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KPATKME COOBWEHWNA. ANCKYCCUNN
N PELULEH3NN. MHOOPMALUUMA

MexkayHapoaAHbIH HAYYHO-TIPAKTHYECKHUI CUMIIO3UYM
«byayuiee CTpoUTEILHON OTPACJIU: BHI30BBI U NEPCHEKTUBbI
passutus» B HLY MI'CY

C 16 no 20 cenmaopa 2024 2. ¢ HUY MI'CY npowino macuimaonoe mexcoynapoonoe
Meponpusamue — Hay4yHOo-npakmuyeckui cumnosuym «byoywee cmpoumenvnoit ompacnu:
6b1306bl U NEPCHEKMUBHL PA3EUMUA).

Ha ogHO#1 AMCKYCCHOHHOM IIIOIIAIKe BCTPETUINCH NpeacTaBurenn [IpasurenscTea Poc-
cuiickoit denepanuu, NpoPUIbHBIX MUHUCTEPCTB U BEIOMCTB, MEXTYHAPOJHOTO HAYUYHOI'O
U aKaJIeMHYECKOTO COOOIIECTB, CTYACHTHI, aciupanThl 1 penogasarenn HUY MI'CY, a Taxxke
CHEUAINCTHI CTPOUTEIBHBIX KOMIIAHUNA U OpraHU3aLui.

Lenan meponpusTus:

* obecreyeHre yCTOMYMBOIO HHHOBALMOHHOTO Pa3BUTHsI CTPOUTENIBHOM OTpaciu, coxpa-
HEHHE NIPEEMCTBEHHOCTH HAYYHbIX LIKOJI, (POPMUPOBAHNE HOBOTO YPOBHS IOIIOTOBKH IIpodec-
CHOHAJIBHBIX KaJpPOB, YKPEIUICHNE HAyYHbIX U JEJIOBBIX KOHTAKTOB;

* OmpeeIeHNe MEePCIIEKTUB B CO3JaHIK HOBOTO HAYYHOTO 3HAHMSI, TEXHOJIOTUH U pa3pado-
TOK /1711 BHEIPEHHS B SKOHOMHKY U COLIMAIbHYIO cepy, paclIupeHre HayqYHO-00pa3oBaTeib-
HOTO MapTHEPCTBA U PA3BUTHE MEXKBY30BCKOT'O M OTPACIEBOIO B3aMMOJIEHCTBUS, podeccuo-
HaJIbHOM KOHCOJIMIAIUH SKCIIEPTHBIX COOOIIECTB.

B sTom rony aenoBast v Hay4qHas IporpaMMbl CUMIIO3UyMa ObIIIM HACKIILIEHBI HHTEPECHBIMU
U MO03HaBaTeNbHBIMU COOBITUAMU. CocTosioch Oosee 40 pa3TuyHbIX TEMATUYECKUX MEPOIIPHUS-
THMW, BKJIFOYas CEMUHAPBI, KPYIIIbIE CTOJIBI, MACTEP-KJIACCHI U BBICTABKH.

Cpenn HUX MOXKHO BBIJICIHUTD:

* KoH(pepeHuuio «MexaHnka rpPyHTOB U F€OTEXHHUKA B BBICOTHOM M IOA3EMHOM CTPOMTEIIb-
ctBe» umenu 3.I. Tep-Maprupocsna;

* KOH(epeHIHIO «3a1a4M U METO/Ibl KOMITBIOTEPHOTO MOAEIUPOBAHUS KOHCTPYKIMHA U CO-
OpYXEHUI» — «30JIOTOBCKUE YTCHUS;

* cemuHap «Hay4yHo-TexHMUECKOE CONPOBOKACHUE YHUKAIBHBIX 00bEKTOB CTPOUTENHCTBA
Ha dTanax MX IIPOEKTUPOBAHMS, CTPOUTENBCTBA U SKCIUTyaTalun»;

* Kpymiblii cTon «Pa3paboTka 1 BBITYCK MEPCIEKTUBHBIX HHHOBAIIMOHHBIX CTPOUTENIBHBIX
MaTepHuaioBy;

* Kpymiblii cTosn «COBpEMEHHbIE CTPOUTENIbHBIE KOHCTPYKIMHU, TPOOIEMbI U IEPCHEKTUBBD)
U Jap.

IToMrMO MEpONPUATHH, YK€ CTABIIMX TPAIULUOHHBIMH, B 9TOM IOy B COCTaB CUMIIO3HY-
Ma BOIITH BbICTaBKa «Momyib DKoy U « MexIyHapOIHBIH KOHTPECC MOJIOBIX JU3aHEPOB
U apXUTEKTOPOBY.

B pabote cumnosnyma npussiiu yuactue 6onee 1500 uenoBek, cpein KOTOPBIX U3BECTHBIC
poccuiickue yuyensle, npejacrasurenu [IpasutensctBa Poccuiickoii @enepannu, npopuibHbIX
MUHHUCTEPCTB U BEIOMCTB, MEXAYHAPOIHOTO HAYYHOI'O COOOIIECTBA, B TOM 4uciIe ApMEHHH,
benapycu, Upana, Kuras, Unauu, Uanonesun, Mpaka, FOxuoi Kopeu, Manaiizuu, CILIA, Typ-
uu, Y30eKkucTaHa u Jip.

CuMII03uyM MPOXONI MPHU MOAJIEPIKKE:

* MuHnucTepcTBa HayKH U BhIciiero oopazoBanus Poccuiickoit denepanmu;

* MuHucTepcTBa CTPOUTENIBLCTBA U KUIUIIIHO-KOMMYHaJIbHOTO X03s1iicTBa Poccuiickon de-
Jepaluu;

* Crpotikomiuiekca Poccun;



C. XX-XX

 Poccuiickoli akaieMum apXuTeKTypbl U CTPOUTEIbHBIX HayK ([ ocynapcTBeHHas akajaeMus
Hayk [IpaButensctBa Poccuiickoit @enepanun);

e 'K «DCKy;

* nesenonepckoit komnanuu «MP-OPUOH.3»;

* AO «I'K «ITMOHEP»;

* KoHcopuuyMa «CTpOUTENBCTBO U APXUTEKTYpPay;

* OO0 I'K «CVY-555»;

* Capital Group;

* 'K «PCTWN» («PoccTpoitnaBecT»);

* AO «JIOM.PDy;

* OO0 «HIIII I'eoTeky;

* I'K «MoHoauT»;

* AO «MHUCKx;

* AO «MHctutyT «OpraHeprocTpoi»;

* [TAO «Pycrunpo».
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AHHOTALUUA

BBepeHue. [NpegmeTtom nccnenoBaHns ABNSETCS TUM NOANOPHOMO COOPYXXEHWS, NPeAcTaBnsALLmMin cobon nocnegosaTesb-
HOCTb YCTaHOBMEHHbIX APYr Ha Apyra U He NMEIoLLMX Mexay COBOM XeCTKON KOHCTPYKTUBHOW CBA3W MyCTOTeNbIX GrokoB,
3anonHeHHbIX WebHeM. AKTyanbHOCTb WMCCNeAoBaHNA COCTOMT B HEOBXOAMMOCTM pa3paboTkM pacyeTHOro 060CHOBaHWSA
paccMaTpuBaeMoro KOHCTPYKTUBHOIO pelleHWst MOAMOPHbIX CTEH MpY pasnuyHbIX YCNOBUSIX aKcnnyaTauuu. HayuHas Ho-
BM3Ha 3aknioyaeTcsi B 000CHOBaHMM 1 pa3paboTke HOBbIX TEXHUYECKMX PeLUeHMI, HanpaBeHHbIX Ha paclunpeHne obnactu
NPUMEHEHNS NEePCNEKTUBHBIX KOHCTPYKLMIA MOAMOPHBLIX COOPY>KEHWI, NpakTuyeckasi 3Ha4MmoCcTb — B paspaboTke u coBep-
LLIEHCTBOBaHWM TEXHOMNOTMNIN NX BO3BEAEHUS.

Matepuanbl n metoAbl. MNpn 06cnefoBaHM U cUCTeMaTU3aLmMn CBEAEHNI O TEXHNYECKOM COCTOSHUN BO3BEAEHHbIX Noa-
MOPHBIX COOPYXXEHWIA UCMOMNb3YHOTCS HOPMATUBHbIE METOAMKN U pekoMeHAaumu. BeinonHeHo Bu3yanbHoe obcnenoBaHne
COOpYXeHU ¢ oToduKcaumnern NoBpexaeHni n aedekToB, 0bMepHble paboTbl, a Takke reogesnyeckne pabdoTbl ¢ PUk-
caumen koopavHaT xapakTepHbIX TOYEK MOANOPHbLIX COOpYXeHuin. MeToabl aHanmaa HanpsixxeHHo-4edopMUPOBaHHOIO CO-
CTOSIHVSA COOPY>XEHUSI NO3BONMN pa3paboTaTb HOBble TEXHUYECKME PELUEHUS B YACTW BOBIIEYEHUSI OKPYXaloLWero rpyHTa
B paboTy KOHCTPYKLMK.

Pe3ynbraTbl. AHanusa pesynsratoB 06cnegoBaHns NOANOPHBLIX COOPYXXEHWUN, BbINOMHEHHbIX HAa obbekTax r. BnagnsocToka
B nepuop ¢ 2010 r., nokasar, 4YTo KaTeropum TEXHUYECKOro COCTOSIHMSA 06CneaoBaHHbIX 0ObLEKTOB ONpeaensaTcs Kak Hop-
mMaTuBHoe M pabotocnocobHoe. C Lenbio paclumpeHns obnact NPUMEHEHUs paccMaTpUBaeMblX KOHCTPYKLMIA B YacTy
Avana3oHa xapakTepucTVK YAepXX1BaeMoro rpyHTa u yBenMyeHus BbiCOTbl MoAnopa pa3paboTaHbl HOBble TEXHUYeCKue pe-
LUEHUsi, HanpaBreHHble Ha yYBEeNMYeHNe MacCUBHOCTM CTEHKW W BOBIEYEHUE YAEepXMBAEMOro rpyHTa B obecrneyeHne aKc-
nnyaTauMoHHbIX Ka4eCTB MOAMOPHOIO COOPYXEHUS.

BeiBoabl. B pesynsraTte nccnenosaHnin BniepBble cvcTEMaTM3MpoBaHa MHOPMaLMSA O TEXHUYECKOM COCTOSHWUM 3KCNIyaTu-
pyeMbIX NOAMOPHbLIX COOPYXEHWI, BbIMOMHEHHbIX U3 3anONHEHHbIX TPYHTOM BrIoKOB-KOpPODOOB: B LIENIOM CTEHKW MOKa3biBaloT
XOpOLUy paboTocnocobHOCTb B AOCTATOMHO CypoBbIX YCroBusix JansHero Boctoka Poccun. PaspaboTaHHble HOBblE TEXHU-
Yeckne peLleHns No3BonsT 060CHOBaHHO PacLUMPUTL 0BnacTe NPUMEHEHUS pacCcMaTpyBaeMbIX KOHCTPYKLIMIA 3a CHET code-
TaHWS NOMNOXMUTESbHbLIX KA4eCTB MONYrpaBUTaALMOHHBIX KOHCTPYKLIMIA MOAMOPHBIX CTEH U TEXHONOMUIA apMUPOBAHHOTO rPyHTA.

KIKOYEBBIE CJTOBA: nonyrpaB1TaLOHHbIE NOAMNOPHbIE CTEHKM, NyCTOTENbIe BOKN, 3anofIHEHNE LeOHEM, MOHUTOPWHT,
TEXHOMNOrnsa BO3BEAEHMS
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Retaining structures made of blocks filled with crushed stone:
monitoring results and development of construction technology
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BBEJIEHHUE

ABSTRACT

Introduction. The subject of the study is a type of retaining structure representing a series of blocks filled with crushed
stone which are installed on top of one another without a rigid connection. The relevance of the study is set by the necessity
of developing a design justification of the considered retaining wall constructive solution under various operating conditions.
The scientific novelty of the study consists in justification and development of new technical solutions aimed at expanding
the scope of application for promising retaining structure designs, whereas the practical significance of the study consists in
development and refinement of construction technologies related to such designs.

Materials and methods. Normative methods and recommendations are used for inspection and systematization of in-
formation on the technical condition of erected retaining structures. Visual inspection of the structures with photo fixation
of damages and defects, measurement works, as well as geodetic works with fixation of coordinates of characteristic points
of retaining structures were carried out. Methods of analyzing the stress-strain state of the structure allowed to develop new
technical solutions in terms of involving the surrounding soil in the work of the structure.

Results. The analysis of the results of the survey of retaining structures carried out at the Vladivostok city objects since
2010 has shown that the categories of technical condition of the surveyed objects are defined as normative and serviceable.
In order to expand the scope of application of the structures under consideration in terms of the range of characteristics
of the retained soil and increase the height of the retaining wall, new technical solutions were developed aimed at increasing
the massiveness of the wall and involving the retained soil in ensuring the operational qualities of the retaining structure.
Conclusions. As a result of the research, for the first time the information on the technical condition of the operated retain-
ing structures made of soil-filled box blocks was systematized: in general, the walls show good serviceability in rather severe
conditions of the Far East of Russia. The developed new technical solutions will make it possible to reasonably expand
the application area of the considered structures due to the combination of positive qualities of semi-gravity retaining wall
structures and reinforced soil technologies.

KEYWORDS: semi-gravity retaining walls, hollow blocks, crushed stone filling, monitoring, construction technology
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COOpy)KeHI/Iﬁ IO CTCIICHU BOBJICUCHUA YACPKUBAECMOT'O
T'pyHTa B obecreueHue YCTOﬁQHBOCTH cucteMsl. [1o aTo-

ITonnopHbIe COOPYKEHUS PA3IUYHBIX KOHCTPYK-
My TOKa3aTelIto MOINOPHBIE COOPYKEHUSI MOTYT OBITh

UM IUPOKO MPUMEHSIOTCS U1 00eCTIeueHHs yCTOHIH-
BOCTH MacCHBOB I'PYHTa: HallpUMep, IPHU BEPTHKATIbHON
MJIaHUPOBKE MECTHOCTH B MPOMBIIIJICHHOM U TpaX-
JTAHCKOM CTpPOUTENBCTBE [1], ycTpoiicTBE TOPOKHBIX
HaCBINEeH B TPAHCIIOPTHOM CTPOUTEILCTBE [2], hopmu-
POBaHMN MCKYCCTBEHHBIX TEPPUTOPUIN U MPHUYAIBHBIX
COOPY)KEHHH B THAPOTEXHUIECKOM CTPOUTENBCTBE [3]
U B Apyrux oOmacTsax. B 3aBucuMocTu oT ciennpuku
MIOCTABJICHHBIX 33/1a4 Pa3pabOTaHbl Pa3INYHbIC BapHaH-
TBI TIOJIIIOPHBIX COOPYKEHHH, MHOTOOOpa3ne KOHCTPYK-
THUBHBIX PEIICHUI KOTOPBIX MOXKET OBITh CHCTEMaTH3H-
POBaHO C TIOMOIIBIO PA3IMYHBIX KIACCH(PUKAIMOHHBIX
npu3HaKoB [4]. YIOOHBIM MpencTaBIseTcs MPH3HAK, 110-
3BOJISIFOLIMN CHCTEMaTH3HPOBATh PEIICHUS TTOIIOPHBIX

YCIIOBHO Pa3/ICJICHbI HA MACCHBHBIC (TPaBUTAI[IOHHBIC),
MOJIyMACCUBHBIE (TOTyTPAaBUTAIIMOHHBIE) U COOPYKEHHUS
13 apMUPOBAHHOTO TpyHTa [5].

ba3oBbie METOMKHU pacyeTa MOIIOPHBIX COOPYIKe-
HUM, IPUMEHSIEMBIE B TPAHCIIOPTHOM CTPOMUTEINILCTBE,
JIOCTaTOYHO XOPOIIO mpopaboTansl. [Ipu 3ToM paspa-
00TKa U BHEAPEHNUE HOBBIX KOHCTPYKTUBHBIX PEHICHHI
MOJITIOPHBIX COOPYKCHUN MPUBOIUT K HEOOXOAUMOCTHU
JIOTIOJIHEHUSI M PACIIUPEHUS METO/IMK PACcUeTa C IIEJbI0
y4eTa KOHCTPYKTHBHBIX OCOOCHHOCTEH COOPYIKCHHUS,
crieu(UKA BOCTIPUATHS HATPY30K, B3aUMOJICHCTBHUS
JJIEMEHTOB TMOJMOPHOTO COOPYXECHHS MEXKAY COOOM
Y C OKpY>Kaloulei cpeaoit.
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H.A. Qum6enbmaH, A.10. UeaHHukoe, U.B. KyzoeamkuH, T.N. YepHoea, B.H. Ba6kuH, M.B. Map4yeHKo

OIHMM U3 TIEPCHIEKTHBHBIX HAIIPABJICHUH Pa3BUTHS
KOHCTPYKTHBHBIX PEIICHHHA MOATOPHBIX COOPYKCHHUN
SIBIISICTCS MICTIONIb30BAHUE TPYHTA KaK KOHCTPYKTHBHOTO
AJIEMEHTA CTEHKH, YTO JIOCTUIAeTCsl YKIIAIKOH €ro B Crie-
[IMAJILHO YCTPOEHHBIE MOJOCTH B HECYIINX JIEMEHTaX
KOHCTpYyKIUH. [TycToTensie Hecymue KOHCTPYKIINHA MO-
T'YT OBIT BBIIIOJIHEHBI B BUJIE OT/IEIBHBIX TOHKOCTEHHBIX
000J104€K ¥ KOPOOOB, yCTaHABIMBAEMBIX PYT Ha Jpyra
B OTIpPEZIETICHHOM Topsizike. [1omopHbIe CTEHKH TaKoTOo
trma ¢ 1990-x IT. MpUMEHSFOTCS, Hanpumep, B Smoxnu'2,
W3BECTHBI penienust, ucnojb3yembie B CIIIA®, u B Ha-
cTOsIIIIee BpEeMsl HaXOISIT CBOE IMpUMeHeHne B Poccun
u cTpaHax Asuu [6].

bazoBasi KOHCTPYKIMS Npe/ICTaBIsIET COOOU CTy-
TIEHYaTYI0 MOANIOPHYIO CTEHY, COONPAEMYIO 13 HECKOIIb-
KHX YPOBHEH kKeJe300€TOHHBIX MyCTOTEIbIX OIIOKOB-
KOpPOOOB, MOJOCTH KOTOPBIX MOCIIEI0BATEIHHO 3aI101-
HSIOT IeOHEeM orpezeseHHoH (pakuuu (puc. 1).

brnaroyapst OTCYTCTBHIO KECTKHX KOHCTPYKTHBHBIX
cBsi3el MeXy OJIOKaMM KOHCTPYKLUS MpEZIoiaraer
BO3MOJKHOCTh HEOOJBIINX B3aMMHBIX ITOIBIKEK OJ0-
KOB, HE OKa3bIBAIOIINX BIMSHUS HA SKCILTyaTallMOHHbIC
KayecTBa, HO IPU 5TOM 3HAYHUTEIILHO TTOBBIILIAIONINX €€
KOHCTPYKTHBHYIO THOKOCTB. [TocienHee 00CToATENbCTBO
cenao 1eaecoo0pa3HbIM MPUMEHEHHE CTEH TaKoTo
TUIIA B YCJIOBHSIX AMHAMUYECKHX HArpy30K W BO3Jeii-
CTBUIL: IPEXIE BCETO, CEHCMUYECKHX, a TAKKE HArPy30K
OT TPAHCIIOPTHOM BUOpAIMK. XOPOIIO NPOCMaTPUBACTCS
MIepPCIIEKTHBA UCIIOIB30BaHUS MOIIOPHBIX COOPYKEHUN
13 3aMOJIHEHHBIX TPYHTOM OJIOKOB JUTS pEIIeHUs 3a1a4d
JIOPOXKHOTO CTPOMTENILCTBA: MTPU BO3BEJICHUH HACHIIEH,
YCTPOWCTBE BBIEMOK, (DOPMUPOBAHUH YCTOEB MOCTOBBIX
nepexooB u ap. (puc. 1).

' Oruer 00 3KCIIepTH3E TEXHOJIOTHH CTPOHTENbCTBa. CTpou-
TEJILHBIE MaTepHaIIbl/U3/IEINs/TEXHOJIOTUH, TEXHOIOTHH CO-
JIepIKAaHMST TOPOT. AKT CTPOUTEIILHO-TEXHUUECKOH SKCIIEPTH3BI
No 0327. HaxsioHHast oJriopHasi CTeHa ¢ BO3MOXXHOCTBIO KOH-
takta «KopoOuarast noanopHast crenay. Snonwus : Mccnenosa-
TEJILCKUI LEHTP IPaXKJAHCKOr0 CTpouTenscTa, 2014. 238 c.

2 Meroauka crpoutenscta «IlofamopHas creHa kopoGyaroro
THna». PykoBozicTBo 1o rpoekTipoanuio // VccaenoBarenbeknii
LICHTP IPaXKIaHCKOIO CTpouTenbeTBa. Snonus, 2016. 180 c.

3 Stone Strong Systems. URL: https://www.stonestrong.com/
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B 3aBucuMocTH OT 00J1aCTH IPUMEHEHUS U pella-
eMBIX 3aj[a4 KOHCTPYKIIMS MYCTOTEJIOro OJIoKa MOXKET
OBbITh pa3nU4YHON. 13BECTHBI OJIOKHU, H3rOTABINBACMbIC
AnoHCKoN (upmoii Aizawa Koetsu* u poccuiickoii Gpup-
moii OO0 «Kopbet»?®, KoTopbie MPEACTaBIIOT cO00i
IIYCTOTEIIBIH KeJIe300eTOHHBII KopoO 0e3 THa C TOHKH-
MH CTEHKaMH CIOKHOU popmel (puc. 2, a). Korndury-
panus 6J0Ka MO3BOJISET 00ECHEYNTh OTCYTCTBHE HEMO-
CPEJCTBEHHOTO KOHTAaKTa MEXAY OIOKaMH CMEXHBIX
ypoBHeil. ®acajiHasi rpaHb OJIOKa IPEBOCXOIHT THIIOBYIO
IpaHb U IO BBICOTE, H 110 IIUPHHE, YTO JaeT BO3MOXK-
HOCTB: 1) 6€301acHO BBHIMOJHHUTE 3aII0JTHEHHUE MTOJIOCTH
Omoka M 3a0JIOYHOTO TPOCTpaHCTBa (MaszyX) mecOHEM
1 YIJIOTHUTB €T0 MOCJIONHO BIUIOTh 0 YPOBHSI BEPXHEU
OTMETKH 0JI0Ka; 2) M3MEHSITh KOH(QUTYPAIHIO CTCHKH
B IUTaHE, BBITTOJIHSS IUIABHBII TOBOPOT (acana (puc. 2, b).
Ha koHIIeBBIX (TOPLEBBIX) y4acTKaxX HOIIOPHOH CTCHKH
OJIOKH «BKJIAJIBIBAIOTCS» IPYT B ApYyra C MEePEeBOPOTOM
BepxHero Osyoka Ha 180° BOKpYT OcH, MepHeHUKYIISP-
Holt pacamy. Takum 0Opa3oM GOpMUPYETCS TIOBOPOT CO-
opykeHwus B taHe Ha 90° (puc. 2, ¢).

B 11eom pacueT moAnopHbIX CTEHOK paccMaTpH-
BaEMOT'0 THIIA YKJIa/[bIBAETCSI B PAaMKH 0a30BBIX HOpMa-
THBHBIX METOJIMK pacyeTa IOANOPHBIX COOpyKeHHiH® 75,
IIpu sToM crenuduka KOHCTPYKIHU M TEXHOJIOTHH
BO3BEJICHUSI TPEOYIOT CBOETO pojia KIPUBSI3KM» TAKOTO
KOHCTPYKTHUBHOTO DEIICHHs K JIeHCTBYIOIIMM HOpMaM
pacyeTa M B 4aCTH aHAIUTHYCCKUX PELICHHH, U B 00-
JIACTHU MOCTPOCHUS YUCIICHHBIX Mojiesiel. B Hacrosiiiee
Bpemst chopMUpOBaHa METO/IMKA TI0YPOBHEBOIO pacyuera
YCTOWYMBOCTH KOHCTPYKIMH; BEIYTCSI MCCIICOBAHUS,
HAaIpaBICHHBIC HA YTOYHEHNE aHAJIMTHYECKOTO PELICHHS
JUIS OTIPEJICNICHUsI aKTUBHOTO JIABJICHUS] TPYHTA, & TAKIKe

4 Aizawa Group. URL: https://www.aizawa-group.co.jp

5 YeTpoWCTBO 1 MPOSKTUPOBAHUE TIOAMOPHBIX CTEH U3 OIIOKOB
KBII. URL: https://korbetstroy.ru/

¢ CIT 381.1325800.2018. Coopy»xenust moamnopusie. [IpaBuia
npoextupoBanus. M. : Cranmapturdopm, 2018. 109 c.

7 CIT 101.13330.2023. TToamopHbIe CTEHBI, CYIOXOIHBIE MU0~
3bI, PHIOOTIPOITYCKHBIE M PHIOO3AIIUTHBIE COOPYX)EeHUI. M. :
Munctpoit Poccnn, 2023. 170 c.

8 CII 43.13330.2012. Coopy»KeHHs MPOMBIIICHHBIX TIPEI-
npustaid. M. : Munperunon Poccun, 2011. 99 c.

Puc. 1. Cxemsl ceuennii 1 HparMeHTHI PACUSTHBIX CXeM MOAMOPHBIX COOPYKEHHH U3 3aITOTHEHHBIX MeOHeM OIIOKOB B TpaHC-

MOPTHOM CTPOUTEIBCTBE: @ — MOATIOPHAsI CTEHKA JOPOXKHOM HACHINN; b — yCTOIl MOCTOBOTO Iepexoaa
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Puc. 2. [TonnopHoe coopyKeHHE U3 3alOJHEHHBIX MIeOHEM OJIOKOB: @ — CXeMa MOMEPEYHOr0 CeUeHUs; b — KOH(UTypaun

B TIJTaHe; ¢ — (PpParMeHT TOPIEBOTO yJacTKa

Ha ()OPMHUPOBaHKHE METOANK YMCICHHOTO MOZEIMPOBa-
HUS U ONpEAeSICHUs IapaMeTPOB YUCIIEHHBIX MOZAEIEH.
Pe3synbrate! uccaeqoBaHuiA TO3BOMIAT 0OOCHOBAHHO JI0-
MOJIHUTH ¥ PACIIMPHUTH 0OIACTh MPUMEHEHUS MOAIIOP-
HBIX COOPY)KEHHI U3 3aTIOTHEHHBIX TPYHTOM OJIOKOB.

MATEPHAJIBI U METO/JbI

Bo BCcTynuTenbHON YacTH pabOThI IPUBEICH aHa-
JIU3 TaHHBIX MOHUTOPUHra pab0OTOCIIOCOOHOCTH ClIaH-
HBIX B DKCIUTYaTalUIO U OKCIUTyaTUPYEMBIX MOATIOPHBIX
COOPYKEHUI M3 3alOJHEHHBIX MIEOHEM IMYyCTOTENbIX
610k0B. CocTosiHEe 00BEKTOB YCTAaHOBICHO METOaMU
TEXHUYECKOTO 00cienoBanus [7], BKIOYABIICTO BH3Y-
AJbHO-UHCTPYMEHTANIBHBIH KOHTPOJIb, OOMEPHBIE U T€0-
Jie3ndecKue paboThI C OMPEICIICHUEM KaTerOPUU TEXHHU-
YECKOTO COCTOSIHUSI 00beKTOB B cooTBeTcTBUM ¢ [ OCT
319372011 «3nmanust u coopyxenus. [IpaBuna odceno-
BaHUSI © MOHUTOPUHI'A TEXHUYECKOTO COCTOSIHHSD).

B pesynbrare aHanm3a MpOSKTHBIX PEHICHUN C HC-
II0JIB30BAHUEM METOAUK ITATCHTHBIX I/ICCHeI[OBaHI/Iﬁ
M Ha OCHOBE M3y4eHHUs1 pabOThI AIEMEHTOB COOPYKEHHS
B COCTaBE TCOTEXHUYCCKON CHCTEMBI pa3paboTaHbl HO-
BbIC TEXHUYCCKUE PCUICHMS, HAIIPABJICHHLIC HA ITOBLI-
IICHKE 3araca YCTOWYMBOCTH KOHCTPYKIIMHU JIJIs CITydast
OTHOCHTEJIBHO CJIA0BIX IPYHTOB, @ TAKKE YBEIHMUCHUS
BBICOTHI Iofiopa. C MOMOIIBI0 METO/IAa aHAJIM3a HAIpsi-
KEHHO-11e(DOPMUPOBAHHOTO COCTOSIHUSI COOPYKEHUS
pa3paboTaHsl KOMOMHHPOBAHHBIE TEXHUYCCKUE perlie-
HUs, COYCTAIONINE B ce0C MOJOKUTEIBHBIC KaueCcTBa
0J10kO0B-000JI0UCK, KOHTPOJIUPYEMBIX 10 CBOMCTBAM 3a-
CBITKU U TEOCHHTETUYECKUX MaTepPHaIIOB, BOBJICKAIOIINX
yAEp)KUBAEMbIil MACCUB TPyHTa B oOecrieueHne o0Iei
YCTOWYHBOCTH COOPYKCHHUSL.

PE3YJIBTATHBI HCCJIEJOBAHMUSA

West KOHCTPYKTUBHOTO MPHEMa B BHJIE CO3JAHMUS
MOJIOCTEH B HECYIIUX IEMEHTAX MOIIIOPHBIX COOPYIKE-
HUH /U151 3a1I0JTHEHHS] UX TPYHTOM HE SIBJISIETCSI HOBOM
B JIOPOXKHO-CTPOUTENbHOM MpakTuke. M3BecTHBI, Ha-
npumep, pemenus ToOmnmmcckoro ¢umuara Coro3mop-
MIPOEKTa, KOTOPBIH pa3padoTai MPOEeKT MOAIOPHBIX CTCH
13 KOPOOUaThIX OJIOKOB ISl aBTOMOOMIIBHBIX J0pOT [8].
[TogoOHast KOHCTPYKIHSI TIOAMOPHBIX CTEH M3 JKENe30-

OCTOHHBIX KOPOOUATHIX JICMCHTOB ObLIa BBHIMOJHCHA
Ha 3aKaBKa3CKOM kele3Hoi mopore. Konmerust obec-
MEYCHUS MACCHBHOCTH 3a CYET 3aIOJTHEHUsS IyCTO-
TEJBIX 00bEMOB TPYHTOM aKTHBHO PCaJIM30BHIBAIACH
U peam3yeTcss B THAPOTEXHUIECKOM CTPOUTEIHCTBE [9]
npu GOPMHUPOBAHUN MACCHUBHBIX KOHCTPYKITHHA TIOPTO-
BbIX coopykeHuil. Hanpumep, ['unpopeurpanc paspa-
00TaJ MPOCKTHI PEUHBIX MPUIATOB 3 JKEIIC300e TOHHBIX
ITyCTOTENBIX SIIUKOB IIPH BBICOTaX CTEH OT 4,5 10 9,5 M
¢ uHTEepBaNamMu yepe3 | M. MakcuMaslbHBIN Bec SAIMNKa
25 1. TpaHCTIOPTUPOBKA SILIUKOB K MECTY YCTAaHOBKH BbI-
MOJIHSIETCS IO BOAE 3a cyeT ux IuiaBydectu [10].

[lepBbIe mprMeEpBI IPUMEHEHHS B TOPOKHOM CTPO-
UTEJbCTBE COBpEeMEHHON Poccum moamopHbIX CTeH
13 HeOOIBIINX COOPHBIX ITYCTOTEINBIX OJIOKOB, 3aIIOITHSI-
eMBIX IebHeM, oTHOocsTes K cepenuae 2000-x IT., Korma
paccmarpuBaeMasi KOHIETIIHSI YK€ XOPOIIIO 3apEKOMEH-
noBaja ceos Ha JlanpHem Bocrtoke, B SInonuu. B cTonu-
ue PO, r. Bnagusocroke, B nepuoz ¢ 2005 1. BO3BeEHbI
JIECSITKU TIOATIOPHBIX COOPYKeHUH TaHHOM KOHCTPYKIIIH
B cOCTaBe 0OBEKTOB I'Pa’KJAHCKOTO, TPOMBIILICHHOTO,
TPAHCIIOPTHOTO U TUAPOTEXHUUECKOTO CTPOUTENIHCTBA.
Jlnana3oH NpPOEKTHBIX PELICHUH ITPU 3TOM BEChbMa ILIU-
POK: OT MaJIbIX apXUTEKTYPHBIX ()OPM U HEOOJIBIINX MO/
TIOPHBIX CTEH BJIOJb JIOPOXKHOTO TosIoTHa (puc. 3, a, b)
IO KOHCTPYKIIUH 3HAYUTEITEHON BBICOTHI, 00CCIICYNBAIO-
IUX TUIAHUPOBKY 3acTpoiku (puc. 3, ¢, d), hopmupyro-
IIUX IOPOXKHYIO HACKIIB (pHC. 3, €), 100 00pa3yroIInX
YCTOM MOCTOBBIX TIepeXooB (puc. 3, f).

Pezynomamvr mexnuuecrkozo o6cnedosanus

C 1enblo oneHKH paboTOCTIOCOOHOCTH MOIIOPHBIX
COOPY’KCHHH U3 3aMOHEHHBIX MIEOHEM ITyCTOTENBIX O10-
KOB, BO3BCICHHBIX B HavaJIbHBIN nepuoa NpuMEHCHUA,
¢unmmanom LleHTpanbHOrO HayYHO-MCCIIEIOBATEIHCKOTO
1 IPOEKTHOTO MHCTUTYyTa MUHNCTEPCTBA CTPOUTEIIHCTBA
U KWIMIITHO-KOMMYHaJIbHOTO X03siiicTBa Poccuiickoi
Oenepanuu «JlanbHEBOCTOUHBIN HAayYHO-UCCIIEA0BA-
TENBCKUH, IIPOEKTHO-KOHCTPYKTOPCKUI N TEXHOJIOTHYe-
CKHl MHCTHUTYT IO CTPOUTENbCTBY» ((prmman [THUNII
Musnctpost Poccun «lansHUMCy) nmpoBeaeHo TexXHH-
Yyeckoe 00cIeIoBaHNe JIecsITKa Hanbosee XapakTepHbIX
U KOHCTPYKIMH 00BEKTOB B T. BiamuBocroke. Mimmo-
CTpaIM{ HEKOTOPBIX M3 00CICAOBAHHBIX 0OBEKTOB TIPH-
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Puc. 3. IToanopHsle CTEHBI 13 3aII0OTHEHHBIX MeOHEeM OIIOKOB: @ — Ha TeppuTopru Beepoccniickoro nerckoro nenTpa «Oxeam» (Bma-

IIMBOCTOK); b — B paiioHe ToproBoro 1eHTpa «Kamua Momm (BraguBocTtok); ¢ — Ha yi1. Komargopekoii (BraanBocTok); d— B paiione

JKHJIOTO MUKpopaiioHa «CHerosast maap» (BrmaguBoctok); e, f— Ha Tpacce Jle-®pus — [Narpok (BramusocTok)

BeZICHBI Ha pucC. 3, b—e. [IoaMOpHBIC CTEHBI BO3BEICHBI
B rrepuoz ¢ 2010 . Bo BraguBoctoke. B kagecTBe OmokoB
UCITOJIB30BAHBI KEJIe300€TOHHBIE ITyCTOTENbIe KopoOa
mo TY 5859-001-88259817-2009 «KoHCTpyKTHBHBIN
OJIOK UTS IOATIOPHOM CTEHKH ¥ TTOATIOPHBIC CTCHKU TH-
nos KBIT 100/200, KBIT 100/150, KBIT 50/200%°.
Cormnacuo 3akmiouennio JansHUUC PAACH!
B pe3yJbTaTe TEXHUUESCKOTO 00CIICIOBAHNS, BKITFOUABIIIC-
TO BU3YaJIbHO-HHCTPYMEHTAIBHBIN KOHTPOJIh, 0OMEpHEIC
U TEO/Ie3NIeCKUe paboThI, YCTAHOBIICHO, YTO B COOTBET-

2 CTO 88259817-001-2018. CTeHbI MOATIOPHBIE CEHCMOCTONKIE
TPaBUTAIIOHHOTO THMA U3 OIOKOB KOHCTPYKTHBHBIX JKEJIE€30-
oeronnsix Tura KBII. Texanueckue tpeboBaHus. Braauso-
ctok : OO0 A3Konkput, 2018. 38 c.

19 Ot9er mo pe3ynpraraM 0GCISIOBaHIS TEXHIIECKOTO COCTO-
SIHHSL OJTIOPHBIX CTEH 13 OIOKOB C TPYHTOBBIM HAMOIHUTENIEM
B I. BmaguBoctoke. Bnangusoctok : ®unmunan ®I'BY « ITHUUIT
Munctpos Poccrm» JansHUNC, 2023. 79 c.

12

creun ¢ [OCT 319372011 «3panust u coOpy>KeHHS.
[IpaBuna obcnen0BaHNs 1 MOHUTOPUHI'A TEXHHYECKOTO
COCTOSIHUSI» KaTerOpHH TEXHUYECKOTO COCTOSIHUSA TIepe-
YHCJICHHBIX OOBEKTOB OMPEEIIIIOTCS KaK HOpMAMUGHoe
U pabomocnocobHoe.

Pesynbrarsl 06cneJOBaHUs M IPAKTHKA PacueTOB
TMIOKa3bIBAKOT, YTO HOJIIOPHBIE COOPYKEHHS pacCMaTpu-
BAaeMOM KOHCTPYKIMH B 0a30BOM HCIIOJHEHUH UMEIOT
OrpaHUYCHHs 00JacCTH NPUMECHEHHS B 3aBHCHUMOCTH
OT (HU3MKO-MEXaHHYECKHUX XapPaKTCPUCTUK YIEPIKH-
BAaEMOT0 MaccuBa I'PYHTA: Ui OTHOCHTENBHO CIIA0bIX
IPYHTOB MaKCHMaJIbHasl BBICOTA COOPY)KEHHSI COCTaB-
JsieT 5—6 M; JUIsl TPYHTOB C BBICOKHMMH 3HaYCHHUSIMH I10-
KasaTelsiell MPOYHOCTHBIX XapaKTEPHCTUK BBICOTA MOXKET
nmocturats 10—12 M; A7 CKabHBIX TPYHTOB — 10 15 M.
[Ipu 3TOM AJIst TPYHTOB C OTHOCHUTEIBEHO HEBBICOKHMH
3HAYCHUSIMH MIPOYHOCTHBIX U JIe(h)OPMAIIMOHHBIX XapaK-
TEPUCTHK MOTYT OBITH HCIIOJIH30BaHBI KOMOHMHUPOBAH-
HBIC PELICHUS, KOTOPbIE O3BOJIST PACIIMPUTH 00JaCcTh
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Puc. 4. CXeMbI HOBBIX TEXHHUECKUX peIHeHI/Iﬁ DJIEMEHTOB NOAINOPHBIX CTEH M3 3alI0JIHEHHBIX T'PYHTOM OJIOKOB: @ — ¢ ,I[060pHBIM

611oxoM; b, ¢, d — B coueTaHNM ¢ ApMHUPOBAHHBIM TPYHTOM (3TaIlbl yCTPOHCTBA)

MIPUMEHEHHS PaCCMaTPHBAEMON KOHCTPYKIIHH, IS YETO
aBTOpaMH pa3padOTaHbl HECKOJIBKO KOHIICITYaIbHBIX
TEXHUYECKUX PEIICHU.

Hogvle mexnuueckue peuenus

[Tpn HEOOXOMMMOCTH yBEIWYEHHUS 3araca yCToM-
YUBOCTH 3aI10JIHCHHBIX 6J'IOKOB B CJIy4ac HEBLIITOJIHCHUA
YCIIOBHI MPOBEPKM Ha CIBUT W/WIM ONPOKHUIBIBAHHE
npeJyIaraeTcs UCIoIb30BaTh JOOOPHbIE OJIOKH, PUKpe-
IUIIEMBIC K 33JJHUM CTCHKaM OCHOBHBIX 0J10K0B. J[000p-
HBIE OJIOKH MPECTABIISIOT COOOM ITyCTOTEINbIE JKelle30-
OeTOHHBIE KOPOOBI C TOHKUMH CTEHKaMH, 3arlOJIHsIeMble
TEM e TPyHTOM, YTO M OCHOBHbIE OJIOKH 1 3a05104HOE
MIPOCTPAHCTBO (puC. 4, a).

Takoe PpEeUICHUE MPUBOAUT K YBECJIMYCHUIO TUIOIHAAN
KOHTAKTa MOJIOUIBEI YPOBHsSI OJIOKOB C TPYHTOM H, COOT-
BETCTBEHHO, YBEITMUYCHHIO COIPOTHBIICHHS YPOBHSI OJIOKOB
CABUTY. VBenuueHre MacCUBHOCTH U CMCIICHHUEC LICHTPA T~
JKECTH KOHCTPYKIIMU B CTOPOHY OTKOCA BEZET K POCTY 3a-
raca yCTOMYMBOCTH YPOBHsI OJIOKOB Ha ONIPOKH/IbIBAHHE.

C nenbro BOBIIEUEHNS YIEP’KMBAEMOT0 TPYHTA B pa-
00Ty CTEHKH Ha YCTOMYMBOCTH aBTOPaMHU Pa3padOTaHO
KOHIIENTYyaJIbHOE TEXHUYECKOE U TEXHOJIOTUYECKOE pe-
menne (puc. 4), MO3BONISIONIEe O0BETUHUTD aPMHPO-
BaHHBIN TPYHT [11] ¢ G10KaMu OCPEICTBOM BBEICHHUS
TUIOCKOTO MPHUKUMHOIO 3JIEMEHTa, CKPEIUISIOIIEro ap-
MUPYIOLINE TPYHT CETKH C THUIOBBIMH CTEHKaMH OJIOKOB.

SAKJIIOYEHHUE U OBCYXJIEHUE

ITo mepe pa3pabOTKy ¥ BHEAPEHUS B IIPAKTHUKY CTPO-
UTEIHCTBA HOBBIX KOHCTPYKTHBHBIX PEIICHHNA TTOIIOP-
HBIX COOPYXXEHHI Pa3BUBAIOTCS M YTOUHSIOTCS (BBHIY
crenn(pHUKNA HOBBIX KOHCTPYKIIMH) TIOIXOIBI U METOJUKH
HX PacyeTHOTO OOOCHOBAHMS, CHCTEMATU3UPYIOTCS 0a3bI
JTAHHBIX OIBITAa MPOOHOM dKcIuTyararu. COBpeMEHHBIC
pemieHnsT KOMOMHUPOBAHHBIX MOAIIOPHBIX COOPYKEHHH,

BBITIOTHEHHBIX M3 3aTIOJTHEHHBIX TPYHTOM TOHKOCTEHHBIX
JKENIE300CTOHHBIX OJIOKOB Pa3iIIYHON (pOpMBI, HAXOAAT
Bce OoJiee MIMPOKOE MIPUMECHEHHE B TPAXKIAHCKOM, IPO-
MBIIIEHHOM 1 TUAPOTEXHUYECKOM CTPOUTEIBCTBE.

Bo3ssenenue B Poccun noanopHeIx CTeH U3 MycCTo-
TEITBIX OIIOKOB-KOPOOOB, 3aITOTHEHHBIX IIEOHEM, XOPOIIIO
WLTFOCTPUPYETCS IpUMepamMu 00beKTOB B [IprMopckoM
Kpae, rae B nepuof ¢ 2000-X I'T. BO3BEJECHBI ACCATKH MO~
MOPHBIX COOPYKECHUH TaKOW KOHCTPYKUUHU. OTBIT IKC-
TUTyaTaliy TOATIOPHBIX COOPYKEHUH paccMaTpruBacMOn
KOHCTPYKLIUU CUCTEMATU3UPOBAH B XOJI€ TEXHUUECKOTO
00CJIeIOBaHUS THUIIOBBIX XapaKTEPHBIX 0OBEKTOB, BbI-
nontaeHHoro JlansHUMC PAACH. B xone o0cienoBanus
MIPOBEIICHBI OCMOTP KOHCTPYKIIHIA Ha TPEMET TTOBPEXK-
JNICHU W W3HOCA, Ne(PEKTHBIC BEIOMOCTH, UHCTPY-
MEHTAaJIbHbIE U T'e0/Ie3nuecKue n3Mepenus. B pesynsrare
aHaJIN3a JaHHBIX 00CIEOBAaHMS YCTaHOBJICHO, YTO CO-
rmacHo TepmuHOooruu ['OCT 31937-2011 mognopHbIe
COOPYKCHHUSI HAXOISTCS B HOPMAaTUBHOM U PabOTOCIIO-
COOHOM COCTOSTHHHU: COOPY)KCHHSI XOPOIIIO 3aPEKOMEH/10-
BaJM ce0s B KIIMMAaTHYECKUX YCJIOBHX fora JlampHero
Bocroka u He BbI3bIBAIOT HApEKaHU.

B xone ananuza pe3ynabTaroB pacyeToB B YACTH
B3aUMOJICICTBUS IEMEHTOB IIOANIOPHBIX COOPYKECHUM
paccMaTprUBaeMOro THIA C OKPY)KAIOIIUM TPyHTOM
OTIpeIeNIeHBI HAIIPaBICHUS Pa3BUTHS KOHCTPYKTHBHBIX
PEIICHUH C LENBIO0 TOBBIIICHHUS 00IIeH YCTOHYUBOCTH
KOHCTPYKIIMHU 32 CYET BBEIICHUS JOMOTHUTEIHHBIX KOH-
CTPYKTHUBHBIX 3JIEMEHTOB, a TaK)Ke JJIs1 BOSMOKHOCTH
YBEJIMYCHHUS BBICOTHI TOATIOPA MTOCPEACTBOM (HOPMHU-
pOBaHUsI KOMOMHHPOBAHHOTO PEIICHUS, COYCTAFOIIETO
B ce0e 3aI0IHCHHBIC TPYHTOM OJIOKH (KaK 3JIEMEHTBI 110-
JYTPaBUTALMOHHBIX TIOIIOPHBIX CTCH) U YACP/KUBACMBIH
TPYHT, QpMHPOBAHHBINA T€OCETKAMH.
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Retaining structures made of blocks filled with crushed stone: monitoring results
and development of construction technology

P. 8-19

INTRODUCTION

Retaining structures of various designs are widely
used to ensure the stability of soil massifs: for example, in
vertical terrain planning in industrial and civil engineer-
ing [1], road embankments in transport construction [2],
the formation of artificial territories and wharves in hy-
draulic engineering [3] and in other areas. Depending
on the specifics of the tasks, various variants of retaining
structures were developed, the variety of their design so-
lutions can be systematized using various classification
features [4]. The feature that allows systematizing solu-
tions of retaining structures by the degree of involvement
of the retained soil in ensuring the stability of the system
seems convenient. According to this indicator, retain-
ing structures can be conditionally divided into massive
(gravity), semi-massive (semi-gravity) and reinforced
soil structures [5].

Basic methods of calculation of retaining structures
used in transport construction are well enough devel-
oped. At the same time, the development and implemen-
tation of new structural solutions of retaining structures
leads to the need to supplement and expand the calcula-
tion methods in order to take into account the structural
features of the structure, the specifics of load perception,
the interaction of elements of the retaining structure
among themselves and with the environment.

One of the promising directions of development
of structural solutions of retaining structures is the use
of soil as a structural element of the wall, which is
achieved by packing it into specially arranged cavities
in the bearing elements of the structure. Hollow bear-
ing structures can be made in the form of separate thin-
walled shells and boxes installed on each other in a cer-
tain order. Since the 1990s retaining walls of this type
have been used, for example, in Japan'-2, solutions used

! Expertise report on construction technology. Construction ma-
terials/products/technologies, road maintenance technologies.
Construction technology expertise report No. 0327. Inclined
retaining wall with the possibility of contact “Box retaining
wall”. Japan, Civil Engineering Research Centre, 2014; 238.

2 Construction methodology “Box-type retaining wall”. Design
Manual. Civil Engineering Research Centre. Japan, 2016; 180.

in the USA are known®, and nowadays they are used in
Russia and Asian countries [6].

The basic structure is a stepped retaining wall as-
sembled from several levels of reinforced concrete hollow
blocks-columns, the cavities of which are successively
filled with crushed stone of a certain fraction (Fig. 1).

Due to the absence of rigid structural connections
between the blocks, the construction allows for small mu-
tual movements of the blocks, which do not affect the op-
erational qualities, but at the same time significantly in-
crease its structural flexibility. The latter circumstance
has made it expedient to use walls of this type in condi-
tions of dynamic loads and impacts: first of all, seismic,
as well as loads from transport vibration. There is a good
prospect of using retaining structures made of soil-filled
blocks for solving the problems of road construction: in
the construction of embankments, excavations, formation
of bridge crossing foundations, etc. (Fig. 1).

Depending on the field of application and the tasks
to be solved, the design of a hollow block can be different.
There are known blocks manufactured by the Japanese
company Aizawa Koetsu* and the Russian company LLC
“Korbet™, which represent a hollow reinforced concrete
box without bottom with thin walls of complex shape
(Fig. 2, a). The configuration of the block allows to ensure
that there is no direct contact between the blocks of adja-
cent levels. The front face of the block exceeds the rear
face both in height and width, which makes it possible:
1) to safely fill the cavity of the block and the block space
(slots) with crushed stone and compact it layer by layer
up to the level of the top mark of the block; 2) to change
the configuration of the wall in plan, performing a smooth
turn of the facade (Fig. 2, b). At the end (end-type) sections
of the retaining wall, the blocks are “inserted” into each
other with the upper block turned 180° around the axis
perpendicular to the facade. In this way, the structure is
rotated in plan by 90° (Fig. 2, ¢).

In general, the calculation of retaining walls
of the considered type is within the framework of basic nor-

3 Stone Strong Systems. URL: https://www.stonestrong.com/
4 Aizawa Group. URL: https://www.aizawa-group.co.jp

5 Construction and design of retaining walls made of PMA
blocks. URL: https://korbetstroy.ru/

Fig. 1. Section diagrams and fragments of calculation schemes of retaining structures made of blocks filled with crushed stone
in transport construction: ¢ — retaining wall of road embankment; b — bridge crossing slope
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Fig. 2. Retaining structure made of blocks filled with crushed stone: @ — cross-section scheme; b — configurations in plan;

¢ — fragment of the end section

mative methods of calculation of retaining structures® -3,
At the same time, specifics of the design and construction
technology require a kind of “binding” of such a structural
solution to the current calculation norms both in terms
of analytical solutions and numerical models. At present,
a methodology for level-by-level calculation of structural
stability has been formed; research is underway to refine
the analytical solution for determining the active soil pres-
sure, as well as to develop methods for numerical model-
ling and determining the parameters of numerical models.
The results of the research will make it possible to reason-
ably supplement and expand the application area of retai-
ning structures made of soil-filled blocks.

MATERIALS AND METHODS

The introductory part of the paper analyses the per-
formance monitoring data of commissioned and operated
retaining structures made of hollow blocks filled with
crushed stone. The condition of the objects was estab-
lished by methods of technical inspection [7], which in-
cluded visual and instrumental inspection, measurement
and geodetic works with determination of the category
of technical condition of the objects in accordance with
GOST 31937-2011 “Buildings and structures. Rules for
inspection and monitoring of technical condition”.

As aresult of the analysis of design solutions us-
ing patent research methods and on the basis of study-
ing the operation of the elements of the structure as
part of the geotechnical system, new technical solu-
tions have been developed aimed at increasing the sta-
bility margin of the structure for the case of relatively
weak soils, as well as increasing the height of the but-
tress. Using the method of analyzing the stress-strain
state of the structure, combined technical solutions have
been developed, combining the positive qualities of shell

¢ CP 381.1325800.2018. Retaining structures. Design rules.
Moscow, Standardinform Publ., 2018. 109.

7 CP 101.13330.2023. Retaining walls, navigable sluices,
fish passage and fish protection structures. Moscow, Ministry
of Construction of Russia, 2023; 170.

8 CP43.13330.2012. Structures of industrial enterprises. Moscow,
Ministry of Regional Development of Russia, 2011; 99.
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blocks controlled by the properties of the backfill and
geosynthetic materials involving the retained soil mass
to ensure the overall stability of the structure.

RESEARCH RESULTS

The idea of constructive technique in the form
of creating cavities in the bearing elements of retaining
structures to fill them with soil is not new in road con-
struction practice. There are known, for example, solu-
tions of the Thilisi branch of Soyuzdorproekt, which de-
veloped a project of retaining walls made of box blocks
for motorways [8]. A similar design of retaining walls
made of reinforced concrete box elements was performed
at the Transcaucasian railway. The concept of ensuring
massiveness by filling hollow volumes with soil was and
is actively implemented in hydraulic engineering con-
struction [9] when forming massive structures of port
facilities. For example, Giprorechtrans developed proj-
ects of river berths made of reinforced concrete hollow
boxes with wall heights from 4.5 to 9.5 m at 1 m inter-
vals. The maximum weight of the crate is 25 tonnes.
The crates are transported to the place of installation by
water due to their buoyancy [10].

The first examples of application of retaining walls
made of small prefabricated hollow blocks filled with
crushed stone in road construction in modern Russia date
back to the mid-2000s, when the concept in question had
already proven itself in the Far East and Japan. In Vladi-
vostok, the capital of the Far Eastern Federal District, doz-
ens of retaining structures of this design have been erected
since 2005 as part of civil, industrial, transport and hydrau-
lic engineering construction projects. The range of design
solutions is very wide: from small architectural forms and
small retaining walls along the roadway (Fig. 3, a, b) to
structures of considerable height, providing the layout
of the building (Fig. 3, ¢, d), forming a road embankment
(Fig. 3, e), or forming bridge crossings (Fig. 3, f).

Results of the technical survey

In order to assess the serviceability of retaining
structures made of hollow blocks filled with crushed
stone, erected in the initial period of application,
the branch of the Central Research and Design Institute
of the Ministry of construction and housing and com-
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Fig. 3. Retaining walls made of blocks filled with crushed stone: a — on the territory of the All-Russian Children’s Centre
“Ocean” (Vladivostok); b — near the shopping centre “Kalina Mall” (Vladivostok); ¢ — in Komandorskaya Street (Vladivo-
stok); d — near the residential microdistrict “Snegovaya Pad” (Vladivostok); e, f— on the De-Friz — Patrokl road (Vladivostok)

munal services of the Russian Federation “Far Eastern
Research, Design, Construction and Technological Insti-
tute for Construction” (branch of the Central Research
and Design Institute of the Ministry of Construction
of Russia “DaINIIS”) carried out a technical survey
of a dozen of the most typical for the design of the re-
taining structures. Illustrations of some of the surveyed
objects are given in Fig. 3, b—e. The retaining walls
were erected in the period since 2010 in Vladivo-
stok. Reinforced concrete hollow boxes according to
TC 5859-001-88259817-2009 “Structural block for re-
taining wall and retaining wall types HBB 100/200, HBB
100/150, HBB 50/200” were used as blocks.

2SO 88259817-001-2018. Gravity-type earthquake-resistant
retaining walls made of structural reinforced concrete blocks
of HBB type. Technical requirements. Vladivostok, AZCon-
crete LLC, 2018; 38.

According to the conclusion of DalNIIS RAASN!
as a result of technical inspection, which included visual
and instrumental control, measurement and geodetic
works, it was established that in accordance with GOST
31937-2011 “Buildings and structures. Rules for inspec-
tion and monitoring of technical condition” the catego-
ries of technical condition of the listed objects are de-
fined as normative and operable.

The results of the survey and the practice of calcu-
lations show that retaining structures of the considered
design in the basic version have limitations of application
depending on the physical and mechanical characteris-
tics of the retained soil mass: for relatively weak soils

10 Report on the results of inspection of technical condition
of retaining walls made of blocks with soil filler in Vladivo-
stok. Vladivostok, Branch of FGBU “TsNIIP of the Ministry
of Construction of Russia” DalNIIS, 2023; 79.
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Additional

Main unit block

Fig. 4. Schemes of new technical solutions of retaining wall elements made of soil-filled blocks: @ — with additional block;

b, ¢, d — in combination with reinforced soil (stages of construction)

the maximum height of the structure is 5—6 m; for soils
with high values of strength characteristics the height can
reach 10—12 m; for rocky soils —up to 15 m. At the same
time for soils with relatively low values of strength and
deformation characteristics combined solutions can be
used, which will allow to expand the application area
of the considered structure, for which the authors have
developed several conceptual technical solutions.

New technical solutions

If it is necessary to increase the stability margin
of the filled blocks in case of failure to fulfil the con-
ditions of shear and/or overturning test, it is suggest-
ed to use additional blocks attached to the rear walls
of the main blocks. The additional blocks are hollow
reinforced concrete boxes with thin walls, filled with
the same soil as the main blocks and the blockage space
(Fig. 4, a).

Such a solution leads to an increase in the area
of contact between the sole of the block level and
the soil and, accordingly, to an increase in the resistance
of the block level to shear. Increase of massiveness and
displacement of the centre of gravity of the structure to-
wards the slope leads to an increase in the stability mar-
gin of the block level for overturning

In order to involve the retained soil in the stability
work of the wall, the authors have developed a concep-
tual technical and technological solution (Fig. 4), which
makes it possible to unite the reinforced soil [11] with
the blocks by introducing a flat pressing element that
binds the soil reinforcing meshes with the rear walls
of the blocks.

CONCLUSION AND DISCUSSION

As new structural solutions of retaining structures
are developed and introduced into construction practice,

18

the approaches and methods of their design substantia-
tion are developed and refined (due to the specifics of new
structures), and the databases of trial operation experience
are systematized. Modern solutions of combined retain-
ing structures made of soil-filled thin-walled reinforced
concrete blocks of various shapes are increasingly used
in civil, industrial and hydraulic engineering construction.

In Russia, the construction of retaining walls made
of hollow blocks and boxes filled with crushed stone is
well illustrated by examples of objects in Primorsky Krai,
where dozens of retaining structures of this design have
been erected since the 2000s. The experience of opera-
tion of retaining structures of the considered design was
systematized in the course of technical survey of typical
characteristic objects carried out by DaINIIS RAASN.
In the course of the survey the structures were inspect-
ed for damage and deterioration, defect lists, instru-
mental and geodetic measurements were carried out. As a re-
sult of the survey data analysis it was established that ac-
cording to GOST 31937-2011 terminology the retaining
structures are in normative and serviceable condition:
the structures have proved themselves in climatic condi-
tions of the south of the Far East and do not cause any
complaints.

In the course of analyzing the results of calculations
in terms of interaction between the elements of retain-
ing structures of the considered type and the surrounding
soil, the directions of development of structural solutions
were determined in order to increase the overall stabil-
ity of the structure by introducing additional structural
elements, as well as for the possibility of increasing
the height of the retaining wall through the formation
of a combined solution combining soil-filled blocks (as
elements of semi-gravity retaining walls) and retained
soil reinforced with geogrids.
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AHHOTAUUA

BBeaeHue. OgH1M 13 caMblx HEGNAronpUSATHbIX PAKTOPOB, BIMSIOLLMX HA CTPOUTENbHbIE KOHCTPYKLMM B NPOLIECCe MX SKCMnIya-
Tauun, SIBNSIETCS BMara, Kotopasi Npu HenpaeuibHOM NoAG0pe MaTepranoB MOXET KOHAEHCUPOBAaTb Kak B TOMLLE, Tak 1 Ha BHY-
TPEHHEW MOBEPXHOCTU orpaxaeHusi. [ns npeaoTepalleHnst KOHOeHCcaUmMn Brarm Ha NoBEPXHOCTY OrpakaatoLLet KOHCTPYKLMK
HeobxoamMo, YTOObI BbIMOMHANOCH CeaytoLLee YCroBue: TemnepaTtypa BHyTPEHHEN MOBEPXHOCTU OrpaXaeHUst AOoMmKHa ObITb
He HIbKe TeMnepaTypbl TOYKM pOCkl BHYTPEHHETO Bo3ayxa. UTobbl 3bexaThb BbilleykasdaHHbIX Mpobrnem, TpebyeTcsa Ha aTane npo-
€KTUPOBaHWS MPOBOAUTL TEMNMOTEXHNYECKUIA PACHET CTPOUTENBHBIX KOHCTPYKLMIA C HAaUBOrbLLUEN TOYHOCTHIO.

Martepuanbl u metoabl. [1poBefeHO aHaNMTUYECKOe UCCIefoBaHMe NIOCKUX TeMMNepaTypHbIX MOMen B TomMLe HEeO4HO-
POLHOW YTEMNEHHOWN HAPY)KHOW CTEHbI C MOHOMMUTHBLIM Xene3obeToHHbIM KapkacoM no Metoauke, paspabotaHHon K.®. do-
KMHbIM. PacyeT nnockmx TemnepaTypHbIX MOSIEN CBOAUTCS K OMpeaernieHnto TemnepaTtypbl B KaKaoM y3ne orpaxaatoLlen
KOHCTPYKUMW. [1nsi 9TOro KOHCTPYKUMSI CTEeHbI Bbina pa3buta ceTkon koopauHaT Ha y3nbl, Aanee COCTaBleHbl YpaBHEHUS,
no KOTOPbIM BbINK OnpeaeneHbl BbILLEYNOMSHYTbIE BEMUYMHBI U CBEAEHbI B TabnuyHyto hopmy. ToYHbIE BbIYMCIIEHMS Bbl-
NorHeHbl METOAOM MTepauun (MocneaoBaTenbHOro NpUBNMKEHUs) N OCTAHOBIEHbI Ha NPUBMVDKEHMM, B KOTOPOM Temnepa-
TYpbl B K&XA0OM M3 y3r0B He OTNMYanuck OT Temneparyp npeabigyLiero npubnmwkexunst 6onee yem Ha 0,1 °C.

Pesynbratbl. [1ns goctuwkeHus Tpebyemoro pesynsrata OCyLLEeCTBNEHO OAMHHaAUaTh npubnmkeHnin. Ha ocHoBe paccuu-
TaHHbIX BEMNWYMH onpeaerneH KoaduUMeHT Tennonepeaayn uccnenyemMoro orpaxaeHus. lNpoeeneH aHanma pesynsraTos,
Nory4YeHHbIX C MOMOLLbIO MeToAa pacyeTa NIoCKMX TeMnepaTypHbIX NOMeN OTHOCUTENBHO BEMWUYMH, MPUHSTLIX NpeaBapu-
TenbHO. YCTaHOBMNEHbI HEBA3KN 3HAYEHUI NPeaBapUTENBHO NPUHSTBIX TEMMNEPATYP C BbIYMCIEHHBIMU 3HAYEHUSIM.
BbiBoAbl. [Tocne npoBeaeHUst AaHHbIX BbIYMCIIEHWI BbISIBIIEHO, YTO UCMONb30BaHE MeToAa TeMNepaTypHbIX NONen Ans pac-
yeTa KoadpuLmeHTa Tennonepenayn HeoqHOPOOHOWM KOHCTPYKLIMKU OnpaBabiBaeT cebsi, ecnv Heobxoamma HambornbLas Tou-
HOCTb pacyeTa. [lnsa onpegeneHns TemnepaTyp B TOMLLE KOHCTPYKLMU, OCOBEHHO B MecTax HanbonbLuel HEOOHOPOOHOCTH,
cnegyeT UCnonb3oBaTh METOA TEMMEPATYPHbIX MOMe, Tak Kak OH 3HAYUTENbHO YBENUUYMBAET TOYHOCTb pacyeTa.

