue 3gaHuin Ha
OCHOBE CTEPXXHEBbIX apOK C M3MeHsieMon reomeTpuen // CTpouTenbCcTBo: Hayka n obpasoBaHue. 2023. T. 13. Bein. 2. Ct. 1.
URL: http://nso-journal.ru. DOI: 10.22227/2305-5502.2023.2.1
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Shaping of buildings based on rod arches with variable geometry

Nadezhda G. Tsaritova, Alexander A. Tumasov, Anastasia A. Kurbanova,

Anastasia V. Shtankevich
South-Russian State Polytechnic University (NPI) named after M.1. Platov (SRSPU(NPI));
Novocherkassk, Russian Federation

ABSTRACT

Introduction. Spatial core structures of coatings are used for more efficient industrial production of building structures,
which reduces the costs of their mass production, specialization of production and rationality of design solutions. When
designing spatial coverings, unique designs of single execution are used, which help to solve grandiose architectural and
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functional tasks. But coatings that are based on standard elements that help to create various architectural forms are also
in great demand.

Materials and methods. The subject of the study is a spatial architectural and structural system that is capable of
implementing various design tasks, being fast-built, lightweight and having unified elements that exclude assembly welding.
Such arches will find wide application from sports to exhibition complexes, thanks to their quick installation. The arch can
take the shape of a circle, an ellipse, a parabola or bending in two directions, the arch can take the form of an arbitrary curve
with the conjugation of curves curved in different directions.

Results. The spatial arch is assembled according to the principle of a crystallographic triangulation scheme, where
the upper and lower belts, braces and rods can be distinguished. A new universal joint connecting element connecting
from six to twelve standard rods is proposed, which allows achieving a minimum number of standard sizes and performing
ground-based manual assembly of enlarged structural elements, the spatial rigidity of the system is ensured when they are
articulated together.

Conclusions. The results of the present study allow us to consider such a variant of the rod spatial arch as a promising
solution, as a result of the theoretical study, it was found that the main direction of improvement of spatial rod structures is
the development of new nodal connections.

KEYWORDS: spatial coatings, metal structures, architectural and structural systems, spatial arch, spatial rigidity, hinge joint,
connector
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BBEJAEHHUE

[IpocTpaHCTBEHHBIE KOHCTPYKTUBHBIE CHCTEMBI
MOKPBITUS JAalOT BO3MOXXHOCTh ONTHUMH3UPOBATH
UCTIONIB30BaHNE MaTePHAJIOB U 3HAYUTEIHHO 00IErYUTh
KOHCTPYKIHH, SIBISISICH (DAKTOPOM MTPOCTPAHCTBEHHO-
ro 1 00bemMHOTO (hopMupoBaHUs coopyxeHus. OaHH
u3 HauboJiee NepCHeKTUBHBIX CUCTEM Ha CETOAHAIIHIN
JICHb ISl IPUMEHEHHS B MOKPBITUSIX — CTEP)KHEBBIC
npocTpaHcTBeHHBIe cucTeMbl [1-3]. B cTpoutens-
CTBE aKTyaJlbHa 3ajjaya IOMCKa COBPEMEHHBIX apXH-
TEKTYPHO-KOHCTPYKTHUBHBIX CHCTEM, IO3BOJISIONINX
pa3pabarbiBaTh HOBBIE METObI BO3BEICHUS 3aHUN
u coopyxxkeHuil. Ocoboe BHUMaHHUE CTOUT YACTUTH MC-
CJIEZIOBAHHUIO MTPOCTPAHCTBEHHO-BPEMEHHBIX Mpeodpa-
30BaHUH CTEP)KHEBBIX MIPOCTPAHCTBEHHBIX MMOKPBITHH.

IIpocTpaHcTBEeHHBIE METAIIHYECKHE KOHCTPYK-
LM TTOKPBITHS, OTIINYAIOLINECS JIETKOCTBIO, KOMITO3H-
IIUOHHON THOKOCTBIO POPM, COOPHOCTHIO, CITYXkKAT OC-
HOBHBIM MHCTPYMEHTOM apXHUTEKTOpa M KOHCTPYKTOpa
B CO3/IaHUH 3AaHUH U COOPYKEHUH CpeTHUX 1 OOIBIINX
nposneToB [4, 5]. KittoueByro poib B HUX UTPAIOT CTEPK-
HEBBIE KOHCTPYKTHBHBIE 3JIEMEHTHI OCTOBA, IIPH 3TOM
CTEP>KHU UMEIOT JUTHUHY OT 2 110 20 M.

B ¢dopmupoBaHuM IPOCTPAHCTBEHHBIX MOKPHITHIH
HCIONb3YIOTCSI HETUIOBbIE KOHCTPYKTUBHBIE CHCTEMBI
Pa30BOTO MCIIOIHEHUS, CIIOCOOHBIE PENIaTh TPAHANO03-
HBIE apXUTEKTYPHO-XYJ0’)KECTBEHHBIC U (DYHKIIMOHAIb-
Hble 3afaun [6—8]. lupokuM CIpocoM MONb3YIOTCS
U CHUCTEMBI, C TMIOMOIIBI0 KOTOPHIX MOXXKHO CO37aBaTh
3HAYMUTEIIBLHBINA CIIEKTP apXUTEKTYPHBIX (hOPM Ha OCHO-
B€ CTaHJAPTHBIX IEMEHTOB, OTIMYAIOIINXCS MaJlbIM
KOJIMYE€CTBOM TUIIOB CTEPIKHEH U COEAUHUTENIBHBIX le-
MeHTOB. CTaHapTH3aIys 1 yHU(UKAIWS TPEOoNaraoT
CYIIECTBEHHOE CHIDKEHHE CBapPOYHO-MOHTAXHBIX padoT
Ha 00BEKTE, BBINOJIHEHHE KOTOPBIX COMPSIKEHO C BBICO-
KOH TPYIOEMKOCTBIO U OTCYTCTBUEM KOHTPOJISI KaYeCTBa.

ABTOpaMn pa3pabaTbiBaeTCs yHHKaJIbHAsl KOH-
CTPYKIIMS IPOCTPAHCTBEHHOIO MOKPBITUS HAa OCHOBE
CTEpP)KHEBOH apKu, 3Ta padboTa TpedyeT KOMIUICKCHOTO

MO/IX0/1a OT APXUTEKTYPHOI ujen (hopMooOpa3zoBaHus)
IO KOHCTPYKTOPCKUX PAcUYeTOB U TEXHOJOTHIA BO3BEIC-
HUS TOA00HOTO poja 3maHui. YToObI CIpaBUTHCS C TTO-
CTaBJICHHOH 3a/1aueil, He0OX0IMMO HCIIOIb30BATh CO-
BpPEMEHHBIC TTPOTPAMMHBIE KOMIUIEKCHl — TEXHOJIOTHH
uHpopmalmonHoro moxaeauposanus (TUM).

B nacrosiiee BpeMst €CTb MHOXECTBO UCCIIEI0BaA-
HUH MOXOXUX NPOCTPAHCTBEHHBIX KOHCTPYKLUMM B PD
u 3a pyoexom. [IpumepaMu MOTYT CITy)KUTb CHIOPTHBHAs
apena B JIy)xHuKax, enoBas apeHa B I. Coun, pa3aBK-
HOE TIOKPBITHE CTaaroHa B TOPOHTO, MOKPHITHE JICTHETO
ampurearpa B Buteocke, craquons! B [1lanxae u Pume.
Ho Bce oHU MOCBSIIEHB! IPOCKTUPOBAHUIO U aHATH3Y
HaIpsHKEHHO-Ie(pOPMUPOBAHHOTO COCTOSTHHS 3JIEMEH-
TOB CTAIlHOHAPHBIX MOKPBITUH, aBTOPAMHU HACTOSIIETO
MCCTIEIOBAHMUS TIPEUIaraeTcs H3ydeHne TpanchopMupy-
€MOU IIPOCTPAHCTBEHHOU CTEP’KHEBOU apKH.

IToutn Bce cymiecTByIOMHE apXUTEKTYPHO-KOH-
CTPYKTUBHBIE CHCTEMBI MTPOCTPAHCTBEHHBIX TOKPHITHI
CPeIHUX U OOJIBIIMX MPOJICTOB HE 00JIJat0T MOOMIIb-
HOCTBIO, T.€. CIIOCOOHOCTBIO OBICTPO MOHTHPOBATHCS
1 AEMOHTHPOBATHCS. DTO CBSI3aHO C THUIIOM COEIMHEHHUH
OTIETBHBIX COCTABIISFOIIHX, KOTOPBIC, KAK IIPABIIIO, SIBIIS-
10TCs skecTKIMH [9]. PazpaboTaHHbIC B MUPOBOIA IIPAKTHKE
OT/IeNIbHBIE CUCTEMBI MTHOBEHHO JKECTKHX CTepKHE-BaH-
TOBBIX KOHCTPYKIIWH, 00JIaJat0IIHe BRICOKOW MOOMITEHO-
CTBIO, OTPAHIYEHHI 110 (hOpME U pa3Mepam, 4To HE TI03BO-
JISIeT UCTIONB30BaTh NX Ha 00BEKTaX CTPOUTEIIHCTBA.

MATEPHUAJIBI U METO/JbI

IIpenmeT uccnenoBanuii 1 pazpaboOTOK aBTOPOB —
IPOCTPAHCTBEHHAS apXUTEKTYPHO-KOHCTPYKTHBHAS
cucTeMa JaeT BO3MOXKHOCTH PElIaTh LIMPOKHH KPyT
ApPXUTEKTYPHBIX 33]a4 U [IPU 3TOM HCIIOJIb30BaTh KOM-
OMHATOPHO THOKYIO U OBICTPOMOHTHPYEMYIO, JIETKYIO
1 YHUQUIMPOBAHHYIO KOHCTPYKTUBHYIO OCHOBY. MHke-
HEpHO-TEXHHUYECKHM YCIOBHUEM B pa3pabOTKe SBISETCS
CO3/1aHKe YHU(DHUIMPOBAHHOIO COSMHEHUS CTPEIKHEH,
MCKITIOYAOII[Er0 MOHTAXKHYIO CBapKYy.

(81) Z HOALIGY L WOL isaaonty
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Puc. 1. Ilpoduim cTepKHEBBIX apoOK: @ — OKPYKHOCTH;
b — snnunc; ¢ — runepboina; d — mapabona; e — KpuBasi,
W30THYTAasl B JIBYX HalpaBJIeHHUsIX (PHCYHOK aBTOPOB)

Taxast crcTemMa TeOpeTHIeCcKn Co3/1aHa 1 arpoOHupo-
BaHa Ha MOZIeJIsIX. B OCHOBE ee cTepykHeBast pelieTka Tpu-
aHTyasioHHoro Buja [10], mpuMeHsieTcst Kak Iiockast
(omHOCTIOIHAS), TaK ¥ IPOCTPAHCTBEHHAS (IBYXCIIOWHAS).

V3meHeHne ouepTaHusi apKy 3aBUCUT OT BHIOpaH-
HOM JUIMHBI CTEP’KHEBBIX AneMeHTOB [11-13]. Ouep-
TaHUsl apKU M, COOTBETCTBEHHO, CTPEIy IMOAbeMa
U TIPOJIET MOKHO BBIOMPATH COIVIACHO TPHHIIUITY OTITH-
MU3aIUH IIPOCTPAHCTBA MO Pa3INIHbIC (PYHKIMOHAIb-
HBIE TIPOIECCHI (CTIOPT, BHICTaBKa, TOPTOBJISL, KOHIIEPTHI,
CKJIaJ], TIPOU3BOJCTBO M T.1.). ApKa MOXET, N3rndasch
B OJIHOM HarpaBJIEeHUH, IPUHUMATh OYEPTaHUSA, COOT-
BETCTBYIOIIME MaTeMaTHYECKUM TUIOCKHM ajiredpanye-
CKHM KPHBBIM BTOPOTO MOPSIJIKA: OKPYKHOCTB, JJUINIIC,
runepOona, napadona, nukiaouna [14]. Marubasce
B JIByX HalpaBJICHUSX, apka MOXET IPUHUMATH (hopmy
MIPOU3BOJIBHON KPUBOM C CONPSHKEHUEM KPUBBIX, U30-
THYTBIX B Pa3HbIe CTOPOHHI (pHcC. 1).

[TonsiTHE «IMHAMHKa)» B apXUTEKType, KPOME ac-
COIIMAaTHBHO-00PAa3HOTO COAEPKAHUS (POPM U KOMIIO-
3MNKH, Tody4aeT Gu3nueckoe 3HaUYCHUE, CBSI3aHHOE
C IPOCTPaHCTBEHHO-BPEMEHHBIMH XapaKTePHCTUKaAMA
OpraHu3yeMoil cpelibl. ITO CPaBHUTEILHO HOBOE Ka-
YEeCTBO TOHATHS «IMHAMHKa)» B apXUTEKTYpE CBS3aHO
U C apXUTEKTYPHOH JEeITEIbHOCTHIO — MaTepPHATbHBIM
U apXHUTEKTYPHO-KOHCTPYKTHBHBIM (opMO0Opa3oBa-

BapuanTsr Gopm reomerpun

Puc. 2. dopma apXUTEKTYPHBIX 0OBEKTOB Ha OCHOBE CTEPIK-
HEBOM MPOCTPAHCTBEHHOH apKu (PUCYHOK aBTOPOB)

HueM. [Tog TUHAMUYHBIM apXHUTEKTYpPHO-KOHCTPYK-
THBHBIM (OPMOOOpPa30BAHHUEM CJIEyeT ITOHUMATh
COBOKYITHOCTH TpaHC(OpMALNii TeOMETPHUECKUX Ta-
paMeTpoB U3MeHseMOH cpenbl (KNHEMaTHKy) U Mexa-
HU3Ma (QU3NYECKUX NpeoOpa3oBaHUN MaTepHaIbHON
000JI0YKH OPraHU3yeMOro ITPOCTPAHCTBA.

B ucropun apxXuteKTyphl, 0COOCHHO COBPEMECHHOM,
M3BECTHO MHOXKECTBO IPHMEPOB HCIIOIb30BAHUS apOK
B ()OPMUPOBAHUN YHUKAJBHBIX 3[JaHUI U COOPYKEHUH.
CoBpeMEeHHBIH ypOBEHb CTPOUTEIHHOTO HCKYCCTBA
U TEXHUKH IT03BOJISIET apPXUTEKTOPY Peajin30BaTh CBOU
(hanTaszum (puc. 2), co3maBas BEIPA3UTENBHBIN U TIpe-
JIETIbHO (PyHKIIMOHAIILHBIN MTPOCTPAHCTBEHHBIN OOBEKT.

[IpennoxeHHass aBTopaMu KOHCTPYKIUS TpaHC-
dbopMupyeMO#l apku MOXET NPUHUMATh JO0YIO
n3 GopmM, MPEICTaBICHHBIX Ha PUC. 2, 32 CUET MOIABHK-
HBIX (IIAPHUPHBIX) COCTUHEHUN MEXIY OTACIbHBIMU
CTEp)KHSAMHU W N3MEHEHHMS JUIMHBI CTEP’KHEH HIKHETO
mosica. Bce BHUJbI ITOJTYYa€MBIX TaKUM 06p8.30M KHHE-

reOMeTpI/I‘{eCKaH TIOBEPXHOCTDH

O6BbeMHO-IIPOCTPaHCTBeHHAs popma
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MaTHYECKHUX CHCTEM CIIOCOOHBI TPaHC(HOPMHPOBATHCS
U3 IJIOCKOTO COCTOSIHUS B IPOCTPAHCTBEHHOE.

B Tabnune nmpeacTaBieHbl BAPHAHTHI UCHOIB30-
BaHMsI TPaHC(HOPMUPYEMOIl CTEp)KHEBOW apKu B (op-
M000Opa30BaHKH 3/1aHUH U coopykeHHu. Takue popmbl
SABJIAIOTCS 3aKOHYEHHBIMH 00bEMaMH, CIIOCOOHBIMH aK-
THUBHO y4acTBOBATh B ()OPMUPOBAHNHU OTKPBITHIX MPO-
CTPAHCTB, B Pa3BUTHU U PEKOHCTPYKIUU CYIECTBYIO-

UX aHcaMOIei.

PE3YJIBTATHBI UCCJIEJOBAHUA

B pesynbrare npoBeAeHHBIX HCCIEJOBaHUM MPO-
JIyKTUBHOE IPEJIOMIIEHUE IIPUPOAHON KUHEMATUYECKOI
MOJIENY B a@pXUTEKTYPHO-KOHCTPYKTHBHYIO (hopmy BO3-
MOJKHO IIPHU Peau3aluy CICAYIOUUX TPeOOBaHHIA:

* TEOMETPHUYECKH HEH3MEHseMasl CXeMa CTPYK-
Typbl IpU HIAPHUPHOM COEIMHEHUHU BCEX

CTepIKHEH MEXIy co0oii;

(81) Z HOKLIGG "G WO Meeoceigon exren
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° HaJMYKE IAPHUPHBIX CBA3EH MEXKIY CTCPIKHSI-
MU, 00€CTICYMBAOIIIX HEOOXOAUMYHO KHHEMa-
TUKY BCEH CTPYKTYDE;

* BO3MOXXHOCTh M3MEHEHHUS JIUHBI CTEP)KHEH
OJTHOTO MJIM O0OMX CJIOEB CETCH.

WHTepec npu KOHCTPYHUPOBAHUH POCTPAHCTBEH-
HOW apKH MPEJCTaBISET BEIOOP y3II0BOTO COCAUHEHHS.
VY3110BBIE COTIPSKEHUS IO THITY MOHTAXKHBIX COSIHHE-
HUW MOXKHO pa3lieNuTh Ha: CBapHbIe; OOJITOBBIE (OCe-
0O0JTOBBIC, CIBUTOOOJITOBBIC); IIMIOHOYHBIC, KOHTAKT-
HbIC, KOHTAKTHO-()PUKIIMOHHEIC, KOMOMHUPOBAHHEIC.

B Hacrosmie# ctaThe paccMaTpPHUBAIOTCS BUIBI
1 KOHCTPYKTHUBHBIE BAPHUAHTHI IMIAPHUPHBIX COETMHEHUH
CTep)KHEH B CUCTEME, CITOCOOHOM CO3/1aBaTh 3HAYNTEIb-
HBIN TMana3oH (JopM U pa3MepOB MPOJIETHBIX CTPOCHUIA.
B mpuporie u B TEXHUKE CYIIECTBYFOT TPU BUJIA IIAPHU-
pos. [lapHUp mapoBOi MMEET TPU CTEIICHH CBOOOIBI
1 TI03BOJISIET OCYIICCTBISATH BpAIIeHHE BOKPYT OCEH,
MIPOXOSIIIMX Yepe3 MEeHTp apa. B mpupone npumepa-
MH TaKOTO [IAPHUPA SBISIOTCS Ta300CAPCHHBIN U IIeue-
BOW cycTaBhl 4enoBeka. LllapHup OMOYHO-TTOBOPOTHEIH
MIPOU3BOINUT BpaIlleHNE BOKPYT OTHON OCH W TIOBOPOT
e¢ B JJaHHOM IIOCKOCTH. JIBe cTEreHn CBOOOBI TAaKOrO
mapHupa Jar0T BO3MOXKXHOCTD BBITIOJIHATE 3HAYUTCIIBHOC
KOJIMUEeCTBO nepeMenieHnid. CaMblii IpOCTOH BUA IIIAPHU-
pa, 00aIaroIIHiA OHOM CTETICHBIO CBOOOJIBI, — OTOYHBIH
(mmmHOprYgeckuii) mapaup. CKeleT yeIoBeka, Kak KHHe-
MaTH4YecKas CHCTEMa, B OCHOBHOM COCTOHT U3 KECTKUX
9JIEMEHTOB C OIHOH CTETICHBIO CBOOOIBI (KOJICHHBIH, JIOK-
TEBOW CyCTaBbI, KUCTH PYK), HO KaXIIbI CyCTaB KaK TBEP-
JTO€ TEJIO MOXKET ITePEMEIIaThCs B IPOCTPAHCTBE U JIOMO-
HHUTEITHHO MIMETh TPU CTETICHH CBOOOJIBL.

OnHO W3 HaNpaBIeHUH B pa3pabOTKe AMHAMH-
YECKUX apPXUTEKTYPHO-KOHCTPYKTUBHBIX CUCTEM —
9TO CO3/aHUE MAPHUPHOTO COCIMHCHUS U MCXaHHU3Ma
M3MEHEHUS UIMHBI cTepykHed. Ha ceronHsnuii 1eHb
pa3paboTaH psij MPEIIOKESHNH U MTOTYICHBI aBTOPCKHE
CBHUJCTCIIBCTBA U MAaTCHTbI HA KOHCTPYKTUBHOC pEIlIC-
HUE HIAPHUPHOTO y3Ja, CIIOCOOHOTO COCHUHSATH 0
12 crepxkHeil.

a

B npencraBieHHOM BapHaHTE CTEP’KHEBOW IIpo-
CTpaHCTBEHHOW apku [15] mpuMeHeH mpuHIUI 00-
el apXUTEKTYPHO-KOHCTPYKTUBHOM CUCTEMBI: TPH-
AHTYJIALIMOHHAs IPOCTPAHCTBEHHAS CETKa CTEPIKHEH;
CTaHJIapPTHBIC CTEP)KHEBBIE IIEMEHTHl MUHUMAIBHOTO
KOJIMYEeCTBa TUIOpPa3MepoB (2—3); yHUBEpCaIbHBIN
COEIMHUATENLHBIN DJIEMEHT, CBA3BIBAIOIINHA OT 6 10 12
CTEpI)KHEH, MCIOJIB3YIOMIMK OJIOUHBINA (LMIIMHApUYE-
ckuit) mapaup. iMeeTcs BO3MOKHOCTD Ha3eMHOM pyd-
HOM COOPKH YKPYIMHEHHBIX 3JIEMEHTOB KOHCTPYKIIUH,
MIPOCTPAHCTBEHHAS JKECTKOCTh CHCTEMBI TIPH MX HIap-
HUPHBIX CBA3SIX MEXKIY COOOIl.

Ecnu crep:xHEBOH AIIEMEHT IPOCT B U3TOTOBIIE-
HUU U TIPEICTABISIET COOON TMHEHHYI0 KOHCTPYKIUIO
C IIAPOBUHBIM 3aBEPLICHUEM Ha KOHIIAX, TO BAXKHOE
3HAa4YEHHE UMECT KOHCTPYKIHS IIAPHUPHOTO COEANHE-
Hus. B npenpiaymumx paborax aBTopaMu MPHBOIMIIICEH
BapHAHTHl OMOHNYECKUX aHAJIOTOB TAKOTO COSANHEHHUS,
KOTOpOe 00ecreYrBaeT MOABHKHOCTh BCEX CTEPIKHEH
C OZIHOM CTENEHBIO CBOOOIBI, UTO JOCTATOYHO JUISl TPAHC-
(hopmanuu Hamelr KnHeMaruueckoi cucremsl [16—18].
Pazpaboran Hanboee yHUBEpCAIbHBIM U TEXHOJIOTHYC-
CKHIi COeAMHUTEIBHBIN d5eMeHT [19, 20] ans u3roros-
JICHNSI B PEATBHBIX apOYHBIX KOHCTPYKILHUSIX CPEIHUX
1 OonpImx mposeToB (puc. 3).

Tpu neranu coeAMHEHUs CBA3BIBAIOTCS C OAHUM
YHUBEPCANBHBIM U (PUKCUPYIOTCS TepupepuitHBIMA
BUHTaMH, a MOcjIe TpaHCc(OpMaIyy, KOTra BCe IIeMEH-
TBI CHCTEMBI MPUMYT IPOEKTHOE IOJIOKEHHE, MEePH-
(hepuitHble BUHTHI TUIOTHO 3aTsruBatoTcs. M3yqarorcs
MPOYHOCTHBIE XapAKTEPUCTHKH 3TOTO COCAUHEHUS
B Pa3JMYHBIX MOHTQXXHBIX U 3KCIUTyaTallUOHHBIX HC-
CJIC/IOBAHUSIX.

Amnanus GpopmMoo0OpasyrNIUX BOZMOKHOCTEH TIpe/i-
CTaBJIIEHHOM apXUTEKTypHO-KOHCTPYKTHBHON CHCTEMBI
UJIET 110 HECKOJIBKUM HAMPAaBICHHSAM, OJHO M3 KOTOPhIX —
MPOCTPAHCTBEHHBIE CTEPIKHEBBIE apKU.

IIpocTpaHcTBeHHAs: apka coOpaHa 10 MPUHIUILY
KpUCTAIIOrpahUIeCcKOl TPUAHTYISIIUOHHOW CXEMBI,
TJIe MOJKHO BBIJICJIUTh BEPXHHUI M HWKHUH TOsica U pac-
KochI (puc. 4).

b

Puc. 3. V3en mapHUPHOTO COCANHEHNUS CTEPXKHEH: @ — BUJ y371a 0e3 CTepikHel; b — BUJ y371a O CTEPKHAMM; [ — BEpXHSAA

KPBIIIKA; 2 — HIDKHSS KPBIIIKA; 3 — MPOMEXYTOUHBIH IeMEHT; 4 — IeHTPaJbHbIN 001T; 5 — mnepudepuitHblii BUHT; 6 —

CTEpKEeHb apKU (PHCYHOK aBTOPOB)
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Puc. 4. Cxema TpanchopMupyeMoil IpOCTPAHCTBEHHOW CTEPKHEBOW apKu: ¢ — MpOoduiab apku; b — BUA CBEPXY;

1 — BepxHHUH M0AC; 2 — HIWKHUAHN M0AC; 3 — CTEPIKHM CTaHAAPTHOH JUIMHBI; 4 — CTEPKHU YKOPOUYCHHBIE; 5 — Y3€I MIapHUP-

HOTO COCTMHEHUS CTEPIKHEH (PUCYHOK aBTOPOB)

Kak Bce apku B mpakTHKe CTPOUTENBLCTBA, peJIa-
raemast apka MOXeT ObITh OJJHOIIAPHUPHOM, IBYXIIap-
HUPHOH M TpexumapHUpHOil. B cOopHOM Buje apodHas
KOHCTPYKIUS yIoOHA B TPEXIIApHUPHOM BapHaHTE,
MO3BOJIAIOIIEM BBIIOIHATh YKPYHHEHHYIO COOpKY
MOTyapKH.

ApouHble TpaHC(HOPMHUPYEMBIE CHCTEMBI HIMEIOT
PsIII TPEUMYILIECTB IIPH PACCMOTPEHNH UX B IIaHE OHO-
MIO3UTHBHOTO CTPOUTEIILCTBA!

° 10 3aTpaTe MeTajula apKh OKa3bIBAIOTCS 3HA-
YHUTEJILHO BBITO/IHEE, YeM OaJIOUHBIC M paMHBIC
KOHCTPYKIIHH;

* apOYHBIE MOKPBITHS MO3BOJISIIOT B HECKOJIBKO
pa3 CHU3UTb PACXOJ dHEPrOHOCHUTENEH U 3h-
(I)GKTI/IBHO HCIIOJIB30BaTh aJIbTCPHATUBHBIC HUC-
TOYHHKH TCILJIA.

IIponecc TpanchopManuy apku B MIPOEKTHOE T10-
JIOXKEHHE MpeuIaracTcsl 00eceynBarh Ipyu MOMOIIH
MEeXaHHYECKHUX MPUBOIOB (aKTyaTOPOB) C YUETOM COO-

Puc. 5. YcerpolictBo akryaropa: / — IOIBUXKHBII INTOK; 2 —
nepeziada «BUHT — raika»; 3 — 3IeKTPpOABUraTelb; 4 — SHKO-
Jiep; 5 — KOHTpoJuIep; 6 — OIOPHBLI CTEPKEHb

CTBEHHOT'O Beca KOHCTPYKIHH. YCTPOHCTBO aKTyaro-
pa, mpeIHa3HAYeHHOTO ISl IIAPHUPHOTO COCANHEHHS
B y3J1ax, IOKa3aHo Ha pHC. 5.

Bricokue a’spoMHaMUYECKHe U KOHCTPYKTHBHBIC
CBOMCTBA, CKOPOCTh M MPOCTOTA MOHTaKa, BO3MOXK-
HOCTh JJOCTaBKH B OT/IaJICHHBIE PAiOHBI BCEX COCTAB-
JISTFOMINX 3JICMCHTOB B KOMIIAKTHO yITAKOBAHHOM BHJIE,
BO3MOYKHOCTH JIEMOHTQXKa M IEPEHOCA COOPYKEHHUs
Ha HOBOE MECTO, MaJiasi Harpy3Kka Ha OCHOBAHHUE MO3BO-
JISTIOT TIPUMEHSITh TIOJ00HBIC KOHCTPYKIIMH C OOJIBIIOMHN
3¢ EKTHBHOCTBHIO.

[lepeuncneHHble XapaKTepUCTHKH TPaHC(HOPMHU-
PYEMBIX MPOCTPAHCTBEHHBIX CTEPIKHEBBIX KOHCTPYK-
MU TO3BOJISIIOT TAaK)KE€ PEKOMEHJI0BaTh MOJOOHBIE
KOHCTPYKIIMH JJIsl CTPOUTENILCTBA B KYPOPTHBIX paiio-
Hax, 0COOEHHO PACIIOIOKEHHBIX B CEHCMHYECKH OTIac-
HBIX 30HaX.

SAK/ITIOYUEHUE U OBCYXJIEHUE

Kommo3suiust apoyHbIX CHUCTEM pa3IMYHBIX O4Yep-
TaHUH CITYKUT PEIICHUI0 MHOTUX (PyHKIIMOHAIHHBIX
U XyJI0KeCTBEHHBIX 3anad. IIpennaraemsle apouHble
CTEPXKHEBBIE KOHCTPYKIIMH, 00JIaAaf0IIie CBOWCTBOM
TpaHcOpMaLK 1 TIO3BOJISIONINE HA OCHOBE OJJHOM ap-
XUTEKTYypPHO-KOHCTPYKTHBHON CHCTEMBI IOJTy4aTh MHO-
roob6pasue Gopm 1 TapaMeTpoB 3aHUI U COOPYKEHNH,
MOT'YT CTaTh Ba)KHBIM KOMIIOHEHTOM B XYJ0’)KECTBEHHON
HNaJIUTPE apXUTEKTOpa.

Jns nocTmKeHus MOCTaBICHHBIX IIeNiel paccMo-
TpeHa 0a3a CyIIeCTBYIOUIMX MPOCTPAHCTBEHHBIX KOH-
CTPYKTUBHBIX pelleHUI. BBISIBICHO MHOTO aHAJIOIOB,
MO3BOJISIIOIINX CO3/1aBaTh OBICTPOBO3BOAMMEBIC 3/1a-
HYSI, HO O0JIafalOMUX PSIIOM HEJOCTAaTKOB 11O CPaB-
HEHHIO C TIPOCTPAHCTBEHHBIMH apKaMmu. Tak, apodHbIe
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CTEPIKHEBBIE KOHCTPYKIIUU COCTOST U3 OOJIBILIOrO YUC-
J1a OJHOTHUIIHBIX 3JIEMEHTOB, YTO MO3BOJSET HANAIUTh
cepuifHOe MPOU3BOACTBO; 00JIa1al0T MEHBIINM BECOM
Onaromapsi IPUMEHEHUIO MOJIBIX TPYO KPYIVIOro ceve-
HUS; CTPOUTENBHAS TUIOIAIKA MOXKET CITy’)KUTh HEMO-
CPEJCTBEHHBIM MECTOM UX COOPKH; TaK¥Ke CyIIECTBYET
MHOXECTBO CIIOCOOOB MOHTa)Ka apOK, YNPOIIAIONINX
IIPOLIECC BO3BEJECHUS 31aHUI U COOPYKEHUM.

ABTOpaMU IPOBEJICH MONCK CYILECTBYIOIUX (hOpM
Ha OCHOBE apOYHBIX KOHCTPYKLMH. Y1aJ0Ch BBIIEIUTD
CJIEAYIOIINE BBl KIIIOUEBBIX (DOPM: KyIOJIbHBIE, -
JIUHJPUYECKUE, KPECTOBBIE, COMKHYTBIE U IIOJIOTHE.

AHann3 TeOpEeTUYECKNUX MCCIEOBAHNN TOKa3all,
YTO TIPE/ICTAaBICHHBII Y3JI0BOH 3JeMeHT Hanbosee 3¢-
(bexTHBEeH NI JAaHHOTO BHJA apku. Takum oOpaszom,
pa3paboTaHa KOHIIENIUsI HOBOM CHCTEMBI MPOCTPaH-
CTBEHHBIX APOK, KOHCTPYKTHUBHBIE PEIIEHHUS KOTOPBIX
JIAAyT BO3MOXKHOCTh COKOHOMHUTH KaK MaTepuasbHEIC,
TaK U 4eJI0BEYECKHE PECYPCHI IPH CTPOUTEILCTBE pas-
JINYHBIX KPYIHOIIPOJIETHBIX 31aHUM.

B ocHOBY pa3paboTku cucTeM apoyHbIX MPOCTPaH-
CTBEHHBIX KOHCTPYKIIMH OBUIN TTOJIOXKEHBI CIIETYIOIINE
KJIIOYEBbIE apPXUTEKTYPHO-KOHCTPYKTUBHBIE MPEIIIO-
CBLIKU:

*  enuHbIH YHU(UIIMPOBAHHBIH COPTAMEHT dJie-
MEHTOB C MAaKCHUMAaJIbHBIMU KOMIO3UIIHOHHBIMU BO3-
MO>KHOCTSIMH; HCIIOJIb30BaHHE ONTHMAIIBHBIX 10 (hopme
MasoAe(GUIMTHBIX pouIIel IpoKara;

* IIPUMEHEHHE BBICOKOIIPOYHBIX MAaTEPHUAIIOB;
TMOJIHasg UHAYCTpUAJIn3alunsd MMpoOn3BOACTBa, OCHOBaHHAasA

Ha UCIIOJI30BaHUN BBHICOKOITPOU3BOJUTEIHHOTO aBTO-
MaTHYECKOro 000PYAOBaHHMS, JINThS, IITAMIIOBKH H T.IL.;

*  KOMIIQKTHOCTb 3JIEMEHTOB CHCTEMBI X BO3MOJK-
HOCTH UX TPAHCIIOPTUPOBKH JIOOBIM BHJIOM TPaHCIIOP-
Ta; BBICOKAsl Ha/Ie)KHOCTB, ObICTpOTa COOPKH M MOHTaXa
9NIEMEHTOB, BKJIFOYasi KOHBEHEPHYIO COOPKY M KPYITHO-
OJIOYHBIN MOHTAX; IIUPOKHE BOSMOKHOCTH 0OBEMHO-
MIPOCTPAHCTBEHHOW KOMITO3UIINH.

3naHus Ha 0a3e apoK OPraHUYHO BIIHCBHIBAIOTCS
B CyLIECTBYIONIHE JaHIIAPTH U TOPOACKHE 3aCTPOii-
KHA. A WX BHYTPCHHHUE ITOJIe3HbIE 00BEM H IUIOIIAIb
JOCTATOYHBI JJIs OOJBLIOTO YHCIIA BOSMOXKHBIX (DYHK-
IMUOHAJIBHBIX Ha3HA4YEHHI: OT KPBITBIX CaJ10OB U PHIHKOB
JIO CTIOPTHUBHBIX, Pa3BlIEKATEIbHBIX ¥ TOPTOBBIX KOM-
TUICKCOB.

OTCcyTCTBHE MMPOMEXKYTOYHBIX ONOP CO3/AET CBO-
001y TUIAHUPOBAHUS IPOCTPAHCTBA, BO3MOXHOCTD
YCTPOHCTBAa BEPXHETO €CTECTBEHHOI'O OCBELICHUS
B BHUJIC CBETOBBIX (hoHApEH pa3mMyHOil KOH(PUTypaluH,
TIO3BOJISIET CYIIECTBEHHO AKOHOMUTDH Ha JIOTIOTHNTEIb-
HOM HCKYCCTBEHHOM OCBELICHUH. BHYTpHu 00beKkTOB
U3 TpaHC(HOPMUPYEMBIX apOK, MPEAIOKEHHBIX aBTO-
paMHu, MOXXHO CO3JaBaThb pa3JIMUHbIC BAPUAHTHI IJIaHHU-
POBKH C IOMOUIBIO JIETKUX [€PETOPOIOYHBIX CHCTEM,
KOTOpBIE TIPH HEOOXOANMOCTH MOTYT OBITB JIETKO Pa3o-
OpaHBI U TepEeHECEHBI.

B pesynbrare npoBeAEHHOIO HCCISIOBAHMUS MOX-
HO C€CJIaThb BBIBO/], YTO apOYHBIC CTCPIKHEBLIC IMTOKPbI-
THSI IPE/ICTABIISIIOT cOOOH MEPCHEeKTUBHYIO pa3paboTKy
KOHCTPYKTHUBHBIX CHCTEM, CIIOCOOHBIX HAUTH PHUMEHE-
HHE B IPaXKIaHCKOM ¥ IIPOMBILIICHHOM CTPOUTEIIBCTBE.
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INTRODUCTION

Spatial structural coating systems offer the opportunity
to optimize the use of materials and to make structures

considerably lighter, being a factor in the spatial and
volumetric formation of the structure. One of the most

promising systems today for application in roofs is the rod
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spatial systems [1-3]. In building construction the task
of searching modern architectural and structural systems,
allowing to develop new methods of erection of buildings
and constructions is actual. Particular attention should be
paid to the study of spatial and temporal transformations
of rod spatial coverings.

Spatial metal coating structures, characterized
by lightness, compositional flexibility of forms, and
assemblage, serve as the main tool of the architect and
designer in creating buildings and structures of medium
and large spans [4, 5]. The key role in them is played by
the rod structural elements of the skeleton, and the rods
have a length from 2 to 20 m.

In the formation of spatial coverings, non-standard
structural systems of single execution are used, capable
of solving grandiose architectural and artistic
and functional tasks [6—8]. Systems with which
a considerable range of architectural forms can be
created on the basis of standard elements characterized
by a small number of types of rods and connecting
elements are also in wide demand. Standardization and
unification involves a significant reduction in on-site
welding and assembly work, which is labour-intensive
and lacks quality control.

The authors are developing a unique spatial coating
structure based on a rod arch; this work requires an integrated
approach from the architectural idea (shaping) to the design
calculations and technologies for the construction of this
type of building. To cope with the task, it is necessary to
use modern software complexes — information modelling
technologies (IMT).

Currently, there are many studies of similar spatial
structures in the Russian Federation and abroad. Exam-
ples are the sports arena in Luzhniki, the ice arena in
Sochi, the sliding stadium surface in Toronto, the sum-
mer amphitheatre surface in Vitebsk, stadiums in Shang-
hai and Rome. But all of them are devoted to the design
and analysis of the stress-strain state of elements of sta-
tionary coverings, the authors of the present study pro-
pose the study of a transformable spatial rod arch.

Almost all existing architectural and structural
systems of spatial coverings of medium and large spans
lack mobility, i.e. the ability to be quickly assembled
and dismantled. This is due to the type of connections
of the individual components, which are usually rigid [9].
The individual systems of instantly rigid core-vane
structures developed in world practice, which have high
mobility, are limited in shape and size, which does not
allow their use on construction sites.

MATERIALS AND METHODS

The subject of the authors' research and development
is the spatial architectural and structural system, which
makes it possible to solve a wide range of architectural
problems while using a combinatorially flexible and
quickly assembled, lightweight and unified structural
basis. The engineering prerequisite in the development
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is the creation of a unified connection of the rods,
eliminating assembly welding.

Such a system is theoretically created and tested
on models. It is based on a rod lattice of triangulated
form [10], applied both flat (single layer) and spatial
(double layer).

The change in the outline of the arch depends
on the selected length of the rod elements [11-13].
The outline of the arch and consequently the lift and
span can be selected according to the principle of space
optimization for various functional processes (sports,
exhibition, trade, concerts, warehouse, production etc.).
The arch can, bending in one direction, take shapes
corresponding to mathematical flat algebraic curves
of the second order: circle, ellipse, hyperbola, parabola,
cycloid [14]. By bending in two directions, the arch can
take the form of an arbitrary curve with the conjugation
of curves curved in different directions (Fig. 1).

Fig. 1. Profiles of rod arches: a — circle; b — ellipse; ¢ —
hyperbola; d — parabola; e — curve, curved in two directions
(authors' drawing)

The notion of “dynamics” in architecture, in
addition to the associative and imaginative content
of forms and compositions, is given a physical meaning
associated with the spatial and temporal characteristics
of the organized environment. This relatively new
quality of the notion of “dynamics” in architecture is
also associated with architectural activity — material
and architectural and constructive form formation. By
dynamic architectural and structural shaping should
be understood a set of transformations of geometric
parameters of the changing environment (kinematics)
and the mechanism of physical transformations
of the material shell of the organized space.

In the history of architecture, especially modern
architecture, there are many examples of the use
of arches in the formation of unique buildings and
structures. The modern level of construction art and
technology allows the architect to realize his fantasies
(Fig. 2), creating an expressive and extremely functional
spatial object.
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Fig. 2. Shape of architectural objects based on a rod spatial
arch (authors' drawing)

The construction of a transformable arch proposed
by the authors can take any of the shapes shown in
Fig. 2 by means of movable (hinged) joints between

Variations in geometric shapes

individual rods and changing the length of the lower
chord rods. All types of kinematic systems obtained in
this way are capable of transforming from a flat state to
a spatial one.

The table shows the use of the transformable
rod arch in the shaping of buildings and structures.
These forms are complete volumes capable of actively
participating in the formation of open spaces and
in the development and reconstruction of existing
ensembles.

RESEARCH RESULTS

As a result of the research carried out, a productive
refraction of the natural kinematic model into an archi-
tectural and structural form is possible if the following requ-
irements are realized:

» geometrically invariable structure layout with
all rods pivoting together;

» the presence of articulated links between
the rods, providing the necessary kinematics for
the entire structure;

* the possibility of changing the length
of the rods of one or both layers of nets.

When designing a spatial arch, it is of interest
to select a node connection. According to the type
of assembly joints, node joints can be divided into:

Geometric surface Volumetric and spatial form
Spherical
Arrowheads
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End of the Table
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welded; bolted (axle-bolt, shear-bolt); keyed; contact,
contact-friction; combined.

This article deals with the types and design
options of rod joints in a system capable of producing
a significant range of shapes and sizes of span
structures. There are three types of joints in nature and
in engineering. A ball-and-socket joint has three degrees
of freedom and allows rotation around axes that pass
through the centre of the ball. Examples of this type
of joint in nature are the human hip and shoulder joint.
A block-and-pivot joint rotates about one axis and rotates
in a given plane. The two degrees of freedom of this
type of joint allow for a large number of movements.
The simplest type of joint with one degree of freedom is
the block joint (cylindrical joint). The human skeleton
as a kinematic system mainly consists of rigid elements
with one degree of freedom (knee, elbow joints, hands),
but each joint as a solid body can move in space and
additionally have three degrees of freedom.

One of the directions in the development
of dynamic architectural and structural systems is
the creation of a hinged joint and a mechanism for
changing the length of the rods. To date, a number
of proposals have been developed and patents have
been obtained for the design of a hinge joint capable
of connecting up to 12 rods.
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In the presented variant of the spatial rod
arch [15] the principle of general architectural and
structural system is applied: triangulated spatial grid
of rods; standard rod elements of a minimum number
of standard sizes (2—-3); a universal connecting element
linking 6 to 12 rods, using a block (cylindrical) hinge.
There is a possibility of ground-based manual assembly
of enlarged structural elements, spatial rigidity
of the system when they are hinged to each other.

If the rod element is simple to fabricate and is
a linear structure with a spherical termination at the ends,
the design of the hinge joint is important. In previous
works, the authors gave variants of bionic analogues
of such a connection, which provides mobility of all
rods with one degree of freedom, which is enough to
transform our kinematic system [16—18]. The most
versatile and technological connection element [19, 20]
for manufacturing in real arch structures of medium and
large spans has been developed (Fig. 3).

The three parts of the connection are bonded to
one universal and secured with peripheral screws, and
after transformation, when all system components
have reached their designed position, the peripheral
screws are tightened firmly. The strength characteristics
of this connection are studied in various installation and
performance studies.
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a

b

Fig. 3. Hinged rod assembly: a — view of assembly without rods; b — view of assembly with rods; / — top cover; 2 — bottom
cover; 3 — intermediate element; 4 — central bolt; 5 — peripheral screw; 6 — arch rod (authors' drawing)

The analysis of the shape-forming possibilities
of the presented architectural and structural system
goes in several directions, one of which is — spatial
rod arches.

The spatial arch is assembled according to
the principle of a crystallographic triangulation scheme,
where the upper and lower belts and struts can be
distinguished (Fig. 4).

Like all arches in construction practice, the propo-
sed arch can be single hinged, double hinged and
triple hinged. In prefabricated form, the arch structure
is convenient in the three-hinged version, allowing for
the enlarged assembly of the half-arch.

The arched transformable systems have a number
of advantages when considered in terms of biopositive
construction:

» arches are considerably more cost-effective
than girder and frame structures in terms of metal
consumption;

» arch coverings can reduce energy consumption
by several times and make efficient use of alternative
heat sources.

The process of transforming the arch to its design
position is proposed to be achieved by means of me-
chanical actuators, taking into account the dead weight
of the structure. The design of an actuator designed for
articulated joints is shown in Fig. 5.

The high aerodynamic and structural properties,
the speed and ease of installation, the ability to transport
all components in a compact package to remote areas,
the possibility of dismantling and transferring the struc-
ture to a new location, and the low load on the substrate
make these structures very effective.

The listed characteristics of the transformable spa-
tial rod structures also allow such structures to be rec-
ommended for construction in resort areas, especially
those located in seismically hazardous zones.

1,3

Fig. 4. Schematic diagram of a transformed spatial rod arch: @ — arch profile; b — top view; / — top chord; 2 — bottom chord;
3 — standard length rods; 4 — shortened rods; 5 — rod hinge node (authors' drawing)
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Fig. 5. Actuator design: / — moving rod; 2 — screw/nut
gear; 3 — electric motor; 4 — encoder; 5 — controller; 6 —
support rod

CONCLUSION AND DISCUSSION

The composition of arched systems of various
shapes serves to solve many functional and artistic
problems. The proposed arched rod structures, which
have the property of transformation and allow a vari-
ety of forms and parameters of buildings and structures
on the basis of a single architectural and structural sys-
tem, can become an important component in the archi-
tect's artistic palette.

In order to achieve the objectives, the base of ex-
isting spatial structural solutions has been considered.
There are many analogues which allow to create fast
buildings, but have a number of disadvantages in com-
parison with spatial arches. Thus, arched bar construc-
tions consist of a large number of one-type elements,
which allows serial production; they have less weight
due to the use of hollow tubes of round section; the con-
struction site can serve as a direct place for their as-
sembly; there are also many ways of arch installation,
which simplifies the process of erecting buildings and
structures.

The authors searched for existing forms based
on arch structures. The following types of key forms
were identified: domed, cylindrical, cross-shaped,
closed and gently sloping.

The analysis of theoretical studies has shown that
the presented nodal element is the most effective for
this type of arch. Thus, the concept of a new system
of spatial arches has been developed, whose design
solutions will give an opportunity to save both mate-
rial and human resources in the construction of various
large-span buildings.

The following key architectural and structural as-
sumptions were used as the basis for the development
of the arched spatial construction systems:

* asingle unified range of elements with the maxi-
mum compositional possibilities; the use of optimum
low-deficit rolled sections in terms of shape;

* use of high-strength materials; full industrializa-
tion of production based on the use of high-performance
automatic equipment, casting, stamping, etc.;

» compactness of the system elements and their
transportability by any means of transport; high reli-
ability, quick assembly and installation of the elements,
including conveyor assembly and large block assembly;
wide possibilities of spatial composition.

Arched buildings fit seamlessly into existing land-
scapes and urban developments. In addition, their in-
ternal usable volume and area are sufficient for a large
number of possible functional uses: from indoor gar-
dens and markets to sports, leisure and shopping com-
plexes.

The absence of intermediate supports creates free-
dom of space planning, the possibility of overhead natu-
ral lighting in the form of skylights of different configu-
rations, allows significant savings in additional artificial
lighting. Inside the objects made of transformable arch-
es suggested by the authors, various layout options can
be created using lightweight partition systems, which
can be easily dismantled and relocated if necessary.

As a result of this study, it can be concluded that
arched rod coverings are a promising development
of structural systems that can find application in civil
and industrial construction.
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HuanHApUYeCKMH 3aBUXPUTE/Ib IOTOKA ¢ YIJIUHEHHOU XOPa0i
JIOTmacTeu

Anapeii JIbBoBu4 3yiikoB
Hayuonanenuiii uccnedosamenvexuii Mocko8cKkutl 20Cy0apcmeentbiti CImpoumebHblill YHUepcumen
(HUY MI'CY), 2. Mocxksa, Poccus

AHHOTALUA

BBegeHue. Pa3paboTtka BUXpeBbIX annapartoB — YCTPOWCTB A1 3aKPYTKM MOTOKOB XWAKOCTEN U ra3oB — OCTaeTCH aKTy-
anbHON Hay4YHOWN W NHXeHepHOW 3aaadelt. PaccmaTpyBaeTcs KOHCTPYKLMSA 3aKpy4mMBatoLLEro NoTok annapara KoHTpBUXpe-
BOrO racuTensi Ha X0nocToM BodoBbinNycke benopeyeHckon rugpoanektpoctaHumm (M3C). Llenb nccnenosanns — paspa-
60Tka a¢pPEKTUBHOTO KOHTPBUXPEBOIO racuTensi N30LITOYHON KUHETUYECKON SHEPTM NOTOKA BOAbI.

MaTtepuanbl 1 MeToAbI. VICNONb3yOTCA aHanMTUYeckne MeTOAb! KNaccu4eckomn rmapoMexaHuku. B KoHuenTyanbHyo oc-
HOBY WMCCNeaoBaHUN NONOXEHO MyHAaMeHTanbHOe PaBeHCTBO reOMETPUYECKOW XapakTepucT1KM BUXPEBOTro annapata rno
AbpamoBuyy (4ncno AbpamoBuya) Uncny 3akpyTku notoka Xvurepa — bapa.

Pe3ynbraThl. YCTaHOBMNEHO, YTO reOMeTpUYecKas xapakTepucTika LMIMHAPUYECKOro JIONacTHOrO 3aBUXPUTENS HE 3aBUCUT
OT pafmnyca BbIXOAHbLIX KPOMOK 3aKpy4MBatoLLMX NOTOK NoONacTem, HO 3aBUCUT OT Yrna ckoca fonacTei Ha 9ToM paguyce.
370 No3BonsieT, cornacHo dpyHaaMmeHTanbHoMy paBeHcTBy Yvicen AbpamoBuya n Xurepa — bapa, coxpaHsia yron ckoca no-
nacTen, cMeLlaTh MX NO paauycy Kamepbl 3aKpyTKv OO BbIMOMHATL UX C YANUHEHHOW XOpA0N, OCTaBNssA MMapaBnuyeckue
XapaKTepuUCTUKV BUXPEBOTO annaparta v 3akpy4YeHHOro 1M NoToka Hen3MeHHbIMU. YONUHEHNe XOpApl flonacTeit BUXPEBOro
annapara noBbILLaeT HaAEeXHOCTb K ka4ecTBO (DOPMUPOBaHNS 3aKpy4eHHOro MM noTtoka. Ha ocHoBe AnddepeHumansHo-
ro ypaBHEHWSsi, OMUCHIBAIOLLErO NIMHUK TOKa TeYEHNs B LIMMUHAPUYECKOV Kamepe 3aKkpyTku, AoKa3aHo, YTO xopAa NinaBHO
obTekaeMon NOTOKOM YANMMHEHHOW NonacTy 3aBUXPUTENS AOMMKHA UMeTb hopmy rorapudmuyeckon cnnpanu. MNMokasaHo,
4YTO BUXPEBOM annapart, BbIMOMHEHHbIV B BUAE NIONACTHOW CUCTEMbl norapudmMmyecknx cnvpanen, hopMupyeT TeveHve
C HanoXxeHneMm NOTEeHLUManbLHOro BpaLleHnsi Ha NoTeHUManbHbIA CTOK.

BeiBoabl. [MpoaHanuanpoBaHa KOHCTPYKLMST KOHTPBUXPEBOTO racuTens SHepruv notoka Ha BoAoBbINycke benopeyeHckon
'3C c cuctemont nonactert B dopme norapudmmyeckmx cnmpanen. NpeanoxeHo pekoMeHAoBaTb PACCMOTPEHHYIO KOH-
CTPYKLMIO B Ka4yecTBe TUMOBOW AN MMApOYy3noB CpeaHero Hanopa.

KINOYEBBIE CITOBA: 3akpy4eHHbI NOTOK, BUXPEBOW annapar, TonacTHOW 3aBUXPUTENb NOTOKA, KOHTPBUXPEBOW racuTernb

ana UWMTUPOBAHUA: 3yiikos A.Jl. LunuHapuyeckvin 3aBuxpuTenb MoToKa C yANUHEHHOW xopgdon nonacten // Ctpou-
TENbCTBO: Hayka u obpasosaHue. 2023. T. 13. Boin. 2. C1. 2. URL: http://nso-journal.ru. DOI: 10.22227/2305-5502.2023.2.2
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Cylindrical flow swirler with extended blade chord
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ABSTRACT

Introduction. Development of vortex apparatuses — devices for swirling flows of liquids and gases — remains an urgent
scientific and engineering task. The design of counter vortex damper flow swirling apparatus at the idle water outlet of
Belorechenskaya hydroelectric power plant (HPP) is considered. The purpose of the study is to develop an effective counter
vortex damper of excess kinetic energy of water flow.

Materials and methods. Analytical methods of classical hydro-mechanics are used. The conceptual basis of the research is
the fundamental equality of the geometric characteristic of the vortex apparatus by Abramovich (the Abramovich number) to
the Chigier-Beer swirl number.

Results. It has been found that geometrical characteristic of the cylindrical vane swirler does not depend on radius of exit
edges of blades which swirl the flow, but depends on the angle of bevel of blades at this radius. It allows, according to
fundamental equality of Abramovich and Chigier-Beer numbers, either to shift the blades along the swirl chamber radius or to
perform them with elongated chord, leaving the hydraulic characteristics of the swirl apparatus and swirled flow unchanged,
preserving the bevel angle. Lengthening the chord of the vortex apparatus blades increases the reliability and quality of
formation of the swirling flow. It has been proved on the base of differential equation describing the flow lines in the cylindrical
swirl chamber that chord of a swirl apparatus prolonged blade flowing smoothly around the flow should have a shape of
a logarithmic spiral. It is shown that the vortex apparatus made in the form of a vane system of logarithmic spirals forms a
flow with potential rotation superimposed on the potential flow.

© A.A. 3yrikos, 2023
PacnpoctpaHsieTcsa Ha ocHoBaHuu Creative Commons Attribution Non-Commercial (CC BY-NC)
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Conclusions. The design of counter vortex damper of flow energy at the outlet of Belorechenskaya HPP with a system of
blades in the form of logarithmic spirals has been analyzed. It is offered to recommend the considered design as a typical

one for hydraulic units of medium head.

KEYWORDS: swirling flow, vortex apparatus, vane flow swirler, counter-vortex damper
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BBEJEHUE

Pa3paboTka BUXpEBBIX anmaparoB — yCTPOICTB
JUTSL 3aKPYTKH TTOTOKOB JKHJIKOCTEH M Ta30B — OCTAET-
Csl aKTyaJIbHOW HAyYHOU M MHKEHEPHOM 3anaueit [1-5].
JlaHHbIE anmaparsl MHAPOKO HCIIONB3YIOTCS B MUKPO-
OHMOJIOTUH, XUMUH, SKOJIOTHH, TETNIOTEXHUKE, JHEpre-
THKE, ABUraTelle- U pakeTocTpoeHuu [6—14].

B ruzmporexHuke BriepBbIie 3aKpyTKY TOTOKA CTAJIN
MIPUMEHSTH Ha IaXTHBIX BogocOpocax. K msarumecsateiv
ro/IaM MPOIILIIOTO BeKa MOCTPoeHo Oosee SO BUXPEBBIX
IIaXTHBIX BomocOpocoB, 18 u3 Hux B Urtamuum [15].
B Coserckom Coro3e 1Ba Takux BoocOpoca mocTpoe-
HO B COCTaBe CeNe3allluTHON IIOTHHBI Mefeo, rae 3a-
KPYTKa OTKPBITOTO ITOTOKA OCYIIECTBISIETCS] 3aBUXPH-
TeneM B popme crimpasibHoi kamepsl [16]. B 70-x romax
B CBSI3H C IPOEKTHPOBAHNEM U CTPOUTEIHECTBOM BBICO-
koHanopHbIXx Hypekckoi (BbicoToit 275 M) u PoryH-
ckoit (335 m) mmotus B CoBerckoMm Coro3e MPUCTYITHIN
K pa3paboTke IyOHHHBIX BOLOCOPOCOB, CIIOCOOHBIX
MIPOITYCKaTh BEICOKOCKOPOCTHBIE TIOTOKH BOJIBI U TACUTH
nX KHHeTH4ecKyro sHepruio [ 17]. ccnenoBanacs u Tak
Ha3blBaeMasi KOHTPBUXpEBasl BOZOCOPOCHAs cHCTEMa,
OCHOBAHHAs Ha B3aHMMOTAIICHUU MU30bITOYHON KHHETH-
YEeCKON DHEPTHHU 3aKPYUYEHHBIX ITOTOKOB CO BCTPEYHBIM
BpamenueM [ 18, 19].

B nacrosiee BpeMs y psiia THAPOIIEKTPOCTAHIUI
(I'SC) B Poccnn rcTekaeT CpoK HKCIDTyaTalrH, 9To Tpe-
OyeT ux JieMOHTa)Ka WJIM KOHCEPBAIMK C 00eCIieueHueM
MIPOITyCKa PAcXO/I0B PEKH uepes ruapoysen. [Ipuemie-
MBIM pelIeHUEeM MPEICTaBIACTCS UCIIOIB30BaHHIE B ATHUX
LeJSIX B Ka4e€CTBE BOZOCOPOCOB SHEPreTHIECKUX BOIO-
BOZI0B ocTanoBineHHOH ['DC. D1a npobiema ncciemyercst
B padorax [20, 21], B KOTOPBIX N3y4aeTCsi BO3SMOXKHOCTD
3aMEHBI BBIBOANMBIX U3 IKCILTyaTallid THAPOArperaron
KOHTPBUXPEBBIM racuTelsieM, 00ECIIeUMBAIOIINM CITIOKOH-
HBI 0TBOJ COPOCHOTO MIOTOKA B HIDKHUH Obed ¢ mora-
IIEHHOM N30BITOYHON KMHETHYeCKOW sHeprueil. Pazsu-
THIO 3TOH TEMBI NTOCBALIEHA AAHHAs CTAThsl, B KOTOPOH
paccMaTpUBaeTCs KOHCTPYKIIHSI 3aKPyIHBAIOIIETO TOTOK
armapara KOHTPBUXPEBOTO FACHTENS HA XOJIOCTOM BOZIO-
BhITycke benopeuenckoit '2C.

Hens uccnemoBanuss — pazpadboTka 3¢hdHexTus-
HOTO KOHTPBUXPEBOTO TaCUTENsl W30BITOUHON SHEPIHU
MIOTOKA.

MATEPHAJIBI U METO/JbI

Hcrnonp3yroTcsl aHAJIMTHYECKUE METOMbI Kiac-
cudeckoi runpoMexanuku [22]. B wactHoctu, pabo-
Ta Oaszupyercs Ha Tpynax [.H. AGpamosuua [23, 24],

H.A. Xurepa, Jx.M. bapa u npyrux aBropos [25-27],
B KOTOPBIX JJISl pacueTa BUXPEBBIX alllapaToB U aHAJH-
32 HUPKYISAIHOHHO-TIPOAOIBHOTO TEUCHUS IIPUMEHSET-
sl TEOMETPUIECKasi XapaKTEePUCTHKA 3aKPyIHBAIOIIETO
MIOTOK yCTpoicTBa (unciio AbpamoBuya A).

I'eomeTprueckast XapakTepUCTHKA 3aKpyUIHBarOIe-
TO ycTpoiicTBa 4 obmamgaeT ¢pyHIaMEHTAIHHBIM CBO-
CTBOM, 3aKJIIOYAOLINMCS B TOM, UTO ATOT IApaMeTp C Ofl-
HOW CTOPOHBI ONPEENsIeT MPOIYCKHYIO CIIOCOOHOCTh
YCTPOKMCTBA, BRIPAKAEMYIO €10 KOI(D(PHUIIMSHTOM pacxo-
Ila, a ¢ Tyroil — ycTaHaBIHUBaeT Y3P(PEKTHBHOCTH 3aKPyT-
KU IIPOIYCKAaeMOTr0 MOTOKA, XapaKTEPU3yEMYO UUCIIOM
Xwurepa — bapa Sn, paBHBIM OTHOIIIEHHIO €r0 TaHTCHIIU-
AJIbHOTO MOMEHTA KOJIMYECTBA ABM)KEHNUS K OCEBON KOM-
noHente umnynsca [18, 19, 23-27]. ITapametp 4, kak
MOKa3aHo B MyOuKanuu [28], YUCIEHHO paBEH YHCITY
3akpyTKu Xurepa — bapa Su u, Takum obpazom, ompe-
JIETSIET B [EJIOM BCE T'MPABIMYECKUE XapaKTEPUCTHKN
KaK caMOro yCTpONCTBa, TAK ¥ MPOIMYCKAaeMOro UM MOTO-
ka. [IpuyeM 1ipu U3MEHEHUH FeOMETPUU IIPOTOYHOM Ya-
CTH BHXPEBOTO arfapara, HO COXPaHEHNN HEU3MEHHBIM
napamerpa A = Su THIpaBINYECKHE XapaKTePUCTUKU
YCTPOICTBA U MIPOITYCKaeMOI'0 UM IIOTOKA COXPAHSIOTCSI.
Hcnonp3oBaHuE 3TOTO CBOMCTBA SABIISAETCS KOHLENITYallb-
HOI OCHOBOU ATHUX UCCIIENOBAHUMN.

PE3VYJIBTATHI UCCJIEJOBAHUA

IToxa3aHHBIN Ha puC. | TOKaNbHBIN 3aBUXPUTENb
MOTOKA (3aKpyYHBAIOIIEe MOTOK YCTPOWCTBO) BEITION-
HEH B BUJIE IIMJIMHIPUIECKOH PEIIeTKH (HaIrpaBIIsSIOLIe-
TO anmapara) HeIOBOPOTHBIX JOMAacTel, 3aKpeIICHHbIX
B KOJIBIIEBOM BOJIOTIPOMTYCKHOM CEYEHHH 110 IEPUMETPY
OTBOAALIETO KaHaja. [ eoMeTpuueckast XapaKTepUCTHKA
TAKOTO 3aBUXPUTENS BBIUncIsieTcest o gopmyae [18-21,
23,24, 28]:

Ao TRR, , 1)
Q
rae R — paauyc OTBOJSIIErO KaHalla 3aBUXPUTENS;

R, — s(dextupnblii paauyc (paauyc HOpMadbHbIH
BEKTOpY CKOpOCTH U CXOHSILEro ¢ JIONAcTe MOTOKa,
cM. puc. 1); Q — mromazns KoJIbLEBOTO BOIOIIPOITYCK-
HOTO CEYEHUs MEXY JIONACTIMH HOpMaJIbHasi BEKTOPY
ckopoctu U.

Ha cxeme (puc. 1) MOXXHO BHAETH, 9TO 3PPEKTHUB-
HBIA pajyc R, U IUIONIa/b BOJOTPOIMYCKHOTO KOJIbIIE-
BOTO ce4eHHUs () CBA3AHBI C PAIIyCOM BBIXOAHBIX KO-
MOK 3aKpy4HMBAIOIIMX MIOTOK JIONACTEH R _CIIEYIONIUMU
3aBUCUMOCTSIMHU:

Ry, =R _cosP_; )
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Puc. 1. PacyetHas cxema: a — MpoIOIBHBIN pa3pes; b — pas-
pe3 no A-A; ¢ — y3en b; | — nonactu 3aBuxpurens; 2 —
Kamepa 3aKpyTKH; 3 — OTBOASAIININ KaHaI

2n
Q= [bR.d0 sinB, =b2mR, sinp,, 3)
0

rje B, — yron ckoca JlonacTel 3aBUXpHTENs Ha pajiu-
yce R ; b — juivHa nonactei 3aBuxpures; do — Oec-
KOHEYHO MaJIbIil EHTPAJIbHBIH yToj M0 OKPYKHOCTH
KOJIBIIEBOTO CEUCHMSI 3aBUXpUTENS (CM. puc. 1, ¢).
Taxum o6pazom, Gopmyna (1) ¢ yueTom BeIpake-
Huil (2) u (3) npUHUMAaET BU:
B R
2b-tanf,

Cornmacuo opmyre (4), reoMeTprdecKas XapaKTe-
PHCTHKA JIOIIACTHOTO 3aBUXPUTENSI A 3aBUCHT OT COOT-
HOIICHHS PaJnyca ero OTBOISIIETO BOIOBOAA R K BbI-
COTE 3aKpy4YMBAIONIMX MOTOK JIONACTEH b M yria ux
ckoca [, Ha pajiMyce BBIXOAHBIX KPOMOK R . B TO e
BpeMsl mapameTp A He 3aBHCHT OT paJiyca BBIXOIHBIX

(4)

22

KPOMOK, TaK Kak OH BbImajaeT u3 Gopmyns (4). [Tomy-
YEHHBIH pe3ysbTar JaeT BO3MOXHOCTH C/IeJaTh BayKHbIC
BBIBO/IbI, BBITEKAIOIIUE M3 PACCMOTPEHHOTO BBIIIE (yH-
JTAMEHTAJBHOTO CBOHCTBA TEOMETPUYECKON XapaKTepH-
CTHKH 3aKPY4YHMBAIOIIETO TIOTOK YCTPOHCTBA A.

[TepBbIif BEIBOJL MOXHO C(OPMYIUPOBATH Clle-
JYIOUIMM 00pa3oM: JUIsl THAPABINYECKH MICHTHIHBIX
3aBUXpHUTENEH, 11 KOTOPBIX A = idem u R/b = idem,
BBIXO/IHBIE KPOMKH JIONIACTEH MX HANPABISIOMINX arl-
1apaToB MOTYT OBITH PACIIOJIOKEHBI Ha ITPOM3BOJIBHBIX
pammycax R, HO yron ckoca JionacTei 3, Ha panmyce
BBIXOJHBIX KPOMOK JIOJKEH OBITh OAMHAKOBBIM. B Kaue-
CTBE WJUTIOCTPALIMH HA pHC. 1, b epBEIil psa JomacTen
MOKa3aH YEPHBIM LIBETOM; JIONACTH, NEPCHECEHHbIE
Ha MHBIC paJiMalbHbIC PACCTOSHUSI OT OCEBOM JTMHHUU
YCTPOHCTBA, OTMEUEHBI KPACHBIM IIBETOM, OJJHAKO MPH
J000M BapHaHTE YCTAHOBKH JIONACTEH TUjapaBiinye-
CKHE XapaKTEPUCTHUKU YCTPOHCTB M MPOIYCKAEMBIX
VIMH MIOTOKOB Oy/TyT O/IMHAKOBBIMH TIpH B = idem.

Bropoii BEIBO — J10T1aCTh 3aBUXPUTEIIS 110 JUTHHE D
MO’KET BBITTOJHATHCS C BEIXOJHOM KPOMKOH ITepeMeHHO-
TO pagnyca RK(b), TOT/A ISt 00ECTIEYEHNS TTOCTOSTHCTBA
mapameTpa (uncina AbpamoBnda) 4 1o Bcel IUTHHE Ta-
KOH JIONACTH YTOJI €€ CKOCa B, Ha IIEPEMEHHOM pajiny-
ce R (b) nomKken COXpaHATLCA MOCTOAHHBIM = idem.
JlaHHBIN BBIBOJ| Ba)KC€H, €CIU TpeOyeTcsl MOBLICUTH
KauecTBO ()OPMHUPOBAHUSI 3aKPYUECHHOTO TIOTOKA Y-
HEHUEM XOP/IbI JIOTIACTH 3a CYET €€ MePEeMEHHOI BbICO-
ol a(b). Ha puc. 1, b Takoe yyiiHEHHE XOPAbI JIOMACTH
MOKa3aHO TEMHO-CHMHMM LiBeToM. Ha mpakTuke o0e-
CriedeHue KauecTBa (JOPMUPOBAHUS TTOTOKa TpeOyeTcs
BCerja, MoATOMY B TaKOW ITOCTaHOBKE 3ajada Ooee
aKTyaJlbHa, YeM 3aJlada MepeHoca JIONacTe ¢ OHOTOo
paauyca Ha JPYTOM.

Paccmorpum hopmy, KOTOPYIO HEOOXOIUMO TIpH-
JIaTh 3aKPY4IHMBAIOIIEH MTOTOK JIOMACTH, €CIIH PaJIIyC €€
BBIXOIHON KPOMKH H3MEHAETCS 10 JunHe R (), a yron
ee CKoca Ha 3TOM pPaJnyce OCTACTCSl MOCTOSHHBIM
B, = idem. O4eBuaHO, 4TO HOpPMY MIABHO OOTEKAEMO¥
TIOTOKOM JIOIACTH CJIE/YeT BBIIOIHATD 110 JIMHHUSM TOKA.
Torna, paccmarpuBasi oOTeKaromee JIONacTh B KaMepe
3aKpPYTKH IJIOCKOE TeYEHHE, 3alMIIeM PaBeHCTBA, CBsI-
3bIBAIONIME PAJMANIbHBIC 4, 1 TAHTEHIMAIbHBIE U, KOM-
MOHEHTHI BekTopa ckopoctu U ¢ pynkimeit Toka W [22]:

oY oY
==ty = 5)
roo or
rJe ¥ — TEeKyIUW paguyc,
1 o0pamariue ypaBHeHIEC HEPa3phIBHOCTU KaIlleib-
HOM KUJKOCTH B IIWJIMHPUYECKON KaMepe 3aKpyTKU

M + % — 0
ror 700
B TOXKJIECTBO, KOO
oru,) ou, __ ¥ ¥ _
ror 700 rorod  robor
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Ho, ecii KOMIIOHEHTBI BEKTOPA CKOPOCTH MIOCKOTO
TEUEHUs U W U, OTpeNessoTes Gpopmynamu (5), To moi-
ueIi muddepenmman pyaxmmu Toxka ‘P(r, 0) pasen:

oY oY
d¥Y =—dr+—db =uydr —ru,db. (6)
r o0
Ha nmuamsx Toka ¢yskmus ¥ = const, mpu 3TOM

d¥ =0, Torna, corlacHO BeIpaxxeHuo (6), popma 1ias-
HO 00TEeKaeMOH ITOTOKOM JIOTIACTH JIOJKHA Y/IOBIIETBO-
PATB YCIIOBHIO:

u,dr —ru,dé = 0. 7

ITockomeky (cM. puc. 1, ¢):

_I7enB - — 8
u, =UsinP,; u, =UcosP,, (®)
10 ycioBue (7) JIerko npuBOIUTCs K AuddepeHInaib-
HOMY YPaBHCHHIO XOPJIbI JIOTACTH 3aBUXPUTEIIS:

1 dr

do = ,
tanf, r
WM TI0CJIe MHTETPUPOBAHMSA B NpefeNax OT TOYKH
Ha XOpJe JIONACTH ¢ KOOPAHHATAMH IO IIEHTPaIbHO-
My yIuIy O, M pajiiyCy BBIXOJHBIX KPOMOK JIONAcTH R |
10 TOYKHM Ha XOpJle C KoopauHaTaMu 0,, R , HOIyduMm:
1 R

0,-0, = In| =2 |, 9
: =0 = 0| 7 ©

Kl

Cornacao dopmyie (9) nomacTu 3aBUXPHUTEIIS
JIOJDKHBI UMETh (OPMY JIOTapU(PMHUUECKONW CHUPATH.
Teuenue, chopMUpPOBAHHOE JIOMTACTHON CHCTEMOH J10-
rapu()MUUECKUX CIMpajIe, XapaKTepU3yeTcsl CIeayIo-
IIMMHA OCOOEHHOCTSIMH.

PanmansHBIC CKOPOCTH TEUCHHSA (CTOK) HAPACTAIOT
K LEHTPY 00paTHO MPONOPIHOHAIBHO paanycy. B pac-
CMaTpPUBAEMOM CITydae 3TO CBOANTCS K hopMyIie:

L0
" 2mrb’

rae Q — MpoIycKaeMblid 3aBUXPUTETIEM PACXOL.
Janee, MOCKONBKY COTTIACHO paBeHCTBaM (§), mMeeM:

(10)

u"
Uy =—=-—
0 )
tanf,
TO, COOTBCTCTBCHHO, HAXOAUM:
ru, :L:const. 11
* 2mb-tanp, (n

@opmyrst (10) u (11) xapakTepusyoT TedeHHE
IIPU HAJIO)KEHHUH TTOTCHIINAIBHOTO BPAIIEHHS HA TIOTEH-
LUUANbHBIN CTOK [22]. DTO TeueHue B IUTEpaType 4acto
Ha3bIBAIOT «BUXPECTOK», YTO HEJB3S PU3HATH KOPPEKT-
HBIM, K00 T€UeHHUe 10 onpejeIeHuto 6e3suxpesoe. [Ipu
0e3BUXpEBOM (TIOTEHIMATIBHOM) JBHIKCHUH KUIAKOCTH
TUpaBIMYeCcKHe TOTEPU HAopa OTCYTCTBYIOT. [oTeH-
[[HAJbHBIE TEUEHUS OTHOCATCS K MOJENM HJIeaJbHON
(HeBsa3Koif) xuaKocTH. Ho TeueHmit BA3KoH (peanbHOiIT)
KHJIKOCTH, HE COTTPOBOXKIAIOIMINXCSA THAPABINYCCKIMHU
HOTepsIMU Haropa, He cymiectByeT. [loaTomy He cyue-
CTBYET U CTPOTO MOTEHIUAIBHBIX TeueHU. OHaKo pU

JIBIOKEHUU TYpOYJIIEHTHOTO MOTOKa MOXXHO TOBOPHTH
0 KBAa3UIOTEHIIUAIBHOCTY TEUEHUsI, IPUYEM, YEM BBIIIIE
TYpOYJICHTHOCTB, TeM OJIFKE TeUEHHE )KUIKOCTH IO CBO-
ell CTpPYKType 1 CBOICTBaM K IOTEHIIHAIBHOMY.

Ecimu ruapasnaeckoe ycTpoicTBO, 001a1ast HU3KUM
THJPaBINIECKUM COIIPOTHBICHHEM, (DOPMHUPYET MOTOK,
OMM3KHI K TOTEHIMATIBEHOMY, TO €10 MOYKHO XapaKTepu30-
BaTh KaK TEXHIMYIECKH coBepIIeHHOe. Ha 3ToM ocHOBaHMN
JIOTIACTHOM 3aBUXPUTENTH, B KOTOPOM (popMa Jioracteit co-
OTBETCTBYET JIOTAPU(MUIECKON CIIMPAITH, MOKET paccMa-
TPUBATHCS KaK TEXHUUECKH COBEPIIICHHBIH.

EcTb OcHOBaHusI nonarars, 4To JIONACTHON 3aBUX-
PHUTENb SBJISETCS ONTUMATIBHBIM ISl YCIOBUH yCTaHOB-
KM Ha DHEPreTUYeCKHUX BOJOBOJAX CPEAHEHANOPHBIX
I'SC npu BIBOJIE MIX M3 SKCILTyaTallMK M UCTIOIB30BaHUH
B MOCIIETYIONIEM B KAYE€CTBE XOJIOCTBIX BOJOBBIITYCKOB.
OJHAaKO IPH peAT3aLMHU 3TOTO MPE/IIOKEHHSI BOSHUKAET
npoOnema, COCTOsIIas B TOM, YTO JMAMETPhI TypOUHBI
M KOHYCa OTCAChIBAIOIIEH TPYObl THAPOArperaroB cpe-
HeHanopHEIX [ DC oTMgaioTcs MeXIy co00i He3HAYH-
TEITBHO M HE MO3BOJISIOT BBIIIOIIHUTH 3aBUXPUTETD C XOP-
JIOM JIoTmacTei JOCTAaTOYHOM JUTMHBI JIJISI KaY€CTBEHHOTO
(hopMHpOBaHUs 3aKPYUSHHOT'O TTOTOKA.

