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AHHOTAUMUA

BBeaeHue. [lecbopmypoBaHme rpyHTOB UMEET HENMHEeNHbIN, ynpyronnactuyeckuii xapaktep. Moatomy mogenuposaHue
HanpshxeHHo-aedopmMupoBaHHoro coctosHust (HAC) BbICOKUX FPYHTOBBIX NIOTMH 00A3aTENbHO BbIMOMHAT C MPYMEHEHM-
€M HenuHENHbIX Mogenen mexaHuku rpyHToB (Mopa — KynoHa, ynpouHsiiowerocst rpyHta v ap.). O4HUM U3 BaXHEWLINX
NPOSIBNEHUIA HENMNMHEWHOCTU AedOPMUPOBaHUS FPYHTOB SIBMISIETCS pa3nuune xapaktepa Aedopmanuin Ans ABYX TpaeKTopui
Harpy>xeHusi: Npu pasrpy3ke obbl4HO BO3HUKAIOT TOMNBKO ynpyrue gegopmMaunyu, a npy akTMBHOM HarpyxeHuv — ynpyronna-
ctnyeckre. Mo mepe HarpyxeHus obnactb ynpyroro 4eopMUpPOBaHUS YBENUYMBAETCS, 3TOT 3P eKT NPUHATO HasbiBaTb
ynpoyHeHnem. OgHako He BO BCeX HEMUHEWHbIX MoAensx, B YacTHocTu B mogenun Mopa — Kynowa, yuntbiBaeTcs 3ToT
adppekT. BbINOMHEHbI UccnenoBaHWs Mo OLEHKE CTENEHU BNUSHUS 3ddeKTa YNPOYHEHUS! Ha pe3ynbTaThl YUCTIEHHOTO MO-
nenvposanus HOC rpyHTOBOM NNOTWHBI.

MaTtepuanbi n Mmetoabl. PacyeTbl MPOBOAMIUCH C MOMOLLLIO NporpamMmmHoro komnnekca PLAXIS Ha npumepe ogHopogHom
KameHHo-HabpocHou nnoTuHel Beicotor 100 M. Micnonb3oBanack nMHenHas Mogernb naeanbHON NnacTUYHOCTU C YCIOBUEM
npoyHocTn KynoHa — Mopa. [insa BbisiBNeHnsi BNusiHUSA acbdekTa cpaBHMBanucb pesynbsratel pacyeta HOC ana asyx Bapu-
aHTOB — C Y4YETOM Hanu4us TpaekTopun pasrpysku u 6e3 ee yyeta. YYeT Hanuumsa obnactu ynpyroro AedopM1MpoBaHms
OCYLLIECTBMANCS C MOMOLLbIO MOBEPXHOCTW MIACTUYHOCTH.

Pe3ynbkraThbl. ViccnegoBanve nokasano, 4To yyet adhdekTa ynpoYHEeHUs: KapAMHanbHO U3MEHSET pesynbTaThl YYCIEHHOIO
mogenuposaHus HOC rpyHTOBOM NnOTMHLI. B npouecce BOCNpUATUSA rMapoCTaTMYECcKoro AaBneHnst YacTb rpyHTa MioTUHbI
UCMbITEIBAET HE aKTMBHOE HarpyeHue, a pasrpysky. Y4er atoro adppekta ynpoYHEHUs! NPUBEN K YMEHbLUIEHUIO FTOPU30H-
TanbHbIX CMELLEHWI MIOTUHbI OT MMAPOCTaTUYECKOro AaBfieHns npuMmepHo B 2 pasa. Kpome Toro, npu yyete adbdekra
YMPOYHEHNS 3HAYUTENBHO MOBLILIAETCS NMPOrHO3HasA OLEHKa YCTOWYMBOCTM NMOTUHBI C AMadparmMon — CyLeCTBEHHO CHU-
)KaeTcsa pUCK NoTepy CABUIOBOW NPOYHOCTY M 0Opa3oBaHMs MaccuBa 06pyLLEHNS B ee BEPXOBOM YNOPHOW Npu3Me.
BbiBoabl. MNprmeHeHne ans pacyetoB HOC rpyHTOBbIX NAOTUH MOAErNen, He y4nTblBaoLWmMX 3MEKT YNPOYHEHUS TPYH-
Ta, Hanpumep mogenu Mopa — KynoHa, Hegonyctumo. OHO He TOMNbKO CHPKaeT 3amnac Hecyluel crnocobHOCTU NOTUHBI,
HO CUIMbHO UCKaXaeT pe3ynbTaTbl YUCIEHHOrO MOAENMPOBaHUS.

KINKOYEBBIE CITOBA: kameHHO-HabpocHas NnoTUHa, HanpsikeHHo-4edOpMUPOBaHHOE COCTOSIHWE, pasrpy3ka, YNpoyHe-
Hve, moaenb Mopa — KynoHa, Mofenb ynpoYHSIOLWErocsi rpyHTa, YCTOMYMBOCTb, MOBEPXHOCTb MNAacTUYHOCTU, YNCIIEHHOE
MoZenupoBaHune
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BAnsiHUE TpaeKTopum Pasdrpy3ku rpyHTa Ha HampsyKeHHO-AepopMMPOBaHHOE

o C. 6-25
COCTOSIHME KaMEHHO-HabpPOCHOH MAOTUHBbI

ABSTRACT

Introduction. Soil deformation exhibits a non-linear elastic-plastic behaviour. Consequently, modelling of the stress-strain
state (SSS) of high embankment dams is necessarily carried out using non-linear rock mechanics models (Mohr — Coulomb,
soil hardening and others). One of the key manifestations of the non-linearity of soil deformation is the different nature
of deformations under two loading scenarios: during unloading, typically only elastic deformations occur, whereas during
active loading, elastic-plastic deformations take place. During loading, the area of elastic deformation increases; this effect
is commonly referred to as hardening. However, not all non-linear models, specifically the Mohr — Coulomb model, take this
effect into account. This paper presents studies on estimating the extent to which the hardening effect influences the results
of numerical modelling of the SSS of embankment dams.

Materials and methods. The analysis was carried out using the PLAXIS software package, using a homogeneous 100-
high rockfill dam as an example. A linear model of ideal plasticity with the Mohr — Coulomb strength state condition was
employed. To determine the extent of the effect, the results of SSS analysis were compared for two scenarios: one taking
into account the existing unloading trajectory and one without it. The existing area of elastic deformation was accounted for
using a plasticity surface.

Results. The investigation showed that taking the hardening effect into account radically alters the results of SSS numerical
modelling of the rockfill dam. When subjected to hydrostatic pressure, part of the dam soil is not under active loading but
is instead unloaded. Taking this hardening effect into account led to an approximately twofold reduction in the horizontal
displacements of the dam caused by hydrostatic pressure. Furthermore, when the hardening effect is taken into account,
the predicted stability of the dam with a diaphragm increases significantly; the risk of loss of shear strength and the forma-
tion of a collapse mass in its upstream face decreases considerably.

Conclusions. The use of models that do not account for the soil hardening, such as the Mohr — Coulomb model, in SSS
analyses of embankment dams is not permitted. Such models not only underestimate the dam'’s load-bearing capacity mar-
gin but also significantly distort the numerical simulation results.

KEYWORDS: rockfill dam, stress-strain state, unloading, hardening, Mohr — Coulomb model, Hardening Soil Model, stability,
yield surface, numerical simulation
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BBEJAEHHUE

IIpeomem uccredosanus. HanpsoxeHHo-ngedopmu-
posanHoe coctossaue (H/IC) rpyHTOBBIX TIIOTHH UMe-
€T CJIOXHBIH XapakTep, U 3TO, MPEXKJE BCEro, CB3aHO
CO CJIOKHBIM XapakTepoM Je(pOpPMUPOBAHUS TPYHTOB
07 Harpy3Koi. [ pyHTBI He SBISIOTCS YIPYTHUM MaTepH-
aJIoM, TIPH Harpy>KEHUH IPYHTA MPOMCXOASAT HE TOJIBKO
oOpaTHMBbIe yIpyTHe, HO 1 HeOOpaTUMBbIE TIIACTHIECKHE
nedopmanuu. [1o 3Toi mpudmHe CBS3b MEXKITy HalpsiKe-
HUAMH U JIe(hOpMaLIUSIMU B TPYHTE HE MOXKET OBITh OITH-
caHa TeopHel yIpyrocTd ¥ JUHEHHON MOJENbIO, OCHO-
BaHHOI Ha 3akoHe ['yka. [Ipu nedopmupoBanny rpyHTa
MIPOSIBIISIFOTCSL Pa3IMYHbIC HETMHEHHbIE d(PPEKThI (SIB-
JICHUsT) — YNPOYHEHHE, TUIaTaHCHs], TIOJI3Yy4YeCThb U JIp.
OmHIM W3 BaXHEHITUX HETUHEHHBIX dPPEKTOB CITy-
KHUT pa3iinuue xapakrepa a1ehopMUPOBAHUS TIPH JBYX
TPAEKTOPHSIX HATPYKECHUS! — AKTUBHOM Harpy)XKCHUH
u ipu pasrpyske. [Ipu pasrpyske B TpyHTE B OCHOBHOM
MPOSIBIISIFOTCS TOJIBKO yHpyrue nedopManuu U rpyHT
nMeeT OONBIIYIO KECTKOCTh, YeM NPH aKTHBHOM Ha-
rpyxeHud. I1o Mepe pocTa CKUMaIOIIUX HAIPSKEHUH
00J1acTh HANPSHKEHHOTO COCTOSIHUSI, COOTBETCTBYOLIAs
yrpyromy 1eopMHUpOBaHUIO, YBEIUUUBACTCS, ITOT -
(hexT Ha3BIBACTCS AYPPEKTOM YIIPOUHCHUSI.

Axmyanvnocmo uccieoosanusi. OCOOCHHO CHIIBHO
TUTACTUYECKUE CBOMCTBA IPYHTA MPOSIBISIOTCS B KPYII-
HBIX TPYHTOBBIX COOPYKEHUSX, HCTIBITHIBAIOIINX OO0JIh-
M HArpy3KH, K TAKAM COOPYKEHHUSIM OTHOCSIT IPYH-
TOBBIE IUIOTHHBI. B Iporiecce BOCHpUsITHS HArpy3oK
TPYHTOBBIE IIOTHHEI TOTYYalOT OOJNbIIHE aedopma-
K U nepemenieHus. CTpOUTEIbHbIE 0CAIKU BBICOKUX

KaMEHHO-HaOpPOCHBIX IUIOTHH [ 1-3] MoryT nocrurars He-
CKOJIbKO MeTpoB. B mporecce nedopMupoBanust mioTu-
HBI MOTYT OBITh IOTEPSIHBI CZIBUTOBAsI IPOYHOCTH IPYHTA
1 YCTOHYMBOCTH coOpykeHus. Hanpumep, B cTarbe [4]
C TIOMOIIbIO YHCICHHOTO MOJEINPOBAHMS ITOKa3aHO,
YTO CBEPXBBICOKAsI KAMEHHO-HAOPOCHAs MJIOTHHA C IHa-
(hparmMoif MOXXeT HOTEPATH CBOIO YCTOHUMBOCTH 1O JIBYM
cXeMaM: ¢ OOpYILICHHEM HHU30BOTO OTKOCA 10 KPUBO-
JTUHEITHOW TIOBEPXHOCTH U C 00pa30BaHUEM IIPU3MBEI
o0pyIIeHus! B BEpXOBOH YHOpHOH npu3me. OTMedaeT-
Csl, YTO HE3aTyXaroUIUi XapakTep 0CaJoK U CMELICHUM
KaMeHHO-HaOpocHoH moTuHb! boryuanckoi I'OC BbI3bI-
BACT OMACCHNUS B YCTOWYHNBOCTH €€ HU30BOTO OTKOCA [5].

YKkazaHHBIE IPUMEPBI HAITISITHO AEMOHCTPHUPYIOT,
yt0 niporao3 HJIC n ycToHYMBOCTH IPyHTOBOH TUIOTHHEI
JIOJDKEH OCYIIECTBIISITHCS TOJBKO C IPIMEHEHNEM HEJIU-
HEMHOW MOfIeN MeXaHUKHU IpyHTOB. Takoe TpeOoBaHMe
qutst rotuH | m 11 xitaccoB yCTaHOBIIGHO M B HOPMAaTHB-
HoM nokymenTe CIT 39.13330.2012 «IInoTuHs! U3 rpyH-
TOBBIX MaTepHAJIOBY.

OnHaKo OOIICTIPUHSITON ¥ BCCOOBEMITIONICH MO-
JIeTIM TPYHTA TT0Ka HE CYIIECTBYET, UL MOJCIUPOBAHUS
TPYHTOBBIX IUIOTHUH UCIOJB3YIOT HECKOJIBKO MaTeMaru-
YECKMX MOJIeIeH MEXaHUKH ITPyHTOB. AKTyaJleH BOIPOC
0 COBEPIICHCTBOBAHUH U3BECTHBIX MJIM Pa3padOTKE HO-
BBIX MOJIEJIeH rpyHTa.

Oco0y10 BaXXHOCTh MMEET OIIEHKa TOYHOCTH pac-
4eTHBIX TPorHo30B H/IC rpyHTOBBIX IUIOTHH, MOTy4ae-
MBIX C TIOMOIIBIO 3THX Mozienield. HeoOxoammo oneHuTb,
HACKOJIBKO NMPUMEHsIeMasi MOJIeIb a/IeKBaTHO BOCIIPOM3-
BOJWT TTOBEJICHUE TPYHTA M KaK MPUHATHIE B MOACIIX
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M.M. CauHoes, H.C. Tananaes

TpyHTa JOMYIIECHUS BIUSAIOT HAa Ka4eCTBO YHCIEHHOTO
MOZEIUPOBAHUSL.

O630p numepamypol. O030p HAYIHBIX ITyOTHKAIIIIA
MTOKA3bIBACT, YTO B HACTOSIIEE BPeMsI IPHU YHUCICHHOM
MozaenupoBanuu HJIC rpyHTOBBIX COOpYXKEHUI MTpUMe-
HSIOT HECKOJIBKO Mojiernei rpyHTa [6].

Hcnonp3yloT MatemMaTndeckue MOJENN ABYX TH-
OB — MOJIENIM HEJMHEIHOH ynpyroctu (aedopmaru-
OHHOW TEOPHH TUIACTUIHOCTH) M MOJIENTN TEOPUH ITITa-
CTUYECKOTO TCYCHUSI.

Camast mpocrasi HeJIMHEHHAast MOJIeNIb — MOJIEIb
Mopa — Kynona (Mohr — Coulomb model, manee —
MCM). Dta Moaelib OTHOCUTCS K MOJIeIIsAM fedhopma-
LUOHHO! TEOPUHU IUIACTUYHOCTU. B Hell nmpuHuMaercs,
YTO 0 MOMEHTA ITOTEPH CABUTOBOI MPOYHOCTH CBS3b
Mexy Ae(OpMALMSIME U HAITPSHKEHUSIMA — JIMHEITHAs,
a TIOCJIe JIOCTIDKEHUS! CZIBUTOBO NMPOYHOCTH e opMa-
IIUH YBEIMYHBAIOTCS O0eCKOHTPOIbHO. COOTBETCTBEHHO,
MCM — 370 nHHEIHAsS MOJETb UACATBHOMN IITACTUIHO-
cTu. Bo MHOTHX ApyTruX MOZAENSAX UCHONIB3YETCS yCIOBHE
caurosoii nmpounoctu Kynona — Mopa. bonb1ioit veno-
ctatok MCM 3axiodaercs B TOM, YTO OHA HE YIUTHIBA-
eT 3(PEeKT «YNPOUHEHHSD» — CHIDKEHHUE JIeopMHpYye-
MOCTH TPYHTAa 110 MEPE YIIIOTHEHHS.

Bonee coBepieHHO sBIIsieTCs: THIepOOInYecKas
mozens Duncan — Chang, kotopasi OCHOBaHa Ha T'H-
epOoINIecKOl 3aBUCUMOCTH MEXKIY HATPSKEHUSIMA
n nedopmanusMu B rpyHtrax. Mozenb paszpaboraHa
J.M. Duncan u C.Y. Chang B 1970 . OTa Mozens oT-
HOCHTCSI K MOJIEIISIM HEJTMHEWHOW ynpyrocTy. B Heil ne-
(hopMaTHBHbBIE XapaKTEPUCTHKU IPYHTa (MOJYJIb JINHEH-
HOH nedopmanuu E, Moyis 00beMHOM edopmaryu B)
MPUHUMAIOTCS IEPEMEHHBIMH B 3aBHCHMOCTH OT Ha-
NPSHKEHHOTO COCTOSIHUSL, OJ1arofapst 4emy MoJIesb yuu-
ThIBaET 3QeKT «ynpodneHus» rpyHra. OnxHaKko MOJEb
Duncan — Chang He oTpakaeT MPONCXOISIIIE B TPYHTE
MEXaHUYECKHE MPOLIECCHI, a JIMIIb allPOKCUMHUPYET UX.

BaxxHbIif HEZOCTATOK TUMEPOOTMUECKON MOsenn
B TOM, YTO OHA HE Pa3rpaHNIMBACT B SBHOM BHE TPACK-
TOPUH aKTUBHOTO HArpy KeHUS U pasrpy3Ku. ITOro Heo-
CTaTKa JMIIEHbl MOJENH IJIaCTUUeCcKoro TedeHus. OHu
OCHOBAHBI Ha ACCOLMMPOBAHHOM 3aKOHE TEUEHHs1, B HUX [PH-
HUMAaeTCs, YTO HAIIPaBJIEHHE BEKTOPA TIIACTHUECKUX JIe-
(hopmaryii OpTOroHaILHO K TIOBEPXHOCTH TIACTUYHOCTH
(Texyuectn).

IToBepXHOCTH IACTHYHOCTHU Pa3TpaHUYMBAET B Ha-
NPSDKEHHOM COCTOSTHUHM 00J1aCTH YIIPYTOTO M YIIpyToria-
CTHYECKOTO J1e()OPMUPOBAHUS, KOTOPHIE COOTBETCTBY-
IOT TPAEKTOPUAM PA3TPy3KH U aKTUBHOTO HArPY>KEHHS.
I'padmuecky MOBEPXHOCTH TIIACTHYHOCTH OTOOPAKArOT
B ITPOCTPAHCTBE MIABHBIX HANPSHKEHUH MM MPOCTPaH-
CTBE MHBAapHAHTOB TeH30pa HamnpsbkeHuit (puc. 1). Benu-
YHHA p TIPECTABIIET COO0H cpeiHee HaNpsDKEHHE, KOTO-
PO€ ¢ TOYHOCTHIO 10 MHOYKHTEISI COOTBETCTBYET TIEPBOMY
MHBApUAHTY TEH30pa HallpsLKEHUI. BennunHy g Ha3biBa-
10T «J€BHATOPHBIM HANPSKEHUEM)», OHO C TOUHOCTBIO
JI0 MHOXKHTEJSI COOTBETCTBYET BTOPOMY HMHBAPHAHTY
JIeBUATOpa HANPSHKECHNH M MHTEHCUBHOCTH KacaTeNbHBIX

8

HaIpsDKeHNH PUMEHNTENBHO K ITOCKOH 3a1aue. Benn-
YHHY ¢ OTIPEJETAIOT KaK Pa3HUITy MAKCHMAIBHOTO U MH-
HUMAaJILHOTO TJIABHOTO HANPsDKEHMS, OHA B 2 pa3a OoJblie
MaKCHMAJIGHBIX KacaTeNIbHBIX HAIPSHKCHUH.

K MozmensiM 11acTHYECKOro TEUEHHsI OTHOCATCS
mozen Cam-Clay 1 Mozienb yIpOYHSIOIIErOCs TPyHTa
(Hardening Soil model, nanee — HSM). B Hux ucrosns-
3yeTcsl IOBEPXHOCTb ITACTHIHOCTH MIATPOBOI (POPMBI.

Monens Cam-Clay nmpuMeHsieTCs 11l MEJTKO3SpHH-
CTBIX TpyHTOB. HSM MOXeT NCIONB30BATHCS U 7151 KPYTTHO-
00JIOMOUYHBIX TPYHTOB, TaK KaK OHA YUUTBIBACT €IIE OUH
addexr ynpounenust — ekt cHkeHus 1eGopMupy-
€MOCTHU TPyHTa ¢ yBenumueHueM cxkarusa. B HSM monyns
nehopmarym He SBIsIeTCs] KOHCTAHTOM, €ro BENIMINHA U3~
MEHSIETCS 110 CTENIEHHON (DYHKIIMM OT HaIpshKeHHsT OOKO-
BOTO 00XaTus [6].

Pa3HbIMU HCCIe10BaTENSIMU TPUMEHSIOTCS Pa3HbIe
mozaenu. ITpu MonenupoBaHUM HEOONBIIUX COOPYXKE-
HUH 00614HO ncnonb3ytoT MCM. B Kutae nanbonsiiee
pacnpocTpaHeHHe TTOyqrIa TUIIEPOOITIIecKas MOJCTb
Duncan — Chang, npumepamu TaKuX HUCCICIOBAHUN SIB-
mstrores myonmukarmu [7, 8]. Monens Cam-Clay ucnosns-
30BaHa B MCCIIEMOBAHUU [9] I ONMCaHUs TIOBEICHUS
IJIMHUCTOTO TPYHTA B TeJIe KAMEHHO-3EMJITHON MJIOTH-
Hbl. HSM nipumenstercs pexxe, yeM MCM 1 runepOosu-
YyecKast MOJIEIb.

Bompocy o Beibope Mojneneil U ux mapamMeTpoB
MO-TIpeKHEMY yzaessieTcst Oospioe BHUManue. [Tyomu-
KyIOTCS CTaThH, IOCBSIIECHHbIE KaTMOPOBKE MOjenen
1 1o100py MX MapaMeTpoB, aJleKBATHO BOCIPOU3BO/IS-
KX TOBEJEHHE TPyHTA MPH J1A00PATOPHBIX UCTIBITAHU-
ax [10—-12] wmm nmoBeneHne mocTpoeHHO! IOTHHEI [ 13].

B cratee M. Xu u coast. [14] sxcnepuMeHTaMu
B KPYITHOMACIITAOHOM CTaOMIIOMETpe TTOKa3aHo, YTo Jie-
(hopmar KaMeHHOM HaOpOCKOW CYIIECTBEHHO 3aBUCST
OT TPAEKTOPUHU HATPy>KEHUSI.

Wmerorcst uccnenosanus, B KOTOPBIX NPUBEACHO
CPaBHEHHE PE3yJIbTaTOB YHCICHHOTO MOJEINPOBAHNUS
HJIC rpyHTOBO# MJIOTUHBI C MCIOJIB30BAHUEM Pa3HBIX
Mozenen.

Bemonaeno cpasaerne MCM u HSM [15-17]. TIpo-
BezieHo cpasHeHne MCM 1 HSM niprMeHHTeNbHO K aHaH-
3y HJIC xamenHo-3eminstHol ruiotrHb! Karkheh (Mpan) [17].
Cpasaenne MCM 1 HSM ocy1miecTBiIeHO 1 KaMEHHO-

Puc. 1. Cxema monokeHUs MOBEPXHOCTH IUTACTUIHOCTH: | —
obmacTh ynpyroro nedopMupoBaHus; 2 — MOBEPXHOCTH TEKY-
YECTH IPH CIBUTE; 3 — MOBEPXHOCTB TEKYYECTH MIPH CHKATHH
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3eMJITHOM IJIOTHHBI C NIMHSIHBIM SAPOM BBICOTOH 59 M [15].
ITokazano, uto yuer B HSM adhekra ynpouneHust rpyHTa
BeJIeT K YMEHBIIEHHIO PACYETHBIX OCAJIOK IIOTHHBI MPH-
Mepao Ha 50 %. B uccnenoannu [ 18] mpogemMoHCTpHpO-
BaHO, uT0o MCM MeHee TOYHO BOCIPOHU3BOIHUT PealbHOE
TMIOBE/ICHUE TUIOTUHBI, YeM YIPYTOIUIACTHIECKAs! MOEIb,
OCHOBAHHas Ha IPYT'MX NPUHIATIAX.

B pabote [19] npencraBneHo cpaBHEHHE THIIEP-
6onmnueckoit Mmogenn 1 HSM Ha nmpumepe KamMeHHO-
HaOPOCHOM TIOTHHBI C JKeJIe300€TOHHBIM SKPaHOM BbI-
cotoit 182 m.

Kpome toro, pazpabareiBatoTCsi M IPUMEHSIOTCS
HoBble Mozienu rpyHTa. Crarbu [12, 20, 21] nocesiiieHsl
pa3paboTke HOBBIX MOZIENIEH IpyHTa.

Lenu u 3a0auu uccredosanus. 1lens nccnenoBaHus
COCTOUT B OLIEHKE BIMAHUS d(deKTa pasrpy3Ku IpyHTa
Ha (opmupoBarre H/IC BBICOKOI TPYHTOBOH TIOTHHBI.
DTO0 MO3BOJUT OLEHUTH TOUHOCTH MoAenupoBanust HJIC
IUIOTHUHBI IIpU Ucnoib3oBaHMM MCM, koTopast He y4H-
THIBACT YKa3aHHBINA 3(PDEKT.

MATEPHAJIBI U METO/JbI

Mertoanka UCCIEA0BAHUS 3aKJIIOYACTCSl B CPABHE-
HuM pe3ynpraroB pacuetoB HJIC rpyHTOBOM MIOTHHBI
JUIsl IByX BapHaHTOB — 0e3 yuera 3 (eKra pasrpy3ku
TPYHTA H C €70 yYETOM.

Obvexm uccnedoganus. ViccnenoBaHue BBITOIHS-
JIOCh Ha MpHUMeEpPe KaMEHHO-HAOPOCHOH TIOTHHBI BbI-
coroii 100 M, pacnonokeHHON Ha KECTKOM OCHOBAaHHUHU.
[TnoTHa MMeeT CMMMETPUYHBIN PO b, IIMPHUHA TPed-
Hs1 — 10 M, 3a510:KeHIEe 0TKOCOB — 2. PacyeT mpoBoauicst
Ha /IBa BUJIA HArPy30K — COOCTBEHHBII BEC U THAPOCTa-
THYECKOE JIABJICHUE CO CTOPOHBI BOAOXpaHWMINa. B nc-
CJICZIOBAHUH PACCMATPHUBAJINCH IUIOTUHBI JIBYX THTIOB.

[TnoTHHA MEpBOro TMHa — IUIOTHHA C TOHKHM
HETPYHTOBBIM JKPaHOM, PACIOJIOKEHHBIM Ha BEpXO-
BOM OTKOc€. [IJIsl INIOTHHBI 3TOTO THUIA XapaKTEpHO TO,
YTO THJIPOCTAaTHUECKOE ABJICHHE MPUIIOKEHO Ha BOIO-
HETPOHMIAEMBII BEPXOBOI OTKOC M ITOTOMY HE TOJBKO
CTPEMHTCSI CIBUHYTH IUIOTHHY B CTOPOHY HM)KHETO Obe-
(ha, HO ¥ IPMKUMAET TEJIO TUIOTHUHBIL.

[InoTuHa BToporo Tumna — IJIOTHHA ¢ TOHKOW Bep-
THUKaJBHOU MrradparMoii. OcOOEHHOCTH YCIIOBHI PabOThI
3aKJIIOYaeTCs B TOM, YTO BOJIOHEIIPOHUIIAEMast HallOpHast
IpaHb PacHoj0KeHa BHYTPH Tesa IUIOTHHBI, a THAPO-
CTAaTHYECKOE JABICHHUE MPHUIOKEHO TOPHU30HTAIBHO.
ITpu 3TOM OHO BBI3BIBACT JOMOIHUTEIBHOE CIKaTHE HU-
30BOM YIIOPHOW MPU3MBI TUNIOTHHBI M yMEHBINAET CHKaTHe
B BEpXOBOH ynopHoil npusme. Kpome Toro, npu Hamos-
HEHUH BOAOXPAHWJIHUINA MPOUCXOAUT MEPEX0] IpyHTa
BO B3BEIIEHHOE COCTOSIHUE.

B o6oux ciaydasx >KeCTKOCTh MPOTHBO(HUIBTpa-
IIMOHHOTO 3JIeMEHTa (IKpaHa, Auadparmsl) IIOTHHBI
HE YYNTHIBAJIACK, ITIOTHHA MPUHUMANIACh OJHOPOJHOM,
COCTOSIIIEH TOJBKO M3 KAMEHHOI HAOPOCKH.

IImoTHOCTH KaMEHHON HAOpPOCKH MPUHHUMAJIACH:
B CyXOM coCTOsTHIN — 2,0 T/M?, B BOJIOHACBIIIIEHHOM CO-
CTOSIHUM — 2,32 T/M°.

Memoouxa uccnedosanus. PacdeTsl BBITTOIHAINCH
C TIOMOIIIBIO BBIYMCIUTEIILHOTO ITPOIPAMMHOTO KOMILIEK-
ca PLAXIS. Teno miotuns! Obu10 pazaeneHo Ha 1812
TPEYTOIMBHBIX KOHEUHBIX AJIEMEHTOB ¢ 14 829 y3mamu.
Pacuer ocy1ecTBIIsIICS C y4eTOM MOCIIE0BATEIbHOCTH
BO3BEJICHUSI M HATPyKEHUs coopyxeHus. [IpuHrManocs,
YTO CHavyaJia INIOTHHA Oy/leT OTChINaHa /10 TPeOHs TopH-
30HTAJIBHBIMU CJIOSIMU (25 ci0eB), a 3aTeM OyAeT rmocre-
TICHHO HAIOJHATHCS BOZAOXPAHMIINILE 10 TTyOHHBI 96 M.
OO011iee KOJIMYeCTBO PaCYETHBIX ATAIIOB COCTABHIIO 49.

IIporpammusrit kommuiekc MIDAS mo3BossieT mpo-
BoauTh pacuer HJIC ¢ npuMeHeHneM HECKOIBKUX MOJie-
niel rpyHTa, B ToM uucie MCM, HSM.

st Toro 4to0b! BeIsIBUTH Bimstaue Ha HJ[C mmotu-
HBI TOJILKO OJHOTO (hakTopa, apdexra pasrpysku, ObLIO
TIPHHSITO PEIIEHHE MCTIONB30BATh JIMHEHHYIO MOZIEIb HIe-
aJIbHOM IIacTUYHOCTH. [ToHsTHE TMHENHHON MOJIeNH O3Ha-
YaeT NPOIOPIHUOHATIEHOCTD MEX Iy Je(hopMalisiMHy 1 Ha-
NpsDKEHUSIME. MOJTyITh JIMHEHHOH JiehopMarny KaMeHHOH
HaOpocku npuHAT paBHbiM £ = 58 MI1a, a koadpuipent
Ilyaccona — v = 0,27. B kauectBe KpuTepus uacaib-
HOW MJIACTUYHOCTU MpUHUMaCs kpurepuil Kymnona —
Mopa. Yron BHYTpEHHETro TpeHHUS HpHUHAT ¢ = 43°,
yaensHoe cuerienne — ¢ = 50 kIla. Hamuue y coimy-
Yero KPymHOOOIOMOYHOTO IPYHTA BBICOKOTO CIICTIICHHS
MPU3BaHO CMOJEINPOBaTh AP(EKT 3aeruIeHuss MeXIy
gacturiamu. B tpyne [10] mytem oOpaboTku pe3ynbTa-
TOB JKCIIEPIMEHTOB, ONMMCAHHBIX B paborax [22, 23],
MOKa3aHo, YTO peayibHasi KaMeHHas Habpocka MMeeT
erre OOJIbIIIEE CLIEIUIEHHUE.

Pacuer BBIMONHSIICS ISt IBYX PACUETHBIX MOJICIICH!

Moguenb Ne 1 — mozmens 6e3 addexra pa3rpysKu,
OHa coOTBeTCTBYeT Moziesit Mopa — Kyrnona.

Mopnens Ne 2 — Mozenb ¢ pasfiesIeHueM TPaeKTo-
puii Ha aKTUBHOE HArpy>KEHHE U Pasrpys3Ky.

Mopnens Ne 2 moiaydeHa IOCPEACTBOM YIPOIIEHUS
MOJICJIH YIPOYHSIOMIerocs rpyHra. i1 mpuBenenus
HSM k nuHeliHON MOAeNH CeKylIMi MOIyab JUHEH-
HOH sepopmanuu npuHAT paBHbM £, = E = 58 MIla,
nokasaress crenenu m = 0. OgomMeTpuueckuil MOIyIb
BBIUHCIEH uepe3 E u koddpduuuent Ilyaccona v, oH co-
cragun £ = 72,47 MIla.

Jnst BeTBU pasrpy3ku CEeKyIIMi MOAYIIb JIMHEHHOMN
nedopmarun ObLT IPUHAT paBHbIM £, = 116 Mlla, Ko-
s¢p¢unuenrt [lyaccona v, =v=0,27.

OTnenpHO OIpeNessuIoch 3HAYeHHUE MapaMerpa
(ko3 unment doxoBoro nasnenus) K, monean HSM,
KOTOpBIH XapakTepu3yeT (hopMy HOBEPXHOCTH ILIACTHY-
HoCTH. OOBIMHO €r0 PEKOMEHYIOT MpUHUMATh K| =1 —
— sing, B 3TOM cirydae ero 3HadeHne cocranmseT 0,318.
ABTOpPBI HACTOSILETO MCCIECAOBAHUS OIPENEISIN 3TO
3Ha4YEHHE TOJ00POM TaK, YTOOBI JiepOpMaIK TIOTHHBI
o moaeisaM Ne 1 u 2 coBnajid Ha dTarle BO3BEIEHHUS.

PE3VYJBTATBI

HanpsiskeHHO-1e(popMHUPOBaHHOE COCTOSIHHE
TUIOTHHBI 0T COOCTBEHHOTI0 Beca

Joburscst momHo#i uaentuanoctd HJIC mioTHHb
qurst Mozeneit Ne | 1 2 HeBO3MOXKHO, TTOTOMY OBIIO TIO-
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IIIxama ocagok U , cMm
V

-80 70 —60 =50 —40 =30

=20 -10 0 10 20

Puc. 2. Ocaiku TUIOTHHBI MTOJ] IEHCTBHEM COOCTBEHHOTO Beca: a — moeib Ne 1; b — momens Ne 2

- -

Ikaa cMeleHnit Ux, cM

-20 -15 -10 -5 0 5 10 15

20 25 30 35 40 45 50

Puc. 3. lopu30oHTaIbHBIC CMEIICHUS IUIOTUHBI TIO]T ICHCTBUEM COOCTBEHHOTO Beca: @ — Mojeib Ne 1; b — momenns Ne 2

[Ikasa HanpspKeHUH o, MlIla

[ T e ——— — ——— — —
~190 ~1.75 —1,60 ~1.45 —130 —1,15 —1,00 —0,8 0,70 —0.55 040 —025 0,10 005 02

Puc. 4. BeprukaibHble HaNpsDKSHUS B TeJIe TUIOTHHBI O] IS CTBHEM COOCTBEHHOTO Beca: ¢ — Mozelb Ne 1; b — mozmens Ne 2

i, A

[lxana nanpspkenui o , MIla

-1,2 1,1

1,0 09 08 07 06

-0,5 04 -03 -02 -0,1 0 0,1

Puc. 5. Topu3oHTaTBHBIC HAPSDKCHUS B TEJIE IUIOTUHBI IO/ ISHCTBAEM COOCTBEHHOTO Beca: @ — Mozeib Ne 1; b — momens Ne 2

a

=

[Ikana cpennero Hanpsbxkenus p, MIla

5 e e ) S S S S S s s |
-13 -12 -1, -1,0 09 08 -0,7 -0,6 0,5 -04 03 02 -0, 0 0,1

Puc. 6. CpenHee HanpsiKeHHE B TEIle IUIOTHHBI IO ICHCTBUEM COOCTBEHHOTO Beca: @ — mozenb Ne 1; b — mopens Ne 2

N00paHo Takoe 3HaYeHue napamerpa K, , Ipx KOTOPOM
omaKs OyayT HaumeHbimM. OHo coctapwio K, = 0,43.

INomy4aeHHOE pacueToM HanpsKEHHO-1e(hOPMUPOBaH-
HOE COCTOSTHUE IUIOTHHBI OT COOCTBEHHOT'O Beca II0Ka3aHo
Ha puc. 2—7 B cpaBHeHn# Mozienet Ne 1 u 2. KagectBen-
Has kaptuHa HJIC onnHakoBa, pa3nudue 3aKkiIodaeTcst
JIMIIb B BEJTMYMHAX.

Tax Kak MOZIETMPOBaHUE OCYIIECTBIIIOCH C yUETOM
TMIOCJIE/IOBATEIbHOCTH BO3BE/ICHHMS! TUIOTHHBI, MAKCUMYM
CTPOMTEIBHBIX OCAT0K JJOCTUTAETCSI B LICHTPAJIBLHON Ya-

10

CTH IUIOTHHBI. MaKCHMalTbHAsI CTPOUTEIIbHAS OCa/IKa I1JI0-
TUHBI cocTaBmia: B Monermu Ne 1 — 63,0 cMm (puc. 2, a),
B Mozer Ne 2 — 66,0 cum (puc. 2, b), paznudne cocTaBs-
er MeHee 5 %. OcaaKu IIOTHHBI O] COOCTBEHHBIM BECOM
COMPOBOXK/IAIOTCSI PACIIUPEHUEM IJIOTUHBI B CTOPOHBI.
MaxkcruMasIbHOE TOPH30HTAIBHOE CMEIIICHUE COCTABUIIO:
B Mozmem Ne 1 — 11,4 oM (puc. 3, a), momermu Ne 2 —
10,1 cm (puc. 3, b), paznuune cocrasiser okono 10 %.
HopmanbHbie HAPsDKEHMS B TEIIC TUIOTHHBI YBEJIH-
YHMBAIOTCSI 110 TIIyOUHE U JIOCTUTAl0T MAKCUMyMa Y TI0JI0-
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a

b

Illkana neBuaropHoro Hanpspbkenus g, MIla

0 01 02 03 04 05

0,6 0.7

08 09 10 1.1 12 13 1.4

Puc. 7. JleBuatopHoe HanpsbKCHUE B TEJIE IUIOTUHBI MO/ ICHCTBUEM COOCTBEHHOTO Beca: @ — Moaeiab Ne 1; b — momens Ne 2

IIBBI CPETHEH YaCTH YITOPHOM NMpU3MBL. MaKCHMaIbHOE
T0 BeIMYMHE BEPTUKATIBHOE HANIPsDKEHUE G B 000MX MO-
nensx coctaBuiio okono 1,7 Mlla (puc. 4). [lns pacnpe-
JENEHNs TOPM3OHTANBHBIX HANPSUKEHUH G XapaKTEPHO
00pa3oBaHNE 30HKI MOBBIIICHHOTO CKATHUS Y TIOIOIIBEL.
MakcumanbHOE 10 BEJIMYMHE TOPH30HTAIBHOE HaIPsiKe-
nue 6_cocraswio: 0,67 MIla B monemm Ne 1 (puc. 5, a)
u 0,77 MIla B monemu Ne 2 (puc. 5, b), otmane — 14 %.
[TockompKy B MOJEIH TIACTHYECKOTO TEUCHUS
TIOJIO)KEHHE TIOBEPXHOCTH TUIACTHYHOCTH OTpaykaeTcs
B MIPOCTPAHCTBE MHBAPUAHTOB TCH30pa HAIPSIKCHHIA,
OBLITN TIpOaHANTU3MPOBAHBI 3HAYCHUS BEIHUYUH p H (.
XapakTep UX pachpeeseHus MOX0K Ha XapakTep pac-
TPE/ICIICHHs! HATPSUKCHHIA G, OHH TIOCTETICHHO YBEIIH-
BAIOTCS 110 TITyOMHE, JOCTUTast MAKCUMYMa Y TIOIOIIIBBI
M0 OCH IUIOTHHBL. MaKkcUMalbHOE 3HaY€HUE CPETHETO
HanpspKeHus p coctaBuio: B mojenu Ne 1 — 1,00 MITa
(puc. 6, a), B momenu Ne 2 — 1,04 MIla (puc. 6, b). Mak-
CUMaJIbHOE 3HAYCHHE JIEBUATOPHOTO HANPSIKCHUS ¢:
B Mozesii Ne 1 — 1,09 MIla (puc. 7, a), B monenu Ne 2 —
1,09 MIla (puc. 7, b). Ilpu TakoM COOTHOIICHHUH ¢/p
C/BHTOBAs IPOYHOCTH TPYHTA 00ECIIEYEHA C 3aITaCOM.

Hanpsizkenno-aegopMupoBanHoe coCTOsIHME
IJIOTHHBI € IKPAHOM

HJC nnotuns! nocine NpuioyKeHus THIpOCTaTude-
CKOTO JIaBJIEHUsI HA BEPXOBYIO I'paHb (IKpaH) IMOKa3aHO
Ha puc. 8—13. JloGaBneHmne Harpy3KH B OCHOBHOM CKa-
3BIBACTCS TOJIBKO B BEPXOBOW YaCTH IUIOTHHBI. CTENeHb
9TUX U3MEHEHUH pa3nuuaercs B Mozaensax Ne 1 u 2.

Jist moTrHBI ¢ 9KpaHoM B Moaen Ne 1 ocajika Bep-
XOBO# rpaHu Bo3pocia ¢ 13 cm (6e3 ruapocTaTnaeckoro
nasienwusi) 10 36,6 cMm (puc. 8, a), a B mogenu Ne 2 —
1o 37,4 cm (puc. 8, b). MakcumanbHast 0caika TIOTHHBI
OCTaeTCs NPAKTUYECKU HEU3MEHHOM.

[Ipunokenne THAPOCTaTHYECKOTO JaBICHUS TIPH-
BEJO K 3HAUUTEIBHOMY POCTY CMEIIEHHUIl MIOTHHBI
B CTOpPOHY HIXKHero Obeda. Ha MOMEHT okoH4YaHMsI Ha-
MOJTHEHHsI MAKCUMAJIbHOE CMEIICHNUE BEPXOBOI IpaHu
(3kpana) cocraBuiio: B Mozge Ne 1 (MCM) — 21,4 cm
(puc. 9, a), B mogenu Ne 2 — Bcero 10,0 cm (puc. 9, b).
[TopcunTaem mpupalieHusi CMENICHUH OT THAPOCTATH-
YECKOTO JIABJICHNS B TOUKAX, 1€ OHH JOCTHIVIN CBOETO
MakcumyMma. B moxenu Ne 1 (MCM) cMerenust skpaHa
COCTaBIUIH: /IO HAMTOJTHEHU — MHHYC 3,2 cM (puc. 3, a),
nocie HanmoflHeHus1 — 21,4 cM, COOTBETCTBEHHO IPH-
poct cmenierust — 24,6 cm. B momenu Ne 2 (MCM)
CMEILIEHUSI 9KPaHa COCTABHIIM: JI0 HATIOJTHEHHUS] — MUHYC
6,6 cM (puc. 3, b), nocie HanomaeHuss — 10,1 cM, cooT-
BETCTBEHHO MPUPOCT CMeIIeHust coctaBuia 16,7 cm. Ta-
KnM 00pa3oM, ydeT a(eKra pasrpy3Kku NpUBET K CHHU-
JKEHHIO CIBUTOBBIX CMEIIECHNI INIOTHHBI Ha TPETh.

OTOT 3HAYNTEIBHBIN dPPEKT pazrpy3ku 00bsCHS-
€TCsI 0COOEHHOCTHIO (POPMUPOBAHUSI HAIIPSKCHHOTO CO-
CTOSIHMSI [TOCJIE HAITOJIHEHUsI BojtoXpaHmuina. [1pu mpu-
JIOKEHUU THIPOCTATUYECKOTO AABICHUS B BEPXOBOM
YacTH TeJa IIOTHHBI TIPOMCXOIIUT POCT CKUMAIOIIUX Ha-
TPSDKCHIIA G (puc. 10) m o _(puc. 11), a B HM30BOM YacTH
TUTOTUHBI OHM MPAKTHYECKN He M3MeHstoTcst. CooTBeT-

e —_
i . G
a [Hkana ocamok Uy, cM b
1 ! | ! ! S E—
-80 =70 —60 =50 —40 =30 -20 -10 0 10 20

Puc. 8. Ocanxul IIIOTHHBI ¢ IKPAHOM IOCIIC HAIOJHECHUS BOIOXPpaHMWIHUIIa: @ — mozaeib Ne 1; b — monens Ne 2

T .
P

b

Hlxana cmemenuit U, cm

20 -15 .10 =5 0 5 10 15

20 25 30 35 40 45 50

Puc. 9. l'opusoHTaNIbHBIE CMETIEHNMS TUIOTHHBI ¢ SKPAHOM TIOCIIE HATIOTHEHHS BOMOXPaHIIHIIA: @ — Moaeib Ne 1; b — monens Ne 2
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[xana HanpsHKEHUH o, Mlla
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Puc. 10. BepTukanpHble HaIpsHKEHUS B TeNE IJIOTHHBI C YKPAHOM IOCJIC HAOJHEHHS BOAOXPAHMINIIA: @ — Mozaenb Ne 1;

b — mopaenp Ne 2

P

[lkana nanpsbxennid 6 , MITa

-1,2 -1,1 -1,0 -09 -0,8 -0,7 —0,6

0,5

-04 -03 -02 -0, 0 01

Puc. 11. ['opusoHTaNbEHBIE HAPSHKEHHS B TeJIe IUNIOTHHBI C SKPAHOM IOCIIe HAOJIHEHHUS BOAOXPaHMIININA: a — Mojzenb Ne 1;

b — mopgens Ne 2

a

[kana cpennero HanpsokeHus p, MIla

-1,3 -1,2 -1,1 -1,0

-0,9 -0,8 -0,7 -0,6 -0,5 -04 -0,3 0,2 0,1 0 0,1

Puc. 12. Cpegnee HanpspkeHHe B Telle IUIOTHHBI C DKPAHOM ITOCIIE HAITOJHEHUS BOAOXpAaHWININA: ¢ — Moxenb Ne 1; b —

mozenb Ne 2

b

[lkana neBuaropHoro Hanpspkenus g, Mlla

0 o1 02 03 04 05

06 07 08 09 10 1,1 12 13 14

Puc. 13. [leBuaTopHoe HanpspKEHHE B TeJe IUIOTHHBI ¢ AKPAHOM IOCIIC HATOIHEHUS BOMOXPAHMIIAIIA: @ — Mojenb Ne 1; b —

mozeiab Ne 2

CTBEHHO, YBEJIMUCHHE CPETHEro HaNpshKeHus p (puc. 12)
1 IEBHATOPHOTO HampspkeHus g (puc. 13) mpoucxomut
JIMIIb B BEPXOBOW YaCTH IUIOTUHBI, B HU30BOM YaCcTH —
OHH COXPAHSIOTCSI MOCTOSIHHBIMU. COOTBETCTBEHHO, aK-
THUBHOE Harpy>KeHHE HCIBITHIBACT IPYHT TOJIBKO B BEp-
XOBOH 9acCTH IUIOTHHBI, @ B HU30BOH 4acTH BOCHPHSTHE
JIOTIOJTHUTEIBHOIN Harpy3KH COIPOBOXIACTCS TOJIBKO
ynpyrumu aedopMarusMu (TpaeKTOPHsI Pasrpy3KH).

Hanps:xenno-negopmMupoBanHoe cocTosiHUE
IUIOTHHBI ¢ Auadparmoit

HJIC nnoTuHsI mocie NprtoKeHNs THAPOCTATHYIe-
CKOTO JaBJICHHS Ha IEHTPAJBHYIO IruadparMmy ImoKa3aHo

12

Ha puc. 14-19. U3 puc. 14-19 BuaHO, uTO HOOaBICHHE
TOPH30HTAIFHON HArpy3Ky Ha AuadparMy BEI3BIBACT 3Ha-
yntebHbIe n3MeHeHust HIC miIoTHHbL

Ocobenno cunpabIe n3MeHeHnss HIIC xapakTepHsI
Ut Mogeni Ne | — TIpOMCXOIUT 3HAUYUTEIBHBINA POCT
TOPHU30HTAIBHBIX CMEIICHUH MIIOTHHEL. B Momenm Ne |
(MCM) makcuManbHOE TOPH3OHTAIEHOE CMETICHHE —
48,9 cm (puc. 14, a), uaro cocraBisieT 78 % OT MaKCH-
MaJIbHOM CTPOUTENBHOM 0caaku. MakcuMyM CMEILEeHUI
MIPUXOIUTCS MPUMEPHO TTOCEPEIIHE BBICOTHI ITIOTHHBL.
CMenieHnsT COMPOBOXKIAIOTCS 00pa3oBaHUEM B BEpXO-
BOI YHNOPHOM NpU3ME IUIOTUHBI HAKJIOHHBIX [1OBEPX-
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[lkana cvmewenuii U , cm
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Puc. 14. Cmenienus mIOTHHBI ¢ qradparMoii ociie HaroIHeH s BOAOXPpaHIINIIA: @ — Mozenb Ne 1; b — monesns Ne 2

[IIxana ocamox Uy , CM

-80 =70 -60 =50 —40

=30 20 -10 0 10 20

Puc. 15. Ocanxu mioTuHbI ¢ quadparmMoii mocie HaroMHeHHUsT BOXOXPaHIINIIA: @ — Mozenb Ne 1; b — monerns Ne 2

a

[lkana nanpsokenui o , MITa

5 e e B D S S S S S S |
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Puc. 16. [opu3oHTaIBHBIEC HAIPSDKEHUS B TEJIE INIOTUHEI ¢ JHadparMoi Iociie HaOJIHEeHNsT BOJOXPAHIIIMINA: @ — Mozeib Ne 1;

b — mopuens Ne 2

[kana HanpsHKEHUH o, Mlla

55 5 o ) ) B A S S S
~1.90 —175 —1,60 —1.45 —130 —1,15 1,00 08 -0,70 0,55 —040 025 —0,10 005 0.2

Puc. 17. BeprukanbHble HanpsHKEHXS B TeE IUIOTHHBI ¢ 1HadparMoii moclie HaroMHEeHUs BOXOXPAHIIIHINA: ¢ — Mojenb Ne 1;

b — mopgens Ne 2

HOCTEH CKONBKEHHUS U TPU3M o0pymierus (puc. 15, a).
MaxkcumanbsHas ocaka mpu3Mbl 00pymeHns — 76,8 cM.

O1H HedopMaIi COPOBOXKIAIOTCS POCTOM CXKHU-
MaFOIIMX TOPU3OHTAIBHBIX HANPSKEHUH G B HU30BOU
YIIOPHOH NpPU3ME U MX PE3KUM IaJCHUEM B BEPXOBOHI
npusme (puc. 16, a). BeprukanabHble HaIpsKEHUS c,
B HHM30BOH 4acTH M3MEHSIIOTCS MaJlo, 3aMETHbIE H3-
MEHEHUS XapaKTepHBI JIUIIb B LIEHTPAIBLHOW 00JacTh
IUIOTUHBI, Mpuieratroneii k nuadparme (puc. 17, a).
B BepxoBoii yIopHOIi Mpru3Me MPOUCXOUT YMEHBILICHUE
G, 33 CYCT B3BCLINBAIONICTO JICHCTBHS BOBI HA IPYHT.
A B ipu3Me 00pyIICHHS HAOMIOaeTCsl Pe3KOe CHIKEHUE
CKMMAIOLIMX HAPSKEHUH.

Obpa3oBanne B IWIOTHHE ¢ AradparMoil MpU3MbI
0OpyIIEHNS TIOATBEPKAACTCS PE3yIBTATOM HCCIIEI0BA-
uust B.B. Opexosa [4].

Opnaxo B Mozenu Ne 2 mpuiiokeHue THIPOCTATH-
YECKOT0 JIaBJICHHs HE MPUBOAUT K CTOJIb OIACHBIM H3-
MeHenussM HJIC. MakcumanbHoe CMeIeHHe COCTaBHIIO
yuib 27,3 eM (puc. 14, b), T.e. IPUMEPHO BIBOC MEHbB-
mre, ueM B mozenu Ne 1. MakcuMyM cMelieHuit HaOIro-
JlaeTcsl Ha rpeOHe IIOTHHBI.

[Ipu TakuX CMENIEHUAX B IUIOTHHE HE MPOMCXOIHUT
00pa3oBaHKE MPU3MBI OOPYIICHHS B BEPXOBOH YacTH IUIO-
THHBL B Mozierm Ne 2 Xoporiio 3aMeTHO yMEHBIIIEHHE 0ca-
JIOK B TJIOTHHE, KOTOPOE 10 OOJIBIIIEH YacTH BBI3BAHO Tepe-
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b

[xana cpennero Hanpsbxenus p, MIla
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Puc. 18. CpenHee HampspKeHUE B TeJ€ IUIOTHHBI ¢ nuadparMoil MOCje HAMOJIHEHUS BOIOXPAHWIHIIA: @ — Mojeab Ne 1;

b — mopnens Ne 2

Ha—

[llkana neBuaropHoro Hanpspkenus g, MIla
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Puc. 19. JleBuaropHoe HampspkeHHE B Telie MIIOTHHBI ¢ AuadparMoii mocje HAMOJHEHUS BOTOXPaHIIIHIIA: @ — MOJeTbh Ne 1;

b — mopuens Ne 2

XOZIOM I'PyHTa BEPXOBOM YIOPHO! PU3MBI BO B3BEILIEHHOE
cocTosiHMEe. MakcumainbHasl ocajgka coctaBuia 58,5 cMm
(puc. 15, b), T.e. Ha 7,5 cM, 9eM OT COOCTBEHHOTO Beca.

3HAYNTENFHOE YMEHBIICHNE CMEIIEHUI B MOJICNN
Ne 2 mo cpaBHeHuto ¢ mozenpio Ne | HarIsIAHO TeMOH-
cTpupyeT BiustHuE Y dexTa pasrpy3ku Ha HJ{C mroTrHb!
¢ nuadparmoii. Jlist onpenencHus BUaa TpacKTOPHiA Ha-
rpy’keHHs (AKTUBHOE Harpy>KeHHE WK Pa3rpy3Ka) IpyH-
Ta MJIOTUHBI IPOAHATIU3UPYEM HAMPSKEHHOE COCTOSHUE
mwioTuHblL. CpaBHUBas A0 U MOCJIE HANOJIHEHUS BOJO-
XpaHWIHUIIA CPEeTHHIE HANpspKeHus p (puc. 6 u puc. 18),
JIeBHATOpHBIE HanpspkeHus (puc. 7 u puc. 19) MOxHO
3aMETUTh, YTO JUIS Pa3HBIX 30H IUIOTHHBI XapaKTEPHBI
pas3Hble TPacKTOPUH HArpyxXeHus.. B BepxoBoit ymop-
HOW IpH3Me MPOHUCXOAUT OJHOBPEMEHHOE CHIKCHHE
CpPEITHETO HANPSHKEHUS p U IEBUATOPHOTO HATPSIKEHUS,
COOTBETCTBEHHO, B 3TOM 30HE TPYHT MOJKET UCIIBITHIBATH
KaK aKTUBHOE HArpy>KeHHUe, Tak U pa3rpy3ky. B Oosibiioii
4acTU HU30BOM YIOPHOM IPU3Mbl OTMEYAETCS yBEINUE-
HHUE CPEHEro HaMpsKEHUsS MPU OAHOBPEMEHHOM CHH-
JKeHUH JI€BUATOPHOTO HAINPSLKEHUS ¢, CIIE0BaTEeNIbHO,
TPYHT UCIBITBHIBAET pa3rpy3Kky. COOTBETCTBEHHO, B MOJIe-
s Ne 2 ropas/io MeHbIIHNH 00bEeM IUIOTHHBI HCTIBITHIBACT
IUIACTHYECKHe Ae(hOpPMAIMH, YTO U OOBSICHSIET YMEHBbIIIC-
HHE TOPU30HTAIBHBIX CMEIICHUH TTIOTHHBL.

Kpome Toro, Beimonnen pacuer HJC mioTuHb
¢ anagparMoii Uit BApUAHTa C MEHBILIMM 3HAYEHHUEM CIIe-
TUTeHns KaMeHHOU Habpocku — 15 kIla. B aTom ciryqae
o momenu Ne 1 (MCM) mmoTrHA ncyepriaia CBOIO He-
CYIIYIO0 CIOCOOHOCTh M PEIICHHE TOIy4eHO He OBLIO.
ITpu pacuere no Monemu Ne 2 TOPH30HTATIBHBIC CMETICHHS
TUTOTHHBI MIPAKTUYECKH HE YBETUUMINCH, HO B BEPXOBOH
MpHU3MeE MPOM30LLIO0 00pa30BaHUE TOBEPXHOCTH CKOJIbKE-
HMS ¥ (POPMUPOBAHUE MPH3MBI 00pYIIEHHS. ITO HAISITHO
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MOKa3bIBACT 3HAUUTEIILHOC BIHSHHEC 3P deKrTa pasrpy3ku
Ha H/IC xamMeHHO-HaOpOCHOM TIIOTHHBI ¢ A parMoii.

OnHako HEOOXOMMO OTMETHTh, YTO TOJIyYCHHBIC
pe3yabTaThl OTHOCSITCSI K BBIOPAHHOMY CIIOco0y yuera
a¢pexTa ynpouyHeHNsI TPYHTA C MOMOIIBIO HCTIONB30-
BaHMS B MOJIEJIM IPYHTA IJIACTHYECKOTO TEYCHHUSI, KO-
TOpasi OCHOBAaHA Ha aCCOLMMPOBAHHOM 3aKOHE TEUCHHSI.
Tem He MeHee acCOIMMPOBAHHBIN 3aKOH TEUCHHUS YacTo
HE TIOATBEPKIACTCS IKCIEPUMEHTAIBHO. YUYHUTHIBAS,
9T0 3((PeKT YyNpOoUYHEHHsS] OKa3bIBACT 3HAYUTEIHHOE
BIMSHUE Ha pe3yasTarel Mofenuposanus HJC, Bonpoc
0 crioco0e y4yera TpPaeKTOpUi HarpyKeHusi Tpedyer oT-
JIETBHOM MPOPadOTKH.

3AKJIIOYEHUE U OBCYXJIEHHUE

B niporiecce popMupoBanust HaNPsHKEHHO-AE(HOPMH-
POBAaHHOTO COCTOSIHUS IUIOTUHBI TPYHT MOKET HCIBITHI-
BaTh Pa3HbIE TPACKTOPUHU HArpyxeHus. [Ipu BocnpusTin
HarpysKkd OT TMJIPOCTaTHYECKOTO JABJIEHUS OJHA YacTb
Tela IIOTHHBI MOJKET UCIBITHIBATH AKTUBHOE HArPY KEHUE
C YIpyromiacTHYecKuMHu aedopmanusmu, a apyras —
pasrpy3Ky ¢ ynpyrumu nedopmarmmsaMua. OcoOeHHO 3TO
XapaKTEepHO IS TJIOTUHBI ¢ BHYTPeHHEH 1uadparmoi,
B IUIOTUHE TOI0 TUIIA TPYHT BEPXOBOM U HU30BOM YIIOp-
HOU IIPU3M UMEET Pa3HBIE TPACKTOPHH HATPYKEHHUSI.

VYuer Toro ¢akra, 4To 4acTh IUIOTUHBI TPU BOCIIPH-
ATUU Harpy3KH HE UCTIBITHIBACT IUIACTHIECKHX ieopma-
LUH, BEJET K 3HAYUTEIBHOMY U3MEHEHHIO PE3yIbTaToB
yucneHHoro moaenuposanus HJIC.

W3menenune pesynpratoB pacdera HJIC, mpexne
BCETO0, BBIPAYKAETCS B CYIIECTBEHHOM YMEHBILICHUH TOPU-
30HTAJIBHBIX CMCIJ_[CHI/Iﬁ TUTIOTUHBI OT THAPOCTATUIECKOTO
JaBleHus. B paccMOTpeHHOM mpuMepe MaKCHMalbHOE
TOPH30HTAIBHOE CMEIIICHUE TUIOTUHBI C BOIOHETIPOHUIIA-
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€MBIM KPAHOM U IUIOTHHBI C [IEHTPAIbHOU auadparMoit
YMEHBIIINIOCH IPUMEPHO B 2 paza.

VYuer a¢dexra ynpouyHeHus! TpyHTa [PHU pacueTe
HJIC motusb ¢ nuadparmMoil BEIeT K CYIIeCTBEHHOMY
YBEJIMYCHUIO 3araca HecyIeil criocoOHOCTH IIOTHHBI.
3a cueT yMEHBIIECHHS TOPU30HTAIBHBIX CMEIICHNH 3Ha-
YUTEJIBHO CHIYKAETCS PUCK TOTEPH CABUIOBOI MPOYHO-

CTH TPYHTa BEpXOBOM YHOPHOW HPH3MbI U (hOPMHUPOBA-
HUS B HEW MTPU3MbI OOPYILICHUSL.

ITpumenenwue s pacyeroB HJIC rpyHTOBBIX 1110-
THH MOJIEJICH, KOTOPBIC HE YUUTHIBAIOT dPPEKT yrnpou-
HEHHUs TpyHTa, HarpuMmep Moxaenu Mopa — Kynona,
HenomycTuMo. OHO CHIIBHO MCKa)KaeT Pe3yJabTaThl YHUC-
JIEHHOTO MOJEJIMPOBAHHUS.
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INTRODUCTION

Subject of the study. The stress-strain state of earth
dams is complex in nature, primarily due to the complex
nature of soil deformation under load. Soils are not
elastic materials; when loaded, they undergo not only
reversible elastic deformations but also irreversible
plastic deformations. For this reason, the relationship
between stresses and strains in soil cannot be described
by elasticity theory or a linear model based on Hooke’s
law. Various non-linear effects (phenomena) manifest
themselves during soil deformation — consolidation,
dilatation, creep, etc. One of the most significant non-
linear effects is the difference in the nature of deformation
under two loading trajectories — active loading and
unloading. During unloading, the soil mainly exhibits
only elastic deformations and has greater stiffness than
during active loading. As compressive stresses increase,
the stress state corresponding to elastic deformation
expands; this effect is known as the consolidation effect.

Significance of the study. The plastic properties of soil
are particularly evident in large earthworks subjected to
heavy loads; earth dams are among such structures.
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When subjected to loads, earth dams undergo significant
deformations and displacements. Construction settlements
in high rockfill dams [1-3] can reach several metres.
During the deformation of the dam, the soil’s shear strength
and the stability of the structure may be lost. For example,
in [4], numerical modelling demonstrates that an ultra-high
rockfill dam with a diaphragm may lose its stability in two
ways: through the collapse of the toe slope along a curved
surface, and through the formation of a collapse prism
within the upstream abutment prism. It is noted that the non-
damping nature of the settlements and displacements
of the rockfill dam at the Boguchanskaya Hydroelectric
Power Station raises concerns regarding the stability of its
downstream slope [5].

The above examples clearly demonstrate that
the stress-strain state and stability of an earth dam should
be predicted only using a nonlinear soil mechanics
model. This requirement for Class I and II dams is also
set out in the regulatory document SP 39.13330.2012
“Dams Constructed of Earth Materials”.

However, there is as yet no universally accepted
and comprehensive soil model; several mathematical
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soil mechanics models are used to simulate earth dams.
The issue of refining existing soil models or developing
New ones remains a pressing one.

It is particularly important to assess the accuracy of
the calculated predictions of the design strength of earth
dams obtained using these models. It is necessary to
assess the extent to which the model used adequately
reproduces soil behaviour and how the assumptions made
in the soil models affect the quality of the numerical
simulation.

Literature review. A review of scientific publications
shows that several soil models are currently used in
the numerical modelling of the structural behaviour
of earth structures [6].

Two types of mathematical models are used: non-
linear elasticity models (based on the deformation theory
of plasticity) and models based on the theory of plastic
flow.

The simplest non-linear model is the Mohr—Coulomb
model (hereinafter referred to as MCM). This model
falls within the category of deformation theory models
of plasticity. It assumes that, up to the point of shear
failure, the relationship between strains and stresses is
linear, whilst after the shear strength is reached, strains
increase uncontrollably. Accordingly, the MCM is
a linear model of ideal plasticity. Many other models
utilize the Mohr — Coulomb shear strength condition.
A major drawback of the MCM is that it does not account
for the “consolidation” effect — the reduction in soil
deformability as it becomes more compacted.

A more sophisticated model is the Duncan — Chang
hyperbolic model, which is based on the hyperbolic
relationship between stresses and strains in soils.
The model was developed by J.M. Duncan and
C.Y. Chang in 1970. This model belongs to the class
of non-linear elasticity models. In this model,
the deformation characteristics of the soil (the linear
modulus of elasticity £ and the bulk modulus B) are
treated as variables depending on the stress state, thereby
allowing the model to account for the “consolidation”
effect in the soil. However, the Duncan — Chang model
does not reflect the mechanical processes occurring in
the soil, but merely approximates them.

A significant drawback of the hyperbolic model is that
it does not explicitly distinguish between the trajectories
of active loading and unloading. Plastic flow models are
free from this drawback. They are based on the associated
flow law, in which it is assumed that the direction
of the plastic strain vector is orthogonal to the plasticity
(yield) surface.

The yield surface distinguishes, under stress,
the regions of elastic and elastoplastic deformation,
which correspond to the trajectories of unloading and
active loading. Graphically, the yield surface is plotted
in the principal stress space or in the space of invariants
of the stress tensor (Fig. 1). The quantity p represents
the mean stress, which corresponds, up to a factor,
to the first invariant of the stress tensor. The quantity ¢

is referred to as the “deviator stress”; it corresponds, up to
a factor, to the second invariant of the stress deviator
and to the intensity of the tangential stresses in the case
of aplane problem. The quantity ¢ is defined as
the difference between the maximum and minimum
principal stresses; it is twice the maximum tangential
stresses.

Plastic flow models include the Cam-Clay model
and the Hardening Soil model (hereinafter referred to
as HSM). These models utilize a tent-shaped plasticity
surface.

The Cam-Clay model is applied to fine-grained
soils. The HSM can also be used for coarse-grained soils,
as it takes into account an additional hardening effect —
the reduction in soil deformability with increasing
compression. In the HSM, the modulus of deformation
is not a constant; its value varies as a power function
of the lateral compression stress [6].

Different researchers use different models. The MCM
is usually employed when modelling small structures.
In China, the Duncan — Chang hyperbolic model has
become the most widely used; examples of such studies
include publications [7, 8]. The Cam-Clay model was
used in study [9] to describe the behaviour of clayey soil
within the body of a rockfill dam. The HSM is used less
frequently than the MCM and the hyperbolic model.

The issue of selecting models and their parameters
continues to receive considerable attention. Articles are
published on the calibration of models and the selection
of their parameters to adequately reproduce soil behaviour
during laboratory tests [10—12] or the behaviour
of a constructed dam [13].

In the paper by M. Xu et al. [14], experiments in
a large-scale stability tester showed that the deformations
of arock filled embankment depend significantly
on the loading trajectory.

There are studies which present a comparison
of the results of numerical simulations of the structural
behaviour of earth dams using different models.

A comparison of the MCM and HSM methods was
carried out [15-17]. A comparison of the MCM and
HSM methods was conducted in relation to the finite
element analysis of the Karkheh rockfill dam (Iran) [17].
A comparison of the MCM and HSM methods was

YN

Fig. 1. Schematic diagram of the position of the plasticity sur-
face: 1 — region of elastic deformation; 2 — shear yield
surface; 3 — compressive yield surface
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carried out for a rockfill dam with a clay core, 59 m in
height [15]. It has been shown that accounting for the soil
consolidation effect in the HSM leads to a reduction in
the calculated dam settlements by approximately 50 %.
A study [18] demonstrated that the MCM reproduces
the actual behaviour of the dam less accurately than
an elastoplastic model based on other principles.

The paper [19] presents a comparison of the hy-
perbolic model and the HSM using the example of
a rockfill dam with a reinforced concrete screen 182 m
high.

Furthermore, new soil models are being developed
and applied. Papers [12, 20, 21] are devoted to
the development of new soil models.

Aims and objectives of the study. The aim of the study
is to assess the influence of the soil unloading effect
on the formation of the stress-strain state of a high earth
dam. This will enable an evaluation of the accuracy
of modelling the dam’s stress-strain state using the MCM,
which does not account for this effect.

MATERIALS AND METHODS

The research methodology involves compar-
ing the results of calculations of the failure surface of
an earth dam for two scenarios: one without taking
the soil unloading effect into account, and one with it.

Subject of the study. The study was carried out
using the example of a 100 m high rockfill dam situated
on a rigid foundation. The dam has a symmetrical pro-
file, with a crest width of 10 m and a slope ratio of 2.
The calculation was carried out for two types of load:
dead weight and hydrostatic pressure from the reservoir.
The study considered two types of dam.

The first type of dam is a dam with a thin non-soil
screen situated on the upstream slope. A characteristic
feature of this type of dam is that the hydrostatic pressure
is applied to the watertight upstream slope and therefore
not only tends to displace the dam towards the lower
reach but also presses against the dam body.

The second type of dam is a dam with a thin ver-
tical diaphragm. A distinctive feature of its operating
conditions is that the watertight pressure face is situated
within the dam body, whilst the hydrostatic pressure is
applied horizontally. This causes additional compres-
sion of the dam’s downstream bearing prism and reduces
compression in the upstream bearing prism. Furthermore,
as the reservoir fills, the soil transitions to a suspended
state.

In both cases, the stiffness of the dam’s anti-seepage
element (screen, diaphragm) was not taken into account;
the dam was assumed to be homogeneous, consisting
solely of a stone rubble fill.

The density of the rock fill was taken as: 2.0 t/m’
when dry, and 2.32 t/m?® when water-saturated.

Research methodology. The calculations were car-
ried out using the PLAXIS software package. The dam
body was divided into 1,812 triangular finite elements
with 14,829 nodes. The analysis was carried out taking

18

into account the sequence of construction and loading
of the structure. It was assumed that the dam would first
be backfilled to the crest in horizontal layers (25 layers),
and then the reservoir would be gradually filled to a depth
of 96 m. The total number of design stages was 49.

The MIDAS software package allows the calcula-
tion of the dam’s structural response using several soil
models, including MCM and HSM.

In order to identify the influence of a single factor —
the unloading effect — on the dam’s stress-strain behav-
iour, it was decided to use a linear model of ideal plastic-
ity. The concept of a linear model implies proportionality
between strains and stresses. The modulus of linear de-
formation of the rock fill was taken as £ = 58 MPa, and
Poisson’s ratio as v = 0.27. The Coulomb — Mohr criterion
was adopted as the criterion for ideal plasticity. The angle
of internal friction is taken as @ = 43°, and the specific
cohesion as ¢ = 50 kPa. The high cohesion of the loose,
coarse-grained soil is intended to simulate the interlocking
effect between particles. In [10], by analyzing the results
of experiments described in [22, 23], it is shown that real
rubble fill has even greater cohesion.

The calculation was carried out for two computa-
tional models:

Model No. 1 — a model without the unloading ef-
fect; this corresponds to the Mohr — Coulomb model.

Model No. 2 — a model with trajectories divided
into active loading and unloading phases.

Model No. 2 was derived by simplifying the model
of consolidating soil. To reduce the HSM to a linear mod-
el, the shear modulus of linear deformation was taken as
E = E =58 MPa, with exponent m = 0. The oedometric
modulus was calculated using £ and Poisson’s ratio v,
giving £, = 72.47 MPa.

For the unloading branch, the secant modulus of lin-
ear deformation was taken to be E =116 MPa, Pois-
son’sratiov, =v=0.27.

The value of the parameter (lateral pressure coef-
ficient) K of the HSM model, which characterizes
the shape of the yield surface, was determined separately.
It is usually recommended to take K, =1 —sing ; in this
case, its value is 0.318. The authors of this study deter-
mined this value by trial and error so that the deforma-
tions of the dam according to models No. 1 and 2 would
coincide during the construction phase.

RESULTS

Stress-strain state of the dam due to its own weight

It is impossible to achieve complete identity in
the stress-strain state of the dam for Models 1 and 2;
therefore, a value for the parameter K was selected at
which the differences would be minimal. This value was
K, =043

The stress-strain state of the dam due to its own
weight, obtained from the calculation, is shown in Fig. 27,
comparing Models No. 1 and 2. The qualitative picture
of the stress-strain state is identical; the difference lies
solely in the numerical values.
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Fig. 2. Settlement of the dam under the action of its own weight: « — Model No. 1; b — Model No. 2
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Fig. 3. Horizontal displacements of the dam under the action of its own weight: « — Model No. 1; 5 — Model No. 2
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Fig. 4. Vertical stresses in the dam body under the action of its own weight: a — Model No. 1; 5 — Model No. 2
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Fig. 5. Horizontal stresses in the dam body under the action of its own weight: « — Model No. 1; 5 — Model No. 2
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Fig. 6. Average stress in the dam body under the action of its own weight: « — Model No. 1; 5 — Model No. 2
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Fig. 7. Deviator stress in the dam body under the action of its own weight: « — Model No. 1; 5 — Model No. 2
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As the modelling took into account the sequence
of dam construction, the maximum construction settlement
is reached in the central part of the dam. The maximum
construction settlement of the dam was: in Model No. 1 —
63.0 cm (Fig. 2, a), in Model No. 2 — 66.0 cm (Fig. 2, b),
with a difference of less than 5 %. Settlements of the dam
under its own weight are accompanied by lateral expansion
of the dam. The maximum horizontal displacement was:
11.4 cm in Model No. 1 (Fig. 3, a) and 10.1 cm in Mod-
el No. 2 (Fig. 3, b), a difference of approximately 10 %.

Normal stresses within the dam body increase with
depth and reach a maximum at the toe of the central sec-
tion of the abutment prism. The maximum vertical stress
o, in both models was approximately 1.7 MPa (Fig. 4).
The distribution of horizontal stresses G _is characterized
by the formation of a zone of increased compression near
the base. The maximum horizontal stress c_was 0.67 MPa
in model No. 1 (Fig. 5, @) and 0.77 MPa in model No. 2
(Fig. 5, b), a difference of 14 %.

Since, in the plastic flow model, the position of
the yield surface is reflected in the invariant space
of the stress tensor, the values of p and ¢ were analyzed.
The nature of their distribution is similar to that of the stress
distribution o, ; they increase gradually with depth, reaching
a maximum at the base along the dam axis. The maximum
value of the mean stress p was: in Model No. 1 — 1.00 MPa
(Fig. 6, a), and in Model No. 2 — 1.04 MPa (Fig. 6, b).
The maximum value of deviatoric stress ¢ was: in Mo-
del No. 1 — 1.09 MPa (Fig. 7, a), and in Model No. 2 —
1.09 MPa (Fig. 7, b). With this ¢/p ratio, the shear strength
of the soil is ensured with a margin of safety.

Stress-strain state of the dam with a screen

The stress-strain state of the dam following the ap-
plication of hydrostatic pressure to the top face (screen)
is shown in Fig. 8—13. The addition of the load primarily
affects only the top part of the dam. The extent of these
changes differs between Models No. 1 and 2.

-20

-10 0 10 20

Fig. 8. Settlement of the dam with a screen following the filling of the reservoir: a — Model No. 1; 5 — Model No. 2
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Fig. 9. Horizontal displacements of the dam with a screen after the reservoir has been filled: « — Model No. 1; »— Model No. 2
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Fig. 10. Vertical stresses in the dam body with a screen after the reservoir has been filled: « — Model No. 1; b — Model No. 2
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Fig. 11. Horizontal stresses in the dam body with a screen after the reservoir has been filled: « — Model No. 1; 5 — Model No. 2
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Fig. 12. Average stress in the dam body with a screen after the reservoir has been filled: « — Model No. 1; 5 — Model No. 2
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Fig. 13. Deviatoric stress in the dam body with a screen after the reservoir has been filled: « — Model No. 1; »— Model No. 2

For the dam with a screen in Model No. 1, the settle-
ment of the crest increased from 13 cm (without hydro-
static pressure) to 36.6 cm (Fig. 8, @), and in Model No. 2 —
to 37.4 cm (Fig. 8, b). The maximum settlement
of the dam remains virtually unchanged.

The application of hydrostatic pressure led to a sig-
nificant increase in the dam’s displacement towards
the lower reservoir. By the time filling was complete,
the maximum displacement of the upstream face (screen)
was: in Model No. 1 (MCM) — 21.4 cm (Fig. 9, a), and
in Model No. 2 — just 10.0 cm (Fig. 9, b). Let us cal-
culate the increments in displacement due to hydrostatic
pressure at the points where they reached their maximum.
In Model No. 1 (MCM), the displacements of the screen
were: before filling — minus 3.2 cm (Fig. 3, a), after fill-
ing — 21.4 cm; accordingly, the increase in displacement
was 24.6 cm. In Model No. 2 (MCM), the screen displace-
ments were: before filling — minus 6.6 cm (Fig. 3, b),
after filling — 10.1 cm; accordingly, the increase in
displacement was 16.7 cm. Thus, taking the unloading
effect into account led to a reduction in the dam’s shear
displacements by one third.

This significant unloading effect is explained by the
specific nature of the stress state that develops after
the reservoir is filled. When hydrostatic pressure is ap-
plied to the upper part of the dam body, compressive
stresses 6 (Fig. 10) and o_(Fig. 11), whilst in the toe
of the dam they remain virtually unchanged. Conse-
quently, an increase in the mean stress p (Fig. 12) and

"‘

the deviatoric stress ¢g (Fig. 13) occurs only in the crest
of the dam; in the toe, they remain constant. Conse-
quently, the soil is subjected to active loading only
in the upper part of the dam, whilst in the lower part,
the application of additional load is accompanied only
by elastic deformations (unloading trajectory).

Stress-strain state of the dam with a diaphragm

The stress-strain state of the dam following
the application of hydrostatic pressure to the central
diaphragm is shown in Fig. 14-19. It can be seen from
Fig. 14-19 that the application of a horizontal load to
the diaphragm causes significant changes in the dam’s
stress-strain state.

Particularly pronounced changes in the stress-
strain state are characteristic of Model No. 1 — there is
a significant increase in the dam’s horizontal displacements.
In Model No. 1 (MCM), the maximum horizontal
displacement is 48.9 cm (Fig. 14, a), which accounts
for 78 % of the maximum construction settlement.
The maximum displacements occur approximately halfway
up the dam’s height. The displacements are accompanied by
the formation, in the upstream of the dam’s abutment prism,
of inclined slip surfaces and collapse prisms (Fig. 15, a).
The maximum settlement of the collapse prism is 76.8 cm.

These deformations are accompanied by an increase
in compressive horizontal stresses o _in the lower sup-
port prism and a sharp drop in these stresses in the up-
per prism (Fig. 16, a). Vertical stresses ¢ in the lower
part change only slightly; noticeable changes are charac-
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Fig. 14. Displacements of the diaphragm dam after the reservoir has been filled: « — Model No. 1; 5 — Model No. 2
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Fig. 15. Settlements of a dam with a diaphragm after the reservoir has been filled: « — Model No. 1; 5 — Model No. 2
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Fig. 16. Horizontal stresses in the body of a diaphragm dam
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Fig. 17. Vertical stresses in the dam body with a diaphragm after the reservoir has been filled: @ — Model No. 1; b —

Model No. 2
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Fig. 18. Average stress in the body of a diaphragm dam after the reservoir has been filled: « — Model No. 1; b — Model No. 2
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Fig. 19. Deviatoric stress in the body of a diaphragm dam after the reservoir has been filled: « — Model No. 1; »— Model No. 2

teristic only in the central region of the dam adjacent to
the diaphragm (Fig. 17, @). In the upper bearing prism,
there is a decrease in o, due to the buoyancy effect of wa-
ter on the soil. Meanwhile, in the failure prism, a sharp
decrease in compressive stresses is observed.

The formation of a collapse prism in a dam with a di-
aphragm is confirmed by the findings of V.V. Orekhov [4].

However, in Model No. 2, the application of hydro-
static pressure does not lead to such dangerous changes
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in the stress-strain state. The maximum displacement
was only 27.3 cm (Fig. 14, b), i.e. approximately half
that of Model No. 1. The maximum displacements are
observed at the crest of the dam.

With such displacements in the dam, no collapse
prism forms in the upper part of the dam. In Model No. 2,
a reduction in settlement in the dam is clearly visible,
which is largely caused by the soil of the upper bearing
prism entering a suspended state. The maximum settle-
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ment was 58.5 cm (Fig. 15, b), i.e. 7.5 cm less than that
caused by its own weight.

The significant reduction in displacements in Mod-
el No. 2 compared with Model No. 1 clearly demon-
strates the influence of the unloading effect on the stress-
strain state of a diaphragm dam. To determine the type
of loading trajectory (active loading or unloading) of
the dam embankment, we shall analyze the stress state
of the dam. By comparing the average stresses p (Fig. 6
and 18) and the deviatoric stresses (Fig. 7 and 19) before
and after the reservoir is filled, it can be seen that different
loading trajectories are characteristic of different zones
of the dam. In the upper bearing prism, there is a simul-
taneous decrease in both the mean stress p and the devia-
toric stress; consequently, in this zone, the soil may expe-
rience either active loading or unloading. In a large part
of the lower bearing prism, an increase in mean stress is
observed alongside a simultaneous decrease in deviator
stress ¢; consequently, the soil is unloaded. Accordingly,
in Model No. 2, a much smaller volume of the dam under-
goes plastic deformation, which explains the reduction in
the dam’s horizontal displacements.

In addition, a calculation of the dam’s structural sta-
bility with a diaphragm was carried out for a variant with
a lower value of rock fill cohesion — 15 kPa. In this case,
according to Model No. 1 (MCM), the dam exhausted its
bearing capacity and no solution was obtained. In the cal-
culation using Model No. 2, the horizontal displacements
of the dam hardly increased, but a slip surface formed in
the upstream prism, leading to the formation of a failure
prism. This clearly demonstrates the significant influence
of the unloading effect on the stability of a rockfill dam
with a diaphragm.

However, it should be noted that the results obtained
relate to the chosen method of accounting for the soil
consolidation effect by using a plastic flow model for
the soil, which is based on the associated flow law. Nev-
ertheless, the associated flow law is often not confirmed

experimentally. Given that the consolidation effect has
a significant influence on the results of stress-strain anal-
ysis modelling, the question of how to account for load-
ing trajectories requires separate consideration.

CONCLUSION AND DISCUSSION

During the development of the stress-strain state
of a dam, the soil may experience different loading
histories. When subjected to a load from hydrostatic
pressure, one part of the dam body may experience active
loading with elastic-plastic deformations, whilst another
may experience unloading with elastic deformations.
This is particularly characteristic of dams with an internal
diaphragm; in this type of dam, the soil in the upper and
lower bearing prisms has different loading histories.

Taking into account the fact that part of the dam
does not undergo plastic deformation when subject-
ed to a load leads to a significant change in the results
of the numerical simulation of the structural system.

The change in the results of the dam stability analy-
sis is primarily reflected in a substantial reduction in
the horizontal displacements of the dam caused by hy-
drostatic pressure. In the example considered, the maxi-
mum horizontal displacement of the dam with a water-
tight screen and the dam with a central diaphragm was
reduced by approximately a factor of 2.

Taking the soil consolidation effect into account
when calculating the ultimate limit state of a dam with
a diaphragm leads to a significant increase in the dam’s
bearing capacity margin. The reduction in horizontal dis-
placements significantly lowers the risk of loss of shear
strength in the soil of the upstream abutment prism and
the formation of a collapse prism within it.

The use of models that do not account for the soil
hardening effect, such as the Mohr — Coulomb model, in
the design of earth dams is unacceptable. It severely dis-
torts the results of numerical modelling.
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AHHOTALUUA

BeepeHue. C yBenvyeHveM NnOTHOCTM 3aCTPOVKWA HapacTaeT AedvunT Nrowafok CTPOUTENBCTBA C AOCTaTOYHO BbICO-
KUMWU (PU3NKO-MEXAHNYECKUMY XapaKTEPUCTUKaMU FPYHTOB OCHOBaHUS, He TpebyloLlwyMmn peanu3auuy AOMNOHUTENbHbIX
MEpPOMPUATUIA YNYyYLLEHUS] CBOWCTB FPYHTOB MIN NPUMEHEHNs dyHAAMEHTOB rryboKoro 3anoxenus. B cBsian ¢ atum Bce
yalle npu NPOEKTUPOBaHNN BO3HMKAET HEOOXOAMMOCTb B MOBbILLEHNW HECYLLe CNOCOBHOCTM OCHOBaHWUI 1 (OyHAAMEHTOB
ONs yMeHbLUeHns fedopMaumnii U npeaoTBpalleHnst obpyLLEeHniA, YTO 0COBEHHO BaXKHO B YCIMOBUSIX COBPEMEHHOIO CTPOM-
TENMbCTBA B KPYMHbIX HACEMEHHbIX MYHKTaX.

Matepuanbl 1 meToabl. CyllecTByeT MHOXECTBO METOAOB YCUIIEHWS TPYHTOB, BKMOYAs MeXaHU4yeckue, XMMu4eckue
n urankKo-xuMuyeckune. Kaxabli U3 aTmx NoaxodoB UMEET CBOM MPeuMyLLecTBa U HedoCcTaTku, a Takke obnactu npume-
HEHVS B 3aBMCUMOCTW OT KOHKPETHbIX YCIIOBUN 1 TpeboBaHui npoekTa. B nocnegHue rofbl HabnogaeTcs akTuBHOE pas-
BUTME HOBbIX TEXHOMOMMN, TaKMX Kak MHBbEKLMOHHbIE METOAbI, UCMOMIb30BaHUE FEOCUHTETUYECKNX MaTepuanosB 1 Apyrux,
YTO OTKPbIBAET HOBblE FOPU3OHTHI A5 NOBbILLEHNA 3MEKTVBHOCTU N YCTOMYMBOCTU KOHCTPYKLMIA. PaccmMoTpeHbl Bapu-
aHTbl ycuneHns ocHoBaHust MmetopoMm Jet Grouting (CTpynHas LieMeHTaums rpyHTOB) U YCTPOWCTBA CBaViHOTO byHAAMEHTa
C NPUMEHeHVeM pa3psaaHO-UMNyNbCHOW TexHonoruv (PUT) NpUMEHNMO K KOHKPETHOMY OOBEKTY B CITOXXMBLLMXCS YCIIOBUSAX
3aCTPOVKM N UHXXEHEPHO-Te0NOrMYeCcKnX YCIroBUsIX.

Pesynbratbl. [NpoaHanva3vpoBaHbl HEKOTOPblE COBPEMEHHbIE TEXHOMOTMU YCUMEHUS TPYHTOB B KOHKPETHbIX YCMOBUSIX
Ha KOHKPETHOM 0OBbeKTe CTPOUTENbCTBA U UX 3PPEKTUBHOCTb B A@HHbIX YCIOBUSIX. BbIMOMHEHbI YncneHHoe MoaenvpoBa-
HVe 30aHNs Ha YCUIIEHHOM OCHOBaHuUM MeTofoMm Jet Grouting v yCTporcTBO CBanHoro doyHAaMeHTa ¢ npumeHeHnem PUT.
BbiBoabl. [pefcTtaBneHbl pe3dynsraTbl YUCIIEHHOTO MOAENMPOBaHus. Beibop MeToga 3aBUCUT OT MHXXEHepPHO-reonormye-
CKMX yCrnoBui, Tpebyemol HecyLLel CnocoBHOCTU TPYHTOB OCHOBaHUS U APYrMX (hakTopOB.

KIMKOYEBBLIE CIIOBA: ycunenue rpyHToB, Jet Grouting, pa3psgHO-MMMyrnbCHas TEXHOMNOrMs, HanpskeHHo-4edopmMmpo-
BaHHOE COCTOSIHWE, YNCIEHHOE MOAENUPOBaHNE, re0TEXHNYECKME PeLLeHns
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ABSTRACT

Introduction. Excessive building density worsens the lack of foundation soils that have sufficiently high physical and me-
chanical properties and therefore do not require additional soil improvement measures or deep foundations. Accordingly,
design practice increasingly requires enhancing the bearing capacity of subsoil and foundations to reduce deformations and
prevent failures, which is particularly important for the present-day construction practice in large urban areas.

Materials and methods. There are numerous soil improvement methods, including mechanical, chemical, and physico-
chemical techniques. Each approach has advantages and limitations, as well as fields of application determined by project-
specific conditions and requirements. In recent years, new technologies, such as grouting methods and geosynthetic ma-
terials, have been actively developed, opening up new opportunities for improving structural performance and stability. This
study considers foundation-soil improvement using Jet Grouting (jet grouting of soils) and construction of a pile foundation
using discharge-pulse technology (DPT) as applied to a specific facility under existing development and geoengineering
conditions.
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Results. Several modern ground improvement technologies were analyzed for the specific conditions of a particular con-
struction site, and their effectiveness was evaluated. Numerical modeling was performed for a building on a Jet Grouting-
improved foundation soil and for a pile foundation constructed using DPT.

Conclusions. The results of numerical modeling are presented. The choice of methods depends on geoengineering condi-
tions, the required bearing capacity of the foundation soils, and other factors.

KEYWORDS: ground improvement, Jet Grouting, discharge-pulse technology, stress-strain state, numerical modeling, geo-

technical solutions
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BBEJEHUE

[IpoexTupyemMoe coopyKeHHE MPEICTaBIsIET CO-
0011 MHOTOKBapTHPHEIH TIOM C TTOA3EMHON aBTOCTOSHKOM
¢ rabapuramu B rutane ([ x 1): 48,65 x 38,5 m:

* KOJIMUYECTBO dTaxKel: 25—45 Haa3eMHbIX U 2 TIoA-
3eMHBIX (TI0]1 BCEH TUIOMAIbIO);

 BpicoTa 3manus: 81,3-151,35 m.

IIpenycmarpuBaeTcst 2-3TaxHasi IOA3E€MHas map-
koBKa (ykpsitre 'O HC):

* OCHOBHBIC HECYIIHE KOHCTPYKIIUH: MOHOJIUTHBIN
JKeJIe300€ TOHHBIH KapKac;

* MpeaenbHbIe BETMYMHBI CPEAHUX 0CAJOK OCHOBA-
HUH pyHIamMenToB: Su = 15,0 cm;

* TIyOMHA CKIMAeMOU Tommu: 22,4 M.

B reoMopdoornyeckoM OTHOIICHUH yYacCTOK
pabotT pacnojoxkeH Ha 3-i HagMOWMEHHOW Teppace.
Penbed yuacTka OTHOCHTEIBHO POBHBIM, HCKYCCTBCH-
HO CIJITAaHUPOBAHHBIN, XapaKTepuzyeTcs abCOTIOTHBI-
MU BBICOTHBIMH OTMETKAMH TOBEPXHOCTH IMOPSIAKA
150,00-151,50 m.

B reonmornveckoM OTHOIIICHUH Ha TLUTOMIAJIKE 70 TITy-
OuHBI 52,0 M IPUHUMAIOT y4acTHE YETBEPTHUYHBIC OT-
JIOKEHHUSI CIICITYIOIIHUX CTPATUrpahUIeCKUX KOMILICKCOB
(cBepxy BHU3):

* TexHOTeHHbIe TPYHTHI (t-QIV), 3amerator ¢ mo-
BEPXHOCTH J10 TITyOHnHBI mopsiaka 0,5-2,0 m;

* CpEIHEYCTBEPTHUYHBIC AJUTFOBHATHHO-(ITFOBHO-
MISIUATbHBIE OTIIOKEHUS 3-i HaJIMOMMEHHOM Teppachl
(a,f-QIIms), 3asieratot Ha nryoune 0,5-2,0 M, 4TO COOT-
BETCTBYET aOCOJIOTHBIM BBHICOTHBIM OTMeTKaM 149,50—
151,00 M, 1 ipenicTaBIeHB! IECKAMH U CYTIITHKAMH, 00-
et MmorrHocTeo 10,0-15,0 M;

* CpeIHCYCTBEPTHYHBIC (DIFOBUOTISAINATLHEBIC
n o3epHO-JetHUKOBBIe oTitokeHus (f,1g-QIIms), 3anera-
0T T10]1 AJUTFOBHATBHO-()TFOBUOTISIIUAIEHBIME OTIIOMKE-
HusiMH Ha Tiryoune 12,0—15,5 M, 9T0 COOTBETCTBYET abCOo-
JIFOTHBIM BBICOTHBIM OTMETKaM mopsiaka 136,00-138,00 m,
W TIPEJCTABICHBI TIECKAMH, CYTECAMHU, CYTITUHKAMH,
MOIIHOCTBIO 1,2—6,0 M;

* HIKHCYCTBEPTHYHBIC AJLTFOBHAIEHO-(DITFOBUOTIIS-
[IUATbHBIE OTIIOKEHHST BHYKOBCKOM CEpHU JIOHCKOTO FOpH-
3oHTa (a,f-QIvk-ds), 3anerator Ha miyoune 14,5-17,0 m,
YTO COOTBETCTBYET aOCOIIOTHBIM BEICOTHBIM OTMETKaM
134,50—-135,50 M, 1 ipeacTaBICHBI IECKAMH, CYTICCSIM,
CYIVIMHKaMH, MOIHOCTbIO 7,5—12,5 M.

UYerBepTraHbie oTIOKeHNS Ha TiTyonHe 34,0-36,0 M
OT YPOBHS THCBHOM MMOBEPXHOCTH, YTO COOTBETCTBYET
a0CONIFOTHBIM BHICOTHBIM oTMeTKam 118,00-120,00 wm,
MOJICTHJIAIOTCS KOPCHHBIMU OTIOXKCHUSIMH (CBEPXY
BHH3):

* HIDKHEMECJIOBBIC OTIIOKEHUsI KYHIIEBCKOM 1 JTF00e-
PperKoii Tommm Oeppuaca, pOCTOBCKOW CBUTHI HUYKHETO
rOTEpUBa, JbSIKOBCKOM TOJIIIU, CABEJIbEBCKOW U Tpe-
MSIYCBCKOH CBHT BEPXHETO TOTEpHBa OOBCIUHCHHBIC
(K1kn-gr) 3amerarot 1moj 4eTBEpTHYHBIMA OTIOKCHUSAMA
Y MPEICTABIICHBI IECKAMU MOIITHOCTHIO J10 2,0 M;

* BEPXHCIOPCKUE-HIKHEMEIIOBBIC OTIIOKEHHS JIOTIa-
trHCcKo# cBuThI (J3-K11p) 3anerator va niryoune 32,0-34,0 M,
YTO COOTBETCTBYET aOCOIFOTHBIM BBHICOTHBIM OTMETKaM
114,00-116,00 M, mpeacTaBiIeHbI IECKAMHA MOIITHOCTHIO
2,0-4,0 m;

* BEPXHCIOPCKHE OTIOKEHHUS (DUICBCKOHM U ero-
pBreBcKoli cBUT HepacuneHenusle (J3fl+eg) 3anerator
Ha rryoune 37,5-39,0 M, 4TO COOTBETCTBYET aOCOIIOT-
HbIM BbICOTHBIM oT™MeTKaM 111,00-113,50 m, npencras-
JIEHBI TIECKaMU MOIIHOCTRIO 2,0—4,0 M;

* CpEIHE-BEPXHCIOPCKUE OTIIOKCHUS BEITUKOIBOP-
CKOH-epMonmHCKO# cBHT (J2-3vd-er) 3ameraroT Ha TITy-
oune 40,0-42,0 M, 9TO COOTBETCTBYET aOCOIHOTHBIM
BBICOTHEIM oT™MeTKaM 108,50—-110,50 M, mpencraBieHsI
DIMHAMHU MOITHOCTHIO 15,0—17,0 M;

* CPEIHCIOPCKUE OTIOKCHHS UYTKOBCKOW CBHUTHI
(J2chl) 3anerator Ha mryouse 57,0-58,0 M, 4TO COOTBET-
CTBYET a0COTIOTHBIM BEICOTHBIM OTMeTKaM 92,00-93,50 m,
MPE/ICTABJICHBI [TECYAHUCTHIMY [TIMHAMU U [IMHUCTBIMU
MeckaMHu MOIIIHOCTBIO Oosee 3,0 M;

* BEPXHEKaMEHHOYTOJbHBIE OTIOKEHHSI XaMOB-
HUYECKOW CBUTHI, BEpXHEH (HEBEpOBCKOI) MOACBUTHI
(C3hm?2) 3anerarot Ha imyoune 57,0-59,5 M, 9T0 cooTBET-
CTBYET a0COJTFOTHBIM BBICOTHBIM O0TMETKaM 92,00-93,00 M,
MPECTABICHBI TNIMHAMH C MPOCIOSMH Mepreieil MoIl-
HOCcThIO 1,0-3,0 M;

* BEpXHEKAMEHHOYTOJIbHBIC OTIOKECHHS XaMOB-
HUYECKOW CBUTHI, HIDKHEH (paTMHPOBCKOM) MOICBUTHI
(C3hml) 3aneraror Ha imyomHe 59,0—62,5 M, 9TO COOTBET-
CTBYeT a0COTIOTHBIM BBICOTHBIM OTMeTKaM 89,00-91,00 m,
MIPEACTABIICHBI U3BECTHSIKAMU MOIITHOCTBIO Ooree 4,5 M.

T'uporeoornyeckue yCIoBHs yuacTKa XapaKkTepu-
3YFOTCS HAJIMYHEM HaTbIOPCKOTO BOIOHOCHOTO KOMILIICK-
ca, TMO/I3eMHBIE BOABI KOTOPOTO BCKPBITHI HA TIIyOHWHE
9,0—11,5 M, 4TO COOTBETCTBYET a0COFOTHBIM BRICOTHBIM
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ormetkam 140,00—141,00 m. [opu3oHT HOCHUT Oe3HAIIOP-
HBII XapaKTep.

Ha mnomanke ctpouTtenbcTBa BhIeneHO 16 uHxke-
HepHo-Treonornuecknx aementos (UI'). [Tepeuens U
1 pEeKOMEH/TyeMbIe (PM3UKO-MEXaHNIECKHE XapaKTePHUCTH-
K rpyHTOB [yt Monesin Hardening Soil mist mporpammHo-
ro komrurekca (1K) Plaxis mpencrasnenst B Ta0m. 1.

MATEPHAJIBI U METO/JAbI

JJiss yMEHBIIICHUsI TIPOTHO3HBIX AepopManuii oc-
HOBAHUsI 37[aHKs] B PAMKaX MCCIEIOBAHKS PACCMOTPEHBI
JIBE TEXHOJIOTHH YCTPOMCTBA IOMOIHUTEIBHBIX MEPO-
npusthit [1-3].

Jet Grouting (cTpyiiHasi IIEMCHTAIIHs1) — TEXHOJIO-
THsl YCUJICHHS TPYHTOB, OCHOBAHHAsI Ha HCIOJIL30BAHUH

Taou. 1. Pu3uKo-MexaHUIECKHE XapaKTePUCTHKH TPYHTOB i Monenu Hardening Soil o mporpamMmMHoro komriekca Plaxis

Howmep u HaumeHoBanue UI'D

P,

ref

oed

Koadduunent
nepeyriotHenuss OCR
OpomeTpruiecKknuii MOIyIb

nepopmarmu £
CreneHHOi mokasaTesb

ur
ur

E ref

3aBUCUMOCTH
JKECTKOCTH OT YPOBHSI
HanpsHKEHUI m
Cekymuii MOIynb
nedopmanum £
MOBTOPHOTO
Koaddunuent
[Tyaccona v
MOBTOPHOTO
Harpys>KeHus v

ne
HasieHust Tpynra K|
HaTPYKEHHS

Koadppuunent 6oxoBoro
Monyib gehopmanum
Koa¢pduuuent Ilyaccona
VYroi qunataHcuu

klla | — | MIIa

MIla - - rpan

NI-2a. Tleckn MenKue, peIXIIbIE,

Braxuble (a,f7-Q,™) 1001 -

12,1

0,27 72,2 0,32 0,28 8,8

UI'D-26. Ilecku menkue

C MPOCTIOSIMHU CPeIHEN KPYITHOCTH,
CpeHel MIOTHOCTH, BIAKHbIE

W BOJIOHACHIIIEHHBIE (a,f 3—Q“““S)

100 | — | 17,1

0,33 107,0 | 0,32 0,25 6,0

NI'3-28. Ilecku menkue

C MPOCIOSIMU CpeHEN
KPYITHOCTH, TJIOTHBIC, BIAKHBIC
¥ BoloHackIennbie (a,f*-Q, ™)

100 | — 17,9

0,33 0,29 | 26,2 143,1 | 0,27 0,23 7,5

UI'D-4. Cynecu niaacTUYHbIE
MEeCYaHHUCTHIE, C TPOCIIOSIMU
CYIIIMHKOB JIETKHX, TIECUaHUCTBIX,
C MIPOCIIOSIMU U THE3/IaMH MIECKOB
CpeIHEN KpPYIHOCTH, C IpeCBOM

u mebHem (f,lg-Q, ™)

100 | 1,0 | 6,6

0,31 031 | 6,1 784 | 034 032 -

UI'D-4a. Tlecku cpenneit
KPYITHOCTH C IPOCTOSIMH KPYTHBIX,
MECTaMH TIIMHUCTBIE, C IPOCIOAMH
CYIJIMHKOB U CyNeCeH, ¢ IpecBoi

" meOHeM, CpeiHeH TUIOTHOCTH,
Bononaceimennsle (f,1g-Q, ™)

100 | —

0,24 0,28 | 17,8 121,3 | 0,30 0,27 8,8

NID-46. [ecku cpenneit
KPYITHOCTH C TIPOCIIOSMH

KPYITHBIX, MECTaMU TIIMHUCTHIC,

C MIPOCIIOSIMU CYDIIMHKOB H CyTIeCeH,
C IpecBoii U meOHEM, IIOTHEIC,
BozloHackImennbie (f,1g-Q ™)

100 | — 17,3

0,24 0,30 | 18,6 128,8 | 0,27 0,24 9,5

NI'D-5. Cynecu niacTUuHbIe,
C MPOCJIOSIMU CYDJIMHKOB, PEXKe IIINH

(a,finkads)

290 | 1,9 | 28,8

0,28 0,65 | 24,2 157,8 | 0,30 0,28 -

UI'D-7a. [lecku menkue
C MPOCJIOSIMH ITBLIEBATHIX, CPeIHEH
MJIOTHOCTH, BOJOHACHIIIIEHHBIE

(a.f-Q* )

100 - 12,9

0,32 0,32 | 18,5 118,9 | 0,30 0,26 8,6

UI'D-76. Ilecku menkue
C TPOCIIOSAMH TIBLIEBATHIX, TUIOTHBIE,
BOZIOHACKIIIEHHBIE (a,f—Q " %)

100 - 17,2

0,28 0,34 | 23,7 | 1524 | 0,31 0,24
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NI'D-8. Ilecku cpenHeil KpymHOCTH
¢ MPOCHOAMI KPYIHBIX, INIOTHBIC | 17 || 9 | 039 | 027 | 351 | 1564 |035| 029 | 13,1
C TPOCIIOSAMH CPEHEN TUIOTHOCTH,
BOZIOHACHIIIEHHbIE (a,f—Q ")
NI'D-10. ['muabl noxyTBEpIBIE,
CHJILHOIIECYaHHUCTHIE, C YACTBIMU
MPOCIIOAMH (TIepecIanBaHme) 440 | 1,3 | 17,4 0,37 0,65 | 20,5 157,7 0,33 0,31 -
MECKOB TBIJIEBATHIX U MEJIKHX
(K Ip)
WID-11. I'muuel nomyTBEpaBIe
© MIPOCITIOAMIT CYTIECEH M IIECKOB, | 440 | 15 | 132 | 0,61 0,52 | 173 | 1395 |041| 034 | -
¢ BKJIIOYEHHEM (GochOpHUTOB
(J,fl+eg)
WI'3-12. Tkt nomyTeepasie 590 | 1,7 | 275 | 055 | 0,71 | 204 | 1410 |042| 039 | -
¢ mpocnosaMu TBepABIX (J, ;vd—er)

SHEPI'HU BBICOKOHATIOPHOM CTPYH LIEMEHTHOTO PacTBOpa
[4-6].

Brliensiior Tpu pa3HOBUAHOCTH TexHoJoruu Jet
Grouting [7]:

+ Jet 1 (OmHOKOMITOHEHTHAs) — IS pa3pylLICHUs
Y CMEIIMBAHUSI UCTIONB3YETCsI TOJILKO [IEMEHTHAs! CTPYsL.
JlnaMeTp KOJIOHH M3 TPYHTOLIEMEHTA 3aBUCUT OT THIIA
MOYBHI: JUISI TAUHUCTHIX TPyHTOB — 500-600 MM,
s rrecyanbix — 700—-800 mm;

* Jet 2 (IByXKOMIIOHEHTHAsI) — I[EMEHTHAs CTPYs
YCHIIMBAETCSI TOTOKOM C)KAaTOTO BO3/LyXa, YTO YBEIHUH-
BacT SHEPrHIo u quamerp cBan. OcodenHo >(pexTuBHa
B IIIMHUCTBIX TPYHTaX, I TpeOyeTcs O0obIIasi SHeprus
JUISL KAYECTBEHHOTO TIepeMEIIBaHNS;

 Jet 3 (TpeXKOMITOHEHTHAs) — JUIsl pa3pylLIeHUs
W BBIHOCA YaCTHI YKPEIISIEMOrO IPyHTA UCIOJIB3YIOT
JIBOMHYIO CTPYIO U3 BOJIBI M BO3/YXa, TIOCJIE YETO OT/IeIb-
HOI (hOpPCYHKOM MOJAIOT IIEMEHTHBIN PacTBOp. DTOT Me-
TOJI O3BOJISIET IOCTUYb MAaKCUMAJIbHOM IIPOYHOCTH CBan
U CO3/1aBaTh 3JIEMEHTHI OOJIBIIOTO THaMETpA.

IIpeumyiiecTBa TEXHOIOTUU CTPYHHON LIEMEHTa-
un Jet Grouting [8]:

* TIPeICKa3yeMOCTh Pe3yIbTaTOB CTPYHHOTO YKpe-
TUICHUS] TPYHTOB;

* BBICOKasl IPOM3BOAUTENIBLHOCTE (10 300 mor. m
Jet-cBail B cyTkn);

* BO3MOXXHOCTbH pabOTBl B CTECHEHHBIX yCIOBHUIX
(B MOIBAJILHBIX OMELIEHHSIX, BOJIM3H CYLIECTBYIOIINX
3MIaHMi, Ha 0TKOCcax) [9];

* BO3MOXHOCTb IO/IBEJIeHUs Jet-cBail o cyuie-
CTBYIOIIHME (PYHIaMEHTHI (ITO3BOJISICT YEepPe3 OTBEPCTHE
100 MM BBITIONHATH cBan AuaMeTpoM 300—700 mm);

* BO3MOXKHOCTH YCTpO¥icTBa Jet-cBail B 0OBOIHECH-
HBIX TPYHTaX.

Texnonozus ycunenus 2pyHmos ¢ npuMeHeHuem
paspaono-umnyiecuuix ceaii (PUT ceaii) (pa3psnHo-
HMMITYIIbCHAsI TEXHOJIOTHUS ) — METOJ YCTpoiicTBa Oypo-
WHBEKITMOHHBIX CBAl C MTOMOIIBI0 UMITYTBCHOTO 3JICK-
TPUYECKOTO TOKA.

BetonHy10 cMech, YIOKEHHYIO B CKBaXKHHY, ITOABEP-
Tar0T IMIYJIBCHOMY BO3ICHCTBHUIO AIEKTPUUCCKOTO TOKA
C IPUMEHEHUEM CIICIIHAIBHOTO M3Tydaress. Beicoko-
BOJIBTHBIC NICKTPHUYCCKHIE PA3PsIbl BRI3BIBAIOT AJICKTPO-
B3pBIBEL braromaps snekrporuapaBindeckomMy dPQexTy
TEJIO CBAaW PACIIMPSICTCS HA JIOKATBHBIX y4acTKaX, B TOM
qucie B paiioHe msaTel [10—-14].

B pesynbrare [15]:

* TUAMETpP CKBAKMHBI yBEIMYMBAETCI B 2 pasa
u boree;

* CBast MPOYHO JICPKUTCS B TPYHTE H BBIICPIKHBACT
BBICOKHE BEPTUKAILHBIC U TOPU3OHTAIILHBIC HATPY3KH;

* OKpY’KarOIIWi TPYHT YIUIOTHSACTCS, LIEMEHTHUPY-
€TCsI, YTO JOOABIISCT MPOYHOCTU KOHCTPYKIUH [16].

IIpenmymecrsa PUT:

* BO3MOXKHOCTB BEJICHHS PaOOT U3 HIKHETO ITOMe-
IIEHHS ¢ BRICOTOH TIOTOJIKOB HE MeHee 2,4 M (U3 1mo/Ba-
J1a, TIOKOJILHOTO YJTH TIEPBOTO TAXEH);

* BO3MOYKHOCTBH ITPOXOJIKH O3 MUCIIOIB30BaHUs 00-
CaJIHOW TPYOBI Ha CIIA0BIX TPYHTAaX TP OCBHIIAHUY CTCH
CKBa)KUHEI,
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Tabu. 2. CBognas Tabnuia pe3ysIbTaToB PacyeToB [Uisl BEIOOpA TUIA YCHICHHSI OCHOBAHHUS

IIpoexTHOE XapaKkTepUCTUKU Tpebyemast | KommuectBo | OObeMm cBait Ha ruomanke | IIporHosmpyemas
peueHne OCHOBaHUS/ ocajka, cM cBait pasmepamu 10 x 10 m ocaJka, M
(yHmamenra Ha IJTOIIA/IKEe MY TITyOMHE TOJIIIIH,
pa3MepaMu | paBHOM JJIMHE CBail/TiTyOnHEe
10 x 10 m MaccuBa, M°
Ilnura HI'D-26 (cm. puc. 2)
Ha €CTECTBEHHOM - - 20,85
OCHOBaHUU
IlnuTa E=261,95 MIla,
Ha 3aKpEIUICHHOM | pa3Mepbl MacCHBa:
MacCHUBE rpyHTa h=128 M, 1548.8 9,87
MeTozoM Jet d=0,6 M,
Grouting mar = 0,9 m 121
E =224,68 MIla,
pa3Mepbl MaccHBa: 15
h=11,0m, 1331 12,36
d=0,6Mm,
mar = 0,9 m
Cpau PUT d =350 mm,
mar = 1,4 m, 735% 19,62
mmHa = 15 M
49
d =350 mm,
mar = 1,4 m, 1225% 8,8
uMHA = 25 M

Ipumeyanue: * — odbem cBait PUT paccuutbiBaincs 6e3 yuera yImpeHui.

* Hecymias CIlocoOHOCTh CBail, M3rOTOBJIEHHBIX
no PUT, — 1o 2,5 pa3 Bellle, 4eM y cBail, U3TOTOBIICH-
HBIX IO IPyTUM TEXHOIOTHSM.

PE3YJIBTATHI HCCJIEJOBAHUA

s BeIOOpA THITA (DyHIAMEHTa OBLIH MTPOU3BEICHEI
pacyeThl I HECKOJIBKUX BapHAHTOB, TAKHX KaK:

1. dynpameHTHas IUIHTA Ha €CTECTBEHHOM OCHO-
BaHHU.

2. YcuneHne ocHOBaHHMS 1O TexHojoruu Jet Gro-
uting:

* mryomHa yerpotictsa 15,0 M, miar cBaii 0,9 M, nua-
Mmetp cBaif 0,6 m;

* mrybuHa ycrpoiictsa 12,8 m, miar csaii 0,9 M, qua-
MeTp cBaii 0,6 M;

* mrybuna ycrporictsa 11,0 M, mar cgaii 0,9 M, nua-

MeTp cBait 0,6 M.

JedopmupoBanHas ceTka |u| (yBenu4eHo B 5 pa3)
MaxcumansHoe 3HaueHne = 0,3967 m (B y3me 139 672)

Puc. 1. Pacuernas cxema
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[Monueie nepemeenus u, (ysenuueno B 20 pas)
MakcumanbsHoe 3Hauenne = 4,533 - 102 m
MunumanbHoe 3HadeHue = —0,2085 m

a

[Mormbie mepemenienns u, (yBennaeHo B 50 pas)
MaxkcumainsHoe 3Hauenue = 2,985 - 103 m
Munnmansaoe 3HaueHne = —0,09813 m

b

[Tonmpie mepemenienus u_ (yBemnaeHo B 20 pas)
Makcumanbioe 3qadenue = 3,351 - 103 m
Munumanbroe 3Hauenue = —0,1236 m

[¥10°m]
20,00

0,00
—20,00
—40,00
—60,00
-80,00
—-100,00
—-120,00
—-140,00
-160,00
—-180,00
—200,00
—220,00

[*10°m]
10,00

0,00

-10,00
-20,00
-30,00
—40,00
-50,00
—-60,00
70,00
—-80,00
-90,00

—-100,00

[*10°m]
10,00

0,00

-10,00
—20,00
-30,00
—40,00
-50,00
—-60,00
—70,00

—-80,00

-90,00

—-100,00
-110,00
—-120,00
-130,00
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[*10°M]
20,00
0,00
—20,00
—40,00
—60,00
—-80,00
—-100,00
-120,00
—-140,00
z
K ~160,00
[Momubie nepemenienus u, (yBenndeno B 20 pa3) X 180.00
MaxkcumainsHoe 3HadeHue = 3,875 - 107 m ’
MunnmansHoe 3Hauenue = —0,1962 m -200.00
d
[*10° M]
—40,00
—42,50
—45,00
—47,50
-50,00
52,00
-55,00
-57,50
—60,00
—62,50
—65,00
—67,50
70,00
72,50
—75,00
77,50

y —-80,00
—82,50

[Mommbie mepemenmienns u_ (yennaeHo B 50 pas) X —85,00

MaxkcumainbHoe 3Hauenue = —0,04160 m
MunumanbsHoe 3Hadenue = —0,08755 m

e

-87,50
-90,00

Puc. 2. BepTI/IKaJ'IBHLIe TIEPEMEIICHUA. a — 3/1aHAA Ha €CTECTBEHHOM OCHOBaHUU, b — ocHOBaHusA TIpU UCIIOJIB30BAHUU TECX-

Honoruu Jet Grouting Ha TmyOuny 12,8 M; ¢ — OCHOBaHUS IIPU UCTIONB30BaHNK TexHonoruu Jet Grouting Ha my6umny 11,0 M;

d — ocHOBaHUSA IpH Bcnonb30BaHuy cBait PUT Ha riyouny 15,0 M; e — ocHoBaHus 1ipH Mctionb3oBanun cBaii PUT Ha riryOuHy

25,0 M

3. YerpoiictBo dyHaamenToB u3 cBaii PUT:

 uiHa cBait 15,0 M, mar cBaii 1,4 M, quamerp cBait
0,35 m;

* mHa cBaif 25,0 M, mar cBaif 1,4 M, mnameTp cBait
0,35 m.

PesynpraTel pacueToB MpEeACTaBIEHHI B Talml. 2.
KpacHbiM 11BETOM BbI/IE/IEHBI 3HAUEHHUSI TOJTyYEHHOM pac-
YeTaMy OCaJIKH, IPEBHIMIAONICH nomycTuMble. B Tadm. 2

32

TaKXkKe MPUBEIICHBI KOJIIMUECTBO U O0BEMBI CBail Ha ILJIO-
magake 10 x 10 M, myOUHOM, MPUHATOH B 3aBUCUMOCTH
OT THIIAa BBIOPAHHBIX JOMOJTHUTEILHBIX MEPONPHUSITHIA,
paBHOM ri1yOuHe Maccua u3 Jet-cBaii u jumne PUT-cBaid.

[To pe3ynbraTaM OLEHKH MPOrHO3UPYEMBIX fedop-
MaIii TPOEKTHPYEMOTO 31aHHs OIIPEIEICHO, YTO Iepe-
MEILEHHUS] U OTHOCHTEIbHBIE ieopManini GyHaaMeHTa
Ha €CTECTBCHHOM OCHOBAaHHH IPEBBIIIAIOT MPECIHHEIC
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nornyctumbie [17-20]. Tpebyercst npeaycMOTpeTh J10-
TIOJTHUTEIIBHBIE MEPOTIPUSTHS AT 00ECTICUEHHS COXPaH-
HOCTH 1 0€30MacHOM JKCIUTyaTaluy MPOEKTHPYEMOTO
37aHMs.

Caopnnast MHGOpMAIHS 110 pe3yJIbTaraM pacueToB
MpUBeIcHA B TaOI. 2.

Pesynprater pacueros B [IK Plaxis 3D npuBeneHs!
Ha puc. 1, 2.

S3AKJIIOYUEHUE

ITo pe3ynbraraM NpoBEAECHHOTO UCCIIEI0BAHUS MOXK-
HO CZEJaTh CICAYIOIINE BHIBOBI:

1. TlpumeHeHHne TOMOJIHUTENBHBIX MEPONPUATUN
HA PacCMOTPEHHOMW TUIOMIAJIKE CTPOUTEIHCTBA MOXKET
CIOCOOCTBOBATh MUHUMHU3AIIIH MPOTHO3UPYEMBIX JIe-
(hopmaruii Ipu BO3BEICHUH MPOCKTUPYEMOTO 3/IaHHS.

2. YnoBneTBopeHue TpeOOBaHUI 0 BTOPO IPyTI-
e MpeJesbHBIX COCTOSIHUI MOXET OBITh 00ecredyeHo
TIPH FCTIONF30BAHNN PA3TMYHBIX BApPHAHTOB JOTTOTHH-
TEJILHBIX MEPOIPHUSITHIL:

* YCTPOMCTBO IPYHTOIIEMEHTHOTO MAaCCHBA IT0 TEX-
Honoruu Jet Grouting B pacCMOTPEHHBIX BapyUaHTAaX TITy-
ounoit 11,0 u 12,8 m;

* YCTPOMCTBO CBaifHOTO ()yHOAMEHTA IO TEXHO-
noruu PUT aumametrpom 350 MM ¢ juimHO#M cBait 25 m
o cetke 1,4 X 1,4 M.

3. YuuThIBas CKOPOCTH IIPOU3BOJICTBA PadOT IIpH pe-
AM3alUH PA3INYHBIX BApHAHTOB, a TAKKE HEOOXOIMUMEIC
TTyOWHBI CBal, ONTHMAJIBHBIM PEIICHHEM B TPE/ICTaB-
JICHHOM CJjlydae SIBJSIeTCs IPUMEHEHNE TEXHOIOoruu Jet
Grouting a7 YCHICHHS TPYHTa OCHOBAHHUS HA TIIyOWHY
11,0 m.
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Brnao asmopog: éce agmopul coenanu IKGUBALEHMHBII 6KAA0 6 HOO20MOGKY NYONUKAYUL.

Asmopul 3as61510m 06 OMcymcemeuu KOHGIUKMa uHmepecos.

INTRODUCTION

The designed structure is an apartment building
with an underground parking garage and plan dimensions
(L x W) 0f 48.65 x 38.5 m:

» number of stories: 25-45 above-ground and 2 un-
derground (under the entire building area);

* building height: 81.3-151.35 m.

A two-level underground parking facility (a civil
defense and emergency shelter) is constructed; it has:

* principal load-bearing structures: a cast-in-place
reinforced concrete frame;

* limiting values of average settlement of founda-
tion soils: §, = 15.0 cm;

* depth of the compressible soil mass: 22.4 m.

The site is located on the third terrace above
the floodplain. The terrain is relatively flat and artificially
planned; its absolute ground-surface elevations are ap-
proximately 150.00-151.50 m.