KIMKOYEBBLIE CJIOBA: nnockoe TemnepaTypHoe none, MeTtod utepauun, koadduumneHT Tennonepegadu orpaxagatoLlen
KOHCTPYKLMM, TEMNIOBOW NOTOK, CONPOTUBMEHME TENNONepeaaye, TENNOTEXHNYECKE TPeOGOoBaHMS

onAa UATUPOBAHUA: Meickun C.M., Koponesa T.U., Neauee M.A. ViccnepgoBaHne TemnepaTypHbIX Nonen HeoaHOPOa-
HOW Hapy>HOW CTEHbl C MOHOIUTHBIM >Xene3o0eToHHbIM kapkacoMm // CTpouTenbCTBO: Hayka n obpasosaHue. 2024. T. 14.
Bein. 4. Ct. 20-38. URL: http://nso-journal.ru. DOI: 10.22227/2305-5502.2024.4.20-38
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ABSTRACT

Introduction. One of the most unfavourable factors affecting building structures during their operation is moisture, which,
if materials are incorrectly selected, can condense both in the thickness and on the inner surface of the fence. To prevent
moisture condensation on the surface of the enclosing structure, the following condition must be fulfilled: the temperature
of the inner surface of the enclosure must not be lower than the dew point temperature of the internal air. To avoid the above
problems, it is necessary to carry out thermal engineering calculations of building structures with the greatest accuracy at
the design stage.
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Materials and methods. An analytical study of flat temperature fields in the thickness of a heterogeneous insulated external
wall with a monolithic reinforced concrete frame was carried out using the method developed by K.F. Fokin. The calculation
of plane temperature fields comes down to determining the temperature in each node of the enclosing structure. To do this,
the wall structure was divided into nodes by a coordinate grid, then equations were compiled by which the above-mentioned
values were determined and summarized in tabular form. Exact calculations were carried out by the method of integration
(successive approximation) and stopped at the approximation in which the temperatures in each of the nodes did not differ
from the temperatures of the previous approximation by more than 0.1 °C.

Results. To achieve the required result, eleven approximations were performed. Based on the calculated values, the heat
transfer coefficient of the enclosure under study was determined. An analysis of the results obtained using the method
of calculating flat temperature fields relative to the previously accepted values was carried out. The discrepancies between
the values of previously accepted temperatures and the calculated values are determined.

Conclusions. After carrying out these calculations, it was revealed that the use of the temperature field method to calculate
the heat transfer coefficient of a non-uniform structure is justified if the greatest calculation accuracy is required. To deter-
mine temperatures within the structure, especially in places of greatest heterogeneity, the temperature field method should
be used, since it significantly increases the accuracy of the calculation.

KEYWORDS: plane temperature field, integration method, heat transfer coefficient of the enclosing structure, heat flow, heat
transfer resistance, thermal requirements
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BBEJIEHHUE

OCHOBHOI MepO# MPOTUBOJICHCTBHSI KOHJIEHCAIIUU
BJIard HA BHYTPEHHEW MOBEPXHOCTH OTPAXKACHUS SB-
JSIETCS! CHIDKEHUE BIIAXKHOCTH BO3/lyXa B MOMEIICHUH,
YTO MOXET OBITh JOCTUTHYTO YCHUJIMSMHU BEHTHIISILIMN
(yMeHbIIIaeTCst TOYKa POChl) JIMOO MOBBIICHUEM TEILIO-
TEXHUYECKHUX CBONCTB CTEHHI (YBEJIIMUEHHUE CONIPOTUBIIE-
HUSl TEIUIOTIEPE/IAUE OTPAKICHUS R WM YMEHbIIECHUE
CONpOTHBIEHH TemtoBocnpuaTuio R [1-12]). Xopo-
Wi BapUaHT, KOTJa TeMIepaTypa BHYTPEHHEN TTOBEPX-
HoctH Ha 5—10 °C BeIIIIe TEMIEPATYPhI TOUKH POCHL

Jnst mpaBUIIBHOTO BBIOOPA CTPOUTEITBHBIX KOH-
CTPYKIMH 3aHUH Ha HTare UX MPOEKTUPOBAHUSI HEOO-
XOZMMO IIPOBOJUTH TEINIOTEXHUYECKUH pacyeT.

B Hacrosiee Bpemst pH MPOSKTHPOBAHUN B OOJTb-
IIMHCTBE CJIy4YaeB BBIIOIHIETCS PacdeT MHOTOCIOHHON
OIHOPOJHON KOHCTPYKIIUH CTCHBI.

B nanHOl craThe mpeacTaBieHO HCCled0BaHUE
IUTOCKUX TeMIIEepPaTyPHBIX MOJIeH B TOJIIE HEOIHOPO-
HOMW yTEIUICHHOM Hapy>KHON CTE€HBI C MOHOJIUTHBIM JKe-
71e300€ TOHHBIM KapKacoM II0 METOMKE, pa3paboTaHHOM
K.®. ®okunbIM.

Pacuer TemmeparypHOTo MoJIsi IMEET 3Ha4YeHNE HE TO-
JIBKO ISl PEIICHHSI BOIPOCOB CTPOUTEIBHOM TeIIoTeX-
HUKH, HO TaKXKe U JUIS ONIPE/ICNICHUS TeMIIePaTypPHbIX Ha-
IpsDKEHUH B AJIeMEeHTax Kapkaca. B uactHocTu, mpu pas-
paboTKe MPOEKTOB BBICOTHBIX 3/1aHUIl CO CTAJbHBIM
W KeJIe300€TOHHBIM KapKacoM € )KECTKOH apMarypoi
pacdeT TeMIIepaTypHOTO OIS EMEHTOB KapKaca JaeT
BO3MOYKHOCTH KOHCTPYKTOpPaM 0osiee TOYHO PacCUUTaTh
HanpsbKeHus B Matepuaie kapkaca [13-21].

MATEPHUAJIBI U METO/bI

OOBEKTOM HCCIIeIOBaHNs BEIOpaHa HapyXKHAs He-
OZJHOPOZHAS OTPaXKIAroIasi KOHCTPYKILUSI CTEHbI Cpel-

HECTAaTHCTUYECKOTO COBPEMEHHOTO JKMJIOTO 31aHWS,
a MIMEHHO KOMMEpYecKoe ITOMEIICHHE Ha TIEPBOM dTaxe
(ot™. 0,000) B HIIOM 3AaHUH, PACTIOIIOKEHHOE IO afpe-
cy: T. [lensa, mp-1 ITobensr, 1. 97 A. [Ipocuntan ygacTok
HapYKHOU CTEHBI, IPOXOAAIINA 10 ocH 1.

XapakTepuCTUKH BO3JyXa CHApYXW 31aHUS
s 1. Ilenssr onpeaenensl mo CIT 131.13330.2020
«CrpownrenpHas KuMaronorus». [lapamerpbl Hapy»KHOTO
Y BHYTPEHHETO BO3/yXa:

1) ycrmoBus skcmTyaranmm — A;

2)t 0,92=-27°C;

3) ¢, =84 %;
4t =18 °C;
5) ¢, =60 %.

XapaKkTepuCTUKN MaTepHaIoB HAPYKHOW CTEHBI
npunsThl o CIT 50.13330.2012 «TerutoBast 3amura 3/1a-
HUI» M TIPUBEICHBI HUKE:

* cnoit Ne 1: mtykarypka (acaaHas AeKopaTHBHasI
1o creknocetke — 9, = 0,02 m; A, = 0,76 B/(m-°C); vy, =
= 1800 xr/m*; p, = 0,09 mr/(m-u-Tla);

e cioi Ne 2: yrennurelns U3 IIUT IEHOIOJIUCTUPO-
na [MC-16®, 'OCT 15588-2014 — 5, = 0,15 M; A, =
= 0,039 Br/(m-°C); v, = 16 xr/m’; u, = 0,05 mr/(m-u-Ila);

e cmoit Ne 3: kirajika u3 KaMHsSI KepaMU9eCKOTO
meneBoro KM-p 250 x 120 x 140/2,1H®/100/1,2/25/
I'OCT 530-2012 na pactBope M50 — 6, = 0,25 M; A, =
= 0,64 Br/(m-°C); v, = 1400 kr/m’; w, = 0,14 mr/(m-u-T1a);

* cioit Ne 4: MOHOJIUTHBIH JKene300eToH — J, =
= 0,27 m; A, = 1,92 B1/(m-°C); vy, = 2500 xr/m’; p, =
=0,03 mr/(m-u-Tla);

e cioil Ne 5: mtykaTypka U3BECTKOBO-II€CUAHAs
I BHyTpenHei oraenku — 6,=0,02 m; A, =0,7 Br/(m-°C);
v, = 1600 kr/m’; p, = 0,12 mr/(m-u-Ila).

OOuuii BUA KOHCTPYKLHMH CTEHBI NMPUBEICH
Ha puc. 1.

BribepeM ydacTok OrpakIaromieid KOHCTPYKITHU
C JIByMsI MOHOJINTHBIMHU Y3JIAMH H IByMSI KAMEHHBIMH.
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Puc. 1. KoHCTpyKIWMS HEOMHOPOIHOH YTETUIEHHOM Hapy KHOU CTEHBI C MOHOJIUTHBIM YkKeJ1e300eTOHHBIM KapkacoM: ciioi Ne 1. Lltykarypka
(hacaHas neKopaTHBHAs IO CTEKIIOCETKE; cioid Ne 2. Yrermurens u3 T nerononvctupona HIC-16D, FOCT 15588-2014; croii Ne 3.
Knanxa u3 xamHs kepamuueckoro menesoro KM-p 250 x 120 x 140 /2,1H®/100/1,2/25/ TOCT 530-2012 na pactBope M50;
cioit Ne 4. MonomuTHBII skene300eToH; cioit Ne 5. IllTykarypka n3BeCTKOBO-TIeCUaHast Il BHYTPEHHEH OTICIIKH

Jlanee pa3OuBaeM JAaHHBIH y4aCTOK CETKOH KOOPIMHAT
TaK, YT00BI B KaXKIOM MECTE, I/Ie MEHSEeTCsl MaTepHal,
00o3Hauascst HoBbIi y3en (puc. 2). [Tocie paccunTbiBaeM
TEMITepaTypbl Ka)KJ0Tr0 U3 Y3JI0B B 3aBUCHMOCTH OT Ye-
TBIPEX COCEIHHUX C HUMH.

B nanHoii ctaThe moapOOHbIE BEIYUCIESHUS OIUCa-
HbI JUIs y31a A1. Jlpyrue y3iibl pacCUnTBIBAIOTCS MO aHa-
JIOTUH.

K y3my 42 Teruonepenaya NpoXOAUT MO MITYKaTyp-
HOMY CJIOIO: PAcCTOSIHUE MEKAY JAHHBIMHU y37aMu A =
= 0,845 M; TIOmIA/Ab, IO KOTOPOH MPOUCXOAUT TEILIO-
nepenaya, F = 0,02/2 = 0,01 m?; ko3 PUIMEeHT TeIIo-
TPOBOIHOCTH MeX Ty Matepuanamu A, = 0,76 Bt/(m-°C).

Omnpenenum koddduitneHT temnonepenaydn, B1/°C,
oT y31a A1 k y31ny A2 ¢ ydeToM IJIoa iy Terionepe-
Jlaqu:

Paccunraem BenmmunHy niepeaBaeMoro Tema K y3iy
A2, Bt:

O~y tAZ)kAl—AZ' 2)

K y3ny Bl temnonepenadya BBIIOJHSIETCS TaKXKe
0 MITYKaTypHOMY CJIOI0, HO B TIEPIICHIKYJISIPHOM Ha-
MIPaBJICHUH: pacCTosTHIE MeKAy y3mamu A = 0,02 m;
IUI0IIA/b, [10 KOTOPOM IIPOMCXOAUT Terionepenaya, =
= (0,845 + 0,600)/2 = 0,723 M*; K03()HHUIHESHT TEILTO-
IPOBOIHOCTU Mex 1ty MaTtepuanamu A, = 0,76 Br/(m-°C).

YeranoBum ko3 duireHT remonepenadn, Br/°C,
ory3na Al k yzimy Bl ¢ yueTom mioma i Terionepeiadn:

ky_p =%~0,723 = 27,474 Br/°C.

>

Brluucnum BenumuuHy nepenaBaeMoro rtema, Br,

A 0,76 K y31y Bl1:
ky 4=—'F=—"—-0,01=0,009 Br/°C. (1) B
A 0,845 QAI—BI - (tAl. tBl)kAl—Bl'
1 2 3 4 5 6 7 8 9 10 11
y o 845 845 845 845 900 Il 900 970 970 900 900
Q)
N T AT T ST ¥
B ¢ ¥ 8 ; 3
Na) {
C y X7 P
ol [ ; A
Qb | iy
E oi '
Q

Puc. 2. Cxema pa30UBKHU HA Y3116l HEOXHOPOIHON YTEIICHHOH HAPYKHOW CTEHBI C MOHOJHUTHBIM JKeNIe300€TOHHBIM KapKacoM
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K Hapy)kHOMY BO31yXy TeIUIONepeaada Mmpoucxo-
JT 1o twiomamu F = 0,723 m? npu o =23 Br/(m>-°C).

Omnpenenm ko3¢ dunmenT nepenayn temna, B1/°C,
oT y371a A1 K Hapy>KHOMY BO3ZLyXY:

k, ,=o - F=23-0,723=16,629 Br/°C.

Haiinem xonuyecTBO nepegaBaeMoro temja, BT,
oT y371a A1 K Hapy>)KHOMY BO3IyXY:

QAI—H = (tAl ’ tH)kAl—H'
BeiBenieM ypaBHeHHe TeIuioBoro Oasanca uist yzia A1:
ZQAI—AZ + QAI—B] + QAI—H = 0

VY3en A2 B pacuete B3sT ¢ ko3ddummentom 1,71,
TaK Kak y3en 41 HaxomuTcsl Ha OCH CUMMETPUN OTPaK-
JIAfoNIei KOHCTPYKIMX U C TIPOTHUBOIIONIOKHOW CTOPOHBI
OCH HaxOIHTCs y3el pasmepoM 600 MM.

[oxcTaBuM 3HaUSHUSI BEIMYHH TEILIOTHI:

71 (@, =t )k o+ = 1)k,

+ (tAl - tH)kAl—H =0.
Boipazum u3 ypaBHeHus reMneparypy B y3ie A1:

_ L71 kg oty Ky it
a7

+ k,_t
‘Al —H"H . (3)
L71 kg otk g+ kg,
IMoncrasus 3HaUeHHS KOIPPHUIIUCHTOB TEILIONEPE-

Jlauu, Oy YHM:

1,71-0,009¢, + 27,474, +16,629¢,
= 1,71-0,009 + 27,474 + 16,629 =
=0,0003¢,, +0,623t, +0,377¢,.

Al

PE3VYJIBTATHI UCCJIEJOBAHUA

Takum 06pa3zoM, pacyeT TeMIepaTypHOTO ITOJIsT He-
OJHOPOJIHOM yTEIJICHHOM Hapy>KHOW CTEHbI C MOHOJIUT-
HBIM KEJIe300€TOHHBIM KapKacoM CBOANTCS K PELICHHIO
CIENYIOLIMX YPaBHEHUI:

t,, =0,003z ,+0,6237, +0,377¢ ;

t,=0,002¢, +0,623¢, +0,0002¢ , +0,377¢ ;

t,,=0,002¢ ,+0,623¢,, +0,0002¢,, +0,377¢ ;

t,,=0,002¢ +0,6237,, +0,0002¢,,+ 0,377z ;
t,,=0,002¢ ,+0,623¢, +0,0002¢ , +0,377¢ ;
t,=0,002¢ ,+0,623¢, +0,0002¢ . +0,377¢ ;
t,,=0,002¢ +0,6237, +0,0002¢, + 0,377t ;
t,,=0,002¢  +0,623¢, +0,0002¢ , +0,377¢ ;

t,,= 0,002t +0,623¢, +0,0002¢,, + 0,377¢ ;
t,,=0,002¢ ,+0,623¢, +0,0002¢, +0,377¢ ;
t,, =0,002¢,+0,623¢, +0,377¢ ;

t,, = 0,992¢  +0,00071,, + 0,007t ;

= 0,992, +0,00047,, +0,0004¢,, +0,007z,;
=0,992¢,, +0,00047,, +0,00047,, +0,0077,.;
=0,992¢,, +0,00047,, +0,00042,_+0,007z,;
= 0,921, +0,00047,, +0,0004z, +0,007z,;
= 0,993, +0,00031,, +0,00037,, +0,007¢,;
= 0,993, +0,0003¢,, +0,0003¢,, +0,007z,;
= 0,931, + 0,0031,, + 0,0031,, + 0,007¢,;
= 0,993, + 0,0003,, + 0,00032,, +0,0077,,;
= 0,993, +0,00037,, + 0,0003t,, +0,0077,, ;
= 0,993, +0,0007,,, +0,007¢

t., = 0,0461,, + 0,099+ 0,0241, + 0,831, ;

lgy
IBS
Upy
Us
tBG
tB7
lps
tB‘)
Iy
ZLB 1

0
1 c11’

., = 0,0851,, + 0,038, + 0,038, + 0,839, ;
t, = 0,0851,, + 0,038, + 0,038, + 0,839, ;
l0, = 0,0851,, + 0,0381, + 0,038, + 0,839, ;
ts=0,0441, + 0,019, + 0,053, + 0,8847, ;
l 0 = 0,030z, +0,035¢ + 0,035, + 0,899, ;
i, = 0,0461,,+ 00517, + 0,016z, + 0,8877, ;
0y = 0,087, +0,0301, + 0,030z, + 0,8541, ;
0y = 0,0461,, + 0,016¢, +0,0517,,, + 0,8871,;
[0 = 0,030, +0,0351,, + 0,035, +0,899, :
t0, = 0,045¢, +0,052¢.,, + 0,017+ 0,8861, ;

,=0,0712,, + 0,009z, +0,0021,, + 0,918, ;
,= 0,068, + 0,003, +0,0037,, + 0,926t,,;
.= 0,068, +0,003¢,, + 0,0037,, + 0,9261,_;
15, = 0,068, + 0,003, +0,0037,, +0,9261,;
.= 0,072¢,, +0,0021,, + 0,005, +0,9221,.;
= 0,077t +0,003¢,, +0,0037, + 0,920, ;
L= 0,072¢,,+ 0,004, +0,0017,, + 0,922, ;
= 0,068, +0,002¢,_+0,002¢,, + 0,927, ;

E8>
.= 0,072t + 0,001z, + 0,004z,  + 0,922, ;

tD D10 E9

£, = 0,077t + 0,003, + 0,003, +0,920z, :
£, = 0,050e,, +0,003¢,  +0,00le,  +0,9461, ;
t,, = 0,873t +0,0006¢, +0,00027,, + 0,126, ;
=0,8017,, +0,0002¢,, +0,0002¢, +0,199%, ;

= 0,8017,, + 0,00027,, + 0,0002¢,, +0,199¢_;
=0,8017,, +0,0002¢,, +0,0002¢,. +0,199%, ;
=0,8841,_+0,00017,, + 0,003, + 0,116z, ;
=0,9161,, +0,0002¢, +0,0002¢,_ + 0,083, ;
1. =0,8817, +0,0003t,, +0,00017,, +0,119%, ;
£, =0,801¢, +0,0002¢,_ +0,0002¢,, + 0,199, ;
t,,= 0,817, +0,00017, +0,0003z,,, + 0,119, ;
t0= 09161, +0,0002¢, +0,0002¢,  +0,083¢,;
£, = 0,882t +0,0003¢,  +0,0001z,+ 0,118, .

tD
I

I

tD
I
tD

I

lpy
lps
Uy
Ups
Uis

Ell

Berunciennst mpoBoOIsATCS METOIOM UTepanuu (1o-
CJIC/IOBATENILHOTO MPHUOIIKEHNsT) B TaOMMYHOHN (opme.
s mepBoro npuOIMKEHNUs 3HAYCHUS TEMIIEpaTyphbl
HailleM ¢ IOMOIIbIO YPaBHEHUS TEILIONEPENaYn uepes
IUIOCKYIO CTeHKY. C 3TOM IeTIbI0 PacCUUTaEM IOoTepey-
HBIE CEUEHHs CTEHBI 10 OCAM KOOPAMHAT 3, 6.

Jiist pacdyeToB 3a/1acM 3HaYEHHUE TEMIIEPATyPhI BHY-
TpeHHero Bo3ayxa 18 °C u npuHMMaeM TeMIeparypy
HapY»KHOTO BO3[yXa, paBHYIO TeMIeparype HanOosee
XOJNOAHOU matuaHeBKH mis T. [lenssr (cormacuno CIIT
131.13330.2020 «CtpounTenpHas KIMMATOIOTHS PaBHA
=27 °C).

BbInomHNM pacueT NONEPEeyHOro CEeUeHHs CTEHBI
o ocu 3:

1 002 0,25 015 0,02 1
= —+ + + + +—=
87 1,92 1,92 0,039 0,76 23
= 4,45 Br/m*-°C;

1
ty=t,—(1, —tH)E=18—(18—(_27)).@ =

R, 4,45
=16,84°C;

23
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(1+ 0a02j e =18—(18—(-27))x
8,7 0,7
1, =18—(18—(-27))- VR 1,002 0725
16,55°C; BT L2 L92) s 45 e,
S ’ 4,45 ' ’
1 ,0,02 025
87 0.7 0,64
t. =18—(18—(-27))- 443 = 1, =18—(18—(-27))x
= 12,60 °C; (1+o,02+0,25 0,15)
8,7 1,92 192 0,039) o,
1, =18—(18—(-27)) x X ypT =-23,48°C;
(1+ 0,02 0,25 0,15)
\8.7 0,742,564 0,039) _ 16 300c: £, =18-(18—(-27))x
’ (1+0,02 0,25 015 o,oz}
t, =18 (18—(-27)) x
y (18—(-27)) (87 192 192 0039 076) oo
(1+o,02+0,25 0,15 0,02] 4,45
X 87 07 064 003 0,76 =-26,56°C. JlaHHbIe 3HAUCHUS PUHUMAEM JjIs1 oceii 6, 10.

4,45

JlaHHbIe 3HAUEHUS TPUHUMAEM JJist oceld 2, 3, 4, 8.
BBIMOMHUM pacueT MOMePeYyHOro CeUeHHs CTEHBI
110 ocH 6:

0,02 0,25 0,15 0,02
+ + + + +
0,7 0,64 0,039 0,76

1
R =—
' 87

+ L =417 Br/M*°C;
23

(7
=18—(18—(-27)) -8’—77:16,76 °C;
t, =18—(18—(-27)) x

10,02
[87+ 192}
X~ 722 216,73 °C;
4,45

Ta6u. 1. [IpeaBapuTensHO IPUHATHIE 3HAYCHNS TEMIIEPATyp B y37Iax

3Havyenus Temneparyp ais oceii 1, 5, 7, 9, 11 nait-
JIeM KaK CpeIHee apru(pMETHICCKOe MEKIY 3HAYCHUSIMH
st ocer 3 u 6:

P 16,84 + 16,76

= =16,8 °C;

- 16,55 +16’73:16,64 °C;
‘= 12,60 + 15,42 14,01 °C;
‘= _26’30_23’48:—24,89 °C;
¢ :M:—ZS,IS °oC,

4 2

JanpHEHINI pacdeT cBOAUM B TaOIUIHYIO (hOpMy

(tabn. 1-12). IIpouecc pacyera ocTaHABIMBAEM Ha TPH-

V3en 1 2 3 4 5 6 7 8 9 10 11
A -25,15 | =26,56 | 26,56 | —26,56 | 25,15 | 23,74 | 25,15 | 26,56 | 25,15 | 23,74 | 25,15
B —24.89 | 26,30 | —26,30 | —26,30 | —24,89 | 2348 | 24,89 | 26,30 | 24,89 | 2348 | 24,89
C 14,01 12,60 12,60 12,60 14,01 15,42 14,01 12,60 14,01 15,42 14,01
D 16,64 16,55 16,55 16,55 16,64 16,73 16,64 16,55 16,64 16,73 16,64
E 16,8 16,84 16,84 16,84 16,8 16,76 16,8 16,84 16,8 16,76 16,8

Taba. 2. 1-e npubnmxenne

V3en 1 2 3 4 5 6 7 8 9 10 11
A -25,69 | —26,57 | -26,57 | 26,57 | 25,69 | 24,81 | 25,69 | 26,57 | -25,69 | 24,81 | —25,69
B 2487 | -26,28 | —26,28 | 26,28 | 24,87 | 23,48 | 24,89 | 26,44 | 24,89 | 2348 | 24,89
C 14,51 12,66 12,61 12,66 14,67 15,32 14,60 12,69 14,60 15,32 14,64
D 16,60 16,55 16,55 16,55 16,62 16,71 16,58 16,53 16,58 16,71 16,66
E 16,81 16,85 16,85 16,85 16,80 16,83 16,81 16,85 16,81 16,83 16,81

24
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Tabu. 3. 2-e npubnmxenne

Vien 1 2 3 4 5 6 7 8 9 10 1

25,68 | —26,56 | —26,56 | —26,56 | 25,68 | —24.81 | 25,69 | —26,66 | 25,69 | —24.81 | —25,69

2540 | 26,29 | 26,29 | 26,29 | 2540 | 2454 | 2542 | 2644 | 2542 | 2454 | 2542
1447 | 12,68 | 12,61 | 12,69 | 14,65 | 1534 | 1455 | 12,69 | 1455 | 1534 | 14,65
16,65 | 16,56 | 16,56 | 16,56 | 16,66 | 16,76 | 16,63 | 16,55 | 16,63 | 16,76 | 16,70
16,77 | 16,85 | 16,85 | 1685 | 16,79 | 1681 | 16,76 | 1683 | 16,76 | 1681 | 16,82

OO W]~

Taou. 4. 3-e npudnuxeHue

Vaen 1 2 3 4 5 6 7 8 9 10 11

26,01 | 26,57 | 26,57 | 26,57 | 26,01 | 2547 | 26,02 | 26,66 | 26,02 | —2547 | —26,02

2539 | 26,28 | 26,28 | 26,28 | 2539 | 2454 | 2542 | 2654 | 2542 | 2454 | 2542
1449 | 12,69 | 12,62 | 12,70 | 14,66 | 1535 | 1457 | 12,71 1457 | 1535 | 14,67
1661 | 1656 | 16,56 | 16,57 | 16,65 | 16,75 | 1658 | 1653 | 16,58 | 16,75 | 16,71
1682 | 1685 | 1685 | 1685 | 1682 | 1685 | 1680 | 1685 | 1680 | 1685 | 16,86

= OO W~

Ta6a. 5. 4-e npubnmkenue

Ven 1 2 3 4 5 6 7 8 9 10 11
-26,00 | —26,56 | —26,56 | 26,56 | 26,00 | 2547 | 26,02 | 26,72 | 26,02 | 2547 | 26,02
25,72 | =26,29 | 26,29 | 26,29 | 25,72 | 25,20 | 25,75 | 26,54 | 25,75 | 25,20 | 25,75
14,46 12,69 12,62 12,71 14,66 15,35 14,52 12,68 14,52 15,35 14,68
16,65 16,57 16,56 16,57 16,68 16,78 16,62 16,55 16,62 16,78 16,75
16,78 16,85 16,85 16,86 16,81 16,84 16,76 16,83 16,76 16,84 16,87

| OO =~

Tao6un. 6. 5-¢ npubImKEeHNE

Vaen 1 2 3 4 5 6 7 8 9 10 11

A4 | 2621 | 26,57 | 26,557 | 26,57 | 2621 | 2588 | 26,23 | 26,72 | 2623 | —25,88 | 26,23
B | 2571 | 2628 | 2628 | 2628 | 25,71 | 2520 | 25,75 | 26,60 | 25,75 | —2520 | 25,75
c 1448 | 12,70 | 12,62 | 12,70 | 1467 | 1535 | 1454 | 12,70 | 1454 | 1535 | 14,70
D 1661 | 1657 | 16,56 | 16,58 | 16,67 | 16,77 | 16,58 | 1653 | 16,58 | 16,77 | 16,76
E 1682 | 1686 | 1685 | 1686 | 16,84 | 1687 | 16,79 | 1685 | 1679 | 1687 | 16,90

Tao6un. 7. 6-¢ npubImKeHNe

Vaen 1 2 3 4 5 6 7 8 9 10 11

26,20 | —26,56 | 26,56 | —26,56 | 26,20 | —25.88 | —26,23 | 26,76 | 2623 | —25,88 | —26,23

2592 | 2629 | 26,29 | 2629 | —25,92 | 25,61 | —25,96 | 26,60 | 2596 | 25,61 | —25,96
1444 | 12,70 | 12,63 | 12,71 | 1466 | 1534 | 14,51 12,67 | 14,51 1534 | 14,70
16,65 | 16,58 | 16,56 | 16,58 | 16,70 | 16,80 | 16,61 16,55 | 16,61 16,80 | 16,79
16,78 | 16,86 | 16,85 | 1687 | 16,83 | 1686 | 16,76 | 1683 | 16,76 | 1686 | 1691

||| =~

Tao6un. 8. 7-¢ npubImKeHue

Vien 1 2 3 4 5 6 7 8 9 10 11

-26,34 | 26,57 | —26,57 | 26,57 | —26,33 | 26,14 | -26,36 | 26,76 | 26,36 | —26,14 | —26,36

-2591 | 26,28 | —26,28 | 26,28 | —2591 | -25,61 | 25,96 | —26,64 | —25,96 | —25,61 | —25,96
14,47 12,70 12,62 12,71 14,68 15,36 14,52 12,69 14,52 15,36 14,72
16,61 16,58 16,56 16,59 16,69 16,79 16,58 16,53 16,58 16,79 16,80
16,82 16,87 16,85 16,87 16,86 16,89 16,78 16,85 16,78 16,89 16,94

SIICIEIEIES

Taou. 9. 8- npudIMKeHNe

Vaen 1 2 3 4 5 6 7 8 9 10 11

2633 | 26,56 | 26,56 | 26,56 | —26,33 | 26,14 | 2636 | 26,78 | —26,36 | —26,14 | —26,36

26,05 | 2629 | 26,29 | 26,29 | 26,04 | 2587 | 26,09 | 26,64 | 26,09 | —2587 | —26,09
14,44 | 12,71 | 12,63 | 12,72 | 1467 | 1535 | 1450 | 12,67 | 1450 | 1535 | 14,73
16,65 | 16,58 | 16,56 | 16,59 | 16,72 | 16,82 | 16,60 | 16,55 | 16,60 | 16,82 | 16,83
16,78 | 16,87 | 16,85 | 16,88 | 1685 | 1688 | 16,76 | 16,83 | 16,76 | 16,88 | 16,95

SIICIEIETIES

25
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OMKEHUH, B KOTOPOM TEMIIEPATyphl OT HPEIbIAYILIEro
npuOIIKeHus omyarorcst He Oonee yem Ha 0,1 °C.

Hessi3ka 3HaueHnit remmneparyp npuOmmxeHus 11
orHocuTenbHO npuommkenus 10 ve npessimaer 0,1 °C,
pacyeTr OKOHYEH.

Ha ocHOBaHUM NONTy4eHHBIX TEMIEPATYp B y31ax
OrpakJaroIel KOHCTPYKIMU CTEHBI OIPENEIUM TOYHOE
3HaYeHHUE COMPOTHUBIICHUS Temuonepenaye. s 3Toro
paccunTaeM BEJIMYUHY CPEIHETO TEIUIOBOTO MOTOKA,
MPOXOIAIIETO Yepe3 KOHCTPYKIMIO OrpaxaeHus, Br/m?:

+
g = @
IJie ¢, — TEIIOBOH MOTOK, IPOXOJIAIINI Yepe3 BHYTPEH-
HIOIO MTOBEPXHOCTh OrpakaeHus1, Br/m?%; g, — TEIUIOBOH

IIOTOK, HpOXO}IHHH/Iﬁ qepeB BHCIIIHIOKO HOBerHOCTL
orpaxenusi, Br/m?;

qx - U'B(ts o tscp)’ (5)
e o, — KO3(Q(MIMEHT TEMIOOTAa49M BHYTPEHHEH T10-
BEPXHOCTH Orpakaaromeit koHcrpykuuu, Br/(m?-°C);

o .

{ — TeMIlepaTypa BHYTPEHHETO BO31yXa, C; tmp
CpeIHsIs TEMIIEpaTypa BHyTPEHHEN OBEPXHOCTH OTPaK-
Jarorei KoHeTpykuuy, °C;

qu = an(tu - ZLucp)’ (6)
e 0, — KOO()QUIMEHT TETIOOTAAYN HAPYKHOU MO-
BEPXHOCTH Orpakaaromeil koHetpykuuu, Br/(m?-°C);

(o] .

{,— TeMIieparypa HapyKHoro Bo3ayxa, °C; £, — cpen-
HSISL TEMIIEpaTypa Hapy>KHOH TTOBEPXHOCTH OTPAXKIAr0-
e koHcTpykiuu, °C.

~26,47-0,4225+(~26,57)-0,845 +(~26,57)-0,845 +
+(~26,57)-0,845 +(~26,46)-0,8725 +(~26,39)-0,900 +
+ (~26,49)-0,935 +(~26,79)-0,970 + (~26,49)-0,935 +

+ (~26,39)-0,900 + (~26,49) - 0,450

= = = —26,52 °C;
e 0,4225+0,845+0,845+0,845+0,8725+ 0,900 +
|: + 0,935+0,970+ 0,935+ 0,900 + 0,450 ]
16,82-0,4225+16,87-0,845+16,85-0,845+ |
+16,89-0,845+16,89-0,8725+16,93-0,900 +
+16,76-0,935+16,85-0,970+16,76-0,935 +
+16,93-0,900+17,00-0,450
Ly = =—=16,86°C;
0,4225+0,845+0,845+0,845+0,8725+ 0,900 +
{ +0,935+0,970+ 0,935+ 0,900+ 0,450 }
Taou. 10. 9-e npubnkeHue
V3en 1 2 3 4 5 6 7 8 9 10 11
A -26,42 | -26,57 | 26,57 | -26,57 | 26,41 | 26,30 | -26,44 | 26,78 | 26,44 | -26,30 | 26,44
B —26,04 | —26,28 | 26,28 | 26,28 | 26,04 | 25,87 | 26,09 | 26,66 | 26,09 | 25,87 | —26,09
C 14,46 12,70 12,63 12,72 14,69 15,37 14,51 12,69 14,51 15,37 14,75
D 16,61 16,59 16,56 16,60 16,71 16,81 16,58 16,53 16,58 16,81 16,84
E 16,82 16,87 16,85 16,88 16,88 16,91 16,77 16,85 16,77 16,91 16,97
Taou. 11. 10-e npubnrwkeHne
V3en 1 2 3 4 5 6 7 8 9 10 11
A —26,41 | -26,56 | —26,56 | 26,56 | -26,41 | -26,30 | 26,44 | 26,79 | 26,44 | 26,30 | —26,44
B -26,13 | 26,29 | —26,29 | 26,29 | 26,12 | 26,02 | 26,17 | 26,66 | —26,17 | 26,02 | —26,17
C 14,43 12,71 12,63 12,73 14,68 15,36 14,49 12,67 14,49 15,36 14,76
D 16,65 16,58 16,56 16,60 16,74 16,84 16,59 16,55 16,59 16,84 16,86
E 16,78 16,88 16,85 16,89 16,87 16,90 16,76 16,83 16,76 16,90 16,98
Taba. 12. 11-e npubmmxenne
V3en 1 2 3 4 5 6 7 8 9 10 11
A -26,47 | -26,57 | 26,57 | -26,57 | 26,46 | 26,39 | 26,49 | 26,79 | 26,49 | 26,39 | —26,49
B -26,12 | -26,28 | -26,28 | -26,28 | 26,12 | -26,02 | 26,17 | 26,67 | 26,17 | -26,02 | 26,17
C 14,46 12,70 12,63 12,73 14,70 15,38 14,50 12,68 14,50 15,38 14,77
D 16,61 16,59 16,56 16,61 16,73 16,83 16,58 16,53 16,58 16,83 16,87
E 16,82 16,87 16,85 16,89 16,89 16,93 16,76 16,85 16,76 16,93 17,00
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q,=8,7(18 — 16,86) = 9,92 Br/w;
q,=23(-26,52+-27)) = 11,04 Br/v;

- w — 10,48 Br/um’.

qcp

3Has BCJIMYMHY TCIJIOBOT'O IMMOTOKA, HPOXOAAIICTO
HUepes3 OrpaxaAcHuc, HaﬁﬂeM COIIPOTUBJICHUC TCTIIIOTICPC-
Jadyc orpaxcaalomeﬁ KOHCTPYKIIUU U3 (bOpMyJ'ILIZ

R = t,+1, :
qcp 7
(18 = (-27)) ™
R™ = ~———— 71— 429 °C/Br.
10,48

YT00BI IPOBEPUTH, OTBEYAET KOHCTPYKIIHS TpeOo-
BaHUSAM TEIUJIOBOM 3alIUTHI WJIM HET, HaliJleM HOpMUpYe-
MYIO BEJIMYHMHY COPOTUBJICHHSI TEILIONIepeaade Jyisl CTe-
HBI ¥ CPAaBHHM €€ C TIOTyYeHHO! B XOJIe pacyera.

OmnpenensieM Tpagyco-CyTKA OTOUTEIHHOTO TIepH-
ona:

ICOIll=(, 1t ) Z =(18-(-39) 201 =
=4402 °C-cyr,

TJIe {, — TEMIIEpaTypa BHYTPEHHETO BO3/TyXa B TIOMENIE-
uum, °C; £ — CpelHsAs TeMIEpaTypa OTONHUTEILHOTO
Mepro/ia co CPEAHECYTOUHON TeMIepaTypoi Bo3tyxa,
He npesbinatoniei 8 °C; Z  — KOIMYECTBO CYyTOK OTO-
MIUTEIBHOTO MEPHO/IA CO CPEAHECY TOUHOW TeMIIeparypon
BO3/1yXa, He mpeBbiaomnei § °C, cyT.

Paccunrtaem 6a30Boe 3HaUEHHE TPEOYEMOTO COIPO-
TUBIICHHS TEIUTOTIEpeiaye:

R =a-TCOIl+b=0,00035 - 4402 + 1.4= (g
=2,941 > °C/Br,

rne a, b — 3HavYeHus, KOTOpbIe CIeayeT NMPUHUMATH
JUTS. COOTBETCTBYIOIINX TPYII 3MaHUNA (OTPEAeISIOTCS
mo CIT 50.13330.2012 «TenumoBast 3ammra 30aHAI).

OnpenensteM kod3pPUIEEHT 7;:

0 = t, —t, _ 18—( 3,9)=1. )
t,—t, 18—(=3,9)

YMHO)KaeM 0a30BOe 3HAYCHHE TPEOYEMOTO COTpO-

THBJICHHS TETLIONEPEIade Ha KOSQQUIHENT 71,;

R = R -n, =2,941-1=2,941 M*-°C/Br. (10)

PaccunteiBaeM HOpMHUpYEMOE 3HaYEHHE [TPUBEICH-

HOT'O 3HAYEHUsI COMPOTUBIICHUS! TEILIONIepeaue OrpaK-
Jlarolel KOHCTPYKIIUHU:

Ry™ = R -m, =2,941-1=2,941 M*-°C/Bt, (11)
e m, = 1 — KOd(PPUIHUEHT, YUUTHIBAIOMINN PETUOH
CTPOMTEITHCTBA.

RI™ =2,941 M’ °C/Br < R]” = 4,29 °C/Br.

[IpuBeseHHOE CONPOTHUBJICHHE TEIIONepesaye
0oJIbIlIe HOPMHUPYEMOTO, CIIEA0BATEIbHO, KOHCTPYKIIMS
CTEHBI OTBEYAET TEIJIOTEXHUYECKHM TPEOOBAHUAM.
Omnpenenum K03(QQUIMEHT TerIonepeaadn orpax/Iaro-
I1ei KOHCTPYKIIMU:

=L"=L=O,Z33 Br/m*-°C. (12)
R 4,29

[onyueHHble pe3ynbraThl CPAaBHUM OTHOCHUTEIBHO
BEJIMYMH, MPUHSTHIX JJISI PACYCTOB MIPEABAPUTEIBHO (CM.
Tabm. 1, 12).

Jis pacyera II0CKOTO TeMITepaTypHOTO OIS OTIpe-
JITIMM HEBSI3KY MOJyYEHHOTO 3Ha4eHUsT Kod(h(HUIreHTa
TEIUIONepeiadyl OTPAXKIAIOIIEH KOHCTPYKLIUH C KO3(]-
(hPUIIMEHTOM TeIUIONepEaadH, MOTyIaeMbIM IIPH PacueTe
T0 3HAYCHUSAM 13 TaOI. 1:

~25,15-0,4225+(~26,56)-0,845 +(~26,56)-0,845 +
+(~26,56)-0,845 +(=25,15)-0,8725+(~23,74)-0,900 +
+(~25,15)-0,935 +(~26,56)-0,970 +(~25,15)-0,935 +

+(-23,74)-0,900 +(~25,15)-0,450
_ = 25,42 °C;
e {0,4225 +0,845 +0,845+0,845 + 0,8725 + 0,900 1

+0,935+0,970+0,935+0,900+ 0,450

16,8-0,4225+16,84-0,845+16,84-0,845+
+16,84-0,845+16,8-0,8725+16,76-0,900 +
+16,8-0,935+16,84-0,970+16,8-0,935 +
. +16,76-0,900+16,8-0,450

ro= = 16,81 °C;
> {o, 4225+0,845+ 0,845+ 0,845 +0,8725 + 0,900 1

+0,935+0,970+0,935+ 0,900 + 0,450
q. =8,7(18-16,81) =10,35 Br/m’;
q. = 23(~25,42—(-27)) = 36,34 Br/m’;

qcp

=23,35 Br/™m?;

(18— (-27))

=1,93 °C/Br;
23,35

m _
Ry =

27
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Ta6a. 13. Hesi3ka 3HaueHMi TeMiieparyp B y3nax, %

Vien 1 2 3 4 5 6 7 8 9 10 11
A 5.2 0,04 0,04 | 0,04 52 11,2 53 0,9 53 11,2 53
B 49 0,1 0,1 0,1 4,9 10,8 5.1 14 5,1 10,8 5,1
c 3.2 0,8 0,2 1,0 4.9 0,3 3,5 0,6 3,5 0,3 5.4
D 0,2 0,2 0,1 0,4 0,5 0,6 0,4 0,1 0,4 0,6 1.4
E 0,1 0,2 0,1 0,3 0,5 1,0 0,2 0,1 0,2 1,0 1,2

k= % =0,518 Br/m*°C.

>

OnpeenuM HEBSI3KY BEJIMUUH MEXIY k 1 k*:

0,518 - 0,233
0,518

100 =55 %.

3AKJTIOYEHHUE U OBCYXJIEHHUE

B paMKax HpOBelIeHHOFO HCCICO0BAHUA MOXHO
YTBEPKAaTh, UTO JTaHHAS HEBSA3KA XapaKTEPH3yeT ITOBBI-
IIeHHE TOYHOCTH pacyeTra ko3 HUIreHTa TeTionepea-
91 METOZIOM TeMIIEPaTyPHOTO TOIIs Ha 55 % 1 TaHHOH
OrpakIaromeld KOHCTPYKIINH.

Taxoke onpeneiM HEeBs3KY 3HAYCHUI TeMIIeparyp
B y3Jax.

Kak BumHO 13 Ta0m. 13, HEBsA3Ka MEXKIY TEMITepary-
paMH, pacCINTaHHBIMU METOZIOM TIOCKOTO TeMIIEpaTyp-
HOTO TOJIsl, ¥ TEMH, YTO OBUIN B3SITHI H3HAYAILHO, M-
eT HauOoJblIee 3HaUCHNUE B y3Jax, [Ie TeIlonepeaada
B COCEJHME y3JIbl UJET MO0 HECKOJIbKHM MaTepuasam,
JPYTHMH CIOBaMH, B y3J1ax, Ie HaOIrofaeTcs Hanbob-
I1asi HEOJHOPOIHOCTh KOHCTPYKIIHH.

Ha ocHOBaHNY 5TOr0 MOJKHO CAAEIATh BBIBOI, UTO HC-
TOJTb30BaHUE METO/Ia TEMIIEpaTypPHBIX MOJIeH A1 pacueTa
Koa(dunreHTa Teronepeaadn HeOqHOPOIHONW KOHCTPYK-
IIM ONPaB/bIBACT ceOsl, €CIIM HE0OXOMMa HanOOIbIIast
TOYHOCTb pacyera. Jljist onpeseneHust TeMIeparyp B TOI-
I1l¢ KOHCTPYKLUH, OCOOCHHO B MeCTaxX HauOOMIbILIeH He-
OIHOPOJHOCTH, CJIElyeT UCIOIb30BaTh METO I TeMIIepa-
TYPHBIX TOJIEH, TaK KaK OH 3HAUUTEJIBHO YBEIMUHBACT
TOYHOCTb pacyeTa.
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INTRODUCTION

The main measure to counteract moisture con-
densation on the inner surface of the enclosure is to re-

duce the humidity of the air in the room, which can be
achieved by ventilation efforts (the dew point is reduced)
or by increasing the thermal properties of the wall (in-
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creasing the heat transfer resistance of the enclosure R,
or reducing the resistance to heat penetration R, [1-12]).
A good option is when the internal surface temperature is
5-10 °C above the dew point temperature.

For the correct choice of building structures of buil-
dings at the stage of their design, it is necessary to carry
out a thermal calculation.

Nowadays, in most cases, the design is based
on a multi-layer homogeneous wall structure.

This paper presents a study of plane temperature
fields in the thickness of a heterogeneous insulated ex-
terior wall with a monolithic reinforced concrete frame
according to the method developed by K.F. Fokin.

Calculation of the temperature field is important not
only for solving the issues of building thermal engineer-
ing, but also for determining the temperature stresses in
the frame elements. In particular, when designing high—
rise buildings with a steel or reinforced concrete frame
with rigid reinforcement, the calculation of the tempera-
ture field of the frame elements allows designers to cal-
culate the stresses in the frame material more accurately
[13-21].

MATERIALS AND METHODS

The object of the study is an external heterogeneous
enclosing wall structure of an average modern residential
building, namely a commercial space on the ground floor
(0.000) in a residential building, located at the address:
97 A Pobeda Avenue, Penza. The section of the external
wall running along axis | was calculated.

Air characteristics outside the building for Penza
are determined according to CP 131.13330.2020 “Build-
ing Climatology”. Outdoor and indoor air parameters:

1) operating conditions — A;

2)1,092=-27°C;

3) @, = 84 %;
4)1=18°C;
5) ¢, = 60 %.

The characteristics of the external wall materials are
taken according to CP 50.13330.2012 “Thermal Protec-
tion of Buildings” and are given below:

* layer No. 1: decorative facade plaster on glass
mesh—&,=0.02m; A, =0.76 W/(m-°C); y, = 1,800 kg/m’;
u, = 0.09 mg/(m-h-Pa);

* layer No. 2: insulation from EPS—16F polystyrene
foam boards, GOST 15588-2014 — 6 = 0.15 m; A, =
=0.039 W/(m-°C); v, = 16 kg/m’; u, = 0.05 mg/(m-h-Pa);

* layer No. 3: masonry of ceramic slotted stone
KM-1250x 120 x 140/2,1NF/100/1,2/25/ GOST 530-2012
on mortar M50 — 8, = 0.25 m; A, = 0.64 W/(m-°C); y, =
= 1,400 kg/m’*; p, = 0.14 mg/(m-h-Pa);

* layer No. 4: monolithic reinforced concrete —
8,=0.27 m; A, = 1.92 W/(m-°C); v, = 2,500 kg/m’*; p, =
=0.03 mg/(m-h-Pa);

* layer No. 5: lime—sand plaster for interior fini-
shing—6,=0.02m; A, =0.7 W/(m-°C); v, = 1,600 kg/m?;
u, = 0.12 mg/(m-h-Pa).

A general view of the wall structure is shown in Fig. 1.

We select a section of the envelope with two mono-
lithic nodes and two masonry nodes. Next, we parti-
tion this section with a coordinate grid so that at each

]1\ B 2.
S |
l,Of SIS DAY P
g‘ 3.380 | 1,800 il 946 | 1,800
| Jr 1
1-1 2-2
g r\/ . /> m/
1! 1] ;
2| 2}
3 4. A
—) 51 [X y - "
) e
X[
f\/ ¢ /\/ ;
20 | 1500 250 | |20 20 | 150/ 270

Fig. 1. Construction of heterogeneous insulated exterior wall with monolithic reinforced concrete frame: layer No. 1. Decora-
tive facade plaster over glass mesh; layer No. 2. Insulation made of polystyrene foam boards EPS—16F, GOST 15588-2014;
layer No. 3. Ceramic slotted stone masonry KM—r 250 x 120 x 140/2.1NF/100/1.2/25/ GOST 530-2012 on M50 mortar; layer
No. 4. Monolithic reinforced concrete; layer No. 5. Lime—sand plaster for interior finishing
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Fig. 2. Schematic diagram of node breakdown of a heterogeneous insulated exterior wall with a monolithic reinforced concrete frame

place where the material changes, a new node is marked
(Fig. 2). Afterwards, we calculate the temperatures
of each node depending on the four neighbouring nodes.

In this paper detailed calculations are described for
node A1. Other nodes are calculated by analogy.

To node A2 the heat transfer passes through the plas-
ter layer: the distance between these nodes A = 0.845 m;
the area over which the heat transfer takes place is F' =
=0.02/2 = 0.01 m?; the heat transfer coefficient between
the materials is A, = 0.76 W/(m-°C).

Let us determine the heat transfer coefficient, W/°C,
from node 41 to node 42 taking into account the heat
transfer area:

A 0.76
k =— - F=——-0.01=0.009 W/°C.
A A 0.845 M
Let’s calculate the value of heat transferred to node

A2, W:

QAI—AZ = (tAl ' tAZ)kAI—AT (2)
To node B1, heat transfer is also performed along
the plaster layer, but in the perpendicular direction:
the distance between the nodes A = 0.02 m; the area over
which heat transfer takes place, F'= (0.845 + 0.600)/2 =
=0.723 m?; the heat transfer coefficient between the ma-
terials A, = 0.76 W/(m-°C).
Let’s set the heat transfer coefficient, W/°C, from
node 41 to node B1 taking into account the heat transfer
area:

kg g = %'0.723 =27.474 W/°C.

Let’s calculate the value of transferred heat, W, to
node B1:

QA]—BI = (tAI. tBl)kAl—Bl'
To the outside air, heat transfer occurs over an area
of F=0.723 m* at a, = 23 W/(m*°C).
Determine the heat transfer coefficient, W/°C, from
node A41 to the outside air:

k, ,=o-F=23-0.723=16.629 W/°C.
Let’s find the amount of transferred heat, W, from

node A1 to the outside air:

QAF() = (tAl ' to)kAFo'
Let’s derive the heat balance equation for node 41:

2QAI—A2 + QAI—BI + QAl—n = O

Node 42 in the calculation is taken with a coef-
ficient of 1.71, because node A1 is located on the axis
of symmetry of the envelope and on the opposite side
of the axis there is a node of 600 mm.

Let’s substitute the values of the heat values:

L71- (¢, —t )k, . T, — 1)k

+
‘Al1-A42 ‘Al-B1
+ (tAl - to)kAH; =0.
Letusexpress the temperature atnode 41 from the equa-
tion:

_ 171 .kAI—AZtAZ +kAI—BltBl + kAl—o[u
Ly= N )]
L7k kg + K

Al—o

Substituting the values of heat transfer coefficients,
we obtain:
_1.71-0.009¢ ,, + 27.474t,, +16.629¢,

A4 1.71.0.009 + 27.474 + 16.629
=0.00037,, +0.6231,, +0.377t,.

RESEARCH RESULTS

Thus, the calculation of the temperature field of
an inhomogeneous insulated exterior wall with a mono-
lithic reinforced concrete frame is reduced to solving
the following equations:

t,, =0.003¢,,+0.623t, +0.377¢ ;

t,,=0.002¢, +0.623¢,, +0.0002¢ , +0.377t ;

t,,=0.002¢  +0.623¢,, +0.0002¢ , +0.377t ;

t,,=0.002¢ ,+0.623¢, +0.0002¢  +0.377¢ ;
t,,=0.002¢ ,+0.623¢, +0.0002¢, +0.377¢ ;
t,,=0.002¢  +0.623t, + 0.0002¢, +0.377¢ ;
t,,=0.002¢, +0.623¢,, +0.0002¢  +0.377t ;
t,s=0.002¢ +0.623¢, +0.0002¢ , +0.377t ;
t,,=0.002¢  +0.623¢,, +0.0002¢,, +0.377¢ ;
t,0=0.002¢,,+0.623¢, +0.0002¢, +0.377¢;
t,, =0.002¢,,+0.623¢, +0.377t ;

t,,=0.992¢, +0.00071,, +0.0077,,;
t,, = 0.992¢ , +0.0004¢,, + 0.0004,, + 0.007%,.;
t,, = 0.992¢  +0.0004¢,, + 0.0004¢,, + 0.007%,;
t,, = 0.992¢,, + 0.00041,, + 0.00047,, +0.007¢,.;
t,s = 09921+ 0.00041,, + 0.00047, +0.007,;
£, = 0.993¢, +0.0003¢,, + 0.0003¢,, + 0.007¢,;
t,, = 0.993¢, +0.0003¢,, + 0.0003¢,, + 0.007%,;
= 0.993¢  +0.003¢,, + 0.0031,, +0.0077,;

8
t, = 0.993¢ , + 0.00037,, + 0.00037,,, + 0.007¢

B10 9?

Ly = 0.993t,/+0.00037,  +0.0003z, , +0.007¢,,;
t,,,=0.993t, +0.0007z, +0.007z,, ;

c11’
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t., = 0.0461, +0.099¢,.+ 0.0247,, + 0. 83ltD1,
(.= 0.0851,, +0.0381, +0.038L., +0.8397,
(.= 0.0851, +0.0381, +0.038L,, +0.83r,,
(.= 00851, +0.038. + 0,038, + 0.839104;
{05 = 0.0441,,+0.0197, +0.053,, + 0.8841,;
0 = 0.030z,, +0.035¢. +0.035, + 0.8997,.;
t, = 0.0461,,+ 00517, +0.016z,, + 0.8877, ;
£, = 0.087¢,, +0.030¢_, + 0.030z,, + 0.8547,;
L. =0.0461,, +0.016(_ +0.0511, ,+0.8871
— 0,030, +0.035., +0.035(.,

~0.0451,,,

L +0.8997
L £0.0521., +0.0171, + 08861, -
tm =0.071¢., +0.0097, +0.002¢,, + 0.918¢, ;
t,,= 0.068, +0.0037, +0.0037,, +0.926t,,;
£,,=0.068¢_ +0.003, +0.0037,, +0.9261,_;
£,,= 0.068¢, +0.0037,  +0.0037,  +0.9261,,;
£ys=0.072¢, +0.0027,, +0.005¢, +0.9221,;
t,,=0.077t. +0.003,_+0.0037, +0.9201,;
t,,=0.072¢_ +0.0041, +0.0017, +0.922,;
= 00681, +0.0021, +0.0021 +0.9271.;

= 0.072( +0.0011,, +0.004r,  +0.9221,

L =0.077L, +0.0031, +0.003, +0.920r,, ;
[ =0.050c. +0.003¢., +0.00le, +0.9461, ;
t,,=0.873¢, +0.0006t, +0.0002¢, +0.126t,;

= 0.8011,, +0.0002t,, +0.0002., +0.1997.;

(. =0.8011,, +0.0002,, +0.0002r,, +0.1997.

(. =0.8011,. +0.0002. +0.0002r.. +0.1997.
L, = 0.8841,. +0.00011, +0.0003,. +0.1167,;

[, =0.9161, +0.00021,. +0.00021.. +0.083,;

= 0.8811,. +0.0003, +0.0001r. +0.1197.:

[, =0.8011,, +0.0002t, +0.00021,, +0.1997.
= 0.8811, +0.00017, +0.0003, , +0.119 ;
L = 09160, +0.0002(,, +0.00021, +0.0831,;
Iy

E11
= 0.882¢, +0.00031, +0.00017, + 0.1,

Calculations are carried out by iteration method
(successive approximation) in tabular form. For the first
approximation, the temperature values are found using
the equation of heat transfer through a flat wall. For this
purpose, we calculate the cross sections of the wall along
the coordinate axes 3, 6.

For calculations we set the value of the internal air
temperature at 18 °C and take the outside air temperature
equal to the temperature of the coldest five—day period
for Penza (according to CP 131.13330.2020 “Building
Climatology” is equal to —27 °C).

Let’s calculate the cross—section of the wall along
axis 3:

I 002 025 0.15 0.02
0 =—— + + +
87 192 192 0.039 0.76

+ 1. 4.45 W/(m-°C);
23

1 002 025 0.15 0.02
—+ +

R, = + +
87 0.7 064 0.039 0.76

+ L 4.17 W/(m-~C);
23

32

0

7
= 18- (18 (-27)) 2072 =16.84°C;

(L, oo

87 07

=18—(18—(-27))-~ 2L 12—
=16.55°C;

t. =18—(18—(-27))x
(1 002 025
87 0.7 0.64

) = 12.60°C;
4.45

t, =18—(18-
(1 0.02 025 j
—+ + +
(87 07 064 0.039)_ 5c350c.
4.45

(-27))x

0.15

1, =18—(18—(-27))x

( 1 002 0.25 N 0.15 +0.02
8. 7 0.7 0 64 0.039 0.76
4.45
These values are taken for axes 2, 3, 4, 8.
Let’s calculate the cross—section of the wall along
axis 6:

) =-26.56 °C.

1 002 025 0.15
+ +

=T + +
87 0.7 0.64 0.039
+ m+L =4.17 W/(m-°C);
0.76 23
t,=t,—(t,—t )ZR =

1

=18—(18-(-27)) -(48;17):16.76 °C;
=18 (18(-27)) »

t,
(1 0.02
7

@

te =18—(18—(—27))x
(1 0.02 025

87 192 1.92

4.45

j =16.73 °C;

) =15.42 °C;

ty =18—(18—(-27))x

(1 0.02 025 0.15

—+ + +

87 1.92 1.92  0.039
4.45

) =-23.48°C;
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1, =18—(18—(-27))x

( 1 0.02 025 0.15 0.0Z)

—+ + + +

y 87 192 192 0.039 0.76 — 2374 °C.
4.45

These values are taken for axes 6, 10.

The temperature values for axes 1, 5, 7, 9, 11 are
found as the arithmetic mean between the values for axes
3 and 6:

 16.84+16.76

tp=—————=168°C
, 165163 e
2
RCLLC
. —26.302— 248 400 oc

-26.56 — 23.74
t,=—"—
2
Further calculation is summarized in a tabular form
(Table 1-12). We stop the calculation process at the ap-
proximation in which temperatures differ from the previ-
ous approximation by no more than 0.1 °C.

=-25.15 °C.

The discrepancy between the temperature values
of proximity 11 and proximity 10 does not exceed 0.1°C,
the calculation is over.

Based on the obtained temperatures at the nodes
of the wall envelope, we determine the exact value
of the heat transfer resistance. For this purpose, we cal-
culate the value of the average heat flux through the en-
closure structure, W/m?:

9,4,

Qo =" “
where g, is the heat flux passing through the inner sur-
face of the enclosure, W/m?; ¢ is the heat flux passing
through the outer surface of the enclosure, W/m?;

g, = a(t,~1,). 5)

where o, — heat transfer coefficient of the internal sur-
face of the enclosing structure, W/(m*-°C); ¢, — temper-
ature of the internal air, °C; ¢, — average temperature
of the internal surface of the enclosing structure, °C;

qo = ao(to B toav)’ (6)

where o — heat transfer coefficient of the external sur-
face of the enclosing structure, W/(m*-°C); ¢ — outside
air temperature, °C; ¢ — average temperature of the ex-
ternal surface of the enclosing structure, °C.

