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

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

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

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

Cratbsm npucsanBaercs ungposoit ngentudukarop DOL

PEAKONNETHA

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

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

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

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

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

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

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

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

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

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

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

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

ConospeB Amexceii KupwmmoBud, -p TexH. Hayk, mpod.,
npod. kad. mpoeKTUpoBaHUA 3[aHUIT 1 coopyxennit, HIY MI'CY,
Mocksa, Poccnsa
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The journal is included (digital archiving, deposit and delivery
to users on an agreement for a MGSU) in the database

of Russian Science Citation Index (RSCI), supported by

the Scientific Electronic Library www.elibrary.ru on terms

of full text placement.

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

Russian open access scientific library CyberLeninka.

Moscow State University of Civil Engineering has entered into
an electronic licensing relationship with EBSCO Information
Services (http://www.ebsco.com/), the world’s most prolific
aggregator of full text journals, magazines and other sources.
The full text of Construction: Science and Education will be
found on EBSCO’s upgraded Applied Sciences database once
the collection is complete.

Distributed through electronic libraries “Lan”, “Rukont”,

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

According to the RSCI, “Construction: Science and Education”
is one of the eight leading industry journals among 756 journals
in the field of construction.

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

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

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

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

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

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

Baacos /lennc HukosaeBu4, a-p TeXH. HayK, HA4aJbHUK
MacTepCKOil TPaHCIOPTHOTO 00cy)uBaHus HayuHO-pOeKTHOTo
o0beMHEHNs TpaHcnopTa U Jopor, Hayuno-uccnenoBarenbekuit
¥ TIPOCKTHBIH MHCTHUTYT [eHepaibHOrO TiaHa ropoaa MOCKBBI,
Mockaa, Poccust

I'pagpxuna Mapuna BaagumMmupoBHA, 1-p TEXH. HayK,
mpod., 3aB. Kad. IKOIOTHUECKOW OE30MACHOCTH TEXHUYECKUX
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Poccus

Epodees Baagumup TpodumoBuu, akagemuk PAACH,
I-p TEXH. HayK, npod., JeKaH apXUTEKTypHO-CTPOHTEIHLHOTO
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AHHOTALUMUA

BBeaeHwue. [MpyBefeHbl HEKOTOPbIE pe3ynbTaTbl peanv3aummn paspabdbaTbiBaeMoro KOMMIEKCHOTo NoAXoAa K OLeHKe Haaex-
HOCTU NPOEKTHbIX PeLUeHN 30aHNIA 1 COOPY>KEHUI NMOBbILLEHHOTO YPOBHS OTBETCTBEHHOCTU (BOMnbLLENPONETHbIE CTePXHE-
Bble W NICTOBbIE MeTannmMyeckne KOHCTPYKLMW, BEPTUKamNbHbIE LMNMHAPUYeckue pedepByapbl 6onblunx o6bemMoB) C He-
CYLLMMMN METANINYECKUMU KOHCTPYKLIMSIMU.

Matepmansl U meToabl. HayanbHbIM 3TanoM paspabaTbiBaeMoro NoAxofa OLEHKU HAOEXHOCTU 34aHWUIA U COOPYXKEHUM
NOBbILLEHHON OTBETCTBEHHOCTY ABNSETCA (DOPMUPOBAHNE YTOYHEHHbBIX KOHEYHO-3MEMEHTHBIX PACYETHBIX CXeM, OCHOBaH-
HbIX Ha AeTanu3auuun y3rnoBbIX COeAMHEHWUN, U FEOMETPUYECKNX CXEM MPOEKTUPYEMbIX KOHCTPYKLMIA, YTO MO3BOMSIET Bbl-
SIBUTb OCOBEHHOCTM HanpsikeHHO-AedopMupoBaHHoro coctosiHna (HOC) v BbINOMHUTL YTOMHEHHYHO OLIEHKY YCTOMYMBOCTM
3MeMeHTOB KOHCTPYKUUIA. [Ans peanuaauuu criefyroLlero arana OLeHKU CKITOHHOCTU NMPOEKTUPYEMOW CUCTEMBbI K NTaBUHO-
obpa3HoMy 06pyLUeHWto paspaboTaH 1 NpuBedeH cneuunanbHbli anroputm pacyeta HOC KOHCTpyKUuK, peanv3oBaHHbIN
B reOMETPUYECKM N KOHCTPYKTUBHO HENMHEeRHON NnocTaHoBKe. Ha 3akniountensHoM atane B crnyvae HeobxoaMmMoCTy BbInos-
HsieTCs ¢ Mcnonb3oBaHWeM Metoaa Hengepa — Muaa onTvmm3aums nony4eHHOro KOHCTPYKTUBHOTO PELLEHNS MO 3aAaHHbIM
nokasaTensiM BEpOSATHOCTM OTKasa Ansi KMio4eBbIX U BTOPOCTENEHHbIX 3NIEMEHTOB.

Pesynbratbl. [peanoxeHHbI NogX04 NO3BONSAET C NPYeMeMOoN NPakTUYeCcKor TOYHOCTLIO ONpeaenaTb NokasaTeny Hagex-
HOCTU MHOTOKPaTHO CTaTU4eCKu HeonpeaenuMblX cucTem. To 0COBEHHO akTyanbHO AN YHUKaNbHbIX KOHCTPYKLMIA NOBbI-
LIEHHON OTBETCTBEHHOCTU. YTOYHEH MeXaHM3M MOTepu YCTOMYMBOCTM CXaTblIX CTEPXKHEN CTPYKTYPHbIX KOHCTPYKUWIA
cuctembl MAPXW, npegnoxeHa metoanka KOppPeKTUPOBKY onpegeneHns KoadduumeHTa g ¢ y4eToM nosyyYeHHbIX pesynb-
TaToB; MOMyYeHbl AaHHble U3MEHEHUs1 aapoanHaMUYECKoro KoadduLmMeHTa LMNMHAPUYECKMX pe3epByapoB BoMbLIMX 00b-
emoB V =10 000-30 000 m>. 3T0 Aano BO3MOXHOCTb ONPeAEnUTbL 0COBEHHOCTN PaCCMaTPUBAEMbIX KOHCTPYKLINIA.
BbiBoabl. MNpeanoxeH KOMNIEKCHbIV anroputM, NO3BONSIOLLMIA HA OCHOBE AeTannaaumny pacyeTHbIX CXeM U OLIEHKW CKIOH-
HOCTU MPOEKTUPYEMbIX KOHCTPYKLMIA BLICOKOrO YPOBHSI OTBETCTBEHHOCTU K NABMHOOOPA3HOMY paspyLUEHWUIO BbINOSHUTL
YTOYHEHHYIO OLIeHKY UX YPOBHSI MPOEKTHON HagexHocTu. Ha 6a3e anroputma npefnoxeHa npoueaypa onTumu3aummn uc-
XO[IHOTO MPOEKTHOrO pelleHusl, BasupytoLlascs Ha ucnonb3oBaHun metoga Hengepa — Mupa n peanusoBaHHas Ha AaH-
HbIi MOMEHT [Nt MUHUMM3aLumK LieneBoin YHKLMKU B BUAE MaCChl OCHOBHbIX KOHCTPYKTUBHBIX A1IEMEHTOB (CTEPXHEN 1 y3-
NOB-KOHHEKTOPOB).

KINOYEBBIE CIIOBA: meTannuyeckue KOHCTPYKLUW, YUCTIEHHbIE METOAbI, NaBUHOOOPa3Hoe paspyLueHue, HafeXHOCTb,
CTPYKTYPHbIE KOHCTPYKLIMU, reOMeTpruYecKas HENMHENHOCTb, KOHCTPYKTUBHASH HEMUHENHOCTb, KOHCTPYKLIMW NOBbILLEHHOIO
YPOBHS1 OTBETCTBEHHOCTU
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An integrated approach to reliability assessment
of spatial metal structures
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Donbas National Academy of Civil Engineering and Architecture (DonNACEA);
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BBEJIEHUE

ABSTRACT

Introduction. Some results of implementation of the integrated approach to reliability assessment of design solutions
of buildings and structures of increased level of responsibility (large-span rod and sheet metal structures, vertical cylindrical
tanks of large volumes) with load-bearing metal structures are presented.

Materials and methods. The initial stage of the developed approach to assess the reliability of buildings and structures of in-
creased responsibility is the formation of refined finite element design schemes based on the detailing of nodal connections and
geometric schemes of designed structures, which allows to identify the features of the stress-strain state (SSS) and perform
a refined assessment of the stability of structural elements. Some general patterns obtained based on such detail are given for
large-span structural coatings and structures of vertical cylindrical tanks. To realize the next stage of assessment of the pro-
pensity of the designed system to avalanche collapse, a special algorithm for calculating the SSS of the structure, implemented
in a geometrically and structurally non-linear formulation, was developed and presented. At the same time, for the considered
calculation situation, during the multi-stage calculation, a set of key elements is determined, the failure of which, on the one
hand, initiates the beginning of avalanche-like destruction, on the other hand, allows using the established set of elements
to determine the upper bound of the numerical value of the probability of failure (or the reliability index) of a repeatedly stati-
cally indeterminate system. At the final stage, if necessary, optimization of the obtained structural solution is performed using
the Nelder — Mead method according to the specified failure probability indicators for key and minor elements.

Results. The proposed approach allows to determine reliability indices of multiply statically indeterminable systems with
acceptable practical accuracy. This is especially relevant for unique structures of increased responsibility. The mechanism
of loss of stability of compressed rods of structural structures of the MARHI system was clarified, the methodology of correc-
tion of the p coefficient determination taking into account the obtained results was proposed; the data of change of the aero-
dynamic coefficient of cylindrical tanks of large volumes V = 10,000-30,000 m® were obtained. This allowed us to determine
the following features for the constructions under consideration: with an increase in the volume of the reservoir, there is
a change in wind pressure in the area of the ladder junction, compared with a reservoir without a ladder; the maximum dis-
crepancy with the normative values (up to 20 %) was noted in the negative pressure zones (opening effect on the wall); in
the active pressure zone, there is a decrease in the vacuum pressure, depending on the size, up to 6 %.

Conclusions. A complex algorithm is proposed, which allows, on the basis of detailed design schemes and assessment
of the propensity of the designed structures of high level of responsibility to avalanche-like destruction, to perform a refined
assessment of their level of design reliability. On the basis of the algorithm, an optimization procedure of the initial design
solution is proposed, based on the use of the Nelder — Mead method and currently implemented to minimize the target func-
tion in the form of the mass of the main structural elements (rods and connector nodes).

KEYWORDS: metal structures, numerical methods, avalanche failure, reliability, structural constructions, geometrical non-
linearity, structural nonlinearity, structures of increased level of responsibility
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B JOITIOJTHCHHUEC K TCXHHYCCKUM M TCXHOJIOTHMYCCKHUM

acrieKTaM, 00yCIIaBIHBAIOIIIIM BOIIPOC 00ECIICUCHUS Ha-
Pa3BuTne KOHCTPYKTHBHBIX ()OPM MPOCTPAHCTBCH-

HBIX KOHCTPYKIWH, IPUMEHSIEMBIX B COBDEMEHHOM CTPO-
HTCJILCTBC, MPUBOAUT K CO31aHUIO HOBBIX KOHCTPYKTHUB-
HBIX CHCTEM, HE MMEIOLINX IPEIEJCHTOB B IPAKTHKE
CTPOHTENBCTBA. B coyeTaHHn ¢ pocToM MacTabHOCTH
00BEKTOB, MCIOIB30BAHNEM HOBBIX METO/IOB M3TOTOB-
JIEHUSI 1 MOHTa)ka, HOBBIX MaTEPHAJIOB 3TO 00OCTPSIET
TpoOJIeMy OIIEHKH HaJIEKHOCTH pa3padaThBacMBIX ITPO-
€KTHBIX PEIICHHUH, ISl KOTOPBIX B paMKaX UCIOIb30BAHMS
TPpagULIMOHHOI'0 METOAAa MPEACTIbHBIX COCTOSTHUM HE BCer-
na obecreunBaeTcst TpeOyeMbIil YPOBEHB HAICKHOCTH .

'TOCT 27751-2014. HaaesKHOCTh CTPOUTENBHBIX KOHCTPYK-
i 1 ocHoBaHMN. OCHOBHBIE TPeOOBaHMA. AKTyaTH3UPOBAH
01.01.2021. M. : Crarmaptuadopm, 2019. 16 c.

JIGKHOCTH CTPOUTEIIBHBIX OOBEKTOB MOBBIIIEHHOTO YPOB-
HA OTBETCTBEHHOCTH, B IOCJICAHNC I'OJIbI BAXKHOCTDH ITPO-
61eMBI 000CTPUITACH YTPO30H TEPPOPUCTHIECKUAX aKTOB
B OTHOIICHHH TAKUX 0OBEKTOB, YTO TAKXKE TPeOyeT COOT-
BETCTBYIOIIIETO yYeTa U COBEPIICHCTBOBAHUS HX METO/IH-
KU pacyeTa U IPOEKTHPOBAHHUL.

OrtnenbHbIe aCIeKThl pacCMaTPUBAEMOil TEMBI T10C-
TOSIHHO HAaXOJISITCS! B TOJIC 3PCHUSI HAyYHBIX KOJJICKTHBOB
BO BCEM MUPE, O UEM CBUACTCIILCTBYCT aHAJIN3 HAYYHBIX
nyOaMKanuil B W3MaHUSAX, NPEICTABICHHBIX B BEIy-
MIX MEXTyHAPOIHBIX 0a3ax JaHHBIX. OnHAKO B OO0Jb-
IIMHCTBE NOJOOHOTO pojia UCCIEIOBAHUN OTCYTCTBYET
KOMIUIEKCHBIN MOAXOM K PELISHHIO TPOOJIeMBI, OXBAThI-
BAIOIIMI OCHOBHBIE 3TAIlbl MPOSKTUPOBAHHS OT (hOPMH-

7
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POBaHHUS YTOUHEHHBIX PACUETHBIX CXEM JI0 Pa3pabOTKH
ONTUMAJIbHBIX KOHCTPYKTHUBHBIX pElIeHUH, o0eceuu-
BAaIOIINX COYETaHHE TPeOyeMOro ypoBHS HAACKHOCTU
C JIOCTaTOYHON AKOHOMUYHOCTEIO (puc. 1). OTcyTcTBHE
YEeTKHX, HAYYHO 00OCHOBAHHBIX PE3yIIbTaTOB MCCIIEI0BA-
HUH PUBOIUT K TOMY, YTO B TTOAABIISFOIIEM OOJBIITNH-
CTBE JACUCTBYIOMIUX Ha CETOAHSIIHUNA JIEHh HOPMAaTHB-
HBIX JIOKyMEHTOB PEKOMEHJIAIINHU TI0 MPOEKTHPOBAHHIO
COOPYKEHUH C MOBBIIIEHHBIM YPOBHEM OTBETCTBEHHO-
CTH HOCAT (hparMeHTapHbIH, OOLIMH 1 HEKOHKPETHBIN
XapakTep, KOTOPbIif HEBO3MOXKHO peain30BaTh B BUJE
OTIPEIETICHHOTO AITOPUTMA ITPOCKTUPOBAHUS.

Ha Ba)KHOCTB OT/IEJIbHBIX aCHIEKTOB 0003HAYCHHOM
MpoOJIeMbI yKa3bIBaeT pA padoT, B paMKaxX KOTOPBIX
OHH, KaK MMPAaBHUJIIO, PACCMATPUBAIOTCS MO OTACTHHOCTH,
Harpumep:

* YTOYHEHHE PACUETHBIX CXeM KOHCTPYKIIHH, B TOM
YHCIIC 32 CUET yUeTa BIISIHUS KOHCTPYKTUBHOTO peTlie-
HUSI Y3JI0BOTO COCIMHCHMUS Ha HaNPsHKEHHO-1e(hOopMUpO-
BanHOe coctostane (HJC) [1-6];

* COBEPILIEHCTBOBAHME KOHCTPYKTHBHBIX pellle-
HUM Y3JIOBBIX COCIMHEHUN U KOHCTPYKLHH C 1EJbI0
MPEIOTBPAIICHUS PA3BUTHUS JIABUHOOOPA3HOTO 00py-
menus [7-9] myrem ynpasnenus HJ/IC oObekra 3a cuer
I[eJICHAPABICHHOTO U3MEHEHHSI OCHOBHBIX TapamMe-
tpoB HJZIC [10-13];

* OIpeseNieHUE YMCICHHBIX 3HAYCHHUH MOKa3aTe-
JIel HaJIEXKHOCTH NIPOEKTUPYEMOIN KOHCTPYKLIUU BO U3-
OekaHWe HEZOCTATKOB, MPUCYIINX TTOTYBEPOSTHOCT-
HOW OCHOBE METOJIa MPEIeIbHBIX cocTosHUi [ 14—18].
IIpu 3TOM ClIeIyeT OTMETHTh OTCYTCTBHE KaK YETKOTO
aJTOpUTMa JEHCTBUH NP BBIYUCICHUN YUCIECHHBIX
XapaKTepUCTUK HAJE)KHOCTH KOHCTPYKIHUI B HOpMa-

YTouHEeHHE pacueTHON CXEMBI

KOHCTPYKLHHU

A

OI_[eHKa BJIMSAHUSA pa6OTBI Yy3J0BOTO

COC/IMHCHUA HAa HAACKHOCTH CUCTCMBI

A

O11eHKa CKIIOHHOCTU CUCTEMBI

K JJABUHOOOPa3HOMY Pa3pylICHUIO

A

OHTI/IMI/I3aIII/IH CHUCTCMBI 110 KPUTEPULO

0e30TKa3HOH pabOTHI

uc. 1. KirroueBble MOMEHTBI COBEPIICHCTBOBAHUS METOIUK
Puc. 1. KimroueBbie MoMe COBEPIICHCTBOBA €To,
pacdera ¥ IPOEKTHPOBAHUS KOHCTPYKIIMH MOBBILIEHHOTO
YPOBHS OTBETCTBEHHOCTH

8

THBHOH JHTepaType® >, 4T0 3HAYUTEIBHO yCIOKHICT
paboTy MHXKeHepa, TaK W OIpEeJeICHNs ToKa3aTeaeh
HaJAC)KHOCTHU CIIOXXHBIX MHOT'O2JICMCHTHBIX CTAaTUYCCKH
HEONpeAeINMBIX KOHCTpYKIuii. OObelMHeHNE TIO/IX0-
JIOB, KOTJIa CKIIOHHOCTB K JIJABUHOOOpa3HOMY 00pyie-
HHIO* OLICHMBACTCSI HA OCHOBE aHaJIM3a BBIYHCICHHBIX
MOKa3aTesiei HaeKHOCTH KOHCTPYKINH, UCIOJIB3YETCs
B OrpaHUYEHHOM uucie padot [7, 19-21];

* OINTHUMH3AIMS HA4YaJIbHOTO NMPOEKTHOTO pelle-
HUSI HA OCHOBaHMH TIPHHSATOTO 3HAYCHUS 3a/IaHHOMN Iie-
neBo#t ¢pynkmn [7, 19, 21, 22].

MATEPHUAJIBI U METO/bI

CymMmHupys CKa3aHHOE, MOKHO OTMETHTH OCHOB-
HbIE HEepelICHHbIe Hay4HbIe MPOOIEeMbl, KOTOPbIE 3a-
KJIFOYAI0TCS B!

* OTCYTCTBUH TEOPHHU PacueTa U OOIIUX MPUHIIU-
OB TPOCKTUPOBAHHS ONTHMAJIbHBIX MPOCTPAHCTBEH-
HBIX METAJTMYECKUX KOHCTPYKIUN BBICOKOTO YPOBHS
OTBETCTBEHHOCTH, 00CCIEUHBAIOIINX 3aJlaHHbBII ypO-
BEHb Ha/IC)KHOCTH ¥ YCTOMYMBBIX K Pa3BUTHIO IPOIpeC-
CHPYIOILIETO pa3pyLICHUS;

* HEJOCTAaTOYHOCTH IMIMPUYECKUX 3HAHUH O BIIH-
SIHUM KOHCTPYKTHUBHBIX PELICHHUH Y3JIOBBIX COCTMHEHHIM
Ha obOmee HJIC u HecyIyo criocoOHOCTh OCHOBHBIX
JJIEMEHTOB M COOTBETCTBYIOIEM yueTe 3TUX (HaKTOpOB
IIpYU ONPECIICHUN YNCICHHBIX 3HAYCHUH IIOKa3aTeseu
HAJISKHOCTH POCKTHPYEMOI KOHCTPYKIIHH.

Ienp uccrnenoBanust — pa3paboTKa HaydHOTO 000-
CHOBAHUSI HOBBIX ITOAXOJIOB K TPOSKTUPOBAHHIO YCTOM-
YHUBBIX K Pa3BUTHIO MPOIPECCUPYIONIETO 0OpYLICHNUS
ONTUMAJIbHBIX MPOCTPAHCTBEHHBIX CTPOUTEIHLHBIX Me-
TaHHOKOHCprKHHﬁ BBICOKOT'O YPOBHSA OTBETCTBCH-
HOCTHU C TapaHTUPOBAHHBIMH YPOBHSIMHU HAJCIKHOCTU
KIIFOUYEBBIX U BTOPOCTCIICHHBIX BHGMCHTOBS.

Ha pa3nuuHbIX 3Tamnax mpoBOJUMOr0 HCCIIEI0Ba-
HUsI aBTOPAMH HCII0JIb30BATINCh METO/IbI:

* CTPOUTENILHON MEXaHUKH: B (hopMe MeToa KO-
HEYHBIX dyieMeHTOB (s aHanu3a HJIC u gucieHHo-
TO MOJICIIMPOBAHMSI adPOJMHAMUYECKUX ITPOIIECCOB)
B F€OMETPUYECKU U KOHCTPYKTUBHO HEJIMHENHON IO-

2TOCT P UCO 2394-2016. Korcrpykuuu cTpoutesasie. Oc-
HOBHBIE TIPUHIIAIIBI HaIe)KHOCTH. AKTyammsuposas 01.02.2017.
M. : Cranmapraadopm, 2016. 62 c.

3 EN 1990:2002+A 1. Eurocode — Basis of structural design.
Brussels : Management Centre, 2002. 116 c.

4 CIT 385.1325800.2018. 3arumra 30aHuii U COOPYKEHHIA OT IPO-
rpeccupytomiero oopymrenus. [Ipasuna npoexruposanus. Oc-
HOBHBIE ToTokeHns1. Benen B nefictaue 06.01.2019. M. : Cran-
nmapraHdopm, 2020. 24 c.

5 JlaHHOE UcCleN0BaHKeE BBINONHsETCS B pamMkax HAP «Hayu-
HOe 000CHOBaHUE HOBBIX ITOIXO/I0B K MMPOSKTUPOBAHHIO OTI-
THUMAJIBHBIX TPOCTPAHCTBEHHBIX CTPOUTENHHBIX METAILIOKOH-
CTPYKINI BBICOKOTO YPOBHSI OTBETCTBEHHOCTH)» HAa OCHOBE
Cornamenus Ne 22-29-00139 mexay PoccuiickiuM HaydHBIM
tdhornom u PITAOY BO «Cankr-IleTepOyprekuii moauTeXHu-
yeckuil yHusepcuret Ilerpa Benukoroy».
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CTaHOBKe (IIPU OIIEHKE CKJIOHHOCTH CHUCTEM K JIaBUHO-
00pa3HOMY OOpYIIICHHIO);

* TCOPHUU MOAOOUS MPU PUIUICCKOM MOJCITHPO-
BaHHUH JICHCTBUTEIILHONU PabOThI JIIEMEHTOB POCTPaH-
CTBEHHBIX CTEP>KHEBHIX W JIMCTOBBIX METAJUTHIECKUX
KOHCTPYKIHH (I Bepu(DUKAIIH PE3yIbTaTOB YUCICH-
HbIX uccienopannii HIC Ha Mozmesnsix KOHCTPYKITH);

* TCOPHH HAJE)KHOCTH CTPOUTEIHHBIX KOHCTPYK-
Ui (TP OMPEICIICHUHN BEPOSITHOCTH OTKa3a CHCTEMBI
u GOPMHUPOBAHUU KPUTEPHUsI CKIOHHOCTH CHUCTEMBI
K JJAaBHHOOOpa3HOMY OOpYIIEHHIO);

* ONTHMAJBHOTO MPOCKTUPOBAHUS (IIPU COBEP-
MIEHCTBOBAHUH UCXOTHOTO TIPOSKTHOTO PEIIEHHSI Ha OC-
HOBE 3aJJaHHBIX OTPAaHWYCHUN JIJIsI BEPOSTHOCTH OTKa3a
KITFOUCBBIX M BTOPOCTCIICHHBIX JICMCHTOB).

PE3YJIBTATBI HCCIEJOBAHMUA

Kak 6b1u10 OTMEUYEHO BBIIIE, YIUTHIBAas KOMITIEKC-
HBII XapakTep paccMaTpuBaeMOW TPOOIEMBI, nepauiil
oman pelIeHus 3a/1a4u 00eCIeueHHs] HaIeKHOCTH CO-
OpPY)KCHHSI TOBBIIICHHOTO YPOBHS OTBETCTBEHHOCTHU
TIpe/IaraeTCsi OCYIMIECTBIATh HA OCHOBE (hopmuposans
VMOUHEHHBIX PACUEMHbBIX cXeM TMPOEKTUPYEMBIX COOpPY-
KSHUH, yIUTHIBAIONINX, KaK MMPABHUII0, KOHCTPYKTHBHOE
HCTIONTHEHHUE Y3JIOBBIX COCAMHCHUHN U 0COOCHHOCTH KOH-
CTPYKIIUH, YTO HE BCET/a IMPUHUMACTCS BO BHUMAHHE
TPaIUIIMOHHBIMU pacuyeTHbIMU cxemamu [23]. TIpowm-
mocTpupyeM 3(h(HeKT TaKoro MCIIOTHEHUS Ha TIpUMepe
JIBYX UCCJIEyEeMbIX KOHCTPYKTHBHBIX CXEM:

1. CxaTple CTep KHEBBIE SJIEMEHTHI CTPYKTYPHBIX
MTOKPBITUH.

JIist cxKaThIX CTEPIKHEBBIX AIEMCHTOB CTPYKTYPHBIX
MOKPBITHH € y3JIOBBIMH coequHeHmssMu Trrna MAPXU
B JMaria3one ruokocrei A = 50—140 Ha ocHOBE AETAIBHO-
IO MOJICIIMPOBAHUSI KOHCTPYKTHBHBIX OCOOCHHOCTEN y3-
JIOBBIX COENMUHEHHH (PHUC. 2, @) BHITIOIHEHO UCCIIEIOBAHNE
Tporiecca IMoTepH YCTOHYMBOCTH C IPUMEHEHHEM YHIBEP-
casibHOro pacuetHoro komruiekca JIMPA-CATIP 2019 R1.
Pacuer nmpoBoauics ¢ yueToM (U3MUECKON U TeOMETPH-
yeckol HenmMHeHocTu. Havano nponecca norepu ycroi-
YUBOCTH (PUKCHPOBAJIIOCH JUISl YPOBHS HAPYIICHUS TIPSIMO
MPOTIOPIMOHAIFHON 3aBUCUMOCTH «HANPsDKEHNE — 1edop-
MaIys B MPOIECCE TOMArOBOTO HATPYKESHUS CTECPIKHS
(puc. 2, b). Ha puc. 2, ¢, d npuBeqicHa BU3yanu3anus Kap-
el HJIC B riccienyeMoM cTep KHe 1 UCTIBITYeMO Mozie-
T (pparMeHTa CTPYKTYPHOTO ITOKPHITHS, H3TOTOBICHHOTO
B MaciiTade 1:1, B mporiecce NCIbITaHHi COOTBETCTBEHHO.

CpaBHeHHE pe3yNbTaTOB YNCICHHBIX HCCIIET0BA-
HUH TIPOIIECCOB MOTEPH YCTOWIMBOCTH JJIS CITyYaeB JIe-
TAJILHOTO M MJICaJIM3UPOBAHHOTO MOJIEIMPOBAHUS Y310~
BOTO COCAMHEHHUS CTEP)KHEH CTPYKTYPHOTO MOKPBITHS
MTO3BOIHIIO 3a()UKCHPOBATH CICIYIOIIIE PE3YIbTaTHI:

1) Jutst DIEMEHTOB MaJloil M cpelHel T'MOKOCTH
(mpu TuOKOCTH cTepkHer A < 82 u R = 240 Mlla) nHe-
CyIIast ClIoCOOHOCTh CTePIKHEH HECKOIBKO TIOHIKACTCS
M0 CPAaBHEHUIO C JAHHBIMU OT€YECTBEHHBIX HOPM MPO-
exktupoBanus (B mpenenax 1—-10 %), uro oObsIcHAETCA

MTOBBIIICHHBIM BIMSIHUEM H3THOHBIX HaHp?[)KeHI/Iﬁ Goe

B 30HaX JIEHCTBHUS JIOKAJIHHOTO M3rHOAIOIIEr0 MOMEH-
Ta, 4TO CrocoOCTByeT OoJjiee paHHEMY IOCTHUKEHHUIO
Ha DTHX y4acTKax HanpsOKEHWH, MPEBBINIAIONINX G ,
¢ Mocieayomiel norepei ycToiunBocTH;

2) [ 3IEMEHTOB BBICOKOW THOKOCTH (TIpu THO-
KOCTH cTepykHei A > 82 u R = 240 MIla) necymas
CIIOCOOHOCTh CTEpKHEH, HaoOOpOT, MOBBIMIAETCS
TI0 CPAaBHEHUIO C JAHHBIMU OT€YECTBEHHBIX HOPM TPOEK-
tuposanus. [Ipu sToM B anamnazone rudkocreit 83—100
yBenmueHne cocrasisieT meree 10 %. C yBennuenuem
rMOKOCTH OTJIMYUE OT HOPMATUBHBIX JJOKYMEHTOB YBe-
JMYUBAETCS] B CTOPOHY OOJIbIIIEH Hecylei crnocoOHo-
CTH, 9TO OOBSCHSETCS:

* 3HAYUTEJBHBIM OTIANYMEM (POPMBI UCKPUBICHUS
OCH CTEP)KHSI B MOMEHT MOTEPH YCTOHYMBOCTH OT CXEMBI
Je(hOpMHUPOBAHNSI B BUJIE TTOJTYBOJIHBI CHHYCOHJIBI, HCIIONb-
3yeMOTO B KJIACCHIECKHUX PEIICHUSX 387191 YCTOHINBOCTH;

* 3alleMJICHUEeM YaCTH JUTMHBI IPUOTIOPHOTO yya-
CTKa CTEpP)KHS B y3JlaX BCTABKH-KOHHEKTOPA, YTO BBI3bI-
BAET COKPAIIIEHNE €TO PAaCUETHOM JUTMHEL, a CIIC0BATEIIb-
HO, YMEHBIIIEHNE THOKOCTH U TTOBBIIICHNE HECYILEH CIIO-
COOHOCTH M3 YCIIOBUSI YCTOWYHNBOCTH.

2. CTeHKH BEepPTHUKAJIbHBIX IMIUHAPHUCCKUAX pe-
3epByapoB.

JI1s1 TUCTOBBIX KOHCTPYKUUN BEPTUKAIbHBIX LIH-
JUHJIPUYECKHUX pE3epBYapoB OONBIINX 00beMOB V =
=10 000-30 000 M B KOHEYHO-IIIEMEHTHO TOCTAHOBKE
MCCIIE/I0BAJIOCH BIMSHHE JICTAIU3ALNH PACIETHBIX CXEM
3a CUET ydeTa KOHCTPYKTHBHBIX JJIEMEHTOB TEXHOJIO-
THYECKUX JIECTHHI (PHC. 3, @) HA yCTOMYMBOCTH CTCH-
KH pe3epByapa K JICHCTBUIO KOJIBIIEBBIX HANPSIKEHUH.
J11st IpoBeIeHnst 3TOr0 MCCIIEIOBAHMUS IOTIOITHUTEIBEHO
B cpene SolidWorks Flow Simulation Obua onpenenena
HEOOXOMMOCTh YTOUHEHHOT'O MOJICIMPOBAaHMsI 00TEKa-
HUS KOHCTPYKIIMH BEPTUKAJIBHBIX [IMIHHAPHIECKUX pe-
3epByapoB (BLIP) mpu oToOpakeHNH B pacueTHON cXeMe
TEXHOJIOTHYECKUX JiecTHUI (puc. 3, b). IlonydyeHnnsie
JTaHHBIE N3MEHEHNUS a9POANHAMHUYECKOTO KO HIIEH-
Ta TO3BOJIIIIN YCTAHOBUTH CIEAYIONINE 0COOCHHOCTH
JUISL pacCMaTpPUBAEMbIX KOHCTPYKIIHH:

1) ¢ yBenuueHueM o0beMa pe3epByapa HaOIro-
JaeTcss U3MEHEHNE BETPOBOTO JABJICHUS B 30HE NPH-
MBIKaHHS JIECTHHIBI, 10 CPABHEHUIO C PE3EPBYyapoM
0e3 JIECTHHIIBI,

2) MakcumalibHOe pacxoxaenue 110 20 % orMeue-
HO B 30HaX OTPHULATEIBHOTO JIaBJICHUs (OTpPHIBAIOLICE
BO3/ICHCTBHE Ha CTEHKY);

3) B 30HE aKTMBHOT'O JIaBJICHUS] BO3HUKAET CHIIKE-
HHUE BaKyyMMETPHUYECKOTO JIaBJICHHS B 3aBUCUMOCTH
oT Tunopasmepa 10 6 %.

[TpoBeneHHOE HCCIie0BaHNE MO3BOIHIO 3a(HKCH-
pOBarh, 4TO y4eT B MOJIEIISIX JIECTHHI] CYIIECTBEHHO IO~
BBIIIAET 3HAYEHHUE G, 710 25-46 %, a ux oObeMHOE MO-
JICINPOBaHKE J]acT BO3MOXKHOCTH BBIOpaTh Hanbosee
MPEIIOYTUTENbHBIN ISl TTOBBIMIEHHUS YCTOWIMBOCTH
KOHCTPYKTHBHBIN BapuaHT.

B xauecTBe 6mopozo smana npearacTcs BhIo-
HHUTB OIIEHKY CUCTEMBI Ha CKJIIOHHOCTb K JIABHHOOOpas3-

9
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Puc. 2. VccnenoBanne yCTOHUHMBOCTH CTEPKHEBBIX AIIEMEHTOB CTPYKTYPHBIX MTOKPHITHIT HA OCHOBE (JOPMUPOBAHNMS YTOTHEH-
HBIX PACYETHBIX CXEM: ¢ — KOHEYHO-DJIEMEHTHOE MOJICIIMPOBAHKE Y3JIOBOTO COCMHEHUS; b — 3aBHCHMOCTb «HAIPSDKEHHE —
nedopmarmsy; ¢ — kaptuaa HJIC npu motepe ycTOHIMBOCTH CTEPKHS; d — SKCIEpPUMEHTATbHAsT BePH(UKAIHS PE3yIbTaToB

YHUCJICHHOI'O HCCIICIOBAHUS

HOMY 00pymIenuto. OnpenesieHne CKIOHHOCTH CHCTEM
K JIJaBUHOOOPAa3HOMY pa3pyIIEHHI0 B HOPMAaTHBHON
JUTEpaType, Kak MpaBuiIo, TIPEIHUCHIBACTCS ITyTEM HC-
KIIFOYCHHUS] U3 PACUETHOIN CXEMBI KOHCTPYKIIMU OJHOTO
JJIEMEHTa C 3aMEHOI BHEITHUMH Harpy3kamu, paBHbI-
MU yCHIHsM B HeM. OnrcaHHasi METOAMKA Pealln30BaHa
B psi/ie COBPEMEHHBIX NMPOrPaMMHBIX KOMIUIEKCOB [13],
HO IIPH BCEX MX JOCTOMHCTBAX OCTAETCS OTKPBITHIM
BOIIPOC BBIOOPA MCKIIOYAEMOI0 3JIEMEHTa, T.e. KaKOH
U3 BCEX IEMEHTOB KOHCTPYKIMHM UMEET HAOOJIBIIYIO
CTEIICHb OTBETCTBEHHOCTH C TOUKH 3PEHHS CKIIOHHOCTH
CHCTEMHI K JJABHHOOOpa3HOMY pa3pymieHnto? Pemenre
JIOJDKEH TPHUHATH HHXKECHEP, U OH HECET IIEPCOHAIBHYIO
OTBETCTBEHHOCTH 3a HEr0, HO B CIIy4asiX MHOTOKpPAaTHO

10

CTaTHYECKHN HEONPEICIUMBIX CHCTEM C OOJNBIINM KO-
JIMYECTBOM DJIEMEHTOB OJHO3HAYHOTO OTBETA MOXKET
1 HE OBITh JaKe C yUETOM PEKOMEHIANN B HOpMaXx.

AHaMU3UPysT OCHOBHBIE TIOJIOXKEHUS HOPMATHBHBIX
JIOKYMEHTOB W HAyYHBIX ITyONWKAINi, TOCBAIICHHBIX
JTAHHOMY BOTIPOCY, MOYKHO CJIeJIaTh CIISIYIOIINE BHIBOIBI:

* OCHOBHBIM 3arpy’K€HHEM IIEPBOTO PACUECTHOTO
JTara BIISIETCS CyMMapHOE IEHCTBUE IOCTOSIHHOW U JUTH-
TeIbHAs 9acTh BPEMEHHBIX HATPY30K, ICHCTBYIONINX
Ha COOPY>KEHHE;

* YUYHTHIBASI HEONPEICICHHOCTb, 8 3a4acTyI0 U He-
JIOTHYHOCTh Ha3HAYCHUSI yIaIsIeMOro Ha BTOPOM 3Tare
pacdeTa sneMeHTa (MM COBOKYITHOCTH 3JIEMEHTOB) KOH-
CTPYKIIMH, a TAKXKE IIPUHUMAsI BO BHUIMAHUE T¢ (aKThI,
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Puc. 3. OnpenesieHne yCTOHYUBOCTH CTEHOK PE3EPBYapOB Ha OCHOBE JETAILHOIO MOJICIIMPOBAHHS TEXHOIOTHYECKHX JICCTHHIL:
a — KOHEYHO-3JIEMEHTHasi MOJIEIb pe3epByapa; b — mozeib B SolidWorks st pacuera BeTpoBoro jaeieHus:; ¢ — ¢opma mo-

TCpHU yCTOfI‘-IHBOCTPI B 30HC CTCHKHA

YTO ITPU HEPACUETHOM YBEITMYEHUU BPEMEHHBIX HArPy30K
(mpexe BCero HepacueTHBIX aTMOC(EpHBIX Harpy-
30K) TIEPBBIMH BBIXOJUTH U3 CTPOSI Oy/IyT SJIEMEHTEHI,
HanOosiee Harpy»XeHHbIE Ul pacCMaTpUBaeMOl CXEMbI
3arpy KeHus; IpU pPeann3aliuy TEPPOPUCTHUECKUX aTak
BO3/IEHCTBHIO B IIEPBYIO OYEpe/b MOJBEPratoTCs Hanboree
Harpy>KeHHBIE 3JIEMEHTBI KOHCTPYKIMHU, KOTOpPBIE JIeTrde
BCETO BBIBECTH M3 CTPOS, TO MPU OIPEIEIICHUN yaaJsie-
MO} COBOKYITHOCTH KJIFOUEBBIX 3JIEMEHTOB KOHCTPYKIIHU
JIOTUYHBIM IIIarOM CTaHET MOATAIHOE yNaJICHUE 3IEMEH-
TOB, 0OYCJIOBIICHHOE NOIIATOBBIM YBEINYECHUEM paccMa-
TPUBAEMBIX Ha MIEPBOM 3Tarle BpEMEHHBIX Harpy30K;

* IpUHUMasi BO BHUMaHHE TOT (akT, 4To 0OJIb-
HIMHCTBO HECYIIUX METaNINYECKUX KOHCTPYKLHUI BbI-
MOJHSETCA U3 MIIACTUYHBIX MAJIOYIJIEPOAUCTBIX M HU3-
KOJIETUPOBAHHBIX CTaJIed, Y KOTOPBIX MOTEPs HECYLIeH
CIIOCOOHOCTH COITPOBOXKJIAETCSI 3HAYUTEIBHBIM pa3-
BUTHEM IUIACTHYECKUX J1e(hOpPMAIIii, YTO B KOPHE OT-
JIUYaeTCsl OT XPYHKOTO pa3pylIeHUs, XapaKTepHOTO
JUTSL JKEJIe300€TOHHBIX KOHCTPYKIHH, IS TIEPBUYHON
OLIEHKU CKJIOHHOCTH KOHCTPYKIIMM K JIJABUHOOOPAa3HO-
My OOpYILEHHUIO MOSBIISAETCS BO3MOXKHOCTh OTKA3aThCs
OT MPHHATOTO JJIsl pacyeTa *Kejae300eTOHHBIX KapKacoB
3[aHUH B PAJIE PACUETHBIX KOMILJIEKCOB KoddduirenTa
JUHAMUYHOCTH L = 2.

Ha ocHOBaHUU H37I0KEHHOTO BBINIE aBTOPaMU
HpeIIoKeH MOAXOA, NO3BOJSIONINI Ul aHAIU3UpYe-

MOM pacyeTHON CUTyalluH ONPENEIUTh CTETIEHb OTBET-
CTBEHHOCTH 3JIEMEHTOB KOHCTPYKLHUH U TOYHO yCTa-
HOBHTH Han0oJjiee OTBETCTBEHHBIE DJIEMEHTHI, KOTOPhIE
1 CJIEAYET UCKIIIOYaTh U3 TIEPBUYHON pacdeTHOMH CXEMBI
MIPU pacueTe Ha CKJIOHHOCTb K MPOTPECCHPYIOMIEMY
oOpymennto. J{7st onpeaeneHnst CTeTIeHN OTBETCTBEH-
HOCTH 3JIEMEHTOB CTEP)KHEBBIX KOHCTPYKIMH pacder
HJIC mpennaraercst BBIONHATH B T'€OMETPUUYCCKH
1 KOHCTPYKTHUBHO HEJIMHEHHON IMOCTaHOBKE C IOILIAro-
BBIM TIPIJIOKEHUEM Harpy3kH [17, 24-26]. Ananusupys
HOPSJOK U MOCIEACTBUSI OTKa3a CTEPIKHsI, OIpe/iensieT-
Cs CKJIOHHOCTh KOHCTPYKIHHU K MPOrPECCUPYIONIEMY
paspyuieHuo. AITOpUTM MPEeAJIOKEHHON METOIUKH
n OJIOK-CXeMa ero peaju3aluu MOoJpOOHO OMUCAHBI
B pabotax [27, 28], a HEKOTOpBIC PE3yABTATHI, MOIY-
YEHHBIE C €r0 IPUMEHEHHEM, IIPE/ICTaBIICHBI Ha pUC. 4.

B xone mpemvezo smana ocyuecTBaseTcs ycra-
HOBJICHHE TIOKa3aTelsl Ha/JeKHOCTH MPOEKTHPYEMOH
cuctembl. OCOOCHHOCTBRIO TIPEIIaraeMoro Mmoaxo/a
K OTIPEZICTICHUIO YNCIIEHHBIX ITOKa3aTeel HaJeKHOCTH
paccMaTpUBaeMBIX MHOTOKPATHO CTaTHYECKU HEOIpe-
JEIUMbIX CHCTEM SIBISIETCS] yCTAaHOBJIEHHE CBOEOOPa3-
HOT'O Juana3oHa B BHUJI€ BEpXHEH M HUIKHEH TpaHuIl
MOKa3aTeNsl HaJIe’HOCTH, JJI1 KOTOPHIX BEPOATHOCTH
OTKa3a CUCTEMBI Oy/IeT HaXOAUTHCS B IUAIIa30HE MEXIY
BEPOSITHOCTBIO OTKa3a OJTHOTO, HanboJiee OTBETCTBEH-
HOTO JIEMEHTA, U BEPOATHOCTBIO OTKa3a IPYMIIBI Je-
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Puc. 4. PazBuTne maBHHOOOpa3HOro 0OpyIIeHNs B KOHCTPYKIUSIX: ¢ — PaMHO-KOHCOJIBHOTO MOKPBITHS HaJl TPHOYHAMH CTa-

JIMOHA BBUIETOM [ = 22 M; b — CTPYKTypHOTO MOKPBITHS 24 X 24 X 3 M

MEHTOB, HHUIIUUPYIOIINX HAa4YaJlo JIJABHHOOOPAa3HOTO
pa3pylIeHus, ONPEACIEHHBIX 110 Pe3yIbTaTaM BTOPOTO
JTarna pacuera.

B naHHOM HcciegoBaHHUU B KadecTBE clydai-
HBIX BCJIWYWH BBICTYNAIOT NPEACT TCKYUYCCTU CTaJIU
U ypOBEHb HANPSKEHUI B CTEPIKHSAX KOHCTPYKIIHH,
KOTOPBII B CBOIO OYEPEb SIBISIETCSI KOMIUIEKCHOH Clly-
YallHOM BEJIMUMHOM, 3aBUCALLEH OT pslla CTOXacTHYe-
CKHX (haKTOpPOB: aTMOC(HEPHBIX HATPY30K, FCOMETPH-
YECKUX XapaKTEePUCTHK CEUCHHH, 0CaJ0K OCHOBAHMUS,
TEOMETPUYECCKUX HECOBEPIIECHCTB (OPMBI KOHCTPYK-
UM, TTOJIyYCHHBIX HA MOHTAXE M MPH dKCIUTyaTaIiH.
[Tpu Takoi mocrtaHoBKe 3aaa4u Hauboliee Iieneco-
00pa3HbIM METOJIOM OIpE/IEIICHUSI BEPOSITHOCTU OT-
ka3za BeicTynaeT metoq Monte-Kapino (puc. 5). Bepo-
ATHOCTb OTKa3a I'pyHIibl 3JICMCHTOB, HHUIUUPYIOIIUX
Hayaso JaBUHOOOPA3HOTO pa3pylIeHHUs, paccMaTpHBa-
€TCsl C MO3UIMH MOAETH NapayIeIbHOTO COSIUHEHUS
3JIEMEHTOB, & TAKXKE C Y4EeTOM CTEIICHH B3aMMO3aBHCH-
MOCTH PacCMaTPUBAEMOH Mapbl 3JIEMEHTOB B IIpoIiecce
BBIYHCIIEHUs [29].

B Tabnuue npuBeseHb HEKOTOPBIE PE3yIbTaThl
MIPUMEHEHUS pa3pabOoTaHHBIX MPOLEIYP 10 KOPPEKTH-
POBKE HauaJIbHOTO IPOEKTHOTO PELIEHUs CTPYKTYPHOTO
MOKPBITUS pa3MepoM 24 X 24 X 3 M B 4aCTH IIPeOTBpa-
IIEHUST JaBUHOOOPA3HOTO pa3pyLIeHUsI U 00eCTIeueHNUs
HOPMATHUBHOI'O YPOBHS HAJEKHOCTH.

B xone uemeepmoeo smana npu HeOOXOAUMOCTH
BBIITIOJIHACTCA ONTUMHU3AIUA UCXOAHOT'O IMPOCKTHOI'O
pELICHUS 110 3aJaHHOMY 3HAUCHHIO KPUTEPUS HAJEK-
HocTh. Ha HacToAmmii MOMEHT B TEPMHHAX KOMILIEKCA
MATLAB Ha ocHOoBe MeToma Hemnepa — Muna peanu-
30BaH AJITOPUTM TTOMCKA ONTHMAJIBHOTO KOHCTPYKTHB-
HOTO pEIICHUS JUIsl CTPYKTYPHBIX IMOKPBITHH Ha Ipsi-
MOYTOJFHOM IUIaHE, OCHOBAHHBIM Ha MHUHUMHU3ALIUN
TEOPETUYECKON MacChl KOHCTPYKIMH. Pa3spaboTaHHbIH
AJTOPUTM YYHMTHIBAET BO3MOKHOCTH IT0JI00pa cede-
HUN LEHTPaJbHO-CKATBIX CTEpPXKHEH Kak B COOTBET-
CTBHUH C Tpe60BaHI/IﬂMI/I HOPMAaTUBHBIX JOKYMCHTOB,
TaK U C UCIIOJIBb30BAHNEM YTOUYHCHHBIX 3aBHCHMOCTeI>i,
peann30BaHHBIX B XOJI€ MEpBOTO dTarna. ONTHMH3AIH
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KOHCTPYKTHBHO# ()OPMBI BEIIIONHAETCS OJHHM H3 JABYX
CIoco00B:

* M3MEHEHHEM OTHOCHTEIBEHOM BBICOTHI TOKPBITHS
(hib);

* mpeoOpa3oBaHMEM HUCXOMHOM IIIOCKOH (OPMEI
B CTEPXKHEBYIO 000JIOUKY C IPUIAHAEM €l OTHOCHTEIIb-

Bsox HeoOxoauMbIX gaHHbIX MKD

v

I'enepanus ciryyaiiHbIX YHCel
B COOTBETCTBUU C 33/1aHHBIM 3aKOHOM

v

IosnementHoOe (OPMUPOBAHKE MATPULL
JKECTKOCTH HJICMECHTOB

v

Pemenne ocHoBHOTO ypaBHenus MKD

v

Onpez[eneHHe JUIs1 3JICMCHTOB
KOHCTPYKIIUU BEJIUNYUH HaprI)I(eHI/Iﬁ {6}

H

Mounre-Kapio

i

Pemienue 3a1aun MeToa0M

dopmupoBanue 6a3b!
JTAHHBIX {6},
1

Onpenenenne 3aK0Ha pactpeIeIeHust
CITy4aiiHOM BETMYMHBI {6}_
1

!

Beruncnenue XapaKTCPUCTUK HAACIKHOCTHU

Puc. 5. biok-cxema ajaroputma orpeeseHus: XapakTepUCTHK
HaJIeKHOCTH KOHCTPYKIIH
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CpaBHEHHE YPOBHEH Haf€KHOCTH CTPYKTYPBI

KonnuectBo
CeueHue KoHCcTpyKTHBHBINM 3JICMEHTOB,
Hrepanus 3IIEMEHTa BJ'E’G}II\/IGHT BBIIIC/IIITHX B B Macca koCTpyKImH, T
U3 CTpOst
63,5x3 Bepxumuii nosic 0
1 -1,54 -1,36 6,14
38 x4 Packochl 200
2 63,5%x3 BepxHuii nosic 40 0,51 1,14 7,21
63,5x3 Packocer 0
3 2,67 2,67 7,52
76 x 3,5 Hkawmii mosic 2

Horo Bbiru0Oa (f/b) B coueTaHny ¢ U3MEHEHNEM OTHOCH-
TEJBHOU BBICOTHI MMOKPEITHS (/1/D).

JAKJIIOYEHHUE U OBCYXJIEHHUE

[TosryueHHBIE B X0J1€ MCCIIEIOBAHUS PE3YIbTAThI
JTAIOT MCXOAHYI0 HMHPOPMAIHMIO TSI TUCKYCCHH U TI0-
3BOJISIFOT HAMETHUTD Iy TH JalIbHEHILIETO COBEPIICHCTBO-
BaHU pa3padaTeIBaEMOro IMOIX0a, @ IMEHHO!

1) npennoxeHHBIH B CTAaThe MOAXOM IMO3BOJISIET
C TIpUEMIIEMON TIPAKTUIECKONH TOYHOCTHIO OTIPEEITUTh
MOKa3aTeIN HaJleKHOCTH MHOTOKPATHO CTaTHYECKU
HEOIPeIeIMMON CTEPIKHEBOH CUCTEMBI. JTO 0cOoOeH-
HO aKTyaJbHO JJII YHUKAJTHHBIX OOJBIICIIPOIETHBIX
KOHCTPYKIUH, NPEACTABISIOMNX COO0N COOpPYKEHUs
C BBICOKHM YPOBHEM OTBETCTBEHHOCTH, JIJISI KOTOPBIX
BAXKHO PacYETHBIM IyTeM 00ecmeduTh TpeOyemblid
ypoBeHb HajexHocTH. [Ipu 3Tom, KoHeuHO, Ooiee
CTPOTOTO TEOPETHYECKOTO 00OCHOBAHNUS TpeOyeT I'HITo-
Te3a 00 yCTAaHOBICHUH BEpXHEH IPaHHIbI HA/IC)KHOCTH,
OTIpeNeNIsIeMOi Ha OCHOBE BEPOSITHOCTH OTKa3a IPYIIITEI
AJIEMEHTOB, MHUIUHUPYIOIIUX HAYaJI0 JaBUHOOOPA3HOTO
o0pymIeHus;

2) manpHEHIIero pa3BUTHA TpeOyeT 000CHOBaHHE
pacyeTHBIX CUTYaIMi, HAa OCHOBAaHHUH aHAJN3a KOTOPBIX
OTIPEIEISIETCSI COBOKYITHOCTH KITIOUEBBIX JIEMEHTOB,
HaACKHOCTh KOTOPBIX yCTaHaBJIMBACT yCTOﬁ‘IHBOCTL
CHCTEMBI K Pa3BHTHUIO MPOTPECCUPYIOMIETO pa3pyIie-
HUS. 371eCh K€ OTACIbHBIX HCCIEeIOBAaHUN TpelyeT
YCTAHOBJICHHE PEKOMEH/IyEMBbIX 3HaYCHUH AMHAMHYE-
CKHX KOA(PPHUIIUEHTOB I SIIEMEHTOB METAJUTMIECKUX
MPOCTPAHCTBEHHBIX KOHCTPYKIUU, BBITTOIHSIEMBIX
U3 PAa3MUYHBIX KJIACCOB CTAIH.

3) pa3paboTaHHBIC AITOPUTMBI OLICHKH HAJICKHO-
CTH W ONITHMH3AINN UCCIEAYEMBIX CHCTEM B JajbHEH-
IIIeM IPEATIONaraeTCs pa3BUBaTh B HAIIPABICHUAX:

* 000CHOBaHMsI paCYETHBIX CUTyalui 1uist hopmu-
POBaHUS aHATH3UPYEMBIX PACUCTHBIX CXEM;

* 000CHOBaHMs HEOOXOAMMOI CTENEeHH JeTalu-
3aI[UU PAaCUETHHIX CXEM, BIHSIONIUX Ha yTOYHCHHUE
pacuetHbIx mokazateneit HJIC koHCTpykumu, a cie-

JIOBaTeNIbHO, TIOKa3aTelel HaJleXKHOCTH IIEMEHTOB CHC-
TEMBI;

* ydeTa KOHCTPYKTHBHOI'O UCIOJIHEHHUS Y3JIOBBIX
COEJIMHEHUH B MOJIEIIAX HA/IeKHOCTH;

¢ ONTUMHU3AIMU HCXOIAHBIX MPOCKTHBIX PEHIC-
HUHN 110 3aJaHHBIM 3HAYCHUAM BCPOATHOCTU OTKasza
JUISL KJIFOUEBBIX ¥ BTOPOCTEIIEHHBIX 3JIEMEHTOB.

OCHOBHBIE pPE3yIbTATHI, OTYUCHHBIC aBTOPAMU
B XOZI€ HayYHBIX M3BICKAHUH, 000OIICHBI U TIPUBEICHBI
HIKE.

IperncrapneHHbIE pe3yIbTaThl TEOPETHUECKIX 1 HKCIIE-
PUMEHTAIBHBIX MCCIEOBAHUN MO3BOJISIOT yTBEPXK-
JaTh, YTO MPEJIOKEH KOMIIIEKCHBIN alrOpUTM, IHO-
3BOJISIFOILUI Ha OCHOBE JI€TaIM3aLUU PACUETHBIX CXEM
U OLICHKH CKJIOHHOCTH NPOEKTUPYEMBIX KOHCTPYKLUI
BBICOKOTO YPOBHSI OTBETCTBEHHOCTH K JIABHHOOODa3-
HOMY pa3pymi€HUIO BBIIIOJIHUTh YTOYHCHHYIO OILICHKY
UX YPOBHs IIPOEKTHOHN HAJIEKHOCTH.

Pazpabotan CKBO3HOH MOAXOA K YCTAaHOBJIEHHUIO
COBOKYITHOCTH KITFOUEBBIX JIEMEHTOB, C OTHOH CTOPO-
HbI, ONPEAEIAIOMNX YCTOWUUBOCTh MPOEKTUPYEMOIT
CHUCTEMBI K Pa3BUTHIO MPOTPECCUPYIOIIEr0 JTaBUHO-
00pa3HOro pa3pyUIeHus], C IPYTroi — OMPEACISIFONIIX
BEPXHIOIO TPaHMILy HAJIe)KHOCTH MHOTOKPATHO CTaTH-
YECKU HEONPENEITUMBIX CUCTEM.

[Ipennoxen yHUBEpCalbHbIN HHKEHEPHBIH MOJ-
X0l K OIPEJENICHUIO TIOKa3aTelsl HaJJe)KHOCTH MIPOEK-
THPYEMOW MHOTOKPAaTHO CTaTUYECKU HEOIPEeaeINMOi
CHUCTEMBI BBICOKOI'O YPOBHS OTBETCTBEHHOCTHU, OTJINYaA-
IOLLUICSA YCTAHOBJIEHUEM PACUETHBIX 3HAYEHUM BEepX-
HEH ¥ HIKHEH TPaHMIl IOKa3aTellsl HaIe)KHOCTH, 0a3u-
PYIOLINXCS HA BEPOSITHOCTH OTKa3a oJHOro (Hanbomee
OTBETCTBEHHOTO) U COBOKYITHOCTH KJIFOUEBBIX 3JIEMEH-
TOB COOTBETCTBEHHO.

[Mpemnoxena mporeaypa ONTHMHU3ALNH HCXOTHOTO
MIPOEKTHOTO pelIeHus], 6a3upyromascs: Ha UCIIOIb30Ba-
Huu Metona Hennepa — Muza u peannzoBaHHast Ha 1aH-
HBIM MOMEHT /Il MUHUMHU3ALNN LEJIeBOH (QYHKIHH
B BH/IE MAaCChl OCHOBHBIX KOHCTPYKTHBHBIX 2JIEMEHTOB
(cTepkHEH U y3710B-KOHHEKTOPOB).
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INTRODUCTION

The development of structural forms of spatial
structures used in modern construction leads to
the creation of new structural systems that have no
precedents in construction practice. In combination
with the growing scale of objects, the use of new
methods of manufacturing and assembly, new
materials, this aggravates the problem of assessing

the reliability of the developed design solutions, for
which the required level of reliability is not always
ensured within the framework of using the traditional
method of limit states'. In addition to the technical

' GOST R ISO 2394-2016. Structures of construction.
Basic principles of reliability. Updated 01.02.2017. Moscow,
Standardinform Publ., 2016; 62. (rus.).
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and technological aspects that determine the issue
of ensuring the reliability of construction facilities
of increased level of responsibility, in recent years
the importance of the problem has been exacerbated
by the threat of terrorist acts against such facilities,
which also requires appropriate consideration and
improvement of their calculation and design methods.

Certain aspects of the topic under consideration
are constantly in the field of view of scientific teams
all over the world, as evidenced by the analysis
of scientific publications in the editions presented in
the leading international databases. However, most
of such studies lack a comprehensive approach to
solving the problem, covering the main stages of design
from the formation of refined design schemes to
the development of optimal design solutions that ensure
the combination of the required level of reliability with
sufficient cost-effectiveness (Fig. 1). The lack of clear,
scientifically substantiated research results in the fact
that in the vast majority of currently valid regulatory
documents recommendations on the design of structures
with increased level of responsibility are fragmentary,
general and unspecific, which cannot be realized in
the form of a specific design algorithm.

The importance of certain aspects of the problem is
indicated by a number of works, within the framework
of which they are usually considered separately, for
example:

» refinement of design schemes of structures,
including by taking into account the influence
of the structural solution of the nodal joint on the stress-
strain state (SSS) [1-6];

* improvement of design solutions of nodal
connections and structures in order to prevent the de-
velopment of avalanche-like collapse [7-9] by
controlling the SSS of the object through targeted
changes in the main parameters of SSS [10-13];

Refinement of the design
scheme of the structure

A

Evaluating the impact of node link performance
on system reliability

A

Assessment of the propensity of the system
to avalanche-like destruction

A

Optimization of the system according
to the uptime criterion

Fig. 1. Key points of improvement of methods of calculation
and design of structures of increased level of responsibility
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* determination of numerical values of reliability
indicators of the designed structure in order to avoid
the disadvantages inherent in the semi-likelihood basis
of the method of limit states [14—18]. At the same
time, it should be noted that there is no clear algorithm
of actions for calculating numerical reliability
characteristics of structures in the normative literature®>,
which significantly complicates the engineer’s work,
as well as the determination of reliability indicators
of complex multi-element statically indeterminate
structures. The combination of approaches, when
the tendency to avalanche collapse* is estimated
on the basis of analyzing the calculated reliability
indices of a structure, is used in a limited number
of works [7, 19-21];

* optimization of the initial design solution based
on the accepted value of the given target function [7,
19, 21, 22].

MATERIALS AND METHODS

To summarize, the main unresolved scientific
problems are:

* lack of calculation theory and general principles
of design of optimal spatial metal structures of high level
of responsibility, providing a given level of reliability
and resistant to the development of progressive failure;

« insufficient empirical knowledge about the in-
fluence of design solutions of nodal joints on the overall
SSS and load-bearing capacity of the main elements
and appropriate consideration of these factors in
determining the numerical values of reliability
indicators of the designed structure.

The aim of the research is to develop scientific
substantiation of new approaches to the design
of optimal spatial building steel structures of high
level of responsibility resistant to the development
of progressive collapse with guaranteed levels
of reliability of key and secondary elements’.

2 EN 1990:2002+A1. Eurocode — Basis of structural design.
Brussels, Management Centre, 2002; 116. (rus.).

3 CP 385.1325800.2018. Protection of buildings and structures
from progressive collapse. Design rules. Basic provisions. Put
into effect on 06.01.2019. Moscow, Standardinform Publ.,
2020; 24. (rus.).

* This research is carried out within the framework of
the research work “Scientific substantiation of new approaches to
the design of optimal spatial building steel structures of high level
of responsibility” on the basis of Agreement No. 22-29-00139
between the Russian Science Foundation and FSAEI HE “Peter
the Great St. Petersburg Polytechnic University”.

5 This research is carried out within the framework of the re-
search work “Scientific substantiation of new approaches to
the design of optimal spatial building steel structures of high
level of responsibility” on the basis of Agreement No. 22-29-
00139 between the Russian Science Foundation and FSAEI HE
“Peter the Great St. Petersburg Polytechnic University”.
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The authors used methods at different stages
of the ongoing research:

* structural mechanics: in the form of the finite
element method (for the analysis of SSS and numerical
modelling of aerodynamic processes) in geometrically
and structurally nonlinear formulation (when assessing
the tendency of systems to avalanche collapse);

* similarity theory in physical modelling of the ac-
tual work of elements of spatial rod and sheet metal
structures (for verification of the results of numerical
studies of SSS on structural models);

* reliability theory of building structures (in
determining the probability of system failure and
forming the criterion of the system’s propensity to
avalanche collapse);

» optimal design (when improving the initial
design solution on the basis of specified constraints for
the probability of failure of key and minor elements).

RESEARCH RESULTS

As noted above, given the complex nature
of the problem under consideration, the first stage
of solving the problem of ensuring the reliability
of a structure of a higher level of responsibility is
proposed to be carried out on the basis of the formation
of refined design schemes of designed structures, taking
into account, as a rule, the structural design of nodal
connections and design features, which is not always
taken into account by traditional design schemes [23].
Let us illustrate the effect of such design on the example
of two structural schemes under research:

1. Compressed rod elements of structural coatings.

For compressed rod elements of structural
coverings with nodal joints of MARHI type in the range
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of flexibility A = 50—140 on the basis of detailed
modelling of structural features of nodal joints
(Fig. 2, a), the research of the stability loss process
using the universal calculation complex LIRA-SAPR
2019 R1 has been performed. The calculation
was carried out taking into account physical and
geometrical nonlinearity. The beginning of the stability
loss process was fixed for the level of violation
of the directly proportional stress-strain relationship in
the process of step-by-step loading of the rod (Fig. 2, b).
Fig. 2, ¢, d show the visualization of the SSS
picture in the investigated rod and the tested model
of the structural coating fragment made in 1:1 scale
during the testing process, respectively.

Comparison of the results of numerical inve-
stigations of the stability loss processes for the cases
of detailed and idealized modelling of the nodal
connection of the structural pavement rods allowed us
to record the following results:

1) for elements of small and medium flexibility (at
rod flexibility A < 82 and R = 240 MPa) the load-bearing
capacity of rods slightly decreases in comparison with
the data of domestic design standards (within 1-10 %),
which is explained by the increased influence of bending
stresses o, in the zones of local bending moment
action, which promotes earlier achievement of stresses
exceeding o, in these sections with subsequent loss
of stability;

2) for elements of high flexibility (at rod flexibility
A > 82 and R = 240 MPa), the load-bearing capacity
of rods, on the contrary, increases in comparison with
the data of domestic design standards. At the same time
in the range of flexibility 83—-100, the increase is less
than 10 %. With increasing flexibility, the difference

N {expesimental )

&

0725 30 75 100 129 130 175 200 223 230 273 300 .Emm

[

Fig. 2. Investigation of the stability of rod elements of structural coatings based on the formation of refined calculation schemes:
a — finite element modelling of the nodal joint; b — “stress-strain” relationship; ¢ — SSS picture at the loss of rod stability;
d — experimental verification of the results of the numerical research
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Fig. 2. Investigation of the stability of rod elements of structural coatings based on the formation of refined calculation schemes:
a — finite element modelling of the nodal joint; b — “stress-strain” relationship; ¢ — SSS picture at the loss of rod stability;
d — experimental verification of the results of the numerical research (ending)

from the normative documents increases in the direction
of higher load-bearing capacity, which is explained by:

* a significant difference in the shape of the cur-
vature of the rod axis at the moment of loss of stability
from the deformation scheme in the form of a half-wave
sinusoid used in classical solutions of the stability problem;

* pinching a part of the length of the supported
section of the rod in the nodes of the insert-connector,
which causes a reduction in its design length, and
consequently, a reduction in flexibility and an increase in
the load-bearing capacity under the condition of stability.

2. Walls of vertical cylindrical tanks.

For sheet structures of vertical cylindrical tanks
of large volumes ¥ = 10,000-30,000 m?® in finite
element formulation the influence of detailing of design
schemes by taking into account the structural elements
of technological ladders (Fig. 3, @) on the stability
of the tank wall to the action of annular stresses was
investigated. In order to carry out this research,
the need for refined modelling of the flow of the vertical
cylindrical tanks (VCT) structure was additionally
determined in the SolidWorks Flow Simulation
environment when technological ladders are shown
in the design scheme (Fig. 3, b). Obtained data
of aerodynamic coefficient changes allowed to establish
the following features for the considered structures:

1) as the tank volume increases, there is a change
in the wind pressure in the area of the ladder connection,
compared to a tank without a ladder;

2) the maximum discrepancy of up to 20 % was
observed in the negative pressure zones (breakaway
effect on the wall);

3) a vacuum pressure drop of up to 6 % occurs in
the active pressure zone, depending on the size.

18

The conducted research allowed to fix that the consi-
deration in the models of stairs significantly increases
the value of 6 to 25-46 %, and their volumetric
modelling makes it possible to choose the most preferable
structural variant for increasing stability.

As a second step, it is proposed to evaluate the system
for avalanche collapse susceptibility. The determination
of the avalanche collapse susceptibility of systems in
the normative literature is usually prescribed by excluding
one element from the design scheme of the structure
and replacing it with external loads equal to the forces
in it. The described methodology is implemented in
a number of modern software packages [13], but with all
their advantages, the question of selecting the excluded
element remains open, i.e. which of all structural
elements has the highest degree of responsibility in
terms of the propensity of the system to avalanche
failure? The engineer should make the decision, and he
is personally responsible for it, but in cases of multiple
statically indeterminable systems with a large number
of elements, there may not be a clear-cut answer, even
taking into account the recommendations in the standards.

Analyzing the main provisions of normative
documents and scientific publications devoted to this
issue, the following conclusions can be drawn:

* the main loading of the first design stage is
the total action of permanent and the long term part
of temporary loads acting on the structure;

» taking into account the uncertainty and often
illogicality of the purpose of the element (or set
of elements) of the structure to be removed at the second
stage of calculation, and also taking into account the facts
that in case of an uncalculated increase in temporary
loads (first of all, uncalculated atmospheric loads),
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z
X

Fig. 3. Determination of tank wall stability based on detailed modelling of technological ladders: ¢ — finite element model
of the tank; 5 — model in SolidWorks for calculation of wind pressure; ¢ — form of stability loss in the wall zone

the elements most loaded for the loading scheme under
consideration will be the first to fail; in case of terrorist
attacks, the most loaded elements of the structure, which
are the casiest to fail, will be affected first of all;

* taking into account the fact that the majority
of load-bearing metal structures are made of ductile low-
carbon and low-alloy steels, in which the loss of bearing
capacity is accompanied by a significant development
of plastic deformations, which is fundamentally different
from the brittle failure characteristic of reinforced
concrete structures, for the initial assessment of the pro-
pensity of the structure to avalanche-like collapse there
is an opportunity to abandon the coefficient adopted for
the calculation of reinforced concrete building frames in
a number of calculation complexes.

On the basis of the above, the authors propose
an approach that makes it possible to determine
the degree of responsibility of structural elements for
the analyzed design situation and to accurately identify
the most critical elements that should be excluded
from the primary design scheme when calculating
the propensity to progressive collapse. In order to
determine the degree of responsibility of the elements
of rod structures, it is proposed to perform the SSS
calculation in a geometrically and structurally nonlinear
formulation with systematic load application [17, 24-26].
By analyzing the order and consequences of rod
failure, the propensity of the structure to progressive

failure is determined. The algorithm of the proposed
technique and the block diagram of its implementation
are described in detail in [27, 28], and some results
obtained with its application are presented in Fig. 4.

In the course of the third stage, the reliability index
of the designed system is established. The peculiarity
of the proposed approach to the determination of numerical
reliability indices of the considered multiply statically
indeterminate systems is the establishment of a peculiar
range in the form of upper and lower limits of the reliability
index, for which the probability of failure of the system
will be in the range between the probability of failure
of one, the most critical element, and the probability
of failure of a group of elements that initiate the onset
of avalanche-like destruction, determined by the results
of the second stage of calculation.