Ha puc. 2 npencraBieH KOHTPBUXPEBOIl racUTEb,
yCcTaHaBIMBaeMblil B TypOuHHOM Onoke ['A-2 benope-
yenckoil ' DC nocre 1eMoHTaxa rujjpoarperara u rnpe/i-
Ha3Ha4YeHHBIN I cOpoca yepes HEero XOJIOCThIX pac-
XOJIOB B MEPUOABI TABOJKOB U MOJIOBOAMI Ha BOJOTOKE.
Oco0eHHOCTh KOHCTPYKIUH ITOKAa3aHHOTO Ha PUCYHKE
KOHTPBHXPEBOTO TACUTEISI 3aKIF0YACTCSI B TOM, UTO €T0
JIOTIACTH, YKECTKO 3aKPEJIEHHbIE Ha TOPLIEBOM BEpXHEM
KpBIIIKE THAPOArperaTa, J0KHBI Pa3BOPAdYNBaTh MPOXO-
JUIININ 9epe3 HUX MOTOK B CTOPOHY, ITPOTHBOIIONIOKHYIO
3aKpyTKe Apyroro (mepugepuitHoro) moroka, Gopmupy-
€MOT0 JIONIaTKaMH HaIPaBIIAIOILETO anmnapara ylaleHHO!
ruApoTypOuHbL. Takum 00pa3zom, JIONacTH 3aBUXPUTEIIS
BBIMOJIHSIIOT JIBe (DYHKIIMHU: Pa3BOPOT IOTOKA M (op-
MHUPOBaHHE 3aKPYYEHHOI'O T€4EeHUs. MOXKHO BUAETS,
YTO, HECMOTPSI HA TYCTOTY YCTaHOBKH 3aKPY4HBAIOIINX
cOpOCHOH ITOTOK JIoTIAaCTE|, MLy HUMH UMEIOTCSI 3Ha-
YHUTENbHBIE IIPOCBETHI. DTO OyJIeT CKa3bIBaThCst Ha (hop-
MHUPOBaHUH 3aKPYUCHHOTO TEUCHUS, IPUBOS K CHIDKE-
HUIO €T0 3aKPyTKH U d(PPEKTUBHOCTH KOHTPBUXPEBOTO
racutend. OueBUIHO, YTO TPAH3UTHBIN TIOTOK B 3HAYH-
TEJILHOM 00beMe OyIeT MPOXOIUTh MEXIY JIONAcTsIMU
C CyILIECTBEHHO CHUKEHHOW 3aKPYTKOM.

CoMHeHus B paboTOCIOCOOHOCTH KOHTPBUXPEBO-
ro racuTels 10 BapuaHTy | 3acTaBWIIM MCKaTh Oojee
COBEpIICHHBIE TEXHUUECKHE PEIICHHS, K KOTOPBIM
Y OTHOCHUTCSI 3aBUXPUTEIb C YUIMHEHHBIMH JIONIACTIMU
B (hopMe JIorapu(PMHUUECKON CIIUPaTIH. DTOT KOHTPBHX-
peBoii racuTensb i yenosuit benopeuenckoit '9C (Ba-
pHaHT 2) MmoKa3aH Ha puc. 3.

lacurens 1Mo BapuaHTy 2 UMEET YETBIPEXKPATHOE
CHIDKEHHE YHCIIa JIOTACTEH MO OTHOIIEHUIO K BapuaH-
Ty 1, TIpy 3TOM IIPOCBETOB MEXY JIOMACTSIMU HE HaOITIO-
naercsi. Het coMHeHMT B TOM, 4TO BUXPEBOU ammapar
CO 3HAYUTENHFHO YAJTHHEHHBIMH JIOTIACTAMHU OyneT dop-
MHPOBATh 3aKPyUCHHBIN TIOTOK TPeOyeMbIX MapaMeTpoB
1utst 3Q(HeKTUBHOM pabOThl KOHTPBUXPEBOTO TACHTEIIS.
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A.J1. 3yiikoe

c
Puc. 2. KoHTpBUXpEBOI racuTens 1o BapuaHTy 1: @ — 3cKu3-
HBIH IPOEKT; b — BHJ COOKY; ¢ — H30METPHUS

3AKJITIOYEHHUE U OBCYXIAEHHUE

PsiioM crienuanicToB BBICKA3bIBAJIOCh CYXKICHHUE,
YTO BBIIOJHEHHE KOHTPBUXPEBOIO FACUTENS C JIOMA-
CTSIMH JIOTapU(PMUIECKOTO MPOQUISI IPUBEIET K €T0
3HAYMUTEIbHOMY yaopoxaHuio. OnHAaKO MPOeKTHas
npopaboTKa I0Ka3ajla, 4TO y4acTOK Jorapupmuye-
CKOHM cIupajy aninpOKCUMUPYETCS LUIUHIPUYECKON
MMOBEPXHOCTHIO, CIEAOBATEIBHO, ATOT y4aCTOK MO-
JKET OBITH BBIpE3aH M3 TPYObI HY)XHOTO JHaMeTpa.
Hanpumep, muist yenosuit benopeuenckoii '9C Tpeby-
ercs ydacTok TpyOsr guamerpom 2000 MM U [THHON
1800 MM, u3 KOTOpOTO BEIpE3atoTcs Bce 10 HeoOXoam-
MBIX Jioractell. Takum 0O6pa3om, MHEHHE O CJIOKHO-
CTH M3TOTOBJICHHSI BUXPEBOI'O ariapara ¢ JONacTIMu
JoTapU(PMHIECKOTO TPOGUIS CIUIBHO MPEYyBEIHICHO.
Haobopor, mpocToTa NCHOTHEHHUS MO3BOJISIET PEKO-
MEH/IOBAaTh PACCMOTPEHHYIO KOHCTPYKIIUIO B Ka4eCTBE
TUIIOBOM.
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c

Puc. 3. KoHTpBUXPEBOI racUTEINb 110 BAPUAHTY 2: @ — ICKU3-
HBII TIPOEKT; b — BUJI COOKY; ¢ — H30METPUS

B 3axutouenne ormeTuMm cienyromniee. B pabore
YCTaHOBJIEHO, YTO T€OMETPUYECKasl XapaKTePHUCTHKA
MUJIMHAPUYICCKOTO JIOMAaCTHOI'O 3aBUXPUTECIIA HE 3aBU-
CHUT OT paanyca BBIXOAHBIX KPOMOK 3aKPY4HBAIOLINX
MIOTOK JIOTIACTEH, HO 3aBUCHUT OT yTJIa X CKOCA Ha 3TOM
paauyce. OTMeudaeTcs, 4TO 3TO OTKPBIBAET BO3MOXK-
HOCTH TMOBBIMICHUS HAACKHOCTH U dPPEKTHBHOCTH
(hopMHUpOBaHHMS 3aKPYUEHHOTO MTOTOKA BUXPEBBIM arla-
paToM c JIONACTSIMH YBEJIWYCHHOW JUTMHBL. Jloka3aHo,
YTO XOp/a IIABHO 00TEKaeMO#l OTOKOM YITHHCHHOM
JIONACTH 3aBUXPUTENS T0JDKHA UMETh (hOpMY Jtorapud-
muueckoi cnupanu. [lokazano, 4To BUXpEBOM anmnapar,
BBINOJIHEHHBIH B BUJIE JIONACTHOW CHUCTEMBI JIorapud-
MHYECKHX CHHpaseil, GOpMHUPYET TEUEHUE C HAJIOKe-
HUEM MMOTCHIUAJIbHOTO BpalllCHUS Ha HOTeHI.[PIaJ'II:HLIﬁ
cTOK. PaccMoTpeHa KOHCTPYKIMSI KOHTPBUXPEBOTO Tra-
CHUTEJIsl SHEPIUH ITOTOKA C CHCTEMOI JioriacTei B popme
JOrapu(pMHUUYECKUX CIUpATICH Ha MpUMepe X0JI0CTOTO
BonoBbINTycKa benopeuenckoit 'DC.
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INTRODUCTION

The development of vortex apparatuses — devices
for swirling liquid and gas flows — remains an urgent
scientific and engineering task [1-5]. These devices
are widely used in microbiology, chemistry, ecology,
heat engineering, power engineering, engine and rocket
engineering [6—14].

In hydraulic engineering, swirling flow was first
used in mine spillways. By the fifties of the last century
more than 50 swirling mine spillways had been built,
18 of them in Italy [15]. In the Soviet Union two such
spillways were built as part of the Medeo mudflow
protection dam, where the open flow is swirled
by a swirler in the form of a spiral chamber [16].
In the 1970s, in connection with the design and
construction of the high-pressure Nurek (275 m
high) and Rogun (335 m) dams, the Soviet Union
began developing deep spillways capable of passing
high-speed water flows and damping their kinetic
energy [17]. The so-called counter vortex spillway
system based on mutual damping of excess kinetic
energy of swirling flows with counter-rotation was also
investigated [18, 19].

A number of hydroelectric power plants (HPPs)
in Russia are currently reaching the end of their service
life, requiring their dismantling or mothballing to
ensure that the river flows through the hydroelectric
complex. An acceptable solution seems to be to use
the power conduits of a stopped hydropower plant as
spillways for this purpose. This problem is investigated
in works [20, 21] in which the possibility of replacement
of decommissioned hydraulic units with a counter vortex
damper, which provides a quiet removal of discharge flow
to the downstream side with extinguished excess kinetic
energy, is studied. The development of this topic is devoted
to this article, which deals with the design of the swirling
flow apparatus of counter vortex damper at the idle outlet
of Belorechenskaya hydroelectric power station.

The aim of the study is to develop an effective
counter vortex damper for excess flow energy.
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MATERIALS AND METHODS

Analytical methods of classical hydromechanics
are used [22]. In particular, the work is based on works
of G.N. Abramovich [23, 24], N.A. Chigier, J.M. Beer
and other authors [25-27], in which for calculation
of vortex devices and analysis of circulation-length
flow the geometrical characteristic of swirling flow
device (Abramovich number A4) is used.

The geometric characteristic of the swirl devi-
ce A4 has the fundamental property that this parameter,
on the one hand, determines the flow capacity
of the device expressed by its flow coefficient and,
on the other hand, sets the swirl efficiency of the flow
passing, characterized by the Chigier-Beer number Sn,
equal to the ratio of its tangential momentum to the axial
component of momentum [18, 19, 23-27]. Parameter A4,
as shown in [28], is numerically equal to the Chigier —
Beer number Su and thus determines in general all
hydraulic characteristics of both the device itself and
the flow passing through it. Moreover if the geometry
of vortex apparatus flow part is changed, but parameter
A = Su remains unchanged, the hydraulic characteristics
of the device and the flow passing by it are preserved.
The use of this property is the conceptual basis for this
research.

RESEARCH RESULTS

The local swirler shown in Fig. 1 is designed as

a cylindrical grid (guide apparatus) of nonrotating

blades fixed in an annular culvert around the perimeter

of the diverting channel. Geometric characteristic

of such swirler is calculated by the formula [18-21, 23,
24, 28]:

TRR,
4 q (1
where R is the radius of the swirl outlet channel; R is

the effective radius (radius normal to the velocity vec-
tor U of the flow descending from the blades, see fig. 1);
Q is the area of the annular culvert section between
the blades normal to the velocity vector U.




Cylindrical flow swirler with extended blade chord

P. 20-30
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Fig. 1. Schematic diagram: ¢ — longitudinal section; b —
section along A-A; ¢ — assembly B; / — swirl vanes; 2 —
swirl chamber; 3 — diverter channel

From the diagram (Fig. 1) it can be seen that
the effective radius R and the area of the permeable
ring section Q are related to the radius of the outlet
edges of the flow-twisting blades R by the following
relationships:

RO = Rnut €os Bb’ (2)

2n
Q= [bR,,d0-sinp, =b27R,, sinp,, 3)
0

where B, is the angle of bevel of the swirler blades at
radius R ; b is the length of the swirler blades; d0 is
the infinitesimal central angle on the circumference
of the circular cross section of the swirler (see figure 1, ¢).
Thus, formula (1) with expressions (2) and (3)
takes the form
R

:2b-tan[3b' @

According to formula (4), the geometric character-
istic of a vane swirler 4 depends on the ratio of the ra-
dius of its outlet conduit R to the height of the swirl-
ing blades b and their bevel angle B, at the radius
of the outlet edges R . At the same time the parame-
ter A does not depend on the radius of outlet edges, as
it drops out of formula (4). The obtained result allows
us to draw important conclusions, which follow from
the fundamental property of the geometric characteristic
of the twisting flux device 4 discussed above.

The first conclusion can be formulated as follows:
for hydraulically identical swirlers, for which 4 = idem
and R/b = idem, the outlet edges of their guide vanes
can be located at arbitrary radii R, but the blade bevel
angle B, at the outlet edge radius must be the same. As
an illustration, in Fig. 1, b, the first row of blades is shown
in black; blades moved to different radial distances from
the unit centreline are marked in red, but with any blade
arrangement the hydraulic characteristics of the units and
the flows they pass will be the same at , = idem.

The second conclusion is that a swirl blade along
the length b can be made with an exit edge of variable
radius R (b), then to ensure consistency of the param-
eter (Abramovich number) 4 along the entire length
of such a blade, its bevel angle B, at variable radius
R (b) must be kept constant 3, = idem. This conclusion
is important if the quality of forming of swirled flow is
to be increased by lengthening of chord of the blade at
the expense of its variable height a(b). In Fig. 1, b this
lengthening of the blade chord is shown in dark blue.
In practice, ensuring the quality of flow formation is
always required, so in this formulation the problem is
more relevant than the problem of transferring blades
from one radius to another.

Consider the shape to be given to a swirling flow
vane if the radius of its trailing edge varies along
the length R (b), and its bevel angle at this radius
remains constant §, = idem. Obviously, the shape
of the smoothly flowing blade should be made along
the current lines. Then, considering the flat flow around
the blade in the swirl chamber, we write the equations
linking the radial u_and the tangential u, components
of velocity vector U with the current function ¥ [22]:

oY oY
e T ©)
where » — is the current radius, and reversing the conti-
nuity equation for a droplet liquid in a cylindrical swirl
chamber

o(ru, ) +%
ror 700

=0

into an identity, for

6(1"ur)+%_— oy . Pe

ror 100 rordd  ro0or

But, if the components of the velocity vector
of a plane current u_and u are defined by formulae (5),
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then the total differential of the current function Y¥(r, 0)
is equal:
a¥ = a—\Pdr + {;—\;’de =u,dr —ru, do. (6)

r

On the current lines the function W = const, in this
case d¥ = 0, then according to expression (6) the shape
of the smoothly flowing blade must satisfy the condition:

u,dr —ru,dd = 0. (7
Since (see Fig. 1, ¢):
u, =UsinB,; u, =U cosP,, (8)

then condition (7) is easily reduced to the differential
chord equation of the swirl vane:

do = ! 'ﬁ,
tanf, r

or after integration within the range from the point
on the blade chord with coordinates at the centre an-
gle 0, and the radius of the outlet edges of the blade
R, to the point on the chord with coordinates 0, R,
we obtain:

R
0,-0, = ! In| —2= |, )
tanf, (R

outl

According to formula (9) the swirl vanes must be
shaped like a logarithmic spiral. The flow formed by
a logarithmic spiral vane system is characterised by
the following features.

The radial velocities of the flow (runoff) increase
towards the centre inversely proportional to the radius.
In the case under consideration, this boils down to
the formula:

0
-2 10
“r 2nrb (10)

where Q is the flow rate through the swirler.

Further, since, according to Equations (8), we have

ur

_taan’

then, accordingly, we find:

riy = _9
2mb-tanf,

Uy

= const. (11)

Formulas (10) and (11) characterize the flow at
superposition of potential rotation on potential flow [22].
This flow is often referred to as “vortex flow” in literature,
which is not correct, because the flow is by definition
vortexless. In vortexless (potential) fluid flow there is no
hydraulic head loss. Potential flows refer to ideal (non-
viscous) fluid model. But there are no viscous (real)
fluid flows without hydraulic head losses. Therefore,
strictly potential flows do not exist either. However, in
turbulent flow we can talk about quasi-potential flow, and
the higher the turbulence, the closer the fluid flow is to
the potential flow by its structure and properties.
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If a hydraulic device, with its low hydraulic
resistance, generates a flow close to the potential flow,
it can be characterised as technically perfect. On this
basis, a vane swirler in which the shape of the blades
corresponds to a logarithmic spiral can be regarded as
technically perfect.

There is a reason to believe that the vane swirler
is optimal for the conditions of installation on power
conduits of medium-pressure hydroelectric power
stations during their decommissioning and use in
the future as idle outlets. However, when implementing
this proposal, the problem is that the diameters
of the turbine and the suction pipe cone of hydroelectric
units of medium-power plants differ slightly and do not
allow to make a swirler with a chord of blades long
enough for high-quality formation of swirling flow.

Fig. 2 shows a counter vortex damper installed in
the turbine unit of GA-2 of Belorechenskaya HPP after
dismantling the hydraulic unit and designed for discharge
of idle discharges through it during floods and floods
on the watercourse. The peculiarity of the counter-vortex

. T ]
an s :

c

Fig. 2. Counter-vortex damper according to variant 1:
a — schematic design; b — side view; ¢ — isometric
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c

Fig. 3. Counter-vortex damper version 2: ¢ — schematic
design; b — side view; ¢ — isometric

damper design, shown in the figure, is that its blades, rig-
idly fixed on the end upper cover of the hydraulic unit,
shall turn the flow passing through them in the direction
opposite to the twisting of another (peripheral) flow,
formed by the blades of the guide apparatus of the re-
moved hydraulic turbine. Thus, the swirl vanes have two
functions: flow reversal and formation of swirling flow. It
can be seen that despite the dense installation of the swirl-
ing discharge blades, there are significant gaps between
them. This will affect the formation of the swirling cur-
rent, resulting in a reduction in swirling and the effective-
ness of the counter vortex damper. Obviously, a signifi-

cant volume of transit flow will pass between the blades
with significantly reduced swirl.

Doubts in serviceability of counter-vortex damper
according to variant 1 forced to search for more perfect
technical solutions, which include swirler with elongat-
ed blades in form of logarithmic spiral. This counter-
vortex damper for conditions of Belorechenskaya HPP
(variant 2) is shown in Fig. 3.

The Option 2 dampener has four times the number
of blades compared to Option 1, with no gap between
the blades. There is no doubt that a vortex apparatus
with considerably longer blades will produce the swirl-
ing flow required for the effective operation of a coun-
ter-vortex damper.

CONCLUSION AND DISCUSSION

A number of specialists have suggested that
a counter-vortex damper with logarithmic blades would
be considerably more expensive. However, design
studies have shown that the logarithmic spiral section
is approximated by a cylindrical surface, hence this
section can be cut from a pipe of the required diameter.
For example, Belorechenskaya HPP conditions it
is necessary to cut out a piece of pipe with diameter
of 2,000 mm and length of 1,800 mm from which all
10 necessary blades are cut out. Thus, the opinion about
difficulty of manufacturing of the vortex apparatus with
blades of logarithmic profile is greatly exaggerated.
On the contrary, the simplicity of construction makes
it possible to recommend the considered construction
as a typical one.

In conclusion, we note the following. It has been
found that the geometric characteristic of a cylindrical
vane swirler does not depend on the radius of outlet
edges of the blades which swirl the flow, but depends
on the angle of bevel at this radius. It is noted that this
opens up an opportunity of increase of reliability and
efficiency of formation of the swirled flow by the vortex
apparatus with blades of the increased length. It is proved
that the chord of extended swirl vortex blades, smoothly
streamlined by the flow, should have a form of logarithmic
spiral. It is shown that the vortex apparatus made in
the form of logarithmic spiral vane system forms a flow
with potential rotation superimposed on the potential flow.
The design of counter-vortex damper of flow energy with
the system of blades in the form of logarithmic spirals
on an example of an idle water outlet of Belorechenskaya
hydroelectric power station is considered.
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AHHOTALUMNA

BBepeHune. PaccmatprBatoTcs METOAblI pacyeTa 1 AeNCTBYOLME HOPMATUBHBbIE JOKYMEHTbI, NCMOMb3yeMble Npu pacyeTe
30aHMN Ha YCTOMYMBOCTb K MpOrpeccupyoieMy obpyLueHuto. lNepeuncnerbl KnoveBble METOAbI pPeLleHns NoJobHbIX 3a-
Aay. M3noxeHbl OCHOBHbIE MONOXEHWSA KaXAoro M3 HuX. MpoaHanusnpoBaHbl NPenMyLLecTBa U HeJoCTaTkN NPUMEHSeMbIX
MeTOL0B.

MaTtepuanbl n meTopbl. PacyeTbl yCTONYMBOCTY K NMpOrpeccupytoLlemy obpyLLEHVIO BbINOMHEHbI ANS MHOFOMPOSIETHON MHO-
roaTaXKHOM NIIOCKON pambl Ha OTKa3 CPeAHEN CTOWKV NepBoro artaxa. [1ns NnpoBeAeHUs: pacyeToB NPUMEHSIICS NPOrpaMMHbIv
komnnekc JIMPA-CAIMP 2021 R1.2. 3agaya peluanacb HECKONMbKUMW METO4aMU: CTaTUYECKUA pacyeT, KBasucTaTUdeckuii
pacyeT u AuHammyeckuii pacyet. KBasucrtatuyeckmin pacyeT BbINOMHAMNCS B AByX BapuaHTax: pulldown- un pushdown-aHanus.
[VHamunyecknin pacyeT OCYyLLECTBMSANCA METOAOM MPAMOro MHTErpUpOBaHUS YPaBHEHU OBWXEHUS C MOMOLLbI0 MOAYNS
«[nHamuKka Bo BpemMeHu». bbino paccMOTpeHo ABa BapuaHTa C pa3nnyHbIM BPEMEHEM UCKIMTIOYEHNS 3NIEMEHTOB.
Pe3ynkTathl. Pe3ynsrathl NpoaHanvMampoBaHbl U cBeAeHbl B Tabn. 2. PacyeT B cTaTU4eCKON NOCTaHOBKE AaeT 3Ha4YeHUs
YCUINIA 1 NepeMELLLEHUIA, IBHO 3aHMXKEHHbIE MO CPAaBHEHWIO C OCTarnbHbIMM Cocobamu. Yeunusa u nepeMeLLenmnst, nomnyyeH-
Hble MpU KBa3nCTaTUYECKMX pacyeTax, Mony4ymnmncb Gonblue, YemM Npy pacyeTax B AMHAMUYECKOW NocTaHoBKe. Pesynbrathl,
nonyyeHHble npu pulldown- n pushdown-aHanuse, 6n13ky No CBOMM BEMUYUHAM.

BbiBoabl. PacuyeTbl kBasucTaTMyeckumMm MeTofaMu [aloT 3aBbllUeHHble YCUMUSt U MepeMELLeHUst MO CPaBHEHWUIO C pac-
yeTamy B AMHAMUYECKOW MocTaHoBKe. Pesynbratbl pushdown-aHanm3a nydile COOTHOCHATCS C pesynbratamy pacyeToB
B IMHaMMNYeCKON noctaHoBke. [1ns 6onee TOYHOro onpeaeneHns yCunuini Npu NCnornb30BaHWN KBa3MCTaTU4ECKOro pacyeTa
Heobxoammo obocHoBaHWe KoadduLmeHTa AMHAMUYHOCTH.

KNOYEBBIE CITOBA: nporpeccupytollee obpyLueHne, nokanbHbIA 0Tkas, HenmMHenHocTb, pulldown-aHanus, pushdown-
aHanus, kBasucTtaTMyeckne MeTofbl, HENMUHEWHbIN AUHAMUYECKUI aHann3, KoaPMULMEHT AMHAMUYHOCTMN

OnA UUTUPOBAHUA: CemawkuH A.4., TycHuH A.P, Bepaep M.I1. Cnocobbl pacyeTa HECYLLUMX KOHCTPYKLMIA Ha YCTONYU-
BOCTb K nporpeccupytoLemMy obpyLueHuto // CTpouTenbCcTBo: Hayka 1 obpasoBaHue. 2023. T. 13. Buin. 2. Ct. 3. URL: http://
nso-journal.ru. DOI: 10.22227/2305-5502.2023.2.3
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Methods of structural analysis for resistance
to progressive collapse

Andrey D. Semashkin, Alexander R. Tusnin, Maria P. Berger
Moscow State University of Civil Engineering (National Research University) (MGSU);
Moscow, Russian Federation

ABSTRACT

Introduction. Calculation methods and current normative documents used in the calculation of buildings for resistance
to progressive collapse are considered. The key methods of analysis are listed and fundamenta.rules of each of them are
stated. The advantages and disadvantages of these methods are analyzed.

Materials and methods. The calculations of stability to progressive collapse have been carried out for a multi-span flat
frame at the failure of the middle post of the ground floor. The software complex LIRA-SAPR 2021 R1.2 was used to perform
calculations. The task was solved by several methods: the static calculation, quasi-static calculation and dynamic calcula-
tion. The nonlinear functioning of construction and material was considered by step-methods with using the flow curve from
SP 16.13330.2017. Quasistatic calculation was performed in two variants: pulldown and pushdown analysis. The dynamic
calculation was carried out by direct integration of the equations of motion using the module “Dynamics in Time”. Two vari-
ants with different element elimination time were considered.

Results. The results are analyzed and summarized in Table 2. The static calculation yields force and displacement values
that are clearly underestimated as compared to other methods. Forces and displacements obtained by quasistatic analysis
are greater than those obtained by dynamic analysis. The results obtained in the pulldown and pushdown analyses are
close in value.
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Conclusions. Quasistatic calculations give higher forces and displacements than dynamic calculations. The results of push-
down analysis correlate better with the results of calculations in the dynamic formulation. In order to determine forces more
accurately when using quasi-static calculation, a justification of the dynamical coefficient is necessary.
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BBEJEHHUE

IIpyn npoexTupoBaHUU OTBETCTBEHHBIX 34aHUU
U COOpPYKEHMH HE0OXOAMMO HMCKIIOUUTH O0pyLIeHHE
3[aHMsl IPY JOKaJIbHOM MOBPEKICHUN HECYIIUX KOH-
cTpykuuii. OGecriedeHne KUBYIeCTH HECYIIEH CHCTEMBI
00yCJIOBJICHO BO3BMO)KHBIMHU YEJIOBEUECKUMH JKEPTBAMH,
OOJIBIIMMH MaTepUaIbHBIMU IIOTEPSIMH MIIH CEPhE3HbI-
MM TIOCIIeICTBUSIMU 00pyIIeH!st (0000 BaKHBIE TIpe/-
MPUSATHS, ONTACHBIE IIPOU3BOACTBA, XPAaHUIIMIIA BPETHBIX
BEIIECTB, 00BEKThI KPUTHUCCKONH HH(PACTPYKTYPHI).
JIJ1s1 MCKITIOUEHUS! TPOTPECCUPYIOIIETro OOpYILEHHUS Ipr
IMPOEKTUPOBAHUHY 31aHUIA U COOPYKEHHUI BBINOJIHAETCA
pacyeT KOHCTPYKIUH C JIOKAJIbHBIMU HOBPEKICHUIMHU.
Pacuer noBpex1eHHON KOHCTPYKLIMU HA yCTOMYUBOCTD
K IPOrpeccupyomemMy oOpyIIeHUIO OCYIIeCTBISETCS
C y4eToM TpeOOBaHMI HOPMATHUBHBIX JOKyMEHTOB He-
CKOJIBKMMH CIIOCO0AaMH M OTJIIMYAETCS OT pacyeTa Hero-
BpEXJIeHHOM KOHCTpyKuuu. IIpexae Bcero, BHE3anHoe
pas3pylIeHHe OJHOTO U3 JIEMEHTOB KOHCTPYKIMHU (JI0-
KaJIbHOE pa3pylIeHNe) IPUBOIUT K U3MEHEHHIO PacyeT-
HOW CXeMBI KOHCTPYKIHMH, YTO B CBOIO OYEPEAb BEIET
K U3MEHEHMIO YCWIIMM B 3JIeMeHTaX KOHCTpyKIuu. Mo-
I'yT MEHATbCS PACUETHBIE JUIMHBI AJIEMEHTOB U YCIIOBUS
paboThI y3110B KOoHCTpyKuuH. Ha pa3zButhe mporecca
paspylleHHs BIUSIET TO, KAK BOZHUKAET JIOKAIbHOE T10-
BpexeHue. Jledexr, npuBoasIMi K BEIXOLY U3 CTPOs
9NIEMEHTA U UCKJIIOUEHHIO €r0 U3 PaCUE€THOM CXEMBI, MO-
JKET Pa3BUBATHCS IOCTENIEHHO B TEUEHHE OTHOCUTEIBHO
JUIMTEIBHOTO MPOMEKYTKA BPEMEHH WM IOSIBIATHCS
BHe3anHo. [locTeneHHbId BBIXO/ U3 CTPOsi HAOIOIaeT-
Csl IPH JUTUTEIILHOM YBEJIMUEHUH 0CA/I0K (DYHJJAMEHTOB,
Pa3BUTHH IUIACTUYECKUX Je(OopManuii, II0I3y4ecTH Ma-
TepHaa, HarpeBe IpH MoKape, KOPPO3ZHOHHOM H3HOCE,
[OJATIMBOCTHU y3J10B U T.I1. IIpruunHOii BHE3aHOro uc-
KJIIOUEHUS DJIEMEHTA SIBISIETCS XPYIKOe pa3pylIeHUe,
HOTEPsl YyCTOMYMBOCTH, Pa3pyLIEHUE COEIUHUTEIbHBIX
JNIEMEHTOB B y37lax, ObIcTpas ocaaka (yHIaMEeHTa
Ha TPOCAJ0YHBIX TPYHTaX WM U3-3a PA3BUTHSI KapCTO-
BBIX siBJIeHHH ¥ T.J1. [Ipu nocrenenHoM GpopMHUpoBaHUH
nedekra, BeILyIeM K BBIXOIY M3 CTPOs DIIEMEHTA U HC-
KIIFOYEHUIO €0 U3 PACYETHON CXEMBI, KOHCTPYKLHS C U3~
MEHEHHOW pacyeTHOW CXeMOW padoTaeT CTaTHYeCKH.
[Tpu ObICTPOM HCKITIOYEHHH 3JIEMEHTA B OBPEXKACHHON
KOHCTPYKIIMU Pa3BUBAIOTCS KOJICOAHHS, @ YCHIIMS 3aMeT-
HO BO3pAcCTalOT 10 CPABHEHHIO CO CTATUYECKHUM 3arpy-

JkeHueM. Ha BelmurHy TUHAMITYCCKHUX YCIITHIA OONBIIIOE
BIIMSHHE OKA3bIBAET BPEMsI HCKITIOUEHHS JIEMEHTa, YeM
MCHBIIC BPEMS UCKIIOYCHUSA, TEM 6OJ'H)HIC JUHaMHU4e-
CKHE yCUIHS.

OmHO3HAYHBIE PEKOMEHIAIINH MO0 HAa3HAYCHUIO
BpPEMEHH OTKa3a 3JIEMEHTa B OTCUCCTBEHHBIX HOPMATHB-
HBIX JIOKyMEHTaX OTCYTCTBYIOT, [I03TOMY OBLIO paccMo-
TPEHO JIBa BapHaHTa TUHAMUYECKOro pacueta. I[TepBbrif
BapHaHT — OTKa3 co BpemeHeM uckiroueHus 0,17, rae
T — mepuon KonebaHnit KOHCTPYKITUH 0e3 BEIOBIBILIETO
aeMeHTa 1o (¢opme KosebaHnit, HAITOMHUHAIOIIEH CTa-
THYECKYIO J1e(DOPMAITHIO CHCTEMBI C TIOBPEKICHUSAMH' .
BTopoii BapraHT — 0TKa3 CO BpEeMEHEM HCKITIOYCHHUS
0,01 ¢, uTo MO3BOJSIET MOJIEAUPOBATH MTHOBEHHOE HC-
KJIFoUeHue snemenTa [1].

W3MmeHeHue pacyeTHOI cXeMbl KOHCTPYKIIMU NPU
UCKJTIOYCHNH TTOBPEKACHHOTO 3JIEMEHTA BEJET K POCTY
YCWINH B COXpaHUBLIEHCS YaCTU KOHCTPYKUUU. B psine
HECYIIUX CHUCTEM yHaJIeHHEe OJHOTO AIIEMEHTAa HE BBI-
3BIBACT TEOMETPUICCKYEO MU3MEHSIEMOCTh OCTaBIIICHCS
YaCTH KOHCTPYKIMU. B Ipyrux cucremax UCKIIOUEHUE
OJTHOTO 3JIEMEHTA BJIeYET TeOMETPHUUECKYIO U3MEHsIe-
MOCTb KOHCTPYKIIMH, U JUIA MIPEIOTBPAIICHUS 00py1IIe-
HUS KOHCTPYKIMH HEOOXOIMMO TIPETyCMOTPETh BBEIC-
HHE B €€ COCTaB JOIMOIHUTEIBHBIX 3JIeMeHTOB. Ecin
KOHCTPYKIIMSI COXpPaHseT paboTOCIOCOOHOCTh Mocie
UCKITIOUEHHS DIIEMEHTa, TO JUIsl 00ecIiedyeHns Hecyen
CHOCOOHOCTH CIIeyeT MoJo0parh CeueHHs HIEMEHTOB
N KOHCTPYKTUBHBIC PCIICHUA Y3JI0B, KOTOPLIC MOTYT
BOCTIPHHSTH BO3POCIINE YCHINSA B KOHCTPYKIIUH.

CHOKHBIH BOIIPOC pacyeTa M MPOSKTHPOBAHUS CH-
CTEM C YYCTOM JIOKAJBHBIX MIOBPESIKICHAN HAIIET CBOE
OTpakKCHUE B HOPMATUBHBIX JOKyMeHTax. Tak, B poc-
CHIiCKHUX HOpMax’ B TI. 4.5 ompe/encHa 30Ha JIOKab-
HBIX pa3pyLICHUN i OOJBITUHCTBA BUIOB KOHCTPYK-
TUBHBIX cucTeM. OJJHAKO TaHHBIHM IIYHKT HE OXBATHIBAET
BCE BO3MOXKHBIe cirydau. Hanpumep, B 11. 4.5.2 npeanu-
CBIBAETCS PACCMATPUBATh Pa3pyIIEHUE OTHOTO M3 dJe-
MEHTOB HECYyIIMX KOHCTpyKuuid. ITpu sTom He oroBa-
pUBaeTCs, CleqyeT JU PacCMaTPUBATH pa3pyIICHHE
CBSI3€BBIX IEMEHTOB WU AIEMEHTOB, PACKPEILIIONIUX
Hecyuui snmeMent. B n. 4.5.4 nns coopykeHuit mnpo-
MBIIIJICHHBIX HpeL[HpI/ISITI/Iﬁ IpEANUChIBACTCA JIOKAJIb-
HOE pa3pylIeHHe pacCcMaTpUBaTh, COTJIACHO 3aJaHUIO
Ha MMPOEKTUPOBAHNE, B 3aBUCUMOCTH OT ()YHKIIMOHAb-
HOTO Ha3HAYCHHUsS COOpYyKeHUs. T.e. BEIOOp CIieHapus

! Alternate path analysis & design guidelines for progressive collapse resistance // GSA. 2016.

2CTII 385.1325800.2018. 3aiura 31aHuii 1 COOPYXKEHHUI OT MPOrPECCUPYIONIETO OOPYIIEHHS.
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JIOKAJILHOTO Pa3pyIICHUsI OCTAETCS 3a MPOSKTHPOBIIHU-
KOM M 3aKa3UUKOM.

CTOHUT OTMETHTH, YTO BEAYTCS UCCICTOBAHUS [2]
B 9TOM HampaBieHuu. Ho oqHO3HauHbBIE HOPMATHUBHBIE
PEKOMEHALNN €IlE OTCYTCTBYIOT.

s pacdyera NOBPEXKIEHHBIX KOHCTPYKLUH
Ha YCTOHYMBOCTH K IIPOTIPECCUPYIOIEMY OOPYIICHUIO
UCHONB3YIOTCS CTATHYECKHE U JUHAMUYECKUE METO/bI
pacuera. OnWH U TOT K€ METOJ] PEIICHUS MOXKET C pa3-
HOW TOYHOCTBIO OTOOPaXKaTh MOBEJCHUE KOHCTPYKIMU
B Pa3IMYHBIX PACYCTHBIX CUTyanusx. Beioop merona
pacdera 3aBHUCHUT OT PacCYNUTHIBAEMON KOHCTPYKITHH.
CymiecTByIoIye Ha JaHHBIH MOMEHT HOPMAaTUBHO-TEX-
HUYECKUE JIOKYMEHTBI HE JAalOT MPSMbIX OJHO3HAYHBIX
PEKOMEHIaNHH 10 BEIOOPY METOIOB pacyeTa FiTH OIleH-
K€ TOYHOCTH TOJyUYEHHBIX peIieHu. J[ns mpomsbiieH-
HBIX 3/IaHUI XapaKTEepHO OOJIBIIIOE YHCIIO TEXHOIOTHYe-
CKHX Harpy30K, 9To 00yCIOBICHO HATHINEM MOCTOBBIX
KPaHOB M TEXHOJOTHYECKOro 00opymaoBanust. Ominyre
MIPOM3BOACTBEHHBIX 3[JaHUH OT IPa)kJIaHCKUX TpedyeT
ydeTa CIeIHUKN UX padOoTHI IPH pa3padoTKe METOIH-
KM pacdeTa MPON3BOJICTBEHHBIX.

Inpokyto M3BECTHOCTH B NMPOQeCcCHOHANTBHON
Cpeze oYY IITH CIIEAYIONINE CTIOCOOBI pacdyeTa Ha Ipo-
rpeccupyoiiee o0pylieHue:

1. Kunemarnueckuid METO TEOPUM MPEAETHLHOTO
paBHOBecHsl. JIaHHBII METOT UCXOUT U3 PEIOJIOKEHHS,
YTO KOHCTPYKLUS BBIIOJIHEHA U3 YIPYTOIUIACTHYECKOTO
Marepuana. KoncTpykuus paccMarpuBaeTcsi B MOMEHT
00pa30BaHMs TIACTHYESCKIX MAPHUPOB M MIPEBPAIICHHS
KOHCTPYKIMH B MeXaHU3M. VceemyeTcs HECKOIBKO BO3-
MOXKHBIX BapHaHTOB 00Pa30BaHMS [UIACTHYCCKUX [IIAPHU-
poB. Hanbonee HeOmaronpusaTHOH SABIACTCS MUHUMAITb-
Hasl Harpy3Ka, IPH KOTOPOIl KOHCTPYKIMS ITpeBpariaeTcs
B MEXaHU3M. JIaHHBII METOJ TJI0XO MONACTCS allTOPUT-
MU3AIAA ¥ B HACTOSIIHI MOMEHT HE MUMEET ITHPOKOTO
pactpoCTpaHEeHHs B IPAKTHUKE TPOSKTUPOBAHUSL.

2. Crarnueckuii meroz. [Ipeanonaraer uckimoyeHue
SIIEMEHTa W HCTIONB30BaHNE TIPH pacueTe N3MEHEHHON
(BTOPUYHOI) CXEMBI C yJaJICHHBIM U3 Hee MOBPEXK/ICH-
HBIM 271eMeHTOM. [1o BEIOOpY MPOEKTUPOBIINKA BO3MO-
JKeH y4eT HeJTMHEHHONW paboThl KOHCTPYKIIHH M MaTepH-
ana. [IpeumyniectBamu MeToa B IMHEHHON TOCTAHOBKE
CIIy>KaT €ro MpoCTOTa U BBICOKAsI CKOPOCTb BHIUUCIIEHUIL.
Cy1iecTBeHHBIM HEJTOCTAaTKOM METO/IA B IIEJIOM SIBIISICTCS
HEBO3MOKHOCTh MOJICTTUPOBAHUS PACUCTHON CUTYaIlUH,
KOI/Ia yaJICHHE 3JIEMEHTa TIPOUCXOUT OBICTPO, BHI3bI-
Bas 3HAUNTEIFHBIC TIHAMHUYECKHE YCHIIHUS, CBSI3aHHBIC
C pa3BUTHEM KosiebaHU B KOHCTpYKIHH [3].

3. KBazucraruueckuii metoa [4]. B HeM MOxHO
BBIZICITUTH JIBA TTOJIBH/IA, KOTOPHIC MTONYYHIN M3BECT-
HOCTB 110J] Ha3BaHUAMH pulldown-ananu3 u pushdown-
aHanu3. VX CyIHOCTb 3aKIIFOUaeTCs B CIEAYIOIIEM:

* pulldown-aHanm3: 2IeMEHT UCKIIOYAeTCs, TIPO-
M3BOJIUTCS pacyeT BTOPUUHOM cxeMbl. [Ipu 3ToM K KOH-
CTPYKIIMH [TPUKITAIBIBAIOTCS C 00PaTHBIM 3HAKOM YCHITHS
B YOAJICHHOM dJIEMEHTE. YCIIIHS B SJIEMEHTE YMHOKAIOT-
cs1 Ha KO3 GHUIUEHT TUHAMUYHOCTH;

* pushdown-anau3: 3JIEMEHT HCKJII0YaeTCs, Ipo-
M3BOAMTCS pacyeT BTOPUYHOU cxeMbl. ITpu 3ToM Ha ko-
(G QUIUEHT AMHAMUYHOCTH YBEJIMUMBAIOTCS HATPY3KH
Ha HJIEMEHTBHI, IPHUMBIKAIOIINE K yIaJICHHOMY.

Onementsl pulldown-ananusa nmpucyTcTBOBAIN
B CIT 385.1325800.2018 (no Uzmenenns 1). [punoxe-
HHe b conmeprkalo ykazaHue 0 MTHOBEHHOCTH yAaJICHHs
BBIKJIIOYEHHOTO 3JIEMEHTa, KOTOPOE MOAEIMPOBAIOCh
MPUTIOKEHNEM YCHIIUSI U3 BBIKJIIOYEHHOTO 3JIEMEHTA
¢ oOparHbIM 3HaKoM. Takum 00pa3oM, B HESIBHOM BHJIE
noapasymesaercs k= 2 [4-6]. B o6HOBICHHOM Ba-
puante CII 385.1325800.2018 Ilpunoxenne b Opu10
uckioueHo. IIpoexTupoBmyKaM mpeiaraeTcst BECTH
pacuer Ha Iporpeccupyromniee 00pyIIeHHe CTaTHIECKIM
MeronoM. KBazucrarnyeckuil pacuer npu npaBUIbHOM
BbIOOpE KOO HIMEeHTa TUHAMUYHOCTH ITO3BOJISIET
y4ECTh MTHOBEHHOE HCKJIIOUEHNE TTOBPEXKICHHOTO Te-
MeHTa. [IpenmyIecTBamMu MeTosa ABIAIOTCS €r0 OTHO-
CHUTEIIbHAs IIPOCTOTA M BBICOKAsI CKOPOCTh BHIYUCICHHUN
IIpY pacueTe B JIMHEMHON nocraHoBke. Hepocrarok me-
TOla — HE BCerJa TOUHOE ONpeeNIeHne yCuuil u nepe-
MeIeHuH [ 5], momyyaembIx mpu pacdere. Bo MHOTOM 31O
CBSI3aHO C OTCYTCTBHEM YETKHUX PEKOMEHJANWi 10 Ha-
3HAYEHMIO KO3 PUIMEHTa IMHAMIYHOCTH, YTO BBI3bIBA-
€T KpUTHKY [5, 7] B ipodheccrOHAIBHON cpee.

4. qunamuueckuii Meton. Onpenensercsa KOppeKT-
HOe HanpshKkeHHO-AepopmupoBanHoe coctosiaue (HIC)
KOHCTPYKIMH /10 BOBHUKHOBEHHUSI OTKa3a JJIEMEHTA.
3areM M3 KOHCTPYKIIMU yIaseTCs MOBPEKICHHBIN
9JIEMEHT, BMECTO HETO BMECTE C BHEIIHEH Harpy3Kou
K KOHCTPYKIINH, KaK Harpy3Ka, IPUKJIAJIbIBAIOTCS YCH-
JIUS B OTOM DJIEMEHTE C OOpaTHBIM 3HAKOM. 3aJaeTcst
BpeMsl (BpeMsi HCKIIFOUCHUS), B TEUCHHE KOTOPOTO IPo-
HCXOINT UCKIIIOUEHHE IEMEHTA U3 PACUETHOH CXEMBI
U COOTBETCTBEHHO YCHJIMSI B HEM, U Harpy3ka oT HEero
Ha KOHCTPYKIHIO OT MaKCUMAJIbHBIX 3HAYEHUH YMEHb-
maeTcs 10 Hylsi. PacueT npoBoguTCes myTeM mpsMoro
WHTETPUPOBAHUSl YpaBHEHWH IBMWKeHUS. B pacuere
MOXET yUYUTBIBATbCA TeOMeTpHuecKas U (pusnueckas
HEJIUHEHHOCTh. [1aBHOE MpeuMyIecTBO MeToaa —
OTHOCHTENIFHO TOYHOE MOJIEIIMPOBAHNE MPOIIECcCa BbI-
KJIFOYCHUSI DJIEMEHTA U OTKJIMKa KOHCTPYKIIWH.

K HemocrarkaMm MeToga MOXHO OTHECTH CIIOXK-
HOCTB €T0 peajn3alni, KoTopas TpeOyeT BEICOKOH KBa-
TU(UKAIIK TPOSKTHPOBIINKA, TPYIOEMKOCTh U 00JIb-
M€ 3aTPaThl MAITMHHOTO BPEMEHHU.

Crout oTMeTuTh, uTo B Poccuiickoii @enepanuu
W 3a ec IMpeeaMi OCYIIECTBISIIOTCS NCCIIEJOBAHNUS
[0 YTOUHEHUIO KOA(PHUIIMEHTOB TUHAMUYHOCTH IS
Pa3IMYHBIX BUIOB COOpYKeHHH. B mocieanue ros
MPOBOAMIIMCH HCCIeOBaHMUS KOA(PDHUITMEHTOB THHA-
MUYHOCTH JIJISl CTAIBHBIX Oaok u epM [8, 9], a Taxxe
JUTS KeTIe300eTOHHBIX KoHCTpyKuwit [10-13].

Bomnpocsl, cBA3aHHbBIE ¢ MOAXOAMH K pacdeTy, Ha-
3HAYEHNEM CIICHAPHEB JIOKAILHOTO PA3pPyIICHNS U METO-
JITaMH 3aIUTHl OT IPOTPECCUPYIONIETO 0OPYIIeHuUS, pe-
TYJSIPHO 00CYXKIal0TCs B Hay4YHOH jmTeparype [14-24].
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Takum 06pa3oM, Tepea HHKESHEPOM, IPHHUMAFO-
IIUM IIPOCKTHBIE PEIICHUS 110 3aUTE OT IPOrPECCHPY-
I0I1IeTr0 OOpyYIIeHH S, BCTAeT HenpocTo BIOOp. C oHOM
CTOPOHBI, IUHAMUYECKHN pacyer IaeT BO3MOXKHOCTb
JIOCTaTOYHO TOYHO OTIPECITUTh OTKIMK KOHCTPYKIIUH
Ha aBapuiiHoe Bo3neiictBue. C nmpyroit — mpu He-
00XOIUMOCTH PACCMOTPEHHUS HECKOJIBKO BO3MOKHBIX
CLICHAPHEB JIOKAJIBHOTO pa3pylIeHNUs, OONBIIOM YHnC-
JIe 3arPY)KCHHUI U COUeTaHUH HArPY30K 3aTparhl TPyaa
U BpEeMEHH Ha IPOBEICHNE TUHAMHYECKUX PacyeToB
CTAHOBSITCSI CITUIIKOM BEJHKH.

MATEPHAJIBI U METO/JbI

PaccmoTpumM pacueT MHOTO3TaKHOU MONEPEUHOM
paMbl Ha yCTOIYMBOCTb K IPOrpecCUpyIOIEeMy 00py-
meHnto. [Torepeynast pama BXOIUT B COCTAB 3TAXKEPKH,
pa3MeIIeHHOI BHYTPHU NPOMBIIUIEHHOTO 3/1aHUs, U UMe-
©T IIATH dTaXKeH U yeThIpe mponeta. Beicora staxa 3 M,
HIMpHHA poseTa 6 M, IIar MNONEPEeUHbIX paM B ITAXKEPKE
6 M. KOJIOHHBI paMbl JKECTKO 3aKpeIIeHbl B (hyHAaMEH-
T€, PUTEIIU PaMbl XKECTKO NMPUKPEIICHB! K KOJTOHHAM.
W3 miockocTH paMbl KapKac 3aKperieH CHCTEMOM CBsi-
3eil, HCKITIoYaromIeil nepeMeneHus U3 TIIOCKOCTH PaMBbl.
Bce cTepkHH paMbl BBITIOIHEHBI U3 1BYTaBpoB. KonoH-
HbI paMbl UMEIOT ceueHue B BUe iByTaBpa 25K6, pure-
nu — B Buze AByTaBpa 45b4. [Ipunsar marepuan KoH-
cTpyKumii — crams Mapku C3555.

31,031,031,031,031,031,031,031031,031,031,031,031031031031,031,03

CeueHus 2JIEMEHTOB M MapKa CcTajd NoA00paHbl
TaK, 4YTOObI KOHCTPYKIIHUSI COXPaHsiIa HECYIIYIO CIIOCO0-
HOCTb ITPU BCEX BUIAX MOBPEXKICHUI KapKaca.

ITonepeunast pama BO3BeZ€HA BHYTPHU MPOMBIIII-
JICHHOTO 3/1aHUS W TpEeIHA3HAYEHa AJIS Pa3MEIICHUS
TEXHOJIOTHYECKOT0 000PYZOBAHUS W MaTepHayOB.
Ha nonepeunyio pamy JeHCTBYIOT IOCTOSIHHBIC U JUTH-
TeNbHbIE Harpy3Ku. Bce Harpy3ku HOCAT CTaTUYECKHH
xapakrep. Coop Harpy3ok npuseneH B Tadn. 1. Co-
IJIACHO JIEHCTBYIOIIMM HOPMAaM, B pacdyeTax 3alUThl
OT MPOTPECCUPYIOIIEr0 0OpYNICHHS TPUHUMAETCSI 0CO-
0oe coueTaHune Harpy3oK, BKJIIOYAIOIIee HOPMaTHBHbIC
MOCTOSTHHBIC U JUTHTEIBHBIC HATPY3KH, B TOM YHCIIE
MOHM)KEHHBIC 3HAUCHHSI KPATKOBPEMEHHBIX HArPy30K.
B kadecTBe MOHMKEHHOTO 3HAYEHHSI KPATKOBPEMEHHBIX
Harpy30K MPUHUMAETCS] UX JUTMTEIBHO AEHCTBYIOIIAS
4acTh, cocTaBisitonias 0,35 OT MOJIHOTO 3HAYEHHUS.

PacueT pambl BBIIOJIHEH C UCHOJIB30BAaHUEM BbI-
yucautensHoro komiekca (BK) JIMPA-CAIIP 2021
R1.2. DnemeHTH! paMbl 3aMOJIETUPOBAHBI C TOMOIIBIO
koHeyHoro anementa (K3) 310 — yHuBepcanbHbIN
MPOCTPAHCTBEHHBIN cTep)kHeBO K3, yunThiBarommii
TeOMETPUUECKYI0 HEeJIMHEHMHOCTh. PacueThl Benuch
B JINHEHHOH ITOCTAHOBKE U C YUETOM F€OMETPUUYECKOM
HelmHelHocTH. HenMHelHble CTaTHYeCKUi U KBa3HUCTa-
TUYECKNH PacueThl BHIMOIHAINCH [IATOBBIM METOIOM.
Oo1ee ymcno maroB npuitoxkerns Harpy3ku 100.

1031031,031,031031,031031031031031

31,031,031,031,031,03103103103 1,03

b

044 044

=
=
=]
=

0.4

.44 4

4

£l
3 1,03 1,03 1.03 1,03 1,03 1.0301 -1.03 1,03 1,03 1.03 1,03 1,03 L03 1.03 1

=
=
=
=)

ey

=
e
F—
-

1,03 1,03 1.03 1,03 1.03 1,03 1.03 L,

‘_
b1
=
=1
=]
)
=1
=)

1,03 1,03 1,03 1.03 1,03 1,03 1.03 1

B
)

¥]

bl i i

4

=
=y
=
B
=
=
=
=

=
@
el Bl & &

=

=
=y
LI
=
2
=
=
=
3
=
i
=
=

31031031 31.031.03 1,03 LO3 1,03 103 1

o o

D.? #a 0.4

i

X 12 B 0;
%5'1.03 1,03 1.03 1,03 1,03 1,03 1,03 103 1.03 1

=
=
=
=
=
=
=
=
=
b
=
=
=
=
=
e
=
b

=
s

4

LY £
o4

el
=

3103103103 103103

e T S

0,
0,
4 044 0.
X 2 04 0.9
::193203![)3!{)3103EDSl{)Sl{)SlDBDI 43[‘;3lDFlDElDE]{)S]BEEDSIDS1030'.

044 o
.ﬂ?*IORIDSE.SS1.{)3103103]&3 1,03 1,03 103 1,03 1,03 1

=
o

31,03 1.03 1.03 1,03 1.03 1.03 1.03 1.03 1.03

da

e

o
=1

31,03 1.03 1.03 1,03 1.03 103 1,031.03 103 T

Puc. 1. O6umii BUa pacyeTHOH CXeMbI C Harpy3Kkoi oT COOCTBEHHOTO Beca

3CI1296.1325800.2017. 3nanust u coopyskenusi. OcoOble BO3IEHCTBHS.
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Ta6u. 1. COop HArpy3Ku OT OIpa)<IalOLIUX KOHCTPYKIIHH
U TOJIE3HON Harpy3ku

Hopmarupnas
Haumenosanue
Harpyska, KH/m
Bec nepexpoitust 37,5
Koncrpykuuu nosnos 54
Ilonesnas Harpyska 63
(JUMTENbHAS YacTh) ?
CyMMapHast Harpyska 49,2

Ha pamy nmeficTByeT cOOCTBEHHBIH BeC HECYIIHX
U OTPaKJAIOMNX KOHCTPYKIMH U TTOJIe3HAS HATPYy3Ka.
Harpy3ku npuiioxxeHsl K pame B BUJI€ pacipe1eIeHHbIX
10 JUTMHE KOJIOHHBI ¥ 0atok. CoOOCTBEHHBIN BeC CTOEK
U pUrelicii y4TeH aBTOMAaTUYECKH C TOMOIIBIO BCTPOCH-
Hoit komanasl B BK JIMPA-CAIIP. Ha puc. 1 noka3ana
pacueTHasi cXeMa C Harpy3kod OT COOCTBEHHOTO Beca
HECYILUX KOHCTPYKLHUH.

Kpome cobcTBeHHOTO Beca HECYUINX KOHCTPYK-
LMHI, Ha KapKac AEHCTBYIOT IOCTOSHHAs Harpyska
OT BeCa OrPaKIAIOIINX KOHCTPYKIMI U MOJIe3HAs Ha-
rpy3ka (tabu. 1). PacueTHas cxema pamsbl ¢ JEHCTBYIO-
el CyMMapHOM Harpy3Koil npeacTaBieHa Ha puc. 2.

Pacyersl B IMHEHHOM MOCTAaHOBKE YacTO HAIOT
HECKOJIBKO MCKKCHHYIO KapTUHY Ae(QOpMaIiii u yCcu-
nuit [5-8]. Jlns OoNeHKW BIHMSHUS HEIUHEHHOCTH
Ha pa0OoTy KOHCTPYKIIMHU IMPHU MOBPEKIACHHH pacueT

MONEPEYHON paMbl BBIIIOJHEH B JIMHEHHOM IOCTAHOB-
K€ U C YUYE€TOM IeOMEeTpUUeCcKod HenuHenHoctu. s
pacueTa IPUHUMAIUCh HOPMATUBHBIE 3HAYEHUS MTOCTO-
SHHBIX ¥ JJIUTEIbHBIX HAarpy3oKk. Kpurepun Hecymen
crniocobHoctu npuanmalucsk o CIT385.1325800.2018.

Pama paccuuThiBanach Ha 0TKa3 cpeHEld CTOMKU
MIepBOTO 3Taka. PAacCCMOTPEHBI CleLyIONINe BAPHAHTHI
pacueToB MOBPEKACHHON PaMBbI:

* JTMHEHHBIN CTaTUYECKUI pacyer;

* HEJIUHEHHBIN CTaTUYECKUN PACUET;

* nuHEelHBIH KBasucratuyeckuii pulldown-
aHaIu3;

* HeNMHEWHBIH KBasucrtaTuudeckuii pulldown-
aHaIn3;

* JTMHEHHBINH KBazucraTudeckuii pushdown-
aHaJN3;

* HEJNMHCHHBIN KBa3zucTaTuyeckuii pushdown-
aHaIu3;

* JIMHEHHBIA AMHAMUYECKUH pacyeT co BpEMEHEM
uckiroueHus anemenTa 0,17, tne 7 — nepuon koseba-
HUH TTOBPEK/ICHHON KOHCTPYKIMH 10 (hopme, Hanbomee
CXOXeH cO cTaTHUecKoi Jedopmarueil CucTeMsl Ipu
MOBPEXKJICHUH CUCTEMBI;

* JIMHEHHBIA AMHAMUYECKUNA pacyeT co BpeMEHEM
nckiarouenus anemenrta 0,01 c.

PacueTHas cxema momnepeyHoi pamsbl IPHU MPOBe-
JIEHUH CTaTUYECKOr0 pacueTa MoKa3aHa Ha puc. 3.

IIpu mpoBeneHMHM KBa3MCTATHYECKOTO pacuera
K paMe MPUKJIAIbIBAIOTCA JTOTIOJHUTEIbHBIC HArPY3KH.
OTU HaArpy3Ku JEUCTBYIOT COBMECTHO C OCHOBHOM Ha-
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Puc. 2. O0Omuii BU pacyeTHOH CXEeMBI ¢ CyMMapHOU Harpy3koi (tadm. 1)
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rpy3koid. s pulldown-ananusa B kKauecTBe JOMOJ-
HUTENBHON HArpy3KH MPHUHAITO YCHIIHE B yIAJICHHOM
3JIEMEHTE, IIPHIOKEHHOE C 00PAaTHBIM 3HAKOM. YCHIIUE
B Y/IJICHHOM KOJIOHHE, OIpeJIelIeHHOE CTaTHYECKUM Pac-
YeTOM HEMOBPEKIEHHON pambl, coctaBiser 1521 xH.

PCHI1

W3rubaroriiie MOMEHTHI U TIOTIEPEUYHBIC CUITBI B CPEIHEH
CTOWKE HEMOBPEKICHHOH paMbl OTCYTCTBYIOT. Pacuert-
Hast cxema Juisi pulldown-ananusa nokasana Ha puc. 4,
TaK)Ke MPHUBE/ICHbI IOMOIHUTEIbHbIC HATPY3KH, MOJICIIH-
PYIOIIHE TMHAMUYECKOE BO3ICHCTBIE Ha KOHCTPYKIIHIO.
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Puc. 3. PacuerHas cxema IIpH MPOBECACHUU CTATUICCKOI'O pacucTa
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Puc. 4. JlononHuTenbHAs Harpy3ka Ha pamy mis pulldown-ananmza
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B pushdown-ananuse quHamuueckoe Bo3aeicTBue  Ma s pushdown-aHann3a mokasaHa Ha puc. 5, a TaKKe
Ha KOHCTPYKIIMIO MOJICIIUPYETCS ITyTEM BBEICHHUS KOO(-  MPHUBEICHBI JOMOJHUTENbHbIE HATPY3KU, MOACIHPYIO-
(unmenta auHamugHocTH 2,0, T.€. Harpy3Ka Ha KOJIOHHBI  IIIUe JIMHAMHUYECKOE BO3/ICHCTBHE HA KOHCTPYKIIMIO.
W pUTeIU, PUMBIKAIONIME K YAaJsieMOl KOJIOHHE JI00 JlMHaAMHYECKUl pacyeT BBIMOIHSIICS C TIOMOIIIBIO
PAacIIOJIOKEHHbIE HaJl HEell, yaBanBanack. PacuerHas cxe- Moayns «/Junamuka Bo BpemeHW». JlaHHBINA pacueT
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MIPOBOAMIICA ITyTEM NPSMOTO MHTETPUPOBAHUS ypaB-
HeHuH nBwxkeHus. C 1eNbl0 MOEIUPOBAHUS TUHAMMU-
YECKOTrO MMOBEJCHUS] KOHCTPYKIIMU OBbUIN BBEJICHBI J1BA
3arpy’KeHus — C MPEAbICTOPUEN U ¢ BecaMHu Macc.
B npenpicTopuio BKIIIOUSHBI ICHCTBYIONINE HATPY3KH.
Bo BTOpOM 3arpy:k€HnH 3TH K€ Harpy3KH y4UTHIBAIOT-
Cs1 KaK MOJIQJIbHBIE MACCHI.

C nomornpio koMaHbl «JIoKanbHbIN 0TKa3) ObUIN
Ha3HAuEHBI HCKJII0YaeMbIe 3JIEMEHTHI M BpeMsI OTKa3a.
B xomMaHAHOM OKHE yKa3bIBaJHCh HOMEpa HCKIII0Ya-
€MBIX M3 pPaCueTHOH CXeMBbI 21eMEeHTOB. Bpems orTka-
3a — 9TO BpeMs, 32 KOTOPOE CUJIbI, MOJEIHUPYIOIIHE
B3aMMOACHCTBHE HCKIIOYaEMBIX 3JIEMEHTOB C OCTAJIb-
HOM KOHCTPYKIMEH, YMEHBIIAIOTCS OT HAYAIBHOTO 3Ha-
YEHUsSI 710 HYJISL.

Bpewms uckmtouenus snementa 0,17 HazHAUEHO
o pekomenganusam'. [lapamerp 7 paccuuTan myTem
MOJIJIbHOTO aHAJIN3a IIOBPEXKICHHON PACUE€THON CXEMBbI
B JIMHCWHOM MOCTAHOBKE U BHIOOpPA COOTBETCTBYIOIICH
(hopmsI Kostebanmi. bpito paccMoTpeHo yeThIpe hopMBbI
koseOanui. Jlist monepeyHol paMbl Hanboee MoIXo-
namiel oka3anrack Gopma Ne 3 ¢ mepruogom KomebaHmid
0,37 c. Ha puc. 6 mokazansr 1-4 ¢popMmsr Konebanuit mo-
BPEXJIEHHOM paMbl.

BpeMst HHTErpupoBaHusi B 000HX CITydasiX MPHHU-
MaJIoCh paBHBIM YEThIpeM ceKyHaaM. [ BpeMeHH Uc-
kitodeHust 0,037 ¢ mar HHTErpUpOBaHUS MPUHUMAIICS
pasubM 0,005 c. [l Bpemenu uckittodenus 0,01 ¢ mar
uHTerpupoBanus npuHuMacs pasHsM 0,002 c. PasHele
IIard HHTETPUPOBAHUSI IPHHUMAIINCH M3 COOOpasKeHUS,
YTO OHH JIOJDKHBI OBITH B HECKOJIBKO pa3 MEHBIIIE Bpe-
MEHHU HCKJIIoueHUs d7emMeHTa. KoapumueHTs naTe-
TPUPOBAHUS OBIITN MPEAJIOKESHBI IPOTPAMMON U MPH-
HUMAaJUCh paBHbIMHE: 0 = 0,25; = 0,5.

PE3YJBTATBI HCCJEJOBAHUSA

Jlig aHanu3a ¥ cpaBHEHHS pe3yIbTaTOB PAcUeTOB
BBIOpAHbI yCUIINS U TIEPEMEILICHNUS B DJIEMEHTaX, Ha KO-
TOpBIE JIOKAJIBHOE Pa3pyIlIeHUE OKa3bIBAET HANOOIbIIIEE
BiusiHAe. K TakuM oTHOCSTCS:

* TIepeMeIleHHUE y371a, HAXOMAIIETOCs Ha/l TOBPEX-
JIEHHOI CTOMKOI;

* yCWIUsI B CTOMKaX, COCEIHUX C MOBPEXKICHHOI;

* yCuiuA B CTOIKe HaJ NOBPCIKIACHHBIM 3JIEMCHTOM

¢ MOMCHT B pUT€JI€ Hal NOBPEKACHHBIM 3JIEMCHTOM.

AHanu3 pe3ynbpTaToB M0Ka3all, 4YTO pPacueT B CTa-
TUYECKOI NIOCTAHOBKE JAeT 3HAYECHUs yCUIIMI U mepe-
MEIEHNH CyIeCTBEHHO MEHbIIE, YeM NPH KBA3UCTa-
THYecKoM pacuere (Tabdi. 2). CpaBHEHHE pe3yJIbTaTOB
JMHEWHOTO W HEJIMHEWHOTO pacdyera MpojeMOHCTPH-
pOBaJIO MX Majioe OTIINYKE IIPU CTAaTHYECKOM U KBa3H-
CTaTUYeCKOM BapHaHTaxX. Takum o0pa3oMm, B OTIINYHE
oT TpebOBaHU HOPM 00 00s3aTEILHOM MPOBEACHUU
HEJIMHEHHOTO pacyeTa Jyisi paccMaTpuBaeMoOu pambl J10-
CTAaTOYHO BBITIOJIHEHUS JIMHEIHOTO pacyera.

YCTaHOBIEHO 3aMETHOE PA3JINYHE MEXAY JIBY-
Msl KBa3HCTaTUYECKMMHU BapuaHTaMu pacdera. Ilpu
pulldown-ananuse s5eMeHT, pactoloKEHHBIA HaJl yria-
JSIEMBIM DJIEMEHTOM, MCIIBITBIBAET CHIIBHOE PacTsHKEHHE,
YTO CBA3AHO C MPUTIOKECHUEM [lOHOJ'IHI/IT@J'lI)HOIZ CHJIbI
B 30HE JIOKAJILHOI'O paspylueHus. Takoll Xxapakrep He co-
OTBETCTBYET JICHCTBUTEIIFHOM PabOTe 2IIEMEHTA, UTO SIB-
JsIeTCs 3aMEeTHRIM HerocTaTkoM pulldown pacuera.

[Mepememenus, monydennsie npu pulldown-
u pushdown-aHanu3e, OJIM3KH IO CBOMM BEJITHYHHAM, UX
OTHOCHTENbHAsA pa3Hulla coctasiseT 4,2 %. IIpongons-
HBIE CHJIBI B COCEJTHUX CTOMKaX, OJyYeHHbIE JaHHBIMU
criocobamu, paznnyarorcs Ha 20 %, B TO BpeMsi Kak MO-
MEHTHI B pUrelisiX pasnngarorcs Ha 5,1 %.

TabJ. 2. Pe3ynsraTel CTaTHUECKUX M KBA3HCTAaTHYECKNX PACcIeTOB

IIpononbHbIe
Ilepemenienue y3na IIpononbHbIe o MowmeHT B pureine
N CHITBI B CTOMKE HaJT
Bup pacuera HaJ[ TOBPEXICHHOI CHITBI B COCETHUX Ha/J[ TOBPEKICHHBIM
A . MOBPEKICHHBIM
CTOUKOU, MM croiikax, kH aneMeHToM, KHM
3neMeHToM, KH
Hl/lHeI/IHblH CTAaTU4YCCKHUHU —48,2 —2476 _47,99 —613,8
pacuet
JIunelinbIit
KBa3WCTAaTUYECKHUI —84,3 —3344 1150 -1060,5
pulldown-ananms
JIuneliHbIi
KBa3UCTATUYECKHH -80,5 —-4087 —48.24 —1188.,5
pushdown-ananu3
Hemineitbiit 48,7 2478 48,17 6118
CTaTUYECKHIi pacyeT
Henunelinbrit
KBa3HCTaTHYCCKHUI -84,5 -3346 1148 -1055,9
pulldown-ananm3
Henunelinbrit
KBa3WCTaTHYECKUI -80,7 —-4090 -50,45 —1183,7
pushdown-ananu3

38




Crnocobbl pacyeta HeCyLLMX KOHCTPYKLIMI Ha YCTOMYMBOCTb K MPOrPECCUPYHOLLEMY PaspyLLIEHUIO

C. 31-50

MM

Tepememmenns  Z, MM

L1100

72,1

t

TpessicTopus

4 000

Puc. 7. 3aBucumMocts nepeMerneHns y3na Ne 7 mpu TMHAMHUYECKOM pacdeTe Uit BpeMeHu uckiroueHus 0,01 ¢

AHanu3 pe3ynbTaToB JUHAMUYECKUX PacUETOB
Mokaszajl 3HauuTebHOEC HW3MEHEHUE NepeMelleHU
Y yCUJUH BO BpeMeHU. J{Jis OLEHKH pa3BUTHUs KoJie-
0aTeIBpHOrO MPOIEcca PAaCCMOTPEHBI 3aBHCUMOCTH
MepeMEeICHU U YyCUIIMI B DJIEMEHTaX MOBPEKICHHOM
paMbl. YCTaHOBJIEHO, YTO C TEYEHUEM BPEMEHU KoJie-
OaHMs 3aTyXalOT, @ 3HAYCHUS TCPEMEIICHUHN U YCHITHIA
MpUOOPETAIOT 3HAUCHUS, XapaKTePHBIC IS CTaTHYC-
CKOW paboThI MOBPEKACHHON KOHCTPYKIMH. Makcu-
MAaJIBHBIC YCHJIHS U TICPEMCIICHISI HAOTIOIAIUCH Cpa3y
rociie UCKIIOUEHHUs 2JIEMEHTa U3 PACUYETHON CXEMBI.
Xapakrep MoJy4eHHBIX YUCICHHBIX PE3yIbTaTOB MOJI-
TBEPAMJI MPABWIBHBIN BEIOOP BPEMCHH WHTECTPHPOBa-
HUS JUIsI TIOJTHOTO 3aTyXaHus KoiieOaHuil. B TeueHue
4 ¢ xonebanus nmpekpammanuck. Ha puc. 7 npencrasnena
3aBUCUMOCTb BEPTUKAIBHOTO NepeMenienus y3ina No 7,
PACTOIOKEHHOTO HaJl YIAISIEMbIM SJIEMEHTOM, JJIs1 Bpe-
menu nckmouenus 0,01 c.

Pesynprarel AHHAMUYECKUX pacueToB Mpe/CTaBIIe-
HBI B Ta0II. 3.

s paccMaTrpuBaeMoi paMbl YCUIIUS U TIepeMe-
LIEHUS, MTOJIyYeHHbIE TMHAMHYECKUM PacueToM, Majio
3aBUCST OT BpPEMEHHU UCKJIoueHus B auanazone ot 0,01
10 0,037 c. Paznuua ycunuii 1 nepeMelieHuii He npe-
Bhimaet 1 %. 3aMeTHOE OTIMUMEe HAOIIOMAaeTCs TOJIBKO
JUIS1 KOJIOHHBI, PACTIONOKEHHOH BBIIIE MOBPEKACHHOH,
B KOTOPOM C:KMMalollee Mpo0JbHOE YCHIINE MIPU Bpe-
Menn uckirouenns 0,01 ¢ okazanoch Ha 7 % OosbIie

Taou. 3. Pe3yabraTel AMHAMUYECKUX PACUCTOB

1o a0CONIOTHON BEIMYUHE, UM MPHU BPEMEHH HCKITIO-
venus 0,37 c.

Veunust U nepeMelieHus, moilyyeHHble KBa3ucTa-
THYECKUM PacueTOM, UIsi OOJBITUHCTBA 3JICMCHTOB
Gonpme, yeM auHaMuueckue ycunus Ha 18 %. Ilpo-
ru0 y37a HaJl yIaJICHHOW ONOPO, BEIYUCIICHHBIN KBa-
3uctaTuuecku, Ha 10 % Oosbline, yeM TUHAMHYECKUI
nporu®. J{yist KOIOHHBI HaJ| yIaasieMOl JHHAMUYCCKHE
ycwus mo4TH B 1,4 pa3a Oobliie, 4eM 10 pe3yabraraM
KBa3UCTaTUYECKOTO pacyeTa.

Otnuuue yCUIud, MOJYYEHHBIX JTUHAMHYECKU
Y KBa3UCTAaTUYECKHU, B LIEJIOM MaJo BIIUSET Ha KOHEYHOE
MPOCKTHOE PEIICHUE OONBITUHCTBA 3JICMCHTOB KapKa-
ca. MckioueHne cocTaBisieT KOJIOHHA HaJl yAalsieMoid,
B KOTOpO¥ 1o naHHbIM pulldown-aHanu3a BO3HUKAeT
3HAYUTENIbHOE PACTSKEHUE, YTO MPHU MPOESKTUPOBAHUH
JKeNIe300€TOHHOTO KapKaca MmoTpedyeT 4pe3MepHOro ap-
MHUPOBaHUs Ha pacTskeHue. JlJisi CTallbHbIX KOJIOHH 9TO
MEHee OIacHO, TaK KaK B HauaJIbHBbIH MOMEHT BPEMEHHU
oH ucnsIThiBaeT ycunue —1520 xH u ero ceuenue omnpe-
JIEJISIeTCsl HE PaCTSHXKEHUEM, a CKaTHUEM.

[IpoekTupoBaHue pearbHBIX 00BEKTOB C OIECHKOMH
MIPOYHOCTHU U YCTOMYUBOCTH DJIEMEHTOB KapKaca ¢ MpH-
MeHnenueM BK, peanusyronmx Moy HOpMaTUBHOTO
pacuera, pallMOHAJbHO BBINOJIHATH KBa3UCTAaTUUECKHU-
MU METOJIaMH C YTOYHCHHBIMH KOA((OUIIUCHTAMHE JH-
HaMuuHOCTU. KBa3ucratuyeckue METOMbI MO3BOJISIOT
MPOEKTUPOBATH CIOKHBIE KOHCTPYKTUBHBIE CUCTEMBI

IIepememnienue y3na
HaJl MOBPEXAEHHON
CTOUKOU, MM

Bun pacuera

IIpononbHbIe
CHIIBI B COCETHHX
croiikax, kH

IIpongonbHbIE
p . MowmeHT B puresne
CHJTBI B CTOMKE HaJI
Ha/[ TOBPEKICHHBIM
MOBPEIKICHHBIM

aneMeHToM, KHM
anemMeHToM, KH

JIuneiinbiit
JIMHAMMUYECKUI pacyeT co
BpEMEHEM UCKITIOUCHHS
anemenTa 0,17 (0,037 ¢)

—71,6

-3331

—61,3 —962,6

JInHenHbIH
JIMHAMHYECKHUH pacyeT co
BpPEMEHEM HCKITFOYCHUS
anemenTa 0,01 ¢

72,1

-3329

65,8 9683
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¢ OOJIBIIMM YHCIIOM 3aTrPYKEHUN C MEHBIIUMHU TPYIO-
3aTparamu. YCIeNnHoe IPUMEHEHHE KBa3HCTaTHUECKUX
METOJIOB TpeOyeT yTouHeHUs K0d(h(PHUIHeHTOB AHHA-
MUYHOCTH, a TaKXKe pa3pabOoTKu KpUTEPUEB BhIOOpa
Mmexay pulldown-  pushdown-ananusom, 9To mo3Bo-
JIUT TIOJTy4aTh JIOCTOBEPHBIE PE3YIIBTAThI [IPU pacyeTax
B KBa3HCTAaTUYCCKON MOCTAHOBKE.

3AK/JIIOYEHUE

Bompoc o BeI6ope ciieHapus JJIOKaIbHOTO BO3AEH-
CTBHS M METOJIa pacyera Ha yCTOHIMBOCTD K IPOrpec-
CUpYIOLIEMY OOpYIICHHIO OTpEesieH B ICHCTBYOICH
HOpMaTPIBHO-TeXHI/IquKOﬁ JOKYMCHTAIIUU HEAOCTATOY-
HO TIOJTHO.

KBasucrarnueckue MeToas! pacuera npu k=2
JTAIOT 3aBBIMICHHBIC yCHaus 10 18 % u mepeMenieHus
Ha 10 % 1o CpaBHEHMIO C paCUETAMHU B JUHAMUYECKOU
MIOCTAHOBKE.

Yeunus u nepeMeleHus, rnoiaydyaemMple Ipu pac-
4yeTe B AMHAMHYECKOH MOCTaHOBKE, IPU BPEMEHH HC-

kirodenust 0,17 (T — nepuop onacHoit popmsl Koeba-
HUSI HOBPEXKICHHON KOHCTPYKLIUH) JUIS MHOTO3T)KHON
paMbl OKa3aJIMCh MEHBIIIE, YEM IIPH BPEMEHH UCKITIOUE-
Hus 0,01 ¢ (MrHOBEHHOE yAalleHue dJIEMEHTA).

Pulldown-anamu3s naet nckaxennoe HJIC Hekoto-
PBIX IPUMBIKAIOIINX K MECTY JIOKAIBHOTO Pa3pyIIeHHs
9JIEMEHTOB, M3MEHSISI XapaKTep YCWINH B HUX, YTO MO-
JKET TIOBIIUSITH HA KOHCTPYKTUBHBIC PEIICHHUS 3/1aHHS.