26.47-0.4225+(~26.57)-0.845 +(~26.57)-0.845 +
+(~26.57)-0.845 +(~26.46)-0.8725+(~26.39)-0.900 +
+ (~26.49)-0.935 +(~26.79)-0.970 +(~26.49)-0.935 +

+(—26.39)-0.900 +(—26.49) - 0.450

touv = = = —26.52 OC;
0.4225+0.845+0.845+0.845+0.8725+0.900 +
+ 0.935+0.970+0.935+0.900+0.450
16.82-0.4225+16.87-0.845+16.85-0.845+ |
+16.89-0.845+16.89-0.8725+16.93-0.900 +
+ 16.76-0.935+16.85-0.970+16.76-0.935 +
+ 16.93-0.900+17.00-0.450
tiav = = :1686 OC.
0.4225+0.845+0.845+0.845+0.8725+0.900 +
+ 0.935+0.970+0.935+0.900+0.450
g,=8.7(18 - 16.86) = 9.92 W/m?*;
q,= 23(-26.52+(-27)) = 11.04 W/m?*;
o292 LOE 6 4 wime,
Table 1. Preliminarily accepted values of temperatures in nodes
Node 1 2 3 4 5 6 7 8 9 10 11
A -25.15 | -26.56 | —26.56 | —26.56 | -25.15 | -23.74 | -25.15 | -26.56 | -25.15 | -23.74 | -25.15
B —24.89 | -26.30 | —26.30 | —26.30 | —24.89 | —23.48 | -24.89 | -26.30 | —24.89 | 2348 | —24.89
C 14.01 12.60 12.60 12.60 14.01 15.42 14.01 12.60 14.01 15.42 14.01
D 16.64 16.55 16.55 16.55 16.64 16.73 16.64 16.55 16.64 16.73 16.64
E 16.8 16.84 | 16.84 | 16.84 16.8 16.76 16.8 16.84 16.8 16.76 16.8

33

(bS) 1 NSSI 'VL'ION mononuoucy F°



scionco o ruction: o] 14, Issue 4 (54)

Sergei M. Myskin, Tamara I. Koroleva, Mikhail A. Ivachev

Table 2. 1st approximation

Node 1 2 3 4 5 6 7 8 9 10 11
A —25.69 | —26.57 | -26.57 | —26.57 | -25.69 | 2481 | -25.69 | —26.57 | -25.69 | 2481 | -25.69
B —24.87 | -26.28 | —26.28 | —26.28 | —24.87 | 2348 | -24.89 | 2644 | 2489 | 2348 | —24.89
C 14.51 12.66 12.61 12.66 14.67 15.32 14.60 12.69 14.60 15.32 14.64
D 16.60 16.55 16.55 16.55 16.62 16.71 16.58 16.53 16.58 16.71 16.66
E 16.81 16.85 16.85 16.85 16.80 16.83 16.81 16.85 16.81 16.83 16.81
Table 3. 2nd approximation
Node 1 2 3 4 5 6 7 8 9 10 11
A —25.68 | —26.56 | —26.56 | —26.56 | —25.68 | —24.81 | -25.69 | —26.66 | —25.69 | —24.81 | -25.69
B —25.40 | -26.29 | —26.29 | —26.29 | 2540 | —24.54 | 2542 | 2644 | 2542 | 2454 | 2542
C 14.47 12.68 12.61 12.69 14.65 15.34 14.55 12.69 14.55 15.34 14.65
D 16.65 16.56 16.56 16.56 16.66 16.76 16.63 16.55 16.63 16.76 16.70
E 16.77 16.85 16.85 16.85 16.79 16.81 16.76 16.83 16.76 16.81 16.82
Table 4. 3rd approximation
Node 1 2 3 4 5 6 7 8 9 10 11
A —26.01 | —=26.57 | —26.57 | —26.57 | -26.01 | 2547 | -26.02 | —26.66 | —26.02 | 2547 | -26.02
B —25.39 | 26.28 | —26.28 | —26.28 | 2539 | 24.54 | 2542 | —26.54 | 2542 | 2454 | 2542
C 14.49 12.69 12.62 12.70 14.66 15.35 14.57 12.71 14.57 15.35 14.67
D 16.61 16.56 16.56 16.57 16.65 16.75 16.58 16.53 16.58 16.75 16.71
E 16.82 16.85 16.85 16.85 16.82 16.85 16.80 16.85 16.80 16.85 16.86
Table 5. 4th approximation
Node 1 2 3 4 5 6 7 8 9 10 11
A —26.00 | —26.56 | —26.56 | —26.56 | —26.00 | -25.47 | -26.02 | -26.72 | -26.02 | 2547 | -26.02
B —25.72 | -26.29 | -26.29 | —26.29 | -25.72 | -25.20 | -25.75 | -26.54 | -25.75 | 2520 | -25.75
C 14.46 12.69 12.62 12.71 14.66 15.35 14.52 12.68 14.52 15.35 14.68
D 16.65 16.57 16.56 16.57 16.68 16.78 16.62 16.55 16.62 16.78 16.75
E 16.78 16.85 16.85 16.86 16.81 16.84 16.76 16.83 16.76 16.84 16.87
Table 6. 5th approximation
Node 1 2 3 4 5 6 7 8 9 10 11
A —26.21 | -26.57 | -26.57 | —26.57 | 2621 | -25.88 | —26.23 | -26.72 | —26.23 | —25.88 | —26.23
B —25.71 | -26.28 | —26.28 | —26.28 | —25.71 | -25.20 | -25.75 | -26.60 | —25.75 | —25.20 | —25.75
C 14.48 12.70 12.62 12.70 14.67 15.35 14.54 12.70 14.54 15.35 14.70
D 16.61 16.57 16.56 16.58 16.67 16.77 16.58 16.53 16.58 16.77 16.76
E 16.82 16.86 16.85 16.86 16.84 16.87 16.79 16.85 16.79 16.87 16.90
Table 7. 6th approximation
Node 1 2 3 4 5 6 7 8 9 10 11
A —26.20 | —26.56 | —26.56 | —26.56 | —26.20 | -25.88 | -26.23 | -26.76 | —26.23 | —25.88 | —26.23
B —25.92 | -26.29 | -26.29 | —26.29 | 2592 | -25.61 | —25.96 | —26.60 | 2596 | -25.61 | —25.96
C 14.44 12.70 12.63 12.71 14.66 15.34 14.51 12.67 14.51 15.34 14.70
D 16.65 16.58 16.56 16.58 16.70 16.80 16.61 16.55 16.61 16.80 16.79
E 16.78 16.86 16.85 16.87 16.83 16.86 16.76 16.83 16.76 16.86 16.91
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Table 8. 7th approximation

Node 1 2 3 4 5 6 7 8 9 10 11
A —26.34 | -26.57 | —26.57 | —26.57 | 2633 | -26.14 | -26.36 | -26.76 | -26.36 | —26.14 | —-26.36
B —2591 | —26.28 | —26.28 | —26.28 | 2591 | —25.61 | 2596 | -26.64 | —25.96 | —25.61 | —25.96
C 14.47 12.70 12.62 12.71 14.68 15.36 14.52 12.69 14.52 15.36 14.72
D 16.61 16.58 16.56 | 16.59 16.69 16.79 16.58 16.53 16.58 16.79 16.80
E 16.82 16.87 16.85 16.87 16.86 16.89 16.78 16.85 16.78 16.89 16.94
Table 9. 8th approximation
Node 1 2 3 4 5 6 7 8 9 10 11
A —26.33 | —26.56 | —26.56 | —26.56 | —26.33 | -26.14 | -26.36 | —26.78 | —26.36 | —26.14 | —-26.36
B —26.05 | -26.29 | -26.29 | -26.29 | -26.04 | 2587 | -26.09 | —26.64 | -26.09 | —25.87 | —26.09
C 14.44 12.71 12.63 12.72 14.67 15.35 14.50 12.67 14.50 15.35 14.73
D 16.65 16.58 16.56 16.59 16.72 16.82 16.60 16.55 16.60 16.82 16.83
E 16.78 16.87 16.85 16.88 16.85 16.88 16.76 16.83 16.76 16.88 16.95
Table 10. 9th approximation
Node 1 2 3 4 5 6 7 8 9 10 11
A —26.42 | -26.57 | -26.57 | —26.57 | -26.41 | 2630 | -26.44 | -26.78 | -26.44 | 2630 | —26.44
B —26.04 | -26.28 | —26.28 | —26.28 | -26.04 | —25.87 | -26.09 | —26.66 | —26.09 | -25.87 | —-26.09
C 14.46 12.70 12.63 12.72 14.69 15.37 14.51 12.69 14.51 15.37 14.75
D 16.61 16.59 16.56 16.60 16.71 16.81 16.58 16.53 16.58 16.81 16.84
E 16.82 16.87 16.85 16.88 16.88 16.91 16.77 16.85 16.77 16.91 16.97
Table 11. 10th approximation
Node 1 2 3 4 5 6 7 8 9 10 11
A —26.41 | -26.56 | —26.56 | —26.56 | —26.41 | 2630 | —26.44 | -26.79 | -26.44 | 2630 | —26.44
B -26.13 | -26.29 | -26.29 | -26.29 | -26.12 | -26.02 | -26.17 | -26.66 | —26.17 | -26.02 | —26.17
C 14.43 12.71 12.63 12.73 14.68 15.36 14.49 12.67 14.49 15.36 14.76
D 16.65 16.58 16.56 16.60 16.74 16.84 16.59 16.55 16.59 16.84 16.86
E 16.78 16.88 16.85 16.89 16.87 16.90 16.76 16.83 16.76 16.90 16.98
Table 12. 11th approximation
Node 1 2 3 4 5 6 7 8 9 10 11
A —26.47 | —26.57 | -26.57 | —26.57 | —26.46 | 2639 | 2649 | -26.79 | 2649 | -26.39 | —26.49
B —26.12 | -26.28 | —26.28 | —26.28 | —26.12 | -26.02 | -26.17 | -26.67 | -26.17 | -26.02 | -26.17
C 14.46 12.70 12.63 12.73 14.70 15.38 14.50 12.68 14.50 15.38 14.77
D 16.61 16.59 16.56 16.61 16.73 16.83 16.58 16.53 16.58 16.83 16.87
E 16.82 16.87 16.85 16.89 16.89 16.93 16.76 16.85 16.76 16.93 17.00

Knowing the value of the heat flux through the en-
closure, we find the heat transfer resistance of the enclo-
sure from the formula:

gv _
Ry =

giv _
Ry =

(13- (-27)

t+t

i o_.

qav

10.48

>

=4.29 °C/W.

0

To check whether the structure meets the thermal
protection requirements or not, we find the standardized
value of heat transfer resistance for the wall and compare
it with the value obtained in the calculation.

Determine the degree days of the heating period:

HDD=(t,-1, ) Z =(18-(-3.9)) - 201 =
=4,402 °C-day,
where ¢, — indoor air temperature, °C; 1,, — average
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temperature of the heating period with average daily air
temperature not exceeding 8 °C; Z, — number of days
of the heating period with average daily air temperature
not exceeding 8 °C, days.

Let’s calculate the basic value of the required heat
transfer resistance:

R =a - HDD + b =0.00035 - 4,402+ 1.4=

®)
=2.941 m*°C/W,

where a, b are the values to be taken for the respec-
tive groups of buildings (determined according to CP
50.13330.2012 “Thermal Protection of Buildings”).

We determine the coefficient n,:

£ -t —(—
n’ — 1 {]p — 18 ( 3.9) — 1.
t—t  18—(=3.9)

i op

©)

Multiply the base value of the required heat transfer
resistance by the coefficient n;:

R = R -n, =2.941-1=2.941 m>°C/W. (10)

Calculate the standardized value of the reduced value

of the heat transfer resistance of the enclosing structure:

RI°™ = RI-m, =2.941-1=2.941 m>°C/W, (11)

where m, = 1 is a coefficient that takes into account
the region of construction.

R)™ =2.941 m*>°C/W < R¥" = 4.29 °C/W.

The reduced resistance to heat transfer is greater
than the standard, therefore, the wall construction meets
the thermal requirements. Let’s determine the heat trans-
fer coefficient of the enclosing structure:

= L 1 0.233 W/m?-°C.
RY™  4.29

Let us compare the obtained results with respect to
the values taken for calculations beforehand (see Table 1,
12).

To calculate the flat temperature field, we determine
the discrepancy between the obtained value of the heat
transfer coefficient of the envelope structure and the heat
transfer coefficient obtained by calculation using the val-
ues from Table 1:

(12)

~25.15-0.4225 +(~26.56) - 0.845 +(~26.56)-0.845 +
+(~26.56)-0.845 +(~25.15)-0.8725 +(~23.74)-0.900 +
+(~25.15)-0.935+(~26.56)-0.970 +(~25.15)-0.935 +

*

+(—23.74) -0.900 4 (-25.15)-0.450

o = [0.4225+0.845+0.845+0.845 +0.8725+0.900 1

=-25.42 °C;

+0.935+0.970+0.935+0.900 + 0.450

16.8-0.4225+16.84-0.845+16.84-0.845+
+16.84-0.845+16.8-0.8725+16.76-0.900 +
+16.8-0.935+16.84-0.970+16.8-0.935 +

*

+16.76-0.900+16.8-0.450

t
“ [0.4225 +0.845+0.845+0.845+0.8725+0.900 +}

= 16.81 °C;

+ 0.935+0.970+0.935+0.900+0.450

q; = 8.7(18-16.81) = 10.35 W/m®;

. _ 10.35+36.34

av

Rgiv — (18_(_27)) :1 93 OC/W.
‘ 23.35 ' '

*

1
k' =——=0.518 W/m?2-°
193 /m?-°C.

Let’s determine the inconsistency of the values be-

tween k and k*:

0.518 - 0.233
0.518

100 =55 %.

36

=23.35 W/m’;

CONCLUSION AND DISCUSSION

Within the framework of the conducted study,
it can be stated that this non—convexity characterizes
an increase in the accuracy of heat transfer coefficient
calculation by the temperature field method by 55 % for
the given envelope structure.

We also determine the non—convexity of the tem-
perature values at the nodes.

As can be seen from Table 13, the discrepancy be-
tween the temperatures calculated by the flat temperature
field method and those taken initially has the highest value
at nodes where heat transfer to neighbouring nodes takes
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Table 13. Uncertainty of temperature values in nodes, %
Node 1 2 3 4 5 6 7 8 9 10 11
Y| 5.2 0.04 0.04 0.04 5.2 11.2 5.3 0.9 5.3 11.2 5.3
B 49 0.1 0.1 0.1 49 10.8 5.1 1.4 5.1 10.8 5.1
C 32 0.8 0.2 1.0 4.9 0.3 35 0.6 3.5 0.3 54
D 0.2 0.2 0.1 0.4 0.5 0.6 0.4 0.1 0.4 0.6 1.4
E 0.1 0.2 0.1 0.3 0.5 1.0 0.2 0.1 0.2 1.0 1.2

place through several materials, in other words, at nodes
where there is the greatest heterogeneity in the structure.
Based onthis, it can be concluded that the use of the tem-
perature field method for calculating the heat transfer
coefficient of an inhomogeneous structure is justified if

the greatest calculation accuracy is required. The meth-
od of temperature fields should be used to determine
the temperatures in the thickness of the structure, espe-
cially in places of the greatest inhomogeneity, as it sig-
nificantly increases the accuracy of the calculation.
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AHHOTALUMNA

BBeaeHue. BrinonHeH nutepatypHbIi 0630p paboT B 06nactv AUHAMUYECKOro pacyeTa KOMMO3UTHBIX KOHCTPYKLWIA, KOTO-
pbii Mokasan, YTo UccnefoBaHust B 06nactu geMngupoBaHns AMHAMUYECKUX BO3OENCTBUA HA MOKPLITUST 3arnyOneHHbIX
COOPYXXEHUN ABMATCA akTyanbHbIMU. [py 3TOM BONPOCHI HECUMMETPUYHBIX UMMYIbCHbIX BO3OENCTBUI OCTaOTCA HEAO-
CTaTO4YHO NpopaboTaHHbLIMW.

MaTtepuanbl U MeToabl. PaccmMaTpyBaeTCs TUMOBOE KOHCTPYKTUBHOE peLUeHVEe MinTbl MOKPbITUA 3arfybneHHoro B rpyHT
COOpYXXEHUS, Ha KOTOpoe AEeWCTBYET MMNynbCcHas Harpy3ka. MogenvmpoBaHve gedopmaLmnii OCyLLECTBSIETCS B 0ObEMHOW
NMOCTaHOBKE METOAOM KOHEYHbIX 3NeMEHTOB. [JuHammnyeckoe BO3AENCTBME NPeaCTaBeHo B BUAE COBOKYMHOCTM MacLUuTabu-
POBaHHbIX BPEMEHHbIX (PYHKLMIA. Tako cnocod MoaenMpoBaHns NO3BOSSET YUUTbIBATb NEPEMEHHOE NSATHO yaapa U n3MeHe-
HV€ UHTEHCUBHOCTW YOAPHOIO BO3AENCTBUSA. YUMThIBAETCS hmanyeckast HENMMHEMHOCTb MaTepUanoB Ha OCHOBE MOAeNeNn nna-
CTUYHOCTY hmbpobeToHa 1 apmaTypsbl. [Ins yCcTaHOBNEHUs1 HaYanbHOro MMMNynbca Harpy3sku ncnornb3oBanacek mogens JWL.
Pesynbrartbl. OnpegeneHbl npegenbHble 3HaYeHNst AMHAMUYECKOW Harpy3ku, COOTBETCTBYIOLLEN COCTOSIHUIO NMpeapaspyLue-
HUSA KOHCTPYKUuK. [pn 3TOM BapbupoBanach TonwuHa Tpyo, MCNoMb3yeMblX B OMOPHbIX y3rax B Ka4ecTBe AEMMUPYOLLMX
BCTaBOK. [poBeaeH psg pacyeToB C pasnUYHbIMK TONWMHAMM OEMNMUPYIOLLMX (CMUHAEMbIX) BCTABOK MPY HECUMMETPUYHOM
MMMyNbCHOM BO3AencTBMU. B kayecTBe Habnogaembix BO BpEMEHM NapamMeTpoB Npu CUMMETPUYHOM apMUPOBAHUUN pUresb-
HbIX YacTel MnuTbl paccMaTpMBaNMCb KBMBANEHTHbIE MO SHEPTETUYECKON TEOPUM NPOYHOCTU HaMpPsPKeHUst. BbinonHeHo co-
nocTaBneHne ¢ paHee NpoBeAEHHbIMU UCCNEAOBAHNSMU, NMOCBSILLEHHBIMU PACcYETy MUTbl HA CUMMETPUYHbIE BO3AENCTBUS.
BbiBoAbl. YcTaHOBNeHa BbicOKkash 3(EKTUBHOCTL NPUMEHEHUsT AeMNUPYOLLMX BCTABOK, NPU 3TOM Hauborbluee 3Ha-
YeHue npegenbHOM AMHAMUYECKON Harpysku MO CPaBHEHWMIO C XKECTKUM Y3rOM OMMPaHWs U C LenbHOW TpyOon yaanochb
nony4YnTb Npu TOMLMHE BCTaBOK, paBHoW 9 mm. OnpeneneHbl NePCNeKTUBLI U AanbHENLLNE HAaNpaBneHus nccnegoBaHuin.

KNKOYEBBIE CITOBA: aMHamunyeckas Harpyska, nnuTa nokpbiTus, AeMndepbl, cTanedubpoxene3obeToH, 3arnybneHHble
COOpYXeHus, AedopmaLm BO BpEMEHU, UMIYINbCHOE BO3AENCTBUE
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Influence of ductility of buried pavement nodes of structures
at the impact limit value
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ABSTRACT

Introduction. The literature review of research in the field of dynamic calculation of composite structures is carried out,
which shows that research in the field of damping of dynamic impacts on coatings of buried structures is actual. At the same
time, the issues of asymmetric impulse impacts remain insufficiently studied.
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Materials and methods. A typical structural solution of a pavement slab of a buried structure subjected to impulse loading
is considered. The deformation is modelled in the volumetric formulation by the finite element method. The dynamic effect
is represented as a set of scaled time functions. This type of modelling allows the variable impact point and the change in
impact intensity to be taken into account. The physical non-linearity of the materials is taken into account based on plasticity
models of the fibre concrete and reinforcement. The JWL model was used to determine the initial load moment.

Results. Limits of dynamic load corresponding to the pre-failure state of the structure were determined. The thickness
of the pipes used as damping inserts in the support nodes was varied. A series of calculations were carried out with different
thicknesses of damping (crumpled) inserts under asymmetric impulse loading. The equivalent stresses according to the en-
ergy theory of strength were considered as time-observed parameters for symmetrical reinforcement of the transom parts
of the slab. A comparison was made with previous studies dedicated to the calculation of the slab for symmetrical impacts.
Conclusions. The high efficiency of the use of damping inserts was established, and the highest value of the dynamic ulti-
mate load in comparison with a rigid bearing unit and a solid pipe was obtained with the thickness of the inserts equal to 9 mm.
Prospects and further research directions are defined.

KEYWORDS: dynamic loading, pavement slab, dampers, steel fibre reinforced concrete, buried structures, time deforma-
tion, impulse impact
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BBEJIEHHUE

3maHus M COOPYKEHHS BCE Halle IMOABEPraroTCs
JTUHAMUYECKAM BO3JCHCTBUAM, KOTOPBIE MOTYT HOCUTH
aBapUIHBINA XapaKTep, HAlPUMep, TaKOW Kak JIeTOHAIU-
oHHbIH B3phIB [1-3]. [ToaTomMy Gonbliiee pa3BUTHE ITO-
Jy4aroT CIOCcO0bI 3aIUThl KOHCTPYKIINH, oOecreunBa-
OIIHE CHIDKEHHUE TMHAMUYECKUX yermmii [4—8]. OmamM
13 crt0coOOB YMCHBIIICHUSI PUCKA TIOBPEKIICHUH SIBIISICT-
Csl IPUMEHEHHE MOJIATIIMBBIX OIOP, KOTOPbIE MONIOAIOT
U CMSITYAIOT TUHAMUYECKUC HArpy3KH 3a cyeT addekra
nemnduposanus [9].

IIpoBenen aHamm3 psga Hay9HBIX paboT, HATIPaB-
JICHHBIX Ha W3y4YCHHE BIMSHUA IOAATINBOCTH OIOP
3arTyOJICHHBIX TUTUT COOPYXKEHUS Ha TpeJIesIbHOe 3Ha-
YEHHUE yJIapHOUM Harpy3KH, IJie B KaUeCTBE MMOAATIMBBIX
OTIOp OBUTH MCTIONB30BaHBI IEFHBIC 2JICKTPOCBAPHBIC
TpyOBL

B crarpe [2] nokazaHo, 4TO KOHCTPYKLUS TUIATHI
BOCIIPUHUMAET HAarpy3Ky 4epe3 TOJNILY TPyHTa IpH Jie-
TOHAIIMOHHOM B3PBIBC C IPUMCHCHUEM CXEMbI Penes.
OHnHa MO3BOJISIET YUECTh 3aTyXaHHe KoIeOaHui B cpese
W 3aTyxaHHe KoleOaHu B MaTeprale B pe3yibrare BHY-
TpeHHero TpeHus. [1ouck panroHaIbHbIX KECTKOCTEH
OIIOp NPH JMHAMUYECKOM IMOCTAHOBKE PACUETHBIX 3aj1a4
OCYILECTBISIETCS] C TIOMOIIBIO METO/IOB ONTUMH3AIUH.
[Ipn cuMMETpUYHOM BO3JEHCTBUN ONTUMAJIbHAS KECT-
KOCTB TPYOBI JOCTUTHYTA MIPH TOJIIUHE § MM, KPHTHYEC-
ckast Harpyska gocturaeT 38 klla. ITpu xxectkoM onupa-
HHUM KpUTHUYECKas Harpy3ka cocTasiseT auuib 25 klla.

B nyOnukarnusx [8, 9] ucciaemnoBana BeICOKast 3()-
(eKTUBHOCTH NMPUMEHEHHUS MOJATINBEIX OTIOP B BHIE
CMHHAEMBIX BCTABOK KOJIBIICBOTO CEUCHUS TIPH KPATKO-
BPEMEHHOM JIMHAMUYECKOM HarpyxeHuu. VX ucrosnb3o-
BaHUE CHU3WIIO KOO (PHIIMEHT AMHAMUYHOCTH KOHCTPYK-
LUH, IepeMelieHuid u ycunuid. HanpsokeHust B LesbHOM
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TpyOe Mpy MaKCUMAaJTbHOM HArpy3Ke HE JTIOCTUTAJH TIpe-
nena Tekydectu [2]. Mcxons u3 3T0r0, OBUIO MIPHHATO
peliieHre B JaHHOW paboTe MCII0IB30BaTh CMUHACMBbIE
(hparMeHTBI CTaJIBHOM 3ICKTPOCBAPHON TPYOBI, pacro-
JlaraeMple € [IaroM IO JIJTMHE OIOPHOM KPOMKH, KOTO-
pbie 1eOPMHUPYIOTCS B YIIPYTO#i U yIIPyroIuiacTHIEeCKOM
CTaHSIX.

[pencrasienHas padbora AEMOHCTPUPYET METOAUKY
YKCIICHHOTO aHAJIN3a XKeNe300eTOHHBIX IUIUT 3arTyOieH-
HBIX COOPY)KCHUH MPU HECUMMETPUYHOM U CHMMETPHY-
HOM HMMITYJIbCHOM BO3JIEHCTBUH, TaK)K€ CPaBHHUBACTCS
CIOCOOHOCTh KOHCTPYKIIUH K JAEMITI()UPOBAHHIO [IPU KC-
MOJIB30BaHUM OTIOp B BHJC (PparMeHTOB TPYOBI, CILIOLI-
HOH TpyOBI ¥ )KECTKOH OTIOPBI.

MATEPHWAJIBI U METO/JbI

B kadecTBe npeimera aHaIM3a MPUHATA Keye300e-
TOHHAs IUIUTa TUIOBOTO perreHus mo cepuu Y01-01-80
«YHu(pUIMpOBaHHBIE COOPHO-MOHOINTHBIE KOHCTPYKIIHN
3anTyOJICHHBIX TIOMENICHUH C MEPEeKPBITUIMH 0aJI0uHO-
ro turnay. CorlacHO ATUM pelIeHHsIM pedpa KECTKOCTH
YCTaHABIIMBAIOTCS CBEPXY, @ APMHUPOBAHNE IPUHUMACTCS
CUMMETpHUYHBIM. ['abapuThl HTH 3 X 6 M, CTPYKTypa
MeeT JiBa OaloYHbIX pedpa cBepXy. ApMUPOBAHUE TUTH-
TBI U €€ Ce4eHHe MOKa3aHbl Ha puc. 1, a. [InnTa BeIMON-
HeHa 13 (puOpoOeToHa, KOTOPBIH MMEET CONPOTUBIICHHE
pactsoxennto 4 MlIla u conporusienue cxxaruro 22 MITa.
BemmanHa sxerumyararmmonHoit Harpysku — 15 kI1a, ona
COCTOMT M3 COOCTBEHHOT0 Beca IunThI 3 k[1a 1 Beca rpyH-
ta 12 kl]a.

B mporpamme Femap 2023.1 Opma pa3paboTtana
KOHEYHasl JIEMEHTHAsl MOJIeNIb HarnpshKeHHO-1edop-
mupoBanHoro coctosHust (HC) nmnauTe! mokpeiTus, 3a-
TTyOJICHHOW B TPYHT M MPEJHA3HAYCHHOMN AT 3alUTHI
coopykeHuid. OHa COCTOUT U3 CBSI3aHHBIX MHTEPIOJSI-
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Puc. 1. CranedubpobeTonHas 3anTyOneHHast ININTA TOKPBITHS: @ — IONICPEIHBIN pa3pe3 IIUTHI ¢ apMUPOBaHUEM; b — pac-

4eTHast MOZelb B riporpamme Femap

IIHOHHBIX IEMEHTOB — OOBEMHBIX JIEMEHTOB OETOHa,
AIIEMEHTOB 000JI0UEK TS TPYOBI U CTEP’KHEBBIX JIEMEH-
TOB YISl apMaTypHI.

Beron MonennpoBascs 00bEMHBIMU TeKCadIPaMH,
JUIS KOTOPBIX 3a/1aBaJICsl MaTepHual — OETOH Ha OCHO-
Be monudukarmu moxaenu Jpykepa — [Iparepa, B KoTo-
pO#l MPUCYTCTBYET CLIMBKA [TOBEPXHOCTEH TEKYy4ECTH
B oOyacTu mpeobianarommx pactsokeHuit [10]. Apma-
TypHBIC CTeP)KHH U TpyOa nedopMupoBamuck mo xa-
paKTepHOHN JJIsl KOHCTPYKIMOHHOM CTaIH OMIIMHEHHOM
JarpaMme MpH KacarelibHoM Mopyie E, = 0. Yyer He-
JIMHEWHOCTH BBIMONHsUICS MeTosioM HetoToHa — Padcona
¢ HeBsa3koit no cuitam 0,1 %.

st snemenTa TpyOBl B paMKax CO3IaHUs TeoMe-
Tpun (pOpPMHPOBAIIOCH JIBE KOHTAKTHBIX ITOBEPXHOCTH.
Jlnist TpyOBI 3Ta MMOBEPXHOCTH MPE/CTABIICHA B BUJIE LIU-
JMHJpPA, JJIs TNIUTB — B BHUJE TUIOCKOCTH (puc. 2, b).
TpeHue mpu 3TOM KOHTAKTE€ B IJIOCKOCTH IIIACTHUHBI
HE yYHUTHIBAETCS B CIIydae JOMOIHHUTEIBHOTO KpeTuie-
HUSL OTIOPHI K TUIACTHHE aHKepaMu. Bo Bpemst pemenus
3a/laul UTEPAIMOHHBIM CIIOCOOOM OCYIIECTBISETCS
OLICHKA PACCTOSTHUS MEXJly COCEJHUMHU TOYKaMH Tpe]-
CTaBJICHHBIX TIOBepXHOCTel. Eciu 310 paccrosiHue MeHb-
111€ 33/IaHHOTO JIOMYCKa, TO MPOMCXOAUT CKIIEHKA y37I0B
1 00beTMHEHHE TTepeMEIIeHIH, TAKIM 00pa3oM, 3TO CTa-

HOBUTCS €AMHBIM fie(hopMUpyeMbIM TesioM. PaccTosiHue
JUTSL HAXOXK/ICHHUS Y3JI0B, CKJICCHHBIX MPH KOHTAKTHOM
B3aUMOJEHCTBUY, IPUHATO PABHBIM 5 MM.

st apmaTypHBIX CTEpKHEW 3a/1aBajiach uarpam-
Ma, MOJITIMPYIOIIAst MX YIPYTOIUIaCTHYECKOE TIOBE/ICHUE
B COOTBETCTBUM cO cxemoi [Ipanatns. Oty auarpam-
MBI 33/IaBJIUCH ISl IPOCTPAHCTBEHHBIX CTEPIKHEBBIX
AJIEMEHTOB, UMEIOIIUX TI0 6 CTENeHei cBOOOIbI B y3IIe.
Kputepuem mpodHOCTH SBIAIOTCS SKBUBAJICHTHBIC Ha-
TIPsDKEHMS 110 Mu3ecy, Ipr STOM pa3pyIIeHHE HHTEPIIpe-
THUPOBAJIOCH KaK JIOCTIHKEHHUE JIeOpMaIiii HEKOTOPOTO
MpeaesIbHOTO YpoBHs, paBHoro ajs ctanu 0,025. Cszb
¢hubpobeToHa ¢ apMaTypoill MOJEIMPOBaIach MyTeM
BBEJICHUS WHTEPHOJSIIMOHHBIX JIeMeHTOB THIa RBE2
B TeXHOJNOTHH Siemens Femap, MOIEMUPYIONINX OTCYT-
cTBHE eOpMaInii B 30HE HX KOHTAKTA.

B kauecTBe HE3aBUCHMOTO y371a MIPUHUMAIICS Y3eIL,
NPUHAAISKANMHA apMaType, B Ka4eCTBE 3aBHCHMOTO
y3J1a JUIsl MOJISITMPOBAaHHSI KOHTaKTa — y3ell, IPHHAJIe-
xaruit 6erony (puc. 2, a). OO1iee ycune ClenieHus,
KOTOPOE MOXET BOCHPHHST CTEPKECHB, BBIPHIBACMBIN
U3 CTepPXKHS PrOPOOETOHA, MOICITHPOBATIOCH ITyTEM IIPH-
HSTHSA JUTS1 BCEX UHTEPIOJIIOHHBIX 2JIEMEHTOB CIIBHTO-
BOH sxecTtkocTH Ga. JlaHHast CIBUTOBAst )KECTKOCTh PaBHA
MPOM3BE/ICHHIO NIEPUMETPa CTPEXKHS Ha PacueTHOE CO-
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a

b

Puc. 2. Tumbl KOHTAKTHOTO B3aUMOJACHCTBHSL: @ — apMatypa u GudpodeToH; b — TpyOa u rumra; [ — y3en apMaTypHOTO

cTepkHS; 2 — y3en GuOpoOeTOHHOTO dIeMeHTa; 3 — 3JEeMEHT HHTEPIOISIIUN; 4 — Tpy0a; 5 — y3JIbI IOMCKA KOHTaKTOB;

6 — pubpobeToHHAS TUTUTA

IPOTUBJIEHHE CUETUIEHUS R, ., ONPENENIEMOE HOpMa-
TUBHBIMU JI0OKyMeHTaMu, B ToM uncie CIT 63.13330.

[Tonmaraem, 4To TMHAMHUYECKOE YCHIIUE B BHJC HM-
IyJIbCa OT B3PBIBUATOTO BEIIECTBA MEPEAACTCS HA KOH-
CTPYKIHMIO Yepe3 TOMILy TpyHTa. MI3MeHeHue xapakrepa
UMITYJIbCA Ha TMIPOTSDKEHUN 3 C MIPE/ICTABICHO Ha PHC. 3.
Dopma 3TOro UMITyJIbca Uit CAMMETPUYHON U HeCHMMe-
TPUYHOH Harpy3KH omnrcaHa B pabore [1] «HucneHHbIH
aHaJIn3 AMHAMHKH 3anTyOJICHHBIX (PHOPOOETOHHBIX TUTHT
TOJ1 JIEWCTBUEM B3PBIBHBIX HAIPy30K».

VHTEHCHBHOCTD UMITYIIbECA B3pHIBA B MOMEHT Bpe-
MEHHU, PaBHBINM HYIIIO, HaliieM U3 ypaBHEeHMs JoHca —
Bunkunca — JIn (JWL) [10-13]:

P=Al 1+ |e™ 4 Bl 1+ 2 | + 2,
RV RV V

I7ie 3HAYeHHs] /' — OTHOCHUTEINILHBINH 00beM B3PhIBUATOTO
BemecTsa; 4 = 3,712 m6ap; B = 0,0323 mbap, R, = 4,15,
R,=095, ®=0,3, e= 0,07 MOap — KOHCTaHTBI, KOTO-
PBIE OTIPENETISIOTCS HA OCHOBE METOZOB paloT.

PaccmoTpeHs! 1Ba THIIA B3PBIBHBIX HAIPy30K —
CUMMETPHUYHAasA U HCCUMMECTPHUYHAs. CI/IMMeTpI/I‘IHaH
Harpy3Ka JeHCTBYeT OT LEHTPa IUTUTHI C PaclpocTpa-
HEHHMEM IISITHA ynapa TMOoJ0CaMy M0 BCEH ee JUTHHE.
[Tonepeuynas Harpy3ka MOJCIHPYETCS C pacmpocTpa-
HCHHUEM MOINCPCK IJIUTHI IMIATHA yapa IyTEM BKJIOYEC-
HUS HAaTPYy30K Ha ITOJI0CAX ITOCIIEA0BATEIHHO — CJIEBa
HarpaBo. MojenrpoBaHue TUHAMUYECKOTO HarpyKe-
HUS B3pbIBHOM Harpy3koi, epefaBacMon uepe3 rpyHT
Ha KOHCTPYKIIMIO, TPOBOJWIIOCH CIEAYIOIIMM 00pa-
30M: JUTSI BOCIIPOHM3BEICHUS paCTIpeieTICHUS HArPy3KH
0 IUIOIIAJM IJINTa ObUIA pasJiesieHa Ha 5 Yy4acTKOB.
Jlnist onucanusi CHMMETPHYHOTO CLEHAPHsI pacipocTpa-
HEHUSI UMITYJIbCA BOCTIONB3YeMCs (PyHKITHSAMHI BPEMEHN
(puc. 3, a) nig KakI0W U3 Harpys3ok q,—q,. Harpysky,
BOCHPHHUMAECMYIO [UIACTHHOM [IPH HOPMAIIbHOW padorte,
0003Ha4aeT nepeMennas ¢,. OHa yBeJIMIMBaeTCs B Teve-
nue 0,5 ¢ u ocraercsi NOCTOSIHHOW Ha BCEM MHTEpBae
BPEMCHH WHTETPUPOBaHMs. VIHTCHCHBHOCTh OCTaTOY-

42

HOH Harpy3ku 30 %o U1 KaXT0H u3 Harpy3oK ¢,(1), q,(?),
¢,(f) IpUOIM3UTENBHO COOTBETCTBYET IOTIOJHUTENBHON
Harpy3ke oT ITpyHTa ¢ HapylIEHHOH cTpyKTypoi. Pac-
IpeesIeHIe Harpy3Kn BO BPEMEHH C yIeTOM U3MEHEHHS
3a KaX/IbIi1 MOMEHT BPEMEHH MOKa3aHo Ha pHC. 3, a.

ITsate pasnmaHbIX GyHKIMI BpemerH f,—f; (puc. 3, a)
UCTIONB3YIOTCS JUTSL OMMCAHMSI CIIEHApHsI aCHMMETPHY-
HOI 3arpy3ku. MIx ¢popmupoBanue aHaoruaHo puc. 3, b,
a M3MEHEHNE Harpy30K JUIsl KaXJI0ro MOMEHTa BPEMEHU
JIaeT pacnpe/eeHne Harpy3KH, MoKa3aHHOE Ha puc. 3, ¢.

HH}I MOJIy4Y€HUsA PCIICHUA MO METOAY KOHEYHBIX
AJIEMEHTOB MHTETPUPOBAJIOCH T epeHInaIbHOe ypaB-
HCHUEC NBMKCHUA MPAMBIM HIaroBbIM METOAOM Ha OCHO-
Be Moaudukanuu HeromMapka, HCIOIb30BaHHOM B pado-
Tax [13-15]:

[M]3(0)+[CT3 (1) + [K. (1) ]y (1) =
=F(1)+Gx(1),
I7e B IPaBOM YacTH, KPOME y3JIOBBIX CHUJ F(f), yIUTHI-
BAEeTCs BIUSHHUE Y3JIOBBIX Macc; G — BEKTOp Y3II0-
BBIX Macc; ¥(f) — dyHkimst XeBucaia.

B nmannoit pabote ucmons3yeTcs cxema Pames, mo-
3BOJISIIONIAS YIECTh IeMI(pUPOBaHNE BHYTPH MaTepraia
n nemngupoBanue cpesl. [Ipu 5ToM TOUHOCTH pacueTa
3aBUCHT OT 3Ha4eHUH K03(hPUINEHTOB o U B, TIe o —
KOA(p(HULMEHT CONPOTHBIEHHS CPEIbl, KOTOPBIA YUHUTHI-
BaeT OTHOIIEHUE KOJIeOaHUH 3a CUeT MaccChl, ABHUIA0-
1ieiicst B 9Tl cpene; B — kodHUIMEHT, yIUThIBAOIMH
BHYTPEHHEE TPEHUE B MaTepHale.

Cyl1ecTBYIOT TaKke APyTHe MOJIENH, TaKHE KaK He-
JIoOKaJbHasl BO BpeMeHu Monenb KenpBuna — doiirra.
Juist onpeneneHus 1eMpUPYOLMX CBOHCTB KOHCTPYK-
IIUH OBUT IPOBEJEH PAM SKCIIEPUMEHTAIBHBIX UCCIIEIO0-
BaHWH [1], B KOTOpEIX 00HAPYKHUIOCH, 9TO KO DHUIIH-
eHT [} BapbupyeTcsl B JOCTATOYHO IIMPOKOM JIHATIa30HE
0,01-0,2 B 3aBUCUMOCTH OT KOHCTPYKLIUH y3JIOB U CTe-
TICHU TIOBPEXICHUs MaTepuaia. st paccMarprBaeMoro
HaMU cilydasi 3HauYeHUs U1l Ko3((PHULUEeHTa o IIPUBEJie-
HBI B JIUTEepaType. ITO CBA3aHO C TEM, YTO Cpefia, B KOTO-

(M
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Puc. 3. K onpezienenuio AMHAMHYESCKOTO BO3ICHCTBUS: @ — (YHKIIMH BPEMEHH; PacIpeieNieHHe YIapHOil Harpy3Ku BO BpeMe-

HU I b— CUMMETPUYHOTO HArpyKE€HUs; ¢ — HECUMMETPUYHOTO HArpyKECHU

POIf BO3HUKAIOT KOJIeOaHMs, COEPKUT IpaHHUITy (Pa3oBo-
IO IIepexosia MKy BO3LYXOM U IPYHTOM.

PE3YJIBTATBI HCCIEJOBAHMUA

JI71s1 TOCTPOEHHON MOJIENH TUIUTHI BBIMOIHSUINCH
CICAYIONIUEe NEeWCTBU: MCHSIACH TOJIIUHA TPYOBI
1 TIPH KaKIOW TONIIIMHE TIPOBOIIIICS HETMHCHHBIN JTHA-

MUYECKUH pacyeT. B pe3ynbrare 4ero MeTooM nocieno-
BaTEJIbHBIX IPHOIVHKCHUH NCKaach MpeebHas Harpys3-
ka. [IpenenpHoil cunTanach Ta Harpy3Ka, pu KOTOPOi
IpoXouiI pacyeT. Eciti pacueT npepbIBasicst, TO 3TO CBHU-
JIETEILCTBOBAJIO O TUIOXOW OOYCIIOBIEHHOCTH MaTpUIle
JKECTKOCTH M MHTEPIIPETHPOBAIOCH KaK pa3pylICHHUE.
Takoit pacdeT ObUT TPOM3BEICH VIS TOMIIWH 3, 6, 7, 8, 9,
10, 11, 12 MM, pe3ymbsTaTsl IPUBEICHBI HA puC. 4.
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Puc. 4. I'paduk 3aBUCHMOCTH yIapHOIl HATPy3KH OT TOJNIIMHBI CMUHAEMBIX BCTABOK

[1pu TonmmHe CMUHAEGMBIX BCTABOK 3 MM M MEHBIIIE
OIIOpHAas KOHCTPYKIHMS He BBIAEPKUBACT HKCIUTyaTallH-
OHHOI{ Harpy3KH, a Ipx 6 MM MIPUBOIUT K ITOHKEHHBIM
3HAYEHMSIM TIPEICITbHON HAarpy3KH, TaK KaK HE BO3HUKACT
addexra nemMnpupoBaHus.

OnTuManbHOM MPHUHATA Ta TOJIIIHA, TIPH KOTOPOH
JUHAMHU4YecKas Harpy3ka MakcuMmaibHa. ['padux mo-
Ka3bIBAET, YTO AJISI CUMMETPUYHON U HECUMMETPHUYHON
Harpy3KH *eCTKOCTH HE COOTBETCTBYIOT IPEENIbHBIM
3HAYEHMSIM, OHH Pa3Inu4HbI. {71 TOro 4To0B Ha3HAYNTH
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Ha npeAeAbHOe 3HauYeHUe yAapHOM Harpy3ku
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Puc. 5. DxBuBaseHTHBIC HAPSDKEHHS B apMaType NPH TOJIIIMHE CMUHAEMBIX BCTaBOK: d, b — 8 MM; ¢, d — 9 mm; e, f— 10 MM

HEKYI0 KOHCTPYKTUBHYIO KECTKOCTb, HEOOXOMMO MPH-
JIep)KUBAThCsl MHTEPIIPETAIIMY TIPUHIIUIIA PABHOBECHS
Hbmra [16] amst TEXHUYECKOH CHCTEMBI, COTJIACHO KOTO-
POMY ONTHUMAJILHYIO TOJIMHY CIIEIYeT IPUHSAThH B TOUKE
MePECCYCHUS IPAPHKOB.

Takum 00pa3om, MpoaHaIU3UPOBAB IpapuK 3aBU-
CHUMOCTH yAAapHOM Harpy3Ku OT TOJILIUHBI CMHHAEMbIX
BCTaBOK (pHC. 4), MOXKHO C/I€aTh BBIBOJI, YTO ONITUMAITb-
Has TojiuHa — 8,3 MM. JlaHHas TOJIIIMHA HE SBIISETCS
CTaHJapTHOM, TO3TOMY B paMKax JIEUCTBYIOIIEH HOMEH-
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Nodal Contour: Nonlinear EndA Pt1 Comb Street
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Puc. 6. DKBHBAJICHTHbBIC HAPSDKEHUS B ApMAType MPH TOJIIMHE CMHHAEMBIX BCTABOK: a, b — 8 MM; ¢, d — 9 Mm; e, f— 10 MM

CMHHaeMbIe BCTaBKI
IJIEKTPOCBAPHOH TPYObI
TOJIIUHOH 9 MM

Puc. 7. 3aBucumoctb KpPITH‘IeCKOﬁ CHJIbI OT BU 1A OHOpHOﬁ KOHCTPYKIUHU [IPU HECUMMETPUIHOM TUHAMUYICCKOM BO3/ICHCTBUH

kaarypsl TOCT 10704-91 «TpyObI cTambHbIE AIEKTPO-
CBapHBIC NMPSIMOLIOBHBICY» PHHUMAEM CTAJIBbHYIO TPYOy
TONIUHON 9 MM. DTO 3HaYEeHUE YOBIETBOPHUT yCIOBU-
SIM KaK CHMMETPHYHON HArpy3KH, TaK 1 HECUMMETPHY-
HOM Harpy3ku. J{ist 6osee TOUHBIX JaHHBIX CPAaBHUM I10-
nmy4yennsie Tpapuku HJIC apMaTypsl U1 KOHCTPYKITHH
C TOJIIIIMHON CMHUHAEMBIX BCTaBOK 8, 9 1 10 mm.

bbbt mocTpoeHs! 1 M3ydeHbl rpaduKy 3aBHCHMO-
CTH HaNpsDKCHUH apMaTypbl JJIsl XapaKTEePHBIX Omac-
HBIX TOUEK BEPXHHX U HHKHUX HPOIOIBHBIX CTEPIKHEH
OT BPEMEHH I HECUMMETPUYHOU (pHC. 5) U cUMMe-
TPUUHON Harpy3ok (puc. 6). B ciydae cummerpuaHoi
Harpy3KH BBUJLy CUIMMETPHH KOHCTPYKIIUH U CUMMETPHI
HaTPy3KH paccMaTpUBAINCh 4 CTep KHA pedpa KeCTKo-
ctu. B ciiydyae HecMMMETpUYHON B3pBIBHOM Harpy3ku
PacCMOTPEH KaKIbIii U3 BOCBMHU CTPEXKHEH, MOCKOIBKY
MMITYJIBC HAIpaBiIeH NONepeK KOHCTPYKIUH TUTHTHI.

Bo Beex cnywasix (npu TomuuHax 8, 9, 10 MM) Ha-
NPSDKEHUS B apMaType JOCTUTAIOT MaKCHMaJIbHOTO 3Ha-
4yeHus: B MOMEHT Bpemenu 1,68 c. IIpu 9 mm mnoman-
Ka TEKy4eCTH apMaTypbl 0ojiee BbIpa)keHa, MOCKOIbKY
iTa Ha cebs O6epeT OOoNbIne SHEPTUU OT HArpy3KH,
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a OCTajbHasl MOTEHIMAIbHAS SHEPT s JedopMaryu mo-
IJIOUIAETCsl ONIOPOH.

Hedopmannu npu tomuuue 10 MM MeHbIEe, YeM
npu 8 1 9 MM, U3 4ero MOXHO CZENaTh BBIBOJ, YTO TPyOa
HE BOCIIPHHUMAET Ha ceOsl IOJDKHYIO SHEPTHI0 OT KOH-
CTPYKIHH, a AeMI(UPYIOIINe CBOWCTBA MPOSBIIIOT-
cst MeHee 3()(EKTHBHO.

[lo pesynbraram ananm3sa rpaMKoB BUIHO, YTO He-
CHUMMETPHUYHOE Harpy>KeHHe SIBIACTCS 00JIee OIACHBIM.
B cinyyae cuMMETPHYHOTO HarpyXeHUs! MpPU TOJIIH-
HE CMHHAEMBIX BCTaBOK 10 MM apMaTypHBIE CTEpXKHHU
HE JIOCTHUTAIOT IIpeJielia TeKy4eCTH 1 OETOH pa3pyaeT-
cst panbie. [Ipu 9 u 8 Mm apmarypa Tedert, HO pu 9 MM
GoJblIIee KOJIMUECTBO CTEPHKHEH apMaTypbl «BKIIFOUAIOT-
cs» B pacTspkeHne. [ paduk Ha puc. 7 WinmrocTpupyer 3¢-
(heKTUBHOCTH BBEACHHS AEMIT(UPYIOMNX ONOP IPH He-
CHMMETPUYHOM Harpy>XKCHHH.

3AKJITIOYEHHUE U OBCYXIAEHHUE

[Ipu ucnosnbp30BaHNM B Ka4eCTBE JeMII(HUPYIOIIeH
OTIOPHI HEIEHON 3JIEKTPOCBAPHOHN TPYOBI KPUTHUECKAS
CHJIa TIPY HECUMMETPUYHOM Harpy>KEHNUH ISl TOJIIIHBI
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TpyObl 9 MM paBHa 33 klla, a npu >xecTkoi ornope —
24 xITa. YcTaHOBIIEHO, YTO TPH 33AaHHBIX TapaMeTpax
OITUMAJIbHAS! )KECTKOCTh TPYObI JOCTHIAETCSI IIPU TOJIIH-
HE IEeIbHOI TPYOBI 7 MM, ¢ KpuTHUeckoi cuioii 34 kl1a.

BBejieHre CMUHaEMbIX BCTABOK TPYObI B Ka4€CTBE
onop (OTHENbHBIX YacTeil), B OTIMYKE OT IebHON dJIeK-
TPOCBApHOM TPYOBI M JKECTKOW OIMOPHI, CYyIIECTBEHHO
MOBBIIIACT MPEACTbHYIO JMHAMHUYECKYIO Harpy3Ky, KO-
TOPYIO MOXET BBLAEPKaTh KOHCTpYyKuus. [Ipu BBeaeHUM
LEJIbHON TPYObl BMECTO JKECTKOTO ONMPAHHSI TTHAMUYE-
CKasl Harpy3Ka moBbimaetcs Ha 37,5 %, BBefieHne BCTa-
BOK IIOBBIIIAET ee Ha 57,5 %.

Pacuerst HIAC mnuThl B pacCMOTPEHHON MOCTa-
HOBKE SIBJIAIOTCSA JJOCTATOYHO TPYAOEMKHMH, a TIOUCK
ONTHUMAJIbHBIX NaPAMETPOB HE MOXKET OBITh OJIHO3HAY-
HO MHTEPIIPETUPOBAH KaK Jydllee pelieHue 6e3 ydera
0COOEHHOCTEH BCEro COOPY)KEHHS [T OTACIHHOM KOH-
cTpykimu. IToaToMy nccienoBaHie MMeeT MEePCIEKTHBEI,
HalpaBJeHHbIC Ha NOBbIILIEHNE YPHEKTUBHOCTH MTOUCKA
peleHnii, Harprumep, ¢ TOMOIIbIo moaxona [17], cosep-
IIEHCTBOBaHUE Tporeayp pacuera [15, 18, 19], a Takxe
HCTIONB30BaHUE MATKHUX Bbrancienuil [20] mist cHmxke-
HUSI TPYIOEMKOCTH 337124 U OBICTPOTO IPOTHO3UPOBAHUS
0XXHMJAEMBIX PE3YIbTaTOB.
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INTRODUCTION

Buildings and structures are increasingly exposed
to dynamic effects that can be of an emergency nature,
such as detonation explosion [1-3]. Therefore, methods
of structural protection that provide for the reduction
of dynamic forces are gaining more development [4-8].
One of the ways to reduce the risk of damage is the use
of pliable supports that absorb and mitigate dynamic
loads due to the damping effect [9].

A number of scientific works were analyzed to study
the influence of the pliability of the supports of buried
slabs of a structure on the ultimate value of the impact
load, where solid electric-welded pipes were used as pli-
able supports.

The paper [2] shows that the slab structure takes
the load through the soil column during a detonation ex-
plosion using the Rayleigh scheme. It makes it possible to
take into account the damping of vibrations in the medi-
um and the damping of vibrations in the material as a re-
sult of internal friction. The search for rational support
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stiffnesses in the dynamic formulation of design prob-
lems is carried out using optimization methods. At sym-
metric influence the optimum stiffness of the tube is
reached at thickness of 8 mm, critical load reaches 38 kPa.
In case of rigid support, the critical load is only 25 kPa.

In publications [8, 9], the high efficiency of the use
of pliable supports in the form of crumpled inserts of an-
nular cross-section under short-term dynamic loading
was investigated. Their use reduced the dynamic coeffi-
cient of structures, displacements and forces. The stress-
es in the one-piece tube at maximum load did not reach
the yield stress [2]. Proceeding from this, it was decided
to use in this work crumpled fragments of steel electric-
welded pipe, arranged in increments along the length
of the supporting edge, which deform in elastic and elas-
tic-plastic stages.

The presented work demonstrates the methodolo-
gy of numerical analysis of reinforced concrete slabs
of buried structures under asymmetric and symmetric
impulse action, and also compares the damping ability
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of the structure when using supports in the form of pipe
fragments, solid pipe and rigid support.

MATERIALS AND METHODS

The subject of the analysis is a reinforced concrete
slab of the standard solution according to the series
U01-01-80 “Unified prefabricated monolithic structures
of buried premises with beam-type slabs”. According
to these solutions, the stiffening ribs are installed from
above and the reinforcement is symmetrical. The dimen-
sions of the slab are 3 x 6 m, the structure has two beam
ribs on top. The reinforcement of the slab and its cross-
section are shown in Fig. 1, a. The slab is made of fi-
bre concrete, which has a tensile strength of 4 MPa and
a compressive strength of 22 MPa. The value of the ser-
vice load is 15 kPa, it consists of own weight of the slab 3
and the weight of the soil 12 kPa.

A finite element model of the stress-strain state
(SSS) of a pavement slab buried in the ground and de-
signed to protect structures was developed in the Femap
2023.1 programme. It consists of coupled interpolation
elements — concrete volume elements, shell elements
for the pipe and bar elements for the reinforcement.

Concrete was modelled by volumetric hexahedra,
for which the material — concrete was specified based

on a modification of the Drucker — Prager model, in which
there is a cross-linking of yield surfaces in the region
of predominant tensions [10]. The reinforcing bars and
the pipe were deformed according to the bilinear diagram
characteristic of structural steel at the tangent modulus
E, = 0. Nonlinearity was accounted for by the Newton —
Raphson method with a force mismatch of 0.1 %.

Two contact surfaces were formed for the pipe ele-
ment as part of the geometry creation. For the pipe this
surface is represented as a cylinder, for the plate — as
a plane (Fig. 2, b). Friction at this contact in the plane
of the plate is not taken into account in the case of addi-
tional anchoring of the support to the plate. During the so-
lution of the problem by iterative method, the distance
between neighbouring points of the presented surfaces is
evaluated. If this distance is less than a given tolerance,
then the nodes are glued together and the displacements
are combined, so it becomes a single deformable body.
The distance for finding the nodes glued by contact inter-
action is assumed to be 5 mm.

For reinforcing bars, a diagram modelling their
elastic-plastic behaviour in accordance with the Prandtl
scheme was defined. These diagrams were defined for
spatial rod elements with 6 degrees of freedom per node.
The strength criterion is equivalent Mises stresses, and

2,980
15 560 15 300 15 1,170 15 300 15 560 15
43
1 D10 A240 D12 A500
71= 5,650 s =300 mm, /= 5,650
028A500/W ~
2 7 Steel pipe o - // ; = -
><>{ i C345, 03220 7 N =
A AR s A B BH I IS SIS TIDN D PIAE A As Vo Ar D
a

Fig. 1. Steel-fibre concrete buried pavement slab: @ — cross section of the slab with reinforcement; b — calculation model

in Femap programme
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a

Fig. 2. Types of contact interaction: @ — reinforcement and fibre concrete; b — pipe and slab; / — reinforcement bar node;

2 — fibre concrete element node; 3 — interpolation element; 4 — pipe; 5 — contact search nodes; 6 — fibre concrete slab

failure was interpreted as the strain reaching some ulti-
mate limit, equal to 0.025 for steel. The connection be-
tween fibre concrete and reinforcement was modelled by
introducing interpolation elements of RBE2 type in Sie-
mens Femap technology, modelling the absence of defor-
mations in the zone of their contact.

The node belonging to the reinforcement was taken
as the independent node, while the node belonging to
the concrete was taken as the dependent node for contact
modelling (Fig. 2, a). The total cohesive force that can
be taken up by the rod tearing out of the fibre concrete
core was modelled by assuming for all interpolation ele-
ments the shear stiffness G . This shear stiffness is equal
to the product of the perimeter of the rod by the design
resistance R,  determined by the normative documents,
including CP 63.13330.

We assume that the dynamic force in the form of
an impulse from the explosive is transmitted to the struc-
ture through the soil column. The change in the character
of the impulse during 3 s is shown in Fig. 3. The shape
of this impulse for symmetric and asymmetric loading
is described in [1] “Numerical Analysis of the Dynamics
of Buried Fibre Concrete Slabs under Explosive Loads”.

We find the intensity of the explosion momentum at
time zero from the Jones — Wilkins — Lee (JWL) equation
[10-13]:

P=Al1+-2 ™ 4Bl 142 |e® + &,
RV RV %

where values V' is the relative volume of explosive;
A =3.712 mbar; B =0.0323 mbar; R, =4.15; R, = 0.95;
® = 0.3; ¢=0.07 mbar are constants that are determined
from work methods.

Two types of explosive loads are considered,
symmetrical and asymmetrical. The symmetrical load
acts from the centre of the slab with the impact spot
propagating in strips along the entire length of the slab.
The transverse load is modelled with the shock spread
across the slab by including the loads on the strips se-
quentially from left to right. Modelling of dynamic load-
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ing by the explosive load transmitted through the soil
to the structure was carried out as follows: the slab was
divided into 5 sections to reproduce the load distribution
over the area. To describe the symmetric scenario of im-
pulse propagation, we will use time functions (Fig. 3, a)
for each of the loads ¢, —¢,. The load taken up by the plate
during normal operation is denoted by the variable g,.
It increases for 0.5 s and remains constant over the en-
tire integration time interval. The residual load inten-
sity of 30 % for each of the loads ¢,(?), ¢,(¢), q,(¢) ap-
proximates the additional load from the disturbed soil.
The load distribution over time, considering the change
for each time point, is shown in Fig. 3, a.

Five different time functions f,—f; (Fig. 3, a) are
used to describe the asymmetric loading scenario. Their
formation is similar to Fig. 3, b, and the variation of loads
for each time instant gives the load distribution shown in
Fig. 3, c.

To obtain the finite element solution, the differential
equation of motion was integrated by the direct stepwise
method based on the Newmark modification used in
[13-15]:

[M]5(0)+[CT3 () +[ K. (1) ]y (1) =
= F(1)+ G (1),

where in the right part, in addition to nodal forces F(7),
the influence of nodal masses is taken into account; G is
the vector of nodal masses; (¢) is the Heaviside function.
In this paper, the Rayleigh scheme is used to
take into account the damping inside the material and
the damping of the medium. The accuracy of the calcu-
lation depends on the values of the coefficients a and 3,
where a is the coefficient of resistance of the medium,
which takes into account the ratio of oscillations due to
the mass moving in this medium; B is the coefficient that

takes into account the internal friction in the material.
There are also other models, such as the non-local
in time Kelvin — Voigt model. To determine the damping
properties of structures, a number of experimental stud-
ies have been carried out [1], in which it was found that
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Fig. 3. To the definition of dynamic impact: « — functions of time; distribution of impact load in time for: » — symmetrical

loading; ¢ — asymmetrical loading

the coefficient p varies in a fairly wide range of 0.01-0.2
depending on the design of nodes and the degree of ma-
terial damage. For the case we are considering, the val-
ues for the coefficient o are given in the literature. This
is due to the fact that the medium in which oscillations
occur contains a phase transition boundary between air

and soil.

RESEARCH RESULTS

The following steps were performed for the con-
structed slab model: the thickness of the pipe was varied
and a nonlinear dynamic calculation was performed at
each thickness. As a result, the ultimate load was found
by the method of successive approximations. The ulti-
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Fig. 4. Graph of impact load dependence on the thickness of the crumpled inserts

mate load was considered to be the load at which the cal-  was performed for thicknesses of 3, 6,7, 8,9, 10, 11, 12 mm
culation was carried out. If the calculation was inter- and the results are shown in Fig. 4.

rupted, this indicated poor conditioning of the stiffness

If the thickness of the crumpled inserts is 3 mm

matrix and was interpreted as failure. Such a calculation or less, the support structure cannot withstand the oper-
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Fig. 5. Equivalent stresses in reinforcement at the thickness of crumpled inserts: a, b — 8 mm; ¢, d — 9 mm; e, f— 10 mm

ating load, and if it is 6 mm, it results in lower ultimate  for symmetrical and asymmetrical loading the stiffnesses
load values because there is no damping effect. do not correspond to the limit values, they are different.

The optimum thickness is the thickness at which  In order to assign some structural stiffness, it is neces-
the dynamic load is maximized. The graph shows that sary to follow the interpretation of the Nash equilibrium
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Fig. 6. Equivalent stresses in reinforcement at the thickness of crumpled inserts: a, b — 8 mm; ¢, d — 9 mm; e, f— 10 mm
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Fig. 7. Dependence of the critical force on the type of support structure under asymmetric dynamic action

principle [16] for a technical system, according to which
the optimum thickness should be taken at the point of in-
tersection of the graphs.

Thus, having analyzed the graph of impact load
dependence on the thickness of the crumpled inserts
(Fig. 4), we can conclude that the optimum thickness is
8.3 mm. This thickness is not standard, so within the cur-
rent nomenclature of GOST 10704-91 “Electrically
welded straight seam steel pipes” we accept a steel pipe
thickness of 9 mm. This value will satisfy the conditions
of both symmetrical load and asymmetrical load. For
more accurate data, let’s compare the obtained graphs
of reinforcement SSS for the structure with the thickness
of crumpled inserts 8, 9 and 10 mm.

The graphs of time dependence of reinforcement
stresses for the characteristic dangerous points of the up-
per and lower longitudinal bars for asymmetrical (Fig. 5)
and symmetrical loads (Fig. 6) were plotted and studied.
In the case of symmetrical loading, due to the symmetry
of the structure and the symmetry of the load, 4 stiffener
bars were considered. In the case of asymmetric explo-
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sive loading, each of the eight rods was considered be-
cause the impulse is directed across the slab structure.
In all cases (at thicknesses of 8, 9, 10 mm),
the stresses in the reinforcement reach their maximum
value at the moment of time 1.68 s. At 9 mm the yield
point of the reinforcement is more pronounced because
the slab takes more energy from the load and the rest
of the potential strain energy is absorbed by the support.
The deformations at 10 mm thickness are smaller
than at 8 and 9 mm, from which it can be concluded that
the pipe does not absorb the proper energy from the struc-
ture and the damping properties are less effective.
According to the results of analyzing the graphs, it
can be seen that asymmetrical loading is more dangerous.
In the case of symmetrical loading, when the thickness
of the crumpled inserts is 10 mm, the reinforcement bars
do not reach the yield point and the concrete fails ear-
lier. At 9 and 8 mm the reinforcement flows, but at 9 mm
more reinforcement bars are “switched on” in tension.
The graph in Fig. 7 illustrates the effectiveness of intro-
ducing damping supports under asymmetric loading.
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CONCLUSION AND DISCUSSION

When using a one-piece electric-welded pipe as
a damping support, the critical force under asymmetrical
loading for a 9 mm thick pipe is 33 kPa, and for a rigid
support it is 24 kPa. It was established that at the given
parameters the optimum stiffness of the pipe is achieved
at the thickness of solid pipe of 7 mm, with a critical force
of 34 kPa.

The introduction of crushable pipe inserts as sup-
ports (individual parts), in contrast to solid electric-weld-
ed pipe and rigid support, significantly increases the ul-
timate dynamic load that the structure can withstand.

The introduction of solid pipe instead of rigid support
increases the dynamic load by 37.5 %, the introduction
of inserts increases it by 57.5 %.

The slab SSS calculations in the considered formu-
lation are rather labour-intensive, and the search for op-
timal parameters cannot be unambiguously interpreted
as the best solution without taking into account the pecu-
liarities of the whole structure for an individual structure.
Therefore, the study has prospects aimed at improving
the efficiency of solution search, e.g., using the approach
[17], improving the calculation procedures [15, 18, 19],
and using soft computing [20] to reduce the labour intensi-
ty of the problems and quickly predict the expected results.
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AHHOTALUMNA

BBeaeHwue. [1py ocBOEHUN TEPPUTOPUIA, OONadatoLLmMX onpeaenneHHoN NHXeHEPHO-reonorMyeckorn cneundukon, HepeLleH-
HbIM OCTaeTCs psif, BOMPOCOB (DyHAAMEHTOCTpOeHuMs. Takasa cneunduka 0bycnoBneHa codeTaHNeM pasnnyHbIX pernoHarnb-
HbIX MapaMeTpoB paccMaTpuBaeMbiX TEPPUTOPUIA, YTO Bbi3biBAET HEOOXOAMMOCTb Pa3BUTUS CYLLEECTBYHOLLUX METOAOB pac-
YyeTa U KOHCTPYUPOBaHNSA (DYHAAMEHTOB MHOMO3TaXHbIX Y BbICOTHBIX 34aHWN.