In this research, the yield strength of steel and
the level of stresses in the bars of the structure act as
random variables, which in turn is a complex random
variable depending on a number of stochastic factors:
atmospheric loads, geometric characteristics of sec-
tions, foundation settlement, and geometric imperfec-
tions in the shape of the structure obtained during in-
stallation and operation. In such a problem formulation,
the most appropriate method for determining the pro-
bability of failure is the Monte Carlo method (Fig. 5).
The probability of failure of a group of elements ini-
tiating the onset of avalanche-like failure is considered
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Fig. 4. Development of avalanche-like collapse in structures: « — frame-console covering over the stadium stands with a span

of /=22 m; b — structural covering 24 x 24 x 3 m

from the standpoint of the model of parallel connection
of elements, as well as taking into account the degree
of interdependence of the considered pair of elements
in the calculation process [29].

Entering the required FEM data
v

Generation of random numbers
according to a given law

Element-by-element formation
of element stiffness matrices

v

Solution of the FEM basic equation

v

Determination of stress values
for structural elements {6}_

the Monte Carlo method ‘l

Solving the problem using

Formation
of the database {6}i

Definition of the law of distribution
of a random variable {6}

i

v

Calculation of reliability characteristics

Fig. 5. Block diagram of the algorithm for determining
the reliability characteristics of the design
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The table shows some results of the application
of the developed procedures to adjust the initial design
solution of a 24 x 24 x 3 m structural pavement in
terms of preventing avalanche failure and ensuring
the normative level of reliability.

In the course of the fourth stage, if necessary,
the initial design solution is optimized according to
a given value of the reliability criterion. At present, in
terms of MATLAB complex on the basis of the Nelder-
Mead method, an algorithm for searching the optimal
structural solution for structural coverings on a rectangular
plan, based on minimization of the theoretical mass
of the structure, has been implemented. The developed
algorithm takes into account the possibility of selecting
cross-sections of centrally compressed bars both in
accordance with the requirements of normative documents
and using the refined dependencies implemented during
the first stage. Optimization of the structural shape is
performed in one of two ways:

* by changing the relative height of the pavement
(hb);

* by converting the original flat shape into a rod
shell by giving it a relative camber (f/b) combined with
a change in the relative height of the cover (4/b).

CONCLUSION AND DISCUSSION

The findings of the research provide background
information for discussion and suggest ways to further
improve the approach being developed, namely:

1) the approach proposed in the article allows
to determine with acceptable practical accuracy
the reliability indices of a multiple statically inde-
terminate rod system. This is especially relevant for
unique large-span structures, which are structures
with a high level of responsibility, for which it is
important to ensure the required level of reliability by
calculation. At the same time, of course, more rigorous
theoretical justification is required for the hypothesis
of establishing the upper limit of reliability, determined
on the basis of the probability of failure of a group
of elements that initiate the onset of avalanche collapse;
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Comparison of structure reliability levels

Number Weight of
Iteration Element section | Structural element | of elements out B B &
. min max the structure, tonnes
of service
63.5x3 Top chord 0
1 —-1.54 —1. .14
38 x4 Struts 200 > 36 6
2 63.5x3 Top chord 40 0.51 1.14 7.21
63.5 %3 Struts 0
3 76 x 3.5 Lower chord 2 267 267 752

2) further development requires justification
of design situations, on the basis of analysis of which a set
of key elements is determined, the reliability of which
establishes the stability of the system to the development
of progressive failure. Here also separate researches
require establishment of recommended values of dynamic
coefficients for elements of metal spatial structures made
of different steel classes;

3) the developed algorithms for reliability assessment
and optimization of the systems under research will be
further developed in the following directions:

* justification of calculation situations for the for-
mation of the analyzed calculation schemes;

* justification of the necessary degree of detailing
of the design schemes, affecting the specification of the design
indicators of the VAT of the structure, and, consequently,
the reliability indicators of the system elements;

* consideration of structural design of nodal joints
in reliability models;

* optimization of initial design solutions according
to specified values of failure probability for key and
minor elements.

The main results obtained by the authors in
the course of scientific research are summarized and
presented below.

The presented results of theoretical and experimental
studies allow us to assert that a complex algorithm is
proposed, which makes it possible to perform a re-
fined assessment of their level of design reliability
on the basis of detailed design schemes and assessment
of the propensity of the designed structures of high level
of responsibility to avalanche-like destruction.

An end-to-end approach to the establishment
of a set of key elements, on the one hand, determining
the resistance of the designed system to the development
of progressive avalanche-like failure, on the other hand,
determining the upper limit of reliability of multiply
statically indeterminable systems, has been developed.

A universal engineering approach to determining
the reliability index of the designed multiple statically
indeterminable system of high level of responsibility is
proposed, which differs by establishing the calculated
values of the upper and lower limits of the reliability
index based on the probability of failure of one (the most
responsible) and a set of key elements, respectively.

An optimization procedure for the initial design
solution based on the use of the Nelder — Meade method
is proposed and implemented so far to minimize
the target function in the form of the mass of the main
structural elements (rods and connector nodes).
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AHHOTALUMUA

BBeaeHue. PalioH B HWkHeM TeyeHumn pek CanroH — [JoHrHam B Uenom, v r. XOWMUH B YaCTHOCTU, ABMSIETCA KPYMHbIM,
ObICTPO pa3BMBAOLLMMCS 3KOHOMUYECKUM LeHTpOM BbeTHama. OH cTankvMBaeTcs CO MHOTMMM HacyLLHbIMKU npobnemamu,
13 KOTOPbIX HEPELLEHHbIMM OCTalOTCA HEXBATKA XWUbsl U HaBogHeHUs. MpuBoasTcs pesdynbTaTbl NCCNEefOBaHNSA HABOAHE-
HUS B HUXKHEM TeyeHun pek CanroH — [JoHrHam.

Matepuanbl u metoabl. O6nacTb nccnegoBaHUs — panioH HWXKHEro TedeHust pek CanroH — [loHrHan, rge pacnonoxeH
I. XOLWMMUH. DTOT parioH rpaHmnynT ¢ genbton MekoHra Ha 3anage n BocTouHbIM MOpeM Ha oro-BocToke. Ha peyHon cTok
B palioHe UCCnefoBaHNs HEMOCPEACTBEHHOE BNMUsIHNE Oka3biBaeT paboTta AByx BogoxpaHunumw, 3ay TueHr n Yun AH, pac-
MONOXEHHbIX Bbile Nno TeveHuto. Mcnonbaytotcs mogenu MIKE 11, MIKE 21 n MIKE FLOOD ansi oueHku nnowagun u rmy-
OWHbI 3aTONNEHNs C NPOTUBOMNABOAKOBLIMU COOPYXKEHUAMU U 6e3 HUX, UTO AaeT OPUEHTUP AN KaKOOro 34aHus U 30HbI
3aTonneHus.

Pe3ynbrartbl. Pe3ynsrartbl pacyeToB nokasanu, YTo BBOA B SKCNIyaTaLMio NPOTUBONABOAKOBbLIX COOPYXeHW byaeTt cnocob-
CTBOBaTb 3al4UTE OT HABOAHEHMS LiEHTparnbHbIX PAaloHOB ropoaa, YMEHbLUMTCS NoLanb 3aTonfeHns, Npu 3TOM 3atonne-
HME BHELLHUX TEPPUTOPUIA Npu paboTe rMAPOTEXHUYECKNX COOPY>KEHNI BO3pACTAET.

BbiBogbl. PacueTHoe o6ocHoBaHMe rnyOuHbI ANs KaXXOoW 30HbI 3aTOMMEHNS U YCTAHOBKA KOHTPOIbHbIX CTPOUTENbHbLIX
OTMETOK, HEOOXOOUMBIX AN TepPUTOPUanbHOro NiaHMPOBaHUS, MOTYT CTaTb Hay4YHO OBOCHOBaHHbIM BKIagoM B paboTty
FOPOACKMX OpPraHoOB NITAHMPOBAHUSA U YNpaBrneHUsi CTPOMTENBCTBOM XOLWMUMMHA NpU pa3paboTke MepOnpUsiTUA No MUHU-
Mu3auun yuepba ot HaBoAHeHMs B brivokanwem byayuem. OTmedas, YTo NPOTMBOMNABOAKOBbLIE COOPYXXEHUS He obecnevar
rapaHTUPOBaHHYIO 3aLLUTy TEPPUTOPUN XOLIMMUHA U MPUNEratLmx NPOBUHLMIA OT HABOOAHEHWUI U 3aTONMEHUIA, npeaso-
)KEHHblE HOBbIE KOHTPOMbHbIE CTPOUTENbHBIE OTMETKMN SBMSIOTCS CYLLECTBEHHLIM Hay4YHbIM BKAZOM B MPOEKTbl TEPPUTO-
puanbHOro NNaHNPOBaHNS NMPU CO34AHMM B HUXKHEM TEYEHUN pevHon cucTeMbl CalroH — [JoHrHawm KpynHenLero ynsrpaco-
BPEMEHHOIO0 LieHTpa A3naTcko- TMXOOKEaHCKOro permoxa.

KIMKOYEBBIE CIIOBA: HaBogHeHus, HwkHee TedeHune pek CaiiroH — [JoHrHaw, BogoxpaHunuvie 3ay TueHr, BogoxpaHunu-
we Yn AH, MIKE 11, MIKE 21 n MIKE FLOOD
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ABSTRACT

Introduction. The lower Sai Gon — Dong Nai area in general and Ho Chi Minh City in particular is a major economic and
financial centre of Viet Nam, but faces many pressing problems, of which the unresolved are housing shortages and flood-
ing. This paper presents the results of a study of flooding in the lower reaches of the rivers Sai Gon — Dong Nai.

Materials and methods. This study uses the MIKE 11, MIKE 21 and MIKE FLOOD models to estimate the area and depth
of flooding with and without flood control structures, providing a benchmark for each building and flood zone.

Results. The calculation results showed that the commissioning of flood control structures will help protect the central areas
of the city from flooding, the flood area will decrease, while the flooding of external areas during the operation of hydraulic
structures increases.

Conclusions. Calculating the depth for each flood zone and establishing reference-building elevations necessary for spatial
planning can provide scientific input to the Ho Chi Minh City planning and construction management authorities in develop-
ing measures to minimize flood damage in the near future.

KEYWORDS: floods, downstream of the rivers Sai Gon — Dong Nai, Dau Tieng Reservoir, Tri An Reservoir, MIKE 11, MIKE
21 and MIKE FLOOD
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BBEJIEHUE

B nacrosiee Bpems KpynHbIE TOPOia MUpa CTal-
KHBAIOTCSI C Ype3MEPHBIM POCTOM HaceleHHsl, IpooJie-
MaMH 3aHSITOCTH ¥ COLMAIILHOTO 00eCreueH s KUTe-
JIell MerarnoJuCcoB, 3alIUThl OKPYXKarolieil cpeabl U Jp.
Bo BeeTtHame cTpeMuTeabHas YpOaHHU3AIUS MOCIE]-
HUX JECATUIETUH cTajla BaXHBIM 3TallOM Pa3BUTHSA.
B 1986 . roponckoe HaceneHue BreTHama cocTaBis-
70 MeHee 13 MJIH 4Yell., CerofiHs B Topojax MpoXHuBa-
et 6osee 30 MiH yes. XOMIMMUH SIBISIETCS KPYITHEH-
MM TOpoJIoM BreTHama ¢ HacesleHHEeM MO COCTOSIHUIO
Ha 2021 1. 9 166 800 uen. (uto cocrasuset 9,3 % Ha-
ceneHus BeeTHaMa), MIIOTHOCTH HACEIECHHUS B CPEIHEM
4375 yen/km? (caMblif BRICOKHUI TIOKA3aTellb B CTPAHE).
BbICTpBIN POCT HACENEHUS U BBICOKAsI INIOTHOCTD IIPU-
BEJIM K XXHJIMIHBIM MTPO0OJIeMaM | 3arps3HEHHIO OKpY-
skaromiert cpezpl. CornacHo cratuctuke @onga OOH
B obOnactu Hapononacenenus (UNFPA), B Xommmune
cBbie 300 ThIC. Yell. 10 CUX TOp JKUBYT B TPyH00ax.
st perieHust 3TOW mpoOieMbl BiIacTH XOIIMMHUHA,
B COOTBETCTBHH ¢ pemeHuem Ne 4834 ropoackoro Ha-
POIHOTO KOMHUTETA, 3asiBUJIN O HamepeHuu k 2030 r.
00€CTeYnTh HOBBIM JKMJIBEM CBBIIIE JIBYX MUJIJTHOHOB
YeJIOBEK, a TAKKe MIPOBECTH MACIITA0HYIO PEKOHCTPYK-
IIUI0 U MOAEPHU3AINIO JKIJIBIX JOMOB M HaOEepPEeKHBIX
BJI0JIb TOPOJICKHMX KaHAJIOB, TOCTPOSHHBIX 10 1975 1

[Tnanupyercst MPOBECTH MaCIITAOHYIO PEKOHCTPYK-
LMI0 ¥ MOZIepHU3alnio paiioHa Txy Txem, pacnonoxeH-
HOTO B LIEHTpanbHON wyacTu ropona. [lomyocTpoB Ha
p. CaiiroH cTaHeT HOBBIM yJIbTPACOBPEMEHHBIM KYJIb-
TYpHBIM, SKOHOMUYECKUM U TyPUCTHYECKUM LIEHTPOM
XommumuHa (puc. 1). Konnenrueit pa3sutust XommMuHa
orpenienieHo (GOpMUPOBAHIE COBPEMEHHOTO Merarnolica
C BBICOKMM Ka4€CTBEHHBIM YPOBHEM JKHU3HHU (pelIeHHe
Ne 5193 Haponnoro komuteTa XOIUIUMHUHA), TJe yCTa-
HOBJIEHO, 4TO K 2060 r. XOIUMHH CTaHET SKOHOMHUYE-
CKUM U MEXIYHAPOTHBIM TOPTOBBIM IIEHTPOM HE TOIBKO
Bretnama, HO 1 Bcero A3uaTcko-THXOOKEaHCKOTO peru-
oHa. HeoOXomMo OTMETUTS, YTO TUIaH Pa3BUTHS TOPOIa
YUUTBIBAET SKOHOMHUYECKHUII pOCT U KyIBTYpHOE pa3Ho-

Puc. 1. T'oponckoit paiton Txy TxeM B COOTBETCTBHH C TEKY-

oM cocTostHueM B 2022 1. (@) 1 TutaHoM pa3BHTHS (D)

o0pasue peruoHa v IperosaraetT COXpaHeHNe YHUKaIIb-
HOT'O PEYHOTO0 U JIaH (A THOrO HACIEHs IPU CO3IaHUH
YCTOIYMBOW FOPOJICKON HH(PPACTPYKTYPHI.

WuteHcudukanys HeraTHBHbBIX IPUPOIHBIX SIBJIE-
HUM, CBSI3aHHBIX C TNI00AIbHBIM U3MEHEHHUEM KIIUMaTa,
OKAa3bIBACT Pa3pyLIMTEIFHOE BO3ACHCTBHE B PA3TMYHBIX
pernoHax niaHeTsl. BeeTHAM ABIs€TCS OMHUM U3 Hau-
Oosiee MOCTPaaBUIMX OT CTUXMUHBIX OEICTBUM rocy-
napctB Asunarcko-THXOOKeaHCKOTO peruoHa; 0COOSHHO
TMOJIBEPKEHBI HABOJJHEHHUSIM IIPUOPEIHBIE FOPOJIa, TAKKE
kak XomuMuH, TalOunb, Hamauupe 1 aensra MeKoH-
ra. B mocneaHue roap! 3aTOMIICHHUS KaXKABIH pa3, Koraa
MPOUCXOAT MPUIMB WM cOPOC BOJIBI U3 BOIOXPAHH-
JIUIL, PACTIONIOXKEHHBIX BBIIIE 10 TEYCHUIO, CTAHOBSITCS
BCce OoJiee Cephe3HbIMU, MHOTHE PailOHbI 3aTallIMBAIOT-
Csl Ha MHOTO JIHEH, YTO CHJIBHO BJIMSET Ha TPAHCIOPT,
JKU3HB JTIOZIEH B KpyTHeH1eM ropojae BretHama (puc. 2).
B 2010 r. XomunMuH BoIIed B IE€CATKY TOPOJOB MUPA,
KOTOpbIe HauboJiee CHIIBHO CTPAJAIOT OT U3MEHEHHUs
knumara [1-5]. OnHako, coriacHO TJaHaM pa3BHU-
THS TIABHOM NMPOBHUHILIUU CTPaHBI, O KOTOPHIX TOBOPH-
JIOCH BBIIIE, IPOTHO3UpYeTCs, uTo K 2070 . XomumMuH
BOWJET B MATEPKY JyUIINX TOpoIoB Mupa [6, 7].

B 2016 r. mocie mpogoMKUTEIbHBIX UCCIeN0Ba-
HUHI U pEKOMEHAANN OTEYECTBEHHBIX U 3apyO0e)KHBIX
9KCIIEPTOB, COMIACHO PEIICHUIO NMPEMbEep-MUHUCTPA
Ne 1547/QD-TTg, B 1. XOMKMMUH NPUCTYITHIN K peasi-
3allMU METaNpoeKTa MO CTPOUTENHCTBY IPOTHBOMIABOI-
KOBBIX COOPYXXCHHH, BKIIf04as 6 MITI030B I 3aIUTHI
OT HaBOJHEeHMH, a MeHHO: ben Hre, Kait Kxo, MbloHr
Uyoii, @y Cyan, @y unb u Tan Txyan (puc. 3).

ITocne BBeaeHHS B IKCIIyaTallMIO THIPOTEX-
Hudeckux coopyxkenuit (I'TC) ydactku Tepputopun
3a MpeaesaMy ITI030B OyAyT 3aTorieHsl. [myOuna
3aTOIJIEHUs1 OyleT BapbUpOBAThCS B 3aBUCHMOCTH
ot Tonorpaduu paliona. OTo0 HEOOXOIUMO YUHTHIBATh
IIPY TUIAHUPOBAHUH U PeaTU3aIly IPOSKTOB MacIITao-
HOM 3aCTPOMKHU TOPOICKUX TEPPUTOPU.

Panee nmpoBoaMMEIE HCCIIETOBAHUS B 3HAYUTEIb-
HOH cTereHn ObLIM COCPEIOTOUSHBI Ha PEIICHUH TaKUX
BOIIPOCOB, KaK THAPOJHHAMUYECKHE PEKUMBI IOTOKOB,
KauecTBO BOBI, 3aCyXa, HHTPY3HUS COJEH UIIH OTIOXKE-
HUSI B OCTyapusiX U JIp., HO HE pacCMaTpuBajIn npooiie-

a b

Puc. 2. HaBoguenue B XommMuHe
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Puc. 3. Cxema pactonoxeHus IPOTHBOIIABOIKOBEIX COOPYKEHHUH (IILTIO36I)

MBI, CBsiI3aHHbIe ¢ HaBoaHeHUsIMU [8—16]. Hanmpumep,
B paborax Bao Thach [8], Hong Quan [9] yka3biBa-
JIOCh, YTO Ha THAPOJUHAMUYECKUN pexuM B Oacceil-
He HU30BbeB pek CaliroH — JIOHTHAH BIMSIIOT JTOXKIH
1 TIPUJIMBEI, MEHSIETCS CTOK. B 3aBHCHMOCTH OT peryiu-
POBaHUS BOIOXPAHIUTUINA B BEPXHEM TCUCHUU YPOBCHb
3arpsi3HeHUs BoAbl Ha p. CaliroH OoJyiee cephe3HBIN,
yeMm Ha p. JlOHTHa#l, U MOCTENEHHO YBEJINYUBAECT-
cs OT BEPXHEro TeueHHsl K HIkHemy. MccienoBanue
Thuy Linh u coasr. [10] nokassiBaert, uro B Oacceiine
p. JoHrHail B cyXoil ce30H IJIOLaAb MOABEPKEHHBIX
3acyxe 3eMeNb YBEITMUHNBACTCS B COOTBETCTBHH CO CIIC-
HapusMu n3MeHeHus kiaumara. Thai [11], Hoang [12],
Ngoc [13], Viet [14], Phung [15], Quynh [16] oneHu-
JI1 U3MEHEHHUs1 00bEMOB CTOKa U YPOBHEH MaBOIKOBBIX
Box B Oacceitne pek Caiiron — JIOHrHa# Ipyu U3MCHE-
HAW MOPCKOTO KJMMAaTa 10 MHOKECTBY PazWYHBIX
cuenapueB. Dinh [17] u Tuan [18] mpunum k BEIBOLY,
910 XOMIMMUH MOJBEPTaeTCs OONBIIOMY PUCKY 3aTO-
MJICHUSI U3-3a MPUJIMBOB, TPOJIMBHBIX JTOXKICH U YBEIH-
YeHUs CToKa M3 Bojoxpanmnuiia 3ay Tuenr. Marcello
Gugliotta [19] m3ywanu pacupeneneHne, COCTaB U pas-
Mep YacTHUI] HAHOCOB Ha mocienHux 50 KM peqHoi cH-
crembl Caiiron — JIoHrHai 10 ycThbsl.

ITocne crpourenscrBa I'TC nis 3amiMThl OT Ha-
BOJHCHUU OMyOJUKOBAHO HECKOJIBKO HAyYHBIX HC-
ciaenoBaHui. MOXHO ynoMsHyTh pabotry Hryena
n buns [20], e oTpakeHo, YTO MPU OJTHOBPEMEHHOM
HAaCTYIUICHUH THKAa B CE30H JIOKIEH W MOBBIIICHUH
YPOBHS MPUIINBA CHCTEMa HE MOXET TapaHTHPOBAThH
ypoBeHb Boxbl <1,2 M. Mexny Tem Xaii [21] yTBepx-
Jaet, 4To (GakTopbl ypOaHU3AUKH U CTPOUTEIHCTBA
MPOTHUBOTIABOJIKOBBIX COOPYKEHUM CUIBHO BIHSIOT
Ha PeXUM HHTPY3UH COJCH B HIDKHEM TCUCHUU PEK
Caiiron — Jlonrxaii.

Taxkum 00pa3oM, MpeabAYIIAE HCCICIOBAHUS
00 HE YYUTHIBAIU BIUSHHUE POTUBOIIABOIKOBBIX CO-
OpYXKCHUH, 100 YUUTHIBAIN, HO HE OIICHUBAIU TITyOH-

26

HY ¥ TUIOIIAJb 3aTOIUICHUS Ha TeX K€ IMOCTPaJaBIINX
y4acTKax MpH Peann3aliy CTPOUTENBHBIX POEKTOB.

JlaHHOE HccenoBaHUE HAIPABICHO Ha ONpeie-
JIeHWe DIyOMHBI U IUIOLIA/N 3aTOIUICHUs 1pu padorte
MPOTHUBOIIABOAKOBBIX IIIIO30B MPHU Pa3IUYHBIX CIe-
Hapusx cOpoca MaBojKa M MOBBIIICHUS yPOBHSI MOpS,
a TaKke 000CHOBaHNE U yCTAHOBJIEHHE KOHTPOJIBHBIX
CTPOMTENIBHBIX OTMETOK, HEOOXOUMBIX Uil TEPPHUTO-
PHATBHOTO MJIAHUPOBAHHUSL.

MATEPHWAJIBI U METO/JAbI

OO0acThIO NCCIIEIOBAHUS SIBISICTCS] PAHOH HIDKHE-
ro TeueHus: pek Caiiron — JloHrHai, rjae pacrnonoxeH
. XOIUMHH. JTOT pailoH TPaHUYUT C JIeNbTON MeKoH-
ra Ha 3amnajae u BoCcTOYHBIM MOPEM Ha I0r0-BOCTOKE.
Ha peunoii ctok B paiioHe uccieqoBaHUs HEMOCPEI-
CTBEHHOE BJIMSIHUE OKa3bIBAaCT padoOTa JBYX BOAOXpa-
Humi 3ay TueHr u Un AH, pacloyIoKEHHBIX BbIIIE
o Te4eHuro (puc. 4).

B nacrosmieil padote mporpaMMHbIC KOMIUIEKCHI
MIKE 11, MIKE 21 u MIKE FLOOD ucnons3oBanuch
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Puc. 4. Hmwxuee teuenne pek Caitron — JlonrHait
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JUTSL OLIEHKH BIIMSTHUS BOJOXPAHMIINII ¥ IPOTHBOTIABOI-
KOBBIX COOpPYXEHHI Ha ypPOBEHb BOJIbI B HIKHEM Teue-
Huu pexu Caiiron — JIoHruait.

Onucanne mopesn MIKE 11

MIKE 11 — nepenoBoii ruapasnrdeckuii HHGOp-
MAITMOHHBIH HHCTPYMEHT, PO ECCHOHATFHBIN HHKE-
HEpPHBII MaKeT MPorpamMM JUIsi MOJEIUPOBAHUS OHO-
MEpPHBIX TEUEHUH B ICTyapHsIX, peKax, UPPUTralluOHHbIX
cucTeMax, KaHallaX U Ipyrux Bopoemax'. ['maponuHa-
muueckasi (HD) Monens criocoOHa MOJEIMPOBATh OJTHO-
MEpHBII HECTALIMOHAPHBIN IIOTOK B CETU PEK € UCIIOJIb-
30BaHUEM TUPOJNHAMUYECKOTO BOJIHOBOTO MOAXOAA.
Monyns MIKE 11 HD pemaet BepTHKaaIbHO HHTETPH-
pOBaHHbBIC YpPaBHEHHSI COXpPaHEHHS! HEPa3pbIBHOCTH
U UMIyllbca, T.€. cucTeMy ypaBHeHull CeH-BeHnaHa.
11T OCHOBHBIX BXOJHBIX APAMETPOB, KOTOPBIE JOJIXK-
HBI OBITH yKa3aHbl it yeranoBku MIKE 11(HD), —
9TO IJIaH PEYHON CEeTH, CeUeHUs, TPAaHUYHBIE yCIO-
BUS, TUIPOJNHAMUYECKUE TapaMeTpbl W Hapame-
Tpbl MoenupoBanusd. CeTb peKk U KaHAJOB B palloHe
nccnenoanust B MIKE 11 mokazana Ha puc. 5.

Onucanne moneaun MIKE 21

MIKE 21 — 310 AByXMepHast KOMITBIOTEpPHAS CH-
CTeMa MOJICIIMPOBAHUSI ICTyapueB, MPHUOPEKHBIX BOJ
u Mopei. DTo npodeccCHOHaIbHbI WHKEHEPHBIN MPO-
TPaMMHBIN TTAKET JUIS MOAEINPOBAHUS TEUCHHUH, YPOB-
Heil BOJbI, BOJIH, HAHOCOB, TIEpEHOCA 3arpsI3HSIONINX
BemiecTB U kagecTBa Boxbl [22]. MIKE 21 HD mopne-
JUPYeT ABYXMEPHBIE TEUEHHUS CO CBOOOIHON TOBEpPX-
HOCTBIO, IJIe PaccIOeHUeM MOXXHO npeHeOpeyb. OHa
ABIseTCSA 0a30BBIM MoyineM Bceil cucremsl MIKE 21
1 o0ecIieynBaeT THAPOIMHAMUIECKYIO OCHOBY ISl pac-
YETOB, BBIMOJIHSIEMBIX B OOJIBITMHCTBE IPYTHX MOYJIEH,
HanpuMep B MOLyisiX «Aasekuusi-Paccesnue», «Kaue-
cTBO BOJIbI» U «Ilepenoc Hanocosy [23, 24]. BxonHbiMu
nmaHHbIMU Mogenu Mike 21 sBisieTcs udpoBas kapra
BBICOT m3yuaeMoii Tepputopun LiDAR-DEM c pas-
pemrerriem 30 x 30 m. Kapra nudposoit mogenu pe-
needa (IIMP) ob6pabaTsiBaeTcss mHCTpyMeHTOM Mesh
Generator 1t co3anus ¢aiina GaTUMeTpUH, KOTOPBINA
3areM BBomuTCs B Moayiab Mike 21HD, kak npencras-
JICHO Ha puc. 6.

Peunas cerp MIKE 11 0buta noskimroueHa K 6aru-
meTpuu Mike 21 ¢ ucronab30BaHHUEM ONIKUK OOKOBON
cBs3u, noctynHoit B MIKE FLOOD [25, 26]. Crenenn
3aTOIUICHHS U TTyOMHA MTOWMBI ISl U30BITOYHOM BOJIBI
paccunthiBaetcs ¢ ucnonszoBaaneM MIKE 21. Ilpyrue
TapaMeTpBI JUTs JIEBOTO ¥ TIPAaBOTO OEPETOBBIX OTBOJIOB,
Takue Kak Kod(pQUIUEHT UMIylbca, KoddduuueHt
BOAOCHHBA W KOAP(HUIIMEHT MOMYyCTUMOMN TITyOWHBI,
COXPAHAIOTCS CO 3HAYEHUAMHU 10 yMonvaHuto. Ilepu-
on monenupoBanus aias MIKE 11 u MIKE 21 ocran-
Csl TIPEXXKHMWM, a BPEMEHHOW IIar Mojaeiau ObUT CKOp-
PEeKTHpOBaH 10 HU3KOro 3HadeHust 30 ¢, 4ToOBI YUCIIO

! DHI — MIKE 11. River and Canal Modeling System:
Reference Manual. 2007.

]

Puc. 5. Cetb pex 1 kaHaJIOB B HUXKHEM TeueHUH pek CaliroH —
JonrHaii B Mike 11
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Puc. 6. Tonorpadust TeppuTOpUH B HIDKHEM TedeHnH pek Caif-
roH — /lournaii B MIKE 21

KypanTa (CR) 6bu10 MeHbIIe nin paBHO 1 Juts JOCTH-
sxkenus crabmipaoro MIKE FLOOD. Cumynsmus pa-
6otaer 6e3 ommbok. Yecranoska Mike FLOOD c pekoit
(MIKE 11) u obenmu 60xoBbIME cBsi3siMu (MIKE 21)
MoKa3aHa Ha puc. 7.

Lenpro TaHHOTO MCCIIEIOBAHUS SIBISCTCS OTpesIe-
JIeHWe ITyOWHBI ¥ IJIOIAAN TEPPUTOPHIL, KOTOpPEIE Oy-
JIyT 3aTOIUICHBI IPH PadOTE MPOTHBOMIABOKOBBIX IIIITIO-
30B IIPH CIIEHApHsIX cOpOca MaBo/Ka BBEPX 110 TEUCHHIO
U TIoreMa ypoBHs Mops. 11oaToMy crieHapun MOaemH-
pOBaHUS HACTPOEHBI B COOTBETCTBUHU C 0OBEMOM CTO-
Ka AByX Bomoxpanmnuil 3ay Tuenr u Un Au B 2020,
2000 rr., xorna onuH pa3 B 100 1eT npoucxoauT HaBo-
nHeHue. IIpu 3ToOM COOTBETCTBYIOIUK YPOBEHD BOJIbI
B 2020, 2000 rr. ¥ UCTOPUUECKUI MaKCUMaJIbHBINA ypO-
BEHB BOJBI Ha cTaHINK Bynr Tay Takxke HCIIONB3YIOT-
Csl B KaUeCTBE BXOJIHOW I'PAHUIBI HUKE MO TEUCHHUIO
qust mostena MIKE (ta6m. 1).

27

(1G] | HOALIGY "L WO Ssavseiae wexnen



sy TORLCTES: 1o 14, BhINYCK 1(51)

N.M. Mapkoea, ®aH XaHb XaHb

L r——
® Fie Gt View Unkpumetws Run Window Hep

D\ elsrr o

e

ver Chamage -nu-|n-cnﬂ!

mlm“moen_ =

Sre2988 2858400 )

Swpa v @

]
1240000

1238000

1230000

1225000

1220000

1215000

1210000

1205000

1200000

1195000

sunymery (i
peesy

ol'e

Unavioss vave
80000

L]mem S | WOE oy |

Puc. 7. Cxema noaxirouenuss MIKE 11 u MIKE 21 8 MIKE FLOOD

Taou. 1. CueHapuy YMCIEHHOIO MOAEIUPOBAHUS

Crenapuu Omnncanue TpaHUIHOTO yCIOBHS
| Baepx no teuenuto: pacxon 2020 .
BHU3 110 TeueHUI0: ypOBEeHb IIPUIIMBOB HA U3MEPUTENbHOM cTaHnuu ByHr Tay
) Bgepx o teuenuto: pacxon 2000 1.
Bnu3 o TeyeHnto: ypoBeHb NPUINBOB HA U3MEPUTENBbHON cTaHMu ByHr Tay
. = 0,
3 Beepx no teuennro: O npu P =1 %.
BHU3 110 TeueHnro: caMblii BEICOKHIT ypOBEHB MIPIIINBA H3MEPHUTEILHON cTaHIy Bynr Tay

PE3YJIBTATHBI U OBCYXJIEHHUE

Kaau0poBka u nposepka Moien

Mogens oTkannOpoBaHa MO (PaKTHIECKAM JTaH-
HBIM, U3MEPEHHBIM Ha THAPOJOTHYECKUX CTaHIMIX
¢ 1 okrsa6ps 2012 r. o 31 mexadps 2012 r. Koaddurm-
eHTsl Mannunra (Manning) n Ha4aabHbIE YPOBHH BOJIBI
B peKaxX CKOPPEKTUPOBAHBI Ha Pa3HUILY MEXIY MOJE-
JMPYEMBIMU U PEabHBIMHU YPOBHSIMHU BOZbI, U3MEPEH-
HBIMH Ha HU3MIMX cTaHiusax Txy 3ay Mot, bren Xoa,
®y An, Hxa be u ben Jliok. [TloyacoBbie ypoBHU BOIbI
BO BpeMsI KaJIMOPOBKU M IPOBEPKH HA cTaHUUSIX bbeH
Xoa, @y An ¢ 1 oxrs16ps 2000 1. o 16 okTsi6pst 2000 .
MOKa3aHbl Ha puc. 8. MOXHO yBUIETh XOpOIIIee COOT-
BETCTBUE MEKIY CMOAEINPOBAHHBIMU U HAOIIONAEMbI-
MU yPOBHSIMH BOZBI B pa3HbIC IIEPHUOIBI BPEMEHHU.

Kosppurnuent nerepmunanuu R> u 3pHexTHB-
HocTh Homa — Carkimudda (NSE) ucnons3oBanuch
JUIs IPOBEPKU MPUTOJHOCTH U HPOU3BOJUTENIBHO-
CTH MOJICNIN TIepe]] 3aIlyCKOM MOJICTUPOBAaHUS CIICHA-
pueB u nporuo3os [27, 28]. Koadpdunuent R? noka-
3BIBACT JINHEIHBIE OTHOLICHUS MEXIY U3MEPEHHBIMU
3HAUEHUSIMHA W MOJICIIMPOBAHUEM MOJICNIH, B TO BPEMs
kak NSE u3mepser crerneHp HaOIr0qaeMoi N3MEHYH-
BOCTH, 00bsiCHeHHOH MozeaupoBanreM. NSE o0buHO
HCIIONIB3YETCS I MPOBEPKHU MOAEIH B THAPOIOTHUH.
Korna snauenue R? npubnmkaercs k 1, a NSE pasno 1,
CUHUTAETCS, YTO MOJIENIb paboTaeT ¢ MaKCHMaIbHBIM
YPOBHEM JJOCTOBEPHOCTH [28, 29].
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Koaddurment nerepMuHaInm:

rmen— o6mee KOJIMYCCTBO UBMEPCHHBIX WJIN CMOJEC-

JIMPOBAHHBIX 3HAYECHUH; O = —— N3MEPEHHBIC 3HAUCHUS;
Q, — CpelHHE H3MEPCHHbIC 3HAYCHNUS; O, — MojIe-
JMPYEMbIE 3HAUCHUS, () —— CPEHUE CMOJCIMPOBaH-

HBIC 3HAYCHUS.
Koadpunuent adppexruroctu Hama — Carkmud)-
tda (NSE):

n

Z(Qu,i - Qs,i)z

NSE=1-4— . @

NSE moxeT BapbupoBaThcs 0T —0 0 1, Tae | yka3biBa-
eT Ha JIyYIIyIO POU3BOAUTEIFHOCTb.

3nauerns NSE 1151 mogacoBoit KaTnOpOBKY U IPo-
BEPKH Ha BCEX CTAHLMSX NMpHBEAEHBI B Tabm. 2. Koad-
¢unmentsr R? u NSE mokaspIBaoT, 4TO MOJENb 00a-
JIaeT BBICOKOH HAJEKHOCTBIO IIPH MOJCIMPOBAHNH T10-
TOKA HIDKE 10 TeueHuto pek Caliron — JloHTHall.
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Puc. 8. I'paduk cpaBHEHNS HAOTIOAAEMOTO U CMOJCITMPOBAHHOTO YPOBHS BOIbI Ha cTaHIMIX Py AH, brer Xoa

Taoa. 2. [IponzsogurensHocTh MIKE 11 muis MonenmmupoBaHus ypOBHS BOABI

Kammbposxka IIpoBepka
Crauupust (01.10.2012 — 31.12.2012) (01.10.2000 — 16.10.2000)
R E, R E,
Bren Xoa 0,95 0,81 0,93 0,87
Dy An 0,97 0,86 0,96 0,81
Pesyabrarsl ropoaa XomumuHa, koMMyH @ynosr, dyxyy u Oyok-

Pesynbrarsr pacuetoB monenun MIKE FLOOD
MPEJICTABIISIIOT COOOIT IBYXMEPHYIO KapTy 3aTOIIEHHBIX
TEPPUTOPH C PA3HOM TITyOMHOI 3aTOTICHUS, PE/ICTAB-
JICHHYIO IIBETHBIMH CJIOSIMH, KaK ITOKa3aHO Ha pHC. 9.

[Ipu pacuerHom cuenapun Ha 2020 1., Korga HET
0OJBIIIOr0 HABOJHEHHS HA y4acTKaX B BEpPXHEM Teue-
HUM, XOIKMMUH U NPHUJIETAOIINe MPOBUHIIMN 3aTarIH-
BAIOTCS U3-3a MPHUJIUBOB, 0CO00€ BHUMAHUE Y/eIsieT-
csl paiioHaM ¢ HU3MHAMM, PACIIOJIOKEHHBIM 110 00eUM
CTOpOHAM peKH, TakuM Kak paiionsl Hxs be, Kanruo,

KkxaHb paiiona Hxon Tpau, npoBunuus JJoHrnaii, pai-
oHa 12 okpyra XommMHHA, PACIOIOKECHHOTO MEXIY
pexamu Bamtxyat u Caiiron, naxe paitonoB Tanan
n Txyrya B Jlonre. IIpoBuHIMS Takxke OblIa 3aTOIIICHA
npunmBaMu. OHAKO 3aTOTICHBI ATH YYaCTKH C HEOOIThb-
ot riry6uHoHi oxono 0,4-0,6 M. B wactHOCTH, B 12-M
paiioHe TeppuTOpHsl Oblia 3aTorjieHa Ooyee CHIBHO,
cpenHss TmyOuHa 3aTomieHus coctaBmia 0,7—1 M.
ITo Tomy xe cuenaputo B 2020 1., mociie COOpyKeHHUs
MPOTHUBOMABOJKOBBIX IIIJII030B, TEPPUTOPHS paiioHa
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Puc. 9. Kapra naBoKoBOro 3aTOIUICHUS HIKHETO TeueHus pek Caiiron — J{oHrHaii 6e3 mpoTHBOMaBOAKOBBIX ILTI030B B 2000 T. (@)

nuB2020r (b)

Hs6e, gacTp, mpuMbIKatomas K paifoHy 7, 3amuineHa
OT 3aTOIUICHHUS, OCTAIbHBIC PAOHBI HE TOABEPIKEHBI
3HAUNTEINFHOMY U3MeHeHuto (puc. 10).

B BepxoBbsSX BO3HUKAIN OONBIINE HABOTHCHUS,
Takue Kak ucropuaeckoe HaBogaerne 2000 r. (creHa-
pwuit 2) u HaBogHEHHUE ¢ yactotor P =1 % (cnenaputii 3)
B COUETAHUH C BBICOKHM YPOBHEM IIPHIINBA, UTO TIPHBE-
JI0 K 3aTOIUICHUIO TePPUTOPHH, TIPH ITOM 3HAYUTEITEHO
yBeNUYHIach U TTyOmHa 3aToruieHus (puc. 11, 12).

AHanu3 pe3yabTaToB MOJICTHPOBAHHUS MTO3BOIHIT
BBISIBUTH OOIIHE TIPU3HAKHU, KOTOPBIE OTPaXXKECHBI B IBYX
crieHapusax: OoJyiee CHIbHBIC HABOJHEHUS TIPOUCXOMIAT
Ha yJacTKe peK B BEPXHEM TEUCHUU; 3HAUYUTEIHHO
YBEJIMYMBAETCS TUIOLIA/Ib 3aTOIUIEHUs B paiioHax Hxa
be u Kanuruo r. XomumuH, B npoBuHuuu JIoHr AH,
B paiione Hxonrpau u nposunuuu [Jonrnaii. Ilpu uc-
CJIEIOBaHUH 3aTOTUICHHBIX YYaCTKOB, PaCIIONIOKEHHBIX
B HIDKHEM TEUCHHH PEK, HEOOXOTUMO TaKKe yUUTHI-
BaTbh MOPCKHE TIPUIIHBHI.

[ Py

ARk
LN

|,
‘ L

Maimum vaterdept [n]

520000 630000 640000 650000 680000 670000 680000 690000 700000 710000 720000
m

a

MakcumanbHas TITyOHHA 3aTOIIEHHS TOCTHIAeT-Csl
B IIEPHO]I, KOT/Ia OCYIIECTBIIETCS COPOC BOJBI U3 BOIO-
XPaHWIHII, & B HU30BbSX HAOTIONACTCS IPYITUB (WITH TIPH-
JUBHOW NMHK). M3-32 HU3KUX OTMETOK 3aTOILISIEMBIX
TEPPUTOPUHA U CTIOKHOI OOIMMPHON PEIHOM CETH C MHO-
JKECTBOM KaHAJIOB TIPH BCTPEUE MABOAKOBOTO U TIPHIINB-
HOTO TE€UEHMH ypOBEHb BOJBI B PEKaX M KaHAJIaX Pe3Ko
TIOBBIIIACTCS, BOJA BEIXOANT M3 OCPETOB M 3aTAIUTUBACT
TeppuTopun. B palioHax, pacnoiaokeHHbIX BBILIE IO Te-
YEeHUIO, TaKNX Kak Tam AH B ipoBuHImn JlonrHai, JIoHT
®yok, Yslonr Txanb, JIonr YUslonr, Txy Tum, Txao Ipen
u AH Dy B patioHe 2, TEpPUTOPUH TAKKE CHITFHO 3aTOTIIe-
Hbl. HaBogHEHNIO ToABEpraroTcst 0co00 BayKHBIE 3KOHO-
MUYECKHE U T'yCTOHACEJICHHbBIE pAallOHBl, TAKUE KaK pai-
oH 2, ropox Txy JpIk, paiioH 8.

B cienapun 2 pationsr buns Yan, Hxa be u Kan
30 UMEIOT MaKCHMANbHYIO TIyOuHY 3aroruieHus ot 0,6
1o 0,8 M, ocobeHHo B obmacti koMmyHBI DoHT Dy, paii-
oH Hs Be, mmy6mHa cocrasmser 1,2—1,3 m; paiionst b
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Puc. 10. 3aTonyieHHBIE TEPPUTOPHUH 110 pacueTHOMY crieHapuio Ha 2020 1. 6e3 nuto30B (@) u co nuto3aMu (b)
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Puc. 11. Kapra naBogxoBoOro 3aToruieHus o pacietHomy creHapuo Ha 2000 r. 6e3 w308 (a) u co nuto3amiu (b)
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Puc. 12. Kapra 3aTomieHust TaBOAKOM IO CLIEHAPUIO BOSHUKHOBEHHMS maBojika ¢ P =1 % 6e3 110308 (@) u co numo3ami (b)

Kxanp, Kan 30 3aronnensl npumepHo Ha 1 M, paiion Kan
3yok, npoBuHuus Jlonr AH, menee uem Ha 0,3-0,4 M,
HO paiioH Mok Xoa, Txanp Xoa, Jlyx X103 rpanuaur
¢ nenbToi p. Mekonr u KamOomkeii, rmyOuHa kotopoi
npesbimaet 0,7-0,9 M. BepxHaue paiioHsl, Takue kak Txy
Tuewm, bunb Txanpb u TxXy /J[pIK, I0YTH HE 3aTAIUIMBAIOTCSL.
Tonbko paitons! Jlorr ®@viok 1 Tam AH ObUTH 3aTOTLIC-
Hbl Ha 0,2—0,3 M, B OCHOBHOM Ha MOJISIX BAOJb p. JlOHT-
Hail u B paiioHe Mex Iy pexamu J{onrnaii u Tax. Mexny
TeM TeppUTOpHs palioHa 12, pacmoloKeHHAs] MEXIY
pexamu Caiiron u Bam Txyar, siBIsieTCsl T'yCTOHACEICH-
HBIM MECTOM C HAaCEJIEHHEM M0 cocTosHuio Ha 2019 1.
620 146 yen., moTHOCTE HaceneHus 11 759 ven/xm?, Hau-
Oorree momBep)KeHA 3aTOILICHUIO ¢ TiTyOmnHOM ot 0,9—1,1
10 1,25 m. [ToaTomy HEeoOX0AMMO TIPELyCMOTpPETh B OMH-
JKaillee BpeMs CTPOUTENIBCTBO MHXKEHEPHOH CHUCTEMBI
I'TC nnst 321U T TEPPUTOPHIA OT 3aTOILICHHUSI.

IIpu skcruTyaTaniiy MPOTHBOMIABOAKOBBIX IIUTIO30B
[EHTpaJIbHbBIC PaiOHBI XOMMMHIHA, Takue Kak 1, 4, 7, 8,
Oy/myT 3alUIECHBI HAa CIy4ail OTCYTCTBHSI HAaBOAHCHHMS
WM HABOJHEHMS B BEPXHEM TEUEHHUH pek, kak 1 B 2000 .

(puc. 10, b, 11, b). OHako B cityyae HaBOIHEHHSI, KOTO-
poe npoucxoaut oauH pa3 B 100 net, kak B clieHapuu 3,
CIOCOOHOCTB 3aIIUTUTH BHYTPUTOPOJICKHE PAHOHBI ITPO-
TUBOIIABOAKOBOM UTKO30BOM CUCTEMBI 3HAYUTENILHO CHHU-
JKACTCS: TEPPUTOPHS paiioHa 4, PACIIOIOKEHHOTO MEXKTY
nmeywms nutrtozamu ber Hre u Tan TxyaH, Oblia 3aToruieHa
Ha 0,4-0,5 M; Goyee MOIOBUHBI ITUIOIMIATU 7-TO OKPY-
ra, rpanunyaiiero ¢ p. Cairos, 3arorieno Ha 0,5-0,6 m
(puc. 11, b). OGnacTu, KOTOpPBIE HE 3aTOIUICHBI B 1-M
U 2-M cueHapusax, Takue kak Txy Tuewm, paiion 2, Txy
JpIk, B 3TOM crieHapuu OyayT 3arorieHsl Ha 0,4—0,6 M.
Kpome Toro, paiton mexmy pekamu Tak u JloHTHai Oy-
JIET 3aTOIUIeH Ha IIyOuHy 1—1,2 M, B HEKOTOPBIX MeCTax
HanOoJbIIas yorHa gocturaeT 1,4 M, a mpuieraroime
TeppuTopuu 3atorens! Ha 0,5-0,6 M.

Kax ormeuanock panee, UMEHHO 3TH pailoHBI XO-
MIMMHHA TOUIEKAT MAaCIITa0HON PEKOHCTPYKIINH U MO-
JIepHU3aNNHU ¢ 00yCTPONCTBOM HOBBIX TOPOJCKHX TEp-
PHUTOPHIA B LIEJISIX CO3/IaHHsI HOBOTO JIEJIOBOTO, (PMHAH-
COBO-IKOHOMHYECKOT0, HayYHO-00pa30BaTeIbHOI0
U KyJIBTYpPHO-TypUCTHYECKOTO 1ieHTpa BreTHama. Cie-
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Ta6u. 3. Tlnomanps 3aTarimBaeMoro yyactka mo / , kv
H .M H <Im|1M<H <2wm|2uM<H_ <3m|H >3wm OO0mas WsmeHenune, km”
TIOIA/b, KM
Cuenapwii 1 o 612,64 16,55 13,97 4,33 647,48 -
Z 549,06 17,32 13,97 4,33 584,68 -62,30
Cuenapwuii 2 o 1413,32 35,54 2,48 0,15 1451,48 -
Z 1361,66 31,98 2,52 0,17 1396,34 -55,14
Cuenapwmii 3 o 1790,47 125,36 20,50 8,14 1944.,47 -
Z 1713,81 117,10 20,50 8,14 1859,55 —84,92

HpuMeanue: O — KoT/1a UTFO36I OTKPBITHI; Z — Kor/ia IUTF03bI 3aKpPbITHI.

JTOBAaTEITLHO, OJTHOM M3 BAKHEUIIINX 33/1a4 SIBIISICTCS 00ec-
nedeHue dPEKTUBHBIX MTPCBCHTUBHBIX MEPOIPHUITUN
MH)KEHEPHOH 3aIllUThl JaHHOI TEPPUTOPUN OT HABOJIHE-
HUS U 3aTOIUICHUS.

AHanu3 pe3ynbTaToB pacuetoB 1o moaenun MIKE
FLOOD Taxyke 0Ka3bIBAET, YTO IIOCJIE BBEICHHS B OKC-
MJTyaTaluio TPOTHBOMABOAKOBEIX COOPYKEHHUH III0-
maab W TIyOWHA 3aTOIICHUS BHEIIHUX TEPPUTOPUU
yBemmantes. [lnomanp TeppuTopuii, TOBEPKEHHBIX
3aTOIUICHUIO, C paclpe/IeICHUEM Ha YYaCTKH 110 TITyOu-
He 3aTOIIEHUs B HIDKHEM TedeHun pek Caiiron — JloHr-
Haii ipesicTaBieHa B Tadi. 3.

JlanHble, TpUBEJeHHBIE B Taba. 3, MOKA3bIBAIOT,
YTO paboTa MPOTHBOMIABOAKOBEIX IITIO30B CIIOCOOCTBY-
€T YMEHBIIICHHUIO TUTOMIAIN 3aTOIUICHUS BO BCEX TpeX
cueHapusx. B ciydae, korna OCHOBHOM IPUYMHOM SIBJISI-
eTCsI MPWJIKB (CIIeHapHii 1), TIPU CTPOUTENHCTBE MIUTI03a
IUTIOIIAb 3aTorieHus 1 M < Hmax <2 M OyzeT yBenmu4u-
BarbCs. [Ipy CHITBHBIX MMABOJKAX HA YYACTKAX B BEPXHEM
Teyenny, kak B 2000 r. (cueHapwuii 2), Iomma b 3aToruie-
HUA ¢ DIyOuHoi 1 M < H_ <2 M yMeHblIaeTcs, a B Me-
crax ¢ nryOokuM 3atonyienueM [ > 2 M yBelu4uBa-
etcs. B cuenapun 3, kora maBoJioK B BEPXHEM TEUEHUU
CIIUIIKOM BEJHK, IPOTHBOIMABOAKOBBIE COOPYKEHUS
TaKXKe CIIOCOOCTBYIOT YMEHBIIICHHIO TUTOIIATN 3aTOILIe-
HHUS HA YYaCTKax ¢ DyOMHOM 3atornenns H < 2™
1 HE YBEIMYHUBAIOT TUTOIIA Ih 3aTOIUICHHS Ha CHITFHO 3a-
TAIUIMBAEMbIX yyacTkax ¢ H_ >2 wm.

O4eBUIHO, YTO MHOTHE pailoHbl XOLMMHHA U CO-
CEJIHUX MPOBUHIUHN MO-TPEKHEMY OYAYyT PErylIspHO
CTaJIKUBAThCS C PUCKOM HaBoAHeHus. [loaTomy Hapsaxy
co crpoutenbcTBoM ['TC s 3aUTHI OT HABOJHEHHMA
Y 3aTOTUICHHUST HEOOXOMUMO pa3paboTaTh M peaan30BaTh
MIPEBEHTHBHBIC HHKEHEPHO-TEXHIIECKUE MEPOTIPUATHS
IO 3aIUTEe TEPPUTOPHH OT TIOATOIUICHUN U 3aTOTUICHHHA
U, B TICPBYIO OY€pEIb, IPOBECTH UCKYCCTBEHHOE MOBEI-
LIEHUE MOBEPXHOCTU TEPPUTOPUHU A0 HE3ATOIIIEMbIX
MJIAHUPOBOYHBIX OTMETOK, @ TaK)KE€ YCTAaHOBUTH HOBBIE
KOHTPOJIBbHBIC CTPOUTEIILHBIE OTMETKH.

KonTtponbHas cTpouTtensHas OTMETKa — 3TO HaU-
MEHBIIIas TOITyCTUMAasi OTMETKA ITOBEPXHOCTH 3EMIIH,
HCIIONb3yeMasl TIPH TUTAHUPOBAHUU TEPPUTOPUH 3a-
CTPOWKH I 00ecTeueHUs TapaHTHPOBAHHON 3aIllH-
THI TOPOJICKHX PAfOHOB OT 3aTOIUICHUS M TIOATOTUICHUS.
DTO Ba)KHbII YKOHOMHUKO-TEXHUYECKUN KPUTEPUH, KO-
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TOPBI HEOOXOAMMO ONIPEEIISITh B TPa0CTPOUTEIBHBIX
U CTPOUTEIHHO-UHBECTHIIMOHHBIX MTpoekTax. CortacHo
HanmonanbHOMY TeXHHYECKOMY perameHTy BreTHama
0 TeKylIeMy IJiaHupoBanuto crpoutesibeTBa (QCVN
01:2021/BXD), KOHTpOJIbHASI CTPOUTEIIbHAS OTMETKA
paccuuThIBaeTCs N0 cieayoeit Gpopmysie:

_ P%
VXD _VMD+Hmax +a, (3)
rae VXD — KOHTPOJIbHasA CTPOUTEIIbHAsA OTMETKA, M;
VMD — OTMETKaA 3€MJIM HWJIM BBICOTA MECTHOCTH, M,
P% o
Hmax — PpacCUCTHBIM YPOBEHBb MaBOAKA, COOTBETCTBY-

IOIIHI pacueTHOH gactote P, %; a — nomyctumas 6e3-
ortacHasi BBICOTa, M.

Cormacao QCVN 01:2021/BXD, miist TOpoacKux
TEePPUTOPHIA Kiacca I, cocpemoTOYeHHBIX KIUITBIX paifo-
HOB U IIPOMBIILIJIEHHBIX 30H, pacyeTHas yactora P =1 %,
JoryctuMast OezoracHasi Beicota a = 0,3 M Juist rpaxk/aH-
CKHX 3eMelb 1 a = 0,5 M JUTs IPOMBIIIIIEHHBIX 3€MElb.

OCHOBBIBasICh Ha pe3yJbTaTax pPacueToB MOJEIN
MIKE FLOOD no cuenaputo 3, OTMETKH 3aCTPOHKH
B 3aTOIUIEHHBIX paiioHaxX ropofoB XOUMMHUH, JJoHrHal
n Jlonr AH npuBezieHs! B Ta0I. 4.

B pemenun 589/QD-TTg 00 yTBepkIieHUU I1aHA
3acTpoiiku paiiona XommmuHa 710 2020 I. ¥ KOHIETINU
pa3BuTHs roposia 10 2050 r., MOAMHUCaHHOM MPEeMbep-MHU-
Hucrpom 20 mast 2008 1., OblIa ompeseseHa OCHOBHAs
KOHTPOJIbHAS! CTPOUTEIIbHAS OTMETKA I XOITUMHUH BBIIIIE
2,05 M. OHaKo B YCIIOBUSIX M3MEHEHUS KIIMMAaTa U TIOBbI-
IIICHNUST YPOBHS MOPSI YTBEPIK/ICHHBIC paHee OTMETKH HE aK-
TyaJIbHBI. TakuM 00pa3oM, KOHTPOJIbHBIE CTPOUTEIIHHEIE
OTMETKH IS TNTAHMPOBAHHS TOPOJICKOI TEPPUTOPHH, TIPE/I-
JIOKCHHBIC B 9TOM HCCIIEIOBAHNUH, SBISFOTCS HayqIHO 000-
CHOBAHHBIM MPAKTHYECKAM BKJIQJOM B pabOTy areHTCTB
TIO TUTAHAPOBAHHUIO CTPOUTEIIECTBA U YIIPABICHUIO HPPHTa-
el TIpy (POPMUPOBAHHH TTAKETA MEPOIIPHATHIA TI0 3aIIIH-
Te XOLIMMHHA U COCEHUX POBUHLMI B HUPKHEM TEUEHUU
peaHoii cuctembl Caiiron — JloHTHait B Oyay1iem.

3AKJIIOYEHUE U OBCYXJIEHUE

Pesynerarer MogenupoBaHus 0 KOAPPHUIIHEHTAM
koppensiun R’ u NSE mokassiBaioT, 4T0 HabOp Mo-
neneit MIKE (MIKE 11, MIKE 21, MIKE FLOOD)
BO3MO)KHO HCITOJIb30BaTh IS MOJCITMPOBAHHS THIIPAB-
JMYECKOTO PEeXKKMMa, TUIOMIAAN ¥ ITyOUHBI 3aTOIICHUS
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Taou. 4. CtpouTenbHble OTMETKU B palioHax

Paiionst CTpouTenbHbBIE OTMETKH, M
Xowumun
2 +2,5
4 +2,5
7 +2,5
8 +2,5
9 (TeppPITOPPIH MEX]y PeKaMH 24
Caitron u Tax)
9 (Teppuropust MEKITy peKami 125
Jlonrnaii n Tak)
12 +2,5
bunn TxaHb +2,5
Hxa be +2,6
Kanruo +2,6
buns Yanp +2,3
nposunyusa J{onenail
bren Xoa +3,0
Jlonr TxaHb +2.,5
Hxon Yacu +2,5
nposunyust Jlone

Kan 3yok +2,5
Tan YUy +2,5
Ben JIbik +2.,5

B Oacceline HKHEro TeucHust pek Caiiron — JloHrHaii.
2D-kapTa HaBOAHEHHUI yKa3bIBaeT Ha TO, YTO HUCCIEY-
emble paitonsl Hxa be, Kanrno, Hxon Tpau OyayT cras-
KHBaThCA C PUCKOM YaCThIX HABOJHCHUH.

Bo Bcex crieHapusix MpOTHBOIABOIKOBEIE COOPYKe-
Hust 93()(EKTUBHBI, IICHTPAIbHBIC PAHOHBI XOIIUMHHA 3a-
IIMIICHBI, a IIOMAAb 3aTOIUICHNS yMeHbIIeHa. OIHaKo
B pesynsrare padots! I TC mponcxonut macmrabHoe 3a-
TOTUICHHE BHEITHNX MPHJICTAIONINX TEPPUTOPHUIL.

OTtMmeuasi, 9TO MPOTHUBOIIABOIKOBBIE COOPYKCHHUS
He obecriedaTr rapaHTHPOBAHHYIO 3aLIUTy TEPPUTOPHUU
XolmMMHHA ¥ IPUIIETAIOLIUX IPOBUHIIMKA OT HABOIHEHU
U 3aTOTIJICHHH, TIPeUIOKEHHbIE B PabOTE HOBBIC KOHTPOITh-
HBIE CTPOUTEIBHBIC OTMETKHU SIBISIOTCS CYIICCTBEHHBIM
Hay4YHBIM BKJIaJJOM B ITPOCKTHI TEPPUTOPHAIHEHOTO TIIa-
HUPOBAHUS MIPH CO3JAHWN B HIDKHEM TEUCHHH PEUHOU
cuctemsl Caiiron — JIoHTHail KPyIHEHIIIEro yasTpaco-
BPEMEHHOTO IIEHTPa A3HATCKO- T NXOOKEaHCKOTO PETHOHA.
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INTRODUCTION

At present, the world’s major cities are facing
excessive population growth, problems of employ-
ment and social security of megacity residents, envi-
ronmental protection, etc. In Vietnam, the rapid ur-
banization of recent decades has become an important
stage of development. In 1986, the urban population
of Vietnam was less than 13 million people, today
more than 30 million people live in cities. Ho Chi Minh
City is the largest city in Vietnam with a population
0f 9,166,800 as of 2021 (accounting for 9.3 per cent
of Vietnam’s population), with an average population
density of 4,375 people/km? (the highest in the coun-
try). Rapid population growth and high density have led
to housing problems and environmental pollution. Ac-
cording to statistics from the United Nations Population
Fund (UNFPA), more than 300,000 people in Ho Chi
Minh City still live in slums. To address this problem,
Ho Chi Minh City authorities, in accordance with Deci-
sion No. 4834 of the city’s People’s Committee, have
declared their intention to provide new housisng for
more than two million people by 2030, and to carry out
major reconstruction and modernization of housing and
embankments along the city’s canals built before 1975.

It is planned to carry out a large-scale recon-
struction and modernization of the Thu Tham district,

Fig. 1. Thu Thiem urban area according to the current status
in 2022 (a) and development plan (b)

located in the central part of the city. The peninsula
on the Sai Gon River will become a new ultramodern
cultural, economic and tourist centre of Ho Chi Minh
City (Fig. 1). The Ho Chi Minh City Development
Concept defines the formation of a modern metropolis
with a high quality of life (Decision No. 5193 of the Ho
Chi Minh City People’s Committee), where it is es-
tablished that by 2060 Ho Chi Minh City will become
an economic and international trade centre not only for
Vietnam, but also for the whole Asia-Pacific region. It
should be noted that the city development plan takes
into account the economic growth and cultural diversity
of the region and envisages the preservation of unique
river and landscape heritage while creating sustainable
urban infrastructure.

The intensification of negative natural phenomena
associated with global climate change is having
a devastating impact in various regions of the planet.
Vietnam is one of the most disaster-affected countries
in the Asia-Pacific region; coastal cities such as Ho
Chi Minh City, Thai Binh, Nam Dinh and the Mekong
Delta are particularly prone to flooding. In recent
years, flooding every time, when there is a high tide
or release of water from upstream reservoirs, has
become increasingly severe, with many areas flooded
for many days, severely affecting transport, people’s
lives in Vietnam’s largest city (Fig. 2). In 2010 Ho Chi
Minh City was among the top ten cities in the world
that are most severely affected by climate change
[1-5]. However, according to the development plans
of the country’s main province mentioned above, it is

a b
Fig. 2. Flooding in Ho Chi Minh City

35

(1G) L BNSS] YL O] Loneonsapuesausps



scionco o ruction: o) 14, Issue 1(51)

Irina M. Markova, Phan Khanh Khanh

Dau Tieng reservior

Tri An reservior

Thu Dau Mot
.

H3 Chi Minh City o

East Sea

Fig. 3. Layout of flood control structures (gateways)

predicted that by 2070 Ho Chi Minh City will be among
the top five cities in the world [6, 7].

In 2016, after lengthy studies and recommenda-
tions from domestic and foreign experts, in accordance
with Prime Minister’s Decision No. 1547/QD-TTg, Ho
Chi Minh City launched a mega project to build flood
control structures, including six flood defense gate-
ways: Ben Nghe, Cai Kho, Muong Chuoi, Phu Xuan,
Phu Dinh and Tan Thuan (Fig. 3).

Once the hydraulic structures (HS) are operational,
areas of land outside the gateways will be flooded. The depth
of flooding will vary depending on the topography
of the area. This should be taken into account when plan-
ning and implementing large-scale urban development
projects.

Earlier studies have largely focused on addressing
issues such as hydrodynamic flow regimes, water
quality, drought, salt intrusion or sedimentation in
estuaries, etc., but have not considered flood-related
problems [8-16]. For example, Bao Thach [8],
Hong Quan [9] pointed out that the hydrodynamic
regime in the lower Sai Gon — Dong Nai River basin
is affected by rainfall and tides, and flow changes.
Depending on the upstream reservoir regulation,
the water pollution level of the Sai Gon River is more
serious than that of the Dong Nai River and gradually
increases from upstream to downstream. A study by
Thuy Linh et al. [10] shows that in the Dong Nai River
basin during the dry season, the area of drought-prone
land increases according to climate change scenarios.
Thai [11], Hoang [12], Ngoc [13], Viet [14], Phung [15],
Quynh [16] estimated the changes in runoff volumes
and flood water levels in the Sai Gon — Dong Nai
Rivers basin under marine climate change under many
different scenarios. Dinh [17] and Tuan [18] concluded
that Ho Chi Minh City is at high risk of flooding due
to tides, heavy rainfall and increased runoff from
the Dau Tieng Reservoir. Marcello Gugliotta [19]
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studied the distribution, composition and particle size
of sediment loads in the last 50 km of the Sai Gon — Dong
Nai rivers system up to the mouth.

After the construction of GTS for flood protection,
several scientific studies were published. We can mention
the work of Nguyen and Binh [2s0], which reflects that
the system cannot guarantee the water level <1.2 m when
the peak in the rainy season and the tide level rises at
the same time. Meanwhile, Hai [21] argues that the factors
of urbanization and construction of flood control structures
strongly influence the salt intrusion regime in the lower
reaches of Sai Gon — Dong Nai rivers.

Thus, previous studies either did not consider
the impact of flood control structures or considered
but did not estimate the depth and area of flooding in
the same affected areas during construction projects.

This study aims to determine the depth and
arca of inundation during floodgate operation under
different flood discharge and sea level rise scenarios,
and to justify and establish construction control marks
required for spatial planning.

MATERIALS AND METHODS

The study area is the lower reaches of the Sai Gon —
Dong Nai rivers, where Ho Chi Minh City is located.
This area borders the Mekong Delta to the west and
the East Sea to the southeast. The river flow in the study
area is directly influenced by the operation of two
upstream reservoirs, Dau Tieng and Chi An (Fig. 4).

In this paper, MIKE 11, MIKE 21 and MIKE
FLOOD software packages were used to assess
the impact of reservoirs and flood control structures
on water levels in the lower Sai Gon — Dong Nai River.

MIKE 11 model description

MIKE 11 is an advanced hydraulic information
tool, a professional engineering software package for
modelling one-dimensional flows in estuaries, rivers,
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Fig. 4. The lower Sai Gon — Dong Nai rivers

irrigation systems, canals and other bodies of water!.
The Hydrodynamic (HD) model is capable of modelling
one-dimensional unsteady flow in a network of rivers
using a hydrodynamic wave approach. The MIKE 11
HD module solves the vertically integrated continuity
and momentum conservation equations, i.e. the Saint-
Venant system of equations. The five main input
parameters to be specified for the MIKE 11(HD) setup
are the river network plan, cross sections, boundary
conditions, hydrodynamic parameters and modelling
parameters. The river and canal network in the study
area in MIKE 11 is shown in Fig. 5.

MIKE 21 model description

MIKE 21 is a two-dimensional computer model-
ling system for estuaries, coastal waters and seas. It is
a professional engineering software package for model-
ling currents, water levels, waves, sediment, pollutant
transport and water quality [22]. MIKE 21 HD simulates

! DHI — MIKE 11. River and Canal Modeling System:
Reference Manual. 2007.

wremed
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Fig. 5. Network of rivers and canals in the lower reaches
of the Sai Gon — Dong Nai rivers in Mike 11
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Fig. 6. Topography of the area downstream of the rivers Sai
Gon — Dong Nai in MIKE 21

two-dimensional free-surface currents where stratifica-
tion can be neglected. It is the basic module of the enti-
re MIKE 21 system and provides the hydrodynamic
basis for the calculations performed in most other mod-
ules, e.g. “Advection-Dispersion”, “Water Quality” and
“Sediment Transport” [23, 24]. The input to the Mike 21
model is a 30 x 30 m resolution LIDAR-DEM digital ele-
vation map of the study area. The digital elevation
model (DEM) map is processed by the Mesh Generator
tool to create a bathymetry file, which is then input into
the Mike 21HD module, as shown in Fig. 6.

The MIKE 11 river network was connected to
the Mike 21 bathymetry using the lateral link option
available in MIKE FLOOD [25, 26]. The flood extent
and floodplain depth for excess water is calculated using
MIKE 21. Other parameters for left and right bankfull
such as momentum coefficient, spillway coefficient and
allowable depth coefficient are kept with default values.
The simulation period for MIKE 11 and MIKE 21 re-
mained the same and the time step of the model was ad-
justed to a low value of 30 s to keep the Courant num-
ber (CR) less than or equal to 1 to achieve stable MIKE
FLOOD. The simulation runs without errors. The Mike
FLOOD setup with the river (MIKE 11) and both lateral
links (MIKE 21) is shown in Fig. 7.

The purpose of this research is to determine
the depth and area of areas that will be inundated when
floodgates are operated under upstream flood discharge
and sea level rise scenarios. Therefore, the modelling
scenarios are adjusted according to the discharge vol-
ume of the two reservoirs Dau Tieng and Tri An in 2020,
2000, when a once in 100 years flood occurs. Mean-
while, the corresponding water level in 2020, 2000 and
the historical maximum water level at Vung Tau sta-
tion are also used as the downstream input boundary for
the MIKE model (Table 1).

RESULTS AND DISCUSSION

Calibration and model checking
The model is calibrated to actual data measured
at hydrological stations from October 1, 2012 to De-
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Fig. 7. Connection diagram of MIKE 11 and MIKE 21 in MIKE FLOOD

Table 1. Numerical modelling scenarios

Scenarios

Description of the boundary condition

1

Upstream: Discharge of 2020.
Downstream: Tide level at Vung Tau gauge station

Upstream: Discharge of 2000.
Downstream: Tide level at Vung Tau gauge station

cember 31, 2012. Manning coefficients and initial river
water levels are corrected for the difference between
modelled and actual water levels measured at the lower
stations of Thu Zau Mot, Bien Hoa, Phu An, Nha Be
and Ben Luc. Hourly water levels during calibration and
validation at Bien Hoa, Phu An stations from October 1,
2000 to October 16, 2000 are shown in Fig. 8. Good
agreement between modelled and observed water levels
at different time periods can be seen.

The coefficient of determination R? and the Nash-
Sutcliffe efficiency (NSE) were used to test model fit
and performance before running scenario simulations
and forecasts [27, 28]. The R coefficient’ shows
the linear relationship between measured values and
model simulation, while NSE measures the degree
of observed variability explained by the modelling. NSE
is commonly used for model validation in hydrology.
When the R’ value approaches 1 and the NSE is equal
to 1, the model is said to be performing at its maximum
confidence level [28, 29].

Coefficient of determination:

o2 2le2)]

i=1

e et i)
2(2.,-0) 2(e,-2)

i=l1

where 7 is the total number of measured or modelled
values; Q . — measured values; O, — mean

measured values O — modelled values; Q_S — mean
modelled values.
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Upstream: Q0 at P=0.1 %.
Downstream: Highest tide level at Vung Tau gauge station

Nash — Sutcliffe Efficiency Ratio (NSE):

> 2)

NSE can range from —oo to 1, where 1 indicates better
performance.