Pesynbrarsl pushdown-ananu3za nyurie, yem pe-
3ynbTarsl pulldown-ananmsa, COOTHOCATCS C pe3ysbTa-
TaMU JUHAMHYECKUX PAcueTOB B paMKax JaHHOH 3a-
JIa4H.

VYyeT reoMeTprueCcKOi HEMMHEMHOCTH U pacye-
T€ MHOTO3TaKHBIX paM HE OKa3bIBACT CYIIECTBEHHOTO
BJIMSIHUSL HA BEJIMYMHY NEPEMEIIECHUH U YCHIIMH B KOH-
CTPYKLIUH.

JJist IpakTUYEeCKOTO MCIIOIB30BAHUS MIPH TIPOCK-
THUPOBAHHH CIIO’KHBIX KOHCTPYKTHBHBIX CHCTEM C 00JIb-
MM YHCJIOM 3arpyKeHUH PalliOHAIBHO IPUMEHEHHE
KBa3UCTAaTMYECKOTr0 pacyera ¢ yTOYHEHHbIMU 3HaYEHH-
SIMH KO9((UINEHTOB TNHAMUYHOCTH.
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INTRODUCTION

In the design of critical buildings and structures, it
is necessary to prevent the collapse of the building with
local damage to the load-bearing structures. The surviv-
ability of the load-bearing system must be ensured because
of the possible loss of life, great loss of material or serious
consequences of collapse (critical facilities, hazardous in-
dustries, storage facilities for hazardous substances, criti-
cal infrastructure facilities). In order to avoid progressive
collapse, the design of buildings and structures is carried
out by calculating the structure with local damage. Cal-
culation of a damaged structure for resistance to progres-
sive collapse is carried out considering the requirements
of the normative documents in several ways and differs

from the calculation of an undamaged structure. First
of all, a sudden failure of a structural element (local col-
lapse) leads to changes in the design pattern of the structure
and, therefore, leads to divergent forces in the elements
of the structure. Design element lengths and operating
conditions of structural elements can change. The way in
which a local failure develops influences the failure pro-
cess. A defect that results in failure of a component and
its exclusion from the design scheme can develop gradu-
ally over a relatively long period of time or appear sud-
denly. Gradual failure can occur with prolonged increase
in foundation settlement, development of plastic deforma-
tions, material creep, heating by fire, corrosion wear, sub-
assemblies, etc. The cause of sudden element failure is brit-
tle failure, loss of stability, failure of connecting elements in
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nodes, rapid foundation settlement in subsiding soils or due
to the development of karst phenomena, etc. In case of grad-
ual formation of a defect leading to failure of an element
and its exclusion from the design scheme, the structure with
the changed design scheme works statically. If the element
is rapidly eliminated, oscillations develop in the damaged
structure and the forces increase markedly compared to
the static loading. The time of element exclusion has a great
influence on the value of dynamic forces, the shorter the ex-
clusion time, the greater the dynamic forces.

There are no unambiguous recommendations for as-
signment of element failure time in domestic normative
documents, therefore two variants of dynamic calculation
have been considered. The first variant — failure with
the elimination time 0.17, where T is a period of vibra-
tion of the structure without a retired element according
to the form of vibration, resembling a static deformation
of the system with damages'. The second variant — failure
with the elimination time of 0.01 s, which allows model-
ling the instantaneous elimination of the element [1].

Changing the design scheme of a structure while
eliminating a damaged element leads to an increase in
forces in the remaining part of the structure. In a num-
ber of load bearing systems the removal of one element
does not cause geometric variation in the remaining part
of the structure. In other systems the removal of one
element causes geometric variability in the structure
and additional elements must be provided to prevent
the collapse of the structure. If the structure remains
serviceable after the removal of an element, element
cross-sections and design solutions should be selected
that can accommodate the increased forces in the struc-
ture to ensure the load-bearing capacity.

The complex issue of calculating and designing
systems for local failures is reflected in the regulations.
For example, the Russian code of practice? defines a lo-
cal failure zone for most types of structural systems in
clause 4.5. However, this clause does not cover all possi-
ble cases. For example, clause 4.5.2 prescribes that a fail-
ure of one of the elements of the load-bearing structures
shall be considered. However, it is not specified whether
the failure of the bonding elements or of the elements re-
inforcing the load-bearing element is to be considered. In
clause 4.5.4 for industrial structures it is prescribed that
local failure is to be considered, according to the design
specification, depending on the function of the structure.
In other words, the choice of the local failure scenario is
left to the designer and the client.

It is worth noting that research [2] is ongoing in
this direction. Therefore, unambiguous normative rec-
ommendations are not yet available.

Static and dynamic calculation methods are used
to calculate the resistance of damaged structures to pro-
gressive collapse. The same solution method can repre-
sent the behaviour of a structure in different design situ-

ations with different accuracy. The choice of calculation
method depends on the structure to be calculated. Current
normative documents do not give direct, unambiguous
recommendations on the choice of calculation methods
or on the evaluation of the accuracy of the resulting so-
lutions. Industrial buildings are characterized by a large
number of technological loads due to overhead cranes and
technological equipment. The difference between indus-
trial buildings and civilian buildings requires that the spe-
cifics of their work must be taken into account when devel-
oping the calculation methodology for industrial buildings.

The following methods of calculating progressive
collapse are widely known in the professional community:

1. Kinematic method of limit equilibrium theory.
This method assumes that the structure is made of an elas-
tic plastic material. The structure is considered at the time
when plastic joints are formed and the structure becomes
a mechanism. Several possible variants for the forma-
tion of plastic joints are studied. The most unfavorable is
the minimum load at which the structure becomes a mech-
anism. This method is poorly amenable to algorithmization
and is currently not widely used in design practice.

2. Static method. This involves excluding an el-
ement and using a modified (secondary) scheme with
the damaged element removed from it in the calcula-
tion. At the choice of the designer, it is possible to take
account of non-linear structure and material behaviour.
The advantages of the method in the linear formulation
are its simplicity and high computational speed. A sig-
nificant disadvantage of the method as a whole is the in-
ability to simulate the calculation situation when the re-
moval of the element occurs quickly, causing significant
dynamic forces associated with the development of vi-
brations in the structure [3].

3. Quasi-static method [4]. Two subspecies can
be distinguished in it, which have come to be known
as pulldown analysis and pushdown analysis. Their es-
sence is as follows:

e pulldown analysis: an element is excluded
and a secondary circuit is calculated. The forces
in the removed element are applied inversely to
the structure. The forces in the element are multiplied
by the dynamism factor;

» pushdown analysis: the element is excluded,
the secondary circuit is calculated. This increases
the loads on the elements adjacent to the deleted
element by the dynamism factor.

Elements of the pulldown analysis were present in
SP 385.1325800.2018 (before Amendment 1). Appendix
B contained an indication of the instantaneous removal
of the deactivated element, which was modelled by ap-
plying a force from the deactivated element with a re-
verse sign. Thus, implicitly, k, = 2 is implied [4-6]. In
the updated version of SP 385.1325800.2018 Appendix
B has been deleted. Designers are encouraged to carry

! Alternate path analysis & design guidelines for progressive collapse resistance, GSA. 2016.
2CP 385.1325800.2018. Protection of buildings and structures against progressive collapse.
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out the calculation for progressive collapse by the static
method. The quasi-static calculation, with the correct se-
lection of the dynamism factor, allows for the instanta-
neous exclusion of a damaged element. The advantages
of the method are its relative simplicity and high cal-
culation speed in the linear formulation. The disadvan-
tage of the method is not always accurate determination
of the forces and displacements [5] obtained in the cal-
culation. This is largely due to the lack of clear recom-
mendations for assigning the dynamism factor, which is
criticized [5, 7] in the professional environment.

4. Dynamic method. The correct stress-strain state
of the structure is determined prior to the occurrence
of an element failure. Then the damaged element is
removed from the structure and instead the forces in
this element with opposite sign are applied to the struc-
ture as a load. The time (exclusion time) during which
the element is excluded from the calculation scheme
and, accordingly, the forces in it are applied and
the load on the structure is reduced from its maximum
values to zero is set. The calculation is carried out by
direct integration of the equations of motion. Geometric
and physical non-linearity can be taken into account in
the calculation. The main advantage of the method is
the relatively accurate modelling of the element shut-
down process and the response of the structure.

The disadvantages of the method include the com-
plexity of its implementation, which requires a highly
skilled designer, its labour-intensiveness and the high
amount of machine time required.

It is worth noting that studies are being carried out
in the Russian Federation and beyond to refine the dy-
namism coefficients for various types of structures. In
recent years, there have been studies of dynamism coef-
ficients for steel beams and trusses [8, 9] as well as for
reinforced concrete structures [10—13].

Issues related to calculation approaches, the as-
signment of local failure scenarios and methods of pro-
tection against progressive collapse are regularly dis-
cussed in the scientific literature [14—24].

Thus, the engineer making design decisions for
protection against progressive collapse faces a difficult
choice. On the one hand, dynamic calculation makes
it possible to determine quite accurately the response
of a structure to an accidental impact. On the other hand,
if several possible local failure scenarios have to be con-
sidered and a large number of loads and load combina-
tions are encountered, the labour and time required to
carry out dynamic calculations becomes too great.

MATERIALS AND METHODS

Consider the calculation of a multi-storey transverse
frame for resistance to progressive collapse. The trans-
verse frame is part of a storey located inside an industrial
building and has five storeys and four spans. The storey
height is 3 m, the width of the span is 6 m and the spac-

ing of the transverse frames in the storey is 6 m. The col-
umns of the frame are rigidly anchored in the foundation,
the transoms of the frame are rigidly attached to the col-
umns. From the plane of the frame, the frame is fixed
by a system of connections, which excludes any move-
ment out of the frame plane. All frame rods are made
of I-beams. The columns of the frame have a section in
the form of 25K 6 I-beams, the beams are in the form
of 45B4 I-beams. The material used is C355B steel.

The cross sections and steel grades have been se-
lected to ensure that the structure retains its load-bear-
ing capacity in all types of frame damage.

The transverse frame is erected inside an indus-
trial building and is designed to house process equip-
ment and materials. The transverse frame is subject to
permanent and continuous loads. All loads are static in
nature. The collection of loads is shown in Table 1. Ac-
cording to the current regulations, a special combina-
tion of loads is taken into account in the calculations
of the protection against progressive collapse, which
includes the normal permanent and continuous loads?,
including the reduced values of the short-term loads.
The reduced value of the short-term loads is taken as
their long-lasting part, which is 0.35 of the full value.

The calculation of the frame was performed us-
ing the LIRA-SAPR 2021 R1.2 computer package (CS).
The frame elements were modelled using the finite ele-
ment (FE) 310 — a universal spatial core FE, which takes
geometric nonlinearity into account. The calculations
were performed in linear formulation and with considera-
tion of geometric nonlinearity. Nonlinear static and quasi-

Table 1. Collection of load from envelope and payload

Name Normative load, kN/m
Slab weight 37.5
Floor constructions 5.4
Usable load (continuous part) 6.3
Total load 49.2

static calculations were performed using the step method.
The total number of load application steps is 100.

The frame is subject to its own weight of the load-
bearing and envelope structures and the payload.
The loads are applied to the frame as distributed over
the length of the columns and beams. The dead weights
of the columns and ledgers are automatically taken into
account by the integrated command in the LIRA CAD
software. Fig. 1 shows the design diagram with the load
from the dead load of the load-bearing structures.

In addition to the dead load of the load-bearing
structures, the frame is also subject to the constant load
from the weight of the building envelope and the pay-

3CP 296.1325800.2017. Buildings and structures. Special influences.
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Fig. 1. General view of the design scheme with dead load

load (Table 1). The design diagram of the frame with
the acting total load is shown in Fig. 2.

Calculations in the linear formulation often give
a somewhat distorted picture of deformations and for-
ces [5-8]. In order to assess the influence of nonlinearity
on the structure’s performance under failure conditions,
the transverse frame is calculated in a linear formula-
tion and with geometric nonlinearity in mind. Standard
values of steady and continuous loads were taken for
the calculation. The load-bearing capacity criteria were
taken as per CP 385.1325800.2018.

The frame was calculated for the failure of the cen-
tre post of the ground floor. The following calculation
options for the damaged frame were considered:

* linear static calculation;

* non-linear static calculation;

* linear quasi-static pulldown analysis;

* non-linear quasi-static pulldown analysis;

* linear quasi-static pushdown analysis;

* non-linear quasi-static pushdown analysis;

* linear dynamic calculation with an element elim-
ination time of 0.17, where T is the vibration period
of the damaged structure in the form most similar to
the static deformation of the system when the system
is damaged;

* linear dynamic calculation with an element elim-
ination time of 0.01 s.

The design diagram of the transverse frame for
the static calculation is shown in Fig. 3.

44

In the quasi-static calculation, additional loads
are applied to the frame. These loads act together with
the main load. For the pulldown analysis, the force in
the removed element is taken as the additional load,
applied with the opposite sign. The force in the re-
moved column determined by the static calculation
of the undamaged frame is 1,521 kN. There are no
bending moments and shear forces in the middle col-
umn of the inta*ct frame. The calculation diagram for
the pulldown analysis is shown in Fig. 4, and additional
loads simulating the dynamic impact on the structure are
also shown.

In the pushdown analysis, the dynamic impact
on the structure is modelled by introducing a dynamism
factor of 2.0, i.e. the load on the columns and ledgers
adjacent to or above the column to be removed is dou-
bled. The calculation diagram for the pushdown analy-
sis is shown in Fig. 5, and additional loads simulating
the dynamic impact on the structure are also shown.

The dynamic calculation was carried out using
the module “Dynamics in Time”. This calculation was car-
ried out by direct integration of the equations of motion.
In order to simulate the dynamic behaviour of the struc-
ture, two loadings were introduced — with a prehistory
and with mass weights. The prehistory includes the act-
ing loads. In the second loading, the same loads are
taken into account as modal masses.

The “Local Failure” command was used to assign
the elements to be excluded and the time of failure. In
the command window the numbers of the elements to be
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Fig. 3. Calculation diagram for static analysis
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excluded from the calculation scheme were indicated.
The failure time — is the time for which the forces
simulating the interaction of the excluded elements with
the rest of the structure decrease from an initial value

to zero.

Failure_pull

I

The element exclusion time of 0.17 is assigned ac-
cording to the recommendations of'. The parameter 7'is cal-
culated by modal analysis of the damaged design scheme
in the linear formulation and selection of the appropriate
vibration form. Four forms of vibration were considered.

1,52e¢ = 0,03

Fig. 4. Additional load on the frame for pulldown analysis
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Fig. 5. Additional load on frame for pushdown analysis
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First form

Third form

Fig. 6. Oscillation waveforms for determining the parameter 7

For the transverse frame, the form No. 3 with an oscillation
period of 0.37 s was found to be the most suitable. Fig. 6
shows the vibration forms 1-4 of the damaged frame.

The integration time was assumed to be four sec-
onds in both cases. For an elimination time of 0.037 s,
the integration step was assumed to be 0.005 s. For
an climination time of 0.01 s, the integration step was
assumed to be 0.002 s. Different integration steps were
taken from the consideration that they should be several
times shorter than the element elimination time. Integra-

Table 2. Results of static and quasi-static calculations

Second form

Fourth form

\

tion coefficients were proposed by the program and as-
sumed to be: a=0.25; B =0.5.

RESEARCH RESULTS

For the analysis and comparison of calculation re-
sults, the forces and displacements in the elements that
are most affected by local failure have been selected.
These include:

* moving the assembly above the damaged prop;

« forces in the struts adjacent to the damaged one;

» forces in the rack over the damaged element;

Displacement of Longitudinal forces Longitudinal forces Moment in ledger
Type of calculation the assembly over in neighbouring in the rack above over damaged
the damaged prop, mm props, kN the damaged element, kN element, kNm

Linear static 482 2,476 ~47.99 6138
calculation
Linear quasi-static 843 3344 1,150 ~1,060.5
pulldown analysis
Linear quasi-static -80.5 4,087 4824 ~1,188.5
pushdown analysis
Non-linear static 487 2,478 —48.17 6118
calculation
Non-linear quasi-static -84.5 3,346 1,148 ~1,055.9
pulldown analysis
Non-linear quasi-static -80.7 4,090 -50.45 -1,183.7
pushdown analysis
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Fig. 7. Dependence of movement of node No. 7 in the dynamic calculation for an elimination time of 0.01 s

* momentum in the waler above the damaged
element.

The analysis of the results showed that the static
calculation yields significantly less force and displace-
ment than the quasi-static calculation (Table 2). Com-
parison of the linear and non-linear calculation results
showed little difference between the static and quasi-
static variants. Thus, in contrast to the requirements
of the regulations for a mandatory non-linear calcula-
tion, a linear calculation is sufficient for the frame in
question.

A marked difference is found between the two
quasi-static variants of the calculation. In the pulldown
analysis, the element above the element to be removed
experiences a strong tensile force due to the applica-
tion of an additional force in the local fracture zone.
This nature does not correspond to the actual perfor-
mance of the element, which is a notable disadvantage
of the pulldown calculation.

The displacements obtained by the pulldown and
pushdown analyses are close in magnitude, with a rela-
tive difference of 4.2 %. The longitudinal forces in
the adjacent props obtained by these methods differ by
20 %, while the moments in the ledgers differ by 5.1 %.

Analysis of the results of dynamic calculations
showed a significant change in displacements and for-
ces over time. To assess the development of the oscil-

Table 3. Results of dynamic analysis

lation process, the dependences of displacements and
forces in the elements of the damaged frame are con-
sidered. It was found that over time, the oscillations
attenuate, and the values of displacements and forces
acquire values characteristic of the static operation
of the damaged structure. Maximum forces and dis-
placements were observed immediately after exclusion
of an element from the calculation scheme. The nature
of the obtained numerical results confirmed the correct
choice of integration time for the complete damping
of vibrations. The oscillations stopped within 4 s. Fig. 7
shows the dependence of vertical displacement of node
No. 7, located above the element to be removed, for
an exclusion time of 0.01 s.

The results of the dynamic calculations are pre-
sented in Table 3.

For the frame in question, the forces and displace-
ments derived from the dynamic calculation depend lit-
tle on the exclusion time in the range of 0.01 to 0.037 s.
The difference in forces and displacements does not ex-
ceed 1 %. A noticeable difference is observed only for
the column above the damaged one, where the compres-
sive longitudinal force at an exclusion time of 0.01 s is
7 % higher in absolute value than at an exclusion time
of 0.37 s.

The forces and displacements calculated quasi-
statically for most elements are 18 % greater than

Displacement of Longitudinal Longitudinal forces .
. . Moment in ledger
. the assembly over forces in in the rack above
Type of calculation . . over damaged
the damaged prop, neighbouring the damaged element,
element, KNm
mm props, kN kN

Linear dynamic
calculation with element
elimination time 0.17° “71.6 -3.331 63 —962.6
(0.037 s)
Linear dynamic
calculation with element -72.1 -3,329 -65.8 -968.3
elimination time 0.01 s
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the dynamic forces. The deflection of the node over
the removed support, calculated quasi-statically, is
10 % greater than the dynamic deflection. For the col-
umn above the removed column, the dynamic forces
are almost 1.4 times greater than the quasi-static cal-
culation.

The difference in forces obtained dynamically and
quasi-statically has generally little effect on the final
design solution of most frame elements. The exception
to this is the column above the removed column where,
according to the pulldown analysis, significant tensile
forces occur, which would require excessive tensile rein-
forcement in the design of the reinforced concrete frame.
For steel columns this is less dangerous as it is initially
subjected to a force of —1,520 kN and its cross-section is
determined by compression rather than tension.

The design of real objects with assessment
of strength and stability of frame elements using ACs im-
plementing normative calculation modules is rationally
performed by quasi-static methods with refined dyna-
mism coefficients. Quasi-static methods allow designing
complex structural systems with a large number of loads
with less work. Successful application of quasi-static
methods requires refinement of dynamism coefficients
and development of selection criteria between pulldown
and pushdown analysis, which will provide reliable re-
sults for calculations in quasi-static formulation.

CONCLUSIONS

The selection of the local impact scenario and
the calculation method for resistance to progressive col-
lapse is not sufficiently defined in the current normative
and technical documentation.

Quasi-static calculation methods atk, =2 give up
to 18 % higher forces and 10 % higher displacements
than in the dynamic formulation.

The forces and displacements resulting from the cal-
culation in the dynamic formulation, with an exclusion
time of 0.17 (7 is the period of the dangerous form
of vibration of the damaged structure) for a multi-storey
frame were less than with an exclusion time of 0.01 s
(instantaneous removal of an element).

Pulldown analysis gives the distorted dynamic
strength of some of the elements adjacent to the local
collapse, changing the nature of the forces in them,
which can affect the structural design of the building.

The results of the pushdown analysis correlate bet-
ter than the results of the pulldown analysis with the re-
sults of the dynamic calculations within this task.

Geometric non-linearity in the calculation of multi-
storey frames has no significant effect on the magnitude
of displacements and forces in the structure.

For practical use in the design of complex struc-
tural systems with a large number of loads, it is rational
to use quasi-static calculation with refined values of dy-
namism coefficients.
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HanpskenHno-aedopmMupoBaHHoOe COCTOSTHUE MJIOTHHBI
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AHHOTALUMNA

BBeaeHue. KameHHo-3emnsHas nnotuHa KOMary3amHcKoro ruapoyana Ha p. benas noctpoeHa B CNOXHbBIX reONormyeckmx
YCINOBUSIX HA HEOOQHOPOAHOM OCHOBaHWK. [peacTaBneHbl pesynsTaTbl YACTIEHHOTO NCCrefoBaHMs Hanps»KeHHO-4edopMu-
poBaHHoro coctosiHusa (HAC) nnoTuHbI, BbIMOMHEHHOTO AN BapyaHTa rPYHTOBOM MIOTUHBLI C LEHTpanbHbIM sapoM. [pu
pacyete HOC nnoTvH JOMmMKHA YYMTbIBATbCA pearnbHasi CTPYKTypa rpyHTa, XapaKTepuayroLllasicsi CBOUM COOTHOLLUEHUEM
YAPYrMx 1 NNacTUYeCcKnX CBA3EN. VIaMeHeHne 3TON CTPYKTYpbl MPOMCXOANUT BMecTe ¢ uaMeHeHmem HOC n oTpaxaercst Ha
3HaYEeHUsAX KOahPULMEHTA OTHOCUTENBHOM NMPOYHOCTU U KO3 MLMEHTAX HAAEXHOCTU. o 3HaYEHUsIM KO3(DPULMEHTOB
HaZEXHOCTUN B NMOTUHE MOXHO CyAUTb O €€ MPOYHOCTHOM COCTOSTHUN.

Matepuanbl u metoabl. Onpegenenve HOC nnoTuMHbI NPOBEAEHO Ha OCHOBAHUWM 3HEPreTU4ecKor MOZENU rpyHTa, pas-
pabotaHHon J1.H. PacckasoBbiM. ObracTb BblAENEHHOro hparmeHTa nNnoTuHbI Obina pa3buta Ha OQHOTUMHbIE SNEMEHTHI;
NPUHSTA TPEyronbHas ceTka MeToda KOHEYHbIX 31EMEHTOB, MPU NMOMOLLM KOTOPOW ONMcaHa KOHCTPYKUMSI TPYHTOBOW Nlo-
TUHbI N OCHOBaHME.

Pe3ynbrartbl. YMCneHHbIMM pacyeTammn yCTaHOBIIEHO, YTO MPU MOBbLILEHUN YPOBHSA BOAbI B BOOOXPaHWMMLLE OO0 OTMET-
K (DOPCMPOBAHHOIO MOAMOPHOrO YPOBHSA XapakTep pacnpeferieHns HanpshkeHnin o, MeHseTcs. B ocHoBaHUM BEPXOBOV
YNOPHOWN NPU3Mbl Ha FpaHuLEe C SAPOM NOSBSETCs 06nacTb ¢ HEHONMbLUMMY NONOXUTENBHBIMU 3HAYEHUAMN, HanbonbLume
13 KOTOPbIX MOMyYeHbl B MEpPexXoaHon 3o0He. Besi rmgpocTtaTnyeckas Harpy3ka nepefaeTcs Ha HanopHyo rpaHb sapa u, crie-
[oBaTtenbHO, BC paboTa BHELUHUX CUI MEPEXOOUT B 3HEPTUIO BHYTPEHHErO AedhOpMUPOBaHNS 3TOrO 3reMeHTa, Bbi3biBasi
B HEM KOHLEHTpauuo HanpsbkeHuin. MaTtepuan nepexonHOn 30Hbl BbIHYXAEH crnefoBaTth 3a AedopMauusiMu sapa, YTo
00yCroBnMMBAET pasBUTME B HEM PACTAMMBAIOLLMX HanpshKeHuin. NoaTomMy yBenmyeHne XeCcTKOCTU sapa BeeT K MEHbLUUM
nedopmaumsam sapa u COOTBETCTBEHHO K MEHBLUMM 3HAYEHMSIM PaCcTArMBaOLLMX HaNpsKeHU B MepexoaHbIX 30Hax. Xapak-
Tep pacnpegerneHus HanpshkeHnm g, CUMMETPUYHBIN.

BbiBoAbI. YBENVYEHNE XECTKOCTU siapa BeYeT NMKBMOALMIO apovyHOro adpdekTa, KOTopbIi OCOBEHHO 3aMeTeH npu Mo-
HWKEHHbIX YPOBHSAX BOAbI B BogoxpaHunuile. Mo 3Ton npuymHe B SApe NAOTWHbI XXenaTenbHO UCMOoSb30BaHNE CKENETHOro
mMaTtepuana.

KIMKOYEBBIE CITOBA: nnotuHa, rmapoy3aen, HanpsbkeHHO-4eopMUPOBaHHOE COCTOSIHUE, pacYeTHbIE UCCreaoBaHus, Ync-
neHHoe mopenupoBaHve, pparMeHT

ana UWTUPOBAHWUA: BypeHkos [1.M. HanpsikeHHO-4edopMUMpoBaHHOE COCTOSIHME MoTuHbI KOMarysuHckoro rugpoyana //
CTpouTenbcTBo: Hayka v obpasoBanue. 2023. T. 13. Bein. 2. CT. 4. URL: http:/nso-journal.ru. DOI: 10.22227/2305-5502.2023.2.4

Aemop, omeemcmeeHHbIl 3a nepenucky: Nasen Muxannosuny byperkos, burenkovpm@gmail.com.

Stress-strain state of the Yumaguzinsky hydroelectric dam

Pavel M. Burenkov
Moscow State University of Civil Engineering (National Research University) (MGSU);
Moscow, Russian Federation

ABSTRACT

Introduction. The stone-and-earth dam of the Yumaguzinskiy hydroelectric complex on the Belaya river is constructed
in complicated geological conditions on heterogeneous foundation. The results of computational research of stress-strain
state (SSS) of the dam, carried out for the variant of an earth dam with the central core are presented. When calculating
the deflected mode of dams, the real structure of ground characterized by its relation of elastic and plastic bonds should be
taken into account. The change of this structure takes place along with the change in stresses and is reflected in the values
of coefficient of relative strength and coefficients of reliability. The values of the safety coefficients can be used to judge
the strength state of the dam.

Materials and methods. The stress-strain state of the dam was determined on the basis of the energy model of the de-
veloped by L.N. Rasskazov. The area of the selected fragment of the dam has been divided into single-type elements;
a triangular grid of the finite element method has been adopted, by means of which the structure of the soil dam and
the foundation have been described.

Results. Numerical calculations have shown that when water level in the reservoir rises to the level of the forced retaining
level the character of stress distribution o, changes. At the base of uppermost buttress prism at the boundary with the core
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there appears an area with small positive values, the largest of which is obtained in the transition zone. The entire hydrostatic
load is transferred to the pressure face of the core and, consequently, the entire work of external forces is transferred to
the internal deformation energy of this element, causing a stress concentration in it. The transition zone material is forced
to follow the deformations of the core, resulting in the development of tensile stresses in the core. Therefore, increasing
the stiffness of the core results in less deformation of the core and correspondingly less tensile stress in the transition zone.
The nature of stress distribution g, is symmetrical.

Conclusions. Increasing the rigidity of the core entails elimination of the arch effect, which is particularly noticeable at lower
reservoir levels. For this reason the use of skeleton material in the core of the dam is desirable.

KEYWORDS: dam, hydroelectric unit, stress-strain state, computational studies, numerical modelling, fragment
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BBEJIEHUE

IOmary3unckuil rugpoysen noctpoes B 2005
Ha p. benas B Pecniyonuke Bamkoprocran B mepByto
ouepenb Ui 3allUThl TEPPUTOPUN OT HABOJHEHHUI,
BBI3BAaHHBIX BECEHHUM TOJIOBOJLEM U MaBoakamu [1].
I'mapoysen umeeT u dHEpreTUUecKoe Ha3HaueHue [2].
B cocTaB 0CHOBHBIX COOPYKEHHUM BXOIAT IPYHTOBAsI
nnotuna (I'Tl), 3panue ruaposnexkrpocrannuu (I'3C),
paBoOepeKHBIN MOBEPXHOCTHBIH BOJOCOPOC U JIEBO-
OepekHBI TYHHETBHBIN BomocOpoc-Bogociryck. Bomo-
MOAIMOPHBIM COOpYKeHUEeM Truapoysna spiusercs [T,
CO3/1aBIIast BOJOXPAHWIHILE C OTMETKAMU HOPMaJIbHO-
ro oanopHoro yposus (HITY) 253 m u popcupoBanHo-
ro noanopuoro ypoBHs (PITY) 270 m. JlnuHa NIOTHHBL
o TpeOHIo cocTtapnset 540 M, a MaKCUMaJTbHAsI BBICOTA
coopykeHus — 64 M.

I'pynroBas miotnHa FOMmary3mHCKOTO THIPOY3-
Jla — KaMEHHO-3eMJIstHasl. [IpoTHBOQUIBTPAIHOHHBIM
3JIEMEHTOM BOJIOIIOIIIOPHOTO COOPYKEHHS CIIY>KHT SIIPO
13 IPECBAHBIX TPYHTOB C IIMHUCTHIM 3aMIOTHUTENEM.

[InoTtuna, pacnonoxkeHHas B HECUMMETPUYHOM
CTBOpE pyciia peKH, ObUIa COOpPY)KEHa B CIOKHBIX I'€0-
JIOTHYECKHX YCJIOBHAX, CTPOCHHE €€ OCHOBAHMS HEOI-
HOPOJHO: B JOJMHE KOPEHHBIE MOPOJBI 3aKPBITHI CIIO-
€M HECKaJIbHBIX IPYHTOB, Ha PyCJIOBOM U MOWMEHHOM
y4acTKaxX MOIIHOCTh HECKAJIbHOTO OCHOBAaHUS HE Tpe-
BbimaeT 10 M, a B palfoHe IpeBHETO pyciaa MOLUTHOCTh
OTJIIOKEHUH JOCTUTAeT HECKOJBKO JI€CATKOB METPOB.
HeckanpHbIe TPYHTHI Ha PyCIOBOM Y4acTKe MPEICTaB-
JICHBI TPAaBUIHO-TaJ€YHUKOBBIMHU FPyHTAMU.

Hccnenoanne HanpspKeHHO-1€()OPMUPOBAHHO-
ro cocrosaus (HJC) mmotuns! [3] FOmary3unckoro
TU/POY3J1a BBIIOJIHEHO AJI BapUaHTa IPYHTOBOH IIIO-
THHBI C IIEHTPAIBHBIM SIPOM M YIOPHBIMU HPU3MaMHU
13 IPABUMHO-TaJIEUHUKOBOIO MaTepualla.

MATEPHUAJIBI U METO/bI

Omnpenenenne HAC mIoTHHBI BO3MOXKHO Ha 0a3e
MoyieNu TpyHTa, pazpadorannoit JI.H. PacckazoBbim [4].
OTa Mojenb, NOdy4HBIIas Ha3BaHUE «IHEPreTHUe-
CKOI», HETIOCPEJCTBEHHO yCTAHABIIMBAET CBA3b MEXKIY
MIPUPAILEHUSMH TEH30POB HANPsDKEHUH U gedopmaruii

52

U B 9TOM CMBICJIC €€ MOXXHO OTHECTH K pazpsiny aedop-
MAallMOHHBIX. MoJIeNb UCTIONB3YET MOHITUE TYTH HArpy-
JKEHUSI M YUUTBIBACT BIMSHUE TOCIEIHETO Ha nedop-
MHUPYEMOCTb ¥ ITPOYHOCTB TPyHTOB. [lyTn Harpyxenus
MarepHaja YYUTHIBAIOTCS B IIPOLIECCE CTPOUTEIHCTBA
MIPHUIIOKECHNEM Harpy3KH B COOTBETCTBHH C dTallaMu
BO3BEZICHUS TUIOTHHBI.

B «3HepreTnueckoi» MOJENN YUUTBHIBAIOTCS H-
JIaTAaHTHBIE CBOMCTBA MaTEPUAJIOB, a TIPH ONPEACICHIN
BEITMYMH HANPSDKEHHUH B TPYHTOBOM MaTepHalie — yIpy-
THe, BSI3KHE U BA3KOIUIACTHYIECKHE CBOWCTBA IPYHTOB.

Mopenb OCHOBaHAa Ha SHEPTETUYECKOM yCIOBHU
MIPOYHOCTH IPYHTA B BUJIE:

Uy+[o-de= [, -de,, (1)
L1 L2

rIe IS p I de,; — oueprus aedopmarun popMon3IMeHe-

Hus; L, u L, — napameTphl Iy TH HarpyKEHUs.

DHeprus HavanbHOM NPOYHOCTH TpyHTa U BMECTE
¢ sHeprueil 00beMHOro CKaTus |ode, HAKOILUICHHOM
WA PacXoJlyeMOi CO 3HAKOM «MHHYC» Ha BCEM ITyTH
HarpyskeHus L, NpeIcTaBIsA0T co0oi 3amac mpovHo-
CTH Marepuaia, KOTOPBIH NP Harpy>XeHHH PacxoryeT-
Csl Ha peaIn3allnIo JIEBUATOPHBIX KOMITIOHEHT Jieopma-
Wi, TIOBOJSIIIIMX Marepualt JI0 pa3pyleHusI.

HWcxons u3 BeipaskeHus (1), koadppuuueHT Hamgex-
HocTH K, OTpeNeNsomui 3anac NpOYHOCTH IPYHTa,
3aIMCBhIBACTCS KAK:

© U, + lecde
W= 2)
LzS"f “de,;

B Mozenu ncrnonp3yeTcst Takxke MOHSITHE OTHOCH-
TEJIHOH MTPOYHOCTH TPYHTA!

g-K L0 3)
K

"

U3 popmyisl (3) BUaHO, uto K n3MeHsercs ot 1
(BcectoponHee cxarue) 10 0 (IpereTbHOe COCTOSIHUE).
Koa¢dumuent K B MOJENH BBICTYIIAET B POJIH Tapa-
METpa yNpPOYHEHHUs U O00ECHeUYrBaeT YUYET BIUSHUS
MyTH HArpy»XeHust Ha Je(hopMHUPYEeMOCTh TPYHTA.
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CBsi3b MEX/Y HAIPSDKEHUSAMHU U JiehopManusiMu
IIpY aKTUBHOM Harpy:K€HUU MaTepualla 3alicblBaeTCs

B BHUJIC:
A3, | de+sign(T, — F(t))w
do, (1) = f’(’)n
nc""' (1) [1 —exp(-B(t—1)) = J
4)
+20,(0),

f(v)ﬂexp(Bl?(t) - B) +
n

+G,K(0)[1-exp(BK (1)~ B) (1 —r)“]}ds,j,

e
lopui=j
" |Oonmpui#j

M — Monyib JUIIaTaHCUU; 1 — NOKAa3aTellb HEJIMHEH-
HoCTH; E, G — OOBEMHBIN U CABUTOBOW MOAYIH YIIPY-
rocty; 3, €, 1 — MapaMeTphI MOI3YICCTH, TOTydacMbIe
Ha OCHOBAHHWH ONBITHBIX HCCICIOBAaHUU B MpuOOpe

TPEXOCHOTO CIKATHUS.
Ha yuacTke pasrpy3ku MOJeNb MperycMaTpruBaeT
ympyroe aepopMUpOBaHHE U HCIIONH30BaHUE 3aKOHA

I'yxa:
do, =E,de-3,+G,-de,, ®)

rie £, G, — ynpyrue KOHCTaHTBI Pa3TPy3KH.

[TepBBIM crlaraeMbIM B IpaBOH YacCTH BbIpaxe-
HUs (4) sIBIISIETCS 3aBUCUMOCTb, OIMCBIBAIOIAs 00beM-
HBIE JieOopMaIK U, B TOM 4Hcie, nedopmanuu Gpop-
Mou3MeHeHus (amiarancus). Bo Bropom ciiaraemom
OTIMCHIBAIOTCS CABUTOBBIE Nedopmanuu. Kak BugHO
3 hopmynsl (4), CTECHb PAa3BUTHUS IUIACTHYCCKHIX
CBsI3EH B TPYHTE 3aBUCHUT OT NapaMeTpa OTHOCHUTEIb-
HOH NpOYHOCTHU. Tak, IIpU BCECTOPOHHEM CXKATUU Je-
(hopmanmu GyayT COCTOATH N3 OOBEMHBIX Je(OPMAIHIA,
OTIPEAEISIEMBIX COITIACHO TIEPBOMY CIlIaracMOMYy M TLIa-
CTHUYECKOI YacTH CIBMIOBBIX Je(hopMamnui, paccuyu-
TBIBAEMBIX BO BTOPOM ciiaraeMoM. 1pu npuOnvxeHun
IPYHTa K NPEACIbHOMY COCTOSHHIO KO3()(UIIMEHT OT-
HOCHUTEJIBHON MPOYHOCTH CTPEMUTCS K HYJTIO, YTO O3Ha-
YJaeT HeOTPaHWYEHHBIH POoCT AedopMarmii caBura.

Takum o6pazom, npu pacuere H/IC rutotnn yuu-
TBIBAETCSl pealibHasi CTPYKTypa I'pyHTa, XapaKTepu3sy-
IONIAsICSl CBOMM COOTHOIICHUEM YIPYTUX U TUIaCTHYe-
CKHX CBsi3ed. MI3MeHeHue 3TOH CTPYKTYpbl IPOUCXOIUT
Bmecte ¢ uamenenueM HJIC u orpaxkaercst Ha 3Haye-
HUSIX K09 GHUIMEHTA OTHOCUTEIBHOW IPOYHOCTH U KO-
spdunrenTax HanexxHocTH. I1o 3HaYeHUIM KOAPPU-
LIMEHTOB HaJIC)KHOCTH B IUNIOTUHE MOXHO CYIHUTbH O €€
MIPOYHOCTHOM COCTOSTHHH.

PE3VYJIBTATHI UCCJIEJOBAHUA

CornacHo NpUHATON METOAUKE, PacUeTHas cXema
IUIOTHHBI IPU PEIISHUH MIOCKON 3a1a4M MpeiCTaBIsI-
€TCs B BUJIC BBIZCICHHOTO (hparMeHTa CIUIOIIHON cpe-
JIbI, IMEFOIIETO TIOCTOSHHBIHN MPO(UIb 1 3aKPEIICHHE.

Harpy3skwu, geiicTByroniue Ha IUIOTHHY, Pa3IeisiOTCs
Ha MOBEPXHOCTHBIE — OT AABJICHUS BOJBI U HA BHY-
TpPEHHHE — OT COOCTBEHHOTO Beca. BHyTpH BbIeseH-
HOTO ()parMeHTa IUIOTHHBI ONPE/EIISIOTCS 30HbI C pa3-
JIMYHBIMU THUIIAMHW MATCPHUAJIOB KaK YKJIaJblBa€MbIX
B TEJIO IJIOTHHBI, TaK W 3aJIETalolINX B €€ OCHOBAHHH.
CBolicTBa ATHX MaTepuajIoB 3a1al0TCS B UICXOIHON WH-
dhopmaruu.

Bcest o0macTh BBIICIEHHOTO (parMeHTa TUIOTHHBI
pa3bmBaeTCs Ha OMHOTHUITHEIC AIIEMEHTHI. [IpuHsTa Tpe-
yToIbHAas CeTKa METOAa KOHEYHBIX dneMeHToB (MKD),
MPU TTOMOIIH KOTOPOW OIMHUCHIBACTCS KOHCTPYKIIUS
TPYHTOBOH TUTOTHHBI U OCHOBaHUS. OCHOBAaHHUE TUIOTH-
HBI BXO/IUT B PACUETHYIO 00J1aCTh, €CIIH €r0 MPOYHOCT-
HBIE U 1e(hOPMATHBHBIEC XapaKTEPUCTUKHU COMOCTaBUMBI
C XapaKTepUCTHUKAMHU MaTepHaloB Teja IUIOTHHBI. Tak,
JJIs1 paCYCTHBIX CeueHun IIJIOTHHBI, PACIIOJJIOKECHHBIX
Ha CKaJIbHOM OCHOBAaHUU, MOXHO NPUHATH, YTO OHO
abCcomoTHO HeneOopMHUPYEMO 10 CPABHEHHUIO C TEJIOM
MJIOTUHBI U Y3761 ceTkun MKD, pa3menieHHHbIe Ha Tpa-
HUIIE CO CKAJIBHBIM OCHOBAHHEM, MOXXHO pacCMaTpH-
BaTh KakK 3aKpeTieHHBIE. B TeX jke CeYeHUAX TUIOTHHBL,
TJIe B OCHOBAaHUH MMEETCS TOJIIA HECKAIbHOTO TPYHTA,
TTOCIICAHSISI IOJDKHA OBITh BKIIFOUCHA B PaCUCTHYIO 00-
nactb MKD. Takum obOpazom, rpu pacyerax H/IC mo-
TUHBI TyOMHA pacyeTHON 00JIaCTH B OCHOBAHMH ILIO-
THUHBI B 3aBUCIMOCTH OT PaccMaTpuBacMOro CEYCHMs
n3MeHsack ot 12 1o 70 M.

Pemenue 3anaun o HAC miioTHHbI, COMIACHO MPH-
HSATOW METOAMKE, OCHOBAaHO Ha coueTanun MKD u me-
ToJa JOKaNbHbIX Bapuanuii (MJIB). MeTon nokansHBIX
BapHAaIWi MHUPOKO MPUMEHIETCS U PEIICHUS 3a/1ad
MEXaHHKH CIUIONTHBIX CPEIl, CBA3AHHBIX C IKCTPEMab-
HBIMH CBOWCTBaMHU HEKOTOPBIX (pyHKIIMOHANOB. [Ipnme-
HUTEIBHO K «9HEPTETUYECKOI» MOJIENH TPyHTa TAKHM
(hyHKIIMOHAJIOM SIBJISIETCS BRIPAYKEHHUE IS ITOJTHOM CBO-
0OMHOI PHEPTHU CUCTEMBI Ha BO3MOXKHBIX ITEpeMeIie-
HUSIX B YCJIOBHSIX M30TEPMHUYECKOTO Ipolecca. 3anuch
9TOro (PyHKIMOHAJIA UMEET BH/I:

DBU) = [X,3U,dV + [¥3U,dT - [o,e, (3U,)dV, (6)
Vv T 14

rae 3(8U) — aHeprusi CUCTEMBbl Ha BO3MOXKHBIX ITe-
pememenuax; X, ¥ — BeKTOp QyHKIHMH 00BEMHBIX
1 TIOBEPXHOCTHBIX CHJT; SU, — BEKTOpP (QyHKIMHU BO3-
MOJKHBIX TIE€pEeMEIICHUI; G el.j(SU) — KOMITOHEHTHI
TEH30pOB HANPSDKEHUH U AedopmMaltuii; V' — uccremy-
emast 00J1acTh ¢ 331aHHBIMU B HEH MacCOBBIMH CHJIAMU
X, (manpumep, coOCTBEHHBIH Bec); I — rpanuma uccre-
JIyeMoii 00J1acTH ¢ 33/laHHbIMU Ha HeW TTOBEPXHOCTHBbI-
MU cHunaMu Y, (HarmpuMmep, 1aBJICHUE BOJIBI).

[Ipu BBINOJIHEHNH BapUAIIMOHHOTO TIPHHIIUIIA UC-
THUHHBIE TIEPEMELICHHSI CUCTEMBbI JIOCTABIISIFOT MUHUMYM
sHepreTuyeckoMy QyHKIHoHamy (6). Takum oOpazom,
3aj1a4a 0 HaNpsDKEHUSIX, Ae(opMaIisx 1 nepeMerieHu-
SIX 00JTaCTH CIUIOUIHOW Cpeibl (Teja IUIOTHHBI) B BapH-
AIIMOHHOW MTOCTAHOBKE CBOIUTCS K OTBHICKAHUIO MUHH-
MyMa 3TOTO SHEPTETHIECKOTO (DYHKIHMOHAIA.
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Juist peutenust 3a1a4u o6acTh pa3oUBaeTCst Ha KO-
HEYHbIE DJIEMEHTHI U BHEIIHIOK HArpys3Ky, T.e. Macco-
BbI€ U NOBEPXHOCTHBIE YCHJIMSI, KOTOPBIE TIPEICTABIIS-
I0TCSI B BHJIE CHJI, COCPEIIOTOYCHHBIX B y3J1aX.

ITockonbky 3anaga o HAC mioTuHsl ¢ UCHONb-
30BaHHEM SHEPreTHUECKONH MOJENN I'PYHTa peraeTcs
B YCIIOBHAX MOATAIHOTO BO3BEAEHUS, TO MUHUMM3H-
poBarb dHepreTuueckuil GpyHkuuoHan (6) HeoOX0AUMO
Ha KaxJioM otane. OJHaKO, €CIIU B KKAOM y3Jie IIpH
BapbUPOBAHNN TIEPEMENICHUH MOACYUTHIBATh MpHUpa-
IIEHHS SHEPTETUIECKOTo (PyHKIIMOHAJIA OT IIara BapbH-
pOBaHUsI, TO HEOOXOJMMOCTh B OTBICKAHUM 3HAUCHHI
¢dynxuuonana npu U = U_wnmn U = U)  OTIIAJAET, TaK
Kak B 3ToM cirydae 00 = 0. CormacHo 3TOMy pa3pado-
taHa monudukaius MJIB, B pamkax koTopoit popmysia
MPUPALIEHHS] SHEPTEeTUYECKOTO (PYHKIMOHAIA BBITJISI-
JIIT B CIIEAYIOIEM BUJIE:

89, = [8c,, dde, (h)dV —hdP,, (7
4

IJe 7 — IIar Bapuanuii; 8(51:/_ — TPHUPAIEHUS KOM-
MIOHEHT HANpsDKEHNWH Ha JaHHOM 3Talle BO3BEACHUS;
dde, — NpHUpAIICHHs KOMIIOHEHT Je()opMaluii OT mara
BapHaluii s, ABOWHOE O yKa3bIBacT HA YCJIOBHBIN xa-
pakTep Omepamnuu: OTHICKUBAIOTCS IPUPAIICHUS Je-
(hopmarnuii BToporo mopsiika 1o OTHOIICHHUIO K TOJI-
HbIM JiepopMaiusam; 8P — IpUpameHus y3I0BbIX CUl
Ha JJAHHOM 3Tarle BO3BEICHNUSI.

Pemienne 3agaun ¢ UCOIb30BaHUEM IPUPALIEHUI
SHEPreTHUECKOro (QyHKIMOHANA (2) OCYIIeCTBISeTCS
cienyromuM o0pa3oM. 3amaBasch IIaroM BapbHPOBa-
HUSL /1, JUTS KQXKJIOTO M3 OKPY’KAIOIIMX y3JIa 3JIEMEHTOB
MOJICYUTHIBAIOTCS 3HAYCHUS cSei/. Kaxxnomy monyuen-
HOMY 3HAYCHHIO GOe; YepPEe3 IHEPreTHICCKYI0 MOJCITh
CTAaBHTCS B COOTBETCTBHE 3HaYeHHE 350, [Ipocymmu-
POBaB B Ka)KJIOM 3JIEMEHTE NPUpPAICHUE HAMPSKSHUH
6601]. C UMEBIIMM MECTO OT IPEIBIAYIINX BapbHPOBAHHH,
TOJTy94aeM HOBOE 3HAUCHHE IS CIICAYIOIIEro BapbupoBa-
Hust. Jlanee, moacTasiss B BeipakeHue (7) MOTyUCHHBIC
3HAYCHMS MPHUPAIICHAN HaNpsHKeHUH U nedopmaiuii,
TIO/ICYNTHIBACTCS BEIMYHMHA NPUPAIICHHS SHEpreTHYe-
CKOro (hyHKIMOHAJA OT miara Bapuauuii s. CpaBHUBas
3Ty BEJIWYHHY C HyJIEM, OIIPE/IENIsieM, BEIET JIM JaHHOE
BapbUPOBAHHE K MUHUMH3ALNH (QyHKIMOHAIA.

Kak yxe ormeuanoch, sHEpreTudyeckas Mojaeib
rpyHra B couetanuu ¢ MJIB peanuzyercs npu pacuerax
HJC rpynTa. KiroueBble IpUHIMITEL TOCTPOEHUS pac-
YETHOM CXEMbI IPYHTOBOU IUIOTHUHBI, TIOJIOKEHHBIE B OC-
HOBY aJITOPUTMa PacyueTa, CBOIITCS K CICAYIOLIEMY.

CkanpHOE OCHOBAaHME TUIOTHHBI CUMTAETCS abco-
JIFOTHO JKECTKUM, TIOCKOJIbKY JIe(OpMHUPYEMOCTh CKaJIbI
Ha HECKOJIBKO MOPSIIKOB HIDKE 1e(hOPMHUPYEMOCTH Ma-
Tepuasa Tena IOTHHBL. Ecim nMmeeTcs aniroBHanbHOe
OCHOBaHHUE, TO OHO PacCMaTPHUBACTCS COBMECTHO C ILIO-
tuHoi n ero HIC Taxxe paccuntsiBaercs. [ mapocra-
THUYECKOE JJaBJICHUE BOJBI CO CTOPOHBI BEpXHETO Obeda
MIPUKIIABIBACTCS K HAIIOPHOM IpaHy MPOTHBO(MIBTpa-
IIMOHHOTO dJIeMEeHTa (apa WIH dKpaHa) Kak MOBEpX-
HOCTHas Harpy3ka. HeoOxoqumMo OoTMETHTH, UTO B pe-
aJIBHOM COOPY’KEHHH MOTYT UMETh MECTO JIBE CXEMBI
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BOCTIPHSITHS J1aBJIeHUsI Boabl. IlepBast — cpasy mocie
MOAbeMa YPOBHSI BOJIBI, KOT/Ia Harpy3ka BOCIIPHHAMA-
eTcsl KaKk TIOBEPXHOCTHAs cuia. Bropas — mocine cra-
Owm3anuu GUIBTPAMOHHOTO IMOTOKA, KOT/IA IaBJICHHE
BOJIbI PACIIPEIEIISIeTCs B TOJIIIE MPOTUBOMUIBTPALIMOH-
HOTO 3JIEMEHTa ¥ BOCIIPUHUMAETCS] KaK MaccoBast CHJIa.
OnHako, y9uThIBast, 4TO cTabMmn3anyst GuiIbTparoH-
HOTO TIOTOKa B Tpex(a3HOM I'pyHTE MpOoIecc BecbMa
HHHTCHBHLIﬁ, BIIOJIHE MOYXHO CHUTATh, YTO MCPEMCIUIC-
HUSI HAIIOPHOH IpaHu s1pa GOPMHUPYIOTCS B OCHOBHOM
TIPU BOCTIPUSITHH AABJIEHHSI BOABI IO TIEPBOI CXeMe.

B coorBeTcTBUM € NPUHATONH PaCUETHON CXEMOM
IUIOTHHA MIPEJCTABIAETCS B BUJE (pparmeHTa cruiom-
HOW cpelibl, 3aKperjeHHOro B ocHoBaHUU. C I1IeNbI0
pemenust 3anaun HJIC B pamkax MJIB pacueTHas cxe-
Ma JIOJDKHA OBITh MOJBEPrHyTa KOHEYHO AIIEMEHTHOU
anmpokcuManuu. s pa3ouBKH TPOGUIS TIOTHHBI
HanOoJsiee BHITOAHBIM SIBIISIETCS JIEMEHT TPEYTOIbHON
(hopMBI, TIOCKOJIBKY OH JIYYIIe BCETO MOIXOIUT IS all-
MPOKCUMAILNU TpamenenalbHOr0 IpoQuIs, U JIETKO
MOZCYUTHIBACTCS SHEPTHs Ae(hOpPMUPOBAHNS, TaK KaK
MPUHAMAETCSI, YTO HAPSDKEHUS U JehopMaruy BHYTpU
TPEYTOJBHBIX 3JIEMEHTOB IMMOCTOAHHBI, YTO OYEHb BAXKHO
IIPY PELICHUN HEJIMHEHHBIX 3a]ad.

Jist KaXKI0T0 y371a CeTKH pa3OMBKH IPOGUIIS ILI0-
THHBI 331a10TCs KoopanHatel X u Y. Hauaso koopauHar
pacrosaraeTcsi B TOUKe IepeCcedeHHs BEPXOBOIO OTKOCA
¢ ocHoBanueM. Ochb X HampaBiieHa B CTOPOHY HHUYKHETO
Obeda, a ock Y BepTHKaIbHO BBEpX. Takum oOpazoM,
TeOMEeTpHs IPUHITOTO JIEMEHTa OIHMCHIBAETCS 3aja-
HHEM KOOPAMHAT TPEX y3JI0B, sl KOTOPBIX B TIpoOIecce
pacueTa OIpeAeNAIOTCs BEPTUKAIBHBIE U TOPU30HTAIb-
Hble niepemeltenus. Jdedopmaius, HapsHKEHUsT U KO-
3¢ GUIMEHTHI 3araca yCTOHYMBOCTH MOACYUTHIBAIOTCS
JUISL OJTHOHM €JMHCTBEHHOW TOYKHU BJIEMEHTa — 3TO €T0
LEHTPBI TSHKECTH, TOCKOIIBKY B TIPEZEIaX TPEYTOILHOTO
3NIEMEHTa HaNpPsOKEHUs, 1e(OPMaIUN U, CIIEI0BATEIb-
HO, KO3 PHUIMEHT 3araca MoCTOSHHBI.

Onenka H/IC miaoTHHBI IPOU3BOJUTCS COINIACHO
HECKOJIBKUM KPUTEPHUSIM. [ TTaBHBIM KPUTEPUEM CITYXKHUT
k0O PUIHENT HANEKHOCTH K , ONpeseNArolmii 3amac
MPOYHOCTH IPyHTA TI0 OTHOIICHHIO K NpeziesibHoMY. [Ipy-
THM KPHTEPUEM PabOTOCTIOCOOHOCTH TIIOTHHBI SIBISIETCS
Ko unmeHT 3amaca Ha TPEIMHUHOOOPa30BaHUE K.

MHorojeTHHE MCCIIeI0OBaHUSI U aHAJIHU3 aBapuii
HEKOTOPLIX I'PYHTOBLIX IIJIOTUH IMOKa3ajx, 4TO 4Yallc
BCEr0 pa3pylIeHNE TAKUX COOPY>KEHUH IPOMCXOANUT
1100 BCIIECTBUE HAPYIICHNST YCTOWYMBOCTH OTKOCOB
IUIOTHHBI, JINOO BCJIEACTBUE HAPYIICHHSI CITIOMIHOCTH
MPOTUBO(GMIBTPALIIOHHOTO JJIEMEHTA, T.€. I'MJIPABIH-
YEeCKOTo pas3pbiBa sifpa. [loaToMy B KauecTBe OJHOTO
U3 KpUTepueB pabOTOCHOCOOHOCTH IJIOTHUHBI JIOJI-
JKEH BBICTYTaTh KO3 UIMEHT, onpeenstomuii 3anac
MPOYHOCTH MaTepuaia sapa Ha BO3MOXKHOE TPEIIHHO-
06pa30BaHI/Ie 10 TOPU3OHTAJIBHBIM U BEPTHUKAJIbHBIM
rromakam. OnacHOCTh TOSIBJICHUS THAPABINYECKOTO
paspbiBa spa 110 TOPU30HTAIBHEIM IUIOIIAKaM BO3-
HHKACT TOI/1a, KOT/a BE/IMYNHA HANPSDKCHHIT G, CTaHO-
BHTCSI MEHBIIIE BENMYMHBI Y 1, TIE ¥, — 0OBEMHBIN BeC
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BOJIBI; [ — mbe3oMeTpuueckuil ypoBeHb. Koaddurm-
EHT 3armaca Ha TPeUIMHOOOpa3oBaHue B J000H Touke
sipa MO TOPHU30HTAIBHBIM IIIOMATKAM MOXKET OBITH
orpeziesieH 1o (opmysie:
C +o
KTp = u’ (8)
YoV
e Cp — CLETICHHE MaTepHala Ha Pa3phiB; G, — JICH-
CTBYIOIIICE HATIPSDKCHUE; y — OpJIMHATA paccMaTpHBac-
MOTO CEYEHHUs MOl YPOBHEM BOJIBI.

Hns uccnenosanus HJC FOmary3suacko# mio-
THHBI PACCMOTPEH BapUaHT MJIOTHHBI C IEHTPAJIbHBIM
SITPOM M YHOPHBIMH NPU3MaMM U3 TPAaBUHHO-TaJICUHH-
KOBOTO Marepuaia. 3aJoKeHIe BEPXOBOTO OTKOCA MPH-
HSTO MOCTOSIHHBIM M paBHBIM 1:3. 3anokeHue HU30BO-
T'O OTKOCA MPHUHATO MEPEMEHHBIM I10 BHICOTE U PaBHBIM
B BepxHel yactu 1:2, Huxe V255 — 1:2.25, a Huxe
V240 — 1:2.5.

B sapo mimoTWHBI MpexycMOTpeHa OTCHINIKA Ka-
PBEPHOTO CYITIMHKA C HAYAJIBHBIM MOJYJIEM 00BEMHOM
nedopmanuu £ = 1300 /m°. B To K€ Bpems B cTBOpe
TUTOTHHBI UMEETCs CYIIIMHUCTBIN MaTepHall ¢ BKIIIOYE-
HUSIMH 1IEOHSI, KOTOPBIH MOXKET pacCMaTpUBAThCS Kak
6oee MPeaNOYTUTENBHBIA MaTepHall Ui 41pa MI0TH-
HeL. [ToaToMy ObUTH Takoke BBITOMHEHBI pacyeTsl HJIC
IUIOTHUHBI C SIAPOM U3 CKEJIETHOTO CYINIMHKA, UMEIOLIETo
Moyl 00beMHOM nepopmanuu £, = 2700 /M (E, —
MOJ1yJIb 00beMHOM eopmariuu pu 6 = 1 1/M?).

.JA"AVA'A“VA AV AV AV A VA

BT
AV AV AV

OtmeTKa TpeOHs TIOTHHBI cocTaBister V273 M,
ypoBeHb BoabI B Bogoxpanunuuie (HITY) — V253 wm,
MaKCHUMaJIbHBI YPOBEHb BOJBI B BOJOXPAHUJIHUIIE
(PITY) — V270 m.

Bo3sBenenue mioTHHBI OCYLIECTBIISIETCS MOATAITHO,
9Tarbl TOPU30HTATIBHBI CO CPEHEH TOMIIMHON OTChIMNa-
€MOTO0 CJI0s1 OKOJIO TSITH MeTpoB. Kpome aToro, umeroT-
cs dTanbl HanoiaHeHus: Bogoxpanunuma. Pacuer HJC
IJIOTHHBI BEIETCS COMIACHO BPEMEHHOMY T'paduKy
OTCBINKHU CIIOEB TeJla IUIOTUHBI U 2TAlOB HAMOJIHEHUS
BOJIOXpaHIIHINA. B paccmarpuBaeMoM cedeHun odriee
YHUCJIO STANlOB CTPOUTENHCTBA MNIOTUHBI U HAIIOJTHEHUS
BOJIOXpaHuIuIIa paBHo 10.

Jnst uccnemoBaHus pabOTHI IDIOTHHBEI OBLIIO BBI-
OpaHo oxHO pacueTHOE ceueHne 11 (puc. 1). dusnxo-
MEXaHHYECKHE XapaKTCPUCTHKHU TPYHTOB Tella TUIOTH-
HBI 1 OCHOBAHHS 3aMMCTBOBAHBI U3 MyOnuKanuii [5—7].

Hanps:xenHno-nedopMupoBanHoe coCTOSTHUE MJIOTH-
HbI B ceyennn 1-1

B ceuenuu 1-1 BbIcOTa TUIOTHHBI COCTABISIET 41 M.
PacuetHas cxema IIOTHHBI PE/ICTABICHA TPEYTOIbHON
cetkoii MKD [8—16], cocTosmieii u3 368 aneMeHTOB
1 226 y3710B, 36 U3 KOTOPBIX PACIIONOKEHBI HA TPaHUILIE
CO CKaJbHBIM OCHOBAHUEM U SIBIISIIOTCS 3aKPETIEHHbI-
Mmu. Ha puc. 1 nokazana cxema no3TarHoro BO3BeACHUS
IJIOTUHBI U HATIOJHEHUSI BOJAOXPaHWINIIA.

Pacuerst HC mnotuHsl NpOBOAMINUCH JUISL IBYX
pa3IMYHBIX THIIOB TPYHTOB, YKJIAJBIBAEMBIX B SJIPO

<+ 232,0
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Puc. 1. Cxema no3TartHoOro BO3BeACHUS IPyHTOBON INIOTUHBI X HAIIOJIHEHUS BOAOXPaHMIHUILIA
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IUIOTHHEI [5, 6]. B mepBoM BapraHTe — B SIpO yKJIAAbI-
BaeTCsl KApbEPHBIM CYIVIMHUCTBIN MaTeprall ¢ Hayajlb-
HBIM MOJyJIeM 00bEMHOM JiehopManuu E,=1300 /M3
1 00beMHBIM BecoM 2,09 /M.

Bo BTOpOM BapuaHTe paccMOTpEHa BO3MOXKHOCTh
YKJIaJKU B PO TUIOTHHBI CKEJIETHOTO CYIIMHKAa —
Marepuasa, MpeJcTaBisonero codoil rpaBuitHo-ra-
JICYHUKOBYIO CMECh C CYITTMHHUCTBIM 3aI0JHEHHUEM
¢ 00BbEMHBIM BecOM cyxoro rpyHrta 2,2 1/m*. [Ipu 3tom
MPOLIEHTHOE COMep KaHME YaCTHIl C Pa3MEpOM MeHee
1 MM B cMecu 1oipkHO OBITH He MeHee 38—40 % 1o Becy.
Tako#t Marepuan nMeeT HavyalbHBIH MOIYJIb 00OBEeMHON
nepopmanuu £ = 2700 /M.

O6a BapmaHTa OBUIH PACCUUTAHBI MPH YPOBHIX
BojibI B Bogoxpanwiuine Ha VHITY u VOITY.

PesynbTarsl pacyera HA OCHOBHOE COYeTAHHME HA-
rpy3ok (nmpu VHIIY)

H/C m1oTHHBI ipeicTaBIeHO KapTHHAMH pacIipe-
JIeNICHHs! KOMIIOHEHT TCH30Pa HAPSKCHUN G ¥ G, JIst
TIEPBOTO U BTOPOTO PACUETHHIX BapHUAHTOB (pHC. 2, 4).

epeviii apuanm naromunst (E, = 1300 m »°). Pac-
Tpe/iesieHne HaNpsKeHuid 6 (puc. 2, a) HOCHUT TIIaBHbIA
xapaxrep. M30mmHnIY HAanpsHKeHUH 110 (hopMe TOBTOPSIOT
MOBEPXHOCTHBIHM KOHTYP TUIOTHHBI. MaKCUMallbHbIE 3Ha-
YCHUS HaHpS[)KeHI/Iﬁ TOJIY4Y€HBI B OCHOBaHUH sgapa BOIH-
31 HATIOPHOM TpaHu J10 —4 KT CM?, @ B CPETHEM 110 OCHO-
BaHUIO s7pa OKoJIo —2,5 kr/cm?. TIpu ypoBHE BEPXHETO
6peda Ha oTMeTKe V253 M THAPOCTATHYECKOE TaBICHIE
Ha HaNOpHYIO IpaHb siipa BOJIM3H OCHOBAHHS COCTAB-
asieT 2,1 Kr/cM?, 9TO HECKOJIBKO HIKE CPETHEr0 YPOBHS
HaNpsUKEHUH G . B BEpXHUX TPUOTKOCHBIX 00MACTAX
IUIOTHHBI CO CTOPOHBI BEPXOBOTO M HU30BOTO OTKOCOB
pacyeToM IOoJy4eHb! TOBOJILHO OOmHUpHbIe (Ha 57 M
B IyOMHY) 00J1aCTH ¢ HEOOIBIIMMH PACTATMBAIOIUMHA
HATPSKEHUAMH G 110 +0,5 Kr/cM?, T.e. BO3MOMKHO 00pa-
30BaHME TPELINH Ha OTKOCAX, YTO TPeOyeT NPHKPHITH OT-
KOCBI TOPHON Maccoi MOIITHOCTBIO 3—5 M.

Pacnpenenenne HanpsokeHWH G, B IIOTHHE
(puc. 2, b) TOCTaTOYHO CHMMETPUYHO C SBHO BBIPAKEH-
HBIM, HO HEOOJBIINM 3aBHCAHUEM SApa Ha YIMOPHBIX
npu3Max. MakcumalibHble HalpsDKeHUs B OCHOBAaHUU

Hanpsoxennst SIGXX, kr/cm?

8 -5 4 -3

EEE
2 1,5 -1
b

0,5 0 05

Koaddunment Haie:)KHOCTH Ha TPEIMHOOOpa30BaHUE B SAPE C,=0,06 T/Mm?

4 253.0

273,0

1 1,1

EmEe £
1,2 1,3 1,

c

KoaddunmeHt Haie:KHOCTH

253,0

<+ 2530

+273.0

+232.0

10 20

22 222 223 224 2,25

e

Puc. 2. Ceuenne 1-1. Havanbusiit Moy JedopMarimi Mareprana sijipa npu Hanpsbkenun 1 kr/em? E = 1300 1/m?
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HanpsixeHHO-AepopMrpoBaHHOE COCTOSIHUE MAOTUHbI FOMary3MHCKOro ruApoysa

C. 51-73

spa JoCcTUrarT 7,8 Kr/cm? cxkatus, a B OCHOBAHHUH
YIOPHBIX MPU3M HEMHOTO Ooubiie — 0 8,5 Kr/cm?.
DddexT «3aBucaHuA» AApa HA YIOPHBIX MpU3Max 00-
JIee XapaKTepeH I IUIOTUH C TOHKUMU SIIpaMHU, OJ-
HAaKo M B JIAaHHOM ciy4ae OH umMeeT mecto. [Ipu pac-
YETHOM YPOBHE BOABI B BOAOXPAHMIHUILE HANPSKEHUS
G, B SIPS B HECKOJIBKO Pa3 NMPEBBIIAIOT 3HAYCHHE Y 1,
OTIPEJICIISIONIEE THAPOCTATUIECKOE TaBICHUE BOJBI
¢ BepxHero Obeda, 4To roBOPUT 0O OTCYTCTBUU OIaC-
HOCTH TPEIIMHOOOpa30BaHUs Ha HAIIOPHOH I'paHy siIpa
10 TOPU30HTAIBHBIM TUIOIIA/IKAM.

Pacnpenenenue ko3 duipieHTa 3amnaca Ha TPEIIH-
HOOOpa30BaHUE B s/Ipe MPECTaBICHO Ha pHC. 2, ¢. Kak
BU/IHO, YPOBEHB 3HaUCHUN KO3()(HUITMEHTOB JOCTATOYHO
BbICOK (OoJiee 1,5) 1 TOJIbKO B OCHOBAaHHH $1/1pa Ha rpa-
HHIAX C MIEPEXOAHBIMU 30HaMH OH YMEHbIIaeTcs 110 1,4.

Pacnpenenenue ko3pGUIHCHTOB HAIEKHOCTH
B mioTHHE [ 1 7] moka3aHo Ha puc. 2, d, U3 KOTOpOTO BH-
HO, 4TO ypOBEHb KOA(P(PUIIMEHTOB HA/IC)KHOCTH B ILIO-
THHE BEChMa BBICOK (00JIee MATH) U TOJIBKO B 001aCTSX,
CMBIKAOIIUXCS C TIEPEXOAHBIMHI 30HAMH, OH OITyCKaeT-
Cs1 JI0 TpeX, a B €AMHUYHBIX TOUKax /10 AByX. [lomyden-
HBIE AITIOPHI TOPU3OHTAIBHBIX NIepeMellieHuit (puc. 3, a)
B IJIOTHHE XapaKTEPHBI JUIS HACKITICH, HE pabOTaIONINX
B YCIIOBHSIX ACHCTBHS I'MAPOCTATHYECKON HArpy3KH.
ITon meiicTBueM cuil COOCTBEHHOTO Beca 3eMJISTHAs
IUTOTHHA OCeaeT U pacron3aercs. CMeIeHus BepXo-
BOW MPU3MBI HalPaBJICHBI B CTOPOHY BEpXHEro Obeda,
CMEIIEHNS] HU30BOW MPU3MbI — B CTOPOHY HMXKHETO
obeda. [Ipu 3TOM cMeneHuH IeHTPAITBLHON OCH sipa
MpaKTUYECKH He HaOmogaercst. MakcuManbHbIe 3HaUe-
HUSI CMEIEHUH K MOMEHTY OKOHYaHHMsI CTPOUTEIILCTBA
IUTOTHHBI COCTABIISIOT OKOJIO 2 CM U TIOJTy4YEHBI B paio-
He OepMbl HU30BOI'O OTKOCA Ha OTMETKE 255 M.

OMIOpbl BEPTUKAIBHBIX CMEICHUHN B TEJIE MIOTH-
HBI IPUBE/ICHBI Ha PUC. 3, b. DTH SIMIOPHI B CUITY TEX XKe
npuauH (HU3KuH ypoBeHs HITY) cuMMeTprudHBL, 1 Mak-
CHUMaJIbHBIE 3HAUCHHS 0CaJI0K OKojo 18 cM Habmrona-
I0TCSI 110 IEHTPAJIbHOW OCH sIipa BOJIM3H HUKHEH TpeTn
IUTOTHHBI TT0 BeIcoTe. Ocasika BEpXHEl yacTu siapa co-
CTaBJISIET BCETO OKOJIO 7 CM.

Bmopoii sapuanm naomunvt (E, = 2700 m/m’).
[ToBbllIeHNE KECTKOCTH sIIpa 33 CUET YKJIAJIKU B HETO
CKEJIETHOTO CYTJIMHUCTOTO Marepuasa U3MEHSIET KapTH-
ny HJIC nnotunsl.

Pacripenenenue nanpsokenud 6 (puc. 4, a) Ho-
CUT TOOOHBIN C TPEIBIIYIIMM BAPHAHTOM XapakTep.
B ocHoBanuu sapa BOMM3HM HAIOPHOU TpaHU (POPMH-
pyercst 001acTh MOBBIILICHHBIX 3HAUYCHNUI HANPSDKESHUH,
a CO CTOPOHBI BEPXOBOH MEPEXOJHOM 30HBI B ITOM MECTE
oOpazyercst 0bnacTh pazymioTHeHus. Pazmep obnactu
MAaKCHMAaJIbHBIX CKMMAIOIINX HATPSKEHUN CTal HEMHO-
10 OOJIBIIIE, XOTS A0CONIOTHBIE 3HAYEHHUS HAIPSHKEHUH G
KaK ¥ B MEPBOM BapHaHTE HE TPEBBIMIAIOT —4 KI/CM?.
B ommuame ot npenpltyInero BapuanTa B CpeHei 4acTu
AApa HaIPSAXKEHHUA HECKOJIBKO YMCHBIININCH C HHTCPBAa-

nma—1,5...-2,0 kr/em? no —1,0...—1,5 kr/cm?. O6nacTs 1o-
JIOKHTENBHBIX 3HAYEHHH G BOJM3M MOBEPXHOCTH BEP-
XOBOTO U HU30BOTO OTKOCOB 3HAUMTENILHO COKpATHIIach
1 (DaKTUYECKH COXPAaHMIIACH JIMIIb HAa HU30BOM OTKOCE.

Pacnpenenenue HanpsKeHUH G, B TUIOTHHE
(puc. 4, b) B oTIMYMe OT MpEABIIYIICH 3aJadu CTa-
J10 Oosiee paBHOMEpPHBIM, U 3((dekra 3aBrcaHus AApa
He orMmedaercs. [loaToMy cpeHMii ypOBEHb CKUMArO-
IIMX HaNpsDKEHUH B Spe MOBBICHIICS U B OCHOBaHHU
Ha HAMOPHOH I'paHN MaKCHUMaJbHOE CXKMMAIoIlee Ha-
npsbkeHue gocturaer —8 kr/cm?. BooGiue st 9Toi 3a-
Jla4M XapakTep pactpeiesieHHs 3Ha9eHUH HaIpsHKeHUH
©,, 630K K 3HAYCHMSM Y, H.

3HavyeHus1 KodPPUINEHTOB 3araca Ha TPEHIHHO-
obpa3oBanue (puc. 4, ¢) A7 BTOPOTO BapHaHTA TPaK-
THYECKH HE OTJIMYAIOTCS OT MepBOro. MUHNMAaNbHBIE
3HAYCHUS MOJTYUIECHBI B OCHOBAHUH sJ[pa C HATOPHOU
CTOPOHBI OK0JIO 1,4.

3HadeHus KOAPPHUIUEHTOB HAICKHOCTH B TUIOTH-
He TMoKa3aHbl Ha puc. 4, d. [lo cpaBHEHHUIO ¢ TIEPBBIM
BapUaHTOM IPOYHOCTHOE COCTOSTHHE TUIOTUHBI BOIN3U
OCHOBAHHS NEPEXOAHBIX 30H YCHIMIOCH. Tak, ecin
B MIEPBOM BapHUaHTE B OCHOBAaHMM MMEIHCH 00nacTn
¢ koo dunuentamun HagexxHoctu 1,5-2,0, To IpH yBe-
JIMYEHUH KECTKOCTH SI/Ipa CaMble HU3KNE 3HAUCHHUS KO-
3G PUINEHTOB HaZIEKHOCTH CTAJIN PaBHBI 3.

lopusoHTanIbHBIE TTIEpEMEIIECHUS HE N3MEHUITUCH
W Ha HU30BOW OepMme paBHBI 2 cM (puc. 5, a). Beprtu-
KaJIbHBIC OCAJKM YMEHBIIMIUCH MOYTH B J[BA pasa.
MakcumasbHas 0cajika B CpeiHel 4acTH IUIOTHHBI J10-
cTHuTaet Bcero 7 cM (puc. 5, b).

Pesynomambt na ocoboe covemanue nazpyzox (VOIIY).
[loBbIIeHwe YpOBHS BOABI B BOJOXPAHIIINIIE (B /1Ba pasa)
m3mensieT kaptuHy HJIC TmoTuHbI 0 CpaBHEHUIO C Bapy-
AHTOM TIOHIDKEHHOTO YPOBHS BepxHero Obeda. Kax BuaHO
U3 puC. 6, 8, HAIPSIKEHUS G U o, KaK 1 KOO PUITIEHTHI
PaboTOCIIOCOOHOCTH, IPAKTHYECKHU COBIIA/IAIOT, YTO TOBO-
PUT O CXOJCTBE HANPSHKEHUN B INIOTHHE NPU PA3IMIHBIX
MaTepHanax sjpa ¢ ToyHocTbio 1o 0,5 kr/cm”. B cBs3u
¢ aTUM HIwke npuBonutcs ommcanne HJIC mnoTuHbl, Xa-
pakTepHOe JuIsi 000MX PAaCYETHBIX BAPHAHTOB — MEPBOTO
Y BTOPOTO.

Bwmecrte ¢ TeM moguepKHEM, 4TO IepeMeleHus
CHIDKAIOTCSI TP MeOSHUCTOM SiJjpe B JIBa pasa (a 3To
JIOTIOJTHUTENbHASI SKOHOMHS, TAK KaK «IOCHITKa» Mare-
puana 3a cyeT yNJIOTHEHHUs] YMEHBIIAETCS B 1BA Pasa).
Ha puc. 6, d, n puc. 8, d nokazaHa IJIOTHOCTb TPyHTA
B TeJI€ TUIOTHHBI HA MOMEHT OKOHYAHHS CTPOUTEILCTRA.
DTO MO3BOJISIET ONPENEITUTE 00bEM «ITOCBHIITKI» B MPO-
[[ecce BO3BEJCHMS 0 Pa3HUIE 3HAYCHUN IIIOTHOCTH
TPYHTA IIPH €T0 YKJIAJKe U INIOTHOCTH HA MOMEHT OKOH-
YaHUSI CTPOUTEINLCTBA.

