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JKypnan BxiroueH u nugekcupyercs B 6ase ganHbsix PVHI
(Poccuitcknmit MH/IEKC HAyYHOTO LIMTUPOBAHNS,
www.elibrary.ru)) Ha yc/oB1AX IOTHOTEKCTOBOTO pasMelre-
HMAA, apXMBUPOBAHNA U JIETIO3UTHOTO XPaHEHNA.

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

Hay4nas 6u6mmoreka oTkpbitoro gocryma «Knbep-
JTenmnka». HUY MTI'CY mpefocTaBy MUIIeH3NIO Ha pas-
MellleHle MaTepuasoB )XypHana «CTpOUTeIbCTBO: HayKa

n o6pasosanne» EBSCO Information Services
(http://www.ebsco.com/) — KpyIHeiilileMy B MIpe arpera-
TOPY MOTHOTEKCTOBBIX )KYPHA/IOB 1 APYTUX UCTOYHUKOB
Hay4uHoIt uHGOpMarym. IToHbIe TEKCThI BBIITYCKOB Ky P-
HaJla MOKHO OyZieT HaliTu B 0OHOBJIEHHOI 6a3e JaHHBIX
EBSCO Applied Sciences («ITpuknajgHble HayKu»), KaK
TOJIbKO KOJUIEKI[HsI OyIeT YKOMIUIEKTOBAHa I pasMellieHa
Ha cajiTe arperaropa. PacnpocTpaHseTcs yepes 371eKTpOH-
Hble 6ubnnoTexku «JIanp», «PykoHT», «IPRbooks», BXOIMT
B Karajor kommanuy East View Information Services, Inc.
ITo nanubiM PVIHII, cpenu 756 xypHaIoB B 061acTi
crpouTtenscTBa «CTPOUTENLCTBO: HAyKa 1 06pasoBaHye»
BXOZIUT B 8 BEYILIMX XYPHAJIOB OTPAC/IN.

Cratbsm npucsanBaercs ungposoit ngentudukarop DOL

PEAKONNETHA

Tycaun Anexcanap PomMaHOBWY, I/l. peflakTop, Ji-p TeXH.
Hayk, mpod., 3aB. Kad. MeTa/INYeCKUX ¥ JIePeBAHHBIX KOHCTPYK-
unit, HY MI'CY, Mocksa, Poccust

Kopones Ebrennit BanepbeBny, 3aM. IJTaBHOTO PeJaKToOpa,
I-p TexH. HayK, npod., npopekrop, Cankr-Ilerep6yprckuit rocy-
TAPCTBEHHDIN ApPXUTEKTYPHO-CTPOUTETbHbBIN YHUBEPCUTET, CaHKT-
ITetep6ypr, Poccus

Cupopos Braguvup Huxonaesud, 3aM. I71. pefjaktopa, Ji-p
TeXH. Hayk, mpod., wr.-kopp. PAACH, 3aB. kad. nadopmaTuku u
npuktagHoi MaTeMatuky, HUY MI'CY, Mocksa, Poccus

Anexcees YOpuit Bragumuposud, fi-p apXuTeKkTypsl, 1pod.,
npod. xad. rpagocTpoutenscTsa, HNY MI'CY, Mocksa, Poccns

Anppees Bmagumup Uropeemy, axkagemux PAACH, g-p
TeXH. HayK, mpod., mpod. kad. conmporusnenus Marepuanos, HUY
MI'CY, Mocksa, Poccus

Annckun Huxonait AmexceeBud, [i-p TeXH. HayK, mpod.,
nupektop VHCTUTYTa THAPOTEXHMYECKOTO ¥ 3IHEPreTUdecKoro
crpoutenpctsa, HUY MI'CY, Mocksa, Poccus

Tarapun Bnagumup TennapbeBuy, uwi.-xopp. PAACH, g-p
TEXH. HayK, Ipod., ITIaBHbIl HAYYHBIT cOTPyRHMK, HayuHo-mcce-
IOBATeNbCKMIT MHCTUTYT CTPOUTENbHOI pusnky Poccuiickoit aka-
JeMumn apaneKTypm " CTPOUTENbHBIX HayK, MOCKBa, Poccns

EBrymenko Cepreit VIBaHOBUY, [1-p TexH. HayK, mpod.,
pod. Kad. MHPOPMALIMOHHBIX CHCTEM, TEXHOIOTHUIT 1 aBTOMATH3a-
uuu B crpoutenbcrse HUY MI'CY, Mocksa, Poccus

Kantapxxn VIsmann IpuropbeBud, i-p TexH. Hayk, npod.,
npod. Kad. TUAPABIUKMA U TULPOTEXHMYECKOTO CTPOMTENTLCTBA,
HINY MI'CY, Mocksa, Poccus

Mannsu Jleson Padasmosny, akagemnk PAACH, f-p TexH.
HayK, 1pod., mpod. Kad. aBTOMOOMIBHBIX JOPOT, JJOHCKOIT Tocymap-
CTBEHHBII TEXHWYeCKNI yHuBepcnTeT, Poctos-Ha-Jlony, Poccusa

Opnos Bragumup AmexcaHApOBNY, JI-p T€XH. HayK, npod.,
npod. BogocHabKeHus u BogooTseneHnsa, HUY MI'CY, Mocksa,
Poccna

Ilycroprap Amnppeit IleTpoBudY, KaHJ. TeXH. HaykK, MOL.,
HayuHbIl pykoBopguTenb HVVI cTpouTenbHbIX MaTepuanosB U TeX-
"omoruit, HNY MI'CY, MockBa, Poccus

ConospeB Amexceii KupwmmoBud, -p TexH. Hayk, mpod.,
npod. kad. mpoeKTUpoBaHUA 3[aHUIT 1 coopyxennit, HIY MI'CY,
Mocksa, Poccnsa
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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
an electronic licensing relationship with EBSCO Information
Services (http://www.ebsco.com/), the world’s most prolific
aggregator of full text journals, magazines and other sources.
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”,

“IP Rbooks”, journal is included to the catalog of company
East View Information Services, Inc.

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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PEAARLMOHHDIA COBET

Teanuenko Basepnii UBanoBmu, npencenarensb, aka-
nemuk PAACH, mepssiit Bune-npesunesTr PAACH, n-p texH.
HayK, npod., mpod. kad. CTPOUTEILCTBA OOBEKTOB TEIJIOBOH 1
aTOMHO 3HepreTHkH, coBeTHHK, HUY MI'CY, Mocksa, Poccus

AKuHTOJIa AKHHTOE, 11-p, mpod., nekan I[llkomsr cTpou-
TENBCTBA M OKPYIKAIOIIEH MPUPOAHOI cpefbl, pod. Kad. 3KOHO-
MUKW ¥ YHPaBJICHHs CTPOUTENIBCTBOM; WieH LleHTpa mo ycroii-
YMBOMY Pa3BUTHIO CTPOMUTEIBCTBA, YHHMBepcUTeT LleHTpanbHOro
Jlankamupa, Ilpecron, Coemunennoe KoponesctBo BennkoOpu-
tarnu 1 CesepHoit Mpmangnm

Beauxos Buranuii BacuiibeBuy, 1-p TeXH. HayK, [IaBHBIN
HAyYHBII COTPYIHHK JIAOOPATOPHU THIPOJIOTHH PEYHBIX Oacceii-
HOB, MHCTUTYT BOaHBIX mpobieM Poccuiickoit akageMun Hayk,
Mockga, Poccust

Benocrouxuii Anexcanap MuxailnoBuy, 1-p TEXH. HayK,
mpod., akamemuk PAACH, nayunwiii pyxoBogurens Hayuro-
00pa30BaTENbHOTO LEHTPA KOMITBIOTEPHOTO  MOJEIMPOBAHUS
YHUKAJIBHBIX 3/IaHNH, COOPYXEHHI 1 KOMIUIEKcOB UM. A.B. 3oi10-
toBa, HUY MI'CY, Mocksa, Poccus

Barun Huxonaii UBaHoBHY, -p TeXH. HayK, Ipod., Ipog.
Kad. CTPOUTENBCTBA YHUKAIBHBIX 3/IaHUI U coopyxeHni, CaHKT-
IerepOyprekuit nmonurexnuueckuii ynusepeurer Ilerpa Bemu-
koro, Cankr-IlerepOypr, Poccust

Bepuep Urops M., 1-p, Ph.D., Texuron — M3pannbckuit
HMHCTHUTYT TexHosorui, Xaiida, M3panis

Baacos /lennc HukosaeBu4, a-p TeXH. HayK, HA4aJbHUK
MacTepCKOil TPaHCIOPTHOTO 00cy)uBaHus HayuHO-pOeKTHOTo
o0beMHEHNs TpaHcnopTa U Jopor, Hayuno-uccnenoBarenbekuit
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Mockaa, Poccust

I'pagpxuna Mapuna BaagumMmupoBHA, 1-p TEXH. HayK,
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Poccus

Epodees Baagumup TpodumoBuu, akagemuk PAACH,
I-p TEXH. HayK, npod., JeKaH apXUTEKTypHO-CTPOHTEIHLHOTO
(akynbrera, 3aB. Kad. CTPOUTEIBHBIX MaTEpHAIOB M TEXHOJO-
ruil, HanmonanbHblil uccnenoBarensckuit MopioBekHii rocyaap-
crBeHHbll ynusepcurer uMm. H.I1. Orapesa, Capanck, Poccus

3aBaackac Jamanaac Kazemupac, nHOCTpaHHBIH 4iieH
PAACH, 1-p TexH. Hayk, npod., 3aB. kKa). CTPOUTEIbHBIX TEX-
HOJIOTHH W yIpaBlIeHHsI, BUIBHIOCCKUIT TeXHHUECKUI yHHUBEp-
cutet uM. ['enemunaca, BunbHioc, JIutsa

NabuyeB BsuecnaB Anexcanaposuy, akagemuk PAACH,
pure-nipesusienT PAACH, akamemuk PUA, n-p TexH. Hayk, npod.,
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Kapnenko Huxounaii UBanoBuu, akanemux PAACH, n-p
TEXH. HayK, mpod., 3aB. Jabopatopueil mMpodiIeM MPOYHOCTH U
KayecTBa B CTPOMTEILCTBE, HayuHo-HuCcCIen0BaTeNIbCKUi HHCTH-

TYT CTPOUTENBHOHN (pusnku Poccuiickoit akageMin apXuTeKTypbl
U CTPOUTEINIBHBIX HayK, MockBa, Poccus

Kosisiep KoncranTuH, 1-p TexH. HayK, JOIM., TeXHHOH —
W3paniibeckuit ”HCTUTYT TeXHONOrui, Xatida, M3pauns

Konuynos Buranmii UBanoBuy, akanemnk PAACH, n-p
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I-p apXx., npod., npod. kag. apXUTEKTYPHOTO MPOSKTUPOBAHHS,
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IlonomapeB Amnapeii BynumMupoBHY, 1-p TEeXH. Hayk,
pog., 3aB. Ka. CTPOUTEIILHOTO MTPOU3BOJICTBA M T€OTEXHUKH,
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AHHOTALUMUA

BBeaeHue. B HacTosiLee BpeMsi KOHCTPYKLMM N3 COBPEMEHHBIX antOMUHUEBbLIX CMIaBOB HAXOAST Bce Gonbluee npuMeHe-
HWe NpaKTU4YecKkn Bo Bcex cdrepax NPOMBbILLIIEHHOMO U CTPOUTENBHOTO NMPOU3BOACTBA, YTO SBMSETCS CNEeACTBUEM YHMKalb-
HbIX (OU3VKO-MEXAHNYECKVX CBOMCTB altoMUHMEBBIX CM1aBOB, MO3BOMNSAIOLLMX CO34aBaTh IPdPEKTUBHbIE NO BECOBbLIM, MPOY-
HOCTHBIM W 3CTETUYECKMM NapamMeTpam KOHCTPYKLMM pa3HOOBpa3HOro HazHaveHus, obnagatoLume npu 3ToM NoBbILLEHHON
KOPPO3MOHHOW CTOWKOCTbIO MO CPaBHEHWIO CO CTaslbHbIMU KOHCTPYKUMAMU. CoveTaHue nodobHbIX yHUKanbHbIX CBOWCTB
anMUHUEBbIX CMNaBOB OKa3anock BOCTPEOOBaHHLIM BO MHOMVX 06MacTsX CTPOUTENLCTBA M, B YaCTHOCTW, B MOCTOCTpOe-
HUW, U3HaYanNbLHO MPU CTPOUTENLCTBE NELUEXOAHBIX MOCTOB, @ B NocrneaHee BPemsi 1 Npu Bo3BeAeHUM aBTOAOPOXKHbBIX MO-
CTOB. Hanuuve B MMPOBOW M OTEHECTBEHHOW CTPOUTENBHOW NPaKTUKE MHOTOUYMCIIEHHbBIX MPUMEPOB YK€ MOCTPOEHHbIX U JKC-
nnyaTMpyeMblx MOCTOB [0Ka3ano MX O4eBUAHble MpPenMMyLLecTBa B MraHe TEXHONMOrMYHOCTM U CKOPOCTW CTPOMTENbCTBA
1 NPaKTUYECKOro OTCYTCTBUS NPOGNeM B XoAe IKCnyaTaLumm, YTo MOCy>KMIOo CTUMYOM A5 PacLLUMPSIIOLLLErocst NpuMeHe-
HWSI aniOMUHVEBBIX CNNABOB 4151 CTPOUTENbCTBA aBTOA0POXKHbBIX MOCTOB.

Matepuansl u MeToabl. [laHHas TeHaeHUmMst He oboluna ctopoHoi Poccuto, 1 k aekabpto 2023 1. no nHuumaTtnee AntoMUHK-
esoii Accoumaumu n OK PYCAI, rocynapctBeHHoMy 3aka3y lNpaBuTenbcTBa Hukeropoackoi obnactu 6bin cnpoekTnpoBaH,
NOCTPOEH 1 BBEAEH B 3KCMyaTauuto nepsbit B PO aBTogopoxHbIM MOCT Yepes p. JlnHaa. MocT ABYXNONOCHbIN, 4-nNponeT-
HbIW, ANVHOM 72 M, Ha ene3obeTOHHbIX ornopax, MPONeTHOEe CTPOEHNE LIENKOM BbIMOMHEHO U3 antoMUHMEBBIX CMNaBOoB.
Pesynbratbl. CTpouTenbCcTBy npelectsoBan AnutenbHbin (¢ 2016 r.) atan Hay4yHO-UCCneaoBaTeNbCKUX W OMbITHO-
KOHCTPYKTOPCKMX paboT, peaynbTraTbl KOTOPOro NOCYXXUM OCHOBOW ONMTMMAanbHOro Bbibopa Mapok antoMUHUEBbIX CMIaBoB,
TEXHONOornm NPon3BoACTBa U METOAO0B NPOEKTUPOBaHNSA aToro Mocta. HNY MICY aBnsieTcst BegyLuen opraHnsaumnen, Koto-
pasi Npy y4acTum psga Apyrx opraHn3aumin ycneLwwHo npoeena AaHHbIA aTan.

BbiBoAbl. ABTOLOPOXHbIN MOCT M3 antoMUHUEBBIX CrnaBoB Yepes3 p. JlnHaa B Hupkeropoackoi obnactv BBEAEH B 3KC-
nnyatauuto B Aekabpe 2023 r. Ha mocTy 6yaeT ycTaHoBNeHa aBToMaTU3nMpoBaHHas cMcTeMa MOHUTOPUWHTA, NMO3BOrsoLLast
OCYLLECTBMATb AUCTAHLMOHHbIN KOHTPOMb TEXHUYECKOTrO COCTOSIHWSA MOCTa B HENPEPLIBHOM pPeXuMe.

KIMKOYEBBIE CJIOBA: aBTOOOPOXHbIA MOCT, antoMUHUEBDLIV CMNaB, CBapka TPEHWEM C NepeMeluMBaHNEM, pacTskeHune,
cpes, HanpshkeHve, NPOYHOCTb, pa3pyLUeHne, METO KOHEYHbIX 3NIEMEHTOB

OonA UMTUPOBAHUA: KopauH A.B., Bacunbes E.B., Macnos O.[". MNep.bi B Poccuiickon ®egepavimm aBTooopoXHbIA MOCT
13 anomMnHneBbIX crnasos // CTpouTensCTBO: Hayka n obpasosaHue. 2024. T. 14. Bein. 3. C. 6-27. URL: http://nso-journal.ru.
DOI: 10.22227/2305-5502.2024.3.6-27

Asmop, omeemcmeeHHbIl 3a nepenucky: AHapen BaneHtuHosnd KopruH, korguine@mgsu.ru, anvakorg@gmail.com.

The first aluminium alloy road bridge in Russia
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I Moscow State University of Civil Engineering (National Research University) (MGSU),
Moscow, Russian Federation,
2 Aluminum Association, Moscow, Russian Federation

6 © A.B. KopruH, E.B. Bacuabes, O.I. MacaoB, 2024
PacnpoctpaHsietcs Ha ocHoBaHuu Creative Commons Attribution Non-Commercial (CC BY-NC)



lMepBhbiti B Poccurickorn @eaepalmm aBToOA0POXHbIN MOCT U3 aAtOMUHWUEBbIX CMAABOB C. 6-27

ABSTRACT

Introduction. Nowadays, structures made of modern aluminium alloys are increasingly used in almost all areas of industrial and
construction production, which is a consequence of the unique physical and mechanical properties of aluminium alloys, which
make it possible to create structures of various purposes that are effective in weight, strength and aesthetic parameters, while hav-
ing increased corrosion resistance compared with steel structures. Combinations of such unique properties of aluminium alloys
have proved to be extremely in demand in many areas of construction and, in particular, in bridge construction, initially in the con-
struction of a wide variety of pedestrian bridges, and more recently, more often in the construction of road bridges. The presence
of numerous examples of already built and operated bridges in the world and domestic construction practice proved their obvious
advantages in terms of manufacturability and speed of construction and the practical absence of problems during operation, which
served as an incentive for the increasingly expanding use of aluminium alloys for the construction of road bridges.

Materials and methods. This trend did not bypass Russia, and by December 2023, on the initiative of the Aluminum Asso-
ciation and UC RUSAL, the state order of the Government of the Nizhny Novgorod Region, the first road bridge in the Rus-
sian Federation across the river was designed, built and put into operation. Linda. The bridge is two-lane, 4-span, 72 m long,
on reinforced concrete supports, the superstructure is entirely made of aluminium alloys.

Results. This construction was preceded by a long (since 2016) stage of research and development (R&D), the results
of which served as the basis for the optimal choice of aluminium alloy grades, production technologies and design methods
for this bridge. NRU MGSU is a leading organisation, which, with the participation of a number of other organisations, suc-
cessfully carried out this stage.

Conclusions. The aluminium alloy road bridge over the Linda River in the Nizhny Novgorod Region was commissioned in
December 2023. An automated monitoring system will be installed on the bridge, allowing remote monitoring of the technical
condition of the bridge in continuous mode.

KEYWORDS: road bridge, aluminium alloy, friction welding with mixing, stretching, shear, stress, strength, fracture, finite
element method
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BBEJEHUE

B HacTosmee BpeMsi B 9JKOHOMUKE MHOTUX CTpaH
Mupa, BKIodas Poccuto, B CBA3M ¢ pOCTOM KOJIMYECTBA
ABTOTPAHCIIOPTA, €r0 IPy30MOIBEMHOCTH M MHTCHCHB-
HOCTH HCITOJIb30BaHMs HAOIIONAETCS YCTOUNBAsT TEH-
JICHIIUST pocTa 00BEMOB JIOPOKHOTO CTPOUTENHCTBA
U PEKOHCTPYKINHU CYIIECTBYIOMIEH TOPOKHON MH]pa-
CTPYKTYpBI, B TOM YHUCJE MOCTOB M IyTEHNPOBOJOB.
B nessix s5KoHOMHUYECKOH 11eJ1eCO00pa3HOCTH U CPOKOB
COKpAIICHHS CTPOUTENIBCTBA HAPALY C UCTIOIb30BAHU-
€M TPaJUIMOHHBIX PEIICHUH MOCTOBBIX COOPYKCHHH
U3 CTaJIM ¥ KeJIe300€TOHa MEeT MECTO PACIIMPSIOIIe-
€C NIPUMCHCHHUE HOBLIX JIsI MOCTOCTPOCHUSA MaTCpu-
aJIoB, TAKMX KaK aJFOMHHMEBBIC CIUIABBI U MOJIUMEp-
Hble Marepuainsr' [1].

MocToBbIE COOPYKEHHUS U3 COBPEMEHHBIX aTIOMHU-
HUEBBIX CIUIABOB HAXOST BCE OOJblee MPUMEHEHHE
IIPU CTPOUTENICTBE U PEKOHCTPYKLUU JOPOKHOU MH-
(hpacTpyKTypbl, UTO SBIISIETCS CIIEICTBUEM YHUKAIBHBIX
(U3UKO-MEXaHMUECKUX CBOWCTB aJIIOMHHUEBBIX CILIA-
BOB, ITO3BOJIIONINX CO3/1aBaTh 3(P(EKTUBHEIEC 11O Be-
COBBIM, MPOYHOCTHBIM U 3CTCTUYCCKUM IapaMeTpaM
9JIEMEHTHl MOCTOBBIX KOHCTPYKIMH, 00Jafaroninx
IIpY 3TOM HOBBILIEHHON KOPPO3MOHHOM CTOMKOCTBIO
10 CPABHEHHMIO CO CTAJIbHBIMH KOHCTpyKuusiMu. Coue-
TaHHE MOJJOOHBIX YHUKAIBHBIX CBOMCTB aTIOMHHHEBBIX
CIIJIaBOB OKAa3aJIOCh BOCTPEOOBAHHBIM B MOCTOCTPO-
€HUM U3HAYaJIbHO IIPU CTPOMUTENHCTBE CAMBIX PA3HO-

! TIpuMeHeHHe aIOMHUHUSI B MOCTOCTPOCHUH // AJTFOMUHHE-
Bast Accormanus. 2016. URL: www.aluminas.ru

00pa3HBIX MEMIEXOTHBIX MOCTOB, a B TIOCJIEIHEE BPEMS
1 TIPH BO3BEACHUH aBTOIOPOXKHBIX MOCTOB [2, 3].

Hanuune B MUpPOBOW U OTEUECTBEHHON MpaKTU-
K€ MOCTOCTPOCHHS MHOTOYHMCIICHHBIX PUMEPOB yXKe
MOCTPOCHHBIX U 3KCILTyaTHPYEMBIX MOCTOB JJOKa3ajIo
MX OYEBH/HBIC IPEUMYIIECTBA B IJIAHE TEXHOJIOTHIHO-
CTH, CKOPOCTH CTPOHUTENIECTBA M IPAKTUIECKOTO OTCYT-
CTBHSI TPOOJIEM MPH IKCILTYaTallUH, YTO CIY)KUT CTUMY-
JIOM JUISl PaCIIHMPSIIOLIETOCS NCTIONB30BAHNS aTIOMHHU-
eBBIX CIUIABOB JJISI CTPOUTEIHCTBA aBTOIOPOKHBIX MO-
CTOB.

B kadecTBe Hanbosee H3BECTHBIX IPUMEPOB B MU-
POBOIf MOCTOCTPOUTEIBHON MpAaKTHUKE ClIEeIyeT OT-
METUTb NOCTPOEHHBIN B 1950 . aBTOAOPOXKHBINA MOCT
Arvida Bridge B xanazacko# npoBuniuu Ksebek mpo-
nerom 88,4 M (puc. 1); aBrogopoxkHsbIilt MmocT Forsmo,
noctpoeHHslit B 1995 r. B Hopseruu, nposerom 39 m
(puc. 2); v psig ApYTHX, TIOCTPOEHHBIX B CEBEPHON AMe-
puke, EBporie u Kutae moctos>* [4-9].

MATEPUAJIBI U METO/JbI

CTpouTEeTHCTBO ABTOIOPOKHOTO MOCTA U3 AJTIOMH-
HHEBBIX CIIaBOB 4Yepe3 p. JIunaa B Huskeropoackoi
obJacTu

Lenu, 3a0auu u smanwst npoexma. B 2016 . HUIY
MI'CY mo 3akazy AO «PYCAJI TII» Hauan HayqHO-HUC-

2 AJIIOMUHHEBBIE MOCTHI 3a py6exkom. 2014. URL: www.
aluminium-guide.ru

3 Road and pedestrian bridges in aluminium. Executive Summary,
Report on visits and Sweden, Holland, and the United States //
Aluminium Association of Canada. 2015.
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Puc. 2. Moct Forsmo B Hopseruu, rposier 39 m

CJIE/IOBATEIbCKUE U ONBITHO-KOHCTPYKTOPCKUE paboThI
(HUOKP) o cTpouTenscTBY MOCTOB M3 aTFOMHHUEBBIX
CIUTaBOB, U K Aekabpro 2023 1. Ha OCHOBE Pe3yIBTaTOB
HCCIIEI0OBAHNN 10 MHUIIMATHBE AJTFOMUHHEBOI aCCOLH-
aruu u [IpaButenscTBa Huxeropomackoid o0mactu Obu1
CIPOEKTUPOBAH, TIOCTPOEH U BBEJICH B DKCILTyaTallUI0
nepBblii B PO aBTomopoxHbIM MocT yepes p. Jlunaa.
MoCT — IBYXIOJOCHBIN, 4-TIPOJNIETHBIN, AmHHA 72 M*
(puc. 3, 4).

Hayuno-uccnedosamenvckue usvickanus. CTpo-
UTENbCTBY MOCTa IPEIIECTBOBAN JIUTENbHBIN 3Tam
HHOKP (c 2016 1.), 1empio KOTOPOTO OBIT ONTHMAITh-
HBIH BBIOOP MapoOK aIFOMMHHEBBIX CIIIIABOB, TEXHOJIO-
M IPOU3BOJICTBA U METOIOB MPOEKTHPOBAHHS MOCTOB
n3 amroMuHueBbIX ciutaBoB. HUY MI'CY npu yuactun
psiia OpraHU3alUil YCIEeNIHO OCYIIECTBIII 3Ty padoTy,
B XOJI€ KOTOPOH MPOBEAEHBI Ta0OPAaTOPHBIC W HATYpPHbIC
UCTIBITAHUSI 110 OTIPE/ICNICHUIO IPOYHOCTHBIX, YCTAJIOCT-

4 TlepBsiii B Poccru aBTOIOPOKHBIN MOCT U3 ATFOMUHHEBBIX CILIa-
BOB // BecTHrk AnmromuHEeBo# accormarym. 2024. Ne 1 (79).

8

HBIX ¥ KOPPO3UOHHBIX CBOMCTB, XUMHUYECKOTO COCTaBa,
CBAapUBAEMOCTH M YAAPHOH BA3KOCTH HanOoIIee meperex-
TUBHBIX JIJISI MOCTOCTPOEHUS CI1aBoB’ (puc. 5, 6) [10].

Koneunoii nensro HUOKP sBistnaces pazpaborka
Ha OCHOBAHMHM TMONYYCHHBIX PE3YylbTaTOB HOPMATHB-
HOTO JIoKyMeHTa — CBoJia MpaBuJI 10 MPOEKTUPOBa-
HHUIO MOCTOB M aJIOMUHHEBBIX CIUIaBOB, KOTOPBIA ObLI
pazpadorar HUY MI'CY u yTtBepxaeH MuHcTpoeM
Poccum B 2019 1. B penakimu st MEMEX0JHBIX MOCTOB
non HaumeHoBaHueM CII 443.1325800.2019 «MocTsl
C KOHCTPYKIMSIMU U3 aJIFOMUHUEBBIX CIUTaBoB. [IpaBua
npoektupoBanus» [11].

Pacmipoctpanenne cheps! merictus CI1 443 Ha mpo-
eKTHPOBAHHE aBTOIOPOKHBIX MOCTOB MOTPEOOBAIO MPO-
BezieHust JononantenbHoH (haset HUOKP ¢ pacmmpentoit
MPOrpaMMOH 110 UCCIICIOBAHHIO PAOOTHI KOHCTPYKIMOH-
HBIX 3JIEMEHTOB MOCTOBBIX COOPY’KCHHUH, BBITTOTHECHHBIX
U3 PACCMOTPEHHBIX MapOK ATFOMUHUEBBIX CILIABOB.

5 CIT 443.1325800.2019. MocTbI ¢ KOHCTPYKIHSIMH H3 a0~
MHHHEBBIX CIIaBoB. [IpaBuiia MPOEKTHPOBAHHUS.
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Puc. 3. Bux Ha MOCT CO CTOPOHBI 000YHHBI IBYXITOJIOCHOTO MIOCCE

Puc. 4. Bux Ha MocT cO0Ky, Ha 3aJIHEM IJIAHE BUJICH CTAPbIi OJHOMOIOCHBIN CTATBHOW MOCT
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Puc. 6. Bun 1 pe3yasTaThl yCTaIOCTHBIX UCTIBITAHUH allfOMUHKEBOTO cruiaBa 1915T

OTBETCTBEHHBIM MEPUOAOM PACIIUPEHHOMN MPOT-
pammsbl padot it HUY MI'CY cramu BriepBbie npo-
BeneHHBIe B Poccun pa3paboTka, MPOEKTHPOBAHUE
(puc. 7) u ocaeayIomue CTaTHYECKUE U YCTAJIOCTHBIE
HCTIBITAaHUS OPTOTPOIMHBIX IUIUT U3 crtaBa EN AW-6082
T6, nzroroBieHHBIX npeanpusatTusmMu 3A0 «Cecrens
1 000 «KpaM3» ¢ ucnosib30BaHuEM MTHHOBAIIMOHHBIX
TEXHOJIOTHH SKCTPYAUPOBAHMS KOHCTPYKTUBHBIX 3JIe-

Brok 1
284

MCHTOB M3 aJIIOMUHHUEBBIX CIIJIABOB U CBAPKU TPCHUEM
¢ mepemenmBannem (CTIT)® (puc. 8, 9) [12-20].
IMapTtus cnpoextuposanusix HUY MI'CY ¢ no-
MOILBIO JIETAJIBHOTO METOAA KOHEYHBIX DJIEMEHTOB
(MKD) moaenupoBaHuUsi OPTOTPOITHBIX TUIUT pa3pado-

¢ Patton G. Aluminum Orthotropic Desk Research Report //
Archive Florida Departement of Transportation. 2017. 52 p.

IR

&, 170

2

(YA YA YAV YAV YAVIFAYA

2000,50

Puc. 7. Cxema 3KCTpyAUPOBAHHBIX JJIEMEHTOB M CBAPEHHOW OPTOTPOIHOM TUTUTHI

Puc. 8. DxcTpyaupoBaHHEI KOHCTPYKIIHOHHBINA 3JIEMEHT OPTOTPOITHOM TUTUTHI
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Puc. 9. CBapKa Ha CTCHJAC METOAOM TPCHUS C IIEPEMEIIUBAHUEM OpTOTpOHHOﬁ TIJIATBI

TaHHOM KOHCTPYKUHWHU MOJIBEPIIIaCh PA3HOCTOPOHHUM
CTATHYCCKUAM U YCTAJIIOCTHBIM UCIBITAHUSIM C Pa3lIny-
HBIMH THITAMH JIOPOXKHOTO MOKpBITHS (pHc. 10).
OteetctBenHO# YacThio HUOKP Obuto mposene-
HUC WCITBITAHUI Ha BEIHOCIIMBOCTh KapKaca peaibHOTO
MEeIeX0JHOro MocTa nposieToM 10 M, BBINOJHEHHO-
ro u3 cmaea 1915T Ha ucneirarensHom crenae HUY

|

STRTTABTTA

g

MI'CY (puc. 11). Llens ucnpiTanuii — onpeneincHue
YCTaJIOCTHOTO pecypca (Yucia HUKIOB HarpyKeHus
70 00pa3oBaHUsl YCTaJOCTHBIX TPEIIHWH) U CPaBHE-
HUE NOJTY4YEHHBIX 3HAYEHUN C Pe3yNbTaTaMU PacueToB
B COOTBETCTBHHU C METOAMKOH, pa3paborannoii HNUY
MI'CY u BxiroueHHoil B coctas CIT443.1325800.2019.
[TomyueHnHble pe3yabTaThl pacueToB IOKa3aIl XOpollee

Puc. 10. CnapeHHbIe OPTOTPOITHBIE IUTHTHI ¢ ac()aabTOOCTOHHBIM TTOKPBHITHEM Ha HCIBITATEIFHOM CTEHE JUTS TIPOBEICHHUS

CTaTUYECKUX U YCTAJTOCTHBIX HCIBITAaHUH

11
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Puc. 11. McnbiTanus Ha BBIHOCIMBOCTB HECYIIETO KapKaca MEelIexX0JHOT0 MOcTa Ha ucnbitarenibHoM ctenae HUY MI'CY

COOTBETCTBHUE C PE3yJIbTaTaMH HATYPHBIX HCHBITAHUN
[14].

IIpoBenennas nononuurensHas nporpamma HUOKP
MOCJYyXHUJla OCHOBOM JIJis paclIMpEeHUs] AEHCTBUSA
CII 443.1325800.2019 Ha mpoeKTHPOBAHUE aBTOAOPOK-
HBIX MOCTOB U3 aJIOMHHUEBBIX CIUIABOB, COOTBETCTBY-
romas penakius CBoma mpaBui noarorosieHa HUY
MI'CY mns yrBepxnenns B Murctpoe PO, kotopoe oxu-
JIacT 3aBEPUICHMUS OTBITHOTO dTara KCILTyaTally 110-
cTpoeHHOro yepes p. Jlunna mocra B 2025 .

Ilpoexmuposanue. e HIPOESKTUPOBUIUK MPOECK-
ta Mocta — OOO «PenoBa-Ctpoii», IPOSKTHPOBIINK

77.592

nposetHoro crpoenus — OO0 «I11-2» npu akTHBHOM
conposoxaernn HY MI'CY, npenocTaBuBIIero pe-
synsratel HUOKP B neramsaOM 00BeMe. [l peanu3a-
IIH TIPOEKTa ObUTH pa3paboTaHbl CIIeHATbHBIE TEXHU-
yeckue ycnosus (CTY), yrBepxkaennsie MuHcTpoem
Poccuu.

OcHOBHast 0COOCHHOCTH aBTOJJOPOKHBIX MOCTOB,
HCIBITHIBAIOIINX B TEUCHHE CPOKa HKCILTyaTalluu
(He menee 50 jeT) BO3IEWCTBHE MHOTOMUJUTHOHHBIX
LUKJIOB Harpy>Ke€HUs OT aBTOTPAHCIOPTa, SBISETCSA
IJIaBHOM NPUYMHOW JJI pacueTra Ha BBIHOCIUBOCTD.
HWNY MI'CY paspaborain nporpaMMHOe obecIieueHne

80 18 088 80
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o
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Puc. 14. [IpononsHble Hecymme OANKH KOPOOUATOTO CEUECHUS

JUTS PacYeTOB HA BBIHOCIUBOCTH, KOTOPOE HCIOIH30Ba-
JIOCh IPOCKTUPOBIIMKAMH JIJISI PACYCTOB MPOCKTUPYE-
MOTO MOCTa Ha BBIHOCIHMBOCTS [ 15—18].

KitroueBbie mapaMeTphl IPOEKTa MOCTa MPEACTaB-
JIeHs! Ha puc. 12, 13.

[IponeTHOE CTpOCHUE — YETHIPEXIIPOICTHOE HE-
paspesHoe o cxeme (2 x 18) + (2 x 18). B monepeunom
CEUCHHH pacronaraercs 7 IIIaBHBIX 0AJIOK KOpoOIaToro
CCUCHMS M3 aJTIOMUHHEBOTrO cruiaBa 15654M ¢ miarom
2 M, 0OBEIMHEHHBIX MEXTy c000il monepeyHpIMH Oa-
KaMH U CUCTEMOM JHaroHajdbHBIX (BETPOBBIX) CBSI3EH
B YPOBHE BEPXHET0 M HIDKHETO MosIcoB (puc. 14).

Hecymumu KOHCTPYKTUBHBIME 3JIEMEHTAMH J0-
POXHOTO TIOJIOTHA ABJISIOTCS MOMEPEYHO PACTIONOKEH-
HbI€ OPTOTPOIHBIE IIUTHL pa3Mepamu 6,44 x 2,55 m
B KoJnyecTBe 7 X 2 X 4 = 56 IIT., BEINOJHEHHBIE

n3 amoMuHEeBoro citaBa EN AW-6082 T6. MocTtoBoe
MTOJIOTHO — JIBA CIIOS TUTOTO ac(aiapro0eToHa 00mIei
TOJIIIMHOM 8 CM 110 CJI0K0 MOJIUMEPHOHN TUAPOU30IISALINY.

PE3VJIIbTATHBI

Ilpouszsoocmeo. KoHCTpyKIIMM MOCTa M3TOTaB-
muBaiuchk Ha 3aBone 3A0 «Cecmenp» B I Yebokca-
pbl. CoeMHEHNE JTUCTOBOTO MPOKATa UCIIONIb3YEMbIX
AIIFOMUHHEBBIX CIUIABOB B KOHCTPYKTHUBHBIC SJIEMEHTHI
MIPOM3BOAMIOCE MeTOOM aBToMatu3npoBanHoit CTII,
JTAIOIIEH BHICOKOKAUECTBEHHBIC OJJHOPOJHbBIE CBAPHBIC
IIBBI, TPOYHOCTH KOTOPBIX COMOCTABUMA C IIPOYHOCTHIO
ocHOoBHOTO MeTasua (puc. 15) [19, 20].

Ilepen oTipaBKo 31EMEHTOB KOHCTPYKLIMI HA CTPOH-
IUIOMIA/IKy Ha 3aBOZIE BBINOIHANACH KOHTPOJIbHAS cOOpKa
TIPOJICTHOTO CTpOeHUS (puc. 16).

Puc. 15. CedeHnst CBapHBIX IIBOB

13
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Puc. 16. KourponbHast cOOpka 371€MEHTOB IPOJICTHOTO CTPOCHHUS Ha 3aBOJIE

e il

Puc. 18. YcraHoBIeHHbIE HeCyIIUe OATKU MIPOJIETHOTO CTPOSHUS

14
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Puc. 20. CranpHast npy>XKHHHAsI BCTABKa COCANHEHUS alTFOMUHUEBBIX 3JIEMEHTOB CTAIBHBIM OOJITOM

Cexkuuu OpPTOTPOIHBIX IUIKT U3 ciiaBa EN AW-
6082 T6 (puc. 7-9) Takxke COSANHITICH MEXKITy cOO0M
no texHosoruu CTII (cm. Beime «Hay4yHo-uccienona-
TEIIECKUE U3BICKAHUS).

CrpoutenscTBO MocTa ocyuiecTsisaiaocs OO0
«Buanyk-M». KoHTposb 3a U3rOTOBJIEHUEM MTPOJIETHBIX
CTPOCHUI Ha MPOU3BOACTBeHHOM momanake 3A0 YII
«Cecnenp» ocymectBisuics OO0 «MocToBasi HHCTICK-
s» (puc. 16). CTpouTelbHBIH KOHTPOJIb BBITIOIHSII TOCY-
napcerBennbIi 3akazank I'KY HO «I'YA/» (puc. 17-19).

OCHOBHBIE 3JIEMEHTBl KOHCTPYKLUH MPOJIETHOTO
CTPOCHHS U3 ATFOMUHHUEBBIX CIUIABOB — IPOJOJIbHBIC

HecyIue 0aJiku, MONEPEYHbIC MPOrOHBI, OPTOTPOITHBIC
mIATH (puc. 16) B mpormecce CTPOUTENBCTBA COSIH-
HSUJTUCh MEXKy COOOH C MOMOIIBIO BBICOKOMPOUYHBIX
CTaJIbHBIX OLIMHKOBAHHBIX 001TOB. HemocpecTBeHHbIN
KOHTAKT J1a)Ke OLMHKOBAHHOM CTalll C aTllOMUHHEM H3-
3a pa3HOCTH AEKTPOXMUMHUUESCKHUX TTOTEHIIHAIIOB CO Bpe-
MEHEM BeJIeT K 00pa30BaHUIO B 30HE KOHTAKTa BEChMa
MPOYHOTO OKUCHOTO COCIUHEHUS, MPEMSITCTBYIOIETO
MOJTSDKKE U pa30opke 00aTOBOrO coenuHeHus. Bo us3-
OexaHNe TaHHOTO SBJIEHHUS OOJITOBBIE COEIUHEHNUS J10-
MOJTHSUTUCH YCTAHOBKOM B OTBEPCTHUSIX YIPYTUX CTallb-
HBIX MPY>KUHHBIX BCTABOK, MTPEISITCTBYIONMX KOHTAKTY

15
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Puc. 21. Tpaduk 1o aBTOZOPOKHOMY MOCTY U3 aJIFOMUHHUEBBIX CIIIABOB yepe3 peky JIlunna

CTaJILHOTO 0O0JITA C AIFOMUHHUEBBIM CIIJIABOM U I103BOJIS-
IOmUX OCYHICCTBIIATL TPU HeO6XOJJ,I/lMOCTI/l TMOATAXKKY
6ounToB 1 pazdopky coenuHenuit (puc. 20) [13].

3AKJIIOYEHUE

ABTOIOPOXXHBIN MOCT U3 aJIFOMUHHEBBIX CIIaBOB
gepe3 p. Jluana B Hikeroponackoit 061acTi BBEIEH
B DKCILTyaTanuio B nekadpe 2023 1. (puc. 21).

TexHMYECKOE N IKCIUTYaTalIHOHHOE COCTOSTHHE I10-
CTPOCHHOTO MOCTA IO/IBEPraeTcs B HACTOSIIEEe BpeMs

MEPUOANYECKOMY MOHUTOPHUHIY 110 YCTAaHOBJIEHHOMY
rpaduky. J{OOIHUTETHHO MIIAHUPYETCS yCTaHOBKA aB-
TOMAaTH3UPOBAHHON CUCTEMBbI MOHUTOPHUHTA, TO3BOIS-
IOIIEeH OCYIIECTBIATh TUCTAHIIMOHHBIN KOHTPOJIb TEX-
HUYECKOTO COCTOSHISI MOCTa B HETIPEPBIBHOM PEIKUME.
ITo pe3yapraTaM MOHHUTOpPUHTA ITPH YCIOBUSX 0€3-
aBapUIHOM 3KcIuTyarauuu Mocta B 2025 1. uiaHupyer-
cs1 yTBepxaeHue Munctpoem Poccuu pa3paboraHHoM
HUY MI'CY penaxmun CIT 443.1325800.2019 nuist aB-
TOJOPOXKHBIX MOCTOB U3 aJIIOMHUHUEBBIX CIIJIABOB.
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INTRODUCTION

At present in many economies of the world, in-
cluding Russia, due to the growing number of motor
vehicles, their load capacity and intensity of use, there

is a steady tendency of growth of road construction and
reconstruction of existing road infrastructure, including
bridges and overpasses. For the purposes of economic
feasibility and construction reduction time, along with

Fig. 1. Arvida Bridge, Canadian province of Quebec, centre span §8.4 m
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Fig. 2. Forsmo Bridge in Norway, span 39 m

the use of traditional solutions of bridge structures made
of steel and reinforced concrete, there is an expanding
use of new materials for bridge construction, such as
aluminium alloys and polymeric materials' [1].

Bridge structures made of modern aluminium
alloys are increasingly used in the construction and
reconstruction of road infrastructure, which is a con-
sequence of the unique physical and mechanical prop-
erties of aluminium alloys that allow to create efficient
in weight, strength and aesthetic parameters elements
of bridge structures with increased corrosion resistance
compared to steel structures. The combination of such
unique properties of aluminium alloys has proved to be
in demand in bridge construction, initially in the con-
struction of a wide variety of pedestrian bridges, and
more recently in the construction of road bridges [2, 3].

The presence in the world and domestic practice
of bridge construction of numerous examples of already
built and operated bridges has proved their obvious ad-
vantages in terms of technology, speed of construction
and practical absence of problems during operation,
which serves as an incentive for the increasing use of alu-
minium alloys for the construction of road bridges.

The most famous examples in the world bridge-
building practice are the Arvida Bridge motorway
bridge built in 1950 in the Canadian province of Que-
bec with a span of 88.4 m (Fig. 1); the Forsmo motor-
way bridge built in 1995 in Norway with a span of 39 m
(Fig. 2); and a number of other bridges built in North
America, Europe and China %3 [4-9].

! Application of aluminium in bridge construction. Aluminium
Association. 2016. URL: www.aluminas.ru

2 Aluminium bridges abroad. 2014. URL: www.aluminium-
guide.ru

3 Road and pedestrian bridges in aluminium. Executive Summary,
Report on visits and Sweden, Holland, and the United States.
Aluminium Association of Canada. 2015.
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MATERIALS AND METHODS

Construction of an aluminium alloy road bridge
over the Linda River in Nizhny Novgorod Region

Project goals, objectives and milestones. In
2016. NRU MGSU by order of JSC “RUSAL TD”
started research and development (R&D) on the con-
struction of aluminium alloy bridges, and by Decem-
ber 2023, based on the research results, the first road
bridge in the Russian Federation over the Linda River
was designed, built and commissioned at the initiative
of the Aluminium Association and the Government
of Nizhny Novgorod Region. The bridge is two-lane,
4-span, 72 m long* (Fig. 3, 4).

Research and development surveys. The construction
ofthe bridge was preceded by a long R&D stage (since 2016),
the purpose of which was to optimally select aluminium
alloy grades, production technologies and design methods
for aluminium alloy bridges. NRU MGSU with the partici-
pation of a number of organizations successfully carried
out this work, during which laboratory and field tests were
carried out to determine the strength, fatigue and corrosion
properties, chemical composition, weldability and impact
toughness of the most promising alloys for bridge con-
struction® (Fig. 5, 6) [10].

The final goal of R&D was to develop a norma-
tive document based on the obtained results — Code
of Rules for the design of bridges and aluminium alloys,
which was developed by NRU MGSU and approved
by the Ministry of Construction of Russia in 2019
in the edition for pedestrian bridges under the name
CP 443.1325800.2019 “Bridges with structures made
of aluminium alloys. Design rules” [11].

4 Russia's first road bridge made of aluminium alloys. Bulletin
of the Aluminium Association. 2024; 1(79).

5 CP 443.1325800.2019. Bridges with structures made of alu-
minium alloys. Design rules.
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Fig. 4. Side view of the bridge, with the old single lane steel bridge visible in the background
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Fig. 5. View and results of static tests of 1915T alloy specimens
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Fig. 6. View and results of fatigue tests of aluminium alloy 1915T

The extension of the scope of CP 443 to the design  tropic plates made of EN AW-6082 T6 alloy for the first
of road bridges required an additional phase of R&D time in Russia, manufactured by CJSC “Sespel” and
with an extended programme to investigate the perfor- LLC “KraMZ” using innovative technologies of extrud-

mance of structural elements of bridge structures ma
of the considered grades of aluminium alloys.

The responsible period of the extended work pro-

de ing structural elements from aluminium alloys and fric-
tion stir welding (FSW)¢ (Fig. 8, 9) [12-20].

gramme for NRU MGSU was the development, design ¢ Patton G. Aluminum Orthotropic Desk Research Report.
(Fig. 7) and subsequent static and fatigue tests of ortho-  Archive Florida Department of Transportation. 2017; 52.

Block 1

Block 2

- —
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-

Fig. 7. Schematic diagram of extruded elements and welded orthotropic slab

Fig. 8. Extruded structural element of orthotropic slab
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Fig. 9. Friction stir welding of an orthotropic slab on the bench

A batch of orthotropic slabs of the developed de-
sign designed by NRU MGSU using detailed finite ele-
ment method (FEM) modelling was subjected to various
static and fatigue tests with different types of pavement
(Fig. 10).

The responsible part of R&D was to carry out en-
durance testing of the frame of a real pedestrian bridge

with a span of 10 m, made of alloy 1915T on the test
bench of NRU MGSU (Fig. 11). The purpose of the tests
is to determine the fatigue life (the number of loading
cycles before fatigue crack formation) and to compare
the obtained values with the results of calculations in
accordance with the methodology developed by NRU
MGSU and included in CP 443.1325800.2019. The ob-

Fig. 10. Paired orthotropic slabs with asphalt concrete coating on the test bench for static and fatigue tests
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Fig. 11. Endurance tests of the load-bearing frame of a pedestrian bridge on the test bench of the Moscow State University

of Civil Engineering and Architecture (NRU MGSU)

tained calculation results showed good agreement with
the results of in-situ tests [14].

The conducted additional R&D programme served
as a basis for the extension of CP 443.1325800.2019
for the design of road bridges made of aluminium al-
loys, the relevant version of the Set of rules has been
prepared by NRU MGSU for approval by the Minis-
try of Construction of the Russian Federation, which
expects the completion of the pilot phase of operation
of the bridge built over the Linda River in 2025.

Design. The general designer of the bridge project
is LLC “Renova-Stroy”, the designer of the span struc-

ture is LLC “PI-2”, with active support of NRU MGSU,
which provided R&D results in a detailed scope. Spe-
cial Technical Specifications (STS) approved by
the Russian Ministry of Construction were developed
for the project implementation.

The main feature of road bridges, which experi-
ence during their service life (at least 50 years) the im-
pact of multi-million cycles of loading from motor ve-
hicles, is the main reason for endurance calculations.
NRU MGSU has developed software for endurance
calculations, which was used by designers for endur-
ance calculations of the designed bridge [15-18].

TIRRRRRIZ2S2NNNNE

! LY

Fig. 12. General view of the longitudinal section of the bridge

Coastal support

Fig. 13. View of reinforced concrete support parts of the bridge
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Fig. 15. Cross-sections of welds

The key parameters of the bridge project are
shown in Fig. 12, 13.

The span structure is four-span continuous according
to the scheme (2 x 18) + (2 x 18). In the cross section there
are 7 main box-section beams made of aluminum alloy
1565hM with a pitch of 2 m, interconnected by transverse
beams and a system of diagonal (wind) connections at
the level of the upper and lower chords (Fig. 14).

Bearing structural elements of the roadway are trans-
versely located orthotropic plates with dimensions of 6.44 x
% 2.55 m in the amount of 7 x 2 X 4 =56 pieces, made of al-
uminium alloy EN AW-6082 T6. The bridge deck consists
of two layers of cast asphalt concrete with a total thickness
of 8 cm over a layer of polymer waterproofing.

RESULTS

Production. The bridge structures were manu-
factured at the CJSC “Sespel” plant in Cheboksary.
The joining of rolled aluminium alloy sheets into struc-
tural elements was carried out by the automated FSW
method, which produces high-quality homogeneous
welds, the strength of which is comparable to that
of the base metal (Fig. 15) [19, 20].

Before the structural elements were shipped to
the construction site, the span assembly was checked at
the factory (Fig. 16).

Sections of orthotropic slabs made of EN AW-
6082 T6 alloy (Fig. 7-9) were also connected to each
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Fig. 16. Control assembly of span elements at the factory

Fig. 17. Installation of the span on reinforced concrete supports

e S8

Fig. 18. Installed load-bearing girders of the span structure
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other using FSW technology (see “Research and devel-
opment” above).

The construction of the bridge was carried out by
Viaduct-M LLC. Control over the manufacture of spans
at the production site of JSC PE Sespel was carried out
by Mostovaya Inspectorate LLC (Fig. 16). Construction
control was carried out by the state customer GKU NO
"GUAD" (Fig. 17-19).

The main elements of aluminium alloy span struc-
tures — longitudinal bearing beams, transverse purlins,
orthotropic plates (Fig. 16) — were connected during

construction using high-strength galvanized steel bolts.
The direct contact of even galvanized steel with alumin-
ium, due to the difference in electrochemical potentials,
leads over time to the formation of a very strong oxide
compound in the contact zone, which prevents tighten-
ing and disassembly of the bolted connection. In order
to avoid this phenomenon, bolted connections were
supplemented with the installation of elastic steel spring
inserts in the holes, preventing the contact of steel bolt
with aluminium alloy and allowing to tighten bolts and
disassemble connections if necessary (Fig. 20) [13].

Fig. 19. Installation of orthotropic slabs on the supporting beams of the span structur

Fig. 20. Steel spring insert connecting aluminium elements with a steel bolt
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Fig. 21. Traffic on the aluminium alloy road bridge over the Linda River

CONCLUSION

The aluminium alloy road bridge over the Linda
River in Nizhny Novgorod region will be commis-
sioned in December 2023 (Fig. 21).

The technical and operational condition of the con-
structed bridge is currently subject to periodic monitor-
ing according to the established schedule. In addition,
it is planned to install an automated monitoring system

that will allow remote control of the technical condition
of the bridge in a continuous mode.

Based on the results of monitoring under the con-
ditions of accident-free operation of the bridge in 2025
it is planned to approve by the Ministry of Construc-
tion of Russia the edition of CP 443.1325800.2019 de-
veloped by NRU MGSU for road bridges made of alu-
minium alloys.
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AHHOTALUMUA

BBepeHue. PacueTbl HanpsbkeHHO-AedopmupoBaHHoro coctosiHus (HOC) rpyHToBbIX NoTUH | v Il knaccoB OTBETCTBEHHO-
CTV TpebyeTcs BbIMOMHATL C UCMOMNb30BaHWEM HEMNMHENHbIX Mofene rpyHTa. K uncny takux mogenemn oTHOCATCA MOAENb
ynpoyHsiioerocs rpyHta (mogens HS) n mogenes KynoHa — Mopa (mopens MC). AkTyanbHol 3agadent SBrsetcsa onpeaene-
HVe NapaMeTpoB 3TUX MoAenen AN KPYNMHOOBMOMOYHbIX FPYHTOB: LLEeBEeHNCTOro 1 rpaBUiHO-rane4yHKoBOro.

Matepuanbl u Metoabl. [Napametpbl mogenu HS anst KpymHOOBNMOMOYHBIX TPYHTOB OMpenensanuce nytem obpaboT-
KV pesynbTaToB TPEXOCHBIX UCMbITaHWI, KOTOpble MpeAcTaBneHbl B 3apybexHbix nybnukauusx. Mapametpsl mogenn MC
yCTaHaBnMBanucb 13 ycrnosus npubnwkeHHoro cootseTcTBus HOC Bbicokon MnoTuHbl (Bbicoton 100 M), nomy4aemoro
C UCMomnb30BaHWeM ABYX Mofenen. HanpskeHHO-AeOpMUPOBaHHOE COCTOSHWE MITOTUHbBI BbISIBISNOCH C NMOMOLLBIO YKC-
NEeHHOro MoAenMpoBaHus B nporpaMMHoM komnnekce PLAXIS 2D.

Pesynbrathbl. MNogobpaHbl napametpbl mogenu HS, koTopble No3BonsAT yAOBNETBOPUTENBHO onvcaTte AeopMupoBaHne
rpyHTa Npu AeBUATOPHOM Harpy>XeHun, 3aMeTHble OTKITOHEHUS NPOSIBIATCS TOMbKO B BENMYMHaX 06beMHbIX AechopmMaumii.
CpaBHeHVe nokasarno, YTo LWebeHUCTbIV TPYHT, pe3ynbTaThl UCMbITaHMIA KOTOPOro MCNonb30BaHbl ANs onpeaeneHns napa-
METPOB MOZieNeW, COOTBETCTBYET XOPOLLO YNIOTHEHHOMY IPYHTY COBPEMEHHbIX KaMEHHO-HabpOCHbIX MIOTUH. Npu BeiGope
napameTtpoB Mofenu MC, akBuBaneHTHbIX MoAenu HS, BbINOMHANCS KOHTPOMb pe3ynsTaToB YMCMEHHOro MOAEeNMpOoBaHnS
KaMeHHO-HabpOCHOM NNOTUHbI Kak No gedopMauunsamM, Tak U Mo HanpshkeHHOMY cocTosiHuto. [Npu dopmmnposaHnm HOC
NIOTUHBI OTYETIIMBO NPOSIBMSETCA 3PAEKT «YNPOYHEHUSI» TPyHTA — Ha 3Tare BOCTNPUSTUS rMapoCTaTUYecKoro AaBneHus
0edopMMpyeMOCTb rpyHTa Pe3Ko CHUXaETCS MO CPaBHEHMIO C 3TanoM Harpy3ok oT cobcTBeHHoro Beca. [oatoMy napame-
Tpbl Mmogenun MC uenecoobpasHo nogbvpaTb OTAENBHO AN ABYX 3TAMOB HArpy>KEHUs MIOTUHBI.

BbiBoabl. Mogens HS B LenomM faeT BO3MOXHOCTb OTPasuTb HEMMHENHbIE AePOPMUPOBAHMS KPYMHOOBNOMOYHBIX FPYHTOB,
OfHAaKO OHa He YYMTbIBAET KPUBOMMHENHBIN XapakTep npeaenbHON NOBEPXHOCTU U HE MOXET OAHOBPEMEHHO OTPasnTb AB-
NEeHUst KOHTpakumm n aunataHcun. Mcrnonb3oBaHne mogenv MC He nossonsieT ageksaTHo Bocrnpoussectn HOC kameHHo-
HabpOoCHON NOTWHBI, MoaobpaHHbIe napameTpbl Mogeny MC MoryT BbiTe MCMONb30BaHbI NKLLB AN NPUBNKEHHbIX PacYeToB.

KNKOYEBBIE CITOBA: kameHHO-HabpocHasi NrnoTuHa, HanpsikeHHO-4e(OPMVPOBaHHOE COCTOSIHUE, MOAEMb YNPOYHSIIO-
werocs rpyHTa, mogene KynoHa — Mopa, TpexocHble UCMbITaHWst, YACNIEHHOe MOAENpOoBaHNe, AnnaTaHcus
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ABSTRACT

Introduction. Calculations of stress-strain state (SSS) of the first and second classes embankment dams are required to
be carried out using non-linear models of soil. Such models include the Hardening Soil model (model HS) and Mohr — Cou-
lomb model (model MC). It is important to determine the parameters of these models for coarse soils: crushed stone and
gravel-pebble.

Materials and methods. Parameters of the HS model for coarse soils were determined by processing of the results of triaxial
tests, which are presented in foreign publications. Parameters of the MC model were determined from condition of the SSS
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approximate correspondence of a high dam (100 m high) obtained by using two models. Stress-strain state of the dam was
determined by means of numerical modelling in the PLAXIS 2D software package.

Results. HS model parameters are selected; which allow satisfactory description of soil behaviour at deviatoric loading;
noticeable deviations are revealed only in values of volumetric deformations. Comparison showed that crushed stone whose
test results are used for determination of models’ parameters, refers to properly compacted soil of modern rockfill dams.
When selecting the parameters for the MC model, which are equivalent to the HS model, the results of rockfill dam numeri-
cal modelling were checked both in deformations and in stress-strain state. At the dam SSS formation there vividly revealed
the effect of soil “hardening”: at the stage of perceiving hydrostatic pressure the soil deformation sharply decreases as
compared to the stage of loads from the dead weight. Therefore, it is reasonable to select parameters of the MC model
separately for two stages of the dam loading.

Conclusions. The HS model in general makes it possible to reflect non-linear deformations of coarse soils, however, it
does not take into account the curvilinear character of the limiting surface and cannot simultaneously reflect the phenomena
of contraction and dilatancy. Use of the MC model does not permit adequate simulation of rockfill dam SSS; the selected
parameters of the MC model may be used only for approximate calculations.

KEYWORDS: rockfill dam, stress strain state, Hardening Soil model, Mohr — Coulomb model, triaxial test, numerical analy-
sis, dilatancy
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BBEJIEHUE

BakHo# cocTaBIsiomei pacdieTHOro 000CHOBaHMS
TPYHTOBBIX TUTOTHH BBICOKO# oracHoCTH (I 1 II xitaccoB)
SIBIISIIOTCSI PAcueThl HAPSHKEHHO-1e(OPMUPOBAHHOTO
cocrostaus (HJIC). Poccutickuii CIT 39.13330.2012
«[ImoTHHBI U3 TPYHTOBBIX MaTepuaioBy (1. 9.12) ycra-
HaBJINBACT TPEOOBAHME, YTO «yCTOWYMBOCTH OTKOCOB
KaMEHHO-HACBITHBIX IUIOTHH C JKeJIe300€TOHHBIM dKpa-
HOM ONpeAessieTcs TOJIBKO MO0 pe3yibTraTaM pacueToB
HAaIpsHKEHHO-1€(OPMUPOBAHHOTO COCTOSTHUS MIIOTHHBI
C MCIOJIB30BaHNEM TIPOYHOCTHBIX M JIe(OPMaMOHHBIX
XapaKTEPUCTUK IPYHTOB B TEJIE IMIIOTUHBI, TIOJTyYEHHBIX
Ha OCHOBaHHMH TPEXOCHBIX HMCIIBITaHUN». Takue pac-
getsl H/IC croXHBI M MOTYT OBITH BBITIOJIHEHBI TOIBKO
MyTEM YHCIIEHHOT'O MOJICIIMPOBAHMS C MIOMOIIBIO CIie-
[IUATTM3UPOBAHHOTO ITPOTPAMMHOTO 00€CTICUEHHSL.

OCHOBHOIi BOIIPOC, KOTOPBIi BOZHUKAET TIPH YHUC-
JICHHOM MOJICJIMPOBAHNH, COCTOUT B BBIOOPE ITPOYHOCT-
HBIX U 7I6()OPMALIMOHHBIX XapPAaKTEPUCTHK /I KAMEHHON
HaOpocku (FOpHOM Macchl, TPaBUHHO-TAICYIHUKOBOTO
rpyHTa). Ha mpeaBapuTenbHbIX CTaANsIX MPOSKTHPOBA-
HUSI, KOT/1a PE3YJIbTaThl SKCIICPUMEHTAIBHBIX HCCIIEI0-
BaHUN CBOMCTB IPYHTOB OTCYTCTBYIOT, 3T XapaKTepH-
CTHKH MOTYT OBITh IPHUHSTHI IO aHAJIOTaM, UCIIOJIB3Ys
MHPOPMALNIO U3 HAYYHO-TEXHUYECKOW JIUTEpPaTypHI.
OpHaKo 371eCh BOHUKAIOT CJIOKHOCTH.

O mpouHOCTH KaMEHHOI HAaOpOCKM JOCTaTod-
HO MH(OpPMAIIMU B HAYYHO-TEXHUYECKOW JTUTEpaType.
CaBuroBast IPOYHOCTH KPYITHOOOJIOMOYHBIX TPYHTOB
U3ydeHa MOCPEICTBOM MHOTOYHCICHHBIX JKCIEPH-
MEHTOB B C/IBUTOBBIX NMPHOOpax, a TakXKe Ha Mpudopax
TPEXOCHOTO CxKaThs (cTadmmomeTpax). Pesymbrarst skc-
NepUMeHTOB (HanmpuMmep, B padore [1]) mokasbiBaroT,
YTO 0COOEHHOCTH KPYITHOOOJIOMOYHBIX TPYHTOB COCTO-
UT B HEJIMHEHHOM XapakTepe 3aBUCUMOCTH IIPEJIeib-
HBIX KacaTeJbHbBIX HAIPSDKCHUH OT CPEHET0 HOpMallb-
HOTO HalpsHKEHUSI.

B xavecTBe KpUTEpHs CABUTOBOM MPOYHOCTH TPYH-
TOB B MHKCHEPHOM MPAKTHKE MPHUHATO HCIIOIb30BATh
kputepuil Kynona — Mopa. B HeM mpouHOCTHEIMU Xa-
PaKTEpPUCTUKAMK TPYHTA SIBIISIIOTCS YTOJI BHYTPEHHETO
TPEHHS ¢ ¥ YACIBHOE CLEIUICHHE ¢. 3HaYeHHs ITUX I10-
KazaTeJieil MOryT ObITh Ha3Ha4YeHbI MyTeM 00paboTKH
PE3YyIBTAaTOB SKCTIEPUMEHTOB.

O nehopmMupyeMOCTH KPYIHOOOJIOMOYHBIX IPYH-
TOB HH(OPMAINH B JINTEPAType MEHBIIE. DTO CBA3AHO
CO CJIIO)KHOCTSMH TPOBEACHHS TPEXOCHBIX HCIBITA-
HUH — JUIs1 HUX TPeOYIOTCsl KpyIHOMAcIITaOHbIe ¥ TOY-
HBIE TTPUOOPBI, KOTOPBIE MOTYT CO3/aBaTh Ha 00paser
IpyHTa OOJIBIIINE CHIIOBBIC HATPY3KH.

IlepBbie ucmbITaHMs 1€(OPMUPYEMOCTH KPYITHO-
00JIOMOYHBIX TPYHTOB OBUIM BBIOJIHEHBI B 1960-X TT.
R.J. Marsal [2], A.B. Vesic ¢ coasr. u N.D. Marachi ¢ co-
aBT. DTH MCHBITAHUS MOKA3aJIM, YTO J1e(hOPMUPOBAHHE
TaKUX TPYHTOB HMEET CJIOXKHBIN YIPYrOIUIaCTUYECKUI
xapaxtep. [IposiBrsercst cBa3b 1epOpMHUPYEMOCTH C IPOU-
HOCTBIO, @ TaKXKe LEJIbIN Psijl HeTMHEHHBIX (B (EeKToB, Ha-
npuMep siBIeHNe qunataHceud. JleopMupyemMocTs rpyHTa
3aBHCHUT OT €T0 HANPSHKEHHOTO COCTOSIHUS: OT OOKOBOTO
oOKaTHsl, CTEIICHN MPUOIMKECHUS K MPEACIILHOMY COCTO-
STHHIO, BU/IA HAPSDKEHHOTO COCTOSTHUSL.