The NSE values for hourly calibration and valida-
tion at all stations are given in Table 2. The R’ coeffi-
cients and NSE show that the model has high reliability
in modelling the flow downstream of the Sai Gon —
Dong Nai rivers.

Results

The results of the MIKE FLOOD model calcula-
tions are a two-dimensional map of flooded areas with
different flood depths, represented by coloured layers as
shown in Fig. 9.

In the design scenario for 2020, when there is
no major flooding in upstream sections, Ho Chi Minh
City and neighbouring provinces are flooded by tides,
special attention is paid to low-lying areas on both sides
of the river, such as Nha Be, Cangio, Ho Chi Minh
City, Phu Dong, Phu Huu and Phuoc Khanh communes
of Nhon Trach District, Dong Nai Province, Ho Chi
Minh City District 12 located between the Vam Thuat
and Sai Gon rivers, even Tanan and Thutua districts
in Long. The province has also been flooded by tides.
However, these areas were flooded with a shallow depth
of about 0.4-0.6 metres. Particularly in District 12,
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Fig. 8. Graph comparing observed and modelled water levels at Phu An and Bien Hoa stations

the area was inundated more severely, with an average
inundation depth of 0.7-1 m. Under the same scenario in
2020, after the construction of flood defense floodgates,
the area of Nyabe district, the part adjacent to district 7
is protected from flooding, the rest of the areas are not
subject to significant change (Fig. 10).

Large floods such as the historical flood of 2000
(scenario 2) and the P =1 % flood (scenario 3) combined
with high tide levels occurred in the upper reaches,
resulting in inundation of the area, while the depth
of inundation also increased significantly (Fig. 11, 12).

Table 2. Performance of MIKE 11 for water level modelling

The analysis of the modelling results revealed
common features that are reflected in the two scenarios:
more severe flooding occurs in the upstream section
of rivers; the flooded area increases significantly in
Nha Be and Cangiso districts of Ho Chi Minh City,
Long An Province, Nhon Trach District and Dong Nai
Province. Sea tides should also be taken into account
when investigating flooded areas downstream of rivers.

The maximum depth of flooding is reached during
the period when water is released from reservoirs and
the tide (or tidal peak) occurs in the lower reaches. Due

Calibration Validation
Station 10.01.2012 -12.31.2012 10.01.2000 — 10.16.2000
RrR? E, R? E,
Bien Hoa 0.95 0.81 0.93 0.87
Phu An 0.97 0.86 0.96 0.81
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Fig. 9. Map of flood inundation of the lower reaches of the Sai Gong — Dong Nai rivers without floodgates in 2000 (a) and in 2020 (b)

to the low elevations of flooded areas and the complex
extensive river network with many channels, when
flood and tidal currents meet, the water level in rivers
and channels rises sharply, the water overflows its
banks and floods the areas. In upstream areas such as
Tam An in Dong Nai Province, Long Phuoc, Truong
Thanh, Long Truong, Thu Tim, Thao Dien and An Phu
in District 2, areas are also severely flooded. Especially
important economic and densely populated areas such
as District 2, Thu Duc city, District 8 are flooded.

In Scenario 2, Binh Chanh, Nha Be and Can Zo
districts have maximum inundation depth of 0.6 to 0.8 m,
especially in Phong Phu commune area, Nha Be district,
the depth is 1.2—-1.3 m; Binh Khanh, Can Zo districts
are inundated about 1 m, Can Zuoc district, Long An
province, less than 0.3-0.4 m, but Moc Hoa, Thanh
Hoa, Duc Hue districts border the Mekong river delta
and Cambodia. Mekong and Cambodia, with depths
exceeding 0.7-0.9 metres. The upper districts such as
Thu Tiem, Binh Thanh and Thu Duc are hardly flooded.
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Only Long Phuoc and Tam An districts were flooded
by 0.2-0.3 metres, mainly in fields along the Dong
Nai river and in the area between the Dong Nai and
Tac rivers. Meanwhile, the area of District 12, located
between the Sai Gon and Vam Thuat rivers, is a densely
populated area with a population as of 2019. 620,146
people, population density of 11,759 people/km?, is
most prone to flooding with depths ranging from 0.9-1.1
to 1.25 metres. Therefore, it is necessary to provide for
the construction of an engineering system of GTS to
protect the areas from flooding in the near future.
When the floodgate system is operated, the central
areas of Ho Chi Minh City, such as 1, 4, 7, 8, will be
protected in case of no flooding or upstream flooding,
as in 2000 (Fig. 10, b, 11, b). However, in the case
of a once-in-100-year flood, as in scenario 3, the ability
to protect the inner-city areas of the flood control
floodgate system is significantly reduced: the area
of District 4, located between the two floodgates Ben
Nghe and Tan Thuan, was inundated by 0.4-0.5 m;
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Fig. 10. Flooded areas under the design scenario for 2020 without gateways (a) and with gateways (b)
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Fig. 12. Flood inundation map for the flood scenario with P =1 % without gateways (a) and with gateways (b)

more than half of the area of District 7, bordering the Sai
Gon river, was inundated by 0.5-0.6 m (Fig. 11, b).
Areas that are not inundated in Scenarios 1 and 2, such
as Thu Thiem, District 2, Thu Duc, would be inundated
by 0.4-0.6 m in this scenario. In addition, the area
between the Tac and Dong Nai rivers will be flooded
to a depth of 1-1.2 metres, with the greatest depth
reaching 1.4 metres in some places, and adjacent areas
flooded by 0.5-0.6 metres.

As noted earlier, it is these areas of Ho Chi Minh
City that are subject to large-scale reconstruction and
modernisation with the development of new urban ar-
eas in order to create a new business, financial and eco-
nomic, scientific, educational, cultural and tourist centre
of Vietnam. Therefore, one of the most important tasks
is to ensure effective preventive measures of engineering
protection of this territory from flooding and inundation.

The analysis of the results of the MIKE FLOOD
model also shows that the area and depth of flooding
of the outer areas will increase after the flood control
structures are put into operation. The area of flood-

prone areas with distribution into sections by flood
depth in the lower reaches of the Sai Gon — Dong Nai
rivers is presented in Table 3.

The data in Table 3 show that the operation
of floodgates contributes to the reduction of the flooded
area in all three scenarios. In the case where the main cause
is the tide (scenario 1), the flooded area Im<H__ <2m
will increase with the construction of the gateway.
When high floods occur at upstream sites, as in 2000
(scenario 2), the inundation area 1 m < H <2 m
decreases, and at sites with deep flooding H > 2 m
increases. In scenario 3, when the upstream flood is
too high, flood defences also contribute to reducing
the flooded area in areas with flood depth # <2 m
and do not increase the flooded area in heavily flooded
areas with /_ >2m.

It is obvious that many areas in Ho Chi Minh
City and neighbouring provinces will still face the risk
of flooding on a regular basis. Therefore, along with
the construction of HS for flood and inundation pro-
tection, it is necessary to develop and implement pre-
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Table 3. Area of the flooded area according to H__ , km?

H_ .,m o = Im<H <2m|2m<H <3m|H_ >3m| Totalarea, km? Change, km?
1m
Scenario 1 | 0 | 612.64 16.55 13.97 4.33 647.48 -
(2020017 1 549,06 17.32 13.97 433 584.68 62.80
Scenario 2 | 0 | 1,413.32 35.54 2.48 0.15 1,451.48 -
(20000 1711 361.66 31.98 2.52 0.17 1,396.34 55.14
Scenario 3 | O | 1,790.47 12536 20.50 8.14 1,044.47 -
P=1%) 171 171381 117.10 20.50 8.14 1,859.55 8492

Notes: O — when the gateways are open; Z — when the gateways are closed.

ventive engineering measures to protect the area from
waterlogging and flooding, and, first of all, to artificially
raise the surface of the area to non-flooding planning
levels, as well as to establish new construction control
levels.

The construction reference level is the lowest
permissible ground surface elevation used in the planning
of the development area to ensure the guaranteed
protection of urban areas from flooding and waterlogging.
It is an important economic and technical criterion to
be determined in urban planning and construction and
investment projects. According to the Vietnamese National
Technical Regulation on Current Construction Planning
(QCVN 01:2021/BXD), the reference construction grade
is calculated according to the following formula:

Vo =Vip +Hn}::f: +a, 3)

where V,, — reference construction mark, m; V,,, —
ground level or terrain elevation, m; H: — design
flood level corresponding to design frequency P, %;
a — permissible safe height, m.

According to QCVN 01:2021/BXD, for Class I ur-
ban areas, concentrated residential areas and industrial
areas, design frequency P =1 %, permissible safe height
a = 0.3 m for civil land and @ = 0.5 m for industrial land.

Based on the results of the MIKE FLOOD model
calculations under scenario 3, the building elevations in
the flooded areas of Ho Chi Minh City, Dong Nai City
and Long An are shown in Table 4.

Decision 589/QD-TTg on approving the Ho Chi
Minh City District Development Plan 2020 and the City
Development Concept 2050, signed by the Prime Min-
ister on 20 May 2008, set the main reference building
mark of Ho Chi Minh City above 2.05m. However,
under the conditions of climate change and sea level
rise, the previously approved marks are not relevant.
Thus, the reference building elevations for urban area
planning proposed in this study are scientifically sound
practical inputs for construction planning and irrigation
management agencies in formulating a package of mea-
sures to protect Ho Chi Minh City and neighbouring
provinces in the lower reaches of the Sai Gon — sDong
Nai rivers system in the future.
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CONCLUSION AND DISCUSSION

The modelling results of R? and NSE correlation
coefficients show that the MIKE model suite (MIKE 11,
MIKE 21, MIKE FLOOD) can be used to simulate
the hydraulic regime, area and depth of flooding in
the lower Sai Gon — Dong Nai rivers basin. The 2D
flood map indicates that the study areas of Nha Be, Can-
gio, Nhon Trach will face the risk of frequent flooding.

In all scenarios, the flood defenses are effective, Ho
Chi Minh City’s central areas are protected and the flooded
area is reduced. However, as a result of the HTS operation,
large-scale flooding of the outer adjacent areas occurs.

Noting that flood control structures will not
provide guaranteed protection for Ho Chi Minh City and

Table 4. Building elevations in the districts

Construction

Districts .
elevation, m

Ho Chi Minh City

2 +2.5

4 +2.5

7 +2.5

8 +2.5

9 (area between .the Sai Gon and Tac 04
rivers)

9 (area between t_he Dong Nai and Tac 5
rivers)

12 +2.5

Binh Thanh +2.5

Nha Be +2.6

Can Gio +2.6

Binh Chanh +2.3

Dong Nai Province

bren Xoa +3.0

Long Thanh +2.5

Nhon Trach +2.5

nposunyus Jlone An

Can Giuoc +2.5

Tan Tru +2.5

Ben Luc +2.5
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surrounding provinces from flooding and inundation,
the new construction control elevations proposed in this
paper are a significant scientific contribution to spatial

planning projects in the creation of the largest ultra-
modern centre of the Asia-Pacific region in the lower
reaches of the Sai Gon — Dong Nai rivers system.
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AHHOTALUMNA

BBeaeHue. B HacTosLLee BpeMsi B YCNOBUAX UBMEHEHUS KnMMaTa (PEHOMEH HEODObIYHbIX AOXAEN U HABOAHEHWU BbI3biBaET
LUMpoKoMacLUTabHble HABOAHEHMS U NPMBOAUT K BOnbLUMM NOTEPSIM NoAen n umyllectea. Hanbonee ysa3BumbiMU COOpY-
KEHUSIMU ABMSAOTCHA NAOTUHBI U BOAOXPaHWnMLLA. [1popbiB NAOTUHBI MOXET NPUBECTU K KaTacTpode, YrpoXKatoLLen KU3Hu
nogen 1 coumanbHO-9KOHOMUYECKON AesiTenbHOCTU. CyLecTBYET MHOTO MPUYUH Pa3pyLLUEHNUsT NMIOTUHBI, U3 KOTOPbIX M-
apaenuyeckuii paspbiB (ITP) cuntaeTcst ogHom M3 Hanbonee BepOATHBIX, MOCKOMbKY OH BbI3bIBAET COCPEAOTOUEHHYO (huUrb-
Tpauuio, NPUBOASALLYIO K PUCKY paspyLUeHMs NMNOTUHBI. [MapaBnuyeckuii paspbiB — 3TO NPOLECC, NPY KOTOPOM TPELLUHbI
0o0pasyloTcs B rpyHTE UM KaMHe, a 3aTeM pacnpoCTpaHATCSA Nog AaBneHeM Boabl. [MapaBnuyeckmin paspbiB NpMBnekaet
BHUMaHMWe yyeHbIX. Llenb nccnenoBaHns — CUHTE3 MHEHWI yYeHbIX HA CErOAHSILLHWI eHb O SIBNIEHUN r’mapopaspbiBa n Me-
TO4aXx €ro NpeaoTBpaLLEeHNs B 3eMIsIHbIX NIOTUHAX.

Matepuansbi n Mmetoabl. [poaHanu3nMpoBaHbl NUTEPATYPHbIE MCTOYHMKK, B KOTOPLIX paccMmaTpuBaetcs [P,

Pesynbrartbl. [MapaBnuyeckuii paspbiB TECHO CBS3aH C SIBMEHUSMU HEPABHOMEPHOW OCaOKW FPYHTOB MIIOTWMHbBI U CTPO-
UTENbHbIX KOHCTPYKUMIA. B rpyHTOBBIX MAOTUMHAX HepaBHOMEpPHas OCafka 4acTO BO3HMKAET B 30HaX MeXAy HacbIMHbIM
TPYHTOM MAOTWHbI 1 6OPTOBLIMW MaccMBaMmn CTBOPA MITOTWHbI; HACBIMHLIM TPYHTOM Y GETOHHBIMU KOHCTPYKUMUSAMU, TakuMu
KakK BO4OMNPOMYCKHble TPyObl 1 BOAOCOPOCHI, PyHAAMEHTHbIE ANIEMEHTLI KOHCTPYKLIMIA; BOGOHENPOHWULI@EMbBIM SSAPOM NIOTU-
Hbl U MPUMBbIKAOLLMMM K HEMY 30HaMu rpyHTa. Ha ocHoBe aHanm3a npuynH BO3HMKHOBEHWS P HekoTopble nccrnegoBartenu
NpPeanoXun Mepbl MO CHMKEHUIO pUCKa €ro BO3HUKHOBEHWS.

BbiBoabl. [vapaBnnyecknin paspbiB — obpasoBaHne TPeLLMH 1 NOonocTel B rPYHTOBOM MaccviBe, KOTOpble CMocobCTByOT
hopMMpOBaHUIo NyTen cocpenoTodeHHoN unbTpauun. MNoseneHne P yBenvumBaeT BepOATHOCTb HECTAOUIBHOCTY OUsb-
Tpaumm B NNOTUHE, YTO BMMSIET Ha 6€30NMacHOCTb NITOTUHBLI U MOXET NMPUBECTU K CEPbE3HOMY MOBPEXAEHNI0. BHeapeHve me-
TOOOB NpefoTBpalleHuns [P BaxkHo anst obecneyeHunsi 6e3onacHbiX yCroBuin paboTbl NIOTUHBI.

KIMKOYEBBIE CINOBA: dunbTpauus, rpyHToBas NioTUHa, rmgpasnMyeckuii paspblB, HepaBHOMEpPHas ocagka, BO3HUKalo-
Liee ycunme, cocpefoTodeHHast ounsTpauus, NpopbIiB MIOTUHbI
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Stress-strain state of some special places in earth dam
from viewpoint of hydraulic fracturing

Genrikh V. Orekhov, Tran Manh Cuong
Moscow State University of Civil Engineering (National Research University) (MGSU);
Moscow, Russian Federation

ABSTRACT

Introduction. In the current process of climate change, the phenomenon of unusual rainfall and flooding is causing wide-
spread flooding and causing great loss of life and property. In addition, the most vulnerable structures are dams and reser-
voirs. A dam failure causes a disaster that can threaten human lives and entire socio-economic activities. There are many
causes of dam failure, of which hydraulic fracturing is considered one of the most likely causes as it causes concentrated
seepage leading to the risk of dam failure. Hydraulic fracturing is a process in which cracks form in soil or rock and then
propagate under water pressure. Hydraulic fracturing is not a new topic, nor is it an old one, receiving a lot of attention from
scientists, but it is still a controversial issue. Many opinions are given. This paper aims to summarize the mechanism of hy-
draulic fracturing based on previous studies and at the same time proposes some methods to prevent hydraulic fracturing
in an earthen dam.

Materials and methods. Literature analysis of sources related to the phenomenon of hydraulic fracturing.

Results. Hydraulic fracturing is closely related to the phenomena of differential settlement of dam soils and building struc-
tures. In earth-fill dams, the phenomenon of differential settlement often occurs in the areas between the fill soil of the dam
and the side masses of the dam site, fill soil and concrete structures such as culverts and spillways, foundation structural
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elements, the impermeable core of the dam and adjacent soil zones. Based on an analysis of the causes of hydraulic fractur-
ing, a number of measures were proposed to reduce the risk of hydraulic fracturing.

Conclusions. Hydraulic fracturing, that is, the formation of cracks and cavities in the soil mass, which contribute to the for-
mation of concentrated seepage paths. The occurrence of hydraulic fracturing increases the likelihood of seepage instability
in the dam, which affects the safety of the dam and can lead to serious damage. Implementing hydraulic fracturing preven-
tion techniques is critical to ensuring safe dam operating conditions.

KEYWORDS: seepage, earth dam, hydraulic fracturing, differential settlements, arching action, concentrated seepage, dam

failure
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BBEJIEHUE

B Hacrosimiee Bpemst BeCbh MUP CTOJIKHYJICS C IIPO-
6reMamMy M3MEHEHUsI KIIMMara, B TOM YHCIIE C SIBIICHUS-
MU JOXSI U TTAaBOAKA CBEPX OOBIYHBIX HOPM, UTO CHIIb-
HO BIMSIET Ha CTOK M THIPOJOTHYECCKHUI PEXKHUM,
BBI3BIBAET OMACHOCTH JUI 3€MJITHBIX TUIOTHH U BOJIO-
xpanmwm [ 1]. [ToaTomy obecnieuenne 6e30MacHOCTH
IUIOTHHBI aKTyaJIbHO.

ABapun ¥ pa3pymieHns], BOSHUKAIOINE TIPH SKCILTY-
aTalyyu TUIOTHH, HAHOCST CEePhE3HbIN yIepO HE TOIBKO
KOHCTPYKIMH THAPOTEXHUIECKOTO COOPYKEHHS, HO U Tep-
PHUTOPHSIM, PACTIONIOKEHHBIM CO CTOPOHBI HIDKHETO Obeda.
[Mocneanuii BO MHOTO pa3 MPEBBIIACT ymiepO, HaHeCEH-
HBII KOHCTPYKLIMH, HA BOCCTAHOBJIEHUE MOYKET YUTH MHO-
ro aetr. Hanpumep, npu npopsiBe miaoTuHsl Puentes
Ha p. Segura (Mcmanws) B 1802 1. moru6mo 608 genoBek,
pazpymiero 909 sxunbix momoB [2]. TIpopbiB 3eMitsHOM
mrotrHb! South Fork (CILIA) B 1862 1. mpuBen k ymepOy
4 mitH gomtapoB u rudemn 2500 genosek [3].

CymiecTByeT MHOTO MIPUYHH Pa3pylICHNS MI0TH-
HBI, TAKUX KaK OIINOKH NMPOEKTUPOBAHUS, CTPOUTEIb-
CTBa, BEIOOP HEMOAXOASIINX MaTePUaoB, IPUPOIHBIC
WIH YeroBedeckne GpaxkTopsl u T.14. [4]. B psange ciayga-
€B aBapHUM Ha I'PYHTOBBIX IJIOTHMHAX BO3HUKAIOT B pe-
3yJbTaTe MPOSIBICHIS THAPaBIHIeckoro paspsisa (I'P),
KOTOPBIH CITy)KUT OIHOW M3 HanboJee BEPOSTHBIX MPH-
YHH, TTOCKOJIbKY BBI3BIBAET COCPEJOTOUCHHYIO (hHITh-
TpaIyio, MPUBOSIIYI0 K PUCKY TPOPHIBA IIOTHHBL,
0COOEHHO IIPH MEPBOM 3ATIOTHEHUH BOJIOXPAHIIININA
[5, 6]. Onrako I'P B 3eMIISIHBIX MJIOTHHAX JOCKOHAIBHO
He n3ydeH. Kpome Toro, ocraercs ANCKYCCHOHHBIM BO-
mpoc o mexanusme [P, a Taxxxe BEIpabOTKe Mep TI0 eTo
IpefoTBpalIeHuio. JlaHHask CTaThsl MOCBSIICHA 00CYy K-
JIEHUIO MEXaHU3Ma BO3HUKHOBeHMs U pazsutus I'P, mo-
UCKY TEXHHUECKHUX PEIICHUI 110 €ro Mpe10TBPAIECHHIO
B TPYHTOBBIX IJIOTHHAX.

MATEPHUAJIBI U METOJbI

MexaHHM3M BO3HHKHOBEHHUS THIPABIHYECKOr0 pa3-
pPbIBa B TPYHTOBBIX IJIOTHHAX

I'mopaBnuueckuil pa3pblB ONUCHIBACTCS KaK MPO-
Iecc, Mpu KOTOPOM TPEUIUHBI 00pa3yloTcs B TPYH-
T€ WU KaMHE, a 3aTEM Pa3BUBAIOTCA NOJ AABICHUEM
BoAbI [7]. DTO sIBIEHWE B OCHOBHOM WHTEHCHUBHO W3-
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y4aeTcss B HE(DTSIHOW M ra30BOW MPOMBIILICHHOCTH
JJI TOBBIIIEHUA MTPOU3BOAUTEIILHOCTH IPOU3BOACTBA
1 dKOHOMHYECKO# apdextuBHocTH [8]. I'P mpemcras-
JISIeT COOO0M CIOXKHYIO M OMAcCHYIO MPOoOJIeMy B CTPOH-
TEJILCTBE TJIOTHH, 0COOCHHO I'PYHTOBBIX.

I'mapaBaudecKkuii pa3pblB TEOPETUUECKH MOXKET
MPOMCXOJUTH B OJHOPOIHBIX I'PYHTOBBIX IJIOTHHAX,
HO BEpOSITHOCTh €ro BO3HHKHOBEHHS OyieT BHIIIE,
€CJIM Marepual HeOJJHOPOJCH C TOYKHU 3peHHus aedop-
Maiuu U Quiabrpanuu. [Ipu U3ydyeHUH BO3MOXKHBIX
MPUYHH pa3pylieHus rpyHToBBIX MioTuH J.L. Sherard
u coaBT. (1986) kpaTko pa3bACHHUIN JIECKAIINI B OC-
HOBE MEXaHU3M, C NOMOIIBIO KoToporo I'P BeI3bIBaeT
COCPEIOTOUYEHHYIO (PMIIBTPAIMIO B TPYHTOBBIX IIOTH-
Hax [5]. UccnenoBanust mokasaiu, 4To U3-3a pa3iny-
HBIX Jedopmannii (0CaJKOB), BOSHUKAIOIUX YCHUIHN
B TeJIe INIOTHHBI 00pa3yloTcs TPEIMHBI (KaK BUANMBIE,
TaK U HEeBUINMBIE). B To e BpeMs Takue sBiIeHus (He-
paBHOMEpHasl 0cajika, BOSHUKAIOIIEE YCHUIINE) IPUBO-
JIT K TIEPepacipeielICHNI0 BHYTPEHHUX HAIPSKEHUH
Ha OT/JENIBHBIX yYacTKaX HACBHITHBIX IPYHTOBBIX ILIO-
TUH. B Takux 061acTsIXx MUHIMaJIbHOE TJIAaBHOE HATIPS-
JKEHUE CHIDKAETCS TIOUTH JI0 HYJISI HITH JTaKe JI0 pacTsi-
THBAOLIETO HANPSDKEHUs. DTH 00JacTH Ha3bIBAIOTCS
30HaMH HU3KOI'O CYKMMAIOILETO HAPSHKESHHMSI.

[Ipu 3anosHeHNH BOIOXPAaHUIINILA YPOBEHb BOJIbI
B BOJIOXPAHMJIHILE OAHUMAETCS BBEPX, @ B MOCIENY-
IOLIEM yBEJIMYUBAETCS JABICHNE BOJbI B TPYHTOBON
IUIOTHHE. B 30HaX HU3KOTO CXKMMAIOIIETO HAIPSHKCHUS
TPYHTA JaBJICHUE BOJbI CTAHOBHUTCS BBIIIE, YEM ITIaB-
Hoe Hampspkenue. [Ipu aTom ¢unbTpanus B MI0THHE
MIPOHMKAET B CYLIECTBYIOIINE TPEIIMHBI (Ja)ke HEBH-
JIUMBbIe), 00pa30BaBIINECs paHee, a 3aTeM BBI3BIBACT
KOHLICHTPALUIO HAalpsKEHUH B BEPIUMHAX TPELLUH.
ITpu 3TOM ycOBMS HANpPsHKEHUS B IUIOTHHE U3MEHSI-
I0TCSI, @ TPEIINHBI PACKPBIBAIOTCS WM PA3BUBAIOTCA.
OOBsCHEHNE TIIACUT, YTO, TIOCKOJIBKY IPEeAeI MPOIHO-
CTH IPYHTA Ha PacTSHDKEHHE OYEHb MaJl MIIH OTCYTCTBY-
€T, TPEIINHBI JIETKO PaclpOCTPAHSIOTCS, YTO IPUBOIUT
K TIOTepe 0€30MaCHOCTH IIOTHHBI.

3areM uccienoBareiln pa3pabdoranu KpUTepHH
JUISl IPOrHO3UPOBAaHMsI M OoLeHKH pucka ['P B noruHe.
l'uppaBiauyeckuil pa3pbiB BOSHUKAET, KOIJIa OH yIOB-
JIETBOPSET CIEMYIOMEMY yCIOBHIO [5, 6, 9]:

o, <W, (1)
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I€ G, — MUHMMAJIbHOE IVIABHOE HAIPSKEHHUE B IPYH-
TOBOU IUIOTUHE, MOYKET OBITh OIPEIENICHO ITyTeM MOHH-
TOPHMHTA Ha MECTE BO3BEACHHS IIOTHHBI (T.€. ONBITHBIM
MyTEM) HJIH C IOMOIIIBIO YHCIEHHOTO MOJISTUPOBAHMS;
W — naBieHue BOJBI B pacCMaTpUBAEMOM TOUKE IUIO-
THHBI, KOTOPOE OMPEJIENSETCS KaK:

W=vyh.,
rjie Y, — YAeJbHBIHA BeC BOIbL; i — TiyOuHa 1o Bep-
TUKAJIM OT JICIPECCUOHHOM JIMHUM 3EMIISTHOW TUIOTHHBI
JIO paccMaTrpUBaeMOM TOUKH.

[TockonbKy JenpeccroHHast KpuBasi pacipocTpa-
HSIETCSI OT BepxHero Obeda K HHIKHEMY, TO 3HAYCHUE
JIaBJICHUSI BOJIbI B TOPU30OHTAIIBHBIX CEUCHMSIX TUIOTHHBI
najzaeT oT BepxHero Obeda k HwkHemy. OTCroa Cciie-
nyer, uto mnpoueccy ['P Hanbosee monBep:KeHbl MacChl
IpYHTa IUIOTHUHBI, PACIIOIOKEHHBIE OJIMKE K BEPXHEMY

obedy.

IIpensiaraemple KPUTEPUH THAPABIHYECKOT0 pas-
PbIBa B IPYHTOBOH IUIOTHHE

Bepostao, B. Lofquist (1957) 06b11 IepBBIM, KTO
IpecKa3al BOSHUKAOLIME YCUIIUS B TPYHTOBOM ILIO-
THHE C HEMPOHUIIAEMBIM SIIPOM, IPUBOSIINE K PUCKY
00pa3zoBaHus TOPU30HTAIBHBIX TpemmuH [10]. On npu-
BEJI IIPUMEPBI JIBYX IUIOTHH, B KOTOPBIX U3MEPEHHOE
BEPTUKAJIIFHOE JaBJICHUE B AJpax COCTABIIIO IOJIO-
BUHY OT JaBJICHUS B IPYHTOBBIX CJIOSIX TEJA IIOTHHEI.
Takoe yMEHbILICHHE HANPSDKEHUS U3-32 HEpaBHOMEp-
HOIl 0CaJIKH B Pa3iIMYHBIX SJIEMEHTAX IUIOTHHBI MOYKHO
Ha3BaTh BO3HUKAIOIINMHU YCHIMAMH JeOpMaMOHHBIX

< YpoBeHb BOAbI
h \I/hw

Hanpsoxenue

['my6una

w=y h

wow

MIPOIIECCOB. DTO YTBEPIKACHUE 3AIHUIIEM CIICIYIOIINM
obpazom:

c =20,
IJle G, — HalpsUKEHUE TPYHTa IUIOTHHBL; G, — Harps-
JKCHUE Spa TUIOTHHBL.

IMocne paspyuienus miotudsl Hyttejuvet (1965)
I. Torblaa n B. Kjoernsli (1968) moctyaupoBanu Mexa-
Hu3M [P 3emurstabix oot [11]. UcenenoBarenu npen-
MOJIOXKWIIM, YTO B Hayalle 3alloJIHeHUs CKUMAIOIINe
HaNpsDKEHHUS CYIIECTBYIOT 110 BCEMY SIIPY H, CIIEA0Ba-
TEJIbHO, HET OTKPBITBIX TperuH. OHAKO IPH 3aroJIHe-
HUU TOPU3OHTAJIEHBIE TPEUIMHBI MOTYT HEOXHJIAHHO
oOpasoBaTbes B pesyasrare ['P B mecTax, rae cymmap-
HOE BEPTHKAJIILHOE HAINpPsDKEHUE B sIIPE 3HAUUTEIBHO
HWKE, YeM JIaBJICHHE 000JIOYKH M3-32 BO3HHUKAIOIIETO
YCHITHSI MEXKIY SPOM M MEHEE C)KIMAeMOM 000I0UKOIA.
Bo Bpems 3anonHeHus BOAOH AaBIeHUE, AeHCTBYIONIEEe
Ha BEPXHEH I'paHHIE AApa, MOXKET MPEBHIIATE o0IIee
HaIpsDKEHUE, ACHCTBYIONIEE B HEKOTOPOH MIIOCKOCTH,
yepes sIpo, Kak 1MoKazaHo Ha puc. 1.

J.L. Sherard (1973) ykasan, 9T0 TIpH OTIIpeaeIIeH-
HBIX YCJIOBHSIX JIaBJICHUE, JICHCTBYIOIIEE HA BEPXHIOIO
YacTh IUIOTHHBI, MOXET BBI3BaTh OTKPBITHE CYIIECTBYIO-
IIUX 3aKPBITHIX TPEIINH WM CO3JaTh HOBBIC TPELIUHBI
[12, 13]. Astop npenmnonoxuin, uto I'P B sape moxkeT
MIPOU30MUTH BCAKHUI pa3, KOIJa CyMMapHbI€ INIaBHbIE Ha-
HPSDKEHUS Ha OIIPE/ICNIEHHON OTMETKE B Jpe JOCTATOU-
HO HH3KH [0 CPAaBHEHHIO C JJABJICHUEM BOJIBI Ha TOI ke
OTMETKe. BHyTpeHHHME HampspKeHus, HeoOXOaMMbIe
it I'P, MOTyT MMeTh MECTO NpH IepPBOM 3aTI0JIHEHUN
BOJIOXPAaHMJIUIL WM PA3BUTHCS ITO3XKE B PE3ysbTare

=TpelnHbI B pe3ysbTrare
THAPABIMYECKOTO pa3pbiBa

Puc. 1. PazButie TpenmH B spe: G — HANPsDKEHHUE TPYHTA IUIOTHHEL; 6’ — HANpsDKEHHUE TPYHTA B 30HE, MPHMBIKAIOMIEH K SpY;

W — JaBJICHHE BOMBI

a7
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MPOJI0JIKAIOIIIECHCSl HEpaBHOMEPHOM 0Ca/Iku MaTepuasia
TeJa IUIOTHHBL.

Heckonbko ucciienoBareseil npeanojgarajiu «Ha-
CHIIIEHHYIO OCaJKy» KaK IPYrod MEeXaHW3M TPEIIHH
sApa Opu ruapasiudeckoM paspeise [14, 15]. Ha-
ChILLIEHHAsl OcCajJKa pa3BHUBAeTCs MpPU 3alOJIHEHUU
BOJIOXPaHUJIHUIIA, KOTAa CJIa00yIIOTHEHHBIH T'PYHT
WK NpeAIICCTBYIOMINE 30HBI U CJION PBIXJIOTO MaTepu-
aJia HaChIIAIOTCS U YIUIOTHSIOTCS MO COOCTBEHHBIM
BECOM, MPEX/Ie YeM CyXOi Win Oonee IUIOTHBIA TPYHT,
BO3BBILIAIOIINKCS HaJ HUM, YCIIEBAET HACBITUThCS. Ta-
KUM 00pa3oM, B MECTE PACIOIOKEHI KPUBOH JeTpec-
cuu 00pa3yeTcs pa3phlB WIH TPEIIWHA, H JTI000e To-
cJeyroliee NOBBILIEHHE YPOBHS BOJIbI TO3BOJISIET BOAE
MIPOHUKHYTH B 3Ty TPEUIUHY, YTO MPUBOAUT K SPO3HH.

Ilo Bompocy 0 ponu TpelmuH B BO3SHUKHOBEHUU
I'PB TPYHTOBBIX INIOTUHAX BO MHOI'MX UCCICAOBAHUAX
JIEJTaeTCsI BRIBOA O BAXKHOCTH MPEaBapUTENFHO 00pa3o-
BaBIIMXCS TpemuH [6, 11]. MokHO cKka3aTh, 9TO MHH-
nuupoBanre [P B HACHITHBIX TUIOTHHAX OTPEACISCTCS
JIBYMSI Ba)KHBIMHU yCIIOBUSMU. [lepBoe — 3TO yCIIOBUS,
[IPU KOTOPBIX HANPSKEHUE B HEKOTOPBIX JIOKAJIbHBIX 30-
HaX FPYHTOBBIX IUIOTUH CHUXKAETCS, CIIOCOOCTBYS pas-
BUTHIO TUJPABIUYECKOTO pa3pbiBa. Bropoe — Hanmnyue
B INIOTUHAX TPCIINH, KOTOPHIC UTPAIOT POJIb HAYAJIbHBIX
TpeuuH ['P.

PE3VIBTATHBI HCCIEJOBAHUA

B3aumocBs3b MexK1y T'HIPABJIMYECKUM Pa3pbIBOM
U SIBJCHUSIMM HEPABHOMEPHOIi 0CaIKH M BO3HUKA-
OLIEr0 YCHIIUSI

Cuuraercs, uto I'P TeCHO cBsA3aH ¢ SIBICHUAMU He-
paBHOMEPHON OCaJKU M BO3HUKaroUero ycunus [16].
B rpyHTOBBIX MIOTHMHAX HEpPaBHOMEpHAs Ocajka ya-
CTO BO3HHKAET B 30HAX MEXIY HACBIITHBIM I'PYHTOM
U YyCTOSMHU IUIOTHHBI, HACBIITHBIM TPYHTOM U OETOH-
HBIMHM KOHCTPYKIUSIMHU, TAKUMH KaK BOZOIPOITYCK-
HBIC TPYOBI W BOJOCOPOCHI, HEIPOHHUIAEMBIE sIApa
U UX 00OYMHBI, a TaKXe MPOTHBOQIIBTPALHOHHBIE
TpaHIIeH M MpUMbIKatomue pyHaaMeHTs [6]. B atux
30HaX, MOCKOJIbKY MaTepUasIbl UMEIOT pa3HbIe MOYIH

I'peGeHp MIOTHHBI

YOPYTOCTH, MaTepualbl OyayT OCelaTh MO-pa3sHOMY,
1 HaNpsHHKEHUEC B 30HAX MOXKET YMEHBIIUTLCA N0 HYJIA
NN JaXX€ 10 PaACTAKCHUA. CHI/I)KCHI/IC HaIpsXXCHUA
3a CUeT HEPaBHOMEPHOH 0Ca/Iki B HEKOTOPBIX JIOKAJb-
HBIX 30HaX Ha3bIBACTCSI SIBIICHHEM BO3HHUKAIOIIIETO YCH-
nust. TIpu 3TOM YCJIOBUH BBIMONHSAETCSI COOTHOIIICHHE
B ypaBHeHnH (1). B To ke Bpems u3-3a yMEHBIICHHS
HaIPSOKCHUS B TaKMX 30HAX 33 CYCT BO3HUKAIOIICTO
YCHIIUSI MOTYT 00pa30BBIBATHCSI HEKOTOPBIC TPEIIHUHEL.
MOo3KHO cKa3arb, YTO CHUXKCHUE HAIPSHKEHUSI HApALy
¢ 00pa3oBaHUEM TPEIIHH CO3/aeT YCIOBHS, CIIOCO0-
CTBYIOIIME HHUIMMPOBAHUIO THAPABIMYECKOTO Pa3pbl-
Ba MPH 3aI0JIHEHUH BOJOXPAHUIIUINIA IJIOTHHBI, TaXKe
[IPY TIEPBOM 3aIOTHEHHH.

HepaBHomepHasi ocaika M BO3HHMKaIOIIee yCUJIne
BOJIM3H YCTOEB MJIOTHHBI

A. Casagrande (1951) ucnons3oBan aHanus me-
TOAOM KOHEUYHBIX DJIEMEHTOB, YTOOBI MPOJEMOH-
CTPHUPOBAaTh BIUSHHUE yKJIOHA YCTOEB U JehopManun
¢yHIaMeHTa Ha y4acTKM C HU3KUM HaIlpsKEHHEM
U TpeuHaMu B 3emisiHol muiotune [17]. Ha puc. 2
MPEJCTaBICHBl YCIOBUA, IPH KOTOPBIX TPEIIUHBI BO3-
HUKAIOT BOJIM3H KPYTOTO yCTOS JKECTKOTO CKaJIbHOTO
OCHOBaHUS M3-32 HEPABHOMEPHOW OCaJIKM W BO3HHKA-
FOIIETO yCHITHA. B HEKOTOPBIX HEMaBHUX MCCIICIOBAHH-
sx K. Hoeg, H. Bui, K. He u coaBT. Takke MpuXOmAT
K TakoMy BeiBoxy [18-20].

HepaBHoMepHasi ocajika U BO3HHMKalollee yCHiaue
BOJIM3H BOAOMPOIYCKHOI TPYOBI

Ha puc. 2 nokaszaHo, 4To u3-3a BIMSHUS HEPABHO-
MEpPHOH ocaJku BOJM3H BOAOIPOITYCKHON TPYOBI I10-
SIBJIIIOTCSA YYaCTKHM C HU3KMMHU HAINPSDKEHUSIMU U Tpe-
LIMHBI. DTO SIBJIEHUE OBLIO MOJITBEPKACHO MHOIMMHU
UCCIIeZIOBATENIMU KaK TEOPETUUECKUMHU, TaK U IKCIIe-
pUMEHTaIIBHBIMU MeToamH [5, 6, 21]. Tpeuunsl, 00-
pasyrolecs BAO0Ib BOIOIPOIYCKHOW TPyOBI, CO3/1at0T
COCPENOTOYECHHYIO (DHIIBTPALINIO, YTO IPUBOJUT K pa3-
PYIICHHIO TUIOTHHEL.

Kpowme toro, J.L. Sherard Takxe npeamonoxu,
YTO TPYIHO UJICaJIbHO YIUIOTHUTH TPYHT, YTOOBI HE OBLIO

Tpemuna

Teno MIOTUHEI

|
I
I
Tpemuna |
|
I
I

Tpemuna

Bonmosog

| l HepaBHomepHas ocanka

i

|
|
L
|
|
Tpemuna Jy
|
|

Yeroit

Puc. 2. [IpononbHIi pa3pe3 MIOTHHE — (OPMHUPOBAHNE 30H HIU3KOTO HANMPSDKEHUS M TPEIIMH BOIM3H BOIOBOAA U yCTOSI B Ha-

CBIITHOM TUIOTUHE

48



OcobeHHocTH MPOSABAEHUA TMAPABANYECKOI0O pa3pbiBa B rPYHTOBbIX MAOTUHaX

C. 45-60

3a30pOB WJIM Pa3phIBOB HA TPaHUIE paszjeia MEeKIy
TPYHTOM M MaTepHalaMi BOIOIPOITYCKHBIX COOPYXKe-
HUH WM YCTOEB IUIOTHH, HAIIpUMep, KOT/Ia BOJOIPO-
MTyCKHOE COOpPYKEHHE MMEET HEMOIXOIAIIYI0 PopMy
(x mpumepy, popmy Tpy6s) [13]. [loaTomy MOryT Cy-
LIECTBOBATb KaKKE-TO 3a30Pbl UJIM PA3PhIBbI, UTPAIOLIHIE
POJIb UCXOHBIX TpeIIUH st Bo3HuKHOBeHus: ['P. Crie-
JoBaTesbHO, puck I'P craHoBUTCH BBIlIE, YEM B CiIyyae
HACBHIMHBIX [JIOTUH, UMCIOIIHUX MOAXOMSIINE (OPMBI
BOJIOTIPOIYCKHBIX TPYO.

HepaBHomepHasi ocagka W BO3HHKAOIIee YCHIINE
B 3eMJISTHOH TIJIOTHHE C SIAPOM

Ha puc. 3 npuBeneH mexanu3M oOpa3oBaHus Tpe-
IIMH B HEMPOHUIAEMBIX SIIPax U TPAHIIEsX 32 CUET BO3-
HUKHOBEHHSI HEPaBHOMEPHOH OCAJIKH U BOSHUKAIOLIETO
YCHIIUSI MEXKTY SIAPaMH, TPAaHIIESIMH U TPYHTOM, IIpH-
MBIKaHUSIMU K HEM. U13-3a 2 pekTOB HepaBHOMEPHOM
0CaJIK{ ¥ BO3HUKAIOUIETO YCHIINS TPEIINHBI JETKO 00-
pasyloTcs U pacripocTpanstores uz-3a I'P uepes sapo
n tpaHmeu. Cuuraercs, 4TO STOT MEXaHU3M CBSI3aH
C aBapusIMM MHOTHX 3€MJISIHBIX KaMEHHO-HaOpPOCHBIX
TUIOTHH, OCOOEHHO C MCTOPUYECKHMHU TTIOTHHAMH, CITPO-
EKTHPOBAaHHBIMHU C OYECHb Y3KMMH HENPOHUIIAEMBIMH
SApaMH M Y3KHMH OTCEYHBIMU TPAHILESIMH, OCTPOCH-
HBIMH JUTsL CHIDKEHHMS! TOPOBOTO JIAaBJICHHUSI BOJIBI BO Bpe-
M3l CTPOUTENBCTBA, HanpuMep, ioThHBI Dale Dyke (An-
nmst), Hyttejuvet (Hopserwnst), Balderhead (Anrmus).

HepaBHoMmepHas ocajka U BO3HHKAaOIee yCHIHe
H3-32 APYTUX NPUYUH

HexoTopble 30HBI HU3KOTO HAOpPsKEHHS U Tpe-
IIUHBl TAaKXK€ BCTPEUAIOTCS B HACBIMHBIX MIOTHHAX
U3-3a HEPaBHOMEPHOH OCaJKU B pe3yibTare cylle-
CTBOBAHUS CUJIBHO CKMMAEMOTO CJIos B yHIaMEHTE
I0THHEI [22]. OgHaKko puck 00pa3oBaHMs TaKUX Tpe-
IIMH MOXXHO 3HAYUTEJIbHO YMEHBIIUTb, €CIIH TIepe]] Ha-
YaJIOM CTPOUTENNBCTBA MPOBECTH TIATEIBHBIE TE€OIOTH-
yeckue uccienoBanud. Kpome toro, ycaaka HachIny,
HEA0CTAaTOYHOE YIIOTHEHHE U 3€MIIETPSICEHUS] MOTYT
OBITH ApyruMu (hakTopamu, CBSI3aHHBIMH C 00pa3oBa-
HHUEM TPELIUH B JFOOOM MECTE IIOTHH.

I'peGens MIOTHHE

- YpoBeHb BOJbI
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Paspymienue nioTHHBLI U aBAPUH MOJ MEXaHU3MOM
THAPABJIHYECKOro pa3pbiBa

HccnenoBanusi, OCHOBaHHBIE HAa CTATUCTHKE, MO-
Ka3bIBAIOT, YTO BHYTPEHHsSA 3po3ns uiu cyhdosns,
BBI3BAaHHAS COCPEHOTOUEHHON (MIIBTpAIleH, SIBIseTCs
OJIHOH! U3 OCHOBHBIX IIPUYUH Pa3pyLICHUsI TPYHTOBOM
IJIOTUHBI UK aBapuil [23-25]. I'mapaBnuueckuii pas-
PBIB CUMTAETCSl HAauOOJIee BEPOSITHBIM MEXaHU3MOM,
BEI3BIBAONINM cyddo3uio [5]. B tabmuue mpencras-
JIeHa CTaTUCTHUYecKas 0a3za TaHHBIX O HEKOTOPBIX pas-
pPYLIEHUSAX IUIOTUH B MUpPE, CBA3AHHBIX C T'MJpaBIu-
YeCKUM pa3pbiBoM. UToOBI 00BsSCHUTE 3T0, Ngambi
ONHUpaliCs HA TEOPHUIO0 MEXaHUKH PA3PyLIEHUS U pe-
3yJbTaThI JJAOOPATOPHBIX MCIBITAHUN, YTOOBI MIPEAIIO-
JIOXKUTH, YTO COIIPOTHBIIEHUE 00pa3I0B HAPYIIEHHOTO
TPYHTa THAPABINIECKOMY Pa3pbIBY (COOTBETCTBYIOIIEE
COIIPOTHUBIIEHUIO HachlM ['P muioTuH BCkope mociie
3aBEPIICHUS UX CTPOUTEIHCTBA) OBLIO OYEHb HU3KUM
W 3HAYUTEIHHO MEHBIIE, YeM y HEHapyUICHHBIX 00-
pasnoB rpyHTa. Takum 006pa3om, BUIAHO, YTO TIIOTHHBI
Ha PaHHMX CTaJMAX TIOCJIE CTPOUTENILCTBA O0JIee Moa-
BepskeHbl ['P, yeM MiuoTHHBI, HaXoAsIIMeCs B dKCIUTya-
TalUK JUINTEIEHOE BPeMs.

Amnanmu3upyst nHGopmManuio 00 MHIUICHTAX, MPo-
M30IIEAINX C ITOCTPOEHHBIMU IPYHTOBBIMU IIIIOTHHA-
MU B Pa3HbIE TO/IbI, MOXKHO C/IaTh BBIBOJ, UTO pas3py-
HIEHUs IPOUCXOJUIIN B MOJABIISIIOIIEM YHCIIE CIIydaeB
B MECTax, TJIeé MOIIM MPOXOAUTH MPOLECCHl THAPOPa3-
PBIBHOTO XapaKTepa, ONMCaHHbIE BbIlIe. FIMEHHO B Me-
CTaX, CBSI3aHHBIX C MEPEXOJHBIMU 30HAMH B IIPOTHUBO-
(UIABTPAIMOHHOM siIpe, B OETOHHBIX COOPYKEHHSIX
BOJIOCOPOCHBIX CHCTEM TPyO4aToH KOHCTPYKIIMH MO-
JKET BO3HMKATh THIPOPA3PHIB B MaTepHalle MNIOTHHEI,
KOHTaKTHPYIOLIEM C OTMEUEHHBIMH 3JIEMEHTAMH IIJIO-
TUHBI TI0 IPUYMHAM, YKa3aHHBIM BBIIIIE.

MeponpusiTusi 10 CHUKEHHIO PUCKOB THIPaBJIHYe-
CKOT0 pa3pbiBa

OueBunHo, uto I'P omacen u yrpoxaert 6e3omac-
HOCTH IUIOTHHBL. [103TOMY Ba)kKHO BHEIPUTH METOJBI
NPEI0TBPALICHHUS] OOPYLICHUS TIJIOTHHBI W3-32 THAPAB-
JIMYECKOTO pa3phiBa.

l l HepaBHomepHast ocagka
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Puc. 3. Ilonepeunsiii pa3pe3 MIOTHHEI — (HOPMHUPOBAHIE 30H HI3KOTO HAIMPSHKEHUS U TPEIINH B INTOTHHE C SIIPOM
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CrarucTika pa3pyleHuil IoTuH

I'on 3aBepmienus | lox mHIMAeHTa MecTo pa3pyiieHus Ha Tene
IInoruna (cTpana) Ccblika
CTPOUTENBCTBA | WIIH Pa3pyLICHHsS TUTOTHHBI
Balderhead 1964 1967 B o6nactu sapa Vaughan, 1971
(BenmkoOpuTanms)
Winscar 1975 1976-1980 B obnactu BomompomycKHoO# Routh, 1988
(BenmkoOpuTanus) TpyOBI U yCTOS
Horndoyne 1990 1990 B obnactu BomonpomyckHOMI Charles, 2005
(BenukoOpuranmus) TpyOBI
Greenbooth Flemming u Rossington,
(Benmxobputanys) 1962 1983 B obnactu ycros 1985
Carno Lower 1911 2005 B oOmactu BomonpomnycKkHOM Rowland 1 Powell, 2006
(BenmkoOpuTanmus) TpyOBI
Leader Middle Clear B obnactu
Boggy Creek Site 15 1965 1966, 1968 MPOTHBO(GUIBTPALIHOHHON Sherard, 1972
(CIIA) TpaHIIeH
Upper Red Rock B oGnacty BOfOMPONyCKHOI
Creek Site 42 1966 1967 e ﬂ6Mp Y Sherard, 1972
(CILIA) Py
Caney Coon Creek B obnacTr BonmonpomyckHoi
Site 2 (CILIA) 1964 1964 TPy Sherard, 1972
Upper Red Rock B obnactu BomonpomyckHoM
Creck Site 48 1964 1964 e Sherard, 1972
(CLLIA) py
Upper Clear Boggy .
Creek Site 53 1963 1964 B oGmactn B POTYeHon Sherard, 1972
(CILIA) py
Little Wewoka B obmactu BomonpomyckHOH
Creek Site 17 1960 1960 oy Sherard, 1972
(CILIA) py
Owl Creek Site 13 B obmnactu BogomnpomnyckHoi
(CIITA) 1957 1957 Tpy6bI Sherard, 1972
Owl Creek Site 7 B obmactu BomonpomyckHOH
(CILIA) 1957 1957 Tpy6H Sherard, 1972
Leader Middle Clear B obmactu BomonpomyckHOH
Boggy Creck Site 29 1962 1970 oy Sherard, 1972
(CILIA) py
Hyttejuvet . .
1965 1966 B obGmactu siipa Torblaa u Kjoernsli, 1968
(Hopserus)
HesaBucumast KOMHCCHST
B obuactu ACCMOTPUT IPHIUH
Teton (CLLA) 1975 1976 NPOTUBOMUIBTPALIMOHHOM P PHT TP Y
[IPOPBIBA IIOTHHBL
TpanteH Teron, 1976
Viddalsvatn 1972 1973 B o6nactu supa Vestad, 1976
(Hopserus)
Yard’s Creek Upper
Reservoir (CIIIA) 1965 1965 B obnactu siipa Sherard, 1973
KE 2/20 REC 2008 2009 B obmactu BomonpomyckHOH Neguyen u Ho, 2009
(BretHam) TPYOBI U YCTOS

J.L. Sherard (1992) mpenmonoxXui, 9T0 XOPOIIO
CIPOEKTUPOBaHHBINA GUIIBTP (pHc. 4) NMeeT nepBocTe-
MIEHHOE 3HAUCHNUE, a IPyTHe MEPHI [0 YMEHBILICHUIO He-
PaBHOMEPHOH 0CaJIKU TPEIUH UMEIOT BTOPOCTEIICHHOE
3HadeHue [26]. [Tomxonsmum GUIBTPOM SIBISETCS TOT,
KOTOPBIN criocoOeH 0e301acHO KOHTPOIUPOBATh COCpe-
JIOTOYCHHBIE (DMIIBTPALMU HE TOJIBKO M3-32 MEXaHM3-
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Ma 3po3ud, Ho U u3-3a [ P. UccnenoBanme S. Ngambi
(1998), ocHoBBIBasich Ha pe3yibTraTax JJabopaTOpHBIX
UCTIBITAHWH, TAKXKe MOATBEPIMIIO BAXKHOCTD (QHIIBTPA
B npenotspamiennu I'P [27]. B HacTosmee BpeMs noa-
XOIIMH (rIIbTp cuuTaeTcs TpeOOBaHNEM CPE/IH CTaH-
JapTOB MPOCKTUPOBAHUA U CTPOUTEIILCTBA I'PYHTOBBIX
IUTOTUH BO MHOTHX CTpaHax.
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Puc. 4. Meponpusitie o CHIKEHHIO PHCKa BOSHUKHOBEHHS THIPABIMYECKOTO Pa3phiBa B IIIOTUHE C SAPOM

I'peGens mIOTHHBI

Briemka

OpHUrHHATBHBIN YKIOH

Z

‘VKJI0H BEIEMKU

Teno mMIOTHHE

Puc. 5. Meponpustue 10 CHUKEHUIO PUCKA BOSHUKHOBEHUS
THIPABIMIECKOTO pa3phIBa BOIU3H yCTOEB IIIOTHH

B mensix CHUKEHUS! BEPOSATHOCTH HEPABHOMEPHOM
0CaJIKU B TUIOTHHE U CHMXeHus pucka ['P B uccneno-
Banuu J.L. Sherard (1992) 6pun pekoMeHIOBaHBI He-
KOTOPBIC MEPHI.

1. JIns rugpaBaudecKoro paspbiBa, IPOUCXOs-
1mero BOnM3M ycroes miotuH, J.L. Sherard npeanoxwn
BBIKOIIATh YCTOH, YTOOBI clienaTh 0ojee MOoJIOTHe CKII0-
HBl U YCTPAHHUTh PE3KHE U3MECHEHHUS WIIM HEPOBHOCTH
B YCTOSX WJIM OCHOBaHHX IUIOTHH (puc. 5). Llensto
ATOM Mephl SBISIETCSl CHIDKEHUE pUCKa 00pa3oBaHUs
CBOJIOB BOJIM3M yCTOEB IUIOTHH, YTO MPUBOAUT K 00pa-
30BaHUIO TPEIIMH U 30H PACTSDKEHUS B IUIOTHHE.

2. YroOwl mpenorBparuth I'P psimom ¢ Bomo-
npomyckHeIMH TpyOamu, J.L. Sherard mocoseroBan
Ha IPaKTHKE IPUMEHSTH ApyTrue (POpMbI BOIOIPOITYCK-
HBIX TpyO. Pexomenmyembie (GOpMBI BOJOMPOIYCK-
HBIX TPYO DOJDKHBI HMETh CJIeTKa HAKJIOHHBIE HAPYK-
HbIC TIOBepXHOCTH. B wactHOCTH, J.L. Sherard (1992)
u S. Ngambi (1997) npeanoxuiin BOJONPOINYCKHbIE
TpyObI ¢ HAKJIOHHBIMH BHELIHUMH OTKOCaMH B COOTHO-
IIEHUH OJJMH B TOPH30HTAJIBHOM HAIlPaBIEHUH K BOCh-
MU WIH JIECSATH B BEPTUKAJIBLHOM HampaBlieHUH (T.e.
YKIIOH HapyXHBIX HaKIOHHBIX cTeH oT 0,1 mo 0,125)
[9, 26].

VKIIOH HapyKHBIX
HaKJIOHHBIX cTeH 0,1

Puc. 6. Texymias o0mast popMa BOIOIPOITYCKHOW TPYyOBbI TPYHTOBOM INIOTHHEI B SIMTOHUY C HAKIIOHHBIMH BHEITHUMH CTEHKaMH

¢ ykioHom 0,1
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B nacrosmee Bpems cpeiy MHOXECTBa CTaHAAp-
TOB NPOEKTHPOBAHMS W CTPOUTEILCTBA 3aTTyOICHHBIX
BOJIOTIPOTYCKHBIX TPYO B HACBIITHBIX IUIOTHHAX, HC-
MOJTB3YEMBIX B pa3BUTHIX cTpaHax (Amonus u CIHIA),
TaKKe PEKOMEH/IyeTCsl, YTOObI 3arTyOJIeHHBIE BOIOIPO-
MTyCKHBIE TPYyOBl NIMENIN HapYXHbIC HAKIOHHBIE CTEHBI
¢ yksionoM ot 0,1 1o 0,3 (puc. 6). B HenaBHuUX uccie-
moaHuAx D.Q. Tran (2018) mpemmoxnin KpuTHIECKIA
YKJIOH HaKJIOHHBIX cTeH He MeHee 0,4 [28]. Muorue uc-
CJIEZOBATENN IPHUIIUIN K BBIBOAY, YTO U3MEHEHHE (Hop-
MBI BOJOTIPOITYCKHOW TPYOBI SIBIIsICTCS OOIIENPUHSTON
1 3G PEKTUBHOI MEpOii [Tl TPeIOTBPAIIEHHs PUCKA BO3-
HUKHOBeHWM: [ P BONIM3M BOIOIIPOITY CKHBIX TPYO [ 6, 26,29],
MOTOMY 4TO M3MEHeHHEe (POPMBI HE TOJIBKO I(P(HEeKTHB-
HO CHIJKAeT BO3HHKAIOIIEE YCHIIUE, HO M CIIOCOOCTBYET
YIUIOTHEHUIO HACBIITHOTO TPYHTA HA BHEIIHUX IOBEPX-
HOCTSIX BOJIOIIPOITYCKHBIX TPYO.

SAKJIIOYEHHUE

Ha ocHOBaHMM HEKOTOPBIX UCCIIENOBAHUI 110 THU-
JIPABIMYECKOMY Pa3pbIBY, YIOMSHYTBIX BBIIIE, MOKHO
CIeTaTh CJIEAYIOIINE BBIBOBI.

TunpaBnuyeckuil pa3pbeIB MpPEICTaBIICT COOOH
peanbHyI0 NOTEHIIMAIBHYIO OMACHOCTh AJIS 3eMJISTHBIX

TUTOTHH, 0COOSHHO TPH IEePBOM 3aroiHeHnH. PaccMo-
TPCHHBIC B CTaThe 0COOCHHOCTH MTOBEICHHS MaTepraia
TPYHTOBBIX IIOTHH, IJIaBHBIM 00pa3oM B MecTax Iepe-
XOJIHBIX 30H U CONPSDKEHUS C IPYTMMH JJIEMEHTAMH,
MpeAnoaratoT NpoIecchl, cBsi3anubie ¢ [P, Bo3HuKa-
IOMIUM IIpU JaBJICHUN BOJbI @HHLTpaHHOHHOFO I10TO-
ka. Hemoxxonsiiast popma BOJOMPONYCKHON TPyOBI,
HAKJIOHHBIC YCTOW, CIIMIIKOM y3KHE HEMPOHUIIAEMBIC
TpPaHIIEW — BCE ATO YBEJIUUYUBAET BEPOSITHOCTH [P
TUTOTHHBL. MeXaHU3M TPOIIECCOB, CBSI3aHHBIX C THIPAB-
JIMYECKUM Pa3pbIBOM B TeJl€ TUIOTHHBIL, 10 KOHIIA HE M3~
Y4€H, HO yXe ceidac sICHO, UTO NPU NPOEKTUPOBAHUU
HOBBIX BOJIOTIOJIIOPHBIX COOPYXKEHUH N3 IpyHTa HE00-
€0 1850%(¢] 06pa111aT1) BHUMAHUC HA BBIICIIPUBECACHHLIC
(akTOpkI, KOTOPBIE CBSA3aHBI C OE30IIACHOCTHIO COOPY-
JKEHHSI M €T0 JIOJITOCPOYHON Oe3aBapuitHON pabOTOM.

HecMmotpst Ha TO 9TO GOIBIITIOE KOTHIESCTBO HCCITE-
JIOBaHWH OBUTH COCPEIOTOYCHBI Ha Mepax 1o Oe3orac-
HOMY KOHTPOJIIO PUCKA NMPOUCIIECTBUH C MIOTHHAMHU
13-3a TUAPABINYECKOTO pa3pblBa U PEKOMEHOBaHBI
orpeziesIeHHbIe Mepbl, 9PPEKTUBHOCTh HEKOTOPBIX MEp
IIJIOXO JI0Ka3aHa WM HE MOJIy4yuia MOJHOro Coria-
cusi. [loaTomy HeoOXxoquMo 0osiee BHUMATEIbHO M3-
YYIUTH MEPOIPHUITHS 110 MOBBIIICHHUIO 3aNTUIIIEHHOCTH
TUTOTHH OT THAPABINIECCKOTO Pa3phIBa.
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Brrao asmopos:

Opexog I'B. — udes cmamuu, nayunoe pykogoocmaeo, hopmynuposanie KOHYenyuu uccie008anius u HayyHoe
PeOaKmuposaHe mekcma.

Yan Manb Kvlone — c60op u 0bpabomka mamepuand, Hanucanue cmamali.

Asmopui 3a5671510m 06 OMCYMCMEUY KOHQIUKMA UHMEPECOs.

INTRODUCTION

At present, the whole world is facing the problems
of climate change, including the phenomena of rainfall
and flooding in excess of normal norms, which strongly
affects the runoff and hydrological regime, and causes

danger to earthen dams and reservoirs [1]. Therefore,
ensuring dam safety is relevant.

Accidents and failures occurring during dam op-
eration cause serious damage not only to the structure
of the hydraulic structure, but also to the downstream
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areas. The latter is many times greater than the dam-
age caused to the structure and can take many years to
repair. For example, when the Puentes dam on the Se-
gura river (Spain) burst in 1802, 608 people died and
909 residential houses were destroyed [2]. The breach
of the South Fork earth dam (USA) in 1862 resulted in
damage of $4 million and the death of 2,500 people [3].

There are many causes of dam failure such as
design errors, construction errors, selection of unsuitable
materials, natural or human factors, etc. [4]. In some
cases, earth dam failures are caused by hydraulic fracture
(HF), which is one of the most likely causes because it
causes concentrated seepage leading to the risk of dam
failure, especially when the reservoir is first filled [5, 6].
However, HF in earthen dams has not been thoroughly
studied. In addition, the mechanism of hydraulic
fracturing and the development of measures to prevent
it remain a matter of debate. This paper is devoted to
the discussion of the mechanism of the occurrence and
development of hydraulic fracturing and to the search
for technical solutions to prevent it in earth dams.

MATERIALS AND METHODS

Mechanism of occurrence of hydraulic fracture in
earth dams

Hydraulic fracturing is described as a process
where cracks form in soil or rock and then develop
under water pressure [7]. This phenomenon is mainly
intensively studied in the oil and gas industry to
improve production productivity and economic
efficiency [8]. HF is a complex and dangerous problem
in dam construction, especially in earth dams.

Hydraulic fracture can theoretically occur in ho-
mogeneous earth dams, but the probability of its occur-
rence will be higher if the material is inhomogeneous in
terms of deformation and seepage. In studying the pos-
sible causes of failure of earth dams, J.L. Sherard et
al. (1986) briefly explained the underlying mechanism
by which HF causes concentrated filtration in earth
dams [5]. Studies have shown that due to various de-
formations (settlement), forces occurring , cracks (both
visible and invisible) are formed in the dam body. At
the same time, such phenomena ( non-uniform settle-
ment, arising forces) lead to redistribution of internal
stresses in certain areas of embankment earth dams. In
such areas, the minimum principal stress is reduced to
almost zero or even tensile stress. These areas are called
low compressive stress zones.

When the reservoir is filled, the water level in
the reservoir rises upwards and subsequently the water
pressure in the earth dam increases. In areas of low
compressive stress in the ground, the water pressure
becomes higher than the principal stress. At the same
time, seepage in the dam penetrates into the existing
cracks (even invisible cracks) formed earlier and then
causes stress concentration at the crack tips. When this
occurs, the stress conditions in the dam change and
the cracks open or develop. The explanation states that
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since the tensile strength of the soil is very low or non-
existent, the cracks propagate easily, resulting in a loss
of dam safety.

The researchers then developed criteria for
predicting and assessing the risk of hydraulic fracture
in a dam. A hydraulic rupture occurs when it satisfies
the following condition [5, 6, 9]:

6, <W, (D)
where o, is the minimum principal stress in the earth
dam, which can be determined by monitoring at the dam
site (i.e. by experience) or by numerical modelling;
W is the water pressure at the point of the dam under
consideration, which is defined as:

W=y-h_,
where y is the specific gravity of water; &  is
the vertical depth from the depression line of the earth
dam to the point under consideration.

As the depression curve extends from upstream
to downstream, the value of water pressure in
the horizontal sections of the dam decreases from
upstream to downstream. It follows that the masses
of the dam’s soil located closer to the upstream face
are the most susceptible to the process of hydraulic
fracturing.

Proposed criteria for hydraulic fracture in
a groundwater dam

B. Lofquist (1957) was probably the first to predict
the resultant forces in a soil dam with an impermeable
core leading to the risk of horizontal cracking [10]. He
gave examples of two dams in which the measured ver-
tical pressure in the cores was half of the pressure in
the soil layers of the dam body. This stress reduction
due to non-uniform settlement in different elements
of the dam can be called the resultant forces of defor-
mation processes. Let us write down this statement
as follows:

6, =20,
where 6 — is the stress of the dam soil; 6, — stress
of the dam core.

After the destruction of the Hyttejuvet dam (1965)
I. Torblaa and B. Kjoernsli (1968) postulated the mech-
anism of HF of earthen dams [11]. The researchers
assumed that at the beginning of filling, compressive
stresses exist throughout the core and hence there are no
open cracks. However, during filling, horizontal cracks
may unexpectedly form as a result of HF at locations
where the total vertical stress in the core is much lower
than the shell pressure due to the resultant force be-
tween the core and the less compressible shell. During
water filling, the pressure acting at the upper boundary
of the core may exceed the total stress acting in some
plane through the core, as shown in Fig. 1.

J.L. Sherard (1973) pointed out that, under certain
conditions, the pressure acting on the top of a dam can
cause the opening of existing closed cracks or create new
cracks [12, 13]. The author suggested that HF in the core
can occur whenever the total principal stresses at a cer-
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Water level

Pressure

Depth

:Yh

wow

racks as a result
of hydraulic fracturing

Fig. 1. Crack development in the core: 6 — dam soil stress; 6’ — soil stress in the zone adjacent to the core; w — water pressure

tain elevation in the core are sufficiently low compared
to the water pressure at the same elevation. The internal
stresses required for HF may occur when the reservoirs
are first filled or may develop later as a result of contin-
ued uneven settlement of the dam body material.

Several researchers have suggested “saturated set-
tlement” as another mechanism of core fractures during
hydraulic fracturing [14, 15]. Saturated settlement devel-
ops during reservoir filling when poorly compacted soil
or preexisting zones and layers of loose material become
saturated and compacted under their own weight before
the dry or denser soil above them has time to saturate.
Thus, a break or crack forms at the location of the depres-
sion curve, and any subsequent rise in the water table
allows water to penetrate this crack, resulting in erosion.

On the question of the role of cracks in the initiation
of hydraulic fractures in earth dams, many studies have
concluded the importance of pre-formed cracks [6, 11].
It can be said that the initiation of HF in earth dams
is determined by two important conditions. The first
one is the conditions under which the stress in some
localized zones of the earth dams decreases, promoting
the development of hydraulic fracture. The second —
is the presence of cracks in the dams, which play
the role of initial cracks of HF.

RESEARCH RESULTS

Relationship between hydraulic fracture and
the phenomena of non-uniform settlement and
resultant force

HF is considered to be closely related to the pheno-
mena of uneven settlement and resultant force [16].

In earth dams, non-uniform settlement often occurs in
areas between the embankment and the dam abutments,
the embankment and concrete structures such as culverts
and spillways, impermeable cores and their shoulders,
and impervious trenches and abutment foundations [6].
In these zones, since the materials have different elastic
moduli, the materials will settle differently and the stress in
the zones may decrease to zero or even stretch. The stress
reduction due to non-uniform settlement in some localized
zones is called the emergent force phenomenon. Under
this condition, the relationship in equation (1) is fulfilled.
At the same time, due to the stress reduction in such
zones due to the resultant force, some cracks may be
formed. It can be said that the stress reduction along with
the formation of cracks creates conditions that favour
the initiation of hydraulic fracture when the dam reservoir
is filled, even at the first filling.

Uneven settlement and resultant force near the dam
mouths

A. Casagrande (1951) used finite element analysis
to demonstrate the effect of slope of the foundations and
foundation deformation on low-stress and cracked areas
in an earthen dam [17]. Fig. 2 shows the conditions
under which cracks occur near the steep slope of a rigid
rock foundation due to non-uniform settlement and
resultant force. In some recent studies K. Hoeg, H. Bui,
K. He et al. also come to this conclusion [18-20].

Uneven settlement and resulting force near the culvert

Fig. 2 shows that due to the effect of non-uniform
settlement, low stress areas and cracks appear near
the culvert. This phenomenon has been confirmed by
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Dam crest

iy

Crack

-~

Dam body

; l Differential settlement

Steep abutment

Fig. 2. Longitudinal section of the dam — formation of low stress zones and cracks in the vicinity of the conduit and bund in

the embankment dam

many researchers using both theoretical and experimen-
tal methods [5, 6, 21]. Cracks formed along the culvert
create concentrated filtration, which leads to dam failure.

In addition, J.L. Sherard also suggested that it is
difficult to perfectly compact the soil so that there are no
gaps or discontinuities at the interface between the soil
and the materials of culverts or dam foundations, for
example, when the culvert has an inappropriate shape
(e.g., pipe shape) [13]. Therefore, there may be some
gaps or discontinuities that play the role of initiating
cracks for the occurrence of HF. Consequently, the risk
of HF is higher than in the case of embankment dams
with suitably shaped culverts.

Uneven settlement and resultant force in an earthen
core dam

Fig. 3 shows the mechanism of crack formation
in impermeable cores and trenches due to the effects
of non-uniform settlement and resultant force between
cores, trenches and soil adjacent to them. Due to
the effects of non-uniform settlement and resultant
force, cracks are easily formed and propagate due to
HF through the cores and trenches. This mechanism

Dam crest

Water level
hvd

Foundation

\ J 9 Crack

is believed to be associated with the failures of many
earthen rock fill dams, especially historic dams designed
with very narrow impermeable cores and narrow cut-
off trenches built to reduce pore water pressure during
construction, e.g. Dale Dyke (England), Hyttejuvet
(Norway), Balderhead (England).

Uneven settlement and resulting force due to other
causes

Some low-stress zones and cracks also occur in
embankment dams due to uneven settlement resulting
from the existence of a highly compressible layer in
the dam foundation [22]. However, the risk of such
cracks can be significantly reduced if thorough geological
investigations are carried out prior to construction. In
addition, embankment shrinkage, inadequate compaction,
and earthquakes may be other factors associated with
the formation of cracks anywhere in dams.