XapakTep pacnpeJieleHus HaNnpsKeHHH o
(puc. 6, a; puc. 8, a) Ipu MoIbEME yPOBHS BEpXHE-
ro 6beda no ormerkn OIIY n3MeHumsCs 10 cpaBHe-
Huto ¢ BapuanTtoM Ha ormeTke HIIY. Kak u npu HITY
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T ITOnLCTBS: T 13. BhInyck 2 (48)

.M. BypeHkoe

©2530 A 2
- T r'i‘ ,’H (‘K \ ‘“\‘“-._,«__
il | e/' /f y\\ )

lopuzoHTaNEHBIC IepeMeneHus (/g) B TeJe TUIOTHHEI

 $273.0

et ]
“f::»’f“‘::‘} T R
i /7 |\ \\x\'*\\o 02

Tlocnae 2-ro sTana, M
Tlocne 5-ro srama, m
Tlocne 8-ro srana, m
Tlocne 11-ro srama, m
Tlocne 13-ro stama, M
Tlocne 15-ro srama, M

e 32320

a

Beprukansabie nepemenieHus (Av) B Telle IIIOTHHBI

Ll = )

Iocae 2-ro sTama, M
Ilocne 5-ro sTana, M
Tlocne 8-ro sramna, M
Ilocne 11-ro srama, m
Tlocne 13-ro sTama, M
Ilocne 15-ro sramna, m

T $,232,0

Macuitab 5mrop: TOpU30HTANBHBIX MepeMeneHuit 1:5
BepTHUKaJIbHbIXNIEpeMeeHui 1:25

Puc. 3. Ceuenne 1-1. Hagansusiit Moayss qedopmarmu siapa npu Hanpspkenun 1 kr/em? E = 1300 1/m?

Hanpsxenns SIGXX, Kr/cm?
+273,0

Hanpsokennst SIGY'Y, kr/cm?
£ 273.0

KoaddunmeHT Haie)KHOCTH Ha TPEIMHOOOpa30BaHuUe B SApEe C,=0,06 T/M?

273,0

+232,0

10

20

Puc. 4. Ceuenne 1-1. HaganpHbiit Moaysis nedopmarmu sipa npu Harnpspkenun 1 kr/em? E = 2700 1/m?
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TopusonTanbHbIE nepeMeleHus (4g) B Tese MI0THHEI
Ilocae 2-ro sTama, M

g 273,0 ————————— Ilocne 5-ro srana, M
P ff T ————— Ilocne 8-ro srana, M
e / , R ~——————————1Tlocnie 11-ro sTana, m
253,0 — / P Y o 0’0\__M ~————————Tlocne 13-ro srama, M
e / \\ Y "~ —————— Iocne 15-ro stama, M
s ff Vi T 32320
o S S
a
Bepruranbubie nepementenns (hv) B TENE WOTHHBL  —____T[ociie 2-T0 3Tana, M
B ] 2730 ——  Tlocne 5-ro sramna, M
PRt s ———————Tlocuie 8-ro JTamna, M
e ] ? ()E E T~ —————— Ilocne 11-ro 3Tama, M
253.0 i == e ———————Tlocne 13-ro srana, M
e Y 7 s ...~ Hocune 15-ro srana, M
il T 0.0 T 42320
b

Macmira0 31op: rOpU30HTaIbHBIX NepeMeleHui 1:5
BEPTUKAIILHBIX NiepemMelienuii 1:25

Puc. 5. Ceuenne 1-1. HavanbHbiit Mogysib aedopmariuu sijipa rpu Hanpsbkenun 1 kr/em? E = 2700 1/m?

Hanpsoxennst SIGXX, kr/cm?

KoaddunmenTt Haie:)KHOCTH Ha TPEIMHO0Opa30BaHUE B ape C,=0,06 /M
273.0

$253.0

Koaddunment nanesxHocTi
273,0

232,0

1 Lr 1,2 13 14 1,5 2 3 5 10 20

(81) Z HOALIGG "CL N0 Jisaeceuoe  vHren

Puc. 6. Ceuenne 1-1. HavanpHsiit Moayib qedopmarinu sipa rpu Hanpspkenud 1 kr/em? E = 1300 /m?
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T ITOnLCTBS: T 13. BhInyck 2 (48)

[1.M. BypeHkos

B BEPXHEIl 4aCTH MPUOTKOCHBIX 30H UMEIOTCS 00JacTu
C HEOOJIBIIUMH TIOJIOXKHUTEIILHBIMU 3HAYEHUSMH HAIIpsi-
skeHuH. OHAKO MPY MOBBIIIIECHUH YPOBHS BOJBI B BOO-
XPaHWINLIE BECh MaTepUall BEPXOBOH YIIOPHOU IPU3MBI
MIEPEXOUT BO B3BEIICHHOE COCTOSIHUE U 30HA HYJIEBBIX
U CI1abOMONOKUTENbHBIX 3HAYCHUN HANPSOKEHUH G
MIPOHUKAET BIIyOb YIOPHOW NpHU3MBL. B HIbKHEl yacTn
BEPXOBOM MEPEXOAHON 30HBI HA FPAHULIE C SIIPOM I10JI0-
JKMTEJIbHbIE 3HAYEHUS G I0CTUraroT 2 Kr/em”. B ocHo-
BaHMU sIJIpa CPEJHNUH YPOBEHb HANPSDKEHUH yBEITHUIHII-
¢ 10 —4 Kr/cm?, a MaKCUMaJIbHbIE 3HAYEHHUs — BOJIM3H
BEPXOBOU MEPEXOIHOM 30HBI.

XapakTep pachpeneiaeHuss HampsiKeHU o,
(puc. 6, b; puc. 8, b) npu oJAbEMEe YPOBHSI BEPXHETO
Obeda He M3MeHWICs. M30aMHNM HaNpsDKeHUH pac-
pe/ieNIeHbl PABHOMEPHO 10 TIIOTHHE U CUMMETPHUYHBL.
B ocHoBaHUM sipa MakCHUMaJIbHbIE CKUMAIOIIUE Ha-
NPSDKEHHsST TOCTUTAloT —8,5 Kr/cM? [Jist IepBOTO BapH-
aHTa IWIOTHHBI, —9 KI/CM? — I BTOPOTO BapHaHTa.

3HayeHus: KO3(PQUIUEHTOB 3amaca Ha TPEIIu-
HooOpa3oBanue [18-20] mpexcraBnens! Ha puc. 6, ¢
U pucC. 8, ¢ U1 IByX BapHAHTOB C pa3HBIMHU XapaKTepH-
CTHKaMH MaTepuana siipa. Ha prcyHkax xopomo Bua-
HO, 4TO CPEIHUI YPOBCHb 3HAYCHHUN KOI(DDUIIUCHTOB
IIPY OBBINICHUN YPOBHS BOJIBI B BOAOXPAHWIIUILE AaXKe
noBeiciics. OTHaKo B cpeHEN 4acTH siipa Ha HAMop-
HOW I'paHH MOSIBUJICS HEOOIBIION yYaCTOK C TOHIKEH-
HBIM 3HaueHueM Kodddummenta (1,3—1,4), koToporo
He ObLT0 paHee. 3HaueHUS KOA(P(UITNEHTOB HAJAECKHO-
ctu (puc. 6, d u puc. 8, d) B INIOTUHE OYCHb BBICOKHE,
He MeHee 3, ¥ IPH IOIbeMe YPOBHSI BOJIBI B BOJIOXPaHH-
JIMIIE OHU YBEIMYUBAIOTCA.

XapakTep TOpU30HTAIBHBIX U BEPTHKAJIBHBIX IIe-
peMeIeHNH B IUIOTHHE JUIS ABYX BAPHAHTOB C PA3IHI-
HBIMM TUIIAMHM MaTepHUalioB sAzpa oauHakoB. [lepeme-
IIEHHST OTIIMYAIOTCS JIUIIH a0CONIOTHBIMU 3HAUCHUSMH.
B nepBom BapnaHTe MIOTHHBI MAaKCUMAaJIbHAS BETMUMHA
TOPU30HTAJIBHBIX CMEIEHHUH paBHA 3 ¢cM Ha TOBEPXHO-

CTH HM30BOTO OTKOCA, & JUISi BTOPOTO BapuaHTa — 2 CM.
Kak BuaHO, 3TH 3HAUCHMS MaJl0 H3MEHUIINCH OT TTO/Ib-
eMa ypOBHS BOZbBI B BOlOXpaHWiIHLIe. B Gomnbineii cre-
MICHU TPOM3ONUIM U3MEHECHHS B BEJINYMHE TOPU30H-
TAJIBHBIX CMELICHUH siapa. Tak, JJst IepBoro BapuaHTa
C CYIJIMHUCTBIM sIpoM (pHcC. 7, @) MaKCUMaJIbHBIE CMe-
IICHUS] B OCHOBAHUU Spa COCTABUIM 2 CM, a JUIsl BTO-
poro BapuvaHTa 3TU NEPEMEIICHUA MCHBIIC U HE IIpEC-
BBIIIAIOT | cM.

DMIOpbl BEPTUKATBHBIX CMEIICHUN B TIJIOTUHE,
MpEACTABICHHBIE 110 FOPU30HTAIBHBIM CEUCHUSM,
CUMMETPHYHBI, MAKCHMaJIbHbIE 3HAYCHUS OCAI0K I10-
JyYIeHBI B OCHOBAaHWH sIpa, IPHUEM XapaKTep 0CamoK
sipa He COBCEM paBHOMEpHEIA. B Oonbineil crenenn
IIPOCeNaoT 00IACTH SApPA, B KOTOPBIX MOIYYCHBI MH-
HUMaJIbHBIC 3HaYCHUS K03()(UIIMEHTOB 3araca Ha Tpe-
IMHOOOPa30BaHUe, YTO TOBOPUT 00 OTHOCHUTEIHLHOU
HEJIOrPY’)KEHHOCTH MaTepHala 3TUX o0JacTei 1o cpas-
HEHHMIO ¢ coceqHuMU. Tak, HAa MOMEHT OKOHYaHUs Ha-
nojHeHus Bojoxpanunuina go OIIY B sape BOnu3n
HAIIOPHOW TpaHW MaKCHMallbHas 0CaJKa JIJIs epBOTO
BapuaHTa cocTaBisieT okoyo 30 ¢M mpu cpeHeM 3Ha-
YeHUHU OCAIKU B OMIDKaiIeM OKpy)KeHUH OKoJo 16 cM
(puc. 7, b), a g BTOpOTO BapHaHTa — COOTBETCTBEHHO
20 m 12 cm (puc. 9, b).

PaccMmoTpeHHBIE pe3yabTaThl pacdeToB ABYX Ba-
PHAHTOB I'PYHTOBOM IIJIOTHHBI JUISl PA3JIMUHbBIX YPOBHEH
BOJIbI B BOJOXPAHMIIUIILE TIO3BOJISIIOT CIEIIATh CIIETyT0-
IMe BBIBOABI O paboTe (parMeHTa INIOTHHBI, KOTOPBINA
pacIoIokKEH B pallOHe MEPBOr0O CEUEHUSI.

SAK/IIOYEHUE U OBCYXJIEHUE

IIpu noBeIIIEHUN YPOBHS BOJbI B BOJOXPAHUIIHIIE
no otmetku PITY xapakrep pacnpenesieHus Harpsike-
HUU G MeHsieTcs. B OCHOBaHMH BEPXOBOM yrOpHOU
MPU3MBI Ha TPAHHILIE C SPOM MOSBISIETCS] 00JIacTh C He-
OOJIBIIMMU MOJIOKUTEIBHBIMHA 3HAYEHUSIMH, HAaH00IIh-
IIM€ U3 KOTOPBIX IOJIyYeHb! B IIEPEXOHON 30HE.

lopuzonTaneHble epemMenieHus (hAg) B TeIe IIOTHHbI

g

| i
‘\‘s \,
! !

32730

ITocie 2-ro sTama, M
ITocne 5-ro sTana, M
ITocne 8-ro aTama, M

- 0,03 [Tocne 11-ro srana, M
AR —  Ilocne 13-ro sTana, M
T Hocne 15-ro sramna, M

T $232,0

Beprukanbsubie nepemernenns (4v) B Telle INIOTHHBI

Tlocne 2-ro sTana, M
TTocne 5-ro sTama, M
TTocne 8-ro sTama, M
Tlocne 11-ro sTama, m

Tlocne 13-ro sTama, M

... ——Ilocne 15-ro sTana, m
e $232,0

Macuitab 5mop: rOpU30HTaNbHBIX NTepeMeleHuit 1:5
BEPTUKAJIbHBIX MIepeMelieHuii 1:25

Puc. 7. Ceuenne 1-1. HavanbsHsiit Moy gedopmaruu siapa rpu Hanpspkenud 1 kr/em? E = 1300 /m?
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Hanpsoxernst SIGXX, kr/cm?

i —%%EW
3 2 15 -1 05 0

b

KoabdunmeHT HaIe:)KHOCTH Ha TPEIIMHOOOPa30BaHUE B SIPE C,=0,06 /M2
27

232,0

e e
1 L1 12

C

Koaddbumuent HanexHOCTH
o0 2730

13 14 18 2 10

20

232,0

20

Puc. 8. Ceuenne 1-1. HavanbHblit Moyib qedopmarnu siapa npu Hanpspkenud 1 kr/em? E = 2700 1/m>
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[1.M. BypeHkos

Ota 005acTh MIOTHHBI OTMEYAETCSI 0COOBIMU yC-
JIOBHUSIMU pabOThI, TIOCKOJIBKY HAXOIUTCS Ha I'PaHUIIe
JBYX cpeJl — BOJONPOHUIIAEMOM 1 BOIOHEIPOHUIIAC-
Moi1 (simpom). Best ruppocTatndeckas HarpysKa mepe-
JlaeTcs Ha HaloOpHYIO TPaHb s/pa, U, CIeI0BaTeIbHO,
BCsl paboTa BHEIIHHUX CHJI IEPEXOANUT B SHEPTHIO BHY-
TPEHHETO Ae(OPMHUPOBAHHS ITOTO HIEMEHTA, BBI3bIBAS
B HEM KOHLEHTPALMIO HaNpshKeHUil. B 1o ke Bpemst
MaTepuai MepexoJHOH 30HBI BBIHY)KJIEH CIIEI0BATh
3a e(opMalUAMU S1pa, 4YTO 00YCIOBIUBACT PAa3BUTHUE

B HEM PACTATHBAIOMINX HanpspkeHuit. [Toatomy yBenu-
YEHHE J)KECTKOCTH s/Ipa BEAET K MEHBIINM Jedopma-
IUSIM A7pa U, CIE0BATeNbHO, K MEHBIINM 3HAaUCHHUAM
PacCTITUBAIONINX HAMIPSHKEHUH B MIEPEXO/IHBIX 30HAX.

XapakTep pacrpe/ie/ieHus HAIPKCHNUIT G, CHMMe-
TPUYHBIA. YBEIMYEHHE KECTKOCTH s1pa BEJET K JIMKBH-
Jlaluy apovHoro ddexra, KOTOphIii 0COOEHHO 3aMeTeH
TIPH TTIOHIDKEHHBIX YPOBHSX BOZBI B BOJJOXPAHHIIHIIIE, YTO
JWIIHUH pa3 MOATBEPXKIACT JKENaTeIbHOCTD UCIIONb30-
BaHMs CKEJIETHOTO MaTepHaia B sape IMIOTHHBI.
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INTRODUCTION

The Yumaguzinsky hydroelectric complex was
built in 2005 on the Belaya River in the Republic
of Bashkortostan primarily to protect areas from flood-
ing caused by spring floods and inundations [1]. The hy-
droscheme also has an energy purpose [2]. The main
structures consist of an earth dam (ED), a hydropower
plant (HPP) building, a right-bank surface spillway and
a left-bank tunnel spillway-water outlet. The water re-
taining structure of the hydroelectric complex is the ED,
which has created a reservoir with a normal retaining
level (NRL) of 253 m and a forced retaining level (FRL)
of 270 m. The length of the dam along the crest is 540
m and the maximum height of the structure is 64 m.

The Yumaguzinsky hydroscheme's earth dam — is
stone-and-earth. The impervious element of the water
retaining structure is a core of silt loam soils with clay
aggregate.

The dam, located in an asymmetrical alignment
of the river channel, was constructed in difficult geo-
logical conditions, the structure of its foundation is not
uniform: in the valley the bedrock is covered by a layer
of non-rock soils, in the channel and floodplain sections
the thickness of non-rock foundation does not exceed
10 m, while in the ancient channel the thickness of de-
posits reaches several tens of meters. Non-rocky soils in
the channel section are represented by gravel and peb-
ble soils.

The study of the stress-strain state (SSS) of the dam [3]
at the Yumaguzinsky hydroscheme was carried out for
the option of an earth dam with a central core and buttresses
of gravel-pebble material.

MATERIALS AND METHODS

It is possible to determine the SSS of a dam on the ba-
sis of ground model developed by L.N. Rasskazov [4].
This model, called “energy model”, directly establishes
connection between increments of stress and strain tensors
and in this sense it can be referred to the category of defor-
mation model. The model uses the notion of loading path
and takes into account its effect on the deformability and
strength of soils. The loading paths of the material are tak-
en into account during the construction process by apply-
ing loads according to the stages of the dam construction.

The “energy” model takes into account the dila-
tant properties of the materials and the elastic, viscous
and viscoplastic properties of the soils in determining
the stress values in the ground material.

The model is based on the energy condition
of ground strength in the form of:

U0+.[c-de:jSij-daij, (1)
L1 L2
where ij J'dsl.j — is the strain energy of the form

change; L, u L, — the parameters of the loading path.
The initial ground energy U, together with the bulk
compression energy |ode, which is stored or expended

with a negative sign along the whole length of the load-
ing path L, represent the strength reserve of the material
which, when loaded, is consumed to realise the devia-
toric components of the deformations leading the mate-
rial to fracture.

On the basis of expression (1), the safety factor K,
which determines the safety factor of the ground, is writ-
ten as:

‘- U, + JLlcde

s

- (2)
S -de.
120 ij

The model also uses the concept of relative ground
strength:

K=—s ", 3)

From formula (3) it can be seen that K changes
from 1 (full compression) to 0 (limiting condition).
The coefficient K in the model acts as a hardening pa-
rameter and ensures that the influence of the loading
path on the deformability of the soil is taken into ac-
count.

The relationship between stresses and strains un-
der active loading of a material is written in the form:

A5, {de +sign(B, — B(t))MldB(t)}
do, (1) = o)
no"! (1) 1-exp(~B(r—1) |
+20,(1),
{f(v)ﬂexp(m?(t) ~B)+ @
n

+G,K(n)[ 1-exp(BK (1) - B)(t—r)"]}dg,.,,

lati=j
Si': . (0
Y |0ati#j

M is the dilatancy modulus; » — non-linearity index;
E, G — bulk and shear moduli of elasticity; 8, &, 1 —
creep parameters derived from experimental investiga-
tions in a triaxial compression apparatus.

In the unloading section, the model assumes elastic
deformation and the use of Hooke's law:

where

do, =E,de-3,+G,-de,, )

where £ , G — are the elastic constants of unloading.
The first term in the right-hand side of expres-
sion (4) is the relation describing the volumetric de-
formations and, among others, the deformations of for-
mations (dilatancy). The second term describes shear
deformations. As can be seen from formula (4), the de-
gree of development of plastic bonds in soil depends
on the parameter of relative strength. Thus, in full com-
pression the strains will consist of volumetric strains
determined according to the first term and the plastic
part of shear strains calculated in the second term. As
the soil approaches the limit state, the coefficient of rel-
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ative strength tends to zero, which means an unlimited
growth of shear strains.

Thus, the real structure of the soil, characterized
by its relationship between elastic and plastic bonds,
is taken into account when calculating the stresses in
dams. Changes in this structure occur in conjunction
with changes in stresses and are reflected in the values
of the coefficient of relative strength and the coefficients
of safety. The values of the safety coefficients in the dam
can be used to judge the strength state of the dam.

RESEARCH RESULTS

According to the adopted methodology, the design
scheme of the dam in solving a plane problem is repre-
sented as a selected fragment of continuous medium hav-
ing a constant profile and fixing. Loads acting on the dam
are divided into surface — from water pressure and in-
ternal — from own weight. Within the selected fragment
of the dam, zones with different types of materials both
embedded in the body of the dam and embedded in its
foundation are defined. The properties of these materials
are specified in the baseline information.

The whole area of the selected fragment of the dam
is subdivided into uniform elements. A triangular mesh
finite element method (FEM) is adopted to describe
the structure of the earth dam and foundation. The foun-
dation of the embankment enters the domain of compu-
tation if its strength and strain characteristics are compa-
rable to those of the materials of the embankment body.
Thus, for dam cross-sections located on a rock bed it
can be assumed that the rock bed is completely unde-
formable compared to the body of the dam and the FEM
grid nodes placed at the boundary with the rock bed can
be considered as fixed. In those sections of the embank-
ment, where there is a non-rock bed, the latter should be
included in the FEM domain. Thus, during the calcula-
tions of the dam's design pressure, the depth of the de-
sign domain at the base of the dam varied from 12 to
70 m, depending on the section in question.

The solution of the problem on the dam struc-
ture, according to the adopted methodology, is based
on a combination of FEM and the method of local
variations (MLV). The local variation method is widely
used for solving continuum mechanics problems related
to extreme properties of some functional. As applied to
the “energy” ground model, such functional is the ex-
pression for the total free energy of the system at possi-
ble displacements under isothermal process conditions.
This functional has the following form:

E(3U) = [X,3U,dV + [Y3U,dB~ [o,e,(8U,)dV, (6)

where E(SVU) — energ}rf of the sysl{em at possible dis-
placements; X,, ¥, — vector of the volumetric and sur-
face force functions; 6U, — vector of possible displace-
ments function; o, eif(élf) — components of stress
and strain tensors; V' — the investigated region with
the given mass forces in it X, (e.g. eigenweight); B —
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the boundary of the investigated area with given surface
forces Y, (e.g. water pressure).

When the variational principle is fulfilled, the true
displacements of the system give a minimum to the en-
ergy functional (6). Thus, the problem of stresses, de-
formations and displacements of a continuous medium
(dam body) in the variational formulation is reduced to
finding a minimum of this energy functional.

To solve the problem, the domain is broken down
into finite elements and external loading, i.e. mass and
surface forces, which are represented as forces concen-
trated at nodes.

Since the problem of the dam's SSS using energy
model of the ground is solved in conditions of stage-by-
stage construction, it is necessary to minimize the en-
ergy functional (6) at each stage. However, if in each
node at variation of displacements increments of energy
functional from the variation step are calculated, then
it is necessary to find values of functional at U = U,
or U= Uy is eliminated, because in this case 6B = 0.
According to this modification of MLV was developed,
within the framework of which the formula of incre-
ment of the energy functional looks as follows:

8B, = j 86, 83e, (h)dV —hdP,, (M

where 7 is the variation step; 6017 — the incremen-
tal stress components at a given step of the erection;
68eij — the strain component increments from the step
of variations /4, the double 6 indicates the conditional
nature of the operation: the deformation increments
of the second order with respect to the total deforma-
tions are found; 6P, — node force increments at a given
stage of erection.

To solve the problem using the incremental en-
ergy functional (2), proceed as follows. By setting
the variation step 4, for each of the elements surround-
ing the node, we calculate the values GSel,j. For each val-
ue obtained cé‘)el_j is assigned through the energy model
to the value 35c,. Summing up in each element the in-
cremental stresses BSGU with the value from the pre-
vious variations, we obtain a new value for the next
variation. Further, by substituting the obtained values
of increments of stresses and strains into expression (7)
the incremental value of the energy functional from
the step of variations is calculated 4. By comparing this
value to zero, we determine whether the given variation
leads to minimization of the functional.

As mentioned above, the energy model of the ground
in combination with the MLV is realized in the calcula-
tions of the ground stress. The key principles of the de-
sign scheme for a groundwater dam, which form the ba-
sis of the calculation algorithm, are as follows.

The rock bed of the dam is assumed to be absolutely
stiff, as the deformability of the rock is several orders
of magnitude lower than the deformability of the dam
body material. If there is an alluvial bed, it is considered
to be an alluvial bed and its deflection is also calculated.
The hydrostatic water pressure from the upstream side is
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applied to the head face of the impervious element (core
or screen) as a surface load. It should be noted that in
a real structure there can be two schemes of water pres-
sure perception. The first is immediately after the water
level rises, when the load is perceived as a surface force.
The second is after stabilization of the filtration flow,
when the water pressure is distributed in the thickness
of the impervious element and is perceived as a mass
force. However, considering that stabilization of filtration
flow in three-phase soil is a very long process, it can be
assumed that movements of the pressure face of the core
are formed mainly when water pressure is perceived ac-
cording to the first scheme.

In accordance with the adopted design scheme
the dam is represented as a fragment of continuous me-
dium fixed in the foundation. In order to solve the SSS
problem within the framework of MLV the computa-
tional scheme should be subjected to finite element ap-
proximation. The triangular-shaped element is the most
advantageous for the breakdown of the dam profile, as
it is best suited for approximation of trapezoidal profile,
and the deformation energy is easily calculated, as it is
assumed that stresses and strains inside triangular ele-
ments are constant, which is very important when solv-
ing nonlinear problems.

For each node of the dam profile grid, the coor-
dinates X and Y. The origin of the coordinates is at
the intersection of the upstream slope with the founda-
tion. The axis X is directed downstream and the axis ¥
vertically upwards. Thus, the geometry of the adopted
element is described by specifying the coordinates
of the three nodes for which vertical and horizontal
displacements are determined during the calculation
process. The deformation, stresses and safety factors
are calculated for one single point of the element, its
centres of gravity, since within a triangular element
the stresses, deformations and hence the safety factor
are constant.

The stability of the dam is assessed according to
several criteria. The main criterion is the safety factor
K which determines the safety margin in relation to
the ultimate strength of the soil. Another criterion for
the serviceability of the dam is the coefficient of re-
serves for fracturing K.

Many years of research and analysis of failures
of some earth dams have shown that the most fre-
quent failure of such structures is either due to fail-
ure of the slope stability of the dam or due to failure
of the continuity of the impermeable element, i.e. hy-
draulic fracture of the core. Therefore, one of the crite-
ria for dam performance should be a factor determining
the safety margin of the core material against possible
fracturing along the horizontal and vertical surfaces.
The risk of hydraulic fracture of the core along the hori-
zontal segments arises when the stress value o, becomes
less than the value of y H{ where y, — is the volumetric
weight of the water; H — the piezometric level. The frac-

ture safety factor at any point of the core along the hori-
zontal platforms can be determined by the formula:
T, +o,
K, = > (3)
. . ’Yoy .
where T — tensile adhesion of the material; o, — ef-

fective stress; y — is the ordinate of the section in ques-
tion under the water level.

For the study of Yumaguzinskaya dam the option
of dam with central core and buttresses of gravel-peb-
ble material has been considered. The upstream slope
embankment is assumed constant and equal to 1:3.
The downstream slope setting is variable in height and
equal to 1:2 at the top and 1:2 below V255 — 1:2.25,
and below V240 — 1:2.5.

The core of the dam is to be filled with quarry loam
with an initial deformation modulus of £, = 1,300 t/m’.
At the same time there is a loamy material with in-
clusions of crushed rock which can be considered as
a preferable material for the core of the embankment.
This is why finite-density calculations of skeleton clay
core have also been carried out £, = 2,700 t/m’ (£, —
bulk modulus of deformation at ¢ = 1 t/m?).

The crest elevation of the dam is V273 m, NRL is
V253 m and FRL is V270 m.

The dam is constructed in stages, the stages are
horizontal with an average thickness of about five me-
tres. In addition there are stages of filling of the reservoir.
The dam is dimensioned according to a time schedule
for the filling of the embankment and the filling phases
of the reservoir. In this section the total number of dam
and reservoir filling stages is 10.

One design cross-section 1-1 was selected for
the study of the performance of the dam (Fig. 1). The phys-
ical-mechanical characteristics of the embankment and
foundation soils are taken from publications [5—7].

Stress-strain state of the dam in section 1-1

In section 1-1 the height of the dam is 41 m.
The computational scheme of the dam is represented
by the triangular FEM grid [8—16], consisting of 368
elements and 226 nodes, 36 of which are located at
the boundary with the rock bed and are anchored. Fig. 1
shows a schematic of the staged construction of the dam
and filling of the reservoir.

The calculations of the dam stability were car-
ried out for two different types of soils to be placed in
the core of the dam [5, 6]. In the first variant quarry
loam material with initial bulk modulus of deformation
E,= 1,300 t/m’ and volumetric weight 2.09 t/m’.

The second option considers the possibility of lay-
ing skeleton loam, a material which is a gravel/peb-
ble mixture with a loamy fill with a bulk dry weight
of 2.2 t/m3. The percentage of particles smaller than
I mm in the mixture should be at least 38—40 % by
weight. Such a material has an initial bulk modulus
of deformation £, = 2,700 t/m’.

Both options have been calculated at reservoir lev-
els at VNRL and VFRL.
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Fig. 1. Schematic of the step-by-step construction of the earthen dam and filling of the reservoir

Calculation results for the main load combination
(under VNRL)

The weir's stress-strain relations are represented by
the distribution of the stress tensor components ¢_ and
o, for the first and second design variants (Fig. 2, 4).

The first version of the dam (E, = 1,300 t/m’).
Stress distribution 6 (Fig. 2, a) is of smooth character.
Stress isolines follow the surface contour of the dam.
Maximum values of stresses are observed at the base
of the core near discharge face up to —4 kg/cm? at
the pressure line and on the average value of stress at
the core basis up to about —2.5 kg/cm?. At the headwater
level of 253 m the hydrostatic pressure at the reservoir is
about V253 m, the hydrostatic pressure at the pressure
boundary of the core near the base is —2.1 kg/cm? which
is slightly lower than the mean stress level of the 6. In
the upper near-slope areas of the upstream and down-
stream slopes the calculation results in rather extensive
(5-7 m deep) areas with small tensile stresses ¢_ up
to +0.5 kg/cm?, this requires that the slopes should be
covered with 3—5 m thick rock mass.

The distribution of stresses o, in the dam (Fig. 2, b)
is quite symmetrical with a pronounced but slight hang-
up of the core on the thrust prisms. The maximum
stresses at the base of the core reach 7.8 kg/cm? com-
pression, and at the base of the thrust prisms slightly
more, up to 8.5 kg/cm?. The “hanging” effect of the core
on the thrust prisms is more typical for dams with thin
cores, but in this case it also occurs. At the design water
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level of the reservoir the stresses 6, stresses in the core
are several times higher than the value y / which de-
fines hydrostatic pressure from the upstream reservoir,
which means there is no risk of fracturing at the core
pressure boundary in the horizontal areas.

Distribution of fracturing safety factor in the core
is shown in Fig. 2, ¢. As can be seen, the level of coef-
ficient values is quite high (more than 1.5) and only at
the base of the core at the boundaries with transition
zones it decreases to 1.4.

The distribution of safety factors in the embank-
ment [17] is shown in Fig. 2, d, from which it can be
seen that the level of safety factors in the embankment
is very high (over five) and only in the areas adjacent
to the transition zones it drops to three and in single
points to two. The horizontal displacement diagrams
obtained (Fig. 3, @) in the dam are typical for embank-
ments not operating under hydrostatic loading. Under
the action of its own weight, the earthen dam settles
and spreads out. The displacements of the upstream
prism are in the direction of the headwater and the dis-
placements of the downstream prism are in the direction
of the downstream. At the same time, there are virtu-
ally no displacements of the central axis of the core.
The maximum displacements at the time of completion
of the dam are about 2 cm and were obtained in the area
of the downstream berm at 255 m.

The vertical displacements in the dam body are
shown in Fig. 3, b. These ejections are symmetrical for
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the same reasons (low NRL level) and maximum settle-
ment values of about 18 cm are observed along the cen-
tral axis of the core near the lower third of the dam
height. The settlement of the upper part of the core is
only about 7 cm.

The second version of the dam (E, = 2,700 t/m’).
Increasing the stiffness of the core by laying in skeleton
loam material changes the SSS pattern of the dam.

Stress distribution 6 (Fig. 4, a) is similar to the pre-
vious variant. At the base of the core, near the pressure
boundary, a region of high stress values is formed, while
at the side of the upper transition zone, a region of de-
compaction is formed at this location. The area of maxi-
mum compressive stresses is a little bit bigger, though
absolute values of stresses ¢ _as well as in the first vari-
ant do not exceed —4 kg/cm?. In contrast to the previous
variant, in the middle part of the core the stresses have
slightly decreased from the interval —1.5...-2.0 kg/cm?
to —1.0...—1.5 kg/cm®. The area of positive values 6
near the surface of the upstream and downstream slopes
decreased considerably and in fact remained only at
the downstream slope.

The distribution of stresses o, in the embankment
(Fig. 4, b) in contrast to the previous problem is more
uniform and no hang-up effect of the core is observed.
Therefore the average level of compressive stresses in
the core has increased and at the base on the discharge
face the maximum compressive stress reaches —8 kg/cm?.
In general for this problem the character of stress value
distribution 6 values are close to those of vy, F.

The values of the fracturing safety factors (Fig. 4, ¢)
for the second variant are practically the same as for
the first variant. The minimum values are obtained at
the base of the core on the pressure side around 1.4.

The values of the dam safety factors are shown in
Fig. 4, d. In comparison with the first variant the strength
state of the dam near the base of the transition zones
has increased. Thus, while in the first option there were
areas in the foundation with safety factors of 1.5-2.0,
with the increase of the core stiffness the lowest values
of the safety factors became 3.

Horizontal displacements were unchanged and equal
to 2 cm on the lower berm (Fig. 5, a). The vertical set-

Stresses SIGXX, kg/cm?
- +273.0
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_$273.0

Core cracking safety factor S,=0,06 t/m?

273.0

£232.0
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4232.0

10 20

Fig. 4. Section 1-1. Initial strain modulus of the core at 1 kg/cm?* E = 2,700 t/m?

68



Stress-strain state of the Yumaguzinsky hydroelectric dam

P. 51-73

Horizontal movements (/#g) in the dam body

After stage 2, m

Q- 273.0 After stage 5, m
iy “\ s ——————— After stage 8, m
P f / \,. \ e 0.02 — Afterstage 11, m
: | Wy i < After step 13, m
e f / \ " e~ After step 15, m
e 4 / [ ! e 32320

After stage 2, m
After stage 5, m
After stage 8, m
After stage 11, m

+253.0 e b =S After step 13, m
T 7 T Afterstep 15, m
—-%W—— e
e 0.06", T 52320
b

Scale of the diagrams: Horizontal displacement 1:5
Vertical displacement 1:25

Fig. 5. Section 1-1. Initial core strain modulus at 1 kg/cm? E = 2,700 t/m?

tlement has almost halved. The maximum settlement in
the middle part of the dam reaches only 7 cm (Fig. 5, b).

Results for a particular combination of loads (VFRL).
Increase of water level in the reservoir (by two times)
changes the picture of the dam SSS in comparison with
the variant of lowered upstream level. As it can be seen from
Fig. 6, 8, stresses 6 and G, as well as serviceability factors
practically comc1de that testifies to resemblance of stresses
in the weir at different core materials up to 0.5 kg/cm?. In
this connection below is given the description of dam's de-
flected stresses typical for both design variants — the first
and the second one.

At the same time, it should be emphasized that
displacements are halved with a crushed rock core
(and this is an additional saving, as the “topfilling”
of the material by compaction is halved). In Fig. 6, d,
and Fig. 8, d show the density of soil in the dam body
at the time of completion of construction. This makes it
possible to determine the “backfill” during construction
from the difference between the soil density at the time
of placement and the density at the end of construction.

As in case of NRL, there are areas with small
positive stress values in upper part of near-slope zones.
However, as the water level in the reservoir rises,
the whole material of the upstream buttress is trans-
ferred to the suspended state and the zone of zero and
weakly positive stresses ¢ zone penetrates deep into
the thrust prism. In the lower part of the upstream tran-
sition zone at the boundary with the core the positive
values ¢ reaches 2 kg/cm®. At the base of the core
the average stress level increased to —4 kg/cm?, and
the maximum values are near the upper transition zone.

Stress distribution pattern ¢__ (Fig. 6, a; Fig. 8, a)
when the upstream level rises up to the FRL mark,
the character of stress distribution has changed in com-
parison with the variant at the NRL mark.

The nature of the stress distribution ¢ _ (Fig. 6, b;
Fig. 8, b) did not change during upstream lift. The stress
isolines are distributed uniformly over the dam and are
symmetrical. At the base of the core the maximum com-

pressive stresses reach —8.5 kg/cm? for the first option
of the dam, -9 kg/cm? — for the second option.

The values of cracking safety factors [18-20] are
shown in Fig. 6, ¢ and Fig. 8, ¢ for two variants with
different characteristics of core material. The figures
clearly show that the average values of the coefficients
even increased when the water level in the reservoir
increased. However, in the middle part of the core,
a small area with lower coefficient value (1.3—1.4) ap-
peared on the discharge face, which did not exist be-
fore. The values of reliability coefficients (Fig. 6, d and
Fig. 8, d) in the dam are very high, not less than 3 and
they increase as the water level in the reservoir rises.

The nature of the horizontal and vertical displace-
ments in the dam is the same for the two options with differ-
ent types of core materials. The displacements differ only
in absolute values. In the first variant of the dam the maxi-
mum horizontal displacement is 3 cm at the downstream
slope surface and for the second variant it is 2 cm. As can
be seen, these values have changed little from the reser-
voir level rise. To a greater extent, there were changes in
the magnitude of horizontal displacements of the core.
Thus, for the first variant with a loamy core (Fig. 7, a),
the maximum displacements at the base of the core were
2 cm, while for the second variant these displacements are
smaller and do not exceed 1 cm.

The vertical displacement patterns in the embank-
ment, shown by the horizontal sections, are symmetri-
cal and the maximum settlement values are obtained at
the base of the core, and the nature of the core settle-
ment is not entirely uniform. Core areas where minimal
values of fracture reserves are obtained are subsiding to
a greater extent, which indicates relative material under-
loading of these areas as compared with the neighbor-
ing ones. Thus, at the moment of completion of reser-
voir filling up to FRL in the core near the discharge face
the maximum settlement for the first variant is about
30 cm with average value of settlement in the nearest
surroundings about 16 cm (Fig. 7, b), and for the second
variant — respectively 20 and 12 cm (Fig. 9, b).
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Fig. 6. Section 1-1. Initial strain modulus of the core at 1 kg/cm?* E = 1,300 t/m?
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The reviewed results of the calculations of the two
groundwater dam options for different reservoir lev-
els allow the following conclusions to be drawn about
the performance of the dam fragment which is located
in the area of the first cross section.

CONCLUSION AND DISCUSSION

When the reservoir level rises to the FRL level,
the stress distribution pattern 6 changes. At the base
of the upstream thrust prism at the boundary with
the core, an area of small positive values appears,
the largest of which are obtained in the transition zone.

This area of the dam is marked by special oper-
ating conditions because it is on the boundary of two
environments — water permeable and water perme-

able (core). The whole hydrostatic load is transferred to
the pressure face of the core and hence the whole work
of external forces is transferred to the internal deforma-
tion energy of this element, causing stress concentration
in it. At the same time the transition zone material is
forced to follow the deformations of the core, which
leads to the development of tensile stresses in it. There-
fore, increasing the stiffness of the core leads to less de-
formation of the core and therefore less tensile stresses
in the transition zone.

Stress distribution pattern o, is symmetrical. In-
creasing the stiffness of the core leads to the elimination
of the arch effect, which is particularly noticeable at low-
er reservoir levels, which once again confirms the desir-
ability of using skeleton material in the core of the dam.

REFERENCES

1. Yulaev K.G. Yumaguzinskaya HPP. Bashkir
Encyclopedia. Ufa, GAUN “Bashkir Encyclopedia”
Publ., 2019; 7:663. (rus.).

2. Baranov A.E. From the Experience of Design-
ing and Construction of Yumaguzinskaya Hydrosystem
on the Belaya River. Vestnik MGSU [Monthly Journal
on Construction and Architecture]. 2006; 2:112-122.
(rus.).

3. Potapova L.B., Yartsev V.P. Mechanics of ma-
terials in a complex stressed state. How do they pre-
dict the limiting stresses? Moscow, Mashinostroenie-1
Publ., 2005; 244. (rus.).

4. Goldin A.L., Rasskazov L.N. Design of ground
dams. 2nd ed., reprint. and additional. Moscow, ASV
Publ., 2001; 375. (rus.).

5. Aniskin N.A., To Van Thanh. Forecast filtration
mode embankment dam Yumaguza HPP. Gidrotekh-
nicheskoye stroitelstvo. 2005; 6:19-25. (rus.).

6. Sainov M.P. 3D performance of a seepage control
wall in dam and foundation. Magazine of Civil Engineer-
ing. 2015; 5(57):20-33. DOI: 10.5862/MCE.57.2 (rus.).

7. Stories L.N., Jha J. Deformability and strength
of soil in the calculation of high ground dams. Hydro-
technical Construction. 1997; 7:31-36. (rus.).

8. Samul V.I. Fundamentals of the theory of elas-
ticity and plasticity : textbook. Moscow, Higher School
Publ., 1982; 264. (rus.).

9. Fadeev A.B. Finite element method in geome-
chanics. Moscow, Nedra Publ., 1987; 221. (rus.).

10. Bate K., Wilson E. Numerical methods of anal-
ysis and the finite element method. Moscow, Stroyizdat
Publ., 1982; 447. (rus.).

11. Clough R., Penzien J. Dynamics of Structures.
2nd ed. McGrawHill, Inc., 1993.

72

12. Wilson E.L. Three-Dimensional Static and
Dynamic Analysis of Structures a Physical Approach
with Emphasis on Earthquake Engineering. Third ed.
Computers and Structures, Inc., Berkeley, California,
USA, 2002; 423.

13. Wolf J.P. Dynamic Soil-Structure Interaction.
Prentice-Hall, Englewood Cliffs, N.J., 1985; 466.

14. Sheinin I.S. Vibrations of hydraulic structures
in liquid. Leningrad, Energiya Publ., 1967; 314. (rus.).

15. Kobeleva N.N. Methodical peculiarities
of prognostic mathematical modelling for deformation
survey of high dams. Vestnik SSUGT. 2017; 22(2):55-
66. (rus.).

16. Mirsaidov M.M. Theories and methods of cal-
culating ground structures for strength and seismic re-
sistance. Tashkent, Fan Publ., 2010; 312. (rus.).

17. Bellendir E.N., Lipovetskaya T.F., Rad-
chenko V.G., Sapegin D.D. Recommendations of Rus-
sian regulatory documents on ensuring the reliabil-
ity of ground dams. Proceedings of the VNIIG. 2000;
238:5-14. (rus.).

18. Sainov M.P., Chechetkin I.P. Crack resistance
of embankment dam core with consideration of pore
pressure. The Eurasian Scientific Journal. 2020; 12(4).
URL: https://esj.today/PDF/09SAVN420.pdf (rus.).

19. Sharma R.P., sKumar A. Case histories
of earthen dam failures. 7¢th Conference of the Interna-
tional Conference on Case Histories in Geotechnical
Engineering. 2013. URL: https://scholarsmine.mst.edu/
icchge/7icchge/session03/8

20. Ji E., Chen S., Fu Z. Research on criterions
of hydraulic fracturing in earth core rockfill dams.
IOP Conference Series: Earth and Environmental
Science. 2019; 304(2):022032. DOI: 10.1088/1755-
1315/304/2/022032



Stress-strain state of the Yumaguzinsky hydroelectric dam P. 51-73

Received April 24, 2023.
Adopted in revised form on May 5, 2023.
Approved for publication on May 8, 2023.

Bionotes: Pavel M. Burenkov — lecturer of the Department of Hydraulics and Hydraulic Engineer-
ing; Moscow State University of Civil Engineering (National Research University) (MGSU); 26 Yaro-
slavskoe shosse, Moscow, 129337, Russian Federation; ID RSCI: 675934, Scopus: 57190806217, ORCID:
0000-0002-3452-8909; burenkovpm@gmail.com.

73

(81) Z ONSS| 'CL IO ‘emeanra e saueios



T ITOnLCTBS: T 13. BhInyck 2 (48)

U.M. Mapkoea, ®aH XaHb XaHb

HAVYYHAS CTATbS / RESEARCH PAPER
YIK 626.01:627.01:627.4:556
DOI: 10.22227/2305-5502.2023.2.5

IHosne ckopocTei TeueHust HA yyacTke peku Calron
MPH IKCIVIYATAUH POTHBONABOAKOBBIX COOPYKEHUMN

Hpuna MuxaiisioBHa MapkoBa, ®an Xanb XaHb
Hayuonanvnouii uccnedosamenvcxuti Mockockuil 20Cy0apcmeentulil Cmpoumensuslil YHugepcumen
(HUY MI'CY),; 2. Mocxksa, Poccus

AHHOTALUMNA

BBepeHue. KpynHenwmin akoHoMU4ecknin LeHTp BbeTHama — XoLWwmuMrH cTankusaeTcs ¢ pa3MbiBoM 6eperoB peku, ogHom
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aHanusupyeTcs B pasHble Nepnogbl BPEMEHMU.

Martepuanbl n metoabl. CBeeHns O pacxofe, YpPoBHe BOAbl, Tonorpaduv peyHon CeTu u pycna peku 6binu cobpa-
Hbl OS5 HACTPOWMKN MMUTaUMOHHBIX Mopenen B nporpammax MIKE 11 n MIKE 21. OTu nporpammbl Criy>kaT OCHOBHbIMY
WHCTPYMEHTaMU, NCMONb3yeMbIMU B UCCIEA0BaHNMN.

PesynbTatbl. BennumHa ckopoctv TedeHns B cepeavHe pekn B 3—4 pasa bornblue, Yem Ha AByx Geperax. OpgHako B nepuof,
MexXay MpUIIMBOM U OTIIVBOM TeYeHue No obenM CTOpOHaM pekv MMeeT Boree BbICOKYI CKOPOCTb, YeM OCHOBHOW MOTOK, OCO-
6eHHO B BEpXHEeW YacTn U3BUINMCTLIX GeperoB, Takvx Kak YacTb pekun oT wro3a ber Hre fo wnto3a TaH TxyaH 1 yyactok pekv ot
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Crny4aeB MPEBbILLAIOT AOMYCTUMbIE 3HA4YEHVST BE33PO3VMOHHOM CKOPOCTY YacTuL, pycroBoro Matepuana, 6eperoB pek, a Takke
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ABSTRACT

Introduction. Vietnam’s largest economic centre, Ho Chi Minh City, is facing riverbank erosion, one of the main causes of
which is runoff. In this study, the flow velocity field of the Saigon River section is analyzed in different time periods.
Materials and methods. Data on discharge, water level, river network topography and river channel were collected to set
up simulation models in the programmes MIKE 11 and MIKE 21. These programmes are the main tools used in the study.
Results. The current velocity in the middle of the river is 3—4 times higher than on the two banks. However, during the
period between high and low tide, the current on both sides of the river has higher speed than the main stream, especially in
the upper part of the winding banks, such as the part of the river from Ben Nghe sluice to Tan Thuan sluice and the section of
the river from An Loi Dong police station to Thu Thiem 2 bridge. The velocity values in the studied river section in most cases
exceed the allowable erosion-free velocity values of particles of channel material, river banks, and suspended sediment
particles. The operation of the flood control sluices will slightly reduce the flow velocity values and also cause whirlpools in
front of the sluices.

Conclusions. The MIKE 11 and MIKE 21 software detailed the flow distribution of the Saigon River. The flow velocity on
the Saigon River has a complex distribution and varies from period to period depending on the flood discharge from the Dau
Tieng Reservoir and the tidal currents of the East Sea. The process of erosion on both sides of the river will occur regularly
and continuously, so urgent measures are needed to protect the riverbank.
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BBEJAEHUE

Pexn — 3T0 ecTecTBEHHbIE TOTOKH HA ITOBEPXHO-
CTH KOHTUHEHTA, TUTaeMbIe J0XKICBBIMHU, ITOA3EMHBIMU
1 TanbiMu Bofamu [ 1-3]. Pexu urpatot pons mepeHoca
BOJIbI B TUAPOJIIOTMYECKOM LIUKIIE OacceliHa U B TO ke
BpEMsl MPEJCTABISIIOT COOON XapaKTEPUCTHKK BOIHON
0e30MacHOCTH, KOJIOTHH U OKPYKAFOIIEH Cpebl paio-
Ha, ropona wiu crpanbl [4—7]. [lognepxanue crabuiIb-
HOCTH PEYHOTO CTOKa — AKTyaJbHBIN BOIPOC At 00e-
CHEYCHUS KU3HEICATEIbHOCTH U NMPOU3BOACTBEHHOTO
nporecca JIoJeH, MPOXKHUBAIOIINX 10 00€ CTOPOHBI PEKH.
Peka Caiiron 6epet Hagao B HEBBICOKHX XOJIMaX,
C OTHOCHTEJIBHOM BBICOTON OKONIO 150 M B MpOBUHIMU
bunp ®vlok, nporekaeT yepe3 o3epo 3ay Tuenr (Tait
Humns), uepes nposuniuio bune 3p10HT U nanee B Caif
I'on [8, 9]. Ha nepexpectke KpacHoro Meica p. Caiiron
coemuasiercs ¢ p. Jlonr Haii, oOpa3ys peuHyto cucremy
Caiiron — [lour Hait, a 3atem BramaeT B Mope. O6rmas
JurHa p. CallroH — 256 KM, U3 KOTOPBIX y4acTOK, MPO-
TEKaIoIMui yepe3 I. XomuMuH, cocraiseT 80 km [10].
Ha npotsixenun nocnenqHux necaruinetuit bunn
3BIOHT 1 XOIIMMUH OCTAIOTCS BEAYIIUMH SKOHOMHYE-
CKHAMHU IICHTpaMu cTpaHsbl, Bxomsamumu B TOII-5 peru-
OHOB ¢ caMbIM BeicokuM BBII Bo Bretname [11, 12].
B cBs3M ¢ 3KOHOMHYECKHM POCTOM 3TOTO PETrHOHa
HEJb3d HE OTMETUTH poib p. CaliroH ¢ KpynHeimen
1o Macurabam MponyCcKHOM CIIOCOOHOCTH CHCTEMOU
BHYTPEHHHUX BOAHBIX ITyTel Bo BreTHame. Kpome Toro,
XOLMMUH TaKXe SIBJISIETCS] KPYIIHBIM FOPOJCKUM pai-
oHoM BrerHama ¢ HaceneHneM Oosiee 9 MIIH YeNlOBEK.
CrnemoBatensHO, JIF000€ N3MEHEHNE TEUeHUS i MOp(ho-
noruu p. CalirOH OKa3bIBAaeT BIMSHUE HA DKOHOMHYE-
CKOE€ Pa3BHTHE, A TAKXKE KHU3Hb XKHUTEIeH XOMMMHUHA
Y IPOBUHITUH 110 00€ CTOPOHBI peku (puc. 1).
CymiecTByeT MHOTO TIPUYUH, PUBOISIINX K Ped-
HBIM OMNOJI3HSIM, TaKUX KaK: I'€0JOrMYECKUE XapaKTe-

- ———
T

Puc. 1. Pa3mbIB Ha Oepery p. Caiiron

PHCTHKH, 100bIYa [TECKA, CTPOUTEIBCTBO HHPPACTPYK-
TypBl, TOPOACKOE Pa3BUTHUE, BIUSIHHUE CYAOXOICTBA
U JIp., TIPH KOTOPBIX THAPOIOTHYECKUN PEKUM PEIHOTO
CTOKa SIBISETCS OZHMM M3 OCHOBHBIX (DaKTOPOB, BBI-
3bIBalOIIMX 3po3uto [13—17]. Peka Caiiron Haxonurcs
OJ] BIIUSIHUEM HE TOJIBKO TEUCHMS BBEPX M0 TEUCHMUIO,
HO TaK)Ke CHJIBHO 3aBHCHT OT IpujnBa B BocTouHoMm
MOpE C IMOJyCYTOYHBIM HPHIUBHBIM PEXHUMOM. DTO
JeJaeT THIpaBIM4YecKui pexum p. Caiiron Ooisee
CJIIOKHBIM M OTJIMYHBIM OT PEeKMMa MHOTHX PEeK MUpa.
[TosTOMY HEOOXOMUMO U3YUUTh U OLICHUTh U3MEHEHHE
ctoka p. Caifros.

C cepeaunbl 2016 . XOIMMUH Hayall peau3aluio
MIPOEKTa MO CTPOUTEILCTBY MIECTH NMPOTUBONABOIKO-
BBIX IIUTIO30B HA MpUTOKax p. CaliroH B COOTBETCTBUU
¢ Ilocranosiennem nmpembep-muaUCTpa Ne 1547/QD-TTg
C IIEJIBIO 3AIUTHI IEHTPAIEHOTO PETHOHA OT MOCIICACTBIN
M3MEHEHMsI KIMMara U MOBbIIEeHHUs ypoBHs Mops. [Ipu
MPOBE/ICHUHU CTPOUTEIBHBIX PadOT BaXKHO OTBETUTH Ha BO-
TIPOC, KaK 3TO MOBIIHMACT HA PEKUM CTOKa Ha p. CalroH.

BrinonHeH psii MccienoBaHU, MOCBSIIEHHBIX
MPOTHBOIIABO/IKOBBIM COOPYKEHHSIM, a TaKoke OacceiiHy
p. Caiiron — lonr Haii. Hryen u buns [18] noka3zany,
YTO, KOTJIa OCAIKN M TIMKH HPHINBOB POUCXOMST B OJJHO
U TO K€ BpeMsl, 3alUTHAas CIIOCOOHOCTh CHCTEMBI IILTIO-
30B UISl KOHTPOJISI MPHJIMBOB B XOIIMMHHE HUUTOXKHO
mana. [lo Jak Xait [10], @y Kyuss [19] npumm k BbI-
BOJY O HEOOXOAMMOCTH CTPOUTENIECTBA IPOTUBOOTINBHBIX
COOPY’KEHHI1 BO BHYTpeHHel yactu ropoza. ['opon Xorm-
MHH 00513aTeJIbHO MOBJIMSET HA THIPOPEKUM M Ka4eCTBO
BOJIbI B HM30BBSIX, B TOM YHMCJIe Ha MPOOJIEMy COJIEBOTO
UHTpPY3uBa. YyBCTBUTEIBLHOCTh K N3MEHEHHIO KJIMMAra,
MOBBIIICHUIO YPOBHSI MOPSI M 3€MJICTIONIB30BaHUIO ITON
TeppHUTOPHHU paccMoTpeHa B padorax Tpaw [20], Bau [21].
To Hy [22] monenmmpyeT ypoBeHb 3aTOIIICHNS U TIPE/Iaraet
PEIICHUS IO MPOTUBOIIABOAKOBOMY JIPEHAXY [UISI paiioHa
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Ban Txanb — Xommmud. [1lonr [23], Xoanr [24] uzy4yanu
TIOCJIE/ICTBHS PA3rpy3KH HETSIHOTO pe3epByapa B HIDKHEM
TeyeHnd p. Caifron.

Lenp HacTOsAMmIETO MCCIENOBAHUSA — MpOAaHAIU-
3UpOBAThH BIMSHUE TOTOKA HAa 3PO3HI0 OEPEroB peKu
yepes ABYMEPHOE IO0JIE€ CKOPOCTH MOTOKA € Yy4ETOM
BO3/JICUCTBUSl COOPYKEHUN 3alIUThl OT HABOJAHEHUH.
Pe3ynbraThl cTarby CTaHyT BaKHOM HayyHOW OCHOBOM
JUTSL TIPEIOCTABICHUS PEIICHUH 110 MPEIOTBPALICHUIO
1 TIPEOIOJICHHIO APO3UH ABYX OEPEroB peK B COUYETAHUN
C IpaIoCTPOUTENBHBIM IUNIAHUPOBAHUEM B COBPEMEHHOM
U yCTOWYMBOM HaIpaBJICHUU.

MATEPHUAJIBI U METO/bI

O0s1acTh HCCIIeI0BAHNSA

Jast moctpoenust 2D-Monenu ObuT BEIOpaH ydacToK
p. Caiiron ot mocta Caiiron o mbica Jlaimona (oTme-
YeH KPacHBIM Ha pHC. 2). DTO BaXXHBIH Yy4aCTOK PEKH,
Ha OHOM Oepery KOTOPOro HaXOAWUTCS MOIUTHYECKUN
U HKOHOMHUYECKUH LeHTp XOIIMMHHA, a Ha IPYTOM —
paiion Txy Tuem, KOTOpBIi MIIaHUPYETCSI IPEBPATUTH
B 9KOHOMHMYECKHH HEHTp, KpymHeimunil punanco-
BBl U MEXIYHapOIHbIN TOProBbli LIEeHTp BreTHama.
Ha »TOM yuacTke peku Takke CTpPOSATCS [Ba U3 IIECTH
IIJTIO30B JUTSI TPEIOTBPAIICHNUS HABOJHEHHUH, 2 IMEHHO
ben Hre u Tan Txyan.

B Mocr Caiiron 8

Puc. 2. MecTononoxxeHue uccieayemMoil o0macTu

MeToabl HCCJI€0BAHUS

B nmannoii pabore runpasindeckuii Mmoayiab (HD)
moxenet MIKE 11 u MIKE 21 ucnonp3yercs ans
HCCIIEIOBAHUS TIOJSI CKOPOCTU TCUCHHS HA Y4acCTKe
p. Caiiros.

MIKE 11 HD BBMucIS€T HECTAMOHAPHBIN YPOBEHB
BOJIBI M PACXOJI B PEKaxX M 3CTyapHsIX, UCIOIb3Ys HESBHYO,
OJTHOMEPHYI0, KOHECUYHO-PA3HOCTHYIO (HOPMYIUPOBKY
(monmHOCTRIO MUHAMUYeckue ypaBHeHns CeH-Benana 60-
Jiee BBICOKOTO TOPsIIKa), KOTOPBIE PEIIAIOTCS C UCTIOINb-
30BaHUEM 6-TOYEUHOTO Merona Dobora-Monecky [25].
OH NIPUMEHUM K BEPTUKAIBLHO OTHOPOTHBIM MOTOKAM,
Ha4YMHAS OT KPYTHIX PEK U 3aKAHUHBAs ICTYapHsIMH, IO
BEP)KCHHBIMH BO3/ICHCTBHUIO MPUIIUBOB U OTIIMBOB. TaKxke
MOYKHO CMOJIETTMPOBATH TIOTOK Yepe3 MMMPOKUI CIIEKTP CO-
OpY’KEHHH, TAKMX KaK BOIOCIIUBBI C IMUPOKUM TPEOHEM,

76

Urasmed

Puc. 3. Cetb pex Caiiron — Jlour Hait na MIKE 11

BOJIOTIPOITYCKHBIE TPYOBI, PETYIHPYIOIIIE COOPYKEHUS,
MOCTEI U OTIpeie/IsIeMbIe TIOJTE30BATEIEM COOPYIKECHHIS.

Bxomusie nannsie jist mogenu MIKE 11 HD Bximro-
YalOT: PEYHYIO CETh, IapaMeTPbl MONEPEYHOI0 CEUCHUSI,
3HAYEHHS PacXo/ia YPOBHS BOJBI B TPAHUYHBIX TOYKAX.
Peunas cers Caiiron — Jlonr Haii noka3zana Ha puc. 3.

MIKE 21FM — 5To nByMepHasi THAPOANHAMH-
yeckas MOJIeNib, MOACTUPYIONIasi YPOBHH BOJBI U Te-
YEHUs B PEKax, CTyapHsiX, 3aJMBaX U MPUOPEKHBIX
paiionax. ImuranuoHHas MoAenb AByMEPHOIO HEy-
CTOWYMBOTO TEUSHUS IS CII0S TEUCHUS MIPECTaBICHA
B pabotax [26, 27]. Cuctema ypaBHEHUH MOAEIHUPO-
BaHWA BKIIOYACT YPaBHECHUS HEPa3pHIBHOCTH B COYC-
TaHUHU C YPaBHECHHUSIMHU UMITYIIbCA, OMMCHIBAIONAMHA
W3MCHCHHUE YPOBHs BOJBI U pacxona. Penped ydactka
p. Caiiron no monenu Mike 21FM mno pesynabraram
ChEMKH aBTOPOB, BBIMOJTHCHHOW B ceHTs10pe 2022 1.,
MoKa3aH Ha puc. 4.

2 MIKE Zero - [Data File: Diahinh,_chuan_coTNghe.mesh]
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Puc. 4. Tonorpadus ydactka p. Caiiron ot mocta Caiiroxn
110 Mbica Jlaitmon T
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COOPYXXEHMH C. 74-90

Cuenapuii pacuyera

B mesnsix nzyueHust U3MEHEHHUsI U pacIpe/ielieHUs
MoJIsl CKopocTu TeueHus: Ha p. Caliron npu cpadarbi-
BaHUH TPOTHBONABOJKOBBIX IIIIO30B BHIOPAHBI pac-
getHbIe crieHapuu 2000 1., Korja HaBOJHEHUE HAHECIIO
Ooubioi yiepo juis 1esbThl p. MekoHr u paiiona Caii-
roH — Jlonr Haii. [TaBogKOBBIN pacxo BOZOXPaHWINIIA
3ay Tuenr u ypoBeHs Bonsl B Bynr Tay B 2000 r. mo-
Ka3aHbl Ha puc. 5.

Puc. 5. [TaBoakoBbIii pacxo/ Bogoxpanunuiia 3ay TueHr (a)
u ypoBeHb BojsI B Bynr Tay (b) B 2000 1.

PE3YJUBTATBI HCCJEJOBAHUSA

Kaim0poska n npoBepka Mojenn

Mogens Mike 11HD orkanmubGpoBaHa ¢ UCIIONB-
30BaHMEM (DAKTHUECKUX JaHHBIX, N3MEPECHHBIX HA T'H-
JIPOJIOTMYCCKUX CTAHIUSIX ¢ | OKTAOps o 15 mexadpst
2010 r., u mpoBepku Ha craHuusax boen Xoa, Txy 3ay
Mot ¢ 1 utonst no 16 urons 2009 r. Bugno xopouiee
COOTBETCTBHE MEX/ly CMOJCITMPOBAaHHBIMH U HaOJIO/1a-
€MBIMH YPOBHSIMH BOJIbI B PA3HBIE TIEPHOIBI BPEMEHH.

Mopens Mike 21FM 0Owima mporecTupoBaHa
C YPOBHEM BOJbI HAa U3MEPUTENbHON cTaHuu Py AH
¢ 1 oxta6ps o 31 HostOps 2013 1. (puc. 6).

To4HOCTD YHMCIECHHBIX PE3YIbTATOB OICHUBAIN
¢ TOMONIBI0 K03 HUIlMEHTa AeTepMUHAul R? U KO-
s¢pdunuenra Hama — Carxmudda £ , (tabsn.). CornacHo
kputepusim dddexrnHocTn Mopuacu [28], koaddunu-
eHTBl R’ 1 E /, TIOKA3BIBAIOT, YTO MOJEIb 00/1a/1aeT BBICO-
KOIf HaJIeXKHOCTBIO TP MOJICIIMPOBAHNH MOTOKA.

TIpownseomurensHoCcTs Mike 11 11 Mike 21 st MonenupoBaHust
YPOBHS BOJIBI

Mike 11HD Mike 21FM
Cranmus (01.06.2009— (01.10.2013-
16.09.2009) 30.11.2013)
R? E, R? E,
bren Xoa 091 0,83 - -
Txy 3ay Mot 0,97 0,91 - -
Dy Au - - 0,98 0, 96
PesyabTarsl

Vuacrok peku ot Mmocta Caiiron o meica Jlaii-
MOHJI IMEET TONorpaduio, COCTOSIIYIO 13 MHOXECTBA
U3BHIIACTBIX YYaCTKOB, HA TEYEHNUE KOTOPBIX BIIUSIOT
KaK I1aBOJIKOBBIE IIOTOKH BBEPX 110 TEYECHUIO, TaK U IIPH-
nuBbl B Bocrounom mope. IlosToMy runpasinueckuit

Cranuus @y Ax

YpoBeHb BOABL, M

—b— Cumynsanus

-2

—=— Habmronenus

1 okTs16pst 11 okTs6pst 21 oxrs0pst

31 oxTs0pst

10 HOS1Opst 20 HOsOPS 30 HOsIOpst

Puc. 6. Yposens Bonsl Ha cTaniyu @y AH, BpeMeHHOE n3MepeHne ¢ 1 oxTsiops mo 30 HosOps 2013 .
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PEXUM OYEHb CIIOKEH MPH HETPEPHIBHOM M3MEHEHHH
HanpaBJIeHUs TIOTOKA B TEUEHHUE CYTOK.

Cyxoii ce30H, K020a Hem NPOMUEONAEOOKOEbIX
w0308

B nepBbie Mecs1Ibl 3aCYIUTMBOIO CE30Ha BOIOXPAHH-
nuue 3ay TueHr cOpachIBaeT BOmy TOJIBKO B KOIMYECTBE,
JIOCTATOYHOM JUIsl OPOLLUEHHS X TOBCEIHEBHOMH JKU3HU, MO~
sTOMY Ha TedeHue p. CaliroH BiusieT npriiuB BoctogHoro
MOpSI C ABYMSI IIPHJIMBAMH 1 OTJIMBAMH 34 JICHb.

PaccmarpuBasi 1ose ckopocTel Te4eHuUs B IEPUOL,
OT NIPUJINBA JI0 OTIIMBA, YCTAHOBJIEHO, YTO KaK B IPUJIUB,
TaK U B OTIIUB, IIOTOK B CEPEIMHE PEKH BCEraa HanOOb-
IIWH, 3aTeM MOCTENEHHO YMEHBIAETCS K IByM Oeperam.
B o1nmB cxopocTh TedeHus B 2 pasa 0obIe, YeM B TIpH-
JIUB, B OTJIUB CPEJHSASL CKOPOCTh B CEPEMHE PEKH COCTaB-
nsiet okosio 1,6 M/c, B TO BpeMsi Kak Ha 000X Oeperax
pexu Bcero okoino 0,4 m/c. OHaKo JIOKaIBHO B paiioHe
nuito3a Tan TyaH ecTh MECTO C OYEHb BBICOKOH CKOPO-

Puc. 7. [lone cxkopoctu TeueHus Ha ydactke p. CalroH
BO BpeMsI OTIIUBA

creto (V= 2,96 M/c), 5TO XOpOIIo BHAHO Ha puc. 7.
Bo Bpewmst nmpuinBa cpenHsisi CKOPOCTh TEUCHUs
B CepeIuHe peKu cocTaniseT okoio 0,7 M/c, a mo obenm
CTOpoHaM peku — Bcero okoio 0,3 M/c. Paiion uwiro-
3a Tan TyaH no-npexHeMy OCTaeTCsl MECTOM C CaMbIM
CWIBHBIM TedeHneM. KpoMe Toro, B KOHIIE IepHoja

NPWINBA U Havyajle OTIIMBA CTOK B peKe MMeeT 0codoe
pacripenenenue (puc. 8). B 3To BpemMst OCHOBHOM ITOTOK
Ha peKe CTPEeMUTCS TeUb BBEPX 110 TEYSHUIO, HO TI0 00e-
UM CTOPOHAM PEKH BOJA TEUET 0OPAaTHO BHU3 IO TEUe-
HUIO CO CKOPOCTHIO, B 2—3 pa3a MpeBbIIAIOLIEH CKO-
POCTh OCHOBHOTO TeueHHs. [loMnmMo Toro, 4To B MecTe
TpUMEpHO B | KM OT MbIca J{aitMOH/I TTOSBIISIOTCS BUX-
peBbIE TEUCHUSI, €IIIe M CKOPOCTh B palioOHEe BOJIOBOPOTA
HeBeJMKa, Bcero okoso 0,1-0,2 m/c.

B nmkoBbIe MecsIIB! 3aCyINTMBOTO Ce30Ha (arperns
u Maii) Bopoxpanuuile 3ay Tuenr coOpackiBaeT 00Jb-
mue 00bEMBI BOJIBI, YTO MPUBOANUT K CUIBHOMY H3Me-
HEHHIO paclpesiesieHus] CKOPOCTH TOToKa. B mepsoe
BpeMsI [TpY HOBOM TIPHJTBE OJIHOBPEMEHHO C TEYCHUEM
BBEPX I10 TEUEHHIO (DOPMHUPYETCS PACTIPEIEIICHUE CKO-
pOCTH B JIByX HalpaBJICHHUSX, KaK [TOKa3aHO Ha puc. 9.
CpenHepedHbIM TEUCHHEM Ha3bIBACTCSI TEUEHUE BBEPX
10 TEYCHUIO B HU30BbSI CTOPOHBI PEKH — 3TO MPHIIHB,
TEKyIIUi BBEpX MO TeueHHuro. Ha HEeKOTOpBIX KpUBO-
JUHEHHBIX y4acTKaX PEKH BOCXOJSIINI MOTOK TEUET
6mM3K0 K Oepery, a Ha yJalleHHH OT MbIca AJIMa3HBINA
BCe ellle HaOJII0al0TCsl BUXPEBbIE TEUCHHS C MaKCH-
MaJbHOM cKopocThio okoio 0,4 m/c. B memom B 3710
BpEMSI CKOPOCTH TEUEHHsSI HE CIIMIIKOM BEJIHKA.

01 2 Gt D a5 it

® e (o Vow D Vo Con W bt
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Puc. 9. Pacnipenenenne CKOpOCTH TEUEHUS B HA9a bHBIE (Da3bl
NPHJINBA B arpesie—Mae

[Tocre 9TOr0 MPUIMB YCHIIMIICS U CTaJl OCHOBHBIM
TEUCHUEM PEKH CO CPeIHEeH CKOPOCThIO OKOJIo 1 M/c B ce-
penuHe pycina, okoio 0,7 m/c Ha npaBoM Oepery u 0,4

Puc. 8. Pacnpez[eneHHe CKOPOCTH TE€YCHH B KOHLIC OTJIMBA U B Ha4YaJIC IIPUJIUBA
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Puc. 10. Pacnipenenenue cCKOpoCTH TE€UEHHs BO BpeMs MpH-
JIMBa B arpelie—Mae

M/c Ha ieBoM Oepery. B paiione numro3a Tan Txyan mak-
CHMaJIbHasl CKOPOCTb IIOTOKA MO-NIPEXKHEMY COCTaBIISET
okoo 1,5 m/c (puc. 10).

Korna mpuinB oTcTynaeT B COYETaHHM C Tede-
HUSIMH BBEpX 110 TEUEHHUIO, CKOPOCTh B PEKE BBICOKA,
BO MHOTHX MecTaxX okoio 1,7 M/c, 1 Ha MHOTHX y4acT-
Kax [0 00EMM CTOPOHAM PEKH CKOPOCTb JOCTUTaeT OKO-
10 1 m/c. OHAaKO y4acTOK PEKH MMEET JUIMHY OKOJIO
1 XM Ha JleBOoM Oepery Bo3ie Mbica J[altMOH1, CKOPOCTh
37ech HU3Kas1, Bcero okoio 0,2 m/c (puc. 11).

]

Puc. 11. Pacnipeenenne cKOpoCTH TEUEHUS BO BpeMs OTIIMBA
B amnpese—Mae

Tlasooxoewlil ce30m, K020a Hem nPOMUBONA800-Ko-
BbIX ULTIO308

2000 1. OBUI TOIOM CHJIBHBIX HABOJAHEHUN B J€Ib-
Te MekoHra M I0ro-BOCTOYHOM peruone. B cepenune
okTs10pst 2000 1. Bomoxpanmnuine Jay Tuenr crmyctu-
710 o4eHb Gombioit o6veM Boxsl (Q = 600 m¥/c).
Bo Bpemst npuiinBa CKOPOCTh B CEPEANHE TEUCHHSI CO-
craBisieT okojo 0,7-0,8 M/c U CHIKACTCS TIPUMEPHO
1o 0,4-0,45 m/c ¢ 00eux CTOPOH, HO TIpaBbIil Oeper (Buj
CBEpXYy) BBICOKHI, HEeMHOTO OoJblre (puc. 12).

IIpu oTnmBe cKkOpoCTh MO 000MM Oeperam peKu
cocrasisiet okojio 0,4—0,5 m/c, mpaBblii Oeper HEMHOTO
BBIIIIE, B CEPEIMHE TEUCHHSI CKOPOCTh COCTABIISICT OKO-
1o 1,5-1,6 m/c. Onnaxo B paiione uutro3a Tan Txyan
CKOPOCTB BBICOKAs, TIOYTH 3 M/C, KpOME TOTO, B OTBET-
BIICHUM KaHaJIa, Beaylero Kk uuito3y Tan Txyan, ciesa
B HAIPAaBJICHUM TCUYCHHUS BO BPEMs MPUIHBA UMECTCS

Puc. 12. Pacnpez{eneHI/Ie CKOPOCTHU TE€YUCHUS B IOJOBOALE
BO BpEMsI IpUJINBA

BBICOKHH BUXpPbH (puc. 13, @) u BpaBo BO BpeMsl OT-
JIUBa OTMe4aeTcs Hebompmas cKOpocTh okomo 0,1—
0,2 m/c (puc. 13, b).

Kak u B cyxoii ce30H, B KOHIIE IIEpHO/Ia OTIIMBA K Ha-
Yajy IPUJIMBA 10JI€ CKOPOCTH TEYEHHsSI B PEKe 0co0oe.
B yactHOCTH, OCHOBHOM MTOTOK B CEPEANHE PEKU TEUET
BHH3 I10 TEUECHHIO, a 0 JByM Oeperam — BBepX I10 Te-
YEeHUIO ¢ OoJiee BRICOKOH CKOpocThio okoio 0,2—0,3 m/c.
Ha yuactke npumepno 1 km oT Mbica JlaiiMmont o6paso-
BAJICSI BOJIOBOPOT C HAaHOOIbIIElH cKOpoCcThio 0KoiI0 0,5
M/c Ha JieBoM Oepery (puc. 14).

Haobopor, npu nepexoze oT KOHIIA eprosia IpH-
JMBa K HayaJly OTIIMBA OCHOBHOE PYyCIIO TEUET BBEPX
10 TEYEHHUIO, a 110 JIBYM OeperaM — BHHU3 [0 TEYECHHIO.
OpmHako B 3TO BpeMsi OCHOBHOE TEUEHHE UMeeT Ooee
BBICOKYIO CKOPOCTBh M Ha IpPaBOM Oepery, Ha y4JacTke
ot nuno3a ben Hre no uuiro3a Tan TxyaH, v npoTekaeT
omu3ko k Oepery. [Ipu 3TOM B 3TO BpeMsi CMEHBI TeUe-
HUS JIEBBIH Oeper B HaIpaBJICHUH B3IJISAAA C BEPXHETO
TEYeHUS Ha HIDKHEE BCEra MMeeT HauOOJBIIYIO CKO-
pOCTb, 3aT€M CKOPOCTh B CEPEJUHE HOBOTO TEUCHUS

b

Puc. 13. PaciipenencHue CKOpoCTU TeUEHUs B paliOHe LIUII03a
Tan Txyan B mosioBoJse mipu npuiuse (a) u otause (b)
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1152600
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Puc. 14. PacripeneneHue CKOPOCTH TE€UEHHs B KOHIIE OTIMBA
K Havay MpUINBa

MOCTEMEHHO yBenuyuBaeTcs. Kpome Toro, ckopocth
TeUCHHsI B pyciie (TIe UMEIOTCS IMPOTHBOIIABOIKOBBIC
IILTI03bI) B cpefHeM cocrasisiet okouo 0,1-0,2 m/c, uto
3HAYUTEIbHO MEHBIIIE CKOPOCTH B PEKE M Ha MPAaBOM
Oepery.

Tpu nanuuuu nPOMUBONABOOKOBHIX ULTIO308

[pu sKcTITyaTanyuy MpoOTHBOMABOAKOBRIX IIUTIO30B
B IIEJIOM TI0JI€ CKOPOCTEH IMOTOKA CYIIIECTBEHHO HE H3-
MCHSICTCS B MEXKCHB U TIOJIOBOJIbE. 3HAUCHUS CKOPOCTHU
TIOTIEPEK PEKH C JIEBOTO Oepera Ha IpaBblid WK 10 peKe
CHIDKEHBI 110 CPaBHEHHIO C OTCYTCTBHEM IPOTHBOIA-
BOJIKOBOT'O IIII032, HO pa3HUIla HeBenuka. B Hauane
KaHaJa (TaM, TJIe PacIiOIOKEHBI IIUTIO3bI) IMEETCS KpPy-
TOBOM IMOTOK ¢ HEOOJBIIOI CpeTHEH CKOPOCTHIO OKOJIO
0,1-0,15 m/c (puc. 15).