MaTepuansbi 1 meToabl. ABTOpamu npoBedeHa pabota no 0606LLEHMIO UHKEHEPHO-Teonornyeckmx ycnosui bonee 100 cTpo-
UTENbHbIX MIoLLAZoK tora Poccui, KOTopble B COOTBETCTBUM C AEVCTBYIOLLMMU HOPMAaTMBaMM XapaKTeEPU3YHOTCS KaK CIIOXHbIe
(CI47.13330.2016). YcTaHOBNEHO, YTO CYLLECTBYHOLLAsA KnaccudmKaums CIIOKHOCTU UHXEHEPHO-TEONOMMYECKNX YCIIOBUI CTPO-
UTENbCTBa He BCeraa OTpakaeT pearibHble YCIOBUSt OCBOEHVS MOAOGHBIX TEPPUTOPUIA U HY)KAAETCS B COBEPLLEHCTBOBAHUN.
Pesynbratbl. [TpeanoxeHa kateropusi CroXXHOCTU UHXEHEPHO-Teonormyecknx ycrnoemm — ocobo cnoxHas. Nog kartero-
puen ocobo crioxHasi MOHMMAaETCs codeTaHne Tpex 1 bornee OakTOpoB: BbICOKas pacyeTHasi CEUCMUYHOCTb CTPOUTENbHOM
nrnowaakn; He3akoHOMEpPHOEe YepefoBaHNE CIIOEB OCHOBaHWUSI MPU UX 3HAYUTENbHOW HEOAHOPOLHOCTU MO MokasaTensiM
CBOWCTB rPYHTOB B MriaHe 1 Mo ry6brHe; pUcK pa3BUTUSI OTON3HEBLIX 1 IPaBUTALIMOHHBIX MPOLECCOB; CYLLECTBEHHBIN Nnepe-
nag OTMEeTOK pernbeda B Npeaenax CTpouTenbHO NIoLWaAKU; YKIOHbI penbeda B AByX HanpaBreHUsix.

BbiBogbl. C y4yeToM NpeanoXeHHOW KaTeropum UHXEHEPHO-TeOSIOrMYecknX YCrioBuin paspaboTaHa Knaccudukaums me-
TOLAOB pacyeTa W KOHCTPYMPOBaHMS (pyHOAaMEHTOB MHOTOSTaXHbIX 34aHUA B 0COBO CIOXHBIX YCIOBUSIX CTPOUTENbCTBA
N NpencTaBneHo ux npakTnyeckoe BHegpeHne. Ocobo CrnoxHasi KaTeropusi MHXeHepHO-reonormyecknx yCroBuii CTpou-
TENbCTBA MOXET PacCMaTpyBaTbCs Kak NepcrnekTUBHas NSl BHECEHUS B HOPMaTUBHbIE [JOKYMEHTHI.

KIMKOYEBBIE CITOBA: nHXeHepHO-reonornyeckme yCcrnoBus, KaTeropum CrioXHOCTW, BbICOTHbIe 3[4aHWs, CBaviHble (DyH-
OaMeHTbl, METOAbI pacyeTa, CeiCMMYECKne BO3AENCTBUS, NepeMEHHbIN penbed

ana UWMTUPOBAHUA: Monuwyk A.U., MapuHudyes M.b., byuyesa B.O. CoBepLueHCTBOBaHME KaTeropuii CIOXHOCTU WH-
YXEHEePHO-TeonorM4ecknx yCroBuin rpaxaaHckoro crpouTenscTea // CTpoutensCcTBO: Hayka u obpasosaHue. 2024. T. 14.
Bein. 4. Ct. 57-69. URL: http://nso-journal.ru. DOI: 10.22227/2305-5502.2024.4.57-69

Asmop, omeemcmaeHHbIl 3a nepenucky: AHaTtonuii ViBaHosud Monuwwyk, ofpai@mail.ru.

Improvement of complexity categories of civil engineering
geological conditions

Anatoly 1. Polishchuk, Maxim B. Marinichev, Violetta O. Bushueva
Kuban State Agrarian University named after I.T. Trubilin (KubSAU); Krasnodar, Russian Federation

ABSTRACT

Introduction. When developing territories with certain engineering and geological specificity, a number of foundation con-
struction issues remain unresolved. Such specificity is caused by the combination of different regional parameters of the ter-
ritories under consideration, which necessitates the development of existing methods of calculation and design of founda-
tions for multi-storey and high-rise buildings.

Materials and methods. The authors carried out the work on generalization of engineering-geological conditions of more
than 100 construction sites in the south of Russia, which are characterized as complex according to the current regulations
(CP 47.13330.2016). It was found that the existing classification of complexity of engineering-geological conditions of con-
struction does not always reflect the real conditions of development of such areas and needs improvement.

Results. The category of complexity of engineering-geological conditions is proposed — especially complex. The category
of especially complex is understood as a combination of three or more factors: high design seismicity of the construction
site; irregular alternation of foundation layers with their significant heterogeneity in terms of soil properties in plan and depth;
risk of landslide and gravitational processes development; significant difference of relief marks within the construction site;
relief slopes in two directions.
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Conclusions. Taking into account the proposed category of engineering-geological conditions, the classification of methods
of calculation and design of foundations of multi-storey buildings in especially complex conditions of construction has been
developed and their practical implementation is presented. The particularly complex category of engineering-geological
conditions of construction can be considered as promising for introduction into the normative documents.

KEYWORDS: engineering-geological conditions, complexity categories, high-rise buildings, pile foundations, calculation

methods, seismic effects, variable topography
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BBEJIEHUE

BHenpenue B MpakTHKY CTPOMTEIbCTBA IEPEIO-
BBIX CIIOCOOOB BO3BEICHNUS MHOTOATaXKHBIX U BBICOTHBIX
37aHUH OTKPBUIO TIepe]] CIIEIHAINCTaMK BO3MOXKHOCTH
JUISL Peasn3alii CMEIIbIX apXUTEKTYPHO-CTPOUTEIb-
HbIX pemenuit [1-4]. IlocTosHHO pacTyiast 3TaXKHOCTh
3MaHUI B KPYITHBIX TOPOAAX CBSA3aHA C YKOHOMHYECKH-
MU acleKTaMH, a TaKKe ¢ JeGUIITOM HEe3aCTPOCHHBIX
Y4acTKOB (TeppHUTOpPHii), OOIBIINHCTBO M3 KOTOPBIX
XapaKTepU3YIOTCsl Kak 0c000 CIOKHBIE YCIOBHS CTPO-
utenscTBa [5—7]. KoMneHncupoBaTh BIMSHUE COBOKYTI-
HOCTH HEOJIATrONPUATHBIX (PaKTOPOB MOYKHO 32 CUET pa3-
pabOTKM HOBBIX M Pa3BUTHS CYLIECTBYIOLIMX METOJIOB
pacueTa M KOHCTPYHpPOBaHHSA (yHIaMEHTOB 3JIaHUH,
coopyxennii [8—11]. [Ipu BeIMOIHEHNN UCCIETOBAHUI
Takke HeoOXOIMMO pa3BUTHE KAaTETOPUI WH)KCHEPHO-

TEOJIOTUUECKUX YCIOBUI CTPOUTEICTBA, OTPAKAIOIIUX
peabHyIO CIOXKHOCTb pellaeMbIx 3a1ad [12].

MATEPHUAJIBI U METO/bI

B Ky0anckom rocynapcTBEHHOM arpapHOM YHHBEP-
curere umenn W.T. TpyOunnHa Ha kadeape ocHOBaHHN
1 (pyH/IaMEHTOB BEITYTCSI NCCIIEIOBAHUS IO 0000IIEHHIO
WH)KEHEPHO-TCOJIOTHYECKUX YCIOBHH CTPOMTEIBHBIX
IUIOLIAJIOK JJIsl TEpPUTOpHUI tora Poccun nop rpaxiaH-
CKOE CTPOUTENHCTBO. PaccMaTpuBaeMble UCCIIEIOBAaHUS
0a3zupyroTcst Ha pe3ysibTaTax COCTAaBICHUS CXeMaTHYHON
KapThl HOBEHINEH TEKTOHUKH JyIsl fora Poccum (aBTOpbI
JL.W. Typbun, H.B. Anekcannposa, 1978); marepuanax
HMH)KEHEPHO-TE0JIOTHUECKOTO pallOHMPOBaHUS TEPPHUTO-
pun Kpacnopapckoro xpast (aBropst O.I. BononbsiHoBa,
A H. Barypuna u ip., 2005); TaHHBIX HCCIIEIOBAHUIA OTTac-
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Puc. 2. Cxema xaptsl ceiicmumanoctu Kpeivcko-CeBepokaBkasckoro peruona (B.W. Yimomos, 2015)

HBIX T'€OJIOTMYECKUX IPOLECCOB Ha TeppUTOpUH boiib- * TIPOLECCHI, CBA3aHHBIC C ITOJ3EMHBIMU BOIAMH
moro Coun (OAO «Poccrpoiinssickanus», 2004-2012;  [17, 18];

OAO «Kagrasrugporeonorus», 2007; ®I'BY «['mapo- * MPOLECCHI, CBA3aHHBIC C MTOBEPXHOCTHBIMU BO/IO-
crienreonorusy, 2016); marepuanax Muctutyra pusuku ~ TOKaMI;

3emmu um. O.1O. llImunara (aprop B.U. Ynomos u ap., * IPOLECCHI, CBSI3AHHBIC C OEPEroBOil 30HOH MO-
2015). peit' [19].

B x0/1€ U3y4eHus OIIACHBIX HHKEHEPHO-TEOIOrHYe- B mepuon ¢ 2004 . mo HacTosiiee Bpems aBTopa-

. M4 ObLI0 IIpoa”anu3upoBano 6oiee 100 crpouTenbHbIX
CKHUX IIPOIIECCOB M cOOpa CBeIeHM 00 UX pacmpocTpa- p p P

HEHUM Ha TeppuTOpuu tora Poccuu paccMOTpeHsI: ! Recommendations for the design, construction and control

of rigid inclusion ground improvements // ASIRI Project
* celicMuueckue BozaeiicTeus [15, 16]; National. 2012.

* IpaBHTAIMOHHBIE TIporieccsl [ 13, 14];

20 sTaxeit CeticMuaHOCTS 8 6auIoB
Vkion penbecda Gonee 25°
Bonee msatu pazmuansix UMD
Ornon3HeBbIE TPOIIECCH
IIepemennsiit YIIB
Jasnenue > 400 xlla

JInH3BI CT1A0BIX TPYHTOB

20 sraxei

IIpoexTHbIit
penbed

4 sTaxka
CymecTBYFOITHIA
pernbed

Puc. 3. OcobeHHOCTH yCIOBHI CTPOUTENBECTBA MHOTOITaXKHOTO 31aHus B I. Coun 1o yi1. Ecaynenko (mprmep)
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CeiicmuyHOCTB 9 6a7110B
Vki0H penseda donee 25°
VKIIOH B IBYX HaIlpaBICHHUAX
Ono3HeBbIE MPOLECCHI

EcrectBenHbIi

[lepemennsiii YIIB

Jasnenune > 500 xl1a

.
N[
o

— T —— g e
= = =~~~ ~ HOJCTUIAIOL]
= e e i e e
N L i (AT \l

|

e e S o o i, T 1 e i e T T T T
e e ————

Puc. 4. OcoOEHHOCTH YCIIOBHI CTPOUTEIBCTBA MHOTO3TXXHOTO 31aHus B I. Couwn 1o yi1. beitxa (mpumep)

Hpe;[naraeMaﬂ KaTeropus CJI0KHOCTU MHIKCHCPHO-T'COJIOTNYCCKUX YCJ'IOBI/Iﬁ CTPOUTCIILCTBA (00060 CJ'IO)KHa?[)

DaxTopsl

KaTel"OpI/ISI CJIO)KHOCTH
WHXCHECPHO-TCOJIOI'MYCCKUX yC.]'IOBI/Iﬁ CTPOUTEIIbCTBA

Oco00 ciaoxHas

Teomopdonorumyeckue ycioBus

B npenenax ruromnmaaku (y4acTka) CTPOUTENBCTBA BBIBICHO HECKOIBKO reoMOopdhoiIoru-
YEeCKHX SJIEMEHTOB pPA3HOTO TeHe3Wca. YIIbl HAKIIOHA ECTECTBEHHOTO penbeda Oornee
15 %. YxioHBI B Ipejenax IUIOMAAKH — B JIByX HarpasieHusix. [1oBepXHOCTh CHIIBHO
pacuiieHeHHast

T'eonoruueckue B cdhepe
B3aUMOJIEHCTBUSA
3JJaHUI ¥ COOPYKEHUI

C Te0JIOTHYECKOI cpenoit

Bonee msaTu crnoeB pa3HOW MOLIHOCTH. YTON YKIIOHa Bcex cioeB Oosiee 10°. ViIIOHBI
CJIOEB B JIByX HampaBieHHsiX. He3akoHOMepHOe 4epeloBaHHe CIIOEB CO 3HAUUTENILHOM
CTEIEHbI0 HEOJHOPOIHOCTH IO TTIOKA3aTEeNIsIM CBOMCTB TPYHTOB, N3MEHSIIOLINXCS B [UIAHE
W1 110 NtyOuHe. Hanudue nuH3, TeKTOHUMYEeCKUX HapylieHUi. CkallbHbIe (II0TyCKaJIbHbIE)
IPYHTBI CHJIBHO TPEIMHOBATHIC, PACWICHEHHBIE, BRIBETpEIIbIe (Yrol ITaieHH s CIIOeB boiee
30°). Illupokoe pacmpocTpaHCHHE CHEHU(PUICCKUX TPYHTOB B Mpeaeiax IUIOMIaIKH
Ha 1yOuHy Oosee 5 M

T'unporeonorunueckue

B c(epe B3anMOICHCTBHS
3/1aHUI U COOPYKEHUI

C T€0JIOTHUECKOM cpeioi

JlBa u Oosee BOJZOHOCHBIX TOPU30HTA, THIPABIMYECKH CBS3aHHBIX MEXIY COOOI
¢upTpannoHHBIME OKHaMU. KoahduuueHTs GuibTpanuy moa3eMHbBIX BOA MPEBBILIIAI0OT
50 wm/cyt. Ilog3zemHbBIE BOIBI OKa3bIBAIOT arpecCHBHOE BO3/eiicTBUE Ha OETOHHBIC
U METaJUINYECKUE KOHCTPYKIHMU. DaKTOPhl OKa3bIBAIOT PEIIAOIIee BIHAHUE Ha BHIOOD
MPOEKTHBIX PELICHHMIT, CTPOUTEIBCTBO M SKCILTYaTAIHI0 00BEKTOB

T'eonornueckue u MHKEHEPHO-
Te0JI0rMYECKHE MTPOLIECCHI,
OTPULATENIBHO BIUAIOIINE

HA YCJIOBUSI CTPOUTEIbCTBA

U DKCIUTyaTalluy 30aHUN

U COOPY>KCHUI

HwmeroT moBcemecTHOE pacnnpoCTpaHCHUE IMTPU OJHOBPEMEHHOM COUCTAHUHN ABYX U Ooee
IpOoLECCOB (CeﬁCMH‘leCKHX, OIIOJIBHEBLIX, I'PAaBUTAIIMOHHBIX, HOZ[TOHHCHI/ISI). (DaKTopI)I
OKa3bIBAKOT pCHIAIONIEE BJIUAHUEC Ha BI)I60p TIPOCKTHBIX peIHeHI/Iﬁ, CTPOUTECIBLCTBO
1 JKCITyaTalnuio 00BEKTOB

mromaaok st repputopuit Kpacnomapckoro kpas,
PecrryOmmkn Anpirest, CTaBpOIONbCKOTO Kpasi, YedeH-
ckoit Pecrryomukn, Pecriyommku Marymerns, Peciryomi-
ku Kpeim, KapagaeBo-Uepkecckoii Peciyomuku u 1p.
ITo uroram BBHINOTHEHHOH pabOTHI BEIJECTIEHBI (Ha KapTe
WHXCHEPHO-TEOIIOTUIECKOTO palOHUPOBAHUA) O1d20-
npusmHeie U CTPOUTEIHCTBA TWToanKH (10 20 % Tep-
PHUTOPHH), YCI06HO Oazonpusmuble JJisi CTPOUTEIBCTBA
(o 50 % teppuropun), Hebnazonpusmusie IS CTPOU-
TenbCeTBa IIomaaku (1o 30 % Ttepputopun).
CuCTeMHBIM aHAJIN30M TTOTYyYCHHBIX JaHHBIX yCTa-
HOBJICHO, YTO TIPOCTBIX HHKEHEPHO-TEOIOTNIECKUX YC-

60

JOBUH B IpeJeNaX paccMaTpUBAEMbIX CTPOUTEIBHBIX
IUIOMIA/IOK MTPAKTUIECKH HeT. [IpoCcThIMH NX MOXKHO Ha-
3BaTh B T€X CIIyJasix, KOT/a MPEABAPUTEIHHO BBITOIHSCT-
cst paboTa MO MHKEHEPHO! TTOTOTOBKE CTPOUTEINIHCTBA.
Heo0xoanMocTh BEITOTHEHNS Takoi paboTHI Ha CTPO-
UTENBHBIX IUIOIMAZKaX 00yclIOBIE€Ha OOBEKTHBHBIMU
WH)KEHEPHO-TEOJIOTHUYECKIMH (paKTOpaMH: KPYTBIMU
CKJIOHAaMH NTOBEPXHOCTU OCHOBAHUS, BBICOKOH celicMUY-
HOCTBIO CTPOUTEIIFHBIX TIIOIIA/I0K, PACIIPOCTPAaHEHHEM
crer(pUIecKuX BUIOB IPYHTOB, HATMINEM TTO3EMHBIX
BOJI Ha HE3HAYNTENFHON IIIyOWHE M UX arpeCcCHBHOCTHIO
TI0 OTHOIICHHUIO K JKeIE300€ TOHHBIM KOHCTPYKIIVSIM 1 JIP.
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B COCTaBE IPYIIIBI

Mertop pacuyera ¥ KOHCTPYUPOBaHHS (DYHIaMEHTOB HA OCHOBAaHUHM PE3yJIbTaTOB
HCCIIE0BAaHMs ITapaMeTPOB B3aHMOJICHCTBHS C TPYHTOM OJMHOYHBIX CBaif 1 cBaii

Meroz pacdeTa 1 KOHCTPYHPOBAHUS CBAWHBIX (DyHIaMEHTOB C IPHMEHEHHEM
MPOMEKYTOYHOTO PACTIPEAETUTENBHOIO CII0SI

Meron peryaupoBaHus HEpaBHOMEPHBIX 0CaJ0K (PyHIAMEHTOB IyTeM
MOBBIIICHUS UX IIPOCTPAHCTBEHHOH XKECTKOCTH

TIOBEPXHOCTH pernbeda

MeToz KOHCTPYHPOBaHUS (DYHIAMEHTOB C yYETOM HX aJaNTalllu K IIEPEeMEHHON

Mertox cTpouTtenbeTBa (PyHAAMEHTOB € yYETOM MOCIIEI0BATEIBHOCTH
BEITTOJTHEHNSI OCTOSHHBIX U BPEMEHHBIX JIe()OPMAIOHHEIX [IIBOB

Meron ycrpoiicTBa (yHIaMEHTOB € 3a1aHHOI MOCIIEI0BATEIbHOCTHIO
BKJIFOUEHHSI 3JIEMEHTOB B COBMECTHYIO paboTy

Puc. 5. Knaccudukaiys MeTo0oB pacyera 1 KOHCTPYHPOBaHUS (YHIAMEHTOB MHOTOITAaXHBIX 3/1aHUIl B 0CO00 CIOMKHBIX

YCIOBUAX CTPOUTECIIBCTBA

(puc. 1, 2). MHOTHE HHBECTHITMOHHO TIPHUBJICKATEIHHBIC
CTPOUTEIBHBIE TUIOIIA/IKH, KIacCH(PUIMpyeMble KaK He-
OraronpusTHBIC ISl CTPOUTEIIECTBA, BBI3BIBAIOT OIIpe/ie-
JICHHBIH HETaTUBHBIA TPOTHO3 /TS TPA0CTPOUTEIBHBIX
BJIOJKEHUII CO CTOPOHBI YACTHBIX MHBECTOPOB.

B Hacrosiee Bpems, COracHO AEHCTBYIOIEMY
CII 47.13330.2016 «MHkeHepHbIe U3BICKAHUS JUIS CTPO-
UTENIbCTBA», JUIsl CTPOUTENBHBIX IUIOIA/I0K (TEPPUTOPHIA)
0] BO3BEACHUE 3[aHuUil elicTByeT nonoxenue (00s3a-
tenbHOE o CII) 0 KaTeropusax CIOXKHOCTH HHXKEHEp-
HO-T€OJOTUYECKUX ycinoBui. [Ipu 3ToM ncnonHuTE M
IOJ yCTPOICTBO (PyHIAMEHTOB 3[aHUH IIpe/yIaraeTcs pac-
CMaTpUBATh TPH KAaTETOPUH MHKEHEPHO-T€OJIOTHUIECKUX

aromMpIc™ ="
A Rl w

n72-0 KunomempN

I'pysunckas Mam

YepHoe Mope

yCIoBHUi cTpouTenbeTBa: npocmas (1-5), cpeonssn (2-5)
u cnooicnast (3-51).

[IpoBeneHHbIE HCCIIEAOBAHNS MPUTOJHOCTH pac-
CMaTpUBaeMbIX IUIOLIAIOK ora Poccun mox crponTtens-
CTBO 3[aHUIl NIOKA3bIBAIOT, YTO OOJBLIIMHCTBO U3 HUX
COOTBETCTBYIOT TPEOOBaHHUSIM KaTETOPHH CIOKHOCTH
MH)KCHEPHO-TCOJOTHYECKUX YCIOBUIl CTPOUTENIBCTBA
(CIT 47.13330.2016). OnHako B MPaKTHKE CTPOUTEIb-
CTBa IPAXJIAHCKHX 3/1aHMH (B 0COOEHHOCTH MHOT03TaX-
HBIX W BBICOTHBIX 3[[aHUIT) UMEIOTCS CiIy4dau (puc. 3, 4),
KOTJIa MHYKCHEPHO-TEOJIOTHIECKHE YCIIoBHA (10 Tpebo-
Banusim CIT 47.13330.2016) He cOOTBETCTBYIOT 3-i Ka-
TETOPUH CIIOKHOCTH M CYIIECTBYIOIIAs KIIaCCH(DUKALHS
HY)K/IQ€TCSl B COBEPILICHCTBOBAHUH.

Puc. 6. Kapra-cxema r. Coun ¢ IpHBs3KOii pa3pabOTaHHBIX METOJOB CTPOUTEIHCTBA (DYHIAMEHTOB B 0CO00 CIIOKHBIX HHKEHEPHO-

TE€OJIOTUICCKUX YCIOBUAX (HpI/IMeHI/ITeJIBHO K p€ajIn30BaHHBIM MHOTO3TA>KHBIM U BBICOTHBIM 3,HaHI/IHM)
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PE3YJIBbTATBI

ABTOpamMHM MpeATIokeHa KaTeropys CI0KHOCTU HH-
KEHEPHO-TEOJIOTHIECKUX YCIOBHH — 0cob0 croxcnas
(Tabnura).

[Tox xareropueit 0co6o codcHas TOHUMACTCSI CO-
4yeraHue Tpex U Oosiee (haKTOPOB: BBICOKAs pacueTHast
CEMCMUYHOCTb CTPOUTEJIBHON IUIOLIAJKU; HE3aKOHO-
MEepHOE YepeZiOBaHHE CI0EB OCHOBAHMS MPHU UX 3Ha-
YUTEIBHON HEOJHOPOIHOCTH IO MOKa3aTelsIM CBOMCTB
TPYHTOB B IUIaHE U 10 TIIyOHWHE; PUCK Pa3BUTHS OIIOJ3-
HEBLIX 1 T'PaBUTAIIMOHHBIX TPOLECCOB; CyIJ.[eCTBeHHLIﬁ
nepernaj; OTMETOK pesibeda B Mpeienax CTPOUTEIbHOM
IUTOMIAIKU; YKJIOHBI peribedha B ABYX HAIPABICHUSIX.

ABTOpamMH MO PYKOBOJICTBOM JTOKTOPA TEXHIYECKUX
Hayk M.B. MapuniueBa ObliIa OATOTOBJICHA KiTacCu(u-
Kallysi METOZIOB pacyeTa ¥ KOHCTPYHpOBaHusl (hyHJaMeH-
TOB MHOI'O2Ta>KHbIX SHaHHﬁ B 00060 CJIOXKHBIX YCIIOBUAX
CTPOUTECIILCTBA, KOTr1a I[eﬁCTByIOT OJHOBPEMECHHO HE-
CKOJTbKO (hakTOpOB (OOBIUHO TPU U OOJIee), TPEIACTABIICH-
Hasi Ha puc. 5. B 3aBUCUMOCTH OT COBOKYITHOCTH BHELITHUX
BO3JIEUCTBUI U UCXOAHBIX MHKEHEPHO-T€OJIOTHYECKUX
YCIJIOBHII IIPH peasn3aliiy IPOEKTOB BHICOTHBIX WJIN YHU-
KaJbHBIX 37JaHUI BBIOMPAETCs OJJHO U3 pa3paboTaHHBIX
HAITPaBJICHUI CTPOUTENbCTBA (yHIaMeHTOB [20-22].

[To pe3ynbraTam NpOBEICHHBIX UCCIIEIOBAHUN CO-
CTaBJieHa CXeMa, IEeMOHCTPHUPYIOIasi BHEIPEHUE pa3-
pabOTaHHBIX METOIOB B IPAKTUKY yCTpoiicTBa (yH-
JIAMEHTOB MHOTO3TaXXHBIX 3laHUN B 0CO00 CIIOKHBIX
YCIOBUSX CTpouTenbeTBa B T. Coun (puc. 6).

3AKJIIOYEHHUE

IIpuBeneHbl pe3ynbTarhl UCCIIE0OBAHUI ONTACHBIX
WHKEHEPHO-T€OJIOrMYECKUX MPOIIECCOB M CBEICHHUS
00 UX pacnpocTpaHEeHHH Ha TeppuUTOpuH rora Poccun;
BBIMIOJIHEHO 00O0O0IICHIE MHIKEHEPHO-TCOJOTUYECKIX
U TUAPOTEOJIOTHYECKIX 0COOEHHOCTEH CTPOUTEIBHBIX
IUIOIAI0K tora Poccuu, XapakTepu3yemMblX Kak CIIOXK-
HBIC JIJI1 CTPOUTEIBCTBA MHOTOITAXKHBIX U BBICOTHBIX
3[aHKI; TPEAJIOKEHa 0C000 CIIOKHASI KaTeropus WH-
JKEHEPHO-TE0JIOTHYECKUX YCIOBUHU CTPOUTEIBCTBA
IPaXIAHCKHX 3/IaHU#, KOTOpPast MOXKET PacCMaTpPHUBaTh-
Csl KaK MePCIICKTUBHAS 11 BHECCHHS B HOPMATHUBHbBIC
JMOKyMeHTbI. C y4eTOM IMPeIOKEHHOW KaTeropuu UH-
JKEHEPHO-TEO0JIOrMYECKHUX YCIIOBHI pa3paboTaHa Kiiac-
cuduKalys METOZOB pacueTa U KOHCTPYHPOBaHUS (yH-
JIAMEHTOB MHOTO3TaXKHBIX 3lIaHUH B 0CO00 CIIOKHBIX
YCIIOBUSIX CTPOUTEIILCTBA M MPEICTABICHO UX IPAKTH-
4eCKOe BHEIPEHUE.
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INTRODUCTION

The introduction of advanced construction methods
for multi-storey and high-rise buildings has opened up
opportunities for specialists to realize bold architectural
and construction solutions [1-4]. The constantly growing
number of storeys in large cities is connected with eco-
nomic aspects, as well as with the shortage of undevel-

oped plots (territories), most of which are characterized
as particularly difficult construction conditions [5—7]. It is
possible to compensate the influence of the totality of un-
favourable factors by developing new and developing ex-
isting methods of calculation and design of foundations
of buildings, structures [8—11]. In the course of research,
it is also necessary to develop categories of engineering-
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Fig. 1. Scheme of the slope map in the territory of Greater Sochi (FGBU Gidrospetsgeologiya, 2016)
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Fig. 2. Scheme of the seismicity map of the Crimean-North Caucasus region (V.I. Ulomov, 2015)
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Fig. 3. Peculiarities of the construction conditions of a multi-storey building in Sochi on Esaulenko St. (example)
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Fig. 4. Peculiarities of construction conditions of a multi-storey building in Sochi on Bytha St. (example)

Proposed category of complexity of engineering-geological conditions of construction (especially complex)

Factors

Difficulty category
engineering and geological conditions of construction

Particularly complex

Geomorphological conditions

Several geomorphological elements of different genesis have been identified within
the construction site (plot). Slope angles of natural relief are more than 15 %.
Slopes within the site are in two directions. The surface is highly dissected

Geological in the field of interaction
of buildings and structures with
the geological environment

More than five layers of different capacities. Slope angle of all layers is more than
10°. Slopes of layers in two directions. Irregular alternation of layers with a significant
degree of heterogeneity in terms of soil properties varying in plan or depth. Presence of
lenses, tectonic disturbances. Rocky (semi-rocky) soils are strongly fractured, dissected,
weathered (angle of incidence of layers is more than 30°). Widespread distribution of
specific soils within the site to a depth of more than 5 m

Hydrogeological in the field

of interaction of buildings

and structures with the geological
environment

Two or more aquifers hydraulically connected by filtration windows. Groundwater
filtration coefficients exceed 50 m/day. Groundwater has an aggressive effect on
concrete and metal structures. Factors have a decisive influence on the choice of
design solutions, construction and operation of facilities

Geological and engineering-geological
processes adversely affecting

the conditions of construction

and operation

of buildings and structures

They are widespread when two or more processes (seismic, landslide, gravity,
waterlogging)combinesimultaneously. Factorshavea decisiveinfluenceonthe choice
of design solutions, construction and operation of facilities
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geological conditions of construction, reflecting the real
complexity of the tasks to be solved [12].

MATERIALS AND METHODS

In Kuban State Agrarian University named after
L.T. Trubilin at the Department of Foundations and Foun-
dations the research on generalization of engineering-geo-
logical conditions of construction sites for the territories
of the south of Russia for civil construction is carried out.
The considered researches are based on the results of draw-
ing up a schematic map of the newest tectonics for the south
of Russia (authors L.I. Turbin, N.V. Aleksandrova, 1978);
materials of engineering-geological zoning of the territory
of Krasnodar region (authors O.G. Vodopyanova, A.N. Ba-
turina, etc., 2005); research data of hazardous geological
processes in the territory of Greater Sochi (JSC “Rosstroyiz-
vestnya”, 2004-2012; JSC “Kavgazgidrogeologiya”, 2007;
FGBU “Gidrospetsgeologiya”, 2016); materials of the In-
stitute of Physics of the Earth named after O.Y. Schmidt;
materials of the Institute of Physics of the Earth named after
0.Y. Schmidt. O.Yu. Schmidt Institute of Earth Physics (by
V.I. Ulomov et al., 2015).

During the study of dangerous engineering-geolog-
ical processes and collection of data on their distribution
in the south of Russia considered:

* gravitational processes [13, 14];

* seismic impacts [15, 16];

 groundwater-related processes [17, 18];

* processes associated with surface watercourses;

* processes associated with the coastal zone of the seas'
[19].

In the period from 2004 to the present time the au-
thors analyzed more than 100 construction sites for
the territories of Krasnodar Krai, Republic of Adygea,

' Recommendations for the design, construction and control
of rigid inclusion ground improvements // ASIRI Project
National. 2012.

Stavropol Krai, Chechen Republic, Republic of In-
gushetia, Republic of Crimea, Karachay-Cherkess Re-
public and others. Based on the results of the work
performed, the sites favourable for construction (up to
20 % of the territory), conditionally favourable for con-
struction (up to 50 % of the territory), unfavourable for
construction (up to 30 % of the territory) were identified
(on the map of engineering-geological zoning).

The system analysis of the obtained data has estab-
lished that there are practically no simple engineering-
geological conditions within the considered construction
sites. They can be called simple in those cases when pre-
liminary work on engineering preparation of construction
is carried out. The necessity of such work on construc-
tion sites is caused by objective engineering-geological
factors: steep slopes of the base surface, high seismici-
ty of construction sites, distribution of specific types
of soils, presence of underground water at a shallow
depth and its aggressiveness towards reinforced concrete
structures, etc. (Fig. 1, 2). Many investment-attractive
construction sites classified as unfavourable for construc-
tion cause a certain negative outlook for urban develop-
ment investments on the part of private investors.

Currently, according to the current CP 47.13330.2016
“Engineering Surveys for Construction”, for construc-
tion sites (territories) for the erection of buildings there
is a provision (mandatory under the CP) on the categories
of complexity of engineering-geological conditions. In this
case, the performers are offered to consider three catego-
ries of engineering-geological conditions for the construc-
tion of building foundations: simple (1st), medium (2nd)
and complex (3rd).

The conducted studies of the suitability of the con-
sidered sites in the south of Russia for the construction
of buildings show that most of them meet the require-
ments of the complexity categories of engineering-geo-
logical conditions of construction (SP 47.13330.2016).
However, in the practice of construction of civil buildings
(especially multi-storey and high-rise buildings) there are

Method of foundation calculation and design based on the results of the study
of interaction parameters with the soil of single piles and piles in a group

spreading layer

Method of calculation and design of pile foundations using an intermediate

spatial stiffness

Method of regulating uneven settlement of foundations by increasing their

terrain surface

A method of designing foundations with regard to their adaptation to variable

and temporary expansion joints

Method of foundation construction considering the sequence of permanent

D00 L
of elements in joint work

Method of foundation construction with a given sequence of inclusion

Fig. 5. Classification of methods for calculation and design of foundations of multi-storey buildings in particularly complex

construction conditions
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Fig. 6. Map-scheme of Sochi with reference to the developed methods of foundation construction in especially difficult engi-
neering and geological conditions (applied to the implemented multi-storey and high-rise buildings)

cases (Fig. 3, 4), when engineering-geological conditions
(according to the requirements of SP 47.13330.2016) do
not meet the 3rd category of complexity and the existing
classification needs to be improved.

RESULTS

The authors proposed the category of complexity
of engineering-geological conditions — especially com-
plex (Table).

The category of especially complex is understood
as a combination of three or more factors: high design
seismicity of the construction site; irregular alternation
of foundation layers with their significant heterogeneity
in terms of soil properties in plan and depth; risk of land-
slide and gravitational processes development; signifi-
cant difference of relief marks within the construction
site; relief slopes in two directions.

The authors, under the guidance of Doctor of Tech-
nical Sciences M.B. Marinichev, prepared a classifica-
tion of methods for calculation and design of foundations
of multi-storey buildings in particularly complex con-
struction conditions, when several factors (usually three
or more) act simultaneously, presented in Fig. 5. Depend-
ing on the set of external influences and initial engineering
and geological conditions, one of the developed directions

of foundation construction is chosen when implementing
projects of high-rise or unique buildings [20-22].

Based on the results of the conducted research,
a scheme demonstrating the implementation of the de-
veloped methods in the practice of foundation construc-
tion of multi-storey buildings in particularly difficult
construction conditions in Sochi was drawn up (Fig. 6).

CONCLUSION

The results of research of dangerous engineering-
geological processes and information about their distri-
bution in the south of Russia are given; generalization
of engineering-geological and hydrogeological pecu-
liarities of construction sites in the south of Russia, char-
acterized as difficult for the construction of multi-storey
and high-rise buildings, is carried out; a particularly dif-
ficult category of engineering-geological conditions for
the construction of civil buildings is proposed, which
can be regarded as promising for introduction into reg-
ulatory documents. Taking into account the proposed
category of engineering-geological conditions, the clas-
sification of methods of calculation and design of foun-
dations of multi-storey buildings in especially complex
construction conditions is developed and their practical
implementation is presented.
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AHHOTALUMUA

BBegeHune. PaccmaTtpumBaloTcsi BONPOCH! NMPOBEAEHNS PEMOHTHBIX paboT Mo PeKOHCTPYKLMU HaMOPHbIX BOAOMPOBOAHbLIX
TpyBonpoBoaoB ¢ Ucnonb3oBaHWEM GecTpaHLLeHbIX TexHonoruin «Apm-lMany n «Mann-Apm», no3sonstolmx obecneun-
BaTb PECYPCO- U aHeprocbepexeHne nNpy TpaHCNopTUPOBKe BOAbl. MNpuBeaeHbl CBeAeHUs MO HOPMATUBHOMN M TEXHUYECKON
[OKYMEHTaLMK, yCNoBUAM M NOpsiAKe MOHTaXa 3aLLMTHbBIX NMOKPLITUIA BOCCTaHaBNvMBaemoro Tpybonposoaa, a Takke peayrb-
TaTbl pac4yeTHO-aHaNUTUYECKVX UCCNeOOoBaHUI NO CPaBHUTENBHOMY aHanu3y U OLEeHKE BO3MOXHOCTU CHUXEHWST SHEepro-
3aTpart nNpy TPaHCNopTVPOBKE BOAbI B Neproz aKCrnyaTaumm Tpybonposoaa nocre ero pekoHCTpyKumuu. MpeactaBneHbl TeXHO-
norun 6ecTpaHLUenHON pekoHCTpyKUun «ApM-ann» u «Man-Apm» Ansi onepaTyBHOrO BOCCTAHOBIEHWUSI HAMOPHBIX TPY6Oo-
NPOBOAHBIX CETEW, a Takke BOMPOCHI SKOHOMUU 3NEKTPOIHEPTMWN MpY TPaHCNOPTUPOBKe BoAbl No Tpyb6onpoBodam nocrne
paboT Mo MX PEKOHCTPYKLMMN YKa3aHHbIMU TEXHOMNOTMSIMU.

Matepuanbi u metoabl. [pUMEHUNV aHaNUTUYECKMI, a TakKe pacYeTHbIN METOAbI, aBTOMATU3MPOBaHHbIA NPOrpaMMHbIv
KOMMIeKC Anst onpeaeneHns SKOHOMUK ANEKTPOIHEPIN 3a CHET PEKOHCTPYKLIMM BETXUX AEWCTBYIOLMX HANopHbIX Tpy6o-
NpoBOAOB MPU UCMOMNb30BaHNW TexHonorun «Apm-lann» n «Mann-Apm».

Pesynbratbl. C NOMOLLBIO pacyeToB BbISIBIIEHO MPEVMMYLLECTBO TexHornorun «Apm-ann» no cpaBHeHuto ¢ «lMann-Apm»
B MnaHe noTeHuuanbHOM 3KOHOMUM AMEKTPOIHEPrM NPU TPAHCNIOPTMPOBKE BOAbI MO HaMOPHBIM TpyGonposodam.
BbiBoabl. MpoBedeH KOMNNEKCHbIN aHann3 TEXHUYECKOro U SHepreTMyeckoro noTeHumana peanvsaumm nepenosbix bec-
TPaHLUENHBbIX TEXHOMOMMI PEKOHCTPYKLMK BETXUX TpybonpoBogos «ApM-Mann» u «Mann-Apmy».
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and “Pipe-Arm” technologies
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ABSTRACT

Introduction. The issues of carrying out repair work on the reconstruction of pressure water pipelines using trenchless
technologies “Arm-Pipe” and “Pipe-Arm”, which allow to ensure resource conservation during water transportation, are
considered. Information on regulatory and technical documentation, conditions and installation procedure for protective
coatings of the pipeline being restored, as well as well as the results of computational and analytical studies on comparative
analysis and assessment of the possibility of reducing energy consumption during water transportation during the operation
of the pipeline after its reconstruction are presented. The technologies of trenchless reconstruction of “Arm-Pipe” and “Pipe-
Arm” for the rapid restoration of pressure pipeline networks, as well as issues of saving electricity when transporting water
through pipelines after work on their reconstruction with these technologies are presented.
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Materials and methods. Analytical as well as computational methods by using an automated software package to deter-
mine energy savings due to the reconstruction of dilapidated existing pressure pipelines using “Arm-Pipe” and “Pipe-Arm”

technologies were applied.

Results. Calculations have revealed the advantage of “Arm-Pipe” technology in comparison with “Pipe-Arm” in terms of po-
tential energy savings when transporting water through pressure pipelines.

Conclusions. A comprehensive analysis of the technical and energy potential of the implementation of advanced trenchless
technologies for the reconstruction of dilapidated “Arm-Pipe” and “Pipe-Arm” pipelines was carried out.

KEYWORDS: pipelines, reconstruction, trenchless methods, energy saving
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BBEJIEHUE

3HaYNTENBHBIA U3HOC IKCIUTYaTHPYEMBIX JUTHTEIb-
HOE BpeMsl TPyOOIIPOBOIHBIX CHCTEM BOAOCHAOKEHMUS
1 BOJJOOTBE/ICHHSI HACEJICHHBIX MYHKTOB TpeOyeT Ipo-
BEJICHUS ONEPATHBHON PEHOBAIIMM W MOJEPHHU3ALNU
WH)KEHEpHBIX ceTeil. K pekoMeHyeMbIM MeTonam 3¢-
(EeKTUBHOTO BOCCTAHOBJICHHS BETXUX TPyOOIPOBOIOB
OTHOCSIT OeCTpaHIICHHBIE TEXHOJIIOTHH, KOTOPBIE JaroT
BO3MOXKHOCTb HE TOJIBKO HEWTPAIN30BaTh HETATHBHBIC
MIPOIIECCHI AMEKTPOXUMHUYECKON 1 OHMOIOTHYECKON KOp-
PO3UH, HO 1 00ECIIeUUTh TPeOyeMBIii YPOBEHb HECYILEeH
CHOCOOHOCTH TPYOOIIPOBOJHBIX CETEH M UCKIIOYHUTH
yreuku [1-3]. Taxke Ha MOBECTKE JHS JIOJKHBI CTOSITh
aKTyaJIbHbIE BOIIPOCH! HaJIS)KHOCTH BOCCTAaHABIMBAEMO-
ro TpyborpoBona [4].

Braropapst 5ToMy IpozsIeBaeTCst CPOK CIIYKOBI TPY-
0OMPOBOTHOTO TPAHCHIOPTA, & ISl HAOPHBIX TPYOOIIpO-
BOJIOB CO3MAIOTCS JOTIONHHUTEIbHBIE TapaHTHH 3P dek-
THUBHOTO CHIDKEHHS SHEPro3arpar Ha TPAHCIIOPTHPOBKY
x)uakocred. becTpaHuieiiHble TEXHOIOIMH BOCCTAHOB-
JIeHUs TPyOOIPOBONOB MO3BOJIIOT MHHUMHU3UPOBAThH
BO3HUKAIOIINE PUCKU OT yIIEpOOB (PKOJIOTHYECKOTO,
COIIMAJIFHOTO M MaTepHAILHOTO), TIOBBIIIAS MPH 3TOM
HAJIeKHOCTh PabOThI MHKEHEPHBIX CETEH U CONEHCTBYS
pPEeryJIupoBaHUIO LEHOBOIO BONPOCA, BO3ZHUKAIOIIETO
B XOJI€ MX UCIIOJIb30BaHMSI.

Metonbl GecTpaHIIEHHOrO PEMOHTA BKJIIOYAIOT
Pa3IMYHOTO poJia ONepaliy, Ha BHYTPEHHIOIO ITOBEPX-
HOCTh BETXHX TPyOOIPOBOAHBIX CETeH HAHOCSTCS 3a-
IIUTHBIE TTOKPBITHS, KOTOPBIE KJIACCH(DUINPYIOT KaK Ha-
OpbI3roBBIE (HANBUISIEMBIC), CIUIOIIHEIE B BHAC TPYO
WU TIOJIMMEPHBIX PyKaBOB, HABUBOYHBIC (HAMOTOYHBIE)
1 MecTHBIe (OaHmaxu U T.11.) [5, 6]. B 3amaun mpoBoau-
MBIX HCCJICIOBAaHUN BXOJUJ KOMILJIEKC MEpPONpPHUITUN
10 O3HAKOMJICHHUIO C HEKOTOPBIMH MEPCTIEKTUBHBIMU TH-
aMy BHYTPCHHUX 3allIUTHBIX HOKprTHﬁ, TIO3BOJIAOIINX
OIEPaTUBHO U SKOHOMUYHO BOCCTaHABJINBAThH HAIIOPHBIE
TpyOOIIPOBOIBI.

B xauectBe Marepuana ucciaeqoBaHuil npeicTaBie-
Ha OJlHAa U3 Pa3sHOBHJIHOCTEH HaOpPBI3TMBAEMbIX (HAIIbI-
JSIEMBIX) TEXHOJIOTI PEHOBANNH, IOy IHBIIAS HAMe-
HOBaHHS cOOTBETCTBEHHO «Ilaim-Apv» 1 « Apm-ITaim.

CyImHOCTh TEXHOIOTHU PEHOBALMH BOAOMPOITYCK-
HBIX TpYO «Ilafi-Apm» 3aKimiogaeTcsi B BOCCTAHOBICHUH

UX HECyIIeH cloCOOHOCTH IyTeM OETOHNPOBAHUS 110 He-
CHEMHOI OIMMEPHOI! onayoKe U COCTOUT U3 TPEX B3a-
MMOCBSI3aHHBIX TEXHUUECKHUX PEIICHHUA: MOHTaa B TPY-
Oy apMaTypHOTO KapKaca YCHJICHHS; YCTAHOBKH B TEJIO
TpyOBI MOJMMEPHOTO 3aIUTHOIO PyKaBa; OMOHOJINYH-
BaHU KOHCTPYKUHWH, T.C. HAITOJTHCHU S B]:lCOKOMapO‘lHOﬂ
CMECBIO MTPOCTPAHCTBA MEXKy TEJIOM TPYOBI U TOJH-
MEpPHBIM pyKaBoM [7-9]. ApMaTypHEI KapKac COCTOHUT
U3 METAJUTMYECKON ITPOJOJILHON apMaTyphl ¢ Homneped-
HOI HaBUBKOM U3 KOMIIO3UTHOM CTEKJIOIIACTUKOBOU ap-
MaTypsl, He MoABepraeMoii Kopposuu. Kapkac n3roras-
JIMBAETCS HA MECTE MPOU3BOJICTBA PAOOT U 3aKPETLIACTCS
Ha BHYTPEHHEH CTEHKE CAaHUPYeMOW TPyObI.

TexHosorusi caHallMid BOJOMPOMYCKHBIX TPYyO
«Apwm-Tlaiiny 3akmodaercst B GOPMUPOBAHUK HOBOM TPY-
OBI M3 KBAPII-IIEMEHTHON CMECH, apMHPOBAHHOMN CIICITH-
QJILHBIM KOMITO3UTHBIM MaTepuajioM, ¢ UCIOJIb30BaHUEM
craporo TpyoonpoBoja B kauectBe Qymispa [10-12].
DTOT METO] TIO3BOJISIET CO31aBaTh HOBBIN TPYOOTIPOBO/
B CTapoM C TPeOyeMBIMH KCILTyaTallHOHHBIMHU XapaKTe-
PHCTHKaMH, BKJIIOYAsi MCIIOJIB30BAHNE €r0 B ceHcMuUe-
CKHX paiioHax’.

MATEPHWAJIBI U METO/JbI

MeTtonom ucciaeoBaHui SIBISETCS aHAJIN3 TEXHO-
JIOTUYECKUX ONEepaluil MpHU peanu3alii TeXHOIOTHH
penoBanun «llain-Apm» u «Apm-Ilaiiny, a Takxe pac-
YeT S5KOHOMHH PHEPro3aTpaT Ha TPAHCTIOPTUPOBKY BOJBI
JI0 ¥ TIOCTIE PEMOHTHBIX padoT 0 IByM allbTepPHATHBHBIM
METO/IaM IIPY BOCCTAHOBJIEHHH TPYOOIIPOBO/IA COOTBET-
CTBYIOILETO TUaMeTpa U NpoTskeHHocTH [13, 14].

WNunoBanmonHas Texunonorus «I[laim-Apmy», pas-
paOoTaHHast CIIEIMAIBHO Al PEMOHTa M BOCCTAHOB-
JICHWs] BOAOMIPOITYCKHBIX TPyO, oOnagaer psjaom Ipe-
HUMYIIECTB, K KOTOPBIM CJIE€yeT OTHECTH: yCTpaHEHUE
Je(eKTOB TPyOOTIPOBOJHBIX CHCTEM, ITPEAOTBPAILCHIE
pa3BUTHS HOBBIX IE(EKTOB, MPEABAPSS pa3pylICHHUE
MX KOHCTPYKIIMH, IPOJUIEHHE CPOKA CITYKOBI TPyOOIIpo-
BOJ10B J10 50 sieT u Gosiee, CHIKEHHE KCILTYaTallHOHHBIX
3aTpar, a Tak’Ke CMETHOW CTOMMOCTH M CPOKOB ITpOBe-
JICHAST PEMOHTHBIX pPaboT, 00eCTIeueH e YKOIOTHIECKOM

'Pexmamuniii yctok OO0 « YK «MHHOBaIMOHHEIE TEXHOIOTHI.
2016.
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0€30MacHOCTH B Pa3HbBIX IPUPOIHBIX U KIMMATHIECKUX
yenoBusix [15-18].

B kauecTBe OCHOBBI MaTepHaia 3alIUTHOTO IO-
KpBITUA Ipu peanu3aimu TexHonoruu «Ilain-Apmy» IT'K
«TEXTIOJIMMEP» npencrapisieT MOTUMEPHBIN pyKaB,
M3TOTOBJICHHBIA U3 MOJUATUIICHA BBICOKOW TIOTHOCTH
contacHo TV 22.29.29-019-56910145-2019. Onna cro-
pOHa pyKkaBa MMEET IMaIKyI0 TOBEPXHOCTh C HU3KUM
K03 (HUIMEHTOM IIEPOXOBATOCTH, JIpyras 000py/10BaHa
CHEINaIbHBIMI aHKEPHBIMHU 3JIEMEHTaMH, MIPEAHA3HA-
YEHHBIMH JIJIsI 32KPETUICHNS] B MOHOJIMTHOM CJIoe OeTOHa
(puc. 1). IIpocTpaHCTBO MEXKTY MOIMMEPHBIM PyKaBOM
1 TpyOOil 3aMoJHSETCs CeHaTbHOI BEICOKOMAPOYHO,
0e3ycaouHON W CaMOYIUIOTHSIIONIEHCS! CMEChIO, N3TO0-
TOBJICHHON Ha OCHOBE MHHEPAJIBHOTO BSIKYIIEro. JTa
cMech oOecrieyrBaeT paBHOMEPHOE 3aI0JIHEHHE BCEX
MyCTOT, HA/IEXKHO CBSA3BIBAS apMaTypHBIA KapKac 1 aH-
KEpHBIE 3JIEMEHTHI ITOJMMEpHOro pykasa. [lomyuaemas
B pe3yJibTare PeHOBAIMN HOBAsl KOHCTPYKIHS o0aaer
BBICOKOH HecyIel cnocoOHOCThI0, HU3KUM THIPABIIH-
YECKUM CONPOTUBIEHUEM M YCTOWYMBOCTBIO K HEra-
THUBHBIM BO3IECHUCTBUSIM OKpYsKarouen cpeapl. [Ipu atom
MaKCHUMaJbHO TOJE3HOE CEUEHHE BOJONPOMYCKHON
TpYOBI COXpaHIETCs, TaK KaK HU3KUK K03 (HUIHEHT Tire-
POXOBATOCTHU MOJUMEPHOTO pyKaBa KOMIIEHCHPYET He-
3HAYUTENIFHOE CY)KEHHE OTBEPCTHS, UTO 0OecIieunBaeT
BBICOKYIO TTPOITYCKHYFO CHOCOOHOCTH BOCCTAHOBJICHHOTO
TpyOOnpoBoza.

Kpemurenne MmeMOpaHbI K OETOHHOM TTOBEPXHOCTH
TPyOBI OCYIIECTBIISIETCS C TOMOIIBIO aHKEPHBIX 2JIEMEH-
ToB B KonmdecTBe 1230 mTyk Ha 1 M? ee MOBEpXHOCTH.

AJBTEepHAaTUBHBIM METOJIOM BOCCTAaHOBJIECHUS TPY-
60OMpPOBO/IOB 1O OTHOIICHHIO K «Ilalnm-ApM» CIy)XHUT
TeXHOJIOTHs «ApM-ITaii», KOTopast MO3BOJSAET JIOKAIN-
3MPOBATh TAaKUE BU/IbI OBPEXK/IEHUI, KaK KOPPO3UOHHBIE
obpacTanus, a0pa3sUBHBIA W3HOC, AEPEKTHI B CTHIKaX
TpyO M MX cMelieHus, o0ecreunBast Py 3TOM TOJIHOE
BOCCTaHOBJICHHE HECYIIeH crocoOHOCTH TpyOompo-
BOJIOB Pa3HOTO HA3HAYCHHS B JIMANa30HAX JUAMETPOB
ot 800 no 2600 MM (puc. 2).

IIpouecc pekOHCTPYKIMHU TPyOOIIPOBOA METOAOM
«ApMm-ITalim» COCTOUT U3 HECKONIBKUX 3TanoB. CHadana
MIPOBOISITCS TOATOTOBUTENBHBIE Pa0OTHI, BKITIOYAIOIIIHE
PACKOIIKy CTapTOBOM U KOHEUHOH TPAHILIEH, a TAKXKE 01~
TOTOBKY TPYyOOITpOBO/A. 3aT€M OIPEACIISIOTCS TEXHOIO-
TMYECKUE 3aXBaTKH B 3aBUCUMOCTH OT HEOOXOAMMOMN
JUIMHBI IJTaHTa JJIs OIa9X CMECH ¥ MOIIIHOCTHU PacTBOPO-
Hacoca. [lanee HAaHOCUTCS CHENMaNbHAs MTOJMMEpHas
oOpelieTka, KOTopast HpPersTCTBYET BOBMOKHBIM pazpy-
MIATETBHBIM YCHINSAM W3BHE, B TOM YHCIIE TP TTOTHOM
CTaTHYECKOM OTKa3e cTapoit TpyOs! (puc. 3). K mpenmy-
IIeCTBaM TaKOHM apMarypsl, Hapumep, 13 0a3aIbTOBO-
JIOKHA OTHOCHUTCS TO, YTO OHA HE TOJ[BEPTacTCsl KOPpo-
3UH JIaKE B CITyyae OOHAKEHUsI 110 KaKOH-JIMO0 MpUYHHE.
MoHTax 00peIeTKH IIPOU3BOMIICS C OMOIIBIO CIICIIH-
aJIbHOM IEPEABMKHOM MAalIMHbI, KOHCTPYKLIHS KOTOPOU
3a c4eT PaMbl C POJIMKAMU MO3BOJISIET UCIIOIB30BATh €€
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B IIMPOKOM [Halla30He BHYTPEHHUX JHAMETPOB TPyOO-
poBoJa.

JU1 mpUroTOBIEHHS LIEMEHTHO-IIECUAHOW CMECH
(LITC) TpedyeTcst BBIOIHATD NOATOTOBKY HEOOXOIMMBIX
KoMIIOHeHTOB. CHauasa 1ecok HeoOXOAMMO NPOCEsTh
4epe3 CUTO U 3aTeM XPaHHUTh B CIELMAIBHBIX EMKOCTSX,
YTOOBI MCKJIIOYUTh HAJIMYME WHOPOAHBIX HPEJAMETOB.
[TopTiaHaueMeHT TakxkKe TOJDKEH COOTBETCTBOBATH OIpe-
JeJICHHBIM CTaHIapTaM, a IMEHHO He COZIepIKaTh CTYCTKOB

Puc. 1. parMeHT HOMMMEPHOTO pyKaBa ¢ aHKEPHBIMHU JIEMEH-
TaMU M apMaTypHBIM KapKacoOM Ha BHYTPEHHEH ITOBEPXHOCTH
BOCCTaHABINBAEMOTO TPyOOIPOBOaA

L
ih

Puc. 2. dparMeHT HaHECEHHOTO HA OOPEIIeTKY 3aIUTHOTO
MOKPBITHS IO TEXHONMOTHU «ApM-Ilaitm»

Puc. 3. BayTpennee apmupoBaHue TpyOOmpoBOaa CETKON
(pemeTKoif) U3 KOMITO3UTHBIX MAaTEPHAIOB



PeKoHCTPpyKLMsA BOAOMPOBOAHBIX CETEHN C UCMTOAB30BaHNEM

TexHonormii «Apm-fasin» u «laiin-Apm» C.70-79

1 KOMKOB, IUIOTHOCTb LIEMEHTHOIO TecTa He 6omee 27 %,
aKTHBHOCTH paJnoHYKInI0B He MeHee 370 Br/kr B co-
oteerctBum ¢ TOCT 31108-2020. [Tpu HEOOXOMUMOCTH
B coctaBe LIIIC MoryT npucyTcTBOBaTh MUHEPAIBLHBIC
JI00aBKH, HO UX COZIEp’KaHHE HE JOJDKHO MPEBHIIIATH
10 %, 4yT0OBI yay4nuTh (PU3MKO-XMMHUUECKHE CBOWCTBA
TTOKPBITHS.

K mecky Takxe MpembsSBISIOTCS CTpOTHE TPeho-
BaHMS 10 €r0 COCTaBy M CO/EpXaHuIo nmpumeceid. Ha-
puMep, KPyIHOCTh 3epeH He Oosiee 1 MM, dpaxiun
¢ pazmepamu ot 0,315 10 0,63 MM TOJKHBI COCTABIISITh
He menee 70 % ot obmieii Maccr recka. Boma, ncmomnn3y-
eMas TSl IPUTOTOBIICHHSI CMECH, TOJKHA COOTBETCTBO-
Bath ['OCT 23732-79 u umeth Temmeparypy oT +10
1o +30 °C. Cneayet n0OUTHCS ONTHMAIBHOTO COOTHO-
IIEHUSI TBEPABIX KOMIIOHEHTOB (LIIEMEHTA U TIeCKa) B TIpe-
nenax ot 1:1 go 1:1,2 mo o6semy m ot 1:1,115 mo 1:1,338
0 Macce.

MuHMMalTbHAS TOJIIMHA HAHOCHUMOT'O Ha BHYTPEH-
HIOI0 TIOBEPXHOCTh TPYOONpPOBOAA 3aLIUTHOTO CJIOS
JIOJDKHA OTIPEACIATHCS IMaMETPOM U MaTepHajIoM TPyoO,
a TpebyeMass BO3pacToM TPyO, TONIIMHONH WX CTEHOK
1 (PU3MYECKUM COCTOSTHHEM (CTENEHBIO H3HOCA).

HesHauutenbHOe Cy)XeHHE MPOXOIHOIO CEYCHUS
BOCCTaHABJIMBAEMOI'0 TPyOONPOBOJAa HUBEIUPYETCS
HHU3KIM KO3 PUITIEHTOM [IIEPOXOBATOCTH 3aTBEPICBIICH
[IEMEHTHO-TIECYaHOW CMECH, YTO TO3BOJISICT COXPAHUTh
BBICOKYIO ITPOIYCKHYIO CIIOCOOHOCTH MHOTOCIIOWHON
KOHCTPYKITH TPYOOTIPOBO/IA.

Ha Bcex aramax nmpou3BozCTBa paboT MO TEXHOJIO-
risiM «ApMm-TTaiimy u «Ilai-Apm» BBITTOTHIETCS CTPO-
THI KOHTPOJb 110 KaY€CTBEHHBIM MTapaMeTpaM HCIIOINb-
3yeMBIX MaTepuasoB U obopynoBanus. Taxke Benercs
BHU3YyaJIbHOC U TCICHHCICKIIMOHHOE BHYTPUTPYOHOE
o0ceroBaHKe TPYOOIPOBOA C MOAPOOHOH (HOTO- U BH-
Jeo(pUKcaIel BCeX TEXHOIOTHYECKIX MPOIIECCOB, BIU-
SIFOIIMX Ha Ka4eCTBO BBIITOJTHEHHS PaldoT.

Bce ¢doto- u BHaecoMaTepuanbl TIIATEIBHO aHa-
JU3UPYIOTCA OTBETCTBEHHBIM 3a MPOU3BOJCTBO PadoT,
1 TIPH HEOOXOTMMOCTH BHOCSATCS Ka4ECTBEHHBIE KOPPEK-
THPOBKH, TIPEIBAPUTETHHO COTTIACOBAHHBIE C 3aKA3UHKOM.

PE3VYJIBTATHBI HCCJIEJOBAHUA

B 3ajaun 6a30BBIX pacueToB MO MPUMEHEHHUIO TEX-
Hosoruit «Apm-Ilaitny u «Ilaitn-Apm» 1i1s caHanuu
TPYOOTIPOBOAHBIX CETEil BXOIMIIN BOIIPOCH BOSMOKHOM
SKOHOMMH 3JIEKTPOIHEPTUH TIPU TPAHCIIOPTUPOBKE BOJIBI
0 TpyOOIPOBOLY TTOCIIE pabOT MO €r0 PEKOHCTPYKINH.

Pacyer mpou3BOIUIICS € MCIIONB30BAaHUEM aBTOMa-
TU3UPOBAHHOM IporpamMMsl [§], B aITOPUTM KOTOPOIf 3a-
nokeHa (hopMmya JIIs OIpeieieH sl SKOHOMHHU JIEKTPO-
sHepruu (AE, kBT'4 B TOI) Uepe3 moka3zaTean pacxona
BOzIbI (O, M¥/c), yA€IbHBIX COMPOTHBIICHU COOTBETCTBEH-
HO CTaporo M HOBOTO TPyOONpoOBO/a (Amp, A, M),
3aBHCSIIMX OT BHyTPEeHHEro quameTpa (d, M), koadduru-
enra none3noro aeiicteus (KII/I) HacocHOH ycTaHOBKU
(n“a&ycm), TIPOJOJDKATEIBHOCTH €€ PaOOTHI B 4acax M CyT-

KaX COOTBETCTBEHHO (24 4, 365 cyT) U MPOTSHKEHHOCTH
TpyoonpoBoaa (1, m).

BryTpeHHHnit 1paMeTp cTaporo CTaabHOTO TpyOo-
TIPOBOA TIPUHAT paBHBIM d = 0,7 M, pacXox TpaHCIIOP-
trpyemoit Bomsl Q = 0,392 M3/c, POTSKEHHOCTH TPyOO-
npooza / = 1000 m, KI1/] HacocHO# ycTaHOBKH Myne yeran —
= 0,8. TonmuHa €10 BHYTPEHHETO 3alUTHOTO MOKPbI-
THS U1t 00OMX BAPUAHTOB PEHOBAIMK cocTapisuia 10 MM
(COOTBETCTBEHHO C YYETOM apMaTypHBIX KapKacoB/oOpe-
HIETKH, TOIIUHBI TTOJMMEPHOIO pyKaBa U CaMOYILIIOTHSI-
FOLIUXCSl CMECEH-HAIIOIHUTEIEH ).

BenuumHe! yensHbIX COMPOTHUBICHUH cTaporo (4 )

crap
M HOBBIX (A, ., 4 ) TPyOOTIIPOBOIOB OIPEEIISITHCH
o popMynam:

HOB.AIT

A ap = 0,0017 . d75,1359;

CT:

= . -5,2791.
A, o =0,0007 - d ;A
= . —5,3081
0,0006 - d, .
PacueT BenWYMHBI S5KOHOMUH EKTPOIHEPTHH AE

JUTs 000X BapHAHTOB OCYIIECTBILSIICS 1O 6a30Boil (op-
MyJie:

nos.AIl

AE = [9,81Q°KA .y~ Ay yeran]
x 24 - 365 xkBT'4 B roz.