Dam failure and accidents under the hydraulic
fracture mechanism

Studies based on statistics show that internal ero-
sion or suffusion caused by concentrated seepage is one
of the main causes of earth dam failure or accidents

l J/ Differential settlement

o

Cut-off seepage trench

Fig. 3. Cross section of the dam — formation of low stress zones and cracks in the core dam
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[23-25]. Hydraulic fracture is considered the most like-
ly mechanism causing suffusion [5]. The Table presents
a statistical database of some dam failures in the world
related to hydraulic fracture. To explain this, Ngambi
relied on the theory of fracture mechanics and labora-
tory test results to suggest that the hydraulic fracture
resistance of disturbed soil specimens (corresponding to
the embankment resistance of HF dams soon after their
construction was completed) was very low and much
less than that of undisturbed soil specimens. Thus, it can
be seen that dams in the early stages after construction

Statistics on dam failures

are more susceptible to HF than dams that have been in
operation for a long time.

Analyzing information on incidents involving
earth dams constructed in different years, it can be con-
cluded that the majority of failures have occurred at lo-
cations where the fracturing processes described above
could occur. It is in the areas associated with the tran-
sition zones in the impervious core in concrete pipe
spillway structures that fracturing can occur in the dam
material in contact with the marked dam elements for
the reasons stated above.

Year of Year of
Dam (country) construction incident or Fracture site on the dam body Reference
completion destruction
Balderhead (UK) 1964 1967 In the core area Vaughan, 1971
Winscar (UK) 1975 19761989 | ™ theareaof the culvertand Routh, 1988
standpipe
Horndoyne (UK) 1990 1990 In the area of the culvert Charles, 2005
e Flemming and
Greenbooth (UK) 1962 1983 In the area of stability Rossington, 1985
Carno Lower (UK) 1911 2005 In the area of the culvert Rowlandéggg Powell,
Leader Middle Clear In the area of the impervious
Boggy Creek Site 15 1965 1966, 1968 p Sherard, 1972
trench
(USA)
Upper Red Rock Creek
Site 42 (USA) 1966 1967 In the area of the culvert Sherard, 1972
Caney Coon Creek Site 2 1964 1964 In the area of the culvert Sherard, 1972
(USA)
Upper Red Rock Creek
Site 48 (USA) 1964 1964 In the area of the culvert Sherard, 1972
Upper Clear Boggy Creek
Site 53 (USA) 1963 1964 In the area of the culvert Sherard, 1972
Little Wewoka Creek Site
17 (USA) 1960 1960 In the area of the culvert Sherard, 1972
Owl Creek Site 13 (USA) 1957 1957 In the area of the culvert Sherard, 1972
Owl Creek Site 7 (USA) 1957 1957 In the area of the culvert Sherard, 1972
Leader Middle Clear
Boggy Creek Site 29 1962 1970 In the area of the culvert Sherard, 1972
(USA)
Hyttejuvet (Norway) 1965 1966 In the core area Torblaa alngd;;JOGmSh’
An independent
Teton (USA) 1975 1976 In the area of the impervious commission will
trench examine the cause of the
Teton Dam breach, 1976
Viddalsvatn (Norway) 1972 1973 In the core area Vestad, 1976
Yard’s Creek Upper
Reservoir (USA) 1965 1965 In the core area Sherard, 1973
KE 2/20 REC (Vietnam) 2008 2009 Inthe area of the culvertand |\ o o4 Ho, 2009
standpipe
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Dam crest

Water level

Core

Filter

Filter

Fig. 4. Measures to reduce the risk of hydraulic fracture in a core dam

Measures to minimise the risks of hydraulic fracture

It is obvious that hydraulic fracturing is dangerous
and threatens the safety of the dam. It is therefore
important to implement methods to prevent dam
collapse due to hydraulic fracturing.

J.L. Sherard (1992) suggested that a well-designed
filter (Fig. 4) is of primary importance and other
measures to reduce non-uniform fracture precipitation
are of secondary importance [26]. A suitable filter
is one that can safely control concentrated seepage
not only due to the erosion mechanism but also due
to GR. A study by S. Ngambi (1998), based on la-
boratory test results, also confirmed the importance
of filter in preventing HF [27]. Nowadays, a suitable
filter is considered a requirement among the design
and construction standards for earth dams in many
countries.

In order to reduce the probability of uneven
settlement in the dam and to reduce the risk of GD,
a study by J.L. Sherard (1992) recommended some
measures. Sherard (1992) recommended some measures.

1. For hydraulic fracturing occurring near the dam
mouths, J.L. Sherard suggested excavating the dam
mouths to make the slopes more gentle and to eliminate
abrupt changes or irregularities in the dam mouths

Dam crest

Excavation

Original steep slope

Z

Excavated slope

Fig. 5. Mitigation measure to reduce the risk of hydraulic
fracture near dam embankments
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or bases (Fig. 5). The purpose of this measure is to
reduce the risk of vaulting near the dam mouths, which
leads to cracks and tensile zones in the dam.

2. To prevent HF near culverts, J.L. Sherard ad-
vised that other culvert shapes should be used in prac-
tice. The recommended culvert shapes should have
slightly sloping outer surfaces. In particular, J.L. She-
rard (1992) and S. Ngambi (1997) suggested culverts
with sloping outer slopes in the ratio of one in the hori-
zontal direction to eight or ten in the vertical direction
(i.e. slope of the outer sloping walls from 0.1 to 0.125)
[9, 26].

Currently, among the many standards for the design
and construction of buried culverts in embankment
dams used in developed countries (Japan and
the USA), it is also recommended that buried culverts
have exterior sloping walls with a slope of 0.1 to 0.3
(Fig. 6). In recent studies, D.Q. Tran (2018) proposed
a critical slope of sloped walls of at least 0.4 [28]. Many
researchers have concluded that culvert reshaping is
a common and effective measure to prevent the risk
of HF near culverts [6, 26, 29], because reshaping not
only effectively reduces the resultant force, but also
helps to compact the bulk soil on the outer surfaces
of culverts.

CONCLUSION

Based on some of the studies on hydraulic fractur-
ing mentioned above, the following conclusions can be
drawn.

Hydraulic fracture is a real potential hazard for
carth dams, especially at first filling. The material
behaviour of earth dams, mainly at the transition zones
and at the interface with other elements, suggests
processes related to hydraulic fracture occurring under
the water pressure of the seepage flow. Inappropriate
culvert shape, sloping foundations, and too narrow
impermeable trenches all increase the likelihood of dam
hydraulic fracturing. The mechanism of the processes
associated with hydraulic fracture in the dam body
is not fully understood, but it is already clear that
the design of new earth retaining structures must take
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Gradient of outer
slanted wall of 0.1

Fig. 6. Current general shape of a groundwater dam culvert in Japan with sloping outer walls with a slope of 0.1

into account the above factors, which are related to
the safety of the structure and its long-term failure-free
operation.

Although a large number of studies have focused
on measures to safely control the risk of dam failures

due to hydraulic fracture and certain measures have been
recommended, the effectiveness of some measures is
poorly demonstrated or not fully agreed upon. Therefore,
measures to improve the safety of dams against hydraulic
fracture need to be examined more closely.
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AHHOTAUUA

BBepeHue. B HopMaTuBHOM MeETOAUKE pacyeTa COeAMHEHWUI CTarnbHbIX 3MEMEHTOB Ha BbICOKOMPOYHbIX GONTax OCHOBHOE
BMUsIHWE Ha HECYLLyto CNOCOBHOCTb COEAMHEHNS OKa3biBaeT yCunme HaTshkeHns 6onta n KoadULMEHT TPEHUS, MPU 3TOM
LUIMPpUHA COEAMHSIEMbIX NMACTVH HE YYWUTLIBAETCS, HOPMaMy perfaMeHTUpyeTCst Lar paccTaHoBku 6onToB. MNocTaBneHa
3ajava onpefeneHnst BNUSHUS WUMPWHbBI CTamnbHbIX NAcTVH Ha HeCyLy CnocoBHOCTb coeAuHeHNs nakerta. [ns atoro
N3roTOBIEHO HECKOMbKO CTbIKOBLIX COEAUHEHWUI NNAacTUH C ABYCTOPOHHUMU HaKMagkaMu U3 ropsiiekaTtaHon ctanu Mapku
Ct3cn5 no MOCT 19903—-2015. OgHa 13 CTbIKyeMbIX NAacTUH U3roTOBMEHa PasfUYHON LLUMPUHBI U KpENWUTCst oaHUM BonTom
Tak, YTOObl B 3TOM CEYEHUM MPOU3OLLIIO UCHEPNaHNe HecylLlern cnocobHocTu. Mocne Yero coegmMHeHne pacTarMeBaeTcs u 4o-
BOAMTCS [0 NPEenEnbHOro COCTOSHWUSA Ha paspbiBHON MalLUHE.

MaTepuanbl 1 MeToAbl. BbiNnonHeHO LecTb KOMMNEKTOB PPUKLIMOHHOTO COeAMHEHUSI C ABYCTOPOHHEW HaKNaaKowm Ha Bbl-
COKOMPOYHbIX BonTax ¢ pas3nuyHON LLUMPUHON nccnegyemMown cTbikyemon nnactuHel — 50; 60; 70; 80; 90; 100 mm. MNnactuHbl
COEeMHEHbI BbICOKOMPOYHbIM BonTokomnnekToM knacca npoyHoctv 10.9 pasmepa M14. MoBepxHOCTb NnacTuH obpaboTaHa
neckocTpynHol obpaboTkon. [ina BbIABNEeHUs yCunusi CABUra nakeTa ucnons3osanacb paspbiBHas MalumHa Instron 1000HDX.
Pesynbratbl. OnpegeneHa HecyLasi CnocobHOCTb COeAVHEHWI C Pa3NNYHOW LUMPUHOWM CThbIKyeMbIX NAcTVH, BbINOMHEHO
CpaBHEHMWE MNOIyYEHHbIX Pe3ynbTaToB C PACYETHLIMU TEOPETUYECKUMU 3HAYEHUSMWN HECYLLEN CMOCOBHOCTU, YCTaHOBEHDI
hopma 1 pa3mep nnowanku TpeHusi. Tpy obpasua bbinv oBeaeHb! 40 paspyLUEHUs], BbISIBIIEHO, YTO pa3pyLUeHue npowuc-
XOOWT B pesynbraTe ucyeprnaHus NpPoYHOCTM MIIacTUH Ha PacTshKeHWe, a Takke BblKona NnacTuHbl B pesynbraTe CMSATUS
COEAUHSIEMbIX 3TIEMEHTOB.

BbiBoAbl. YcTaHOBMNEHO, YTO pa3mep 30Hbl TpeHUsl cocTaBnseT 2,1-2,3 auameTpa OTBepCTUsi, HecyLlas CnocoBHOCTb Co-
eOMHEeHNs He 3aBUCUT OT LLUMPVIHbI SNTEMEHTOB.
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Friction area size of the friction bolted connection
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ABSTRACT

Introduction. In the normative method of calculation of joints of steel elements on high-strength bolts, the main influence
on the bearing capacity of the joint is the bolt tension force and the friction coefficient, while the width of the plates to be
connected is not taken into account, normative documents regulate the bolt spacing. The task of determining the influence
of the width of steel plates on the load-bearing capacity of the connection elements was set. For this purpose, several butt
joints of plates with double-sided overlays made of hot-rolled steel grade St3sp5 according to GOST 19903-2015 were
manufactured. One of the butt plates is made of different widths and is fastened with one bolt so that the exhaustion of bear-
ing capacity occurs in this section. After that, the joint is stretched and brought to the limit state on a breaking machine.
Materials and methods. 6 sets of friction joint with double-sided overlay on high-strength bolts with different width
of the investigated butt plate — 50; 60; 70; 80; 90; 100 mm were made. The plates are connected by a high-strength bolt set
of strength class 10.9 of size M14. The surface of the plates was sandblasted. An Instron 1000HDX tensile testing machine
was used to determine the shear force.
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Results. The bearing capacity of joints with different widths of the plates to be joined was determined, the results obtained
were compared with the calculated theoretical values of bearing capacity, the shape and size of the friction area were de-
termined. Three specimens were brought to failure, it was revealed that failure occurs as a result of exhaustion of tensile
strength of the plates, as well as plate gouging as a result of buckling of the joined elements.

Conclusions. It was found that the size of the friction zone is 2.1-2.3 of the hole diameter, the bearing capacity of the joint

does not depend on the width of the elements.

KEYWORDS: friction joint, friction area, high-strength bolt, bolted connection
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BBEJAEHUE

OnHUM H3 CTIOCOOOB COCAMHEHHS CTAIBHBIX 3JIe-
MCHTOB OTBETCTBCHHBIX KOHCTPYKIIUI1, B TOM YHUCIIC pa-
0OTaroUIMX 1M0J] BO3ACHCTBUEM JUHAMHYECKOW HArpys3-
KU, SIBJSIETCS] COEJMHEHHE Ha BHICOKOIIPOYHBIX OONTAX,
KOTJia Hecylasi CrlocOOHOCTh COeAMHEeHHsI obecreye-
Ha 3a CYET CUJIbI TPECHUA MCKIAY COCIUHACMBIMU I10-
BepxHocTsMHU [1]. Ha ocHOBe ncnbITaHui paboTHI CO-
€MHEHUI1 Ha BRICOKOTIPOYHBIX OONTAX, BBITOTHEHHBIX
B HMU moctoB JIMMNKT B 1957 1. mox pykoBOICTBOM
T.M. Borganosa, ObLIM 3aJI0)KEHBI OCHOBEI METOIMKH
MIPOCKTUPOBAHUS COCTMHEHUH Ha BRICOKOIIPOYHBIX 00I-
Tax [2]. YcTaHOBIEHO, YTO MPH 3HAYUTEIBHOM YCHIIUH
3aTSDKKH 00JITa BO3HUKACT CHIJIA TPCHUS MEKIY COCIIH-
HSIEMBIMH TTOBEPXHOCTSIMH, 3a CUET KOTOPO 1 odecrie-
YHMBAETCSl HECYIasi ClIOCOOHOCTH COEANHEHUSL.

Y4uuThIBask IUPOKHUN CIIEKTP YCIIOBUH paboOTHI 1M0-
}IO6HOFO TUIIa COC[[I/IHCHI/Iﬁ 1 OTBETCTBCHHOCTH BO3BO-
JIUMBbIX HECYIIMX KOHCTPYKIMWA, B HACTOSIIEE BpeMs
BBITIOJHSIOTCS MCCIICOBAHUS MO0 W3YYCHHUIO BIUSHUS
pa3nuYHBIX (PAKTOPOB HA PabOTy COCIMHEHUS.

Tak, aBTOpEI TPYIOB [3, 4] OIEHMIN BIHSHUE CTe-
TIEHU KOPPO3HOHHOTO M3HOCA IEMEHTOB Ha HECYIIYIO
CrocOOHOCTh COCAMHEHMS. BEITTOTHEHEI HCCIeOBaHHS
I10 OIPEAETICHUIO BIMSHUS TEMIIEPATyphI [ 5], MOBTOPHOM
Harpys3ki [0, 7], celicMudeckux Koiebanwuii [8], crmocoba
00paboTKK COCTUHSIEMBIX TIOBepXHOCTEH [9—11], TeXHO-
JIOTHH M Ka4eCTBA TMOITOTOBKU KOHTAKTHBIX TIOBEPXHO-
ctel [12] Ha HeCyIIy 0 CIIOCOOHOCTh COCIMHCHHSI.

B psiae paboT mpoBeACHBI UCIBITAHUS JCHCTBU-
TEJIBbHOI paboThl PPUKIMOHHBIX COCIMHEHUN HA (U-
3udeckoi mojienu [13—16], B TOM umcie 3a npeaenamMu
(PUKIIMOHHON YacTH paboThl coeuuenus [17].

Kpome ykazaHHBIX B HOpMax MPOEKTHPOBAHMUS,
MIpeIararoTCs pa3IMIHbIE CTIIOCOOBI OMPEIeIeHUs KO-

Puc. 1. Teopernueckast hopma TIIOMIATKH TPEHUS
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s dunmeHTa 3aKpyIHMBaHAS BEICOKOIIPOYHOTO O0NITO-
komruiekra [ 18, 19], B myOnukarwm [20] ycTaHaBIHBaeT-
cs1 K03(pPUIIMEHT 3aKpyIHBaHUs 0OJITA TIPU Pa3TUIHBIX
BHJIaX CMa3KH, a B uccnenoBannu [21] — xodddurm-
SHT 3aKpy4YUBAHUs MPHU YIAPHOU 3aTsHKKE OONTOBBIX
COEMHEHUM.

B npencrasienHolt crathe nocraieHa 3aada onpe-
JIEJICHUS pa3Mepa 30HbI TPEHUS MEKIY COCTUHICMBIMA
BBICOKOIIPOYHBIMHU OOJITAMHU TUIACTUHAMHU, MPEATIONa-
rasi, 9TO CYIIECTBYET IUIOMIAAs TPEHUS A, KOTopasi MO-
JKET PacHpeeNsIThCsl PABHOMEPHO BOKPYT OTBEPCTHS
¢ Gonrom.

Bru10 BRICKa3aHO MPEATIONOKEHHE, YTO MPH CTHI-
K€ CTAJIbHBIX TUIACTUH ¢ (PUKIIUOHHBIM MEXaHH3MOM
Ha HECYIIYIO CIIOCOOHOCTh MOKET OKa3bIBaTh BIIHSIHHC
[IMPUHA COCIMHICMBIX 3JIEMEHTOB. [ TIIacTHH pas-
JUYHOHN MUPUHBI OyIeT pa3lTuvHas TUIOMAas TPCHHUS,
COOTBETCTBEHHO, Y€M IIHPE MIACTUHBI, TEM BEPOSTHO
GompIe mIoaak TPEHUS U OOJbINe HECYIIas CIoco0-
HOCTh coenmHeHUsA. OXumaeTcs JTUHEHHAs 3aBUCH-
MOCTh MEXy IIUPUHON AIIEMEHTOB M HECYyIEH CIo-
CcOOHOCTBIO coenrHeHns. OYeBUIHO, YTO pa3Mep dTOH
TUTOIIAIKH TPCHHS JOJDKEH OBITH KOHEYCH, W IIPHU HC-
MBITAHUH TJIACTHH PA3IUYHON IMUPUHBI PABHOMEPHO
YBEJIMYHUBAIOIIANCS TPa(UK CTAaHET TOPU3OHTATBHBIM.

Jutst TOrO 4TOOBI OTIPENEHUTh pa3Mep d 30HBI Tpe-
Hust (puc. 1), Ucroabp3yeM IUIacTUHy 2 pa3iuyHOMN IIH-
puHbI (puc. 2).

MATEPUAJIBI U METO/JbI

Juist nccnenoBaHust ObIIIO M3TOTOBIEHO HIECTh
KOMIIICKTOB IIJTACTHH H3 ropﬂquaTaHoﬁ CTaJI1 MapKu
Cr3cmS mo 'OCT 19903-2015. JIBe mmacTuHsI (puc. 2,
JIEMEHTHI / ¥ 2) COSIMHSIINCH C TOMOIIBIO JIBYCTOPOH-
HUX HAKJIaJIOK Ha BBICOKOIIPOYHBIX 00JITOKOMILIEKTAX
muamerpa M14 u xnacca mpounoctu 10.9. Crocob co-
€JIMHEHHUs Ha JIBYCTOPOHHMX HaKJaJKaX YCIOXHSET
U yIOPOXKAET KOHCTPYKIIMIO, OJHAKO JaeT BO3ZMOKHOCTh
TIPUWJIOKHTH PACTATHUBAIOIIEE YCHIIHE YETKO MO OCH CHUM-
METPHH COEANHEHNs 0€3 BOSHUKHOBEHHsI M3rHOaronie-
ro MOMEHTa, KOTOPBI Obl BO3HUK B CJIy4ae UCIIOJb-
30BaHMA JBYX IJIACTHH, COCIUHEHHBIX OTHUM OOITOM
BHaxXJIECT. Bce ruiacTuHBI COEMHSIIOTCS] OIMHAKOBBIMU
6onTaMu, UMEIOIIMMHU OJMHAKOBBIN AuaMeTp OonTa,
KJIacC MPOYHOCTH M ycuiue HaTshkeHus. [losTomy,
JUISL TOTO YTOOBI YETKO 3a(pKCHPOBaTh MOMEHT CIABHIA
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Puc. 2. KoHCTpyKLHS HCCIIETyeMOT0 CTHIKOBOIO COETMHEHHS
CTaJIbHBIX IJIACTHH C JABYCTOPOHHUMH HaKJIaJKaMH: @ — CXe-
Ma COeIMHEHUs; b — OOLIUi BHT

IUTACTUH, HEOOXOUMO HCKIIIOUUTh U3 PabOThl OOJITHI
C MPOTHUBOIIOJIIOKHON CTOPOHBI coeluHeHus. /s Toro
4T00BI 00ECNeYnTh ¥ HAOMIOATh CIBUT OOJITa, B MHTE-
pecyromieil Hac mI0cKocTr 1—1 ObUT yCTaHOBIIEH OMH
00T, a ¢ Ipyroif CTOPOHBI CThIKa — JiBa OonTa (cede-
HUe 2-2), TaKMM 00pa3oM B 3TOM CEYEHHUH CO3/aeTCsl
3aBeIOMO Oolee MPOYHOE coenuHeHne (pHc. 2).

B kaxoM coeJlMHEHUH DJIEMEHT 2 M3TOTOBIICH
pazmuuHoi mupuHel — 50; 60; 70; 80; 90; 100 mm
(puc. 3).

[IpeaBapuTenbHO MIACTHHBI TOJIBEPIIIMCH TECKO-
CTpYHHOIT 00pabOoTKe U ObLIM CTSAHYTHI B IIAKET B TeUe-
HUE OJHUX CyTOK. Bricokompounbie 60T M 14 3aTs-
IMBAJINCh IMHAMOMETPUYECKUM KJIFOYOM Ha PacueTHOE
yCHIINE HATSKEHHS.

Taxxke B HaKJIaKax, B cedeHun 1—1, oTBepcTre nox
0OJIT BBIMOJHEHO OBaJIbHOU (hopMbI [ = 50 MM 1151 BO3-
MO>KHOCTH HIEpEMEIIEHUsI O0JITa U MCKITIOYEHHS €TO pa-
0OTBI Ha CPE3 M CMSITHE COEJIMHIEMBIX TIOBEPXHOCTEH.

Puc. 3. COopka nccinegyeMbIX MAKETOB C AIIEMEHTAMHU pa3-
JINYHOMN IIUPHUHBL

Puc. 4. cnbitanne 06pas3ioB Ha pacTsHKEHHE B Pa3pbIBHO
MalluHe

3areM COCIMHCHHBIC MAKEThI MIACTUH MOCICH0-
BaTEJIbHO YCTAHOBUJIM B Pa3pbIBHYIO MalluHy Instron
1000HDX naGoparopuu HCHBITAHUN CTPOHUTEITHHBIX
MaTepHuajIoB M3nenuil u KoHCTpykiuit HUY MI'CY
1 UCIIBITHIBAIM HA PACTSHKCHHE JI0 WCUYCPIAHUS HECy-
el CrmocoOHOCTH COSTMHEHUS 3a CUET CHII TPSHUS, T.C.
10 casura Oosra B ceuennn 1-1.

Tpu oOpasiia ObLTH JOBEICHBI IO pa3pyLIICHHUS dJIe-
MeHTOB. [Ipu 3TOM cTaBmIIack 3aj1a4a pa3pymTh IMCHHO
CTaJIbHBIC TTACTHHBI ¥ TOATOMY PACUCTHBIM ITyTEM TPH-
HAT OOJT MMEHHO TaKOTO JUAMETPA, YTOOBI UCKITIOUUTh
ero cpes. McnbiTarenbHas ycTaHOBKA TIOKa3aHa Ha puc. 4.

PE3YJIBTATHBI HCCIEJOBAHMUA

IIo pe3ynbraram HNpPOBEIECHHBIX UCIBITAHUN 3a-
MEpCHa MHpPHUHA YIYACTKOB TPCHUA MCKAY IJIACTUHAMU
(puc. 5), naHHbIe 3aMepoB MpezcTaBieHs! B Tad. 1. [To-
CKOJIBKY MMEETCsl IBE INIOCKOCTH TPEHHMS, TO 3aMEPEHO
JIBa y4yacTKa ¢ JIByX CTOPOH IIepeMeIaeMoi IIacTu-
HbI 2. Ha HUX BUIHBI y4acTKH MOBPEXIACHHS ITOBEPX-
HOCTH — OOpO3/IbI 3aMATHA U 3aUpbl cTaiu. [1o aTum
SPKO BBIPAKCHHBIM yYacTKaM U 3aMepseTCsl UpUHA
y4acTKa TPEHHSI.

[TockosbKy OTBEpCTHS clellaHbl OBaJIbHOM (op-
MBI, TO NE€pEMENICHHE TUIACTHH MTOCIIe UCUEPIIaHUsT CHIT
TPEHHUSI M UX CABHra MPOUCXOAWIO HAa 3HAYUTEIHHOM
paccTostHuM — 36 MM, 4TO [O3BOJIMIIO C(OPMHUPOBATH
Ha I1aCTUHaX BU3YaJIbHO Ha6n}0)1aeMHe Y4acCTKH Tpe-
HUSI C XapaKTepHbIMU Oopo3aamu. Pazymeercsi, ciox-
HO OIHO3HAYHO TPAKTOBATb, I7I€ HAYMHAIOTCS OOPO3MBI
Ha MeTaJlIe, IPH 3TOM BO3MO)KHA ITOTPELIHOCTE B 1 MM,
T.e. 1/15d otBepcrus. [Ipencrapnsercs, 9To Takast HeTOU-
HOCTb BCE K€ TIOMOXKET CO31aTh OOIIYI0 KapTUHY 1 BbIBE-
CTH HEKOTOpBIE 3aBUCUMOCTH. HecMOTpst Ha TO 4TO BCe
00pa31pl ObUTN BBITIOIHEHBI U3 OHOM CTaJH, T.€. IPOU-
HOCTb U TBEPJOCTh y HHUX JOJDKHA OBITH OJIMHAKOBOM,
BUJIHO, YTO NIIyOMHA PUCOK U 00031 MOXKET OBITH pa3-
JIMYHOM, OT eJic 3aMETHBIX Kak Ha oOpasie Ne 4 (puc. 5)
10 TITyOOKUX phITBUH Ha oOpasie Ne 1 u 6 (puc. 6).
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Puc. 5. [Inonragky TpeHUs Ha IIacTHHAX oOpasna Ne 4

B mepcrnexTrBe cunTaeM WHTEPECHBIM CPAaBHUTH
pasMep 00pO31 U COOTBETCTBEHHO HECYIYIO CIIO-
COOHOCTH COEMHEHHS /ISl pa3IMYHBIX KJIACCOB CTa-
J1 — MaJIOy[JIEPOJUCTON U BBICOKOJIETMPOBAHHOM.
C otHO¥ CTOPOHBI, YEM IIPOYHEE CTajb, TEM CIIOKHEE
COpBaTh «3arenb» B «00po3maax», ¢ IPyroil CTOPOHEL,
€CJIM CTallb OYeHb NMPOYHAsi U TBEpHas, TO, BO3ZMOXK-
HO, OHa BooOmmIe He OyAeT HeIIAThCA OpyT 3a ApyTa
WJIM CKaJIBIBAaThCS IO XpynkoMmy Tumy. ITockonbky uc-
CJICIOBAHHBIC TUIACTHHBI BBIMIOJIHCHBI U3 BS3KOH cTa-
U CO 3HAYUTEIHHBIM OTHOCHUTEIBHBIM YIJINHEHHUEM
(o ceprudukary) 33 %, BO3MOKHO, UMCHHO TIOTOMY
c(hopMHUPOBATICH TAKHE YETKUE U 3aMETHBIC OOPO3IHI.

U3 pe3ynbraToB, IpeACTaBICHHBIX B Ta0. 1, BUI-
HO, YTO y BCeX 00pasloB MIMPHHA IJIOMIAKH TPCHUS
6muska (ot 31 mo 33,5 mm) u omtugaercst Ha 7—-8 %.

Jlasee BBIIIOJIHEHA OLIEHKA YCHIIMS C/IBUTA, TIPH KO-
TOPOM TTPOU3OIIIO UCUEPIIAHNE HECYIIIEH CIIOCOOHOCTH
COCAMHCHUA 3a CUYCT CUJIbI TPEHUA U CABUI IJIACTHH.
[Tonmy4yeHHBIEC Pe3yabTaThI IPUBEICHBI B Ta0M. 2.

Jliist cpaBHEHUsI BRIUMCIICHA TEOPETHYECKast HeCy-
masi CocoOHOCTh COEANHEHHUS C ABYMS IUIOCKOCTSIMU
TPEHHS U TECKOCTPYHHBIM CrIocoO60M 00padoTKH, OTH-
CaHHBIM B HOPMATUBHOM JIOKyMeHTaIuu'.

W3 pesynbraToB UCHbITAaHUNE 00pa3OB CIEIYeT,
4TO (haKTHUECKask HECyIIas CIOCOOHOCTh COCAMHCHHS
OKazayiach pa3IMyHOM ISl MJIACTUH C Pa3HOM LIMpHU-
HOH, 4TO CBUJIETEILCTBYET O TOM, YTO LIMPHUHA TIACTHH
HE BIUSAET HE HECYIIYIO CIIOCOOHOCTH 0ONTa, TIOCKOTIh-

' CII 16.13330.2011. Cransusle koHcTpykuuu. 2011, 173 c.

Ta6.. 1. [lIupuHa 30HBI TPEHUS C IBYX CTOPOH IIACTHHBI

Ky JMaMeTp IsTHA TPEHUs] MEHbILIE IIMPHHBI UCIIBITYE-
MBIX IUTACTUH U COCTaBNAET 2,1d ¢ pazbpocom 7-8 %.

TakuMm 00pa3om, MOXKHO CAENATh BBIBOJ, YTO Pa-
JUyC 30HBI TpeHus cocrasiser 2,0 auaMerpa oTBep-
CTHS ¥ HE 3aBHUCHT OT pa3Mepa COCTUHAEMbIX TUIaCTHH.
Y4acTku TpeHHss MO)KHO BU3yaJIbHO HaOJIoaTh Ha 00-
pasuax (puc. 5).

B HOpMax mpoeKkTHpoBaHUs yKa3zaHbl KOHCTPYK-
TUBHBIE TPEOOBAHUS 110 pACCTAHOBKE OOJITOB B COE/IH-
HEHHUH, B KOTOPBIX YKa3aHO, YTO MHHHUMAJILHOE pac-
CTOSIHNE MEX/y LICHTPAMHU OTBEPCTUI OOITOB TOIKHO
OwbITh He MeHee 2,5d . JlaHHO€e pacCTOAHME COOTBET-
CTBYET AMAMETpY IIATHA KOHTaKTa. Ha pucyHkax Mox-
HO HaOJIOAATh 30Hy KOHTAKTa KPYIJIOH (DOPMBI.

B nporiecce npoBeaeHus nccaenoBaHus Tpu oopas-
11a OBUTH TOBEJICHBI JI0 pa3pyLICHUs, T.C. IPH IepeMele-
HUH TJIACTUH OONT BBIOPA YEPHOTY OBAIBHOTO OTBEP-
CTHSA M CTaJ padoTaTh M0 IPUHIIUITY OOBIYHOTO O0MTa.

Jo pa3pymenus ObutH HOBeIeHBI 00pa3msl Ne 1,
5, 6 (puc. 6).

[Tocne nepemernieHust 601Ta Ha BCIO JJIMHY OBaJlb-
HOTO OTBEPCTHS OONT YIUPAeTCs B HAKIIAIKH U TTPU JalTb-
HEHIlIEM YBEJIMYEHUH Harpy3KU MOXKET IIPOU30UTH pas3py-
IIEHHE B pe3ysTare cpesa 00i1Ta, CMATHS COSIUHACMBIX
MOBEPXHOCTEH MM PACTKEHUS IUIACTHHBI IO 0CIa0-
JIEHHOMY CedeHHI0. PazpymieHne nepBoro odpasua mpo-
M30IIUIO TI0 OCH OTBEPCTHSI OT HOPMAITbHBIX HAIPSHKCHUH
1o ocabneHHoMy cedeHnto. [1sToro n mecroro — B pe-
3YIBTATE CMSTHS COSANHSEMBIX TOBEPXHOCTEH.

IIpu mpoBeneHun 3KCIepUMEeHTa ONPEAETICHO YCU-
JIe, IpU KOTOPOM MPOU30IILIO Pa3pylleHUe MaKeTa Ia-
CTHH, pe3yJIBTaThl MpeIcTaBIeHbI B Ta0I. 3. Taroke Bbrdmc-
JIeHa HECyIIasi CIIOCOOHOCTh COSIMHEHMS Ha PacTsHKCHUE
TUTACTHH ¥ CMSITHE COSMHACMBIX TIOBepXHOCTEH (Taom. 3).

Teopernueckyn Bce MIACTHHBI TOIKHBI Pa3pyIIHTh-
Csl OT CMSITHUSI COCJIUHSEMBIX TTOBEPXHOCTEH, ITOCKOJIBKY
HecyIiasl CllocoOHOCTh Ha pacTshkeHue (0e3 yuera KoH-
LCHTPAIUK HAMPSDKCHUIA) TIPEBBIIIACT HECYIIYHO CIIOCO0-
HOCTb Ha CMSITHE COEMHSIEMbIX TOBEPXHOCTEH Np >N,

OpHako aKkTHYECKH B IEpBOM 00pasIie ¢ IMHIpH-
HOHU b = 50 MM IIPONCXOIUT pa3pylLICHUE B pe3ylIbTaTe
HOPMaJIBHBIX HANpPsDKEHUH 110 TUIONIA/IM HAUMEHBILETO
CEUEHHSI — OTBEPCTHIO B IUIACTUHE, YTO MOXKHO 00B-
SICHUTH BIMSIHUEM KOHIIGHTPALMU HaNpPSHKCHUH Yy OT-
BEPCTHSL.

O6paszen Juametp [Mupuna Tupuna o61acTy TPEHUs, MM [upuna obnacTy TpeHUs

OTBEPCTHSI, MM IUTACTHHBI, MM OT OCH OTBEPCTHSI, MM

1 15 50 31732 —2,1d, 15/17 mm ~ 1d,|

2 15 60 33/34 —2,27d, 16,5/17 mm ~ 1d,

3 15 70 32,5/32—2,17d, 16,5/17 mm ~ 1,13d,

4 15 80 33,5/33,5—2,23d, 16,5/16,5 mm ~ 1,1d_

5 15 90 33,5/33 —2,17d, 16,5/16,5 mm ~ 1,1d

6 15 100 32/32 —2,13d, 16/16 mm ~ 1,07d
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Puc. 6. Pazpymienue o0pasnoB npu pactsbkeHHH: @ — mmpuHa 50 Mm; b — mpunaa 90 Mm; ¢ — mmpuHa 100 Mm

Tao6ua. 2. Hecymiasi ciocOOHOCTD UCTIBITHIBAEMbBIX TTAKETOB TIACTHH

O6paszen | [llupuna mnactunsl, MM | Ycunue casura N, kH % Pacuernas Hecymast cnocoOHOCTB coequHenws, KH
1 50 69,53 100,00 69,368
2 60 83,51 120,10 69,368
3 70 102,15 146,91 69,368
4 80 86,68 124,66 69,368
5 90 71,30 102,54 69,368
6 100 75,93 109,20 69,368

Taou. 3. Hecymias ciocoOHOCTb COCAMHEHHUS TTOCIIE TIPEOIOTCHUS CUIIBI TPEHUS

PacueTHas BeIMYMHA Pa3pyILICHHS DaKTHYECKOE® yCHIIHE
Obpasen CMsATHE COCIUHSIEMBIX paspyimicHus, B paspymenns
. Pactsoxenne mmactunbl, KH H
nosepxHoctet, kH K

1 (b =50 mm) 40,7 49,35 69,5 Pactskenue
5 (b =90 mm) 40,7 105,75 713 Cuwsme

[IOBEPXHOCTEH
6 (b =100 mm) 40,7 119,85 75,9 Pactixenme-

CMATHE

Ob6pazen Ne 5 mmpunoir 90 MM paspymuics
OT CMSTHsI MOBEPXHOCTEH NMpHU ycuinuu, Ha 75 % mpe-
BBIIIAIOIEM PAacueTHOE, YTO MOKHO OOBSICHUTH 3ama-
COM Hecyllel CrocOOHOCTH, 3aJI0)KEHHBIM B METOJIE
pacdeTa 1Mo MpeaesbHBIM COCTOSHUAM. DTOT 00pasels
HE JOJDKEH OBUI pa3pyllaThesi OT PacTsKESHHS.

O6pazer Ne 6 paspymmes mpu yeumun N = 75,9 kH,
6m3kom ob6pasiry Ne 5 N = 71,3 kH, pasHuma B ycuiann
paspymeHus coctaBuia 6 %, 4To BIOJIHE yKJIa[bIBACTCS
B CTAaTHCTHUYECKHUI pazOpoc uccaenosanus. [Ipu aTom
XapakTep pa3pylIeHHst MOXKHO TPAaKTOBATh KaK CMEIIaH-
HBIH, TOCKOJIBKY Ha 00pasiie BUIHO, YTO TPEIINHA BO3-
HUKJIA 110 0CNIabJIEHHOMY CEYEHHIO U BBIpOCIa Ha He-
CKOJIbKO MHJUTUMETPOB Tonepek miactussl 1o 0,4d
OTBEPCTHS, T.€. pa3pylIeHHE HAYNHAIOCH KaK JUIsl pacTsi-
HYTOTO 2JIEMEHTa OT HOPMAJIbHBIX HAIPSHKEHHUH 110 TII0-
manu Herto. [lanbiie, BEpOsSTHO, TPEUIMHA 3aBs3Jia
(IOCKOJIBKY METaJll IIACTHHBI I1acTHYHbIH 6 = 30 %)
U TIOIIJIA B TOPEI[ MJIACTHUHBI, BHIKAIBIBASI OTBEPCTHS,

T.€. pa3pymICHNE TPOU30IILIO IO IPUHIIUITY CMSTHS CO-
€/IMHSIEMBIX TOBEPXHOCTEH.

PazymeeTcs, KOIMUYECTBA pa3pylICHHBIX TUIACTHH
HEI0CTaTOYHO, YTOOBl HAOpaTh JIOCTOBEPHYIO CTATH-
CTHKY U JIeJIaTh BBIBOABI [0 MEXAHUKE Pa3pyIICHHUS CO-
ennHeHus1. O4eBUIHO, YTO y3€T HAXOAUTCS B CIIOKHO-
HaIpsHKEHHOM COCTOSTHHH, TIPH 3TOM BIIUSIIOT (PaKTOPBI
KauecTBa CTaJIM, KOHLIEHTPALMH HaNpsHKeHUH, pa3opoc
MPOYHOCTH CTaJIM CaMHUX IIacTUH. B sro0om ciydae
ycuiie (pakTHYecKoil Hecylel criocoOHOCTH MPEBbI-
CHJIO PACYETHYIO HECYIIYIO CIIOCOOHOCTb.

3JAKJIIOYEHHUE U OBCYXJIEHHUE

B pesynpraTe mccienoBaHHS YCTAaHOBICHO,
YTO IJIOMIaAKa TPEHNUS (PPUKIMOHHOTO COCAMHECHUS
HUMeeT OuepTaHue B BUAE kpyra. JluaMeTp ydacTka Tpe-
HUsI ODHEHTHPOBOYHO cocTaisier 2,1-2,3d oTBepcrus,
TIPY 3TOM 30Ha TpeHus pacnpocrpansercs na 0,67d
OT Kpast OTBepCTHs. MUHUMAJILHO JOMYCTHMOE PaccTo-
SHHAE MEX]y IEHTpaMHu OTBepcTHs, ykazannoe B CII
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«Cranpuble koHCTPYKIMKU» [20], cocrasnser 2,5d , Ta-
KUM 00pa3oM, MPAKTUIECKH BECh MPOMEKYTOK MEKIY
0osiTaMy HCIIBITHIBACT TPEHUE. 30HA TPEHUS HE 3a(HK-
CHpPOBaHa Ha y4acTKEe MOBEPXHOCTH IIACTUHBI IIHUPH-

Hoii 0,2-0,4d..

Taxke yCTaHOBJIEHO, YTO IIMPHUHA IIJIOLAAKHU Tpe-
HUS HE 3aBUCHUT OT JIMHEHHBIX pa3MEepOB COSIUHIEMbIX
IJIACTHH, YTO IMOATBEP)KIACT IIPEICTABIICHUS, 3aJI0KEH-
Hble B (hOpMyITy OIpeieNeH s HeCyIlei ClIOCOOHOCTH
COEIMHEHUS Ha BBICOKOIPOYHBIX OONTaX.
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Asmopul 3as61510m 06 OMCymcemeuu KOHGIUKMa uHmepecos.

INTRODUCTION

One of the ways to connect steel elements
of critical structures, including those operating under
dynamic loading, is the connection on high-strength
bolts, when the load-bearing capacity of the connection
is ensured by the friction force between the connected
surfaces [1]. On the basis of tests of high-strength
bolted connections performed at the Research Institute
of Bridges of PGUPS in 1957 under the direction
of T.M. Bogdanov, the foundations of the design
methodology of high-strength bolted connections were
laid [2]. It has been established that at a significant
bolt tightening force there is a friction force between
the connected surfaces, which provides the load-bearing
capacity of the connection.

Given the wide range of operating conditions
of this type of joints and the responsibility of the load-
bearing structures being erected, studies are currently
being carried out to investigate the influence of various
factors on the performance of the joint.

Thus, the authors of works [3, 4] evaluated the in-
fluence of the degree of corrosion wear of elements

on the bearing capacity of the connection. Studies have
been carried out to determine the influence of tempera-
ture [5], repeated loading [6, 7], seismic vibrations [8],
the method of treatment of the surfaces to be joined [9—
11], the technology and quality of preparation of contact
surfaces [12] on the bearing capacity of the connection.

A number of works tested the actual performance
of friction joints on a physical model [13—16], including
beyond the frictional part of the joint performance [17].

In addition to those specified in the design stan-
dards, various methods were proposed to determine
the torque factor of a high strength bolt set [18, 19],
publication [20] establishes the bolt torque factor un-
der different types of lubrication and a research [21]
establishes the torque factor under impact tightening
of bolted connections.

In the presented paper, the problem of determining
the size of the friction area between high-strength
bolted plates being connected by high-strength bolts is
set, assuming that there is a friction area A that can be
distributed uniformly around the bolt hole.
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It was suggested that when steel plates are joined
with a friction mechanism, the bearing capacity may be
influenced by the width of the elements to be joined.
Different widths of plates will have different friction
areas, so the wider the plates, the greater the friction area
and the greater the load carrying capacity of the joint
is likely to be. A linear relationship between the width
of the elements and the bearing capacity of the joint is
expected. Obviously, the size of this friction area must
be finite, and when plates of different widths are tested,
the uniformly increasing graph will become horizontal.

In order to determine the size d of the friction zone
(Fig. 1), we use a plate 2 of different widths (Fig. 2).

2 In
g
F F
1 2
a

Fig. 2. Design of the investigated butt joint of steel plates with
double-sided overlays: @ — connection scheme; b — general view

MATERIALS AND METHODS

Six sets of plates made of hot-rolled steel
of St3sp5 grade according to GOST 19903-2015 were
manufactured for the research. Two plates (Fig. 2,
elements / and 2) were connected using double-sided
overlaps on high-strength bolt sets of diameter M14
and strength class 10.9. The method of connection
on double-sided overlaps complicates and increases
the cost of the design, but it makes it possible to apply
a tensile force clearly along the axis of symmetry
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of the connection without causing a bending moment,
which would occur in the case of using two plates
connected by a single bolt overlap. All plates are
connected with the same bolts having the same bolt
diameter, strength class and tensile force. Therefore, in
order to clearly record the shear moment of the plates,
it is necessary to exclude the bolts on the opposite side
of the connection. In order to ensure and observe the bolt
shear, one bolt was installed in the plane of interest 1-1
and two bolts were installed on the other side of the joint
(section 2-2), thus creating a deliberately stronger joint
in this section (Fig. 2).

In each connection, the element 2 is made of differ-
ent widths — 50; 60; 70; 80; 90; 100 mm (Fig. 3).

The plates were sandblasted beforehand and
bundled for one day. High-strength M14 bolts were
tightened with a torque spanner to the design tension
force.

Also in the overlays, in section 1-1, the hole for
the bolt is made oval shape / = 50 mm for the possibility
of moving the bolt and excluding its work on shearing
and buckling of the connected surfaces.

Then the connected packets of plates were sequen-
tially installed in the Instron 1000HDX tensile testing
machine of the Laboratory of Testing of Building Ma-
terials, Products and Structures of the NRU MGSU and
tested in tension until the bearing capacity of the con-
nection was exhausted due to friction forces, i.e. until
the shear of the bolt in section 1-1.

Three specimens were brought to failure of elements.
In this case, the objective was to destroy the steel plates
and therefore a bolt of such a diameter was taken to
exclude its shearing. The test setup is shown in Fig. 4.

RESEARCH RESULTS

According to the results of the tests, the width
of the friction areas between the plates was measured
(Fig. 5), the measurement data are presented in Table 1.
Since there are two friction planes, two areas were
measured on both sides of the moving plate 2. They
show areas of surface damage — grooves of jamming

Fig. 3. Assembly of the investigated packages with elements
of different widths




Friction area size of the friction bolted connection

P. 61-72

Fig. 4. Tensile testing of specimens in a tensile testing machine

and scoring of steel. The width of the friction area is
measured from these strongly marked areas.

Since the holes are made of oval shape, the move-
ment of plates after the exhaustion of friction forces and
their shear occurred at a considerable distance — 36
mm, which allowed to form visually observable fric-
tion areas with characteristic grooves on the plates.
Of course, it is difficult to interpret unambiguously
where the grooves begin on the metal, with a possible
error of 1 mm, i.e. 1/15d of the hole. It would appear
that such an inaccuracy would still help to create an
overall picture and derive some relationships. Despite
the fact that all specimens were made of the same steel,
i.e. their strength and hardness should be the same, it
can be seen that the depth of grooves and grooves can
be different, from barely visible as on specimen No. 4
(Fig. 5) to deep potholes on specimens No. 1 and 6
(Fig. 6).

In the long run, we find it interesting to compare
the size of the grooves and, consequently, the load-bearing
capacity of the joint for different classes of steel — low-
carbon and high-alloyed. On the one hand, the stronger
the steel, the more difficult it is to break off the “hooks”
in the “grooves”; on the other hand, if the steel is very
strong and hard, it is possible that it will not cling to each
other at all or will splinter by brittle type. Since the plates
examined are made of ductile steel with a significant
relative elongation (according to the certificate) of 33 %,

Table 1. Width of the friction zone on both sides of the plate

Fig. 5. Friction areas on the plates of specimen No. 4

this may be the reason why such clear and noticeable
grooves were formed.

From the results presented in Table 1, it can be
seen that all specimens have close (31 to 33.5 mm)
friction site widths and differ by 7-8 %.

Next, the shear force at which the bearing capacity
of the connection was exhausted due to the friction
force and plate shear was evaluated. The obtained
results are given in Table 2.

For comparison, the theoretical bearing capacity
of a joint with two friction planes and the sandblasting
treatment described in the normative documentation' was
calculated.

From the test results of the specimens it follows
that the actual bearing capacity of the connection turned
out to be different for plates with different widths, which
indicates that the width of the plates does not affect
the bearing capacity of the bolt, because the diameter
of the friction spot is smaller than the width of the tested
plates and is 2.1d with a spread of 7-8 %.

Thus, it can be concluded that the radius of the fri-
ction zone is 2.0 hole diameter and does not depend on
the size of the plates to be joined. The friction areas can be vi-
sually observed on the specimens (Fig. 5).

The design standards specify the design requi-
rements for bolt spacing in the connection, stating
that the minimum distance between bolt hole centres
must be at least 2.5d . This distance corresponds to

1'CP 16.13330.2011. Steel structures. 2011; 173.

Specimen Hole diameter, mm | Plate width, mm Width of friction area, mm Widtglgigli:t;zi?i;ﬁom
1 15 50 31/32—2.1d, 15/17 mm ~ 1d,
2 15 60 33/34 —2.27d, 16.5/17 mm ~ 1d,
3 15 70 32.5/32 —2.17d, 16.5/17 mm ~ 1.13d,
4 15 80 33.5/33.5 —2.23d, 16.5/16.5 mm ~ 1.1d,
5 15 90 33.5/33 —2.17d, 16.5/16.5 mm ~ 1.1d,
6 15 100 32/32 —2.13d, 16/16 mm ~ 1.07d,
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Table 2. Bearing capacity of tested plate packs

Specimen Plate width, mm Shear force N, kN % Design bearing capacity of the connection, kN
1 50 69.53 100.00 69.368
2 60 83.51 120.10 69.368
3 70 102.15 146.91 69.368
4 80 86.68 124.66 69.368
5 90 71.30 102.54 69.368
6 100 75.93 109.20 69.368

a b

Fig. 6. Tensile failure of specimens: a — width 50 mm; b — width 90 mm; ¢ — width 100 mm

the diameter of the contact patch. A circular shaped
contact area can be observed in the drawings.

During the course of the research, three specimens
were brought to failure, i.e., the bolt selected the black-
ness of the oval hole when the plates were moved and
began to work like a conventional bolt.

Specimens No. 1, 5, 6 were brought to failure
(Fig. 6).

After the bolt is moved the full length of the oval
hole, the bolt rests on the linings and further increases
in load may result in failure due to shearing of the bolt,
buckling of the connecting surfaces or stretching
of the plate at the weakened section. Failure of the first
specimen occurred along the axis of the hole from
normal stresses in the weakened section. The fifth
and sixth specimens failed as a result of buckling
of the mating surfaces.

During the experiment, the force at which the fail-
ure of the plate packet occurred was determined, the re-
sults are presented in Table 3. The load-bearing capac-

ity of the connection for plate tension and buckling
of the connected surfaces was also calculated (Table 3).

Theoretically, all plates should collapse from
buckling of the mating surfaces because the tensile
load carrying capacity (without considering stress
concentration) exceeds the buckling load carrying
capacity of the mating surfaces N, > N .

However, in fact, in the first specimen with a width
of b = 50 mm, failure occurs as a result of normal
stresses over the area of the smallest cross section —
the hole in the plate, which can be explained by
the influence of stress concentration at the hole.

Specimen No. 5 with a width of 90 mm failed by
buckling of the surfaces at a force 75 % higher than
the design force, which can be explained by the load-
bearing capacity reserve inherent in the limit state
calculation method. This specimen should not have
failed by tensile failure.

Specimen No. 6 fractured at a force N = 75.9 kN,
close to specimen No. 5 N = 71.3 kN, the difference
in fracture force was 6 %, which is well within

Table 3. Bearing capacity of the joint after overcoming the friction force

. Estimated fracture value Actual fracture force )
Specimen - — - > | Type of destruction
Buckling of surfaces to be joined, kN | Plate tension, kN kN
1 (b =50 mm) 40.7 49.35 69.5 Stretching
5 (b =90 mm) 40.7 105.75 71.3 Smoothing
of surfaces
6 (b =100 mm) 40.7 119.85 75.9 Stretch-buckling
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the statistical scatter of the research. At the same time,
the nature of the fracture can be interpreted as mixed,
since the specimen shows that the crack appeared along
the weakened section and grew a few millimetres across
the plate to 0.4d of the hole, i.e. the fracture began as
for a tensile element from normal stresses across the net
area. Then, probably, the crack got stuck (since the plate
metal is ductile 6 = 30 %) and went to the plate end,
poking out the holes, i.e. the fracture occurred according
to the principle of buckling of the connected surfaces.

Of course, the number of fractured plates is not
sufficient to obtain reliable statistics and draw conclu-
sions on the fracture mechanics of the joint. It is ob-
vious that the assembly is in a complex stressed state,
with factors of steel quality, stress concentration, and
variation in the steel strength of the plates themselves.
In any case, the force of the actual load carrying capac-
ity exceeded the design load carrying capacity.

CONCLUSION AND DISCUSSION

As a result of the research it is established that
the friction area of the friction joint has an outline in
the form of a circle. The diameter of the friction area
is approximately 2.1-2.3d of the hole, with the friction
zone extending to 0.67d, from the edge of the hole.
The minimum permissible distance between the centres
of the hole, as specified in CP “Steel Structures” [20] is
2.5d , thus almost the entire bolt spacing experiences
friction. The friction zone is not fixed on the surface
area of the plate with a width of 0.2-0.44 .

slt is also established that the width of the friction
area does not depend on the linear dimensions
of the plates to be connected, which confirms the ideas
inherent in the formula for determining the bearing
capacity of the connection on high-strength bolts.
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HUccaenoBanue pu3sMKo-MeXaHUYECKUX XaPAKTEPUCTHK
aJroMuHUEBbIX cIIaBoOB 1915T, 15654 u 6082-T6 npu Hu3kux
TeMIleparypax

Anexcanap Huxosnaesuu LlyBasos, Ouer Asnexkcanaposud Kopues,
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Hayuonanvholil uccieoosamenvexuti Mockogckutl 20Cy0apcmeenHuvlil CmpoumenbHblil
yuusepcumem (HHUY MI'CY), e. Mockesa, Poccus

AHHOTALUMNA

BBeaeHue. AnoMUHMEBBIE CMIaBbl XapakTePU3yTCs OTCYTCTBMEM NMOpora XragHONoOMKOCTU, 06naaatoT BbICOKMMM napa-
MeTpaMy MPOYHOCTU U NNACTUYHOCTU NPU HU3KUX TemnepaTypax. OgHako HopMaMu He NPeLyCMOTPEHO NMPOEKTUPOBaHNE
antoMUHUEBbBIX KOHCTPYKLWIA, BOCMPVHUMAIOLLMX LMKIUYECKNE CUNOBbIE BO3LAENCTBUSI MPU MOHWDKEHHbIX TeMMepaTypax.
B cBA3M ¢ 3TMM BO3HMKAET HEOOXOAMMOCTb U3yYeHMs CBOWCTB 1 MEXaHW3MOB AedopmaLn 1 paspyLUeHNst antoMUHUEBBIX
CMMaBoB A1 OLEHKN BO3MOXHOCTU UX NpUMeHeHus B ycnoBusax KpanHero CeBepa, a Takke ANs BHYTPEHHMX 0bonovek
N30TEPMUYECKNX PE3EPBYapPOB.

Martepuanbl u meToabl. ViccneaoBaHbl MEXaHUYECKME CBOMCTBA KOHCTPYKLUMOHHBLIX antOMUHMEBLIX CMMaBOB U3 Cepum
oTeyvecTBeHHbIX 1915, 15654 1 3apybexHbix pa3pabotok 6082 (aHanor A35). UcnbitaHbl 06pasLpl HA OLHOOCHOE pac-
TSDKEHWE, yOapHYyl BA3KOCTb, YCTaNOCTHYIO MPOYHOCTb, ONpeAeneHbl XapakTEPUCTUKN CTaTUYECKON TPELUMHOCTOMKOCTH.
VcnbiTaHmsa npoBeaeHbl ¢ ncnonb3oBaHneM MaluuH Instron 8802, Instron 1000HDX, LabTex, masiTHMKoBoro konpa Instron
450MPX no cootBetcTBytowmm FOCTam Poccun.

Pe3ynbrartbl. [MonyyeHbl 3KCnepvMeHTanbHble 3aBUCMMOCTU MPOYHOCTHBLIX M yNpyrux (npegerna npoyHOCTU, YCIOBHOMO
npegena Teky4yecTu, MOAYNsA YNpyrocTu), a Takke AedOpMaTUBHBIX XapakTEPUCTUK (OTHOCUTENBHOTO YAIMHEHUS U CyXXe-
HWUSI MMOLWanmn MonepeyHoro cedeHus obpasLioB) MCCneaoBaHHbIX CNaBoB OT TemnepaTtypbl UCMbITaHWi. [oka3aHo u3-
MEeHeHNe xapakTtepa AedOpMUPOBaHNS antoMUHMEBBIX CMaBOB NPW MOHWKEHUN TemnepaTypsbl. [puBeaeHbl pe3ynbTaThl
CONpOTUBNEHUS AedopMauny 1 pa3pyLUEHUO B YCIIOBUSIX YAAPHOro n3rnba n BHELEHTPEHHOTO PacTsXKEHUs1 B MHTepBarne
Temnepatyp ot —104 go +20 °C. OueHeHa BA3KOCTb pa3pyLUeHUS (TPELLMHOCTONKOCTb) MO KPUTEPUAM MEXaHWKW paspyLue-
HWUSI MPU UCMbITaHUKM CTaH4APTHBIX 0Opa3sLOB C yCTanoCTHbIMK TpelmHamu. MpeacTtaBneHbl orpaHUYeHHbIe nNpeaenbl Bbl-
HOCnMBOCTU Ha Gase 2 - 108, 107 UMKMoB NccrnefoBaHHbIX CMABOB MpW MONOXUTENBHBIX M OTpULaTeNbHbIX TEMMNepaTypax.
BbiBoAbl. [MonyyeHHble pesynstaTtbl NMO3BOSMSOT 0O0CHOBAHHO OCYLLECTBMATL BbIOOp MaTepunarnoB, HasHavyaTb Harpysku
Npu NPOEKTUPOBAHNM KOHCTPYKLNIA U3 antOMUHUEBbLIX CMITABOB U OLIEHMBATb UX CPOK CIy>KObl.

KIMKOYEBBIE CITOBA: antoMvHUEBbIE CMMaBbl, UCTIbITAHWUS, MOHKEHHbIE TemmnepaTypbl, MPOYHOCTb, AePOPMaTUBHOCTD,
TPELLMHOCTOMKOCTb, YCTanocTb

OnA UUTUPOBAHWUA: Lllysanos A.H., KopHes O.A., Epmakos B.A. ViccnenoBaHune puanmko-MexaHU4eCcKNX XxapaKTepUcTuk
anomMuHueBbix crnnasoB 1915T, 15654 n 6082-T6 npu HU3kMx Temnepatypax // CTpouTenbCTBO: Hayka U obpa3oBaHue.
2024.T. 14. Bbin. 1. Ct. 5. URL: http://nso-journal.ru. DOI: 10.22227/2305-5502.2024.1.5
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Investigation of physical and mechanical characteristics
of aluminium alloys 1915T, 1565ch and 6082-T6 at low
temperatures

Aleksandr N. Shuvalov, Oleg A. Kornev, Valentin A. Ermakov
Moscow State University of Civil Engineering (National Research University) (MGSU),;
Moscow, Russian Federation

ABSTRACT

Introduction. Aluminium alloys are characterized by the absence of a cold fracture threshold, have high strength and ductility char-
acteristics at low temperatures. However, the norms do not provide the design of aluminium structures that take cyclic force effects at
low temperatures. In this regard, there is a need to study the properties and mechanisms of deformation and destruction of aluminium
alloys to assess the possibility of their use in the Far North, as well as well as for the inner shells of isothermal reservoirs.

Materials and methods. The mechanical properties of structural aluminium alloys 1915, 1565ch and 6082 (similar to AD35)
were studied. The specimens were tested for uniaxial tensile strength, impact toughness and fatigue strength, and the char-
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acteristics of static crack resistance were determined. The tests were carried out using Instron 8802, Instron 1000HDX,
LabTex machines and Instron 450 MPX pendulum coper according to the relevant GOST standards of Russia.

Results. Experimental dependences of strength and elastic characteristics (tensile strength, offset yield strength, modulus
of elasticity), as well as deformative ones (relative elongation and contraction of the cross-sectional area of specimens)
of the studied alloys on the test temperature are obtained. The change of character of deformation of aluminium alloys with
decrease in temperature is shown. The results of deformation and fracture resistance under conditions of impact bending
and eccentric tension in the temperature range from —104...+20 °C are presented. Fracture toughness (crack resistance)
was estimated according to the criteria of fracture mechanics when testing standard specimens with fatigue cracks. The pa-
per also shows the limited limits of endurance based on 2 - 108, 107 cycles of the studied alloys at positive and negative
temperatures.

Conclusions. The obtained results make it possible to reasonably select materials, assign loads when designing structures
made of aluminium alloys and evaluate their service life.

KEYWORDS: aluminium alloys, tests, low temperatures, strength, deformability, crack resistance, fatigue
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BBEJIEHUE

PannonanbHbIil BEIOOp MaTepranoB, KOHCTPYK-
THUBHOC O(bOpMJ'ICHI/Ie " TCXHOJIOTHA U3TIOTOBJICHUSA U3-
JIeNusl, @ TaK)Ke OTPaHNICHUE JOMYCTHMBIX Pa3MepoB
UCXOJHBIX JIS(PEKTOB M 3aIIUTa OT KOPPO3UH ITO3BOJISI-
IOT UCKJIIOYUTH BO3MOKHOCTB XPYIIKOTO Pa3pyILICHU,
Pa3BUTHS 3HAYUTENBHBIX IIACTHUECKUX Aedopmanuii,
POCT TPEIIUH 10 KPUTHUECKUX Pa3MepoB B TCUCHHE
pacyeTHOTO CpoKa CIyKOBI KOHCTpYKIuii [ 1, 2].

AJIOMHHHEBBIC CIUIABBI 110 CPABHEHHIO CO CTa-
JbI0 00J1aJaI0T MAJIBIM BECOM, 00Jiee BHICOKUM COOT-
HOILIEHUEM ITPOYHOCTHU U BECA, BBICOKON KOPPO3UOHHOM
CTOMKOCTBIO M XOpOIIeH (hOPMYEMOCTBIO.

Hcnonp30BaHne aTlOMHHHEBBIX CIIABOB B CTpoO-
UTEJBCTBE PerllaMeHTHPYeTcsl cBogoM npasui'. Hop-
MAaTHUBHBIH JOKYMEHT COAEPKUT PEKOMEHAINH 110 BbI-
60py MapoK yNpoOYHSAEMBIX M HE YIPOUHAEMBIX TEPMO-
00paboOTKON CBapUBACMBIX CILIABOB C PACUCTHBIM CO-
mpoTHuBIeHHEM 0T 25 1o 195 MIla.

XapaKTepUCTUKH KOHCTPYKIIMOHHOM MPOYHOCTH
o CIT orpaniyeHsl pe3yasTaTaMy HCTIBITAaHUH Ha pacTsi-
KEHHE € ONPEJICNICHHEM Oy, G, ,, & 1pu 20 °C. Ilpu sToM
HauOOJIbILIEE PACUETHOE COIIPOTUBIICHUE UMEET TEPMHU-
YEeCKH YIPOUHSAeMbIi criaB Mapku 1915 (cucremsr Al-
Zn-Mg). JlaHHBII1 CIJIaB B KOHCTPYKIMSX HCIOJIb3YeTCs
B 3aKaJICHHOM U €CTECTBEHHOM HJIM UCKYCCTBEHHOM CTa-
pernu. bonee BEICOKHME 1 CTaOWIBHBIE CBOICTBA TOCTHU-
raloTCsl IPU UCKYCCTBEHHOM CTapeHHH, TIPUMEHSIOTCS
B KOHCTPYKIUSIX, COBMEIIAIOLINX HECYIIUE U Orpax/ia-
fomye (QYHKIUH, B TOM YHCIIE TIPH CTPOUTEIBCTBE pe-
3epBYyapoB.

W3 TepMHUYECKH YIPOYHAEMBIX CIUIABOB CHCTEMBI
Al-Mg-Si ¢ sKcIuTyaTalliOHHBIME CBOWCTBaMHM, OTBE-
YaIOMIMMH TPEOOBAHHSM IPOEKTHPOBILMKOB, Hanboee
SKOHOMHYHBIMH H, KaK CJI/ICTBUE, HanOOIee MPUMEHH-
MBIMH B CTPOUTENIBHBIX KOHCTPYKLUSX SIBISIIOTCS Map-
ku AJI31, AJI33 ¢ pac4eTHBIM CONMPOTUBIICHUEM OT 55
110 160 MITa, a Taxoxke ABM u ABT1 ¢ pacueTHoil mpou-
HocThio 70 1 170 MIla B 3aBUCUMOCTH OT COCTOSIHUS

'CIT 128.13330.2016. AnoMuHHEBbIE KOHCTPYKIIHH.
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noctaBkd. OHAKO 1O JaHHBIM paboT? [3] MakcHMaITh-
HbIM 3HAYEHHEM MPOYHOCTH, PaBHbIM G, = 340 MIla,
B YKa3aHHOW cepuu obOiajgaer cruiaB Mapku 6082
(ananor B Poccun — amomMuHueBslit ciaB AJ[35),
koTopeiii BKiIroueH B [OCT?, uo orcyrcrByer B CIT!
Ha TeKyIIui MoMeHT. CIIaBbl IPUMEHSFOTCSI IS Cpel-
HEHarpy>KEHHBIX KOHCTPYKLUH, OTINYAOTCS XOpOUIei
KOPPO3HOHHOM CTOHKOCTBIO U CBAPHBAEMOCTEIO.

YpOBEHb PacUETHOTO CONPOTUBIIECHUS TEPMUUECKU
HE YIPOYHSEMBIX aTIOMHHHEBO-MarHUEBBIX CILIABOB,
pexomenayemsix CII, me mpebimaer 140 MIla.

BapuaHTBl 3aMEHBl TPAaJULIHOHHBIX CILIABOB
Ha HOBBIC TIPUBOISTCA B TyOnuKanuu [3].

B nocneaaue robl pOCCHHCKIMU yYEHBIMH pa3pa-
0oTaH aJIFOMUHHEBEIH ciiaB 15654 cuctembr Al-Mg [4]
NPOYHOCThIO He MeHee o, = 335 MIla mo 'OCT*.
CrnaB o6sagaeT BEICOKOH KOPPO3MOHHON CTOHKOCTBIO
u xopouro cBapuBaercs. CruiaB, Kak KOHCTPYKIIMOH-
HBII MaTepual, Hamlel MPUMEHEHUE B CYIOCTPOCHUH,
BaroHOCTPOEHUHU M aBTOMOOMIecTpoeHnu. Meeaeno-
BaHHME XapaKTEPUCTUK 3TOTO CIUIaBa M €ro CBAPHBIX
COEIMHEHUI LIMPOKO MPEICTaBICHO B OTEYECTBEHHOM
muteparype [5-8]. Cruras Brmouen B TOCT?, HO oTcyT-
creyer B CIT'.

D¢ (heKTHBHOCTH MCITOIB30BAHUS ATIOMHUHHAEBBIX
CIUTABOB B PE3€pBYapOCTPOCHUM MpPEICTaBIeHA B pa-
6ote [9]. CpaBHEHHE TEXHUKO-IKOHOMHYECKHX TIO-
Kaszareseil pe3epByapoB M3 CTAd U aTIOMHHHEBOTO
crutaBa AMro6Mm ¢ OTMHAKOBBIMH T€OMETPHUYECKAMH Xa-
PaKTEpPUCTHKAMH TTOKa3aJI0 MPEUMYIIECTBO KOHCTPYK-
IIUH U3 aITOMMHUEBOTO CIIIaBa B YMEHBIICHUH YAEIb-
HOHM MeTaJlJIoeMKOCTH (B cperHeM Ha 32 %), CTOUMOCTH
TPAHCIOPTHPOBKHU (Ha 8 %), a TakyKe CHUKCHHUH IKC-

2 DIN EN 573-3-2009. AOMUHMI U aIFOMUHHUEBEIE CILIABEIL.
Xumuueckuii coctaB u Gpopma 1eOpMUPOBAHHBIX H3ICIHH.
Yactp 3. Xumudeckuii coctaB u hopma U3IEIHi.

3TOCT 4784-2019. AnoMuHuii ¥ CIUIABBI ANIOMUHUEBBIE
nedopmupyembie. Mapku.

4TOCT 21631-2019. JIuCTBI U3 ATFIOMHHUS W ATFOMHHAEBBIX
cru1aBoB. TeXHUUECKHE YCIOBHSI.
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IUTyaTallMOHHBIX PACXOJ0B Ha MPOTHBOKOPPO3HOHHYIO
3aIIUTY U COKPALICHUE YNCIIa PEMOHTOB.

ATIOMUHNEBBIE CIUIaBBI, XapaKTepHU3yIOMINeCs
OTCYTCTBHEM IIOPOTa XJIATHOJIOMKOCTH, 00JIa/lalonine
BBICOKMMH XapaKTEPUCTUKAMH ITPOYHOCTH M TUIACTHY-
HOCTH IIPH HU3KHX TeMIIepaTypax, MOTyT cTaTb 3 pex-
TUBHBIM MaTepUaioM IIPU BO3BEJICHUN OOBEKTOB B yC-
nosusax Kpaitanero Cesepa [10], B TOM 4mciie TUCTOBBIX
KOHCTPYKIMI: OYHKEpPOB, CHJIOCOB, BHYTPEHHUX 000JI0-
YeK N30TEPMUIECKUX PE3EPBYaPOB.

BinsitHue HHM3KMX TeMmmepaTyp Ha MPOYHOCTH
amoMuHuEBbIX crutaBoB B CII yuurteiBaercs ko3d-
(QHUIMEHTOM HM3MEHEHHUS TEMIIEpaTyphl y,. 3Haue-
HHUE 3TOT0 KOX(P(UIMEHTa B JUara3oHe TeMmIeparyp
ot —65 no +50 °C y, = 1, npu TemmepaTypax HWKe
—65 °C nna cucrembl Al-Mg u Al-Zn-Mg — v, = 1,05;
a1 cuctembl Al-Mg-Si— v, = 1,1, uTo B psze ciyqaen
HE OTpakaeT ACHCTBUTEIFHOTO YBEIHICHHS IPOYHOCTH
craBoB [11].

B CII takxe npUBOIATCS 3HAYEHUS MOIYIIS yIIPY-
TOCTH TIPH OTPULATEIBHBIX TEMIIepaTypax: Uil BCexX
crtaBoB mipu ¢t = —70 °C — E = 0,735 - 10° MIla;
pu u3MeHeHnu temmneparyp ot —40 mgo 50 °C 3nHage-
HEE MOYJIS yrpyroctu npussto £ = 0,7 - 10° MITa.