JedopmupyeMocTh KPyITHOOOIIOMOYHBIX TPYHTOB
pa3nuyaeTcs U B 3aBUCHMOCTH OT IJIOTHOCTH CJIOXKE-
HUSI, TPAHYJIOMETPHUECKOTO COCTaBa, (POPMBI YaCTHII,
WCXOJHOW TOPHOU MOPOJIBI M APYyTHX (PaKkTOpoB. ITO
CTaJIO OJHOHM M3 NPHUYMH, IO KOTOPBIM JIAHHBIE UMEB-
IINXCS HKCIIEPUMEHTOB HE YIOBIETBOPSUIM MOTPeO-
HOCTSIM MIPOEKTHPOBAHUSI BBICOKHX IUIOTHH. [TosToMy
9KCIIEPUMEHTAIILHBIE UCCIIEA0BaHUS OBUIN MTPOJIOIIKE-
HBI, OHU BBIMOJIHSUINCH MIPU NMTPOEKTHPOBAHUM MHOTHX
BbICOKMX TpyHTOBBIX mnoTuH. B CCCP TpexocHsle
HCTBITAaHHSI IPOBOMINCE BO BeepoccuiickoM HaydHO-
HCCIIEZIOBATEIILCKOM MHCTUTYTE TUAPOTEXHUKH MME-
Hu b.E. Beneneera (BHUUI um. B.E. Beneneena)
Ha kpynHOMacmtabHoM mpubdope [ITC-300. Cremyer
0o0paTuTh BHUMaHHUE, YTO BMECTO PEabHOW FOpHOU
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MAacChl UCIIBITHIBAINCH MOJICNIbHBIC TPYHTHI, T.€. IPYH-
THl C U3MCHEHHBIM TPAHYJIOMETPHUECCKAM COCTABOM
IO CPABHEHUIO C UCXOIHBIM.

B XXI B. crabmioMeTpU9IeCKUE UCTIBITAHUS KPYITHO-
00J10MOUYHBIX TPYHTOB ocymiecTBisunch A.K. Gupta,
A. Soroush, S. Linero n npyrumu. B Tabn. 1 yka3zausr
KpaTKHe CBEACHHUs 0 HauboJiee COBPEMEHHBIX HCIIbI-
TaHUSX, PE3YIBTATHl KOTOPBIX OMyOIMKOBAHEI B TPY-
nax [3—8]. M3BecTHO, 9TO MCTBITAHUS MTPOBOIMIHCH
takxke B Poccun, Bo BHUUI um. B.E. Beneneena,
HO WX pe3yJbTaThl HEAOCTYIHBI Ul HAy4YHOH 00Iie-
CTBEHHOCTH.

Pe3ynbTaTel HEKOTOPHIX UCIIBITAHUH KPYITHOOOIO-
MOYHBIX TPYHTOB COOPAHBI ¥ MPE/ICTABICHBI TAKXKE B Pa-
6ote [9]. Hanbonee ciaokHbIe SIKCTIEPHUMEHTHI BBITTOTHS-
ymich B Kurae. Vcmisitanms, omyOnrkoBaHHBIE B cTaThe [ 8],
MPOBOJMINCH 10 HECTAHJAPTHOH CXeMe Ha IpH3MaTuye-
CKOM 00pasIie TpyHTa, KOTOPHIH MOABEpraicsi HepaBHO-
MEPHOMY Harpy>KE€HHIO 10 KaX101 U3 TpeX Ocell.

Jnst onmcaHusl HETMHEHHOTO TTOBEACHHS TPYHTOB
B YCIIOBUSIX TPEXOCHBIX UCTIbITaHMi ¢ 1960-x IT. Havamu
pa3padaThIBaTh ¥ MPUMEHSTH HETMHEHHBIE MoaenH. Poc-
cuiickuii HopmatuBHbIN AokymeHT CII 39.13330.2012
YCTaHABJIMBAET, YTO «B pacyeTax HampspKeHHO-aehop-
MUPOBaHHOTO cocTosiHusA 1w1oThH I u II kimaccos cnenyer
TIPUMEHSTH HeJIMHEHHBIC MOJICITH, YIUTHIBAFOIITHE TITACTH-
yeckue Je(hopMalny rpyHTa B IPEACIBHOM COCTOSTHHI.

B Hacrosmiee BpemMs NPUMEHSIOTCS HECKOJBKO
HEJTMHEHHBIX Mozaenel rpynTa. CaMoil IpocToi ciy-
JKUT MOJICINTb, M3BECTHAA Kak Monenb Kymona — Mopa
(monens MC). B atoit Mmonenu neopMrupoBaHue rpyH-
Ta IPH JOMPENETFHOM COCTOSHUHU CUUTACTCS JTUHEH-
HBIM M OTUCBIBACTCS JBYMS IapaMeTpaMH: MOTYIIEM
nuHeWHOU nedopmarn £ u kosddurmentom [lyacco-
Ha v. OCHOBHBIM HepocTaTkoM mojenu MC saBnsercs
TO, YTO OHA HE YUUTHIBAET Y(P(EKT «yIpOIHEHHSD» TPYH-
Ta, T.c. YBEIUUICHIS MOAYIS Ae(OpMaliy IPH TTOBHI-

nieHun 6okoBoro ooxarust. s popmuposanus HC
BBICOKMX I'PYHTOBBIX IUIOTHH BJIMSIHUE 3TOTO d(dekra
CYIIECTBEHHO, MTO3TOMY HCIIOIB3YIOT OOJee CIOKHBIE
HEJTMHEHHbIE MOJIeIH.

3a py0OexoM aKTUBHO MPUMEHSIETCS THIIEPOOIIH-
YyecKkasi MOJIeNIb TpyHTa. DTa MOfIens Oblia pa3padoTa-
Ha J.M. Duncan u C.Y. Chang Ha ocHOBe rumnep0oiu-
YEeCKOW 3aBUCUMOCTH, npeiokenHoit R.L. Kondner.
I'mnepOonuyeckas MOJeIb OTHOCUTCSI K MOJIEISIM JIe-
(hopMaImOHHON TEOPHUH ITUTACTUIHOCTH (HETMHEHHON
«ynpyroctu»). B Hell 3aBHCHMOCTD MEX/y HaIpsiKe-
HUSIMU 1 ie(hOpMalMsIMU 3aIHChIBAaeTCsl B (hOpMe 3aKo-
Ha ['yka. DT0 00ycraBImBaeT OMUH U3 HEAOCTAaTKOB MO-
JIeJ — CIOXHOCThH ydera 3(QeKra IAUIaTaHCHH.
B nyGnukanmu [10] yka3piBaercsi, 4TO YUCIEHHOE MO-
nenupoBanre HJIC mIoTHHBI MOKA3aj10, 94TO TUiepoo-
JMYECKasi MOZICNb HETOCTATOYHO XOPOIIIO OTMCHIBACT €€
peanbHOe MOBECHHUE.

ITo sroii nprunne T. Schanz, P.A. Vermeer, P.G. Bon-
nier B 1999 . mpemtoxwim 6omee CIOKHYO MOJCNb, MO-
JeTb ynpoussorerocst rpyara — Hardening Soil (HS).
Ota MoJiesIb OTHOCUTCS K MOJIEIISIM TEOPUH TIACTUIECKO-
TO TEUCHUs U 0a3upyeTcss Ha ACCOIMMPOBAHHOM 3aKOHE
rracTrdeckoro TedeHus. Kak u rumepOonmdeckast Mo-
nenb, mofens HS yuureiBaer addekr «ynpodHeHus»
rpyHTa. OHa cunTaeTcss Hanboee COBEPIICHHON Mojie-
JBIO JUTS BBITIOJTHEHHS MHKEHEPHBIX PACUETOB TPYHTO-
BbIX coopyxkeHuid. B Tpyne [10] ormeuaercs, uto Mozaens
HS nyuine omuckiBaeT peanbHOE MOBEACHHE IUIOTHHBL,
YeM runepOoInyecKast MOJeb.

Cynst 1o COBPEMEHHBIM ITyOIMKAIMAM, JUISL YHC-
nenHoro moaenuposanus HJAC rpyHTOBBIX MIOTHH
B OCHOBHOM HCIIOJIb3YETCsl THIIEpOOInYecKas MOJIEIb,
pexe — MoJieNnb YIpoYHsIomerocs rpyHra. Hampu-
Mep, runepooIrueckas Mojieb Oblila UCIOIb30BaHa
qutst pacuetoB HJIC HeckoIbKMX KaMEHHO-HAOPOCHBIX
IJIOTHH ¢ XKeNe300eToHHBIM 3KkpaHoM [ 10—13]. Omuca-

Taba. 1. Unpopmarys 0 TPeXOCHBIX HCIBITAHUAX KPYITHOOOIOMOYHBIX TPYHTOB

" TInoTHOCTE, T/M?, Pasmepsr MaxkcumaibHasi | MakcuManbHOE
CTOMHMIC 1 TO Bup rpyHTa | MM OTHOCHTENBHAS 00pasIios, MM KPYMHOCTb HaIpsDKCHUE
“HPOPMAIHU

IUIOTHOCTh, % TIMaMETP BBICOTA YacTHL], MM obokarust, MIla
[leGenucThiit 1,7, 1,8 /v
2], 1967 HHO- 1130 2500 180 0,05-2,5
(2], Tpaguiiro- - 22 he ,05-2,
raJIeYHUKOBBIN
JpecBsiHbIH 2,11, 2,18 t/m? 50 0,1-0,9
3],2012% iiHO- 200,300 | 400, 600
3] Tpasiiitio- |5 4 5 23 e 60 0,2-0,8
raJIeYHUKOBBI
[4], 2013 IIle6enucTIit 1,99, 2,2 T/ 200 400 25 0,05-0,7
[5]. 2014 TpapiiHit, 75,87 % 381 813 80 0.2-1,6
JIPECBAHBIH
[6], 2014 Tpasuiino- | ) 5 5 27 o 300 600 60 0,4-1,6
TAJICUHUKOBBIN
[7],2017 [leGeHuCTHII 2,21 /™3 300 600 60 0 2,0
[8],2019 [leGenucThIi 2,06 /™ 300%* 600 60 0,2-0,8

Ilpumeuanue: * — NCTIBITAHUS B HEAAPEHUPOBAHHBIX yCIOBHSX.
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COCTOSIHUS KaMEHHO-HaBPOCHOM MAOTUHbI

HO [11], uTo runepbonMUeckas MoOeIb MPUMEHIACh
JUIsl aHAJIM3a JIaHHBIX HaTYPHBIX HAaOIIOACHUH 3a mepe-
MEIIEHUSMH CaMOH BBICOKOW B MUPE KaMEHHO-HAa0pOC-
Ho# miotuHbl Shuibuya (Kuraii, H = 233 m).

B nocnennee Bpemst akTHBHO CTaJIN MCIIOJIB30BATh
u monenb HS. Ona npumensinace ans n3ydenus HJIC
IPYHTOBBIX IUIOTUH [14—18]. DTH HccienoBanus ObLIH
nocssieHbl HJIC HECKONbKUX BBICOKUX KaMEHHO-Ha-
OpOCHBIX IIOTHH C XKeJIe300eTOHHBIM dKpaHoM: Kiirtiin
(Upam, Beicota 133 M) [14], Nam Ngum 2 (JIaoc, BeIcO-
ta 182 m) [10, 15, 16].

s poccuiickux ucciaeaoBareneil BaXHbIM Ipe-
HMMYIIECTBOM MOJAETH YIIPOYHSAIONUIETOCS TPYHTA SBIISI-
€TCsl TO, YTO OHA JOCTYIHA JUIsSl HCIIOJIb30BaHUS B CO-
BpeMeHHBIX porpaMMHBIX Komrniekcax (ITK) PLAXIS,
MIDAS, npenHa3sHaYeHHBIX JUIS PEIICHUS TeOTEXHUYe-
ckux 3anad. OqHako, 4To0kI BEIMONHATE pacueTsl HJIC
C IIOMOIIBIO HEJIMHEWHON MOJIENIN, HEOOXOINMO 3HATh
3HAYEHUS €€ IapaMeTpOB.

Bce HenmHeliHbIe MOEIN — MHOTOIIapaMeTpuye-
ckue. Bo Bcex Tpex mepednciaeHHbIX MOJIEIISIX ST OIICH-
KU TPOYHOCTH IPYHTA UCHONb3yeTcs kputepuid Kyo-
Ha — Mopa, OHa OIUCHIBAETCSI IBYMsI ITapaMeTpamu (¢
u ¢). [lns onrcanus neopMUpPOBaHUS B THIIEPOOIIYE-
ckoit mozesu u mozenu HS tpebyercst Oosbiiiee Kouue-
CTBO NapaMeTpoB, 4eM B moaenu MC.

OcHoBHBIE TapamMeTpsl Mozenn HS:

E!¢ — MOMyib eCTKOCTH, KOTOPBIH MPE/ICTaB-
nsieT co0o CeKylMi MOMyIIb JIMHEHHO nedopmanu
npu nostoBuHe (50 %) mpenenbHOro JeBUATOPHOTO Ha-
MPsDKEHMS, OTIPEACIIEMBII IO pe3yabTaTaM TPEXOCHBIX
HUCTIBITAHUI;

EY, — OmOpHBIiT 00METPUIECKHI (KOMIIPECCH-
OHHBII) MOIYh Ae(hopMaIiy, COOTBETCTBYIOMINN ATa-
JIOHHOMY BCECTOPOHHEMY JIaBJICHHIO, OTPEACIAEMBbIi
TI0 pe3yJIbTaTaM OIOMETPHUCCKUX MCTIBITAHUIH;

E!Y — 5TanoHHBIN# MOLyIh PA3TPy3KH, NOTyUEH-
HBIW 10 pe3ylibTaraM KOMIIPECCHOHHBIX MCIBITAaHUM
IIPU STAJIOHHOM BCECTOPOHHEM JIaBJICHIH;

M — TI0Ka3aTeJIb CTEIICHN B 3aBUCUMOCTH KECTKO-
CTU OT YPOBHSI HaIlIPSKEHUM, KOTOPBIN OIIPElEseT ee
KPHUBH3HY;

v! — ko3 puuuent IlyaccoHa Ipu pasrpyske
Y IOBTOPHOM HAarpy>KeHHH;

 — YTOJI IMJIATaHCUH, OTIPEIEISIEMBIH 110 Pe3yITh-
TaTaM TPEXOCHBIX UCTIBITAaHHH;

R — KPUTEPUH pa3pyLIEHHUs], KOTOPbIA SBIISAETCS
OTHOIIICHHUEM ITPEEITBEHOTO JIEBUATOPHOTO HATPY>KEHHUS
K aCHMIITOTHYECKOMY YPOBHIO COIIPOTUBIICHUS C/IBHTA,
K KOTOPOMY CTPEMHUTCS 3aBUCHMOCTh MEX/Y HaIpshKe-
HUSIMU CJIBHTA U JIe(OPMALIUSIMH;

P, — 9TanoHHoe (OIOPHOE) BCECTOPOHHEE JaB-
JICHHE.

OcHOBHas IIeJIb HACTOSIIEro UCCIEeOBaHUSI —
ompezenenue mapamerpoB moaeneid HS u MC mist kpym-
HOOOJIOMOUYHBIX TPYHTOB II0 PE3YJIbTaTaM TPEXOCHBIX
UCTIBITaHUH. DTO NPOYHOCTHBIE MOKa3aTelH (Yroil BHY-
TPEHHETO TPEHUS ( U YACIBHOE CIEIJICHHUE C) U TIOKa-

3arenu nedopmupyemoctu. [Tokazarenu nedopmupye-
Moctu monenu MC (MoIyns THHEHHOM nedopmarn £
u ko3 duruent [lyaccoHa v) HEOOXOAUMO ONIPEACITUTh
JUISL COCTABJICHHs] PEKOMEHIAIMIA 110 MTPOBEACHHIO MPH-
ommkeHHbIX pacaetoB HJIC mmoTwH.

Eme oxHa 3amaua vccienoBaHusi — OLCHUTD, Ha-
CKOJIBKO I'PYHTBI, UCTIBITAHHBIC B J'Ia60paTOpHBIX YCJ10BH-
X, IO CBOCH J1ehopMHUpPyEeMOCTH COOTBETCTBYIOT Mare-
pHaIy pealibHbIX KAMEHHO-HAOPOCHBIX IUIOTHH. 171t 3T0-
ro ObUI MCIIONIB30BaH aHa U3 JAeopMaluil peaabHbIX
TUTOTHH B CTPOUTENBHEIHN niepron [ 19]. Jlanubrii anamns
OCHOBAH Ha pe3yJbTaTax HaTyPHBIX HaOIIOfEHUH, KO-
TOpBIE TIPE/ICTABICHBI B psijie 3apyOekKHbIX ITyOIrKa-
it [20]. AHanM3 HATYpHBIX TaHHBIX MTOKA3all, 9To Jie-
(opmaTHBHBIE CBOHCTBAa KAMEHHOH HAaOPOCKH H3Me-
HSIOTCS B OYEHb IIMPOKOM JauamnaszoHe. boiee Toro,
nehopMUpyeMOCTh KAMEHHOW HaOPOCKH pa3nudaeTcs
IIPY BOCIIPUSITHN Harpy30K oT coOOCTBEHHOTO Beca U Ha-
IPY30K OT T'HAPOCTATUYECKOTO AaBiIeHHs (Ha BEPXOBOM
rpaHn). B mepBom cirydae Momyns nedopManuyi HaXxo-
nutes B npenenax 30-240 MIla, Bo Bropom — ot 60
10 480 MIla. Ha paznuuue momyieit oOparuniy BHUMA-
aue N.L.S. Pinto u F.P. Marques eme B 1998 1. VBe-
JMYEeHNE MOy 1e(OpMaIii IIPH BOCHPHUSTHN O0JIb-
HIMX HAarpy30K Ha3biBaeTcs dP(EKTOM «yIpPOYHEHUS
rpyHTa. HeoO0X0aMMo yCcTaHOBUTbD, YKIIaIbIBAIOTCS JIN
3HAYCHUs] MOAYJIS JINHEHHON nedopMalii UCTIBITaH-
HBIX KPYITHOOOJIOMOYHBIX TPYHTOB B YKa3aHHbIH uaria-
30H M HACKOJILKO MPOSBIACTCS 3(PPEKT «yIPOUHEHUS
IpyHTa.

Ha sty Temy panee aBTopaMu OBLIO BBIIOIHEHO
uccnenoBanue [21], HO B HeM paccMmaTpuBaiack padbora
COOPYXEHUS TOJIBKO IPH HArpy3Kax 0T COOCTBEHHOTO
Beca.

HenaBHo 3apyOeXHBIMH HCCIEI0BATEISIMH TaK-
ke OBUIM OITyOJIIMKOBAaHbI TPYIB! IO BBIOOPY Mapame-
TpoB Mofenu HS a1t yncieHHOro MoaeIupoBaHUs
H/IC xamenno-#HabpocusIx ot [16, 18]. ITokasa-
HO [18], uTO MO pe3ynbraram pacuyeToB psiaa MOCTPo-
EHHBIX TUIOTHH MapameTp £l HaXoauTcs B Mpesesax
ot 30 mo 200 MIla. Crarss [16] mocBsiena oo6padoT-
K€ pe3yJITAaTOB PsAJla TPEXOCHBIX UCIIBITAHUH C LIEIIBIO
ompezeneHus mapameTpos Monenu HS, B Heil onmca-
Ha METOJMKa 00pabOTKM Pe3yabTaToB IKCIIEPUMEHTOB.
B upeane qist onpeneneHus napameTpoB HEOOXOTUMBI
pe3yNbTaThl KaK CTa0MIOMETPUIECKHX, TaK M OJOME-
TPUYIECKHX UCTIBITAaHHH.

Takxe MHTEPECHO CPAaBHUTH MOJyYEHHBIE Mapa-
METPBI MOZIENIN C TEMHU, KOTOPbIE OBUIH MCIIOIb30BAHBI
JPYTUMH aBTOPAMU TIPH YHCICHHOM MOJICINPOBAHUN
IIJIOTHH.

MATEPHAJIBI U METO/JbI

[ox6op mapamMeTpoB HEMUHEIHBIX MOJIETIEH BBIITON-
HSUICS JUTS IBYX BUJIOB KPYIHOOOJIOMOYHBIX TPYHTOB —
I'PaBUIHO-TAJICYHUKOBOTO U medenucroro. C 3Toi 11e-
JIbIO BBIOPAHBI PE3YIIBTAThl TPEXOCHBIX HCIIBITAHUH JABYX
aBTOpPOB. 110 TIIOTHOCTH CIIOKEHUsI BEIOpaHHBIE IPYHTHI
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COOTBETCTBYIOT I'PYHTaM, yKJIAJbIBAEMBIM B peaibHbIC
IUIOTUHBIL. J[J151 rpaBUITHO-TaJIeYHUKOBOIO IPYHTA UCIIONb-
30BanMch ucnbitanus R.J. Marsal, kotopsie Oblin 1poBe-
JieHbl 1pu crpontenbere wiotunsl El Infernilio (Adolfo
Lopez Mateos) [2]. dist meOSHACTOTO TPyHTA BHIOPAHBI
UCTIBITAHHSI, KOTOPBIE OCYIIECTBISUINCE B JlaIsIHbCKOM
TexHOJorudeckoM yausepcurere (Kuraif) [7].

VcnibITanus peann3oBaHbl A7l Pa3HBIX HATpshKe-
HHUI 00XKaTusl 10 CTaHJapPTHOM METOMKE, B JIBE CTANH.
Ha nepBoil cTaguu IrpyHT IIOABEPrajics BCECTOPOHHEMY
00XKaTuIo, Ha BTOPOH CTa/IMHM — JICBUATOPHOMY Harpyxe-
HHIO C POCTOM Harpy3KH TOJBKO 110 BEPTUKAIBHOH OCH.

MeToauka ompeneiaeHus napaMeTpoB Moaenen
JUIS TPYHTA 3aKJII04Yaliach B BBITIOJHEHUH PsAa omepa-
LUH B HECKOJIBKO 3TanoB. Ha nepBom sTane ycraHas-
JIMBAIMCH TIapaMeTPhbl KPUTEPHUs MPOUYHOCTH (P U C).
Jl1s aTOTO CTpOMIACH AKCIIEPUMEHTAaIbHAs 3aBUCH-
MOCTb MEXIY HOPMaJbHBIMU U MpPEAEIbHBIMU Kaca-
TEJIbHBIMH HAIIPSKEHUSIMU.

Ha Bropom sTane onpeaensnuchk napaMeTpsl Je-
¢opmupyemoctu rpynra no moxenu HS. Crauana
MyTEeM aHalii3a pPe3yJbTaTOB UCIBITAHUN BBISBIISAIOCH
3HaUEHHE MTOKA3aTENs CTEIICHH 711, KOTOPBI BBIPa)KaeT
s ekt «ynpouHeHus» rpyHra. Jlanee ¢ OMOLIBIO CIie-
nuanbHoro monyis B coctase [IK PLAXIS otnensHO
JUTSL KQXKJIOTO M3 SKCIIEPUMEHTOB OINpeessUINCh OCTa-
npHBIE TapameTpsl Mofenu HS. 3atrem mapameTrpsl Mo-
JIeNY, TIOJIyY€HHBbIE TSl Pa3HBIX IKCIIEPUMEHTOB, CPaB-
HUBAJIMCh MEXTY COOOM, M IOCPEICTBOM ITOA0OPA BEIOH-
paJuch eIUHbIC 3HAYCHUS ITapaMeTPOB, KOTOPBIE MOA-
XOJISIT AJIsl BCEX IKCIIEPHMEHTOB.

Ha tperbem 3Tane ocymiecTBisuIics BBIOOp mapa-
MeTpoB Mozenr MC, S5KBUBaJIEHTHBIX ITapaMeTpaM Mo-
nenn HS. Onu onpenensuinck mogbopoM U3 yCIIOBHSL,
4TO abCTpaKkTHas IPyHTOBAs IUIOTHHA IIPH HCIIOIB30-
BaHUU 00EWX MOJeNel J0JDKHA MOJydaTh OJMHAKO-
BbI€ MAaKCHMaJIbHbBIE MepeMelIeHus (BEpTHKAIbHBIC
OCaJKMl W TOPHU3OHTAIBHBEIE cMemeHus). st momy-
YEHUS] MEPEMENICHII MPUMEHSI0Ch YUCICHHOE MO-
JIeIMPOBAHUE METOJIOM KOHEYHBIX 3jieMeHTOB B [IK
PLAXIS.

PaccmarpuBaBinasicss abcTpakTHast IIJIOTHHA BBICO-
toit 100 M onupaercs Ha KecTKoe ocHoBaHue. [lnoTu-
Ha — OJJHOPO/IHAS 1 UMEET CUMMETPUYHBII TPEYTOJIbHbIN
po(HIIb € 3aJI0KEHHEM OTKOCOB, paBHBIM 2. [TpuHuMa-
JIOCh, YTO NMPOTHBO(MIBTPAIIMOHHBIN IEMEHT TJIOTHHBI
BBINIOJTHEH B BHUJIE 3KpaHa Ha BEPXOBOW I'PaHHU, SKpaH
HEe MojenupoBaics. Pacuer npoBoauics Ha Harpy3ku

OT COOCTBEHHOTO Beca U Ha THAPOCTAaTHYECKOE JAaBIICHNUE,
BO3HHKAIOIIEe MPU HAMOIHEHUH BOJOXpaHWIHIIA. Tak
KaK 9KpaH PacCIOJIOKEH ITOBEPX HACBIIN, THAPOCTATHYE-
CKO€ JIaBJIEHUE TIPUIIOKEHO TOJIBKO Ha TIOBEPXHOCTH BEP-
XOBOT'O OTKOCA, a TPYHT IUIOTUHBI OCTaeTcst CyxuM. [1nor-
HOCTb TPYHTa B CyXOM COCTOSTHUM YCJIOBHO IPHHUMAJIach
paBHOIT 2 T/M°.

KoHeuHo-31eMeHTHas! MOJIENb TNIOTHHBI COCTOMUT
n3 3355 xoneuHsIx dnmemMenToB (puc. 1). Koneunsie ame-
MEHTHI IMEIOT KBaJIPAaTHYHYIO AlIPOKCUMALIUIO TIepe-
MEIIEHHUH, 00IIIee KOJIMYECTBO Y3JI0B B MOJIEIIH COCTa-
Bujio 27 283.

Mopgenuposanue HJIC coopy:keHus 0CyIecTBIIsA-
JIOCh C YYETOM ITO3TAITHOCTH €T0 BO3BEACHUS CIOSMH
(10 c10eB) 1 MOCTENEHHOTO HATIOIHEHNUS! BOIOXPaHUITH-
ma. HanonHeHue npoucxoanio ToabKo MOCIIe BO3BEe-
HUSI HACKINTU Ha BCIO BhIcOTy. [TTyOnHa BepxHero Obeda
IpUHUManachk paBHoi 90 M.

PE3VYJIBTATHI HCCJIEJOBAHUA

ITapameTpnl cCABHIOBON IPOYHOCTH TPYHTOB

OO6paboTka pe3ynbTaToB MCIBITAHUH BBITTOJHEHA
aBropamu panee [21]. Bt moctpoeH rpaduk, KOTOpbIi
BBIP@XKAET CABUIOBYIO IPOYHOCTH KPYITHOOOIOMOYHBIX
TPYHTOB B IIIMPOKOM JIMania3oHe HanpspkeHui (puc. 2).
W3 Hero BUAHO, 4TO MICOCHHUCTRIN IPYHT 00IagaeT 60-
Jiee BBICOKUM COIIPOTHUBIICHHUEM CIBHTY, UM I'pPaBUITHO-
rajIeyHUKOBBII. PacueTHble MapaMeTphl CIBUTOBOU IIPOY-
HOCTH TI0I0OpaHbI UCXO/Isl U3 MAKCUMAaJIbHOTO COOTBET-
CTBUS HKCIIEPUMEHTAIBHBIMH JaHHBIM, OHU MIPEICTaB-
JIeHbI B Ta0M. 2. VI3 puc. 2 BUAHO, YTO TapaMeTPhI CJIBU-
TOBOI MPOYHOCTH XOPOIIO ONHCHIBAIOT PE3YIBTAThI 3KC-
MEPUMEHTOB.

B pacueTHoO# MOmenn OBITIO TOTYYEHO BHICOKOE
creruienne (100-250 xI1a), koTopoe HE CBOHCTBEHHO
KPYTMHOOOJIOMOYHBIM TpyHTaM. 3-3a 3TOTO Compo-
THUBJICHNE CABUTY 3aBBIIICHO TPH MAJBIX HATPSDKCHUAX
(puc. 2). Hanuume BBICOKOTO CIEIJICHUSA Yy KPYITHO-
00JIOMOYHOTO TPYHTa OOBSCHSIETCS HE TOIBKO 3(h(heKTOM
3alleTUICHNS YacTHIL, HO U TeM, 4To Kpurepuii Kynona —
Mopa BeIpaxkaeTcs JIMHSHHON (DYHKIEH U He TI03BOJISIET
MIPUHATH YTOJI BHYTPEHHETO TPEHHS IEPEMEHHBIM.

IMapameTtpsbl 1edopMUPyeMOCTH TPYHTOB MO MOJETH
YIPOYHAIOLIEroCs IPYHTA

Ilony4yeHHblE 10 ONMCAHHOW BBILLIE METOAMKE Ma-
pameTpsl Monenu HS, Beipaskaromie 1e(opMHpyeMOCTb
TPYyHTa, TIPEJCTABICHHI B TA0I. 3.

Puc. 1. KoHeuHO-211€MEHTHASI MOJIEITb TECTOBOM TIJIOTHHBI
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Puc. 2. ConporuBienue cABUTY pacCMaTpUBaeMbIX IPyHTOB

Taou. 2. [TapameTps! CIBUTOBOM NPOYHOCTU pacCMaTPUBAEMBIX I'PYHTOB

[Tapamerp ['paBUifHO-raI€YHUKOBBIN TPYHT [lleGeHucTHIi TPyHT
YToJ1 BHyTPEHHETO TPEHUS 37,9° 39,3°
VnensHoe cuemienue ¢, klla 112 250

CpaBHUBas IapaMeTpbl JIByX I'PYHTOB, MOXKHO 3a-
METHUTb ClIe/IyoLIee:

* eOCHUCTBINA IPYHT UMEET )KECTKOCTb MIPHUMEPHO
B 3 pasa Bblllle, YeM I'PaBUIHO-TAJICYHUKOBBIN TPYHT;

* IIOKa3aTelb CTENCHH 71 OONbILIC Y TPaBHHHO-
raJleYyHUKOBOTO TPYHTA, COOTBETCTBEHHO B HeM OoJIbIIe
pOosIBIIACTCS SPPEKT KYTPOUHCHHSD;

* B IEOCHICTOM I'PYHTE OOJIBIIIE TIPOSBIAETCS (-
(exT nuaTaHcuM (paclIMpeHust Py CIBHTE).

C 1enbIo OLICHKHU aJIeKBaTHOCTH HAaW/ICHHBIX rapa-
MeTpoB Moziesii HS BBINOIHEHO CpaBHEHUE Pe3yIbTaTOB
€€ HMCIIOJIb30BaHUSI C TAHHBIMHU 3KCIICPUMEHTOB (puc. 3, 4).
JU1s Ka>KI10ro U3 IPyHTOB CPaBHEHHE IPOBOAMIIOCH TOJIb-
KO JUISl y4acTKa JICBHATOPHOTO HATPY>KEHUsI. DKCIICpH-
MEHT MOJICITUPOBAJICS C TIOMOILBIO CIEIUAIBHOTO MOYJIsI

B coctaBe PLAXIS 2D. Ananus ocymiecTBiIeH Ha IpHMe-
PE ABYX 3aBUCHUMOCTEH:

* 3aBHCUMOCTb CJBUTOBBIX HalpsikeHu# (6 —G,)
ot aedopmaruii ciBura €3

* 3aBHCMMOCTb 00BEMHBIX JIehopMaltuii e, oT cpejt-
HUX HalpspKeHUH p'.

Amnanu3 nokaspiBaeT, 4to mozens HS xoporio onu-
CBIBAaCT HEIMHENHBIN XapaKTep 3aBUCUMOCTH MEX]y Ha-
NPSDKEHUSIME 1 1e()OpMALIMSIMU CIIBUTA B PACCMOTPEHHOM
Jiaria3oHe aaBieHus ookarus (puc. 3, 4, a). OqHako Mo-
JIeTTb HEAOCTAaTOYHO XOPOILO OMMCHIBACT XapaKTep 3aBH-
CHMOCTH MEXJTy HAIPSHKSHUSIMU 1 JiehopManusiMi Bee-
ctoponHero ooxarus (puc. 3, 4, b). OHa BOCIIPOU3BOTUT
3¢ heKT TunaTaHCHu, HO TUIIATAaHCHsT MOJIETUPYETCS 1aKe
B TE€X CliydasX, B UCHBITAHUAX KOTOPBIX OHA HE IPOSBJIA-

Taéu. 3. [TonoOpanusle napameTps! Moaenu Hardening Soil kpynmHOOOIOMOYHBIX IPYHTOB

Ipynt ELY, lla E', Ila E’, xIla m Vi | worpan. | R, | p¥, klla

['paBuifHO-raIeYHUKOBBIN 70 35 300 0,5 0,2 5 0,72 100
[leGenucTorii 230 150 480 0,22 0,2 20 0,85 100
9 71 6,—0,, MIla — - -3
8 A7 = -2
pid |
! i -1 1 2 3 4 5 6
6 /// L= e 0 oy !
Al \ N N
> Z NN NI P,
] 1 N

431 5 i AN S MlIla

4 b . M
) ,l’/ e — 3 \\ E \\\ \ _

/| N b

/ ]

1 -~ embe 4
T Y S e T ] el el el e A/ I \
T 5 de, %
1 vV
0 1 2 3 4 5 6 7 8 9
OkcnepumeHr (2,5 MIla) Okcnepumenr (1,7 MIa) Okcnepument (0,5 MIla) OkcniepumeHt (0,2 MIla)

Okcnepumenr (0,1 MIla) —=- Mogeins (2,5 Mlla)
=== Monens (0,2 MIla) === Mopneis (0,1 MIIa)
a

— — Moges (1,7 MIla)

=== Mopens (0,5 MIla)

b

Puc. 3. MonenupoBaHue TPEXOCHBIX NCTIBITAaHNI TPaBUHHO-TaI€IHUKOBOTO IPYHTA: @ — 3aBHCUMOCTH CIBHTOBBIX HaIpsiKe-

HUI OT HHTEHCUBHOCTH AedopManuii capura; b — 3aBHCUMOCTh 0OBbEMHBIX JIe(hOPMAIHiA OT CPEIHUX HAMPSHKCHUH
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Puc. 4. MOHGJ’II/IPOBaHI/Ie TPEXOCHBIX HUCIIBITAHUN IIICGGHI/ICTOI‘O IpyHTa: @ — 3aBUCUMOCTD CABHUI'OBBIX HaHpSI)KeHI/Iﬁ OT UH-

TEHCUBHOCTH Ae(hopMaIuii cIBUra; b — 3aBHCHMOCTB 00BEMHBIX JieopManuii OT CpeHIX HAMPSDKCHUH; B CKOOKaX yKa3aHbI

HaMpsKECHUS ITPEABAPUTEIIBHOI'O o0KaTHs

nack. Mozenb HS He orpakaer 3(h(eKT KOHTPaKIIUH, T.C.
JIOTIOJTHATEIIFHOTO YMEHBIIICHHSI 00beMa Ha HAYaIbHOM
9Tare JCBUATOPHOIO HATPYIKCHUSI, KOTOPBIi MTPOSIBIISLIICS
y 1iebeHucToro rpyuTa (puc. 4, b).

Temnepb cpaBHUM MMOJTyYCHHBIC TTAPAMETPHI C TEMH,
KOTOPBIC 110 JAHHBIM JIUTEPATYPHBIX HCTOYHUKOB OBLIH
MCIIOJIB30BaHBI [T YUCICHHOTO MozienupoBanus. OHu
NIpUBEJICHBI B Ta0I. 4.

CpaBuenue Tabi. 3 u 4 NOKa3bIBaCT, YTO:

* TIOKa3aTesib CTEICHU /71 ISl 00OUX TPYHTOB YKJIa-
ITBIBACTCS B BO3MOXKHBIH rarna3oH 3HadeHut (0,18-0,70);

* BBINOJIHACTCS COOTHOMIeHNe ElY > E'), pexo-
MeHayemoe B padore [18];

* ISl TPaBUIHO-TAJICIHUKOBOTO TPYHTA KECTKOCTh
E ;gf HAXOJIUTCS B IIPE/ICTABICHHOM JIaIla30He 3HAUCHUI
(12-100);

* JUIsI 1IeOEHUCTOTO IPYHTA KECTKOCTh Esrff 00JIb-
III€ TOM, KOTOpasi MPUBEICHA B JINTEPATYPC;

* IoKasarenb R, 1yisi 000MX TPYHTOB HONanaeT
B BO3MOXKHBIN anana3oH 3HaucHui (0,65-0,90).

Pe3yabTaThl uncaenHoro mogeauposanus HJC
KaMeHHO-HA0POCHOI MIOTHHBI

JJist IPOBEPKU COOTBETCTBUS UCIIBITAHHBIX TPYH-
TOB KAMEHHOW HAOPOCKE PealbHBIX IUIOTHH OIpPeIes-
JHCh mapaMeTpsl aedopmupyemoct o moaenu MC.
Jlist aTOTr0 MOTPeO0BaIOCH CHAavYaja BBITIOIHUTD PacyeT
H/IC xameHHO-HAOPOCHO# IUIOTHHBI ITO MOAETH YIIPOU-
Hstouerocst rpynra HS.

Pe3ynsTaTe! pacuera npuBeneHs! Ha puc. 5—12 B BU-
Jie IepeMelleH U HapsHKEHUH B Telie IOTHHBL. OHU
JTAHBI Ha PUCYHKAX UIS TBYX MOMEHTOB BPEMEHH U COOT-
BETCTBYIOT JICHCTBHIO Pa3HBIX BUJIOB HAarPy30K:

* MOMEHT | — 3aBepIIeHIE BO3BEICHHS TUIOTHHEL,
BOCIIPUSITHS Harpy30K OT COOCTBEHHOI'O BECa;

* MOMCHT 2 — OKOHYaHHE HATIOJHEHUS BOIOXpPa-
HUWJIHIIA, KOTJIa K Harpy3KaM OT COOCTBEHHOTI'0 Beca J10-
0aBIITHCH HATPY3KH OT THAPOCTATHYCCKOTO TABICHUS.

Tab.1. 4. [TapameTps! MOAETH YIPOUHSIOMIETOCS TPYHTA II0 JaHHBIM 3apyOe:KHBIX My OIHKAIIi

VenoBHOE HAMMEHOBAHHE o
IPYHTa U HCTOYHHK E/, MIla E’Y, MIla E)Y MIla m Vir rr:l;’ﬂ. R, f]‘[;
HHPOPMAIHU
Ne 3B [10] 100 80 300 0,18 0,2 ? 0,9 | 100
Ne 3C[10] 16 14 48 0,65 0,2 ? 0,9 | 100
Kol [16] 61 53 183 0,47 0,3 7 10,78 100
Purulia [16] 42 37,5 126 0,55 0,3 11 0,75| 100
Ranjit Sagar [16] 64 52 192 0,47 0,3 -5 10,62 100
Shah Nehar [16] 25 25 75 0,6 0,3 4 10,65|100
Ne 3B1 [15, 18] 80 55 240 0,29 0,3 0,5 (0,78 100
Ne 3C2 [15, 18] 12 10 36 0,70 0,3 -5 10,65| 100
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Pe3yabTarnsl pacuera HAC kameHHO-HAOPOCHOIT
MJIOTHHBI 1o Moaen HS npu Harpyskax
0T cOOCTBEHHOI'0 Beca

HC xameHHO-HAOPOCHO! TUTOTHHEI IPH HArpy3-
KaxX OT COOCTBEHHOTO Beca, IMOydeHHoe 110 Moaenn HS,
MoKa3aHo Ha puc. 5—8. Iy sTama BO3BeACHNUS TUIOTHHBI
(MoMeHT 1) Ha pHUCYHKax TOKa3aHBI TaK Ha3bIBacMBbIC
cyMMapHBIe (a30BbIe IEpEMEIICHHS, a B Ta0M. 5 yKa3a-
HBI KaK 3HaYE€HHsI CyMMapHbIX (pa30BBIX IEPEMEIICHNU,
TaK ¥ MOJHBIX EPEMEIIECHHH.

CymMapHbIe (a30BBIe IEPEMEIICHUS — 3TO CyM-
Ma MepeMeIeHHH, KOTOPble HAKOTIMIA TOUKH TIIOTHHBI
Ha Kaxaoi u3 10 ¢a3 (cranmit) Bo3Benenus. Cymmap-
Hble nudepeHnrarbHpIe TePeMEIIeHUs OTPaXKaloT
BIIMSIHUE TMOCIIEIOBATEIFHOCTH BO3BEICHUS COOPYIKeE-
HUSI, UX paclpe/ie]IeHue NMEET CTYTICHYaThIi XapakTep
CO CKayKaMH Ha IpaHMIax cioeB. Ha rpeOHe mioTnHBI
cyMMapHBbIe TudepeHInaTbHbIe IepeMeIeHIs Omm3-

ki K 0, IOCKOJIBKY OH «BO3BOJUTCS» B IOCJEIHIOI
o4epeib U He MOoJTyyaeT MepeMeIleHni OT MPeIbIAy X
CTaJuil BO3BEICHUS.

WHTerpanbHble IepeMeIieH s He OTPaXKatoT BIIH-
SIHUSI TIOCJIE0BATEILHOCTH BO3BENICHNUS IIOTHHBI. OHU
MPEJCTABIISIIOT CO00W Te (PUKTHBHBIE MEpPEeMEeLICHHUS,
KOTOpbIE OBl MOJIy4HJia YXKE€ BO3BEJCHHAs IJIOTHHA
IIPY MOCJIEJ0BATEIbHOM MIPUIIOKEHNHU K HEHl Harpy3ok
OT Beca KayK/I0TO U3 CIIOEB.

B moment 1 (3aBepuienne Bo3senenus) HIAC mo-
THHBI ¢POPMUPOBAHO HArpy3KaMU OT COOCTBEHHOTO
Beca, HACBIIIb OCEJAET U CTPEMHUTCSI PACILIUPHUTHCS B CTO-
POHBI. XapakTep pacrpe/esieHns epeMeleHnil 1 Ha-
NPSDKEHNE CXOXK JJISl Pa3HBIX BUJIOB IPYHTOB, pa3iIHyHs
COCTOST JIMIIb B BeWYMHAX (TalI. 5).

MakcumalbHbIe 0CaJIKH IJIOTHHBI [0JIy4aeT €€ BHY T-
peHHsis 30Ha. MakcuMallbHast 0cajiKa IUIOTUHBI U3 Ipa-
BUIHO-TaJIECYHUKOBOTO TPyHTa cocTaBmia 64 cM (puc. 5, a),

Tab. 5. MakcuManbHble 3HAaYCHMS TEPEeMEICHUH, CM, TUIOTHHBI ITPU Harpy3Kax OoT coOCTBeHHOTO Beca (Moaens HS)

I'paBuiiHO-raIeYHUKOBBIN TPYHT Ll{ebenncTHIi TPYHT
Bun nepemerienuit
TIOJTHBIE CcyMMapHbIe (a30BbIe TIOJTHBIE CyMMapHbIe (a30BbIe
Ocanxu 1243 64,4 47,4 27,1
TopusoHTaIBHBIE CMEIIEHUS 11,5 7,8 49 32
. i, -
:a —_— »«; - =
a b
[Ikana ocafgok rpaBUHO-TaJeYHUKOBOIO IPYHTA, CM
EETTT 7 7q [ | | [ | | [ | [ [ T
-68 64 60 -56 -52 48 44 40 36 32 28 24 20 -16 -12 -8 4 0 4
[IIkama ocamok MEeGEHNCTOTO TPYHTA, CM
I ) I I I I I I I I [ [T —
-28 26 24 22 -20 -18 -16 -14 -12 -10 -8 -6 —4 -2 0 2

Puc. 5. Ocanxu mIOTHHBI NP Harpy3Kax OT COOCTBEHHOTO Beca MO MOJEH YIPOUHSIOMIET0Cs TPYHTA: @ — TPaBUHHO-TaIed-

HUKOBBII TPYHT; b — 11€OEHUCTHII TPYHT

E - - k
——
a b
[Ikana cMerieHui rpaBUHO-TaJICYHUKOBOIO IPYHTA, CM
[ I | I | | [ [
-12 -10 -8 -6 —4 -2 0 2 4 6 8 10 12
Ikara cMemeHnit meGeHUCTOro TPyHTa, CM
[ B I [ I [ [ [ [ I I I I I B
-4 3,6 32 28 24 20 -16 -12 08 04 O 04 08 12 16 20 24 28 32 36 4

Puc. 6. l'opu3oHTanbHBIE CMEIIEHHS TUIOTHHBI IIPU HAarpy3Kax OT COOCTBEHHOTO Beca IO MOAENHN YIPOYHSIOIETOCs TPyHTa:

a — TPaBUHHO-TAJICYHUKOBEIN TPYHT; b — MIEOCHNUCTHIA TPYHT
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2,

[IIkana BepTUKaNbHBIX HanpsbkeHull, MIla

26 24 22 20 -18 -16 14

-1,2

e
b
[ [ | [ [T
, -1,0 -0,8 -0,6 04 —0,2 0 0,2

Puc. 7. BepruxanbHble HapspKEHAS B IDIOTHHE 110 MOZENN YHPOYHSIOMIETOCs TPyHTA MIPU Harpy3Kax OT COOCTBEHHOTO Beca:

a — TPaBUHHO-TAICYHUKOBEIH TPYHT; b — MIEOCHUCTHIA TPYHT

[ITxana ropu3oHTaIbHBIX HanpsokeHuid, MIla

-0,64 0,60 0,56 —0,52 —0,48 —0,44 —0,40 —0,36

-0,32 0,28 —0,24

[ [
-0,20 0,16 —0,12 —0,08 —0,04 0

Puc. 8. rOpI/ISOHTaJILHI)Ie HampsKEHUS B INIOTUHE 110 MOACIIA YIIPOUHSIOWIETOCS 'PYHTA IMPU Harpyskax oT COOCTBEHHOI'O Beca:

@ — TPaBUITHO-TAJICYHNKOBEIH TPYHT; b — IIeOCHUCTHII TPYHT

TUTOTHHBI U3 MEeOEHUCTOro TpyHTa — 27 cM (pHc. 5, b).
ITo oTHOMIEHHIO K BBICOTE TUNIOTHHBI OCAKa COCTaBUIIA
coorBeTcTBeHHO 0,64 1 0,27 %. Takue 3Ha4YeHUSI COOT-
BETCTBYIOT HHTEPBAITy CTPOUTEIBHBIX 0CAT0K, KOTOPBIH
XapakTepeH JUIsl COBPEMEHHBIX KaMEHHO-HaOpPOCHBIX
mwiotuH. [Ipu 3TOM paccMaTpuBaeMBbIid MEOCHUCTHIN
IPYHT 110 1e()OpMHPYEMOCTH COOTBETCTBYET XOPOILO
YIUIOTHEHHOH KaMeHHOI HaOpocKe, a rpaBUiHHO-Taley-
HUKOBBIN TPYHT OJMKE K HEAOCTATOUYHO YIUIOTHEHHOMY
TPYHTY.

Jns pacnpeneneHus ropU3OHTANbHBIX MepeMe-
IIEHNH IIOTHHBI XapaKTEpPHO pas3iIndne B HaIpaBie-
HUUW CMEICHUH JJIs BepXHEH U HIKHEW JacTel MIoTH-
HBI. B HIDKHEH yacTH TUIOTHHBI CMEIIEHHS HAIPaBJICHBI
Hapy»Xy, B BEpXHEH — BHYTpb Teja IUIOTUHbI. Mak-
CUMaJbHBIC 110 BEJIIMYMHE CMEIEHUsI HAOII0Nal0TCs
B BEPXHEH 4aCTU IUIOTHHBL. MaKCHMAaJIbHOE CMEILEHHE
IUIOTUHBI U3 TPABUHHO-TAJIEYHUKOBOTO TPyHTa COCTa-
Buio 7,8 cMm (puc. 6, @), IIIOTHHBI U3 IEOCHUCTOTO
rpyaTra — 3,2 cM (puc. 6, b).

Jlnsa pacnpeneneHus BepTUKAIBHBIX HaNpsKeHUH
XapaKTepHO UX IUIABHOE yBEIMYEHUE CBEPXy BHU3,
OT OTKOCOB K BHYTpEeHHEH 30HE MIOTHHHI (puc. 7). [o-
XO0)KMM 00pa3oM paclpesiesieHbl 1 TOPU30HTaJIbHbIE

HAIpsKCHUA. Yy MOJOIIBEI IJNIOTUHBI B MPUMBIKAHUH
K CKaJIbHOMY OCHOBaHHIO 00pa3yeTcsi 30Ha KOHIICH-
TpaIiy CKUMAIOIINX HanpspkeHu# (puc. 8). ['opuzon-
TaJIbHBIC HANPSDKCHUS NMPUMEPHO B 3 pasa MEHbIIIE,
4YeM BepTHUKaJbHbIE. [Ipyn rpaBHiHO-rajIeYHUKOBOM
IPYHTE OHH HECKOJIbKO BbIIIE (pUC. 8, @), 4eM npH wie-
6enuncTom (puc. 8, b).

IMapameTps! 1e¢opMUPYEeMOCTH 110 MOJEJIH
KyJsiona — Mopa npu BOCHIpMATHH IJIOTHHOM
HArpy30K 0T COOCTBEHHOI'0 Beca

Omucannoe HJIC mioTuHbl €TI0 UCXOAHOM UH-
(hopmanmeit st BEIOOpa mapameTpoB Moxenn MC.

B pabote [19] mpuBeaeHBI XOPOIIO M3BECTHBIC
MpOCThIe POPMYJIIBI ISl MPUOIUIKCHHOTO OIpeeIie-
HUS MOJIYJs JTUHEWHOU nepopMamuy MO W3BECTHOU
CTPOUTENIBHON OCaJKe IUIOTHHBI. PacueT nokasblBaerT,
YTO MOJYJIb JIMHEHHOW JeopMaliiy rpaBUiHO-TajIey-
HUKOBOTO TpyHTa coctaBiser 54 MIla, mns mebeHu-
croro rpyara — 178 MIa.

ITapameTpbl 1eh)OpMUPYEMOCTH TPYHTOB 110 MO-
nenu Kymona — Mopa mon0upaiuch TakKuMu, 4YTOOBI
C WX IMOMOIIBI0 ITyTEM YHUCICHHOTO MOJICIHPOBa-
HUSI MOYKHO OBIJIO TIOTyYUTh TIPUOIH3UTEIBEHO TaKOE Ke
HJC nnotunsl, yto 1 no moxenu HS. beuto paccmotpe-

Taou. 6. [Tonobpanubie mapameTpsl Mojenu Kynona — Mopa npu pacueTe Ha Harpy3Ku OT COOCTBEHHOTO Beca

I'paBuiiHO-raIeUHUKOBBIA IPYHT I{eGenuCTHII TPYHT
ITapamerp monenu
Bapuant Ne 1 Bapuant Ne 2 Bapuant Ne 1 Bapuant Ne 2
Monyns ynpyroctu E, MIla 62 64 150 160
Koaddunment [Tyaccona 0,27 0,23 0,25 0,17
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HO MHO)KECTBO BaPUAHTOB, HO OJIM3KOTO COOTBETCTBUS
HJIC nmonyunts He ypanock. Ha puc. 9-14 npexncras-
nero HJIC mioTuHBI 1711 ABYX XapaKTepHBIX BapHaH-
TOB mapameTpoB Mozeru MC no KaxIoMy U3 TPyHTOB.
[TapameTpsl MOzIeNIN yKa3aHbl B Ta0I. 6.

B Bapuante Ne 1 nmapamerpst mozgenu MC ObLtH 110-
JI0OpaHbl U3 YCJIOBUSI PaBEHCTBAa MAKCUMAJIbHBIX 3HA4e-
HUHM BEPTUKAIBHBIX U TOPHU3OHTAIBHBIX MEPEeMEIeHIN
TIOTHHBI TipU pacdere o moxaensim MC u HS (paccma-
TPUBAIIICH CyMMapHbIe (hazoBbie nepemerienus). OHaKo
B 9ToM Bapuante kaptuHa HJIC minoTuHbl XapakTepusy-

€TCsl HECKOJIbKMMH Kau€CTBEHHBIMHU U KOJIMYECTBEHHBIMU
uckakeHusimu. Hanbosee BaxxHbIM 3(PEKTOM SBIISCTCS
YMEHBIICHNUE YPOBHS TOPU30HTAIBHBIX HANPSOKEHHH
B Tene mwioTuHel (puc. 11, a; 14, a). OcobeHHO CHIIBHO
OH TPOSIBISIETCS B IUIOTHHE U3 MIEOCHUCTOrO TPyHTa —
TOPHU3OHTAJILHBIE HAPSDKEHHS IPUMEPHO B 2 pa3a MeHb-
re. UtoObl u30ekarh 3TOro 3¢ dexra pacCMOTPEH BapH-
anT Ne 2.

B BapuanTte Ne 2 mapamerpsl mozaeu MC mogo0pa-
HBI U3 YCJIOBHUSI COOTBETCTBHSI MaKCUMAIIbHBIX 0CA/I0K
TUIOTHHBI, @ TAKXKE JOCTH)KEHHUSI KQ4Y€CTBEHHO TTOXOXKeH

IIIkama ocamgok, cM

—-68 64 -60 56 52 48 44 40 -36

-32

-28 24 20 -16 -12 -8 4 O 4

Puc. 9. OC&I[KI/I IIJIOTUHBI U3 FpaBPIﬁHO-I‘aIIe‘IHPIKOBOFO I'pyHTa IIpU HArpys3kax oT COOCTBEHHOI'O Beca I10 MOACIH Mopa -

Kynona: a — BapuanT Ne 1; b — BapuanT Ne 2

IlIkana cMemeHu i, cM

-12 -10 -8 -6 —4 -2

2 4 6 8 10 12

Puc. 10. Topu3oHTaNbHBIC CMEIICHHS UIOTUHBI U3 TPaBUHHO-TAJICYHUKOBOTO IPYHTA IIPU HAarpy3Kkax OT COOCTBEHHOTO Beca
no mozenu Mopa — Kysnona: @ — Bapuant Ne 1; b — Bapuant Ne 2

[Tkana ropu3oHTaNbHBIX HanpskeHuid, MIla

-0,64 —0,60 —0,56 —0,52

[ T T T [T T
-0,48 0,44 —0,40 —0,36 0,32 —0,28 -0,24 -0,20 0,16

-0,12 -0,08 0,04 0

Puc. 11. [opu3oHTaJIbHBIC HANIPSDKEHHS B IVIOTHHE U3 TPaBUIHO-TAJIEYHUKOBOTO IPYHTA IPH HArpy3Kax OT COOCTBEHHOTO Beca
no mozien Mopa — Kysona: @ — Bapuant Ne 1; b — Bapuant Ne 2

[Ikama ocamok, cM

S N I [ [
20 I8

-12 -10 -8 —6 —4 -2 0 2

Puc. 12. Ocaaxu miaoTHHBI U3 MEOCHUCTOrO TPYHTA MPHU HArpy3Kax OT cOOCTBEHHOTO Beca 1o Moxenu Mopa — Kymona:

a — BapuanT Ne 1; b — Bapuant Ne 2

37

(€G] £ HIAUIGY "L NOJ Jaisavesiaewexne



naTITOnLCTSS: Ty 14, BbINYCK 3 (53)

@.B. Komoe, M.I1. CauHoe

b

[lIxama cMeleHuii, cMm

-4 -3,6 32 28 24 20 -1,6 -1,2 -0,8 0,4

o 04 08 12 1,6 20 24 28 32 36 4

Puc. 13. CmerueHus IOTHHBI U3 eOSHUCTOrO IPyHTa MPU HArpy3Kax oT coOCTBEHHOTO Beca 1o monenu Mopa — Kynona:

a — Bapuant Ne 1; b — Bapuant Ne 2

Dy

[IIxana ropu3oHTaNbHBIX HanpsbkeHuit, MITa

~0,64 0,60 —0,56 —0,52 048 0,44 040 —036 —0,32 —0,28 —024

0,20 -0,16 0,12 -0,08 —0,04 0

Puc. 14. ['opu3oHTaNbHBIC HAPSDKEHUS B IVIOTHHE U3 IEOCHUCTOTO IPYHTA IPU HATPy3KaxX OT COOCTBEHHOTO Beca M0 MOAEIH

Kynona — Mopa: a — Bapuant Ne 1; b — Bapuant Ne 2

KapTUHBI HAIIPsDKEHHOTO coctosiHus (puc. 11, b; 14, b).
B stom BapmanTe xkoaddurment Ilyaccona nomydaercs
HECKOJIBKO OOJBIINM, a MOIYJTh JIMHEHHOW AedopMarim
HECKOJIBKO MEHBIIINM, 4eM B BapuanTe Ne 1.

Onraxko B BapuanTe Ne 2 HaOIIOal0TCs OTIIYHS B Be-
JMYMHAX U XapaKTepe PactpeesiCHUs] TOPH30HTATEHBIX
cMelneHuit no otHomenmo k uexogHomy HJIC. s Bapu-
anTa Ne 2 cBoiicTBeHHO 60JIee MHTCHCHBHOE PACIIIPEHIE
HIDKHEH 9acT! TUIOTHHEI, OOJBIIHE ITO0 BEIIIMYHHE CMEIIIe-
Hust, 9yeM 1o mozaenu HS. Hampumep, s medeHucToro
TpyHTa MaKCHMaJbHBIE CMEIICHUS COCTaBUIHN 3,7 cM
(puc. 13, b), uro Ha 16 % OGomnbIe, yem mo Moxemu HS
(3,2 cm, puc. 6, b). JIns rpaBUfHO-TaIEUHUKOBOTO TPYH-
Ta MakcuMaiteHbIe cMmerienns — 10,3 M (puc. 13, b), Te.
Ha 32 % Gomnbmie, uem nio moxeru HS (7,8 cm, puc. 6, a).
B peanbHOCTH OTIIMYMS CMEIIEHHH TOpa3ao OoJbIINE, TaK
Kak B BapuaHTe No 2 MakCHMyM CMEIICHUH JOCTUTAeTCs
B HIDKHEH, a He B BepXHel yacT mpoduist. MakcuMalrb-
HbIEe CMEIICHUsI HIDKHEH yacTh mpoduist B Bapuante Ne 2
TIPUMEPHO B 2 pa3a BbIIIe, 4eM o moaenu HS.

Amnannsupyst napamerpsl Mogesnn MC (taba. 5),
nojy4yenHsie s pacyera HJIC nmpu Harpy3kax ot coo-
CTBEHHOTO B€Ca, MOKHO OTMETHUTH CIIeIyIoIIee:

* OIIpe/ieJICHHbIC MOAYIIN JIMHEHHON nedopmarim
TPYHTOB ONM3KHU K T€M, KOTOPBIE OTIPEICNICHBI TTO IPUOIH-
JKEHHBIM (pOpMyIIaMm;

* MOJyNH JIMHEWHOM epopManiy paccCMOTPEHHBIX
KPYIHOOOJIOMOYHBIX TPYHTOB HUJKE, YEM CpPEJIHHE 3Ha-
YEeHHNs, yCTAaHOBJICHHBIC IO pe3ylibTaTaM HaTyPHBIX Ha-
omonenwii [19];

* PaccMOTPEHHBIN MEOSHUCTHIN IPYHT UMEET IPH-
MEPHO B 2,5 pasa 00BN MOIY/Ib JIMHEWHOM 1edopma-
1MUY, YeM TPaBUMHO-TaJICYHUKOBBIH;

* pacCMOTPEHHBIN IPaBUMHO-TAJIEYHUKOBBII IPYHT
nmeet 06 Koapduiment [lyaccona, yem medeHu-
CTBIH.

Pe3yabTarsl pacuera H/AC kamenHo-HaOpOCHOIi mI10-
THHBI 110 Moesu HS npu BocnipusiTun ruipocraruye-
CKOT'0 1aBJICHUS

HJIC xameHHO-HaOPOCHOM MIIOTHHBI IPU HATPY3-
KaX OT TMAPOCTATUYECKOrO AaBJIEHUS, IMOJIYyUYEHHOE
o monenu HS, npencrasneno Ha puc. 15-18, a; 19-21.
Ha prcyHkax noka3aHsl T€ TepeMEIIEeHHsI, KOTOPbIE 110-
JIy4aeT IJIOTHHA TOJIBKO OT THAPOCTATHYECKOTO JIaBIie-
HUSI, OHU HE YYHUTHIBAIOT Ae(OpMaIiy OT COOCTBEHHOTO
Beca. ITo cyMMapHbie (ha3oBbIe MIEPEMEIICHUS Ha BCeX

Taou. 7. MakcuMalbHbIC IEPEMEILICHHS, CM, IUTOTHUHBI TTO]T ICHCTBUEM THAPOCTATUICCKOTO AaBieHus (Mozaeab HS)

Bup nepememnenuit I'paBuiiHO-raneYHUKOBBINA I'PYHT [I{eGeruCTHII TPYHT
Ocanku 19,5 8,5
TopusoHTaNEHBIE CMEICHUS B CTOPOHY BEpXHEro Obeda 7,1 3,8
TopusoHTaNBHBIE CMEIIIEHUS B CTOPOHY HIKHETO Obeda 6,6 2,3
ITporu6s! HanOpHO# rpaHn 13,4 6,5
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CTAIMSIX TMPUIOKEHUS THAPOCTATHIECKOTO aBICHHUS.
MaxkcumasbHble 3HAYEHUS NEPEMELIEHUI IIOTUHBL
yKa3aHbl B Ta0I. 7.

OcHoBHbie uzmeHenns: HJIC mioTHHBI TPOUCXOAST
BOJIM3H HANIOpHOW rpanu. [Tox neficTBHEM THIPOCTATH-
YECKOr0 JIaBJIeH s HAOIOAl0TCsI TOPU3OHTAIILHBIE CMe-
menus (puc. 15, 16, @) u ocaaxu (puc. 17, 18, a) Bepxo-
BOM rpaHu miIOoTHHBI. OCaaky 10 BEIMYHHE TPUMEPHO
B 2,5 pa3a MeHbIIIE, YeM TOPH30HTAIbHBIC CMEIICHHUS.
CwmermeHnsl TIOTHHBI HOCST 3HAKOIIEPEMEHHBIN Xa-
paxtep. B HM)KHEN 4acTH MJIOTHHBI OHU HAaIpPaBJICHBI
B CTOPOHY HIKHEro Obeda, a BEpXHsisi 4aCTh CMeEIaeTcst

B CTOpPOHY BepxHero Obeda (puc. 15, 16, a). Makcumaib-
HbIE CMEILICHHUSI B CTOPOHY BEpXHET0 Obe(ha 0TMEeHaroTCst
Ha rpeOHe TUIOTHHBI, OHM HEMHOTUM MEHBIIIE, YeM MaK-
CHMaJlbHbIC CMEIICHHUS B HIKHUN Obed.

Mo ocanmkaM 1 cMeneHUsIM ObUTH BBIYHCIICHBI TTPO-
ru0bI HaropHoi rpanu (puc. 19). Pacnpenenenue mpo-
riu0OOB IO BBICOTE MMEET pasHblil XapakTep B 3aBUCH-
MOCTH OT CBOWMCTB IpyHTa. B miotune u3 me6eHrncToro
rpyHTa MPOTUOBI JOCTUTAIOT MAaKCUMyMa Ha BBICOTE
38 M OT AHA, B TUIOTHHE M3 TPABUHHO-TAJIEYHUKOBOTO
TpyHTa — Ha BBICOTE 24 M. /{11 TIIOTHHBI U3 TpaBUitHO-
raJICYHUKOBOTO IPYHTa XapaKTepHbI OTPULIATEbHbIE TPO-

[lIxama cmemeHuii, cM

8 -7 6 -5 4 -3 -2 -l

0

1 2 3 4 5 6 7 8

Puc. 15. rOpI/ISOHTaJ'ILHLIe CMECUICHUS IIJIOTUHBI U3 I‘paBHfIHO-FaJ'Ie‘lHPIKOBOFO IpyHTa IIpU HAIIOJHEHHUU BOAOXPaHUJIMIIA:

a — mouenb HS; b — moznens MC

,/A

P

IIkana cmernieHui, cM

-3 25 2 -15 -1 =05 0 0,5 1

[ I
1,5 2

[ T T
2,5 3 35 4 4,5 5

Puc. 16. ['opr3oHTaNBHEIE CMENIEHHS IIOTUHEI U3 MIEOSHUCTOTO IPYHTA IIPU HAMTOJTHEHNH BOAOXPAHIIININA: @ — Mozens HS;

b — momens MC

[lIxama ocamgox, cM

-10 0

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200

Puc. 17. Ocaaxu mIOTHHBI U3 TPABUHHO-TAIEYHUKOBOTO ITPYHTA P HANIOIHEHUN BOIOXPpaHMWINIIA: @ — Monens HS; b — mo-

nens MC

i, i

[IIkama ocamok, cm

-5 0 5 10 15 20 25 30 35 40

45

[ [ I
50 55

[ [ .
60 65 70 75 80 8 90

Puc. 18. Ocanxu mIoTHHEI U3 MEOEHUCTOTO TPYHTA MPH HATIOIHEHUN BOAOXpaHWINIIA: a — Moaens HS; b — monens MC
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Puc. 19. [Iporn0e! HaOpHOU IpaHy IUIOTHHBI MO JEHCTBHEM
TUIPOCTATUUECKOTO AaBIECHUS

THOBI B IPUTPEOHEBON YaCTH TUIOTHHBI. MaKcHMalbHbBIA
porud dKpaHa MIOTHHBI U3 FPAaBHHHO-TAIEYHHKOBOTO
rpyHra cocrapiser 134 cm, a u3 1medeHICToro rpyHTa —
62,5 M.