Hwoke mpencTaBieHbl pe3ynbTaThl pacueTa BeIUInH
YACNBHBIX CONPOTHUBIICHNH 3aIUTHBIX TOKPHITHH IIPH pe-
alu3alMuy aJbTEePHATHBHBIX TEXHOJOTMH PEHOBALMU
JUTSL COOTBETCTBYIOIMX BHYTPEHHUX JIMAMETPOB d TIOCTIe
MPOBEACHUS] PEMOHTHBIX PAa0OT M 9KOHOMHH 3JIEKTPO-
SHEPTUH IPU TPAHCHIOPTUPOBKE BOJIBI MOCIIE PEHOBALH:

* 1o texHonoruu «llaiin-Apm» npu BHyTpEeHHEM
nuameTpe Tpyoonposona d;;, = 0,68 m:

A =0,005362 c*/m®;

HoB.ITA

AE, =[9.810%4_ A 24365 =

p HoB.l'IA) /TlHaC.yCTaH]
=34 006 xBt"u B rox;
* 10 TexHonoruu «Apm-Ilafiny npu BHyTpeHHEM
nuameTpe Tpyoonposona d, , = 0,68 m:

A, ua = 0,004647 c*/mb;

Hi

AE’Al’l = [9’8 1 QSI(ACTap - AHOB.AH)/nHaC.yCTﬂH]
x 24 - 365 =38 627 kBt'u B roz.

Taxum 00pa3oM, HECMOTPS HA CYKEHHUE SKUBOTO Ce-
YEHHSI CTapOro CTAJIbHOTO TPYOOIPOBO/A TTOCIIE PEMOHTA
1 Oaromapst MaoMy KO QHUIIUCHTY YISIBFHOTO COIPO-
THBJICHHS] HOBBIX BHYTPEHHNX TTOKPBITHI, MOXHO JT00UTh-
Cs1 DKOHOMUH 3JAEKTPOIHEPTUU MPU TPAHCHOPTUPOBKE
BOZIBI cOOTBETCTBCHHO Ha 34 006 KBT1'4 B rop (110 TeXHO-
norun «Ilain-Apm») u 38 627 kBt 4 B o1 (110 TEXHOJIO-
run «ApMm-ITaim).

B 10 %€ BpeMs1, npuHUMast yCIIOBUE OTHOCUTEIBHO-
TO PaBEHCTBA 3aTpaT Ha PEMOHTHO-BOCCTAaHOBUTEIIHHBIC
paboTHI Ha CTAIBHOM TPYOOITPOBO/IE albTePHATUBHBIMU
TEXHOJIOTUSIMH, NTPEUMYIIECTBO B IUIAHE MOTCHIHAIb-
HOW SKOHOMHH 3JIEKTPOIHEPTUH MPU TPAHCHOPTUPOB-
Ke BOJIbI UMeeT TexHosorus «Apm-Ilaitm» no cpasBHe-
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Huto ¢ «llakn-Apm» (AE,  —AE,, = 4621 kB4 B rox
nm 13,59 %).

3AKJIIOYEHUE U OBCYXJIEHHUE

OnucaHa CyIIHOCTb, TEXHWYECKHH MOTEHIIMAI
U YCJIOBHSI MOHTaXa MEPEIOBBIX TEXHOIOTHH OecTpaH-
IICI{HON PEKOHCTPYKIMU BETXUX TPYOOIIPOBOIOB «ApM-
[aiiny u «ITain-Apm».

C wucrnoabp30BaHMEM HHPOPMAIIMOHHO-TTONCKOBOH
ABTOMATU3HPOBAHHON CHCTEMBI IPOBEICH aHAIU3 MPH-
MeHeHus TexHonoruilt «Apm-Ilaim» n «Ilaim-Apm»

JUTSL PCHOBAIIMK BETXOTO CTAJIBLHOTO TPYOOIIPOBO/a, KO-
TOPBIHA TIOKA3all, 9YTO, HApsIAy C pecypcocOepekeHrneM
1 TIOBBIIIICHUEM HECYIIIEH CIToCOOHOCTH TPyOOTIpOBO/a,
BO3MOKHO JIOCTHYb CHIDKCHHS TIOTPEOICHHS 3ICKTPO-
SHEPIUU IIPH TPAHCTIOPTUPOBKE BOIBI ITO TPYOOIIPOBOIAM.
Jna paccmaTpuBaeMoil 4aCTHOM 3a/1a4yu peKOH-
CTPYKIIMH CTApPOro CTaJbHOrO TPYOOIIPOBOIa OIpee-
JICHHOH JJIMHEI, IUaMeTpa U TPAHCIOPTHPYEMOTO pac-
XO0J1a TIPU MCTIOJIF30BAaHIH AJIBTCPHATHBHBIX TEXHOIOTHIA
SKOHOMHUS 3JIEKTPOIHEPTUU Ha TPAHCIIOPTUPOBKY BOJIBI
MOKeT cocTtaBuTh OT 34 006 1o 38 627 kBtu B roa.
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INTRODUCTION

Significant wear and tear of the water supply and
wastewater disposal systems of settlements that have
been in operation for a long time requires prompt reno-
vation and modernization of engineering networks.
The recommended methods of effective rehabilitation
of dilapidated pipelines include trenchless technologies,
which make it possible not only to neutralize the nega-
tive processes of electrochemical and biological corro-
sion, but also to ensure the required level of bearing
capacity of pipeline networks and eliminate leaks [1-3].
Also, the actual issues of reliability of the restored pipe-
line should be on the agenda [4].

This extends the service life of pipeline transport,
and for pressure pipelines creates additional guarantees
of effective reduction of energy costs for transporting
liquids. Trenchless pipeline rehabilitation technologies
minimize the risks of damage (environmental, social
and material), while increasing the reliability of utility
networks and helping to regulate the price issue arising
from their use.

Trenchless repair methods include various types
of operations, protective coatings are applied to the in-
ner surface of dilapidated pipeline networks, which are
classified as sprayed, continuous in the form of pipes
or polymer sleeves, coiled (wound) and local (ban-
dages, etc.) [5, 6]. The tasks of the conducted research
included a set of measures to familiarize with some
promising types of internal protective coatings that al-
low for prompt and economical restoration of pressure
pipelines.

One of the varieties of sprayed renovation technolo-
gies, named “Pipe-Arm” and “Arm-Pipe” respectively, is
presented as a research material.

The essence of the “Pipe-Arm” culvert renova-
tion technology is to restore their load-bearing ca-
pacity by concreting on fixed polymer formwork and
consists of three interrelated technical solutions: instal-
lation of reinforcement frame in the pipe; installation
of polymer protective sleeve in the pipe body; caulking
of the structure, i.e. filling the space between the pipe
body and the polymer sleeve with high-powder mix-
ture [7]. The reinforcement frame consists of metal
longitudinal reinforcement with a cross coiling of com-
posite fibreglass reinforcement, which is not subject to
corrosion. The cage is manufactured at the site of works
and fixed on the inner wall of the pipe being sanitized.

Arm-Pipe culvert rehabilitation technology con-
sists in forming a new pipe from quartz-cement mix-
ture reinforced with special composite material, using
the old pipeline as a case. This method makes it pos-
sible to create a new pipeline in the old one with the re-
quired performance characteristics, including its use in
seismic areas’.

MATERIALS AND METHODS

The method of research is the analysis of techno-
logical operations in the implementation of “Pipe-Arm”
and “Arm-Pipe” renovation technologies, as well as
the calculation of energy cost savings for water trans-
portation before and after the repair works according to
two alternative methods when rehabilitating the pipe-
line of the corresponding diameter and length.

Innovative technology “Pipe-Arm”, developed spe-
cifically for repair and restoration of culverts, has a num-
ber of advantages, which include: elimination of defects
in pipeline systems, preventing the development of new

! Advertising leaflet of LLC MC Innovative Technologies.
2016.
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defects, preventing the destruction of their structures, ex-
tending the service life of pipelines up to 50 years and
more, reducing operating costs, as well as the estimated
cost and timing of repair work, ensuring environmental
safety in different natural and climatic conditions.

As abasis for the protective coating material when im-
plementing the “Pipe-Arm” technology, TECHPOLYMER
Group of Companies presents a polymer sleeve
made of high-density polyethylene according to TU
22.29.29-019-56910145-2019. One side of the sleeve
has a smooth surface with a low roughness coefficient,
the other side is equipped with special anchoring ele-
ments designed for fixing in the monolithic layer of con-
crete (Fig. 1). The space between the polymer sleeve and
the pipe is filled with a special high-margin, shrinkage-
free and self-compacting mixture made on the basis
of mineral binder. This mixture ensures uniform filling
of all voids, securely binding the reinforcement frame
and anchoring elements of the polymer sleeve. The new
structure resulting from the renovation has a high load-
bearing capacity, low hydraulic resistance and resistance
to the negative effects of environment. At the same time,
the maximum usable cross-section of the culvert is pre-
served, as the low roughness coefficient of the polymer
sleeve compensates for the slight narrowing of the open-
ing, which ensures high flow capacity of the renovated
pipeline.

The membrane is fixed to the concrete surface
of the pipe using 1,230 anchor elements per 1 m? of pipe
surface.

“Arm-Pipe” technology serves as an alternative
method of pipeline rehabilitation to “Pipe-Arm”, which
allows localizing such types of damage as corrosion
fouling, abrasion, defects in pipe joints and their dis-
placements, while ensuring full restoration of the bear-
ing capacity of pipelines for various purposes in the di-
ameter ranges from 800 to 2,600 mm (Fig. 2).

The process of pipeline reconstruction by “Arm-
Pipe” method consists of several stages. Firstly, prepara-
tory work is carried out, including excavation of the start
and end trenches, as well as pipeline preparation. Then
the technological seizures are determined depending
on the required length of the hose for supplying the mix-
ture and the power of the mortar pump. Next, a special
polymer batten is applied, which prevents possible de-
structive forces from outside, including the complete
static failure of the old pipe (Fig. 3). The advantages
of such reinforcement, e.g. basalt fibre reinforcement,
are that it does not corrode even if exposed for any
reason. The installation of the purlins was carried out
with the help of a special mobile machine, the design
of which, due to the frame with rollers, allows its use in
a wide range of internal pipeline diameters.

The preparation of cement-sand mix (CSM) re-
quires the preparation of the necessary components. First,
sand must be sieved through a sieve and then stored in
special containers to exclude the presence of foreign ob-
jects. Portland cement must also meet certain standards,
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namely, it must not contain clots and lumps, the density
of the cement test is not more than 27 %, the activity
of radionuclides is not less than 370 Bq/kg in accordance
with GOST 31108-2020. If necessary, mineral additives
may be present in the composition of CSM, but their con-
tent should not exceed 10 % to improve the physical and
chemical properties of the coating.

Sand is also subject to strict requirements regard-
ing its composition and impurity content. For example,

Fig. 1. Fragment of polymer sleeve with anchoring elements
and reinforcement framework on the inner surface of the re-
stored pipeline

Fig. 2. Fragment of the “Arm-Pipe” protective coating applied
to the purlins

Fig. 3. Internal reinforcement of the pipeline with a mesh
(grid) made of composite materials
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the grain size is not more than 1 mm, fractions with
sizes from 0.315 to 0.63 mm must be at least 70 %
of the total mass of sand. Water used for the preparation
of the mixture, should comply with GOST 23732-79
and have a temperature of +10 to +30 °C. The optimum
ratio of solid components (cement and sand) should be
achieved in the range from 1:1 to 1:1:1.2 by volume and
from 1:1.115 to 1:1.338 by mass.

The minimum thickness of the protective layer
applied to the inner surface of the pipeline shall be de-
termined by the diameter and material of the pipes, and
the required thickness shall be determined by the age
of the pipes, their wall thickness and physical condition
(degree of wear).

The slight narrowing of the flow-through cross-sec-
tion of the reconstructed pipeline is levelled by the low
roughness coefficient of the hardened cement-sand mix-
ture, which makes it possible to maintain the high flow
capacity of the multi-layer pipeline structure.

At all stages of “Arm-Pipe” and “Pipe-Arm”
technologies, strict quality control of the materials and
equipment used is carried out. Visual and tele-inspection
of the pipeline with detailed photo and video record-
ing of all technological processes affecting the quality
of work performance is also carried out.

All photo and video materials are carefully analyzed
by the person in charge of the works and, if necessary,
qualitative adjustments are made, previously agreed with
the customer.

RESEARCH RESULTS

The tasks of basic calculations on application
of “Arm-Pipe” and “Pipe-Arm” technologies for sani-
tation of pipeline networks included the issues of pos-
sible energy saving during water transportation through
the pipeline after its reconstruction.

The calculation was performed using an automated
programme [8], the algorithm of which contains a formu-
la for determining the energy savings (AE, kWh per year)
through the indicators of water flow (Q, m%/s), specific
resistances of the old and new pipeline (4 ,, 4, , s/m°),
depending on internal diameter (d, m), the efficiency
of the pumping unit (npum_m”_t), duration of its operation in
hours and days respectively (24 h, 365 days) and pipeline
length (/, m).

The internal diameter of the old steel pipeline was
assumed to be d = 0.7 m, the conveyed water flow rate
0 = 0.392 m?s, the pipeline length /= 1,000 m, the ef-
ficiency of the pumping unit Mo anit = 0.8. The thickness
of the internal protective coating layer for both renova-
tion options was 10 mm (respectively taking into account
the reinforcement cages/trim, the thickness of the poly-
mer sleeve and the self-compacting filler mixtures).

The values of specific resistances of old (4,,) and
new (4 A pipelines were determined according

new PA° newAP)
to the formulas:

Aold =0.0017 —d>"%;

A, =0.0007—d, 57 4

new PA
=0.0006 —d 3%,

The energy savings AE for both variants were calcu-
lated using the basic formula:

AE=[9.810°(4,,,— A4, )"n oum. i) 24—
— 365 kWh per year.

The results of calculating the values of specific re-
sistances of protective coatings when implementing alter-
native renovation technologies for corresponding internal
diameters d after renovation works and energy savings
in water transport after renovation are presented below:

* by “Pipe-Arm” technology at pipeline inner dia-
meter d,, = 0.68 m:

A =0.005362 s*/mS,

new PA
AE‘PA = [98 1 Q3Z(A0/d - Anew PA)/n(pum. um'z)]24 -
— 365 =34,006 kWh per year;
* by Arm-Pipe technology at pipeline inner diame-
terd,,=0.68 m:
A =0.004647 s*/mS,

new PA

newdP

AE‘AP = [98 1 Q31(Auld N AnewAP)/n(pum. unit)]24 -
— 365 = 38,627 kWh per year.

Thus, despite the narrowing of the live section
of the old steel pipeline after repair and due to the low
resistivity coefficient of the new internal coatings, it is
possible to achieve savings of 34,006 kWh/year (using
the “Pipe-Arm” technology) and 38,627 kWh/year (using
the “Arm-Pipe” technology) respectively.

At the same time, assuming the condition of rela-
tive equality of costs for repair and rehabilitation works
on the steel pipeline by alternative technologies, “Arm-
Pipe” technology has an advantage in terms of potential
energy savings during water transportation compared
to “Pipe-Arm” (AE,, — AE,, = 4,621 kWh per year
or 13.59 %).

CONCLUSION AND DISCUSSION

The essence, technical potential and installation
conditions of advanced technologies of trenchless recon-
struction of dilapidated pipelines “Arm-Pipe” and “Pipe-
Arm” are described.

With the use of information-search automated sys-
tem the analysis of application of technologies “Arm-
Pipe” and “Pipe-Arm” for renovation of dilapidated
steel pipeline was carried out, which showed that along
with resource saving and increase of bearing capacity
of'the pipeline, it is possible to achieve reduction of power
consumption during water transportation through pipe-
lines.

For the considered private task of reconstruction
of an old steel pipeline of a certain length, diameter and
transported flow rate with the use of alternative technol-
ogies, the energy savings for water transport can range
from 34,006 to 38,627 kWh per year.
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AHHOTALUUA

Beepenune. OguH 13 mMaBHbIX TEXHOMEHHbIX (hakTOPOB (DOPMUPOBAHNS SKOMOrMYECKUX Npobnem — [OPOXKHO-TPaHCMOPT-
HbIA KOMMIIEKC, OKa3bIBaIOLMI arpecCMBHOE BO3AEVICTBME HA OKPYXaloLlyl cpedy. OTO CBA3aHO C BbICOKMMU Temnamu
yp6aHusauum B Mupe. OOHUM U3 OCHOBHbIX 3KOMOMMYECKMX PUCKOB B MnpoLiecce GypHOro pasBuTUSA rOpPOAOB CHUTAETCS
N3MEHEHWe aKyCTUYeCKOW CpeAbl TOPOACKMX YKL, B CBA3W C POCTOM LLYMOBOTO 3arpsisHeHunsi. HeobxoavmMo BbISSBUTb U CU-
cTeMaTnampoBaTb haKkTopbl, BNMSIOLIME Ha aKyCTUYECKyl cpedy OOLeCTBEHHbIX MPOCTPAHCTB FOPOACKMX YyNuu, Ans no-
CreayloLero BbISIBIIEHNST 3aKOHOMEPHOCTEN MeXAy CTPYKTYpPOW ynul, MX (PYHKLMOHANbHOMO U OOBbEKTHOrO HamnorHeHus
1 3BYKOBOro nangwadra. Llenb nccnegosanvs — BbISBIEHNE U CUCTEMATU3ALMSA OCHOBHBIX (DaKTOpPOB, OnpeaensioLmx
LLYyMOBOE BO3EVICTBME Ha OOLLECTBEHHbIE NPOCTPAHCTBA FOPOACKUX YNNL, KAYeCTBO aKyCTUYECKOW cpeabl YIUYHbIX Tep-
puTOpUIA.

MaTepuanbl u meToabl. Vicnonb3oBanu cregyloume meTogpl: rpadoaHanuTuyeckuii, ob3op, cMctematusaums, CpaBHU-
TEMbHbIN aHanNM3 1 CUHTE3 MO Hay4YHbIM, NUTEPaTYPHbIM UCTOYHMKaM, CBA3aHHBIM C COBPEMEHHBIMU NMOAXO0AaMU K OLEHKe
1 OpraHu3aLmmn akyCTUYeCcKon cpefibl FOPOACKMX MPOCTPAHCTB, a Takke C MeToAamu 3aLMTbl OT TPAHCMOPTHOO LyMa.
PesynbraTtbl. OnpegeneHbl OCHOBHbIE (haKTOpbl, BMSAIOLIME Ha aKyCTUYECKYI0 cpefy YNMYHOrO MPOCTPaHCTBa, a Takke
onpeaensoLme noTeHuman n3MeHeHu, No3BONALLMIA yIyYLUTb 3BYKOBOW NMaHalwadT. PakTopbl akyCTU4eCKoW cpeabl
cMcTemMaTu3npoBaHbl B CrieqytoLye rpynnbl: hakTopbl LWyma — BAVSIOT HA YPOBEHb LUyMa, XapakTep BO3HUKHOBEHWS, pac-
NPOCTPaHEHNS B CPefe U ero CHWKeHUe; pakTopbl 3Byka — OKa3blBalOT BMMSHWE Ha BOCMPUSATUE aKyCTUYECKOW cpefbl,
a TaKkKe Ha Ka4eCcTBO 3BYKOBOTrO NnaHAladta ropoackon ynuLibl.

BbiBoabl. Ha ocHOBe npoBedeHHOro aHanmn3a COBPEMEHHbIX OTEYECTBEHHbIX U 3apyOeXHbIX MCTOYHUKOB, B KOTOPbIX OT-
pakeHbl NOAX0Abl K OLieHKe, MPOEeKTUPOBAHNIO 3BYKOBbIX NaHAWAdTOB, 3aluMTe OT Wyma ypbaH3MpOBaHHbIX TEPPUTOPUNA,
cchopMynMpoBaHO NpPeanonoXeHe O B3aMMOCBSA3M LUYMOBBIX U 3BYKOBbIX (DAaKTOPOB, BIMSIOLLUMX HA KAYeCTBO aKyCcTuye-
CKOW cpefbl, YTO NoATBepXXaaeT HeobxoAMMOCTb OMONMHUTENBHOMO UCCNEAOBAHUS 3TOW 3aBUCUMOCTU U hOPMMPOBaHMSA
HOBOW CTpaTerMm opraHn3aummn 3ByKOBOTro nanaladra obLLeCTBEHHbIX MPOCTPAHCTB rOPOACKMX YKL,

KNKOYEBBLIE CINOBA: 3awuTta OT LWyma, ropod, akycTudeckasi cpeaa, 3BYKOBOW naHAwwadT, ropoackue ynuubl, oblue-
CTBEHHbIE NPOCTpPaHCTBa
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ABSTRACT

Introduction. One of the main technogenic factors in the formation of environmental problems is the road transport com-
plex, which has an aggressive impact on the environment. This is due to the high rates of urbanisation around the world.
One of the main environmental risks in the process of rapid urban development is considered to be a change in the acoustic
environment of urban streets due to an increase in noise pollution. It is necessary to identify and systematise the fac-
tors affecting the acoustic environment of public spaces of city streets, in order to subsequently identify patterns between
the structure of streets, their functional and object content and the soundscape. The purpose of the study is to identify and
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systematize the main factors determining the noise impact on public spaces of urban streets, the quality of the acoustic
environment of street territories.

Materials and methods. In the course of this study, the following methods were used: graphoanalytic, review, systematisa-
tion, comparative analysis and synthesis based on scientific and literary sources related to modern approaches to the as-
sessment and organisation of the acoustic environment of urban spaces, as well as well as methods of protection from traffic
noise.

Results. The main factors influencing the acoustic environment of the street space are identified, as well as determining
the potential for changes to improve the soundscape. The factors of the acoustic environment are systematised into the fol-
lowing groups: noise factors — affect the noise level, the nature of its occurrence, propagation in the environment and its
reduction; sound factors — influence the perception of the acoustic environment, as well as well as the quality of the sound-
scape of a city street.

Conclusions. Within the framework of this study, based on the analysis of modern domestic and foreign sources, which
reflect approaches to the assessment, design of soundscapes, protection from noise of urbanised territories, an assump-
tion is formulated about the relationship of noise and sound factors affecting the quality of the acoustic environment, which
confirms the need for additional research of this dependence and the formation of a new strategy for the organization
of the soundscape public spaces of city streets.

KEYWORDS: noise protection, city, acoustic environment, soundscape, city streets, public spaces
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BBEJIEHHUE

Bompocsr sxonormueckoir 6€30MacHOCTH TOPOIOB
Ha CETOHSIIHUI JIeHb KaK HUKOTJA aKTyaJbHBL. JTO
CBA3aHO C BBICOKMMHU TEMIIaMH yp6aHH3aum/1 B MHUpE.
‘YBenmueHre ropoACKOr0O HaCeICHUsSI IPOUCXOIUT BCIIE -
CTBUC YIIYUIICHHUA Ka4€CTBaA )KM3HHU B ropoaax, osBJje-
HUS BO3MOYKHOCTEHN NMPOXKUBAHUS B TOPOJICKUX PAlOHAX,
a TaKKe B CBSI3M C POCTOM YHCIIA TOPOJIOB C YIIyUIlIeH-
HOW MH(PACTPYKTYPOH B pa3BUBAIONINXCS cTpaHax [1].
Bce BrinenepeuncienHple MPUYUHBI HEMHHYEMO BEIYT
K BOSHUKHOBEHHIO POOIEM IKOIOTHUECKOM Oe30MacHo-
CTH TOPOJICKOH CpPEIIBL.

OnHUM U3 IVTaBHBIX TEXHOTCHHBIX (JaKTOPOB hOpMH-
POBaHUS IKOJIOTHUECKUX MPOOIIEM SBIISETCS TOPOKHO-
TPAHCIIOPTHBII KOMITJIEKC, OKa3bIBAIOIINI arpecCUBHOC
BO3JICHCTBHE HA OKpYXalonlyro cpeay [2]. OCHOBHBIM
9KOJIOTUIECKAM PUCKOM B TIPOIEcce OYPHOTO pa3BUTHS
TOPOJIOB CUUTACTCS M3MEHEHUE aKyCTHYECKOH Cpelibl
ypOaHU3UPOBAaHHBIX TEPPUTOPHUI MO MPUUMHE POCTa
IIyMOBOTO 3arpsi3HeHus. JJOMUHUPYIOIIMM HCTOYHUKOM
IIyMa CITy’KHUT JOPOXKHOE JIBIKCHHE, OT KOTOPOTO CTpa-
naet 54 % eBponencKoro HaceleHus, MpoKUBaroLe-
r0 B anioMepalusx, coO CpeHUM pacyeTHbIM YPOBHEM
mryma 6oxee 55 ab [3]. s mryma skeine3HOIopOKHOTO
W BO3JYLIHOTO TPAHCHOPTa MPOIEHTHI COCTABIISIOT §
n4 % coorBeTcTBEHHO [3].

ITo manubM cratuctuku, B 40 cyobekrax Poc-
cuiickoit @enepannu Oonee MOTOBHHBI TOPOJCKOTO
HACEJICHUS IOJBEPKCHO HETaTHBHOMY BO3ICHCTBHUIO
JIOPO’KHO-TPAHCIIOPTHOT'O KOMIUIEKCA, B TOM YHCIIE
1 oT gopokHoro mryma [4]. ITo omerkam MocIKOMOHH-
TopuHra, 6osee 70 % TeppUTOPHUIl CTONHUIIBI O/IBEPIKE-
HBI CBEpXHOPMATHBHOH ITyMOBOil Harpy3ke [5]. OnHa
13 IPUYHMH BO3HUKHOBEHUS TEXHOTEHHOTO BO3/ICHCTBHS
Ha ypOaHHM3UPOBAaHHBIE TEPPUTOPUU — POCT aABTO-

MoOmmm3anuu (1mo gaHHbM Ha 1 saBapst 2022 r. B PO
Ha KOKIYIO ThICAYY 4YesloBeK mpuxoautcs 318 aBromo-
omend) [2].

T'opozackoe HaceneHHe MOABEPKEHO MOCTOSIHHOMY
BO3/CICTBUIO IIyMa HA TEPPUTOPUSIX YJIUL MUKPOpaii-
OHOB, Ha pabOYMX MECTAX, a TAKXKE B JKUIIBIX ITOMEIIIe-
Husix. LllymoBoe 3arpsi3HEHHE OKa3bIBACT HETAaTHBHOE
BIMSIHWE HA (PU3MYECKOE U MCUXUYECKOE COCTOSIHHE
KuTeneld. Bo MHOTMX HaydHBIX HCTOYHUKAX [6—8] mpu-
BEJICHBI JaHHBIC, CBUJCTEIBCTBYIOIINE O HAPYIICHHUIX
B paboTe CepAeYHO-COCYANCTOH, IEHTPAILHON U Be-
TETaTHBHOW HEPBHBIX CHUCTEM JIFOJCH, MMOJBEPKEHHBIX
JIOJITOBPEMEHHOMY aHTPONOT€HHOMY IIYMOBOMY BO3-
neiictButo. Takke HeOmarompusATHas aKycTHUecKas
cpena BIUSEeT Ha KOTHUTUBHBIC CTIOCOOHOCTH neTeid [3].
Bceemuphast opranu3zanys 31paBOOXpaHEHUs OLCHUBAET
opems 6omesnelt B EC, CBI3aHHBIX C TIOPOKHBIM JTBIKE-
HHUEM, KaK ©KETOHYIO MOTepo 1,6 MUITHOHA JIET KU3HH
¢ rorpaBkoi Ha nHBaNMHOCTE (DALY), uro nmpuBoaut
K motepe 1—2 mHei B Tooy Ha AyITy HaCEIeHHS, U XapaK-
TEpU3yeT IIyMOBOE 3arpsi3HEHHE KaK HEJOOIICHEHHYIO
yrposy [3].

CrnoxHelmas 3ajjada MOBBIMICHUS KOMPOPTHO-
CTH ¥ 0€30IaCHOCTH TOPOJICKOM CPEebl Ha CEroHsIII-
HUH JICHb 3aCTaBIIET IPaJIOCTPOUTEIICH NCKAaTh HOBBIE
MyTH peIIeHUs NaHHOH npobnemsl. [IpuHATEIE BO MHO-
TUX CTpaHax CTPATeruu 3alllUThl OT LIyMa JIOKa3bIBAIOT
CBOIO A(PPEKTUBHOCTH HA TIPAKTHKE, OTHAKO ITOCTOSHHO
pactymue TpeOOBaHUS K KauyeCTBY TOPOJCKOM Cpesbl,
KOM(OPTY YCIOBHUI >KU3HEIEATSIBHOCTH HACEICHHUS,
OTBEYAIOIINE COBPEMEHHBIM BbI30BaM I'OPOOB, YKa3bl-
BAalOT Ha HEAOCTATOUHOCTH MPUMEHSIEMBIX Mep. B cBs3n
C 9THM B MOCJEIHEE JICCATUIETHE HAOMPAET aKTyasb-
HOCTB TIOJIXO]], B OCHOBE KOTOPOTO JISKUT COXpAaHCHHE
3BYKOBOTO JIaH/IIadTa B IOMOJHEHHE K CTPAaTeTrHuy 3a-
IIUTHI OT HIyMa.
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JlanHOE HampaBieHHE UCCIEAOBAHMM ABISIETCS
HOBBIM U NEPCHEKTUBHBIM, TaK KaK OTPa)kaeT COBpe-
MEHHBIE TeHJICHIINN OTHOILICHUSI K KaueCTBY TOPOJCKON
cpensl. B oTedecTBeHHO M 3apyOeXHON MpakTHKax
IO TEME 3BYKOBOTO JIaH (IIadTa HAKOIJICHO MHOYKECTBO
UCCIIeIOBAHUH TEOPETHUECKOTO U MPAKTHYECKOTO XapaK-
Tepa. M3yueHue 3ByKOBbIX Cpejl BIIEPBbIE HAYATO B KOHIIE
1960-x rr. [TonsiTne «3BykoBOH JaHIAa(T», BBEICHHOE
KaHaJICKIM KOMITO3UTOpOoM, dKosorom P.M. Illeiidepom,
HHTEPIPETUPYET MPOIECCHl B3aUMOICHCTBHS YeIOBEKA
U aKycTuuecKkoil cpesibl [9]. 3ByKoBoii TaHmmadT Xapax-
TEPHU3YETCsI BOCIIPUSITHEM 3BYKOBOH Cpeibl B KOHTEKCTE
C MPUCYLIUM eMy (HU3UYECKUM U SMOILMOHAIBHBIM OT-
kikoM. OCHOBHasl 3a/1a4a 3TOro MOAX0/1a — YTIpaBie-
HHE 3BYKOM, MPEATIOJIAraroniee paiioHaIbHOE TPUMe-
HECHUC U COXPAHCHUEC MO3UTHUBHBIX aKyCTHYCCKUX CPCII.
[Monxon k 3BykoBOMY JTaHAIA(TY TO3BOJISIET MO-HOBOMY
B3IVITHYTh HA TO, KaK HE TOJIBKO aKyCTHKH, HO U TPajIo-
CTPOMTENH, aPXUTEKTOPHI MOT'YT HMCIOJIB30BATh 3BYKO-
BYIO CpeJly B IIPOILECCE MPOEKTUPOBAHUSL.

OTHOCHUTENTBHO MaJIO BHUMAHUS y/IEJSIETCSI B TIPAK-
THUKE TOPOJACKOI'0 IJIaHUPOBAHUA HUCCICAOBAHUAM 3BY-
Ka, YYUTBIBass BXXHBII BKJIAJ 3BYKOBOTo JaHamadra
B TIPOIIECCE PALMOHATIBHOTO TOPOJICKOTO IITAHUPOBAHUS
JUIS YITy4IIeHNs 30POBOH OKpYKaIOIIel cpe/bl KaK He-
OTHEMJIEMOH YaCTH YCTOHYMBBIX TOPOJIOB M COOOIIECTB.
Ha Ga3e n3y4eHHBIX OTEUECTBEHHBIX M 3apyOSKHBIX Ha-
YYHBIX MaT€pUaIOB MOXKXHO O603Ha‘II/ITB JBC KIIKOUCBBIC
MPUYMHBI JAHHOTO SIBJICHUSL:

1. JloMMHHpOBaHHUE BU3YyaIbHOM KyJABTYPBI Ha IPO-
TSODKEHHUHM JIOJITOTO BPEMEHH BO MHOTHX cepax uelo-
BEUECKON JKU3HEEATENIbHOCTHU, BKIIIOUasi apXUTEKTYPY
U TPAZOCTPOUTENHCTBO, HA/l IPYTUMH CEHCOPHBIMH BIIE-
YaTeHusIMH (BKITI04ast 3ByKoBbIe) [ 10].

2. B cymecTByromuX MOAXOAaX, KACAIOLUXCS
AKyCTHYECKOM cpelibl, OCHOBHOM 3aj1adyei sIBIISIETCS
CHIDKEHHE IIIyMOBOTO BO3JCHCTBHSA, COCPEIOTOUEHHOE
Ha YPOBHE 3BYKOBOTO AaBleHUs. MeponpusTus, onu-
CaHHBIC B COBPEMEHHBIX HOPMAaTHUBHBIX aKTaX, OCHOBa-
HbI HA MUHUMHA3allMU HCTAaTUBHOI'O BO3HeﬁCTBHﬂ, 3alu-
Te Jrofiel OT HEeXeNaTeIbHOT0, ONTACHOTO LITyMa. YPOBHU
3ByKa caMH 110 ceOe He JafoT MOJHOTO MPECTABICHHS
0 3BYKOBOI1 cpeJie, a CHIYKEHUE [IyMa MOXKET ObITh MPH-
YMHOH JIpyrHuX nmpooieM. JloMUHHpYIOIIas Ha IPOTsHKe-
HHUM MHOTHIX JIET CTPATET WS 3aIIUTHI OT IIyMa HE YIHUTHI-
BAeT peaIbHbIN ONBIT BOCIPUSTHSI 3ByKOBOTO JIaHAIIA(TA
B ropofckux ycioBusx. [Ipu moaxoae k npoekTuposa-
HUIO, ITIABHOM 3a71a4eil KOTOPOI'o CIIY’KUT KOMIUIEKCHOE
paccMOTpeHHe aKyCTUUECKON CUTyalluu, OCHOBAHHOM
HAa 3BYKOBBIX MPEANOYTEHUSX JIFO/IeH, 3ByK BOCIIPUHH-
MaeTcs KaKk pecype, KOTOPBIil Ba)KHO COXPAHSTh M yITyd-
mark 1715t pOPMUPOBAHUSI KAUECTBEHHOM rOPOJICKOM cpe-
nel [11, 12]. JlaHHBIH TOIX0 K 3BYKOBOMY JIaHIIIA(TY
BKJTIOUAET J100aBIICHHIE WITH YCUIICHUE JKETAEMBIX 3BYKOB,
a TaK)K€ YMCHBIICHUEC WM YCTPAHCHUEC HEKEIIATCIIbHBIX.
BrnusiHue 3ByKoBOil cpe/ibl Ha 3710pOBbE, KaUECTBO KU3HU
YeJI0BeKa TaKKe CYIIECTBEHHO, KaK 1 IIIyMOBOE BO3ZICH-
ctBHe. B oTinuune ot aryma 3BYyK CHOCO6€H OKa3bIBaTh
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TIOJIOKUTEIBHOE BIMSHUE HA (PU3MYECKOE M TICHXHYe-
CKO€ COCTOSIHHE, 3BYKH TIPUPOIbI CIIOCOOCTBYIOT BOCCTa-
HOBJICHHIO TIOCJIE NTepeHeceHHoro crpecca [13]. B memsax
MOBBIIIEHHS d(PEKTUBHOCTH MEPOTIPHUSATHIA 10 O0pbOe
C IITyMOBEIM 3arpsi3HEHHEM B (POpPMUPOBAaHUIO OIaro-
IIPUATHON aKyCTHUECKOU CpPeJibl TOPOICKUX TEPPUTOPHI
HeoOxoauMa (hOpMYITMpOBKa 3HAHUI B IPAKTHKE TPaIo-
CTPOUTENBCTBA O 3BYKOBBIX JIaHIMA(PTaX B KOHTEKCTE
B3aMMOCBA3U UCTOYHUKOB 3BYKa U UX SMOLIMOHAJILHOT'O
BOCHPHSTHS.

[TpumeHeHNEe METOI0OB CO3/IaHuUsI TO3NTHBHBIX 3BY-
KOBBIX J'IaH}IH_Iaq)TOB B IMpoHeCCC MPOCKTUPOBAHUSA T'O-
POJICKOTO YIIMYHOTO MPOCTPAHCTBA IMEET BAXKHOE 3HAYC-
HHUE B (popMIpOBaHNH OE30MIACHON U TPUBIICKATEIEHON
ropoackoi cpeasl. IIpocTpaHCTBO ynuIbl BKIKOYAET
HE TOJIBKO TPAaH3UTHYIO (PYHKIIHIO JIUTsI MOTOPH3HPOBAH-
HOTO U HEMOTOPH30BAHHOTO TPAHCIOPTA M MELIEXO0/I0B,
HO CO3/Ia€T YCJIOBUS JUT COLMATIBHOTO B3aUMOJICHCTBHS
U SBISIETCS] IEHTPOM 0O0IecTBeHHOW >kn3HU. [lonb30-
BaTeNn OOIIECTBEHHBIX MTPOCTPAHCTB YNIHUIl Hamboiee
MO/IBEPXKEHBI [IIyMOBOH Harpy3ke, a Tak)ke HeraTHBHO-
MY 3ByKOBOMY BO3JICHCTBHIO, TaK KaK HAXOISTCS B He-
MTOCPEACTBEHHON OIM30CTH K THHEITHOMY HCTOYHHKY
1ryma. BaykHO KOMITIIEKCHO OJIXOMTh K PELIEHHIO ATOTO
BOIIPOCA, OCYIIECTBIISIS 3AIUTHBIE MEPOIIPHATHS B COBO-
KyITHOCTH C ITOBBIIIEHHEM KaueCcTBa aKyCTHIECKOH cpe-
JIbI TOPOACKUX YJIIMYHBIX IIPOCTPAHCTB HA KAXKIOM DTalle
TPaJIOCTPOUTEIILHON JIESITENTbHOCTH.

W3ydenne 3apyOeKHBIX 1 OTEUECTBECHHBIX HAYYHBIX
TpyZOB B chepe npeodpa3oBaHus 1 COXPAHEHUS 3BYKO-
BBIX JIAHJIA(TOB TOPOJCKUX TEPPUTOPHIA TTO3BOIHIIO
BBISIBUTH: MOJXOJBI K MCCIETOBAHUIO aKyCTHYECKON
Cpeabl; METO/bI KOJIMUECTBEHHOM U KaUEeCTBEHHOM OLICH-
K1 BO3JICHCTBHS 3BYKa Ha OKpYXKaIoIlee IMPOCTPAHCTBO
1 YeJI0BEKa, B TOM YHCIie pa3paboTaHHbIE HA OCHOBE CO-
BPEMEHHBIX MH(OPMAIMOHHBIX TEXHOJIIOTHHA C UCTIONb-
30BaHHEM MAIIHHHOTO O00y4YEHUs; B3aHMOCBSI3U MEXKIY
KaueCTBOM 3BYKOBOH CpENbl U T'PajloCTPOUTEIBHBIMU
napameTrpamu ypOaHU3UPOBAHHBIX TEPPUTOPHI JUTS J0-
CTYO)KCHUSI [IETIM YCTOHYMBOTO Pa3BUTHSL.

Ilepen TeM Kak pacCMOTPETh COBPEMEHHBIE TEH-
JICHIIUK HAy4YHBIX pabOT 10 TeMe 3BYKOBOTO JIaH [IadTa
Ba)KHO OTMETHTH OCHOBHBIE TTOJIXO/BI K (JOPMHUPOBAHHIO
KadeCTBEHHBIX aKyCTHIECKUX CPE, BXOSIINE B HHIHEII-
HHE CTPATErny 10 UX COXPAHEHHIO U MPeoOpa30BaHUIO,
a TaKk’ke B OCHOBY JIJaHHOTO MccienoBaHus. B cBoem
tpyze [14] b. Xemncrpem (2003), cnexyst padbore Amby
(1993), onuceiBaeT TpU pasiIMYHBIX OOMIMX MOAXOA
K YIPaBJIEHHIO 3ByKOBOH Cpe/oii: 000pOHHUTETbHBIH, Ha-
CTYHaTeNbHBIN 1 TBOpYeckuid (puc. 1). 3amuTHas cTpa-
TErusa HampaBJiCHAa Ha NPCAOTBpalICHUE HETAaTUBHOTO
BIIMSTHUS 3BYKOB, KOTOPBIE CUUTAIOTCS HEXKeEIaTelbHbI-
MU WU OTIACHBIMH; HACTYTIATENIbHAS CTPATET s OOJbIIIe
OpPHEHTHPOBAHA Ha BBISBICHHE KauecTBa 3ByKOBOH cpe-
b1 JUTS IPUIAHKS MY JJOJDKHOTO 3HAYCHHS; TBOpUECKast
CTpaTerusl BKIIOYAET BBEACHUE WIIM YCHJICHHE XKela-
eMbIx 3BykoB. PasBuBas mbiciu b. Xemnctpema, I. Cep-
BeH (2016) mpearaer [ 15] coOCTBEHHYO TPEXJacTHYIO
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3amuTHas CTpaTerus

v

HaCTynaTeana;I cTparerus

v

TBopueckas crparerus

Puc. 1. Crparerust npeoOpa3oBaHus 3ByKOBOTO JaHmadTa
b. Xenncrpema (2003)

cTpareruio (3 Kareropun) 1o npeodpazoBaHUIO aKyCTH-
Y4eCKO# cpenpl (puc. 2):

* kareropus I kacaercs cTparernyeckoi Jokaiu3a-
K QYHKIMI 1 ee BIMSIHUS Ha 3ByKOBYIO cpeny. Hau-
0o0s1e€e TUMHYHBIM MMPUMCHCHUEM KaTCTOpHUU 1 sBnsgercs
MIPEAOTBpAIICHIE HEKEIATeIbHBIX 3BYKOB ITyTEM 00eC-
MICYCHUS IOCTATOYHOTO PACCTOSHUS,

» kareropus Il cBsizaHa ¢ paccCMOTpPEHUEM TOTO,
KaK TaKue¢ BMEIIATCJIbCTBA B .]'IaHlIHIa(I)T, KaK 1mymo3sa-
IIUTA, TOTOTpapuIeCKue H3MEHEHHS HITH IPHIMCHCHHE
AKyCTHUYECKHU MOIXO/SIIMX MaTepPUajIoB, MOTYT OBITh HC-
TMOJIB30BAaHbI JIJI1 YMCHBIICHUA HECXKECIATCIIbHBIX 3BYKOB
B JIAaHHOU 00JIaCTH;

» kareropus I kacaercs mpeaHaMepEHHOTO BBEJIE-
HUS DJIEMEHTOB, KOTOPBIE TIPOM3BO/ISIT JKETaeMbIH 3BYK,
TaKUX KaK BOIHBIE OOBEKTHI, IENECT PACTUTEIFHOCTH,
TpaBUIHBIC MEIIEXOTHBIC TOPOKKH, OMOTOITBI IS TITHIT
WITH 3ByKOBOE MCKYCCTBO. TakrM 00pa3oM, OCHOBHOE BHH-
MaHUE YACIACTCA MOJIOKUTEIIbHBIM 3ByKOBBIM KaU€CTBAM,
KOTOPBIC CO3HATEITFHO CTUMYIUPYIOTCS WM BHEIPSIFOTCSL.

I
Jlokanu3anus
GbyHKIHI

11
‘VMeHbIIeHUE
HEXKeJIaTeIbHBIX
3BYKOB

111
Baenenue
TOJIOKHTCIIBHBIX
3BYKOB

Puc. 2. Crparerus npeodpa3oBaHus 3ByKOBOro JaHamadra
I'. Cepaen (2016)

O0a nosxosia OTBEYAIOT COBPEMEHHBIM TPEOOBAHH-
SIM, TIPEBSABIIIEMBIM B 00JIaCTH Pa3BUTHS OOIECTBEH-
HBIX MIPOCTPAHCTB FOPOACKUX TEPPUTOPHIL, B TOM UHCIIE
VIIHIL, 71 CO3/1aHusi KoM(OPTHOM U 0E30IacHOM Cpe/Ib
KHU3HEESTENbHOCTH HaceiaeHust. OTHAKO MOAXObI HO-
CSIT JOCTATOYHO OOIIUH XapaKkTep M HE UMEIOT KOHKpeT-
HBIX MEPOIPHATHH, OCHOBAaHHBIX Ha JIOCTOBEPHBIX JaH-
HBIX O B3aWMOCBSI3M KQUECTBEHHBIX 1 KOJIMYECTBEHHBIX
XapaKTePUCTHK BOCIIPUSTHUS 3ByKOBOTO JlaH madra ue-
JIOBEKOM U NMPOCTPAHCTBEHHBIX XapaKTEPUCTHK TOPOJ-
CKOM 3aCTPOMKH.

W3yuas 3apyOexHbIe HCCISOBAHUSA, MOXKHO OTME-
TUTh OT'POMHBIN HAKOIUICHHBIH TEOPETUYECKUH U TpaK-
TUYECKUH OTBIT B Cepe OIMEHKU ICUXUIESCKOTO U (Hu-
3MYECKOTO BIMSHHA 3BYKOBOTO JaHIIa(Ta Ha YeJIOBeKa
B COBOKYIHOCTH C pa3IHYHBIMU KOMIIOHEHTAMHU Cpe-
b1, MOP(OJIOTHEN TTPOCTPAHCTBA, BU3YaIbHOTO BOCIIPH-
SATHSL.

B cratbe [16] uccnenoBaHo BIUSHHE 3BYKOBOTO
JaHAmadTa Ha ICUXUIECKOE COCTOSHUE M MOBE/ICHHE
yenoBeka. [[poananu3upoBana peakius Jroel Ha ecTe-
CTBEHHBIE U AaHTPOINOTEHHBIE 3BYKU B YCIOBHSAX TOPOA-
CKOM 3aCTPOMKH.

ABTOpHI yOnuKkanuu [17] mpoBenn cpaBHUTENb-
HYIO OIIEHKY 3BYKOBBIX JIaHIIA(TOB B KOHTEKCTE pa3-
JMYHBIX BUJOB JESTEIBHOCTH MEIIEXOJHBIX 30H, IPH-
JIeraroInX K MarucTpajJbHBIM JoporaM. BrisBieHo,
YTO B MEMIEXOHBIX 30HaX C MOCTOSHHBIM LIYMOM JI0-
PO’KHOTO ABM>KEHUSI IPUCYTCTBUE 3HAUNTEIIBHBIX 3ByKOB
YEIIOBEUECKOHN MEATEIBHOCTH MPUBOIUT K CHIIKCHUIO
BOCIPHHUMAEMOTO0 TIPe00iIaiaHns TPAHCIIOPTHOTO IITyMa
U TIOBBIIICHUIO aKyCTHYECKOTO KoM(opTa, HECMOTPS
Ha 6oJree BBICOKYIO aKyCTHUECKYIO 3HEPIHIO.

B uccnenosanuu [18] paccMOTpeHO BAMSHUE 3BYKa
Ha BOCHPUSTHE TPAHUIL] 3aCTPOHKH B TOPOACKUX YIHI-
HBIX KaHbOHAX C Pa3JUYHBIM OTHOIICHHEM BBICOTHI
3aHUI K UX MUpHUHE. Pe3ynprarsl 3KcepUMeHTa I0-
Ka3bIBAIOT, YTO BOCHPUHUMAEMbIE 3aMKHYTOCTb, HPO-
CTOp U MPHUATHOCTH BU3YAIbHBIX CTUMYJIOB CHIKAIOTCS
MO0 MEpPEe YBEIHUEHUS! OTHOIIECHUS BBICOTHI K IIMPHHE.
[Ipencraienne 3ByKa 3HAYUTEIHHO BIMSACT HA BOCHIPH-
ATHE JIMHUM 3aCTPOUKH U BOCIPHUHUMAEMOTO IIPOCTO-
pa, B TO BpeMsI Kak Ha BOCIIPHHUMAEMYIO MPUSTHOCTh
3BYK IMEET MUHUMAJILHOE BO3/IeHiCTBHE. BimsiHue 3ByKa
Ha CyObEKTHBHBIC PEaKIuy 00Jiee XapaKTepHO JUIs y3KUX
YIINLL, YeM JUTS INHPOKHX.

Taxske Ha 3BYKOBOE BOCIHPHUSITHE BIHSIOT U BHU3Y-
anbHBIE 00pa3bl 03eJICHEHHBIX MPOocTpaHCTB. IIposenen
SKCIIEPUMEHT, B XO/I¢ KOTOPOTO OLIEHEHO BIIUSIHUE BU3Y-
QJIBHBIX CTUMYJIOB — JIMCTBBI JA€PEBBEB, MTOIIAIAOIINX
B KaJIp MaHOPaMHBIX CHUMKOB [ 19]. [lepeBbs oka3piBanu
MOJIOXKUTENIBHOE BO3/ICHCTBIE Ha JIFOJEH, OLIEHUBAIOIUX
3BYKOBYIO CpEJy HCCIIEAYEMOTO IIPOCTPAHCTBA.

B pa6ore [20] pa3paboTaHa METOIOJIOTHSI, TIPHU-
MeHsemas JUIsl cTpaTuUuKaluyd TOPOACKHX JOpOT
10 MX (PyHKIIMOHAIBHOCTHU TOJBKO C YYETOM TOPOACKUX
ocobennocreit. [Ipeanonaraercs, 4To 3TO UHCTPYMEHT
JUIS TPYTIITUPOBKYU TIOXOXKHX YIIHIL U, CIIEJOBATEIBHO,
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mymMa JI0pOKHOTO JIBUKEHUSI, TO3BOJISIONINN CIeLHU-
AJINCTaM I10 TOPOJICKOMY TUTAHUPOBAHUIO M TPAHCIIOPTY
MOAJEPIKUBATH CHUOKEHHE BO3JEUCTBHUS LITyMa Ha JIFONIEH.

Ienbro u3yueHUst KUTaHCKUX aBTOPOB [21] aBmus-
€TCsI OTIpe/IeIEHNEe METOI0B CHIDKEHHS YPOBHS IIyMa
OT TPAHCIOPTA M YBEJIMUYEHUs] TUXHUX 30H B CEIbCKUX
KUJIBIX paiioHax Kurast myTeM ynpaBieHHs OTHOCUTEIb-
HBIM MECTOTIOJIOKEHHEM 1 TOPOICKUMHU MOp(oIornye-
CKHMH MapaMeTpamH.

OteuecTBEHHBIE HCCJICIOBAaHMA 3BYKa IIOKa HE Ta-
KH€ MHOTOUHCIICHHBIE, KaK 3apyOeiHBIE, OTHAKO MOXKHO
BBIJICJIUTH HECKOJIBKO U3 HEMHOTHX MPAKTHYECKUX PaloT.
B nayunom tpyzne M.A. UyOykoBoii [22] npexicrasieH
MOAXO/ K aHAJIM3Y 3BYKOBBIX JIAHAMIA(TOB TOPOICKHX
TEPPUTOPUIL U MPEJIOAKEHA METOOIOT U OIMCAHUS TO-
POJICKOM aKyCTUYECKOM Cpefibl, a TAK:KE IIPUBEACHBI CO-
IIOJIOT MYECKHE NCCIIEI0BAHNSI MHEHHH TOPOKaH O KOM-
(hopTHOCTH 3BYKOBO# CpEIbI.

B nayunoit pabote [23] C.B. Kopauenko paccmo-
TPEHBI MPOCTPAHCTBEHHO-BPEMEHHBIE 3aKOHOMEPHO-
CTH MEXJly pa3IMYHBIMH MCTOYHMKAMHU 3ByKa W aKy-
CTHYECKUM KaueCTBOM Cpeilbl Ha ypOaHM3MPOBAHHBIX
TEPPUTOPHSIX. A Taxke pazpaboTaHa KOPPENSIIHOH-
Hasi MOZIENb, MO3BOJISIOILAs IPOTHO3UPOBATh U3MEHEHHE
KPHUTEPUEB SMOIOHATIBHO BOCIIPHHUMAEMOT'0 KauecTBa
TOPOZCKOH Cpelbl B 3aBICHMOCTH OT MCTOYHHKA 3BYKA.
OnucaHbl OCHOBHBIE MPUHIIUIIBI CHUKEHUS YPOBHS TO-
POJICKOTO ILIIyMa U CO3JaHUs TO3UTUBHOM aKyCTHYECKOU
cpexsl [24]. B crarse [9] chopmymupoBaHO HOBOE ITO-
HSITHE — (DOHOTOII, TIPEAHA3HAYECHHOE /ISl KOMIJIEKCHON
OLICHKH aKyCTHUYECKOI'0 KauecTBa ropockoit cpenpl. do-
HOTOII SIBJISIETCSI YaCThIO 3ByKOBOM Cpe/Ibl, OTIIMYAIOILEH-
Cs1 OT OKpYKaroleit armocdepbl 0COOBIM aKyCTHYECKUM
pexxuMoM. DOHOTOI 33Ja€T OCHOBHBIE aKyCTHUECKHE
XapaKTEPHUCTHKH, OMPEAEISIst KPyT OPTaHU3MOB, KOTO-
pBI€ MOTYT CYIIECTBOBATh B JaHHOH sKocucTeMe. Takxke
B JIaHHOW CTaThe /IS OLIEHKH aKyCTHUYECKOTO peXumMa
ypOaHU3UPOBaHHBIX TEPPUTOPHI BBEIEM HOBBIN ITO-
Kazaresb — ropoJickoi akyctuueckuii nuujexe (Urban
Acoustic Index, UAI).

AHam3 0TeYeCTBEHHBIX 1 3aPyOSKHBIX HCTOUHHUKOB
TIOKa3bIBaCT BOCTPEOOBAHHOCTH U aKTyaJbHOCTh COBpE-
MEHHBIX HOJXO/I0B K (POPMUPOBAHHUIO TIO3UTHBHON aKy-
CTUYECKON CpeJIbl, OCHOBAaHHBIX HA CTPATETMIX 3aIUTHI
OT IIIyMa, COXPAHEHUs] U BHEPEHHUS JKEIaeMbIX 3BYKOB
B HCCIIeyeMOoe MPOCTPAHCTBO. B cBsA3M ¢ 3THM HE0OX0-
MO COPMYIUPOBATH (PAKTOPHI, BIUSIOIIHE HA aKyCTH-
YECKYIO Cpey OOIIECTBEHHBIX IPOCTPAHCTB TOPOICKUX
YIUI, JJS MOCIEAYIONIETO BBISBICHUS 3aKOHOMEPHO-
CTEH MEXIy CTPYKTYPOH yiHIl, NX (DyHKIIMOHAIHLHOTO
1 00BEKTHOTO HANOJIHEHUSI ¥ 3ByKOBOTO JIaHAIIA(TA.

MATEPHAJIBI U METO/JbI

HWcmonp3oBanu cieayroniie MeToabl: rpadoana-
JTUTAYCCKIHA, 0030p, CHCTEMATH3AIINs, CPABHUTEIHHBIH
aHaJIM3 ¥ CUHTE3 [0 HAyYHBIM, JIUTEPATYPHBIM UCTOUHU-
KaM, CBSI3aHHBIM C COBPEMEHHBIMH TTOIXOIAMH K OIIEHKE
W OpTaHM3allA aKyCTHUECKOU CPEeIbl TOPOICKUX TIPO-
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CTPAHCTB, a TAKKE C METOAAMH 3AIIUTHI OT TPAHCIIOPT-
Horo nryma. ITonck BeIONHEH B 0a3ax JaHHBIX Scopus
n Web of Science, a Takxe B Hay4HOH 21€KTPOHHOW OU-
6nuorteke elLibrary ¢ MCIOJNIB30BAHUEM COOTBETCTBYIO-
IMUX KITIOYEBBIX CJIOB: 3aIlUTA OT LIyMa, TOPOJ, aKyCTH-
yeckasi cpejia, 3ByKOBOH JIaH (AT, TOPOJICKHE YIUIIBI,
00II[eCTBEHHBIE MMPOCTPAHCTBA.

[Tonck m cucTemMaru3anus NaHHBIX ITPOU3BOIM-
JIMCh Ha BBIYMCIIUTEIBHOM KOMIUIEKCE BBICOKOH MPOM3-
BOJIUTEJILHOCTH, BHEAPECHHOM Ha Kadeape u(poBbIX
TEXHOJIOTHI B ypOaHUCTHKE, apXUTEKTYpe U CTPOH-
tenbeTBe Boarl'TY B pamkax peanusanuu IporpaMMel
CTPaTErHueCcKOro akaleMUIecKoro nuaepcTaa «lIpropu-
TeT-2030%.

Lenb nccenoBaHnst — BBISBICHHE OCHOBHBIX (DaKx-
TOPOB, OIPEEISIOIINX IIIyMOBOE BO3/ICHCTBHE Ha 00I1Ie-
CTBEHHBIE NPOCTPAHCTBA FOPOJACKHX YIHUI], KA4ECTBO
AKyCTHUYECKOH CpeJIbl YIINYHBIX TEPPUTOPHHL.

Br16op TeMbr uccnenoBanus 000CHOBAH aKTyallb-
HOCTBIO HalpaBJICHHUsI B U3yUYEHUH TOPOJICKOTO 3BYKa
U METOZ0B 0OpHOBI C ITYMOBBIM 3arpsi3sHeHueM. [1Iu-
pokasi peanu3anus rocylapCTBEHHbBIX, PETHOHATIBHBIX
U TOPOJCKHUX MPOTrpaMM B OTE€UECTBEHHONW M MHPOBOU
TpaJIOCTPOUTEINHHBIX PAKTHKAX, [TTABHOM 3a/1aueii KOTo-
PBIX SIBIISIETCSI CO3/IaHUE KOM(OPTHON TOPOJICKON Cpe/Ibl,
MOITBEPXKAIOT AKTyaJIbHOCTh BEIOPAHHOH TEMBI.

PE3VYJIBTATHI HCCJIEJOBAHUA

Topoxckue ynuipl odecrneunBarT pasHooOpasue
(hyHKIMH, KOM(pOPTHOE U OE30IMacHOE TBIKCHHE TPAHC-
nopra u neutexogoB. Comtacuo CII «I'pagoctponTens-
ctBO. [ImaHupoBKa M 3aCTPOiiKa TOPOJCKUX U CETbCKUX
MOCETICHUI», yIUIla — TepPUTOPHUs OOIIEro MOIH30Ba-
HUS, OTPAaHUYCHHAS KPACHBIMUE JIMHUASMHA YIIHIHO-TOPOXK-
Hoti cetr (YIC) ropona. B cBoro ouepesib, 00IIeCTBEHHOE
MPOCTPAHCTBO — 3TO CBOOOIHAS TS TIOCEIIICHHS JIFOIeH
C pa3IHYHBIMH HEISIMHE (peKpeartist, KOMMYHHKAIIUS, J10-
CYT U T.JI.) TeppuTOpusi. TeppUTOPHIO OOIIETO MOJIB30-
BaHMS YITUIIBI YCIIOBHO MOJKHO Pa3eiUTh HA JBE YaCTHU:
TPAHCIIOPTHYIO 30HY U OECTPAHCIIOPTHOE MIPOCTPAHCTBO
(oOIIeCTBeHHYIO 30HY). XapaKTepHOE IS YIHUYHOTO
MIPOCTPAHCTBA PACHOIOKEHIE TPAHCTIOPTHON M 001I1e-
CTBEHHO-/ICTIOBON (PYHKIIMI B HETTOCPESICTBEHHOH OITH-
30CTHU JPYT OT JIpyra CO3IaeT MHOXKECTBO MPOOJIeM TpH-
POTHO-KOJIOTHIECKOTO XapaKTepa, B IIEPEUeHb KOTOPBIX
BXOIUT ITYMOBOE 3arpsi3HeHHE. MHOTHE eBpOIeicKie
U POCCUIICKHE TOCYIapCTBEHHBIC MPOTPAMMBI U TIPOCKTHI,
OTpaXKAIOIINE COBPEMEHHBIE MOAXObI K TIIAHUPOBAHUIO
U TIPOCKTUPOBAHHIO TOPOJCKHX YITUII, OJJHAM U3 OCHOB-
HBIX ACIEKTOB YCTOWYMBOIO PAa3BUTHSI CUUTAIOT IKOJIO-
TUYECKHM, OTBCUAIOIIMI 3a TTOBBIIICHUE YKOJIOTHUECKOM
0e30ITaCHOCTH TEPPUTOPHHU TOPOJICKIX YITUI] 32 CUET CHU-
JKCHUS BIIMSIHUSI HEraTHBHBIX Bo3zeiicTBril. OCHOBHOE Ha-
3HaYeHue (eeparbHOro nmpoekra « @opMrupoBaHUEe KOM-
(hOpTHOIA TOPOIICKOH CPEIbI» — «OCYIIECTBUTH MMITYIIBCH
JUTS TIOBBIIIICHUS] MH/IEKCA €€ KauecTBa, CO3/1aTh MEXaH!3-
MBI €€ KOMITJICKCHOTO Pa3BHTHSA M 00ECICUUTH PaIno-
HabHOE U 3(P(QEeKTHBHOE MCIIONB30BaHUE TSPPUTOPHIA
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AKycTI/I‘{eCKaSI cpena

3amuTa oT 1Iyma

Iym — ¢axTop
Jerpaganum
cpensl,
HEOOXOIMMO
CHIKATh YPOBEHb
nryma

CoxpaHeHHEe 3BYKOBOTO
nmaggmadTa

3ByK — pecype,
KOTOPBIH
HEO0OXOIIMO
COXpPaHSTh

Puc. 3. [Togxon k oprann3anyy 3ByKOBOTO JIaHAMIA(Ta OONIECTBEHHBIX MPOCTPAHCTB TOPOJICKHX YITHUIL

TOPOJICKUX YJIUL. YIy4LIEHUE FOPOJCKON aKyCTUUECKON
Cpelbl CBSI3aHO C LEISIMA yCTOWYMBOTO passutus Op-
ranu3aimu O0benuHeHHbIX Harwii. YeroliunBeie ropo-
Jla ¥ COOOIIECTBA SBISIOTCS OIHOW M3 IIABHBIX IIEJICH
(mems 11), B pamkax koTopsix 3ama4gn Ha 2030 . BKiIIOUa-
0T CHUKCHUC HC6HaFOHpI/IHTHOF (6] BO3}1617[CTBI/ISI ropoaoB
B [IEpECcUeTe Ha YNy HACEICHUSI, OKPYKAIOIIYIO CPEITY
n obecrniedeHre BCeoOIero 1ocTymna K 0e30macHbIM, HH-
KIIFO3MBHBIM U JOCTYIHBIM, 3€JICHBIM U O6I_HCCTBCHHBIM
npoctpancTaM [3]. CoracHo MOMIOKEHUSIM JOKYMEHTa
3eJICHBIC W APYTHE OOIIECTBEHHBIC MeCTa TPEOYIOT JI0-
CTaTOYHO HU3KOTO YPOBHSI IITyMa JIsI OOSCIICUeHUSI JKela-
eMoil pyHKIUH. 3BYKOBOH JIaHIIAPT — HEOTheMIIeMast
4acTh aKyCTHUYCCKON 0S30MTaCHOCTH YPOaHM3HPOBAHHBIX
TEPPUTOPHUI U €T0 Ka9eCTBO JOJDKHO COOTBETCTBOBATH
TMPUHATBIM HOPMAaTUBaM U IporpamMmmMam.