Puc. 15. Buxpessie Teuenus nepen unio3om Tan Tyan (a)
u niepen uutro3oM Hre ()
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Pesynbprarsl reonornyeckoil CbeMKH Ha MPaBOM
Oepery gepe3 CKBaKUHBI 1 OTOOP MPOO HAHOCOB B pPeKe
CBUJICTEJIBCTBYIOT O TOM, YTO IIOBEPXHOCTHBII MaTepu-
aJl pycia peKku U IByX OeperoB IPeICTaBIeH B OCHOB-
HOM HWIIOBBIMH dacTumamu pazmepoM 0,002—-0,08 mm
1 yacTunamu sl pazMepoM MeHee 0,002 mm. Crienno-
BaTeIbHO, COMIACHO BheTHaAMCKOMY cTanmaapty TCVN
4118:2012, Herpo3WOHHAST CKOPOCTH YACTHUIl TPSI3H
vt V, = 0,26 M/c. UTo kacaeTcss NpuMeHEHHS
(popmynsl ['onyapoBa, To HE3PO3HOHHAS CKOPOCTH V=
0,35 m/c. DTo mMoKa3bIBALT, YTO MPU 3HAYCHUHU U pac-
MIPE/ICIEHNH CKOPOCTH, KaK ITPOaHAIN3UPOBAHO BBIIIE,
p. Caliron Bcerjga HaXOJUTCA B COCTOSHUU 3PO3HH,
JAHHBIN Mpolecc Hanbosee CUIIBHO BBIPAKEH B pyCIIe
PEKH, KOT/1a CPeHsIsI CKOPOCTD B TIOJIOBO/IBE COCTABIISET
oxkouio 0,7-0,8 m/c, a B cyxoii ce3on ot 0,5 1o 0,6 m/c,
9TO XOpOoIIo BUAHO Ha pHc. 16. [Tockompky reomoruye-
CKasl CTPYKTYpa JIByX OeperoB peKH NpeiCTaBIsieT coOO0H
MSTKYIO TIOYBY, WJI U TJIHY, @ TEYCHUE B PEKe — IMOTOK
BBEPX 110 TEUCHHIO U TIPUIIUB, TIPOLIECC IPO3UH HPOHCXO-
JT Ha 00oux Oeperax peKH He TOJIBKO ¢ KaXJI0k CTOpo-
HBI, BOTHYTHIE Oepera, Kak 1 y JPYTHX peK.

Ha n3BMIINCTBIX yyacTKaxX peKH BO MHOTHX CITyda-
SIX OCHOBHOM IOTOK TeueT OJIM3KO K Oepery, 4To yCKo-
psIeT CKOpOCTh OEperoBoii IPO3UN M YBEITUUUBAET Mac-
mTabsl onon3Heil. Bmecte ¢ TeM B paiione nuto3a Tan
TxyaH Bcera camble BBICOKHE CKOPOCTH, TIO3TOMY PHUCK
9pO3MU Ha JIHE PeKH U y Oepera Bbicok. Kpome Toro,
nutto3 Tan TXyaH siBiIsieTCs BOPOTaMH Ha IUIaBY4YMM
PBIHOK, Ky/la €KEeIHEBHO KypCHPYIOT COTHH JIOJIOK, T10-
3TOMY TOSIBJICHHE MECTHOM OOJIBIION CKOPOCTH OyIeT
OTIACHO ISl IBMXKCHHUS JIOAOK.

[on neiicTBreM TedeHMit Oeper peku OyaeT Herpe-
PBIBHO Pa3MBIBATHCSI CO BPEMEHEM U B COOTBETCTBHH
C BBICOTOM YPOBHSI BOABI. Pycio pexu GyneTr pa3MbIBaTh-
cs1 OblcTpee, ueM Oeper peKkH n3-3a BBICOKOH CKOPOCTH
TEUEHHs, MOITOMY OyayT 00pa30BBIBATHCS JIOKAIbHbIC
9PO3UOHHBIE MBI, KOTOPBIC OCTENIEHHO PACIIUPATCS
n ynryOsitest B 1Ba Oepera /10 MpeAenbHOTO COCTOSHUS,
YTO BBI30BET HEYCTOHYMBOCTH M OIMOJI3HHU. B Havase ka-
HaJla Ipu paboTe MPOTUBONABOAKOBBIX LITIO30B MOSIB-
JICHUE BOZOBOPOTOB C MaJIOH CKOPOCTBIO TAKXKE TTIOBITH-
SI€T Ha JIBU)KEHHE MAJIOMEPHBIX CYJOB U CO3/1aCT PHUCK
YBEIMUYCHUS KOJTMYECTBA OTIIOKEHHH HAHOCOB.

3AKJIIOYEHUE U OBCYXJIEHHUE

CxopocTb TeueHus Ha p. CaliroH UMeeT CI0XKHOE
pacrmpesiesnieHne U MEeHSeTCa OT Mepuoja K MepHOAy
B 3aBHCHMOCTH OT MaBOAKOBOTO CTOKA M3 BOAOXPaHH-
quia 3ay THeHT U NIpUINBHO-OTIIMBHBIX TeueHuil Boc-
TOYHOTO MOPSI.

3HaYeHNE CKOPOCTH TEUCHHS B CEpEINHE PEKU
npumepHo B 3—4 pasa Ooiblle, 4eM Ha JBYX Oeperax.
OpHako B MPOMEXYTKaX MEXAY MPUIMBOM U OTJIMBOM
TEUCHHE 10 00eMM CTOPOHAM PEKH HMeeT Ooiee BEI-
COKO€ 3HaY€HHE CKOPOCTH, UEM Y OCHOBHOIO IOTOKA,
0COOCHHO Ha KPMBOJMHEHHBIX BEpIIMHAX Oepera, Ta-
KHX Kak Oeper pexu ot nuto3a ben Hre no mumosa Tan
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Puc. 16. PacueTHast CKOpOCTb OTOKA M HEAPOZHOHHASI CKOPOCTh

TXyaH ¥ y4acTOK peKH OT NOJULEHCKON cTaHIUU AH
Jlo#t Hour o mocra Txy Tuewm 2.

3HauYeHHs] CKOPOCTU Ha MCCIENYEMOM YYacTKe
peKkHu B OOJIBIIMHCTBE CIydYaeB NPEBHIIIAIOT JIOIY-
CTUMBIC 3HAYCHHS 0€39PO3NOHHOI CKOPOCTH YacTHIL
PYCIIOBOTO MaTepHuala, OeperoB peK, a TakXKe J4acTHIL
B3BELICHHBIX HAHOCOB, MO3TOMY IIPOIECC pa3MbIBa
1o 00erM CTOpOHAM peKu OyleT MPOUCXOIUTH PETy-
JSIPHO ¥ HEIPEPBIBHO, M HEOOXOANMO CPOYHO MPHUHSTH
Mepbl 110 3amuTe Oepera peku. Ha mecTtHOM ypoBHE
€CTh HECKOJIBKO MECT C MaKCHUMAaJIbHOH CKOPOCTHIO,
KOTOpBIE CHIEJIAIOT 3TOT MPOLECC CHIIBHEE U Cepbe3Hee,
HarpuMmep MecTo Bo3iie nuto3a Tan TxyaH, 6eper pekn
ot nutto3a ben Hre o nuito3za Tan Txyan U ydyactok

pexu ot nonuuenckoil cranuuu AH Jloit JIoHr 1o Mocta
Txy Tuem 2.

IIpu skcmmyaTanuy NpoTHBONABOAKOBBIX IITI030B
9TO HE CUJIBHO MOBIMSIET HA MO0JIE€ CKOPOCTH TEUECHHUS
Ha p. Cailros, a JTUIIb HEMHOTO YMEHBUIUT 3HAYECHUE
CKOPOCTH TEUEHHUs], Hapsiy C MOSIBICHUEM BUXPS IIepest
peKkaMu, 4TO MOXET MOBJIUATh Ha JABUKEHUE JIOJIOK
U BBI3BaTh OCaX/CHHE.

Brnepsslie none ckopocrteil Teuenus p. Caifron no-
Ka3aHO Ha ABYMEPHBIX M300pakeHHsX. Pesynbrarsl,
W3JIO)KEHHBIE B CTAaThe, UMEIOT OOJIBIIOE HAYYHOE 3Ha-
YEHHE, TIOMOTast UCCIIEA0BATENSAM U IPOSKTUPOBLIUKAM
MOJIyYUTh MPEACTABICHHUE O paclHpe/eIeHUH CTOKa
Y YaCTUYHO OOBSICHUTH IPUUNHY HBIHEITHUX €XKE/IHEB-
HBIX OIOJ3HEH B 3TOM palioHe.
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INTRODUCTION

Rivers are natural streams on the surface of the con-
tinent, fed by rainwater, groundwater and meltwater
[1-3]. Rivers play the role of water transport in the hy-
drological cycle of a basin and at the same time repre-
sent characteristics of water security, ecology and envi-
ronment of a district, city or country [4—7]. Maintaining
the stability of river flow is a relevant issue for the liveli-
hoods and production process of people living on both
sides of the river.

The Saigon River originates in low hills, with
a relative elevation of about 150 m in Binh Phuoc
province, flows through Lake Dau Tieng (Tai Ninh),
through Binh Truong province and on to Sai Gon [8, 9].
At the junction of the Red Cape, the Saigon River joins
the Dong Nai River to form the Saigon — Dong Nai
River system and then flows into the sea. The Saigon
River has a total length of 256 km, of which the section
flowing through Ho Chi Minh City is 80 km [10].

Over the past decades, Binh Duong and Ho
Chi Minh City have remained the country’s leading
economic centres, ranking among the top five
regions with the highest GDP in Vietnam [11, 12].
Due to the economic growth of this region, the role
of the Saigon River with the largest inland waterway
system in terms of capacity in Vietnam cannot be
overlooked. Moreover, Ho Chi Minh City is also

a major urban area in Vietnam with a population of over
9 million people. Consequently, any change in the flow
and morphology of the Saigon River affects economic
development as well as the lives of Ho Chi Minh City
and the provinces on both sides of the river (Fig. 1).

There are many causes leading to river landslides,
such as: geological characteristics, sand mining,
infrastructure construction, urban development,
the impact of shipping, etc., with the hydrological
regime of river flow being one of the main factors
causing erosion [13—17]. The Saigon River is not only
influenced by the upstream current, but is also highly
dependent on the East Sea tide with a semi-diurnal tidal
regime. This makes the hydraulic regime of the Saigon
River. Saigon is more complex and different from many
rivers in the world. Therefore, it is necessary to study
and assess the flow variation of the Saigon River.

Since mid-2016 Ho Chi Minh City has launched
a project to build six flood control sluices on tributaries
of the Saigon River in accordance with Prime Minister’s
Decree No. 1547/QD-TTg to protect the central region
from the effects of climate change and sea level rise.
It is important to answer the question of how this will
affect the flow regime of the Saigon River during
the construction works.

A number of studies have been done on flood
control structures and the Saigon-Dong Nai River basin.
Nguyen and Binh [18] showed that when precipitation

Fig. 1. Washout on the bank of the Saigon River
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and tidal peaks occur at the same time, the protective
capacity of the flood control sluice system in Ho
Chi Minh City is negligible. Do Dac Hai [10], Phu
Quynh [19] concluded that there is a need for anti-sink
structures in the inner part of the city. Ho Chi Minh City
is bound to affect the hydrological regime and water
quality in the downstream areas, including the salt
intrusion problem. The sensitivity to climate change, sea
level rise and land use in this area has been considered
by Tran [20], Van [21]. Toh Nu [22] models the flood
level and proposes flood control drainage solutions for
the Van Thanh-Ho Chi Minh City area. Shong [23],
Hoang [24] studied the effects of oil reservoir discharge
in the lower reaches of Saigon River.

The aim of this study is to analyse the effects
of flow on riverbank erosion through a two-dimensional
flow velocity field, taking into account the impact
of flood protection structures. The results of the article
will provide an important scientific basis for providing
solutions for preventing and overcoming two river bank
erosion in conjunction with urban planning in a modern
and sustainable way.

MATERIALS AND METHODS

Field of study

The section of the Saigon River from Saigon
Bridge to Cape Diamond (marked in red in Fig. 2) was
chosen to build the 2D model. This is an important
stretch of the river with the political and economic
centre of Ho Chi Minh City on one bank and Thu
Thiem district on the other, which is planned to become
an economic centre, Vietnam’s largest financial and
international trade centre. Two of the six flood control
sluices, namely Ben Nghe and Tan Thuan, are also
being built on this stretch of river.

Research methods

In this paper the hydraulic module (HD)
of the MIKE 11 and MIKE 21 models is used
to investigate the flow velocity field of a section
of the Saigon River.

MIKE 11 HD computes unsteady water level
and flow in rivers and estuaries using an implicit,
one-dimensional, finite-difference formulation (fully
dynamic higher-order Saint-Venin equations), which are
solved using the 6-point Abbott-Ionescu method [25].

= J Saigon Bridge [Ss

Sluice Ben Nghe

&

#9 Cape Diamond &

luice Tan Thuan §

Fig. 2. Location of the study area
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It is applicable to vertically homogeneous flows from
steep rivers to estuaries subject to tidal action. It is
also possible to simulate flow through a wide range
of structures such as broad crest spillways, culverts,
control structures, bridges and user defined structures.

The input data for the MIKE 11 HD model
includes: river network, cross-section parameters, water
level flow values at boundary points. The Saigon-Dong
Nai river network is shown in Fig. 3.

MIKE 21FM is a two-dimensional hydrodynamic

Uromed

Fig. 3. Saigon — Dong Nai river network on MIKE 11

model that simulates water levels and currents in rivers,
estuaries, bays and coastal areas. A simulation model
of two-dimensional unsteady flow for a current layer is
presented in [26, 27]. The system of simulation equations
includes continuity equations combined with momentum
equations describing changes in water level and flow
rate. The topography of the Saigon River section based
on the Mike 21FM model from the authors’ survey
carried out in September 2022 is shown in Fig. 4.
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Fig. 4. Topography of the Saigon River section from Saigon
Bridge to Cape Diamond
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Calculation scenario

In order to study the change and distribution
of the flow velocity field on the Saigon River when
the flood gates were triggered, design scenarios for the year
2000, when flooding caused great damage to the Mekong
River delta and the Saigon-Dong Nai area, were selected.
The flood discharge of the Dau Tieng reservoir and
the water level in Vung Tau in 2000 are shown in Fig. 5.

RESEARCH RESULTS

Fig. 5. Flood discharge of Dau Tieng Reservoir (a) and water
level in Vung Tau (b) in 2000

Model calibration and validation

The Mike 11HD model is calibrated using
actual data measured at the hydrological stations from
October 1 to December 15, 2010 and verification at Bien
Hoa, Thu Thu Dau Mot stations from June 1 to June 16
2009. Good agreement between modelled and observed
water levels in different time periods can be seen.

The Mike 21FM was tested with water levels at
the Phu An gauging station from October 1 to Novem-
ber 31, 2013 (Fig. 6).

The accuracy of the numerical results was assessed
by means of the determination coefficient R? and
the Nash-Sutcliffe coefficient E, (Table). According to
Moriasi’s efficiency criteria [28] the coefficients R>
and £, show that the model has high reliability when
modelling the flow.

Performance of Mike 11 and Mike 21 for water level modelling

Mike 11HD Mike 21FM
Station (01.06.2009— (01.10.2013-
16.09.2009) 30.11.2013)
R’ E, R’ E,
Bien Hoa 0.91 0.83 — —
Thu Dau Mot 0.97 0.91 —
Phu An — — 0.98 0.96
Results

The section of river from Saigon Bridge to Cape
Diamond has a topography consisting of many winding
sections whose flow is affected by both upstream flood
flows and tides in the East Sea. The hydraulic regime
is therefore very complex with continuous changes in
flow direction throughout the day.

Dry season when there are no flood defences
During the early months of the dry season, the Dau
Tieng Reservoir discharges only enough water for irrigation

Phu An Station

Water level, m

L
4
4
4

—&— Simulation

—+— Observation

-2

October 1 October 11 October 21

October 31

November 10 November 20 November 30

Fig. 6. Water level at Phu An station, temporary measurement from October 1 to November 30, 2013
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and daily life, so the flow of the Saigon River is influenced
by the East Sea tide with two tides per day. Saigon is
influenced by the tide of the East Sea with two tides per day.

Considering the field of current velocities during
the period from high tide to low tide, it is found that,
both at high and low tide, the flow in the middle
of the river is always greatest, then gradually decreases
towards the two banks. At low tide, the flow is twice
as fast as at high tide, at low tide the average speed in
the middle of the river is about 1.6 m/s, while on both
banks of the river it is only about 0.4 m/s. However,
locally there is a place with a very high velocity
(V.. = 2.96 m/s) near the Tan Thuan sluice, this can be
clearly seen in Fig. 7.

Fig. 7. Flow velocity field of the Saigon section at low tide

At high tide, the average current speed in
the middle of the river is about 0.7 m/s, while on both
sides of the river it is only about 0.3 m/s. The Tan
Thuan sluice area is still the area with the strongest
current. In addition, at the end of the high tide and
beginning of the low tide, the flow in the river has
a particular distribution (Fig. 8). At this time, the main
flow in the river tends to flow upstream, but on both
sides of the river the water flows back downstream
at a rate 2—3 times that of the main flow. In addition
to the swirling currents appearing at a location about
lkm from Cape Diamond, the speed in the area
of the whirlpool is also low, only about 0.1-0.2 m/s.

During the peak months of the dry season (April and
May) the Dau Tieng reservoir discharges large volumes
of water, resulting in a strong change in flow velocity
distribution. At the first time of a new tide, the upstream
velocity distribution is formed simultaneously with
the upstream velocity distribution, as shown in Fig. 9.
The upstream flow to the downstream side of the river
is called the midstream flow — this is the tide flowing
upstream. On some curved sections of the river
the upstream current flows close to the shore, while
at a distance from Cape Almazny there are still eddy
currents with a maximum velocity of about 0.4 m/s. In
general, the current velocity is not too high at this time.

The tide then increased and became the main flow

2 2 D e o g 4 St
® e Gt Yow O Vo o W b

DEE  “R8TW Q€7 0H Ar WP [Gmew v 4% o[ MK <mr AW T
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Fig. 9. Distribution of current velocity during the initial
phases of the April-May tide

of the river with an average velocity of about 1 m/s in
the middle of the channel, about 0.7 m/s on the right bank
and 0.4 m/s on the left bank. At the Tan Thuan sluice,
the maximum flow velocity is still about 1.5 m/s (Fig. 10).

When the tide recedes in conjunction with
the upstream currents, speeds in the river are high,
in many places around 1.7 m/s, and in many sections
on both sides of the river speeds reach around 1 m/s.
However, a section of the river is about 1 km long
on the left bank near Cape Diamond, the speed here is
low, only about 0.2 m/s (Fig. 11).

Fig. 8. Distribution of current velocity at the end of low tide and at the beginning of high tide
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Fig. 10. Distribution of current velocity at high tide in April-
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Fig. 11. Distribution of current velocity at low tide in April
and May

Flood season when there are no flood defences

2000 was a year of severe flooding in the Mekong
Delta and the southeastern region. In mid-October 2000,
the Dau Tieng reservoir released a very large volume
of water (Q = 600 m%/s). At high tide, the midstream
velocity is about 0.7-0.8 m/s and decreases to about

Fig. 12. Flow velocity distribution at high tide

0.4-0.45 m/s on both sides, but the right bank (top
view) is high, slightly higher (Fig. 12).

At low tide the speed on both banks of the river
is about 0.4-0.5 m/s, the right bank is slightly higher,
at midstream the speed is about 1.5-1.6 m/s. However,
near Tan Thuan sluice the speed is high, almost
3 m/s, in addition, there is a high eddy on the left side
of the channel leading to Tan Thuan sluice at high tide

b

Fig. 13. Current velocity distribution at Tan Thuan sluice at
high tide () and low tide (b)

(Fig. 13, @) and on the right side at low tide there is
a small speed of about 0.1-0.2 m/s (Fig. 13, b).

As in the dry season, at the end of the low tide to
the beginning of the high tide, the flow velocity field
in the river is particular. In particular, the main flow
in the middle of the river flows downstream, while
on the two banks it flows upstream at a higher speed
of about 0.2-0.3 m/s. A whirlpool with the highest
velocity of about 0.5 m/s on the left bank has formed
on a section of about 1 km from Cape Diamond (Fig. 14).

On the contrary, during the transition from the end
of the high tide period to the beginning of the low tide,
the main channel flows upstream and on the two banks it
flows downstream. At this time, however, the mainstream
also has higher velocity on the right bank, in the section
from Ben Nghe sluice to Tan Thuan sluice, and flows
close to the shore. At this time of the current change,

Fig. 14. Distribution of current velocity at the end of low tide
to the beginning of high tide
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the left bank in the upstream to downstream direction
of view always has the highest speed, then the speed
in the middle of the new current gradually increases.
In addition, the current velocity in the channel (where
there are flood control sluices) is on average about
0.1-0.2 m/s, which is considerably lower than
the velocity in the river and on the right bank.

Where flood defences are in place

The flow velocity field does not change significantly
during low flow and high water during operation
of flood control sluices in general. The velocity values
across the river from the left bank to the right bank
or along the river are reduced compared to the absence
of a flood control sluice, but the difference is not great.
At the beginning of the channel (where the sluices are
located) there is a circular flow with a small average
velocity of about 0.1-0.15 m/s (Fig. 15).

The results of the geological survey on the right
bank through boreholes and sediment sampling in

E

a

the river indicate that the surface material of the river
channel and the two banks is mainly represented by
silt particles of 0.002-0.08 mm and clay particles
of less than 0.002 mm. Consequently, according
to the Vietnamese standard TCVN 4118:2012,
the non-erosion velocity of mud and clay particles
V,.=0.26 m/s. Regarding the application of Goncharov’s
formula, the non-erosion velocity ¥, = 0.35 m/s. This
shows that with the value and distribution of velocity
as analysed above, the Saigon River is always in a state
of erosion, this process is most pronounced in the river
channel, when the average velocity in the flood is about
0.7-0.8 m/s, and in the dry season from 0.5 to 0.6 m/s,
this can be clearly seen in Fig. 16. As the geological
structure of the two riverbanks is soft soil, silt and
clay, and the flow in the river is upstream and tidal,
the process of erosion does not occur on either side
of the riverbank alone, concave banks like those
of other rivers.

b

Fig. 15. Eddy currents upstream of Tan Thuan sluice (@) and upstream of Nghe sluice (b)

—+—Right bank —+—Middle of the river
[ —e—Left bank Vietnamese Standart
====Goncharov
0.9
0.8 |
0.7 F
= 0.6 F
ke
(9]
2 05
172
0.4
m A N
¥ ' W v ONS ¥
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Fig. 16. Calculated flow velocity and non-erosion velocity

88



Mone ckopocTeli TeueHusi Ha ydacTke peku CariroH npuy aKcrnayataumu npoTMBONaBoAKOBbIX

COOPYXXEHMH C. 74-90

In the winding sections of the river, in many cases
the main flow is close to the shore, which accelerates
the rate of coastal erosion and increases the extent
of landslides. At the same time, Tan Thuan sluice
always has the highest velocities, so the risk of erosion
on the river bed and near the shore is high. In addition,
Tan Thuan sluice is the gateway to the floating market,
where hundreds of boats ply daily, so the occurrence
of local high speeds will be dangerous for boat traffic.

The river bank will be continuously eroded over
time and in accordance with the water level elevation
due to currents. The river channel will erode faster
than the river bank due to the high current velocity
and therefore local erosion pits will be formed, which
will gradually widen and deepen into the two banks
to the limit state, causing instability and landslides.
At the beginning of the channel when the flood
control sluices are in operation, the occurrence of low
velocity whirlpools will also affect the movement
of small vessels and create a risk of increased sediment
deposition.

CONCLUSION AND DISCUSSION

The current velocity on the Saigon River has
a complex distribution and varies from period to period
depending on the flood discharge from the Dau Tieng
reservoir and the tidal currents of the East Sea.

The flow velocity value in the middle of the river
is about 3—4 times higher than on the two banks.
However, between high and low tide, the current

on both sides of the river has a higher velocity value
than that of the main stream, especially on curved bank
tops such as the river bank from Ben Nghe sluice to Tan
Thuan sluice and the section of the river from An Loi
Dong police station to Thu Thiem Bridge 2.

The velocity values in the studied river section
are in most cases higher than the allowable erosion
free velocity values of particles of channel material,
river banks as well as suspended sediment particles,
so the erosion process on both sides of the river will
occur regularly and continuously and urgent measures
to protect the river bank are needed. Locally, there are
several locations with maximum velocities that will
make this process stronger and more serious, such as
the location near Tan Thuan sluice, the river bank from
Ben Nghe sluice to Tan Thuan sluice and the section
of the river from An Loi Dong police station to Thu
Thiem 2 bridge.

When operating the flood control sluices, this will
not affect the flow velocity field on the Saigon River
much, but will only slightly reduce the value of the flow
velocity, along with the appearance of an eddy ahead
of the rivers, which may affect boat traffic and cause
sedimentation.

For the first time, the flow velocity field
of the Saigon River is shown on two-mensional images.
The results presented in the paper are of great scientific
importance, helping researchers and planners to gain
insight into the flow distribution and partly explain
the cause of the current daily landslides in the area.
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Oc00eHHOCTH MCTOPUKO-KYJIbTYPHOI0 Kapkaca ['ynuockoro
paiiona Pecny0smku Jlarecran
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AHHOTAUMA

BeedeHue. PervoHanbHoe pa3sutve Pecny6nuku [JarectaH OpueHTMPOBaHO Ha TypUCTMYECKYHD WHOYCTpUIO, KOTopast
pasBuTa B NPUOPEXHbLIX paloHax, YTO HemMb3sl OTHECTM K FOPHbIM TEPPUTOPUSIM, HECMOTPSI Ha BO3pacTaloWwuii HTEpec
TypucToB. B cuny HepaspbIBHOWM CBA3M MCTOPUKO-KYNbTYpPHOrO naHAiwadTa U CUCTeMbl pacCcerieHns OH UMeeT BaxHoe
3HayeHve B pa3meLleHn 06 bEKTOB TypuUCTUYECKo NHAyCTpum. Lienb nccnegoBaHns — nocTpoeHne NCTOPUKO-KYIBTYPHO-
ro kapkaca Tepputopun (MKK), koTopbili BO MHOTOM OnpeaensieT pasmeLleHne rpagocTpouTenbHbIX 06 bEKTOB TypucTuye-
CKOW MHAYCTPMU, B TOM YKCrEe TYPUCTUHECKNX aTTPakTopoB. [peanoxeHa TepputopuranbHasi MOAENb KyNbTYpPHOrO kapkaca
'yHnbcekoro parioHa, BkovatoLlero o6bekTbl KynbTypHoro Hacneausi (OKH) 1 BbisiBNeHHbIe KynbTypHble naHAwadTbl.
Mamepuanbi u Memodbi. C nomoLLbo reonHopMaLMoHHon cuctembl Google Earth BbisiBneHbl Tepputopumn TeppacHoro
3emnegenus. Vicnonb3oBaHne oporpadumyeckux kapT, a Takke ydeT hU3NYEeCcKMXx BO3MOXHOCTEW 3eMrneaenbleB NponTu
MaKCMMarbHOe PacCTosIHUE AHEeM, HanpPaBnssaCh K 3emneaenbYyeckim NossiM, M Be4epoM, Bo3BpaLLasicb ZJOMOWA, MO3BOSNIIO
onpeaenuTb rpaHnLbl ¥ NPUHAANEXHOCTb NOMen K HaCeNEeHHbIM NMyHKTaM.

Pe3ynbTaTthbl. BbinonHeH aHanua noceneH4Yeckon cTpykTypbl 'yHubckoro parioHa, npoBeAeHa MHBEHTapU3aLUms TeppacHbIX
nonei, coctaeneH VKK, onpegensioLuin TepputopuanbHO-NpoCTPaHCTBEHHbIN NOTEHLMArnN KynbTypHOro Hacneaust permoHa.
BbiBoabl. NpoBefeHHble nccnenoBaHus nossonunu ycrtaHoButb WKK Tepputopum MyHnbekoro parioHa Pecny6nviku
[arectaH, KOTOpbI COAEPXKUT 06 EKTBI KYNbTYPHOro MaTepuanbHOro M HeMaTepuarnbHOro Hacneaus, a Takke 3HaunTenbHble
TeppuTOpUK KynbTYpHBbIX M MacTopanbHbix NaHgwadToB. lNpeanaraeTcs ganbHelwee 6onee rnybokoe u3yveHue K
npoBefieHne paboT No OTHECEHNIO 3adPUKCMPOBAHHOIO KynbTypHoro naHawadgTa k OKH, ¢ cooTBeTCTBYOLWMM BHECEHUMEM
B Heobxoaumble peecTpbl. PesynsraThl nccrneqoBaHust MOryT ObiTb MCMOMb30BaHbl NMPU NOArOTOBKE rPafoCTPOUTENbHbBIX
[OKYMEHTOB, YCTaHOBMeHHbIX [pagoctpoutensHbiM kopekcom P®. BoratctBo WMKK yHubGckoro paroHa nokasbiBaeTt
nepcrnekTVBbI ero TEPpUTOPMarnbHOro pa3BUTUSI HA OCHOBE MHAYCTpUM Typusma.

KITIOYEBBIE CJIOBA: vCTOpUKO-KYNbTYpHBIN Kapkac, OObeKTbl KynbTypHOrO Hacrnegwsi, TeppacHoe 3emnegenve,
rpagoCcTpouTENbHOE Pa3BUTUeE, ropHbIN [larectaH, MHAYCTpUS Typrama

Oona UMTUPOBAHUA: LepbuHa E.B., Mazomedosa [.A. OcobeHHOCTU UCTOPUKO-KYIbTYpHOro kapkaca [yHuGckoro
patioHa Pecny6nvku [JarectaH // CTpouTenbcTBO: Hayka 1 obpasosaHnue. 2023. T. 13. Bein. 2. Ct. 6. URL: http://nso-journal.
ru. DOI: 10.22227/2305-5502.2023.2.6
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Historical and cultural framework of the Gunibsky district
of the Republic of Dagestan

Elena V. Shcherbina, Diana A. Magomedova
Moscow State University of Civil Engineering (National Research University) (MGSU);
Moscow, Russian Federation

ABSTRACT

Introduction. Regional development in Dagestan Republic is focused on the tourism industry, which is developed in coastal
areas, which cannot be attributed to mountainous areas, despite the growing interest of tourists. Due to the inseparable
connection between the historical and cultural landscape and the settlement system, it has an important role in the location
of tourist industry facilities. The aim of the research is to construct historical and cultural framework of the territory (HCF),
which largely determines the placement of urban development facilities of the tourist industry, including tourist attractors.
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A territorial model of the cultural framework of the Gunibsky district, which includes objects of cultural heritage and identified
cultural landscapes is proposed.

Materials and methods. Terraced farming areas were identified using the Google Earth geographic information system.
The use of orographic maps, as well as taking into account the physical capacity of farmers to walk the maximum distance
during the day, going to the agricultural fields, and in the evening, returning home, allowed to determine the boundaries and
belonging of fields to settlements.

Results. An analysis of the settlement structure of the Gunibsky district, an inventory of terraced fields was carried out,
and a historical and cultural framework was compiled, defining the territorial and spatial potential of the cultural heritage of
the region.

Conclusions. The conducted research has established the HCF of the territory of Gunibsky district of the Republic of
Dagestan, which contains objects of cultural tangible and intangible heritage, as well as significant areas of cultural and
pastoral landscapes. Further in-depth study and work on the assignment of the recorded cultural landscape to the objects
of cultural heritage, with the appropriate inclusion in the necessary registers is proposed. The results of the study can be
used in the preparation of urban planning documents established by the Urban Planning Code of the Russian Federation.
The richness of the historical and cultural framework of the Gunibsky district shows the prospects of its territorial development
on the basis of the tourism industry.

KEYWORDS: historical and cultural framework, objects of cultural heritage, terraced farming, urban development,
mountainous Dagestan, tourism industry
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BBEJEHUE

B cuity ncropuueckux ¥ NpUpOHBIX YCIOBUM Hace-
JICHUE TOPHOW YacTH pecIryOinky JlarectaH B OCHOBHOM
MPO’KUBAET B CEJILCKUX MOCETIEHUSX, T/Ie PAKTUUECKU OT-
CYTCTBYIOT KPYITHBIE IIPOM3BOACTBEHHBIE TIPeIpHsTH [1].
IIpu 3TOM NIPUPONHBIN NTOTEHLMAT TEPPUTOPUU, TOPHBIE
JaHamadThl, a TAKKE 00BEKTHI HCTOPUUECKOTO U KYJIBTYP-
HOI'0 HACJI€ausA, BOSHUKIINE HA MMPOTAKEHUN NJTATEIIBHOI'O
nieproysia pa3BuTus Jlarectana, BKitodast Bpemsi Benmko-
O IIEJIKOBOTO IyTH, ONPENCISIOT BBICOKYIO IIEHHOCTb
TEPPUTOPHUH, a TAKXKE CITy)KaT LEHTPAMU HPUTSHKCHHS
TypucToB [2]. B mporpamme corpranbHO-3KOHOMUIECKOTO
pazsurtus Pecriyonuku Jlarectan orMevaercs, 4To Typu-
CTHUECKHI OM3HEC JOIDKEH CTaTh OIHUM W3 TIEPCHICKTHB-
HBIX HampasieHui pa3sutus [3, 4]. [lng aToro, noMmumo
HKOHOMUYECKHX, OPTaHM3AMOHHBIX U YIPaBIEHUECKUX
3a/1a4 OpraHU3aluy TYpH3Ma, HEOOXOIMMO pElIeHUEe Tpa-
JIOCTPOHTEIBHBIX 3314, OMPEIEISIONINX KOHICNTYIbHBIC
1 TUTAHUPOBOYHBIC PEHICHUSA ITPOCTPAHCTBEHHO-TCPPUTO-
PHAIIBHOTO PA3BUTHSI TIOCENICHUH M MyHULIMITAIBHBIX paii-
OHOB, pa3MeIIeHNsI 0OBEKTOB TYPHUCTUIECKON HH/ITYCTPHI
[5, 6]. K HuM B acniekre cTarbl OTHOCSTCS: aHAJIM3 I10Ce-
JICHUYECKON CTPYKTYpPBI; BBISIBICHHE M COXPaHEHUE 00b-
eKxToB KyisrypHoro Hacienus (OKH); nocrpoenne ncro-
puxo-KymsTypHOTo Kapkaca (MKK), ycranaBmmBaroriero
TePPUTOPUATIBHO-IIPOCTPAHCTBEHHBII OTEHIMAI KYIBTYp-
HOTO Haclneaus perroHa [7].

HcTopuKo-KyJIBTypHBII KapKac COCTOUT U3 IIpO-
CTPaHCTBEHHO-BPEMEHHBIX KapT, OTHOCSIIMXCS K OMpe-
JIEJIEHHBIM TEPPUTOPHATBLHO-TIPOCTPAHCTBEHHBIM YPOB-
HSIM, U TpeOyeTcst sl MOJICIIMPOBAHNS CTPYKTYpHOU
OpTraHM3aLUU TEPPUTOPUIN CETBCKUX TOCEICHUH C I1e-
JIBIO pa3MenieHus: 0ObEKTOB TYPUCTHUYECKON HH/TyCTPHH.
CrnemyeTr OTMETUTB, YTO OOBEKTHI HCTOPHIECKOTO U KYJTh-
TYpHOTO HacJequsi, IPUPOAHbIEC JIaHIAPTH — 3TO
ocHoBHbIe 31eMeHThl IKK, KoTOphIe Citykar Toukamu
MPUTSKEHUS] TYPUCTOB U MOAJICKAT OXpaHe, UYTo yCTa-
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HaBJIMBAET TPAZOCTPOUTEIBHBIC OTPAHWYCHHS TIPH pa3-
paboTKe MPOEKTOB IIAHUPOBKH (8, 9].

Lenp nccaenoBanus — MOCTPOCHUE UCTOPUKO-
KyJIBTYpPHOTO KapKaca TeppUTOPHH, KOTOPBIH BO MHOTOM
OIpesieIieT pa3MelleHIe IPaJjoCTPOUTENBHBIX 00bEK-
TOB TYPUCTUYECKOM MHIyCTPHH, B TOM YHCIIE TypHCTH-
YECKUX aTTPAKTOPOB. 3a/iada MCCIEeA0BaHNS — BbISB-
nerne OKH u tepputopuii KynbTypHBIX JaHAIIA()TOB
Kak JOCTONpHMeUaTesbHbIX MecT [ 'yHrOCKoro paiiona.
O06bexT uccnenoBanust — ['YHUOCKUN MyHHUITHIIAIb-
HBII paifon PecnyOnukn Jlarectan kak 0ObeKT-aHaIor
TeppuTopuu ropHoro Jlarecrana.

MATEPHAJIBI U METO/JAbI

Wndopmanmonnyio 6azy McCleJOBaHHUS COCTa-
BHUJIM MaTE€pUaJbl OTKPBITBIX MCTOYHUKOB, apXHBHBIC
UCCIIE/IOBaHMS M JIaHHbIe reorpaduueckux nHpopma-
IIUOHHBIX cucTeM. MccnemoBanus 0a3upoBaich Ha CH-
CTEMHOM U JaHAIMA(THOM MOIXO0JaX, METoAax oopa-
00TKH KapTorpaduueckoi nH(GOpMaIH.

I'yauOcknii paiton ropHoro Jlarectana (IIomnaas
609,5 kM?, YUCIEHHOCTL HaceleHus 0kojao 30 TeIC.
YEIIOBEK) BKIIIOYAET CEIhCKUE TOCENIeHUs — cena (C.)
U CEIBCOBETHI (C/C), 00IamaeT pasHOOOpa3ueM MPUPO/-
HBIX U UCTOPHUKO-KYJIBTYPHBIX pecypcoB. Teppuropu-
AJTBHO-TIPOCTPAHCTBEHHAS CTPYKTYpa MYHHUIUIIATBHO-
ro paiioHa ¥ TPAaHCIOPTHAs JOCTYIHOCTb OTAEIbHBIX
MYHKTOB npezcTasiena Ha puc. 1. Snpa MKK obpazyror
CIIEAYIOMHE OOBEKTHI.

AJZIMUHHCTpaTUBHBIN LIEHTP paiioHa — c. ['yHuo,
B KOTOPOM HAaXOJHTCS YHUKAJBHBIN KYJIBTYPHBII U HCTO-
pudeckuii ancaMmOIIb, CBSI3aHHBIN ¢ MHOTONEeTHeH Kas-
Ka3ckoit BovHou: Ilapckast monsHa, ['yHHOCKU# (1ap-
ckuif) ToHenb, becenka [llamMnitst, KpenmoCTHBIE CTEHBI
U cofiaTckue KazapMsl. [1ommyrsipeH cpenu mpruesKaromumx
U pEeKpealioHHbIA pecypc palioHa. 31ech pacloIokKeH
TpUpORHBI apk «Bepxauii ['yanoy, ropHbIii 60TaHmye-
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Puc. 1. TeppuropuaabHO-IPOCTPaHCTBEHHAsI CTPYKTypa ['yHHOCKOTO paiioHa

ckuil caj Jlarecranckoro HayuHoro uenrpa PAH, Pecmy-
OMKaHCKHI AETCKUN COMaTHICCKHII CAaHATOPUIA U IPYyTHE
ITAHCUOHATHI 1 JIUCOHUIIBI 1T OOJIBHBIX ACTMOIA.

Apxeonoeuueckue obvexmul. braronaTHsle mpu-
POIHO-KJINMAaTHYECKUE YCIOBHUS 00yCIOBHIN paHHEE
OCBOCHHE YeJIOBEKOM TopHoro /larecrana: Ha TeppH-
TopuH Obljla OOHapyKeHa OJlHa U3 JIPEBHEHUIINX CTOSI-
HOK IIepBOOBITHOTO YesoBeka Pyry/pka (3moxa panHero
TaJIeoInTa — allelb), HalieHbl HACKAIBHBIC PUCYHKH
B remepe Yyan-XBapad-Hoxo, Ha KOTOPBIX H300paske-
HBI KIHBOTHBIC, COJSIPHBIC 3HAKU (BO3PACT 2 THIC. JIET
HazaJl — 3I10Xa HEOJIHTA).

K 3HaunMBIM apXeonornyeckuM 00beKTaM OTHO-
cutcs HYoxckoe moceneHue (MpexJie OHO Ha3bIBAIOCh
Yoxckoit cTosiHKoi). OHO pacroioKUIOCh Y MOTHOKUS
oOpaleHHOH Ha 0T OTBECHOW CKalbl. ApXeosoramMmu
OBUIO BBIJIEIICHO HA 3TOH TEPPUTOPUH TPH KYJIBTYPHBIX
CJI0sI, 3 KOTOPBIX JIBa OTHOCATCA K Me3omuTy (VIII-VII
TBIC. IO H.3.), onuH — K Heomuty (VI TeICc. 10 H.3.).
[TamMsITHUK ABISIETCS APKUM IPUMEPOM, XapPaAKTEPU3Y-
OIINM TIEPUOJL 3aPOXKIACHHS U CTAHOBJICHUSI IIPOU3BOJIS-
miero xo3sicTea B ropHoit 30He KaBkaza. CeroHs Bes
apxeosoruueckas KyJlpTypa ropHoro /larectana nopsl
ME30JIMTa U HEOJINTa HOCUT Ha3BaHHUE «UOXCKoi». Oco-
60e BHIMaHHE B XOJI€ PACKOTIOK 3aCITyKHJIM JIBA KaMEH-
HBIX KPYMHBIX KMIIHIIA, TPUCIOHEHHBIX K OTBECHOU
HaBHCAIOILEH CKaJle, 10 KOTOPO U PacioyioKHUIOCh

! Criucox Beemupnoro nacnemus. URL: http://whe.unesco.org/

nocenenue. B Hactosiimii moment Yoxckoe mocene-
HHE — €IMHCTBEHHBIH MaMATHUK HEOINTHIECKOH KyIIb-
Typs! Ha KaBkase u rore Poccrm [10, 11].

Ilpupoonsvie ob6vexmsoi. CymecTBEHHOE MECTO
B VKK paifoHa 3aHUMAIOT IPUPOIHBIC OOBEKTHI U KyJIb-
TypHBIC JaHAWAPTHI, KOTOPbIE MPEICTABISIIOT s1Ipa,
a TaKke o0pasyloT Kopuaopsl. B paiione umeercs He-
CKOJIBKO TPUPOIHBIX 00BbeKkTOB: Bepxnee ['yHuOckoe
iaro, CanTuHcKas TecHUHA, Kapagaxckoe yienbe.

Kynemypnoiii nanowagm T'yHubckoro paiioHa
MPEACTaBISIET HAyYHBIH HHTEPEC U LIEHHOCTh. 3HAYH-
TEJIbHOE MECTO B HEM 3aHUMAIOT TEPPUTOPHH, CO3/1aH-
HbIC YEJIOBEKOM Ha MPOTSHKEHHH COTEH JIET IO Tep-
pacHoe 3emuefienue. B HacTosIee BpeMs TeppacHoe
3emile/iele BO MHOTUX IOpHBIX paiioHax JlarecraHa
yTpadeHo, HO CO3AaHHbIA KyJIBTYpHBIN JIaH AT IpH-
00pes1 UCTOPUKO-KYJIbTYPHYIO IEHHOCTb, HYX/IaeTCs
B M3YyYEHHH, a OTJCIbHBIC €r0 TEPPUTOPHUHU MIPU COOT-
BETCTBYIOIIEM OOOCHOBAHHUH JIOJKHBI OBITh OTHECEHBI
k OKH [12-14]. B macrosiee Bpemst ciucok Beemup-
noro Hacineaus JOHECKO! Bkimrouaer 1157 00beKTOB,
OKOJIO YETBEPTH KOTOPBIX — KYJIBTYPHBIC JIAHIIA(THI,
U3 KOTOPBIX MPUMEPHO MTOJIOBUHA — 3eMIIEIETBUECKHE
U TacTOpajibHbIE KyJIbTypHBIE JaHAMIAPTH C TPaIH-
IIMOHHBIMH TIOceneHusiMu. Hanpumep, B crincok Bee-
mupHoro Haciuenns FOHECKO BkitoueHBI prCOBBIC
Teppackl paifoHa KOaHbsH, aBTOHOMHOTO OKpyTa XyHX?-
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Xanuiickuit npoBuHIMK FOHBHAHB, PUCOBBIE TEPPACHI
Oununmackux Kopaunsep, Teppacet JlaBo (IBeiima-
pusi). DTH TEPPUTOPHH, TOMUMO TOTO, YTO TPHOOpETa-
10T CTaTyC MOIYJSPHBIX TYPUCTHUECKUX aTTPAKTOPOB,
CTAHOBSATCS 00BEKTAMU 0COOOTO KOHTPOJIS Ompese-
JICHHBIX BEIOMCTB, YTO CIIOCOOCTBYET PALlHOHATHHOMY
UCIIOJIB30BAHMIO HACJIEANs U NIEPBOMY HPUOIMKECHUIO
K MOHATUIO YCTONUUBBINA TypusMm [15].

PE3VYJIBTATHI UCCJIEJOBAHUA

BrisiBiieHue TEppUTOPUI TEPPACHOTO 3EMIIEEIHS
BBIITOJIHAJIOCH C UCIIOJIB30BAHHUEM FeOI/IH(bOpMaHI/IOH-
Holi cuctembl Google Earth [16]. [lns aToro teppuro-
pust ropHoro Jlarecrana Oblia pasjenieHa Ha KBaJparhl
paBHOM MJIOLIAIH, KOTOPBIE MOCIEI0BATENLHO pac-
cMmarpuBaiuch. [lyTeM mpHOIMKEHHS ONMpPeAesTUCh
MOTECHIMAJIbHBIC YYaCTKH HCTOPUIECKOTO TEPPacHOTO
3eMiIeenHsl. YCTaHOBICHO, YTO BCE TEppachl pPacIo-
Jarajuch B HEIOCPEICTBEHHON ONIM30CTH K HaceJeH-
HBIM ITyHKTaM, OyZib TO MaJeHbKHE MOCENKH, TEPEBHU
WJIM MHOTOYHCIICHHBIE (epMepCKHe MOCTPOMKH, YTO
00yCIIOBJICHO UX (PYHKIIMOHATHHBIM Ha3HAUCHUECM.
[TosToMy /JIsi ONTHMH3ALUK TTOMCKa BHAYale Ha Kap-
TE OTMETHIIM BCE CYLIECTBYIOLIHE MOCEJCHUs, B He-
MOCPEJCTBEHHOH OJM30CTH OT KOTOPBIX BBIMTOIHSIICS
MOUCK TEPPUTOPUN pa3MeIleHUsT TEPPACHBIX MOJIEeH
(puc. 2, a). 3aTem myTeM NPUOIMKCHNS W HATIOKCHUS
KapT ¢ y4eToM petbeha MECTHOCTH YCTAHOBHITH TPAHHU-
1Bl TEppacHbIX Nouieit (puc. 2, b).

O060011eHNEe Pe3yIbTaTOB MO3BOJIMIO TTOCTPOUTH
CXeMy pa3MelIeHHs TeppacHbIX moei (puc. 3), Ha Ko-
TOpOI#i TeppacHas KynbTypa ['yHHOCKOTO paiioHa mpej-
CTaBJICHa B TIOJTHOM 00BbeMe.

3aj1a4a MHBEHTAPH3ALMN U OTIPE/IeIICHUs IPUHAI-
JIKHOCTH TIOJIeil K HAaCeIeHHOMY IIYHKTY JOBOJIBHO
CJIOXKHAsI, TAaK KaK HEKOTOPBIE TepPPaCchl UMEIOT 0COOEH-
HOCTb CJIMBATHCA WJIM HE3aMCTHO 3aXBaTbIBaTh TCPPU-
TOPUH IPYyTUX aIMHHUCTPATHBHBIX eIuHHI. B cio-
JKMBLICHCS CUTYaIlM{ aBTOPaM TPHILIOCH 00PaTHThCS
HE TOJIbKO K IpaHHIaM aJIMHHHCTPATUBHBIX 00pa3oBa-
HHH, HO U K OpOorpapmIecKiM KapTam, KOTOPBIE TI03BO-

a

JIWIIM ONPEACIIUTh BO3MOXKHOCTH €CTECTBEHHBIX Ipe-
rpaj Juisl Nelero NepeMeIieH s 3eMIIEAEIbLEB, TAKUX
KaK OBparu, KPyThIe HIN OCBITHBIC CKIOHBI, OOPBIBHI,
TOpHBIE 3aBaJbl, 3apociau u pexu [17]. Bee atu mapa-
METpBI, a TAKIKE Y4eT BO3ZMOXKHOCTEH 3eMIIE/IENIbLICB
MPOUTH MaKCHMaJIbHOE PAacCTOSIHUE THEM, HAIPaBIISSICh
K 3eMJIEICTIBYECKIM TIOJISIM, M BEYEPOM BEPHYTHCS J10-
MO, TTO3BOJIMIIH ONPEACITUTh TPAHHUIIBI U IPUHAIIICHK-
HOCTB TIOJIEH K HACETICHHBIM MyHKTaM (puc. 4).

Takum 00pazoM, TEPPUTOPUH TTOCEIICHHI, COXpa-
HUBIIMX UCTOPUYCCKUC MTPU3HAKH TUIAHUPOBKU U Tpa-
JUIIMOHHOW apXUTEKTYPHI, B COBOKYITHOCTH C Te€ppac-
HBIMH TTOJIIMH MOTYT OBITh OTHECEHBI K TACTOPAIbHBIM
nanamadTamM, 4To A0JKHO OBITh YCTAHOBJICGHO B pe-
3yJbTaTe JalbHEUIINX KaMepaJbHbIX UCCIEJOBAHUN
W HaTypHBIX oOcienoBanuii [18-20].

3AKJIIOYUEHUE

[IpoBeneHHBIC UCCIIETOBAHUS ITO3BOJIIIN YCTAHO-
BuTh UKK Tepputopun ['yanGCckoro paiiona Pecmy6Omm-
ku JlarectaH, KOTOPBIA CONEPKUT OOBEKTHI KYIBTYP-
HOTO MaTepHaIbHOTO M HEMAaTepHUaIbHOTO HACIEIN,
a Taroke 3HAYUTEIbHBIC TEPPUTOPUH KYIBTYpHBIX U TIa-
CTOPAJBHBIX JaHIIMIAPTOB.

[Ipennaraercs nanpHeimee 6onee Iy0oKOe M3-
y4eHHe U TMpOoBeIeHNe paboT MO OTHECEHUIO 3a(hUKCH-
poBaHHOTO KynbTypHOTO Hanamadrta k OKH, ¢ coor-
BETCTBYIOIINM BHECCHHEM B HEOOXOAMMBIE PEECTPHI.
[Tony4yeHHbIE PE3yNbTaThl UCCIIETOBAHMS MOTYT OBITH
HCIIOJIB30BaHbI IPHU MOATOTOBKE I'pa0CTPOUTEIBbHBIX
JOKYMCHTOB, YCTaAaHOBJICHHBIX Fpa}lOCTpOI/ITCHBHI)IM
kojiekcoM P® (mampumep, MaTepualbl Mo 000CHOBA-
HUIO TeHEepaIbHOTO IUIaHA B BHUJIE KapT, OTOOpaxkaro-
mux OKH, Ha3zBaHue KOTOPBIX B CTaThe MPEIJIOKEHO
KaK «MCTOPHKO-KYJIBTYPHBIN KapKac).

BorarcTBo rcToprKo-KyasTypHOTo nanamadra [y-
HHOCKOTO paifoHa I0Ka3bIBaeT MEPCIIEKTHUBBI €r0 TePPH-
TOPHAIILHOTO Pa3BUTHS HA OCHOBE MHIyCTPUH TypU3Ma
U NIPUHIHIAX YCTOHYMBOTO PAa3BUTHSL; OCPEKHOTO OTHO-
IICHNS K TAMSATHUKAM UCTOPHH U KYJIBTYPbI, PAllIOHAIIb-
HOT'O TIPUPOJIONIOJIb30BaHMsI, COOMIONEHUsSI OanaHca.

Puc. 2. [TocnenoBatebHOCTb BBISIBIICHUS y4aCTKOB TEPPACHOT0 3eMIIE/IeIINsI — CKPUHIIOT ¢ porpammbl Google Earth
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INTRODUCTION

Due to historical and natural conditions, the popu-
lation of the mountainous part of the Republic of Dag-
estan mainly lives in rural settlements, where there
are practically no large industrial enterprises [1].
At the same time, the territory’s natural potential, moun-
tainous landscapes, and historical and cultural heritage
sites that have arisen over a long period of Dagestan’s
development, including the time of the Great Silk Road,
determine the high value of the territory and serve as
centres of attraction for tourists [2]. The programme for
socio-economic development of the Republic of Dag-
estan states that the tourism business should become
one of the promising areas for development [3, 4].
For this purpose, in addition to economic, organization-
al and managerial tasks of tourism organization, it is
necessary to solve urban planning tasks that determine
conceptual and planning solutions of spatial and territo-
rial development of settlements and municipal districts,
placement of tourist industry facilities [5, 6]. In the as-
pect of the article they include: analysis of settlement
structure; identification and preservation of cultural
heritage objects (CHO); construction of historical and
cultural framework (HCF), establishing territorial and
spatial potential of the region’s cultural heritage [7].

The historical and cultural framework consists
of spatial and temporal maps relating to certain territorial
and spatial levels and is required for modelling the struc-
tural organization of territories of rural settlements in
order to locate tourist industry facilities. It should be
noted that the objects of historical and cultural heritage
and natural landscapes are the main elements of the HCF
that serve as tourist attraction points and are subject to
protection, which establishes urban planning restrictions
in the development of planning projects [8, 9].

The purpose of the study — the construction
of the historical and cultural framework of the territory,
which largely determines the location of urban devel-
opment sites of the tourism industry, including tourist
attractors. Objective of the study is to identify and terri-
tories of cultural landscapes as landmarks of Gunibsky
district. The object of the study — Gunibsky municipal
district of the Republic of Dagestan as an object-analog
of the territory of mountain Dagestan.

MATERIALS AND METHODS

The information base for the study was made up
of open-source materials, archival research and data
from geographic information systems. The research was
based on system and landscape approaches and meth-
ods of cartographic information processing.

Gunibsky district of mountainous Dagestan (area
609.5 km?, population about 30 thousand people) in-
cludes rural settlements — villages (v.) and village
councils (v/c), has a variety of natural, historical and
cultural resources. Territorial and spatial structure
of the municipal district and transport accessibility
of separate points are presented in Fig. 1. The following
objects form the cores of the HCF.

The administrative centre of the district is the vil-
lage of Gunib. Gunib is home to a unique cultural and
historical ensemble associated with the lasting many
years Caucasus War: Tsarskaya Polyana, Gunibsky
(Tsarsky) Tunnel, Shamil’s Gazebo, fortress walls
and soldiers’ barracks. The recreational resources
of the district are also popular with visitors. The “Up-
per Gunib” Nature Park, the mountain botanical garden
of the Dagestan Scientific Centre of the Russian Acad-
emy of Sciences, the Republican Children’s Somatic
Sanatorium, and other boarding houses and therapeutic
facilities for asthma patients are located here.

Archaeological sites. Favorable natural and cli-
matic conditions caused the early development of man
in mountain Dagestan: one of the most ancient sites
of primitive man Rugudzha (early Paleolithic epoch —
Ashel) was discovered on the territory, rock paintings
in the cave Chuval-Hvarab-Nokho, depicting animals,
solar signs (age 2 thousand years ago — Neolithic era)
were found.

An important archaeological site is the Chokh
settlement (formerly known as the Chokh site). It is
situated at the foot of a south-facing cliff. Archaeolo-
gists have distinguished three cultural layers in the ter-
ritory, two of which are dated to the Mesolithic period
(VIII-VII thousand years B.C.), one — to the Neolith-
ic period (VI thousand years B.C.). The monument is
a shining example of the birth and formation of a pro-
ductive economy in the mountain zone of the Cauca-
sus. The entire archaeological culture of mountain
Dagestan of the Mesolithic and Neolithic periods is
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Fig. 1. Territorial and spatial structure of Gunibsky district

called “Chokh” today. Two large stone dwellings lean-
ing against a steep cliff, under which the settlement
stood, deserve particular attention during excavations.
At present the Chokh settlement is the only monument
of the Neolithic culture in the Caucasus and southern
Russia [10, 11].

Natural sites. Natural objects and cultural land-
scapes, which represent the core and form corridors, oc-
cupy an essential place in the HCF of the district. There
are several natural sites in the district: Upper Gunib Pla-
teau, Salta Gorge, Karadakh Gorge.

The cultural landscape of the Gunibsky district is
of scientific interest and value. A significant place in it is oc-
cupied by territories created by man over hundreds of years
for terrace farming. At present terrace farming is lost in
many mountainous areas of Dagestan, but the created cul-
tural landscape has acquired historical and cultural value,
needs to be studied, and some of its areas with appropriate
justification should be referred to the UNESCO World Her-
itage Site [12—14]. Currently, the UNESCO World Heritage
List' includes 1,157 sites, about a quarter of which are cul-
tural landscapes, of which about half are agricultural and
pastoral cultural landscapes with traditional settlements.
For instance, the YuanYang Rice Terraces, Honghe Hanyi
Autonomous Region in Yunnan Province, the Rice Ter-
races of the Philippine Cordilleras, and the Lavo Terraces
in Switzerland are inscribed on the UNESCO World Her-

' World Heritage List. URL: http://whc.unesco.org/
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itage List. These areas, in addition to acquiring the status
of popular tourist attractors, become objects of special con-
trol of certain agencies, which contributes to the sustainable
use of heritage and the first approximation to the concept
of sustainable tourism [15].

RESEARCH RESULTS

The identification of terraced farming areas was
carried out using the Google Earth geo-information sys-
tem [16]. For this purpose, the territory of mountainous
Dagestan was divided into squares of equal area, which
were successively considered. Potential areas of histori-
cal terrace farming were identified by approximation.
It was found that all the terraces were located in close
proximity to human settlements, whether they were
small villages, hamlets or numerous farm buildings,
due to their functional purpose. Therefore, in order to
optimize the search, all existing settlements in the im-
mediate vicinity of which terraced fields were searched
for were first marked on the map (Fig. 2, a). Then, by
approximating and overlaying the maps, taking into ac-
count the terrain relief, the boundaries of the terraced
fields were established (Fig. 2, b).

A generalization of the results made it possible to
construct a scheme of terraced field locations (Fig. 3),
in which the terraced culture of the Gunibsky district is
represented in its entirety.
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The task of making an inventory and determining
whether the fields belong to a settlement is rather com-
plicated, as some terraces have a feature of merging
or invisibly overrunning the territories of other admin-
istrative units. In this situation, the authors had to refer
not only to the boundaries of administrative units, but
also to orographic maps, which made it possible to de-
termine the possibilities of natural obstacles for farmers’
foot traffic, such as ravines, steep or scree slopes, preci-
pices, mountain cliffs, overgrowths and rivers [17]. All
these parameters, as well as consideration of the farm-

ers’ ability to walk the maximum distance during the day
to the cultivated fields and return home in the evening,
made it possible to determine the boundaries and belong-
ing of the fields to the settlements (Fig. 4).

Thus, the territories of the settlements that have
preserved the historical attributes of layout and tradi-

tional architecture, together with the terraced fields, can

be classified as pastoral landscapes, which should be
established as a result of further desk research and field
surveys [18-20].

Fig. 2. Sequence of identifying terraced farming areas — screenshot from Google Earth

GUNIBSKY DISTRICT

LAYOUT OF TERRACED
FIELDS AND SETTLEMENTS

Symbols:

@ Terraces

@ District centre

© Administrative centre

@ Small villages (200 to 500 6)eoplef
e Smallest villages (up to 200 people)
o Disappeared villages

6 km

Fig. 3. Layout of terraced fields and settlements in Gunibsky district
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Fig. 4. Diagram of terraced fields with the settlement affiliation of the latter

CONCLUSIONS

The research carried out made it possible to
establish the HCF of the territory of Gunibsky district
of the Republic of Dagestan, which contains objects
of cultural tangible and intangible heritage, as well as
significant areas of cultural and pastoral landscapes.

It is suggested that further in-depth study and
work should be carried out to assign the recorded
cultural landscape to the cultural heritage objects, with
the appropriate inclusion in the necessary registers.
The results of the study can be used in the preparation

of urban planning documents established by the Urban
Planning Code of the Russian Federation (e.g., materials
on the justification of the master plan in the form
of maps showing the CHO, which name in the article is
proposed as “historical and cultural framework™).

The richness of the historical and cultural
landscape of Gunibsky district shows the prospects
of its territorial development on the basis of the tourism
industry and the principles of sustainable development;
respect for historical and cultural monuments,
the rational use of nature and respect for balance.
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AHHOTALNA

BBepgeHue. HexBaTka npecHoON BoAbl CTana cepbesHon npobnemoi. OCHOBHbIE MPUYMHBI BOAHOIO KpM3nca — pocCT Hacere-
HWS 1 n3MeHeHne knumata. Ermnetr — 3acywinmeas ctpaHa, koTopas crankveaercsi ¢ AedMUMTOM BOAbl B pesynbTaTe pa-
CTYLLIEro Cnpoca v orpaHW4eHHOro nNpeanoxexHus. B aton cutyaummn Tpebyetca npyMeHeHne HOBbIX MOAXOA0B ANS PeLleHns
npobnem HexsaTku Boabl. Baan Batup Ha CuHalickom nomnyocTpoBse, BblIOpaHHbIvi B kKayecTBe 0bnactn uccneqoBaHust, —
BaXXHbIN TYPUCTUYECKNIA 1 KOMMEPYECKMNIA BOAOPa3aen, B KOTOPOM OTMEYalTCA HeAOCTaToOK BOAbI U yrpo3a BHe3arnHbiX
HaBOOHEHUN.

MaTepuansbl n metoabl. Bnepsble nccnenyercs BnusiHAe HenpeackasyeMblx NaBoAKOB Ha BHegpeHue cuctem cbopa fo-
xpaesov Boabl (COB). KapTbl pucka BHe3arHbix HaBogHeHW 1 cTpykTypbl COB paspaboTaHbl ¢ NOMOLLBI0 reoMHpopMaLm-
oHHow cuctemsl (F'MC).

Pe3ynkraThl. YCTaHOBUNM, YTO NSATb NEPKOMSILIMOHHBIX Pe3epByapoB, NTb KOHTPOSbHbBIX NNoTWH, 11,15 KM? nnowaaun Ha-
3eMHbIX pe3epByapoB Ans nepkonsauun n 0,48 km? nnowaam ans epMepcKkux NpyAoB ABMSIOTCS ONTUManbHbIMU Nog cbop
BOAbl BO BPEMS BHE3aMHbIX HABOAHEHN.

BbiBogbl. Onpegenunu passutue Bagn Batup u Beigenvnu Tpu atana. lNMokasanu, 4To BO3HUKHOBEHWE HEMPOrHO3MpyeMbIX
HaBOAHEHWUI BAVSIET Ha MnaHbl pa3suTus. BosaencTaune BHe3amnHbIX HABOAHEHWI criedyeT y4nTbiBaTb Npy pacyeTe NpoeKT-
HOW MOLLHOCTM coopyxeHu COB.

KIMKOYEBBIE CJIOBA: 3acywwnuBbI pervoH, BHe3anHoe HaBoaHeHue, MMIC, pesepByap Ansi nepkonsaumm, coop 4oxaeBomn
BOAbI, AUCTAHLMOHHOE 30HAMpPOBaHWe, Baan Batup

BrnazodapHocmu. COOTBETCTBYHOLUMI aBTOP (PUHAHCUPYETCSA CTUMNEHANEN B paMKax COBMECTHOW nporpaMmbl Mexay Apab-
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ABSTRACT

Introduction. The lack of fresh water has become a serious problem. The main causes of the water crisis are population
growth and climate change. Egypt is a very arid country which is facing water scarcity due to increasing demand and limited
supply. Applying new approaches is required in this situation to deal with water scarcity. Wadi Watir in the Sinai Peninsula,
chosen as the research area, is an important tourist and commercial watershed. It experiences water scarcity and the threat
of flash floods. The residents are losing their crops and sheep. Roads are deserted, and their lives are in danger due to
the periodic occurrence of flash floods.

Materials and methods. For the first time, the current research investigates the impact of flash floods on the implementation
of rainwater harvesting (RWH) systems. The flash flood risk and RWH structure maps were overlaid using GIS.

Results. The results showed that five percolation tanks, five check dams, 11.15 km? of area for on-ground percolation tanks,
and 0.48 km? of space for farm ponds are optimal for water harvesting during flash floods.

Conclusions. The development of Wadi Watir was prioritized and divided into three phases. Therefore, the occurrence
of flash floods clearly affects the development plans. The impact of flash floods should be considered during the calculation
of the design capacity of the RWH structures.

KEYWORDS: Arid region, Flash flood, GIS, Percolation tank, Rainwater harvesting, Remote sensing, Wadi Watir
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BBEJAEHUE

BonbmmnceTBO Moaeit Ha 3emiie UCTIBITHIBAIOT MPO-
6nembl ¢ Bonoi, comtacno ordyetaMm OOH u npyrum
MHOTOYMCIIEHHBIM HccaenoBanusMm [1, 2]. OCHOBHbIMU
MIPUYHHAMH HEXBATKH BOIBI, 0COOCHHO B 3aCYIILTUBBIX pe-
THOHAX, SIBJISIOTCS] POCT HACEJICHHs, U3MEHEHUE KJIMMaTa
u miobanpHoe noteruieHue [3—5]. [loatomy HeoOX0MMMO
HCKAaTh aJIETCPHATUBHBIC UCTOUHHUKHU BOIBI. COOp HoXKIC-
Boit Boztbl (CZIB) — 3T0 MOJIe3HbIH M TMHAMHYHBIA OTBET
Ha MPOOJIEMBI ¢ BOJION, KOTOPBIC CYIICCTBYFOT BO MHOTHX
gacTsax mupa. CIIB — 310 3¢ dexTuBHbIi criocod coopa
MIPECHOM BOJbI, MOTIOJHEHHS 3allaCOB I'PYHTOBBIX BOJ
Y CHI)KEHHUSI pUCKa BHE3AHbIX HAaBOAHEHUH [6—9].

IToxxapsl 1 TMBHEBBIE NMABOJIKU B TIEPBYIO OYEPEb
BBI3BaHbI U3MCHCHHEM KIIUMAaTa U M00aTbHBIM ITOTE-
neHueM. JIuBHEBbIe MAaBOAKH UPE3BBIYAHHO OMACHBI,
MOCKOJIbKY MPOUCXOASAT BHE3AMHO U HEMPEICKa3yeMO.
JIMBHEBBIC MABOJKYU YIPOXKAKOT KAK JFOISIM, TaK U UMY-
mectsy [10]. Uudpactpykrypa, reorpadus u reomopdo-
JIOTHSI OKa3bIBAIOT BIUSIHUE HA BHE3AITHbIC HABOJHEHHUS' .
I'eomopdomornueckue nccae0BaHus IIPOBOAMIIACH IS
VAYYIICHHs CTPATETUi CMATYCHHUS MTOCIICICTBUI HABO-
THEHUH U JEMOHCTPALUHU IICHHOCTH TeoMopdorormye-
CKUX HFCCIICIOBAHMIA TIPH TUTaHUpOoBaHuH [ 11, 12].

s xkaptupoBanus npuronaocti C/IB u omacHo-
CTH HABOJHCHHH MCIONB3YIOTCS IBE OCHOBHBIC METO-
JIOJIOTAN — reorpadudeckie HHHOPMATHOHHBIE CHCTe-
™Mbl (ITYIC) n qucrannmonnoe 30HaupoBanne (/3). Ouu
HCTIONTF30BAJIHCH B PA3IMYHBIX HccienoBanusx [ 13—18].
Kpowme Toro, T'C u /I3 ceromHs sBISIOTCS KITIOYEBEIMA
WHCTPYMECHTAMH JIJIsl OLIEHKHU T€0IKOJIOTUIECKOTO PHCKa
U OCHOBHBIM MCTOYHHUKOM JIaHHBIX ISl OIICHKHU OTIac-
Hoct: [10, 19]. Ins onpenenenus npuronnocta C/IB
HCTIONB3YETCS TTOIXO] «CITyK0a OXpaHbI TOYB — METOJT
gucna kpuBblx» (SCS-CN), ruaposornueckoe Moje-

muposanue (I'M) 1 aHaJIM3 MHOXKECTBEHHBIX COOTBET-
cteuit (AMC) [9, 18, 20, 21]. [InanupoBanue u Mpu-
HATHE PEIICHUH B 000K 00JacTH MOAAePKUBACTCS
TaKUMH HCCIeTOBaHUAME [22].

Eruner — 3acymmBasi cTpaHa ¢ BEICOKHM YpPOB-
HEM HCIapeHUs] U MaJIbIM KOJIMYE€CTBOM OCaAKoB. Eru-
MeT MCIBITHIBACT MPOOJIEMY HEXBATKU BOABI B PE3YJib-
TaTe POCTa HACEICHUS U JS(PUIUTA BOJHBIX PECYPCOB.
B pesynbrare npaButensctBo Erunra BegeT nouck Ho-
BBIX pEIIeHUIl BOAHOro Kpusuca, Takux kak CJIB. W3-
MEHEHHE KIIMMaTa TaKke BbI3BAJIO CUJIbHBIC JINBHEBBIE
HaBOJHEHUS B PA3JIMYHBIX 4YacTsx Erunra, ocobeHHO
Ha CuHalickoMm mosryocTpoBe. Paiion nccrneqoBaHus
(Bamgu Barup, Cunaii, Erumer) siBrseTcs 3aCyIIITHBBIM
peruonoMm. Bonel B Bagu Barup mano, 3emnenenue
M nacTOuINa CTaju Xyxe. [3-3a nepecedeHHOi MECTHO-
CTH 1 OOJBIINX BBICOT PETHOH TaKXKe IOIBEPKEH BHE-
3anHbIM HaBogHEHUsAM. [lepuonnuecku B Bagu Barup
MIPOUCXOISAT BHE3AITHBIC HABOAHCHHSI.

Bonopasnen Bagu Barup Obut mpengmeTom pas-
JIMYHBIX UCCIIEOBAaHUHN M3-3a €r0 BaXXHOCTH. AJb3aiient
u ap. [23] oneHnIM BEepOATHOCTH cOOpa BOIBI C IOMO-
mpto TYIC 1 J13. OHu paccunTani, CKOIBKO BOIBI MOYKET
6bITH coOpano. [lorennman C/IB Obur u3ydyen myrem
nnterpannu /13, 'MC, CMB (cucrema moznenupoBa-
Hus BojopasnenoB) u ITAU (mpouecc aHamuTHYECKON
nepapxun) [9]. beun npeanoxeHsl MecTa Uit Coopy-
xkeawnit C/IB (uuctepusr u iotunsn). Kymne u ap. [24]
CO3/JJaJIN CHCTEMY PaHHETO OTOBEIICHHS O BHE3AIMHbIX
HaBopHeHUsX. Kpome toro, Capoit u ap. [25] Obuia
MIPOBE/ICHA TEONPOCTPAHCTBEHHAS OIIEHKA PHUCKa BHE-
3arHBIX HABOJHEHUH B pernone HyBseiiba.

HWcnone3ys meroasr I'C, E. Mocrtada u mp. [17]
omnpeneniy npurogHocts Bamu Batup s 'BC. beum
OTIpe/IeTICHbl ONTHMAJIbHBIE MECTa Ul COOPYXXCHHU
CIIB. bbinu npeoskeHs! NEpKOISIIMOHHbIE pe3epBya-

! Saleh A.S. Flash floods in deserts. A geomorphic study of desert Wadis Institute of Arab Research, Special Studies Series.

1989. Vol. 51. Pp. 1-93.
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Pbl, KOHTPOJIbHBIE 1aMObI U (pepmepckue npysl. Pruck
BHE3aITHBIX HaBOgHEHWI B Baam Barup Opin msyden
MocrTadoii [26]. s KaKI0T0 TTOIBOAOpa3Iesia CTEIICHb
OMacHOCTH ObIIa OLIEHEHA M pa3JieieHa Ha TPH KJacca:
BBICOKAsl, YMEPEHHAsl M HU3Kasl. Pe3ynbrarsl ABYX Mpe/bl-
JIYIINX MCCIIEI0BAaHNH OBUIN MCIIOIB30BaHbI B KaUECTBE
HCXOAHBIX TaHHBIX JUISl TAHHOTO MCCIIEIOBAHMSI.

Hackonpko M3BECTHO aBTOpaM, BIUSHHUE JIMBHE-
BBIX NABOJAKOB Ha peanuzanuio cTpykryp C/IB panee
He o0cyxaanoch. [1o3ToMy 1enbI0 JAHHOTO HCCIIEN0-
BaHMS SIBIIAETCS ONPEIENICHUE MOPSIIKA YCTAHOBKH CO-
opyxennit CIIB B 3aBUCHMOCTH OT CTETICHH ONACHOCTH
JIMBHEBBIX MMABOAKOB. V3ydeHne BO3SHUKHOBEHHUS JIHB-
HEBBIX MABOJKOB SIBISIETCS] OHOM M3 3a]a4 UCCIIE0Ba-
HUs, 9TOOBI MaKCHMHU3HPOBATh KOJTUIECTBO coOmpae-
MOH BOJIbI M CHU3HUTh PHUCK JINBHEBBIX MTABOAKOB.

MATEPHUAJIBI U METO/bI

Paiion ucciaenoBanus

Tepputopust uccienosanuss — Baau Batup.
OH pacnionoker Ha CrHaHCKOM moiryocTpoBe B Erurre,
Mexay 33°53" u 34°44’ BocTOUHOH MONTOTHI U 28°46'
n 29°33’ ceBepHOit UPOTHI. CYUTAETCS CaMBIM 3HAYH-
TeNBHBIM BosiopasznenioM B Akada [omed. ['opon Hyseii-
0a pacrmoyoKeH Ha BBIXOZE W3 BoJOpa3ziena. ITO Baxk-
HBIM TYpUCTUYECKUI U TOPrOBBII rOpO, IOCKOIBKY €I0
raBaHb cBs3bIBaeT Eruner, Mopnanuio u CayqoBCKyIO
Apasuro. [Tostomy BomocOop Banu Barup m3yqancs
B pa3Hoe Bpems [9, 17, 25-28] (puc. 1).

Kurenu Baaum Batup cTpanaror or HeXBaTKH
BOJIBI, B PE3YJbTATE YETO Y HUX I'MOHYT OBIIBI M TTOCE-
BEI. beIcTpoe m3meHenne kinnmata Ha CiHae ycyryos-
€T BOJHBIN KPHU3HC, MOCKOIBKY CPEIHsS TeMIlepaTypa
TTOBBIMIACTCSI, @ KOTMYECTBO OCAIKOB yMEHbIaeTces [3].
Bocrounsrif TekToHIUECKUi paznom Ha CuHAe SBIIS-
ercs mectoM oOpa3oBanus Baam Barup. TexTonnde-
ckuil pudT UACHTUPUIHPYETCS CEpHeil CABUTOBBIX
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pa3ao0MOB, KOTOpPBIE CO3JAI0T CTPYKTYPHO BBITAHYTBHIE
BHU3 pu(TOBBIC MOTMHBI. OCHOBHBIMU HCTOYHHKAMHU
MOJI3eMHBIX Box B Bamm Barup aBnsrorcs kanan Db
eiix Artust u ncrounnku Oyprara. BogocOopHbiii
pesepByap obpasyercs B pe3ynbraTe HHOUIBTPAINH
MOA3CMHBIX BOJ Y€pPE€3 pas3jiOMbl, IIBLI U TPCHIMHBI
[9, 29]. TTosTOMy KpaliHe BaXHO MPOBOJUTH DKCIEPU-
MEHTAJIbHbIE HCCIIEJOBAHUS TEKCTYPBI TOUBBI B Ka’KI0M
uccienyemom peruone [30, 31]. B paiione uccnenona-
Hull exxeronHo Beimagaet 200 MIIH M° 0CaKOB, a BBICO-
Ta HaJl ypoBHEM Mopsi kosebmnercs ot 4 o 1630 m [28].

CoOpaHHbIe TaHHbIE

VcxonHble qaHHBIC /ISl HACTOSILETO UCCIIe10Ba-
HUS OBLTH cOOpaHbI CISTYFONIM 00pa3oM:

* pe3ynbTarhl oueHkH npurogHoctu CHAB Opumm
nonyd4ensl ot E. Moctada u ap. [17];

* pe3yJbTaThl OI[EHKH OMACHOCTHU JMBHEBBIX I1a-
BOJIKOB OBLIIM MCIIOJIb30BaHbI 110 MaTepuaiam MocTta-

da [26].