Ha pacnpeznenenne BepTHKaIbHBIX U TOPH30HTAIIb-
HBIX HaNPsOKEHUH THIPOCTAaTUYECKOE NaBlICHHE UMe-

-

a

€T MEHbIIIee BIUSHHUE, YeM HAarpy3KH OT COOCTBEHHOTO
Beca (puc. 20, 21).

IMapametpsl aedopmupyemoct no moaesn Kysiona —
Mopa npu BoCOpHSITUN IUVIOTHHON TMAPOCTATHYECKO-
TO /1aBJICHUs

[Non6op mapamerpos Mozt MC BBITIONMHSIICS U3 yc-
JIOBUS JOCTHIKEHUS Ha HATIOPHOMN I'paHU IUIOTUHBI IPU-
MEpHO TeX K€ BEJIMYMH TOPU30HTATBHBIX CMEIICHUN
M 0CaJIOK, 4To U 1Mo mozaenu HS. YcranosneHo, 4to mpu
BOCHPHSITHH THAPOCTATHIECKOTO AABJICHUS] MOLYIH JIU-
HeHOH nedopmannu £ TPyHTOB JOIDKHBI OBITH CYIIe-
CTBEHHO BBIIIIE, YeM MOJTYJIN MIPH Harpy3Kax oT COOCTBEH-
Horo Beca. [Toatomy 11 cityyast BOCIPUSATHS INIOTHHON
TUPOCTATUYECKOTO JaBlICHUs MapameTpsl moxenu MC
TOOMPAITUCE OTACIBHO.

Jns mpuOnmKeHHOTO MPOrHOo3a OBIIH HCIOJb-
30BaHbl (pOPMYIIBI, KOTOpBIE HPHUBEIEHHI B TpPYyHE
[19]. B Hux Moxmynb nuHEHHON nedopmanmn E rpyH-
Ta BBIPQXKEH 4epe3 Mporud sKpaHa BEPXOBOW I'paHHU.
Jlnsa rpaBuiiHo-ranedyHukoBoro rpyura £ = 223 Mlla,
Jutst medenucToro rpyHta £ = 480 MIla. O1r 3HaueHust
COOTBETCTBEHHO PUMEpPHO B 4,1 1 B 2,7 pa3a BBIIIE MO-
JIyJIed, MOydeHHBIX Il MOMeHTa BpeMmeHn 1. OuHnm
YKJIaJbIBAIOTCS B JMANa30H, COOTBETCTBYIOIINI KaMEH-
HOI HaOpOCKe peasibHBIX IUIOTHH.

IIpu non6ope napamerpoB MC myTem 4HCIEHHO-
ro monenupoBanust HJIC mioTHHbI He yIainoch J00UThCs
COBMA/JCHUS OZTHOBPEMEHHO TOPU30HTAIBHBIX M BEPTH-
KaJIbHBIX TlepemMenienuii. [1pu ncronp3oBaHNN Mozenn
HS ocanku sxpana npumepHO B 2 pa3a NPEBBILIAIOT CMe-
LIEHUs, B TO BpeMs Kak Ipu npuMeHeHuu moaenu MC

L —
b

[lIxana BepTukanbHbIX Hanpsbkenuit, MIla

-26 24 22 20 -18 -16 -14

-1,2

-0 -08 0,6 -04 02 0 0,2

Puc. 20. BepTukanbHble HaNpsDKEHUS B IUIOTHHE MO0 MOAETH YIPOUHSIONMIETOCS TPYHTA MPH HAMOIHEHNH BOAOXPAHMIININA!

a — TPaBUHHO-TAICYHUKOBBIN TPYHT; b — MIEOCHUCTHIA TPYHT

=R
e

e —
e

b

[kana l"OpI/ISOHTaJ'ILHLIX Hanpﬂ)KeHI/II‘/'I Mlla

I IS I I S
—0,68 -0,64 —0,60 —0,56 —0,52 —0,48 —044—040 036—032 —028 —024 —020—016 -0,12 -0,08 -0,04 0 0,04

Puc. 21. I'opr3oHTaIbHBIC HATPSDKEHHS B TUNIOTHHE TT0 MOJIENH YIIPOUHSIOMIETOCS TPYHTA MPH HATIOJTHEHWH BOJOXPAHHIININA:

a — TPaBUHHO-TAICYHUKOBEIH TPYHT; b — MIEOCHNUCTHIA TPYHT
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W —

a

s — —
S
b

[kana ropu3oHTaIBHBIX HanpsbkeHuid, MIla

s s E— — | T T | | T T | | E— e R S
0,68 -0,64 —0,60 —0,56 —0,52 0,48 —0,44 —0,40-0,36 0,32 —0,28 0,24 0,20 0,16 —0,12 0,08 —0,04 0 0,04

Puc. 22. rOpI/ISOHTa.HBHLIe HalpsKEeHUs B INIOTUHE U3 FpaBHﬁHO-FaJ’Ie‘IHHKOBOFO TpyHTa OCJI€ HAIIOJIHEHNS BOAOXpaHUIIUIIIA

o mozenn Kymona — Mopa: @ — Bapuant Ne 1; b — BapuanT Ne 2

) . ‘\-
== —

ey

e =S ——
b

[Ikana ropu3oHTa bHBIX HanpspkeHui, MIla

| N I I B T T I T T T T T | I I I R |
0,68 —0,64 0,60 -0,56 -0,52 0,48 —0,44 -0,40 0,36 -0,32 0,28 -0,24 -0,20 -0,16 -0,12 —0,08 —-0,04 0 0,04

Puc. 23. Topu3oHTaIbHBIC HANIPSHKEHHS B IJIOTHHE U3 I[eOSHUCTOrO IPYHTA MIPU MMAPOCTATHYECKOM JIaBICHUH 110 MOJIEIN

Kynona — Mopa: @ — Bapuant Ne 1; b — Bapuant Ne 2

OHU Ou3Ku IpyT K npyry. Hanmboree Ommskue pe3yssra-
THI TTONTy4eHb! Ipu kodduimente [Tyaccona v = 0. ITox-
060poM OBUTH MOJIyYEHBI CIEAYIONIME 3HAYCHUSI MOJTYIIS
JedopMaItiu: sl TPaBUHHO-TAJICUHUKOBOTO IPYHTa E =
=190 MlITa, nyst meberncroro rpyHta £ = 350 MIla. Onu
HECKOJIBKO MEHBIIIE IPOTHO3HBIX.

Pesynbrarst pacaera HJIC moTHHEI TpH BEIOpaHHBIX
napamerpax mozen MC npencrapieHsl Ha puc. 15—18, b;
19, 22, 23. lepopMupoBaHne IUIOTHHBI IIPH pacdyeTe
o mojesisim MC u HS npoucxoaut no-pazHomy:

* 0CaJIKH IUIOTHHBI 110 Mojiein MC 3aMeTHO MEHb-
me, ueM no moxaenu HS (puc. 17, 18);

* 1pu ucnoib3oBanuu Mojen MC Beck Mpoub
IUIOTHHBI TTOTy4aeT TOPU30HTANIBHBIE CMEIICHHS TOJIBKO
B CTOPOHY HIJKHETO Oheda, B TO BpeMs KaK 110 MOJICIH
HS nponcxonst cMenienus rpedHs B CTOPOHY BEPXHETO
Obeda (puc. 15, 16).

W3-3a 3TOT0 MCKa)XaroTCst U MPOTrUOBI SKpaHa Ha Bep-
xoBoii Tpanu. [To mogenn MC nporuObl MeHsblIe, YeM
o mopenu HS (puc. 19). Hanpumep, B miotuxe u3 1ie-
OCHHMCTOTO TPYHTa MAaKCUMAIBHBIN MPOTHO MO MOJIEH
HS cocrasui 6,25 cMm, a mo mogenmn MC — 5,67 cMm, oT-
maune coctasiseT 9 %. B mmoTnHe U3 rpaBuitHO-TaNey-
HHUKOBOTO TPYHTA 3TO OTJIMYHE CYIIECTBEHHO OOIbIIe —
23 % (13,4 cmmio HS, 10,3 cm mo MC). Kpome Toro, B 3ToM

Taou. 8. [Tono6panubie mapametpsl Mozen Kyinona — Mopa

CITyJae OTIINYAETCSI M XapaKTep PaclpeesieHIs TPOruooB
110 BBIcOTE (pHC. 19).

Taxum o6pa3oM, ucmonszoBanue monenun MC mo-
JKEeT 3aMETHO MCKa)KaTh Pe3yNIbTaThl YUCICHHOTO MOJIe-
muposanust HIIC skpana kaMeHHO-HAOPOCHOM TUIOTHHBI.
B cityuae meOeHICTOrO TPyHTA COBIAACHNE PE3YIIETATOB
pacuera no MC u HS ynosnerBopurensHoe, a B Ciryuyae
PaccMOTPEHHOTO TPaBUITHO-TAaIE€YHUKOBOTO I'PyHTA —
WCK)KEHHUS CYIIECTBCHHBIE.

Pesynbrarel nmonbopa mapamerpoB mojenun MC
0000111eHbI B Ta0I. 8.

3AKJIIOYEHHUE U OBCYXJAEHHUE

Mogens ynpounstomerocs rpyaTa (HS) B nexom
OTpa’kaeT OCHOBHBIC IPOSIBICHNUS HEITMHEHHOCTH Je-
(hopMUpOBaHUS TPYHTOB, HCIIOJIB3YEMBIX B BHICOKHX
IPYHTOBBIX INIOTHHAX. OO 3TOM CBUAETEIHCTBYET BbI-
MOJIHEHHOE aBTOPaMH CPaBHEHHE PE3yJIbTaTOB JKCIIe-
PUMEHTAIBHBIX UCIBITAHUH C Pe3ylbTaTaMy MX YHC-
JeHHoro MozenupoBanus. Oxnako y mogenu Hardening
Soil mmeetcs HEcKOMBKO HeqocTaTkoB. OHA HE TO3BO-
JSIeT BOCIIPOM3BECTH OJHOBPEMEHHO U 3G deKT auia-
TaHCHH, ¥ dPPeKT KoHTpakuuu rpyHra. Kpome Toro,
OHa HE YYHUTHIBAeT KPUBOJIMHEIHBII XapaKTep npeielib-
HOH MOBEPXHOCTH.

I'paBuiiHO-raIeUHUKOBBIA IPYHT I{eGenuCTHII TPYHT
ITapamerp monenu
Bec T'unpocraruka Bec T'mppocraruka
Monyns ynpyroctu E, MIla 62-64 190 150-160 350
Koadpdunment [Tyaccona 0,23-0,27 0 0,17-0,25 0
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['pyHTBI, UIs1 KOTOPBIX MOA0OPaHBI ApaMETPhI He-
JIMHEHHBIX MOZIeJIeH, COOTBETCTBYIOT KAMEHHOH HaOpo-
CKE peabHBIX KAMEHHO-HAOPOCHBIX IIOTHH.

Jis 11e6eHuCTOoro TpyHTA MOTydeHb! 0oJiee BbI-
COKHE 3HaueHus mapaMmerpos Momenu HS, xapakrepu-
3YIOIUX JKECTKOCTh I'PyHTa, 10 CPABHEHHUIO C TEMH,
KOTOpbIE MPUBEACHBI B TuTeparype. Ho momyueHHbIe
JUISL 9TOTO T'PyHTa MOJYJU JIMHEHHOH nedopmanun
(mo monenu Kynona — Mopa) ykiaaplBaroTCs B JHa-
MAa30H, XapaKTEPHbIN I pealbHbIX MIOTHH. [lomy-
YeHHbIe apamMeTpsl Mozienu HS mebenncroro rpyHnra
BIIOJIHE MOAXOJAT JJIsl BHIOJHEHHSI IIPOTHO3HBIX pac-
yetoB HJIC kaMeHHO-HaOPOCHBIX IJIOTHH, TPYHT B KO-
TOPBIX XOPOILIO YIJIOTHEH.

Pe3ynberaThl pac4eToB MTOKA3bIBAIOT, YTO B KAMEHHO-
HAaOpOCHBIX MJIOTHHAX CHIIBHO TIposiBiseTcs dGPexT
«yNPOYHEHUS (CHIKEHUS 1e(OPMUPYEMOCTH) KPYITHO-
00510MOUHBIX TPyHTOB. Hanbosee 0T4eTIIMBO OH IPOSIB-
JISIETCS] B PE3KOM CHUYKEHHUH JIe(pOPMHUPYEMOCTH IPYHTa
Ha 1Tare BOCIPUSATUSA FHAPOCTATHYECKOTrO JABIECHUS
[0 CPABHEHUIO C ATAIOM HArpy30K OT COOCTBEHHOTO
Beca. [IpumenurensHo k Monenu MC 3To 03Ha4aeT yBe-

JMYeHne MOJYJIs IMHEeHHOH nedopmaryu (B 2-3 pasa)
u ymeHblerne koxddunnenta [Tyaccona.

HenuneitHocTs neopMUpoBaHus TpyHTa CyIIe-
CTBeHHO BimseT Ha ¢popmuposanne HJC ogHOpOmHOM
KaMEHHO-HAOpPOCHOMH IIJIOTHHBI C 9KpPaHOM. DTO OTMe-
gaeTcs u3-3a TOTO, 9TO dPPEKT «yNMPOUHEHU» TPyHTA
MIPOMCXOANT HEPABHOMEPHO B Pa3HBIX 30HAX MPOQUIIS
TUTOTHHBI.

W3-3a cIIbHON HETMHEHHOCTH 1e(hOPMUPOBAHHUS
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INTRODUCTION

An important component of the design justification
of high-hazard (Class I and II) embankment dams is
the calculation of the stress-strain state (SSS). The Rus-
sian CP 39.13330.2012 “Dams made of earth materi-
als” (par. 9.12) requires that “the stability of the slopes
of rockfill dams with reinforced concrete screen
shall be determined only on the basis of the results
of calculations of the stress-strain state of the dam using
the strength and deformation characteristics of the soils
in the dam body obtained on the basis of triaxial tests”.
Such SSS calculations are complex and can only be
performed by numerical modelling using specialized
software.

The main issue that arises in numerical modelling
is the choice of strength and deformation characteristics
for rock fill (rock mass, gravel-pebble soil). At the pre-

liminary stages of design, when the results of experi-
mental studies of soil properties are not available, these
characteristics can be taken by analogues, using infor-
mation from scientific and technical literature. How-
ever, difficulties arise here.

There is enough information about the strength
of rock fill in the scientific and technical literature.
The shear strength of coarse clastic soils has been
studied by means of numerous experiments in shear
devices as well as on triaxial compression devices
(stabilimeters). Experimental results (e.g., in [1]) show
that the peculiarity of coarse clastic soils consists in
the nonlinear character of the dependence of ultimate
tangential stresses on the average normal stress.

The Coulomb — Mohr criterion is commonly used
in engineering practice as a criterion of shear strength
of soils. In it, the strength characteristics of the soil are
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the angle of internal frictionj and specific cohesion c.
The values of these indicators can be assigned by pro-
cessing the results of experiments.

There is less information on the deformability
of coarse clastic soils in the literature. This is due to
the difficulty of triaxial tests — they require large-scale
and accurate instruments that can generate large force
loads on the soil specimen.

The first tests of deformability of coarse clastic
soils were performed in the 1960s by R.J. Marsal [2].
Marsal [2], A.B. Vesic et al. These tests showed that
deformation of such soils has a complex elastoplastic
character. There is a relationship between deformability
and strength, as well as a number of nonlinear effects
such as the dilatancy phenomenon. The deformability
of soil depends on its stress state: on lateral compres-
sion, the degree of approaching the limit state, and
the type of stress state.

The deformability of coarse clastic soils also var-
ies depending on the density, particle size distribution,
particle shape, source rock, and other factors. This was
one of the reasons why the available experimental data
did not meet the needs of high dam design. Therefore,
experimental studies were continued and they were
performed in the design of many high earth dams. In
the USSR, triaxial tests were carried out at the All-Rus-
sian Research Institute of Hydraulic Engineering named
after B.E. Vedeneyev (VNIIG named after B.E. Ve-
deneyev) on a large-scale device PTS-300. It should be
noted that instead of real rock mass, model soils were
tested, i.e. soils with changed granulometric composi-
tion in comparison with the initial one.

In the XXI century, stabilimetric tests of coarse
clastic soils were carried out by A.K. Gupta, A. So-
roush, S. Linero and others. Tabl. 1 shows brief infor-
mation about the most modern tests, the results of which
have been published in [3—8]. It is known that the tests
were also carried out in Russia, in VNIIG named after
B.E. Vedencev. B.E. Vedeneyev, but their results are not
available to the scientific community.

The results of some tests of coarse clastic soils are
also collected and presented in [9]. The most compli-

Table 1. Information on triaxial tests of coarse clastic soils

cated experiments were performed in China. The tests
published in [8] were carried out according to a non-
standard scheme on a prismatic soil specimen, which
was subjected to non-uniform loading along each
of the three axes.

Nonlinear models have been developed and used
since the 1960s to describe the nonlinear behaviour
of soils under triaxial tests. The Russian normative
document CP 39.13330.2012 states that “in calculations
of the stress-strain state of Class I and II dams, nonlin-
ear models that take into account plastic deformations
of the soil in the limit state should be used”.

Several non-linear ground models are currently in
use. The simplest is the model known as the Coulomb —
Mohr model (MC model). In this model, the deforma-
tion of the soil at the pre-limit state is assumed to be
linear and is described by two parameters: linear strain
modulus £ and Poisson’s ratio v. The main disadvantage
of the MC model is that it does not take into account
the effect of soil “hardening”, i.e. increase of the strain
modulus with increasing lateral compression. The influ-
ence of this effect is significant for the formation of SSS
of high earth dams, so more complex nonlinear models
are used.

The hyperbolic soil model is actively applied
abroad. This model was developed by J.M. Duncan
and C.Y. Chang based on the hyperbolic dependence
proposed by R.L. Chang on the basis of the hyperbolic
dependence proposed by R.L. Kondner. The hyper-
bolic model belongs to the deformation theory models
of plasticity (nonlinear “elasticity”). In it, the relation-
ship between stresses and strains is written in the form
of Hooke’s law. This causes one of the drawbacks
of the model — the difficulty of accounting for the di-
latancy effect. It is stated in [10] that numerical simu-
lation of the dam’s SSS has shown that the hyperbolic
model does not describe its real behaviour well enough.

For this reason, T. Schanz, P.A. Vermeer, P.G. Bon-
nier in 1999 proposed a more complex model, the Hard-
ening Soil (HS) model. This model belongs to the mod-
els of plastic flow theory and is based on the associ-
ated law of plastic flow. Like the hyperbolic model,

Density, t/m?, Specimen dimensions, Maximum Maximum
Source and year of . . . . .
information Type of soil or rglatlve mm particle size, compression
density, % diameter height mm stress, MPa
2], 1967 Rubble 1.7, 1.8 v’ 1130 2500 180 0.05-2.5
Gravel-pebble 2.2 t/m3
3], 2012% Gruss 2.11, 2.18 t/m? 200.300 | 400. 600 50 0.1-0.9
’ Gravel-pebble 2.0-2.23 t/m’ ’ ’ 60 0.2-0.8
[4], 2013 Rubble 1.99, 2.2 t/m? 200 400 25 0.05-0.7
[5],2014 Gravel, gruss 75,87 % 381 813 80 0.2-1.6
[6],2014 Gravel-pebble 2.05-2.27 t/m? 300 600 60 0.4-1.6
[7],2017 Rubble 2.21 t/m? 300 600 60 Upto2.0
[8],2019 Rubble 2.06 t/m? 300* 600 60 0.2-0.8

Note: ¥ — tests in undrained conditions.
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the HS model takes into account the “hardening” effect
of the soil. It is considered to be the most advanced
model for engineering calculations of soil structures.
It is noted in [10] that the HS model describes the real
behaviour of the dam better than the hyperbolic model.

Judging by modern publications, the hyperbolic
model is mainly used for numerical modelling of earth
dams and, less frequently, the hardening soil model. For
example, the hyperbolic model has been used for calcu-
lations of the SSS of several rockfill dams with a rein-
forced concrete screen [10—13]. It is described [11] that
the hyperbolic model was used to analyze in-situ ob-
served displacement data for the world’s tallest rockfill
dam, Shuibuya (China, # =233 m).

Recently, the HS model has also been actively
used. It has been used to study the SSS of embankment
dams [14—18]. These studies nyky devoted to the SSS
of several high rockfill dams with reinforced concrete
screen: Kiirtiin (Iran, height 133 m) [14], Nam Ngum 2
(Laos, height 182 m) [10, 15, 16].

For Russian researchers, an important advantage
of the strengthening soil model is that it is available
for use in modern software packages (PC) PLAXIS,
MIDAS, designed for solving geotechnical problems.
However, in order to perform SSS calculations using
a nonlinear model, it is necessary to know the values
of its parameters.

All non-linear models are multi-parametric. In all
three models listed above, the Coulomb — Mohr criterion
is used to estimate the strength of the soil, and it is de-
scribed by two parameters (¢ and ¢). More parameters
are required to describe the deformation in the hyperbolic
and HS models than in the MC model.

Main parameters of the HS model:

EZ/ — modulus of stiffness, which is the secant
modulus of linear deformation at half (50 %) of the ul-
timate deviatoric stress, determined from triaxial tests;

E?,— reference odometric (compression) modulus
of deformation corresponding to the reference all-round
pressure, determined by the results of odometric tests;

E!Y — reference unloading modulus obtained from
compression tests at reference all-round pressure;

m is the degree index in the dependence of stiffness
on stress level, which determines its curvature;

v! — Poisson’s ratio under unloading and reloading;

v — angle of dilatancy determined from triaxial
tests;

R L — the failure criterion, which is the ratio of the ul-
timate deviatoric loading to the asymptotic level of shear
resistance to which the shear stress-strain relationship
tends;

p,,— reference (reference) all-round pressure.

The main objective of this study is to determine
the parameters of HS and MC models for coarse clastic
soils from triaxial tests. These are strength parameters
(internal friction anglej and specific cohesion ¢) and de-
formability parameters. The deformability parameters
of the MC model (linear strain modulus £ and Poisson’s

ratio v) should be determined in order to make recom-
mendations for approximate calculations of dam SSS.

Another objective of the study is to assess wheth-
er the deformability of the soils tested in the labora-
tory corresponds to that of real rockfill dams. For this
purpose, an analysis of the deformations of real dams
during the construction period was used [19]. This
analysis is based on the results of field observations,
which are presented in a number of foreign publica-
tions [20]. The analysis of the in-situ data showed that
the deformability of the rock fill varies over a very
wide range. Moreover, the deformability of the cap-
stone differs when taking loads from its own weight
and loads from hydrostatic pressure (on the top face). In
the first case the deformation modulus is in the range of
30-240 MPa, in the second case — from 60 to 480 MPa.
The difference in moduli was pointed out by N.L.S. Pin-
to and F.P. Marques as early as 1998. The increase in
the modulus of deformation under high loads is called
the “hardening” effect of the soil. It is necessary to es-
tablish whether the values of the modulus of linear de-
formation of the tested coarse clastic soils fall within
this range and to what extent the “hardening” effect is
manifested.

On this topic, the authors have previously car-
ried out a study [21], but it considered the performance
of the structure only under self-weight loads.

Recently, foreign researchers have also published
works on the selection of HS model parameters for nu-
merical modelling of the SSS of rockfill dams [16, 18]. It
is shown [18] that according to the results of calculations
of a number of constructed dams, the parameter E. is
within the range from 30 to 200 MPa. The paper [16]
is devoted to the processing of the results of a num-
ber of triaxial tests in order to determine the param-
eters of the HS model, it describes the methodology
of processing the experimental results. Ideally, the results
of both stabilimetric and odometric tests are needed to
determine the parameters.

It is also interesting to compare the obtained model
parameters with those used by other authors in numeri-
cal modelling of dams.

MATERIALS AND METHODS

The selection of parameters of nonlinear models
was performed for two types of coarse clastic soils —
gravel-pebble and crushed stone. For this purpose, the re-
sults of triaxial tests of two authors were selected. The se-
lected soils correspond to the soils used in real dams in
terms of density. For the gravel-pebble soil, the tests used
were those of R.J. Marsal tests, which were carried out
during the construction of the El Infernilio dam (Ad-
olfo Lépez Mateos) [2]. For crushed stone soil, the tests
chosen were those carried out by at Dalian University
of Technology (China) [7].

The tests were realized for different compression
stresses according to the standard methodology, in two
stages. In the first stage the soil was subjected to all-

45

(€G) € ANSS| 'PLJON Sencanwa e soucios



scionco o ruction: 1) 14, Issue 3 (53)

Filipp V. Kotov, Mikhail P. Sainov

Fig. 1. Finite element model of the test dam

round compression, in the second stage — deviatoric
loading with load growth only along the vertical axis.

The methodology for determining the parameters
of the soil models consisted in performing a number
of operations in several stages. At the first stage, the pa-
rameters of the strength criterion (¢ and c¢) were estab-
lished. For this purpose, an experimental relationship
between normal and ultimate tangential stresses was
constructed.

At the second stage, the soil deformability param-
eters were determined using the HS model. First, by ana-
lyzing the test results, the value of the degree index m,
which expresses the “hardening” effect of the soil, was de-
termined. Then, using a special module in the PC PLAXIS
separately for each of the experiments determined
the other parameters of the HS model. The model pa-
rameters obtained for the different experiments were
then compared with each other, and the single parameter
values that are suitable for all experiments were selected
by fitting.

The third step was to select the MC model pa-
rameters equivalent to those of the HS model. These
parameters were determined by selection on the ba-
sis of the condition that the abstract earth dam should
receive the same maximum displacements (vertical
settlement and horizontal displacements) when both
models are used. The displacements were obtained by
numerical modelling using the finite element method in
PLAXIS.

The abstract dam considered is 100 m high and
rests on a rigid foundation. The dam — is homoge-
neous and has a symmetrical triangular profile with
a slope embedment equal to 2. The impervious element
of the dam was assumed to be a screen on the upstream
face and was not modelled. Calculation was carried out
for loads from its own weight and hydrostatic pressure
arising during filling of the reservoir. Since the screen
is located on top of the embankment, the hydrostatic
pressure is applied only on the top slope surface, while
the dam soil remains dry. The dry density of the soil
was assumed to be 2 t/m°.

The finite element model of the dam consists
of 3,355 finite elements (Fig. 1). The finite elements
have a quadratic approximation of displacements and
the total number of nodes in the model is 27,283.

The SSS modelling of the structure was car-
ried out taking into account the phased construction
of the structure in layers (10 layers) and the gradual
filling of the reservoir. Filling took place only after
the embankment was built to its full height. The depth
of the upper embankment was assumed to be 90 m.

RESEARCH RESULTS

Parameters of shear strength of soils

Processing of the test results was performed by
the authors earlier [21]. A graph was constructed, which
expresses the shear strength of coarse clastic soils in

1, MPa !
g S
4 ’,,’5‘/
3 /%{, r’ © Pebble experiment
’.‘/”/’ . A Experiment crushed stone
2 122 el -=- Model crushed stone
e --- Model pebble
& b
1 et
3 $ G, MPa
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Fig. 2. Shear resistance of the considered soils

Table 2. Parameters of shear strength of the considered soils

Parameter Gravel-pebble soil Rubble soil
Angle of internal friction ¢ 37.9° 39.3°
Specific adhesion ¢, kPa 112 250
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a wide range of stresses (Fig. 2). It shows that crushed
stone soil has a higher shear resistance than gravel and
pebble soil. The calculated parameters of shear strength
were selected on the basis of maximum compliance with
the experimental data, they are presented in Table 2. Fig. 2
shows that the shear strength parameters describe the ex-
perimental results well.

High cohesion (100-250 kPa) was obtained in
the computational model, which is not characteristic
of coarse clastic soils. Because of this, the shear resis-
tance is overestimated at low stresses (Fig. 2). The pres-
ence of high cohesion in coarse clastic soil is explained
not only by the effect of particle entanglement, but also
by the fact that the Coulomb — Mohr criterion is ex-
pressed as a linear function and does not allow the an-
gle of internal friction to be variable.

Parameters of soil deformability according to the hard-
ening soil model

The parameters of the HS model, which express
the deformability of the soil, obtained by the method
described above are presented in Table 3.

Comparing the parameters of the two soils, the fol-
lowing can be observed:

* crushed stone soil has a stiffness about 3 times
higher than gravel and pebble soil;

* degree m is higher in gravel-pebble soil, so it shows
more “hardening” effect;

* the effect of dilatancy (expansion in shear) is more
pronounced in crushed rock.

In order to assess the adequacy of the found pa-
rameters of the HS model, the results of its use were

compared with the experimental data (Fig. 3, 4). For
each of the soils, the comparison was carried out only
for the deviatoric loading section. The experiment
was modelled using a special module in PLAXIS 2D.
The analysis was carried out on the example of two de-
pendencies:

* the dependence of shear stresses (o, —c,) on shear
strains €,

* dependence of volume deformations &, on mean
stresses p’.

The analysis shows that the HS model describes
well the nonlinear character of the dependence between
stresses and shear strains in the considered range of com-
pression pressure (Fig. 3, 4, @). However, the model does
not describe well enough the character of the dependence
between stresses and strains of all-round compression
(Fig. 3, 4, b). It reproduces the effect of dilatancy, but
dilatancy is modelled even in cases where it did not ap-
pear in the tests. The HS model does not reflect the ef-
fect of contraction, i.e. additional volume reduction at
the initial stage of deviatoric loading, which was evident
in the crushed stone soil (Fig. 4, b).

Now let us compare the obtained parameters with
those that were used for numerical modelling accord-
ing to the data of literature sources. They are given in
Table 4.

A comparison of Table 3 and 4 shows that:

» degree m for both soils falls within the possible
range of values (0.18-0.70);

* the ratio Ei/ > E'7,

s Tecommended in [18], is
fulfilled;

Table 3. Selected parameters of the Hardening Soil model of coarse clastic soils

Soil E, kP EY, kPa E!Y, kPa m v v, deg. | R, p'Y, kPa
Gravel-pebble 70 35 300 0.5 0.2 5 0.72| 100
Rubble 230 150 480 0.22 0.2 20 |0.85| 100
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Fig. 3. Modelling of triaxial tests of gravel-pebble soil: a — dependence of shear stresses on shear strain intensity;

b — dependence of volumetric strains on average stresses
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Fig. 4. Modelling of triaxial tests of crushed stone soil: a — dependence of shear stresses on the intensity of shear deformations;

b — dependence of volumetric deformations on average stresses; pre-compression stresses are given in brackets

"

« for gravel-pebble soil the stiffness E/ is in
the presented range of values (12—100);

« for crushed stone soil, the stiffness £/ is greater
than that given in the literature;

* the R /.Value for both soils falls within the possible
range of values (0.65-0.90).

Results of numerical modelling of rockfill dam SSS

To verify the conformity of the tested soils with
the rockfill of the real dams, the deformability parame-
ters were determined using the MC model. This required
firstly the calculation of the SSS of the rockfill dam using
the HS hardening soil model.

The results of the calculation are shown in Fig. 5-12
in the form of displacements and stresses in the dam body.
They are given in the figures for two moments of time and
correspond to the action of different types of loads:

* moment | — completion of the dam construction,
absorption of loads from its own weight;

* moment 2 — end of reservoir filling, when
the loads from hydrostatic pressure are added to the loads
from own weight.

Results of the HS model of the rockfill dam under
self-weight loads

The SSS of the rockfill dam under self-weight loads
obtained from the HS model is shown in Fig. 5-8. For
the dam construction phase (moment 1), the figures show
the so-called total phase displacements, and Table 5
shows both the total phase displacements and total dis-
placements.

Total phase displacements — are the sum of the dis-
placements accumulated by the dam points during each
of the 10 phases (stages) of construction. The total dif-
ferential displacements reflect the effect of the sequence
of construction and their distribution is stepwise with
jumps at the layer boundaries. At the crest of the dam,
the total differential displacements are close to 0 because
the crest is “erected” last and does not receive any dis-
placements from the previous erection phases.

The integral displacements do not reflect the effect
of the sequence of construction. They represent the fic-
titious displacements that an already constructed dam
would receive if loads from the weight of each of the lay-
ers were applied to it in sequence.

Table 4. Parameters of the hardening soil model according to the data of foreign publications

soll designation and sowtce |y Npa | proMPa | EZMPa | omo | o |y.dez| R, |pkPa

No. 3B[10] 100 80 30 Joas| o2 [ 2 [ 09| 100

No. 3C [10] 16 14 48 065 02 | 2 [ 09| 100

Kol [16] 61 53 183 o047 03 | 7 [o78| 100

Purulia [16] 42 375 126 |oss| 03 | 11 [o07s| 100

Ranjit Sagar [16] 64 52 192 [o47) 03 | -5 |o62| 100
Shah Nehar [16] 25 25 75 06| 03 | 4 |o65| 100

No. 3B1 [15, 18] 80 55 240 [029] 03 | o5 |o078 | 100
No.3C2[15, 18] 12 10 36 070 03 | - [o065| 100
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Table 5. Maximum displacements, cm, of the dam under self-weight loads (HS model)

Gravel-pebble soil Rubble soil
Type of movements
complete total phase complete total phase
Precipitation 124.3 64.4 47.4 27.1
Horizontal displacements 11.5 7.8 4.9 32

Atmoment 1 (completion of construction), the dam’s
SSS is formed by self-weight loads, the embankment
settles and tends to expand laterally. The distribution
of displacements and stresses is similar for different
types of soils, the only differences are in the magnitudes
(Table 5).

The maximum settlement of the dam is obtained
by its inner zone. The maximum settlement of the dam
made of gravel and pebble soil was 64 cm (Fig. 5, a), that
of the dam made of crushed stone soil — 27 cm (Fig. 5, b).
In relation to the dam height, the settlement was 0.64
and 0.27 %, respectively. Such values correspond to
the construction settlement interval, which is typical for
modern rockfill dams. At the same time, the deformabil-
ity of the considered crushed stone soil corresponds to
a well-compacted rockfill, while the gravel-pebble soil is
closer to an insufficiently compacted soil.

The distribution of horizontal displacements of the dam
is characterized by a difference in the direction of displace-
ments for the upper and lower parts of the dam. In the lower
part of the dam the displacements are directed outwards and
in the upper part — inwards. The maximum displacements
are observed in the upper part of the dam. The maximum dis-
placement of the gravel-pebble dam was 7.8 cm (Fig. 6, a)
and that of the crushed stone dam was 3.2 cm (Fig. 6, b).

The distribution of vertical stresses is character-
ized by their smooth increase from top to bottom, from
the slopes to the inner zone of the dam (Fig. 7). The hori-
zontal stresses are distributed in a similar manner. A zone
of concentration of compressive stresses is formed at
the foot of the dam adjacent to the rocky base (Fig. 8).
The horizontal stresses are about 3 times less than
the vertical stresses. They are slightly higher in gravel
and pebble soil (Fig. 8, @) than in crushed rock (Fig. 8, b).

a b
Settlement scale of gravel-pebble soil, cm
EEETTTT 7 7 I | | | [ [ | [ T T
-68 64 60 -56 -52 -48 44 40 -36 -32 -28 24 20 -16 -12 -8 4 0 4
Settlement scale of crushed stone soil, cm
I I | I I I I I I I I ) [ |
28 26 24 22 -20 -18 -16 -14 -12 -10 -8 -6 —4 -2 0 2

Fig. 5. Settlement of the dam under self-weight loads according to the hardening soil model: @ — gravel-pebble soil;

b — crushed stone soil

- 1';""-“-\, = ‘2-'5-;
S
a b
Scale of gravel and pebble soil displacements, cm
-12 -10 -8 —6 —4 J2 (I) I2 4II 6 8 10 12
Crushed stone soil displacement scale, cm
A O N 20 20 612 08 04 0 04 08 12 16 20 24 25 32 26 4

Fig. 6. Horizontal displacements of the dam under self-weight loads using the hardening soil model: @ — gravel-pebble soil;

b — crushed stone soil
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Vertical stress scale, MPa

-26 24 22 20 -18 -l16 -14

-1.2

-10 08 -06 -04 02 0 0.2

Fig. 7. Vertical stresses in the dam according to the hardening soil model under self-weight loads: a — gravel-pebble soil;

b — crushed stone soil

Horizontal stress scale, MPa

BT T ] [ [
—0.64 —0.60 —0.56 —0.52 —0.48 —0.44 —0.40 —0.36

-0.32 -0.28 -0.24 -0.20 -0.16 —-0.12 —-0.08 —0.04 0

Fig. 8. Horizontal stresses in the dam according to the hardening soil model under self-weight loads: a — gravel-pebble soil;

b — crushed stone soil

Parameters of deformability according to the Cou-
lomb — Mohr model when the dam absorbs loads from
its own weight

The described SSS of the dam became the initial in-
formation for the selection of the MC model parameters.

The well-known simple formulae for approximate
determination of the modulus of linear deformation from
the known construction settlement of the dam are given
in [19]. The calculation shows that the modulus of lin-
car deformation of gravel and pebble soil is 54 MPa, for
crushed stone soil — 178 MPa.

The deformability parameters of the Coulomb —
Mohr model were selected in such a way that they could

be used in numerical modelling to obtain approximately
the same SSS of the dam as in the HS model. Many vari-
ations were considered, but no close match of the SSS
could be obtained. Fig. 9—14 shows the dam SSS for two
typical variants of the MC model parameters for each
of the soils. The model parameters are given in Table 6.
In Case No. 1, the MC model parameters were se-
lected on the basis of the condition that the maximum
vertical and horizontal displacements of the dam are
equal to the maximum values of the MC and HS models
(total phase displacements were considered). However,
in this variant the picture of the dam SSS is character-
ized by several qualitative and quantitative distortions.

Table 6. Selected parameters of the Coulomb — Mohr model for self-weight loadings

Gravel- pebble soil Rubble soil
Model parameter - - - -
Option No. 1 Option No. 2 Option No. 1 Option No. 2
Modulus of elasticity £, MPa 62 64 150 160
Poisson’s ratio 0,27 0,23 0,25 0,17

b

Sediment scale, cm

—-68 64 60 56 52 48

44 40 36 32 28 24 20 -16 -12 -8 4 0 4

Fig. 9. Settlement of a gravel-pebble dam under self-weight loads according to the Mora — Coulomb model: @ — variant No. 1;

b — variant No. 2
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Displacement scale, cm

—-12 -10 -8 -6 —4 -2 0 2 4 6 8 10 12

Fig. 10. Horizontal displacements of a gravel-pebble dam under self-weight loads using the Mohr — Coulomb model:
a — variant No. 1; b — variant No. 2

A, B

Horizontal stress scale, MPa

EETT 7T [ [ [ T T [T [ T
—0.64 —0.60 —-0.56 —0.52 -0.48 -0.44 -0.40 -0.36 -0.32 -0.28 -0.24 -0.20 -0.16 -0.12 -0.08 -0.04 0

Fig. 11. Horizontal stresses in a gravel-pebble dam under self-weight loads according to the Mohr — Coulomb model:
a — variant No. 1; b — variant No. 2

Sediment scale, cm

-28 26 24 22 -20 -18 -16 -14 -12 -10 -8 -6 —4 -2 0 2

Fig. 12. Settlement of a crushed stone dam under self-weight loads according to the Mohr — Coulomb model: ¢ — variant No. 1;
b — variant No. 2

Displacement scale, cm

[P I N N ) O N AN H RN B N |
-4 36 32 28 24 20 -16 -12 08 04 0 04 08 12 16 20 24 28 32 36 4

Fig. 13. Displacements of a crushed stone dam under self-weight loads according to the Mohr — Coulomb model: ¢ — variant
No. 1; b — variant No. 2

a b
Horizontal stress scale, MPa

BT T g [ [ [ T T [T T T
—0.64 —0.60 —-0.56 —0.52 —0.48 —0.44 —0.40 -036 —032 —028 -024 -020 —0.16 —0.12 —0.08 —0.04 0

Fig. 14. Horizontal stresses in a crushed stone dam under self-weight loads according to the Coulomb — Mohr model:
a — variant No. 1; b — variant No. 2
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The most important effect is the reduction of the horizon-
tal stress level in the dam body (Fig. 11, @; 14, a). It is
especially strong in a dam made of crushed stone soil —
horizontal stresses are about 2 times less. To avoid this
effect, option 2 is considered.

In variant No. 2, the MC model parameters are
selected to match the maximum settlement of the dam
and to achieve a qualitatively similar stress state pattern
(Figs. 11, b; 14, b). In this variant, the Poisson’s ratio is
slightly higher and the modulus of linear strain slightly
lower than in variant 1.

However, there are differences in the magnitude
and distribution of the horizontal displacements with re-
spect to the original SSS in Case 2. In case of variant
No. 2, there is a more intensive expansion of the lower
part of the dam and larger displacements than in the HS
model. For example, the maximum displacement for
the gravelly soil was 3.7 cm (Fig. 13, ), which is 16 %
more than for the HS model (3.2 cm, Fig. 6, b). For
the gravel-pebble soil, the maximum displacements were
10.3 em (Fig. 13, b), which is 32 % more than the HS
model (7.8 cm, Fig. 6, a). In reality, the differences in
displacements are much larger, because in variant No. 2,
the maximum displacements are reached in the lower, not
in the upper part of the profile. The maximum displace-
ments of the lower part of the profile in variant No. 2 are
about 2 times higher than in the HS model.

Analyzing the parameters of the MC model (Table 5)
obtained for the calculation of SSS under self-weight
loads, the following can be noted:

¢ the determined moduli of linear deformation
of soils are close to those determined by approximate
formulae;

* linear deformation moduli of the considered coarse
clastic soils are lower than the average values determined
from field observations [19];

* the considered crushed stone soil has appro-
ximately 2.5 times higher modulus of linear deformation
than gravel and pebble soil;

* the considered gravel-pebble soil has a higher
Poisson’s ratio than the crushed stone soil.

Results of the HS model of the rockfill dam under
hydrostatic pressure loading

The SSS of the rockfill dam under hydrostatic
pressure loads obtained from the HS model is shown in
Fig. 1518, a; 19-21. The figures show the displacements
that the dam receives only from hydrostatic pressure;
they do not take into account the deformations due to its
own weight. These are the total phase displacements at
all stages of hydrostatic pressure application. The maxi-
mum displacements of the dam are given in Table 7.

The main changes in the SSS of the dam occur near
the head face. Under the action of hydrostatic pressure,
horizontal displacements (Fig. 15, 16, a) and settlement
(Fig. 17, 18, a) of the upstream face of the dam are ob-
served. The precipitation is about 2.5 times smaller
than the horizontal displacements. The displacements
of the dam are alternating in nature. In the lower part
of the dam they are directed towards the downstream
side, while the upper part is displaced towards the up-
stream side (Fig. 15, 16, @). The maximum upstream dis-
placements occur at the crest of the dam and are slightly
less than the maximum downstream displacements.

The deflections of the pressure face were calcu-
lated from the precipitation and displacements (Fig. 19).
The height distribution of the deflections has a different
character depending on the soil properties. In the gravel-
pebble dam, the deflections reach a maximum height
of 38 m from the bottom, while in the gravel-pebble
dam they reach a maximum height of 24 m. The gravel-
pebble dam is characterized by negative deflections
in the crest part of the dam. The maximum deflection

Table 7. Maximum displacements, cm, of the dam under hydrostatic pressure (HS model)

Type of movements Gravel-pebble soil Rubble soil
Precipitation 19.5 8.5
Horizontal displacements to the upstream side
. 7.1 3.8
of the reservoir
Horizontal displacements towards the downstream side
. 6.6 2.3
of the reservoir
Pressure edge deflections 13.4 6.5
a b
Displacement scale, cm
I ) I E— [ [ [ [ [ [ | I I N
-8 -7 -6 -5 4 -3 2 -l 0 1 2 3 4 5 6 7 8

Fig. 15. Horizontal displacements of a gravel-pebble dam during reservoir filling: a — HS model; 5 — MC model
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a b
Displacement scale, cm
DT [ [ [ [ [ [ [ [
-3 25 2 -15 -1 0.5 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Fig. 16. Horizontal displacements of a rubble soil dam during reservoir filling: « — HS model; 5 — MC model

il

Sediment scale, cm

-10 0

[ [ T
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200

Fig. 17. Settlement of a gravel-pebble dam during reservoir filling: a — HS model; b — MC model

Sediment scale, cm

-5 0 5 10 15 20 25 30 35 40

45 50 55 60 65 70 75 80 8 90

Fig. 18. Settlement of a crushed stone dam during reservoir filling: « — HS model; » — MC model

of the screen of the gravel-pebble dam is 134 cm and that
of the crushed stone dam is 62.5 metres.

The distribution of vertical and horizontal stresses
is less influenced by hydrostatic pressure than by self-
weight loads (Fig. 20, 21).

Deformability parameters using the Coulomb — Mohr
model for hydrostatic pressure in a dam

The MC model parameters were selected on the ba-
sis of the condition that the horizontal displacements and
settlements at the head face of the dam are approximately
the same as those obtained by the HS model. It was found
that when hydrostatic pressure is applied to the dam,
the moduli of linear deformation E of the soils should
be significantly higher than the moduli under self-weight
loading. Therefore, the MC model parameters were se-
lected separately for the hydrostatic pressure case.

For approximate prediction we used the formulae
given in [19]. In them, the modulus of linear deformation
E of the soil is expressed through the deflection of the top
face screen. For gravel-pebble soil £ = 223 MPa,
for crushed stone soil £ =480 MPa. These values are re-
spectively about 4.1 and 2.7 times higher than the moduli

XO Y, m

.
10 // al
S

=]

o_é-:‘;—// U, mm
—40 20 0 20 40 60 80 100 120 140

== Crushed stone — model HS
== QGravel and pebble — model HS
=== Crushed stone — model MS
== Gravel and pebble — model MS

Fig. 19. Deflections of the dam face under the action of hydrostatic
pressure
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2. 2

Vertical stress scale, MPa
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-1.0 08 06 -04 02 0 0.2

Fig. 20. Vertical stresses in the dam according to the model of hardening soil during reservoir filling: @ — gravel and pebble

soil; b — crushed stone soil

N

Horizontal stress scale, MPa
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—0.68 —0.64 —0.60 —0.56 —0.52 —0.48 —0.44-0.40 —0.36-0.32 -0.28 —0.24 —0.20 —0.16 —0.12 —0.08 —0.04 0 0.04

Fig. 21. Horizontal stresses in the dam according to the strengthening soil model during reservoir filling: @ — gravel-pebble

soil; b — crushed stone soil

A, B

Vertical stress scale, MPa

—0.68 -0.64 —0.60 —0.56 —0.52 —0.48 —0.44 —0.40-0.36 —0.32 —0.28 —0.24 -0.20 -0.16 —-0.12 —-0.08 —0.04

0 0.04

Fig. 22. Horizontal stresses in a gravel-pebble dam after filling the reservoir according to the Coulomb — Mohr model:

a — variant No. 1; b — variant No. 2

obtained for time 1. They are within the range correspon-
ding to the rockfill of real dams.

When the MC parameters were selected by numeri-
cal modelling of the dam’s SSS, it was not possible to
achieve simultaneous matching of horizontal and verti-
cal displacements. When using the HS model, the screen
settlement is about 2 times higher than the displacements,
while when using the MC model, they are close to each
other. The closest results are obtained when the Poisson’s
ratio v = 0. The following values of modulus of deforma-
tion were obtained by selection: for gravel and pebble
soil £ =190 MPa, for crushed stone soil £ = 350 MPa.
They are somewhat less than the predicted ones.

The results of calculating the dam’s SSS with
the selected MC model parameters are shown in Fig-
ures 15-18, b; 19, 22, 23. The deformation of the dam in
the MC and HS models is different:

* the MC model dam settlement is noticeably
smaller than the HS model (Fig. 17, 18);
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* with the MC model, the entire dam profile is
horizontally displaced only downstream, whereas with
the HS model the crest is displaced upstream (Fig. 15, 16).

Because of this, the screen deflections at the top
edge are also distorted. The deflections of the MC model
are smaller than those of the HS model (Fig. 19). For ex-
ample, in the gravel-pebble dam, the maximum deflec-
tion of the HS model was 6.25 cm and that of the MC
model was 5.67 cm, a difference of 9 %. In the gravel-
pebble dam, this difference is significantly larger at 23 %
(13.4 cm for HS, 10.3 cm for MC). In addition, in this
case the distribution of deflections by height is also dif-
ferent (Fig. 19).

Thus, the use of the MC model can significantly
distort the results of numerical modelling of the rockfill
dam screen. In the case of crushed rock, the agreement
between the MC and HS results is satisfactory, but in
the case of the gravel and pebble soil considered, the dis-
tortions are significant.
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Fig. 23. Horizontal stresses in a crushed stone dam under hydrostatic pressure according to the Coulomb — Mohr model:

a — variant No. 1; b — variant No. 2

Table 8. Selected parameters of the Coulomb — Mohr model

Gravel-pebble soil Crushed stone soil
Model parameter - - - ;
Weight Hydrostatics Weight Hydrostatics
Modulus of elasticity £, MPa 62-64 190 150-160 350
Poisson’s ratio 0.23-0.27 0 0.17-0.25 0

The results of fitting the MC model parameters are
summarized in Table 8.

CONCLUSION AND DISCUSSION

The hardening soil (HS) model generally reflects
the main manifestations of nonlinearities in the de-
formation of soils used in high earth dams. This is
evidenced by the authors’ comparison of the results
of experimental tests with the results of their numerical
modelling. However, the Hardening Soil model has sev-
eral disadvantages. It does not allow to reproduce both
dilatancy and soil contraction effects simultaneously. In
addition, it does not take into account the curvilinear
nature of the ultimate surface.

The soils for which the parameters of the nonlin-
ear models are fitted correspond to the rock fill of real
rockfill dams.

For crushed stone soil, higher values of the HS
model parameters characterizing soil stiffness are ob-
tained compared to those given in the literature. How-
ever, the linear strain moduli obtained for this soil
(according to the Coulomb — Mohr model) are within
the range typical for real dams. The obtained param-
eters of the HS model of the crushed stone soil are quite
suitable for carrying out predictive calculations of SSS
of rockfill dams with well-compacted soil.

The results of calculations show that in rockfill
dams the effect of “hardening” (reduction of deform-
ability) of coarse clastic soils is strongly manifested. It
is most clearly manifested in a sharp decrease in the de-
formability of the soil at the stage of hydrostatic pres-
sure as compared to the stage of self-weight loading.
With respect to the MC model, this means an increase
in the linear deformation modulus (2-3 times) and a de-
crease in the Poisson’s ratio.

The nonlinearity of ground deformation significant-
ly affects the formation of SSS of a homogeneous rockfill
dam with a screen. This is due to the fact that the effect
of soil “hardening” occurs unevenly in different zones
of the dam profile.

Due to the strong nonlinearity of the soil defor-
mation, the use of MC model with constant parameters
leads to a very strong distortion of the rockfill dam SSS.
In order to reduce these distortions, it is advisable to use
different MC model parameters for the stage of loading
by the dam’s own weight and for the stage of hydrostatic
pressure.

It is very difficult to find MC model parameters
equivalent to nonlinear ground deformation. When
the MC model is used, either the deformation of the dam
or its stress state is distorted. The selected MC model pa-
rameters can be used for approximate calculations.

REFERENCES

1. Andjelkovic V., Pavlovic N., Lazarevic Z., Rado-
vanovic S. Modelling of shear strength of rockfills used for
the construction of rockfill dams. Soils and Foundations.
2018; 58(4):881-893. DOI: 10.1016/j.sandf.2018.04.002

2. Marsal R.J. Large scale testing of rockfill ma-
terials. Journal of the Soil Mechanics and Founda-

tions Division. 1967; 93(2):27-43. DOI: 10.1061/js-
feaq.0000958

3. Araei A.A., Soroush A., Tabatabaei S.H., Gha-
landarzadeh A. Consolidated undrained behavior of grav-
elly materials. Scientia Iranica. 2012; 19(6):1391-1410.
DOI: 10.1016/j.scient.2012.09.011

55

(€G) € ANSS| 'PLJON Sencanwa e soucios



scionco o ruction: 1) 14, Issue 3 (53)

Filipp V. Kotov, Mikhail P. Sainov

4. Ghanbari A., Hamidi A., Abdolahzadeh N.
A study of the rockfill material behavior in large-scale
tests. Civil Engineering Infrastructures Journal. 2013;
46(2):125-143. DOLI: 10.7508/ceij.2013.02.002

5. Honkanadavar N.P., Sharma K.G. Testing and
modeling the behavior of riverbed and blasted quar-
ried rockfill materials. International Journal of Geome-
chanics. 2014; 14(6). DOI: 10.1061/(ASCE)GM.1943-
5622.0000378

6. Xiao Y., Liu H., Chen Y., Jiang J. Strength and
deformation of rockfill material based on large-scale
triaxial compression tests. I: Influences of density and
pressure. Journal of Geotechnical and Geoenvironmen-
tal Engineering. 2014; 140(12). DOI: 10.1061/(ASCE)
GT.1943-5606.0001176

7. JiaY., XuB., Chi S., Xiang B., Zhou Y. Research
on the particle breakage of rockfill materials during tri-
axial tests. International Journal of Geomechanics. 2017,
17(10). DOI: 10.1061/(ASCE)GM.1943-5622.0000977

8. PanJ., Jiang J., Cheng Z., Xu H., Zuo Y. Large-
scale true triaxial test on stress-strain and strength
properties of rockfill. International Journal of Geome-
chanics. 2020; 20(1). DOI: 10.1061/(ASCE)GM.1943-
5622.0001527

9. Sainov M.P. Deformation of rockfill in bodies
of rockfill dams. Construction: Science and Education.
2019; 9(3):5. DOI: 10.22227/2305-5502.2019.3.5. EDN
GBNXDO. (rus.).

10. Pramthawee P., Jongpradist P., Kongkitkul W.
Evaluation of hardening soil model on numerical simula-
tion of behaviors of high rockfill dams. Songklanakarin
Journal of Science and Technology. 2011; 33(3):325-334.

11. YaoF.H.,GuanS.H., YangH., Chen Y., QiuH.F.,
Ma G. et al. Long-term deformation analysis of Shuibuya
concrete face rockfill dam based on response surface
method and improved genetic algorithm. Water Science
and Engineering. 2019; 12(3):196-204. DOI: 10.1016/
J-wse.2019.09.004

12. Qu P., Chai J., Xu Z. Three-dimensional static
and dynamic analyses of an embedded concrete-face

Received August 23, 2024.
Adopted in revised form on September 8, 2024.
Approved for publication on September 16, 2024.

rockfill dam. Water. 2023; 15(23):4189. DOI: 10.3390/
w15234189

13. GaoJ.,Han X., Han W., Dang F., Ren J., Xue H.
et al. Research on the slip deformation characteristics and
improvement measures of concrete-faced rockfill dams
on dam foundations with large dip angles. Scientific Re-
ports. 2024; 14(1). DOI: 10.1038/s41598-024-59222-0

14. OzkuzukiranS., Ozkan M.Y ., Ozyazicioglu W.M.,
Yildiz G.S. Settlement behaviour of a concrete faced rock-
fill dam. Geotechnical & Geological Engineering. 2006;
24(6):1665-1678. DOI: 10.1007/s10706-005-5180-1

15. GaoY.,LiuH., Won M.S. Behavior of rockfill dam
under complex terrain condition. Arabian Journal of Geo-
sciences. 2020; 13(19). DOI: 10.1007/512517-020-06040-z

16. Sukkarak R., Likitlersuang S., Jongpradist P.,
Jamsawang P. Strength and stiffness parameters for harden-
ing soil model of rockfill materials. Soils and Foundations.
2021; 61(6):1597-1614. DOI: 10.1016/j.sandf.2021.09.007

17. Andrian F., Ulrich N., Monkachi M. Numeri-
cal analysis of the 210 m-High Nam Ngum 3 CFRD.
Lecture Notes in Civil Engineering. 2020; 749-762. DOI:
10.1007/978-3-030-51085-5 41

18. Sukkarak R., Jongpradist P., Pramthawee P.
A modified valley shape factor for the estimation of rock-
fill dam settlement. Computers and Geotechnics. 2019;
108:244-256. DOI: 10.1016/j.compge0.2019.01.001

19. Soroka V.B., Sainov M.P., Korolev D.V. Con-
crete-faced rockfill dams: experience in study of stress-
strain state. Vestnik MGSU [Proceedings of Moscow State
University of Civil Engineering]. 2019; 14(2):207-224.
DOI: 10.22227/1997-0935.2019.2.207-224 (rus.).

20. WenL.,Chail.,XuZ.,QinY.,Li Y. A statisti-
cal review of the behaviour of concrete-face rockfill dams
based on case histories. Géotechnique. 2018; 68(9):749-771.
DOI: 10.1680/jgeot.17.p.095

21. Sainov M.P., Kotov F.V. Parameters of a hard-
ening soil model for modeling high embankment dams.
Journal of Science and Education of North-West Russia.
2024; 10(2):56-67. EDN FIGMOIL. (rus.).

BroNoTEs: Filipp V. Kotov — senior lecturer of the Department of Hydraulics and Hydrotechnical Engineering;
Moscow State University of Civil Engineering (National ResearchUniversity) (MGSU); 26 Yaroslavskoe shosse,
Moscow, 129337, Russian Federation; ID RSCI: 675643; KotovFV@mgsu.ru;

Mikhail P. Sainov — Doctor of Technical Sciences, Associate Professor, Head of the Department of Energy
Structures and Hydrotechnical Installations; National Research University “Moscow Power Engineering Institute”
(MPEI); build. 1, 14 Krasnokazarmennaya st., Moscow, 111250, Russian Federation; SPIN-code: 2369-9626, Scopus:
6506150284, ORCID: 0000-0003-1139-3164; SainovMP@mpei.ru.

Authors’ contributions:

Filipp V. Kotov — collection and processing of material, performing calculations, development of methodology, pro-

cessing and design of the text of the article.

Mikhail P. Sainov — scientific guidance, research idea, collection of material, development of methodology, writing
of the original text, design of the article, scientific editing of the text.

The authors declare that there is no conflict of interest.

56



APXUWTEKTYPA. PEKOHCTPYKUWA.
PECTABPAUWA. TBOPYECKWE
KOHUENUWMWN APXUTEKTYPHOW

OEATEJNIBHOCTU. APXUTEKTYPHOE

MPOEKTUPOBAHWE. TPAOOCTPOUTEJIBCTBO.
rPAOOPEIYNNMPOBAHWNE

HAYYHASI CTATBS / RESEARCH PAPER
VIIK 725.5
DOI: 10.22227/2305-5502.2024.3.57-69

IHpeanoceliiku pa3sBUTHS U TEHICHIIMH
B apxuTeKType XocnucoB Kuras

Acmuk Pyoenosna Kiiouko
Hayuonansnuii uccnedosamenvcxuii Mocko8ckuti 20cyoapcmeentbiti CmpoumenbHbill
yuugepcumem (HUY MI'CY), e. Mockesa, Poccus

AHHOTALUMA

BBepeHue. MNpeanpuHsaTa nonbiTka 0xapakTepm3oBaTh TeKyLLlee COCTOSIHUE XOCNUCHOM 1 nannuaTuBHon nomolum B Kutae,
BbISIBUTb COBPEMEHHbIE TEHOEHLMN B apXUTEKTYPHOM MPOEKTMPOBAHMM XOCrnMcHoro Tuna B Kutae, Aatb pekomeHgaumm
no AanbHeNLNM UCCreoBaHMsIM Mo TeMaTUKE apXUTEKTYPHbLIX peLleHunii xocnncos B Kutae.

MaTepuansl u Mmetoabl. [pyMeHEHbI MeTOAbI aHanm3a nyGnyKaumin Ha aHIMMIACKOM U KUTaCKOM sidblkax (B nepeBoae Ha pyc-
ckui 513bIK) ¢ 2010 no 2024 r., ¢ ucrnornb3oBaHMEeM aNeKTPOHHbIX 6a3 AaHHbIX Scopus, Web of Science n PubMed/Medline. Mouck
NPOBOAMIICS MO KIMKOYEBbLIM CIIOBaM: apXUTEKTypa xocnucoB B Kutae, nannunatneHas nomoLLpb B Kutae, KUTaCKuiA XoCnme unm Tep-
MUHanbHbIN yxoa B Kutae. Taioke MCMonb3oBaH MEXANCLUMNIMHAPHBIN NOAXOM, YYUTHIBAIOLLMIA BAMSHAE MEOULIMHCKUX, COLIMOIIO-
TMYEeCKUX, AeMorpachnHeckmx, yrpaBneHYeckmX acnekToB Ha apXUTEKTYPHOE NMPOEKTUPOBAHME XOCTMCOB Ha TeppuTopumn Kutas.
Pesynbrathbl. [TpefcTaBneHsl pedynsraTbl UCCNeAoBaHWin B BUAE UCTOPUYECKOro 0630pa 1 OMMCaHNs TEKYLLEro COCTOSHUS
XOCMUCHOW M NannuatneHon nomowm B Kutae, BbISIBNEHUS COBPEMEHHbBIX TEHOAEHLMIA B apXUTEKTYPHOM MPOEKTMPOBAHUN
xocnucoB B KuTae, nx opraHU3aumoHHbIX U apXUTEKTYPHO-XYOOXKECTBEHHbIX OCOBEHHOCTEN. ATK pe3ynbTaTthl MOryT GbiTh
MCMOMb30BaHbl B HAY4HbIX MCCNEAOBaHUSX MO AaHHOW TemaTuke U B MPOEKTHOW NpakTWKe Mpy MPOEKTUPOBaHUW LIEHTPOB
nannMaTMBHON MOMOLLM U XOCTUCOB.

BbiBoabl. [pyBeaeHbl NpeanockInky pa3BUTUS XOCMIMCHOTO ABWXeHWS B ycrioBusx Kntas. BeinonHeH aHanva gemorpadu-
YecKkol cuUTyauuu, okasblBatoLLe HENOCPEACTBEHHOE BMUSIHWE HA apXUTEKTYPHO-MMaHUPOBOYHYIO U FPafoCTPOUTENbHYIO
opraHu13auumio XocnucoB Ha Tepputopun Kntas. [laHbl pekomeHgaumm Ans ganbHenlwero pasButus HayyHbIxX MccrieqoBaHui
Nno apxuTekType Nogo6HbIX OO HLEKTOB.

KNKOYEBBIE CNOBA: xocnuckl Kutas, nannmaTtuBHble LeHTpbl Kutasi, apxutekTypa XocnucoB, apxuTektypa Kutas, npo-
eKTUpOBaHMe XOCcnuca, apxXnTekTypa nannmaTMBHbIX yUpeXaeHUn

5naaodapHocmu. ABTOp BblpaxaeT 6ﬂar0,£l,apHOCTb peaakUMOoHHO Konnernm XypHana u aHOHUMHbIM peleH3eHTaM 3a yae-
JIEHHOEe BpeMA U OKa3aHHOe BHUMaHue.

OnAa UWUTUPOBAHUA: Kroyko A.P. Tpednocbinku pasBuTus U TeHAeHUMM B apxuTekType xocnucoB Kutas. 2024. T. 14.
Bein. 3. C. 57-69. URL: http://nso-journal.ru. DOI: 10.22227/2305-5502.2024.3.57-69
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Development background and trends
in hospice architecture in China

Asmik R. Klochko
Moscow State University of Civil Engineering (National Research University) (MGSU),
Moscow, Russian Federation

ABSTRACT

Introduction. In this study, the author aimed to characterize the current status of hospice and palliative care in China, to
identify current trends in hospice architectural design in China, to give recommendations for further research on the subject
of hospice architecture in China.

© A.P. Knouko, 2024 57
PacnpoctpaHsieTcs Ha ocHoBaHuu Creative Commons Attribution Non-Commercial (CC BY-NC)

(€G] € HOAUIGY b1 WOL Soiocieay



naTITOnLCTSS: Ty 14, BbINYCK 3 (53)

A.P. Knouko

Materials and methods. Methods were applied to analyze publications in English and Chinese (translated into Russian)
from 2010 to 2024, using electronic databases Scopus, Web of Science, and PubMed/Medline, using the keywords “hospice
architecture in China”, “palliative care in China”, “Chinese hospice”, or “terminal care in China”. An interdisciplinary approach
is also applied, considering the influence of medical, sociological, demographic, managerial aspects on the architectural
design of hospices within China.

Results. The research is presented in the form of a historical review and the current state of hospice and palliative care in
China, identification of modern trends in the architectural design of hospices in China, their organizational and architectural
and artistic features. These results can be used in scientific research on the subject and in design practice in the design
of palliative care centres and hospices.

Conclusions. The prerequisites for the development of the hospice movement in China are given. The analysis of the de-
mographic situation, which has a direct influence on the architectural-planning and urban planning organization of hospices
in China is carried out. Recommendations for further development of scientific research on the architecture of such objects
are given.

KEYWORDS: China hospices, China palliative care centres, hospice architecture, China architecture, hospice design, pal-
liative care architecture
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BBEJAEHHUE

XocImicHas ¥ TaJTHATUBHAS [IOMOIIIb SIBIISICTCS DYH-
JIaMEHTAJIbHBIM [IPABOM YE€JI0BEKa U BaKHEHUIIIEH YaCThIO
COBPEMEHHOMH CITy>KOBI 3APaBOOXPAaHEHHNS, OPHEHTHPOBAH-
HOH Ha genoBeka [ 1-3]. Mup B menom no0uscst OICTporo
mporpecca B 9TOM M0JIe, HO XOCTIUCHasI momolls B Kutae
JIOAITO€ BpeMsl HAXOUIIaCh B 3a4aTOYHOM COCTOSIHUU [4].
Bo3M0OkHO, IT1aBHAs MPUYHHA HEBHUMAHHUS K 3TO# cdepe
B KnTtae — TpaauImmoHHo JIeTKoe OTHOIICHHE K YeTIoBeYe-
CKOM >KHM3HU. 3a THICSIYENIETHS UCTOPUH B KUTaM1ax BOC-
MMTaHO ropaszio Oosee CIIOKOWHOE OTHOILIEHHUE K CMEPTH,
4yeM otedecTBeHHOe (utocodekoe: «bor nan, bor B3sum».
Jlerkas cmMepThs Ha3pIBaeTcs B Kurae «Oemast pagocThy
(GempIit — 1BeT Tpaypa). Jlaske HaCHIIBCTBEHHASI CMEPTh
TaM BOCHPHUHHMMAETCS KaK 3aCIyKEHHOE HaKa3aHHE
3a MPOBUHHOCTH 1 He Goree’. B HEKOTOPBIX pernoHax cy-
IIECTBYIOT CTpOTHe Taly Ha 00CYKIEHHE BOIIPOCOB CMEp-
TH, YXOII B KOHIIE )KU3HH CUUTACTCS CEMEHHBIM JICTIOM.