Geologically, the site has Quaternary deposits
of the following stratigraphic units stretching to a depth
of 52.0 m (from top to bottom):
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« anthropogenic soils (t-QIV) are found from
the ground surface to a depth of approximately 0.5-2.0 m;

» Middle Quaternary alluvial-fluvioglacial deposits
of the third terrace above the floodplain (a,f-QIIms) are
found at the depths of 0.5-2.0 m, corresponding to abso-
lute elevations of 149.50-151.00 m, and are represented
by sands and loams with a total thickness of 10.0-15.0 m;

* Middle Quaternary fluvioglacial and lacustrine-
glacial deposits (f,1g-QIIms) underlie the alluvial-fluvio-
glacial deposits at depths of 12.0-15.5 m, corresponding
to absolute elevations of approximately 136.00-138.00 m,
and are represented by sands, sandy loams, and loams
with a thickness of 1.2-6.0 m;

* Lower Quaternary alluvial-fluvioglacial depos-
its: Vnukovo series of the Don horizon (a,f-QIvk-ds) are
located at the depths of 14.5-17.0 m, corresponding to
absolute elevations of 134.50-135.50 m, and are repre-
sented by sands, sandy loams, and loams with a thickness
of 7.5-12.5 m.

At depths of 34.0-36.0 m below ground surface, cor-
responding to absolute elevations of 118.00-120.00 m,
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the Quaternary deposits rest on bedrock deposits (from
top to bottom):

» combined Lower Cretaceous deposits of the Kunt-
sevo and Lyubertsy members of the Berriasian, the Ros-
tov Formation of the Lower Hauterivian, the Dyakovo
Member, and the Savelievskaya and Gremyachevska-
ya formations of the Upper Hauterivian (K 1kn-gr) under-
lie the Quaternary deposits and are represented by sands
up to 2.0 m thick;

» Upper Jurassic-Lower Cretaceous deposits
of the Lopatino Formation (J3-K1lp) occur at depths of
32.0-34.0 m, corresponding to absolute elevations
0f 114.00-116.00 m, and are represented by sands 2.0-4.0 m
thick;

+ undifferentiated Upper Jurassic deposits of the Fi-
levskaya and Egoryevskaya formations (J3fl+eg) occur
at depths of 37.5-39.0 m, corresponding to absolute

elevations of 111.00-113.50 m, and are represented by
sands 2.0-4.0 m thick;

» Middle—Upper Jurassic deposits of the Velikod-
vorskaya—Ermolinskaya formations (J2-3vd-er) occur at
depths of 40.0-42.0 m, corresponding to absolute eleva-
tions of 108.50-110.50 m, and are represented by clays
15.0-17.0 m thick;

* Middle Jurassic deposits of the Chulkovska-
ya Formation (J2chl) occur at depths of 57.0-58.0 m,
corresponding to absolute elevations of 92.00-93.50 m,
and are represented by sandy clays and clayey sands
more than 3.0 m thick;

» Upper Carboniferous deposits of the Kham-
ovniki Formation, upper (Neverovskaya) subformation
(C3hm2), occur at depths of 57.0-59.5 m, corresponding
to absolute elevations of 92.00-93.00 m, and are repre-
sented by clays with marl interlayers 1.0-3.0 m thick;

Table 1. Physical and mechanical characteristics of soils for the Hardening Soil model in the Plaxis software package

EGE number and type P

Overconsolidation ratio
OCR
Oedometer deformation
modulus £ ¢

ur
ur

Power exponent of
stiffness dependence on
stress level m
Coefficient of lateral
pressure at rest K"
Secant deformation
modulus £,/
Reloading deformation
modulus E "¢
Poisson’s ratio v
Poisson’s ratio for

reloading v
Dilatancy angle v

kPa -

£
&

- MPa

£
&
\
\

EGE-2a. Fine sands, loose, moist

100 -
@f-Q,)

_.
N
=

0.27 0.31 13.7 72.2 0321 028 | 838

EGE-2b. Fine sands with interlayers
of medium sands, medium dense,
moist and water-saturated

(asf37QHms)

100 - 17.1

0.33 029 | 21.6 107.0 | 0.32] 0.25 | 6.0

EGE-2c. Fine sands with interlayers
of medium sands, dense, moist and 100 -
water-saturated (a,f*-Q ™)

17.9

0.33 0.29 | 26.2 143.1 [ 027 | 023 | 7.5

EGE-4. Plastic sandy

loams, with interlayers of light
sandy loams, with interlayers and 100 | 1.0 6.6
pockets of medium sands, with grus
and crushed stone (f,1g-Q,™)

0.31 0.31 6.1 78.4 0.34 | 0.32 -

EGE-4a. Medium sands with
interlayers of coarse sands, locally
clayey, with interlayers of loams and
sandy loams, with grus and crushed
stone, medium dense, water-saturated

(f,]ngHmS)

100 - 15.5

0.24 028 | 17.8 1213 | 030 | 0.27 | 8.8

EGE-4b. Medium sands with
interlayers of coarse sands, locally
clayey, with interlayers of loams and
sandy loams, with grus and crushed
stone, dense, water-saturated

(f1lg-Q,™)

100 - 17.3

0.24 030 | 18.6 128.8 027 | 024 | 9.5
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End of the Table 1
EGE number and type P - w 3 = - 5 - -
RS -E, SCE | 8| B s ~ |8
= B =] ] = 2 B =) s 2
Sx |55 3 823 | S5 |88 Es| €2 »
0|25y 822 | E|EY| £y | B |5y B
2Q|EES| 282 |5 |58 SE | 2|5 &
o= = o = o , 0| 9 0 o B an = o [l =
SR | RET| g | 88|28 £73 2 2= s
= (@R aNS] O O w 7] £ Q9 = = R 23] =
14 © g 2 .E €2 s8g s E 2| 2= =
> 2 & g 0 O o 3 s > =
© =% | S&|a 5 A .
z &
kPa | — MPa - - MPa | MPa - deg
EGE-5. Plastic sandy loams with
interlayers of loams, less commonly |290 | 1.9 28.8 0.28 0.65 | 24.2 157.8 10.30| 0.28 -
clays (a,f —Q**)
EGE-7a. Fine sands with interlayers
of silty sands, medium dense, water- | 100 - 12.9 0.32 0.32 18.5 1189 |[0.30 | 0.26 | 8.6
saturated (a,f —Q,"**)
EGE-7b. Fine sands with interlayers
of silty sands, dense, water-saturated | 100 - 17.2 0.28 034 | 23.7 1524 (031 | 0.24 | 11.1
(a’f 7Q1Vk*d5)
EGE-8. Medium sands with
interlayers of coarse sands, dense 1y | | 590 | 039 | 027 | 351 | 1564 |035| 029 |13.1
with medium-dense interlayers,
water-saturated (a,f —Q ")
EGE-10. Semisolid clays, highly
sandy, with frequent interlayers
(interbedding) of silty and fine sands 440 1.3 17.4 0.37 0.65 | 20.5 157.7 1 0.33 | 0.31 -
(J,K Ip)
EGE-11. Semisolid clays with
interlayers of sandy loams and sands, | 4q0 |y 5 | 135 061 | 052 | 173 | 1395 |041] 034 | —
with phosphorite inclusions
(J,fl+eg)
EGE-12. Semisolid clays with hard .5 | 1 7| 575 | 055 | 071 | 204 | 1410 042 039 | -
clay interlayers (J, ,vd—er)
Table 2. Summarized results calculations required for selecting the foundation-soil improvement method
Design solution Characteristics of Required Number of Pile volume within Predicted
foundation soil/ settlement, | piles within a 10 x 10 m site area at settlement, cm
foundation cm al0x 10m the stratum depth equal
site area | to pile length/mass depth, m?
Foundation slab on | EGE-2b (see Fig. 2)
- - 20.85
natural ground
Foundation slab E=261.95 MPa,
on a Jet Grouting- | mass dimensions:
improved soil h=12.8 m, 1,548.8 9.87
mass d=0.6m,
spacing = 0.9 m 121
E =224.68 MPa,
mass dimensions: 15
h=11.0m, 1,331 12.36
d=0.6m,
spacing = 0.9 m
DPT piles d =350 mm,
spacing = 1.4 m, 735% 19.62
length = 15
eng m 49
d =350 mm,
spacing = 1.4 m, 1,225% 8.8
length =25 m

Note: * — DPT pile volume calculation disregarded pile enlargements.
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» Upper Carboniferous deposits of the Kham-
ovniki Formation, lower (Ratmirovskaya) subformation
(C3hml), occur at depths of 59.0-62.5 m, corresponding
to absolute elevations of 89.00-91.00 m, and are repre-
sented by limestones more than 4.5 m thick.

The hydrogeological conditions of the site are charac-
terized by the presence of a supra-Jurassic aquifer complex.
Groundwater was encountered at depths of 9.0-11.5 m,
corresponding to absolute elevations of 140.00—-141.00 m.
The aquifer is unconfined.

A total of 16 engineering-geological elements
(EGEs) were identified at the construction site. The list
of EGEs and the recommended physical and mechanical
characteristics of soils for the Hardening Soil model in
the Plaxis software package are provided in Table 1.

MATERIALS AND METHODS

Two foundation-improvement technologies were
considered in this study to reduce the predicted deforma-
tions of foundation soils [1-3].

Jet Grouting (jet grouting) is a ground improve-
ment technology based on the energy of a high-pressure
cement grout jet [4-6].

Three types of Jet Grouting technology are distin-
guished [7]:

« Jet 1 (single-fluid). Only a cement jet is used for
cutting and mixing. The diameter of soil-cement columns
depends on the soil type: 500-600 mm for clayey soils
and 700-800 mm for sandy soils;

+ Jet 2 (double-fluid). The cement jet is assisted by
a compressed-air flow, which increases the energy and
pile diameter. It is particularly effective in clayey soils,
where greater energy is required for high-quality mixing;

o Jet 3 (triple-fluid). A double jet of water and air
is used to cut the soil being improved and remove soil

particles, after which cement grout is supplied through
a separate nozzle. This method ensures maximum pile
strength and forms large-diameter elements.

Advantages of Jet Grouting [8]:

* predictable results;

* high productivity (up to 300 linear meters of jet
piles per day);

« applicability in confined conditions (basements,
near existing buildings, and on slopes) [9];

* possibility of installing jet piles beneath existing
foundations (piles 300—700 mm in diameter can be con-
structed through a 100 mm opening);

* possibility of installing jet piles in water-saturated
soils.

Ground improvement using discharge-pulse piles
(DPT piles), also known as the discharge-pulse technol-
ogy, is a method for constructing bored injection piles by
means of pulsed electric current.

The concrete mix placed in a borehole is subjected
to pulsed electric current using a special emitter. High-
voltage electric discharges generate electric explosions.
Owing to the electrohydraulic effect, the pile body ex-
pands locally, including in the toe zone [10-14].

As aresult [15]:

* the borehole diameter increases by a factor of two
or more;

* the pile is firmly anchored in the ground and can
withstand high vertical and horizontal loads;

* the surrounding soil is compacted and cemented,
which increases the strength of the structure [16].

Advantages of DPT:

» work performance in a lower room with a ceiling
height of at least 2.4 m (from a basement, semi-base-
ment, or first floor);

Deformed mesh |u| (scaled up 5.00 times)
Maximum value = 0.3967 m (at node 139,672)

Fig. 1. Calculation model
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Total displacements u_(scaled up 20.0 times)
Maximum value = 4.533 - 10° m
Maximum value = —0.2085 m

a

Total displacements u_(scaled up 50.0 times)
Maximum value =2.985 - 10° m
Maximum value =-0.09813 m

Total displacements u_(scaled up 20.0 times)
Maximum value =3.351 - 103 m
Maximum value =-0.1236 m
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[*10°m]
20.00
0.00
-20.00
—40.00
—60.00
-80.00
—-100.00
-120.00
—-140.00
z
K ~160.00
Total displacements u_(scaled up 20.0 times) X ~180.00
Maximum value = 3.875 - 10° m
Maximum value = —-0.1962 m -200.00
d
[*10°m]
-40.00
—42.50
—45.00
-47.50
-50.00
-52.00
-55.00
-57.50
—60.00
—62.50
—65.00
—67.50
—70.00
—72.50
—-75.00
-77.50
z
K -80.00
-82.50
Total displacements u_(scaled up 50.0 times) X —-85.00
Maximum value =—-0.04160 m ~87.50
Maximum value =—0.08755 m -90.00

e

Fig. 2. Vertical displacements: a — building on natural ground; » — foundation soil improved by Jet Grouting to a depth of 12.8 m;

¢ — foundation soil improved by Jet Grouting to a depth of 11.0 m; d — foundation soil with DPT piles driven to a depth
of 15.0 m; e — foundation soil with DPT piles driven to a depth of 25.0 m

» drilling without casing in weak soils when bore-
hole walls may collapse;

« the bearing capacity of piles constructed using
DPT is up to 2.5 times higher than that of piles construct-
ed using other technologies.

RESEARCH RESULTS

Calculations were made for the following alterna-
tive options to select the best foundation:

1. Foundation slab on natural ground.

2. Foundation-soil improvement using Jet Grout-
ing:

« installation depth of 15.0 m, pile spacing of 0.9 m,
pile diameter of 0.6 m;

« installation depth of 12.8 m, pile spacing of 0.9 m,
pile diameter of 0.6 m;

« installation depth of 11.0 m, pile spacing of 0.9 m,
pile diameter of 0.6 m.
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3. Construction of DPT pile foundations:

* pile length of 15.0 m, pile spacing of 1.4 m, pile
diameter of 0.35 m;

* pile length of 25.0 m, pile spacing of 1.4 m, pile
diameter of 0.35 m.

The calculation results are presented in Table 2. Set-
tlement values exceeding the allowable value are high-
lighted in red. Table 2 also presents the number and vol-
ume of piles within a 10 x 10 m site area, with the depth
depending on the type of additional measures selected
and equal to the depth of the jet-pile mass or the length
of the DPT piles.

Based on the assessment of predicted deforma-
tions of the designed building, it was established that
displacements and relative deformations of the foun-
dation on natural ground exceed the permissible limits
[17-20]. Additional measures are required to ensure
the integrity and safe operation of the designed build-
ing.

Summarized calculation results are provided in
Table 2.

The Plaxis 3D calculation results are shown in Fig. 1
and 2.

CONCLUSIONS

The following conclusions can be drawn from
the study:

1. The use of additional measures at the considered
construction site can help minimize predicted deforma-
tions during construction of the designed building.

2. The requirements for the second group of limit
states can be satisfied using several options of additional
measures:

* construction of a soil-cement mass using Jet
Grouting with depths of 11.0 and 12.8 m;

* construction of a pile foundation using DPT with
350 mm diameter piles that are 25 m longina 1.4 x 1.4 m
grid.

3. Given the work performance rates for different
options, as well as the required pile depths, the optimal
solution in the presented case is to use Jet Grouting to
improve the foundation soil to a depth of 11.0 m.
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AHHOTAUMA

BBepeHue. B ctatbe paccMoTpeHo nHpOopMaLrnoHHoe obecneyeHne MOHUTOPUHTa CTPOUTENBCTBA C UCMONb30BaHNEM CO-
BPEMEHHbIX TEXHOMOIUI, @ UMEHHO MPUMEHEHNE adpOo- N KOCMUYECKMX CHUMKOB A711 MOHUTOPUHIa CTpouTensCTBa. Tema
akTyarnbHa B CBA3M C pacLUMPEHNEM BO3MOXHOCTEN NPUMEHEHNS LIMDPOBbLIX TEXHOMNOMNA B CTPOMTENBLCTBE, K KOTOPbLIM OT-
HocuTCs LmdpoBas hoTorpammeTpryeckas 06paboTka aspo- U KOCMUYECKUX CHUMKOB. [poaHanu3npoBaHo oTobpaxeHne
CTPOMTENbHOW NMOLAAKN Ha TaknX CHUMKaX: CTPOUTENbHAasA TEXHWUKA, CTaAun CTPOUTENbCTBA, CTPOUTESNbHbIE MaTepuansl.
MaTepuansl n meToabl. [1na npoBeaeHns aHanuaa otobpaxeHns Ha LM poBbIX CHUMKax 06BbEKTOB CTPOUTENBLCTBA, CTPO-
UTENbHOM TEXHWKN U CTPOUTENbBHBIX MaTepunasnos NCNOMNb30BaHbl Matepuansl, NonyyYeHHble 3 AHaekcKapT Ha TeppuToputo
r. MockBbl, B KOTOpble HA MOMEHT MOArOTOBKU CTaTbu Obiny 3arpykeHbl parMeHTbl KOCMUYECKUX CHUMKOB U MaTepua-
Nbl @3pOPOTOCHEMKM, COEANHEHHbIE B €ANHOE MOKPbITUE TeppuTopun. MNpu BbINOMHEHNN UCCNEA0BaHNS AN MOMyYeHus
Hay4YHbIX Pe3ynbTaToB NPUMEHSINNCL ObLLieHay4Hble MeToAbl NO3HaHUs: abcTparnpoBaHve, aHanua, CUHTEe3, rpynnuMpoBKa,
aHanorusi, HAYKUMS, Aenykumsi, MoOAenupoBaHne; NCTOPUKO-TOTMYECKUI, CPaBHUTENBHBIN, CUCTEMHBIN Noaxoabl. [premsl
cbopa, 06paboTkn 1 aHannsa MHopMaLMn onpeaensanucb KOHKPETHLIMU LIeNAMN NCCNefoBaHuns.

Pesynbrathbl. [TpefctasneH pesynsraTt aHannsa otobpaxeHns 06beKTOB Ha KOCMUYECKUX 1 a3POCHNMKaX, MPoaHannanpo-
BaHbl reOMeTpUYeckre pa3Mepbl Taknx 0ObEKTOB U BbiTeKatoLLee 13 aToro Tpebyemoe paspeLleHne CbeMOK.

BbiBoabl. Ha ocHOBe paccMOTpeHHOro martepuana MOXHO caenaTb BbiBOA, YTO AN MOHWTOPWHIA CTPOMTENbCTBA ONTU-
MarnbHO NPUMEHeHVe aapOCHEMKYM C caMorieTa U 6eCnMNOTHOrO NeTaTenbHOro annapara, Takke BO3MOXHO UCNONb30oBaHne
KOCMUYECKOV CbEMKM CBEPXBbICOKOTO pa3dpelleHust. [puBeaeHHbIe MpYMepbI MoKasanw, Kaknue U3 MHTEPECYHLNX OObEKTOB
OyayT pas3nuyMMbl Ha CHUMKaX, @ 3Ha4YWT, 3TO AACT BO3MOXHOCTb VX AelundprpoBaHns 1 onpeaeneHnst MECTOMNONOXEHUS.

KINKOYEBBIE CJIOBA: aspo- 1 KOCMUYECKNE CHUMKW, MOHWTOPWHI, CTpOMTeNbHasa nrowagka, CTpoUTeNbHas TexXHWKa,
CTpouTenbHble MaTepuarnbl, CTaguy CTPOUTENbCTBA, MapaMeTpbl CbEMKM, Pa3peLLeHne Ha MeCTHOCTH

Ona UUTUPOBAHUA: CymyauHa M.M. iicbopmaLMoHHOEe oGecrneyeHe MOHUTOPUHIa CTPOUTENBLCTBA C UCMONb30BaHNEM
COBpeMeHHbIX TexHonoruii // CTpouTenbCTBO: Hayka n obpasoaHune. 2026. T. 16. Bein. 2. Ct. 3. URL: http://nso-journal.ru.
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ABSTRACT

Introduction. The article considers information support for monitoring construction using modern technologies, namely
the use of aerial and satellite images for monitoring construction. This topic is of particular relevance given the expanding scope
of digital technologies in the construction industry, including digital photogrammetric processing of aerial and satellite imagery.
The representation of the construction site in such images has been analyzed: construction machinery, stages of construction,
and building materials.

Materials and methods. To analyze the representation of construction sites, construction machinery and building materi-
als in digital images, data obtained from Yandex Maps covering the city of Moscow was used; at the time of writing, this
data included sections of satellite imagery and aerial photographs, which had been combined to form a single map covering
the area. In conducting the research to obtain scientific results, general scientific methods of inquiry were applied: abstrac-
tion, analysis, synthesis, grouping, analogy, induction, deduction and modelling; as well as historical-logical, comparative
and systems approaches. The methods of collecting, processing and analyzing information were determined by the specific
objectives of the research.

Results. The results of an analysis of how objects appear in satellite and aerial photographs are presented; the geometric
dimensions of such objects are analyzed, along with the resulting required resolution for the imagery.

© U.M. CytyruHa, 2026
PacnpoctpaHsieTcs Ha ocHoBaHuu Creative Commons Attribution Non-Commercial (CC BY-NC)
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Conclusions. Based on the material reviewed, it can be concluded that the optimal method for monitoring construction is
the use of aerial photography from aeroplanes and unmanned aerial vehicles; the use of ultra-high-resolution satellite imag-
ery is also a possibility. The examples given have shown which of the objects of interest will be distinguishable in the images,
and this will therefore make it possible to interpret them and determine their location.

KEYWORDS: aerial and satellite images, monitoring, construction site, construction machinery, building materials, construc-

tion stages, survey parameters, terrain resolution
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BBEJIEHUE

A53pO- U KOCMHUYECKHUE CHUMKH MOTYT IIPUMEHSITHCS
JUTSi MOHUTOPHHTA CTPOUTEIBCTBA C MOMOIIBIO 1H(PO-
BO# (poTorpammerpuyeckorr o0paborku. Tema MoxerT
OBITh OTHECCHA K pa3/ieily HHPOPMAIIMOHHOTO o0eceue-
HUSI MH)KCHEPHBIX U3BICKAaHUHM M CTPOUTEIHCTBA. AKTY-
AIBHOCTH OTPEIENSETCS TEM, UTO eIlle HE BCE BO3MOKHO-
CTU BHEJPEHUsI IIU(PPOBBIX TEXHOIOT Ui, UCIIOIb30BAHUS
JIACTAHIIMOHHBIX METOIOB 30HIUPOBAHUSI 1 HCKYCCTBEH-
HOT'O MHTEJUIEKTA PeaIn30BaHbl B C(hepe CTPONTENBCTBA.
CHUMKH SIBJISIIOTCSI HE TOJILKO PacTPOBOM IMOMATIOKKOM
JJIA BEKTOPHBIX KapT, 4 UICTOYHUKOM HaHHBIX, HACJICH-
HBIM Ha TPOCTPAHCTBEHHbIH aHAIHU3 U TIOCTPOCHHUE MO-
Jiesied IPUHSTHSL YIIPABJIECHUECKUX PELLIEHUH.

[IpumeHeHne MaTepHAIOB a9POKOCMHUUECKUX Che-
MOK IO3BOJISIET AMCTAHIIHOHHO MOJIyYUTh KA4€CTBEHHYIO
1 JJOCTOBEPHYIO [IPOCTPAHCTBEHHYIO HH(POPMALIHIO.

Heticteyromvu ['OCTamu' 2 perynupyrorcst Bo-
MPOCHI BBIIOJIHEHUST a9POPOTOCHEMKN U TIPUMEHEHHUS
OecnmiIoTHRIX aBUanMOHHBIX cucteM (BAC) mist mpo-
M3BOJICTBA I'€0IE3MIECKUX PA0OT U U3BICKAHUI B CTPO-
UTENbCTBE.

I'OCT P 59328-2021 «AspocdorocheMka ToIo-
rpaduyeckas. Texuuueckre TpeOOBaHUS» PEryIUPYET
uuppoBy0 a’po(oTOCHEMKY, KOTOpPAsi BBITOIHIETCS
JUISL CO3/IaHMS M OOHOBJICHHSI TOMOTpadUIECKUX KapT
U IJTAHOB, MOJYYEHHUS IPYyTHX MPOCTPAHCTBEHHBIX JaH-
HbiX. CTaHIapT yCTaHABIMBACT TPEOOBAHUS K KOMILICK-
cy pabot mo nudpoBoit a3pohoTockeMKe, BKITIOUas Ka-
4eCcTBO, 0(hOpMIICHHE U C/Iauy MOTy4aeMbIX MaTepHasIoB.
I'OCT pacnpoctpansieTcsi Ha UCTIOTHUTENEH U 3aKa3uu-
KOB ITU(POBOiT a3pOPOTOCHEMKH, MPOBOAMMOMN B IEIISAX
TOTIOTpahUIECcKOTO KapTorpadupoBaHus, 00eCIeueHHS
Ka/IaCTPOBBIX PabOT M UCIOJB3YETCsl TIPU TPHEMKE Ma-
TepuaioB adpodorocheMk. OH CONEPKUT TPEOOBAHUS
K a3podorokamepam (HarpuMmep, HaJIMIKe [EHTPAIBHO-
T'0 3aTBOPA, MOCTOSTHCTBO 3HAYCHUI AJIEMEHTOB BHYTPEH-
HEero OPHEHTHUPOBAHUSI), & TAKXKE MapaMeTpaM CheMKH:
BKJIFOYAET MPUIIOKEHHS ¢ HOMUHAIBHBIMU 3HAUYCHUSIMU
MPOEKTUPYEMBIX TIEPEKPBITHI a3pOPOTOCHIUMKOB, JIOITY-

'TOCT P 59328-2021. AspodoTrochemka Tororpaduaeckast.
Texnnueckue TpedoBanms. 2021.

2TOCT P 71886-2024. CucteMsl OeCIIMIOTHBIC aBHAIIHOH-
HbIE B CTPOUTEIIBCTBE, IIPUMEHSIEMBIE JUTS IPOU3BOICTBA Ie0-
ne3udeckux padbot. 2025.

CKaMH OTKJIOHEHHUH ITPH OIIEHKE (DOTOTPaMMETPHUUECKOTO
KayecTBa MarepraioB u ap. Llens crangapra — TexHU-
YEeCKOe PErylHpOBaHUE TEXHOJIOTMYECKUX MPOLECCOB
MPOEKTUPOBAHMS U OCYIIECTBICHHUS TOMOTPadIeCKON
a3poOTOCHEMKH, yCTaHOBJIEHHE TPpeOOBaHMIT K 000py-
JIOBAHHIO, KAUECTBY MOTyYaeMbIX MaTepHaOB, UX KOM-
TUIEKTHOCTH U 0(hOPMIICHHIO.

Crangapt paszpadoran ®I'YIT « CTAHAAPTUH-
OOPM», ®I'BY «llentp reomesuu, kaprorpapuu
u UIT» 1 OO0 «I'eockany mpH y4acTHH TEXHUYECKOTO
komureTa 1o cranaaprusanuu TK 404 «l'eonesus u xap-
Torpadus».

Cranmapt paspaboran AO «Hayuno-uccueno-
BaTeNbCKUH HeHTp “CTpOUTEnbCTBO”» COBMECTHO
¢ HUMXbB um. A.A. I'Bo3nera nipu yuactuu oosee 30
Mpo(UIBHBIX OPTaHU3aALUH B paMKaX TEXHMYECKOTO KO-
mureta no cragaaptusanu TK 465 «CTpoutenseTBoy.
Crannmapt BBeacH B aeiictere 1 despainst 2026 1. ¢ mpa-
BOM JIOCPOYHOTO IPUMEHEHHUS.

Krnaccnueckue mogxossl K poTorpaMMeTpruaecKon
00paboTKe a3p0- ¥ KOCMUYECKUX CHUMKOB M IPUMEHEHHUE
MaTepuaoB CbEMKH B Pa3IMYHBIX OTPACIISIX SKOHOMHKN
onucansl poccuiickumu aBropamu H.JI. MnbunCKHM,
A.H. JlobanoBeiM, b.K. Masssckum, A.W. O0upaioBsim,
A.A. ®octrkoBeM [ 1-3].

B 3apyOexHBIX M3AaHUSIX TPUBEICHBI MaTCpHAIIBI
MO MOJyYeHHI0 U LudpoBoil 00paboTke MarepuaIon
JIICTAaHIIMOHHOTO 30HaMpoBaHus (aBTopsl J. Albertz [4],
H. Ziemann [5]).

W3 uncna aBTOPUTETHBIX UCTOYHUKOB JIUTEPATYPBI
HEOOXOMMO OTMETUTH KHUT'H U CTAaThH TAaKHUX aBTOPOB,
kak A.I. YnOyrmdes [6] u C.A. KagamgaHcKuii ¢ COaBT.
[7-10].

B xaure A.I. UnOynraeBa «DoTorpaMMeTpust: y4aeo-
HUK /7151 By30B» [6] IpelCTaBIeHbl JEHCTBYIOIME Ha ce-
TOHSIITHUI JIeHb TOJIXOJIbl K TEOPHHU U MPAKTHUKE MOJY-
YeHUsI 1 00PabOTKN CHIMKOB B COBPEMEHHOM U OJHOBpE-
MEHHO KJIACCUUYECKOM U3JIOKEHHHU. PaccMOTpeHBI BOIIpock!
MPOEKTUBHO# ()OTOrpaMMETPHH 1 aBToMaTu3aiyu (Goto-
TPaMMETPUYECKIX M3MEPEHHUH, BBITTOIHAEMBIX 110 IU-
POBBIM M300paKCHUSIM, CO3/IaHUS IUPPOBBIX MOJIENICH
MOBEPXHOCTHU peiibeda, MECTHOCTH U OPTO(OTOILIIAHOB,
BO3IYIITHOE M HA3EMHOE JIa3epHOE CKaHUpPOBaHue, (HoTo-
rpaMMEeTpHUYEecKHe METOAbl 00pabOTKH M300paskeHNH,
MOJYYEHHBIX CKaHEPHBIMH ChEMOYHBIMU CHUCTEMaMH,
TEXHOJIOTHS a3pO(OTOTOIIOr padhIECKOM ChEMKH, a TAKKE
BONPOCHI Ha3eMHOH (hoTorpammerpui [6].
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B monorpaguu C.A. Kaguuuanckoro «Aspodoro-
rpaMmeTpusi U aspodororoniorpadus» [7] nceaemyrores
TTOAXOMBI K ITU(PPOBOHA POTOTpaMMeTpHIecKolt 00padoT-
K€ C MMO3MLHUI TOYHOCTH M JETAILHOCTH N300paKeHN i,
NIPUBE/ICHBI CBE/ICHHSI O COBPEMEHHBIX ChbEMOUYHBIX CH-
CTeMax M OIEHKE TOYHOCTH PEe3ylbTaTOB M3MEPEHHH,
BBITIOJIHSIEMBIX 110 TAKAUM CHUMKaM, U aJITOPUTMBI pellie-
HUS HEKOTOPBIX 3ajau. Taxoke [7] paccMoTpeHa Teopus
00pabOTKH CHIMKOB, 0COOCHHOCTH, CBOWCTBA U XapaK-
TEPUCTUKHU HUPPOBBIX a3pOPOTOCHUMKOB. YKa3aHbI Me-
TOJIBI ¥ TEXHOJIOTMYECKHUE TPOIIECCHI a3pOOTOTONOrpa-
¢ugeckoll CheMKH, BKITIOYast padOTHI IO COCTABICHUIO
opuruHaia rornorpaduyeckoil kaptel U raHa. [pen-
CTaBIICHHBIEC B Tpy/e [7] pe3yabTaTsl pa3indyHbIX IKC-
MIEPUMEHTAIIBHBIX pa0OT MO’KHO HCTIOIB30BaTh IS TLIa-
HUPOBAHMS U ONTHMHU3ALUN TEXHOJOTUH MOJTY4YCHUs
nHpopMannyu 1o a’podoTocHNMKaM, BEIOOpaA mapame-
TPOB 00pabOTKH HHPOPMALTHH U 000PYIOBAHNS.

ITo TemMe MOHUTOPHHTA CTPOUTEIHCTBA OITyOIHMKO-
BaH psj pabot™ * °. MarepuaJibl 1 UCCIICIOBAHMS, PUBE-
nennsle B mpeseHTam AO «TeppaTexy, ncmonp30BaHbI
npu peanusanuu Moayist «Ctpoi-KonTposby miardop-
mbl «l{udposas 3emis» Pockocmoca.

Bompocam npuMeHEHHsI a’3po- M KOCMHYECKHX
CHHUMKOB U HCKYCCTBEHHOTO MHTEIUIEKTA B CTPOUTENIHCTRE
nocasitiensl uceaenoBanus b.C. Canosckoro u .M. Cy-
TyruHoii [11, 12], a Taroke M.M. 3ubposa [13, 14].

C.A. ApOy30BbIM pazpaboTaHa METOAMKA MPUME-
HEHUS! SIPKOCTHBIX, POCTPAHCTBEHHBIX U T€OMETpHYe-
CKHX TIPU3HAKOB B KOMIUIEKCE JUIS1 aBTOMAaTH3HPOBAHHOTO
nemnpupoBaHus a3po(HOTOCHUMKOB M KOCMHUYCCKUX
CHHMMKOB, 4TO JIa€T BO3MO)XHOCTb ITOBBICUTH TOYHOCTB
OIIPEJICIICHNSI I3MEHEHHH Ha 3aCTPOCHHBIX TEPPUTOPHSIX,
B TOM YHCJIC YCTaHOBJICHHE BBICOT 3[JaHHH, a TAK/Ke MOHH-
TOPHHT X0/1a cTpouTenbseTsa [13].

Hcnonp3oBaHue NaHHBIX KOCMHYECKON CBHEMKH
CBEPXBBICOKOTO Pa3peIleHus Ui peIIeHus 3a1ad Tep-
PHUTOPHAILHOTO 30HUPOBAaHUS PacCMOTPEHO B padote
0.®. Topcynonoii [15].

Bcrarpsax M.A. llernosa, A.1. Kapenosa, A.A. Maiio-
poBa, A.A. [1aBnoBckoro npeacTaBiIeHbl METO/bI IPUMeE-
Herns [ IC-TexHOMOTHIA IpH KOHTPOJIE CTPOUTEITBCTBA

3 BMecTo reofe3ucta 1 OXpaHHHUKa: Kak OeCIHIOTHHKH HC-
MOJB3YIOTCA B cTpouTenbeTBe // I'eockan. 2022. URL: https://
www.geoscan.ru/ru/blog/vmesto-geodezista-i-okhrannika-
kak-bpla-ispolzuyutsya-v-stroitelstve?ysclid=mm2xi4xy
4d319006035

4 Tpesenranus AO «TeppaTex». KocMuuecknit MOHUTOPHHT
cTpouTenbHBIX padoT. 2026. URL: https://terratech.ru/solu-
tions/construction/?ysclid=mm3gx2272u4091267

5 M3y4eHne BO3MOKHOCTEH HCIIONIB30BAHUS CIHYTHHKOBBIX
CHHMKOB M JaHHBIX APOHOB IJISI KOHTPOIIS 32 XOZOM CTPOH-
TenbHBIX paboT. 2025. URL: https://gisproxima.ru/izuchenie
vozmozhnostey?ysclid=mm2xr82yv899424591
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C UCIIOJIB30BAHMEM JIAHHBIX a3PO- U KOCMUYECKUX CHEMOK
Y MOHHUTOPHHT 00BEKTOB CTPOHUTEIHCTBA JKEIE3HOIOPOK-
HOI nHdpacTpykTyps! ¢ nomornipio nadopmaryu ¢ BAC
[16, 17].

M.A. [Tnotaukosa u E.Il. XneOHMKOBA M3yUYarOT
BOIIPOCHI BBISIBIICHHSI N3MEHEHUH HA TEPPUTOPUH TOPOJI-
CKOTO IIPOCTPAHCTBA, CBSI3aHHBIX CO CTPOUTEIHCTBOM HO-
BBIX 00BEKTOB, pEHOBALIMEH H PEKOHCTPYKIINEH, C TIOMO-
IIBIO IAHHBIX JIMCTaHIIMOHHOTO 30HMpoBanus. B pabore
MPOBEJCH aHAJIM3 aJTOPUTMOB aBTOMATU3UPOBAHHOTO
BBISIBIICHUS] I3MEHEHHH 110 pa3HOBPEMEHHBIM KOCMHUE-
ckuM cHuMKaM B porpamme ERDAS IMAGINE 2010.
Omnpenenensl (HakTopbl, KOTOPbIE HEOOXOIUMO YUUTHI-
BaTh MPU MOHUTOPUHTE TOPOACKHUX TeppuTopuii [18].

Bompocam 00paboTk1 a3po- ¥ KOCMHYECKUX CHAM-
KOB JJIsl PEIICHUs TPpaJOCTPOUTENbHBIX 3aaad (Kiac-
cuukamuy GoTOrpaMMETPHIECKUX O00JTaKOB TOYEK,
MOJYYEHHBIX TI0 CTepeonapaM KOCMUYECKUX CHUMKOB)
B IporpaMMHOM Komruiekce Photomod mocssmena cra-
Tbs1 P.B. Tlepmsikosa [19].

B nienom, npoaHan3upoBaB UMEIOIIyrocs HHHOp-
MalHIo, MOXKHO CJIeJIaTh BBIBOJI, YTO TeMa MOHUTOPHHTA
CTPOUTEIBCTBA 110 a9PO- U KOCMHYECKIM CHUMKAaM aKTy-
aJIbHA, €CTh PsiJ paboT, B KOTOPBIX POBE/ICH aHAIIM3 BO3-
MO>KHOCTEH IIPUMEHEHHS a3P0- 1 KOCMHYECKUX CHUMKOB
B CTPOUTEIBHON c(hepe, HO MOXKHO TAKXKe CHEIATh BbI-
BOJI, YTO €II[e HE BCE acCMEeKThl ATOTO BONPOCA U3YUCHBI,
TpeOyIOTCs JOTIOTHUTEBHBIE HCCIIEJOBAHMS.

MATEPUAJIBI U METO/bI

C menpro aHanmu3a OTOOpaKEHHS Ha IUPPOBBIX
CHUMKax OOBEKTOB CTPOHTENIBCTBA, CTPOUTEILHON TEXHHU-
KW 1 CTPOUTEIIbHBIX MaT€pHUaioB IPUMEHEHBI MaTCpUaJibl,
TIOJTyYE€HHBIC M3 TTOMCKOBO-NH()OPMAIIMOHHON KapTorpa-
(hueckoit ciryx0b1 Snnexca SunexcKaprst. Micronb3oBa-
HBI MaTepHaIbl U151 I. MOCKBBIL: ()parMeHThI KOCMUYECKHX
CHUMKOB 1 HH(OpMaIHs a3po(OTOCHEMKH, COSANHEHHbIC
B €IMHOE ITOKPBITHE TePPUTOPHH. J{J1st aHAIIM3a BBITIONHEH
TIOKCK ()ParMEHTOB MOKPBITHS HA TEPPUTOPHUH CTPOHUTEIb-
HBIX IUIOIIAJOK, pacHojokKeHHbIX B I. Mockse. Takxke
NpoaHaIn3upoBaHa paboTa’, comeprkariias pUMephbI a9po-
1 KOCMHUYECKHNX CHUMKOB, ITOJTYYCHHBIX Pa3IMYHBIMU ChE-
MOYHBIMH CHCTEMaMH, TIPUMEHSIOIIMCS B [ epMaHnL.

[Ipu poBeaeHUM MCCIENOBAHUS ISl TTOJTyYCHHS
Hay4YHBIX PE3yJbTAaTOB NMPHMEHSUINCH OOLICHAYYHbIE
METO/bI TIO3HAHUS: adCTparupoBaHue, aHaIN3, CHHTE3,
IPYNINPOBKA, AaHAIOTHS, HHIYKIHNS, ASIXYKLHS; MOZe-
JMPOBAHNE, HCTOPUKO-JIOTHUECKNN, CPAaBHUTEIbHBIH,
CUCTEeMHBIN monxof. [Ipuemsl coopa, 00padoTku 1 aHa-
nm3a HHGOPMALIUK ONIPEICIISITUCH KOHKPETHBIMH LICIISIMH
UCCIIE/IOBAHUSL.

¢ Flying Camera. Learning from the Bird's Eye View Geog-
raphy in Aerial and Satellite Pictures // DoersdorfGermany.
2026. P. 25.
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PE3YJIBTATHBI HCCIEJOBAHMUA

Ha ceropgnsmnmii eHb 17151 OCYLIECTBICHUS MOHU-
TOPUHTA CTPOUTENIBCTBA JOCTYIHBI JaHHBIC psAaa poc-
CUICKHX U 3apyOeXHbIX CIyTHUKOB. Takxke B 2025 T.
Poccus 3amycTina 28 CIlyTHUKOB Pa3IMYHOTO Ha3HAYe-
uus. CormacHo crarbe P. IlepsimioBa «torn 3amyckoB
KoCMHYecKuX ammapartoB /[33 m TeHAeHIWH oTpaciu
B 2025 romy»: «Ha 2026 T. IepeHecIuch TIaHbl Pockoc-
MoOca TI0 3aIlyCKy THAPOMETEOPOIIOTHYECKOTO anmapara
Ha BBICOKOH opOuTe Dnmektpo-JI Ne 5. Cpean gacTHBIX
xommanauit B 2026 . ['K «CrryTHUKCY» TUIaHUPYET BHIBE-
CTH Ha opOuTy anmapar KHHOCITyTHHK ¢ pa3penieHrneM
0,8 m/mmuke, a koHcopimyM OO0 «MT-JIAB» n «Ctui-
cop» — ammapar KOOH ¢ paspemennem 0,5 m/mukc.
Kpome Toro, oxugaercs, uro B 2026 I. Ha 3aKyNKy JaH-
HbIX /133 y 4aCTHBIX M FOCYJAPCTBEHHBIX CITyTHUKOBBIX

KOMITaHUH BBICJICHO JJIsl TOCY/IapCTBEHHBIX 3aKa3UHKOB
5 Mupa pyoieit u3 peaepambHOTO GoHIA .

Jlj11 MOHUTOPUHTA CTPOUTENIBCTBA XOPOIIO MO-
XOIIAT TI0 pa3perIaroneil cmocoOHOCTH U MH(pOpMATHB-
HOCTH KOCMHUYECKHE CHUMKH OT anmnaparoB «Pecypc-ID»,
00ecIeunBaloIuX BBICOKOAETAIBHYI0 ChEMKY MECT-
HOCTH, TaK)Ke JIaHHbIE armaparoB BBICOKOTO pa3pelie-
Hust «Kanomyc-By, «Auct-2T» 11 crepeocheMKH U 1o-
JydeHus UQPOBBIX KAPT MECTHOCTH.

Ha puc. 1-4 npusenensl npumMepsl GpparMeHToOB
KOCMHUYECKHX CHIMKOB (ONTHYECKast ChEMKa) CO CITyT-

" lepmsikos P.B. VIToru 3amycKOB KOCMHYECKHX alapaToB
1133 u renpentun orpaciu B 2025 romy. 2025. URL: https://
racurs.ru/press-center/articles/obshchie-voprosy/itogi-za-
puskov-kosmicheskikh-apparatov-dzz-i-tendentsii-otrasli-v-
2025-godu-/?ysclid=mm3tb0tg1a745825371

b

Puc. 1. ®parMeHT KOCMHYECKOTO CHUMKA CO cITyTHHKA: @ — Pecype-I1 (poccuiickuii rocyapcTBEHHBIH CITyTHUK), TIPOCTPaH-

cTBeHHOE paspenrenue — 0,7 m; mumpuHa kagpa — 38 km; b — Kanomyc-B, pa3pemenne Ha MecTHOCTH — 2,5 M
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Puc. 2. I'pynnupoBka poccuilckux rocyjapcTBeHHbIX cIyTHUKOB Kanomyc-B ¢ mpocTpaHCTBeHHBIM paspemieHueM 2,5 M
Ha MUKCell

Puc. 3. Kommepuecknii poccuiickuii cmytnuk CTUJICAT ¢ nmpocTpancTBeHHBIM paspeuienuem 0,5 M Ha nukcen. Oneparop
CIYTHHMKa — 4yacTHasg kocMuueckas kommanust CTUJICIIDUC

Puc. 4. ®parmeHT kuTaiickoro kocMuaeckoro caumka Jilin-1 (EarthScanner) ¢ paspemennem Ha MmecTHOCTH 0,5 M Ha TIHKCET,
mupuHa Kaapa — 150 km
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C UCIMoAb30BaHMEM COBPEMEHHbIX TEXHOAOT MM

HHKOB, TOCTYIHBIX U1 3aKka3a Ha caifre AO «TeppaTex»
POCCHICKHAX KOCMHYECKUX CHCTEM®,

Jns mosyuyeHus aBTOMAaTHYECKOM JKCHEpPTHOM
AQHAJINTUKN O CTPOUTENBHBIX IJIOMIAIKAaX MO0 KOHKPET-
HBIM 00BEKTaM MOYKHO HCIIOJIE30BaTh OOJIAYHBIN CEPBHC
«Iludposas 3emist» Monyib « CTpoi-KOHTPOIIEY. B pam-
Kax 3TOr0 CepBHCa JIOCTYIHO MOy4YeHHe HH(QopMaIuu
0 COCTOSIHUM KOHKPETHBIX 00BEKTOB, 3aJIAHHBIX T10 KOOP-
JUHATaM; aHAIWTHKA, TOTy4eHHas Ha OCHOBE JaHHBIX
KOCMHYECKUX CHEMOK M CHEMOK C BO3AyXa. TOUHOCTH
TeONpPHBSA3KHY MaTepHaoB cocTapisgeT 10 M.

MOHHTOPHHT CTPOHUTETHCTBA MOKHO IPOBOIUTH
U B OPraHM3alUsIX Ha OCHOBE MH(POPMAIHH TUCTAHITH-
OHHOTO 30HAMPOBaHUS 0€3 HCIIOJIb30BaHMS CEpPBUCA,
MPUMEHSIS CIIelHaibHOe 000PyA0BaHUE, TPOrPAMMHOE
obecrieueHre 1 CBeJICHHS ChEMOK.

8 Onruueckas chemka. URL: https://terratech.ru/data/optika/

KocMmuueckuii MOHUTOPHHT CTPOUTENIBHBIX PAabOT
MOKET BKJIFOUaTh B ceOsl CIICYIOIINE BUJIBI padoOT: OIIpe-
JICJICHUE CTAIUI CTPOUTENIBCTBA, UICHTH(UKAIINIO pabo-
TaOLLEH Ha CTPOUTEIbHON IUIOIAJKE TEXHUKH; MOHHU-
TOPUHT KapbepoB; KOHTPOJIb 00bEMOB 3eMIISTHBIX padoT,
03€JICHEHNS TEPPUTOPUH, XOJd CTPOUTETHCTBA; MOHHUTO-
PMHT aKTUBHOCTH padoT.

Hapuc. 5-9 npuBesieHbI IprMepbl 0TOOpaKeHHsI BBILIIC-
Ha3BaHHBIX IIPOIIECCOB Ha MaTepHasax, MOJTy4YEeHHBIX
u3 SAunexcKapr Brnagkn «Croytauky». Ha SanexcKaprax
OblTa OTMETKa, YTO MaTepuaJbl noy4eHs! B 2024 . u3 pe-
3yIBTaToOB a3PO(OTOCHEMKH Ha TEPPUTOPHIO I. MOCKBBIL.

Kak HHCTpYMEHT [l MOHUTOPHHTA CTPOUTEHCTBA
SunexcKapTsl HE MOXeT OBITh MCHOJIB30BAaH B CBSI3H
C TeM, YTO HET BO3MOXXHOCTHU IMOIYYUTh HH(POPMAIIHIO
0 J1aTe TPOBEJICHHS ChbEMOK, TOYHBIX MapaMeTpax CheM-
KM, a TAKXKE HET MaTepHajIoB ¢ ONMpeeTICHHBIM BPEMEH-
HBIM WHTEPBAJIOM JJIi MOHUTOPUHTA X0/Ia CTPOUTEIb-

Puc. 5. BypoBsie 1 3eMIIsHBIC paOOTHI

L ——

Puc. 6. Can
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Puc. 7. Bo3Benenue sraxkeit

—

Puc. 9. Onpenenenne paboTaromei TEXHUKH — KpaH
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C UCIMoAb30BaHMEM COBPEMEHHbIX TEXHOAOT MM

NaeHTUdUKAUWA CTPOUTENBHOM TEXHUKK

o4 rockocmoc  EYTeppaTex

BypuabHo-¢

AHAA MallKHa

NpoeHTUdUKaUMA CTPOMTENBbHOW TEXHUKK

Aspadarockenmea

m Zh',,

<’ Pockocmoc

Bl ook

A MalHHa

Puc. 10. Unentuduxanus CTpOUTENFHON TEXHUKH Ha KOCMHUYECKHX M adPOCHUMKAX (@); MACHTU(PHUKALUS CTPOUTEIBHOM

TEXHUKU Ha KOCMHUYCCKHUX CHUMKax B CPaBHCHUHU C Ha3eMHOU ChEMKOM (b)

crBa. Ho 171t penieHust HEKOTOPBIX NCCIIEI0BATEIbCKUX
3a71a4 UHCTPYMEHT HOIXO/IHT.

Ha puc. 10, 11 MOXXHO cpaBHHUTH 0TOOpayKEHHE CTPO-
UTEJILHOW TEXHWKN HA CHUMKaX M3 KOCMOCA U MOJTyYeH-
HBIX [0 MaTepraiam aspodhoTocheMKn?.

OrieHuBast mpejcTaBicHHbIC Ha puc. 10 n3obpaxe-
HUSI TEXHUKH, MOJKHO CKa3aTb, YTO TOYHO ONPEIEITUTh
MOJIeINTb TEXHUKH BO3MOXHO MO adpodoTrocHrMKaM Orna-
rofapsi BRICOKOH pa3pemraromeil CnoCOOHOCTH TaKUX
CHUMKOB. [10 KOCMHYECKUM CHIMKaM 3TO CAENaTh CIIO0XK-
Hee, TIPH ATOM JIOCTYITHO yCTaHOBJIEHHE (aKTa MPHUCYT-
CTBHS MAIIWH ONPEJEICHHOTO BUAA HA CTPOUTEIBEHON
IUIOMIAIKE.

Taxoke akTyaJbHBIM SBISICTCS ONPEAEICHUE U KOH-
TPOJIB IO A3PO- U KOCMHYECKIM CHUMKAM CTPOUTEIIBHBIX
MarepuanoB Ha o0bekTe (puc. 11 mo marepuanam Teppa-
Tex Pockocmoca).

[IprMeHeHue Tex UK UHBIX BUJIOB CHUMKOB JUISI MO-
HUTOPUHTA CTPOUTEIHCTBA OyJeT 3aBUCETh B OONBIICH

CTETEHH OT TPEOOBAaHMI K 0TOOPAYKEHHIO MEITKHX JIeTaNIeH
Ha CHHMKaXx, 4YeM OT TPeOOBaHMi1 K TeOMETPHYECKON TOU-
HOCTH.

B xaure C.A. Kagamuauckoro «AspodoTorpam-
MeTpusi U adpodoToronorpadusy MPUBESICHBI CBSICHHS
0 TEXHHMYECKOM 00ECIICUeHNH adpOPOTOCHEMKH, METO-
JlaX ¥ TEXHOJOTMYECKHX MPOIECCcaX CheMKH, XapaKTe-
PUCTHUKH a3pOCBEMOYHBIX KaMep, MOAXObI K OIICHKE
TOYHOCTH MaTepUaiOB M pa3peliaroiieil CrioCOOHOCTH
CHHMKOB, B TOM YHCJI€ CBEACHUS, KOTOPHIC IPEJICTaB-
JeHBl B Tabn. 1: pekoMeHIOBaHHBIC 3HAYCHUS pa3Me-
pa MuKcellsl Ha MECTHOCTH JUIsl pa3JInYHbIX BAPHAHTOB
MacmTaOoB IJIaHa WK KapThl [7].

Taxoxe Ha BBIOOp ITapaMeTPOB CHEMKH OY/IET BIHATH
peanbHbIA pa3Mep 00BEKTOB, KOTOPbIE MBI IUIAHUPYEM
ornpenensiTh (MASHTHGHUIMPOBATh U AeUIH()PUPOBATD)
10 CHIMKaM, Ha MECTHOCTH.

B Tabn. 2 mpuBeneHs! BapuaHTHl 0OBEKTOB, TPHU-
BeJieHHbIe Ha puc. 5—11, b, OpPUEHTUPOBOYHO yKa3aHBbI

49

(09) Z HIALIGY "9L WO e anty "



sy MTGLCTSO: 7o 16, BRIMYCK 2 (60)

.M. CymyauHa

CKNaavpoBaHMe CTPOHMAaTEPUaNos oA pockocmoc &Y TeppaTex

Ao

g ! (17

L

CkJ1aIupoBaHue CTpoiMaTepuanoB

b

Puc. 11. CxnagupoBanue cTpoiMaTepHatoB: ¢ — AOCKH, IEHOOJIOKH, CTEHOBEIE NTAHETH B yIIaKOBKe W OCTOHHBIE KOJIbIA
u TpyOBl; b — apmarypa, OETOHHEIE KOJIbI[a, OETOHHBIE OJOKH, THPOU3OJISIIHS

Ta6u. 1. PexoMeHyeMoe HOMUHAIBHOE NIPOCTPAHCTBEHHOE pa3pelieHne a3popOTOCHUMKOB [UIsl TOCTPOCHHS TOMOTpa-
(hUYeCcKOro MiaHa Wik KapThl

Macmita6 Tonorpadu4ecKkoro riaHa Ml KapThl PexoMeHIyeMBlii pa3Mep IHKCeIIsl Ha MECTHOCTH (He 6oiee), cM

1:500 6

1:1000 9

1:2000 20 (14 ns TEppUTOPUH TOPOJCKHX HACEICHHBIX ITyHKTOB

C MHOTOSTaXXHOU M TJIOTHOH 3aCTPOIKOI)

1:5000 30

1:10 000 50

1:25 000 70

MHUHHMAIIEHBIE pa3Mepbl OOBEKTOB MM AJIEMEHTOB 00h- JIoNOMHUTENBHO CIAEAYET OTMETUTh, UTO TOHKHE

€KTOB, KOTOPBIE JOJKHBI OTOOpa)KaThCsl HA CHUMKAaX. IPOTSIKCHHBbIE OOBEKTHI (HApUMep, apMarypa, J0CKH,
JU1 9THX BapUAaHTOB NOKA3aHbl HEKOTOPBIE MOAXOSIINE  JIEKTPOIPOBOAA) OYAyT pa3aeinbHO Pa3IMUUMBbl 1 JTyqIIe
TI0 TTapaMeTpaM CHUMKH. pacIio3HaBaThcs Ha CHUMKAX, YeM KOMITAaKTHBIE 00beK-
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Tao6J1. 2. Bapuantsl pa3MepoB 0OBEKTOB CTPOUTENbHON IJIOMIAKI HA MECTHOCTH

OOBEKTHI

Pa3mep 00BEKTOB M HX 3JIEMEHTOB Ha MECTHOCTH
(VM HMpHHA Pa3MBITOCTH TPAHUIIBI 00bEKTa
Ha MECTHOCTH), M

CHUMKH, Ha KOTOPBIX
OHHU OyIIyT OTOOpaKkaThCs
pazenbHo

Cmaouu cmpoumenscmaa

BypoBble 1 3eMIIsIHbIE

TexHnuka (ouepranus, Gpopma) — 1,00 M

AdpocbeMka ¢ pa3penieHIHeM

paboTel (anemeHTs penbeda, | 0,50 M 0,06-0,10 M Ha MECTHOCTH.
TEXHHKA) 0,30 m Kocmuueckast cbemka
0,10 m C paspelieHneM
0,30-0,50 m
JKenesobeToHHBIEC CBan 0,20-3,00 m AdpocreMKa ¢ paspereHueM

0,06-0,10 M HA MECTHOCTH.
Kocmmueckast chemMka

C pa3perieHreM

0,30-0,50 m

BosBenenne sraxeit (CTeHbI),
BHYTPEHHSISI U BHETITHSIS
oT/eNKa

JIy1st Hapy>KHBIX CTEH B yMEPEHHBIX IIHPOTaX CTAaHJapTHAsI
tommuHa — 0,51 M (B 2 kupnuga). B ceBepHBIX

peruonax — 0,64 MM (B 2,5 kuprmya).

JI1st BHYTPEHHUX CTEH HUCIIOB3yeTCs KIIaaKa

TomuHoi ot 0,25 mo 0,38 M.

JIJ1s1 ME>)KKOMHATHBIX, MEXKKBAPTHPHBIX M O(DUCHBIX
CTallMOHAPHBIX NIEperopofok — He Mensble 0,12 m

AdpocheMKa ¢ pasperieHHeM
0,06-0,10 M HA MECTHOCTH.
Kocmuueckast cbemka

C pasperieHreM

0,30 m

Cmpoume/lbuaﬂ mexHuxka

Byposas mammna, camocsai,
KpaH, 9KCKaBaTop (3JI€MEHTHI
TEXHUKH, HapHMep Kojeca,
(hapsbl, KPBUTB)

0,10 m

AspocheMKa ¢ pasperieHueM
0,06-0,10 M HA MECTHOCTH

CmpOMmEthHble Mamepuail

Jlocku Tommuna 0,013-0,016 M — 171 OOIIUBKY; AdpocheMKa ¢ papetieHueM
0,020-0,025 M — 15 11OJIOB, NIEPETOPO/IOK; 0,06-0,10 M Ha MECTHOCTH
0,040-0,050 M — 151 HECYIIMX KOHCTPYKIIHH, ONATyOKH;

110 0,075 MM — 11 0c000 HAarpy)KEHHBIX DIIEMEHTOB
Ileno6noku I'abaputer 0,60 x 0,30 x 0,20 M AdpocheMKa ¢ paspereHeM
0,06-0,10 M HA MECTHOCTH.
Kocmuueckas cremka
¢ paspemenueM 0,30 m
Apwmartypa (TIpyTKOBasi) Huametp ot 0,01 M u Gonee AbspocbeMka ¢ pazpetieHueM

0,06-0,10 M Ha MECTHOCTH

Beronnsie xoibma

Huamerp ot 0,70 10 2,50 m

AbdpocheMKa ¢ paspelicHIeM
0,06-0,10 M Ha MECTHOCTH.
Kocmuueckas chemka

¢ pazpemenuem 0,30 m

I'mapounzonsauus (Hanpumep,
PYJIOHHBIE MaTEPHAIIBI,
THJIPOHM30IT)

ThbI, HAIIPpUMEP OJI0KHU Ipyu IPOYUX PABHBIX 10 pa3peuic-

HUIO YCJIOBUSAX.

Br160p napameTpoB a’3poOoTOCEEMKH MOKET OBITH

[Hupuna — 1,00 m.
Jmana — 8,00, 10,00 win 15,00 m

MPEACTaBJIEH CIEAYIOIIEH TOCIIEI0BATEIIbHOCTBIO JI€H- o

CTBU1, onMcaHHo# B cTarbe [11]:

«... 1. PaccunThIBaeTCSI MAaKCUMAJIBHASI AOITYCTUMAST

poh TOYKW Ha CHUMKe; M — 3HaMeHarellb MaciTada IiaHa.
BbICOTA (hoTorpaduposanus: H =

BbICOTa (pOTOTpadMPOBAHUST; — CPEAHEE 3HAYCHHUE TIPO-
JTOIBHBIX TTapaJlIaKCoOB TOYEK CTepeonapsl; 0/ — HOTMy-
CTHMasl OIIHOKa OTPEe/IeIeHHs BEICOT; 0(Ap) — ommoka
OIIPEICNICHHUs] PAa3HOCTH NPOIOJIBHBIX MAPaJUIAKCOB.

——, e Hmax
d(Ap)

AdpocheMKa ¢ pa3pelieHneM
0,06-0,10 M Ha MECTHOCTH.
Kocmuueckasi cheMka

¢ paspemenueM 0,50 m

2. PaccuntriBaeTCs 3HAMEHATENh MACIITa0a CHEMKH:

8]‘[}1
m < —~ M, rne m — 3HaMEHaTellb MacIiTada CHUMKA;

d  — IOIyCTHUMas HOTPEIHOCTh ONPe/IeIeH s MOJIoMKe-
HHsI TOYKH Ha IUIAHE; 8 — MOTPEIHOCTh H3MEPEHHUS

3. KoppekTupyrTcsi BBIYUCICHHBIC apaMeTphl
C y4eToM TpeOOBaHUI K UTOrOBON TOYHOCTU KOHKPETHOU
3a7auul B c(hepe CTPOUTENHCTBRA.

4. Berancnsercst GOKyCHOE pacCTOSHHE IO popMy-
ne: f = H/m, tae f— GOKyCcHOE pacCTOSHHAE KaMephDy».
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Puc. 12. [Ipumeps! yBenudeHHBIX (parMeHTOB HH(POBEIX adPOCHUMKOB, MOJIYYEHHBIX ¢ OSCIMIOTHOTO JIETATEIbHOTO

ammapara, ¢ OTOOpaKEHHOM Ha HUX TEXHUKOU

Heo0XxoquMo 0TMETHTB, UTO CYIIECTBYIOT U APYTHE
BO3MO)KHBIE METOJJKI BBIOOpA ITapaMEeTPOB CHEMKH.

Vcnonp3oBaHME ChbeMKH ¢ HEOOJBIION BBICOTHI
JUTS MOHUTOPHHTA CTPOUTENBHBIX IUIOMAJ0K CTAHOBHT-
cst Bce Ooree akTyanbHBIM. [IpiMeHeHne Takoi aspo-
CHEMKH TI03BOJISIET MOJIYy4YaTh BHICOKOKAYECTBEHHBIC
CHUMKH 3€MEJIbHBIX Y4acCTKOB, OTCIEKHUBATh X071 paboT
1 OLICHNBATH TIPOTPECC B PEKHUME PEATbHOTO BPEMEHH.

Jlanee mpuBeCHBI TaHHBIC 110 PACUETy pa3pele-
HUSI HA MECTHOCTH JUIsl ChEMKH, TTOJy4YEeHHON KaMepoin
SonyDSC-RXIR ¢ BITJIA. Ha 3Tux cHEMMKax mocTa-
TOYHO YETKO OTOOpa)kaJlach CTPOUTEIbHAsI TEXHHKA,
TPaHMUIIBI 3eMENIbHBIX YYACTKOB, 3aHUs, CTPOUTEIIBHbIC
MaTepHabl.

Paccunraem macmrad aspocHrMKa (Tak Kak OH Oy-
JIeT Ha MaTpuIie mudpoBoro oToarmapara): popmar (pas-
MepBI) CHUMKA JUIS TaHHOH Kamepbl cocTaBuT 6000 pix
(36,0000 mm) Ha 4000 pix (24,0000 Mm).

BeruncimmM Guzndeckuii pasmep MUKCEIst AT KaxkK-
JIOlf M3 CTOPOH KaJipa CHUMKa:

* 36 Mm/6000 pix = 0,006 MM = 6 MKM;

* 24 Mm/4000 pix = 0,006 MM = 6 MKM.

3HaMeHaTeITh MacTaba CHIMKA OIPEIIEITAM T10 hop-
mymne: 1/m=flH.

« m=12 687,

* /=34 MM — pOKyCHOE pacCTOSTHHAEC KaMepHI;

* H=12 683 - 0,0340925 = 432,53 m — BBICOTA
CBEMKH.

Paspernenne Ha MeCTHOCTH (pa3sMep MUHUMAIIBHOTO
00BEKTa, KOTOPBIH OyeT 0TOOpakaTbCst Ha CHUMKE) CO-
crasurt pix = 0,006 Mm — Ha caumMke; 0,006 MM Ha CHAM-
ke coctaBuT Ha MectHOCTH 0,006 - 12 687 = 76,122 MM.

Pasmep nukcens wim paspemeHre Ha MECTHOCTH
OylieT COOTBETCTBOBATH Pix = 7,6 CM.

Ha puc. 12 npuBeneHsl npuMepsl H300pakeHUS
TEXHUKH JJIs OMMCAHHOTO BBINIE MaTepHalia CheMKH.

3AKJIIOYEHHUE U OBCYXJIEHUE

Ha ocHOBe paccMOTpEHHOrO BbIIIE Marepuala
1 TabJ. 2 MOKHO C/ENATh BBIBOA, UTO JJIsI MOHUTOPHHTA
CTPOHTENBCTBA ONTUMAIIBHO MPIMEHEHHE a3POCHEMKH
¢ paspewenueM Ha MecTHOCTH OT 0,06 110 0,10 M, Takxke
BO3MOXXHO IPUMEHCHHC KOCMHYECKOH ChEMKH CBCPXBBI-
coxoro pasperenust ot 0,30 m. [IpuBeneHHble TpUMeEpHI
TIOKa3aJIH, KaKie 00BEKTHI OYIyT Pa3iIMYMMbl HA CHUMKAX.

Hcnonp3oBanue a’dpoCheMKHU Ui MOHMTOPUHTA
CTPOUTENBHBIX IUIOMAI0K Ooyiee yIOOHBIN BapHaHT,
MOTOMY 4YTO ITO3BOJIUT ITPOBOANTH HEOOXOIMMOE KOJIH-
YEeCTBO ChEMOK C 3aJJaHHBIMH MHTEPBaJaMU BPEMEHH
C IPUMEHEHHEM 00JIee MPOCTOr0 CHhEMOYHOTO 000PY/IO0-
BaHMS, 9YeM UTS a39p0(hOTOCHEMKH PO ECCHOHATEHBIMA
a3poOTOCHEMOUHBIMU Kamepamy [8].

[Tnmanupyercs qanpHeitmas padora Mo JaHHOH TeMe
C YYETOM TIOTyYeHHBIX PE3yJIBTaTOB.
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INTRODUCTION

Aerial and satellite imagery can be used to monitor
construction projects through digital photogrammetric
processing. This topic falls within the field of informa-
tion support for engineering surveys and construction.
The relevance of this topic stems from the fact that not
all the potential for implementing digital technologies,
remote sensing methods and artificial intelligence has
yet been realized in the construction sector. Images serve
not only as a raster base for vector maps, but also as
a data source aimed at spatial analysis and the develop-
ment of models for management decision-making.

The use of aerospace survey data enables high-
quality and reliable spatial information to be obtained
remotely.

Current GOST standards’ ? regulate the conduct
of aerial photography and the use of unmanned aerial

"' GOST R 59328-2021. Topographic aerial photography. Tech-
nical requirements. 2021.

2 GOST R 71886-2024. Unmanned aerial vehicle systems in
the construction industry, used for surveying work. 2025.

systems (UAS) for surveying and exploration work in
the construction industry.

GOST R 59328-2021 “Topographic Aerial Photog-
raphy. Technical Requirements” regulates digital aerial
photography carried out for the purpose of producing and
updating topographic maps and plans, and for obtaining
other spatial data. The standard sets out requirements for
the scope of work involved in digital aerial photography,
including the quality, presentation and delivery of the re-
sulting materials. GOST applies to contractors and clients
of digital aerial photography carried out for the purposes of
topographic mapping and cadastral work, and is used
during the acceptance of aerial photography materials. It
contains requirements for aerial cameras (for example,
the presence of a central shutter and the consistency
of internal orientation parameters), as well as for survey
parameters: it includes appendices with nominal values
for the designed overlap of aerial photographs, tolerances
for deviations when assessing the photogrammetric qual-
ity of materials, and so on. The aim of the standard is to
provide technical regulation of the processes involved in
the design and implementation of topographic aerial pho-
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tography, and to establish requirements for equipment,
the quality of the resulting data, their completeness and
presentation.

The standard was developed by FSUE “STANDART-
INFORM?”, FSBI “Centre for Geodesy, Cartography
and Spatial Data Infrastructure” and Geoscan LLC, with
the participation of Technical Committee for Standard-
ization TC 404 “Geodesy and Cartography”.

The standard was developed by JSC “Research
Centre of Construction” jointly with the A.A. Gvozdev
Research Institute of Concrete and Reinforced Concrete,
with the participation of more than 30 specialized orga-
nizations within the framework of Technical Committee
for Standardization TC 465 “Construction”. The stan-
dard came into effect on February 1, 2026, with the right
of early application.

Classical approaches to the photogrammetric pro-
cessing of aerial and satellite imagery, and the application
of such imagery in various sectors of the economy, are
described by the Russian authors N.D. Ilyinsky, A.N. Lo-
banov, B.K. Malyavsky, A.I. Obiralov and A.A. Fostikov
[1-3].

Foreign publications contain material on the acqui-
sition and digital processing of remote sensing data (au-
thors: J. Albertz [4], H. Ziemann [5]).

Among the authoritative sources in the literature, it
is worth noting the books and articles by authors such
as A.G. Chibunichev [6] and S.A. Kadnichansky et al.
[7-10].

A.G. Chibunichev’s book “Photogrammetry: A Text-
book for Universities” [6] presents current approaches to
the theory and practice of image acquisition and process-
ing in a modern yet classical style. It examines issues re-
lating to projective photogrammetry and the automation
of photogrammetric measurements carried out using digi-
tal images, the creation of digital models of terrain and to-
pography as well as orthophotos, aerial and ground-based
laser scanning, photogrammetric methods for processing
images obtained by scanning survey systems, aerial photo-
topographic surveying technology, as well as issues relat-
ing to ground-based photogrammetry [6].

In S.A. Kadnichansky’s monograph “Aerial Photo-
grammetry and Aerial Phototopography” [7], approaches
to digital photogrammetric processing are examined from
the perspective of image accuracy and detail; information
is provided on modern surveying systems and the assess-
ment of the accuracy of measurements derived from such
images, along with algorithms for solving certain prob-
lems. Furthermore, [7] examines the theory of image pro-
cessing, as well as the features, properties and character-
istics of digital aerial photographs. It outlines the methods
and technological processes involved in aerial phototopo-
graphic surveying, including work on the compilation of
the original topographic map and plan. The results of vari-
ous experimental studies presented in [7] can be used to
plan and optimize techniques for extracting information
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from aerial photographs, and to select parameters for in-
formation processing and equipment.

A number of papers have been published on the sub-
ject of construction monitoring® * 5. The materials and
research cited in the presentation by TerraTech JSC were
utilized in the development of the “Stroy-Kontrol” mod-
ule for Roscosmos’s “Digital Earth™ platform.

The research by B.S. Sadovsky and I.M. Sutugi-
na[11, 12], as well as that by M.M. Zibrov [13, 14], is
devoted to the application of aerial and satellite imagery
and artificial intelligence in construction.

S.A. Arbuzov has developed a methodology for
the combined use of brightness, spatial and geometric
features for the automated interpretation of aerial and
satellite imagery, which makes it possible to improve
the accuracy of identifying changes in built-up areas, in-
cluding determining building heights, as well as monitor-
ing the progress of construction [13].

The use of ultra-high-resolution satellite imagery
for land-use zoning is discussed in the work by O.F. Tor-
sunova [15].

Articles by M.A. Shcheglov, A L. Karelov, A.A. May-
orov and A.A. Pavlovsky present methods for applying
GIS technologies to construction supervision using aerial
and satellite survey data, and for monitoring railway in-
frastructure construction projects using information from
the BAS [16, 17].

M.A. Plotnikova and E.P. Khlebnikova investigate
methods for identifying changes within urban areas as-
sociated with the construction of new facilities, reno-
vation and reconstruction, using remote sensing data.
The study analyses algorithms for the automated detec-
tion of changes using multi-temporal satellite imagery
in the ERDAS IMAGINE 2010 software. It identifies
the factors that must be taken into account when moni-
toring urban areas [18].

An article by R.V. Permyakov [19] is devoted to
the processing of aerial and satellite imagery for urban
planning purposes (the classification of photogrammetric
point clouds derived from stereo pairs of satellite images)
using the Photomod software suite.

Overall, having analyzed the available informa-
tion, it can be concluded that the topic of construction
monitoring using aerial and satellite imagery is a topical
one; there are a number of studies which have analyzed

3 Replacing surveyors and security guards: how drones are
used in construction. Geoscan. 2022. URL: https://www.
geoscan.ru/ru/blog/vmesto-geodezista-i-okhrannika-kak-bpla-
ispolzuyutsya-v-stroitelstve?ysclid=mm?2xi4xy4d319006035
* Presentation by TerraTech JSC. Satellite monitoring of con-
struction works. 2026. URL: https://terratech.ru/solutions/con
struction/?ysclid=mm3gx2272u4091267

5 A study into the potential use of satellite imagery and drone data
for monitoring the progress of construction works. 2025. URL:
https://gisproxima.ru/izuchenie_vozmozhnostey?ysclid=
mm2xr82yv899424591
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the potential applications of aerial and satellite imagery
in the construction sector, but it can also be concluded
that not all aspects of this issue have yet been explored,
and further research is required.

MATERIALS AND METHODS

In order to analyze the representation of construc-
tion sites, construction machinery and building materi-
als in digital images, data obtained from Yandex’s search
and information mapping service, Yandex Maps, was
utilized. Data for the city of Moscow was used: sec-
tions of satellite imagery and aerial photography data,
combined into a single map coverage of the area. For
the analysis, a search was carried out for coverage frag-
ments within the boundaries of construction sites located
in Moscow. A study containing examples of aerial and

satellite imagery obtained by various surveying systems
used in Germany was also analyzed®.

In conducting this study to obtain scientific results,
general scientific methods of inquiry were applied: ab-
straction, analysis, synthesis, grouping, analogy, induction
and deduction; as well as modelling and the historical-
logical, comparative and systems approaches. The meth-
ods used to collect, process and analyse information were
determined by the specific objectives of the study.

RESEARCH RESULTS

At present, data from a number of Russian and
foreign satellites is available for monitoring construc-

¢ Flying Camera. Learning from the Bird's Eye View Geography
in Aerial and Satellite Pictures. DoersdorfGermany. 2026; 25.

Fig. 1. Extract from a satellite image: @ — Resurs-P (Russian state satellite), spatial resolution — 0.7 m; frame width — 38 km;

b — Kanopus-V, ground resolution — 2.5 m
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Fig. 3. The Russian commercial STILSAT satellite, with a spatial resolution of 0.5 metres per pixel. The satellite is operated by
the private space company STILSPACE

Fig. 4. A section of a Chinese Jilin-1 satellite image (EarthScanner) with a ground resolution of 0.5 m per pixel and a frame
width of 150 km
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tion activities. Furthermore, in 2025, Russia launched
28 satellites for various purposes. According to R. Pery-
amkov’s PAPER “Results of Earth Observation Satellite
Launches and Industry Trends in 2025”: “Roscosmos
plans to launch the Elektro-L No. 5 high-orbit hydro-
meteorological satellite have been postponed until 2026.
Among private companies, in 2026, the Sputniks Group
plans to launch the Kinosputnik satellite with a resolu-
tion of 0.8 m/pixel, whilst the consortium comprising
MT-LAB LLC and Stilssoft plans to launch the KOEN
satellite with a resolution of 0.5 m/pixel. Furthermore, it
is expected that in 2026, 5 billion roubles from the fed-
eral fund will be allocated to government customers for
the procurement of Earth observation data from private
and state-owned satellite companies™.

Satellite imagery from the “Resurs-P” satellites,
which provide highly detailed imagery of the terrain, is
well suited for monitoring construction in terms of reso-
lution and information content, as is data from the high-
resolution “Kanopus-V” and “Aist-2T” satellites for
stereo imaging and the production of digital topographic
maps.

Fig. 1-4 show examples of sections of satellite im-
agery (optical imagery) from satellites, which can be
ordered via the website of TerraTech JSC, a provider
of Russian space systems®.

To obtain automated expert analytics on construc-
tion sites for specific projects, you can use the “Digital
Earth” cloud service, specifically the “Construction
Monitoring” module. This service provides information
on the status of specific sites specified by their coordi-
nates, as well as analytics derived from satellite and aer-

" Permyakov R.V. Results of Earth Observation Satellite Launch-
es and Industry Trends in 2025. 2025. URL: https://racurs.ru/
press-center/articles/obshchie-voprosy/itogi-zapuskov-kosmi-
cheskikh-apparatov-dzz-i-tendentsii-otrasli-v-2025-godu-/?
ysclid=mm3fb0tg1a745825371

8 Optical survey. URL: https://terratech.ru/data/optika/

ial imagery. The georeferencing accuracy of the data is
10 metres.

Construction monitoring can also be carried out
within organizations using remote sensing data without
relying on the service, by employing specialized equip-
ment, software and survey data.

Satellite monitoring of construction works may
include the following activities: determining the stag-
es of construction; identifying machinery operating
on the construction site; monitoring quarries; monitor-
ing the volume of earthworks, landscaping and the prog-
ress of construction; and monitoring the level of activity
on site.

Fig. 5-9 show examples of how the above-men-
tioned processes are depicted in imagery obtained from
the “Satellite” tab on Yandex Maps. Yandex Maps indi-
cated that the imagery was obtained in 2024 from aerial
photography of the Moscow area.

Yandex Maps cannot be used as a tool for monitor-
ing construction, as it is not possible to obtain informa-
tion on the date the images were taken or the exact pa-
rameters of the survey, nor are there any images taken at
regular intervals to monitor the progress of construction.
However, the tool is suitable for addressing certain re-
search objectives.

Fig. 10 and 11 allow a comparison of the depiction
of construction machinery in satellite imagery and in im-
agery obtained from aerial photography*.

Judging by the images of machinery shown in Fig. 10,
it is possible to identify the exact model of the machin-
ery from aerial photographs, thanks to the high resolution
of such images. This is more difficult to do using satellite
imagery; however, it is possible to establish the presence
of specific types of machinery on the construction site.

It is also important to identify and monitor construc-
tion materials at the site using aerial and satellite imagery
(Fig. 11, based on data from Roscosmos, TerraTech).

The choice of specific types of aerial photographs
for construction monitoring will depend to a greater ex-

Fig. 5. Drilling and earthworks
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Fig. 6. Piles

Fig. 7. Construction of storeys

Fig. 8. Interior and exterior finishes, landscaping
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Fig. 9. Identification of operational machinery — a crane

Identification of construction equipment A’ pockocMoc

P, 2 . e mck & -
Drilling and pile driving machine . . Dump truck W, Satellite image
ﬂ Aerial view

Identification of construction equipment oA pockocmoc i) TeppaTex

Concrete Mixer Truck

Dump truck Excavator

Fig. 10. Identification of construction machinery in satellite and aerial photographs (a); identification of construction machinery

in satellite images compared with ground-based photography (b)
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Storage of building materials

A’ pPockocMoc

& Teppainc

Wood boards

' a1 WA

0T L
nm ‘_

Wall panels in a package

Te .

Foam Blocks

Storage of building materials

Fittings

Concrete rings

Fig. 11. Storage of building materials: ¢ — planks, foam blocks, wall panels in packaging, and concrete rings and pipes;

b — reinforcing bars, concrete rings, concrete blocks, and waterproofing

tent on the requirements for the representation of fine
details in the photographs than on the requirements for
geometric accuracy.

The book by S.A. Kadnichansky’s book “Aerial
Photogrammetry and Aerial Phototopography” provides
information on the technical aspects of aerial photogra-
phy, surveying methods and processes, the characteristics
of aerial cameras, and approaches to assessing the accura-
cy of data and the resolution of images, including the in-
formation presented in Table 1: recommended values for
ground-level pixel size for various map or plan scales [7].

The choice of imaging parameters will also be in-
fluenced by the actual size of the objects we intend to
identify (and interpret) from the images, as they appear
on the ground.

Table 2 lists the types of features shown in Fig. 5-11, b,
and provides approximate minimum sizes for the features
or feature elements that should be visible in the images.
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For these types, some images with suitable parameters
are shown.

It should also be noted that thin, elongated objects
(such as reinforcement bars, planks and electrical cables)
will be distinguishable as separate entities and will be
more easily recognized in images than compact objects,
such as blocks, all other things being equal in terms
of resolution.

The selection of aerial photography parameters can
be illustrated by the following sequence of steps, as de-
scribed in [17]:

... 1. The maximum permissible height for photo-
__poh , where H__ is

~3(Ap)’
the height at which the photograph is taken; p is the mean

value of the longitudinal parallaxes of the points in
the stereo pair; 6/ is the permissible error in height deter-

graphy is calculated as: H

max
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Table 1. Recommended nominal spatial resolution of aerial photographs for the production of a topographic plan or map

The scale of a topographical plan or map

Recommended pixel size on the ground (maximum), cm

1:500 6

1:1000 9

1:2000 20 (14 for urban areas with high-rise and high-density development)
1:5000 30

1:10 000 50

1:25 000 70

Table 2. Dimensions of construction site structures on site

Objects

Size of objects and their elements on
the ground (or width of the blurred
object boundary on the ground), m

Imagery on which they will be
displayed separately

Construction stages

Drilling and earthworks (terrain
elements, equipment)

Equipment (outlines, shape) — 1.00 m
0.50 m

Aerial imagery with a ground resolution
of 0.06-0.10 m. Satellite imagery with

0.30 m a resolution of 0.30-0.50 m
0.10 m
Reinforced concrete piles 0.20-3.00 m Aerial imagery with a ground resolution

0f 0.06-0.10 m.
Satellite imagery with a resolution
0f0.30-0.50 m

Floor construction (walls), interior
and exterior finishing

For external walls in temperate
latitudes, the standard thickness

is 0.51 m (2-brick wall).

In northern regions, 0.64 m

(2.5-brick wall).

For internal walls, masonry with

a thickness of 0.25-0.38 m is used.
For interior, inter-apartment, and office
permanent partitions — not less than
0.12m

Aerial imagery with a ground resolution
0f 0.06-0.10 m. Satellite imagery with
a resolution of 0.30 m

Construction equipment

Drilling rig, dump truck, crane,
excavator (equipment elements such
as wheels, headlights, fenders)

0.10 m

Aerial imagery with a ground resolution
0f0.06-0.10 m

Construction materials

Boards

Thickness 0.013-0.016 m —

for sheathing 0.020-0.025 m — for
floors and partitions;

0.040-0.050 m — for load-bearing
structures and formwork up;

to 0.075 m — for heavily loaded
elements

Aerial imagery with a ground resolution
0f 0.06-0.10 m

Foam concrete blocks

Dimensions 0.60 x 0.30 x 0.20 m

Aerial imagery with a ground resolution
0f 0.06-0.10 m. Satellite imagery with
a resolution of 0.30 m

Reinforcing bars

Diameter from 0.01 m and above

Aerial imagery with a ground resolution
0f0.06-0.10 m

Concrete rings

Diameter from 0.70 to 2.50 m

Aerial imagery with a ground resolution
0f 0.06-0.10 m.

Satellite imagery with a resolution

of 0.30 m

Waterproofing materials
(e.g., roll materials, hydroisol)

Width — 1.00 m.
Length — 8.00, 10.00 or 15.00 m

Aerial imagery with a ground resolution
0 0.06-0.10 m.

Satellite imagery with a resolution

of 0.50 m
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Fig. 12. Examples of enlarged sections of digital aerial photographs taken by an unmanned aerial vehicle, showing the equipment

mination; 8(Ap) is the error in determining the difference
in longitudinal parallaxes.

2. The denominator of the survey scale is calculated

13
as follows: m<—2-M , where m is the denominator
ph
of the photograph scale; 51,1 is the permissible error in

determining the position of a point on the plan; 6ph is
the error in measuring a point on the photograph;
M is the denominator of the plan scale.

3. The calculated parameters are adjusted to take
account of the final accuracy requirements for a specific
construction project.

4. The focal length is calculated using the formula:
f= H/m, where f'is the camera’s focal length”.

It should be noted that there are other possible meth-
ods for selecting imaging parameters.

The use of unmanned aerial vehicles (UAV) for
monitoring construction sites is becoming increasingly
common. The use of UAV enables high-quality images
of land plots to be captured, work progress to be tracked,
and progress to be assessed in real time.

Below are details on calculating the ground resolu-
tion for imagery captured by a Sony DSC-RX1R cam-
era mounted on a UAV. These images clearly showed
construction machinery, plot boundaries, buildings and
building materials.

Let’s work out the scale of the aerial photograph (as
it will be captured on a digital camera’s sensor): the im-
age format (dimensions) for this camera will be 6,000
pixels (36.0000 mm) by 4,000 pixels (24.0000 mm).

Let’s work out the physical size of a pixel for each
side of the image frame:

* 36 mm/6,000 pixels = 0.006 mm = 6 um;

* 24 mm/4,000 pixels = 0.006 mm = 6 pm.

We shall determine the denominator of the image
scale using the formula: 1/m = f/H.

* m=12,687,

* /=34 mm — the camera’s focal length;

* H = 12,683 - 0.0340925 = 432.53 m —
the shooting height.

The ground resolution (the size of the smallest
object that will be visible in the image) will be pix =
=0.006 mm — in the image; 0.006 mm in the image cor-
responds to 0.006 - 12,687 = 76.122 mm on the ground.

The pixel size, or ground resolution, will correspond
to pix = 7.6 cm.

Fig. 12 shows examples of images of machinery for

the survey material described above.

CONCLUSION AND DISCUSSION

Based on the material discussed above and Table 2,
it can be concluded that, for monitoring construction,
the optimal approach is to use aerial photography from
aeroplanes and UAV with a ground resolution of between
0.06 and 0.10 m; it is also possible to use ultra-high-
resolution satellite imagery with a resolution of 0.30 m.
The examples given have shown which features will be
distinguishable in the images.

The use of UAV for monitoring construction sites is
a more convenient option, as it allows the required num-
ber of surveys to be carried out at specified time intervals
using simpler surveying equipment than that required for
aerial photography with professional aerial cameras [8].

Further work on this topic is planned, taking into

account the results obtained.
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AHHOTALUMA

BBepeHune. PaccmaTpuBaertcs 3agaya OLEHKU BMSIHUS NON3y4YecT (BTOPUYHOWM KOHConuaaummn) Ha AnuTenbHble OCaaKu
OCHOBaHWI byHOAMEHTHbIX MnnT 6onbluon nnowaan. Pabota npogomkaeT paHee BbINONHEHHOE aBTopamMu UccregoBaHme
PONV @aHN30TPONUU PUNBTPaLIMOHHBIX CBOMCTB rPyHTa B MpoLecce ABYMEPHON KOHCONMMAaLmMm 1 cocpeoTodeHa Ha Konvye-
CTBEHHOW OLiEeHKe BKNnaja nonsy4ecTy rPyHTOBOrO cKereta B O6LLYI0 BENUYMHY OCaaKu.

Matepuansi u meToabl. [poBefieHO NapameTpuyeckoe YUCNEHHOe NCCrefoBaHNe METOAOM KOHEYHbIX anemMeHToB (Plaxis
2D) ons ocecMMMETPUYHOM Moaenu yHAaMEHTHOW NAUTbI Ha IMMHUCTOM OCHOBaHMU. OCyLLECTBIIEHO CONOCTaBMEHNE MO-
nenein Soft Soil (SS, 6e3 yueta nonsyyectun) n Soft Soil Creep (SSC, ¢ yuyeTom) npu BapbupoBaHum cootHollerust R/H (0,5;
2,0; 6,0), mogndmumpoBaHHoro nHaekca nondyyectu p* (0,005; 0,01) n koadduLmeHTa aHM3oTponum hunsTpaumm kx/ky (1;5).
[lononHWTenbHO NccneaoBaHo BRMSIHUE TOPU3OHTANbHbIX MECYaHbIX MPOCIIOEB.

PesynbraThbl. [TonsyvecTb cnocobHa yBenuunBaTb KOHEYHY ocaaky B 1,5-5,4 pa3a B 3aBUCMMOCTU OT reOMeTpun 3agadv
1 IHTEHCMBHOCTU MonayyecTtu (KoadduumneHT n). [peHvpytoLLme Npocrnov YCKOPST NepBUYHYI0 KoHconuaaumio B 3—11 pas,
0OHAaKO CHUXKAIT UTOFOBYO OCAZAKY NPV HANMUYMM NON3Y4ecTy NLb Ha 5—16 %. AHU30TPONUS NPOHULLAEMOCTM He OKa3biBaeT
CYLLIECTBEHHOTO BIMSHUSI HA KOHEYHYI0 0CafKy (pacxoxaeHue meHee 2 %).

BbiBoAbIl. YUeT BTOPMYHON koHconuaauumn obsizateneH npu p* = 0,005 (Ca/Cc = 0,10), xapakTepHOM ANt OpraHoOMuHe-
panbHbIX MWH 1 3aTOPGOBaHHbIX FPYHTOB. [OPU30OHTarnbHbIe APEHUPYIOLLME CIIOU He YCTPaHSIoT Npobnemy AnuTenbHbIX
BTOPUYHbIX OCaOK.
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ABSTRACT

Introduction. This paper evaluates the effect of creep (secondary consolidation) on long-term settiements of large-area raft
foundations. The study extends the authors’ previous work on the role of permeability anisotropy in two-dimensional primary
consolidation and focuses on quantifying the contribution of skeleton creep to total settlement.

Materials and methods. A parametric finite element study was carried out using Plaxis 2D for an axisymmetric raft founda-
tion model on a clay stratum. The Soft Soil (SS, no creep) and Soft Soil Creep (SSC) models were compared while varying
RI/H (0.5; 2.0; 6.0), the modified creep index p* (0.005; 0.01) and permeability anisotropy k/ky (1; 5). The effect of horizontal
sand interlayers was also investigated.

Results. Creep can increase the final settlement by a factor of 1.5-5.4 depending on R/H and p* (coefficient n). Sand in-
terlayers accelerate primary consolidation by a factor of 3—11 but reduce the creep-related final settlement by only 5-16 %.
Permeability anisotropy has a negligible effect on final settlement (difference below 2 %).

Conclusions. Secondary consolidation must be accounted for when p* = 0.005 (Ca/Cc = 0.10), typical of soft organomineral
clays, peaty soils, and silts. Horizontal drainage layers do not eliminate the problem of long-term secondary settlements.

KEYWORDS: secondary consolidation, creep, raft foundation, Soft Soil Creep, finite element method, Plaxis, time-depen-
dent settlement, sand interlayers
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BBEJAEHUE

3amada MPOTHO3UPOBAHUS UINTENBHBIX OCAJIOK
(yHIaMEHTOB Ha CJ1a0bIX NIMHUCTBIX TPYHTAaX COXPaHsi-
€T CBOIO aKTyaJIbHOCTh Ha MPOTSHKEHUN BCE MCTOpHUN
Pa3BUTHS MEXaHUKH TPYHTOB. B panee ommyOmiKoBaHHOM
paboTte aBTopoB [ 1] mpoBeeHO MapaMeTpUIecKoe UCCITe-
JIOBaHUE BIMSHUS JBYMEPHOTO Xapakrepa (uiprpanun
1 aHU30TPOIHHU NMPOHUIIAEMOCTH Ha CKOPOCTh MEPBUY-
HOW KOHCOJIMAANINU OCHOBAHHMH IUINTHBIX (yHAaMEH-
TOB. BBIJIO MOKa3aHO, 4TO KiIacCHUecKast OJHOMEpHast
teopus K. Tepuaru [2] npu Manbix oTHomeHusx R/H
MO’KET 3aBBILIATh PACUETHOE BPEMs KOHCOIUAAMHN 00-
nee uyeM BaBoe. Tem He MeHee PacCMOTpPEHHast MOAIENb
HE yYHTHIBAJIA PEOJIOTHIECKIE CBOWCTBA TPYHTA, U TIPO-
T'HO3 0C3/I0K OIPaHUYHMBAIICS EPBUYHON (DUIIBTPAIIMOH-
HOI KOHCOJIMAIUEN.

Mexay Tem AJisi IMPUPOAHBIX MSITKHX IJIUH Je-
(hopMupoBaHHe IPYHTOBOTO CKEJIeTa HE MPEKpariaeTcs
MocJie MOJHON JUCCHUITAIUH M30BITOYHOTO ITOPOBOTO
JIaBJIeHUs. DTO SBICHHUE, UMEHYyeMOe BTOPMYHOM KOHCO-
JIUJanued WM TOJI3y4YecThbIO, BIIEPBbIE CUCTEMHO OITH-
cano JI. beeppymom [3], mpeaIoKUBIIMM KOHIICTIIIHIO
«MTHOBEHHOI» M «OTJIOXKCHHOI» KoMnpeccun. Konmae-
CTBEHHAs! XapPAKTEPUCTUKA MHTEHCUBHOCTHU TOJI3Y4eCTH
yepe3 orHomenne Co/Cc 6buta obocHoBaHa I. Mecpu
u [L.M. TonneBcku [4], yCTaHOBHUBIIIMMHU, YTO IS MAHE-
panbhbIx inH Co/Ce coctasisier 0,02—0,06, a s opra-
HUYECKUX IpyHTOB Bo3pacraer a0 0,10-0,20. Janbuen-
1iee pa3BUTHE 3TOM KOHLENIMU BbINOIHEHO [. Mecpu
u A. Kactpo [5].

LleHTpanbHBIM JUCKYCCHOHHBIM BOIIPOCOM B TEO-
UM BTOPUYHOM KOHCONUAAIMY OCTAeTCsl MOMEHT Havdaja
TMIOJI3yYECTH OTHOCUTENBHO NEPBUYHON KOHCOJIUIAINH.
C.C. Jlann u coaBr. [6] chopMyarpoBaIH JBE albTepHa-
THUBHBIC TIO3ULINN: TUTIOTE3Y A (TTOJ3ydecTh HAaUMHACTCS
TIOCJIE 3aBEPIICHNS IEPBUYHON KOHCOINIALINN ) U THIIOTe-
3y B, nogaepxannyto JI. beeppymom [3], nomyckaronigyto
OIHOBPEMEHHOE TPOTEKAHNE TTOI3yUeCTH U (prbTpany-
OHHOM KOHcONMauuu. B oTeuecTBEeHHOI Hayke aHajo-
THYHBIE UJeH pa3BuBaiuch B Tpygax C.P. Mecusina [7],
C.C. Bsnoga [8] u FO.K. 3apenxoro [9].

Pazpaborana Meronnka BepuduKaly napamMmeTpoB
Mozenu SSC ImyTeM CONOCTaBICHHS YHCIEHHOTO MOJIe-
JIMPOBaHMsI KOMIIPECCHOHHBIX MCTbITanuii B Plaxis ¢ na-
6opartopHbIME HaHHBIMH [ 10].

UucnenHas peajn3anys THIIOTE3bl B IpeaioKeHa
JI. yknextom [11] yepe3 m3oTaxuuecKyr KOHIEM-
nuto. Ha atoit ocnoe I1.A. Bepmeep u X.I1. Heep [12]
paszpadoranu mozaens Soft Soil Creep (SSC), crapmryro
OIJHOW M3 Hanboee pacpoCTPAaHEHHBIX KOHCTUTYTHB-
HBIX MOJZIENIEH JUIs pacyeTa MoA3y4eCcTH MIATKUX TPyHTOB
B paMKax MeTo/ia KoHeuHBIX dnemeHToB (MKD). [Tapan-

nenbHO Jlx.-X. Mn u [Tx. I'paxeM [ 13] npeanoxunu Bs3ko-
YIPYTOIIACTHIECKYI0 MOJENh Ha OCHOBE THIIOTE3BI
M. Jleonu u coasrt. [14], pazpaboTtayin aHU30TPOITHYIO
Bepcuro SSC. O030p M30TaAXUYESCKOTO MOIXO0/Ia MPE/-
crasieH C. Jlepoyanem [15]. C.A. [eraro u coasrt. [16]
MOKa3ajdd, 9TO apTyMEHThl CTOPOHHUKOB THIIOTE3BI
A MO cONepPIKaTh CHCTEMATHUYCCKYIO OIIHMOKY UHTEP-
TIpeTaIny.

IIpakTuueckoe NpUMeHEHUE MOAEIEH NOA3YyUECTH
K 3a/1a4aM (DyHJIaMEHTOCTPOCHUS UCCIIEN0BAHO B Psifie
pa6ort. I1. bxapTtus u coaBt. [17] BBITOTHIIN YUCIICH-
HBII aHaJIM3 CBAaHO-TUIMTHBIX (DYHIAMEHTOB HA TIHHU-
CTBIX FPYHTaX M MPOJEMOHCTPUPOBAIHU CYIIECTBEHHOE
BJIMSTHUE BS3KOIIACTHYECKHUX CBOMCTB Ha Iepepactpe-
nenenue Harpysku. Jk. FOanp u coast. [18] mpoBenn
cpaBHeHUE TUNOTEe3 A U B C UCIOJIB30BaHUEM TpexX
EVP-moneneit, noagTBEpAUB MPEBOCXOACTBO TUIIOTE3BI
B nns nporsosza ocaziok TOJCTHIX ciioeB. Merononorus
MKD nis 3a1a4 GprItbTpaliiOHHON KOHCOIUIAIUH H3J10-
skeHa JI.M. Tlortcom u JI. 3npaBkoBuu [19] Ha ocHOBE
teopun M.A. buo [20].

IIpakTrueckass 3HAYMMOCTh 3aJ7]a4U YCUIIUBAETCS
TEM, 9TO KpyIiible (pyHIaMEHTHBIC TUTUTH 3HAYUTEIh-
HOT'O JinaMeTpa HIMPOKO NPUMEHSIOTCS B He(TerazoBon
OTpaciy B Ka4eCTBE OCHOBAaHMN BEPTUKAJIBHBIX pe3ep-
ByapoB, Ta3TOJIBICPOB U KOJOHHOTO 00OPYIOBaHUS.
[Tnomanxu Takux 0OBEKTOB HEPEAKO OTHECEHBI K MPH-
OpCIKHBIM M TIOMMEHHBIM TEPPUTOPHSIM C BEIPAYKCHHBIMHU
PEONIOTHYECKAME CBOMCTBaMH TPYHTOB. Heyder momsy-
YECTH CIIOCOOCH MTPUBECTH K CYIIECTBEHHON HETOOIICHKE
JUINTETIBHBIX 0CaJ0K M HapYyIIEHUIO 3KCIUTyaTallHOHHOM
TIPUTOIHOCTH COOPYKESHHIH.

Hecmotps Ha 3HaYUTENBHBIA 00bEM TeOpeTHYE-
CKHMX HCCJIeIOBaHUH, cUCTEeMaTHYeCcKoe MmapameTpu-
YeCKOe MCCIIeIOBaHNE, TIO3BOISIONIEE KOIMIECTBEHHO
OIICHUTH BKJIAJ BTOPHYHON KOHCOMUIAIINH B OCAAKY
TUTUTHBIX ()YHIAMECHTOB OOJIBIIION TUTOMIAIU C BapbUPO-
BaHWMEM KITFOUEBBIX TEOMETPUICCKUX U PEOJIOTHUCCKUX
(akTOpOB, B TUTEpATYpe HE IpeacTaBaeHo. Llenpro Ha-
CTOsIIIeH PaOOTHI SIBISIETCS BOCHOTHEHHE 3TOTO Mpobea.

MATEPHWAJIBI U METO/bI

BbrarcanTenbHbINA SKCTIEPUMEHT BBIIIOJIHEH B MPO-
rpammHOM Komruiekce Plaxis 2D. B ocecummerpudnoit
[IOCTaHOBKE PACCMATPUBAJICS KPYIIbIH KECTKUM IITUTHBIN
(byHIaMeHT, ONMPAOLIMICS Ha JABYXCIIOWHOE OCHOBAHHE!
BEPXHUI MIMHUCTBINA CJIOW MOIIHOCTBIO [ W mecyaHblit
TIOACTIJIAFOIIMIA CJI0if; 00IIast BEICOTa pacyeTHOH o0ra-
CTd y  TpuHsTa paBHOU 25 M. Tlnura 3anaBanack KoHed-
HbIM 2rieMenToM Plate ¢ sxectrocsivu E4 =3 - 107 kH/m
u EI=2,5 - 10° xH-M*/M; paBHOMEpHast Harpy3Ka mpu-
KJ1a/IpIBajiach Ha Ty B padmepe g = 100 klla.
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Homep Teomerpust R, ™m H, M RIH kx/ky Mognenb w*
1 A 10 20 0,5 1 SS -
2 A 10 20 0,5 5 SS -
3 A 10 20 0,5 1 SSC 0,005
4 A 10 20 0,5 5 SsC 0,005
5 A 10 20 0,5 1 SSC 0,01
6 A 10 20 0,5 5 SsC 0,01
7 B 20 10 2,0 1 SS -
8 B 20 10 2,0 5 SS -
9 B 20 10 2,0 1 SsC 0,005
10 B 20 10 2,0 5 SsC 0,005
11 B 20 10 2,0 1 SSC 0,01
12 B 20 10 2,0 5 SSC 0,01
13 C 30 5 6,0 1 SS -
14 C 30 5 6,0 5 SS -
15 C 30 5 6,0 1 SSC 0,005
16 C 30 5 6,0 5 SSC 0,005
17 C 30 5 6,0 1 SsC 0,01
18 C 30 5 6,0 5 SsC 0,01
19 D (1 mpocioit) 20 10 2,0 1 SS -
20 E (3 mpocios) 20 10 2,0 1 SS -
21 D (1 mpocioit) 20 10 2,0 1 SSC 0,01
22 E (3 mpocios) 20 10 2,0 1 SSC 0,01
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Puc. 1. Pacuetnbie cxemsl: a — R/H=10,5; b — R/IH=2,0; c— R/H=6,0; d — R/H = 2,0, onmun necyanblii mpociioit; e — R/H =

= 2,0, Tpu necyaHbIX NPOCIOs

B ornmune ot pabotsr [1], B KOTOpoii yunThIBanach
TOJIBKO MEPBUYHASI KOHCOIUIANNS, 3/1€Ch I TIIMHUCTO-
TO CJIOSl IPUMEHSIFOTCSI MapaUIeNbHO JIBE MOJEIH IPyH-
ta — Soft Soil (SS) u Soft Soil Creep (SSC). ITapusrii
pacdeT Mo3BOJISIET BBIACIUTE BKJIAJ MMOJI3YYECTH B UH-
CTOM BHUJIC, COITOCTABJISAA PE3YILTAThl HA OAHOM U TOM K€
Ha0Ope UCXOAHBIX JaHHBIX. /711 NIMHUCTOTO CIIOS PH-
HSATHI CTIETytonIe napamerpsl: v = 20 kH/m*; A* = 0,05;
k* =0,01; ¢ =20 xIla; " = 22° V' =0,15; ¢, = 0,8;
k,=1-10"*m/cyr.

Jljis mec4aHoro MOACTIIIAIOUIETO CJIOSl MPHUHATA
Mozeib Mopa — KynoHna B IpeHUpOBaHHO OCTaHOB-
K€ CO CIeAyIoMUMH Xapakrepuctukamu: £ = 40 MIla;
v'=0,3; ¢’ =1 klla; 9" = 35°% k= 1 m/cyT. [lonoxenue
YPOBHSI TPYHTOBBIX BOJ| IPUHATO Ha OTMETKE JTHEBHOU
TIOBEPXHOCTH.

Pacuer BmonHsICS B ABE cTaauu: Ha epBoi (Plas-
tic, Staged construction) Harpy3ka NnpHKJaablBaniach
MTHOBCHHO, ¢ OOHYJIeHHEM Je(opMarnii OT COOCTBEHHO-
ro Beca; Ha Bropoit (Consolidation, Staged construction)
MOJIEIIMPOBAJICS] COBMECTHBIH TTpoLiece (pUIIETpaliOHHOM
KOHCOJIMJJALIUY U TOJI3y4YecTH Ha ropusonTe 18 250 cyT.,
49T0 cooTBeTCTBYET 50 romaM. PUKCHPOBAHHBIN BpEMEH-
HOI MHTEpBaJI BRIOPaH HAMEPEHHO: aBTOMATUYECKUI KpH-
Tepuii Plaxis 1o MHHMMaJIbHOMY ITOPOBOMY JaBIICHHIO
OCTaHABJIMBAET PACUET HAa IPAHUIIC TIEPBUYHON KOHCONH-
Jali U HE TMO3BOJIACT MPOCICAUTD I[aJ'II:HeﬁIHee pa3Bu-
THE BTOPUYHBIX JIe(OpMaIid.

UmcneHHOe UCCIeI0BaHNE BKITFoUaeT 22 BapHaHTa
U TIOCTPOCHHUE 110 MaTPUYHOM CXeMe C BapbHUPOBaHU-
€M 4YeThIpex (PaKTOpOB: COOTHOMICHHUS PAINyCa IIUTHI
Y MOIIHOCTH IIHHUCTOTO ciost (R/H = 0,5; 2,0 u 6,0), xo-
sddurmenTa aHU30TPONHN (HUIBTPALUH (kx/ky =1ubh),
MoAN(HUINPOBAHHOTO MHAEKCA TTON3ydecTH Uu* (3Haue-
aus 0; 0,005 u 0,01; HyneBoe 3HaUCHHE COOTBETCTBYET
Mojienu SS) U HaJIWYMsI TOPU3OHTAIBHBIX MMECYaHbIX
MIPOCIOEB MOUTHOCTBIO 110 0,5 M — OIMH NPOCIIOi B ce-
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penuHe cios 1100 TpHU PaBHOMEPHO PACIIpeIeNICHHBIX
(reomerpust B). BoiOpannsrit quanazon p* = 0,005-0,01
cootHocuTcs ¢ otHomeHueM Co/Ce =~ 0,10-0,20, xapak-
TCPHBIM JJI1 OPTraHOMUHECPAJIBbHBIX ITIMH U 33T0p(b0BaH-
HBIX TPYHTOB [4, 5]. IlonHas mMaTpulla BAPHAHTOB CBe-
JieHa B TaO1. 1, COOTBETCTBYIOIIME PACUCTHBIC CXEMBI
MIpPEICTaBICHbI Ha puC. 1.

PE3VIBTATHBI HCCIEJOBAHUA

Pe3yabTaTbl YHCJIEHHOTO MOAEJUPOBAHHS

Ha puc. 2 npuBeneHs! rpadukn pa3BUTHS 0CATKA
LEHTpa TUTUTHI BO BPEMEHHU UL TPEX HMCCIIEOBAHHBIX
cootHomrenmit R/H mipu p* = 0 (SS), 0,005 u 0,01 (SSC)
1 IBYX 3HAYCHUH kx/ky.

XapakTep KpUBBIX JUISl BCEX T€OMETpHil 00HapyKH-
BAeT eIMHYIO0 3aKOHOMEPHOCTB: BAPHAHTHI SS JOCTHTAIOT
CTaIMOHAPHOTO 3HAYEHNUSI OCAJIKH 110 3aBEPIICHNH JICCH-
ALK TOPOBOTO JIaBJIeHMs, Tora Kak kpuBbie SSC MOHO-
TOHHO HapacTaloT B TeUeHUEe Bcero SO-JIeTHEro ropu30HTa
MoZEeIUpoBaHus. VIHTEHCUBHOCTL pocTa BTOPUYHOM KOH-
COJTMJIAIIMH BO3PACTACT MPOMOPIMOHATIBHO P¥, 4TO corvia-
CYeTCsI C TeOPETHYECKUMU TToToKeHmsmH [ 12, 15].

UncreHHbIe 3HaYEHNS] KOHEYHBIX 0CA/I0K CHCTEMATH-
3UpOBaHEI B Ta0M. 2. JI7s KayK0T0 BapraHTa BEYHCIICHBI
OTHOCHTENBHOE MPUPAIIEHHE AS = (S — S¢o)/s¢s * 100 %o
1 Oe3pa3MepHBIi KOYPPHUIINCHT YBEITUMICHHS OCAIKH 1] =
= SSSC/SSS'

Amnanm3 Ta0n. 2 MOKa3bIBACT, YTO CTEIICHB BIMSHUS
TIOJI3y4YECTH B OOJIbIIIEH CTENIEHH ONPEIEIISICTCs TEOMETPH-
eit pacuetHoro ceuenws. J{is rmydokoro ciost (R/H = 0,5,
H=20wm) xoadppurment n mpu p* =0,01 nocruraer 5,4 —
MOJI3yYEeCTh YBEJIMYMBACT OCA/IKy 0oJiee yeM BIISTEPO.
[Ipu npomesxyTouHoit reomerpun (R/H =2,0) n = 2,5,
a Juts ToHKoro cinost (R/H = 6,0)n = 1,6.

dusndeckas MpUYMHA JaHHOHU 3aBUCUMOCTH CBsI3a-
Ha ¢ MacmTaboM BPEMEHH NEPBUYHON KOHCOIMIALINH.
B ycrmoBusax O0NbIIONH MOIIHOCTH CKAUMAeMON TOJIIIH



BansiHne BTOpMLIHOI;I KOHCOAMAALIMU Ha AAMTEAbHbIE OCaAKM OCHOBaHMM

9 C. 64-81
OYHAAMEHTHbIX MAUT GOALLLIOM MAOLLAAN

JIUCCUTIALINAS [TOPOBOTO MABJICHUS 3aHMMAeT MHOTHE
TO/IBI, ¥ TIOJI3Y4eCTh, CHCTBYOMAs MapaliebHO (TH-
moTesa B), HaKaIIUBaeT IOTOJTHUTEIbHBIE Aepopma-
un. [Tpu koporkux myTsix ¢unsrpannu (Oonbinue R/H)
MepBUYHAsT KOHCOIH/IALINS 3aBEPIIaeTCst ObICTPO, U Ha-
KOIUICHHME BTOPHYHBIX Ie(pOpMALIil OrPaHHUYCHO.

BinsiHue aHH30TPOITHK MPOHHUIAEMOCTH Ha HTO-
TOBYIO 0CaJIKy 3a 50-JICTHHI TOPU30HT OKa3aJIoch Ipe-
HEOPEKIMO MaJIbIM: PACXOXKACHHUE MEX/y BapUAHTAMU
kJ/k,=1wk/k =5 ne npebiuaer 2 % s BCEX reo-
MeTpHil. YCIIOBUS APCHUPOBAHUS KOHTPOIUPYIOT JIHIIIb
CKOPOCTb TIEPBUYHOM KOHCOIMAALMH, TOTIA KaK KOHed-

0,00
—— A, R=10,
kx/ky =1
—— A,R=10,
- kx/ky =5
1,00 = T 4. R=10,
kx/ky =1, m002
A, R=10,
kx/ky =5, m002
—— A, R=10,
= v 4 & k/k =1, m005
Ny 2,00, —— Ax, Ié =10,
kx/ky =5, m005
—— A,R=10,
kx/ky =1, m01
—a— A,R=10,
_3’00 kx/ky = 5, mO1
%M
HMM
gl W*ﬁwg
—4,00
0,00 2,00E3 4,00E3 6,00E3 8,00E3 10,00E3 12,00E3 14,00E3 16,00E3 18,00E3 20,00E3
Bpewms, nens
a
0,00
0.200] B, R=20,
i 1 kJk,=1
—— B, R=20,
' klk =5
-0,400 B, 15 =20,
kJk,= 1, m002
B,R=20
—0,600 S e ’ ’
’ © k= 5, m002
—— B, R=20,
E_\A *0,800’ kx/ky = 1, mo005
S —— B, R=20,
e o kx/ky = 5, mO005
~1,00 @ —— B, R =20,
kJk,=1,m0l
—=— B, R=20,
-1,20 kx/ky =5, m0l
—-1,40
= Ry o T T
-“.‘.’.'Ill-u.@
—-1,60

0,00 2,00E3 4,00E3 6,00E3 8,00E3 10,00E3 12,00E3 14,00E3 16,00E3 18,00E3 20,00E3
Bpewms, nens
b
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0,00
—— C, R=130,
-0,100 kx/ky =1
—— C, R=130,
kx/ky =5
] —— C, R=130,
0,200 kx/ky =1, m002
C, R=30,
k/k, =5, m002
-0,300 —— C, Iyg =30,
2\ T — —® kx/ky =1, m005
3 —— C, R=130,
—0,400 kx/ky =5, m005
—_— C, R= 30,
s kx/ky =1, m01
~0.500! —a— C,R=30,
’ kx/ky =5, m01
-0,600 \ﬁ
MM
-0,700 ;

0,00 2,00E3 4,00E3 600E3 800E3 10,00E3 12,00E3 14,00E3 16,00E3 18,00E3 20,00E3
Bpewms, nenn

C

Puc. 2. KpuBble «ocajka [eHTpa IIHTHI — BpeMs» uist: @ — R/H = 0,5 (reomerpust A); b — R/H =2,0 (reomerpus B); c — R/H =

= 6,0 (reomerpus C)

Tabu. 2. Pe3ynsraTsl mapaMeTpHUIecKOro NCCIIe0BaHMs (KOHEUHBIe 0caaKu rpu ¢ = 50 ner)

Howmep R/H kx/ky Seoo MM | S(p* =0,005), mm | s(u* =0,01), Mmm As(0,005), % | As(0,01), % | n(0,01)
1 0,5 1 668 1990 3592 198 438 5,38
2 0,5 5 673 1990 3664 196 444 5,44
3 2,0 1 620 972 1538 57 148 2,48
4 2,0 5 618 972 1536 57 148 2,49
5 6,0 1 437 469 679 7 55 1,55
6 6,0 5 433 470 677 9 56 1,56

Hast 0cajiKka MPH HAJIMYHMHU MTOJ3Y4ECTH ONpeieNsieTcs pe-
OJIOTUYECKUMH CBOHCTBAMHU TPYHTA.

Ha puc. 3 nmpencraBieHs! KpUBbIC JUCCUITAIINH W3-
OBITOYHOTO TIOPOBOTO JABJICHUS B IIEHTPE TIIUHICTOTO
CJI0SL.

JIOTOJTHUTEIIEHO MOYKHO OTMETHTb, YTO IIPHMeya-
TEIBHON YepTOH MOJIy4EHHBIX PEe3yJbTaTOB SIBISIETCS
IPEBBINIEHNE HAYATLHOTO 3HAYEHUs P, Haj TpUo-
KEeHHOH Harpy3Kkoii (¢ = 100 kI1a) B pacyeTax ¢ MoAeIbIO
SSC. pu R/H = 0,5 u p* = 0,01 nmukoBoe mopoBoe aaB-
JIeHUE B cepeuHe cios coctapisieT nopsaka 160 klla.
Orot 3¢ dekT orpaxkaetr MexaHuzM SSC: BI3KOILIACTH-
yeckas AeGopManusi CKelera CTPEMHUTCS OIEePeaAnTh
CKOPOCTh (PUIIBTPAIIMOHHOTO OTXKATHS BOJIBI, TIOPOXKIAs
JTOTIOTHUTEIBHOE TPUPAIIICHHIE TIOPOBOTO JaBICHHUS, T.C.
WIDTFOCTPAINIO TUTIOTE3HI B [3, 6, 17]. 171 ToHKOTO CItost
(R/H=6,0) 130bITOYHOE IOPOBOE JABIICHHE TUCCHITHPYET
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3a~500 cyT. maxe npu p* = 0,01, Torna kak ocaaku mpo-
JIOJDKAIOT HAapacTaTh Ha POTSHKEHNUH AECSTUIICTHH.

Pe3ynbTarsl pacdyeToB Uit BAPHAHTOB C IIECYAHBIMU
npociosmu (Ne 19—22) conocTaBieHbI ¢ OJHOPOIHBIM
OCHOBaHHEM B TaOI. 3 1 Ha puc. 4.

Baenenue necuaHbIxX MPOCIOEB KapJUHAIBHO YCKO-
psieT IepBUYHYIO KOHCOUAINIO: BPeMs CTallHOHAPHO-
TO COCTOSIHUS 10 MofenH SS cokparmraercs ¢ ~1700 cyT.
1o ~540 cyT. (onuH mpociuoit) u 1o ~150 cyt. (Tpm
npociost). Koneunas ocagka SS ymensmiaercs Ha 4,5
u 14,2 % coOTBETCTBEHHO.

s momenu SSC ¢ pu* = 0,01 ocaaka cocraBiser
1463 MM (1 mpocmnoit) u 1286 MM (3 mpocios) BMecTo
1538 MM mpu omHOpPOIHOM OCHOBaHWH. KiTtoueBoii BbI-
BOJI: «XBOCT» IOJI3y4ECTH COXPAHSETCSI — CKOPOCTh Ha-
pacTaHus BTOPUYHBIX 1e(OpMaIMil MPAKTHIECKH HE 3a-
BUCHUT OT HAJIMYMS JPCHUPYIOIINX HIEMEHTOB.



BansiHne BTOpMLIHOI;I KOHCOAMAALIMU Ha AAMTEAbHbIE OCaAKM OCHOBaHMM

9 C. 64-81
OYHAAMEHTHbIX MAUT GOALLLIOM MAOLLAAN

0,00

—20,00¢ '/ kx/ky =1
—— A, SSC,

k/k,=1,m01

-40,00
i —— B, SS,
! k/k, =1
-60,00 B, SSC,
Z// k/k,= 1, m01
-80,00 ——GS5S,
b k/k, =1
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's e e s Wi DO
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120,001

~140,00

—-160,00¢

—-180,00

1,00E3 2,00E3 3,00E3 4,00E3 5,00E3

Bpewms, nenn

Puc. 3. luccunanust n30bITOMHOTO OPOBOTO JaBiaeHUs U1 reomeTpuii 4, B u C: criomnble TMHUM — SS; mTpuxoBsie — SSC
(u*=0,01), k/k =1

0,00
0,100 e B.SS,
—0,200 0e3 mpocitoek
—— B, SSC m01,

030 6e3 mpocitoeK

—0,40 —— D, SS,

0.500 b 1 mpocnoiika

-0, 3 E, SS,

-0,60 %}b.m 3 mpocnoiku
= = —— D, SSC mO01,
o 0,702‘" 1 mpocnoiika

0,80 —— E, SSC mE)I,

3 npocnolku

—0,9001

—1,00 \\
~1,10 \N
-1,20 M\*N

1.30 by ’\*_*\*\"—-o‘,
-1, ~]

""-'m._
-1,40 L
w"‘“‘—‘-.‘

0,00  2,00E3 4,00E3 6,00E3 8,00E3 10,00E3 12,00E3 14,00E3 16,00E3 18,00E3 20,00E3
Bpewms, nenn

Puc. 4. Kpussie «ocazxa — Bpems» uist R/H = 2,0 mpu 0qHOPOITHOM OCHOBAHHH M OCHOBAHHH C TIECUAHBIMHU IIPOCIOSIMHU

AHanmu3 u 00cyKIeHHe pe3yJbTaToB aertHo Co/Cc > 0,10). Yxe mpu p* = 0,005 npupoct

[omy4eHHbIe pe3ynbTaThl HO3BOISIOT chopMynH-  ocaaku kosednercs oT 7 % aist ToHkoro ciost (R/H = 6,0)
poBaTh MHXEHEPHBIH KpUTepHi o0s3aTenpHoCTH yueta 10 198 % mna momnoro (R/H = 0,5); npu ynBoenun p*
BTOPUYHOH KoHcomumanuu: p* > 0,005 (uto skBmBa- 10 0,01 3TOT 'ke AMama3oH pacmupsercs 1o 55438 %.
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Taéu. 3. Biusinue necuansix npocnoes (R/H = 2,0, k/ky =1)

Homep VYenous Mopnens S, MM As, % Liop CYT. n
7 be3 npocnoes SS 620 - ~1700
19 1 npocioii SS 592 4,5 ~540 -
20 3 mpocios SS 532 -14,2 ~150 -
11 Be3 mpocnoes SSC, p*=0,01 1538 - - 1,00
21 1 mpocmnoit SSC, pu*=0,01 1463 -4.9 - 0,95
22 3 mpocnost SSC, p*=0,01 1286 -16,4 - 0,84

OTcroma BUTHO, UTO JJIs 3aMETHOM JTOJTM PEaTbHBIX TPYH-
TOBBIX YCIIOBHI OTKa3 OT ydeTa MOI3yYeCTH BEJET K Cy-
IIIECTBCHHON HEIOOICHKE MMPOSKTHBIX 0CAJIOK.

MOHOTOHHBIH POCT 1| ¢ yMeHBIIICHHEM R/H 00BsICHS-
€TCsl JUTUTEITHHOCTHIO TIEPBUYHOM KOHCOITMIAIINH: B MOIIT-
HOM IJIMHHCTOM CJI0€ (IUTBTPAIMOHHOE OT/KATHE BOIBI
pacTSHYTO BO BPEMEHH; W MOJ3YYECTh, ACUCTBYIOMIAS
TI0 TUTIOTE3¢ B OHOBPEMEHHO C ITEPBUYHOI KOHCOIU/IA-
IMEH, yCIIeBaeT HAKOIIUTh 3HAYUTEIBHBIE Je(hOpPMAIIUTL.