Onpenenenue NPUroAHOCTH K ucnojab3oBannio C/IB
[purogrocts Banu Barup nins C/IB 6puta omnpe-
nmeneHa ¢ momoIieo kKomounaruu I'MC, 13, AMC
u I'M [17]. beur ucnonp3oBans! 11 6moduzmueckux
(Hampumep, 3eMIIeTIoIb30BaHue, TUIOMAaL Oaccelina,
VKJIOH M CTOK) U COIIMaJIbHO-9KOHOMHYCCKUX (Halpu-
Mep, pacCTOSTHUE 10 HACEJICHHBIX ITYHKTOB, OCIyWH-
CKUX OOIIMH M J1opor) napameTpoB. JlaHHbIe O cTOKe
OBLIH paCCYUTAHBI IO TAHHBIM 00 0cajKax ¢ MCIIOIb30-
BanueMm Metoaa SCS-CN. [[ist co3nanust KapThl IPUTO/I-
Hoctu ana CIIB ncnonb30Baquch METO B3BELICHHOM
THEeHHOW KoMOnHamu U Metox byiesa (puc. 2).

Omnpenenenne oNTUMATBHBIX MECT /ISl pa3MelleHust
coopy:xenuii CIB

Borunranue ucxonnoi [IMP u3 3anonmuaennoit [IMP
JaeT DIyOnHy BraauHbL. [TyOnHa BHaauHbL, OyIeBCKUHA
anamm3 u meron BJIK (B3BemeHHas JTMHEHHAS KOMOHWHA-
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Puc. 1. PacnionosxeHue 1 0CHOBHbIE XapakTepucTuky Baau Batup
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Puc. 2. Kapra npurognoctu C/IB. N3menenus, saecennsie E. Mocrada u ap. (2022)

1s1) ObUTH OOBEIMHEHBI JUIS ONPECNICHHS] ONITUMAITBHBIX
mect s coopyskernii C/IB. Mecra ¢ BbICOKOIH IPHTOIHO-
crbto st CJIB 1 cMeXHBIMY 30HAMH IEMPECCHH SBIISIOTCS
JydIIUMH MecTamu 11 coopyxenuii CJIB. Bynes noaxor,
co3maaHbd CuarXoM 1 1ip. [ 18], 11t onpeneneHus MecTo-
nonokeHus coopyxenuit CJIB omnpenensiercs: B mepByro
odepeib 3eMIICTIONIb30BaHIEM, XapaKTePUCTHKAMH TI0UYBBI
u Toriorpacgueii. Paccmarpusaemsie ¢ oopyxerns C/IB —
9TO O0OpaTHbIe IUIOTHHBI, (PepMEPCKHE MPYAbl U MEPKO-
JSILMOHHBIE pe3epByapbl (Ha 3emie U BIoJb pyubeB). Cy-
IIECTBYET JIBEHA/ALATh MECT, MOAXOAIINX I YCTAHOBKU
o0parsbIxX 1am0. Hansmyuiime mecra Jyist pa3MerieHs ep-
KOJISIMOHHBIX PE3EPBYapoOB BIIOJIb PyYbEB OOHAPY’KEHBI
B YETBIPHAIATH PAa3IMIHBIX MECTaX. 25,9 KM — IUIoIa b
pEervoHa, oAXo/sIIast Ui pa3MeIeHUsT Ha3eMHBIX TTepKO-
JSIIMOHHBIX pe3epByapoB. 1,34 km?> — wIeansHOE MECTO
Jutst hepMepcKux TpymnoB (puc. 3).

CocTasJjieHHe KapThl 0MACHOCTH HABOTHEHU

E. Mocrada [26] co3nai kapTy OIacHOCTH HaBOJHE-
HMH, UCTIOJIb30BAaHHYIO B IAHHOM HccleoBann. Lingpo-
Bast MOJIeNb pesibeda Obl1a odpadorana ¢ momorso ['NC
JUIsl OTIpezieieHsT MOP(OMETPUIECKUX XapaKTEPHCTHK
TeppUTOpUH HcclenoBaHUsA. Bomopasnen ObL1 pasze-
JIH Ha TTOJBOAOPA3/IEIIbI, M MOPSIOK OTOKOB B KaXKJOM
HOJBOIOpa3zene ObLI ONpefeseH ¢ IOMOILIBI0 METOAa
Crpastepa’. YsI3BUMOCTB K)K/I0TO MOJIBOJIOPA3/Ieia K BHE-
3aIHbIM HABOIHEHUSIM ObLiIa MCCIIEA0BaHA C TIOMOLIBIO
MeTozia MOpQOMETPUIECKOro parxkupoBanust. st mpu-
MEHEHHsI MOP()OMETPHUECKOro aHaIM3a UCIOIb30Ba-

nock 17 mapamerpoB. [lapameTpsl 3aBUCAT OT pa3MepoB
JPEHaXHOW ceTH u OacceiiHa, popMbI U MTOBEPXHOCTH
(Hampumep, MIOIIab, JIHHA OacceiiHa, KodP(UIUCHT
TEKCTYPBI, K0O3QOHUIIMEHT OKPYIIIOCTH, TNIOTHOCTh Jpe-
Ha)ka, 4acToTa I0TOKa, YKIIOH OacceiiHa u kod(huieHT

perbeda). Kak nmokazano Ha puc. 4, cTeNeHb OMacCHOCTH
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Puc. 3. Jloxanuzauus crpykryp CB. M3meneHus, BHeceH-

uble E. Moctada u ap. (2022) [17]

2 Strahler A.N. Quantitative geomorphology. Geomorphology. Encyclopedia of Earth Science. Springer, Berlin, Heidelberg,

1968. DOI: 10.1007/3-540-31060-6_304
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Puc. 4. Kapra onacHocTr BHe3anHbIX HaBoJHeHU. V3MeHe-
Hus, BHeceHHble E. MocTtaga (2022)

JIMBHEBBIX MABOJIKOB ObLIa OLIEHEHA U KJIacCU(UIMPOBaHA
Ha TpHU KJlacca: HU3KUH, YMEPEHHBINH U BBICOKHH.

BiiusiHue JIMBHEBBIX MABOIKOB HA PeaN3alHI0 KOH-
crpykumii C/IB

B cucreme 'MC xapra omacHOCTH JIMBHEBHIX ITa-
BOJIKOB ObLiIa paszesieHa Ha TPU YacTU B COOTBETCTBHU
CO CTENEHBIO ONACHOCTH. AHAJIOTUYHO, NIpEJIaracMble
koHCcTpykuuu CJIB Obutn pasmencHsl Ha TPU YacTH.
Kapra onmacHocTH OblTa creHepupoBaHa Kak 0a3oBast
KapTa, a cTpykrypsl C/IB OblIM HAJI0XKEHBI CBEPXY.
B 3aBrucHMOCTH OT CTENEHH OMacCHOCTH, 3TOT METOJ
MIO3BOJIHJI TTOJTyYUTh TPH PA3HBIX ClIydas. YCTaHOBKA
npemaaraemMbix coopyxkenuit C/IB Oblia mpuopurer-
HOH. bpin onpenienensr Hanbdosee MOAXOISAIINE COOPY-
JKEHUsI U151 cOOpa BOJIbI BO BPEMsI JIMBHEBBIX NIABOJIKOB.

PE3YJIBTATHI HCCJIEJOBAHUA

PC3yJ'II>TaTLI HCCIICAOBAaHNA pa3aCJICHbI HA TPU CITYy-
4gasd B COOTBETCTBHHU CO CTCIICHBIO OIMAaCHOCTH JIMBHEC-
BBIX ITaBOJKOB.

Koncrpykunun C/IB, pacnosiosxkeHHbIe B 30HAX ¢ HU3-
KOIi cTeneHbI0 ONACHOCTH JIMBHEBBIX MABOKOB

Teppuropust ¢ HU3KOW CTEIICHBIO OITACHOCTH JIMB-
HEBBIX MABOJIKOB cocTapisieT 19 % uccnemyemoit Tep-
putopuu [26]. BeisicHWIOCH, 4TO JBE 00paTHBIC TLIO-
THHBI U J[Ba NEPKOJISILIMOHHBIX pe3epByapa HaAXOISTCs
B MaJIOOTIaCHBIX 30Hax. Kpome Toro, 2,13 km? (8,22 %)
TUTOIIA M HAa3eMHBIX MMEPKOJISIIIMOHHBIX pe3epByapoB
u 0,11 xm? (8,21 %) rutormaan hepMepCKHx MpyI0B Ha-
XOJISATCS B 30HaX HU3KOH OMACHOCTH, CM. pHcC. 5 (Ta0m.).
DTU COOpYKEHUS HaUMeHee TIPUTOIHBI IS COOpa BOJBI
BO BpeMs JINBHEBBIX MaBOJKOB. [ToaToMy cTpouTess-
CTBO 3THX COOPYKEHUH JJOJKHO OBITH MTOCIIECHUM JTa-
oM pazsurtusi Bagu Batup.
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Puc. 5. Coopyxenust C/IB B ManoomnacHoii 30He

Koncrpykuuu C/AB, pacnoJio:keHHbIe B 30HAX yMe-
PEHHOI OIIACHOCTH JTUBHEBBIX NABOJKOB

E. Mocrada [26] yrounu, uro 44,2 % BomocOop-
Horo OacceiiHa Bagu Barup ymepeHHO ysS3BUMBI 1JIst
JUBHEBBIX MaBOAKOB. Kak moka3aHo Ha puc. 6, B 30He
YMEPEHHO! OITaCHOCTH JINBHEBBIX MTABOJAKOB HAXOIST-
Csl IATH TUIOTUH, CEMb MEPKOJISAIIMOHHBIX PE3ePBYapoB,
12,62 xm? (48,73 %) miommaau st HA3eMHBIX MEPKO-
JISIIMOHHBIX pe3epByapoB u 0,75 km? (55,97 %) mioma-
i pepMepckux npynoB (Tadm.). [IpumepHo momoBrHA
npenaraeMsix coopyskenuit C/IB HaxoauTcs B 30HaX
YMEpPEHHOH ONacHOCTH. B cirydae BHE3aITHOTO HaBO-
JTHEHUS BEPOSTHOCTh UCIOJIB30BAaHUSA 3TUX COOpYKe-
HUN U1 cOopa BOABI BO3pacTaeT. Peamm3anus 3TuX
CTPYKTYpP JOJKHA CTaTh BTOPHIM MPHOPUTETOM IpPU
pa3paboTKe HaNpaBIEHHsI UCCIECIOBAHUI.

Coopy:xenns C/IB, pacnoJio:keHHbIe B 30HAX € BbI-
COKO¥i CTeNEeHbI OMACHOCTH JUBHEBBIX MABOJIKOB

TeppuTopusi ¢ BBICOKON CTENEHbI ONACHOCTH
JUBHEBBIX MAaBOJIKOB cocTaBisieT 36,8 % BomocbOopa.
[14Th TIOTHH, MATH MEPKOJIANHOHHBIX PE3epBYyapoB,
11,15 kM? myI0IIa i Ha3eMHBIX MEPKOJIAIUOHHBIX Pe-
3epByapoB u 0,48 km? momanu GepMepeKux MpyaIoB
PaCIOJIOKEHBI B 30HE BBICOKON CTENEHM OMACHOCTH
JUBHEBBIX MTABOJKOB, KaK MOKa3aHO Ha puc. 7 (Tadm.).
Coopyxenust CIIB B 3TOM paiioHe SBIISIOTCS HanOoIee
MOIXOIAIIUME 1151 cOOpa BOIBI B CIIydae JINBHEBOTO
naBonka. PazButue BomocOopa Bamu Batup momxuo
HAYMHATHCS C ATOTO PETHOHA.

3AKJIIOYEHUE U OBCYXJIEHUE

B HacrosiiiieM UCCIICIOBaHN M U3Y4allOCh BIMSHUE
CTETICH! OMACHOCTH JINBHEBBIX ITABOJIKOB HA BBIMTOITHE-
Hue xoHctpykiuit C/IB mans Bomoc6opa Bagu Batup
(Cunaiickuit momyoctpos, Erumer). O6bequHeHNE Kap-
torpadupoBanus npurogaoctu C/IB u onacHOCTH JTUB-
HeBbIX MaBoAKoB B cucteMe [ IC 6bu10 3 PekTHBHBIM
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Puc. 6. Coopyxenust C/IB B 30He yMepeHHOH 0IIaCHOCTH

Puc. 7. Coopyxenust C/IB B 30HE MOBBIILICHHON OMTACHOCTH

Pacnipenenenue coopyxenuit coopa noxaeBoit Bojsl (C/IB) mo creneHu onacHOCTH

Hasemusble depmepckue
Crenenb Paznenenue IIepkonsiunoHHbIE Kountposbubie
OIIaCHOCTH 10 IUIOLIAa 1 TICPROTALHONHKIE TIPYAbI pe3epyapsr (14) rotuHbI(12)
pesepByapsi (25,9 km?) (1,34 xm?)
2,13 km? 0,11 km?
2 0, > >
Huskas 680,2 xkm? (19 %) (8.22 %) (8.21 %) 2 2
VMenerias 1582.4 km? 12,62 xm? 0,75 xm? 7 5
P (44,2 %) (48,73 %) (55,97 %)
Bhicokas 1317,4 xkm? 11,15 xkm? 0,48 xkm? 5 5
(36,8 %) (43,05 %) (35,82 %)

METOZIOM U TO3BOJIMJIO TOCTHYb OCHOBHBIX LIEJIeH HC-
cIie1oBaHust. MeTo/| onpeesnl epUOIN3aIHI0 Pa3BU-
THSI UCCIIEAYEMON TEPPUTOPHUH BO BPEMsI JINBHEBBIX ITa-
BozKOB. [Ipornece pazsutust Bagu Barup Obu1 paznenen
Ha TpH (a3l B COOTBETCTBUH CO CTEIICHBIO ONACHOCTH
JIMBHEBBIX MTABOJKOB CIEAYIOIINM 00pa3om:

* ¢aza I: peanuzanus koucrpykuuii C/IB, pac-
MIOJIOKEHHBIX B PETMOHAX C BBHICOKOHM CTENEHBIO OIlac-
HOCTH. DTa 00JIACTh BKJIIOYACT 5 MEPKOIAMUOHHBIX
pe3epByapoB, 5 oOparHbix gaM0, 11,15 km? muromaau
Ha3eMHBIX MEPKONAIHOHHBIX pe3epByapoB u 0,48 km?
Ut pepMEPCKUX MPYAO0B. DTH COOPYKEHHST ONTHMAITb-
HBI JUTs cOOpa BOJIbI BO BPEMsl JINBHEBBIX MABOJIKOB;

* ¢aza II: cTponuTeNILCTBO COOpPYKEHNH B 30HAX yMe-
PEHHOM OITAaCHOCTH. TO 7 NMEPKOIALMOHHBIX PE3EPBYapOB,

5 o0patHbIx 1aM0, 12,62 KM? Uil HA3EMHBIX MEPKOJISIIH-
OHHBIX pe3epByapoB u 0,75 km? st pepMepcKHX Ipy/IoB;

* (paza III: ycTaHOBKa COOpY>KEHHI B Majoomac-
HBIX pailoHaX, KOTOpas BKJIOYaeT B ceds JBa MEpKO-
JSIUOHHBIX pE3epByapa, IBE KOHTPOJBHBEIE JAaMOBI,
2,13 kM? 1St HA3EMHBIX MTEPKOJIAIMOHHBIX PE3EPBYapOB
u 0,11 xM? 17151 hepMepCKuX IPYAOB.

Pe3ynpTaThl JAaHHOTO HCCIEIOBaHUS MOMOTYT
JIMLAM, bl TPUHUMAIOIIUM PELICHUs, pa3paboTars IIaH
pasButus Bagu Barup. Brenpenne cuctem C/IB nume-
€T pa3INnYHbIE YKOJIIOTHUECKUE U COLUATbHO-IKOHOMHU-
YeCKUe MOCIEACTBUS, TOATOMY MOCIEICTBHS JOJKHBI
OBITH TOYHO M3y4deHBI. Kpome TOTO, CTPOUTEIHCTBO
crpoernii C/IB TpeOyeT pa3nuuHbIX JeTaIbHBIX HCCIIe-
JIOBaHUIl, TAKUX KaK MOJEBbIE U3bICKAHUSI.
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Brrao asmopos:

Eszenoun M. — xonyenyus ucciedoganus, pazgumue mMenmoooiocu, yiacmue 8 paspadomre yueOHbIX npOSPamm u ux
peanuzayuu, HanUCaHue UCXOOH020 MEKCMA, UMOo208ble 8blG00bL.

Cunuuenxo E.K. — konyenyus uccneoosanus, dopabomxa mexkcma, umoz2ogule 8bl800bl, HAYUHOE PYKOBOOCMEO.

Tpuyyk U.U. — koHyenyus ucciedosanus, yuacmue 6 paspabomie yueOHblX nPOSpamMm U ux peanuzayui, dopabomra
mekcma, umo206bie 8bi800bI.

Asmopul 3as61510m 06 OMcymcmeuu KOHGIUKMa uHmepecos.

INTRODUCTION

The majority of people on Earth experience water
challenges, according to reports from the United Na-
tions and other numerous researches [1, 2]. The main
reasons of water scarcity, particularly in dry regions,

are population expansion, climate change, and global
warming [3-5]. Therefore, it is necessary to look for
alternative water sources. Rainwater harvesting (RWH)
is a useful and dynamic answer to the water issues that

exist in many parts of the world. RWH is an effective
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way to collect freshwater, recharge groundwater, and
lessen the risk of flash floods [6-9].

Fires and flash floods are primarily caused by
climate change and global warming. Flash floods are
extremely dangerous because they happen suddenly
and unpredictably. Flash floods threaten both peo-
ple and property [10]. Infrastructure, geography, and
geomorphology all have an impact on flash floods'.
Geomorphic studies were carried out to enhance flood
mitigation strategies and demonstrate the value of geo-
morphic studies in planning [11, 12].

For RWH suitability and flood hazard mapping,
the two primary methodologies employed are geographic
information systems (GIS) and remote sensing (RS).
They have been employed in a variety of studies [13—18].
In addition, GIS and RS are now the key instruments
for geoenvironmental risk assessment and the princi-
pal data source for hazard evaluation [10, 19]. The soil
conservation service-curve number approach (SCS-
CN), hydrological modelling (HM), and multi-criteria
analysis (MCA) are coupled to identify RWH suitability
[9, 18, 20, 21]. Planning and decision-making in any area
of study are supported by such investigations [22].

Egypt is a dry country with high rates of evapora-
tion and little precipitation. Egypt is experiencing a wa-
ter shortage issue as a result of its expanding popula-
tion and scarce water supplies. As a result, the Egyptian
government is making a search for novel solutions to
the water crisis, such as RWH. Climate change also
caused severe flash floods in various parts of Egypt,
particularly in the Sinai Peninsula. The research area
(Wadi Watir, Sinai, Egypt) is an arid region. Water is
scarce in Wadi Watir, farming and grazing have got-
ten worse. Due to the region's rugged terrain and high
heights, it is also susceptible to flash floods. Periodi-
cally, flash floods happen in Wadi Watir.

The Wadi Watir watershed has been the subject
of various studies because of its importance. Alzayed et
al. [23] assessed the probability of water collection using
GIS and HM. They calculated how much water may be
gathered. The potential of RWH was studied by integrat-
ing RS, GIS, WMS, and AHP [9]. Locations for RWH
structures (cisterns and dams) were suggested. Cools
et al. [24] created a flash flood early warning system. Ad-
ditionally, a geospatial flash flood risk assessment was
carried out in the Nuweiba region by Sara et al. [25].

Using GIS techniques, Mostafa et al. [17] deter-
mined Wadi Watir’s suitability for RWH. The opti-
mum locations for RWH structures were determined.
The suggested structures were percolation tanks, check
dams and farm ponds. The risk of flash floods in Wadi
Watir was studied by Mostafa [26]. For each sub-wa-
tershed, the hazard degree was estimated an divided
into three classes: high, moderate, and low. the results

of the two previous investigations were utilised as
the initial data for this study.

To the authors’ knowledge, the impact of flash
floods on the implementation of RWH structures hasn’t
been discussed before. Therefore, this research aims to
pertiorize the installation of RWH structures according
to the flash flood hazard degree. Exploiting the occur-
rence of flash floods is one of the study’s objectives in
order to maximize the amount of water harvested and
reduce the risk of flash floods.

MATERIALS AND METHODS

Study area

The research area of the current study is Wadi Wat-
ir. It is located on the Sinai Peninsula in Egypt, between
longitude 33°53" and 34°44' E and latitude 28°46" and
29°33" N. It is regarded as the most significant water-
shed in Aqaba Golf. Nuweiba City lies at the outlet
of the watershed. It is an important tourist and com-
mercial city, as its harbor links Egypt, Jordan, and Saudi
Arabia. Therefore, the Wadi Watir watershed has been
studied at different times [9, 17, 25-28] (Fig. 1).

The residents of Wadi Watir are suffering from wa-
ter shortage issues, and as a result, they are losing sheep
and crops. The rapid climate change in Sinai exacer-
bates the water crisis as the average temperature rises
and the amount of precipitation drops [3]. The eastern
tectonic rift in Sinai is where Wadi Watir was created.
The tectonic rift is identified by a series of shear faults
that produce structurally prolonged downfault rift val-
leys. The primary groundwater sources in Wadi Watir are
the El Shiekh Attia canal and Furtaga Springs. The wa-
tershed reservoir is created by groundwater infiltration
through faults, joints, and cracks [9, 29]. Therefore, it is
crucial to conduct experimental investigations on the soil
texture of every study region [30, 31]. The research area
receives 200 million m? of rain annually, and its eleva-
tions range from 4 to 1630 m above sea level [28].

Data collected

The source data for the current study was collected
as follows:

* the RWH suitability findings were obtained from
Mostafa et al. [17];

* the results of the flash flood hazard assessment
were used after Mostafa [26].

The Identification of RWH suitability

The RWH suitability of Wadi Waitr was identified
via a combination of GIS, RS, MCA, and HM [17].
Eleven biophysical (e.g., land use, basin area, slope,
and runoff) and socioeconomic (e.g., distance to built-
up areas, Bedouin communities, and roads) parameters
were used. The runoff data was calculated from the pre-
cipitation data using the SCS-CN method. The weighted

! Saleh A.S. Flash floods in deserts. A geomorphic study of desert Wadis Institute of Arab Research, Special Studies Series.

1989; 51:1-93.
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Fig. 1. The location and main characteristics of Wadi Watir

linear combination method and the Boolean technique
were used to create the RWH suitability map (Fig. 2).

Identification of the optimum locations for the RWH
structures

Subtracting the initial DEM from the filled DEM
gives the depression depth. The depression depth,
Boolean analysis, and WLC method were combined
to locate the optimum sites for RWH structures. Loca-
tions with high suitability for RWH and contiguous
depression zones are the best sites for RWH structures.
The Boolean approach, created by Singh et al. [18], for
locating RWH structure is primarily determined by land
use, soil characteristics, and topography. The considered
RWH structures are check dams, farm ponds, and per-
colation tanks (on the ground and along streams). There
are twelve locations that are suitable for check dams.
The best locations for placing percolation tanks along
the streams are found to be at fourteen different locations.
25.9 km? is the area of the region thought to be appropri-
ate for on-ground percolation tanks. 1.34 km? is the ideal
space for farm ponds (Fig. 3).

Flash flood hazard mapping

Mostafa [26] created the flash flood hazard map
used in the current research. The digital elevation
model was processed using GIS to ascertain the re-
search area’s morphometric properties. The watershed
was divided into sub-watersheds and the stream orders
of each sub-watershed was determined using the Strahl-
er method?. The vulnerability of each sub-watersheds to
flash floods was investigated using the morphometric
ranking method. Seventeen parameters were used to
apply the morphometric analysis. The parameters vary
between the drainage network and basin dimensions,
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shape, and surface (e.g., area, basin length, texture ratio,
circularity ratio, drainage density, flow frequency, basin
slope, and relief ratio). As shown in Fig. 4, the hazard
degree for flash floods was estimated and classified into
three classes: low, moderate, and high.

The effect of flash flooding on the implementation
of RWH structures

In a GIS environment, the flash flood hazard map
was separated into three parts according to the haz-
ard degree. Similarly, the proposed RWH structures
were divided into three sections. The hazard map was
generated as a base map, and the RWH structures
were overlapped at the top. Depending on the degree
of hazard, this method produced three distinct cases.
The installation of the proposed RWH structures was
prioritized. The most suitable structures for water
harvesting during flash floods were identified.

RESULTS OF THE RESEARCH

The results are separated into three cases accord-
ing to the flash flood hazard degree.
RWH structures located in low-hazard areas for
flash floods

The low-hazard area for flash floods represents
19% of the study area [26]. It is found that two check
dams and two percolation tanks are in low-hazard areas.
In addition, 2.13 km? (8.22 %) of the space of the on-
ground percolation tanks and 0.11 km? (8.21 %)
of the farm pond area are in low-hazard areas, see
Fig. 5 (Table 1). These structures are the least suitable
for water harvesting during flash floods. Therefore,
the construction of these structures should be the last
phase of the development of Wadi Watir.

2 Strahler A.N. Quantitative geomorphology. Geomorphology. Encyclopedia of Earth Science. Springer, Berlin, Heidelberg,

1968. DOI: 10.1007/3-540-31060-6_304
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RWH structures located in moderate-hazard areas
for flash floods

Mostafa [26] clarified that 44.2 % of the Wadi W
atir watershed is moderately vulnerable to flash floods.
As shown in Fig. 6, the moderate area for flash
floods contains five check dams, seven percolation
tanks, 12.62 km? (48.73 %) of space for the on-ground
percolation tanks, and 0.75 km? (55.97 %) of farm
pond area (Table 1). Approximately half of the pro-
posed RWH structures are in moderate-hazard areas. In
the event of a flash flood, the likelihood of these struc-
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tures for water harvesting increases. The implementa-
tion of these structures should come as a second priority
during the development of the research area.

RWH structures located in high-hazard areas for flash
floods

The area with high hazard degree for flash floods
accounts for 36.8 % of the watershed. Five check dams,
five percolation tanks, 11.15 km? of the on-ground perco-
lation tanks, and 0.48 km? of the area of the farm ponds
are located in high hazard region for flash floods, as
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Fig. 4. The flash flood hazard map. Modified after Mostafa [26]

shown in Fig. 7 (Table 1). The RWH structures in this
area are the most suitable for water harvesting during
the event of a flash flood. The development of Wadi Wat-
ir watershed should start from this region.

CONCLUSION AND DISCUSSION

The current research studied the effect of flash
flood hazard degree on the execution of the RWH struc-
tures for the Wadi Watir watershed (Sinai Peninsula,
Egypt). Merging the RWH suitability and the flash flood
hazard mapping in a GIS environment was an effective
method and achieved the main goals of the research.
The method identified the periodization of the study ar-
ea’s development during flash floods. The development
process of Wadi Watir was divided into three phases ac-
cording to the hazard degree for flash floods as follows:

* phase I: the implementation of RWH structures
that are located in high-hazard regions. This area
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Fig. 6. The RWH structures in the moderate-hazard area
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includes 5 percolation tanks, 5 check dams, 11.15 km?
of the area of the on-ground percolation tanks, and
0.48 km? for farm ponds. These structures are optimal
for harvesting the water in flash floods;

» phase II: the construction of structures in
moderate-hazard areas. They are 7 percolation tanks,
5 check dams, 12.62 km? for the on-ground percolation
tanks, and 0.75 km? for farm ponds;

 phase III: the installation of the structures in
low-hazard regions, which involves two percolation
tanks, two check dams, 2.13 km? for the on-ground
percolation tanks, and 0.11 km? for farm ponds.

The findings of this study will help the decision
makers arrange the development plan of Wadi Watir.
The implementation of RWH systems has different en-
vironmental and socio-economic impacts, therefore,
the consequences should be studied accurately. In addi-
tion, the construction of RWH strictures requires differ-
ent detailed studies, such as field surveys.
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Fig. 7. The RWH structures in the high-hazard area
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The distribution of RWH structures according to hazard degree

Hazard S On-ground Percolation tanks Farm ponds Percolation
degree Area division (25.9 km?) (134km?) | tanks (14) | Checkdams(12)
Low 680.2 kn? 2.13 kn?? 0.11 km? ) )
(19 %) (8.22 %) (8.21 %)
1582.4 km? 12.62 km? 0.75 km?
Moderate (44.2 %) (48.73 %) (55.97 %) 7 >
. 1317.4 km? 11.15 km? 0.48 km?
High (36.8 %) (43.05 %) (35.82 %) 3 >
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Pacxoa TenioBoil SJHePruM HA BpeMeHHOe OTOIJICHH e
3aKOHYCHHbIX BYCPHE CTAHIMH METPOIOJIUTEHA
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AHHOTALUMUA

BeepeHue. [Npu cTponTensCTBE OGHLEKTOB METPOMONUTEHA BbIMNOMHEHWE apXUTEKTYPHO-OTAENOYHbIX U MOHTaXHbIX paboT
HaYMHaEeTCs 40 3aBEpLUEHMS] OCHOBHbIX KOHCTPYKLMIA. B 3TO Bpemsi NoAKIoYeHne K CETAM MOCTOSIHHOIO TennocHabxeHus
OTCYTCTBYET, MO3TOMY AN COOMIOAEHMS TEXHONMOMMN NPOn3BOACTBa paboT HEOOXOAMMO NMPUMEHEHNE BPEMEHHbIX UCTOY-
HVKOB TennoTbl. OTCYTCTBME KOHKPETHBLIX CBEAEHMI MO TPeOyeMbIM MOLLHOCTSIM TakUX UCTOYHUKOB AernaeT HEBO3MOXHbIM
NPOrHo3NpoBaHne (UHAHCOBbLIX 3aTPaT, YTO SBMSAETCS CYLLEeCTBEHHbIM AN noapsayvkoB. Llenb nccnegosaHuss — onpege-
NeHvie yaenbHOW BEMUYUHBI PacXoda TEMMOBOM SHEPrUM Ha OTOMIIEHNE CTaHLMIA METPONONIUTEHA, CTPOUTENBCTBO KOTOPbIX
BbIMOHSIETCS OTKPbITbIM CMIOCOGOM, B 32aBUCHMOCTM OT pasfUyHbIX TeMMepaTyp Hapy>KHOro BO3AyXa, 3aBepPLUEHHOCTUN CTPO-
UTENbCTBA, MMYOVHbI 3arNoXeHNs CTaHUMK, a Takke CTPOUTENbHOMO obbema CTaHUMK.

MaTepuanbl U MeToAbl. TennoBble MOTOKU BbIYMCIIEHbI C MOMOLLBI MaTeEMaTUYeCKOro MOAENMPOBaHNSA CTaLMOHAPHOIO
TEMOBOro pexuma. AHanm3bl pe3ynsTaToB pacyeToB U HOPMATUBHbIX AAHHbIX BbIMOMHEHbI B COOTBETCTBUM C MOMOXEHVUSIMM
TEOPUM BEPOSITHOCTM U MaTeMaTUYeCKON CTaTUCTUKU. BblumMcneHns Koadh UMEHTOB 1 HArpy3oK NpoBeAeHb! Mo obLienpu-
HSTBIM YPaBHEHUSIM 1 3aKOHaM TennioMaccoobmeHa. KnumaTnyeckue AaHHble 1 napamMeTpbl MaTepuarnoB NPUHMMAOTCS Mo
[EeNCTBYOLLMM HOPMATUBHBIM JOKYMEHTaM.

PesynbraThbl. BbluncneHbl 3HaueHVs yaenbHO TEMMOBO XapaKTEPUCTUKUN CTaHLIMA METPOMONUTEHA, COOPYKaeMbIX OTKPbI-
TbIM CMOCOGOM, B 3aBUCMMOCTU OT 06 bEMHO-MITAHNPOBOYHbLIX M KOHCTPYKTUBHBIX PELLUEHWI, COCTaBa HapYXXHbIX Orpaxae-
HWI, a TaKKe CTaAuN 3aBepLUEHNS CTPOUTENbCTBA (B TOM YMCIE HANMWMYUSl UMW OTCYTCTBUSI 0GpaTHOW 3acbinku). PacyeTHas
HOpMa pacxofa TenroBoW 3HEPTUM HA BPEMEHHOE OTOMEHNE 3aKOHYEHHOV BYEPHE CTaHLUM METPOMOSIUTEHA, COOpYKae-
MOV OTKpPbITbIM criocobom, coctaensiet 3,87 kan/(1000 m3-mec).

BbiBogbl. MpeanoxeHbl HOPMbl Ha BpEMEHHOE OTONJIeHNe (KONMYECTBO TEMOBOW SHEPTMM) AN CTaHLMI METPONoNnnTeHa,
coopy’KaeMbiX OTKPbITbIM croco6omM. OnpeneneHbl TeNMoBble 3aTpaTbl Ha obecnevyeHne 3aaHHbIX NapamMeTpoB BO3AyXa,
OTHECEHHbIe K eauHuLEe obbeMa 1 HeobxoauMble AN NPOU3BOACTBA CTPOUTESNbHBIX Y MOHTaXHBIX paboT BHYTPY CTaHLMM
B TEYEHUE OTOMUTENBLHOrO Nepuoaa.

KIMKOYEBBIE CITOBA: TennoBas aHeprusi, BpeMeHHOe OTOMNfIeHne, TENNoBas XxapakTepucTrka, TPaHCMUCCUOHHbIE Tenno-
noTepw, MHUINBTPALMOHHbIE TENONOTEPU, CTAHLMSI METPOMONUTEHA

onAa UWMTUPOBAHWUA: Capecsit C.B., MaszeuH C.B. Pacxop TensoBoi 3Heprum Ha BpeMeHHOE OTOMNeHNe 3aKOHYEHHbIX
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ABSTRACT

Introduction. During construction of underground facilities, architectural, finishing and installation works begin before the
completion of the main structures. At that time, there is no permanent heating network connection and therefore temporary
heat sources must be used to ensure compliance with the works technology. The lack of specific information about the
required capacity of such sources makes it impossible to forecast the financial costs, which is essential for contractors.
The purpose of the study is to determine the specific value of heat energy consumption for heating underground stations,
construction of which is carried out by open method, depending on different outdoor temperatures, construction completion,
depth of station installation, as well as the construction volume of the station.

Materials and methods. Heat flows have been calculated by means of mathematical modelling of a stationary thermal
regime. Analyses of calculation results and normative data have been performed in accordance with the provisions of
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probability theory and mathematical statistics. Calculation of coefficients and loads are carried out according to generally
accepted equations and laws of heat and mass exchange. Climatic data and material parameters are taken according to
current normative documents.

Results. The values of specific thermal performance of open-cut metro stations depending on space-planning and design
solutions, composition of external envelopes, as well as the stage of construction completion (including the presence or
absence of backfill) are calculated. Estimated rate of heat energy consumption for temporary heating of open cut metro
station is 3.87 Gcal/(1,000 m3-month).

Conclusions. Temporary heating norms (amount of heat energy) for open-circuit metro stations have been proposed. Heat
costs for ensuring the specified air parameters, referred to a unit volume and required for construction and installation works
inside the stations during the heating period, are determined.

KEYWORDS: thermal energy, temporary heating, thermal performance, transmission heat loss, infiltration heat loss, metro
station
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BBEJIEHUE

[Ipu cTpouTenbcTBe 0OBEKTOB METPOIIOIUTEHA
C y4eToM rpadyika CTpOUTEIHCTBA BHITIOIHEHHE apXH-
TEKTYypPHO-OTAEIOYHBIX U MOHTaKHBIX pabOT HaYNHAET-
Cs1 JI0 3aBEpIICHUS padOT MO OCHOBHBIM KOHCTPYKIHSM
U TIPU OTCYTCTBHUHM TIOAKIIIOUEHHSI K CETSAM ITOCTOSIHHOTO
TEIUIOCHAOXKEHHSI, YTO TPeOyeT NMPUMEHEHHs BPEMEH-
HBIX MCTOYHHMKOB TEIJIOTHI (TENJIOTreHepaTopsl HIIN
anekTpokaitopudepsl) B xonoauslit nepuos. [Tomyuye-
HUE yJeIbHOM BEeIMYUHBI pacxojia TEIIOBOH 3HEpPTruu
Ha BPEMEHHOE OTOIUICHHE CTAHIMI METPOIOIUTEHA,
CTPOUTENBCTBO KOTOPBIX OCYIIECTBISAETCS OTKPBITHIM
CrI0co00M, TTO3BOJIUT OTIEPATHBHO OIPEJIEISTh BETUUH-
Hy pacxojia TEeMJIOBOM YHEPTUH 3aBEPIICHHBIX BUEPHE
CTaHIIMI METPOIOJIUTEHA.

TeMa cTpouTenbCTBA METPOMOIUTEHA, HECMOTPS
Ha BBICOKHI YpOBEHb OTBETCTBEHHOCTH M CIIOKHOCTH
COOPY>KEHUI1, Ipe/ICTaBIeHa B OT€UECTBEHHBIX NEPUO-
JUYECKUX U3AAHUAX JOCTaTOYHO ckpomHO. Hanboms-
I1ee KOJIMYECTBO MyOIHMKAIUil MTOCBSIIEHO BOIIPOCaM
TeOTeXHHKH [1—5] ¥ HEKOTOPBIM MPUKJIIaJHBIM Mpo0Jie-
MaM, Kak, HalpuMmep, poTHBOieiicTBHe BHOparuu [6]
U BIIMSTHUE Ha 3acTpouiky [7, 8]. Psaa pabor packpbeiBaet
BOTPOCHI, CBA3aHHBIE C ONTUMM3AlHUEN MacCakUpoIo-
Toka [9, 10], ¢ pemenreM mpuxiIaaHbIX 3a1a4 [11-13],
a TaKke HEKOTOPbIE aCMeKThl HETEXHUYECKOTO Xapak-
tepa [14—18]. ObnacTu Teriora3oCHa0KeHHs U BEHTH-
JISIIIUH, B KOTOPBIX pacCMaTpHBAIOTCSl BOMPOCH! OPraHuU-
3aIlK BO3yX000MeHa Ha CTaHIMSIX, MOCBSIIEHO MaJlo
Tpyaos [19-21].

Lens uccnenoBanust — ompeeNeHne yaeabHON
BEJIMUMHBI PACX0/ia TEMJIOBOM SHEPTrUU Ha OTOIICHHE
CTaHIMI METPOIONHUTEHA, CTPOUTEIBCTBO KOTOPBIX
BBIIOJIHSAETCSI OTKPBITBIM CIIOCOOOM, B 3aBUCUMOCTH
0T pa3IMYHBIX TEMIIEPATyp HAPY>KHOTO BO3/yXa, 3aBep-
IIEHHOCTH CTPOMTENBCTBA, TITyOUHBI 3aJI0KEHUSI CTaH-
1M, & TAK)KE CTPOUTEIBHOTO 00beMa CTaHIUH.

3anaun:

* HCCJIe[OBaHUE KOHCTPYKTHUBHBIX 3JIEMEHTOB
CTaHLIUN METPOIOIUTEHA, CTPOUTENBCTBO KOTOPHIX BbI-
TIOJTHSIETCSI OTKPBITHIM CIIOCOO0M;

* ompeseNeHre TPAaHCMUCCHOHHBIX TEIIONOTEPh
W 3aTpaT Ha HarpeB MHQWIBTPALNOHHOTO (BEHTHIIS-
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LII/IOHHOFO) BO3ayXa B 3aBUCUMOCTHU OT TCXHUYECKOT'O
COCTOSIHUS SJIEMEHTOB HAPYKHBIX OTPAKAAFONINX KOH-
CTPYKIMI CTaHIIUH METPOIIOIUTEHA, CTPOUTEIHECTBO
KOTOPBIX BBIIOJHSETCS OTKPBITBIM CIIOCOOOM;

* YCTaHOBIIEHUE MPOHU3BOAUTEIBLHOCTH CHUCTEM
OTOIIJICHUS C YYETOM pacxoja TeIUIOTHl Ha HAaIPEeB BEH-
THIISIIMOHHOTO (MH(MIIBTPUPYIOIIETOCs) BO3YXa;

* OIpeJelieHne CTaTUCTUYECKU-aHATUTHYECKUM
METOIOM BEJIMYMHBI YAEIBHOM TEINIOBOM XapakTe-
PHUCTHKH CTAaHIIUH METPOIOIUTCHA B 3aBHCUMOCTH
OT IPUHSTON KJIaCCU(HUKAIIMY U 3a]JaHHBIX TTApPaMETPOB
BO3/IyXa;

°* pacyeThl TPAHCMHICCHOHHBIX TEIUIOBBIX TOTOKOB
C TTOMOIIBI0 MaTEMaTH4YECKOTO MOJICIIMPOBAHHS;

* BBISIBJICHHEC 3HAUCHUS y}:[eﬂbHOﬁ TEIJIOBOM Xa-
PaKTEePUCTUKHN CTaHIUN METPOMOIUTECHA, CTPOUTENb-
CTBO KOTOPBIX OCYIIECTBISICTCS OTKPBITBIM CIIOCOOOM,
B 3aBUCHUMOCTH OT OOBEMHO-TNIAHUPOBOYHBIX M KOH-
CTPYKTHUBHBIX PEHICHHH, a TaKKe COCTaBa Hapy>KHBIX
OTPaXIAOIMNUX KOHCTPYKIHH, CTaIUN 3aBEPIICHUS
CTPOUTENBCTBA (B TOM YHCIIE HAJIMYHS WIIH OTCYTCTBHS
00paTHO# 3aCBINKN) U CTPOUTEILHOIO 00beMa 00bEKTa;

* OmpeneneHne HOPMBI Ha BPEMEHHOE OTOTICHHEC
(KOTMYECTBO TEMJIOBOW M JIEKTPUYECKON DHEPTHH)
CTaHIll/Iﬁ METPOIIOJIUTCHA OT BPEMCHHBIX UICTOYHUKOB
OTOTICHUS B 3aBUCHMOCTH OT 00BEMHO-TUTAHUPOBOY-
HBIX ¥ KOHCTPYKTHUBHBIX PEIICHUN M 3aJJaHHBIX Iapa-
METPOB BO3/yXa;

* OIpe/IeJIeHHE 3aTpaT TeIJIOBOM YHEPTUH Ha 00e-
CTIiedeHHE 3aJaHHbIX MTapaMeTPOB BO3IyXa AJIS IPOU3-
BOJICTBA BHYTPH COOPY)KEHUH CTPOUTEIHHBIX U MOH-
TaXXHBIX pa0dOT B TEYCHHE OTOMUTEILHOTO MMEPHOJIA C
10 oktsi6pst mo 10 ampesns, OTHECEHHBIX K EIUHUIIES
CTPOHTEIBHOTO 00beMa.

[To pacnoioKeHnI0 OTHOCUTEIBHO YPOBHS 3eMIIH
CTaHIIMM METPOIOJIMTEHA MO/IPA3ACISIOTCS Ha dCTa-
KaJHbIe, Ha3eMHEBIe, moa3eMHble. [lon3eMHbIe cTaH-
LIMOHHBIC KOMIUIEKCHI MOTYT COOPYKaTbCsl OTKPBITHIM
CIoco0oM B KOTJIOBaHax [22], MOTY3aKPBITHIM CITOCO-
60M 0e3 BCKPBITHS THEBHOM MMOBEPXHOCTH TpyHTa [23],
3aKpBITEIM CTIOCO00M padoT [24].

B pamkax Hay4HO-TEXHHYECKOTO COIPOBOXKJICHHUS
MIPOEKTUPOBAHUSA U CTPOUTEIHCTBA MOCKOBCKOTO Me-
TporonuTeHa [25] Ha o0bexTe «BOCTOUHBIN ydacTok
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TpeTsero nmepecagodHoro KoHTypa ctanuus «Kammp-
ckas” — crannua “KapagapoBo™» mpemycmarpuBaioch
OIIpPEACIICHUC HOpMaTI/IBHOi/’I BCJIMYMHBI HA BPpEMEHHOC
OTOIUICHUEC OT BPEMEHHBIX UCTOYHHUKOB TC]'IJ'[OCHa6)Ke-
HHUA 3aKOHYCHHBIX BUCPHE CTaHHI/Iﬁ METPOITOJINTEHA, CO-
OPYKCHUE KOTOPBIX BBITIOJIHACTCA OTKPBITHIM CHOCO60M.

MATEPHAJIBI U METO/JAbI

KOHCTpYKTUBHBIE 3IEMEHTHI CTAaHIIUI METPOTIOH-
TEHa, COOPYKEHHE KOTOPHIX BBIMOIHAETCS OTKPBITHIM
Croco0oM, pasJielieHbl Ha YeThIPE IPYIIIbL: IIOKPHITHE —
BEpXHEE NMEePEKPBITHE CTAHIIUN METPOIIOIUTEHA; CTEHBI;
IOJI 110 TPYHTY; KOJOHHBI. OCHOBHON KOHCTPYKIIMOH-
HBII Marepuas — xejae300eToH. Pacyer Temionorepsb
yepe3 OTpakaaronine KOHCTPYKIUHU (CTEHBI U T0JM)
B IPYHTE IIPOBOJUTCS B COOTBETCTBHM C HOPMAaTUBHOM
nuteparypoit [1]. TemionpoBOAHOCTh TPyHTA km, rpa-
HUYaIero ¢ GyHAaMEeHTOM CTaHI[MH METPOIOINTEHA,
B pacyerax npuHsita pasuoit 1,6 Br/(m-K) (6a3oBas
pacdeTHas TEIIONPOBOAHOCTh rpyHTa). OnpeneneHue
BEJMYMUH TPAHCMHMCCHOHHBIX M MH(HUIBTPALMOHHBIX
(BEHTWISIIMOHHBIX) TEIJIONOTEPh OCYILECTBIIACTCS IS
XapaKTEepHOH CTaHIIMKM METPOIOJUTEHA, BHIOPAHHOM
Ha OCHOBaHUM OOOOILICHHBIX apXUTEKTYPHBIX JJAHHBIX
[IPOCKTUPYEMBIX U JEHCTBYIOIIUX CTAHLUN METPOIO-
nuteHa. Ha puc. 1 npejcTaBieH momnepeyHsiil pazpes
XapaKTEepHOH CTAHI[MKU METPOIOIUTEHA.

ITonepeunslii pa3pe3 XapaKTepHOU CTaHLIUM Me-
TPOTIOJIUTEHA, BBIIOIHAEMON OTKPBITBIM CIOCOOOM
0e3 00paTHOI 3achINKH, MTOKa3aH Ha puc. 2. Ha puc. 3
IIPUBE/CH NIOIEPEUHBIN pa3pe3 XapaKTEePHOU CTaHLIUU
METPOIIOJIUTEHA, BHIITOJIHIEMOW OTKPBITBIM CIIOCOOOM
paboT ¢ 00paTHOI 3aChINKOI IPyHTA.

Pacuer Benmuun TPAaHCMUCCHUOHHBIX TECIJIONIOTEPD,
HaOII0IaeMbIX Ha IEPBOM dTarle CTPOUTEIHCTBA B XO-
JIOTHBIH TIEPHOJ, TTPU MTPOBEACHUH aAPXUTEKTYPHO-OT/IE-
JIOYHBIX ¥ MOHTQKHBIX Pa0OT KOHIIA 2-TO U Hadaia 3-To
roza (puc. 2) B HOCTPOCHHBIX MOMEIICHHUSIX CTAHINH
METPOTIONHUTEHA C OTKPBITHIM criocoOoM 6e3 oOpaTHOH
3aCBIIKH, IPEJICTaBICH B Ta0Jl. 1. AHaJIOTHYHBIN pacyeT
JUIsl BTOPOTO 3Tara CTPOUTEIHCTBA B XOJIOAHBIN MEPUOJL
IIPU BBIIIOJIHEHUH apXUTEKTYPHO-OTAEIOYHBIX U MOH-
Ta)XXHBIX Pa0OT KOHIIA 2-T0 U Hayaia 3-ro rona (puc. 3),
HO yXe ¢ 00paTHO# 3achIIKOW, MPUBEACH B Tabm. 2.
Ha ocHOBaHNY BBIITOJTHEHHBIX PACUCTOB TPAHCMHCCH-
OHHBIX TCIUIONOTEPh ONPECACIININ BEJINYNHY cpeﬂHeﬁ
YACIBHOM TEIIOBOM XapaKTEPUCTHKN CTAHIHH:

G = (90 +d100) /2= (4,59 +1,4) = 2,995 Br/n’. (1)

Juia pacueTa BEHTHISIUOHHBIX (MH(UIBTpAIH-
OHHBIX) TEIUIONOTEPH CIEAYET YCTAaHOBUTH YaCOBOU
pacxol MOCTYIAIOIET0 HApY)KHOTO BO3yXa B CTpPOS-
HIYIOCS OTKPBITBIM CIIOCOOOM CTAaHIUIO METPOIIOIH-
TeHa. BeHTUWISIIMOHHBIN BO3AyX MOCTyHaeT Ha CTaH-
[UIO Yepe3 NEePUOJUYECKH OTKPBIBAIOIIMECS IBEPH,
BOPOTA, MMPOEMBI U HEIUIOTHOCTH B HAPY>KHBIX OIpax-
JeHuax. Yepes BO3AYXONPOHHUIIAEMbIE KOHCTPYKIIHH
(TEeHTOBBIE KOHCTPYKIIUH, COOPY’KAaEMBbIE TI0 TOPIIOBBIM
y4acTKaM CTaHIMH) BO3AYX IPOHHMKAET WHUIBTpa-
nueit. [To pesynpraram ananusa OOJIBIIOTO KOJWYE-
CTBa CTAHLUHU CleIaH BBIBOJ O TOM, YTO HE3aBHUCHUMO
OT 00beMa CTAHINH, IUIOMAAN TEXHHIECKUX MTPOEMOB,
NEPUOJMYECKN OTKPBIBAIOIIUXCS IBEPEH, a TAKXKe ILIO0-
II1a]T1 BO3LyXOMPOHHUIIAEMBIX KOHCTPYKITHH (TCHTOBBIC
KOHCTPYKIIMH) OCTAIOTCSI OTHOCUTENBHO MTOCTOSIHHBIMU
BEIMYMHAMU.
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Puc. 1. HOHepe‘IHBII/I pas3pe3 XapaKTepHOU CTAHIIUU METPOIOJINUTEHA! Fn — rny61/1Ha 3aJIOKCHUS OT YPOBHS 3€EMJIU 10 YPOBHSA

nona; I' — rybnua TpaHuen; /) — paccTosHUE OT YPOBHs 36MJIH JI0 TIOTOIKa; [, — TiyOMHa 3aChINKH TpyHTOM; B, — BbI-

coTa OT I1oJia JI0 IOTOJIKA; B2 — BBICOTA CTPOCHUSI; Av A2 — IIAPUHA; VUT — OTaIlJIUBAEMEII 00bEM
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Ta6u. 1. TpanCMHUCCHOHHBIE TEIUIONOTEPH CTAHIMU METPOIIOIUTEHA C OTKPBITHIM CIIOCOO0M paboT 6e3 00paTHOI 3aChITKI

Tum orpakaeHusI R, M*°C/Bt A, M2 A/R, Bt/m? At, °C QTP, Br
ITokpsiTHE 0,44 20,9 47,5 14,7 698,25
Cmena 6 epynme
1-s1 30Ha 1,05 4 3,81 14,7 56,00
2-5 30Ha 1,9 4 2,1 14,7 30,95
3-s1 30Ha 2,6 4 1,54 14,7 22,62
4-51 30Ha 3,85 7,3 1.9 14,7 27,87
Ilon no epynmy
1-51 30Ha 2,1 4 1,9 14,7 28,00
2-51 30Ha 3.8 4 1,05 14,7 15,47
3-51 30Ha 52 4 0,77 14,7 11,31
4-s1 30HA 7,7 18,55 2.4 14,7 35,41
Hroro - - 2925,88
VienbHast XapaKTepUCTUKA q,= X0V q,= 4,59 Br/w’

Taou. 2. TpaHCMHUCCHOHHBIE TEIUIONOTEPU CTAHIIMU METPOIIONUTEHA C OTKPBITBIM CITOCOOOM PaboT ¢ 0OpaTHOI 3aCHITKOI

Tumn orpaskcHus R, M>*°C/Bt A, m? A/R, Br/m? At, °C QTp, Br
[ToxpbiTHE 13,11 20,9 2,9 14,7 23,59
Cmena 6 epynme
1-s1 30Ha 1,05 0 0 14,7 0
2-51 30Ha 1,9 0 0 14,7 0
3-51 30Ha 2,6 0 0 14,7 0
4-5 30Ha 3,85 40,2 10,44 14,7 153,49
Ilon no epynmy
1-s1 30HA 2,1 4 1,9 14,7 28,00
2-51 30Ha 3,8 4 1,05 14,7 15,47
3-s1 30Ha 5,2 4 0,77 14,7 11,31
4-51 30Ha 7,7 26,8 3,48 14,7 51,16
Uroro — — - — 283,02
VYnensHas XapakTepuCTHKA G0 =20V = 1.4 Br/™’

KonuuecTBo mocrymnaromnero Bo3uyxa B 00beM co-
OpYKEHHUSI METPOTIOINTEHA, CTPOSIIIIETOCS OTKPBITHIM CIIO-
Cc000M, OCTAETCST OTHOCUTEIIHLHO ITOCTOSIHHOM BEJIMYMHOMN.
KparaocTh Bo3ayx000MeHa — CaHHTapHBII ITOKA3aTelb
COCTOSIHHSI BO3IYIITHOM Macchl B romenieHuu. OT 3Toro
rapameTpa 3aBUCHT 0€3011aCHOCTh U KoM(OPT Jtoneii.
JlomycTumble 3HaYEHUsI pErYIUPYOTCS B CBOAAX IIPABUII
(CII), cannTapusix npaBwiax 1 HopMax (CanlluH) n
T'OCTax. Ha ocHOBaHHMH a’dpOIUHAMUYECKHX XapaKTe-
PHCTHK BEHTHJIATOPOB, MPUHSTHIX HA CTAIUU CTPOUTCITb-
HO-MOHT2XKHBIX Pa0OT, CPEITHISI BEIIIYMHA CYMMapHOTO
pacxomia Bo3myxa (L, M*/4) mpu Hariope P= 2600 I1a coctas-
mster L= 6 m3/c = 21 600 m*/u. [IpemycMaTpuBaroTcs aBa
BEHTHJIATOpA JUTS OPTaHNU3aIMU OOIIET0 BO3TyX000MeHa
CTaHIIMH, CJICA0BATENBHO, PACXO/] IPUTOYHOTO BO3/IyXa
ymamBaercst L =21 600 - 2 =43 200 m*/u.

VYepenHeHHBI 00BeM CTAHIIMH METPOMOIUTEHA
Ha MEPBOM 3Tare CTPOUTEIbCTBA, BO3BOIUMBIX OTKPBI-
TBIM CIIOCOOOM B I. MockBe, cocTasisieT V' = 54 145 m°.
BenmunHa KpaTHOCTH BO3yX00OMEHA OTPEIENAETCS KaK:
1=£=43400=0,8 - @)

V. 54145
VYcepenHeHHBIH 00beM CTAaHITMH METPOIOIUTEHA
Ha BTOPOM 3Tare CTPOUTEIbCTBA, BO3BOAUMBIX OT-
KPBITBIM CIIOCOOOM padoT, B I. MOCKBE COCTaBIsIET
V' =81 285 m>. TIpu 3TOM KpaTHOCTH BO3IyX00OMEHa

OIIPEACISIETCSI CIIETYIOLIMM 00pa3oM:

k, = L = 43200 =0,534"". 3)

V. 81285
3HaueHHe cpeaHeld BEeNWYMHBI KPaTHOCTH BO3-
JTyXooOMeHa CTaHIMU METPOIOJIUTEHa, BO3BOJIUMON
OTKPBITBIM CIIOCOOOM, OTIpeIeNsieTcs Kak cpeaHeapud-
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METHYECKasi BEJIMUYMHA KPATHOCTH BO31yXOOOMEHOB
MIEPBOTO U BTOPOTO 3TAIMOB CTPOUTENHCTRA!
_k+k, 0,8+0,53
o >
KonnuecTBo TemaoThl, HEOOXOMUMOE JJIsl Harpe-
Ba BEHTHIAIMOHHOTO (MH(MIBTPAIIHOHHOT0) BO3IyXa,
paccuuThIBaeTCs TaK:

=0,66 a . )

1,2-C
==——1L,. At, kBr, 5
©=7600 Lo )
rme C = 1,005 xJ[x/(xr-°C) — TEIIOEMKOCTh BO3LYXa;
Ly = 133,06 M’/1 — pacxon BO3/yXa [Is KPaTHOCTH

0,66 1/u; At =t - b = 12 - (-2,7) = 14,7 °C — pasz-
HUIA TEMIICPATyp MEXIY CPEIHEH TeMIlepaTypoil Ha-
PY’KHOTO BO3/TyXa OTOIMTEIBHOTO MEPUOMIA £, 1 TEMITE-
patypoi BHYTPEHHETO BO3IyXa /.

Pesynbrarel pacuera BEHTHISSLUOHHBIX (MHQUIb-
TPAIMOHHBIX ) TEIUIONOTEPh CTAHIIUN METPOTIOIHUTEHA,
BO3BOJHMMBIX OTKPBITHIM CIIOCOOOM, IPEICTABICHBI
B TaoOI. 3.

TemmoBass MOIIHOCTh HAa HATPEB BHOCUMBIX Ma-
TEPHAJIOB Ha CTAHIIMIO METPOIIOJIUTEHA OMPEIeISICTCS
o hopmyrre:

0= M’ kB, (6)
T
IJie /m — Macca BHOCHMOTO MaTepHaia, Kr; ¢, — Macco-
Basl TEIUIOEMKOCTh BHOCHUMOTO Marepuana, J[x/(xr-K);
WHICKC «1» — HavyanpHas TeMIIepaTypa MaTepuana;
WHJICKC «2» — KOHEYHAs TeMIIepaTypa MaTeprana; T —
BpeMsI HarpeBa MaTepuana, C.

B Tabn. 4 mpuBeaeHB! MPUOTU3UTEIHLHBIC MACCHI
OCHOBHBIX CTPOHTEIBHBIX MaTEpPUATIOB, 3aHOCHMBIX
Ha CTAaHIIUIO METPOIIOIIUTCHA, CTPOSIITYIOCS OTKPBITHIM
c1oco0oM, B TeueHue 24 gacos.

Tab6n. 3. BentuisiuonHbie (MHGUIBTPALIMOHHbIE) TEILIO-
HOTEPH CTAHIIUM METPOINOIUTEHA, BO3BOJUMONH OTKPBITHIM
crocooom

[Tapamerp 3HaueHHe
YcnoBHas KPaTHOCTH BO3AyX00o0MeHa & , 1/4 0,66
P’
Pacxonx npurounoro Bo3ayxa an, M /4 133,06
PacyeTHas IJIOTHOCTH BO3/yXa p, , KI/M’ 1,2
MaccoBas TemnoeMkocTs Bo3ayxa C,
1,005
kJx/(xr-K)

KoadpunmenT rernoytinnszanun 1.00
BEHTHJISILIMOHHBIX yCTaHOBOK K, 6/p ’
Temneparypa napysknoro Bosayxa ¢ , °C 2,7
Temneparypa BHyTpeHHero Bo3ayxa ¢, °C 12,0
Benrunsuuonnsie remtonorepu O, Bt 655,23

VienbHast TEIUIOBas XapaKTEPUCTHKA ¢,
3 3,25
Br/m

OrnpezneneHsl 3HaUCHUS yAEIbHOM TEIJIOBOU Xa-
PAKTePUCTHUKH CTAHIIMA METPOTIOIUTEHA, COOpyXkKae-
MBIX OTKPBITBIM CIIOCOOOM, B 3aBUCHMOCTH OT 00b-
E€MHO-IJIAHUPOBOYHBIX U KOHCTPYKTUBHBIX PCHICHUN,
COCTaBa HapyKHBIX OTPaKICHUH, a TaK)Ke CTaINH 3a-
BEPILCHUS CTPOUTEIILCTBA (B TOM YHCIIC HATHYHUS WITH
OTCYTCTBUSI 00pPATHOM 3aCHITIKH).

[IpenmoxeHB! HOPMBI HA OTOIICHUE OT BPEMEH-
HBIX HCTOYHHKOB (KOJHMYCCTBO TCIIJIOBON IHEPTUHU)
CTaHIIUH METPOMOJHUTCHA, BO3BOIUMBIX OTKPBITHIM
CITOCOOOM, B 3aBUCHMOCTH OT 00BEMHO-TIIAHUPOBOY-
HBIX U KOHCTPYKTHBHBIX PCIICHHUH, a TAKKE 33 JaHHBIX
mapaMeTpOB BO3IyXa.

Taou. 4. Marepuansl, 3aHOCUMbIE Ha CTPOSLIYIOCS CTAHLUIO METPOIOIUTEHA B TeUeHUE 24 yacoB

MaccoBas Bpewmst HarpeBa TemnoBas
Marepuas Macea, kr TEIUI0EMKOCTh JI0 TEMIIEPaTyphbl MOIIHOCTh
Marepuaia, BHYTPEHHETO Ha Harpes
JIx/(xr-°C) BO3J1yXa, 4 Marepuaja, Br
LlemeHTHO-TIECUaHBII paCTBOP 20 000 840 24 2761
Cranp 15000 482 24 1188
Hroro 35000 - - 3949

PE3YJIBTATHI HCCJIEJOBAHHUA

VYienbHble BETUYMHBI pacxo/ia TeTNIOBOM SHEPTUU
Ha BPEMEHHOE OTOIIEHHE 3aKOHYEHHBIX BUEPHE COOPY-
J)KEHMM CTaHLMHU METPOIOJIUTEHA, BBIOJIHSIEMON OT-
KPBITBIM CTIOCOOOM, TIPENICTABICHBI B Ta0M. 5.

SJAK/IIOYEHUE U OBCYXJAEHUE

HccnenoBanbl KOHCTPYKTUBHBIC 3JIEMEHTBI Xapak-
TEPHOTO COOPYKEHHSI METPOIOIUTEHA, COOPYIKAEMOTO
OTKPBITBIM CITOCOOOM.
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Ta6u. 5. Pacxon TenaoBoi SHEPTUM Ha BPEMEHHOE OTOILIE-
HHUE 3aKOHYCHHBIX BUCPHE CTAHIIUI METPOIOIUTEHA, BO3BO-
JTIUMBIX OTKPBITBIM CITOCOOOM

TTapametp Br/m? T'xan/(1000 m*-mec)
TpancMuccHOHHBIE 3 1.86
TEIIONOTEPH
Tennonorepu Ha
HarpeB BHOCHMBIX 0,0025 0,00186
MaTepHaoB
BentmsunonHsle 325 2.01
TEIIONOTEPH
Uroro 6,25 3,87



PacxoA TENAOBOM aHEPTrUM Ha BPEMEHHOE OTOMAEHME 3aKOHUEHHbIX BYEPHE CTaHLmi meTporioamteHa €. 117-130

Omnpe/ienieHbl TEIUTOBBIE 3aTPaThl Ha 00ecreueHre
3aIaHHBIX TIAPAMETPOB BO3AyXa ISl IPOM3BOJICTBA
BHYTPH COOPY/KEHHU CTPOUTEIBHBIX ¥ MOHTaKHBIX pa-
00T B TeueHHE OTOIMHUTEIBHOTO MEPHO/IA, OTHECCHHBIE
K €IMHHIIE 00bEMA.

CpaBHUTENBHBIN aHAINU3 PE3yNbTAaTOB MPEABAPH-
TEIBHOTO pacueTa B HECTAIIMOHAPHOM M CTAIIHOHAPHOM

PEKUMAxX MOKA3asl JOCTATOYHO BBICOKYIO KOPPEJIALHUIO
YIEIbHBIX XapaKTEPUCTHK.

TTpencraBieHbl HOPMBI PACX0a TEILIOBON SHEPIUH
Ha BPEMEHHOE OTOIICHUE 3aKOHUEHHBIX BUEPHE COOPY-
YKCHUN METPOIOJINTEHA, COOPYKAEMBIX OTKPBITHIM CII0-
cobom, B I'ka/1000 M B Mecsin (3,87 I'Kan/1000 M- Mec).
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INTRODUCTION

During construction of metro facilities taking
into account construction schedule, execution
of architectural and finishing and installation works
starts before completion of works on basic structures
and in the absence of connection to the permanent
heat supply networks, which requires application
of temporary heat sources (heat generators or electric air
heaters) during the cold period. Obtaining the specific
value of heat energy consumption for temporary heating
of metro stations, construction of which is carried out
by the open method, will allow to promptly determine
the value of heat energy consumption of metro stations
completed in the outline.

The topic of underground construction, despite
the high level of responsibility and complexity of struc-
tures, is presented in domestic periodicals rather mod-
estly. The greatest number of publications is devoted to
geotechnical issues [1-5] and some applied problems,
such as vibration counteraction [6] and impact on build-
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ing development [7, 8]. A number of works reveal is-
sues related to passenger flow optimization [9, 10], to
solving application problems [11-13], as well as some
aspects of non-technical nature [14—18]. Few works are
devoted to the area of heat and gas supply and venti-
lation, which deals with the issues of air exchange in
stations [19-21].

The aim of the study is to determine the specific
value of heat consumption for heating underground sta-
tions, which are constructed by the open method, de-
pending on different outdoor temperatures, construction
completion, station depth, as well as the construction
volume of the station.

Objectives:

* the study of the structural elements of underground
stations constructed by the open-pit method;

* determination of transmission heat losses and
costs for heating of infiltration (ventilation) air de-
pending on the technical condition of the elements
of the outer building envelopes of metro stations, which
are constructed using the open air method,;
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* the heating system performance is based
on the heat consumption for heating the ventilation
(infiltrating) air;

 determination of the specific thermal perfor-
mance of a metro station, depending on the adopted
classification and given air parameters, by a statistical-
analytical method;

* calculations of transmission heat flows using
mathematical modelling;

* identification of values of specific thermal
performance of metro stations constructed by open-cut
method depending on space planning and construction
solutions, as well as composition of external envelope
structures, stage of construction completion (including
presence or absence of backfill) and construction
volume of the object;

* definition of temporary heating norms (amount
of heat and electric energy) for metro stations from
temporary heating sources, depending on space-
planning and construction solutions and given air
parameters;

* the heating energy consumption for indoor air
for construction and installation work during the heat-
ing period from 10 October to 10 April per unit of build-
ing volume.

Underground stations are subdivided into elevated,
above-ground, and underground according to their
location relative to ground level. Underground station
complexes can be constructed by open-cut method in
excavations [22], by semi-enclosed method without
opening the day surface of the ground [23], by closed
works method [24].

Within the framework of scientific and technical
support of design and construction of the Moscow Met-
ro [25] at the site “Eastern section of the Third inter-
change circuit «Kashirskaya» station — «Karacharovo»
station” included determination of the standard value
for temporary heating from temporary sources of heat
supply of the completed underground stations, con-
struction of which is carried out by open method.

MATERIALS AND METHODS

The structural elements of underground stations
constructed by open-cut method are divided into four
groups: covering — top slab of underground station;
walls; floor on the ground; columns. The main con-
struction material is reinforced concrete. Calculation
of heat loss through the enclosing structures (walls and
floor) in the ground is carried out in accordance with
the regulatory literature [1]. The thermal conductivity
of the ground X bordering the underground station
foundation is assumed to be 1.6 W/(m-K) (the basic
design thermal conductivity of the ground). Determina-
tion of values of transmission and infiltration (ventila-
tion) heat losses is performed for a typical metro station
selected on the basis of generalized architectural data
of designed and operating metro stations. Fig. 1 shows
a cross section of a typical metro station.

A cross section of a typical open-cut underground
station without backfill is shown in Fig. 2. Fig. 3 is
a cross section of a typical open-cut and backfilled un-
derground station.

Calculation of the values of transmission heat losses
observed during the first stage of construction in the cold
period, during architectural and finishing and installation

m(\l mﬁ <1§a
N~ -
<Q.
) Q
q' q
< <— jk <
<— < <
L 4, v
A, A,
L 4, |

Fig. 1. Cross-section of a characteristic metro station: D, — depth of embedment from ground level to floor level; D, — depth

of trench; H, — distance from ground level to ceiling; H, — depth of ground backfill; B, — height from floor to ceiling; B, —

height of structure; 4, 4, — width; V, — heated volume
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Fig. 2. Cross-section of a characteristic underground station performed by open-cut method without backfill
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Fig. 3. Cross-section of a characteristic underground station performed by open-cut backfill method
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works of the end of the 2nd and beginning of the 3rd
year (Fig. 2) in the constructed premises of the metro sta-
tion with open method without backfilling is presented
in Table 1. A similar calculation for the second stage
of construction in the cold period during architectural
and installation works of the end of the 2nd and begin-
ning of the 3rd year (Fig. 3), but with backfill, is given in
Table 2. Based on the transmission heat loss calculations
performed, the value of the average specific heat charac-
teristic of the plant was determined:

Goia = (90 + G100 )/ 2= (4.59+1.4)=2.995 W/m’. (1)

To calculate ventilation (infiltration) heat loss,
the hourly rate of incoming outside air into an open-
circuit metro station under construction should be
determined. Ventilation air enters the station through
periodically opening doors, gates, openings and gaps

in external envelopes. Through the air-permeable
structures (awnings constructed along the end sections
of the station) air enters by infiltration. From the analysis
of a large number of stations, it is concluded that
regardless of the station volume, the areas of technical
openings, periodically opening doors, and areas of air-
permeable structures (tent structures) remain relatively
constant values.

The amount of air entering the volume of an open-
plan underground structure remains a relatively con-
stant value. The air exchange rate is a sanitary indica-
tor of the condition of the indoor air mass. The safety
and comfort of people depends on this parameter.
The admissible values are regulated in regulations, san-
itary rules and standards (SanPiN) and GOSTs. Based
on the aerodynamic characteristics of fans adopted
at the stage of construction works, the average value
of total air flow (L, m*h) at the head of P =2,600 Pa is

Table 1. Transmission heat losses of an underground station with open-pit method without backfill

Fence type R, m?-°C/W A, m? A/R, W/m? At, °C 0,W
Coverage 0.44 20.9 47.5 14.7 698.25
A wall in the ground
1 zone 1.05 4 3.81 14.7 56.00
2 zone 1.9 4 2.1 14.7 30.95
3 zone 2.6 4 1.54 14.7 22.62
4 zone 3.85 7.3 1.9 14.7 27.87
Ground floor
1 zone 2.1 4 1.9 14.7 28.00
2 zone 3.8 4 1.05 14.7 15.47
3 zone 52 4 0.77 14.7 11.31
4 zone 7.7 18.55 24 14.7 35.41
Total - - - - 2925.88
Specific characteristic q, =20V q,=4.59 Wm*
Table 2. Transmission heat losses of an underground station with open backfill method
Fence type R, m?-°C/W A, m? A/R, W/m? At, °C 0,W
Coverage 13.11 20.9 2.9 14.7 23.59
A wall in the ground
1 zone 1.05 0 0 14.7 0
2 zone 1.9 0 0 14.7 0
3 zone 2.6 0 0 14.7 0
4 zone 3.85 40.2 10.44 14.7 153.49
Ground floor
1 zone 2.1 4 1.9 14.7 28.00
2 zone 3.8 4 1.05 14.7 15.47
3 zone 5.2 4 0.77 14.7 11.31
4 zone 7.7 26.8 3.48 14.7 51.16
Total - - - - 3283.02
Specific characteristic G0 = 20V G = 1.4 W/m?
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L =6 m%s = 21,600 m*h. Two fans are envisaged for
a total air exchange of the plant, so the supply air flow
rate is doubled to L = 21,600 - 2 = 43,200 m*/h.

The average volume of underground stations in
the first phase of open-cut construction in Moscow is
V= 54,145 m’. The air exchange ratio is defined as:
L 43,400

Vo 54,145

The average volume of open-cut underground
stations in Moscow during the second construction
phase is ¥ = 81,285 m®. The air exchange rate is
determined as follows:

L 43,200
v 81,285

The average air exchange rate for an open-plan
underground station is determined as the arithmetic
mean of the air exchange rates of the first and second
construction phases:

_k+k, 08+0.53
2 2

Table 3. Ventilation (infiltration) heat loss of an open-cut

=0.8 hour™". )

1

=0.53 hour™. 3)

k,., =0.66 hour'.  (4)

metro station

Parameter Value
Conditional air exchange ratio kp, 1/h 0.66
Supply air flow L, m’/h 133.06
Calculated air density p, , kg/m? 1.2
Mass heat capacity of air C, kJ/(kg-K) 1.005
Air handling unit heat recovery coefficient
1.00
C, wir
Outdoor temperature 7, , °C 2.7
Internal air temperature ¢, , °C 12.0
Ventilation heat loss O, W 655.23
Specific heat characteristic ¢, W/m?3 3.25

The amount of heat required to heat the ventilation
(infiltration) air is calculated as follows:

0 :;;26—0%L0,66 -At, kW, (5)
where C = 1.005 kJ/(kg-°C) — heat capacity
of air; L, = 133.06 m’/h — air flow rate for the ratio
of 0.66 1/h; At =1t —t =12 —-(-2.7)=14.7°C —
temperature difference between the average outside
temperature of the heating period ¢ and the inside
temperature 7, .

The results of calculation of ventilation (infiltra-
tion) heat losses of open-cut underground stations are
presented in Table 3.

The heat capacity for heating the inputs to the un-
derground station is determined by the formula:

m-c, -(t1 —tz)
0= T
where: m — mass of material to be introduced, kg;
¢, — mass heat capacity of material to be introduced,
J/(kg'K); index “1” — initial material temperature; in-
dex “2” — final material temperature; T — time of ma-
terial heating, s.
Table 4 shows the approximate weights of the main
construction materials brought into an open-cut under-
ground station over a 24-hour period.

b kW’ (6)

RESEARCH RESULTS

Specific values of heat energy consumption for
temporary heating of the completed structures of the open-
cut underground station are presented in Table 5.

CONCLUSION AND DISCUSSION

The structural elements of a characteristic open-
cut underground structure are investigated.

The values of specific heat characteristic of open-
cut metro stations depending on space-planning and

Table 4. Materials brought into the metro station under construction within 24 hours

. . Mass heat capacity of Heating time to Heat output for
Material from Weight, ke material, J/(kg-°C) indoor temperature, h | material heating, W
Cement-sand mortar 20,000 840 24 2,761
Steel 15,000 482 24 1,188
Total 35,000 — 3,949

Table 5. Heat consumption for temporary heating of open cut underground stations

Parameter W/m? Geal/(1,000 m/month? )
Transmission heat losses 3 1.86
Heat loss due to heating of input materials 0.0025 0.00186
Ventilation heat loss 3.25 2.01
Total 6.25 3.87
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constructive solutions, composition of external envelopes
and stage of construction completion (including presence
or absence of backfill) are determined.

The norms for heating from temporary sources
(amount of heat energy) of underground stations erected
by the open method, depending on the space-planning
and construction solutions, as well as specified air
parameters, are proposed.

The thermal costs of providing the specified air
parameters for construction and installation work

inside the buildings during the heating period, related
to the unit volume, have been determined.

A comparative analysis of the pre-calculation
results in non-stationary and stationary modes
showed a sufficiently high correlation of the specific
characteristics.

The norms of heat energy consumption for temporary
heating of open-cut underground constructions completed
in Geal/1,000 m* per month (3.87 Geal/1,000 m* month)
are presented.
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HNcnonb30BaHue MeHOCTEKIIA (TPAHYJIUPOBAHHOIO) B OUNCTKE
TOPOJACKHUX MOBEPXHOCTHBIX CTOYHBIX BOJ

Ouecs Aunexcanaposua Camonosiosa, JImurpuii Baagumuposuy Yiabpux,

Tarbsina MonposHa Jlousunrep, Cepreit EropoBuu /lenucon
FOoicno-Ypanvckuil cocyoapemeennbiil yHusepcumem (HAYUOHANbHBIU UCCIE008AMENbCKULL VHUBEPCUMENT)
(FOYpI'Y (HHY)), e. Yenabunck, Poccus

AHHOTALUMNA

BeeaeHwue. Mpy ouncTke NPMPOAHbLIX OOLEKTOB OT TSXKENbIX METANMoB ONpeaensioLLyo poflb UrpaloT COPOLMOHHbIE Tex-
HOMornK, ANS pasBUTUS KOTOPbIX HEOOXOAUMbI HOBble BUAbI COpbeHToB. Llenb nccnepoBaHns — oueHKa COpOLIMOHHON
CMOCOBHOCTU rpaHyNMPOBaHHOTO NEHOCTEKNA NPV OYNCTKE MOBEPXHOCTHBIX CTOYHBIX BOA, (CB) ¢ ypbaHn3npoBaHHbIX Teppu-
TOpUIA OT TsxXenbix Mmetannos (Ha npumepe Co, Cr, Cu, Fe, Ni, Pb n Zn).