Ho Bce xe pasButue xocnucHoil nomomu B Ku-
Tae B IOCJeIHee AeCATUIIETHE CTalI0 CTUMYIUPOBAThCA
CJIOXHOM nemorpaduyeckoit curyarueii. JKusub Bce
garie 3aKaHIMBaeTCA HE M3-32 HCTOPUICCKH MPUBBIY-
HBIX, OJJHOMOMEHTHO YHOCSILIUX NPUYUH — ToJIoja,
snuaemuil u BoitHbl. Hacenenune Kurast ObicTpo cra-
peert, U cMepTh NMPUXOAUT MOPOH JOJITO U MYUUTEIBHO.
Kondynmanckue mpeacTaBieHns O CHIHOBHEH MOYTH-
TEIBHOCTH J0 CUX 1mop B Kurtae ocraroTcs CHIBHBIMH,
HO UX CTAaHOBUTCSI BCE TPY/IHEE PEaIN30BbIBATh.

MATEPHAJIBI 1 METO/IbI

[TpumeHeHbI METOIbI aHANTN3a MTyOIMKAMN Ha aH-
TIIMACKOM M KHTaWCKOM SI3BIKaX (B IIEPEBOIE HA PYCCKHIA

! Jlebeoes B. «benast pamoctby kutaiines (0 kaszusx B Kurae).
URL: https://www.abirus.ru/content/564/623/625/644/649/845.
html?ysclid=m23hci2e6q632433373
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SI3BIK) IO TEMATHKE apXUTEKTYPHOTO MPOCKTUPOBAHHUS
XOCIIHCOB Ha TeppuTOpuu Kurtas; MeKIUCITUTUIHHAD-
HBI{ MOJXO/I, YUUTHIBAIOIIUM BIUSIHUE MEAUIIUHCKHUX,
COLIMOJIOTUYECKUX, AeMOrpaduuecKuX, yrpaBlieHue-
CKHX aCIIeKTOB Ha apXUTEKTYpPHOE MPOEKTHPOBAHHE
XOCIHCOB Ha Tepputopuu Kuras.

[Nomutuka ogHOTO pedenka, aeiicTBoBaBIas B 1979—
2015 rr,, 03HaYaeT, 4TO Y MHOTUX B3POCIBIX TPAXKIAH HET
OparbeB U cecTep, C KOTOPBIMH MOYKHO ObLIO OBI passie-
JMTH OpeMst yxoza 3a poAcTBeHHUKaMH. [1pu aToM 1104-
TH TIOJIOBUHA HACEJICHUS YKUBET B CEIHCKOH MECTHOCTH,
HO oxo10 80 % MeauImHCKHX yapexkaenuii Kuras cocpe-
JIOTOYCHBI B ropogax.

B 2019 r. nonsa Hacenenus B Bo3pacte 65 JeT
u crapme nocturia 12,6 % ot o0Iei YicIeHHOCTH Ha-
cenenust®. JIJIst 9TOM KaTeropuu B CTpaHe CYIIeCTBOBA-
70 MeHee 150 yupexaeHni XOCTIMCHOM 1 AJITTHaTHBHON
romo1id. I1o orenkam crienpanuctos, k 2050 1. 1oi1s Ha-
ceneHus crapuie 65 ner gocturuer 26,9 % [5]. Mexnay
TeM XpOHHYECKIE HeMH(pEeKINOHHBIE 3a00IeBaHuUs (Ha-
MIpUMeEp, MHCYIET, HIIEeMIUYecKas 00JIe3Hb Cepla, paK
JIETKUX, XPOHUYECKasi OOCTPYKTHBHAsI O0JIE3Hb JIETKHX,
PaK IeYeHH 1 Apyroe), TpeOyIoIHe XOCIMCHON TTOMOIIIH,
CTall OCHOBHOW IpHU4MHOHN cMepTHOCTH B Kurae [6].
CornacHo uccaenoBanusaM, B 2015 1. 7,55 % nacenenus
B Kutae HyXz1anuch B XOCIMCHON ITOMOIIU U HE I10JIy-
yuin ee’. BONBIIMHCTBO MOTEHIMATBHBIX MAIlUCHTOB
JKEJIAIOT Y3HATh OOJIbIIE O MTOMOILH, KOTOPYIO MOTYT TI0-
JYYHUTH, HO HEMHOTHE HMEIOT JAOCTYII W HE HH(POPMHU-
POBaHEI O TaKOH BOBMOXKHOCTH [7].

2 National Bureau of Statistics of China. URL: https://www.
stats.gov.cn/english/

3 Serious Health-Related Suffering (SHS) Database, 2015. URL:
https://hospicecare.com/what-we-do/resources/global-data-
platform-to-calculate-shs-and-palliative-care-need/database/
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Mexy TeM arpecCHBHBIM, 4acTO OCCIIONIEC3HBIN,
MEeIMKaMEHTO3HbIH yXOJl ¥ OTPOMHBIE pacXoyibl (hUHaH-
COBBIX CPEJICTB Ha JICYCHHE U 00e30011BaHNe — OOBIY-
HOE SIBJICHHE JJIs1 OHKOJIOTHYECKHX OOJIBHBIX M HX CEMEH.
[Tocne mono6HoTO MOZIXO/1A O0see 80 % cemel OHKOJIO-
THYECKHX OOJBHBIX OCTAINCH 33 YePTOH OETHOCTH TOCTIe
JICYEHS WITH CMEPTH TallHeHToB [ 8, 9].

ComacHo HAEKCY KauecTBa cMeptH 3a 2010 1., co-
craBieHHoMy Economist Intelligence Unit, Kuraii 3ansin
37-e mecto cpenu 40 ctpan u perunonos (puc. 1) [10].
[Tate ner cnycrs, B 2015 1., BTopoe n3nanue MHACKCA
KadyecTBa cMepTH pacnonoxuio Kurait Ha 71-e mecte
cpeau 80 cTpaH M PETHOHOB, YTO MOXXHO TPAaKTOBATh
Kak HeboJbIoi mporpecc! (puc. 2). Ho Bce Tpu cTpaHsI
n3 nccnenosanus 2010 . ¢ Oonee HU3KUM PEHTHHIOM,
gem Kwurait (bpasunus, Yranma, Uaans), npep3onum
ero B 2015 1. DTOT (haKT HIMPOKO OCBEIIANICS KUTANCKH-
Mu CMU u BBI3BaJ OOIIECTBEHHBIC TUCKYCCUH, TTOOY-

* The Economist Intelligence Unit. The 2015 Quality of Death
Index. Ranking palliative care across the world. 2015. URL:
https://impact.economist.com/perspectives/sites/default/
files/2015%20EIU%20Quality%200f%20Death%20Index%20
Oct%2029%20FINAL.pdf
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JIUB TIEPECMOTPETh MEIUIIMHCKYIO CHCTEMY, COIIPOBO-
JKAAIOUIYIO YXOI U3 )KU3HU.

Kuralickoe MpaBUTENBCTBO B TEUEHHE TTOCIEIHETO
JIeCATUIIETHS Hayaslo MPOJBUTaTh COOTBETCTBYIOLIYIO
MOJINTUKY B Pa3zBUTHU XocnucHOM nomomu. B 2014 .
Kurait coBmecTHO ¢ npyrumu 194 ctpanamu, y4acTBo-
BaBIIMMU B 67-i1 ceccuu BecemupHoii accamOiien 3ipa-
BOOXpaHEHUs, B35 HA ce0s 00I3aTeTLCTBO BHEAPATH
U pa3BUBATh XOCIHCHYIO M NMAJJIMATUBHYIO ITOMOIIb
KaK KOMITOHEHT KOMIUICKCHON MEAMIIMHCKOH ITOMOIIN
Ha IPOTSHKCHNUH BCEH JKM3HU IPaXkIan’.

B 2017 r. ObiBmast HanmoHanbHasi KOMUCCHS
TI0 37PaBOOXPAHEHHIO U TUTAaHNPOBaHHIO ceMbn Kuraii-
ckoit HapomHoi#t PecryOnmiKku BEIITyCTHIIA PYKOBOJICTBO
IO OKa3aHUEO X0ocIUcHOH oMoty [11]. B oktsiope 2017 &
HanuonaneHast KOMHCCHS 3/[paBOOXPAHECHNUS OTIpeEe-
nuna nsaTh nuiaoTHeIX pernoHoB ([lexnH, YanuyHb,
anxait, Jlosta n [IpsiH) 101 M3y4eHUs pa3iudHbIX TH-
OB XOCTIMCHBIX YCIIYT, CTPATEeruii UX MPEI0CTABICHHS
U CrI0CO0OB (PMHAHCHPOBAHUS. DTH MUJIOTHBIC LICHTPBI

> World Health Assembly progress on noncommunicable
diseases and traditional medicine. 2014. URL: https://www.who.
int/news/item/23-05-2014-world-health-assembly-progress-on-
noncommunicable-diseases-and-traditional-medicine

Puc. 1. Uanexc xagectBa cmepta 3a 2010 ., Economist Intelligence Unit
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Puc. 2. unekc xagectBa cmepta 3a 2015 ., Economist Intelligence Unit

rocsie 6osee YeM roAUIHBIX YCHIINI MOCTENEHHO CO3/1a-
JI1 MHOTOYPOBHEBYIO CUCTEMY M Pa3HOOOpa3HbIe MOJe-
T 00CITy’KUBaHUSI, BKIFOUAs YCIYTH 10 OKA3aHHIO XO-
CIHCHOM ITOMOIIN B OOJBHUIIAX, TI0 MECTY JKUTEIbCTBA
n Ha gomy [12]. B 2019 1. unciio pernoHOB yBETHIHIOCH
10 71°. TIunoTHBIN MI1aH, OCYIIECTBISIEMbIi HA HAIIHO-
HaJIbHOM yPOBHE, HE TOJILKO CITIOCOOCTBOBAJ PA3BUTHIO
XOCITCHOH MOMOIIY B PA3JIMYHBIX MPOBUHIIMSX U TOPO-
JTax, HO U (PEKTUBHO MOBBICHII JOCTYITHOCTH YCIYT XO-
cryca U MaJUIHaTUBHON MOMOINM Jyis HaceneHus: Kuras.

PykoBozcTBYSICH HALIMOHAIBHOW MOIUTUKOM, TIPO-
BUHIIMU M TOpOAa CHOPMYIUPOBAIH MOITAITHBIE LIEIN
1 3aga4u. B kauecTBe npumepa npaBuTenbcTBo Ilexuna
onyonukoBano «Ilnan BHenpeHus Ui YCKOpEHHUs pas-
BUTHS CITy>KO XOCTIMCHOM momonw B [leknHe» B sHBape

o [ DA IMA T RT IR M2 Ty il m T
YEMEA B BIrER K (2019)4835 (Yeemommenwe IitaBHo-
10 ynpasnenust HarponansHON KOMECCHU TTO 3/IpaBOOXPAHEHUIO
0 MPOBEZICHNH BTOPOTO 3Tara MIIOTHOH paboTHI IO OKa3aHUIO MO-
Moty B xocrucax. [Tucsmo HarpionanbsHoro ynpasieHust 31paBo-
OXpaHeHust 0 NOKIIBIX Jomsix. 2019. Ne 483). URL: http://www.
nhc.gov.cn/cms-search/xxgk/getManuscriptXxgk.htm?id=efe3ed3
d9dce4f519bc7bba7997b59d8
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2022 1. CormmacHo »ToMY TIaHy, K 2025 . B KaXKI0M paii-
one [exnHa OymeT co3maHo o KpaiftHeit Mepe TI0 OJHOMY
[IEHTPY XOCIIMCHOW TTOMOIIN HEe MeHee 4eM Ha 50 Koek,
TIPETOCTABIISIONIEMY KOMIUIEKCHBIE YCIYTH MalleHTaM
B KOHIIC JKH3HH, HY>KIAIOIIIMCS B CTALIHIOHAPHOM JIede-
Huu. OO0Iee KOTHMYeCTBO KOCK, OKAa3hIBAIOIINX YCIYTH
XOCITHCA IO BCEMY TOpOjTy, COCTaBUT He MeHee 1800 koek.

KiroueBbIM moKazaresieM IMOHUMAHNS CTEIIEHH pa3-
BUTHSI KAKOW-TO 00JTaCTH B KOHKPETHOM PETHOHE HYXKHO
CUUTATh COCTOSIHWE MCCIIEJOBAaHUN M HAyYHBIX ITyOITH-
Karuii Ha 9Ty Temy. KonmmdaecTBo myOnukanuii, CBsI3aH-
HBIX C XOCIIMCHOM ¥ MaJUTMaTUBHOM ImoMompio B Knrae,
B 2019 r. yBenmmumnock BTpoe mo cpaBHeHuio ¢ 2010 1.
Taxo#l pocT BBITTyCKa HAYYHBIX ITyONUKAIHH SBISCTCS
MIPU3HAKOM aKaJeMHUYECKOTO BHUMAHHS U AUCKYCCH,
KOTOpPBIE KU3HEHHO BaXKHBI Ul TPO(eCcCHOHATBHOTO
00pa3oBaHUs W HAyYHBIX MHHOBAIMNA. DTa TEHACHINS
BBIBOJIMT XOCIIMCHYO IoMoInk B Kurae n3 3auatogHoro
cocrostHus. Ho HECMOTps Ha TO 4YTO 3a IOCIeIHEE Jie-
CATWJIETHE MTPOU30LIEN PE3KUNA CKaYOK U3BICKAaHUM, HC-
ciretoBareny U3 [ OHKOHTa 0OHApYKMIIN 3HAYNTEIbHBIC
mpoOerTsl B 3HAHMUAX Ha ATy Temy B Kurae [13].

Bce gamie nMeroT MecTo MHOTOOOEIIAIOIINE C/IBH-
TH OT CIIOBECHBIX KOHIENINH K MPAaKTUIECKUM BOIIPO-
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caM, B YHCIJIO KOTOPBIX MOXHO BKJIIOUYHUTH apXHUTEK-
TypHOE MPOEKTUPOBAHUE COOTBETCTBYIOLINX 3/1aHUM,
YTO MOKET MIPUBECTU K O0JIee 3HAYNMBIM PE3yJIbTaTaM
B pa3BUTUH OTpaciu. Ho Bce ke apXUTEeKTypHBIE MPo-
€KTBhl XOCIIMCOB W [EHTPOB MaJJIMATHBHON MOMOIIN
MOKA HE HAXOJAT KOMIUIEKCHOT0, CUCTEMHOI0 MOAXO0AA.

PE3VYJIBTATHI UCCJIEJOBAHUA

CornacHo UCTOPUYECKUM 3allUCAM, elle JIBE ThI-
csa4M J1eT Ha3aa B Kurae cyiiecTBOBaiu Crerpainsm-
POBaHHBIE MECTa TSI IPECTapeIIbIX, HO APXUTEKTYPHbIE
00pa30BaHUs A NOMOLIM XPOHHYECKHM OOJBHBIM
U YMHPAIOLINM TIPETYyCMOTPEHBI He Obln. Bee mombIT-
KM OpraHM3aluy ClIEHUAIN3UPOBAHHON apXUTEKTYPHOM
CpeJibl OTHOCSTCS UCKIIIOUMTEJIFHO K HAIIIEMY BPEMEHH.

Crapeitiuuii xocnuc B Kurae, Songtang Care Hos-
pital, orkpeuics B [lexune B 1987 1. Ero ocHoBarenb
JIn Conrran mpuies K HOHUMaHUIO TOTO, YTO y YMU-
paroImuX €CcTh MOTPEOHOCTH, BBIXOAIINE 32 PAMKH YH-
CTO MEOUUMHCKUX. «CMEpPTh — 3TO HE CaMO€ CTpalll-
HOe. DTO HEYBEPEHHOCTh, TPEBOTA OT OIIYLICHUS
[IOJIHOM MOTEPU KOHTPOJISD». Y UPEKACHUE MOLIHOCTBIO
1o 300 manueHTOB BBIMONHSICT HE TONBKO (DYHKIIHIO
XOCIHCa, HO ¥ MOXET OCYIIECTBISATh (PyHKIMH J0Ma
npectapensix. Ha mpoTskeHUN MHOTHX JIET epCoHa
OOJIBHUIL ITPHE3Kall CO BCEHl CTPaHbl, YTOOBI IEPEHSThH
OmBIT. DKCTepbep xocnuca COHITaH CIPOCKTUPOBAH
B TPAJUIMOHHOM KHTAaWCKOM apXUTEKTypHOM CTHUIIE,
HO MHTEPHEP BBHIIIOJHEH B MHTEPHALMOHAIBHOM CTH-
ne GonpHUI 061Iero npodwist. 3toMuHKON nu3aitHa
xocnca COHITaHT SIBISIIOTCS TPAAUIMOHHBIE BOCHMH-
YTOJIbHbIE KHUTalCKKE TaBUIIbOHBI, KOTOPBIE IPEJOCTaB-

JSAIOT MAUEHTaM M MOXHJIBIM JIIOASM IPOCTPAHCTBO
JUTS OOTIIEHUS M OTABIXA Ha CBEXKEM BO3IyXe (pHc. 3).
Yepes 30 neT nocie OTKPbITUSL EPBOIO XOCIHUCa
Conrran B 2017 1. OTKpBIIOCH IEPBOE OTACIECHHUE JAET-
ckoro xocmuca «/eisu Xoym». B cpennem B Kurae
B TEUEHME OAHOTO 4aca y YeThIpeX JeTell NUarHoCTH-
PYIOT 3J10Ka4eCTBEHHbIE omyxonu. W XoTs moctuxke-
HUS MEIUIMHBI IO3BOJISIIOT BhLIEUNUTH 80 % MalueHToB,
ocrasmmecs 20 % yacto yxoast 6e3 npopeccrHoHab-
HOT'O YX0/1a MJIM MEIMIIMHCKON MOJJIEPKKH y ceOst JoMa
B CWUIbHBIX MyueHusix. Jlom [leiizn ObuT cipoeKTHpOBaH
Kak JIOM BJIaJM OT Joma. VIHTephep HalmoMHUHAET JeTIM
U MX CEMBSIM O JIoMalliHeM KoM¢opTe U TemioTe. B oT-
JU4YNe OT APYTUX MEAUIIUHCKUX [IEHTPOB, 3/1€Ch Mpe-
YCMOTPEHBI IPOCTOPHBIC CHATbHHU, CBETJIbIC BaHHBIC
KOMHAaThbl, YTOJIOK JUISl 3aHSATUH CIIOPTOM U CeMelHas
KyXHsI U151 00CITy)KMBaHus nalueHToB’ (puc. 4) [14].
Celfyac BO MHOTHX IPOBHHIMAX MOSBUIOCH MHO-
’K€CTBO XOCHHCHBIX U MAJJIMATUBHBIX YUPEXKICHUH,
MPEIOCTABIAIONINX Pa3IHYHbIe (GOPMBI TTOMOIIH,
HO HY OfiHa U3 3THX (OPM He IMOTydHIa IHPOKOTO pac-
MPOCTPAaHEHMS M HE MHTEIPUPOBAHA B OCHOBHYIO CH-
CTEMY 3[paBOOXPAHEHHS. YCIYyTH XOCIIHCOB U Mayulna-

TILEZRRIESY (FFP286YT7) , hEAMTEH FI5E 2018-
08-16 (Beijing Living Will Promotion Association. Pediatric
palliative care (palliative treatment), allowing love to help
them overcome the haze 2018-08-16) (IlexuHcKast acconnanus
O MPOJIBMIKEHHUIO «3aBeIanus 0 )U3HW». [lanaTuBHas mo-

MOIIb AETSM (TAITHATUBHOE JICYEHHE), TO3BOJISIONIAs JTIOOBH
noMoub UM npeoponiets TyMan 2018-08-16). URL: https://
www.sohu.com/a/247537202 354821

Puc. 3. Xocriuc Conrrtan, [lexun, Kurait: ¢ — uHTepBhep nanatel; b — UHTEpbEp KOpUaopa; ¢ — dacan; d — TpaauIIMOHHBINA

BOCBMUYTOJIBHBIN KHTACKUI TaBUIIbOH B JTaHAMAadTHOH opranusanuu tepputopun xocnuca (URL: http://www.china.org.cn/

china/2017-11/22/content_41928239.htm)
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Puc. 4. ITepBoe otnenenue aeTckoro xocmuca «Jleiizn Xoym»: a — HHTEpbep rocTuHoit; b — unrtepbep kKyxuu (URL: https:/
news.cgtn.com/news/32596a4e33637a6333566d54/share_p.html)

TUBHON oMoy B Kurae cerogHs npenocTaBisioTcs
B YETHIPEX OCHOBHBIX (hOopMax:

1. B camocmosmenbHblx He3a8UCUMBIX YUPedC-
OeHusx

Taxwe yupexxICHHs pacroiaratoT OTHOCHUTEIEHO TTOJT-
HOM MEIHIIMHCKOM 0a30ii 1 Po(heCCHOHATBHBIM TIEPCOHA-
JI0M. MeTo/IbI OpraHU3aliy IPOCTPAHCTBA U yXO/ia 3a Ta-
[MCHTAMH CTaHIAPTH3UPOBAHBL. APXUTCKTYPHBIC PEIICHUS
COCPEIOTOYCHBI Ha OpraHu3aIii KOM(OPTHOTO, CBOOO-
HOTO TIPOCTPAHCTBA TS PAa3INYHBIX TOTPEOHOCTEH Maru-
CHTOB, C JJOIIOJIHUTCIIbHBIMU (byHKHI/DIMI/I, HarpuMep Mo-
JUTBEHHBIMU KOMHATaMH, 3MMHUMH cajiaMd. Bormpocs!
JaHAMAa(QTHOrO MPOEKTHPOBAHUS COCPEI0TAUYMBAIOTCS
Ha OpPraHU3alUK OOJIBIION TUIOIIAIH 0JaroyCTPOCHHON
OTKPBITON TEPPUTOPHH, 00ECIIEUUBAIOIICH BOZMOXKHOCTh
MPOTYJIOK Ha OTKPBITOM BO3/yXE, a TAKIKE HEOOJBIIIOTO
MPOCTPAHCTBA JIs1 OOIICHHsI, HAPUMEpP KUTaCKOro Tpa-
JIAIFOHHOTO BOCBMUYTOITHHOTO MTABIJIBOHA UITH COBPEMCH-
HBIX Oecenok. HTephephl maat 0(hOpMIISIOTCS B CBETIIBIX
TEIUIBIX TOHAX HATYPATbHBIMU MaTepHAIIAMH, KOTOPHIE MO-
TYT pacciabuTh TEIO U Pa3yM MAlMEHTa, C TIPOyMAHHBIM
KOM(OPTHBIM OCBEIICHUEM U 00513aTeIIbHOMN 3BYKOM30JIsI-
1Hel CTeH MeK/Ty nanaramu. MHTepbepbl 001IeCTBEHHBIX
30H MOTYT OBITH O(DOPMIICHBI B OOJICE SIPKUX M KOHTPACT-

HBIX I[BETOBBIX COUCTAHMSIX, 00OTAIICHBI qU3AHEPCKUMU
SNEMEHTaMH, KapTUHAMU U APYTHAM (pHC. 3).

2. B cmayuonaphulx cneyuanuzuposaHtbix omoe-
JIEHUSAX, PACNONIONHCEHHBIX 8 CIPYKIYpe 00U eCmnE8eHHbIX
YEHMPOB MEOUYUHCKO20 OOCIYHCUBAHUS

Takue yupesxieHus HCIONIB3YIOT OTHO U3 OTIETIEHUI
OOJBEHHUITHI B KAYECTBE XOCIMCA MM OTCIICHHS aITHATHB-
HoM oMoy, Pacrionarator 10CTaro4HO NOTHOW METULIH-
CKOM 0a30i1, HO BOIIPOCHI OPraHKU3aIUH CIICIHATH3APOBAH-
HOTO TYMaHH3HPOBAaHHOTO TIPOCTPAHCTBA IS MTAIHEHTOB
xocrmca He pemarorcst. [lanmeHTsl Xxocnuca HaxoasTes
B 00I1IeH OONBHUYHOMN Cpefie, YPOBEHb IICHXOIOTHIECKO-
TO HaPsDKEHUSI BEICOK. 3MaHMsl 0OBIYHO MHOTOATAKHBIE,
a MHOTO3Ta)KHOCTb CITY)KUT JIOTIOJTHUTENBHBIM (haKTOPOM
cTpecca I OCIaOICHHBIX yMHparonmx jonei. [Ipu-
Mep — OTJeJIeHUe MaJUTHaTUBHON oMol B YeTBepToit
6ombHuLe 3anagHoro Kuras CeIdyaHbCKOTO YHUBEPCHTE-
Ta. OHO TIPEZICTABIISACT ONHY W3 HanOoJee BCEOOBEMITFOIITHX
IporpaMM HajMaTuBHOM nomoru B Kurae. Otnenenue
ObUTO OTKPBITO JOoKTOpoM L3unbCsH JIn B 1996 1. ocne
00y4YeHHS OCHOBAM TaJUTHATHBHON MEIHUITMHBI B Bemmko-
OpuTaHuM 1oj1 pykoBoacTBOM Tpodeccopa Cucenu Con-
nepc (1994-1995 rr) u y moxropa Pobepra TBukpocca
(2005-2008 1T.) (puc. 5) [2, 3].

Puc. 5. ApxuTekTypHBIi 00K OTIETICHHUS MaJUTHaTHBHOM oMoty B YeTBepToii 6ompHuIEe 3anaaHoro Kuras CerayaHbCKOTO

YHHUBEpCHTETa
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3. B cmayuonapHulx cneyuanu3upo8anHulx naia-
Max unu KOuKo-mecmax 6 cmpykmype 601vHuy odujezo
npoguns

Taxue ydapexaeHus Mpe/noIaraoT BeIICICHUE He-
CKOJIbKMX HE3aBHCHMBIX IaJlaT MM KOEK B OTACICHUN
B Ka4eCTBE CHEMaIM3MPOBAHHBIX KOCK ISl XOCIHca. ITO
camasl pacIpoCTpaHEHHAast MOJIEIb XOCIHCHON IIOMOIIH
B Kutae. 3nech ecTb BOSMOYKHOCT HCTIONB30BaHUS 000pY-
JIOBaHHUSI ¥ TIPOCTPAHCTBA COBMECTHO C IPYTHMH OT/EIIe-
HMSIMH OOJTBHUILBL. HO apXuTEeKTypHBIE pEIIeHHs He TIpei-
YCMaTPUBAIOT OCOOBII MOAXO[ K PEIIEHUIO IPOCTPAHCTBA
JUIS YMHUPAIOIINX JIFOfIEH, HE cO37aeTcs MPOCTPAHCTBO
JUTST OOLIICHUS TAIIMEHTOB U MX CeMei. BoNbHHUIIbI CTpeMsIT-
cst K 3 (heKTHBHBIM JIedeOHBIM TpOoLeccaM, U XOCITHCHOE
OTJICJIEHHE PA3BUBACTCS B TOM e KITFOU€E, XOTS MPEIOUTH-
TeNbHEE CTpeMIIEHUE K 00JIee CIIOKOMHOM 00CTaHOBKE.

4. B sude 8v1e30H020 yx00a HA 0OMY (KOoMaHOa-
MU MEOUKO8 U3 00U eCMEEHHbIX OONbHUY U NOTUKIUHUK).

3JAKJIIOYEHHUE U OBCYXJIEHHUE

YMupanne HepaBHO3HAYHO OOPEYECHHOMY OXKH-
nmaauio cMeptu. puasaTie 3¢ (HeKTUBHBIX U TO3UTHB-
HBIX Mep T10 YJTyUILICHUIO Ka4eCTBa YMUPAHHUS OTPaXKaeT
yBayKeHHE 00IEeCTBa K )KI3HH. Kak pa3BuBaromasics crpa-
Ha, CTOJIKHYBIIAACA C 6I>ICprIM CTap€HUEM HACCJICHUA
1 yBEJIMYCHHUEM YHCJIA TTALMEHTOB C ONMACHBIMH TS JKH3-
HU 3a00ieBanmsmMu, Kutaii 1o0usics orpoMHOTO porpec-
ca B POJBM)KCHUH XOCITUCHOM M MaJUTHATUBHOH TOMOLLH
3a rocne/Hee aecstuiierre. Ho BOrmpockl apXxUTEeKTypHOTO
MIPOEKTUPOBAHHMST XOCIIHCOB ITOKa OCTAIOTCSI OTKPBITHIMH.
OHM MaJIo OTPaXKEHBI B HAYYHBIX CTAThsIX U HCCIIEIOBAHHU-
SIX, XOTsI CJIEYET YUUTBIBATh CIIOKHOCTH SI3BIKOBOTO Oa-
pbepa B BOIPOCax MOIyYeHUs HHPOPMALH IO BOIPOCY
APXUTEKTYPHBIX pelieHni xocmcoB Kurast.

B 3akmodeHne MOXXHO 11aTh PEKOMEH AN JUTs J1a-
JBHEHIINX MCCIIe0BAaHUN Pa3BUTHSI apXUTEKTYPBI XOCIH-
coB Kurast, kacaronmxcst:

* TpeOOBaHUIA K OJIArOYCTPOHCTBY TEPPUTOPHIA XOC-
TIICOB (03€TIEHEHHOCTh, JOCTIKeHHE d(P(eKTa ecTeCTBEH-
HOTO >KMBOIHMCHOTO JIaHAIIA(Ta, yCTPOHCTBO YIOOHBIX MECT
JUISL OTABIXA U IPOTYJOYHBIX MApIIPYTOB OONBHBIX C UCIIO-
JI630BAHIEM Pa3HOOOPA3HBIX MAJTBIX APXUTEKTYPHBIX (POPM
H JIpyroe);

* TpeOOBaHMN K apXUTEKTYPHO-TUIAHUPOBOYHBIM
0COOEHHOCTSIM ITPOEKTHPOBAHMS XOCTINCOB (KoMpopT-
Hasl 9Ta)KHOCTb, BMECTUMOCTbh 0OBEKTa, POyMaHHasI
(yHKIMOHAJIBHAS CTPYKTYpa, MapaMeTPbl U BMECTH-
MOCTb ITaJIaT, HOMEHKJIaTypa MOMEIIEHUH U IpyToe);

* TpeOOBaHMI K apXUTEKTYPHO-XY/I0KECTBEHHBIM
O0COOCHHOCTSIM TIPOEKTHPOBAHMS XOCIIHCOB (ICTETHYE-
CKHE MHTEPbEPHBIE PEIICHHUS, BOIIPOCHI KOJIOPHCTHKH,
OCBEIICHHOCTH, ITYMOH30JISILIH U JPYToe);

* BOINPOCOB COXPAaHHOCTH HAI[MOHAJIBHOTO CBOEO-
Opasust KUTalCKOH apXUTEKTYphI B OOJIMKE CTPOSIIIUXCS
U PEKOHCTPYHUPYEMBIX 3[JaHNI XOCIHCOB U MaJUINATHB-
HBIX IICHTPOB;

¢ I'padoCTPOUTEIILHBIX BOITPOCOB pasMEUICHUA XO-
CIMCOB 110 TeppuTopru Kutas (C y4eToM cpesioBbIX, pH-
POITHBIX, SKOHOMHYECKHX, IEMOTpadIecKuX oKa3are-
JIel KaKIO0TO PErHoHa) U IPYTOe.

CoBpeMeHHbII ypOBEHb pa3BUTHsI SKOHOMUKU KuTas
CrIoco0eH M JIOJDKEH 00€CTIeYnTh Ka4eCTBEHHOE ITPOEKTH-
pOBaHHE, CTPOUTENBCTBO U (DYHKIIMOHNPOBAHNE XOCIIH-
COB B K)KIOM PETHOHE, HECMOTPsI Ha 3aMETHBIE Pa3ITHUHs
B YPOBHE Pa3BUTHs 9TUX peruoHoB. HyXHO Nponomkars
MPOBOANTH aKTHBHYIO PabOTy MO MPHUBJICYCHNIO KUTA-
CKOH OOIIIECTBEHHOCTH B CTOPOHY Pa3BUTHSI TEUCHUSI ITaJl-
JIMATUBHOM M XOCIHMCHOM MOMOIIIM, B TOM YHCJIE C TOUKU
3pEHUs UX apXUTEKTypHO-TIPOCTPAHCTBEHHOH M TPajIo-
CTPOUTEIILHOM OpraHU3aLUH.
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O ABTOPE: Acmuk PydenoBna Kitouko — kaHaumar apxuTeKTypbl, JOLUEHT kadeapsl apxutektypsl; Hanuo-
HAJbHBINA HccaeqoBaTeIbckHii MoCKOBCKHIE rocylapcTBeHHbII cTponTebHbIil yHUBepcuTeT (HUY MI'CY);
129337, . Mockaa, SIpociasckoe mocce, 1. 26; KlochkoAR@mgsu.ru.

INTRODUCTION

Hospice and palliative care is a fundamental human
right and an essential part of modern person-centred health
care [1-3]. The world at large has made rapid progress in
this field, but hospice care in China has been in its infancy
for a long time [4]. Perhaps the main reason for the inat-
tention to this field in China is the traditionally easy at-
titude towards human life. Over millennia of history,
the Chinese have cultivated a much more relaxed attitude
to death than the domestic philosophical one: ‘God gave,
God took’. Easy death is called in China ‘white joy’ (white
is the colour of mourning). Even violent death is perceived
there as a deserved punishment for a provocation and no
more'. In some regions, there are strict taboos on discuss-
ing death, and end-of-life care is considered a family affair.

However, the development of hospice care in Chi-
na in the last decade has been stimulated by the difficult
demographic situation. Life is increasingly ending not
because of the historically familiar, one-stage causes —
famine, epidemics and war. China’s population is aging
rapidly, and death comes sometimes long and agonizingly.
Confucian notions of filial reverence are still strong in
China today, but they are becoming increasingly difficult
to implement.

MATERIALS AND METHODS

Methods were used to analyze publications in Eng-
lish and Chinese (translated into Russian) on the subject
of architectural design of hospices in China; an interdis-

! Lebedev V. “White Joy’ of the Chinese (on executions in China).
URL: https://www.abirus.ru/content/564/623/625/644/649/845.
html?ysclid=m23hci2e6q632433373
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ciplinary approach that takes into account the influence
of medical, sociological, demographic, and managerial
aspects on the architectural design of hospices in China.

The one-child policy in place from 1979-2015
means that many adult citizens have no siblings with
whom to share the burden of caring for relatives. Mean-
while, nearly half of the population lives in rural areas,
but about 80 % of China’s healthcare facilities are con-
centrated in urban areas.

In 2019, the proportion of the population aged 65 years
and older reached 12.6 % of the total population®. For this
category, there were less than 150 hospice and palliative
care facilities in the country. Experts estimate that by 2050,
the proportion of the population over 65 years of age will
reach 26.9 % [5]. Meanwhile, chronic noncommunicable
diseases (e.g. stroke, ischemic heart disease, lung cancer,
chronic obstructive pulmonary disease, liver cancer and oth-
ers) requiring hospice care have become the leading cause
of mortality in China [6]. According to research, in 2015.
7.55 % of the population in China needed hospice care and
did not receive it*. Most potential patients want to learn
more about the care they can receive, but few have access to
or are not informed about this opportunity [7].

Meanwhile, aggressive, often futile, medication-
assisted care and huge financial outlays for treatment and
pain management are commonplace for cancer patients
and their families. Following this approach, more than

2 National Bureau of Statistics of China. URL: https://www.
stats.gov.cn/english/

3 Serious Health-Related Suffering (SHS) Database, 2015. URL:
https://hospicecare.com/what-we-do/resources/global-data-
platform-to-calculate-shs-and-palliative-care-need/database/
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Fig. 1. Quality of Death Index 2010, Economist Intelligence Unit

80 % of families of cancer patients have been left below
the poverty line after treatment or death of patients [8, 9].

According to the Economist Intelligence Unit’s
2010 Quality of Death Index, China ranked 37th among
40 countries and regions (Fig. 1) [10]. Five years later,
in 2015, the second edition of the Quality of Death In-
dex ranked China 71st among 80 countries and regions,
which can be interpreted as a slight progress* (Fig. 2).
But all three countries from the 2010 study with a lower
ranking than China (Brazil, Uganda, India) surpassed it
in 2015. This fact was widely covered by the Chinese
media and sparked public debate, prompting a review
of the medical system that accompanies end-of-life care.

The Chinese government has started to promote
relevant policies in the development of hospice care
over the past decade. In 2014. China, together with
the other 194 countries attending the 67th World Health
Assembly, made a commitment to introduce and devel-

4 The Economist Intelligence Unit. The 2015 Quality of Death
Index. Ranking palliative care across the world. 2015. URL:
https://impact.economist.com/perspectives/sites/default/
files/2015%20EIU%20Quality%200f%20Death%20Index%20
Oct%2029%20FINAL.pdf

op hospice and palliative care as a component of com-
prehensive health care across the lifespan of citizens®.
In 2017, the former National Health and Family
Planning Commission of the People’s Republic of Chi-
na issued guidelines on hospice care [11]. In October
2017. The National Health Commission identified five
pilot regions (Beijing, Changchun, Shanghai, Luoyang
and Deyang) to explore different types of hospice ser-
vices, delivery strategies and funding modalities. These
pilot centres, after more than a year’s effort, gradually
established a tiered system and a variety of service
models, including hospital-based, community-based
and home-based hospice care services [12]. In 2019,
the number of regions has increased to 71°. The pilot
plan implemented at the national level has not only

5 World Health Assembly progress on noncommunicable
diseases and traditional medicine. 2014. URL: https://www.who.
int/news/item/23-05-2014-world-health-assembly-progress-on-
noncommunicable-diseases-and-traditional-medicine

¢ ER DAAEREI AT KT IRE e Tyl a T
VEREA] FE T IEH PR (2019) 4835 (Notice of the General
Office of the National Health Commission on carrying out
the second batch of pilot work on hospice care National Health
Office Letter on the Elderly/2019, No. 483). URL: http://www.
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promoted the development of hospice care in various
provinces and cities, but also effectively improved
the accessibility of hospice and palliative care services
to the Chinese population.

Guided by national policies, provinces and cities
have formulated step-by-step goals and targets. As an ex-
ample, the Beijing government released the ‘Implementa-
tion Plan for Accelerating the Development of Hospice
Care Services in Beijing’ in January 2022. According to
this plan, by 2025, at least one hospice care centre with at
least 50 beds will be established in each district of Beijing,
providing comprehensive services to end-of-life patients
in need of inpatient care. The total number of beds provid-
ing hospice care across the city will be at least 1,800 beds.

A key indicator for understanding the degree of de-
velopment of an area in a particular region should be
the state of research and scientific publications on that
topic. The number of publications related to hospice
and palliative care in China tripled in 2019 compared
to 2010. This increase in scientific publications is a sign
of academic attention and debate, which are vital for pro-

nhc.gov.cn/cms-search/xxgk/getManuscriptXxgk.htm?id=efe3
ed3d9dce4f519bc7bba7997b59d8
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fessional education and scientific innovation. This trend
is bringing hospice care in China out of its infancy. But
although there has been a surge in research over the past
decade, researchers from Hong Kong have found signifi-
cant gaps in knowledge on this topic in China [13].

Increasingly, there are promising shifts from ver-
bal concepts to practical issues, which may include ar-
chitectural design of appropriate buildings, which may
lead to more meaningful results in the development
of the industry. But still, architectural designs of hos-
pices and palliative care centres have not yet found
a comprehensive, systematic approach.

RESEARCH RESULTS

According to historical records, as early as two
thousand years ago, specialized places for the elderly
existed in China, but no architectural formations were
provided to help the chronically ill and dying. All at-
tempts to organize specialized architectural environ-
ments are exclusive to our time.

The oldest hospice in China, Songtang Care Hos-
pital, opened in Beijing in 1987. Its founder, Li Song-
tang, came to realize that the dying had needs beyond
the purely medical. ‘Death is not the worst thing. It’s
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Fig. 3. Songtan Hospice, Beijing, China: a — chamber interior; » — corridor interior; ¢ — facade; d — traditional octagonal
Chinese pavilion in the landscape organization of the hospice grounds (URL: http://www.china.org.cn/china/2017-11/22/con-

tent_41928239.htm)

the uncertainty, the anxiety of feeling a complete loss
of control.” The facility, with a capacity of up to 300
patients, not only serves as a hospice but can also func-
tion as a nursing home. Over the years, hospital staff
have travelled from all over the country to learn from
the experience. The exterior of Songtang Hospice is
designed in the traditional Chinese architectural style,
but the interior is in the international style of general
hospitals. The highlight of Songtang Hospice’s design
is the traditional octagonal Chinese pavilions, which
provide patients and the elderly with space for social-
izing and outdoor recreation (Fig. 3).

Thirty years after the first Songtang Hospice
opened, the first Daisy Home Children’s Hospice Unit
opened in 2017. On average, four children in China are
diagnosed with malignant tumours within one hour. And
while medical advances can cure 80 % of patients, the re-
maining 20 % often go without professional care or med-
ical support at home in severe agony. Daisy’s home was
designed as a home away from home. The interior re-
minds the children and their families of the comforts and

warmth of home. Unlike other health centres, there are
spacious bedrooms, bright bathrooms, an exercise corner
and a family kitchen to serve patients’ (Fig. 4) [14].

Many hospice and palliative care facilities have
now emerged in many provinces, providing various
forms of care, but none of these forms are widespread
or integrated into the mainstream health care system.
Hospice and palliative care services in China today take
four main forms:

1. In stand-alone independent facilities

Such institutions have relatively complete medical
facilities and professional staff. The methods of space
organization and patient care are standardized. Archi-
tectural solutions focus on organizing comfortable,
uncluttered spaces for the different needs of patients,

7 LB RIS (RF9I0YT), A TE L ASE 2018-
08-16 (Beijing Living Will Promotion Association. Pediatric
palliative care (palliative treatment), allowing love to help
them overcome the haze 2018-08-16). URL: https://www.
sohu.com/a/247537202 354821

Fig. 4. The first ward of “Daisy Home” Children’s Hospice: @ — interior of the living room; b — interior of the kitchen (URL:
https://news.cgtn.com/news/32596a4e33637a6333566d54/share_p.html)
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Fig. 5. Architectural appearance of the palliative care unit in the Fourth West China Hospital of Sichuan University of West

China

with additional functions such as prayer rooms, winter
gardens. Landscape design issues focus on providing
a large area of landscaped open space for outdoor walk-
ing and small spaces for socializing, such as Chinese
traditional octagonal pavilions or modern gazebos.
The interiors of the wards are decorated in light warm
colours with natural materials that can relax the pa-
tient’s body and mind, with well-designed comfortable
lighting and mandatory soundproofing of the walls be-
tween the wards. Interiors of public areas can be deco-
rated in brighter and contrasting colour combinations,
enriched with design elements, paintings and others
(Fig. 3).

2. In inpatient specialized wards located in
the structure of community health care centres

Such facilities use one of the hospital departments
as a hospice or palliative care unit. They have a fairly
complete medical base, but the issues of organizing
a specialized humanized space for hospice patients are
not addressed. Hospice patients are in a general hospi-
tal environment, and the level of psychological stress is
high. Buildings are usually multi-storey, and multi-storey
buildings serve as an additional stress factor for weak-
ened dying people. An example is the palliative care unit
at the Fourth West China Hospital of Sichuan University.
It represents one of the most comprehensive palliative
care programmes in China. The unit was opened by Dr
Jinxiang Li in 1996 after training in palliative care in
the UK under Professor Cicely Saunders (1994—1995)
and Dr Robert Twycross (2005-2008) (Fig. 5) [2, 3].

3. Ininpatient specialized wards or beds within
general hospitals

Such facilities involve the allocation of several in-
dependent wards or beds in a ward as specialized hos-
pice beds. This is the most common model of hospice
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care in China. Here, there is the possibility of sharing
equipment and space with other departments in the hos-
pital. But the architectural designs do not provide a spe-
cial approach to solving the space for dying people, nor
do they create a space for patients and their families to
socialize. Hospitals strive for efficient treatment pro-
cesses, and the hospice department is developing in
the same vein, although striving for a more peaceful
environment is preferable.

4. In the form of itinerant home care (by medical
teams from community hospitals and clinics).

CONCLUSION AND DISCUSSION

Dying is unequal to the doomed expectation
of death. Taking effective and positive measures to
improve the quality of dying reflects society’s respect
for life. As a developing country facing a rapidly ag-
ing population and an increasing number of patients
with life-threatening diseases, China has made tremen-
dous progress in promoting hospice and palliative care
in the past decade. But the architectural design issues
of hospice care are still open. They are little reflected
in scholarly articles and studies, although the difficul-
ties of the language barrier in obtaining information
on the issue of hospice architectural design in China
should be considered.

In conclusion, recommendations can be made for
further research into the development of hospice archi-
tecture in China concerning:

» requirements for the improvement of hospice
territories (landscaping, achieving the effect of natural
scenic landscape, arrangement of comfortable places for
recreation and walking routes of patients with the use
of a variety of small architectural forms and other);
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* requirements to architectural and planning features
of hospice design (comfortable storey, capacity of the ob-
ject, well thought-out functional structure, parameters and
capacity of wards, nomenclature of rooms, etc.);

* requirements to architectural and artistic features
of hospice design (aesthetic interior solutions, colour-
ing, lighting, noise insulation, etc.);

* issues of preserving the national originality of Chi-
nese architecture in the appearance of hospice and pal-
liative centre buildings under construction and recon-
struction;

* urban planning issues of hospice location in Chi-
na (taking into account environmental, natural, econom-
ic, demographic indicators of each region) and others.

The current level of economic development in China
can and should ensure the quality design, construction and
operation of hospices in each region, despite the marked
differences in the level of development of these regions.
It is necessary to continue to carry out active work to in-
volve the Chinese public in the development of palliative
and hospice care, including in terms of their architectural,
spatial and urban planning organization.
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AHHOTALUMA

BegeHwue. lMNpennoxeH MeTod MoAenMpoBaHns €CTECTBEHHOTO OCBELLEHUSI B MOMELLEHNSIX C HOBbIM TUMOM CMapT-OKOH
C PeLUEeTOMHbIM ONTUYECKUM PUNLTPOM. MHOroOUMCRNEeHHbIE KOMMbIOTEPHbIE NporpamMmbl BPS He MMeT COOTBETCTBYOLLUMX
yHKUMIA AN MOAENUPOBaHWS B NMOMELLEHNSAX C PELLUETOYHBIMU CMapT-OKHAMU B CUIY UX OTIIMYUTENbHbIX 0COBEeHHOCTel
1 HOBM3HbI. MoanduumMpoBaH MeETOA pacyeTa aBTOHOMHOCTU HEMpPepPbLIBHOrO ectecTBeHHoro ceeta (CDA) 1 Ha ero ocHoBe
NpPOBEAEHO YNCNEHHOE MOAENMPOBaHMe.

Matepuanel u meToabl. [peacTaBneHbl MeTOAbI pacyeTa reoMeTpU4eCKyX NapameTpoB PELLETOMHOrO (hunsTpa u BpeMeH-
HbIX XapaKTepUCTUK CBETOMNPOMNYyCKaHWs cMapT-OkHa, pa3paboTaH MeTo pacyeta nokasatens cDA B nomeLlleHumn co cmapT-
OKHOM C peLueTkamu, pacrnosioXeHHbIMU Nof ONTUMarbHbBIM YoM, NMPUCNOCOBNEHHBIM K TpaekTopumn ABuxeHns ConHua
OTHOCUTESNBHO OKHA.

Pe3ynbraThl. [MonyyeHbl pesynbraTbl YMCNEHHOTO MOAENVMPOBaHWS No pa3paboTaHHOMY MeTody Ans OKHa C TPOMHbIM
OCTEKMEeHNEM C MPUMEHEHEM TEPMOXPOMHOIo Matepuana ¢ TemnepaTtypou nepekntodeHms 25 °C B noMeLLeHnn 34aHus
B T. OpeHbypre. [1ns Hanbonee xapkoro neprvofa — B UIOHE, UIOe U aBrycTe nokasartens cDA paccuuTaH B OKpaLLlEHHOM CO-
CTOSIHUM TEPMOXPOMHOro MaTepuana punsTpa, A8 ocTanbHbIX MecsLeB B3SiTO ero obecLBedeHHoe cocTosiHMe. [okasaHo
NPEenMyLLEECTBO PELLETOYHbIX CMapT-OKOH Nepes TPaAULMOHHBIMY B BUAE YBENUYEHUSI OCBELLEHHOCTU Kak B OKpaLLEHHOM,
Tak 1 06ecLBE4EHHOM COCTOSIHUAX TEPMOXPOMHOIO Matepuana. 3a cHeT nponyckaHusi 6onbLUEro KonnyecTea paccessHHOro
cBeTa npu GNoKMpOBKe NPSIMOro CBETa B 3apaHee 3afjaHHOe BPeMs peLLeToYHble OkHa obecneynBatoT bonee paBHOMepPHOe
KpyrnoroauyHoe pacnpefeneHvie oCBeLLeHHOCTH Mo rybuHe nomeLLeHus.

BbiBoabl. PelueTouHble cMapT-OkHa pekoMeHAyeTcsl NPUMEHSITb Ha BOCTOYHbIX, HOXHBIX M 3anafHbix dacajax 3haHui
C pexuMoM paboTbl B AHEBHOE BpeMs A5 AOCTKeHWs Bonee KOMOPTHbIX YCIIOBUIA €CTECTBEHHOMO OCBELLEHWS Ha pabo-
YMX MeCTax ¥ MUHMMM3aLMKN SHEPronoTpedbneHns 1 3aTpaT Ha OTOMNeHNe, BEHTUNALMIO, KOHAULIMOHMPOBaHWE.

KINKOYEBBIE CITOBA: cMapT-0KHO, peLLETOYHbIA ONTUYECKUI (DUNLTP, CBETONPOMNYCKaHNE, ECTECTBEHHOE OCBELLEHNE, MO-
OennpoBaHne XxapakTepucTyK 3aaHns, KOMGOPTHOCTb OCBELLEHUS], MOKa3aTENN eCTECTBEHHOIO OCBELLEHUS
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OCBELLEHNS B MOMELLEHUN C peLleTodHbIM cmapT-okHoM. 2024. T. 14. Bein. 3. C. 70-88. URL: http://nso-journal.ru. DOI:
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ABSTRACT
Introduction. A method for modelling natural lighting in rooms with a new type of smart windows with lattice optical filter is
proposed. Numerous BPS computer programmes do not have appropriate functions for modelling in rooms with grating smart
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windows due to their distinctive features and novelty. The method for calculating the Continuous Daylight Autonomy (cDA)
was modified and numerical modelling was carried out on its basis.

Materials and methods. Methods for calculating the geometric parameters of the grating filter and the temporal character-
istics of the light transmission of a smart window are presented, and a method for calculating the cDA index in a room with
a grating smart window located at an optimal angle adapted to the trajectory of the Sun relative to the window is developed.
Results. The results of numerical modelling according to the developed method for a triple-glazed window with thermochro-
mic material with a switching temperature of 25 °C in a building in Orenburg were obtained. For the hottest period in June,
July and August, the cDA index is calculated in the coloured state of the thermochromic filter material, for other months its
uncoloured state is taken. The advantage of lattice smart windows over traditional ones is shown in the form of increased
illumination both in the colored and uncoloured states of the thermochromic material. By letting in more diffuse light while
blocking direct light at a predetermined time, grating windows provide a more uniform year-round distribution of illumination
throughout the depth of the room.

Conclusions. Lattice smart windows are recommended for the eastern, southern and western facades of buildings with
daytime operation mode to achieve more comfortable daylight conditions at workplaces and minimize energy consumption
and costs for heating, ventilation, air conditioning.

KEYWORDS: smart window, grating optical filter, light transmission, natural light, building performance modelling, lighting
comfort, daylight index
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BBEJEHUE

MogenmupoBanue xapakTepucTuk 3panus (BPS)
OJTHO3HAYHO OTIpeessieT Hanbomuee Y3Pp(eKTHBHBIN U yC-
TOWYMBEIA BapUaHT MPOCKTUPOBAHUS 3MaHHA U o0ecIIe-
YMBACT HAAEKHOE NMPOTHO3UPOBAHUE €TI0 OyIyIINX Xa-
PAKTEPUCTHUK C YIETOM SKOJIOTHIECKH 3HAUMMOTO ITOTEH-
IMana M psaaa BaKHBIX II00aTbHBIX TPAHUYHBIX YCIIO-
BUI, B TOM YHCJIe POCTa HacelIeHNs U ypOarm3armu [1].
3a nocneiHue IECATHIICTHS pa3padoTaHbl MHOTOUHCIICH-
HbIE KOMITBIOTEpHBIE Iporpammbl BPS, oxBareiBaromiye
TOJIBKO OlpesieieHHble yacti BPS (ananu3 kimmara, mo-
TPeOHOCTH B DHEPTUH, TEIIOBOI KOM(OPT, BU3yalbHbIH
KOoM(OPT, BO3IEHCTBHE Ha OKPY’KAOLIYIO CPEJLy, 3aTpaThl
U T.J1.) WIK BCECTOPOHHE MOJICIHMPYIOLIHE BCE 3T KITIO-
YeBbIE TIOKA3aTeIH 3AHUsL.

HWccnenoBans! KOMIUIEKCHBIN [2] U pyuHoit [3] Me-
TOJbI YIPABICHUS THEBHBIM M AJIEKTPUYECKHUM OCBE-
IICHUEM JIJTs1 CO3/IaHus YHEPro3(hpHeKTUBHOTO MPOCKTA
3aHUS ¢ MAaKCUMAaJbHBIM HCIOJIh30BaHHEM PECYPCOB
COJIHEYHOU 3Hepruu. MoJenupoBaHue €CTECTBEHHO-
IO OCBEIICHHUS NMOMEUICHUS Ha OCHOBE KOMITBIOTEP-
HBIX TIporpamMm BPS MoeT ObITh BBITIOTHEHO IS T10-
MEIIEHUH ¢ OOBIYHBIMU OKHAMH C ITPUMEHEHUEM KaITko-
31 WJIH JJPYTHX YCTPOMCTB, & TAKXKE C TPAJULIUOHHBIMU
CMapT-OKHaMH, TOKPBITBIMU OJHUM CIIOE€M aKTUBHOTO,
Kak IPaBHII0, XPOMOTEHHOTO MaTepHania.

AKTHBHO H3y9acMble HECKOIIBKO JECATUIIETHH CMapT-
okHa [4] Ha OCHOBE XPOMOTCHHBIX WIH IPYTHX TEPEao-
BBIX TEXHOJIOTHH SIBIISFOTCS] BOYKHEHIIIMM KOMITOHEHTOM
TIOBBIIIICHUS YHEPTOA(PPEKTHBHOCTH 3TaHHUI M KOM(POPT-
HOCTH €CTECTBEHHOTO OCBCIICHHSI BHYTPU ITOMEIICHUN
[5-8]. Crexiio TpagMLUMOHHOIO CMapT-OKHA, TOJTHOCTHIO
TIOKPBITOE AKTHBHBIM MaTepHalioM, U3MEHSET CBETOIPO-
IIyCKaHHE B 3aBUCHMOCTH OT M3MEHEHHUS BHEIIHUX YCIIO-
BUIi (TeMHeparypsl I TepMOXPOMHBIX [9—11] u Tepmo-
TponHbIX [12, 13] cTekoin, nHTeHCUBHOCTH YD-131yueHust
Jutst OTOXPOMHBIX [14—16] cTeKo), MPUIOKEHHOTO Ha-
HpspKEeHUs (EKTPoXpoMHbIe cTekna [17-19]), usmenenus

KOHIIGHTPALIMH I'a30B B KaMepe OKHa (ra30XpOMHBIE CTEKIIa
[20, 21]) u T.n. MozmenupoBaH¥e TS TIOMEIICHHIH C TaKU-
MU CMapT-OKHAMH OTIIMYACTCA TOJIBKO TEM, YTO OHU UMCIOT
JiBa WK OoJiee (ANEKTPOXPOMHOE CTEKIIO) PEKMMA CBETO-
MIPOITYCKAHUsI, TO3TOMY PacueThl TPEOYIOTCS U KKI0TO
pexuma. Kpome Toro, TpaIMIiMOHHbBIE CMapT-OKHA HE UMe-
10T YIJIOBOH CENEKTUBHOCTH TPOITyCKAHFS M MOT'YT HCTIONb-
30BaThCSI COBMECTHO C JKaJIIO3H U JIPYTUMH YCTPOHCTBAMH,
JUI1 KOTOPBIX IOCTATOYHO MPUMEHATH JOCTYIHBIC METO-
Jibl MozienupoBanusi BPS.

B nannoii pabote paccmaTpuBaeTcs 3a1ada MOJCTH-
POBaHMSI €CTECTBEHHOTO OCBEILICHHSI B TIOMELIEHHUSIX C HO-
BBIM THIIOM CMapT-OKOH, KOTOpbIe OTIIMYAIOTCS OT Tpa-
JMILHOHHBIX TE€M, YTO UMEIOT HE OJIMH CILUIONIHOMN aKTHB-
HBII CJIOH, a JIB€ PELUETKU C IIapauleJIbHbIMU I10J10Ca-
MH XPOMOTEHHOTO WJI JPYrOoro aKTHBHOTO Marepuaa
Ha Pa3HbIX OKOHHBIX MOBEPXHOCTSIX, IPEACTABIISIOLINE
coOoi onTryecKuil GUIBTp HOBOTO THIA. 3ajada yc-
JIOXKHSCTCSI TEM, UTO TaKHe CMapT-OKHA UMEIOT PEIICTKH,
PAacCION0KEHHBIE IO JIIOOBIM YTIIOM, TIPUCTIOCOOTICHHBIM
K TPAeKTOPHUHU JBMIKEHHUS COJIHI[A OTHOCHUTEIBHO OKHa,
a HE TOJIbKO TOPH30HTAILHO MJIM BEPTUKAIIBHO, KaK jKa-
mro3u. st hopMHUpOBaHNs aKTUBHBIX ITOJIOC IBYX pElIIe-
TOK MOT'YT UCIIOJIb30BAaThCA Pa3HbIC MAaT€pualibl U TCX-
Hosnoruu [4-21]. MHorouncieHHble KOMIbIOTEPHbIE
nporpammsl BPS He nmeroT cooTBeTcTBYIOMMX (HyHK-
LII/Iﬁ U1l MOACJIMPOBAaHMS JTHEBHOT'O CBETA B IIOMCUICHU-
SIX C PEIICTOYHBIMU CMapT-OKHAMH B CHITy MX OTJIHYH-
TENBHBIX 0COOeHHOCTEN. M cciieroBanms ¢ 1IETBIO IIONCKA
ONTUMAJIBHBIX KOHCTPYKLIUI U Pa3MEPOB OKOH U UX pas-
MEIIEHHsI, OTPaHNUYCHUS TTOTIA/IaHuUs] IPSIMON COTHEYHON
paauanuy B IOMEIIEHUE, TPEIOTBPAILICHUSI CIIEMTIMOCTH
1 NEpcHAINpaBJICHUA ITIOTOKOB CBETA Brﬂy6b IIOMCUIICHUA
C ITOMOUIBIO COJIHIIE3ALIUTHBIX W TIEPECHANPABIISIONINX
YCTPOUCTB TpeOyroT pa3paboTKH COBPEMEHHBIX MOIXO0-
JIOB K HOPMHPOBAHHUIO €CTECTBEHHOTO OCBEIleHHUs [22].

Crioco0 yIioBOro CEJIeKTHBHOTO PETYINPOBAHUS
HAIPaBJIEHHOTO CBETOMPOITYCKaHNUs, 3aI1aTeHTOBAaHHBIN
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aBropamu [23, 24], nookeH B OCHOBY pa3pabOTKH HO-
BBIX ONTHUYECKHX (DHIBTPOB M CMapT-OKOH HA UX OCHOBE
[25-30]. Pa3paboTansl METOABI pacyeTa ONTUMAIBEHOTO
yIila HaKJIOHa PEIIETOK ONTHYECKOro (puibTpa AJs pe-
IIETOYHBIX CMAPT-OKOH, IIUPUH IPOMYCKAIOIINX 1 He-
MPOIYCKAIONIHX (PAaCCEHBAIOIINX, OTPAKAIOIIUX MU T10-
IJIOIIAIOIINX) MOJIOC 00EUX PEIIeTOK U UX B3aUMHOTO
PacIONIOKEeHUS TSI MUHUMU3AIUN CBETOIPOITYCKaHUS
B 3aJIaHHBIN JICHb TOJIa ¥ BPeMS CYTOK C Y4E€TOM a3uMyTa
OKHa, reorpau4ecKuxX KOOPAMHAT 31aHMs, CE30HHOIO
U CYyTOYHOTO PACHPEIENICHHsI HHTCHCUBHOCTH COJIHEY-
HOTO M3ny4deHus [25, 26]. IlepBoHadaIbHBIE METOIBI
pacuera (GUIBTPOB C MPOITYCKAIOIIMMH 1 HEIPOITY CKa0-
MMM T10JI0CaMH 000O0IIEHBI ¥ PaCIIMPEHBI IS (HHITh-
TPOB C XpOMOreHHbIMU nonocamu [27]. CmapT-okHa
C PEIIETOYHBIM ONITHYECKUM (HIBTPOM 00ECIEeUNBAIOT
KpPYIIOTOAMYHBIN AMHAMUYECKUI KOHTPOJIb €CTECTBEH-
HOTO OCBEIIEHMsI 0€3 UCTIONB30BAHMS KATIO3H | T.II. [28]
1 0COOCHHO MMEIOT NMPENMYINECTBa Ul ONTHMHU3AINN
€CTECTBEHHOTO OCBEIICHHS ¥ MHCOJSIMY 3aHUH ¢ KpH-
BoNMHEHHBIMU (acagamu [29]. [IpemnoxeHa HOBas ap-
XUTEKTYpHAs! TUIIOJOTHS 3aHUH C MHIMBHIYaIbHBIM
MPOMYCKaHUEM KaXKJJOTO PEIIeTOYHOr0 CMapT-OKHa
0e3 HCII0Ib30BaHUS JIOTIOJIHUTEIBHBIX YCTPOUCTB 3a-
TEHEHHUs/TIepeHaIpaBIeHuUs! JTHEBHOTO CBETA, ajlrOPUTM
KOTOPO# peasin30BaH IMyTeM pacdyeTa reOMETPHUECKUX
mapaMeTpoB (GUIBTPOB TSI PA3TUYHBIX (hacamoB, Bpe-
MEHHBIX XapaKTEPHUCTHK CBETONPOIYCKaHMS U MOKa3a-
TeJel ectecTBeHHOro ocrerenus [30].

Lenb nccienoBanust — 10pabOTKa METOJIOB pac-
4yeTa reoMEeTPUYECKUX MapaMeTPOB PEIIETOUHOTo (u-
JBTPa, BPEMEHHBIX XapaKTepPUCTUK CBETOIPOIyCKa-
HUS CMapT-OKHA M MOKa3aTeJieil eCTeCTBEHHOTO OCBe-
IICHUs B MOMELIEHUH C PEIIETOYHBIM CMapT-OKHOM
C MOCIEAYIOUIEH TPOBEPKON 3TUX METOIOB € TIOMOILBIO
YHCIEHHOTO MOJICIMPOBAHMS ISl JOCTHIKCHHUS KOM-
(OPTHBIX YCIOBHH OCBEIIEHHUS 1 MUHUMH3AINU dHEP-
rornoTpedeHust 1 3aTpar Ha OTOIUICHHE, BEHTHIISIHIO,
kouunuonuposanue (OBK).

MATEPHWAJIBI U METO/JbI

YeTpolicTBO cMapT-OKHA € TPOMHBIM OCTEKIIEHUEM,
HMEIOIIMM PEIICTOYHBIA ONTHICCKUI (PUITBTP ¢ apasuie-
JIbHBIMM XPOMOTI'E€HHBIMH I10JIOCAMH, MEKIY KOTOPBIMHU
HaxoJATCsl HAlPaBJIEHHO MPOILYCKAIOIINE MOJIOCHI, T.€.

HeoOpaboTaHHas 4acTh CTEKJa, MOKa3aHo Ha puc. l.
Pemerku cMapT-oKHA HaKJIOHEHBI MOJI YTJIOM, ajar-
TUPOBAHHBIM K TPAaeKTOpPHUHU JBIKeHUsT COJHIIA OTHO-
CUTENIbHO OKHa. Pa3pe3 okHa MOKa3aH B IJIOCKOCTH,
NepHEeHANKYISIPHON ToJIocaM penieTok. Ouierp nmeer
TaKHE TEOMETPUUECKUE MapaMeTpPhl, KaK yroJl HaKJIoHa
MOJIOC Y, PACCTOSIHUE MEX/y PELIeTKaMH S, IIUPUHBI
TPOITYCKAIOIIKX MOJIOC ¢, U C,, ITAPHUHBI XPOMOTEHHBIX
T0JIOC ¢, U C,, XapaKTepUCTHYECKUH yron ® , nokasbl-
BAIOIINI CMENICHNE BXOJHOW M BBIXOJHOW PEIIETOK
JIpyT OTHOCHUTENIBHO ApYra IIyTeM TPacCHPOBKH JIyda,
MPOXOJSIIIEro Yepe3 LEHTPHI MOJI0COK 00enx perie-
ToK (puc. 1). I300pakeHHBII QIIBTP UMEET pemeT-
KN C OAMHAKOBBIMHU IMHPUHAMH BCECX IIOJOC, TO3TOMY
NP XapaKTEPUCTUYECKOM yTIIE TaJeHUs Ialalonini
MPSIMOI COTHEYHBIA CBET MOJIHOCTHIO OJOKUpPYETCH,
IIPU IPYTOM YIJIE NMaJE€HU B Ty XK€ TOUKY Ha INIOCKOCTU
BXOJHOHM PELIETKH JIyd MPOXOAUT Yepe3 BCe TPH CIIOS
OCTEKJICHHS. DTO WILTIOCTPUPYET YITIOBYIO CEIEKTHUB-
HOCTb CBETOIPOITYCKaHUs (PUIIbTpa.