Hanmane apeHUpyIOMIX MPOCIOCB YCKOPSET Iep-
BUYHYIO KOHconuAauuio B 3—11 pa3, oqHako Ha KOHEY-
HYIO 0Ca/IKy TIPU HAIMYWH TIOI3YYESCTH BIHSET C1abo —
€e CHIDKCHHE COCTaBIISIeT Bcero 5—16 %.

3AKJIIOYEHHUE U OBCYXJIEHHUE

[Non3ydects IMHUCTOTO IPyHTA CHOCOOHA YBEIH-
YUTh KOHEYHYIO OCAJIKy TUTUTHOTO (pyHIaMeHTa B 1,5-5.4
paza. MakcUMaibHOE BIHMSHUE 3a(QUKCHPOBAHO NIPH Ma-
761X R/H (TiyOOKMIA CIT0#) ¥ BRICOKMX 3HAYCHMSIX [L¥.

AHuzoTponus GUIBTPALAN (kx/ky = 1-5) He oxa-
3bIBAET CYLIECTBEHHOI'O BIMSHHS HA KOHEYHYIO OCAJIKY
3a 50-netHu# nepros. OnpenenstonuMy SBISIOTCS PEO-
JIOTUYECKHE CBOMCTBA IPyHTA.

Monens SSC Bocipon3BoanT 3(h(HEKTHI THITOTE3bI
B: n30bITOUHOE TTOPOBOE JaBIIEHHE TPEBBINIAET IIPHIIO-
JKEHHYIO HarpysKy, a JUCCHIIAINS TOPOBOTO JIABICHHS
3amemsieTca. Dddext Hamboee BEIpaXeH MPH MaJbIX
R/H u BBICOKHX P*.

[Necuanbie nmpociion, yCKopsist IIEPBHYHYI0 KOHCOJH-
nmaruio B 3—11 pa3, CHIDKAIOT HTOTOBYIO OCAJKy JIMIIb
Ha 5-16 %. lopusoHTanIbHBIE IPEHUPYIOIINE CIOU
HE OKa3bIBAIOT 3HAYMTEIBHOTO BIUSHUS HA KOHEUHYIO
0CaJIKy B OCHOBAHUSX U3 IOJ3yYHX IPYHTOB.

Yuer Bropr9HO# KOHCOMHMIAIMH 00513aTEIICH MpH [U* >
> 0,005 (Co/Cc>0,10), xapaKTepHOM TSI MATKHX OPTraHo-
MHUHEPAIBHBIX IVIMH, 3aTOP(QOBAHHBIX IPYHTOB U WJIOB.
Pexomennyercs npuMmenenue moaenu SSC uiu aHalo-
THYHBIX BSI3KOIUIACTHYECKHX MOJICIIEH.
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INTRODUCTION

The problem of predicting long-term settlement
of foundations on weak clay soils has remained a key
issue throughout the history of soil mechanics. In a pre-
viously published paper by the authors [1], a parametric
study was conducted into the influence of two-dimen-
sional filtration and permeability anisotropy on the rate
of primary consolidation of slab foundations. It was
shown that K. Terzaghi’s classical one-dimensional theo-
ry [2], for small R/H ratios, can overestimate the calculat-
ed consolidation time by more than a factor of two. Nev-
ertheless, the model considered did not take into account
the rheological properties of the soil, and the settlement
prediction was limited to primary filtration consolidation.

Meanwhile, in the case of natural soft clays, the de-
formation of the soil skeleton does not cease once the ex-

cess pore pressure has been fully dissipated. This phe-
nomenon, known as secondary consolidation or creep,
was first systematically described by L. Bjerrum [3], who
proposed the concept of “instantaneous” and “delayed”
compression. A quantitative characterization of the creep
intensity via the Ca/Cc ratio was established by G. Mes-
ri and P.M. Godlevski [4], who found that for mineral
clays, Co/Cc ranges from 0.02 to 0.06, whilst for organic
soils it increases to 0.10-0.20. This concept was further
developed by G. Mesri and A. Castro [5].

The central point of debate in the theory of second-
ary consolidation remains the timing of the onset of creep
relative to primary consolidation. S.S. Ladd et al. [6] for-
mulated two alternative positions: hypothesis 4 (creep
begins after the completion of primary consolidation)
and hypothesis B, supported by L. Bjerrum [3], which al-
lows for the simultaneous occurrence of creep and filtra-
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tion consolidation. In Russian scientific literature, similar
ideas were developed in the works of S.R. Meschyan [7],
S.S. Vyalov [8] and Yu.K. Zaretsky [9].

A methodology has been developed for verifying
the parameters of the SSC model by comparing numeri-
cal simulations of compression tests in Plaxis with labo-
ratory data [10].

A numerical implementation of hypothesis B was
proposed by L. Shuknecht [11] using the isotach concept.
On this basis, P.A. Vermeer and H.P. Neer [12] developed
the Soft Soil Creep (SSC) model, which has become one
of the most widely used constitutive models for calcu-
lating the creep behaviour of soft soils within the finite
element method (FEM). In parallel, J.-H. Yin and J. Gra-
ham [13] proposed a visco-elastic-plastic model based
on the hypothesis of M. Leoni et al. [14], and developed
an anisotropic version of the SSC model. An overview
of the isotach approach is presented by S. Lerouel [15].
S.A. Degago et al. [16] demonstrated that the arguments
put forward by proponents of hypothesis 4 may have
contained a systematic error of interpretation.

The practical application of creep models to foun-
dation engineering problems has been investigated in
a number of studies. P. Bhartiya et al. [17] carried out
a numerical analysis of pile-slab foundations on clayey
soils and demonstrated the significant influence of visco-
plastic properties on load redistribution. J. Yuan et al. [18]
compared hypotheses 4 and B using three EVP models,
confirming the superiority of hypothesis B for predicting
settlements in thick layers. The FEM methodology for fil-

Table 1. Matrix of design options

tration consolidation problems is set out by D.M. Potts and
L. Zdravkovich [19] based on the theory of M.A. Bio [20].

The practical significance of this problem is height-
ened by the fact that circular foundation slabs of consid-
erable diameter are widely used in the oil and gas indus-
try as bases for vertical storage tanks, gas holders and
column-type equipment. The sites of such facilities are
often located in coastal and floodplain areas with distinct
soil rheological properties. Failure to account for creep
can lead to a significant underestimation of long-term
settlement and compromise the operational suitability
of the structures.

Despite a considerable body of theoretical research,
no systematic parametric study has been presented in
the literature that allows for a quantitative assessment
of the contribution of secondary consolidation to the set-
tlement of large-area slab foundations, whilst varying
key geometric and rheological factors. The aim of this
study is to fill this gap.

MATERIALS AND METHODS

The computational experiment was carried out us-
ing the Plaxis 2D software package. In an axisymmet-
ric configuration, a circular rigid slab foundation resting
on a two-layer subgrade was considered: an upper clay
layer of thickness H and an underlying sand layer; the to-
tal height of the analysis domainy _ was taken as 25 m.
The slab was modelled as a Plate finite element with stift-
nesses E4A =3 - 10" kN/m and El = 2.5 - 10° kN-m?*/m;
a uniform load of ¢ = 100 kPa was applied to the slab.

Number Geometry R, m H,m R/IH k/k, Model e
1 A 10 20 0.5 1 SS -
2 A 10 20 0.5 5 SS -
3 A 10 20 0.5 1 SSC 0.005
4 A 10 20 0.5 5 SSC 0.005
5 A 10 20 0.5 1 SSC 0.01
6 A 10 20 0.5 5 SSC 0.01
7 B 20 10 2.0 1 SS -
8 B 20 10 2.0 5 SS -
9 B 20 10 2.0 1 SSC 0.005
10 B 20 10 2.0 5 SSC 0.005
11 B 20 10 2.0 1 SSC 0.01
12 B 20 10 2.0 5 SSC 0.01
13 C 30 5 6.0 1 SS -
14 C 30 5 6.0 5 SS -
15 C 30 5 6.0 1 SSC 0.005
16 C 30 5 6.0 5 SSC 0.005
17 C 30 5 6.0 1 SSC 0.01
18 C 30 5 6.0 5 SSC 0.01
19 D (1 layer) 20 10 2.0 1 SS -
20 E (3 layers) 20 10 2.0 1 SS -
21 D (1 layer) 20 10 2.0 1 SSC 0.01
22 E (3 layers) 20 10 2.0 1 SSC 0.01
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Fig. 1. Design diagrams: « — R/H=0.5; b — R/H =2.0; c — R/H=6.0; d — R/H = 2.0, one sand layer; e — R/H = 2.0, three

sand layers

Unlike the study in [1], which considered only pri-
mary consolidation, this study applies two soil models
in parallel to the clay layer: Soft Soil (SS) and Soft Soil
Creep (SSC). This paired analysis allows the contribution
of creep to be isolated in its pure form by comparing the re-
sults based on the same set of input data. The following
parameters are adopted for the clay layer: y =20 kN/m’;
A% =0.05; k* = 0.01; ¢' = 20 kPa; 9" = 22° v/ = 0.15;
e, =0.8;k =110 m/day.

For the sandy subgrade, the Mohr — Coulomb model
is adopted in a drained configuration with the following
parameters: E'= 40 MPa; v' = 0.3; ¢'= 1 kPa; ¢’ = 35°;
k=1 m/day. The groundwater level is assumed to be at
ground level.

The calculation was carried out in two stages: in
the first stage (Plastic, Staged construction), the load was
applied instantaneously, with deformations due to self-
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weight reset to zero; in the second stage (Consolidation,
Staged construction), the combined process of filtration
consolidation and creep was modelled over a time hori-
zon of 18,250 days, corresponding to 50 years. This fixed
time interval was chosen deliberately: Plaxis’s automatic
criterion based on minimum pore pressure terminates
the calculation at the boundary of primary consolidation
and does not allow the further development of secondary
deformations to be tracked.

The numerical study comprises 22 variants and is
structured according to a matrix scheme, with four fac-
tors varied: the ratio of the plate radius to the thickness
of the clay layer (R/H = 0.5; 2.0 and 6.0), the filtra-
tion anisotropy coefficient (k/k =1 and 5), the modi-
fied creep index p* (values 0; 0.005 and 0.01; a value
of zero corresponds to the SS model) and the presence
of horizontal sandy interlayers, each 0.5 m thick —
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either a single interlayer in the middle of the layer
or three evenly distributed interlayers (geometry B).
The selected range p* = 0.005-0.01 corresponds to
a Ca/Cc ratio of = 0.10-0.20, characteristic of organo-
mineral clays and peaty soils [4, 5]. The complete matrix
of variants is summarized in Table 1, and the correspond-
ing calculation schemes are shown in Fig. 1.

RESEARCH RESULTS

Results of numerical modelling

Fig. 2 shows graphs of the time-dependent settle-
ment of the centre of the slab for the three R/H ratios
studied, where pu* = 0 (SS), 0.005 and 0.01 (SSC), and
for two values of k /k .
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Fig. 2. “Centre of plate deflection versus time” curves for: « — R/H= 0.5 (geometry A); b— R/H =2.0 (geometry B); c — R/H =

= 6.0 (geometry C)

Table 2. Results of the parametric study (final sedimentation at ¢ = 50 years)

Number | R/H k)_/ky S mm | s(u*=0.005), mm | s(u*=0.01), mm | As(0.005), % |As(0.01), % | n(0.01)
1 0.5 1 668 1,990 3,592 198 438 5.38
2 0.5 5 673 1,990 3,664 196 444 5.44
3 2.0 1 620 972 1,538 57 148 2.48
4 2.0 5 618 972 1,536 57 148 2.49
5 6.0 1 437 469 679 7 55 1.55
6 6.0 5 433 470 677 9 56 1.56

The behaviour of the curves for all geometries re-
veals a consistent pattern: the SS variants reach a steady-
state value for settlement once pore pressure dissipation
has ceased, whilst the SSC curves increase monotoni-
cally throughout the entire 50-year simulation period.
The rate of secondary consolidation increases in propor-
tion to p*, which is consistent with theoretical findings
[12,15].

The numerical values of the final settlements are
summarised in Table 2. For each scenario, the relative
increase As = (54 = 5. )/s¢ - 100 % and the dimension-
less settlement increase coefficient n = s /s, have been
calculated.

An analysis of Table 2 shows that the extent of the in-
fluence of creep is largely determined by the geometry
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of the design cross-section. For a deep layer (R/H =
= 0.5, H=20 m), the coefficient | at p* = 0.01 reaches
5.4 — creep increases the settlement more than fivefold.
For intermediate geometry (R/H = 2.0), 1 = 2.5, and for
a thin layer (R/H = 6.0), n = 1.6.

The physical reason for this relationship is linked to
the timescale of primary consolidation. Where the thick-
ness of the compressed formation is large, the dissipation
of pore pressure takes many years, and creep occurring in
parallel (hypothesis B) accumulates additional deforma-
tions. For short filtration paths (high R/H ratios), primary
consolidation is completed rapidly, and the accumulation
of secondary deformations is limited.

The effect of permeability anisotropy on the total
settlement over a 50-year time horizon proved to be neg-
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ligible: the difference between the k/k = 1w k/k =5
scenarios does not exceed 2 % for all geometries. Drain-

age conditions control only the rate of primary consolida-

tion, whilst the final settlement, in the presence of creep,

is determined by

the rheological properties of the soil.

Fig. 3 shows the curves of excess pore pressure dis-

sipation at the centre of the clay layer.

It is also worth noting that a notable feature of the re-

sults obtained is that the initial value of P, exceeds
the applied load (¢ = 100 kPa) in the calculations using
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Table 3. Effect of sand layers (R/H = 2.0, k /k = 1)

Number Conditions Model s, mm As, % Lo day n
7 Without layers SS 620 - ~1,700 -
19 1 layer SS 592 —4.5 ~540 -
20 3 layers SS 532 —14.2 ~150 -
11 Without layers SSC, pu*=0.01 1,538 - - 1.00
21 1 layer SSC, pu*=0.01 1,463 -4.9 - 0.95
22 3 layers SSC, u*=0.01 1,286 -16.4 - 0.84

the SSC model. At R/H = 0.5 and p* = 0.01, the peak
pore pressure at the centre of the layer is of the order
of 160 kPa. This effect reflects the SSC mechanism: vis-
coelastic deformation of the skeleton tends to outpace
the rate of filtration-induced water discharge, generating
an additional increase in pore pressure, i.e. an illustration
of hypothesis B [3, 6, 17]. For a thin layer (R/H = 6.0),
the excess pore pressure dissipates over ~500 days even
at u* = 0.01, whilst precipitation continues to accumulate
over decades.

The results of the calculations for the variants with
sand layers (No. 19-22) are compared with those for
a homogeneous subgrade in Table 3 and Fig. 4.

The introduction of sand layers significantly acceler-
ates initial consolidation: the time to reach a steady state,
according to the SS model, is reduced from ~1,700 days
to ~540 days (one layer) and to ~150 days (three lay-
ers). The final settlement of the SS is reduced by 4.5 and
14.2 % respectively.

For the SSC model with p* = 0.01, the settlement
is 1,463 mm (1 layer) and 1,286 mm (3 layers) instead
of 1,538 mm with a homogeneous subgrade. Key conclu-
sion: the “tail” of creep persists — the rate of increase in
secondary strains is virtually independent of the presence
of drainage elements.

Analysis and discussion of the results

The results obtained allow us to formulate an en-
gineering criterion for the necessity of taking secondary
consolidation into account: u* > 0.005 (which is equiva-
lent to Ca/Cc > 0.10). Even at p* = 0.005, the increase
in settlement ranges from 7 % for a thin layer (R/H =
= 6.0) to 198 per cent for a thick layer (R/H = 0.5); when
p* is doubled to 0.01, this range expands to 55-438 %.
It is evident from this that, for a significant proportion
of real-world soil conditions, failing to take creep into

account leads to a substantial underestimation of design
settlements.

The monotonous increase in 1 as R/H decreases is
explained by the duration of primary consolidation: in
a thick clay layer, the filtration of water is a protracted
process; and creep, which, according to hypothesis B, oc-
curs simultaneously with primary consolidation, has time
to accumulate significant deformations.

The presence of drainage layers accelerates primary
consolidation by a factor of 3—11, but has little effect
on the final settlement in the presence of creep — the re-
duction is only 5-16 %.

CONCLUSION AND DISCUSSION

The creep behaviour of clayey soil can increase
the final settlement of a slab foundation by a factor
of 1.5-5.4. The greatest effect has been observed at low
R/H ratios (deep layer) and high values of p*.

Filtration anisotropy (k/ky = 1-5) has no significant
effect on the final settlement over a 50-year period. The de-
termining factors are the soil’s rheological properties.

The SSC model reproduces the effects of hypothesis
B: the excess pore pressure exceeds the applied load, and
the dissipation of pore pressure is slowed down. This effect
is most pronounced at low R/H ratios and high p* values.

Sand interlayers, whilst accelerating initial consoli-
dation by a factor of 3—11, reduce the final settlement by
only 5-16 %. Horizontal drainage layers have no signifi-
cant effect on the final settlement of foundations on creep
soils.

Consideration of secondary consolidation is manda-
tory when p* > 0.005 (Ca/Cc > 0.10), which is charac-
teristic of soft organomineral clays, peaty soils, and silts.
The use of the Soft Soil Creep (SSC) model or similar
viscoplastic models is recommended.
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AHHOTALUUA

BBepeHue. lNMprBeaeH 063op nutepartypbl NO Noaxoaam K paspaboTke M UCMbITaHUAM SHEProadEKTUBHBIX MOAYMbHbIX
dacagHbix cuctem. OTMeYeHO, 4YTO paspaboTka MEeTOAOB MPOEKTUPOBaHUSA MOAYMbHbIX (hacafoB OCODEHHO akTyarb-
Ha B YCMOBUSIX 3KCTPEManbHOro Knumarta, rae TennoTeXHWYECKUe XapaKTEPUCTUKM SBMSKOTCS OCHOBHbIM NapaMeTpoM
ONs ynyyweHns.

Matepuanbl u Metoabl. O630p nNUTepaTypbl NPOBEAEH C NMPUMEHEHNEM KakK POCCUWCKMX, Tak U 3apybexHbIX UCTOYHM-
KoB. Mcnonb3oBanuck poccuiickue ctaten ns cnucka BAK. OnvcbiBanuck 3apybexHbie MCTOYHUKU, MPOVHAEKCMPOBAHHbIE
B MexayHapopaHbix 6asax gaHHeix (MDPI, ScienceDirect, Wiley Online Library, SpringerLink n Scopus).

PesynbraTbl. PaccmoTpeHbl nccnepnosanus J. Li u coaBT. Mo BbIOOPY TENNOM30MNSALMOHHBIX MaTepuanos, pabota A. Scioti
1 COaBT. MO ONTUMM3ALUW Y3MOB COEANHEHUS 1 COCTaBa KOHCTPYKLMOHHBIX CMecel, a Takke pabota X. Zou 1 coaBT. O KOH-
CTPYKTMBHBIX PELUEHNSX COeAVHeHUN, obecnevmBaloLnX COXpaHeHWe 3aBOACKOW OTAenku. [Ans aKkcrnepumeHTanbHOW
Bepudmkauum S.P.B. Sousa n coaBT. onvcany MeToabl UCMbITaHW B AMHAaMUYECKMNX NTabopaToOpHbIX YCIOBUSAX, a CTaTbs
Z. Azkorra-Larrinaga v coaBT. NOCBsLLEHa YaCTUYHO MOAENVPYEMbIM HaTypPHbIM YCITOBUSIM.

BbiBoabl. [pu BeiGOpe TENNOM30NSALMOHHBIX MaTepuanoB Hanbonee aPEKTVBHBIMU CHUTAIOTCA BaKyyMHbIE U30MNALMOH-
Hble MaHemnu, OHY NOMOralT CHU3UTb TEMMOMNOTEPU NPUMEPHO Ha 73—76 %, a Takke asporenesble NOKPbITUSA C 3KOHOMUEN
okono 43-49 %. B npoeKkTMpoBaHUM COEAUHEHUIA MOAYNbHBIX dacafoB MpYAYyManu UCNonb3oBaTb CUCTEMY BHYTPEHHUX
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KOTOpble YMeHbLUAT nepenas Temnepatypbl Mexay NeHononMcTuponbHeiMu nanensamu ¢ 8 go 1,5 K. [ins nposepku mo-
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ABSTRACT

Introduction. A literature review of approaches to the development and testing of energy-efficient modular facade systems
is presented. It is noted that methods for designing modular facades are particularly relevant in extreme climates, where
thermal performance is the principal parameter to be improved.

Materials and methods. The literature review was conducted using both Russian and international sources. The literature
review included Russian articles published in journals listed by the Higher Attestation Commission (VAK list), as well as in-
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ternational publications indexed in major bibliographic databases and available through MDPI, ScienceDirect, Wiley Online
Library, SpringerLink, and Scopus.

Results. The studies by J. Li et al. on the selection of thermal insulation materials, the work by A. Scioti et al. on the optimi-
zation of connection joints and the composition of structural mixtures, and the work by X. Zou et al. on structural connection
solutions that preserve factory-applied finishing were reviewed. For experimental verification, S.P.B. Sousa et al. described
test methods under dynamic laboratory conditions, while the paper by Z. Azkorra-Larrinaga et al. addressed partially simu-
lated full-scale conditions.

Conclusions. Vacuum insulation panels are considered the most effective thermal insulation materials, reducing heat loss-
es by approximately 73—76 %, while aerogel coatings provide savings of about 43—49 %. A system of internal ties has been
proposed for the design of modular facade connections. In addition, S-shaped connecting profiles are used as an effective
structural solution, reducing the temperature difference between expanded polystyrene panels from 8 to 1.5 K. Modular
facade systems are best verified by combining laboratory methods with full-scale tests.

KEYWORDS: modular construction, thermal insulation materials, thermal bridges, energy efficiency, mathematical model-
ing, temperature field, heat transfer, experiment

FOR CITATION: Zubarev K.P., Kazunin V.V., Dobshits V.L., Garanyan L.G., Emelianov M.V., Slizova M.A. Studies of thermo-
physical parameters of modular facades. Stroitel’stvo: nauka i obrazovanie [Construction: Science and Education]. 2026;
16(2):5. URL: http://nso-journal.ru. DOI: 10.22227/2305-5502.2026.2.5

Corresponding author: Kirill P. Zubarev, zubarevkirill93@mail.ru.

BBEJIEHUE

CTpouTenbCTBO ¢ MPUMEHEHHEM TEXHOJIOTHH MO-
JyNbHBIX (hacaoB UMEET MPEUMYIIIECTBA B CPABHEHUH
C KJIACCMYECKUM BoO3BeZeHHEM 31aHus [1, 2]. Bpems
IIOCTPOUKH COOPYKEHUH CHUIKACTCA B CBA3U C HC-
MOJIb30BaHNEM (hacaoB WIIM LENbIX KHJIBIX OJOKOB,
Ipe/IBapuTEIbHO cOOpaHHBIX Ha 3aBoje [3, 4]. DKkoHO-
MUsI BO3HUKAET BCIIEJCTBHE COKPAIIEHHsI BPEMEHH, TaK
KakK CyIIECTBEHHbIC 3aTPAThl HA CTPOUIUIONIAAKE — 3TO
3apaboTHas Tata padounx [5, 6]. MomypHBIE (hacaisl
MO3BOJISIIOT MPOBOANTE SKCIIEPUMEHTAJIbHBIE HCCIIe-
JIOBaHMS B Ja0OPAaTOPHH HA TOTOBOM 3JIEMEHTE 3/1aHHSA
[7, 8]. 3nanms, coOpaHHBIE U3 MOAYIBHBIX KOHCTPYK-
LU, B psZiE CIydaeB MOTYT ObITh Oojee SKOIOTHYHbI-
MU 1 3HeprodddexruBHbME [9, 10], Tak Kak 3aBojCKast
cOOpKa JJaeT BO3MOKHOCTh HCIIOJIb30BaTh MaTepHabl,
KOTOpbIE MPaKTUYECKH He MIPUMEHSIOTCSA Ha CTPONILIO-
aaKe u3-3a cliokHocreld MoHTaxa [11, 12]. Takxke 3a-
BOJICKasi cOOpKa MO3BOJISICT TIOBBICUTH Ka4ecTBO yCTa-
HOBKHM TaKHX 3JIEMEHTOB OI'PaKAAIOIIEH KOHCTPYKIIUH,
KaK TEeIIOM30JISIUs U BO3AyLIHAas ipocioika [13, 14].
DKOJIOTMYHOCTH MOZYIIBHBIX (hacaioB 000CHOBaHa BBIOO-
POM MaTepHaIoB MPUPOTHOTO MPOUCXOXKAEHH [ 15, 16]
1 MaTepHajoB ¢ BO3MOKHOCTBIO TOBTOPHOTO HCTIOIH30-
Banws [ 17, 18], cHmwkennem yrepoanoro ciena [19, 20],
BO3MOKHOCTBKO MUHIMHU3HPOBATh OTXO/IbI IPH MOHTAXKE
[21, 22]. JlomomHUTENBEHBIM MPEUMYIIECTBOM SBIISCTCS
3aBOJICKON KOHTPOJIb KaueCTBa, CHIDKAIOIIMNA PUCK Jie-
dekron [23].

TennoTexHUYECKUE XapaKTEPUCTUKU CTPOUTENb-
HBIX MaTE€pHaJIOB BIUSIOT Ha SYHEPronoTpedieHue 31a-
Hus [24]. CHHKEHUE TEIIONPOBOAHOCTH OIPaKIAIOIINX
KOHCTPYKIMH YMEHBLIACT IIOTEPU TEIUIa 3MMOH U TIpe-
JIOTBPAMIAET MEPErpeB JIETOM, YTO HAMPSIMYIO yMEHb-
IIaeT HArpy3Ky Ha CHCTEMbI OTOIIJICHHUS, BEHTHIISIINN
1 KOHIUIMOHUPOBaHUA [25, 26]. VI3MeHeHwe cocTaBa oc-
HOBHBIX CTPOUTENBHBIX MaTepHaIOB, IPUMEHEHUE pa3-
JIMYHBIX KOHCTPYKTHBHBIX PEIICHUN MOAyJIed — OJqHa
13 TIPHOPHUTETHBIX 33124 B MOIYJIFHOM CTPOUTEIHCTBE

[27, 28]. mst akcTpeMallbHOTO KJIMMaTa, HalpuMep ap-
KTHYECKOTO0, TpeOyIOTCS HHHOBALIMOHHBIE TTOAX0/BI [29].

Bonpmas yacTh CylIECTBYIOIIUX HCCIEIOBAHUN
10 MOYJIBHBIM (pacagaM MPUXOANTCS Ha aKTUBHBIEC MO-
nymu [30, 31], 3HauuTenbHO MeHbIle YMHBIX [32, 33], 3e-
neHbix [34, 35] u maccuBHBIX [36, 37] (knaccudukarms
NpeUIoKeHa B KOMIUIEKCHOM 0030pe MOJTYJIBHBIX (haca-
noB [38]). Takke modTH Bce UCCIENOBAHUS MPOBEICHBI
Jutst ymepeHHoro kirMara [39, 40]. Io cpaBaernnro ¢ 2023 T
B 2025 1. 3aMHTEPECOBAHHOCTh YUCHBIX-CTPOUTEINEH B MO-
IyIbHBIX (hacamax Bospocina [41, 42]. DxkcrpemanbHbIe
yCII0BHUS TpeOyIOT MHHOBALIMOHHBIX ITO/IXO/I0B K 3HEPTro-
a¢dexTnBHOMY MOIYIBHOMY CTpOUTENbCTBY [43]. Cpok
OKYIIaeMOCTH MOJYJIEH, COOTBETCTBYIOIINX TPeOyeMbIM
CTaH/apTaM OTOIUICHUS], B TAKMX YCIOBHAX IPEBBIIIACT
CpOK CITy>KOBI 3manus [44].

[Ipn co3maHnm MOIYJIBHBIX KOHCTPYKIMH BaskKHO
YYUTBIBATh MOCTHUKH XOJIOa KaK B CAaMOH KOHCTPYK-
IIMH, TaK U B COCIMHEHUSIX MOJYJIBHBIX 2JIEMEHTOB [45].
TemioBele NOTEPU BCIEACTBUE HEYAAYHOIO KOHCTPYK-
THUBHOTO PEIIEHHs MOTYT YMEHbIIATh 3(P(HEKTHBHOCTD
HCIIONB3yeMbIX MarepuaioB [46]. s omeHKH BceX
napaMeTpoB MOIYJIBHBIX ()acaioB U OTCIICKHUBAHUS H3-
MEHEHUH B peajbHOM BPEMEHHU TPEOYIOTCS HKCIIEpH-
MEHTaJIbHBIE YCTPOHCTBA, 00O0PYIOBAaHHbIE CIICI[HAIIH-
3UPOBAHHBIMU JaTYUKaMH, JJId CHATUA TOUYHBIX JTaHHBIX
[47, 48]. MonenupoBaHHe yCIOBHIA TPHU HEBO3ZMOKHOCTH
BBITIOJTHUTD HaTYPHBINA KCIIEPUMEHT ¢ HEOOXOANMBIMHA
JAHHBIMU UMEET MOTEHIUAN JUISl TATbHEHIINX HCCIIEO0-
BaHwmii [49, 50].

Ha puc. 1 npencrasiieH >Kuioi oM, COOpaHHBIN
U3 MOJYJIBHBIX ()acasioB, 4TO JIEMOHCTPUPYET apXHUTEK-
TYPHYIO THOKOCTb M 3CTETHYECKYIO IPHUBIIEKATEIbHOCTD
9TOH TeXHOJIOTHH [8].

Iens mccnenoBanust — BBIOIHATH 0030p COBpe-
MEHHBIX Hay4YHBIX Pa0OT B 00JAaCTH TETUIOTEXHUYECKUX
XapaKTEePUCTUK MOIYJBbHBIX (pacaJHbIX CUCTEM; U3Y4YNTh
npUMeHsieMble Heprod(deKTUBHbIE MaTepHaJIbl, BIUS-
HHE KOHCTPYKTHUBHBIX PEIICHUH, CTCHIBI JJIsI UMATALUN
HaTYpPHBIX YCJIOBHM.
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a b

4

Puc. 1. XKwuoii gom, coOpaHHbIH 13 MORYNEHBIX (acanos, mo faHHeIM M. Bagari¢ n coaBT.: @ — MoxynbHas cTeHa; b — Kpe-

IUICHUE MOJZYIICH APYT K APYTY; ¢ — (UHAIBHBIN STar cOopku 31anus [ 8]

MATEPHAJIBI U METO/JbI

O0630p nUTEpaTyphl BKIIOYAT U3y4YEHHE U OIUCa-
HHUE KaK POCCHUCKUX, TaK U 3apyOCIKHBIX HCTOYHUKOB.
Hcnonb3oBanuch poccuiickue cratbu u3 cnucka BAK.
OnuceIBanuch 3apy0eKHbIe HCTOYHUKH, POUHIEKCHPO-
BaHHbIC B MEXK/IyHAPOIHBIX 0a3ax qaHHbIX Scopus 1 Web
of Science. ITouck nposomuics Ha miargopmax MDPI,
ScienceDirect, Wiley Online Library, SpringerLink
u Scopus. OTOop cTareil At U3yUeHHsI OCYIIECTRIISI-
s TI0 KITFOYEBBIM CJIOBaM. BONBIIMHCTBO MTPHUBEACHHBIX
MCTOYHMKOB OITyOJIMKOBaHbI 3a nocieanue 6 jer. Ha my-
ONUKAIK BCEX aBTOPOB MPUBEACHKI OuOmmorpadmde-
CKHE CCBUIKH.

PE3VYJIBTATHBI UCCJIEJOBAHUA

HccaenoBanus B 00;1acTH BbIGOpa
3Hepro3(p¢eKTUBHBIX MATEPHAIOB
AJIs1 KOHCTPYKIMH MOAYJIbHOTO (hacaga

IIpu paspaborke monynbpHON (acanHoi cucTe-
MBI J. Li ¥ coaBT. SKCIIEpUMEHTAIBHO OLCHWIIN TEILIO-
BY10 3()()EKTHBHOCTH [IBYX HEPENOBBIX M30JALUOHHBIX
MaTepHajIOB: a’poOrejeBOro MOKPBITUS M BaKyyMHBIX
M30JANHOHHBIX maneneil [21]. JlaHHbIe, momTydeHHBIC
C MOMOIIBI0 HH(PPAKpaCcHO TepMorpaduu, IpoIeMOH-
CTprpoBaJK O0JIee BHICOKHE TEIIIO3AIUTHBIC Ka9eCTBa
a’porens B CpaBHEHUH ¢ MUHEpalbHO Baroi [21].

[pencrapnens! Gpororpadun pazIuIHbIX TEIION30-
JSIIUOHHBIX MaTEPUAIIOB, BBIMOJIHEHHBIE C TOMOIIBIO Te-
TUIOBU3MOHHON Kamepsl (puc. 2) [21].

[Ipn ycTaHOBKE B NMPEUIOKEHHYIO aBTOPAMHU MO-
JIYJIbHYIO KOHCTPYKIIMIO U BAKYYMHBIE, U adPOTeIEBbIC

MaHEeNN MO0KA3aJIH IOBBIIICHHE TETNIOTEXHUYECKNX Xa-
PaKTEPUCTHUK MO CPABHEHUIO C TPAJMIIMOHHBIMHU KJIACCH-
YeCKUMHU perieHnsiMI. COrTacHO KUTaliCKOMY HOPMAaTHBY
GB 501892015 «HopmaTiBbI IPOEKTUPOBAHUS YHEPTO-
3¢ (GEeKTUBHOCTH OOIIECTBEHHBIX 3[MaHUI», AHAMa30H
TpebyeMoro Koa(uIFeHTa TeITonepe1adn It HapyK-
HBIX CTCHOBBIX OI'PaX<JaIOIINX KOHCTPYKIMI B XOJIOTHOM
kiaumare Kurast cocrasisier ot 0,45 1o 0,50 Br/(m*K).
[TpumeHeHne BaKyyMHBIX NaHeNeH B KOHCTPYKIIMH MO-
JIYJIbHOTO (haca/ia mo3BOIIIIO JOCTHYB SKOHOMIHU 73—76 %
OTHOCHTEITLHO HOPMATHBHBIX ITOKa3aTenei Oiaromaps
HH3KOH TEIUIONPOBOTHOCTH YCTaHABIMBACMBIX TTAHEIICH.
AbsporeneBoe MOKPBITHE, XOTA U HECKOJIBKO yCTYIaeT
BaKyyMHBIM TaHEJSIM 110 JOCTUTAEMBIM TEIIOTEXHUYC-
CKUM XapaKTePHCTHKAM, TaKKe 00SCIIeUNIIO CHHKEHHE
terutonepenadu (4349 % mo cpaBHeHHIO ¢ TpeOOBaHNU-
SIMH HOpMaTuBa) [21].

ABTOpBI pa3paboTaiin MOIYIbHYIO (hacaiHylo cH-
CTeMy TaKUM 00pa3oM, YTOObI COBMECTHTE SHEprocoepe-
ralolIye MaTepraibl B CTaHIapTU3NPOBaHHBIE COOPHBIE
KOMITOHEHTHI. A9pOoresieBoe NOKPBITHE HHTEIPUPYETCs
B MHOTOCJIOWHYIO KOHCTPYKIIMIO, BKJIIOYAIOUIYIO KOH-
CTPYKTHBHBIE IUINTHI, BJIArO3alMTHBIC MEMOpaHBI 1 BHY-
TPEHHIOIO OT/EJKY. JJaHHBIN MOAXO0/] MO3BOJISIET THOKO
UCTIONb30BaTh KaK BaKyyMHBIE ITaHEIH, TaK U a’porenb
B 3aBUCHMOCTH OT TPeOyeMOT0 ypOBHSI TEIUIO3AIIHTHI.

[pencraBnena coopHas dacaaHas cucrema 1o JaaH-
HbM J. Li 1 coasr. (puc. 3) [21].

B pamkax mccienoBarensckoro npoekra HPWalls
(BricokoaddexTrBHBIE CTeHOBBIE cucTeMbl) A. Scioti
U COABT. pa3paboTaly U 3allaTeHTOBAIN COOPHbIE HECY-
M€ CTEHBI N3 APMUPOBAHHOTO NIEHOIIOINCTHPOIOETOHA.

a b

c

Puc. 2. ®ororpadun, norydeHHbIE C TIOMOIIHIO TEINIOBU3NOHHON KaMepbl, o AaHHBIM J. Li u coaBr. [21]: ¢ — TpyOompoBox

0e3 TeTI0BOH U30IALNH; b — MUHEpallbHast BaTa; ¢ — adporeiib
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Puc. 3. C6opnas dacagnas cucrema o fanusM J. Li n coast. [21]

B pabote aBTOpHBI NpeIIararoT CieLyome TEXHIUECKUE
peLICHNs: YMEHbIIEHHE MOCTHKOB X0JIOZA U TOUCK Oa-
JIaHCA B 3aMELICHNUH 11€CKa BCIICHEHHBIM TTOJICTHPOIOM
JUISL ONTUMAJIBHOTO COOTHOIICHHS TEIUIOBBIX M MEXaHH-
YECKHX XapaKTepUCTHK [27].

IIpumensiiu nBa nonxoxaa. Ilepsrlil 3axntouancs
B 3aMEHE I1eCKa MEHOIOIMCTHPOIOM B BO3PACTAIOIINX
MIPOLICHTHBIX COOTHOMICHUSIX C COXPAaHECHNEM MCXOTHON
rpaHyIOMETPUUECKON KPUBOH 3anosHuTeNs. Bropoit —
B 3aMEHE MECKa IEHOIOIMCTHPOIOM C HPEIBAPUTEIh-
HBIM pacceBOM Ha YacTULbl 3aJaHHOTO pa3mepa. [1epBblit
TIOZIXOJ1, C OJTHOM CTOPOHBI, IIPUBOMUT K yXYAIICHHUIO Me-
XaHMYECKUX CBOIMCTB M3-32 HECOOTBETCTBUSI TPAHYJIOME-
TPUYIECKNX COCTABOB KOMIIOHEHTOB, OJIHAKO TTO3BOJISIET
JIOOUTHCS SKOHOMHUUIECKOH 3()(EKTHBHOCTH M COKpAIIle-
HUS TPYTOEMKOCTH Tiporiecca [27].

J1s nccneaoBaHHBIX CMECEH OIpeaesiuch Te-
I0(U3NIECKHE XapaKTePUCTHKH: TEIUIOIPOBOAHOCTh
1 00bEeMHasT TEIUIOEMKOCTh C MCIIOIb30BaHUEM IOpTa-
THBHOTO nprdopa Isomet 2104 (Applied Precision Inc.)
C MOBEPXHOCTHBIM JaTdynkoM 1o ctanaapry UNI EN
12667:2002. ITaporpoHNIIaeMOCTh ¥ KO3(PHUIIMEHT CO-
MIPOTHBIICHUSI TAPONPOHULIAHHUIO OLIEHUBAINA METOIOM
MOKpo# gamm cormacHo ISO 12572:2016 B xiiumarude-
ckoii kamepe Perani AC520 npu temneparype 23 °C u ot-
HocuTenbHOH BiaxkHoctd 50 %. [IpouHocTs Ha ckarue
OITPEeIeISUTH B COOTBETCTBUH C KOMIIEKCOM CTaHIapTOB
UNI EN 12390-2/3/4:2019. Ha 3ak1104uTEIEHOM STare
CMeCH KJIacCH(HUIMPOBAIN MO UTAIBSIHCKUM HOPMaM
Ha KOHCTPYKIIMOHHBIE 1 HEKOHCTPYKIIMOHHBIE, & TAKXKE
Ha JIerkue u oObruHble. M3 necstu oOpas3uos, moaro-
TOBJIGHHBIX aBTOPaMH B MPOLECCE IKCHEPHUMEHTA, TPH

IIpouenTHOE coep kaHKe 3aTOTHUTENIEH B MCCIISIOBAaHHBIX CMECSIX MO TaHHBIM A. Scioti u coast. [27]

Bcenenennslit nomctupon [lecok
Homep Pasmep rpanyi, Mm Pasmep rpanyn, Mmm
005|051 | 12 | 24 | 46 | 68 [005 051 ] 12 | 24 | 46 | 63

S0 0 100 %

Sl 25 % 75 %

S2 50 % 50 %

S3 75 % 25 %

S4 100 % 0

S5 | 12 0-1 | 28

S6 24 0-2 48
S7 48 0-4

S8 | 14 0-1 | 4-8
S9 | 28 0-2 |

S10 | 1-8 0-1 |
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Puc. 4. Cxema cucTeMbl BHyTPEHHUX CTSDKEK 10 AaHHBIM X. Zou M coaBT.: /| — OOKOBasi CTEHKa U3 cOOPHOTrO Helie300eToHa;

2 — 3asienka; 3 — KpIoK; 4 — MeTs; 5 — MOHOJUTHBIN OETOH; 6 — 3y0uarasi HOBEpXHOCTh Ha KpIOKe; 7 — 3y04aTasi moBepX-

HOCTDb Ha IETIIE

Puc. 5. VcribiTanne o6pasia Ha pacTsDKeHHe 110 JaHHBIM X. Zou
1 coaBt. [1]

OBUTH MCKIIIOUEHBI N3-32 HECOOTBETCTBUSI TPEOOBAHMAM
K JIeTKMM OetoHam. M3 00pasioB Jierkoro 6eToHa ToIbKO
YeThIpe 00pa3ia MOKHO OBIIO MCIIOTB30BaTh B KAYECTBE
KOHCTPYKLHMOHHBIX MaTepuaioB. Pe3yisTaTsl moATBepau-
JIM THTTOTE3Y O TOM, YTO 3aMEHa ITeCKa Ha TIEHOIIOINCTH-
POJ B IPOIIEHTHOM COOTHOIIEHHH 110 BCEH rpaHysIoMe-
Tpuueckoi kpuBoi (00pasist S1, S2, S3 u S4) sBnsercs
Ooiee BBITOJHOM C TOUKH 3PEHUS 3aTpar BPEMEHH U pe-
CYpPCOB, HO IIPUBOJNT K CHW)KEHHIO TUIOTHOCTH M YXY/I-
HICHUIO MEXaHUYECKHUX CBOMCTB CTEHOBOM CHCTEMBI.
B pe3synbrare BHEApPEHUS] B COCTAB MEHOMOIUCTHPOIIA
CMECH CTaHOBWJIHCH JIETKMMH, UX HECYIIas CIIOCOOHOCTD
nasiana. ABTOPBI IIPOBEITN HUCCIIEA0BAHIE TEIIOMPOBO-
JHOCTH CTPYKTYpHBIX cMmecelt (S1, S5, S6, S7, S8, S9).
YeranosieHo, uTo odpaser] S8 (3aMeHa recka pa3MepoM
1-4 MM Ha TIEHONOJIMCTHPOI COOTBETCTBYIOIIETO Pa3-
Mepa) — Haunbounee 3 deKTUBHOE pelleHne, 00ecnedu-
BaoLIee HAMJTYUIIYIO TEIUIOM30JISILIUIO ITPU COXPAHEHUH
KOHCTPYKIMOHHBIX KadecTB (A = 1,15 Br/m-K) [27].

JlaHHbIE O MPOLIEHTHOM 3aMEHE IrPaHyJl MPHUBEAECHBI
B Tabmue [27].

Puc. 6. S-o06pa3nbie coequHEHUSI MOyIel 10 JaHHBIM A. Scioti i coasT. [27]
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Puc. 7. TemneparypHoe nosne o gaHHbeiM A. Scioti 1 coasT. [27]

Hccnenosanus B 00,1aCTH €O3/1aHNSI ONTHMAJIbHOM
KOHCTPYKIHHU KpemnJieH!sI 3JIeMeHTOB MOy IbHOT0
dacana

Jist coeTMHEHNsT ABYX COCEAHUX KEeJIe300€TOHHBIX
MofyJ€el B KOMIIO3UTHYIO CTeHY X. Zou M COaBT. pa3pa-
0oTanu cucTeMy BHYTPEHHHUX cTshkeK (puc. 4) [1].

Koncrpykuus cocToUT U3 TpexX OCHOBHBIX YacTeid,
YCTAaHABIMBAEMBIX MOMAPHO HANMPOTHB JAPYT ApyTa
B CTEHKAX JIBYX COCETHUX MomyieH [1]:

* 3axsajHas getanb: H-oOpas3nas nerans, OeToHNU-
pyemasi B CTEHKY MOJIYJISI Ha 3aBOJIC;

* KpIOK: IPUBApUBACTCS K 3aKJIa{HON JAETaJIH Ha Ofi-
HOM MOJTYJIC;

* NeTVIL: IPUBAPHUBACTCSA K 3aKJIAJHOI JeTalu Ha CO-
CEIHEM MOJTyJIC.

Ipu MOHTaX€e NETIA COCEIHEr0 MOYIIS OILyCKaeTCst
1071 COOCTBEHHBIM BECOM U 3aLleIIsieTcs 3a KPIOK, B pe-
3ynbTare MoydyaeTcs IPOYHOE COeMHEHHE Oe3 HeoOXo-
JMMOCTH pa3pylIeHUsI CTeHOK Mojyiisi. CucTema cripo-

a

€KTUPOBaHA JJI1 COXPAHEHUS 3aBOJCKON BHYTpEHHEH
OT/IENIKH TIpH cOOpKe MOyIeit B coopykerune. Tpaaui-
OHHBII MeTOJ TpeOyeT CKBO3HBIX OTBEPCTHUII IO CTSIK-
KH, YTO BEJIET K IOBPEXICHUIO OTJEIIKA U JIOTIOJIHH-
TeNbHBIM pabotam Ha rromaake. [IpemiokenHas X. Zou
CHCTEMa MO3BOJISIET BHIMOJIHUTH BCIO OT/EIKY B 3aBOJ-
CKHX YCIIOBHSIX, @ HAa CTPONIUIOIIA/IKE JIMIIb COSTMHUTD
MOJIYJIH U 3aJIUTh OeToH. [l ipoBepku paboTOCIOCO0-
HOCTH CHCTEMbI ObLIM IIPOBEICHBI HCIIBITAHUS Ha pac-
TSDKEHHE JUTA TIATH 00pa3loB CTSAXKEK C PA3HBIMU CIie-
HapHUsSIMH MOHTQ)XHBIX JIOITYCKOB (OTKJIOHEHHS 10 § MM)
(puc. 5) [1].

B mponecce sxcnepuMenTa Bce 00pasLibl BbLIEpKa-
T Harpy3KH, 3HAYUTEIBHO MPEBBIMIAIONINE PACUCTHBIE,
W pa3pyIIWINCh pH Aedopmarusx ot 13,5 1o 29,1 mm,
yto B 2—4 paza Oosbie gormycTuMbIX 8 MM. McrbiTanus
Ha [IPOJIaBJIMBaHNe OCTOHHBIX CTCHOK C 3aKJIaIHBIMU JIe-
TAJISIMH TIOKa3aJIM CPEIHIOI0 PACUETHYIO HECYIIYIO CIIO-
cobOHocTh y31na 35,6 kH. HarypHble ncrisIranust Ha oJtHo-

b

Puc. 8. [lonepeunoe ceuenne coeqUHEHNI MOTYTBHBIX CTEH 110 IAaHHBIM A. Scioti 1 coaBT. [27]: a — S-o0pa3HbIe cOeTNHeHNS;

b — TpamUIMOHHOE PEIICHHE
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Puc. 9. Doro cymiectByromieii ycranoBkr 1o JanHbM S.P. B. Sousa
1 COaBT. [26]

pa3MepHOM MakKeTe MOATBEPIMIIN, UTo JAedopmanus cre-
HOK IIpH 3aJIMBKe OeTOHa He npeBbiiiaet 3,2 MM [1].

Pa3paboTanHas cuctema Mo3BOJIMIIA OTKA3aThCs
OT CKBO3HBIX OTBEPCTHH, COXPaHUTh BHYTPEHHIOIO OT-
JIEJIKY, YMEHBIINTb TOJIIMHY ¥ BEC COOPHBIX CTEHOK MO-
JIyJIel, COKpaTUTh BPEMsl MOHTa)Ka Ha IUIOLIAJIKE U CHU-
3UTh CTOUMOCTh CTPOUTENbCTBA [1].

Jlnst ipenioTBpalieHyst MOSIBICHUS MOCTHKOB XO0JI0/1a
B MofyJie A. Scioti ¥ COaBT. CIPOSKTHPOBAIIN BEPTUKAIIb-
HBIC CTBIKU C S-00pa3HbIMU npoduisivu (puc. 6) [27].

KomribrorepHast MOJIeIb JUis ABYX NaHelel ¢ npes-
JIO)KEHHBIMHU COEIMHEHUSIMU PacCUUTaHa B IIPOTrPaMM-
HoM komiiekce COMSOL Multiphysics. [IpoBoauioch

MaTeMaTH4eCcKoe MOJICTMPOBAHKIE TEMIIEPATYPHOTO OIS
B IBYXMEPHOH U TPEXMEPHOH ITOCTAaHOBKAX TIPH TIeperia-
ne remneparyp 20 °C [27].

AHanm3 pe3ynbTaToB pacyeToB MOKa3al, 9To ep-
MEHHasi apMarypa BO BHYTPEHHEH IOJIOCTH BBI3BIBAET
JIOKAJIbHBIE UCKAXKCHHUS M30T€PM, KOTOPBIC 3aTyXaroT
10 Mepe YIaJeHUs! OT MOJOCTH U CTAHOBSITCSl HE3HAUH-
TEJIFHBIMH Ha BHEITHEH MOBEpXHOCTH (puc. 7) [27].

B 30He npeu1oxkeHHOT0 S-00pa3HOro COeMHEHHUS
HCKa)KCHUE TeMIIepaTyphl He BBIBIICHO [27].

CpaBHEHHE C TPAJUIIMOHHON CHCTEMOW (MOIyIn
YCTaHaBIIMBAIOTCS BCTHIK C 3aJUBKOI OeToHA) mpoje-
MOHCTPHPOBAJIO MPEHMYIIIECTBO S-00pa3HbIX MpoduIieii.
B cTanzapTHOM peleHUM BO3HUKAET SIBHBIM TEIUIOBOU
MOCTHK (pHc. 8, b), a pa3HHIIAa TEMIIEPATYP MEXKIY IBYMS
MIEHOMOJIMCTUPOIILHBIMU MaHessiMu gocturaet 8 K [27].

B npenoxeHHOHN cuctemMe 3TOT mepenaja cocTaB-
nsieT Beero 1,5 K, uto obecneunBaer 6onee cTabUIbHOE
TEeMIepaTypHOE I0JIe BHYTPEHHEH MOIIOCTH 1O BCEMY
roriepeyHoMy cedeHuto. JlobaBieHue OT/IeTI0UHbIX CII0-
€B CYIIECTBEHHO HE BIHSET Ha OoclablIeHue TEerI0oBOro
mocTuka [27].

Pa3paboTka cTeHaa A1 MMUTAIIMUA HATYPHBIX
KJIUMATHYECKHX YCIO0BUI

S.P.B. Sousa 1 coaBT. NPUMEHWIN JUHAMUYECKHUI
HU3MEpHTENh TermioBoro moroka (Dynamic Heat Flow
Meter) st otieHKH 3HEpProdpHEeKTUBHOCTH MOIYIBHBIX
COH/ABMY-TIaHENEH [26]. B oTamune oT Kiaccuueckoro
M3MEPHTEIIS TETUIOBOTO TIOTOKA, TMHAMHIYECKasl BEPCHS
MO3BOJISIET IPOrPAMMUPOBATh U3MEHEHHE TEMIIEPaTyphbl
BO BPEMEHH, UMUTHPYS PeasIbHbIC KIIMMAaTHIECKUE YCIIO-
BUsI (CyTOUHBIE U CE30HHBIE KoieOanws) [26]. BHernuii
BHJI CyIIIECTBYIOIIEH yCTAHOBKH MOKa3aH Ha puc. 9.
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Puc. 10. Yepresx TMHAMUYECKOTO U3MEPHUTEINS TEIIOBOTO MOTOKa 110 NaHHEIM S.P.B. Sousa u coasT. [26]
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Puc. 11. Cobpannsrit Moxyns, TectoBast staeiika PASLINK mo marnsim Z. Azkorra-Larrinaga n coast. [15]

c

Puc. 12. Pa3Melienne 1aT4MKOB B UCIIBITATEIBHON Kamepe 10 AaHHbIM Z. Azkorra-Larrinaga v coaBT.: @ — I0)KHas CTeHa, Te

PacnoyIoKEH I/ICHLITyeMl:Iﬁ 06pa3eu; b— JIaTYUKU TEMIICPATypbl BO3yXa U BHyTpeHHeﬁ NOBEPXHOCTH,; ¢ — DJICKTPOHAIrpeBa-

TeJb U 0CEBOW BeHTHIISITOP [15]

Ha puc. 10 npencrasieH yepTex AMHAMUYECKO-
TO M3MEPHUTENS TEIIOBOrO MOTOKA, pa3paboTaHHOTO
S.P.B. Sousa u coasr. [26]. IIpr6op cocTouT n3 aByX He-
3aBUCUMO YIIPABIISIEMBIX METATIIMYECKHUX [UIUT C TEPMO-
UIEKTPUIECKUMH MOIYIISIMH, CIOCOOHBIMH KaK Harpe-
BaTh, TaK M OXJIAXaTh oOpaszerr [26].

B HIKHIOIO ¥ BEPXHIOIO TUINTHI BCTPOCHBI JATIYHKN
TEMIIepaTypbl ¥ TeIIoBoro noroka. CucreMa ynpasiie-
HUS C TIPOTIOPIIMOHAIEHO-UHTET PATbHO-TU (P PepeHITH-
PYIOIIMMH KOHTPOJUIEPAMU MOXKET UMHTHPOBATH pa3-
JMYHBIE TEMIEPaTypHbIe MPO(UIN: CHHYCOUIAJIBHEIE,
CTyIIeHYarhle, JIMHEeHHbIe. B onrcaHHOM aBTOpaMu Kc-
MEPUMEHTE Ha BEPXHEH IINTE 3a1aBaJICS] CHHYCOU/IAlTb-
HbIH UK (0T —15 10 +20 °C ¢ nepronom 24 4) npu 1o-
crossHHOHM Temneparype 20 °C Ha HIbKHEl mmTe [26].
ITo pesynpraram usMepenuil nmo crangapry EN ISO
13786 mpou3BOAMIICS pacyueT TEIIonepeaadn U BpeMeH-
HOTO caBura [26].

Z. Azkorra-Larrinaga 1 COaBT. HCCIIEZIOBAJIN TEILIO-
BBIE XapaKTEPUCTUKU MOAYIABHOM 3€JI€HON CTEHBI U OT-
KPBITOTO BEHTHJIMPYEMOro ¢acaja ¢ UCTIOIb30BAHHEM
tectoBoit sueiiku PASLINK [15]. PASLINK (kxanopu-
MeTpuYecKasi HCIbITaTeIbHAs SYeiKa JUIsi HaTypHBIX
WCCIIEI0BaHNI) — 3TO JTa00paToOpHas yCTaHOBKA JJISI HC-
TIBITAHUSI CTPOUTENNBHBIX KOHCTPYKIIUH B PEaIbHBIX I10-
TOAHBIX yCIOBUsX. TecroBas siuelika MpeCcTaBIIsIeT
c000ii MOITyJTb, C TOMOIBI0 KOTOPOTO M3MEPSIIOT TEILI0-
00MeH MeXIy KOHTPOJIUpPYEeMOW BHYTpEHHEH cpenoi
W HapyXHBIM KIuMaToM. Kamepa cocTouT u3 1ByX cek-
LM UCIIBITATENBHOrO TToMelteHus 5,0 X 2,7 x 2.7 m, Tae
pa3meraercst cuctema coopa JaHHbBIX, U OTCeKa ¢ 000-
pynoBanueM s o0pabotku nHpopmannu. Ha oxny
W3 CTEH YCTaHABJIHMBAJICSA MCIBITYeMBI oOpasem. Bce
orpakJarole KOHCTPYKIIMN MCCIIeI0BATEIbCKOI Kame-
PpbI obmIMBaKCh yrerumTeneM (puc. 11) [15].
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BHyTpu noanepkuBagach NOCTOSHHAS TEMIIEpaTy-
pa ¢ MOMOILBIO AMEKTPUIECKOI0 HArpeBaTelisi U 0CEBOIO
BEHTHJIITOPA, TPEIOTBPAIIAIOIIETO TEMIIEPATyPHOE pac-
cnoenne Bo3nyxa [15]. Ha puc. 12 mokaszano pa3mernie-
HHE JaTYNKOB B HCIBITATEIFHON Kamepe.

HarypHblif 5KcrIepUMEHT Aajl BO3MOXKHOCTb Y4eCTh
BIIMSIHUE COJIHLA, BeTpa U ocankos [15]. [TonyuenHsie
PE3yNbTaThl aBTOPHI CPABHUBAIH C CYIIECTBYIOIIMHU
JIAHHBIMU /ISl aHAJIOTHYHBIX (hacaHbIX CUCTEM.

S3AKJIIOYEHHUE U OBCYXJIEHUE

MonynbHbIe (haca I SBIOTCS BaYKHBIM TIPEIMETOM
Hay4YHBIX HccienoBannii. Hanbonee mepcrekTHBHbBIE Ha-

TpaBJIeHHs B NU3YYEHHU MOIYJBHBIX (DacaHbIX CUCTEM:
o0ecriedeHre HU3KOH TEeTIONpPOBOHOCTH CTPOUTEIBHBIX
MAarepHalioB, yCTPaHEHHE MOCTUKOB XOJIO/A B Y3/1aX COe-
JIMHEHUI MOJTyJIEH, 00ecTieueHre CTOMKOCTH KOHCTPYKIIUH
K HUKIMYECKUM IEPETIAiaM TEMIIEPATYPBI, YBIAKHEHHIO
U BETPOBBIM Harpyskam. Pa3paboTka HOBBIX KOMITO3H-
IIMOHHBIX MaTepUalioB MO3BOJHT JOCTUTHYThH OalaHca
MEK/Ty TEIUIOU3OJILIMOHHBIMU CBOMCTBAMU U HECYILIUMU
cBoiictBamu. OTHOBpEMEHHOE IPUMEHEHHE YKCIIEPUMEH-
TaJIbHBIX IIOAXOL0B ¢ MATEMATUYECKUM MOJCIMPOBAHUEM
IIPOLECCOB, MIPOTEKAOILUX B OIPAKAAOIINAX KOHCTPYK-
LMSIX 37@HKH, 1ACT BO3MOXKHOCTH OOBEKTHBHO OLICHHBATh
3] (HEeKTUBHOCTH Pa3INYHBIX PELICHHH 10 MTPOESKTHPOBa-
HHIO MOJTYJIBHBIX (DacaiHbIX CUCTEM.
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INTRODUCTION

Modular facade construction offers several advan-
tages over conventional building construction [1, 2].
The construction time of buildings is reduced through
the use of factory-prefabricated facades or entire residen-
tial modules [3, 4]. Cost savings are achieved through
shorter construction time, since labor wages account for
a substantial share of on-site costs [5, 6]. Modular facades
enable experimental laboratory studies to be performed
on a completed building element [7, 8]. Buildings assem-
bled from modular structures may in some cases be more
environmentally friendly and energy efficient [9, 10], be-
cause factory assembly makes it possible to use materials
that are rarely applied on construction sites due to installa-
tion difficulties [11, 12]. Factory assembly also improves
the installation quality of such building envelope elements
as thermal insulation and air cavities [13, 14]. The envi-
ronmental performance of modular facades is justified by
the selection of materials of natural origin [15, 16] and
reusable materials [17, 18], by reduced carbon footprint
[19, 20], and by the possibility of minimizing installation
waste [21, 22]. An additional advantage is factory quality
control, which reduces the risk of defects [23].

The thermal performance of building materials af-
fects energy consumption [24]. Reducing the thermal
conductivity of building envelope structures decreases
heat losses in winter and prevents overheating in summer,
which directly reduces the load on heating, ventilation and
air-conditioning systems [25, 26]. Modified compositions
of basic building materials and various structural solutions
for modules are among the priority tasks in modular con-
struction [27, 28]. Extreme climates, including Arctic cli-
mates, require innovative approaches [29].

Most existing studies on modular facades concern ac-
tive modules [30, 31], while far fewer address smart [32, 33],
green [34, 35] and passive modules [36, 37] (the classifi-
cation is proposed in a comprehensive review of modular
facades [38]). Almost all studies have also been conducted
for temperate climates [39, 40]. Compared with 2023,
the interest of construction researchers in modular facades
increased in 2025 [41, 42]. Extreme conditions require
innovative approaches to energy-efficient modular con-
struction [43]. Under such conditions, the payback period

of modules that meet the required heating standards ex-
ceeds the service life of the building [44].

When modular structures are developed, ther-
mal bridges must be taken into account both within
the structure itself and in the connections between
modular elements [45]. Heat losses caused by an unsuc-
cessful structural solution may reduce the effectiveness
of the materials used [46]. To evaluate all parameters of
modular facades and monitor changes in real time, expe-
rimental devices equipped with specialized sensors are
required to obtain accurate data [47, 48]. Simulation
of conditions, when it is impossible to perform a full-
scale experiment with the required data, has potential for
further research [49, 50].

Fig. 1 shows an apartment building assembled from
modular facades, demonstrating the architectural flexibil-
ity and aesthetic appeal of this technology [8].

The purpose of the study is to review recent research
articles focused on the thermal performance of modular
facade systems and to examine the energy-efficient ma-
terials used, the influence of structural solutions, and test
stands for simulating full-scale conditions.

MATERIALS AND METHODS

The literature review included the study and descrip-
tion of both Russian and international sources. Russian
papers from the VAK list were used. International sources
indexed in the Scopus and Web of Science databases
were described. The search was performed on the MDPI,
ScienceDirect, Wiley Online Library, SpringerLink and
Scopus platforms. Papers were selected for the study by
keywords. Most of the cited sources were published dur-
ing the last six years. Bibliographic references are pro-
vided for the publications of all authors.

RESULTS

Studies on the selection of energy-efficient materials
for modular facade construction

In developing a modular facade system, J. Li et
al. experimentally evaluated the thermal performance
of two advanced insulating materials: aerogel coatings
and vacuum insulation panels [21]. Data obtained by
infrared thermography demonstrated the higher thermal

c

Fig. 1. An apartment building assembled from modular facades, according to M. Bagari¢ et al.: « — modular wall; b — attach-
ment of modules to each other; ¢ — final stage of building assembly [8]
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a

Fig. 2. Photographs taken with a thermal imaging camera according to J. Li et al. [21]: @ — pipeline without thermal insulation;

b — mineral wool; ¢ — aerogel

protection performance of aerogel compared with min-
eral wool [21].

Photographs of various thermal insulation materi-
als taken with a thermal imaging camera are presented
in Fig. 2 [21].

When incorporated into the modular structure pro-
posed by the authors, both vacuum insulation panels and
aerogel panels improved thermal performance compared
with conventional solutions. According to the Chinese
standard GB 501892015 “Design Standard for Energy
Efficiency of Public Buildings”, the required thermal
transmittance range for external wall envelope structures
in the cold climate of China is 0.45-0.50 W/(m?*K).
The use of vacuum panels in the modular facade made it
possible to achieve savings of 73—-76 % relative to stan-
dard values due to the low thermal conductivity of the in-
stalled panels. Although the aerogel coating is somewhat
inferior to vacuum panels in terms of achievable thermal
performance, it also provided a reduction in heat transfer
(43-49 % compared with the standard requirements) [21].

The authors designed the modular facade system
so that energy-saving materials could be integrated into
standardized prefabricated components. The acrogel coa-
ting is incorporated into a multilayer structure that in-
cludes structural boards, moisture-protective membranes

and interior finishing. This approach allows both vac-
uum panels and aerogel to be used flexibly, depending
on the required level of thermal protection.

A prefabricated facade system made according to
J. Liet al. is presented in Fig. 3 [21].

Within the HPWalls (High Performance Wall Sys-
tems) research project, A. Scioti et al. developed and pat-
ented prefabricated load-bearing walls made of reinforced
expanded polystyrene concrete. The authors propose
the following engineering solutions: reduction of thermal
bridges and identification of a balance in replacing sand
with expanded polystyrene to obtain an optimal ratio
of thermal and mechanical characteristics [27].

Two approaches were used. The first involved re-
placing sand with increasing percentages of expanded
polystyrene while maintaining the original aggregate
particle-size distribution. The second involved replacing
sand with expanded polystyrene after preliminary sieving
into particles of pre-set size. The first approach results in
poorer mechanical properties due to incompatibility be-
tween the particle-size distributions of the components;
however, it improves cost efficiency and reduces the la-
bor intensity of the process [27].

For the mixtures studied, the thermophysical proper-
ties were determined as follows: thermal conductivity and

Fig. 3. Prefabricated facade system according to J. Li et al. [21]

94



Studies of thermophysical parameters of modular facades

P. 82-102

Percentage content of aggregates in the studied mixtures according to A. Scioti et al. [27]

Expanded polystyrene Sand
Number Granule size, mm Granule size, mm
005051 | 12 | 24 [ 46 [ 68 [005]051 | 1-2 | 24 | 46 | 638
S0 0 100 %
S1 25 % 75 %
s2 50 % 50 %
S3 75 % 25%
s4 100 % 0
S5 | 12 0-1 | 2-8
S6 2-4 0-2 4-8
s7 48 0-4
S8 | 1-4 0-1 | 4-8
S9 | 2-8 0-2 |
S10 | 1-8 0-1 |

volumetric heat capacity were measured using a por-
table Isomet 2104 instrument (Applied Precision Inc.)
equipped with a surface probe, in accordance with UNI
EN 12667:2002. Water vapour permeability and the water-
vapour diffusion resistance factor were assessed by
the wet-cup method according to ISO 12572:2016, using
a Perani AC520 climatic chamber at 23 °C and 50 % re-
lative humidity. Compressive strength was determined
in accordance with the UNI EN 12390-2/3/4:2019 set
of standards. At the final stage, the mixtures were classified
according to Italian standards as structural and non-struc-
tural, as well as lightweight and normal-weight. Of the ten
specimens prepared by the authors during the experiment,
three were excluded because they did not meet the require-
ments for lightweight concrete. Among the lightweight
concrete specimens, only four could be used as structural
materials. The results confirmed the hypothesis that replac-
ing sand with expanded polystyrene as a percentage over
the entire grading curve (specimens S1, S2, S3 and S4) is
more advantageous in terms of time and resource costs, but
leads to lower density and deterioration of the mechanical
properties of the wall system. As expanded polystyrene
was introduced into the mixture composition, the mix-
tures became lightweight and their load-bearing capac-
ity decreased. The authors studied the thermal conduc-
tivity of structural mixtures (S1, S5, S6, S7, S8 and S9).

It was established that specimen S8 (replacement of sand
with a particle size of 1-4 mm by expanded polystyrene
of the corresponding size) is the most effective solution,
providing the best thermal insulation while preserving
structural properties (A= 1.15 W/(m-K)) [27].

Data on the percentage replacement of aggregate
granules are presented in the Table [27].

Studies on the development of an optimal fastening
design for modular facade elements

X. Zou et al. developed an internal tie system to
connect two adjacent reinforced concrete modules into
a composite wall (Fig. 4) [1].

The structure has three main parts installed in pairs
opposite each other in the walls of two adjacent mod-
ules [1]:

» embedded part: an H-shaped element cast into
the module wall at the factory;

* hook: welded to the embedded part on one module;

* loop: welded to the embedded part on the adjacent
module.

During installation, the loop of the adjacent module
descends under its own weight and engages with the hook,
resulting in a strong connection without the need
to damage the module walls. The system is desig-ned to
preserve the factory-applied interior finish when the mod-
ules are assembled into a structure. The conventional

Fig. 4. Diagram of the internal tie system according to X. Zou et al.: / — precast concrete side wall; 2 — embedment; 3 —

hook; 4 — loop; 5 — cast-in-situ concrete; 6 — serrated surface on the hook; 7 — serrated surface on the loop [1]
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Fig. 5. Tensile test of the specimen according to X. Zou et al. [1]

method requires through-holes for ties, which damages
the finish and requires additional on-site work. The sys-
tem proposed by X. Zou makes it possible to complete all
finishing operations under factory conditions, while only
connecting the modules and placing concrete on site. To
verify the serviceability of the system, tensile tests were
carried out on five tie specimens under different instal-
lation tolerance scenarios (deviations of up to 8 mm)
(Fig. 5) [1].

During the experiment, all specimens withstood
loads significantly exceeding the design values and failed
at deformations ranging from 13.5 to 29.1 mm, which is
2-4 times greater than the permissible 8§ mm. Punching
tests of concrete walls with embedded parts showed an av-
erage design bearing capacity of the joint of 35.6 kN. Full-
scale tests on a full-size model confirmed that wall defor-
mation during concrete casting did not exceed 3.2 mm [1].

The developed system made it possible to avoid
through-holes, preserve the interior finish, reduce the thick-
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Fig. 7. Temperature field according to A. Scioti et al. [27]
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a

b

Fig. 8. Cross-section of modular wall joints according to A. Scioti et al. [27]: « — S-shaped connections; b — traditional solution

ness and weight of the prefabricated module walls, shorten
on-site installation time and reduce construction cost [1].

To prevent thermal bridges in the module, A. Scioti et
al. designed vertical joints with S-shaped profiles (Fig. 6)
[27].

A computer model made for two panels with the pro-
posed connections was calculated in COMSOL Multi-
physics. Mathematical modeling of the temperature field
was performed in two-dimensional and three-dimensional
formulations with a temperature difference of 20 °C [27].

Analysis of the calculation results showed that truss
reinforcement in the inner cavity causes local distortion
of isotherms; these distortions attenuate with distance
from the cavity and become insignificant on the external
surface (Fig. 7) [27].

No temperature distortion was detected in the zone
of the proposed S-shaped connection [27].

Comparison with the traditional system (butt-joint-
ed modules with concrete casting) demonstrated the ad-
vantage of S-shaped profiles. In the standard solution,
a distinct thermal bridge appears (Fig. 8, b), and the tem-
perature difference between two expanded polystyrene
panels reaches 8 K [27].

In the proposed system, this difference is only 1.5 K,
which provides a more stable temperature field in the inner
cavity across the entire cross-section. The addition of fin-
ishing layers has no significant effect on reducing the ther-
mal bridge [27].

Development of a test stand for simulating full-scale
climatic conditions

S.P.B. Sousa et al. used a Dynamic Heat Flow Me-
ter to evaluate the energy efficiency of modular sand-
wich panels [26]. Unlike a conventional heat flow me-
ter, the dynamic version makes it possible to program
temperature changes over time, simulating real climatic

conditions (daily and seasonal variations) [26]. The ap-
pearance of the existing setup is shown in Fig. 9.

Fig. 10 presents the drawing of the dynamic heat
flow meter developed by S.P.B. Sousa et al. [26]. The de-
vice has two independently controlled metal plates with
thermoelectric modules capable of both heating and cool-
ing the specimen [26].

Temperature and heat flow sensors are embedded in
the lower and upper plates. A control system with propor-
tional-integral-derivative (PID) controllers can simulate
various temperature profiles: sinusoidal, stepwise and
linear. In the experiment described by the authors, a si-
nusoidal cycle was set for the upper plate (from —15 to
+20 °C with a period of 24 h) at a constant temperature

Fig. 9. Photograph of the existing setup according to
S.P.B. Sousa et al. [26]
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Fig. 10. Drawing of the Dynamic Heat Flow Meter according to S.P.B. Sousa et al. [26]

Fig. 11. Assembled module, PASLINK test cell according to Z. Azkorra-Larrinaga et al. [15]

of 20 °C on the lower plate [26]. Based on measurements
according to EN ISO 13786, heat transfer and time shift
were calculated [26].

Z. Azkorra-Larrinaga et al. studied the thermal char-
acteristics of a modular green wall and an open ventilated
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facade using a PASLINK test cell [15]. PASLINK (a ca-
lorimetric test cell for full-scale studies) is a laboratory
facility for testing building structures under real weather
conditions. The test cell is a module used to measure heat
exchange between the controlled indoor environment
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Fig. 12. Arrangement of sensors in the test chamber according to Z. Azkorra-Larrinaga et al.: a — south wall where the test

specimen is located; » — air and internal surface temperature sensors; ¢ — electric heater and axial fan [15]

and the outdoor climate. The chamber has two sections:
a 5.0 x 2.7 x 2.7 m test room, which houses the data col-
lection system, and a compartment with information pro-
cessing equipment. A test specimen was installed on one
of the walls. All envelope structures of the research cham-
ber were covered with insulation material (Fig. 11) [15].

A constant temperature was maintained inside by
means of an electric heater and an axial fan that prevent-
ed temperature stratification of the air [15]. Fig. 12 shows
the arrangement of sensors in the test chamber.

This full-scale experiment made it possible to take
into account the effects of solar radiation, wind and pre-
cipitation [15]. The results obtained by the authors were
compared with existing data for similar facade systems.

CONCLUSIONS AND DISCUSSION

Modular facades are an important subject of scientific
research. The most promising areas in the study of modu-
lar facade systems include reducing the thermal conduc-
tivity of building materials, eliminating thermal bridges in
module connection joints, and improving structural resis-
tance to cyclic temperature variations, moisture, and wind
loads. The development of new composite materials can
help achieve a balance between thermal insulation perfor-
mance and load-bearing capacity. Combining experimen-
tal approaches with mathematical modeling of processes
occurring in building envelope structures enables an ob-
jective assessment of the effectiveness of various design
solutions for modular facade systems.
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Pa3BurHe cucTeMOTEXHMYECKHX NMPUHIIUIIOB YIIPABJICHUS
MPH peajin3alii PEeMHKUHUMPHUHIA B CTPOUTEIbCTBE
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AHHOTALUMNA

BBeaeHune. KOHTEKCT cuHTE3a LMPOBU3ALMU HALIMOHANBHOW 3KOHOMUKM M YCUNEHUS! BIUSIHUSI KOHBEPreHLUMM Ha ee Co-
cTaBnsioLme obycrnaBnmBaloT yCuUneHne BIMSHUS CUCTEMHOTO MOAXOAA K OpraHn3aummn yrnpasreHusi, NpakTukvM nx nepma-
HEeHTHOW TpaHcdopmaLumn, B TOM Yucre 3a cHET (POPMMPOBAHUS MPUHLMNMANBHO HOBbIX TEXHUHYECKUX PELUEeHWid, a Takke
KayeCTBEHHOro Npeobpa3oBaHunst yxKe CyLLeCTBYOLWMX. TakuM NOAXOAOM SIBMSIETCS PEUHXUHUPUHT, KOTOPbIA B TPaAWLIMOH-
HOM MOHUMaHUV MPUMEHSIETCS ANA MOAYNALMM BU3HeC-NPOoLLECCOB, @ B HOBOW NOCTAHOBKE UCCMNEAOBaHUSI — K CUCTEMHbIM
peLleHnsiM, KOTOpble BbICTYNAlT KBUHTICCEHLMEN CUCTEMHOTO MOAXOAa. B Takol uHTeprnpeTaumm CUCTEMHOE peLueHue
paccMaTpuBaeTCsi Kak B3aMMOCBSA3aHHas nepapxmnyeckasi COBOKYNHOCTb pelleHuit. MogobHas noctaHoBka 1ccnegoBaHus
NPYMEHUTENBHO K PEVHXUHUPUHIY B CTPOUTENbCTBE 0603HAYaeTCs BrnepBbIe.

Matepuanbl U Mmetoabl. OCHOBOW MCCIefoBaHWs CTan CUCTEMHBIA NOAXOA W €ro MHTerpaumnsi ¢ TakuMm KOHLENUUsiMu,
KaK yCTOM4MBOE pa3BuTWE, NOTMCTUKA PErynvpyrowmx BO3OeNCTBUA, OpraHn3aunoHHble M3MEHEHWSI U TpaHcopmaumu.
OHM onpefenunu LenecoobpasHOCTb UCMONb30BaHWS METOLOB HOPMATUBHOIO, (PYHKLMOHANBHOIO, CTPYKTYPHOTO U PeTpo-
CMeKTMBHOrO aHanu3a. HayuHblil nouck 6asupoBarncs Ha Tpyaax OTeYECTBEHHbIX U 3apyBexXHbIX YYEHbIX, NPeACcTaBNEHHbIX
B CMMCKE UCTOYHMKOB.

Pe3ynbraThl. VioeHTUdMUMpoBaHa KaTeropmsi «CUCTEMHOE pELLEHNE», B TOM YMCNE NPUMEHUTENBHO K MHBECTULIMOHHO-
CTpoOUTENbHOM cdepe; onpeaeneH CoCTaB CUCTEMHOTO PeLLeHNs, a Takke XxapakTep oxsaTa UM cdep obLLecTBeHHOro npo-
W3BOZACTBA W NPOSIBMEHNS NMPU PEUHXUHUPUHTE; YCTAHOBMEHbI NOPSA0K 1 0COBEHHOCTM (HOPMUPOBaHUSI CUCTEMHOTO peLle-
HUSI NPU PEVHXVMHUPUHTE B CTPOUTENBLCTBE.

BbiBoAbl. VIcnonb3oBaHWe CUCTEMOTEXHUYECKUX NMPUHLIMIOB YNpaBreHus Npy peanusauum penHXUHUPpUHra B CTPOUTESb-
CTBE NO3BONUT 06ecneunTb Xo3sMCTBYOLEMY CYOBEKTY YCTOMYMBOCTL B Pa3BUTUM, TMOKOCTb BO B3aMMOLENCTBUN C OKpY-
XaloLwen aKkoHoMUYeckol cpefov, ahEKTUBHOCTL NMPOU3BOACTBA M HA 9TOM OCHOBaHUM CHOPMMPOBATL KOHKYPEHTHbIE
npenmyLLecTBa 1 NonyyYnTb AOMNONHUTENBHBIN 3hEKT.
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ABSTRACT

Introduction. The context of the digitalization of the national economy and the growing influence of convergence on its
constituent parts are leading to an increased emphasis on a systems-based approach to management organization and
the practice of their ongoing transformation, including through the development of fundamentally new technical solutions
and the qualitative transformation of existing ones. This approach is re-engineering, which, in the traditional sense, is used
to modulate business processes, whilst in the new research context it is applied to systemic solutions, which represent
the quintessence of a systematic approach. In this interpretation, a systemic solution is viewed as an interconnected hier-
archical set of solutions. This is the first time such a study has been conducted in the field of construction re-engineering.

Materials and methods. The study was based on a systematic approach and its integration with concepts such as sustain-
able development, the logistics of regulatory impacts, and organizational changes and transformations. These concepts de-
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termined the appropriateness of using methods of normative, functional, structural and retrospective analysis. The research
drew upon the works of domestic and foreign scholars, as listed in the bibliography.

Results. The category of “system solutions” has been identified, including in relation to the investment and construction sec-
tor; the composition of a system solution has been determined, as well as the nature of its coverage of the spheres of social
production and its manifestation in re-engineering; and the procedure and features of forming a system solution in construc-
tion re-engineering have been established.

Conclusions. The application of systems engineering principles of managementwhenimplementing re-engineering in the con-
struction sector will enable a business entity to achieve sustainable development, flexibility in its interaction with
the surrounding economic environment, and production efficiency; and, on this basis, to build competitive advantages and
realize additional benefits.

KEYWORDS: construction, re-engineering, organization, management, systems approach, systems solution, systems en-
gineering, life cycle

FOR CITATION: Sborschikov S.V., Lazareva M.A. Development of Systems Engineering Principles of Management in
the Implementation of Re-engineering in the Construction Industry. Stroitel’stvo: nauka i obrazovanie [Construction: Science
and Education]. 2026; 16(2):6. URL: http://nso-journal.ru. DOI: 10.22227/2305-5502.2026.2.6

Corresponding author: Natalia V. Lazareva, tous2004@mail.ru.

BBEJEHUE

KoHTekeT KoHBepreHIMN H(POBU3AINMH HAIINO-
HaJIbHOM SKOHOMWKH W yCUIJICHHS BIMSHHS KOHBEPIeH-
MM Ha e COCTaBIIoIuNe 00yCIIaBIMBaIOT pacTylice
JIOMUHHPOBAHUE CUCTEMHOTO MOJAX0Ja K OpraHU3aluu
yIpaBlIeHHsI, TPAKTUKU WX TIEPMaHEHTHON TpaHChop-
Mallii, B TOM YHCIIE U 32 c4eT (popMHUpOBaHUS TPUH-
OUIIUAJIBHO HOBBIX TCXHHUYCCKHX pemeHm‘/'I, a TaKXeE
KaueCTBEHHOTO MPEOOPa30BaHNUS YK€ CYIIECTBYIOIINX.
TakuM TOIXOJOM SBISIETCS PEHHKUHUPHHT, KOTOPBINA
B TPAJAWIMOHHOM TTOHUMAaHUH ITPUMEHSIETCS /TSI MOATY-
JSIUK OM3HEC-TIPOLIECCOB, @ B HOBOW MOCTAHOBKE HCCIIE-
JIOBaHUSI — K CUCTEMHBIM PELIEHUSIM, KOTOPBIE BBICTY-
MarT KBUHTACCEHIUEH cucTeMHOro noaxona. B taxoii
HMHTEPIIPETAIIMN CHCTEMHOE PEIICHNE pacCMaTpHBaeTCs
KaK B3anMMOCBA3aHHasA UEpapXuidcCKasa COBOKYITHOCTb
pELLEHU.

MATEPHUAJIBI U METO/JbI

Lens nccnenoBanmst — WASHTU(DUKAIIS KATETOPHH
«CHUCTEMHOE pPEIICHNE», IPUMEHUMOCTh €TO JJIsl HHBE-
cTuoHHO-cTpouTtensHol chepsl (MCC), ycranosie-
Hue crennuku GopMUpPOBaHUS MOZOOHBIX pEIICHUN
TIPY PEUHKMHUPUHTE B PAMKAX YIIPaBICHHS )KM3HEHHBIM
kiioM (JKL[) 00beKTOB KanmnuTaIbHOTO CTPOUTENHCTBA
(OKC) Ha ypoBHSIX HepapXHH.

HeobxoaumMo penmmTh Cleayronme 3a1aqu:

1. UnenTudukams KaTeropin «CUCTEMHOE pellre-
Hue», B ToM uuncie otHocutensHo MCC.

2. OmpeneneHue cocTaBa CUCTEMHOIO PEIICHUs,
oxBaTa UM c(ep OOIECTBEHHOTO MPOU3BOJICTBA H MTPO-
SIBJICHHS TIPY PEUHKMHHUPHHTE.

3. YcraHoBnenue cxeM (POpMHUPOBAHUS CHCTEMHOTO
pELICHHSI TPU PEUHIKMHUPHUHTE B CTPOUTENBCTBE.

Ocy1iecTBiIeHIE HAMEUEHHON IETM NCCIIEI0BAHNS
1 TIONCKA OTBETOB HA COOTBETCTBYIOIINE € 3a1aur CTan
BO3MOKHBIMH 32 CUET HCITOIb30BAHMS HAyIHOTO 33/1el1a,
c(hOpMHUPOBAHHOTO PAaHHUMH ITyOIUKAIMSIMH aBTOPOB
[1-4], a Takke UccneTOBaHUSAMHU OTEUECTBEHHBIX U 3apy-
0CKHBIX YUCHBIX [0 CMEKHOM mpodiiemMaruke [5—25].
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MeTo1010r14ecKyI0 OCHOBY HCCIen0BaHus chop-
MUPOBAJIN: CUCTEMHBIH MOAXOJ, JIOTUCTUKA PEryIupy-
Io1X Bo3aeiicTBuil, ynpasnenue JKII, nHxeHepHbIN
MEHEKMEHT, OpraHn3aIis CTPOUTENbCTBa. [Ipu pere-
HUM KOHKPETHBIX 3a/1a4 MPUMEHSUINCh METO/IbI aHAJIN3a
U CUHTE3A.

Hudopmarnmonnyro 6a3y chopMHupoBau IeHCTBY-
IOLIME B NHBECTULMOHHO-CTPOUTEIBHOM JEATEIBHOCTH
3aKOHOJIaTeNIbHbIE 1 HOPMAaTHBHO-IIPABOBBIE AKTHI, 4 TaK-
)K€ CIIPaBOYHO-aHATMTUYECKUE U pedepaTuBHbIC Mare-
pHabl, OTpaXkarolye KOHKPETHbIE MPAKTUKU HHKUHU-
PHHTa ¥ PEUH)KUHUPUHTA.

PE3YJIBTATHBI HCCIEJOBAHMUSA

COBpeMeHHBIe TCOPETUICCKUE U MPAKTHICCKUEC ME-
TOZIOJIOTHYECKHUE TIPUHIIUTIBL, A TAKKE TTOAXOIBI K yIIpaB-
JICHUIO XapaKTEPHU3YIOTCs MIMPOKUM Pa3HOOOpasueM
1 OOJTBIIION BApHATUBHOCTHIO IPHMEHEHHSI.

Kak u3BecTHO, ynpaBieHue B MPAKTUYECKON III0-
CKOCTHU PacCMaTPHUBAETCS KAK COBOKYITHOCTb B3aUMOCBSI-
3aHHBIX JIeHCTBUH U MPOLETYpP MO TOCTHKEHUIO 3a/1aH-
HOMW IIeTH, KOTOpas 3aTeM 00yCIIaBINBAeT MOCTAHOBKY
COOTBETCTBYIOIINX 33/1a4. B cBoto o4uepens, OHU Mpea-
MOJIaraoT PEelICHNs, Ha3bIBAEMbIC YIPABICHYCCKIMHU
1 COCTOSIIIINE U3 PETYINPYIOIINX BO3ICHCTBUI 00BhEeKTa
Ha CyOBEKT ympasneHus [ 1—6].

[IpunsTo moxpasfensaTh peryaupyromme Bo3aen-
CTBHS Ha CIETYIOLINE BUBL:

* 3aJ[AlOLINE;

* BO3MYIIAOIIHE;

* YIIPaBIIAIONINE;

* KOPPEKTUPYIOIIHE.

Bce aTi BO3OEHCTBHS MOTYT OBITH pearn30BaHBI
B PaMKaX OT/IEIIBHBIX TEOPETHUECKUX MOIXOJIOB K YIIPaB-
nenuio [ 7—11], KOTOpBIMU SIBIISIFOTCSL:

* CHCTEMHBII NOJXON;

* (yHKIMOHAIBHBIN TTOIXO];

* MPOILIECCHBIN MOJIXO;

* CHUTYallMOHHBIN MMOJIXO]I.

HawnGonee mporpecCUBHBIM U BCEOOBEMITIONTUM
13 IPUBEACHHBIX KOHIETIINH CITy’KUT CHCTEMHBIH T10]-
XOJI, TIPEICTABISIOMNH B MIOCKOCTH HCCIIEJOBAHUS
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MMPOCKINIO CUCTEMOTCXHUKHN (CI/ICTCMHOFO WHXXWHUPUH-
ra) — JAUCIUIUIIHEL, OXBaThIBarOMICH Bce acrekThl JKI]
CIOXHBIX cucteM [12, 13].

B aT011 CBAI3U ClieyeT OTMETHTb, UTO CIIOKHBIE CUCTeE-
MBI MOTYT (DOPMHPOBATHCS BO BCeX cepax 00IIeCTBCHHON
JKM3HH, B €€ COCTaBJISIOIINX: OOIECTBEHHOM ITPONU3BOI-
CTBE U OOIIECTBEHHBIX OTHOIICHHUSX U, COOTBETCTBEHHO,
MOTYT HOCUTb COIMAJIbHBIN, TEXHIYECKUI 1 aHTPOIIOTEX-
HITYECKHH XapaKTep B 3aBICHMOCTH OT aKIICHTa TPHIIOKe-
Hust [14-18]. OnHako U1 HEX Beex 0e3 MCKITFOUESHHST OTIpe-
JIeTICHBI OOIIIHE CHCTEMOTEXHITISCKIE TIPHHITUTIBL

1) 000CHOBaHHOCTH — HANKWYKE 3aKOHOB, OIpesie-
JISFOINUX BHYTPCHHUC B3aUMOJICHCTBIS,

2) MOZIENUPYEeMOCTh — BO3MOXXHOCTb YIPOIIEHHO-
TO TIPEACTABIICHNS IIPU IOMOIIM OJTHOM MJIM HECKOJIBKUX
MOJICTICH;

3) HesieHaNpaBICHHOCTh — OPUEHTALMS (PyHKIHO-
HUPOBAHMS Ha OIIPE/ICIIEHHOE COCTOSHHE.

[IpuBeneHHBIE IPUHIUIIBI YKa3bIBAIOT HAa 0OLIHE
CBOICTBA CIOKHBIX CUCTEM:

1) 1e0CTHOCTh — MpeACTaBIeHUE KaK €AUHOTO
00BeKTa, COCTOSIIECTO U3 B3aNMOCBA3aHHBIX IIEMEHTOB
(moncuctem);

2) aBTOHOMHOCTh — HE3aBUCHMOCTbH, 000COOIICH-
HOCTb BO BPEMECHHBLIX U MMPOCTPAHCTBCHHBIX I'PaHUIIAX,
00yCIOBJIEHHAsI HAIMYMEM BHYTPEHHHUX 3aKOHOMEPHO-
CTeH;

3) SMep/KEHTHOCTh — HAJIMYME CHHEPTeTHYECKO-
ro 3¢ dekTa oT 00BETUHEHUS OTACTHLHBIX KOMIIOHEHTOB
(moxcucTeM) B €AMHOE IIETI0€ — CHCTEMY.

[IpuHNMas BO BHUMaHWE TIPUBEICHHBIE BBIIIE CH-
CTEMOTEXHHYECKHE NMPHHIHUIIBI, CBOMCTBA CIOXHBIX
CHCTEM, a Takke HeoOXomuMOocTh yrpasieHus ux JKLI,
CTaHOBHTCSI OYEBH/JHOU MOTPEOHOCTh B YBEITMYECHHH I1€-
puonaa >hGheKTHBHOHN AKCIUTyaTanu 00BEKTOB BO3ICH-
CTBUs, 4 3HAYUT MOJTYYECHUN }IOHOJ’IHI/ITQJ’ILHOI‘/II HpI/I6BI.]'II/I
Ha 9TOM OCHOBaHHUHU.

B noruke IIPOBOAMMOTO MCCIICAOBAaHUA B KAUCCTBC
TIOIOOHBIX CIIOKHBIX CUCTEM, KaK ITPABHIIO aHTPOTIOTEX-
HUYECKOTO Xapakrepa, paccmarpusatorcsi UCC B nienom
U OT/ICJIBHO €€ DJIEMEHTHI, @ MEXaHHU3MOM YIpaBICHHUS
WX JKU3HEHHBIM ITUKJIOM TPEICTABISCTCS PEHHKIHH-
DYHL.

Kraccupuxannonubie TpU3HAKHA, TTO0 KOTOPHIM
MOXKHO IPYIITUPOBATH CUCTEMBI B CTPOUTEINIBCTBE, OTIIU-
YaroTCsl OONBIINM Pa3HOOOPa3UeM U MOTYT OTHOCHTB-
cs, Harmpumep, k OKC, ux komrmuiekcam, 3eMelIbHOMY
YYacTKy, obecredeHnio (GyHKIIMOHAIEHOTO Ha3HAUCHHS
U DKCIUTyaTallu, CTPOUTEIBHOMY IIPOU3BOJACTBY, Opra-
HU3AMUH ¥ YIIPABICHAIO HHBECTUIIMOHHO-CTPOUTEIIHHOM
JIeSTEIIBHOCTBIO | T.1I.

Tem He MeHee UMesl B KauyeCTBE I'eHe3uca IpHBe-
JICHHBIC BBIIIC OOIIHE CHCTEMOTEXHINUECKHE MPHUHITH-
TIBI, YCJIOBUSI CO3/1aHUS 1 (PYHKIIMOHUPOBAHHUSI, CHCTEMBI
NCC 6ynyTt obnamate u crienu(pUISCKUMHA YEPTaMH,
00yCJIOBIICHHBIMH OTPACIIEBEIMH OCOOEHHOCTSIMU CTPO-
UTENIbHOU MPOAYKLNH, YHUKaIbHOCTBIO ee XKL, a Takxke

PETHOHAJIBHBIMHU YCIOBUAMH CTPOUTENILHOTO MTPOU3BOI-
CTBA M 9KCILTyaTaInH.

VYka3pIBasg B KauecTBE MEXaHH3Ma yIpPaBICHUS
JKM3HEHHBIM [IUKJIOM CHCTEM B CTPOHUTEIIHCTBE PEHHKH-
HHUPHHT, a TAK)Ke OCHOBBIBASICH HA MPOBEIEHHOM HCCJIe-
JIOBaHUM, B KAUECTBE OCHOBHBIX OOBEKTOB BO3ACHCTBHA
BBICTYIIAIOT TEXHUYECKHE (MHKEHEPHBIE) PELICHHMSI.

B pabore [4] BrImONHEHA HACHTH(OUKANNSA TEPMHUHA
«TEXHUYECKOE PeIIeHNe», n3yueHa TarmHocTh ero JKII,
MIPOM3BE/CHA NPUBA3KA K OTPACIEBBIM OCOOEHHOCTSIM
MHBECTUIIHOHHO-CTPOUTEIBHON eATeIbHOCTH, yCTa-
HOBJIeHa Koppessiust ¢ stanamu XKL xo3sicTByIOLIErO
cyObekTa. B 9T0ii CBsI3M JOCTATOYHO SIBHO MPOSIBISAETCS
COMMKEeHNEe TEXHUYECKOTO PEIICHNs C Hay4HO-HCCIIe-
JIOBAaTeIbCKUM, OPraHU3alMOHHBIM, YIPaBICHUYECKIM
PELICHUSIMH, a TAKXKE TOSBISIETCSI BOSMOKHOCTh BEpH-
(buKaMKu OCHOBHBIX 3aKOHOMEPHOCTEH (hOPMUPOBAHHMS
MHTETPAlliy JIAaHHBIX PEIICHUN MPHU PEHHKUHUPUHTE
B CTpouTeNnbCTBeE (puc. 1).

OcHOBaHHEM MTOJJOOHOTO COMIKEHUS CIYKUT TIep-
MaHEHTHasl TIOIBUKHOCTh BHEIIIHEH Cpe/ibl M OTBETHAs
peakiys Ha 3TH (ITYKTyaluy BHYTPEHHEH Cpelibl aHTPo-
MOTEXHUUECKON CUCTeMBI. JlnHaMu3M 00CTaHOBKH OTpe-
JIeTIeH MHOKECTBEHHBIMH SKOHOMHYECKHUMU SIBIICHUSIMH,
4TO, B CBOIO OY€pe/lb, yKa3bIBACT Ha Pa3Hble MPUUNHBI
W yCJIOBUS BO3/ICHCTBHS HA MH)KEHEPHBIE (TEXHUUECKHUE)
pelIeHus, 3TO:

* Hay4HO-TEXHHYECKHE (DAKTOPBI;

* colualIbHBIE (haKTOPBHI;

* JKOHOMHYECKHE, (PMHAHCOBBIC (DAKTOPEI,

* IPOU3BOJICTBEHHBIE, TEXHOJIOTUUECKUE (hAKTOPHI;

* TIPaBOBBIE, 3aKOHO/ATEIbHBIEC, HOPMATHBHBIE (haK-
TOPBI;

* MPUPOIHEIE, TeorpadudecKue HaKTOpHI.

[Tpu uaeHTHhUKAIMT METO0JIOT UK OOIIEro ucciie-
JIOBAHMS aBTOPA MyONUKaIMy [4] B Ka9eCTBE MPEIMETOB
PEUH)KUHUPHHTA YCTAaHOBJICHBI:

* MaTrepHalibHbIe OOBEKTHI, K KOTOPBIM OTHOCSITCS
37[aHUS, COOPY>KEHHSI, X KOMIUIEKCHI, 3eMeJIbHBIE YYaCTKH;

* HeMaTepHalbHble OOBEKTHI, B UX KaUueCTBE pac-
CMaTpHUBAIOTCS MPOIecCHl (YIpaBIeHYECKHE, TEXHOIO-
THYECKHE), OPTaHU3AIMOHHbIE CTPYKTYPHI.

B 00oux ciydasix OCHOBY YKa3aHHBIX O0BEKTOB
COCTABIISIIOT MHXKEHEPHBIE PEIICHHsI, KOTOPHIE MO BO3-
JeiicTBUeM (akTOpOB BHEUIHEW M BHYTPEHHEW Cpelibl
M3MEHSIIOT CBOE COCTOSHHE.

Jist MarepuanbHbIX 0OBEKTOB U COOTBETCTBEHHO
JUISl MH)KEHEPHBIX PEIICHUH, X (POPMHUPYIOIINX, H3Me-
HEHHE COCTOSIHUS OyJeT XapaKTepu30BaThCcs U3HOCOM
¥ BHEUIHUM (9KOHOMHUYECKNM) ycTapeBaHHuEeM. B cBoio
o4epeib, N3HOC, IO IPUYHMHAM €T0 BBI3BABIIUX, IPUHATO
JIETTUTh Ha (PI3HYCCKUN I MOPATbHBIN.

Pu3nyeCcKUil U3HOC — 3TO yXyIUIEHHE, MOoTeps
(pM3MKO-MEXaHWIECKUX CBOMCTB B IIPOIIECCE IKCIIIya-
TaIM MaTepHaAIbHOTO 00BEKTa WM MO €CTECTBEHHBIM
npu4rHaM ero jerpananun. Kareropust ¢pusndeckoro
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M3HOCA PeTIaMeHTHUPOBaHA U 3aKPEIUICHA B CYIIECTBYIO-
Iei HOPMATHBHO-METOIMIECKON Oa3e CTPOUTENbCTBRA! .

duznueckoMy M3HOCY MOJBEPIKEHBI CTPOUTEIb-
HbI€ KOHCTPYKIMH, MaTepualibl, HH)KCHEPHBIE CHCTEMBI
1 000py/IOBaHKE, & TAKKE CPEICTBA TPOM3BOJCTBA, UC-
[0JIb3YEMBIE [IJIsl BO3BEICHUS 37aHUU, COOPYKEHHUI,
TEXHUYECKOTO OOCITYyKMBAaHHUS U PEMOHTA B IpOIecce
UX 9KCIUTyaTaluu.

[onsepruyTbie (pr3HMIecKOMy U3HOCY MaTepHalIbHbIC
06])6KTI>I, HUX 3JICMCHTBI MOXHO BOCCTAHOBHUTH MJIM Ya-
CTUYHO 3aMEHUTH JI0 IEPBOHAYAILHOTO COCTOSIHHSI, JTMOO
JIO OIIPE/ICJICHHOTO YPOBHSI, KOTOPBIH J€1aeT BO3MOXK-
HBIM JIAJIBHEHIITYI0 SKCIUTyaTaluio 00beKTa 6e30nacHon
u xoMmpopTHO#. ClrenoBaTensHO, MPEANPHHAMAS MEPBI
10 BOCCTAHOBJICHNIO OOBEKTOB MIIM 3aMEHE (PU3HUECKU
W3HOLIEHHBIX UX YacTel, HeOOXOIUMO PELIUTh TEXHUKO-
TEXHOJIOTHYECKYIO 3a/1auy, KOTOpask CBA3aHa C IMOUCKOM
1 000CHOBAaHMEM TOIXOISIIMX TEXHOJIOTMH BOCCTAHOBIIE-
HUS (PEMOHTA), MCIIOJIb30BaHUEM COOTBETCTBYIOIIECH MM
TexHuku [19-21].

[IpucriocobneHre HOBBIX TEXHOJIOTHI M HOBBIX Ma-
TEpUAJIOB /ISl BOCCTAHOBJICHHS CYIIECTBYIOIINX U OBE-
IIECTBICHHBIX WHKECHEPHBIX PEIICHUH, B TOM UYHCIIE
3aMEHBI UX OT/IEIbHBIX COCTABIIIONINX, 0€3 U3MEHEHHS
OCHOBHBIX XapaKTCPUCTUK U HA3HAYCHUA o0beKTa HOCHT,
MOMHMO TIPOYET0, HAYYHO-TEXHUYECKUH Xapakrep (Tpe-
Oyer Hexoropbix BuioB HUOKP), T.e. npeanonaraer no-
MOJIHUTEIIFHOE HayYHO-HCCIIEI0BATEIBCKOE PELICHHE.

PaBHBIM 00pa3oM ¢ GU3MIECKIM H3HOCOM MOpallb-
HBII M3HOC TaKke HOPMATHBHO 3a()MKCHPOBAH W NJCH-
THOHUIMPOBAH’ KaK MOCTEIICHHOE (BO BPEMEHH) OTKJIOHE-
HHE KCILTyaTallIOHHBIX TI0Ka3aTesIei OT COBPEMEHHOTO
YPOBHSI TEXHUUECKUX TPEOOBAHMH IKCILTyaTalluy 3/1a-
HUH U COOPYKEHUH.

B skoHOMUYECKON MHTEpHpPETALUU MOpPaIbHBII
U3HOC paccMaTpuBaeTCs KaK yMEHBIICHNE CTOMMOCTH
OCHOBHBIX (DOHJIOB BCJICJICTBHE M3MEHEHHs MOTPEOH-
TEJILCKOTO CIPOCa, a TAKIKE Pa3BUTHSI HAYKH U TEXHUKH
(nayuyno-texunueckoro nporpecca — HTIT). Mcxons
U3 3TOTO MPUHATO BBLICIATH JBE (POPMBI MOPAIHLHOTO
n3Hoca npuMenurensHo k OKC.

IepBas hopma mopansroro nzHoca OKC cBszana
C YMEHBILIECHHEM €r0 CTOMMOCTH B TEKYIIIEM MOMEHTE
M0 CPAaBHEHUIO C NIEPUOOM MPOECKTUPOBAHUS U CTPOH-
TEJICTBA.

Bropas ¢popma mopansHoro uzHoca OKC ompe-
JIeJISIeTCsl HEOOXO0IMMOCTBIO JIOTIOJIHUTEIIBHBIX 3aTpar
JUISL IPUBEICHUS 3[[aHUH U COOPY)KEHUH K COBPEMEHHBIM
TpeOOBaHUSAM (HOPMATHBHBIM, TOTPEOUTEITLCKIM).

'TOCT 31937-2011. 3nanus u coopyxenusi. [IpaBuna 06-
CIICZIOBAHUSI 1 MOHUTOPUHIA TEXHUYECKOTO COCTOSIHHS © BBE/L.
B nieiictB. [Ipukazom Poccranmapra ot 27.12.2012 Ne 1984-c,
m. 3.25.

2TOCT 31937-2011. 3nanus u coopysxkenus. [IpaBuia 06-
CIICZIOBAHUSI 1 MOHUTOPUHIA TEXHUYECKOTO COCTOSIHHS © BBE/L.
B neiictB. [Ipukazom Poccranmapra ot 27.12.2012 Ne 1984-c,
m. 3.24.

CrenoBarenbHO, MOPAJIbHBIA M3HOC CBSI3aH C W3-
MEHCHHUSIMHU B IPUHIIUITAX TPOSKTHPOBAHMS, CTPOUTEITh-
ctBa n kciuTyarani OKC, TeXHOIOTHUH X BO3BEACHHS,
BBI3BaH MOSBJICHHEM HOBOTO 000PYAOBaHHsI, HOBBIX Ma-
TEpUaJIOB.

st npeooneHust mogo0HOH IKOHOMHKO-TEXHOJIO-
THYECKOH 3aa4u TpeOyeTCs pelieHre, YBI3aHHOE C TI0-
BeimenneM otaun (3ddexruBHoctu) OKC mpu ske-
TUTyaTalyu, MpeAIoararlee KOMIIIEKC MEPOTIPHUITHI
B 9TOM HAIpaBICHUH, KOTOPBIE HMEIOT, B IIEPBYIO OYe-
peltb, SJKOHOMUKO-(DHHAHCOBOE 0OOCHOBAHUE.

OTTanKuBasCh OT MPHUBEICHHOTO BHINIE, MOXKHO
KOHCTaTHPOBATh, YTO JIsl (PU3MUECKOTO U MOPAIBLHOTO
BHUJIOB N3HOCA MOOYANTEIHHBIMH CHIIAMU SIBJISIFOTCS Ha-
YYHO-TEXHUYECKHH TPOrpecc M ero Mpou3BoIHAS (J1e-
pHBaT) TEXHOJOrHYecKasi KOHBEpreHus. B mogoonoi
JIOTHKE MOYKHO YTBEp)KIaTh, UYTO COIMANIbHASI M TEPPH-
TOpUaJIbHAsI KOHBEPTCHIIUSI ONPE/ICIISIOT BHEIIIHEE yCTa-
pEeBaHHE MaTEPUATBHOTO 00BEKTa, a OPraHU3AIOHHAS
KOHBEPTEHIIHS BBI3BIBACT OTBETHYIO PEAKITHIO Ha (ITyK-
Tyaluu BHEIIHEH cpesibl, 00eCrneunBalonyl0 TaKUM
00pa3oM TOMeOCTa3nC CUCTEMBI, B KaueCTBE KOTOPOU
paccMarpuBaeTcsi SJKOHOMUYECKas €IMHUIIA — UHBECTH-
IIUOHHO-CTPOUTEIHHBINA TPOSKT U T.1.

BHemniHee ycrapeBaHue MarepuaibHOr0 00beKTa
BEPU(HIIMPYETCS TIOTEPEH B €0 CTOMMOCTH HM3-32 BITH-
STHHSI BHEIITHUX B3aWMOCBSI3aHHBIX (pakTopoB [22-25],
00yCIIOBJICHHBIX:

* TPUHIXAIIAMA TEPPUTOPHATHEHOTO TUTAHIPOBAHUS
1 30HMPOBAaHUA HACCIICHHBIX ITYHKTOB,

°* MOTPEOUTEITHCKUMU MTPEAITOYTCHHSMHU.

Kak crnencTBue MomyIMpoBaHus yKa3aHHBIX (ak-
TOPOB BO3MOYKHA KOppeKTHpOBKa dkcruryarannu OKC,
HampuMep W3MEHEHHE ero Ha3Ha4eHus, QyHKIHOHAIA,
PBIHOYHOM HUIIM W T.1. BeposiTHee Bcero, mogoOHas
KOPPEKIHSI — ATO Pe3yNbTaT 30HAJIBHON TpaHCchopMa-
L[MY HACEJICHHOTO ITYHKTA U, CJIeI0BaTelIbHO, U3MEHEHHSI
3oHasbHOU NpuHaiexHoctd OKC, uro MoxeT noBieub
HECOOTBETCTBHE C TIEPBOHAYATBHBIM Ha3HAYCHUEM 00B-
exTa. Vcrpasienue nogoOHOro posia HECTHIKOBKU CO-
CTaBIISIET CYTh PHIHOYHOH (KOMMEPUYECKOH) 3a1a4, pe-
IICHHEM KOTOPOW MOTYT OBITh MEPOIPUSITHS ITUPOKOTO
CIICKTpa BO3ICHUCTBUS, HOCSIIUE TPAIOCTPOUTEIBHEIH,
COLIMAJIbHBIH, SKOJIOTUUECKUI 1 HHOW XapakTep.

OO0o3Ha4ast B Ka4eCTBE MPEAMETa PEHHKMHUPHHTA
B TOM 4YHCIIe HEMaTepHalbHbIe 0OBEKTHI, HEOOXOIMMO
yKazarh WX JIETKOCTh B TPaHC(OpMAIH, OOJIBIIYIO TTO/-
BIDKHOCTB B PEAKITH Ha BO3ICHUCTBHS, CKOPOCTH TTOI00-
HOT'0O OTKJIMKA, MCHBIIIYIO TPYAOEMKOCTb U HOTpe6HOCTB
B MarepHallbHO-TEXHUYECKUX pecypcax OTHOCHTEIHHO
PEHIKUHUPHHTA MaTePHAIbHBIX 00BEKTOB.

OnHako BO3/EHCTBUS B JAHHOM KJIIOYE Ha HEMa-
TepHaIbHbIC 0OBEKTH UMEIOT HEMPEIOKHOE 3HAUCHHE
Y BO MHOT'OM OIIPEJIEISIIOT MOJIOKEHUE XO3SHCTBYIOIIETO
cyOBeKTa BO BHEITHEH cpelie, a TAKKE XapaKTep B3arMO-
JIEHCTBUS C IPYTMMH Y4aCTHUKAMM PBIHOUHOM SKOHO-
MHUKH.
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B o710i1 cBsI3M Ha OCHOBaHUU PaOOTHI [4] MOXKHO
yKa3arh, 4YTO PEMH>)KUHUPHHT HEMATEPHAIEHBIX 00BEKTOB
HalpaBJieH Ha 00ecIeYeHHe TOMeoCcTa3 ca OIpeIeNeH-
HOW KOHOMHYECKOW €IUHHIIBI, KOTOPBIA JOCTUrAeTCs
3a cyeT BO3/ICHCTBUI U TpaHc(hOpMaLiii OpraHu3aluoH-
HOU CTPYKTYpBI, & TAKXKE IPOLECCOB YIPABICHUSL.

T'omeocTasuc B mpOBOJMMOM HCCIEAOBAHUN TPaK-
TyeTCs KaK CIIOCOOHOCTH OTKPBITOI CHCTEMbI TOJLAEP-
KMBaTh JUHAMUYECKOE PABHOBECHE U BHYTPEHHEE €AMH-
CTBO IIPH TIOMOILHU PETYIUPYIOINX BO3JEUCTBHI.

Takum oOpa3zom, obecriedeHre romeocrasuca Ha-
MPaBJIEHO Ha MOBBIIICHUE KOHKYPEHTOCTIOCOOHOCTH XO-
3HCTBYIOIIETO CyObeKTa IyTeM (POpMUPOBAHHUS Kak (ak-
TUYECKUX, TAK U MOTEHIUAIBHBIX KOHKYPEHTHBIX IIPEU-
MYILIECTB 32 CUET BHYTPEHHEH TpaHc(hOpMaIii CUCTEMBI
YIIPaBJICHUS, UTO MPEACTABISACT COO0H OPraHU3alIOHHYIO
3a71a4y, JOITyCKAOITyI0 OAHOMMEHHOE PEIICHHE.

SBsisick 00bEKTOM BO3AEHCTBUSI (PaKTOPOB BHEIII-
HEH cpenbl, HHKeHEPHBIE (TEXHHYECKHE) PeIIeHNs KOH-
BEPTUPYIOT X BO BHYTPEHHEH CPEie CUCTEMBI B CMEXK-
HBI€, CONPSIKEHHBIC MPEIMETHbIe 00JIACTH, JOCTUTas
IIPU ATOM JONOJHUTEIBHO K U3MEHEHHIO TEXHHUYECKOTO
peIIeHHs Pe3yIbTaToB, JISKAIINUX B PA3TUYHBIX MPOCK-
sAX. TaKUMH TIPOEKIUSIMU MOTYT OBITh:

* HAay4YHO-HCCJIEJIOBATEIILCKOE PEIICHHE;

* HKOHOMUYECKOE PEIICHUE;

* KOMMEpPYECKOE PEIICHNUE,;

* OpraHM3alIOHHOE PELICHME.

B cBoto odepenp, JaHHBIE PELICHNS UMEIOT CBOIO
COOCTBEHHYIO TPYIIINPOBKY U HEPAPXHIO.

Ho, Tem He MeHee, TpeoOpa3oBaHie TEXHUYECKOTO
PELICHUsI U COOTBETCTBYIOIINX €My IPOEKIMH TpeOyeT
PETYJIHUPYIOIIMX BO3JIEHCTBUM, KOTOPbIE MOT'YT UHTETPH-
pPOBaTh COMNPSKEHHBIE C TEXHUYECKUM PEIIEHUs B €U~
HbII (hOpMaT — YIPaBICHYECKOE PelleHHE.

W3 npuBeneHHOro BbIIIE BUAHO, YTO BCE PELICHUS
B3aMMOCBSI3aHbI, UMEIOT SIBHYIO HE€PapXHI0, OXBAThIBA-
10T [IUPOKUI CHEKTP YNPaBICHYECKUX MEPOIPHUITHI.
JlanHast uHTerpanusi, oOOHapyK1Basi CBOMCTBA CIOKHBIX
CHCTEM M COOTBETCTBEHHO ITOAYHHSSCH OOIINM CHCTEMO-
TEXHMYECKUM TPHHIUIAM TIPH OIIMCAHUU (OPMHUPOBa-
HUSl PEIICHUH B paMKaxX PEUH)KUHUPHHIA B CTPOUTENb-
CTBE, MO3BOJISIET PAaCCMaTPHUBATh €€ KaK OTACNbHYIO,
CaMOCTOSITENIbHYIO KaTETOPHIO — CUCTEMHOE PEILEHHE
WM CUCTEMY PELUCHUH.

CucremHOE pelleHne (cucremMa peneHni) — B3a-
MMOCBS3aHHAsI COBOKYITHOCTh HH)KEHEPHOTO (TeXHHUYE-
CKOTO) M COTIPSDKEHHBIX C HUM PELIEHUH BTOPOTO MOPSI/I-
Ka, OIpeJelisiiolIee MOCTPOCHUE, (PYHKIIHOHUPOBAHHE
CUCTEMBI, a TaKXKe B3aUMOJAEHCTBHE €€ C APYTUMH CH-
CTEMaMH.

CucTeMHOE pellleHUe 3aTparuBaeT BCE aCHEKThI
yIpaBIeHUS U IPEOOPa30BaHUS AHTPOIIOTEXHUYECKOU
CHCTEMBI U TIOTIA/Ia€T B IIPEAMETHYIO 00JIaCTh NCCIIEN0-
BaHUsI CHCTEMHOT0 MH)KUHUpHHTA (prc. 2). Heodxomumo
OTMETUTD, YTO LEJIU CUCTEMHOIO HH)KUHUPHHIA U PEUH-
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KUHUPUHTA UMCIOT TTOJIHYIO CXOAUMOCTb, 4 UMEHHO OT-
HOCHTEIILHO 00BEKTa YIPaBJIeHHs 3TO:

* OITHMH3ALINS,;

* obecneuenne 3PHEeKTUBHOCTH;

* CHW)KCHHE PUCKOB.

OCHOBHBIM 3JIEMEHTOM B COCTaBE CHCTEMHOTO pe-
IIEHUS SBIIACTCS €T0 MHKEHEPHas (TEXHUYECKas) COCTaB-
JSIFOIast, KOTOpasi MCHBITHIBAET BXOIHOE BO3JICHCTBHE
TP peHHXUHUPHUHTE. MHXXEeHepHOe pelIeHne — 3T0
00BEKT TMIPOMBIIIIJIEHHOI'O MTHXKUHUPUHTA, TEJTN KOTOPOTro
JEeTaIU3UPYIOT LIeJICNONaraHue CUCTEMHOI0 MH)KUHU-
pHHTa KacaTeJbHO KauecTBa MPOIYKIHHK (YCIyTH), TIpo-
M3BOIUTEILHOCTH OCHOBHOTO TTPOM3BO/ICTBA, €T0 3aTpaT,
YCIIOBUH Tpy/a.

JanbHeimas 1eKOMIO3UIMS LEeNeTIoaranns Bo3-
MOKHa TI0 c(epaM JAESATEIBHOCTH XO3SHCTBYIONIETO
cyObekTa u o0yciaBiuBaeT (OPMHUPOBAHUE DIIEMEH-
TOB BTOPOTO TOPS/IKA CHCTEMHOTO PELICHHS, KOTO-
pBI€, B CBOIO OYepe/b, MPECTABISIOT CO00H 0OBEKTHI
(yHKIMOHAILHOTO MHXUHUPUHTA. C OHOI CTOPOHBI,
JTAHHBIE IIEMEHTHI JOITyCKAIOT COOCTBEHHYIO JIEKOMITO-
3UIMIO, & C APYTOi HaOMogaeTcss uX CONMMKEeHNe, 1 OHU
(hopMUPYIOT PE3yIBTHPYIONIHIA JJIEMEHT — YIpaBIICH-
YEeCKOE pEIICHNE, SBISIONIEeCs MPEIMETOM YIIPaBICH-
YeCKOTO MHKMHUPUHTA (OM3HEC-UHXUHUPHUHTA). BBUTY
9TOTO IeJIenoNaraHie yIpaBJIeHYeCKOr0 HHKMHUPUHTA
HaIpaBJIEHO HA COBEPIICHCTBOBAHUE, ONMTHMHU3AINIO,
TparchopMaIio OU3HEC-TPOIIECCOB U OM3HEC-CTPYKTY-
PBI, 4TO COOTBETCTBYET LIEJISIM PEUH)KMHUPHHTA U B UTO-
re COOCTBEHHOH peann3anuy, 00pa3yeT BBIXOAHOE BO3-
JICWCTBHE B pacCMaTPUBAEMOI KOH(HUTYPAIIUH.

Kpome Bu10BOI 1eKOMIO3UIMN, CHCTEMHOE pelle-
HHUE B CBOEM COCTaBE MMEET MOAYMHEHHbIE (YHKIHO-
HaJIbHBIC DJICMCHTBI, KOTOPBIM COOTBETCTBYET OIIPEIC-
JICHHBIN HAOOp XapaKTEPUCTHUK (puc. 3).

CucTeMHOE pelIeHre HaXOAUTCS BO B3aNMOZICHCTBHI
C IPpyIr'uMr CUCTEMHBIMU PCINECHUAMU, IIPHU OTOM KaXK10€
U3 HUX OOHApYXXMBAeT OJIMHAKOBbIC (PyHKIMOHAJIbHbIC
JIEMEHTHI, 4TO 00ECIIEUNBACT UX BAJUIALMIO B paM-
KaX UCCIICAYEMBIX aHTPOIIOTEXHUYECKUX CUCTEM. B xaue-
CTBE TaKMX (PyHKIMOHAIBHBIX 2JIEMEHTOB BbIJICIICHBL:

1) cocras;

2) pecypchr;

3) KU3HEHHBIN UK,

4) BO3ICHCTBUS.

B ykxa3aHHOH IpyNIIMpOBKE COCTAB CUCTEMHOIO pe-
IIEHHs] BepU(DUIIMPYETCST BUIOBOW JIEKOMITO3UIINEH, KO-
TOpas OblIa mpuBezeHa BoImIe. I kak yxe onpeneneHo,
XapaKTepHU3yeTcs B KKIOM KOHKPETHOM CITydae CBA3IMHU
HOUMHEHMS1, QOPMHUPYIOIINMHI HEPAPXHUIO, U CBSI3IMHU CO-
NPSOKCHUS, 00ECTIeYNBAIONMMH BHYTPEHHUE B3aMMO-
}IeﬁCTBHH " yCTaHaBJIMBAOIIUMU UX 0COOEHHOCTH.

JIro6oe ToCTHKEHNE 11eNH, BCSIKOE PelleHne 3a/1a-
g TpeOyeT pecypcoB (MaTepHaIbHbBIX, TEXHUYECKUX,
TPYAOBBIX), KOTOPHIE BBIPAKAIOTCS HOMEHKJIATYPOH
(IpUMEHNTENBFHO K TPYAOBBIM pecypcam — mnpodec-
CHOHAJIbHO-KBATH()UKAIIMOHHBIM COCTaBOM), 00BEMOM
(TIpUMEHUTENBHO K TPYAOBBIM pecypcaM — KOJH4Ye-
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C. 103-124

npu peaAn3aumnmn PENHXMHUPKUHIa B CTDOUTEALCTBE

CucremHoe peuicHne

BsaumopeiictBue ¢ npyrumu
CHCTEMHBIMU PEHICHUSMH

CocTaB CHCTEMHOTO PELICHUS

Pecypchl cucteMHOro perieHust

JKu3HEHHBII [IUKI CHCTEMHOTO
peumeHus

pemreHus

BosneiicTBUSI CHCTEMHOTO

Puc. 4. Cxema cl10KeHUsI DIIEMEHTOB B 00IIEH CTPYKTYPe CHCTEMHOIO PELICHHS

CTBOM) H UX paclpeeJICHHeM BO BPEMEHH | TI0 COCTaB-
JISTFOLIMM 3JIEMEHTaM.