MaTtepuanbl n metoabl. B kayectBe copbeHTa 1cnonb3oBanu rpaHynupoBaHHoe neHoctekno. CopbaTtom SBNSNNUCH NO-
BepXHOCTHble CB ypbaHusupoBaHHo Tepputopum . YensibnHcka. Midyyanock B3aMmoaencTamne B cucteme «CopbeHT — cop-
6aT» B NabopaTopHbIX YCNOBUSX METOAOM OrpaHUY4eHHOro obbema npu cratnyeckon copbumm, Korga NonmnioTaHTbl Haxo-
OVNVCh B XUAKOW base 1 NpMBOANMNCH B KOHTAKT C HENOABWKHBIM COpOeHTOM. BapbypoBanu Bpemst kKoHTakTa copbeHTa ¢
copbatom ot 3 fo 168 4 1 Temnepatypy okpyxatower cpeabl oT 0 Ao 20 °C. CTpyKTypy ¥ COCTaB NOBEPXHOCTUN COPOEHTOB
uccrnegoBany Ha 3rNeKTPOHHOM pacTpoBoM Mukpockone JEOL JSM-6460LV ¢ npucTaBkol AN MUKPOPEHTrEHOCNEKTparb-
Horo aHanmsa. MiameHeHue coctaBa copbaTa npv B3anMoAenCcTBMK ¢ copbeHTamu onpeaensny MeToaoM aTOMHO-3MUCCU-
OHHOW cnekTpoMeTpuu Ha npubope OPTIMA 2100 DV (Perkin Elmer). BogopoaHsiii nokasaTernb ycTaHaBnmBanv Ha MUKpo-
npoueccopHom pH-metpe pH-150MA.

PesynbraTtbl. /3yyeHbl CTpykTypa U COCTaB MOBEPXHOCTU FPaHynMpOBaHHOMO neHocTekna. BbisiBneHa addeKkTMBHOCTb
copbunm rpaHynNMpPoOBaHHOIO NEHOCTEKNa Tsxenblx meTannos n3 CB ypbaHnampoBaHHOW TEpPUTOPUN.

BbiBogbl. [NonyyeHHble pe3ynbTaThl NOKa3blBakoT, YTO UCCMeA0BaHHOE rpaHyNMpoBaHHOE MEHOCTEKNO — 3PMEKTUBHbIN
COPOUMOHHBIN MaTepuarn, No3BONSIOLWLMIN 3BMNeKaTb Txenble MeTanmbl (KoGanbT, XpoM, Mefb, Keneso, HUKernb, CBUHEL,
LIVHK) 13 NOBEPXHOCTHOrO CTOKa ropofoB.

KINOYEBBIE CITOBA: noBepxHOCTHblE CTOYHblE BOAbI, COPOEHT, MEHOCTEKIO (rpaHynMpoBaHHoOe), copbumsi, nokanbHasi
ouncTka

OonA UWMTUPOBAHUA: Camodonosa O.A., Ynspux A.B., JloH3uHeep T.M., eHucoe C.E. Vicnonb3oBaHue neHocTekna (rpa-
HYINMPOBAHHOIO) B OYMCTKE FOPOACKMX NMOBEPXHOCTHBIX CTOYHBIX BoZA // CTpoUTENbLCTBO: Hayka n obpasosaHue. 2023. T. 13.
Bein. 2. Ct. 9. URL: http://nso-journal.ru. DOI: 10.22227/2305-5502.2023.2.9
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The use of foam glass (granular) in urban surface water treatment

Olesya A. Samodolova, Dmitrii V. Ulrikh, Tatiana M. Lonzinger, Sergey E. Denisov
South Ural State University (National Recearch University) (SUSU (NRU)); Chelyabinsk, Russian Federation

ABSTRACT

Introduction. When purifying natural objects from heavy metals a decisive role is played by sorption technologies, for
the development of which new kinds of sorbents are required. The aim of the study is to evaluate the sorption capacity
of granulated foam glass in the treatment of surface wastewater (SW) from urbanized areas from heavy metals (on
the example of Co, Cr, Cu, Fe, Ni, Pb and Zn).

Materials and methods. Granulated foam glass was used as a sorbent. The sorbate was urban surface wastewater from
the city of Chelyabinsk. The interaction in the sorbent-sorbate system was studied in laboratory conditions by the limited
volume method of static sorption when the pollutants were in the liquid phase and brought into contact with a stationary
sorbent. The contact time of the sorbent with the sorbate was varied from 3 to 168 hours and the ambient temperature from
0to 20 °C. The structure and surface composition of the sorbents were studied using a JEOL JSM-6460LV scanning electron
microscope with an attachment for micro X-ray spectral analysis. Changes in the sorbate composition during interaction
with the sorbents were determined by atomic emission spectrometry on an OPTIMA 2100 DV spectrometer (Perkin Elmer).
Hydrogen index was determined on a pH-meter microprocessor pH-150MA.

Results. The structure and surface composition of granulated cellular glass has been studied. The efficiency of sorption of
granulated foam glass of heavy metals from urban surface wastewater has been revealed.

Conclusions. The results show that the investigated granulated foam glass is an effective sorption material and allows
the extraction of heavy metals (cobalt, chromium, copper, iron, nickel, lead, zinc) from urban surface wastewater.

KEYWORDS: surface wastewater, sorbent, foam glass (granular), sorption, local treatment
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BBEJIEHUE

Bropas nosmoBuna XX B. B pa3BUTBHIX CTpaHax
0O3HAaMEHOBaJlaCh CMEHOW MPOMBILIJIEHHON 3MOXHU
Ha 310Xy OOCITYXKHBAaHHUS, KOHIICHTPALIUS TOTPeOICHUS
TOBapOB ¥ yCIYT yKa3bIBaeT HA BOSHUKHOBEHHE «00-
miecTBa moTpedieHus». OCHOBHOW IETbI0 «O0IIecTBa
MOTPEOICHUS» ABISACTCS MOBBIIICHIE YPOBHS KU3HU.
[TocTostHHOE TOBBIIICHUE YPOBHS JKU3HU BO3MOKHO
TOJIBKO TIPH BBICOKOM TEMITE Pa3BUTHS IKOHOMHKH, UTO
B pe3yibTaTe MPUBEIO K HEKOHTPOIUPYEMOMY POCTY
MIPOM3BOJICTBA PA3IMYHBIX TOBAPOB U, KaK CIICJACTBHE,
HaKOIUICHHIO OOJIBIIOr0 KOJHMYECTBA OTXOA0B. Harie
0011ecTBO YUCHBIC KIACCU(UIUPYIOT KaK [IHBHIN3A-
U0 0TX00B. COTIIaCHO HEKOTOPHIM HCCIICIOBAHUSM,
YEIIOBEYCCTBO MOXKET CTONKHYThCS C PECYPCHOM KaTa-
cTpooii yike Yepe3 HECKOIBbKO IECATKOB JieT' 2. MIMeH-
HO MMOATOMY B2)KHOC 3HAYCHUC MMECT PAIIMOHAIBHOE
HCIOJB30BaHKE CYIICCTBYIOIINX PECYPCOB U MEPEXO]
K DKOHOMHKE «3aMKHYTOTO IHKJIa» MPH MPUMCHCHUU
MPUPOIOMOAOOHBIX TEXHOIOTUH. B MpUpOAHBIX CH-
cTeMax HET OTXOJOB, OTXOIBI OJHHX CHCTEM — 3TO
ChIpbe s pa3BUTHs Apyrux. OQHO W3 HampaBleHUM
Pa3BUTHS TPUPOONIOTOOHBIX OC30TXOJHBIX TEXHOJIO-
I'Mif — KCIIOIb30BaHKE OTXOIOB MPOU3BOICTBA B Kaye-
CTBE CBIPHEBBIX MaTEPUaIoOB. B mepuom skoIoru3aium
YeJIOBEYECKOT0 00IecTBa 0COOCHHO aKTyaJbHO MPH-
MEHEHHE OTXOJ0B MPOMBIIIJIEHHOCTH, 3aTrPA3HIIONIUX
OKPYKAIOIIyI0 Cpeny, A ee BoCcCTaHOBICHH. [lpn
OUYHCTKE MPUPOTHBIX OOBEKTOB OT TSDKEIBIX METAJIIIOB
OTIPENIEIIAIONIYIO POJIb UTPAIOT COPOIIMOHHBIE TEXHOIIO-
THH, 7151 pa3BUTHS KOTOPBIX HEOOXOANMBI HOBBIC BHIIBI
copbernToB. OTHUM U3 TaKUX COPOITMOHHBIX MaTepHa-
JIOB MOJKET OBITh IICHOCTEKIIO.

[leHOCTEKTI0O — MONHOCTHIO HEOpPTaHWYECKUH
MIPOYHBIA MaTepraj ¢ XOPOIIUMHU TETLTOM3OJISITHOH-
HBIMU XapaKTepUCTUKaMU. JJaHHBIA MaTepuaa ObLI
nosydyeH B 30-x rogax XX B. COBETCKMM aKaJIE€MUKOM
N.N. Kuraiiropoackum. M3roraBnupaercst N€HOCTEKIIO
13 OOBIYHOTO CTEKJIA IyTEM €ro pa3Molia A0 TOHKOTO
nopouika, Jo0aBiIeHus1 ra3000pazoBares/nopoodpa-

30Baresst (0OBIYHO MOPOIIKA YIS WM MeJa) U TePMO-
o0paboTku nosyyenHoii cmecu npu 750-850 °C. Ipu
TIOBBIIIICHHON TeMIEeparype MOPOIIOK CTEKIIa CIIeKaeT-
Cs1, CTAHOBUTCSI TUTACTUYHBIM, & BBIICJISIOIINECS U3 T10-
pooOpa3oBaTenst Ta3bl PACHIUPSIOTCA U BCICHUBAIOT
Marepuaj, KOTOPbIH Mociie OXJIaXICHUsT COXpaHseT
nony4yeHHyto ¢opmy. IleHOCTEKII0 — 3KO0IOTHYECKU
Oe3omacHbI MaTepuaj, HE BBIACISIOMUNA BpPeIHBIX
BEIIECTB Jla’ke MPH BO3JACHCTBUN BBICOKHX TEMIIEpa-
Typ. YCTOHYMBOCTb K TEMIIEPATYPHOMY BO3JECHCTBUIO
OYCHB BBICOKA, IIEHOCTEKJIO HE TOPUT M BBLACPKUBACT
Harpes 10 600 °C. IleHOCTEKIIO HE TTOABEPKEHO paz-
PYIICHHIO Ha MPOTSDKEHUH BCETO CPOKa IKCILTyaTallny,
OHO HE KPOUINTCS, HE HACHIIIACTCS BIAroil U He Mo-
BEpIKeHO Koppo3uu™ *°. ['paHyIbl MEHOCTEKIIA — ITO
MeJIpganme YaCTHUIbl BCLICHCHHOTO CTEKJIA, KOTOPBIC
OCTalOTCs B BUJIE OTXOIOB (KPOUIKH) TIOCIIE TIPOU3BOI-
CTBA MEHOCTEKONBHBIX IUTUT ¥ 1eOHs. Takxke 3TOT Ma-
TepHa NMoy4yaroT U3 OTXOJOB CTEKIIa, KOTOPOE I0 pas-
JIMYHBIM TIPUYMHAM, B IIEPBYIO OYepeIb TEXHUIECKUM,
HEJITb3$1 UCTIONb30BaTh B CTEKOJIBHOM IPOMBIIUIEHHOCTH
JUISl TIPOU3BOJICTBA HOBBIX CTEKJISIHHBIX U3/ICIIUH.

Ji1s HEKOTOPBIX TIPOMU3BOAICTB IPAHYITHMPOBAHHOE
MEHOCTEKJIO M3TOTABIMBACTCS CHEIHAIBHO B arpera-
Tax, IJIe paciuiaB CTEKJI000s, MOCTY AN B pabouyio
KOJIOHHY, OXJIaX/Ia€TCsS BCTPEYHBIM ITOTOKOM BO3JyXa.
I'panynupoBaHHOE TEHOCTEKIIO, TTOTYYEHHOE 110 3TOH
TEXHOJIOTHH, 3TO HEOPTaHWYECKHUH, JIETKHA, TIOPUCTHIN
Mmarepuan B (hopMe NMPaBUIBHBIX IAPUKOB CBETIIO-CE-
poro 1gera’. JIpyroii BapHaHT MOJTYUCHUS TPAHYIHPO-
BaHHOTO TIEHOCTEKJIa — MHOTOCTaAMHHBIN METOI, TpH
KOTOPOM KYCKHM CTEKJIa IPEBapUTEIbHO IIepeMallbl-
BAIOTCS B MEJKHUN MOPOIIOK. 3aTeM B CMECUTEIbHON
YCTaHOBKE K IMOPOIIKY J00aBISIOT BOAY, CBI3YIOLICEe
BeriecTBo 1 nopogop. Ilpunanue chepruaeckoir popMsI
YJacTUIaM MOJIyYeHHON CMECH U3 CTEKJIa OCYIIECTBIIsI-
eTcs B UCKOBOM Tpanynsarope. Ilocie atoro rpanymsr
BCIICHMBAETCS] BO BPAIAIOIIEHCS [e4n NP TeMIIepa-
Type okoso 900 °C. Ilpouecc BcyuynBaHusl MO3BOJIS-
€T MOJIYYUTh MEIKOTIOPUCTHIN c(hepuiecKnii TpanymsaT

! Unvun A.H. Tlorpe6ienue u ero rmobaibHble nocneactsus / @unocodus u o6mectso. 2013. Ne 2 (70). C. 83-99. URL:
https://cyberleninka.ru/article/n/potreblenie-i-ego-globalnye-posledstviya
2 MupoBbIe 3amachl IPHPOIHBIX PECYPCOB: HA CKOJIBKO JIeT 3eMile XBAaTUT MoNe3HbIX uckomaeMbix? URL: https:/lindeal.com/

trends/mirovye-zapasy-prirodnykh-resursov-na-skolko-let-zemle-khvatit-poleznykh-iskopaemykh

3 CBoifcTBa M XapaKTePHCTHKHU TIEHOCTEKIA: HEJOCTATKU M JNOCTOMHCTBA JaHHOTO MaTepmana. URL: https:/rcycle-net.
turbopages.org/rcycle.net/s/steklo/produktsiya-iz-vtorichnogo/penosteklo
4 ITenoctexno. TpaauuoHHkIe U HoBeiime Texnomorui. URL: https:/forumhouse-ru.turbopages.org/forumhouse.ru/s/journal/

articles/4705-penosteklo-tradicionnye-i-novejshie-tehnologii

5 CpaBHMTENbHBII aHAIIM3 IEHOCTEKOIBHOIO rpanyisTa ¢ ananoramu. URL: https://penosytal-com.turbopages.org/penosytal.

com/s/compare_gravel.html

¢ T'panynuposannoe nenoctekao. URL: https://pandia.ru/text/80/144/28899.php
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CTOYHbIX BOA

KpEeMOBO-0€JI0ro 1[BeTa, BHYTPH YaCTHIl KOTOPOTO 3a-
KJIFOUCHBI MEJIKUE My3bIPbKH BO3yXa'.

I'pamynbl meHOCTEKIIA TPUMEHSIOTCS B KAa4eCTBE
3aCBHIITHOTO YTEIUTMTENS. ¥ HAITOJHUTEIS I JIETKUX
06eTOoHOB [ 1—6]; TETUTOM30IAIMOHHON 3aCHIITKH B CTPO-
uTenbCeTBe [7-9], B TOM yMciie HEroprodel i CKBa-
skuH [10]; yremnsromei npucaaky B pa3iudHbIX cMe-
cAX; UX J00aBIAIOT B KJIAJIOUYHBIE PACTBOPHI, CMECH
JUISL CTSDKEK W TaMITOHaXa, IITyKaTypHBIE ¥ TUIMTOYHbIC
KJIEEBBIE COCTABHI. | paHYIHPOBaHHOE TTIEHOCTEKIIO HE-
PEIKO CIYXHUT B KaueCTBE OTIEIOYHOTO MaTepuana
IUIs TOMOB pasnugHoro tuna [11, 12], mpumensercs
MpY U3TOTOBJICHHUH IUIMTOYHO-KJIeeBoW cmecu [13].
Mcnonp3yIoT MEHOCTEKIIO U KaK J0OAaBKY B CTPOUTEIb-
HBI PacTBOP WJIM B BUIE 3AIOJHUTENIS B MIPOMBIBOY-
HBIX JKHJIKOCTSIX, KOTOpBIE TPEOYIOTCs, HAlpUMep, st
MIPOMBIBKH OypPOBBIX CKBaXKIH, HMMOOHUIH3HUPYIOIIETO
HOCHTENSI B OMOTEXHOJIOTHHU®; B KaYeCTBE BBICOKO-
MPOYHBIX MCKYCCTBEHHBIX MOPHUCTHIX 3aMOIHUTENICH
¢ WIOTHOCTRIO 0T 400 10 970 KT/M> M IPOYHOCTHIO TIPH
cxaruu 3,8—17,0 MIla [14]; st moaydeHns KOMITO3H-
LUOHHBIX MaTepuasnos [15]; U3roToBIEeHUsI KAPKACHBIX
KOMITO3HUTOB [16]; KaKk MOATIOKKY IS SKpPAaHHUPOBAHUS
UCTIApEHHs ITPOJIMBA JIETKOBOCIIIAMEHSIOIIUXCS JKHJIKO-
cteif (abcopOrust HePTEPOIYKTOB, TIOMABIINX B BOAY
1 Ha 3eMtro) [17]; ¢ menpro MOJydYeHHs] TaMIIOHAXK-
HOTO pacTBOpa IS IEMEHTHUPOBAaHUS CKBakHH [18];
B KaueCTBE TEIUIOM3OJAIIMOHHOTO MaTepuaia i co-
XpaHEHUS! OCHOBAaHHWH B MEP3JIOM COCTOSIHUM W CHH-
JKeHHS PUCKOB KPHOTEHHBIX JeopMannii (B yCIOBUAX
Apxkrukn) [19]. B HacTosmiee BpeMsi IpOBECHBI UC-
CJIETOBAHUS I10 OLIEHKE BO3MOXXHOCTH MCIIOTH30BAHUS
MEHOCTEKJIa B BUJIE (DMIIBTPYIOILETO MaTepHasa, 4ToObl
MIOATBEPIUTH MPUMEHIUMOCTD B KaueCTBE (PHIIBTPYFOIIE-
ro Marepuaa B JOXkIeBbIX canax [20].

HccnenoBanus 1 myOIMKaIMU MO IPUMEHEHHIO T1e-
HOCTEKJIa B KadecTBe copOeHTa ctounsx Box (CB) mis
yaaJleHUs TSDKENBIX METaJUIOB B OTEUECTBEHHOM nuTe-
patype OTCYTCTBYIOT, HECMOTPS Ha €ro SKOJIOTHYHOCTH,
BOJIOCTOMKOCTB U IpyTHE MOJNE3HbIE XapaKTePUCTUKH.

enp nanHOM pabOTH — OIEHKAa COPOIIMOHHON
CIIOCOOHOCTH TPAaHYITHPOBAHHOTO MEHOCTEKJIA MPH
OYHCTKE MOBEpXHOCTHBIX CB ¢ ypOaHM3npOBaHHBIX
TEPPUTOPUH.

MATEPHAJIBI I METO/IbI

OOBEKTOM HCCIIEIOBAHUS SIBISIETCS CHCTEMA T'pa-
HYJIHPOBAHHOE MEHOCTEKIIO (COPOCHT) M TIOBEPXHOCT-
uble CB ¢ ypbaHn3npoBaHHbIX TeppUTOpHii I. UenssOnH-
cka (copbar).

[TosepxuoctHBIe CB ¢ ypOaHM3NPOBaHHBIX TEPPH-
TopHii . YenmssOMHCKa 0TOMPATN COTIIACHO OOIIENpPUHS-
TBIM METOJIUKAM.

7 Poraver. URL: https://poraver.com/us/

D dHekTHBHOCTH COPOIIMOHHOTO MPOIIECCa OICHH-
BAJIM B CTAaTHYECKHUX yCIOBHAX. VIcronb30Baim METON
OTpaHMYEHHOT0 00beMa MPH COOTHOLIECHUH TBEpHas
(haza:xuakocTh, paBHOM 1:20. Temmeparypy cucTeMBbI
u3mensu ot 0 1o 20 °. Bpems skcno3unuu cocTaBUIO0
3-168 u.

[Tpu npoBeieHNY McCIIeI0BaHNH IPUMEHSIIN JJIeK-
TPOHHBIN pacTpoBbiil Mukpockon JEOL JSM-6460LV
C MPHUCTAaBKOH UISI MUKPOPEHTTEHOCIEKTPAJIBHOTO
aHaJIN3a, YMUCCHOHHBII CIIEKTPOMETP C WHIYKTHBHO-
ceszanaoi asmMoit OPTIMA 2100 DV (Perkin Elmer,
CIIA). B kauectBe (poHOBOTO pacTBOpa NCIOIB30BAIN
BOJIy 0CO00i1 CTENEHU OUYUCTKH, MOJTYYCHHYIO Ha TPH-
6ope Simplicity UV (®pannus), pH-metp 150MU.

DIeKTPOHHO-MHUKPOCKOIIMYECKUI aHalu3 Tpa-
HYJIMPOBAHHOTO MEHOCTEK/IA MO0Ka3all, YTO I'PAHYIIBI
MMEIOT OKPYIIyIo (hopMy ¢ IIepiIaBoii MoBEpXHOCTBHIO.
Pasmep rpanyn mensercs ot 0,1 o 0,4 mm. Uccneno-
BaHHE MHUKpOpeibeda IOBEPXHOCTH MPOBOAMIOCH IIPH
Pa3IUYHON CTEIICHU YBEIUYCHUS, BEpDXHUM CHUMOK —
yBenmuenue oopasma B 100 pas, cpeqanit — B 500 pas,
HIDKHUH pucyHOK — yBenuuenue B 2000 pas. Ilpu yse-
smuaennu B 2000 pa3 (HIKHUE CHUMOK) OTYETIIMBO BH/I-
HBI TTOpBI pazmepoMm 1,39-3,23 mm (puc. 1).

Mukpodororpadus rpaHyl npuBeaeHa Ha puc. 1.

Puc. 1. Mukpodororpaduu rpaHyIHpOBaHHOTO NIEHOCTEKIIA

1 JaHHBIC MUKPOPCHTTCHOCIICKTPAJIbHOTO aHaIn3a

ITo maHHBIM MUKpPOPEHTTEHOCIEKTPAILHOTO aHa-
JM3a uccaeayeMble Tpanyisl coctodar u3 Na, S, Mg, O,
Si, C, Ca, Al, K, Ti, Fe. Pe3ynsrarsl MUKpOPEHTTEHO-
CICKTPAIBHOTO aHAJIN3a IIOBEPXHOCTH 00pasiia MpUBe-
JieHsl B Ta0m. 1.

XUMHUYECKUH COCTaB CMEITAHHOW MPOOBI CTOYHBIX
(mBHEBHIX) BoA T. YenssOMHCKa mpeicTaBlieH B Ta0m. 2.
Bona B mpo0e uMeeT 3HaueHHe BOIOPOIHOTO ITOKa3aTe-
151 6,66, T.e. SIBISIETCS HEUTPATHLHOM.

JlanHbIe TabJ1. 2 MOKAa3bIBAIOT, YTO CTOYHBIE JIUBHE-
BbIC BOJBI 3aTPSI3HEHBI TSHKEITBIMU METaJIaMH.

8 Marent RU Ne 2514070 C2, MIIK C03B 19/08, E21B 43/267. Cioco6 M3roTOBIEHHS IPaHyIATa U3 MIEHOCTEKIA, a TAKKE
TPaHyJIAT U3 IEHOCTEKIA U ero nmpuMenenue / P. Yupw, M. [lImubepm, A. Kyne, FO. /I[pucnep; narenrooon. JIUABEP 'MBX
YHJ KO. KT'; 3asBn. Ne 2012134279/03 ot 06.01.2011; omy6s. 27.04.2014.
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Taéu. 1. Pe3ynbTaTbl MUKPOPEHTI€HOCIIEKTPAIbHOTO aHanIu3a o0pasua, %

Homep 1\, S Mg 0 Si C Ca Al K Ti Fe
crieKkTpa
1 46,73 | 2371 | 699 | 14,02 | 3725 2,45 0,79 | 0,73 0,52 0,52 | 029
2 50,58 | 34.68 | 472 | 304 | 3,19 | 212 | 066 0,6 0,41 0 0
3 45,18 | 3833 6,2 0 4,61 3,31 1,02 | 0,95 0 0,4 0
4 4291 | 3733 | 595 0 427 | 639 1,92 0 0,52 | 071 0
5 50,82 | 2521 | 7,09 | 9,79 | 285 1.8 0,66 0 0,81 0,51 0,36
Taou. 2. Xummdeckuii coctas copdara
DieMeHT Co Cr Cu Fe Ni Pb Zn pH
Conepxanue B ropozickom 0,004 | 0,002 | 0,028 | 2,624 | 0,01 0,02 0,286 6,66
HOBerHOCTHOM CTOKC, MF/JI

PE3YJIBTATHI UCCJIEJOBAHUA

B tabn. 3 npuBeneHsl pe3ybTarThl HCCIIEA0BAHMUS
3¢ (HEeKTHBHOCTH COPOIIMOHHOTO MPOIECcCa B CHCTEME
«TpaHyIMPOBAHHOE MEHOCTEKIIO — CTOYHAs (JINBHEBAS)
BOAa» B CTaTUYCCKUX YCJIOBUAX.

[NoydeHHbIe pe3ynbTaThl OKa3bIBAIOT, YTO COPO-
us KobanbTa, cBUHIA U Menn paBHa 100 % u He 3a-
BHCHUT OT TEMIIEPATYPHOTO PEXUMa U BPEMEHU KOHTAK-
Ta copbenTa ¢ copbatom. [lomHOE M3BICUECHUE XpOoMa
13 TUBHEBOTO CTOKA MPOMCXOAUT IPU KOHTAKTE C COp-
Garom B TeueHue 6 4 npu temneparype 0—10 °C, npu
temrieparype 20 © C Bpems yBennuuBaetcst 10 168 u.

MaxcumanpHO€ 3HAUYCHHE CTEMEeHU COopOmmu
MOHOB >kene3a 93 % gocTuraercst Ipu TeMIepaType
0 °C gyepe3 168 1 KOHTaKTa CTOYHOH BOJIBI ¢ COPOCHTOM.
[Ipu moBeIIIeHNH TeMTIepaTypbl BOABI 3(pPEeKTUBHOCTD
yaaneHus xkenesza coctapisieT 5S1-85 % B 3aBUCHUMOCTH
OT BpEMEHH AKCIIO3UINH. HuKenb 13 cTOKa IMOJIHOCTHIO
M3BIICKACTCS JIUIIH TP MaKCHMaJIbHOM BPEMEHH KOH-
TakTa 168 4, TeMmepaTypHBIM peKUM HE OKa3bIBAET
BJIMSIHUSL Ha €T0 COPOIIHIO.

1 MOHOB IWHKA ONTHMANbHBIMH yCIOBHAMHU
100 % cop6uuu siBisiercs temmneparypa 0 © C u Bpemst
KoHTaKTa ¢ copbenToM 3 u. C yBeIn4YeHnEeM TeMIepa-
TypBl YCHUIINBACTCS BIMSHUE PEaKIIUH JeCOpOIIH, 1To-
3TOMY 3(h(HEeKTUBHOCTH TPOIIeCcCa CHIKACTCS.

Ha puc. 2 noka3aHa 3aBUCHMOCTb BOJOPOIHOIO
MOKAa3aTelsl OT TEeMIIepaTyphl M BPEeMEHH KOHTAKTa B CH-
CTeMe «COpOeHT — copOary.

Uepes 3 4 KOHTaKTa B MHTEpBaJIe TEMIIEpaTyp
0-20 °C nabmromaeTcs MOBBIIIEHHE BOJIOPOIHOTO TTO-
KazareJisi, CBSI3aHHOE C aJIcCOpOLIMel KAaTHOHOB TSKEIIBIX
METAaJUIOB IICHOCTEKIIOM. YBEITHYCHHE BPEMEHH KOHTAK-
Ta copbeHTa ¢ cOpOATOM MPUBOIUT K POCTY BOAOPOIHO-
TO TTOKa3aTessl W3-3a AIbHEHIIero mepexoaa 3arpsa3Hu-
Tenel B CTPYKTYpy cOpOeHTa.

[NoyueHHBIC JaHHBIC TOKA3BIBAOT, YTO TPAHYITHUPO-
BaHHOE TICHOCTEKJIO 00ECIIeUnBALT MOJHOE M3BJICUCHHE
TSOKETBIX METAJUIOB (KoOanpTa, XpoMa, MeIH, HUKEIS,
CBHUHIIA ¥ IMHKA) 3 CTOYHON JTMBHEBOI Bosbl. KoHIleH-
Tpalys KaTHOHOB JkeJie3a cHmkaeres Ha 93 %. B mpo-
1ecce OUMCTKH Habmronanock ocsetiaenue CB (puc. 3).

Ha puc. 4 npuBenena mukpodotorpadus moBepx-
HOCTH TPaHyJIbl TIEHOCTEKIIA MTOCIIe TPOIecca COPOLIUH.
ITepen mccnemoBaHueM TOBEPXHOCTH TIPOMBIBAIH JIHC-
TUJUIMPOBAHHOM BOJOW MJIsI UCKJIFOUEHHUS TTONalaHus
copbara. Pe3ynmpraThl MUKpOpPEHTICHOCIIEKTPATHLHOTO
aHaJIM3a NpeJICTaBIeHbI B Ta0II. 4.

W3 Tabmn. 4 BUAHO, 4TO TOCTE TIpoIiecca copOIuu
Ha TOBEPXHOCTH NEHOCTEKJIA YBEIUYUBACTCS COJEP-
JKaHHE JKelle3a, MOSBISACTCS IUHK. TsDKeTble MeTaJUIbI,
koTopsie B CB MMeI0T HU3KYI0 KOHIIEHTPAIIHIO, Ha I0-
BEPXHOCTH MEHOCTEKJIA METOIOM MHUKPOPEHTI€HOCTICK-
TPaJBHOTO aHaJIN3a OOHAPYKUTH HE YIAJIOCh.

[IpoBeneHHBIC UCCIIEAOBAHMS TTOKA3ATH BEICOKYIO
3P PEKTUBHOCTH I'PaHYIMPOBAHHOTO MEHOCTEKIIA MPH
OYHCTKE TOPOJICKUX CTOYHBIX JINBHEBBIX BOJ| OT KaTHO-
HOB TSDKEJBIX METAJUIOB B CTATUYECKOM PEKUME.

Tabn. 3. AHanu3 CTeTrieH! W3BJICUCHUS MTOJTIOTAHTOR U3 HpO6BI npu pa3J'IPI‘{HOﬁ TEMIIEPAType U BpEMCHU KOHTAKTa, %

D hHeKkTHBHOCTH OYUCTKY MPU TEMIIEPATYPe U BPEMEHH KOHTAKTa, %
Iloxasarens t=0°C t=10°C t=20°C
34 6u 168 u 34 6u 168 u 34 6 g 168 1
Kobassr 100 100 100 100 100 100 100 100 100
Xpom 0 100 100 0 100 100 0 0 100
Menb 100 100 100 100 100 100 100 100 100
Keneso 80 85 93 51 73 83 68 75 83
Huxkens 0 0 100 0 0 100 0 0 100
CauHel 100 100 100 100 100 100 100 100 100
uuk 100 100 100 50 83 83 50 67 100
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0°C 10 °C 20 °C

9,4

8,9

8.4

pH

7.9
7,4
6,9

6,4
0 3 6 9 24 168 u

Puc. 2. Usmenenune pH 1ipy i3MEHEHUH TEMIIEPATYPBI U BPEMEHH KOHTAaKTa COpOeHTa (TpaHyIMpOBaHHOTO IEHOCTEKIIA) C COp-
Oarom (CTo4YHas BOjIa)

Puc. 3. Mzyuenne copOIMH NOLTFOTAHTOB M3 MPOOBL: @ — MPU KOHTAKTe copOeHTa ¢ copdaroM 0 4; b — npu KOHTaKTe copOeHTa
¢ copbarom 24 4

ZakL

Puc. 4. Muxpodotorpadusi HOBEpXHOCTH I'PaHyITHPOBAHHOTO IEHOCTEKIIA U JTAHHBIC MUKPOPEHTTEHOCTICKTPAIILHOTO aHaIN3a

Ta6u. 4. Pe3ynsTaTbl MUKPOPEHTIEHOCIICKTPAIBHOTO aHaIu3a o0pasiua, %

DeMeHT Na S Mg (0] Si C Ca Al K Ti Fe Zn Pb

Conepxanme, Mac. % | 40,2 | 19,44 | 4,09 | 791 | 4,11 | 2,76 | 1,31 | 091 | 0,65 | 0,74 | 1,34 | 0,16 | O
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B HacTosmuii MOMEHT NPOBOAATCS HCCIEN0Ba-
HUS COPOIMOHHON CTIOCOOHOCTH AaHHOTO MarepHala
B TUHAMUYCCKHUX YCIOBUSAX, IPH PA3INIHBIX TEMIIEpa-
Typax M CKOPOCTH (PHIBTPOBAHUSI C UCIOIb30BAHHEM
cop06aToB, COMEPKAITIX THKEIBIE METAJITBI B ITHPOKOM
WHTEpBaJie KoHIeHTparmid. [IpeamonaraeTcst UCIoNb30-
BaHHE MEHOCTEKJIA TP CO3JaHUH KOMITO3UTHOTO COp-
OcHTa C MeThI0 CHIKEHHUS CTOMMOCTH COPOIIMOHHOTO
MaTepuaia, Tak Kak I[eHa IMeHOCTEeKJa ceidvyac JocTa-
TOYHO BBICOKAasl.

SJAK/IIOYEHUE U OBCYXJAEHUE

Hccnenosana 3h(heKTHBHOCTH COPOILIMOHHON CII0-
COOHOCTH I'PaHyIMPOBAHHOTO MEHOCTEKJIA MIPU OYHUCTKE
moBepxHOCTHBIX CB ¢ ypOaHU3MPOBaHHBIX TEPPUTOPHIA.

YCcTaHOBJIEHO, YTO B CHCTEME «TPaHYJIUPOBAHHOE
MEHOCTEKJIO — CTOYHAsl BOJa» IPH CTAaTUYECKOM PEKH-
Me 3¢ (HeKTHBHOCT cOpOIMN K0OaabpTa, CBUHITA U MEAH
paBHa 100 % ¥ He 3aBUCHUT OT TEMIIEPATyPHOTO PEKUMA
1 BPEMEHH KOHTAKTa COpOCHTa ¢ copOaTOM.

ITomHOE M3BIIEUEHNE XpOMa U3 JIMBHEBOTO CTOKA
MIPOMCXOJNUT NP KOHTAKTE C COpOATOM B TedeHne 6 4
pu Temneparype 0—10 °C.

MakcuManbHOE 3HAYEHHE CTENEHH cOopOIun
HOHOB xene3a 93 % mocTuraercs mpu TeMIeparype
0 °C gepe3 168 u konrakra CB ¢ copbeHTOM.

Hukenp 3 CTOKa MONHOCTHIO M3BIEKACTCS JIHIIH
TIPU MaKCUMaJIbHOM BpEeMEHH KOHTakTa 168 4, Temmepa-
TYPHBIN PEKUM HE OKa3bIBACT BIMSHUS HA €r0 COPOIHUIO.

715t mnoHOB 1IMHKA onTUMalibHbIe ycinoBus 100%-
HOH copbumn — temmneparypa 0 °C u BpeMsi KOHTaKTa
¢ copbeHTOM 3 U.

HOJ’IyquHBIe OKCIICPUMEHTAJIBHBIC JTAHHBIC I1O-
Ka3ajJH, 9YTO TPaHYIHPOBAHHOE MEHOCTEKIO CIYKHT
MEePCIEKTUBHEIM COPOIMOHHBIM MaTEPUANOM s
MOHOB TSDKEJIBIX METaJUIOB. B paHee mpoBeneHHBIX
UCCIEAOBAHUAX 10 COPOITMOHHON CIIOCOOHOCTH Iie-
HOCTEKJIa pa3In4yHON npupoas! [21-24] paccmarpuBa-
JIMCHh BOIIPOCHI MOITIOMICHUA He(i)TerO}IyKTOB U3 BOABI.
B paborax sKCIepUMEHTAIBFHO YCTAHOBIEHO, YTO ME-
XaHU3M TIOTJIONMEHUS HEPTETIPOITYKTOB ITEHOCTEKIOM
OCHOBAH Ha ACHCTBUH KaIMUIIPHBIX CHII, T.€. IPOMCXO-
JIIT 3aIl0JTHEHUE TT0P MTEHOCTEeKJIa OPraHNYECKUMH 3a-
TPS3HUTEISIMU, KOTOPOE Helb3sl OTHECTH K Ipoleccam
(dbu3udeckod WM XUMHYeckod agcopouuu. [Tloatomy
MOJIYY€HHE TaHHBIX O COPOLIMOHHOM B3aMMOJICHCTBUH
B CHCTEME IEHOCTEKJIO — MOBEPXHOCTHBIN CTOK C
ypOaHU3UPOBAHHBIX TEPPUTOPHI» SIBIAETCS HOBBIM
paHee HE M3BECTHBIM pe3yabraTtoM. [Ipu mampHeHImx
UCCIIEJOBAHMSAX IIJIAHUPYETCSI OTPEICIIUTD TEXHOIOTH-
YecKHe ITapaMeTpbl HOBOTO MaTepHaia (COpOLMOHHYIO
€MKOCTb, IICPUOJAUIHOCTD 3aMeHbI).
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INTRODUCTION

The second half of the twentieth century in de-
veloped countries was marked by the change from
the industrial to the service age, the concentration
of consumption of goods and services pointing to
the emergence of a “consumer society”. The main
aim of “consumer society” is to raise living standards.
A permanent improvement in living standards is only
possible at a high rate of economic development, which
has resulted in an uncontrolled increase in the produc-
tion of various goods and the consequent accumulation
of large amounts of waste. Scientists classify our soci-
ety as a waste civilization. According to some studies,
humanity could face a resource catastrophe in just a few
decades'-2. This is why the rational use of existing re-
sources and the transition to a “closed cycle” economy
using nature-like technologies is important. There is
no waste in natural systems; the waste of one system
is a raw material for the development of others. One
of the directions of development of nature-like non-
waste technologies is the use of production wastes as
raw materials. At the time of ecologization of human
society the use of industrial wastes, polluting the envi-
ronment, for its restoration is especially urgent. When
purifying natural objects from heavy metals, sorption
technologies play a decisive role, for the development
of which new kinds of sorbents are needed. One of such
sorption materials can be foam glass.

Cellular glass is a completely inorganic, strong
material with good thermal insulation properties. This
material was obtained in the 1930s by the Soviet acade-
mician LI. Kitaygorodskiy. Foam glass is produced from
ordinary glass by grinding it to a fine powder, adding
a gasifier/forming agent (usually coal or chalk powder)
and treating the mixture thermally at 750-850 °C. At an
elevated temperature, the glass powder sintered and be-
comes malleable and the gases released from the blow-
ing agent expand and foam the material, which retains
its shape after cooling. Cellular glass is an environmen-

tally-sound material, which does not emit any harmful
substances even when exposed to high temperatures. Its
thermal shock resistance is very high, it does not catch
fire and withstands heat up to 600 °C. Cellular glass is
indestructible during its whole service life, it does not
crumble, does not become saturated with moisture and
is not prone to corrosion® * 3, Cellular glass granules
are the tiny particles of foamed glass which remain as
waste (crumb) after production of cellular glass slabs
and crushed stone. This material is also obtained from
waste glass, which for various reasons, primarily tech-
nical, cannot be used in the glass industry for the pro-
duction of new glass products.

For some production plants granulated foam glass
is produced specifically in units where the molten glass
fibre entering the working column is cooled by a coun-
ter flow of air. The granulated foam glass produced by
this process is an inorganic, lightweight, porous mate-
rial in the form of regular, light grey balls®. Another
possibility for producing granulated cellular glass is
the multistage method, in which pieces of glass are
first ground to a fine powder. Then water, binder and
phosphorus are added to the powder in a mixing plant.
A disc granulator is used to give a spherical shape to
the particles of the resulting glass mixture. The gran-
ulate is then foamed in a rotary kiln at about 900 °C.
The foaming process produces a fine spherical granu-
late with a creamy white colour and fine air bubbles
inside the particles’.

Cellular glass granules are used as bulk insula-
tion and filler for lightweight concrete [1-6]; thermal
insulating backfill in construction [7-9], including
non-combustible for wells [10]; insulating additive in
various mixtures; they are added to masonry mortars,
screed and grouting mixes, plaster and tile adhesive
compositions. The granulated cellular glass is often
used as finishing material for different kinds of houses
[11, 12], it is used in manufacturing of tile and adhesive
mixture [13]. It is also used as an additive to mortar

'lyin A.N. Consumption and its global consequences, Philosophy and Society. 2013; 2(70):83-99. URL: https://cyberleninka.

ru/article/n/potreblenie-i-ego-globalnye-posledstviya

2 The world's reserves of natural resources: how many years' worth of minerals will the Earth have? URL: https://lindeal.com/

trends/mirovye-zapasy-prirodnykh-resursov-na-skolko-let-zemle-khvatit-poleznykh-iskopaemykh

3 Properties and characteristics of cellular glass: advantages and disadvantages of the material. URL: https://rcycle-net.

turbopages.org/rcycle.net/s/steklo/produktsiya-iz-vtorichnogo/penosteklo

4 Cellular glass. Traditional and emerging technologies. URL: https://forumhouse-ru.turbopages.org/forumhouse.ru/s/journal/

articles/4705-penosteklo-tradicionnye-i-novejshie-tehnologii

5 Comparative analysis of expanded glass granulate with its counterparts. URL: https://penosytal-com.turbopages.org/penosytal.

com/s/compare_gravel.html

¢ Granulated foam glass. URL: https://pandia.ru/text/80/144/28899.php

7 Poraver. URL: https://poraver.com/us/
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or as an aggregate in flushing liquids required e.g. for
washing boreholes, immobilizing agent in biotechnol-
ogy?®; as high-strength artificial porous aggregates with
density from 400 up to 970 kg/m? and compressive
strength 3.8—17.0 MPa [14]; for obtaining composite
materials [15] production of frame composites [16]; as
a substrate for shielding evaporation of flammable lig-
uid spills (absorption of oil products released to water
and ground) [17]; for production of plugging mortar for
well cementation [18]; as a heat insulating material for
keeping substrates frozen and reducing risks of cryo-
genic deformation (in Arctic conditions) [19]. Current-
ly, studies have been carried out to assess the feasibility
of using foam glass as a filtering material to confirm its
applicability as a filtering material in rain gardens [20].

There are no studies and publications on the use
of cellular glass as a wastewater sorbent (WWS) for
heavy metal removal in the domestic literature, despite
its environmental friendliness, water resistance and other
useful characteristics.

The purpose of this work is to evaluate the sorp-
tion capacity of granulated cellular glass in the treat-
ment of surface wastewater from urbanized areas.

MATERIALS AND METHODS

The object of the study is a system of granulated
foam glass (sorbent) and surface wastewater from
urbanized areas of Chelyabinsk (sorbate).

Surface wastewater from urbanized areas of Chely-
abinsk was sampled according to generally accepted
methods.

The efficiency of the sorption process was evalu-
ated under static conditions. The limited volume meth-
od was used at a solid-liquid ratio of 1:20. The system
temperature was varied from 0 to 20 °C . The exposure
time was 3—168 h.

A JEOL JSM-6460LV electron scanning micro-
scope with a micro X-ray spectroscopy attachment,
an OPTIMA 2100 DV inductively coupled plasma
emission spectrometer (Perkin Elmer, USA) were used
for the studies. Specially purified water from Simplic-
ity UV (France) and a 150MI pH-meter were used as
a background solution.

Electron microscopic analysis of the granulated
cellular glass showed that the granules are round in
shape and have a rough surface. The size of the granules
varies from 0.1 to 0.4 mm. The surface micro-relief
was investigated at different magnification levels,
the upper picture being magnified 100 times, the middle
picture 500 times and the lower picture 2,000 times. At
a magnification of 2,000x (bottom image), pores with
a size of 1.39-3.23 mm are clearly visible (Fig. 1).

A microphotograph of the pellets is shown in Fig. 1.

Fig. 1. Microphotographs of granulated cellular glass and mi-

cro X-ray spectral analysis data

According to the micro X-ray spectral analysis
the investigated pellets consist of Na, S, Mg, O, Si, C,
Ca, Al, K, Ti, Fe. The results of the micro X-ray spectral
analysis of the sample surface are given in Table 1.

The chemical composition of the mixed wastewater
(stormwater) sample of Chelyabinsk is presented in
Table 2. The water in the sample has a hydrogen value
of 6.66, i.e. it is neutral.

Table 2 shows that stormwater runoff is polluted
with heavy metals.

RESEARCH RESULTS

Table 3 shows the results of the sorption process
in the system “granulated foam glass — waste (storm)
water” under static conditions.

The obtained results show that the sorption
of cobalt, lead and copper is equal to 100 % and does

Table 1. Results of micro X-ray spectral analysis of the sample, %

Slfli‘;t{)‘;?l Na S Mg 0 Si C Ca Al K Ti Fe
1 4673 | 2371 | 699 | 1402 | 325 | 245 | 079 | 073 | 052 | 052 | 029
2 5058 | 3468 | 472 | 304 | 319 | 212 | 066 | 06 | 041 0 0
3 4518 | 3833 | 62 0 461 | 331 | 1.02 | 095 0 0.4
4 4291 | 3733 | 595 0 427 | 639 | 192 0 052 | 071
5 5082 | 2521 | 719 | 979 | 285 | 18 | o066 0 081 | 051 | 036

8 Patent RU No 2514070 C2, IPC CO3B 19/08, E21B 43/267. Method of making foam glass granulate and foam glass granulate
and its application / R. Chirsch, M. Stibert, A. Kuhne, J. Driesner; Patentobl. LIAVER GMBH & CO. KG; application. No.

2012134279/03 dated 06.01.2011; published 27.04.2014.
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Table 2. Chemical composition of sorbate

The element Co Cr Cu Fe Ni Pb Zn pH
Contentin “rb;‘;/sf“face run-off, 1 0004 | 0002 | 0028 | 2624 | 001 | 002 | 028 | 666
Table 3. Analysis of pollutant recovery from the sample at different temperature and contact times, %
Cleaning efficiency at temperature and contact time, %
Indicator 1=0°C 1=10°C 1=20°C
3h 6h 168 h 3h 6h 168 h 3h 6h 168 h
Cobalt 100 100 100 100 100 100 100 100 100
Chrome 0 100 100 0 100 100 0 0 100
Copper 100 100 100 100 100 100 100 100 100
Iron 80 85 93 51 73 83 68 75 83
Nickel 0 0 100 0 0 100 0 0 100
Lead 100 100 100 100 100 100 100 100 100
Zinc 100 100 100 50 83 83 50 67 100

not depend on the temperature regime and contact time
of the sorbent with the sorbate. Complete extraction
of chromium from storm water runoff occurs at contact
with sorbate for 6 hours at temperature 0—10 °C, at tem-
perature 20 ° C time increases to 168 h.

The maximum value of iron ions sorption degree
93 % is reached at temperature 0 °C after 168 hours
of contact of wastewater with the sorbent. With increas-
ing water temperature the efficiency of iron removal
is 51-85 % depending on the exposure time. Nickel is
completely removed from the effluent only at the maxi-
mum contact time of 168 hours, the temperature regime
has no effect on its sorption.

For zinc ions optimum conditions of 100 % sorp-
tion are temperature 0 ° C and contact time with sor-
bent 3 hours. With increasing temperature the effect
of the desorption reaction increases, so the efficiency
of the process decreases.

Fig. 2 shows the dependence of the hydrogen
index on temperature and contact time in the sorbent-
sorbate system.

—0 OC _10 OC

pH

After 3 hours of contact in the temperature range
of 0-20 °C an increase in the hydrogen index is observed
due to adsorption of heavy metal cations by the foam glass.
Increasing the contact time of the sorbent with the sorbate
leads to an increase in the hydrogen index due to further
transfer of pollutants into the structure of the sorbent.

The data show that the granulated foam glass pro-
vides complete removal of heavy metals (cobalt, chro-
mium, copper, nickel, lead and zinc) from storm water
runoff. The concentration of iron cations is reduced
by 93 %. During the treatment process, clarification
of the wastewater was observed (Fig. 3).

Fig. 4 shows a micrograph of the surface of the cel-
lular glass pellet after the sorption process. Before ex-
amination the surface was washed with distilled water
to exclude sorbate ingress. The results of the micro
X-ray spectral analysis are shown in Table 4.

Table 4 shows that after the sorption process iron
content increases on the surface of the foam glass and zinc
appears. Heavy metals which are of low concentration in
wastewater, were not detected on the surface of the foam
glass by means of micro-X-ray spectral analysis.

20 °C

9 24

168 h

Fig. 2. Changes in pH if the temperature and time of contact of the sorbent (granulated foamed glass) with the sorbate (waste-

water) change
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Fig. 3. Study of the sorption of pollutants from the sample: a — when the sorbent is in contact with the sorbate for 0 hour; b —

when the sorbent is in contact with the sorbate for 24 hours

B

Fig. 4. Microphotograph of the surface of granulated cellular glass and micro X-ray spectral analysis

Table 4. Results of micro X-ray spectral analysis of the sample, %

The element Na S Mg (0] Si

C Ca Al K Ti Fe Zn Pb

Content, wt. % 40.2 1944 | 409 | 791 | 411

Studies have shown the high efficiency of granu-
lated cellular glass in the treatment of municipal storm-
water from heavy metal cations in static mode.

The sorption capacity of this material is currently
being investigated under dynamic conditions, at differ-
ent temperatures and filtration rates using sorbates con-
taining heavy metals in a wide concentration range. It is
intended to use foam glass in the development of com-
posite sorbent in order to reduce the cost of sorption ma-
terial, as the price of foam glass is currently quite high.

CONCLUSION AND DISCUSSION

The effectiveness of the sorption capacity of gran-
ulated cellular glass in the treatment of surface waste-
water from urbanized areas has been investigated.

276 | 1.31 | 091 | 0.65 | 0.74 | 1.34 | 0.16 0

It is established that in the system “granulated
foam glass — waste water” in the static regime the sorp-
tion efficiency of cobalt, lead and copper is 100 % and
does not depend on the temperature regime and contact
time of sorbent with sorbate.

Complete extraction of chromium from stormwa-
ter runoff occurs on contact with sorbate for 6 hours at
0-10 °C.

The maximum iron ion sorption degree of 93 % is
reached at 0 °C after 168 hours of wastewater contact
with the sorbent.

Nickel is only fully extracted from the effluent
at a maximum contact time of 168 hours and the tem-
perature regime has no effect on its sorption.
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For zinc ions the optimum conditions for 100 %
sorption are a temperature of 0 °C and a contact time
with the sorbent of 3 hours.

The experimental data obtained showed that granu-
lated foam glass serves as a promising sorption material
for heavy metal ions. Earlier studies on the sorption ca-
pacity of cellular glass of different nature [21-24] con-
sidered the absorption of petroleum products from wa-
ter. In this paper it was experimentally established that

the mechanism of oil products absorption by foam glass
is based on capillary forces, i.e. pores of foam glass are
filled with organic pollutants, which cannot be attributed
to physical or chemical adsorption processes. Therefore,
getting data about sorption interaction in the system
“foam glass — surface runoff from urbanized territories” is
anew and unknown result. In further studies it is planned
to determine technological parameters of the new mate-
rial (sorption capacity, replacement frequency).
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IIpuMeHeHUEe MeTOI0B AHAJIUTHKH JAHHBIX K OLIEHKe
NePCNeKTUBHOCTH IUVIAHUPYEMbIX K BO3BeIeHUI0 00beKTOB
HEABUKUMOCTH
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AHHOTALUNA

BBepeHue. B npouecce NpYHATAS peLleHnii O NPOEKTUPOBaHMMN U CTPOUTENBCTBE BO3HUKAIOT 3a[la4l OLLEHKU NEPCNeKTUB-
HOCTV NMaHMpyeMbIX K BO3BEAEHWI0 OOLEKTOB HeaBWKMMOCTU. NpeaMeToM UccrnefoBaHus SIBMSIETCS OLeHKa MpuBreka-
TENMbHOCTU OOBEKTOB HEABWXUMOCTYM C MO3ULIMK LIENECO0OPa3HOCTUN UX BO3BEAEHUS.

MaTepuanbl 1 Mmetoabl. MeToabl MCCNEAOBAHUS BKITOYAKOT aHanu3 Hay4YHbIXx paboT, NpUMeHeHe CUCTEMHOTO aHanvaa
1 CUCTEMHOTO Noaxoaa, CTPYKTYPHOE Y MaTemaTnyeckoe MoAernvMpoBaHue SIBNEeHWI 1 NPOLLeCCOB, TEOPWIIO U NMPAaKTUKY Lnd-
pPOBM3aLNM IKOHOMUYECKMX CUCTEM, TEOPUID Y METOAONOMMI0 OGHLEKTHO-OPUEHTUPOBAHHON 06PaboTKM GONbLUMX AaHHbIX,
TEOPUIO MPOTrHO3MPOBAHMS U CTAaTUCTUYECKOTO aHanmaa.

PesynbraThbl. BbisiBreHbl YeTbipe rpynbl napamMmeTpoB 06bEKTOB HEABUKMMOCTU, KOTOPbIE MOTYT OKa3blBaTb BIIUSIHWE Ha KX
npuenekaTenbHocTb. [pon3BeneHa hopmanmaauns nHpopMaLmmn B MpUroaHbIv Ans aHanuTuky Bua. MNokasaHo, YTo CBOK-
cTBa 0OBHEKTOB MOXHO paccMaTpuBaTh kak UX aTpubyTbl, B CBA3M C YeM AJ1si MHPOPMaLIMOHHO-aHaNIMTUYECKOW CUCTEMDI
npeanoxeHa Mofesnb AaHHbIX MO NPUHUMNY «3Be3aax. [peanoxeHa cxema B3auMOCBSA3el XapakTepucThK U napamMeTpoB
0OBLEKTOB, a Takke MOAENb CUCTEMbI 06PaGOTKM CBeAeHMI, BKIovyatolwas cbop BoMnbLINX AaHHbIX C MHOXECTBA UCTOYHU-
KOB M MHTErpauuto ¢ nrnargpopmMamu npeanpustus. OueHka NpuBnekaTenbHOCTU 0ObEKTOB OCYLLECTBISIETCS BbIYUCIEHNEM
MHTErpanbHOro rokasaTessi, COCTOSALLENO U3 MHTerpanbHbIX nokasaTtenen oTaenbHbIX HabopoB AaHHbIX. [peanokeH me-
TOA paHXMpOBaHMsA hopMarnv3oBaHHbIX NMokasaTtenenl 06beKTOB Kak NpeABapUTENbHbIA 3Tan 3KCNepTHOro onpeaesieHns
MX BECOBbIX 3HA4YeHWN. Ha OCHOBE MHTErpanbHOro nokasaTtensi NPMBMEKaTENbHOCTU 0ObEKTa MOXET ObITb MPUHATO ynpas-
NleHYecKoe peLleHre O Lernecoobpa3HOCTM U NepCrneKTUBHOCTU CTPOUTENBCTBA MO0 BbINOTHEHUN KOPPEKLMN NMPOEKTHBLIX
nokasaTeriei NpoekTnpyeMoro oGbekTa. MNpouecc MoAenMpoBaHusl U CO3AaHNs OTYETHOCTM MOXET ObITb BbINOSIHEH B NMPO-
rpaMMHbIX CpeacTBax, peanuayowmnx koHuenumto Business Intelligence.

BbiBoabl. MNpeanoxeHHas METOAONOMMS OLEHKU NEPCNEeKTUBHOCTM 06 bEKTOB HEABWKMMOCTM HA OCHOBE aHanm3a 6orbLumx
[aHHbIX MOXET ObITb UCMONb30BaHa NPV NPUHATUM PELLEHUI KaK CTPOUTENbHbIMY KOMMaHUSIMU, Tak U y4acTHUKaMK BTO-
PVYHOTIO pbiHKA HEABWXMMOCTY Anst 3DEKTUBHOIO NapamMeTpuyeckoro nogbopa oGLEKTOB HEABWXMMOCTY B COOTBETCTBUM
C 3anpocamMu 3aKa34ymKoB.

KIMKOYEBBIE CITOBA: 06bekT, CTPOUTENbCTBO, NMEPCNEKTUBHOCTb, NPUBMEKATENbHOCTb, MPOrHO3MPOBaHUe, MiaHMpoBa-
Hue, bonblune AaHHble, aHanu3, ynpasneHue, peLLeHns
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ABSTRACT

Introduction. In the process of making decisions, about design and construction there are tasks of assessing the prospects
for the planned construction of real estate. The subject of the research is the assessment of the attractiveness of real estate
objects from the position of expediency of their construction.

Materials and methods. Research methods include analysis of scientific papers, application of systems analysis and
systems approach, structural and mathematical modelling of phenomena and processes, theory and practice of digitalization
of economic systems, theory and methodology of object-oriented big data processing, theory of forecasting and statistical
analysis.
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Results. Four groups of property parameters that may influence their attractiveness have been identified. The information
has been formalized into a form suitable for analytics. It has been shown that the properties of objects can be regarded as
their attributes and in this regard, a star data model has been proposed for the information-analytical system. The scheme
of interconnection of object characteristics and parameters is proposed, as well as the model of data processing system
including the collection of big data from multiple sources and integration with the enterprise platforms. The estimation of
attractiveness of objects is carried out by calculating the integral index consisting of integral indexes of separate data sets.
The method of ranking the formalized indicators of objects as a preliminary stage of expert determination of their weight
values is proposed. On the basis of the integral index of object attractiveness a management decision may be made as
to the advisability and prospects of construction or performance of correction of design indices of the projected object.
The modelling and reporting process can be carried out in software that implements the Business Intelligence concept.
Conclusions. The proposed methodology for assessing prospective properties based on big data analysis can be used in
decision-making by both construction companies and participants in the secondary real estate market for efficient parametric
selection of properties according to customer requests.

KEYWORDS: site, construction, perspective, attractiveness, forecasting, planning, big data, analysis, management,
solutions
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BBEJAEHUE

3a nocneqHue NecATHIIeTHs HaOmonaeTcst OypHbINd
pocT cTpouTensHO# oTpacai. CTPOUTENBCTBO MPHU3HA-
HO B Poccnu MPHOPUTETHBIM CEKTOPOM PA3BUTHS KO-
HOMHKH CTPaHBI.

Cpenn MpoOeKTUPYEMBIX M BO3BOJUMBIX 00BEK-
TOB HEABM)KMMOCTH MOXKHO BBIJICJIUTH JIBa HanboJee
KPYITHBIX KJIacca: )KHJasi HeIBMKUMOCTb U O(UCHAsL.
K o¢ucHON HEABMIKUMOCTH OTHOCSTCS pa3IHYHBIC
3/IaHUS] U COOPYKEHHsSI Ul OPTaHU3alud B HUX TEX-
HOIIAPKOB ¥ pa3MelIeHHs CyObeKTOB MAJIOTO TPEIIpH-
HUMAaTebCTBa. JKuiast HeBMKMMOCTh OPUEHTHPOBaHA
Ha 3aIl0JIHEHUE CIpoca Ha OOBEKTHI KWIoro (oHIa
(OXK®) ropoaoB, U ImpexJie BCETO TaKMX KPYIMHBIX
ropozoB, kak Mocksa u Cankt-IletepOypr. EcTh eme
OJMH KJ1acC 00BEKTOB, HA3bIBAEMBIX «AIlAPTAMEHTBI»,
KoTOpBIN obsanaet npuzHakamu U OXK®D, u oducHoro.
DaKkTHUECKH anapTaMeHThI 110 CBOUM CBOHCTBAM OJIH3-
kn K OXX®, HO JOKyMEHTAJIBHO SIBISIOTCS O(UCHBIMU
MIOMELICHUSIMU.

Ha xax1p1it THIT OOBEKTOB CYIIECTBYET CBOM CIIPOC
U MOKymnatenb. [Ipu IIaHnpoBaHWU CTPOUTENHCTBA,
BBIOOpE MECT pa3MeIICHHUs] 00BEKTOB, OMPEACICHUN
UX THIA KJIIOYEBBIM BOIIPOCOM SIBIISICTCS TEPCIIECKTHB-
HOCTB IIJIAaHHPYEMbIX 00OBEKTOB B IIIAHE UX Hanboee
OBICTPOIl peann3ayy Ha PHIHKE U 3aIIOJHEHHSL.

B »TOM KOHTEKCTE O] MEPCHEKTUBHOCTHIO 00B-
€KTOB CTPOUTEIHCTBA OyJIeM MOHUMATh TOTEHIIUAIBHO
BO3MOXKHYIO BOCTPEOOBaHHOCTh JIaHHOTO THIA 00BHEK-
TOB B OIPEAEICHHOM MECTOIOJIOKECHUH TIPU TEKYIIUX
YCIIOBUSIX OKpY’Karouei HHQPaCTPYKTYPBI.

Wcexonst 3 3T0TO, IpHU BHIOOPE M MOIYYEHUU
yyacTKa IOJ 3aCTPONKY CTPOUTEIbHOU KOMMIAHUU
clexyeT NMpOoaHaIN3UpPOBaTh, KAKUE TUIIBI OOBEKTOB
U C KAKMMH XapaKTePUCTHUKAMHU MOTYT ObITh HanboJee
MEPCHEKTUBHBIMU JJIsl BO3BE/ICHHS B KOHKPETHOM Me-
CTOIIOJIOKEHHUH, KAKOBBI MX MEPCIIEKTHBHI peali3alni,
U OT KaKuX OOBEKTOB OyJeT moiaydeHa HauOoJbIIas
PUOBLITB.

KauecTBeHHbII aHATN3 TO3BOJIUT ONPEAECIUTH CO-
OTBETCTBYIOIINE CTPATETHH Pa3BUTUSI OM3HECA, MUHU-
MH3HPOBATh PUCKH NPSIMBIX U KOCBEHHBIX (PHHAHCOBBIX
MoTeph M YOBITKOB, a TaK)KE YCKOPHUTH 0OOpadnBac-
MOCTb BJIO’KCHHBIX (MHBECTUPYEMBIX) CPEICTB.

AHanu3 pa3nuyHbIX (PaKTOPOB, BIHSIONINX Ha HIEp-
CHEKTHBHOCTh O0OBEKTOB HEABWKUMOCTH, U MPUHATHE
HA €ro OCHOBE B3BEILIEHHOIO apryMEHTUPOBAHHOTO pe-
HIEHUs], KOTOPOE C BEICOKOI CTENIEHBIO BEPOSITHOCTHU CO-
BIAJIET C PEaJIbHOCTBIO, SIBISICTCS HAYYHOU MpoOiIeMoi
B o0yilacT 00pabOTKH JJaHHBIX B CTPOUTEIBHOMN chepe
1 YIPaBJICHUH B CTPOUTEIBCTBE.

Ora npobnema nzyyaercsi B paboTtax psijia uccie-
nosarenei. B tpyne A.1O. Kpusorys u E.C. O3zepo-
Ba [1] aHanmM3upyercs MepCcrneKTHBHOCTD PacIIMPEHNUS
pbiHKa anmapramenToB B I. Cankr-IlerepOypre. ABTOpHI
OTMEYAIOT, YTO Ha MHOTHE 3€MEJIbHbIC YYaCTKU €CThb
OTpaHMYCHUS], BBUY KOTOPBIX OHH HE MOTYT OBITH HC-
MOJIb30BAHBI JJIs KUJIOH 3acTpoiiku. IMeHHO B 3TOM
KOHTEKCTE pacCMaTpPUBAETCS MEPCHEKTUBHOCTh amap-
TaMEHTOB, KaK O00OBEKTOB, IIMPOKO NPHUTOMHBIX IS
MPENOCTABIECHUS B apeH]ly, a ClIeJJOBaTelIbHO, MOIy-
4yeHUs peryaspHoro goxona. Ilpu sToMm moguepxusa-
€TCs, UTO Ha phIHKE MOCKBBI JA0JS HEJBUKUMOCTH,
UMEIOIIEN CTaTyc anapTaMeHTOB, HAMHOTO BBIIIE, YEM
B Cankt-IlerepOypre. Ha ocHOBaHWM IpPOBEAEHHBIX
JUIS. KOHKPETHOTO IIPUMEpa pacyeToB aBTOPHI MPHUIILIN
K BBIBOJIy O TOM, UTO CTOMMOCTb 3€MEJIBHOTO y4acT-
Ka OKa3bIBAaeTCsl B TPU pasa BhIIIE NPU pa3MENICHUN
Ha HEM anapTaMeHTOB, HEXKEIIM KIacCHYecKoro Om3-
Hec-1ieHTpa. Crares [1.C. batuna, A.B. JlyOpoBckoro,
T.B. lBanoBoi1 [2] mocBsillieHa BOIPOCY MIaHUPOBAHUS
u pazButus Tepputopuii HoBocubupcka B pamkax pe-
aJIM3alUK TPOTPaMMBI 110 PEHOBAIINH JKWIIbSI. ABTOPBI
YKa3bIBAIOT, YTO JUIS PEHICHUS ITOCTABICHHON 3aa4uu
HeoOXxoanMa noJpoOHas 0a3a JaHHBIX 0OBEKTOB He-
JIBIKMMOCTH, 1 B KaU€CTBE OJTHOTO U3 BajKHEHININX ee
MapaMeTpoB OHU IPEJIaratoT YYUTHIBATh IPOTHO3UPY-
€MBIIl CPOK OKOHUAHMS UX dKcInTyartanuu. [Ipu onenke
CTOMMOCTH 00BEKTa HEJABMKUMOCTH CTOUT OCOOEHHO
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YIENSTh BHUMaHUE aHaJU3y PhIHKA B 1I€JIOM C LEJbIO
BBISIBIICHUS! JIOTIOJIHUTENBHBIX (PaKTOPOB, B TOM YHC-
JIe TUTaHUPOBOUHBIX pemennit OXK®P, mecromomnoxe-
Hus U .., — numet J[.B. JIsBosa [3]. B myOnuxarm
AM. Kpeirunoii u A.A. JImutpueoii [4] nmepcrexTus-
HOI Ha3BaHa HKOJNIOTUYHASI MAJIOATAYKHASI HEABH)KUMOCTh
B paMKaX MacCOBOTO YKUIIMIIHOTO cTponuTenscTBa. Ha oc-
HOBAHHUH MPOBEJIEHHOTO 3KOHOMHYECKOTO aHAJIN3a IIPUBO-
JUITCsl 000CHOBAHMS TIEPCIIEKTUBHOCTH PEILICHUH TAKOTO
THIIA, TIPUYEM UX BO3MOXKHO OCYIIECTBUTH C IPUMEHE-
HHEM CTPOMTEJIbHBIX MaTepHaJIOB, UMEIOILUXCS B PETH-
one crpoutennscTBa. A.B. 300HeB u C.A. Baponun [5]
MOJIONLIN K JaHHOMY BOIIPOCY C HO3HMILUU SHEProdd-
(eKTUBHOCTH 3/1aHHI U coopykeHHi. OHM OTMEYaroT
BO3MOYKHOCTbh CHH)KEHHSI CTOUMOCTH OOBEKTOB HEJ[BU-
KHMOCTH, @ CJIE/IOBATEIIbHO, M UX IPHUBJIEKATEIbHOCTH,
3a CUeT yrpaBiIeHUs SHeProd(pPEeKTUBHOCTHIO HA JTAre
KaIlUTaJIBHOTO CTpouTeNnbeTBa. [loxoxee nccmenona-
HHE C Y4€TOM HMHOCTPAHHOI'O M OTEYECTBEHHOT'O OIIbITA,
C IIPUMEHEHUEM METO/IOB MOJICIMPOBAHUS KU3HEHHBIX
LUKJIOB CTPOUTEIHCTBA U OLIGHKU 3aTpar MPOBOIAUTCS
K.1O. KynakoBeim u C.A. bapoHuHbM [6].

OmnpeneneHre MOTEHIHATbHONH MPHUBIEKATENb-
HOCTH OyayIiero o6beKkTa HeABMKMMOCTH — 3ajada
MPOTHO3HAsA, KOTOpPasi OMHUpAeTCss Ha METOIO0JIOTHIO
00paboTKK OOJBIINX NaHHBIX. [[POTHO3HBIC METOIBI,
KaK [PaBUIIO, CTPOSTCS Ha 0a3e JEeTalbHOTO N3yUYeHHUs
PETPOCIEKTHBBI, YTO MMO3BOJISIET BHIABUHYTh THIIOTE-
361 0 BO3MOXKHBIX TEHJCHIMSIX Pa3BUTHUSI 00IeCTBa
1 TOPOZCKOI0 X0341icTBa. B 3TOM CBA3M METO/BI OLIEHKU
MEPCHEKTUBHOCTH TIAHUPYEMbBIX K BO3BEICHUIO 00b-
€KTOB HEJIBWKHMOCTH BO MHOT'OM JIOJDKHBI ONUPATHCS
Ha y>K€ MMEIOIIeecs TOPOACKOe MPOCTPAHCTBO U €ro
craguu GopmupoBanus. C 3TUX MO3UIMNA TPEICTABIIS-
et unTepec pabora E.A. bproxanoBoii [7], B KOTOpoii
paccMaTpuBaeTcs IPUMEHEHHUE COBPEMEHHBIX ME€OWH-
(opMalMOHHBIX TEXHOJIOTHH JUIst u3ydeHus Gpopmu-
pOBaHUs TOPOJICKOTO MPOCTPAHCTBA B Pa3IMUHBIX
UCTOPUYECKUX Neproaax. B maHHOM uccrnenoBaHuu
YYHUTBIBACTCS JOBOJILHO LIMPOKHI CHEKTp MoKazare-
JIEH: MECTO HAXOKICHHUS 00BEKTOB, COOCTBEHHHUKH, KO-
JIMYECTBO U OMUCAHUE CTPOeHUH, u ap. ConocTaBieHne
UCTOPHYECKHUX CBEICHHI C TeKyllel reonHpopmanueii
MOXET IMPEIOCTAaBUTh HOBbIC 3HAHUS, U3BJICUCHHE KO-
TOPBIX BO3MOXKHO C ITOMOIIBIO TEXHOJIOTHI 00paboTKK
OOJBIINX JTaHHBIX.

[TpumeHeHrne METOIOB aHaK3a OOJIBIINX JaHHBIX
B CTPOMTEIILCTBE SIBIISIETCSI OJTHUM M3 HOBBIX U aKTyallb-
HBIX HalpapieHui uccienoBanus. [10ckoIbKy cTpOu-
TeJIbHbIE KOMIAHUU PabOTAIOT B PEKUME MHOro3a-
JTAYHOCTH, PEATN3yIOT B PEabHOM PEKHME BPEeMEHH
pa3IuYHbIC MPOCKTHI, TO 000OIICHHBIC METOI0JIOTHH
aHaJM3a U IPUHATHS PELICHU B 3TOM cepe oka3biBa-
I0TCSl HEZIO0CTaTOYHO 3(P(HEKTUBHBIMU U HE OIHPAIOTCS
Ha JOCTOBEPHbIC aHAIUTHYECKUE NaHHbBIE. Mcnomap3o-
BaHUE TEXHOJOTUH M METOI0B 00pabOTKH OOJIBLIMX
JIAaHHBIX B CTPOUTEIBbCTBE PACCMATPUBACTCS B PsiJie Ha-
yuHbIX padoT. Tak, B cratbe F0.A. Koxxemstuenko [8] mpo-
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BOJIUTCSI aHAJIU3 COBMEILIEHHSI TEXHOJIOTUI 00paboTKu
Oonbiiux ganHeix ¢ BIM-muargopmamu. B tpyne I1.5.
Karana [9] Taxxe oTMe4yaeTcsi BAXKHOCTh HHTETPAINH
TEXHOJIOTHI 00pabOTKM OOJIBIIMX JAHHBIX €Ille Ha ITa-
ne coszganus BIM-Mozeneil 1 OHOBPEMEHHO C 3TUM
YKa3bIBACTCsI, 9TO aHAJIN3 OOJIBIINX JTAaHHBIX Ha HTare
TUTAHUPOBAHUS TIO3BOJISET CYIIECTBEHHO CHU3UTH PH-
CKH MpoeKToB. B cTarbe Toro ke aBropa [10] u3yuaer-
Cs1 BOIIPOC O MOJEIMPOBAHUM 3aCTPOMKU TEPPUTOPUH
KaK 9Tara IUIAaHHPOBAHMS U MCCIIEOBAHMS MTOTCHIIN-
aJIbHBIX BO3MOYKHOCTEH BO3BE/ICHUS BOCTPEOOBAHHBIX
00bekTOB cTpouTenbeTBa. B npyroii padore I1.65. Ka-
rana [11] mpenjaraercst anropuT™M MHTEIIEKTYalIbHOTO
aHaJIM3a JaHHBIX HA dTalax TeXHUKO-?KOHOMHYECKOTO
000CHOBaHUsI IPOEKTOB U MIPUHSTHUS PEIICHUH O 3aKJIIF0-
YeHHHM KOHTPAKTOB Ha CTPOUTENIHCTBO. AHAJOTHYHOE
MHEHHE O MPUMEHEHUH TEXHOJOTUH HCKYCCTBEHHOTO
MHTEJUIEKTa, KOTOPbIE MOTYT OBITh HCIOJIb30BaHBI JUIsI
NPUHATHSA PEUICHUN NMPU CO3JaHUHM IMPOEKTOB CTPO-
UTEJIBCTBA U SKOHOMHHU OIOJKETA, U3JIOKEHO U B CTa-
the [ U. EcOomnaii [12]. ba3oBbie MeTOmbI 00pabOTKH
OONBLINX aHHBIX B 33j1a4aX WHPOPMALMOHHON MOA-
JIEP’KKH CTPOUTENBHBIX KOMITaHui paccMorpens! K.B.
IToctrHoBbM 1 I1.b. Karanowm [13], kiroueBbIM BEIBOIOM
KOTOPOH SIBJISICTCS 3aKJII0OYEHUE 00 YKOHOMUYECKOH I1e-
J1ec000pa3HOCTH MPUMEHEHUSI TEXHOJIOTUH OOJIBbIINX
JIAaHHBIX B CTPOMTENbHOM oTpaciu. B kuure M. Casi-
ni [14] coBpeMeHHBI Tal HayYHO-TEXHOJIOTHYECKOTO
pa3BUTHUS Ha3BaH YETBEPTOM NPOMBIIIIEHHON PEBO-
JIFOIMEN, B X0/1€ KOTOPOW MPOUCXOAUT CYUIECTBEHHOE
HM3MEHEHHE METOIOB IPOCKTHUPOBAHNUS, CTPOUTEIHCTBA
1 9KCIUTyaTallid 00BEKTOB HEJBMKHMOCTH, OCHOBHAs
1[eJIb KOTOPBIX — CO3[aHKE YCTONYNBO#, OE30MMacHOiM,
KOM(OPTHOM M OCTyNHOU cpelbl. IHTepecHbIe naen
Ha TpUMepax MOCTPOCHHS MOJEeIeH peHHKNHUPHHTA
TEePPUTOPHUI U 3acTpOiKU Tarkke mpuBeaeHs! [LA. XKy-
paBnéssiM u C.b. CoopmukoBsM [15], aBTOpHI TIpEn-
JIATaloT KPUTEPUN KOITMYECTBEHHON OLICHKH M YPOBHS
BaYKHOCTH MTapaMETPOB, HA OCHOBE KOTOPHIX BO3MOYKHO
yIpaBJeHUE CIEHAPUSIMH ITOCTPOCHUS IPOEKTHBIX pe-
LIEHUH.

e HacTosIero ncclienoBanusi — (HopMHUpoOBa-
HUE MOAXO/I0B K INPUHATHIO PELICHUH 0 BbIOOpE Hau-
Oosee MepcreKTHBHBIX 00BEKTOB, CO3/IaHHE KOTOPBIX
OKa)KeTCsl BOCTPEOOBAaHHBIM B JAHHOM MECTE B IaHHOE
BpeMs.

B pamkax yka3aHHOH LieJId CTaBATCS 3aJauu:

* aHaynu3a (akTOpOB, BIHUSIONUX HA MPUHITHE
peLIeHuI;

* METOJIOJIOTHH OIEHKH MEPCIIEKTUBHOCTH 00b-
€KTOB;

* IOCJIEIOBATEIBHOCTH U MPUHIUIIOB IPUHATHS
YIpaBICHYECKUX PELICHUH Ha OCHOBE MPUMEHEHHUS
METOJIOB aHaJIN3a OOJIBIINX JaHHBIX.