OnTuManbHBIA YroJl HaKJIOHA PEIIeTOK (HIBTpa
ompeenseTcs Mo alaropuTmMy [25], BKIOUAIOMIEMY:
1) pacuer BbICOT CTOSIHUS U a3uMyTOB COJIHIIA B BBI-
OpaHHBIN A€HB TO/1a P 33IaHHBIX IIUPOTE U JOITOTE
31anus; 2) onpeaenenue Tpaektopuu CoiHIla OTHOCH-
TEJIBHO OKHA C YYETOM €ro a3uMyTa; 3) allpoKcuMa-
IIUIO ATOHM TPAaeKTOpHUU B BBIOPAaHHOM MHTEpBAJIE Bpe-
MeHH. ONTUMAJIBHOCTh HAKJIOHA PEIIETOK O3HAYaeT,
YTO COJIHEYHBIC JIydH OyIyT MaaaTh MPEUMYIIECTBEHHO
B MJIOCKOCTSIX, MEPIEHANKYIAPHBIX TonocaM (puc. 1),
T.€. PEryJMpOBaHUE CBETONPOITyCKaHUs OyaeT Haubo-
nee 3¢ ¢dexkTHBHBIM. [T0CKONBKY TPAaeKTOPHS ABIKEHHS
COJ'IHLIa MCHACTCA B TCUHCHUE AHA U I'oJia, YTOJI HAKJIOHA
pemeTok (GMIbTPa pacCUUTHIBACTCS AJISI BHIOPAHHOTO
BPEMEHH CYTOK BBIOPAHHOW pacyeTHOH AaThl C «HAH-
XyALIMMY CIIEHapUeM, Korna TpedyeTcsi MaKcuMallbHast
3ammra ot ConHna. B 3aBHCHMOCTH OT MECTHBIX KITH-
MaTHUYECKUX YCIOBHI 32 PACUETHYIO JIaTy MOXKET ObITh
HPUHAT JIeHb C MAKCUMAJIbHOM MHTEHCHBHOCTBIO COJI-
HEYHOTO M3JIy4EHHUS! WM MAaKCUMaJIbHOW TeMIIepary-
poii. 3a pacyeTHOE BpeMsi MOKHO MPUHSATH BpeMs MakK-
CHUMaJIbHOW MHTEHCUBHOCTH COJTHEYHOTO M3ITyUYCHHS,
3€HUTHOTO nojokeHus1 CoNTHIa, COBIAICHNS a3UMYTOB
ConHua 1 oKkHa (Korja COJHEYHbIE JIy4d HanOouiee riry-
00KO IPOHHUKAIOT BIITyOB TIOMEIIICHHS).

Puc. 1. PemeToyHoe cMapT-OKHO C TPOHHBIM OCTEKIEHHEM: ®  — XapaKTepUCTHYECKHH yron GuibTpa; 6 — mpoeknus yria

TaJIEHNs; § — PACCTOSHUE MEKIY PEIIETKAMH; Y — YTOJl HAKIIOHA PENIETOK; ¢, — IMMPHHBI MOJOC
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OnTuUMH3aIUsS CBETONPOITYCKAHHUS PELIETOYHOTO
CMapT-OKHA 3aKJII0YaeTcsl B 00eCIeYeHNH MUHUMAIb-
HOTO TMPOITYCKaHUsI MPSIMBIX COJIHEYHBIX JIy4ed B BbI-
OpaHHOE BpeMsI CYTOK 1 TO/ia B OIIPE/IENICHHOM YIIIOBOM
JIIana3oHe CHMMETPUYHO OTHOCHTENBHO XapaKTepUCTH-
YECKOTO yIiIa, KOTja IUpPUHA IIPOIYCKAIOMEH ITOJI0CH
BXOJIHBIX PEIIETOK OOJIbIlIe IMPUHBI HEMPOITY CKAIOIeH
(XpOMOTEHHOI) MOJOCH BBIXOIHBIX PEHICTOK, JTHUOO
MIPU PaBEHCTBE IIUPHUH ITHX MOJOC (HYJIEBOE MPOITy-
CKaHME, T.C. MOJHAS OJIOKMPOBKA MPSIMBIX COMHEYHBIX
Ty4ei).

Mertox pacueTa XapaKTepUCTHIECKOTO yIia (HiIb-
Tpa [25-27] ocHOBaH Ha 00ecTieYeHUH MUHIUMAJILHOTO
CBETOIPOITYCKaHUs IIpU yIiie majaeHus 0, xoraa ero
poeKLust O Ha TIOCKOCTb, NEPIESHANKYIISIPHYIO PELIeT-
KaM, COBIIAJIAET C XapaKTEPUCTUIECKMM yIIoM (© = 0)
B 3a/IaHHBII MOMEHT BPEMEHHU C HEOOXOIUMOI MaK-
CUMAaJIbHOM 3aIUTON OT coyHua. i1 BEpTUKAIbHOTO
OKHA yTOJI TaJeHHUsI COTHEUHOTO JIy4a PAcCUUTHIBACT-
Cs TI0 YaCTHOMY CJIy4alo II€PBOM TeOpeMbl KOCHHYCOB
JUTS TPEXTPaHHOTO YIVIa, KOTJa ABYTPAHHBIN yToJ epes
pacUeTHBIM IIJIOCKUM YIJIOM paBeH 90°:

® = arccos(coshcosa),
rae i — BbicoTa ctosiHust CoJIHIA; 0. — Pa3sHOCTh MEX-
ny asumyTtamu Comana 4 wokna 4 (o =4 -4 ).
[Mocne ynpouenust u3 pabotsl [27] nmonydaem dop-
MyIy AJIsl pacdeTa NpOEKIUH yIa HaJeHus Ul CMapT-
OKHa C TPOWHBIM OCTEKJICHHEM:!

2 J—
0 = arctan< 4|/tan’o + M x
cos’al

(1

sino

X COS| Y+ arctanw .

[IupuHbI M0JIOC BXOAHON U BBIXOJHOW PEUIETOK
[25-27] nyst cmapT-OKHA C TPOMHBIM OCTEKIEHHEM pac-
CUHTBIBAIOTCS 110 (hopMyIam:

¢, =2stan®_ — 2stanO  ;

_ [Cs (1= )]

4 5
T o 2)

€ =C T (C3 + 04);

¢ =c+c,—Cy,

TIe @my_ — 3aJJaHHBIN CpeTHNIN YToJl TaJICHUs (@my_ < (~)C),
MpH KOTOPOM KOI(PQUIIMEHT MpornycKkanus Gpuiabrpa
TOJDKEH MMETh CPEIHEE 3HAYECHHE T =u0,5 (T T T
T . MT_ — 33JaHHble MUHUMAJIbHBIH 1 MaKCHMaJlb-
HBIH TeopeTnyeckre KOdIPPUIUEHTH MPOMyCKaHUs
(6e3 yueTa OTpayKeHUS U MOTIIOIICHHUS ).

Kak cnemyer u3 gpopmyin (2), mmprHa BceX MOI0C
YMEHBIIACTCS C YBEJIIMYCHUEM CPEJHEro yria mnaje-
Hust. [Ipy 0THOM M TOM ke cpelHeM yTile najienus © ,
a TaKXKe IUPUHE NPOITYCKAIOIIEH MONIOCH BHIXOAHBIX
PEIETOK C,, PacTIpeIENeHNe MUPUH OCTAIBHBIX MOJI0C
3aBHCHT OT 33JIaHHBIX MUHIUMAJILHOTO U MaKCHMaJIbHO-
TO TEOPETHUECKUX KOI()(PHUINEHTOB TPOITyCKaHUs. DTO

HEOOXOIMMO YUUTHIBATh MIPH BBIOOPE 3HAYCHUH O | T .

av min

1T . MUHAManbHBIA U MaKCHUMAJbHBIH TEOpPETHYE-

CKHe KO3 PHUIIMEHTHI POITYCKAHUS CIIEeIyeT yCTaHaB-
JIMUBATh C YYETOM CJIEIYIOIIUX COOTHOIIEHUH [25-27]:

¢ —c

T =-L 4.

min

- b
¢ +c 3

c
Tpge =———-

¢ +c,

TeopeTudeckass BpeMeHHasi XapaKTePHUCTHUKA
k03 PUIHMEeHTa CBETONPOIYCKAaHUSI OKHA INPE/ICTaB-
asieT coO0l 3aBUCHMOCTh TEOPETHUYECKOTO KOI(-
(¢uuMeHTa NponycKaHUsi OT BPEMEHH CYTOK, KOrJa
CoHIe IBMKETCS 0 CIOXHOW KPUBOIMHEHHOM Tpa-
extopur. Takyro XapaKTepUCTHKY MOXXHO ITOCTPOHTH
10 3HAYEHUSIM COJIHEUHBIX a3MMYTOB U BBICOT, OIIpe-
JeJSIEeMBIX 4epe3 KaXAblH 4ac s CHHXPOHU3AIHUH
naHHbIX ¢ daitmom TMY (THNIHYHBIE METEOPOJIOTH-
YecKHe JaHHbIe Tofa) Ajsd JAaHHOTO paioHa 3emid,
Uit 6oriee TOYHON XapaKTEPUCTHKH BPEMEHHBIC MH-
TepBaJBl MOKHO COKpaTuTh 1m0 5 mnm 10 muH. Xa-
PaKTepUCTUKA HMEET 4Yepelyloluecs quana3oHbl
C TIOCTOSTHHBIM MMHHUMAaJIbHBIM, BO3PaCTAIOLINM, I10-
CTOSIHHBIM MaKCHMaJbHBIM U yObIBaromnM ko3ddu-
ONUECHTAaMU NPONYyCKaHHA, 3aKOHOMEPHOCTU KOTOPBIX
moxpoOHO paccMOTpeHs! B Tpyne [25]. JAnamasons
C MOCTOSTHHBIM MHHUMAJIBHBIM 1 MaKCUMAJIBHBIM KO3 (-
(unueHTaMu MpoITyCKaHNs PACCUNUTBIBAIOTCS 110 (o-
pmynam (3). [lnana3zoHsl ¢ yMEHBIICHHEM U yBEIHYe-
HUEM KOA((GUIIMEHTOB TPOINYCKAHNS PACCUUTHIBAIOT-
¢ [26] o popmyste:

(|A] = 0,5¢,+ 0,5¢;)

(¢ +¢)
rae A — CIBUT MEKIY ClI€aMH BXOIHBIX PEIIETOK
Ha MOBEPXHOCTHU BBIXOHBIX PEIICTOK MPHU XapaKTepH-
CTHYECKOM YIJI€ U IPOU3BOJILHOM YTJIE TTaJIeHus. DTOT
caBwr omnpezaessiercs [26] mo dpopmyie:

A=s(tan®, —tan6). (5)

Tocne Momudukarmu GOpPMYITbI s KOPPEKIIUH Te-
OpETUYECKON BPEMEHHOM XapaKTEPUCTUKHU ITPOITY CKaHHS
oKHa [26], ¢ yaeToM oTpakeHus 10 ypaBHeHUsIM Dpene-
JIs1, @ TaK’Ke MOMIOLIEeHHs 110 3akoHy byrepa — Jlambepra,
JUISL OKHA C TPOWHBIM OCTEKJICHHEM TTOITy4aeM:

T=

) 4)

6

tan’ (® - ®n)
+
tan’(© + O,)

(6)

rjie T, — CKOPPEKTUPOBAHHBIH KO3 PUIMEHT IpoITy-
CKaHUs; T — TEOPETHYECKUH K0I(DPHUINEHT IPOITyCcKa-
HHsl, paccYUTaHHbId o Gpopmynam (3) u (4); © — yron
MPEJIOMJICHHSI, COOTBETCTBYIOIIMN YTy HajeHus ©;
n — TOKa3aTesb MPEJOMIEHUS CTEKNa; 0, — CPeJ-
HUH HaTypaNbHBIN KOA(PHUITHECHT MOTIIOMCHIS CTeKIIa
B JiMaria3oHe JUTHH BOJIH (MM ); 5y — oO11as ToJINHA
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BCEX OKOHHBIX CTEKOJ, MM. JIJisi BUIMMOIO CBETa KO-
(hUIHEHT MoTIoIeHNs OepeTcs B Tuarna3oHe IpUMEpHO
ot 380 1o 750 uMm.

@opmynsl (3) u (4) npeaHa3HAYEHBI A pacyeTa
ko3 durmenTa mpomyckaHus QUIBTPa C MPOIYCKA0-
MU 1 HETIPOITY CKAIOMNMH TTorocamMu. OUIBTp ¢ Xpo-
MOTEHHBIMH TTOJIOCaMH KaK B OKPAIICHHOM (3aTeMHEH-
HOM), TaK ¥ B 00CCIIBEYCHHOM COCTOSTHAN XPOMOTE€HHBIX
MOJIOC, TTOMUMO TIPOITYCKaHUS TPSMOTO CBETa uepes
MIPOITYCKAIOIIHE MOJIOCH 00X PeIIeToK, T.. Yepes
MIPO3pavyHOE CTEKJIO, MMPOIMYCKACT OKPAIICHHBIA MPSIMON
CBET Yepe3 XPOMOTEHHBIE TIOJIOCH! (Ha puc. | He Toka3a-
HO). JI7151 XpOMOTE€HHBIX (IIIBTPOB B UCCICIOBAHUH [27]
MOTY9IeHBI (DOPMYITBI JUISl pacueTa TUara30HOB C MUHH-
MaJIbHBIM, MaKCHMAJIbHBIM U YMEHBIIAIOIIMCS/BO3pAC-
TAIONMM KO3 HUIIMEHTOM MPOITy CKaHUSL:

_ [cl T T — €y (1 ~ Ten )] .
min s

¢ +c,

_ [Clrchﬂ +C T Tenr 165 (1 ~Towa ):I .
max 5
Cl +C2
[(lAl —0,5¢, +0,5¢, )(1 Tt ™ Yoz Tonrt Tana ) +
Cl + CZ

+ T T T Tan 165 (Tchrl o Cenra )]

5

T

T

()

T=

¢ +c,

e T, U T, — KOOQOUIUEHTH CBETONPOMYCKa-
HUsI (TP HOPMAJIBHOM TAaJ€HUH) XPOMOTEHHBIX TO-
JIOC BXOJHOW U BBIXOJHOW PELIETOK B OKpalI€HHOM
WA 00ECIIBEYCHHOM COCTOSHUH.

3 MHOIMX NOKa3aTenel eCTECTBEHHOIO CBETA, yCTa-
HOBJICHHBIX POCCHHACKUMHE 1 MEKTyHAPOTHEIMIA HOPMAMU
W CTaHAapTaMH, PACCMOTPHUM METOIHKY pacueTa aBTO-
HOMHOCTH HETIPEpBIBHOTO €CTECTBEHHOTo cBeTa (cDA)
MPUMEHHUTEIFHO K MIOMEIICHHSIM C PeIIEeTOYHBIMU CMapT-

okxHamu. J{7st pacuera cDA npenoxkeno ypasaenue [31]:

wf, -t
cDAzLE[O,l];
2ii
lL,eemm E, 2 E,_, ®)

Y=k JE

lim >

ecmn E, < E|

lim >
rie wf, — BecoBoi Ko QUIMEHT, 3aBUCAIIMIH OT nopora
OCBEILEHHOCTH; ¢, — KaK/Ibli 9ac paboThl B rofy; £, —
TOPU30HTAJIbHAS €CTECTBEHHAS! OCBEIIEHHOCTD B TAHHOU
TOYKE, JIK; F, — 3a[aHHbIH IOPOT OCBEILEHHOCTH, JIK.
J1nst pacyeTa ropu30HTaIbHOMN OCBEIIEHHOCTH B pac-
YETHOI TOYKE Ha OCHOBE JaHHbIX (aitia TMY u 3akoHa
kocuHycoB JlamOepra mosydaem HopMyITy ISl [IOMEIIe-
HUI1 C PELIETOYHBIMU CMAPT-OKHAMMU:

E, =(Epgt,, sinh + Ey,1,Q) x

cor

) 0.85F,(CR, +5R, ) 9)
F(1-R) '
rac EDNI — HpsAMasa HOpMaJibHAsA OCBCIICHHOCTD, JIK;

E,, — maddysHas ropuzoHTaIbLHAS OCBENIEHHOCTD,
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JIK; T, — nuQy3HbIi KOOQPUIMEHT MPOITYCKaHUs OKHA;
) — TenecHbIN yroa 0030pa HeOa U3 PaCUCTHON TOUYKH,
cp; F, — mutomais okHa, M*; C— axrop Heba 11t okHa; R ’
1 R — cpennne Ko3(QHUIMENTHI OTpasKeHHUs TTOBEPXHO-
CTei HIDKE W BBIIIC TOPU30HTAIH Yepe3 LeHTP OKHA; F —
00IIast TIIOMIa1b TIOBEPXHOCTEH MOMEIIeH s, M2, R —
cpenHuii KOOPQUITUEHT OTPaXKEHUsI TOBEPXHOCTEH MoMe-
IICHHUSI.

[lepBbIii wieH CyMMBI TIEPBOTO MHOXKHTEIS B (hOP-
Mmyne (9) — 4YacTh TOPU3OHTAIBHOW OCBEIIEHHOCTH,
co3JaBaeMas MPsSMOH HOPMalbHOH OCBEUIICHHOCTHIO
¢ yueToM ko3¢ unrenTa mpomycKkaHus IPsSMbIX COJ-
HEYHBIX Jy4eil U ymia naaeHus. Bropoil wieH — 4actb
TOPU30HTAILHOM OCBEIIEHHOCTH, CO3/aBaeMasi pac-
CEesIHHBIM CBETOM HeOa (IIpU OTCYTCTBHH ITPOTHBOCTO-
SIMUX 3JaHUI), pacCUNTaHHAs Yepe3 TuPPy3HYIO To-
PU30HTAIBHYIO OCBEUIICHHOCTH C YUETOM TP PY3HOTO
K09 pUIMEHTA IPOITYCKaHUsA T, U TEIECHOTO yIia 00-
30pa Heba u3 pacueTHoU Touku. [list pacuera kodphu-
1MEnTa T, 3 GopMyIbl (6) IPH HOPMATLHOM TIaIEHUH
coJiHeuHBbIX Jiydeid (O = 0°, sin ® = 0) ¢ yueTom cooT-
HOIIEHHS HINPUH I0JI0C 00EHX PELIETOK MOIydaeM:

cl + CZTchrl C3 + C4Tchr2

T =
¢ ¢ +e, e te,
n—1)° (10)
x exp(—a s, ).
(n+1j p( “ 2)

J1J1st HEXPOMOTEHHBIX PEIIETOYHBIX OKOH (OpMY-
na (10) ynpomaercs ipu t, , =0n 1, , = 0. Tenecuprii
yroin o63opa Heba Q. (105151 HeGECHOTro CBOJIA) M3 pac-

YEeTHOUN TOYKHU AIMMIPOKCUMHUPYEM BBIPAKCHUCM:

W H, cosB
Q=—r—"— D’ > (11)
rae W — mupuHa OKHa; H  — TpeBbIIEHHE BbICO-

Thl OKHA HaJ] paC4eTHON rOPU30HTAIHON MIIO0CKOCTHIO;
B — yron mexy nuHMElN, TPOXOAILEH Yepes3 3T JBE
TOYKH, 1 HOPMAJIBIO K OKHY; D) — paccTosHUE MEXITY
pacueTHON TOYKOM M LIEHTPOM OKOHHOTO RJIEMEHTA
HaJl pacue€THOM TOPU30HTAIBLHOM TIOCKOCTHIO.

Bropoit MEHOXuUTENDb B hopmysie (9) yuUThIBACT BHYT-
PEHHE OTPa’KEHHYIO COCTABIIAIOIIYIO JHEBHOM OCBelle-
HHOCTH I10 METOY, peAcTaBIeHHOMY B pabore [32],
UCXO/ M3 BHYTPEHHMX Pa3MepoB U (POPMBI TIOMeIe-
HUS, pa3Mepa U PacloiIoKEHHs BCeX OKOH, KO HUITH-
€HTOB OTPa)KEHMsI ITOTOJIKA, CTCH U 110J1a, U PACTIOIOKE-
HUs pacuyeTHbIX Touek. KoadunuenTt Heba it OkHa
OTpeJIeNAeTCs B 3aBUCHUMOCTH OT YITIa 3aTEHEHUS MEX-
Jly TOPU30HTAJIBIO U JINHUEH KPBILIU IPOTUBOIIOIOAKHO-
TO 3JIaHNsI.

PE3YJIBTATHI HCCJIEJOBAHUA

YucaeHHOE MOJCITMPOBAHKUE BBIMOJIHEHO IS YC-
noBuii . Opendypra, Poccus (51,7727° c. m., 55,0988°
B. 1., GMT+05:00), 115t roro-BocTouHOTO (hacasa 3naHus
¢ azumyToM 120° Ha 15 uroHs, KaKk JHS ¢ MaKCUMaJlb-
HOW MHTCHCHBHOCTHIO CONHEYHOU pammanuu B OpeH-
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Taéu. 1. Pacuer ko3 duipenTa npomyckanus 1uisi OKHa ¢ a3umyTom 120°

Koadhpunment npormyckanust

Bpewms, OkpallleHHOE COCTOsIHHIE OO0ec1BEeYEHHOE COCTOSHUE

o M A,rpan. | h,rpag. | o,Tpax. | ©,rpap. . . -
¢bunsTp (bPIJfIgI:Tp 061:.15;'Hoe © TP (bHJ;HI:Tp 06LIgnHoe

6:49 69,40 13,53 -50,60 51,89 0,0631 0,0325 0,0232 | 0,5442 | 0,2804 | 0,2782
7:19 74,90 17,95 —45,10 47,82 0,1504 | 0,0818 | 0,0245 0,5644 | 0,3070 | 0,2937
7:49 80,43 22,48 -39,57 44,58 0,2116 0,1187 | 0,0252 | 0,5787 | 0,3247 | 0,3030
8:19 86,07 27,09 -33,93 42,38 0,2512 | 0,1433 0,0257 | 0,5878 | 0,3354 | 0,3081
8:49 91,92 31,73 —28,08 41,37 0,2711 0,1557 | 0,0258 | 0,5924 | 0,3402 | 0,3101
9:19 98,09 36,35 -2191 41,65 0,2707 | 0,1552 | 0,0258 | 0,5924 | 0,3396 | 0,3096
9:49 104,71 40,90 -15,29 43,19 0,2456 | 0,1393 0,0255 0,5865 | 0,3327 | 0,3063
10:19 111,98 45,30 -8,02 45,85 0,1827 | 0,1014 | 0,0250 | 0,5719 | 0,3174 | 0,2996
10:49 120,08 49,47 0,08 49,47 0,045 0,0240 | 0,0240 | 0,5400 | 0,2880 | 0,2880
11:19 129,29 53,29 9,29 53,85 0,2156 | 0,1074 | 0,0224 | 0,5796 | 0,2886 | 0,2689
11:49 139,82 56,60 19,82 58,81 0,3861 0,1706 | 0,0199 | 0,6191 0,2736 | 0,2387
12:19 151,85 59,21 31,85 64,23 0,4267 | 0,1522 | 0,0161 0,6286 | 0,2243 0,1927

Oypre, BEIOPAHHOTO T10 JJAHHBIM O TOZI0BOM H3MEHEHHHU
IpsIMOIl HOpMAJIbHOM, paccestHHON TOpU30HTANIBHON
U CyMMapHO# ropu30HTaJIbHOM COJIHEYHOH pajaua-
L[1U TPH SICHOM HeOe, PUBEICHHBIM B CIIPABOYHHUKE'.
JI1s 3 THUX yCcIOoBUI ONTUMAJIBHBIN YO HAaKJIOHA pellie-
TOK (riibTpa 42° nonyueH [26] myTeM anmnpoKCUMaIu
Tpaexropuu Conxua ¢ 7 4 49 mun 10 12 9 19 muH.
A3zumyTbl A 11 BBICOTHI cTosiHMSE /2 CONHIA B pacyeTHBIN
JIeHb uepe3 Kajk/ble I014aca CBETOBOIO JAHsI OTHOCH-
TEJBHO BPEMEHU COBIaieHHs a3uMyToB CoJIHIa U OKHA
A=A, =120° mpuesensl B Tab. 1. Paccunranbl yribl
nageHust ® u pazHocTH o Mexay azuMmyTramu ConHna
U OKHa.

XapakTepuCTHUECKUI YroJl puibTpa onpeeneH
1o dopmyre (1): ® = 40,89°. Yncnennoe Mosieanposa-
HUe 110 (hopmynam (2) NpoOBEAECHO PU MUHUMAJILHOM
1 MakCUMaJIbHOM T€OPETHYECKUX Ko duIeHTax mpo-
nyckanus punsTpat  =0wmt = 0,5 c Henpio momy-
YEHUsI OJIMHAKOBBIX MIMPUH BCEX MOJIOC (Kak Ha puc. 1):
¢, =c,=c,=c,= 10 MM, Juist 4ero CpeiHUiN yroi naje-
HUs 3a]1aH CO 3HaueHueM © = 28,9611°.

Teopernyeckue k03(pHUIHEHTH CBETOIPOITYCKa-
HUSL paccuuTaHbl 1o Gpopmynam (7) U CKOPPEKTHPOBAHBI
o hopmyie (6) aist pemeToqHoro GUIbTpa ¢ noioca-
MU U3 XPOMOT€HHOTO MaTepuaja ¢ UHTerpUPOBaHHON
B TOHKYIO IJICHKY JIMTaH/I000MEHHON TEPMOXPOMHOU
CUCTEMO}, UMEIOIIIeH TOCTENEHHOE YMEHBIIIEHUE TPo-
nmyckanus ¢ 54 10 4,5 % B BUIUMOM AMaTa3oHe U ¢ 22,5
1o 4,5 % B UK-nnana3oHe npu NOBBIIICHUU TeMIIe-
parypsl ot 25 o 85 °C [12]. Dror marepuan BeIOpaH
11 o0eux pewerok, re. 1, =1, =0,045ut, =1, =
= 0,54 B OKpalIeHHOM U 00CCIIBEYCHHOM COCTOSHUSIIX
COOTBETCTBEHHO. J[)1s1 00BIYHOTO CMapT-OKHA C ITpUMe-
HEHHUEM TOr0 K€ XPOMOIE€HHOro MaTepuaja CKOppeK-

! Hayuno-npukaanoi cnpaBounuk 1o kiumary CCCP. Bor-
myck 12. Tatapckas ACCP, VnesnoBckas, KyiiObimeBckas,
[Nensenckas, Caparosckas u OpenOyprekas oonacta. JI. : ['n-
npomereonsnar, 1988. 647 c.

TUPOBAaHHBIE KOI(PGUIIMEHTHI CBETONPOITYCKaHHsI pac-
cuuTassl 110 Gpopmyse (6) npu noacraHoske T = 0,045
u t = 0,54 B OKpaniecHHOM U 00ECIIBCUCHHOM COCTOSI-
HUSIX COOTBETCTBEHHO. Koppekruposka kos(duumen-
TOB MPOMyCKaHus 1o Gpopmyiie (6) MpoBe/IeHa IpH 0, =
=0,02 mm ', s = 12 MM (Tpu cTeksIa 110 4 MM TOIIMHO)
un=1,5. Pe3ynbrarsl pacueToB NpuBeeHbI B Ta0MI. 1.

Ha puc. 2 npezacraBieHbsl BpeMEHHbIE TEOPETU-
yeckue (JTMHUU 1) U CKOPPEKTHpOBaHHBIE (JIMHUH 2)
XapaKTEePUCTUKHU CBETONPOINYCKAHHUS PEIIETOYHBIX
(UIBTPOB M CKOPPEKTUPOBAaHHBIE (JINHUM 3) XapakTe-
PUCTHKH OOBIYHBIX CMapT-OKOH, HOJHOCTHIO MOKPbI-
TBIX aKTHBHBIM CJI0€M. XapaKTePUCTUKU IPUBE/ICHBI
JUISL OKPAIIEHHOTO U 00eCIIBEYEHHOT0 COCTOSIHUH Tep-
MOXPOMHBIX I10JIOC U CJIOEB.

Ha puc. 3 noka3ansl miaH U pa3pe3 MOMELEHUs
C OKHOM B IOT0-BOCTOYHOM (hacajie 31aHus Ul pacyera
cDA u pesynbrarsl pacyera. JinHa (n1yOuHa), uprHa
U BBICOTA PACUETHOTO MOMEIEHUSI COCTAaBISIOT 5,5, 4
u 2,6 m. lupuna u BeicoTa okHa 2 u 1,5 M, BeIcOTa I10-
nokonHuka 0,8 M. KoadduuneHTsr oTpaxkeHus 1moros-
Ka, CTEeH U I1ojia MpuHUManuch paBHeiMu 0,8 (cBeTiio-
cepslit), 0,6 (cpenne-cepsiit) u 0,4 (TemHo-cepsblit). cDA
paccunTas 1o ¢popmyse (8) pu Mopore OCBEIEHHOCTH

3

0.3 g =0 I
1 9T 10:49 — Bpems c Tpe- [~
\4(>‘°a

OyeMbIM MHHIMaJIbHBIM ™

0,2 nponycrgglil\czlL T
: ~o
0.1 e N f
L~ 1, \. /
&l o—ot—o—o1—o—of A o ol o
8:00 10:00 12:00
Bpewms aus, 4 Mun

Koadhpunment npormyckanus

Puc. 2. BpemeHHBIE XapaKTEPHCTUKY TIPOITycKaHust: 1 (risTp)
1 2 (cToit) B OKpameHHOM cocTostHUY; 3 (hustp) u 4 (cnoii)
B 00€CIIBEYCHHOM COCTOSIHUH
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Howmep Toukn

Puc. 3. [Tnan u pazpes momenieHus 17 pacaera cDA u pe3ynb-
Tatel pacueta: 4 u A — asumyThl CONHIA U OKHA; 0L — pas-
HOCTP a3uMyToB COJHIIA B OKHA; /1 — BbIcoTa cTOstHUST CoTHIIA

500 nx s 12 pacyeTHBIX TOYEK HAa TOPU3OHTAIBHON
wtockoctu Ha Beicote 0,8 M ot mona. ['opu3oHTanpHAS
OCBEIIEHHOCTh paccunTana mo ¢opmyne (9) Ha oc-
HOBE MHOTOJIETHUX JAaHHBIX O MPSIMOH HOPMaJbHOU
U paccesHHON rOpU30HTaIbHON paauaruu A . Open-
Oypra'. TTockoNbKy TaHHBIC O paJHAIlMU MPUBEICHBI
JUISL COJTHEYHOTO BPEMEHH Yepe3 KaxKIblii yac, HaunHas
¢ 6 4 30 MuH, a pa3HHIIA MEXAY COJTHEUHBIM U JIEKPET-
HbIM BpemeHeM B OpenOypre (GMT+05:00) cocrasis-
et 1 4 20 MuH, Bce pacueThl IPOBECHBI JUIsl pa0b0YrX
gacoB ¢ 7 4 50 muH 1o 16 1 50 mun. {nsa cpaBHeHUs
oTIpenieNieHsl 3HaYeHNs CDA 1711 peIeToqHoro 1 00BIY-
Horo cMapt-okHa. [Ipu pacuerax cDA yuTeHO, YTO BbI-
OpaHHBIH TEPMOXPOMHBII MaTepHal MePeKII0YaeTCs
13 00eCIBEYCHHOTO COCTOSIHUS B OKPAILICHHOE IIPY Ipe-
BBIIEHUH TemmepaTypbl 25 °C — 1j1s WIOHSI, WO
U aBTYCTa CO CPEJHUM MaKCHMYMOM TEMIIEpaTyphl
27,5,29,0 u 27,4 °C cOOTBETCTBEHHO, MIPHUHSATHI KO3(-
(MIMEHTBI CBETOIPOITYCKAaHHSI B OKPAILIEHHOM COCTOSI-
HUM MaTtepuaia. B octambHble Mecslbl KO3 GHUIMEHTHI
paccYUTaHBbI Ul 00CCLBEYEHHOTO COCTOSHHUS.

JUis pemeToYHoro cMapr-okHa KOd(G(GUIUEHT
Iu(y3HOro MponyckaHus T, pacCIMTaHHBIA 1O (op-
myne (10), coctaBmser 0,1681 u 0,3651 B okparien-
HOM M OOECIIBEYEHHOM COCTOSIHUSIX COOTBETCTBEHHO.
JLiist 0OBIHOTO CMapT-OKHA CKOPPEKTUPOBAHHBIE KOA(-
(DULMEHTBI IPSIMOTO MPOITYCKaHUs pacCUUTaHbI 1o (op-
MyJte (6) Tpr (JaKTHYECKHX yIIax NaJeHusA TP T= 1T, =
=0,045ut=1, =0,54 B OKpareHHOM 1 00ECIBEUEH-
HOM COCTOSIHHSIX COOTBETCTBEHHO. A K03()(DUIIMEHTHI
muddysnoro npormyckanus 0,0277 u 0,3325 mis oObr4-
HOT'O CMapT-OKHA B OKPAILIEHHOM U 00€CIIBE4EHHOM CO-
CTOSIHHUSIX COOTBETCTBEHHO IMOTydeHsbI 1o hopmyire (10)
IIpU MOACTaHOBKE BMECTO IMMPOU3BEACHUA JIBYX IIEPBBIX
BBIpaXKEHHH B CKOOKax 3Hauennid t=1, = 0,045 nt=
=1, =054

3HaueHHs ayb0e10 NOBEPXHOCTH 3eMJIM TIPUHSTO
0,8 B MecsIIbI CO CHETOBBIM TIOKPOBOM C HOSIOPSI TIO MapT
n 0,3 11t ocTaNbHBIX MecsteB. J[ist onpenenenus Tene-
CHOTO yrita 0630pa Heba o (opmyte (11) npesbimienue
BbICOTBI HW OKHa Haj pacueTHOM rOpU30HTAIBLHOM I1J10-
CKOCThIO cocTanisieT 1,5 M. Paccrosinust D Mexay kax-
JIOM pacueTHON TOYKOM U LIEHTPOM OKOHHOTO 3JIEMEHTa
HaJ pacueTHON TOPU3OHTAIBHOMN TIOCKOCTHIO (/17151 Ha-
IIEro Cilydas IEHTPOM OKHA) M YIIIbl B MEXIy JHHUS-
MU, MIPOXOAAIIUMHA Y€PE3 OTU ABE TOUYKH, U HOPpMAJIBIO
K OKHY IpuBe/ieHbI B Ta0i. 2. Ha puc. 3 mokasaHn nopsi-
JIOK OIPENEICHNs PACUCTHBIX APAMETPOB ISl TOUKH 7:
paccTosHus D, a3uMyTaJIbHBIX YIVIOB Hayana b, 1 OKoH-
4aHus b, MHCONANMY (OT HaNpaBIIEHHs CEBEpPaA), yIia
OTpaHNYEHHs BBICOTHI CcTosiHus Conuua 1 yrios /i,
¥ 0., Ul pacdera no Qopmyine B = arccos(coshcosa).

OcrarnbHbIe TapaMeTpsl T pacdeTa o opmyre (9)
cocrapisior: F =3 M, F'= 93,4 Mm%, R = 0,5, R =0,7
u R = 0,6. ®axrop meba mia okaa C = 39 onpenerncH
o padore [32] npu yrie 3areneHus 0°, T.e. IPU OTCYT-
CTBHUY NPOTUBOCTOSIIIIETO 3/1aHMs ¢ (hacajoM, IPEBbIIIAL0-
LM FOPU30HTAIbHBIA yPOBEHb LIEHTpa okHa. IIpu aTnx
napameTpax BTOpoil MHOKHUTeNb B (hopmyste (9) paBeH
2,57. TIocKombKyY B CIIpaBOYHKKE! TIPUBEICHBI TaHHBIE
0 NPsIMOM HOPMAJIBHOM, PacCesIHHOW IOPU30HTAIbHOU
U CyMMapHOW TOPH30HTAJIBHONW COJHEYHON pajnaivun
B BT/M?, 1151 epeBozia B SAMHHUILY H3MEPEHHST OCBEILCHHO-
CTH UCIIOJIB30BAJICS MIEPEBOAHON Koaddurment 1 Br/m? =
= 120 mx [33]. Pesynbrars! pacdera cDA mo dhopmye (9)
MpeICTaBIIeHb! HA PUC. 3 U B Ta0M. 2.

Taou. 2. PacueT aBTOHOMHOCTH HETIPEPHIBHOTO €CTECTBEHHOTO cBeTa cDA

Howmep Toukn 1 2 3 4 5 6 7 8 9 10 11 12
D, m 1,76 | 0,95 1,76 | 2,66 | 2,21 2,66 | 394 | 3,64 | 394 | 533 | 512 | 533
B, rpan. 71,8 53,6 | 71,8 | 39,7 | 20,5 | 39,7 | 25,5 11,8 | 25,5 | 18,5 8,6 18,5

Q, cp. 0,302 | 1,973 | 0,302 | 0,326 | 0,575 | 0,326 | 0,174 | 0,222 | 0,174 | 0,1 | 0,113 | 0,1
h_.»TPaj. 42,1 67,0 | 42,1 29,8 | 353 29,8 21 22,4 21 15,8 | 16,3 | 15,8

b,, rpan. 166 63 43 134 95 71 128 105 86 125 109 94

b,, rpan. 196 177 73 169 145 106 154 136 112 145 131 114
cDA ¢dunspa, % 97 97 97 97 97 97 95 96 96 93 94 93
cDA crnos, % 87 97 87 88 96 89 79 82 80 73 75 74
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3AKJTIOYEHHUE U OBCYXJIEHHUE

B nau6ornee xapkuii neproa roaa (Jj1s pacueTHOM
TEPPUTOPHUH ITO HIOHB—ABTYCT), KOTJIa TEPMOXPOM-
HBIA MaTepual MojIoc PUIBTPa HAXOTUTCS B aKTUBHOM
(OKpaIIeHHOM) COCTOSIHUY, BpEMCHHAS XapaKTePUCTH-
Ka CBeTompomnyckanus (InHus 1 Ha puc. 2) pemeTod-
HOTO CMapT-OKHA MMEET MUHUMYM TOYHO B 3aJJaHHOC
BpeMs 10 1 49 MuH, B OCTaIbHOE BpEeMs MPOMYCKaHHE
3HAYUTECJIbHO BBIIIC, YEM Y TPpaAUIIMOHHOI'O CMapT-
OKHAa, y KOTOPOTO B TeUeHHE pabouux 4acoB Kodpdu-
[UCHT CBETONPOIMYCKAHUSA (JIMHHUS 2) MPaKTHYECKU
HE M3MCHSACTCS ¥ 3aBUCHUT TOJBKO OT M3MECHEHUS YITIOB
MaJIeHNs COJHEYHbIX Jydyel Ha okHO. JInnus 1 moka-
3BIBACT, UYTO PCIICTOYHBIA (PUIBTP 007aaeT YIIOBOH
CCJICKTUBHOCTBIO TPOITYCKAHUS, TaK KaK B TCUCHUE JTHS
YIVIBI MAJICHUS Jydel HempepblBHO u3MeHstoTcs. [o-
CKOJIBKY M3HAuaJbHO ObUI 3aJlaH HYJIEBOW TeopeTHYe-
CKMI MUHHUMYM CBETOIIPOIYCKaHUs, TO B HA3HAUEHHOE
BpeMs (PUIBTP MONHOCTHIO OJIOKHPYET MPSIMBIC JTyUH,
MIPOMyCKast TOJIEKO pacCesTHHBIC. XapaKTEPUCTHKH TT0-
CTPOCHBI B MIEPBYIO TOJIOBUHY padodero JHs, KOrma
B FOTO-BOCTOYHOE OKHO PAacYeTHOTO TIOMCIICHHS ITOTIa-
JTAFOT TPSIMBIC COTHEYHBIC JTy4YH, 3AIUIIATh OT KOTOPBIX
U MpeIHA3HAYCH MPEe/IaracMblil ONTHYCCKUI (QUITBTP.
VYBeJIIMYEHHOE CBETONPOINYCKaHue (QHUIbTPa MO CPaB-
HEHHUIO C OOBIYHBIM OKHOM OOECIIeUuMBACTCS 3a CUET
MIPOITyCKaHMS PAacCeSHHOTO cBeTa HeOa MpH OJIOKHPO-
BaHWUU TIPSMBIX JIy9eH, UTO 3HAYUTEIHHO MOBLIIIACT
KOM(OPTHOCTH OCBEIICHUS — IIPU BHICOKOM yYPOBHE
OCBEIICHHOCTH CHUYKACTCSI BEPOSITHOCTH OCIICTUICHHO-
CTH OT NpsIMOi1 costHeuHoH paguanuu. Kpome Toro, ato
CHOCOOCTBYET HEKOTOPOMY CHHIKEHHIO TEMITEpaTyphl
B IIOMCUICHUU U COOTBCTCTByIOHIeﬁ 3KOHOMUU HAa KOH-
JULMOHUPOBAaHUU BO314yXa. BpeMeHHble XapakTepu-
CTHUKHU PENIeTOYHOTO W TPAaTWIHOHHOTO CMapT-OKHA
(nmueNM 3 1 4 Ha puc. 2) TOKA3BIBAIOT MPEUMYIIIECTBO
MpUMEHEHUS (QUIBTPA TaKXKE U B OCTAIHHOE BpEMs
rojia, Koraa QIIBTP HAXOAUTCS B 00CCIIBEYCHHOM CO-
CTOSTHIH — €TO CBETOIPOITYCKaHUE HECKOJIBKO BBIIIIC.

Pesysbrarel pacyeTa aBTOHOMHOCTH HEIIPEPBIBHO-
T0O €CTECTBEHHOTO cBeTa DA, npoBeneHHsbIe i 12 me-
csueB (tabm. 2, puc. 3), TOATBEPKIAIOT KPYIIOTOANY-
HYIO0 3((EeKTUBHOCTh OKHA C PEIICTOYHBIM (PHIBTPOM
TI0 CPaBHEHUIO C TPATUIIMOHHBIM CMapT-OKHOM TIPH TIPH-
MEHECHUH OJHOTO U TOTO JK€ XPOMOTEHHOTO MaTepHaa.
Pabodas ropu3oHTaNBHAS TIOCKOCTH Ha BBICOTE 80 cM
OT I10J1a IMEET OYCHB BBICOKHC 3HAUCHHUS OCBEIIICHHOCTH
Y PELIETOYHOr0 OKHA MO BCEH IIIONIa 1 MOMEIICHHS —
oT 93 10 97 % pabodero BpeMeHH B TOAy OHA IPEBBI-
I1aeT yCTaHOBIEHHBIH mopor B 500 JIK, T.e. IPOLIEHTHOE
pacmperenieHne paBHOMEPHOE TI0 BCel ITyOMHE oMeTIIe-
HUSL, TIPHYEM 3a CUET MPOITyCKaHuUs KoM(OPTHOTO pacce-
STHHOTO cBeTa HeOa. CrieyeT IMETh B BUJLY, YTO PACUCTHI

CAETaHbI A JaHHBIX O COJIHEUHOW pajuaIfy MpH sic-
HOM HeOe, BKITIoYasi 3MMHHE MECSIIbI (CPeTHsST POIO0I-
YKUTEITFHOCTh COJIHEYHOTO CUSIHUS B Toy B OpeHOypre
cocrasisier 2198 4). B momenienny ¢ 0ObIYHBIM OKHOM
97 % pabouero BpeMEHHU C MPEBBIIICHHEM yCTaHOB-
JICHHOTO ITOPOTa OCBEIIEHHOCTH HaOIIOAAETCS TOIBKO
B OJTHOW pacdyeTHOH TOYKE 2 HEMOCPEICTBEHHO Y OKHA,
B MIyOMHE MOMEIIeHUs MoKa3arenb najnaet Ao 73 %.
B oronuTenbHBI NEpUOJ PEMIETOYHOE CMApT-OKHO
npoIryckaer 0oliblliee KOJMYECTBO COHEYHOM pajua-
LM, YTO CIIOCOOCTBYET HEKOTOPOH SKOHOMHH PacXoyioB
Ha OTOIUICHHE.

B cBsI3u ¢ HOBM3HOH PENIETOYHBIX ONTHYECKHX
(hUIBTPOB U CMapT-OKOH Ha UX OCHOBE, MOJJOOHBIE UC-
CJICJIOBAHUSI IPYTUMHU aBTOpaMU HE TPOBOJIMIINCEH, a Me-
TOZIOJIOTUSI MOZIEINPOBAHNS €CTECTBEHHOIO OCBELICHHS
B MOMEILIEHUSAX C UX NPUMEHEHHEM OTCYTCTBOBAJA.
B mpesxneii padore [30] aropamu OpUTa Hagara paspa-
00Tka MeToy1a ¥ TIPOBEPEHA YUCIIEHHBIM MOJICIIMPOBAHH-
€M JUTS IOMEUIEHHSI ¢ OKHOM C IBOWHBIM OCTEKJICHHEM
MIPY HaJIMYUH IPOTUBOCTOSIIETO 31aHus. B HacTodmeM
MCCIIEIOBAaHNH PAacUeTHBIE (POPMYITBI MOANDHUITPOBAHBI
1 YTOUHCHBI, ITIO3TOMY IMOJYUYCHHBIC JaHHLIC OTJIMYar0T-
cs1. [IporieHTHOE paciipeseneHne Mo rTyOnHe moMerie-
HUS 30H C MPEBBIIICHUEM TIOPOTa OCBEIIEHHOCTH B Te-
YEHHE IroJJ0BOTr0 paboyero BpeMEHH 110 HOBBIM pacyeTaM
3HAUUTEIBHO PaBHOMEpPHEE, B TOM YHCIIE U JUTs TIOMeIlie-
HUS C OOBIYHBIM CMapT-OKHOM.

IomydeHHbIe pe3ynbTaThl NPEACTABISIOT AT UC-
CJIEZIOBATEIIHCKOTO COOOIIECTBA OOIIHI METO/ MOZIEITPO-
BaHUS JUIsl HOBOTO THIIA CMApPT-OKOH, 00€CTIEUNBAIOIINX
YIJIOBOE CENEKTUBHOE PETrYTUPOBAHIE CBETONPOITY CKaHUSI
0e3 MPIMEHEHNS JKaTI031 U TIOOOHBIX TOTIOJTHUTEIIBHBIX
ycTpoicTB. C mpakTUYECKOW TOYKH 3PEHUS YITydIIaTcs
9PrOHOMHYECKHE CBOHCTBA (OTCYTCTBHE HEOOXOANMOCTH
PYy4YHOTO MM aBTOMAaTHYECKOrO YNPaBICHUS, MOHTaXa
1 9KCIUTyaTalluy JOTIOJHUTEIIBHBIX YCTPOHCTB), @ TaKKe
OKOJIOTUYCCKHEC (yMeHI)I_HeHI/Ie BJIMAHUA TOBIIX U JIPY-
TUX aTMOC(EpHBIX SBICHHI, OTCYTCTBHE MaTepHAaJIOB
JUTSL yTHIIN3ALMN TI0CIIE UCTIONB30BAHMS) U 3CTETHUECKUE
(0co0OeHHO B MaHOPAaMHBIX OKHAX OOJBLION TUIOIIA/H, T/Ie
3aTPYIHATENHFHO MCIIOIB30BAHNE JKAMIO3U U T.11.) (PaKTO-
pbl. PerieTounble cMapT-0KHA PEKOMEHYETCsl IPUMEHSATh
TIPH BOCTOYHBIX, FOXKHBIX 1 3aIaAHBIX a3UMyTaxX OPHUCHTA-
MM (acajioB 31aHUH C TPeJIIoaraeMbIM PeXUMOM pabo-
THI B THEBHOE BPEMsI JUISI IOCTIDKEHHS O0s1ee KOM(OPTHBIX
YCIIOBH €CTECTBEHHOTO OCBEILCHHUS Ha pabOunX MecTax
W MUHUMH3AIAN SHepromnoTpedinenns u 3arpar Ha OBK.
HccnenoBanus OyayT MpOIOIKEHBI aBTOPAMHE C 1IEJIBIO
Oornee 1ETaIBHOTO U3YYEHHS TOJIOBOH MTPOM3BOJHUTEIh-
HOCTH (DyHKITMOHHPOBAHUS PEIIETOYHOTO (DIIIETPA M 3KC-
MEPUMEHTAIILHOTO MCIIBITAHNS pealIbHBIX MOJIENIel CMapT-
OKOH B HAaTYPHBIX yCJIOBHSIX.
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INTRODUCTION

Building performance modelling (BPS) unambigu-
ously determines the most efficient and sustainable buil-
ding design option and provides reliable predictions of fu-
ture performance, taking into account environmentally
relevant potential and a number of important global bound-
ary conditions, including population growth and urbaniza-
tion [1]. Over the last decades, numerous BPS computer
programmes have been developed covering only certain
parts of BPS (climate analysis, energy demand, thermal
comfort, visual comfort, environmental impact, costs, etc.)
or comprehensively modelling all these key building per-
formance indicators.

Integrated [2] and manual [3] daylighting and elec-
tric lighting control methods are investigated to create
an energy efficient building design maximizing the use
of solar energy resources. Modelling of natural room
lighting based on BPS computer programmes can be
performed for rooms with conventional windows using
blinds or other devices, as well as with traditional smart
windows covered with a single layer of active, usually
chromogenic material.

Actively studied for several decades, smart win-
dows [4] based on chromogenic or other advanced
technologies are an essential component of improv-
ing the energy efficiency of buildings and the comfort
of natural light indoors [5—8]. The glass of a traditional
smart window, fully coated with an active material,
changes light transmission in response to changes in
external conditions (temperature for thermochromic
[9-11] and thermotropic [12, 13] glasses, UV intensi-
ty for photochromic [14—16] glasses), applied voltage
(electrochromic glasses [17—-19]), changes in the con-
centration of gases in the window chamber (gaschro-
mic glasses [20, 21]), etc. Modelling for rooms with
such smart windows differs only in that they have
two or more (electrochromic glass) light transmission
modes, so calculations are required for each mode. In
addition, traditional smart windows do not have angular
transmittance selectivity and can be used in conjunction
with blinds and other devices for which it is sufficient to
apply available BPS modelling techniques.

This paper considers the problem of modelling
natural lighting in rooms with a new type of smart win-
dows, which differ from traditional ones in that they
have not one continuous active layer, but two grids with
parallel strips of chromogenic or other active material
on different window surfaces, representing a new type
of optical filter. The task is complicated by the fact
that such smart windows have gratings arranged at
any angle adapted to the trajectory of the sun relative
to the window, not only horizontally or vertically like
blinds. Different materials and technologies can be used
to form the active bands of the two grilles [4-21]. Nu-
merous BPS computer programmes do not have appro-
priate functions for daylight modelling in rooms with
louvered smart windows due to their distinctive fea-
tures. Studies to find optimal designs and sizes of win-
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dows and their placement, to limit direct solar radiation
into the room, to prevent glare and to redirect light stre-
ams into the interior of the room with the help of shad-
ing and redirecting devices require the development
of modern approaches to the regulation of natural ligh-
ting [22].

The method of angular selective control of direc-
tional light transmission patented by the authors [23, 24]
is the basis for the development of new optical filters
and smart windows based on them [25-30]. The meth-
ods for calculating the optimal angle of inclination
of optical filter gratings for grating smart windows,
widths of transmitting and non-transmitting (scattering,
reflecting or absorbing) strips of both gratings and their
mutual arrangement to minimize light transmission
on a given day of the year and time of the day, taking
into account the azimuth of the window, geographical
coordinates of the building, seasonal and daily distri-
bution of solar radiation intensity [25, 26] have been
developed. The original calculation methods for fil-
ters with transmissive and non-transmissive bands are
generalized and extended for filters with chromogenic
bands [27]. Smart windows with grating optical filters
provide year-round dynamic control of natural light
without the use of blinds, etc. [28] and are particularly
advantageous for optimizing the natural light and in-
solation of buildings with curved facades [29]. A new
architectural typology of buildings with individual
transmittance of each louvred smart window without
the use of additional daylight shading/directing devices
is proposed, whose algorithm is implemented by calcu-
lating the geometrical parameters of filters for different
facades, temporal characteristics of light transmittance
and natural light performance [30].

The aim of the study is to refine the methods for
calculating the geometric parameters of the grating
filter, the temporal characteristics of the light transmit-
tance of the smart-window and the indicators of natural
lighting in a room with a grating smart-window with
subsequent verification of these methods using numeri-
cal simulation to achieve comfortable lighting condi-
tions and minimize energy consumption and heating,
ventilation, air-conditioning (HVAC) costs.

MATERIALS AND METHODS

The device of a triple-glazed smart window having
a grating optical filter with parallel chromogenic strips, be-
tween which there are directionally transmissive strips, i.e.
the untreated part of the glass, is shown in Fig. 1. The grids
of the smart window are tilted at an angle adapted to
the trajectory of the Sun relative to the window. The win-
dow section is shown in a plane perpendicular to the bars
of the gratings. The filter has geometrical parameters such
as the angle of inclination of the bars vy, the distance be-
tween the gratings s, the widths of the transmission bars
¢, and c,, the widths of the chromogenic bars ¢, and c,,
the characteristic angle ® , showing the displacement
of the input and output gratings with respect to each other
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Fig. 1. Lattice smart window with triple glazing: ® — characteristic angle of the filter; 0 — projection of the angle of incidence;

s — distance between the gratings; y — angle of inclination of the gratings; ¢, — band widths

by tracing a ray passing through the centres of the bars
of both gratings (Fig. 1). The filter depicted has gratings
with equal widths of all fringes, so at the characteristic
angle of incidence the incident direct sunlight is complete-
ly blocked, at a different angle of incidence at the same
point on the plane of the entrance grating the beam passes
through all three layers of glazing. This illustrates the an-
gular selectivity of the filter light transmission.

The optimal angle of inclination of the filter grids
is determined by the algorithm [25], which includes:
1) calculation of the standing height and azimuth
of the Sun on the selected day of the year at the given
latitude and longitude of the building; 2) determina-
tion of the Sun’s trajectory relative to the window, tak-
ing into account its azimuth; 3) approximation of this
trajectory in the selected time interval. The optimality
of the grids’ inclination means that the sun rays will fall
mainly in the planes perpendicular to the strips (Fig. 1),
i.e. the light transmission regulation will be the most
effective. Since the Sun’s trajectory varies throughout
the day and year, the angle of inclination of the filter
grids is calculated for the selected time of day of the se-
lected design date with a “worst-case” scenario, when
maximum protection from the Sun is required. Depend-
ing on local climatic conditions, the day with maximum
solar radiation intensity or maximum temperature can
be taken as the design date. The time of maximum so-
lar radiation intensity, the zenith position of the sun,
the coincidence of the azimuths of the sun and the win-
dow (when the sun’s rays penetrate deepest into the in-
terior of the room) can be taken as the design time.

Optimization of light transmittance of the lattice
smart-window is to ensure minimum transmittance
of direct sunlight at the selected time of day and year
in a certain angular range symmetrically relative to
the characteristic angle, when the width of the trans-
mittance band of the input gratings is greater than
the width of the non-transmittance (chromogenic) band
of the output gratings, or when the widths of these
bands are equal (zero transmittance, i.e. complete
blocking of direct sunlight).

The method of calculating the characteristic angle
of the filter [25-27] is based on ensuring minimum light
transmission at the angle of incidence ®, when its pro-
jection 0 on the plane perpendicular to the gratings coin-

cides with the characteristic angle (®,= 0) at a given mo-
ment of time with the required maximum protection from
the sun. For a vertical window, the angle of incidence
of the sun ray is calculated by a special case of the first
cosine theorem for a trihedral angle, when the dihedral
angle in front of the calculated plane angle is 90°:

® = arccos(coshcosa),

where 4 is the Sun’s standing altitude; o is the differ-
ence between the Sun’s azimuth 4 and the window
A(a=A4-4).

After simplification from [27], we obtain a formula
for calculating the projection of the angle of incidence
for a triple-glazed smart window:

2 J—
0 = arctan \/tanza + M
cos’a
(1)
x cos| v+ arctansii
! tan(®—|a|) '

The strip widths of the entrance and exit grids
[25-27] for a smart triple-glazed window are calculated
using the formulas:

c; =2stan®, — 2stan @ ;

4 i

T (2)
€ =6~ T (c3 + c4);

¢ =c+c,—C,,

where © is the specified mean angle of incidence
(®,,<0), at which the filter transmittance should have
amean value t, = 0.5 (t  +t ) 7t andt  are
the specified minimum and maximum theoretical trans-
mittances (excluding reflection and absorption).

As follows from formulas (2), the widths of all
bands decrease with increasing average angle of inci-
dence. At the same average angle of incidence © , as
well as the width of the transmission band of the output
gratings c,, the distribution of the widths of the other
bands depends on the given minimum and maximum
theoretical transmission coefficients. This must be taken
into account when choosing the values® ,t . andt

min ax”
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The minimum and maximum theoretical transmission
coefficients should be set taking into account the fol-
lowing relations [25-27]:

GG,
min:c+c H
1 2

3)

G

™ e,

The theoretical temporal characteristic of the win-
dow transmittance is the dependence of the theoretical
transmittance on the time of day when the Sun moves
along a complex curvilinear trajectory. Such a charac-
teristic can be constructed from the values of solar azi-
muths and altitudes determined every hour to synchro-
nize the data with the TMY file (typical meteorological
data of the year) for a given area of the Earth, for a more
accurate characteristic the time intervals can be re-
duced to 5 or 10 min. The characterization has alternat-
ing ranges of constant minimum, increasing, constant
maximum and decreasing transmittance, the patterns
of which are discussed in detail in [25]. The ranges with
constant minimum and maximum transmission coeffi-
cients are calculated by formulas (3). The ranges with
decreasing and increasing transmittance coefficients are
calculated [26] by the formula:

(|A] = 0.5¢, + 0.5¢,)

T=
(¢ +¢)

; “4)

where A is the shift between the traces of the input grat-
ings on the surface of the output gratings at characteris-
tic angle and arbitrary angle of incidence. This shift is
determined [26] by the formula:

A=s(tan®, —tan0). (5)

After modification of the formula for correction
of the theoretical time characteristic of window trans-
mittance [26], taking into account reflection by the Fres-
nel equations and absorption by the Bouguer — Lambert
law, we obtain for a window with triple glazing:

=2 _ 2 _ 6
mefrodfslo=e), wito-oa]”

sin(@+0,) tan’(@+0,)

(6)
Jn? —sin’ @ |

where T, is the corrected transmittance; 7 is the theoret-
ical transmittance calculated from formulae (3) and (4);
®  is the angle of refraction corresponding to the angle
of incidence O, n is the refractive index of the glass; o,
is the average natural absorption coefficient of the glass
in the wavelength range (mm™); s is the total thickness
of all window panes, mm. For visible light, the absorp-
tion coefficient is taken in the range of approximately
380 to 750 nm.

Formulas (3) and (4) are intended to calculate the trans-
mission coefficient of a filter with transmissive and non-
transmissive strips. A filter with chromogenic bands
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both in the coloured (darkened) and uncoloured state
of the chromogenic bands, in addition to transmitting di-
rect light through the transmitting bands of both gratings,
i.e. through transparent glass, transmits coloured direct
light through the chromogenic bands (not shown in Fig. 1).
For chromogenic filters, formulas for calculating the bands
with minimum, maximum and decreasing/increasing
transmittance are derived in the study [27]:

_ [cl FC T — Cy (1 T2 )] )

Tmin s
Cl +02
A [CITC}WZ T T Tana 165 (1 ~Tewa ):| .
max 5
cl + CZ
A[-0.5 0.5 1 )
(| |_ . c2 +0. C3 )( - Tchrl - Tchr2 + Tchrlrrhr2)+
T=
Cl +C2
T O Tar T C T Tama 163 (Tchrl T Cema ):|
9
Cl +C2

where T, and T, , are light transmission coefficients (at
normal incidence) of the chromogenic bands of the in-
put and output gratings in the coloured or uncoloured
state.

Of the many natural light indicators established by
Russian and international norms and standards, let us
consider the methodology for calculating the autonomy
of continuous natural light (cDA) as applied to rooms
with lattice smart windows. The equation [31] is pro-
posed to calculate cDA:

A== o)

.,

LifE,>E, | ®)
wf, =

E,/E,..ectu E, <E,_,

where wf, — weight coeflicient depending on illumi-
nance threshold; #,— each hour of work in a year; £, —
horizontal natural illuminance at a given point, lux;
E, — specified illuminance threshold, lux.

To calculate the horizontal illuminance at the de-
sign point based on TMY file data and Lambert’s law
of cosines, we obtain a formula for rooms with lattice
smart windows:

E, = (EDNITcor sinh + EDHITdQ) x
0.85F, (CR, +5R, ) )

1
1 F(1-R) '

where £ — direct normal illuminance, lux; £ — dif-
fuse horizontal illuminance, lux; t, — diffuse transmit-
tance of the window; Q — solid angle of view of the sky
from the design point, av; F/ — window area, m*; C —
sky factor for the window; R and R, — average reflection
coefficients of surfaces below and above the horizontal
through the centre of the window; F'— total area of room
surfaces, m? R — average reflection coefficient of room
surfaces.



Modelling natural light in a room with a lattice smart window

P. 70-88

The first term of the sum of the first multiplier in
formula (9) is a part of horizontal illuminance created by
direct normal illuminance taking into account the trans-
mittance coefficient of direct sunlight and the angle
of incidence. The second term is a part of horizontal il-
luminance created by diffuse sky light (in the absence
of opposing buildings), calculated through diffuse hori-
zontal illuminance taking into account diffuse transmit-
tance coefficient t, and solid angle of view of the sky
from the design point. To calculate the coefficient t,
from formula (6) at normal incidence of sunlight (® =
0°, sin® = 0) taking into account the ratio of strip widths
of both gratings we obtain:

,rd — (Cl +02Tchr1 ][03 +C4rchr2] x
¢ +e, ¢, +e,
n—1Y)

X(n+1j exp(—o,s; ).

For non-chromogenic lattice windows, formu-
la (10) is simplified at T, , = 0 and 7, , = 0. The solid
angle of view of the sky Q. (sky vault fraction) from
the design point is approximated by the expression:

W H, cosB
= (11

where W is the width of the window; H  is the ex-
cess of the window height over the design horizontal
plane; B is the angle between the line passing through
these two points and the normal to the window; D is
the distance between the design point and the centre
of the window element over the design horizontal plane.

The second multiplier in formula (9) accounts
for the internally reflected component of daylight-
ing according to the method presented in [32], based
on the internal dimensions and shape of the room,
the size and location of all windows, the reflection co-
efficients of the ceiling, walls and floor, and the location
of design points. The sky coefficient for a window is

(10)

Q:

determined depending on the angle of shading between
the horizontal and the roof line of the opposite building.

RESEARCH RESULTS

Numerical modelling was performed for the con-
ditions of Orenburg, Russia (51.7727°N, 55.0988°E,
GMT+05:00), for the south-eastern facade of the build-
ing with an azimuth of 120° on 15 June as the day with
the maximum intensity of solar radiation in Orenburg,
chosen according to the data on the annual variation
of direct normal, scattered horizontal and total horizon-
tal solar radiation under clear skies given in'. For these
conditions, the optimal filter grating tilt angle of 42° was
obtained [26] by approximating the Sun’s trajectory from
7 h 49 min to 12 h 19 min. The azimuths 4 and stand-
ing heights % of the Sun on the calculated day at each
half-hour of daylight relative to the time of coincidence
of the Sun’s azimuths and the window 4 = 4 = 120° are
given in Table 1. The angles of incidence ® and the dif-
ference a between the azimuths of the Sun and the win-
dow are calculated.

The characteristic angle of the filter is determined
by formula (1): ®, = 40.89°. Numerical modelling using
formulas (2) was carried out at the minimum and maxi-
mum theoretical filter transmission coefficients t . =0
andt_ = 0.5 in order to obtain the same widths of all
bands (as in Fig. 1): ¢, = ¢, = ¢, = ¢, = 10 mm, for which
the mean incidence angle is set with the value @, =
=28.9611°.

The theoretical light transmission coefficients were
calculated using formula (7) and corrected using for-
mula (6) for a grating filter with bands of a chromogenic
material with a ligand-exchange thermochromic system
integrated into the thin film, which has a gradual decrease

! Scientific and applied reference book on the climate of the USSR.
Issue 12. Tatar ASSR, Ulyanovsk, Kuibyshev, Penza, Saratov and
Orenburg regions. L., Gidrometeoizdat, 1988; 647.