B mnporiecce peanuzanuy peuieHusi, JOCTHKEHHS
HaMEUEHHOTO PEe3yNbTaTa MPOMCXOANT IOTPEeOIeHNE pe-
CYPCOB HJIM UX IIPe0oOpa3oBaHKe 110 ONPEAEICHHON cXe-
Me, KOTopasi 00yCIOBJIEHa METOJIOM (TEXHOJIOTHEH) BO3-
JIEHCTBUS U ONHUCBIBAETCSI HEKOTOPOH COBOKYITHOCTBIO
napameTpoB. [lapamerprdeckast cxema rnpeoopa3oBaHus
pecypcoB MOXKET ObITh ITPE/ICTABIICHA B Pa3InuaHOM (op-
Mare, HalpuMep KOMIUTEKT YepTerkeil, KOHCTPYKTOPCKast
U MPOCKTHAS OKyMEHTAIHs, OM3HEC-TUIaH | T.1I.

Cucremnoe pemenne nmeet cBoit XK1, KoTopsrii
BO MHOTOM OTIpEEIISeT KU3HCHHBIN UK MHKEHEP-
HOH cocTaBisttonieil. OcTanbHble PEIICHUs, BXOISLINE
B COCTaB CHCTEMHOIO, TaKXe 00JIalal0T CBOMMH Bpe-
MEHHBIMH XapaKTCPUCTHUKAMH, CITOCOOHBIMU YCHUIIHTH
win ocnaduth napametpsl JKL HHKEHEPHOTO peleHHs
1 COOTBETCTBYIOIIUM 00pa30M MOBJIUSTH HA KU3HCHHBIN
LUKJI CUCTEMHOTI0 pereHus. Mmest kaxaplil cBoro mpo-
JIOJDKUTEIIBHOCTD, COCTABIISIIOIIIE OTIIMYAIOTCSl, IOMHMO
[POYEro, ATAITHOCTBIO OCYIIECTBICHHS, HAIPUMED, MO-
TYT PeaNn30BBIBATECS MAPAJIICIHFHO, TTOCIEI0BATENBHO,
C OTIPE/ICIICHHBIM JIaTOM.

[TpuHsiTHe 1 peasi3alysi peleHust Bceraa o0ycioB-
JICHBI BO3/ICHCTBHEM CyOBEKTa yIpaBlIeHIS Ha OOBEKT,
T.C. 33/1aCTCs HAINIPABJICHHE, TAKXKE EMY TPUCYIIH HEKHIA
XapakTep U HEKOTOpasi MHTEHCUBHOCTb, CBSI3AHHBIE C UC-
MTOJTE3yEMBIMH METOIaMH YIIPABICHUSA U CTICIH()UKON
OpraHM3alUy JaHHOH aHTPOMOTEXHUYECKON CHCTEMBI.

[TpuBeneHuble GyHKIMOHAIBHBIEC AIEMEHTBI 00J1a-
JTAfOT OTIPEICIICHHBIM BIMSHHUEM JIPYT Ha JIpyTa, 4To TPO-
SIBIISICTCS. B MTOCJICIOBATCIBHOCTY MX MICHTHU(DUKAIMH
B paMKax CHCTEMHOTO perieHus (puc. 4), Takas ke 3a-
KOHOMEPHOCTB CITOXKEHHUS HaOIIOIaeTCs M TIPH €To TIpe-
00pa30BaHNN — PEHHKMHUPHHTE.

Kak 0bU10 yCTaHOBJIEHO BBIIIE, CHCTEMHOE pelie-
HHE UMEEeT KaK BHIOBYIO, TaK U (DYHKIIMOHATBHYIO JIe-
KOMIIO3HIUIO, OTIIMYAIONINECS B KAUECTBEHHOM U KO-
JIMYCCTBEHHOM OTHOMICHUAX B KaAXXAOM KOHKPETHOM

ciryyae. [TonoOHble pa3nu4us ONpeeNstoT PacXoXKICHHEe
B pecypcoodecnieuenud, a Takxke xapakrepe XKL Toro
WJIM THOTO CHCTEMHOTO PEILCHUs 1, KaK CJIEJICTBUE, TPe-
OYIOT OT/IENILHOTO 1TOAX0/1a K (POPMHUPOBAHHMIO U peajin3a-
IIM BO3JCHCTBUSI HA OOBEKT YIpPaBICHHS.

Ha ocHOBE N3J10)KEHHOTO MOXHO CUMTATh yCTaHOB-
JICHHOW (haKTHYECKYI0 MMILIEMEHTAIMI0 OCHOBOIIOIATa-
IOMINX TPUHIUIIOB CHCTEMOTEXHUKH B TEOPETHUCCKHE
U TIPaKTUYECKHUE OCHOBBI PEMHKUHUPHHTA. [IpennoxkeH-
HbIE aBTOPAMH KaTeropusi «CUCTEMHOE PEIIeHHE» U ee
TPaKTOBAaHKE JJOMYCKAIOT IIMPOKOE NPHUMEHEHHE B pa3-
JIMYHBIX c(hepax HAyIHOTO IMO3HAHKS, CIIOCOOCTBYIOT pac-
HIMPEHUIO CIIEKTPa U TOPU30HTA MCCIEIO0BAHUHN 32 CYET
B3aMMHOT'0 00O0TalIeHsI METOOJIOTHYECKOTO anmapara
paccMaTpuBaeMBIX MPEIMETHBIX oOnacteil. Vcmomns3o-
BaHHUE ATOM KaTe€ropun B METOAOJIOTUN PEUHKUHUPUHTA
YCHJIMBAET THOCEOJIOTMYECKHE aCIIEKThI CHCTEMHOTO MO/
XO0ZIa K yNPaBJICHUIO, & IMEHHO yCTaHABINBAET KOHBEP-
TFCHIOMOHAJIbHBIC OCHOBLI Pa3BUTHUA 9KOHOMHUYCCKUX CU-
CTEM 32 CUET B3aHMOBBITOZHOTO COMMKEHHS M 0OOIOIHOTO
MPOHNKHOBEHUSI €€ 6a30BBIX MOJICUCTEM U JIEMEHTOB.

Pemienue, jexaiiiee B OCHOBE CHCTEMbI, MOXKET ITPH-
HaJJIeXkKaTh K OJHOMY M3 XapaKTEPHBIX CIIydaeB, OIpesie-
JISTFOLIMXCST OTHOIIEHUEM K OOIIECTBEHHOMY TTPOHM3BOI-
cTBY (puc. 5):

1) MarepuanbHOIi cdepe;

2) HemarepuanbHOH chepe;

3) MarepuaIbHON M HeMaTepUaIbHOM chepam.

PaccmarpuBasi peHH>)KHHUPUHT B KOHTEKCTE I10-
JOOHOTO Pa3BUTUSI CHCTEMOTEXHUYECKHUX MPHHIUIIOB
B YINpPaBJICHUH, MOKHO OIIPENEIUTh €ro pa3BepHyTOE
U ynTyOJIeHHOE TIPHIIOXKEHHE B CHCTEME OOIIECTBEHHOTO
Mpon3BOACTBA. Pa3BuBas Kak MPOU3BOAUTEIBHBIE CHITBI
(mpenmeTsl, CpeaCTBa U TEXHOJIOTUU MPOU3BOACTBA),
TaK ¥ MPOM3BOJCTBEHHbBIC OTHOLICHHMS, CBSI3aHHBIE C Op-
TaHU3aIMOHHBIMHU (hopMamu (criennaIu3anued 1 Koo-
nepanmei), peMHXHHUPUHT Ha MaKPOIKOHOMHYECKOM
YpOBHE 00€CIIeuNBacT PACIINPEHHOE BOCIIPOM3BO/ICTBO,
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Pa3BUTHE CUCTEMOTEXHUYECKMX MPUHLMIMOB YrpaBAEHMUs

C. 103-124

npu peaAn3aumnmn PENHXMHUPKUHIa B CTDOUTEALCTBE

OCHOBHbIM (baKTopOM KOTOPOTI'O ABJIACTCA HAYYHO-TEXHU-
YECKU mporpecc.

S3AKJIIOYUEHHUE U OBCYXIAEHUNE

Ha ocHOBe BBIIICIIPUBEICHHOTO MOKHO KOHCTa-
TUPOBATb, YTO METOANYCCKHUE MOJIOKCHUA I/I}]eHTI/I(bI/I-
Kalqui CUCTEMHOI'O PEIICHUA U €T0 HCII0Jb30BaHUA
[IPU PEUHXUHUPHHTE B CTPOUTENIBCTBE CIIOCOOCTBYIOT:
1) ahdextuBHOMY ympaBnenuto XKL kak marepuaib-
HBIX, TaK U HEMaTepUAIbHBIX OOBEKTOB 3a CUET MX Ka-

4eCTBEHHOU TpaHchopmannu; 2) NOBBILICHUIO Kaye-
CTBa CTPOUTENBHON MPOXYKINH, CHIPKEHHIO CTOUMOCTH
1 MIPOJOJDKUTENIFHOCTH €€ Bo3BeAeHMs. TakuM oOpazom,
CHUCTEMOTEXHHYECKUE MPUHIIUIBI YIPaBICHUS IPU pe-
aIN3alny PEUHXUHUPHHTA B CTPOUTEIILCTBE MO3BOJIAT
00ecneunTh X03MCTBYIOIEMY CYOBbEKTY YCTOWYNBOCTD
B Pa3BUTHUH, THOKOCTb BO B3aMMOZAEHCTBUHU C OKPYKaro-
TIeit SJKOHOMHYECKOH cpeioi, 3(h(HeKTHUBHOCTH TIPOM3BOI-
CTBA 1 Ha 9TOM OCHOBaHUH C(HOPMHUPOBATH KOHKYPEHTHbIE
MIPEMMYIIIECTBA U MONYYHUTH JOTIOTHUTEIBHBIN P PEKT.
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INTRODUCTION

The context of the convergence of the digitaliza-
tion of the national economy and the growing influence
of this convergence on its constituent parts are driving
the increasing dominance of a systems-based approach
to organizational management and the practice of their
ongoing transformation, including through the devel-
opment of fundamentally new technical solutions and
the qualitative transformation of existing ones. One
such approach is re-engineering, which, in the tradi-
tional sense, is applied to the optimization of business
processes, but in this new research framework is ap-
plied to systemic solutions, which represent the quintes-
sence of the systemic approach. In this interpretation,
a systemic solution is regarded as an interconnected,
hierarchical set of solutions.

MATERIALS AND METHODS

The aim of the study is to identify the category
of “systemic solution”, assess its applicability to the in-

114

vestment and construction sector (ICS), and establish
the specific characteristics of how such solutions are
formed during re-engineering within the framework
of life-cycle management (LCM) of capital construction
projects (CCP) at various hierarchical levels.

The following tasks need to be addressed:

1. To identify the category of “systemic solution”,
including in relation to the ICS.

2. To define the composition of a systemic solution,
the scope of public production sectors it covers, and its
manifestation during re-engineering.

3. To establish frameworks for the formation of
a system solution during re-engineering in the construc-
tion sector.

Achieving the intended research objective and find-
ing answers to the corresponding tasks was made possible
by drawing on the scientific groundwork laid by the au-
thors’ earlier publications [1—4], as well as research by do-
mestic and foreign scholars on related topics [5-25].
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The methodological basis of the research was for-
med by: a systems approach, the logistics of regulatory
interventions, life-cycle management, engineering man-
agement, and construction organization. Methods of anal-
ysis and synthesis were applied in solving specific prob-
lems.

The information base was compiled from the leg-
islative and regulatory acts governing investment and
construction activities, as well as reference, analytical
and abstract materials reflecting specific engineering and
re-engineering practices.

RESEARCH FINDINGS

Contemporary theoretical and practical method-
ological principles, as well as approaches to manage-
ment, are characterized by a wide variety and consider-
able variability in their application.

As is well known, management in practice is re-
garded as a set of interrelated actions and procedures
aimed at achieving a specified objective, which in turn
determines the formulation of corresponding tasks. In
turn, these involve decisions known as managerial deci-
sions, which consist of regulatory influences exerted by
the object upon the subject of management [1-6].

It is customary to classify regulatory influences into
the following types:

* prescriptive;

* disturbing;

* control;

* corrective.

All these influences can be implemented within
the framework of specific theoretical approaches to man-
agement [7—11], namely:

* the systems approach;

* the functional approach;

* the process approach;

* the situational approach.

The most progressive and comprehensive of these
concepts is the systems approach, which, in the context
of research, represents a projection of systems engineer-
ing — a discipline encompassing all aspects of the life
cycle of complex systems [12, 13].

In this regard, it should be noted that complex sys-
tems can emerge in all spheres of social life and its con-
stituent parts: social production and social relations; and,
accordingly, may be of a social, technical or anthropo-
technical nature, depending on the focus of their appli-
cation [14-18]. However, common systems engineering
principles apply to all of them without exception:

1) validity — the existence of laws governing inter-
nal interactions;

2) modelability — the possibility of simplified rep-
resentation using one or more models;

3) purposefulness — the orientation of functioning
towards a specific state.

These principles point to the general properties
of complex systems:

1) integrity — representation as a single entity con-
sisting of interconnected elements (subsystems);

2) autonomy — independence and isolation within
temporal and spatial boundaries, determined by the pres-
ence of internal laws;

3) emergence — the presence of a synergistic effect
resulting from the combination of individual components
(subsystems) into a single whole — a system.

Taking into account the above-mentioned systems
engineering principles, the properties of complex sys-
tems, and the need to manage their life cycle, there is
a clear need to extend the period of effective operation
of the objects under consideration, and thus to generate
additional profit on this basis.

In the context of this study, information and com-
munication systems (ICS) — both as a whole and their
individual components — are regarded as such complex
systems, typically of an anthropotechnical nature, whilst
re-engineering is presented as the mechanism for manag-
ing their life cycle.

The classification criteria by which systems in
the construction sector can be grouped are highly diverse
and may relate, for example, to building complexes, their
associated facilities, the site, the fulfilment of functional
requirements and operation, construction works, the or-
ganization and management of investment and construc-
tion activities, and so on.

Nevertheless, whilst rooted in the general systems en-
gineering principles, conditions of creation and function-
ing outlined above, ICS systems will also possess specific
characteristics determined by the sector-specific features
of construction products, the uniqueness of their life cycle,
and the regional conditions of construction and operation.

By identifying re-engineering as the mechanism for
managing the life cycle of systems in the construction
sector, and based on the research conducted, technical
(engineering) solutions are identified as the primary ob-
jects of intervention.

In [4], the term “technical solution” is defined,
the stages of its life cycle are examined, a link is estab-
lished with the sector-specific characteristics of invest-
ment and construction activities, and a correlation is
identified with the life cycle stages of a business entity. In
this regard, there is a clear convergence between techni-
cal solutions and those relating to research, organization
and management; furthermore, this opens up the possi-
bility of verifying the fundamental principles governing
the integration of these solutions during re-engineering in
the construction industry (Fig. 1).

The basis for this convergence lies in the constant
fluidity of the external environment and the internal envi-
ronment’s response to these fluctuations within the anthro-
potechnical system. The dynamic nature of the situation
is determined by a multitude of economic phenomena,
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which, in turn, point to various causes and conditions in-
fluencing engineering (technical) solutions, namely:

* scientific and technical factors;

* social factors;

» economic and financial factors;

* production and technological factors;

* legal, legislative and regulatory factors;

* natural and geographical factors.

In identifying the methodology of the general study,
the author of publication [4] has identified the following
as subjects for re-engineering:

+ tangible objects, which include buildings, struc-
tures, their complexes and plots of land;

* intangible objects, which include processes (man-
agerial, technological) and organizational structures.

In both cases, these objects are underpinned by engi-
neering solutions, which change their state under the influ-
ence of external and internal environmental factors.

For tangible assets — and, consequently, for the en-
gineering solutions that constitute them — changes in
condition are characterized by wear and tear and exter-
nal (economic) obsolescence. In turn, wear and tear is
conventionally divided into physical and obsolescence-
related categories, depending on the causes.

Physical wear and tear refers to the deterioration
or loss of physical and mechanical properties that occurs
during the use of a physical object or as a result of its nat-
ural degradation. The concept of physical wear and tear
is regulated and enshrined in the existing regulatory and
methodological framework for the construction industry’.

Building structures, materials, engineering systems
and equipment, as well as the means of production used
for the construction of buildings and structures, and for
their maintenance and repair during operation, are sub-
ject to physical wear and tear.

Physical assets and their components that have been
subject to wear and tear can be restored or partially re-
placed to their original condition, or to a certain standard
that enables the continued safe and comfortable operation
of the asset. Consequently, when undertaking measures
to restore objects or replace their physically worn-out
parts, it is necessary to address a technical and tech-
nological challenge involving the identification and
justification of suitable restoration (repair) technologies,
and the use of the corresponding equipment [19-21].

The adaptation of new technologies and new ma-
terials for the restoration of existing and materialized
engineering solutions, including the replacement of their
individual components, without altering the facility’s
fundamental characteristics and purpose, is, amongst
other things, of a scientific and technical nature (requir-

' GOST 31937-2011. Buildings and structures. Rules for
the inspection and monitoring of technical condition: brought
into force by Order of Rosstandart No. 1984-st of 27 Decem-
ber 2012, clause 3.25.

ing certain types of R&D), i.e. it entails an additional
research-based solution.

Similarly, to physical depreciation, obsolescence
is also defined in regulatory terms and identified® as
a gradual (over time) deviation of operational perfor-
mance from the current level of technical requirements
for the operation of buildings and structures.

In economic terms, obsolescence is regarded as a re-
duction in the value of fixed assets resulting from changes
in consumer demand, as well as from developments in
science and technology (scientific and technological prog-
ress — STP). On this basis, it is customary to distinguish
between two forms of obsolescence as they apply to CCP.

The first form of obsolescence of buildings and
structures relates to a reduction in their current value
compared with the period of design and construction.

The second form of obsolescence of buildings and
structures is determined by the need for additional expen-
diture to bring them into line with current requirements
(regulatory and consumer-related).

Consequently, obsolescence is linked to changes
in the principles of design, construction and operation
of the building stock, as well as in the technology used
in their construction, driven by the emergence of new
equipment and new materials.

To address such an economic and technological
challenge, a solution is required that is linked to improv-
ing the performance (efficiency) of civil engineering
structures during operation, involving a set of measures
in this direction which are, first and foremost, economi-
cally and financially justified.

Based on the above, it can be stated that the driv-
ing forces behind both physical and obsolescence-related
wear and tear are scientific and technological progress
and its derivative — technological convergence. Fol-
lowing this line of reasoning, it can be argued that so-
cial and territorial convergence determine the external
obsolescence of a physical object, whilst organizational
convergence triggers a response to fluctuations in the ex-
ternal environment, thereby ensuring the homeostasis
of the system, which is regarded as an economic unit —
such as an investment and construction project, etc.

The external obsolescence of a physical asset is ver-
ified by a loss in its value due to the influence of external
interrelated factors [22-25], determined by:

* the principles of spatial planning and zoning
of settlements;

* consumer preferences.

As a result of the modulation of these factors, ad-
justments to the operation of the CCP may be made, for
example, a change in its purpose, functionality, market
niche, etc. Most likely, such an adjustment is the result

2 GOST 31937-2011. Buildings and structures. Rules for
the inspection and monitoring of technical condition: brought
into force by Order of Rosstandart No. 1984-st of 27 December
2012, clause 3.24.
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of a zonal transformation of the settlement and, conse-
quently, a change in the zonal classification of the CCP,
which may lead to a mismatch with the facility’s original
purpose. Rectifying this kind of inconsistency is the es-
sence of a market (commercial) challenge, the solution to
which may involve a wide range of measures of an urban
planning, social, environmental and other nature.

When identifying intangible assets as subjects for
re-engineering, it is necessary to highlight their ease
of transformation, greater flexibility in responding to
external influences, the speed of such responses, and
the fact that they require less labour and fewer material
and technical resources compared to the re-engineering
of tangible assets.

However, such influences on intangible objects are
of paramount importance and largely determine the posi-
tion of an economic entity within its external environ-
ment, as well as the nature of its interaction with other
participants in the market economy.

In this regard, based on the work in [4], it can be
noted that the re-engineering of intangible assets is aimed
at ensuring the homeostasis of a particular economic en-
tity, which is achieved through interventions and trans-
formations of the organizational structure, as well as
management processes.

In this study, homeostasis is interpreted as the abil-
ity of an open system to maintain dynamic equilibrium
and internal unity through regulatory interventions.

Thus, ensuring homeostasis is aimed at enhancing
the competitiveness of an economic entity by creating
both actual and potential competitive advantages through
the internal transformation of the management system;
this constitutes an organizational task that admits a solu-
tion of the same name.

As the object of influence from external environ-
mental factors, engineering (technical) solutions convert
these factors within the system’s internal environment
into adjacent, related subject areas, thereby achieving,
in addition to changes in the technical solution, results
that lie within various projections. Such projections may
include:

* aresearch and development solution;

* an economic solution;

* a commercial solution;

* an organizational solution.

In turn, these solutions have their own classification
and hierarchy.

Nevertheless, the transformation of a technical deci-
sion and its corresponding projections requires regulatory
measures that can integrate the elements associated with
the technical decision into a single format — a manage-
ment decision.

It is clear from the above that all decisions are inter-
related, have a clear hierarchy, and cover a wide range
of management activities. This integration, by revealing
the properties of complex systems and, accordingly, ad-
hering to general systems engineering principles when

describing the formation of decisions within the frame-
work of re-engineering in construction, allows it to be re-
garded as a separate, independent category — a systems
solution or a system of solutions.

A systemic solution (system of solutions) is an inter-
connected set of engineering (technical) solutions and as-
sociated second-order solutions that determine the struc-
ture and operation of a system, as well as its interaction
with other systems.

A system solution encompasses all aspects of the ma-
nagement and transformation of an anthropotechnical
system and falls within the scope of systems engineering
research (Fig. 2). It should be noted that the objectives
of systems engineering and re-engineering are entirely
congruent; specifically, with regard to the object of con-
trol, these are:

* optimization;

« ensuring efficiency;

* risk reduction.

The main element of a system solution is its engi-
neering (technical) component, which is subject to input
influences during re-engineering. An engineering solu-
tion is an object of industrial engineering, the objectives
of which specify the goals of systems engineering with
regard to product (service) quality, core production out-
put, production costs and working conditions.

Further decomposition of these objectives is pos-
sible according to the business entity’s areas of activity
and leads to the formation of second-order elements of
the system solution, which, in turn, constitute objects
of functional engineering. On the one hand, these ele-
ments can be broken down further; on the other hand,
they converge to form a resulting element — a manage-
ment decision — which is the subject of management
engineering (business engineering). In view of this,
the objectives of management engineering are directed
towards the improvement, optimization, and transforma-
tion of business processes and business structures, which
corresponds to the objectives of re-engineering and, ulti-
mately, through its own implementation, produces
the output effect in the configuration under consideration.

In addition to its structural decomposition, the sys-
tem solution comprises subordinate functional elements,
each of which corresponds to a specific set of character-
istics (Fig. 3).

The system solution interacts with other system so-
lutions, with each of them exhibiting the same functional
elements, which ensures their validation within the frame-
work of the anthropotechnical systems under investigation.
The following functional elements have been identified:

1) composition;

2) resources;

3) life cycle;

4) impacts.

Within this grouping, the composition of the system
solution is verified by the typological decomposition out-
lined above. And, as already defined, it is characterized in
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System solution

Interaction with other
system solutions

The composition
of the system solution

System solution resources

The lifecycle
of a system solution

Impacts

of the system solution

l«—

Fig. 4. Diagram showing the composition of elements within the overall structure of a system solution

each specific case by relationships of subordination, which
form a hierarchy, and relationships of coupling, which en-
sure internal interactions and determine their specific fea-
tures.

Any achievement of an objective, any solution to
a problem, requires resources (material, technical, la-
bour), which are expressed in terms of nomenclature (in
the case of labour resources — professional and quali-
fication composition), volume (in the case of labour re-
sources — quantity) and their distribution over time and
across constituent elements.

In the process of implementing a solution and achiev-
ing the intended result, resources are consumed or trans-
formed according to a specific scheme, which is deter-
mined by the method (technology) of intervention and is
described by a set of parameters. The parametric scheme
for the transformation of resources can be presented in var-
ious formats, such as a set of drawings, design and project
documentation, a business plan, etc.

A system solution has its own life cycle, which
largely determines the life cycle of the engineering com-
ponent. The other solutions that form part of the system
solution also have their own temporal characteristics,
which can reinforce or weaken the life cycle parameters
of the engineering solution and consequently influence
the life cycle of the system solution. As each component
has its own duration, they differ, amongst other things,
in the phased nature of their implementation; for exam-
ple, they may be implemented in parallel, sequentially,
or with a certain time lag.

The adoption and implementation of a solution are
always determined by the influence of the controlling
entity on the object; that is, a direction is set, and the pro-
cess is characterized by a certain nature and intensity as-
sociated with the control methods used and the specific
nature of the organization of this anthropotechnical sys-
tem.

The functional elements listed above exert a certain
influence on one another, as reflected in the sequence

in which they are identified within the system solution
(Fig. 4); the same pattern of combination is also observed
during its transformation — re-engineering.

As established above, a system solution has both
a typological and a functional decomposition, which dif-
fer in qualitative and quantitative terms in each specific
case. Such differences determine variations in resource
allocation, as well as the nature of the life cycle of a par-
ticular system solution and, consequently, require a sepa-
rate approach to the formulation and implementation
of actions affecting the control object.

On the basis of the above, the actual implementation
of the fundamental principles of systems engineering in
the theoretical and practical foundations of re-engineering
can be considered established. The category of “system
solution” proposed by the authors, and its interpretation,
allow for wide application across various fields of scien-
tific knowledge and contribute to broadening the scope
and horizons of research through the mutual enrichment
of the methodological apparatus of the subject areas under
consideration. The use of this category in the methodology
of re-engineering reinforces the epistemological aspects
of the systems approach to management; specifically, it
establishes the convergent foundations for the develop-
ment of economic systems through the mutually beneficial
convergence and reciprocal interpenetration of their basic
subsystems and elements.

The decision underpinning the system may fall into
one of the characteristic cases defined by its relationship
to social production (Fig. 5):

1) the material sphere;

2) the non-material sphere;

3) the material and non-material spheres.

By considering re-engineering in the context of such
a development of systems engineering principles in man-
agement, it is possible to identify its comprehensive and
in-depth application within the system of social produc-
tion. By developing both the productive forces (objects,
means and technologies of production) and the relations
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of production associated with organizational forms (spe-
cialization and cooperation), re-engineering at the macro-
economic level ensures expanded reproduction, the main
factor of which is scientific and technological progress.

CONCLUSION AND DISCUSSION

On the basis of the above, it can be concluded that
the methodological principles for identifying a systemic
solution and applying it to re-engineering in the construc-
tion industry contribute to: 1) the effective management

of the life cycle of both tangible and intangible assets
through their qualitative transformation; 2) an improvement
in the quality of construction output, and a reduction in
the cost and duration of construction. Thus, systems engi-
neering principles of management when implementing re-
engineering in the construction industry will enable a busi-
ness entity to achieve sustainable development, flexibility
in interacting with the surrounding economic environment,
and production efficiency; and, on this basis, to build com-
petitive advantages and realize additional benefits.
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MccaeaoBaHMe NPOYHOCTU U AEPOPMATUBHOCTH BbICTPOCOOPHOO
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KOHTaKTHOTO y3Aa MpUMbIKaH1s 6aAKM K KOAOHHE
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UccaenoBanue npo4HOCTH U 1¢(POPMATHBHOCTH OBICTPOCOOPHOTO
KOHTAKTHOT'0 y3JI1a IPUMBIKAHUS 0AJIKM K KOJIOHHE

HNBan Baagumuposuy MbL1bHUKOB, BajienTuna MarBeeBHa TycHuna
Hayuonanvnuiil uccieoosamenvexuti Mockogckutl 20¢yoapcmeentulil
cmpoumenvuwiii ynusepcumem (HUY MI'CY); e. Mockea, Poccus

AHHOTALUMNA

BBeaeHue. PaccmatpuBaeTcs 6bICTPOCOOPHBIN KOHTaKTHbIV y3en NpumMbiKaHusl 6anky K KONMOHHE MO CUCTEME «JTaCTOYKUH
XBOCT». [1pn MOHTaxe Banka yctaHaBnMBaeTCs ONopHbIMK pebpamu B rHe3aa, U3roTOBMEHHbIE Y NPUBAPEHHbIE K KONTOHHE
B 3aBOACKMX ycrnoBusix. dukcaums purens oT NpogonbHOro nepemMelleHns obecneynBaeTcsi 3anofiHEHNEM MOHTaXHbIX 3a-
30poB [O0BOPHBIMU NNAacTMHaMK. [JaHHOe peLleHne MO3BOMNSET NPOCTO N HAAEXKHO COeAMHATb puUrenb ABYTABPOBOIO ceve-
HWS C KONTOHHOW M3 KBaZpaTHOro rHyTOCBApPHOro Npoduns.

Matepuansl u metoabl. [Mpn onpeaeneHnn npenensHoro usribarollero MomeHTa M, 1 koadduumeHTa salemneHns
6anku B y3ne C ucnonb3oBarncs KMHEMaTUYeCKUii METOA NpedenbHOro paBHoBecwust. [onaras, 4to nnactuyeckne aedop-
MauuM MOTyT 3HAUMTENbHO NPEB30WTU yNpyrne, NpuHMManachk gunarpaMMa paboTbl cTany Kak Afs )KeCTKOMIacTUYeckoro
Tena. Takke npegnonaranoch, YTO JIMHMU N3MIOMa FHe3[0BbIX NNACTUH ABMASHOTCSA NMHENHBIMU NITACTUYECKUMU LLApHUPaMM,
BAIOSb KOTOPbIX AENCTBYIOT TONIbKO MOMEHTHbIE BEKTOPbI; NMACTUHbLI MPUHUMANMCh XXECTKO 3aLleMeHHbIMI MO ABYM CMEX-
HbIM KpasiM U CBOGOAHbLIMY OT 3aKpenseHuin Mo ABYM OPYrMM CMEXHbIM KpasiMm.

Pe3ynbratbl. [TocTpoeHa dakTnyeckas anopa MOMEHTOB 415 YNPYro 3aLleMITeHHON Mo KoHLaM 6anku, 3arpy>keHHON ABy-
MS1 COCPeOOTOYEHHBbIMU CUaMy, CUMMETPUYHO PaCMONIOXKEHHbIMI OT OMNop; nonyveHa opMyna Ans onpegenenus yrna
noBopoTa Ha ornopax @.

BbiBoAbl. B xoae cpaBHUTENBHOMO aHanmaa BbISIBIEHO, YTO NMPU UCMOSIb30BaHMMN B OMOPHOM FHE3Ae MIacTUH TOMNLWMHON 5 MM
y3en paboTaeT NpaKTUYeCKN Kak LUAPHUPHBIA; MPU MCMOMNb30BaHWMKM NNacTuH TonwmHon 10 MM — Kak nonyxectkvin. MNpea-
TNIOKEHHBIN KOHTaKTHBbIN y3ern NpUMbIKaHWs 6anku K KONIOHHE MOXKET PEKOMEHA0BATLCS K MPUMEHEHMIO B MPOEKTUPOBAHUN.

KIMKOYEBBIE CITOBA: ctanbHON Kapkac, KOHTaKTHble COEAMHEHUs, NOAAaTNMBbIN y3ern, MeToq NpeaenbHOro paBHOBECUS,
)KECTKOCTb, OMOPHbIA MOMEHT, yrorn noBopoTa

AnA UWUTUPOBAHUA: MbinbHukos U.B., TycHuHa B.M. iccnepoBaHue npodYHOCTU M fedopMaTUBHOCTM BbiCTpOCGOpHOro
KOHTaKTHOrO y3na npumMblikaHus 6anku k konoHHe // CTpoutenbCcTBO: Hayka 1 obpasoBaHue. 2026. T. 16. Bein. 2. C1. 7. URL:
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Investigation of the strength and deformability of a quick-
assembly contact beam-to-column joint

Ivan V. Mylnikov, Valentina M. Tusnina
Moscow State University of Civil Engineering (National Research University) (MGSU);
Moscow, Russian Federation

ABSTRACT

Introduction. A quick-assembly contact beam-to-column joint based on the dovetail system is considered in the article.
During installation, the beam is seated by its support ribs in sockets manufactured and welded to the column under factory
conditions. Longitudinal displacement of the girder is prevented by filling the erection gaps with shim plates. This solution
provides a simple and reliable connection between an I-section girder and a column made of a square cold-formed welded
hollow section.

Materials and methods. The kinematic method of limit equilibrium was used to determine the limiting bending moment M,
and the beam fixity coefficient C in the joint. Assuming that plastic deformations can significantly exceed elastic deforma-
tions, the steel stress-strain diagram was idealized as that of a rigid-plastic body. It was also assumed that the yield lines
of the socket plates are linear plastic hinges along which only moment vectors act; the plates were considered rigidly fixed
along two adjacent edges and free along the other two adjacent edges.

Results. The actual bending-moment diagram was constructed for a beam elastically restrained at both ends and loaded
by two concentrated forces arranged symmetrically with respect to the supports; a formula was obtained for determining
the support rotation angle .

Conclusions. The comparative analysis showed that when 5 mm thick plates are used in the support socket, the joint
behaves almost as a hinge; when 10 mm thick plates are used, it behaves as a semi-rigid joint. The proposed contact beam-
to-column joint can be recommended for use in design practice.
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BBEJAEHUE

CranpHO# KapKac MHOTOATAYKHOTO 3/1aHHS, BBITION-
HEHHBIN 10 CBA3€BOM KOHCTPYKTUBHOM CXEME, XOPOIIO
OTBEYAeT MPUHIINITY KOHIICHTPALIMHN MaTepraia U OTIH-
YaeTcsi OT PAaMHOTO M PAMHO-CBSI3€BOTO KapKacoB ITpo-
CTOTOH COTIPSKSHUS PHUTEIICH ¢ KOJIOHHAMH W MEHBIICH
TPY/ZI0OEMKOCTBIO BO3BEJICHUSI. Y3IIbl «0ajika — KOJIOHHA
B pacyeTax TaKHX KapKacOB TCOPCTUYCCKU MPHHUMAIOT-
sl IIAPHUPHBIMH, OTHAKO Ha MTPAKTHKE, KaK MOKA3bIBAIOT
HCCIICIOBAHUS UX JICHCTBUTEIILHOM pabOThI, OHU 00J1a 1a-
0T OTpPEICTICHHOH JKECTKOCTEIO, 3aBUCAIICH OT MX KOH-
CTPYKTHMBHOTO PELICHUS.

B HIY MI'CY pa3paboTan ObICTPOCOOPHBIH KOH-
TaKTHBIN Y3l MPUMBIKaHUs OaNKu K KOJIOHHE 0e3 Ipu-
MEHEHHs CBAPOYHBIX U OONTOBBIX pabOT HA CTPOHUTEIb-
HOM TuIoImaake. YCTpOMCTBO TAKOTO y3J1a 3aKII0YaeTCst
B yCTAaHOBKE OaJIKU B CICIMaJIbHbIC JETalld — THe3/a,
MIpUBapeHHBIC K KOJIOHHE B 3aBOJICKHX YCIOBHUX. B Ta-
KOM COTIPSKCHHUHU OAJIKU C KOJIOHHOW Tepeaada yCuiIni
MPOUCXOJUT 33 CUET KOHTAKTHOTO B3aMMOJICHCTBUS
OTIOPHBIX JeTalel y37a, padoTAIONINX TI0 CHCTEME «J1a-
CTOYKHH XBOCTY.

CoBpeMeHHBIE BOBMOKHOCTH METaI000paboTKI
TIO3BOJIAIOT JICTKO U3TOTOBHUTH KOHCTPYKTUBHBIC DJICMECH-
THI KapKaca ¢ TAKUMH 3aKJIaJHBIMU JICTAJISIMH, 4TO Oy-
JIET CTIOCOOCTBOBATh OBICTPOMY M IPOCTOMY MOHTAXKY

5

. s

/l\:

e
~1

a

CTaJIbHOIO KapKaca, CyIECTBEHHO COKPATHB CPOKHU BO3-
BezieHus 3anus [1-3].

Hacrosiiee ucciieoBanye MOCBSIIEHO U3Y4YEHHIO
JICUCTBUTEIBHON pabOThI OBICTPOCOOPHOTO KOHTAKTHO-
TO y3Ja MPUMBIKaHHsI OaJIKH K KOJOHHE, YCTPOSHHOTO
IO THITY «JIACTOYKHH XBOCT», B CTAJIBHOM KapKace MHOTO-
STaKHOTO 3/IaHMS.

MATEPHUAJIBI U METO/JAbI

IMocranoBka 3axaun

PaccMoTpuM OBICTPOCOOPHBIN y3€ MPUMBIKAHUS
6aK1 K KOJIOHHE IO CHCTEME «JIACTOUKHH XBOCT». Cede-
HHe 0aky — npokatHeIi 1ByTaBp 20b1, onopHoe pedpo
150 x 100 x 10 MM; cedeHUe KOJIOHHBI — KBaJPaTHBIN
THyTOCBapHO# mpodmrs 200 X 8 MM, OIIOPHOE THE3IO0
190 x 160 x 20 MM, pa3Mepsl MocagodHoro maza 140 x
x 105 x 15 mm (puc. 1-3). banka onopusiMu pedpamu
yCTaHaBJIMBACTCS B THE3/1a, PHUBAPEHHBIE K JIBYM KOJIOH-
HaMm. Marepuan — crans C345K.

B paccMoTpeHHOM COeIMHEHNH TIPUCYTCTBYIOT B
3a30pa: A — MeXTy CTEHKO! KOJIOHHBI  OTIOPHBIM PEOPOM
1 A, — MeXJly OHOPHBIM PEOPOM U TIJIACTHHAMM OIOp-
Horo THes3ja (puc. 4). 3a30p A, TUIOTHO 3amoIHAETCSA
M0 MECTy JOOOPHBIMHU IUIACTUHAMM VISl IPEIOTBpAILe-
HUSI TPOJIOJILHOTO cMeleHus Oanku. BenurHa ocras-
merocs 3azopa A, mana [4-7].

e

/s

Puc. 1. Cxema cO0OpKH y3I1a MPUMBIKaHUS OAJIKU K KOJIOHHE 110 CUCTEME «JIACTOYKHH XBOCT»: @ — B Pa300paHHOM BHIE; b —

B cOOpaHHOM BHIIE; / — 0anka; 2 — KOJOHHA; 3 — OIOpHOE pedpo; 4 — OMOpHOE THE30; 5 — M00O0pHAas IIaCTHHA
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KOHTaKTHOIO y3Aa rnpuMblKaHUA 6aNKu K KOAOHHE
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Puc. 2. Pa3mepsl omopHOTO rHE3/1a, MPUBAPHBAEMOT0 K KOJIOHHE
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Puc. 3. Pa3zmeps! onopHoro peGpa, IprHBapuBaeMoOro K Oajke

Ipennonaraem, 4to 3a30p A, 3aI0JIHEH MOJHOCTHIO,
a 3a30p A, paBeH HyIIO (Cay4adl abCOMFOTHO IIIOTHOM
nocasiku). Takum oOpaszoM, Ipu JeUCTBUM Ha OAJIKy T10-
MIepEeYHOM HAarpy3Ky Ha oropax OyaeT BO3HUKATh U3rnoa-
FOIIHIf MOMEHT HEKOTOPOH BeTHIUHBI M, KoTOpas Oyaer
3aBHCETH OT MOAATIANBOCTH coequHeHus C.

IIpu nelicTBUM MOTMEpeYHON HATPy3KH Ha OalKy
BO3HMKaeT u3rudaromuii MomeHnt M, nedopmupyrorcs
OIopHOE pedpo OAJKKM M TUIACTHHBI OTIOPHOTO THE3/a,
KOTOPBIE TIPEMATCTBYIOT €ro MoBopoty. [Iponcxonsar
TOPH30HTAIBHOE TEpeMEenIeHIe A U Yyrol MOBOPOTa ¢
B INIOCKOCTH CTEHKH 0aJki BOKPYT TOUYKH (O, 4TO CIIPO-
BOLIMPYET BOSHUKHOBEHHUE 3HAUUTEIBHBIX KacaTeIbHbIX
HaIpsDKEHUH B 30HE 33/I€JIKN OTPaHUYMBAIOIIETO JINCTA
K ormopHOoMy THe31y [8—10].

Heobxomumo orpeienTh U1 JAHHOTO COSTNHEHNST:

1) mpemenbHBIN U3rHOAOIIHH MOMEHT Mlim;

2) yroJi MOBOPOTa OMOPHOTO CEUCHHUS OAKH

3) ko3 durment 3amemienus O6anku C U pakTude-
CKO€ pactpe/ieTIieHIe H3rudaromero MoMenTa M B Oaike.

st perienus OyzieM UCIONb30BaTh KMHEMATHYe-
CKUI METOJ| TEOPUHU IIPEIEIBHOIO PABHOBECHS], KOTOPBIi
hopMmynupyeTcst CIeayomuM 00pa3oM: I 3aJaHHOM
CTaTUYECKU HEONPENEIMMON CUCTEMBI IIPU JEHCTBUM 3a-
JIAHHOTO BHJIa HATPY3KH BEJIMYHMHA IPEEIbHON HArpys-
KH P, COOTBETCTBYIONIAs PACTIPE/IETCHUIO n3rudarommx
MOMEHTOB JUISl KaKOT0-TM00 BO3MOXKHOTO MEXaHHM3Ma
pa3pyIieHus, Bcerga Oombplie MeHCTBUTEIRHON pa3py-
IIAOIe Harpy3KH WU paBHA €i (MM MHade: U3 BCeX
(hopM pa3pyImieHust ICTHHHA Ta, KOTOPOH COOTBETCTBYET
HaMMEHBIIIas TIpeieNTbHast Harpy3ka Pnp) [11].

CornacHo 3TOMy METONy HaJI0 M3 BCEX BO3MOXK-
HBIX MEXaHU3MOB Pa3pyLIEHUs C OJHON CTENEHBIO CBO-
6o11bI 3amMcaTh ypaBHEHHE paBHOBecHs B (hopme pador
(mpuamn Jlarpamka) Ha TeX HepeMENIeHUsIX, KOTOpbIe
BO3MOXKHBI AJIs JAHHOTO MexaHu3Ma. [Ipu 3ToM BO3MOXK-
Hast paboTa BHEUIHUX CHJI CUUTAETCS MOJOKHUTEIbHON
¥ paBHA NIPOM3BE/ICHHIO CUJIbI P, Ha COOTBETCTBYIOLICE
JMHEHHOE nmepemenienne A, a BO3MOXHas pabora BHY-
TPEHHUX CHUJI, T.€. IPEEIbHBIX U3rHOaoNX MOMEHTOB
M; ., BOSHHKAIOIIMX B IIACTHYECKUX IIAPHUPAX, — OT-
PULATEIILHON U PABHOU IIPOU3BEACHUIO M,-,np Ha yroJ 1o-
BOpOTa Gj, XapaKTePHU3YOIIHI BO3MOXKHYO ICPOPMAITHIO

B j-M ILIApHUPE:
E Frmphi = 2 :Mj,npej'
i J

[Ipu pemennn OyneM HCIOIB30BaTh AUATPAMMY
JKECTKOTUIACTHYECKOTO Teja (puc. S5), COrIacHO KOTOPOH
MOJIaraeTcs, 4To 10 Pa3BUTHUS IUIACTUYECKOTO TEUEHHs
MaTepuai ocTaeTcs abCOMOTHO HeAe(hOPMUPYEMBIM.
Takast MOzIeNb TOCTATOUYHO XapaKTEPU3YET JEUCTBUTEb-
HYIO0 pabOTy KOHCTPYKIIMH IPH OTCYTCTBHH (PAKTOPOB,
C/ICPKUBAOIINX Pa3BUTHE Ae(hOpPMAIIHii B TUTACTHYCCKON
obmactu. Tak Kak rmacTHdeckue AePOPMAIUUA MOTYT
3HAUUTEIBHO TPEB30HTH YNIPYTHe, TO ONPABAAHHO HC-
TIOJIB30BAHUE CXEMBI )KECTKOIIACTHIECKOTO TeIa.
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Puc. 4. 3a30ps1 B y3me: ] — 6anka; 2 — KOJIOHHA; 3 — ONOpHOE pedpo; 4 — OIMopHOe THE3/10; 5 — 1000pHast IIacTHHA

|

R a=0°tga=0

a=90°, tga =
-~

€

Puc. 5. Jlnarpamma 6 — € U151 ’KECTKOIUIACTUUECKOTO Teja

CxeMa KMHEMaTH4YeCKOro MeXaHu3Ma y3ja MoKa-
3aHa Ha puc. 6.

B pacuere omopHOe THE3/10 PEACTaBIsIEM B BAIE
JIBYX TTACTUH, TPUKPEIUICHHBIX K KECTKOMY TEITy U HOJI-
BEPTHYTHIX U3rH0y M3 IUNIOCKOCTU. PaccMaTprBaeMbIid

Puc. 6. Cxema KnHEMaTH4YECKOTO MEXaHW3Ma y3J1a

128

KWHEMaTHYEeCKUH MEXaHU3M y371a MPEAIoaraeT Clemy-
OIIUE JIOMYIICHHUS:

1. JIuanm U3n0Ma SBISIOTCS JTUHCHHBIMH ILIACTH-
YECKUMH [IAPHUPAMH, BIIOJb KOTOPBIX JEHCTBYIOT TOJb-
KO MOMEHTHBIE BEKTOPBI.

2. IlmacTuHA cuMTaeTCs KECTKO 3alleMIIEHHON
IO IBYM CMEXHBIM KpasiM ¥ CBOOOTHO# OT 3aKperuieHHH
10 IByM JIPYTUM CMEKHBIM KPasiM.

Onpenenenne npeiebHOT0 H3rudarOIIEro MOMeHTa
lim
PaccMoTpuM KMHEMaTHYeCKH BO3MOXKHOE COCTOSI-
HHUE OTIOPHOTO THe3/1a MpH n3rude Oanku. Ha puc. 7 o1-
pe30K AB COOTBETCTBYET JINHEHHOMY IIACTUYECKOMY
IIAPHUPY, JUTHHA KOTOPOT'O paBHa:

AB =1=~b*>+h>.

Yo noBopoTa @ B INIOCKOCTH CTEHKH OAJIKH paBeH:

[IpenebOperast BepTHKaIbHBIM CMEIICHUEM, TIPH T10-
nmepevHoM u3rude mracTuHbl Touka C mepeMerniaeTcs
ropu3oHTabHO B Touky C'. JIByrpannsiii yron CABC'
paBeH:

A MNP+
X bh )

Jast 1ByX 1miacTiH paboTta BHyTPEHHUX CHJI Oyaer
OIIPENIeISITHCS BBIPAKEHUEM:

ZCABC' =0 ~ tg0

!
U= 2ijedL ~2M, 0,1,
0

e M = Ry w. = c,‘_t2/4 — CIMHUYHBIN TIPeIeTbHBIN U3-

rubaroii MOMEHT, IPH KOTOPOM HACTYIAeT TEKy4eCTh;
R — pacueTHOE CONMPOTUBIICHUE CTaJIH 10 MPEIEIY Te-
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KOHTaKTHOIO y3Aa NMpuUMbIKaHUA 6aAKM K KOAOHHE

n
a

LU gl

FTrrrTrT]

Puc. 7. Cxema Im1acTH4E€CKOTO miapHupa B y3J€ 1Jisd OJIHOH U3 JABYX IIJIACTUH OIIOPHOTIO rHe3aa

Ky4ecCTH; { — TOJIIIMHA IJIACTHHBL; [ — JUIMHA JIMHEH-
HOTO TIaCTHYECKOTO MapHKUpa; O, 1 /[, — seMeHTapHbId
YTOJI EpesioMa U COOTBETCTBYIONIAs €My JIEMEHTapHast
JUIMHA JIMHEHHOTO LIapHHpa.

Torna BeIpaskeHue Al pabOThl BHYTPEHHUX CHII
TUTACTHHBI TPUHUMACT BHI:

R [2 2
Z .%.1,b2+h2 =

U=2
R.12
4  bh
R A B+ i
2 b h

BeripaskeHne pabOThl BHEIIIHUX CHJI PABHO:
A=Mo=M2,
h
[TpupaBHHUBast BEIpaXKEHUsI pa0OT BHEIIHUX U BHY-
TPCHHUX CUJIL, IIOJTYIUM:
A R A B AR
K2 bk

E

OTKYJla MO>KHO OIPENETUTh MPeAeTbHBIA M3TUOAIOIIHIA

MOMCHT, BOCHpHHHMaeMBIﬁ OITIOPHBIM Y3JIOM:

LR P ap?
lim 2 b .
b

Az

LI E Ll

T

Puc. 8. PacueTHas cxeMa mIacTHHBI

Onpenenenne ko3¢ duuuenta 3amemiienus o6aaxku C
Just onpezeneHus )xecTkocTh y3ia C paccMOTPUM
ANIEMEHTAPHYI0 TOPH30HTAIBHYIO KOHCOIBHYIO MOJIOCKY
TUTACTHHBI IUPHHON Az (pHc. 8).
Topu3oHTaNbHAs peakuusi OT MePeMEICHHUS CBO-
0omHOTO Kpast OyzeT paBHa:

E-Az-P
45

rie E — monyab yrpyroctu cranu; J =Az - £/12 — mo-
MEHT HHEPLIMH 3JIEMEHTAPHOM IOJIOCH; b U ¢ — MIMpHHA

R= -y

V>

U TONIIMHA IIaCTHHBI

Yros moBopoTa MJIACTUHBI B 3aJ€]KE SBIACTCA
[IEPEMEHHOH BEJIMYNHOM U ONPEAEIAETCS CIEeLy UM
obpazom (puc. 9):

Y~ gy =iz,
OTKyJa
y= Y tZ.
Torna:
3
pofhet
4b

[IpeamnonoxuB A MPOCTOTHI, YTO MOJTOCKU IIIH-
pUHOI Az He CBsI3aHBI MEXKIY COOO0, MOJKHO 3aITHCaTh
BBIp2KEHHE JUISl Y/IEIbHOTO U3rHOAIoIIero MoMeHTa M,

1-1
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M
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Puc. 9. Cxema nedopmanuut niiacTHHBI

dz

COOTBETCTBYIOLIETO IOBOPOTY ONOPHOIO CEYEHNUS OaIKH
Ha €AUHIYHBINA yTOJI B y37I€!

M:ﬂ:ZjRZdZ _
Yooy YAz

f E-Az-F zdz

0 4b YAz

h 3 3
2E~t3j'2 E(tY W E(th
= A== = |
4b o 2\b 3 6\ b
KoaddummeHT 3amemiacHust 0anku — 3TO BEJU-
4yiHa, 0OpaTHas yICIbHOMY H3THOAOIIEMY MOMEHTY,
COOTBETCTBYIOIIEMY MOBOPOTY OIMIOPHOTO CeYCHHsI Oa-

KM Ha eAWHUYHBIN yroi. ClieoBaTeIbHO, BRIPAKCHHE
Tt K03 hUIMeHTa 3ameMIeHUs OalTKi BBIIISITUT TaK:

3
c-L-8fL T
M E\t-h

Ha puc. 10 nokazana 3aBUCHMOCTb Kod(pHirieHTa
3amemieHus: 6anky C OT TOJMIIMHBI IJIACTHH f (TTapaMe-
TPBI b ¥ /i IPUHATHI TIOCTOSHHBIMA). [ padmkoM aBIIsIeTCS
KyOudeckast rurepoora.

3,5E-08
3E-08
2,5E-08
2E-08
1,5E-08
1E-08
SE-09

PE3YJIBbBTATHBI HCCIEJOBAHMUSA

OmnpenesieHne OMOPHBIX MOMEHTOB B PHTeJISIX
H YIJIOB NIOBOPOTA UX ONOPHBIX CeYCHUIH

Jist ompeneneHns: OMOPHBIX MOMEHTOB B Oaske
U yIJIOB IIOBOPOTA €€ OIOPHBIX CEYEHUII B KaUeCTBE pac-
YETHOW CXEMBI MPUMEM OajKy CTyHeHYaTOH KEeCTKO-
CTH, YIIPYTO 3alEMJIEHHYIO Ha OIIOPAX U 3arpyKEHHYIO
JBYMsI COCPEOTOYEHHBIMU CrilaMu P/2 Ha pacCTOSHUH
d ot xpas 6anku (puc. 11). [Ipu sTom Oyznem monarars,
YTO BIMSHHE KECTKOCTH KOJIOHH HECYILIECTBEHHO.

Jmna m, o6o3HayenHas Ha puc. 11, paBHa Toimu-
HE OrPaHUYHMBAOIIETO «IETIECTKa» OIOPHOTO THE3/IA, T.€.
m=t.

CreneHb CTaTHYECKONW HEONPEASIMMOCTH 3aIaH-
HOU cucTeMsl paBHa 1. OnpenenuM OMOPHBIH MOMEHT
B pHUresne npu rnomou Metona cuil. OCHOBHasI cucTeMa
IpeCTaBIIsIeT COO0M KIIACCHYECKYIO IAPHUPHO OTIep-
Tyto Oanky (puc. 12, a), rme B Ka4ecTBE CHMMETPUY-
HOTO HEM3BECTHOTO X| NMPHUHAT U3THOAIONIMA MOMEHT
Ha onopax. KaHoHnueckoe ypaBHEHHE METO/Ia CHJI 3a-
MIUILETCS B BUIE:

6, X, +A,+9=0.

JleBast yacTh ypaBHEHUS ONMCHIBAET CYMMapHBIH
YroJ MOBOPOTA OMOPHI, IJI€ (¢ — YacTh TOrO yIia, 3a-
BHUCSIIAs OT K03 (HUIMeHTa 3aIeMICHNUS ¢, OTPeIeIICH-
HOTO BBIIIE: @ = ¢ - X,.

Tormga kaHOHHYECKOE ypaBHEHHE METO/a CHIT TIPH-
MET BU/:

811)(1+A1P+C.Xl:0'

Enuananas smopa Miu rpy30Bas omopa M, npe-
CTaBJeHBI Ha puc. 12, bu 12, c.

Kosdunmentst §,, u A, onpeensiores 1o ¢op-
myne Makcgeia — Mopa ¢ HCHOIb30BaHUEM MTPaBUIIA
Bepearuna:

Mide _m-11 (I-2m)-1-1
= =2 .
% ZJ EJ £ B

t, MM

34567 891011121314151617181920

Puc. 10. I'paduk 3aBucumocTn koddduirenTa 3amemiaeHus 6ankd C OT TONMIUHBI TIACTHH ¢
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KOHTaKTHOTO y3Aa NpUMbIKaH1si 6aAKMU K KOAOHHE
g P2 J P2 T
%/s c\%
m | d [-2(d +m) d ‘ m
/
Puc. 11. PacuetHas cxema Gajku CTyIIEHYaTON JKECTKOCTH, YIIPYTo 3aIlleMJICHHOH Ha ormopax
PR OcHOBHas cucTeMa A
xl xl
xl

P2 P2

P2
P2 Pm/2 Pm/2
P(m+d) P(m+d)
2 c 2
X, P2 @ P2 x|
P2 P2
P(m+d)_x1 P(m-i—a/)_x1
2 2
d

Puc. 12. K pacueTy Gajiku METOJIOM CHJI: @ — OCHOBHAsl CUCTeMa; b — enuHu4Hast smtopa M1; ¢ — rpysosas smropa M,; d —
OKOHYaTeJIbHAs 3I1I0pa MOMEHTOB M

— Mpﬂldx_ P(m+d) S =L 1+ (3_3_4 ] .
AIP_ZI EJ - AET (1_2(m+d))1_ 11 3E] p o B 5
P(m+d
I T S O Mp == W[ 1-204 2 o p(1-2u-p) |
2EJ] 2 2 EJ
Eciu IPHHSITH, 4TO: Onpenennm HensBecTHOE X X
J':U'.J; m:}ll, d:B'la X, =— AIP .
3, +C"

TO BBIPAXKCHUA UL 8” u AIP MOKHO ICPCIINCATh!:
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_g{u(l st )+p(1 - B)}

1= 3"
/ 3 6( b
sig| oo 505

YnpocTuB MoTydeHHOE BRIpaXKEHUE U IpeHeOperas
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HVcnone3ys nomyueHHbIe BEIPAKEHUS, MOKHO CPaB-
HUTBH pabOTy OaNKH, YIIPYyTO 3aIIEMJICHHYTO IT0 KOHIIaM,
C KJIACCHYECKMMHU BapHaHTAMU: C HMIAPHUPHO ONEPTOH
OaJIKoi U ¢ OaJIKOM, )KECTKO 3aIleMJICHHOM 110 KOHIIAM
[12—15]. B Tabmure nmpuBOASTCS 3HAYCHHS H3THOArO-
IIUX MOMEHTOB U yIJIOB OBOPOTOB OMOPHBIX CEUEHHH
JUIsl pa3HBIX pacueTHbIX ciaydaes [16-20]. Paccmarpu-
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Oxkonuanue maoi.
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nmeyTaBp 2061 o 'OCT P 57837-2017. 3naueHne CHITBI
P npunsro pasasmv 200 xH.

3AKJIIOYEHUE

Ha ocHOBe KHHEMATHYEeCKOTO METO/Ia TCOPHUH IIpe-
JISTBHOTO PAaBHOBECHS TTOYYEHBI BRIPAKESHHS IS OTIpe-
NENIEHNs MpeJeIbHoro u3rudaromero Momenra M,
u ko3 dunrenTa 3amemiueHus 0anku C st KOHCTPYK-
IIUM KOHTAKTHOTO y3J1a MIPUMBIKaHUs OAJKH K KOJIOHHE,
pabOTarOIIETO 10 CHCTEME «JTACTOUKUH XBOCT».

Hcnone3yst MeToJ| CHII, TOCTPOCHA (haKTUIeCcKas
STIOpa MOMEHTOB /ISl YIIPYTO 3aIEMIICHHOHN 110 KOHI[AM
OaJku, 3arpy’KEHHOH JIByMsl COCPEIOTOYCHHBIMU CHJIa-
MU, CHMMETPHYHO PACIIOIOKEHHBIMH OT OTIOP.

[Monmyyena dhopmyrna ais OnpenescHus yria moBo-
POTa OMOPHOTO CeUeHHUsI OANTKHU () ISt KOHCTPYKIIMU KOH-
TaKTHOTO y3J1a MIPUMBIKaHUS OAJKH K KOJIOHHE I10 THITY
«JTACTOYKHH XBOCT».

Ha ocHOBaHHM POM3BEACHHOTO CPABHEHUSI C KJIac-
CHUYECKUMH BapHAHTAMH OTIMPAHUS OAJIKH (C IIapHUPaAMH
1 KECTKUMH 33JIeTIKAMU Ha KOHIIAaX) OBLIO OMPEeIICHO,
YTO paccMaTpUBaeMblii y3€l C TOJLIMHOM THE310BbIX IUIa-
CTHH { = 5 MM SIBIISICTCS TIPAKTUYCCKH TTOTHOCTBIO IIap-
HHUPHBIM. B 3TOM ClTy94ae mporcXoauT 3HAYNTENIBHBIN YTOI
MIOBOPOTA HA OTIOpE, KOTOPBII [y TIpojieta / = 3 M COCTaB-
msteT 96,12 % ot yria moBopoTa Ha ONope JUTs MapHUPHOH
cxeMsL, st iporieta [ = 4,5 M — 94,29 %, a 1y iporera
/=6 M— 92,53 %. Bo3Hukaronme B cxemMe C yIpyTuMu
3aJICJIKaMU OTIOPHBIC N3rUOAFOIIIE MOMEHTHI VIS [IPOJIETa

@°,, — YDIBI MOBOPOTA HA OMOpAX, BO3HMKAIONME B Oaske, MIAPHUPHO ONEPTOH WM YNPYTo 3arleMIICHHOH

[=3 M cocTaBisiioT 8,73 % OT CXEMBI C KECTKUMU 3a/1eI1-
Kamu, [t tiposteta [ = 4,5 m — 12,85 %, a s mpornera
[=6M— 16,81 %. Takum 0Opa3oM, ISl BHIIOITHEHHS
WHKCHEPHBIX PACYCTOB MOXKHO CUUTATh, YTO MPH HCIOITb-
30BaHHU MOATIIMBOTO Y371a IPH TOJIIIHE OTPaHUIHBAIO-
IIMX { = 5 MM COOTHOIIICHUAEC MKy OTIOPHBIM H MPOJIET-
HbIM MOMeHTamu coctapysier 1:10.

Jlnist BapuaHTa, KOTJIa TOJIIMHA THE3/I0BBIX IIACTHH
MpUHUMAaeTcs: paBHOU ¢ = 10 MM, KECTKOCTh y37a yBe-
JIMYUBAETCS. B 3TOM ciiyyae BO3HHKAET yroy MOBOPOTa
Ha OTope, COCTaBIIIONMH 1 iponieta / =3 M 75,58 %
OT yIlIa [TOBOPOTA Ha OIMOpE JJIsl HIAPHUPHOU CXEMBI,
quist poniera l =4,5 M— 67,36 %, a uis mponeral =6 M—
60,75 %. JleficTByIOIIHME B CXEME C YIPYTUMH 3a/eITKa-
MH OaJIKH OIIOPHBIC N3rHOAFOIINE MOMEHTBI JIIS IIPOJICTa
| =3 m cocraBisitoT 54,94 % OT CXEMbI C KECTKUMU 3a-
JienKamM, s iponeta [ = 4,5 m— 73,44 %, a s npo-
neral =6 m— 88,31 %. CienoBarenbHO, HCIOIb30BaHHE
TaKUX OTPAHUYUBAIOIINX JIMCTOB ITO3BOJISICT CUUTATh 3a-
JIETIKH OAJIKH MOTY)KECTKIMHU M CIIOCOOCTBYET YMEHBIIIe-
HUIO TIPOJIETHBIX MOMEHTOB; OJTHAKO CIEHAYET 3aMETUTh,
YTO 3TO MOBBIIIAET METAJUIOEMKOCTh Y3I1a.

Hccnenyemsiii ORICTPOCOOPHEIH y3€IT JaeT BOSMOXK-
HOCTH YCKOPHUTH IMIPOIIECC MOHTAXa SIIEMEHTOB CTaJh-
HOTO KapKaca Ha CTPOUTEIFHOW TUIOMIAIKEe, a OMpec-
JICHHBIC BBIIIEC XapaKTCPUCTUKU MO3BOIISIOT YIUTHIBAT
JICHCTBUTEIBHYIO pa0OTy y3Jia IPU BHIIOJHCHUU pPac-
4yeToB. [IpeniokeHHBI KOHTAKTHBIN Y3€N MPUMBIKAHHS
0aJTKu K KOJIOHHE MOXKET PCKOMEH/IOBATHCSI K IIPHMEHE-
HUIO B MH)KCHEPHOM MPAKTHUKE.
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INTRODUCTION

A steel frame of a multi-storey building designed
as a braced structural system conforms well to the prin-
ciple of material concentration and differs from moment-
resisting and braced frames in the simplicity of beam-
to-column connections and in lower construction labour
input. In the analysis of such frames, beam-to-column
joints are theoretically assumed to be pinned; however,
as studies of their actual behaviour show, in practice they
possess a certain stiffness that depends on their structural
configuration.

NRU MGSU has developed a quick-assembly con-
tact beam-to-column joint that does not require weld-
ing or bolting on site. The joint is formed by placing
the beam into special components, namely sockets weld-
ed to the column under factory conditions. In this beam-
to-column connection, forces are transferred through
the contact interaction of the supporting joint compo-
nents, or the dovetail system.
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Modern metalworking capabilities enable the pro-
duction of frame members with such embedded com-
ponents, thereby facilitating rapid and simple erection
of the steel frame and substantially reducing the con-
struction period [1-3].

This study examines the actual behaviour of a quick-
assembly contact beam-to-column joint of the dovetail
type in the steel frame of a multi-storey building.

MATERIALS AND METHODS

Problem statement

Consider a quick-assembly beam-to-column joint
based on the dovetail system. The beam section is a rolled
I-beam 20B1, with a 150 x 100 x 10 mm support rib;
the column section is a square cold-formed welded hollow
section 200 x 8 mm, with a 190 x 160 x 20 mm support
socket and a seating slot of 140 x 105 x 15 mm (Fig. 1-3).
The beam is installed by placing its support ribs into sock-
ets welded to two columns. The material is S345K steel.

Fig. 1. Assembly diagram of the beam-to-column joint based on the dovetail system: ¢ — disassembled joint; b — assembled
joint; / — beam; 2 — column; 3 — support rib; 4 — support socket; 5 — shim plate
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Fig. 2. Dimensions of the support socket welded to the column
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Fig. 3. Dimensions of the support rib welded to the beam

The connection has two gaps: A, is between the col-
umn wall and the support rib, and A, is between the sup-
port rib and the support-socket plates (Fig. 4). Gap A, is
tightly filled in situ with shim plates to prevent the longi-
tudinal displacement of the beam. The remaining gap A,
is small [4-7].

It is assumed that gap A, is completely filled and
gap A, is equal to zero, which corresponds to a perfectly
tight fit. Thus, when a transverse load acts on the beam,
a bending moment M of a certain magnitude arises at
the supports; this magnitude depends on the compliance
of connection C.

Bending moment M develops under the lateral load-
ing of the beam; the beam support rib and the support-
socket plates deform while resisting rotation. Horizontal
displacement A and rotation angle ¢ occur in the plane
of the beam web about point O, causing significant shear
stresses in the zone where the retaining plate is fixed to
the support socket [8—10].

For this connection, it is necessary to determine:

1) the limiting bending moment M, ;

136

2) the rotation angle ¢ of the beam support section;

3) the beam fixity coefficient C and the actual distri-
bution of bending moment M in the beam.

The solution uses the kinematic method of the the-
ory of limit equilibrium, which may be formulated as
follows: for a given statically indeterminate system sub-
jected to a specified type of load, the limiting load P,
corresponding to the distribution of bending moments
for any possible failure mechanism is always greater than
or equal to the actual failure load; in other words, among
all failure modes, the true one is the mode corresponding
to the smallest limiting load P, [11].

According to this method, among all possible sin-
gle-degree-of-freedom failure mechanisms, the equilibri-
um equation must be written according to the Lagrange’s
principle for the displacements possible for the given
mechanism. In this case, the virtual work of external
forces is considered positive and is equal to the product
of the force P, and the corresponding linear displace-
ment A, whereas the virtual work of internal forces, i.e.
the limiting bending moments M, arising in plastic
hinges, is negative and equal to the product of M, and
the rotation angle 0j characterizing the possible deforma-
tion in the j-th hinge:

Pl =D M, ;.
j

In the solution, the rigid-plastic body diagram is
used (Fig. 5), according to which the material is assumed
to remain absolutely undeformed until plastic flow de-
velops. This model adequately characterizes the actual
behaviour of the structure in the absence of factors re-
straining the development of deformations in the plas-
tic range. Since plastic deformations can considerably
exceed elastic deformations, the use of the rigid-plastic
body idealization is justified.

i
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Fig. 5. The ¢ — ¢ diagram for a rigid-plastic body

Fig. 6. Kinematic mechanism diagram of the joint

The kinematic mechanism diagram of the joint is
shown in Fig. 6.

In the calculation, the support socket is represent-
ed as two plates attached to a rigid body and subjected

to out-of-plane bending. The kinematic mechanism
of the joint under consideration is based on the following
assumptions:

1. The yield lines are linear plastic hinges along
which only moment vectors act.

2. The plate is considered rigidly fixed along two
adjacent edges and free from restraints along the other
two adjacent edges.

Determination of the limiting bending moment M,
Consider a kinematically admissible state of the sup-

port socket under beam bending. In Fig. 7, segment AB

corresponds to a linear plastic hinge whose length is:

AB=1=+b*+h*.

The rotation angle ¢ in the plane of the beam web is:

o~1ge=".

Neglecting vertical displacement under the trans-
verse bending of the plate, point C moves horizontally to
point C'". The dihedral angle CABC" is:

A A R
X bh

For two plates, the work of internal forces is deter-
mined by the following expression:

ZCABC' =0 ~ tg®

1
U= 2J'Mp,edL ~2M,, 36,1,
0

where M, =RW, = o /4 is the unit limiting bending
moment at which yielding occurs; R denotes the design
yield strength of steel; # denotes the plate thickness; / de-
notes the length of the linear plastic hinge; and / is the el-
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Fig. 7. Plastic hinge diagram in the joint for one of the two support-socket plates
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Fig. 8. Design diagram of the plate

ementary kink angle and the corresponding elementary
length of the linear hinge.

Then the expression conveying the work of internal
forces in the plate takes the form:

R [12, 12
Uooot ANDTHRT [
4 bh
2 2
zzRyt .A.(b2+h2):Ry_t.é.b2+h2.
4  bh 2 b h

‘z

A
//sz
< N/W\\y
-

Fig. 9. Plate deformation diagram
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The work of external forces is:
A=Mo=M %

Equating the expressions for the work of external
and internal forces gives:

A RE A B 1R
h 2 b h
from which the limiting bending moment resisted by
the support joint can be determined:
R p2 4
m =y

>

Determination of the beam fixity coefficient C

To determine the joint stiffness C, consider an el-
ementary horizontal cantilever strip of the plate that has
width Az (Fig. 8).

The horizontal reaction caused by displacement
of the free edge is:

R=

>

3E] _E-Az-t’
EERTS
where E denotes the modulus of elasticity of steel; J=Az %
x £/12. denotes the moment of inertia of the elementary
strip; b and # — width and thickness of the plate.
The rotation angle of the plate at the fixed edge is
variable and is determined as follows (Fig. 9):

Y = tgy = y/z.
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Fig. 10. Dependence of the beam fixity coefficient C on plate thickness ¢

Hence
y=v-z
Then:
3
L
4b

Assuming, for simplicity, that the strips of width
Az are not connected to one another, the expression for
the specific bending moment M, corresponding to a unit
rotation angle of the beam support section in the joint,
can be written as:

h h 3
M:M:ZJRZdZ:ZI(E.AZ.I -y-z]ZdZ:
v 0

vAz ol 4 Az

2E-P}, E(tY B E(t-hY
2L g () R _E(1hY,
ap’ 2l6) 3 6l b

The beam fixity coefficient is the reciprocal of the spe-
cific bending moment corresponding to a unit rotation
angle of the beam support section in the joint. Therefore,
the expression for the beam fixity coefficient is:

3
c-L-8fL )
M E\th

Fig. 10 shows the dependence of the beam fixity
coefficient C on the plate thickness # (parameters b and
h are taken as constant values). The curve is a cubic hy-
perbola.

P2

RESULTS

Determination of support moments in girders and
rotations of their support sections

To determine the support moments in the beam and
the rotations of its support sections, a stepped-stiffness
beam elastically restrained at the supports and loaded by
two concentrated forces P/2 at a distance d from the beam
end is used as the design diagram (Fig. 11). The influence
of column stiffness is assumed to be insignificant.

The length m indicated in Fig. 11 is equal to
the thickness of the retaining plate, i.e. m = ¢.

The degree of static indeterminacy of the given sys-
tem is 1. The support moment in the girder is determined
by the force method. The primary system is a classical
simply supported beam (Fig. 12, @), in which the bend-
ing moment at the supports is taken as the symmetric un-
known X,. The canonical equation of the force method
is written as:

6nXl +A1P+(P:O'

The left-hand side of the equation describes the total
support rotation angle, where ¢ denotes the part of this
angle that depends on the beam fixity coefficient, deter-
mined above: g =c - X|.

Then the canonical equation of the force method
takes the form:

811‘X71+A1P+C'Xl=0'

The unit bending-moment diagram M; and the load
bending-moment diagram M, are shown in Fig. 12, » and
12, c.

P2

1-2(d +m) d ‘m

Fig. 11. Design diagram of a stepped-stiffness beam elastically restrained at the supports
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Fig. 12. Beam analysis by the force method: ¢ — primary system; » — unit bending-moment diagram; ¢ — load bending-

moment diagram; d — final bending-moment diagram

The coefficients §,, and A , are determined by

the Maxwell — Mohr formula using the Vereshchagin’s

rule:

e EJ EJ' EJ

M, M, dx
A, = J—P 1= _
=2

=—P(:1T;d)(1—z(m+d))-1—
{P<m+d)+Pm]d.1
2 2

2FEJ
If it is assumed that:

J=a-J;, m=p-lLd=p"1
140

_ZIMlzdxzzi’H-Ll_'_(l—Zm)-l.].

then the expressions for 6, and A, can be rewritten as:

[ 3
Oy ==——|1+p| —=3-4B |
11 3EJ{ “[a Bﬂ

2
Ap = —%[u(l—hﬁ%)ﬂi(l—mx—ﬁ)}.

The unknown X is determined as:

Aip

1 =T A
8, +C"’

PI? n
L W{p(l—2p+aj+ﬁ(l—2p—ﬁ)}

1 3"
[ 3 6( b
315.1{””((3_4[3)}15[;-;;)
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Values of bending moments and rotations of support sections for different design diagrams
Number | Design diagram and bending- Span | Distance Support Span Support Note
moment diagram /,m a, m moment moment | rotation
M,kN-m | M ,kN'm| ¢,rad
1 3.0 0.75 0 75 0.0222 -
‘P/Z J P/24 ((Pp )
2 R — —] 45 1.125 0 112.5 0.05 -
1 = PR (M (¢")
3 La Ta 6.0 1.5 0 150 0.0888 -
(9")
4 3.0 0.75 3.27 71.73 0.0213 M =8.73%M,
- ¢ =96.12%
5 = 4.5 1.125 7.23 105.27 0.0471 | M* =12.85% M’
. . 7 ¢°=94.29 % ¢7,
| Ty P2y PRl -
6 e 6.0 1.5 12.61 137.39 | 0.0822 | M°,=16.81% M,
A — S—— ¢, =92.53 % ¢’
7 G Yeaf (v 3.0 0.75 20.60 5440 | 0.0168 | M =54.94% M’
P(m+d)- Ponsd) s 0 = 75.58 % o
8 ’ ’ Z| 45 1.125 4131 7119 | 0.0337 | M =73.44% M’
2 ¢°.=67.36 % @7
9 = 6.0 1.5 66.23 83.77 0.0540 | M° =88.31 % M
0°, = 60.75 % ¢,
10 . 3.0 0.75 375 375 0 -
] T a | 1-2¢ | a! (M'X)
L 1 |
11 P P-d 4.5 1.125 56.25 56.25 0 -
— S s
12 Pa Pa @ P 6.0 1.5 75 75 0 -
2 i 1 2 (MV)

Note: M’ and M¢_ are the support moments arising in a beam with rigid or elastic end restraint, respectively; ¢” and ¢°, are
the support rotation angles arising in a simply supported or elastically restrained beam, respectively.

After simplifying the resulting expression and ne-
glecting the component p because of its small magnitude
compared with unity, one can write:

Pl{;{H”)H&(I—B)}

o

4 1. 4 J(b Y
3+4“(a‘1‘33j+24'1(,.hj

3
Given that 2% =o-J, the final formula for deter-

1:

mining the support moment in a beam with dovetail-type
joints can be written as:

Pl{p(“ﬁjﬂ}(l—ﬁ)}

MOP
4 1 4b (b
iapl--1-2
3 “( B) al[ ]

The maximum bending moment in the span for
the two-point bending diagram is:

{200
o)l

P(t+d)_

P"z 2
ﬁ+4
3

The final bending-moment diagram is shown in
Fig. 12, d.

The beam rotation angle at the support, which de-
pends on the elastic properties of the joint, can be deter-
mined as follows:

A
p=Cdi M=
11
A
(p: 6 1P =
4
C

P’
—p|1=-2p+ = [+ B(1-2
il )0
/ 3
I+p| ——3-4
a9
6(17)3
E\t-h
u[1+ ”)+ B(1-B)
) o
> .
1+ %L (1+ (3—3— 43))
3p° o
Using the expressions obtained, the behaviour
of a beam elastically restrained at both ends can be com-

+1

_ PP
AEJ
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pared with the classical cases: a simply supported beam
and a beam rigidly fixed at both ends [12—15]. The table
presents the values of bending moments and rotation angles
of support sections for different calculation cases [16-20].
Beam spans of 3, 4.5 and 6 m are considered; two concen-
trated forces are applied at a distance @ = /4 from the sup-
ports. For the elastically restrained beam, the moments
and rotation angles were determined for b = 42.5 mm,
h =140 mm, and r = 5 and 10 mm. The beam section is
arolled I-beam 20B1 according to GOST R 57837-2017.
The force P is taken as 200 kN.

CONCLUSION

Based on the kinematic method of the theory of lim-
it equilibrium, expressions were obtained for determin-
ing the limiting bending moment M, and the beam fixity
coefficient C for the contact beam-to-column joint with
a dovetail connection.

Using the force method, the actual bending-moment
diagram was constructed for a beam elastically restrained
at both ends and loaded by two concentrated forces ar-
ranged symmetrically with respect to the supports.

A formula was obtained for determining the rotation
angle ¢ of the beam support section for the contact beam-
to-column joint of the dovetail type.

Based on the comparison with the classical beam
support cases, namely hinged supports and rigid end fixi-
ties, it was established that the joint under consideration
with a socket-plate thickness £ = 5 mm is almost com-
pletely pinned. In this case, a significant support rota-

tion occurs: for the span / =3 m it amounts to 96.12 %
of the support rotation angle for the simply supported di-
agram, for the span /=4.5 m to 94.29 %, and for the span
/=6 mto0 92.53 %. The support bending moments occur-
ring in the diagram with elastic end restraints are 8.73 %
of those in the diagram with rigid end fixities for the span
/=3 m, 12.85 % for the span /=4.5 m, and 16.81 % for
the span / = 6 m. Thus, for engineering calculations it
may be assumed that, when a compliant joint with re-
taining plates of thickness # = 5 mm is used, the ratio be-
tween the support and span moments is 1:10.

For the case in which the socket-plate thickness is
taken as # = 10 mm, the stiffness of the joint increases. In
this case, the support rotation angle is 75.58 % of the sup-
port rotation angle for the simply supported diagram and
the span / = 3 m, 67.36 % for the span / = 4.5 m, and
60.75 % for the span / = 6 m. The support bending mo-
ments in the beam with elastic end restraints are 54.94 %
of those in the diagram with rigid end fixities for the span
/=3 m, 73.44 % for the span / = 4.5 m, and 88.31 % for
the span / = 6 m. Consequently, the use of such retain-
ing plates allows the beam end restraints to be regarded
as semi-rigid and contributes to reducing span moments;
however, it should be noted that this increases the metal
consumption of the joint.

The quick-assembly joint under study acceler-
ates the erection of steel-frame members on site, while
the characteristics determined above allow the actual be-
haviour of the joint to be taken into account in structural
analysis. The proposed contact beam-to-column joint can
be recommended for practical engineering applications.
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HMuTerpaunus pe3yjbraTtoB CTPOUTEIHHOI0 KOHTPOJIA
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BBepeHue. YnpaBneHue Xu3HeHHbIM LMKIOM obbekTa kanutanbHoro ctpoutensctea (XKL, OKC) npegcrasnsiet cobout
KOMMIEKCHbIN npouecc, apdekTMBHOCTL KOTOPOro B COBPEMEHHbIX YCMOBUSAX OMpeaensiercs CTeneHblo Lmdposusaumnm
N VHTerpaumnv AaHHbIX Ha BCeX aTanax — OT NMPOEKTUPOBaHWA A0 yTunuaauun. KnoyeBbiM MHCTPYMEHTOM BbICTYNaeT WH-
dopmaunoHHoe mogenuposanue (BIM/TUM), ogHako noTeHuuan ero npuMeHeHns B CTPOUTENBHOM KOHTPOIe peanv3oBaH
He[oCTaToYHO, YTO MPUBOAUT K Pa3pbiBy MHAOPMAaLIMOHHON NPeEeMCTBEHHOCTU Mexay aTanamMu CTpoUTenbLCTBa U aKcniya-
Tauuu. Llenb nccnegosaHusi — o6ocHoBaHMEe HEOBXOAUMOCTU MHTErpaLn CTPOUTENBHOTO KOHTPONS B €4VHYI0 LMdPOBYIO
cpeay Ha 6ase nHdopmaumoHHon mogenu (MIM) kak MexaHnama Bepudukaumum AaHHbIX U CO3AaHNs JOCTOBEPHOIO Lndpo-
BOro ABOVHMKa obObekTa.

MaTtepuanbl u metoabl. [TpumeHeH aHanuTuyeckMin ob3op AN cuHTe3a MHOPMaLMN N3 HAYYHO-TEXHUYECKOW nuTepa-
TYpbl, HOPMaTUBHbLIX [OKYMEHTOB M OTpacreBbix Nybnukaumii, nocssLeHHbIx ynpasneruto XL, OKC, nHdopmauoHHoMy
MOJENMPOBAaHMIO U UCMOMNb30BAHNIO CBA3AHHbBIX TEXHOMOTUA.

PesynbraTtbl. OnpegeneHo cogepxaHve VIM Ha kaxgom atane XL|. YcraHoBneHa npsimasi 3aBUCUMOCTb MeXAy TUMOM
NPOV3BOACTBA (€AMHNYHOE, CEPUMHOE, MaCcCOBOE) N HEOBXOANMbIM YPOBHEM aTpnbyTUBHOW HACbILEHHOCTM Moaenu. [o-
Ka3aHO, YTO CTPOMUTENbHBIA KOHTPOIb SIBMSIETCA KPUTUHECKMM acnekToM Afs TpaHCchopMaLumMn NpPOeKTHOM MOAenu B UC-
NOMHUTENbHYO, NOCKOMbKY MMEHHO Ha 3Tane CTPOUTENBLCTBA NPOUCXOAUT drKcaums haKTUYeCcKnx napaMmeTpoB, CBEAEHNN
0 mMaTtepuanax, OTKITOHEHUSAX U CKPbITbIX paboTax. bes BHeceHns nHdopmauun cTponTensHoro koHTpons B IM ee ucnons-
30BaHMe Ha aTarne aKcniyatauum CTaHOBUTCS HEI(EKTUBHBIM.

BeiBoabl. /IHTerpauus cTpoutensHOro KOHTPOIs B MPOLLecc MHAPOPMaLMOHHOIO MofenupoBaHust obecneunsaeT nHdopma-
LIMOHHYIO MPeeMCTBEHHOCTb Ha BceM npoTspkeHun XKL OKC, 4to cospaeT ocHOBY Anst aBTOMaTU3auuM ynpaeneHus, npu-
MEHEHUsI NPEeANKTUBHOW aHanNUTUKW, CHMKEHNSI SKCMNyaTaLMOHHbBIX 3aTpaT U MOBbLILLEHWSA NPO3Pa4YHOCTN CTPOUTENbLCTBA.
HanbHenwee passutne ynpasneHus XL OKC cBazaHO ¢ yrmy6rneHHbIM MCMONb30BaHWEM WCKYCCTBEHHOTO VHTEMMeKTa
1 poboTusauum, Ans KOTOPbIX CTPYKTYPUPOBaHHbIE aTpnbyTUBHbBIE AAHHbIE CNyXaT HeobxoAnMbIM 6a3ncomM.
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the information model of a capital construction
project to create its digital twin
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ABSTRACT

Introduction. The life cycle management of a capital construction project (CCP LC) is a comprehensive process, the effec-
tiveness of which, in today’s environment, is determined by the degree of digitalization and data integration at all stages —
from design to decommissioning. Information modelling (BIM/TIM) is a key tool; however, its potential for application in
construction supervision has not been fully realized, leading to a gap in information continuity between the construction
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and operational phases. The aim of this study is to justify the need to integrate construction supervision into a unified digital
environment based on an information model (IM) as a mechanism for data verification and the creation of a reliable digi-
tal twin of the facility.

Materials and methods. An analytical review was conducted to synthesize information from scientific and technical litera-
ture, regulatory documents and industry publications relating to the management of the life cycle of a capital construction
project, information modelling and the use of associated technologies.

Results. The IM content has been determined for each stage of the life cycle. A direct relationship has been established
between the type of production (one-off, batch, mass) and the required level of attributive richness of the model. It has been
shown that construction supervision is a critical aspect for the transformation of the design model into an as-built model,
since it is precisely during the construction phase that actual parameters, information on materials, deviations and concealed
works are recorded. Without incorporating construction supervision information into the IM, its use during the operational
phase becomes ineffective.

Conclusions. The integration of construction supervision into the information modelling process ensures information conti-
nuity throughout the entire life cycle of the CCP, which lays the foundation for the automation of management, the applica-
tion of predictive analytics, the reduction of operational costs and the enhancement of construction transparency. Further
development of the life cycle management of the CCP involves the in-depth use of artificial intelligence and robotization, for
which structured attribute data serves as an essential foundation.

KEYWORDS: life cycle of a capital construction project, information modelling, BIM, TIM, construction supervision, digital
twin, attribution, quality management, common data environment
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BBEJIEHUE

VYmpapieHne JKU3HEHHBIM [TUKIOM 00BEKTa Karm-
tanpHOTO cTponTenbeTBa (JKL OKC) mpencrapmsier co-
0011 KOMIUIEKCHBIH TIPOIIECC, OXBATHIBAIOIINH BCE ITAITBI
CYIIECTBOBAHUS 00BEKTa — OT MEPBOHAYAIBHON HICH
JI0 BBIBOJIA €T0 M3 dKCILTyaTanuu. TepMUH «O0OBEKT Ka-
MUTAJBHOTO CTPOUTECILCTBA» MPUMECHIACTCA K O6’I)CK-
Tam Ha Bcex aranax JKII, kpome sTana sKcrutyaranuu,
T7Ie BOSHUKAET TEPMHUH «O0BEKT HEABIKUMOCTH» [1].
[Tpu sTom HaOOp MeTomOB U cpencTs ynpasneHus OKC
TUHAMAYECKH MU3MEHSCTCS IO MEpe TPOXOKICHIS 3Ta-
noB ero KL [2—4].

OCHOBOW sIBJIsSICTCSl HHPOPMAIIMOHHOE MOJICITUPO-
Banue 3nanuii (BIM B 3apybesxnoii, mnoo THIM B oteue-
CTBEHHOM uTepatype) [S—7]. DTOT moaxox npeanonara-
€T CO3/[aHne eTaNbHOU 1 poBoii 3D-Moaenu oobeKTa
Ha dTare IPOEKTHPOBAHMS, KOTOpasi B TATBHEUIIIEM CITy-
JKUT €IMHBIM HCTOYHUKOM JaHHBIX HA BCEM €T0 KU3HEH-
HOM myTH. OTHAKO, HECMOTPS Ha ITHPOKOE PaCIIPOCTpa-
HEHHUE HCTIOIb30BaHUs TEXHOIOTHI HH(POPMAMOHHOTO
MOJICIIMPOBaHMS Ha dTale MPOCKTUPOBAHMS, UX TTOTCH-
IMaJT Ha TIOCTIEAYIOINX CTaMsX, OCOOCHHO B XO/IE CTPO-
UTEJILHOTO KOHTPOJISI, PEasTM30BaH HE TIOJTHOCTBIO.

Lenpb uccenoBanusi — 00OCHOBaHHE HEOOXO/IH-
MOCTH WHTETPAINH CTPOUTEITHHOTO KOHTPOIIS B EANHYIO
1 poByI0 cpeny Ha 06a3e HHOOPMAITMOHHOW MOIEIH
(IM) xak MexaHn3Ma Bepr(pUKaINi JaHHBIX U CO3TaHHs
JIOCTOBEPHOTO IH(PPOBOTO TBOMHUKA 00BEKTa, IS JO-
CTH)KEHHUS KOTOPOH ClieTyeT:

* CHCTEMaTH3HMpOBaTh MH(OPMAIIHIO IO TIPHMEHE-
HUIO TEXHOJIOTUI WH(GOPMALIMOHHOTO MOACTHUPOBAHUS
Ha sramax JKII;

* BBISIBUTH 3aBHCHMOCTH CTEIICHH JACTAIN3AIHA
(arpuOyTHBHOCTH) MOZIENH OT THIIA CTPOUTEIHHOTO TIPO-
W3BOJICTBA;

* 000CHOBATh KJIIOUEBYIO POJIb CTPOUTEIHHOTO
KOHTpOJ'DI, KaK MEXaHu3Ma BepI/I(bI/IKaL[I/II/I M HAIIOJIHCHUA
MOJICJIA Ha 3TAaIle CTPOUTEIBCTBA, s (POPMUPOBAHHS
nmocToBepHOro Irdposoro noitarka OKC.

MATEPHAJIBI U METO/JbI

[IpuMeneH aHanuTHYECKUil 0030p IS CHHTE3a
MHPOpPMALNK U3 HAYYHO-TEXHHUUYECKOH JIUTEPaTypHl,
HOPMAaTHBHBIX JIOKYMEHTOB U OTPACIIEBBIX ITyOIHKaIINii,
nocesinieHHbIX yrpasneHuto XKL OKC, napopmarimon-
HOMY MOJICJIMPOBAHUIO M MCIIOJIb30BAHHUIO CBSI3AHHBIX
TEXHOJIOTH. PaccMOTpeHs! ciieayronye noaxoabl U UH-
CTPYMEHTBI:

* nndpopmanmonnoe moxenuposanue (BIM/
THM) — 6a30BbIif METOZ CO3TAHNS H BEIICHHS I(POBOTO
OINMCaHUs 0OBEKTA,

 cpeabl obmux nanaeix (CDE) — mnardopmbl
IUTS KOJIeKTHBHOU pabothl (Autodesk Construction
Cloud, Trimble Connect u ap.), obecrieunBaronfe eau-
HOE XpaHWJIMIIE aKTyalbHOH HH(OPMALUH;

 mudpossre gBoitnukn (Digital Twins) — nuna-
MHUYECKHE BUPTYaJIbHbIE KOIIMH 00BEKTa, OOHOBIIIEMbIC
B PEaJIbHOM BPEMEHH JIaHHBIMHU C JIATYMKOB MHTEPHETA
Bemeit (IoT) [8, 97;

* CHCTEMBI yIPaBIICHNS — aBTOMATH3UPOBAHHBIE CH-
CTEeMBI yIpaBlieHns1 o0bekTamu HeZBmxkuMocTH (CAFM),
KOpIIOpaTHBHBIE CHCTEMBI TUTaHnpoBanus pecypcos (ERP),
CHCTEMBI YIPABIICHHS [IETIOYKaMH IT0cTaBoK (SCM);

* QHAINTUYECKHE METO/IbI, TAKUE KaK aHAJIN3 CTOH-
MocTH xn3HeHHoro 1ukia (LCC), ynpaBnenne puckamu
(FMEA, SWOT-ananu3), skojoruyeckas cepTHUKaIys
(LEED, BREEAM), a Takke IepCIeKTHBHBIE TEXHOIIO-
TiH — OJOKYEHH [1J1s1 00eCIIeYeHNs HEM3MEHHOCTH 3alTH-
ceif, uckyccrBenHblit uutemekr (M) ms ontnmusa-
UK pemeHni, reonHpopmannonnsie cucremsl (I'MC)
JUT THPPACTPYKTYPHBIX IPpoekToB [10-12].
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Oco0oe BHUMaHKE Y/IEJICHO TIOHSTHIO aTpUOyTHB-
HOCTH HH(POPMAITMOHHON MOJIETIH, T.€. CIIOCOOHOCTH dIie-
MEHTOB MOJIEITH COZIEP)KaTh HE TOJIBKO T€OMETpHUYECKHE,
HO M CEMaHTHUYECKHe JaHHble ((PU3HUYECKHe, TeXHHYe-
CKHe, SKOHOMUYECKHE, IKCIUTyaTaIl[HOHHbBIE XapaKTepH-
ctukn). C [eNbI0 aHaJw3a BIUSHUS THTIA TTPOM3BOICTBA
Ha TpeOyeMbIi ypOBEHb aTpHOyTHBHOCTH BBICICHBI TPU
KaTeropuu: eMMHUYHOE (YHUKAIbHBIE OOBEKTHI), CEPHIi-
HOE (THIIOBBIC 37JaHWSI) M MAacCOBOE (KPYITHBIC XKIITBIC
MAacCHBBI, CETEBBIE O0BEKTHI) CTPOUTEIBCTBO.

PE3YJIBTATHBI HCCJIEJOBAHMUA

Nudopmanuonnas moaens Ha ytanax K1 OKC

B pesynbrare mpoBeeHHOTO aHAJIN3a ONPEEICHO
conepxxanne UM Ha ocHoBHBIX oTanax XKL (Tadm.).

Vrpasnenue XK OKC cTpykrypupyercst aHano-
THYHO B COOTBETCTBUH CO CTAHIAPTH3NPOBAHHBIMHU 3Ta-
TIaMH, T7I€ UCTIONB3YIOTCS CIICIMAIN3UPOBAaHHBIC CHCTE-
MBI, BKJIFOUast cpejibl 001iero qocryna K JanHeM (CDE),
k npumepy Autodesk Construction Cloud mnm Trimble
Connect, cucTeMbl aBTOMAaTH3UPOBAHHOTO YIPABICHUS
obbexramu Hensmwxumoctn (CAFM), IBM Maximo
nnu ESTRON u xopriopatuBHBIE CHCTEMBbI INIAHUPOBA-
uust pecypeos (ERP), Takme xak SAP nmm 1C:ERP, xoto-
PpbIe UTPalOT KIIOUEBYIO POJIb B YIIPABICHNH (pUHAHCAMH,
MarepHallbHBIMHU PECypCaMu, JIOTHCTUKOH M CPOKaMHU.

[ToBbimenue 3¢ GeKTUBHOCTH Ipoliecca ynpasie-
HUS Ha JTare dKCIUTyaTaluy 00eceunBaoT Hu(ppoBbie
JIBOWHUKH [8, 9], mpeacraisromue co0oi AuHAMHIYe-
CKHE BUPTYaJIbHbIC KOITMH 00bEKTa, OOHOBJISIEMBIC B pe-
aJbHOM BPEMEHU JIaHHBIMU € AaT4ukoB [oT.

Vmpasnenue nenoykamu noctaBok (SCM) mu-
HUMH3HUPYET MPOCTON U PUCKH Ae(UIINTa MaTepHaIoB
Ha Bcex dramax, a LCC mo3BojseT OIEHUTh HE TOJIBKO
MepBOHAYAIbHBIC HHBECTUIIUH, HO M BCE Oy/IyIIHE IKC-
TUTyaTallMOHHBIE PACXOMbl, 3aTPaThl Ha 00CITyKUBaHHE
U BBIBOJI M3 DKCILTyaTalllu, oOecrednBas YKOHOMUYe-
CKy!0 000CHOBaHHOCTH perieHui. [lapamnensHo mpume-
HSFOTCS] METO/IBI YIIPaBICHHS prcKamMH, Takne kak FMEA
i SWOT-ananus, a TakKe CTpaxoBaHUE, TSI MUHUMH-
3alUH NOTEHIATIBHBIX yTpo3 mpoekty [10].

Cospemennoe ynpasnerne JKII OKC Tawoke yaens-
eT 00JIbIII0e BHUMAHHUE YCTOHUYMBOMY Pa3BHTHIO, T7IE SKO-
noruueckue cranaaptel, Takue kak LEED u BREEAM,
3a71a10T TpeOOBaHMs MO SHEProdP(HEKTUBHOCTH, UCTIONb-
30BaHUIO IKOJIOTMYHBIX MAaTEPUATIOB U MUHUMH3AIIH
OTXOJIOB Ha MPOTSHKEHUN BCETO NUKIA. /7 TOBBIICHNS
MPO3PavYHOCTH ITPOLIECCOB BCE Hallle MPUMEHSIOTCS OIOK-
YeHH-TEXHOJIOTHH, 00eCIIeUnBaIONINe HEU3MEHHOCTD
3amuceil B KOHTPAKTAax, [EMOYKax MOCTaBOK U JTOKyMEH-
tarmu [11].

ABtomaruzarmsa U MM mpoHUKaIOT BO BCE aCTIEKTHI
KL oObeKTa CTPOUTENHCTBA: OT ONTHMHU3AINH POCKT-
HBIX PEIICHUH U MPOTHO3UPOBAHUS CPOKOB J0 YIIPaB-

[Tpumenenne nadopmanmoHHOro MoaeIupoBanus Ha stanax KL OKC

Oran XI{ enesas dynkmms CyOBEKTHI yIIPaBICHUS Hanonnenue OcHOBHbIC
MOTPEeOUTEIN
Oran TeXHUKO- Bepudukanns [MpoexTHBIE l'eomerpuueckue DKCIIepTHBIE
HKOHOMHYECKOTO 00BEeMHO- OpTaHM3aINH, mapaMeTpel, OpTaHBlI,
000CHOBAHHS TUTAHUPOBOYHBIX IJIaBHBIH HHXKEHEP crerduKanus TEeXHUIECKUH
¥ TIPOCKTHPOBAHHUE U KOHCTPYKTHUBHBIX MIPOEKTa, MaTepHanos, 3aKa3uuK,
pelIeHNH, BBISIBICHUE BIM-xoopauHaTops! HH)KEHEPHBIE CETH, TOZIPSITHBIC
KOJUTM3UH Ha paHHUX BpPEMEHHBIE TI0KA3aTeNN | OpTaHH3aIIN
CTaIMAX, ONITHMHU3AIIUS (4D), cTouMOCTHBIE
CMETHOW CTOMMOCTH nokazaren (5D)
CTpouTensCcTBO AxTyanuzanuys I'enepanbHbIit dakTHdyeckue DKCIITyaTHpyIOIne
MIPOEKTHBIX PEIICHUH TIOZAPSIUNK, TeOMETPUICCKHE OpraHu3anuH,
B COOTBETCTBHU TEeXHWYECKUH HAaA30p, | IapaMeTpbl, aclopTa | CIyKOBI
¢ akTHdeckn reoie3ndecKas CIyk0a |1 cepTU(UKATEI TEXHUYECKOH
BBITIOJTHEHHBIMU MaTrepHanoB, aKThI WHBEHTApU3aIUH
pabotamu, OCBHICTEIECTBOBAHHUS
dhopmupoBanue CKPBITBIX padorT,
WCTIOJTHUTEIbHOU (dorodukcanus
JIOKyMEHTAIlIH nedeKToB
B uppoBoii cpene
PexoncTpykimst OrneHka pU3HMIECKOTO OrneHka (GU3MYECKOTO CoOCTBEHHUKHI AKTyanbHast
n3HOCA N3HOCA, TIIAHHPOBAHHUE CTPYKTypa HeCyIunx
JIEMOHTAXXHBIX paboT SIIEMEHTOB
Yrunuzanus [ImanmpoBanme CoprHpoBKa CoOCTBEHHUKH, JlanHbie
JIEMOHTAXHBIX PaloT, MaTepHanoB CHEIHaTN3UPOBaHHBIE | O MaTepuaax,
COPTHPOBKA MAaTEPHANIOB | I BTOPUIHOMH OpTaHM3alUH MO CHOCY, | CKPBITHIC
JUTSL BTOPUIHOM nepepadoTKn 9KOJIOTUUECKHH KOMMYHUKAIAN
nepepadboTKu KOHTPOJIb
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JIeHns1 poOOTU3UPOBAHHON TEXHUKOM Ha CTPOHILIONIA -
ke. [eonHpopMannoHHbIE CUCTEMbI UHTETPHUPYIOTCS
JUTS YIpaBJIeHUS HHPPACTPyKTypPHBIMHA TTPOeKTamMu [12].

Takum oOpazom, s dexruBHOE ynpasienne JKI]
CTPOUTETHHOTO OOBEKTa JOCTHTAETCS 3a CUECT MHTE-
Ipallu¥ TaKUX KIIOYEBBIX MOJIXOJOB M TEXHOJOTHH,
Kak HH(QOPMAIMOHHOE MOJCIHPOBAHNE, UCTIOIH30BA-
HUe AaHHBIX OT loT-ceHcopoB M MUGPOBHIX IBOITHH-
KOB, IPUMEHEHHUS MPOABUHYTBIX CHUCTEM YNPaBICHUS
(ERP, CAFM) n anamutuku (LCC), a Takxe BHEApEHUS
MPUHIUIIOB YCTOIHUMBOTO pa3BUTHs U aBTOMATU3AIMH.
[Tpu 3TOM OCHOBHBIM HAaIIpaBICHUEM SIBIISICTCS CO3/a-
HHUE eAUHOHN ITU(POBOI CPEIbI, TIIE BCE ITH TEXHOIOTHU
paboTaloT CorIacoBaHHO, 00eCHeUnBasi CKBO3HYIO ITPO-
3PaqHOCTh, 3PPEKTUBHOCTH U KOHTPOJIH OT KOHIICTIIIUN
1o yrunuzanuu [13].

B3auMocBsA3b aTpuOYTHBHOCTH HH(OPMAIITOHHOT
MO/IeJIM M THIIA CTPOMTEIBHOIO IIPOU3BOACTBA

ITon arpuGyTHBHOCTHIO TIPIMEM CBOHCTBO OOBEKTOB
nHdpopmannonHoit monenu (BIM-monenn) conepxars
B cebe He TOIBKO TeoMeTpUdecKre cBeaeHus (popmy,
pa3Mepbl, MOJI0KEHHE B IIPOCTPAHCTBE), HO U CEMaHTHU-
YEeCKHU HaCBIIIEHHBIE JJAHHBIE (aTpHUOYTHI), KOTOPBIE OITH-
CBIBAIOT UX (PM3UYECKHE, TEXHUUECKNE, DKOHOMUYECKHE
U JKCIUTyaTallUOHHbIe XapakTrepuctuku. Ha puc. 1 mo-
Ka3aH [prUMep 3aloIHEHNs aTpHOyTHBHON MH(OpMAIn
JUISL CBETOIIPO3PAYHON OrpaxIaromie KOHCTPYKIHH.

CrerneHp ETaIM3aUK U HACBIIICHHOCTH aTpuly-
TUBHOHN nH(popmanueit 3D-Moaenu 31aHusl HaXOAUTCS
B IPSMON 3aBUCHMOCTH OT CTaHJApTH3alluu U WHITY-
CTPHAIM3AaLHUN CTPOUTEIBHOTO NPOU3BOJICTBA. ATpH-
OyTHBHOCTB TIOJIpa3yMeBaeT Moj Co00H He MPOCTO reo-

METPHUIO0 00BEKTa, a KOMIUIEKC MTapaMeTPOB U TaHHBIX,
MPUBS3aHHBIX K KaXIOMY JJIEMEHTY MOJEIH, TaKUX
KaK Marepuaj, IPOU3BOAUTEb, CPOK CIIY)KOBI U .
IIpu >TOM HEHHOCTH 3TO MHPOPMAIUN HAPIMYIO
onpenensercs TUIoM npoussoacTsa [ 14, 15].

[To mepe yBennueHHs CTENICHH JeTaNIn3alny ud-
poBasi nHpopmaimonHast Mmozeib (L{FIM) HamonHseTCst
Pa3TUYHBIMH CBEICHUSMHA, YTO OKUTAEMO TMPHUBOIHT
K yBeNM4eHHIo pazmepa ¢aiina LIIM. B xauecTse npu-
Mepa TpuBelieH rpaduk U3MeHeHus pazmepa (aiiaos
0 Mepe HACHIIIEHHS MOIENIN HHpOpMAIHeil OT oruca-
HUS 3aJ]a4 10 MOJIENIM Ha ypoBHe Jeranu3auuu LOD
400 (puc. 2); Ha puc. 3, a npencrasiena 3D-monens
KOTTe/Hka Ha ypoBHe netanmu3ammu LOD 400, tne no0as-
JICHBI aTPUOYTHI B KAXKIBIN SIIEMEHT MoJeTH (pHc. 3, b).

CTONT OTMETHUTB, YTO B YCIOBHSX SAMHUYHOTO ITPO-
M3BOJICTBA (YHUKAJIbHBIE OOBEKTHI) IPUOPUTET OTIACTCS
BU3YyaJIN3aIIH CIIOKHOH TEOMETPUH U MIPOBEPKE KOJITH-
3uif. B Takux npoexrax arpuOyTHBHOCTH pa3BHTa ci1abo,
a nHpopMaIys, KaK MpaBuIo, HE CTaHAAPTU3NPOBaHA
1 PEIIKO UCTIONB3YETCS TTOCIIE Tara CTPOUTEIHCTRA.

i cepuifHOTO TTPOM3BOICTBA (TUIIOBBIC JKUJIBIC
JIOMa, CKJIaJbl) XapaKTepeH BBHICOKUH M 00s3aTeIbHbIN
ypoBeHb arpuOyTuBHOCTH. Co3/1at0TCs OMOIMOTEKH JJ1e-
MEHTOB C 3apaHee 3al0IHCHHBIMHU aTpUOyTaMH, MOJICIb
CITy’KUT 0a30# JUIsi aBTOMaTHYECKOTO (pOPMHUPOBAHHUS
crierUKaIMi, CMET, 3aKa30B MaTepHaJIOB.

B mMaccoBom mpomn3BojicTBe (MUKPOPAHOHBI, CETe-
BbIe 00BEKTHI) aTpHOYTHBHOCTD JOCTHTAeT MAKCUMYyMa.
Kaxp1ii s7eMeHT cHa®XaeTcsi yHUKaIbHBIM HICHTH-
(huKaTopoM, YBSI3BIBAIOIINM CBEICHHUS O MIPOU3BOJCTBE,
MOHTaXe u 00cTykuBaHUH. Mojenh CTAaHOBHUTCS LIH-

CeoiicTBa X
CeolicTeo 3Hauyenune
| Bua ocTekneHua i [lsoiiHoe ocTekneHmne
Knacc no so3zgyxo- n A
E0JONDOHNUAEMOCTH
Knacc no obuemy
3

koabduunenty

acc no NPUBEAEHHOMY c
CONDOTHBAEHNIO

acc no c
3BVKOM3ONALMM M3AENUA
Knacc no c
CONDOTUBAEHUIO
KoHcTpykTneHoe

PacnawHoe

WCNONHEHWE U3aENUs
Macca 200,00 Kr
Marepuan nojokoHHOM
A0CKK
Marepnan pamoyHbIX 3NEMEHTOE nex

Haumenoeanue

O60o3HaueHue

Mpumeyanue

Pasmep

ConpoTtuenenne Tennonepesaye

CrpoutensHeii Mogynb

OKHO ABYCTEOpUATOE NONYTPANELMEBNAHOE

Mpaseiii nonyTpaneyesaHbiit Npoem

3200x1800
1,25
100,00 MM

Puc. 1. IIpumep aTpuOyTOB I CBETOIIPO3PavHON OTpakAaloieil KOHCTPYKINU
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Pasmep ¢aiinos ¢popmaros .txt, .png u .rnp

10 500

9000

7500
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(=)
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Pa3smep ¢aiinos, K6

Onucanue KonnenryanbHas

MOJIEIIb

LOD 100

LOD 250-300 LOD 400

Puc. 2. I'padux n3meHenust oobeMa (aiiia ¢ yBelMueHHEM CTeNIeHH JleTann3annyi HHYOPMAMOHHON MOIEIH

Csoictea X

Coiicteo navenne

Apmmposarme ee cemu 300x300

Vinges wsonauumn sosayumoro wywa | 53,00

Ken <COM> ULK

Marepnan Kenesoberon

Mcck 31301040

Harpysen Mlocroanas warpyaxs ot samia
Haumenosanme Kenesoberonman dynaamentan nnira
Obosmavenne OynaamentHas nauTa-01

Mnousags 27,70

Mpuesanne s p—
Tun DynaamenTHan nawTa

Tonuma 2000

Yposens Yposens wusa: -0,500; Ypoeens sepxa: +0,000

oK Ormena

b

Puc. 3. IIM na yposue neranusanun LOD 400 (a); mpumep arpubytoB ¢yHmamentHoit mnTel B [IIM Ha ypoBHe netanu-

3arum LOD 400 (b)

POBBIM JIBOMHUKOM, HEOOXOAUMBIM TSt 3()(HEKTHBHOTO

YyipaBJIiCHUSA OAHOTUITHBIMU 00BEKTaMHU.

CTpouTe/bHBbII KOHTPOJIb KaK KII0YeBOIi ITaI
BepuUKALUM MOJeIH

IIpoBeneHHbINM aHAIN3 BBIABUIL, YTO KIMEHHO HA JTa-
e CTPOUTEIBCTBA NMPOUCXOAUT KPUTHYECKAs TPaHC-
(hopmartust MPOSKTHOW MOJIEIH B HCIIOJIHUTEIBHYO, TIIC
0e3 Ka4eCTBEHHOTO CTPOUTEIILHOIO KOHTPOJISI, 00eceu -
BAIOLIEr0 BHECEHHE (PAKTUYECKHUX MapaMeTpoB (pe3ylib-
TaThI T€OIE3NIECKUX ChEMOK, JaHHBIC O MPUMEHEHHBIX
MarepHaiax, akThl CKpPBITBIX padoT, GoTodukcanus se-
(hexroB), UM He MOXKET CITy>KHTh OCHOBOM JUIS TOCIIE/TY-
IOLIErO ATarna dKCILTyaTalUH.
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Takum 00pa3om, UCIOIB30BaHHE HH(DOPMAIIHOH-
HOI MOJIETTH B CTPOUTEIILHOM KOHTPOJIC TTO3BOJISIET:

¢ yCTaHaBJIMBaTb OTKJIIOHCHUA Ha paHHeﬁ craguu
U [IPEIOTBPAIIATH JOPOTOCTOSIIUE EPEICIKH;

° HaKarIMBaTh CBEJCHUsS O JAedeKrax sl aHaamuza
TUTIHYHBIX TIPOOIEM;

* CHHXPOHH3UPOBATh MHPOPMALIMIO MEKTy BCEMHU
YYACTHUKAMH CTPOUTENHCTBA B CPE/IC OOIIMX JIAHHBIX;

* obecrieunBarh NPO3PAYHOCTh U OOBEKTUBHOCTH
KOHTPOJISI.

DTO MPUBOIUT K TOMY, YTO CTPOUTEITHHBINA KOHTPOITh
nepecraet ObITh 000COOJICHHOMN Ha[30pPHOM (QyHKIUEH
W CTAaHOBUTCS MEXaHU3MOM BepH(DUKAIIUH H HATIOTHCHHS
HUH(DOPMAIIMOHHON MOJICITH, HEOOXOMUMBIM TS CO3IaHHMS
JIOCTOBEPHOTO 1U(POBOTO JIBOIHUKA.
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KanuTaabHOro CTPOUTEALCTBA AAS CO3AaHUSA ero UMppoBoro ABOVHUKa

3AKJTIOYEHHUE U OBCYXJIEHHUE

[TomyueHHbIe pe3ysbTaThl MOATBEPKIAAOT, UTO CO-
BpemenHoe ynpasienue K1 OKC punamudgeckn pas-
BHBaeTcs OT HabOpa pPa3poO3HEHHBIX MPOILECCOB K Iie-
JIOCTHOH TEXHOJIOTMYECKOHM IKOCHCTEME, B KOTOPOH
KJIFOYEBBIM 3JIEMEHTOM BbIcTynaeT MM, creneHs aTpu-
OYTHBHOCTH KOTOPO OJI’KHA COOTBETCTBOBATH THUILY
MIPOU3BO/ICTBA M 3aJlauaM pPaccMaTpUBAEMOro 3Tara
JKLI. BolsiBneHHas 3aBUCMMOCTb HaPsIMYIO COITIACYETCsl
C MUPOBBIMH TE€H/ICHIINSIMH, KOTOPBIE TTOATBEPXK/IAI0T Te-
31C O TOM, YTO B CEPUHHOM U MacCOBOM CTPOMTEIIHCTBE
CTaHJAapPTU3alMs JaHHBIX U ITyOOKast aTpuOyTHBHOCTh
CTAHOBATCA O65138.TCJ'II)HLIM YCIIOBUEM aBTOMAaTU3allN
n pobotuzaruu [13].

Oco6oe 3HaueHNe TPHOOPETAET 3TAIl CTPOUTEIB-
HOT'O KOHTPOJIA. 3a9acTylo B JINTEPAType OCHOBHOE BHU-
MaHHE YJeNseTCsl IPOSKTUPOBAHUIO M IKCILTyaTaluH,
TOI/Ia KaK IIPOMEXyTOuHast (ha3a CTPOUTENILCTBA paccMa-
TPUBAETCS KaK «4epHbIH AMK». VccnenoBanue aBTopoB
MOKa3bIBACT, YTO UMEHHO TPH CTPOUTEIBHOM KOHTPOJIE
3aKJIaIBIBACTCS OCHOBA TS OY/IyIIero pa3BUTHs HHPOP-
MAalrOHHON MOJIENIH U ee Mepexosl B NU(POBOTO JBOK-
Huka. [Ipu sTom ucnons3oBanue UM B cTpoutensHoM
KOHTpOJIE JJa€T BO3MOXKHOCTb HE TOJIBKO ITOBBICHTH Ka-
4eCTBO padoT, HO U 00eCTIeUNTh HH(DOPMAIHOHHYFO TIpe-
€MCTBEHHOCTb Mex 1y cTanusamu XKL

WHTerpanust CTpOUTENHHOTO KOHTPOJIS B EANHYIO
nudposyto cpeny (CDE) oTkpriBaeT BO3MOKHOCTH
JUIsS. aBTOMAaTU3UPOBAHHOTO CPABHEHMS «KaK 3alPOCK-
THUPOBAHO» U «KaK IMOCTPOEHOY (HAIpUMep, 10 JaHHBIM
JIa3€PHOTO CKAHWPOBAHMUSI); NMPEIUKTUBHOIO aHAIIN3a
PHCKOB Ha OCHOBE HAKOIUIEHHBIX CBEICHUM O Je(eKTax;
(opMUpPOBaHNS NCTIOTHUTEIBHON JOKYMEHTAIINH B ITH(D-
POBOM BH/JIE, TOTOBOH JUIS MIEPEady B SKCILTyaTaIHIoO.

[{udpoBbie ABOWHHUKHN MTO3BOJISIIOT MOHUTOPUTD CO-
CTOsIHUE 00BEKTa B peallbHOM BPEMEHHU U IPOTHO3UPO-

BaTh OTKa3bl. biokueiin obecrieunBaeT HEM3MEHHOCTh
3amMceil 0 KaueCTBE U MPOUCXOKICHUHM MaTepHUajIoB.
HckyccTBeHHBIN HHTEIDICKT CIIOCOOSH aHAIN3UPOBATh
OorbIIIe MacCUBHI aTPUOYTUBHBIX TAaHHBIX JUISI O THMH-
3aIlUM MPOSKTHBIX M YIPABICHYECKUX perieHui. OnHaKo
BHEIPEHHE 3THX TEXHOJIOTHH TpeOyeT BHICOKOTO YPOBHS
CTaH/IapTH3alMX ¥ aTpHOyTUBHOCTH MH(POPMAIMOHHON
MOJIETIH, YTO TAKKE TOATBEPKIACT HEOOXOTUMOCTh Ka-
YECTBEHHOIO CTPOUTENILHOIO KOHTPOJIS.

Ha ocHOBe npoBeIEeHHOTO UCCIEOBAHUS MOXKHO
Clienarh CIEIYHOIIIE BEIBOIbIL.

Db dexruBHoe ynpasnerne XKL OKC tpedyer cos-
JIaHus eIMHON 1I(POBOH CpeIbl, IPOM KOTOPOIT BBICTY-
naer ceMantuyecku HacoinieHHass VIM. IIpoBeneHHbIi
aHaJIN3 TIOKa3aJl, 4TO CTETEHb aTPHOyTUBHOCTH MOAEIN
JoInKHA TUddepeHInpoBaThCst B 3aBUCHMOCTH OT THTIA
MIPOM3BOCTBA: OT MUHUMAJIBHON B €INHUYHOM CTPOH-
TEJIBCTBE 10 MAKCUMAJIBHOM B MACCOBOM.

Kputnueckum sTanoM, onpenensonmm KayecTBO
U(PPOBOro TBOWHUKA, SBJISIETCS CTPOUTEILHBIA KOH-
Tposb. VIMEHHO B 3TOT NepHOJ MPONCXOIUT BepHrprKa-
WSl TPOEKTHBIX PelIeHui u PpuKcanus GakTHIeCKUX
napamerpoB o0bekTa. MHTerpaus pe3ynbTaTtoB CTpo-
UTEIBHOTO KOHTPOJIS B Mpoluecc HH(GOPMAITMOHHOTO
MOJIETUPOBAHUS TIO3BOJIIET HE TOJIBKO MOBBICUTH Kaue-
CTBO M TPO3PauyHOCTh CTPOHUTENLCTBA, HO U 00ECIICUUTh
NH(POPMAIMOHHYIO TIPEEMCTBEHHOCTh HA BCEM IIPO-
TSDKEHUH JKU3HEHHOTO IUKJIa 00BEKTa KaluTaIbHOTO
ctpoutenscTBa. Passurue ynpasnenus XKL OKC Gyner
CBSI3aHO C yNTyOieHHbIM npuMeHenueMm MU, aBromaru-
3aIUy U pOOOTH3AINH, ISl KOTOPBIX CTPYKTYPHUPOBaH-
HBIE aTpHOYTHBHBIC TAHHBIE CITY>KaT OCHOBOM.

JanpHeWnme uccieqoBaHms aBTOPOB OyAyT Ha-
MpaBJIeHbl Ha pa3paboTKy METOAMK OLIEHKH 3PEJIOCTH
aTpUOyTUBHBIX JAHHBIX U MHTETPALlUH PE3yJIbTaTOB
CTPOUTENBHOTO KOHTPOJIS ¢ MOJIEISIMUA MAIIMHHOTO 00-
YUEHHUSI.
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INTRODUCTION

The life cycle management of a capital construction
project (CCP LC) is a comprehensive process covering
all stages of the project’s existence — from the initial
concept through to its decommissioning. The term “capi-
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tal construction project” applies to projects at all stages
of the life cycle, except for the operational stage, where
the term “property” is used [1]. At the same time, the set
of methods and tools for managing capital construction
projects changes dynamically as the project progresses
through the stages of its life cycle [2—4].
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a capital construction project to create its digital twin

The foundation is building information model-
ling (BIM in international literature, or TIM in Russian
literature) [5—7]. This approach involves creating a de-
tailed digital 3D model of the project during the design
phase, which subsequently serves as a single source
of data throughout its entire life cycle. However, despite
the widespread use of building information modelling
technologies during the design phase, their potential in
subsequent stages — particularly during construction su-
pervision — is not fully realized.

The aim of the study is to justify the need to inte-
grate construction supervision into a unified digital envi-
ronment based on an information model (IM) as a mech-
anism for data verification and the creation of a reliable
digital twin of the facility. To achieve this, the following
steps should be taken:

* to systematize information on the application
of information modelling technologies at the various
stages of the life cycle;

¢ identify how the level of detail (attribution)
of the model depends on the type of construction activity;

* demonstrate the key role of construction super-
vision as a mechanism for verifying and populating
the model during the construction phase, in order to cre-
ate a reliable digital twin of the construction project.