V3meHeHne mapaMeTpoB, XapaKTEPHU3YIOIIHUX
IJIACTUYECKHE CBOWCTBA CIJIABOB (OTHOCHTEIBHOE
VIUTMHEHHUE TP PacTSHKEHUH O, OTHOCUTEIHLHOE CYyrKe-
HUE TUIOIIA Y TIONEePEYHOro CEUSHHUS TIPH Pa3phIBe )
IIpHU OTpHUIATENbHBIX TeMmeparypax, B CII ne npen-
crapieHo. HopmaMu Takke He MPeayCMOTPEHO MPOeK-
THUPOBAHKE ATIOMUHUEBBIX KOHCTPYKIIUIA, BOCIIPUHUMA-
IOHIMX IUKJINYECKHE CUIOBBIE BO3ACHCTBUS, KOTOpPhIE
UCTIBITBIBAIOT OOOJIOYKH JTUCTOBBIX KOHCTPYKIIHH.

CeromHs 3HAUNTENBHO YBEIWYMIIACH HOMEHKJIA-
Typa ¥ pacIIMpHIach 00IaCTh NMPUMEHEHHS ATIOMHU-
HUEBBIX CIUIaBOB. B CBS3M ¢ 9TUM BO3HHKAeT HEOO-
XO/JIMMOCTh BCECTOPOHHErO HCCIeAOBaHMUS paboOThI
AIIOMHMHHUEBBIX CIUIABOB C U3yYEHHEM CBOWCTB M Me-
XaHU3MOB JiehopMaliy U pa3pylieHHs pH OTpHUIla-
TEIBHBIX TEMIIepaTypax JJIsl OLCHKU BO3MOXHOCTHU
UX IPUMEHEHUS B JIMCTOBBIX KOHCTPYKIMAX B YCIOBUSX
Kpaitaero Cesepa, a Taxoke A1l BHyTPEHHUX 000T0UEK
N30TEePMHUIECKHX PE3EPBYapOB.

J151s1 TaHHOTO MCCIIeIOBaHMS C YIETOM PEKOMEH 1a-
i CI1, nmeromierocs 3apy0eKHOTO ¥ OTE4ECTBEHHOTO
orbITa ObUTH BBIOpaHBI 1e()OPMUpPYEMBIE CILIABbI:

* 1915T — cmuiaB cuctemsl Al-Zn-Mg moce 3a-
KaJIKH ¥ €CTECTBEHHOTO CTapeHHUSI;

* 6082-T6 — cmaB cuctemsr Al-Mg-Si, uckyc-
CTBEHHO COCTapeHHbI Ha MAKCUMAaJIbHYIO IPOYHOCTB;

* 15654 — crutaB cucrembl Al-Mg, yripouHsiemblii
B TIpOILECCe HAKIIETIA, TEPMOHEYTPOYHSIEMBIH.

MATEPHUAJIBI I METO/bI

B nacTosmiemM uccienoBaHUU TEeMIEpaTypsl Uc-
MBITAHUH OPUHATH B quanazoHe oT —104 mo +20 °C,
9T0 000CHOBAHO TEMIEPaTypoil XpaHEHHUS U HCIIOIb30-
BaHUs IIUPOKOTO CTIEKTpa ra3zoB (OyTaH, aMMHaK, TPO-
IaH, IPOMMJICH, alleTUIICH, 3TaH, ATUJICH U JIp.).

XHUMHUYECKUHI COCTaB UCCIEAOBAHHBIX TPOMBILI-
JICHHBIX CIUIABOB Ha OCHOBE AJIIOMUHHS B COCTOSTHUU
MTOCTaBKH MPEJICTaBICH B Ta0M. 1.

HcnbiTanne 00pa3oB Ha OMHOOCHOE PACTSKEHHE
npoBoamiock B coorBercTBuu ¢ 'OCT 1497-84 «Me-
TaJlabl. MeToABl UCIBITAHUN Ha PACTSKEHHE», C UC-
IMOJIb30BAaHUEM HCIBITATEIbHBIX MamuH Instron 8802,
Instron 1000HDX, LabTex. 3amuce auarpamm aedop-
MHUPOBaHUs OCYIIECTBIUIACH C MTOMOIIBIO SKCTEH30-
MeTpa 6a3oif 20 MM B TEH30PE3HCTOPOB 0az0i 5 MM
B KOOp/MHATAX ¢ — €. Harpyxenue o6pa3noB npu oTpu-
narenbHbIX Temneparypax (—20, —40, —70, —104 °C) BbI-
MOJHSJIOCH B TepPMOKaMepe. B paboTe ucnbIThIBaINCH
00pas1sl B (hopMe ABYXCTOPOHHUX JIONATOK ¢ pabodei
gacTbio pazmepamu 200 x 30/10/11 MM 1 nuIIMHApPHYE-
CKHe 00pasIbl THaMETPOM 6 MM.

XapaKTepUCTUKH CTaTHUYECKOH TPEIMHOCTOM-
KOCTH CIUIaBOB OIPEIEIISIIUCH NPU UCIIBITAHUU KOM-
MaKTHBIX 00pa3ioB pasmepamu 80 x 80 x 10/11 mm
C KpaeBOM TPeIIMHON Ha BHEIIEHTPEHHOE pacTsKeHHE
B cootBercTBUH ¢ TpeboBanusmu [OCT® npu Temmepa-
Typax +20, —40, -70, —-104 °C.

VcnbITannst Ha yIapHYIO BSI3KOCTh BBITIOJHSIHCH
Ha oOpa3zuax ¢ V-o0pa3ubiM 1 U-00pa3HbIM HaJpe3amMmu
npu Temneparypax +20, 20, —40, —60, —104 °C na ma-
ssTHUKOBOM komipe Instron 450 MPX ¢ peructparnueit
pabotsl ynapa, [k, 1 pacdeToM BEIUYMHBI yAapHOU
BsizkoctH o TOCT®.

S TOCT 25.506-85. PacueThl U HCMILITAHUS HA MPOYHOCTb.
MeTtoabpl MEXaHUYECKHUX UCTIBITaHUK MeTaiuioB. OnpeneneHue
XapaKTEePUCTUK TPELIMHOCTOMKOCTH (BA3KOCTU Pa3pyIICHUs)
IPH CTaTUYECKOM HarpyKEeHHH.

®TOCT 9454-78. Mertauisl. MeTon HCIIBITAHUS HA yAApHbIH
M3TU0 MPH TOHMKEHHBIX, KOMHATHOH ¥ TMOBBIIICHHBIX TEM-

neparypax.

Taou. 1. XuMu4eckuii COCTaB UCIBITAHHBIX aTFOMUHUEBBIX CIJIABOB

[IponieHTHOE CofeprkaHle KOMIIOHEHTOB
Mapka crutaBa . . Fe,

Si Mg Mn Cu Zn Cr Ti —— Hpyrue
1915T I'OCT 4784 <0,35 | 1-1,8 | 0,2-0,7 <0,1 4-5 0,08-0,2 | 0,01-0,06 <0,4 0,06-0,2
15659 TY 1-3210-2013 02 |5,1-6,2| 0,4-1,2 | 0,01-0,2 | 0,45-1,2 0,25 - 0,3 —
6082-T6 DIN EN
573.3:2009 0,7-1,310,6-1,2 | 0,4-1,0 <0,1 <0,2 <0,2 0,053 <0,5 <0,06
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HcnpiTanus Ha yCTaIOCTHYIO MPOYHOCTH MPOBO-
Jnck B coorBercTBU ¢ [OCT Ha cepusix KOPCETHBIX
00pas3IoB.

PE3YJIBTATHBI HCCJIEJOBAHMUA

PesynpraThl mcnblTaHMil 00pa3noB uccuenye-
MBIX MaTe€pHaJOB HAa OJHOOCHOE PACTSKCHHE MPHU I10-
JIOXKUTEIBHOM M OTPHUIATEIbHBIX TEMIIEpaTypax ¢ IMo-
CTOSIHHOM CKOPOCTBIO Harpy KeHHUs («OKECTKUH PEXXUM»)

TIPUBEICHBI B Ta0M. 2.
Huarpammbl 1eopMupoBaHus P KOMHATHOMN
TeMIeparype B KOOPAMHATAX G — € MPEJCTABICHBI

"TOCT 25.502-79. PacueThl U UCHBITAHUS HAa MPOYHOCTH

B MAalIMHOCTPOCHUU. MeToibl MEXaHUYECKUX UCIBITAHUN

MECTaJIJIOB. MCTOI[I)I WCTIBITAHUHN Ha YCTaJIOCTh.

Ha puc. 1-3. JIyst Bcex cUcTeM JETUpOBaHUS XapaKTep-
HO OTCYTCTBHE SPKO BBIPA)KEHHON «IIEHKW» MpU pas-
PYIICHNH, a BETMYNHA OTHOCHTEIILHOTO CYXKEHHS ILI0-
I1aJI1 TIONIEPEYHOTr0 CEUEHUs Y Majia 10 CPAaBHEHHUIO
co cTaibio. PaspynieHne 00pa3oB IPOUCXOANIIO T10 JIU-
HUSM CIIBUTA, OPUEHTHPOBAHHBIM MO yTiIoM ~40°
K TUTOCKOCTH MPOKATKH [12].

YcraHoBiIeHO, 9TO 00pasnsl crtaBa 6082-T6 me-
(hopmMHpOBaIMCH MOHOTOHHO (pHC. 1), @ Ha DKCIIEPUMEH-
TaJILHBIX KPUBBIX cruiaBoB 1915T u 15654 nabnronanuck
cOpochl Harpy3ku («3yOrbl/ckaukny). CkaukooOpas-
HOCTbh KPHUBOHW MposABIAnack nocie 3 %-Hoi nedopma-
un oopasnoB 1915T u mpakTryecku cpasy mocie Ha-
TPY)KEHHs BBILIE O, I CMaBa 15654, 1 oTin4anack
HU3KOYACTOTHBIM (pHC. 2) M BRICOKOYACTOTHBIM (pHC. 3)
MIPEepPBIBUCTEIM TedeHneM. B mureparype [13—15] mo-

Taoua. 2. XapaKTepI/ICTI/IKI/I TIPOYHOCTHU U TNTACTUYHOCTHU UCCICAYEMBIX aJITIOMUHUECBBIX CIIJIABOB

XapakTepUCTHKH MaTepHralia
Hccnenyemprii Temneparypa
CIUIaB vcnbrTasmii, °C 6. Ma 6 Mla E MIa OTHOCHUTEILHOE OTHOCHUTEILHOE
B 02’ ’ yaiauHenue 8, % cyxenue y, %
+20 360 255 71 000 10,9 28,0
-20 365 265 73 000 11,2 27,6
1915T -40 370 270 73 500 12,0 27,5
Al-Zn-Mg ’ ’
-70 395 275 75 000 13,0 26,5
—-104 415 280 78 000 13,5 26,0
+20 330 315 72 000 13,0 23,0
-20 345 332 74 000 14,0 23,0
6082-T6
Al-Mg-Si -40 350 335 74 500 14,8 22,0
70 375 350 77 000 15,5 21,5
-104 400 360 78 500 16,0 21,0
+20 390 285 71 000 12,0 15,0
-20 390 285 71 000 12,5 16,0
15654 —40 400 290 71 500 13,0 17,5
Al-Mg ’ ’
=70 405 290 74 000 14,5 19,0
—-104 420 295 77 000 16,5 20,0
SLH |
aon - f r %
= ] =
Ch 29
% ¥ 200
2 200
: o
= z
=0 & 100
50
o 1 6 % I 12 14 16 1% 0 2 1 & B 10

Hepopaesmes, o

Puc. 1. /lnarpamma nedopmupoBanus cmasa 1915T npu

+20 °C
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Heiopaesnes, o

Puc. 2. lnarpamma nedopmuponanus cruasa 6082-T6 npu
+20 °C
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3
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Puc. 3. lnarpamma nedopmupoBaHus crutaBa 15654 npu
+20 °C

JIOOHBIE CKauKH Ha TUarpaMMmax Je(OpMHPOBAHUS CBSI-
3aHbI ¢ d3pdektom [lopreena — Jle Illarense (TTJILI)
(The Portevin — Le Chatelier (PLC) effect), koropsiit
MPOSIBIISIETCS. TIPH <OKECTKOM PEIKUME» HATPYIKEHHUS.
[TosiBnenue ykazanHoro addekra 3aBUCUT OT cOCTaBa
U CTPYKTYypHl MaTepuana [16, 17].

[Toreps ycroitunBoro nehopManOHHOTO MOBE-
JICHUSI CIIaBa CBS3BIBAETCS C YCTPAHEHHEM CKOTUICHHS
PacTBOPEHHBIX AJIEMEHTOB M YaCTHUIl BTOPHYHBIX (a3
B aJIIOMUHHEBBIX cIuiaBax. [Ipu uccnenoBanuu cria-
BOB cucteMbl Al-Mg (AMr6, AMr3) [18] ycranosie-
HO, 4TO s ciiaBa AMr3, conepxkarero 0,48 % Si,
3anuchiBajgach MiajKas KpUBas, a NpU CHUKEHUHU CO-
nepxanust kpemuus B cmiase g0 0,05 % — ckauko-
oOpasHasi quarpamma. MOHOTOHHAsI KpUBasi HarpysKe-
HUs ObLJIa MOJTy4eHa JUTsl XOJIOAHOKATaHOTO JINCTA CIIa-
Ba AMr6, a rmocie oTXKHra 3TOro CruiaBa IpH TeMIiepa-

450

i

Hanpesiceee, Mila

B30

FEEL

50

i 3 4 [ b

Type 450 °C — crtynenuaras kpuBas. BapsupoBanue
pexuma oTKura criaBa AMr6 nmpuBoaMIO K pacTBO-
pennio B(ALLMg,) Gasel u BBI3BIBAJIO NEPEXO]L OT TIa-
KOW K CTyIleHuUaTo# KpuBoil nedopmanuu. B crutaBax,
CKJIOHHBIX K CKaukooOpa3Hoii nedopmarnuu, HaOIroIa-
FOTCSI 9PO3MOHHBIE TIOBPEKACHHUS U CHIDKEHIE KOPPO3H-
OHHOH cTOolKOCTH cIuIaBoB [19, 20].

Crnemyer OTMETHTD, YTO IPU CHIDKCHUH TeMIIepa-
Typbl UCIIBITAHUIN CKAYKU HAIPSKEHUUN Ha uarpamme
nedopmupoBanus ciutasa 1915T He nMposSBISUTUCH yxKe
npu temneparype —40 °C (puc. 4). [lng crnnasa 15654
TaK)Ke HaOJIOIaeTCs 3HAUNTEIbHOE CHU)KEHHE aMILIH-
TyIBl U 9acTOTHI ckaukoB npu —40 °C u uxX mpaxTu-
4eCcKHu MosiHoe ucueznoenue npu —104 °C (puc. 5),
YTO COIVIACYETCS C HKCIIEPUMEHTAIbHBIMH pe3yIbTaTa-
MH, IIPEJCTaBICHHBIMU B HCTOYHUKAX [6, 21].

ITo pe3ynpraTamM HCHBITAHUN Ha OAHOOCHOE pac-
TSDKEHHUE 10 Pa3pyLIeHUs! ObLI ONpe/iesieH KOMILIEKC Xa-
PAaKTEPUCTHK MNPOYHOCTH H IIACTHIHOCTH (O, G5, E,
d, ) crumaBoB Mapok 1915T, 6082-T6, 15654 npu pas-
JIMYHBIX TEMIIEpaTypax UCHbITAHUI.

Ha puc. 6 mpexncraBneHsl 3aBUCUMOCTH TIpefe-
Jla TPOYHOCTH U YCJIOBHOTO Mpenesia TeKy4ecTH HC-
CJIEIOBaHHBIX CIIJIABOB OT TEMIIEPATYPhI UCIBITAHUMN.
[IpuBeneHHbIC pe3ynbTaThl MOKA3BIBAIOT YBEIHMUYECHUE
MPOYHOCTH HCCIIEOBAHHBIX CIIJIABOB C IMOHIKEHHEM
TEMIIepaTypbl, IPH 3TOM HanboJiee HHTEHCUBHOE YBe-
JUYEHHE TPOYHOCTH HAOJIIONAeTCs MPU M3MEHEHHHU
temrieparyp ot —40 no —104 °C.

VYBenudeHue mpejena NpoYHOCTH MPHU TeMIlepa-
Type —104 °C mo cpaBHEHHIO ¢ KOMHATHOH TeMIiepa-
Typoii coctaBmiio ais criaBa 6082-T6 21,2 %; cninasa
1915T — 15,2 %, crnaBa 15654 — 7,7 % [22].

AHaJIOTHYHOE M3MEHEHHE XapaKTepHO U A yC-
JIOBHOTO npeziena TekydectH. [Ipn stom yBenudenue o,

— 0} O
0 OO

10 13 B4 1

Heiopasasa, %

Puc. 4. lnarpammer nedopmuposanus cruiaBa 1915T npu remneparypax ucnsiranuii —40 u —104 °C

1
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Puc. 5. [lnarpamms! nedopmupoBanns crtasa 15654 npu remmneparypax ucnbitannii —40 u —104 °C

peann3yercsi Ha MEHBLIYIO BEJIMYUHY, YeM BO3paCTaHHE
e}
o,. ITpn temmeparype —104 °C ysenmienue 6, cocTa-
1o s crutaBa 6082-T6 — 14,3 %; crumaBa 1915T —
9,8 %; crutaBa 15654 — 3,5 %, T.e. pasHUla MEX]1Y G,
1 O, C IOHWKCHHEM TeMIICPATypPbl BO3PACTACT.
3HaYeHUs MOAYINSI YIPYTOCTH HMCCIIEJOBAaHHBIX
CIUIaBOB U €r0 M3MEHEHHsI B 3aBUCHMOCTH OT TEMIIe-
paTypsl HCIIBITAaHUH TPUBEACHHI B Ta0I. 2 1 Ha pHC. 7.

o, MIla
450
400 <
¢,
SR RESS
i b
300
F—o] b
- G\e-: :
250
1 1 1 1 1
-100 -60 -20 20

Temmeparypa, °C

Op O,
—— —o— 19157
—— —OS— 06082-T6

—&— —O— 15651

Puc. 6. VI3mMeHeHue npezena MpOYHOCTH M yCIOBHOTO MIpee-
J1a TeKy4eCTH HCCIIeIOBAHHBIX CIUIABOB OT TEMIIEPATyphI HC-
MBITAHUN

78

Habmomaercst moBEIIIEHHE MOYIS YIPYTOCTH Y BCEX
HCCIIEIOBAaHHBIX CIIJIaBOB C IOHIKEHHEM TeMIIepa-
Typsl. Hanbomnpiee yBennueHne MOIyass YIPYrOCTH
npu temreparype —104 °C, cocrasustoinee 9,9 %, oT-
MevaeTcs y cruiaBa 1915T; y cnimaBa 6082-T6 yBenu-
4eHHe Moyl ynpyroctu coctasuiio 9,0 %, a y cmia-
Ba 15654 — 8,4 %. B nuanazone temneparyp ot —20
110 —40 °C oTmMeuanocb MUHUMaJIbHOE YBEIMYEHUE MO-
ITyJs YIIPYTOCTH Y UCCIICIOBAHHBIX CIIJIABOB.
VBenu4enne mpenena MpOYHOCTH G, U MOy
yOpyrocTu £ BBI3BaHO CHH)KEHHEM TeMIepaTyphl, KOTO-
pO€ MPHUBOAKT K YMCHBIICHUIO MEKATOMHBIX PaCCTOs-

E - 10°, MIla
85
80
L S~
NN
N
75 — =S
S\‘tB\
I \\e\< ~_
e R
T ————
70
65 1 1 1 1 1
-100 —60 =20 20
Temmeparypa, °C
—o— 1915T
-—8—- 15654
—-6--— 6082-T6

Puc. 7. I3menenne Moayinst yipyrocTH aJllOMUHHEBBIX CILIA-
BOB B 3aBUCHMOCTH OT T€MITEPATyPhl HCIIBITAHIH
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HUHU 1 YBECJIIMYCHUTIO CUJT IPUTAKCHUA MEXKTY aTOMaMH.
JIyist cTanu TaKke ¢ MOHMKCHUEM TeMIICpaTyphl Xapak-
TEPHO yBEJIMYCHNUE G ,, G, U E, HO BMeCTe ¢ TeM Habuito-
JIaeTCsl CHMPKCHME TIACTUYHOCTHU U BA3KOCTH [23].

[TapaMeTpbl, XapakTepU3yIOIIUE MIACTUYCCKUC
CBOWCTBA UCCIICTYEMBIX ATFOMUHHUEBBIX CIDIABOB: OTHO-
CUTEJbHOE yITHHEHHE O, %, I OTHOCUTEIBHOE CYKCHHE
TUIOMIAAN TTOTICPEYHOTO CeYCHUS ¥, %, MCIBITAHHBIX
00pasIoB MpUBEIEHHI B Ta0I. 2, XapakTep UX U3MEHE-
HUS OT TeMIIepaTypbl UCIbITaHui — Ha puc. 8. Cie-
JIyeT OTMETHUTH IIABHOE yBEIMYCHHUE PAaBHOMEPHOTO
OTHOCHTEJIBHOTO YIUIMHCHHsI 00pa3IloB HUCCACI0BaH-
HBIX CIUIABOB C MOHIKEHUEM TeMmrmepaTypbsl oT +20
1m0 —104 °C. Munumaneaoe yBenuuenue 6 Ha 20,0 %
nonyyeHo s criaBa 6082-T6. ns cnmaBoB 1915T
n 15654 yBenuueHue OTHOCUTEIBHOTO YAJIUHEHUS
cocraBmio 23,8 u 37,5 % coorBeTcTBeHHO. OTHOCH-
TENBHOE CYKCHHC IUIOMIaJH MOMEPEYHOTO CCUCHUS
o6pasnoB cmnaBoB 1915T u 6082-T6 ¢ uaMeHeHHEM
TEMIIEPaTyPBl H3MCHSIIOCh HE3HAYUTEITPHO — YMCHbB-
manock B npeaenax 7,6-9,5 %. [lns crinasa 15654 yBe-
JUYCHNE OTHOCHTEIHHOTO CYXKEHUS 3a(UKCHPOBAHO
Ha ypoBHe 33,3 %.

ITo pesyapTaTaM HCHBITAaHUN OOpA3IOB C HalI-
pe3oM OblLia COMoCTaBiIeHa paboOTOCIOCOOHOCTh HC-
CJICIyeMBbIX CIJIABOB B YCIOBHUSX JMHAMUYCCKOTO Ha-
rpyXeHus ynapHbM u3rubom. Ha puc. 9 npuseneHs
JKCIIEPUMEHTAIIbHBIC 3aBUCHMOCTH YIAPHOH BS3KOCTH
KCV u KCU, JI:x/cM?, aTIOMHHHEBBIX CIUIABOB OT TEM-
neparypsl ucneitanus (—104, —60, —40, 0 u +20 °C).
Bonee BricOKMe 3HAUEHUS BA3KOCTH MOTYyYEHBI HA 00-

3, v, %
30
_ P
e/e/
25
i Vs P
| —o—
20 \e’\e\
15 Kg\\
RS
10
1 1 1 1 1

-100 —60 -20 20
Temneparypa, °C

3, % v, %
—eo— —o— 1915T
—o— —O— 6082-T6
—— —O— 15654
Puc. 8. VI3MeHeHHe OTHOCHTENEHOTO YIJTHHEHUS U CYKCHUS

IUTOMIA N MOTIEPEYHOTO CeUeHUs] 00pa3I[0B MCHBITAHHBIX
CIIABOB OT TEMIEPATYPHI HCTIBITAaHMIT

pasuax ¢ U-00pa3HbIM HAAPE30M, IIPH CaMO¥ HU3KOM
temieparype KCU cocraBuno 48,5 u 30,0 J[x/cm?
Juig crutaBoB 1915T u 15654 cOOTBETCTBEHHO.

W3 nony4eHHBIX TEMIIEpaTyPHbIX 3aBUCUMOCTEN
CIIEJIyeT, UTO yAapHasi BSI3KOCTb BCEX aJTIOMHHHEBBIX
CIUTaBOB B HCCIIEyEMOM HHTEpBaJle TEMIIEPATyp CO-
XPaHsIeTCsl MPAKTUYECKHU TIOCTOSIHHOH (¢ HE3HAYNTEIb-
HBIM CHIDKEHHEM Yy cIutaBa 15654), 9To XapakTepHO
s crraBoB ¢ 'K pemerxoit [24-26]. OGpa3ims
n3 croiaBa Mapku 6082-T6 ycTymaroT mo yaapHOH Bs3-
koctu KCV cmmaBy 1915T B 4 paza, a crutaBy 15654
nouty B 2 pasa. [Ipu yBennuenun B oOpasuax paany-
ca Hagpesa BsizkocTh (KCU) crutaBa 15654 BozpacTtaet
Ha OOJIBIIIYIO BEJTHUKHY, ueM y ciuiaBoB 1915T u 6082-
T6, 4TO CBUAETENLCTBYET O OOJIBIICH BelM4nHE pado-
TBI, 3aTPaYMBAEMON Ha 3apOXKACHUE TPELIMHBI Y CIUIaBa
15654 o cpaBHEHHIO C APYTHMHU.

Kpome ynapnoii Bsskoctu (KCU, KCV) onpene-
JSUTOCH CONPOTHUBIICHUE Pa3pyIICHUIO ATIOMUHHEBBIX
CIUTAaBOB MO KPUTEPHUSM MEXaHUKH Pa3pyLICHUS, I10-
JYYCHHBIM TPU UCIBITAHUHM CTaHJAPTHBIX 00pa3moB
C YCTaJIOCTHBIMH TpemmHamu [21, 27-29].

Bs3kocTh paspymieHus (TpenmHOCTORKOCTh) O1Ie-
auBanack mo FOCT* ¢ HCMONb30BaHHEM KPUTEPHEB Me-
XaHUKH pa3pymenus Ha oopasuax 11l Tnna ¢ Tpenmnoi
B uHTepBaine temneparyp —104...+20 °C. Onpenens-
JIMCh CHUJIOBBIE KPUTEPHUHN pa3pyLICHHUsI — KPUTHUECKHE
k03 PHUIMEHTH HHTCHCUBHOCTH HAIPsDKEHUH K o K .
3HaHWE KOTOPBIX TO3BOJISIET OLEHUTh KPUTHUECKYIO
JUTMHY TPEIIMHBI ¥ BBIIIOJHITH PAacdeThl HA IPOU-
HOCTB JIEMEHTOB KOHCTPYKUuH ¢ aedexramu. Kpome

KCV, KCU, Tx/cm?
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Puc. 9. Biustane TeMnepaTypsl HCTIBITAaHNS HA yAAPHYIO BS3-

kocTh KCV 1 KCU anfoMHUHHEBBIX CIIABOB
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TOTO, yCTaHABIMBAINUCH: Je(OPMALIMOHHBIH KpHUTE-
pHil — pacKpeITHE B BEPIIMHE TPEIMHBI &, (1epopma-
IIMOHHAs XapaKTEPUCTHKA TPEIIMHOCTOMKOCTH MaTe-
puana) ¥ HEPreTHIECKUIl — KPUTHUIECKOE 3HAUCHHE
J-unrerpana J, (XapakrepusyeT paboTy ynpyroria-
CTHYECKHMX AepopMannii, pa3pymieHHe U HAIPSKeH-
HO-71e()OPMHUPOBAHHOE COCTOSIHUE MaTepralia BOJIN3H
BEPIIMHBI TPELIMHBI IIPH YIIPYTOINIACTHYECKOM Jie(op-
mupoBanun). ConporusieHue aeGpopManu U paspy-
IIEHHIO OIIPEAEIISAIN 110 JaHHBIM, IIOJIyYCHHBIM U3 ANa-
TpaMM «Harpy3Kka — CMEIICHHUE».

BnustHne Temneparypbl Ha napaMeTpbl MEXaHUKN
pa3pyIIeHus peacTaBiIeHo B Tadn. 3 u Ha puc. 10, 11.

Oo0nactyu nepexoza OT BSI3KOTO COCTOSTHHS K XPYII-
KOMYy B HCCIIEOBAHHOM HMHTEpBaje TEeMIIepaTyp
HE BBISIBIICHO; CHIIOBO KpUTEPHii K. HCCIICTOBAHHBIX
CIIJIABOB MPAKTHUYCCKU HE 3aBUCUT OT TEMIICPATYPhbI UC-
NBITAHUH. HpI/I OTOM CJIEAYCT OTMCTUTHh YMCHBUICHUEC
BeJINYUHBI K o Ha 20 % c MOHMXEHHEM TeMIIepaTypHsl
UCTIBITAaHAN y cTutaBa 15654.

Bonee uyBcTBUTENBHBI K U3MEHEHHIO TEMIIEpa-
TYpBl OKA3aJIUCh NMAapaMETPhl MEXaHUKH pa3pyIICHHS:
KPHTHYECKOE PACKPBITHE TPEIMHBI O ¥ J -MHTErpa.
[Tpy moHMKEHUU TeMIIepaTypbl UCTIBITAHUSI KPUTHYE-
CKO€ PaCKpPBITHE TPEIMHBI 8, yMEHbIIANOCH B 00pastax
criaBoB 15654 Ha 80 %, crutaBa 1915T npubnusuresns-
1o Ha 40 %, 6, crmasa 6082-T6 NMpaKTUIECKN HE U3MEHS-

JIOCh. HpI/ITyHJ'[eHI/Ie BECPIIMHBI TPCIIUHBI 110 3HAYCHUAM
TUIACTHYECKOH COCTABIIAIONIEH PACKPHITHS O, B CILIABaX
pacret B cooTHomeHuu 6082-T6 < 15654 < 1915T.

Bce crutaBbl B 3aJJaHHOM JiMaria3oHe TeMIepaTyp
MOKa3aJIi U3MEHEHNE 3HAUYCHUH BSI3KOCTH Pa3pylleHUs
J_, mopoGHoM u3Menenuto § . Benmunna mapamerpa J,
B oOpasmax cruraBa 15654 ¢ MOHM)KEHHEM TeMIlepa-
Typsl 10 —104 °C ymenbmanace Ha =90 %, J, cnnasa
1915T — na =36 %, J, cruiasa 6082-T6 usmensiics
B mpeaenax 8 %.

OnHOM M3 NMPUYUH pa3pyLICHUsS JHCTOBBIX KOH-
CTPYKIUH SBIsIETCSI 00pa30oBaHNE YCTAIOCTHBIX Tpe-
IIMH B 30HaX KOHIUEHTpPAIMU HAMpPSKEHUH MpU Mao-
UKIOBOM HarpyxkeHuu [30-34]. [ig omeHKH dmcna
IIUKJIOB /IO 3apOX/ICHUS YCTAJIOCTHBIX TPEIINH B JH-
CTOBBIX KOHCTPYKIIMSIX C MCITOJb30BAHUEM 3aBUCHMO-
creit, mpeactasieHnsix B [THADS, HeoOxonumo 3HaHHE
Ipeziea BEIHOCINBOCTH CIIABOB MPU CUMMETPHUYHOM
IIUKJIC HATPY>KEHUSI.

B X0a¢e pa60T IpU UCIILITAHUN Ha BBIHOCJIMBOCTDH
(ycTamocTp) TIaAKUX KOPCETHBIX 00pa3loB OCHOB-
HOTO METaJula 110 CXEME HarpyKeHUs «PacTsHKCHHE —
C)KaTHe» ONpeIeIIsUIN TPeesIbl BHIHOCIMBOCTH Ha 0ase
2 - 10° u 107 MUKIOB TP KOMHATHOW M OTPHIIATEIh-

8 [IHAD I'-7-002-86. HopMmbI pacyeTa Ha HPOYHOCTH 000PY/I0-
BaHMUS U TPYOOIIPOBOJIOB AaTOMHBIX SHEPTETHYECKUX YCTAHOBOK.

Tabun. 3. Bnusiaue TEMIIEPATYPhI HA CUJIOBBLIC, SHEPIETUYCCKUE U I[e(bOpMaLII/IOHHLIe XapaKTCPUCTUKH AJIIOMUHUEBLIX CIIJIaBOB

IIPpU UCTIBITAHWU Ha BHEHECHTPECHHOEC PACTSX)KEHUE
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Kputepnii tpenmnocToiikoctu npu ¢, °C
Mapxka cruaBa Tommmuaa, MM +20 | 0 —40 | -70 | ~104
Cunosoii kputepuii K, 2, MHa\/ﬁ
1915T 10 43,0 41,0 43,0 43,0 44,0
6082-T6 12 42,0 40,5 45,0 43,0 42,0
15654 10 52,0 48,0 48,0 51,0 51,0
Kpurepuii Tpenmnocroiikoctu mnpu ¢, °C
Mapﬁlzr;nalaa Tomumtra, vt +20 0 40 | 70 | 104
CuroBoit KpuTepuii KQ, MITav/m
1915T 10 34,0 35,0 35,0 33,5 32,5
6082-T6 12 29,5 31,0 30,0 30,5 29,0
15654 10 37,0 38,5 37,5 34,0 30,5
Kpurepuii rpemunocroiikoctu npu ¢, °C
Mapka craBa Tonuuza, MM +20 0 —40 =70 -104
Ouepretudeckuit kputepnii J , MJIx/m
1915T 10 0,075 0,079 0,083 0,074 0,061
6082-T6 12 0,044 0,048 0,046 0,051 0,053
15654 10 0,096 0,083 0,080 0,067 0,049
Mapka crnasa Tonmuza, MM HedopmanmoHHbIi KpuTEpHit 6 , MM
1915T 10 0,279 0,285 0,291 0,261 0,215
6082-T6 12 0,138 0,137 0,146 0,136 0,135
15654 10 0,289 0,250 0,240 0,204 0,161
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n 6082-T6 npu HU3KKUX Temnepatypax C.73-94
60
—— 15654
&= ® yad —B— 6082-T6 |
) 50 —~~ A K,
:E |
= E——* e~ —A— 1915T
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Puc. 10. Biustane Temneparypbl HCHBITAHUNA: ¢ — Ha CHJIOBBIC KPUTEPHH Pa3pyIICHHs: 00pa3I[OB aTIOMHHUCBBIX CIIABOB;

b—mna BCJIMYNHY PACKPBITUA TPCUIUHBI B 06pa3uax AJIIOMHMHHUEBBIX CIIaBOB
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Puc. 11. Biusinue temieparypel Ha BeIMYKHYy J -MHTErpaa

HBIX TeMIlepaTypax. Pe3ynbraTel HCIIBITaHHA 00pa3IoB
npu +20 °C npezcTapieHs! Ha puc. 12 B morapudmuye-
ckux koopaunarax (Igo  —I1gN) B BHJIE IBYX HaKJIOH:
HBIX TIPSIMBIX, B OTJIMYUE OT CTalei, y KOTOPBIX BTOPOH
Y4aCTOK TOPHU30HTAIBHBIN.

3Ha4YeHUs] OIPAaHUYEHHOTO IpeJieia BEIHOCINBO-
CTH HCCIIeMyeMBIX CIUTaBoB Ha G6aze 2 - 10° u 107 mu-
k0B mpu TeMmneparype +20 °C, cooTBeTCTBYyIONINE
BEpOATHOCTH paspymenus 50 %, npuseneHs! B Ta0M. 4.

B Tabm. 4 Taxoke mpencTaBiIeHBl MPUHATHIC B WH-
JKCHEPHOM NPaKTHKE COOTHOILIEHHS YCIOBHOTO (orpa-
HHYEHHOTO) Ipeaeia BBIHOCIMUBOCTH K IpEeNy
MPOYHOCTH JIMCTOBOTO MPOKara J1e(pOPMUPYEMBIX aJIF0-
MHUHHEBBIX CIIIIABOB.

Pesynbrarsl ucnbiTanuii 00pasios cruiaBoB 1915T
1 6082-T6 Ha Gaze 2 - 10° UKIIOB TIpH TeMITepaTypax
—70 u —104 °C npuseneHsl B Ta01. 4, a 3aBUCUMOCTH
OTPaHWYEHHOTO IIPE/iesIa BEIHOCINBOCTH OT TEMIIEPATY-
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1,9
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A 15654
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1 1 1

1,7 '
4,5
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Lg N
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Puc. 12. I[I/Ial"paMMI)I YCTAJIOCTHOI'O paspylICHUS aJIIOMUHUEBBIX CIUIABOB IIPU CUMMETPUYIHOM IUKJIC HAIPYIKCHUS «KPACTAKE-

HUE — CIKATUEe» 1pu KOMHaTHOU TEMIICpaType

Tabmn. 4. Ol"paHI/I'-IeHHI)Ie Tpeaeybl BBIHOCIMBOCTHU UCCJICJOBAHHBIX CIJIABOB U OTHOLICHUE IIPEAECIa BBIHOCIMBOCTU K IPEACITY

IIPOYHOCTH G—lp/GB IIpU pa3JINYHbIX TEMIIEpATypax HCTIBITAHUN

Temneparypa baza Cruias Cruias
HCTILITAHUH, °C HCTILITaHUi 1915T 6082-T6 | 15654 1915T | 6082-T6 | 15654
IIpenen BEIHOCIUBOCTH OtHoleHue 071”/ G,
+20 107 100 95 76 0,28 0,29 0,195
+20 2-10° 110 105 80 0,305 0,318 0,205
=70 2-10¢ 120 122 - 0,30 0,325 -
-104 2 - 10° 124 - - 0,303 - -
130[ SAKJIIOYEHHUE U OBCYXAEHUE
| ~— | B pesynbrare sKCIepUMEHTANIBHBIX UCCIET0BAaHUI
é 120+ \\ AJTIOMHMHUECBBIX CIIJIaBOB, pPEKOMCH/IOBAHHBLIX B KAY€CTBC
S I \\ KOHCTPYKIIMOHHBIX MaTepHaioB CBAPHBIX KOHCTPYK-
o 110+ N : é(g)gl;;% Ui, 2 UMEHHO TePMOYIIPOYHSAEMBIX cI1aBoB 6082-T6
u 1915T u TepMmoHeymnpoyHsemMoro cruiasa 15654, mo-
100 JIy4€HBI DKCIIEPUMEHTAJIbHBIC 3aBUCUMOCTH XapaKTe-

—120-100-80 —60 —40 20 0 20 40
Temmneparypa, °C

Puc. 13. BiusiHre HU3KUX TEMIIEPaTyp HA G ,, Ha 6aze 2 - 10°
LIMKJIOB

PBI IOKa3aHBI Ha puc. 13. V3 mpencTaBieHHBIX Pe3yib-
TaTOB BHUJHO, YTO MPEACT YCTAJTIOCTU YBECINYNUBACTCA
C TIOHM)KEHUEM TeMIIepaTypbl U B OOJIbIICH CTETIEHU
JUIsl MeHee MpovHoro criaa 6082-T6.

3HaueHHST OTHOIICHUH Gilp/GB, TTOTy9YeHHBIE B TIPO-
EeCCC UCIBITAHNU MTPU KOMHATHOU U B 3aJlaHHOM JUa-
Ma30HEe OTPULATENILHBIX TEMIIEPaTypax, NPaKTHUYECKU
copmanart. Kak otmedaercs B pabote [35], npu maib-
HEeHIeM NOHIDKeHNH TeMIIepaTyphl UCTIBITAaHUN Ha 06ase
10° [UKJIOB OTHOILIEHHUE Gilp/GB BO3pPACTAET, T.C. peae
BBIHOCJIMBOCTH MaTepHalia yBEIIMUMBACTCS Ha OONBIITYIO
BEJIMYMHY TI0 CPAaBHEHUIO C €TO MPEIeTIOM POYHOCTH.
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PHUCTHK TIPOYHOCTH ¥ IIIACTUIHOCTH (G ,, Oy E, 3, v),
yaapHoii Bsizkoctu (KCV, KCU), kputepueB MexaHUKH
paspyurenns (K., K, 9 ,J), a TakKe OrPaHUYEHHOTO
TpeJieNa BEIHOCIMBOCTH G, OT TEMIICPATYpBI B Juara-
30He +20...—104 °C.

JI1s1 NCTIBITAaHHBIX CIIJIABOB YCTAHOBIICHO:

° HU3KOTEMIIEpaTypHOE ynpouHeHue (yBeiauue-
Hue Ha 8-20 % npezena NpOYHOCTH MPU TEMIEPATY-
pe —104 °C) c coxpaHEeHHUEM IIACTHIECKUX CBOWCTB
(yBenu4eHHne OTHOCHUTEILHOTO PAaBHOMEPHOTO YIUJIH-
HeHus Ha ~23-37 % npu He3HAYUTEIbHOM CHUXKEHHUU
IUTOMIA/IN MOTIEPEYHOT0 CeueHUs: 00pa3loB CIUIABOB
1915T u 6082-T6) u yBenudeHneM MOAYIS YIPYTOCTH
Ha ~10 %;

* ckaukooOpa3Hoe nehOpMUPOBAaHUE TIPU HCIIBI-
TaHuu 00pa3ioB cmiaBoB 1915T u 15654 B ycnoBusax
OZIHOOCHOTO PacTSHKEHMS TPH KOMHATHOH TeMIeparype
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n 6082-T6 npu HU3KKUX Temnepatypax C.73-94

U UX MOHOTOHHOE [1e(hOPMHUPOBAHUE [TPH OTPHUIIATEIb-
HBIX TEMIIEpATypax UCIbITAHUH;

° YBEJIWYEHHUE C IOHMKEHUEM TEMIIEPATYPBI OIpa-
HUYEHHOTO TMpejesa BBIHOCIUBOCTH Ha Gase 2 - 10°
nukioB (pu temmneparype —70 °C y cmnaBa 6082-T6
Ha 16 %, a 'y crutaBa 1915T — Ha 9 %);

* OTCYTCTBHE PE3KOTO CHH)KEHHSI YIIAPHOM BSI3KOCTH
U TPELIMHOCTOUKOCTH K; TIIPY NTIOHKECHUN TEMIIEPATYPbI
Y BCEX UCIBITAHHBIX CIIJIaBOB. Bwmecre ¢ Tem B Ipomnec-
Ce IKCIEPHUMEHTAIILHBIX UCCIIEI0BaHNUIT 3a(hMKCUPOBAHO
ymenbienue (Ha 20, 40 u 90 %) 3HaueHuit K 0 o, ulJ,
YTO HEOOXOIMMO YUHUTHIBATH IIPH NTPOSKTUPOBAHUH JIU-
CTOBBIX KOHCprKHPIfI N3 AJIOMUHHEBLBIX CIIJIABOB.

Pabota 1o uccineqoBaHHUIO aTIOMHHHUEBBIX CIUIA-
BOB BBIIIOJIHEHA B PaMKaX ONPENEICHUS BO3MOXKHOIO
HCIIOJIB30BAaHUsl UX IPU KOHCTPYUPOBAHUU JINCTOBBIX
KOHCTPYKIMH, pabOTalOMIUX B YCIOBHSIX MOHUKEH-
HbIX Temieparyp. [Ipu manoM Bece, BBICOKOM MpoU-
HOCTH B COYETAHUU C IJJACTUYHOCTBIO IPHU HU3KUX
TeMmIleparypax, BbICOKOH KOPPO3MOHHOW CTOHMKOCTHU
[IPUMEHEHHE AJIFOMUHUEBBIX CIIJIABOB B CTPOUTENBHBIX
KOHCTPYKIUSIX OyZIeT OMpeAeisIThes IPOYHOCTHIO U Jie-
(hOopMaTUBHOCTBIO CBAapHBIX COEAMHEHUH. Takum 00-
pa3oM, HEOOXOUMbI HCCIICIOBAHUS BIMSHUSI CBAPKH
1 UX CIIOCOOOB HA COTPOTHBICHHE COCTUHEHUN CTaTH-
YECKUM, JMHAMUYECKUM U HUKIMYECKUM Harpy3KaM.
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Investigation of physical and mechanical characteristics of aluminium alloys 1915T, 1565ch

and 6082-T6 at low temperatures P.73-94

INTRODUCTION

Rational choice of materials, structural design
and manufacturing technology of the product, as well
as limitation of allowable sizes of initial defects and
corrosion protection allow to exclude the possibility
of brittle fracture, development of significant plastic
deformations, and growth of cracks to critical sizes dur-
ing the design life of structures [1, 2].

Aluminium alloys are lightweight, have a higher
strength-to-weight ratio, high corrosion resistance and
good formability compared to steel.

The use of aluminium alloys in construction is regu-
lated by the Code of Practice'. The normative document
contains recommendations on the selection of grades
of hardened and not hardened heat-treatable weldable al-
loys with design resistance from 25 to 195 MPa.

Characteristics of structural strength according to
CP are limited to the results of tensile tests with the de-
termination of 6, o, ,, 8 at 20 °C. In this case, the great-
est design resistance has a heat-hardenable alloy of grade
1915 (Al-Zn-Mg system). This alloy is used in structures
in hardened and natural or artificial ageing. Higher and
more stable properties are achieved with artificial ageing,
used in structures combining load-bearing and enclosing
functions, including tank construction.

Of thermally hardened alloys of the Al-Mg-Si sys-
tem with operational properties that meet the require-
ments of designers, the most economical and, conse-
quently, the most applicable in building structures are
grades AD31, AD33 with design resistance from 55
to 160 MPa, as well as AVM and AVT1 with design
strength of 70 and 170 MPa depending on the delivery
condition. However, according to the data of works? [3]
the maximum strength value equal 6, = 340 MPa to in
the specified series possesses alloy of mark 6082 (ana-
logue in Russia — aluminium alloy AD35), which is
included in GOST?, but is absent in CP' at the present
moment. The alloys are used for medium-loaded struc-
tures and are characterized by good corrosion resistance
and weldability.

The design resistance level of thermally un-
strengthen aluminium-magnesium alloys recommended
by CP does not exceed 140 MPa.

Options for replacing traditional alloys with new
ones are given in [3].

In recent years, Russian scientists have devel-
oped aluminium alloy 1565h of Al-Mg system [4]
with strength not less than 6, = 335 MPa according to
GOST*. The alloy has high corrosion resistance and

"' CP 128.13330.2016. Aluminium structures.

2 DIN EN 573-3-2009. Aluminium and aluminium alloys.
Chemical composition and shape of deformed products.
Part 3. Chemical composition and shape of products.

3 GOST 4784-2019. Aluminium and aluminium deformable
alloys. Grades.

4GOST 21631-2019. Aluminium and aluminium alloy sheets.
Technical conditions.

welds well. The alloy as a structural material has found
application in shipbuilding, wagon building and auto-
motive industry. The study of the characteristics of this
alloy and its welded joints is widely presented in the do-
mestic literature [5-8]. The alloy is included in GOST?,
but is absent in CP'.

The efficiency of using aluminium alloys in tank
construction is presented in [9]. Comparison of techni-
cal and economic indicators of tanks made of steel and
aluminium alloy AMg6ém with the same geometrical
characteristics showed the advantage of aluminium al-
loy structures in the reduction of specific metal intensity
(on average by 32 %), transportation cost (by 8 %), as
well as reduction of operating costs for corrosion pro-
tection and reduction in the number of repairs.

Aluminium alloys, characterized by the absence
of cold-break threshold, having high strength and plas-
ticity characteristics at low temperatures, can become
an effective material for the construction of objects in
the Far North [10], including sheet structures: hoppers,
silos, inner shells of isothermal tanks.

The effect of low temperatures on the strength
of aluminium alloys in the CP is taken into account
by the coefficient of temperature change y. The value
of this coefficient in the temperature range from —65 to
+50 °Cy,= 1, at temperatures below —65 °C for AI-Mg
and Al-Zn-Mg system — vy, = 1.05; for Al-Mg-Si sys-
tem — vy, = 1.1, which in some cases does not reflect
the actual increase in the strength of alloys [11].

The CP also gives values of modulus of elasticity
at negative temperatures: for all alloys at  =—-70 °C —
E=0.735 - 10° MPa; for temperature changes from —40
to 50 °C, the value of the modulus of elasticity is taken
as £=0.7 - 10° MPa.

Change of parameters characterizing plastic prop-
erties of alloys (relative elongation in tension J, rela-
tive contraction of cross-sectional area at break ) at
negative temperatures are not presented in the CP.
The norms also do not provide for the design of alu-
minium structures that absorb cyclic force effects that
are experienced by the shells of sheet structures.

Today, the nomenclature and application area
of aluminium alloys has significantly increased. In
this regard, there is a need for a comprehensive study
of the performance of aluminium alloys with the study
of properties and mechanisms of deformation and frac-
ture at subzero temperatures to assess the possibility
of their use in sheet structures in the Far North, as well
as for the inner shells of isothermal tanks.

Deformable alloys were selected for this study tak-
ing into account the recommendation of CP, available
foreign and domestic experience:

* 1915T is an alloy of the Al-Zn-Mg system after
hardening and natural ageing;

* 6082-T6 is an alloy of the Al-Mg-Si system, ar-
tificially aged for maximum strength;

* 1565h is an Al-Mg system alloy, hardened by
the riveting process, thermally not hardened.
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MATERIALS AND METHODS

In the present research, the test temperatures are
adopted in the range of —104 to +20° C, which is justi-
fied by the storage and use temperature of a wide range
of gases (butane, ammonia, propane, propylene, acety-
lene, ethane, ethylene, etc.).

The chemical composition of the investigated in-
dustrial aluminium-based alloys in the delivery state is
presented in Table 1.

Uniaxial tensile testing of specimens was carried
out in accordance with GOST 1497-84 “Metals. Ten-
sile test methods”, using testing machines Instron 8802,
Instron 1000HDX, LabTex. Record of deformation dia-
grams was carried out with the help of extensometer
with the base of 20 mm and strain gauges with the base
of 5 mm in coordinates ¢ — €. Loading of specimens
at negative temperatures (—20, —40, =70, —104 °C) was
carried out in a thermal chamber. The specimens in
the form of double-sided blades with a working part
of 200 x 30/10/11 mm and cylindrical specimens with
a diameter of 6 mm were tested.

The characteristics of static crack resistance of al-
loys were determined by testing compact specimens with
dimensions 80 x 80 x 10/11 mm with an edge crack in
eccentric tension in accordance with the requirements
of GOST? at temperatures +20, —40, —70, —104 °C.

Tests on impact toughness were performed
on specimens with V-shaped and U-shaped notches at
temperatures +20, —20, —20, —40, —-60, —104 °C on In-
stron 450 MPX pendulum compressor with registration
of impact work, J, and calculation of impact toughness
value according to GOST®.

Fatigue strength tests were carried out in accor-
dance with GOST’ on a series of corset specimens.

RESEARCH RESULTS

The results of uniaxial tensile testing of the speci-
mens of the investigated materials at positive and nega-

5 GOST 25.506-85. Calculations and tests for strength. Methods
of mechanical tests of metals. Determination of crack resistance
characteristics (fracture toughness) under static loading.

® GOST 9454-78. Metals. Method of impact bending test at
reduced, room and elevated temperatures.

7 GOST 25.502-79. Calculations and strength tests in mecha-
nical engineering. Methods of mechanical tests of metals.
Methods of fatigue tests.

Table 1. Chemical composition of tested aluminium alloys

tive temperatures with a constant loading rate (“hard
mode”) are given in Table 2.

Deformation diagrams at room temperature in
coordinates ¢ — ¢ are presented in Fig. 1-3. All al-
loying systems are characterized by the absence
of a pronounced “neck” at fracture, and the magnitude
of the relative contraction of the cross-sectional area v
is small compared to steel. Fracture of the specimens
occurred along shear lines orientated at an angle of 40°
to the rolling plane [12].

It was found that the specimens of alloy 6082-T6
deformed monotonically (Fig. 1), while the experi-
mental curves of alloys 1915T and 1565h showed load
shedding (“teeth/jumps”). The jumpiness of the curve
was evident after 3 % deformation of 1915T specimens
and almost immediately after loading above the o, for
alloy 1565h, and was characterized by low frequency
(Fig. 2) and high frequency (Fig. 3) discontinuous flow.
In the literature [13—15], such jumps in the strain dia-
grams are associated with The Portevin — Le Chatelier
(PLC) effect, which appears under “hard mode” load-
ing. The appearance of this effect depends on the com-
position and structure of the material [16, 17].

The loss of stable deformation behaviour of the al-
loy is attributed to the elimination of the accumulation
of dissolved elements and secondary phase particles in
aluminium alloys. In the study of alloys of the Al-Mg
system (AMg6, AMg3) [18], it was found that a smooth
curve was recorded for the AMg3 alloy containing
0.48 % Si, and a jump diagram was obtained when
the silicon content in the alloy was reduced to 0.05 %.
A monotonic loading curve was obtained for cold rolled
sheet of AMg6 alloy, and after annealing of this alloy
at 450 °C a step curve was obtained. Varying the an-
nealing regime of the AMg6 alloy led to the dissolu-
tion of the B(Al,Mg,) phase and caused the transition
from a smooth to a stepped deformation curve. In alloys
prone to discontinuous deformation, erosion damage
and a decrease in the corrosion resistance of alloys are
observed [19, 20].

It should be noted that with decreasing test tem-
perature, stress jumps on the deformation diagram of al-
loy 1915T did not appear already at —40 °C (Fig. 4). For
alloy 1565h, a significant decrease in the amplitude and
frequency of jumps at —40° C and their almost com-
plete disappearance at —104 °C is also observed (Fig. 5),
which agrees with the experimental results presented in
the sources [6, 21].

Percentage content of components
Alloy grade
vE Si Mg Mn Cu Zn Cr Ti . Fe,' Others
impurity
1915T GOST 4784 <0.35 1-1.8 | 0.2-0.7 <0.1 4-5 0.08-0.2 | 0.01-0.06 | <0.4 |0.06-0.2
1565h TU 1-3210-2013 0.2 51-6.2 | 0.4-1.2 | 0.01-0.2 | 0.45-1.2 0.25 - 0.3 -

6082-T6 DIN EN

573-3:2009 0.7-1.3 | 0.6-1.2 | 0.4-1.0 <0.1 <0.2 <0.2 0.053 <0.5 <0.06
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Table 2. Strength and ductility characteristics of investigated aluminium alloys
Test Material characteristics
es
The alloy under stud i i
Y y temperature, °C 6. MIla o MIla E. MIla Relgtlve Re{atlve
B 02 elongation 3, % | narrowing y, %
+20 360 255 71,000 10.9 28.0
-20 365 265 73,000 11.2 27.6
19151 —40 370 270 73,500 12.0 27.5
Al-Zn-Mg 2 : ’
=70 395 275 75,000 13.0 26.5
-104 415 280 78,000 13.5 26.0
+20 330 315 72,000 13.0 23.0
-20 345 332 74,000 14.0 23.0
6082-T6
Al-Mg-Si —40 350 335 74,500 14.8 22.0
—70 375 350 77,000 15.5 21.5
-104 400 360 78,500 16.0 21.0
+20 390 285 71,000 12.0 15.0
-20 390 285 71,000 12.5 16.0
1565¢ch
Al-Mg —40 400 290 71,500 13.0 17.5
=70 405 290 74,000 14.5 19.0
-104 420 295 77,000 16.5 20.0
.| TR I e
300 . | oy
0 o4 4 & B B 14 16 18 & 4 i ¢ S H1H
Strasn, ¥ Stesan, ¥

Fig. 1. Deformation diagram of alloy 1915T at +20 °C

Strees, WP

L] 2 4 L] & 11
Hiradie, To
Fig. 3. Deformation diagram of alloy 1565h at +20 °C

According to the results of uniaxial tensile tests
until fracture, the complex of strength and plasticity

Fig. 2. Deformation diagram of alloy 6082-T6 at +20 °C

characteristics (6,, ,,, E, 3, ) of 1915T, 6082-T6,
1565h alloys at different test temperatures.

Fig. 6 shows the dependences of the strength and
conditional yield strength of the investigated alloys
on the test temperature. The given results show an increase
in the strength of the investigated alloys with decreasing
temperature, and the most intensive increase in strength
is observed at temperature changes from —40 to —104 °C.

The increase in tensile strength at —104 °C com-
pared to room temperature was 21.2 % for alloy 6082-
T6; alloy 1915T — 15.2 %, alloy 1565h — 7.7 % [22].

A similar change is characteristic of the condition-
al yield strength. At that, the increase of 6, is realized
by a smaller value than the increase of 6. At tempera-
ture —104° C the increase o, was for alloy 6082-T6 —
14.3 %; alloy 1915T — 9.8 %; alloy 1565h — 3.5 %,
i.e. difference between 6, and o, increases with de-
creasing temperature.
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Strees, WP

Fig. 4. Deformation diagrams of alloy 1915T at test temperatures of 40 and —104 °C

40

410

I

Tin

i L5 B

Stress, M

T

Fl0

i

] ) 4 L]

# 10 ) 14

Drgplascant, tnin
Fig. 5. Deformation diagrams of alloy 1565h at test temperatures of —40 and —104 °C

Values of the modulus of elasticity of the studied
alloys and its changes depending on the test tempera-
ture are shown in Table 2 and Fig. 7. An increase in
modulus of elasticity is observed for all investigated al-
loys with decreasing temperature. The greatest increase
in modulus of elasticity at temperature —104 °C, making
9.9 %, is noted at alloy 1915T; at alloy 6082-T6 the in-
crease in modulus of elasticity made 9.0 %, and at alloy
1565h — 8.4 %. In the temperature range from —20 to
—40 °C, the minimum increase in modulus of elasticity
of the studied alloys was observed.

88

Increase in tensile strength 6, and modulus of elas-
ticity £ is caused by a decrease in temperature, which
leads to a decrease in the interatomic distances and
an increase in the attraction forces between atoms. Steel
is also characterized by an increase with decreasing
temperature 6 ,, 6, and E, but at the same time there is
a decrease in ductility and toughness [23].

Parameters characterizing the plastic properties
of the investigated aluminium alloys: relative elonga-
tion 0, %, and relative contraction of cross-sectional
area s, %, of the tested specimens are shown in Table 2,
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Fig. 6. Variation of tensile strength and conditional yield
strength of investigated alloys from test temperature
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Fig. 7. Variation of modulus of elasticity of aluminium alloys
as a function of test temperature

the character of their variation with the test tempera-
ture is shown in Fig. 8. It is necessary to note smooth
increase of uniform relative elongation of the speci-
mens of the investigated alloys with temperature de-
crease from +20 to —104 °C. The minimum increase ¢
by 20.0 % was obtained for alloy 6082-T6. For alloys
1915T and 1565h, the increase in relative elongation
was 23.8 and 37.5 %, respectively. The relative con-

3, v, %
30
_ P
e/e/
25
R | p——
20 3\9\

[

15

I

10

-100 -60 -20 20

Temperature, °C

3, % v, %
—— —o— 19157
—o— —6S— 6082-T6
—&— —O— 1565ch

Fig. 8. Variation of relative elongation and contraction
of the cross-sectional area of the tested alloy specimens from
the test temperature

traction of the cross-sectional area of the specimens
of alloys 1915T and 6082-T6 with temperature change
changed insignificantly — decreased within the range
of 7.6-9.5 %. For alloy 1565h the increase in relative
contraction was recorded at the level of 33.3 %.

Based on the results of testing of notched speci-
mens, the workability of the studied alloys under dynam-
ic loading conditions by impact bending was compared.
Fig. 9 shows the experimental dependences of impact
toughness KCV and KCU, J/em?, of aluminium alloys
on the test temperature (—104, —60, —40, 0 and +20 °C).
Higher toughness values were obtained on U-notched
specimens, at the lowest temperature KCU was 48.5 and
30.0 J/em? for 1915T and 1565h alloys, respectively.

It follows from the obtained temperature depen-
dences that the impact toughness of all aluminium alloys
in the investigated temperature range remains practically
constant (with a slight decrease in alloy 1565h), which is
typical for alloys with FCC lattice [24—26]. Specimens
from 6082-T6 alloy are four times inferior in KCV im-
pact toughness to alloy 1915T and almost two times in-
ferior to alloy 1565h. When the notch radius increases
in the specimens, the toughness (KCU) of alloy 1565h
increases by a greater value than that of alloys 1915T and
6082-T6, which indicates a greater value of work spent
on crack initiation in alloy 1565h compared to others.

In addition to impact toughness (KCU, KCV),
the fracture resistance of aluminium alloys was de-
termined using fracture mechanics criteria obtained
by testing standard specimens with fatigue cracks
[21,27-29].
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Fig. 9. Effect of test temperature on impact toughness of KCV
and KCU of aluminium alloys

Fracture toughness (crack resistance) was evalu-
ated according to GOST4 using fracture mechanics

criteria on type III specimens with a crack in the tem-
perature range —104...+20 °C. Force criteria of frac-
ture — critical coefficients of stress intensity were
determined. K, K. knowledge of which allows to es-
timate the critical crack length and to perform strength
calculations of structural elements with defects. In ad-
dition, the following criteria were established: deforma-
tion criterion — opening at the crack tip 8, (deformation
characteristic of crack resistance of material) and en-
ergy criterion — critical value of J-integral J, (charac-
terises the work of elastic-plastic deformations, fracture
and stress-strain state of the material near the crack tip
under elastic-plastic deformation). The resistance to de-
formation and fracture was determined using data ob-
tained from the load-displacement diagrams.

The effect of temperature on the fracture mechan-
ics parameters is presented in Table 3 and Fig. 10, 11.

The area of transition from ductile to brittle state
in the investigated temperature range is not revealed;
the force criterion K. of the investigated alloys prac-
tically does not depend on the test temperature. At
the same time it should be noted that the value of K o by
20 % with decreasing test temperature in alloy 1565h.

Fracture mechanics parameters were more sensi-
tive to temperature change: critical crack opening & and
J -integral. At lowering the test temperature, the critical
crack opening §_ decreased in specimens of 1565h alloy
by 80 %, 1915T alloy by about 40 %, §_of alloy 6082-T6

Table 3. Effect of temperature on force, energy and deformation characteristics of aluminium alloys in eccentric tensile tests

Crack resistance criterion at ¢, °C
Alloy grade Thickness, mm +20 0 —40 | -70 | ~104
Force criterion K ;, MPa\/a
1915T 10 43.0 41.0 43.0 43.0 44.0
6082-T6 12 42.0 40.5 45.0 43.0 42.0
1565h 10 52.0 48.0 48.0 51.0 51.0
Crack resistance criterion at ¢, °C
Alloy grade Thickness, mm +20 0 —40 | —70 | —104
Force criterion K 0 MPav/m
1915T 10 34.0 35.0 35.0 335 325
6082-T6 12 29.5 31.0 30.0 30.5 29.0
1565h 10 37.0 38.5 37.5 34.0 30.5
Crack resistance criterion at ¢, °C
Alloy grade Thickness, mm +20 0 —40 =70 -104
Energy criterion J , MJ/m’
1915T 10 0.075 0.079 0.083 0.074 0.061
6082-T6 12 0.044 0.048 0.046 0.051 0.053
1565h 10 0.096 0.083 0.080 0.067 0.049
Alloy grade Thickness, mm Deformation criterion § , mm
1915T 10 0.279 0.285 0.291 0.261 0.215
6082-T6 12 0.138 0.137 0.146 0.136 0.135
1565h 10 0.289 0.250 0.240 0.204 0.161
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Fig. 11. Effect of temperature on the value of J -integral

practically did not change. Blunting of the crack tip by
the values of the plastic component of the crack opening
d_in alloys grows in the ratio 6082-T6 < 1565h < 1915T.

All alloys in the given temperature range showed
a change in fracture toughness values J similar to
the change in 6 . The value of the parameter J, in speci-
mens of alloy 1565h with decreasing temperature to
—104 °C decreased by =90 %, J, 1915T alloy — by
=36 %, J, of alloy 6082-T6 varied within 8 %.

One of the causes of failure of sheet structures is
the formation of fatigue cracks in stress concentration
zones under low-cycle loading [30-34]. To estimate
the number of cycles before fatigue crack initiation

in sheet structures using the relationships presented in
RNPIE, it is necessary to know the endurance limit of al-
loys under symmetric cycle loading.

In the course of work during endurance (fatigue)
testing of smooth corset specimens of base metal under
the scheme of loading “tension-compression” the en-
durance limits were determined based on 2 - 10° and
107 cycles at room and negative temperatures. The re-
sults of testing the specimens at +20 °C are presented
in Fig. 12 in logarithmic coordinates (Ig o, _/lg N) in
the form of two inclined straight lines, in contrast to
steels, in which the second section is horizontal.

Values of the limited endurance limit of the inves-
tigated alloys based on 2 - 10° and 107 cycles at temper-
ature +20 °C, corresponding to the probability of failure
of 50 %, are given in Table 4.

Table 4 also presents the ratios of the conditional
(limited) endurance limit to the strength limit of sheet
metal of deformable aluminium alloys accepted in en-
gineering practice.

The results of tests of specimens of alloys 1915T
and 6082-T6 based on 2 - 10° cycles at temperatures —70

8 RNPI G-7-002—86. Rules and Norms of Nuclear Power
Industry.
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Fig. 12. Fatigue failure diagrams of aluminium alloys under symmetrical “tension-compression” loading cycle at room
temperature

Table 4. Limited endurance limits of the investigated alloys and the ratio of endurance limit to tensile strength G,IP/G , at
different test temperatures

scionco o ruction: o) 14, Issue 1(51)

Alloy Alloy
Test temperature, °C Test base 1915T 6082-T6 1565h 1915T 6082-T6 1565h
Endurance limit Attitude cﬁlp/cs B
+20 107 100 95 76 0.28 0.29 0.195
+20 2-10° 110 105 80 0.305 0.318 0.205
=70 2 - 10° 120 122 - 0.30 0.325 -
-104 2 - 10° 124 - - 0.303 — -

and —104 °C are given in Table 4, and the dependences
of the limited endurance limit on temperature are shown
in Fig. 13. From the presented results, it is clear that
the fatigue limit increases with decreasing temperature
and to a greater extent for the less durable alloy 6082-T6.

Ratio values 071,/03 obtained during the tests at
room temperature and in the specified range of negative
temperatures practically coincide. As it is noted in [35],
at further lowering of the test temperature based on 106
cycles the ratio Gflp/G , increases, i.e. the endurance limit
of the material increases by a larger value compared to
its strength limit.

1307
§ 120 - *\\'\\
o 110l \Q\» -+ 1915T
= 6082T6
100 \T

—120-100-80 —60 —40 —20 0 20 40

Temperature, °C

Fig. 13. Effect of low temperatures on ¢ " based on 2 - 10° cycles
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CONCLUSION AND DISCUSSION

As a result of experimental studies of aluminium
alloys recommended as structural materials for welded
structures, namely thermally hardened alloys 6082-T6
and 1915T and thermally not hardened alloy 1565h, ex-
perimental dependences of strength and ductility char-
acteristics (o, 6,,, £, 6, ), impact toughness (KCV,
KCU), fracture mechanics criteria (K 2, K o d,J),as
well as the limited endurance limit 6 on temperature
in the range of +20...—104 °C.

For the tested alloys, it is found that:

* low-temperature hardening (8-20 % increase in
the ultimate strength at —104 °C) with preservation of plas-
tic properties (increase in the relative uniform elongation
by ~23-37 % with a slight decrease in the cross-section-
al area of the 1915T and 6082-T6 alloy specimens) and
an increase in the elastic modulus by =10 %;

* jump-like deformation when testing 1915T and
1565h aloy specimens under uniaxial tensile conditions
at room temperature and their monotonic deformation
at negative test temperatures;

* increase with decreasing temperature of the limited
endurance limit on the basis of 2 - 10° cycles (at—70 °C for
alloy 6082-T6 by 16 %, and for alloy 1915T — by 9 %);
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* no sharp decrease in impact toughness and crack
resistance K _. at decreasing temperature in all tested alloys.
At the same time, in the process of experimental studies,
a decrease (by 20, 40 and 90 %) of the values was record-
ed K o 8, and Jc that should be taken into account when
designing sheet structures made of aluminium alloys.

The work on the study of aluminium alloys is car-
ried out within the framework of determining their possi-

ble use in the construction of sheet structures operating at
low temperatures. With low weight, high strength com-
bined with ductility at low temperatures, high corrosion
resistance and the use of aluminium alloys in building
structures will be determined by the strength and deform-
ability of welded joints. Thus, it is necessary to investi-
gate the influence of welding and its methods on the re-
sistance of joints to static, dynamic and cyclic loads.
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N3y4yenue BJOUAHUA PACHOJIOKEHUS APMUPYIOLIAX
7KeJ1e300eTOHHBIX 3JIECMEHTOB HA BOCIIPUSITHE OCHOBAHUEM
CeliCMMYECKHUX HATPY30K

Jle Ibik AHnb, Butauunii Banenrunosuu Cugoposn
Hayuonanvnuiil uccnieoosamenvexuti Mockogckutl 20¢y0apcmeenHuvlil CmpoumenbHblil
yuueepcumem (HUY MI'CY), . Mocksa, Poccus

AHHOTALUMUA

BBepeHune. ApMupoBaHue rpyHTOB LUMPOKO NMPUMEHSIETCH NMPU CTPOUTENBLCTBE 3[aHWUN Y COOPYXEHWIN B CMOXHbIX reorno-
TMYECKMX YCIOBUSAX, OCODEHHO C MOMOLLBIO BEPTUKANbHbIX 3NIeMEHTOB. PacyeTbl apMUPOBAHHBIX OCHOBaHWI Ha MpaKkTyu-
Ke NpoBOAATCH MO Pa3nMyHbIM METOAaM, B TOM YWCIE YMCMEHHOMY. BbINONHEHO MHOIO MCCNeaoBaHU NOBEAEHUS TPYH-
Ta Npy apMMpOBaHWN CBasiMM U €ro BINSIHWUSA Ha OcafKy, OAHAKO B3aMMOAENCTBME FPYHTOB U apMUPYIOLLMX SrEMEHTOB
He [0 KOHUa M3y4eHo. Bbibop pacnonoXeHus 3MeMeHTOB U OLEHKa BIVSAHUS Pa3XKEHUs TPYHTOB Ha 3dEeKTUBHOCTb
apM1pOoBaHUS NPU CENCMUYECKNX BO3AENCTBUAX OCTAIOTCS akTyarnbHbIMY 3agad4amu.

MaTepumansl u meToabl. Viccneayercs BNMAHNE Pa3fnUYHbIX CXEM PACMONOXEHUS apMUPYHOLLMX CBall Ha MOBEAEHUE TPYH-
TOBOrO MaccuBa M ocafKy pyHaameHTa npu cermcmmyeckmx Harpyskax. C nmomolbtio nporpammel PLAXIS 2D paccmatpu-
BalOTCS TPU BapvaHTa pacrnorioX)XeHns cBaW, BKIodas TpaauLMOHHbIE U anbTepHaTuBHbIe cxeMbl. [1pu pacyeTe Takke npu-
MeHSATCA pa3nuyHble Mofenu rpyHToB — UBC3D-PLM 1 HS Small ans MmogenmpoBaHus HUKHETO U BEPXHETO CIosi FpyHTa
B 3aBVICUMOCTY OT €ro XapakTepUCTUK.