Table 1. Calculation of transmission coefficient for a window with azimuth 120°

Transmission coefficient
Tim.e,h 4, deg. h, deg. o, deg. 0, deg. Coloured condition Uncoloured state
min T T T T T
strainer straciolger conve;;{ional © filter stre{iolger conve;]{ional

6:49 69.40 13.53 -50.60 51.89 0.0631 | 0.0325 0.0232 0.5442 | 0.2804 0.2782
7:19 74.90 17.95 —45.10 47.82 0.1504 | 0.0818 0.0245 0.5644 | 0.3070 0.2937
7:49 80.43 22.48 -39.57 44.58 0.2116 | 0.1187 0.0252 0.5787 | 0.3247 0.3030
8:19 86.07 27.09 -33.93 42.38 0.2512 | 0.1433 0.0257 0.5878 | 0.3354 0.3081
8:49 91.92 31.73 -28.08 41.37 0.2711 | 0.1557 0.0258 0.5924 | 0.3402 0.3101
9:19 98.09 36.35 -21.91 41.65 0.2707 | 0.1552 0.0258 0.5924 | 0.3396 0.3096
9:49 104.71 40.90 -15.29 43.19 0.2456 | 0.1393 0.0255 0.5865 | 0.3327 0.3063
10:19 111.98 45.30 -8.02 45.85 0.1827 | 0.1014 0.0250 0.5719 | 0.3174 0.2996
10:49 120.08 49.47 0.08 49.47 0.045 0.0240 0.0240 0.5400 | 0.2880 0.2880
11:19 129.29 53.29 9.29 53.85 0.2156 | 0.1074 0.0224 0.5796 | 0.2886 0.2689
11:49 139.82 56.60 19.82 58.81 0.3861 | 0.1706 0.0199 0.6191 | 0.2736 0.2387
12:19 151.85 59.21 31.85 64.23 0.4267 | 0.1522 0.0161 0.6286 | 0.2243 0.1927
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Fig. 2. Transmittance time characteristics: 1 (filter) and 2 (layer)
in the coloured state; 3 (filter) and 4 (layer) in the uncoloured
state

in transmittance from 54 to 4.5 % in the visible range
and from 22.5 to 4.5 % in the infrared range as the tem-
perature increases from 25 to 85 °C [12]. This material
is chosen for both gratings, i.e. 7, =1, ,= 0.045 and
T, = To = 0.54 in the coloured and uncoloured states,
respectively. For the conventional smart window using
the same chromogenic material, the corrected light trans-
mission coefficients were calculated using formula (6) by
substituting T = 0.045 and t© = 0.54 in the coloured and
uncoloured states, respectively. Correction of transmit-
tance coefficients according to formula (6) was carried
out at o, = 0.02 mm, s, = 12 mm (three 4 mm thick
glasses) and n = 1.5. The results of calculations are given
in Table 1.

Fig. 2 shows the temporal theoretical (line 1) and
corrected (line 2) light transmission characteristics
of lattice filters and the corrected (line 3) characteristics
of conventional smart windows fully covered by the ac-

B 5.5 o
— L O
| >
| z
3N - /
2 D0
N
A )
Y A |2
1 )
A <[ A
3% 95 A S %~ 9T% ) || —
10539 7??/8 7% U=
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[l Ty RN
S | R AT QN T S
75%°82%  C96%| <979 z
93%n96%  9T%|  ,97%
12000800 Os0w  Ss7v
Y

grating window
conventional window

Points 1-12 are located every
1.5 and 0.5 m from walls

Point number

Fig. 3. Plan and section of the room for cDA calculation
and calculation results: 4 and A — azimuths of the Sun
and the window; a — difference of azimuths of the Sun and
the window; # — Sun’s standing height
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tive layer. The characteristics are given for the coloured
and uncoloured states of the thermochromic bands and
layers.

Fig. 3 shows the plan and section of the room with
a window in the south-eastern facade of the building
for the cDA calculation and the results of the calcula-
tion. The length (depth), width and height of the calcu-
lated room are 5.5, 4 and 2.6 m. The width and height
of the window are 2 and 1.5 m, and the height of the sill
is 0.8 m. The reflection coefficients of the ceiling, walls
and floor were assumed to be 0.8 (light grey), 0.6 (me-
dium grey) and 0.4 (dark grey). cDA was calculated ac-
cording to formula (8) at illuminance threshold of 500
lux for 12 design points on a horizontal plane at a height
of 0.8 m from the floor. Horizontal illuminance is cal-
culated by formula (9) on the basis of long-term data
on direct normal and diffuse horizontal radiation for
the city of Orenburg'. Since the radiation data are given
for solar time in every hour starting from 6 h 30 min,
and the difference between solar and daylight saving
time in Orenburg (GMT+05:00) is 1 h 20 min, all cal-
culations were performed for working hours from 7 h
50 min to 16 h 50 min. For comparison purposes, cDA
values for lattice and conventional smart windows have
been determined. The cDA calculations take into ac-
count that the selected thermochromic material switch-
es from an uncoloured to a coloured state when the tem-
perature exceeds 25 °C — for June, July and August
with average maximum temperatures of 27.5, 29.0 and
27.4 °C respectively, the light transmission coefficients
in the coloured state of the material were adopted. In
other months the coefficients are calculated for the un-
coloured state.

For the lattice smart window, the diffuse trans-
mittance coefficient 1, calculated using formula (10),
is 0.1681 and 0.3651 in the coloured and uncoloured
states, respectively. For the conventional smart win-
dow, the corrected forward transmittance coefficients
are calculated by formula (6) at actual incidence angles
att=t, =0.045and 1 =1, = 0.54 in the coloured and
uncoloured states, respectively. And the diffuse trans-
mittance coefficients of 0.0277 and 0.3325 for the con-
ventional smart window in the coloured and uncoloured
states, respectively, are obtained by formula (10) when
substituting the values t =1, =0.045andt =1, =
= 0.54 instead of the product of the first two expressions
in parentheses.

The albedo value of the ground surface is assumed
to be 0.8 in months with snow cover from November to
March and 0.3 for other months. To determine the sol-
id angle of view of the sky according to formula (11),
the excess of the height H of the window over the cal-
culated horizontal plane is 1.5 metres. The distances D
between each design point and the centre of the window
element above the design horizontal plane (in our case,
the centre of the window) and the angles B between
the lines passing through these two points and the nor-
mal to the window are given in Table 2. Fig. 3 shows
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Table 2. Calculation of autonomy of continuous natural light cDA

Point number 1 2 3 4 5 6 7 8 9 10 11 12
D, m 1.76 | 0.95 1.76 | 2.66 | 2.21 266 | 394 | 3.64 | 394 | 533 | 5.12 | 533
B, deg. 71.8 536 | 71.8 | 39.7 | 20.5 39.7 | 255 11.8 | 255 | 185 8.6 18.5
Q, av. 0.302 | 1.973 | 0.302 | 0.326 | 0.575 | 0.326 | 0.174 | 0.222 | 0.174 | 0.1 | 0.113 | 0.1
h. deg. 42.1 67.0 | 42.1 29.8 | 353 29.8 21 22.4 21 158 | 163 | 158
b,, deg. 166 63 43 134 95 71 128 105 86 125 109 94
b,, deg. 196 177 73 169 145 106 154 136 112 145 131 114
cDA of the filter, % 97 97 97 97 97 97 95 96 96 93 94 93
cDA of the layer, % 87 97 87 88 96 89 79 82 80 73 75 74

the procedure for determining the design parameters for
point 7: distance D, azimuthal angles of the beginning
b, and end b, of insolation (from the north direction),
the angle of limitation of the Sun’s standing height
hmax and angles /2 and o, for calculation by the for-
mula B = arccos(cos/cosa).

The remaining parameters for calculation by formu-
la (9) are: F/ =3 m? F=93.4m’ R.= 0.5,R =0.7 and
R =0.6. The sky factor for the window C = 39 was deter-
mined according to [32] at a shading angle of 0°, i.e. in
the absence of an opposing building with a fagade higher
than the horizontal level of the window centre. At these
parameters, the second multiplier in formula (9) is 2.57.
Since the study' provides data on direct normal, diffuse
horizontal and total horizontal solar radiation in W/m?,
a conversion factor of 1 W/m?= 120 lux [33] was used to
convert to the illuminance unit. The results of cDA calcu-
lation by formula (9) are presented in Fig. 3 and Table 2.

CONCLUSION AND DISCUSSION

In the hottest period of the year (for the design
area it is June-August), when the thermochromic mate-
rial of the filter strips is in the active (coloured) state,
the temporal characteristic of light transmission (line 1
in Fig. 2) of the grating smart window has a mini-
mum exactly at the set time of 10 h 49 min, at the rest
of the time the transmittance is significantly higher
than that of the traditional smart window, which dur-
ing the working hours the light transmission coefficient
(line 2) practically does not change and depends only
on the change in the angles of incidence of sunlight
on the window. Line 1 shows that the grating filter has
angle selectivity of transmittance, since the angles of in-
cidence of the rays change continuously during the day.
Since the theoretical minimum light transmission was
initially set to zero, the filter completely blocks di-
rect rays at the designated time, allowing only scat-
tered rays through. Characteristics are built in the first
half of the working day, when the south-east window
of the calculation room gets direct sunlight, to protect
against which the proposed optical filter is designed.
Increased light transmittance of the filter in comparison
with a conventional window is provided due to the pas-
sage of diffused light of the sky while blocking direct
rays, which significantly increases the comfort of light-
ing — at high levels of illumination reduces the likeli-

hood of glare from direct solar radiation. It also con-
tributes to some reduction in room temperature and
corresponding savings on air conditioning. The tem-
poral characteristics of the grille and traditional smart
window (lines 3 and 4 in Fig. 2) show the advantage
of applying the filter also during the rest of the year,
when the filter is in an uncoloured state — its light
transmission is slightly higher.

The results of the cDA continuous natural light
autonomy calculation for 12 months (Table 2, Fig. 3)
confirm the year-round efficiency of the grille window
compared to the traditional smart window when using
the same chromogenic material. The working horizon-
tal plane at a height of 80 cm from the floor has very
high illuminance values at the grille window over
the entire room area — from 93 to 97 % of the work-
ing time of the year it exceeds the established thresh-
old of 500 Ix, i.e. the percentage distribution is uniform
over the entire depth of the room, and at the expense
of the transmission of comfortable diffused sky light.
It should be borne in mind that the calculations are
made for solar radiation data under clear skies, includ-
ing winter months (the average duration of sunshine per
year in Orenburg is 2,198 h). In a room with a conven-
tional window, 97 % of the working time with exceed-
ing the established illuminance threshold is observed
only in one calculation point 2 directly at the window,
in the depth of the room the index drops to 73 %. Dur-
ing the heating period, the louvred smart window lets in
more solar radiation, which contributes to some savings
in heating costs.

Due to the novelty of lattice optical filters and
smart windows based on them, similar studies by other
authors have not been carried out, and there was no
methodology for modelling natural lighting in rooms
with their application. In a previous work [30], the au-
thors initiated the development of the method and
verified it by numerical modelling for a room with
a double-glazed window in the presence of an opposing
building. In the present study, the calculation formulae
are modified and refined, so the data obtained are differ-
ent. According to the new calculations, the percentage
distribution along the room depth of the zones with ex-
ceeded illuminance threshold during the annual work-
ing time is much more uniform, also for the room with
a conventional smart window.
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The results provide the research community with
a general modelling method for a new type of smart win-
dow that provides angle selective light transmission control
without the use of blinds and similar additional devices.
From a practical point of view, ergonomic properties will
be improved (no need for manual or automatic control, in-
stallation and operation of additional devices), as well as
environmental (reduced influence of dust and other atmo-
spheric phenomena, no materials to dispose of after use)
and aesthetic (especially in large area panoramic windows

where the use of blinds etc. is difficult) factors. Lattice
smart-windows are recommended to be used at east, south
and west azimuths of orientation of facades of buildings
with the expected mode of work in the daytime to achieve
more comfortable conditions of natural light at workplac-
es and minimize energy consumption and HVAC costs.
The research will be continued by the authors in order to
study in more detail the annual performance of the grat-
ing filter operation and experimental testing of real smart-
window models in full-scale conditions.
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AHHOTALUMUA

BBepeHue. [lanbHelillee pa3BuTe METOAOB pacyeTa TeMnnoBOro pexvma MOMEeLLEeHUA NpU pasfnnyYHbIX anroputMmax pe-
rynmpoBaHns obopyaoBaHMsA cuctem obecrneyeHns MUKpoKnMara sBnseTcs aktyanbHbiM. Llenb nccnegosaHns — nomck
NPUBNKEHHON aHanUTUYECKOW 3aBWCMMOCTU TeMMnepaTypbl BO3[yxa OT BPEMEHW B KOHAULMOHUPYEMbIX MOMELLEHUSX
npu ckaykoobpasHOM TemnrnoBOM BO3OENCTBUM M KOMOVMHMPOBAHHOM MPOMOPLMOHANbHO-MHTErpanbHOM perynmpoBaHnm
LieHTpanbHbIX KMMMaTU4YEeCKMX CUCTEM MPU OTCYTCTBMU MECTHbIX arperaToB A5 OTONMeHWs — oxnaxaeHus. B kavyecTse Ha-
YYHOW rMnoTesbl BbIABUraeTCH MOMNOXeHNe O BO3MOXHOCTU BblpaXXeHVS JaHHON 3aBUCUMOCTY Yepes yXe NoryYeHHble aBTo-
pom chopMyIbl ANS MHTErpanbHOro PErynnpoBaHns C UCMOSIb30BaHNEM MOMPaBOYHbIX KOAPMULIMEHTOB.

Matepuanbl u metopbl. Vcnonb3yetca ocHOBHOe AnddepeHumanbHoe ypaBHeHue Ans 6e3pa3MepHolr M3ObITOYHOM
TeMneparypbl B MOMELLEHU, BKIoYatoLlee Hanbornee CyLeCTBEHHbIE COCTaBMSOLME TENMOBOro NOTOKa, Npu yyeTe 0co-
6eHHOCTeN pacnpocTpaHeHVs TeMnepaTypHOM BOMHbI B MaCCHBHbIX OFPaXAEeHUsiX B HavanbHbI nepviod Bpemenu. lMpu-
MEHSATCA METOAbI NMMHeapu3aumm u Marnoro napameTpa AN aCUMNTOTUYECKUX aHANMUTUYECKUX PELLEHUIA, a TakKe MeTOof,
PyHre — KyTTbl AN HaxoXAeHUS YUCIIEHHOTO PeLUEeHNS.

Pesynbrathbl. [lonyyeHbl BolpaXeHWs Ans MakcMMarnbHOro OTKITOHEHUS TeMMNepaTypbl BO3AyXxa OT YCTaBKU U AN BPEMEHU
€ro AOCTUXKEHMS B 3aBUCUMOCTU OT BEMUYMNHbBI TEMIOM3ObITKOB 1 XapaKTePUCTMK COBCTBEHHOW TEMOYCTONYMBOCTU MOMe-
LLIeHUS, @ TaKke OT MapameTpoB perynupoBaHusi, B TOM Y1CIlie aCUMNTOTUYECKME NPU MarnblX MOMEHTax BPEMEHU C Havana
TEMMOBOro BO3MYLLEHNS 1 HeOOMbLLOW AoMe NMPONOpLMOHAanbHOM CocTaBnsatoLLen KoHTponnepa. [peacrasneHo conocras-
rieHvie pesynbTaToB YNCIIEHHOMO MHTErPUPOBaHNS OCHOBHOIO AnddepeHLManbHOro ypaBHeHUs C yka3aHHbIMW acUMNTOTU-
YECKMMU peLLeHVAMMU.

BbiBoabl. [Toka3aHo, YTO acCUMNTOTMYECKUE BbIPAXEHUS NS AMHAMUYECKON OLLUMOKM perynmpoBaHUsa U BpEMEHU ee [0-
CTUXKEHUS NONyYalTCsa U3 HaAeHHbIX paHee aBTopoM hopMyIn Ans YNCTO MHTErpanbHOro perynupoBaHns BBEAEHWEM NO-
NpPaBOYHbIX MHOXUWTENEN, coaepX)aluux 6e3pa3MepHbI napameTp, XxapaKTepUsyoLmiA COOTHOLLEHME NPONOPLIMOHaNbHOM
N MHTErpanbHON KOMMOHEHT KOHTporiepa. 3T COOTHOLLEHWS NOATBEPXAAITCA CPaBHEHNEM Pa3HbIX BAPUAHTOB aHanmMUTK-
YeCKMX peLLeHUi, UMEIT AOCTAaTOYHO YHMBEPCarnbHbI BUA, TPEOYOT MUHUMAanbHOIO Y1cna NCXOAHbBIX AaHHbIX U AOCTYMHbI
ONS UHXXEHEPHOW NPaKTUKu.

KNOYEBBIE CITOBA: Temnepatypa, MUKPOKIIMMAT, TEMNOM3ObITKM, KNMMaTUYeckasi cuctema, perynuposaHue, MNA-3akoH
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Calculation of the characteristics of the thermal regime
of the room with proportional-integral
regulation of climate systems

Oleg D. Samarin
Moscow State University of Civil Engineering (National Research University) (MGSU);
Moscow, Russian Federation

ABSTRACT

Introduction. Further development of methods for calculating the thermal regime of premises under different algorithms
of regulating the equipment of microclimate systems is still relevant. The aim of the research is to find an approximate
analytical dependence of air temperature on time in air-conditioned rooms with a jump-like thermal effect and combined
proportional-integral regulation of central climate systems in the absence of local heating and cooling units. As a scientific
hypothesis, the position is put forward on the possibility of expressing this dependence through formulas for integral regula-
tion already obtained by the author using correction coefficients.
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Materials and methods. The basic differential equation for the dimensionless excess temperature in the room, including
the most significant components of the heat flux, is used, while taking into account the peculiarities of the temperature wave
propagation in massive enclosures in the initial period of time. Linearization and small parameter methods are used for as-
ymptotic analytical solutions, as well as well as Runge — Kutta method for finding a numerical solution.

Results. Expressions for the maximum deviation of the air temperature from the setpoint and for the time it is reached,
depending on the magnitude of the heat surpluses and the characteristics of the room’s own thermal stability, as well as
well as on the control parameters, including asymptotic ones at small moments of time from the beginning of the thermal
disturbance and a small share of the proportional component of the controller, are obtained. A comparison of the results
of numerical integration of the basic differential equation with the indicated asymptotic solutions is presented.
Conclusions. It is shown that the asymptotic expressions for the dynamic control error and the time of its achievement are
obtained from formulas previously found by the author for purely integral control by introducing correction factors contain-
ing a dimensionless parameter characterising the ratio of the proportional and integral components of the controller. These
correlations are confirmed by comparing different variants of analytical solutions, have a fairly universal appearance, require
a minimum number of source data and are available for engineering practice.

KEYWORDS: temperature, microclimate, heat excess, climate system, regulation, Pl-law
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BBEJIEHUE

ABTOMaTHYECKOE PETYJIMPOBAHUE TEIIOMACCO00-
MEHHOTO 000pY/I0BaHHSI TIPUTOYHBIX BEHTHIISIIUMOHHBIX
YCTaHOBOK, OCOOCHHO BBITTONHAIOMUX (PyHKIINN KOH-
JUIIMOHUPOBAHUS BO3yXa, BaXKHO UL IOAJACPIKAHUSA
TpeOyeMOil COBOKYITHOCTH IapaMeTpOB BHYTpPECHHE-
0 MHUKPOKJIMMAaTa ¢ Leibio obecrnedeHns KoMpopT-
HOCTH M 0€30MaCHOCTH KM3HEACSITEIbHOCTH YeJIO-
BEKa M pealM3aliy OCYIIECCTBISIEMbIX B IOMEIICHUN
TEXHOJIOTUYECKUX 3a/ad. J{JIs1 OIEHKH MPOUCXOIAIINX
IIPY 3TOM TEIUIOBBIX MPOIIECCOB, KaK IPaBHIIO, TPEOy-
€TCs COCTABJICHHUE U PEIICHHE CHCTEM aareOpandecKux
n nuddepeHnaIbHBIX ypaBHEHUH, yUUTHIBAIOIINX
KOHBEKTUBHBIH, a IPH HEOOXOAMMOCTH H JIyYHCTBIHN Te-
TUI00OMEH Ha MOBEPXHOCTSIX OrPakKACHUN M HECTAIHO-
HapHYIO TETUIONEPeady B MACCHBHBIX OI'PakJarOIINX
KoHCTpyKUusix. CliesyeT TakKe MCI0JIb30BaTh ypaB-
HEHHE CBS3HM MEXJy KOHTPOJIMPYEMOH TeMIepaTrypon
BHYTPEHHETO0 BO31yXa W KOMIIEHCAIMOHHBIM TETLIO-
BBIM BO3JICHCTBUEM CO CTOPOHBI 0OCITYKUBAIOLIHX I10-
MEIEHHE KIMMaTHYEeCKHX crcTeM. Bee aTo mpuBoauT
K IpeoOnaJjaHuio YUCICHHBIX METOOB ISl PEHICHUS
paccmarpuBaeMoi 3aa41 1, KaK CJIEICTBHE, K OTHOCH-
TEJIHOH CJIOKHOCTH ITOTy9aeMbIX PE3yIbTaTOB U TPY/-
HOCTH WX IPUMEHEHUS B MH)KEHEpHOH mpakTuke [ 1-5].

Hexotopsie padoThl [6—8] pemiaroT aHaIOTHYHBIC
BOIIPOCHI B YCIIOBUSIX TIEPEMEHHBIX U aBapUHHBIX pe-
KMMOB TI0JJa4H TETJIOTHI, CBA3aHHBIX C PabOTOH cHCTEM
TEIUIOCHAOKEHHUSI, HO M 3/I€Ch Yallle BCETro UX Pe3yJib-
TaThl 3aTPYJHUTEIBHO PEalin30BaTh B MH)KEHEPHBIX
pacuerax. [Tyonukaruu [9—14] kacatorcs mpeumytie-
CTBEHHO IPOLIECCOB B OT/EIbHBIX dJIEMEHTaxX oOIien
CUCTEMBI ITOJePKaHUSI MUKPOKJINMATa MTOMEIICHHS,
0COOEHHO TEIUIONEPEIaul U BO3AYXONPOHUIIAEMOCTH
OTrpaKJAOIINUX KOHCTPYKLUMA, HO U B 3TOM CJly4ae Mpu-
MEHSIOTCSI TJIABHBIM 00pa30M YHCIICHHBIE METO/IBI C CO-
OTBETCTBYIOIIEH (OPMON TPENCTABICHUS pEIICHUN
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1 MaJIbIM yI[O6CTBOM HX UCIOJIB30BaHUA, KPOME TOTO,
IIPU PELICHUH COOTBETCTBYIOUINX YPABHEHUH OOBIYHO
B SIBHOM BHUJI€ HE YUHUTBIBACTCSA aBTOMATHUECKOE PETy-
JMPOBAaHHUE MOJa4H TETIIOTHI MJIM X0JIOAA B TIOMEIIICHHE.
CymecTByIOT M SKCIIEpUMEHTaIbHBIe paboThl [15],
HO IOJIy4eHHBbIE B HUX JaHHBIE OTHOCSTCSI TOJBKO
K OTPaHUYEHHOMY KPYI'y OOBEKTOB, aHAJOTMYHBIX HC-
CJICAOBAHHBIM. B HEKOTOPLIX ClIydasix B JOIMOJHCHUEC
K (PM3MKO-MaTeMaTHYECKUM HCIIOJIB3YIOTCSI U SKOHO-
MHUYECKHE METOJbI JIIsl 00OCHOBAHUS JOCTHTAEMBIX
pe3ynbTaroB [16], HO U ToTa pemeHne MMEET YaCTHBINA
XapakTep ¥ He 00001maeTcs Ha JPpyTrue BapHaHThL.

[TosToMy B KauecTBe MpeMeTa NCCIIeI0BaHHs B ITpe-
JularaeMoi pabore Mbl OyZeM paccMarpHBarh CIIOCOOBI
WHXEHEPHO! OLIEHKU M3MEHEHUsI TEMITEPaTyphl BO3LyXa
B ITIOMCIICHWH, O6Cﬂy)KI/lBaeMOM ABTOMATU3HUPOBAHHBIMU
HCHTPAJbHBIMU KIIMMAaTHYCCKUMU CUCTEMaMM IIpU pas-
JIMYHBIX COYETAHUAX IIPUMEHSIEMBIX aJITOPUTMOB YIIPaB-
JICHWS 1 THIIOBOM OJJHOKPATHOM TEIJIOBOM BO3JCHCTBHN.

Lenp mccnenoBaHuss — IMOUCK MPUOIMKEHHON
AQHATMTHYECKON 3aBUCHMOCTH OT BPEMEHH AJIsl JaHHON
TEMIIepaTypsl B Ha4YaJIbHBIH NEPUOJ MTOCIIE TETIOBOTO
BO3MYIICHUSI.

B paborax [17-20], a Taxxe HEKOTOPBIX JIPYTHX,
aBTOPOM OBLI MTPEJCTABJICH pacyeT HeCTAlMOHAPHOTO
TEIUIOBOTO PEXXHUMa JUIsl IPEJENIbHBIX CIy4aeB, KOraa
ucronb3yerca aubo mpornopruoHaidsHoe (I1), mmbdo
uaTerpansHoe (M) perymupoBanne. Takoe paznensHOe
HCCJIEZIOBAHUE OTYACTH OOBSICHAETCS COOTBETCTBYIO-
MM YHIPOIIEHNUEM IOCTAHOBKH 3a/1auM U, CJIEJ0Ba-
TEJIbHO, MOJIYYaeMBbIX PEIICHHH, HO MOXXHO OTMETHUTH,
YTO IPH STOM OBLIM JIOCTUTHYTHI HEKOTOpBIE 00IIUE pe-
3YJIBTaThbl, KOTOPbIE MOT'YT IIOCIIYKUTh OCHOBOM /IS J1a-
JIbHEHIIIEr0 COBEPIIEHCTBOBAHUS PACUETHON MOJIEIH.
CrenoBarenbHO, IPOIOIKATH CCIIENOBAHNS B TAHHON
cthepe IS MOIYYICHUST COOTHOIICHHUH, KOTOPBIE OYyayT
JIOCTAaTOYHO TOYHBIMH U YUUTHIBATh OCHOBHBIE Han00-
Jiee CyIIEeCTBEHHbIE Il 3a4a4i (hakTOpbI, HO TIPH 3TOM
COXPAaHSATh BUJ, JOCTYIHBIN JJIsl HH)KEHEPHOH MPaKTH-
KH, 1O CHX TIOP OKa3bIBAETCS aKTyaIbHBIM.
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MATEPHAJIBI U METO/JbI

PaccmoTpum Gosee CroXKHBIN BapHaHT, KOI/IA IIPO-
W3BOAMTCS] KOMOMHHPOBAHHOE PErYJIMPOBAHUE T10 ITPO-
noprroHabHO-nHTErpagbHoMy (IT1) 3akony. OHO sB-
nsiercs OoJiee YHUBEPCAIBHBIM M Yallle CHOIb3YeTCs
Ha IPaKTHKE, HECMOTPS Ha HEKOTOPOE YCIOXKHEHUE
CHUCTEMBI, IMTOCKOJIbKY HaJHUYUE JIByX COCTaBISIOLINX
KOHTPOJUIEpA MTO3BOJIECT BBINOJIHATE 0OJIEE TOYHYIO
HAcTpPOWKY M cOYeTaTb HEKOTOphle nmpenmyiecTna I1-
n U-perynupoBaHus, B 4aCTHOCTH, OTHOCUTEIBHOE
opicTponeiicTBre I1- 1 HyneByIo cTaTH4ecKylo OIIMOKY
W-xoHTpOsUIEpOB, OIHOBPEMEHHO B TOW UJIM UHOU CTeE-
TIeHN KOMIICHCUPYS X HEIOCTaTKH.

MoXHO MoKa3aTh, 4TO OCHOBHOE nupdepeHIn-
aJbHOE ypaBHEHHE, ONMCHIBAIONIEE ITOBEIEHIE H30bI-
TOYHOH BHyTpeHHel Temneparypbl 0 =1 —¢ , K, re
t,, — KOHTPOIMPYEMBIH yPOBEHb TEMIIEPATYPBI BHY-
TPEHHETO Bo3/yXa ¢, °C, WK Tak Ha3bIBaeMast yCTaBKa,
MPU CKAaYKOOOPa3HOM M3MEHEHUH TEIUIONOCTYIIICHU,
OTCYTCTBUHU MECTHBIX CHCTEM OTOIUICHHS—OXJIaXKIe-
Hus 1 npu [TM-peryaupoBaHuy TEMIOMacCOOOMEHHOTO
000pyIOBaHUS [IEHTPAIBHON CHCTEMBI KOHANIIHOHNUPO-
BaHHWd BO3AyXa, BblHOﬂHﬂlOHleﬁ OJHOBPEMEHHO M BCH-
TUJISAIHOHHBIC PYHKIINH, B Oe3pa3MepHOM BHUIC 3aITH-
CBIBAa€TCS CIIEAYIOIUM 00pa3oM:

2
9x2x{+[12+3]<x1/3]%+[1+%:|f:0' (1)

Jannas Gopma siBsieTcst AajbHEHIITUM pa3BUTHEM
MIpeCTaBICHHON B paboTe [17] mpu MOMOIHUTEIEHOM
yuere [I-cocTaBmstonieil KoHTposiepa. 3aech HCKoMast
(yHKIHUA f{X) COOTBETCTBYET IPEICTABICHUIO PEIIICHHS
B BuJe [17]:

B

20,7
6, ===/ (%), )

9TO HEOOXOMUMO CIEITATh ISl BBIICTCHHST 0COOEHHOCTH
ypaBHenus npu T = 0, rae QO  — BEJIMYMHA CKauKa
TEIJIONOCTYIIJIEHUI B nomelleHue, BT; T — unTep-
BaJI BPEMEHH ¢ MOMEHTA TEIUIOBOTO BO3MYILCHHS, C;
B, Br:¢?/K — xapakrepucTuka COOCTBEHHOU TEILIO-
YCTOIYMBOCTH ITOMELIECHHS, BBIYUCIIIEMas o hopmyle
[18-20]:

B=2[4,\kep ], 3)

1€ A, — TUIOIMAIb Ka¥KJI0TO U3 NEPEUHCIIEHHBIX OTpax-
JeHUit, M* A, ¢ U p — COOTBETCTBEHHO TEILIONPOBO-
nHOCTh, BT/(M°K); ynensHast Teroemkocts, J[x/(xr-K),
U IUIOTHOCTh MaTepuaia clos i-ii MaCCHBHOM Orpaskyia-
FOIIeH KOHCTPYKIMU (HAPYXKHBIX M BHYTPCHHHUX CTCH,
HEePEKPBITUIA, IEPETOPOIOK), 0OPAIIEHHONW BHYTPb I10-
MEIIICHHSI.
BespasmepHsrii aprymenT ypaBHeHus (1):

x =4D1%?,
G, K

e D = w ¢32[19, 20].

s

Koaddumuent K npeacrasiser coboit 00001eH-
HBIH Oe3pasMepHBIil TapaMeTp aBTOMAaTH3UPOBAHHOM

KJINMAaTH4YeCKOH cucTeMbl. OH MOET OBITH BBIUMCIICH
10 BBIPAKEHUIO:

4)

TJIE, @ TAKKe B apameTpax ypasHenus (1), G — macco-
BBIIl pacxo/] IPUTOYHOIO BO3/IyXa, KI/4, KOTOPBIA OOBIMHO
CYMTACTCS PABHBIM PACXONY BBITAKKH G, TaK KaK BO3-
JYIIHBIH OajaHC MOMEIICHNS, B OTIIMYHE OT TEIIOBOTO,
MPAKTUYECKH TOYHO ObIBAET MTHOBEHHO-CTAIIMOHAPHbIM;
¢, — yZAeJbHas MaccoBas TEMIOEMKOCTh BO3/yXa, paBHas
1,005 x/lx/(xkr-K); K, — SKBUBAJIEHTHBIH KO3((HIIHEHT
nepeadu UHTETPAIbHOM COCTABISIONICH aBTOMAaTH3H-
POBAHHOI CHCTEMBI, ¢, TI0 KaHaly «0 — Hpou3BonHas
ot pasHoctu 0 — 0 », K — To 3Ke I MPOnopIHOHAITb-
HOH cocTaBIsrommed mo kanany «0, — pasHocts 0 — 0 »
(Gespasm.), tne 0 = ¢ — ¢ — W30OBITOYHAS TEMIIEpATypa

npuroka, K; mapamerp C = % [18-20].

B kagecTBe HaYaIBHBIX YCIOBHUIA 171 BeIpaskeHus (1),
oueBH/IHO, HykHO niprHUMaTh f(0) = 1, df(0)/dx=1/12[17].
SlcHo, uTO pemenue ypasHeHus (1) maer yHuBepcalb-
HYIO 3aBHCHMOCTb, KOTOpasi MPUMEHUMA JUIS JTFOOBIX
00beKTOB U ycnoBui. OHAKO, KaK U JJIS CIydas YHCTO
MHTETPAJIBHOTO PEryYJIMPOBAHMS, 11€1€C000pa3HO MoIy-
YUTh aHAIUTUYECKHE COOTHOUICHUS JUIsI HanOOJIbIIIe-
TO OTKJIOHEHHSI TEMIEpPaTypbl BHYTPEHHETO BO3IyXa
OT YCTaBKH, T.€. TMHAMHYECKOH OIMOKH PEeTyTUPOBAHHS
0 W MOMEHTa BPEMEHH, JUIS KOTOPOTO 3TO OTKJIOHEHHE
Oynet mmeTh MecTo. [TockonbKy Hac HHTEPECYIOT B Mep-
BYIO OYepe/lb YHUBEPCAIIbHBIE 3aBUCUMOCTH, Oy/ieM Hc-
KaTh MX B 6€3pa3MepHOM BHJIe Ha OCHOBE aHAJIN3a ypaB-
nenus (1). Jlng npenenshoro BapuanTa K, = 0 B paborax
[18-20] 65110 MMONTY9EHO 3HAYeHwe X, = 3,48, npu Ko-
TOpoM mpousBesieHne x*f(x), naromiee HaM yIeIbHYO
0,..B8(4D)"

20 00
myM. Hcxozst n3 cTpykTypsl hopmyist (1), MOXKHO cuu-
TaTh JJAHHOE 3HAYEHUE OMOPHBIM, U Tipn K| # 0 BBECTH
K HEMY COOTBETCTBYIOIMINI MOMPaBOYHBINH MHOXKUTEIb,
YUUTHIBAIOLIUHN MOSBIEHUE TIPOMOPIMOHAIBHON COCTaB-
JSIOIIEH peryasTopa.

0e3pa3MepHYI0 BEITUIHHY , IMECT MaKCH-

PE3YJIBTATHI UCCJIEJOBAHUA

Ecnu paccmarpuBath Belpaxenue (1) mmas ma-
JIBIX MOMEHTOB BPEMEHH, MOXKHO 3aMETUTh, YTO Tep-
BBIM CJIaraeéMbIM MOXKHO OyJeT npeHeOpeyb, U MBI 110-
Jy4aeM ypaBHEHHE 1-To mopsijika ¢ pa3aelsiomnMHucs
NepeMeHHbIMH. B 3TOM ciydae ero peunienue Oyner
npezcrasumo B Buge flx) = exp(—f,(x)), u Torxa, ove-
BHJIHO, JUIS X = X, TIOJTy4aeM:

d|:x”?f(x):| 1 df
T:x1/3exp|:—ﬁ(x)](§—d—;J=0, (5)
rae u3 Gopmynst (1) Haxoanm:
df 1+ K" (6)
de 12+ 3K
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max

3,5

2,5

K

Puc. 1. 3aBucUMOCTb X, OT KOMILIEKCHOTO Oe3pa3MepHOro mapamerpa K: TOUKH — PacyeT; CIUIONIHAS IMHUS — arNpOKCH-
Marts o gopmyre (8)

173
X fl;mx

1,2

*eq,
0,6 Oo.ooooo.....
Ceea,

0,5

K

Puic. 2. 3aBHCHMOCTB MTPOU3BEACHUS X *f{xX) OT KOMILIEKCHOTO Ge3pa3MepHOro mapameTpa K: TOYKH — pacyeT; CIUIOIHAS JIH-
HUS — anmnpokcumanus o gopmyne (9)
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CrnenoBaTenbHO, B IEPBOM MPHOMIKEHUH X OY-
max
JIET SIBISITHCS PEIICHUEM YPaBHEHUSI:

44+ Kx'"?
x:1+Kx71/3' (7)

MOKHO TIOKa3aTh, YTO TIPY MaJIbIX X OTCIO/IA CIISYET,
yrox  =x_  (1-0233K), rne 0,233 = (47 — 1)/4*°.
Ha puc. 1 Toukamu rnoxasana 3aBUCUMOCTb JUISL X, , TIO-
Jydaemasi IIpy HEeTIOCPEICTBEHHOM YHCIICHHOM PEIICHUH
ypasHenus (1) meronom Pynre — Kyrtel. Anropurm nowuc-
Ka ObLT OCHOBaH Ha CPaBHEHUH BEUUMHBI x'3f(x) m1st Te-
KyIIEeTo 3HAYCHHUS X C IPEIBIIYIINAM TIpH (X — h), TIe h —
BBIOpaHHBIH ar MeTona. Ilpu 5Tom 3a X, MPHHMMAIOCH
TO X, IPU KOTOPOM BIIEPBBIC OKA3bIBATIOCH, YTO X'*f(x)
JUTSL CIIEMYFOILETO IT1ara, T.e. IPH (X + /), HIbKe, 9eM IIpH X.

CrutonrHast TMHUS TIOCTPOEHA TI0 CIIETYIOMIeH ar-
MIPOKCUMHUPYIOLLEH hopmye:

1-0,233K +0,062K>
1+0,288K ’

KXinax = Ximax.0 ( (8)
rae 0,288 = 413(4'3 — 1/2)/6 — uucnosoii k03ddu-
IIUCHT, BBISBIISIEMBIN JTOMOJHUTEIbHBIM aHaTu30M (1)
u (7), a 0,062 momyygaercs mogdopoM.

Ha puc. 2 Toukamu npeacTaBiIeHo MOBEAESHHE MTPo-
u3BeneHus X' *f(X) 10 TaHHBIM TeX K€ BHIYUCIEHHU.

st cITOIIHOM JIMHUM MCIIOJIb3YETCsl alllIPOKCH-
Manusi B CIIEyIONIeM BHUIE:

1(1-0,155K +0,041K>
1/3 :17 s s . 9
IR e s

B nanaom coornomenuu 0,144 = 0,288/2; 0,155 =
=(2/3)-0,233; 0,041 =(2/3) - 0,062. Torma, B cooTBeT-
CTBHUH C BbIpaXKECHUEM (5) U MPHUHSATHIM BBIPAKCHUEM
JUISL X, OKa3bIBACTCSL:

20000 [

emax =——"0 X f X N 10

B(4D)1/3 [ ( ):|max ( )

Buano, uro npu maneix K (mpumepHo 1o 2,5) co-

BITAJICHHE KPUBBIX Ha 000MX PUCYHKAX JEHCTBUTEIHFHO
OYCHB XOPOIIICE.

SAKJIIOYUEHHUE U OBCYXAEHUE

Ha ocnoBanun PE3YILTAaTOB UCCIICAOBAHMA B IICJIOM
TIOATBEPKAACTCA UCXOAHAA TUIIOTE3a O TOM, UYTO 3aBU-

CUMOCTH OT BPEMEHH ISl U30BITOUHOM TeMIepaTypsl
BHYTPEHHETO BO3/lyXa B ITOMEIICHUH IPH KOMOMHUPO-
BaHHBIX TPOMOPIMOHATBHO-MHTETPaJIbHBIX AJITOPUTMaX
YOpaBJICHUS TETNIOMAacCOOOMEHHBIM 00OpYIOBaHHEM
[EHTPAIBHBIX CUCTEM KOHIUIIMOHMPOBAHUS BO3/1yXa
JIEHCTBUTEIILHO MOKHO BBIPA3UTh Yepe3 paHee Moily-
YeHHBIE aBTOpOM B pabdotax [18-20] dpopmymsr amst uu-
CTO MHTEIPaJIbHOTO PETYIMPOBAHMS C UCIIOIB30BAHUEM
MOMPaBOYHBIX Kod(puimenTos. Kpome TOro, Mo>xHO
Clienarh CIEYIONIHE TOMOTHATEIbHBIE BBIBOJIBI:

* ¢ poctoMm Il-cocraBnsrorieit KOHTposIepa BeJu-
YMHA X, COOTBETCTBYIOIIAs MOMEHTY BPEMEHH, ISl KO-
TOPOTO HAOJFOMASTCSl HAHOOJIBIIIEE OTKIIOHEHNE TEMIIepa-
TYpBI B IOMEIIEHUHU OT YCTaBKH, MOHOTOHHO CHHIKAeTCsl,
T.€. BBEJICHUE JAHHOW COCTaBJISIIOLICH NEHCTBUTEIIBHO
CIIOCOOCTBYET YMEHBIICHUIO BPEMEHH PETYITMPOBAHNS;

* MaKcHUMallbHasl IMHaMUYEeCKast OIIMOKa perysmpo-
BaHUsI, IPOIOPIMOHANILHAS TIPOU3BENEHHMIO X' *f(x), Tak-
K€ MOHOTOHHO TIafIaeT ¢ ycuieHueM II-cocrasistomeit
KOHTpOJLIEpa, TIPUYEM IPU MAJIBIX 3HAUCHHSIX Oe3pa3Mep-
HOTO napameTpa K, XapakKTepHU3yIOILEro OTHOCUTEIbHBIN
Bec [1-cocraBnsromnieli, Takoe CHIKCHHUE, KaK U B CIIydae
C Xmax, JUHEHHO 3aBUCUT OT BEIMUUHBI K;

* yka3aHHbBIC (P(PEKTH MOKHO OOBSICHUTH OOIITH-
MU cBoiicTBamu [I-perynsTopoB, B IIepByI0 odepenb
ux Gojee BEICOKUM OBICTPOJCHCTBHEM 110 OTHOIICHUIO
K Ucrnonb3ylomuM M-3akoH, a Takke MOBBIIICHHON
YCTOWYMBOCTBIO COOTBETCTBYIOIIMX aBTOMaTH3UPOBaH-
HBIX CUCTEM. [IpH 3TOM MpeaCcTaBICHHBIN pacueT Oyaer
JIOCTATOYHO MPOCTHIM M JJOCTYIHBIM JUISl HH>KCHEPHOU
MPaKTUKKU ¥ TpeOyeT MUHUMAJIbHOTO KOJIMYEeCTBA UC-
XOJHBIX JTAaHHBIX.

JanpHelinnee pa3BUTHE TPEIIaracMoro UCCles1o-
BaHHUA MOXXHO OCYHICCTBJIATH B obactu YTOYHCHHUA 110~
JYYECHHBIX allPOKCUMAIMOHHBIX BBIPAXKECHUH JUIS 110-
MPAaBOYHBIX MHOXHTEJICH K BEJITMUYNHE AMHAMUYECKOU
OIIMOKH PETYIUPOBAHUS U K MOMEHTY MaKCHMAalIbHOTO
OTKJIOHEHUS TEMIIEPaTyphl B OTHOIICHUN PACIIUPEHHS
JMara3oHa 3HaueHui napametpa K, AJis KOTOPOTo JaH-
HBIE BBIPAKCHUS OyayT CIpaBEUIMBBI, IIyTEM ydeTa
OO0ITBIIIETO YKCTIA YICHOB B AaCHMIITOTHYECKUX Pa3io-
KCHUAX 3aBPICPIMOCTeﬁ, MMOJTy4Ya€MbIX YUCJICHHBIM ME-
TOJIOM, W TIPH BO3MOXKHOCTH 32 CUET CONOCTABICHUS
C pe3yJbTaraMy HaTypHBIX 3aMEpOB.
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INTRODUCTION

Automatic regulation of heat and mass exchange
equipment of supply air handling units, especially those
performing air conditioning functions, is important for
maintaining the required set of internal microclimate
parameters in order to ensure comfort and safety of hu-

94

man life and realization of technological tasks carried
out in the room. For estimation of thermal processes oc-
curring in this case, as a rule, it is necessary to compose
and solve systems of algebraic and differential equa-
tions, taking into account convective and, if necessary,
radiant heat exchange on the surfaces of enclosures and
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unsteady heat transfer in massive enclosing structures.
It is also necessary to use the equation of the relation-
ship between the controlled indoor air temperature and
the compensatory thermal effect of the climate systems
serving the room. All this leads to the predominance
of numerical methods for solving the problem under
consideration and, as a consequence, to the relative
complexity of the results obtained and the difficulty
of their application in engineering practice [1-5].

Some works [6—8] address similar issues in con-
ditions of variable and emergency modes of heat sup-
ply associated with the operation of heat supply sys-
tems, but even here their results are often difficult to
implement in engineering calculations. Publications
[9-14] concern mainly processes in separate elements
of the general system of maintaining microclimate
of aroom, especially heat transfer and air perme-
ability of enclosing structures, but even in this case
mainly numerical methods are applied with the corre-
sponding form of solution presentation and little con-
venience of their use, besides, automatic regulation
of heat or cold supply to a room is usually not taken
into account explicitly when solving the corresponding
equations. There are also experimental works [15], but
the data obtained in them refer only to a limited range
of objects similar to those studied. In some cases, in ad-
dition to physical and mathematical methods, economic
methods are used to justify the achieved results [16],
but even then, the solution has a private character and
is not generalized to other options.

Therefore, as a subject of research in the proposed
work we will consider the methods of engineering esti-
mation of air temperature change in the room served by
automated central climate systems at various combina-
tions of applied control algorithms and typical single
thermal impact.

The aim of the study is to find an approximate
analytical time dependence for a given temperature in
the initial period after thermal perturbation.

In [17-20], as well as some others, the author pre-
sented the calculation of the unsteady thermal regime
for the limiting cases when either proportional (P) or in-
tegral (I) control is used. This separate study is partly
due to the corresponding simplification of the problem
formulation and, consequently, of the obtained solu-
tions, but it can be noted that some general results have
been achieved, which can serve as a basis for further
improvement of the computational model. Consequent-
ly, it is still relevant to continue research in this area
to obtain relations that will be sufficiently accurate and
take into account the main most significant factors for
the problem, but at the same time retain a form acces-
sible for engineering practice.

MATERIALS AND METHODS

Let us consider a more complex option, when
combined regulation is carried out according to the pro-
portional-integral (PI) law. It is more universal and is

more often used in practice, despite some complication
of the system, because the presence of two components
of the controller allows to perform more accurate ad-
justment and combine some advantages of P- and I-reg-
ulation, in particular, the relative speed of P- and zero
static error of I-controllers, while compensating their
disadvantages to a greater or lesser extent.

It can be shown that the basic differential equa-
tion describing the behaviour of the excess internal
temperature 0, = ¢, — ¢, K, where ¢, / — controlled
level of the internal air temperature ¢, , °C, or the so-
called set point, in case of a sudden change in heat in-
put, in the absence of local heating-cooling systems and
with PI control of heat and mass exchange equipment
of the central air-conditioning system, which simultane-
ously performs ventilation functions, is written in di-
mensionless form as follows:

d’ d K
9x dx{+[12+3]g1/3]£+[1+W}f:0' €))

This form is a further development of the one pre-

sented in [17] with additional consideration of the P-
component of the controller. Here the sought function
f(x) corresponds to the solution representation in the form
[17]:

=20l iy, )
that it is necessary to do for singling out the feature
of the equation at T =0, where (O is the value of the jump
of heat inputs into the room, W; 1 is the time interval from
the moment of thermal perturbation, ¢; B, W-s'?/K is
the characteristic of own heat resistance of the room, cal-
culated by the formula [18-20]:

B:Z[Am kcpl, (3)
where A — area of each of the listed enclosures, m*; A,
¢ and p — respectively thermal conductivity, W/(m-K);
specific heat capacity, J/(kg-K), and material density
of the layer of the i-th massive enclosing structure (ex-
ternal and internal walls, floors, partitions) facing inside
the room.

The dimensionless argument of equation (1):

x =4D7"?,
Gce K

where p = Zs=ain 32119 20].
3.68
The coefficient K is a generalized dimensionless
parameter of the automated climate system. It can be
calculated according to the expression:

2
K:Lm:](izi(Gscaj , (4)
(4D) K, \3.6B

where, as well as in the parameters of equation (1), G, —
mass flow rate of supply air, kg/h, which is usually con-
sidered equal to the exhaust flow rate G, since the air
balance of the room, unlike the thermal one, is almost

exactly instantaneous-stationary; ¢, — specific mass
heat capacity of air, equal to 1.005 kJ/(kg-K); K. —

int
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equivalent transfer coefficient of the integral compo-
nent of the automated system, s™!, on the channel “0,, —
derivative of the difference 0, — 0, ”, K, — the same for
the proportional component on the channel “0, — dif-
ference 0, — 0, (without size.), where 0, = ¢ — ¢ is

in.0

. K.
the excess inflow temperature, K; parameter C :%

3.6B
[18-20].

As initial conditions for expression (1), obvious-
ly, we should take f{0) = 1, df(0)/dx = 1/12 [17]. It is
clear that the solution of equation (1) gives a universal
dependence, which is applicable for any objects and
conditions. However, as in the case of purely integral
regulation, it is expedient to obtain analytical relations
for the largest deviation of the internal air temperature
from the set point, i.e., the dynamic regulation error 0_
and the moment of time for which this deviation will
occur. Since we are primarily interested in universal de-
pendences, we will look for them in dimensionless form
based on the analysis of equation (1). For the limiting
variant K, = 0, the value x = 3.48 was obtained in
[18-20], at which the product x*f(x), which gives us

1/3
the specific dimensionless quantity w

input
a maximum. Based on the structure of formula (1), we
can consider this value as a reference value, and at K. # 0,
we introduce an appropriate correction factor to it, tak-
ing into account the appearance of the proportional
component of the regulator.

has

H

X
‘max

35

2.5

1.5

RESEARCH RESULTS

If we consider expression (1) for small moments
of time, we can see that the first summand can be ne-
glected and we obtain a 1st order equation with sepa-
rating variables. In this case, its solution will be repre-
sented as f{x) = exp(-f,(x)), and then, obviously, for x =
=x__ we obtain:

d[xl/zf(x)] :xmexp[—fl (x)][i_ﬁj:(), %)

dx 3x  dx
where from formula (1) we find:
%_ 1+Kx—1/3
dv 12+3Kx" ©)

Hence, to a first approximation, x__ will be a solu-
tion to the equation:

44+ Kx'?
Tl ™

It can be shown that for small x it follows that
x, . =x_ o (1-0.233K), where 0.233 = (47 — 1)/4*".
In Fig. 1, the dots show the dependence for x__ , ob-
tained by direct numerical solution of equation (1)
using the Runge — Kutta method mentioned above.
The search algorithm was based on the comparison
of the value of x'*f(x) for the current value of x with
the previous one at (x — /), where # — the chosen step
of the method. At the same time, xmax was taken as x
at which it was first found that x'3f{x) for the next step,
i.e. at (x + /), was lower than at x.

3 4 5 6
K

Fig. 1. Dependence of x_ on the complex dimensionless parameter K: dots — calculation; solid line — approximation

by formula (8)
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Fig. 2. Dependence of the product x'*f{(x) on the complex dimensionless parameter K: dots — calculation; solid line —

approximation by formula (9)

The solid line is plotted using the following ap-
proximating formula:

(1 ~0.233K + 0.062K2]
X, = xmaxO

i 1+0.288K ®)

where 0.288 = 4'3(4'3 — 1/2)/6 is the numerical coef-
ficient revealed by additional analyses (1) and (7), and
0.062 is obtained by fitting.

In Fig. 2, the dots represent the behaviour of the pro-
duct x'3f(x) according to the same calculations.

For the solid line, an approximation in the follow-
ing form is used:

1{1-0.155K +0.041K*
1/3 =1- )
[x / (x)lm 9[ 1+0.144K j ©)

In this ratio, 0.144 = 0.288/2; 0.155 = (2/3) - 0.233;
0.041 =(2/3) - 0.062. Then, according to expression (5)
and the adopted expression for x, it turns out:

6, - 2Q[npu/ |:xl/3f(x)Jmax'

B(4D)" (10)

It can be seen that for small K (up to about 2.5)
the curve matching in both figures is indeed very good.

CONCLUSION AND DISCUSSION

Based on the results of the study, the initial hypo-
thesis that the time dependence for the excess tempera-
ture of indoor air at combined proportional-integral
algorithms of control of heat and mass exchange equip-
ment of central air conditioning systems can indeed be

expressed through the formulas for purely integral con-
trol with the use of correction coefficients previously ob-
tained by the author in [18-20] is generally confirmed.
Moreover, the following additional conclusions can be
drawn:

* as the P-component of the controller increases,
the value x__, corresponding to the time moment for
which the largest deviation of the room temperature
from the setpoint is observed, monotonically decreases,
i.e. the introduction of this component really contributes
to the reduction of the control time;

¢ the maximum dynamic control error proportional
to the product x'3f{x) also monotonically decreases with
the amplification of the P-component of the controller,
and at small values of the dimensionless parameter K
characterizing the relative weight of the P-component,
such decrease, as in the case with x__, linearly depends
on the value of K

* these effects can be explained by the general
properties of P-regulators, first of all, their higher
speed in relation to those using the I-law, as well as by
the increased stability of the corresponding automated
systems. At the same time, the presented calculation
will be quite simple and accessible for engineering
practice and requires a minimum amount of initial data.

Further development of the proposed research can
be carried out in the field of refinement of the obtained
approximation expressions for correction multipliers
to the value of dynamic control error and to the mo-
ment of maximum temperature deviation with respect
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to the expansion of the range of values of parameter K,
for which these expressions will be valid, by taking into
account a larger number of terms in the asymptotic ex-

pansions of the dependences obtained by the numerical
method and, if possible, by comparison with the results
of field measurements
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NudopmanuonHoe MoeITMPOBAHME CHCTEM BOAOCHAOKEHUSA
U BOIOOTBEACHUS

FOumsa AnekcanapoBHa PouibueBa
Hayuonanvnuiil uccnieoosamenvexuti Mockogckutl 20Cy0apcmeenHuvlil CmpoumenbHblil
yuueepcumem (HUY MI'CY), . Mocksa, Poccus

AHHOTALUMUA

BeepeHue. TexHonornm nHdopmaumoHHoro Moaenvposarus (TUIM) npuobpeTatoT Bce GonbLUyO NONynsipHOCTbL B cdepe
NPOEKTUPOBaHUS, BbIBOAAT NPOLECC CTPOMTENbCTBA W 3KCMyaTauun rpaXxgaHckuxX U NPOMBILLIEHHbIX 34aHUA, MUHENHbIX
06BHEKTOB Ha HOBBIV, MPOrPECCUBHbIN YPOBEHb. B MMPOBO NpakTyKe LM poBble MOAENM 30aHNI U COOPYXEHWUI Takke CO3-
[aloTCs C Lenbio OCYLLEeCTBNEHNS UX PEKOHCTPYKUMK. [Nepexoay Ha co3aaHune umdpoBbiX MHpopmaLmMoHHbIX mogenen (M)
cnocobCTByeT B TOM YMCIe POCCUACKOE 3aKOHOAATENbCTBO: CO3AaloTCsl JOPOXHbIE KapTbl No BHeapeHuto TUIM, HopmaTtume-
Has 6asa, npegycmaTpuBaloTCsl rpaHTbl Ha pa3paboTKy OTe4ecTBEHHOro nporpammHoro obecnevenus (M0). 3agaum uc-
crnefoBaHUs: pacCMOTPeEHNe obLero nopsiika MoAenMpoBaHUsl CUCTEM BOAOCHaBXEeHUst 1 BOAOOTBEAEHWS 34aHUsi B poc-
cuickor BIM-cucteme Renga, hopmynupoBaHne pekomeHgauui no onTuMm3aLmm npoekTHbIX paboT, 0630p AeNCTBYOLLE
B Poccum HopmaTuMBHOWM AOKyMeHTaummn B cpepe MHpOPMaLMOHHOTO MOAENMPOBAHMS.

MaTepuanbl u meToabl. TeopeTnyeckve MeToadbl UccrnenoBaHusi: 0630p 1 aHanm3 pOCCUICKOW HOPMAaTWMBHOW AOKYMEH-
Taummn B cdepe MHPOPMAaLIMOHHOTO MOAENMPOBaHMSA. SMNUPUYECKNe MEeTOAbl BKIOYanM UCnofib30BaHNE MHCTPYMEHTOB
BIM-cuctembl Renga npu nogrotoke IM nHxeHepHbIX cUcTeMm.

PesynbraTtbl. PaccMoTpeHa AelicTBytollas HopMaTuBHas AOKYMeHTauust B cdepe MHEGOpMaLMOHHOTO MOAENMPOBaHUS
(cBoApbl NpaBun, rocyAapcTBEHHbIE CTaHAapPTbl, MeToanYeckne ykasaHus). OnvcaH NnopsiAoK MOAENMPOBAHNS NHXKEHEPHbIX
cucTeM 3aaHns (BOAOMNPOBOAa M KaHanM3auum) ¢ NpuBeaeHNEM NOSICHSIOLWErO UINTOCTPaLIMOHHOIO MaTepuana.

BbiBopgbl. BIM-cuctema Renga — pocTonHasi anstepHatMBa BceMupHO u3BecTHomy [1O. Ee MHCTpyMeHTbl no3BonsoT
co3faBaTb TPEXMepHbIe MOAENUN UHKXEHEPHBIX CUCTEM C AeTanbHOM BU3yanuaaumei, npuceansaTb He0bxoaMMble CBOVCTBA
obopynoBaHuto, U3AENUSIM U MaTepranam, XpaHuTb U UCMOMNb30BaTb MHOPMALMIO Ha NPOTSXKEHWUN BCETO XXU3HEHHOTO LIMK-
na 3panus. MNpencraBneHHble MaTepuanbl MOryT BbITb MONe3Hbl NPOEKTUPOBLUMKaM, HaunHatoWwmm paboTaTs ¢ MO ans cos-
OaHus uMdpoBbIX MHPOPMALMOHHBIX MOAENEN MHXEHEPHbIX CUCTEM, a TakKe CTyAeHTam y4eOHblX 3aBedeHWUi C Lenblo
npuobpeTeHnst HaBblka BbIMOIHEHUS KYPCOBbIX paboT, AUMNIIOMHbIX MPOEKTOB C NpumeHeHnem TUM.

KIMKOYEBBLIE CJIIOBA: TexHonormm WH(OPMaLMOHHOIO MOAENNPOBaHNS, BogonpoBod, kaHanusauusi, BIM-cuctema,
Renga, undposas nHhopmMaumoHHas Moaenb, MHXEHEPHbIE CUCTEMbl 30aHUIA

onAa UWUTUPOBAHUA: Peinbyesa HO.A. ViHdopmaumoHHOE MoaenMpoBaHme CUCTEM BOAOCHaOXKEHUS U BOOOOTBEAEHUS.
2024. T. 14. Boin. 3. C. 100-118. URL: http:/nso-journal.ru. DOI: 10.22227/2305-5502.2024.3.100-118
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ABSTRACT

Introduction. Information modelling technologies are becoming increasingly popular in the design field, taking the process
of construction and operation of civil and industrial buildings, linear objects to a new, progressive level. In world practice,
digital models of buildings and structures are also created in order to carry out their reconstruction. Russian legislation pro-
motes the transition of the construction industry to the creation of digital information models: roadmaps for the introduction
of information modelling technologies, regulatory documents are being created, grants for the development of domestic
software are provided. Research objectives: consideration of the general procedure for modelling building water supply and
sanitation systems in the Russian BIM Renga system, formulation of recommendations for optimizing design work, review
of regulatory documentation in force in Russia in the field of information modelling.

Materials and methods. Theoretical research methods: review and analysis of Russian regulatory documentation in
the field of information modelling. Empirical methods included the use of Renga BIM system tools in the preparation of
an information model of engineering systems.

Results. The current regulatory documentation in the field of information modelling (codes of rules, state standards, guide-
lines) is considered. The procedure for modelling the engineering systems of a building (water supply and sewerage) is
described with the use of explanatory illustrative material.
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Conclusions. The current regulatory documentation in the field of information modelling (codes of practice, state standards,
guidelines) is considered. The procedure for modelling the engineering systems of a building (water supply and sewerage)

is described with the use of explanatory illustrative material.

KEYWORDS: information modelling technologies, water supply, sewerage, BIM system, Renga, digital information model,

building engineering systems
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BBEJAEHUE

WudopmarrionHoe MOETMPOBaHUE TIPECTABIISET
c000if IPOIIECC CO3MAHMUS CHCTEMATH3UPOBAHHON HH(OP-
Malmu 00 0OBEKTE CTPOUTENBCTBA, A TAKKE UCIOIb30Ba-
HUS 5TOH NH(OPMAIMH HA BeeX (MM OTICIBHBIX) Tarax
sku3HerHoro nukia (JKL) oosexra crpourenscrea (OC)'.
Cornacao IMocranonenusim [IpaButensctBa PO** mpo-
@KTHO-HU3BICKATENBCKHE PAOOTHI TI0 00BEKTaM, CTPOUTEITh-
CTBO KOTOPBIX OCYILIECTBIISIETCS B paMkax DenepanbHOTro
3akoHa Ne 214-®3, 10omKHBI TPOBOAUTHCS C IPUMEHE-
HHEM TEXHOJIOTHH MH()OPMAIIIOHHOTO MOJICITNPOBAHMS
(TUM) c 1 momst 2024 1. K cerogusiiHeMy JHIO B pOC-
CHICKON HOPMAaTUBHOH cepe HaKoTUIeHa TOKYMEHTAIIHS,
perIaMeHTHPYIOIAash MOPSIOK CO3AaHusT HH(OPMAIH-
oHHbIX Mozened (UM)*%; TpeGoBaHus, peabsBIsiCMbIC
K HuM®; ipotiece GopMHUpPOBaHHS OHOTHOTEK KOMITOHEH-
TOB ISl pa3paboTKu HH(OPMAITHOHHBIX MOJIENeH’; Mo~
psanok noaroroBku M K cOINIacoBaHUIO B HKCIIEPTHBIX

' CIT 301.1325800.2017. NudopMannoHHOE MOISITHPOBAHIE
B cTpouTenseTBe. [IpaBuna oprann3aum padboT MPOU3BOA-
CTBEHHO-TEXHHUYECKUMH OTJETAMH.

2 06 yCTaHOBIICHUH CITy4acB, PH KOTOPBIX 3aCTPOUIIHKOM,
TEeXHUYECKNM 3aKa3uMKOM, JINIIOM, 00€CTIeINBAIOMINM HITH
OCYIIECTBIISIONINM MOATOTOBKY 000CHOBAHMS MHBECTUIIHH,
U (WIK) JTULOM, OTBETCTBEHHBIM 32 OKCIUTyaTaIlIo 00beKTa
KalUTaJILHOTO CTPOUTENIBCTBA, 00eCIeUnBarOTCs (POPMHUPO-
BaHNE W BEeJCHHE NHPOPMALMOHHONW MOJENN 00bEKTa KaIlH-
TaJbHOTO cTpouTenbeTBa : [loctanoBnenue IlpaBurenscTBa
Poccuiickoit @enepanun ot 05.03.2021 Ne 331.

3 O BHeCeHNM U3MEHEHUIT B TIocTaHoBieHne [IpaBuTeNbeTBa
Poccwuiickoit @eneparim ot 05.03.2021 Ne 331 : [Tocranosmne-
uue [IpaBurensctBa Poccuiickoit @eneparmum ot 20.12.2022
Ne 2357.

4TOCT P 57563-2017/ISO/TS 12911:2012. MoznenupoBanue
nH(popMaIoHHOE B CTpOUTENbCTBE. OCHOBHBIC TTOIOKCHHUS
o pa3paboTKe cTaHIAPTOB HH(OPMAITIOHHOTO MOJICITHPOBA-
HUS 3AaHUN U COOPYKEHUH.

5 CIT 333.1325800.2020. NurhopmMannoHHOE MOIETHPOBAHIE
B cTpoutenbeTBe. [IpaBuna ¢popmupoBanus nHPOPMAIHOH-
HOHM Mo 0OBEKTOB HA PA3IUYHBIX CTAANSIX KH3HEHHOTO
IUKJIA.

*TOCT P 57311-2016. MoaenupoBanue uHMDOPMAIIHOHHOE
B CTpoHTeNbCcTBE. TpeOoBaHUS K IKCIUTYaTAlMOHHOM JIOKY-
MEHTAIUH 00BEKTOB 3aBEPIICHHOTO CTPOUTEIHCTBRA.

7 CII 328.1325800.2020. NuhopmMannoHHOE MOJIETHPOBAHIE
B CTPOHUTENLCTBE. [IpaBuia onmycannst KOMHOHEHTOB HH(OP-
MAalMOHHON MOJEIIN.

OpraHu3alusx®; KOHTPOJIb Ka4eCTBa CTPOUTENBHBIX PaboT
¢ nmpumenenreM TUM®. JIeHCTBYIOT TakKe CBOIBI Tpa-
Bul'® ! peryimpyrorine mporeccs CO3Manust U KCILTY-
araruy MH(QOPMAIIMOHHBIX CHCTEM, a TaKKe pa3paboTKy
TUIAHOB peas3alnu mpoekToB B chepe TUM.

Coznanue u ucnois3oBanue VM HampaBiieHO
Ha JIOCTIKEHUE PsIa MOJIOKUATEIHHBIX Y(PPEKTOB B X0/
XKIT OC:

* BO3MO)XKHOCTh OIHOBPEMEHHOW COBMECTHOH pa-
OOTBI MPOCKTUPOBIINKOB C aKTYaJIbHON MOIENBIO 37a-
HUS1, 4TO TIPUBOJIUT K pAaHHEMY OOHAPYKEHUIO KOJITU3HIA;

* COKpallleHHE OIMIHUOOK MPOCKTHPOBAHUS H, KaK
CJIeJICTBYE, BPEMEHH BBITIOTHEHHS padoT [1, 2];

* COKpallleHHe 00beMOB OyMa)KHOTO JIOKYMEHTO-
obopora [3, 4];

* 1ozpoOHast BU3yaHu3alys POEKTa, YTO LIEIeCco-
00pa3Ho Kak JyIsl IPOEKTUPOBIIMKOB M CTPOUTEICH, TaK
W IS 3aKa34MKa CTPOUTENBCTBA [5, 6];

° CHIDKEHHME 3aTpar Ha Tarle BBoJa 00bEeKTa B IKC-
IDTyaTalurio 3a cYeT HAMYUS TOJTHOM, TOYHOH U OHO-
3HaYHOU HH(pOopMaIuu 00 oobekre [7-9];

* ONTUMH3AIMS 3aTpar IPU dKCIUTyaTaluu 00b-
eKTa 3a CYCT UMEIOMICHCS TOUHOW WH(POPMAIIUH O BCEX
3JIEMEHTAax CTPOouTenpHOro oonexra [10, 117;

* TOBBILICHHE YPOBHsI O€30IaCHOI IKCILTyaTalnu
00BeKTa 3a CUET KaueCTBEHHOTO WH(OPMAIIMOHHOTO
obecrieueHus 1 OBICTPOTO JIOCTYIa K HY>KHOWH HH(OP-
manuu [12-16].