MATERIALS AND METHODS

An analytical review was conducted to synthesise
information from scientific and technical literature, regu-
latory documents and industry publications concerning
the management of the life cycle of a capital construc-
tion project, information modelling and the use of related
technologies. The following approaches and tools were
examined:

+ information modelling (BIM/TIM) — a funda-
mental method for creating and maintaining a digital de-
scription of a facility;

» common data environments (CDE) — collabora-
tive platforms (such as Autodesk Construction Cloud,
Trimble Connect, etc.) that provide a single repository
for up-to-date information;

» digital twins — dynamic virtual copies of a facil-
ity, updated in real time with data from Internet of Things
(IoT) sensors [8, 9];

» management systems — automated property man-
agement systems (CAFM), enterprise resource planning
(ERP) systems, and supply chain management (SCM)
systems;

* analytical methods, such as life-cycle cost (LCC)
analysis, risk management (FMEA, SWOT analysis),
environmental certification (LEED, BREEAM), as well
as cutting-edge technologies — blockchain to ensure
the immutability of records, artificial intelligence (Al) to
optimize decisions, and geographic information systems
(GIS) for infrastructure projects [10-12].

Particular attention is paid to the concept of the attribu-
tion of an information model, i.e. the ability of the model’s
elements to contain not only geometric but also seman-
tic data (physical, technical, economic and operational
characteristics). In order to analyze the impact of the type
of construction on the required level of attribution,
three categories have been identified: one-off (unique
structures), standardized (standardized buildings) and
mass (large residential estates, networked facilities)
construction.

RESEARCH RESULTS

Information model at the various stages of the CCP
life cycle

The analysis carried out has determined the content
of information modelling at the main stages of the life
cycle (Table).

The management of the CCP life cycle is structured
in a similar way in accordance with standardized phases,
utilizing specialized systems, including common data en-
vironments (CDE) such as Autodesk Construction Cloud
or Trimble Connect, computerized facility management
(CAFM) systems, IBM Maximo or ESTRON, and en-
terprise resource planning (ERP) systems, such as SAP
or 1C:ERP, which play a key role in managing finances,
material resources, logistics and timelines.

The application of information modelling at the stages of the life cycle of the CCP

Life-cycle stage Target function Management Content Primary users
entities
Feasibility study | Verification of space-planning | Design Geometric parameters, Review
and design stage | and structural solutions, early- | organizations, chief | material specifications, authorities,

stage clash detection, and
optimization of the estimated
cost

project engineer,
BIM coordinators

technical client,
and contractors

utility systems, time-related
parameters (4D), and cost
parameters (5D)

Construction Updating design solutions
in accordance with the work
actually performed

and generating as-built
documentation in a digital

environment

General contractor,
construction
supervision, and
surveying service

Actual geometric
parameters, material
passports and certificates,
concealed-work
inspection certificates, and
photographic records of
defects

Operating
organizations

and technical
inventory services
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End of the Table

Life-cycle stage Target function Management Content Primary users
entities
Reconstruction Assessment Assessment Owners Current
of physical deterioration of physical configuration
deterioration and of load-bearing
planning elements
of dismantling
works
Disposal Planning Sorting of materials | Owners, specialized Material data
of dismantling works and for recycling demolition contractors, and concealed
sorting and environmental control | utilities
of materials authorities
for recycling

Digital twins [8, 9], which are dynamic virtual cop-
ies of a facility updated in real time with data from IoT
sensors, help to improve the efficiency of the manage-
ment process during the operational phase.

Supply chain management (SCM) minimizes down-
time and the risk of material shortages at all stages, whilst
LCC enables the assessment not only of the initial invest-
ment but also of all future operating, maintenance and de-
commissioning costs, ensuring that decisions are econom-
ically sound. Risk management methods, such as FMEA
or SWOT analysis, are applied in parallel, alongside in-
surance, to minimize potential threats to the project [10].

Modern life-cycle management of capital construc-
tion projects also places great emphasis on sustainable
development, where environmental standards such as

LEED and BREEAM set requirements for energy ef-
ficiency, the use of environmentally friendly materials
and the minimization of waste throughout the entire life
cycle. To enhance the transparency of processes, block-
chain technologies are increasingly being used to ensure
the immutability of records in contracts, supply chains
and documentation [11].

Automation and Al are permeating every aspect
of a construction project’s life cycle: from optimizing
design solutions and forecasting timelines to managing
robotic equipment on the construction site. Geoinforma-
tion systems are being integrated to manage infrastruc-
ture projects [12].

Thus, effective management of a construction proj-
ect’s lifecycle is achieved through the integration of key

Fig. 1. Example of attributes for a translucent building envelope
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File sizes for the following formats .txt, .png u .rnp
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Fig. 2. Graph showing changes in file size as the level of detail in the information model increases

approaches and technologies such as information model-
ling, the use of data from IoT sensors and digital twins,
the application of advanced management systems (ERP,
CAFM) and analytics (LCC), as well as the implementation
of sustainable development principles and automation.
The main focus is on creating a unified digital environ-
ment where all these technologies work in harmony, en-
suring end-to-end transparency, efficiency and control
from concept to decommissioning [13].

The relationship between the attributiveness
of the information model and the type
of construction production

By “attribution”, we mean the property of objects
in an information model (BIM model) to contain not
only geometric information (shape, dimensions, spatial

position), but also semantically rich data (attributes) that
describe their physical, technical, economic and opera-
tional characteristics. Fig. 1 shows an example of how to
populate attributive information for a translucent build-
ing envelope.

The level of detail and the richness of the attribute
information in a 3D building model are directly dependent
on the standardization and industrialization of construc-
tion. Attributiveness refers not merely to the geometry
of an object, but to a set of parameters and data associated
with each element of the model, such as material, manu-
facturer, service life, etc. The value of this information is
directly determined by the type of production [14, 15].

As the level of detail increases, the digital informa-
tion model (BIM) is populated with various data, which
predictably leads to an increase in the BIM file size. As

Csoictea X

Ceoiicteo

3navenme
[Bse cemen 3005
a 5300

<COM> ULK

Kenesoberon

30301040

MocTonmHas Harpyska oT 3aaHHA
Kenesoberonnan dynaamentHan nnvra
OynaamentHas nuTs-O1

207,70

Harpy3KH OT 3A3HMA
Oynaamenian nura
20000

oK Ormena

b

Fig. 3. BIM at LOD 400 (a); an example of foundation slab attributes in a BIM model at LOD 400 (b)
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an example, a graph showing the change in file size as
the model is enriched with information, from the task
description to a model at LOD 400, is provided (Fig. 2);
Fig. 3, a shows a 3D model of a cottage at Level of De-
tail (LOD) 400, where attributes have been added to each
element of the model (Fig. 3, b).

It is worth noting that in one-off production (unique
structures), priority is given to the visualization of com-
plex geometry and collision detection. In such projects,
the use of attributes is limited, and the information
is generally not standardized and is rarely used after
the construction phase.

Mass production (standardized residential build-
ings, warehouses) is characterized by a high and manda-
tory level of attribute-based modelling. Libraries of ele-
ments with pre-filled attributes are created, and the model
serves as the basis for the automatic generation of speci-
fications, cost estimates and material orders.

In mass production (housing estates, chain develop-
ments), the level of attribute detail reaches its maximum.
Each element is assigned a unique identifier linking in-
formation on production, installation and maintenance.
The model becomes a digital twin, essential for the effec-
tive management of identical facilities.

Construction supervision as a key stage in model
verification

The analysis carried out revealed that it is precisely
during the construction phase that a critical transforma-
tion takes place from the design model to the as-built
model, where, without high-quality construction super-
vision ensuring the incorporation of actual parameters
(results of surveying, data on materials used, certificates
of concealed works, photographic documentation of de-
fects), the information model cannot serve as a basis for
the subsequent operational phase.

Thus, the use of an information model in construc-
tion supervision enables:

* deviations to be identified at an early stage and
costly rework to be prevented;

« information on defects to be collated for the analy-
sis of typical problems;

* synchronize information amongst all construction
stakeholders within a shared data environment;

* ensure transparency and objectivity in supervision.

As a result, construction supervision ceases to be
an isolated oversight function and becomes a mechanism
for verifying and populating the information model,
which is essential for creating a reliable digital twin.

CONCLUSION AND DISCUSSION

The results obtained confirm that modern manage-
ment of the life cycle of construction and installation
works is evolving dynamically from a set of disparate
processes towards a holistic technological ecosystem, in
which information management (IM) plays a key role;
the degree of attribute-based data in IM must correspond
to the type of production and the objectives of the rel-
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evant stage of the life cycle. The identified relationship
is directly consistent with global trends, which support
the view that, in serial and mass construction, data stan-
dardization and high levels of attribute detail are becom-
ing a prerequisite for automation and robotization [13].

The construction supervision stage takes on partic-
ular significance. Often, the literature focuses primarily
on design and operation, whilst the intermediate phase
of construction is treated as a “black box”. The authors’
research shows that it is precisely during construction
supervision that the foundations are laid for the future
development of the information model and its transition
to a digital twin. Furthermore, the use of the IM in con-
struction supervision makes it possible not only to im-
prove the quality of work but also to ensure information
continuity between the stages of the life cycle.

The integration of construction supervision into
a common digital environment (CDE) opens up oppor-
tunities for automated comparison of “as designed” and
“as built” (for example, based on laser scanning data);
predictive risk analysis based on accumulated data on de-
fects; and the creation of digital as-built documentation,
ready for handover to the operational phase.

Digital twins enable real-time monitoring of an as-
set’s condition and the prediction of failures. Blockchain
ensures the immutability of records relating to the quality
and origin of materials. Artificial intelligence is capable
of analyzing large sets of attribute data to optimize de-
sign and management decisions. However, the imple-
mentation of these technologies requires a high level
of standardization and attribute-richness in the informa-
tion model, which also underscores the need for high-
quality construction supervision.

Based on the research conducted, the following
conclusions can be drawn.

Effective management of the life cycle of building
complexes requires the creation of a unified digital envi-
ronment, the core of which is a semantically rich infor-
mation model. The analysis carried out has shown that
the degree of attribute-richness of the model should vary
depending on the type of construction: from minimal in
individual construction to maximal in mass construction.

Construction supervision is a critical stage that de-
termines the quality of the digital twin. It is during this
period that design solutions are verified and the actual pa-
rameters of the facility are recorded. Integrating the results
of construction monitoring into the information modelling
process not only improves the quality and transparency
of construction, but also ensures information continuity
throughout the entire life cycle of a capital construction
project. The development of capital construction project
lifecycle management will involve the in-depth applica-
tion of Al, automation and robotization, for which struc-
tured attribute data serves as the foundation.

The authors’ further research will focus on develop-
ing methodologies for assessing the maturity of attribute
data and integrating the results of construction monitor-
ing with machine learning models.



Integration of construction monitoring results into the information model of

P. 144-155

a capital construction project to create its digital twin

REFERENCES

1. Adamtsevich L.A. Lifecycle management of in-
tegrated territorial development projects based on orga-
nizational and technological solutions. Real Estate: Eco-
nomics, Management. 2025; 4:32-39. EDN HGHDDQ.

2. Isupov N.S., Karmanova M.M., Pridvizhkin S.V.,
Fomin N.I. The possibilities of managing the life cycle
of a construction object using TIM. Bulletin of SUSU.
Series “Construction Engineering and Architecture”.
2023; 23(1):48-56. DOI: 10.14529/build230106. EDN
JQICWG. (rus.).

3. Shilova L. Information support of life support fa-
cilities with criteria of engineering and functional stability
in emergency situation. Information Resources of Russia.
2014; 6(142):24-27. EDN TBRWKEF. (rus.).

4. Ginzburg A., Shilov L., Shilova L. The method-
ology of storing the information model of building struc-
tures at various stages of the life cycle. Journal of Phys-
ics: Conference Series. International Scientific Confer-
ence on Modelling and Methods of Structural Analysis
2019, MMSA 2019. 2020; 012156. DOI: 10.1088/1742-
6596/1425/1/012156. EDN JNGNOD.

5. Nechaev A.A. Interoperability of building infor-
mation modeling systems. Step fo Science. 2023; 4:70-78.
EDN LLGZYS. (rus.).

6. Filatov V.V., Pestrikova A.D., Adamtsevich L.A.
Domestic experience in the development of information
modeling technologies. Industrial and Civil Engineering.
2023;9:80-87. DOI: 10.33622/0869-7019.2023.09.80-87.
EDN RWKEGQ. (rus.).

7. Bovteev S.V., Petelin M.E. Requirements for
3D model and schedule development to optimize the 4D
modeling process. Innovations & Investments. 2023;
10:226-229. EDN OUEFFF. (rus.).

8. Kryukov K.M., Shapovalov A.V. The use of dig-
ital twin technology in construction. Engineering journal
of Don. 2022; 5(89):517-525. EDN SVIIWZ. (rus.).

Received April 20, 2026.
Adopted in revised form on April 28, 2026.
Approved for publication on May 12, 2026.

9. Adamtsevich L. Industry 4.0 technologies for en-
suring the functionality of urban infrastructure socially sig-
nificant elements : a review. Lecture Notes in Civil Engi-
neering. 2022; 3-22. DOIL: 10.1007/978-3-030-96206-7 1.
EDN WLBPSI.

10. Moshkalev D.S. Practical tools of an inte-
grated construction cost management system. Vestnik
MGSU [Monthly Journal on Construction and Architec-
ture]. 2022; 17(11):1513-1527. DOI: 10.22227/1997-
0935.2022.11.1513-1527. EDN WHYDYF. (rus.).

11. Fedosov S.V., Oparina L.A., Fedoseev V.N. Dig-
ital project of construction organization: concept, defini-
tion, modern requirements, software. Academia. Architec-
ture and Construction. 2024; 2:143-149. DOI: 10.22337/
2077-9038-2024-2-143-149. EDN IULEKX. (rus.).

12. Yakushev N.M., Ivanov D.A., Simakov N.K_,
Kislyakov M.A. Innovation in the construction lifecycle
through BIM/GIS integration. Construction and Industri-
al Safety. 2024; 33(85):23-29. DOI: 10.29039/2413-1873-
2024-33-23-29. EDN UGGEGH. (rus.).

13. Larionov A.N., Prikhodko A.V. Further introdu-
ction of information modelling technologies in the course
of implementation of investment projects in the field of
housing construction. Vestnik MGSU [Monthly Jour-
nal on Construction and Architecture]. 2023; 18(2):
270-282. DOI: 10.22227/1997-0935.2023.2.270-282.
EDN ZVIYHH. (rus.).

14. Surzhikov R.I. Implementation of BIM technol-
ogies in the management of a residential complex. E-Scio.
2019; 4(31):250-257. EDN JPYBNF. (rus.).

15. Larionov A.N., Solovev V.V., Morozov A.A.
Development of a capital expenditure model in the con-
text of construction digitalization. Vestnik MGSU [Month-
ly Journal on Construction and Architecture]. 2023;
18(1):91-101. DOI: 10.22227/1997-0935.2023.1.91-101.
EDN OWNGYT. (rus.).

BioNoOTES: Victor S. Evstratov — lecturer; Moscow State University of Civil Engineering (National Re-
search University) (MGSU); 26 Yaroslavskoe shosse, Moscow, 129337, Russian Federation; SPIN-code: 4837-7695,
ID RSCI: 895643, Scopus: 57197806238, ORCID: 0000-0002-7794-3897; EvstratovVS@mgsu.ru;

Alexey P. Strelkov — master’s student; Moscow State University of Civil Engineering (National Research
University) (MGSU); 26 Yaroslavskoe shosse, Moscow, 129337, Russian Federation; EvstratovVS@mgsu.ru;

Evgeniya A. Ginzburg — student; Moscow State University of Civil Engineering (National Research Univer-
sity) (MGSU); 26 Yaroslavskoe shosse, Moscow, 129337, Russian Federation; EvstratovVS@mgsu.ru;

Egor M. Zheleznov — master’s student; Moscow State University of Civil Engineering (National Research
University) (MGSU); 26 Yaroslavskoe shosse, Moscow, 129337, Russian Federation; EvstratovVS@mgsu.ru.

Author contributions:

Victor S. Evstratov — scientific supervision, general study concept.
Alexey P. Strelkov — writing the original text, selecting literature.

Evgeniya A. Ginzburg — text revision, final conclusions.

Egor M. Zheleznov — text revision, final conclusions.
The authors declare no conflicts of interest.

155

(09) Z ANSSI'OL°ION Smamnay "oFS



raTITOnLCTBS: Ty 16. BhInyc 2 (60)

APXUTEKTYPA. PEKOHCTPYKUWA.
PECTABPAUWA. TBOPYECKUWE
KOHUENUWMWN APXUTEKTYPHOW

OEATEJNIBHOCTU. APXUTEKTYPHOE

MPOEKTUPOBAHWE. TPAOOCTPOUTEJIBCTBO.

rPAOOPEIYNMPOBAHWUE

HAYUYHAS CTATbBSA / RESEARCH PAPER
YAK 721.01
DOI: 10.22227/2305-5502.2026.2.9

3HAYMMOCTD XY10KeCTBEHHO-ICTETHYECKOI0 aCMEeKTA
o(opMIIeHHUS NTOA3EMHBIX MPOCTPAHCTB

Banepus BauyeciapoBna Illeun, Menanus Pomanosna /Ipesann
Jlonckoti eocyoapcmeennviti mexnuyeckuu ynugepcumem (I'TY); 2. Pocmos-ua-/{ony, Poccus

AHHOTAUMA

BBepeHue. Viccnegyetca ponb NOA3EMHbBIX KOMMYHUKATUBHBIX MPOCTPaHCTB (MELLeXOAHbIX NepexoAoB, CTaHUMA METPO)
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ABSTRACT

Introduction. The paper investigates the role of underground communication spaces (pedestrian crossings, metro stations)
in shaping the visual, aesthetic, and socio-cultural environment of modern cities. The research is driven by the need to trans-
form utilitarian infrastructure into multifunctional elements of the urban landscape that enhance place identity, emotional
well-being, and the overall quality of life for inhabitants.

Materials and methods. The study employs a multifaceted methodological approach, including visual analysis of spaces
based on categories like color scheme, narrative, and materials; a hypothetical-deductive method; sociological surveys tar-
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geting both professionals and the general public; photofixation; and graphical modeling. The empirical basis comprises case
studies from cities in Russia (Yekaterinburg, Rostov-on-Don), Europe (the Netherlands, Belgium), and the USA.

Results. A typology of objects is proposed based on their urban significance: dominant (“Image of the City”); structurally
Significant; peripheral. For each type, tailored renewal strategies are developed, ranging from cost-effective cosmetic en-
hancements to comprehensive reconstruction. The core outcome is the formulation of four universal conceptual models for
aesthetic transformation: 1) “Genius Loci” (myth/place); 2) “Space — Art Object”; 3) Ornamental for extended spaces; and
4) Cost-effective color division for peripheral areas.

Conclusions. The study confirms that artistic design transforms underground passages from purely functional conduits into
significant elements of the urban fabric, improving comfort and perceived safety. The proposed conceptual models provide
a systematic framework for integrating art into urban infrastructure, effectively considering local context, historical signifi-
cance, and budgetary constraints. This approach allows for the rational and aesthetically valuable organization of urban
underground spaces, systematizing the visual image of the anthropogenic environment.

KEYWORDS: architecture of underground spaces, underground passage, metro station, aesthetics of underground spaces,
architectural reconstruction of underground spaces, urban design, cultural heritage
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BBEJAEHUE

HckyceTBO — 3TO YIUBUTEIBHEIN CIIOCO0 AHAO-
ra JIOICH pa3HBIX 310X U IMOKOJICHUH, 3aMMCTBOBAHHUS
onbiTa. MHaye roBOpsi, NaHb YBaXKCHUS TPAIULIUSIM,
HO 1 HOBaTOpcTBO [1]. XynoxKecTBEHHOE BBIpaXKEeHHE,
BITMUCAHHOE B TOPOJICKYIO CPEJLy, JaBHO MEPECTalio ObITh
UCKJTFOUYUTEIIFHO JICKOPATUBHBIM 3JIeMEHTOM. OHO BBI-
MOJTHSICT BAYKHBIC COIMAIBHBIC M KYJIBTYPHBIC (DYHKIIUH,
(bopMUpYst HACHTUYHOCTH MecTa [2] ¥ BIIHSIS HA IMOIIAO-
HaJIbHOE COCTOSIHME U B UTOTE HA KQYECTBO KU3HU B yp-
OGanuzupoBanHOH cpene [3].

C Touku 3peHns ypOaHUCTUKN OOIIECTBEHHbIE TPO-
CTPAHCTBA CTAHOBSITCS Ba)KHEHIIINM 3JICMEHTOM B (op-
MHPOBAaHUHM BU3YaJbHOW UIACHTUYHOCTH Topona [4].
OH# c0o31ar0T 0CO0YF0 aTMOC(EPY, KOTOPAs IPUTSATHBACT
KaK TOCTEH, TaK M KHUTEJICH, CO3/IaBas SMOLIMOHAIbHBIN
maHAma(T U CIOCOOCTBYET CTAaHOBICHHUIO BU3yallhb-
HOW W TICUXOJOTHYECKOW CONMOKYIBTYpPHOM Cpensl [5].
VIMEHHO WEeNOCTHBIA MOAXOX K OPOPMIICHHIO MPO-
CTPAHCTB, WM HA0OOPOT, aKIICHTUPOBAHNE BHUMAHUS
Ha OoJiee MEJIKUX JIeTallsiX, B KOHTEKCTe roposa [6], Mo-
JKeT CTaTh KOMIIO3UIIMOHHON JOMHHAHTOH H, KaK CIIe/I-
CTBHE, IIEHTPOM TPUTSHKEHUS OOIECTBEHHOCTH [7]
B COOTBETCTBHU C MPHHIUIIAMYI OpTaHU3aIHH KH3HE-
CIOCOOHBIX TOPOJCKHUX MPOCTPAHCTB [§].

Ha ocHoBe ombITa TeOpHd MPOCSKTUPOBAHUS B CO-
BPEMEHHOM apXHUTEKTYPHOM IIOIXO/IC BBIBEACHO HOBOE
OTHOIIICHHE K OOJIHMKY rOpojia M B3ATO HAa BOOPYKCHHE
MHOTO(YHKIIHOHAIFHOE UCIIOJIb30BAHUE TPAHCIIOPTHO-
MEIIEXOHBIX ITYTCH, Y3JI0B ¥ TOPOJICKUX TEPPUTOPHIA.
Takum 00pa3oM, ITUM 0OBEKTaM OTBOIUTCS KITFOUYCBas
poInb B CTpyKType ropoaa [9].

MATEPHWAJIBI U METO/ bl

Jlnis uccnenoBaHus UCTIOIb30BAHBI CACAYIOIUE Me-
TOIBL:

* BU3YaJIbHbIH aHAIN3 — U3y4YeHUe 0(OpPMIICHUs
[IOJ3EMHBIX KOMMYHHKALIMOHHBIX IIPOCTPAHCTB B COOT-

BETCTBHH C KATETOPUSIMHE (KOJIOPUCTHUECKAs CXEMa, BO3-
pact, 0COOEHHOCTH CIOXKETA, & TAKKe UX POJIb B (HOPMH-
POBaHMHU BU3YaJILHOTO OOJIMKA rOpoJia);

* THIIOTETUKO-ICAYKTHBHBIA METO/] O3HAHUSL;

* COLIMOJIOTMYECKHUIT O1pOC;

* (horodukcarys;

* Tpadudeckas yacThb.

PE3YJIBTATHBI HCCIEJOBAHMUSA

[Ton3zemMHBIE KOMMYHUKAaTHBHBIE NMPOCTPAHCTBA
SIBJISIIOTCSI B)KHBIM (DYHKIIMOHAJIBHBIM OOBEKTOM M He-
OTBEMJIEMOH YacThi0 HH(PPACTPYKTYPBI TOPOJICKOTO TIPO-
crpanctBal. Kak u j060ii Ipyroil KOMIOHEHT [ENI0To,
T.€. COBPEMEHHOTI'0 TOpo/ia, MO3EMHBIE NTEPEXOIbI MOTYT
HCIIOJIb30BaThCS HE TOJIBKO KaK YTHJIMTAPHBIH IEMEHT,
HO ¥ KaK CBO€0OpasHasi apT-Tajiepesi, OTpaxkaroiast Kyib-
TypHbIN Kozt peruona [10].

Lens nccnenoBanus — MPOAHATM3NPOBATH 3HAUH-
MOCTh YTHIMTapHBIX KOMMYHHUKAIIMOHHBIX MOI3EMHbIX
IIPOCTPAHCTB B CTPYKTYpE T'OpOAa, B PE3YNIbTATE aHa-
JIU3a BBIABUTH ONTHUMAJIbHbIC, KOHLIENTYyaJbHbIC U YHU-
BepCcalibHbIE TIOJIXO/bI B 0(hOPMIICHHH TTOJI3EMHBIX KOM-
MYHHUKATHBHBIX IPOCTPAHCTB C YYE€TOM XY 0KECTBEHHO-
SCTETUYECKOTO U aPXUTEKTYPHOTO acleKTa MpH MpUMe-
HEHHWHU KaTeropuil (KOJOpHCTHUYECKas cxema, (akTypa
U MaTepHabl, 0COOCHHOCTH CIOXKETa, a TaKKe UX POIIb
B (POPMHUPOBAHIHN BH3YaJIHHOTO 0OIHKA TOPOIA).

3amaun UCClenOBaHMUS:

* IIPOAHAIM3UPOBATh CYIIECTBYIOIINE MOA3EMHBIE
MIPOCTPAHCTBA B CTPYKType ropoaos EBpomsl, Poccun,
CIIA;

* BBISIBUTH CTHJIEBBIE U CIOJKETHBIC HAINIPABICHHUS
KOHIICTIINI 0(OpMIIEHHSI TEIIEXOAHBIX EPEXO/IOB B CTPYK-
Type Topoza;

! MarepHaJibl 110 CTPATerHsiM IPagoCTPOUTEILHOTO PA3BUTHS ©
Anmunucrpanys . Pocrosa-na-Jlony. PoctoB-na-Jlony : Mynu-
umagbHas nmpecca, 2023.
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Puc. 1. Ilonzemuslii nemexonusiii nepexoa B Exarepun0ypre, Poccust (a); B 3somte, Osepoaiicen, Hunepnanas! (b)

* TPEIUIOKUTH KIACCUPHUKALMUIO CYIIECTBYIOIINX
MO/I3EMHBIX MPOCTPAHCTB IO PACIIOIOKEHHUIO B CTPYK-
Type ropoia o KOHIIENTYalIbHO-CEMHOTHYECKOMY SIAPY;

* MPEUIOKUTH KOHIENTYyaJIbHBIE MOJEIH MPeod-
pa3oBaHus, ONTUMHU3UPYIOIINE B3aUMOJICHCTBIE BU3Y-
AJIBHO-3CTETHYECKON M (DPyHKIIMOHATbHONH KOMIIOHEHTBI
TIO/I36MHBIX KOMMYHHKAIIMOHHBIX TIPOCTPAHCTB.

B 3aBucumocTn ot craryca u (QpyHKIUM 00BEKTa
B TKaHU TOPOJa MOXXET OBITH MCIIOIb30BaH Pa3HbINA THIT
OOHOBIIEHUSI ITPOCTPAHCTBA.

OOBEKTHI THIIH3UPYIOTCS:

* OOBEKT MOBBIIIEHHOH 3HAYUMOCTH («IHLIO TOPO-
Ja»);

* 00BEKT 3HAYMMBII B KOHTEKCTE MPE3CHTALNN Y-
0GaHU3UPOBAHHON CTPYKTYPHI;

* 00BeKT nepudepuitHbIil.

COOTBETCTBEHHO B 3aBUCHMOCTH OT THITA 3HAYMMO-
CTH TIPEIATAIOTCS CIISAYIOIIHE ITyTH PeaTN3aIHN:

* JICIIOJIb30BAaHNE SKOHOMHYECKH PallOHATBHBIX
MaTepualioB ¥ CIOCOOOB: OMITYKAaTypHUBaHUE, OKpacKa
(co3maHue 3CTETHYECKH LIEHHOTO BHU3yalbHOTO 00pasa
PEKOHCTPYUPYEMBIX MPOCTPAHCTB ITyTEM KOCMETHYE-
CKOT'O PEMOHTA BEPTHUKAJIBHBIX KOHCTPYKIHH, CBOJOB,
TIOKPBITHS);

* PEKOHCTPYKIIHSL.

OOBeKT 3HAYMMBIIl paccMaTpUBAETCsl B KOHTEKCTE
KoHLenuuu «Mud/mecroy. KoHuenuus 3akirodaercs
B CBSI3U PACHOJIOKEHHUSI MECTA M €10 HCTOPHKO-KYJIBTYp-
HOTO KOHTEKCTa. Ellle OMH BayKHBIM PaKypc TOHUMaHHUs
MecTa — HaJIMJKe ajipecara, JMIHOCTH, KOTopast repe-
JKMBAET OKPY)KEHHUE, aKKyMYIHPYET CMBICIIOBBIE M IMO-
IIMOHAJIbHBIC TOCBUIBI U CIIOCOOHA BBIPA3UTh 00pa3
OKPY’KCHHSI B CBOEM aBTOPCKOM TBOPUYECTBE.

[Tpumepsl odopMIIeHHS YTHIMTAPHBIX 0OBEKTOB
TMEHIEXOJHOTO HA3HAYEHHS U TPAHCIIOPTHOTO Ha3HAYCHHMS
(TemexoHbIe IEPEXObl, CTAHLIMKA METPO U JIp.) B 3aBU-
CHMOCTH OT TUIIH3AIIMU OOBEKTA.

Poccus, e. Ekamepunbype

B naHHOM npuMepe BCnonb3yeTcs npueM oQopm-
JICHUsI IPOCTPAHCTBA C HJeed «MHU] U MeCcTo», TaK
KaK OOBEKT SIBIISICTCS 3HAYMMBIM B KOHTEKCTE ypOaHU-
3UPOBAHHOM CTPYKTYphI Topoaa. MieiHo oObeKT npu-
BSI3aH K CBOEMY PACIIOJIOKCHUIO, HAXOMUTCS TTOOTH30-
CTU OT LEHTPAJIbHOIO MapKa KyJIbTYpbl U OTAbIXa UM.
B.B. MasikoBckoro, opopMIIEHHE COACPIKUAT HTEMEHTHI
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XyJIO)KECTBEHHOTO HAIPaBIICHUS «(yTypr3M», YTO OTCHI-
JIaeT K TBOpYECTBy mo3Ta (puc. 1, a).

Huoepnanowl, Osepaiicen, 36onne, Tynnens apemenu

B sTOoM mpumepe HCIOIb3yeTCsl MPUHLIUI OpHA-
MEHTAJIBHOCTH B O()OPMJICHUH MIPOCTPAHCTBA, KOTOPBIN
CO3/1a€T JAOTIOTHUTEIBHYIO TUHAMUKY, ITPU 3TOM KOJIOPH-
CTHUYECKOE PelIeHHE CepyKaHHOe, TaK KaKk OObEKT SIBIIs-
€TCs CBSA3YIOLUM, a HE MPOTSHKEHHBIM. B BbIBEIEHHOM
MOJENIHU Ipeiaraercs 0onee KOHTPACTHOE U HACHIIIECH-
HOE IIBeTOBOE perieHne (puc. 1, b).

bBenveus, bproccenvs, cmanyus mempo «I pag oe
@nanop»

[prmeHsiercst IPUHIMI HAMMEHBIINX 3aTPar PH Hau-
OorbIIIel XyIOKECTBEHHOM COCTABIISIONIEH 0pOpMIICHHS
00beKTa, T.€. CTpaTerusi FIKOHOMHYECKOH A(PPEKTUBHOCTH.
OTa METOHOMOTHS IPOUCTEKALCT U3 TITyOOKOH (PrIocoCKoi
KOHIICTIIIMH CPEJIbl, TTIe MUHUMAJIBHOCTh (PMHAHCOBBIX BJIO-
JKEHHI1 TApMOHHYHO CJINBACTCSI C BU3YaJIbHON BBIPa3HTE Tb-
HOCTBIO KOHEUHOTO PEe3yJIbTara.

«16 MKapoB) COCTOMT U3 MICCTHAALATH (QUTYD, CBH-
CAIOIMX C ITOTOJIKA, PACIIOJIOKEHHBIX HA Pa3HbIX YPOBHAX
B HarpaslieHnH 1aneTapus. «Tena, pyku 1 HOTM HMEIOT
HECKOJIBKO ITOJIOKEHHH, HO BCE OHH, HECOMHEHHO, BBI3BI-
BAIOT JIBW)KEHHE BIIEPE/I, CHITY PUTSHKEHUSI [TOTOKA K KOH-
LEHTPALUH [UIAHEeT, KOTOPBIA MPHUTATHBACT KaK HOBBIH,
HEHM3BECTHBIH MHp, TIOJIHBII CBETAa M OYapOBAHUS», —
TTOBECTBYET aBTO (pHC. 2).

Poccus, 2. Pocmos-ua-/{ony

PoctoB-na-JloHy HachImeH 0QOPMICHHBIME yTH-
JUTAPHBIMH O0BEKTAaMH C NMPUMEHEHHEM Pa3IMYHbIX
TIPUEMOB C y4eTOM (hOpM, MPOTHKEHHOCTH, MECTa M €T0
ucropur. MozandHsle TAaHHO, PACIIOJIOKEHHbIE B Tepe-

Puc. 2. Cranuus merpo «I'pad Pnanapckuii» B bproccene,
benbrus
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xonax I. PoctoB-Ha-/loHY, — yHUKaJIbHOE B 3CTETHYE-
CKOM KOHTEKCTE SIBICHHE. DTO MCKIIOUUTEIHLHOE COoUe-
TaH#ue 0POPMIICHHS OOBEKTA U HAJICIICHHS €T0 HE TOJIBKO
YTHIMTAPHON COCTABISIOIIEH, HO M XyI0)KECTBEHHO-
ICTETUYECKON IEHHOCTHIO.

CroKeTbl TPaHCIMPYIOT JIOKAIbHYIO UAECHTHYHOCTb,
OHH HE TOJIBKO TTOBECTBYIOT HAM O MEYTax M (haHTa3msIxX
COBETCKOTO IPAXKJaHIHA O TOKOPEHHH KOCMOCa, HO TaK-
K€ PACCKa3bIBAIOT U ITOKA3bIBAIOT HCTOPUYECKHE COOBITHS
MPOLLJIOT0, 3apPUCOBKH TIOBCEAHEBHOCTH U, CAMOE BaK-
HOE, pETHOHAIBHYIO CaMOOBITHOCTH [11], oTpaskaromnryio
XapaKTepHBIE 0COOCHHOCTH apXUTEKTypHO-JTaHIIIadT-
HOH OpraHu3alyy ropofos peruona [12]. OTu npoexTs
HE TOJIBKO YJTyUIIIalOT BU3YaJIbHOE BOCIIPUSITHE TIPOCTPaH-
CTBAa, HO U CO3/1AI0T TOYKU TPUTSHKEHHS ISl TOPOXKAH
U TYPHUCTOB.

J171st BU3yaIbHOTO PacCMOTPEHHS TPUIIAraroTcst po-
Torpay MO3an4HBIX TTAHHO C MTOAPOOHBIM OITHCAHUEM
IO CJIE/TYIOIINM KaTeropHsiM.

Cepust nanno «Om poodoma 00 8blIyCKHO20»
CroxeTHas JTMHUSA — UK )KU3HU COBETCKOTO TPask-
JTAaHWHA, 9TO HE MOXKeT He Tporarh 3purens [12]. Cepus
COCTOHT U3 IIITH MTAHHO, KOTOPBIE MILTIOCTPUPYIOT OTpe-
JIeJICHHBIE ATaIlbl )KU3HU YEJIOBEKa — €r0 CTAaHOBJICHUE
Kak JTngHOCTH [13, 14]. KOMIO3HIIMOHHO COIEPKUT Psift
IIEHHBIX 0COOEHHOCTEH, KOTOpPBIE 3aCTABISIOT 3PUTEINS
B3aMMOJICHICTBOBATh C IPOU3BEICHUEM, TAKIM 00pa3oM
MIPOMCXOANT (PEHOMEH ITOCTMOIECPHUCTCKOTO CIUSHHUS
B KOHTEKCTE COBPEMEHHBIX ITOJIXOJIOB K COXPaHEHHIO
KyJeTypHOTrO Hacienus [15]. Ha nepBom u3o0paxkeHuu
KOMITO3UITMOHHBIM IIEHTPOM SIBJISICTCS CKOTIIICHHE JIFOIEH,
TaKK€ BO3HMKAET aKLUEHTHBIA IICUXOJIOTMYECKUI TIpUEM
TIOBECTBOBAHMSI CIO)KETA, BCJIE/ICTBHE KOTOPOTO BHUMaHHE
3pUTEIIsl IPUKOBBIBACTCS K CIIEHE KOMMYHHUKALMH JTIOIEH,

TOKa3aTeIbHbI MOMEHT — JKEHCKasi (pUrypa B IIBETOY-
HOM TIJIaThe, KOTOPasi «J1aeT Ky/1a4yoK» HOBOMCIICUCHHOMY
opary.

Konopuctuueckoe perieHue BbIIEPKAHO B HEH-
TpaJbHBIX TOHAX, MoAXosIIee sl cuTyanun. Cemuo-
THYECKH HHTEPECHO aKIIEHTHPOBAHNE 3€JICHBIM IIBETOM
KOBPOBOH JOPOKKH K JIBEPSIM, U3 KOTOPBIX BBIHOCST
HOBOPOYK/ICHHBIX — TaKUM 00pa3oM co3JaeTcst mpsimast
acconuanysi HoBOW kn3HHM (3eneHslit 1BeT). CocTosHIEe
MIAHHO OLIEHUBAETCS KaK XOPOIIO COXPaHUBIIEECs], OJHA-
KO TpeOyeTcsi He3HaUNTEIbHOE BOCCTaHOBJIEHHE MO3a-
WYHBIX JIeTaslell, B TAKUX CIIy4asX MPUMEHSETCS METOJ
pectaBpanuu (puc. 3, a). Cepust nmanHo «OT poamoma
JI0 BBIITyCKHOTO) TTOKa3aHa Ha pHC. 3.

Komrozunust Broporo n300paxeHnst TakKe IpHBIIe-
KaeT BHUMaHHE, XOUETCs pacCMaTpHBaTh, YeM KOMITAHHN
JieTeld 3aHUMAroTCsI, OOMIILHOE KOJIMYECTBO JeTajel, Ko-
JIOPUCTHYECKAsi CXeMa TaK e JOCTOBEPHO BbIJIep)KaHa
B COOTBETCTBUM C 3UMHUM nei3axeM. [Ipoussenenue
MHTEPECHO C UCTOPUYECKON TOUKU 3pPEHUsI, 3arevariie-
BAETCs TUIIMYHAS COBETCKAs 3aCTPOiKa BTOPOM IIOJIOBU-
HeI XX B. OHa cO BpeMeHeM KaHeT B HEOBITHE, TOUHO
TaK ke, Kak M CIEyIoIee MPEeICTaBIeHHOE N300pake-
HHE, YTO IpHIaeT padoTe SK3UCTEHIIMAIBHBIA KOHTEKCT.
HacrpoeHnne maHHO BBI3BIBAET HOCTAJIBTHIO, CBI3aHHYIO
HE TOJIBKO C AYXOM BPEMEHH, HO ¥ C YHHBEPCATbHBIMU
BOCTIOMHHAHUSIMHU O JIeTcTBe. COCTOsIHME TaHHO TpeOyeT
pecTaBpalioHHbIX paboT (puc. 3, b).

TpeTbe MaHHO, CIOKETHO TOCBAIIEHHOE PHHATHIO
B TIHOHEPHI, BBI3BIBAET HOCTAIBIMUECKUE aCCONNAINN
¢ smoxoit CCCP. Pabota BeIgensieTcs TIATENEHON TIPO-
paboTKOH NeTaneil u yJaqHbIM IIBETOBBIM PELICHUEM,
YTO JIeNIaeT ee OJJHON 13 HanOoJiee BEIPA3UTEIBHBIX B Ce-

Puc. 3. Cepust manuo «OT poajoma 0 BEITYCKHOTO Oamay
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Puc. 4. ITanno «IlogBur 6arapen Oranosa» B 005X ¢ HEMIIAMU

puu. CocTosiHNE TAHHO OLIEHUBAETCS KaK XOPOLIO COXpa-
HuBIIeecs (puc. 3, ¢).

YerBepToe n3o00pakeHue KOMITO3UIIMOHHO BBIJIE-
JISI€TCsl HOCPEICTBOM BBOJIa MOIIHOTO aKIEHTa B BUJE
HIKOJIBHOM JOCKHM, a UMEHHO ypaBHEHUEM, KOTOPOE
HE Monpo00BaI HOCYUTATH JIUIIIB JICHUBBIA MECTHBIH JKH-
Tenb. ChaepKaHHash KOJIOPUCTUYECKAs FaMMa BBI3bIBAET
acCOLUAlMK CO HIKOJIBHOW TEMaTHKOM, YTO yCHJIUBAET
TICUXOJIOTHYECKoe Bo3neicTBre padoTel. CocTosiHME
MaHHO TaK >K€ XapaKTepPHU3yeTCs KaK XOPOILIO COXPaHHB-
mreecs (puc. 3, d).

3aBepratomias pabota cepuu, MOCBSIIEHHAS BHI-
MTyCKHOMY 0airy, TOT4epPKUBAET IUKIMIHOCTh KU3HM.
Komopuctuueckoe pemenne 3Toil pabOTBI — OJHO
n3 HanOosee yaauHbIX B CEPUH, YTO MOAYEPKUBACT Ma-
CTEPCTBO aBTOPOB B IE€peAade dYMOLUOHAIBHON aTMO-
cdepol. Komnosunus kiaccudeckast, IPUCYTCTBYET ITy-
OHMHa MPOCTPAHCTBA Ha KAPTUHHOMN TIOCKOCTH, TeIuIas
raMma 3ajia TOp’KeCTB OJTMLICTBOPSIET YCIICIIHO MPOHACH-
HBIM TEKYLIUH 3Tall )KU3HU U HACTPAUBAET HA IOJIOKHU-
TEINbHBIH, CBETIIBII 00pa3 Oyyiero. GUrypsl HAXOAATCS
B PaIOCTHOM, BOJTHUTEIIBHOM B3aMMOJICHCTBHH.

Cepust nanHo «OT pojaoMa 10 BEIITYCKHOTO» SIB-
JISIETCSI HICTOPUYECKH, XyT0KECTBEHHO-ICTETHUECKH IIeH-
HBIM U LI€JOCTHBIM MPOU3BEICHUEM MOHYMEHTAJIBHO-
JIEKOpaTUBHOTO HCKyccTBa. OHa coyeraeT B cebe riry6o-
KY!0 SMOIIMOHAJIBHYIO BOBJIEYEHHOCTD, TIATEIbHYIO IeTa-
JIM3ALUI0 ¥ CEMUOTUYECKYIO HACBIILIEHHOCTb, UTO ENIAET
€e Ba)KHBIM 0OBEKTOM M3y4eHHs B KOHTEKCTE KYJIBTYPHO-
ro Hacnemust (puc. 3, e).

IHanno «Iloosue bamapeu O2arnosay 6 605X ¢ Hemyamu

JlaHHAS KOMITO3UIIHS TTOCBAIICHA OJHOMY M3 KITIO-
YeBBIX COOBITHII B HCTOPHH CTpaHbl — Benmkoit Otede-
cTBeHHOH BoHHE [16]. CioKeT, BEI3BIBAIOIINH TITyOOKHIA
SMONMOHATHHBINA OTKJIHMK, COYETAET MaTPHOTHIECKOE
HACTPOCHHE M HOCTAIBIMYECKYIO TOCKY, UTO JIENIAeT €T0
ONMM3KUM IS MHJUTHOHOB Jitonett [17]. ctropuueckuii
KOHTEKCT MEPEAaH Y€TKO U JOCTOBEPHO, IMMOAUCPKHUBAA
3HAYUMOCTb COOBITHIT TOro Bpemenu [18].

Konopucruueckoe perieHue BbIIepKaHO B XOJIO/-
HbIX, YCIOXXHEHHBIX TOHAaX, COOTBETCTBYIOIINX 3UMHE-
My Meif3aKy U CypoBOMY AyXy BOEHHOTO BpeMEHH. JTO
coznaer armoc(epy HaNpsHKEHHOCTH M OTHOBPEMEHHO
MOTYEPKUBACT PEATUCTHYHOCTD N300paKeHUSL.

OnHaKo KOMITO3UIHS TTAHHO, BBITIOITHEHHOTO BO BCIO
CTEHy Iepexo/ia, BBINISIUT PACTSHYTOH, YTO HECKOJIBKO
pacceuBaeT Gokyc BHUMaHUS 3puTenst. OTCYTCTBHE YeT-
KMX aKIICHTOB M MacIITaOHOCTh N300paKeHUs 3aTPy/IHs-
10T BOCHIpHATHE PAabOTHI KaKk eMHOro 1estoro. Hecmorpst
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Ha PaCTSIHYTOCTh KOMIIO3UIIMH, Oiaroapsi 9ToMy 3pH-
TeIlb MOYKET MOJHBIM 00pa3oM MOrpy3HUThesl B aTMoce-
PY, BOCIIPOM3BOAMMYIO JIaHHBIM MaHHO. Cepusi ocraercs
BaKHBIM XYJIO’)KECTBEHHBIM U HCTOPHYECKUM OOBEKTOM,
TIEPEAIOINM JIyX STOXH M SMOLMOHATIBHYIO TITyOHHY CO-
ObrTHii. OHa CITY>KUT HalTOMHHAHMEM O TepOM3Me U Tpare-
JIMY TIPOLLJIOrO, COXPAHsIsl MaMsITh JIs Oy/IyIHX TTOKOJIe-
HU. J{J1s yoTydiieHnst BOCIIPUSTHS MOXKHO pacCMOTPETh
BO3MOXKHOCTB JI00@BIJICHHS KOMITO3UIIMOHHBIX aKLEHTOB
WITH pa3/IeNIeHNs TAaHHO Ha CMBICIIOBBIE OJIOKH (pHC. 4).

Ianno ucmopuueckoti 3apucosku « @nom, cnyckaemulii
6 p. TemepHruxy

Komno3uiust croeTHO MOCBsIIIeHa BaKHEHIIEMy
cOOBITHIO B UCTOpUHU JJOHCKOTO Kpasi, a HMEHHO CTPO-
UTEJBCTBY POCCHICKOM (PIOTHIIMH BO BPEMs BTOPOTO
A3zoBckoro noxoja Ilerpa 1. Komno3uunonHo nanuo
BBIITOJTHEHO JTAKOHIUYHO, pa3/elIcHO Ha OCHOBHBIC YaCTH
JUTSL OTPaKEHHS HE TOIBEKO OCHOBHOTO CIOYKETa, HO U Ka-
3aupero ObITa. B TaHHOM MaHHO SPKO YUTACTCS KOHIICTI-
U «MU(p/MECTO», TaK KaK CIOKET SBISIETCS OCHOBO-
TIOJTATAIOIINAM TS PETHOHA, B KOTOPOM PACTIONIOMKEH.

IIBeToBOE perIeHne OJJHO U3 CAMBIX YAAYHBIX CPEIH
paccMarpuBaeMbIX, OHO YE€TKO aKIEHTHPYET BHUMaHUE
Ha OCHOBHBIX CIICHAX, TAK)KE OTBEUALT AyXy TOTO BpeMe-
HU ¥ reorpapuuecKoMy ONpeesicHHIo croxkeTa. [TanHO
SIBIISICTCS. HICTOPHYCCKU BAYKHBIM OOBCKTOM, ITOKa3bIBa-
FOIIMM JIOKAJTbHBIA X011 uctopur. COCTOSHUE B 00IICH
CIIOKHOCTH YIOBJIETBOPUTEIBbHOE. TpeOyeTcs He3HaYH-
TeNbHas pecTaBpanus (puc. 5, a).

Mo3zauunvie nanno 6 neuwiexooHom nepexooe no aopecy
yi. Bonvwana Cadosas/nep. Ynusepcumemckuii

TO eIMHCTBEHHAST MO3anKa 10 YKa3aHHOMY aJIpecy,
BBIJICIISIFOLIASCS Ha (DOHE OCTAILHBIX OJIarofapst CRBOeMy
0Cco00My TIOIIXOMY K peanu3anuu n3oopaxkenus. Ee yHu-
KaJIbHOE MCTIOTHEHHE, co3zarotee ddekt oobema 3a cuer
B/IABJICHHOCTH B CTCHY, IIPHKOBBIBACT BHUMAHHUC U JI00AB-
JSIeT paboTe BBIPA3UTEILHOCTH. XOTS KOMITO3HIHOHHO Ha-
JIFYHE JIAITH OHOM MO3aWMKH B IIEPEXO0JIC MOXKHO CUHTATh
HEJIOCTATKOM, C JIPYrOd — 3TO JIeNaeT ee YHUKAIbHOU
U 3aroMHHaromIeiics. Bo3HUKaeT onpe/ierneHHast mopaib-
HOCTb B CBSI3H C KOMIIO3UIIMOHHBIM PeIlieHHeM 0(hopmITe-
HHSI 3TOTO [IEPEXOJIa.

Konopuctuueckoe perienne HeuTpaabHOE, OHAKO
CHHUHU O€TaJIM MOXHO 3aMCHUTH Ha 60J1ee FapMOHH‘IHBIﬁ
LBET, HAIIpUMEP 3€JICHbIH, KOTOPBIA IIPOTUBOIOIO0KEH
HCIOJIB3YCMbIM KPAaCHLIM OTTCHKaM IO IBETOBOMY KpYy-
ry. OTO YCHJIUT KOMITO3UIIMOHHYIO [IEJIOCTHOCTH Pa0OTHI.
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Puc. 5. Mozamunoe manuo: a — «@IoT, ciryckaeMslii B p. TeMepHHK»; b — Ha IemexXoJHOM Iepexoe Ha repecedeHnd boib-

moif CatoBOH yiI. 1 YHUBEPCUTETCKOTO TepeyIIka

CocTosiHIE MO3aHKH OLIEHUBAETCS KaK JOBOJBHO XO-
poliee, 4To O3BOJISIET COXPAHUTH €€ KaK IPKHIT 1 HEOObIU-
HBIH AJIEMEHT TOPOJICKOTO TPOCTPAHCTBA (pHC. 5, b).

OTnenbHBIM JOCTAaTOYHO Ba)KHBIM ACIIEKTOM SIB-
JSIETCSl OTPaKEHNE KYJIBTYPHOW MJICHTUYHOCTH B pac-
CMaTpHBaeMOM TPOEKTE. 3/1€Ch UCHOJIB3YIOTCSI MECTHBIE
CHMBOJIBI U MOTHUBBI, YTO TIOUYEPKUBAET YHUKAIBHOCTD.
B 0011ieii ci10)XHOCTH BeCh TIPOEKT BBITIOIHEH € a0COJIOT-
HO TOYHBIM OTpaKEHNEM KyJIbTypHOTO Koa PocToBa-Ha-
JloHy, )KM3HHU 1 TPE3 COBETCKOTO IPaskIaHNHA.

T'oBOps 0 conmanbHOM BO3/ICHCTBUM OQOPMIICHHUS
YTHINTApHBIX 00BEKTOB, CICAYET COCIATHCS HA TPOBE-
JICHHBIE COIIMOJIOTMYECKHE ONIPOCHI B XOZIE UCCIIE0Ba-
HUSI, C/ICIaHHbIC HA Pa3HbIe IIeJIeBbIe ayAUTOPUH (IIpo-
(heccronanpHOE co00mIEecTBO u oObBarenn) [19], Tae
OTMEUAEeTCsl, YTO HACEJICHHE YyBCTBYET OTEHINAIIBHYIO
OIaCHOCTh B HEO()OPMIICHHBIX U HEOCBEILCHHBIX Iepe-
Xoz1ax, a nmpodeccnoHaIbHOE COOOIIECTBO OTMEUAeT
BOXHOCTb O(GOPMIICHHS YTHIMTAPHBIX IIPOCTPAHCTB
1 KOPPEKTHOTO BBIOOPA Xy/I0’KECTBEHHBIX PUEMOB B 3a-
BHCHMOCTH OT THUIM3AIUH IPOCTPAHCTBA.

IIpennaraercst 4eTbIpe KOHLENTYaIbHBIX 1 YHUBEP-
CaJIbHBIX MOJICIIH.

1. Mozeis 3HauuMOr0, 3CTETHYSCKY IIEHHOTO U I1eITh-
HOTO IIPOCTPAHCTBA C HCIIOJIb30BaHUEM KOHLIEIILMY «MHU)
1 MECTOY, TJIe 32 OCHOBY OTBEYaeT KyJBTypHasl U HCTOPH-
YecKasi COCTABILSIIOIIAst 111 ()OPMHUPOBAHNS TPOCTPAHCTBA

(puc. 6).

a

2. Mozenb «IIpoCTpaHCTBO — apT-00bEKT» — 3Ha4H-
MBIif 00BEKT B CTPYKTYpE ropozia, HO 0hopMIIeHHE He IPH-
BSI3aHO K MCTOPUH MECTa, BBICTYIAET CaMOCTOSITEIIbHON
Xy/I0’KECTBEHHO-ICTETHYECKON €IMHUIIEH, YTO COOTBET-
CTBYET KOHIICIIINN apPXUTEKTYPhI KaK CHMBOJIA.

Ota MOzeNb BBIACSIETCS KaK ITOJXO0 K MPOEKTH-
POBaHMIO TIOJ[36MHOT'0 TIPOCTPAHCTBA. YHHBEPCAIbHAs
B3pBIBHAs cxema (hOPMHPOBAHHS BHYTPEHHErO IpO-
CTPaHCTBA 371eCh HEITPUMEHUMA, IOCKOJIBbKY TPH TaKOM
M0JIX0/Ic MHHOBAIIMN PAacCMaTpUBAIOTCS B KOHTEKCTE
KOHKPETHOTO OOBEKTA.

3. Monenb NpOTSKEHHOTO MPOCTPAHCTBA, UCTIONb-
3yIoIasi MPUHLIUI OPHAMEHTAIBHOCTH C YTOYHEHUEM
KOMTIO3UITHOHHON paBHO3HAYHOCTH TEXHOJOTHH (OKpa-
ca, TIaHeJ! | T.J1.) U KOMITO3HIMH, OCHOBAaHHOH Ha COOT-
HOIIICHUH MacChI (puc. 7).

4. Mopenb a5 nepuepuitHbBIX 0OBEKTOB C MUHH-
MaJIbHBIMH 3aTpaTaMy Mpy TIOMOIIN TIPUMEHEHHUST KOJI0-
PHUCTHYECKOTO WICHEHHSI IPOCTPAHCTBA C NCIIOJIb30Ba-
HHEM TPOCTHIX U JOCTYIHBIX (pHC. 8).

[IpoexTHbIE MpeIoKeHUsI OCHOBBIBAIOTCS HA paHee
TIPEeIUIOKEHHOH 1jiee 0hopMIICHNS yTHIINTAPHBIX 00bEK-
TOB roposia. OCHOBHasl 11€JIb — UCIOJIB30BaHUE JAHHOTO
MIPOCTPAHCTBA KaK MHOTO(YHKIIMOHAIBHOTO, BITUCAHHE
€ro B TOPOJCKOM «Iei3ax» M co3JaHue KOM(OPTHON
TOPOJICKOH cpenpl. B 3aBucuMocTH OT cTatyca U QyHK-
UK 00BEKTa B TKAHH TOPOJIa MOJKET OBITh UCIIOJIB30BaH
Ppa3HBIi THIT OOHOBJICHUSI IPOCTPAHCTBA C YIETOM TUIIH-

b

Puc. 6. B3ppIB-cxema iepBOii KOHLIENTYaIbHOW MOJIENH (¢); BHYTPEHHSS 9acTh EPBON KOHIIENTYaIbHOM MozaenH (b)
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a

b

b

Puc. 8. B3pbiB-cxema ueTBepTOi KOHIENITya IbHOIM MOsieNH (a); BHYTPEHHSIS YacTh YeTBEPTOI KOHIENTyaIbHOW MozenH (b)

3a1Mn 00BEKTa, KOTOpast IPeyIaracTcs B METOJ0JI0rnye-
CKOM YacTH MCCIIeJOBAHUS.

1. Ha mpumepe 1. PoctoBa-Ha-JloHy.

[TpoexTHbIE MpeUIoKEHHsT BKIIFOYAOT HOBOE oO1iiee
KOJIOPHUCTHYECKOE MPEUIOKEeHNE 0pOPMIICHHS TTOJI3EMHBIX
TMIEPEXOJI0B U CYILECTBYOIINX MO3aUYHBIX NaHHO. [Ipu me-
peocMBbICTIeHNH O(OPMIICHHSI BaYKHO YUHTHIBATH CBETOBOE
aKIeHTHOE 0(hOpMIIEHHE MO3arK 1 IIBETOBOE OKPY)KEHHE,
KOoTOpoe OyZieT Takke aKLEHTHPOBATh BHUMAHHE 3PUTENIs
Ha [TAaHHO ¥ HE KOHKYPHUPOBATh ¢ HUM. TaK »ke IBETOBOE pe-
IIICHHE CJIEyeT C/ieIaTh MOHOXPOMHBIM, B OTTEHKAX, COOT-
BETCTBYIOLIMX OOLIEH CTHIIMCTHKE NIEPEX0/a, AT JIyHIIero
TICHXOJIOTHYECKOTO BOCTIPHUATHS YEIIOBEKOM U CO3IAHMS
KOM(OPTHOI TOPOZICKOI CpeIpl.

PaccmarpuBasi 3cTETHUECKYIO U COLMANBHYHO 3Ha-
YHMOCTh JIaHHBIX OOBEKTOB, CTOMT OTMETHTH, YTO XY-
JIO’KECTBEHHOE O(OPMIIEHHE TEPEXOA0B TpEBpAIIACT
UX U3 KHEBUAUMBIX)» 30H B 3HAYNMBIE JIEMEHTbI TOPOJICKO-
ro JanmadTa. ITo CrocoOCTBYeT (POPMUPOBAHHUIO ICTE-
THYECKH [IEHHOH CpPeIbl, 9YTO OCOOCHHO BaKHO B YCIIOBHSIX
IJIOTHOM 3aCTPOMKU U BIIMSIET HAa BOCHIPUSITUE TOPOJIA.
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[epBoe konopucTHYeCKOE penieHre 0hOPMICHUS
OCHOBAHO Ha MPHEME aKIIEHTHOTO BBIICICHUS MO3any-
HBIX ITaHHO. BrMChIBas NX B «cepylo Maccy», BHUMaHHE
3pUTEIIS Cpa3y 3aXBa4eHO, HO IIPUTOM OKPYIKAIOLIasi Cpe-
Jla He SBIISIETCS arpecCUBHOMN, a HA00OPOT, pacronarao-
el K 03HAaKOMIICHHIO C TTAHHO (pHcC. 9, ).

Bropoe perienre 0CHOBaHO Ha IpHEME OpraHUY-
HOTO BIIMCAHMS MO3aWYHOTO ITAHHO B OKPY)KAIOIIYIO
cpeny, TaKuM 00pa3oM OCYILECTBIISIETCS (POPMHUPOBAHHE
KOMITO3UIIMOHHO LIEJIOCTHOTO MOJ[36MHOT'0 IIPOCTPAHCTBA
(puc. 9, b).

Tperbe perieHue npeacTaBiIseT coO0H TaKXkKe aK-
LIEHTHOE BBIAEJIEHHE, HO Y)K€ B 00LIeM O(QOpMICHUM.
Bornee koHTpacTHOE peleHne, KOTOPOe IIOMOXKET CBS3aTh
Oosiee ecTeCTBEHHBIC 1BETOBBIC COYCTAHUS C YHHBEP-
CaJIbHBIM ¥ NIParMaTHYHBIM OOIINM KOJOPHCTHYECKUM
pemerneM (puc. 9, ¢).

2. Ha npumepe 3apy0OeKHBIX MTOI3EMHBIX TEIEX0/I-
HBIX [IEPEXOI0B.

B eBpomneiickoM onbITe OpraHU3allyi MOJ3EMHBIX
MPOCTPAHCTB JOCTAaTOYHO PEIKO MPAKTUKYETCs BBOJ
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Puc. 9. Ockuz npoekTHOro npeaioxkenus no r. Pocropy-na-Jlony

YHUKAJIBHBIX C TOYKH 3PCHUS XYJOKECTBEHHO-ICTETH-
YECKUX XaPaKTEPUCTHK HPUEMOB O(GOPMIICHHS IO~
3eMHBIX IEHIEXOIHBIX IIEPEXOJIOB, TAK KaK eBPOICHCKUe
ypOaHUCTHYECKUE TPEH/IBI IPEAIIOIATaI0T CKOpee OTKa3
OT TaKHX MPOCTPAHCTB ITyTeM BBIHOCA IIepexojia Ha Io-
BepxHOCTh. OHAKO IO Ay MPUYUH (peryTupoBaHHE
TPaHCIIOPTHOI'O TIOTOKA, YePeCHOoNIOCHIa U Ap.) TaKoe
peLLIeHNE He BCer/a SIBISETCS BO3MOXKHBIM.

Ha ocHoBe ananmza rpaguyecKnx MaTepHalioB Ioj-
3eMHBIX IpocTpancTB psma roponos CIIA (Bocron, Heto-
Wopxk), Benukobpuranuu (Jlowmon, JTy6mun, Inasro),
Espomns1 (bproccens, Baprmasa, Hunepmanpr) chopmmpo-
BaHbI KOHIENTYaJIbHBIC MOJIEIH O()OPMIICHHS TIOA3EMHBIX
TELIEXOHBIX [IePEXOIOB.

OCKM3HbIE KOHIENTYaIbHbIE 3apPHCOBKH MILTFOCTPH-
PYIOT CIIOCOOBI KOJIOPHCTUIECKOTO O(POPMIICHHSL, KOTOPOE
CIIOCOOCTBYET HHOMY BH3YaJIbHOMY IPOCTPAHCTBEHHOMY
BOCIIPHUSTHIO, & TAKXKE JTOOABIAIOT IEPEXOAaM XyIOKe-
CTBEHHYIO M 3CTETHUECKYIO LIEHHOCTb. Mnest opopmienus
MIEPEXOI0B MOXKET OBITH TAK)KE MCIIONB30BAHA C COLIHAIIb-
HOH (yHKIEH, K IpIMepY, POBEACHAE IIPOCKTOB, BOBIIE-
KafoIINX XyJI0’KECTBEHHbIE COOOIIIECTBA TOPO/IA, KOTOPbIE
MOTYT BHECTH CBOH BKJIa]] B OpopMIICHHE.

1. Moziennb 3Ha9MMOr0, 3CTETHYSCKH [IEHHOTO M I1eITh-
HOTO IPOCTPAHCTBA C UCIIOJIb30BAHNEM KOHIIECIIINN «MH(
U MECTO», TJI€ 32 OCHOBY OTBEUYAeT KyJbTypHasl U HCTOPH-
yecKasi CoCTaBIsIoNIas Uit (POPMHUPOBAHUS MPOCTPAH-
CTBa.

Puc. 10. [IpoexTtHOE TIpEeIIOKEHNE, OCHOBAHHOE Ha TIEPBOM MOJETH
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b

Puc. 11. Dcku3 MPOEKTHOTO MPEITIOKEHNUS, OCHOBAHHBIN HA BTOPOU MOIENH (@); MPOCKTHOE MPEIOKEHUE, OCHOBAHHOE Ha BTO-

poii monenu (b)

a

Puc. 13. Komnaxx, OCHOBaHHBII Ha IPEVIOKCHNH MO IIBETOBOMY PEIIEHHIO, OCHOBAHHOM Ha Y€TBEPTOH MOJIEIN

JlaHHast MOieJIb OCHOBBIBAETCSI HA KOHLIENTYaJIbHOH,
HCTOPUYECKOH, KyABTypHOU 1 (prmocodcKoil cocTapis-
Io1el 00bEKTa, eTo PAaCcIIONOKEHNH B CTPYKTYPE TOpoJia.
OCHOBHBIM ITPUEMOM MOJICIH SIBIISIETCSI KOPPEKTHOE OTO-
OpaxkeHue nzieiHoi cocrasisiroieit (puc. 10).

2. Mozgenb «IpoCTpaHCTBO — apT-00BEKT» — 3Ha-
YUMBIH OOBEKT B CTPYKType ropoja, Ho odopmiieHue

164

HE MPUBA3aHO K UCTOPUHU MECTA, BBICTYIIACT CaAMOCTOA-
TEJIbHOU Xy]_'[O)KeCTBeHHO—SCTeTH‘IeCKOﬁ eZ[HHPII.[eﬁ.
HaHHaH MOJICJIb OCHOBBIBACTCS Ha MHAWBUAYaJlb-
HOM BHUJCHUU IPOCKTHUPOBIIMKA C YIECTOM 3HAYMMOCTH
00BEKTA. PCKOMCHZ[yCMbIMI/I IpueMaMu MOICIIN SBJISA-
TOTCA: YHUKAJIBHOE KOJIOPUCTUICCKOE PEMICHUE, HCITOIb-
30BaHUC MPUCMOB UCTOPH3MA, BbBIACICHUC YHUKAJIN3U-
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[Ipennaraemble Moznenu

Ipenmnaraemas OTIMYUTeNBHBIH TPU3HAK MIPOCTPAHCTBA TIpuHIUIT TPOEKTHOTO PeIIeHUs
Moz
1 [IpoexTupyemsblif 00bEKT 00OIaTaeT KonnenryansHoe npeuioxkeHue, 0CHOBaHHOE
HEOTHEMJIEMOM KYJIBTYPHOI/UCTOPHIECKOH | Ha TOJIXO/e «MU( U MECTO»
cocTaBsouIei
2 [IpoekTupyemblii 0OBEKT, 3HAYUMBIH KonnenTyanpHoe npeioxkeHe, OCHOBaHHOE
B CTPYKTYpE I'Opozia, HO HE UMEeT Ha CO3JJaHUU CaMOCTOSATEIBHOIO XY/10’KECTBEHHO-
KyJIBTYpPHOW/MCTOPHUYECKON COCTABIISIIONICH | 9CTETHUECKOrO MPOCTPAHCTBA
3 [IpoexTupyemslii 00BEKT, TPOTSHKCHHBIN KonnenryanpHoe npeioxkeHne, OCHOBAHHOE
U JTMHEWHBIH Ha MPUHIUIIE OPHAMEHTAIBHOCTH C YTOUHEHHEM
KOMIIO3UIIMOHHOW PaBHO3HAYHOCTH TEXHOJIOTHH
(okpaca, maHenu U T.A.) U KOMIIO3ULIUI, OCHOBAaHHOM
Ha COOTHOIIEHHU MacChl
4 [IpoexTupyemMspiii OOBEKT HAXOIUTCS KonuenryansHoe npeanoxenne, OCHOBAHHOE
Ha nepudepun u TpedyeT paroHAIFHOTO Ha MPUMEHEHHN KOJOPUCTHYECKOTO YICHEHHS
MO/IX071a K 0(hOPMITCHHIO MIPOCTPAHCTBA C UCTIONB30BAHUEM MPOCTHIX
1 IOCTYIIHBIX MaTepUanoB

POBaHHBIX (U3UYECKUX OOBEKTOB JIOKAIBHOW CpEJIbI
APXUTEKTYPHO-IIPOCTPAHCTBEHHBIM crioco0oM (puc. 11).

3. Mozenb IpoTsSKEeHHOTO MIPOCTPAHCTBA, HCIIOMb-
3yroliasi MPUHIMI OPHAMEHTAIBHOCTH C YyTOYHCHUEM
KOMITO3MLIMOHHOW PaBHO3HAYHOCTH TEXHOJIOTHH (OKpa-
ca, TIaHeJ ! | T.].) ¥ KOMITO3HIMH, OCHOBaHHOH Ha COOT-
HOIIICHUH MAaCCB.

OTa MOzeNb OCHOBBIBACTCS Ha XYJOKECTBEHHOM
TEOPHH KOMITO3HIMH, YWICHECHHHU POCTPAHCTBA H KOJIO-
PHCTHYECKOM aKIeHTHpoBaHKH (puc. 12).

4. Moguenb it iepruQepHitHbIX 00BEKTOB ¢ MUHH-
MaJIbHBIMH 3aTpaTaMy IIPU IOMOIIN IPUMEHEHHUS KOJIO-
PHCTHYECKOTO WICHEHHS POCTPAHCTBA C HCIIOIb30Ba-
HHEM MPOCTHIX U JOCTYIHBIX MaTePHAIIOB.

JlanHast MOzieNIb OCHOBBIBAETCSl HA CTPATETHUH KO-
HOMHYECKOH 3()()EKTHBHOCTH TIPH COXPAHEHHUH Xy/I0Ke-
CTBEHHOH COCTABIAIOLIEH, YYUTBIBAS 3HAYUMOCTb U Pac-
MoJIOKeHne 00beKTa B CTPYKType ropoxa (puc. 13).

3AK/IIOYEHUE

C noMoIbI0 NpeCTaBIeHHbIX METOA0B IIPOBEie-
HO HMCCIIEIOBaHKE, B XOJIe KOTOPOro MPOAaHaIUu3UpOBa-
HbI IPUMEPBI B CTPYKType roponos Esponsl, Poccun,
CIIIA, BBISBICHBI CTHIIEBBIC M CIOKETHBIC HATIPABICHUS
KOHLIETIINH 0(hOpMIICHUS, BBISIBIIEHA 0CO0ast 3HAYMMOCTh

YTUINTAPHBIX KOMMYHHKAI[HOHHBIX OOBEKTOB B CTPYK-
Type ropoya.

[Ipemnaraembie MOJIENH IPEACTABICHBI B TAOJIHULIE.

Ha ocHOBe 3HaYMMOCTH OOBEKTHI TUITU3UPYIOTCSL:

1. OGBEKTBI TOMHHUPYIOIINE («apXUTEKTYPHBIC aK-
LIEHTBI TOPOJICKOM CPEIBI»).

2. O0bexTH, (opMHpYyIOLIIHE YPOAHUCTHUCCKUN
Kapkac (KITI0YEBBIE 3JIEMEHTHI IPE3CHTAIINN TOPOICKON
CTPYKTYDBI).

3. Iepudepuitapie (POHOBBIC) OOBEKTHL.

JUis THIU3UPOBAHHBIX OOBEKTOB MPEJIAraroTCs
TaKKe CII0COOBI pean3alnm:

* TPUMEHEHHE SKOHOMUYECKHN 3(P(HEKTHBHBIX MaTe-
PHAJIOB ¥ TEXHOJIOTHI: JIEKOPATUBHO-OT/IEIIOYHbIE Pabo-
ThI ((popMHUpOBaHKE FCTETUUECKU BBIPA3UTEIHLHOTO 00IIHN-
Ka PEKOHCTPYHPYEMBIX IIPOCTPAHCTB 32 CUET OOHOBIICHUS
(hacaHBIX MIIOCKOCTEH, CBOAYATHIX JIEMEHTOB M KPO-
BEIIbHBIX TIOKPBITHH);

* KOMIUIEKCHAs! PEKOHCTPYKIIHS.

Taroke npeIokeHsI Crioco0bl IPeoOpa3OBaHMUsI KOM-
MYHHKAIIMOHHOTO MO/I3éMHOTO TIPOCTPAHCTBA C YIETOM
OCHOBHBIX XYJJOXKECTBEHHBIX M DXUTEKTYPHBIX TPUEMOB.

[pemnaraercst 4eTblpe KOHIENTYAJIbHBIE U YHUBEP-
canpHBIe Mofenu (Tabm.). Takke HA OCHOBE KOHIICTITY-
AJIbHBIX MOJIEJICH MPECTaBICHBI IPOCKTHBIE PEIICHHS
C y4ETOM OCHOBHBIX XapaKTEPHUCTHK OOBEKTOB.
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INTRODUCTION

Art is a wonderful means of dialogue between
people of different eras and generations, and of drawing
on each other’s experiences. In other words, it is both
a tribute to tradition and a form of innovation [1]. Artis-
tic expression integrated into the urban environment has
long ceased to be merely a decorative element. It fulfils
important social and cultural functions, shaping the iden-
tity of a place [2] and influencing people’s emotional
state and, ultimately, the quality of life in an urbanized
environment [3].

166

From an urban planning perspective, public spaces
are becoming a crucial element in shaping a city’s visual
identity [4]. They create a distinctive atmosphere that at-
tracts both visitors and residents, forming an emotional
landscape and contributing to the development of a vi-
sual and psychological socio-cultural environment [5]. It
is precisely a holistic approach to the design of spaces,
or conversely, a focus on finer details within the urban
context [6], that can become a compositional focal point
and, consequently, a centre of public attraction [7], in ac-
cordance with the principles of organizing viable urban
spaces [8].



The significance of the artistic and aesthetic aspect in the design of underground spaces
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Drawing on the experience of design theories,
the contemporary architectural approach has developed
a new perspective on the city’s appearance and has ad-
opted the multifunctional use of transport and pedestrian
routes, junctions and urban areas. Thus, these elements
are assigned a key role in the city’s structure [9].

MATERIALS AND METHODS

The following methods were used in the study:

* visual analysis — an examination of the design
of underground utility spaces according to specific cat-
egories (colour scheme, age, thematic features, and their
role in shaping the city’s visual appearance);

» the hypothetical-deductive method of inquiry;

» a sociological survey;

* photographic documentation;

» graphic illustrations.

RESEARCH RESULTS

Underground public spaces are an important func-
tional feature and an integral part of urban infrastruc-
ture!. Like any other component of the whole — that is,
the modern city — underground walkways can be used
not only as a utilitarian element, but also as a kind of art
gallery reflecting the cultural identity of the region [10].

The aim of this study is to analyze the significance
of utilitarian underground passageways within the urban
fabric and, as a result of this analysis, to identify opti-
mal, conceptual and universal approaches to the design
of underground communication spaces, taking into ac-
count artistic, aesthetic and architectural aspects through
the application of categories (colour scheme, texture and
materials, thematic features, as well as their role in shap-
ing the city’s visual appearance).

Research objectives:

* to analyze existing underground spaces within
the urban fabric of cities in Europe, Russia and the USA;

* to identify stylistic and thematic trends in the de-
sign of pedestrian crossings within the urban fabric;

* to propose a classification of existing underground
spaces according to their location within the urban fabric,
based on a conceptual and semiotic core;

! Materials on urban development strategies: Rostov-on-Don
City Administration. Rostov-on-Don, Municipal Press; 2023.
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* to propose conceptual models for transformation
that optimize the interaction between the visual-aesthetic
and functional components of underground transport
spaces.

Depending on the status and function of a site with-
in the urban fabric, different types of spatial regeneration
may be employed.

Sites are categorized as follows:

* asite of heightened significance (“the face of
the city”);

» a site significant in the context of presenting the ur-
ban structure;

* a peripheral site.

Accordingly, depending on the type of significance,
the following implementation approaches are proposed:

» the use of economically viable materials and meth-
ods: plastering, painting (creating an aesthetically pleasing
visual image of the spaces being reconstructed through
cosmetic repairs to vertical structures, arches and surfaces);

* reconstruction.

A significant site is considered within the con-
text of the “myth/place” concept. This concept centres
on the relationship between a place’s location and its
historical and cultural context. Another important per-
spective for understanding a place is the presence of an
addressee — an individual who experiences their sur-
roundings, absorbs their meanings and emotional mes-
sages, and is capable of expressing an image of those
surroundings through their own creative work.

Examples of the design of utilitarian facilities for
pedestrians and transport (pedestrian crossings, under-
ground stations, etc.) depending on the type of facility.

Russia, Yekaterinburg

This example employs a design approach based
on the concept of “myth and place”, as the site holds
significance within the context of the city’s urban fabric.
Conceptually, the site is linked to its location, situated
close to the V.V. Mayakovsky Central Park of Culture
and Leisure; the design incorporates elements of the “Fu-
turism” art movement, which alludes to the poet’s work
(Fig. 1, a).
The Netherlands, Overijssel, Zwolle, Time Tunnel

This example utilizes the principle of ornamenta-
tion in the design of the space, which creates additional
dynamism, whilst the colour scheme is understated, as
the structure serves as a connecting element rather than

b

Fig. 1. An underground pedestrian underpass in Yekaterinburg, Russia (a); and in Zwolle, Overijssel, the Netherlands ()
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Fig. 2. “Count of Flanders” metro station in Brussels, Belgium

an extensive one. The proposed model features a more
contrasting and vibrant colour scheme (Fig. 1, b).

Belgium, Brussels, “Graaf'van Vlaanderen” metro
station

The principle of minimizing costs whilst maximiz-
ing the artistic component of the design is applied, i.e.
a strategy of cost-effectiveness. This methodology stems
from a profound philosophical concept of the environ-
ment, where minimal financial investment blends harmo-
niously with the visual expressiveness of the final result.

“16 Icari” consists of sixteen figures suspended from
the ceiling, arranged at different levels in the direction
of the planetarium. “The bodies, arms and legs assume
various positions, but all of them undoubtedly evoke
forward movement, the gravitational pull of the flow to-
wards the concentration of the planets, which draws one
in like a new, unknown world, full of light and enchant-
ment”, explains the artist (Fig. 2).

Russia, Rostov-on-Don
Rostov-on-Don is replete with artistically designed
utilitarian structures that employ a variety of techniques,

taking into account their form, scale, location and history.
The mosaic panels located in the underpasses of Rostov-
on-Don are a unique phenomenon in an aesthetic context.
This is an exceptional combination of a structure’s design
and the endowment of it with not only a utilitarian func-
tion but also artistic and aesthetic value.

The motifs convey a sense of local identity; not only
narrating the dreams and fantasies of Soviet citizens re-
garding the conquest of space, but also recounting and illus-
trating historical events of the past, scenes from everyday
life and, most importantly, regional distinctiveness [11],
which reflects the characteristic features of the architec-
tural and landscape organization of the region’s cities [12].
These projects not only enhance the visual perception
of space, but also create points of attraction for city
dwellers and tourists.

For visual reference, photographs of the mosaic
panels are attached, accompanied by detailed descrip-
tions categorized as follows.

Series of panels “From the Maternity Ward to
the Graduation Ceremony”

The narrative arc — the life cycle of a Soviet citi-
zen — cannot fail to move the viewer [12]. The series
consists of five murals that illustrate specific stages
of a person’s life — their development as an individual
[13, 14]. In terms of composition, it contains a number
of valuable features that encourage the viewer to engage
with the work, thereby giving rise to the phenomenon
of postmodern fusion within the context of contemporary
approaches to the preservation of cultural heritage [15].
In the first image, the compositional centre is a gather-
ing of people; there is also a psychological narrative
technique that draws the viewer’s attention to the scene

Fig. 3. Panel series “From the Maternity Ward to the Graduation Ceremony”
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Fig. 4. Panel “The Heroic Stand of Oganov’s Battery in the Battles Against German Forces”

of human interaction. A telling moment is the female fig-
ure in a floral dress who is “high-fiving” her new brother.

The colour scheme is kept in neutral tones, appro-
priate to the situation. From a semiotic perspective, it is
interesting to note the use of green to highlight the carpet-
ed path leading to the doors through which the newborns
are carried out — thus creating a direct association with
new life (the colour green). The condition of the panel is
assessed as well-preserved; however, minor restoration
of the mosaic details is required, in which case the res-
toration method is applied (Fig. 3, a). Series of panels
“From the Maternity Ward to the Graduation Ceremony”
is shown in Fig. 3.

The composition of the second image also catches
the eye; one is drawn to observe what the children are
doing, with its wealth of detail and a colour scheme that
is authentically in keeping with the winter landscape.
The work is of historical interest, depicting typical Soviet-
era housing from the second half of the 20th century.
Over time, this will fade into oblivion, just as the next
image shown here will, lending the work an existential
context. The mood of the panel evokes a sense of nos-
talgia linked not only to the spirit of the times but also to
universal memories of childhood. The panel is in need
of restoration (Fig. 3, b).

The third panel, depicting the initiation ceremony
into the Young Pioneers, evokes nostalgic associations
with the Soviet era. The work stands out for its meticu-
lous attention to detail and skillful use of colour, making
it one of the most expressive in the series. The condition
of the panel is assessed as well-preserved (Fig. 3, ¢).

The fourth image stands out compositionally through
the introduction of a powerful focal point in the form
of a school blackboard, specifically a mathematical equa-
tion that only a lazy local resident would have failed to
attempt to solve. The restrained colour palette evokes as-
sociations with school life, which enhances the psycho-
logical impact of the work. The condition of the panel is
also described as well-preserved (Fig. 3, d).

The final piece in the series, dedicated to the school-
leavers’ ball, emphasizes the cyclical nature of life.
The colour scheme of this work is one of the most suc-
cessful in the series, highlighting the artists’ skill in con-
veying an emotional atmosphere. The composition is clas-
sical, with a sense of depth on the picture plane; the warm
colour scheme of the ballroom symbolizes the success-
ful completion of this stage of life and sets the tone
for a positive, bright vision of the future. The figures are
engaged in a joyful, lively interaction.

Series of panels “From the Maternity Ward to
the Graduation Ceremony” is a historically, artistically
and aesthetically valuable and cohesive work of monu-
mental decorative art. It combines deep emotional en-
gagement, meticulous detail and rich semiotic content,
making it an important subject for study in the context
of cultural heritage (Fig. 3, e).

Panel “The Heroic Stand of Oganov s Battery
in the Battles Against German Forces”

This work is dedicated to one of the key events in
the country’s history — the Great Patriotic War [16].
The subject matter, which evokes a deep emotional re-
sponse, combines a patriotic spirit with a sense of nostalgic
longing, making it resonate with millions of people [17].
The historical context is conveyed clearly and authenti-
cally, emphasizing the significance of the events of that
time [18].

The colour scheme is rendered in cool, complex
tones, befitting the winter landscape and the harsh spirit
of wartime. This creates an atmosphere of tension whilst
simultaneously emphasizing the realism of the depiction.

However, the composition of the mural, which
spans the entire wall of the underpass, appears stretched,
which somewhat disperses the viewer’s focus. The lack
of clear focal points and the sheer scale of the image
make it difficult to perceive the work as a unified whole.
Despite the stretched nature of the composition, this al-
lows the viewer to fully immerse themselves in the atmo-
sphere evoked by the mural. The series remains an im-
portant artistic and historical artefact, conveying the spirit
of the era and the emotional depth of the events. It serves
as a reminder of the heroism and tragedy of the past, pre-
serving the memory for future generations. To improve
its reception, one might consider adding compositional
focal points or dividing the mural into thematic sections
(Fig. 4).

Historical Panel “Launching Ships into the Temernik
River”

The composition is thematically dedicated to
a pivotal event in the history of the Don region, name-
ly the construction of the Russian flotilla during Peter
I’s Second Azov Campaign. In terms of composition,
the panel is executed in a concise style, divided into
main sections to depict not only the central narrative but
also Cossack daily life. The concept of “myth/place” is
clearly evident in this panel, as the subject matter is fun-
damental to the region in which it is located.

The colour scheme is one of the most successful
among those under consideration; it clearly draws atten-
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Fig. 5. Mosaic panel: « — “Launching Ships into the Temernik River”’; 5 — at the pedestrian crossing at the intersection of Bol-

shaya Sadovaya Street and Universitetsky Lane

tion to the main scenes, whilst also reflecting the spirit
of the era and the geographical context of the subject
matter. The mural is a historically significant artefact il-
lustrating the local course of history. Its overall condition
is satisfactory. Minor restoration is required (Fig. 5, a).

Mosaic Panels in the Pedestrian Underpass
at the Intersection of Bolshaya Sadovaya Street
and Universitetsky Lane

This is the only mosaic at the specified address,
standing out from the rest thanks to its distinctive ap-
proach to rendering the image. Its unique design, which
creates a sense of depth by being recessed into the wall,
captures the eye and lends the work a sense of expres-
siveness. Although, from a compositional point of view,
the presence of just one mosaic in the passageway could
be seen as a drawback, on the other hand, it makes it
unique and memorable. A certain sense of diversity arises
from the compositional design of this passageway.

The colour scheme is neutral; however, the blue de-
tails could be replaced with a more harmonious colour,
such as green, which is opposite the red shades used
on the colour wheel. This would enhance the composi-
tional integrity of the work.

The condition of the mosaic is assessed as fairly
good, which allows it to be preserved as a striking and
unusual feature of the urban landscape (Fig. 5, b).

A separate and rather important aspect is the re-
flection of cultural identity in the project under consid-
eration. Local symbols and motifs are used here, which

a

empbhasizes its uniqueness. Overall, the entire project has
been executed in a way that perfectly captures the cultur-
al ethos of Rostov-on-Don, as well as the life and dreams
of a Soviet citizen.

When discussing the social impact of the design
of utilitarian spaces, reference should be made to the so-
ciological surveys conducted as part of the research,
which targeted different audiences (the professional
community and the general public) [19], which note that
the general public perceives a potential danger in un-
adorned and unlit pedestrian crossings, whilst the profes-
sional community emphasizes the importance of design-
ing utilitarian spaces and selecting appropriate artistic
techniques depending on the nature of the space.

Four conceptual and universal models are proposed.

1. A model of a meaningful, aesthetically valu-
able and cohesive space based on the “myth and place”
concept, in which cultural and historical elements form
the basis for the creation of the space (Fig. 6).

2. The “space — art object” model is a significant
feature within the urban fabric, but its design is not tied
to the history of the site; it stands as an independent artis-
tic and aesthetic entity, which is consistent with the con-
cept of architecture as a symbol.

This model stands out as an approach to the de-
sign of underground spaces. The universal “explosive”
scheme for shaping interior spaces is not applicable here,
as this approach considers innovation within the context
of a specific object.

b

Fig. 6. Exploded view of the first conceptual model (@); internal view of the first conceptual model (b)
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Fig. 7. Exploded view of the third conceptual model (a); interior of the third conceptual model (b)

3. The model of an extended space, utilizing the princi-
ple of ornamentation whilst emphasizing the composition-
al equivalence of techniques (colour schemes, panels, etc.)
and a composition based on the relationship between
masses (Fig. 7).

4. A model for peripheral sites that minimizes costs
through the use of colour-coded spatial division, utilizing
simple and readily available elements (Fig. 8).

The design proposals are based on a previously put
forward concept for the design of the city’s utilitarian
structures. The main objective is to utilize this space as
a multifunctional area, integrate it into the urban “land-
scape” and create a comfortable urban environment. De-
pending on the status and function of the facility within
the urban fabric, different types of spatial regeneration
may be employed, taking into account the classifica-
tion of facilities proposed in the methodological section
of the study.

1. Using the city of Rostov-on-Don as an example.

The design proposals include a new overall colour
scheme for the design of underground pedestrian cross-

U

a

ings and existing mosaic panels. When reimagining
the design, it is important to take into account the ac-
cent lighting of the mosaics and the surrounding colour
scheme, which will also draw the viewer’s attention to
the panels without competing with them. Furthermore,
the colour scheme should be monochromatic, using shades
that correspond to the overall style of the underpass, to
enhance psychological perception and create a comfort-
able urban environment.

When considering the aesthetic and social signifi-
cance of these structures, it is worth noting that the ar-
tistic design of underpasses transforms them from “in-
visible” areas into significant elements of the urban
landscape. This contributes to the creation of an aestheti-
cally valuable environment, which is particularly impor-
tant in densely built-up areas and influences the percep-
tion of the city.

The first colour scheme is based on the technique
of highlighting the mosaic panels. By integrating them
into the “grey mass”, the viewer’s attention is immedi-
ately captured; yet the surrounding environment is not

b

Fig. 8. Exploded view of the fourth conceptual model (a); interior of the fourth conceptual model ()
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Fig. 9. Sketch of a project proposal for Rostov-on-Don

Fig. 10. Design proposal based on the first model

Fig. 11. Sketch of the design proposal based on the second model (@); design proposal based on the second model (b)
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Fig. 12. A collage based on a colour scheme proposal derived from the third model

overwhelming but, on the contrary, encourages explora-
tion of the panels (Fig. 9, a).

The second solution is based on the principle
of seamlessly integrating the mosaic panel into its sur-
roundings, thereby creating a compositionally cohesive
underground space (Fig. 9, b).

The third solution also involves creating a focal
point, but within the overall design. This is a more con-
trasting approach, which will help to combine more natu-
ral colour combinations with a universal and pragmatic
overall colour scheme (Fig. 9, ¢).

2. Examples from overseas underground pedestrian
crossings.

In European practice regarding the organization
of underground spaces, it is quite rare to introduce design
techniques for underground pedestrian crossings that are
unique in terms of their artistic and aesthetic character-
istics, as European urban planning trends tend to favour
the elimination of such spaces by relocating the crossing
to the surface. However, for a number of reasons (traffic

flow management, cross-block access, etc.), this solution
is not always feasible.

Conceptual models for the design of underground pe-
destrian crossings have been developed based on an analy-
sis of visual materials depicting underground spaces
in a number of cities in the USA (Boston, New York),
the UK (London, Dublin, Glasgow) and Europe (Brus-
sels, Warsaw, the Netherlands).

Preliminary conceptual sketches illustrate approaches
to colour schemes that foster a different visual and spatial
perception, whilst also adding artistic and aesthetic value
to the crossings. The idea of designing these crossings can
also serve a social function; for example, by running proj-
ects that involve the city’s artistic communities, who can
contribute to the design.

1. A model of a meaningful, aesthetically valuable
and cohesive space, drawing on the “myth and place”
concept, in which cultural and historical elements form
the basis for the shaping of the space.

Fig. 13. A collage based on a colour scheme proposal derived from the fourth model
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Proposed models

The proposed A distinctive feature of space Design principle
model
1 The proposed project has an integral cultural | A conceptual proposal based on the “myth and place”
and historical dimension approach
2 The proposed development is significant A conceptual proposal based on the creation of
within the urban fabric but has no cultural an independent artistic and aesthetic space
or historical significance
3 The project in question, which is extensive A conceptual proposal based on the principle
and linear of ornamentation, clarifying the compositional
equivalence of techniques (colour, panels, etc.) and
a composition based on the relationship between
volumes
4 The proposed development is situated on A conceptual proposal based on the use of colour to
the outskirts and requires a practical approach | divide the space, utilizing simple and readily available
to its design materials
This model is based on the conceptual, historical, CONCLUSION

cultural and philosophical aspects of the site, as well as
its location within the urban fabric. The key approach
of the model is the accurate representation of its concep-
tual framework (Fig. 10).

2. The “space — art object” model — a significant
feature within the urban fabric, but one whose design is
not tied to the history of the site, functioning instead as
an independent artistic and aesthetic entity.

This model is based on the designer’s individual
vision, taking into account the significance of the ob-
ject. Recommended techniques for this model include:
a unique colour scheme; the use of historicist techniques;
and the architectural and spatial highlighting of distinc-
tive physical features of the local environment (Fig. 11).

3. A model of extended space that utilizes the prin-
ciple of ornamentation, emphasizing the compositional
equivalence of techniques (colour, panels, etc.) and
a composition based on the relationship between vol-
umes.

This model is based on the artistic theory of com-
position, the division of space and the use of colour for
emphasis (Fig. 12).

4. A model for peripheral sites that minimizes costs
through the use of colour-based spatial division, employ-
ing simple and readily available materials.

This model is based on a strategy of cost-effective-
ness whilst preserving the artistic element, taking into ac-
count the site’s significance and location within the urban
fabric (Fig. 13).

Using the methods presented, a study was carried
out in which examples from the urban structures of cities
in Europe, Russia and the USA were analyzed; stylistic
and thematic trends in design concepts were identi-
fied; and the particular significance of utilitarian transport
infrastructure within the urban fabric was highlighted.

The proposed models are presented in the Table.

Objects are categorized according to their signifi-
cance:

1. Dominant objects (“architectural focal points
of the urban environment”).

2. Objects that form the urban framework (key ele-
ments in the presentation of the urban structure).

3. Peripheral (background) objects.

Implementation methods are also proposed for these
categorized objects:

* the use of cost-effective materials and technolo-
gies: decorative and finishing works (creating an aes-
thetically expressive appearance for the spaces being
reconstructed by refurbishing facade surfaces, vaulted
elements and roof coverings);

» comprehensive reconstruction.

Methods for transforming underground utility spac-
es are also proposed, taking into account key artistic and
architectural techniques.

Four conceptual and universal models are proposed
(Table). Design solutions based on these conceptual
models are also presented, taking into account the key
characteristics of the sites.
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ABSTRACT

Introduction. Today, climate change in the Arctic zone is an important problem for the world community. As the largest
country in the world, the Russian Federation is particularly vulnerable to the effects of climate change due to its vast territory,
difficult climatic conditions and geographical location. The purpose of this study is to analyze the impact of anthropogenic
factors on climate change in the Arctic zone of the Russian Federation, using the example of the Komi Republic, and to
develop solutions to mitigate its negative consequences.

Materials and methods. Tools for assessing the impact of anthropogenic factors on climate change in the Komi Republic
are: spatial GIS modelling, analytical method, statistical data analysis and mapping. Based on these research methods,
a spatial model is being created to identify the areas most susceptible to climate change.

Results. The developed methodology makes it possible to identify the urbanized territories of the Russian Arctic that are most
susceptible to climate change indicators. The territory was analyzed by the amount of emissions of the main greenhouse
gases carbon dioxide (CO,), methane (CH,), nitrogen oxide (NO,). The design experiment was carried out using the exam-
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ple of the Komi Republic. An example of applying a solution to the problem to reduce climate change indicators in the Arctic

zone of the Russian Federation is given.

Conclusions. The necessity of taking measures to reduce the anthropogenic impact on climate change in the Komi Republic
has been identified. The results of this article can be useful for decision-making in the field of climate policy at the regional

and national levels.

KEYWORDS: climate change, anthropogenic factors, Russian Arctic, resilient city, Far North, Komi Republic, GIS modelling
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BBEJIEHUE

I'moGankHOE MOTEIJICHNE KITMMaTa, CBSI3aHHOE, B TIep-
BYIO O4€pe/lb, C aHTPOIIOTCHHBIMH BBIOPOCAMH TTAPHHUKO-
BBIX I'a30B, B TCUCHHEC ITOCJICTHUX lIeCS[TI/IJ'leTI/Iﬁ SABIIACTCA
0011IeMUpOBO TeHIeHIMEH. I3MeHeH s Kinmara 1oj-
TBEPIK/IAFOTCST Ha IOOATBHBIX KIMMAaTHYECKUX MOZIEIISX
CMIP, ciyxamux OCHOBOI [T COBPEMEHHOTO aHaIn3a
niepemens! kiuMara. Mudopmarms CMIP, ocodeHHO HO-
Beitmmue ceenenus moaemn CMIP6, kputndeckn BaxHa
Jutst GOPMUPOBAHHMS TTPOTHO30B M TTOCIIEICTBUI TpaHC-
¢dopmanun xmmara. Tem He MeHee, HECMOTpSI Ha pa3-
BUTHE KIIMMAaTHYECKOTO MOCIMPOBAHUS, B HACTOSIICE
BpEMsI OIIIYIIACTCS HEXBATKa CIICHUATN3UPOBAHHbIX IPaJI0-
CTPOUTENBHBIX METOAWK TSl OLICHKH TTOCIIE/ICTBHI N3Me-
HEHMs1 KJIMMara B ropoJiaX ¥ peruoHax.

OnanM 13 Hanbollee HANISTHBIX TTOKa3aTeseh KITH-
MaTHYECKHUX MEPEMEH CIIy’KUT TEMIIEpaTypa BO3yXa.

Poct cpenneronoBoii Temneparypbl Haj Cy1Iei B IEPUOJT
19762020 rr. moseimaercs Ha 0,179 °C kaxmgoe aecs-
tuietne [ 1-3]. {1t moATBep KAeHUS 3TOTO Te3Kca aBTo-
paMu cocTaBieHbl TpadUKU U3MEHEHUs TeMIIEpaTypbl
10 TaHHbIM, oay4eHHbIM U3 Earth Engine Data Catalog
3a OCNeAHUE TpH AecsaTmieTus (puc. 1).

Poccus — eauHcTBEeHHas cTpaHa, T I'paHULA
APKTHKH 3aKperieHa 3aKOHOAaTeNIbHO, yKa3oM Ilpesn-
nenta Poccutickoit denepanyu BeieneHa ApKTHUECKas
30Ha Poccwuiickoit @enepannu (A3PD). A3P® oxsarsl-
BaeT 9 PErHOHOB: YETHIPE OTHOCATCS K HEll MOTHOCTHIO:
MypmaHckast 061acTe, HeHerkuii aBTOHOMHBIH OKPYT
(manee — AO), Uykorckuit AO, SImano-Henerxuii AO;
siTh yacTaHO: PecnyOnuka Komu, PecryOnika Kapenus,
Pecny6nuka Caxa (SIkytus), ApxaHrenbckas o0acTb,
KpacHostpckuit kpaif. YeTbIpe TpHAPKTHUECKUX PETHOHA
BKITIOYAIOT B ce0st: XaHThl-Mancuiickuiit AO — Orpa,
Kamuarckuii xpaif, Marananckas oomacts. [Inomans ap-

¥ R
)

d

|:| I'patnisl cyobekToB PO, TEPPUTOPHE KOTOPBIX MOJHOCTHIO HIIM YACTUYHO BOILIH B APKTHYECKYIO 30HY PD

max

Puc. 1. Mereoponorudeckue nanaeie Poccuniickoit @enepammu: @ — 1991 r; b — 2000 r; ¢ — 2015 n; d — 2022 1. (110 uH-

(opmarum Earth Engine Data Catalog)
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KTHYEeCKUX Tepputopuit — 4,8 MitH km? (28 % TeppuTo-
MU CTpaHBbI). 311eCh NPOXKUBAET 2,6 MITH YeJI0BeK, OOJIbIIe
TIOJIOBUHBI HACENICHUSI MUPOBOM APKTHKH.

Ha ocHoBe nH(oOpMannm poccUiCKUX CTaTHCTH-
YEeCKHX eKeroHUKOB DenepanbHOi cirykObl rocyaap-
CTBEHHOM CTaTUCTHUKU MPOBEJICH aHAINU3 CpeHEMec -
HOH TeMIepaTypsl BO3IyXa U KOJIMYECTBO OCAIKOB I10 pe-
ruoHam P®. B 2020 r. mpousolesn pe3kuii CKayoK pocTa
CH,, 4T0 MOXET CBUJIETENHCTBOBATH O HAMOOIEe 3HAYH-
TEJILHOM TIOBBIIICHUH TEMITEPATyPhI, KOTOPOE OBLIIO OTMe-
4eHO Ha Bcel Teppuropun A3PO:

* cpenHsist (hakTHUecKasi TeMIieparypa sHBapst Co-
craBisiia —16,5 °C, orkiionenue ot Hopmbl 6,4 °C. Hau-
Oonpuiee OTKIOHEHHE OT HOpMEI B 2020 r. 3aMeTHO
B CeBepo-3anazHoM denepansHoM okpyre (C3PO0O), sto
6,8 °C (puc. 2, a);

* cpennss (akTHUecKasl TemIeparypa HIoias —
14,7 °C, otknonenue ot Hopmel — 1,3 °C (puc. 2, b).
HanborpIree OTKIIOHEHNE OT HOPMBI TAKXKE MIPUCYTCTBY-
er B C3DO u cocrasuser 2,1 °C;

* CPEJHEMECSTHOE KOJIMYECTBO OCAIKOB B HIOJE
2003 . — 69,5 mm, B 2020 . — 62,3 MM (puc. 2, ¢);

* cpaBHHUBAs rpauKu CpeTHEMECAIHBIX TTOKa3a-
Tenel mo pernonam A3P®, MOXXHO MPHHATH K BHIBOAY,
YTO KOJIMYECTBO OCAJAKOB MPSIMO MPOMOPIHOHAIBHO
TeMIIepaType BO3AyXa: YeM Teriee TeMIeparypa BO3Iy-
Xa, TeM OoJblIIee KOJIMYECTBO OCAIKOB BHIMAAET HA I10-
BEPXHOCTH 3eMiu (puc. 2).

AHanu3 U3MEHEHHI TeMIepaTypsl U 0CaJIKOB B TIe-
puon 2003—2022 rr. MO3BOJAET CIeNaTh BBIBOJ, YTO MPU-
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Marajnanckas 06a1acTs

YUHOI YCKOPEHHOTO B AT T'OJIbl COKPAICHHS JIETHUKOB
SBJISIETCS yBEJIMUCHHE JIETHEH TemIleparypbl BO3IyXa
¢ Hayana XXI B. Ha 1,5 °C u, B nepByo ouepenb, OX-
BaTbIBaeT U3MeHeHus Ha Tepputopun C3DO. Ilocnen-
CTBUSI NIOOAIBHOTO TIOTEIIIEHHS OILYIIAIOTCS HE TOJIBKO
B APKTHYECKOM PEruoHe, HO U IAJICKO 3a €T0 MpeeiaMu
[4-6].

PocT ypoBHS NapHUKOBBIX T'a30B Ha4aJl yCKOPEHHO
W/ITH BBEPX TOCIIE BO30OHOBICHUST 00beMa PON3BOI-
CTBa MPOMBILIEHHOCTH cTpaHbl B 1926 . 1 10 1990 .
(puc. 3). OnanM U3 HandoJee BaYKHBIX TTAPHUKOBBIX Ta-
30B SIBISIETCS TMOKCH]T YITIEPO/a, TAKHE Ta3bl, KaK METaH
M 3aKHCh a30Ta, TAKKE NMEIOT BIMSIHUE HA TII00ATBHOE
norterienne [7-9]. Ha puc. 3 otoOpaskeHbI CyMMapHBIe
BBEIOPOCHI IO TPeM MapHHUKOBBIM ra3zaMm. Ha rpadmukax,
ocHOBaHHBIX Ha MaHHBIX OurWorldinData.org, Bernenen
nepuon 1930-1990 rr., roe HaOMIOAAETCS TTPOIAOTIKH-
TEJIEHBIN POCT YPOBHS MApHUKOBBIX ra3oB (puc. 3, 4).

ITo cBenenusim Pocrugpomera pocT KOHLEHTPALUU
MapHUKOBBIX Ta30B Ha Teppuropun Poccun B 2022 1.
CTaJl pEKOPIHBIM, B IIEPBYIO OYEPE/Ib YITIEKUCIIOrO rasa
(CO,) n merana (CH,). Konnenrpauus yrmieKuciaoro
ra3a Ha Tepputopun PO B 2022 1. Bo3pacTaer 1o cpaBHe-
auro ¢ 2020 u 2021 r. (puc. 3).

Bropast o 3HaYMMOCTH NMPUYMHA TII00AIBHOTO T10-
TETUIEHUs NOCIIE yIIeKucenoro rasa — metan (CH,)) —
OecrBeTHbI ra3 6e3 3amaxa. C 1750 1. momy yBeIHIrin
KOJIMYECTBO MeTaHa B atMocdepe mpumepHo Ha 150 %.
JloObIya HCKOTIaeMbIX BUOB TOILIMBA, TAKUX KaK HE(Tb,
a3 U yroJb, SIBJISETCS KPYTHEUIIIUM UCTOYHUKOM BBIOPO-
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—— 2003 -=—2010 2020

NI\

g8 8§ 3 8
& 5 & ©

|

|

i Kpaii

Pecnybanka Kapeans
Pecnybanka Komn
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d

Puc. 2. CpenHemecsiaHbIe TOKa3aTesu 1o peruonam A3P®D: ¢ — cperHeMecsiHas TeMIieparypa Bo3ayxa (SsHBaph); b — cpeHe-
MeCsSYHast TeMIIepaTypa Bo3ayxa (HIOJb); ¢ — CPEHEMECYHOE KOJTMIECTBO OCAIKOB (SIHBAPH); d — CPETHEMECSIHOE KOIMYECTBO
0CaJKOB (MIOJIb) (POCCHHCKHE CTaTUCTUIECKUE eKETOTHUKN DenepanbHoil Ciry OBl TOCYyIapCTBEHHOM CTaTHCTHKA U Microsoft

Excel)

178



BAMSIHUE @HTPOMOreHHbIX PAKTOPOB Ha M3MEHEHHNE KAMMATa ropOAOB APKTUUECKOM 30HbI
Poccurickor ®eaepaummn Ha npumepe Pecrybanku Komu

C. 176-203

1850 1880 1900 1920 1930 1940 1960 1980 1990 2000 2021

a

Russia

Russia

1830 1850 1900 1930 1950 1990 2000 2022

b

Puc. 3. Bribpockl napuukoBbix razos CO,e mno kareropusm (a); BbiOpockl Ha aymy Hacenenus CO, (b) (MCTOUHUKH:

OurWorldinData.org u Adobe Illustrator)
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Puc. 4. BoiOpoch! mapHUKOBBIX ra3os Ha jaymy Hacenenus: @ — CH,; b — NO_(uctounuku: OurWorldinData.org u Adobe

lustrator [13])

coB MeTaHa. JIIo/H TaKke yBEINYUII BEIOPOCHI METaHa
13-32 MHTEHCUBHBIX METO/IOB BEJICHUSI CEJIbCKOTO XO35IH-
CTBa, )KUBOTHOBOJICTBA U yiayieHust orxozos [10, 11].

[TapHuKOBBIE Ta3bl, TAKME KaK METaH, OCTAIOTCS
B arMocdepe 3eMIIH, TI03BOJISIsI COJTHEYHOMY CBETY I1pO-
XOIUTh Yepe3 Hee, HO 3aepkuBast Teruio [12, 13]. Oxno
HeJ[aBHee MCCIIeI0BaHNe 110Ka3ajlo, 4To ObICTpOe COKpa-
IIeHHE BHIOPOCOB METaHa MOXKET 3aMEUTUTh CKOPOCTh
norervienus 3emin Ha 30 %. B 2020 1. cpenneronoBast
KOHIIGHTpAIMsl METaHa Ha JyIlly HaCeJIeHUsI COCTaBIsIa
3,21 1, mocne yero mpowusoren ckadok 110 3,35 182021 .

(puc. 4, a).

Pactymmii cnpoc co CTOPOHBI CENTCKOTO X035 CTBRa,
TpaHCIOpPTa, MPOMBIIIIEHHOCTH M 3HEPTETHUKHU IPH-
BeJ K PE3KOMY POCTY YPOBHEH a30THOIO 3arps3HEHUs
U CBSI3aHHBIX C HUM BBIOPOCOB ITApHUKOBBIX T'a30B [14].
Bri6pocsk 3akucu azora (NO ) OT NpOMBIIIIEHHOCTH
u cxuranus, Hanpumep, B 300 pas mouruee, uem CO,
Kak ITapHUKOBOTO rasa (puc. 4, b).

MeraH ¥ Apyrue yrIeBOJOPOAbI B TIPUPOJHOM Trase
COEIMHSIOTCS C OKCH/IAMH a30Ta, 00pasyst 030HOBOE 3a-
rpsisHeHne armocgeps! (puc. 5) [15, 16]. Ha 3naunTens-
HOM 4acTH CTPaHbl COXPAHSETCS TCH/ICHIUSI YMEHBIIIC-
HHS IPOJIOJDKUTEIIBHOCTH 3aJIeraHusi CHEXKHOTO MOKPOBa,
P 3TOM HaONIofaeTcs yBEJIWYCHHE MaKCUMAIbHOU

3a 3UMY BBICOTHI CHEXXHOT'O ITOKPOBA Ha OOJIbLICH YacTH
cTpaHbl. B nponecce TasgsHUs MHOTOJIETHENH MEP3JIOTHI,
3aHumaromeit 63 % teppuropun Poccun, BICBOOOXK-
JTAI0TCS HAKOMMBIIMECS B 3aMep3lell OpraHuKke NapHu-
KOBbIE Ta3bl, B 4aCTHOCTH yriekuciblid ras CO, u 6onee
arpeCcCUBHBIN 10 BO3/IEHCTBHIO Ha KiauMar metan CH,
[17—-19]. 3oHa BeuHOM MEP3TOTHl AKTUBHO OCBANBAETCS
Onaromaps 3armacam MoJIC3HBIX UCKOIIAEMBIX, HO BIIHASHIE
TEMITCPATyPHBIX U3MCHCHUI BIICUET 32 COOOM Cephe3HBIC
MOCIICNICTBYS JUTst HHQPACTPYKTYyphl pernoHoB CeBepa,
YTO HETaTUBHO CKAXKETCs Ha 3[aHUSIX U BIIOCIEICTBUU
MpUBEJET K UX paspymienuo [20, 21].

PocT xoHUEHTpaluu MapHUKOBBIX T'a30B M CO-
BpEMEHHOE MOTEIJICHUE KIIMMaTa Ha BCEH TEPPUTOPUH
3EMHOT0 Il1apa HETIOCPE/ICTBEHHO CBSI3aHbI ¢ Mpo0ieMoit
AHTPONOreHHoro Bo3neicTus [22, 23]. Xo3siicTBeHHAast
JIeSITeIbHOCTD YEJIOBEUECTBA — HCTIOJIB30BAHUE MIPUPO/I-
HBIX PECYPCOB, CYLIECTBEHHOE COKpPAILICHHE IUIONAAN
JIECHOW MOBEPXHOCTH, OTCYTCTBHE €€ BO30OHOBJICHUS,
a B CBSI3U C 3TUM 3a00JIauWBaHUE TEPPUTOPUU, POCT
MPOMBIIUIEHHBIX U TOPOACKUX TEPPUTOPUNA — BCE ITO
MOBBIIIAET KOHILIEHTPAIUIO MAPHUKOBBIX I'a30B U TEM Ca-
MBIM YCHJIUBACT MAPHUKOBBIA A((EKT, UTO MPUBOIAUT
K POCTY CPEAHErofI0BOI TeMIeparypbl IPU3EMHOTO CII0S
arMocdepsl.
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[ Tpanmust cyGbekton P, TeppuTOpHI KOTOPBIX MOIHOCTBIO HIIH YACTHYHO BOLLIH
B ApPKTHYECKYIO 30Hy PD

po/m’ 0 i ST

a

[_] Tpanuup: cyobekro P, TeppuTOpHH KOTOPBIX MOIHOCTBIO MIIH YACTHYHO BOLLIM

B ApKTHYECKYI0 3010y PD

Puc. 5. Konnenrpanus IpupoaHbIX ra3oB Ha Tepputopun Poccniickoit @enepanun: @ — NO ; b — NO_ + CH, (uctounukmu:

Earth Engine Data Catalog n Adobe Illustrator)

MATEPHWAJIBI U METO/JbI

AHTpOTIOTeHHBIC (DPAKTOPBI — 3TO COBOKYITHOCTH
rpynmbl (AaKTOPOB, MPSMO MM KOCBCHHO CBSI3aHHBIX
C JIeATEIbHOCTRIO YEJIOBEUECTBA, BIUSIOIINUX HA H3Me-
HEeHHUe U (pyHKIIMOHUPOBAHUE OKpysKaromieit cpembl. Oc-
HOBHEIM JIpaifBEpOM COBPEMEHHOTO MTOTEIUICHUS SIBIISI-
€TCsl MPOAOIIKAIOIINUNCS POCT KOHIIGHTpAIUi COZ, CH »
okcuja asota NO,_ (puc. 6).

Kiaccudukaius KIFOYeBbIX aHTPOITOTCHHBIX KC-
TOYHUKOB BHIOPOCOB MAPHUKOBBIX Ta30B MOXKET 0a3u-

| TIpsiMbie MCTOYHUKH
1 DIEeKTPOCTaHINN

| YrojabHBIE MIAXTHI

! TTonuronst TBO

: IIpousBoacta

AHTpornoreHHas
Harpyska

1 Koceennsle ncrounnku
! ABTOMOOWJIBHBIN TPAHCIIOPT

"' Asporoprsr

: TennoBoii ocTpoB

1

pOBaThCS Ha Pa3MYHBIX KPUTEPHSAX, TAKUX KAK THII
JEeATeNbHOCTH, MAaCIITa0Bl MM MPSMBIE U KOCBEHHBIC
MCTOYHUKH:

1) TIpsIMbIE NCTOYHHKH:

* DJIEKTPOCTAHIMHU (0COOCHHO T€, KOTOPHIE NCTIONb-
3yIOT HCKOIIaeMOE TOILIHBO);

* YrOJIbHBIC IIAaXThI (BEIOPOCH METaHa B Mpolecce
JI00BIYN);

e monurousl THO (MeTaH OT pa3noKeHHs OpraHu-
YECKUX OTXOJIOB);

| 1 |
4 1 1 NO 1
_____ - o e B B e e B
1
_____ o T o o ] o o i o o
il I o | D 1
(I (I 1
11 1 1
(I (I 1
[ 11 1
[ [loBeImIeHUE (I 1
1 TEMIIEpaTyphL. 11 1
— e U H3menenue 11 !
— 1 [ H3menenune 1
0CaJIKOB.
1 I U KJIMMara 1
- OIIbEM YPOBHS | ASPD I
1o BOJIEL. 11 1
(I W3menenune (I 1
I 1 skocucrem 11 !
(I (I 1
- [ (I 1
=i (I 1
(| (I 1
e - Vo s v o i B J

Puc. 7. Teopetnueckas MOAEb BIUSHUS AaHTPOIIOTEHHON HArpy3KHU Ha U3MEHEHUE KiInMaTa
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* TPOM3BOJCTBA (3aBHCHUT OT OTPACIIH, MHOTHE IPO-
u3BO/CTBa BhIOpackBatoT CO, n IpyTHE rasbl);

2) KOCBEHHbIE HCTOYHHKH:

* aBTOMOOWJIBHBINA TPAHCHIOPT (BBIOPOCHI OT Cropa-
HUS TOILIMBA);

* a3pOIOPTHI (BKITFOUAOT B ce0s KaK BEIOPOCHI OT ca-
MOJICTOB, TaK U OT COITYTCTBYIOLIEH HHPPACTPYKTYPHI);

* TEIUIOBOH OCTPOB (HE SIBISIETCS] HICTOYHUKOM B TIPS-
MOM CMBICIIE, HO CIOCOOCTBYET ITOBBIILIEHUIO TEMIIEPaTyPhl
U, KaK CJICJICTBHE, YBEINUCHNIO SHEPIonoTpeOneHns);

3) OBITOBBIC ¥ IPOM3BOJICTBEHHBIE OTXOBI:

* MOryT 6]>IT]) HUCTOYHUKOM KaK IMPAMBIX, TaK U KOC-
BEHHBIX BHIOPOCOB B 3aBHCHMOCTH OT CIIOC00a oOpaiiie-
HUS C OTXOAaMH M MX MEPEPadOOTKH.

BrmnsiHye aHTPONIOreHHBIX (DAKTOPOB HA N3MEHEHHE
KJIIMMaTa OKPYXKAIOIIeH CPebl:

* TIOBBIILICHUE TEMIICPaTyPhI;

* U3MEHEHHE OCAaJIKOB;

* [IO'bEM YPOBHSI BOJIBI;

* I3MEHEHHE IKOCHUCTEM.

Ha ocHoBe kiaccu(pUKauy OCHOBHBIX aHTPOIIO-
TeHHBIX (PaKTOPOB pazpaboTaHa TEOPETHYECKAsi MOACIb
BJIMSIHUSI aHTPOTIOT€HHOW Harpy3Ky Ha M3MEHEHHE KITU-
Mmara (puc. 7).

s ananusa ucciienyeMoi TEppUTOPUH 110 KOJIU-
YEeCTBY BEIOPOCOB MapHUKOBHIX T'a30B HEOOXOIMMO pac-
CMaTpUBaTh TEPPUTOPHIO PETHOHA COCTABHBIMH YaCTSIMH,
B HallleM CiTydae [0 MyHUIUITAIBHBIM paiioHam. MHeTpy-
MEHTaMH ISl CO3J[aHMsl MOJIETIM Hanbosee M3MEHUMBBIX
TEPPUTOPUI, TOJABEPKEHHBIX M3MEHEHUIO KIIMMaTa, sIBJIsi-
I0TCSL:

* npoctparcTBenHoe I IC-MonenmpoBaHme m03Bo-
JSIET M3y4aTh NPOCTPAHCTBEHHBIE JAHHBIE, BKITIOUas pac-
Tpe/ieJIeHHe BEIOPOCOB Ta30B Ha TEPPUTOPHH;

* QHAJTUTHYECKUI METOJI TPUMEHSIETCS 1Tl BBISIBIIC-
HUA 3aKOHOMepHOCTel>lI 1 TPCHIAO0B B CBCJICHUAX O KIIMMa-
Te U BBIOpOCAx;

C6op uHdpopmanuu
* METEOPOJIOTUUECKHE JTAaHHBIC;
* KOJIMYECTBO OCAJIKOB;
* KJIIMAT OTAENBHOH TOUKH,
| BBI3BaHHBIH 3(h()eKTOM OCTPOBa TeIIIa

IlepBelii 3Tan

[Ipoctpancreennoe ' MC-monenupoBanue
* cXeMa pailoHOB, Hauboee MOABEPIKEHHBIX
HU3MEHEHUIO KIIMaTa;
* PEKOMEH/IallH 110 CHUYKEHUIO BIUSHUS
| Ha M3MEHEeHHe KiuMara

YeTBepThIid dTAll

* CTATUCTUYECKUIl aHAJIHM3 JaHHbBIX JIAeT BO3MOXK-
HOCTb OLICHUTh CTEINeHb BIMSHHS PA3JINYHbIX (PAKTOPOB
Ha B])I6pOCI)I TMapHUKOBLIX I'a30B;

* kapTorpadupoBaHue.

HccreoBanue BKITIOYACT YEThIPE KITFOUEBBIX JTarla,
MIPUBEICHHBIX HA puUC. 8.

[epBsiii 3Tamn npezcrasisiet codoit coop uudopma-
LUH 110 U3MEHEHUIO KJINMAaTa B PErMOHE 3a IOCIIeIHHIE
JICCSTUIICTHS: METEOPOJIOTHYECKUE CBEJICHUS, KOIIUe-
CTBO OCQJIKOB, KJIIMMAT OTJEJbHOIN TOYKH, BHI3BAHHBIN
a¢dpexrom octposa teruia (Urban Heat Island, UHI).

Ha BTOpOM 3Tame MeTogoM KapTorpaduieckoro
aHaJM3a BBIIBISIFOTCS MECTa HAMOOJIee OMACHBIX OTXO-
JIOB, YTO TaKXe BIUSET Ha OMOopazHooOpaszne mpUpoIbl.
Takoke orpenessiFoTcs MecTa pacloIoKeHUs [NIABHBIX
HCTOYHHMKOB TEXHOTCHHOTO BO3/ICHCTBHS M BBITPYKalOT-
cst manable Climate Trace a1 ycTaHOBIEHUS MECTOIIO-
JIOXKEHHSI KPYIHBIX HCTOYHUKOB M OLICHKH KOJIMYECTBEH-
HBIX B])l6pOCOB B TCUCHUE BPCMCHU.

Ha tperbem 3Tare Ui OTIEIBHOTO MyHHIIUTIAb-
HOT'O paiioHa TpedyeTCsl pAaCCUUTaTh CYMMApPHOE KOJIHYe-
CTBO BBIOPOCOB 110 TpeM mapHuKoBbIM rasam CO,, CH,,
NOX, YUYUTBIBAIOIUX TUIIbI OCHOBHBIX UCTOYHUKOB 3a-
TpSI3HEHMS. DTOT aHAJIN3 [IPOBOANTCS ITPU MOMOILH TIPO-
rpamMHoro obecrieueHus QGIS Ha ocHOBE OTKPHITOM
6a3bl TaHHBIX KPYIHBIX HCTOYHUKOB BEIOpocoB Climate
Trace. Cenenus Climate Trace BbIrpyxaroTcsi B TaOJIu-
Iy arpuOyTOB M0 KaXKIOMYy U3 MyHHIUTIAIEHBIX Palio-
HOB ¢ HA0OPOM BBO/IA JIAHHBIX: HAMEHOBAHUE TPAHHIIBI
aJIMIHUACTPATUBHO-TeppuTOpHainbHoro aenenus (AJ(T),
OCHOBHOTO (hakTOpa UCTOUHHKA 3arps3HEHUs U CyMMap-
HOE KOJIMYECTBO BHIOPOCOB.