Pesynbrathbl. [MonyyeHHble pesynbraThl MOKa3blBaloT, YTO BCE TPW BblIOpaHHbIE pacyeTHbIe CXeMbl MOMy4atoT CyLEeCTBEH-
HbIA MPUPOCT OCafoK B MpoLiecce NPOXOXAEHUS 3eMreTpsiceHns. PasnuyHble cnocobbl pacnonoXeHns cBan 3HauuTerNb-
HO BMMAOT Ha Aedopmauuy U ocafgkv OyHOAMEHTHOW NMWTbI, @ Takke Ha PacroriokeHNe TOYEK Pa3XKEHUs TPYHTOB
npu CENCMUYECKUX HarpysKkax.

BbiBoAbl. VI3MeHsAs napameTpbl CBaiHOrO apMUPOBAaHUS, €CTb BO3MOXHOCTb YNPaBATb pa3MepamMu U MeCTOMNONoXeHneM
30H pa3XWkeHus, a Npu HeobxoAMMOCTU 3aLUMTUTL HEKOTOPbIe 30HbI OT peanusauumn 3Toro npouecca. lNpeacraBneHHble
pe3ynbTaTbl MOTYT CMnOcoOCTBOBaThb pa3paboTke n pas3BuTUO 3 MEKTVBHBIX METOAOB CTPOUTENBLCTBA B CEMCMOOMAaCHbIX
pavioHax.

KIMKOYEBBIE CIIOBA: apmupoBaHue rpyHToB, PLAXIS 2D, cBaviHble anemMeHTbl, pacrnonoXeHne ceawvi, MogenupoBaHue
cBau, mogens UBC3D-PLM, pasxuxeHne rpyHToB
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The effect of arrangement of reinforced concrete elements
on perception of seismic loads by the foundation

Le Duc Anh, Vitaliy V. Sidorov
Moscow State University of Civil Engineering (National Research University) (MGSU);
Moscow, Russian Federation

ABSTRACT

Introduction. Soil reinforcement is widely used in the construction of buildings and structures in complex geological con-
ditions, especially with the help of vertical elements. Calculations of reinforced foundations in practice are carried out by
various methods, including numerical methods. Many studies were carried out on soil behaviour during pile reinforcement
and its effect on settlement, but the interaction between soils and reinforcing elements is not fully understood. The choice
of element location and assessment of the influence of soil liquefaction on the reinforcement efficiency under seismic effects
remain topical tasks.

Materials and methods. The effects of different reinforcing pile arrangements on the behaviour of the soil mass and founda-
tion settlement under seismic loads are studied. Three pile arrangements, including conventional and alternative arrange-
ments are considered using the PLAXIS 2D programme. Different soil models are also used in the calculation — UBC3D-PLM
and HS Small for modelling the bottom and top layer of the soil depending on its characteristics.

Results. The results show that all three selected design schemes obtain a significant increase in settlement during earth-
quake passage. The different pile arrangements significantly affect the deformation and settlement of the foundation slab, as
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well as the location of soil liqguefaction points under seismic loads.

Conclusions. By changing the parameters of pile reinforcement, it is possible to control the size and location of liquefaction
zones and, if necessary, to protect some zones from the realization of this process. The presented results can contribute to
the design and development of effective methods of construction in earthquake-prone areas.

KEYWORDS: soil reinforcement, PLAXIS 2D, pile elements, pile location, pile modelling, UBC3D-PLM model, soil liquefac-

tion
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BBEJIEHUE

OO0ecrieueHne yCTOMYMBOCTH U HAJEKHOCTH 371a-
HUI U COOPY>KECHUU SIBIIIETCS BaXKHOU 3a1a4eil B COBpe-
MEHHOH CTPOUTEIHHOMH NMPAaKTHUKE, 0COOEHHO B palioHax
C BBICOKOH celicMHuecKOll akTUBHOCThIO. OmgHOBpE-
MEHHO HEOOXOIMMO PEIINTh 3334y 0 ONTUMH3AINN
pacxo/10B Ha BO3BeZCHNE (DYHIAMEHTOB 3[JaHUH U CO-
OpYKEHHH, KOTOpast MOXKET MPUBECTH K 3HAUUTEIHHO-
MYy TIOBBIIICHUIO YSKOHOMHYECKOH A(PPEKTUBHOCTH. DTH
pOOJIeMbl aKTyaJbHbI, TOCKOJIbKY BO MHOTHX PEruo-
Hax Poccum mpeoOnanarT CI0XHBIE Me0JI0rHYeCKHue
YCIIOBHUS U CYIIECTBYET BEPOSTHOCTH 3eMIICTPSICEHUM
C MHTCHCHBHOCTBIO Oosiee 7 GamnoB. [Ipumenenune
apMUPOBAHMS I'PYHTA, KaK MU3BECTHO, CIYXKHT OTHUM
13 3P PEKTUBHBIX METOIOB YKPEIUICHHS TPYHTOB H T10-
BBINIICHUSI CTa0MIBHOCTH coopyxenwmii! [1-10]. B pa-
6otax [1, 2] paccMOTpeHO BJIUSHHEC apMHPOBAHUS
Ha IPOYHOCTH IPYHTA, 00CYKAAIOTCS Pa3INnYHbIE METO-
JIbl apMUpOBaHMsl. PacueTsl apMUpPOBaHHBIX OCHOBAHUH
MPOBOJAATCA C MOMOILBIO MHKEHEPHBIX MeTo0B. Tak,
B mmyOnmukammsx [11-13] mpuBeneHs! pacueTsl IO METO-
Iy TIPUBECHHOTO MOy, a B [14—17] — mo meTtoxy
ycnoBHOTo (pyHIameHTa. B HacTosmee Bpems mpume-
HAIOTCS Y YrcleHHbIe MeToanl [11, 18-22].

Uccnenoanus 3¢ (GEKTUBHOCTH U MOBEACHUS
IPYHTOB TIOCJI€ ApMHUPOBAHUS C UCTIOIB30BAaHUEM CBai
MpeACTaBIEHbl BO MHOTHX Hay4HBIX Tpyaax [19, 20,
23-27]. OcBemaeTcs NPUMEHEHHE BEPTUKAIBHOIO
ApPMUPOBAHNS TPYHTOBBIX OCHOBAHUII BBICOTHBIX 371a-
HUH U ymyqIneHns uX AeGOopMarMOHHBIX CBOMCTB,
0COOCHHO B CEHCMHYECKH aKTHBHBIX paiioHax [24].
PaccmarpuBaioTcs pe3yabTaTsl YUCICHHOTO MOJICITHPO-
BaHMs PA3JINYHBIX THITOB (DYHJAaMEHTOB, BKITIOUAst KOM-

' Mupcaanos U.T. DpdexTUBHBIE apMUPOBAHHBIE TPYHTOBBIE
ocnoBanus. 38 ¢. URL: https://minstroy.tatarstan.ru/file/old/
structure/1(1).pdf

OMHMPOBAaHHBIC CBAHHO-IUINTHBIC U IUTUTHBIE (QyHIa-
MEHTHI Ha aPMUPOBAHHOM TpyHTE. M3ydaeTcs BIUsHNIE
apMHUPOBaHMs CBasIMHU Ha OCaJIKH TUIMTHBIX (QyHIaMeH-
ToB [20] ¢ MOMOIIBIO MOAEIH JINHEHHO-ehopMHUpYe-
Moro TBepaoro tena 1 Mopa — Kynona.

B nmammoii paboTe mocTaBieHa 3amada Cpas-
HUTH TOBEJEHHE IPYHTOBOTO MaccuBa U (yHIaMeH-
Ta MNPU PaA3IMYHOM PACIOJOKEHUH APMUPYIOIIHUX
CBall B TPyHTE C MPUMEHEHUEM COBPEMEHHOW MOJENH
UBC3D-PLM nns MomenupoBaHUs TPYHTA, C TIOMO-
B0 KOTOPOK MOXKHO 3(PPEKTUBHO OTpakaTh CEHCMHU-
YECKUE BO3ACUCTBYSI HA TPYHT.

MATEPHUAJIBI U METO/bI

Jis ccnenoBaHus BIMSHUS PACTIONIOKCHHS ap-
MUPYIOLLMX CBail HA BOCIPUITHE OCHOBAHUEM CEHCMHU-
YeCKHMX Harpy3oK pacdyeTHas CHCTeMa MOACIUPYEeTCs
¢ noMombto nporpammel PLAXIS 2D. C nensto mMo-
JICIIMPOBAHMS TPYHTA MPH JIEHCTBUU CEHCMHUYECKUX
BO3ACHCTBUIM NMPUMEHSIOTCS TaKue MOJEJIM TPYHTa,
kak Hardening Soil Small (HSS), PM4Sand, UBC3D-
PLM. bnarogaps psay npeuMyllecTB, OIHO U3 KOTO-
PBIX — BO3MOXHOCTb MOJIEIUPOBATh Pa3KUKEHUS
MeCYaHbIX W TIIMHUCTBIX TPYHTOB I0J] BO3JCHCTBHEM
CelCMUYECKUX HArpy30K, B KAUE€CTBE PACUETHON MoJe-
mu ucnonb3yercst UBC3D-PLM. [Ing npyrux rpyHTOB
npumensiercst moaens HS Small.

B pacuete paccMaTpuBaeTcs IOBEIEHUE CUCTEMBI
B oOmacTu rpyHTa pasmepamu B 1urane 400 x 400 m
u Tiyounoi 50 M. ['pyHTOBOE OCHOBaHME B pacyeTe —
JIByXCIIOIfHOE, B HETO BXOJUT JIBa CIIOA TPYHTA: BepX-
HUM — WUIKCTast MHUHA ¢ MOIHOCTBIO 14 M 1 mecyaHsli
TPYHT ¢ MOIIHOCTBIO 36 M. MnucTast muHa Moaenupy-
ercs ¢ noMotieso Moaenn UBC3D-PLM, HmkHUi niec-
yaHbIi rpyHT — HS Small. Xapakrepuctuxu 3Tux cio-
€B NPe/ICTaBJICHbI B Ta0M. 1, 2. YpOBEHb IPyHTOBBIX BOJ
HaXOAUTCS HA IUIAHUPOBOYHOM OTMETKE.

Taou. 1. XapakTepuCTUKU BEPXHETO CIOS IPYHTA JUI €r0 MOACIUPOBAHUS

[Tapamerp Bepxuuii cinoit
Mopnens marepuana UBC3D-PLM
Tun noBeeHus MaTepuana Undrained A
VIemnbHbIH Bec BHIIIE YPOBH TPYHTOBBIX BOA Y, , KH/M’ 15
ViienbHbIH BeC HUKE yPOBHS TPYHTOBBIX BOA Y, ., KH/M® 15,2
KosduiuenT MoTyist ynpyroro 06beMHOTO CKaTHst K 519,5
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Oxkonuanue mabn. 1

[Tapamerp Bepxuuii cnoit

Kosdduiment Moztysnst ynpyroro cisura k.. 7421
Kosdduument Mojtysist miiacTudeckoro capura k,? 155,7
Koodduuuent 3aBucumMocTi MOJLylist yIpyroro 00beMHOTO CKaTHsl OT HaNPsKEHUH m, 0,5
Kos(duimeHT 3aBUCHMOCTH MOYIIsl YIIPYTOTO CIBUIa OT HANPSKEHUH 71, 0,5
Koo duument 3aBucumMocTd MOJLyIIsl IUIACTUYECKOTO CJIBUTA OT HANPSIKEHUH 1 0,4
VroJ TpeHus IIPH MOCTOSTHHOM 00BeMe ¢, TPl 23
MaxkcuMasbHBIH yron TpEHus ¢ , Tpa. 23,5
Cuenuenue ¢, KH/m? 4
OtkoppektuposanHoe 3Hadenue SPT (V) 5
Koadduument paspymenns R, 0,86
Koappunment ynnornenns f, 1,0
KoaddunmeHT mocineacTBus paz3kmKeHus prm 0,5

Taou. 2. XapaKTepUCTUKU HUKHETO CJIOS TPYHTA AJIS €0 MOJCIMPOBaHUS

ITapamerp Hwxuuit necuanslii ciaoi
Mopens marepuana HS small
Tun noBeneHus MaTepuana Undrained A
ViienbHEIH Bec BBIIE YPOBHs IPYHTOBBIX BOA ¥, , KH/M® 20
T 3

Ve HBIH BeC HIDKE yPOBHS TPYHTOBBIX BO Y, ., KH/M 20
Cekymuit MOTy;Tb fie)opMaIiy IpH CTAHIAPTHOM TPEXOCHOM HcnbITanuu rpynTa ELY, kH/m? 3-10°
KacarenbHblii onomMeTpuueckuii Motyns ipy nepsudHoM Harpyxkennu E/7, kH/m? 3,610

of 2 . S
XKecrtkocts npu pasrpyske E. 7, kH/m 1,1-10
[Noka3arens CTENeHH A 3aBUCHMOCTH KECTKOCTH OT YPOBHS HAIPSDKEHUH m 0,5
Cuennenwe c,,,, kKH/M* 5
Yroa BHYTpEeHHETro TpeHus @', rpaf. 28
VYron nqunataHcuu , rpaf. 0
Hedopmarms cnsura, npu koropoit G = 0,722G,, v, , 0,110
Moztynb caiBura npu ceepxmaibix aedopmanusax G, kH/m> 100 - 10°

0,2

’
Koaddunuent Ilyaccona v/,

dyHIaMeHTHas [UIMTA PACIIONOKEHA B LIGHTPaIb- € maroM 2 M. [Ipu MozenupoBaHuu IUTUTHL M CBay IIPH-
HOM JacTH, ee pa3Mepbl — 18 Mo mHe 1 | Mo Ton-  MeHsieTcs moaens Elastic ¢ XxapakTepucTukaMu, KOTO-

mmHe. B xkauecTBe cBall MPUMEHEHBI KPYIJble OypoBBIE  pBIe IPUBEICHEI B Ta0M. 3, 4.

cBau ¢ nuametrpom 0,6 M, IIHHOM 17 M, pacmoI0KeHBI Jlnst pelieHust OCTABIEHHON 3a/1aul paccMaTpH-

Ta6a. 3. OcHOBHBIE XapaKTepUCTUKH JUIsl MojenupoBanuss  Tabua. 4. OCHOBHBIE XapaKTePUCTUKHU NIl MOJCIUPOBAHUS

(yHIaMEHTHOH ITHTHI cBaii

[Tapamerp [lmnra ITapamerp Csau
Mogens marepuana Linear Elastic " Embedded
Tun noBeeHus MaTepuana Undrained A OICJI> MaTepnalia beam row
VIenbHbII BEC BBIIIE YPOBHS )

A P s Tun noseneHns MaTepuana Elastic

TPYHTOBBIX BOX Y, KH/M 24
VnenpHblil Bec HUXKE YPOBHS IPYHTOBBIX Monyns [Oura £, kH/M? 3107

3
BOA Y, KH/M 24 VaenbHblil Bec Marepuana y, KH/m? 15
Mopuyins FOnra E', kH/m? 3107 06

UaMeTp, M ,

Koadpunuent [Tyaccona v’ 0,2 A P
Monyis casura G, kH/m? 1,25 - 107 Paccrosinue mexxay cBasmu LWC, M 2
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Puc. 1. PaccmarpuBaeMblie BapHaHTHI PACTIONOKEHIS apMUPYIOIINX CBai: @ — BapHuaHT 1; b — BapuaHT 2; ¢ — BapHaHT 3
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Puc. 2. AKceneporpaMMa 3EMJICTPACCHUSA NJIs1 MOACITIMPOBAHUS CEUCMHYCCKUX BOB)IefICTBHfI

BaIOTCS CJIEAYIOUINE BApUAHTBI PACIOIOKEHUS apMUPY-
IOIINX BEPTHKAIBHBIX CBaif (puc. 1):

1-it — cBau pacIoNoKeHbI KIIACCHYECKUM 00pa3zoMm,
T.€. HEMOCPEACTBEHHO 10/] (PYH/IaMEHTHOH TUIUTOIA;

2-11 — cBaM pacIoyIoKEHbl HE TOJIBKO MO IUTUTOH,
HO U 3a €€ IpeAeIaMu;

3-ii — pacnoloXeHue cBall HETPaJAUIMOHHOE.
CBau eCTh TOJIBKO 3a peenaMu (GyHIaMEHTHOH TUTHTHL

MopgenupoBaHue CEHCMUUYECKUX BO3JEHCTBUM
3eMJICTPSICEHNS OCYILISCTBIACTCS MPUIOKECHHEM 3a-
JIAHHOTO TICPEMEIICHHS 10 HIKHEW TPaHUIle TPYHTO-
BOTO MacCHBa C IOATPY3KOW aKCeIeporpaMMEl. 3amuch
BO BPEMEHH OTHOKOMITOHEHTHOTO MPOIeCCca H3MEHEHHS

Deformed mesh |u| (scaled up 500 times)
Maximum value = 0.03608 m (Element 129 at Node 1521)

a

yckopenus anures 20 cexynn. Ha puc. 2 nokazana ak-
ceneporpamMma 3eMIICTPSICCHUS.

PE3VIBTATHBI HCCIEJOBAHUA

B pesynbrare pacuera paccmarpuBaroTcs gedop-
MHUPOBaHHbIE CETKH B TPEX BapHaHTax Paclojoxke-
HUs CBall 10 M MOCIIE TMPOXOXKICHHS 3eMJICTPSICCHUS
npu ucnoib3oBannn Mopenn UBC3D-PLM. Ilpumep-
HBIE M30I10J151 1e()OPMHUPOBAHHON CETKHU NPEICTABICHBI
Ha puc. 3.

B Tabn. 5 npuBeneH cpaBHUTEIbHBIA aHATIN3 MaK-
CHMAJIBHOTO 3HAYCHUS 1e(OPMUPOBAHHON CETKH.

Ha puc. 4 npencrapieHbl H30M0JIS OJHBIX BEPTH-
KaJIbHBIX IIepEeMELIeHHH CUCTEMBI BO BCEX paccMarpu-

Deformed mesh |u| (scaled up 100 times) (Time 20.00 s)
Maximum value = 0.1149 m (Element 292 at Node 3044)

b

Puc. 3. JlepopmupoBanHasi ceTka CHCTEMbI IIPH IEPBOM BapHAHTE PACTIONIOKEHHS CBal: ¢ — J10 3eMJIETPSICEHHS; b — rociie

3EMIICTPACCHUA
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Tabu1. 5. CpaBHUTENBHBINH aHAIN3 MAKCUMAJIBHOTO 3HaUCHUsI 1e()OPMUPOBAHHOI CETKU
MakcumainbHoe 3HaueHue 1e()OPMUPOBAHHOI CETKH, MM
BapuanT pacnonoxenus cait Pazanma, %
JI0 3eMIIETPSICEHHS MOCIIE 3eMIIETPSICEHUS

36,08 114,9 +218

2 28,07 (22 %) 95,41 (17 %) +240

94,65 (+162 %) 273,2 (+138 %) +188

e

Puc. 4. [TonHbie BEPTUKAJIbHBIC IICPEMCILICHUS CUCTEMBI IIPU: [IEPBOM BaApUAHTE PACIIOJIOKECHUS cBail: a — 10 3EMJICTPSACCHUS,
b — mocine 3EMIICTPACCHUSI; BTOPOM BapUaHTE PACIIOJIOKCHUS cBail: ¢ — 110 3EMIJICTPACCHUS, d — mocne 3EMIICTPSACCHUS; TPE-
THEM BAPUAHTC PACIIOIO0KCHHUA CBaii: e — 10 SGMJ'IGTpHCGHI/ISI;f— TI0CJIC 3EMJICTPSACCHUS

Tabu. 6. CpaBHUTENBHBIH aHAIN3 0CA0K (yHIAMEHTHOHN IIINTHI

MaxkcumMalibHOE 3HaueHHe J1e()OPMUPOBAHHOI CETKU, MM
Bapuant pacnonoxenus cait Pazanma, %
JI0 3eMJIETPSICEHHS TOCIIe 3eMIIETPSICEHUS
31,53 89,90 +185
2 27,09 (14 %) 76,35 (15 %) +182
3 94,63 (+200 %) 271,89 (+202 %) +187

Y Vv

Ny

a b

(1G] | HOALIGY "L WO Ssavseiae wexnen

Puc. 5. Touku pazxmkeHUs TPYHTOB: @ — B IIEPBOM BapHaHTe; b — BO BTOPOM BapHaHTe; ¢ — B TPEThEM BapHaHTE
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Puc. 5. Touxn pazKiKeHHs TPyHTOB: ¢ — B TIEPBOM BapHaHTE; b — BO BTOPOM BapHAHTE; ¢ — B TPETHEM BapHaHTE (OKOHIAHHUE)

BaeMbIX BapHAHTaX PACHOIOKEHUS ApMHUPYIOLINX CBAl
JIO Y IOCJIE MPOXOKICHUS 3€MIIETPICEHUSL.

B Tabn. 6 nmpuBeneH cpaBHUTEIBHBINA aHAIHU3 OCa-
JIOK pyHIaMEHTHOH TUTUTHI (B TOUKE CEPEMHBI HUKHEH
TPAHMIIBI [IJTUTHI) [0 BapHAHTaM PACIIONIOKEHUS CBal
JIO Y TIOCJIE 3€MIIETPSICEHUSI.

B PLAXIS 2D mpu HCHONB30BAHUU MOJCITH
UBC3D-PLM B03M0*KHO MOKa3aThk TOUKH 30H Pa3Ku-
JKaeMBIX TPYHTOB, B KOTOPBIX KO3(p(UIIHMEHT TOPOBOTO
nasierust Ru > 0,95. Bepxuuii cioit — wincras mivHa,
OTHOCHTCS K TUITYy TPYHTA, KOTOPBII NMEeT TeHCHIINIO
pazKImKaThCS U3-3a CEHCMIUYECKUX Bo3aenHcTBHA. OTO-
OpakeHne TOUEK 30H Pa3KMKAaeMbIX TPYHTOB IIPH TPH-
MEHEHUH PA3IUYHBIX MOJIETIEH B JAHHOM pacdeTe Mpe-
CTaBJICHO Ha puC. 5.

SAKJIIOYUEHHUE U OBCYXAEHUE

TomyueHHbIC pe3ybTaThl TIOKA3bIBAIOT, YTO BCE TPU
BBIOpAHHbIE PACUETHBIE CXEMbI MOYUYatOT CYILECTBEHHbIN
MPUPOCT OCAIOK B MPOLECCE MPOXOMKICHUS 3eMIIeTpsice-
Hust. [IpOLICHT MpUpaIeHust OCaIKH 10 CXEMaM MPAKTH-
YeCKH MJICHTUYHBINA 1 cocTaBiieT oT 182 mo 187 %.

Cxema 3 mpearosaraeT ycTpoiCTBO HAMMEHBbIIIE-
TO KOJIMYECTBA CBAWHBIX MJIEMEHTOB apMHUPOBAHUS, T.C.
HanOoJIee SKOHOMUYHA, OJJHAKO IIPH ITOM HMEET MECTO
YBEIIMYCHHOE 3HAYEHHE OCAJKH OCHOBAHMS 3a CUET
CTAaTHYECKOTO HArpy>KeHUSA. DTO HEYAUBHUTEIbHO, TaK
KaK HHMKE NPOMEXKYTOUHOH MeCUaHOil MOAYIIKHY 3aje-
TafoT €CTECTBEHHBIE TPYHTHI 03 apMUPOBAHUS CBAsIMU.

AHa3 POTrHO3a MOSBICHNS TOUKU PAKIKCHHS
B OCHOBaHHH I10 TPEM CXEMaM YCTpOMCTBa (yHIaMeH-
TOB MMOKA3bIBACT, YTO HANOOJBILASI UX TIOTHOCTH MMe-
€T MECTO NMPHU OTCYTCTBUHU apMUpPOBaHMs (ciydait 3).
B cnygasx | u 2 oTmMedaeTcs TOKaIu3aIis TOYeK pa3Ki-
JKCHHUST B HEKOTOPBIX 00beMax BOIU3M OOKOBOM ITOBEPX-
HOCTH CBail. BMecTe ¢ 3TUM B MeKCBaliHOM MPOCTpaH-
CTBE pa3KIKEHHE HE TIPOMCXOIUT. DTO 0OCTOSTEIILCTBO
MO3BOJISICT MPEAMNONOKUTh, YTO, U3MEHAS MapaMeTphl
CBafHOTO apMHUPOBAHU, MOKHO YTIPABIATH pa3MepaMu
U MECTOIOJIOKEHUEM 30H PAKIKEHHS, & IPH HEOOXO-
JUMOCTH 3alUTUTh HEKOTOPbHIE 30HBI OT peasn3aIiy
9TOro nporecca. Bo3MoKHOCTb 1 FpaHUIbI TPUMEHEHHUS
TaKOI'0 METO/Ia YIIPABJICHHUS JIOJDKHBI OBITh NCCIIEIOBAHBI
OTJIENTLHO B MOCIIEYIOINX padoTax.
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INTRODUCTION

Ensuring stability and reliability of buildings
and structures is an important task in modern
construction practice, especially in areas with high
seismic activity. At the same time, it is necessary to
solve the problem of optimizing the costs of erecting
foundations of buildings and structures, which can
lead to a significant increase in economic efficiency.
These problems are relevant, because in many Russian
regions, complex geological conditions prevail and
there is a probability of earthquakes with an intensity
of more than seven points. The application of soil
reinforcement is known to serve as one of the effective
methods of strengthening soils and increasing
the stability of structures' [1-10]. In [1, 2], the effect
of reinforcement on the strength of soil is considered
and various methods of reinforcement are discussed.
Calculations of reinforced foundations are carried out
using engineering methods. Thus, publications [11-13]
present calculations using the reduced modulus method,
and [14-17] — using the conditional foundation
method. At present, numerical methods are also used
[11, 18-22].

Studies of the efficiency and behaviour of soils af-
ter reinforcement using piles are presented in many sci-
entific works [19, 20, 23-27]. The application of vertical
reinforcement of soil foundations of high-rise buildings
to improve their deformation properties, especially in
seismically active areas, is highlighted [24]. The results
of numerical modelling of various types of foundations,

! Mirsayapov 1.T. Effective reinforced soil bases. 38. URL:
https://minstroy.tatarstan.ru/file/old/structure/1 a(1).pdf

Table 1. Characteristics of the topsoil layer for its modelling

including combined pile-slab and slab foundations
on reinforced soil, are considered. The influence of pile
reinforcement on the settlement of slab foundations is
studied [20] using the linearly deformed solid model
and the Mohr-Coulomb model.

In this paper, the objective is to compare the be-
haviour of the soil mass and foundation at different loca-
tions of reinforcing piles in the soibil using the advanced
UBC3D-PLM soil simulation model, which can be used to
represent seismic ground motions effectively.

MATERIALS AND METHODS

To investigate the influence of the reinforcing pile
location on the seismic load absorption by the foundation,
the design system is modelled using PLAXIS 2D
software. For the purpose of modelling the soil under
seismic action, soil models such as Hardening Soil
Small (HSS), PM4Sand, UBC3D-PLM are used. Due
to a number of advantages, one of which is the ability
to model liquefaction of sandy and clayey soils under
seismic loads, UBC3D-PLM is used as a computational
model. For other soils, the HS Small model is used.

The calculation considers the behaviour of the sys-
tem in an area of soil with plan dimensions of 400 x
x 400 m and a depth of 50 m. The soil basement in
the calculation is a two-layer one, comprising two soil
layers: the upper one is silty clay with a thickness of 14 m
and sandy soil with a thickness of 36 m. The silty
clay is modelled using the UBC3D-PLM model and
the lower sandy soil is modelled using HS Small.
The characteristics of these layers are presented in
Table 1, 2. The groundwater level is at the planning level.

Parameter Top layer
Material model UBC3D-PLM
Type of material behaviour Undrained A
Specific gravity above groundwater level y_, kN/m’ 15
Specific gravity below groundwater level y ., kN/m’ 15.2
Elastic bulk compression modulus coefficient k;e 519.5
Elastic shear modulus coefficient k,° 742.1
Plastic shear modulus coefficient k.7 155.7
Coeflicient of stress dependence of elastic bulk compression modulus 2, 0.5
Coefficient of dependence of elastic shear modulus on stress 7, 0.5
Coeflicient of dependence of plastic shear modulus on stress 1 0.4
Angle of friction at constant volume ¢_, deg. 23
Maximum friction angle ¢ , deg. 235
Cohesion with, kKN/m? 4
Adjusted SPT value (N)),, 5
Fracture factor R, 0.86
Compaction factor f, - 1.0
Liquefaction Impact Factor prm 0.5
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Table 2. Characteristics of the bottom soil layer for its modelling

Parameter Lower sandy layer
Material model HS small
Type of material behaviour Undrained A
Specific gravity above groundwater level y_, kN/m? 20
Specific gravity below groundwater level v, , kN/m’ 20
Secant modulus of deformation at standard triaxial soil test £, kN/m? 3-10*
Tangential odometric modulus under primary loading £/, kN/m? 3.6 -10*
Unloading stiffness E/¢, kN/m? 1.1-10°
Degree index for the stress level dependence of stiffness m 0.5
Clutch ¢/ of kN/m? 5
Internal friction angle ¢’, deg. 28
Dilatancy angle v, deg. 0
Shear strain at which G = 0.722G,, v, , 0.1-103
Shear modulus at ultra-low strain G, kN/m? 100 - 10°
Poisson’s ratio v/, 0.2

The foundation slab is located in the central
part, its dimensions are 18 m in length and 1 m in
thickness. The piles used are round bored piles with
a diameter of 0.6 m, 17 m long, spaced 2 m apart. When
modelling the slab and piles, the Elastic model with
the characteristics given in Table 3, 4 is used.

To solve the task, the following options for
the arrangement of reinforcing vertical piles are
considered (Fig. 1):

 1st — the piles are located in the classical way,
i.e. directly under the foundation slab;

* 2nd — piles are located not only under the slab,
but also outside the slab;

Table 3. Main characteristics for modelling the foundation slab

* 3rd — the location of piles is unconventional.
There are piles only outside the foundation slab.

Modelling of seismic effects of an earthquake is
carried out by applying a given displacement along
the lower boundary of the soil massif with accelerogram
loading. Recording in time of one-component process
of acceleration change lasts for 20 seconds. Fig. 2
shows the accelerogram of the earthquake.

RESEARCH RESULTS

As a result of the calculation, deformed meshes
are considered in three variants of pile locations before

Table 4. Main characteristics for pile modelling

Parameter Slab
Material model Linear Elastic
Type of material behaviour Undrained A
Specific gravity above groundwater 24
level y_, kN/m’
Specific gravity below groundwater 24
levely, . kN/m’
Young’s modulus E’, kKN/m? 3107
Poisson’s ratio v’ 0.2
Shear modulus G, kN/m? 1.25 - 107

Parameter Piles
Material model Embedded
beam row
Type of material behaviour Elastic
Young’s modulus E, kN/m? 3107
Specific material weight y, KN/m? 15
Diameter, m 0.6
Distance between piles L, m 2

— T

a b

TTITITITITITIT il i

c

Fig. 1. Considered variants of reinforcement pile arrangement: ¢ — variant 1; » — variant 2; ¢ — variant 3
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Dynamic multiplier (acceleration)

0.00 200 400 6.00 8.00 100 120 140 16.0 180 200
Time [s]

Deformed mesh |u| (scaled up 500 times) Deformed mesh |u| (scaled up 100 times) (Time 20.00 s)
Maximum value = 0.03608 m (Element 129 at Node 1521) ‘Maximum value = 0.1149 m (Element 292 at Node 3044)
a b

Fig. 3. Deformed grid of the system at the first variant of pile arrangement: a — before the earthquake; b — after the earthquake

and after earthquake passage using the UBC3D-PLM Fig. 4 shows isopoles of total vertical displa-cements
model. The approximate isopoles of the deformed mesh  of the system in all considered variants of reinforcing piles
are shown in Fig. 3. location before and after the earth-quake passage.

Table 5 shows a comparative analysis of the maxi- Table 6 shows a comparative analysis of the foun-
mum value of the deformed mesh. dation slab settlement (at the midpoint of the bottom

Table 5. Comparative analysis of the maximum value of the deformed mesh

. . Maximum value of deformed mesh, mm )
Pile arrangement option Difference, %
before the earthquake after the earthquake
36.08 114.9 +218
2 28.07 (—22 %) 95.41 (=17 %) +240
94.65 (+162 %) 273.2 (+138 %) +188

U

a

Fig. 4. Total vertical displacements of the system at: first pile arrangement: ¢ — before the earthquake; b — after
the earthquake; second pile arrangement: ¢ — before the earthquake; d — after the earthquake; third pile arrangement: e —
before the earthquake; f'— after the earthquake
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e

Fig. 4. Total vertical displacements of the system at: first pile arrangement: a — before the earthquake; b — after
the earthquake; second pile arrangement: ¢ — before the earthquake; d — after the earthquake; third pile arrangement: e —

before the earthquake; f— after the earthquake (ending)

Table 6. Comparative analysis of foundation slab settlements

Maximum value of deformed mesh, mm
Pile arrangement option Difference, %
before the earthquake after the earthquake
1 31.53 89.90 +185
2 27.09 (—14 %) 76.35 (—15 %) +182
3 94.63 (+200 %) 271.89 (+202 %) +187

4

Fig. 5. Soil liquefaction points: ¢ — in the first variant; b — in the second variant; ¢ — in the third variant

edge of the slab) for the pile locations before and after
the earthquake.

In PLAXIS 2D, using the UBC3D-PLM model,
it is possible to show the points of liquefiable soil
zones where the pore pressure coefficient is Ru > 0.95.
The upper layer, silty clay, is a type of soil that tends to
liquefy due to seismic effects. The mapping of liquefiable

soil zone points when different models are applied in
this calculation is shown in Fig. 5.

CONCLUSION AND DISCUSSION

The results show that all three selected design
schemes obtain a significant increase in settlement during
the earthquake passage. The percentage of settlement
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increment for the schemes is almost identical and ranges
from 182 to 187 %.

Scheme 3 involves the smallest number of pile
reinforcement elements, i.e. it is the most economical,
but there is an increased value of foundation settlement
due to static loading. This is not surprising, as below
the intermediate sand cushion there are natural soils
without pile reinforcement.

An analysis of the prediction of liquefaction point
occurrence in the foundation for the three foundation
schemes shows that the highest liquefaction point

density occurs in the absence of reinforcement (case 3).
Cases | and 2 show localization of liquefaction points
in some volumes near the lateral surface of the piles.
At the same time, no liquefaction occurs in the inter-
pile space. This circumstance suggests that by changing
the parameters of pile reinforcement it is possible to
control the size and location of liquefaction zones and,
if necessary, to protect some zones from the realization
of this process. The possibility and limits of application
of such a control method should be investigated
separately in subsequent works.
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APXMTEKTYPHO-IIJIAHUPOBOYHBbIEC 0COOCHHOCTH 3IaHUM
oOpa3oBaTe/IbHBIX yupexaenui r. Exarepunoaapa

Oabra Hukomnaesna Yedepena', Enena IOpbeBna CrpesibHUKOBa®
! Huoice2opoOckuil 20¢y0apcmeeHtblil apXumexknypHo-cmpoumenshoiil yuueepcumem (HHIACY),
2. Huorcnuit Hogeopoo, Poccusi;
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AHHOTAUMA

BBepeHue. PaccmMoTpeHO pasBuTME apXUTEKTYPHO-MMaHUPOBOYHBIX PeLleHuid y4ebHbIX yupexaeHun r. EkatepuHogapa
(HbIHe — KpacHopgap), nocTpoeHHbIx ¢ koHua XIX go Havana XX B. MiccnepoBaHbl ABa o6bekTa — AnekcaHapoBcKoe pe-
anbHoe yuunuiie  MapuUHCKWN XXEHCKMIA MHCTUTYT. DBOMOLNS apXUTEKTYPHO-NNaHMPOBOYHON CTPYKTYpPbl AaHHbIX 34aHWUI
B3aMMOCBSsi3aHa C pa3BUTUEM NPEeACTaBnNeHU 0 PyHKLUUM — N3MEHEHVEM YCTAHOBOK Nedarormyeckon Haykm n ocobeHHo-
CTSIMU 3KCMIyaTaumm NOMELLEHUI B YCNoBKsaX y4ebHoro npotecca. B kaxaoM yupexaeHuy npocnexmnsanock NOCTOSHHOE
yBENMYEHNEe KONMYeCcTBa yqaLLmMXcsl, HO pa3BuTMe 06bEMHOIN KOMNO3WLMM LLIMO PasHbIMU NYTAMU. Y4YnunuLle AocTpanBanoch
1 [OMOMHSANOCH HOBBLIMU KOPMycamu, PacrofioXXeHHbIMY 6rnn3 ocHoBHOro. [4nst MapumMHCKOro 3XeHCKOro MHCTUTYTa perynsip-
HO BO3BOAWIIUCbL HOBblEe, Bonee coBepLUEHHbIE, afpPEeCHO CNPOEKTUPOBaHHbIE 3OaHUS.

Matepuansbl u MeToabl. Vicnonb3oBaHbl MaTepuansl FocyaapcTBeHHoro apxmBa KpacHogapckoro kpasi, HaydHblx cratem
1 MoHorpaduii, nctopuyecknx hoToaoKyMEHTOB, nepuoamnyeckon nedatu. MNpumeHeHbl HaTypHoe obcrnenoBaHne coBpe-
MEHHOr0 COCTOSIHUSI OMMCbIBAaEMbIX 0ObLEKTOB C hoTodhmKcaLmen; MeToabl abcTparnpoBaHnsi, TUMONOrMYECKUA, ncTopuye-
CKWUI 1 CpaBHUTENbHbIV aHanus, cuctemaTnsaums n knaccudukaums.

Pesynbrathl. VccnenoBaHne y4ebHbIX yupexaeHui . EkatepuHogapa HTErpupoBano mdyyYeHune mx cyHKLMOoHanbHo-Tu-
NOMOrMYECKUX, aPXUTEKTYPHO-MMaHUPOBOYHbIX, 0OBEMHO-KOMMO3ULMOHHBIX U AEeKOPaTUBHO-CTUITMCTUYECKUX PELLIEHWNA.
OnpefeneHbl Hanuyve, pacnonoXeHne n gyHKLUMOHanbHbIe B3anMOCBSA3M rpyrnn OCHOBHbLIX U BCMIOMOraTernbHbIX NomeLle-
HWUIA, NPUYKUHBI M3MEHEHMWS! CTPYKTYPbl Y (PYHKLIMOHAMNBHOMO COCTaBa rpynn MOMELLEHUA YYeOHbIX YUpEeXOEHNI; U3yveHbl
aTanbl ¥ NPUYUHBI BOHUKHOBEHUS, 3KCNIyaTaLmm, CHoca Ui TekyLle hopMbl UCNOMNb30BaHUSI OObLEKTOB.

BbiBoabl. CctematusmpoBaHa U o6beauHeHa UHOpMaLUs U3 pasHbIX UCTOYHMKOB 06 apXUTEKTYPHO-MNaHUPOBOYHbIX
0COBEHHOCTSAX 34aHNI KPYMHbIX y4eOHbIX yupexaeHuit . EkateprHogapa B 1x B3aMMOCBSI3V C UCTOPUEN pa3BUTUS ropoaa.
OTpaxeHbl U3MEHEHUS MNaHNPOBOYHOM CTPYKTYpPbI, 3Tanbl apXMTEKTYPHOW MOAEPHM3ALUN 1 CTPOUTENBHOW UCTOPUM Kax-
[0ro OTAENbHOro 34aHWs B CBA3M C NONUTUYECKON CUTyaLMen, coumanbHbIMU hakTopamu, MOSIBIEHMEM HOBbIX UCCeaoBa-
HWUI B obnacTu rurveHsl 1 negarorvkn. OnpegeneHbl NpUYKHbI, TpeboBaBLUME OTKPLITUSI BCOMOraTerbHbIX KIaccoB W LLKOS
B I. EkaTepuHogape.

KNOYEBBIE CINOBA: apxuTekTypa yunnuiy, KybaHu, apxutektypa obpasoBaTenbHbIX y4pexaeHuin, apxutekTypa y4ebHbix
3naHui EkatepuHopapa, BcnomoraTernbHble LWKorbl, obpasoBaHune B EkatepuHogape
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ABSTRACT

Introduction. The development of architectural and planning solutions of educational institutions of Yekaterinodar (now
Krasnodar), built from the end of XIX to the beginning of XX century, is considered. Two objects — the Alexander Real
School and the Mariinsky Women'’s Institute — are studied. The development of the architectural and planning structure
of these buildings is interconnected with the development of ideas about function — changes in the attitudes of pedagogical
science and peculiarities of the use of premises in the conditions of the educational process. In each institution there was
a constant increase in the number of students, however, the evolution of space-planning solutions developed in different
ways. The school was completed and supplemented with new buildings located close to the main one. New, more perfect,
purpose-designed buildings were regularly erected for the Mariinsky Women’s Institute.

Materials and methods. Materials of the State Archive of the Krasnodar territory, scientific articles and monographs, histori-
cal photo-documents, periodicals were used. The authors used field survey of the current state of the described objects with
photo fixation, methods of abstraction, typological, historical and comparative analysis, systematization and classification.
Results. The study of educational institutions in Yekaterinodar integrated the study of their functional-typological, architec-
tural-planning, volumetric-compositional and decorative-stylistic solutions. The presence, location and functional interrela-
tions of groups of main and auxiliary premises, the reasons for changes in the structure and functional composition of groups
of premises of educational institutions were determined; the stages and reasons for the emergence, operation, demolition
or current form of use of objects were studied.

Conclusions. The information from different sources about architectural and planning features of buildings of large education-
al institutions of Yekaterinodar in their interrelation with the history of the city development were systematized and combined.
Changes in the planning structure, stages of architectural modernization and construction history of each individual building in
connection with the political situation, social factors, the emergence of new research in the field of hygiene and pedagogy are
reflected. The reasons that required the opening of auxiliary classes and schools in Yekaterinodar are identified.

KEYWORDS: architecture of Kuban schools buildings, architecture of educational institutions, architecture of educational
buildings in Yekaterinodar, auxiliary schools, education in Yekaterinodar
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BBEJIEHHUE

[NosiBeHMe 00pa3oBaTeNbHBIX yUpeKIeHNH B T. Exa-
TeprHozape (HbiHe — KpacHoziap) OTHOCHTCS K Hadaury
XIX B. 3a cronetHiow uctoputo 10 1917 1. ux apxurek-
TYPHO-TUTAaHUPOBOYHAS! KOMITO3UIINS CTPYKTYPHO TIPE00-
Pa3oBbIBAJIACH M PHOOPETa BU, CXOXKHH € TOH, KoTopast
CyHICCTBYET B Halll THHA. OTH U3MEHEHUS B 3HAYUTEIIb-
HOM CTENEHU OIpeIeNeHbl BBOAMMOM B TOT EPUOJ IIPO-
rpamMMoii 1o BceoOmieMy oOydeHHio rpaxaan Poccnii-
ckoit umnepun. Jlanusie apxusa KpacHomapckoro xpas
CBHICTEIBCTBYIOT, uTo Ha 1 stHBapst 1910 . aTOT mIporiece
B TI. Exarepunonape ObL1 3aBepliieH (B y4eOHBIX 3aBEICHH-
sIX 00y4yasuch B T0o Bpems 6300 neTeid, 4To COOTBETCTBO-
BaJIO X 00IIEMyY KoImrdecTBy B ropore [ 1, c. 42]). Dacamsr
31aHKi 00raTo AEKOPHPOBAINCH B JIyXe aKaJIeMUYECKON
OKJICKTUKH CTHJIM3alluu. OpI/IFHHaJ'[bHBIe TIACTUYCCKUC
1 00BEMHO-KOMITO3HUIIHOHHbIE PEIICHNSI CIIOCOOCTBOBAIN
(hOpMHPOBAHHIO YHUKAIBHBIX OOBEKTOB, BBIACIISIOIINXCS
Cpey CpeioBOM OTHO3TAKHOM 3aCTPOMKH B KaUECTBE BbI-
COTHBIX M IPOCTPAHCTBEHHBIX JIOMUHAHT TOPOZICKOTO MEH-
3axa. CeroiHs COXpaHMBILHMECS 31aHMS CTAIN [IECHHBIMA
rpanoGOpMUPYIOIMMH 00BEKTAMHU, CO3IAFOLINMH KapKac
ncroprdeckoro neaTpa Kpacuonapa.

PesynbpraToM pazBHTHS HEearorn4ecKoi MBICIH,
¢dbopM 1 THUIIOB O0YYCHHMSI CTATH 3HAYUTCIIBHBIC U3ME-
HEHUs OpTaHMU3alliU TIporiecca O0ydIeHus U PYHKIHO-
HaJIbHBIX TIPOTPaMM IIKOJIBHBIX 31aHUH. AYTCHTHYHbIE
HUCTOPUUCCKHUE 3JaHUA TMMHA3WH, YUYWJIHMIIA U JPYTUX
y4eOHBIX yupekaeHuil I. EkareprHomapa mperepreBain
MO3TANHYI0 apXUTEKTYPHYIO MOJEPHU3AIMIO, U3MEHE-
HUS IUIAHUPOBOYHOM CTPYKTYpbI. [Ipocienum ocHOBHBIE
premMsl OPMUPOBAHUS PACCMATPUBAEMBIX APXUTEK-

TYPHBIX OOBEKTOB, JTallbl HX CTPOUTEIBCTBA U MOJIEP-
HU3aLUU Ha IPUMEPE HECKOIBKHUX yUPEXKICHUI.

MATEPHAJIBI U METO/JAbI

HccnenoBaHue apXUTEKTYPHBIX OOBEKTOB IIPOBO-
JIUIIOCH ABYMSI OCHOBHBIMHU criocobamu. C Lebio u3-
yUYeHUs y4eOHBIX 31aHHH, YTPaYeHHBIX K HACTOSIIEMY
BpEMEHH, IIPOaHaIM3UPOBaHbl POoHABI [ 0CyapcTBeH-
Horo apxuBa KpacHomapckoro kpas, HaydHbIe H Ie-
puonndeckue u3nanus Gounos Oudnnorek r. Kpacuo-
Japa U T. MOCKBEL, OITyOJIMKOBaHHBIC HAayYHbBIE CTaThH
1o CMeXHO# Temaruke. Takyke MCIOIB30BaHBI HCTO-
pudeckue HOTOMOKYMEHTBI H CBEJCHUS M3 MEPUOAU-
YECKOW TevaTH JOPEBOJIOIMOHHOIO mnepuoaa [2—4].
K coxpaHHBIIUMCS 31aHUSIM, SBISIOLIAMCS IPaJOCTPO-
UTEJIBHBIMU JIOMUHaHTaMu I. KpacHonapa, mpuMeHeHo
caMOCTOsITeIbHOE HaTypHOe obOcnemoBaHme ¢ (HoTo-
(hukcaruelr COBpeMEHHOTO COCTOsIHUS. B Xone paboTsl
HaJ cTaTbell U POPMYIHPOBAHUS BBIBOAOB OBLIU HIC-
MOJIb30BaHbl METO/IBI A0CTParupoBaHus, KiIaccupuKa-
II11, CHCTEMaTH3aIlMHU U aHaJIH3a.

PE3YJIIBTATBI HCCJIEJOBAHMUA

CaMBIM TIPECTIKHBIM YYEOHBIM yUPEKICHUEM
B koHne XIX B. Opu10 KybaHnckoe peanbHOE yUHIHIIE,
opranuzoBaHHoe B 1880 r. m Bckope mepenmMeHOBaH-
HOe B AJIEKCaHJIpOBCKOE peasibHOe yumiuiie. [lepBbie
10 ner oHO pacmonaragoch B YaCTHOM JIOME T'OCTIOKHU
SIKyIIMHCKOM, a 3aTeM y rocnoxu YepHuk [5] u co-
CTOSUIO M3 Yy4eOHBIX KaOWHETOB, MaHCHOHA (I Ya-
CTH y4alllMXcs), KBapTHP HaJ3UpaTesi, BOCIIUTATEIs
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u 3koHOMa. B 1890 1. ObLIO pelIeHO OTKPHITH MOATOTO-
BUTEJIBHBIN KJIACC ISl ACTCH YNHOBHHKOB, O(UIICPOB
U HE CIy)KalluX ABOPSAH IS MOCTYIJICHUS B TMMHA-
3ut0. J{51s1 31010 TPEOOBAIOCH IPOU3BECTH NIEPECTPOUKY
B 3/IaHUH BO¥ickoBoro naHcuona KybaHckoro peaibHO-
TO yYHJIHUINA Ha OCHOBaHHUH MPOEKTA, YTBEPKICHHO-
ro xypHajsoM VMHXEHepHOro KOMUTETA IJIaBHOTO MH-
KEHEPHOTO ympaBieHHs. YepTeku M IUIaHbl 3[aHUs
He coxpaHwinch. [ToaToMy moay4duTh HHPOPMALIKIO
0 CTPYKType, MJIAHUPOBOYHBIX PEIICHHUSIX MOXKHO
13 JUTEPaTyPHBIX UCTOUYHUKOB, I7I¢ TPUBEICHBI OIH-
CaHUs, UJIM OTYETOB O JEATEIBHOCTH KOHKPETHOTO Y-
pexnaennd. HarmsagHoe mpencTaBieHHE O HEKOTOPBIX
00bEMHO-TIPOCTPAHCTBEHHBIX PEHICHUSIX Jal0T CoXpa-
HUBIIHECS oTorpadum.

OCHOBHOM KOPIIYC 3[1aHUS PEaTbHOTO YUMIIUIIA
OB TIOCTPOCH eliie B 1876 I. 0 MPOEKTy BOMCKOBOTO
apxutektopa B.I1. ®ununmnosa (puc. 1) B nyxe mo3a-
HETO KJIacCcuIu3Ma. J[ByX3TaxXHOE 3aHHe IPOTSIHYI0Ch
Ha Bech KBapraji. TeppuTtopus orpaxnaagach KOBaHBIM
3a00pPOM, COOTBETCTBYIOIIUM OOIICH CTUIUCTHKE 3a-
cTpoiiku ropona. dacanpl, CHMMETPUYHBIE OTHOCH-
TEJIbHO LEHTPAIbHON BEPTUKAJIBHOW OCH, PELICHBI
C MCIOJb30BAaHUEM BBICTYIAIOIEr0 pu3anura, (Gop-
MUPYIOILETO TIIABHYIO BXOAHYIO IpyIiy. Bropoii atax
B 9TOi1 yacTu (acaza yKpaiaiu TPU BbICOKHX, Y3KHX,
APOYHBIX OKHA. YBEHUYHBAJICS PH3AIUT JEKOPATUBHBIM
TpeyroibHbIM GppoHTOHOM. [T0 OCH CHMMETpPUU BXO/I-
HOH TPyNIBI yCTPOEHA JOMOBAas IIEPKOBb, MEPEKPHI-
BaBIIasics KynoioM (puc. 1). Mi3HagansHO Kymos Obu1
MIOJIOTUM U MMell 00JIBIION pajiyc KpUBU3HBL. B nepu-
ol pekoHCTpyKIMU 1910 1. ero 3aMeHuIM Ha BBICOKHIA
[IECTUTPAaHHbIN ¢ 0apabdaHOM M IIABKOM, YTO YCHIIMIO
BEPTHKAJIBbHYIO JUHAMUKY O0BEMHON KOMIIO3UIIMH 3/1a-
HUSI M €T0 3HAaUeHUE B KaUueCTBE JIOMHUHAHTHI 00Ieit ro-
POJICKOM 3acTPOUKH (pHC. 2).

C nagana XX B. 37JaHH€ PaCIIUPAIOCH U yBEIHUUHU-
BaJIOCh: MOSBISUIMCH MPUCTPONKH, B KaU€CTBE HOBOTO
KopItyca ObUIO MPHOOPETEHO 37aHue, MPUHAIEKaB-
niee panee Anekcanapo-Hesckomy OparcTBy. Pacmoso-
JKCHHBIN Ha TOM jkK€ KBapTaje, 4TO ¥ OCHOBHOE 3/1aHHE,
KOPITyC CTaJl CBO€OOPa3HbIM OOIICKOMMYHHUKAIIMOHHBIM
3BEHOM Y4eOHOTr0 KOMIUIeKca. B HeM Haxoamince: 1Ba
BMECTHUTEJIBHBIX 3aJia, B KOTOPBIX MTPOBOJIUIIUCH COOpa-

Puc. 1. 3ganne ExarepuHOmapckoil BOHCKOBOW T'MMHAa3UU

yumnuiia ok. 1888 !

HUS; THMHACTUYECKHHN 3aJ1; BCIIOMOTaTeIbHbIC KaOnHe-
ThI U Tabopatopuu [6, c. 1, 7] (puc. 3).

3naHue, peleHHOe B TaK Ha3bIBAEMOM «KHP-
MUYHOM» CTHJIC, COXPAaHMIOCh M (YHKIHOHUDPYET
B HaIIM AHU. B Hem pacmonaratorcs YmpaBieHue
o Bonpocam murpanuu I'Y MBJI Poccun nmo Kpac-
HOJApCKOMY Kparo U JlemapTaMeHT MMYIECTBEHHBIX
orHomeHuit KpacHomapckoro kpasg. CeBepHbIi (BBI-
XOIUT Ha yi. [ MMHA3M4YeCcKyI0) U 3alaHbIA (BBIXOAUT
Ha yiI. PammuieBckyro) dacajpl UMEIOT €NHOE KO-
PaTHBHO-OT/IEIOYHOE PEIICHUE C OKPACKOH MO KUPITH-
4y B KOHTPACTHOM COYETAHWHU HACBIIIIEHHO OPAHKEBOTO
I[BETA 3aMaIA0IHNX MJIOCKOCTEH CTEH U BBICTYHAIOIINX
JIEKOPATHBHBIX 3JIEMEHTOB PyCTa 10 IMEPBOMY 3TaxKYy,
a TaKKe JIOMATOK, KAPHU30B C S3bIYKAMHM, TapaneToB,
OKpAIICHHBIX 00l KPacKoi.

Bornbnast 4acTh OKOH — apOYHBIE C PA3TUIHBIMU
paanycaMy KPUBU3HBI, IPOCTEHKH MEXKIY KOTOPBIMU
JIEKOPUPOBaHbI HUIIAMH C (DUIICHKAMH. 31aHKUE Tepe-
MEHHOM 3Ta)XHOCTH: MpaBas 4acThb — OJHOATAKHaf,
JIeBasi — JIByXdTa)kHas. [J1aBHBII BXOJ PacIoOkKEH
6n13 mepernazia OTMETOK B OJTHOITAXKHOI YacTh ceBep-
Horo ¢acaja 1 MPOXOAUT Yepe3 TPEXLUEHTPOBYIO apKy
07T KOBAHBIM KO3BIPHKOM, aKIICHTUPOBAH TPEYTONbHBIM
KUPIUYHBIM IIUIIIOM, JEKOPUPOBAHHBIM MAIIHKYIEO-
Opa3HbIM KapHH30M.

BHyTpeHHsIsI TuIlaHUpOBKa aH(UIIaJHAsI HA TIEPBOM
9TaXk€ W KOPHUAOpPHAs Ha BTOPOM. 37aHHE 3aHHMAaET
YIJIOBOE TIOJIOKEHUE, OHAKO KOMIIO3UIIMOHHOE pelle-
HUE WHEPTHO IO OTHOIICHMIO K pasMerienuro. C mpa-
BOW CTOPOHBI K IJIABHOMY BECTHOIOIIIO IPUMBIKAET 3aJl
00O TUIOIIA U C BCIIOMOTATEIbHBIMU MOMELIE-
HUsAMHU. B nHTEphEpax 0cob0 nmpumeyaTeabHbl CTUIH-
CTUYECKHE PEIIeHHd 3aya, OMU3Kue K PalroHaIbHO-
My MOJIEpHY, 3TO IPOCTOPHOE ITOMEIICHNE C BBICOKHIMHU
MOTOJNIKAMH M TOHKMMH METAIJIHYECKUMH BBICOKUMU
KOJIOHHAMU I10 MPOAOJIBHON OCH. BOKpyr HeOOIbIINX
KPYIVIBIX KamuTeNeil KOJOHH B INIOCKOCTH TTOTOJIKA pac-
MIOJIOKEHBI KypHBIE JICTTHBIE PO3ETKU. 3aJl, 3aHIMaI0-
IIUH yIIIOBOE PACIONOKEHHE B IIaHE, OCBEIIAETCS Ce-
MBIO CBETOBBIMH OCSMH apOYHBIX OKOH: YETHIPE BAOJb
CEeBEpO-BOCTOYHOTO (hacaja u TpH ¢ ceBepHOro. B se-
BOM 9acCTH 3aHMSI HAXOAATCS IPOCTOPHBIE TIOMELICHHUS
Pa3IMYHOTO HAa3HAUEHUS. DTaXH CBA3BIBACT MapagHas

Puc. 2. 3nanune Ky6anckoro AnekcaHIpOBCKOTO PeasbHOTO
yumuiia ok. 1911 !

! Exarepunonap — Kpacuonap. URL: http://www.myekaterinodar.ru
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Puc. 3. [nan 1-ro staxa (a); uHTEphep 3ana peansHoro yuunmia Ne 2 (b) (TAKK, P-1765, O. 4, 1. 15); dacax, coBpemenHoe

cocrosiaue (¢) (poro aBTopa)

JIByXMapIleBast IECTHUIIA ¢ HAOOPHBIMU MPaMOPHBIMH
CTYMEHSIMH 1 MIEPUJIaMHU T10 MPaMOPHBIM OaIICHHAM.

Knaccsl n maGoparopuut JUlst HOBBIX JUCHHTUINH
TOSIBJISUTHCH TIOCTEIIEHHO U JIOTIONHSUTICH HEOOXOANMBI-
MU NpuOopamMH M HaIISTHBIMH 1TocoOusMu. B 1881 1.
OTKpBUICS KaOWHET (PU3UKH, 3aTEM €CTECTBEHHO-HUCTO-
puueckuii. B O630pe nesirensHocTn Kydanckoro Asnex-
CaHPOBCKOTO peaybHoro yummma 3a 1912—1913 rr. tak
XapaKTepH3yeTCsl TIIaHUPOBOYHOE PEIIEHHE MOCIIEIHE-
ro: «HEYIOOHOE pa3MEIICHHE OKOH, JBEpel W Iedei
B KaOMHETE HE JIaeT BO3MOXKHOCTH COBEPIICHHO BbIJIe-
JUTh MeCTHYI0 (Quiopy U (dayHy (...) IPUXOIUTCS MHO-
THe BEIIM JepKaTh IOJ CTOJIAMHM, YTO KpaifHe MeIaeT
0003peHHI0 UX YYaIUMHUCs». B ¢Bs3M ¢ 3THM KaOWHET
B Hayasie XX B. IepeHecH B HOBOe 31anue [6, c. 117].

Bonpmioe BHUMaHKE yAesiI0Ch COBEPIISHCTBO-
BaHMIO OMONMOTEKN YUHMIIUIA: U3 OJHOTO MOMEICHHS
BBIICTIIIA OMOMHOTEKY-UYUTAIBHIO, TeOTpapUIECKYIO,
€CTEeCTBCHHO-MCTOPHUECKYI0, OMONMOTEKY B MAHCHO-
HaTe, a TaKKe OTACIbHBIC OMOMMOTEUKN MPH KaXKIOM
kiacce (16 mryk Ha 16 KI1accoB).

Bbuti opraHu30BaHbl MaCTEPCKHE JUTSL PA3ITMUHbBIX
BHUJIOB PYYHOTO TPY/a; KJIACC JICTIKH; IEPEIIETHOTO, Clie-
CapHOTO0, TOKApHOTO JieJia; MacTepcKast 00pabOTKH U BbI-
JKUTaHUsI TI0 JIEPEBY; a TAK)KE OTAENIbHbIM KHHEMATorpa-

(uueckuii 3a1. B yyanmxcst crapainuch moiepKuBaTh
J000Bb K IPHUPOE, JUIS Yero ¢ yYeHUKaMH MJIa X
KJIACCOB MPOBOAMIIM 3aHSTHS 10 €CTECTBEHHOM HCTO-
pHH, B TOM YHCIIE B CO3MAHHON TPH YUPEKACHUN OpaH-
JKEpee U YCTPOEHHBIX BETHHUKAX [0, c. 16].

Jist 3aHATHH 110 THMHACTHKE BO JBOPE yUMIIUINA
«YCTaHOBJICHBI THMHACTUYECKHE CHApsbl, yCTPOEHa
ropKa U Jpyrue MpucrocoOIeHus 1t BOJIbHBIX JIBHKE-
HUI Ha OTKPBITOM BO3ayxe» [6, c. 17]. 3umoii 3aHsITHSA
TIPOBOJIMIINCEH «B XOPOIIO BEHTHJINPYEMOM OOJBIIOM
nomereHun» [6, ¢. 17]. Takxke Ha TEPPUTOPUN YUUITH-
1112 OPTaHM30BAIN TUIOLIA/IKY, HCIIOIb3YEMYIO JUIS JIFO-
OMMBIX BHJIOB aKTMBHOCTH BOCITMTAaHHUKOB: (yTOOINIA
JIETOM U KaTaHMsl Ha KOHbKaX 3UMOH. B 31aHuu rum-
Ha3UM HaXOJMJIach IOMOBas LIEPKOBb, B KOTOPOH MPO-
BOJMIINCH PETYIAPHBIE OOTOCITYKEHHS, ICTH TPUCITY-
JKUBAJIM B XpaMe, y4acTBOBAJIN B [IEPKOBHOM IICHHH
Y YTEHUU MOJUTB [6, ¢. 166]. Yunnuiie ob6nagano coo-
CTBCHHBIM 3JIeKTpoduorpadom (cuaemarorpadom).

[Tocne ycTaHOBIEHHUS COBETCKOW BIACTH B 3AAHUU
OTKPBIBAJINCh pa3HbIe 00pa3oBaTEIbHbIE OpraHU3a-
[IMH, BO BpEMs BOIHBI OBLT YCTPOCH TOCTIHTalb. B me-
PHOI OKKYIIAIUU OHO OBLIO YHHUYTOXKEHO, a B 1961 1.
Ha TOM JK€ y4JacTKe, HO ¢ OOJIBIINM OTCTYIIOM BHYTpb
KBapTaja oT yia. KpacHol Mo mpoekTy apXuUTeKTopa
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H.IT. CyxanoBckoii Bo3BezieH JIoM COBETOB, KOTOPBIiA
HBIHE 3aHMMaeT agMuHUcTpanys . KpacHonapa.

B 1863 1. mpu aktuBHOM y9yacTrnu aramana @.H. Cy-
MapokoBa-OibpCcToHa B ExaTepuHOIape OTKPhUIN KEH-
ckoe obOpasoBarenbHOE yupexjaenune — KybOaHnckoe
MapunHCKOE KEHCKOE YUMIIHINE, TIepEHMEHOBAHHOE
no3xe B KybGanckuii MapunHCKU KEHCKUH MHCTH-
TyT. UcTOpHIO moMeleHuil, B KOTOPBIX OHO pacnoja-
raJioCch, MOXHO pa30nTh Ha TPU MEPHOA: B HAEMHBIX
JloMax, B CTapOM 3JaHUHM M B HOBOM. OTKPBITO 3TO
YUpeKACHHE OBUIO COMIACHO AYXOBHOMY 3aBCIIaHHIO
ot 3 mutons 1862 1. Anexcannpa Jlyknaa [Tocmonurakw,
Ha €ro CPe/ICTBA M COAEPIKANOCH 3a CUET JI0XO0/a OT Hail-
Ma KaMEHHBIX JIaBOK B ExarepnHomape u IByX morpe-
00B, a Tak)ke MOXEPTBOBAHWN W HEOOIBIION IIIIATHI
3a o0yueHue ot cemeil BocutanHul [7-9, ¢. 193]. Vue-
HUIIBI MOTJIM )KMTh B TIAHCHOHE NIPU YYWIHIIE U OBITH
Ha TTOJTHOM 00ECTICUCHNH B HEM. Y UIIININE pacriojiara-
JIOCh B IoMaX, paHee MpHHayIexanux camomy A. Ilo-
CTIOJINTAKH: KUPIMYHBIA JBYXATAXHBIH JJOM JUISI KJlac-
COB M JOMOBOW IIEPKBH, JIOM HaA3HPATEIbHUIIBI, TOM
BIOBHI ecayna Ky3pkoBoi, mom BIoBbl A. ITocmo-
nutaku [10, c. 43-45].

B 1963 . MapumnHCKO€e KEHCKOE YUHIIHIIE TIepe-
exaJio B 00JIbIION pyOieHblit 1oM Ha yrity yii. OKTs0pb-
ckoii (ITocnonmmraxunckoit) n [ymkuna (KpernoctHoi).
B HeM ObIM HE TONMBKO KJIACCHBIE KOMHATHI, HO U pe-
Kpeanus, a TaKKe «KBapTHpa HauaJIbHUIBI U KIaCCHOU
nmame» [11. c. 24]. Bropo#i nom (HamonoBuHy pyoie-
HBIW, HAITOJIOBUHY TYPITyYHBIN) 3aHUMAI JOpTyap (00-
I1asi CajbHs y4YalIuXcs) U KOMHAThl KJIACCHBIX JIaM.
B Tperbem KMPIMYHOM pacnosiaraiiuch KyxHs, IeKap-
H#, cTojioBast. K BcrioMoraresbHBIM CITyK0aM OTHOCH-
JIUCh: capai, KiaaoBast u morped. YueOHOoe 3aBeecHIE
MMeEJIO PAaCIIUPEHHBIN COCTaB IIOMEIICHUH, 4TO oOecrie-
YHMBAJIO COOTBETCTBHUE (PyHKIIHOHATEHOMY Ha3HAYECHHIO,
MPOXUBAHUIO BOCIUTAHHUI] U yunTeIbHUI. OJHAKO,
Kak MUIIET B OTYETE UHCHIEKTOP, IOMELIEHUs] HE COOT-
BETCTBOBAJIM CBOEMY HAa3HAUEHHIO KAYCCTBEHHO: CTa-
pbI€, KPBIThl KaMbIIIOBOM KpBILIEH, IBEPU HE UMEIU
IUTOTHOTO MPUTBOPA, BCIIEICTBUE YET0 He 0OecreunBa-
Jack KoM(OpTHAsI TEMIIepaTypa BHYTPH.

Poct konruecTBa 00yUaroIUXCs U TUIOXHE YCIIO-
Bus B oMax A. [ToconuTaku noBIeKIM NOCTEIEHHBIN
repees]] yUmiIniia B 31aHUsI, TPUHAICKABIINE TPEM
pasHbIM BIAJENblAM: BOMCKOBOTO cTapiinHbl Pyba-
HIEBCKOT0, COTHHKA [[BUPEHKO U BOWCKOBOIO CTapIUIM-
HEI JIeButkoro. B 1865 1. ¢ PybameBcknm 3akiTioumnm
JIOTOBOP O MOCTPOIKE HOBOTO KOPIycCa C MATHIO KOM-
HaTaMU, a TaK)Ke WCIOJIb30BaHUHU O] HYX/Ibl YUHIIH-
12 CyNIECTBYIONIETO 34aHMS C IMIECThI0 KOMHATaMH,
(uurensi, capas u norpeda. Ha reppuropun LiBupenko
OBLT apeH I0BaH JIOM C IMATHIO CYIIECTBYIOIIUMH KOM-
HATaMH ¥ JOCTPOCHHBIMH: KOMHATOH 7 X 8,75 apmmH
(5 x 6,20 M) u oTaenpHON KyxHel 12 x 8 apmmH (8,5 x
x 5,7 m). Pacrionoxxenne yueOHBIX U BCIIOMOTATEIb-
HBIX TTOMEIICHUH He Ha 00IIei TeppUTOpHH, a B TIpee-
nax nByx yaun — llocnonurakuHckod u KpenoctHo#,
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W TIPOJIOJDKAIOIIeecs YBEJIMUEHNE KOIMYECTBA BOCIIH-
taHHUI (K 1869 1. ux 610 179) TpeboBano ckopeii-
IIEro pelIeHus BOpoca 00 yimydIIeHH! YCIOBHH Mpo-
JKUBaHUS 1 00ydeHHSI.

B 1868 1. HauaI0Ch CTPOUTETHCTBO ABYXITAKHOTO
3nanusd no npoekry E.JI. Yepnuka Ha yniy yi. Ilocto-
Bo# (yi. ITouToBoit) u yi. OxrsiOpbekoit (yir. [Tocmonu-
TakuHCKOH), 1 B 1870 1. KyGanckoe MapunHcKoe skeH-
CKO€ YYWJIHIIE PACcTIONOXKUIOCh B HeM Ha 39 nert [11,
c. 24]. B HenocpeACTBECHHON OMM30CTH OBLT 3aT0KEH
CaJi ¢ OTOPOIOM IIJIOMIAAbI0 OKOJIO TeKTapa, YaCTHIHO
COXpaHUBIIHECA 10 HAIIUX [[Heﬁ B BUJC He6OJ'II)LLIO-
ro OyibBapa C IPOTYJIIOYHOW 30HOH, Kade W AETCKH-
mu mnomankamu. Kak mumer C.U. Kanaifran, B mep-
BbIC TOABI ObUIM OOecIieueHbl KOM(OPTHBIE YCIOBUS
JUTSl pacyeTHOro KoJinyecTBa Bocnutanuul [11, c. 29]:
CeMb KJIACCHBIX KOMHAT, yUNTENIbCKasl, CTOJIOBAs, I10-
MCIICHHWA HaYaJIbHUILIbI U YYUTCIbHUIIL. B OTACJIbHBIX
JIOMax pacroJylarajuch KaHUEISIPUs, KyXHs, 1Morpeo,
capail. Ho Hapsay ¢ 3TUM OTMeUalIuCh CyLIECTBEHHBIE
HEAOCTATKU IMJIaHUPOBKHU, O KOTOPBIX MUIOCT aBTOP:
«He OBII0 YCTPOSHO IIEPKBH, AKTOBOTO M PEKPEaIHOH-
HOTO 3ajla, IPUEMHOMN, pa3aeBalbHOI, OMOIHOTEKI
[11, c. 30]. YacTuuHO CUTYyalMIO UCIIPABUIIHU, pa3Me-
CTHB KHUTH B KOPHJOPAX U B YUUTEILCKOH, a OJMH JI0-
pTyap nepezenaB B akTOBbIN 3ail. Jlpyrue HeOCTaTKU:
CIIMIIKOM HM3KHE MOTONKU — 4 apmnHa 10 BepIikoB
(3,30 M); Maast BMECTUMOCTh KOJIMYESCTBA YUAIUXCS
(pu peanpHOM KomIdecTBe 200 YEIOBEK); OTCYTCTBHE
BEHTWISIIINM; MIEPETONHEHHOCTh kKabuHeToB 10 40 %;
TuToXast MHCOJISIIINS, M3-3a Yero B ITACMYPHYIO ITOTORY
OTMEHSJIN yPOKHM PHUCOBaHHUS M NMHCbMa. B mpomec-
ce JKCIUTyaTaluy YCJIOBHS NPOKUBAHUS U OOy4YCHHUs
B YUYWJIUIIE YaCTHYHO YIYUIIHJIN CIIETYIOIIUMH CIO-
co0aMu: cO3/1aTH BBHITSKHBIE KAMUHBI JUISI OUYUCTKH
BO3/1yXa, OPraHU30BaJIHN BOAOIPOBOA U AIEKTPHUECKOE
OCBeIeHNE, MOCTPOMIIN JOTOTHUTEILHBIH KOPITYC
JUTSL 3apa3HbIX OOJBHBIX. TeM HE MEHee HEJOCTATKU
TUIAHWPOBKH MPeo0diiaiaiv, B KOHEUHOM CUeTe MoTpedo-
BAJIOCH CTPOUTENBCTBO HOBOTO 3/1aHMs. B nanpHeimem
yKa3aHHbIE Kopiryca MapuHHCKOTO )KEHCKOTO yUHIIHIIA
3anumana KybaHckas MyKcKasi yYUTeNbCKas CeMU-
Hapusi, nocie peBomonuu aerckuii jom Ne 1. B roasr
Bropoiif MupoBOIi BOMHBI KOPIYC YUYMJIMILA Ha YLy
yauil [ToctoBoit — OKTAOpbCKOi OBLT pa3pylleH, a 3a-
TEM Ha €ro MecTe BO3BEIIH KHJIIOH JTOM.