8 O MeToaruecknx PeKOMEH/IAIUAX TI0 TIOATOTOBKE HH(Op-
MAaIMOHHOHW MOZIeNN 00BEKTa KAMHTAIEHOTO CTPOUTEIBCTBA,
npezacTaBnsieMoil Ha paccMorpenne B DAY «[maBrocokcmep-
Th3a Poccum» B CBSA3U C NMPOBEAEHUEM TOCYIAapCTBEHHOMN
SKCTIEPTH3HI MPOSKTHON JOKYMEHTAILUH, a TAKXKE MO OLCHKE
MH)OPMALMOHHON MOIETN 00BEKTa KamUTaJIbHOTO CTPO-
utenscTBa : [Incemo @AY «ImaBHOE ympaBiieHHe rocynap-
CTBEHHOH dKcTepTu3sD 0T 06.04.2021 Ne 01-01-17/4620-Hb.
9 CIT 471.1325800.2019. NudopMannoHHOE MOISTHPOBAHIE
B CTpOHUTENbCTBE. KOHTPOIh KauecTBa MPOM3BOJICTBA CTPOH-
TEJNBHBIX Pa0OT.

1CIT 331.1325800.2017. MadopMannoHHOE MOAEITUPOBAHHIE
B cTponTenbeTse. [IpaBuma oOMeHa Mexxay HHPOPMAITNOHHBI-
MH MOZEISIMA 00BEKTOB 1 MOJICIISIMH, UCIIOJIB3YEMBIMH B IIPO-
TPaMMHBIX KOMITTEKCAX.

' CI1 404.1325800.2018. MahopMannoHHOE MOICTHPOBAHIE
B cTpouTenbcTBe. [IpaBuna pa3paboTKH MIIAHOB MPOEKTOB,
pearn3yeMbIX ¢ TPUMEHEHNEM TEXHOJIOTUH MH()OPMAIHOH-
HOTO MOJIETTMPOBAHHS.
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THM HaxonuT NPUMEHEHUE HE TOJIBKO Ul CTPOU-
TENBCTBA HOBBIX 3[aHUN U coopykeHHH. B padote [17]
OIMCAaH YCIENIHbIH ONBIT Co3Aanus IM(PPOBOIl Mojenn
00OBEKTOB KyJIBTYpPHOTO HACIIEHs, IO3BOJIMBIICH HE TO-
JIbKO KOOPJJMHUPOBATD BCE 3TAITbl PECTaBPALMH, HO M HC-
TIOJTB3YeMOi B TATTHHEHIIIEM C IIEITBI0 TIPOBEICHHS BUPTYa-
JIBHBIX 9KCKYpcHid. [10 MHEHHIO 3apyOeKHBIX HCCIIEI0Ba-
teneii [ 18-20], k hakropam, CACP>KUBAOIINM IH(QPOBYIO
TpaHC(OPMAIHIO CTPOUTETBHONW OTPACIIH, OTHOCAT: He-
JIOCTaTOYHOE TOCYapCTBEHHOE PYKOBOJICTBO, HESICHYIO
TOTOBHOCTh YYaCTHUKOB MPOEKTa K COTPYAHUUECTBY,
HexBaTKy npodeccnoHaioB B chepe HHPOPMAIIMOHHBIX
TEXHOJIOTHH.

B pamkax peanu3zannu HallMOHAJIBHOW MpOTrpam-
mbl «l{n¢posast skonomuka Poccuiickoit denepannn»
obecrmeunBaNiach rpaHTOBas MOIIAEPKKa'? TPOEKTOB
0 pa3paboTKe W BHEIPEHUIO OTEUYECTBEHHOTO IIPO-
rpammHoro obecrieueHus (I10). CortacHO CBEICHUSIM,
Tpe/ICTaBICHHBIM Ha caiite MuncTpost PO, o cocros-
Huto Ha 29 mas 2024 1. B Poccun 3apeructpupoBat psij
I1O (Bcero 30) miust coznanust nudposoit UM cucrem
BonocHaOxeHuss m BomoorBeneunsa: NanoCAD BIM
BK, Renga, Komnac: Hapyxusie cetu: HBK, Model
Studio CS. Bonocnabxenne u kaHanmsaius, Tomoma-
tuk Robur — Mmxenepnsie Cetn.

12 T'paHToBas MoAJEpPKKA MPOCKTOB MO pa3paboTke W BHe-
npennto nudpossix pemennit. URL: https://digital.gov.ru/ru/
activity/directions/946/

13 TIporpammuoe obecnedenne st TUM. URL: https://min-
stroyrf.gov.ru/tim/programmnoe-obespechenie-dlya-tim/

Renga Professional pazpaborana komnanueii Renga
Software. Renga Software!* — st0 mpeanpusTre, 06-
pa3oBaHHOE B pe3yJbTare COTPYIHHYECTBA KOMIIAHHU
«Ackon» n ¢pupmsr «1Cy». CremyeT OTMETHTD BBICOKHIA
YPOBEHB KIIMEHTOOPHEHTHPOBAHHOCTH KOMITaHUH Renga
Software n « ACKOH»: Ha UX OPUITHATIBHBIX CAlTaX MPE/I-
CTaBJICHO OOJIBIIOE KOJIMYECTBO BHICOKYPCOB, TEKCTO-
BBIX (aiioB! mis camocrositenbHOro ocBoerust I10.
Jst 3anHTepecOBaHHBIX MMOTB30BATENIeH TaKKe Mpeso-
CTaBISIETCS BO3MOXKHOCTD IOJTyYeHHsI UMEHHOTO cep-
TH(UKaTa 0 MPOXOKICHIN 00yUdeHHs (110 pe3yabraTam
TECTUPOBAHMUS).

B Hacrosieit cratbe onucan o0Imui opsiI0K MO-
JEIMPOBAHUS CHCTEM BHYTPEHHETO XO3HCTBEHHO-TU-
THEBOT'O BOJONPOBO/IA U OBITOBOM KaHAIU3AIMH TPEX-
9Ta)KHOTO MHOTOKBAapTHPHOTO JI0Ma.

MATEPHUAJIBI U METO/bI

HccnenoBanue BRITOJHEHO Ha OCHOBE TEOpPETHYE-
CKHX M SYMIUPHYECKIX METOIOB. TeopeTnueckue Me-
TOJBI BKJIIOYAIH 0030p M aHalU3 OTEYEeCTBEHHOI'O
1O nns nHGOPMAITMOHHOTO MOIETUPOBAHUS U ICii-
cTtBytouleid B Poccun HOpMaTUBHON JOKyMEHTALUH
B chepe TUM. Dmnupudeckue UccieJoBaHUS BKIIO-
YaJIH TTOTy9ICHUE OTIBITa MOICTHPOBAHHS CHCTEM BHY-
TPEHHETro BOAONPOBO/IA U KaHAJIW3aluu 31aHus B BIM-
cucreme Renga (Poccus), Ha OCHOBaHHUH KOTOPOTO

!4 Renga. URL: https://rengabim.com
15 TIpakTHuYeckoe PyKOBOJICTBO Mosb3oBarens Renga. URL:
https://manual.rengabim.com/

Puc. 1. PacctanoBKka caHUTApHO-TEXHUYECKHUX MPUOOpoB Ha 3D-crieHe
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OIMCaHbl PEKOMEH/IALINH 110 CIIaXXEHHON paboTe IPOoeK-
TUPOBIIHKA TPHU TOATOTOBKE MOJIEIH.

PE3VYJIBTATHI UCCJIEJOBAHUA

JelicTBusl IO MOJEIUPOBAHUIO TaKOH MHKEHEP-
HOM CUCTEMBI 37JaHMs, KaK X035HCTBEHHO-ITUTHEBOM BO-
norpoBo (cucteMa B1), MOXKHO CBeCTH K clieayromeit
MOCJIE0BATEIILHOCTH

1. B nepByto ouepens, Ha 3D-creHe paccrasis-
€TCsl CAHUTAPHO-TEXHUYeCcKoe o0opynoBanue. s mo-
CIeAyIoIell COBMECTHONH pabOTHl HECKOJIBKUX MPO-
EKTHPOBIIMKOB C MOJEINBIO 31aHUS HE PEKOMEHIyeTCs
CO371aBaTh CAHUTAPHYIO TEXHHUKY B OTICIBHOM YPOB-
HE Ha Ka)JOM 3Taxke. DTO MOXKET MPUBECTH K TOMY,
YTO CMEKHBIA MPOCKTUPOBIIUK B OMPEICICHHBIH MO-
MEHT OTKJIIOYUT BHAMMOCTH KaKOTO-THOO YpPOBHS,
3a 4eM I0CJIeyeT BO3HUKHOBEHUE Koyun3ui. Konu-
pOBaTh OOBEKTHI IO THIOBBIM 3TakaM HEOOXOTMMO
C HpI/IMeHeHI/IeM COOTBeTCTBy}OHII/IX KOMaH r[porpaM-
MBI (puc. 1).

2. Ha cnepyroniem sTame JJisi OTAEIbHO B3SITOM
KBapTHPHI CO3JIACTCSI BOJOMPOBOIHEIN CTOSK JABYMS
TOYKaMHU TPACCUPOBKH (PHC. 2, @): HUKHAA TOUKa OyIeT
OTIPENIeNATh HIDKHIOIO TPAHHUILY CTOSKA (B HHKHEM TEX-
HHUYCCKOM 3Ta)Ke), BerHHH — HaI/IBI)ICI_Hy}O TO‘IKy CTOS-
Ka. JlonmonHuTeNnsHO B Mpeienax dTaxa CleAyeT Co3/1aTh
TOYKY TPACCHUPOBKH JJIsl KBAPTUPHOTO BBOAA (pHC. 2, D).
Touku TpaccupoBKHU co3fatorcsa Ha 3D-cuene ¢ ykasa-
HHEM KOOPIUHAT B TPEXMEPHOM IPOCTPAHCTBE, YTOOBI
HCKITIOYNTH BEPOSITHOCTh BOSHUKHOBEHHS CMEIICHUN
M0 OCH CO37aBaeMOi Tpacchl. ToukamM TpacCUPOBKH

HEOOXOIMMO 3a/1aTh Ha3BaHMSA, 10 KOTOPBIM B JalIbHEH-
meM OyzeT yI00HO OpHEHTHPOBATHCS TIPH BBICTpAaNBa-
HUH JIOTHYECKUX CBSI3EH MEXKILy dJIEMEHTaMHU MOJIEIN
BO BKIIaAKe « TpyOOIPOBOIHBIC CHCTEMEBI.

3. Paccrapisiercst Bomopa30oopHasi apMarypa: cMme-
CUTEIH JIIsl paKOBHHBI, MOWKH ¥ BaHHHI (puc. 3). IIpo-
T'paMMa MO3BOJIACT BI:I6I/IpaTI) 13 Karajiora pasjin4yHbIC
BHJIBI CMECHUTENEeH — HAOOPTHBIC U HACTCHHBIC. YHU-
Ta3 HE HYXKAeTCs B OCHAIIICHUH JIOTIOJHUTEIBHOM BO-
JIOpa3bopHON apMaTypol: CHCTEMa CaMOCTOSTEIHHO
pacrno3HaeTr ero Kak npuoop, TpeOyIOmni MOABOAKH
XOJIOJTHOTO BOJOCHAOKEHHUS.

4. Tlocne BBIMONTHEHUS ACHCTBUMN, OMHCAHHBIX B
nmn. 1-3, mpu BXozie Bo BKIaAKy « TpyOorpoBoiHbIE CHC-
TEMBI» 0TOOPA3SITCS BCE CO3/IaHHBIC 3JIEMEHTHI CHCTe-
MBI XOJIOJHOTO BoAocHaOkeH s, JIJ1s mpaBHIIbHOM cOO-
KU CTOSIKA ¥ TIOKBAPTHPHOM Pa3BOIKHA CTOUT YTOYHUTH
pacrojoKeHHe IUIUTOK C TOYKAMHU TPACCHUPOBKH, TUIH-
TOK 00OPYIOBaHUS U apMaTyphl B COOTBETCTBHH ¢ 3D-
cuenoit (puc. 4, a). Hanee B nuanore «Ilapamerps! Tpy-
OOTIPOBOIHBIX CHCTEMY 3a/Ial0TCS YCIOBUS MPOKIAIKA
BOJIONIPOBO/IHOW CETH (OTMETKH, CMELICHUs), a TaKXkKe
BEIOMpaeTcs CTHIIb TPYO M TPyOONPOBOMHBIX IeTanen
(Marepua, HOMHUHAIBHBINA JMAMETP, CIIOCO0 coeauHe-
Hust). Renga Professional nmeer rotoBblit Habop cruieit
TpyOOIPOBO/IOB, IeTaneil 1 000pyIOBaHMS, HO TIPOCKTH-
POBILIMK MOXKET cOo3/1aTh ¥ coOcTBeHHbIe. [locne 3ananms
BCEX MapaMeTpOB (IIPaBHUII) TUTUTKA 000PYIOBAHUS, TIPH-
OOpOB U TOYEK TPACCHUPOBKH HEOOXOAUMO OOBEIUHHUTH
B CIMHYIO CHCTEMY, BBICTPOUB MEKIY HUMH COOTBET-
cTByromHe cBsi3u (puc. 4, b). Ciemxyer oOpaTiTh BHUMA-

Puc. 2. PaccraHoBKa TOUEK TPACCHPOBKH TSl MOJICTTMPOBAHHS BOIOTIPOBOIHOTO CTOSKA (@) M KBAPTUPHOTO BBOZIA BOOTIPOBO/A (b)
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Puc. 3. PaccranoBka Boopa300opHOit apmaTypsl Ha 3D-criene

HHUE Ha TO, YTO KAXK/bI CMECHUTEJIb TI0 YMOTYAHHIO UMe- 5. B pesynbrare onepauuii, npoBeIEHHBIX 110 1. 4,
©T JIBE TOUKH MOKITFOUCHHST — IS XOJIOAHOM v ropsiyeid  Ha 3D-clieHe B mpejiesax npopadarbiBaeMoii 30HbI OTO-
BOIBI. BriocnmeicTBUM ocTaBIIMECS TOYKH MPHUTOAATCS — OpassiTcs MOKBapTHPHAS pa3BO/IKa TPYO M BOZOMPOBO-
JUTSE MOJICITUPOBAHISI CHCTEMBI TOPSYETO BOJOCHAOKE-  THBIN CTOSK (pHC. 5).

HUA, T.€. CO3/1aBaTh Bouopa?,6opHy10 apMarypy IOBTOPHO 6. Jlaﬂee Ha y4aCTKE€ KBapTUPHOTO BBOJA, KBap-
HE MPUIETCSI. THPHOH pa3Bojke TpyO pa3memniaeTcs HeoOXoaumoe
. THM B @ . o B @Y 0D -
cr. 51{4 CcrB14
© Ywuras cown.. B Siiveas omin
© Yowras kown. - g
© Ynuras komn...
Sl e CrB1-4_8B0...
£ Cuecrens g | = Checnrens .. | £~ Cwecmens g | Yewras ko
£~ Cvecntens a £ CmenmensH.. = Cmecutens A... © Yhuras komn..
B o
’ Bl cre14
a b

Puc. 4. [Toctpoerne TpyOOIPOBOIHOM Tpacchl BO BKIaaKe « TpyOOnmpoBOIHBIE CHCTEMBD): IUTUTKH BOIOPa300pHOIT apMaTyphl
1 TOYEK TPACCHPOBKH (&); cO3Ianue cBs3eil B cucteme (b)
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oo EHHE-R @ NDD- D0

=

Puc. 5. IlokBapTupHas pa3Boaka Bogonposona Ha 3D-ciene

0o0opyoBaHUE U apMaTypa: KiIanaHsl (KpaHbl), GUIBTD
rpy0Oii OYMCTKHU, CYCTYHNK BOJIBI U poUee (puc. 6).

7. Ha mocnemytomem sTame paboT KBapTHpHAsS
pa3BojIKa CHCTEMbI BOAOCHAOKEHHUS (COBMECTHO C TOU-
KO TPacCHpOBKH OTBETBIEHUS KBAPTUPHOTO BBOJA
U BOJOpa300pHOI apmarypoii) Ha 3D-ciieHe mo3TamHo
KOITUPYETCsI TIO0 TUTIOBBIM dTaxkaM (puc. 7, a). Jlamee mMo-
JKET OTPeOOBATHCSI KOPPEKTUPOBKA PACIOIOKCHHUS
IUIMTOK JIEMEHTOB BOJIONIPOBOAA BO BKiIaake « Tpy0o-
IIPOBO/THBIE CHCTEMBI», KOTOPBIE aBTOMATHIECKH OyIyT

oo HoEN B N

|

|

Qu
W\\C‘)j 255}

@

)
4

CO3/1aHbI B pe3yabTare onepauu Konupopanus. CKonu-
pOBaHHBIC TPYIIIBI IUNTUTOK HEOOXOIMMO TOIKITIOYUTH
K BOJIOIIPOBOIHOMY CTOSIKY (pHc. 7, D).

8. JleiicTBus, ONMUCAHHBIE B 1. 7, HEOOXOAMMO I10-
BTOPUTH B COOTBETCTBUU C YHCIIOM CTOSKOB B OOIICH
CHCTEME BOJIOCHAOKEHUS 3aHHMSI.

9. Ha cnenytomieM dTare BBITTOIHIETCS TPACCH-
POBKa BOIOIIPOBO/IA B MOJIBaJIE (HIYKHEM TEXHUYECKOM
araxe). JlIst 3TOro BHa4Yaje paccTaBISIOTCS TOUYKH
TPaCCUPOBKH, KOTOPBIE OyAYT SIBIATHCS XapaKTEPHBI-

Puc. 6. Pazmenienne apMarypbl 1 000pyI0BaHUS HAa KBAPTUPHOW Pa3BOJKE BOIOIPOBOIA
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a b
Puc. 7. Coznanue THIIOBOH pa3BOJKH BOJOIPOBOAA IO dTaXkaM 34aHus: BUJ Ha 3D-cuene (a); Bux Bo BKiaake « TpybonpoBoa-
HbIE cucTeMbD» (D)

b

Puc. 8. IToctpoeHne TpyOOIPOBOJHON Tpacchl cucTeMbl Bl B IPOCTPAHCTBE TEXHHYECKOTO 3Taxa (d); OCHAIIEHHE BOJOIPO-
BOJIHO# ceTH apMmatypoii u obopynoBanneM Ha 3D-cuene (b)
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b

Puc. 9. Monenb BHYTPEHHETO X031 CTBEHHO-TTUTHEBOTO BOAONPOBOJA 31aHUA

S sana e

o 5 g e

(£G) € HOALIGG "PL WO Juseacceugo  caken

Puc. 10. [Toctpoenue TpyoonpoBoaHOit Tpacchl cucteMbl K1 mo ataxam 31aHust
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Puc. 11. KBaptupHas pa3Bojka ObITOBO KaHaIH3anuu Ha 3D-crieHe

MU TOYKaMHU TPYOOIPOBOIHONW CETH — TOYKAMHU IO-
BOPOTa, U3MEHEHUSI OTMETKHU, OTBETBICHHUN, TOUKAMHU
Haygaxa U OKOHYaHUA Tpacchl. [locie paccTaHOBKH TO-
4eK TpaccHpoBKHU Ha 3D-crieHe TpeOyeTcsl BEICTPOUTH
CBSA3M MEXy IUNINTKaMH BO BKJagke « TpybompoBoa-
HBIC CUCTEMBD» (pHC. 8, @), 3a7aBast [IPH ITOM COOTBET-
CTBYIOIIIHE TTapaMeTphl TpyOonpoBoaHoii cetu. [Tocie
BBIMIOJIHEHUS YKa3aHHbIX AeicTBUi Ha 3D-cuene pac-
CTaBJIsIeTCSl He0OXoMuMoe 000pyI0BaHNE U apMaTypa
(puc. 8, b).

B utore momygaem Moaens CHCTEMBI BHYTPEHHETO
XO3SICTBEHHO-ITUTHEBOTO BOIONPOBOA 30aHus. Ecim
HACTPOWUTH (PUIBTP HA JAHHYIO MH)KEHEPHYIO CHCTE-
MYy, MOXKHO HU30JIUPOBATh €¢ OT MPOYUX IIEMEHTOB MO-
JIENH, 9TO yHOOHO Ui AETAaIhHOTO PACCMOTPEHNUS KOH-
¢urypanunu Bogonposoza (puc. 9).

B menom anamorungHeIM 00pa3oM OCYIIECTBIIA-
€TCsl MOJICJIMPOBAHUE CHCTEMbI BHYTPECHHEH OBITOBOU
kananu3anuu 3aaHus (cuctemsl K1). I[MpuHnunuais-
HbIC OTIINYHS (B CPABHCHHH C CUCTEMOW BOJIOIIPOBO/IA)
OyIyT COCTOSITH JIUIIB B TOM, YTO BO BKiIajke « Tpy0o-
MPOBOJHBIC CHUCTEMBD» OyAYyT OTOOPaKaThCs ILTUTKH
¢ 0003HAYEHHEM CAHUTAPHO-TEXHUYECKUX MPHOOPOB,
a He Boztopa30bopHoii apmarypsl (puc. 10). Kpome Toro,
P TOCTPOCHUH TPACCHl TOPU3OHTAIBHON Pa3BOIKU

TpyO CTOMT MperycMaTpuBaTh YKIOHBI JUIs obecreye-

108

HHSI CAMOTEYHOTO JBIKEHUSI CTOYHBIX BoA. [Iporpamma
MO3BOJISIET OCHACTUTH CUCTEMY OBITOBOM KaHaJIH3aIlUU
BCEMH HEOOXOAMMBIMHU TPYOHBIMH JETaNSIMH (OTBOJIBI,

MIePEeXo/Ibl, TPOMHUKH, peBu3nu (puc. 11)).

3AKJIIOYEHUE U OBCYXJIEHHUE

B nenom unTepdeiic BIM-cuctemsr Renga nons-
TEH U JIOCTATOYHO MHTYUTHBCH, YTO TO3BOJISACT MOJb-
30BaTeNsAM (B TOM YHCIIC HE UMEBIITHM OIBITa PaOOTHI
¢ TUM) B cxaTble CPOKHM OBJIaAETh HaBBIKAMHU MOJE-
mupoBaHus. [1o uToram BEIIOTHEHUS pabOT Mporpam-
Ma TpeJroiaraeT BO3MOXHOCTh TIOJTYUYEHUS HE TOIBKO
JieTanbHON 3D-Mo/e/1 MH)KEHEPHOM CUCTEMBI, HO U aB-
ToMarndeckoe popmupoBanue 2D-ueprexeit u mpodux
9JIEMEHTOB MPOEKTHON IOKYMEHTAIIMU: TJIAHOB MO BCEM
OTMETKaM 3IaHHsI, aKCOHOMETPUUCCKHUX CXEM CHCTEeM
(B MaciTabax pa3In4HON KPYITHOCTH), CIICIM(DUKALIUA.

JanbHeitmas paboTa aBTOpa M0 OCBOCHUIO MOJICTIH-
POBaHMS CHCTEM BOIOCHAOKECHUS M BOJOOTBEICHUS OY-
JICT HAIIpaBJICHA Ha MPUMEHEHHE IUTarknHa « YMHas BOJIa
(pa3paboTunk — KOMIaHUs «IuTa», Poccust) B WHTe-
rpauuu ¢ BIM-cucremoit Renga. [1narun «YmHuas Boga»
TO3BOJISICT ABTOMATH3UPOBATh TUIPABIINICCKUC PACUCTHI
WH)KCHEPHBIX CUCTEM, 3HAYUTEIBHO COKpaIlas TpPyA0eM-

KOCTh pa60T MPOCKTUPOBIIINKA U BPEM UX BBIITOJTHCHUS.



UHPOpMaLMOHHOE MOAEAMPOBaHME CUCTEM BOAOCHabOXeHUs 1 BOAOOTBEAEHMS

C. 100-118

CIIMCOK UCTOYHHUKOB

1. bpeszeun IO.H., Ky3un B.B. AHanu3 nmpume-
HeHUS! MHPOPMAIMOHHBIX U HUPPOBBIX TEXHOJIOTHH
NpH peaju3aliy HallMOHAIBHOIO mpoekTa <« Kuibe
U ropojckast cpenay // IHHOBallMOHHBIH MOTEHIUAI
pa3BUTHUSI HAYKH B COBPEMEHHOM MHpE: JTOCTHKCHUS
W MHHOBAIMHM : c0. Hayd. cT. mo mart. VII Mexaynap.
Hay4.-mipakT. koud. 2022. C. 61-72. EDN UZSBFC.

2. Rinchen S., Banihashemi S., Alkilani S. Driving
digital transformation in construction: Strategic insights
into building information modelling adoption in devel-
oping countries // Project Leadership and Society. 2024.
Vol. 5. P. 100138. DOI: 10.1016/j.plas.2024.100138

3. Buipooosa U.I'., Huxonosckuii A.B., ebomo-
6a A.A., Lluxosyos A.A. llpumenenne BIM-texnonoruii
TIPH IPOEKTUPOBAHUH 3/IaHUI U cOOpyxeHUH B T. KpacHo-
nape // Tlepcriektusbl Hayku. 2022, Ne 2 (149). C. 49-52.
EDN KZGNGG.

4. Peng Y., Au-Yong C.P., Myeda N.E. Knowle-
dge graph of building information modelling (BIM) for
facilities management (FM) // Automation in Construc-
tion. 2024. Vol. 165. P. 105492. DOI: 10.1016/j.autcon.
2024.105492

5. Ipaxoe B.I1., Kucnaxosa FO.I"., Moxnaues C.A.,
Cumarxos H K. AxTyanbHOCTb IUPPOBOTO CTPOUTEIH-
CTBa 3[JaHUH B IpOMEIILIeHHOCTH // Pocens u mup: pas-
BUTHE IUBHIM3AIMNA. VIHHOBAIIMK M KOHCEPBATH3M: I10-
uck bananca : Mat. XII MexayHap. Hayd.-IIpaKT. KOH.
2022. C. 88-91. EDN IHQTKL.

6. Puerto A., Castarieda K., Sanchez O., Peria C.A.,
Gutierrez L., Saenz P. Building information modeling
and complementary technologies in heritage buildings :
a bibliometric analysis // Results in Engineering. 2024.
Vol. 22. P. 102192. DOI: 10.1016/j.rineng.2024.102192

7. Canosa H.H., Muwxuna E.B., Aéoeesa K.B.
OrneHka S5KOHOMUYECKOH A (PHEKTUBHOCTH BHEIPECHUS
BIM-TexHosoruit Ha npuMepe NPOEKTHOW OpraHU3aluu
B CTPOUTEINILCTBE // AKTyalIbHBIE BOIIPOCH COBPEMEHHON
sxoHomukH. 2020. Ne 11. C. 868-880. DOI: 10.34755/
IROK.2020.40.92.059. EDN XAYRST.

8. Guizar Dena A.J., Garcia Hipola M., Ban-
dera C.F. Optimization testing for the modeling and
characterization of three-dimensional elements to en-
hance interoperability from building information mod-
eling (BIM) to building energy modeling (BEM) // En-
ergy and Buildings. 2024. Vol. 317. P. 114394. DOI:
10.1016/j.enbuild.2024.114394

9. Vzaes M.A., V3aeea A.A., V3aesa A.4A. Kom-
MJIEKCHOE OPraHU3allMOHHO-TEXHOJOTHUECKOE MPOo-
EKTUPOBAHHE KPBITHIX CTAAMOHOB C MCIIOJIb30BaHUEM
BIM-texnomnoruii // DkoHOMHKa cTponTenabeTBa. 2024.
Ne 3. C. 252-256. EDN IYWPSL.

10. Biswas H.K., Sim T.Y., Lau S.L. Impact of
building information modelling and advanced technolo-

gies in the aec industry : a contemporary review and fu-
ture directions // Journal of Building Engineering. 2024.
Vol. 82. P. 108165. DOI: 10.1016/j.jobe.2023.108165

11. Tonxonoe M.I1., Cy66omun O.C. Uudopma-
IIIOHHOE MOJICIINPOBAaHKE B chepe apXUTEKTypHOTO
npoektuposanus (BIM-moznennposanue) / Bexrop co-
BPEMEHHOW HayKH : cO. Te3. o MaT. MexayHap. Hayy.-
mpakT. KoH(. cTya. u Moa. y4. 2022. C. 935-936. EDN
REAQVF.

12. Abuhussain M.A., Waqar A., Khan A.M., Oth-
man 1., Alotaibi B.S., Althoey F. et al. Integrating Build-
ing Information Modeling (BIM) for optimal lifecycle
management of complex structures // Structures. 2024.
Vol. 60. P. 105831. DOI: 10.1016/j.istruc.2023.105831

13. Bueno M., Bosche F. Pre-processing and
analysis of building information models for automated
geometric quality control // Automation in Construc-
tion. 2024. Vol. 165. P. 105557. DOI: 10.1016/j.autcon.
2024.105557

14. Hlaiixymounosa @.D., Apapamvsn JI.C., Ilas-
nosa FO.M. lapopMaIimoHHOe MOACTHPOBAHUE 3aKPBI-
THS AaTOMHBIX AJIEKTpOCTaHIui // DHepropecypcocbepe-
JKCHHUE B TIPOMBIIIICHHOCTH : ¢0. Hay4.-1IpakT. Tp. 2023.
C. 180-185. EDN YGFUKN.

15. leuna C.I., Yuuarxosa HII., @edopos A.A.
WudopmanonHoe MoAeInpoBaHue — KaK OCHOBA I1PO-
eKTHpOBaHus SHeprod(heKTUBHBIX 3nanHuii // U3Bectus
BBICIINX Y4eOHBIX 3aBefeHHH. TeXHOIOrus TeKCTUIIb-
HoOM mipombinieHHOCTH. 2019. Ne 4 (382). C. 202-206.
EDN VATQQV.

16. Carvalho J.P., Braganc¢a L., Mateus R. Auto-
mating building sustainability assessment using build-
ing information modeling : a case study // Journal of
Building Engineering. 2023. Vol. 76. P. 107228. DOI:
10.1016/j.jobe.2023.107228

17. Paremain H.W.P., Toll D.G. Heritage building
information modeling : a case study of Kasthamandap, Ne-
pal // Proceedings of the Institution of Civil Engineers —
Engineering History and Heritage. 2023. Vol. 176. Issue 1.
Pp. 25-34. DOI: 10.1680/jenhh.21.00103

18. Xiang Y., Mahamadu A.M., Florez-Per-
ez L. Engineering information format utilisation across
building design stages : an Exploration of BIM Applica-
bility in China // Journal of Building Engineering. 2024.
Vol. 95. P. 110030. DOI: 10.1016/j.jobe.2024.110030

19. Shin M .H., Lee HK., Kim H.Y. Benefit—cost
analysis of Building Information Modeling (BIM) in
a railway site // Sustainability. 2018. Vol. 10. Issue 11.
P. 4303. DOI: 10.4303.10.3390/su10114303

20. Liao L., Teo E.A.L., Chang R., Zhao X. Dif-
fusion of Building Information Modeling in building
projects and firms in Singapore // Sustainability. 2020.
Vol. 12. Issue 18. P. 7762. DOI: 10.3390/su12187762

109

(€G] € HOAUIGY b1 WOL Soiocieay



scionco o ruction: 1) 14, Issue 3 (53)

Yuliya A. Ryltseva

Tocmynuna 6 pedaxyuro 15 uona 2024 2.
Ipunama é oopabomannom eude 19 aseycma 2024 e.
Ooobpena ona nyoruxayuu 21 ageycma 2024 2.

Op ABTOPE: Iuusa AnekcanapoBHa PoliblieBa — KaHAMIAT TEXHUYECKUX HayK, JOLEHT Kageapbl BOLOCHAO-

KEeHUs ¥ BofooTBeAcHus; HannoHaabHbIA nccaegoBaTebcKHil MOCKOBCKHIT ToCy1apCTBeHHbIH CTPOUTEIb-
Hblii yauBepcuter (HUY MI'CY); 129337, . MockBa, SIpocnasckoe mocce, 1. 26; SPIN-koxn: 4138-6634, Scopus:
57214228101, ORCID: 0000-0002-1315-6907; yuliya.ryltseva@mail.ru.

INTRODUCTION

Information modelling is a process of creating
systematized information about a construction proj-
ect and using this information at all (or individual)
stages of the life cycle (LC) of a construction project!
(CP). According to the Decrees of the Government
of the Russian Federation** design and survey work
on objects, the construction of which is carried out
within the framework of Federal Law No. 214-FL,
should be carried out with the use of information mod-
elling technologies (IMT) from 1 July 2024. To date,
the Russian regulatory sphere has accumulated do-
cumentation regulating the procedure for creating in-
formation models (IM)* 3; requirements for them®;
the process of forming libraries of components for
the development of information models’; the procedure
for preparing IM for approval by expert organizations?;

' CP 301.1325800.2017. Information modelling in construc-
tion. Rules for organization of work by production and techni-
cal departments.

2 On establishing cases in which the developer, technical custom-
er, the person providing or carrying out the preparation of invest-
ment justification, and (or) the person responsible for the opera-
tion of the capital construction facility, shall ensure the formation
and maintenance of the information model of the capital con-
struction facility : Resolution of the Government of the Russian
Federation of 05.03.2021 No. 331.

3 On Amendments to the Resolution of the Government of the Rus-
sian Federation of 05.03.2021 No. 331: Resolution of the Govern-
ment of the Russian Federation of 20.12.2022 No. 2357.

4 GOST P 57563-2017/ISO/TS 12911:2012. Information model-
ling in construction. Basic provisions for the development of stan-
dards for information modelling of buildings and structures.

5 CP 333.1325800.2020. Information modelling in construction.
Rules for formation of information model of objects at different
stages of life cycle.

¢ GOST P 57311-2016. Information modelling in construction.
Requirements for operational documentation of completed con-
struction projects.

7 CP 328.1325800.2020. Information modelling in construction.
Rules for description of information model components.

8 About Methodical Recommendations on preparation of the in-
formation model of the capital construction object, submitted for
consideration to FAO “Glavgosexpertiza of Russia” in connection
with the state expert examination of the design documentation,
as well as the evaluation of the information model of the capital
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quality control of construction works using TIM®. There
are also codes of practice'® !!, regulating the processes
of creation and operation of information systems, as
well as the development of project implementation
plans in the field of TIM.

Creation and use of IM is aimed at achieving
a number of positive effects in the course of the life
cycle of the CP:

* the possibility of simultaneous collaboration
of designers with the actual building model, which
leads to early detection of collisions;

* reduction of design errors and, as a consequence,
of work execution time [1, 2];

¢ reducing the volume of paper documents [3, 4];

* detailed visualization of the project, which is ex-
pedient both for designers and builders and for the con-
struction customer [5, 6];

» cost reduction at the stage of commissioning
the object due to the availability of complete, accurate
and unambiguous information about the object [7-9];

» optimization of costs during the operation
of the object due to the available accurate information
about all elements of the construction object [10, 11];

* increasing the level of safe operation of the ob-
ject due to quality information support and quick access
to the required information [12—16].

TIM finds application not only for the construction
of new buildings and structures. In [17], a successful
experience of creating a digital model of cultural heri-
tage objects is described, which allowed not only to co-
ordinate all stages of restoration, but also to be used in
the future to conduct virtual tours. According to foreign
researchers [18-20], the factors constraining the digital
transformation of the construction industry include: in-
sufficient government leadership, unclear willingness

construction object : Letter of FAU “Main Department of State
Expertise” from 06.04.2021 No. 01-01-17/4620-NB.
?CP471.1325800.2019. Information modelling in construction.
Quality control of construction works production.

' CP 331.1325800.2017. Information modelling in construc-
tion. Exchange rules between information models of objects
and models used in software packages.

' CP 404.1325800.2018. Information modelling in construc-
tion. Rules for the development of project plans implemented
using information modelling technology.
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of project participants to cooperate, and lack of IT pro-
fessionals.

Within the framework of the national programme
“Digital Economy of the Russian Federation”, grant
support was provided to'? projects for the development
and implementation of domestic software. According to
the information provided on the website of the Minis-
try of Construction of the Russian Federation', as of
29 May 2024, Russia has registered a number of soft-
ware (30 in total) for creating digital IM of water supply
and wastewater systems — NanoCAD BIM VK, Renga,
Compass; outdoor networks — NVC, Model Studio
CS; water supply and sewerage — Topomatik Robur —
Engineering Networks.

Renga Professional is developed by Renga Soft-
ware. Renga Software' is a company formed as a result
of co-operation between Ascon and the 1C company. It
is worth noting the high level of customer-orientation
of Renga Software and Ascon: their official websites of-
fer a large number of video courses, text files'* for inde-
pendent mastering of the software. Interested users can
also get a personalized training certificate (based on test
results).

12 Grant support for projects to develop and implement digi-
tal solutions. URL: https://digital.gov.ru/ru/activity/direc-
tions/946/

3 TIM software. URL: https://minstroyrf.gov.ru/tim/pro-
grammnoe-obespechenie-dlya-tim/

!4 Renga. URL: https://rengabim.com

15 Renga Practical User Guide. URL: https://manual.reng-
abim.com/

Fig. 1. Arrangement of sanitary fixtures on the 3D scene

This paper describes the general procedure for
modelling the internal domestic water supply and do-
mestic sewerage systems of a three-storey apartment
building.

MATERIALS AND METHODS

The research was carried out on the basis of theo-
retical and empirical methods. Theoretical methods
included review and analysis of domestic software for
information modelling and regulatory documentation in
force in Russia in the field of BIM. Empirical research
consisted of gaining experience in modelling of inter-
nal water supply and sewerage systems of a building
in BIM-system Renga (Russia), on the basis of which
the recommendations for the coherent work of the de-
signer during the preparation of the model are de-
scribed.

RESEARCH RESULTS

The modelling of a building engineering system
such as the domestic water supply system (system B1)
can be summarized in the following sequence:

1. First of all, the sanitary equipment is arranged
on the 3D scene. For subsequent collaboration of sev-
eral designers with the building model, it is not recom-
mended to create sanitary equipment in a separate level
on each floor. This can lead to the fact that an adjacent
designer at some point will switch off the visibility
of a level, which will lead to collisions. To copy objects
on typical floors it is necessary to use appropriate com-
mands of the programme (Fig. 1).
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Fig. 2. Trace point placement for modelling a water riser (a) and a flat water inlet (b)

2. In the next step, a water riser pipe is created for  point will define the lower boundary of the riser pipe
a single flat with two trace points (Fig. 2, a): the lower (in the lower technical floor), the upper point —

e~ DB c@ld' vi'{;ij.@./\o\‘\

Fig. 3. Arrangement of water fittings on the 3D scene
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Fig. 4. Pipeline route construction in the “Pipeline systems” tab: tiles of water fittings and trace points («@); creation of links in
the system (b)

the highest point of the riser pipe. In addition, a trace 3. The water fittings are arranged: basin, sink and
point for the flat entry must be created within the floor bathtub mixers (Fig. 3). The software allows you to
(Fig. 2, b). Trace points are created on the 3D scene choose from a catalogue of different types of mixers,
with the coordinates in the 3D space in order to both wall-mounted and wall-mounted. The WC does
exclude the probability of displacements along the axis not need to be equipped with additional water fittings:
of the created trace. Trace points should be given the system recognizes it as an appliance that requires
names, which will be convenient to use in the future a cold water supply.

when building logical connections between the model 4. After performing the steps described in par. 1-3.
elements in the “Pipeline systems” tab. 1-3, when you enter the “Piping systems” tab, all

Fig. 5. Apartment water distribution on the 3D scene
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Fig. 6. Placement of fittings and equipment on the flat water distribution system

created elements of the cold water supply system will
be displayed. For the correct assembly of the riser and
apartment distribution it is worth specifying the location
of tiles with trace points, equipment tiles and fittings
in accordance with the 3D scene (Fig. 4, a). Then in
the dialogue box “Parameters of piping systems”
the conditions for laying the water supply network
(marks, offsets) are set, and the style of pipes and pipe
parts (material, nominal diameter, connection method)
is selected. Renga Professional has a ready set of styles
of pipes, parts and equipment, but the designer can
create his own styles. After setting all the parameters
(rules), the tiles of equipment, devices and trace points

should be combined into a single system by building
appropriate links between them (Fig. 4, b). Note that
each mixer by default has two connection points — for
cold and hot water. Later, the remaining points will be
used for modelling the hot water supply system, i.e. it
will not be necessary to create the water fittings again.

5. As aresult of the operations performed in step 4,
the 3D scene within the area to be worked out will show
the apartment pipework and the water riser (Fig. 5).

6. Further on, the necessary equipment and fittings
are placed on the section of the flat input, flat pipe
distribution: valves (taps), coarse filter, water meter,
etc. (Fig. 6).
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Fig. 7. Creating a typical water supply system on the floors of a building: view on the 3D scene (a); view in the “Piping

systems” tab (b)
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b

Fig. 8. Construction of the B1 system pipeline route in the technical floor space (a); equipping of the water supply network with
fittings and equipment on the 3D scene (b)

b
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|
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Fig. 9. Model of the internal domestic water supply system of a building
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Fig. 10. K1 system pipework routing by building storey

7. At the next stage of work, the flat water sup-
ply system wiring (together with the point of tracing
of the flat inlet branch and water fittings) is copied step
by step on the 3D scene on the typical floors (Fig. 7, a).
Further it may be necessary to correct the location
of tiles of water supply elements in the “Piping sys-
tems” tab, which will be automatically created as a re-
sult of the copying operation. The copied tile groups
should be connected to the water riser (Fig. 7, b).

8. The steps described in point 7 must be repeated
according to the number of risers in the total water sup-
ply system of the building.

9. The next step is to trace the water mains in
the basement (lower technical floor). For this purpose,
firstly, trace points are set up, which will be characteristic
points of the pipeline network — points of turn, change
of mark, branches, points of the beginning and end
of the route. After arranging the tracing points on the 3D
scene it is required to build links between the tiles in
the “Pipeline systems” tab (Fig. 8, a), setting the appro-
priate parameters of the pipeline network. After these ac-
tions are performed, the necessary equipment and fittings
are placed on the 3D scene (Fig. 8, b).

As aresult, we get a model of the internal domes-
tic water supply system of the building. If you configure
the filter on this engineering system, you can isolate it
from other elements of the model, which is convenient
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for detailed consideration of the water supply system
configuration (Fig. 9).

In general, the internal domestic sewerage sys-
tem of a building (system K1) is modelled in a simi-
lar way. The only difference in principle (compared to
the plumbing system) is that the “Piping systems” tab
will show tiles with the designation of sanitary appli-
ances, not water fittings (Fig. 10). In addition, when
constructing the horizontal pipe routing, it is worth-
while to provide slopes to ensure the gravity flow
of wastewater. The programme allows to equip the do-
mestic sewerage system with all necessary pipe parts
(bends, transitions, tees, revisions (Fig. 11)).

CONCLUSION AND DISCUSSION

In general, the interface of Renga BIM-system is
clear and intuitive enough that allows users (including
those who have no experience of working with TIM)
to master modelling skills in a short period of time. At
the end of the work, the programme provides the pos-
sibility of obtaining not only a detailed 3D model
of the engineering system, but also automatic genera-
tion of 2D drawings and other elements of the project
documentation: plans for all building elevations, axono-
metric schemes of systems (in scales of various sizes),
specifications.
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Fig. 11. Household sewerage system in the 3D scene

Further work of the author on mastering the mod-
elling of water supply and drainage systems will be fo-
cused on the application of “Smart Water” plug-in (de-
veloper — “Elita” company, Russia) in integration with

Renga BIM-system. “Smart Water” plug-in allows to
automate hydraulic calculations of engineering systems,
significantly reducing the labour intensity of designer’s
work and time of their execution.
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AHHOTALUMNA

BBepeHue. Ha gaHHbIi MOMEHT B Hay4YHbIX MCCNEAOBaHMUAX TEXHONMOMMYHOCTb CTPOUTENbHbLIX KOHCTPYKLUIA, MPOEKTHbBIX
peLueHunii, NponssoacTBa paboT v aKcnnyaTauuy 30aHUn U COOPYXEHUIA OMPEAEnsieTCs pas3nUYHbIMUA KONUMYECTBEHHBIMY
N KayeCTBEHHbIMU MokasatensiMu. [daHHble nokasaTteny obpasyroT COBOKYMHOCTb OLEHOYHbIX KPUTEPUEB, MO3BOMSIOLLYO
OLIEHUTb YPOBEHb TEXHOMOMMYHOCTU CTPOUTENBHbBIX CUCTEM Ha pasHbix 3Tanax. Moaxoabl K OLeHKe TEXHONMOrMYHOCTM MOTyT
ObITb pa3HoOOpa3sHbl B 3aBUCMMOCTY OT UCXOAHbIX MOKa3aTenen TeXHONOrMYHOCTY U Lerne KOHEYHOro pesynbrara.
Matepuanbi n meToabl. B 0CHOBY NONoXeHO UccrnefoBaHne BapnaTUBHBLIX MOAXOL0B K OLLEHKE TEXHONMOMMYHOCTU Npuy Npo-
M3BOACTBE paboT MO YCTPOMCTBY CTPOUTENbHbIX CUCTEM, DA3NPYOLLUMXCS Ha MPUMEHEHMM (DaKTOPHbIX MOgenen aerep-
MWHUPOBAHHOTO aHanusa. PaccmoTpeHbl cnepytoLme KnoveBble akTopHble MOAENWU: aaauTUBHAS, MyNbTUNINMKATUBHAS,
KpaTHasi 1 cMellaHHasi (KoMBMHVMpOBaHHast). YCTaHOBMEHbI M NpoaHanM3vpoBaHbl BapuaLuy pesyrnbTMpYHLLEro NokasaTe-
NSl — MHAMKaTOpa TEXHOMOMMYHOCTM HA OCHOBAHWUM AaHHbIX MOAENEN NPU UCCNenoBaHnM (hakTOpPHbIX NMPU3HAKOB B abco-
TIOTHBIX U OTHOCUTESbHbIX BENTUYMHAX.

Pe3ynbratbl. BbinonHeHHas cuctematmsaums BapyaTMBHbIX NOAXOAOB K OLEHKE TEXHOMOMMYHOCTM MOXET CNyXutb 6a3omn
AN MOOENUPOBaHUST YPOBHS TEXHONMOTMYHOCTU CTPOUTENBHBIX CUCTEM Ha Pa3nMYHbIX 3Tanax XXM3HEHHOTO LiKNa B 3aBUCK-
MOCTHM OT (DaKTOPHbIX MPU3HAKOB NMPOLLECCOB, a TaKKe OCHOBOM AN (DOPMUPOBAHUS METOAONOMMYECKON 6asbl MO KOMMMEKC-
HOW OL|EHKEe TEXHOMOrMYHOCTU NPU NPOM3BOACTBE paboT Mo YCTPOWCTBY CTPOUTENbHBIX CUCTEM.

BbiBoAbl. [py paccMOTpeHHbIX BapuaTUBHbIX MOAXoAax B 6ONbLUMHCTBE CllyYaeB pacyeTbl UHAUKATOPOB TEXHONOMMYHOCTH
nokasanu, 4To bakTopHbIE NPU3HaKW NpY NPOM3BOACTBE CTPOUTENBbHBLIX CUCTEM 0BecneyrBatoT B3avMHOe BnusiHie Ha 6a3sy
HauucreHns pe3ynbTUpytoLLero nokasarens. B pamkax noaxonos, OCHOBaHHbLIX HA MPYMEHEHUN AeTEPMUHUPOBAHHOIO dhak-
TOPHOrO aHanu3a npu OLEeHKe TEXHONOMMYHOCTM, NOCMEAYHOLMM 3TAMNOM BbICTYNAET UCCNEAOBAHNE U aHaNU3 U3MEHEHNS
MHAMKATOpa TEXHONMOIMMYHOCTU NPY NPOU3BOACTBE PabOoT MO YCTPOWUCTBY CTPOUTENbHbIX CUCTEM KaK pe3ynsTaTUBHOIO Mo-
KasaTens.

KIMKOYEBBIE CITOBA: TeXHONOrMYHOCTb, CTPOUTENbHbBIE CUCTEMbI, OLIEHKA TEXHOMOMMYHOCTU, AETEPMUHMPOBAHHbIN hak-
TOPHbIV aHanu3, MynsTUMNIUKaTUBHAA MOLENb, CTPOUTENBHOE NMPON3BOACTBO
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ABSTRACT

Introduction. At present, in scientific research, manufacturability of various types: manufacturability of building structures,
manufacturability of design solutions, manufacturability of work production and manufacturability of operation of buildings
and structures — are determined by various quantitative and qualitative indicators. These indicators form a set of evaluation
criteria that allows assessing the level of manufacturability of building systems at various stages. Approaches to assessing
manufacturability can vary depending on the initial indicators of manufacturability and the goals of the final result.
Materials and methods. The paper is based on the study of variable approaches to assessing manufacturability in the con-
struction of building systems, based on the application of factor models of deterministic analysis. The following key factor
models are considered: additive, multiplicative, multiple and mixed (combined). Variations of the resulting indicator — the in-
dicator of manufacturability, based on these models when considering factor features in absolute and relative values are
established and analyzed.
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Results. The completed systematization of variable approaches to technological assessment can serve as a basis for mod-
elling the level of technological effectiveness of construction systems at various stages of the life cycle depending on the fac-
torial characteristics of the processes, as well as as a basis for the formation of a methodological base for a comprehensive
assessment of technological effectiveness in the production of work on the installation of construction systems.
Conclusions. In the considered variable approaches, in most cases, the calculations of the indicators of manufacturability
showed that the considered factor characteristics in the production of the device of building systems provide a mutual influ-
ence on the basis for calculating the resulting indicator. Within the framework of approaches based on the use of determin-
istic factor analysis in assessing manufacturability, the next stage is the study and analysis of the change in the indicator
of manufacturability in the production of works on the device of building systems, as a result indicator.

KEYWORDS: manufacturability, construction systems, manufacturability assessment, deterministic factor analysis, multipli-
cative model, construction production
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BBEJIEHUE

B crpoutenbHON OTpaciau NOHATHE TEXHOJIOTWY-
HOCTHU JETAJIM3UPOBAHO IO PA3IUYHBIM dTallaM KH3-
HexHoro nukia (OKLI) cTpouTenbHBIX CHCTEM H OIpe-
JIeIsIeTCsl CAeyIOIMMU BUAAMH: TEXHOJIOTHUYHOCTD
CTPOUTENBHBIX KOHCTPYKIHH, TEXHOJIOTHIHOCTD MPO-
SKTHBIX PCIICHUH, TEeXHOJIOTHYHOCTh IPOU3BOJICTBA
paboT ¥ TEXHOJIOTUYHOCTh IKCIUTyaTaIluH 31aHui U CO-
opyxeHu# [1]. TeXHONOrMYHOCTh CTPOUTEIBHBIX KOH-
CTPYKIMH 00yCJIOBIMBAETCSI COOTBETCTBHEM JAHHBIX
KOHCTPYKIHMH yCTaHOBJICHHBIM TPEOOBaHUSAM TEXHOJIO-
THYCCKUX MPOLECCOB Ha 3Tallax U3rOTOBJICHUSA, TPAaHC-
MTOPTUPOBKH, MOHTaKa U SKCIuTyararwu [2]. [IpoekTHas
TEXHOJOTMYHOCTh 000OCHOBaHA BHIOOPOM Hambolee pa-
IIMOHAJIHOTO BapuaHTa COBOKYITHOCTH OOBEMHO-IIIA-
HUPOBOYHBIX, KOHCTPYKTHBHBIX M OPTraHU3alMOHHO-
TEXHOJIOTUYECKUX PEIICHUN CTPOUTEIBLHONW CUCTEMBI
no 3agaHHeIM napametrpam [3]. Ilog crpoutensbHOU
TEXHOJOTUYHOCTHIO IMOHUMACTCA COBOKYITHOCTH TCX-
HOJIOTHYECKHX TPOLECCOB, UCTIONb3YEMBIX TIPH MTPOH3-
BOJICTBE pabOT IO YCTPOWCTBY CTPOUTENILHBIX CHCTEM
1 XapaKTePU3YIOIINXCS PA3TNIHBIMHA TEXHOJIOTHIECKH-
MU TapaMeTpaMu. ITomumo 9TOI0, BBIACIACTCA IMOHATUC
«KOMIUIEKCHAsI TEXHOIIOTHYHOCTEY, KOTOPOE OObEIUHSIET
B ce0Oe pa3IMYHbIe BUJIBI TEXHOJIOTUYHOCTH, OXBATHIBAS
HeckoJbKo 3TanoB XKL cTpouTeNbHBIX CUCTEM, HAIIPU-
Mep, OT U3TOTOBIICHUS JI0 KCIUTyaTaluu o0bekTa [4, 5].

Kasxap1ii BUIT TEXHOJIIOTHYHOCTY yCTAHABINBAET CH-
CTEMy OLICHOYHBIX [T0Ka3aTelIeH, II03BOJISIOIINX BEISIBUTh
YPOBEHb TEXHOJIOTUYHOCTH TOW WJIM HHOUW CTPOUTETHHOM
CHCTEMBI, BEIPOKCHHBIN OIPE/ICIIEHHBIM 0000IEHHBIM
nokasarenem [6]. B kauecTBe MaTeMaTH4eCcKoro amma-
para BO3MOKHO HCIIOJIb30BAHUE PAa3JIMUYHBIX METOJOB,
TMO3BOJIAIONIUX YCTAHOBUTH 3aBUCUMOCTH OLCHOYHBIX
ToKazaresneil Ipu MPOU3BOACTBE padoT MO yCTPOHCTBY
CTPOUTCIIbHBIX CUCTEM OT PE3YJIbTATUBHOI'O 3HAYCHUA
YPOBHS TEXHOJIOTHYHOCTH. Cpeay TaKUX KOINYECTBEH-
HBIX U Ka4eCTBEHHBIX METOJIOB OLIEHKH MOXKHO BBIJIe-
JUTH: PETPECCUBHBIN, KOPPEIAIMOHHBINA, (haKTOPHBIHA
aHaJIM3, a TAaKKe METOJI IKCIIEPTHBIX OIIEHOK [7-9].

MeTo/ SKCTIEPTHBIX OLIEHOK MPEACTABISIET COOOM
YHHUBEPCAJIBHBIN MTOJX0/ B Pa3JIYHBIX OTPACIISX IKO-
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HoMukH [10, 11], mo3Bonsromuii CHCTEMaTU3UPOBATH
U YNOPSIOYUTh pa3IHuHbIe JaHHBIE AJISl ONPEIEICHUs
KOHEYHOro pe3ysbTaT. Tak, JaHHBIA METOX TaKKe MO-
JKET OBITh MCMOIB30BAH /ISl OLIEHKH TEXHOJIOTHYHOCTH
MIPU MPOU3BOJICTBE PAbOT MO YCTPOUCTBY CTPOUTENb-
HBIX CHUCTEM IIyTEM PaHKUPOBAaHUSA OCHOBHBIX IOKa-
3aresneil, KOTOpble BHIPAKCHBI KaK KOJTMYECTBEHHBIMH
3HAUYCHUSIMH B a0COJIIOTHBIX BEJIMYMHAX, TAK U Kade-
CTBEHHBIMH XapaKTEepUCTUKAaMHU Tporiecca [12—14].

[Ipu uccnenoBaHnM KOMMYECTBEHHBIX MTOKa3aTeNnen
mpolrecca MPOU3BOJCTBA CTPOUTEIBHBIX CHCTEM MO-
JKeT OBITh MPUMEHEH TO/X0J], OCHOBAHHBIN Ha JIeTep-
MHUHHPOBAaHHOM (PaKTOPHOM aHajH3e, KOTOPbI aaer
BO3MOKHOCTb ITPOBECTH OLIEHKY U aHAJIN3 €r0 YPOBHS
TEXHOJIOTUYHOCTH. DTOT METO/ ITMPOKO PacIpOCTPaHEH
B SKOHOMHYECKOW MPAKTUKE BBULY CBOEH HAIIPABICHHO-
ctH [15], mpu 3TOM Takke Haien MPUMEHEHHE U B TeX-
HUYECKOH OTpaciu Uist OUeHKH [16] pe3ynbTaTuBHOCTH
pelIeHnii, OTHAKO MCIONb30BaHUE U aJanTalnus JaHHOTO
MOAX0/a K OLEHKE TEXHOJIOTHYHOCTU B CTPOUTEILCTBE
HE OTPAXCHBI B HAYYHBIX HCCIICTOBAHMUIX.

MATEPHUAJIBI U METO/bI

B xagecTBe BapHaTHBHBIX MOIXOA0B K OIIEHKE TeX-
HOJIOTHYHOCTH TIPH MTPOU3BOJICTBE pabOT MO yCTpPOii-
CTBY CTPOHUTENBbHBIX CHCTEM MOTYT HCIIOJIb30BaThCA
MIPHEMBI JIETEPMUHNPOBAHHOTO (haKTOPHOTO aHaAJIM3a,
aaNTUPOBAHHOTO IMOJ KOHEYHYIO 1] HCCIIeI0Ba-
HUS, 1 OCHOBAHHBIC HAa KOJIMYECTBEHHBIX MOKa3aTe-
JISIX TIPOLIECCOB. DTOT aHAJIN3 HANpPaBICH HA U3yUYCHHE
BIMSHUS (paKTOPOB HA PE3yIbTATUBHBIA MOKa3aTelNb
IpY HATMYUK (QyHKIIMOHAIBHOM 3aBUCHMOCTH MEXIY
¢dakropamu u mokazaresneM. DyHKIMOHANbHAS 3aBH-
CUMOCTb MOKET BBIPAKAThCSI CIENYIOIUMHU (aKTop-
HBIMU MOJICIISIMU: aJANTUBHON, MYJIBTUIUINKATHBHOM,
KpaTHOM U cMelanHoM (koMOuHupoBaHHOK) [17-19].

ITon daxropamu nau (GakTOPHBIMH NMPHU3HAKAMHA
OyZyT BBICTYIATh KIIFOYEBBIC TTAPAMETPBI, XapaKTepHU3Yy-
IOIINE U OTPEEIISIONIIE POLIecC TPOU3BOACTBA paboT
M0 YCTPONCTBY CTPOUTEIBHBIX CUCTEM KaK ONTHMAalb-
HBI{, pALlMOHAJIbHBIN U TEXHOIOTUYHBINA. Tak, Hanpumep,
Ipoliecc NPOMU3BOACTBA PadOT MO YCTPOUCTBY CTPOU-
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CTPOUTEALHbIX CHCTEM

TCJIBbHBIX CUCTEM MOXKXHO OXapaKTCPU30BaATH OCHOBHBI-
MU TEXHOJIOTUYECKUMH MapaMeTPaMH, KaK MPOIOIKH-
TEILHOCTbD, TPYAOEMKOCTh i CTOUMOCTh pa0oT, KOTOpbIE
cTaHyT ()aKTOPHBIMH TIPH3HAKAMH PE3YJIBTATHBHOIO T10-
Kazaresnsi — U3MEHEHHUs TEeXHOJIOTHYHOCTH. B kauecTse
Pe3yJabTaTUBHOTO TTOKa3aTessi He0OX0IMMO BBECTH I10-
HATHE UHIUKATOPA TEXHOJIOTHYHOCTH, ONPEACIISIONIETO
B3aMMOCBSI3b 33/IaHHBIX (PAKTOPOB CHCTEMBI.

[Hanee Ha abcTparnpoBaHHOM IIpUMeEpe paccMma-
TPUBAIOTCA BapUAHTBI OMPCACIICHUA UHIAUKATOPOB TEX-
HOJIOTHYHOCTH TIPH MTPOU3BOJICTBE PabOT 1O YCTpPOii-
CTBY CTPOUTEIBHBIX CUCTEM Ha Pa3IUYHBIX dTamax
C IPUMEHEHUEM Pa3IMYHbIX (paKTOPHBIX Mojesel Je-
TepMUHHPOBAHHOTO aHaim3a. B Tabm. | mpencrasie-
Ha MaTpHIa ONpeaessomux (pakTopoB Ha pa3IMIHbBIX

PaccmoTrpuM niepBblil BApUAHT ONPENEICHUS UH -
KaropoB TEXHOJIOTHYHOCTH, IIPH KOTOPOM 3HaYEHHsI (hax-
TOPOB OCTAIOTCSI A0COFOTHBIMY BEJIMUUHAMHE (Ta0II. 2).

Hcnonbs3oBaHue aiJuTUBHON MOJEIH, [IPEICTAB-
Jsitole co0oil anredpandeckyro CyMMy HECKOJIbKUX
(hakTOpoB, HelenecooOpa3Ho B CBS3H C TEM, YTO pa3-
MEPHOCTBb KaXKJ0TO IMoKasaTeJisl HC UACHTUYHA. MyJ'H)TI/I-
IJIMKaTUBHAA MOACIIb ONIPEACIICHUS HHAUKATOpa TEXHO-
JIOTUYHOCTHU OTpaXa€T B3aUMOYBA3aHHOC BJIMAHHEC
Ha 3HAYEHHE MHAMKATOPa TEXHOJOTMYHOCTH, 00pasys
KOMOMHHMPOBaHHYIO Pa3MepHOCTb Ioka3zareis. Kpat-
HYIO MOJIeJIb BO3MOXKHO HCIIOJIb30BaTh IpHU JIBYX(pak-
TOPHOCTH aHaJIN3a, KOTOPasi MO3BOJISIET ONPEACINUTh
pe3yIbTaTUBHBIIN MOKa3aTeNb KaK YaCTHOE OT ACTICHUS
JBYX (hakTopoB. B cBsi3u ¢ 3TUM U1l paccMaTpuBaeMo-
ro MpuMepa HEBO3MOYKHO HCIIOJIb30BaTh TaHHYIO MO-

aranax MpOU3BOJCTBA CTPOUTEIBHBIX CUCTEM. nenb. KoMOMHUpOBaHHAS MONIEJIb — 3TO COBOKYII-
Taou. 1. Marpuia GpakTopoB B aOCOIFOTHBIX BETHMYHHAX
. basosbie IIpoexrHbie dakTHUeCKHe
DaxTOpHBIN NpU3HAK
3HAYCHHS 3HAYCHHS 3HAYCHUS

IponomxurensHocTs padot I, gHu 100 95 93

Tpynozatparsl 3Tp., 4el.-IH. 110 103 99

Crommocts C, THIC. pyO. 20 19 18

TabJ. 2. PacueT MHANKATOPOB TEXHOJIOTHYHOCTH MPH AOCOIIOTHBIX 3HAUCHUSX (PAaKTOPOB

MOZ[eJ'IL MaremMaTtuueckasi 3aBUCUMOCTh

I/IH}:[I/IKaTOpLI TEXHOJOTHYHOCTHU

ba3oBbrit
UT

B

Ipoexrnpiii UT, | Paxruueckuin UT

O0u1ee npeacTaBiIeHUE:
Y=YX =X +X,+..+X,
AnauTuBHAs i1

YacTHoe npescTaBieHue:
UT =11+ 3tp. + C

230 217 210

Ob1iee mpecTaBICHNUE:
n
y=[]x =X X,-...X,.
MyHbTI/IHJ'II/IKaTl/IBHaﬂ i=1

YacTHoe npencTaBiIeHue:
HUT=1II"-31p. - C

220 000 185915 165 726

OO01iee npeacTaBIeHUe:
Kparnas Y = X,

2

Jlnst nanHo# Tpex(aKTOPHON CUCTEMBbI HE IPUMEHUMA

OO01iee npeacTaBiIeHUE:
Y=(X,+ X)X,
Wi
yo XX

CwmenianHas X,
(KOMOMHHpPOBaHHas) YacTHoe npencTaBieHne:
UT={1+3tp.) - C

Wi
_ II-3p.
- C

uT

4200 3762 3456

550 515 512
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HOCTh MaTeMaTHYeCKUX KOMOMHAIMK U3 TpeX paHee
pPaccMOTPEHHBIX MOZIETIEH U MOXKET UMETh pa3jInvHbIe
(hOpMBI TIpE/ICTABIICHS, B CBSI3H C YeM 3HAUCHUE WH]U-
Karopa TeXHOJOTUYHOCTH Oy/eT BApbUPOBATHCS.
[anee paccMOTpUM BTOPOI BapUaHT ONPEAETEHUS
MHMKATOPOB TEXHOJOTHYHOCTH, IIPU KOTOPOM 3Haue-
HUs (DaKTOPOB MPEJCTABISAIOT CO00I OTHOCHUTEIIbHBIC
BeMYHMHBL. [10CKOIBKY 3TH (pakTOpBI UMEIOT pa3ind-
HBIC €JIMHUIBI U3MEPEHHMS, 11€JIeCO00pa3HO MPUBECTH
UX K OTHOCHUTEIBHOMY HJIH JOJICBOMY ITOKA3aTeIN0
C U3MCHEHUEM B JMAIla30HE OT SIMHUIIBI 10 YCTAHOB-
JICHHOTO MUHMMYyMa WM Makcumyma. [Ipu mepesone

a0COJTIOTHBIX BEJIMYMH K OTHOCHTEIBHBIM 3HAYCHHSIM
1e71eco00Pa3sHO OCHOBBIBATHCA HA KPATHOCTHU NOCIIE-
JIYIOIIEro MoKa3ares WM GpakTopa IpH MPOU3BOJICTBE
paboT Mo yCTPOWCTBY CTPOMTEIBHBIX CHCTEM BCETAa
K TIEPBUYHOMY 0a30BOMY HJIM HOPMAaTHBHOMY 3Haue-
HHIO [TapaMeTpa TEXHOJIOTNYHOCTH, KOTOPBIA MPUHNMA-
eTCsl paBHBIM einHUIe. JlaHHBIH NPUHIKIT TPUMEHUM
B T€X Cliy4asx, eciii (hopmupyemas Marpuna pakropos
OXBaThIBAaET HECKOJIBKO 3TaroB nporecca. [Ipu paccmo-
TPEHUH U CPABHEHHUHU (PAKTOPOB T10 IBYM BBIOOPOUHBIM
JTalaM npolecca BO3MOXKHO NMPHCBOCHHE 3HAYCHUS
SIMHHUIIBI JTI000MY (DaKTOPY Ul yCTAHOBIICHHS Jallb-

Taba. 3. [IpeobpasoBanHast MaTpuIa (akKTOPOB B OTHOCUTENIBHBIC BETHINHEI

. DakTHyeCcKue
@DaxTOpHEIN MIPU3HAK basoBrle 3HaueHUS [IpoexTHbIE 3HAYEHUS
3HAYEHUs]
0,95 0,93

IIponomxurensHocTs pador I1, nomu ex.