UeTBepThIif ATl MPEICTABIAET COOON MPOCTpaH-
cteHHoe [ IC-monenupoBanue. Ha 6aze nndopmarm
arpuOyTOB C TIOMOIIBIO METO/A KJIACTEPH3ALMU JTAHHBIX
COCTaBIISIETCS CXeMa palOHOB, HanOoJIee TTIOJBEPIKCHHBIX
M3MEHEHHIO KIIMMATa 110 TPaJIalliK [BETOB: OT CBETJIOTO
K TEMHOMY, COOTBETCTBEHHO OT HE3HAYUTEIBHOIO K HaH-

Kaprorpaduueckuii ananus
* MecTa HanboJIee OIacCHBIX OTXO/OB;
* HeCaHKIIMOHUPOBAHHBIE MECTa
pa3sMeLICHUs OTXOJ0B;
* PacHOI0KCHUE HCTOYHUKOB aHTPOIIOTEHHOIO
BO3JeiiCTBUA B IIPEAiENax TEPPUTOPUU

Bropoii atan

CTaTuCTUYECKUI aHAIHU3
* pacdeT CyMMapHOT0 KOJIMYeCTBa BEIOPOCOB
MO TpeM JpaiiBepam;
* co3/aHue TabIHIbI aTPHOYTOB HA OCHOBE
nannbeix ClimateTrace

Tpetuit sTan

Puc. 8. Drans! ncciaenoBaHys BBISIBICHHS BIMSHISA aHTPOMOTEHHBIX (JaKTOPOB HA TEPPUTOPHIO
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00JIBIIIEMY BBIOPOCY MTAPHUKOBBIX Ta30B. TakKe Ha ITOM
JTarne MoIy4eHHOW MOJEIN COCTABIISIFOTCS PEUTOKEHHS
IO aJjaNTalluy TePPUTOPUH, HAIIPABIEHHbIE Ha OPTraHu-
3aLUI0 MEPOIIPUSTHIL ISl CHI)KEHNS BBIOPOCOB TTApHU-
KOBBIX I'a30B HA TEPPUTOPUU UCCIIEIOBAHMUSI.

PaspaboTaHHbIe ATAmBl UCCICTOBAHMS MO3BOJAT
MIPOAHAIN3UPOBATh BIMSHUE aHTPOIIOTCHHBIX (haKTOPOB
Ha U3MEHeHue Knnmara ApKTudeckoit 3006 Poccniickoit
®denepanuy ¥ NOATOTOBUTh PEKOMEHIALIUH JUIS CMATYE-
HUSI €70 HEeraTUBHBIX nociencTuil. IToctpoennas cxema
aHaJIn3a PaliOHNPOBAHMA JACT BO3MOXKHOCTD HAITISIHO
TIOKa3aTh TEPPUTOPUHN BEIOPOCOB OCHOBHBIX KPYITHBIX
HCTOYHUKOB.

PE3YJIBTATHI HCCJIEJOBAHUA

Juis anpo0anuy TEOpEeTHYECKUX HCCIIeI0BaHUN
Op1a BeIOpaHa Tepputopusi Pecrmybmmuku Komu. Pac-
cMaTpuBaeMasi TEpPUTOPHUsS PACIIOIOKEHA HAa CEBEPO-
BOCTOKe eBporeiikoit vactu Poccuu u Bxoaut B C3DO
(puc. 9). Cormacuo IlocranoBnenuro [IpaBuTenpcTBa
P® or 16.11.2021 Ne 1946 k paiionam Kpaitaero Ce-
Bepa PecryOnmkm Komu oTHOCSITCS TOPOJCKHE OKpyTa:
BopkyTa, UHTa, YcuHCK; MyHUIIUNAIbHbIE PAalilOHBI:
VYerp-LHunemckuit, Mxemckuii, [levopa; k MecTHOCTSM,
IpupaBHEHHBIM K paifonaMm Kpaiinero Cesepa: CBIKTBIB-
Kap, Yxta, BykTeln; MyHUIIMnanbHbIe pailonsl: KHsxK-
noroctckuil, Koiiropoackuii, Koprkepocckuit, Ilpu-
ny3ckuil, CeikThIBIUHCKUHN, CoCHOTOpcK, ChICONBCKUM,
Tpounko-Ilevopckuii, Ynopckuii, Yere-BeiMckuit, YeTh-
Kynomckuii [2].

IlepBerii aTam npeacrasiset codoit coop urdopma-
IIUH: METEOPOJIOTHUECKUX JIAHHBIX, KOJINYECTBa 0Cal-
KOB U KJIUMara OTIC/IbHOW TOYKH, BbI3BaHHBIX 3(dek-

o

£ " .
®5¥° - 8
C N
{

%

[ ] I'panums Pecrry6mnku Komu

TOM ocTpoBa Teruia. ['eorpaduueckoe monoxenue Pe-
crny6onuku KoMy B OTHOCHTENBHO BBICOKHX IIMPOTax,
YIAAJICHHOCTh €€ OT TEIIOro ATIaHTHYECKOTO OKEaHa
n OIM30CTh OOMIMPHOTO A3MATCKOrO KOHTUHEHTA 00-
YCIIaBIMBAIOT B PECIYONNKE YMEPEHHO-KOHTHHEHTAIb-
HBII KJIMMaTt, 3HaYUTEIbHO OTIMYAIOIINICS OT KIIMMara
ocTanbHON Tepputopuu EBponsl. bonbias nporsken-
HOCTh PECITyOITUKH C ceBepa Ha For 785 KM, ¢ I0ro-3araja
Ha ceBepo-BOCTOK 1275 kM, ¢ 3amaja Ha BOCTOK 695 km,
a TakxKe pazHooOpasue GpusnKo-reorpaguIecKux ycio-
BUH CO3JIAI0T CYIIECTBEHHYIO Pa3HUILy B KJIMMaTe OT-
JICTIbHBIX €€ paliOHOB.

C 1OMOIIIBIO T€ONPOCTPAHCTBEHHON TIAT(HOPMBI
cnyTHUKOBBIX cHIMKOB Earth Engine Data Catalog mpo-
nykra Habopa nanHbix Terra Climate o exxemMecs4HOM
KIIMMaTe ¥ KIIMMAaTHYeCKOM BOJTHOM OajaHce AJIsl TIIo-
0aJIbHBIX HAa3eMHBIX TTOBEPXHOCTEI COCTABICHBI CXEMBI
METEOPOJIOTNYECKUX JAAHHBIX TeppuTopun Pecrrybonmukn
Kommn 3a neproz 1991-2022 1. (puc. 10). Kak u B 1pyrux
pernonax Apkrtuku, Pecrybnuka Komu crankuBaercs
C MOBBIILICHHEM CPEAHEroJJ0BOH TemMueparypsl. 3a 1o-
CJICJTHHE JIECSITUIICTUS] YCTAaHOBMIICS TPEH/I Ha yBelnye-
HHE TeMIEpaTyp B pa3HBIX CE30HaX, 0COOCHHO 3aMETHOE
B 3UMHHE MCECALIbI.

CrangapTusnpoBanHas 0a3a JaHHBIX 110 0CaaKaM
SPEIbase karanora nanusix Earth Engine cocraBiena
Ha OCHOBE CXeMbI 3a MpoMekyTok 1991-2022 r. 3a Bpe-
MenHyto mkainy SPEI B 12 mecsineB. OTMmeuaeTcst poct
TOIIOBOTO KOJIMUECTBa ocaakoB (puc. 11). B mocnennme
30 net Temmneparypa ysenuuuiach Ha 0,8—1,5 °C, B pe-
3y/bTaTe 4ero rpaHMIla MEpP3I0ThI, 3aJIEralomieH ¢ 1o-
BEPXHOCTH, OTCTyNnHIa K ceBepy Ha 30-50 kM.

Knumar otaenbHOM TOUKH ONpenenseTcss CBOM-
CTBaMH TOPOJICKOH CPE/IbI B €€ OKPECTHOCTSIX HE TOJIb-

* CBIKTBIBKap

1 I'panunp cyobekToB PO, TeppuTOpUE KOTOPBIX MOTHOCTHIO MIIM YaCTUYHO BOLIUTH B APKTHYECKYIO 30HY PO

Apkruueckas 30Ha PO

I'panuLp! IpHapKTHUECKUX CyObeKToB PD

Puc. 9. Pecrryonuka Komu B cucteme paccenenus Poccuiickoii denepanun (ncrounuk: QGIS n Adobe Illustrator)
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[ Tpanmuus Pecrry6muku Komn

min .

max

Puc. 10. Meteoponorndeckue aanusie Teppuropun Pecryomuku Komu: a — 1991 1; b —20001; ¢ — 2015 1; d — 2022 1

(ucrounuk: Earth Engine Data Catalog n Adobe Illustrator)

a b

1 Tpanuus Pecrny6nuxu Komu

min

. max

Puc. 11. KoimaectBo ocankoB Ha Teppuropun Pecnyommkn Komu: @ — 1991 r; b — 2000 1; ¢ — 2015 n; d — 2022 1. (uc-

tounuku: Earth Engine Data Catalog u Adobe Illustrator)

KO Ha JIOKaJIbHOM MaciTade (B pamnyce MepBhIX COTCH
METpOB), HO U Ha Me3omaciTabe (B paauyce 70 10 km).
DTO CBSI3aHO C TEM, YTO TEIUIOBbIE A(P(HEKTHI HEOOIBIINX
OZIHOPOJHBIX YYACTKOB aKKYMYJIHPYIOTCSI M IEPEHOCST-
Cs BO3LyIIHBIMH MOTOKaMH HaJl TOpPoZioM. B pesyibrare
(dbopmupyeTcsi Me30MacITaO bl OCTPOB TeIia, KOTO-
PBIi BBIpaXkKeH HanOoJiee SIPKO B LIEHTPAIBHBIX paiioHax
TOPOJIOB, HO 3a CUET aTMOC(EPHOTO MEPEHOCA MOKET
pacnpocTpaHsIThCs K OKpauHaM MeraroJjiuca M Jiaxe
B MpUropoabl. DPQPEeKT ocTpoBa TEIla UMEET MECTO
OpITh 1 B PecniyOmuke Komu, XoTs Macmrab ero mpo-
SIBJICHHS. MOJKET ObITh HAMHOTO MEHBIIIE 110 CPAaBHEHHIO
¢ OOJIBILIIMU TOPOJIAMH.

C nomomsio Habopa nanubix Earth Engine o mimo-
GampHBIX M3MeHeHsX yenoBeka CSP gHM cocrasnena
cXeMa COBOKYITHOT'O [TOKa3aresisi M3BMEHEHHUS YeJIOBEKOM
3EMHOH ITOBEPXHOCTH, KOTOPBII PaCCUNTHIBACTCS ITyTEM
OLIEHKH JOJIM U3MEHEHHOTO MECTOMOJIOKEHUS (TIHKCe-
ns1). Pecrrybnuka Komu oGmagaeT HU3KO#M MIIOTHOCTHIO
HACEJICHUS U 110 OOJIBIICH YaCTH COCTOMT N3 MPUPOIHBIX
JaHAmagToB, BKIIOYAs JIEca, PABHUHBI U PA3INYHbBIC BO-
JIHBIE pecypcbl. M3-3a 3T0Oro B pernoHe He HaOMOIaeTCs

SIPKO BBIPpaXEHHOTO d((eKTa OCTpoBa TeIuIa, KOTOPHIH
0OBIYHO BO3HUKAET B TOPOJACKHUX paiiOHaX C BBICOKOM
TUTOTHOCTBIO 3aCTPONKH M NCIIOIB30BaHNEM ac(halibTH-
POBaHHBIX TTOBEpXHOCTEH (puc. 12).

Takke Obl1a cocTaBiIeHa CXeMa HCKYCCTBEHHOM
3aCBETKM HeOa Ha OCHOBE CITyTHHKOBBIX JaHHbIX Light
Pollution Map (World Atlas 2015). Ucxonst u3 puc. 13,
MOXKHO CJIEJIaTh BBIBOJL, YTO 3aCBETKY HeOa MpeICTaBIs-
10T COOOM HE TOJILKO HACEJICHHBIE ITyHKTHI.

Ha ocnose pannbix Light Pollution Map (World
Atlas 2015) u karanora energybase He()TIHBIX H Ta30BBIX
MecTopokieHnit B mporpamme Illustrator mpousseneHo
HacJanBaHUE JBYX CXEM, UCXOJsl U3 Yero MOXKHO CJie-
JIaTh BBIBOII, YTO 3aCBETKA HeOa MMeET reorpapuaecKyro
TMPOTAKECHHOCTh AKTUBHBIX He(bTﬂHBIX MeCTOpO)K}IeHPIﬁ,
BBISIBJICHHBIX MX JJIEKTPHYECKUM CBETOM, a TAKXKE CBET
U TEIUIO, BBIJEISIEMbIE IIPH CXKUTAHWH TIPUPOIHOTO rasa
(puc. 14). Topsmwii mpUpOAHBIi Ta3 IEPBOHAYAIBEHO Pac-
TBOPSUICS B CHIPOIl HE()TH M BBIXOIUT U3 PAaCTBOPa BO Bpe-
Ms1 IPOM3BOICTBA. BypoBbIE KOMITAHUH CHKUTAIOT €To
Ha akerne, MOTOMY YTO ra3 HeyJOOHO HII HEBBITOIHO HC-
TI0JIb30BaTh Ha OypOBOIl IIOIIA/IKE, MU TIOTOMY YTO €ro

183

(09) Z HOAUIGY ‘9L WOL 3t teterradry ™"



sy MTGLCTSO: 7o 16, BRIMYCK 2 (60)

A.E. Kopob6eliHukoea, A.A. CoKo/bHUKO8a

Puc. 12. [TnotHOCTS M pa3MenieHne HaceneHus PecryOnuku
Komu (ncrounuku: Earth Engine Data Catalog n Adobe Illus-
trator)

.‘yCM HCK
S sinsk

Tocenenus

® Ot 50 o 100 ThIC. Yet.
® Ot 20 10 50 ThIC. Yem.
* Or 10 0 20 TBIC. Yeu.
e Ot 5 o 10 ThIC. Ye.

\:’ I'panuiel MyHUIIMIANBHBIX PaiioHOB

Zenith sky brightness
magnitude/arc second

Lo 220 21.9 21.7 20.6 18.5<17.4

Puc. 13. ATiac ncKyccTBeHHO# 3aCBETKH HeOa Ha OCHOBE CITyT-
HUKOBBIX AaHHBIX (nctouHukH: Light Pollution Map n Adobe
Illustrator)

@ MecTtopokaeHus

Puc. 14. 3acBeTka Heba + MECTOPOKICHUS HA IPAMEPE: @ — YCHHCKOTO paiioHa; b — YXTHHCKOTO paifoHa (nctounuku: Light

Pollution Map, energybase u Adobe Illustrator)

JIOCTaBKa Ha PBIHOK OOXOAUTCS JOPOTo. DTa MpakTHKa
TIPOM3BOIUT OOJIBIITYIO BCIIBIIIKY TOPSIIETO Ia3a, KOTOPhIH
OCBEIIAET OKPYKAIOLIYIO 00JIACTh U BBIITYCKAET BHICOKYIO
TEMIIEpaTypy U 3arpsi3HEHUE B aTMOchepy.

Ha BropoM sTarne ¢ moMoIbIo JaHHBIX MaTepHalloB
aHaJM3a TEPPUTOPUAIIBHOM CXEMBI C OTXOAaMH OBLITH CO-
CTaBJICHBI CXEMBl MECT HAKOIUICHHS OTIACHBIX OTXOJI0B
1 BBIABJICHBI HCCAHKIIMOHUPOBAHHBIC MECTA pasMeIie-
HHS OTXOZIOB, PACHOJIOKCHHBIE HA 3E€MIISIX JIECHOTO (DOH-
na (puc. 15, 16). Cpeau 11 pernonos C3®O Pecmybmuka
Komn 3anrMaeM 5-e MeCTo 10 KOJTMYECTBY 00pa3yrOIHX-
cst oxo10B. OCHOBHOH BKIJIaa B 00pa3oBaHHE OTXO/IOB,
BPEIHBIX KaK MMPHUPOJIE, TAK M YEIOBEKY, BHOCST MPE-
TIPUATHS 10 TOOBIYE MOJIE3HBIX NCKOTIAEMBIX 1 00paba-

184

TBIBAIOIIIME TIPOM3BOJICTBA, TaK Kak PecrmybOnuka Komu
SBIISICTCS OJTHOM M3 KPYIHEHIINX YHEPTOCHIPHEBBIX 0a3
Ha ceBepo-3anaze Poccuu, B 4acTHOCTH yIuis, epeBa
1 HedTu. [T1aBHBIC OTPACIIN IIPOMBIIIIGHHOCTH € BbI-
COKHMM 00pa30BaHUEM OTXO/I0B — YINIEI0OBIBAIOIIAS
(OAO «Bopxkytayromib», OAO «Ilaxta MaTayromimy), He-
dhremoorBaromas (OAO «Komuenpa», OAO «CesepHas
HepTB», OAO «EHuceit») n nepeBoodpabarsiaromas
(OAO «Mouan CJITIK»). B mporieHTHOM COOTHOIICHHH
9THM TIPEIPHATHAM IPUHAUISKUT oOpazoBanue 80 %
OTXOZIOB M 00JIaCTH 3arpsi3HEHHUS] HE OTPAHUYNBAIOTCS
auib 3emiieit. OTXObI, He HOUICKAIHE UCIIOTb30Ba-
HUIO U TIepepadoTKe, HAMPABISIIOTCS B MECTa XPaHCHHs
u 3aXopoHeHus (puc. 17).
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JBykTEIn

otmnnl Onec

cmpuiem

TR \

Puc. 15. MecTa HakOTUIEHHS OTMACHBIX OTXOIOB (MCTOYHUKH:
QGIS u Adobe Illustrator)

Tarxoke Ha ocHOBe JaHHBIX QGIS BBIABICHBI MeCTa
PAacIOIOKEHNsI OCHOBHBIX MCTOYHHUKOB TEXHOTCHHOTO
BO3JICUCTBUSI: IPOM3BOJICTBA M MECTOPOYKICHUSI IOJIE3HBIX
nckomnaemsbix (puc. 17). [lns noacyera KOIMYECTBA BbI-
OpOCOB MAPHUKOBBIX OBLIH BRITPYKeHBI AaHHbIe Climate
Trace, OCHOBaHHbIC Ha CITyTHHKAX, METOJAX JVUCTAHITH-
OHHOTO 30H/IMPOBAHUS 1 00yYEHHOM QJITOPUTME HCKYC-
CTBEHHOTO MHTEIUIEKTa. [1o1poOHBIiT 0030p TII00ATBEHBIX
BBIOPOCOB TI03BOJIMII OIIPEIEIUTH MECTOIIONIOKEHUE KPYTI-
HBIX HICTOYHUKOB U OLICHUTh KOJIUYECTBCHHbIE OLICHKH BBI-
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Puc. 16. HecaHKIIMOHUPOBaHHBIE MECTA PAa3MEIICHHS OTXO-
JIOB, PACIIOJIOXKEHHBIX HA 3eMJLSIX JIECHOTO (hoH/1a (MCTOUHHUKH:
Source: QGIS u Adobe Illustrator)

6pocoB B Teuenne Bpemenu (puc. 18). Mexonst u3 atoro
MOXKHO C/IENIaTh BHIBOJI, YTO MEXK/TY MOKA3aTE/SIMH [IEPBO-
TO dTara MCCIeI0BaHNsl, MECTAMHU HaKOTUICHUsI OTXOJIOB,
a TaKke PactoyIOKeHHUsI HCTOUHUKOB TEXHOTEHHOTO BO3-
JICUCTBUSI U KOJIMYECTBA BBIOPOCOB OCHOBHBIX KPYITHBIX
(uctounmk Climate Trace) IpOBOIUTCS B3aUMOCBSI3aHHBIH
aHaM3 0OBbEKTOB BRIOPOCOB aHTPOIIOTCHHBIX (haKTOPOB.
TpeTbUM ATAOM MTPOU3BOAUTCS CTATHCTHYCCKHUIT
aHaJIN3 MO BBIOPOCAM IMapHUKOBBIX Ta30B HA TEPPUTO-
pun pecriy6nuku Komu, Brimodas yrnexucisiii ras CO,,

/K

>xm,hmwa
Geu opa

~J
) 7 J
\ KTbIN
&Q meLonec
; k

CVIH K w‘"a
AJ

© IlpousBoacrea
@ MectopoxaeHus

OOIT

Puc. 17. Amann3 pacnonoeHnst HICTOYHUKOB TeXHOTeHHOTO Bo3aeicTBus (nctounukw: QGIS m Adobe Illustrator)
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.Tpomukorl'leuo“

@ BuGpocs! o BeIpyGKH TecoB
@ Bsi6pocs! ot asponopros
Bri6pocs! 0T noxapos

@ B:Gpocs ot npoussoncTR

OOIT
. 30HbI ¢ HAMOONIBIIUM KOJTHYECTBOM
BBIOPOCOB

Puc. 18. KonmuecTBo BEIOPOCOB OCHOBHBIX KPYIHBIX HCTOUHHMKOB (Mctounnku: Climate Trace u Adobe Illustrator)

okeunppl a3ota NO u meran CH,, KOTOpbIE OKa3bIBAIOT
3HAYUTENBEHOE BIMSHIC HA OKPYKAFOILYO CPEIy H KITH-
Mar peruoHa.

Ha ocnose nndopmaruu Climate Trace cocras-
JieHa Ta0nmuIa arpruOyTOB IO TPEM IMaPHUKOBBIM Ta3aM
C HaUMCHOBaHHMEM HCTOYHHKA 3aTrPS3HCHUS U €T pac-
MTOJIOXKCHUEM B TIpPENeIaxX PEerHoHa, a TaKkKe CyMMap-
HBIM KOJIMYECTBOM BHIOPOCOB Ka)KIOTO U3 TAPHUKOBBIX
ra30B Kak M0 OTACIFHOMY UCTOYHUKY 3arpsS3HCHHUS, TaK

W 10 paiioHy, U 1Mo Bcemy peruony Pecrryomuku Komm.
W3 Tabnumbl MOXXHO BHJETH, YTO HAaUOOJIbIIEE KOJMYe-
CTBO BBIOPOCOB T10 TPEM TTAPHUKOBBIM I'a3aM MPUXOANUTCS
HA TEPPUTOPUI0 ApKTHIeCcKOi 30HbI PecmyOmmku Komu.

Ha yerBeprom aTare cocrapisieTcsi CXxeMa IpocTpaH-
creenHoro [ IC-monenmpoBanus Ha 6a3e Tpex OCHOBHBIX
3arps3HAIOLIMX BELIECTB: YINICKUCIBIN ra3 COZ, OKCHJIbI
azota NO_wu metan CH, ¢ y4eTOM CTeNeHu UX BIUSHUS
Ha 3[J0pOBBE YeNIOBEKa U OKpPYIKaloIyIo cpexy. /lanuble

KomnmuectBo BEIOpOCOB 3arpsi3usronux Bemects Source: ClimateTrace m Microsoft Excel

Hanmenosanue AJIT HcTounuk 3arpsa3HeHus Co, CH, | NO, | CO,e
T
Toponckoii okpyr AbdpornopT (BHYTpEHHHI) 34391,6 0,24 0,96 343928
ChiTbIBicap Asporiopt (3apyGexHBiii) 1344,79 0,01 0,04 1344,84
ABTOMOOUIIBHBIH TPAHCTIOPT 72 867,7 2,39 1,88 72 871,97
DIEeKTPOCTaHLUS 2175000 - - 2175000
ITomuron TBO — 3128,02 - 3128,02
b oo
HUroro 2283 604,09 3191,74 42,31 2286 838,14
CBIKTBIBIMHCKUH ABTOMOGMIIBHBI TPAHCIIOPT 11017 0,36 0,28 11 017,64
paiton Viroro 11017 0,36 028 | 11017,64

186



BAMSIHUE @HTPOMOreHHbIX PAKTOPOB Ha M3MEHEHHNE KAMMATa ropOAOB APKTUUECKOM 30HbI
Poccurickor ®eaepaummn Ha npumepe Pecrybanku Komu

C. 176-203

IIpooonscenue maon.

Haumenosanue AJIT VICTOYHHUK 3arpsA3HEHNs CO, CH, NO, | CO,e
T
T'oponckoii okpyr Abdponopr 1190,59 0,01 0,03 1190,63
BopxkyTa Bopramuopckast yroipHas Iaxra - 61303,5 - 61303,5
Komcomornbckast yronpHast raxra - 24 403.,8 - 24 403,8
3amnossipHast yrojipHas maxra - 29 799,1 - 29 799,1
BopkyTuHCKas yronpHas maxra - 312104 - 312104
IOHBsATHHCKAS yroMbHAS MIAXTa - 1099,78 - 1099,78
BopkyTuHCKast 2IeKTPOCTaHLINS 659 000 - - 659 000
Hroro 660 190,59 147 816,59 0,03 808 007,21
Toponckoii oxpyr Yxra | A3ponopt (BHYTpEeHHHIA) 15 491,7 0,11 0,43 15 492,24
Abporopt (3apyOeKHBIN) 51,04 - - 51,04
Vxtunckuit HIT3 443 825 60,68 6,19 443 891,87
[Monuron TBO - 6192,58 - 6192,58
e o™ || s s |
Hroro 459 367,74 6278,21 22,48 465 668,43
Toponckoii okpyr Anponopt 27,05 - - 27,05
Mura =
oo (oroum nogy - S i
Hroro 27,05 5,38 3,47 35,9
Topozackoit okpyr Abspormopt 8538,92 0,06 0,24 8539,22
Yennck MecrtopokacHue HeTH H—Ta3a 1010970 19 093,7 - 1 030 063,7
DIEKTPOCTAHIIMS 286 000 - - 286 000
B o | w ||
HUroro 1305 508,92 19 098,75 0,24 1324 607,91
B oo (romme o) - L2 ess |27
Htoro 0 1,32 0,85 2,17
MP Cocnoropck DIEeKTpOCTaHLUS 825 000 - - 825 000
HUroro 825 000 0 0 825000
Kusxnorocrekuii BbITOBBIE H—TIPOM3BOACTBEHHBIE
paiion OTXOJIBI (CTOYHBIC BOJIBI) a 2,25 B 2,25
Htoro 0 2,25 0 2,25
MP Ileuopa Absponopt 596,43 - 0,02 596,45
DIEeKTPOCTaHLUS 2429 000 - - 2429 000
Mecta 3axopoHeHus - 376791 — 376791
o |
HUroro 2429 596,43 37733 35 2433 373,23
Verp-lunemckuii Aspornopt 581,74 - 0,02 581,76
paiion Hroro 581,74 0 0,02 581,76
Mxemckuii paiion - - - - -
Hroro 0 0 0 0
Ynopckuiit MP Cpenne-Tumanckuit 276 633 - - 276 633
B e |
Hroro 276 633 1,24 0,81 276 635,05
ChICONBCKHN paiioH - - - - -
Hroro 0 0 0 0
T Tt | e v porse |
Hroro 0 1,19 0,77 1,96
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Oxkonuanue maoi.

Haumenosanue A/IT VcTouHuK 3arpsi3sHEHUs CoO, CH, | NO, | CO,e
T
Koptkepocckuii paiioH |— 1533,45 2,73 0,07 1536,25
Uroro 1533,45 2,73 0,07 1536,25
Yerb-Boimckuit paiion | ITonuron TEO - 14 2333 - 14 2333
HUroro 0 142333 0 142333
Yere-Kynomckuit - - - - -
paiion Hroro 0 0 0 0
IIpuny3ckuii paiion - - - - -
Hroro 0 0 0 0
Koiiroponckuii paiion | ITonuron TBO - 7122,65 - 7122,65
Uroro 0 7122,65 0 7122,65
HToro cymmapHoe 1o pernoHy 8253 060,01 201 529,01 74,83 8 454 663,85

TaOIHIBI aTpHOYTOB 10 CyMMapHBIM ITOKA3aTeNIsIM BBI-
OpOCOB MapHUKOBBIX Ta30B IO KaXJIOMy W3 PalilOHOB
Pecnyomuku Komu Obuti BHEceHBI B riporpammy QGIS.
MetonoM KnacTepu3alnuu CO3AaHsbl 9T YPOBHEH IOKa-
3aTereil JIereH bl KOJIMYeCcTBa aHTPOTIOTCHHBIX BEIOPOCOB
JUISL OKpammBaHust paiioHoB Pecrryonuku Komu ot cBert-
JIOTO K TEMHOMY, 1€ CBETJIBIH — 3TO MUHUMAJbHOE KOJIH-
YEeCTBO 3arpsA3HSIONINX BEIIECTB, & TEMHBI — BBIOPOCHI
6omnee | mumH T. [IpoaHann3upoBaB KOJIMIECTBO BHIOPOCOB

@BCK

oYcToKynom

OT KaXJO0T0 M3 UCTOYHWKOB aHTPOMOTEHHOI'O BO37EH-
CTBUSI, OBbIJIa COCTABJICHA SKOJIOTHYECKAs! CXEMa OMaCHO-
ctu st 20 paiiono Pecrryonuku Komu. /lannast monensb
MO3BOJISIET HAIVIHO YBHCTh HAHOOJBILIEE KOJIUUECTBO
BEIOpOCOB B [ledopckoMm 1 YCHHCKOM paiioHaX, KOTOPEIE
HaxoziTest Ha Tepputoprn Kpaitaero Cesepa PecriyOmiku
Komu (puc. 19).

JL1s1 NOBBILLIEHNS KU3HECTOMKOCTH ropooB Peciy-
6mmku KoMy B ycimoBrsiX m1o0aibHOTO TOTEIJICHHS He-

V

= A
oBYKTbIN Tocenenus VK
Cronmua PecnyGmikn Komn (o) 71
o1 50 1o 100 ThIC. Hen. (0]
—-\.Tpnvn.v(o-ne-«opcx ot 20 10 50 THIC. Hel. o]
ot 10 110 20 Thic. ve. o
or 5 1o 10 ThIC. Hen. .
Tpannua PecryGmikn Komu I:l
AHTPONOTCHHEIE BHIGPOCH!
0
<5001 5—\
<100000T e P
<500000T [
<1000000T [N
>1000000T [N

3oy

Puc. 19. Paiionsl, Hanboee moaBep >keHHbIC N3MEHEHHIO KIIMMaTa pailoHnpoBaHus pernona Pecmyonuku Komu, monrorosieH

B porpamme QGIS na marepuanax Climate Trace
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00X0IMMMO pa3paboTaTh W BHEAPUTH IUIAHBI aalTalliu
K I3MEHEHHIO KITMMaTa. JTH IJIaHbI JIOJDKHBI BKITIOUATh 00-
HOBJIEHHE HHPPACTPYKTYPBI 1 KIITUIHOTO (POHAA, YIyd-
LIEHUE CUCTEM IIPEIYIPEHIEHHS U TOTOBHOCTH K UPE3BbI-
YJalfHBIM CUTYaIUsM, a TaKKe COJICHCTBUE YCTOHINBOMY
Pa3BUTHIO U UCTIOJIL30BAHUIO BO306HOBJ'I5[CMBIX OHEPreTH-
YECKHX pecypcoB. PoCT ypoBHsI MOpel U U3MEHEHUE KIIH-
MaTHYeCKHUX YCIOBHI MOTYT MPHBECTH K TIOBPEXKICHHIO
W pa3pyIIeHHIO0 HHPPACTPYKTYPbI M JKIJIHIIHOTO CEKTOPa
TOPOJIOB.

MoxxHo BBIZACIUTH HCCKOJIBKO BUJI0OB HEIaTHUBHBIX
BO3ICHCTBHIA Ha OKPYKAIOIIYIO CPENy B X0Ie 00yCTpOii-
CTBA MECTOPOXKICHU:

* Ha arMoc(epy, BEIOPOCHI ITPU CKUTAHUH TIPOJTYKTa;

* Ha BOJAHO-OMOJIOTHYECKUE PECypChl, COPOC CTOU-
HBIX BOJ, YHHYTOXKEHHE (DayHBI IPH CTPOUTEIILCTBE BO-
JTHBIX MIEPEXOJIOB.

IMapmxckoe cormamenne 2015 & mpU3HAET, 4To U3Me-
HEHHE KJIMMaTa SIBISISTCSI PEaJIbHBIM M OeCIPEIe/ICHTHBIM
BBI30BOM, TPEOYIOIINM CPOYHBIX JEHCTBHIT BO BCEM MHUpE,
U OIIpeZieNIsieT TaKue yCWIIUSI TI0 CHIDKEHUIO, KaK BKJIAJ(
B «yZIep>KaHHE POCTA CPEAHEMHUPOBOI TeMIIepaTyphbl Ha-
MHoOro Hmxke 2 °C cBepxX JOMHIYCTPHUAIbHBIX YPOBHEH
U TIPUWJIOKEHUS! YCUITUI B LIETISIX OFPAaHMYEHHS POCTa TeM-
niepatypsl 10 1,5 °C, mpu3HaBasi, 9T0 3TO 3HAYUTENHHO CO-
KPaTHT PUCKH U MTOCIEACTBHS U3MEHEHHUS KITIMATay.

B 2022 r. ogHUM U3 IPUOPUTETHBIX HAIPABICHUM
He(TEra3oBbIX KOMIIAHUH 110 yCTOHYNBOMY Pa3BUTHIO
cTajia ’KoJorndeckas nmosecrka. Hedrerazoseie npen-
MPUATHS Pa3padaThIBAIOT M BHEAPSIOT PEIICHUS IS OIl-
TUMH3AIUN TPOMBIIIIIEHHOH IESITEIbHOCTH MPEeAIpHs-
THA, YTOOBI JOCTUYB LIeIel 110 COKPAIIEHUIO BEIOPOCOB.
Cpenu cioco0oB mepexona HeTera3oBbIX KOMITAHUN

B 00JIACTDH «3EJICHBIX)» NHHOBAIMI MOKHO OTMETHUTB ClIe-
JIYIOIIME HapaBICHUS:

1. BHeapenne BO30OHOBIAEMbIX HCTOYHUKOB dHEP-
TMU — COJIHEYHAs M BETPOBAst AIEKTPOIHEPreTHKA.

2. Co3nanue 1 pacrpoCTpaHeHHe OUOTOILTHBA.

3. KoHTpoJb U CHIKEHHE YJICNBHBIX YIIEPOIHBIX
BBIOPOCOB B pa3Be/Ke U J00bIUe: BHEJPEHUE HHHOBALIU-
onnbIx TexHonoruit (BITJIA, ckannpoBaHue, ybTpa3By-
KOBBIE JIETEKTOPBI).

4. CHMKeHMe yIIIEPOIHOTO Clieja: yJlaBlIuBaHUE,
Hcnonb30BaHue U xpanenue yriepoga CCUS.

SJAKJITIOUEHUE U OBCYXJIEHHUE

W3meHenne kMMara — OJJHA U3 CAMbBIX aKTyaJIbHBIX
M CEphE3HBIX MPOOIIEM, KOTOPBIE HEMOCPEICTBEHHO BIIHS-
10T Ha HAIIy IUIAHETY ¥ BCE €€ SKOCHCTEMBIL. DTO 1100~
HOE sIBJIEHHE 3aTPAaruBacT BCE PErHMOHBI MHUPA, BKIIIOYAs
Poccuro u ApKTHYECKYIO 30HY, B KOTOPYIO BXOAUT U Pe-
cryonmka Komm.

ITosTanmHoe uccnenoBaHye a0 BO3MOKHOCTB IIPO-
QHAJIM3UPOBATh BIIMSHUE aHTPOIIOTCHHBIX ()aKTOPOB Ha N3~
MeHeHHe kimumara Apkrudeckoit 30Hb1 Poccuiickoit dene-
paLuy 1 CMOJEIMPOBATh CXEMY aHAJIM3a PAHOHUPOBAHNS,
TIO3BOJISIONIYIO HAITISITHO TTOKa3aTh TEPPUTOPUH BEIOPO-
COB OCHOBHBIX KPYITHBIX HCTOYHHUKOB 3aT PSI3HEHUSL.

IIpyMeHeHne FKOJIOrNYEeCKUX TEXHOJIOTUI U UHKe-
HEpHBIX pelIeHni B He()Tera3oBoi MPOMBIIUICHHOCTH
HMeeT P MPAKTHYECKUX MPUMEHEHNUI, HarpaBIeHHBIX
Ha YMEHBIIIEHHE HEraTHBHOTO BO3/IEHCTBUS HA OKpYXKa-
o1y cpeny. Hexoropsle U3 Takux pelleHuid BKIOYa-
10T B ce0sl IPMMEHEHUE COBPEMEHHBIX METO/IOB OYHCTKH,
BHE/IPEHNE HOBBIX TEXHOJIOTUH U CPEACTB AJIsl CHUKEHUS
BBIOPOCOB TIAPHUKOBBIX I'a30B B arMocepy MpH Mporiec-
cax JJ0ObIvM M repepaboTKy HeTH U rasa.
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The influence of anthropogenic factors on climate change in the cities

P. 176-203

of the Russian Arctic, using the example of the Komi Republic

INTRODUCTION

Global warming, primarily linked to anthropogenic
greenhouse gas emissions, has been a worldwide trend
over recent decades. Climate change is corroborated by
the CMIP global climate models, which form the ba-
sis for contemporary analysis of climate change. CMIP
data, particularly the latest findings from the CMIP6
model, are critical for developing projections and assess-
ing the impacts of climate change. However, despite ad-
vances in climate modelling, there is currently a shortage
of specialized urban planning methodologies for assess-
ing the impacts of climate change in cities and regions.

One of the most telling indicators of climate change
is air temperature. The average annual temperature over
land rose by 0.179 °C per decade between 1976 and
2020 [1-3]. To support this argument, the authors have
produced graphs showing temperature trends based
on data obtained from the Earth Engine Data Catalogue
over the last three decades (Fig. 1).

Russia is the only country where the Arctic bound-
ary is enshrined in law, and the Arctic Zone of the Rus-
sian Federation (AZRF) has been designated by a decree
of the President of the Russian Federation. The AZRF
covers nine regions: four fall entirely within it — the Mur-
mansk Oblast, the Nenets Autonomous Okrug (hereinaf-
ter “NAQO”), the Chukotka NAO and the Yamalo-Nenets
NAO,; five fall partially within it — the Republic of Komi,
the Republic of Karelia, the Republic of Sakha (Yaku-
tia), the Arkhangelsk Oblast and the Krasnoyarsk Krai.

%

The four sub-Arctic regions comprise: the Khanty-
Mansi Autonomous Okrug — Yugra, Kamchatka Krai
and Magadan Oblast. The Arctic territories cover
an area of 4.8 million km? (28 % of the country’s terri-
tory). They are home to 2.6 million people, more than
half the population of the global Arctic.

Based on information from the Russian statistical
yearbooks published by the Federal State Statistics Ser-
vice, an analysis was carried out of average monthly air
temperatures and precipitation levels across the regions
of the Russian Federation. In 2020, there was a sharp
rise in CH,, which may indicate the most significant
temperature increase recorded across the entire territory
of the Arctic Zone of the Russian Federation:

» the average observed temperature in Janu-
ary was —16.5 °C, with a deviation from the norm
of 6.4 °C. The greatest deviation from the norm in 2020
was observed in the North-West Federal District (NWFD),
at 6.8 °C (Fig. 2, a);

* the average observed temperature in July was
14.7 °C, with a deviation from the norm of 1.3 °C
(Fig. 2, b). The greatest deviation from the norm was also
observed in the NWFO, amounting to 2.1 °C;

* the average monthly precipitation in July 2003
was 69.5 mm, and in 2020 it was 62.3 mm (Fig. 2, ¢);

* comparing the graphs of average monthly precipita-
tion by region in the North-West Federal District, it can be
concluded that precipitation is directly proportional to air
temperature: the warmer the air temperature, the greater

Y

|:| Borders of the subjects of the Russia, territories that are fully or partially included in the Arctic Zone of the Russian Federation

max

Fig. 1. Meteorological data for the Russian Federation: a — 1991; b — 2000; ¢ — 2015; d — 2022 (based on information from

the Earth Engine Data Catalogue)
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Fig. 2. Average monthly values for the regions of the AZRF: « — average monthly air temperature (January); b — average
monthly air temperature (July); ¢ — average monthly precipitation (January); d — average monthly precipitation (July) (Rus-
sian statistical yearbooks published by the Federal State Statistics Service and Microsoft Excel)

the amount of precipitation falling to the Earth’s surface
(Fig. 2).

An analysis of changes in temperature and precipi-
tation between 2003 and 2022 suggests that the accelerat-
ed retreat of glaciers during this period is due to a 1.5 °C
rise in summer air temperatures since the start of the 21st
century, and primarily affects the North-West Federal
District. The consequences of global warming are being
felt not only in the Arctic region, but also far beyond its
borders [4-6].

Greenhouse gas concentrations began to rise rap-
idly following the resumption of industrial production
in the country in 1926 and continued to do so until 1990
(Fig. 3). One of the most significant greenhouse gases is
carbon dioxide; gases such as methane and nitrous ox-
ide also contribute to global warming [7-9]. Fig. 3 shows

1920 1930 1940 1960

1850 1880 1900 1980 1990 2000 2021

a

Russia

the total emissions of these three greenhouse gases.
The graphs, based on data from OurWorldinData.org,
highlight the period 1930-1990, during which a sustained
rise in greenhouse gas levels was observed (Fig. 3, 4).

According to data from Roshydromet, the rise in
greenhouse gas concentrations across Russia in 2022
reached record levels, primarily for carbon dioxide CO,
and methane CH,. Carbon dioxide concentrations across
the Russian Federation in 2022 are rising compared with
2020 and 2021 (Fig. 3).

The second most significant cause of global warm-
ing after carbon dioxide is methane CH, — a colour-
less, odourless gas. Since 1750, humans have increased
the amount of methane in the atmosphere by approxi-
mately 150 %. The extraction of fossil fuels, such as oil,
gas and coal, is the largest source of methane emissions.

Russia

1830 1850 1900 1930 1950 1990 2000 2022

b

Fig. 3. CO,e greenhouse gas emissions by category (a); per capita CO, emissions (b) (sources: OurWorldinData.org and Adobe

Illustrator)
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Russia

1850 1880 1900 1920 1930 1940 1960 1980 1990 2000 2021

a

1850 1880 1900 1920 1930 1940 1960 1980 1990 2000 2021

b

Fig. 4. Per capita greenhouse gas emissions: a — CH,; b — NO_(sources: OurWorldinData.org and Adobe Illustrator [13])

B

¢
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7 Borders of the subjects of the Russia, territories that are fully or partially included
in the Arctic Zone of the Russian Federation

SR

a

EE)
A

8

[ Borders of the subjects of the Russia, territories that are fully or partially included
in the Arctic Zone of the Russian Federation

Fig. 5. Concentrations of natural gases within the Russian Federation: a — NO ; b — NO, + CH, (sources: Earth Engine

Data Catalogue and Adobe Illustrator)

Humans have also increased methane emissions through
intensive farming practices, livestock rearing and waste
disposal [10, 11].

Greenhouse gases such as methane remain in
the Earth’s atmosphere, allowing sunlight to pass through
but trapping heat [12, 13]. One recent study showed that
a rapid reduction in methane emissions could slow the rate
of global warming by 30 %. In 2020, the average annual
per capita concentration of methane was 3.21 tonnes, fol-
lowed by a surge to 3.35 tonnes in 2021 (Fig. 4, a).

Growing demand from agriculture, transport, indus-
try and the energy sector has led to a sharp rise in nitro-
gen pollution levels and associated greenhouse gas emis-
sions [14]. Nitrogen oxide NO_ emissions from industry
and combustion, for example, are 300 times more potent
than CO, as a greenhouse gas (Fig. 4, b).

Methane and other hydrocarbons in natural gas com-
bine with nitrogen oxides to form atmospheric ozone pol-
lution (Fig. 5) [15, 16]. Across much of the country, the
duration of snow cover continues to decrease, whilst
the maximum winter snow depth is increasing across most
of the country. As the permafrost, which covers 63 %
of Russia’s territory, thaws, greenhouse gases accumu-
lated in the frozen organic matter are released, in par-
ticular carbon dioxide CO, and methane CH,, which has

a more potent impact on the climate [17—19]. The perma-
frost zone is being actively developed due to its mineral
reserves, but the impact of temperature changes is having
serious consequences for the infrastructure of the north-
ern regions, which will adversely affect buildings and
subsequently lead to their collapse [20, 21].

The rise in greenhouse gas concentrations and
the current global warming across the entire globe are di-
rectly linked to the problem of human impact [22, 23].
Human economic activity — the use of natural resources,
a significant reduction in forest cover, a failure to re-
plenish it, and, as a result, the waterlogging of land, and
the expansion of industrial and urban areas — all contrib-
ute to an increase in greenhouse gas concentrations and
thereby intensify the greenhouse effect, leading to a rise in
the average annual temperature of the lower atmosphere.

MATERIALS AND METHODS

Anthropogenic factors are a set of factors directly
or indirectly linked to human activity that influence
changes in and the functioning of the environment.
The main driver of current global warming is the con-
tinuing rise in concentrations of CO,, CH, and nitrogen
oxides NO_(Fig. 6).
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Drivers of modern warming affecting climate change in the Russian Arctic

Fig. 6. The main drivers of current global warming

The classification of key anthropogenic sources
of greenhouse gas emissions can be based on various cri-
teria, such as the type of activity, scale, or whether they
are direct or indirect sources:

1) direct sources:

* power stations (particularly those using fossil fu-
els);

* coal mines (methane emissions during extraction);

* landfill sites (methane from the decomposition
of organic waste);

» manufacturing (depending on the sector; many
manufacturing processes emit CO, and other gases);

2) indirect sources:

» road transport (emissions from fuel combustion);

» airports (including emissions from both aircraft
and associated infrastructure);

* heat island effect (not a source in the strict sense,
but contributes to higher temperatures and, consequently,
increased energy consumption);

3) household and industrial waste:

» may be a source of both direct and indirect emis-
sions, depending on how the waste is managed and pro-
cessed.

The impact of anthropogenic factors on environ-
mental climate change:

* rising temperatures;

* changes in precipitation;

* rising water levels;

» changes to ecosystems.

Direct sources
Power plants
Coal mines
Landfills of solid household waste
Productions

Anthropogenic Indirect sources
load Road transport
Airports
Thermal Island

Household and industrial waste

Based on the classification of the main anthropo-
genic factors, a theoretical model of the impact of anthro-
pogenic pressure on climate change has been developed
(Fig. 7).

To analyze the study area in terms of greenhouse gas
emissions, the region must be broken down into its con-
stituent parts; in our case, by municipal districts. The tools
used to model the areas most vulnerable to climate change
are:

* spatial GIS modelling, which enables the analysis
of spatial data, including the distribution of gas emissions
across the territory;

« analytical methods are used to identify patterns
and trends in climate and emissions data;

* statistical analysis of data makes it possible to as-
sess the extent to which various factors influence green-
house gas emissions;

* mapping.

The study comprises four key stages, as shown in
Fig. 8.

The first stage involves gathering information on cli-
mate change in the region over recent decades: meteoro-
logical data, precipitation levels, and the climate at specif-
ic locations affected by the urban heat island (UHI) effect.

In the second stage, cartographic analysis is used to
identify the locations of the most hazardous waste, which
also affects biodiversity. The locations of the main sources
of anthropogenic impact are also determined, and Climate
Trace data is extracted to establish the locations of major
sources and assess quantitative emissions over time.

Temperature rise.

Precipitation Climate
changes. change
Water level in the Russian
rise. Arctic
Changing

ecosystems

Fig. 7. A theoretical model of the impact of human activity on climate change
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Collecting information
» meteorological data;
* amount of precipitation;
« the climate of a particular point caused
by the heat island effect

The first stage

Spatial GIS modelling
« a diagram of the areas most affected
by climate change;
 recommendations for reducing
the impact on climate change

The fourth stage

Cartographic analysis
* places of the most hazardous waste;
* unauthorized waste disposal sites;
* location of sources of anthropogenic
impact within the territory

The second stage

Statistical analysis
« calculation of the total number of emissions
for three drivers;
* creating an attribute table based
on Climate Trace data

The third stage

Fig. 8. Stages of the study to identify the impact of anthropogenic factors on the area

In the third stage, for each individual municipal dis-
trict, the total emissions of the three greenhouse gases —
CO,, CH,, NO_ — must be calculated, taking into ac-
count the types of major pollution sources. This analysis
is carried out using QGIS software, based on the open-
access Climate Trace database of major emission sour-
ces. Data from Climate Trace is exported into an attribute
table for each municipal district, containing the following
data fields: the name of the administrative-territorial divi-
sion (ATD), the main pollution source factor, and the to-
tal emissions.

The fourth stage involves spatial GIS modelling.
Based on the attribute data, a map of the areas most vul-
nerable to climate change is compiled using a data clus-
tering method, with a colour gradient ranging from light
to dark, corresponding to greenhouse gas emissions rang-
ing from negligible to the highest levels. At this stage,
proposals for regional adaptation are also drawn up based
on the resulting model, aimed at organizing measures to
reduce greenhouse gas emissions within the study area.

The research stages outlined will enable an analy-
sis of the impact of anthropogenic factors on climate
change in the Arctic region of the Russian Federation
and the formulation of recommendations to mitigate its
negative consequences. The zoning analysis framework
developed will make it possible to clearly identify the ar-
eas where emissions from the main major sources occur.

RESEARCH RESULTS

The territory of the Komi Republic was selected
for the validation of theoretical research. The area under
consideration is situated in the north-east of the Europe-
an part of Russia and forms part of the North-West Fed-
eral District (Fig. 9). According to Resolution No. 1946
of the Government of the Russian Federation dated
16 November 2021, the urban districts of Vorkuta,
Inta and Usinsk, as well as the municipal districts of Ust-
Tsilemsky, Izhemsky and Pechora, are classified as Far

North regions of the Komi Republic; the following lo-
calities are classified as equivalent to Far North regions:
Syktyvkar, Ukhta, Vuktyl; and the municipal districts
of Knyazhpogostsky, Koygorodsky, Kortkerossky, Pri-
luzsky, Syktyvdinsky, Sosnogorsk, Sysolsky, Troitsko-
Pechorsky, Udorsky, Ust-Vymsky and Ust-Kulomsky [2].

The first stage involves gathering information: me-
teorological data, precipitation levels and the climate
of a specific location affected by the heat island effect.
The Republic of Komi’s geographical location at rela-
tively high latitudes, its distance from the warm Atlan-
tic Ocean and its proximity to the vast Asian continent
result in a temperate continental climate, which differs
significantly from that of the rest of Europe. The repub-
lic’s considerable extent — 785 km from north to south,
1,275 km from south-west to north-east and 695 km from
west to east — as well as the diversity of its physical and
geographical conditions, result in significant differences
in the climate of its individual regions.

Using the Earth Engine Data Catalog geospatial
platform for satellite imagery, specifically the Terra Cli-
mate dataset on monthly climate and climatic water bal-
ance for global land surfaces, meteorological data maps
of the Komi Republic were compiled for the pe-
riod 1991-2022 (Fig. 10). As in other Arctic regions,
the Komi Republic is experiencing a rise in average an-
nual temperature. Over recent decades, a trend towards
rising temperatures across the different seasons has be-
come established, which is particularly noticeable during
the winter months.

The standardized SPEIbase precipitation database
in the Earth Engine data catalogue is compiled on the ba-
sis of the scheme covering the period 1991-2022,
using the 12-month SPEI time scale. An increase in an-
nual precipitation is observed (Fig. 11). Over the last
30 years, temperatures have risen by 0.8—1.5 °C, caus-
ing the boundary of the permafrost layer lying just below
the surface to retreat northwards by 30-50 km.

195

(09) Z ANSSI'OL°ION Smamnay "oFS



scionco o ruction: 1] 16, Issue 2 (60)

Anna E. Korobeinikova, Alina A. Sokolnikova

[] The borders of the Komi Republic

[ Borders of the subjects of the Russian Federation, territories that are fully or partially included in the Arctic Zone
of the Russian Federation

[ The Arctic Zone of the Russian Federation
| Borders of the Arctic regions of the Russian Federation

Fig. 9. The Komi Republic within the settlement pattern of the Russian Federation (source: QGIS and Adobe Illustrator)

TR

a b c d
[ The borders of the Komi Republic

min - max

Fig. 10. Meteorological data for the Komi Republic: a — 1991; b — 2000; ¢ — 2015; d — 2022 (source: Earth Engine
Data Catalogue and Adobe Illustrator)

8.8 6 ¢

a b c d
[ ] The borders of the Komi Republic

Fig. 11. Precipitation in the Komi Republic: a — 1991; b — 2000; ¢ — 2015; d — 2022 (sources: Earth Engine Data Catalogue
and Adobe Illustrator)
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Fig. 12. Population density and distribution in the Komi Repub-
lic (sources: Earth Engine Data Catalogue and Adobe Illustrator)

The climate at a specific location is determined by
the characteristics of the urban environment in its vicin-
ity, not only on a local scale (within a radius of the first
few hundred metres) but also on a mesoscale (within a ra-
dius of up to 10 km). This is because the thermal effects
of small, homogeneous areas accumulate and are trans-
ported by air currents over the city. As a result, a meso-
scale heat island is formed, which is most pronounced in
city centres but, due to atmospheric transport, can spread
to the outskirts of the metropolis and even into the sub-
urbs. The heat island effect is also present in the Komi
Republic, although the scale of its manifestation may be
much smaller compared with large cities.

Using the Earth Engine dataset on global human-in-
duced changes CSP gHM, a composite index of human-
induced changes to the Earth’s surface has been compiled,

Ve

LSsinsk

Settlements

® between 50,000 and 100,000 people
® between 20,000 to 50,000 people

* between 10,000 to 20,000 people

« between 5,000 to 10,000 people

[1 Boundaries of municipal districts

Zenith sky brightness
magnitude/arc second’

220 21.9 21.7 20.6 18.5<17.4

Fig. 13. Atlas of artificial sky glow based on satellite data (sources:
Light Pollution Map and Adobe Illustrator)

calculated by estimating the proportion of altered loca-
tions (pixels). The Komi Republic has a low population
density and consists largely of natural landscapes, includ-
ing forests, plains and various water bodies. As a result,
the region does not exhibit a pronounced heat island
effect, which typically occurs in urban areas with high
building density and the use of paved surfaces (Fig. 12).

A map of artificial sky glow was also compiled
using satellite data from the Light Pollution Map (World
Atlas 2015). Based on Fig. 13, it can be concluded that
sky glow is not caused solely by built-up areas.

Using data from the Light Pollution Map (World
Atlas 2015) and the energy base catalogue of oil and gas
fields, two maps were overlaid in Illustrator; from this, it
can be concluded that sky glow corresponds geographi-
cally to the extent of active oil fields, as revealed by their

@ Places of deposits

Fig. 14. Sky and field illumination, illustrated by the following examples: a — Usinsk District; b — Ukhta District (sources:

Light Pollution Map, energy base and Adobe Illustrator)
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Fig. 15. Sites where hazardous waste is accumulated (sources:
QGIS and Adobe Illustrator)

electric lighting, as well as the light and heat emitted
during the combustion of natural gas (Fig. 14). Burning
natural gas was originally dissolved in crude oil and is
released from the solution during production. Drilling
companies burn it off in a flare because it is impractical
or uneconomical to use the gas on the drilling site, or be-
cause transporting it to market is costly. This practice
produces a large flare of burning gas, which illuminates
the surrounding area and releases high temperatures and
pollution into the atmosphere.

In the second stage, using the data from the analysis
of the territorial waste management scheme, maps of haz-
ardous waste accumulation sites were drawn up and un-
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Fig. 16. Unauthorized waste disposal sites located on forest
land (sources: QGIS and Adobe Illustrator)

authorized waste disposal sites located on forest fund land
were identified (Fig. 15 and 16). Among the 11 regions
of the North-West Federal District, the Komi Republic
ranks fifth in terms of the volume of waste generated.
The main contributors to the generation of waste harm-
ful to both the environment and human health are mineral
extraction and processing enterprises, as the Komi Re-
public is one of the largest energy and raw material bases
in north-western Russia, particularly for coal, timber and
oil. The main industrial sectors generating high levels
of waste are coal mining (OJSC “Vorkutauhol”, OJSC
“Intauhol Mine”), oil production (OJSC “Komnedra”,
OJSC “Severnaya Neft”, OJSC “Yenisei”’) and timber

gcrolianeva

{ ‘;campcx‘ !,Q‘\H T

Shpera.
X

Nord @) edione

Productions
@ Deposits

Protected areas

Fig. 17. Analysis of the distribution of sources of anthropogenic impact (sources: QGIS and Adobe Illustrator)
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@ Emissions from deforestation
' @ Emissions from airports
Emissions from fires

@ Emissions from protected areas

Protected areas
@ Arcas with the highest number
of emissions

Fig. 18. Emissions from major sources (sources: Climate Trace and Adobe Illustrator)

processing (OJSC “Mondi SLPK?”). In percentage terms,
these enterprises account for 80 per cent of waste genera-
tion, and the areas affected by pollution are not limited to
land alone. Waste that cannot be reused or recycled is sent
to storage and disposal sites (Fig. 17).

Furthermore, using QGIS data, the locations of the main
sources of anthropogenic impact were identified: industrial
facilities and mineral deposits (Fig. 17). To calculate green-
house gas emissions, Climate Trace data— based on satel-
lite imagery, remote sensing methods and a trained artifi-
cial intelligence algorithm — were downloaded. A detailed
analysis of global emissions made it possible to identify
the locations of major sources and to estimate the quantita-
tive emissions over time (Fig. 18). Based on this, it can be

concluded that an interrelated analysis of anthropogenic
emission sources is being carried out, linking the indica-
tors from the first stage of the study, waste accumulation
sites, the locations of sources of anthropogenic impact, and
the emission volumes of the main major sources (source:
Climate Trace).

The third stage involves a statistical analysis of green-
house gas emissions within the Komi Republic, including
carbon dioxide CO,, nitrogen oxides NO_ and methane
CH,, which have a significant impact on the region’s envi-
ronment and climate.

Based on information from Climate Trace, a Table
of attributes has been compiled for the three greenhouse
gases, showing the name of the pollution source and its

Volume of pollutant emissions Source: ClimateTrace and Microsoft Excel

Name of Pollution source CO, CH, | NO, | CO,e
the administrative- t
territorial division
Domestic airport 34,391.6 0.24 0.96 34,392.8
International airport 1,344.79 0.01 0.04 1,344.84
Road transport 72,867.7 2.39 1.88 72,871.97
Syktyvkar Urban Power plant 2,175,000 - - 2,175,000
District Municipal solid waste landfill - 3,128.02 - 3,128.02
Domestic and industrial waste B 61.08 39.43 10051
(wastewater)
Total 2,283,604.09 3,191.74 42.31 2,286,838.14
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Continuation of the Table

Name of Pollution source CO, CH, NO, | CO,e
the administrative- t
territorial division
. L Road transport 11,017 0.36 0.28 11,017.64
Syktyvdinsky District
Total 11,017 0.36 0.28 11,017.64
Airport 1,190.59 0.01 0.03 1,190.63
Vorgashorskaya Coal Mine - 61,303.5 - 61,303.5
Komsomolskaya Coal Mine - 24,403.8 - 24,403.8
. . | Zapolyarnaya Coal Mine - 29,799.1 - 29,799.1
Vorkuta Urban District - -
Vorkutinskaya Coal Mine — 31,2104 - 31,2104
Yunyaginskaya Coal Mine - 1,099.78 - 1099.78
Vorkuta Power Plant 659,000 - - 659,000
Total 660,190.59 147,816.59 0.03 808,007.21
Domestic airport 15,491.7 0.11 0.43 15,492.24
International airport 51.04 - - 51.04
Ukhta Oil Refinery 443,825 60.68 6.19 443,891.87
Ukhta Urban District | Municipal solid waste landfill - 6,192.58 - 6,192.58
g;)ggs\s:t:?)d industrial waste B 24.84 15.86 407
Total 459,367.74 6,278.21 22.48 465,668.43
Airport 27.05 - - 27.05
Inta Urban District x’gfesvtvl:tzgd industrial waste 5.38 3.47 8.85
Total 27.05 5.38 3.47 359
Airport 8,538.92 0.06 0.24 8,539.22
Oil and gas field 1,010,970 19,093.7 - 1,030,063.7
Usinsk Urban District Power Rlant — 286,000 — — 286,000
gs)gfesvt:gtzg industrial waste _ 4.99 _ 4.99
Total 1,305,508.92 19,098.75 0.24 1,324,607.91
o Domestic and industrial waste B 132 0.85 217
Vuktyl Urban District | (wastewater)
Total 0 1.32 0.85 2.17
Sosnogorsk Municipal Power plant 825,000 - — 825,000
District Total 825,000 0 0 825,000
Knyazhpogostsky E:;zfe Svtx:;tzr)d industrial waste - 2.25 - 2.25
District
Total 0 2.25 0 2.25
Airport 596.43 - 0.02 596.45
Power plant 2,429,000 - - 2,429,000
Pechora Municipal Waste disposal sites - 3,767.91 - 3,767.91
District Domestic and industrial
(v;)ass'vtvs tzr)d dustrial waste - 539 3.48 8.87
Total 2,429,596.43 3,773.3 3.5 2,433,373.23
. .. | Airport 581.74 - 0.02 581.76
Ust-Tsilemsky District
Total 581.74 0 0.02 581.76
Izhemsky District - — — - -
Total 0 0 0 0
Sredne-Timansky 276,633 - - 276,633
giis(glscliy Municipal R;);g;s;;t:?)d industrial waste 3 104 081 205
Total 276,633 1.24 0.81 276,635.05
Sysolsky District - - - - -
Total 0 0 0 0
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End of the Table
Name of Pollution source Co, CH, | NO, | CO,e
the administrative- t
territorial division
. Domestic and industrial waste
Tr.01t§k0-Pechorsky (wastewater) - 1.19 0.77 1.96
District
Total 0 1.19 0.77 1.96
L - 1,533.45 2.73 0.07 1,536.25
Kortkerossky District
Total 1,533.45 2.73 0.07 1,536.25
L Municipal solid waste landfill - 14,233.3 - 14,233.3
Ust-Vymsky District
Total 0 14,233.3 0 14,233.3
Ust-Kulomsky District — — — — —
Total 0 0 0 0
Priluzsky District — — - - —
Total 0 0 0 0
o Municipal solid waste landfill - 7,122.65 - 7,122.65
Koygorodsky District
Total 0 7,122.65 0 7,122.65
Regional total 8,253,060.01 | 201,529.01 | 74.83 | 8454 663.85

location within the region, as well as the total emissions
of each greenhouse gas — both by individual pollution
source and by district, and for the Komi Republic as
a whole. The Table shows that the highest volume of emis-
sions of these three greenhouse gases is concentrated in
the Arctic zone of the Komi Republic.

NN

//\/ /v

/

B \\Ti\sl

@BCK

N

oYcTo-Kynom

In the fourth stage, a spatial GIS modelling scheme
is drawn up based on three main pollutants: carbon di-
oxide CO,, nitrogen oxides NO_and methane CH,, tak-
ing into account the extent of their impact on human
health and the environment. Data from the attribute
Table on total greenhouse gas emissions for each district
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Fig. 19. Areas most vulnerable to climate change in the Komi Republic, prepared using QGIS based on data from Climate Trace
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of the Komi Republic were imported into QGIS. Using
a clustering method, five levels of the legend for anthro-
pogenic emissions were created to colour-code the dis-
tricts of the Komi Republic from light to dark, where
light indicates the lowest levels of pollutants and dark
indicates emissions exceeding 1 million tonnes. Follow-
ing an analysis of emissions from each source of human
activity, an environmental risk map was compiled for
the 20 districts of the Komi Republic. This model clearly
shows the highest levels of emissions in the Pechora and
Usinsk districts, which are located in the Far North
of the Komi Republic (Fig. 19).

To enhance the resilience of towns and cities in
the Komi Republic in the face of global warming, it is
necessary to develop and implement climate change ad-
aptation plans. These plans should include the moderniza-
tion of infrastructure and the housing stock, the improve-
ment of emergency warning and preparedness systems,
and the promotion of sustainable development and the use
of renewable energy sources. Rising sea levels and chang-
ing climatic conditions may lead to damage to and de-
struction of urban infrastructure and the housing sector.

Several types of negative environmental impacts
can be identified during the development of deposits:

* on the atmosphere, emissions from the combus-
tion of the product;

» on aquatic and biological resources: discharge
of wastewater, destruction of fauna during the construc-
tion of water crossings.

The 2015 Paris Agreement recognizes that climate
change is a real and unprecedented challenge requiring
urgent global action, and identifies such mitigation efforts
as a contribution to “holding the increase in the global av-
erage temperature well below 2 °C above pre-industrial
levels and pursuing efforts to limit the temperature in-
crease to 1.5 °C, recognizing that this would significantly
reduce the risks and impacts of climate change”.

In 2022, the environmental agenda became one of
the key priorities for oil and gas companies in terms
of sustainable development. Oil and gas firms are de-
veloping and implementing solutions to optimize their
industrial operations in order to meet their emissions
reduction targets. Among the ways in which oil and gas
companies are transitioning towards “green” innovations,
the following areas are worth noting:

1. The adoption of renewable energy sources — so-
lar and wind power.

2. The production and distribution of biofuels.

3. Monitoring and reducing carbon emissions per
unit in exploration and production: the introduction of in-
novative technologies (UAYV, scanning, ultrasonic detec-
tors).

4. Reducing the carbon footprint: carbon capture,
utilization and storage (CCUS).

CONCLUSION AND DISCUSSION

Climate change is one of the most pressing and se-
rious issues directly affecting our planet and all its eco-
systems. This global phenomenon affects all regions of
the world, including Russia and the Arctic region,
of which the Komi Republic forms part.

This phased study has made it possible to analyze
the impact of anthropogenic factors on climate change
in the Arctic region of the Russian Federation and to model
a zoning analysis scheme that clearly illustrates the areas
of emissions from the main major sources of pollution.

The application of environmental technologies and
engineering solutions in the oil and gas industry has
a number of practical applications aimed at reducing
the negative impact on the environment. Some of these
solutions include the use of modern purification methods
and the introduction of new technologies and measures
to reduce greenhouse gas emissions into the atmosphere
during oil and gas extraction and processing.
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CTPOUTENBbHBIE MATEPUWAIbI
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NuTesniekTyanbHble ¥ MHOTO(YHKIMOHAJIbHbIE MATEPHAJIbI
HOBOI'0 MOKOJIEHHSI JIS IKOJOTUYHOI0 CTPOUTEILCTBA

Bbanacyopamanunan KannacyoOpamanuan
OboponHnblil uncmumym nepedogvlx mexnonozuti, 2. Iyna, Huous

AHHOTAUMUA

BBeaeHue. EbicTpas ypbaHusaums n HeobxogumocTb AekapOoHM3aLMn 3aCTPOEHHON Cpeabl caenany 3gaHust KpUTUYecKku
BaxkHOW cchepolt Ansi obecneveHns yCTOMYMBOCTU U KITMMATUYECKON YCTONYMBOCTM C MOMOLLbIO MaTepuanos. 1o mepe Toro
KaK 34aHus npeBpaLLaloTcs U3 CTaTUYeckux noTpebutenen sHeprum B aganTUBHbIE U OPUEHTUPOBAHHbIE HA MPOU3BOAU-
TEMbHOCTb CUCTEMBbI, JOCTUXEHUS B 0BNacTy MaTepuanoB HOBOTO MOKONEHWUsI NMEPEONpPenensoT BKaa KOHCTPYKTUBHbIX
3MEeMEHTOB U 3MEMEHTOB OrPaXKAarLLMX KOHCTPYKLUUIA B 3HEProadhdeKTUBHOCTb, (DYHKLIMOHAMNBHOCTb U MHTEMMNEKTyanbHoe
ynpasrneHue.

Matepuanbl u metoabl. O606LLUeHbl NocnegHNe OOCTUXKEHUSI B 00NacTU MHTENNEKTyanbHbIX U MHOrOMYHKLUNOHANBHBIX
MaTepuarnoB, BKMOYas TepMoaaanTUBHbIE CUCTEMbI, apXUTEKTYPHO-MEXaHUYEeCKMe MeTamatepuanbl U PyHKLMOHANbHbIE
KOMMO3U1Tbl, cOBMpaloLLme SHEPTUIO, KOTOPbIE MO3BONSAOT BCTPOUTb B CTPOUTENbHbIE MaTepuarnsl AaTymk1, cpeacTsa npe-
obpa3zoBaHusa 3HEPTNM U afanTUBHbIE MEXAHU3MbI pearnpoBaHust.

PesynbraTtbl. Ocoboe BHUMaHue yaenseTca Matepvanam ¢ ha3oBbiM NMepexonoM A TepMOperynmpoBaHns, MexaHuye-
CKUM MeTaMmaTepuanam ¢ MHXeHepPHOW reoMeTpuent 4ns ralleHms Bubpauuim 1 MexaHn4ecKkon aganTuBHOCTH, a Takke Tpnbo-
ANEKTPUYECKNM, MbE30INEKTPUHECKMM N TEPMOINEKTPUYECKMM KOMMO3UTaM, KOTOpble MOAOEPXKMBAIOT pacnpeneneHHoe
U3BMEYEHNe SHEPIM U aBTOHOMHOE 30HAMPOBAHWE. OTU MaTepuarbHble CUCTEMbI MO3BOMSIIOT 34aHUAM (DYHKLMOHMPO-
BaTb Kak 3HEProakT1BHbIE Y MH(OPMAaLMOHHO-0CO3HaHHbIE MH(PACTPYKTYPbI, @ HE KaK MacCyBHbIE CTPYKTYPHblE 0OBbEKTbI.
PaccmatpuBatoTcs pyHKUMOHanNbHOe NnoBefeHve, peakLUys Ha OKpyXXatoLlyto cpefy Y 3HaYMMOCTb XapaKTePUCTUK CUCTEM
WHTENNEKTyarnbHbIX MaTepuarnoB Afsi NPUMEHEHUsI B CTPOUTENbCTBE.

BbiBogbl. O600Las nocnegHne OOCTUXKEHUSI U ONpedensisi KPUTUYECKN BaxkHble PyHKLMM Ha ypOBHE MaTepuarnos, Ha-
MeyeHbl NyTW Byayliero pasBuUTUS UHTENNEKTYarbHbIX, HA3KOYINEPOAHbIX U YCTONYMBBIX K UBMEHEHUIO KNUMaTa 34aHui,
KOTOpble CTaHOBATCS BO3MOXHbIMW Bniarogaps nepegoBbiM cUCTEMaM MHTENNEKTYanbHbIX MaTepuarnos.

KIMKOYEBBLIE CITOBA: vHTennekTyanbHble MaTepuanbl, 3KONOrMYHble 34aHusl, MHOroyHKLMOHarnbHbIE KOMMNO3UTbI, 3KO-
FIOTMYECKM YCTOMYMBBLIE CTPOUTENbHBLIE MaTepuarnbl

bnazodapHocmu. ABTOp BbipaxaeT bnarogapHocTe A-py b.X.C.B. HapasHe Myptu, npopektopy WHCTMTYTa nepenoBbix
TexHonormn Munnctepctea o6opoHbl DIAT (DU), lMNyHa, 3a ero NoCTOsSiHHYIO0 NogAepXKy v MOTUBaLUMIo, a Takke r-xe LLpytu
['ynTy v Bcem coTpyaHukam nabopatopum agantusHoro npoussoactsa DIAT (DU) 3a Mx NOCTOSIHHYIO U LLEHHYH NOAAEPXKKY
Ha NPOTSHKEHWUN BCEro UCCNEAoBaHUS.

ana UWWTUPOBAHWUA: KandacybpamaHuaH b. VIHTennekTyanbHble 1 MHOTOMYHKLMOHANbHbIE MaTepuarbl HOBOTO MOKO-
NeHVs ANs 9KONOrM4YHoro ctpoutenbcTea // CTpouTenbCTBO: Hayka 1 obpasoBanue. 2026. T. 16. Boin. 2. Ct. 11. URL: http://
nso-journal.ru. DOI: 10.22227/2305-5502.2026.2.11
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ABSTRACT

Introduction. Rapid urbanization and the imperative to decarbonize the built environment have positioned buildings as
a critical domain for materials-driven sustainability and climate resilience. As buildings evolve from static energy consum-
ers to adaptive and performance-oriented systems, advances in next-generation materials are redefining the contribution
of structural and envelope components to energy efficacy, functionality, and intelligent operation.

Materials and methods. This review synthesizes recent progress in smart and multifunctional materials, including thermal-
adaptive systems, architected mechanical metamaterials, and energy-harvesting functional composites that enable sensing,
energy conversion, and adaptive response to be intrinsically embedded within building materials.
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Results. Particular emphasis is placed on phase change materials for thermal regulation, geometry-engineered mechani-
cal metamaterials for vibration mitigation and mechanical adaptability, and triboelectric, piezoelectric, and thermoelectric
composites that support distributed energy harvesting and self-powered sensing. These material systems enable buildings
to operate as energy-active and information-aware infrastructures rather than passive structural entities. The review further
contextualizes the functional behavior, environmental response, and performance relevance of smart material systems for
building-scale applications.

Conclusions. By consolidating recent advances and identifying critical material-level functions, this work outlines future
pathways for the development of intelligent, low-carbon, and climate-resilient buildings enabled through advanced smart
material systems.

KEYWORDS: smart materials, green buildings, multifunctional composites, sustainable construction materials
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BBEJIEHHUE

HeoOxoauMocTh J1ekapOOHHU3AIMH YSIIOBCUCCKON
JICSITEIIBHOCTH U TOBBINICHHST YCTOMYMBOCTH K U3MCHE-
HUIO KJIMMara CJIejajia CTPOUTEIBHBIN CEKTOP KITFOUCBOM
00JIACTBIO TSI TCXHOJIOTHYCCKUAX BMEIIATEIBCTB U Pe-
¢dopMm. YckopeHHast ypOaHU3aIHs, pacTyIue NOTPeOHO-
CTH B SHEPTHH IS SKCILTYaTaIlMX U HETIPOTIOPIIMOHATIBHO
BBICOKAsI HArpy3Ka Ha OKPYXKAOIIYIO CPEIy, CBA3aHHAS
C TPAJUIMOHHBIMU CTPOUTEIBHBIMHU TPOIICCCAMH, B CO-
BOKYITHOCTH TMOJUCPKUBAIOT IIEIECO00Pa3HOCTh Mepe-
CMOTpa MapaurM MPOSKTUPOBAHUS MATEPUAJIOB B CEKTO-
pe 3actpoenHoi cpeapl [ 1]. CoBpeMeHHbIE CTPOUTENBLHBIE
MPAKTHKU OTBETCTBCHHBI 32 3HAYUTEITLHYO JIOJTFO TII00ATh-
HBIX aHTPOTOTeHHBIX BBIOpocoB CO,, 100bMH PeCypcoB
1 00pa30BaHUsI TBEPIBIX OTXOOB, YTO TPEOYST BHEPCHHS
WHHOBAITMOHHBIX PCIICHUIN, OCHOBAaHHBIX Ha MEPEIOBOM
MarepuanoBencauu [2]. HemaBHue orneHku erie 00ib-
1€ MMOJYCPKUBAOT ATy aKTYaIbHOCTh: COINIACHO OTYCTY
o cocrossann Jen UNEP Global ABC 3a 2024/2025 .,
CEKTOp 3JIaHUIl M CTPOUTEIHCTBA BHOCHUT IPUMEPHO
34-37 % B obmmii 06bem BbIOpocoB CO,, CBA3AHHBIX
C PHEPIreTHKOM, YTO JICNIACT €ro KPYIMHEHIIINM OTACIIbHBIM
CEKTOPOM, CIIOCOOCTBYIOIIIUM M3MEHECHUIO KiiuMara [3].
OTH BRIOPOCHI BKITIOYAIOT HE TOJBKO YIIIEPOJI, 00pa3yro-
IIUHCS B MPOIIECCE IKCIUTYaTAllUH B PE3yJIbTaTe OTOILIC-
HUSI, OXJTaXKICHHS, BEHTHISIIIUYU, OCBCIICHHS W MCITOJb-
30BaHUsI OBITOBOI TEXHUKH, HO M YIJICPOI, 3aJI0KCHHBIN
B J0OBIYE MAaTEPHAIIOB, IPOU3BOACTBE [IEMEHTA M CTAJIH,
TPaHCIIOPTHPOBKE U CTPOUTEIBHBIX pabOTax Ha OOBEKTE.
KoMIoHeHT 3aJ10)KeHHOTO yIIepo/ia BCe Yalle IpH3HaCT-
s B KA4EeCTBE IOMUHHPYIOIETO (paKkTopa Ha MPOTSHKCHIH
BCETO JKIM3HECHHOTO [IUKJIA BEICOKOA((EKTUBHBIX 3aHUM,
MOCKOJIbKY DKCIUTyaTanuoHHast 3(p(heKTUBHOCTH TIOBBIIIA-
€TCsI 32 CUCT TCIUIOU30JIAIHN, AEKTPUPHUKAIIH U UHTC-
rpanuy BO300HOBISIEMBIX UCTOUHHUKOB HEPIud [4, 5].

B cBs3u ¢ pactyiuell yriepoaHoil OTBETCTBEHHO-
CTHIO MHHOBAIIMY B 00JIACTH CTPOUTEIIBHBIX MaTCPUAIIOB
CTAHOBSTCS KITFOUYCBBIM MEXaHU3MOM, C ITOMOIIBIO KOTO-
POTO CTPOUTEIBHBIN CEKTOP MOXKET BBITIOIHUTH HAIHO-
HAJIBHBIC W MEXIyHAPOIHbIC TPEOOBAHMUS IO JeKapOo-

Hu3aiuy, Brrodas renn OOH B 061acTu ycToHunBOTO
paszsutust (L[YP), B wactrHocT LIYP 7 «[locTynHast u uu-
crast sHeprust», 9 « IpoMbIIIIEHHOCTh, HTHHOBAIMY 1 HH-
(dpacTpykrypay, 11 «YcToitunBbie Topoia U HACCIICHHBIC
MYHKTBD», 12 «YcToiunBoe MOTpeOIeHHe 1 TPOU3BOA-
ctBo» 1 13 «Mepsl o 0opr0Oe ¢ M3MCHEHHEM KIIMaTa
U €T0 TOCIEICTBUMMY, K¥K/1ast U3 KOTOPBIX ONPEIEIIsieT
YHCTYI0 SHEPIHIO, TOPOJA C YyCTOMYHNBOIM HHPPACTPYKTY-
POI1 M OTBETCTBEHHOE MCTIONB30BAaHNE MATEPHAIIOB B Ka-
YECTBE OCHOBHBIX IPHOPUTETOB pa3BUTUL [6].

B »TOM KoHTekcTe pa3paboTka, XapaKTepUCTHKA
U IIIPOKOMACIITAOHAS MHTETPalsi MaTepHAJIOB HOBOTO
TIOKOJICHHMST JJIST TIPOU3BOJICTBA SKOJIOTUYECKH YHCTBIX 371a-
HHMI1 TIPEJICTaBISIIOT COO0H CTpaTerniecky 3HaYUMBIH ITyTh
K CO3/IaHUIO HU3KOYIJIEPOTHOH, pecypcorPpeKTuBHON
W aJIaNTUPOBAHHON K KIIMMaTy MHPacTpyKTypsl. Ilepe-
JIOBBIE CUCTEMBI MaTepuajoB, pa3paboTaHHbIE C yYETOM
MHOTO()YHKIIHOHAIILHOCTH, JIOJITOBEYHOCTH U BHYTPEHHEH
a/IANTHBHOCTH, OTKPBHIBAIOT BO3MOKHOCTH JUTS OT/ICIICHHS
9KCITyaTallMOHHBIX XapaKTEePHUCTHK KOHCTPYKIMI OT MH-
TCHCUBHOCTHU HCIOJIB30BAHWS MAaTC€pUaIOB, COKpALLICHUA
BBIOPOCOB, CBSI3AHHBIX C TEXHUYECKUM OOCITYKHBaHHEM,
a TaKk)Ke BCTPaUBaHMs SHEPTETHIECKUX 1 CEHCOPHBIX (DYHK-
LMii HEMOCPEICTBEHHO B KOHCTPYKLMIO 31aHus [7, 8].

Ha puc. 1 nmpencrasien cxemaTndeckuii 0030p oc-
HOBHBIX KJIACCOB MaTepHasioB, KOTOPHIE B HACTOAIICE
BpEMsI TIPOJIBUTAFOTCS JUTS UCTIOIb30BAHUS B OKOJIOTHY-
HBIX U «YMHBIX» 3JIJaHUAX, U TTOKa3aHO, KaK 6I/IOMaTepI/I-
aJbl, IepepadoTaHHbIe MaTePHAIIBl, THOPUIHBIC U «YM-
HBIE» (YHKIMOHAJIBHBIE MaTepHalibl B COBOKYITHOCTH
CHOCOOCTBYIOT MPOEKTHPOBAHUIO HU3KOYTIIEPOIHBIX
¥ MHOTO(YHKIIMOHAIBHBIX 31aHHH.

B pamxax 3Toii popMHUpYIOIIEHCS TTapaJiurMbl «yM-
HBIX» 371aHUH MaTepUajIbl UTPalOT OCHOBOIIOJIATAIOILYIO
POJIb, OMHOBPEMCHHO BLICTYIIasd B Ka4€CTBEC HECYHINUX
2IIEMEHTOB, (PYHKIIMOHAIBHBIX HHTEP(HEHCOB M aKTHB-
HBIX TIpeoOpazoBareneii sHepruu 1 uHGopManuu. B ot-
JMYKE OT TPaJUIMOHHBIX CTPOUTENILHBIX MaTepPHaJIOB,
CHCTEMBI MaTEpPHAJIOB HOBOTO ITOKOJICHUSI Pa3paboTaHbl
TaK, 4TOOBI IEMOHCTPUPOBATh BHYTPEHHIOIO CIIOCO0-
HOCTb pearnpoBarh Ha TEIJIOBbIE, MEXaHUYECKHE, DIIeK-
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Puc. 1. YcroitunBble MaTepualsl, HCIIOIb3yeMbIe AT CTPOUTENBCTBA KOJIOTMYHBIX 31aHUI

TPUYECKUE U HKOJIOTNUECKUE CTUMYJIbL, I03BOJISIS CTPOU-
TEITHHBIM KOMITOHEHTaM BOCIIPHHUMATh, aallTHPOBATHCS
1 pearupoBarh 6e3 ONopsI Ha BHEITHHE ycTpoiicTaa [9, 10].
Taxas OpHEHTHPOBAHHOCTh HA MaTEpUaNbl JOCTUTACT-
csl 32 c4eT pa3pabOTKH MHTEJUIEKTYaIbHBIX U MHOTO-
(DYyHKIMOHAIIBHBIX MaTepHajioB, KOTOPbIE HHTEIPUPYIOT
BO3MO)KHOCTH TE€PMOPETYIHPOBaHUS, cOOpa SHEPTHH,
CEHCOPHOTO KOHTPOJISl ¥ IPUBEACHUS B ICHCTBHE HETIO-
CPEACTBEHHO B KOHCTPYKIIHIO 3AaHUSL.

BbIxo/151 32 paMKH KJTaCCHYECKOTO JIMCKypca 00 yCTol-
YUBOM Pa3BUTUHU, COCPEJOTOUEHHOTO Ha COKpALEHUU
yIIepoaHoro ciena u 3PpQPEeKTHBHOM HCIIOIB30BaAHIH
pecypcoB, KOHIIEINS «YMHBIX 37JaHHI» BBOIUT MHOTO-
TPaHHYIO CTPYKTYpY, B KOTOPOM MaTepuabl SBISIOTCA
HE MPOCTO NMAaCCUBHBIMHU CTPYKTYPHBIMU DJIEMEHTaAMH,
a aKTUBHBIMH yYaCTHHKAMH B3aMMOJICHCTBHS C OKpY-
JKaIoLIEN cpefod, MOAYJISLMU SHEPTUH U ABTOHOMHOM
amgantanuu [11]. CoBpeMeHHBIE OMpeeNneH s «yMHBIX
3aHUKH» NOJYEPKUBAIOT BA)KHOCTb MHTEIPUPOBAHHOMN
Knb6ep(hU3NKO-MaTepruarbHON apXUTEKTYpBl, B KOTOPOH
KOHCTPYKTHBHBIE AIEMEHTHI 00JIa1atoT TepMO(DH3NIECKON
a/IaNITUBHOCTEHIO, ICIIEHTPATIN30BAHHBIM IIPEOOpa30BaHu-
€M DHEepPruH, BOBMOKHOCTBIO cOOpa JaHHBIX B PEKUME
pEaIbHOTO BpeMEHH, OOHAPY)KEHUEM TIOBPEXKICHHUI 1 aB-
TOHOMHOH (DYyHKIIMOHAJIBLHOW peKkoH(Urypauel. Yka-
3aHHBIC BO3MOKHOCTH OOYCJIOBJIEHBI HE TOJILKO MEXaHH-
YECKUMH WJIM NIEKTPUIECKUMH MOICHCTEMAaMH, HO BCE
B OOJIbIIIeH CTENEHH BHYTPEHHUMH (DYHKIIMOHAJIbHBIMU
BO3MOKHOCTSIMH, 3aJI0KEHHBIMHU B ITEPEIOBBIX CHCTEMaX
MarepuaiioB. [lepexos OT MacCUBHBIX K MHTEIUICKTYallb-
HBIM MaTrepuasam HpeiCTaBIsIeT cOO0H BayKHYIO TPaHHILY
B TOCTHKEHHHU BBICOKOA(D(IEKTUBHBIX, HYJIEBBIX 1O BbI-
OpocaM M yCTOMYMBBIX K KIMMaTH4YECKHUM W3MEHEHHSIM
CTPOUTENBHBIX TEXHOJOTH [12]. DTOT cnBUT mMapaaur-
MBI BBIXOAWT 3@ PAMKH TPAANUIIMOHHOTO CTPOUTEIHCTBA
3a cYeT BHEJPEHHSI MHOTO(YHKIMOHAIBHBIX MAaTEPHAIIOB
U aJ]ANTUBHBIX KOMIIOHEHTOB, KOTOPBIE CHHEPTETHUECKU
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B3aUMOJICHCTBYIOT C CHCTEMaMH YNpPaBICHUS 3AaHHEM
(BMS), Tem cambIM obecrieunBas JUHAMUYIECKUN KOH-
TPOJIb HaJl apaMeTpaMH TEIIOBOTO PEXKIMa, OCBEIICHHUS,
KOHCTPYKIIMHU U KauecTBa Bo3myxa [13].

MATEPHUAJIBI U METO/JbI

B 3TOM KOHTEKCTE B JaHHOI 0030pHOI cTaThe pac-
CMATPUBAIOTCSI MHTEIUICKTYaJIbHbIC B MHOTO(QYHKIIHO-
HAJBHBIC MaTepUAIbl HOBOTO ITOKOJICHHSI KaK CPEICTBA
CO3MIaHMs YKOJOTUYHBIX, HHTEIUICKTYaIbHBIX U YCTOH-
YUBBLIX K KJIMMATHYECKUM M3MEHEHUSIM 37aHuii. B 00-
30p€ AaHATM3HUPYIOTCS KIIIOUEBbIE KJIACChl MaTepUalioB,
BKJTFOYasl TSPMOAJAlITHBHBIC MAaTePHAIIBL, ApXUTCKTYPHO-
MEXaHHYECKHe MeTaMaTepuasl U (PyHKIIHOHAIbHBIC
KOMITO3HUThI, COOMPAIOIIIE YHEPTHIO, C aKIIEHTOM Ha CO-
CTaB MaTepuaioB, MUKPOCTPYKTYPHBIN AU3alH U MO-
BEJICHHE, ONpEeIIIeMOe TeoMeTprei, 00eceunBaro-
IIee TePMOPETYIIAINIO, MEXaHNUECKYIO aIalTHBHOCTD,
mpeoOpa3oBaHUE SHECPTUU U CAMOIUATHOCTHKY B KOH-
CTPYKTHUBHBIX DJIEMEHTAX U AJIEMEHTaxX OTrpakIalolux
KoHCTpyKImid. Taxke o0cykaaercs, Kak BHYTPCHHHE
(hyHKITHOHATFHBIE BO3MOXHOCTH MAaTEpHAaNIOB, TaKHe
Kak TepMO(HU3UYUCCKas aJallTHBHOCTb, IPEOOPA30BaHIE
SHEPTrUU M CaMOJUATHOCTHKA, MOTYT OBITh BCTPOCHBI
HETIOCPE/ICTBCHHO B KOHCTPYKTHUBHBIC JIEMCHTHI U dJIC-
MEHTHI OTPaKIAIOMINX KOHCTPYKIUI, TeM CaMBbIM CHH-
JKast 3aBUCHMOCTD OT BCTIIOMOTaTEIbHBIX MEXaHUUYECKHUX
WM DIIEKTPUUYECKHX MOJICUCTEM.

PE3VJIBTATHBI HCCIEJOBAHUA

HNHTe/IeKTya bHbIe U MHOTOQYHKIIHOHAJIbHBIE
MaTepUaIbl IS IKOJIOTHYeCKH YCTOHYMBOIO
CTPOUTEIHCTBA

TepMoa()anmues‘Hble UHmelieKmyajbHble mamepuaibl
TepMoa}ZlaHTI/IBHI)Ie HMHTCJUICKTYAJIbHBIC MaTCpUaJIbl
COCTaBIISIIOT OCHOBHOM (byHKHHOHaHBHLIﬁ KJ1aCcC B UH-
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TEJUIEKTYaJIbHBIX U AKOJIOTUYECKH YCTONYMBBIX 3AaHUSX,
obecrieynBast JUHAMUYECKYIO PETyJIMPOBKY TeIlIonepe-
JTa9¥, COTHEYHOTO HArpeBa M aKKyMYJIHPOBAHUS TeTlIa
B OTBET Ha BO3JICHCTBUS OKPYKAIOIIEH Cpepl. DTH Ma-
TepHaIbl paboTaoT 32 CYET 00PATHMOTO U3MEHEHHST CBO-
WX TETIO(GU3NIECKUAX WA ONITHIECKUX CBOWCTB, TAKUX
KaK TeIUIONPOBOJHOCTh, TEINIOEMKOCTh, HH(pakpacHas
n3ITydaTenbHast CHOCOOHOCTD MIIM COJHEYHAsI TIPOITyCKa-
€MOCTb, TIPH N3MEHEHHSX TEMITEPaTyphl, COTHEYHOH pa-
JIMalliy WK YCIIOBUM OKpy»Karolien cpeapl. B otinune
OT TPAJAULHOHHBIX TACCUBHBIX CUCTEM TEILIOM30JIALUH,
TepMOa Il THBHBIC MaTePHaIbl aKTHBHO B3aNMOICHCTBY-
0T C CYTOYHBIMH U CE€30HHBIMH TETIOBBIMU IIUKIIAMH, TIO-
3BOJISISL OTPAXK/IAIOINM KOHCTPYKIHSIM, (pacagam 1 BHYT-
PEHHUM dJIEMEHTaM 3JaHUS PEeTyINpOBaTh TEILIOBOM
MOTOK B peXuMe peanbHoro Bpemenu [14]. Takoe anan-
THUBHOC TOBEJICHUE CIIOCOOCTBYET CHIDKCHHUIO HArpy3KH
Ha CHCTEMBI OTOIUICHHS M OXJIAKICHUS, TTMKOBOTO CITPO-
ca Ha DHEPrHI0 U TEIUIOBOTO JHCKOM(OPTa KUIIBLIOB,
TEM caMbIM oOecrednBasi S3HeprodPGEKTUBHYIO U KITU-
MaTOyCTOMYHUBYIO HKCIUTyaTaluto 3aanus. Marerpauus
TaKUX MaTepHaNoB B CTEHBI, CUCTEMbI OCTEKJICHHS,
KPBIIIH ¥ THOPUTHBIE KOHCTPYKIUH OTPAXKTAIOIINX JJ1e-
MEHTOB TTO3BOJISICT BCTPOUTH TETUIOBEIE (DYHKITHH HETIO-
CPE/ICTBEHHO B CTPYKTYPY 3AaHH, CHIDKAs 3aBUCHMOCTh
0T MEXaHMUYECKUX CHUCTEM M OJHOBPEMEHHO MOBBIIIAs
JIONITOCPOYHYIO IKCIITYaTallHOHHYIO0 3(P(PEKTHBHOCTD
1 YCTOHYHUBOCTb.

TennoBast aaNTUBHOCTb BCE Yallle BHIXOUT 3a paM-
KW BHYTPEHHEH peakIliy MaTepHajoB Olaromaps MHTeE-
rpaly HEMHBA3WBHOTO, OCHOBAHHOIO Ha JAaHHBIX pac-
MO3HABaHMs TEIUIOBOM aJaNTalluy YeJlOBeKa B CTPaTeruu
TepMoperyaupoBanus 31aHuid. W. Duan 1 coaBT. mmpo-
JIEMOHCTPHUPOBAJIH, YTO TEMJIOATANTUBHOE MOBEICHHE
JKUJIBLIOB MOYKHO OTIPENIEIISITh B PealbHOM BPEMEHH C MO-
MOIIIBI0 OCHOBaHHBIX Ha 3PUTEIEHOM BOCIIPUSTHH KPOCC-
MOJIaJIbHBIX CUCTEM IUCTUIUISILIMU 3HAHUM, YTO 00eCTIeu -
BAa€T TOYHOE PACHO3HABAHUE MOBEJICHUSI IPU CHIKEHHOU
BEIUYHCITUTENIFHON CIIOKHOCTH M 00JIeTYaeT BHEIAPEHIE
HMHTEJUIEKTYalIbHOTO yIPaBICHUS CHCTEMaMH OTOILIe-
HUSI, BSHTWIAIMY ¥ KoHunuoHuposanus (HVAC) [15].
DTO MCCIIeIOBaHNE IEMOHCTPHPYET, UTO TIOBEACHUESCKIIC
CUTHAJIBI MOTYT CITY>KUTh HAJAEKHBIMU YIPABIISIOIIUMHU
CUTHAJIAMU JUIsl AUHAMUUYECKON PErylnupoBKH TETLIIOBOTO
peXrMa B ITOMETIEHHSIX 0e3 NCIIONb30BaHNs HHBAa3HBHBIX
JaTdukoB. B mononHeHue k atomMy noaxony Y. Bai u coaBt.
pazpaboTtany HH(PPaKpaCHYIO CHCTEMY NPOCTPAHCTBEHHO-
BPEMEHHOTO MOJICITUPOBAHKST, MICHTU(PUIIMPYFOIITYTO OJTHH-
HaJILaTh TUITHYHBIX BUIOB TOBECHNS, CBI3aHHOTO C TEPMO-
ajanTanueil, JOCTUTHYB TOYHOCTH pacloO3HaBaHUs
110 95,89 % ® TOYHOCTH NMPOTHO3MPOBAHMS TEIUIOBBIX
ourymmeHuit 96,24 %, npu 3TOM COXpPaHUB yCTONYMBOCTH
K M3MEHYMBOMY OCBEIICHHUIO U 00eceurB KOH(HICHIIN-
aJBHOCTH XHUIBIOB [16]. B uccnenoBaHny NCONb30Ba-
JIUCh KOHTPOJIMPYEMbIe TEIOBbIE ycinoBus 2225, 25-27
n 27-30 °C, npu 3TOM y4YaCTHHMKH CHJENIU B THUIIMHE
B TeueHue 20 MUH JUIsl TETUIOBOM aKKJIMMaTU3alUy IEepes
cOOpOM JIaHHBIX, @ BUJICO3AITUCH OCYIIECTBIISUTMCH OJIHO-

BPEMEHHO C IISITH PaKypCcoB UIsi 00OECIIEUeHUsT BCECTO-
pOHHEH (prkcanuy TerIoafanTUBHOTO mMoBeaeHuUs [17].
Pacimpsisi TepMoaanTHBHOCTh Ha HAPY)KHBIE YCIIOBUS,
H. Li u coaBt. 00benmHMIM HHPPAKPACHYIO TEPMOTpa-
(hMr0 C MOHUTOPHHTOM MOBEAEHNS, YTOOBI KONYECTBEH-
HO OIICHUTbH B3aHMOCBSI3b MEXK]Y TEMIIEPaTypoi KOXH
TIeNIEX0/I0B, (PU3HOIOrHYeCcKOil SKBUBAJICHTHOW TeMIIe-
parypoif (PET) u amanTuBHBIMH peaklIUsMHU, BBISBHB
CTAOMIM3AIIMIO TeMITepaTypbl KOKU NpH 3HadeHussx PET
npumepHo 40—46 °C B 3aBUCUMOCTH OT THIIA aKTHBHO-
CTH, ¥ OTIPEJIEIINB TTOBEICHNE, CBS3aHHOE C TOMCKOM TEHH,
Kak HanOosee (PPEKTUBHYIO CTPATETUIO CMSTYCHHS T10-
CJIEICTBMI DKCTPEMaJbHOTO TEIIoBOro crpecca [18].
Kpome toro, K. Li u coaBT. mponeMOHCTPHUPOBAIIH,
YTO TETUIOBYIO aJJaITHBHOCTh MOYKHO TAK)KE Peain30BaTh
Ha MHUKPOCTPYKTYPHOM YPOBHE C ITOMOIIBIO ()OTOHHBIX
METaUIOOPTaHNIECKNX KapKacoB, AEMOHCTPHPYIOIINX
TEPMHUYECKH YCUJICHHYIO JIFOMUHECLEHIINIO, CBEPXBbI-
cokyro cBetootnaqy (~49 700 ¢poroHoB Ha M»1B) 1 cra-
OMIBHOCTH, MpeBBIMAIyo 95 % mocie InTeNb-
HOTO TEIJIOBOTO M PaguaIlMOHHOTO Bo3nencTBus [19].
B T0 Bpemst Kak MUKPOCTPYKTYpHasi HHXKEHepHst obecrie-
YMBACT BHYTPEHHIOIO TEPMOAIAITHBHOCTh, HENHBA3UBHAs
OLICHKA TEPMOAaJIalITHBHOTO MOBeIeHMs 1 kompopTa odec-
TIeYnBaeT OOpaTHYIO CBsI3b Ha CHCTEMHOM YPOBHE, HE0O-
XOAMMYIO JUTS pabOThl «yMHOTO» 3aHHs, KaK MOKa3aHO
B Tabm. 1.

[ToneBrble nccie0BaHUS TOTIOTHUTEIBHO MPOJIe-
MOHCTPHUPOBAJIN, YTO TEPMOAJANTUBHOCTh B 3AaHHUIX
orpeiersieTcs: OBEACHUEM YKUIIBIIOB, KIIMMaTHYECKUMU
YCJIOBUSIMU M TIACCUBHBIMH HJIH TIOJYIIACCUBHBIMHU CTpa-
TerusiMu perynmupoBaans. A.S. Cordero u coaBt. pencra-
BIJIM PE3YyJIbTaThl BCECTOPOHHETO MOJIEBOT0 HCCIEI0Ba-
HUS B CEIIBCKHX XKWIIBIX 37IaHHSIX, TTOKA3aB, YTO JKHJIBIIBI
JIEMOHCTPHUPYIOT IIMPOKHI JUANA30H a1allTHBHOTO KOM-
(hopra, 00yCIIOBICHHBII JIUTEIBHBIM BO3/IEHCTBHEM
KJIMMaTHYeCKUX (PaKTOPOB U KOPPEKTUPOBKOM MOBEIe-
HUSL, TIPA 3TOM HEHTpasbHBIE TEMIIEPaTyphl CMEIIAI0T-
csl B CTOpPOHY OoJiee BBICOKHX 3HAQUEHUH M0 CPaBHEHHIO
CO CTaH/apTHBIMU MOJIEISIME KoMopTa [23].

Cpenn TepMOaIaTHBHBIX WHTEIUIEKTYalbHBIX Ma-
TepualioB QazoBo-nepexonusie Marepuaisl (PCM) mpen-
CTaBILIIOT cO00M O/IHYy 13 Hanbosee 3 PEeKTUBHBIX CTpa-
TETHH PEryIMPOBAHKS TEIMIIOBOTO MUKPOKIIIMATA B ITOMeE-
IICHUSIX TIOCPE/ICTBOM MACCHMBHOTO HAKOIUICHUSI M OTAAYH
teruta. PCM ucnonb3ytor o6parumMsbie pa3zoBbie Epexobl
«TBEPIOE — JKHUIKOE» WM «TBEPOE — TBEPIOE» JUIS TIO-
IJIOLICHUSI, HAKOIIJIGHHUS M OTJ[a4uu OOJIBIINX KOJIMYECTB
CKPBITOH TETUIOTHI B Y3KUX TEMIIEpaTypHbIX HHTEpBaJIax,
KOTOPBIE COBIA/IAIOT C ANANA30HAMHU TEIIIOBOTO KOM(Op-
Ta yesnoBeka. [Ipu mHTErpanuu B orpaxaaroniie KoH-
CTPYKIIMH 3[[aHUi CTEHBI, IIOTOJIKH, TOJIBI WK (hacatHbIe
koHCTpYKIH PCM cMsT9atoT KojeOaHus TeMIepaTypsl
B [IOMEIICHHH, OCNIA0IsAs TUKOBBIE TETUIOBBIC HArpy3KU
B JIHEBHOE BPEMsI M BEICBOOOX/1asl HAKOTICHHYIO TEILIO-
BYIO DHEPTHIO B Oojiee MpoXJIagHble TepHoIs! [25, 26].
Dta BPOXKICHHAsI CIIOCOOHOCTH K TEIIOBOMY Oydepupo-
BaHUIO CHIDKAET 3aBHCHMOCTB OT MEXaHHYECKUX CHCTEM
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Tun obHapy)eHNs HuctpymeHT Mogenb Tepmuueckuit Kmrouessie mapamerpsr | Ceplnkn
oOHapyxeHus1/ MIPOTHO3UPOBAHMS/ MOKa3aremb s¢dexTrBHOCTH
HN3MepeHHs aHanm3a
Temneparypa bunoxymsipras Random Forest TSV (7 xnaccos, | Tounocts: 82,86 % [20]
JWIA ¥ aianTuB- | MHppaKpacHas U B3BEIICHHOE CIMSHHE |3 Kitacca) (7 xmaccos), 94,29 %
HBIE MEPbI kamepa, YOLOvVS, ¢ PMV (3 ximacca); mOBBIIIACTCS
10 TEIUIOBOMY Mediapipe 10 86,8 % (7 kmaccoB)
MOHHUTOPHHTY/ u 100 % (3 xmacca)
HH(]paKpacHbIH pu oOHApYKEHUN
aJlalTUBHBIX JIEMCTBUN
Temmeparypa Jarunku JlexoMIo3uust Tennosoe BrisiBnenHble TeHACHINY, [21]
BO3/yXa KIIMMaTH4YeCKOi BPEMEHHBIX PsIJIOB COCTOSIHUE, BpPEMEHHbIE HHTEPBAJIBI
B IIOMEIICHHH, KaMepel, U perpeccust MIPUEMIIEMOCTD, | MEXKTy THKAaMU
TeMIieparypa miargopma IVE 110 A-0COOEHHOCTSIM TIOBEJICHYECKUE | 1 MUHUMYMaMH, a TaKkXke
KOXKH/BPEMEHHbIE HaMepeHUs HPOIODKUTENBHOCTD
PsLIIBI BCIIJIECKOB KaK OCHOBHBIE
(haxTopBbI, OIpe/eIIonue
HECOOTBETCTBHE MEXK/TY
BUPTYaJIbHOU U peanbHOU
cpenamu
AnantuBHOE Ormpoc Hepapxuueckas Tepmuueckas VHTEeHCUBHOCTH [22]
MIOBE/ICHUE KJIacTepu3anus npuemIe- OTKPBIBaHUS OKOH
JKUJIBIIOB/aHKETa M JIOTHCTHYECKAs MoCTh, % 1o 87-91 %; B nomax
perpeccust C KOH/IUIIHOHEPOM
HNPUEMIIEMOCTh
cocrasuia 79 %
npotuB 70 % B nomax
0€e3 KOHIULHOHEPOB
Tepmoanantusnoe | Kamepst 13D, monenu ry6okoro | Knaccuduxarms | Tounocts: 83,53 % (I3D) [23]
noBejeHue/ nHppakpacHoii o0y4enus SlowFast TEMJIOBBIX u 88,56 % (SlowFast)
undpakpacHoe Tepmorpapun MPEINOYTEHUH | C BpEeMEeHEM BbIBOJIA
BUJICO (IRT) Ha YPOBHE MUJUTHCEKYH]
TerutoBoe Wudopmanms 2D CNN-LSTM, 2D Knaccuduxamus | MakcumanbHas TOYHOCTD [24]
aJlanTHBHOE 0 COCTOSIHUU CNN-GRU PTAB 86 % (CNN-LSTM);
nosezieHue/ kanana Wi-Fi (CSI) ONITUMAJBHBIN pazmep
OecIpoBOIHBIC okna 0,5 ¢, mar 0,2 ¢
CHTHAIIBI

OTOIUICHHS U OXJAXJIEHHS, CMATYAeT MHUKOBBIA CIpOC
Ha DHEPrHIO U MOBBIIIAET CTAOMIBHOCTh TEIIOBOTO KOM-
(hopra 1mpu CyTOYHBIX M CE30HHBIX KojieOaHusx. B oT-
JM4Ye OT TPaJULMOHHBIX MAaT€PUANIOB sl HAKOIUICHHS
siBHOTO Terwia, PCM obecriednBaroT BEICOKYTO TUNIOTHOCTb
HAKOIUJICHUsI SHEPTHH 0e3 3HaYNTEIBHOTO MOBBIILICHUS
TEMIIePaTyphbl, YTO AETAET UX OCOOCHHO MOAXOIAIINMHU
JUISL CTPOUTENBHBIX 3JIEMEHTOB C OIPaHMYEHHBIM IIPO-
CTPaHCTBOM. VX MHTErpanust B CTPOUTENIBHBIE MaTepH-
aJIbl, CUCTEMBI TEPMETH3AINN WM KOMITO3UTHBIE CIION
TMO3BOJISIET BCTPOUTH TETUIOBYIO aAalTHBHOCTD HETIOCPE -
CTBEHHO B KOHCTPYKIHMIO 3AaHUS, YTO MO3UIIUOHHUPYET
PCM Kak KpUTHYECKH Ba)KHYIO MaTepUaIbHYO Mmiargop-
MY UL IPOSKTUPOBAHUS 30aHHUI ¢ HU3KUM SHEPronoTpe-
OreHneM, OPHEHTHPOBAHHBIX HA JKHJIBLIOB M YCTOMIHNBBIX
K KJIMMaTUYECKUM U3MEHEeHUsM [27].

Ha puc. 2 nokaszana uHTerparus 1 MexaHusM pado-
16l PCM B orpaxaaromux KOHCTpyKIUAX 3aaHui. Croi
PCM, BCTpOEHHBII MEXIY CIOSIMH U3OJSIUH, OO0~
IIaeT MOCTYMAIOIIEe TETIO0 OT COTHEYHOTO M3ITyUCHUS
U TETUIOMPOBOJHOCTH B MEPHOMABI BBICOKUX TEeMIIEepa-
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TYp, aKKyMYJIHPYsl SHEPTHIO 32 cueT (ha3oBoro rnepexosa
U3 TBEPJOTO B )KUAKOE COCTOSHHE U CHIKAs TETIONepe-
Jlavdy BHYTPH ITOMEIIeHMs. B Gosee mpoxiiaHbIX ycio-
BUSIX HAKOIIEHHOE TEIIO BEICBOOOXKJAETCs 10 MEpE T10-
BTOpHOro 3arBepaesanus PCM.

[Ipoduns Temneparypsl SHTAIBIUU Ha puUC. 2, b
MOYEPKUBACT TIATO CKPBITOW TETIOTHI, YTO MO3BOJIS-
eT HaKaIlIMBaTh 3HAUYUTEIHHOE KOJIMYECTBO SHEPTUU
B Y3KOM AMaIia3oHe TeMIIepaTyp, 00ecIeunBalomemM
koMdopTt, 1 obecreunBaet 3QPEKTUBHYIO MACCUBHYIO
TertoByto Oydepuzaruro. Obmras Teriosas sueprus O,
naxoruiennas B PCM ¢ temneparypoii miasnenus 7, K,
3aTeM pPacCUNTHIBACTCS, KaK YKa3aHo B ypaBHeHUH (1):

T, T,
0= J‘Ti mC,dT +ma,Ah,, + J.Tm mC,dT,

rae 7,— HavanbHas Temmeparypa, K; Cpl_— CpemHsist
yleNbHas TEMIOEMKOCTh B Ananasone mexay 7 u T
a, — OIS PACIUIABIEHHOTO Matepuana; Ah, — ynenb-
Hasl CKPBITasi TEIIIOTA ILIaB/ICHHs; ] — KOHeUHas TeM-
neparypa, K; C — cpeamsis ynenbHas TeloeMKOCTh
B AMAIa30HE MEKIY T/ u’l e
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Puc. 2. Buenpenne PCM B cteny (a), nepeneyarano ¢ paspemenus [27] Elsevier, 2020; npunuun pabotst PCM (b), nepene-

yataHo ¢ paspemenust [28] Elsevier, 2022

PCM MoOxHO BCTpamBaTh B OETOHHYIO KJIAJIKy
WM BBOAUTD B OTJICJIOYHBIE CJIOH, TAKUE KAK THUIICOBBIE,
IITYKaTypHBIE WM LIEMEHTHBIE TTOKPBITHS, KaK IPaBHJIo,
MOCPEJICTBOM MUKPOKAIICYJIMPOBaHHMS Il 00ecriedeH s
cTabmIbHOCTH M TexHoJornyHoctu [28-31]. Takas un-
Terpauyusi Ha OCHOBE MOKPBITUH yNpoIIaeT BHEAPEHNUE,
MIO3BOJISIET TOYHO peryiupoBarh noio PCM u ToamuHy
CJIOSI, @ TAKKE SIBIISICTCS] BHITOIHOM JUISl TIOBBIILICHUS Te-
TUIOBBIX XapaKTEPHCTHK CYIIECTBYIONX 3naHuil. Kpome
Toro, PCM MOryT M3roTaBiaMBaThCs B BUIE OTJEIBHBIX
CTEHOBBIX ITaHeJeH, 4To odecreunBaeT ObICTPYIO ycTa-
HOBKY U COBMECTUMOCTb C JIETKUMH KOHCTPYKTHBHBIMU
cucreMami [32, 33]. TepmoananTUBHOCTh 3aHUM C UC-
TOJIb30BaHHEM (ha30BO-TIEPEXOIHBIX MATEPHAIIOB MOYKHO
YCIIOBHO Pa3JIeIUTh Ha YEThIPE B3aUMOJOMOIHSIONIUX
HalpaBJIeHHs Pa3BUTHSL: HAKOIUICHUE CKPBITOM TEIIOTHI
Ha OHOJIOrUYeCcKOl OCHOBE, apxuTekTypsl PCM co cradu-
JIM3UPOBAHHOM (POPMOIT MIIM MEXaHHYECKOH TMOKOCTBIO,
coequHenne PCM ¢ orpaxaaroliuMu KOHCTPYKIUSIMU
n rubpuanzanus PCM ¢ ucnosnb30BaHHEM COJTHEYHOU
sHepruu. B pamkax Ouosnornueckoro noxxoxa M. Zor
U COaBT. IPOJIEMOHCTPUPOBaIU 3BTeKkTHYeckue PCM
Ha OCHOBE JKMPHBIX KHCIIOT, IPOITUTAHHbIE B JICPEBSH-
HBIE IITIOHBI, JEMOHCTPUPYIOLIME TeMIIEpaTypy IUIaB-
nenus 30 °C 1 eMKOCTh HAaKOIJIEHUs CKPBITOH Teruio-
ThI, JOCTUTAIONIYIO 225,5 JIK/T, 4TO CBHUICTEIBCTBYET
0 NIPUTOJHOCTH BO30OHOBIISIEMBIX CYOCTpaTroB B Kaue-
CTBE MacITaOUPyeMBIX PE3EPBYapOB CKPBITOM TEIIOTHI
JUTSL HU3KOYPOBHEBOTO TEILIOBOTO Oy(heprpoBaHus B 3/1a-
Husix [33]. Yrto kacaeTcst MeXaHWMYeCKUX (PyHKIIHOHAIb-
HBIX cucTeM, T0 Y. Guo u coaBT. pa3padoTanu (ha3oBo-
MIEPEXOIHBIN TMAPOrelb, CONEPIKAINK AeKaruapar Cylib-
(hara HaTpHs, JOCTUTHYB BBICOKOW 3()()eKTHBHOCTH yIia-
koBk PCM B 90,4 % mo macce, TEIIONPOBOAHOCTD
B muanaszone 0,89—1,11 Bt M 'K'!, Tepmudeckoe Boccra-
HOBIIeHHE (POpMEI B TedeHre 385 ¢ M IPOYHOCTD Ha CKa-
te 10 0,67 MIla, mporeMOHCTPHPOBAB, YTO HHTETPALTHS
PCM MokeT OMHOBPEMEHHO PeIaTh 32191 YMEHBIICHHS
yTeueKk u oOecTieueHns MeXaHnIeCKOi MPOYHOCTH [34].
JIsl MCTIONB30BaHUS B OTPAXKJAIOIINX KOHCTPYKIUAX
A. Gopalan # coaBT. McCITeIOBANIM AMHAMIYECKAE W30S~

nuoHHkIe naneay ¢ PCM, coo0IIuB 0 CHUYKEHUHU FOI0BOM
TEIUI00T/Aauu u3nyueHueM Ha 15—72 % u ronoBbIX Temo-
notepsb Ha 7—38 % (B 3aBUCUMOCTH OT KIIMMATHYCCKUX
YCJIOBUI M OpHeHTalK (acaja), TOAIePKHYB YCHUIICHHE
xapakrepuctuk PCM 3a cueT COBMECTHOrO MPOEKTU-
poBaHUsI Ha cucTeMHOM ypoBHe [35]. Pactmpsist ¢yHK-
nuoHaneHOCTs PCM Ha CHUCTEMBI COTHEUHOH dHEPrui,
J.M. Mahdi u coaBT. npoBesu OLEHKY (OTOBOIBTANKO-
terutoBoro (PVT) koriekropa, HHTErPUPOBAHHOTO C HAHO-
MomudurmposanaeiM PCM, conepakarmim 5 % o0beMHOM
KOHIIEHTPALUY HAHOYACTHL], TIOCTUTHYB MPOJIOIKHUTEIb-
HOCTH OXJTaXICHUS (hoToIeMeHTOB 54—305 MUH B Teue-
HHE Iofia, MUKOBOM MEKTPUUECKOI MOIIIHOCTH IPUMEPHO
52,5 Bt u temioBoi momHocTH 10 225 BT, npogeMon-
CTpUPOBAB MoTEHIMAN HaHoycuieHHbIXx PCM muist cra-
OMIM3aIMU TPOM3BOUTEIIBHOCTH (DOTOAIEKTPUUECKUX
CHCTEM TP OZIHOBPEMEHHOM COOpE IMOJIE3HON TEIIOBOH
SHepruu Jyis 31anuii [35, 36]. B npyrom uccnenosanuu,
npoBeneaHoM V.V. Upadhyay u coaBT., ObIIH U3yYCHBI
ycosepuienctosanuble TiO, napadunossie PCM s cu-
CTEM HAKOIUICHHSI TETJIOBOW SHEPTHH 3a CUET CKPHITON
tertotsl (LHTES) ¢ ncnons3oBannem 0,5-2,0 mac. %
Ha"o4actHll [37, 38]. TemaonpoBOAHOCT YBETHUYHIACH
Ha 35-88 %, YCKOpPHB MPOIECCH 3apsAaKH (HAKOTUICHHSI
Teria) u paspsiaky (Beiaenenus tema) PCM. IIpu ckopo-
cru notoka temonocutens 0,01 xkr/c PCM ¢ 0,5 % TiO,
yoryammia 3QQEeKTHBHOCTE 3apSIKH, Pa3psIIKH U OOIIyT0
sddexruBrocts LHTES na 2,89, 5,21 u 2,25 % cootBeT-
CTBEHHO I10 CPABHEHHUIO C YHUCTHIM TTapaHHOM.

[TommMO BCTIONTB30BaHNS UCKITFOYUTEIHHO HAKOTIIE-
HUS CKPBITON TETIJIOTHI, TEIUIOBAs aAallTHBHOCTD TAKXKe
peari30BaHa ¢ TOMOIIBI0 THOPHIHBIX CHCTEM OTpakia-
IOIINX KOHCTPYKIHHA, KOTOPBIE OOBEITUHSIOT TACCUBHYIO
TEPMOPETYISIHNIO C OYMCTKON BO3/IyXa B MOMEIICHHSX,
Kak ITOKa3aHo Ha puc. 3.

Kondurypanus xaranutudeckoii cteHsl Tpombe
00BEIMHACT TEPMOXPOMHOE OCTEKJICHUE M3 THAPOTEIIS
C BHYTPEHHUM BO3IYIIHBIM KaHAJOM, ITOKPBITHIM Ka-
TATUTHYECKUM CJIOEM, YTO TO3BOJIIET OTHOBPEMEHHO
PETYIUpOBaTh COTHEYHOE M3IYUYCHHE U pasiiararh 3a-
TPSI3HAIONINE BEIECTBA. [ MAporens TEeMOHCTPHPYET TEM-
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Puc. 3. Cxema cucremsl (a); cxema paboThl cuctemsl (b). Bocnponsseneno ¢ paspemenus [39] Elsevier, 2025

MepaTypHO-3aBUCUMOC CHIDKCHHE KO3 (DHUIHEeHTa TIPO-
MycKaHusi conHeyHoro uznyuyenus ¢ 0,9 no 0,3 B nua-
na3zone 20-25 °C, 4To mojaBisgeT ype3MepHOe MOCTy-
TUICHHE COTHEYHOTO TeIIa W cMsArdaeT meperpes [39].
B pesynbrare cucrema CHIDKAeT TeMIEpaTypy TOBEPXHO-
CTH Hapy>kKHOM cTeHbI Ha 3,2 °C U Temmeparypy Bo3Iyxa
B niomMeweHuu Ha 2,5 °C 1o CpaBHEHHIO ¢ TPaJIULOHHbI-
MU cteHamu TpomOe. OJJTHOBPEMEHHO KaTaJIUTHUECKHN
CIIOH CIIOCOOCTBYET TEPMOKATATUTIYCCKOMY OKHCICHHIO
3arpsi3HSIONINX BEIIECTB, JTOCTHras 3(QGEKTUBHOCTH
yaanenus: popmansaernaa 44,6 % B teuenne 70 MuH,
T€M CaMbIM JIEMOHCTPHUPYS BO3MOXKHOCTb CO3JaHUS
MHOTO(YHKIMOHAIBHBIX OTPaXKIAIOIIMX KOHCTPYKIHIA
37IaHUH, COYETAFOIINX TEPMOAIAIITHBHOCTD C KOHTPOJIEM
KauecTBa BO3/LyXa B MMOMEILECHNN.

B nomonmaenne x aTomy J. Gu U COaBT. PEAIIOKH-
JIM THOPUIHYIO CHCTEMY, HHTETPUPOBAHHYIO B KPBIIILY,
KOTOpas COYETAeT paJlalliOHHOE OXJIaXIeHHe OT Heba
C HU3KOTEMITEPaTypHBIM KaTATITUIECKAM OKHUCIICHHAEM,
Kak MOKa3aHo Ha pHc. 4, 4To oOecrneunBaeT HeNpephIB-
HOE TePMOPETYINPOBAHNE M OYHCTKY BO3IYyXa B TIOME-
LICHUHU KaK B IHEBHBIX, TaK U B HOUHBIX YCJIOBHsIX [40].