B 1906 r. Haguamoch CTPOUTEIHCTBO TOWCTHHE
I'PaHJIMO3HOTO JUIs TOTO BpeMeHH 3aanusi KybaHckoro
MapHuHHCKOTO KEHCKOTO HHCTHTYTA T10 TPOEKTY apXH-
texktopa A.Il. Kocskuna (puc. 4).

PacnonoxenHoe BOJIM3H MeCTa, C KOTOPOTO UCTO-
pHUYecKH Havajach 3acTpoiika ExarepuHonapa, BEIX0/s-
Imee IaBHBIM (hacazoM Ha KpacHyro JuHMIO yi. Kpa-
CHHA, HOBOE 3/laHHe yuuiuia B Hayane XX B. CTajlo
rpagoo0pasyiomumM 00beKTOM, TOMUHAHTON B CTPYK-
Type€ NpUJIErarel OAHOATAXKHOMN 3aCTPOIKH, a CEerol-
HSl IMEET cTaryc o0beKTa KyJIbTypHOro Hacieaus. Ero
00beMHasi KOMITO3UIIHSI CAMMETPHYHA OTHOCUTEIHHO
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Puc. 4. 3nanue Ky6auckoro MapunHckoro xenckoro unctutyta (a) (goro ok. 1913 r.?); mian 1-ro sraxa (b) (TAKK,
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LEHTPAIbHON OCH, YTO OTPAKEHO U B IIIIAHUPOBOUHOU
CTPYKTYpE, U B PEILICHUH [TIaBHOTO (hacaja.

IenTpanbHas 4yacTh 31aHHUs aKLEHTUPOBAHA KPYTI-
HBIM PU3aJIMTOM IJIaBHOTO BXOJIa B TPU CBETOBBIC OCH,
YIJIOBBIE — MaJIbIMH pHU3ainuTamu. Bxon BeiieneH 6ai-
KOHOM, MOJJEPKUBACMbBIM aHTA0IEMEHTOM UYEThIPEX
MOHUYCCKUX KOJIOHH, IJIACTHUKA JICIIHOTO OrpaXACHUS
OaJlkoHa CO3ByYHa BESHUSM MOJIEPHA B JIEKOPE IJIaB-
Horo (hacama. MloHMUeCcKHe MOIyKOJIOHHBI OCTAIOTCS
OCHOBHOM JIEKOPATUBHON TEMOU 0(hOpMIIEHUS TIITOCKO-
cTell MEKOKOHHBIX MPOCTEHKOB L[EHTPalIbHON YacTu
KaK pH3aJUTa, Tak M (acana, B TO BpeMs KakK yIJIOBbIE
YaCTH PU3AIUTOB JEKOPUPOBAHBI PUTMUYHBIMU BEPTH-
KaJIaMH 06])eJII/IHeHHI)IX JICIIHBIMU TAT'aMH ITOACKOB —
9JIEMEHTOB, CTHIIMCTHYECKH ONM3KHUX MoJepHY. Bee
JICKOpPAaTUBHBIE AIIEMEHTHI TIIABHOTO (hacajia, JCTHbIC
U OLITYKaTypeHHBIC, OKPAIICHBI B OCNbIi 1BET, B3au-
MOJICUCTBYIOT C YICHEHHSIMU OCHOBHOM, OKpaIlleHHOM
M0 KUPIHUYY B TOH, HEOIITYKAaTypPEHHOH YacTH (aca-
HBIX TUIOCKOCTel. OO0IIee JeKopaTUBHOE PEIICHHE TH-
roTeeT K akaJeMUYeCKOM IKIEKTHUKE C HTIEMEHTaMH MO-
nepra. [lo ropuszonTanu Qacan BU3yaabHO NEIUTCS
Ha TPH YacTu: OB BEICTYMAOIINNA yTOIIICHHBIH 110-
KOJIb; IIEPBBIN ITaX, IOAYEPKHYTO OTIEICHHBIN OT BbI-
HIeJIekKAMUX BTOPOTO U TPEThEro KPYMHBIM JETHBIM
KapHU30M; BTOPOH M TPETUH 3TaX BU3YyaJIbHO 00BEIH-
HSIET PUTM BEPTUKAJIBHBIX HOHUYECKHUX IOJIYKOIOHH
pu3asuTOB. Benuaer 3nanue pa3BUTHI O€I0CHEKHBIH
KapHU3 1 OrpakIeHUE KPOBJIH, COCTOSIIEE U3 TyMO Ia-
parieTa 1 KOBaHbIX METAUINIECKUX penieTok. OKOHHbIE
IMPOCMBbI o6paMneH1>1 HaJIWYHUKaAMHU C TPEXUaCTHBIM
3aMKOBBIM KaMHEM.

[MnaampoBouyHas cxema E-oOpasHasi, pacuneHeH-
Has, Fpe6HeBI/I}1HaH, JAUCUMMETpHUYHAaA, B YEM ITPOABJIA-
10TCSl PYHKIIMOHAIMCTCKHE TEHACHIIMH: K OCHOBHOMY
IIPOJIOJIBHOMY 00BEMY CO JIBOpA MPUMBIKAIOT TPH J10-
MOJIHUTENBHBIX NEPIEHAUKYISAPHBIX KpbLIa, € pac-
TTOJIOKCHBI ylle6Hble Ka6I/lHeTI>I N BCIIOMOT'aTCIIbHBIC
noMmeneHus. TopKeCTBEHHOCTh U YHUKAJIBHOCTh MH-

TepbepaM MPHUIAIOT J[BE TIapaJHbIe JIECTHHUIIHI C MeTall-
JIUYECKUMU OTPAKICHUSIMHU, TJIACTUKA KOTOPBIX BTOPUT
sKcTepbepHbIM. IlepBas necTHUIlA MpaMOpHas, Kpe-
cTO000pa3HOTO OYEePTAHUS B IJIAHE, COCTOUT W3 YETHIP-
HA/ILATH CTYTICHEH W PacIIONoKEHA B XOJUIE ITPH BXOJIE
B 371anue. OHa o0OecreunBaeT MoIbeM C OTMETKH IJIaB-
HOTO BXOJa (TPH CTYIIEHH OT YPOBHSI 3€MJIN) 710 OTMET-
KM I10J1a TIEPBOTO dTaka (Ha BBICOTY HAJ3EMHOW 4acTh
IOKOJIHOTO 3Taka). Bropas BHYTpeHHSs JeCTHHUIA
TpexMapIieBasi ¢ MCTAJUTMYSCKUMU CTYIICHSIMHU U TOH-
KHMH, O0TaTO YKpaIICHHBIMA KOJIOHHAMH YPOBHEH 3Ta-
JKeH, OpraHn3yeT CoOOIeHNe MEXKIY dTaXKaMHU U pac-
MOJIOKEHA B IEHTPAJIbHOM 00beMe. Takke B KaKIOU
MOTIEPEYHON CEKIIUU ECTh JOMOTHUTEIBHBIC IByXMap-
IIEeBBIC JICCTHUITB. Ha mepBoM 3Take B IPaBOM KpPBLIE
HaXO/IMJIaCh CTONIOBAs A7l BOCIIUTAHHUII ¢ KyxHeil. OHa
MpeJICTaBIIsIA COO0M CBETIIYIO M IIPOCTOPHYIO YEThIPEX-
3anpHYI0 aH(pHUITaay ¢ KyXHEH, yCTPOCHHON B TOPIIEBOM
noMeIieHun. JJ1st BocmuTaHHUIL OBIITH IPEAYCMOTPEHBI
CBETJIbIE OOIIHE CrIANbHBIC TOMEIICHUS U YMBIBAJIbHbIC
KOMHAaThl. B MHTEphepax TakKe MOKHO BBIJICITHTH HE-
0OBIYHBIE KECCOHHBIE MOTOJKU B YaCTH MaPaJHBIX IMO-
MEILEHUH.

Bnaromapst ka4uecTBEHHBIM TUIAHHPOBOYHBIM PeIlie-
HUSIM «yAJIOCh PACCPEIOTOYHTE YUAIIUXCS 110 KIaccaM,
HaIOTHSAEMOCTh KOTOPBIX cHU3miIach ¢ 40 mo 20-25
genoBek» [10, c. 44]. B aTom 3nanuu yueOHOE 3aBejie-
HHUE pa3Melaioch BIUIOTH 110 Jieta 1917 r. B coBerckoe
BpEeMs TaM OPTraHU30BAJIM MAPTHHHYIO IIKONIY, B TOIBI
Benukoit OTeuecTBEeHHON BOWHBI OHO CHIJIBHO MOCTpa-
Jaso (Cropeiy Bce MEepeKpBITHs, KpOME MO/IBATHHOTO
W 9aCTHYHO TIEPBOTO 3Ta)ka, OKHa, ABepH) M B 1950 T.
o npoekTy JKentoBa u XarkeBHU4a yCHEIIHO BOCCTa-
HosJeHo. Ceifuac B HeM pacnionaraercst KpacHomapckoe
BEICIICC BOCHHOC YUYWJIHINE UMCHH T€HEpaiaa apMHH
C.M. IlItemenko. 3gaHne M CETOAHS CYIIECTBYET B ay-
TEHTUYHOM BHuJe (ObUIa BHITOJIHEHA eperIaHuPOBKa,
(hacapl coxpaHeHbl, yOpaH KyImoi Haj ObIBIIEH JOMO-
BOM IIEpKOBKIO).

2 Exarepunojap. MapunHckuil sxenckuit uactutyT // Exarepunonap — Kpacuonap. URL: http://www.myekaterinodar.ru/

ekaterinodar/cards/ekaterinodar-mariinskiiy-institut-1/
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B XIX — nauane XX B. npomoynkana GpopMupo-
BaThCs cucTeMa oOydeHus neredl B Poccutiickoit mm-
nepuu. OHa OCTENEHHO CTaHOBWJIACH Oojiee Kade-
CTBCHHOMH W IPOTPEeCcCUBHON Oarofapst KOMILIEKCHOMY
moaxony. OH COCTOST U3 CUCTEMBI MEAaroruku, mpe-
MTOJJaBAHUS, & TAKIKE apXUTEKTYPHO-KOMIIO3HIIHOHHBIX
peleHuid 31aHuil, B KOTOPBIX MPOXOAMI Hpoliecc 00-
yuenus. [locineqaue cCOBepIICHCTBOBAINCH Ha OCHOBE
OTIBITA DKCILTyaTaIlliU CYIIECTBYIOIINX 0OBEKTOB, HC-
MTOJIb30BaHUS MTEPEIOBBIX PEKOMEHIAIINI TOTO TIEPHOAA
110 (opMHUPOBAHUIO TIPABUIIBHOMN TIIAHMPOBOYHOM Opra-
HU3AIUH. 3MaHUs PETyISIPHO MOTUDUIIMPOBAIIHN H pac-
LIMPSUIIH, YTO TOJIOKUTEIBHO BIUATIO HA YCIOBHUSA Ipe-
OBIBaHHS B HUX OOYYarOIINXCS M YUYUTEIICH, 1 yIeOHBIH
mporiecc B 11es1oM. HeyKIoHHBIN poCT 4nciIa y4eHUKOB,
YPOBHS CIO)KHOCTH U 00beMa yIeOHOU NeSTSIEHOCTH
B CBOIO O0Yepe/b CONIEIICTBOBAJI BRISIBICHHUIO Cpein 00y-
9aeMBIX TeX, YbH CITIOCOOHOCTH OTIUYAINCH OT OCHOB-
HOM Macchbl Y4EHUKOB.

IMonTBep:kIeHIe TEHACHIINH Ha BceoOIiee o0yde-
Hue B I. EkarepuHoape MOKHO HAalTH B IOKJIA/I€ MECT-
Horo ukoiabHoro Bpaya [1.A. Pozanosa. OH ormeuaer,
YTO JIBEPH IIKOJI OTKPBITHI JJI BCEX JKETAIOIUX 00y-
9aThCs, OHAKO TOKTOP BBIABIIUT IETCH, «CIIOCOOHOCTH
KOTOPBIX HACTOJIBKO CJ1a0bl, YTO, OTHUMAsI TPY/L U SHEP-
THIO YYHUTENs, OHU CIYXKaT JIUIIb TOPMO30M IS CBO-
ux OoJjiee omapeHHBbIX ToBapuimei» [12; 13, c. 4].
[To nanneim I1.A. Po3anoBa, Ha 1912 r. B 28 yunnuiax
IOJI €r0 MEIUIMHCKUM BeaeHueM umeercs no0 1,5 %
(70-80) mereit ¢ pe3ko BBIpakeHHOU (hopMOit Aedek-
TuBHOCTH. [10 €ro npennoiaokeHusIM yBEINIECHNE YnC-
JIa TIPUHATHIX B OIKOJNY JETEH ONpeNeluT U JalbHeH-
IINX POCT KOJIMYECTBA TPYAHO oOydaeMbIx (2—2,5 %)
[13, c. 49]. OcHoBeiBasich Ha 3ToM, I1.A. Po3aHoB neina-
€T BBIBOJI, YTO CIIeIHalIbHas (BCTIOMOTaTeIbHAs) [IIKOJIa
Ha 171-200 nerelt ¢ opraHuzaunueld B HEH «IeJONCH-
XOJIOTHUYECKOT'0 IKOJIBHOTO KaOMHETa U CIEeLUAIbHON
npu HeM Oombimorekm» [13, c. 51] morpedyercs B Exa-
TepuHoape B OJmKaiiiee BpeMms.

Oco0Osie ycitoBus 00y4eHHS TSI IETEH C OrpaHu-
YEHHBIMH BO3MOXHOCTSIMU 310poBbs (OB3) Hauanu
co3naBarbes B Poccniickoit ummepun Ha pyoexe XIX—
XX BB. B Mockse. [lepBoHayanbHO 3T0 ObLTH IIEpE060-
PYAOBaHHBIC ITOMEIICHUS WU OTIEIbHBIC KOMHATHI,
C MPHUIIIAIICHHBIMH YYUTEISIMH, a OpTaHU3alHs cTajia
JIMYHON WHUIIMATHUBOM BIIMATENBHBIX JIIOAEH Win Omna-
rOTBOPHUTEIBHBIX 00mecTB [14; 15, c. 4]. B Mockse
M0 XOJaTalCTBY MOMEYUTEIHHHUIl BCIIOMOTaTCIbHBIC
KJIACCHI TIPY HAYAJIbHBIX YUMIIMIIAX HaYaJld OTKPBIBATh-
ca ¢ 1908 r. [15, c. 4]. CamocrosTenbHas BcoMora-
TesbHas 1Koia chopmupoBaHa Ha 6aze CMOJIIEHCKOTO
TrOpOJCKOro »)eHckoro yunnuma B 1909 r. [15, ¢. 4, 9].
CuHCTeMHBII MOJX0A B 3TOM BOIIPOCE M NPOQHIbHBIC
yupexaenus st neteit ¢ OB3 ObuTH CO3MaHBI THUIIb
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B CoBetckom Coro3e, a OTAeNbHbIE KIacChl MPHU 00II1e-
00pa3oBaTeIbHBIX MKOTaX — B KOHIIE XX B. B MockBe
U IPYTUX HEKOTOPBIX KPYMHBIX Toponax Poccuu. Ce-
ronHs B KpacHomapckom kpae pecypcHbIe (OTICIbHBIC
KJIacCHl AN JeTel C MaTOJNIOTHUSMU Pa3BUTHA) €CTh
ToNbKO B Coun.

SJAK/IIOYUEHUE U OBCYXJIEHUE

Bo3spacraromas conuanbHas 3HaUUMOCTh CHCTE-
MBI 00pa30BaHust 00yCIIOBHIIA CTPOMTENBCTBO YYEOHBIX
3MaHUH C SPKUM XyHT0KECTBEHHO-TTACTHUECKUM pellie-
HHUEM 1 00TaTo AeKOPUPOBAHHBIMHU (pacasaMu, KOTOpbIe
crocoOCcTBOBaNIM co3faHnio obnmka I. ExkarepuHonapa
B €JMHOM CTWJIEBOM KOHCTAaHTE, B HaIlle BpEeMsl coxpa-
HAIOLIEN MPUBIIEKATENBHOCTD AJIS TOPOKAH U TOCTel
[16-22]. Ha npumepe paccCMOTPEHHBIX 31aHUH BUIHO,
KaK yCIIOXKHSJIUCH ITPUEMbI ()OPMHUPOBAHNUST apXUTEK-
TYPHO# CpeJibl y4eOHbIX 3/IaHUH.

HeyxioHHBIN pocT Yncia ydamuxcs U HeoOXo-
JMMOCTb WX MOTHBAIIMHU, CONPSDKEHHASI C BHEPEHUEM
HOBBIX TIPEIIMETOB, METOAOB U (hopM OOyUEHHs, TIPH-
BOJIMJIA K YCIIOKHEHHUIO apXUTEKTYPHO-TIJIAHUPOBOU-
HBIX PEIICHUH 3MaHUK 00pa30BaTENbHBIX YUPEKICHHIHA
W PacIIMPEHUIO HOMEHKJIATYPhI IIOMEIICHNH, HHTETPH-
pOBaBIIEH MPOIIECCH, JOTOTHSBIINE OCHOBHOW yue0-
HBIM, 4TO B CBOIO OUEPE/b BEJIO K MONU(PYHKIIMOHATBHO-
CTH — TEHJICHITNH, o0ecTednBaroneil hopMupoBaHme
y4eOHBIX POCTPAHCTB O0JIEe BHICOKOTO KaueCcTBa.

[MonnyHKIIMOHATLHOCTD MPUBOAMIA K YCIIOXKHE-
HUIO TNTAHUPOBOYHBIX CXEM U MOCTECIICHHOMY IIEPEXOTY
OT KOMIIAKTHBIX CXEM K MaBHJILOHHBIM, 3aTEM — K pac-
WICHEHHBIM, TPEOHEBUIHBIM, T.€. MAKCUMAIIBHO OJIH3-
KHM K COBPEMEHHBIM.

VYBenu4yeHue U yCIOKHEHHE HaIlpaBICHUNA U Me-
TOZOB TENATOTNYECKON AEATENbHOCTH, MPAKTHUECKHIE
BBIBOJIBI O HEIIPUEMJIEMOCTH TSl YUeOHBIX 3MaHuN psia
TUTAHUPOBOYHBIX PEIICHUI B COUETAHUHU C MPEeICaHUs-
MU UHCTICKTOPOB, OIMUPABIINXCA Ha BIBOAbI TUTHECHHUCTOB,
CTAQHOBWJIMCH KaTalu3aTopamMu (DyHKIIMOHATIBHON U apXu-
TEKTYPHOH MOJIEPHH3AIH, COBEPIICHCTBOBAHMUS 00BEM-
HBIX U IJITAHUPOBOYHBIX PELICHUH 31aHUN U KOMILJIEKCOB
00pazoBaTeIbHBIX yupekaeHuil. OHON 13 HAaMETHBIITIX-
Csl TeHJCHIINI OBUT Mepexo/ OT KOMITAKTHOW 0OBeMHON
KOMITO3WIIMY K MABHILOHHOM, a 3aTeM — K PaCwWICHEH-
HOM; APYTOil — MOUCK albTEePHATUBHBIX U JOMOTHUTEIb-
HBIX 110 OTHOIICHHUIO K TUMHA3UYE€CKOMY OOpa30BaHUIO
TPAEKTOPUI NETarorn4eCcKoi JesTEIbHOCTH.

OnHako B OTAMYHE OT CTOJIMYHBIX TOPOJOB B yC-
noBusax I. ExarepuHogapa B JOPEBOMIOIMOHHOE BPEMs
HE HaIlllJIa BOILJIOLICHHS HAMETUBIIAACIA TCHACHIIUA
K OpraHHu3aIiy CIeNUaTU3UPOBAHHBIX yUeOHBIX yU-
pexaennit as i ¢ OB3, Heo0XoAMMOCTh KOTOPO
OblTa TeM He MEHEe OTMEYEeHA MECTHBIM BPauOM.
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INTRODUCTION

The appearance of educational institutions in
the city of Yekaterinodar (now Krasnodar) dates back
to the beginning of the XIX century. Over the century
until 1917 their architectural and planning composition
was structurally transformed and acquired a look
similar to the one that exists today. These changes were
largely determined by the programme for universal
education of citizens of the Russian Empire introduced
at that time. The data of the archive of the Krasnodar
territory show that as of 1 January 1910 this process
in Yekaterinodar was completed (at that time 6,300
children were studying in educational institutions,
which corresponded to their total number in the city
[1, p. 42]). The facades of the buildings were richly
decorated in the spirit of academic eclecticism
of stylization. The original plastic and volumetric
compositional solutions contributed to the formation
of unique objects that stand out among the medieval
one-storey buildings as high-rise and spatial dominants
of the city landscape. Today, the preserved buildings
have become valuable city-forming objects that create
the framework of Krasnodar’s historic centre.

The development of pedagogical thought, forms
and types of education resulted in significant changes
in the organization of the learning process and
functional programmes of school buildings. Authentic
historical buildings of the gymnasium, college
and other educational institutions of Yekaterinodar
underwent gradual architectural modernization and
changes in the planning structure. Let us trace the main
methods of formation of the architectural objects under
consideration, the stages of their construction and
modernization on the example of several institutions.

MATERIALS AND METHODS

The study of architectural objects was carried out
in two main ways. In order to study the educational
buildings that have been lost to date, we analyzed
the funds of the State Archive of the Krasnodar territory,
scientific and periodicals of the funds of the libraries
of Krasnodar and Moscow, published scientific
articles on related topics. The collections of the State
Archive of Krasnodar and Moscow libraries, published
scientific articles on related subjects were analyzed.
Historical photo-documents and information from
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the periodicals of the pre-revolutionary period were
also used [2—4]. An independent field survey with
photo-fixation of the current state was applied to
the surviving buildings, which are urban planning
dominants of Krasnodar. The methods of abstraction,
classification, systematization and analysis were used in
the course of the article and formulation of conclusions.

RESEARCH RESULTS

The most prestigious educational institution at
the end of the 19th century was the Kuban Real School,
organized in 1880 and soon renamed the Alexander
Real School. The first 10 years it was located in
a private house of madam Yakushinskaya, and then
at madam Chernik [5] and consisted of classrooms,
boarding house (for some students), flats of the warden,
tutor and economist. In 1890, it was decided to open
a preparatory class for children of officials, officers and
non-serving noblemen to enter the gymnasium. For
this purpose, it was necessary to rebuild the building
of the boarding school of the Kuban real school
on the basis of the project approved by the Journal
of the Engineering Committee of the Main Engineering
Directorate. The drawings and plans of the building
have not survived. Therefore, information about
the structure, planning solutions can be obtained from
literary sources, where descriptions are given, or from
reports on the activities of a particular institution. Some
of the volumetric and spatial solutions are illustrated by
surviving photographs.

The main body of the real school building was
built as early as 1876 according to the project of
the army architect V.P. Filippov (Fig. 1) in the spirit
of late classicism. The two-storey building stretched
for the whole block. The territory was enclosed by
a wrought iron fence corresponding to the general sty-
listics of the city building. The facades, symmetrical
with respect to the central vertical axis, are designed
with the use of a protruding risalit, forming the main
entrance group. The first floor in theris part of the fa-
cade was decorated with three tall, narrow, arched win-
dows. The risalit was topped by a decorative triangu-
lar pediment. Along the symmetry axis of the entrance
group there was a house church covered with a dome
(Fig. 1). Initially the dome was flat and had a large ra-
dius of curvature. During the reconstruction in 1910,
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Fig. 1. The building of the Yekaterinodar army gymnasium

school, about 1888 year!

it was replaced by a high hexagonal one with a drum
and a chapter, which strengthened the vertical dynamics
of the volumetric composition of the building and its
importance as a dominant of the general urban develop-
ment (Fig. 2).

Since the beginning of the twentieth century,
the building was expanded and enlarged: additions
were added, and the building formerly belonging to
the Alexander Nevsky Brotherhood was purchased
as a new building. Located on the same block as
the main building, the building became a kind of general
communication link of the educational complex. It
contained two spacious halls where meetings were held;
a gymnasium; auxiliary rooms and laboratories [6, p. 1, 7]
(Fig. 3).

The building, designed in the so-called “brick”
style, has been preserved and is still functioning to-
day. The building houses the Migration Department
of the Russian Interior Ministry’s Krasnodar Territory
Directorate and the Krasnodar Territory Department
of Property Relations. The northern (facing Gymnaz-
icheskaya St.) and western (facing Rashpilevskaya St.)
facades have a unified decorative and finishing solution
with brick painting in a contrasting combination of deep
orange colour of the western wall planes and the protrud-
ing decorative elements of the rust on the ground floor,
as well as vanes, cornices with tongues, parapets, painted
with white paint.

Most of the windows are arched with different
radii of curvature, the partitions between which are
decorated with niches with fielded panels. The building
is of variable storey: the right part is one-storey, the left
part is two-storey. The main entrance is located near
the grade difference in the one-storey part of the northern
facade and passes through a three-centred arch under
a wrought iron canopy, accentuated by a triangular
brick plinth decorated with a machicolated cornice.

The internal layout is enfilade on the ground floor
and corridor on the ground floor. The building occupies
a corner position, but the compositional solution is
inert in relation to the placement. On the right side
of the main entrance hall, there is a large square hall
with auxiliary rooms. The interiors are particularly
notable for the stylistic solutions of the hall, which are
close to rational Art Nouveau; it is a spacious room

Fig. 2. Building of the Kuban Alexander Real School, about
1911year!

with high ceilings and thin metal tall columns along
the longitudinal axis. Around the small round capitals
of the columns in the plane of the ceiling, there are
openwork stucco rosettes. The hall, which occupies
an angular position in the plan, is illuminated by seven
light axes of arched windows: four along the north-east
facade and three on the north facade. In the left part
of the building, there are spacious rooms for various
purposes. The floors are connected by a grand two-
staircase with marble steps and marble baluster railings.

Classrooms and laboratories for new disciplines
appeared gradually and were supplemented with
necessary devices and visual aids. In 1881 a physics
room was opened, then a natural history room. In
the Review of the Kuban Alexander Real School for
1912-1913 the layout of the latter is characterized
in the following way: “the inconvenient placement
of windows, doors and cookers in the classroom does
not allow to highlight the local flora and fauna (...) it is
necessary to keep many things under the tables, which
extremely prevents the students from viewing them”. In
this regard, the classroom was moved to a new building
in the early twentieth century [6, p. 117].

Much attention was paid to improving the library
of the school: a reading library, a geographical library,
a natural history library, a boarding house library, as
well as separate libraries at each class (16 pieces for
16 classes) were allocated from one room.

There were workshops for various types of manual
labour; a sculpting class; a bookbinding, metalworking
and turning class; a woodworking and wood burning
workshop; and a separate cinema hall. They tried to
support the love of nature in the students, for which they
held classes on natural history with junior school pupils,
including in the greenhouse created at the institution
and flowerbeds [6, p. 16].

For gymnastics classes in the courtyard of the school
“gymnastic equipment was installed, a slide and other
devices for free movements in the open air” [6, p. 17]. In
winter, the classes were held “in a well ventilated large
room” [6, p. 17]. Also on the territory of the school there
was a playground used for the pupils’ favourite activities:
football in summer and skating in winter. In the building
of the gymnasium, there was a house church, where
regular services were held, children served in the temple,

! Yekaterinodar — Krasnodar. URL: http://www.myekaterinodar.ru
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Fig. 3. Plan of the 1st floor (a); interior of the hall of the real school No. 2 (b) (GAKK, R-1765, O. 4, D. 15); facade, present

condition (c) (photo by the author)

participated in church singing and reading prayers
[6, p. 166]. The school had its own electrobiograph
(cinematograph).

After the establishment of Soviet power, the building
was used by various educational organizations, and during
the war it was used as a hospital. During the occupation
it was destroyed, and in 1961 on the same site, but with
a large indentation inside the block from Krasnaya
Street, the House of Soviets, which is now occupied
by the Krasnodar City Administration, was erected
according to the project of architect N.P. Sukhanovskaya.

In 1863, with the active participation of Ata-
man F.N. Sumarokov-Elston, a women’s educational in-
stitution was opened in Yekaterinodar — the Kuban Ma-
riinsky Women’s School, later renamed the Kuban Mariinsky
Women’s Institute. The history of the premises in which
it was located can be divided into three periods: in hired
houses, in the old building and in the new one. This in-
stitution was opened according to the spiritual testament
of 3 July 1862 Alexander Lukich Pospolitaki, on his
funds and was maintained at the expense of income from
the hiring of stone shops in Yekaterinodar and two cel-
lars, as well as donations and small tuition fees from
the families of female students [7-9, p. 193]. The pupils
could live in a boarding house at the school and be on full
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provision in it. The school was located in the houses pre-
viously owned by A. Pospolitaki himself: a brick two-
storey house for classes and the house church, the house
of the warden, the house of the widow of Hesaul Kuzko-
va, the house of the widow of A. Pospolitaki [10, p. 193].
Pospolitaki [10, p. 43—45].

In 1963, the Mariinsky Women’s School moved
to a large rubble house on the corner of Oktyabrskaya
(Pospolitakinskaya) and Pushkin (Krepostnaya) Streets.
It had not only classrooms, but also recreation, as well as
“the flat of the head and class lady” [11, p. 24]. The second
house (half chopped, half wattle) was occupied by
a dormitory (a common bedroom of students) and rooms
of class ladies. The third brick house had the kitchen,
bakery, and dining room. The auxiliary services included
a barn, a storehouse and a cellar. The school had
an extended composition of premises, which ensured
compliance with the functional purpose, accommodation
of pupils and teachers. However, as the inspector wrote
in his report, the premises did not fulfil their purpose
qualitatively: they were old, covered with a reed roof,
the doors did not have a tight shutter, which did not
ensure a comfortable temperature inside.

The growing number of students and poor
conditions in the houses of A. Pospolitaki led to
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the gradual move of the school to buildings owned
by three different owners: the army petty officer
Rubashevsky, centurion Tsvirenko and army petty
officer Levitsky. In 1865, an agreement was made
with Rubashevsky to build a new building with five
rooms and to use the existing building with six rooms,
an outbuilding, a shed and a cellar for the needs
of the school. A house with five existing rooms and
the following rooms: a room 7 % 8.75 arshin (5 x 6.20 m)
and a separate kitchen 12 x 8 arshin (8.5 X 5.7 m) was
rented from Tsvirenko. The location of educational
and auxiliary premises not on the common territory,
but within two streets — Pospolitakinskaya and
Krepostnaya, and the continuing increase in the number
of pupils (by 1869 there were 179 of them) required
an early solution to the issue of improving living and
educational conditions.

In 1868, the construction of a two-storey building
designed by E.D. Chernik on the corner of Postovaya
Street (Pochtovaya Street) and Oktyabrskaya Street
(Pospolitakinskaya Street) began, and in 1870,
the Kuban Mariinsky Female School was located there
for 39 years [11, p. 24]. In the immediate vicinity
was laid a garden with a vegetable garden of about
a hectare, partially preserved to this day in the form
of a small boulevard with a walking area, cafes and
playgrounds. As S.I. Kalaitan writes, in the first years
comfortable conditions were provided for the estimated
number of girls [11, p. 29]: seven classrooms,
a teachers’ room, a dining room, rooms for the head
and teachers. In separate houses there were a chancery,
kitchen, cellar, barn. But along with this there were
significant shortcomings of the layout, about which
the author writes: “there was not arranged a church,
assembly and recreational hall, reception room,
dressing room, library” [11, p. 30]. The situation was
partially corrected by placing books in the corridors
and in the teachers’ room, and one dormitory was
converted into an assembly hall. Other disadvantages:

Erarepruogaps. Mapinmexifi HectaTyTs
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too low ceilings — 4 arshin 10 vershkov (3.30 m);
small capacity of the number of pupils (with the real
number of 200); lack of ventilation; overcrowding
of classrooms up to 40 %; poor insolation, because
of which drawing and writing lessons were cancelled
in cloudy weather. In the course of operation, the living
and learning conditions in the school were partially
improved by the following ways: exhaust fireplaces
were created to purify the air, water supply and electric
lighting were organized, an additional building for
contagious patients was built. Nevertheless, the flaws
in the layout prevailed, and eventually a new building
had to be constructed. Later on the mentioned buildings
of the Mariinsky female school were occupied by
the Kuban male teacher’s seminary, after the revolution
the orphanage No. 1. During the Second World War
the building of the school on the corner of Postovaya-
Oktyabrskaya Streets was destroyed and then a resi-
dential building was erected in its place.

In 1906, the construction of a truly grandiose for
that time building of the Kuban Mariinsky Women’s
Institute, designed by architect A.P. Kosyakin, began
(Fig. 4).

Located near the place where Yekaterinodar’s
development historically began, with its main facade
facing the red line of Krasina Street, the new building
of the school became a town-forming object in the early
20th century, a dominant feature in the structure
of the adjacent one-storey building, and today it has
the status of a cultural heritage object. Its volumetric
composition is symmetrical with respect to the central
axis, which is reflected both in the planning structure
and in the solution of the main facade.

The central part of the building is accentuated by
a large risalit of the main entrance in three light axes,
the corners — by small risalit. The entrance is highlighted
by a balcony supported by an entablature of four Ionic
columns; the plastic stucco of the balcony fence is
consonant with Art Nouveau trends in the decoration

T_I_i'T"'“F""ﬂ_l"l‘T"”
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Fig. 4. The building of the Kuban Mariinsky Women's Institute (a) (photo about 19132 year); plan of the st floor (b) (GAKK,

F.R-1765, 0. 4,D. 37)

? Yekaterinodar. Mariinsky Women's Institute // Yekaterinodar — Krasnodar. URL: http://www.myekaterinodar.ru/

ekaterinodar/cards/ekaterinodar-mariinskiiy-institut-1/
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of the main facade. lonic semi-columns remain the main
decorative theme in the design of the planes of the inter-
window partitions of the central part of both the risalit
and the facade, while the corner parts of the risalit are
decorated with rhythmic verticals of united stucco
belt courses — elements that are stylistically close
to Art Nouveau. All decorative elements of the main
facade, stucco and plastered, painted in white, interact
with the members of the main, painted in tone brick,
unplastered part of the facade planes. The overall
decorative solution tends towards academic eclecticism
with Art Nouveau elements. Horizontally, the facade
is visually divided into three parts: a white projecting
thickened plinth; the ground floor, accentuated by
a large stucco cornice separating it from the overlying
second and third floors; the second and third floors are
visually united by the rhythm of vertical Ionic semi-
columns of the risalit. The building is crowned by a well-
developed snow-white cornice and roof fence, consisting
of parapet bollards and forged metal lattices. Aprons with
three-part capstones frame the window openings.

The planning scheme is E-shaped, dismembered,
ridge-shaped, asymmetrical, which manifests function-
alist tendencies: three additional perpendicular wings
adjoin the main longitudinal volume from the courtyard,
where classrooms and auxiliary rooms are located. Two
grand staircases with metal railings, whose plasticity
echoes the exterior ones, give the solemnity and unique-
ness of the interiors. The first staircase is marble, cross-
shaped in plan, consists of fourteen steps and is located
in the hall at the entrance to the building. It provides
access from the main entrance level (three steps from
ground level) to the ground floor level of the ground
floor (to the height of the basement above ground).
The second internal staircase is a three-staircase with
metal steps and slender, ornate floor level columns,
organizes the communication between floors and is lo-
cated in the central volume. There are also additional
two-staircases in each transverse section. On the ground
floor in the right wing, there was a dining room for
the girls with a kitchen. It was a bright and spacious
four-room enfilade with a kitchen in the end room.
There were bright common dormitories and washrooms
for the girls. The interiors also feature unusual coffered
ceilings in part of the front rooms.

Thanks to high quality planning solutions “it was
possible to disperse students into classes, the occupancy
rate of which decreased from 40 to 20-25 people” [10,
p. 44]. This building housed the educational institution
until the summer of 1917. In Soviet times it was orga-
nized a party school, during the Great Patriotic War it
was badly damaged (all the ceilings, except for the base-
ment and part of the ground floor, windows, doors were
burned) and in 1950 it was successfully restored ac-
cording to the project of Zheltov and Khatskevich. Now
it houses the Krasnodar Higher Military School named
after Army General S.M. Shtemenko. The building still
exists today in its authentic form (it was redesigned,
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the facades were preserved, and the dome over the for-
mer house church was removed).

In the 19th and early 20th centuries, the system
of children’s education in the Russian Empire continued
to take shape. It gradually became more qualitative
and progressive due to the integrated approach. It
consisted of the system of pedagogy, teaching, as
well as architectural and compositional solutions
of buildings in which the learning process took place.
The latter were improved on the basis of experience in
the operation of existing facilities, using the advanced
recommendations of that period on the formation
of proper planning organization. Buildings were
regularly modified and expanded, which had a positive
impact on the conditions of students and teachers and
the learning process as a whole. The steady growth in
the number of pupils and in the level of complexity and
volume of learning activities, in turn, helped to identify
those among the pupils whose abilities differed from
those of the main body of pupils.

Confirmation of the trend towards universal education
in Yekaterinodar can be found in the report of the local
school doctor, P.A. Rozanov. He notes that the doors
of schools are open to all those who wish to study, but
the doctor identified children, “whose abilities are so weak
that, taking away the labour and energy of the teacher,
they serve only as a brake for their more gifted comrades”
[12; 13, p. 4]. According to P.A. Rozanov, in 1912 in
28 schools under his medical supervision there were up
to 1.5 % (70-80) of children with a sharply pronounced
form of defectiveness. According to his assumptions,
the increase in the number of children admitted to school
will determine further growth in the number of children
with difficult learning (2-2.5 per cent) [13, p. 49]. Based
on this, P.A. Rozanov concludes that a special (auxiliary)
school for 171-200 children with the organization
of a “pedopsychological school room and a special library
at it” [13, p. 51] will be needed for a special (auxiliary)
school for 171-200 children [13, p. 51] will be needed in
Yekaterinodar in the near future.

Special education conditions for children with
disabilities (PWD) began to be created in the Russian
Empire at the turn of the XIX—XX centuries in Moscow.
Initially, they were converted premises or separate rooms,
with invited teachers, and the organization became
a personal initiative of influential people or charitable
societies [14; 15, p. 4]. In Moscow, at the request
of female trustees, auxiliary classes at primary schools
began to open in 1908. [15, p. 4]. An independent
auxiliary school was formed on the basis of the Smolensk
City Girls’ School in 1909 [15, p. 4, 9]. A systematic
approach to this issue and profile institutions for children
with disabilities were created only in the Soviet Union,
and separate classes at general education schools —
at the end of the 20th century in Moscow and other
major Russian cities. Today, in the Krasnodar Region,
there are resource (separate classes for children with
developmental pathologies) only in Sochi.
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CONCLUSION AND DISCUSSION

The increasing social importance of the education
system led to the construction of educational buildings
with bright artistic and plastic solutions and richly deco-
rated facades, which contributed to the creation of the im-
age of the city of Yekaterinodar in a single stylistic con-
stant. Yekaterinodar in a single style constant, nowadays
retaining the attractiveness for citizens and visitors [16—
22]. The example of the considered buildings shows how
the methods of forming the architectural environment
of educational buildings became more complicated.

The steady increase in the number of students and
the need to motivate them, coupled with the introduc-
tion of new subjects, methods and forms of education,
led to the complication of architectural and planning
solutions of educational buildings and the expansion
of the nomenclature of spaces that integrated processes
that complemented the main educational one, which in
turn led to multi-functionality — a trend that ensures
the formation of learning spaces of higher quality.

Multi-functionality led to the complication of plan-
ning schemes and gradual transition from compact sche-

mes to pavilion schemes, then — to dissected, ridge-sha-
ped, i.e. as close as possible to modern ones.

The increase and complication of the directions
and methods of pedagogical activity, practical conclu-
sions about the unacceptability of a number of planning
solutions for educational buildings, combined with
the instructions of inspectors who relied on the conclu-
sions of hygienists, became catalysts of functional and
architectural modernization, improvement of volumet-
ric and planning solutions of buildings and complexes
of educational institutions. One of the emerging trends
was the transition from a compact volumetric composi-
tion to a pavilion composition, and then to a dismem-
bered one; another was the search for alternative and
additional trajectories of pedagogical activity in relation
to gymnasium education.

However, unlike the capital cities, in the pre-rev-
olutionary period in Yekaterinodar, the emerging trend
towards the organization of specialized educational insti-
tutions for persons with disabilities, the need for which
was nevertheless noted by the local doctor, was not em-
bodied.
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CTPOUTENBbHBIE MATEPUWAIbI
N N3IOENMUNA. TEXHONOITMM NPOU3BOOCTBA
CTPOUTENBbHBIX MATEPUATIOB.
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Br100p TepMOAKKYMYJIHPYIOLIET0 MATEPHUAJIA C LEJIbIO
pa3padoTKu «KYMHBIX YePHUWI» JJid 3D-neyaTu B CTPOUTEIbCTBE

Codbs Pycianosna CokoiibHUKOBA, Ajtekcanap Cepreesuu UHo3emuen
Hayuonanvhoiii uccnedosamenvexuit Mockosckuil 20Cy0apcmeentvitl CmpoumeibHbill
yrusepcumem (HUY MI'CY); e. Mockea, Poccust

AHHOTALUMA

BBegeHue. 3D-neyatb sBASETCA NEPCNEKTUBHOW TEXHOMOrMemn, No3BONSOLWEN MOBbICUTb 3PEKTUBHOCTb CTPOUTEMbL-
cTBa. Ha cerogHsLWHUIA A€Hb OAHWUM U3 OCHOBHBIX HEAOCTATKOB A@HHOW TEXHOMOrMM ocTaeTcst Manas (yHKLMOHANbHOCTb
neyataembIX W3AENWUIA, B YAaCTHOCTW, AN TEMMOU30NSALUMN Y KOHOULIMOHMPOBAHWS HanevaTaHHbIX 34aHui UCMonb3yHTCs
TPaAWLUMOHHbIE METOAbI, YTO CHUXaeT NPOM3BOAUTENBHOCTb TEXHOMOrMW. B CBSA3M C 3TUM NpUMEHeHVe TepMOakkymymnu-
pytoLmx matepuanos (TAM) ¢ cyHKUMel da3oBoro nepexoaa B cTpouTenbHon 3D-neyatu Ans obecneveHusi NOCTOSIHHOM
KOMOPTHON TemnepaTypbl B 34aHUM NpeacTaBnseTcs nepcnekTuBHbIM. ViccnegosaH KOMMNO3UUMOHHBLIM TAM Ha ocHoBe
napadvHa Ans pa3paboTkn «yMHbIX» CTPOUTENbHbLIX «4EPHWUMY, KOTOPble obecnevaTt HaneyaTaHHble 34aHusi, SKCnyaTupy-
eMble B YMEPEHHOW KNMMaTUYeCKON 30He, pyHKLMEN NacCUBHOM TepMOpErynsaumu.

Matepuanbi u metoabl. Vicnonb3oBaH MeToq AvddepeHUmanbHOM CKaHMpyoLWwen KanopumeTpmm ans udydyeHus Tenno-
BbIX 3(pheKTOB ha30BbIX NEPEXOAOB KOMMO3NLIMOHHbIX TAM, cocTosimx 13 napadmHa, napadnHOBOro Macna 1 BasenuHa.
Pesynbrartbl. 3ahmMKCMpoOBaHO CHMXEHWE MUKOBbIX TemnepaTyp dasoBbix nepexogos TAM npu nnaeBneHumn — c 53,8
0o 32 °C, npu kpuctannusaumm — ¢ 47,6 go 32,6 °C. [Insa ABYXKOMMOHEHTHOrO COCTaBa MaKCMMaribHOE CHUXKEHWNE SHTarb-
num coctasmno npuv nnasnexHumn co 102,4 go 27,0 Oxx/r, npu kpuctannu3aumn — c 47,7 go 8,5 [x/r; Ana TpPeXKOMMNOHEHTHOrO
cocTaBa 3HTanbnusa npv nnaeneHnn — 60,6 [x/r, npu kpuctannusauum — 20,6 Ox/r. [ukoBas Temnepatypa nnasneHns
ans cmecent ¢ 60 u 40 % napaduHa — 39,4 n 39,9 °C, nukosast Temnepartypa kpuctannusaumm — 43,5 n 33,8 °C coot-
BETCTBEHHO.

BriBoabl. NpoBedeHHble MCCefoBaHWs Mokas3anu, YTO MCMonb3oBaHWe napadVHOBOrO Macrna 1 BasenvHa Mno3Bons-
€T CMeCTUTb rpaHuLbl TeMmnepaTtyp Tennosbix 3addektoB TAM Ha ocHoBe napaduHa B CTOPOHY MEHbLUMX 3Ha4YeHun. Bme-
CTe C 3TUM (PMKCUPYETCH CHIDKEHWE UHTEHCMBHOCTU COOTBETCTBYIOLLMX MWUKOB Ha TepMorpaMmax, 4YTo CBUAETENbCTByeT
O CHWXKEHUW 3HTanNbNMM npoueccoB a3oBbix Nepexogos. MonyvyeHne TpexKoMnoHeHTHbIX TAM AaeT BO3MOXHOCTb coXpa-
HUTb Gonee BbICOKYIO 9HTanbMNMo, obecnevns nocnegoBartenbHoe ha3oBoe Npeobpa3oBaHNe Kaxaoro U3 HUX.

KNKOYEBBIE CITOBA: matepuansl ¢ dyHKuMen a3oBoro nepexopa, TepMOaKKyMmynupylolme matepuansl, agautue-
Hble TeXHOMnornu, yHKUMS TEPMOPEryNnsiLuM, OTONMeHne, KoHaMunoHpoBaHue, 3D-nevatb, 6eToH, napaduH, opraHuye-
ckve maTepvarnsl

onAa UUTUPOBAHWUA: CokonbHukosa C.P, MHosemues A.C. Bbibop TepMOakKyMynupyoLLLlero matepvana ¢ Lenbto pas-
paboTkn «yMHbIX YepHun» ansa 3D-nevatn B ctpoutensctee // CTpontenbCcTBO: Hayka u obpasosaHue. 2024. T. 14. Bouin. 1.
Cr. 8. URL: http://nso-journal.ru. DOI: 10.22227/2305-5502.2024.1.8

Asmop, omeemcmeeHHbIl 3a nepenucky: Codbsa PycnaHoBHa CokonbHUKOBa, srsokolnikova@mail.ru.

Selection of thermal accumulative material to develop “smart ink”
for 3D printing in the construction industry

Sofia R. Sokolnikova, Aleksandr S. Inozemtsev
Moscow State University of Civil Engineering (National Research University) (MGSU);
Moscow, Russian Federation

ABSTRACT

Introduction. 3D printing is a promising technology to improve the efficiency of construction. At the present time, one
of the main disadvantages of this technology remains the low functionality of printed products, in particular, traditional meth-
ods are used for thermal insulation and conditioning of printed buildings, which reduces the productivity of the technology.
In this regard, the use of thermal accumulative materials (TAM) with phase transition function in building 3D printing to en-
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sure a constant comfortable temperature in the building seems promising. A paraffin-based composite TAM has been inves-
tigated for the development of “smart” construction “ink” that will provide printed buildings operating in a temperate climate
zone with a passive thermoregulation function.

Materials and methods. Differential scanning calorimetry method was used to study the thermal effects of phase transitions
of composite TAM consisting of paraffin, paraffin oil and petroleum jelly.

Results. A decrease in the peak temperatures of TAM phase transitions was recorded from 53.8 to 32 °C during melting
and from 47.6 to 32.6 °C during crystallization. For the two-component composition, the maximum enthalpy reduction was
from 102.4 to 27.0 J/g during melting and from 47.7 to 8.5 J/g during crystallization; for the three-component composition,
the enthalpy was 60.6 J/g during melting and 20.6 J/g during crystallization. The peak melting temperature for mixtures with
60 and 40 % paraffin is 39.4 and 39.9 °C, the peak crystallization temperature is 43.5 and 33.8 °C, respectively.
Conclusions. The conducted studies have shown that the use of paraffin oil and petroleum jelly allows to shift the tempera-
ture boundaries of thermal effects of paraffin-based TAM towards lower values. At the same time, a decrease in the intensity
of the corresponding peaks on thermograms is recorded, which indicates a decrease in the enthalpy of phase transition
processes. Obtaining three-component TAM makes it possible to maintain a higher enthalpy by providing a sequential phase
transformation of each of them.

KEYWORDS: phase transition materials, heat storage materials, additive technologies, thermoregulation function, heating,
air conditioning, 3D printing, concrete, paraffin, organic materials
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BBEJAEHHUE

B nactosmee Bpems 3D-meuaTs B CTpOUTENb-
CTBE YK€ HeJlb3sl Ha3BaTb HOBOM TEXHOJOTMEH, KO-
JUYECTBO 3[aHUIl, BO3BOAMMBIX METOJIOM aJJUTUB-
HBIX TE€XHOJIOTHUH, C KaXXJbIM TOJOM YBEIHMUHUBACTCS
Bo BceM mupe [1]. [Ipu aTom nponomkaeTcs Hempe-
PBIBHOE COBEPIIEHCTBOBAHHE ITPUHTEPOB U MOTU(HIIU-
poBaHHE «4epHHI» A 3D-1evatu B CBSI3U CO Cleay-
IOLIMMH, BOSHUKAIOIIUMH U3-32 0COOCHHOCTH JaHHOU
TEXHOJIOTHH, 3a/1auaMu [2—4]:

1) obecnedenue coueTanust OTHOCUTEIBHO IPOTH-
BOPEYMBBIX CBOHCTB «4YEPHHUI» — MPOKAYNBAEMOCTh
(anr1. pumpability), SkCcTpyaupyeMocTh (aHr. extru-
dability) m cmocob6HOCTh HapamuBaTh CJIOU (AHTII.
buildability);

2) coxpaHEeHHE KauecTBa IIOBEPXHOCTH — IPEIO0T-
BpalleHNne yCcaJkyu 1 00pa3oBaHUs TPEIINH, CO3JaHNe
POBHOM [IOBEPXHOCTH;

3) obecnieueHne GyHKIIMOHATBHOCTH MIEYaTaeMBbIX
U3JICTTNI — WCTIOJIb30BaHUE «yMHBIX YEPHHI, 00a-
JAIOMIMX MOJU(YHKIIMOHAIBHBIMU CBOMCTBaMH, T.C.
00eCreunBaouX He TOJILKO HECYIIyH0/CaMOHECYIIY IO
(GYHKINIO, HO M UMEIOIINX TEIION30IMPYIoNe, 000-
rpeBaromIye, KOHIUIHOHUPYIOIINE, CAMOOYNIIAIOIINE-
Cs1 I/WIIN IpyTHE CBOMCTBA.

B kauecTBe «4epHWI» Ha NMpaKTUKE Yalle Bce-
TO HCIIOJIb3YyeTCsl OETOH Ha OCHOBE HMOPTIaHIIEMEH-
Ta ¢ NPUMEHEHUEM DPa3IMYHBIX N00ABOK M MEJIKOTO
3amonHuTeNsA. Ha ceromHsIHUA neHb pa3paboTaHo
00JbIIOE KOJIMYECTBO COCTABOB, OTBEYAIOIIUX TpE-
OOBaHMSIM NPOKAYUBAEMOCTH, DKCTPYAUPYEMOCTH
1 CTIOCOOHOCTH HapalluBaTh CJIOH, TAaKXKe MperoxKe-
HBI Pa3iIMYHbIE PEIICHUs [UIsI COXPAaHEHHs KauyecTBa
noBepxHOCTH [1]. C apyroil CTOPOHBI, HEAOCTATOYHO
npopaboTtaH Bompoc 1o pazpaboTke GyHKIHOHATBHBIX
nevyaTtaeMbIX U3Aenui. B wactHOCTH, AN Temaouso-
JSIUH ¥ KOHAMIMOHUPOBAHUS 3aHUM, BO3BEIECHHBIX
C MPUMEHEHUEM aAJUTHUBHBIX TEXHOJOTUH, UCIIONb-
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3yI0TCS TPaJUIMOHHBIE METO/IBI, YTO CHMKAET HPOU3-
BOJUTEILHOCTD JAHHOW TEXHOJOTHMH CTPOUTEILCTBA.
B pesynbrare xiroueBoe npeumyiiectso 3D-neuaru
10 CPAaBHEHMIO CO CTAHAAPTHBIMU TEXHOJIOTUSIMH CTPO-
UTENBCTBA [2] — CHIDKCHHE YHEPro- M TPyno3aTrpar —
peasu3yeTcst 4aCTHYHO.

s obecnieyeHUst TOCTOSIHHOM KOM(OPTHOM TeM-
nepaTypsl B Halle4aTaHHOM 3/aHMM MEPCIEKTUBHON
TEXHOJIOTHEH SBISIETCS UCTIOIb30BAHHUE TETIIOAKKYMY-
mupyroux MarepuanoB (TAM) ¢ pyHkumeit pa3zoBoro
nepexona (OPII) [5]. Hanpumep, B 3uMHMIA Ce30H H30bI-
TOYHOE TeII0, KOTOPOE BO3HUKAET ITPH HarpeBe IoMme-
IICHNUs, BBIIIE KOMPOPTHOH Temmepatypsl (22-24 °C),
YTO NPUBOJUT K noriouiennio TAM sHepruu, conpoBo-
JKJAIOILEMYCSI TIEPEXOAOM M3 TBEPIIOTO B JKUIKOE (azo-
Boe coctosiHue. [Ipu cHIKEeHUHU TeMIepaTypsl B 6onee
XOJIOZIHOE BpEMSI CYTOK (pa30BOE IPEBPAILEHHE TPOUC-
XOIUT B OOpAaTHOM HalpaBlICHUH, YTO COIPOBOXKAACT-
cs BbJIeIeHHeM Teruia. B netnuit ceson TAM moryt
3HAYUTEIHHO SKOHOMHUTBH PECYPCHI NMPU MOTIIOMICHUH
M30BITOYHOTO TEMJja, CHUXKAasl MPH 3TOM KoseOaHus
TEMIIepaTyphsl B JHEBHOE M HOUYHOE BpeMsl, oOecreyn-
Basi KOHJANIHMOHUPYIOIHN 3D PeKT.

Hcnonp3oBanue onucanHoro s¢dexra TAM pea-
JM3YETCsl Yalle B OrPaXkJarolINX KOHCTPYKLHIX 13 Oe-
ToHa. CyIecTBYIOT pa3JINYHbIE CIIOCOOBI BBEICHUS
komrioHeHToB ¢ DOII. ITpu 3TOM HEOOXOANMO Ha/IEK-
HO u30nupoBaTh TAM, Tak Kak ero yreuka NpUBOAUT
K CHIDKEHHIO (M3UKO-MEXaHHIECKHUX CBOWMCTB OETOHA
[6-15]. D ekTHBHBEIM METOJJOM CUHTACTCS BBEICHHE
UX B MUKpOKAICy/Iax U3 NoJuMepa WiId APYroro Mare-
puaia [6-9], Tak:Ke UCIIOIb3YESTCsI METOI CTAOMITU3AIIHH
(hopMBI ¢ TOMOIITBIO METaKOAIHHA, OCHTOHUTA, MAKPO-
KpeMHe3eMa U JPYTHUX MEJKOIOPHUCTHIX MaTepHaioB
[10—-12], He MeHee U3BECTEH METO]] MTPOIUTKHU JIETKOTO
3aroIHUTENS (KepaM3nUTa, NeM3Bbl, BCIIYYEHHOTO MepiIH-
Ta WM cianna) [13—15].
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B xauectBe TAM B CTPOMUTENBHBIX MaTepHaIax
HauOobIIee PACIPOCTPAHEHHUE MONIYYHIN TapaduH
U KUPHBIE KUCIIOTHI, YTO CBS3aHO C BBICOKUMH 3Hade-
HUSIMH SHTAJIBIHU (Ha30BOTO IMEepexona, X HEeTOKCHY-
HOCTBIO, BBICOKOW TEPMOCTAOMJIBHOCTBIO U HU3KOH
croumocTthbio [16]. C apyroit cTopoHsl, 10J00HbBIE Ma-
TepHaibl 00JIa1af0T, KaK MPaBHIIO, BBICOKOH TeMIepary-
poit masnenus (ot 45 °C), 4To orpaHUYMBacT MPIMOe
MIPUMEHEHNE B YMEPEHHOM KJIMare.

Heoprannaeckne TAM npencraBistoT coboif TH-
JIpaTel coneil 1 HUTpaThl. B kauecTBe UX OCHOBHBIX Ipe-
UMYILECTB BBIACIAIOT HEBOCINIAMEHAEMOCTh U HEOOIIb-
IIy10 CTOMMOCTh. OTHAKO HU3KOH TepMOCTaOMIIBHOCTBIO,
MePEOXIIAKICHUEM (OTCPOUKA 3aTBepICBaHuUs ) TIpH (az3o-
BOM TIEPEXOMIE «TBEPAOE BEIIECTBO — KUAKOCTHY U WH-
TeHCU(HKALIIEH KOPPO3UH METAILIIOB 00YCIIOBIICHA CIIOXK-
HOCTbh MCTIONIb30BaHMs Heopranmueckux TAM. Kpome
TOTrO, MPoOJIEMa 3aKIIFOYACTCS U B UX AECTPYKIUH TIOCIIE
TIOBTOPSIFOIIAXCSI IIUKIIOB M3MeHeHus (a3 [17, 18].

Takum 00pa3om, oCTaeTcs akTyaJbHOW 3amada
o pa3paborke TAM Ist CTPOUTEIBHBIX MaTepUAIOB
Ha MUHEPAJIbHOM OCHOBE, yAOBIETBOPSIONINX MIPUMe-
HEHHUIO B 3[aHMSIX, SKCIUTYaTHPYIOIINXCS B YMEPEHHON
KJIMMaTH4ECKON 30HE.

Hacrosimas paboTta mocsimeHa MCCIeI0BaHUIO
TAM ninst pa3paOOTKH «YMHBIX» CTPOUTENBHBIX «Uep-
HHWJI», KOTOpBIE 00ecIieyaT Harle4aTaHHble KOHCTPYKIUN
(byHKIMEH TaCCUBHOI TepPMOPETYIISIIUH.

MATEPHUAJIBI U METO/JbI

OO0nbexT uccnenoBanus — TAM, npeacrasisiio-
muye coboil yrieBoJOPOIHBIE COSMHEHNS U UX CMECH.
Momudurnupoanre TAM 3a cueT KOMOMHUPOBAHUS
KOMITOHEHTOB C HU3KOW TeMIepaTypoii (pa3oBoro rnepe-
XOJla HAIIPABJICHO HA ONTUMH3AINI0 KUHETHKH TEIUIO-
BBIX ITpe00pa30BaHMM.

B kauecTBe OCHOBHBIX KOMIIOHEHTOB JUISI pas-
pabotkn TAM UCTIOIB30BANKCH TOCTYITHBIC U HETOK-
CUYHbIe Marepuaibl: napadus HedTsiHOI TBepabIi [1-2
(CnaBued1p-SIHOC, 1. SIpocnais), mapad)mHOBOE Mac-
no/BazenuHoBoe Macino (OOO «Tynbckas dapmaiies-
tnyeckas (padbpukay, r. Tyna), Bazesnn (AO «MII3»,
. Mypom).

JIs M3roTOBIICHHST KOMIIO3UITMOHHBIX TAM mcxon-
HbIe MaTepuaibl HarpeBajauch a0 Temmneparypsl 80 °C
U TIePEeMEIINBAINCh B TEUCHHUE JIBYX MUHYT. [lomyuen-
HbIC 00pa3Ibl XPAHWINCh B TEPMETUIHBIX EMKOCTSIX
JUISL ITPEeIOTBpaLeH s UCTTapeHus Jerkux ¢paxumii. Co-
cTaBbl nccnenyeMbix TAM mpezncTaBieHs! B Ta0. 1.

Amnanu3 TeroBbIX 3(h(exToB (ha30BEIX MEPEX010B
TAM ocytiecTBisuics nmocpeacTsom auddepeHnnaib-
HoW ckarupytomier kanopumerpuu (JICK) ¢ ucmons3o-
BaHHMEM BBICOKOTEMIIEPATYPHOTO AU PEepeHINaTBLHOTO
ckaHmpytomero kamopumerpa Linseis DSC PT-1600
(puc. 1).

OO0pa31pl KCCleJOBAIMCH B BO3/LYLIIHON CPe/ie B pe-
JKUMeE TI0CIeoBaTebHoro HarpeBanus ot 20 mo 85 °C
n oxnaxxaenus 10 20 °C npu CKOpOCTH U3MEHEHUS TEMITE-
parypsi 2 °C/muH. Macca HaBecku coctaBisuia 2025 mr.
Pacder sHTAIBINN IPOBOJMICSA B COOTBETCTBUH C Me-
togoMm [19] (puc. 2).

CornacHO yKka3aHHOMY METOLY, IJIOMIA b O] Ipa-
(koM orpaHMYMBANACH OA3MCHOW JTHMHUCH U3 00IaCTH
BBICOKHX TEMIIEpaTyp, SKCTPAroIMPOBAHHON JI0 BEPTH-
KaJbHOH MMHUM [, TPOBEACHHOW W3 NMHKA, ¥ JTUHHUEH 2,
MIPOBEAECHHOM M3 TOUKU OTKJIOHEHHs Tpaduka oT 6aznc-
HOM JINHUY B 00JIACTH HU3KUX TEMIIEPATyP.

PE3YJIBTATHI UCCJIEJOBAHUA

C 1enpio BIOOpa KOMIIOHEHTOW OCHOBBI IS 3(-
¢exrtuBHbiXx TAM ObUIM HccleOBaHbI 0a30BbIE Be-
mectBa ¢ OODII (mapadun, mapapuHOBOE MacCIO
1 BazenuH). JJs KaxkJ10ro MOHOKOMIIOHEHTHOTO TAM
MOIy4YeHbI TpadUKy M3MEHEHHUs TEIMJIOBOTO IOTOKA
MIPYU HATPEBAHHUU U OXJIAXKICHHUH (pHUC. 3), KOTOPHIE I10-
3BOJISIFOT OLIGHUTh XapaKkTep U3MEHEHHs SHTAIbINH (a-
30BBIX TTEPEXOIIOB.

Ha rpadukax BHIHO, 94TO HCCIIEAyeMBbIC 00pa3Iibl
YIJIEBOJIOPOJIHBIX BELIECTB MMEIOT PA3IMYHYI0 WHTEH-
CHBHOCTh U3MEHEHHS TETUIOBOTO IIOTOKA. JTO OTUYETIINBO
HAOITFOIACTCS KaK MPY YBETMUCHUH, TaK ¥ TIPH CHIDKCHUH
TemIeparypsl. Takke OTMETHM OTIIMYAIOLIMICS BUI KPU-
BOH, XapaKTePH3YFOIIHI SHTAIBITHIO (Pa30BOTO TIepexora.
Jist napaguna rpaduk nmeeT OMMOJANIBLHBIA XapakTep
W3MEHEHUS C TIMKOM, CMEIIIEHHBIM B CTOPOHY OOJBIINX
Temneparyp. [Ipu 3ToM PHTanbIHS Maclia ¥ Ba3eluHA

Taou. 1. MapkupoBka 00pa31oB TEPMOAKKyMYIHPYIOIINX MaTepHaioB

Cocras [IpouenTHOE COOTHOILLIEHUE Mapxuposxa
BELIECTB
[Napapun 100 I
[TapadunoBoe macio 100 M
Bazenun 100 B
[Mapadun, mapadhuHOBOE MaCIO 50/50 TIM-50/50
[MapaduH, mapadhuHOBOE MaCIO 20/80 [IM-20/80
[Mapacun, Bazenun 50/50 I1B-50/50
[Mapacun, Bazenun 20/80 I1B-20/80
[Mapadun, Bazenun, mapaguHOBOE MaciIo 60/20/20 I[MBM-60/20/20
[Mapadun, BazenuH, mapaguHOBOE MaciIo 40/30/30 [MIBM-40/30/30
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a

Puc. 1. BeicoxoTtemmneparypHslit auddepeHnnanbHbIil CKaH-
pyrommii kanopumerp HDSC PT1600 Linseis DSC PT-1600 («)
C KOPYH/IOBOM cucteMoi m3mepenust (b)

OIIMCBHIBAETCS] CXOKMMH OJIHOMOJAJIIEHBIMU KPUBBIMU
C IIMKOM, CMEIIIEHHBIM B CTOPOHY MEHBIINX TEMIIEpaTyp.

Hcnonb3yst METOIMKY, OMMCAHHYIO BBIIIE, HA OC-
HOBE TMOJIYICHHBIX TpadukoB (puc. 3) yCTaHOBICHBI
mapaMeTphl 3apeTUCTPUPOBAHHBIX TETUIOBEIX A (eK-
TOB (Ta0I1. 2), KOTOpPBIE Tal0T BOZMOKHOCTH BEITIOTHUTH
KOJIMYECTBEHHBIN aHaIu3. B nepByro ouepenb, 3aKOHO-
MEpPHO HaOII0aeTCsl MEHBIIAS IHTAIBINS IK30TEPMH-
YECKUX MPOIECCOB (KPUCTAIUIM3ANNHN) KaKJOTO MOHO-
KOMIOHEHTHOTO TAM, 4eM NpoIeccoB, MPOUCXOAIINX
MIPY MOIVIONICHUH TeIuia (IJIaBJICHHUH).

I'paduik U3MEHEHNs TEMIOBOTO MOTOKA IPH HArpe-
BaHMU (puc. 3, @) MOKa3bIBaeT, YTo napaduH odIagaer
HauOOJIBIICH TeMIIepaTypoi IIaBIeHHs 1 HanOOJIbIIeH
sHepruei pazosoro nepexona. [Ipu aTom kpome sKcTpe-
MyMa (Tmka) pu temreparype 53,8 °C HabmromaeMsbid
B nmuana3one 20-42 °C moKalbHBII IKCTPEMYM HMEET
nuk npu temmeparype 33,8 °C. CormacHo padote [20]
3TO MOXET CBHJETEIHCTBOBATh O HAJIUYNU B COCTABE
oOpa3sia napaduHa ¢ HU3KOH MOJIEKYJISIPHON MacCOM.
I'paduky M3MEHEHHUs TEIJIOBOTO MOTOKA MPU HarpeBa-
HUH apa)MHOBOTO MAacJia 1 Ba3elInHa XapaKTepU3yIoT-
Ci HC6OJ'II)IIII/IMI/I SHAYCHUAMMU, IIPU STOM 60J'II>H_Ia}I 4acTb
9HEPruu norjomaeTcs B auanazone 22,8-46,5 °C.

OcobenHoctH (a30BBIX MEPEXOOB, KOTOPHIE Xa-

ﬁ

TertoBoii motok, MJIx/c
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Jlnans 2

basucunas nmuHus

TemioBoii MoToK

Temneparypa

Puc. 2. Cxema onpeneneHus IIONMIAIH O] TpapHrKOM U3Me-
HEHHsI TEIUIOBOTO TOTOKA JIJIsl pacueTa dHTAIbIHH (a30BOro
nepexoza

PaKTEpHBI AJIS UCCIEAYEMBIX 00pa3loB IPU yMEHb-
IICHUH TeMIepaTypsl (puc. 3, ), Taxke JeMOHCTPH-
pyroT, 4To mapaduH oOnamaeT HanOOIbIIeH MUKOBOM
TeMIepaTrypoil m HambOoIbIIeH >HepTHEei (a30BOro
nepexona. Kak u nmpu Harpese, rpaduk U3MEHEHHS Te-
IUIOBOTO ITOTOKA TIPU OXJIAXJIEHUU XapaKTepU3yeTcs
Hapoi PKCTPEMyMOB, OOJBIINI U3 KOTOPBIX COOTBET-
cTByeT TeMneparype 47,6 °C, a MeHbIINH (B JUana3oHe
20-38 °C) — 32,5 °C. 3arBepueBanue mnapaduHOBO-
r0 Macljia ¥ Ba3elnHa MPHU OXJIaKICHUU COMPOBOXKAA-
©TCs BBIJICJICHUEM PHEPIHH B JAMANla30HE TeMIIeparyp
21,9-39,8 °C. Otmerum 0Opasen napahuHOBOIO Mac-
7a, rae O0oJbInas 9acTh dHEPTuH (Ha30BOTO Iepexonaa
HaXOANTCS OMMXKe K ONTHMAIBbHBIM JUIsl pa3padaThiBa-
€MOro MarepHasa TeMIeparypam.

AHann3 MoTydeHHBIX JaHHBIX CBUIETEIbCTBYET
0 TOM, YTO IapapHOBOE MACJIO M Ba3eIMH 00JIaaaioT
HaMMEHBIIUMH 3HAYEHUSIMH SHTAJIBIHNH (a3oBoro me-
pexofia ¥ IpH 9TOM 00J1aJaf0T HEBBICOKOW TeMIIepary-
poii niaBnenus. JlaHHoe CBOHCTBO OBIIIO UCTIOIB30BAHO
MIPU CO3aHUM KOMITO3ULIMOHHBIX TAM Ha ocHOBe ma-
paduna. Ha puc. 4 npencraBieHbl rpauKu H3MEHEHHSI
TEIUIOBBIX TIOTOKOB KOMITO3UITHOHHBIX 00pa3iioB TAM,
mapaMeTpsl 3HAO- U 3K30TEPMHUECKUX IIPOIECCOB
MIPEACTaBICHHI B Ta0MI. 3.