(ITpumep pacuera: (ITpumep pacuera:
95/100 = 0,95) 93/100 = 0,93)

Tpynosatparst 3Tp., TOIH €.

0,94 0,90
(ITprmep pacuera: (ITprmep pacuera:
103/110=10,94) 99/110 = 0,90)

Croumocts C, 10H €]1.

0,95 0,90
(ITpumep pacuera: (ITpumep pacuera:
19/20 = 0,95) 19/20 = 0,95)

Tabn. 4. Pacuer HWHAUKATOPOB TEXHOJOI'MYHOCTU IPU OTHOCUTEJIbHBIX 3HAYCHUAX (1)aKTOpOB

WHauKaTOpbl TEXHOJIOTHYHOCTH
Monenb Maremartnyeckas 3aBUCUMOCTh Bba3zoBsrit [IpoexTHbIi DakTuueckuit
UT, UT, UT,
Oouiee npencTaBicHue:
Y=Y2X =X +X,+..+X,
AnuTuBHAS -1 1 2,84 2,73
YacTHoe rpeicTaBlIEHUE:
WUT =11+ 3tp. + C
Oomiee npencTaBicHUe:
y=[[x,=%-Xx,-..-X,
i=1
I
MynbTUTIIIMKAaTUBHAS Y=1-(1-X) (I1-X)..(1-X).
YacTHoe npecTaBlIeHUE:
UT=II-31p. - C 1 0,84835 0,7533
I
UT=1-1-I)-(1-3tp.)- (1-0) 1 0,99985 0,9993
OO01ee npeacraBiIeHUe: . .
Kparwas v X, Jlns naHHOM Tpex(haKTOPHON CHCTEMBI
HE IPHIMEHNMA
2
Oouiee npencTaBicHUE:
Y= +X) X,
WITH
y=X%
CMelaHHas X,
(KOoMOUHUPOBAHHAST) YacTHOE IIpeacTaBICHUE:
UT={I1+31p.) - C 2 1,7955 1,647
W
pt = 13 1 0.94 0,93
C
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C.119-130
CTPOUTENbHbIX CUCTEM
OT160p mMapamMeTpoB, ONPEAEISAIONINX TEXHOIOTHIHOCTD, TP MTPON3BOACTBE
paboT MO yCTPOKCTBY CTPOUTEIBHBIX CHCTEM
Cucremarusainus 1 kiaaccudurarms GakTOpHbIX MOKA3aTeNeH Ui OLEHKH
TEXHOJIOTUIHOCTH
v
dopmupoBaHre MaTpUIEl (JaKTOPOB B aOCOTIOTHBIX BEIMIMHAX
B abcomoTabIx B orHOCHTEABHBIX
Br10op BapuaHTa
BEJIMYMHAX > BEJIMYMHAX
MOJICTIPOBAHMS B3aHMOCBSI3eH
MEK/Ty UHIMKaTOPOM TEXHOIOTUYHOCTH
1 (haKTOPHBIMHU MOKa3aTeISIMA
TEXHOJIOTHYHOCTH
IpeoOpazoBanie aOCOMIOTHBIX
BEJINYHMH K OTHOCUTEIILHBIM
10 MPUHLIUITY KPAaTHOM
3aBUCHMOCTH
dopMupoBaHKe MaTPHUIIEL
(haKTOPOB B OTHOCUTENBHBIX
BEJIMYNHAX
Bs160] Br160;
D bonee D bonee
MOJIeITH pacdera MOJIEITH pacyera
Msa VH/IMKATOPOB TEXHOJIOTHYHO- JBYX Hsa MHJIMKATOPOB TEXHOJIOTHYHO- JBYX
CTH B 3aBUCHMOCTH OT KOJINUE= CTH B 3aBUCHMOCTH OT KOJIMYE-
cTBa (haKTOpOB cTBa (haKTOpOB
rr— - — - - - - - - "7 — - — —/ — — —/ —/ /7
| . [MyssTUILIMKATHBHAS . |MyJIBTUILTMKATUBH: |
| g MOZIETb g MOJIETTh |
| —>|A,U,m/rm13Haﬂ Moztenb|<— 4P|AZ[I[I/ITI/IBHaﬂ Monenbl‘— |
| — Kparnas monens | 4’| Kparnas monens | |
KomOuHMpoBaHHast KomOuHMpoBaHHaS |
| (cMelIaHHAsT) MOZICITb (cMelLIaHHAast) MOJIETh |
L - - — — I |

Pacyer nnaMKaTOpa TEXHONOTMYHOCTH MPH MPOU3BOJICTBE
paboT MO yCTPOHUCTBY CTPOUTEIBHBIX CHCTEM

brnok-cxema mocneoBaTenbHOCTH BBIOOPA MOAXO0I0B OLEHKN TEXHOIOTHIHOCTH MPH IPOM3BOACTBE PabOT MO yCTPOHCTBY CTPO-

UTENBHBIX CHCTEM Ha OCHOBE (haKTOPHBIX MOJIENEH JeTePMUHNPOBAHHOTO aHAIN3a

HEHIIero COOTHOIICHUS Beu4rH. B Tabi. 3 npusese-
Ha mpeoOpa3oBaHHAs MaTpUIA MPUHATHIX (aKTOPOB
JIJISL OLIEHKH TEXHOJOTHMYHOCTH COINIacHO Tabi. 1 B OT-
HOCHTEJIbHBIC BEJTUYNHBI.

AHaIOTHYHO TIEPBOMY BAPHAHTY PACCMOTPHM BTO-
pOii BapMaHT ONpeeIeHHs] MHANKATOPOB TEXHOJIOTHY-
HOCTH TI0 3Tamam, pu KOTOPOM 3HaueHHUs (HaKTopoB
peoOpa3oBaHbl B OTHOCHTENILHbIC BETMIHUHBI (Ta0. 4).

Ipu 3Ha9eHUsIX (PaKTOPOB, BHIPAKCHHBIX OTHOCH-
TEJIbHBIMU €IMHULAMH, [IPEJINOIAraeTcsl, YTO aJIUTUB-
Has MOJICNTb pacueTa WHIUKATOPOB TEXHOIOTHUYHOCTH
MOAAPa3yMeBacT, YTO (haKTOPHI BIUAIOT HE3aBUCHMO JAPYT
OT Jpyra Ha MHAUKATOP TEXHOJIOTHIYHOCTH, TEM CAMBIM
COBOKYTTHO TIOBBIIIAs WU TOHUXas ero. [Ipu nan-
HOW MOJIENTM WHIUKATOPHI TEXHOJIOTHYHOCTH PaBHBI
Wik OOJIBIIEC eIUHUIBI. MYJIBTUILUIMKATUBHAS MOJICIIb
pacuera UHAMKATOPOB TEXHOJIOTUUHOCTH MPEIONAraeT,

YTO KXl (hakTop oOecrieunBaeT B3aMMHOE BIIHSHHE
Ha 06a3y HAYMCIICHUSI APYT JpyTa.

PE3YJIBTATHI UCCIEJOBAHUA

Ha ocHOBaHMM pacCMOTPEHHBIX BaApUATUBHBIX IO/
XOJIOB K OLIEHKE TEXHOJOTHYHOCTH HPH ITPOU3BOJICTBE
padoT 10 YCTPOUCTBY CTPOUTETBHBIX CUCTEM CPOPMHPO-
BaHa 001as OJIOK-CXeMa MOCIeI0BaTeIbHOCTH BRIOOpA
TIOJIXO0/10B OLIEHKH TEXHOJIOTMYHOCTH TIPH TIPOM3BOJICTBE
paboT MO YCTPOICTBY CTPOUTEIBHBIX CUCTEM Ha OCHO-
BE MOZIENIEH IeTePMUHUPOBAHHOTO (JaKTOPHOTO AaHAIIH3A,
NpeJICTaBJICHHAs! HA PUCYHKE.

SAKJIIOYEHUE U OBCYXJAEHUE

I'naBHO# HeompeneNeHHOCTHIO MPUMEHEHUS MO-
Jierneid (pakTOpHOTO aHaM3a NPU PacCMOTPEHUH TOKa-
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E.A. Koponb, A.I. lyouHa, P.C. [lempocsiH

3areyiell TEXHOIOTUYHOCTH B a0CONIOTHBIX 3HAUEHUSX
SIBJISIETCSI HEYCTAHOBJICHHAS! Pa3MEPHOCTD Pe3yJbTara —
MHJIMKATOpa TeXHONOTMYHOCTH. [Ipu HMcnonbp3oBaHUM
aOCOJIOTHBIX 3HAYEHHUH (PAKTOPOB P OIIEHKE TEXHOJIO-
TMYHOCTH CTPOUTENIBHBIX CHCTEM Ha Pa3IMYHBIX Tarax
K1 HeoOx0aMMO 000OIIUTE OOJIBIIION 00BEM PA3TUUHBIX
nokasareneid 1 yHU(HIUPOBaTh Pa3MEPHOCTh KaXKIOTO
MHIUKATOPa TEXHOJIOTHYHOCTH 110 BHaM U THIIAM CTPOU-
TEJTBHBIX CHCTEM ISl BO3MOKHOCTH TIPOBEICHUS TaJTbHEH-
IIIEr0 aHAJIM3a U YCTAHOBJICHHUS! CTETICHH BIIMSTHUSI KaX/10-
ro (axropa. [Ipyu OTHOCUTENIBHBIX 3HAYCHHSIX 33/IAHHBIX
TMOKa3aTessIX TEXHOJIOTMYHOCTH ITPU POM3BOJICTBE paboT
[0 YCTPOMCTBY CTPOHMTENILHBIX CUCTEM J[BE MOJEIU —
aJTATUBHAS W MYJbTUIUIMKATUBHAS — B MOJHON Mepe

TMO3BOJIAIOT OMPEACIUTE MHAUKATOP TEXHOJIOTHUIHOCTH
¢ yueToM (haKTOPHBIX MPU3HAKOB U CTEIICHU MX BIMSHHUS.

W3menenne HWHAUKaTOpa TEXHOJIOIMYHOCTH IIPU IIPO-
M3BOJICTBE pabOT 110 YCTPOHCTBY CTPOUTENBHBIX CHCTEM,
KaK pe3yJbTaTHBHOIO ITOKa3arels, OyleT oTpaxkarb H3Me-
HEHHE XOTS OBl OJHOTO U3 TapaMETPOB, BHICTYMAIONIINX
(baKTOpHI)IMI/I IMprU3HaKaMu, 4TO IpPHU Pa3BUTHU JaHHBIX
TOAXO0I0B K OHEHKE TEXHOJIOTUYHOCTH IMO3BOJIMT YCTAaHAB-
JIMBaTb U UBMECPUTH BJIIMAHUEC NTAPAMETPOB TEXHOJIOTIMY-
HOCTH Ha Pe3yNbTupyonmi nokasarens [20-22]. bonee
TEXHOJIOTUYHBIM OyAeT IPUHUMAThCS BAPHAHT, B KOTOPOM
YITydIIeH XOTs Obl OJIMH U3 IapaMeTpOB-(haKTOPOB B CPaB-
HEHUU C APYTMM pacCMaTpUBAEMBIM BApHAHTOM I DTa-
niom JKI] mpou3BOCTBa CTPOUTENHLHBIX CHCTEM.
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INTRODUCTION

In the construction industry, the concept of manu-
facturability is detailed for different stages of the life
cycle (LC) of building systems and is defined by the fol-
lowing types: manufacturability of building structures,
manufacturability of design solutions, manufactur-
ability of works and manufacturability of operation
of buildings and structures [1]. The manufacturability
of building structures is conditioned by the conformi-
ty of these structures to the established requirements
of technological processes at the stages of manufactur-
ing, transport, installation and operation [2]. Design
manufacturability is justified by the choice of the most
rational variant of a set of volume-planning, structural,
organizational and technological solutions of a building
system according to the given parameters [3]. Construc-
tion manufacturability is understood as a set of techno-
logical processes used in the construction of building

systems and characterized by various technological
parameters. In addition, there is the concept of “com-
plex manufacturability”, which combines various types
of manufacturability, covering several stages of the life
cycle of building systems, for example, from manufac-
turing to operation of the object [4, 5].

Each type of manufacturability establishes a sys-
tem of evaluation indicators that allow to identify
the level of manufacturability of a particular building
system, expressed by a certain generalized indicator [6].
As a mathematical apparatus it is possible to use vari-
ous methods that allow to establish the dependence
of evaluation indicators in the production of works
on the construction of building systems on the resultant
value of the level of manufacturability. Among such
quantitative and qualitative methods of assessment we
can highlight: regression, correlation, factor analysis, as
well as the method of expert judgement [7-9].
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The method of expert judgement is a universal ap-
proach in various branches of economy [10, 11], which al-
lows systematizing and ordering various data to determine
the final result. Thus, this method can also be used to assess
manufacturability in the production of works on the con-
struction of building systems by ranking the main indica-
tors, which are expressed as quantitative values in absolute
values and qualitative characteristics of the process [12—14].

In the study of quantitative indicators of the produc-
tion process of construction systems, an approach based
on deterministic factor analysis can be applied, which
makes it possible to assess and analyze its level of manu-
facturability. This method is widespread in economic
practice due to its focus [15], while it has also found ap-
plication in the technical industry to assess [16] the per-
formance of solutions, but the use and adaptation of this
approach to the assessment of manufacturability in con-
struction is not reflected in scientific research.

Table 1. Matrix of factors in absolute values

MATERIALS AND METHODS

Deterministic factor analysis techniques, adapted to
the final goal of the study and based on quantitative indi-
cators of processes, can be used as variable approaches to
assessing manufacturability in the production of works
on the construction of building systems. This analysis is
aimed at studying the influence of factors on the resultant
indicator in the presence of functional dependence be-
tween the factors and the indicator. Functional dependence
can be expressed by the following factor models: additive,
multiplicative, multiple and mixed (combined) [17-19].

The factors or factor attributes will be the key
parameters that characterize and define the process
of work production on the construction of building sys-
tems as optimal, rational and technological. Thus, for
example, the process of work production on the con-
struction of building systems can be characterized by
the main technological parameters, such as duration,

Factor attribute Base values Projected values Actual values
Duration of works P, days 100 95 93
Labour costs Lc, man-days 110 103 99
Cost C, thousand rubles 20 19 18
Table 2. Calculation of manufacturability indicators at absolute values of factors
Indicators of manufacturability
Model Mathematical dependence Basic Project Actual
IM,, M, IM,
General Introduction:
. Y=YX =X +X,+...+X,.
Additive = 230 217 210
Private view:
IM=P+Lc+C
General Introduction:
o y=[[x.=%-Xx,-....x,.
Multiplicative il 220,000 185,915 165,726
Private view:
IM=P-Lc-C
General Introduction:
Multiple Y = X Is not applicable for this three-factor system
X2
General Introduction:
Y=(X+X,) X,
or
y=5%
X}
Mixed (combined) Private view:
IM=(P+Lc) - C 4,200 3,762 3.456
or
P-Lc
M=—= 550 515 512
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Table 3. Transformed matrix of factors into relative values

Factor attribute Base values Projected values Actual values
0.95 0.93
Duration of works P, fractions of units 1 (Example calculation: (Example calculation:
95/100 = 0.95) 93/100 = 0.93)
0.94 0.90
Labour costs Lc, fractions of units 1 (Example calculation: (Calculation example:
103/110=0.94) 99/110 = 0.90)
0.95 0.90
Cost C, fraction of units 1 (Example calculation: (Example calculation:
19/20 = 0.95) 19/20 = 0.95)

labour intensity and cost of works, which will be factor
attributes of the resultant indicator — changes in manu-
facturability. As a resultant indicator, it is necessary to
introduce the concept of manufacturability indicator,
which determines the relationship between the given
factors of the system.

Further on the abstract example, the variants of de-
termining the indicators of manufacturability in the pro-
duction of works on the construction of building sys-

tems at different stages with the use of different factor
models of deterministic analysis are considered. Table 1
presents the matrix of determining factors at different
stages of construction systems production.

Let us consider the first variant of determining
the indicators of manufacturability, in which the values
of factors remain absolute values (Table 2).

The use of an additive model, which is an alge-
braic sum of several factors, is inappropriate due to

Table 4. Calculation of manufacturability indicators at relative values of factors

Indicators of manufacturability
Model Mathematical dependence Basic Project Actual
IM,, IM, M,
General Introduction:
N V=YX =X +X,+..+X,
Additive pa 1 2.84 2.73
Private view:
IM=P+Lc+C
General Introduction:
y=[[x.=%-x,-..-X,
i=1
or
Multiplicative r=1-(1-X) (1-X).(1-X).
Private view:
IM=P-Lc-C 1 0.84835 0.7533
or
IM=1-(1-P)-(1-Le)-(1-0) 1 0.99985 0.9993
General Introduction:
Multiple Y = X Is not applicable for this three-factor system
XZ
General Introduction:
Y= +X) X
or
y=2%
X3
Mixed Private view:
(combined)
IM=(P+Lc)- C 2 1.7955 1.647
or
P-Lc
M =—2 1 0.94 0.93
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the fact that the dimensionality of each indicator is not
identical. Multiplicative model of determining the indi-
cator of manufacturability reflects the interrelated influ-
ence on the value of the indicator of manufacturability,
forming a combined dimensionality of the indicator.
The multiple model can be used in the case of two-fac-
tor analysis, which allows us to determine the resultant
indicator as the quotient of the division of two factors.
In this regard, it is impossible to use this model for
the example under consideration. The combined model
is a set of mathematical combinations of the three pre-
viously considered models and can have different forms
of representation, in connection with which the value
of the manufacturability indicator will vary.

Next, let us consider the second variant of defining
the indicators of manufacturability, in which the values
of factors are relative values. Since these factors have

different units of measurement, it is advisable to bring
them to a relative or fractional indicator with a change in
the range from one to the established minimum or maxi-
mum. When translating absolute values to relative values
it is advisable to be based on the multiplicity of the sub-
sequent indicator or factor in the production of works
on the device construction systems always to the prima-
ry basic or normative value of the parameter of manu-
facturability, which is assumed to be equal to one. This
principle is applicable in cases where the formed matrix
of factors covers several stages of the process. When con-
sidering and comparing the factors for two sample stages
of the process, it is possible to assign a value of one to
any factor to establish further correlation of values. Ta-
ble 3 shows the transformed matrix of accepted factors
for evaluation of manufacturability according to Table 1
into relative values.

Selection of parameters determining processability, when carrying out works
on construction systems

v

Systematization and classification of factor indicators for assessing
manufacturability

v

Formation of the matrix of factors in absolute values

In absolute
values

Selection

of'a modelling option
for the relationships between
the manufacturability indicator and factor
indicators of manufactura-

Selection In relative

values

bility

Conversion of absolute
values to relative values
by the principle of multiple
dependence

v

Formation of the matrix
of factors in relative values

Selection

More More
of a model for cal- of a model for cal-
Two culating manufacturability indi- than two Two culating manufacturability indi- than two
cators depending cators depending
on the number on the number
of factors
rr——-—----- -\ - - - 7T — — — — — —/— —/ —/ al
| Multiplicative |, .| Multiplicative ¢ |
| model A model |
: ! Additive model [«—— - Additive model [¢—— :
| —>| Multiple model | 4>| Multiple model | |
I |
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- - . _I

Calculation of the processability indicator for the construction
of building systems

Flowchart of the sequence of selection of approaches for assessing manufacturability in the production of works on the con-
struction of building systems on the basis of factor models of deterministic analysis
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Similarly, to the first variant, let us consider the sec-
ond variant of determining the indicators of manufactur-
ability by stages, in which the values of factors are trans-
formed into relative values (Table 4).

For factor values expressed in relative units, it is as-
sumed that the additive model for calculating manufactur-
ability indicators implies that factors influence indepen-
dently of each other on the manufacturability indicator,
thereby cumulatively increasing or decreasing it. In this
model, the technology indicators are equal to or greater
than one. Multiplicative model of calculation of manufac-
turability indicators assumes that each factor provides mu-
tual influence on the base of accrual of each other.

RESEARCH RESULTS

On the basis of the considered variant approaches
to the assessment of manufacturability in the produc-
tion of works on the construction of building systems,
a general flowchart of the sequence of selection of ap-
proaches to assess the manufacturability in the produc-
tion of works on the construction of building systems
on the basis of deterministic factor analysis models,
presented in the figure.

CONCLUSION AND DISCUSSION

The main uncertainty in the application of factor
analysis models when considering manufacturability

indicators in absolute values is the unspecified dimen-
sionality of the result — manufacturability indicator.
When using absolute values of factors in assessing
the manufacturability of building systems at various
stages of the life cycle, it is necessary to generalize
a large volume of various indicators and unify the di-
mensionality of each indicator of manufacturability for
types and kinds of building systems to enable further
analysis and determination of the degree of influence
of each factor. At relative values of the given indica-
tors of manufacturability in the production of works
on the construction of building systems, two models —
additive and multiplicative — fully allow to determine
the indicator of manufacturability taking into account
the factor attributes and the degree of their influence.
The change in the indicator of manufacturability in
the production of works on the construction of building
systems, as a resultant indicator, will reflect the change
in at least one of the parameters acting as factor attri-
butes, which in the development of these approaches
to assessing manufacturability will allow to establish
and measure the impact of manufacturability param-
eters on the resulting indicator [20—22]. The variant in
which at least one of the parameters-factors is improved
in comparison with another variant or stage of the life
cycle of production of construction systems under con-
sideration will be considered more technological.
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AHHOTALUMA

BBepeHue. PaccmatpuBaeTtcs paspaboTka NOAXOA0B K MOCTPOEHMIO CUCTEMbI aBTOMaTU3NPOBAHHOW OLIEHKN TEXHUYECKO-
ro COCTOSIHWS CTPOUTENbHbBIX KOHCTPYKLMIA C NCNOMNb30BaHNEM MEXaHU3MOB OOHapyxeHVs AedeKkToB v NpeaBapuTesibHON
OLIeHKN (hM3NYECKOro M3HOCA 34aHUA Ha OCHOBE METOAOB McKyccTBeHHOro uHTennekta (M), CoBpemeHHble cTpouTenb-
Hble 0ObEeKTbl XapakTepU3yTCst BbICOKON CIIOXHOCTbIO U MaclTabom, 4to Tpebyetr ocoboro BHMMaHMA K Ka4ecTBy U Ha-
OEXHOCTW KOHCTPYKUMIA. TpaanLMOHHbIE MeTOAbI NMPOBEAEHUS TEXHNYECKOro 06CNyXUBaHUS He Bcerga nokasbliBaloT CBOK
3(PPeKTUBHOCTb B CBSI3W C BNMUSIHMEM YenoBeyeckoro haktopa. B HacToswee BpemMsi OCHOBHbIM criocobom obHapyKeHus
nedekToB 0cTaeTCcs BMU3yanbHbIi OCMOTP, KOTOPbIA XOTS M NMO3BOMSET OLEHUTb COCTOSIHWE OOBLEKTOB, 3aBUCUT OT YPOBHS
KBanmukaumm 1 BHUMaTENbHOCTU OLEHLLMKA. OTO CO3AaeT PUCKU OLUMGKM, YTO MOXET yrpoxaTtb 6esonacHocTu 3naHui
W NPUBOAUTL K HEMPaBUIbHBIM PELLEHNSM B 06MacTy pemMoHTa U TexHuyeckoro obcnyxusanus. Llenb nccneposaHns —
aHanu3 HeobxoanMow (OYHKLUMOHANbHOCTU U MOAENVMpPOBaHWe aBTOMAaTU3MPOBAHHON CUCTEMbI, CMOCOBOHON OnepaTuBHO
1 TOYHO BbISIBMATb NOTEHUManbHble AedekTbl B KOHCTPYKUMSAX 30aHWI U OLeHUBaTb BEPOSITHBINA (PU3NYECKUIA N3HOC.
Matepuanbl u metoabl. KOMNNEKCHbIN NOAX0A BKIOYAET [ABa OCHOBHbIX KOMMOHEHTA: CUCTEMY aHanm3a HaKOMneHHbIX
AaHHbIX 0 (PM3NYECKOM M3HOCE XWNoro poHaa U MexaHu3m obHapyxeHus fedeKToB Ha OCHOBE aHanunsa u3obpaxeHui
¢ nomotbio V. OcHOBHbIE NCXOAHbBIE AaHHbIE NS aHann3a — pe3ynbraTthl PoTodurKcaLmMn COCTOSIHUS 30aHUN, a TakkKe
06beM HakoMMeHHbIX 3a MPOAOIMKUTENBHBIN Nepunog HabnaeHnn CBeAeHUA 0 PU3NYECKOM U3HOCE Xuoro doHaa.
Pe3ynbraThbl. [ogpo6Ho onncaHbl 6UBNMOTEKN N MHCTPYMEHTbI, KOTOpble HEOBXOoAMMBI AN peanusaummn paboTbl CUCTEMBI,
BKIIOYasA NonynspHble operiMBOPKM A5 MaLLMHHOTO 00yYeHust 1 06paboTkn N30BPaKEHWA.

BuiBogbl. CoBpeMeHHble NoAXoabl, OCHOBaHHbIE Ha NpuMeHeHun N n meTofoB MalMHHOTO 0By4eHns, OTKPbIBAOT HOBbIE
ropu3oHTbl B cdhepe obHapyxeHns edeKToB U NPOrHO3MPOBaHNS TEXHUYECKOrO COCTOSAHUSA 3aaHuin. OHM NO3BOMSOT 3Ha-
YNTENBHO YBEMUYUTL CKOPOCTb M TOYHOCTb aHanmaa.

KIMKOYEBBIE CITOBA: o6HapyxeHune gedeKkToB, oLueHka hr3nyeckoro naHoca, TexHudeckoe obcnyxmeaHune, otodukca-
LMs, 3KCnnyaTaums 3aaHuin, NCKYCCTBEHHBIV MHTENNEeKT

OnA UUTUPOBAHUA: KHszesa H.B., HasolkuH E.A., Opexog A.A. CoBpeMeHHble NOAXOAbl K OLLEeHKE TEXHUYECKOro COCTO-
SHWSA CTPOUTENbHBIX KOHCTPYKLMI 3AaHni Ha aTane akcnnyartauun. 2024. T. 14. Bein. 3. C. 131-142. URL: http://nso-journal.
ru. DOI: 10.22227/2305-5502.2024.3.131-142
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Modern approaches to assessing the technical condition
of building structures at the operational stage
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ABSTRACT

Introduction. The paper is devoted to the development of approaches to the construction of an automated assessment system
for the technical condition of building structures using defect detection mechanisms and preliminary assessment of the physi-
cal deterioration of buildings based on artificial intelligence methods. Modern construction objects are characterized by high
complexity and scale, which requires special attention to the quality and reliability of structures. Traditional methods of techni-
cal maintenance do not always show their effectiveness due to the influence of human factors. Currently, the primary method
of defects detention remains visual inspection, which, although it allows to assess the condition of objects, depends on the level
of qualification and attentiveness of the evaluator. This creates risks of error, which can threaten the safety of buildings and
lead to incorrect decisions regarding repairs and maintenance. The aim of the research is to analyze the required functionality
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and modelling of an automated system capable of quickly and accurately identifying potential defects in building structures and
assessing likely physical deterioration.

Materials and methods. The comprehensive approach includes two main components: a system for analyzing accumu-
lated data on the physical deterioration of residential properties and a defect detection mechanism based on image analysis
using artificial intelligence. The main input data for analysis are the results of photographic documentation of the building
condition, as well as the volume of accumulated observations and data on the physical deterioration of the housing stock
over a long period of observation.

Results. The libraries and tools necessary for the implementation of this system are described in detail, including popular
frameworks for machine learning and image processing.

Conclusions. Modern approaches based on the application of artificial intelligence and machine learning methods open
new horizons in the detection of defects and forecasting the technical condition of buildings. They significantly increase
the speed and accuracy of analysis.

KEYWORDS: defect detection, physical deterioration assessment, maintenance, photofixation, building operation, artificial
intelligence
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BBEJIEHUE

BBenenHble B AKCITyaTallMi0 aKTUBBI CTapeIOT
U TIPOIJICHUE CPOKa CITY’KOBI 3MaHuil cTano puHaHCO-
BO MPUBJICKATC/IbHBIM PCIICHUEM 6naro,uap;1 OKOHOMHH
CPEICTB Ha MPOCKTAaX PEKOHCTPYKIUHU. Ha ceromusmi-
HUH JeHb 00HApYXEeHUE Ne(PEKTOB KOHCTPYKIIHIA MPO-
HCXOAUT B OCHOBHOM 3a CUET BU3YaJIbHOI'O OCMOTDA,
KOTOPBIH TaeT BOSMOKHOCTH OIICHUTH Ka4eCTBO M CO-
CTOSIHUE DJIEMECHTOB KOHCprKLIHﬁ, BBISIBUTDH 3JICMCHTHI,
MOJIeXKAIIIE PEMOHTY, U aBapHuitHble ydacTku. OqHa-
KO 3TOT MPOLECC JOCTATOYHO TPYIOEMKHUIl U IEINKOM
3aBUCUT OT YEJIOBEYECKOr0 (PaKTOpa — OIBITHOCTH
1 BHUMATEIBFHOCTH CIIEIHAINCTA 1O IKCIIIyaTalllu.
HecmoTpst Ha BBICOKUI ypOBEHBb MOATOTOBKU U MPO-
(heccrmoHaTbHOW KBaNIH(DHUKAINH, BCETIa CYIIECTBYET
PHCK YEeJIOBEYECKOI OMIMOKY TIPU MHTEPIIPETAIMH CO-
OpaHHOW WHpOpPMAIIUU. DTO MOKET NMPUBECTH K HE-
BEpPHOU OILIEHKE COCTOSIHUSI HECYUIMX KOHCTPYKIIMH,
YTO B CBOIO OU€pE/lb MOXKET CTaTh MPUUYUHON HEYyMECT-
HOTO WJIM JTake HeOEe30TacHOTo MoAXoJa K PEMOHTY
U TeXHHYeCcKoMy oOciyxuBaHuio. [IpuMenenue co-
BPEMCHHBIX METOJIOB MAITMHHOTO OOYYCHHUSI OTKPHIBA-
eT OOoJbIINe BO3MOKHOCTH B YMCHBIICHUN PYTHHHON
PabOTHI CIEIUATICTOB U CHIKEHUU PUCKOB OIIHMOOK
3a CYET YeIOBEYECKOTO (hakTopa.

Cucrema oOHapyKeHUs 1e(EKTOB B CTPOUTEIBHBIX
KOHCTPYKIMSX 3MaHUN JOJKHA MO3BOJSATH HE TOJIBKO
UACHTH(OUIMPOBATH MPOOJIEMBI, HO U JIaBaTh BO3MOXK-
HOCTH OIICHUTH BEITUYMHY (HU3HUCCKOTO M3HOCA, OIH-
pasich, ¢ OHOW CTOPOHBI, HA CTATUCTUYECKHUE TaHHBIC,
C Ipyroil — Ha apXUBHBIC CBEACHHS [0 KOHKPETHOMY
AIIEMEHTY, YTOOBI CIYKOBI MO SKCILTyaTaIlli MOTIIH
06OCHOBaHHO IMPUHATH PCUICHUSA O ﬂaﬂbHeﬁIﬂeM TEX-
HUYECKOM OOCITY)KMBaHHUH dJICMEHTOB 3MaHus. [y Toro
9TOOBI HE MPOCTO OOHAPYKUBATH MPOOJIEMY, a TTOHH-
MaTh, HACKOJIBKO ATOT AC(EKT SBISICTCS KPUTHUCCKUM
JUTSL 37JaHAS, HEOOXOIMMO YUIHTHIBATH OOIINI YPOBCHD
¢uznyeckoro usHoca. C 3TOH IENBIO CHEIHATUCTAM
0 AKCIUTyaTalliu yIoOHO HCIOIB30BaTh MPOTHO3HBIC
JIaHHBIE O COCTOSIHUU 37JaHUM.

132

MATEPUAJIBI U METO/bI

0030p HayYHBIX CTATeH MO3BOIISET CACTATh BHIBOA
0 TOM, YTO IMPUMEHEHHE MCKYCCTBEHHOIO MHTEJUIEKTa
(M) akTUBHO 00CYKIaeTCs U pean3yeTcs B MPAKTHKE
SKCIUTyaTanuu 30anui [1, 2]. B ocHOBHOM moaxon K 00-
paboTKe OOJBIINX JAHHBIX HA ATOM 3Tare )KU3HEHHOTO
IIUKJIa CTPOUTCST BOKPYT 3a7a4 CHIDKCHHS TEIUIONOTEPh
U TIOBBIIICHUS SHEPTrod(h(PEKTUBHOCTU CTPOUTEIBHBIX
00bekTOB [3, 4]. C npyroif cTOPOHBI BEAETCS MHOTO HC-
CJICIOBAaHMH MO MPOIIECCY UACHTU(DHUKAIIMN TOBPEXKIe-
HUIA Ha OCHOBE TIOKa3aHHUI JaTINKOB [5, 6]. TouHOCTH 00-
Hapy’>KEHUS HECOOTBETCTBUI B KOHCTPYKIMAX Omaromapst
HETIPEPHIBHOMY MHCTPYMEHTAILHOMY MOHHTOPHHTY 3HA-
YHUTENTFHO BBIIIE, HO TPEOYIOTCS BRIYMCIUTEIHHBIC MOIII-
HOCTH U CyIIIECTBEHHbIE (PMHAHCOBBIE 3aTpaThl Ha 0OecrIe-
YEHHE COOTBETCTBYIOIIUMH TIPHOOPAMH, YTO HE BCETa
nenecoobpaszno. Takxke BeTpeuaroTcs paboThl, B KOTO-
PBIX aKIEHT c/IeNaH Ha OOHApy)KEHNE TPEIINH C UCTIOINb-
30BaHHEM KOMITHIOTEPHOTO 3PEHHS, @ BBICOKAst TOYHOCTD
WJICHTU(QHKAIIMY JIOCTUTAeTCs 3a CUET MPeoOpa3oBaHms
RGB-u300pakeHnil B OTTEHKH CEpOTO U IMOCIEIYTO-
et oopadotku ¢ ucnonszoBannemM CLAHE (Contrast
Limited Adaptive Histogram Equalization) — anro-
pHUTMa, KOTOPBIN MO3BONISAET YBEIUIUTH KOHTPACTHOCTD
U JIeTanu3anuio n3oopaxenus [7]. O030p ambTepHATHB-
HBIX TOIXOOB JUTSA PEIICHHS POOIeMBI PACTIO3HABAHHUS
M300paKEHUN TPEIIUH, MPEICTABICHHBINA B HECKOJIIBKUX
HAyYHBIX CTaThsX, CBUICTEIECTBYET O TOM, UYTO UMEETCS
6omnee 60 BapuaHTOB ITyOOKOTO OOYYEHHMsI, HO BCE OHH
TpeOyroT OONIBIIMX 0OBEMOB JTAHHBIX, B TOM YHUCJIC aHHO-
THPOBAHHBIX [8, 9].

Hcnonb3oBaHue CBEpTOUHBIX HEHPOHHBIX CETEH
(CHC) mns xnaccupukay n300pakeHuil — pacmpo-
ctpaneHHas npaktuka [10—13]. Ha stane npoBenenus
CTPOUTEIHHO-TEXHUICCKOHN IKCIICPTU3BI BO3HUKACT 3a-
Jada ne(eKTOCKONINY U pelIaeTcs A BHEITHUX KOH-
CTPYKIHH, HalpUMep KPOBEIb, IPUMEHEHUEM TITy00-
kux noiaHocteio CHC mns pacmo3naBanus nedeKToB
B BUAco(parMeHTax, cIeJaHHbIX KaMepamH MallbIX
OCCIMIOTHEIX JIeTaTeNbHBIX ammapartoB [14]. Kpome
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TOTO, HEOCTATOYHO TIIYOOKO M3y4YeH BOMPOC O MPH-
MEHEHHUH TEeXHOJIIOTHH MHPOPMAITHOHHOTO MOJIEITHPO-
BaHWA Ha dTare dKcruryaranuu 3gaHuit [15-20]. Ox-
HAKO 00OOIICHHBIX UCCIICIOBAHUN, OPUCHTHPOBAHHBIX
Ha MOCTPOCHHE CUCTEMBI, CIIOCOOHOI paboTaTh C pas-
HBIMH TUTIAaMU J1e(DEKTOB M OIIEHUBATh O0IIee TEXHUYE-
CKO€ COCTOSTHHE 3[JaHHsI, HAUTH HE YIAI0Ch.

B HacTosmeit paboTe MpUHATO penieHne chopMu-
pOBaTh KOMIUIEKCHBIN MMOJIX0/, OCHOBAaHHBINA Ha Cleay-
FOIIUX KOMIIOHEHTAaX:

* CHCTEMa aHajM3a HAKOIUICHHBIX JaHHBIX O (u-
3MYECKOM M3HOCE CYIIECTBYIOIIETO JKUIOTO (DOHIIA;

* cucteMa oOHapyXeHUs Ne(HEeKTOB CTPOUTEIIb-
HBIX KOHCTPYKIIMI Ha OCHOBE aHaJK3a JaHHBIX (OTO-
¢uxcaryu ¢ momorupto MHN.

PE3YJIbTATBI

CoBpeMeHHbIE TEXHOIOTH, HAITPUMEP CHCTEMBI MO-
HUTOPHUHTA CTPOUTENBHBIX KOHCTPYKIIHH, BKJIIOYAIOT
pa3In4HbIe U3MEPUTENbHBIE IOACUCTEMBI U 3HAYUTEIb-

<class

HO YIIPOLIAIOT IPOLECC HAKOIUIEHUs cBeIeHUN. B mpo-
Iecce KCIUTyaTallii aKTHBOB BO3HHUKAET OOJBIIOE KO-
JIMYECTBO JaHHBIX, U JUIA UX d9PPEKTUBHOM 00pabOTKM
TpeOyeTcst IPUMEHEHUE PA3INYHBIX MOIXOI0B U TEXHO-
soruii [21]. Yarie Bcero mojo0HbIe CUCTEMBI UCIIOJb-
3YIOT Ul aHaJu3a COCTOSHUS TEXHUYECKU CIOKHBIX
U OTIaCHBIX OOBEKTOB BBHY JOPOTOCTOSIIEH peann3a-
un. [TosToMy OCHOBHOE BHUMaHHE IPHUBIIEKAET COOP
CTaTHCTHYECKOTO MaTepHana.

WHdopmarust o mapamMeTpax CyIecTBYIOIIETO JKH-
7010 POH/A COEPIKUTCS B HECKOJIBKUX UCTOYHHUKAX OT-
KPBITBIX JJAaHHBIX:

1) wmapOpMamus 06 aBapuiHBIX 00beKkTax KKX
10 OTKPBITHIM JITaHHBIM ¢ caiita Peopma JKKX;

2) nanuble @oHIA Pa3BUTHA TEPPUTOPHIA TIO aBa-
PpHUIHBIM JOMaM, MHOTOKBAPTUPHBIM JIOMaM B PEruo-
HaJILHOI MpOrpaMme KaruTajlbHOrO PEMOHTa Mo 00Jia-
CTAM;

3) moprai OTKPHITHIX JaHHBIX [IpaBuTenbcTBa
MocKBBI.

'pandas.core.frame.DataFrame’'>

Int64Index: 38389 entries, 0 to 85249

Data columns (total 24 columns):
#  Column

formalname_region
stage

built_year
exploitation_start_year
house_type
floor_count_max
floor_count_min
entrance_count
residents_count
area_total

10 area_residential

11 area_non_residential
12 area_common_property
13 area_land

14 deterioration_total
15 determined_date

16 floor_type

17 wall_material

18 alarm_reason

19 exp_name

20 exp_document_date

21 commission_document_date
22 further_use

WO NOUVDWNER®

23 building_age at determined_date

Non-Null Count Dtype
38389 non-null object
38388 non-null object
38389 non-null datetime64[ns]
34599 non-null object
38389 non-null object
38389 non-null int64
38389 non-null int64
38389 non-null int64
38389 non-null 1int64
38389 non-null object
38363 non-null object
36329 non-null object
33139 non-null object
23540 non-null object
38389 non-null float64
38389 non-null datetime64[ns]
24732 non-null object
24739 non-null object
38389 non-null object
31743 non-null object
31737 non-null object
33279 non-null object
38389 non-null object
38389 non-null int64

dtypes: datetime64[ns](2), float64(1l), int64(5), object(16)

memory usage: 7.3+ MB

None

Puc. 1. Beisog napopmanmu o DataFrame
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Taxke MOXKHO MacIITa0UPOBATh HMCCIEIOBAHUE
1 TIOJIKJTIOUHTB JTI000H JIPyroi HCTOYHHMK apXHBHBIX CBE-
TICHUHN.

Wcxonnas na(opManus BeITPYyKEHA U3 TPEX HC-
TOYHHMKOB OTKPBITBIX IaHHBIX. [lajee Ha OCHOBE MOJIEH
CRISP-DM — cranjapTa HHTEIEKTYyaIbHOTO aHaIU3a
HE3aBHCHMOTO OT OTPACIIH, OHU OBUIH MPeroOpadoTaHbI:
KareropuajbHble TIEPEMEHHBIE TPEe0OPa30BaHbl B UUCIIO-
BBI€ TIEPEMEHHBIE, 3aII0JTHEHBI IPOITYIIICHHbBIC 3HAYCHUS
B [lepeMEHHBIX, poBezieH Feature Engineering, T.e. Obun

dotorpadun pesynsratoB
00CIeI0BaHUs CTPOUTEIb-
HBIX KOHCTPYKIHI

W3BJICUCHBI HOBBIE TIEPEMEHHBIC [UIsl TAOIHIBI U3 HE0O-
paboTaHHbIX MaHHBIX [22]. Cpeay IpruMepoB UCHOJB30-
BaHUS 3TOI METONOJIOTUH B 00JIACTH CTPOUTEIBCTBA, H,
B YaCTHOCTH, SKCIUTyaTallU1 3[JaHUM, €CTh UCCIIEIOBAaHUS
IO MIPOTHO3MPOBAHHUIO SHEPTOTIOTPEOICHNS 31aHUH C HC-
TMOJIB30BaHUEM (DAaKTOPOB BHYTpPH NOMeIeHu# [23].

AHanm3 coOpaHHBIX CBEIECHUI 3aKIII0YalCs B pe-
HIEHUHU CIEIYIOIINX 3a/1au:

* TIOMCK KOPPEISIINU B JaHHBIX;

* M3y4YEeHHE CTATHCTHYECKHUX NMapaMeTPOB JaHHBIX.

COop naracera pe3yiib-
TaroB orodukcanuu
Pa3HBIX KaTeropuii
e eKToB

v

v

Buewnmii cepBuc pasmeTku

L

Puc. 2. briok-cxema mociea0BaTeIbHOCTH MOCTPOCHUS CHCTEMBL
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Pa3merka dororpaduii

Brirpyska pazmerku
B BH/IE jSON-JTOKyMEHTa

v

IToxroroska
TPEHUPOBOYHOMN
BEIOOPKH

v

IToaroroska
TECTOBOU BHIOOPKU

v

O0yueHne
mozaenn YOLOvE

v

OreHKa KauecTBa

Her

KauecTtBo
COOTBETCTBYET
nesim?

Hcnonas30BaHue Moaenu
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LleneBble METPUKH: TOUHOCTD NpeacKa3anus (u-
3ndeckoro n3Hoca score, MAE. Cpenn HE0OXOMMBIX
Jutst paboTel 6ubinoTex BeIOpansl NumPy u Pandas.
Taxoke a1 BU3yalmu3anuu MHOOPMAIUK MPeIoYTe-
HHUE OT/aHO IIMPOKO MCIHOJIB3YIOINMCS ONOIHoTeKaM
Matplotlib u Seaborn, mo3BosstomuM npeodpa3uTh
YHCJIOBBIE JIaHHBIE B YO00HbBIE TpaUKH, TUarpaMMBl,
THCTOTPaMMBI M APYTHE BU3yaIbHBIC TPEACTABICHHUS.

B miepByro ouepens nHbOpMAITITIO HEOOXOIMMO OBIIO
MOJTPY3UTh U3 COOTBETCTBYIOLIMX AaraceTos. /it aToro
CHayasa onpeIessuIach KOIMpoBKa (aiia, a 3aTeM pon3-
BOJIMJIOCH YTeHHE (haiia ¢ COOTBETCTBYIOIIEH KOTHPOB-
koit. Hammprmep, komupoBka (haiiina peectpa MHOTOKBAp-
THPHBIX KIWIBIX 70oMOoB 110 Poccr UTF-8-SIG.

N3-3a 0COOEHHOCTH CTPYKTYPBI B TaOIHUIIE MHOTO
HYJICBBIX U JIMITHUX 3Ha‘-leHldI>i, 4YTO O3Ha4ajio HeO6XO-
JMMOCTB TpaHcopmanuu. Taxke noTpedoBaIoch npe-
obpazosanue GopmaToB aHHBIX. J{0OaBIIN HECKOIBKO
HOBBIX ITaPaMETPOB, HATIPIMEP BO3PACT 34aHHs HA MO-
MEHT TEXHHUYECKOTO 0CMOTpA.

3aTeM NpOBEPHIIM COCTAB JIAHHBIX ITOCIIE UX OUHUCT-
K{ ¥ TIOATOTOBKH (puc. 1).

J171s1 TpOBEZICHHOTO MCCIIEAOBAHUS JOBOIBHO BAXK-
HBII TapaMeTp — TUII CTEHOBOTO MaTepHuaa, IOCKOIb-
Ky B 3aBUCHUMOCTH OT HECTO MOXHO I/I}ICHTI/I(I)PIHI/II)OB&TL
pasuble TUIBI JedexToB. [ToaTomy mist nanpHelmero
aHaJIM3a pa3Hble KIIACChl CTEHOBBIX MaTepHAJIOB HEOO-
XOJMMO 3aKOIMPOBATh YNCIOBBIMU 3HAUCHUSIMH.

[Ipu 06yueHnn Moaeny MPoOOBAIN HCIIOIB30BATh
HECKOJIBKO NMOAXOA0B. IIpuMeHsy JIMHENHHY0 U 110-
JIMHOMHUAJIBHYIO PErPEeCcCHH, a TaKKe 00y4nIIn MOJIENb
JIepEeBbEB PEIICHNH, KOTOpast MOKa3aJla HAMITYYIIHI pe-
3ymbTaT 1Mo ko3 durmenty nerepmuHanmy 1 MASE.

B ycroBusix undpooii TpaHcdopmaiuu u Herpe-
PBIBHOTO TEXHOJIOTHYECKOTO POrpecca BO3HUKAIOT I10-
TpeOHOCTH B aBTOMAaTH3alMH U IOBBIIIEHHOM KOHTPOJIE
3a 3KcIutyaTauuen 3nanuil. [lpumenenue cucrem ma-
IIMHHOTO 3PEHUA NpeacTaBisieT co0oit rddhexkTuBHOE
CPEICTBO Ul YCOBEPIIEHCTBOBAHMS MPOIECCOB KOH-
TPOJISl U IPOTHOZUPYIOUIUX HAPYIICHUH 31aHui. DTH
CHUCTEMBI CITOCOOHBI aBTOMAaTH3MPOBaTh 00pabOTKy
W aHAIN3 U300paXKEHUH, BBISIBIATH IE(EKTHI 1 OTKIIO-
HEHHS B CTPOUTENBHBIX KOHCTPYKIMAX, YTO B KOHEU-
HOM HUTOI'C MPUBOAUT K IMOBBIIICHUIO KQY€CTBA OKCILTY-
aTalyy 1 J0JITOBEYHOCTH 3JJaHUH.

Cpenu Hanboee MOAXOAAIINX OHOINOTEK B ITOH
obmacTu B pabote ucmonszoBanuch: OpenCV, PyTorch,
Keras, Scikit-image u TensorFlow.

3amaya COCTOsUIA B IOCTPOCHHUH KilacCH(DUKATOPA,
KOTOPBIA OOHAPY)KHUT OJWH MJIM HECKOJIBKO M3 CIIEAYIO-
X 1e(heKTOB:

1) OwmoreHHOE MOpa’keHUE ITOBEPXHOCTHU (TpH-
00K, TUIeCeHb, MOX) — 00pa30BaHHE MUKPOOPTaHU3MOB
Ha MMOBEPXHOCTHU CTEH U3-3a BBICOKON BIKHOCTH M He-
JIOCTaTOYHON BEHTHJISILINM;

2) BOJIOCSHBIC TPEIIUHBI — TOHKHE, MEIIKUE Tpe-
IIMHBI HA TIOBEPXHOCTH CTEHBI;

3) mry6GoKHe TPeIHHBI — TPEIINHBI, TPOHUKAIO-
1[1€ BHYTPb CTPYKTYPBI CTEHBI;

4) HapylIeHHe 3alIUTHOTO CJIOos OeTOHA U OroJie-
HHUE apMaTypbl — U3JI0M OETOHHOTO CJIOS, YTO MOYKET
MPUBECTU K KOPPO3UH apMarypbl;

5) oTcioeHHe U OOPYIICHHE OTJCIOYHOTO OKPbI-
THSI — OTJICJIOYHBIE AIIEMEHTBI, TAKUE KaK IITYyKaTypKa,
IUINTKA, OKPACKa OTCIANBAIOTCS OT IOBEPXHOCTH CTEHBI;

6) mpoMep3aHUe — TMOBPEK/ICHUsI, BEI3BAHHBIC
UKJIMYECKUMHU 3aMOPKUBAHUSIMU M OTTaNBaHUSIMH;

7) yBIaXHEHHE — MPOHUKHOBEHHUE BJIArH B CTE-
HY M3-32 HapylICHNI BOJJOOTBO/IA HJIH YTEUEK.

B xoxe padoTsl ObuTa paspaborana OI0K-cxema
MOCTPOEHUSI CUCTEMBI (pHC. 2).

AHanu3 pe3yibTaroB BKIIIOYAET PACCMOTPEHHE Ma-
TPUIIBI OMIMOOK M OIIEHKY TOYHOCTH TI0 KJIaccam, 4To 00e-
crieyrBaeT HH(OPMALIUIO O CIIOCOOHOCTH MOJIENH K ITpa-
BWJIBHOW KJIaCCU(UKALUU ¥ BBISBICHUIO BO3MOXHBIX
OIIHOOK.

Jln paciumpeHus 1atacera HCHoiab30Balln SIHaeke
Kaprunku, Google Kaptunku.

Pa3meTka JaHHBIX IPOBOMIIACKH HA CEPBHUCE robots,
Jiajiee BBIMPYKAIIU PA3METKY B BHJIE jSON-TOKYMEHTA.

C menpio 00ydyeHHs OpUTa TPUMEHEHA MOJEID
YOLOVS.

J171st TpOBEPKH TOYHOCTH PabOThI MOJieH (hOTOPUK-
caluy BBINOJHEH dKcriepruMenT. CoOpaiu n300paeHus
KOHCTPYKIIMI, Ha KOTOPBIX 3apaHee ObLIIM U3BECTHBI Me-
cra nedexToB. Mojens ycnenHo pacno3naia 71-88 %
U3 THX Je(EKTOB, YTO MOATBEPANIIO CIIPABEIIHBOCTD
BBIOPAHHOTO TOJXO0/Ia U €r0 MPUMEHEHUE B PEabHbBIX
YCIIOBHSIX SKCIUTyaTaluu 31aHui (puc. 3).

OnHako Tax)ke ObUIH BBISIBJICHBI CITy4dau, KOTa Mo-
Jiesib omunbanach, 0COOEHHO 3TO KacalloCh CIOMXHBIX

3arpy3Ka u306paxeHUs

file h
y Dragand drop file here Browse files

ﬁ 5A65D.jpg 4 X

BeiBpanHsie MaTepuans:: Kenesoberon

Tog nocTpoiiku: 1967

BO3PACT 34aHNA HA MOMEHT NPOBEACHNS TEXHWNECKOTO OCMOTPA: 57 ner
Homep RFID merxku: 68

[lata nocnenwero o6cneposanms: 10.05.23

ApXWBHbIE QaHHbie (M3MMECKOTO M3HOCA KOHCTPYKUM € RFID: 46%

MPOrHO3HbIif GU3NIECKUii HIHOC 30aHNs Ge3 yera obHapywenHoro pedexta: (49, 5)%

Puc. 3. Pesynsrar paboThl CHCTEMBI
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BHU3YyaJIbHBIX MTOBPESKICHUM, TPeOyOMUX Oosiee ry-
OOKOTO TOHUMaHUS KOHTEKCTA, HAIIPUMEDP H3MCHCHHUS
[[BETA MOKPBITHS WK MUHUATIOPHBIX TPEIIHH, BOSHHUK-
IIMX B PE3yJIbTATe CE30HHBIX KOJICOAHHI TEMIICPATyPHI.

B cBsi3u ¢ 3TMM BO3HHUKAEeT HEOOXOIMMOCTh IO~
CTOSTHHOTO OOy4YeHHUsSI M JOOOYYCHHST MOJICTH Ha HOBBIX
JIAHHBIX JJI JOCTHXKCHHUS OOJIBIICH TOYHOCTH.

3AKJITIOYEHUE

B pesynbrare anannza nHGOPMAIMN C UCTIONIB30-
BaHHWEM DPa3IMYHBIX METOJOB MAIIMHHOIO O0ydYeHUs

yIAJ0Ch BBISIBUTH OIPE/ICIICHHbIE 3aKOHOMEPHOCTH
U 0COOCHHOCTH, CBS3BIBAIOIINE TUI CTEHOBOTO MaTepH-
aja, BO3pacT KOHCTPYKINHU M YaCTOTY BO3HUKHOBEHUS
nedextoB. [IpeanoxkeHHbIN MOAX0 HE TOJIBKO Caeia-
eT npoiuecc oOHapyxeHus 1eheKToB Oojiee OBICTPHIM
U TOYHBIM, HO U 00ECHEUUT 3HAYUTEIHHOE CHIDKCHHE
PHCKOB aBapHii 1 TIOBBIIIEHHE OE30ITACHOCTH JKCIITya-
Tanmu 31aHui. Takum 00pa3oM, IpIMEHEHNE METO/I0B
NN B aHanu3e COCTOSIHUSL CTPOUTENBHBIX KOHCTPYKLIUM
CTaHET BAXKHBIM IIaroM K 0OeCHEeueHHUI0 HaJIe)KHOCTH
U JIOJITOBEYHOCTH OOBEKTOB JKMIIOTO (POH/IA, UTO B KO-
HEYHOM MTOTE CKa)KETCsl HA KaueCTBE JKU3HH TPak/IaH.
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INTRODUCTION

Commissioned assets are ageing and extending
the life of buildings has become a financially attractive
solution due to cost savings on refurbishment projects.
Today, structural defects are detected mainly through
visual inspection, which provides an opportunity to as-
sess the quality and condition of structural elements,
identify elements to be repaired and emergency areas.
However, this process is rather labour-intensive and
depends entirely on the human factor — the experi-
ence and attention of the operating specialist. Despite
the high level of training and professional qualifica-
tions, there is always a risk of human error when in-
terpreting the collected information. This can lead to
an incorrect assessment of the condition of load-bear-
ing structures, which in turn can cause an inappropri-
ate or even unsafe approach to repair and maintenance.

The application of modern machine learning methods
opens up great opportunities in reducing the routine
work of specialists and reducing the risks of errors due
to the human factor.

A system for the detection of defects in building
structures should not only identify problems, but also
allow for the assessment of the amount of physical dete-
rioration, based on statistical data on the one hand, and
on the other hand, on archival data for a particular ele-
ment, so that maintenance services can make informed
decisions about the further maintenance of the building
elements. In order not just to detect a problem, but to
understand how critical the defect is for the building,
the overall level of physical deterioration must be taken
into account. For this purpose, it is convenient for main-
tenance professionals to use predictive data on the con-
dition of buildings.
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MATERIALS AND METHODS

A review of scientific papers allows us to con-
clude that the application of artificial intelligence (AI)
is actively discussed and implemented in the practice
of building operation [1, 2]. Basically, the approach
to big data processing at this stage of the life cycle is
built around the tasks of reducing heat loss and improv-
ing the energy efficiency of building facilities [3, 4].
On the other hand, there is a lot of research on the pro-
cess of damage identification based on sensor read-
ings [5, 6]. The accuracy of detecting discrepancies in
structures due to continuous instrumental monitoring is
much higher, but it requires computational power and
significant financial costs to provide appropriate de-
vices, which is not always reasonable. There are also
works that focus on crack detection using computer
vision, and high identification accuracy is achieved by
converting RGB images into shades of grey and sub-

sequent processing using CLAHE (Contrast Limited
Adaptive Histogram Equalization) — an algorithm
that allows increasing the contrast and image detail [7].
A review of alternative approaches for solving the prob-
lem of crack image recognition presented in several sci-
entific papers indicates that there are more than 60 deep
learning options, but all of them require large amounts
of data, including annotated data [8, 9].

The use of convolutional neural networks (CNN)
for image classification is a common practice [10—13]. At
the stage of construction and technical expertise, the task
of defect identification arises and is solved for external
structures, such as roofs, by applying fully deep CNN to
recognize defects in video fragments made by cameras
of small drones [14]. In addition, the application of in-
formation modelling technology in the operational phase
of buildings has not been sufficiently explored [15-20].
However, no generalized studies focused on the con-
struction of a system capable of dealing with different

<class 'pandas.core.frame.DataFrame'>
Int64Index: 38389 entries, © to 85249

Data columns (total 24 columns):
#  Column
formalname_region

stage

built_year
exploitation_start_year
house_type
floor_count_max
floor_count_min
entrance_count
residents_count
area_total

W eooNOUVDE WNERE O

10 area_residential

11 area_non_residential
12 area_common_property
13 area_land

[
'S

deterioration_total
determined_date
floor_type

[T
o wn

17 wall_material

18 alarm_reason

19 exp_name

20 exp_document_date

21 commission_document_date

N
N

further_use

23 building_age_at_determined_date

Non-Null Count Dtype
38389 non-null object
38388 non-null object
38389 non-null datetime64[ns]
34599 non-null object
38389 non-null object
38389 non-null int64
38389 non-null int64
38389 non-null int64
38389 non-null int64
38389 non-null object
38363 non-null object
36329 non-null object
33139 non-null object
23540 non-null object
38389 non-null floate4
38389 non-null datetime64[ns]
24732 non-null object
24739 non-null object
38389 non-null object
31743 non-null object
31737 non-null object
33279 non-null object
38389 non-null object
38389 non-null int64

dtypes: datetime64[ns](2), float64(1l), int64(5), object(16)

memory usage: 7.3+ MB

None

Fig. 1. Output of information about DataFrame
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types of defects and assessing the overall technical con-
dition of a building could be found.

In this paper, it is decided to form an integrated
approach based on the following components:

* asystem for analyzing accumulated data on the phy-
sical deterioration of the existing housing stock;

* asystem for detecting defects in building structures
based on the analysis of Al-assisted photofixation data.

Photos of the results
of the survey
of building structures

RESULTS

Modern technologies, such as structural monitor-
ing systems, include various measurement subsystems
and greatly simplify the process of data accumulation.
In the process of asset operation, a large amount of data
arises, and their effective processing requires the use
of different approaches and technologies [21]. Most
often such systems are used to analyze the condition

Collecting a dataset
of the results of photo-
fixation of various
categories of defects

v

v

External markup service

B

Fig. 2. Block diagram of the system construction sequence

Marking up photos

Uploading markup
as a json document

v

Training room
preparation samples

v

Preparation
of the test samples

.

Preparation
of test samples

v

Quality assessment

Does
the quality
meet
the goals?

Using the model
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of technically complex and hazardous objects due to
their expensive implementation. Therefore, the main at-
tention is drawn to the collection of statistical material.

Information on the parameters of the existing hous-
ing stock can be found in several public data sources:

1) information on emergency facilities of the hou-
sing and utilities sector according to open data from the Hou-
sing and Utilities Reform website;

2) dataofthe Territorial Development Fund on eme-
rgency buildings, apartment buildings in the regional
capital repair programme by oblast;

3) Moscow City Government’s open data portal.

It is also possible to scale the study and connect
any other source of archival information.

The source information was downloaded from three
open data sources. Then, based on the CRISP-DM model,
an industry-independent intelligent analysis standard, they
were preprocessed: categorical variables were converted
into numerical variables, missing values in variables were
filled in, Feature Engineering was performed, i.e. new vari-
ables for the table were extracted from the raw data [22].
Among the examples of the use of this methodology in
the field of construction, and building maintenance in par-
ticular, are studies on predicting the energy consumption
of buildings using indoor factors [23].

The following objectives were used to analyze
the collected data:

* looking for correlation in the data;

+ examination of statistical parameters of the data.

Target metrics: accuracy of physical wear prediction
score, MAE. NumPy and Pandas were chosen among
the libraries required for the work. Also, for visualization
of information, preference was given to the widely used
libraries Matplotlib and Seaborn, which allow transform-
ing numerical data into convenient graphs, diagrams, his-
tograms and other visual representations.

First of all, the information had to be loaded from
the corresponding datasets. To do this, first the file en-
coding was determined, and then the file with the cor-
responding encoding was read. For example, the file
encoding of the register of apartment blocks in Russia
is UTF-8-SIG.

Due to the peculiarity of the structure, there are
many null and extra values in the table, which meant
that transformation was necessary. The data formats
also needed to be transformed. Several new parameters
were added, such as the age of the building at the time
of technical inspection.

We then checked the composition of the data after
data cleaning and preparation (Fig. 1).

The type of wall material is a rather important pa-
rameter for the conducted research, because, depending
on it, different types of defects can be identified. There-
fore, for further analyses different classes of wall mate-
rials should be coded with numerical values.

When training the model, several approaches were
tried. We used linear and polynomial regression, and also
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trained a decision tree model, which showed the best re-
sults in terms of coefficient of determination and MASE.

With digital transformation and continuous tech-
nological advances, there is a need for automation and
increased control of building performance. The applica-
tion of machine vision systems represents an effective
means to improve the control processes and predictive
disturbances of buildings. These systems are able to
automate image processing and analysis, detect defects
and deviations in building structures, which ultimately
leads to improved building performance and durability.

Among the most suitable libraries in this area,
OpenCV, PyTorch, Keras, Scikit-image and TensorFlow
were used in this work.

The task was to build a classifier that detects one
or more of the following defects:

1) biogenic surface damage (fungus, mould, moss) —
formation of microorganisms on the wall surface due to
high humidity and insufficient ventilation;

2) hairline cracks — thin, fine cracks in the surface
of the wall;

3) deep cracks — cracks that penetrate inside
the wall structure;

4) breach of the concrete protective layer and bare
reinforcement — fracture of the concrete layer, which
may lead to corrosion of the reinforcement;

5) delamination and collapse of the finishing coat-
ing — finishing elements such as plaster, tiles, paint are
peeling away from the wall surface;

3arpyaka u30GpaIREHHA
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6) freezing — damage caused by cyclic freezing
and thawing;

7) moisture — moisture penetration into the wall
due to water drainage failures or leaks.

In the course of the work, a block diagram of the sy-
stem construction was developed (Fig. 2).

Analyzing the results involves examining the error
matrix and evaluating the accuracy by class, which pro-
vides information about the model’s ability to correctly
classify and identify possible errors.

Yandex Images, Google Images were used to ex-
pand the dataset.

Data markup was performed on the robots service,
then uploaded the markup as a json document.

The YOLOvVS model was applied for the purpose
of training.

To verify the accuracy of the photofixation model,
an experiment was performed. We collected images
of structures where the defect locations were known in
advance. The model successfully recognized 71-88 %
of these defects, which confirmed the fairness of the cho-
sen approach and its application in real conditions
of building operation (Fig. 3).

However, there were also instances where the mod-
el was wrong, particularly for complex visual damage
requiring a deeper understanding of the context, such as
changes in coating colour or miniature cracks resulting
from seasonal temperature fluctuations.

This necessitates the need to continuously train and
retrain the model on new data to achieve greater accuracy.

CONCLUSION

As aresult of analyzing the information using
various machine learning methods, it was possible to
identify certain regularities and features linking the type
of wall material, the age of the structure and the fre-
quency of defects. The proposed approach will not only
make the process of defect detection faster and more
accurate, but will also provide a significant reduction
in the risk of accidents and increase the safety of build-
ing operation. Thus, the application of Al methods in
analyzing the condition of building structures will be
an important step towards ensuring the reliability and
durability of residential buildings, which will ultimately
affect the quality of life of citizens.
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