CucTtema HammpaBIsSeT TEIUTBIH 3arpsI3HCHHBIN BO3-
JIyX 13 HOMEIIEHHS 4epe3 BO3MYyXOBO, MOKPBITBIN TEPMO-
KaTajau3aTopoM, PacIioOAKEHHbIN MOl pagualliOHHON
OXJTAKIAOIICH TTOBEPXHOCTHIO, KOTOpasi OTPakaeT COl-
HEYHOE U3Ty4YeHHE U OTHOBPEMEHHO HHTEHCUBHO U3ITy-
4aeT B MH(PPAKPACHOM Tuana3oHe. Takas KOHPHUTYpaIws
CHOCOOCTBYET OTHOBPEMEHHOMY OTBOJIY TEIUIA B aTMO-
chepy 1 KaTaIuTUIECKOMY Pa3JIoKEHHUIO 3arps3HSIIONINX
BeulecTB. [Ipu eTHel TeMneparype oKpy»xaroleil cpe-

Hybrid law-temperature
thermal catalysis and
rudiative sky cooling sys(em

Tnsulating layer

Radiative cooling paint

Abamiam sheet

Thermocatalytic coatiag

11 35 °C cuctema obecrieynBajia CHIDKCHHE TeMIIepa-
TYPbI BHYTPEHHETO BO3/1yXa OTHOCHUTEILHO HAPYKHOTO
10 5 °C u reHepupoBaa okosio 665,29 M* OUHIIIEHHOTO
BO3/Iyxa Ha | M? MOBEPXHOCTH B TEUEHHE CYTOK. ITomy-
YEHHBIC PEe3yNbTaThl MOATBEPKAAIT 3()(HEKTUBHOCTD
COBMEIIIEHUS TEXHOJIOTUI PaIMAIIMOHHOTO OXJIAKICHHS
1 KaTaIMTUICCKON OYUCTKU BO3AyXa YIS KOMIUIEKCHOTO
YIPaBIICHUS TEIUIOBBIM PEKUMOM U Ka4eCTBOM BO3IYIII-
HOU CpeIbl Ha YPOBHE 3[aHUSI.

ApxumexkmypHvie mMexanuuecKue Memamamepuasl
ApPXUTEKTYpHBIE MEXaHUYECKHE MeTaMaTephalIbl
MPE/ICTABIIAIOT COOOM Kilacc MepeioBbIX CUCTEM Mare-
pHaJIoB, B KOTOPBIX MaKPOCKOIIMYECKOE MEXaHHUECKOe
TIOBE/ICHUE OTPEJIIISIETCS, B IEPBYIO OYEPE/lb, HHKEHEP-
HOI reoMeTpueil, 4To obecneunBaeT Oecrpere/IeHTHbIM
KOHTPOJIb HaJl JKECTKOCTBIO, PEXKUMOM Je(opMaliH, 10-
TJIOMIEHNEM SHEPTUH U PACIpOCTpaHeHHEeM BONH [41].
B ommume oT TpaaWMIMOHHBIX CTPOMTENBHBIX MaTe-
pHUaIoB, CBOWCTBAa KOTOPBIX B 3HAYUTEJILHOM CTENEHU
OTIPEIEIISIOTCS COCTAaBOM M TEXHOJIOTHEH 00paboTKH,
MEXaHNYECKHEe METaMaTepHaIIbl TTOIy4YatoT CBOK MHOTO-
(DYHKIIMOHAJIBHOCTH 3a CYET CHELHAIbHO pa3paboraH-
HOHM apXHUTEKTYpPbI 2JIEMEHTApPHBIX SYEeK U nepapxuye-
CKUX CTPYKTYp, 4TO obecrieunBaeT OecrnpeneeHTHbIN
KOHTPOJIb Ha/Jl )KECTKOCTBIO, COOTHOIIEHUEM MPOYHOCTH
K BECY, Pe)KUMOM JiepopMaliiu, pacrpoCTpaHEeHHEM BOJIH
W paccenBaHueM dHepruu [42, 43]. DTa reoMeTpuIecKu
OPHEHTHPOBAaHHAs MapajurMa MO3BOJISIET MaTepHaIaM
JIEMOHCTPHPOBATH CBOWCTBA, KOTOPbIE TPYAHO JOCTHIb
B 0OBEMHBIX TBEP/IBIX TEIAX, BKIFOYAS OTPULATEIBHBINA
ko3¢ ¢urment [lyaccona, KBa3UHYJIEBYIO WU OTpHUIIA-

® Ty
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Tamp @ im0diation 0Ty = Toars)  heony(amb = Toury)
Y\
Toury AL
P AR
T e ¥
Tea pes T
kr@ Conduction Convection
Ta o e T =) $hg(Ty = Tea
L
ay
Tins 4"
m
Cout e T Cin
Indoor

Puc. 4. Cxema ruOpuIHON CHCTEMBI HU3KOTEMIIEPaTypPHOTO TEPMOKATAIN3A M PAJHAIMOHHOTO OXJIaKACHUS HeOOM (a); cxema
MeXaHW3Ma Terionepenadn cucremsl (b). Bocponsseneno ¢ paspemenus [40]. Elsevier, 2024
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TEJIBHYIO JKECTKOCTh, TIPOrPAMMHPYEMYIO CKUMAEMOCTb
M aJanTHPOBAHHOE IOBEICHUE 3alpEelIeHHOW 30HBI
IUTS TIOJaBJIeHUsT BUOpanuii u BoiH [44]. Kak mokas3aHo
HA PUC. 5, apXUTEKTypHBIC MEXaHIHUYCCKHE METaMaTepH-
aJbl Pa3padaThIBAIOTCS B paMKaX HEPAPXUUCCKON CTPYK-
Typbl IPOCKTUPOBAHUS, OXBATHIBAIOIICH BHYTPCHHHE
KOMITOHEHTBI MaTepralla, FEOMETPUIO JIEMEHTAPHOM sTueii-
Ki, COOpaHHBIE CTPYKTYPHI W pealn3alui Ha YPOBHE
YCTPOICTB, YTO 00CCIICUNBACT CBEPXJICTKUN BEC, CBEPX-
BBICOKYIO KECTKOCTh, OTPHUIIATCIILHYI0 MEXaHUYCCKYIO
PEaKIIMIO M aKTUBHO TIepEeHACTPANBACMYIO (hYHKIMOHAIb-
HOCTB, KOTOPBIC aKTyaTbHBI [T CHCTEM «YMHBIX) 3TaHHUI.

B KOHTEKCTE «YMHBIX» M SKOJOTHYECKH YCTONYH-
BBIX 3/IaHUH apXUTCKTYPHO CIPOCKTHPOBAHHBIC MEXa-
HUYCCKHE METaMaTePHAIbl OTKPHIBAIOT PEBOTIOIIUOHHBIC
BO3MO)KHOCTH JJISI OT/IEJICHUS] KOHCTPYKTHBHBIX XapaK-
TEPUCTHK OT MaTepUaTbHON HACHIIIEHHOCTH, YTO II0-
3BOJISICT CO3/IaBaTh JIETKHE, MHOTO(QYHKIIMOHATHHBIC
W aJanTHBHBIC CTPOUTEIbHBIC IEMEHTHI. biaromgaps
BCTpauBaHUIO (DYHKIIMOHAIBHOCTH B TEOMETPHIO METa-

Origami

(51]

Application phase

Overall phase

Unit phase

Material level (nm- pm)

Ultralightweight

Ultra-stiffness

MarepHabl AT BOZMOKHOCTh OJHOMY KOHCTPYKTHB-
HOMY JJIEMEHTY OJHOBPEMEHHO BBIIIOJIHATH (YHKIHH
Hecymiell KOHCTPYKIUH, TalleHHs BUOpALUii, qaTunKa
U ycTpoiicTBa aist cbopa SHEpruu. Ita crnocoOHOCTh
aKTyaJbHa JJIsl 3/[aHUH CIIeIYIOUIero NOKOJICHNUs, T
OT KOHCTPYKTHBHBIX 3JIEMEHTOB OXKUIACTCS B3aUMOJICH-
CTBHE ¢ KHOSPPUIMICCKIMH CUCTEMAaMH 3[aHHs, Pearu-
pOBaHKE Ha CTUMYITbI OKPYIKAFOIICH CPEe/Ibl U AKTUBHBII
BKJIaJ B 00€CIEUCHUE YCTOHUUBOCTU U dHEProdddek-
TUBHOCTH, @ HE MPOCTO BBHITIOJIHEHNUE POJIH MACCUBHBIX
omop [46]. B macimitabe 31aHUs pa3IAYHbBIC KIACCH ap-
XUTEKTYPHBIX METaMaTepPHAIOB MPEIAraoT MPeHMy-
IIECTBA [l KOHKPETHBIX MPUMCHEHHI B 3aBHCHMOCTH
OT MeXaHMU3MOB Jie()OpMaIMU U TEOMETPUUECKON MpPO-
rpaMmupyeMocTi. Meramarepualbl, BIOXHOBICHHBIC
OpHI'aMU U XapaKTEPU3YIOIIHECs CKIaHBIMU U Pa3Bep-
THIBAEMBIMH APXUTEKTYPaMH, OCOOCHHO XOPOLIO MOJI-
XOZIAT JJIS aaNTHBHBIX (pacasoB, peKOHDHUTYPHPYEMBIX
YCTPOMCTB 3aTEHEHUS U PEarupyroIUX OrpakKAaoInX
KOHCTPYKIIUH, TJie KpylHbie 00paTuMble TpaHchopma-

Chirgy

(501 ¢

A

Negative
response

Programmable &
active response

Puc. 5. Kareropun MeTamMatepraioB OT ypOBHS MaTepralia 10 YpOBHSI KOHCTPYKIUH (a); cBoiicTBa MeTamarepuaios (b). [1epe-

neyaraHo ¢ paspemenus [45]. Wiley, 2023

211

(09) Z HOAUIGG "] WO Yeiraoeetoou suen



sy MTGLCTSO: 7o 16, BRIMYCK 2 (60)

B. KaHO0acy6pamaHuaH

UK GOopMbI TIO3BOJISIIOT IMHAMUYECKH PErylInpoBarh
JTHEBHOE OCBEIEHHE, BEHTWISIMIO M TEIJI000MEH.
XupallbHble U ayKCeTHYECKHe MeTaMarepHralibl, 1eMOH-
CTPHPYIOIINE MEXaHU3MBI BpaIaTeIbHOH nedopmarin
U OTpHLATENIbHOE MoBeAeHHe Kodddurmenta [Tyaccona,
00€eCIeunBaloT MOBHIILICHHOE CONPOTHBICHNUE CIIBUTY,
paccerBaHME dHEPTUU M YCTOWYMBOCTb K paspylie-
HUIO, YTO JIENAeT UX NPHUBJIEKATEIbHBIMU KaH U JaTaM1
JUIsE CEUCMOCTOMKUX siJiep, yAapOIPOUHBIX CTEH U BU-
Oporacsmux KOHCTPYKTHBHBIX 3JI€MEHTOB. HampoTus,
MEPUOJIMUECKUE PelIeTYaThie M SUEHCThIe MeTamare-
pHaIBl, BKIIIOYasi apXUTEKTYPbl OKTarOHAJIBHBIX (epM
U TPOWHBIX MEPHOIUUECKIX MHUHUMAJIBHBIX TIOBEPXHO-
creit (TPMS), npensiaraior HCKIIFOYNTENBHO BEICOKOE CO-
OTHOIILICHHE JKECTKOCTH K BECY U HaCTPAaHBaCMBbIe XapaK-
TEPUCTHUKH JIeMIT(UPOBAHHUS, YTO TTO3BOJISICT CO3/1aBaTh
JIETKHE HECYIINe MePEeKPhITHS, aIallTUBHBIC TJIUTHI, BU-
Opomsonupyrorue mwiarhopMbl 1 MHOTO(YHKIIHOHAIH-
HBIE KOHCTPYKTHBHBIE KOMIIOHEHTHI [47].

C CcHCTEMHOM TOYKH 3PEHHSI apXUTEKTypHO CIIPO-
EKTHPOBAaHHbIE MEXaHMUECKUE MeTaMaTepualibl MOTYT
OBITH CTPATETHUECKN MHTETPUPOBAHbBI B KOHCTPYKTHB-
Hble, (DyHJaMEHTHBIC, OTPAXK/IAIOIINE U BHYTPECHHHE
MO/ICUCTEMbI HHTEJUICKTYJIbHBIX 37[aHui. B KOHCTpYK-
TUBHBIX U (DYHIAMEHTHBIX CUCTEMaX NEPUOAUYECCKHE
U JIOKAJIBHO PE30HAHCHBIE apXUTEKTyphl METaMaTepH-
aJIoB MO3BOJIAIOT OCIA0NIATh HU3KOUACTOTHBIE KoJIeOa-
HUSI M CeHCMHMYECKHE BOJIHBI 3a cueT (popMUpoBaHUs
YaCTOTHBIX 3alPeLICHHBIX 30H, MpeJiaras albTepHaTH-
BY WJIM JOTIOJIHEHHE K TPAAUIMOHHBIM METO/IaM BHOPO-
M30JIMKU. B oTM4me ot TpaJIMIMOHHBIX CHCTEM U30J1s-
IIMH, KOTOPbIE YacTO CTPAAIOT OT OOJNBIINX CMEIIEHUH
WY OTPaHUYECHHOM (D PEKTUBHOCTH MPOTHUB BEPTHKAIIb-
HOTO JIBIKEHHS, (yHIAMEHTHI U3 METaMaTeprajioB MO-

®

vibration

¥ 4z Vertical
L X vibration

Plane wave

Bending wave

TYT OBITh CIPOCKTUPOBAHBI C YIECTOM JOMHHHUPYIOIINX
CeMCMUYECKUX YaCTOT, COXpaHss MPHU 3TOM HECYUIYIO
CIIOCOOHOCTH U CTPYKTYPHYIO IIETIOCTHOCTS [48]. Spkim
MPUMEPOM SBIISIETCS pa3padoTka ceificMuueckux (yHma-
MEHTOB U3 METaMaTepHajIoB, B KOTOPBIX EPUOAUYECKHIE
WITH JIOKAJIBHO PE30HUPYIOIINE CTPYKTYPHI BCTPAUBAIOT-
Cs TIOJT HAJICTPOMKY 3MaHUH TSI OCNIAOICHUS KaK TOPH-
30HTAJIbHBIX, TaK 1 BEPTUKAJIbHBIX CEHCMHUYECKNX BOJIH.
Y. Jiang # coaBT. SKCIIEPIMEHTAIFHO TOATBEPAMIH (-
(heKTHBHOCTH MacIITaOMPOBAHHOTO (DYHIAMEHTA U3 MEeTa-
MarepuasioB (MMF) ayist MHOroATa)XHOTO 3MaHUSI, KaK I10-
Ka3aHO Ha puc. 6, MPOAEMOHCTPUPOBAB d((PEKTUBHOE
ocia0iieHne BHOpaluii B peKUMaX CBEPXHHU3KHX Ya-
ctoT (<10 I'm) 6e3 ymepOa 1st KOHCTPYKTUBHOHN YCTOM-
yuBocTH [49].

[NonapieHne BO3HUKAIIO 32 CUET FEOMETPUIECKH 00-
YCIIOBJICHHBIX 3aIIPEIICHHBIX 30H 1 3()()eKTOB IOKAITHHO-
TO PE30HAHCAa, O YeM CBHJICTEIBCTBYIOT XapaKTePHCTHKU
JUCIIEPCHH, TOKa3aHHbIE HA PUC. 6, a HE 3a CUET JOMOJI-
HUTEJIBHOTO JeMII(pUPOBAHNS MaTepHasia WIH MacCHl.
Hecmotpst Ha 3Ty BBICOKYIO CITOCOOHOCTH K (hHIIbTpa-
IIUM BUOpAINi, OCHOBAa M3 MeTaMaTepHaja COXpaHsia
JIOCTaTOYHYIO HECYIIYIO0 CHOCOOHOCTB U CTPYKTYPHYIO
CTaOMILHOCTh, TEM CAMBIM TIOITBEPK/IasT IPAKTHUECKYIO
OCYIIECTBUMOCTh CTpaTeTHuii celicMO3amuThl Ha 0ase
MeTaMaTepHaIOB Il PeabHON rpaXKIaHCKoN uHppa-
CTPYKTYpHL. B orpaxaaromux KOHCTPYKUHUSAX 3IaHUM
Y BHYTPEHHHUX CUCTEMAX ApXUTEKTYPHBIE PELLIETKHU U TYEH-
CThIC MeTaMmaTepHabl 00EeCICUNBAIOT YIYUIICHHYIO
BHOPOM3OIIAIHIO, aKyCTHYIECKOE TIOTTIOIIECHNE U YIapo-
MIPOYHOCTb, IPU STOM 3HAYUTEIHHO CHHKAsI Maccy KOH-
cTpykunu. Takue XapaKTepUCTUKHA OCOOEHHO BBITOIHBI
JUTSL BBICOTHBIX 3MIaHUH, COOPHBIX IUIHT MEPEKPBITHH,
(hacaHBIX 2IIEMEHTOB U IUIABAIOIINX T10JIOB, T/ie BUOPO-

0.12m

0.004m

. ]
Plane stress model \_,

A
800/ ]

Frequency (Hz)

Bloch wave vector, K

a

1000

Frequency (Hz)

8

Bloch wave vector, K

b

Puc. 6. Monens kapkaca MMF nipu Bo31eHiCTBUH TUTOCKUX W M3THOHBIX BOJH C DJIEMEHTAPHOM SUEHKOM, TTOBEPKEHHOM TIepH-

OJIMYECKUM TPAaHUYHBIM yCIOBUM (f); KpHBBIE JUCIIEPCHH (@) MIIOCKUX BOJH U (b) M3rnOHbIX BoH (i7). [lepeneyarano ¢ pas-

pewenns [49]. Elsevier, 2025
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W30JISILMSL ¥ IIlyMOH3OJISLHS SIBIISIFOTCSI KPUTHUECKU BaK-
HBIMH TT0Ka3aTeJsIMU IKCIUTyaTallHOHHBIX XapaKTepH-
ctuk. Kpome Toro, BO3MOKHOCTD PErylnnpoBaTh KeCT-
KOCTb ¥ JieMII(pupoBaHue 3a CYET KOHCTPYKIMHU JIEMEH-
TapHON SYEHKHU MO3BOJISIET aAaNTHPOBATHCS K U3MEHe-
HUSIM B 3alTOJTHEHHOCTHU 3[aHUS, YCIOBHSM Harpy3kn
U BO3ICHCTBUSAM OKpyxaroiei cpenst [42, 50]. J. Shi
U COABT. MIPE/ICTABUIIN CHCTEMY 3aChIITKH U3 METa0eTo-
Ha, BKJIOYAIONIYIO JIOKAIFHO PE30HHUPYIONINE BKIIFOUE-
HUS B [IEMEHTHOW MaTpHIie JUls TIOJaBjeHus BUOpaInii,
nepejaBaeMbIX 110 TPYHTY. Pe3ynbrarsl SKCIIepHMEHTOB
TIPOAEMOHCTPHPOBAJIH 3HAYUTEIBHOE OCTabIeHre BHOpa-
LM, BBI3BAHHBIX JOPOYKHBIM U JKEJI€3HOIOPOKHBIM JIBHU-
JkeHueM, B quanasone 5-30 ', uyTo mo3BoaMIo 10CTUYb
BHOPOM3OIISIMN HA YPOBHE CyOBOITHOBBIX Pa3sMepOB, He-
JIOCTH>KUMOM TIPH MCIIOJIb30BaHUH TPAIUIIMOHHBIX TPAH-
mweil unu cBail. JlaHHbIA mOaX0/ MpejiaraeT MacuiTa-
OGupyemoe pereHne Iyt IyBCTBUTEIBHBIX K BHOPAIIAM
«yMHBIX» 3JIaHUH, PACIIOJIOKEHHBIX B TYCTOHACEJICHHBIX
ropoJckux kopuaopax [51]. B apyrom uccienoBanuu
Ipe/araeTcsl KOHIENTyalbHasi OCHOBA, paccMaTprBa-
IOIIas MEXaHUYECKUE MeTaMaTepualibl Kak JIeMEHT HH-
TEIUICKTYaJIbHOW TpakaaHCKOi nH(pacTpykTypbl. bouto
MOKA3aHO, YTO IIEMEHTHBIC KOMITO3UTHI M PElIeTIaThIe
CTPYKTYPBI CO CIIEIMAIBHO CIIPOSKTUPOBAHHON apXHUTEK-
TYpoii 00€CIIeUnBAIOT CHIKEHNE IUIOTHOCTH Marepuaia
Ha 20—40 % npu coXpaHEeHWH HMPOYHOCTH HA CHKaTHE
Ha YPOBHE, OT/IH4aroIeMcs He 0osee uem Ha 10 % ot mo-
Kaszaresed TpaauiuonHoro 6erona. I1pu sToMm ynenbHas
npoyHocTh npeBbnuaia 0,08 MIla-m*/kr, uto cymecTBeH-
HO BBIIIE aHAJOTUYHBIX XaPAKTEPUCTUK TPATUIIMOHHBIX
CTPOMTEIBHBIX MaTepPHAJIOB.

[Tomnmo MexaHW4ecKHX (YHKIMH, apXUTEKTYpHbIE
MeTaMaTeprabl TAKKe CITy’KaT IuaT(opMamu It MHOTO-
(hyHKIMOHAIbHOM MHTerpanyy. briarogapsi BcrpauBaHHIO
B aPXHUTEKTYPHBIC KapKachl ()a3 «yMHBIX» MaTepHajoB,
TaKUX KaK IbE30UICKTPUIECKUE, TPHOOIIEKTPUIECKHE
WM MarHUTOYYBCTBHUTEIIBHBIC AJIEMEHTBI, KOHCTPYKTHB-
HbIE KOMIOHEHTHI MOTYT BBIOJIHAThH (DYHKIMH pacrpe-
JIETIEHHBIX JTATYMKOB, IPUBOJIOB M YCTPOUCTB A1 cOopa
sHepruu. Takast UHTErpaiys 00eCIeYMBaCT AaBTOHOMHBIIA
MOHHTOPHHT COCTOSTHHSI KOHCTPYKIIMH, 0OpPaTHYIO CBS3b
B pEaJbHOM BPEMEHHU U B3aUMOJECHCTBHE C CHCTEMaMU
YIpaBIEHUS 3aHUSIMH, YCUIINBAs POJIb METaMaTepHaoB
B KHOEp(HH3HKO-MaTepHATIbHBIX apXUTEKTypax 31anuii [52].
R. Hamzehei 1 coaBt. cooOmmmm 0 MHOTO(YHKITMOHAT-
HBIX CHHYCOWIAJIbHBIX MEXaHWYECKUX MeTaMarepualiax,
HarevyaTaHHelX Ha 3D-npuHTEpe, KOTOphIE COYETAIOT
BHOPOM3OISIIINIO ¢ KBa3HHYJICBOH jkecTKOCThI0 (QZS)
CO BCTPOEHHBIM COOPOM SHEPIHH, YTO JAET BO3MOYKHOCTD
CO3/1aBaTh ABTOHOMHBIE KOMITOHEHTBI 11 MHTEIUICKTYalb-
HBIX 30aHuH [52]. PerieTknr ObLTH M3TOTOBIIEHEI M3 TEPMO-
iactuyHoro nonmyperana (TPU) s oOparumoro us-
ruba CHHYCOMAJIbHBIX PACIIOPOK C HEJBIO JOCTIKCHHS
noBeneHnst QZS n 3(h(eKTHBHOI BHOPOM3OIISIINHA IPH Ya-
crorax Bo30y»xaeHust Boiie ~15 'y, rae koaddurpent me-
penadn omyckacst Huke enuHHUIb. [Tbe30amekTpraeckuii
OUMOP(HBII TPHUBOT, PACTIONOKEHHBIN B 00JIACTIX PeIeT-

KM C BBICOKOH Jie(popMarnyeii, reHeprupoBa MMKOBOE Ha-
npspkerue ~3 B u mrotaoctr MotHOcTH 600700 MKBT/T
npu 15 T'n. Kpome Toro, HakIa Ky U3 TUTaHATa [IUPKOHA-
ta cuHIa (PZT), ycTraHOBIEHHBIE Ha TIOIYCOTOBYIO OMO-
py, reHepuposanu ~500 MB ¢ MIOTHOCTBIO MOIIHOCTH,
npubmmwkaromieiics k 800 MxBt/r mpu ~90 I't, uto m0-
CTaTOYHO TSI IMTaHUSI HU3KOOHEPTeTHYECKUX OecIpo-
BOJHBIX JaTYUKOB, TEMOHCTPUPYS BOSMOXHOCTH CaMO-
MO/IZICPKUBAIOIIEHCS BUOPOM30IISIIMA 1 MOHUTOPHUHTA
COCTOSTHMSI KOHCTPYKIIMI B MHTEIUICKTYaJIbHBIX 3AaHUSIX
clieyromiero rmoxkosieHns. Ha ypoBHe MaTepHaibHbIX CH-
crem K. Barri u coaBr. pa3paboranu OETOH U3 MeTamare-
PHAJIOB CO BCTPOCHHBIMU HAHOTCHEPATOPAMH, BCTPaHBast
ayKCeTU4eCKHE MOJUMEPHbIE PELIETKU B IPOBOASIIYIO
neMeHTHyI0 MaTtpuity [53]. [lomydeHHBIE KOMITO3UTHI
Jpocturaiy 1o 15 % oOpariMoi C)KMMaeMOCTH TIPH LU~
KIIMYECKOH Harpyske, oOecreunBas Ipyu 3TOM ITHKOBYIO
BBIXOJHYIO AJIEKTPUUECKYI0 MOIIHOCTB OKoJIo 330 MKBT,
YTO TTO3BOJISIET OJHOBPEMEHHO HECTH HArpy3Ky, COOMpaTh
SHEPrHI0 U OCYIIECTBIISITh ABTOHOMHOE 30H/IMPOBAHHE.
OTH KJIaCChl MaTePHAaJIOB, OCHOBAaHHBIC HA TEOMETPHH,
MPEOCTABIISIOT BOSMOYKHOCTh PAllMOHAIBHO a/lallTHPO-
BaTh MEXaHUUYECKUE XapAKTEPUCTUKH B apXUTEKTYPHBIX
MacmTabax, CiocoOCTBYsSI HHTETPAIlUH aJalTHBHOCTH,
YCTOWYMBOCTH U MHOTO(YHKIIMOHATEHOCTH B MHTEILICK-
TyaJIbHbIC U HKOJIOTHUYECKN yCTOMYMBBIE CTPOUTEIIBHBIC
CHCTEMBI HOBOTO TIOKOJIEHHS.

Komnosumul 015 coopa snepauu u uHmenneKnyaisHoie
DYHKYUOHATbHBIE KOMNO3UMbL

OyHKIMOHAIBHbBIE KOMITO3UTHI, COOMPAIOIINE SHEP-
THIO, CTAHOBSITCS BaYKHEHTIICH 11aTopMoii MaTepraion
JUISL 371aHUH C HYJIEBBIM SHEPronoTpedIeHHeM U YCTOM-
YMBBIX K KIIMMaTHIECKUM N3MEHEHHSAM, MTOCKOIIbKY OHH
npeoOpasyloT MOBCEMECTHBIE BO30Y K/ICHHUS 3/1aHUsI, Ta-
KHE KaK BHOpalnH OKPYXKAIOMIEH cpelibl, TNKINIECKIe
9KCIUTyaTal[MOHHbIE HAarpy3KH, IIark, KojxeOaHusi, BbI-
3BaHHBIC (hacajoM MM BETPOM, U TEIUIOBBIE IPaUEHTHI,
B TOJIE3HYIO DIEKTPHUUECKYIO 3HEPIHIO, OTHOBPEMEHHO
obecrieunBas aBTOHOMHOE 30HAMPOBAHHE U CTPYKTYp-
HYIO UHTEJUIEKTyalIbHOCTh [54—56]. B otnnume ot tpa-
JIMIIMOHHBIX CUCTEM BO30OHOBISIEMON SHEPTUH, TAKUX
Kak (DOTORIIEKTPUYECKHE MTAaHENH HA KPBIIAX WM BHEII-
HHUE HAKOTUTENN 3HEPIUH, 3T MaTepUaJIbHBIC CHUCTEMBI
BCTPANBAIOT MEXaHU3MBI IIPEOOPA30BAHNS IHEPIHU He-
MOCPEJICTBEHHO B KOHCTPYKIIUIO 3/1aHus, oOecrednBas
pacrpesielieHHOe, JEHEHTPAIN30BaHHOE 1 HE TpeOyolnee
00CITy’KHBaHHSI TIPOM3BOJICTBO JIEKTPOIHEPTUH ITPU CO-
XpaHEHUH CTPYKTYPHOH 1EIOCTHOCTH [57]. DTOT cIBUT
MIapaIurMel IPEeBpallaeT 3aHusl N3 MACCUBHBIX MOTPEOU-
Tenel SHEPruy B aKTUBHBIE HH(PACTPYKTYpPbI, CHOCOOHBIE
cobuparb MEXaHUYECKHUE, TETUIOBBIC U SKOJIOTHUECKHE
CTUMYJIBI OKPY’KaIoOIeH Cpe/ibl, MPUCYIINE 3aCTPOCHHON
cpene [58].

Kak noka3aHno Ha puc. 7, KOMIO3UTHBIE MaTepHaIbI
¢ GyHKUMAME cOOpa SHEPTHN M MHTEIICKTYalbHBIMU
CBOMCTBaMHU MOTYT OBITh CTPAaTErMYeCKH HHTETPUPOBa-
HBI B TIOJTBI, (PyH/TaMEHTBI, CTEHBI, (pacazbl 1 KPOBEIbHbIC
CHCTEMBI, IJIe OHU COOMPAIOT MEXaHHUYECKYIO U TEILIO-
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B. KaHO0acy6pamaHuaH

Thermoelectric Material

+  Bismuth tellurides

+ Converts temperature gradient
into electricity

\.* Building walls, Ducts

1

-

s N,

Triboelectric nanogenerator

*  Polymer films, Flexible composites

+ Generates electricity via contact«
electrification and motion <&

. Door handle, Window frame

\
1
1
1
[}

/

PZT, PVDF, ZnO nanostructures
Converts mechanical vibrations into
electrical energy

.+ _Floor tiles, Staircase

Piezoelectric materials
.
.

I
1
1
1
1
1
1
1
1
1
\,

# N
Building Integrated Photovoltaics

+  Perovskite, organic

+ Convert solar radiation into energy

+ Rooftops, Facades, Skylights

/"Smart Windows

*  Electrochromic oxides, Photochromic
Coatings

+ Control solar gain and daylight during

energy harvesting

Windows, Skylights

Structural Energy Storage

= Supercapacitor embedded concrete,

sy Cement based batterics

* Store harvested electrical energy
directly in building structures

1 _ Building walls, Foundation /

Puc. 7. I/IHTeraHI/Iﬂ HMHTCJUJICKTYaJIbHBIX MAaT€PHUaJIOB B PA3JIMIHbIC KOMIIOHEHTBI 3JaHUs

BYIO DHEPTHUIO, TCHEPHPYEMYIO B XOZI€ TOBCEIHEBHON
9KCIUTyaTanuu 31anud [59]. ['enepupyemas J0KaIbHO
JJIEKTPUYECKasl SHEPTHsI MCIIOIb3YeTCs Ul MUTaHHS
pacrpeeneHHbIX CEHCOPHBIX Y3JI0B, MPETHA3HAYEHHBIX
JUIS MOHUTOPHHTA COCTOSIHHUSI KOHCTPYKIHH, OTCIICKHBA-
HUS BUOpALii, OTIPEIeNICHNS] IPUCYTCTBUS JTIONSH 1 13-
MEpEHHs [TapaMeTPOB OKPYIKAIOILEH CpeJibl, 4To obecie-
YHBAET HETIPEPBIBHBIN COOp TAaHHBIX Oe3 HEOOXOIMMOCTH
TIOAKITFOYCHIIS K BHETITHEH SHEPTreTHIeCKOM HHPpaCTPyK-
Type. B coderanuu ¢ npoBOASIILIMMY WA CAMOYYBCTBY-
IOMIMMH KOMIIO3UTHBIMI MaTpUIIaMU 3TH CHCTEMBI J10-
TIOJTHUTENBHO TTOJIEP’KUBAIOT OOHAPYKEHHE B PEAIbHOM
BpEMEHH n3MeHeHHs1 7ie(hopMaIiH, 3apOXKICHHS TPEILH
Y HakoIUIeHUs noBpexaeHui [60]. DTa aeueHTpanuzo-
BaHHAasl, BCTPOCHHAs B MaTepHal apXUTEKTypa 3HEpro-
CHa0KEHHUS ¥ CEHCOPOB IPEBPAIIIAET 3/IaHNE U3 TTACCUB-
HOTO TTOTPEOUTENSI SHEPTHH B SHEPTOAKTUBHYTO, OOTaTyIo
HHpOpMaIUel CUCTeMY, CIOCOOHYIO K POTHO3HOMY
TEXHUYECKOMY OOCITY)KMBaHUIO, aIallTHBHOMY pearu-
POBAHUIO Y NOBBIIIEHHON HKCILTYaTallMOHHOM yCTONYHU-
BocTH. Takast MHTEIJIEKTyallbHasl CHCTEMa, OPHEHTUPO-
BaHHAs Ha MaTepHabl, TOAYEPKUBACT KIFOUEBYIO POJIb
(hyHKIIMOHATIHHBIX KOMITO3UTOB C (DYHKITHEH cOopa dHep-
THH B 9KOJIOTUYHBIX 3[[aHHSIX HOBOTO IIOKOJICHUS, TJIE 9KO-
JIOTUYHOCTb, JOJTOBEYHOCTh M MHTEIUICKTyaIbHast (PyHK-
UOHAJILHOCTD IPOEKTHPYIOTCS COBMECTHO Ha YPOBHE
MmarepuasioB. B nccnenosanun H.B. Birgin u coasrt.
OBLT M3YyYEH PKO3EMJITHON IIEMEHTHBIA KOMIIO3HT, ap-
MHUPOBaHHBIN YIJIEPOJHBIMH MUKPOBOJIOKHAMH, HHTE-
TpUPYIOIUHA QYHKIMIO H3MEpeHHs Ae(hopMannu B 9KO-
JIOTUYHBIE CTpOoUTENbHBIe Marepuabl [60]. braromapst
YaCTHYHOM 3aMEHe IIEMEHTa U BBEACHHIO YIIIEPOJHBIX
MHKPOBOJIOKOH BOJIM3M IOPOTa ANEKTPUYECKOM TTIEPKOIIS-
uu (0,025-0,25 % 110 Macce) KOMITO3UT JOCTHUT KO-
¢unmenToB ycuienus, npessimatomux 100, coxpanus
IIPU 3TOM JJOCTAaTOYHYIO MEXaHUYIECKYIO LIEJIOCTHOCTh
JUISl IPUMEHEHHSI B HEHECYIIIMX KOHCTPYKIMSX U MaJo-
STaKHOM CTPOMTEIHCTBE, YTO IOAYEPKUBAET MHOTO-
(yHKIMOHATIBHOCTD, 3aJI0)KCHHYIO Ha yPOBHE Marepua-
J1a, CHIDKasi BO3JEHCTBIE Ha OKPY’KAIOIIYIO Cpey 1 00ec-
TeYrBasi MOHUTOPHUHT KOHCTPYKIIMH B PEKUME PEAIbHO-
IO BpEMEHH.
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Kpowme Toro, B uccienosanuu M. Ergilin u coasr.
BBIITOJTHEHO YHCIICHHOE MOJICITUPOBAHIE «YMHOTOY 3/1a-
HUS U3 KeJne300eToHa (3k.0.) ¢ CIOIB30BaHUEM METOa
KoHeuHbIX 2neMenToB (MKD) n pa3mernieHreM mpe3o-
AIEKTPUYCCKUX TATIUKOB, TIPH ATOM YUCIICHHAS MOZICTh
OblIa POBEpPEHa C MOMOILBIO COOTBETCTBYIOLIEH JKCIIe-
PUMEHTaIbHOM YCTaHOBKH, KaK MOKa3aHo Ha puc. 8 [61].

KoncTpyKius moasepranach peaucTHIHBIM K-
TUTyaTallMOHHBIM HAarpy3KaM, ITPEeICTABIISIOLINM KIJIbLIOB
1 MeOelTh, a TaKkKe CCHCMITYSCKIM BO3ICHCTBHSIM, TIPH-
JIO)KEHHBIM B BEPTHKAIBHOM HATIPaBJICHUH IS MOJICIHU-
poBaHus KoJieOaHHH, BBI3BAHHBIX 3eMIICTPSCEHHEM. DKC-
MIEPUMEHTAIBHO M3MEPCHHBIC BUOPAIIOHHBIC PEaKIIH
TMoKa3alu xopoliee coracue ¢ nporuozamu MK st Ha-
YaJIBbHOTO CMEIIeHHs! 18 MM, YTO CBHIETENBCTBYET O TOU-
HOM OTPaKCHUH JUHAMIICCKIX XapaKTePUCTHK CHCTEMBL.
AHaJOrMYHOE COOTBETCTBUEC HAOIIIONATIOCH TIpU Oojiee
BBICOKOM Ha4aJ bHOM CMEIICHUH 28 MM, YTO ITOIATBEPXK-
JTaeT HaJSKHOCTh YMCIICHHON MOJIENTH B MIPOTHO3UPOBA-
HUM BUOPAIIMOHHOTO TIOBEACHHS U PEaKlnii, 3HAYNMbIX
UL cOopa SHEPTHH, TIPH PA3INIHBIX HHTCHCHBHOCTSIX
BO3OYKIICHUSL.

B uccnenoBannn W. Thongthapthai n coast. 6611
pa3paboTaH TpUOOIIEKTPIYCCKUI HAHOTEHEepaTop Ha Oc-
HoBe noptianauemenTa (PC) u nHarypanbHOro Kayuyka
(NR) (PC/NR-SL-T TENG), nmpeHa3Ha4eHHBIN VIS HC-
MOJIb30BAHNS B Ka4ECTBE «YMHOTO YHEPTEeTHYCCKOTO
TI0JIa» C LIENIBIO YJIABIUBAHUS OMOMEXaHMUYECKHUX KOJle-
Oanmit (xoap0a, Oer, BUOpaIwy, BEI3BaHHBIC CKOTICHUEM
monei) [62]. B nuanazone 1-10 'y mukoBoe Hampsbke-
nue (Vpp) ysenmmuamiiocs ¢ 46 B (1 I'm) 1o 242 B (10 '),
YTO CBHICTEIBCTBYET O CIIIBHOM YaCTOTHO-3aBUCHMOM
YCHJICHNH, CBSI3aHHOM C PEaJbHBIMU CIIEKTPaMHU BO3-
Oy KJIeHHSI OKPY’KAIOIIeH Cpe/bl B 3aCTPOCHHBIX CPEaaXx.
IT10THOCTS MOIIHOCTH AocTHrana 3,27 Br/m? npu Ha-
rpy3ke 5 H u vacrore 5 I'i, uto npumepno B 11 pa3
MIpEeBBIIIACT MoKa3arenu cranaaptHoro TENG Ha ocHO-
Be nonmukap6onara (0,29 Br/m?). [Ton 10MOTHUTETBHO
YCHIIMBAETCsI KOHAEHCATOPOM, CIIOCOOHBIM 3apshKaThCsl
(1047 mx®) mpu Harpy3ke 5 H u gactore 5 't gepes
BBINPSIMUTEIILHYIO CXEMY, YTO yKa3bIBaeT HAa BO3MOXK-
HOCTB UCIIOJIE30BAHUS CTPATETHI MPEPHIBUCTOTO MTUTA-
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cooTBeTcTBEHHO (¢). [lepeneuarano ¢ paspemenns [62]. Springer, 2025

HUs Wik Oyepr3any B aBTOHOMHBIX CEHCOPHBIX y3JIaX.
B ananoruunom uccienosanuu P. He u coasr. permnu
npoOiieMy J1laBHEH YyBCTBUTEIBHOCTH K Biare Tpuoo-
EKTPUUYECKUX CUCTEM Ha OCHOBE JPEBECUHBI, pa3-
pabotaB monHoCTEIO nepeBsHHBI TENG (AW-TENG)
¢ MpUMEHEeHHnEM 00pabOTaHHOM IPEBECUHBI B KAYECTBE
(h)PUKIIMOHHOTO CJIOSl U CIIPECCOBAHHOW KapOOHU3UPO-
BaHHOH JIPEBECHUHBI B KAYE€CTBE AIEKTPOAA, TEM CAMBIM
MOBBICUB THAPO(GOOHOCTH M MPOBOAMMOCTH 3a CUET
00paboTtku [63, 64]. B yclnoBHIX BBICOKOW BIIaYKHO-
cti (80 % OTHOCHTENBHON BIAKHOCTH) ONTHMH3HPO-
BaHHBIN AW-TENG poctur HampsiKEHUS XOJIOCTOTO
xoma V= 50,85 B u TOKa KOPOTKOTO 3aMbIKauus [ =
= 0,72 mxA. B otinuune ot niemenTHbix TENG-10I10B,
nonpxon AW-TENG ucnons3yet TeXHOIOTHH TIepepadoT-
K1 OMOMACCHI ¥ KapOOHM3AINIO AEPEBSIHHBIX IEKTPOIOB,
obecrieunBas HKOJIOTHYECKYIO yCTOHUUBOCTE. Kpome
toro, E. Keel u coaBt. cooOmmiu o pa3paboTKe BHICOKO-
3¢ HEKTUBHOTO TPUOODIEKTPHUUECKOTO HAHOT€HEPaTO-
pa (TENG) Ha ocHOBe TpexmepHoii rpadeHOBOH MEHBI
(3DG)TIDT (PET). I[ToBepxHOCTH TpadeHa XapaKTepH30-
Bajiach ruIpoGoOHBIM yriioM cMadrBanus 138,52° u te-
POXOBaTOCTHIO MOBepxHOCTH 2,4 + 0,5 MKM, 4YTO cro-
COOCTBOBAJIO MOBBIIICHUIO TEHEPAINH JIEKTPUIECKOTO
3apsizia ¥ CHIDKCHHIO MeK(a3HOW aare3un. YCTPOHCTBO
Ha ocHOBe 3DG obecneunBaio HampsHKEHUE XOJIOCTO-
ro xoxa 400 B, Tok xopoTkoro 3ambikanus 105,7 MkA
U yIACTbHYI BBIXOAHYIO MomHOCTh 10 372 MBt/M?
npu yactote 3 I'11 u comporusneHnn Harpy3ku 40 MOw.

B nononnenue x c6opy SHEprum Ha Moty ObLIN HC-
CJIeZIOBaHbl TPUOOIIEKTPUIECKHE CHCTEMbI, HHTEIPH-
POBaHHBIE B KPBIILY, JUIS yIaBIMBAHUS MEXaHIMUECKOH
9HEPIHH, BBI3BaHHOM J0kieM. B uccnenoBanum Q. Dai
U COaBT. oleHeH cOopuuk sHeprun kKanenb (DEH)
Ha KpbIIIaX C Pa3IMYHBIMK yIIAMH HAKJIIOHA U apXUTEK-
TypHOU reomeTpuer [54]. [y HaKIOHHBIX KPBILI MTHO-
BEHHasl IIMKOBAsl MOIITHOCTh Ha KaIlIiO PE3KO CHIKAJIACh

¢ yBenW4YeHHeM yrna HaxioHa: ¢ 81,6 MmkBt mpu 100°
10 0,42 mxBt nipu 180°, uto momyepkuBaeT posb AUHA-
MUKH y/1apa U CKOJIb3SILEro MOoBeAeHus. [ pa3smuuHbIX
Mopdonoruit kpeitn DEH renepuposan 12,14 MxBT
Ha KJIAaCCHYECKOH KpsIe, 146,6 MKBT Ha Kymomoobpas-
HOM Kpblie U 86,3 MKBT Ha Kpbllie OalleHHOro THIa,
YTO JIEMOHCTPUPYET, YTO apXUTEKTypHasi KPUBU3HA 3Ha-
YUTENBHO BiUsieT Ha 3P eKTHBHOCTH cOOpa IHEpTrUu.
B ycoBusix MomenupyeMoro JOKIs KOHIEHCATOp eMKO-
cthio 4,7 Mx®D 3apspkaics o 1,0, 0,4 u 0,2 B ipu pacxo-
ne 9, 45 u 64 mi/c cooTBeTcTBeHHO. B Tabi. 2 npusese-
Ho cpaBHeHHe TENG Ha OCHOBE pa3IN4HBIX MaT€pUAIOB
B Ka4eCTBE TPUOOIIEKTPUICCKOTO CIIOS.

Kpome Toro, nHTEINEKTyaIbHBIC IIEMEHTHBIC KOM-
MTO3UTHI HA OCHOBE HHUTEH, BKIIOYAIOIINE B ce0st TpHOO-
JIEKTPUUECKUE HUTH C IUIETEHO Cep/IlleBUHON U 000JI04-
KOH, BCTPOEHHBIE HEMIOCPEACTBEHHO B MOPTIAHALIEMEHT,
MIPOIIEMOHCTPUPOBATIN BO3MOKHOCTE OTHOBPEMEHHOTO
JIOCTHKEHUS CTPYKTYPHOTO YCHIICHHSI, cOOpa MEXaHH-
YeCKOW PHEPTUH U aBTOHOMHOTO 30HAUpOBaHUS [74].
bnaropapst kouTponupyemoir Moandukanuun Mopgo-
JIOTHU TIOBEPXHOCTH HHUTEH TPHOODIEKTPHUYECKOE BbI-
XOJJHOE HampsDKEHHE yBeandeHo Oonee yeM Ha 120 %,
a TIPH TTOJTHOMACIITA0HOM BHEPEHHUH B JOPOXKHOE IT0-
KPBITHE B COUCTAHHH C OSCITPOBOIHOM Hepenadeii JTaHHBIX
W aJIrOpUTMaMH ITyOOKOro 0Oy4eHHs Oblia JOCTUTHYTA
100%-Hast TOYHOCTH KJIaCCH()UKAIIMHA TPAHCIIOPTHBIX
CpEICTB, OTIPEICIICHNS CKOPOCTH M PACIIO3HABAHUS TICIIIC-
XOZI0B. B omonHeHNe K 1IeMEHTY, apMUPOBAHHOMY HU-
TSIMH, TTPOBOAAIINE KOMIIO3UTHI Ha IIEMEHTHOH OCHOBE,
coJieprKalle YIIepOIHbIe HAIIOJIHUTEIH, OJIM3KHE K T10-
POTy SIEKTPUUYECKON NEPKOJIALMHY, TTO3BOMSIOT IEMEHTY
(hYHKIIMOHMPOBATh B KAUYECTBE CTPYKTYPHOTO SHEPreTHYe-
CKOTO MaTrepualia. DTH CUCTEMBI TOIIEPKUBAIOT TPHUOO-
ANIEKTPUYECKUIT cOOp IHEPruU OT BETpa U OMOMEXaHU-
YECKOT0 JIBUXKEHUS, IPUBOAAIIETOCs B JeCTBUE KOH-
TaKTHOW 3JCKTPU3ANMEH, OTHOBPEMEHHO (HyHKIIHO-
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Taou. 2. CpaBHenue TENG Ha 0CHOBE pa3/IM4HBIX MAaTEPUAIOB B KAYECTBE TPUOOIIEKTPUIECKOTO €05

Marepuainst CpoiicTBa
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[omuumu JlazepHblit HHIYIUPOBaHHBIN rpader | 3500 60 2361 [65]
I'padur CkoMKaHHBIH rpaden 15 - 15 [66]
ITomumumernncunokcan VYrneponusie HaHOTPYOKH CNT
PDMS 383 25 8000 [67]
[TonusTunenrepedranar IMnenku u3 menkosoro GpudponHa 213,9 | 0,34 68 [68]
PDMS I'paden, monmydeHHBIN METOIOM
pad s A 233 | 0731 | 1314 | [69]
C/IBUTOBOTO OTCIIAWBAHUS
TonmaTinenrepedranar 3D-rpaden 400 105,7 10372 [70]
ITonmumonounas kucnora PLA Kenarun 500 16 5000 [71]
Hurpouemntono3nas 6ymara bymara nns B3BemmBanus 360 250 — [72]
[Momueuamnmunendropun (PVDF), Heitnon-6
nengropun (PVDF) 1,4 6 19,7 [73]
HaIOJHCHHBIN YITICPOJAHBIM HAIlIOJIHUTEIIEM

HUpYs B KQUECTBE CTPYKTYpPHBIX KOHJEHCATOPOB, CIIO-
COOHBIX K JIOKQJILHOMY HaKOIUICHHIO SHEpruu. Y. Yuan
U COABT. UCCIEJOBAIN FEONOJIUMEPHBIE TEPMOAIEKTPH-
4eCKHe KOMIIO3UTHI B KaueCTBE YHEPIeTUUECKUX MaTe-
pHaJoB, BCTPOCHHBIX B MH(PACTPYKTYpy 3naHuii [74].
BBeaenue 31eKTponpoBOAANIMX HATOJIHUTENEH MO3BO-
o obecrieunTsh K03 duipeHT 3eedeka g0 1092 mxB/K
npu Temneparype 293 K u MakcuMaibHbIH KoapdULeHT

moraoctr 0,84 MkBT M- K™, mipu 3T0M MpOYHOCTH T€0-
MOJIMMEpA Ha CyKaTHe coXpaHsiachk Ha yposHe 33,4 MITa.

B nccnenoBannu Y. Ra 1 coaBT. u3yuim TpudoaIieK-
TPUUYECKUI1 HAHOTEHEPATOp Ha OCHOBE LIEMEHTHOI'O IPOBO-
quiiero komnosuta (CBC-TENG), BcTpoeHHBIH B 31aHUE
C HyJIEBBIM SHEPronoTpedieHreM, Kak IoKa3aHo Ha puc. 9,
TJIe ITPE/ICTABICHBI PEKMMBI COOpa SHEPTUH: Ha CTEHAX
(Berep), Ha Moy (ABMIKEHHE YEIIOBEKA) M HA KPBILIE

Net Zero Energy [ i. Wall (wind) ii. Floor (motion)
|
e |
Solid-solid Solid-solid
static electricity, static electricity)|
iii. Roof (raindrop)
[V
3 TR
- W‘ /]
Yo, ¢
mm Carbon fiber (2 4% %
) Dielectric 1 -
[ Dielectric 2 static electrici
L 4 & 4
I ] -
F §_ ll G"0"0"0 ]i@_
= = . L=
i. Initial state ii. Contact ii. Separation iv. Contact

[ (@ Cement mmCarbonfiber (JIDielectric1 (—]Dielectric2 ® Positive charge ® Negative charge]

Puc. 9. KonnentyanbHaas cxema )HJIOH CHCTEMBI ¢ HyJIEBBIM HEPronoTpedieHreM, WILTIOCTPUPYIOIast HHTETPALUIO CTPYK-

TYPHBIX KOMIIOHEHTOB Ha ocHOBe CBC, CITOCOOHBIX COOMPATH YPHEPTHIO M3 HECKOIBKUX BO30OHOBISIEMBIX HCTOUHHKOB OKPYKa-

folIell cpeibl, BKIIo4as (i) S9HEpTUIo BeTpa, (i) OMOMEXaHUUECKYIO SHEPTHUIO, TCHEPUPYEMYIO YEIIOBEUECKON AEATEILHOCTBIO,

u (iii) SQHEPTHUIO Karemb A0KAA (a); cXeMaTn4eckoe H300pakeHHe MeXxaHu3Ma cOopa YHEpTruH, OCHOBAaHHOTO Ha KOHTAKTHOU

3IEKTPU3AINH, peaTn30BaHHOTO Omarogaps ucnonb3oBanuio CBC (b). [lepeneuarano ¢ paspemenus [12]. Elsevier, 2021
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(xarmum poxnas) [12]. Hacrenasie CBC-TENG nop Bo3-
JICHCTBHEM BETpa TeHEPUPOBAIN HETIPEPHIBHOE BBITIPSM-
JICHHOE BBIXOJHOE HampspkeHue ~5 B, torma kak CBC-
TENG, BCTpOCHHBIE B TIOJT, COOMPATA OMOMEXaHIIECKYIO
SHEPrUI0 MOCPEICTBOM KOHTAKTa «TBEPIOE — TBEPAOLH
IIPU TIOBTOPSIIOIIUXCS IIarax, MpOM3BOs CTaOUIbHBIC
TIePEMEHHBIE BBIXO/IHBIE CUTHAIBI MTOCIIE BBIIPSIMIICHUSL.
Ycranosnennsie Ha kpeimie CBC-TENG, pabotarommie
3a CYET KOHTAKTHO! IEKTPU3ALNU KUJIKOCTb — TBEPJIOE
TEIO, TEHEPUPOBAIN HAIPSDKEHHUE OT Kameib ISHOHNU3H-
poBaHHOM BObI IpH yacToTe 1 'l 1 yIye HakiIoHa Kpbl-
M 65°, puUyYeM BBIXOHOE HAPSDKEHUE CUCTEMAaTHYeCKI
YBEJINYUBAIOCH C POCTOM YacTOThI Karneib. [lomMumo me-
MEHTHBIX Marepranos, C. Prouskas 1 coaBt. nmpemioxum
U-00pa3Hy1o apXUTEKTypy CeHCHOMIN3UPOBAHHOTO Kpa-
cuteneM conneunoro sementa (DSSC) co ceroynas-
JIMBAIOIIEH KOHCTPYKLUEH, IpeIHa3HAYEHHYIO0 JUIsl 3KC-
MJyaTalui B HAPYKHBIX ycioBusix [75]. ['eomerpust
nepepacnpeaessieT najaluil COTHEYHbII CBET Ha Bep-
THUKanbHO ycTaHoBieHHble DSSC mocpencTBom BHY-
TPEHHETO OTPakeHNUs, SPPEKTUBHO CHIDKAS JIOKATBHYIO
WHTEHCHBHOCTH M3JTyYeHHUs M OrpaHnunBas (oronerpa-
narmro. Takas KoHpUTypaIst TO3BOIMIIA YBETHMUUTD KO-
s dunrent 3anonHenust 10 ~96 % mpu Hapy>KHOM OCBe-
IIIEHUH, COXPAHHUB TIPH ATOM BbIPAOOTKY IEKTPOIHEPIHH,
COIMOCTaBUMYIO ¢ TpaauuuoHHbIMU DSSC ¢ BepTHKab-
HBIM ocBereHueM. [Tomnmo GoToasiekTpryeckux 000510-
4ek, M. Fu 11 coaBT. pa3paboTaim TepMOTPOITHbIE HOHHbIE
TUJIPOTENIEBbIE «YMHBIE» OKHA, COUETAIOIINE adaNTHB-
HYIO COJTHEYHYIO PETYIHPOBKY C TEPMOAIEKTPHUCCKUM
cOopoM snepruu [76]. [uaporens 1eMOHCTPUPOBAI 00-
patuMbIid (a3oBbIil epexoxn okomro 26 °C, obecrieunBas
BBICOKYIO CBETONPOITycKaeMocTh (>90 %) Hmke Temrie-
paTypsl IIepexosia U CHIbHYIO COJHEYHYIO MOJYJISIIHIO
(=80 %) BoIe Hee. OJTHOBPEMEHHO MOHHBINA TPAHCTIOPT,
BBI3BAHHBINM TEMIIEpaTyPHBIM TPAIUEHTOM, TeHEPHPOBAII
BBIPAYKEHHBIM TEPMORIIEKTPHUYECKHI OTKIIUK ¢ KO3 PUI-
enrom 3ecoeka 39,03 MB/K, koadduimeHToM MOIIHOCTH
0,838 MB1/M%/K u mioTHOCTBIO SHEPrIn 110 250 MK/ M2,
JIEMOHCTPHUPYS] MHOTO()YHKIIHOHAIbHBIE OKOHHBIE JIe-
MEHTBI JUISl KYMHBIX» 3[aHHH.

Ilepcnexmueol

PazBuTne TEXHOIOTHI KOJIOTUYHOTO U MHTEIIICK-
TYaJIbHOTO CTPOMTENILCTBA TPEOyeT Iepexoia OT OJHO-
()yHKIMOHATBHBIX CTPOUTEIBHBIX MaTepHaioB K,
M0 CYTH, MHOTO(QYHKIIMOHAJIBHBIM, aAallTHBHBIM, UH-
JKEHEPHBIM CHCTEMaM MaTepHallOB, CIOCOOHBIM MOJ-
JIepKUBaTh paboyre XapaKTepHUCTUKU B CYPOBBIX yC-
noBusx. Pa3paboTka rHOpHUIHBIX MHTEIIEKTYyaIbHBIX
MarepuanoB, HHTEIPUPYIOLUIUX TEPMOPETYIISIIIO, Me-
XaHUYECKYTIO yCTOﬁqHBOCTB, CaMOIHUAarHoCTUKy U IIpe-
o0pa3oBaHye PHEPTUH B PaMKaxX €IMHON MaTepuaabHON
CTPYKTYPBI, TIO3BOJIKJIA Obl CHU3UTH CIIO)KHOCTh MEX-
(ha3HBIX B3aMMOACHCTBHUN M yCHIINTH (DYHKIIMOHAIIBHYIO
cuHepruro. Takue Marepuabl TpeOYIOT MepeIOBBIX KOM-
MO3UTHBIX apXUTEKTYP, B KOTOPHIX (ha3bl HAKOIICHUS
CKPBITOH TETJIOTHI, IPOBOJISIIIIUE CETH U TOJIUMEPBI, pe-
arupyIOIINe Ha CTHMYJIBI, COCYIIECTBYIOT Oe3 Hebmaro-

HPUATHBIX 3P (EKTOB MEPEKPECTHOTO B3aUMO/ICHCTBHSL.
Kpowme Toro, pa3paboTka XUMHYECKHX COCTABOB MaTe-
PHAIIOB, YCTOMYMBBIX K YCTAIOCTH M CaMOCTa0MIU3HPY-
IOIIMXCSI, HCTIOJIB3YIOIIMX TMHAMUYECKUE KOBAJICHTHBIC
CBSI3H, CYNPaMOJIEKY/IAPHBIC B3aUMOJICHCTBUS WIIH Me-
XaHU3MBI 00paTHMOTO CIIMBAHUS, UMEET pemIaromiee
3HAYEHHE JUIs NOIepKaH!s (PYHKIMOHAIBHOM LIeNIOCT-
HOCTH IIPH UTUTENBHBIX IUKJIMYESCKUX TEIUIOBBIX U Me-
XaHWYECKHX Harpy3Kkax. ApXUTEKTYpHO-TIPOCKTHPYEMbIe
MEXaHHYeCKHe MeTamaTepHasbl JOIDKHBI Pa3BUBATHCS
B HAIPaBJICHUH CUCTEM C IPOrPaMMHPYEMOI TeOMeTpH-
e, CloCOOHBIX K aanTHBHONW MOYJISIIUH >KECTKOCTH,
raiieHnio BUOpauuii 1 pekoHpUrypupyemMomy pacce-
MBAHUIO DHEPIHH MOCPEICTBOM (ha30BBIX IEPEXOI0B
MarepHaja Wil HeCTaOMIbHOCTEH, BEI3BAHHBIX HAIPSI-
keHueM. KpoMe Toro, KpuTHUECKH Ba)KHO MOSIBIICHHE
9HEPrOaKTHBHBIX KOHCTPYKIMOHHBIX MaTepuajoB, B KO-
TOPBIX [IEMEHTHBIE, OJIMMEPHBIC WIT ONOTIPOU3BOJTHEIC
MarpuIbl, B KOTOPbIE BCTPOEHBI TPUOOIIEKTPUIECKHUE,
NbE30NIEKTPUUECKHE WM TePMONIEKTPUUECKHE (asbl,
(DYHKIIMOHUPYIOT OZTHOBPEMEHHO KaK HECYIIHE KOMITO-
HEHTBI ¥ YCTpOicTBa cOOpa pacrpeaeeHHOH SHEPruH.
VHTemexTyanpHble MaTepralbl TakkKe JOKHBI 00-
JaaTh yCTOHYUBOCTHIO K BO3JCHCTBHIO OKpY KaromeH
CpeJibl, COXpaHsisi CTabWIIbHbIE (DYHKIIMOHAIBHBIE XapaK-
TEPHUCTUKH B YCIIOBUSAX BIAXKHOCTH, YIBTpaduoIeToBO-
TO M3ITyHIEHHs] M SKCTPEMAIBbHBIX TeMIleparyp Onaromapst
CTPaTEerusiM repMETH3alNNd U UHKEHEPHH MTOBEPXHO-
cTeii. MaTepuaibl JOHKHBI IPENCTABIATH CO00H OMOMH-
CIIMPHUPOBAHHBIC U CIIPOCKTHPOBAHHBIC C YUCTOM XKH3-
HEHHOTO [IMKJIA CUCTEMBI, COUYETAIOIINE UePAPXUICCKHIA
JIM3aiiH, BCTPOSHHYIO CIIOCOOHOCTB K CAMOJIMArHOCTHKE
Y BO3MO’KHOCTH BTOPHYIHOHN MEpepabOTKH, YTO ITTO3BOJIUT
3[JAHUSIM TIPEBPATUTHCS B SHEPrOAKTUBHBIE, NHPOpMa-
[IMOHHO HACBIIICHHbIE U YCTONYMBBIE HHPPACTPYKTYPBI,
a He B ITACCUBHBIC KOHCTPYKTHBHBIE Y3TIbIL.

3AKJIIOYEHUE

«YMHBIC» B SKOJIOTHUHBIC 31aHu CTaJId HEHTPAJIb-
HBIM KOMIIOHEHTOM ITIOOAIbHBIX CTPATeTHi, HalpaBieH-
HBIX Ha CMSITUEHHE MOCIISCTBUI H3MEHEHUsI KIIMarta, Co-
KpalleHHe OTPeOIeHUs PeCYpCoB, a TaKKe MOBBIIIICHHE
YCTOHYMBOCTH 1 KOM(MOPTHOCTH JKIIOH cpenpl. [To mepe
TOTO KaK 3/1aHUsI IPEBPAIIAIOTCS M3 CTaTHYHBIX MTOTPEOH-
Tenen OHEPIruu B aIalITUBHBIC U OPUCHTUPOBAHHBIC HA 3(1)-
(heKTUBHOCTH CHCTEMBI, IEPEJIOBBIE MaTEPHAIIBI UTPAFOT
PEIIAONIYI0 POJIb B 00ECTICYEHNH 3TOW TpaHC(OpMAIIHIH.

PaccMoTpeHb! HHTEIUIEKTyallbHbIe 1 MHOTO(YHKIINO-
HaJIbHBIE MaTepralIbl HOBOTO MOKOJICHHS, CIIOCOOCTBYIO-
M€ CO3AAHUI0 «YMHBIX», HU3KOYIJIEPOIHBIX U YCTOI-
YMBBIX K KJIMMATUYECKUM U3MEHEHUsIM 311aHuid. Marepu-
QJIbHBIE CUCTEMBI, TAKHE KaK apXUTEKTYypPHO-MEXaHUYe-
CKHE MeTamaTepralibl ¥ (PyHKIMOHAIbHBIE KOMITO3UTHI,
COOMpAIOLINE SHEPT IO, IEMOHCTPUPYIOT OCHOBHBIE (DYHK-
MY 371aHVs, BKITIOYast TEPMOPETYIISIIHIO, TallleHne BUOpa-
M, TipeoOpa3oBaHe SHEPIHU, CEHCOPHBIE N3MEPEHHS
1 aJIalITUBHYIO PC€AaKUI0, KOTOPbIE MOT'YT 6BITI> HCOTHCM-
JIEMOM YaCThIO KOHCTPYKTHBHBIX JIEMEHTOB M SIIEMEHTOB
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OrpaXKIAr0LIMX KOHCTPYKIMIA. biarogapst HCoib30BaHUIO
COCTaBa MaTepUaIOB, MUKPOCTPYKTYPHOTO ITPOEKTHPOBA-
HUS U TIOBEJICHHS, OTIPE/IETIIEMOT0 TeOMETPHEH, 3TH CHCTe-
MBI IIO3BOJISIFOT (I)yHKI_II/IOHaHI)HOCTI/I BO3HHUKAaTh HETIOCPEA-
CTBEHHO U3 MaTepHaa, a He Yepe3 BHEIIHUE MTOJICHCTEMBI.
Pactymas uHTerpanus pearupyommx 1 caMo4yBCTBYO-
HIMX MaTEPHUAJIOB €Ille OOJIBIE YKPETUIET 3Ty MapaJnurmy,
obecrieyrBast pacro3HaBaHUE COCTOSHUS, (DYHKIIMOHAIb-
HYIO aJIalITUBHOCTh 1 CTAOMIIBHOCTh XapaKTEPUCTHK B yC-
JIOBUSIX JMHAMHYECKU MEHSIOLIEHCS] OKPYKAFOLLEH Cpeibl

Tlocmynuna 6 pedaxyuro 9 dexabpsa 2025 e.
Ipunama e oopabomannom eude 19 ansapsa 2026 a.
Ooobpena ona nyoruxayuu 29 aunsapsa 2026 e.

u 3anonHsieMocTy. [oCcTosHHBII nporpecc B 001aCTH Mpo-
E€KTUPOBAHUS M XaPAKTEPUCTUK MATEPHUAJIOB TOBBIIMIAET
HaJISKHOCTb M CIIOCOOCTBYET COOTBETCTBHIO TPEOOBAHMSIM
Ha YPOBHE BCETO 37aHNs. DTH pa3padOTKU MO3UIIMOHUPY-
0T MHTEJUICKTYaJIbHbIC MaTePUAJIbl KaK KITFOYEBbIC (haKkTo-
PBbL, NO3BOJIAIOLIE CTPOUTH 3[1aHUs B BUJE alalITUBHBIX,
SHEPrOAKTHBHBIX U MHTEIJICKTYaJIbHBIX CHCTEM, CIIOCO0-
HBIX BHECTHU 3HAUMMBbIN BKJIaJ] B JOJTOCPOUHYHO YCTONYU-
BOCTb, KJIMMATUUECKYIO YCTONYMBOCTb U OPUEHTUPOBAH-
HOCTB Ha YeJIOBeKa.

Op ABTOPE: bagacyopamannan Kanpacybpamanman — nabopaTtopus aaIuTUBHOTO IPOU3BOJICTBA, Kadenpa

METaJUTypruu U MatepuanoseeHus; O00POHHBINH HHCTHTYT NepeaoBbIX TexHosoruii; 411025, r. [Tyna, 'mpunarap,

wtar Maxaparurpa, Uaaus; meetkbs@gmail.com.

INTRODUCTION

The global imperative to decarbonize human activity
and strengthen climate resilience has positioned the con-
struction sector as a pivotal domain for technological
intervention and sustainable reform. The accelerated ur-
banisation, escalating operational energy demands, and
the disproportionate environmental burden associated
with conventional construction workflows collectively
underscore the urgency of reconfiguring material de-
sign paradigms within the built-environment sector [1].
The contemporary construction practices account for sub-
stantial fractions of global anthropogenic CO, emissions,
resource extraction, and solid-waste generation, thereby
necessitating the deployment of innovative solutions
grounded in advanced materials science [2]. Recent global
assessments further underscore this urgency, according to
the 2024/2025 UNEP Global ABC Global Status Report,
the buildings and construction sector contributes approxi-
mately 34-37 % of total global energy-related CO, emis-
sions, making it the single largest sectoral contributor to
climate change [3]. These emissions encompass not only
operational carbon arising from heating, cooling, ventila-
tion, lighting, and appliance use, but also embodied car-
bon embedded within material extraction, cement and
steel production, transportation, and on-site construction
activities. The embodied carbon component is increasingly
recognized as a dominant contributor over full life cycle
of high-performance buildings, as operational efficiencies
improve through insulation, electrification, and renewable
integration [4, 5].

This growing carbon liability situates material in-
novation as a central mechanism through which the con-
struction sector can meet national and international de-
carbonization mandates including the United Nations
Sustainable Development Goals (SDGs), particularly
SDGs 7 (Affordable and Clean Energy), 9 (Industry,
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Innovation, and Infrastructure), 11 (Sustainable Cities
and Communities), 12 (Sustainable Consumption and
Production), and 13 (Action to Combat Climate change
and its Impacts), each of which identifies clean energy,
sustainable cities, and responsible material use as core
developmental priorities [6]. In this context, the develop-
ment, characterisation, and large-scale integration of next-
generation materials for green-building manufacturing con-
stitute a strategically significant pathway toward achiev-
ing low-carbon, resource-efficient, and climate-adaptive
infrastructure. Advanced material systems when designed
to deliver multifunctionality, durability, and intrinsic re-
sponsiveness, offer opportunities to decouple structural
performance from material intensity, reduce maintenance-
driven emissions, and embed energy and sensing func-
tionalities directly within the building fabric 7, 8]. Fig. 1
provides a schematic overview of the major classes
of materials currently being advanced for green and smart
buildings, illustrating how bio-based, recycled, hybrid,
and smart functional materials collectively support low-
carbon and multifunctional building design.

Within this emerging smart-building paradigm,
materials assume a foundational role by serving simulta-
neously as load-bearing elements, functional interfaces,
and active transducers of energy and information. Unlike
conventional construction materials, next-generation ma-
terial systems are engineered to exhibit intrinsic respon-
siveness to thermal, mechanical, electrical, and environ-
mental stimuli, enabling building components to sense,
adapt, and respond without reliance on external devices
[9, 10]. This material-centricity is achieved through
the development of smart and multifunctional materials
that integrate thermal regulation, energy harvesting, sens-
ing, and actuation capabilities directly within the build-
ing fabric.

Beyond the classical sustainability discourse cen-
tred on embodied-carbon reduction and resource efficien-
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cy, the conceptualisation of “smart buildings” introduces
a multifaceted framework wherein materials are not
merely passive structural entities but active participants
in environmental interaction, energy modulation, and
autonomous adaptation [11]. The contemporary smart-
building definitions emphasise a coupled cyber-physical-
material architecture in which structural components
exhibit thermophysical adaptivity, decentralised energy
transduction, real-time sensing, damage detection, and
autonomic functional reconfiguration. These capabili-
ties derive not from mechanical or electrical subsystems
alone but increasingly from the intrinsic functionalities
embedded within advanced material systems. The tran-
sition from passive to intelligent material fabrics repre-
sents a critical frontier in achieving high-performance,
net-zero and climate-resilient building technologies [12].
This paradigm shift transcends conventional construction
by embedding multifunctional materials and responsive
components that interact synergistically with building
management systems (BMS), thereby enabling dynamic
control over thermal, lighting, structural, and air quality
parameters [13].

MATERIALS AND METHODS

In this context, this review paper discusses the next-
generation smart and multifunctional materials as en-
ablers of green, smart, and climate-resilient buildings.
The review examines key material classes including
thermal-adaptive materials, architected mechanical meta-
materials, and energy-harvesting functional composites
with emphasis on material composition, microstructural
design, and geometry-governed behaviour enabling ther-
mal regulation, mechanical adaptability, energy trans-
duction, and self-sensing within structural and envelope
components. It also discusses how intrinsic material
functionalities such as thermophysical adaptivity, ener-
gy transduction, self-sensing can be embedded directly

within structural and envelope components, thereby re-
ducing dependence on auxiliary mechanical or electrical
subsystems.

RESEARCH RESULTS

Smart and Multifunctional Materials for Sustainable
Buildings
Thermal-Adaptive Smart Materials

Thermal-adaptive smart materials constitute a core
functional class in smart and sustainable buildings by
enabling dynamic regulation of heat transfer, solar gain,
and thermal storage in response to environmental stimuli.
These materials operate by reversibly modifying their
thermophysical or optical properties such as thermal con-
ductivity, heat capacity, infrared emissivity, or solar trans-
mittance under variations in temperature, solar irradia-
tion, or ambient conditions. Unlike conventional passive
insulation systems, thermal-adaptive materials actively
interact with diurnal and seasonal thermal cycles, allow-
ing building envelopes, facades, and interior components
to modulate heat flow in real time [14]. This adaptive
behaviour contributes to reductions in heating and cool-
ing loads, peak energy demand, and occupant thermal
discomfort, thereby supporting low-energy and climate-
resilient building operation. The integration of such
materials into walls, glazing systems, roofs, and hybrid
envelope assemblies enables thermal functionality to be
embedded intrinsically within the building fabric, reduc-
ing reliance on mechanical systems while enhancing
long-term operational efficiency and resilience.

Thermal adaptivity is increasingly extended beyond
intrinsic material response through the integration of non-
intrusive, data-driven recognition of human thermal adap-
tation into building thermal regulation strategies. W. Duan
et al. demonstrated that occupants’ thermal-adaptive be-
haviours can be inferred in real time using vision-based
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cross-modal knowledge-distillation frameworks, enabling
accurate behavioural recognition with reduced compu-
tational complexity and facilitating lightweight deploy-
ment for intelligent heating, ventilation, and air condi-
tioning (HVAC) control [15]. This study demonstrates
that behavioural cues can serve as reliable control signals
for dynamically adjusting indoor thermal environments
without invasive sensing. Complementing this approach,
Y. Bai et al. developed an infrared spatiotemporal model-
ling framework identifying eleven representative thermal-
adaptive behaviours, achieving recognition accuracies up
to 95.89 % and thermal sensation prediction accuracies
of 96.24 %, while maintaining robustness under variable
lighting and preserving occupant privacy [16]. The study
employed controlled thermal conditions of 22-25, 25-27
and 27-30 °C, with participants seated quietly for 20 min
to allow thermal acclimatization prior to data acquisition
and video recordings were acquired simultaneously from
five viewing angles to ensure comprehensive capture
of thermal-adaptive behaviours [17]. Extending thermal
adaptivity to outdoor environments, H. Li et al. combined
infrared thermography with behavioural monitoring to
quantify relationships between pedestrian skin tempera-
ture, physiological equivalent temperature (PET), and
adaptive responses, revealing stabilization of skin temper-
ature at PET values of approximately 40—46 °C depending
on activity type and identifying shading-related behaviours

as the most effective mitigation strategies under extreme
heat stress [18]. Further, Li et al. demonstrated that ther-
mal adaptivity can also be engineered at the microstructur-
al level through photonic metal-organic frameworks ex-
hibiting thermally enhanced luminescence, ultra-high light
yield (~49,700 photons MeV™"), and stability exceeding
95 % after prolonged thermal and radiation exposure [19].
Whilst microstructural engineering enables intrinsic ther-
mal adaptivity, non-invasive thermal adaptive behavior
and comfort assessment provides the system-level feed-
back required for smart building operation, as summarized
in Table 1.

The field-based investigations further demonstrated
that thermal adaptivity in buildings is governed by oc-
cupant behavior, climatic context, and passive or semi-
passive control strategies. A.S. Cordero et al. reported
a comprehensive field study in rural residential build-
ings, showing that occupants exhibit wide adaptive com-
fort ranges driven by long-term climatic exposure and
behavioral adjustment, with neutral temperatures shift-
ing toward higher values compared to standard comfort
models [24].

Among thermal-adaptive smart materials, phase
change materials (PCMs) represent one of the most ef-
fective strategies for regulating indoor thermal environ-
ments through passive heat storage and release. PCMs
utilize reversible solid—liquid or solid—solid phase transi-

Table 1. Non-invasive thermal adaptive behavior and thermal comfort assessment methods

Detection Type Detection/Sensing | Prediction/Analysis | Thermal Metric Key Performance References
Tool Model Parameters
Facial temperature Binocular infrared | Random Forest and | TSV Accuracy: 82.86 % [20]
and thermal adaptive camera, YOLOVS, |weighted fusion with | (7-class, 3-class) | (7-class), 94.29 %
actions/infrared Mediapipe PMV (3-class); improved
to 86.8 % (7-class)
and 100 % (3-class)
when adaptive actions
detected
Indoor air temperature, | Climate chamber | Time-series Thermal state, | Identified trend, peak— [21]
skin temperature/ sensors, IVE decomposition acceptability, trough timing, burst
time-series platform and regression on behavioral duration as dominant
A-features intention factors governing
mismatch between [IVE
and real environments
Occupants’ adaptive Survey Hierarchical Thermal Window opening [22]
behavior/questionnaire clustering and acceptability, % | intensity up to
logistic regression 87-91 %; AC
residences showed
79 % acceptability
vs 70 % for NV
residences
Thermal adaptive Infrared 13D, SlowFast deep | Thermal Accuracy: 83.53 % [23]
behavior/infrared video |thermography learning models preference (I3D) and 88.56 %
(IRT) cameras classification (SlowFast) with
millisecond-level
inference time
Thermal adaptive Wi-Fi Channel 2D CNN-LSTM, 2D |PTAB Maximum accuracy [24]
behavior/wireless State Information | CNN-GRU classification 86 % (CNN-LSTM);
signals (CSI) optimal window size
0.5's, step size 0.2 s
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tions to absorb, store, and release large amounts of la-
tent heat over narrow temperature intervals that coincide
with human thermal comfort ranges. When integrated
into building envelopes, walls, ceilings, floors, or facade
assemblies, PCMs moderate indoor temperature fluc-
tuations by attenuating peak heat gains during daytime
and releasing stored thermal energy during cooler pe-
riods [25, 26]. This intrinsic thermal buffering capabil-
ity reduces reliance on mechanical heating and cooling
systems, mitigates peak energy demand, and enhances
thermal comfort stability under diurnal and seasonal
variations. Unlike conventional sensible heat storage ma-
terials, PCMs enable high energy storage density without
significant temperature rise, making them particularly
suitable for space-constrained building components.
Their integration within construction materials, encapsu-
lation systems, or composite layers allows thermal adap-
tivity to be embedded directly into the building fabric,
positioning PCMs as critical materials platform for low-
energy, occupant-centric, and climate-resilient building
design [27].

The Fig. 2 illustrates the integration and operating
mechanism of PCMs within building envelopes. The PCM
layer embedded between insulation absorbs incoming heat
from solar radiation and conduction during high-tempera-
ture periods, storing energy through a solid-liquid phase
transition and reducing heat transfer to the interior. During
cooler conditions, the stored heat is released as the PCM
resolidifies.

The enthalpy temperature profile in Fig. 2, b high-
lights the latent heat plateau, enabling significant energy
storage within a narrow comfort-relevant temperature
range and providing effective passive thermal buffering.
The total thermal energy Q stored in a PCM of melting
point 7 , K is then calculated as mentioned in eq:

T, Ty
0- Li mC,,dT +ma, Ah,, + .[Tm mC,dr,

where in 7' is the initial temperature, K; Cpi is the average
specific heat between 7, and 7}, T is the final tempera-
ture, K; Cps is the average specific heat between Tj and
T ,and a  is a fraction of the melted material.
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PCMs can be embedded within concrete masonry
or dispersed into finishing layers such as gypsum, plas-
ter, or cement-based coatings, typically through microen-
capsulation to ensure stability and processability [28-31].
Such coating-based integration facilitates ease implement-
ing, allows accurate regulation of PCM loading and layer
thickness, and is advantageous for upgrading the thermal
performance of existing buildings. In addition, PCMs can
be manufactured as standalone wallboard elements, offer-
ing rapid installation and compatibility with lightweight
structural systems [32, 33]. Building-scale thermal adap-
tivity using phase change materials can be broadly catego-
rized into four complementary development pathways:
bio-based latent heat storage, shape-stabilized or mechani-
cally flexible PCM architectures, PCM—envelope system
coupling, and solar-assisted PCM hybridization. Within
the bio-based approach, M. Zor et al. demonstrated eutec-
tic fatty-acid PCMs impregnated into wood veneers, exhib-
iting melting temperatures of 30 °C and latent heat storage
capacities reaching 225.5 Jg!, exhibiting the suitability
of renewable substrates as scalable latent heat reservoirs
for low-grade thermal buffering in buildings [33]. With
respect to mechanical functional systems, Y. Guo et al.
developed a phase-change hydrogel incorporating sodium
sulfate decahydrate, achieving a high PCM packaging ef-
ficiency of 90.4 wt. %, thermal conductivity in the range
of 0.89-1.11 Wm'K"", thermally induced shape recovery
within 385s, and compressive strength up to 0.67 MPa,
demonstrating that PCM integration can simultaneously
address leakage mitigation and mechanical robustness [34].
For using in envelopes, A. Gopalan et al. investigated PCM-
assisted dynamic insulation panels, reporting 15-72 %
reductions in annual radiant heat transfer and 7-38 %
reductions in yearly heat loss (depending on climatic
conditions and facade orientation) highlighting the am-
plification of PCM performance through system-level co-
design (35). Extending PCM functionality to solar-energy
systems, J.M. Mahdi et al. evaluated a photovoltaic—ther-
mal (PVT) collector integrated with nano-modified PCM
containing 5 % nanoparticle volumetric concentration,
achieving PV cooling durations of 54-305 min through-

Temperature PCM
Melts

Temperature
Remains Constant

MELTING

CRYSTALLIZATION

Temperature

-4

Temperature POM Temperature
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Energy Content »

Fig. 2. Integration of PCM in Wall. Reprinted with permission from (a) [27]. Copyright 2020, Elsevier; working Principle
of PCM (b). Reprinted with permission from [28]. Copyright 2022, Elsevier
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out the year, peak electrical output of approximately
52.5 W, and thermal power up to 225 W, demonstrating
the potential of nano-enhanced PCMs to stabilize photo-
voltaic performance while simultaneously harvesting us-
able thermal energy for buildings (36). In another study
by Upadhyay et al., TiO,-enhanced paraffin PCMs for
latent heat thermal energy storage (LHTES) systems us-
ing 0.5-2.0 wt. % nanoparticles were examined [35, 36].
The thermal conductivity increased by 35-88 %, accel-
erating the charging (heat storage) and discharging (heat
release) processes of the PCM. At a heat transfer fluid
flow rate of 0.01 kgs ', the 0.5 wt. % TiO, PCM improved
charging, discharging, and overall LHTES efficiencies by
2.89, 5.21, and 2.25 %, respectively, as compared with
pristine paraffin [37, 38].

Beyond latent heat storage alone, thermal adaptivity
has also been realized through hybrid envelope systems
that integrate passive thermal regulation with indoor air
purification as illustrated in Fig. 3.

The catalytic Trombe wall configuration integrates
thermochromic hydrogel glazing with an internal air
channel coated with a catalytic layer, enabling simulta-
neous modulation of solar radiation and pollutant deg-
radation. The hydrogel exhibits a temperature-driven
reduction in solar transmittance from 0.9 to 0.3 within
the 20-25 °C range, which suppresses excessive solar
heat gains and mitigates overheating [39]. As a result,
the system lowers the external wall surface temperature
by up to 3.2 °C and reduces indoor air temperature by
2.5 °C compared with conventional Trombe walls. Con-

222

currently, the catalytic layer facilitates thermal catalytic
oxidation of pollutants, achieving a 44.6 % formaldehyde
removal efficiency within 70 min, thereby demonstrating
the feasibility of multifunctional building envelopes that
couple thermal adaptivity with indoor air quality control.

Complementarily, J. Gu et al. proposed a roof-inte-
grated hybrid system that couples radiative sky cooling
with low-temperature catalytic oxidation, as illustrated
in Fig. 4, enabling continuous thermal regulation and in-
door air purification under both daytime and nighttime
conditions [40].

The system directs warm, polluted indoor air through
an airflow channel coated with a thermocatalyst beneath
a radiative cooling surface that reflects solar irradiation
while emitting strongly in the infrared atmospheric win-
dow. This configuration facilitates simultaneous heat dissi-
pation to the sky and catalytic decomposition of pollutants.
Under summer ambient conditions of 35 °C, the system
achieved an indoor—outdoor temperature difference of up
to 5 °C and generated approximately 665.29 m* m2 of pu-
rified air over a full day, demonstrating the effectiveness
of integrating radiative cooling with catalytic air treat-
ment for multifunctional thermal-environmental control
at the building scale.

Architected Mechanical Metamaterials

Architected mechanical metamaterials represent
a class of advanced material systems in which macro-
scopic mechanical behavior is governed primarily by
engineered geometry, enabling unprecedented control
over stiffness, deformation mode, energy absorption, and
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wave propagation [41]. Unlike conventional construc-
tion materials whose properties are largely governed by
composition and processing, mechanical metamaterials
derive their multifunctionality from designed unit-cell ar-
chitectures and hierarchical assemblies, enabling unprec-
edented control over stiffness, strength-to-weight ratio,
deformation mode, wave propagation, and energy dissi-
pation [42, 43]. This geometry-driven paradigm allows
materials to exhibit properties that are difficult to achieve
in bulk solids, including negative Poisson’s ratio, quasi-
zero or negative stiffness, programmable compressibility,
and tailored band-gap behavior for vibration and wave
attenuation [44]. As illustrated in Fig. 5, architected me-
chanical metamaterials are conceived through a hierar-
chical design framework spanning intrinsic material con-
stituents, unit-cell geometry, assembled structures, and
device-level implementations, enabling ultralightweight
behavior, ultra-high stiffness, negative mechanical re-
sponse, and actively reconfigurable functionality that are
relevant for smart building systems.

Origami

(51]

Application phase

Overall phase

Unit phase

Material level (nm- pm)

Ultralightweight

Ultra-stiffness

In the context of smart and sustainable buildings, ar-
chitected mechanical metamaterials provides a transfor-
mative opportunity to decouple structural performance
from material intensity, thereby enabling lightweight,
multifunctional, and adaptive building components. By
encoding function into geometry, metamaterials allow
a single structural element to simultaneously serve load
bearing, vibration-mitigation, sensing, and energy-harves-
ting roles. This capability is relevant for next-generation
buildings, where structural components are expected to in-
teract with cyber-physical building systems, respond to
environmental stimuli, and contribute actively to resil-
ience and energy efficiency rather than acting as passive
supports [46]. At the building scale, distinct classes of ar-
chitected metamaterials offer application-specific advan-
tages depending on their deformation mechanisms and
geometric programmability. Origami-inspired metama-
terials, characterized by foldable and deployable archi-
tectures, are particularly well suited for adaptive fagades,
reconfigurable shading devices, and responsive building

Negative
response

Programmable &
active response

Fig. 5. Categories of Metamaterials from Material to Structural level (@); properties of Metamaterials (). Reprinted with per-

mission from [45]. Copyright 2023, Wiley

223

(09) 790191 T Monenmpue svwass



Science gﬁ::lna:ll:;‘:[lﬂ::] “0' 16 ISSlle 2 [60]

Balasubramanian Kandasubramanian

envelopes, where large, reversible shape transformations
enable dynamic regulation of daylight, ventilation, and
thermal exchange. Chiral and auxetic metamaterials,
exhibiting rotational deformation mechanisms and nega-
tive Poisson’s ratio behaviour, provide enhanced shear
resistance, energy dissipation, and fracture tolerance,
rendering them attractive candidates for seismic cores,
impact-resistant walls, and vibration-mitigating struc-
tural elements. In contrast, periodic lattice and cellular
metamaterials, including octet truss and triply periodic
minimal surface (TPMS) architectures, offer exception-
ally high stiffness-to-weight ratios and tunable damping
characteristics, enabling lightweight load-bearing floors,
adaptive slabs, vibration-isolating platforms, and multi-
functional structural components [47].

From a systems perspective, architected mechani-
cal metamaterials can be strategically integrated into
structural, foundation, envelope, and interior subsystems
of smart buildings. In structural and foundation systems,
periodic and locally resonant metamaterial architectures
enable attenuation of low-frequency vibrations and seis-
mic waves through the formation of frequency band gaps,
offering an alternative or complement to conventional
base-isolation techniques. Unlike traditional isolation sys-
tems which often suffer from large displacements or lim-
ited effectiveness against vertical motion, metamaterial
foundations can be designed to target dominant seismic
frequencies while preserving load-bearing capacity and
structural integrity [48]. A prominent example is the de-
velopment of seismic metamaterial foundations, where
periodic or locally resonant structures are embedded be-
neath building superstructures to attenuate both horizon-
tal and vertical seismic waves. Y. Jiang et al. experimen-
tally validated a scaled metamaterial foundation (MMF)

®

Horizontal —2%

vibration
Bending wave

for a multi-storey building as exhibited in Fig. 6, dem-
onstrating effective vibration attenuation in ultra-low-
frequency regimes (<10 Hz) without compromising
structural stability [49].

The attenuation arised from geometry-induced band
gaps and local resonance effects, as evidenced by the dis-
persion characteristics shown in figure, rather than from
added material damping or mass. Despite this strong
vibration-filtering capability, the metamaterial founda-
tion preserved adequate load-bearing capacity and struc-
tural stability, thereby confirming the practical feasibil-
ity of metamaterial-based seismic protection strategies
for real civil infrastructure. In building envelopes and
interior systems, architected lattices and cellular meta-
materials provide enhanced vibration isolation, acoustic
attenuation, and impact resistance while significantly
reducing structural mass. Such characteristics are par-
ticularly beneficial for high-rise buildings, prefabricated
floor panels, fagade elements, and floating floors, where
vibration comfort and noise control are critical perfor-
mance metrics. Moreover, the ability to tune stiffness
and damping through unit-cell design enables adaptive
responses to changing occupancy, loading conditions,
and environmental stimuli [42, 50]. J. Shi et al. intro-
duced a metaconcrete backfill system incorporating lo-
cally resonant inclusions within a cementitious matrix to
suppress ground-borne vibrations. The experimental re-
sults demonstrated significant attenuation of traffic- and
rail-induced vibrations in the 5-30 Hz range, achieving
subwavelength vibration isolation that is not attainable
using traditional trenches or piles. This approach offers
a scalable solution for vibration-sensitive smart build-
ings located in dense urban corridors [51]. In another
study, Alavi established a foundational framework po-
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sitioning mechanical metamaterials as intelligent civil
infrastructure, showing that architected cementitious
and lattice-based systems achieved 20-40 % reductions
in material density while retaining compressive strength
within ~10 % of conventional concrete, corresponding
to specific strength values exceeding 0.08 MPa-m*-kg!,
significantly higher than those of traditional construc-
tion materials. This geometry-induced efficiency enabled
seismic damping, vibration isolation functionalities to be
integrated within load-bearing systems.

Beyond mechanical functions, architected metama-
terials also serve as enabling platforms for multifunction-
al integration. By embedding smart material phases such
as piezoelectric, triboelectric, or magneto-responsive ele-
ments within architected frameworks, structural compo-
nents can function as distributed sensors, actuators, and
energy harvesters. This integration supports self-powered
structural health monitoring, real-time feedback, and in-
teraction with building management systems, thereby re-
inforcing the role of metamaterials within cyber—physi-
cal-material building architectures [52]. R. Hamzehei et
al. reported multifunctional 3D-printed sinusoidal me-
chanical metamaterials that combine quasi-zero stiffness
(QZS) vibration isolation with integrated energy harvest-
ing, enabling self-powered components for smart build-
ings [52]. The lattices were fabricated from thermoplastic
polyurethane (TPU) for reversible buckling of sinusoidal
struts to achieve QZS behavior and effective vibration
isolation for excitation frequencies above ~15 Hz, where
transmissibility dropped below unity. A piezoelectric bi-
morph actuator positioned in high-strain lattice regions
produced peak voltages of ~3 V and power densities
of 600700 pnWg! at 15 Hz. Additionally lead zirconate
titanate (PZT) patches mounted on a semi-honeycomb
support generated ~500 mV with power densities ap-
proaching 800 pWg' at ~90 Hz, sufficient to power
low-energy wireless sensors, demonstrating the feasi-
bility of self-sustained vibration isolation and structural
health monitoring in next-generation smart buildings. At
the material-system level, Barri et al. developed nano-
generator-integrated metamaterial concrete, embedding
auxetic polymer lattices within a conductive cementi-
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tious matrix [53]. The resulting composites achieved up
to 15 % reversible compressibility under cyclic loading
while delivering a peak electrical power output of ap-
proximately 330 pW, enabling simultaneous load-bear-
ing, energy harvesting, and self-powered sensing. These
geometry-driven material classes enable the rational tai-
loring of mechanical performance at architectural scales,
supporting the integration of adaptability, resilience, and
multifunctionality within next-generation smart and sus-
tainable building systems.

Energy-Harvesting and Smart Functional Composites

Energy-harvesting functional composites are eme-
rging as a critical materials platform for net-zero and
climate-resilient buildings, as they convert ubiquitous
building excitations like ambient vibrations, cyclic ser-
vice loads, footfall, fagade/wind-induced oscillations,
and thermal gradients into usable electrical energy while
simultaneously enabling self-powered sensing and
structural intelligence [54—56]. Unlike conventional re-
newable energy systems such as rooftop photovoltaics
or external energy storage units, these material systems
embed energy transduction mechanisms directly within
the building fabric, enabling distributed, decentralised,
and maintenance-free power generation while preserving
structural integrity [57]. This paradigm shift transforms
buildings from passive energy consumers into energy-
active infrastructures, capable of harvesting ambient me-
chanical, thermal, and environmental stimuli inherent to
the built environment [58].

As illustrated in Fig. 7, energy-harvesting and smart
functional composites can be strategically integrated into
floors, foundations, walls, facades, and roof systems,
where they harvest mechanical and thermal energy gen-
erated during routine building operation [59]. The locally
generated electrical output is utilised to power distributed
sensor nodes for structural health monitoring, vibration
tracking, occupancy detection, and environmental sens-
ing, enabling continuous data acquisition without reli-
ance on external power infrastructure. When coupled
with conductive or self-sensing composite matrices, these
systems further support real-time detection of strain evo-
lution, crack initiation, and damage accumulation [60].
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This decentralised, material-embedded energy and sens-
ing architecture transforms the building from a passive
energy consumer into an energy-active, information-rich
system, capable of predictive maintenance, adaptive re-
sponse, and enhanced operational resilience. Such mate-
rial-centric intelligence underscores the pivotal role
of energy-harvesting functional composites in next-
generation green buildings, where sustainability, durabil-
ity, and smart functionality are co-designed at the mate-
rial level. In a study by H.B. Birgin et al., the eco-earth
cement composite reinforced with carbon microfibers
integrating strain-sensing functionality into sustainable
construction materials was studied [60]. By partially re-
placing cement and introducing carbon microfibers near
the electrical percolation threshold (0.025-0.25 wt. %),
the composite achieved gauge factors exceeding 100
while maintaining adequate mechanical integrity for
non-load-bearing and low-rise building applications,
highlighting multifunctionality embedded at the material
level, reducing environmental footprint while enabling
real-time structural monitoring.

Further, in a study by M. Ergiin et al., a smart rein-
forced concrete (RC) building was numerically modelled
using finite element (FE) analysis and instrumented with
piezoelectric sensor locations, with the numerical frame-
work validated through a corresponding experimental
setup as shown in Fig. 8 [61].

The structure was subjected to realistic service-level
live loads representing occupants and furniture, as well
as seismic excitations applied in the vertical direction
to simulate earthquake-induced vibrations. The experi-
mentally measured vibration responses showed strong
agreement with FE predictions for an initial displacement
of 18 mm, demonstrating accurate capture of the sys-
tem’s dynamic characteristics. A similar correspondence
was observed at a higher initial displacement of 28 mm,
confirming the robustness of the numerical model in

predicting vibration behavior and energy-harvesting-
relevant responses under varying excitation intensities.
In a study by W. Thongthapthai et al., a portland
cement (PC) and natural rubber (NR) based triboelec-
tric nanogenerator (PC/NR-SL-T TENG) positioned as
a smart energy floor for harvesting biomechanical excita-
tions (walking, running, crowd-induced vibrations) was
developed [61]. Within 1-10 Hz, the peak-to-peak volt-
age (Vpp) increased from 46 V (1 Hz) to 242 V (10 Hz),
evidencing a strong frequency-mediated amplification
relating to real ambient excitation spectra in built en-
vironments. The power density reached 3.27 W/m? at
5 N and 5 Hz, which is ~11 times higher than pristine
PC TENG (0.29 W/m?). The floor is further reinforced
by capacitor having charging capability (10—47 pF)
under 5 N and 5 Hz via a rectifier circuit, indicating
feasibility for intermittent powering or buffering strate-
gies in self-powered sensing nodes. In a similar study,
He et al. targeted the long-standing moisture sensitiv-
ity of wood-based triboelectric systems by engineering
an all-wood-based TENG (AW-TENG) using treated wood
as the friction layer and compressed—carbonized wood as
the electrode, thereby enhancing hydrophobicity and
conductivity through processing [63, 64]. Under a high-
humidity environment (80 % RH), the optimized
AW-TENG achieved open circuit voltage V= 50.85 V
and short circuit current /, .=0.72 uA. In contrast to cementi-
tious TENG floors, the AW-TENG route leverages bio-
mass engineering and wood-electrode carbonization ad-
dressing environmental robustness. Further, E. Keel et al.
reported a high-output TENG based on 3D graphene
foam (3DG)/PET, where the graphene surface exhibited
a hydrophobic contact angle of 138.52° and a surface
roughness of 2.4 = 0.5 um, both contributing to enhanced
charge generation and reduced interfacial adhesion.
The 3DG-based device delivered an open-circuit voltage
0f 400V, a short-circuit current of 105.7 pA, and an output
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Fig. 8. FE model and sensor locations of smart RC building along with its experimental setup («); live and Seismic loads (b);
experimental and simulation vibration responses at @ 18 mm and b 28 mm respectively (c). Reprinted with permission from [62].
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power density of 10,372 mWm at 3 Hz with a 40 MQ
load resistance.

In complementary to floor-based harvesting, roof-
integrated triboelectric systems have been explored for
capturing rainfall-induced mechanical energy. In a study
by Dai et al., a droplet energy harvester (DEH) was eval-
uated on roofs with varying inclination angles and archi-
tectural geometries [54]. For inclined roofs, the instan-
taneous peak power per droplet decreased sharply with
increasing tilt angle, from 81.6 uW at 100° to 0.42 pW at
180°, highlighting the role of impact dynamics and slid-
ing behavior. For different roof morphologies, the DEH
generated 12.14 pW on a classical roof, 146.6 uW
on a dome-shaped roof, and 86.3 W on a tower-type
roof, demonstrating that architectural curvature signifi-
cantly influences energy harvesting efficiency. Under
simulated rainfall, a 4.7 puF capacitor was charged to 1.0,
0.4 and 0.2 V at flow rates of 9, 45, and 64 mLs™', respec-
tively. The Table 2 compares TENG based on different
materials as a triboelectric layer.

Further, yarn-based smart cement composites incor-
porating braided core sheath triboelectric yarns embedded
directly within Portland cement have demonstrated that
structural reinforcement, mechanical energy harvesting,
and self-powered sensing can be achieved simultaneous-
ly [74]. Through controlled modification of yarn surface
morphology, triboelectric output voltages were enhanced
by more than 120 %, while full-scale pavement imple-
mentations achieved 100 % accuracy in vehicle classifi-
cation, speed detection, and pedestrian recognition when
coupled with wireless data transmission and deep-learning
algorithms. Complementary to yarn-reinforced cement,
conductive cement-based composites incorporating car-
bon fillers near the electrical percolation threshold further
enable cement to function as a structural energy material.
These systems support contact-electrification-driven tri-
boelectric energy harvesting from wind, biomechanical
motion, while also functioning as structural capacitors

capable of local energy storage. Yuan et al. investigated
geopolymer-based thermoelectric composites as infra-
structure-native energy materials for buildings [74]. By
incorporating conductive fillers, the geopolymer exhibited
a Seebeck coefficient of up to 1,092 uV K at 293 K and
a maximum power factor of 0.84 pWm K2, while main-
taining compressive strength of 33.4 MPa.

In another study, Ra et al. studied a cement-based
conductive composite triboelectric nanogenerator (CBC-
TENG) integrated into a net-zero energy structure, as
illustrated in the Fig. 9 showing wall (wind), floor (hu-
man motion), and roof (raindrop) harvesting modes [12].
The wall-mounted CBC-TENGs under wind, generated
a continuous rectified output voltage of ~5 V, whereas
floor-integrated CBC-TENGs harvested biomechani-
cal energy via solid—solid contact electrification during
repeated stepping, producing stable alternating outputs
after rectification. Roof-mounted CBC-TENGs, oper-
ating through liquid—solid contact electrification, gen-
erated voltages from deionized water droplets at 1 Hz
and 65° roof inclination, with output voltage increasing
systematically with droplet frequency. Beyond cementi-
tious materials, C. Prouskas et al. proposed a U-shaped
light-trapping dye sensitized solar cell (DSSC) architec-
ture designed for outdoor operation [75]. The geometry
redistributes incident sunlight onto vertically mounted
DSSCs via internal reflection, effectively reducing lo-
cal irradiance and limiting photo-degradation. The con-
figuration enabled a fill factor increase to ~96 % under
outdoor illumination, while maintaining electrical energy
generation comparable to conventional vertically irradi-
ated DSSCs. Apart from photovoltaic envelopes, Fu et al.
developed thermotropic ionic hydrogel smart windows
that couple adaptive solar regulation with thermoelectric
energy harvesting [76]. The hydrogel exhibited a revers-
ible phase transition near 26 °C, enabling high luminous
transmittance (>90 %) below the transition temperature
and strong solar modulation (=80 %) above it. Simulta-

Table 2. Comparison of TENG based on different materials as a triboelectric layer

Materials Properties References
Electronegative Electropositive Open Circuit Short circuit Output power
Voltage V , V current [ , pA density P,
mW/m?

. Laser Induced
Polyimide Graphene 3,500 60 2,361 [65]
Graphite Crumpled Graphene 15 - 15 [66]
PDMS CNT 383 25 8,000 [67]
Polyethylene IO,
terephthalate Silk Fibroin Films 213.9 0.34 68 [68]
PDMS Shear Exfoliated 233 0.731 131.4 [69]

Graphene

Polyethylene
terephthalate 3D Graphene 400 105.7 10,372 [70]
PLA Gelatin 500 16 5,000 [71]
Nitrocellulose paper | Weighing paper 360 250 - [72]
Carbon-filled PVDF | Nylon-6 1.4 6 19.7 [73]
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neously, the temperature-gradient-driven ionic transport
generated a pronounced thermoelectric response, with
a seebeck coefficient of 39.03 mVK™!, a power factor
of 0.838 mWm™'K>, and an areal energy density up to
250 mJm2, demonstrating multifunctional window ele-
ments for smart buildings.

Future Scope

The advancement of green and smart building tech-
nologies requires a transition from single-function con-
struction materials toward intrinsically multifunctional,
adaptive, engineered material systems capable of sus-
taining performance under severe conditions. The de-
velopment of hybrid smart materials integrating thermal
regulation, mechanical resilience, self-sensing, and en-
ergy transduction within a unified material framework
would reduce interfacial complexity and enhance func-
tional synergy. Such materials require advanced com-
posite architectures in which latent heat storage phases,
conductive networks, and stimuli-responsive polymers
coexist without adverse cross-coupling effects. Further,
the design of fatigue-resistant and self-stabilizing mate-
rial chemistries leveraging dynamic covalent bonding,
supramolecular interactions, or reversible crosslinking
mechanisms is critical for sustaining functional integrity
under prolonged cyclic thermal and mechanical load-
ing. Architected mechanical metamaterials should ad-
vance toward geometry-programmable systems capable
of adaptive stiffness modulation, vibration attenuation,
and reconfigurable energy dissipation through material
phase transitions or stress-induced instabilities. In addi-
tion, the emergence of energy-active structural materials,
where cementitious, polymeric, or bio-derived matrices
embedded with triboelectric, piezoelectric, or thermo-
electric phases function simultaneously as load-bearing
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components and distributed energy harvesters is critical.
The smart materials must also exhibit environmental ro-
bustness, maintaining stable functional responses under
humidity, ultraviolet radiation, and temperature extremes
through encapsulation and surface-engineering strate-
gies. The materials should be bio-inspired and lifecycle-
engineered material systems that combine hierarchical
design, intrinsic self-sensing capability, and recyclability,
enabling buildings to evolve into energy-active, informa-
tion-rich, and sustainable infrastructures rather than pas-
sive structural assemblies.

CONCLUSION

Smart and green buildings have emerged as a cen-
tral component of global strategies aimed at mitigating
climate change, reducing resource consumption, and
improving the resilience and livability of the built en-
vironment. As buildings transition from static energy
consumers to adaptive and performance-driven systems,
advanced materials play a decisive role in enabling this
transformation. This review has examined next-gener-
ation smart and multifunctional materials that support
the development of intelligent, low-carbon, and climate-
resilient buildings. Material systems such as architected
mechanical metamaterials and energy-harvesting func-
tional composites demonstrate the essential functions
of a building including thermal regulation, vibration
mitigation, energy conversion, sensing, and adaptive
response, which can be intrinsically embedded within
structural and envelope components. By leveraging ma-
terial composition, microstructural design, and geometry-
governed behavior, these systems enable functionality to
emerge directly from the material rather than through
external subsystems. The growing integration of respon-
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sive and self-sensing materials further strengthens this
paradigm by enabling condition awareness, functional
adaptability, and performance stability under dynami-
cally varying environmental and occupancy conditions.
The continued advancement in material design and
performance is improving reliability and supporting

alignment with building-scale requirements. These de-
velopments position smart materials as key enablers for
constructing buildings as adaptive, energy-active, and in-
telligent systems capable of contributing meaningfully to
long-term sustainability, climate resilience, and human-
centric performance.
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[enoBast urpa «IloaroroBka cTpouTeIbHOr0 MPOU3BOACTBA)
KaK JOMOJHUTEJIbHbIN METOl 0CBOCHUSA TUCHUILINHBI K OCHOBBI
OPraHM3aly CTPOUTEIbHOIO MPOU3BOACTBA» CTYICHTAMU
CTPOMTEJIBbHOIO0 YHUBEPCUTETA

AnrennHa Baagumuposua KopueBa', Mapuanna BopucoBna bemyruna?
I Hayuonanvuwlii ucciedosamenvckuti Mockosckuil 20cy0apcmeeHHulil
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AHHOTALUUA

BBepeHue. NpeacraeneH paspaboTaHHbIi aBTOpaMu CLeHapuvin AenoBon urpbl «oArotoBka CTPOUTENBHOMO MPOM3BOA-
CTBa» KaK AOMOMHUTENbHbIV Nefarormyecknii MeTof 06y4eHns CTyAEeHTOB CTPOUTENbHbIX CneuvanbHOCTeN B paMKax Auvc-
umnnvHbl «OCHOBBI OpraHM3auuy CTPOUTENBHOTO NPOM3BOACTBa». VccrnenoBaHne 6asnpyeTcs Ha aHanv3e KOrHWUTWBHbIX
XapaKTepuUCTMK NMOKONeHns Z 1 HeobxoanMoCTn aganTtaumm obpasoBaTenbHbIX TEXHOMOMMI K MX 0COBEHHOCTSIM BOCNIPUSTUS
nHdopmaummn. HayyHasi HoBU3Ha paboThbl 3akniodaeTcs B pa3paboTke YeTbIpeXTaKTHOM CTPYKTYPbl Urpbl C NapannenbHbIM
pa3BuTUEM cobbITUIA MO ABYM obbekTaM, obecneymBaloLLMM BbICOKYIO BOBIIEYEHHOCTb YYaCTHMKOB; MOAENMPOBaHNM B3a-
MMOAENCTBNS CEMU TUMOB YYaCTHUKOB CTPOUTENbLCTBA, (POPMUPYHOLLETO LIENOCTHOE MpeACcTaBreHne o cucteme ynpaene-
HUSI CTPOWTENbHBIM NPOU3BOACTBOM; 0OOCHOBAHHOWN CBA3N MEXAy UIPOBOW CTPYKTYPOW 1 (hOPMUPOBaHNEM MHANKATOPOB
komneteHuun YK-2, YK-4, OlMK-9 yepe3 MopenvpoBaHue pearbHbIX ynpaBneHYeckux CUTyauuid, TpebyoWmX NpUHATUS
peLUeHni B YCNOBUAX OrpaHNYeHHbIX PECYPCOB M BPEMEHW; a Takke paspaboTke KOMMeKTa NpakTMKo-OpUEeHTUPOBAHHbIX
pasfaToyHbIX MaTepranos, MHTErPUPYIOLLNX TEOPETUYECKNE 3HaHNS B CUCTeMY NPOheCCUOHanbHOM AeATENbHOCTY.
MaTtepuanbl u MeToabl. MeTogonorMs nccrneaoBaHns BKIOYAET CLeHapHoe NnaHupoBaHue. Mirpa npegycmarpvsaet pac-
npedeneHne CTyAEeHTOB N0 KOMaHAaM, Kaxaas U3 KOTOPbIX BbIMOMHAET pOfb ONPEAEeneHHOro y4acTHUKa CTPOUTENbHOro
npoLecca 1 peluaet npodeccroHanbHble 3agayn: paspaboTky 3afaHusi Ha NPOeKTUPOBaHWe, NPoBefeHNe TeHAEepOoB., 3a-
KIto4eHne JOoroBopoB U yrnpaeneHne pecypcamu.

Pe3ynbraThl. Anpobauys nokasana BblCOKy0 addeKTMBHOCTL MeToaa: 92 % CTyAeHTOB aKTUBHO BKIMIOYMMUCH B NPOLLECC,
NPOAEMOHCTPMPOBany pe3ynbTaTMBHOCTL B OCBOEHWN TEOPETUYECKOTO MaTepuana, pa3suny KOMMYHUKaTVBHbIE KOMMNETEH-
LI 1 HaBbIKM COBMECTHOIO MPUHATUSI PeLLEeHNiA B YCIOBUAX BPEMEHHbBIX OrPaHNYEHWIA.

BbiBogbl. PazpaboTaHHbIi cLeHapuii AenoBoi Urpbl MOXET ObiTb 3deKTNBHBIM B 06pa3oBaTenbHOM npolecce Ans dop-
MVPOBaHNA NPOeCcCOoHanbHbIX KOMNETEHUMUIA CTYAEHTOB CTPOUTENbHBIX CreuuarnbHOCTEN, MOBbLILLEHUS X MOTUMBALMK
K 0By4eHuto 1 pa3BUTMSA HAaBLIKOB KOMaHAHOW paboThbl, YTO NOATBEPXAAETCA pedynbTatamMmu anpobaLymn 1 BbICOKOW cTene-
HbIO BOBIIEYEHHOCTU YHaCTHUKOB.

KNOYEBBIE CITOBA: fenoBas urpa, cueHapuin y4ebHoW urpbl, akTuBHoe 06yyeHne, opraHu3aums CTPOUTENBHOIO NPon3-
BOACTBA, POPMUPOBAHNE KOMMETEHLMIA, NEeaarorniyeckue TeXHoONornm

bnazodapHocmu. ABTOpbI BbipaxatoT bnarogapHocTte Januny Butansesuyy Kyapsiwosy 3a nomoLb B fopaboTke cueHapus
1 yyacTve B MpOBeAeHNN AefNOBON Urpbl B Ka4ecTBe Mofepartopa.
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ABSTRACT

Introduction. This paper presents the scenario for the business game “Preparation of Construction Production”, developed
by the authors as a supplementary teaching method for students of construction-related disciplines within the framework
of the course “Fundamentals of the Organization of Construction Production”. The study is based on an analysis of the cog-
nitive characteristics of generation Z and the need to adapt educational technologies to their information processing patterns.
The scientific novelty of the work lies in the development of a four-stage game structure with events unfolding in parallel
across two sites, ensuring high participant engagement; the modelling of interactions between seven types of construction
stakeholders, fostering a holistic understanding of the construction production management system; a well-founded link
between the game structure and the development of competence indicators UK-2, UK-4 and OPK-9 through the modelling
of real-life management situations requiring decision-making under conditions of limited resources and time; and the devel-
opment of a set of practice-oriented handouts that integrate theoretical knowledge into the system of professional practice.
Materials and methods. The research methodology includes scenario planning. The game provides for the distribution
of students into teams, each of which performs the role of a specific participant in the construction process and solves pro-
fessional tasks: developing design assignments, conducting tenders, concluding contracts and managing resources.
Results. The approbation demonstrated the high effectiveness of the method: 92 % of students actively engaged in the pro-
cess, showed effectiveness in mastering theoretical material, and developed communication skills and collaborative deci-
sion-making abilities under time constraints.

Conclusions. The developed business game scenario can be effective in the educational process for developing the pro-
fessional competencies of students on construction courses, increasing their motivation to study and developing teamwork
skills, as confirmed by the test results and the high level of participant engagement.

KEYWORDS: business game, educational game scenario, active learning, organization of construction production, compe-
tence development, pedagogical technologies
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BBEJEHWUWE IIpenpaconokeHHOCTh OKOJIEHUs! Z K CaMOCTOsI-
TEIIFHOMY W THOKOMY OOYYIEHHUIO BEIPaYKaeTCsl B TIPE/IIIO-
YTEHUH K KPaTKUM (popMaram: KOpOTKHE BHJIE0, OHJIAKH-
KypCBI, a TaKKe B OBICTPOM NEPEKIIIOUEHUH MEXKLY HC-
TOYHUKAMHU 3HAaHUH W KPUTHYECKOH OlLICHKe MH(pOpMa-
uu. Takxe oTMedaercs [2], 9TO MpeNCTaBUTENH TO-
KOJICHHS Z TIOTPY’KEeHBI B IIU(POBYIO Cpey B Mpolecce
00yueHHs B By3€, UYTO CHHIKAET KOHIICHTPAIMIO BHUMa-
HUSI B TTO3HABaTeIFHOM Tiporiecce. C yaeToM 0COOeHHO-
creil Bocnpusitist MH(GOpMaMK HEOOX0ANMA aanTaIys
nporecca 00yueHUsl U IPUMEHEHHE 00pa30BaTelIbHBIX

CortacHO TEOpHHU MMOKOJICHHH, COBPEMEHHBIC CTY-
neHTel, poxkaeHasie B 2000-2010 rr., oTHOCATCS K TO-
kojieHuto Z. I1o 1aHHBIM 3MIIUPUYECKUX HCCIIEI0Ba-
HUH [IPEACTABUTENN OKOJICHUSI Z UMEIOT PsiJI CHIIBHBIX
CTOpOH, OTJIMYHBIX OT npe;u;myuu/lx HOKOJ’ICHI/II‘/II, B TOM
gucne: MU(pPOBYI0 TPAMOTHOCTh M OBICTPYIO ajgamnTa-
U0 K HOBBIM TEXHOJIOTHSAM, CAMOCTOSTENBHOE B THO-
Koe 00ydYeHHEe, OPUCHTAIIUI0 Ha KOHKPETHBII PEe3yIIbTart,
CIIOCOOHOCTh K MHOT03a/JIa9HOCTH U YMEHHUE OBICTPO

TEPEKITIYATECSA MEN LY AHCTBUAMH. OCOOCHHOCTH MO~ TexHONOrHiA, OPHEHTHPOBAHHBIX HA CHIBHBIC CTOPOHBI

KOJICHIISI, CBSI3AHHBIC C KOTHUTHBHO-CTHIICBON M 9MOLIMO-  cOBPEMEHHOIO MOKONEHHs. OXHIM U3 METOOB IIOBbI-

raTITOnLCTBS: Ty 16. BhInyc 2 (60)

HaJIbHO-LIEHHOCTHOH cepamu mmuHocTH [1], BKIrowas
CTHJIb MBIIIJICHUSI, CKOPOCTh BOCHPUSATHS 1 00pabOTKK
nH(MOPMALMH, BpeMsl KOHLIEHTPALlMY BHUMaHH Ha pa3-
JMYHBIX BUAAX IESATEIBHOCTH, BAXKHBI C TOUKH 3PEHHS
OpraHu3aly 00pazoBaTeNIbHOrO NPOIEcca CTY/ICHTOB.

234

HICHHST BOBJICYCHHOCTH, MOTHUBAIUHU 1 3()PEKTUBHOCTH
CTY/ICHTOB TIOKOJICHUS Z SIBISCTCS «TreiMU(DUKAIIHS
oOy4yeHus 1 BHEApPEHHE B 00pa30BaTeNbHBIN Mporece
YYeOHBIX JICJIOBBIX UTP B JOMOJTHEHUE K KIIACCHUYCCKUM
JICKOIMOHHBIM U IPAKTUYCCKUM 3aHATUAM.



AenoBasi urpa «[ToArotoBKa CTPOUTEABHOIO MPOU3BOACTBA» Kak AOMOAHUTEABHBbIH METOA OCBOEHMS

C. 233-259

AnCUMNAMHBI «OCHOBBI opraHn3aumnmn CTPOUTEABHOIO MPOMU3BOACTBa» CTYAEHTaMK CTPOUTEABHOIO YHUBEPCUTETA

JlenoBble Urpbl, KAK METONl aKTUBHOTO 00yueHue,
CTUMYJIUPYIOT [TO3HABATEIBHYIO JICSITEIILHOCTD CTY/ICH-
TOB, TIO3BOJISTIOT TOJTYYHUTH OIBIT PELIEHUS Ppodeccro-
HaJbHBIX 3a/1a4 3a CYCT MOJCIUPOBaHMs (parMeHTa
po(eCCUOHANBHOM EATEIBHOCTH U YCJIOBHUH, MpH-
OmKeHHBIM K peaibHbIM [3]. MccnemoBarensamu ObLTO
YCTaHOBJICHO, YTO MPH Mo1ade HHPOPMAIMK B BUIE JIe-
JIOBOW Wrphl ycBauBaeTcs 6onee 90 % marepuana [4].
B nenoBoii urpe peanusyercst perieHue No3HaBaTeIbHbIX
1 KOMMYHHUKATHBHBIX 33]1a4 KaK B HHTEPecax CTyACHTOB
(mo3nanue ceds1, CBOMX BO3MOXKHOCTEH, JINJIEPCKUX Ka-
YEeCTB, yMEHHU paboTaTh B KOMaH/E), TaK M B WHTEpe-
cax mpenojaBarens (MHTepec B 00ydJaroiieM mporecce,
MOHMMaHHE CTYACHTOB IIOKOJICHUSI Z Yepe3 MOBE/ICHHE
BO BPEMSI HTPBI, IPUHATHE UX OCOOEHHOCTEH W OTIIHIHA
OT Apyrux l'IOKOJ'IeHHfI, BO3MOXHOCTbH HCITIOJIB30BATh 3TH
0COOCHHOCTH JJIsl YCHEITHOTO 00pa30BaTeIbHOTO MTPO-
1ecca, BO3MOKHOCTh OTMETHTH CTYJCHTOB, Hanboiee
MOTUBUPOBAHHBIX U I'OTOBBIX BKIIIOYATHCA B TPYAOBYIO
JIEATEIBHOCTD Y)Ke Ha dTare o0yueHust).

Haxoxnenue mpenoaasareliss B OTHOM HIPOBOM
MIPOCTPAHCTBE CO CTyACHTAMH JO0aBIsAET 3HAUNMOCTU
W aBTOPHUTETA MpPEINoaBaTeiio, YCUINBAET PacIoiio-
JKEHHE W JIOBEPHE, PACKPBIBACT JIMYHOCTH IEAarora,
cONmKaeT rnpenojaBaresell U CTyIeHTOB B podeccuo-
HaJIbHOM M y4eOHOM I10JIe, YTO CIIOCOOCTBYET MPOITYK-
THUBHOCTH 00YHarOIIEeTO Mporecca.