Ha Teky1mii MOMEHT ellie He BRIpaboTaHbl U He 00-
CYXJIEHBI MOJXO/bI, KOTOPbIE MOTYT OBITh MOJ0XKEHBI
B OCHOBY aHAJIUTHKH, HAIIPABIEHHOHN Ha MPOTHO3HUPOBA-
HHUE MTOTEHINAJIBHOMN NMePCIIeKTUBHOCTH CTPOUTEIHCTBA
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C. 144-165
K BO3BEAEHMIO 0ObEKTOB HEABMXMMOCTU

00BEKTOB ONPENIEICHHBIX KJIACCOB C YUYETOM H3BIIEUe-
HUSI MAKCUMaJIbHOW IPUOBLIN JUTsl On3Heca.

MATEPHAJIBI U METO/JAbI

PazBuTHe TexHomoruit 00pabOTKH M aHAIW3a JaH-
HBIX TTO3BOJISIET CYNIECTBEHHO MOBBICUTH () (HeKTnB-
HOCTH OM3HEC-IIPOIIECCOB M KaueCTBO MPUHUMAECMbIX
yIpaBlIeHYECKHUX pelleHni. BHenpenne aTux MeTo108
U TEXHOJOTHH B chepe CTPOUTENHCTBA U YIIPABICHHUS
HEIBUKMMOCTBIO — aKTyasbHas 3aj1ada. Jlo cux mop
PBIHOK HEIBIDKUMOCTH HE CHCTEMaTH3UPOBaH, €To Ia-
paMeTpbl He TIOITHOCTHIO ()OPMAIM30BaHbI, U B LIEJIOM
OH OTCTAaeT OT TEMITOB IIM(POBU3AMN OOIIECTBEHHON
CpeJibL.

B nmporeccax npuHATHS pemieHui o meaecooopas-
HOCTHU U NEPCIEKTUBHOCTH CTPOUTEIHCTBA OOBEKTOB,
BbIOOpA WX THIIAXKA U XapaKTEPHUCTHK, BO3MOKHOCTH
W3BJICYCHNUs MPUOBLIM ¥ BpeMEHH 000poTa Kamnuraia,
OKOHOMHUYHOCTH MPOCKTOB CTPOUTECIHCTBA HCO6XO}II/IM
MHOTO(aKTOPHBIN aHanMu3 OONBIINX JAHHBIX, KOTO-
PBIIl MOXKET YBEINYNTH JIOCTOBEPHOCTH IIPHHUMAEMBIX
peILeHUIA.

MeTo/p! McClieJOBaHMsI BKIIIOYAIOT: aHAIN3 U 0000-
HICHUC Ol'[y6.]'[I/IKOBaHHI)IX Hay4YHbIX HCCHCIIOBaHI/Iﬁ; npu-
MEHEHHE CHCTEMHOI'0 aHaJIN3a U CHCTEMHOTO TTOX0/a
K M3yYCHMIO HayYHBIX MPOOJIEM; CTPYKTYpHOE U Marte-
MaTH4YecKOe MOJCIUPOBAHKE SBICHUH U IPOIECCOB;
TEOPHIO U MPAKTUKY IU(PPOBU3ANKMHA IKOHOMHUCCKUX
CUCTEM, BKIIfoUasi NU(POBYIO TpaHCHOPMAIUIO MTPE-
NpUSATUN, OTpacieil, perMOHOB; BHEAPEHUE CKBO3HBIX
IU(GPOBEIX TEXHOJIOTHH B MPOMBIIIICHHOCTH, cdepe
(MHAHCOB M KOMMEpPIUH; peasn3aiio KOHIEHINN
«unyctpus 4.0» [16]; cpencTBa U METOROJIOTHIO 00-
paboTku O6oNbIIKX JaHHBIX [17] 1 OONBIINX MAaCCHBOB
WHPOPMAIIIH; TECOPHIO X METOJJOIOTHIO 00BEKTHO-OPH-
SHTHPOBAHHOTO TTOJIX0/Ia B KIACCU(PHUKAINU 0OBEKTOB
UCCIIEIOBaHUI; METObI TOCTPOCHUS 0a3 JaHHbBIX 1 0a3
3HaHPII>i; PEIAUOHHBIC MOJACIN 0as JaHHBIX; METOO0-
JIOTHIO UCCIIEIOBAHUS, IETATN3AUN U JEKOMITO3UINN
nporeccoB drill-down; Teopuio mMporHO3UPOBAHUS
U CTaTUCTUYECKOTO aHaJIH3a.

[TprMeHeHHbIE METO/IbI, TOJXO0/IbI M TPEICTABIICH-
Hasi MOJIeJIb aHaJIM3a JIAHHBIX JUISl OLIEHKH MEepCIeK-
TUBHOCTH IUIAHUPYEMBIX K CTPOUTEILCTBY OOBEKTOB
MOTYT OBITh TaKXKE IPUMEHEHBI B ICSTEIbHOCTH PHET-
TOPCKUX KOMITAaHHMH Ha BTOPUYHOM PBIHKE, JUIS IIeJIeH
dbopmanuzanuu TpeOOBaHMN KIIUCHTOB, CO3JaHUS CIIH-
HOOOPA3HOr0 MHOTO(AKTOPHOTO MPE/ICTABICHHS Xa-
PaKTEPUCTHKH NapaMeTPOB 0OBEKTOB HEIBHKUMOCTH,
ABTOMAaTH3allMN MONCKA HAWITYUYMINX IPEIIOKCHHMH,
MaKCUMAaJIbHO Y/IOBJIETBOPSIIOLIHX 3aIIPOCHI KIIMEHTOB.

PE3VYJIBTATHI UCCJIEJOBAHUA

HVcxonst M3 MOCTAaBICHHOM 1IEIN U 3a/1a4 MCCIIe/10-
BaHMs1, MO>KHO ITEPBOHAYAIILHO OIIPE/ICIUTD, YTO JII00ast
CTPOUTEIbHAS KOMITAHUS, KaK 1 JII000H CyOBeKT Om3-
Heca, 3aMHTEPEecOoBaHa B M3BJICYEHUH MAaKCUMaJIbHOU

MPHUOBUIH OT pa3paboTKH M peann3aliyi CBOMX IMPO-
ekToB. CTpouTeIbHbIE MPOCKTHI OTIMYAIOTCS BBICO-
KHMH 3aTpaTaMy M KalmuTalloBloXeHusMu. [Ipu pea-
JIM3alUU CTPOUTENBHBIX IPOEKTOB BCET/A CYIIECTBYET
BEPOSTHOCTD MOJYUYEHHS PE3YJIbTATOB, OTIHYAFOIIXCS
OT OXKMJIAEMBIX KaK B IJIaHe (PMHAHCOBOM ITPUOBLIH, TaK
Y B OTHOIICHHH CPOKOB BO3BpaTa MHBECTHIIUH.

B 510l cBSI3M BO3HUKAIOT 3a/1a4M IIPOBECTH IMPO-
THO3HBIA aHaJIM3 MEePCHEeKTUBHOCTH IUIAHUPYEMOTO
K BO3BEJICHUIO 00bEKTa HEABUKUMOCTH M YTOUHHUTH €r0
XapaKTEePUCTHKH, KOTOPBIE CIIEAYET 3aJI0KHUTh Ha dTa-
e npoekTupoBanusi. Tak, HapUMep, IPU BO3BEACHUH
0(pHCHO-/1eJIOBOT0 LIEHTPa 3HAYMMBIMH XapaKTEPHCTH-
KaMU SIBJISIIOTCS TUIOIIAAM M TUIAHUPOBKU OTJIEIBbHBIX
opuCcHBIX nomelieHuit. Manenbkue oGUCH MOTYT
ObITH BOCTPeOOBAHBI I OJJHOIO CErMeHTa Ou3Heca,
a OosbIIne — Jy1st nHOTrO. HeBepHoe nmporHo3upoBaHue
MOTEHIIMAIBbHON BOCTPEOOBAHHOCTH OOBEKTOB IO MX
XapaKkTepUCTUKAM MOXKET OKa3aThesi (paTanbHOM omo-
KOM, KOTOpasi CTaHeT IIPUYMHON HEBOCTPEOOBAHHOCTH
JIAaHHBIX 0OBEKTOB Ha PhIHKE.

[lepBOHa4YaIbHO TP BBIOOPE 3€MEILHOTO y4acTKa
T0J1 3aCTPOMKY KOMITAHUSI UCXOIUT U3:

* oOyactu Hanboee 3hGHEKTUBHOTO MCIOIb30Ba-
HUSI 36MEJIbHOTO Y4acTKa;

* BHJIA pPa3pPEIICHHOTO HCIIOIb30BaHUS 3eMeJIbHO-
0 y4acTKa;

* BO3MO)XHOCTH TI€PEBOJIa 3€MEJIbHOTO y4acTKa
MO/ IpyrOW BUJI MCIIOJIB30BaHUS U COOTBETCTBYOIIMX
IIPU ATOM TPYIOBBIX, BDEMEHHBIX, OPraHU3aIOHHO-
MPaBOBBIX U (PMHAHCOBBIX 3aTpPaT;

° HaJM4Usl KOHKYPEHTOB, 3aMHTEPECOBAHHBIX
B OCBOCHUH JIaHHOTO 3€MEJIbHOTO Y4acTKa.

Ve Ha 3TOM 3Tarne BO3HHUKAET HEOOXOIUMOCTh
MPHUHATHUSL IEPBOTO OJIHO3HAYHOTO YIIPABJICHUYECKOTO
petieHUs — 100 O MPUHITHH 3€MEJIbHOI0 y4acTKa
B pabory, 1100 00 0TKa3e OT Hero.

B ciydae npuHsTHS B paboTy 36MEJILHOTO Y4acTKa
TI0/I OCBOCHHUE U 3aCTPOMKY CIIEAYIOIIUM ITaroM Oyaer
NPUHSTHE PEIICHHs O BUJIE U TUIIE BO3BOAMMBIX COOPY-
JKEHUI B paMKaXx pa3pelieHHOro NCrolib30BaHus. B 00-
IIEM CJIydae MOXKET PaCCMaTPUBATHCSI CTPOUTENIBCTBO!

* TOProBOIO LIEHTPA;

* 0(hUCHO-JIETIOBBIX MTOMEIICHUIT;

* JKUJIBIX TIOMEIIECHUH;

° anapTramMeHTOB, KaK OT/IEJIbHO paccMaTpuBaeMo-
To MojKiacca.

[lepeuncreHHble BbIlIE PA3HOBUIHOCTHU SIBIISIOT-
Csl HE €JIMHCTBEHHBIMH, HO HanboJiee pacnpoCcTpaHeH-
HBIMHU THIIAMH CTPOUTENILHBIX 00BEKTOB. B peanbHbIX
CHUTYaIMsIX MOTYT OBbITh U UHBIE PA3HOBUIHOCTH O0BEK-
ToB. OIHAKO MPUHSITH CEJIEKTUBHOE PEIlIEHHE, OCHOBbI-
BasICh TOJILKO Ha MPEAIOJIaraéMoM TUIle 00bEeKTa, B Ha-
cTosiliee BpeMsi HeBo3MokHO. Clieayer paccMarpuBarh
0OBEKTHI HE TOJIBKO MO MX THITAXKY, HO ¥ TI0 COBOKYITHO-
CTH XapaKTEPUCTHK, HA OCHOBE KOTOPBIX MOTEHIHAJb-
HBIH MOKyNaTesb OyAeT NIPUHUMATh PelIeHHe O MPUo0-
peTeHuu 3Toro oowsekTa. [y pa3muuHBIX MOKyTaTeIeH
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A.A. Cupomckul

MpeICTaBIsIeT HHTEPEC Pa3IndHasi COBOKYITHOCTh Xa-
pakrepucTuk oobekra. [1o aTol npuyrHe HEOOXOUMO:

* OMPENEeNUTh MaKCUMAaJIbHO BO3MOXKHYIO COBO-
KyIHOCTh XapaKTepUCTHK M MapaMeTPOB, OMUCHIBAIO-
KX TUIAHUPYEMbI€ K BO3BEJCHUIO O0BEKTHI;

* YCTaHOBHTH BCE MMEIOIIHE BeC (haKTOphbI, OTpa-
JKAIOII[e BHEIIHIOIO CPeay OObEKTa;

* BBIOPATh LIKAJIBI H3MEPEHU;

* (opmann30BaTh XapaKTEPUCTUKU B IapaMeTphl,
MIPUTOTHBIE IS A ITOPUTMUYECKOTO aHAJIH3a.

Paccmotpum >1tH geiictBus noxpoOHee. [lox xa-
paxkTeprcTUKaMK 00beKTa OyJeM MOHUMaTh COBOKYII-
HOCTB:

* CBOWCTB 00bEKTa KaK YUYETHOI eJMHMIIbI (Ha-
puMep, KBapTupa);

* CBOWCTB 00BEKTa, B COCTaB KOTOPOTO BXOJAUT
y4eTHas eAnHUIIA (31aHUe, CTPOEHUE);

* XapaKTEpUCTUK BHEILIHEH cpefbl, B KOTOPOH Ha-
XOIIUTCS OOBEKT.

[Ipexne Bcero ciemayeT BBIJICIUTh CBOMCTBA 00b-
€KTa KaK y4eTHOU enuHulbl. Takux CBOMCTB MOXET
OBITh MHOXECTBO, U YeM OOJIbIIEE UX KOJUUECTBO Oy-
JIET BBIZIETICHO, TEM BBIIIIE OyJeT YPOBEHb TOBEPHSI K pe-
3yJIbTaTaM OLIEHKH €ro MPHBIEKATEIBHOCTH, IPUYEM
METOJIbl U TEXHOJOTUH 00pabOTKK OOJIBIIMX JaHHBIX
MO3BOJISIIOT HE TOJBKO IMPOBECTH MHTEIICKTYaJlbHOE
HCCIIeIOBAaHNE U MTOCTPOUTH MOJETH OLIEHKH, HO U BBI-
SIBUTh HOBBIE 3aBUCHMOCTH, 3aKOHOMEPHOCTH U 3HAHUS
0 (hakTOpax, BIUSIOIUX HA YPOBEHb IPHBIEKATEIbHO-
CTH O0BEKTA.

K cBoiicTBaM enuHUYHOTO 00BEKTa (ITpyTIa napa-
metpoB Table ED), kotopsie OyayT siBISITbCS aTpuly-
TaMH B PEJISILIMOHHOM NPEACTABICHUU 0a3bl JIaHHBIX,
Ha MPUMEpE KIJIOTO TTOMENICHHUS HYKHO OTHECTH:
Orax N_.

OO6mas nomane S .

Koneunas croumocts C.

YaenbHast CTOAMOCTb 32 1 M S .

[Tnomans Kyxnu S .

Kunas mromans S .

Komnuecto komuar K .

Komuuectso canysnos K .

Tun canysna(oB) 7, popmanuzyemslii B BIE
HIKAJIMPOBAHHOTO (B YaCTHOM cliy4ae — OMHapHOIO)
3HayeHus (Hampumep, 0 — coBMeIeHHbIH, | — pas-
JIeTbHBIN).

10. Komunuectso 6ankonos K.

11. Konmuectso momkuid K .

12. Inomans 6ankoHOB S

13. Inomans nomkui S .

14. Tun nnaHupoBKH KOMHAT P, Gpopmanu3yemMbiid
B BHJI€ IIKAJIMPOBAHHOTO 3HaueHwus (Hampumep, 0 —
CMEXHBbIE, | — CMEXHO-U30JUPOBAHHbIE, 2 — H30JH-
poBaHHbIe, 3 — cBOOOIHAS [IAHUPOBKA).

15. Bricora noTtonkoB H.

16. ITnomanb mpuxoxe Snp.

17. Tlnomas noAcoOHbIX TOMEIIeHUH S .

18. HampapneHue OKOH Ha CTOPOHY cBeTa O.

WA NRA W=
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19. BoicoTa mogoKOHHUKA X.

20. HlupuHa OKOHHBIX IPOEMOB L.

21. BpicoTa OKOHHBIX TIPOEMOB M.

Crnenyer oOpaTuTh BHUMaHWE Ha MPUHIIMI JETa-
JU3alUU CBOMCTB 00BeKTa (IPUMEHEHNE TEXHOIOTHH
drill-down, 3akmrouarorieiics B mepexome ot Ooiee
00I11ero K 4aCTHOMY): KaK/asi XapakTepuCcTUKa U Ta-
paMeTp JIeTanu3upyercs 1 GopMan3yercs: OTACIbHO.
B kadecTBe npuMepa MOXXHO ITPUBECTH OAJTKOHBI U JIO/I-
MM, BO MHOTHX 0a3ax JaHHBIX 10 HEJBUKHUMOCTHU
HE JIeNTaeTCs pa3/ieieHUH 10 JAaHHBIM 3JIEMEHTaM, YTO
HEBEPHO, MOCKOIBKY J1aXKe OTHO 3TO CBOWCTBO MOXKET
UMETh IPUHIUIHAIBLHOE 3HAYCHNUE IS OT/ICIBHO B3s-
TOTO TIOTpeduTens (3anHTepecoBaHHOTO Juna). Kpome
TOTO, UCXOAS U3 TMPUHITUIIA MAaKCUMaJIBHOCTH, HEOOXO-
JUMO YYUTBIBATh BCE MapaMeTphl 00bEKTa, KOTOPHIE
BO3MOKHO BBIJIENUTH U (hopmanu3oBark. Tak, nocien-
HHUE TPU MapamMeTpa B MPUBEACHHOM NepeyHe OOBIYHO
HE BCTPEYAIOTCS B OMUCAHUSIX 00BEKTOB HEIBMKUMO-
CTH, HO MIMEHHO OHH MOTYT UMETh PEIIAIONIyI0 POJIb
B IIPUBJIEKAaTeNIFHOCTH 00BeKkTa. Hanpumep, cymiecTy-
10T JJOMa C YBEJIMYEHHOM BBICOTOM OT Ioja 10 MOJO-
KOHHHUKA, B TaKHX JOMaxX yBHUJETb, YTO MPOUCXOAUT
Ha yJHIe, He TO/I0i/1g BIUIOTHYIO K OKHY, a 3a4acTylo,
1 HE BCTaB Ha JIOMOJHUTENFHYIO TTOJICTaBKY, HEBO3MOXK-
HO. Jl51s1 GONBITMHCTBA MOTCHIMANBHBIX TOTpeOuTEeIeH
3TOT (pakTOp cKOpee OyAeT OTPULATEIHHO BIHMSIOUIMM
Ha HHTEPEC K TAKOMY OOBEKTY. AHAJIOTHYHAs CUTyalns
U C pa3MepaMH OKOH, BIMSIOIINMHU Ha OCBEHICHHOCTh
nomerneHui. [IpuBeaeHHbIe MapamMeTpsl Hanbomee cy-
IIECTBEHHBIE, HO HE MCUYEPIIBIBAIOIINE.

He cMmemmuBasi cBOWicTBa €IMHUYHOTO 00BEKTA
CO CBOICTBaMU 3/1aHusl, Kak 00beKTa 0oJiee BHICOKO-
TO YPOBHS (B TepMUHAX 00BEKTHO-OPUEHTHPOBAHHOTO
MOJIX0/1a), TIOCIETHUIN TaKKe CJIeTyeT aHAJOTUYHBIM
oOpa3zoM ¢Gopmaau3oBaTh U JETAIU3UPOBATH. 3/1€Ch
MOYKHO BBIJICJIUTH CIEIYIOIINE KIIIOYEBBIC XapaKTepH-
CTHKH U TTapamMeTpsl (rpymmna mapamerpoB Table OBJ):

1. OGuiee komM4ecTBO STANKEH N .

2. KonngecTBo KBapTUp Ha dTaxE Z.

3. Ilnomanp obmero xomna S,.

4. Hanuuue obmieit aBepu B xomie D, hopmanu-
3yeMoii B Buje OuHapHoro 3uadenus (0 — He npemyc-
MOTpeHa, | — nmeercs).

5. Bospacr 3nanus Q,.

6. TlIpoekTHblii cpok ciy:xObl 3nanus Q.

7. Komuuectso mudros W,.

8. Hamuuue rpysosoro mudra W,.

9. KonnuecTso moane3nos P,

10. Homep mogpemaa, B KOTOPOM pacronaraeTcst
CIMHUYHBIA OOBEKT P,

11. Marepuai cTeH (10 HeM3MEpUMOH IIIKaje).

12. Tun nepexprIThii (Mo HEM3MEPUMOH IIKae).

13. Tun xpoBam 37aHHUS (IO HEU3MEPUMOU
IIKase).

14. TIpounocTs MaTepuaia CTeH (KOHCTPYKIIHN)
3AHUSA L.

15. TernonpoBOAHOCTh CTEH 3/1aHHS J.
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16. OGuee KOMMUECTBO KBAPTUP B TOME N . .

17. Teorpaduueckue koopauHarel 00bexTa Geo.

TpeTwnii OITOK MapaMeTpPOB U XapaKTEPUCTUK IO~
KCH JaBaTh MOJHYIO0 KapTHHY O BHEIIHEH cpeae 00b-
ekta. K TakuMm nmapamerpam, B 4aCTHOCTHU, CIEYET OT-
Hectu (rpynma napamerpoB Table VNSR):

1. Ilnomaab TeppUTOPHUH, OTHOCSILIEHCS K IOMY Smpp.

2. KOJ’[I/I‘IGCTBO TTApKOBOYHBIX MECT, OTHOCAIINX-
cs K Tepputopun joma N_ .

3. Konam4ecTBO MapKOBOYHBIX MECT, MPUXOJIS-
IUXCS HA OJIHY KBapTHpY N .

4. PaccrosiHue 10 OIMKAKMIIETO CTPOCHHUS LCTP.

5. PaccrosHue 10 OIMKAUIIETO KUIIOTO JI0Ma L.

6. PaccrosHUME 10 OMIKaIIIeii CTaHIINE METPO L.

7. IlnoTHOCTH HacejJeHUS B JaHHOM MHUKPO-
paiione p.

8. Paccrosaue no Onmkaien MoaTuKIMHIKA Lm.

9. KomuecTBo mIKOM B TAHHOM MUKpOpaione NV .

10. Paccrosnue no Givkaiuiei mkomst L .

11. KonuuecTBO JETCKUX JOMIKOJIBHBIX YUpExkKae-
HUI B IAHHOM MHKpOpaiioHe N .

12. PaccTossaue o OIMKaWIIEero AETCKOTO I0-
LIKOJILHOTO yUPeKACHUs L .

13. Paccrostaue 1o OimKaimein oCTaHOBKY 0011e-
CTBEHHOI'O TPaHCIIOPTa LTPHHC“.

14. KonuyecTBo nepecanok, KOTOpble HEOOXOAH-
MO COBEPILUTH IIPU MOE3/KE 10 LeHTpa ropoaa U.

15. MennanHOE 3HaYCHHUE BPEMEHH B ITyTH 00IIIe-
CTBCHHBIM TPAHCIIOPTOM /10 LieHTpa ropoxa T, .

16. IToka3arenb 3KOJIOTHYECKOTO MOHMTOPHHIA
MuKpopaiiona G .

17. PaccrostHre 10 OmrpKkaifiiero mapka, 3eJIeHOH
TIPOTY/IOYHOM 30HBI L .

18. KonuuecTBO MarasuHOB MPOAYKTOB B MUKPO-
paiione anoﬂ.

19. Tlokazarenp MHIEKCA IIEH B Mara3uHax Ipo-
AYKTOB MUKpOpaiioHa F__ .

20. KonnuecTBO Mara3mHOB X03SHCTBEHHO-OBITO-
BOTO PO B MUKpOpaiione N .

21. KomecTso GObHHMIL B IJAHHOM MUKpOpaiione IV, .

22. KoaunueHT 3aM0THCHHOCTH CTaIlOHAP-
HBIX KOWKO-MECT B OOJBHUIIAX MUKpOpakiona F .

IIpuBenenHblil IepedyeHb NMpeaIaraéMbIx MOKa-
3aresieil TakKe He MOJHBIN, ero ciejyeT JOMOJIHATh
U IPYTHMU TTOKA3aTeISIMA, YIUTHIBAIOIIIMHA OKPYKaF0-
IIee MPOCTPAHCTBO, HHYPACTPYKTYPY U OE3011acCHOCTD
KHU3HCACATCIBbHOCTU. Ho BHUAHO, YTO IO COBOKYITHOCTH
TpexX TPYNI XapaKTEPUCTUK OOBCKT HEIBHKAMOCTH
HMeeT NecsATKH aTpulyToB (mapaMeTpoB). A obiiee
HX KOJIMYCCTBO, KOTOPOEC HA/I0 MPUHHUMATh B aHAJIN3EC
BO BHUMAaHHE, MOXKET MPEBBIIIATh COTHIO. JTU TPYII-
ITBI TIO3BOJITFOT OXapaKTePU30BaTh KaK CaMH OOBEKTHI,
IJTAaHUPYEeMBbIe K BO3BEICHHUIO B MMEIOIIEMCS Ireorpa-
(hrIecKoM TTOJIOKEHUH, TaK U COOpaTh MACCHB JTAaHHBIX
M0 YK€ MMEeIIUMcS 00beKTaM UIs meleil comocTa-
BHUTEJBHOTO HccienoBanmsa. OnHako yKa3aHHBIC TPYTI-
MBI XapaKTePUCTUK MPUMEHHUMBI IMEHHO K 00BEKTaM
Y UX KJaccaMm, a 3TOr0 HEOCTAaTOYHO IS MPOBEACHUS

OLCHKHN NECPCHCKTUBHOCTU MJIAHUPYEMBIX K CO3JaHUTIO
00beKTOB. JlOMOMHUTENBEHO TPeOYIOTCSI CBEJCHUS O pe-
TPOCHEKTHBE PHIHOYHBIX MTOKA3aTeleil B OTHOIICHUH
00BEKTOB OKpYyKeHH. J{71s1 3TOro HeoOxonuMa emie Kak
MUHIMYM OJ[HA TPYIIA MOoKa3aTeNeil ppIHOYHOTO OKPY-
JKCHHS, B KOTOPYIO CIIEYeT BKIFOYHTH CIICAYIOIINE TT0-
kazaresu (rpynmna napamerpoB Table ECON):

1. Jlara BeICTaBJICHUS OOBEKTAa Ha MPOJAKY
(DD1.MM1.YY1).

2. Bpewms skcniozurmu (DD2.MM2.YY?2).

3. TlepBoHadambHas IIEHA MPEATOKCHHS Rl.

4. KonnuecTBO CHMIKEHUHN I1€HBI K1~

5. KomudecTtBo 3ampocoB (0OpalieHuit) 1mo mpe-
noxenuto K.

6. Konuuectso nokasos oobexra K.

7. Tlena cnenku R,

8. Tunm peiaka (0 — Ha dTame 3acTpoku, 1 —
MIEPBUYHBIN Ha 3Tare CJaHHOTO 00BheKTa, 2 — BTOPUY-
HBIH).

9. TlopsAKOBEIM HOMEp CHETKH C TaHHBIM 00b-
€KTOM E.

10. Tloxa3aresb OpHIMIECKON YUCTOTHI 00beKTa £ op”

[TapameTpbl pEIHOYHOTO OKPYKCHHSI TO3BOJISIOT
OLCHUTH PLIHOYHYIO JUHAMUKY CIIpOCa Ha O61)6KT])I
JTAHHOTO KJIacCa, OCHOBBIBASACH HA MCTOPUHU CIENOK.
OHHU MOTYT COOMPATHCSI B HEMPEPHIBHOM (PETYIISIPHOM )
pexXuMe METOJaMHU MapCHUHTa JaHHBIX M3 OTKPBITHIX
HMCTOYHUKOB, UTO SIBJIIETCSI OJHOM M3 TEXHOJIOTH pa-
0OTHI ¢ OONBIIMMH JaHHBIMU. HanboupIme TpyaHOCTH
MPEJCTABISIOT JBa IMOCICIHUX MoKa3arens. CBeaeHus
0 IMepexojie MpaB Ha OOBEKTHl HEIBHIKUMOCTH MOTYT
OBITh MOJIYYCHBI, HO IS 3TOTO0 HEOOXOIUMBI 3aIIPOCHI
B €JUHBII rOCYlapCTBEHHBbIN PEECTP HEIBUKUMOCTH.
[Tokazarenb I0OpUIUYECKON YUCTOTHI CACIKHA UMEET Cy-
[IECTBEHHOE 3HAYCHHE, TaK KaK MPH MPOYNX PaBHBIX
YCIOBUSX OOBEKTHI C Pa3TUYHON FOPHUINYECKON UH-
CTOTOH MOTYT UMETh Pa3IUYHYO IPUBICKATEIIEHOCTD.
OHAKO aBTOMATH3HPOBATh MPOIECC BBIYUCICHUS ITOTO
MoKa3aTessl MpoOJIEMaTHYHO, BOIIPOC SIBIISICTCS IIPEIME-
TOM OT/EIBHOTO UCCIIEIOBAHUS.

CxeMa B3aMMOCBSI3EH XapaKTePUCTUK U TMapame-
TPOB 0OBEKTOB, MCXOAs M3 WX yPOBHEH, MpUBEICHA
Ha puc. 1. BaxHO OTMETUTB, UTO COBOKYIIHOCTb CBE-
JIEHUH 10 CYMIECTBYIOIHUM OOBEKTaM — 3TO MaCCHB
TMIOTTOTHACMBIX OOJBIINX JaHHBIX, KOTOPBIE CITYXKAaT OC-
HOBOH aHanm3a. CBeJIeHNs 110 TUTAHUPYEMBIM K BO3BE-
JICHUIO 00BEKTaM YKa3bIBAIOTCSI B YACTH MX MPOCKTHOM
JOKYMEHTAluu, u saﬂaqef/i MMOCTPOCHUA MOACIIU ABJIA-
€TCsl OTBET Ha BOMPOC O MEPCIEKTUBHOCTH CO3/IaHUS
00BEKTOB C TNIAHUPYEMBIMH CBOMICTBAMH U TTapamMeTpa-
Mu. [1epCeKTHBHOCTD MITaHUPYEMBIX 00BEKTOB MOYKHO
paccMaTpuBaTh Kak (YHKIUIO OT COBOKYITHOCTH TPYII-

TIIOBBIX HapaMeTpOB:
II, = /{Table_ED,, Table OBJ,, W
Table VNSR,, Table_ECON,}.

3navenus I, MOKXHO paccUuTaTh HECKOJIBKMMH
cniocobamu. Hanbornee nepcrnekTHBHBIE!
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IIpoexTupyemsbiii 00BEKT

Kiaccel 00beKTOB

7

*

OOBEeKT BBICILIETO YPOBHS

1

EnuHu4dHbI 00BEKT

CymiecTByroniue 00beKThl

Kitaccer 00beKTOB

OOBEKT BBICILIETO YPOBHS

Eauunynbii 00bekT

N\

e e

| WuauBuyanbHbIe CBOWCTBA POIOBOrO 00BEKTA 2

WunuBunyanbHbIe CBONCTBA 00BEKTA

XapaKkTepucTUKa BHEIIHEH CpeJibl

ITokazarenu PBIHOYHOT'O OKPYIKEHUS

Monens 00paboTKH TaHHBIX

Puc. 1. Cxema B3auMOCBsI3€il XapaKTEPUCTHUK U ITapaMeTPOB OOBEKTOB
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* IpUMEHEeHHEe 00y4arolleiics Ha MOTOIHIEMBIX
Habopax JaHHBIX HEHPOCETH;

* MPUMCHCHUE MCTO/a BBIUYUCICHUI WHTETPAIIb-
HBIX TIOKa3aTeJe.

Brruncnenue MHTErpanbHbIX NOKa3aTeael 1aeT
BO3MOYKHOCTh MOJTYYUTH 0000MIar0Iee 3HAYCHUE, Xa-
paxkrepusyrollee B LEJIOM BIIMSIHUE aHAJIU3UPYEMBIX
JTAHHBIX Ha OIICHKY MEPCIIeKTUBHOCTH 00BekTa. MHTe-
rpabHOE 3HAYCHUE MO3BOJISICT COMIOCTABUTh UCCIICY-
eMblii 00BEKT ¢ 00BEKTAMU CPABHEHUS U MPOCICIUTh
ITUHAMUKY U3MEHEHHH B MacmTabax BpeMeHH. DTOT
MOJIXOJT SIBIIIETCSA OOBEKTUBHBIBIM aHATUTHUECKUM Me-
TOAOM, XOpOIJ_IO IIoAXOoaAAIInuM IOJIs1 peHICHHSI II0CTaB-
neHHoi 3ana4yn. [IpuMeHenne yka3aHHON METOI0JIOTUU
aHaJM3a JaHHBIX Ha MPUMEPE MaPKCTHHTOBBIX HCCIIC-
JIOBaHUU Xopomio mpencrasieHo B padore C.B. 3aky-
cknHa [18]. [IpuMeHUTENHHO K 3a7a9e UCCIEIOBAHNUS
HWHTETPaJIbHBIC MMOKA3aTCIIH BBIYUCISIOTCS OTICIBHO
JUIsL KaXK/I0M TPYIIIbl HAOOPOB JaHHBIX (TAONHIT):

I Table ED =W, - P,
I_Table_OBJ = W(;BJ -F (;BJ

, 2
I Table_ VNSR = Wi - Ponse
I Table ECON =W, .\ - Prcox
rae W' — BeKTOpHI BecoB; P’ — BEKTOPHI 3HAaUEHUH

CBOWCTB M XapaKTEPUCTHUK.

Torma mepcrneKTHBHOCTh 00BEKTOB MOXKHO pac-
CYUTATh KaK MHTETPAJIbHBIN MOKA3aTelIh MHTETPaIbHBIX
rokasaresieid HaOOpOB JJaHHBIX:

I, =W, -1_Table_ED+
+ Wop; -1 _Table _OBJ +
+ Winsk -1 _Table _ VNSR +

+ Wyeon -1 _Table ECON.

€)

IIpenMeTHBIM BOMPOCOM SIBISIIOTCS] TTPUHIIUITBI
Ompe/iesICHUs] BEIMUHUH BECOBBIX 3HaYeHUN. OOBITHO
B 3TUX LEJISIX IPUMEHAETCs 3KCIEPTHBIN noaxox. Taxk,
Hampumep, B pabore [19] A.M. Mopos, pemras poj-
CTBCHHYIO 3a]1a4y YCTaHOBJICHUS MOTPEOUTEIBCKUX Ka-
YEeCTB KOTTEIXKHBIX IMOCEJIKOB, IIPUBOJUT CBOM IKCHIEPT-
HBII B3DJIS HA OTPECIICHHE KaK BECOBBIX 3HAYCHHUM,
TaK W 3HAYEHUH MOKa3aTelen.

OmHako CTOWT OOpAaTHTh BHUMAHHE, YTO TPH-
BIIEKATENBHOCTh O0BEKTa I I000T0 3aWMHTEpPECco-
BaHHOTO JIUIA, XOTh M HA MOJCO3HATEIILHOM YPOBHE,
OIICHMUBAETCS HA OCHOBAHWUHU PACCMATPHUBAEMBIX KpUTE-
pueB u nokasareneil. [IpocTo He Kax bl TOTPeOUTETH
YEeTKO M MpeAeabHO UX POopMyaupyeT u oco3Haer. I1o-
3TOMY 1IEJIECO00Pa3HO, HUCIIOJIB3YSI OMPOCHBIC METOIBI,
BBISIBUTh PAHTH MPEANOYTEHUN 3aMHTEPECOBAHHBIX
nui. s 3Toro A0CTaTOYHO MPEMJIOKHUTh 3auHTEpe-
COBaHHEIM JIUIIAM PaHXUPOBAaTh (OPMAaN30BaHHBIC
MOKAa3aTeIH MO0 CTCIICHU BaXXKHOCTH. TeM mokasare-
JISTM, KOTOPBIE CTATUCTUICCKU OKAXKYTCS B IIPHOPHUTETE
y OOJIBIITMHCTBA TTOTPEOUTENCH, CIIEAyeT MPUIATh Hau-
OoJbIITIe 3HAUYCHIS BECOB.

Mogesb cucteMbl 00pabOTKH JTaHHBIX MPE/ICTABIIC-
Ha Ha pHc. 2. MHpopMaIys o CymecTBYIONMX 00beKTax
cobupaeTcs n3 MHOKECTBA HCTOYHHUKOB, IPEKIE BCETO
U3 PECYpCOB CETH MHTEPHET, Ha KOTOPBIX MYOINKYIOTCS
MPeUIOKEHNST 00 00BEKTaX HEABMKUMOCTH M CBEACHHUS
00 MMEroIMXCs CTPOSHHSIX. MaTepHaisl 0 IUIaHUpYye-
MbIX K BO3BCACHUIO O6’beKTaX MOCTYHaroT U3 aBTOMAaTU-
3MPOBAHHBIX MH()OPMAIIMOHHBIX CHCTEM M 0a3 JaHHBIX
npennpusaTus (3acTportyka). [IpoMe:KyTOuHBIM 3BEHOM
cucremsl cinyxut ETL-niponiecc (Extract, Transform,
Load), koTopslii TPON3BOIUT NMPOMEKYTOUHYIO 0Opa-
601Ky naHHbIX. [I0CKONBKY HaHHBIE TIOCTYTIAIOT U3 pa3-
JIMYHBIX UCTOYHUKOB, OHU UMCHOT pa3J11/1qu1171 COoCTaB
U pa3IUYHYIO CTPYKTYpy. [loMHMMO HHMX H3BiIEKaeT-
cs1 nHGOPMAIHSL O COCTaBE U CTPYKType NaHHBIX, 3TU
CBCACHUA ABJIANOTCA METaJaHHBIMHU U UCIHOJB3YIOTCA
JUISL IOCTPOCHUS IPOMEKYTOUHBIX TAOJIHI] C JAaHHBIMA
B ETL-npouecce. B atom cmeicine ETL-npouecc pemaer
3a/lauyy MHTCTPAIMU CUCTEM Ha OCHOBE 00pabOTKU Me-
taurdopmannu [20]. Taxxe B ETL-nponecce npons-
BOAUTCS OYMCTKA JAHHBIX OT M30BITOYHOCTH M JIMIIHUX
CBEICHHH, HE TPECTABIISIONINX HHTEpeca sl aHAIn3a.
O0paboTaHHbIe Ha TPOMEKYTOYHOM dTaIle JAaHHBIC T10-
CTYIIAIOT B QHAIUTUYECKYIO CUCTEMY, KOTOpasi (hOpMHpY-
€T OTYETHI 110 33JaHHOMY aJITOPUTMY.

Opranusanus CTpyKTypbl XpaHeHUs! HH(POPMAINN
B 0a3e IaHHBIX aHATUTUIECKON CHCTEMBI MOXKET OBbITH
OpraHu30BaHa MO CXEMe «3BE3JbD» C OAHOM TabmuIen
(haKTOB M HECKOJIBKUMHM CBSI3aHHBIMHU TAOIHIIAMHU W3-
Mepenuit (puc. 3). CBenenus B Tabaumax sBISIIOTCS
HOpMaJIM30BAaHHBIMU U UCPAPXUUYCCKH CBA3aHHBIMU
MIOCPE/ICTBOM KJTtouei. Takast opraHn3amys JaHHBIX 110-
3BOJIICT IPUMEHUTH HHTEPAKTUBHYIO aHAINTHIECKYIO
00paboTKy ¢ HCIOIb30BAaHUEM KOHIICHIUU Business
Intelligence [21]. Business Intelligence, peanusyemsbriii
U HMCIIONb3yEMbIH B BUE MPOTPAMMHBIX HHCTPYMEH-
TOB, JIa€T BO3MOXKHOCTh C IPUMEHEHUEM 3aJI0KESHHBIX
AJITOPUTMOB AHAIUTHKHU MOJIY4YaTh M3 HAKOIUICHHBIX
JAHHBIX KOHKPETHBIE 3HAHUS O (DaKTOpax, BIUSIOIINX
Ha NCPCHECKTUBHOCTDH 061)e1<Ta HCABUXUMOCTU. Ha oc-
HOBaHWHM 3THX 3HAHUI NPHHAMAIOTCSI KOHKPETHBIE pe-
IICHUS 0 TMPOEKTy CTpouTenscTBa. Cructema Business
Intelligence GopmupyeT OTUETHI B peKUME PeaIbHOTO
BPEMEHH, ¥ Ha MX OCHOBAHHH YTIPABIEHYECKUM 3BCHOM
KOMITaHUH TIPHHUMAETCS PEIIEHHE O IEPCIEKTUBHOCTH
IUIAHUPYEMBIX 00BEKTOB. B city4ae, eciii olieHKH Tiep-
CHEKTHBHOCTH OKa)XKyTCsI HU3KUMH, MOXET OBITh pea-
JM30BaHa O0paTHas CBA3b (puUC. 2), OIpa3yMeBaroas
BHECEHME KOPPEKLUI1 B [TapaMeTphl, CBOMCTBA U Xapak-
TEPUCTHKH MPOCKTHPYEMOTO 00BEKTa C IIEIbIO MOBHI-
IIEHUS €T0 MEPCIEKTUBHOCTH. TakuM 00pa3oM, mprume-
Henue mardopmsl Business Intelligence criocodcTyer
MHTEPIPETay OOJBIINX MAaCCUBOB HH(POPMAIINH, BbI-
SIBIISISL KITFOUEBBIE (aKTOPHI (P (PEKTHBHOCTH U MOJIEITH-
Pysl UCXOJ] pa3JIMYHbIX BAPUAHTOB ACHCTBUI.

[IpenyiokeHHass METOAONIOTHS aHATM3a OONBIINX
JAHHBIX 00 OKPYKAIONUX 00BEKTax IMO3BOJHT IOITY-
4arh aKTyaJlbHYI0 HHPOPMAIIMIO JUIsl IPUHSITHS pellie-
HUI Ha 3Tarne NPOEKTHPOBAHHS OOBEKTOB CTPOUTEIb-
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[Tapametpsl

Puc. 3. Crpykrypa 06a3bl JaHHBIX aHATTUTHYECKOH CHCTEMBI

CTBa, CBOCBPEMCHHO BBISABJIATH PUCKU JIA 6H3Heca,
npeaynpexaarb 0 HCOUCBUAHBIX U3MECHCHUAX KOHbB-
FOHKTYPBI Ha PBIHKEC HCABUKUMOCTHU U IIPOTHO3UPOBATH
pa3BUTHUC COOBITHII C [CJIbI0 IPUHATUA Hanbosee Tou-
HbIX U TOCTOBEPHBIX pemeHHﬁ.

SAKJIIOYEHHUE U OBCYXAEHUNE

B pesynprare mpoBEACHHOTO MCCIEAOBAHUS BbI-
SBJICHO, YTO Ha TEKYIIUH MOMEHT OTCYTCTBYIOT METO-
JIOJIOTUYECKHE MOJIXOMbI K OLEHKE MEPCIEKTUBHOCTH
BO3BEJICHUSI OOBEKTOB HEABMKMMOCTH, UCXO/Is U3 BCE-
00BEMITIONIETO aHaJIM3a UX CBOMCTB, MapaMeTpOB, Xa-
PaKTEPUCTHK, a TAK)KE COITOCTABICHUS C YXKE CyIIe-
CTBYIOIIIMMHU O0BEKTAMH, IPE/ICTABICHHBIMA Ha PBHIHKE
HEJBI)KMMOCTHU. 3ajaya OLICHKHM NMEepPCNeKTUBHOCTU
TUTAHUPYEMBIX K CTPOUTEIBCTBY OOBEKTOB, Pa3Aeisis UX
10 BUJIaM M TUTIAM, & TaKKe KIacCH(PUIIPYsI IO OCHOB-
HBIM XapaKTePHCTUKAM, SIBISETCS aKTyalbHOM ISl KOM-
MaHUH-3aCTPOMIIIKOB U JAa€T BO3MOXKHOCTb aJ€KBATHO
OLICHHUTH TEPCIIEKTHUBBI PA3BUTHS OM3HECA, MUHHUMHU3U-
pOBaTh PUCK YOBITKOB, MOBBICUTH MPUOBUIEHOCTH U CPO-
KI OKYIITa€MOCTH IIPOEKTOB.

[Tapamerpsl

IIpumeHeHne TeXHOIOTHH 00pabOTKH OOIBITUX
JIAHHBIX, OpTaHU3aIus coopa HHPOpPMAIINH B HEIIpe-
PBIBHOM pEXUME M3 MHOXXKECTBA MCTOUHHKOB, €€ Ha-
KOTIICHHE, a TAaK)Ke €€ aHAIN3 COBMECTHO C TaHHBIMU
10 MPOEKTY MO3BOJIIOT HA HAYAJIbHOW CTaJUU CIPOT-
HO3UPOBATh MEPCIEKTHBHOCTD TIAHUPYEMOTO CTPOH-
TEJIbCTBA.

BBC}ICHI/IC TOHATHA NEPCIICKTUBHOCTHU 00BeKTa He-
JIBIDKAMOCTH KaK 0000IIIEHHOH XapaKTEePUCTHKH, OTIpe-
JIeISIFOIIE MOTeHIAIbHY10 BOCTPEOOBAaHHOCTH O0BEK-
Ta B PHIHOYHBIX YCIOBHSX, IIO3BOJISET OI[CHUTH TIPOCKT
Ha KaueCTBEHHO HOBOM YPOBHE, UCXO[Isl U3 3alPOCOB
notpeduteneit. [lepcrieKTUBHOCTh 00BEKTA OTIpEes-
€TCsI COBOKYITHOCTBIO KaK €ro CBOWCTB U XapaKTepH-
CTHUK, TaK U BHEIIHEW Cpefibl, B KOTOPOI OH HAXOAUTCS.
B »T0i1 cBSI3M NpeaoKeHbl IPYIIbl XapaKTEPUCTHUK,
10 KOTOPBIM 11€1€CO000pa3HO BBINOJHEHUE HCCIIeI0Ba-
HUS CBOHCTB OOBEKTOB M MOJICITHMPOBAHUS UX TIEPCIICK-
TUBHOCTH.

B pesynbsraTe mccienoBaHUS MPEMJIOKEHO BCE
CBOWMCTBAa M XapaKTCPUCTHKU OOBEKTOB pas3AeIUTh
Ha 4 TpymImbl, UCXO/sl U3 KPUTEPUEB COOTHOCUMOCTH
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¢ caMUM 00BEKTOM, POJIOBBIM 00BEKTOM, BHEIIHEH cpe-
JION ¥ 5KOHOMHUYECKHM OKPY>KCHHUEM.

B kadecTBe aHaJIMTUYECKON MOJEIN MOXKET OBITh
UCTIONIb30BaH METO BBIYHCIICHHS MHTETPAJIbHBIX TIOKa-
3aTesel s KaXKI0W TPYIIIBI CBOWCTB, a TAKKe UTOTO-
BBII MHTETPaJIbHbIN MOKa3aTeNb MePCIeKTUBHOCTH 00b-
ekta. Cienyer 0cOOEHHO OTMETHUTH, YTO 4eM OOJbIIe
OyZeT MCIIOIb30BaH MAaCCUB JIAHHBIX 10 MMEIOLIMMCS
00bEeKTaM M UCTOPUU CJEJIOK C HUMHU, TEM BBIIIE J10-
CTOBEPHOCTb MHTETPAIBHON OIIEHKH MEPCIIEKTUBHOCTH
CTPOUTEIHCTBA HOBBIX OOBEKTOB.

B kauectBe pemeHus 3anaun 00 ONPEICICHUN
BECOBBIX 3HAUCHHWH NPU PacueTe MHTETPAIBHBIX ITOKa-
3areseil, MOMUMO 3KCHEPTHOTO MOJIX0/a, MPEI0KEH
OIPOCHBI METOJ, NO3BOJISIIOIIUNA PaHKUPOBATH CO-
CTaBJISIOLIME AapaMeTpPhl U XapaKTePHCTHKH 00bEKTOB
C MO3UIUI peaibHBIX MOTPEOUTEIICH, YTO TaCT BO3ZMOXK-
HOCTb B COBOKYITHOCTH C SKCHIEPTHBIM MOIXOAOM ITOBbI-
CUTb PEJICBAHTHOCTD OIIPE/IENICHHSI BECOBBIX 3HAUCHHIA.

IIpennoxennast Mogenb 00pabOTKH TaHHBIX Oa3u-
pyeTcst Ha (GyHIaMEHTAIbHBIX KAaHOHAX MaTeMaTHuye-
CKHX M €CTECTBEHHBIX HAyK, CTATUCTUYECKOM aHAJIM3e,
MOJIEIIAX M aJiTOpUTMax 00pabOTKH OONBIINX TaHHBIX.
B pamkax Mozenu peaqn3oBaH IMPHUHIKII cOOpa cBeje-
HUI U3 MHOTHX MCTOYHHKOB M MHTErpalliU UX B 00pa-
0oTke ¢ mHPOpMaNHEH U3 COOCTBEHHBIX 0a3 JaHHBIX
MPENpPUATHS U IPOEKTHON JOKyMeHTanuen. s aHa-
JUTUYECKOM CHCTEMBI IIPECTABICHA CTPYKTypa 0a3bl
JTAaHHBIX THIIA «3BE3/1a» C €ANHOMN Tabnuuen (axTos.

Cucrema 00pabOTKM JAHHBIX MOXKET OBITh Peain30-
BaHA KAK M0 Pa30MKHYTOMY IPHHIIHITY, [I03BOJISIOLIEMY
IIPOBECTH aHAJIN3 AEHCTBYIOIIET0 NPOEKTa, TaK U IO 3aM-
KHYTOMY NPHHIIHITY, C 0OpaTHOH CBS3bI0, TIO3BOJISIONIECH

MIPOBOUTH KOPPEKITHIO TTAPAMETPOB ITPOCKTA B 3aBUCH-
MOCTH OT PE3yJIETaTOB OIICHKH MEPCIIEKTHBHOCTH.

[IporpaMMHBIE cpe/CcTBa aHATN3a, PEaTN3yIOIINe
koHmernuio Business Intelligence, sBistfoTCs mepBUY-
HBIM UHCTPYMEHTAPHEM BBIOOPA, TOCKOJIbKY TTO3BOJISI-
10T (hOpPMHPOBATH JTIOOBIE TPEOYEMbIE OTIETHI B PEXKIIME
peaIbHOTO BPEMCHH, a TAKKE JIETKO MHTCTPUPYIOTCS
C pa3JIMYHBIMU UCTOYHUKAMHU JAaHHBIX MOCPEACTBOM
peanuzarun ETL-mporiecca, mpr KOTOPOM TIPOUCXOIHT
OuMIIeHHE UHPOPMAIMH U e¢ TiepehOpMaTHPOBAHUE.

[IpennoxeHHBIE U PACCMOTPEHHBIE PEIICHUS MO-
TyT OBITH UCIOJB30BAaHBI HE TOJIBKO 3aCTPONIIUKAMHU
B paMKax 3aJaud MO OICHKE MEPCICKTUBHOCTHU ILIa-
HUPYEMBIX K BO3BEJCHUIO OOBEKTOB HEABMKIMOCTH,
HO TaK)K¢ KOMITAHUSMH, paOOTAFOIIUMHI Ha BTOPHYHOM
PBIHKE HEJIBWIKUMOCTH, JJISi MakCHUMalbHO 3 dek-
THBHOTO TOAO0pa 00BEKTOB HEABMKUMOCTH HCXOJS
U3 4eTKO (popMasn3yeMbIX U MapaMeTPHU30BAHHBIX 3a-
MIPOCOB KITMCHTOB.

[TpumeHeHMe pacCMOTPEHHOM METOOIOTHH U TIPS~
JIOKEHHBIX PELICHUM MOXET CTaTb HAy4HOW OCHOBOM
ympaBieHus OnzHecoM [22] v IPeAnpUsTHSIMA Ha YPOBHE
OpraHU3alMOHHO-YIIPABICHYECKOr0 MCHEIKMEHTA [23,
241, B TOM YncIie TPeANPUATHI CTPOUTEIBHOTO KOMILIEK-
ca W yIIpaBICHUS HEIBIKUMOCTBIO.

JanpHEHIIIIMU UCCIICIOBAHUSIMU ITOU MPOoOIIe-
MaTHKHU CTAHET Pa3BUTHE TEOPUH U METOIOJIOTHUH 00-
pabOTKU OONBIINX MAaHHBIX B OPTaHHU3AIUAX CTPOH-
TEIBHOU Cepbl, MOACITHUPOBAHUE MTAPAMETPHUUCCKUX
B3aUMOCBS3EH MEXIy CBOHCTBaMH OOBEKTOB HEIIBH-
JKUMOCTH U BBISBJICHHC HOBBIX 3HAHHI M 3aKOHOMEp-
HOCTeﬁ, BJIMAIOIINUX Ha MEPCIEKTUBHOCTH 00BEKTOB
HEJIBHKAMOCTH.
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INTRODUCTION

The construction industry has seen rapid growth in
recent decades. Construction is recognized in Russia as
a priority sector for the country's economy.

There are two major classes of real estate to be
designed and constructed: residential real estate and
office real estate. Office real estate includes various
buildings and structures for the purpose of organizing
technology parks and accommodating small businesses.
Residential real estate is oriented towards filling
the demand for housing stock (HS) in cities, primarily in

large cities such as Moscow and St. Petersburg. There is
another class of properties, called “apartments”, which
has both HS and office properties. In fact, apartments
are close to HS in their properties but are documented
as office premises.

For each type of facility there is a different demand
and buyer. When planning construction, selecting
locations, and determining the type of facilities, the key
issue is the prospect of the planned facilities in terms
of the fastest possible market and occupancy.

In this context, the future-proofness of construction
sites will be understood as the potential demand for
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a given type of site in a given location under the current
conditions of the surrounding infrastructure.

With this in mind, when selecting and obtaining
a building site, the construction company should analyze
which types of properties and with what characteristics
might be the most promising to build in a particular
location, what their prospects for sale are, and from
which properties the most profit will be derived.

A qualitative analysis will identify appropriate
business development strategies, minimize the risks
of direct and indirect financial losses and damages, and
accelerate the turnover of invested (investable) funds.

Analyzing the various factors affecting prospective
properties and, based on this, making a reasoned
decision that is highly likely to coincide with reality,
is a scientific problem in the field of data processing in
the construction industry and construction management.

This problem has been studied in the works
of'a number of researchers. In the work of A. Yu. Krivoguz
and E.S. Ozerov [1] the prospects of expansion
of the apartment market in St. Petersburg are analyzed.
The authors note that many land plots are restricted,
because of which they cannot be used for residential
development. It is in this context that the prospects
of apartments are considered, as objects that are widely
suitable for renting and therefore generating regular
income. It is stressed that in the Moscow market
the proportion of properties with apartment status
is much higher than in St. Petersburg. On the basis
of the calculations made for the case study the authors
have come to a conclusion that the cost of land plot
is three times higher when putting apartments on it
than classic business centre. The article by P.S. Batin,
A.V. Dubrovsky, T.V. Ivanova [2] is devoted to the issue
of planning and development of Novosibirsk territories
within the framework of implementation of housing
renovation programme. The authors point out that
in order to solve the task, a detailed database of real
estate objects is necessary, and they propose to take into
account the projected end of their useful life as one of its
most important parameters. When assessing the value
of the property it is worth paying particular attention
to the analysis of the market as a whole in order to
identify additional factors, including the planning
decisions of the housing, location, etc., — writes
D.V. Lvova [3]. In the publication of A.M. Krygina
and A.A. Dmitrieva [4] ecological low-rise real estate
within the framework of mass housing construction
is called promising. On the basis of the economic
analysis, justifications are given for promising solutions
of this type, and it is possible to implement them
using construction materials available in the region
of construction. A.V. Zobnev and S.A. Baronin [5]
approached this question from the position of energy
efficiency of buildings and structures. They note
the possibility of reducing the cost of real estate, and
therefore their attractiveness, through the management
of energy efficiency at the stage of capital construction.
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A similar study, taking into account foreign and
domestic experience, using methods of modelling life
cycles of construction and cost estimation is carried out
by K.Y. Kulakov and S.A. Baronin [6].

Determining the potential attractiveness of a fu-
ture property is a forecasting task that relies on big data
methodology. Forecasting methods are usually based
on a detailed retrospective study, which allows hypothe-
ses to be made about possible trends in the development
of society and urban economy. In this regard, the meth-
ods for evaluating the prospects of the planned real es-
tate development should be based largely on the already
existing urban space and its stages of formation. From
this perspective, the work by E.A. Brukhanova [7],
which considers the application of modern geoinforma-
tion technologies to study the formation of urban space
in different historical periods, is of interest. This study
takes into account a fairly wide range of indicators:
the location of the objects, the owners, the number and
description of buildings, etc. The comparison of his-
torical information with current geo-information can
provide new knowledge, which can be extracted with
the help of big data processing technologies.

The application of big data analytics in construc-
tion is one of the new and relevant areas of research.
Since construction companies work in multitasking
mode, implementing various projects in real time, gen-
eralized methodologies of analysis and decision-mak-
ing in this area are not sufficiently effective and do not
rely on reliable analytical data. The use of technologies
and methods of big data processing in construction is
considered in a number of scientific papers. For exam-
ple, an article by Yu.A. Kozhemyachenko [8] analyzes
the combination of big data processing technologies
with BIM-platforms. P.B. Kagan's work [9] also notes
the importance of integrating big data processing tech-
nologies at the stage of creating BIM models and at
the same time points out that the analysis of big data
at the planning stage can significantly reduce the risks
of projects. An article by the same author [10] examines
the issue of modelling of area development as a stage
of planning and research of potential opportunities for
the construction of in-demand facilities. Another paper
by P.B. Kagan [11] proposes an algorithm for intelligent
data analysis at the stages of feasibility study of projects
and decision-making on construction contracts. A simi-
lar view on the use of artificial intelligence technologies
that can be used to make decisions when creating con-
struction projects and saving the budget is also outlined
in an article by G.I. Esbolai [12]. Basic methods of big
data processing in the information support tasks of con-
struction companies are considered by K.V. Postnov
and P.B. Kagan [13], whose key conclusion is the con-
clusion of economic feasibility of applying big data
technologies in the construction industry. In the book
by M. Casini [14] refers to the current stage of scientific
and technological development as the fourth industrial
revolution, during which there is a significant change
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in the methods of design, construction and operation
of real estate, the main purpose of which is to create
a sustainable, safe, comfortable and accessible envi-
ronment. Interesting ideas on the examples of building
models of reengineering of territories and development
are also given by P.A. Zhuravlev and S.B. Sborsh-
chikov [15], the authors offer criteria for quantitative
assessment and the level of importance of parameters
on the basis of which it is possible to manage scenarios
of building design solutions.

The purpose of this study is to form a decision-
making approach to select the most promising sites that
would be in demand in a given location at a given time.

Within this objective are the objectives:

* the analysis of the factors that influence deci-
sion-making;

» methodologies for assessing the prospectivity
of sites;

* the consistency and principles of management
decision-making based on the application of big data
analytics.

Approaches that can form the basis of analytics
aimed at predicting the potential viability of certain
classes of development in order to maximize business
returns have yet to be developed and discussed.

MATERIALS AND METHODS

The development of data processing and analysis
technologies makes it possible to significantly improve
the efficiency of business processes and the quality
of management decisions. Implementing these meth-
ods and technologies in the construction and real estate
management sector is an urgent task. So far, the real
estate market has not been systematized, its parameters
have not been fully formalized, and it generally lags
behind the pace of digitalization of the public environ-
ment.

In decision-making processes about the feasibility
and viability of building projects, the selection of their
type and characteristics, the profitability and turnaround
time of capital, and the economics of building projects,
a multi-factor analysis of big data is needed which can
increase the credibility of the decisions made.

Research methods include: analysis and synthesis
of published scientific research; application of systems
analysis and systems approach to the study of scien-
tific problems; structural and mathematical model-
ling of phenomena and processes; theory and practice
of digitalization of economic systems, including digi-
tal transformation of enterprises, industries, regions;
implementation of end-to-end digital technologies
in industry, finance and commerce; implementation
of the concept of “Industry 4.0” [16]; big data [17] and
big data processing tools and methodology; theory and
methodology of object-oriented approach in classifi-
cation of research objects; methods of databases and
knowledge base construction; relational database mod-
els; methodology of research, detailing and decomposi-

tion of processes; theory of forecasting and statistical
analysis.

The applied methods, approaches and the pre-
sented data analysis model to assess the prospectivity
of properties to be constructed can also be applied to
the activities of real estate companies in the secondary
market, in order to formalize the requirements of cli-
ents, to create a uniform multi-factor representation
of the characteristics of properties, to automate the best
offers that best satisfy clients' requirements.

RESEARCH RESULTS

Based on the stated purpose and objectives
of the study, it can initially be determined that any con-
struction company, like any business entity, is inter-
ested in maximizing profits from the development and
implementation of its projects. Construction projects
are characterized by high costs and capital investment.
In construction projects, there is always the possibility
of obtaining results that differ from those expected, both
in terms of financial returns and in terms of the timing
of return on investment.

This raises the challenge of determining the pro-
spective viability of the proposed development and
specifying the characteristics that should be considered
at the design stage. In the case of an office and busi-
ness centre, for example, the size and layout of the in-
dividual office spaces are important features. Smaller
offices may be in demand for one segment of the busi-
ness, while larger offices may be in demand for another.
Mispredicting the potential demand for office space
on the basis of its characteristics can be a fatal mis-
take, resulting in a lack of demand for these properties
on the market.

Initially, when selecting a land plot for develop-
ment, the company proceeds from the following as-
sumptions:

¢ the most efficient use of the land;

* the type of permitted use of the land plot;

* the possibility of converting a land plot to an-
other type of use and the labour, time, organizational
and financial costs involved;

* the presence of competitors interested in devel-
oping the land.

It is already at this stage that the first unambiguous
management decision needs to be made — either to ac-
cept or refuse the land.

If a land plot is accepted for development and con-
struction, the next step is to decide on the type and type
of structures to be built within the permitted use. In gen-
eral, construction may be considered:

« of the shopping centre;

« office and business premises;

* living quarters;

* apartments as a separate subclass.

The above types are not the only, but the most
common types of construction projects. In real situa-
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tions, there may be other types of objects. However, it
is currently not possible to make a selective decision
based only on the intended type of object. Objects
should be considered not only according to their type,
but also according to the set of characteristics on the ba-
sis of which a potential buyer will make a decision to
purchase this object. Different buyers will be interested
in different sets of characteristics. For this reason, it is
necessary to:

* define as many characteristics and parameters
describing the facilities to be built as possible;

* establish all weighting factors reflecting the ex-
ternal environment of the facility;

» choose a measurement scale;

» formalize the characteristics into parameters
suitable for algorithmic analysis.

Let us consider these actions in more detail. By
object characteristics we mean the totality:

* the properties of an object as an accounting unit
(e.g. a flat);

* the properties of the object of which the unit
(building, structure) is a part;

* the characteristics of the external environment in
which the object is located.

The first thing to do is to identify the properties
of the target as a unit of account. There can be many such
properties, and the greater their number, the greater will
be the level of confidence in the results of the attractive-
ness assessment, with big data methods and technologies
allowing not only to carry out intelligent research and
build an assessment model, but also to identify new de-
pendencies, patterns and knowledge about the factors af-
fecting the attractiveness level of an object.

The properties of a single object (parameter group
Table ED), which will be attributes in the relational
database representation, in the example of a dwelling
should include:

1. Floor N,

Total area S,

Final cost C.

Unit cost per I m* S .
Kitchen area S,.

Living area S,.

Number of rooms K.
Number of bathrooms K.

9. Type of bathroom(s) 7, formalized as a scaled
(in some cases binary) value (e.g. 0 for combined, 1 for
separate).

10. Number of balconies K.

11. Number of loggias K,

12. Balcony area S,.

13. Loggia area S,.

14. Type of room layout P, formalized as a scaled
value (e.g. 0 — adjoining, 1 — adjoining-isolated, 2 —
isolated, 3 — free layout).

15. Ceiling height H.

16. Vestibule area S .

17. Utility room area S .

18. The direction of the windows towards the light
side ©.
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19. Sill height X.

20. Width of window openings L.

21. Height of window openings M.

Attention should be paid to the principle of detail-
ing object properties (application of drill-down tech-
nology, which consists in going from the more general
to the particular): each characteristic and parameter is
detailed and formalized separately. As an example, for
balconies and loggias, many real estate databases do not
distinguish between these elements, which is wrong be-
cause even one of these properties may be crucial for
an individual consumer (interested party). In addition,
based on the maximal principle, it is necessary to take
into account all parameters of an object that can be iden-
tified and formalized. So, the last three parameters in
this list are usually not found in real estate descriptions,
but they can play a decisive role in the attractiveness
of the property. For example, there are houses with in-
creased height from floor to window sill, in such houses
it is impossible to see what is happening in the street
without going up close to the window, and often with-
out standing on additional support. For most potential
consumers, this factor is likely to have a negative im-
pact on their interest in such a property. The situation
is similar with regard to the size of windows, which af-
fects the amount of light in the room. These parameters
are the most significant, but not exhaustive.

Without confusing the properties of a single object
with the properties of a building as a higher-level ob-
ject (in terms of the object-oriented approach), the lat-
ter should also be similarly formalized and detailed.
The following key characteristics and parameters (pa-
rameter group Table OBJ) can be highlighted here:

1. Total number of floors N,.

2. Number of flats per floor Z.

3. Common hall area §,.

4. Presence of a common door in hall D, formal-
ized as a binary value (0 — not provided, | — present).

5. Age of the building Q,.

6. Design life of the building O,.

7. Number of lifts ¥,.

8. Availability of a goods lift 7.

9. Number of entrances P,

10. Number of the entrance hall in which the unit
is located P,.

11. Wall material (on an unmeasured scale).

12. Type of overlap (on an unmeasured scale).

13. The roof type of the building (on an unmeas-
ured scale).

14. Strength of the wall material (structure) of the build-
ing L.
15. Thermal conductivity of building walls 9.

16. Total number of flats in the building N ieer

17. The geographic coordinates of the Geo.

The third block of parameters and characteristics
should give a complete picture of the external environ-
ment of the object. These parameters in particular should
include (parameter group Table VNSR):

1. The area of the land belonging to the house S .
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2. Number of parking spaces belonging to the area
of the building N

3. Number of parking spaces per flat N

4. Distance to the nearest building Z,.

5. Distance to the nearest residential building L , .

6. Distance to the nearest underground station L .

7. Population density in the given neighbourhood p.

8. Distance to the nearest health centre L, .

9. Number of schools in the neighbourhood N_.

10. Distance to the nearest school L_.

11. Number of pre-schools in the neighbourhood N .

12. Distance to the nearest pre-school L.

13. Distance to the nearest public transport stop L .

14. Number of transfers to be made when travel-
ling to city centre U.

15. Median travel time by public transport to
the city centre 7.

16. Neighbourhood Environmental Monitoring
Indicator G .

17. Distance to the nearest park, green walking
area L .

18. Number of grocery shops in the neighbour-
hood N,

19. Price index indicator in neighbourhood gro-
cery shops F e

20. Number of convenience stores in the neigh-
bourhood N, .

21. Number of hospitals in the neighbourhood N, .

22. Inpatient bed occupancy rate in neighbour-
hood hospitals F, .

The above list of suggested indicators is also not
complete and should be complemented by other indi-
cators that take into account the surrounding environ-
ment, infrastructure and life safety. But it can be seen
that a property has dozens of attributes (parameters)
based on the totality of the three groups of characteris-
tics. And their total number to be taken into account in
the analysis can exceed a hundred. These groups make
it possible to characterize both the properties them-
selves, which are planned to be built in the existing
geographical location, and to collect an array of data
on existing properties for the purposes of a comparative
study. However, these groups of characteristics apply
to the sites and their classes, which is not sufficient to
assess the prospectivity of the planned facilities. In ad-
dition, information on the retrospective market perfor-
mance of the surrounding properties is required. This
requires at least one more group of environmental in-
dicators, which should include the following indicators
(parameter group Table ECON):

1. Date on which the object is offered for sale
(DD1.MM1.YY1).

2. Exposure time (DD2.MM2.YY2).

3. Initial bid price R,.

4. Number of price reductions K .

5. Number of requests (enquiries) on proposal K.

6. Number of times the object has been shown
by K.

7. Transaction price R,.

8. Type of market (0 — at build-out stage, 1 —
primary at build-out stage, 2 — secondary).

9. The serial number of the transaction with this
object E.

10. Indicator of legal clarity of the object F' g

Market environment parameters allow estimating
the market dynamics of demand for properties of a giv-
en class, based on the history of transactions. They can
be collected on a continuous (regular) basis by parsing
data from open sources, which is one of the technologies
for dealing with big data. The last two indicators are
the most difficult to collect. Information on the trans-
fer of rights to real estate can be obtained, but this re-
quires requests to the unified state register of real estate.
The legal clarity indicator is essential because, all other
things being equal, properties with different legal clarity
may have different attractiveness. However, automating
the process of calculating this indicator is problematic
and the issue is the subject of a separate study.

A schematic of the relationships between features
and parameters of objects, based on their levels, is
shown in Fig. 1. It is important to note that the existing
facilities are a large data set that provides the basis for
the analysis. The information on the objects to be built
is specified in the part of their design documentation,
and the task of building the model is to answer the ques-
tion of the prospectivity of creation of objects with
the planned properties and parameters. The prospectiv-
ity of planned objects can be considered as a function
of a set of group parameters:

P, = f{Table_ED,, Table OBJ,,

(1
Table_VNSR,, Table _ECON,}.

The values of P, can be calculated in several ways.
The most promising ones are:

* the application of a learning neural network
on replenishable datasets;

« application of the integral indicator calculation
method.

The calculation of integral indicators makes it pos-
sible to obtain a summary value, characterizing in gen-
eral the impact of the analyzed data on the assessment
of the prospectivity of an object. The integral value allows
to compare the object under study with the objects of com-
parison and to trace the dynamics of changes over time.
This approach is an objective analytical method well suited
to the task at hand. The application of the above methodol-
ogy of data analysis on the example of marketing research
is well presented in the work of S.V. Zakuskin [18]. As ap-
plied to the research task, integral indicators are calculated
separately for each group of data sets (tables):

I Table ED=W,, -P.,
I Table OBJ =W/, - Py, @)
I Table VNSR =W\ - Pinss

I Table ECON =W/ o\ - Ploox
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Fig. 1. Schematic of the relationship between object characteristics and parameters
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where W' — vectors of weights; P’ — vectors of values
of properties and characteristics.

The perspective of objects can then be calcu-
lated as an integral indicator of the integral indicators
of the data sets:

P =W, -1_Table ED+

+Wop; -1 _Table _OBJ + 3)
+Winse X _Table  VNSR +

+Wycon -1 _Table _ ECON.

The subject matter is the principles for determin-
ing the weighting values. Usually, an expert approach is
used for this purpose. For example, in [19], A.M. Mo-
roz, solving a related problem of establishing the con-
sumer qualities of cottage settlements, gives his expert
view on determining both the weighting values and
the values of the indicators.

However, it is worth noting that the attractiveness
of an object to any stakeholder, albeit on a subconscious
level, is evaluated on the basis of the criteria and indi-
cators in question. It is just that not every consumer ar-
ticulates and understands them clearly and precisely. It
is therefore advisable, using survey methods, to identify
stakeholder preference ranks. To do this, it is sufficient
to invite stakeholders to rank the formalized indicators
in terms of importance. Those indicators that are statis-
tically prioritized by the majority of consumers should
be given the highest weights.

The model of the data processing system is shown
in Fig. 2. Information on existing properties is gathered
from a variety of sources, primarily from the Internet,
which publishes property offers and information on ex-
isting buildings. Information on the objects planned
for construction comes from automated information
systems and databases of the enterprise (developer).
The ETL (Extract, Transform, Load) process acts as an
intermediate link in the system and carries out the inter-
mediate processing of the data. As the data comes from
different sources, it has different composition and struc-
ture. In addition, information about the composition
and structure of the data is extracted, this information
is metadata and is used to build intermediate data tables
in the ETL process. In this sense, ETL process solves
the problem of system integration based on meta-infor-
mation processing [20]. The ETL process also cleans
the data from redundancy and unnecessary information
that is not of interest for analysis. The data processed
in the intermediate stage is fed to the analytical system,
which generates reports according to a predefined al-
gorithm.

The organization of the information storage struc-
ture in the database of an analytical system can be or-
ganized in a star pattern with one fact table and sev-
eral linked dimension tables (Fig. 3). The information
in the tables is normalized and hierarchically linked
through keys. This organization of data allows the appli-
cation of interactive analytical processing using the con-
cept of Business Intelligence [21]. Business Intelligence

implemented and used in the form of software tools,
makes it possible, with the application of embedded an-
alytical algorithms, to obtain specific knowledge about
the factors affecting the prospects of the property from
the accumulated data. Based on this knowledge, spe-
cific construction project decisions are made. The Busi-
ness Intelligence system generates reports in real time,
and based on these reports, the management of the com-
pany makes a decision on the prospects of the planned
facilities. In the event that the prospectivity scores are
low, a feedback can be implemented (Fig. 2), which im-
plies making adjustments to the parameters, properties,
and characteristics of the designed facility in order to
improve its prospectivity. In this way, the application
of the Business Intelligence platform facilitates the in-
terpretation of large amounts of information, identify-
ing key performance factors and modelling the outcome
of different options.

The proposed methodology for big data analy-
sis of surrounding properties will provide up-to-date
information for decision-making at the design stage
of construction projects, timely identification of busi-
ness risks, warning of non-obvious changes in the real
estate market and forecasting developments in order to
make the most accurate and credible decisions.

CONCLUSION AND DISCUSSION

The study has revealed that there are currently no
methodological approaches to the evaluation of the pros-
pects of real estate development based on the compre-
hensive analysis of their properties, parameters, char-
acteristics and comparisons with the existing properties
on the real estate market. The task of assessing the pros-
pects of planned construction by dividing them into
types and types, as well as by their main characteristics,
is relevant to real estate developers and gives an op-
portunity to adequately assess the prospects of business
development, minimize the risk of losses, increase prof-
itability and the payback period of projects.

The application of big data technologies, the or-
ganization of continuous data collection from multiple
sources, its accumulation, and its analysis together with
the project data allow for an early prediction of the pro-
spectivity of the planned construction.

The introduction of the concept of real estate pro-
spectivity as a generalized characteristic determining
the potential demand for the object in market condi-
tions allows the project to be evaluated at a qualita-
tively new level, based on the demands of consumers.
The prospectivity of an object is determined by the to-
tality of its properties and characteristics as well as by
the external environment in which it is situated. In this
regard, we propose groups of characteristics on which it
is advisable to carry out a study of the properties of ob-
jects and model their prospectivity.

As a result of the study, it is proposed to divide all
properties and characteristics of objects into 4 groups,
based on the criteria of correlation with the object it-
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self, the generic object, the external environment and
the economic environment.

A method of calculating integral indicators for each
group of properties, as well as a final integral indicator
of the prospectivity of a facility, can be used as an analyt-
ical model. It should be particularly noted that the more
data on existing properties and their transaction history is
used, the higher the reliability of the integral assessment
of the prospectivity of new construction.

As a solution to the problem of determining
the weighting values when calculating the integral in-
dicators, in addition to the expert approach, a survey
method is proposed that allows ranking the constituent
parameters and characteristics of facilities from the per-
spective of real consumers, which will make it possi-
ble, in conjunction with the expert approach, to increase
the relevance of determining the weighting values.

The proposed data processing model is based
on the fundamental canons of mathematical and natural
sciences, statistical analysis, models and algorithms for
big data processing. The model is based on the principle
of collecting data from many sources and integrating
them in the processing with information from the com-

Parameters

pany's own databases and project documentation. A star
database structure with a single fact table is presented
for the analytical system.

The data processing system can be implemented
either in an open-ended manner, allowing for an analy-
sis of the current project, or in a closed-ended manner,
with feedback allowing for adjustments to project pa-
rameters depending on the results of the prospectivity
assessment.

The analysis software implementing the Business
Intelligence concept is the primary tool of choice as it
allows the generation of any required reports in real
time and is easily integrated with various data sources
through the implementation of an ETL process in which
information is cleaned and reformatted.

The solutions proposed and discussed can be used
not only by developers as part of the task of assessing
the prospects of planned real estate development, but
also by companies operating on the secondary real es-
tate market, in order to maximize the efficient selection
of properties based on clearly formalized and param-
eterized client requirements.
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The application of the considered methodology
and proposed solutions can become a scientific basis for
business management [22] and enterprises at the level
of organizational and managerial management [23, 24],
including enterprises of the construction complex and
real estate management.

Further research in this area will develop theory
and methodology for big data processing in construc-
tion organizations, modelling parametric relationships
between properties and identifying new knowledge and

patterns affecting property prospects.
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