Cornacno SO 12913-1:2014 3BykoBoii tanamadT —
aKyCTHYecKasl cpeia, BOCIPHHAMAEMast HITH TIePeKIBac-
Mast W/ TTOHIMaeMasi JIFOAbMH B KOHTEKCTE, a aKyCTH-
YecKast Cpejia — COBOKYITHOCTB 3BYKOB M3 BCEX HCTOYHU-
KOB, HaXOASALIMXCS B OKpY»Xarole cpene. B poccuiickux
HOPMATHBHBIX TOKYMEHTaX (OPMYIHPOBKH O 3ByKOBOM
nanmmadre orcyreryrot, B CIT 51.13330.2011 «3anmra
OT TIyMay CofepiKarcsl 00s3aTebHbIC TPEOOBaHMS K 3a-
IIUATE OT IITyMa, KOTOPBIE JOJDKHBI BBITOIHSITHCS ITPH TUIA-
HHPOBKE ¥ 3aCTPOHKE TOPOJICKHUX U CEIIbCKUX MTOCEIICHHUH,
U 00CCIICUCHUIO HOPMATUBHBIX MapaMETPOB aKyCTH-
geckoit cpenpl. KoMpopTHOCTH 3ByKOBOTO NaHamadra
Ha CETOIHAIIHUN JICHb HE UMEET TOYHOTO OTPECTICHUS,
TaK Kak sIBJISETCA KOHUEeNTyalbHOU. J[J11 MHOTHX y4e-
HBIX 3TO OOIIMPHOE IOJIE JUIS HCCIICAOBATEIILCKOM Jes-
TENFHOCTH, Tpelyroriee Ooee ITyOOKOTO N3yUIeHHS, TaK
KaK Ha aKyCTHYECKHI KOM(OPT B TOPOJICKUX OTKPBITHIX
MPOCTPAHCTBAX MOTYT BJIHSATH OIPEICIICHHBIC TPOCTPaH-

CTBEHHBIE M KOJIOTHUECKUE (haKTOPBI, a TAKIKE COLIHAIIb-
HBIC U TTOBEJICHYECKHE XapaKTEPUCTHKH MOJIb30BaTENICH.

Taknum oOpaszom, U peann3aiiy MoaXoAa K op-
raHU3aluyd KOM(OPTHOTO 3BYKOBOTO JaHAMmadTa 00-
IIECTBEHHBIX MPOCTPAHCTB TOPOICKUX yiuIl (puc. 3),
OTBEYAIOIEro TPeOOBAHHUSIM YCTOMYUBOTO PA3BUTHS
ypOaHN3UPOBAHHBIX TEPPUTOPHH, HEOOXOAUMO ChOp-
MYJIMPOBaTh OCHOBHBIE (haKTOPBI, BIUSIOIINE HA aKy-
CTHUYECKYIO Cpe/ly YIUYHOrO MPOCTPAHCTBA, a TaKXKe
OIpEeAEIIAIOINE TIOTEHIINAN YU K TpeoOpa30BaHHI0
€€ CTPYKTYPBI C HETbI0 YAyUIICHNS 3ByKOBBIX KaueCTB.

AKycTrudeckas cpefia B 30HE 0OIIECTBEHHBIX TIPO-
CTPAHCTB FOPOICKUX YIIUI] PACCMOTPEHA KaK CHUCTEMa,
COCTOSIIIAs U3 COBOKYITHOCTH 3JIEMEHTOB (puc. 4):

* IIIyM — K ATOH Kareropuu OTHOCSTCS 3BYK WITH CO-
BOKYITHOCTB 3BYKOB, OKa3bIBAIOIINX BPEIHOE WIIH pa3/ipa-

Toponckast cpena

Axyctuueckas
cpena

YenmoBek

DaxTopsl
MIPUPOJHON CPEbI

[Tym
U
iy
3ByK

Puc. 4. Mozgenb akycTHYeCKOH cpe/ibl OOIIECTBEHHBIX MPO-
CTPAHCTB TOPOJICKHX YIHI]
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JKarolee BO3ACHCTBHE Ha OPraHU3M YeJIOBeKa, CHIKa-
IOIIUX €ro PabOTOCIMOCOOHOCTh (JIMHCHHBIN MCTOYHUK
IITyMa — aBTOMAaTrACTPab);

¢ 3BYKHU — BC€ BOCIIPUHUMACMBIC 3BYKH, HAXO -
IIMecs B OKPY’KarolleM MPOCTPaHCTBE;

* (haxTOpPBI IPHPOAHON Cpesl — (HaKTOPHI, CO3Ma-
IOIUEC YCIIOBUS, IO BIMAHUEM KOTOPBIX 3BYK U3MCHACT
HalpaBJICHHE Ha ITyTH PaclpoOCTPaHEHUs B cpesie (BIaxkK-
HOCTb, TEMIIepaTypa, AaBJICHUE, BETEP, TIOBEPXHOCTHBIN
MTOKPOB 3eMJIH, aTMOC(hepHbIe 0caiku) [25];

* YEJOBEK — LEHTPAJbHBIH KOMIIOHEHT 00IIe-
CTBEHHOTO MPOCTPAHCTBA TOPOJICKON YIHUIbI, KOTOPBIH,
HaXoJSICh B aKyCTHUYECKOW cpele, BOCIPUHUMACT €e
B KOHTEKCTE.

Kaskaplil 251eMEHT cUCTEMBI XapaKTepU3yeTcsi MHO-
KeCTBOM (DaKTOPOB, COCTOSILIMX U3 MapaMeTpPOB M Xa-
PaKTepUCTHK, OKa3bIBAIOIINX TY WM MHYIO CTEIICHb
BIIMSTHUS HA 3BYKOBOH JaHAIIAT MPOCTPAHCTBA U FIME-
OIMUX KaK KOJTMYCCTBCHHBIC, TaK U KAUCCTBCHHBIC BbI-
pa)KeHHMs1, YTO TIO3BOJIMIIO CHCTEMATU3HPOBATh UX B ClIe-
JTYIOIIIHE TPYTIITBL:

* (axTopsl IIyMa — BIHSIOT Ha YPOBEHb IlIyMa,
XapaxkTep BO3HHKHOBEHUS, PacIpOCTPAHEHUS B Cpesie
W €r0 CHIDKEHHE;

* (akTopbl 3ByKa — OKa3bIBAIOT BIUSIHUE HA BOC-
NPHUATHE aKyCTHIECKON CpeJibl, @ TAK)Ke Ha KaueCTBO 3BY-
KOBOTO JIaHAIIA(TA TOPOACKOH YITHIIBI.

Ha ocHoBe aHanmm3a 0TEYECTBEHHBIX U 3apyOeKHBIX
MCTOYHUKOB BBIOpAHBI MapaMeTphl U3 KaXKIA0H TPyTIITbI
(hakTOpOB, OKA3BIBAOIIIE HANOOIBINICE BIMSHIE HA 3BY-
KOBO# TaHAmadT 00IIEeCTBEHHBIX MPOCTPAHCTB TOPOJI-
CKHX ynu (puc. 5).

VYkaxkeM MoKa3aTenn 13 TPyIbl (JakTOpoB IIyMa:

1. ITnanuposounvie ¢haxmopel, BIUSAIOWINE HA IIIYM,
B KOTOpBbIe BXoaAT: koH(purypauus YJC, pa3merieHue
B (DYHKIIMOHAJIbHO-TTAHMPOBOYHON CTPYKType TOpoja,
XapakTep NpuIerarollell 3aCTpOrKH, MONEPEUHBIN IIPO-
¢wus ymunpt. Ot crpykrypsl Y/IC 3aBUCHT TIpoITyCKHAs
CIIOCOOHOCTB YIHIIBI, ONPEETISIET CTENEHb BO3ACHCTBHS
Ha IPWIETAIOLIYI0 TEPPUTOPUIO YIIULIBI B 4ACHI [TMKOBBIX
Harpy30K Ha TPaHCIIOPTHYIO cucTeMy. DyHKIIMOHAIBHO-
TUTAHUPOBOYHASI CTPYKTypa MPUIICTAIONINX TePPUTOPHHA
dhopmupyer (OKyChl IPUTSHKECHUS HACEICHUS, K KOTO-
PBIM (PUKCHUPYETCsI TIOBBIIIEHHAs: HHTEHCHUBHOCTD JIBH-
JKEHHS, COOTBETCTBEHHO COCTaB M Pa3Mep MemIEXOAHBIX
IIOTOKOB, MOABEPKCHHBIX HETATUBHOMY BJIMAHUIO IITyMa.
YrugHast 3aCTpoiKa U TIOoNepedHbIi MpoduiIb 0por BIU-
SIOT HA YPOBEHB IIyMa, IyTH €r0 PacIipOCTPaHEeHUsI, Bpe-
Ms peBepOepanui.

2. Tpancnopmuvie (paxkmopsl XapaKTePUIYOTCS:
WHTEHCHBHOCTBIO TPAHCIIOPTHOTO MOTOKA, COCTABOM
U IUIOTHOCTBIO MOTOKA. KpuTepuu onpenensior xapak-
TEPUCTHKU NCTOYHHKA [IyMa.

3. Ilpupoono-sxonocuyeckue ghakmopwi. Kpurepus-
MH OLIEHKH JIIsl JAHHOTO (paKTopa CIIyrKaT: HaJIM4ue 3ee-
HBIX HAC&K/ICHUI Ha TEPPUTOPHU OOIIECTBEHHOTO ITPO-
CTPAHCTBA FOPOACKON YIHIIbI, TOBEPXHOCTHBIN ITOKPOB
3eMJIH. 3eJIeHbIe HACAKICHUSI CIIOCOOCTBYIOT CHIYKEHHIO
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LITyMOBOTO BO3/ICHCTBHSI HA PHJICTAOIIYIO TTEIIEXOHYIO
30HY, 9KPaHUPYIOT ¥ PAaCCEUBAIOT YacTh 3HEPTUH 3ByKa
OT aBTOMOOMIILHOM MarucTpaiu. 3eMIISIHON IMOKPOB TaK-
K€ NTPaeT BAXKHYIO POJIb B PACCEMBAaHUH IITyMa.

W3 rpynmsl (pakTopoB 3ByKa OTMETHM:

1. ITnanuposounvie pakmopu, BIUAIOIIHE HA 3BYK.
K HUM MOXHO OTHECTH: COOTHOIICHHE BBICOTHI 3MaHHUN
K MX IIMPHHE B MPWIETAIOMEH K YITUIHOMY IPOCTpPaH-
CTBY 3aCTPOMKE, IIMPUHY YJIULIbI B TPAaHULIAX JIMHUU 3a-
cTpoiiku. Kak n3BecTHO U3 HCCIeJOBaHHUMH, CyIIECTBYET
B3aHMOCBSI3b MEK/Ly BOCIIPUSITHEM 3BYKa M BU3yaJIbHBIM
BOCHPHATHEM MOP(HOIIOTHU OKPYKarOLIEH 3aCTPOMKH.

2. DYHKYUOHANLHO-NAAHUPOBOYHBLE (PAKMOPDL.
Jist O1leHKH ATHUX (PAKTOPOB HCIIOIB3YIOT CIETYFOLITHHA
KpUTEpUIl: pa3MELICHNE B IPaHULAX TEPPUTOPUATIBHBIX
(pyHKUIMOHANBHBIX) 30H, HANMUYHE (POKYCOB PUTSDKEHHS
TIOZIEH W YHUKAJIbHBIX O0BEKTOB. TeppUTOpHaNbHBIM
30HaM ropoza (>kuias, 00lIeCTBEHHO-/AEJI0BAsL, IPOU3-
BOJICTBEHHAsI, PEKPEAI[IOHHAS U T.Jl.) COOTBETCTBYIOT
3HAUYEHMSI TOPOJICKOro aKycTtuueckoro unaexca UAL
YeM BbIIIE HMHAECKC, TEM BBIIIC aKyCTHYCCKOC Ka4CCTBO
TOPOJICKOH cpensl. MecTa, SBISIONIMECs SAPOM TATO-
TEHUS B CTPYKTypE TOpoJa, CO3AAI0T YHUKAIBHBIH 3BY-
KOBOH JIaHAMmIA(T TAaHHOTO POCTPAHCTBA, YTO, B CBOIO
odepesib, BIMSIET HA KaueCTBO aKyCTHUECKOW CpEJIbl.
YHUKaIbHBIE 3BYKOBBIE 3(PPEKTH B TOPOJCKOM IIPO-
CTPaHCTBE CIOCOOCTBYIOT OTYETIIMBOMY OLIYIICHHUIO Me-
CTa CO 3HAYCHMEM, BBIXOIALINM 32 PAMKH MECTHOTO
coo0I1IecTBa, OHA CTAHOBSITCS CBOCOOPA3HBIMHU aKyCTH-
YECKMMH OpPUEHTHPAMU — 3BYKOBBIMHU METKaMH [9].

3. @ynxyuonanvHoe HanoHeHue NPOCMPAHCMed.
Orenka (aKTOpOB MPOUCXOAUT TIO CIICTYFOIIUM KpUTE-
PHSIM: MUKPO30HHUPOBAaHUE OOIIECTBEHHOIO POCTPaH-
CTBa YJIHIbI, OObEKTHOE HAIIOJIHEHHE MPOCTPAHCTBA
(6maroycTpoticTBo). Hanmume pa3nudHBIX (YHKITHO-
HaJIbHBIX 30H, BUJOB aKTUBHOCTH JJIs1 MMOCETUTEIICH BIIH-
sIeT Ha TaKyl0 XapaKTepHUCTUKY 3BYKOBOW Cpellbl KaK CO-
ObITHitHOCTE. OOIIECTBEHHOE TIPOCTPAHCTBO TOPOJCKON
yuIbl, 001afatoIee PeKpeallMOHHBIM IIOTEHIINAIOM,
OKa3bIBacT MO3UTHUBHOE BO3JIEHCTBUE HA OOLIMH ypo-
BEHb KOM(OPTHOCTH OKPYXKAIOLIEH CPEAbI, 3TO MO3BO-
JIsIeT BHECTU pa3HOOOpasye B 3BYKOBBIE CpeIIbl TOPOAa,
a Takxke c(hOpPMHUPOBATH «CIYXOBBIE YOEKHIIAY, IIe
TI0JIb30BATEN CMOTYT BOCCTAHABINBATHCS OCIIE 10JITO-
BPEMEHHOT'0 IIIyMOBOTO BO3/ICHCTBHS, @ TAKXKE OCYIIECT-
BIIITH KOMMYHHKAIIUK B OOJiee CIIOKOITHOI 00CTaHOBKe.

4. Ilpupoonvie ghakmopuvl XapaKTepU3yIOTCS HAJIH-
YHEM ITPUPOAHBIX OOBEKTOB (3€JIeHbIC HACAXKICHHS, BO-
JIHBIE OOBEKTHI) Ha TEPPUTOPHH YITYHOTO TIPOCTPAHCTBA
WINA B HEMIOCPEACTBEHHOH OIM30CTH OT Hee. B HeOomh-
IIUX 3CJICHBIX 30HaX CJBINIHBI TPUPOAHBIC 3BYKHU: 1IIC-
JIECT JINCTHEB, IIIyM BETBEH JIepeBbEB, IeOCTaHNE TITHII.
O3eneHeHHBIE IPOCTPAHCTBA HA TEPPUTOPHH YIHUIIBI
OKa3bIBAIOT aKyCTHUYECKYIO Pa3rpy3Ky OT OKPYKAIOILEro
IIyMa, 4TO SIBJISIETCSI HEOOXOMMBIM YCIIOBHEM JUISl BOC-
CTaHOBJICHUS TICIXUKH U XOPOIIIETO CaMOUyBCTBHSA [24].

5. IIpupooa npoucxodcoenus 36yko6. 3ByKU yCIIOB-
HO pa3/IeNsIioTCsl Ha €CTECTBEHHBIC U AaHTPOIIOTEHHBIE.
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COOTHOIHGHI/IC MMPUPOAHBIX U MEXAaHUYCCKHUX 3BYKOB
BJIMSET HA Ka4eCTBO 3BYKOBOTO JaHAmadTa. [Ipeobma-
JIAaHUE ECTECTBEHHBIX 3BYKOB B aKyCTHUYECKO# cpelie yp-
0aHU3UPOBAHHBIX TEPPUTOPHIA TTONOKHUTEIHLHO BIHSIET
Ha 00111ee BOCIIPUSITUE OKPYIKAIOIIETO MPOCTPAHCTBA.

SAKJIIOYEHUE U OBCYXJAEHUE

B pamxax naHHOro MCClI€IOBAHUS HA OCHOBE MPO-
BE/IEHHOIO aHAJIN3a COBPEMEHHBIX OTEUECTBEHHBIX U 3a-
PYOEXHBIX HCTOYHUKOB, B KOTOPBIX OTPAXKEHBI MTOIXOBI
K OIICHKE, MPOCKTUPOBAHUIO 3BYKOBBIX JIAHIIA(TOB,
3aIlUTe OT IIyMa ypOaHHM3MPOBAHHBIX TEPPUTOPHIA,
paccMOTpPEHBI OCHOBHBIE TPYIIIBI (DAaKTOPOB, BIHSIO-
M€ Ha KaYeCTBO aKyCTUYECKOH CpeJbl 00IIECTBEHHBIX
MIPOCTPAHCTB FOPOACKUX yiull. Ha ocHOBe aHanm3a BbI-
SIBJICHHBIX (DAKTOPOB MOYKHO OLIEHMBATh KOM(OPTHOCTD
AKyCTHYECKOH cpeJibl OOIECTBEHHOTO IPOCTPAHCTBA,

OTIpEAeNIUTh HanboJIee MOAXOAINIYI0 KOH(DHUTypaInio
VYIC u noTeHnman TeppuTOpPUA K JajJbHEHIIeMy Tpe-
00pa30BaHUIO C IETBIO MOBBIMICHNS 3BYKOBBIX KaueCTB,
a TaKXKe IIAHUPOBATb MEPONPUSATHUS AJIS yIyUIlIEeHUs
AKyCTHUUECKOHM CpeJibl M CTPATErut 110 OOphOE C IIyMOM.

B nanbHel1eM 1iaHupyeTcs IPOBECTH KOPPEIIsALU-
OHHBIM aHAIHN3 COBOKYITHOCTHU d)aKTOpOB JUJIA BBISABJIICHUSA
UX 3HAYMMOCTH B TIPOILIECCE OIL[EHKH KaueCTBa aKyCTHUYe-
CKOHM cpe/bl OOIIECTBEHHBIX MTPOCTPAHCTB TOPOJCKUX
yiun. Heo0XoanMo BBISIBUTH IPOCTPAHCTBEHHO-BpE-
MEHHBIC 3aKOHOMEPHOCTH U 0COOCHHOCTH MOP(OII0-
THYCCKUX MapaMETpPOB UCCICAYEMbBIX YYAaCTKOB YJIUIL
B 3aBUCHUMOCTHU OT q)yHKHI/IOHaHBHOFO Ha3zHA4YCHUA IIpU-
JIETaloLUX FOPOACKUX TEPPUTOPUI U UX 3BYKOBOH Cpe-
1e1. Taxoke Tpedyercst chopMyITmpoBaTh epedeHb Mepo-
TpUATHA 17151 JOPMUPOBaHHS OE30MTaCHOH aKyCTHIECKON
Cpe/bl ¥ MOBBIIICHUS] €€ KaueCTBa Ha OCHOBE JaHHBIX
aHanm3a (haKTOpOB, BIMSIONIMX HAa 3BYKOBOW JIAaHAIIA(T.
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INTRODUCTION

The issues of environmental safety of cities today
are more relevant than ever. This is due to the high rate
of urbanization in the world. The increase in urban popu-
lation occurs due to the improvement of the quality of life
in cities, the emergence of opportunities to live in urban

areas, as well as due to the growing number of cities with
improved infrastructure in developing countries [1]. All
the above-mentioned reasons inevitably lead to the prob-
lems of environmental safety of urban environment.
One of the main technogenic factors in the forma-
tion of environmental problems is the road transport
complex, which has an aggressive impact on the envi-
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ronment [2]. The main environmental risk in the pro-
cess of rapid urban development is considered to be
the change in the acoustic environment of urbanized
areas due to the growth of noise pollution. The domi-
nant source of noise is road traffic, which affects 54 %
of the European population living in agglomerations, with
an average design noise level of more than 55 dB [3].
For railway and air transport noise the percentages are 8
and 4 respectively [3].

According to statistics, in 40 subjects of the Russian
Federation more than half of the urban population is ex-
posed to the negative impact of the road transport com-
plex, including road noise [4]. According to the estimates
of Mosecomonitoring, more than 70 % of the capital’s
territories are exposed to excessive noise load [5]. One
of the reasons for the technogenic impact on urbanized
areas is the growth of motorization (according to the data
as of 1 January 2022, there are 318 cars for every thou-
sand people in the Russian Federation) [2].

The urban population is exposed to constant noise ex-
posure in the territories of neighbourhood streets, at work-
places, as well as in residential areas. Noise pollution has
a negative impact on the physical and mental state of res-
idents. Many scientific sources [6—8] provide data indi-
cating violations in the cardiovascular, central and veg-
etative nervous systems of people exposed to long-term
anthropogenic noise impact. Also, unfavourable acoustic
environment affects the cognitive abilities of children [3].
The World Health Organization estimates the burden
of traffic-related disease in the EU as an annual loss
of 1.6 million disability-adjusted life years (DALY),
resulting in a loss of 1-2 days per year per capita, and
describes noise pollution as an underestimated threat [3].

The most difficult task of increasing the comfort
and safety of the urban environment today forces urban
planners to look for new ways of solving this problem.
The noise protection strategies adopted in many countries
prove their effectiveness in practice, but the ever-growing
requirements to the quality of urban environment, comfort
of living conditions of the population, meeting the modern
challenges of cities, indicate the insufficiency of the applied
measures. In this regard, in the last decade the approach
based on the preservation of soundscape in addition to
the noise protection strategy has been gaining relevance.

This direction of research is new and promising,
as it reflects the current trends of attitude to the quality
of urban environment. In domestic and foreign prac-
tice on the topic of soundscape there are many studies
of theoretical and practical nature. The study of sound
environments was first started in the late 1960s. The con-
cept of “soundscape”, introduced by the Canadian com-
poser, ecologist R.M. Shafer, interprets the processes
of interaction between humans and acoustic environ-
ment [9]. Soundscape is characterized by the perception
of the sound environment in context with its inherent
physical and emotional response. The main objective
of this approach is sound management, involving the ra-
tional application and preservation of positive acoustic
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environments. The soundscape approach provides new
insights into how not only acousticians, but also urban
planners and architects can utilize sound environments
in the design process.

Relatively little attention is paid to sound research
in urban planning practice, given the important contribu-
tion of the soundscape in the process of rational urban
planning to improve healthy environments as an inte-
gral part of sustainable cities and communities. Based
on the studied domestic and foreign scientific materials,
two key reasons for this phenomenon can be identified:

1. The dominance of visual culture for a long time
in many spheres of human life, including architecture and
urban planning, over other sensory impressions (includ-
ing sound) [10].

2. In existing approaches concerning the acoustic
environment, the main objective is to reduce noise im-
pact centred on the sound pressure level. The measures
described in modern regulations are based on minimizing
negative impacts, protecting people from unwanted, dan-
gerous noise. Sound levels alone do not give a complete
picture of the sound environment, and noise reduction
may be the cause of other problems. The noise protection
strategy that has dominated for many years does not take
into account the actual experience of the soundscape in
urban environments. In a design approach, whose main
objective is a comprehensive consideration of the acous-
tic situation based on people’s sound preferences, sound
is perceived as a resource that is important to preserve
and improve in order to form a quality urban environ-
ment [11, 12]. This approach to the soundscape includes
adding or enhancing desirable sounds and reducing
or eliminating undesirable ones. The impact of the sound
environment on human health, quality of life is as sig-
nificant as the noise impact. Unlike noise, sound is able
to have a positive effect on the physical and mental state,
sounds of nature contribute to recovery from stress [13].
In order to improve the effectiveness of measures to
combat noise pollution and form a favourable acoustic
environment of urban areas, it is necessary to formu-
late knowledge in the practice of urban planning about
soundscapes in the context of the relationship between
sound sources and their emotional perception.

The application of methods of creating positive
soundscapes in the process of designing urban street
space is important in the formation of a safe and attrac-
tive urban environment. Street space includes not only
a transit function for motorized and non-motorized trans-
port and pedestrians, but also creates conditions for social
interaction and is the centre of public life. Users of public
street spaces are most susceptible to noise load, as well
as negative sound impacts, as they are in close proxim-
ity to a linear noise source. It is important to address this
issue in a comprehensive manner, implementing protec-
tive measures in conjunction with improving the quality
of the acoustic environment of urban street spaces at each
stage of urban planning.
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The study of foreign and domestic scientific works
in the field of transformation and preservation of sound-
scapes of urban areas allowed to reveal: approaches to
the study of acoustic environment; methods of quantita-
tive and qualitative assessment of the impact of sound
on the surrounding space and humans, including those
developed on the basis of modern information technolo-
gies with the use of machine learning; interrelations
between the quality of sound environment and urban
planning parameters of urbanized territories to achieve
the goal of sustainable development of urban areas.

Before reviewing the current trends in scientific
work on the topic of soundscape, it is important to note
the main approaches to the formation of quality acous-
tic environments that form part of current strategies for
their conservation and transformation, as well as the ba-
sis of this study. In his work [14], B. Hellstrom (2003),
following the work of Amfu (1993), describes three
different general approaches to soundscape manage-
ment: defensive, offensive and creative (Fig. 1). The de-
fensive strategy aims to prevent the negative influence
of sounds that are considered undesirable or dangerous;
the offensive strategy is more focused on identifying
the quality of the sound environment to give it its due;
the creative strategy involves introducing or enhancing
desired sounds. Developing the thoughts of B. Hellstrom,
G. Serven (2016) proposes [15] his own three-part strat-
egy (3 categories) for transforming the acoustic environ-
ment (Fig. 2):

* category I deals with the strategic localization
of functions and its effect on the sound environment.
The most typical application of Category I is the preven-
tion of unwanted sounds by providing sufficient distance;

+ category II relates to consideration of how land-
scape interventions such as noise protection, topographi-
cal changes or the use of acoustically appropriate materials
can be used to reduce unwanted sounds in the area;

» category III concerns the deliberate introduction
of elements that produce the desired sound, such as wa-
ter features, rustling vegetation, gravel walkways, bird
habitats or sound art. Thus, the focus is on positive sound
qualities that are deliberately stimulated or introduced.

Both approaches meet modern requirements for
the development of public spaces of urban areas, includ-
ing streets, to create a comfortable and safe living en-
vironment for the population. However, the approaches
are rather general in nature and lack specific measures
based on reliable data on the relationship between quali-
tative and quantitative characteristics of human percep-
tion of soundscape and spatial characteristics of urban
development.

Studying foreign studies, one can note the vast
accumulated theoretical and practical experience in
the field of assessing the mental and physical impact
of soundscape on a person in conjunction with various
components of the environment, morphology of space,
visual perception.

Defence strategy

v

Offensive strategy

v

Creative strategy

Fig. 1. Soundscape transformation strategy by B. Hellstrém
(2003)

1
Localization
of functions

11
Reducing
unwanted
sounds

I
Introducing
positive
sounds

Fig. 2. Soundscape transformation strategy G. Serven (2016)

In the paper [16] the influence of soundscape
on the mental state and human behaviour is investigat-
ed. The reaction of people to natural and anthropogenic
sounds in urban areas was analyzed.

The authors of [17] conducted a comparative as-
sessment of soundscapes in the context of different ac-
tivities in pedestrian zones adjacent to trunk roads. It
was found that in pedestrian zones with constant traffic
noise, the presence of significant human activity sounds
leads to a reduction in the perceived prevalence of traffic
noise and an increase in acoustic comfort, despite higher
acoustic energy.

A study [18] examined the effect of sound
on the perception of building boundaries in urban street
canyons with different ratios of building height to build-
ing width. The experimental results show that the per-
ceived enclosure, spaciousness and pleasantness of visual
stimuli decrease as the height to width ratio increases.
The presentation of sound significantly affects the per-
ception of building line and perceived spaciousness,
while perceived pleasantness is minimally affected by
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sound. The effect of sound on subjective responses is
more characteristic of narrow streets than wide streets.

Visual images of green spaces also influence sound per-
ception. An experiment was conducted to evaluate the in-
fluence of visual stimuli — tree foliage in the frame of pan-
oramic images [19]. Trees had a positive effect on people
assessing the sound environment of the studied space.

In [20], a methodology is developed and applied to
stratify urban roads according to their functionality based
on urban characteristics only. It is supposed to be a tool
for grouping similar streets and hence traffic noise, al-
lowing urban planners and transport professionals to sup-
port the reduction of human exposure to noise.

The aim of the study by Chinese authors [21] is to ide-
ntify methods to reduce traffic noise and increase quiet
zones in rural residential areas in China by managing
relative location and urban morphological parameters.

Domestic studies of sound are not yet as numer-
ous as foreign ones, but it is possible to highlight a few
of the few practical works. The scientific work by
M.A. Chubukova [22] presents an approach to the analy-
sis of soundscapes of urban areas and proposes a meth-
odology for describing the urban acoustic environment,
as well as provides a sociological study of city dwellers’
opinions about the comfort of the sound environment.

In the scientific paper [23] by S.V. Kornienko, spa-
tial and temporal regularities between different sound
sources and the acoustic quality of the environment
in urbanized areas are considered. And also developed
a correlation model that allows to predict the change in
the criteria of emotionally perceived quality of urban
environment depending on the sound source. The basic
principles of reducing the level of urban noise and creat-
ing a positive acoustic environment are described [24].
The paper [9] formulates a new concept — phonotope,
designed for a comprehensive assessment of the acous-
tic quality of urban environment. Phonotope is a part
of the sound environment, which differs from the sur-
rounding atmosphere by a special acoustic regime.
The phonotope sets the basic acoustic characteristics,
defining the range of organisms that can exist in a given
ecosystem. Also, in this paper, to assess the acoustic re-
gime of urbanized areas, we introduce a new indicator —
Urban Acoustic Index (UAI).

The analysis of domestic and foreign sources shows
the demand and relevance of modern approaches to
the formation of a positive acoustic environment based
on the strategies of noise protection, preservation and
introduction of desired sounds into the studied space. In
this regard, it is necessary to formulate the factors affect-
ing the acoustic environment of public spaces of urban
streets for the subsequent identification of patterns be-
tween the structure of streets, their functional and object
filling and soundscape.

MATERIALS AND METHODS

The following methods were used: graphoana-
lytical, review, systematization, comparative analysis
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and synthesis on scientific, literary sources related to
modern approaches to the assessment and organization
of the acoustic environment of urban spaces, as well
as methods of protection from traffic noise. The search
was performed in Scopus and Web of Science databases,
as well as in the scientific eLibrary using the relevant
keywords: noise protection, city, acoustic environment,
soundscape, urban streets, public spaces.

Data retrieval and systematization were performed
on a high-performance computing complex implement-
ed at the Department of Digital Technologies in Urban-
ism, Architecture and Construction of VSTU within
the framework of the Priority—2030 strategic academic
leadership programme.

The purpose of the study is to identify the main
factors determining the noise impact on public spaces
of urban streets, the quality of the acoustic environment
of street territories.

The choice of the research topic is justified by
the relevance of the direction in the study of urban sound
and methods to combat noise pollution. The wide imple-
mentation of state, regional and urban programmes in do-
mestic and world urban planning practices, the main task
of which is to create a comfortable urban environment,
confirm the relevance of the chosen topic.

RESEARCH RESULTS

Urban streets provide a variety of functions, com-
fortable and safe movement of transport and pedestrians.
According to the CP “Urban Planning. Planning and de-
velopment of urban and rural settlements”, a street is
an area of public use, bounded by the red lines of the street
and road network (SRN) of the city. In turn, public space
is an area free for people to visit for various purposes
(recreation, communication, leisure, etc.). The territory
of public street use can be conditionally divided into two
parts: transport zone and non-transport space (public
zone). The characteristic for street space location of trans-
port and public-business functions in close proximity to
each other creates many problems of natural-ecological
character, the list of which includes noise pollution. Many
European and Russian state programmes and projects re-
flecting modern approaches to planning and design of ur-
ban streets consider one of the main aspects of sustainable
development to be ecological, which is responsible for
improving the environmental safety of urban streets by re-
ducing the impact of negative impacts. The main purpose
of the federal project “Formation of Comfortable Urban
Environment” is to “realize the impetus” for increasing
the index of its quality, to create mechanisms for its in-
tegrated development and to ensure rational and efficient
use of urban street territories. Improving the urban acous-
tic environment is linked to the United Nations Sustainable
Development Goals. Sustainable cities and communities
are one of the main goals (Goal 11), within which the tar-
gets for 2030 include reducing the adverse impacts of cit-
ies in per capita terms, the environment and ensuring uni-
versal access to safe, inclusive and accessible, green and
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Acoustic environment

Noise protection

Noise
is a factor
of environmental
degradation,
it is necessary
to reduce the noise level

Preserving
the soundscape

Sound
is a resource
that needs
to be conserved

Fig. 3. Approach to organizing the soundscape of public spaces in urban streets

public spaces [3]. The document stipulates that green
and other public spaces require sufficiently low noise levels
to provide the desired function. Soundscape — is an inte-
gral part of the acoustic safety of urbanized areas and its
quality should comply with the adopted regulations and
programmes.

According to ISO 12913-1:2014 soundscape is
the acoustic environment perceived or experienced and/
or understood by people in context, and acoustic environ-
ment is the totality of sounds from all sources in the envi-
ronment. Russian regulatory documents do not contain for-
mulations on soundscape, CP 51.13330.2011 “Protection
from Noise” contains mandatory requirements for noise
protection to be met in the planning and development
of urban and rural settlements and ensuring normative
parameters of the acoustic environment. The comfort
ofthe soundscape to date has no precise definition, as it is con-
ceptual. For many scientists, it is a vast field for research

Urban environment

Acoustic
environment

Noise
{
i)

Sound

Man

7t

Factors of the natural
environment

Fig. 4. Model of the acoustic environment of public spaces
in urban streets

activity that requires deeper study, as acoustic comfort in
urban open spaces can be influenced by certain spatial and
environmental factors, as well as social and behavioural
characteristics of users.

Thus, in order to implement the approach to the or-
ganization of a comfortable soundscape of public spaces
of urban streets (Fig. 3), which meets the requirements
of sustainable development of urbanized territories,
it is necessary to formulate the main factors affecting
the acoustic environment of the street space, as well as
determining the potential of the street to transform its
structure in order to improve its sound qualities.

The acoustic environment in the zone of public
spaces of urban streets was considered as a system con-
sisting of a set of elements (Fig. 4):

* noise — this category includes a sound or set
of sounds that have a harmful or irritating effect on the hu-
man body, reducing its working capacity (linear source
of noise — motorway);

* sounds — all perceived sounds in the surrounding
space;

* natural environment factors — factors that create
conditions under the influence of which sound changes
direction on the propagation path in the environment
(humidity, temperature, pressure, wind, surface cover
of the earth, precipitation) [25];

* the human being is the central component of the pub-
lic space of the urban street, who, being in the acoustic envi-
ronment, perceives it in context.

Each element of the system is characterized by a multi-
tude of factors consisting of parameters and characteri-
stics that have some degree of influence on the sound-
scape of the space and have both quantitative and qualita-
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tive expressions, which allowed us to systematize them
into the following groups:

» noise factors — affect the noise level, nature
of occurrence, propagation in the environment and its
reduction;

» sound factors — affect the perception of the acous-
tic environment as well as the quality of the soundscape
of an urban street.

Based on the analysis of domestic and foreign
sources, the parameters from each group of factors that
have the greatest impact on the soundscape of public
spaces of urban streets were selected (Fig. 5).

Let’s specify indicators from the group of noise fac-
tors:

1. Planning factors affecting noise, which include:
the configuration of the SRN, location in the function-
al-planning structure of the city, the nature of adjacent
development, the cross-sectional profile of the street.
The structure of the SRN determines the capacity
of the street, determines the degree of impact on the ad-
jacent territory of the street during peak hours of traffic
loads on the transport system. Functional-planning struc-
ture of adjacent territories forms the focal points of at-
traction of the population, to which the increased inten-
sity of traffic is fixed, respectively the composition and
size of pedestrian flows, subject to the negative impact
of noise. The street development and the cross-sectional
profile of roads affect the noise level, its propagation
paths, and reverberation time.

2. Transport factors are characterized by: traffic
intensity, composition and density. The criteria define
the characteristics of the noise source.

3. Natural-ecological factors. The assessment cri-
teria for this factor are: the presence of green spaces
on the territory of the public space of the city street,
the surface cover of the land. Green plantings contribute
to the reduction of noise impact on the adjacent pedes-
trian zone, screen and dissipate part of the sound energy
from the motorway. Ground cover also plays an impor-
tant role in noise dissipation.

From the group of sound factors, we note:

1. Planning factors affecting sound. These can in-
clude: the ratio of building height to building width in
the surrounding development, the width of the street
within the building line. As is known from research, there
is a relationship between the perception of sound and
the visual perception of the morphology of surrounding
buildings.

2. Functional-planning factors. To assess these
factors, the following criterion is used: location within
the boundaries of territorial (functional) zones, presence
of people’s attraction focal points and unique objects. Ter-
ritorial zones of the city (residential, public and business,
industrial, recreational, etc.) correspond to the values
of the urban acoustic index UAI. The higher the index,
the higher the acoustic quality of the urban environment.
Places, being the nucleus of gravitation in the structure
of the city, create a unique soundscape of this space,

which, in turn, affects the quality of the acoustic environ-
ment. Unique sound effects in urban space contribute to
a distinct sense of place with a meaning beyond the local
community, they become a kind of acoustic landmarks —
sound marks [9].

3. Functional filling of space. The factors are as-
sessed according to the following criteria: micro-zoning
of public space of the street, object filling of space (land-
scaping). The presence of different functional zones,
types of activity for visitors affects such a characteristic
of the sound environment as eventfulness. The public
space of the city street with recreational potential has
a positive impact on the overall level of environmental
comfort, it allows to introduce diversity into the sound en-
vironment of the city, as well as to form “auditory refuges”
where users can recover from long-term noise exposure, as
well as to communicate in a calmer environment.

4. Natural factors are characterized by the presence
of natural objects (green spaces, water bodies) on or in
close proximity to the street space. In small green ar-
eas natural sounds can be heard: rustling of leaves,
noise of tree branches, chirping of birds. Green spaces
on the territory of the street provide acoustic relief from
the surrounding noise, which is a necessary condition for
mental recovery and well-being [24].

5. Nature of origin of sounds. Sounds are conven-
tionally divided into natural and anthropogenic. The ra-
tio of natural and mechanical sounds affects the quality
of the soundscape. The predominance of natural sounds in
the acoustic environment of urbanized areas has a positive
impact on the overall perception of the surrounding space.

CONCLUSION AND DISCUSSION

Within the framework of this study, based on the anal-
ysis of modern domestic and foreign sources, which re-
flect approaches to the assessment, design of soundscapes,
noise protection of urbanized territories, the main groups
of factors affecting the quality of acoustic environment
of public spaces of urban streets are considered. Based
on the analysis of the identified factors, it is possible to
assess the comfort of the acoustic environment of public
space, to determine the most appropriate configuration
of the SRN and the potential of the territory for further
transformation to improve the sound quality, as well as to
plan measures to improve the acoustic environment and
noise control strategies.

In the future it is planned to carry out correlation
analysis of the set of factors to identify their significance
in the process of assessing the quality of the acoustic
environment of public spaces of urban streets. It is nec-
essary to identify spatial and temporal regularities and
peculiarities of morphological parameters of the stud-
ied street sections depending on the functional purpose
of adjacent urban areas and their sound environment. It
is also required to formulate a list of measures to form
a safe acoustic environment and improve its quali-
ty based on the data of the analysis of factors affecting
the soundscape.
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AHHOTAUUA

BBeaeHue. OgHON M3 OCHOB YCTOMYMBOIO PasBUTUS U COBEPLUEHCTBOBAHNS LIEHTPANM30BaHHbLIX CUCTEM BOAOCHAOXeHNs!
(LUCB) n BopooTBEOEHNS ABNSIETCS MCMONb30BaHWE CPeACTB MCKYCCTBEHHOro uHTennekta (M) Ha ocHoBe anropuMTmoB
1 Moaenen MawmHHoro obyyenns (MO): KOHTPONMPYeMOro, HEKOHTPONMPYEMOro, 0by4YeHns C MoaKpenneHveM. YTeuku
N HECaHKLMOHNPOBaHHbIe nogkntodeHus k LICB npeacraenstoT cobor pucku, NpMBOAsA K NOTEPSIM MUTHEBOW BOAbI U CHIDKE-
HUIO LleHoobpa3oBaHus B 06rnacTu yyeta BOOHOro pecypca. AKTyanbHOCTb CBsid3aHa C pelleHveM npakTudeckux 3agad N
Ha OCHOBE HOBEMLLNX MHHOBALMIA — MPOrHO3MPOBaHNEM ¥ NpeoTBpalleHnemM aBapuii Ha LICB npu ontumanbHom nnaxm-
pPOBaHUN PEMOHTHbIX PaboT U CBOEBPEMEHHOM TEXHUYECKOM OOCnyxmBaHuW. Llenb nccnepgoBaHms — obocHOBaTb posb
MW, ncnonbaytowero cpeactea MO, B 3agayax NporHo3MpoBaHus 0TkazoB TPyHonpoBoaoB 1 aBapuiiHbIx cutyauni B LICB.
Matepuansbi u meTtoabl. VI3yyeHne nHdopmaumm o ponu MW B npenoTBpalleHnn yTeuek Boabl U3 ceTen BoAOCHabXeHNst
BbINOMHEHO METOLAOM NUTEPATYPHOro 0630opa NpMMeHeHHbIX anroputMoB MO Ha npegMeT NPOrHO3NPOBaHMS OTKa30B Tpyo
B LICB.

Pesynbratbl. BeisBneHbl 1 npegctaeneHsl mogenu MO, ucnonb3yemble AN AMarHOCTUYECKOrO aHanm3a ¢ Lenbio MporHo-
3MpOBaHUs yTeYeKk BoAbl U3 ceTen BogocHabxeHnsi. O630p TEXHOMOrunii CBUAETENbLCTBYET 06 MCNonb3oBaHMmM 18 anroputmMoB
MO ans pelueHns 3agad, cBs3aHHbIX ¢ yTeukamu LICB. Hayano npumeHeHuns HepoceTeBbix anroputMos KoxoHneHa (KNN)
B Poccum roBopuyT 0 HanNnn4num eAMHCTBEHHOIO NepeBeeHHOro Ha pycckuin a3blk HerpoceTeBoro MO STATISTICA Automated
Neural Networks. HaunHatoT akTMBHO pa3BMBaTbCs aKyCTUYECKUE U YrbTPa3ByKOBbIE METOAblI MOHUTOPMHIA COCTOSHUS NOA-
3eMHbIX TPyOONpoBOAHBIX CETEN, OCHOBaAHHbLIE HA pacnpoOCTPaHEHNN OOBbEMHbIX U HanpaBneHHbIX BOMH (LWyma).

BbiBoabl. BogokaHanam HeobxoaMMOo BbINOMHATb HAOEXHbIA U HEMPEPbLIBHBIN COOP AaHHbLIX, YTO MOMOraeT NPUHUMAaTb
nyylive N HagexHble pelleHnsi. basbl 4aHHbIX MOTYT BKNOYATh: AuameTp TpyObl, ANMHY yyacTka v Bo3pacT Tpybbl, AaBne-
Hue, Tun rpyHTa. CobCTBEHHO AaBneHne (Mnu nepenag) B CETU He SIBMSETCS NPU3HAKOM aBapuMHOCTU. [laHHbIN napameTp
cnepyeT paccMmaTpvBaTb COBMECTHO C KONMYECTBOM OTKa30B CETU (aBapuii) Ha yy4acTkax.

KNKOYEBBIE CITOBA: cKyCCTBEHHbIN MHTEMNEKT, MALLMHHOE 00y4YeHNe, CETU BOAOCHAGXeHNS, BoAopacrnpeaenuTenbsHasi
ceTb, NPOrHO3MpoOBaHMe O0Tka3oB TPyOONPOBOAOB, yNpaBneHne AaHHbIMU
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http://nso-journal.ru. DOI: 10.22227/2305-5502.2024.4.98-111
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ABSTRACT

Introduction. One of foundations for the sustainable development and improvement of centralized water supply networks
(CWN) and sanitation is the use of artificial intelligence (Al) based on machine learning (ML) algorithms and models: su-
pervised, unsupervised, reinforcement learning. Leaks and unauthorized connections to CWN pose risks, leading to losses
of drinking water and reduced pricing in the field of water resource metering. The relevance is associated with solving
practical Al problems based on the latest innovations — forecasting and preventing accidents at CWN with optimal planning
of repair work and timely maintenance. The purpose of study is to substantiate the role of Al using ML tools in the tasks
of predicting pipeline failures and emergency situations in CWN.

Materials and methods. The study of information on the role of Al in preventing water leaks from water supply networks was
carried out using the method of literature review of the used Al algorithms for predicting pipe failures in CWN.

Results. The ML models used for diagnostic analysis to predict water leaks from CWN are identified and presented. The re-
view of technologies shows the use of 18 ML algorithms to solve problems related to leaks in CWN. Start of use of Kohonen
neural network algorithms (KNN) in Russia indicates the availability of the only neural network software translated into Rus-
sian, STATISTICA Automated Neural Networks. Acoustic and ultrasonic methods for monitoring the condition of underground
pipeline networks, based on the propagation of volumetric and directional waves (noise), are beginning to develop rapidly.
Conclusions. Among the conclusions — for the Sustainable Development of CWN, water utilities need to ensure reliable
and continuous data collection, this is a key practice that will help make reliable decisions based on Al predictions after
the ML phase. Databases may include: pipe diameter, length of the section and age of the pipe, pressure, type of soil.
The pressure itself (or difference) in the network is not a sign of an accident. This parameter should be considered together
with the number of network failures (accidents) in the sections.

KEYWORDS: artificial intelligence, machine learning, water supply networks, water distribution networks, pipeline failure
prediction, data management
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BBEJAEHUE

OmHOW M3 OCHOB YCTOHYHMBOTO Pa3BUTHSA U CO-
BEPIIICHCTBOBAHUS [IEHTPAIN30BAHHBIX CHCTEM BOJO-
cuaGxenns (LICB) u BomooTBeIcHUS SIBIISIETCS HCITONb-
30BaHME CPEJCTB MCKyccTBeHHOro nHTeiekra (M),
a IMEHHO allTOPUTMOB M MOJIeJIeH MaIInHHOTO 00yd4e-
Hust (MO) (KOHTPOJIMPYEMOT0, HEKOHTPOJIIUPYEMOT0, 00-
YYEHHS C TIONKPEIUICHHEM). Y TeUKH U HeCaHKITHOHUPO-
BaHHBIC MMOAKIIOYEHHUA K HEHTPAJIN30BAHHBIM CUCTEMaM
BOJIOCHAO)KCHUS TIPEACTABIISIOT COOO0M Cephe3HBIN PHUCK,
TMOCKOJIBKY OHU NPHUBOAAT K MOTECPAM MUATHEBOM BOAbI
U CHIDKAOT [IEHOOOpa30BaHKE B 0OTACTH y4eTa JaHHOTO
BOJIHOTO pecypca.

UYucras nmuTheBas Boja — JACQHUIMTHBIA pecypc
BO MHOTHUX pernoHax. OOHapyKeHHe yTedeK W/n UX J0-
KaJu3alusi — CJIOKHasl 3a/1aua M3-3a KOMIUIEKCHON JTU-
HaMUKH CeTel pacnpeencHus BoAsl. BenencTsue kom-
IUICKCHOW JMHAMHMKHU CETH W MCHSIOIIMXCS MOJCeIIeh
crpoca oOHapy)XKEHHE KaK MaJlbX, TaK U OONBIINX yTe-
YeKk — TsDKeJasi TUIpaBinueckas 3anada. OaHako Oyp-
HO pasBmBatomuecs cpexctsa MU cmyxkar moreHIma-
JIOM JIJISl PEUISHHUS] ATON TEXHUYECKON 3a/1a4l Ha OCHOBE
anroputMoB MO. IloTeHuman CBUIETEILCTBYET O HENO-
CTaTOYHOCTH CHCTEMATHUECKUX HMCCIIIOBAHUH IO aHa-
3y pomu UM B noctukeHnu neneil ycTOMYUBOro pas-
ButHs (Sustainable Development Goals — uHabop n3 17
pykoBomsux 3aaad, npuHaTeix OOH, kaxnas u3 koto-
PBIX (POKYCHPYETCS Ha aCTIEKTE YeTIOBEYESCKOTO Pa3BUTHS
Y YCTOMYMBOCTHU DKOCUCTEM).

AKTyaITbHOCTB CBSI3aHA C PEIICHHEM TIPAKTHYECKIX
3agau MU Ha 6a3e HOBEHMIIMX MHHOBALIMOHHBIX HAIPaB-
JIEHUH — TPOTHO3UPOBAHUEM W MPEIOTBPAIICHUECM
aBapuil Ha BOJOpACHpPENeNUTENbHbBIX CETSIX MPHU ONTHU-

MaJIbHOM IIJTAHUPOBAHUM PEMOHTHBIX PabOT M CBOEBpE-
MEHHOM TeXHHUYeCcKoM oOcmyxuBanuu. [Ipodrmaxruae-
CKO€ 00CITy’KMBaHUE 1 OOHAPY)KEHUE yTeYeK C MOMOIIBIO
WU noBsimaeT 3QpGeKTUBHOCT yIpaBiIcHUS UHpa-
CTPYKTypo# BogocHaOxeHus. JlanHas a¢pdekruBHOCTH
CBSI3aHa C TIPUMEHEHHEM airopuTMoB MO st ymyd-
IIEHHMS TIPOLIECca IPHHSTHUS PELICHNI U COBEPIICHCTBO-
BaHMsI CTPATEruil yIpPaBICHUS! BOJHBIMH PECYpCaMH.
0O0630p MPaKTUK BaXKEH, TOCKOIBKY CONEPKUT aHAIN3
anroputMoB MO, paKTHKY MCIOIB30BAHNS BHIXOTHBIX
nepeMeHHbIX MO, MHOTO(aKTOPHBIN aHAIN3 pa3pylie-
HUSL TPyOOIIPOBOIOB BOJIOCHA0KEHHSI.

VHTenneKTyanpHble CHCTEMbI HA OCHOBE CPEICTB
WU, xak npaBmIio, UCIOIB3YIOT HHPOPMAITMOHHO-KOMMY-
HukanmoHusle TexHonoruu (MKT), koTopsle nocturaror
nenei 3pPpEeKTUBHOCTH U YCTOWYMBOCTH B TOPOJICKOM
yipaBieHuu BogHbIMH pecypcamu. UKT npumenser
CIIO)KHYIO apXUTEKTYpY, BKIIOYAIOIIYIO JaTYUKH, CBSI3b,
porpaMMupyemble Jiorndeckue kouTposuieps (ITJIK),
UCIIOJHUTENbHBIE MEXaHU3MBI, Y/IaJIEHHbIE TEPMUHAIb-
HBIE YCTPONCTBA, CEPBEPHI JAHHBIX U yIPaBJICHN, HA3bl-
BaeMbIe CHCTEMOI! JIMCTIETYEPCKOTO YIPaBIeHHUs 1 cOopa
naHHbIX (SCADA). [IpeoOpazoBanye eHTpaTn30BaHHBIX
ceTell BOJIOCHAOKEHHSI B KHOSP(PHU3UUECKUE CHCTEMBI
¢ momommpio SCADA momnep>knBaeT MOHUTOPUHT B pe-
IFHOM BpPEMEHH, cOOp AaHHBIX M YAAICHHOE yIIpaBlie-
HHE JUTS TOBBIIEHUS! 9(PPEKTUBHOCTH pabOThI CUCTEMBI
Y pacIIUpeHHsi €€ BOSMOXKHOCTEH, CBS3aHHBIX C OBICTPBIM
1 TOYHBIM OOHApy>KeHHEM cOOEB W CBOCBPEMEHHBIMU
JEHCTBUSIMH 110 BOCCTAHOBJIEHHIO. JTO, B CBOIO OUEPE/Ib,
TOBBIIIAET YCTOWIMBOCTH CUCTEMBI B [IEJIOM.

Llens uccnenoBanust — 00OCHOBATH POJIb HCKYC-
CTBEHHOTO MHTEJJIEKTA, NCIOJIB3YIOIEr0 CPeCTBA Ma-
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IIMHHOTO OOYy4YeHHs, B 3aJadyax IPOTHO3UPOBAHUS
OTKa30B TPyOOTPOBOJIOB M aBApUHHBIX CUTYAIMi B BO-

JIOPaCIpPENEIUTENBHBIX CETAX.

MATEPHAJIBI U METO/JbI

I'OCT P 59277-2020 3akpemsiet 3a UM komrekce
TEXHOJIOIMUYECKUX PELICHUN, [T03BOJISIOIUN HMUTUPO-
BaTh KOTHUTHBHBIE (DYHKIIMH YEJIOBEKA U ITOJTyUSHHUE pe-
3yJBTaTOB, COMOCTAaBUMbIX KaK MUHUMYM C pe3yJbTara-
MU HHTEJUIEKTYalbHOU aeaTenbHocTH yenoseka. [OCT
P 59895-2021 tpakrtyer MO kak mpoiiecc aBTOMaTH-
YEeCKOro 0Oy4YeHHUs] U COBEPILICHCTBOBAHMUS ITOBECHNUS
cucrembl VI Ha 0a3e 00paboTKK MaccuBa 00y4aroIux
JIAaHHBIX 0€3 SIBHOTO MPOrPaMMHPOBAHHSI.

Wzyuenune nnpopmanuu o poau MU B npenot-
BpallleHUN yTEeYEK BOJbI M3 CETel BOAOCHAOKEHHUs
BBINOJHEHO METOJIOM JIMTEPATYPHOrO 0030pa MCIIOIb-
30BaHHBIX Mozenel (anropurmoB) MO Ha npemer npo-
THO3MPOBAHUS OTKAa30B TPYO B CETSIX BOJOCHAOKEHUSL.

3aneiictBoBan TN MM, 0CHOBaHHBIN Ha MPETUKTHB-
HOM aHaJIMTHKE, UCTIONB3YIoIel anroputMbl MO s aHa-
JIM3a JaHHBIX M [IPOTHO3UPOBAHUS OyIyIIMX COOBITHIA
iy TeHaeHuuid. IpenukTuBHas aHanuTUKA IPUMEHSETCS
JUIS IPOTHO3UPOBAHMS MOZIENICH BOJIONOIB30BAHMS:

* TeHJeHIMH ucnons3oBanus MO B ympaBieHUN

CETSIMH BOJOCHAOKEHUS;

* MOHUTOPHUHIA BOJHBIX PECYPCOB B PEXUME pe-
aJIbHOTO BPEMEHU;

* [POTHO3UPOBAHUS JOCTYIIHOCTU BOJbI, OITUMU-
3aLUH pacTIpEACTICHIUS U YIyUIIeHNs 00CTyKUBAaHUS HH-

(pacTpyKTyphl.

PE3YJIBTATBI HCCJIEJOBAHNA

Pe3yﬂbTaTI)I HUCCJIICA0BAaHNMA ITIOKA3bIBAKOT, YTO MHO-
r'He U3 IPOaHAIM3UPOBAHHBIX PabOT CChUIAIOTCS Ha (haK-
TOPBI, BIMSIONINE HA pa3pyIllIeHHe TPYOOIPOBOIOB, Ha-
npuMep:

* BHyTpeHHHE (IOJl YCTAaHOBKH TpPYyO, MX JUIMHA
U MaTepHa, THaMeTp, aHTHKOPPOIHOHHASI 3aIIIUTA);

* JKCIUTyaTallMOHHbIE (MCTOPHA U TUII aBapuil, 1aB-
JICHHE WJIH CKOPOCTH B TPYOOIPOBO/IE);

* BHEIIHHE (TPAHCTIOPTHAS HATPy3Ka, KOPPO3HOH-
Hasi aKTUBHOCTD TIOYBHI, TEMIIEPATYPA).

BrusBnens! 1 npenctasieHsl Mmoxenu MO, ucnons-
3yeMble ISl IMArHOCTHYECKOTO aHan3a ¢ [eJbi Mpo-
THO3MPOBAHUS YTEYEK BOJBI U3 CETEH BOIOCHAOKCHHUS
(tabn. 1). OcHOBY Ki1accu(pHUKaTOpa MOJICTICH COCTaBUIIA
pabota [1] npu BHECEHUN U3MEHEHHIA.