ITpumenuTensHO K aucturuinHe « OCHOBBI OpraHu-
3alliM CTPOUTEIBHOTO NPOU3BOACTBA» (aajee — Juc-
[IUTUTAHA), TENBbI0 KOTOPOU sABIsAETCS (hOpPMUPOBaHUE
KOMIETEHINH 00yJarommerocsi B 00;1acTH opraHu3auu
CTPOUTEIBHOTO TIPOU3BO/ICTBA, HEOOXOMMO OTMETHTb,
YTO B COOTBETCTBHUH C pabodell mporpaMMoii TI0 pe3yiThb-
TaTaMH OCBOCHHSA JUCHUININHBI Y CTYACHTOB JOJI’)KHBI
OBITH C(HOPMUPOBAHBI KOMIETCHIIUH, /ISl PA3BUTHUS KO-
TOPBIX IIeTIECO00pa3HBI IMECHHO aKTHBHBIE METOMIBI 00Y-
YEHHsI, CIOCOOHBIE BbI3BATH MHTEPEC K IPO(eCcCHH U IpakK-
THUYECKOH JIeSITeNILHOCTH. B TOM umcIie cienyiomme Kom-
TIETCHINN:

* YK-2 «Cnocoben onpedensimo Kpyr 3a1a4 B pam-
Kax MOCTaBJICHHOW LI U 8blOUpAmb ONMUMALbHbIE
CNOCOObI VX PEICHNS, UCXOAS M3 JEHCTBYIONIUX MPaBo-
BBIX HOPM, UMEIOIINXCS PECYPCOB U OPAaHUUCHUIDY;

* YK-4 «Cnocobern ocyujecmensmes 0enogyro Kom-
MYHUKayuo B YCTHOW W MTUCBMEHHOH (hopMax Ha rocy-
JapcTBeHHOM s3bike Poccuiickoin denepanyny;

* OIIK-9 «Cnocoben opeanuszosvieame pabomy
U ynpasisime KOJIEeKmMueomM IPON3BOJCTBEHHOTO TIOpa3-
JIEJICHUS] OpraHu3aLui».

OpraHu3anus CTPOUTEIBHOTO MPOU3BOJICTBA —
MHOTO()aKTOpHAs yIpaBlIeHUECKasl 3a1ada, MPearnoa-
raroumas U LMUPOKUM CIIEKTP TEOPETUUECKUX 3HAHMIA,
U yd4eT TpeOOBaHMH 3aKOHOAATENIECTBA, OTPACIEBBIX
PETIaMEeHTOB, CTPOUTEIHHBIX HOPM U MPABHJI, U TPaK-
TUYCCKHUX HABBIKOB BSaHMOHeﬁCTBHH, U IMOHUMAaHUA
0011IeH JIOTHKH MTOATOTOBUTEIILHOTO M ITPOU3BOJICTBEH-
HOTO TIpOIecca, a MMEHHO C TOMOIIBIO JAETOBBIX HTP
YCIIEITHO BOCHPOU3BOAATCA U HU3YUYAIOTCA CJIOXKHBIC

BOIIPOCHI YIPABJICHUS B TEX CIy4asX, KOTIa B ¢IUHOU
CHUCTEMEC JOJI’KHbI OBITH YBA3aHbI Pa3/IMYHBIC UHTEPEC-
CBI U pecypchl. KpoMe Toro, Mo 0qHOMY M3 UMEIOIINX-
Csl OTIpeJIeJIeHUI JIeJoBasi Urpa MpeicTaBiseT coOoi
«IeJaroruYecKuid PUeM MOICITUPOBAHMS PA3THIHBIX
YIPaBICHICCKUAX U TPOU3BOACTBCHHBIX CUTYAITHI, IMe-
OIINX IIeTIbI0 00yUeHNE OTACNBHBIX JIMIHOCTEH U TPy
NpUHATHIO peeHuit» [5]. Hekoropeie mpumeps! aeno-
BBIX WIp, IPUMEHSICMBIX B 00pa30BaTeIbHOM IIPOIIECCe,
TIpeCTaBICHBl B padorax [6, 7]. Bompocs! pa3Butus
YHUBEPCAJIbHBIX KOMIIETCHIMH, 0COOEHHOCTEH MOKOJIe-
HUS Z, a TAKKe UCTIOIh30BaHMsI TeHMI(HUKAITNT U COBpE-
MEHHBIX 00pa30BaTeIBHBIX TIOAXOI0B B By3aX MOIPOOHO
paccMaTpuBaroTCs B psijie uccienoBanuii [8—20].

IIpencraBneHHbli B HACTOALLEH CTaThE CLEHAPUI
JICTIOBOM UTPBI OCHOBaH HAa TEOPETHUECKHUX acHeKTax
JUCIUTIIIHEL, TOAPOOHO U3I0KEHHBIX B yUeOHBIX ITOCO-
Ousix"2, M3yyaeMbIX B paszienax «XapakTepUCTHKA CTPO-
UTETBHON OTPACII, « YIIPABICHHE CTPOUTEIBHBIM IIPO-
U3BOACTBOMY, «CaMOPETryIMPOBAHHE B CTPOUTEIBCTBEY,
«IToaroToBKa CTPOUTEINHHOTO IIPOU3BOACTBAY JICKIHOH-
HOTO MaTrepuana Mo JUCIIATUIIHE.

Ilenarornueckumu UENsIMU 1€JI0BOU UTPbI ABIISET-
sl MHTETPAIHs OCBOCHHBIX TEOPETUUCCKIX 3HAHUH B I1e-
JIOCTHYIO CUCTEMY, ITPEICTABJICHHYIO B BHIC (pparMeHTa
npodeccHoHaNBHON JeITeLHOCTH, a UMEHHO: 3HAHWMA
00 yJacTHUKAX CTPOUTEIHCTBA (3aCTPOUIIHK, TCXHH-
YEeCKHUH 3aKa34uK, MPOCKTHO-M3BICKATEILCKHE OPraHu-
3alWn) U UX B3aUMOJICHCTBHH (IIPOBEICHUE TCHICPOB,
3aKJIIOYEHUE JJOTOBOPOB), MPOLIECCEe OPraHU3aliy padboT
o 00BEKTy (yTBEpIKICHHUE 3aJaHUS HA TPOCKTHPOBA-
HUE, BEIOOP UCIIOIHUTENS MPOCKTHO-U3BICKATEIhCKUX
paboT), CTPYKTYpHI YIPABICHUS OPTaHU3AINH (JIHHEH-
Hasl, QYHKIIMOHATbHAs, KOMOMHUPOBAHHAS OPTaHHU3AITH-
OHHAsl CTPYKTYpbI); paboTa ¢ madiIoHaMHu JTOKYMCHTOB,
MPUOTKEHHBIX K TPAMEHSIEMBIM Ha MTPAKTHKE (3a1aHHs
Ha MMPOCKTUPOBAHNE, KOMMEPUECKOE MPETIOKEHHUE, 10-
TOBOP, aKT CIaUU-TIPHEMKHU BBITIOJTHEHHBIX pa0OT), a Tak-
’Ke OPMHPOBAHUE HABBIKOB MIPOBEICHHUS JICTIOBBIX ITEpe-
TOBOPOB.

MATEPHWAJIBI U METO/JAbI

[pu pa3pabotke crieHapHs A€I0BON UI'PBI HCIIOIb-
30BaJIUCh CJICIYIOIIIE MAaTepUabl: TEOPETUIECKHE HC-
TOYHUKN (YUYSOHUKH W MOHOTpadUU MO AUCIUTIIINHE
«OCHOBBI OpraHHU3aIMU CTPOUTEIHLHOTO TIPOU3BOJICTBAY,
JIETIOBBIM UTPaM, MEJArOTMIECKIM TEXHOJIOTHUSAM U HTPO-
BoMy oOyueHwuio, pabouas nporpamma HUY MI'CY,
nm¢p b1.0.26 mo muctmmimie); SMOMPHYECKAC JaHHbIE
(xeHchbl peabHBIX KOMIIAHH, BBITOIHSIOMNX (PyHKIIMN
3aCTPOUIIMKA M TEXHUYECKOTO 3aKa3urKa 1Mo 00beKTaM
pa3nuIHOTO (HYHKIIMOHAIEHOTO Ha3HAYCHUS, (DUHAHCH-
PYEMBIX KaK C IIPUBJICYEHUEM OFOJKETHOTO (PMHAHCHPO-

! Oneitnux IT.11. OCHOBBI OPTraHU3ALUH U YIIPABJICHHS B CTPO-
utenbcTBe : yueOHuk. M. : ACB, 2014. 200 c.

2 Oneunux I1.I1. Opranuzanyst, IIAHAPOBAHKE U yIIPABJICHUE
B CTpouTenbeTBe : yueOHuk. M. : ACB, 2015. 160 c.
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BaHMA, TaK U 3a CUCT YACTHBIX CPEACTB, IPOCKTHO-NU3bI-
CKaTeNbCKUX OpraHu3aiuii). Pa3naTtounpie MaTepraibl
(hopMHPOBAIHCH C YIETOM TPeOOBAHMUI IEHCTBYIOIIETO
3aKOHOMATEIBCTBA U HOPMATUBHO-TEXHUYIECKUX JIOKY-
MEHTOB.

[Ipu pazpaboTKe crieHapusi TPUMEHSIICS KOHTESHT-
aHaiu3 (M3y4eHHEe CYIIECTBYIOUIMX KEHCOB U METOIH-
YeCKUX 1M0COOMiT) U METOJI CLIEHAPHOT'O IJIaHUPOBAHMUS
JUISL BBIPAOOTKH KJIFOUEBBIX MIPOBBIX CUTYAIMH.

PE3YJIBTATbHBI HCCIEJOBAHMUSA

Onucanue cueHapus y4eOHOI /1e10BOM UIPbI
«IloaroroBKa CTPOMTEJIBLHOIO MPOU3BOACTBA»

YuebOHast nenoBast urpa (ajnee — Urpa) paccuuTaHa
Ha 30-50 crynenToB. Ilpu 3TOM 11151 KAYECTBEHHOT'O BO-
BJICUCHUSI B UTPY BCEX YYACTHUKOB B TIOMOIIb OCHOBHO-
MY IperoaaBaTeto (BeayeMy Urpbl) HEOOXOIMMO MTpH-
BJICUCHUE JIOTIOIIHUTEIILHOTO MOJIepaTopa.

Hrpa B ynpoueHHOM BUE, HO NPUOIMKEHHOM
K peasbHOM MTPAKTUKE, MOACIUPYET MPOLIECCHI:

* pa3pa0OTKa M yTBEP)KACHHE 3aJaHHS Ha IIPOEKTH-
poBanue oobexra (3HII);

* BBIOOp HCIIOJIHUTENCH MPOEKTHO-U3BICKATEIb-
CKHX pabor;

YTBCP)KI[CHI/IC 3aaHus

=)
Ha NPOEKTUPOBaHNE 00BEKTa

Iloaroroska u yTBep:kaeHue
MPOEKTHO-N3BICKATEIIbCKOM =)

JAOKYMEHTallun

* 3aKJIIOYEHUE JI0TOBOPOB MEKIY FOPUANUECKUMHU
JULAMU;

* MOATOTOBKA U YTBEP)KJIEHUE MPOECKTHO-U3bICKA-
Tenbckoi fokymenTanuu (I11P);

* MOJATrOTOBKA K TEHAEPY HA IMPOBEACHUE CTPOU-
TEFHO-MOHTAXKHBIX pabot (CMP).

Jlo poBeieHUs 1eIOBOM UIPhI CTYICHTHI JJOJKHBI
OBITh O3HAKOMIICHBI C TEOPETHUECKUM MaTEpHaIOM JNC-
LUIUIMHBI 10 TEMAM: OCHOBHBIE TEPMUHBI U OIIpe/ee-
HUS B 00JIACTH OpraHM3ally CTPOMUTENILCTBA; KU3HEH-
seii 1K (OKI]) 00BeKTa KamuTaaIhbHOTO CTPOUTENECTBA
(OKC); y4acTHHKH CTPOUTENHCTBA; B3aUMOJICHCTBHE
Y4aCTHUKOB CTPOHUTEILCTBA; OpraHU3allMOHHO-IIPaBO-
BBIE (DOPMBI XO3SIIICTBEHHBIX OpTraHU3AlNN; CTPYKTY-
pa ynpaBJIeHHMsS OpPraHU3aLUsAMH; CAMOPETYJINPOBaHHE
B CTPOUTEIBLCTBE.

PaccmarpuBaeMble B paMKax UIPhI 3Tallbl IPUBEIE-
HBI Ha puc. 1.

AynuTopust JeIUTCA Ha KOMaHIbl, KaXKaas U3 KOTO-
PBIX CTAHOBUTCSI OTIEJIBHOM OpraHu3alyeil — y4acTHU-
KOM cTpouTenbcTBa. CoCTaB yUaCTHUKOB NPEICTABICH
Ha puc. 2.

J1s1 nemoHcTpanuu pa3auuuid B OpraHnu3aliy npo-
mecca B UTpe MPHUCYTCTBYET JIBa 3aCTPONIINKA (31€Ch
U Jajiee MOHSTUS UCTIONB3YIOTCSI B COOTBETCTBUU ¢ [pa-

Br160op ucnonauTeNCH -
IIPOEKTHO-U3bICKATEILCKUX

padot

IloaroToBka Kk MpoBeaCHUIO -
tennepa na CMP

= CMP (B urpe He paccMaTPUBAETCS)

Puc. 1. Dramnsl, paccMaTpuBaeMble B UTpe

3acTpoimyk
®DI'bY «KanuranbHoe
CTPOUTEIHCTBO»

3acTpoiuK
OO0 «MoCKOBCKHI JIeBETOTIEP»

( Texuanueckmii 3aKa3unuK )

IIpoexTHo-
N3BICKATEIbCKast
opranuzanus Ne 1

IIpoexTHo-
N3BICKATEIbCKast
opranuzanus Ne 2

IIpoexTHo-

H3BICKATEIbCKAs
opranusarms Ne 3

< ITnomanka r '0C3aKyIIKH >

Puc. 2. CocraB KOMaHJl — y4aCTHHKOB UTPBHI
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AnCUMNAMHBI «OCHOBBI opraHn3aumnmn CTPOUTEABHOIO MPOMU3BOACTBa» CTYAEHTaMK CTPOUTEABHOIO YHUBEPCUTETA

JOCTPOUTEITBHBIM KoZiekcoM PD?), ofH 13 KOTOPHIX sIB-
JISIETCS TIO/IBEIOMCTBEHHBIM YUPESKACHUEM U IUTaHUPYET
CTPOUTEJBCTBO 32 CYET OIOHKETHOrO (PMHAHCUPOBAHMS
(®I'BY «KanuranpHOE CTPOUTEIBCTBOY), a APYTOH —
gacTHOM opranuzamueii (OOO «MockoBckuil 1eBe-
soriepy). Kaxk bl 3acTpofIIuK peannusyeT Mepornpu-
atus o onHoMy OKC. C y4eToM HMKEH3JI0KEHHOU
LITaTHOW PAacCTaHOBKU U KOMIIETEHLIMM COTPYAHUKOB
00O «MocKOBCKH neBeonep» MpeanonaraeTcs,
YTO ATOT 3aCTPOMIIMK OY/IET 1epeaBarh CBOU (yHKIIUH
TEXHUUYECKOMY 3aKa3uuky. Ha «pbIHKe» 1€710BOM UIPbI
MPUCYTCTBYIOT TPU PAaBHO3HAYHBIC MTPOEKTHO-U3bICKA-
TEJIBCKUE OPTaHU3AINHU TSI IEMOHCTPALIMH KOHKYPEHT-

* TpamocrpoutenbHblii Koneke Poccuiickoit @epepanuu
ot 29.12.2004 Ne 190-®3 (pex. ot 31.07.2025). URL: http://
www.consultant.ru/document/cons_doc LAW 51040/

HOH cpenpl. Kakaas m3 MpOEKTHO-U3BICKATEIBCKUX
OpraHU3alMH{ MOXET y4acTBOBATh B NMPOEKTHO-M3BI-
CKaTeJIbCKUX PadoTax Mo KakIOMY M3 JIByX OOBEKTOB.
Komanma «Imioniaaka roc3akynkm» UMHTHPYET padoTy
eauHOW MH(OPMAIIMOHHON CHUCTeMBbI B cepe 3aKy-
MOK U y4YacTBYeT B MPOBEICHUH TEHAEpa 3aCTPOUIIH-
ka OI'BY «KamnuranpHoe cTpouTeabcTBO». B Tadm. 1
MIPeACTaBIEHB! 00Ie BBOIHBIC, LIEIH U 33aJa4H B UTPE
JUTS KaXKI0W KOMaH/Ibl-y4aCTHHKA.

B tabu1. 2 B yInpoIieHHOM BHJIE PEACTABIICHBI IITaT-
Has PaCCTaHOBKA M OPTaHU3ALMOHHAS CTPYKTYypa yIpaB-
JIHHUSI KKI0W oprann3aipeii (GpyHKIoHaIbpHAas cuctema
YIpaBiICHUS, BCE OTAEIBI MOAYHHSAIOTCS TeHEPAIbHOMY
JIUPEKTOPY), IPUBEICHBI peKOMEHTyeMble 3a1aun. Kax-
JIOMY CTY/IEHTY-Y4YaCTHUKY KOMaH/ibl HEOOXOIMMO Ha3Ha-
YUTH JTOJDKHOCTH B OPTaHM3AIMHU W ONIPEACTNTb, B Ka-
KOM OTJiesie OH paboTaeT.

Taou. 1. O0mmue BBOIHBIC, IIETH U 3a]1a4H B UTPE TS KQKJOH KOMaH/IbI-y4aCTHUKA

Homep OO011¥ie BBOIHBIC Ilens B urpe 3ajauu B uUrpe Pexomennyemoe
KOJINYECTBO
CTYJCHTOB
B KOMaHJIe
1 2 3 4 5
Komanoa 1. 3acmpouwux @I'BY «KanumanvrHoe cmpoumenscmeaoy
1 SBiseTcs 3aCTPOUIUKOM OnrumansHO Pa3paborars 1 yTBEepAUTH 7-10 gen.
OKC pacrnopsiAuTbCs 3aJaHue Ha IPOCKTUPOBaHHUE.
«IIpon3BOCTBEHHBIH AMEFOIIIMCS OFOIKETOM. [Iposectu Termep (Ne 44-D3)
KOPITYC». [ToxroToBUTH MPOEKTHO- 1 3aKJFOYUTH JI0TOBOP
Ha o6wexrt Boieneno 100 000 | cMeTHYIO JOKYMEHTAIMIO, | C IPOEKTHO-M3BICKATEILCKON
JICHE)KHBIX €ANHHAI] U3 CPEICTB | KOTOPAst TO3BOIIHUT OpraHm3anueH.
(henepaabHOTO OIOKETA. MOCTPOUTH OOBEKT, [MpusATH pesynsrar paboT
JIpyrux ICHEXHBIX CPEACTB | COOTBETCTBYIOMINIL (TIPOEKTHO-U3BICKATEIbCKYIO
Y 3aCTpOHIIUKA HET. MIOCTABJICHHOH 3aaue JTIOKyMEHTAIHIO).
B npousBoncTBeHHOM OOBSBUTE TEHIEP
KOpIIyCe HYKHO Ha CTPOHUTEIILCTBO
pa3MecTUTh 000pyHOBaHHE,
KoTOpOe 3aHuMaet 50 m?
(6e3 yuera mommazaeu,
HEOOXOVMBIX TIOMEIICHUH
aJIMIHUCTPATUBHO-OBITOBOTO
Ha3HAYCHUSA).
B mrare ects coOcTBeHHBIE
KBATN(DUIIIPOBAHHEIE
CIIEIHAIUCTHI
Komanoa 2. OO0 «Mockosckuii Oesenonepy
2 SIBnsieTcs 3aCTPOHIIMKOM [TocTpouts Kak MOXHO OpraHu3oBaTh pa3paboTKy 3-5 ven.
OKC OOJTBIIIE KB. M JKHJIbS. HPOEKTHO-CMETHOM
«MHOT03Ta)KHBIHN KUTOH [ToaroToBUTH NPOEKTHO- JIOKyMEHTAI1H, 3aKJIFOYUTh
JIOM. CMETHYIO JOKYMEHTAIUIO, | IOTOBOP C TEXHUYECKUM
[Momyunn xpeauT B 6aHke KOTOpasi O3BOJIUT 3aKa34HKOM.
B pazmepe 180 000 1eHEKHBIX | HOCTPOUTH OOBEKT, VTBepAnTh 3a/1aHue
€IMHMUIL. COOTBETCTBYIOLINI Ha [IPOEKTHUPOBAHUE.
JIpyrux eHeXKHBIX CPEACTB | IOCTABICHHOM 3aaue YTBEepIUTh NPOEKTHO-
y 3aCTpOMIIIKA HET. U3BICKATENIbCKYIO JOKYMEHTAIUIO
B mirare HeT nHKeHEpHO-
TEXHUYECKUX COTPYJHUKOB
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Oxkonuanue maén. 1

Homep OO1ne BBOAHBIE Lens B urpe 3amaum B urpe Pexomennyemoe
KOJINUECTBO
CTY/IEHTOB
B KOMaH 1€
1 2 3 4 5
Komanoa 3. Texnuueckuil 3akasuux (Hazeanue 6bl0Upaiom cmyoeHmot)

3 SIBnsieTcst TEXHUYECKUM 3apaborars 3aKITIOYUTh JTOTOBOP 3-5 gem.
3aKa34MKOM, B IITaTe C 3aCTPOHIITIKOM.
€CTh COOCTBEHHEBIC Pazpaborars 3amanne
KBATH(DPUIIIPOBAHHBIE Ha MPOEKTHPOBAHHE.

CTEIHATUCTHI [TpoBecTn TeHaEp U 3aKITIOINTH
JIOTOBOP C TIPOEKTHO-
M3bICKATEIbCKOIN OpraHu3aue.
[IpunsaTh pesyasrar padot
(TIPOEKTHO-U3BICKATEIBCKYIO
JTIOKyMEHTAINIO) U CAaTh €T0
3aCTPONUILIUKY

Komanowt 4, 5, 6. [lpoexmmuo-usvickamenvckue opeanusayuu (Ha36anus 8bl0Uparom cniyoeHmot)

4 Ksanudummpopanueie 3apaborarh [ToAroTOBUTHCS K YHACTHIO 5-9 vemn.
MPOEKTHO-M3BICKATEIILCKHE B TEHJIEpax. B KaXK101
OpraHu3anuy, ob1aaronme 3aKJTIOUUTE JIOTOBOP KOMaH e
OIIBITOM PabOTHI Ha pa3paboTKy MPOEKTHO-

N3BICKATEIbCKOM JIOKyMEHTAIIUH.
Pa3paborarb IpOeKTHO-
N3BICKATETBCKYIO
JTIOKYMEHTAIHIO.
Crnare pesynbrar paboT
Komanoa 7. Inowaoka «Ioczaxynkuy
5 Komanna Oyner OO0ecneynTh MPOBEICHIE [IpoBepsTh mocTynaouyo 2-3 uen.

JIOIOJIHUTEIBHO
HNPOUHCTPYKTHPOBAHA
0 PeTIaMEHTy PaOOTEL,

IIPU IPOBEPKE TOKYMEHTOB

nobenutens (IpUBEIEHEI
B pa3/[aTOYHOM MaTepHuaie)

Ha 4TO 06paman, BHUMAHUC

1 10 METOAUKE OIPEACICHUSA

TeHACPpa

JTIOKYMEHTAIHIO.
HNudopmMupoBaTh 0 MpOBOIUMOM
TEHJIepe.

[Momy4nTs KOMMepUecKue
TIPEATIOKEHHS.

OmnpenenuTh MOOSTUTEINS.
ConpoBOIHTE 3aKIIOYCHIE
JI0rOBOpa

Tabu. 2. llltatHas paccTaHOBKA M OPraHU3allMOHHAs CTPYKTypa yIpaBISHUs AJIs KaKA0H KOMaHbl-y4acTHHKA

Homep JomxHocTh Pexomenyemsie 3anauu
1 2 3
Komanoa 1. 3acmpouwux @I'BY «Kanumanvrnoe cmpoumenbcmeoy

T'enepanbHblil TupexkTop
1.1

Oprann3oBarb padoTy.

[IpencraButh pe3ynsrar

y6CIII/ITI>CSI B Ka4€CTBE PE3YyJIbTATOB.

I'maBHbBII HHXEHEp, LITAT

HOI[FOTOBI/ITI) TEXHUYCCKUC Tpe60BaHI/I$I B 3a/1aHUU Ha IPOCKTUPOBAHUE

1.2
HMH)KEHEPOB
DKOHOMUUECKUH oTAEn Pacripeenuth GroKeT (B TOM YHCIIE ONPEISNIUTh U COIVIACOBATh C IVIABHBIM
1.3 HHKEHEPOM IUIOIIA/(b TPOSKTHPYEMOTo 00BEKTa).
OnpenenuTs HadyallbHYI0 MaKCUMaJIbHYI0 CTOMMOCTb KOHTpakToB Ha [TVP u CMP
Otzaen no B3aumozeiicTuio | [IoArotoBUTH TpeOOBaHMS K yUaCTHHKAM TEHJIepa.
1.4 |c xoHTpareHTaMu [1oAroToBUTH 10rOBOP K 3aKIIOYECHHUIO.

OpFaHl/ISOBaTb NnoANMCaHue aKTOB CAAYU-IIPUEMKHU BbIITOJIHEHHBIX pa60T
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Okonuanue maon. 2

Howmep J1oJKHOCTD Pexomenyemble 3a1a4n
1 2 3
Komanoa 2. OO0 «Mockosckuii desenonep»
T'enepanbHBIT JUPEKTOP OpraHuzoBars paboTy.
91 [IpoBecTyn meperoBOpEI C TEXHUUSCKUM 3aKa3UMKOM U COITIACOBATH YCIOBUS PAOOTHL
: YOenuThCs B Ka4eCTBE PE3yIbTaToB.
[IpencraButh pe3ynsrar
DKOHOMHUUECKHI OTAEN Pacnipenenuts GromkeT (B TOM YHCIIE OMIPEIETUTh U COTTIACOBATh C TEHEPATIBHBIM
JUPEKTOPOM IIJIOMIAAb IPOSKTUPYEMOTO 00BEKTA).
22 OnpenenuTh HadaabHyI0 MAaKCUMaJIbHYIO CTOMMOCTb KOHTpakToB Ha [IMP u CMP.

[1oAroTOBUTH TOTOBOP K 3aKIIOUCHHUIO.
OpraHu30BaTh MONUCAHIE aKTOB CAAYU-MPHEMKH BBIIOIHEHHBIX PaboT

Komanoa 3. Texnuueckuil 3axasyux (Hazeanue epiouparom cnyoenmot)

T'enepanbHBIIT TUPEKTOP Opranuzosars paboTy.
3.1 YOenuThCs B Ka4eCTBE Pe3yIbTaToB.
[IpencraButh pe3ynsrar

I'maBHBII HHXEHED, IITAT IToaroToBUTH TEXHUYECKUE TPEOOBAHNUS B 331aHUH HA IIPOCKTUPOBAHUE

3.2 UHXEHEPOB
13 OKOHOMUYECKUI oTAEN [Tpn HEOOXOIMMOCTH TIepepaCTIPENEIUTE OIO/KET, ONIPEASIIUTE HadaIbHYIO
) MaKCHUMaJIbHYI0 CTOUMOCTh KOHTpakToB Ha [TMP u CMP
Otnen no B3anmozelicTeuto | [Ipomxymars mopsaok Beioopa ucnonautesst [THP.
3.4 |C KOHTpareHTaMu IToAroToBUTH JOTOBOP K 3aKIIOYEHHIO.
OpraHn3oBaTh MOJNUCAHIE AKTOB CAAYH-NPHEMKH BBITIOTHEHHBIX PaboT
Komanowt 4, 5, 6. Ilpoexmmno-usvickamenvcKue opeanuzayuu (Ha36aHus 8bl10Uparom cnyoeHmst)
T'enepanbHblii fupeKTOp OpranuzoBars paboTy.
4.1 Y06enuThCs B Ka4eCTBE Pe3ybTaToB.
[IpencraButh pesynsrar
I'maBHbI uHXEHEp, IITAT PazpaboTars npoeKTHO-U3BICKATEIbCKYIO JOKYMEHTAIIHIO
4.2 UHXEHEPOB
43 Otzaen no B3aumoeicTuio | [IoAroTOBUTHCS K y4acTHIO B TeHaepe/BbiOOpy ucronautess [TAP.

C KOHTparcHTaMu IloaroroButh JI0TOBOP K 3aKJIFOUYCHUIO

C CpeiHsisi CTOMMOCTh POEKTHO-M3bICKATEIbCKHUX PaboT D

v’ 5 leHeKHBIX €IUHHUI] 32 KB. M

C CpeznHsisi CTOMMOCTh CTPOHTEIHHO-MOHTKHBIX paboT D

v' 1000 neHeXHbIX eIUHUIL 32 KB. M

( Kpurepun BeI60pa HCIIOTHATEIS )

v HauMeHbIuas CTONMOCTb.
v CoOTBETCTBHE KBATH(DUKAIIMOHHBIM TPEOOBAHHUSIM.
v OmNBIT aHATIOTUYHBIX PaboT

Puc. 3. O6uyie BBOIHBIE U YIaCTHHUKOB HIPBI

O6H.II/IC BBOJ/IHBIC, HCO6XOI[I/IMLIC JJIA1 BCCX y4aCTHU- Ha puc. 4. BpeM?I KaK0T0 TaKTa U COCTAB €ro MEpOoIpus-

KOB HTPOBOTO ITpOLIECCa, IPEJICTABICHBI Ha puC. 3.
Hrposoii nponecc pazaenex Ha 4 Takra o 10 MuUHyT

KaK/IpIi. B TeueHne kak1oro Takta KOMaH bl BBITTOJIHS-

10T UTPOBBIE 3371441 B TIOCIIEIOBATEIILHOCTH, TIOKA3aHHON

THIA MOXXET OBITh CKOPPEKTHUPOBAH BEYIIIMM HTPHI C yIe-
TOM CKOPOCTH BBITIOJTHEHUST KOMAaHIaMH UTPOBBIX 3a/1a4.
Benymemy HEOOX0IMMO HATIPABIIATh NCHCTBUS KaXKIOH
KOMaHTbI, 00€CIIeUrBasi CHHXPOHHOE TIPOIIBIDKEHIIE K IIe-
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1-ii TakT 2-ii TakT 3-if TakT 4-ii TakT
(10 mun) (10 MuH) (10 mun) (10 MuH)
OI'BY «Kanutanshoe | PaspabarbiBaet u yTBepkaaer | [IpoBomst Tenuep Ha Konrponupyer VTBepKIaeT MPOEKTHO-

CTPOHUTEIIBCTBO» 3ull. TUJTOIIAIKE «Foc3akym<n» n HU3BICKATCIIbCKYO

Oo6bsBaser Tenzaep Ha [TUP onpeeNAoT nobdeuTess JIOKYMEHTALMIO
IIpoexrHo- ToroBsarcs K yyacTuio B YuacTBy10T B TeHAEpe Opranusanus-nodeurens 1 opraumsanus paspabaTsiBacT
M3bICKATCIICKHUEC TEHJEpE. TeHJepa pa3paGaTLIBaeT TIPOEKTHO-U3BICKATEIIbCKY IO
oprasusanuu TMPOCKTHO-MU3BICKATCIILCKY IO JIOKYMCHTAIIHIO.

JIOKyMEHTAIMIO, CAAET
3aKa34vuKy.

Jlpyrue opranusanuu
YYacTBYIOT B TEHIEPE

Craet pe3yabTar 3aCTPOHIIUKY

000 «MockoBckHit
JIEBENIONep»

Texnuueckuii 3aKa34uk

CoracoBbIBaIOT yCIOBHS U
3aKJIFOYAI0T MEXKILY coO0i
JIOTOBOP

Puc. 4. Xox urpsr (6a30BblIii 11aH)

VYrBepxaaer 3ull.
Konrponupyer

KonTponupyer

Kontpomupyer.

VY TBepKIaeT MPOSKTHO-
H3BICKATCIILCKY O
JIOKYMEHTAIUIO

PaspabarsiBaer 3HI1.
IpomyMbIBaeT MOPSATOK
BbIOOpa ucnonuuress [TAP

Bri6upaer ucnonuurens ITAP.
3aKII0yaeT J0roBop Ha
pa3paboTky

KoHTponupyer, cornacoBbiBacT.
Craet pe3yabTar 3aCTPONIINKY

asiM. JlomyckaeTcs OIycKaTh HE3HAUMTENIbHBIC EeTallH
(o1IMOKH MOXKHO pa3o0parh 10 3aBEPLICHUH HUIPOBOTO
nporecca). Haubonee BaxxHBIMH B UTPOBOM Ipoliecce
SBIISFOTCS BOBJICYEHHOCTD YYaCTHHKOB, (DOPMHUPOBAHHUE
MIPEACTABICHUS O NMPO(ECCHOHAIBHON IEITENbHOCTH
YYaCTHUKOB CTPOUTEINILCTBA, PEAIM3YEMON B YCIOBUAX

CKaTBIX CPOKOB, U MPEyCMaTPUBAIOLIEM HapaJuleIbHOE
Pa3BHUTHE COOBITHI IO 0OBEKTaM.

[To 3aBeprIeHUN KaKIOr0 TaKTa MPErnojaBareib
03BY4YHBAaCT OCHOBHBIC COOBITHS TaKTa M UX PE3yJIBTAThI,
Harpasisier JeicTBust koman]. [lo okoHyaHum UrpoBo-
To Iporecca BeAyLIHil IPernofaBaTelib OIBOIUT HTOTH

Tab.. 3. Kpurepun oLleHKH pe3yJIbTaToB, JOCTUTHYTHIX KOMaHAaMU

Homep Kpurepun 1ocTHReHNs UTPOBBIX LiENeH Kputepuu BBINOTHEHUS] UTPOBBIX 3a71a4
1 2 3
Komanoa 1. 3acmpoiiyyux @I'BY «Kanumanvnoe cmpoumenscmeoy
1 Pazpaborana npoeKTHO-U3BICKATEIbCKAs 3acTpONIIMKOM pa3paboTaHO U YTBEPIKICHO 3aaHNe

JOKYMEHTAIHS 110 OOBEKTY
«IIpou3BOACTBEHHBIH KOPITYCH»
wIomanaso >50 m2.

IIpemycMOTpEeHHBIX JEHEKHBIX CPEICTB
3a BBIYCTOM (DAaKTHUECKHX 3aTpar

Ha IPOEKTHPOBAHHE TOCTATOUHO

JUIst Tocieyromero Boimonaenuss CMP
10 00BEKTY

Ha POCKTHPOBAHKE, KOPPEKTHO OIPEICIICHBI TEXHUKO-
HKOHOMHYECKHE MTOKA3aTeNl 00bEeKTa (MCXOMS U3 CPEeIHEH
croumoctr 1 M [TUP u CMP, 6ro/pKeTa 3acTpOMIINKa XBATAeT
Ha 3JaHKE TUIONIAAbI0 Ha 99,5 M2, JaHHOE 3HAYEHUE HE SIBISAETCS
€IMHCTBEHHO BEPHBIM, TaK KaK KOMAHJ0H MOTYT OBITh BEIOPAHBI
pa3NYHbIC CTPATETHUH: YYUTHIBATh BO3ZMOYKHOE TEHICPHOE
CHIDKECHHE/OCTABISATh PE3EPBBI CPEACTB HA HETIPEIBUICHHBIC
pacxozsl  T.11.). 3alaHue Ha IPOCKTUPOBAHKE MTOAITUCAHO
JIOJDKHOCTHBIMU JIMLIAMHU, OTBETCTBEHHBIMHU 32 €TI0 TIOTOTOBKY,
1 YTBEP KJICHO TTOIUCHIO TIIABHOTO MHXKEHEPa OPTraHU3aIUH.
IIpoBezneH TeHAEP B COOTBETCTBUU C PEIIAMEHTOM ILIOIIAIKH
«l'oc3aKynKm», 3aKIIIOYCH IOTOBOP € MPOCKTHO-U3BICKATEIIBCKOM
opranu3zanueil. B 1oroBope orpaxeHbl OCHOBHBIC YCIIOBHS
CZICNKU (CTOUMOCTD, CPOKH, TpeOOBaHMS K pe3ynbrary). JloroBop
TIO/INIFICAH TeHEPATbHBIM AUPEKTOPOM C KAKIOH CTOPOHBL.
IIpoexTHast TOKyMEHTaNus, IEpeAaHHast 3aCTPOUIIIUKY,
COOTBETCTBYET TPEOOBaHMSM 3a/IaHHS HA IPOCKTUPOBAHUE,
TUTYJbHBIC JIUCTHI TPOSKTHOW JOKYMECHTAIMHU TTOIITHCAHBI
JIOJDKHOCTHBIMH JIUIIAMH, OTBETCTBEHHBIMU 32 €€ ITOTOTOBKY,
U YTBEP>KICHBI IOAMUCHIO TIIABHOTO WH)KCHEPA IPOCKTHO-
M3BICKATEIbCKON OpraHU3aIHH.

B coorBercTBUE ¢ pernamenToM mromaaky «l oczakynkmy
OOBSIBIICH TEHIIEP Ha MPOU3BOJICTBO CTPOUTEIILHO-MOHTaKHBIX
paboT 1o 00beKTy. B KauecTBe MCXOMHBIX TaHHBIX TPECTaBICHA
pa3paboTaHHast IPOSKTHO-U3bICKATENbCKAS JOKYMEHTAIHS,
oIpe/ieiicHa HadallbHAs MAKCUMaJIbHAsi CTOMMOCTB JIOTOBOPa

na CMP
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Ipoooncenue maén. 3

Homep

Kputepun noCTmKeHUs! UTPOBBIX LieneH

Kputepuu BBINOTHEHUS] UTPOBBIX 3a1a4

2

3

Komanoa 2. OO0 «Mockosckuii desenonepy

PazpaboTrana mpoeKTHO-H3bICKATEIBCKAS
JIOKyMEHTaIus 1Mo 00beKTy «MHOTOATaKHBII
JKHIION JTOMY.

IIpenycMOTpeHHBIX IEHEKHBIX CPEJICTB

3a BBIYETOM (PAKTHYECKUX 3aTpar

Ha NPOEKTUPOBAHUE JIOCTATOUHO

JUIsE TToclieaytouiero BuinosHneHust CMP

0 00BEKTY

3aKII0YeH JJOrOBOp C TEXHUYECKUM 3aKazuukoM. B noroBope
OTPaXKCHBI OCHOBHBIC YCIIOBHSI CICIKH (CTOUMOCTh, CPOKH,
TpeOOBaHUS K pe3ynbTary). JJoroBop mojmnucan reHepaibHbIM
JIUPEKTOPOM C KaXKJI0i CTOPOHBI. YCIOBUSI C/IEIKU COIIACOBAHbI
Ha YPOBHE T€HEepPaJIbHbIX JUPEKTOPOB opranu3anuid. OCHOBHBIM
MPEAMETOM OOCYKICHUS SBISIETCS CTOMMOCTD YCIyT
TEXHUYECKOTo 3aKa3zuuka. Mcxons us cpegneit crommoctu

1 M2 [TUP u CMP, GroikeTa 3acTpOMIIMKA XBATAET HA 31aHHE
mI0nIa6k0 Ha 179 M2, yem Gosbllel TUIOMAaH CMOLJIa JOCTHYh
KoMaH[a, TeM 3 (deKTHBHEe ObUIH e¢ ICHCTBHUS.

3alaHue Ha NPOEKTUPOBAHKUE TIOAUCAHO JJOKHOCTHBIMU
JIMI[AMHU, TEXHUYECKUM 3aKa34UKOM, OTBETCTBEHHEIM 3a €T0
MOATOTOBKY, B TOM YKCJIC TIABHBIM HHXEHEPOM, YTBEPKICHO
reHepabHbIM TUPEKTOPOM 3aCTPOMIINKA U COOTBETCTBYET
YCJIOBUSIM JIOTOBOPA MKy 3aCTPOUIIMKOM U TEXHUUECKUM
3aKa34nKOM.

[IpoekTHast JoKyMeHTalMsl, IepeaHHas 3aCTPONIIIUKY,
COOTBETCTBYET TPEOOBAHUSM 3aJIaHHS HA IPOCKTUPOBAHUE,
TUTYJbHBIC JIUCTHI TPOCKTHOW JJOKYMECHTAIIMHU TTOIITHCAHBI
JIOJKHOCTHBIMU JIMIIAMH, OTBETCTBEHHBIMH 32 €€ IOATOTOBKY,
YTBEPKACHBI MTOJITUCHIO [NIABHOTO MH)KEHEPa MPOEKTHO-
M3BICKATEIbCKOM OpraHu3aly U COracoBaHbl TEXHUUECKUM
3aKa34nKOM

Komanoa 3. Texnuueckuii 3axaz

yuK (Hazeanue eulouparom cmyoennul)

CTOMMOCTb BBIITOJHEHHBIX PadoT,

B COOTBETCTBUU C aKTOM CIIQYH-IIPUEMKH
BBITTOJTHCHHBIX Pa0OT, MOANMUCAHHBIM

MEX[Y 3aCTPONIINKOM U TEXHUUECKUM
3aKa34MKOM (II0XOJ1), OOJIBIIIE, YEM CTOMMOCTh
BBITTOJTHECHHBIX Pa0OT, B COOTBETCTBUH

C aKTOM CIaYH-TIPHEMKHU BBITIOJTHEHHBIX
paboT, MOMIHCaHHBIM MEKAY TEXHUUECKUM
3aKa34MKOM H MPOCKTHO-U3BICKATEIILCKOM
opraHu3anuei (pacxom)

3aKIII0YeH JOTOBOP C 3aCTpOoHIMKOM. B moroBope oTpakeHb!
OCHOBHBIE YCJIOBUS CAEGJKHU (CTOUMMOCTB, CPOKH, TPEOOBAHHUS

K pe3yinbrary). JloroBop noanucaH JINIHOI HOAIHCHIO
TeHEepaJIbHOTO JUPEKTOpa ¢ KaXKI0H CTOPOHEL. YCIIOBHS
CJICJIKY COIVIACOBAHBI HA yPOBHE TCHEPAIILHBIX AUPEKTOPOB
opraHusanuil.

3acTpOHIIMKOM HOJITUCAH aKT CAAUYN-IIPHEMKH BBITIOTHEHHBIX
paboT TEXHMUYECKOTO 3aKa34drKa. AKT CJa9U-IPHEMKH paboT
HOJNHCAaH JINYHOH HOIHCHIO TeHEPAIEHOTO TUPEKTOPa

C KQXKJI0H CTOPOHBI (MCXOJIS U3 YCIOBHH HIPHI IPEAIONATaeTCs,
YTO 3aCTPOHIINK HE MOAIUIIET aKT PAHbIIe, YeM TeXHHIECKUM
3aKa34MKOM Oy/IyT BBIITOJIHEHEI BCE IIPEyCMOTPEHHBIC
00513aTeNNbCTBA).

OCHOBHBIM IPEIMETOM 00CY>KACHHS SIBISIETCS YCIOBHAS
npUOBLTE (Pa3HHUIA MEXKTY JOXOAAMH H PACXOIAAMH)
TEXHUYECKOTO0 3aKa3unka. KomaHma MoxeT BEIOpATh pa3HbIe
CTpaTeruy, BKIIIOYasi, HO He OrPaHUIUBAsICh: II0A00D
ONTHMAaJILHOH IO 1 00BEKTa U IIPOBE/ICHNC IIEPETOBOPOB
C 3aKa39UKOM; ITPOBE/ICHHE IIEPETOBOPOB C MPOEKTHO-
M3BICKATEIECKIMH OPTaHU3alUsIMU 00 YMEHBIIEHHN CTOMMOCTH
nx pabot. Yem GobIed mprOBUIN CMOITIAa JOCTHYb KOMAH I,
TeM dpPeKTUBHEE OBLUTH e¢ JIeHCTBUS

Komanowt 4, 5, 6. [Ipoexmro-usvickamenbck

e opeanuzayu (Ha38aHuUs 6bIOUPAIOM CIYOeHmbl)

Me:x 1y MpOeKTHO-U3bICKATENbCKON
OpTaHM3alnil U 3aKa3YUKOM (3aCTPOMIINKOM,
TEXHUYECKUM 3aKa34UKOM, IPYTOi MPOEKTHO-
M3BICKAaTEIbCKON OpraHu3aIieil) MOAMMCaH aKT
C/IaYX TIPHEMKH BBITTOTHEHHBIX PaboT, IPH 3TOM
CTOMMOCTD BBITIOJTHEHHBIX padot Oombie 0.
Ecnm 3aximoganucs cyOnmoapsaHbe JOTOBOPHI
JUISL OTIEHKH YCIIOBHOM MPHOBLTH CTOMMOCTD
TIPUHATHIX 110 HUM paboT Hy>KHO BEIUECTh

3akIoueH XoTs OBl OIMH JJOTOBOP Ha pa3pabOTKy MPOEKTHO-
U3BICKATEIILCKOM JOKYMEHTAIMH.

3aKa34MKOM MOJMUCAH aKT CIAYU-IPHUEMKH BBITIOJIHEHHBIX
paboT TEXHUYECKOTO 3aKa3unKka. AKT CAa4u-TIPHEMKH paboT
MO/ITUCAH JINYHOMN MOJITHUCHIO TeHEPaIbHOTO JUPEKTOpa

C KayK/10if CTOPOHBI (MCXO/Is U3 YCIIOBUI MIPBI TIPEAIONAraeTcs,
YTO 3aKa34MK HE MOJNHUIIET aKT PaHbIIIE, YeM MTPOEKTHO-
M3bICKATEILCKOM OpraHu3anueii OyyT BbINOIHEHBI BCe
MIPEAYCMOTPEHHBIE 0053aTeIbCTRA).
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raTITOnLCTBS: Ty 16. BhInyc 2 (60)

A.B. KopHeesa, M.b. BenyauHa

Okonuanue mabn. 3

Homep Kpurepuu noctukeHust UrpoBbIX LeIeH

Kputepun BEITOTHEHUS UTPOBBIX 33734

1 2

3

Komanowt 4, 5, 6. Ilpoexmmno-usvickamenbck

ue opeanuzayu (Ha38anus 6blOUPAIOm cmyoeHmol)

4 Mesxay NpOeKTHO-U3bICKATEIbCKOM
OpraHu3anui U 3aKa34MKOM (3aCTPOUIIIKOM,
TEXHUUYECKUM 3aKa34UKOM, IPYrOf IPOEKTHO-
M3BICKATEIbCKOM OpraHu3anyeil) IoAIM1ucaH akT
C/Ia4M TIPHEMKH BBITOJHEHHBIX PAabOT, IPH ITOM
CTOMMOCTS BBIITOJIHEHHBIX padot Gosbie 0.
Ecnu 3aximouanucs cyOnonpsaHbie JOroBOPEI
JUISL OLIEHKH YCIIOBHOI NPHOBUIN CTOMMOCTD
MIPUHATHIX 110 HUM paboT HY>KHO BBIUECTh

OCHOBHOI1 3a1a4eli POEKTHO-U3BICKATEIIHCKOW OpraHU3aIiH
SIBISICTCS] BBIOOP ONTHMAJILHOTO IUTaHA JICHCTBHIA, TaK

KaK 110 K&KIOMY 00BEKTY MPEIbSIBISIFOTCS pa3Hble TPCOOBAHHUS
K YYaCTHHKY, [I0-pa3HOMY OpPTraHH30BaH IPOLECC BEIOOpa
ucToMHUTEIS. [IpOeKTHO-U3bICKATEIbCKasl OPraHu3aIHs

MOXKET 3aIUTaHUPOBATh IeJICHAIIPABICHHOE y4acTUE B 0TOOpe
10 OJTHOMY U3 OOBEKTOB, TOTOBUTHCS K YYaCTHIO B 0TOOpax

1o 000uM 00bEKTaM, IPOBOIUTH TIEPETOBOPHI C APYTUMHU
Y4aCTHUKAMH CTPOUTEIBCTBA, B TOM YHCIIC OOBECMHSATD YCHITHS
C IpyTUMH TPOCKTHO-M3BICKATEILCKIMHU OPTraHU3alisIMHU Iy TEM
COBMECTHOTO YYaCTHs B TCHEPE WU MIPHUBJICYCHUS K paboTam
B POJIU CYOTIONPSIIIUKA.

UYewM Oombiei mpUOBLTH CMOIIIA TOCTUYb KOMaH/Ia,

TeM 3 PeKTUBHEE OBLUTH e¢ IeHCTBUS

Komanoa 7. ITnowaoka «l'oczakynkuy

5 IIpoBenen TeHaep Ha NPOEKTHO-U3bICKATENLCKIE
pabotel o 00BeKTy «IIpon3BOACTBEHHBIIH
KOPITYC», OTIPEAENeH MOOeTUTElNb.

IIpuHAT KOMITIEKT JOKYMEHTOB AT TIPOBEACHHS
TEHJIepa Ha CTPOUTEIbHO-MOHTAXHBIE PAOOTHI
10 00BEKTY

B omnmdme ot ocTanbHBIX KOMaH, momaaka «loc3akynkm)
HE MPeAINoaraeT NpOaKTUBHON UIPOBOW MO3UIIMU.
Kpurepuem 3¢ dexTrBHOCTH NeiCTBHIT KOMAHABI SIBISIETCS
BBITIOJTHEHHUE TIOCTABICHHBIX 3a/a4 B COOTBETCTBUU

¢ permamMeHToM Urpbl. Hanbomnee BaKHBIMU ABISIOTCS
00BEKTUBHOCTH, TIIATENbHAs IIPOBEPKA MOCTYMAIOINX

1 aHAIM3HPYET XOJ COOBITUH 10 KaXXIOMY U3 ABYX 00B-
eKxToB. Kpurepusmu ycnenHoro 3aBepiieHust UrpoBoro
nporecca SBISIOTCS BBIIIOJIHEHHE KOMAaHIaMH IT0CTaB-
JICHHBIX UIPOBBIX 33J1a4 M JOCTHKEHHE UTPOBBIX IIEJIeH,
JeTajn3alys KpUTepUeB IIpuBeieHa B Ta0. 3.

Onucanue pa3IaTOYHOro MaTePUaJIbI
IS IPOBeIeHUs HTPbI

Jist urpel peKOMEH/I0BaH CIIeIYIONIMN pa3iarod-
HBI Marepuai:

1. Tunosas ¢opma 3a7aHusl Ha TPOCKTHPOBAHNE
OKC, ytBepxkacHHas npukazom Munctpost Poccuu®.
Bo3Mo)xHa TOrOTOBKA «MTPOBOIT BEpCHUI» B COKpAIIICH-
HOM BHJIE C PEKOMEH/IAIIMSMU TI0 3arOHEHHIO (2—4 JK-
3eMILIIPA).

2. l11abnoH g0roBopa Ha BBITIOHEHHE PadoT (OKa3a-
HHe yciyT). B mabmon moroBopa HEOOXOIMMO BKITFOYUTD
OCHOBHBIE [TOJIOKEHHS, TPeTyCMOTpeHHbIE [ paxkjaHCKiM
konekcom® Poccuiickoit Mesieparin: npeamOysia, mpeaMer

4 00 yTBepKICHUH TUTIOBON (POPMBI 3a/IaHHsT HA IPOEKTHUPO-
BaHME 00BEKTa KAITUTAILHOTO CTPOUTENBCTBA M TPeOOBAHMI
K €T0 IOZITOTOBKE : MpHKa3 MUHNCTEPCTBA CTPOUTENIHCTBA U JKH-
JIMIIHO-KOMMYHAaJILHOTO X03siiicTBa Poccuiickoit ®enepauuu
ot 01.03.2018 Ne 125/mp ¢ m3m. Ha 02.03.2022 // Cobpanue 3a-
koHozmaresnbeTBa Pocentiickoit deneparym. 2018. Ne 13. Cr. 1702.
5 Tpasxmanckuii komekc Poccuiickoit @enepannu. Yacts 1 :
DenepanbHblii 3akoH 0T 26.01.1996 Ne 14-D3 // Cobpanmue 3a-
koHonarenbcTBa Poceniickoit @eneparmu. 1996. Ne 5. Cr. 410.
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JIOKYMEHTOB TIPEIbSBIISIEMbIM TPEOOBAHUAM,
OTKJIOHEHHE JIOKYMEHTOB «I10 (hOpMaIbHOMY TIPU3HAKY»
(Ipu HEOOXOMMOCTH) U TOYHOCTD MPH BBITIOIHEHUH PAacYeTOB

JIOTOBOPA, CPOKH BBITIOIHEHNUS pabOT, CTOMMOCTH padoT
1 TIOPSAIOK PacieToB, ITpaBa 1 00S3aHHOCTH CTOPOH, MOPS-
JIOK CIIQYU-TIPHEMKH PaOOT, PEKBU3HUTHI U IOJITHUCH CTOPOH
(6—8 PK3EMITISIPOB).

3. [ITab10H KOMMEPUYECKOTO MPEJIOKEHUS B CBO-
OorHOIT hopme, comeprKaluil CBeACHHS O HAMMEHOBAHHIU
MPETEHJICHTA, IPEAMETE 3aKyIIKH, IPEIaraéMoi CTOMMO-
CTH M CPOKAX BBITIOJHEHHs pa0OT, CBEZICHNS O KBATH(DUKA-
I TIPETEH/ICHTA, CBEZICHHS 00 OIIBITE BHINOJIHEHNS aHA-
JIOTUYHBIX PadoT, mpoure cBeaeHus (8—10 IK3eMIUTIpOB).

4. [11abs10H aKTa CIAuyu-MPUEMKH PadoOT 1O I0ro-
BOpY TI0 (hopMe, peKoMeH TyeMoi mprkazomM® MUHCTpoOst
Poccuu Ipunoxenus Ne 4. AKT caqu-pueMKH BBIITON-
HEHHBIX PadoT (6—8 HK3EMILISIPOB).

5. [I1aboH TUTYIBHOTO JINCTA MTPOEKTHO-M3BICKA-
TENBCKOH ToKyMeHTanuu 1o Gpopme [Ipumoxenus P ro-
cyaapcrBeHHoro crangapra’ (10—12 sx3eMIuispos).

6. O6mue urpoBbIe BBOAHEIC (7 SK3EMITISIPOB).

¢ 06 yrBeprkIeHnH TUITOBOTO TOCYIAPCTBEHHOTO (MyHHIIUTIATb-
HOT0) KOHTPAKTa Ha CTPOUTENBCTBO (PEKOHCTPYKIINIO) OOBEKTa
KaIllMTaJIbHOTO CTPOUTETBCTBA M MH()OPMAIIMOHHON KapThl yKa-
3aHHOTO TUTIOBOTO KOHTpAKTa : MpHKa3 MHUHHUCTEpCTBA CTPOH-
TEJBCTBA U JKUJIUIHO-KOMMYHAJILHOTO X03s1iicTBa Poccuiickoit
Denepanyu ot 05.07.2018 Ne 398/mp (B pen. ot 20.06.2019) (3a-
per. B Munrocte Poccru 10.10.2018 Ne 52383).

"TOCT P 21.101-2020. Cructema IpOSKTHOH JOKYMEHTAIMN
It cTponTenbeTBa. OCHOBHBIE TPEOOBAaHMS K IPOSKTHOM U pa-
Ooueit nokymenTaruu. M. : Crangapruadopm, 2020. 28 c.
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[Ipumep pacuera

Kpurepuit IIpennoxenue 1 Tpennoxenue 2 TIpennoxenne 3
CTouMOCTh 100 py6. 2 |=2:06=12 80 py6. 3 =3-06=18 120 py6. 1 =1:06=06
Cpoxk 5 MuH 2 |=2-01=02 10 Mun 1 =1-01=01 3 MuH 3 =3:01=03
OmnbIT 5 00beKTOB 3 |73:03=09 1 o6bekT 1 =1-03=03 3 o0bekTa 2 |72:03=06
Cymma 6ayuioB D) 2,3 z 2,2 z 1,5
To6enurens — IMpemnnoxenue 1
[labmon st pacyera
Kpurepuit IIpennoxenue 1 IIpennoxenue 2 IIpennoxenue 3
Croumoctb
Cpoxk
OnsIT
Cymma GasnoB z z 3z

Puc. 5. [lpumep dparmenTa pazgaTrouHoro Marepuais i koman sl «[1ommaika roc3akymnkm

7. PernmameHT paboThI IJIOIIAIKH TOC3aKyIIKH B CBO-
OomHOIt hopMe ¢ ykazaHHueM: 00s3aTeNTFHBIX TPeOOBaHMIA
K TipoekTHO opranu3anuu (Hammuue CPO Ha u3bIcKa-
HUSl U NPOCKTHPOBAaHKE), TPEOOBAHUN K KOMILJIEKTY
nepesaBacMoi JTOKYMEHTAIMK (B TOM YHCIIE HAJIU4YHE
CBEICHUH O 3aCTPOULIMKE, IPEAMETE 3aKyIIKHU, IPEAIIO-
naraemoit (mpenenbHoit) croumoctr) ITMP/CMP, kpu-
TepueB ornpesesieHus nobdenuTeneil (peKkoMeHyeMble
3Hauenust: 60 % — croumocts, 10 % — cpok, 30 % —
ombIT). [Ipumep pacdera u madIoH A pacdeTa, PeKo-
MEH/IOBaHHBIE K BKITIOYEHHUIO B Pa3IaTOYHBIA MaTepHal,
IIPUBEJCHBI HA pUC. 5.

B 3aBHCHMOCTH OT NpearosaraeMoro BpeMeHH
JUTSA TIPOBENICHHS TPl BO3MOJKHA pa3Hasi CTENEeHb Po-
paboTku pazmarouyHoro marepuana. s cobmoneHus
TalMUHIa, MPEJUIOKEHHOTO B CLIEHAPUH, ITPE/IIoIaraeT-
Csl, 4TO pa3/laTOYHbIN MaTepHai 3apaHee 3arojHeH BCeMU
JTAHHBIMH, 32 UCKITIOYCHUEM TE€X, KOTOPBIE OMPEIEISIOT-
s B XOZIe ITPOBOTO TpoIiecca.

Cienyer OTMETUTb, YTO KHUBOE OOLIEHUE, MUHYS
mdpoBoe, 1 OyMakKHBIH BapHaHT JIOKyMEHTOB B BHJIE
pa3maTogHOrO MaTepralia JaroTCs MMOKOJICHUIO Z CIIOXK-
HEe ¥ BMECTE C TeM MPUYYAIOT K JajbHeHIIel Tpy10BoH
JACATCIBHOCTH, TAC 6y)1yT IMMPUCYTCTBOBATH PAa3JIMYHbIC
BapUaHTHI paO0YHX, KOJUIETHATEHBIX KOMMYHHUKAIINH.

Omnucanue Xo/1a 1eJI0BOii HIPBI

1. Ilpenonasarens (Bexyuuii Urpsl) oObsIBISET
0 TpoBejieHHU y4eOHOU nenoBoii urpel «IloaroroBka
K CTPOMTENBCTBY». [IpernogaBarens naer cieayronme
YCTaHOBKH Ha UIpy:

* B X0/l UI'Pbl HEOOXOANMO HMCIOJIB30BaTh paHee
THOJTyYCHHBIE TEOPETUICCKUE 3HAHUS;

* pEKOMEHIyeTCs IOJKIoYaTh (PaHTa3HI0 U CaMo-
CTOSITEJIBHO TIPHIYMbIBAaTh BCE HEJOCTAIOIINE BBOIHbIC,
TaK KaK OCHOBHOM LIEJIBIO MIPHI SIBJSIETCS] 3HAKOMCTBO
C TIPOLIECCOM OpraHU3aLHU CTPOUTENIBCTBA;

* urpa yaeOHas, T.e. TOIMyCTUMBI OIITNOKH, 331aBaTh
BOIIPOCBI, HCIIONIb30BATh JIFOOBIE MATEPHAIIbl K HCTOYHHKH.
['maBHBIM KpUTEPHEM CITY)KUT aKTUBHOCTB CTY/ICHTA U BO-

BJIGUCHHOCTH B UTPOBOH ITpo1iecc (BO3MOXKHOCTH JIeNaTh
OIIMOKH MOHSITHA JUIS TOKOJIEHHSI TeHMEPOB, a B KOHTEK-
CTE UrPBI JaeT BOSMOXXHOCTB ISl TBOPYECTBA, MOACIHPO-
BaHMA pa3IMUHBIX BApHUAHTOB XO/J1a CO6BITHﬁ, TEM CaMbIM
ere OOJIbIIE BKITIOUAs B TIOCTIHKEHHE MIPEIMETA);

* Ha BpPEMs UIPhI CTYACHTaM IpeJylaracTcsi BONTH
B POJIM ¥ HE 3a0bITh U3 HUX BBIINTHU MOCIIE 3aBEPIICHUS
UTPBL

2. IlpenogaBatesnb 3HAKOMUT ayTUTOPHIO C MPEIIIO-
KEHHBIMH B MTPE POJISIMU, OTHOBPEMEHHO C 3THM pa3-
JIeTIsis1 YYaCTHUKOB Ha 7 KOMaH/I.

3. IperoaBarenb 3HAKOMHT ayTUTOPUIO C BBOJHBI-
MH O KaXK/IOM yYacTHHKE, LEJISIMH U 3a/ladaMu B UTPeE.
[Ipu sTOM mpennonaraercsi JeMOHCTpalLUsl CBEACHUH,
TpeCTaBIEHHBIX B Ta0. 1. Bo3MoXkHBIH TpuMep opopM-
JICHUS cllaiiia A7l AEMOHCTpAN BBOAHBIX IPUBEICH
Ha puc. 6.

4. [Tocire 3HAaKOMCTBA C LEJSAMH U 3aJadaMy KayKIOon
KOMaH/IbI OCYIIECTBIISIETCS paciipe/ielieHue posieH (JomK-
HOCTel) BHYTpH opranusauud. [Ipu 3Tom mpennonaraeT-
CsI IGMOHCTpAINSI CBE/ICHUH, MIPEICTABICHHBIX B Ta0II. 2.
Bo3moxHBIN puMep opopMIIeHUs! cliaiiaa JUist AeMOH-
CTpalnK BBOAHBIX MPHBE/ICH HA PHC. 7.

5. IIpenonaBareis IEMOHCTPHPYET OOLIHE BBOIHEIE,
NpE/ICTaBICHHBIE HA PUC. 3, U Pa3bICHIET XOJ UIPHI,
MpuBeieHHBINA Ha puc. 4. OTBeyaeT Ha BOIPOCH CTYACH-
TOB.

6. [IpenonaBarens NpHUITIaIaeT CTyACHTOB, HAXOI-
IIMXCSI B POJIM T€HEPATBHBIX IUPEKTOPOB OpraHHU3aINH,
JUTSL O3HAKOMJICHUSI C UMEIOIIUMCS B HAIMYUH pa3IaTod-
HbIM MarepranoM. OTBedaeT Ha BOIPOCHI, 1aCT yCTaHOB-
K1 Ha MIEPBBIA TaKT UTPHI.

7. IlpenogaBarens AaeT CUIHA O Hadaje IIEpBOro
TaKTa UIPHI, 3aCEKAET BpeMsl. B TeueHne mepBoro Takra
HEOOXOIIMMO JIOTIOJIHUTEIILHO IPOMHCTPYKTUPOBAThH KO-
MaHay «llmomaaka roc3akynkmy», ¢ MPUBICYEHHEM MO-
JiepaTopa HalpaBUTh JEHCTBHS KOMaH]I, HaXOJAIINXCS
B POJIM 3aCTPOMIIMKOB, 1 KOOPAWHUPOBATH ACHCTBUS Y-
rux koMasz. [1o 3aBepIueHNM TakTa MpenogaBaresb Kpa-
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OI'BY «KanuraabHOE CTPOUTETBCTBOY

( Llens B urpe

)

v ONTHMAIBHO PACTIOPSIUTHC UMEIOLIUMCS OFOIKETOM.

4 HOZ{FOTOBHTL MPOCKTHO-CMCTHYIO JOKYMEHTAIIUI0, KOTOpast
TIO3BOJIUT IMOCTPOUTDH 06’beKT, COOTBCTCTByIOH_[I/Iﬁ

IIOCTABJICHHOM 3aj1aue

( 3agaun B Urpe

D

v' Pa3paoTarh U yTBEPANTH 3a1aHUC Ha IPOCKTHPOBAHHKE.

v' Tlposectu Tenuep (Ne 44-M3) u 3aKIHOUUTE JOTOBOP
C IPOEKTHO-U3bICKATEJILCKOM OpraHu3aluen.

v' TIpuHATH pe3yabrar paboT

(HpOeKTHO-I/I3BICKaTeJ'II)CKy}O I[OKyMeHTaHI/IIO) .

v OOBSIBUTH TEHIEP HA CTPOUTEIBCTBO

Puc. 6. [Ipumep neMOHCTpaIK BBOAHBIX, YKa3aHHBIX B Ta0M. 1

OI'BY «KanuranbHOE CTPOUTEILCTBOY

( Oprann3anioHHast CTpyKTypa )

JlomKHOCTD

Pexomennayemsbie 3agaun

I'enepasnibHBbIi AUpPEKTOP

Opranun3oBarb padory.
VY6enuTbes B KauecTBe pe3yJisrara.
Ipe3eHroBarh pesyssrar

I'maBHBIN HHKEHED, IITAT
HWHKEHEPOB

HOL[I‘OTOBI/ITL TEXHUYCCKHEC TpC6OBaHI/I$I B 3alaHUU
Ha IIPOCKTUPOBAHUEC

DKOHOMHYECKHUH OTHEI

PacripenenuTs O10KeT, ONPENeInTh HadalbHYyIo
MaKCHUMaJIbHYIO CTOMMOCT KOHTpakToB Ha [IMP 1 CMP

OTen no B3anMO/ICHCTBUIO
C KOHTpareHTamu

IMoxroroButk TpeGOBaHMUS K Y4aCTHUKAM TEHAEPA.
[1oaroroBUTH NOrOBOP K 3aKIHOUCHUIO

Puc. 7. IlpuMep eMOHCTpALMK BBOJHBIX, YKa3aHHBIX B Ta0I. 2

TKO OIVIaIlIaeT JOCTUTHYTHIC Pe3yIBTaThl, TaeT yCTAHOBKY
Ha BTOPOM TaKT.

8. [IpenogaBarens AaeT cUrHaI O Havalle BTOPOTO
TaKTa UTPHL, 3aceKaeT BpeMs. B Hagame BTOpOro Takra
npenonasarenem win «llnomankoil roczakynkmw» aesna-
€TCsI YCTHOE OOBSIBIICHUE O TIPOBEACHUU TCHIEPA, CO00-
I[AFOTCSI OCHOBHBIC YCIIOBUS, OIVIAIIACTCS BPEMSI TTOIaYH
3asBKU (B MUHYTaX). B TeueHne TakTa ¢ nmpuBIcYeHUECM
MozepaTopa HeoOXOMMMO HaIIPaBUTh JEHCTBHUA KOMaHI,
HaXOOALUXCS B pOJ'II/I HpoeKTHO-I/ISBICKaTCJ'[I)CKI/IX opra-
HU3AIUI 1 TEXHHYCCKOTO 3aKa34KKa, KOOPIHMHUPOBAThH
necTBUs Apyrux koMasn. [1o 3aBepmieHUH TakTa mpe-
TIO/1aBaTeIb KPATKO OIVIAIIACT TOCTUTHYTHIC PE3yIIBTaThI,
JIa€T YCTaHOBKY Ha TPETUM TaKT.

9. lIpenonasarens AaeT CUTHAI O HavyaJle TPETHETO
TaKTa UIPBI, 3aCCKaeT BpeMsl. B TedeHne TakTa ¢ npusIe-
YeHHEM MOJIepaTopa HeoOXOANMO HAIIPABHUTh ACHCTBHSA
KOMaH]Jl, HaXOAAIIUXCA B pOJ'[I/I HpOCKTHO-I/ISBICKaTeHB-
CckUX opraHuszauuil u 3actpoitmuka «PI'YIT Kanu-
TaIbHOE CTPOHUTEIHCTBO», KOOPAHMHUPOBATH NCHCTBHS
npyrux komasz. [1o 3aBepiieHnn TakTa MmpernogaBaTeib
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KpaTKo OrjiaiiaeT JOCTUTHYThIE Pe3yabTaThl, 1aeT yCTa-
HOBKY Ha Y€TBEPTHIM TakKT.

10. IlpenogaBaTens JaeT CUTHAJ O Hadalle 4yeT-
BEPTOTO TaKTa UTPHI, 3aceKaeT BpeMs. B TeueHne Takra
C TIPHUBIICUEHUEM MOZIepaTopa HeoOXOAMMO HAIPABIISITH
1 KOOPJIMHUPOBATH IEHCTBHSI BCEX KOMaH]I, HallpaBlieH-
HBIX Ha JOCTMIKEHUE UTPOBBIX LI WM IPOMEKYTOU-
HBIX pe3yasTaToB. [1o 3aBepIeHnH TakTa MpernoaaBaTeb
MIPUTTIANIAET CTYIEHTOB, HAXOISIIUXCS B POJIM TeHEPAITh-
HBIX JJUPEKTOPOB BCEX OpraHU3aIuil, s COBMECTHOTO
OINIallIEeHUs] TOCTUTHYTBIX Ka)XJOW OpraHuszanuei pe-
3yJBTATOB U aHAIIN3a X0/1a COOBITHH ITO KOKIOMY U3 pac-
CMaTpHUBaeMbIX B UTpe 00beKTOB. [Ipenonasarens nenaet
AKICHTHI Ha HanOOJIee YIaYHbIX UTPOBBIX MOMCHTAX.

11. B 3aBepuieHUn UTpbI IPOBOIUTCS o0mIast ped-
nexcrs. [IpumMeps! BOIIPOCOB, KOTOPBIE MOTYT OBITH 3a-
JIaHBI TIPernoaaBaTeaeM 1t pedekcuu:

* KaK{e PelICHUs] KOMaH bl ObUTH 3()(CKTUBHEI;

* KaKWe pPelIcHUs KOMaHIbI He cpadoTaIm;

* YeMy Hay4IJINCh B XOZIE TIPOBEICHUS UTPHL;

* KaKHE aCICKThI OCTAJIMNCh HE TIOHSATHBIMHU.
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12. [pemnogaBareiis O1aroJapyuT CTYACHTOB 3a y4a-
CTHE B HTPE.

ArnipoGanusi ¥ BHeIpeHUe

JlemoBast urpa B COOTBETCTBUH C MPEITIOKEHHBIM
CIICHApUEeM IpoBeicHa B OKTs0pe 2025 I. B IOMIOJTHEHHE
K JIGKIIMOHHOMY MaTrepuaiy no auciuminae « OCHOBBI
OpPTaHHU3aLK CTPOUTEIHLHOTO IIPOU3BOJCTBA» IS CTY-
JeHToB MHCTUTYTa SKOHOMUKH, YIPABICHHUS U KOMMY-
HUKaIMi B c(hepe CTPOUTENIBCTBA U HEJBHKUMOCTH 3-TO
Kypca o0yueHus. B urpe npunsim yuacrtue 46 cTyueH-
TOB, U3 KOTOPBIX:

* 42 cTyneHTa akTUBHO BOBJIEKJIMCH B UTPOBOM MPO-
Lecc ¥ NPUHUMAIIM yJacTHe B rpynroBoid padore (92 %
OT O01IIEro KOJIM4YecTBa);

* 2 CTyJICHTa UCTBITHIBAIIN CJIOKHOCTH B CBSI3H C Ha-
JMYHEM S3BIKOBOTO Oapbepa, SBISUINCH HAOIIOIATesIMA
UTPOBOTO TIpoLiecca U ObUTH 03HAKOMIICHBI C Ia0JIOHAaMU
JIOKYMEHTOB, MCIIOIb30BAHHBIX B UTPE B MHIUBUIyallb-
HOM Topsizike (4 % OT 00IIIero KOJIM9IecTBa);

* 2 CTyJeHTa HE BOBIIEKIINCh B KOMaHIHYIO paboTy
TIO JINYHON MHUIMATHBE, SIBJISUINCH HAOIFOIATeNsSIMU UTPO-
BOTO Ipoliecca, ObUTH B MHANBHIYAJILHOM MOPSIIKE O3HA-
KOMJICHBI C IIa0JIOHAMU JIOKYMEHTOB, HCIIOIb30BAHHbBIX
B W€, U 3a/IJTH PsIJI yTOUHSFOLINX BOIPOCOB ITPETIO/IaBa-
TEJTIO 10 TeME JUCHUILINHEI (4 %0 OT 00IIEro Koln4uecTBa).

JlenoBas urpa rnpoBeJieHa OHIM IperoiaBaTeeM,
C TIPUBJICYEHNEM OZTHOTO MOJIEPATOPA, YTO MO3BOJIHIIO OX-
BaTUTh BHUIMAHHUEM U HAITPaBIIATH ACHCTBUS BCEX KOMAHI,
OO61mui TaiMuHr coctaBui 70 MuH, BKIrodast 10 MuH —
pas3bsCHEHHE MpaBu Urpbl, 50 MUH — OCHOBHOM UTPO-
BO# mporiecc, 10 MUH — MOJBEIEHUE UTOTOB.

Pacrnipenernenyie Ha KOMaHIbI OCYIIECTBISIIOCH 10 MPH-
HIMITY OOBE/IMHEHHUSI B KOMAH/Ty PSUIOM CHJILINX CTY/IeH-
ToB. [Ipu pacnpeneneHny UrPOBBIX JOKHOCTEN BHYTPU
KOMaH/Ibl, B TIEPBYIO OUEPE/ib, HA3HAYAIICS] TEHEPAIbHbIN
qupexrop. [Ipy 3ToM B TH 13 IECTH KOMaH]| CTY/ICHTHI
CaMOCTOSITENIBHO OIPEENIUIN TEeHEPAIbHOTO AUPEKTOPA.
B oz1HOI U3 KOMaH]I reHepasIbHBINA TUPEKTOP ObLT Ha3HA-
YeH IperozasBarenieM. B Xxone npoBeneHust Urpel BO Beex
IIECTH KOMaH/Aax paboTa Belach C y4eTOM PEKOMEH/Tye-
MOT'0 pacrpeiesieHns 00s3aHHOCTEH yJyacTHUKOB. B of-
HOI1 M3 KOMaH 1 TpyImoBasi padoTa CIoKuIack Haubosee
3(dexTHBHBIM 00Pa30M — YUaCTHUKH PabOTaIN KaxK bl
HaJl CBOMM OJIOKOM TapasuIesIbHO APYT APYTY, TeHepallb-
HBII JUPEKTOP B3aHMOYBS3bIBAJ PE3YJIbTaThl U B3aUMO-
JIECTBOBAJI C «BHELIHMMHU KOHTpareHtamu». B ogHoi
13 KOMaH]I TeHePaIbHbIA TUPEKTOP CTOIKHYJICS CO CIIOXK-
HOCTSIMU JIEJIETUPOBAHMS U CAMOCTOSITEIEHO paboTan
WM Jopa0aThIBal Pe3yssTaT Mo KaK/IoMy OJIOKY BOIPO-
coB. Kakast koMaH/ja MoTydusia ONbIT B3aUMOJICHCTBUSA
B PaMKax CTPYKTYpBbI yIPaBICHHS OPraHNU3aLUEH.

B xone nenoBoii Urpsl KOMaHjA€e, Urparoliei poib
3actpoiinyka «PI'BY «KanuransHoe CTPOUTEIBECTBOY,
IIPU y4acTUH KOMaH/I, urparoiux ponu «lInomaaka roc-
3aKynKmw» U «IIpoeKTHO-U3bICKATENBCKOM OpraHu3aluu
Ne 3y, ynanoch peanu3oBarb NPeayCMOTPEHHBIA UTPO-
BOI Ipoliecc OT JTana yTBEpaKACHUS 3aJaHHs Ha Ipo-
EKTHPOBAHHUE /10 ATala YTBEP)KACHHS MPOEKTHO-U3BICKA-

TENBCKON OPTaHU3AINH C TIOAMUCAHNEM HEOOXOIIMMBIX
JIOTOBOPOB M aKTOB CAQUU-NPUEMKH BBITTOTHEHHBIX
pabort. Ilpu mpoBeneHnu TeHaAepa MoOeAUTENsIM OblIa
00BsIBIICHA CIMHCTBCHHAS OpTaHU3aIlHs, KOPPEKTHO
MoJIaBINasl 3asBKy Ha y4acTue (BTOpas OpraHu3allus-
MPETeHACHT HE YIOXKWIACh B PErJIaMEHTHBIE CPOKHU
MIPOBEICHNUS TEHAEPA, TPEThs 3asBKa ObLIa OTKIOHCHA
mo GopMarTbHOMY MPHU3HAKY — HEKOPPEKTHO yKa3aH
MpeIMET 3aKyIKH). B kagecTBe KOMITJIEKTa TOKyMEHTOB,
AMUTHPYIOIINX MPOSKTHYIO TOKYMEHTAINIO, KOMaH/IOH
«IIpoexTHO-n3bICKaTeNbCKON opranu3anun Ne 3y Obun
MIOATOTOBJICHBI TUTYJIBHBIC JINCTHI MPOEKTHOM JOKyMEH-
TaIUH C TTOIIMUCSIMHA OTBETCTBEHHBIX JIUI] U UMIIPOBH-
3upoBaHHbIe YepTexu 1o pazaenam «CIIO3Y» u «KP»
(M3 TUYHBIX MAaTEPUAIIOB CTYIEHTOB).

Komanpze, urpatomeii pons 3actpoiiimka OO0 «Mo-
CKOBCKHH JieBesionep», npu ydactuu komana « TexHuue-
CKHI 3aKa3uuKk», «lIpoeKkTHO-M3bICKaTENIbCKasl OpraHu3a-
st Ne 1y, «IIpoekTHo-n3bICKaTenbekast opranuzanist Ne 2y
B XOJIE UTPHI YIaT0Ch YTBEPIUTH 33JJaHHe Ha MPOCKTH-
POBaHME M 3aKITIOYUTH JOTOBOPHI MEKIY YIaCTHUKAMH
Tporiecca: «3aCTPOUTIIHK» — «TEXHUYSCKUH 3aKa3qnK,
«TEXHUUYECKUH 3aKkazunk» — «[IpoeKTHO-M3bICKaTeNbCKAs
opranuzanus Ne 2y, «IIpoeKTHO-U3bICKaTENbCKast Opra-
Hu3anus Ne 2y — «[IpoeKTHO-M3bICKaTeTbCKas OpraHm3a-
st Ne 1». CrynenTamu ObIJIO IIPUHSTO CAMOCTOSITENBHOE
peuieHue o npusiedyeHur [IpoekTHO-U3bICKATEeIbCKON
oprarm3anin Ne | B kadecTBe CyONOnpsyTIHKa st pa3pa-
OOTKH OTHENTBHBIX PA3/ICIIOB MPOCKTHON JOKYMEHTAIHH.
IIpomecc pa3paboTKH MPOESKTHOM JOKYMEHTAIINN HE OBLT
3aBepIIeH B CBSI3U CO 3HAUYNTENHFHBIMI BPEMEHHBIMU 3a-
TpaTraMH Ha MepPEeroBOpbl y4acTHUKOB. [Ipu aTOM Mexmy
BCEMH KOMaHIaMH OBUTH COTTIACOBAHBI KOMMEPUYECKHUE yC-
JIOBHIS 3aKJIFOYCHUS TOTOBOPOB U TPEOOBaHUS K Pe3yIIbTa-
Tam padoT, BKIIIOUAsi TCXHUKO-IKOHOMHUCCKHE TTOKa3aTe-
7 00BEKTOB. B X071e IeTIOBBIX IEPEroBOPOB CTYACHTAMH
TTOJTYYEHO TIPENICTABICHUE O TIPOIECCaX TUIAaHNPOBAHIS
W yIOpaBJICHUS B YCJIOBUSX, KOT/Aa B €IMHOU CHCTEME
JIOJDKHBI OBITh YBSI3aHBI PA3INYHbIC HHTEPECHI U PECYPCHI.

OO0mme pe3ynpTaThl MPOBEICHUS UTPHl OIICHEHBI
MpenojiaBaresieM KakK yCHEIIHbIH OMbIT 3aKperIeHus
MOJTyYEHHBIX TEOPETHUYECKUX 3HAHUH IO OTAEIHHBIM
paszmenaM JUCIUILTHHEI « OCHOBBI OPTaHU3AIUH CTPOU-
TEJILHOTO MPOU3BOJICTBAY», OIBIT B3aUMOJICHCTBUS Oy/Iy-
MIAX CHENHAINCTOB (POPMHUPOBAHNS KOMMYHUKAaTHBHBIX
KOMTICTCHIIMH W COBMECTHOTO MPHUHSTHS PEIICHUN B yC-
JIOBHSIX CIKATBIX CPOKOB, (POPMUPOBAHUS TBOPUYCCKOTO
npodeccrnoHanbHOro MemuieHus. [IpoBenennas urpa
OKazajia MOJIOKUTETHHOE BIMSHHUE HA YCIIEBaEMOCTh
CTYAEHTOB I10 U3y4aeMOMY MIPEAMETY.

3AKJIIOYEHHUE U OBCYXIAEHHUE

[Henosas urpa «Ilogroroska cTpouTeIbLHOrO MPO-
M3BOJICTBa» IPEJICTABISIET COOON JOMOTHUTEIbHBIN
00pazoBaTebHBIN Me1arorHuecKuii MeTo1 Ut 00yde-
HUSI CTYJICHTOB CTPOMTENIFHBIX crennansHocTed. Urpa
paszpaboTaHa ¢ y4eToM 0coOeHHOCTEH MOKOJIeHUS Z
W HampasjicHa Ha (GopMupoBaHue nMpodeccuoHaIbHBIX
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KOMIIETEHIMIA B 00JIACTH OpraHU3aliK CTPOUTEIHLHOTO
mpou3sBozacTBa. [Ipubnxenue K MOHUMAaHNIO OyayIen
podeCCHOHATBHON EATENBHOCTH, B CBOIO OUEPEb,
CHOCOOCTBYET OCMBICTICHHUIO CTYJCHTAaMH CBOEH PO,
JKeITaHUH W BO3MOXKHOCTEH B TPHOIIKAIOIeHCS TIpo-
(heccrOHATBHON JIESATENBHOCTH, B OyAyIIEM TPYIOBOM
nporecce.

MeTtononorust UTpsl 0a3UpyeTcsi Ha aKTUBHBIX Me-
TOZIaX OOYYCHUsSI ¥ IPEATIONaraeT MOJISIMPOBAHUE peallb-
HBIX [IPOU3BOACTBEHHBIX IporieccoB. CTyAEHTHI pacipe-
JEJISIFOTCS [0 KOMaH IaM, KaK/1ast U3 KOTOPBIX UTPAET poib
OIIPeJIETICHHOTO YUaCTHUKA CTPOUTEIBCTBA: 3aCTPOHIIIH-
Ka, TEXHUYECKOTO 3aKa34HKa, IPOEKTHO-U3BICKATEIECKON
opranmsanyu. Pabora B MaJbIX TpymIax CiocOOCTBYeT
BOBJICUCHHUIO Ka)K/IOTO WIEHA IPYIIIBI B IPOLIECC U BO3-
MOKHOCTh JAJbHEHIIIETO aHAIN3a KaK Il IperojiaBare-
JIs1, TAK M JIMIHO TSI KOKIOTO CTYACHTA.

OcHOBHasl IEHHOCTh METO/IMKH 3aKJTFOYAETCS B MH-
Terpalyy TEOPETHYECKUX 3HAHMN C MPAKTHYECKHUMHU

HaBbIKaMH YIIPABJICHUS B CTPOUTEIILHONW OTPaciy yepes
UIPOBOE MOZIEIMPOBaHUE POPECCHOHAIBHON JesATeNb-
HOCTH, IMEIOIIEee MOJIOKUTENBHBIA (P QEKT Kak Juls CTy-
JICHTOB, TaK M JUIsl [TPETIOjaBaTells.

HrpoBoii poniece BKIKOYAET YEThIPE TAKTa, B TEUe-
HHEC KOTOPBIX YYACTHHUKHU BBITTOJIHAIOT l'[pO(beCCI/IOHaJ'H)HBIe
3a7aun: pa3padaThIBAIOT 334aHNUE Ha IPOEKTHPOBAHHE,
HPOBOJSIT TEHAEPHI, 3aKITIOYAI0OT JOTOBOPBI U B3aUMOJCH-
CTBYIOT M1y co00ii. [IpenomaBarens BEICTyIaeT Mose-
paTopoM U HAIPABISIET ACHCTBHS KOMAH].

Ampobarust UTpel TIOKa3ajia BEICOKYIO Y(P(eKTrB-
HOCTB: 92 % CTy/IEHTOB aKTUBHO BKITIOUMJINCH B MPOIIECC,
3aKpEIHIN MOTyYeHHbIE TEOPETHIECKUE 3HAHNUS, TTOMTy-
YHJIN TIPAKTHYECKUH OTBIT KOMMYHHKAIUH 1 IPHOOpeIH
HaBBIKM COBMECTHOTO MPUHSTHUS PEIICHUH B YCIOBHUIX
OIPaHUYEHHOTO BPEMEHH, UTO OKa3ajo MOJI0KHUTEIHHOES
BIIMSTHAE HA yCIIEBAEMOCTH CTY/IEHTOB II0 N3y4aeMOMY
HpeMETY.
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INTRODUCTION

According to generational theory, today’s students,
born between 2000 and 2010, belong to generation
Z. Empirical research indicates that members of gen-
eration Z possess a number of strengths that distinguish
them from previous generations, including: digital lit-
eracy and rapid adaptation to new technologies, indepen-
dent and flexible learning, a focus on concrete results,
the ability to multitask, and the ability to switch quickly
between tasks. Generational characteristics relating
to the cognitive-stylistic and emotional-value spheres of
the personality [1], including thinking style, the speed
of perception and information processing, and the dura-
tion of concentration on various activities, are important
from the perspective of organizing the educational pro-
cess for students.

Generation Z’s predisposition towards independent
and flexible learning is reflected in a preference for con-
cise formats: short videos and online courses, as well as
the ability to switch rapidly between sources of knowl-
edge and critically evaluate information. It is also no-
ted [2] that members of generation Z are immersed in
a digital environment whilst studying at university,
which reduces their concentration during the learning
process. Given the specific characteristics of how they
perceive information, it is necessary to adapt the learn-
ing process and apply educational technologies tailored
to the strengths of this generation. One method of en-
hancing the engagement, motivation and effectiveness
of generation Z students is the “gamification” of learning
and the integration of educational business games into

247

(09) Z HOAUIGY ‘9L WOL 3t teterradry ™"



Science :ﬁlt:lnftll::glii':::l: Vol. 16. Issue 2 (60)

Angelina V. Korneva, Marianna B. Belugina

the teaching process, in addition to traditional lectures
and practical sessions.

Business games, as a method of active learning, sti-
mulate students’ cognitive activity and enable them to
gain experience in solving professional tasks by simu-
lating a segment of professional activity and conditions
that closely resemble real-life situations [3]. Researchers
have found that when information is presented in the form
of a business game, over 90 % of the material is re-
tained [4]. Business games facilitate the resolution of cog-
nitive and communicative tasks, serving both the students’
interests (self-awareness, understanding their capabili-
ties, leadership qualities and teamwork skills) and those
of the lecturer (engaging in the teaching process, gaining
insight into generation Z students through their behaviour
during the game, accepting their characteristics and dif-
ferences from other generations, the opportunity to utilize
these characteristics for a successful educational process,
and the opportunity to identify those students who are
most motivated and ready to enter the workforce whilst
still studying).

The lecturer’s presence in the same gaming space as
the students lends them greater significance and author-
ity, strengthens goodwill and trust, reveals the lecturer’s
personality, and brings lecturers and students closer to-
gether in the professional and academic spheres, thereby
contributing to the productivity of the learning process.

With regard to the module “Fundamentals of Con-
struction Production Organization” (hereinafter referred
to as the course), the aim of which is to develop students’
competences in the field of construction project manage-
ment, it should be noted that, in accordance with the syl-
labus, upon completion of the course students should
have acquired a set of competences for the develop-
ment of which active teaching methods are particularly
appropriate, as they are capable of stimulating interest
in the profession and practical activities. These include
the following competences:

o UK-2: “Able to identify the scope of tasks within
the framework of a set objective and select the optimal
methods for their resolution, based on applicable legal
provisions, available resources and constraints”;

» UK-4 “Able to engage in business communica-
tion, both orally and in writing, in the official language
of the Russian Federation”;

* OPK-9 “Able to organize work and manage
a team within a production unit of an organization”.

The organization of construction operations is
a multifaceted management task requiring both a broad
range of theoretical knowledge and an understanding
of legislative requirements, industry regulations, build-
ing codes and standards, as well as practical interper-
sonal skills and an understanding of the overall logic
of the preparatory and production processes; specifically,
business games are used to successfully simulate and
study complex management issues in situations where di-
verse interests and resources must be coordinated within
a single system. Furthermore, according to one existing
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definition, a business game is “a pedagogical technique
for simulating various managerial and operational situ-
ations, aimed at training individuals and groups in de-
cision-making” [5]. Some examples of business games
used in the educational process are presented in [6, 7].
Issues relating to the development of universal compe-
tences, the characteristics of generation Z, and the use
of gamification and modern educational approaches
in higher education institutions are examined in detail in
a number of studies [8-20].

The business game scenario presented in this paper
is based on the theoretical aspects of the discipline, as
set out in detail in the textbooks' 2, which are covered
in the sections “Characteristics of the Construction In-
dustry”, “Construction Production Management”, “Self-
Regulation in Construction” and “Preparation for Con-
struction Production” of the course lecture material.

The educational objectives of the business simu-
lation are to integrate the theoretical knowledge ac-
quired into a coherent system, presented in the form of
a segment of professional practice, namely: knowledge
of the parties involved in construction (the developer,
the technical client, and design and survey organizations)
and their interactions (conducting tenders, concluding
contracts), the process of organizing work on a project
(approval of design briefs, selection of contractors for
design and survey work), and the organization’s man-
agement structure (linear, functional and combined orga-
nizational structures); working with document templates
modelled on those used in practice (design briefs, com-
mercial proposals, contracts, certificates of completion
and acceptance of works), as well as developing skills in
conducting business negotiations.

MATERIALS AND METHODS

The following materials were used in developing
the business game scenario: theoretical sources (text-
books and monographs on the subject “Fundamentals
of Construction Project Organization”, business games,
pedagogical technologies and game-based learning,
the Moscow State University of Civil Engineering
(MGSU) syllabus, course code B1.0.26); empirical
data (case studies of real companies acting as develop-
ers and technical clients for projects of various functional
purposes, financed both through public funding and pri-
vate funds, as well as design and survey organizations).
Handouts were compiled in accordance with the require-
ments of current legislation and regulatory and technical
documents.

In developing the scenario, content analysis (a re-
view of existing case studies and teaching guides) and
the scenario planning method were used to devise key
game situations.

! Oleynik P.P. Fundamentals of Organization and Manage-
ment in Construction : a textbook. Moscow, ASV, 2014; 200.
2 Oleynik P.P. Organization, Planning and Management in
Construction : a textbook. Moscow, ASV, 2015; 160.
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RESEARCH RESULTS

Description of the scenario for the educational
business game “Preparation for Construction
Works”

The educational business game (hereinafter referred
to as “the game”) is designed for 3050 students. To en-
sure all participants are fully engaged in the game, an ad-
ditional moderator must be brought in to assist the lead
tutor (the game facilitator).

The game, in a simplified form but closely reflecting
real-world practice, simulates the following processes:

* the development and approval of the design brief
for a project;

« the selection of contractors for design and survey
work;

* the conclusion of contracts between legal entities;

* development and approval of the facility design
brief (DB);

* preparation for a tender for construction and in-
stallation works (CIW).

Prior to the business simulation, students must be
familiar with the theoretical material of the course cov-
ering the following topics: key terms and definitions
in the field of construction management; the life cycle
(LC) of a capital construction project (CCP); partici-

Approval of the object
design assignment

Preparation and approval
of design and survey
documentation

pants in the construction process; interaction between
participants in the construction process; organizational
and legal forms of business organizations; organizatio-
nal management structures; self-regulation in the con-
struction industry.

The stages covered in the game are shown in Fig. 1.

The audience is divided into teams, each of which
becomes a separate organization participating in the con-
struction project. The composition of the participants is
shown in Fig. 2.

To demonstrate differences in the organization of
the process, the game features two developers (here and
below, the terms are used in accordance with the Urban
Planning Code of the Russian Federation®), one of which
is a government agency and plans construction using
budgetary funding (Federal State Budgetary Institution
“Capital Construction”), whilst the other is a private or-
ganization (LLC “Moscow Developer”). Each developer
carries out activities relating to a single CCP. Taking into
account the organizational structure and staff responsi-
bilities of LLC “Moscow Developer” set out below, it is
assumed that this developer will delegate its functions to

3 Urban Planning Code of the Russian Federation No. 190-FZ
of 29 December 2004 (as amended on 31 July 2025). URL:
http://www.consultant.ru/document/cons_doc LAW 51040/

Selection of contractors

-
)‘ <f0r design and survey work >
Preparation for the tender
=) for construction
and installation works

-

Construction and installation work
(not considered in the game)

Fig. 1. Stages covered in the game

Developer FSBI Capital
Construction

Moscow Developer LLC

)
)
)

( Technical customer >

Design and survey

organization No. 1

Design and survey
organization No. 2

Design and survey
organization No. 3

< Public procurement platform >

Fig. 2. Composition of the teams participating in the game
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the technical client. Three equivalent design and survey
organizations are present on the business game’s “mar-
ket” to demonstrate a competitive environment. Each
of these design and survey organizations may participate
in the design and survey work for either of the two proj-
ects. The “public procurement platform” team simulates
the operation of a unified information system in the field

of procurement and participates in the tender organized

by the developer, the Federal State Budgetary Institu-
tion “Capital Construction”. Table 1 sets out the general
background, objectives and tasks in the game for each
participating team.

Table 2 presents, in simplified form, the staffing
structure and organizational management structure of each
organization (a functional management system, with all
departments reporting to the Chief Executive), and sets

Table 1. General background, objectives and tasks in the game for each participating team

Number General background Objective in the game Tasks in the game Recommended
number of
students per
team
1 2 3 4 5
Team 1. Developer: Federal State Budgetary Institution “Capital Construction”

1 Is the developer of the CCP | Make the best use of To draw up and approve 7-10 people

“Production Building”. the available budget. the design brief.
100,000 monetary units have |Prepare design and cost Conduct a tender (No. 44-FZ) and
been allocated to the project | estimate documentation enter into a contract with a design
from the federal budget. that will enable and survey organization.
The developer has no other | the construction of Accept the results of
funds. a facility meeting the work (design and survey
The production building the specified requirements | documentation).
needs to accommodate Launch a tender for
equipment occupying 50 m? the construction work
(excluding the space required
for administrative and staff
facilities).
The company has its own
qualified specialists
Team 2. Moscow Developer LLC

2 Is the developer of the CCP | To build as many square Organize the preparation of 3-5 people
“Multi-storey residential metres of housing as the design and cost estimate
building”. possible. documentation and enter into
It has taken out a bank loan | Prepare design and cost a contract with the technical
of 180,000 currency units. estimate documentation client.

The developer has no other | that will enable Approve the design brief.
funds. the construction of Approve the design and survey
There are no engineering or | a development meeting documentation
technical staff on the payroll | the set objectives

Team 3. Technical client (name to be chosen by the students)

3 Acts as the technical client; | Earn To enter into a contract with 3-5 people
has its own qualified the developer.
specialists on staff Draw up the design brief.

Conduct a tender and enter into

a contract with a design and

survey organization.

Accept the deliverables (design

and survey documentation) and

hand them over to the developer
Teams 4, 5, 6. Design and survey organizations (names chosen by the students)

4 Qualified design and survey | Earn Prepare to take part in tenders. 5-9 people in
organizations with relevant Conclude a contract for each team
experience the development of design and

survey documentation.
Develop the design and survey
documentation.

Deliver the results of the work
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End of the Table 1
Number General background Objective in the game Tasks in the game Recommended
number of
students per
team
1 2 3 4 5
Team 7. “Public Procurement” platform
5 The team will receive further | Ensure the tender is Check the documentation 2-3 people

instructions on the rules

of procedure, what to look
out for when checking
documents, and the method
for determining the winner
(as set out in the handout)

received.

Publicize the tender.

Obtain commercial proposals.
Determine the winner.
Support the conclusion of

the contract

conducted

Table 2. Staffing structure and organizational management structure for each participating team

Number Position Recommended tasks
1 2 3
Team 1. Developer: Federal State Budgetary Institution “Capital Construction”
1.1 Chief Executive Organize the work.
Ensure the quality of the results.
Present the results
1.2 Chief Engineer, engineering | Prepare the technical requirements in the design brief
team
1.3 Finance Department Allocate the budget (including determining and agreeing with the Chief Engineer
the floor area of the proposed facility).
Determine the initial maximum value of contracts for design and construction
works
1.4 Contractor Relations Prepare the tender requirements.
Department Prepare the contract for signing.
Arrange for the signing of handover certificates for completed works
Team 2. Moscow Developer LLC
2.1 Chief Executive Organize the work.
Conduct negotiations with the technical client and agree on the terms of
the work.
Ensure the quality of the results.
Present the results
2.2 Finance Department Allocate the budget (including determining and agreeing with the Chief
Executive the floor area of the proposed project).
Determine the initial maximum value of contracts for design and construction
works.
Prepare the contract for signing.
Organize the signing of handover certificates for completed works
Team 3. Technical Client (name to be chosen by the students)
3.1 Chief Executive Organize the work.
Ensure the quality of the results.
Present the results
3.2 | Chief Engineer, engineering | Prepare the technical requirements in the design brief
team
33 Finance Department If necessary, reallocate the budget and determine the initial maximum value of
contracts for design and construction works
34 Contractor Relations Develop a procedure for selecting a contractor for the design and survey work.
Department Prepare the contract for signing.
Organize the signing of handover certificates for the work completed
Teams 4, 5, 6. Design and survey organizations (names to be chosen by students)
4.1 Chief Executive Organize the work.

Ensure the quality of the results.
Present the results
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End of the Table 2

Number Position

Recommended tasks

1 2

3

Teams 4, 5, 6. Design and survey organizations (names to be chosen by students)

4.2 | Chief Engineer, engineering
team

Draw up design and survey documentation

43 Contractor Relations

Department survey work.

out the recommended tasks. Each student participating
in a team must be assigned a role within the organization
or be assigned to a specific department.

The general background information required for all
participants in the game is shown in Fig. 3.

The game is divided into four rounds, each last-
ing 10 minutes. During each round, the teams carry out
the game tasks in the sequence shown in Fig. 4. The du-
ration of each round and the composition of its activities
may be adjusted by the game facilitator, taking into ac-
count the speed at which the teams complete the game
tasks. The facilitator must guide the actions of each team,

Prepare for participation in the tender/selection of a contractor for the design and

Prepare the contract for signing

ensuring synchronized progress towards the objectives.
Minor details may be omitted (any errors can be dis-
cussed once the game is over). The most important as-
pects of the game are the participants’ engagement and
the development of an understanding of the profession-
al activities of construction workers, carried out under
tight deadlines and involving the parallel development
of events across different sites.

At the end of each phase, the instructor summarizes
the main events of the phase and their outcomes, and di-
rects the teams’ actions. At the end of the game, the lead
instructor summarizes the results and analyses the course

(_ Average cost of design and survey work D

v' 5 monetary units per square meter

( The average cost of construction and installation work )

v' 1,000 monetary units per square meter

( Criteria for choosing a performer

v Lowest cost.

v Compliance with qualification requirements.

v’ Experience of similar work

Fig. 3. General brief for game participants

Round 1 (10 min)

Round 2 (10 min)

Round 3 (10 min)

Round 4 (10 min)

Federal State Budgetary
Institution “Capital
Construction”

Develops and approves
the design brief.

Announces a tender for
design and survey work

Conduct a tender on

the “Public procurement
platform” and select

the winner

Supervises

Approves the design
and survey documentation

Design and survey
organizations

Prepare to participate in
the tender

Participate in
the tender

The winning organization
prepares the design and
survey documentation and
submits it to the client.
Other organizations
participate in

the tender

One organization prepares
the design and survey
documentation.

Submits

the deliverables

to the developer

Moscow Developer LLC

Agree on the terms
and conclude
a contract with

Technical client

each other

Fig. 4. Game progression (basic plan)
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Approves the design brief.
Supervises

Supervises

Supervises.
Approves the design
and survey documentation

Develops the design brief.
Determines

the procedure for selecting
a design

and survey contractor

Selects a design and survey
contractor.

Concludes a contract for
the preparation

of the documentation

Reviews and approves.
Submits

the deliverables

to the developer
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Table 3. Criteria for assessing the results achieved by the teams

Number Criteria for achieving game objectives Criteria for completing game tasks
1 2 3
Team 1. Developer: Federal State Budgetary Institution “Capital Construction”
1 Design and survey documentation has been drawn | The developer has drawn up and approved the design brief,

up for the “Production Building” project, with

an area of >50 m>

The allocated funds, net of actual design costs,
are sufficient for the subsequent execution of
construction and installation works on the project

and the technical and economic indicators for the project have
been correctly determined (based on an average cost of 1 m?
for design and construction works; the developer’s budget is
sufficient for a building with an area of 99.5 m?; this figure
is not the only correct one, as the team may opt for various
strategies: to factor in a possible tender discount, to set aside
reserves for unforeseen expenses, etc.). The design brief has
been signed by the officials responsible for its preparation
and approved by the signature of the organization’s chief
engineer.

A tender was conducted in accordance with the regulations
of the “Public procurement platform”, and a contract was
concluded with the design and survey organization.

The contract sets out the main terms of the agreement (cost,
deadlines, requirements for the deliverables). The contract
was signed by the chief executive of each party.

The design documentation handed over to the developer
complies with the requirements of the design brief; the title
pages of the design documentation have been signed

by the officials responsible for its preparation

and approved by the signature of the chief engineer

of the design and survey organization.

In accordance with the regulations of the “Public
procurement platform”, a tender has been announced for

the performance of construction and installation works on
the project. The design and survey documentation has been
submitted as the basis for the tender, and the initial maximum
contract value for the construction and installation works has
been determined

Team 2. Moscow Developer LLC

2 The design and survey documentation for

the “Multi-storey residential building” project has
been drawn up.

The allocated funds, net of actual design costs,
are sufficient to cover the subsequent construction
works on the project

A contract has been concluded with the technical client.
The contract sets out the main terms of the agreement (cost,
deadlines, requirements for the deliverables). The contract
has been signed by the chief executive of each party.

The terms of the transaction have been agreed at the level
of the organizations’ chief executives. The main point of
discussion is the cost of the technical client’s services. Based
on the average cost 1 m? for design and construction works,
the developer’s budget is sufficient for a building with

an area of 179 m?; the larger the area the team was able to
achieve, the more effective their actions were.

The design brief has been signed by the relevant officials and
the technical client responsible for its preparation, including
the chief engineer; it has been approved by the developer’s
chief executive and complies with the terms of the contract
between the developer and the technical client.

The design documentation handed over to the developer
complies with the requirements of the design brief; the title
pages of the design documentation have been signed

by the officials responsible for its preparation, approved by
the signature of the chief engineer of the design and survey
organization, and agreed upon by the technical client
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End of the Table 3
Number Criteria for achieving game objectives Criteria for completing game tasks
1 2 3
Team 3. Technical client (name chosen by the students)
3 The cost of the work carried out, as per A contract has been concluded with the developer.

the handover certificate signed between

the developer and the technical client (revenue),
is greater than the cost of the work carried out,
as per the handover certificate signed between
the technical client and the design and survey
organization (expense)

The contract sets out the main terms of the transaction (cost,
deadlines, requirements for the outcome). The contract has
been signed by the chief executive of each party.

The terms of the transaction have been agreed at the level of
the organizations’ chief executives.

The developer has signed the technical client’s handover
certificate for the work completed. The handover certificate
is signed by the chief executive of each party (based on

the terms of the game, it is assumed that the developer will
not sign the certificate until the technical client has fulfilled
all its obligations).

The main subject of discussion is the technical client’s
notional profit (the difference between income and
expenditure). The team may choose various strategies,
including but not limited to: selecting the optimal site

area and negotiating with the client; negotiating with design
and survey organizations to reduce the cost of their work.
The greater the profit the team manages to achieve, the more
effective their actions were

Teams 4, 5, 6. Design and survey organizations (names to be chosen by the students)

4 A handover and acceptance certificate for

the work carried out has been signed between

the design and survey organization and the client
(developer, technical client, or another design and
survey organization), with the cost of the work
carried out being greater than 0.

If subcontracts were concluded, the cost of

the work accepted under them must be deducted
when estimating the notional profit

At least one contract for the preparation of design and survey
documentation has been concluded.

The client has signed the handover and acceptance
certificate for the work carried out by the technical client.
The handover and acceptance certificate is signed in person
by the managing director on each side (based on the terms
of the game, it is assumed that the client will not sign

the certificate until the design and survey organization has
fulfilled all its stipulated obligations).

The main task of the design and survey organization is to
select the optimal course of action, as different requirements
are imposed on the participant for each project, and

the process of selecting a contractor is organized differently
for each. The design and survey organization may plan to
participate specifically in the selection process for one of
the projects, prepare to participate in the selection processes
for both projects, or conduct negotiations with other
construction participants, including joining forces with other
design and survey organizations by participating jointly in
the tender or being engaged as a subcontractor.

The greater the profit the team was able to achieve, the more
effective its actions were

Team 7. “Public Procurement” platform

5 A tender for design and survey work on

the “Production Building” project was held, and
a winner was selected.

A set of documents has been accepted for

the tender for construction and installation works
on the project
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Unlike the other teams, the “Public Procurement™ platform
does not involve taking a proactive role in the game.

The criterion for the team’s effectiveness is the completion
of the assigned tasks in accordance with the game rules.
The most important factors are objectivity, thorough
verification of incoming documents against the specified
requirements, rejection of documents “on formal grounds”
(where necessary) and accuracy in carrying out calculations
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of events for each of the two sites. The criteria for the suc-
cessful completion of the game are the teams’ fulfilment
of the set game tasks and the achievement of the game
objectives; details of these criteria are set out in Table 3.

Description of handouts for the game

The following handouts are recommended for
the game:

1. Standard form for a design brief for a CCP, ap-
proved by Order of the Russian Ministry of Construction®.
An abridged “draft version” may be prepared, including
guidance on how to complete the form (2—4 copies).

2. A template contract for the performance of works
(provision of services). The contract template must include
the key provisions set out in the Civil Code® of the Rus-
sian Federation: preamble, subject matter of the contract,
deadlines for completion of the work, cost of the work and
payment terms, rights and obligations of the parties, proce-
dure for handover and acceptance of the work, details and
signatures of the parties (6-8 copies).

3. A free-form commercial proposal template con-
taining details of the tenderer’s name, the subject of
the procurement, the proposed cost and deadlines for
completion of the work, details of the tenderer’s quali-
fications, details of experience in carrying out similar
work, and other relevant information (8—10 copies).

4 The Approval of the Standard Form of Design Brief for Capi-
tal Construction Projects and Requirements for its Preparation :
Order of the Ministry of Construction and Housing and Com-
munal Services of the Russian Federation No. 125/pr of 1 March
2018, as amended on 2 March 2022, Collection of Legislation
of the Russian Federation. 2018. No. 13. Art. 1702.

5 Civil Code of the Russian Federation. Part 1 : Federal Law
No. 14-FZ of 26 January 1996, Collection of Legislation of
the Russian Federation. 1996. No. 5. Art. 410.

Calculation example

4. A template for the handover and acceptance cer-
tificate for works under the contract, in the form recom-
mended by Order No.¢ of the Ministry of Construction
of Russia, Annex No. 4: Handover and Acceptance Cer-
tificate for Completed Works (68 copies).

5. Template for the title page of design and survey
documentation in the form set out in Annex R of the state
standard’ (10-12 copies).

6. General project brief (7 copies).

7. Regulations for the operation of the public pro-
curement platform, in free form, specifying: mandatory
requirements for the design organization (membership
of a self-regulatory organization for surveying and de-
sign), requirements for the set of documentation to be
submitted (including details of the developer, the sub-
ject of the procurement, the estimated (maximum) cost
of design) and survey work/construction and installation
works, and the criteria for determining the successful
bidders (recommended weights: 60 % — cost, 10 % —
timeframe, 30 % — experience). An example calculation
and a template for the calculation, recommended for in-
clusion in the handouts, are shown in Fig. 5.

Depending on the estimated duration of the game,
the level of detail in the handouts may vary. To adhere
to the timing set out in the scenario, it is assumed that
the handouts are pre-filled with all data, except for those
details that are determined during the course of the game.

¢ The approval of the Model State (Municipal) Contract for
the construction (reconstruction) of a capital construction proj-
ect and the information sheet for the said model contract : Order
of the Ministry of Construction and Housing and Communal
Services of the Russian Federation No. 398/pr of 5 July 2018
(as amended on 20 June 2019) (registered with the Ministry
of Justice of Russia on 10 October 2018, No. 52383).

7 GOST R 21.101-2020. System of design documentation for
construction. Basic requirements for design and working docu-
mentation. Moscow, Standardinform, 2020, 28.

Criteria Offer 1 Offer 2 Offer 3
Cost 100 rubles 2 |2r06=12 80 rubles 3 =3:06=18 120 rubles =1:06=06
Term 5 min 2 =2-0.1=02 10 min 1 =1-0.1=0.1 3 min =3-0.1=03
Experience 5 projects 3 [=3:03=09 1 project 1 =1-03=03 3 projects =2:03=06
The amount of points X |23 P 2.2 1.5
The winner is Offer 1
The template for the calculation
Criteria Offer 1 Offer 2 Offer 3
Cost
Term
Experience
The amount of points z z

Fig. 5. Example of an extract from handouts for the “Public Procurement Platform” team
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It should be noted that face-to-face communica-
tion, as opposed to digital communication, and the paper
version of documents in the form of handouts are more
challenging for generation Z; at the same time, they help
prepare them for future working life, where they will en-
counter various forms of workplace and collegial com-
munication.

Description of the business game

1. The lecturer (game facilitator) announces the start
of the educational business game ‘“Preparation for Con-
struction”. The lecturer provides the following guidelines
for the game:

¢ during the game, participants must apply the theo-
retical knowledge they have previously acquired;

* it is recommended that you use your imagination
and come up with any missing background information
yourselves, as the main aim of the game is to familia-
rize yourselves with the process of organizing a const-
ruction project;

+ this is an educational game, i.e. it is acceptable to
make mistakes, ask questions and use any materials and
sources. The main criterion is the student’s active par-
ticipation and engagement in the game (the possibility
of making mistakes is understood by the gamer generation,

and in the context of the game, it provides an opportunity
for creativity and for modelling various scenarios, thereby
further enhancing their understanding of the subject);

¢ during the game, students are asked to take on their
roles and not to forget to step out of them once the game
is over.

2. The lecturer introduces the audience to the roles
proposed in the game, whilst at the same time dividing
the participants into seven teams.

3. The lecturer introduces the audience to the back-
ground information on each participant, as well as
the aims and objectives of the game. This involves pre-
senting the information set out in Table 1. A possible ex-
ample of a slide design for presenting this background
information is shown in Fig. 6.

4. Once each team has familiarized itself with
the aims and objectives, roles (positions) are allocated
within the organization. This involves presenting the in-
formation set out in Table 2. A possible example of a slide
layout for presenting the introductory information is
shown in Fig. 7.

5. The lecturer presents the general introductory
information shown in Fig. 3 and explains the course
of the game as illustrated in Fig. 4. They answer students’
questions.

Developer FSBI Capital Construction

(__ The goal of the game )

v Make optimal use of the available budget.

v' Prepare design and estimate documentation that will allow
you to build an object that meets the task

C Tasks in the game )

v" Develop and approve a design assignment.

v' To hold a tender (No. 44-FZ) and conclude an agreement with
a design and survey organization.

v’ Accept the result of the work (design and survey

documentation).

v To announce a tender for construction

Fig. 6. An example illustrating the introductory information set out in Table 1

Developer FSBI Capital Construction

C Organizational structure )

Post

Recommended tasks

General manager

Organize the work.
Make sure the result is of high quality.
Present the result

Chief Engineer, staff of Engineers

Prepare the technical requirements in the design task

Economic Department

Distribute the budget and determine the initial maximum cost
of PIR and SMR contracts

Department for interaction with
counterparties

Prepare the requirements for the tender participants.
Prepare the contract for conclusion

Fig. 7. Example of a presentation of the introductory information listed in Table 2
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6. The lecturer invites the students, who are acting
as chief executive officers of organizations, to familia-
rise themselves with the handouts provided. They an-
swer questions and give instructions for the first round
of the game.

7. The lecturer signals the start of the first round
of the game and times it. During the first round, the “Pub-
lic Procurement Platform” team must be given further
instructions; with the help of a moderator, they should
guide the actions of the teams acting as developers and
coordinate the actions of the other teams. At the end
of the round, the lecturer briefly announces the results
achieved and gives instructions for the second round.

8. The tutor signals the start of the second round of
the game and starts the stopwatch. At the start of the sec-
ond round, the tutor or the “Public Procurement Platform”
makes a verbal announcement regarding the tender, sets out
the main conditions, and announces the dead-line for sub-
mitting bids (in minutes). During this round, with the help of
the moderator, the instructor must guide the actions
of the teams acting as design and survey organizations and
the technical client, whilst coordinating the actions of the other
teams. At the end of the round, the instructor briefly sum-
marizes the results achieved and gives instructions for
the third round.

9. The tutor signals the start of the third round
of the game and starts the timer. During this round, with
the help of the moderator, the instructor must guide the ac-
tions of the teams acting as design and survey organizations
and the developer “FSUE Capital Construction”, whilst
coordinating the actions of the other teams. At the end
of the round, the instructor briefly announces the results
achieved and gives instructions for the fourth round.

10. The lecturer signals the start of the fourth round
ofthe game and times it. During this round, with the help of
the moderator, the actions of all teams must be directed
and coordinated with a view to achieving the game’s
objectives or interim results. At the end of the round,
the teacher invites the students acting as chief executives
of all the organizations to jointly announce the results
achieved by each organization and analyze the course
of events for each of the entities considered in the game.
The teacher highlights the most successful moments
of the game.

11. The game concludes with a general reflection
session. Examples of questions the tutor might ask to fa-
cilitate reflection:

» which of the teams’ decisions were effective;

 which of the team’s decisions did not work;

» what was learnt during the game;

» which aspects remained unclear.

12. The teacher thanks the students for taking part
in the game.

Testing and implementation
The business simulation, in accordance with
the proposed scenario, was conducted in October 2025 as

a supplement to the lecture material for the course “Fun-
damentals of Construction Production Organization” for
third-year students at the Institute of Economics, Man-
agement and Communications in Construction and Real
Estate. Forty-six students took part in the simulation,
of whom:

» 42 students were actively involved in the game
and took part in group work (92 % of the total);

* 2 students experienced difficulties due to a lan-
guage barrier; they observed the game and were indi-
vidually familiarized with the document templates used
in the game (4 % of the total);

* 2 students did not participate in team work of their
own accord; they observed the game, were individually
briefed on the document templates used in the game,
and asked the lecturer a number of clarifying questions
on the subject matter (4 % of the total).

The business simulation was conducted by a single
lecturer, with the assistance of one moderator, which en-
abled the lecturer to monitor and guide the actions of all
teams. The total duration was 70 minutes, comprising 10
minutes for explaining the rules of the game, 50 minutes
for the main gameplay, and 10 minutes for summarizing
the results.

Teams were formed by grouping together students
sitting next to one another. When assigning roles within
each team, the CEO was appointed first. In five of the six
teams, the students chose their CEO themselves. In
one team, the CEO was appointed by the lecturer. Dur-
ing the game, all six teams worked in accordance with
the recommended division of responsibilities amongst
participants. In one team, the group work proved to be
the most effective: participants each worked on their
own section in parallel, whilst the CEO coordinated
the results and liaised with “external counterparties”. In
one team, the Chief Executive Officer faced difficulties
in delegating and ended up working independently or fi-
nalizing the outcome for each set of issues. Each team
gained experience of collaborating within the organiza-
tion’s management structure.

During the business simulation, the team playing
the role of the developer “FSUE «Capital Construc-
tion»”, with the participation of teams playing the roles
of “Public Procurement Platform” and “Design and Sur-
vey Organization No. 3”, managed to complete the pre-
scribed game process from the stage of approving the de-
sign brief to the stage of approving the design and survey
organization, including the signing of the necessary con-
tracts and acceptance certificates for the work carried out.
During the tender process, the winners were announced
as the sole organization that had correctly submitted a bid
(the second bidder failed to meet the statutory tender
deadlines, whilst the third bid was rejected on procedural
grounds — the subject of the procurement had been in-
correctly specified). As a set of documents simulating
design documentation, the team of “Design and Survey
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Organization No. 3” prepared title pages of the design
documentation signed by the responsible persons, as well
as improvised drawings for the Site Planning Scheme
(SPS) and Structural Solutions (SS) sections, using stu-
dents’ personal materials.

The team playing the role of the developer, “Mos-
cow Developer” Ltd, with the participation of the “Tech-
nical Client” and “Design and Survey Organization No. 1”
teams, “Design and Survey Organization No. 2”, managed
during the game to approve the design brief and conclude
contracts between the parties involved in the process: “de-
veloper” — “technical client”, “technical client” — “Design
and Survey Organization No. 2”, “Design and Survey
Organization No. 2” — “Design and Survey Organiza-
tion No. 1”. The students independently decided to engage
Design and Survey Organization No. 1 as a subcontractor
to develop specific sections of the design documentation.
The process of developing the project documentation was
not completed due to the considerable time required for
negotiations between the participants. However, all teams
agreed on the commercial terms of the contracts and
the requirements for the deliverables, including the tech-
nical and economic indicators for the facilities. During
the business negotiations, the students gained an under-
standing of planning and management processes in situ-
ations where diverse interests and resources must be inte-
grated within a single system.

The overall results of the simulation were assessed
by the lecturer as a successful experience in consoli-
dating the theoretical knowledge acquired in specific
sections of the course “Fundamentals of Construction
Management”, an opportunity for future specialists to
develop communication skills and engage in joint deci-
sion-making under time pressure, and a means of foster-
ing creative professional thinking. The simulation had
a positive impact on the students’ academic performance
in the subject.

CONCLUSION AND DISCUSSION

The business simulation “Preparation for Construc-
tion Production” is a supplementary educational method
for teaching students on construction courses. The game
has been developed with the characteristics of genera-
tion Z in mind and is aimed at developing professional
competences in the field of construction project manage-
ment. Gaining an understanding of their future profes-
sional activities, in turn, helps students to reflect on their
role, aspirations and opportunities in their forthcoming
professional careers and future working lives.

The game’s methodology is based on active learn-
ing methods and involves simulating real-life production
processes. Students are divided into teams, each of which
plays the role of a specific participant in the construction
process: a developer, a technical client or a design and
survey organization. Working in small groups helps to
engage every member of the group in the process and
provides an opportunity for further analysis, both for
the lecturer and for each student individually.

The main value of this methodology lies in the inte-
gration of theoretical knowledge with practical manage-
ment skills in the construction industry through game-
based simulation of professional activities, which has
a positive effect on both students and the lecturer.

The game process comprises four stages, during
which participants carry out professional tasks: they draw
up design briefs, conduct tenders, conclude contracts and
interact with one another. The lecturer acts as a modera-
tor and guides the teams’ actions.

Trials of the game demonstrated high effectiveness:
92 % of students actively engaged in the process, con-
solidated the theoretical knowledge they had acquired,
gained practical experience in communication, and de-
veloped skills in collaborative decision-making under
time constraints, which had a positive impact on the stu-
dents’ academic performance in the subject.
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