O030p TEXHOJIOTHI CBHCTEIILCTBYET 00 HUCIIOJIB30-
Banuu 18 anropurmoB MO mu1s perenust 3a1a4 (Taon. 2),
CBSI3aHHBIX C YTCUKAMH CHCTEM BOIOCHAMKEHHUS. ITO, KO-
HEYHO, HE MOJTHBIN CIIMCOK ATOPHUTMOB, B 0COOCHHOCTH

Taou. 1. Monenu 1 aaropuTMbl MAIIKHHOTO 00Y4EHUsI, HCTIONB30BAaHHbIC [T MPEIOTBPALICHUS YTEUEK BOIBI U3 CETEH BOMIO-

CHaOKEeHUS

Mopenu u anroputmMsl MO

Onucanne

NB
Hausno-baiiecosckas (Naive
Bayesian)

OcHoBaHa Ha npaBuiIe balieca U pa3zenseT JaHHbIe Ha PA3JIMYHBIC KIACCHI C MTOMOLIBIO
BXOJIHBIX IIEPEMECHHBIX WK arprOyToB. IIpeonaraercs, 4To NepeMEHHBIC YCIIOBHO He-
3aBHCHMBI, 4 MX BO3MOXXHbIC B3aHMOJICHCTBHSI HTHOPHPYIOTCS

BBN
BaitecoBckue cetu nosepust
(Bayesian Belief Networks)

Boree cnoxHas MOJiesIb, OCHOBaHHAsl Ha BeposTHOCTH Baiieca. ['paduuecku nx mpuBoasT
B BUJIE NIPSIMBIX allMKIMYECKUX Ipad)oB, T/Ie y3IIbl IPEACTABISIOT TApaMeTphl, a JyT'H —
BEPOSTHOCTHBIE OTHOIICHNS MEKITY HIMHI

LR
Jluneiinas perpeccus (Linear
regression)

HpeﬂCTaBHﬂeT coboit CTAaTUCTHUYCCKYIO IpOoUEAYpPY, TOMOIr'arolly0 IPOrHO3UPOBATH

FL
Heuerxkas noruka (Fuzzy logic)

CoueTaHue KJIaCcCHUECKON JIOTMKM M TEOPHH MHOKECTB, HCIIONB3YIOIIEH MOHATHE He-
YeTKOr0 MHOXKeCTBa (pacuiupenue OyieBOH JIOTMKH mocpencTBoM omepannos 0 u 1).
Tax, metox FL ¢ yueToM HEONpe/IeNIeHHOCTH MOXKET ITOMOYb OTIINYUTh MHOTO(aKTOPHBIE
OLICHKH PHCKa OTKa3a TPyOOIpoBonoB: (GakTopsl aBapuii (Bo3pact TpyObl, MaTepual, 4ya-
cToTa aBapuit) oT (hakTOpoB mocieAcTBHil (yiepO, HapymeHne Ou3Heca 1 Ipodee)

GLM
O00011EHHBIE TUHEHHBIE MOJEIN
(Generalized Linear Models)

BkirodaeT nMHEWHYIO PerpeccHio, MOAENU OMCIIEPCHOHHOTO aHalli3a, JOTUT W IIPo-
out Mozenu (Juist GMHAPHBIX OTBETOB), JIONIMHEIHBIC MOJICIIU U MYJITHHOMHAJIBHBIE MO-
JIeJId OTBETOB JIJIsI [IOACUETOB

SM
Monenu BepkuBanus (Survival
Models)

B Mopnenu 3aBHCHMOI TIEpeMEHHOH (MIIM OTBETOM) SIBIISIETCS BpEeMsl OXKHMIAHHUS IO Ha-
CTYIUICHHS] HHTEPECYIOIIEr0 COOBITHS. DTO MO3BOJISIET PacCMaTpUBATh OTKa3bl TPYO ¢ Te-
YEHUEM BPEMEHHU

GT
Teopust rpados (Graph Theory)

O0nacTh AUCKPETHON MAaTeMaTHKH, H3ydaromeil rpadpl, TeOMETPHYECKHIA TTOIX0A K U3-
YUYCHHUIO OOBEKTOB M CBsizell Mexay HUMH. OOBEKThl Ha3bIBAIOTCS BepIIMHAMH Tpada,
CBSI3M MEX/y IapaMu 00beKTOB — pebpamu. [Ipn omvcanny B3anMOCBSI3H Hap pasiiid-
HBIX 00BEKTOB OOBIYHO UMEIOT Jeno ¢ rpadom. Hampumep, B cxeme TOPOACKOTO BOIO-
cHaO)KEHHMs BepIIMHAMU Tpada SBISIOTCS TOUYKHA BOAOpazbopa, a pedbpamu — Tpyoompo-
BOJIbI, COCMHSIONINE 9TH TOUKHU. VICTIONB3YIOT IS peIIeHNs ONITHMHU3AMOHHBIX 3a/1ad

SVR
Perpeccus OIopHBIX BEKTOPOB
(Support Vector Regression)

B Moaenn 00bsICHSIOMNE IEPEMEHHBIE 0TOOPAXKAIOTCS C TIOMOIIBIO HETMHEHHBIX CTPYK-
Typ B IIPOCTPAHCTBO BBICOKOM pa3MEpPHOCTH, 3aT€M B 3TOM IIPOCTPAHCTBE BBIIOJIHACTCA
JUHeHHas perpeccus. BerxonHas nepeMenHast, mporuosupyemast SVR, siBisiercs Herpe-
PBIBHOI, B JAHHOM CITy4ae 3TO YaCTOTa OTKA30B COBOKYITHOCTH TPYO
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Oxkonuanue maén. 1

Mopenu u anroputmMbl MO

Omnucanne

GP (unorma GA)
T'enernueckoe
nporpammuposanue (Genetic
Programming nim Genetic
Algorithm)

ABTOMaTHYECKOE CO3aHHME MM W3MEHEHHE MPOrpaMM C MOMOIIBI0 TeHETHYECKUX ajl-
TOPUTMOB, PAa3BUTHE MAPATUTMBI SBOIIOIMOHHOTO IPOrpaMMUpoBaHus. B 1peBoBuIHOM
KOIMPOBAHUM KaXIbIH y3ed JiepeBa COAEPKUT MPUMHUTUBHYIO (DyHKIMIO (Harmpumep,
CYMMa, OCTATOK, IPOU3BE/ICHHUE), a KAXKIBIH JINCT — 00bACHAEMAs IePEMEHHAs

EPR

DBOJIIOIMOHHAS TOJIMHOMUAJIBHAS
perpeccust (Evolutionary
Polynomial Regression)

I'mOpuaHas TexHUKA yNpaBiICHUS TAaHHBIMHU, OTHOCSINASACS K ceMeicTBy crpareruii GP.
OO0benuHsAeT B ceOe MOIIHBIE PErPECCHOHHBIC BO3BMOXXHOCTH OOBIYHBIX METOJIOB YHC-
JICHHOW PErpecCchy U MPEBOCXOIHYIO CIOCOOHOCTh TEHETUYECKOTO MPOTrPaMMHUPOBAHHS
K IMOMCKY peLIeHHH

AHP
Merton aHanu3a uepapxui
(Analytical Hierarchy Process)

CTpyKTypUpOBaHHAsl TEXHUKA NPUHATHS KOMIUIEKCHBIX PELICHUH, I11€ B TPaJULIUOHHON
(OPMYIHPOBKE CYXKICHHS SKCIIEPTOB MPEACTABISAIOTCS B BUE TOUHBIX 4ncel (Iporop-
M) 171 GOPMHUPOBAHMSI MATPHLBI CPABHEHHSI KPUTEPUEB U AIbTEPHATHB

RM
Mopens pamxkupoBanus (Ranking
Model)

[IpocTbie MomenH, KOTOPBIE PAHKUPYIOT TPYOBI 110 OIIPEAETIEHHOMN epeMEHHOM HITH KOM-
OMHAIMY NEPEMEHHBIX M JAPYTHE aITOPUTMBbI MOBBIIIEHHS PAHTOB, KOTOPBIE UTEPATHBHO
OOHOBJISIIOT BBIXOAHBIE IEPEMEHHBIE HAOOpa JAHHBIX B MOUCKAX YITyUIIEHHs ONpeeIeH-
HOM METPHUKH KayecTBa

DT
JlepeBbst IPUHATHUS pELIEHUI
(Decision Trees)

Mopenu, MO3BOJISIONINE PEUIaTh 3a1a4ll KiIacCU(UKANUU, HepapXu U perpeccun. DT
HCTIONB3YIOT JUI MHTEIUIEKTYalbHOTO aHalIM3a AAHHBIX (IPOTHO3 3HAYCHHS LEIEBOH
MIEPEMEHHOH Ha OCHOBE HECKOIBKUX ITEPEMEHHBIX Ha BXOJIE)

RF
Cuyuaiinbiii tec (Random Forest)

AHFOpPITM KOJIJICKTHUBHOT'O O6y‘ICHI/ISI, KOTOpLIﬁ COCTOMUT U3 HECKOJIbBKUX NEPEBHEB PEIIIC-
HI/II71, TAC KaXao0€ AEpeBO peHIeHI/Iﬁ 06yt1aeTc;1 HC3aBHCHMO Ha CHy‘IafIHOM IIOAMHOXKEC-
CTBC TaHHBIX. 3a cuer 0OJIBIIOro KOJUYECTBA JACPCBLEB PE3YIbTAT YIyqIIaCTCs

SVM
OrnopHbIe BEKTOPHBIE MAIIHHBI
(Support Vector Machine)

JInHeHHBI AJITOpUTM, I/ICHOJ'[L?)YCMI)Iﬁ B 3ajadyax KJ'IaCCI/I(I)I/IKaHI/II/I U perpeCCUOHHOTO
aHalmsa. AHrOpI/ITM CO31a€T JIMHUIO WIN I'MIEepIuIOCKOCTDh, KOTOpas pasAaesieT JaHHBIC
Ha KJIaCChlI

GNN
I'padoBas HelipoHHas ceTh
(Graph Neural Network)

Tun HelipoHHOU ceTH, 6asupyrolleiics Ha Teopun rpadoB, — HAMPSAMYIO padoTaromas
CO CTPYKTYpoii rpada (CTpyKTypa JaHHBIX, COCTOSIIAS U3 IBYX KOMIIOHCHTOB: Y3JIbl —
00BEKTHI, @ pebpa — CBsI3M My HUMH). TunuunbiM npumeneHrneM GNN sisiercst
KJacCUpUKAUs y3JI0B. MOXKET HCIOIb30BAThCS, HAIPUMED, JJIsl HHTCTPALIMU THIPABIIH-
YECKHMX U TOTIOJIOTHYCCKUX XapaKTEPUCTHK CETH BOJOCHAOKCHHUS

ANFIS

AnanTuBHas HeMpo-HeUeTKas
cetb (Adaptive neuro-fuzzy
network)

[Ipencrasnsier co0oOif pa3HOBUAHOCTH HCKYCCTBEHHOM HEHPOHHOW CeTH, OCHOBAHHOMN
Ha cucTeMe HeueTkoro BeiBoja Takaru — CyreHo. JlaHHast cucTeMa MHTErpUpYeT MPpHH-
UMbl MCKYCCTBEHHBIX HepoHHBIX cetell (MHC) ¢ nmpuHnunamu HedeTkol JOruku (ru-
opuanas cucrema). ANFIS siBnsiercst yHUBepcanbHBIM OLICHIIIMKOM Ha OCHOBE Halioa-
€MBIX JJAHHBIX: IIPABUIJIO — OLIEHIIHUK, a pe3y/IbTaT — OLIEHKa

KNN
Heiiponnas cets Koxonena
(Kohonen Neural Networks)

HeiipoceTh HacTpanBaeTCsl ¢ HCIOIB30BAHUEM AITOPUTMa OOyUeHUs (METOJOM MOCIe-
JIOBaTEJbHBIX MPHOMIKEHNI) 03 KOHTPOJIS, TOTOMY €€ TaK)Ke Ha3bIBalOT CaMOOPIaHu-
3yrotueiicst kaptoii. Mcronbp3yercsi B OCHOBHOM UTsl KJTacCH(DHUKALINH, CKATHS, PACTIO3HA-
BaHMA 00pa3zoB u nuarHocTuku. KNN, B OTIHUHe OT MHOTOCIOHHONW HEWPOHHOH CeTH,
OYeHb MIPOCTA; OHA MPEICTABISAET COOO0M 1Ba ClosA: BXOAHOH 1 BbIxoaHOU. [loxcTpansa-
eTcsl He M0J ATAJIOHHOE 3HaYeHHE BBIXO/a, a T10]] 3aKOHOMEPHOCTH BO BXOAHBIX JaHHBIX

WHC, xotopbie GypHO pa3BUBAIOTCS B HACTOSIIIICE BPEMSL.
B eanHOM HccieoBaHUM MOTYT TIPUMEHATBCS Pas3iIind-
HBIE MOJIEJTH ¥ alropuT™Msbl ¢/6e3 ncnosib3oanus MHC.
W3yaenne metonoB MO u X IPIMEHEHUS B TaHHO Teme
TIOKa3bIBAET, YTO MPOOIEMa MOXKET ObITH CMOZICITIPOBAHA
M0-Pa3HOMY. JTO MPOSIBISIETCS] B PA3JIMYHBIX BBIXOIHBIX
MIEPEMEHHBIX, KOTOpBIE OBIIM HCIIOJIB30BaHbBI (BpeMs
JIO OTKa3a, MHJIEKC PUCKA HA YYacCTOK, BEPOSTHOCTH OT-
Ka3a, JIOKJIN3alysl YsI3BUMbIX yYaCTKOB, HHTEHCUBHOCTh
OTKa30B ¥ T.11.). Peanm3arst MeTomoB 00pabOTKH, TaKUX
KaK CTpaTerny BBIOOPKH WM TIPeoOpa3oBaHusl epeMeH-
HBIX, TAKKE COUETACTCS C HANOOIEE EPCTIEKTUBHBIMU MO-
nemsivu (MHC, KNN, LR, GP, SVR u narnee) (ta0. 2).

HaGnronarores cieyromme 3aKOHOMEPHOCTH:

* TEHJICHIWA K YBEIMUICHHIO YHCIIa OTKA30B OTHUX
U TeX ke TpyO B TEUCHME psijia JIeT MOAPS, YTO IOJ-

TBEP)KIAETCS MMOJIOKUTEIBHON KOPPEIALNEH MEXKIY KO-
JIMYECTBOM IPEABIIYIINX OTKa30B TPYObI M BHIXOJAHOU
nepeMeHHOU. BopokaHanaM ciieyeT NepecMOTpeTh
CBOM PEKOMEH/IAINH 110 TEXHUYECKOMY OOCITY>KHBaHHIO
U TIOMCKAaTh BO3MOJKHBIC YSA3BUMBIE MECTa;

* CONIACHO AHAJIN3Y TOJI0BOW MHTEHCUBHOCTH OT-
Ka30B Ha KHJIOMETP, TPyObI MEHBILIETO THAMETPA, a TaKKe
cTapble TPyObl MIMEIOT 3HAYUTEIIHHO 0OJiee BEICOKHH ypo-
BEHb OTKA30B;

* MHTEHCHBHOCTB OTKa30B OETOHHBIX TPYO cocTaB-
ssietT okoJio 0,65 0TKa30B/KM TOMI, YTO CBHUCTEIIbCTBYET
0 Cepbe3HO IpodIieMe, CBI3aHHOM C TUM MaTEPUAIIOM.

s ycroituuBoro passutus LICB Bogoxanamam
Tpedyercst 00ecTIeYnTh HaJCKHBIN 1 HENPEPBIBHBINA COOP
JIAHHBIX — 3TO BOKHEHIIIAs IPAKTHKA, KOTOPasi TOMOXKET
TMPUHUMATh HAACKHBIC PEHICHNA HE TOJIBKO B HACTOAILEM,
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Tada. 2. Monenu mporHo3a u BEIXOHbIE IEPEMEHHbIE HEKOTOPBIX UCCIIEI0BAHII — MPOTHO3UPOBaHKE aBapuil TpyOONpOBOI0B

B CETSAX BOIOCHAOKEHHUS

Mopens

Beixonnas NIEPpEMCHHAsA U CChLIIKa

BBN, SVR BepostHoCTh OTKa3a [2]

FL Mupekc pucka oTkasa mpu y4ere Marepuana, Bo3pacTa, JIMHBL U quameTpa Tpyo [3]
GP Bpewms 1o otkaza tpybonposona [4, 5]

GA Jlokanu3zanus u pasmep yreuek [6, 7]

RM, LR, NB, SM

KomnnuectBo 0TKa30B TpyO6OnpoBoaoB [§]

RM

Wunexc pucka [9]

BBN

Konnuecto nospexaenuii Tpyo [10]

SVR, CL, FL (MHC)

NuTeHcuBHOCTH 0TKa30B [11]

GT, SVM (MHC)

Jlokanu3zanus yreuek [12]

SVM, RF Jlokanu3anus yTeueKk U CHUKEHHE U30BITOYHOTO JaBieHus [13]
FL, AHP CocrosiHue TpyoO [14]

EPR KonuuectBo 0TKa30B TpyOOIpoBromos [15]

LR Bpewms 10 otkasa Tpy6onposoza [16]

RM, LR, SVM (HC)

BepositHocTs oTKa3a [17]

DT, SM, RM

Bpewmst 110 oTkaza Tpy6onpoona [18]

DT, BBN (MHC)

BepositHocTs oTKa3a [19]

GLM, DT (MHC)

Bpewms 10 otkasa Tpy6omnposomna [20]

BBN BepostHocTs oTkaza [21]

GNN (UHC)

Jlokanu3anus ysS3BUMBIX YYaCTKOB 110 JaBleHUIo [22, 23]

FL, ANFIS (MHC)

OcraBumiicst Cpok CIIyKObI TpyO [24]

FL, ANFIS (MHC)

Jlokanu3anus ysa3BUMBIX y4acTKOB [25-27]

FL, ANFIS (MHC)

YacTtoTa 0TKa30B OT IMAMETpa U MarepuasioB TpyO [28]

DT Bpewms 1o orkasa Tpyoonposona [29]

RF Jlokanm3zanus ys3BUMBIX ydacTkoB [30-32]

CVM, RF (UHC)

Juddepennuanus u uaeHTUGUKAINSL cOOBITHIA cO0st [33]

KNN anropurm Koxonena (MHC)

rotoBHOCTH [34, 35]

HO ¥ B riepcrekTuse. VcenenoBanus 0TMEYaroT pocT U Mo-
BBIIICHUE JI0CTOBEPHOCTH MH(MOpMAIMU 00 OTKa3ax Tpy-
6orpoBosoB rpu ucnonb3oBanun SCADA cucrem Ha oc-
HoBe reorpaduuecknx nHGopmarmonabix cuctem (I'MC).
[embo BomOKaHANA JOMKHO CTaTh OCO3HAHME IICHHO-
CTH JAHHBIX, a HE YKOHOMMS Ha MCTOYHHUKAX W BPEMCHH
JUISl pa3pabOTKN Ha/ISKHOM M Ka4eCTBEHHOW MMOJIUTHKH
cbopa ceenenuii. Hanboree npocteivMu hakropamu, KOTo-
PpBIe BOJOKaHAIBI MOTYT COOMPATh B CBOM 0a3bl JaHHBIX,
SIBISTFOTCS, HAIPUMEP: TUaMeTp TPyOBI, IUTHHA y4acTKa,
BO3pacT TpyO, naBieHue, TaIl rpyHTa. COOCTBEHHO NTaB-
JieHue (VM TIepeTiajT) B CETH, Ha HaIl B3IV, HE SBILICTCS
TIPU3HAKOM aBapUHHOCTH. DTO, HECOMHEHHO, BaYKHBIH T1a-
pamMeTp, HO €ro ClieyeT paccMaTpUBaTh COBMECTHO C KO-
JIMYECTBOM OTKA30B CETH (aBapHii) Ha yUacTKax.

Hauano ucnonb30BaHuss HEUPOCETEBBIX AJITOPUT-
moB Koxonena (KNN) B Poccuu [34, 35], a Taroke nccrie-
JTOBAaHUS, PEAH3YIOIINE 3aKITFOUCHHE O IPAaBUIBHOCTH
MIPOEKTUPOBAHUS U IKCILTyaTallMy CUCTeMBI [36], Heciy-
YalHbl. DTO CBHJICTEIBCTBYET O HAJIMYUK €IUHCTBEH-
HOTO IEPEBEACHHOIO Ha PYCCKUM SA3bIK HEHPOCETEBOIO
ITO STATISTICA Automated Neural Networks (Benmop
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MHTEHCHBHOCTD OTKa30B, BEPOSTHOCTH 0€30TKa3HON paboThl, K03 HumeHT

StatSoft Russia)', comep>kut camble COBpEeMEHHBIC HEii-
POCETEBbIC AITOPUTMBI 00YYEHHUSI (METOJ] COMPSKEHHBIX
rpaaueHToB, anroput™ JleBenOepra — MapkBapara,
BFGS, anroputm Koxonena). [1O npennazHadeHo 11s aHa-
JIU3a JTaHHBIX, BU3YJIN3alliH, POTHO3UPOBAHMSI U MIPO-
BEJICHUSI CTATUCTUUYECKUX aHAJIU30B, YTO MO3BOJISIET
B3STh €TO Ha BOOPYKEHHE TPH NMPOTHO3UPOBAHUN OTKa-
30B TPyO B CETAX BOJOCHAOKCHNS.

Cetp KoxoHeHa, B OTAMYHE OT MHOTI'OCJIIOMHON
MHC, o4ens mpocTa; OHa MPECTABISET COOOH IBa CITOS:
BXOJIHOMU ¥ BbIxoaHOM. MO no npasuity Koxonena oTHo-
CHUTCS K COPEBHOBATEIbHBIM METOIaM 00yueHws1. B cioe
HEUPOHHOW CETH U3MEHSIOTCS Beca TOJIbKO OIHOTO
HEHpOHa-MOOeNUTEIIS, €ro Beca MPHU3HAKTCS HanboJjee
ONM3KMMU K 3HAYCHUSIM BXOqHOTOo curHana. Ceth Koxo-
HeHa 00y4yaeTcsi METOJIOM MOCIIEeJ0BATEILHBIX TPHOITH-
skeHnil. B mporiecce MO Ha BXOABI IOAIOTCS TaHHBIE,
HO HEWPOCETh TIPH ATOM TIOICTPAUBAETCS HE 0] ATAJIOH-
HOE 3Ha4YCHHUE BBIXO/IA, a TIOJT 3aKOHOMEPHOCTH BO BXOJ-

! STATISTICA Automated Neural Networks. URL: https://
TUIeH3UOHHEICOPT.pd/catalog/view/405/?ysclid=Iwkqdt5d
uml161804109
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HBIX JaHHBIX. Helipornas ceth KoxoHeHa HacTpanBaeTcst
C MCIOJIB30BAaHUEM AJTOPUTMa 00y4eHHs1 0e3 KOHTPOJIs
(mo3TOMY €€ Ha3bIBAIOT CAMOOPraHU3YOLICHCS KapTOi)
1 HCTIONIB3YeTCsl B OCHOBHOM JUIS KJIACCHU(MKALINK, CiKa-
THS1, PaCIO3HABAHMSA 00Pa30B M AUATHOCTHUKH.

Kpome BhIIICONUCaHHBIX c1OCOO0OB, HAYMHAIOT
AKTHBHO Pa3BHBAThCs aKyCTHYECKHE U YIBTPa3BYKO-
BBI€ METO/Ibl MOHUTOPUHI'A COCTOSIHHS TIOA3EMHBIX TPY-
OOIPOBO/HBIX CETEH, OCHOBaHHBIE HAa PACIIPOCTPAHCHUH
00BEMHBIX W HalPaBJICHHBIX BOJH (1Iyma). A UMEHHO
W3MEpPEeHHsI BUOPALMU M OLCHKH CHEKTPAJIbHBIX XapakK-
TEPUCTHK LIyMa YTEYKH C IIOMOIIBIO aKCEeIePOMETPOB,
FI/I)IpO(bOHOB, BOJIOKOHHO-OINITHYCCKUX JATYUKOB U YyJIb-
Tpa3BykoBeIX (BbImie 20 k') metonos [37—40]. Xots
9TH METOJbl PUMEHSINCh K TPyOaM BPYYHYIO, OHH
HOIXOJST JUISl HCIIOJIBb30BaHUS B COYETAHHU C aBTOHOM-
HBIMH MHCIIEKI[HOHHBIMU POOOTaMH JJIsl OOHApYIKEHHS
BO3HUKHOBEHUS JIe()eKTOB BHYTpH TpyO. Mccnenyrores
COOTBeTCTBYOIIHE MeToIbI MO JU1s IPOrHO3a MECTOIIO-
JIOXKEHUH yTedeK, OCHOBaHHBIC HA MOJOOHBIX JAHHBIX:

* TeHepaTHBHas cocTs3arenbHas ceth (Generative
Adversarial Network — GAN) Ha 0CHOBE HOBaTOPCKOT'O
noaxozna K MO, KOTOpBIi cOYETaeT TEOPUEO UT'P, BEPOSIT-
HOCTHOE MOJICIIMPOBAHKE M TeopHro nHpopmarun [38].
GAN coctouT u3 IByX HEMPOHHBIX CEeTel, reHepaTopa
U JIMCKPUMMHATOPA, KOTOPBIE 00YYatoTCs COCTSI3aTelb-
HBIM 00pa3oM JIsl TeHepaLuK PeaTMCTHYHBIX TaHHBIX;

* anropuTMbl perpeccuoHHoro MO Ha ocHOBe
k-ommxaiimux cocenert (k-NN) 1 MalIuHbI OMOPHBIX
BekTopoB (SVM) [39];

* MOJIeNH OOHAPYKEHHUSI YTEYEK METOJIOM OIIOPHBIX
BEeKTOpOB (SVM), HCKyCCTBEHHOW HEHPOHHOW CETHIO
u nrybokum obyuenuem (Deep Learning — DL) npope-

MOHCTPHPOBAIIA B OCHOBHOM CTaOMIIEHYIO TTPOU3BOIH-
TENBHOCTb U BBICOKYIO TOUHOCTS [40].

3AKJIIOYUEHUE

Jnsa ycroituusoro passurusa LICB Bonokxanamam
TpeOyercst 00eCTIeYnTh Ha/ISXKHBIN U HETIPEPHIBHBIN cOOp
JIAHHBIX — 3TO Ba)KHEHIIIast paKTHKa, KOTOPasi TIOMOYKET
NPUHUAMATH HaJIeXKHbIE PEllIeHHs] Ha OCHOBE MporHo3oB NN
nocie (hazel MO. Haunboree npoctbiMu (hakTopamu, KOTo-
Pble BOJIOKaHAJIbI MOTYT COOMPATh B CBOM 0a3bl JAHHBIX, SIB-
JISTFOTCSI, HATIPUMEP: AMaMETp TPYObl, [UTMHA y4acTKa, BO3-
pact Tpy0, naBienue, TUI rpyHTa. COOCTBEHHO JaBICHUE
(vm Tiepernaz) B CeTH, Ha Halll B3I, HE CITY)KUT IIPU3HA-
KOM aBapHIHOCTH. JTO, HECOMHEHHO, BayKHBIN TTapaMeTp,
HO €T0 CJIeyeT paccMarpiBaTh COBMECTHO C KOJIMUECTBOM
OTKA30B CETH (aBapHii) Ha y9acTKaX.

Tenpenyu u ucnons3oBanue MO B ynpaBieHUH
CETSAMH BOJOCHAOXKEHNUS BBISIBIIIM UCIIONb30BaHUE 18
QJITOPUTMOB JUUTsl PELIEHNS 33/1a4, CBSI3aHHBIX C YTEUKaMU
CHCTEM BOJIOCHAOKEHUSI. BHIXOIHBIMY ITEpeMEHHBIMU MO-
ryT 6I)ITI): HMHTCHCHUBHOCTL OTKAa30B, BEPOATHOCTH OTKa3a,
MHJIEKC PHUCKa, BPEMs JI0 OTKa3a, KOJIMYECTBO OTKA30B, CO-
CTOAHHEC pr6, JIOKaJIM3alus yA3BUMbBIX YYaCTKOB, OCTaB-
MIMCS CPOK CITYXKOBI TPYO, BEPOSITHOCTH OE30TKa3HOM pa-
60751, K03 duIMeHT roroBHOCTH. Hagasno ucmons3oBaHms
HelpoceTeBbIx anroputMoB Koxonena B Poccuu cBsizano
C HUIMYHEM PYCCKOS3BITHOTO MPOrPaMMHOTO odecrede-
Hust STATISTICA Automated Neural Networks.

[IpencTaBneHbl CBEACHUS O PA3BUBAIOIINXCS aAKY-
CTHUYECKUX M YJIBTPAa3ByKOBBIX METO/IaX MOHUTOPHHTA
COCTOSIHUSI TIOJI3EMHBIX TPYOOIIPOBO/IHBIX CETEH, OCHO-
BaHHBIX Ha PacIpOCTpaHeHNN OOBEMHBIX U HaIpaBiIeH-
HBIX BOJIH (IITyMa), ¥ COOTBETCTBYyomue Metoas MO.
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INTRODUCTION

One of the foundations for sustainable development
and improvement of centralized water supply and sani-
tation systems is the use of artificial intelligence (Al),
namely machine learning algorithms and models (su-
pervised, unsupervised, reinforcement learning). Leaks
and unauthorized connections to centralized water sup-
ply systems pose a serious risk, as they lead to losses
of drinking water and reduce pricing in the field of ac-
counting for this water resource.

Clean drinking water is a scarce resource in many
regions. Detecting leaks and/or localizing them is chal-
lenging due to the complex dynamics of water distribu-
tion networks. Due to the complex network dynamics
and changing demand patterns, detecting both small and
large leaks is a complex hydraulic challenge. However,
rapidly developing Al tools offer the potential to solve
this technical challenge based on machine learning (ML)
algorithms. The potential highlights the lack of system-
atic research to analyze the role of Al research in achiev-

105

(1G] ¥ HOALIGG ‘L WOL Sty "



Science :ﬁlt:lnftll::glii':::l: Vol. 14.Issue 4 (54)

Victor I. Bazhenov, Oleg G. Primin, Vladimir V. Bazhenov

ing the Sustainable Development Goals (SDG). SDG
is the set of 17 guiding targets adopted by the UN, each
of which focuses on an aspect of human development
and ecosystem sustainability.

The relevance is related to solving practical Al prob-
lems based on the latest innovative trends — forecasting
and preventing accidents in water distribution networks
with optimal planning of repair research and timely main-
tenance. Preventive maintenance and leak detection using
Al increases the efficiency of water supply infrastructure
management. This efficiency is associated with the use
of ML algorithms to improve the decision-making pro-
cess and improve water resources management strategies.
The review of practices is relevant because it contains
an analysis of ML algorithms, the practice of using ML
output variables, and a multivariate analysis of the de-
struction of water supply pipelines.

Intelligent systems based on Al tools generally use
information and communication technologies (ICT),
which have been achieved to achieve the goals of effi-
ciency and sustainability in urban water management.
ICT uses a complex architecture including sensors, com-
munication, programmable logic controllers (PLC), actu-
ators, remote terminal devices, data and control servers,
called supervisory control and data acquisition (SCADA)
system. Transforming centralized water supply networks
into cyber-physical systems using SCADA supports real-
time monitoring, data collection and remote control to
improve the system’s performance and enhance its capa-
bilities related to rapid and accurate fault detection and
timely recovery actions. This, in turn, improves the resil-
ience of the overall system.

The purpose of study is to substantiate the role
of artificial intelligence using machine learning tools in
the tasks of predicting pipeline failures and emergency
situations in water distribution networks.

MATERIALS AND METHODS

Russian standard GOST R 59277-2020 assigns to
artificial intelligence (Al) a set of technological solu-

tions that allow simulating human cognitive functions
and obtaining results comparable, at a minimum, with
the results of human intellectual activity. Russian stan-
dard GOST R 59895-2021 interprets machine learning
(ML) as a process of automatic learning and improving
the behavior of an Al system based on processing an ar-
ray of training data without explicit programming.

The study of information on the role of artificial in-
telligence in preventing water leaks from water supply
networks was carried out using the method of a literature
review of the used models (algorithms) for predicting
pipe failures in water supply networks.

The type of Al used is predictive analytics, which
uses machine learning algorithms to analyze data and
predict future events or trends. Predictive analytics is
used to predict water use patterns:

* trends in the use of machine learning in water
supply network management;

* monitoring of water resources in real time;

« forecasting water availability, optimizing distribu-
tion and improving infrastructure maintenance.

RESULTS OF THE STUDY

The results of the study show that many of the ana-
lyzed papers refer to factors that influence pipeline fail-
ure, such as:

« internal (year of pipe installation, their length and
material, diameter, anti-corrosion protection);

* operational (history and type of accidents, pres-
sure or velocity in the pipeline);

« external (transport load, soil corrosivity, tempe-
rature).

Models used for diagnostic analysis to predict water
leaks from water supply networks are identified and pre-
sented (Table 1). The model classifier is based on the re-
search [1], with modifications.

The review of technologies shows the use of 18 ML
algorithms to solve problems (Table 2) related to water
supply system leaks. This is, of course, not a complete
list of algorithms, especially for artificial neural networks

Table 1. Machine learning (ML) models and algorithms used to prevent water leaks from water supply networks

ML models and algorithms

Description

NB

Naive Bayesian . .
tions are ignored

Based on Bayes’ rule, it separates data into different classes using input variables or attri-
butes. It assumes that the variables are conditionally independent and their possible interac-

BBN

Bayesian Belief Networks relationships between them

A more complex model based on Bayesian probability. They are graphically represented
as direct acyclic graphs, where nodes represent parameters and arcs represent probabilistic

LR
Linear regression

It is a statistical procedure that helps in forecasting

Combination of classical logic and set theory using the concept of fuzzy set (extension of
Boolean logic, by means of operands 0 and 1). Thus, the FL method taking into account

FL . uncertainty can help to evaluate multifactorial assessments of the risk of pipeline failure:
Fuzzy logic . . . .
accident factors (pipe age, material, accident frequency) from consequence factors (damage,
business disruption, etc.)
GLM Includes linear regression, analysis of variance models, logit and probit models (for binary

Generalized Linear Models

responses), loglinear models, and multinomial response models for counts
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End of the Table 1

ML models and algorithms

Description

SM
Survival Models

In the model, the dependent variable (or response) is the waiting time until the event of
interest occurs. This allows pipe failures to be considered over time

GT
Graph Theory

An area of discrete mathematics that studies graphs, a geometric approach to studying ob-
jects and the connections between them. Objects are called graph vertices, and connections
between pairs of objects are called edges. When describing the relationship between pairs of
different objects, one usually deals with a graph. For example, a city water supply scheme,
where the graph vertices are water intake points, and the edges are the pipelines connecting
these points. It is used to solve optimization problems

SVR
Support Vector Regression

In the model, the explanatory variables are mapped using nonlinear structures into a high-
dimensional space, and then linear regression is performed on that space. The output vari-
able predicted by SVR is continuous, in this case the failure rate of the population of pipes

GP (sometimes GA)
Genetic Programming
(or Genetic Algorithm)

Automatic creation or modification of programs using genetic algorithms, development of
the evolutionary programming paradigm. In tree — like coding, each tree node contains
a primitive function (e.g., sum, remainder, product), and each leaf contains an explained
variable

EPR
Evolutionary Polynomial
Regression

Hybrid data management technique belonging to the GP family of strategies. It combines
the powerful regression capabilities of conventional numerical regression methods with
the superior solution-finding ability of genetic programming

AHP
Analytical Hierarchy Process

A structured technique for making complex decisions, where in the traditional formulation,
expert judgments are presented in the form of exact numbers (proportions) to form a matrix
for comparing criteria and alternatives

RM
Ranking Model

Simple models that rank pipes by a given variable or combination of variables, and other
rank boosting algorithms that iteratively update the output variables of a dataset in search of
improvements in a given quality metric

DT
Decision Trees

Models that allow solving problems of classification, hierarchy and regression. DT is used
for data mining (predicting the value of a target variable based on several input variables)

RF
Random forest

A collective learning algorithm that consists of multiple decision trees, where each decision
tree is trained independently on a random subset of data. The larger the number of trees,
the better the result

SVM
Support Vector Machines

A linear algorithm used in classification and regression analysis problems. The algorithm
creates a line or hyperplane that separates the data into classes

GNN
Graph Neural Network

A type of neural network based on graph theory — directly working with the structure of
a graph (a data structure consisting of two components: nodes — objects, and edges — con-
nections between them). A typical application of GNN is node classification. It can be used,
for example, to integrate hydraulic and topological characteristics of a water supply network

ANFIS
Adaptive neuro-fuzzy network

It is a type of artificial neural network based on the Takagi — Sugeno fuzzy inference system.
This system integrates the principles of ANN with the principles of fuzzy logic (hybrid sys-
tem). ANFIS is a universal evaluator based on observed data: the rule is the evaluator, and
the result is the assessment

KNN
Kohonen Neural Networks

The neural network is configured using a learning algorithm (successive approximation
method) without supervision, so it is also called a self-organizing map. It is used mainly for
classification, compression, pattern recognition and diagnostics. KNN, unlike a multilayer
neural network, is very simple; it consists of two layers: input and output. It adapts not to
a reference output value, but to patterns in the input data

(ANN), which are rapidly developing at present. A single
study can use different models and algorithms with/with-
out the use of ANN. The study of ML methods and their
application in this topic shows that the problem can be
modeled in different ways. This is reflected in the different
output variables that were used (time to failure, risk index
per section, failure probability, localization of vulnerable
sections, failure rate, etc.). The implementation of process-
ing methods, such as sampling strategies or variable trans-
formations, are also combined with the most promising
models (ANN, KNN, LR, GP, SVR, etc.) (Table 2).

The following patterns are observed:

+ atendency for the same pipes to fail more frequent-
ly over a number of years, as evidenced by a positive cor-

relation between the number of previous pipe failures and
the output variable. Utilities should review their mainte-
nance recommendations and look for potential weak spots;

* according to the analysis of the annual failure rate
per kilometer, smaller diameter pipes, as well as older
pipes, have a significantly higher failure rate;

« the failure rate of concrete pipes is about 0.65 fai-
lures/km year, which indicates a serious problem associ-
ated with this material.

For the sustainable development of centralized wa-
ter supply systems, water utilities need to ensure reliable
and continuous data collection — this is the most impor-
tant practice that will help make reliable decisions not
only in the present but also in the future. Research shows
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Table 2. Forecast models and output variables of some studies — forecasting pipeline failures in water supply networks

Model Output variable and reference
BBN, SVR Probability of failure [2]
FL Failure risk index considering material, age, length and diameter of pipes [3]
GP Time to pipeline failure [4, 5]
GA Localization and size of leaks [6, 7]
RM, LR, NB, SM Number of pipeline failures [8]
RM Risk index [9]
BBN Number of pipe damages [10]

SVR, CL, FL (ANN)

Failure rate [11]

GT, SVM (ANN)

Leak localization [12]

SVM, RF Localization of leaks and reduction of excess pressure [13]
FL, AHP Condition of pipes [14]

EPR Number of pipeline failures [15]

LR Time to pipeline failure [16]

RM, LR, SVM (ANN) Probability of failure [17]

DT, SM, RM Time to pipeline failure [18]

DT, BBN (ANN) Probability of failure [19]

GLM, DT (ANN) Time to pipeline failure [20]

BBN Probability of failure [21]

GNN (ANN) Localization of vulnerable areas by pressure [22, 23]

FL, ANFIS (ANN)

Remaining service life of pipes [24]

FL, ANFIS (ANN)

Localization of vulnerable areas [25-27]

FL, ANFIS (ANN)

Failure rates by pipe diameter and material [28]

DT Time to pipeline failure [29]

RF Localization of vulnerable areas [30-32]

CVM, RF (ANN)

Differentiation and identification of failure events [33]

KNN Kohonen algorithm (ANN)

an increase and improvement in the reliability of data
on pipeline failures when using SCADA systems based
on Geographic Information Systems (GIS). The goal
of a water utility should be to recognize the value of data,
rather than save on sources and time to develop a reli-
able and high-quality data collection policy. The simplest
factors that water utilities can collect in their databases
are, for example: pipe diameter, section length, pipe age,
pressure, soil type. In our opinion, the pressure (or dif-
ference) in the network itself is not a sign of an accident.
This is undoubtedly an important parameter, but it should
be considered together with the number of network fail-
ures (accidents) in sections.

Beginning of the use of Kohonen neural network
algorithms (KNN) in Russia [34, 35], as well as stud-
ies implementing the conclusion on the correctness
of the design and operation of the system [36], is not
accidental. It indicates the presence of the only neural
network software translated into Russian STATISTICA
Automated Neural Networks (vendor StatSoft Russia)'
contains the most modern neural network training algo-
rithms (the conjugate gradient method, the Levenberg-
Marquardt algorithm, BFGS, the Kohonen algorithm).

! STATISTICA Automated Neural Networks. URL: https://
TUIEeH3UOHHBICOPT.pd/catalog/view/405/?ysclid=Iwkqdt5d
uml161804109
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Failure rate, probability of failure-free operation, availability factor [34, 35]

The software is designed for data analysis, visualization,
forecasting and statistical analysis, which allows it to be
used in predicting pipe failures in water supply networks.

The Kohonen network, unlike the multilayer ANN,
is very simple; it consists of two layers: input and out-
put. ML according to Kohonen’s rule refers to com-
petitive learning methods. In the neural network layer,
the weights of only one winner neuron are changed,
its weights are recognized as the closest to the values
of the input signal. The Kohonen network is trained using
the method of successive approximations. During the ML
process, data is fed to the inputs, but the neural network
is adjusted not to the reference value of the output, but to
the patterns in the input data. The Kohonen neural net-
work is configured using an unsupervised learning algo-
rithm (that is why it is called a self-organizing map) and
is used mainly for classification, compression, pattern
recognition and diagnostics.

In addition to the above methods, acoustic and
ultrasonic methods for monitoring the condition of un-
derground pipeline networks based on the propagation
of volumetric and directional waves (noise) are begin-
ning to develop rapidly. Namely, vibration measurements
and evaluation of the spectral characteristics of leak
noise using accelerometers, hydrophones, fiber optic
sensors and ultrasonic (above 20 kHz) methods [37—40].
Although these methods were applied to pipes manually,
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they are suitable for use in combination with autonomous
inspection robots to detect the occurrence of defects in-
side pipes. Corresponding ML methods for predicting
leak locations based on such data are being studied:

* Generative Adversarial Network (GAN) is a nov-
el approach to ML that combines game theory, proba-
bilistic modeling, and information theory [38]. GAN
consists of two neural networks, a generator and a dis-
criminator, which are trained in an adversarial manner to
generate realistic data;

* Regression ML algorithms based on k-near-
est neighbors (k-NN) and support vector machines
(SVM) [39];

* Support Vector Machine (SVM), Artificial Neural
Network (ANN) and Deep Learning (DL) leak detection
models Learning) have demonstrated generally stable
performance and high accuracy [40].

CONCLUSIONS

For the sustainable development of centralized wa-
ter supply systems, water utilities need to ensure reliable
and continuous data collection — this is a key practice
that will help make reliable decisions based on artificial

intelligence predictions after the machine learning phase.
The simplest factors that water utilities can collect in their
databases are, for example: pipe diameter, section length,
pipe age, pressure, soil type. In our opinion, the pressure
(or difference) in the network itself is not a sign of an ac-
cident. This is undoubtedly an important parameter, but
it should be considered together with the number of net-
work failures (accidents) in sections.

Trends and use of machine learning in water supply
network management revealed the use of 18 algorithms
to solve problems related to water supply system leaks.
The output variables can be: failure rate, failure probabili-
ty, risk index, time to failure, number of failures, pipe con-
dition, localization of vulnerable areas, remaining service
life of pipes, probability of failure-free operation, avail-
ability factor. The beginning of the use of Kohonen neural
network algorithms in Russia is associated with the avail-
ability of Russian-language software STATISTICA
Automated Neural Networks.

Information is presented on developing acoustic and
ultrasonic methods for monitoring the condition of un-
derground pipeline networks, based on the propagation
of volumetric and directional waves (noise) and the cor-
responding ML methods.
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AHHOTALUMNA

BBeaeHue. PaccMoTpeHbl COBpeMeHHbIE METOAbI NMPUMEHEHUsT MEMBPaHHBLIX TEXHOMOIUA B O4YMCTKE NMPOM3BOACTBEHHbIX
cTokoB. [pobnema CHWXKEHUs HeraTMBHOIO BO3OEVCTBUS HA OKPY)KaloLlylo cpedy MnyTem MOBbIWEHUst 3(eKTUBHOCTH
OYMCTHBIX COOPY>KEHUI ABNSIeTCs Hanbornee akTyanbHOM B AaHHbIN MOMEHT. B nocnegHee BpeMsi MeEMOpaHHbIE TEXHOMOMK
O4YMCTKM CTOYHbIX Bog (CB) cTaHoBsATCA Bce HGonee BoCcTpeboBaHHbIMU ANS MX BKIOYEHUS B CYLLECTBYOLLME TEXHOMOMMYe-
CKNE CXEMbI NPOMBILLIEHHbIX NPEANPUATUN, PACTONOXEHHbBIX B MUPE.

MaTtepuansbi u meToabl. /3yyeHbl NpumMepbl UCNOMNb30BaHUSA TEXHOMOMMN B MOJTOYHONM NMPOMbILLIIEHHOCTM, MACIIOXMPOBOM
NPOMBbILLIIEHHOCTU, aBTOMOOUITBHOM MPOM3BOACTBE, 3MEKTPOIHEPTETUYECKON NPOMBILLNIEHHOCTH, KOXXEBEHHOM MPOM3BOA-
ctBe. [MpoaHannanMpoBaHbl OTEYECTBEHHbIE 1 3apyOEXHbIE MCTOYHUKN.

Pesynbratbl. [TpegnoyteHne oTAaeTcs TEXHONMOIMMYECKUM CXemaM, MO3BONsWNM co3natb 6e30TXoqHOe NpOM3BOACTBO,
a MMEHHO MOBTOPHOMY MCMOMb30BaHNIO OYMLLEHHBIX CB B TEXHONMOrMYecknx npoueccax NpegnpusaTus, YTo cnocobcTByet
NOBbILLIEHNIO 3DEKTUBHOCTM OUUCTHBIX COOPYXKEHWUN. [MpuMeHeHe MeMBpPaHHbIX TEXHOMOMMIN AaeT BO3MOXHOCTb A0OUTb-
Cs1 MOCTaBMEHHbIX LieNneln Mo CHMKEHMIO HEraTUBHOTO BO3OEWCTBUS HA OKPY)KaloLLyk cpeay, HO BMECTe C 9TUM LaHHas
TEXHOMNOTNSI He NULLIEHA HeQOCTaTKOB.

BbiBoAgbl. TexHOMorns cunbHO 3aBUCUMT OT cocTaBa CB M CyLlecTBYHOLEN TEXHONMOIMMYECKON cxembl ouncTku. Mcxoas
13 PacCMOTPEHHbIX NPUMEPOB B Pa3fNYHbIX OTPACIIAX MPOMBbILLNIEHHOCTU YCTAHOBMNEHO, YTO AaHHAs TEXHOMOMMs nony4vaet
BCe Oonbluee pacnpocTpaHeHe 1 NoKasbiBaeT OTIIMYHbIE pPe3yrbTaThl MO CHKEHWIO HEraTUBHOTO BO3AENCTBUS OT CTOKOB
NPOMBbILUNIEHHBIX NPEANPUATUIA. TexHonorus MeMopaHHbIX OUNBTPOB ANA co3aaHnsi 6€30TX0QHOro NPOU3BOACTBA AOSMKHA
nccnenoBaTbCs AanbLue U nonyvatb pa3sutme.

KINKOYEBBIE CITOBA: ouucTka CTOUHbIX BoA, MeMbpaHHble 6uopeaktopbl (MBP), 6uonoruyeckasi oumctka, HaHounsTpa-
LMs1, KOXXEeBEHHOE NPOM3BOACTBO, HYNEBON COPOC XMUAKOCTU, OBPaTHBIN OCMOC, a39POTEHKU
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ABSTRACT

Introduction. Modern methods of application of membrane technologies in industrial wastewater treatment are consid-
ered. The problem of reducing the negative impact on the environment by increasing the efficiency of treatment facilities is
the most urgent at the moment. Recently, membrane technologies of wastewater treatment are becoming more and more
demanded for their inclusion in the existing technological schemes of industrial enterprises located all over the world.
Materials and methods. Examples of technologies used in the dairy industry, oil and fat industry, automobile manufacturing,
electric power industry, and tanning industry were studied. Domestic and foreign sources were analyzed.

Results. As a result of the work carried out, preference is given to technological schemes that allow to create waste-free
production, namely, the reuse of treated water in the technological processes of the enterprise, which contributes to improv-
ing the efficiency of treatment facilities. The application of membrane technologies makes it possible to achieve the goals
set to reduce the negative impact on the environment, but at the same time this technology is not without disadvantages.
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Conclusions. The technology strongly depends on the specific composition of wastewater and the existing technological
scheme of treatment. However, based on the reviewed examples in various industries, this technology is becoming more
and more widespread and shows excellent results in reducing the negative impact of industrial effluents. The technology
of membrane filters for creation of waste-free production should be further considered and developed.

KEYWORDS: wastewater treatment, Membrane Bioreactors (MBR), biological treatment, nanophiltration, tannery, zero

liquid discharge, reverse osmosis, aerotanks
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BBEJIEHUE

Tema wucciemoBanusi 00yCIOBICHA HEOOXOIUMO-
CTBbIO COXpPaHEHUs OKpy Karollel cpeasl. Bona siBisercst
Ba)KHBIM 2JIEMEHTOM >KH3HU Jitofielt. OHa UCToIb3yeTcs
BO BceX cepax )KU3HEACATSIFHOCTH YSIIOBEKA: XO35Tii-
CTBEHHO-OBITOBOM, TPOMBIIIIEHHON, CEIhCKOXO03SH-
CTBEHHOU ¥ T.JI. [IpuMeHsIeTCs C LeNbI0 MPUTOTOBICHHS
MIUIIA W BBIPAIIUBAHUS CEIBCKOXO3SHCTBECHHBIX IPO-
JIyKTOB, W3TOTOBJICHUS MaT€PHAIOB MPOMBIIUICHHOTO
CEKTOpa M OXJIAXKJICHHsI TEXHOJIOTUYECKHUX MPOIECCOB,
OpOIIICHUS U TPOU3BOJCTBA MATEPHUAITIOB JIETKOH Mpo-
MBIIICHHOCTH, BOIOTIOATOTOBKH ISl TOPOJICKUX JKHUTE-
JIel ¥ HAaCEJICHHBIX ITyHKTOB.

C KaXIbIM TOJOM OOBEMBI HCIIONB3YeMON BOJBI
3HAUUTENBHO yBemmanBaroTcs. ComtacHo poknaxy OOH!
3a MOCJIETHHE YEThIPe ICCATHIIETHS OHU BO3PACTAIN MPU-
MepHO Ha | % KaKaplid rofl. DTO BRI3BAHO TAKUMU (aK-
TOpaMH, KaK yBEITIYCHIE HaPOIOHACEITICHHS, COITHATbHO-
9KOHOMHUEcKoe pazBuTHe. C pOCTOM MOTPEOICHUSI BOIBI
BO3pACTaeT TAaKXKe U MPOIICHT €€ 3arpsI3HEHUS] CTOKAMI,
KOTOpBIE 00pa3yroTcs Imocie ee ucroiab3oBanms. [1o man-
HbIM Ha 2022 1.2 crounsie Bomsl (CB) pacnpenencHs
IO OTPACISIM CIISIYIOIIHM 00pa30oM: JKHITUIITHO-KOMMY-
HaIbHBIE — 25 %, CeTbCKOXO03sHCTBEHHBIE — 9 %, Tpo-
MBIlIEHHBIE — 63 %, npyrue ctoku — 9 %.

ITepen cOpocoM B BOmHBIE OOBEKTHI BCE CTOKH
JIOJKHBI OBITH OYMINIEHBI IO HOPMATHBOB TIPECIBHO J0-
nyctumoit kornentpaiuu (IIJIK) BpenHbix BeriecTs?.
K Hamboiee 3arps3HEHHBIM II0 COICPIKAHHUIO BPE-
HBIX BemecTB oTHOCATCS CB mMpOMBIIIIEHHOTO CEKTO-
pa (KOKE€BEHHBIX, METAJIIIYPrUUYE€CKUX, LEJTI0I03HO-
OyMa’KHBIX 3aBOJIOB, IPESNPHUATHI HE(TIHON, MOJIOYHOU
MIPOMBIIINIEHHOCTH ¥ aBTOMOOWIBHBIX MPEIIPHUSITHH).

! Ooxmag OOH: npeoqoneTs BOAHBINA KPU3UC MOXKHO TOIb-
ko coobma. 21.03.2023. URL: https://news.un.org/ru/story/
2023/03/1438972

2 Bysun M. CoBpeMeHHbIE METOJBI OUUCTKH CTOYHBIX BOJ //
baza 3nanmnit «MI'YJIAB — HcnsrratensHelii neHTpy. Bomna. Co-
BpEMEHHbIE METOBI O4HCTKH cToYHBIX Boll. URL: https:/www.
msulab.ru/knowledge/water/sovremennye-metody-ochistki-
stochnykh-vod/

3 06 yrBepskeHnn [TpaBrII XOI0IHOIO BOIOCHAGKEHHUSI U BOJIO-
OTBE/IEHUS U O BHECEHHM W3MEHEHHUH B HEKOTophle akThl I1pa-
ButenbeTBa Poceuiickoit ®eneparmu : Ilocranosienue IIpasu-
tenbeTBa PO ot 29.07.2013 Ne 644 (pen. ot 28.11.2023).

310 00YyCIIOBIEHO BO3PACTAIONIEH CIOKHOCTBIO TEXHO-
JIOTMYECKOTO MPOLIECCa, /ISl KOTOPOTO € KaX/[bIM I'OZI0OM
TpeOyercs Bce Oombie u Oombine Boapl. [ cokpare-
HUSI HCTIOJTB30BAHUS BOABI IPOMBIIIIEHHBIMH TIPEIITPH-
SATUSIMH, a CJISIOBATEIFHO, U YMECHBIICHHS 00pa30BaHHs
CTOKOB BO BCEM MHUPE CTPEMSATCS K CO3JaHUIO TAKIX TEX-
HOJIOTHYECKUX CHCTEM OYHMCTKH, KOTOPBIE TIO3BOJISIT Op-
raHu30BaTh 0€30TX0HOE MPOU3BOACTBO. Tak, B I. Jlyp-
6ane’, TpeTbeM 1o BenuuuHe ropone KOxHoit Adpuk,
¢ 2001 r. e>keTHEBHO OYUINAIOTCA M TOBTOPHO MPUMEHSI-
torcsi CB xonmuuecTBOM, KOTOpOe 3KBUBaJIEHTHO 13 Gac-
cellHaM OJIMMIUNCKOTO pa3Mepa, JJIs HYXKJ JIErKou
n HedTenmepepabaTbIBalONICH MPOMBIIIIICHHOCTH. Pe-
mupKyssinust CB B coueTaHny ¢ TOBTOPHBIM HCTIONB30Ba-
HUEM YMEHBIIIACT HETraTHBHOE BO3ACHCTBHE HA KIIMMAT,
a IMCHHO CHIJKAeT BEIOPOCHI MTAPHUKOBEIX ra3oB. C yde-
TOM TOJIOKUTEIBHOTO BIIMSHUS Ha KJIIMMAT TCXHOJIOTHH
TMOBTOPHOI'O UCIIOJIB30BaHNA OUHUIIEHHBIX CBB Pa3sBUTBIX
cTpaHax EBpOIIBI Moy4aroT 00O 00beM HHBECTH-
it — 100200 muH gommapos CILA [1-18]. Ot un-
BECTHITIH OKYIIAIOTCS 32 CYET COKPAIICHUS 3aTpaT Ha 3a-
00p BOIIBI HAa TEXHOJIOTMIECKIE HY K/IBI U 3aTpaT HA OUHCT-
Ky CTOKOB B JaTbHEHINIEM, a TAK)Ke CHIKCHHS FUTH UCKITFO-
YyeHus WTpadoB 3a 3arpsi3HEHNE OKPYXKAIOIICH Cpebl.
Ecin ropona B cTpaHax ¢ pa3BUBAIOILEHCS SKOHOMUKON
cokycupyrorcst Ha peuupkyssinnu CB nocne kpusu-
caB 2019, To Kk 2030 . 5TO O3BOMUT MOOUIM30BAThL
10 $2 TpiiH MHBECTHILIME U co3aaTh Oosiee 23 MitH pabo-
YUX MECT.

Poct ncnone3oBaHns MEMOpPaHHBIX OHOPEAKTOPOB
(MBP) Hauaincs ¢ cepenunusl 1990-x tT. [3] BBUIY yiKe-
CTOUYCHHSI IIPUPOIOOXPAHHOTIO 3aKOHO/ATEIbCTBA, I10-
BBIIICHHSI CTOUMOCTH YCIIYT BOJOOTBEIICHHSI, HATUYHUS
YCTAapEBILUX OYUCTHBIX COOPY>KEHUM.

K 2010 r. [3] 6b110 oT™MeueHO TipuMenenrne MBP
Ha 7000 COOpYXEHHUSX MO OYUCTKE U JTOOYUCTKE TIPOH3-
BoacTtBeHHBIX CB B Mupe. Ha mepuox 2014 . MBP [3]
yxe ounmmanu 60 % X03sIICTBEHHO-OBITOBBIX CTOKOB,
a taxoke 40 % npou3BOACTBEHHbIX.

IIpumenenne MBP i ouncTkH CTOKOB MPOM3-
BOJICTBa 00OCHOBAHO clienyroummu (pakropamu: 1) co-

4 VBes4yeHne MaciiTaboB TIOBTOPHOTO MCHOIB30BAHUS BOJIBL:
MOYeMY BaKHO MOBTOPHO HCIIOJIB30BAaTh CTOYHBIC BOJBI.
23.08.2021. URL: https://blogs.worldbank.org/ru/climatechange/
scaling-water-reuse-why-recycling-our-wastewater-makes-sense
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Jiep>KaHue TPYIHO OKHCISIEMBIX 3arpsi3HEHUH; 2) Manas
MJI0IA/Ib TEPPUTOPUU JIJIST Pa3MEIICHUsI OYUCTHBIX CO-
Opy)keHHH; 3) HeOOXOMMOCTh TIPUMEHECHHUST METO/IA I10-
BTOPHOTO HCIIOJIb30BaHMUS OUUIIICHHBIX CTOKOB.

B nannoit 0630pHOI cTaThe OyayT PacCMOTPEHBI
BapuaHThl 04rcTKH CB ¢ mOMOIIbI0 MEMOPaHHBIX TEX-
HoJIoTUH, BKJITtouass MBP.

MATEPHAJIBI U METO/bI

PaccMOTpeHBI OTedeCTBeHHBIE U 3apyOeKHBIE Ma-
TEpHUAJIBI 110 UCIIOIH30BAHUIO MEMOPAHHBIX TEXHOJIOTHIA
B cucTeMax ouucTki CB mpOMBIIIIEHHBIX MPEANPUITHI.

OObekT uccnegoBanust — ounctka CB.

MeTton uccnenoBaHus — aHalnu3, KOTOPBIH 1103BO-
JIAJT U3YYIHUTH CYIIECTBYIOIINE W HanOoJee MepCIeKTHB-
HBIE CIIOCOOBI MPUMEHEHHSI METOIA PEIUPKY/ISIMU [10-
CPEICTBOM MPUMEHEHHSI MEMOPaHHBIX TEXHOJIOTHH.

Cnenas BEIBOZ 0 9 QEKTHBHOCTH IIPHMCHEHHUS MEM-
OpaHHBIX TEXHOIOTHH s 04rCTKH CB MpOMBITIIIICHHBIX
MPEANPHUSITUHI, a TAKKE CO3aHUs OE30TXOMHBIX POH3-
BOJICTB.

PE3VYJIBTATHI UCCJIEJOBAHUA

[IpoaHanu3upoBaHbl MEPCIEKTUBHBIC U CYIIECTRY-
IOIINE CUCTEMbI OUUCTKH MpoMbIiuieHHbIX CB ¢ omo-
I[bI0 MEMOPAHHBIX TEXHOJIOTHIA.

Hccnenosana ounctka CB npeanpusitust mo npo-
H3BOJCTBY MOPOKEHOTO C UCIIOIF30BAHHEM TEXHOIIOTHH
MEP [1]. B CB yka3aHHOTO TIPOM3BOJCTBA MOMATAIOT
COCTABJISIFOLIKE: TTOTEPH ChIPbSI U TOTOBOM MTPOJIYKIHH;
MMPOU3BOACTBCHHBIC OTXO/IbI; PCArCHTHBI, UCITIOJIbL3YCMbBIC
JUTSL MBITBSI TIOJIOB ¥l TPAHCIIOPTA; TIOJHCAXaPUIBI U BBI-
COKOMOJIEKYJISIPHBIE OSITKOBBIE COeUHEHH s (TIIO0YINH,
anbOyMHH); TaKKe OTMEYAaeTCs BBICOKOE COAepIKa-
HUE COeAMHEHUH (Gocdopa U a30Ta, B3BCIICHHBIX BeE-
mectB 10 8000 mr/nm?, skupos g0 3000 mr/mxm?, BITKm
10 4000 MrO,/mv?, XTIK mo 6000 mrO,/nv? [2]. Bee
9TO KJIACCU(HUIMPYET CTOKH ITPOM3BOACTBA KAK CHIIBHO-

C

3arpsA3HEHHBIC M TOKCHYHBIE, TPEOYIOIHe KOMIUIEKCHOM
cUCTeMbI O4UCTKH. B padote [1] mpemmaraercs ucmoib-
3oBanue MBP. Meton coderaer B cebe OHOIOTHYECKYTO
00paboOTKy MIIOM M MEXaHHUYECKYI0 (PHIBTPAIUIO TT0-
CpPEJICTBOM MEMOpaH.

MemOpanHbIit MoAyIh [19] mpuMensieTes s pas-
JICIICHNs] WIOBOW CMECH M BBICTYIIACT B POJIH aJbTep-
HaTHBBl BTOPUYHOMY OTCTOMHHKY, HCIIOJIE3YEMOMY
JUTSL OCKJeHUS akTUBHOTO mia. J{ist ounctku CB mpen-
TPUSATHS 110 TPOU3BOZICTBY MOPOXKEHOTO B Tpyne [ 1] pac-
CMaTpPUBAETCS CIIEIYyIONIast CXeMa:

1) mexaHm4gecKuit riIbTP;

2) ypaBHUTEIbHAS EMKOCTH;

3) mepekaunBaroIINe HACOCHI;

4) cTaHIMs JO3UPOBAHUS PEAreHTOB JUIS KOHTPOJIS
cpensl pH;

5) cTaHUUA TO3UPOBAHUS KOATYISHTA;

6) HarmopHas (QIOTaIHS;

7) a3poTeHKH (aHA3POOHBII U a3POOHBIN);

8) cranmus MEP;

9) BO3IyXOMyBKa;

10) cucTema mO3UpOBaHHS XIIOPA;

11) eMKOCTh OYHIIEHHOM BOJBI.

IIpumenenne MBP B 3T0# TeXHONIOrHYECKOM cXxeme
MO3BOJISICT YBEIWYNUTh KOHIICHTPAIMIO aKTHBHOTO MIIa
B OuopeakTope jo 3uadeHuit 10-20 r/nqm’. B nannom
Cilydqae MeMOpaHHasi TEXHOJIOTUsI BEICTYTIAET B POJTH J0-
ourctku CB 10 TpeOyeMbIX mokasareneii’, CHuKas Hera-
THUBHOE BO3JICHCTBIE Ha OKpYy KaroIryto cperny. Ha puc. 1
Tpe/ICTaBIICHbI BapUallii MEMOPaHHBIX 2JIEMEHTOB.

Hanee npoananusupyem ourictky CB maciocomep-
>karntero npousBojcTsa [3]. CocraB CB macnoconepika-
IIIETO IIPOU3BOICTBA: HEPACTBOPHMBIE HIIH MAJIOPACTBOPH-
MBIE B BOJIE JKHJIKHE YIVIEBOIOPOIBI CHIPOIl He(hTH, CMOT,
PaCTUTENBHBIX M MUHEPATIBHBIX Macell, )KUBOTHBIX JKH-
POB JIETKUX M TSDKEJIBIX TOIUTUB (MasyTa, OEH3MHA, Ke-
pocuHa, Ta30Wis), a Takke ux cmeceit [4]. [lepcrek-
TUBHBIM TEXHUUYECKUM PEIICHUEM JUIS OUUCTKH CTOKOB
JTAHHOTO TIPOM3BOJICTBA BBHICTYIIAeT MEMOpaHHBIN OHO-

Puc. 1. Bapuanuu MeMOpaHHBIX JIEMEHTOB: @ — TUIOCKHE; b — TpyOUaTsie; ¢ — MOJOBOJIOKOHHEIE
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peaktop. PaccmarpuBaeTcs TexHOJIOTHUYECKas cXxeMa
ounctku CB [3] ¢ mpeaBaputenbHOil MeXaHUYECKON
1 (HU3UKO-XMMHUYCCKON OUYMCTKON U MX momgadeii B MBP.
HeBo3MOXHOCTE BBIHOCA aKTHBHOTO HJIA M3 CHCTEMBI
MIO3BOJISICT TTOBBICUTH €r0 KOHIICHTPALIMIO B a3POTEHKAX
B 2-3 pasa, 4To, B CBOIO OUEPE/lb, YBEITUUMNBACT OKUCIIH-
TENIbHYIO0 MOIITHOCTh OMOpEaKTopa U JaeT BO3MOXKHOCTh
OTKa3aThCsl OT MCIOJIb30BAHHSI BTOPHYHOI'O OTCTOWHH-
ka. B aTom cityyae MmemOpaHHas TEXHOJIOTHSI BBICTYIIa-
et B ponu goourctkn CB 10 TpeOyeMbix mokasaremneit’,
CHI)Kasi HETaTHBHOE BO3/CHCTBHE HA OKPY)KAIOIIYIO
cpeny. OcHOoBHOM mpoOnemoii mpumeHerust MBP siBms-
€TCs1 [IOBBIIICHHBIN UJIOBBII MHIEKC, KOTOPbII IPUBOJUT
K 3arps3HEHUIO MEeMOpaH, 4To TpeOyeT OOJIBILIOTro KOJIHU-
4eCcTBa BOJIbI HA X ITPOMBIBKY.

Paccmorpum ounctky CB rampBaHHuYECKOTrO Mpo-
n3BonctBa [5]. CocraB CB rambBaHMYECKOTO TPOU3-
BOJICTBA: COSIMHEHHS TSHKEJIBIX METAILIOB (LIMHK, ME/Ib,
XpOM, XKeJe30, HUKENb, KaMHUN U JIp.), PACTBOPOB MH-
HepaJIbHBIX 1 OPraHUUYECKUX KUCIIOT, LIeI04YeH, OBEepX-
HOCTHO-aKTHBHBIX BEIIECTB, MOIOIINX CPENCTB [6].

B nyGnukaruu [5] onuceiBaeTcs cieyromas Tex-
HOJIOTHYECKas CXeMa OUUCTKU:

1) xoppekTupoBka pH;

2) 3IEKTPOKOATYJISIIIHS;

3) OTCTOMHUK, UCTIOIB3YEeMBbIH IS yaaJeHNs B3Be-
IIEHHBIX U KOJUIOM/HBIX BEIIECTB;

4) ryOoKkast ourcTKa 00paTHbIM 0CMOCOM (TIpUMe-
HSIIOTCSI CHelMaJIbHbIE PYJIOHHBIE KOMIIO3UTHBIE MEM-
OpaHbl, MpeIHA3HAYCHHBIC TSI 00paOOTKU CHUIIBHO 3a-
TPA3HEHHBIX CPEeN);

S) BbIlIapUBaHUE KOHIIEHTpaTa 00paTHOro 0cMoca
TIPY IOMOIIM POTOPHO-TIIeHOYHOTO Hcnapurens (PIIN).

Ora 3aMKHyTas cxema Oblna peanuzoBaHa Ha OAO
«Pobept boun» (. Durense) [5] B 2004 1. BeeneHue cxeMsr
TO3BOJIMJIO CHU3UTH 00BbEM 3a0MpaeMOil BOJIbI JIJIsl OYHCT-
ku CB. O0beM norpediisieMoi Bojibl C MOMEHTA BHEIPEHHS
TI0 CETOHSIIIHUM JIeHb COKpaTuiIcs B 55,2 pasa, a BMecTe
C3THM YMEHBLINIICS U 00beM CTOKOB B 4,2 paza. CocTas cTo-
KOB CTaJl MOJHOCTHIO COOTBETCTBOBATH TPEOOBAHHSAM®.
B nanHoM nipumepe MeMOpaHHbIE TEXHOJIOTUH ObLIH pea-
JIM30BaHbI JJIs CO3/IaHUS 3aMKHYTON CXEMBI OYHCTKH CTO-

KOB, 4YTO ITO3BOJIMJIO 3HAYUTCIIbHO CHU3UTh HECIaTUBHOC
BO3/IEHICTBHE HA OKPY’KAIOIIYIO CPEAy, 1 COOTBETCTBUS
YCTAHOBIICHHBIM TPEOOBAHHSIM®,

N3yunm ounctky CB KOKCOXMMHYECKOTO MPOU3-
BozicTBa [7]. CoctaB CB KOKCOXMMHYECKOTO TIPOU3BO/I-
CTBa: B3BEIICHHBIC BEUIECTBA, PA3INYHOTO POJa Macia
U IpyrHe IPUMECH KaKk OpraHn4ecKoro, Tak U HeOpraHu-
4ecKoro xapakrepa, ¢penossl [8]. B HacTosmmii MOMEHT
HE CYLIECTBYET PeaJbHON TEXHOJOTHYECKOH CXEMBI
JUISL OYMCTKH CTOKOB KOKCOXMMHYECKOTO MIPOU3BOJICTBA,
TOJILKO JIA0OPaTOPHBIE YCTAHOBKU. DTO CBS3aHO CO Clie-
AYIOIUMU IPpUIUHAMM:

* BBICOKasA CTOUMOCTH U HG(I)I/ILII/IT OTCYCCTBCHHBIX
00paTHOOCMOTHYECKHUX U YJIbTpadUIbTPaLMOHHBIX
MeMOpaH;

* BBICOKHE TPEOOBAHMS K UCXOJJHOMY KauecTBy OHO-
XUMOUHUIIEHHON CTOYHON BOJIBI IO COZIEPKAHUIO B3BE-
IICHHBIX BCHICCTB,

* OTCYTCTBHE 0€30MaCHBIX CIIOCOOOB 110 YTHIIM3a-
U KOHIECHTPATOB O6paTHOOCMOTI/I'-ICCKI/IX " yiabTpa-
(DUITETPAIIMOHHBIX TIPOIIECCOB OYKCTKH.

Ha puc. 2 npezicraBiena Bapuanusi BO3MOXKHO#H TeX-
HOJIOTUYECKON cXeMbl 04rCcTKH CB KOKCOXMMHUECKOTO
IMPONU3BOACTBA C IPUMECHCHUEM MeM6paHHBIX TEXHOJIO-
rUil.

Takum 00pa3om, BHEIPEHHE TEXHOIOTUH 00paTHO-
T'0 0CMOCa ISl OYUCTKH CTOKOB TTIO3BOJIUT COKPATHUTH 3a-
60p BOJIbI 13 UCTOYHHUKOB U COOTBETCTBCHHO YMCHBIIIUTH
cbpoc CB, a Taxxe TOOUTHCS BBITOIHEHHS TPEOOBAHHUS,
HO U1 BHEAPCHUA I[aHHOﬁ TEXHOJIOTMH HYXHO PEUIUTH
BOIIPOC, CBSI3aHHBIN C 00pa3yIOLIMMHKCS KOHIIEHTpaTaMu
00paTHOOCMOTHYECKUX U YIBTPA(UIBTPALMOHHBIX MEM-
Opan [7].

Paccmotpum ounctky CB KkoxeBeHHO-00YBHOTO
npeanpusatus [9]. CoctaB CB k0XeBEHHOTO MPOU3BOA-
ctBa: pH — 8,09; xonn4ecTBO B3BEUICHHBIX BEIIECTB —
1436,3 mr/nm?, obiee coneprkanue xpoma — 78,13 mr/am?
(Xpom 6+ — 3,69 mr/nm® + Xpom 3+ — 74,55 mr/nm’);
XIIK — 7090,2 mr/nm>. B pa6ore [9] mogHumaercsi Bo-
poc 00 MCIIONB30BAaHUKM MEMOPaH Pa3IMuHbIX MOIU(U-
KaHHﬁ, KOTOPBIC JayT BO3MOKHOCTb HE TOJIBKO CHU3UTDH
Harpy3Ky Ha OKPY’KalOIIyI0 Cpely, HO U OCYIIECCTBHUTH

3 8 9
Crounbie Bop! | @ 6 E—— X 1KOHL[6HTpaT
X E 7 g i [ }
1 — @J '
4 r 5 HepM—eaT
ot
et

Puc. 2. TexHomornueckas cxema JOOYHCTKH CTOKOB KOKCOXUMHUYECCKOTO ITPOU3BOACTBA C BKIIFOUCHUEM M€M6paHHBIX ycra-

HOBOK: / — pe3epByap HCXOAHOH BOMBI (BTOPUYHBIH OTCTOWHUK); 2 — TIOJIOBOJIOKOHHBIEC YABTPA(QUIBTPAIHOHHBIE TIOTPYK-

HBIE MOIYITH; 3 — BaKyyM-Hacoc; 4 — Hacoc 00paTHOI MpoMBIBKH; 5 — OGak cOopa Boxsl mocie YP-Moayneii; 6 — maTpoH-

HBIH GUIBTP; 7 — pabounii HACOC BBICOKOTO NABIICHHS; § — MeMOpaHHbIE 00PaTHOOCMOTHYECKUE MOIYIH IIEPBOH CTYIICHH;

9 — meMOpaHHBIE 00PaTHOOCMOTHYECKUE MOIYIIN BTOPOH CTYIIEHH

115

(1G] ¥ HOALIGG ‘L WOL Sty "



rarIMTOnLCTRS: T 14, BbinyCK 4 (54)

M.A. XXapoe, C.E. Anekceees

BO3BpPAT CTOKOB B IIPOM3BOZCTBO B KAY€CTBE BTOPUUYHOTO
pecypca. biaronaps nponeccam I1a3MOXUMHYECKOH MO-
TUGUKAITIA BO3MOXKHO TTONYYEHHE KOMIIO3HIIMOHHBIX
MeMOpaH pa3IMYHOro HaszHadeHwus (yBenuuenue sQdex-
TUBHOCTH TIpoliecca (UIBTpaIy, 0OpaTHBI 0CMOC, Ta-
30pasiesieHue).

B unccnenoBanum [10] mpuBoguTcs 3apyOexHBIH
orbIT 04ncTKH CB KOKeBEHHOTO TIPOU3BOJICTBA, & HMEH-
HO TEXHOJIOTHSI CUCTEM HYIEBOTO cOpOca »HMJIKOCTH
(Zero Liquid Discharge System). OTa cucrema mo3Bo-
JISIET OYMCTHBIM COOPYIKEHHUSIM MTOBTOPHO HCTIOIb30BaTh
ounteHHsle CB B TexHonmoruueckux npoteccax [10].

Cucrema HyneBoro coOpoca JKUIKOCTA OOBIYHO CO-
CTOWT M3 TPEX ITATOB:

1) mpenBapuTenbHas MOATOTOBKA (YMEHBIIIEHHUE He-
PacTBOPUMBIX BELIECTB B CTOKAX ITPHU MOMOIIH (QHIIBTpa-
1iH);

2) KOHIICHTpALIUsI PACTBOPEHHBIX BELIECTB (KOMOH-
Halusi 0OPaTHOrO 0CMOCa C AEKTPOANATHZ0M);

3) TerioBast 00paboTKa (MCIIapUTeNh U KaTaInu3aTop).

Cy1mecTByronwe orpaHuHeHHs M0 IPAMEHEHHIO 00pa-
THOTO OCMOCA: METO/I 00paTHOro 0OCMOCa MMEET orpa-
HUYCHHUE TIO0 COJICHOCTH W OymeT 3PPEeKTHBEH TOIBKO
MIpH KOHIICHTpaunu coineil Himke 70 1/11; BBICOKast cTe-
TIeHb 3arpsi3HEHKs] MeMOpaH 1 00pa3oBaHue Hakumu [11].
J171st Ipeo1oNeHust THX OrpaHYeHNi HeoOXoquMa Ipet-
BapHTeNbHAS 00paboTKA:

* XMMHYECKOE yMATUYCHHE;

* WOHHBIA OOMEH;

* perynupoBka pH;

* WCTIONBb30BaHHE MEMOPAaHHBIX (PHIBTPOB HU3KO-
TO JIaBJICHUSL.

B 2015 . B EBponietickom Coroze 00beM IIOBTOPHO HC-
TIOJTB3YEMO BOJIBI COCTABHII IOPsiIKa 1 MITpit M*/TO, peji-
rioyiaraeTcst, 9to K 2025 T. OH YBEHIUTCS JI0 6 MITPT M3/TOjT
[12]. B nanrOM mipuMepe TpoAeMOHCTPHPOBAHA BO3MOK-
HOCTb UCHOJIb30BaHHUs CUCTEM HYJIEBOIO cOpoca )KHUJIKO-
CTH M MX IIMPOKasi HHTETpanys B MPOU3BOCTBA 110 BCe-
MY MHpY, a TakKe Pa3BUTHE STON TEXHOJIOTHH.

Jpyroii npuMep OYUCTKHU CTOUHBIX BOJ KOXKEBEH-
Horo mpowmsBozcTBa [13]. B paccmarpuBaemoii padote

00001aroTcsl pe3yabTarhl HCCIASJOBaHUsI MeMOpaH-
HBIX TeXHOJOoTul [14] /Isi TOBTOPHOTO HCIOIB30Ba-
Hust CB: memOpannbie Onopeaktopsl [15], oOparHbIi
ocmoc [16], mukpoduibTpanus 1 HaHO(UIBTPALIUS.
I'maBHOM TPO6IEMOii NCTIOTB30BaHKSI MEMOPAHHBIX TEX-
HOJIOTHH OCTAaeTCsi MX BBICOKAsi CTEHEHb 3arpsi3HEHUs
B xoJie dKcIutyataiui. OCHOBHOI BBIBOJ 3aKJIIOYAETCS
B [IEPCIEKTHBE HAYy4YHBIX HCCIICI0BAHUI 1 PAKTHYECKOM
NPUMEHEHUH HEMeMOPaHHbBIX U MEMOPaHHBIX TEXHOJIO-
ruit [20]. Yayumenue 6uMopas3naraeéMoCTH CTOKOB KO-
YKEBEHHOTO TTPOU3BOJICTBA C ITOMOIIIBIO O3 MOKET OBITH
Ooiee OIATONPUSITHBIM ISl PA3JIOKEHHUS] OPraHUIEeCKUX
BeIeCcTB B MeMOpaHHOM OnopeaxTope [ 17] Ha oOpaTHOM
KOHIIE, YTO [O3BOJIUT JOCTUYb BBICOKHX IIPOM3BOJINTEIIb-
HOCTHU U crenenn ounctku CB.

3AKJIIOYEHUE

IIpoanann3npoBaHO COBPEMEHHOE COCTOSTHHE BO-
npoca ouncTku CB TpOMBINIUICHHBIX NMPEATPUATHMA,
a IMEHHO TIPUMEHEHNE MEMOPaHHBIX TeXHOIoTHil. Pac-
CMOTPEHBI OTEUECTBCHHBIC U 3apyOCIKHBIE HCTOUHHUKH.
Hcxonst u3 BCero Marepuaia MOXKHO C/AENATh CIIENyT0-
M€ BBIBOJIBL:

* JlaHHAs TEXHOJIOTUS OCTAeTCsl BOCTPEOOBAHHOM
1 Pa3BUBAEMOI];

* MeMOpaHHbIC TEXHOJIOTUH CIIE NMEIOT BayKHbIC
HEJI0CTAaTKU, KOTOPbIE MOTYT OBITh YCTPAHEHBI IO MEpe
UX Pa3BUTHS;

* TPEANOYTEHUE OTAACTCS TEXHOIOTUAM, O3BO-
JISIOIIAM JTOOUTBCS HYJIEBOTO cOpoca KUIKOCTH;

* pa3BUTHE U NMPHUMEHEHUE TEXHOJIOTUN HaOIo/a-
eTcs KaK B OTEYECTBEHHOM CEIMEHTE, TaK U B 3apyOex-
HOM;

* Oymymiee MEeMOPaHHBIX TEXHOJOTHI HEpa3phIB-
HO CBSI3aHO C MX MHTETpaLUell ¢ HEMEMOPAHHBIMU TEX-
HOJIOTHSIMU.

JanbHelnye ueeaeJ0BaHus 110 BKIIOUEHUIO MEM-
OpaHHBIX TEXHOJOTHUI B CYIIECTBYIOLINE TEXHOIOTHYE-
CKHE CXEMBI TIO3BOJISIT CHU3UTh HETATHBHOE BO3JCHCTBHE
Ha OKPY’KalOIIyI0 CPely M OPraHU30BbIBATH CHCTEMBI Hy-
JIeBOTO cOpoca KUIAKOCTH.
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INTRODUCTION

The topic of the research is conditioned by the need
to preserve the environment. Water is an important ele-
ment of human life. It is used in all spheres of human
activity: household, industrial, agricultural, etc. It is also
used for the purpose of cooking and growing agricultural
products, manufacturing of industrial sector materials
and cooling of technological processes, irrigation and
production of light industry materials, water treatment
for urban residents and settlements.

Every year, the amount of water used is increas-
ing significantly. According to the UN report' they have
been increasing by about 1 % every year for the last four
decades. This is caused by such factors as population
growth, socio-economic development. As water consum-
ption increases, so does the percentage of water pol-
lution from wastewater that is generated after its use.
As 0f 2022 wastewater is distributed by sector as follows:
residential — 25 %, agricultural — 9 %, industrial — 63,
other wastewater — 9 %.

Before discharge into water bodies, all effluents
must be treated to the maximum permissible concentra-
tion (MPC) of harmful substances®. The most polluted in
terms of the content of harmful substances are the efflu-
ents of the industrial sector (tanneries, metallurgical, pulp
and paper plants, oil, dairy and automotive enterprises).
This is due to the increasing complexity of the techno-
logical process, which requires more and more water ev-
ery year. In order to reduce the use of water by industrial
enterprises and, consequently, to reduce the generation
of effluents, the world is striving to create such techno-
logical treatment systems that will make it possible to
organize waste-free production. For example, in Durban®,
South Africa’s third largest city, since 2001, the equiva-
lent of 13 Olympic-sized swimming pools have been
treated and reused daily for light industry and refining.
The recycling of wastewater combined with reuse reduc-
es the negative impact on the climate, namely greenhouse
gas emissions. Given the positive impact on the cli-
mate, technologies for reuse of treated wastewater in
developed European countries receive a large amount

' UN report: the water crisis can only be overcome together.
21.03.2023. URL: https:/mews.un.org/ru/story/2023/03/1438972
2 Buzin I. Modern methods of wastewater treatment.
Knowledge base “MSULAB — Testing Centre”. Water: Modern
methods of wastewater treatment. URL: https://www.msulab.
ru/knowledge/water/sovremennye-metody-ochistki-stochnykh-
vod/

3 Approval of the Rules of Cold Water Supply and Water
Disposal and Amendments to Certain Acts of the Government
of the Russian Federation: Resolution of the Government
of the Russian Federation of 29.07.2013 No. 644 (ed.
0f 28.11.2023).

4 Scaling up water reuse: why it is important to reuse
wastewater. 23.08.2021. URL: https://blogs.worldbank.org/
ru/climatechange/scaling-water-reuse-why-recycling-our-
wastewater-makes-sense
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of investment — 100—200 million USD [1-18]. These
investments are recouped by reducing the cost of water
intake for technological needs and the cost of wastewater
treatment in the future, as well as reducing or eliminating
fines for environmental pollution. If cities in emerging
economies focus on wastewater recycling after the crisis
in 2019, it could mobilize up to $2 trillion of investment
and create more than 23 million jobs by 2030.

The use of membrane bioreactors (MBR) began to
grow in the mid-1990s [3] due to stricter environmental
legislation, higher costs of wastewater services, and out-
dated wastewater treatment facilities.

By 2010 [3], the use of membrane bioreactors was
observed in 7,000 industrial wastewater treatment plants
worldwide.

As of 2014, membrane bioreactors [3] were already
treating 60 per cent of domestic wastewater and 40 per
cent of industrial wastewater.

The application of MBR for industrial wastewater
treatment is justified by the following factors: 1) content
of hard-to-oxidize contaminants; 2) small area of terri-
tory for placement of treatment facilities; 3) necessity
of application of the method of reuse of treated effluents.

In this review article the options of wastewater
treatment with the help of membrane technologies, in-
cluding membrane bioreactors, will be considered.

MATERIALS AND METHODS

Domestic and foreign materials on the use of mem-
brane technologies in the systems of treatment of sewage
treatment of industrial enterprises are considered.

The object of the study is the wastewater treatment.

The research method is analysis, which allowed
us to study the existing and the most promising ways
to apply the recycling method through the application
of membrane technology.

It is concluded about the efficiency of membrane
technologies application for treatment of sewage water
of industrial enterprises, as well as creation of waste-free
productions.

RESEARCH RESULTS

The result of the study is the analysis of promising
and existing systems of industrial wastewater treatment,
using membrane technology.

Wastewater treatment of the enterprise for the pro-
duction of ice cream using membrane bioreactor technolo-
gy [1]. The following components fall into the wastewa-
ter of this production: losses of raw materials and finished
products; production wastes; reagents used for washing
floors and transport; polysaccharides and high molecular
weight protein compounds (globulin, albumin); high con-
tent of phosphorus and nitrogen compounds, suspended
solids up to 8,000 mg/dm’, fats up to 3,000 mg/dm?,
BODp up to 4,000 mgO,/dm?*, COD up to 6,000 mgO,/dm’
is also noted [2]. All this classifies production effluents
as highly polluted and toxic, requiring a comprehen-
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sive treatment system. The paper [1] proposes the use
of MBR. The method combines biological sludge treat-
ment and mechanical filtration by means of membranes.

The membrane module [19] is used to separate
the sludge mixture and acts as an alternative to the sec-
ondary settling tank used for settling activated sludge.
The following scheme is considered for the treatment
of sludge from an ice-cream production plant in [1]:

1) mechanical filter;

2) equalizing capacity;

3) transfer pumps;

4) reagent dosing station for pH media control;

5) coagulant dosing station;

6) pressure flotation;

7) aeration tanks (anaerobic and aerobic);

8) MBR station;

9) air blower;

10) chlorine dosing system;

11) the capacity of treated water.

Application of MBR in this technological scheme
allows increasing the activated sludge concentra-
tion in the bioreactor up to 10-20 g/dm’. In this case,
the membrane technology acts as an additional treatment
of activated sludge to the required indicators?, reducing
the negative impact on the environment. Fig. 1 shows
the variations of membrane elements.

Wastewater treatment of oil-containing produc-
tion [3]. The composition of oil-containing production
waste water: insoluble or poorly water-soluble liquid hy-
drocarbons of crude oil, resins, vegetable and mineral oils,
animal fats of light and heavy fuels (fuel oil, petrol, paraf-
fin, gas oil), and also their mixtures [4]. The membrane
bioreactor is a promising technical solution for the treat-
ment of wastewater from this production. The technologi-
cal scheme of wastewater treatment [3] with preliminary
mechanical and physicochemical treatment and their feed-
ing into MBR is considered. The impossibility of remov-
ing activated sludge from the system allows increasing
its concentration in aeration tanks by 2—-3 times, which,

C

in turn, increases the oxidative capacity of the bioreac-
tor and makes it possible to refuse the use of a secondary
settling tank. In this case, membrane technology acts as
an additional treatment of wastewater to the required indi-
cators?®, reducing the negative impact on the environment.
The main problem of MBR application is the increased
sludge index, which leads to fouling of membranes, which
requires a large amount of water for their washing.

Wastewater treatment of galvanic production [5].
Composition of electroplating production waste water:
compounds of heavy metals (zinc, copper, chromium,
iron, nickel, cadmium, etc.), solutions of mineral and or-
ganic acids, alkalis, surfactants, detergents [6].

The publication [5] describes the following techno-
logical scheme of purification:

1) pH adjustment;

2) electrocoagulation;

3) A settling tank used to remove suspended and
colloidal matter;

4) deep purification by reverse osmosis (special
roll-up composite membranes are used, designed to treat
highly contaminated media);

5) Evaporation of the reverse osmosis concentrate
using a rotary film evaporator (RFE).

This closed scheme was implemented at JSC “Robert
Bosch” (Engels) [5] in 2004. The introduction of this
scheme allowed to reduce the volume of water intake for
wastewater treatment purposes. The volume of consumed
water from the moment of implementation to the pres-
ent day has decreased by 55.2 times, and together with
it the volume of effluent has decreased by 4.2 times.
The composition of the effluent has become fully com-
pliant with the requirements?. In this example, membrane
technology has been implemented to create a closed-loop
wastewater treatment scheme, which has significantly
reduced the negative environmental impact and compli-
ance’.

Wastewater treatment of coke-chemical produc-
tion [7]. The composition of coke-chemical production

Fig. 1. Variations of membrane elements: ¢ — flat; b — tubular; ¢ — hollow fibres
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Fig. 2. Technological scheme of additional treatment of coke-chemical production wastewater with inclusion of membrane

units: / — source water tank (secondary settling tank); 2 — hollow-fibre ultrafiltration submersible modules; 3 — vacuum pump;

4 — backwash pump; 5 — water collection tank after UV modules; 6 — cartridge filter; 7— high-pressure working pump; § —

membrane reverse osmosis modules of the first stage; 9 — membrane reverse osmosis modules of the second stage

waste water: suspended solids, various oils and other im-
purities of both organic and inorganic nature, phenols [8].
At the moment there is no real technological scheme for
the treatment of coke-chemical production effluents, only
laboratory installations. This is due to the following rea-
sons:

* high cost and shortage of domestic reverse osmo-
sis and ultrafiltration membranes;

* high requirements to the initial quality of bio-
chemically treated wastewater in terms of suspended sol-
ids content;

* lack of safe methods for utilization of concen-
trates from reverse osmosis and ultrafiltration purifica-
tion processes.

Fig. 2 shows a variation of a possible technological
scheme of wastewater treatment of coke-chemical pro-
duction.

Thus, the introduction of reverse osmosis technol-
ogy for wastewater treatment will reduce water with-
drawal from sources and consequently reduce the dis-
charge of wastewater, as well as achieve the fulfilment
of requirement?, but for the introduction of this technol-
ogy it is necessary to solve the issue related to the gener-
ated concentrates of reverse osmosis and ultrafiltration
membranes [7].

Wastewater treatment of leather and footwear en-
terprise [9]. Composition of tannery sewage: pH — 8.09;
amount of suspended solids — 1,436.3 mg/dm?, total
chromium content — 78.13 mg/dm? (Chromium 6+ —
3.69 mg/dm*® + Chromium 3+ — 74.55 mg/dm?);
COD — 7,090.2 mg/dm?. The paper [9] raises the ques-
tion of using membranes of various modifications, which
will give an opportunity not only to reduce the load
on the environment, but also to return the effluent to pro-
duction as a secondary resource. Due to plasma chemical
modification processes it is possible to obtain compos-
ite membranes for various purposes (increasing the ef-
ficiency of the filtration process, reverse osmosis, gas
separation).

In the study [10] foreign experience of tannery
wastewater treatment, namely the technology of Zero
Liquid Discharge Systems (Zero Liquid Discharge Sys-
tem) is presented. This system allows treatment facilities

120

to reuse treated waste water in technological process-
es [10].

A zero liquid discharge system typically consists
of three stages:

1) pre-treatment (reduction of insoluble substances
in the effluent by filtration);

2) concentration of dissolved substances (combina-
tion of reverse osmosis and electrodialysis);

3) heat treatment (evaporator and catalyst).

Existing limitations on the application of reverse
osmosis: the reverse osmosis method has a salinity limi-
tation and will only be effective at salt concentrations
below 70 g/I; high membrane fouling and scaling [11].
Pre-treatment is necessary to overcome these limitations:

* chemical softening;

* ion exchange;

* pH adjustment;

* use of low-pressure membrane filters.

In 2015, the volume of water reused in the Euro-
pean Union was about 1 billion m*/year and is expected
to increase to 6 billion m*/year by 2025 [12]. This case
study demonstrates the feasibility of zero liquid discharge
systems and their widespread integration into production
facilities around the world, as well as the development
of this technology.

Another example is the treatment of wastewater
from tannery production [13]. This paper summarizes
the results of research on membrane technologies [14]
for reuse of wastewater: membrane bioreactors [15],
reverse osmosis [16], microfiltration and nanofiltration.
The main problem with the use of membrane technolo-
gies remains their high degree of fouling during opera-
tion. The main conclusion is the prospect of research and
practical application of non-membrane and membrane
technologies [20]. Improving the biodegradability of tan-
nery effluent with O, may be more favourable for decom-
position of organic matter in a membrane bioreactor [17]
at the reverse end, thus achieving high productivity and
treatment degree of wastewater treatment.

CONCLUSION

The modern state of the issue of treatment of sew-
age treatment of industrial enterprises, namely the use
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of membrane technologies is analyzed. Domestic and
foreign sources are considered. Proceeding from all ma-
terial it is possible to draw the following conclusions:

* this technology remains in demand and is being
developed,;

* membrane technologies still have important dis-
advantages that can be addressed as they evolve;

* technologies that achieve zero liquid discharge
are favoured;

* development and application of the technology is
observed both in the domestic segment and in the foreign
segment;

* the future of membrane technologies is inextricably
linked to their integration with non-membrane technologies.

Further research into the incorporation of mem-
brane technologies into existing process schemes will
reduce the negative environmental impact and organize
zero liquid discharge systems.
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AHHOTALUMNA

BBegeHune. XapakTepHbiMW OCOBEHHOCTAMU COBPEMEHHOTO YPOBHSI CTPOMTENBHOTO MPOW3BOACTBA SIBMSOTCS yBENUYeHne
yncna BbICOTHbIX, GOMbLIENPONETHbIX N YHUKANbHBIX 3AaHWA N COOPYXEHWI, NOBbLILLIEHNE CIIOKHOCTN MPOEKTHBIX PeLLeHWi,
HeobxoaMMOCTb BO3BEAEHMSI OOBbEKTOB B YCMOBUSX MIIOTHOM rOPOACKON 3acTponku. Ha npumepe psiga aBapwi, npousoLues-
LUMX Ha obbekTax cTpouTensbcTBa B Poccun 1 Apyrmx cTpaHax, NpeacTaBneHo 060CHOBaHNe He0BXOANMMOCTM OCHALLEHWS BCe
6ornbluero ymcna obbeKToB CTPOUTENBCTBA CTaLMOHAPHBIMU CUCTEMaMM MOHUTOPUHIA HECYLLMX KOHCTPYKuuiA. MprBeneHo
onuncaHme yHKLMOHaNbHbIX BO3MOXHOCTEN AaHHbIX CUCTEM. PaccmMoTpeHbl NoAXoab! K MOCTPOEHMI0 CUCTEMbI aBTOMAaTU3NPO-
BaHHOW OLIEHKM TEXHUYECKOTO COCTOSIHUSI CTPOUTENBHBIX KOHCTPYKLMIA, OCHOBaHHOM Ha UHpopmaLmm, noryvyaemon ¢ Aartym-
koB. MNpeacTaBneHbl peaynsTaThl aHanM3a CMCTEM MOHUTOPYWHTA, MPOEKTVPYEMbIX MO ABYM CXeMaM NOCTPOEHWst, onpeaeneHsbl
0COBEHHOCTH CMCTEM, CMIPOEKTUPOBAHHBIX MO COCPEAOTO4EHHON U pacnpeaeneHHon cxemaM. MNokasaHbl pesynsTaTbl aHanmsa
OBYX MPUMEHSIEMbIX B MHXEHEPHOW MPaKTVKe METOAVK MOHUTOPUHIA — METOAMKU KOHTPOISI MapameTpoB HanpshKeHHO-ae-
hOPMMPOBAHHOMO COCTOSIHUA 3NEMEHTOB HECYLLMX KOHCTPYKLMIA B Hambonee HarpyxeHHbIX 30HaX 311eMEeHTOB N MeTOAUKN
KOHTPONS MHTErpasbHbIX XapakTepucTUK paboTbl HECYLLIMX KOHCTPYKLIN MOA Harpy3kon. MNpeacraBneHb 0COBEHHOCTU KaXaom
13 METOAWK.

MaTepuanbl n meToabl. TeopeTuyeckne MeToabl UccrneaoBaHns: 0630p U aHanM3 poOCCUMCKON HOPMaTUBHOW JOKYMEHTa-
LMK, OTEYECTBEHHON W 3apyOeXHON MHXEHEPHOW MpPaKTUKM B obnactn pa3paboTky CTaLMOHApPHBIX CUCTEM MOHWUTOPUHIA
HeCYLLMX KOHCTPYKLMIA, PYHKLMOHMPYIOLLMX B PeXMMeE pearnbHOro BpEMEHMU.

PesynbraTtbl. PaccMoTpeHa AeicTByloLasl HOpMaTMBHas JOKYMEHTaUMs! U NpakTUYeckne pelleHust B cdepe paspaboT-
KN CTaLMOHaPHbBIX CMCTEM MOHUTOPWHIA HECYLLIMX KOHCTPYKLUMIA. [NpuBeaeHbl pe3ynbTaThl aHanmaa cxeM NpoeKTMpoBaHUs
1 METOAMK MOHUTOPUHra.

BbiBoabl. [NpakTuyeckoe npvMeHeHne NoAaxoAoB K NPOEKTUPOBAHMIO, U3MNOXEHHbIX B JaHHOM UCCReaoBaHUM, NO3BONAET
co3faBaTtb 3PdPEeKTUBHO PYHKLIMOHMPYHOLLME CUCTEMbBI MOHUTOPUHIA HECYLLIMX KOHCTPYKLNNA.
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TOPUHTI HECYLLIMX KOHCTPYKLMIA, CTalMOHapHasi CUCTEMA MOHUTOPWHIA, HEMPEPbIBHbIA PEXUM MOHUTOPUHra
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Development of perspective systems of monitoring of load-bearing
structures of buildings and constructions
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ABSTRACT

Introduction. Characteristic features of the modern level of construction production are the increasing number of high-rise,
large-span and unique buildings and structures, the increasing complexity of design solutions, the need for construction
of objects in dense urban areas. On the example of a number of accidents that occurred at construction sites in Russia and
other countries, the author presents the justification of the necessity to equip more and more construction sites with station-
ary systems for monitoring of load-bearing structures. The description of functional capabilities of these systems is given.
The approaches to the construction of the system of automated assessment of the technical condition of building structures
based on the information received from sensors are considered. The results of the analysis of monitoring systems designed
according to two schemes of construction are presented, the features of the systems designed according to the concen-
trated and distributed schemes are defined. The results of the analysis of two monitoring techniques used in engineering
practice — the technique of controlling the parameters of stress-strain state of bearing structure elements in the most loaded
zones of the elements and the technique of controlling the integral characteristics of bearing structures under load — are
shown. The peculiarities of each technique are presented.
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Materials and methods. Theoretical research methods: review and analysis of Russian regulatory documentation, domes-
tic and foreign engineering practice in the field of development of stationary monitoring systems for load-bearing structures
functioning in real time.

Results. The current regulatory documentation and practical solutions in the sphere of development of stationary monitoring
systems for load-bearing structures are considered. The results of the analysis of design schemes and monitoring methods
are given.

Conclusions. The practical application of the design approaches outlined in this study enables the creation of effectively
functioning monitoring systems for load-bearing structures.

KEYWORDS: monitoring, SMIK, monitoring system, monitoring scheme, monitoring methodology, monitoring of load-bear-
ing structures, stationary monitoring system, continuous monitoring mod
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BBEJIEHUE

CoBpeMeHHBIH YPOBEHb CTPOUTEIHHOTO MTPOU3BO/I-
ctBa B Poccuu 1 Mupe xapaktepusyercss poCTOM KOJH-
YeCTBA U CIIOKHOCTH OOJIBIICTIPOJICTHBIX U YHUKATBHBIX
3maHui U coopyxeHui. K Takum o0beKkTaM OTHOCSTCS,
Hanpumep:

* CIIOPTHBHBIC COOPYKCHUS (CTAUOHBI U JIP.);

* MHOTO(YHKIIMOHAIILHBIC IICHTPHI,

* BBICTABOYHbBIC MTABUIIHOHBI;

* TOProBO-pa3BIEKATEILHBIC KOMILJICKCHI;

* TMOMCIICHUSI BMECTUTEIBHOCTRIO Oosee 1000 ue-
JIOBEK U JIp.

3aia4a OlEHKHU TEXHUUECKOTO COCTOSIHUSI KOHCTPYK-
IUNA DKCIUTYaTHPYEMBIX COOPY>KEHUI BCJEICTBUE yC-
JIO)KHCHHUSI KOHCTPYKTUBHBIX CXEM OOBEKTOB U CTCCHCH-
HBIX YCJIIOBUM CTPOUTENHCTBA B METANoMcax akTyalbHa
JUTSL BCCBO3PACTAFOIIETO YHCIIa OOBEKTOB CTPOUTEIIBCTBA.

O BaXXHOCTH pa3pabOTOK, HATIPABJICHHBIX HA TPE/IO-
TBpAIlCHUE aBapUil ¥ TIOBBIIICHHE MEXaHHUCCKON Oe3-
OMACHOCTH MPH IKCILTyaTallul COOPYKEHUH, CBUIETEIb-
CTBYET Psifl aBapuii, MPOU3OIIEIINX Ha 00bEKTaX CTPOU-
TEJILCTBA B PA3JIMYHBIX peruoHax Poccuu u 3a pyoexom
(puc. 1-4).

Puc. 1. O6pyienne 3nanus akpanapka « TpaHcBaamb-mapk»,
. Mocksa, 14.02.2004!

! Tparemusi B pa3BieKkaTeIbHOM KoMIiutekce «TpaHcBaaib-
mapk». URL: https://xn--blae4ad.xn--plai/calendar/2004-2-14
tragediya-v-razvlekatelnom-komplekse-transvaal-park
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HakonneHHbIil ONBIT U Hay4YHbIE UCCIIEIOBAHUS
OTCUCCTBCHHBIX M 3apyOCKHBIX CICIIUATHCTOB CBH-
JETEIBCTBYIOT O TOM, YTO B HACTOSIIEE BpeMs 3a/ada
OIIEHKH TEXHHYECKOTO COCTOSHUS KOHCTPYKIIHI MOXKET
OBITh pellieHa o Pe3yJIbTaTaM MPOBEIECHHS BU3yaTbHOTO
Y MHCTPYMEHTAJILHOTO 00CIIe/IOBaHus, OJIHAKO Hanboee
3¢ GEKTHBHBIM CITIOCOOOM pEIICHHS TAHHOM 3a/1a4u SIB-

Puc. 2. O6pymenne noxpsitust Ha peiaKe ['YII «bacMaHHbIHY,
r. Mocksa, 23.02.2006>

Puc. 3. O6py1enue yactu Kpoid Ha ctaguone De Grolsch
Veste, . Ducxen, Tommangus, 07.07.20113

2 Tparenus Ha bacmanHoM pbiake B Mockse. URL: https:/ria.
11/20160223/1377866389.html?ysclid=m3uava3wkn709345396

3 O6py1ienue Kpbiy gomarisero craguona ®K « Teente» B Hu-
nepnangax. URL: https:/ria.ru/20110707/398575589.html?ys-
clid=m3uazyvo2t775258944



OcobeHHoCTH pa3paboTKiu NepcrneKTUBHbIX CUCTEM MOHUTOPUHIA HECYLLMX KOHCTPYKLMMA

3AaHUK M COOPYXEHUH C. 123-131

Puc. 4. O6pymenue Toprosoro nearpa «Maximay, T. Pura,
21.11.2013%

JISIeTCSl OCHAIIEHHE 00BEKTa CTPOUTEIHCTBA CTAMOHAP-
HOH CUCTEMOM MOHUTOPUHIA HECYIIUX KOHCTPYKLUA,
(GYHKIMOHUPYIOMIEH B peKUME pealbHOTO BPEMEHH
(mamee — cucrtema MoHHTOpHHTA). CHCTEMa Tpe-
CTaBISIET COO0I «COBOKYNHOCTh TEXHHYECKUX M MPO-
TPaMMHBIX CPEJICTB, MO3BOISIONINX OCYIIECTBIATEH COOP
1 00paboTKy MH(MOPMALMK O PA3IMYHBIX MapaMmeTpax
CTPOUTETHHBIX KOHCTPYKIIUH U CKOPOCTH UX N3MCHEHHUS
BO BPEMEHH JJIs OIICHKH TEXHUYECKOTO COCTOSTHUS 3/1a-
HUN 1 COOPYKSHUIDY .

Pa3paboTka crcTeM MOHHUTOPHHTA — aKTyaJbHAs
3ajjaya 3HAYMTEIBHOTO YUCIIa 0OBEKTOB CTPOUTEIIb-
crBa. JleficTByromias HopmaruBHasi 6a3a®’ B psijie ciy-
YaeB He COJEPIKUT OTBETOB HA BONIPOCHI, BOSHUKAIOIIHE
TIpH pa3paboTKe CHCTEM MOHUTOPUHTA, IOTOMY TIPU Pas-
paboTKe MPOEKTOB ATUX CUCTEM OOJBIIOC BHUMAHHE yjIe-
JISIeTCS aHAJIM3Y UH)KEHEPHBIX PEILICHUH CUCTEM, yoKe JKC-
TUTyaTUPYIOIIAXCS Ha aHATOTUIHBIX OOBEKTaX.

Pabota crcteM MOHUTOPHHTA OCHOBAaHA HA HHCTPY-
MEHTAJIFHOM MOHUTOPHUHTE W3MEHEHUS KOHTPOIUpPYE-
MBIX TTApaMEeTPOB KOHCTPYKITUH, BBITOTHSIOMIEMCS B pe-
JKUME PEaJIbHOTO BPEMEHH, U CPaBHEHUU I1apaMETPOB
C TPAaHUYHBIMHU 3HAYCHISIMHU, ONPE/ICIIEHHBIMH Ha JTare
MIPOEKTUPOBaHUsA cucTeMbl. ClcTeMa MOHUTOPHUHTA T10-
3BOJISICT OOHAPYKUTH (DAKT HETaTHBHOTO M3MCHCHHUS
COCTOSIHUSL KOHCTPYKIIMH, BBISIBUTH MOBPEXKIACHHBIN
9JIEMEHT, OLIEHUTh MAcIITad N3MEHEHUs, 1aTh IPOTHO3-
HYIO OIICHKY O JalbHEeHIIeM H3MEHEHNH TEXHUYECKOTO
COCTOSIHUSI KOHCTPYKIIMY U Bcero oobekTa [1]. JaHHbri

4 Veikala “Maksima” iegrist jumts; vismaz 18 upuri. URL:
https://web.archive.org/web/20131224100824/http://www.
tvnet.Iv/zinas/kriminalzinas/487218-zolitude veikala maksima
iegrust_jumts_vismaz divi_bojagajusie 50 _iesprostoti
STOCT 31937-2024. 3nanust u coopyxenus. [IpaBuna odcie-
JIOBaHMS ¥ MOHUTOPHUHTA TEXHUIECKOTO COCTOSTHUSL. M. : Poc-
CHICKHMI MHCTUTYT cTaHaapTu3anun, 2024. 63 c.

¢TOCT P 22.1.12-2005. Be30macHOCTb B 4pe3BbIYANHBIX CUTY-
armsix. CTpyKTypHpOBaHHAsI CHCTEMa MOHUTOPHHTA U YIIPaB-
JICHUSI MHKEHEPHBIMU CUCTEMaMH 3/1aHUH 1 COOpYKeHuit. M. :
Crargaptuapopm, 2005.

7 TexHUYECKHH perIaMeHT 0 6e30TaCHOCTH 3IaHU# K COOPYIKSHHIA :
Denepanbublii 3akoH Poccutickoit deneparmu ot 30.12.2009
Ne 384-D3.

(DYHKIIMOHAJ CUCTEMBI JIaeT BO3MOXKHOCTH 00ECIIeUUTh
6€3011acHOCTb MepcoHana 0ObEKTa U COKPATUTD 3aTPaThl
Ha PEMOHT 3a CYET paHHero 0OHapyKEeHHsl HeraTHBHOTO
W3MEHEHHSI COCTOSIHUS KOHCTPYKITHH.

B oOmem ciydae cucTeMbl MOHUTOPUHTA BKITIO-
YaloT CJIE/YIOUINE OCHOBHBIC JIEMEHTBI: JIaTYUKH U U3~
MepuTensHOe 000pyIOBaHUE, CUCTEMBI cOOpa JaHHBIX,
nporpamMMHoe obecrieueHune Uit 00padoTKM U aHaIn3a
HHPOpPMALIIH.

Bomnpocs! pazpaboTky cUCTEM MOHUTOPHHIA pac-
CMaTpPUBAIOTCS B MHOTOYMCICHHBIX HAy4HBIX pabo-
TaxX OTEUECTBEHHBIX M 3apyOCIKHBIX MCCIIEIOBATEINCH.
B tpyne [2] uzyuaercst obecrieueHre Ge30macHON KC-
IUTyaTaluy 31aHAH U COOPYKEHHUH C TPUMEHEHNEM CH-
creM MoHHuTOpHUHTA. [Ipencrasien uctopuyeckuii 0030p
cucteM MoHuTopuHra [3]. IIpuBeaeHs! HayYHO-METOIH-
YEeCKHE OCHOBBI IOCTPOEHHUS CUCTEM MOHUTOPHHI'A, ME-
TO/IbIl MOHUTOPUHTA, TEXHOJIOTHSI IOCTPOCHHSI, TUTIOBAsI
CTPYKTypa M COCTaB CHCTeM MOHUTOpuHTA [4—8]. Omu-
CaH MpHUMeEp CXeMbI pealii3aluy MpoIeccoB HHPOpMa-
IIUOHHOTO B3aMMOJCHCTBUS B CHCTEMaX MOHUTOPHH-
ra [9]. B pabote [10] mpencraBieH mpeaBapuTeIbHbII
MPOEKT CHUCTEMBl MOHHUTOPHHTA BBICOTHOTO 3/aHHS.
[Tpoanann3upoBaHa CTPATErHsi MOHUTOPHUHIA KOHCTPYK-
it Makkah Clock Tower (BbicoTa OamrHu cOCTaBiseT
601 m) [11].

B myonmukanusix [ 12, 13] mpeacraBieHo onucaHue cu-
cTeMbI MOHNTOpHHTA 31aHus «JlaxTa LleHTpa» u pesynb-
TaThl TEOTEXHUUECKOTO MOHUTOpHHTa. CHCTEMa MOHU-
TOPUHTa HaJ[3eMHOI YacTH 3/1aHusl BKJIIOYAET CTPYHHbIE
TEH30METPHI, CHCTEMY CITyTHUKOBOTO T'€0JI€3HUECKOTO
MOHUTOpPpUHI'A, METCOCTAHINU,; CUCTEMa MOHUTOPUHTA
neopmannu GyHAaMEHTa — CTPYHHBIC TEH30METPBI;
cUCTeMa Te0TEXHUYECKOTO MOHUTOPUHIA — TEH30Me-
TPBI, IaTYUKH JAaBICHUS, TTbe30MeTpbl. OMNHCcaHbl cucTe-
MBI MOHUTOPHHT'A JUISl CBEPXBBICOKHX 3/1aHMI HA OCHOBE
OecrpoBOIHOM ceHcopHOit cetH [14]. PaccMorpena cu-
CcTeMa MOHHMTOPHHTA, 3KCIUTyaTupyeMast Ha 37JaHuH Jie-
JIOBO apeHbl, BKIIFOUAOIasi HU(PPOBbIE HAKIIOHOMEPHI
n narauky yckopenus [15]. Tlokazan crioco6 sokann3za-
LMY MECT N3MEHEHHs HaPSKEHHO-e()OPMUPOBAHHOTO
cocrosiaust (H/IC), ocHOBaHHBIH Ha aHATN3C BPEMEHHBIX
PAIOB KoIeOaHMH CTPOUTENBHBIX KOHCTpYKIui [16].
IIpencrasiena cucreMa MOHUTOPUHTIA IIJIOTUHBI, BKIIIO-
Yaromas WHKIMHOMETPHI, SJICKTPOHHBIE TaXeOMETPHI
u reoje3ndeckue npusmel [17]. B pabore [18] paccma-
TPUBAIOTCSI METO/bl MIACHTU(UKALINN TTOBPEKICHUH
MOCTOBBIX KOHCTpYKUM. [IpuBeaeHs! qeTanbHOE ONu-
caHue cucteMbl MOHHTOpUHTra Mocta Hardanger Bridge
(Hopserust) u pe3ynbTarel MOHHTOPHHTA [19], a Takke
OCHOBHBIE 3Tarlbl paboT 110 Pa3paboTKe CUCTEM MOHHUTO-
pusra [20].

Ilo pe3ynbraTraM MpoOBECHHOTO aHAIM3a HOPMATHB-
HOHM TOKYMEHTAIIMW ¥ WH)KEHEPHO! TPAKTHKU TIPOSKTH-
POBaHMS CHCTEM MOHHUTOPHHTA MOXHO C/IEJIaTh BBIBOJ
0 TOM, 4YTO IMPU NPOCKTUPOBAHNU CUCTEM MOHUTOPHHIA
JIOTIOJIHUTEIIBHOTO PACCMOTPEHHS TPEOYIOT BOIPOCHI BBI-
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00pa CXeMbI TIOCTPOCHHUS CHCTEMbl MOHUTOPHHIA U M-
TOAWKNA MOHUTOPUHTa 0OBEKTOB CTPOUTEIIHCTBRA.

MATEPHAJIBI U METO/JbI

BrImonHeH aHamN3 OTEUECTBEHHON 1 3apyOeKHOMH
HOPMaTHBHOW JOKYMEHTAILMH B 0OJIACTH ITPOCKTUPOBA-
HUA CUCTEM MOHUTOPHUHTA.

s onpenenenns 0cOOEHHOCTEH CXeM ToCTpoe-
HUSl CHCTEM MOHUTOPHUHIa — COCPEJOTOUYEHHOHN U pac-
NpeieJIeHHON, 1 0COOEHHOCTEH METOANK MOHUTOPUH-
ra — MeTOJUKH KoHTpourst mapamerpoB HJIC snemeHnToB
HECYIIMX KOHCTPYKINH B HaHOOJIee HarpyXKEHHBIX 30HaX
9NIEMEHTOB U METOAUKU KOHTPOJISL MHTETPAJIbHBIX XapaK-
TEPUCTUK PaOOThI HECYIINX KOHCTPYKIHI MO/ HArpy3-
KOI MMPUMEHSITICh METObI CTPYKTYPHPOBAHUSI, CpPaBHE-
HUSI U aHAITN3a JAHHBIX.

PE3YJBTATBI

OnmHOM W3 BaKHBIX 3ajad, TPEOyIOIMen pemeHs
Ha dTare MPOeKTUPOBAHMS, SBISETCS ONTHMHU3ALNS all-
MapaTHOTO COCTaBa CHCTEMbI: CUCTeMa JIOJKHA o0ec-
MeYNBATh 3a/laHHYI0 HAJICKHOCTh NPH MUHUMAJIbHOM
KOJINYECTBE KOMIIOHEHTOB M OCYIIECTBIISATH KOHTPOJIb
rapaMeTpoB ¢ TpeOyeMOi TOUHOCTBIO.

W3 pe3ynbsratoB aHanm3a HHKEHEPHOTO OIIBITA TIPO-
EKTHPOBAHMS CHCTEM MOHMTOPHHTIA CIIEITyeT: pa3padbor-
Ka CHCTeM MOHHMTOPUHIa IPOU3BOANTCS Ha OCHOBaHUU
JIBYX THIIOB CXEM IOCTPOEHHUS] — COCPEIOTOYCHHOU
u pactipenieneHHoi. OcOOEHHOCTb CHCTEMBI, TOCTPOCH-
HOH C MIPUMEHEHNEM COCPEIOTOUEHHON CXEMBI, 3aKITIO-
4aeTcsl B JOCTATOYHO MPOCTON cxeMe MH(pOPMAIHOH-
HOTO B3aMMOJICHCTBHSL, TIPU KOTOpOH cOop 1 oOpadoTka
JTAHHBIX MOHUTOPHHTA TIPONU3BOJUTCS B IEHTPAIHHOM
MPOLIECCOPE CUCTEMBL. DTa 0COOCHHOCTH MO3BOJISIET T10-
CTPOUTH PPEKTUBHYIO CHCTEMY MOHUTOPHHTA C MH-
HUMAJIBHBIM KOJIMYECTBOM 3JIEMEHTOB, HO TIPEIBSBISET
MIOBBILIIEHHBIE TPEOOBAaHUS 10 OBICTPOICHCTBUIO U Ha-
JISKHOCTH K CHCTeMaM cbopa, nepenadu, o0padboTku
1 XpaHeHus JaHHBIX. OCOOCHHOCTH CHCTEMBI, TOCTPOCH-
HOH C IPUMEHEHNEM Paclpe/IeTIeHHON CXeMbl, COCTOUT
B HaJIMYMH JIOKAJILHBIX CEPBEPOB, OTBEYAIOIINX 3a cOOp
U TIPEIBApPUTEIBHYI0O 00paOOTKy CHTHAJIOB, TIOCTYIA0-
IIMX C JaTYMKOB, YTO NPHBOIUT K YBEINUCHUIO KOJINYE-
CTBa AJIEMEHTOB CHCTEMBI, OTBEYAIOIIHX 32 cOOp 1 o0Opa-
0OTKY JaHHBIX, ¥ YCIOKHSIET CXeMy HH(POPMAI[HOHHOTO
B3aUMOJICHCTBHSA, HO TIPH 3TOM K 3JIEMEHTaM CHCTEMBI
TIPEBSBISIOTCS. MEHEE )KECTKHE TPEOOBaHHS IO OBICTPO-
)IeﬁCTBHIO 1 HAACKHOCTH, TaK KaK BbIXOH U3 CTPOA JI0-
KaJIBHOTO CepBepa He TPUBOHUT K BBIXOIY U3 CTPOS BCEH
CHCTEMBI.

[Tpu pazpaboTke cCcTeM MOHUTOPHHIA HEOOXO/IH-
MO YUYHTBIBATH BO3MOXKHOCTh U3MEPEHUSI KOHTPOJIUPYE-
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MOT0 TapamMeTpa pa3jInuHbIME cIloco0amMy ¢ MpUMeHe-
HHMEM Pa3HBIX H3MEPUTEIBHBIX CPE/ICTB.

B nacrosiee BpeMsl B MH)KEHEPHOM PAKTUKE MO-
HUTOPUHTa OOBEKTOB CTPOUTENIBCTBA TPUMEHSIIOTCS Clle-
JTYIOIIIF€ METOJANKH MOHUTOPHHTA!

1. Kontponps mapamerpoB H/IC snemeHTOB He-
CYIIMX KOHCTPYKIMH B HanOosee Harpy kKeHHBIX 30HaX
JJIEMEHTOB.

2. KoHTpoJb HHTETPAbHBIX XapaKTEPUCTHK pabo-
ThI HECYLIIMX KOHCTPYKLUH 11011 HATPY3KOH.

OCOOCHHOCTBIO HCIOIB30BAHMS METOAUKH KOH-
TPOJISL COCTOSTHUSI HECYIIMX KOHCTPYKIMI B Haubosee
Harpy’>kKeHHBIX 30HaX SBIISETCS BOSMOKHOCTH KOHTPOJIS
COCTOSIHUSI 0CO00 OTBETCTBEHHBIX JIEMEHTOB HECYIIINX
KOHCTPYKILHUM, OJIHAKO NMPUMEHEHHUE TaHHON METOu-
KM BeZIET K 3HAUUTEIbHOMY YBEIHUYEHHIO CTOMMOCTHU
CHCTEMBI 33 CUET YBEJIMYEHHS YNCIIa €€ KOMIIOHEHTOB
(marymkoB, 6J0KOB cOOpa MaHHBIX | JIp.). Take oaHa
u3 0coOEHHOCTEHl — BO3MOXKHOCTH YCTAHOBKH BCEX
KOMITOHEHTOB CHCTEMBI TOJIBKO Ha JTaIle CTPOUTEIHCTBA
o0beKTa. YKazaHHbIE OOCTOSITENILCTBA CHIYKAIOT BO3MOJK-
HOCTH NIPUMEHEHHS METOUKH.

OcoOeHHOCTSIMI METOMKH KOHTPOJISI HHTETPaJb-
HBIX XapaKTEePUCTHK PaOOThl HECYUIMX KOHCTPYKIIMU
CIy>KaT HEBBICOKas (IO CPaBHEHHUIO C METOAHMKON |
3a CYET YMEHBIICHHS KOJTMIECTBA TOYEK KOHTPOJIS) CTO-
UMOCTb CUCTCMbI, BOBMOXXHOCTh OCHAILICHUA O6’I)eKTa
CHCTEMOM MOHUTOpPHHTA Ha 3Tale KCIUTyaTalllu, clia-
Oblif (B psizie CIydaeB) OTKJIMK CHCTEMBl Ha HETAaTHBHOE
HN3MEHEHHE OT/IETIbHOTO 2IEMEHTa KOHCTPYKIHH.

3AKJIIOYEHHUE

W3 pe3ynpraTtoB aHagu3a MpeCTaBICHHBIX BBIIIE
MPOEKTHBIX PEIICHUH CIIeAyeT, YTO IPUMEHEHHE pac-
MpPEeeICHHON CXeMBI MOCTPOCHUS CHCTEMBI MOHUTO-
PHHTa [TO3BOJINUT 00ECTIEYNTH €€ OOJIBIIYIO HaJIS)KHOCTB,
CHHU3UTbH almapaTHble TPeOOBaHMs K 000PYI0BAHHUIO.
DKOHOMHYECKH 0OOCHOBAHHBIM SIBISCTCS CO3JaHUE
CHCTEMBbl MOHUTOPHHIA HA OCHOBE METOJJUKH KOHTPOJIS
MHTETPaJIbHBIX XapaKTePUCTHUK MapaMeTpoB IehopMHu-
pOBaHUS HECYIMX KOHCTPYKIWA. [IpiMeHenue crucre-
MBIl MOHUTOPHHI'a HAa O0BEKTE HE UCKITIOYAET OCYIIECT-
BJICHHE TIPOIIETYPHI IEPHOANIECKOTO 00CITIeIOBaHNS.

[Ipu pa3paboTke cuCTeM MOHUTOPHHTA ST 0CO000
OIACHBIX, TEXHUYECKHU CJIOKHBIX M YHUKAJIBHBIX 00BEK-
TOB IieJiecoo0pa3Ha pa3padoTKa MPOEKTa CUCTEMbI MO-
HUTOPUHTA, OCHOBAHHOTO Ha NMPUMEHEHUH METOIUKA
KOHTPOJISI MHTErPAJIbHBIX XapaKTePUCTHK M1apaMeTpoB
JeOpPMUPOBAHUS HECYIIUX KOHCTPYKLUI B COUYETaHUH
C METOAMKON KOHTPOJIS COCTOSTHISI HECYIIUX KOHCTPYK-
1M B HanOoJiee Harpy>KeHHbIX 30HaX COBMECTHO C IIPO-
BE/ICHHEM ITPOIIEAYPhI HEPHOTMUESCKOTO 00CIeTOBAHUS.
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INTRODUCTION

The current level of construction production in
Russia and the world is characterized by an increasing
number and complexity of large-span and unique build-
ings and structures. Such facilities include, for example:

* sports facilities (stadiums, etc.);

» multifunctional centres;

 exhibition halls;

* shopping and entertainment complexes;

* premises with a capacity of more than 1,000 peop-
le, etc.

The task of assessment of technical condition
of structures of operating structures due to the increas-
ing complexity of structural schemes of objects and
cramped conditions of construction in megacities is
actual for an ever-increasing number of construction
objects.

The importance of developments aimed at pre-
venting accidents and improving mechanical safety in
the operation of structures is evidenced by a number
of accidents that occurred at construction sites in vari-
ous regions of Russia and abroad (Fig. 1-4).

The accumulated experience and scientific re-
search of domestic and foreign experts indicate that
currently the task of assessing the technical condition
of structures can be solved based on the results of vi-
sual and instrumental inspection, but the most effective
way to solve this problem is to equip the construction
site with a stationary monitoring system of load-bearing
structures operating in real time (hereinafter — moni-
toring system). The system is “a set of technical and

Fig. 1. Collapse of the building of the water park “Transvaal-
park”, Moscow, 14.02.2004!

! Tragedy at the Transvaal Park entertainment complex. URL:
https://xn--blaedad.xn--plai/calendar/2004-2-14 tragediya-
v-razvlekatelnom-komplekse-transvaal-park
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software tools that allow collecting and processing in-
formation on various parameters of building structures
and their rate of change over time to assess the technical
condition of buildings and structures™.

Development of monitoring systems is an urgent
task for a significant number of construction proj-
ects. The current regulatory framework® * in a number
of cases does not contain answers to the questions aris-
ing in the development of monitoring systems, there-
fore, when developing projects for these systems, much
attention is paid to analyzing engineering solutions
of systems already in operation at similar facilities.

The operation of monitoring systems is based
on instrumental monitoring of changes in the controlled
parameters of structures, performed in real time, and
comparing the parameters with the boundary values,
determined at the stage of system design. The monitor-
ing system allows to detect the fact of a negative change
in the state of the structure, to identify the damaged ele-
ment, to estimate the scale of the change, to give a pre-
dictive assessment of further changes in the technical

Fig. 2. Collapse of coverage at the market of Basmanniy State
Unitary Enterprise, Moscow, 23.02.2006°

2 GOST 31937-2024. Buildings and structures. Rules for in-
spection and monitoring of technical condition. Moscow, Rus-
sian Institute of Standardization, 2024; 63.

3 GOST R 22.1.12-2005. Safety in emergency situations.
Structured system of monitoring and control of engineering
systems of buildings and structures. Moscow, Standardinform
Publ., 2005.

4 Technical Regulations on the Safety of Buildings and Struc-
tures: Federal Law of the Russian Federation of 30.12.2009
No. 384-FZ.

S Tragedy at the Basmanny Market in Moscow. URL: https://ria.ru/
20160223/1377866389.html?ysclid=m3uava3wkn7093-
45396
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Fig. 3. Collapse of part of the roof at De Grolsch Veste stadium,
Enschede, Netherlands, 07.07.2011°

Fig. 4. Collapse of the shopping centre “Maxima”, Riga,
21.11.20137

state of the structure and the entire object [1]. This
functionality of the system makes it possible to en-
sure the safety of facility personnel and reduce repair
costs due to the early detection of negative changes in
the state of structures.

In general, monitoring systems include the follow-
ing main elements: sensors and measuring equipment,
data collection systems, software for processing and
analyzing information.

The issues of development of monitoring systems
are considered in numerous scientific works of domestic
and foreign researchers. The work [2] studies the provi-
sion of safe operation of buildings and structures with
the use of monitoring systems. A historical review
of monitoring systems is presented [3]. Scientific and
methodological bases of monitoring systems construc-
tion, monitoring methods, construction technology, typ-
ical structure and composition of monitoring systems
are given [4-8]. An example of the scheme of realiza-
tion of information interaction processes in monitoring
systems is described [9]. The paper [10] presents a pre-
liminary design of a monitoring system for a high-rise

¢ Roof collapse of FC Twente's home stadium in the Ne-
therlands. URL: https://ria.ru/20110707/398575589.html?-
ysclid=m3uazyvo2t775258944

7 Veikala “Maksima” iegrast jumts; vismaz 18 upuri. URL:
https://web.archive.org/web/20131224100824/http://www.
tvnet.lv/zinas/kriminalzinas/487218-zolitude veikala maksima
iegrust jumts vismaz divi bojagajusie 50 iesprostoti

building. The monitoring strategy of Makkah Clock
Tower structures (the height of the tower is 601 m) is
analyzed [11].

Publications [12, 13] describe the monitoring
system of the Lakhta Centre building and the results
of geotechnical monitoring. The monitoring system for
the aboveground part of the building includes string
strain gauges, satellite geodetic monitoring system, me-
teorological stations; the foundation deformation moni-
toring system includes string strain gauges; the geo-
technical monitoring system includes strain gauges,
pressure sensors, piezometers. Monitoring systems for
ultra-high buildings based on wireless sensor network
are described [14]. A monitoring system operated on
an ice arena building including digital tiltmeters and
acceleration sensors is considered [15]. A method of lo-
calization of stress-strain state (SSS) change locations
based on time series analysis of building structures vi-
brations is shown [16]. A dam monitoring system includ-
ing inclinometers, electronic total stations and geodetic
prisms is presented [17]. In [18], methods of damage
identification of bridge structures are discussed. A de-
tailed description of the monitoring system of Hardan-
ger Bridge (Norway) and the results of monitoring [19],
as well as the main stages of work on the development
of monitoring systems [20] are given.

According to the results of the analysis of norma-
tive documentation and engineering practice of moni-
toring systems design, it can be concluded that the is-
sues of selection of the monitoring system construction
scheme and monitoring methodology for construction
objects require additional consideration when designing
monitoring systems.

MATERIALS AND METHODS

The analysis of domestic and foreign normative
documentation in the field of design of monitoring sys-
tems is performed.

The methods of data structuring, comparison
and analysis were used to determine the peculiarities
of the monitoring system construction schemes —
concentrated and distributed, and the peculiarities
of the monitoring methods — the methods of control
of the SSS parameters of the bearing structures ele-
ments in the most loaded zones of the elements and
the methods of control of the integral characteristics
of the bearing structures operation under load.

RESULTS

One of the important tasks to be solved at the de-
sign stage is the optimization of the hardware composi-
tion of the system: the system must ensure the specified
reliability with a minimum number of components and
control the parameters with the required accuracy.

From the results of the analysis of engineering
experience in the design of monitoring systems it fol-
lows: the development of monitoring systems is based
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on two types of construction schemes — concentrated
and distributed. The peculiarity of the system built
using the concentrated scheme consists in a rather sim-
ple scheme of information interaction, in which the col-
lection and processing of monitoring data is performed
in the central processor of the system. This feature
allows to build an effective monitoring system with
a minimum number of elements, but imposes increased
requirements on speed and reliability to the systems
of data collection, transmission, processing and stor-
age. The peculiarity of the system built using a distrib-
uted scheme consists in the presence of local servers
responsible for the collection and preliminary process-
ing of signals from sensors, which leads to an increase
in the number of system elements responsible for data
collection and processing, and complicates the scheme
of information interaction, but at the same time the sys-
tem elements are subject to less stringent requirements
for speed and reliability, since the failure of a local
server does not lead to the failure of the entire system.

When designing monitoring systems, it is neces-
sary to take into account the possibility of measuring
the monitored parameter in different ways using differ-
ent measuring instruments

The following monitoring methodologies are cur-
rently used in construction monitoring engineering
practice:

1. Control of the SSS parameters of bearing struc-
ture elements in the most loaded zones of the elements.

2. Control of integral characteristics of load-bear-
ing structures under load.

The peculiarity of using the technique of control-
ling the condition of load-bearing structures in the most
stressed areas is the possibility of controlling the con-
dition of especially critical elements of load-bearing
structures, but the use of this technique leads to a sig-

nificant increase in the cost of the system due to an in-
crease in the number of its components (sensors, data
acquisition units, etc.). Also, one of the peculiarities is
the possibility to install all system components only at
the stage of object construction. These circumstances
reduce the possibilities of the methodology application.

The peculiarities of the method of control of inte-
gral characteristics of load-bearing structures are low
(in comparison with the method 1 due to the reduction
of the number of control points) cost of the system,
the possibility of equipping the object with a monitor-
ing system at the stage of operation, weak (in some
cases) response of the system to a negative change
of a separate element of the structure.

CONCLUSION

It follows from the results of the analysis of the de-
sign solutions presented above that the use of the dis-
tributed scheme of the monitoring system construction
will ensure its greater reliability and reduce hardware
requirements to the equipment. It is economically feasi-
ble to create a monitoring system based on the method-
ology of control of integral characteristics of deforma-
tion parameters of load-bearing structures. Application
of the monitoring system at the facility does not exclude
the periodic inspection procedure.

When developing monitoring systems for espe-
cially dangerous, technically complex and unique fa-
cilities, it is advisable to develop a monitoring system
project based on the application of the methodology
of control of integral characteristics of deformation pa-
rameters of load-bearing structures in combination with
the methodology of control of the condition of load
bearing structures in the most stressed zones together
with the periodic inspection procedure.
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