D
[«

oW s o
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Puc. 3. l3MeHeHne TEMIOBOTO MMOTOKa MOHOKOMIIOHEHTHBIX TEIUIOAKKYMYIHPYIONINX MaTepHaIoB IPH HarpeBaHuu (a);

nipu oxyaxnaeHud (b): I1 — mapadun; M — napadunoBoe macno; B — Bazenun
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Tabu. 2. ITapamMeTpsl 3HI10- U IK30TEPMUUECKHX MPOIIECCOB MOHOKOMITIOHEHTHBIX TEMIOAKKYMYIHPYIOIIHX MaTepHaIoB

DHA0TepMUYECKull rporuece DK30TepMuuecKuil npouece
Oopa3zen
t,°C t,°C t.o°C E, Tx/r t,°C t,°C t.oC E, i/t
I 24,1 59,6 53,8 102,4 51,2 21,9 47,6 47,7
M 24,0 46,5 314 14,6 39,8 23,1 37,3 8,1
B 22,8 53,3 324 24,4 37,3 26,0 34,5 8,0
Ilpumeuanue: t — TeMIepaTypa Hadyana Tpouecca; /[ — TEMIEparypa KOHIA mpolecca; f —— MHKOBas

TEeMIIepaTypa, E — »HTanenms OHJ0- U SK30TCPMHUICCKUX IIPOLECCOB.

Hcnonp3oBanne cmecu ¢ 50 % napauHOBOTO Mac-
J1a TI03BOJIMJIO CMECTUTH MUK TEMIEpaTyphl MIaBICHUS
10 41,8 °C, sHTaNBNMs IPU TOM CHU3HIACH TPAKTUYE-
cku B 1Ba paza — 10 54,0 JIx/r. [Ipu nanpHeiem yBe-
JMYCHUN conepkanus napadunosoro macna 10 80 %
MUK TEMIIEPATYpPbI IUIABIECHUS CHU3HWICS 10 ONTHMAb-
Horo 3HaueHUs B 32 °C, ogHaKo SHTANBIHS (HAa30BOTO
mepexona Taxke cHu3miack — 27 JIx/T, 9To oTpuIa-
TEJIGHO CKa3bIBaeTCs Ha 3()(PEKTUBHOCTH MOTVIOIICHHS
teria TAM.

CwMmecu napaduHa ¢ Ba3eJIMHOM IIPU HAarpeBaHUU
00J1a1ay MUKOBBIMU TEMIIEpaTypaMHy IPH COOTHOIIIE-
HUAX KoMmmoHeHToB 50/50 — 45,3 °C, 20/80 — 38,7 °C,
IIPY 3TOM OOJIBIIEH SHTAJIBIHMEH 110 CPABHEHHIO C 00-
pasuamu ¢ napadpuHOBBIM MacioM — 67,5 u 37,2 Jix/r
COOTBETCTBEHHO.

TpexxommnoneHTHbIE cMecH ¢ 60 1 40%-HbIM conep-
JKaHWeM TapaduHa IMO3BOJIMIN CHU3UTH ITUKOBYIO TEM-
nepatypy miasienus 10 39,4 u 39,9 °C npu 3HaueHUsIX

B A

T 20 N P

E \_.‘\“:wﬂ - ’,"‘4 - ;’

e 40 nM-50/50° TS

5 IM-20/80

2 6.0 _B-50/50

= --TIB-20/80

2 80 _nBM-602020 Harpen |2
L0 | TIBM-40/30/30

20 25 30 35 40 45 50 55 60 65
Temneparypa, °C

a

sHTanbnun 72,9 u 60,6 JIk/r coorBeTcTBeHHO. CTOUT
oTrMeTuTh obpaser ¢ 40%-HbIM conepikaHueM napagpu-
Ha, r7e OoJbIIas YacTh SHEPTUH IIJIABICHUS TOTIONIa-
eTcsi B 0071acTH HU3KUX TEMIEpaTyp, 4TO MOBBIIIAET
a¢pexruBHOCTD paboTel TAM.

XapaxkTep U3MEHEHHUS TPaHUKOB IPH OXJIAKACHUH
AQHAJIOTM4EH N3MEHEHHMIO rPpaMKOB IPH TUIABJICHUH 00-
pa3noB KoMIIo3UIMOHHBIX TAM, onHako HabrOnaeTCs
3HAUUTENIBHOE CHUKEHUE YHTAIBINH KPUCTAIIN3ALUN
IIPU HCIOIb30BaHUU cMecel ¢ 80%-HbIM coepkaHleM
napaguHOBOTO Macia 1 BazennHa — 110 9,1 u 8,5 JIx/r
COOTBeTCTBEHHO. YacTh sHEeprun (pa3oBoro mepexona
00pa3nos, cojepKalmx mapaduHOBOE MACIIO U Base-
JIMH, MOXKET BBIJICIISATHCS IPH 00JIee HU3KUX TEMIIEpaTy-
pax, He BXOASIIUX B IUAa30H U3MEPEHUN HACTOSILETO
HCCIICIOBaHUS.

HWcxons n3 ananmsa rpadukos JICK npu oxmaxe-
HUM W aHAJIN3a ONITHMAJIBHOTO pexkuMa padoTsl TAM,
HanOoJee IepCIeKTUBHBIMHI MPEACTABISIOTCS 00pa3Ibl

o 5,0 --TIM-50/50
E [IM-20/80
q -
340 —IIB-50/50
5 --TIB-20/80 I OK30
30 TBM-6022020 s
= TIBM-40/30/30 s
g 2’0 ,"- Y "»}/ “\,l’:': ’_:’ "“-
o S N NE
E ::7" “\ N
& 10 ,;',’:" =
i OxJ1ax1eHue
0,0
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b

Puc. 4. lI3MeHeHne TEMIOBOTO IIOTOKA KOMIIO3MIMOHHBIX TEIJIOAKKYMYJIUPYIOIIUX MaTepHaIoB IPU HarpeBaHuu (a); npu

oxnaxaeHuu (b)

Taou. 3. IlapameTpsl 3HI0- U K30TEPMUUECKUX IPOLIECCOB KOMIIO3ULIMOHHBIX TEIIIOAKKYMYJIUPYOLIUX MAaTepPUaIoB

OHpoTepMuuecKuil mpouece DK30TepMUUECKUil mporecc
Ob6pasen
t,°C t,°C t.oC E, Lx/r t,°C t,°C o C E, Lx/r

[IM-50/50 23,9 49,2 41,8 54,0 43,4 21,6 40,6 23,1

IIM-20/80 21,7 45,4 32,0 27,0 38,7 22,0 32,6 9,1

I1B-50/50 22,4 50,6 45,3 67,5 453 21,3 42,9 24,1

11B-20/80 25,0 51,4 38,7 37,2 43,4 25,0 33,8 8,5
[MIBM-60/20/20 23,5 53,2 39,4 72,9 45,9 24,5 43,5 26,9
[1BM-40/30/30 22,6 47,8 39,9 60,6 42,4 24,5 33,8 20,6
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C.P. CokonbHukoea, A.C. UHo3emues

C BBIXOZIOM OOJIBIICH YaCTH SHEPTUH [TPU KPUCTAILIH3a-
MU B o0acTé 0oJiee HU3KUX TeMIIepaTyp — KOMIIO-
sunuoHHBIX TAM mapadus u Bazenun 50/50, a Takxe
TPEXKOMITOHEHTHAsI CMECh C COOTHOIICHHEM KOMIIO-
HEHTOB «Iapa(uH — Ba3eHH — mapaduHOBOE MaCIIO»
40/30/30.

Takum o0Gpa3zom, NMPOBEACHHBIE HCCIIEIOBAaHUS
JIAI0T BO3MOXKHOCTB C(OPMYJIMPOBATh CIEAYIOIIUE 3a-
KITIOUCHHS:

* napaMHOBOE MACIIO M Ba3eJIMH MO3BOJISIOT CHHU-
3UTh MUKOBYIO TeMIIepaTypy IUIaBJICHHUS mapaduHa
¢ 53,8 1o 32 °C 1 mUKOBYIO TEMITEpaTypy KPHCTAIIIH3a-
uuu ¢ 47,6 1o 32,6 °C, npu 3TOM 3HaYE€HUS SHTAIBITUI
(ha30BBIX EPEXOI0B 3HAYUTEIILHO CHUYKAIOTCS C YBEITH-
YEHUEM KOJIMYeCTBa NapaMHOBOTO Macia 1 Ba3ellnHa;

* JIBYXKOMIIOHCHTHBIC CMECH «mapaduH — mnapa-
(dbuHOBOE Macio» U «rapadu — Bazeaun» ¢ 20%-HbIM
colep)kaHneM mapaduHa XapaKTepPH3yIOTCS CIBUTOM
rpauKOB TEIUIOBOTO MOTOKA B CTOPOHY Oojiee HHU3-
KHX TeMIepaTyp, T.e. OOJbIIas YacTh TETUIOBOW SHEp-
TUH TIPH (Pa30BOM IIEPEXOJIC MTOTIIOIMIACTCS/BBIACTISACTCS
B ONTHMAJILHOM Juana3zoHe temiepatyp. Hecmorps
Ha HEOOJIbIINE 3HAYCHHS SHTAJIBIUU (PA30BBIX IEpe-
XOJIOB, MMOIOOHBIE CMECH MOTYT OBITh ITEPCIIEKTUBHBIM
TAM B 3aJ1laHHBIX YCIOBHSIX TEMIIEPATyD;

* TPEXKOMIIOHEHTHbIE CMeCH «mapaduH — napa-
(hHOBOE MACIIO — Ba3eIMH» C COlepKaHUeM mapaduHa
60 1 40 % o0nagaroT 1OCTATOYHO BHICOKOM DHTAJIBIIHEN
rraBieHus 72,9 u 60,6 JIK/T ¥ SHTaNBIHCH KPHCTAIITH-
sarmu — 26,9 u 20,6 JIx/T cooTBeTCTBeHHO. [TnKoBast
TeMIieparypa rasieHus cocrasuia 39,4 u 39,9 °C, nu-
KOBas TeMneparypa kpucramumzanun — 43,5 u 33,8 °C
COOTBETCTBEHHO.

Haunbonee mepcieKTUBHBIM MPEACTABIACTCS pas3-
paboTka koMo3unoHHEIX TAM ¢ comepkaHueM ma-
paduna He MeHee 40 %, 001aaaroNINX JOCTATOYHO BHI-
COKHIMH TTOKa3aTeJISIMU SHTAIBIIH (Pa30BbIX IEPEXOI0B
1 HEBBICOKOH TeMITEpaTypoi MUKOB TEILIOBOTO TOTOKA

NP IUIaBJICHUH M KpucTaium3anuu. [1pun sTom 601b-
I1asi 4YacTh TEIUIOBOM 3HEprun npu (a3oBoOM Iepexose
TIOTVIOMIAETCS/BBIICISICTCSI B ONTHMAJIEHOM JTHAIa30He
TEMIEPaTyp, KOTOPBIH MOXKET OBITH ONTHMU3HPOBAH
BcriomorareiabHbiMu TAM B cocrase.

Pa3BuTHE TEMBI MOKET OBITH HAITPABICHO HA YIIPaB-
JICHUE TUara3oHaMH TEMIIepaTyp Hadana (pa3oBbIX Iie-
pexonoB TAM 3a cueT cTyneH9aTol HHTCHCH(UKAIIH
TUTABIICHNS WM KPHCTAJUIM3AINH, Ha CHIKEHUE TEM-
TepaTyp MUKOB TIABJICHUS U KPUCTAIIM3ALNH, ITPU CO-
XPAaHEHNN BBICOKUX 3HAUYEHUH SHTAIBIHNH (ha30BBIX
TIEPEXO/IOB.

3AKJIIOYEHUE U OBCYXJIEHHUE

[IpoBeneHHbIE HCCIIEAOBAHMS [TOKA3aIIU, YTO, He-
CMOTpsI Ha TpeOyeMyro isi pa3pabaThiBAEMOro Ma-
TepHalia BBICOKYIO SHTAJBIIHIO MPOLEcCcOB (Pa3oBhIX
Mepexo0B, napaduH MPU ITOM HE OTBEYAET BTOPOMY
TpeOOBaHUIO — 00JaJaeT BHICOKUMH TeMIIlepaTrypamu
MTUKOB JIJISI IJTABJICHUSI M Kpuctaui3anuu (6onee 47 °C),
YTO 3HAYUTEIHHO BBINIE KOM(POPTHBIX YCIOBUH DKC-
miyartanuu moMenieHui. [1oaToMy I CHUIKEHUS
TeMIeparypbl (a3oBbIX MEPEXOI0B IEIeCO00pa3HO
KOMOWHHPOBaTh mapauH ¢ APYTUMHU YIIEBOAOPOJI-
HbIMH coefiHeHUsIM. Tak, coBMerieHune napapuHa
¢ napapMHOBBIM MACJIOM M Ba3eIMHOM B COCTAaBE JIBYX-
KOMIIOHEHTHOM CMeCHU MO3BOJIIET CMECTUTh TPAHHUIIBI
TEIUIOBBIX 3P PEKTOB B CTOPOHY MEHBIINX 3HAYCHHIA
KaK JIJIs IPOIECCOB IJIABJICHUSI, TAK M MPOIECCOB KPH-
crajuin3anuu. BMecTe ¢ 3TUM QUKCHPYETCsl CHUKEHHE
WHTCHCUBHOCTH COOTBETCTBYIOIUX MTHMKOB HA TEPMO-
rpaMmmax, 4T0 CBHJIETENILCTBYET O CHHIKEHUH DHTAJb-
nuu mnpoieccoB (GazoBbix mnepexonoB. [lomyuenue
KOMIO3ULIMOHHBIX TAM, cocTosUX U3 TPEeX KOMIIO-
HEHTOB, J1aeT BOBMOKHOCTh COXPAaHHUTh 00JIee BHICOKYIO
SHTANBIINIO, 00ECIEUUB TOCeI0BaTelbHOe (ha3oBoe
npeoOpa3oBaHue KaxJ0ro U3 HUX.

CIIMCOK HCTOYHHUKOB

1. Mohan M K., Rahul A.V., Schutter G.D., Tit-
telboom K.V. Extrusion-based concrete 3D printing
from a material perspective : a state-of-the-art review //
Cement and Concrete Composites. 2021. Vol. 115.
P. 103855. DOI: 10.1016/j.cemconcomp.2020.103855

2. Unozemyes A.C. CoBpeMeHHAs TEOPUS U TIPaK-
THKa TexHoJiornun O0eToHoB st 3D-neyaT B CTpoU-
tenmbetBe // BectHuk MI'CY. 2024. T. 19. Ne 2. C. 216-245.
DOI: 10.22227/1997-0935.2024.2.216-245

3. Raphael B., Senthilnathan S., Patel A., Bhat S.
A review of concrete 3D printed structural members // Fron-
tiers in Built Environment. 2023. Vol. 8. DOI: 10.3389/
fbuil.2022.1034020

4. Ilycmoseap A.Il., Aoamyesuu JI.A., Aoam-
yesuy A.O. MeXIyHApOTHBIA OMBIT UCCICIOBAHUN

128

B 00JIaCTH aJJUTHBHOTO CTPOUTEIBHOTO IPOU3BOI-
cra // YKunuminoe crpourtenserso. 2023, Ne 11. C. 4-10.
DOI: 10.31659/0044-4472-2023-11-4-10. EDN FOCIIT.

5. Jahangir M.H., Ziyaei M., Kargarza-
deh A. Evaluation of thermal behavior and life cycle cost
analysis of greenhouses with bio-phase change materials
in multiple locations // Journal of Energy Storage. 2022.
Vol. 54. P. 105176. DOI: 10.1016/j.est.2022.105176

6. Jayalath A., San Nicolas R., Sofi M., Shanks R.,
Ngo T., Aye L. et al. Properties of cementitious mor-
tar and concrete containing micro-encapsulated phase
change materials // Construction and Building Mate-
rials. 2016. Vol. 120. Pp. 408-417. DOI: 10.1016/j.
conbuildmat.201b6.05.116



Bbi60p TepMOaKKyMyAMPYHOLLIEro Matepmana C LeAbo pas3paboTku «/MHbIX YePHUA»

C.123-134
Ans 3D-rieyat B CTPOUTEABCTBE

7. Hunger M., Entrop A.G., Mandilaras I., Brou-
wers H., Founti M. The behavior of self-compacting
concrete containing micro-encapsulated phase change
materials // Cement and Concrete Composites. 2009.
Vol. 31. Issue 10. Pp. 731-743. DOI: 10.1016/j.cemcon-
comp.2009.08.002

8. Eddhahak A., Drissi S., Colin J., Caré S., Neji J.
Effect of phase change materials on the hydration re-
action and kinetic of PCM-mortars // Journal of Ther-
mal Analysis and Calorimetry. 2014. Vol. 117. Issue 2.
Pp. 537-545. DOI: 10.1007/s10973-014-3844-x

9. Aguayo M., Das S., Maroli A., Kabay N.,
Mertens J.C. E., Rajan S.D. et al. The influence of mi-
croencapsulated phase change material (PCM) char-
acteristics on the microstructure and strength of ce-
mentitious composites: Experiments and finite element
simulations // Cement and Concrete Composites. 2016.
Vol. 73. Pp. 29-41. DOI: 10.1016/j.cemconcomp.
2016.06.018

10. Jeong S.-G., Jeon J., Cha J., Kim J., Kim S.
Preparation and evaluation of thermal enhanced silica
fume by incorporating organic PCM, for application
to concrete // Energy and Buildings. 2013. Vol. 62.
Pp. 190-195. DOI: 10.1016/j.enbuild.2013.02.053

11. Sart A. Thermal energy storage characteris-
tics of bentonite-based composite PCMs with enhanced
thermal conductivity as novel thermal storage build-
ing materials // Energy Conversion and Management.
2016. Vol. 117. Pp. 132-141. DOI: 10.1016/j.encon-
man.2016.02.078

12. Min H.-W., Kim S., Kim H.S. Investigation
on thermal and mechanical characteristics of concrete
mixed with shape stabilized phase change material for
mix design // Construction and Building Materials.
2017. Vol. 149. Pp. 749-762. DOI: 10.1016/j.conbuild-
mat.2017.05.176

13. Marani A., Nehdi M.L. Integrating phase
change materials in construction materials : criti-

THocmynuna 6 pedakyuro 25 dexabps 2023 .
Tpunsma ¢ oopabomannom eude 17 susaps 2024 2.
Ooobpena onsa nyoruxayuu 6 geepans 2024 2.

cal review // Construction and Building Materials.
2019. Vol. 217. Pp. 36-49. DOI: 10.1016/j.conbuild-
mat.2019.05.064

14. Aguayo M., Das. S., Castro C., Kabay N.,
Sant G., Neithalath N. Porous inclusions as hosts for
phase change materials in cementitious composites:
Characterization, thermal performance, and analytical
models // Construction and Building Materials. 2017.
Vol. 134. Pp. 574-584. DOI: 10.1016/j.conbuild-
mat.2016.12.185

15. Methode Kalombe R., Sobhansarbandi S.,
Kevern J. Low-cost phase change materials based con-
crete for reducing deicing needs // Construction and
Building Materials. 2023. Vol. 363. P. 129129. DOI:
10.1016/j.conbuildmat.2022.129129

16. Sharma M., Bose D. High temperature energy
storage and phase change materials : a review // Latent
Heat-Based Thermal Energy Storage Systems. 2020.
Pp. 51-95. DOI: 10.1201/9780429328640-3

17. Ling T.-C., Poon C.-S. Use of phase chan-
ge materials for thermal energy storage in concrete :
an overview // Construction and Building Materials.
2013. Vol. 46. Pp. 55-62. DOI: 10.1016/j.conbuildmat.
2013.04.031

18. Zalba B., Marin J. M., Cabeza L.F., Meh-
ling H. Review on thermal energy storage with phase
change: materials, heat transfer analysis and ap-
plications // Applied Thermal Engineering. 2003.
Vol. 23. Issue 3. Pp. 251-283. DOI: 10.1016/S1359-
4311(02)00192-8

19. Bepe JI.I'. Tepmorpadust u 001acTH ee mpu-
MeHeHUs. [ uIc u nmpoayKThl ero o06e3BoxkuBaHus //
Tpynst ceccun JIOHUTO cunukaTHON NPOMBIIIIECH-
Hoctu. [Ipomcrpoiinznar, 1949.

20. Pielichowska K., Pielichowski K. Phase
change materials for thermal energy storage // Progress
in Materials Science. 2014. Vol. 65. Pp. 67-123. DOI:
10.1016/j.pmatsci.2014.03.005

Op ABTOPAX: Copbs PycranoBna CokoJIbHUKOBA — acIUpaHT, THCTUTYT MPOMBIIIIEHHOTO U TPaXKIaHCKOTO

crpoutenbeTBa; HaumonaabHbIH HeciienoBaTebeknii MOCKOBCKHI rocy1apcTBeHHbII CTPOUTENbHBII YHUBEP-
curer (HIY MI'CY); 129337, . Mockaa, SIpocnaBckoe mocce, 1. 26; SPIN-kox: 8761-0875, Scopus: 57222431488,
ORCID: 0000-0002-0896-4512; srsokolnikova@mail.ru;

Auexcanap CepreeBud MHo3eMueB — KaHIUIAT TEXHUUCCKUX HAyK, JOUECHT Kapeapbl CTPOUTECIBLHOTO Ma-

TepuanaoBeleHus, HCTUTYT NPOMBILUICHHOIO U IpakJaHCKOro cTpoutenbcTBa; HanuonaabHbll ucciegosa-
TeJbCKHii MOCKOBCKUIE rocylapcTBeHHbINH cTpouTenbHblii yHusepcuter (HUY MI'CY); 129337, . Mockaa,
SIpocnaeckoe mocce, 1. 26; SPIN-kom: 2444-1204, Scopus: 55889834500, ResearcherID: K-6341-2013, ORCID:

0000-0001-7807-688X; InozemcevAS@mgsu.ru.

Brnao asmopog: éce agmopul coenanu IK8UBALEHMHBII 8KAA0 8 NOO20MOBKY NYONUKAYUL.

Aemopbl 3aa61510m 06 OMCYMCMEUU KOHGIUKIMA UHIMEPECOs.

129

(1G] L HOALIGG ‘bl NOL §oatecaqteuken



scionco o ruction: o) 14, Issue 1(51)

Sofia R. Sokolnikova, Aleksandr S. Inozemtsev

INTRODUCTION

Nowadays 3D printing in construction can no lon-
ger be called a new technology, the number of buildings
erected by additive technologies is increasing every
year worldwide [1]. At the same time, printers continue
to be continuously improved and 3D printing inks are
being modified due to the following challenges arising
from the peculiarities of this technology [2—4]:

1) providing a combination of relatively contra-
dictory properties of “ink” — pumpability, extrudability
and buildability;

2) preserving surface quality — preventing shrink-
age and cracking, creating an even surface;

3) ensuring functionality of printed products —
use of “smart inks” with multifunctional properties, i.e.
providing not only a load-bearing/self-supporting func-
tion, but also having thermal insulating, heating, condi-
tioning, self-cleaning and/or other properties.

In practice, Portland cement based concrete with
various additives and fine aggregate is most often used
as “ink”. To date, a large number of formulations have
been developed to fulfil the requirements of pumpabil-
ity, extrudability and buildability, and various solutions
have been proposed to maintain the surface quality [1].
On the other hand, the development of functional print-
able products has not been sufficiently addressed. In
particular, traditional methods are used to insulate and
condition buildings erected with additive technologies,
which reduces the productivity of this construction tech-
nology. As a result, the key advantage of 3D printing
over standard construction technologies [2] — reduc-
tion of energy and labour costs — is partially realized.

To ensure a constant comfortable temperature in
a printed building, a promising technology is the use
of thermal accumulative materials (TAM) with a phase
transition function (PTF) [5]. For example, in the winter
season, the excess heat that occurs when heating a room
is above the comfortable temperature (22-24 °C),
which leads to the absorption of energy by TAM accom-
panied by a transition from solid to liquid phase state.
When the temperature decreases during colder times
of the day, the phase transformation occurs in the op-
posite direction, which is accompanied by the release
of heat. In the summer season, TAM can significantly
save resources by absorbing excess heat, while reduc-
ing temperature fluctuations during the day and night,
providing a conditioning effect.

The use of the described TAM effect is realized
more often in concrete envelopes. There are various
ways of introducing components with PTF. In this case,
it is necessary to reliably isolate the TAM, as its leak-
age leads to a decrease in the physical and mechanical
properties of concrete [6—15]. The introduction of them
in microcapsules made of polymer or other material is
considered to be an effective method [6-9], the method
of mould stabilization using metakaolin, bentonite, mi-
crosilica and other fine porous materials is also used
[10—-12], the method of impregnation of lightweight
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aggregate (expanded clay, pumice, expanded perlite
or shale) is no less well known [13—15].

Paraffin and fatty acids are most widely used as
TAM in building materials due to their high values
of the enthalpy of phase transition, their non-toxicity,
high thermal resistance and low cost [16]. On the other
hand, such materials have, as a rule, a high melting
point (from 45 °C), which limits their direct application
in temperate climates.

Inorganic TAM are salt hydrates and nitrates. Their
main advantages are non-flammability and low cost. How-
ever, low thermal resistance, supercooling (delayed solidi-
fication) at the phase transition “solid-liquid” and inten-
sification of metal corrosion cause the difficulty of using
inorganic TAM. In addition, the problem is their degrada-
tion after repeated cycles of phase change [17, 18].

Thus, the task of development of TAM for min-
eral-based construction materials satisfying the appli-
cation in buildings operating in the temperate climatic
zone remains urgent.

The present work focuses on the investigation
of TAM for the development of smart building “inks”
that will provide printed structures with a passive ther-
mal management function.

MATERIALS AND METHODS

The object of the study is TAM, which are hydro-
carbon compounds and their mixtures. TAM modifica-
tion by combining components with low phase transi-
tion temperature is aimed at optimizing the kinetics
of thermal transformations.

Available and non-toxic materials were used as
the main components for TAM development: solid
petroleum paraffin P-2 (Slavneft-YANOS, Yaroslavl),
paraffin oil/vaseline oil (LLC “Tula Pharmaceutical
Factory”, Tula), petroleum jelly (AO “MPZ”, Murom).

To make composite TAM, the starting materials
were heated to a temperature of 80 °C and mixed for
two minutes. The obtained specimens were stored in
airtight containers to prevent evaporation of light frac-
tions. The compositions of the investigated TAM are
presented in Table 1.

The thermal effects of TAM phase transitions were
analyzed by differential scanning calorimetry (DSC) using
a Linseis DSC PT-1600 high temperature differential
scanning calorimeter (Fig. 1).

The specimens were investigated in an air envi-
ronment in the mode of successive heating from 20
to 85 °C and cooling to 20 °C at a rate of temperature
change of 2 °C/min. The mass of the suspension was
20-25 mg. The enthalpy was calculated according to
the method [19] (Fig. 2).

According to the above method, the area under
the graph was bounded by a baseline from the high tem-
perature region extrapolated to a vertical line / drawn
from the peak and a line 2 drawn from the point where
the graph deviated from the baseline in the low tem-
perature region.
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Table 1. Labelling of specimens of thermal accumulative materials
Composition Percentage ratio of substances Labelling
Paraffin 100 P
Paraffin oil 100 M
Petroleum jelly 100 v
Paraffin, paraffin oil 50/50 PM-50/50
Paraffin, paraffin oil 20/80 PM-20/80
Paraffin, petroleum jelly 50/50 PV-50/50
Paraffin, petroleum jelly 20/80 PV-20/80
Paraffin, petroleum jelly, paraffin oil 60/20/20 PVM-60/20/20
Paraffin, petroleum jelly, paraffin oil 40/30/30 PVM-40/30/30/30
Line 2

a

Fig. 1. High-temperature differential scanning calorimeter
HDSC PT1600 Linseis DSC PT-1600 (a) with corundum
measurement system (b)

RESEARCH RESULTS

In order to select a component base for effective
TAM, base substances with PTF (paraffin, paraffin oil
and petroleum jelly) were investigated. For each mono-
component TAM, graphs of heat flux changes during
heating and cooling were obtained (Fig. 3), which al-
low us to evaluate the character of enthalpy changes
of phase transitions.

The graphs show that the studied hydrocarbon
specimens have different intensity of heat flux change.
This is clearly observed both at increasing and decreas-
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= End
80 -V Heating l ndo
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a

Baseline

Heat flux

Temperature

Fig. 2. Scheme for determining the area under the graph
of heat flux change for calculating the enthalpy of phase
transition

ing temperature. We also note a different type of curve
characterizing the enthalpy of phase transition. For
paraffin, the graph has a bimodal character of change
with the peak shifted towards higher temperatures. At
the same time, the enthalpy of oil and petroleum jelly
is described by similar unimodal curves with the peak
shifted towards lower temperatures.

Using the technique described above, on the basis of
the obtained graphs (Fig. 3), the parameters of the re-
gistered thermal effects (Table 2) were established,
which make it possible to perform a quantitative analy-
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Fig. 3. Change of heat flux of monocomponent thermal accumulative materials during heating (a); during cooling (b): P —

paraffin; M — paraffin oil; V — petroleum jelly
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Table 2. Parameters of endothermic and exothermic processes of monocomponent thermal accumulative materials

. Endothermic process Exothermic process
Specimen
t,°C t,°C t,°C E, /g t,°C t,°C t,°C E,J/g
P 24.1 59.6 53.8 102.4 51.2 21.9 47.6 47.7
M 24.0 46.5 31.4 14.6 39.8 23.1 37.3 8.1
\% 22.8 53.3 32.4 24.4 37.3 26.0 345 8.0

Note: t — process start temperature; ¢, — process end temperature; — peak temperature; £ — enthalpy of endothermic and

exothermic processes.

sis. First of all, the lower enthalpy of the exothermic
processes (crystallization) of each monocomponent
TAM than the processes occurring at heat absorption
(melting) is naturally observed.

The graph of heat flux variation during heating
(Fig. 3, a) shows that paraffin has the highest melting
point and the highest phase transition energy. In addition
to the extremum (peak) at 53.8 °C, the local extremum ob-
served in the range of 2042 °C has a peak at 33.8 °C. Ac-
cording to [20], this may indicate the presence of low
molecular weight paraffin in the specimen. The graphs
of heat flux variation during heating of paraffin oil and pe-
troleum jelly are characterized by small values, with most
of the energy absorbed in the range 22.8-46.5 °C.

The features of phase transitions, which are char-
acteristic for the investigated specimens at decreasing
temperature (Fig. 3, ), also demonstrate that paraffin
has the highest peak temperature and the highest phase
transition energy. As with heating, the plot of heat flux
variation on cooling is characterized by sa pair of ex-
trema, the larger of which corresponds to a tempera-
ture of 47.6 °C and the smaller (in the range 20-38 °C)
to 32.5 °C. Solidification of paraffin oil and petroleum
jelly on cooling is accompanied by energy release in
the temperature range 21.9-39.8 °C. We note the speci-
men of paraffin oil, where most of the phase transition
energy is closer to the optimum temperatures for the de-
veloped material.

The analysis of the obtained data indicates that
paraffin oil and petroleum jelly have the lowest values
of enthalpy of phase transition and at the same time
have a low melting point. This property was used in

00 %, it
220 N SF
E \..“-\;¥ h\“'-.. ’:/, ";
E 40 pMs0/50 S
= PM-20/80
2 6.0 _pv.50/50
—PV-20/80
: End
80 pvM-602020 Heating | PN
PVM-40/30/30
-10.0

20 25 30 35 40 45 50 55 60 65
Temperature, °C

a

the creation of paraffin-based composite TAM. Fig. 4
shows the graphs of heat fluxes of composite TAM
specimens, the parameters of endothermic and exother-
mic processes are presented in Table 3.

Using a mixture with 50 % paraffin oil allowed to
shift the melting temperature peak to 41.8 °C, the en-
thalpy was almost halved to 54.0 J/g. At further increase
of paraffin oil content up to 80 % the peak of melting
temperature decreased to the optimum value of 32 °C,
but the enthalpy of phase transition also decreased —
27 J/g, which negatively affects the efficiency of heat
absorption of TAM.

Mixtures of paraffin wax with petroleum jelly had
peak temperatures at 50/50 component ratios of 45.3 °C
and 20/80 component ratios of 38.7 °C when heated,
with higher enthalpy compared to paraffin oil speci-
mens of 67.5 and 37.2 J/g, respectively.

The three-component blends with 60 and 40 %
paraffin content reduced the peak melting temperature
to 39.4 and 39.9 °C with enthalpy values of 72.9 and
60.6 J/g, respectively. It is worth noting the specimen
with 40 % paraffin content, where most of the melting
energy is absorbed in the low temperature region, which
increases the efficiency of TAM.

The character of change of graphs at cooling is sim-
ilar to the change of graphs at melting of composite TAM
specimens, however, a significant decrease of crystalliza-
tion enthalpy is observed when using mixtures with 80 %
content of paraffin oil and petroleum jelly — up to 9.1
and 8.5 J/g, respectively. Part of the phase transition
energy of specimens containing paraffin oil and petro-

50  -~PM-50/50

PM-20/80
2 40  ~PV-50/50
E ~-PV-20/80 [Exo
230 -~ PVM-60/20/20
= PVM-40/30/30 e
5 2.0 o KO\ e

1.0 A .
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00

20 25 30 35 40 45 50 55 60 65
Temperature, °C

b

Fig. 4. Change of heat flux of composite thermal accumulative materials during heating (a); during cooling (b)
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Table 3. Parameters of endothermic and exothermic processes of composite thermal accumulative materials
) Endothermic process Exothermic process
Specimen
t,°C t,°C 1,°C E,J/g t,°C t,°C 1,°C E,J/g
PM-50/50 23.9 49.2 41.8 54.0 434 21.6 40.6 23.1
PM-20/80 21.7 454 32.0 27.0 38.7 22.0 32.6 9.1
PV-50/50 22.4 50.6 453 67.5 453 21.3 42.9 24.1
PV-20/80 25.0 51.4 38.7 37.2 434 25.0 33.8 8.5
PVM-60/20/20 23.5 53.2 39.4 72.9 459 24.5 43.5 26.9
PVM-40/30/30/30 22.6 47.8 39.9 60.6 424 24.5 33.8 20.6

leum jelly may be released at lower temperatures outside
the measurement range of the present study.

Based on the analysis of DSC graphs at cooling
and analysis of the optimal mode of operation of TAM,
the most promising specimens with the yield of most
of the energy at crystallization in the region of lower tem-
peratures — composite TAM paraffin and petroleum jelly
50/50, as well as three-component mixture with the ratio
of components “paraffin — petroleum jelly — paraffin oil”
40/30/30.

Thus, the conducted research makes it possible to
formulate the following conclusions:

* paraffin oil and petroleum jelly can reduce
the peak melting point of paraffin from 53.8 to 32 °C
and the peak crystallization temperature from 47.6 to
32.6 °C, with the enthalpy values of phase transitions
decreasing significantly with increasing amounts
of paraffin oil and petroleum jelly;

* two-component mixtures “paraffin — paraffin
0il” and “paraffin — petroleum jelly” with 20 % paraffin
content are characterized by a shift of heat flow diagrams
towards lower temperatures, i.e. most of the heat
energy at the phase transition is absorbed/released in
the optimal temperature range. Despite the small values
of phase transition enthalpies, such mixtures can be
a promising TAM under given temperature conditions;

* three-component mixtures “paraffin — paraffin
oil — petroleum jelly”” with paraffin content of 60 and 40 %
have rather high enthalpy of melting 72.9 and 60.6 J/g
and enthalpy of crystallization — 26.9 and 20.6 J/g
respectively. The peak melting temperature was 39.4
and 39.9 °C and peak crystallization temperature was
43.5 and 33.8 °C, respectively.

The most promising is the development of com-
posite TAM with paraffin content not less than 40 %,
having sufficiently high enthalpy of phase transitions

and low temperature of heat flow peaks at melting and
crystallization. At the same time, most of the thermal
energy at the phase transition is absorbed/emitted in
the optimum temperature range, which can be opti-
mized by auxiliary TAM in the composition.

The development of the topic can be directed
to the control of the temperature ranges of the onset
of phase transitions of TAM due to the stepwise in-
tensification of melting or crystallization, to reduce
the temperatures of melting and crystallization peaks,
while maintaining high values of the enthalpy of phase
transitions.

CONCLUSION AND DISCUSSION

The conducted studies have shown that, despite
the required for the developed material high enthalpy
of phase transition processes, paraffin does not meet
the second requirement — it has high peak tempera-
tures for melting and crystallization (more than 47 °C),
which is much higher than the comfortable conditions
of room operation. Therefore, to reduce the temperature
of phase transitions, it is advisable to combine paraffin
with other hydrocarbon compounds. Thus, combining
paraffin with paraffin oil and petroleum jelly as a part
of two-component mixture allows to shift the bound-
aries of thermal effects towards lower values both for
melting and crystallization processes. At the same time,
a decrease in the intensity of the corresponding peaks
on thermograms is recorded, which indicates a decrease
in the enthalpy of phase transition processes. Obtaining
composite TAM consisting of three components makes
it possible to maintain a higher enthalpy by providing
a sequential phase transformation of each of them.
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Peosiornyeckue cBOMCTBA CAMOYIJIOTHHIOIIMXCH JIETKHUX
0eTOHHBIX CMecell HA MOJIbIX MUKPOCc(hepax

Cepreii [ImutpueBny Enuxun, Anekcanap Cepreesud Hozemuen
Hayuonanvnuiil uccnieoosamenvexuti Mockogckutl 20Cy0apcmeenHuvlil CmpoumenbHblil
yuueepcumem (HUY MI'CY), . Mocksa, Poccus

AHHOTALUMNA

BBeaeHue. B coBpeMeHHOM CTpOUTENLCTBE aKTUBHO NMPUMMEHSIIOTCS TEXHONOMMM CaMoynioTHsIoLLerocs 6eToHa, pa3BuBa-
IOLLMECS B HANpaBeHMM TEXHOMNOMMK nerkux camoynnoTHsowmxes 6etoHoB (JICYB). OcHoBHoe npeumyliectso JICYB —
yMeHbLUeHNe Beca OETOHHbIX U Kene300EeTOHHbIX KOHCTPYKLMIA MpU COXPaHEHUU CTPYKTYPHOW LIENOCTHOCTW, Hecyluen
CMNOCOBHOCTM 1 BBICOKOW MOABWXKHOCTU. Llenb nccnegoBaHns — OLEHKa peornorum TeYeHUs UCCreayeMbiX CMecen B 3a-
BMCMMOCTV OT BapbypyeMbix daktopos B/LL 1 koHueHTpauum nnactudukaropa C, 1 COOTHOLLEHMS 3anonHUTENs (chpakum-
OHVMPOBAHHOTO Mecka W KBapLIeBOW MYKW).

Matepuansbi 1 MeTogbl. O6BbEKTOM MCCenoBaHMsA ABNATCS OETOHHbIE CMECK Ha NornbIX Mukpocdepax. [NpoekTHas cpen-
HSI8 NNoTHOCTbO G6eToHa 1400 kr/m3. MNpeacTaBneH criedyolmMin CocTaB: NOpTNaHALEMEHT, KepaMuyeckne Mukpocdepbl,
KOMMnekcHasi KpemHedeMucTas gobaeka, ppakLMOHHbIN NECOK, KBapLieBas Myka, runepnnactudumkarop u Boga. lony4yeHsl
pesyneTaTtbl UCCreaoBaHUs peonornyecknx xapakrepuctuk JICYB. KntoueBbiMyM peonornyeckumm napameTpamu NpuHsThbI
HanpsbkeHue caBura u BA3KOCTb.

Pesynbratbl. CHkeHve B/LL oTHOWweHMS yBennunBaeT BA3KOCTb U HanpsikeHue casura 6€TOHHOM CcMecu BHE 3aBUCUMOCTU
ot C,. MNoxoxasi 3aBNCUMOCTb HabMoAAETCs Y COCTABOB C Bapbupyemoit C_, YBENUYEHe KOTOPOit CHUKAET ryCTOTY CMecH,
yMeHbLUasi BA3KOCTb W HanpsbkeHne capura. OTMeueHo npefenbHoe 3Haderne C,, Npy NpeoaoneHni KOToporo peonornye-
CKve nokasaTenu CMecel CTPEMSTCS K Hymio Mo Mepe yBenuyeHus obbema fobasku. OueHka peonornm cMeceii no ypas-
HeHuto OcTBanbaa — Belinsa nokaseiBaeT HanbornbLyto 3Ha4MMOCTb B/LL OTHOLIEHNS Ha ryCTOTY U BO3MOXXHOCTb U3MEHEHUSI
XapakTepa Te4yeHusi CMecel C NCeBAoNIacTUYECKOro Ha AUnaTaHTHbIV NPy BapbUPOBaHUM Nccneqyemblx hakTopoB. 3ame-
Ha gonu dpakunoHMpoBaHHoro necka mykon co 100 go 0 % yBenuunBaeT rycToTy cMecu no4tu B 3 pasa.

BbiBogbl. [peacTtaBneHbl pe3dynbraThl, onpeaensiowme BO3MOXHOCTb U3MEHEHWUSI PEONIOrMYECKOro xapaktepa TedeHusi
JICYB Ha nonbix Mykpocdepax npu BapbUpoBaHuu nccrneayembix akTopoB. BbINONHEH CpaBHUTENbHbBIN aHanu3 nonyyeH-
HbIX PEONOrMYECKNX KPUBBIX C UCMOMb3oBaHWeM ypaBHeHuss OcTBanbaa — Benns onsa Tspkenbix u nerknx 6eToHoB ¢ nonbl-
MU MUKpocdepamu cmecelt. PaccMoTpeHa pornb AMCNEPCHOCTM 3anofiHUTENS B ypaBleHun peonormyeckumMmm CBoNCcTBamMm
nccnegyembix JICYb.

KNKOYEBBLIE CIIOBA: camoynnoTHsioWMecs rerkue GeTOHbI, peoriorusi, norble MUkpocdepbl, ypaBHeHne OcTarb-
na — Beiings, HanpsbxeHve caura, BOAOLEMEHTHOE OTHOLLEHWE, KOHLEHTPaLUms nnactudmkatopa

ana UWATUPOBAHUA: Enuxur C.[., MHo3emuyes A.C. Peonornyeckue CBONCTBA CaMOYMIOTHSIIOLLMXCS NErkux 6eToH-
HbIX cMecel Ha nonblx Mukpocdepax // CTpoutenbcTBo: Hayka v obpasoBaHue. 2024. T. 14. Bein. 1. C1. 9. URL: http://
nso-journal.ru. DOI: 10.22227/2305-5502.2024.1.9

Aemop, omeemcmeeHHbIl 3a nepenucky: Cepren Imutpuesnd EnuxuH, sergep97@mail.ru.

Rheological properties of self-compacting lightweight concrete
mixtures on hollow microspheres

Sergey D. Epikhin, Aleksandr S. Inozemtsev
Moscow State University of Civil Engineering (National Research University) (MGSU);
Moscow, Russian Federation

ABSTRACT

Introduction. Self-compacting concrete (SCC) technologies are actively used in modern construction, which are developing
in the direction of lightweight self-compacting concrete (LWSCC) technology. The main advantage of LWSCC is to reduce
the weight of concrete and reinforced concrete structures while maintaining structural integrity, load-bearing capacity and
high mobility. The purpose of the study is to evaluate the rheology of the flow of the studied mixtures depending on the vary-
ing factors of W/C and the concentration of plasticizer Cpl and the ratio of filler (fractionated sand and quartz flour).
Materials and methods. The object of the study is concrete mixtures on hollow microspheres. The design average concrete
density is 1,400 kg/m?®. The following composition is presented: Portland cement, ceramic microspheres, complex silica
additive, fractional sand, quartz flour, hyperplasticizer and water. The results of studies of the rheological characteristics
of LWSCC were obtained. The key rheological parameters are shear stress and viscosity.

Results. Reducing the W/C increases the viscosity and shear stress of the concrete mix, regardless of the C,. A similar
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dependence is observed in compositions with variable Cp,. An increase in Cp, reduces the density of the mixture, reducing
viscosity and shear stress. The limiting value of C  is noted, when this value is overcome by rheological parameters of mix-
tures tend to zero as the volume of the additive increases. The evaluation of the rheology of mixtures using the Ostwald de
Waele equation shows the greatest importance of the W/C ratio for density and the possibility of changing the flow pattern
of mixtures from pseudoplastic to dilatant with varying studied factors. Replacing the fraction of fractionated sand with flour
from 100 to 0 % increases the density of the mixture by almost three times.

Conclusions. The results determining the possibility of changing the rheological nature of the LWSCC flow on hollow micro-
spheres with varying studied factors are presented. A comparative analysis of the obtained rheological curves is performed
using the Ostwald de Waele equation for heavy and light mixtures with hollow microspheres. The role of filler dispersion in
controlling the rheological properties of the studied LWSCC is considered.

KEYWORDS: self-compacting lightweight concretes, rheology, hollow microspheres, Ostwald de Waele equation, shear
stresses, water-cement ratio, plasticizer concentration
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BBEJEHUE

beToHHBIE TEXHOIOTHU B HACTOAIIEE BPEMSI 3aCITy-
KEHHO SIBIISTIOTCSI ONHUMH U3 IIPUOPUTETHBIX HAIlpaB-
JICHUH Pa3BUTHS CTPOUTEIHHOTO MAaTEPHAIIOBEICHHS.
Bosnbiryio monmynspHOCTh MOyYHIH CaMOYIUIOTHSIIO-
mmecst 6etons! (CYB) [1-3], uto 00ycioBieHo crrocoo-
HOCTBIO K CAMOCTOATEILHOMY PaBHOMEPHOMY 3aIlOJIHE-
HUIO IPOCTPAHCTBA B OnaryOke 6e3 JOTOTHUTEIEHOTO
BHEIITHETO BO3/I€HCTBUS U COXPAHEHUEM OZHOPOIHOTO
pacmpesneneHus: KOMITOHEHTOB BHYTpH (HopMEI [4, 5].

B mocnennue roxasl HaOMOmaeTcs TEHACHIUS
[0 CHIKCHHIO BeCa KOHCTPYKIMH B LENAX COKpaIe-
HUSI Harpy3KH Ha ee HecyIue 3JIeMeHThl. s 3Toro
YUCHBIMU-CTPOUTENIIMH aKTUBHO Pa3paldaThIBAIOTCA
TEXHOJIOTUH KOHCTPYKIIMOHHBIX JETKHUX OETOHOB, 00b-
SMHSIONINX B ce0e MPOTHBOPEUUBBIC CBOMCTBA, TAKHE
Kak: BBICOKAsl IPOYHOCTh M HU3KAasl MIIOTHOCTh. B nme-
OIIEMCSI MHPOBOM OITIBITE MOTY4EHHS TOJBHKHBIX JIET-
KHX OETOHHBIX CMECEH, Kak MpaBHIIO, MPUMEHSIIOTCS
BCITYYCHHBIC JIETKHE 3aM0JIHUTEIH, CBOWCTBA KOTOPBIX
OTPaHUYMBAIOT ITOKA3aTeH KauecTBa OeToHa [6—9].

Jlnst 6eToHHBIX cMecei, B ocobenHnoctu st CYB,
KITFOYEBBIMU TIOKA3aTeNIIMHU Ka4eCTBa ABJISIOTCS UX pe-
OJIOTUYECKNE U TEXHOJIOTHYECKHE XapPaKTEPUCTUKH,
a TaKkke 0OCOOCHHOCTH NMPOU3BOACTBA. TPagUIIIOHHO
i orrcanus peonormu CYD ncnons3yioT mpenen te-
KY4YECTH TIPU CABHIE T, M TUIACTHIECKYIO BA3KOCTD L.
[IpoBeneno MHOXECTBO mccuenoBaHuid [2, 10-15],
B KOTOPBIX JE€MOHCTPUPYETCSl BIMSHUE TaKuX (ak-
TOpPOB, KaK BHJbI IEMEHTA, 3aMOJHUTENCH, 100aBOK
1 BOJIOKOH Ha PEOJIOTHIO OETOHHOM cMecH, TaKKe ycTa-
HOBJICHBI OCHOBHBIE TapaMmeTpsl kadecTBa 111 CYb.
B paGore [2] moka3aHo, 9TO BTOPHYHOE HCITOTH30BAHNUE
nepepaboTaHHOTO 3aMOTHUTENS B OETOHE CITOCOOCTBYET
KaK YBEJIMUEHHIO TIpeJieia TeKyIeCTH, TaK 1 TIacTHUe-
CKOM BSI3KOCTH. Mcrionb30BaHKE 3051b YHOCA C HU3KUM
conepxanneM Kaipnus (Mmeree 10 %) 1 H3METBFICHHO-
TO TPaHyJIMPOBAHHOTO JIOMEHHOTO IIJIAKa CIIOCOOCTBYET
CHIDKECHUIO YKa3aHHBIX [TOKa3aTelIeH, 4TO 00BSICHAETCS
3¢ HEKTOM MIAPUKOTOANIUITHIKA YaCTHII C(hepruecKoi
(hOpMBI M MEHBIIEH XUMHYSCKONH aKTUBHOCTH IJIaIKOH
MOBEPXHOCTH 3EPEH 10 CPABHEHUIO C MOPTIIAH/IIIEMEH-
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TOM cooTBeTcTBeHHO. OOpatHIii 3 dekT HabmomaeTcs
IIPU TIPIMEHEHUH 30J1bI YHOCA C BBICOKHM COZIEPKAHU-
€M OKCHJA KaJbIHs, YTO CBSI3aHO C HEPETYISIPHBIMU
pasMepamu U STYeUCTON CTPYKTypoil yactull. Beenenue
Pa3IUYHBIX BUOB BOJIOKOH, Pa3MepoB, (OPMBI M KOITH-
YecTBa CIIOCOOCTBYET yBEIMUCHHUIO IPEJieia TEKyUeCTH
U TTACTUYECKOM BA3KOCTHU. VIcIonp30BaHUEe TUTACTH(H-
UPYIONNX 100aBOK 3aKOHOMEPHO YMEHBIIAET BEIIH-
YUHY PeoNOTHYecKuX mokasareneit [15]. Ocobas ponb
MOJTMKapOOKCHUIIATHBIX TUTACTH(UKATOPOB B XapaKTepe
TEUYEHHUs LIEMEHTHO-MUHEPAIBHBIX CMECEH MOKa3aHa
B myOnukanusax [16, 17].

B pabote [18] uccrenoBanu peorornyeckue xa-
PaKTepUCTHKH OETOHHOW CMECH MPH YaCTUIHOH 3aMme-
HE IIEMEHTa IOJBIMU CTEKISIHHBIMH MUKpochepamu.
'YcraHOBIIEHO, UTO OETOHHASI CMECh, COAEPIKAILast TOJIbIC
CTEKJIIHHBIE MUKpOC(hEpHI B KonudecTBe 5 % OT Macchl
BSDKYIILIETO, UMEET OoIree BRICOKHI CTaTUUECKUI 1 AWHA-
MHYECKHUH MPesielT TEKyUEeCTH U 00Jiee HU3KYIO BSI3KOCTb,
4yeM KOHTpOIIbHas cMech (6e3 mukpocdep). Hagamo te-
YeHHUS TaKoH OSTOHHON CMECH U eT0 TIO/AepKaHNe TIPO-
HCXOANT TIpH 00J1€€ BEICOKUX HANPSKEHNSAX CABUTA.

HecmoTpst Ha CylIeCTBYIOIIMI ONBIT IOIYYEHHUS
CaMOYIUTOTHSIIOLINXCS JIETKUX OETOHOB, TOJIOKUTEIb-
HBIC PE3YNbTaThl CBOHCTBEHHBI, KaK IIPABIIIO, COCTABAM
CO CpeIHeH TIOTHOCTRIO He Himke 1800 kr/m?. TTpu atom
PEONIOrNIeCcKHE XapaKTEPUCTHUKH CaMOYILIOTHSFOIIUXCS
OGETOHHBIX cMecelf BO MHOTOM OCTAalOTCS HEM3YyUEHHBI-
MH, 0COOCHHO JJIsl COCTABOB C OOJBIINM COZIEpKaHNE
JIETKOTO 3alOJTHUTENS. B CBSI3M C 3THM BO3HUKACET 3a-
KOHOMEpHas 3a/1a4a M0 YCTaHOBJICHHUIO PEOTOTHUECKIX
MapaMeTpoOB CaMOYIUIOTHSIIOIINUXCS JIETKUX OETOHOB
C HU3KOH CpeaHel IUIOTHOCTHIO (BEICOKOHAITOTHEHHBIX
JIETKUM 3aTIOJTHUTEIIEM ).

MATEPHWAJIBI U METO/JAbI

OOBeKT uccaenoBaHnus — JeTKue OETOHHBIE CMe-
CH Ha MOJIbIX MUKPOC(epax, BKIIOUAIOIIIE CICAYIOIHe
KOMITOHEHTHI [3, 19, 20]:

» noptnanauement LIEM I 42,5 (TIL]), cooTBet-
ctBytomuid Tpedoanusm 'OCT 10178-85 (xumuko-
MUHEPATOTUYECKUAN COCTAB MpeACTaBiieH B Tabm. 1);
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* KOMILIEKCHasi KpeMHe3eMucTast jobaBka Frem-
Silica-2 (MKM), cootBerctBytomas TY BY 190669631.
001-2011MK-85';

* kepammueckue Mukpochepsr (MC) ForeSphere?,
CBOMCTBa KOTOPBIX NIPUBECHEI B Ta0M. 2;

* (paxmmonssIii mecok (I1 q)) ¢p. 0,16-0,63 mm;

* kBapuesas myka Il , koTopas mpencraBiseT
€000 TOHKHI TIECOK, MOIYYCHHBIH ITyTeM IMOMOIIa
bi (o) Syﬂ =700 £ 20 m?*/kT;

* nosimkapOokcuIaTHbI ractudukarop Melflux
2651F°;

* BOJA.

CooTHoIIEHHE KOMIIOHEHTOB CMECH COOTBETCTBO-
BAJIO MPOEKTHOI cpeHelt moTHocTH OetoHa 1400 kr/mv?®.

B kauecTBe IPOTOTUIIOB AJISI CPAaBHUTEIBHOMN
OIICHKH CBOMCTB UCCIICYEMBIX JIETKUX OCTOHOB HC-

! FremSilica. URL: http://www.frem-corp.ru/produktsiya/
dobavki-v-beton/modifikatory/frem-silica/

2 ForeSphere. URL: https://foresphere.com/catalog/alyumos-
ilikatnye-mikrosfery/

3 EBPOXUM-1 ®YHKIMOHAJIbHBIE JJOBABKU.
URL: https://www.eurohim.ru/catalog/dobavki-dlya-suhih-
stroitelnyh-smesej/dobavki-dlya-suhih-stroitelnyh-smesej/
superplastifikatory/melflux

Taou. 1. XuMIuecKuii 1 MUHEPaJIOTHYECKUH COCTaB KIIMHKEpa

M0JIb30BaHbI COCTaBbl CaMOYILIOTHSIOIETOCS TSHKENO-
ro 0eTOHa, OTIIMYAIOIINECS COJePKaHUEM BOJIbI U TlIa-
crudukaropa: npororun / — B/I1 = 0,5, C = 1,4 %;
npororun 2 — B/I1 = 0,45, C = 1,2 %. CootHouieHne
KOMITOHEHTOB B UCCJIEyeMbIX OETOHHBIX CMECSIX yCTa-
HaBJIMBAJIOCh B COOTBETCTBHU C TalI. 3.

Hccnenyemblii cocTaB JIETKUX OETOHOB BKJIIOYAET
MUHepalibHYI0 (asy pa3IuIHON JUCIIEPCHOCTH — KBap-
LEBBII MECOK: (PPaKIMOHNPOBAHHBIA U TOHKUH (MYKa).
BapbupoBaHue COOTHOIICHUS] TOHKOW U (hPaKIIUHOHUPO-
BaHHOI yacTuIl (Tabi. 4) mecka Mmo3BOJISET MPOCICIUTh
BKJIaJl KOMITOHEHTOB MJICHTHYHOTO MUHEPAIBLHOTO CO-
CTaBa B paclpeseieHue BOJbl B IUCIIEPCHON cHCTEME
NPY [TOCTOSIHHOM PAacXojIe BCEX COCTABIISIFOLINX JIETKOTO
Oerona (tadu. 3), B/L1=0,5u C = 1. OGwee obbemHOE
coziep)KaHne KBapIeBbIX KOMIIOHEHTOB B CMECH JIETKOTO
Gerona cocrapyser [T+ 11 0= const = 8,7 %.

Juist uccne1oBaHus PEOIOTHYECKUX CBOMCTB JIer-
KHX caMmoyIuioTHstonmxcs 0etonos (JICYB) paccmo-
TPEHO BJIMSHHE B paMKaXx JBYX(aKTOPHOTO KOMITO3HIIHU-
OHHOTO IUIaHa YKCIIEPUMEHTOB, I7Ie B KA4Y€CTBE BapbH-
pyeMmbIX (GakTopoB BHIOpaHbI X| — KOJMYECTBO BOJIBI
(B/IT) n X, — ronuenTpanus muactuduraropa (CI, %
0T Macchl eMeHTa). OCHOBHBIC YPOBHHM COCTaBHIIN

Oxcnpl MuHepaib
CaO SiO, AlLO, Fe,O, MgO SO, Na O CS CS CA CAF
66,0 21,2 5,1 4,1 0,75 0,56 0,58 68,2 8,2 6,4 12,6
Ta6u1. 2. CoiicTBa NoNbIX Kepamuuecknx Mukpocdep ForeSphere
CgoiicTBO 3Hauenue
HacpInHas IOTHOCTB, KI/M? 320-370
HcTrHHAS IOTHOCTE, KI/M3 580-690
CpenHuii pa3mMep 4acTHUll, MKM 100
TonmHa cTeHOK MHKpOChEpb, MKM 2-10
TT0THOCTH MaTepuaa CTCHKH, Kr/m 2500
IIpenen mpounoctu Ha cxxatue, MIla 15,0-28.,0
TeepmocTs mo mkaixe Mooca 5-6
Taou. 3. CooTHOIIEHNE KOMIIOHEHTOB HCCIIEAYEMBIX cMecei
Oo6bemHOE comepxanue, %
Cocras
TI1IT MKM I, I, MC
Jlerkuii 6eton 20,0 3,1 2,2 6,5 46,4
Iporotun / (TsoKENBIH GETOH) 20,0 3,1 14,1 41,0 0,0
IIpototun 2 (TspKenbiii 6eTOH) 20,0 3,1 14,1 41,0 0,0

Tatu1. 4. O6beMHOE COnePKaHHE KOMITOHEHTOB MUHEPAITBHOH (pasbl B HCCIEAYEMBIX CMECSX MPH pasinaHoM coorHomenwn [T /T,

OobemHoe conepxanue [1 , %
M

KommonenT
0/100 25/75 50/50 75/25 100/0
Ksapuesas myka Sp 0,0 2,2 435 6,5 8,7
DpaKkIMOHUPOBAHHBIN M1ECOK S /. 8,7 6,5 4,35 2,2 0,0
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sHadenus 0,5 u 1,4, uarepBans! BapsupoBanus — 0, 1
n 0,4 % COOTBETCTBEHHO.

Juist u3ydeHusi CBOMCTB HCCIEAYEMbIX OETOH-
HBIX CMECEH MPUMEHSIICSI METOJ MaTEMaTUYECKOTro I1a-
HUPOBAHMS 3KCIIepuMeHTa. Vcronp30Bana cieyiomas
CTaHAapTHas ABYyX(aKTOpHAast MOJIEIb!

Y:f(X,,XZ)ZBO+Bl-X1+Bz~X2+
+B,-X,,+B,- X +B,,-X].

1x2

[Touck ko3(p(ULHEHTOB ypaBHEHUs MO3BOJHII
YCTQHOBUTH 3aBHCHUMOCTH IIapaMeTpoOB KauecTBa Y
OT TIEpEMEHHBIX (pakTOpoB (X, M X)), 4TO TMO3BONIAET
3HAUYNUTEIFHO COKPATUTH KOJMYECTBO IKCIIEPHMEHTOB.

HccnenoBanue peoslornyeckux CBOMCTB BBIMON-
HSJIOCH TI0 BSA3KOCTH M HANPSKEHUIO CIBUTA OCTOH-
HOM cMecH ¢ MPUMEHEHHEM POTAIIMOHHOTO BHCKO3H-
merpa MCR 101 (puc. 1). Metoguka onpeaeneHus
PEOJIOTHYECKUX MapaMeTpPoB 3aKIIYaeTCs B U3Me-
PEHHHM MOMEHTA CONPOTHBIICHHS HCIBITHIBAEMOH Oe-
TOHHOH CMECH MEePEMEIEHUI0 N3MEPUTEIbHON CUCTE-
MBI, TIOTPY>KEHHOH B cMecCh. 3MepuTenpHas cucrema
MIPEACTaBISACT cO00I METATMYECKUN TIap AUaMETPOM
8 MM, coBepmIarOmuil OpOUTaNIbHOE TEepeMelIeHue
C IMHEHHBIM MPUPALICHAEM CKOPOCTHU CIBUTA JI0 BEJIH-
unHel 1 ¢! B Teuenue 60 c.

VcnpITaHus OCYIIECTBISUINCH COIVIACHO CIIC/TYTO-
IIeMy alropuTMy: 1) TOMOTCHH3AIMSI CyXHX KOMITOHCH-
TOB cMecH; 2) T00aBJICHNE BOIBI C PACTBOPCHHBIM ILIA-
ctupukaTopom; 3) mepeMennBanue OETOHHON cMecH
cormacao ['OCT 30744; 4) 3amonHeHne UCTIBITATETBHON
YalIi BUCKO3UMETPa, MO3UIIHOHUPOBAHIE NU3MEPUTEIb-
HOW CHUCTEMBI B HYJIEBOE IIOJIOKEHHE, CTAOMIM3aLNs
CUCTEMBI (TIPOJOJDKUTEIBHOCTh 9 MHH); 5) U3MEpCHHE.
[TonHoe BpeMst IpOBEICHUSI UCTIBITAHUSI OETOHHOW CMe-
CH TIOCJIE €€ MPUTOTOBJICHUS COCTaBIAET 22 + 2 MUH.
W3mepeHus: poOBOAMIINCH B JIBa TIOBTOPEHUS C ITPOMeE-
JKyTOYHBIM 3TAIlOM TOMOTeHu3armu. [lociie ucrpITanus
0eTOHHAsI CMECh ITOJBEPraIach MOBTOPHONW TOMOT€HHU3a-
LMK ¥ yKJIaJKe B ()OPMBI O€3 YIUIOTHEHHMSI JIJIsS U3TOTOB-
JICHUS CTaHAapTHBIX 00pa3uoB-npusM 40 x 40 x 160 Mm.

PE3VYJIBTATHI HCCJIEJOBAHUA

Jlyis KaJI0r0 COCTaBa B COOTBETCTBUU C BBIIIC-
YKa3aHHBIM [UIAHOM JKCIIEPUMEHTOB IMOJIyYEHBI pe-
OJIOTUYECKHE KPUBbIE, OMUCHIBAIOIINE 3aBUCHMOCTD
BSI3KOCTH M HAIPSDKEHHsI CABUTA OT CKOPOCTH CIIBUTA
(puc. 2).

B coorBeTCTBMM ¢ MHOIOTOYEYHBIM IIAHOM JKC-
MICPUMEHTA MOJTYYCHHBIC IPAQHUKHA PEOIOTHICCKUAX KPH-
BBIX MOXKHO CTPYIITAPOBATh IO TUAMA30HAM BSI3KOCTH,
B KOTOPBIX MPOHMCXOAUT U3MEHEHHE IPU YBEIHUCHUN
ckopoctr capura. Hanbomsiryto Bs3kocts (1> 100 [Ta-c)
nmerot coctassl ¢ B/L < 0,4, mpu B B/L] = 0,5 Bsi3KOCTH
n3Mensiercs: B nuanasone ot 40 mgo 90 Ila-c, a Tperbro
rpyriy (GOpPMUPYIOT COCTaBbI, BI3KOCTh KOTOPBIX HE IIpe-
Beimaet 25 Ia-c (puc. 2, a).
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Puc. 1. OnpeneneHue BA3KOCTH U HATIPSDKEHUS CIBUTA OETOH-
HO# cMecH Ha MOJIBIX MUKpoc(epax ¢ IMOMOIIBI0 POTAHOH-
Horo Buckozumerpa MCR 101

Cocrassl niepBoit rpymmsl (B/1] < 0,4) xapakrepu-
3yI0TCSI HAaMOOJIbIIIeH TYCTOTON ¢ pa3KMKEeHUE IIPU yBe-
JUYEHUH CKOPOCTH caBura 110 Bsazkoctu 400-800 Ila-c
(puc. 2, a). dna cmeceit ¢ B/ = 0,36 u C}1 =14%
u B/I1 = 0,4 u C = 1,0 % npu HavanbHBIX CKOPOCTAX
CIBHUTa HAOIIONAETCsl HHTCHCUBHOE PAa3KMIKEHHE —
BA3KOCTh MHTCHCHUBHO yYMCHBIIAETCS, CMEHAACH CO-
MOCTAaBUMBIM yBenunueHueM. [lomoOHoe mosenenune
JIMCIIEPCHON CHCTEMBI CBSI3aHO C BBICTPAMBAHUEM
CTPYKTYPHBIX JIEMEHTOB O/ ICHCTBUEM CJIBUTAOIIIE-
TO YCHJIUS ¥ TIOCIIEAYIOIIUM UX YIUIOTHEHUEM B CBS3U
C YMCHBUICHHUEM PACCTOAHHUA MEKAY 3€pHAMU JUC-
nepcHoit ¢aspl. Tlociae 10CTUKEHUS CKOPOCTH CABHIra
6omee 0,1-0,15 ¢! BA3KOCTHh CHUKACTCS, YTO CBA3AHO
C MPEOAOJICHUEM IMOPOra CONPOTUBICHHS TEUEHHIO.
Bounpimit 00beM cMecH B 3TOT MOMEHT BPEMEHH TIpH-
oOpeTtaet aBKeHue. Takke JJIsi ’TUX COCTAaBOB MOXKHO
BUJICTh Y4aCTKHU ITPOTUBOIIOIIOKHOTO U3MEHEHUS BSI3KO-
CTHU U HAIPSHHKECHUA CABUTa NIPHU YBEJINMYCHUUN CKOPOCTHU
caBWra npu 3Ha4eHusx okoio 0,3 u 0,6 ¢'. D10 00B-
SCHSIETCSA HAPYIICHUEM CIUIONTHOCTH BCIIEICTBHE CO3-
JIaHUS MyCTOT BHYTPH 00bEMa cMecH, 00pa30BaBIINXCS
13-32 BBICOKOH T'YCTOTHI U, KaK CIIEJICTBHE, HU3KOH ee
CIIOCOOHOCTH K 3aIlOJIHEHHIO CBOOOJHOTO NMPOCTpaH-
CTBa, KOTOpasi pOpPMUPYETCS MPH ABMIKEHUH HU3MEPH-
TENBbHOM CUCTEMBI («IIIap» BUCKO3UMETPA).

3aKOHOMepHI)IM ABJIACTCA YBCIIMUCHUC BA3KOCTHU
1 HaIIPSDKEHUS CIIBUTa IPpH cHIDkeHun B/L] oTHOmIEHNS
BHE 3aBHCHUMOCTH OT KOHLEHTPALUHU TIACTH(HUKATO-
pa. AHAJIOTHYHYO 3aKOHOMEPHOCTh MOJKHO OTMETHTh
JUIsSL COCTABOB C BapbupyeMoii C , yBelnueHre KOTOpOi
MPUBOJUT K CHUKCHHIO T'YCTOTBI CMECH, BBIPAXKCH-
HO MEHBIIEH BEJIMYUHON BA3KOCTU U HAIPSKEHUS
casura. [Ipu sToM HabmOmaeTcs mpenei A KOHIICH-
Tpalyy IIACTU(HUKATOPA, KOT/J]A €r0 KOJIUIECTBO Mepe-
CTAeT OKA3bIBATh BIMSHHE HAa UCCIIETyEMbIC PEOTOTHYE-
ckue rokasarenu. Tak, Ha cocraBax ¢ B/Ll oTHomeHnnem
0,5 BUIHO, 4TO M3MEHEHUE KOHIIEHTPALUH T00aBKH 60-
nee C > 1,4 % He oTpakkaercs Ha rpaduKax 3aBUCHMO-
CTH BA3KOCTHU U HAIIPSXKEHUA CABUT'Aa OT CKOPOCTU CABU-
ra (puc. 2, b). To ecTb U3MEHUTH PACIIPEIETICHUE BOIBI
B CHCTEME yBEINYCHHEM KOJIMYECTBA IUIACTH(HUKATOPA
Oonee HeBO3MOKHO. CpaBHEHHUE TPAPHUKOB I OCTOH-
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A B/11=0,40; C = 1,0 %;
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< Tpororur 1;
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Puc. 2. I'paduk 3aBucUMOCTH BS3KOCTH (@) M HaNpspKeHUs caBura (b) OT CKOpPOCTH CABUTA JUIS JIETKMX OGTOHHBIX cMeceit

Ha I1OJIBIX MPIKpOC(i)ean U TSDKEITBIX OETOHHBIX CMECSX 1IpyU BapbUPOBAHUHU B/H OTHOLICHUA U KOHIICHTpaun HJIaCTI/I(i)I/IKaTOpa

HbIX emeceit ¢ B/LL=0,5u C, = 1,4 %, Ho pa3Ho#l mioT-
HOCTH TTOKA3bIBACT, YTO COCTAB 0€3 MOJIBIX MUKpOCHEp
(mporoTHIl /) UMEET MEHBIIYIO BI3KOCTh U HAIIPSKCHHE
C/IBUTA, a TAKXKE XapaKTepU3yeTCsl pPABHOMEPHBIM UX U3~
MEHEHHUEM, UTO CBUJICTENILCTBYET O JyUlllel TeKy4eCcTH
U CIUIOIIHOCTH CHCTEMBI. DTO MOXKET OBITH CBSI3aHO
C BIIUSTHUEM JICTKOM JUCTICPCHOM (ha3bl (TIOJIBIX MHKPO-
ctep), KOTOpasi IMEET MCHBIIUI pa3Mep U IIOTHOCTh
[0 CPAaBHEHHIO C 3aMEHSIEMbIM KBapIleBbIM MECKOM.
Takum 00pa3oM, TOHKHE YaCTHUIIBI JICTKOTO 3AIIOJIHUTE-
751 TpeOYIOT OOJBIIEC BOJBI, @ UHTCHCUBHOCTD TCUCHHUS
YMEHBIIIAETCSl MPONOPIUOHATBHO TPABUTALIUOHHOMY
BO3/ICHCTBHIO, 3aBUCSIIEMY OT INIOTHOCTU. OIHAKO CO-
CTaB TSDKEIIOTro OCTOHA ¢ YKa3aHHBIM COOTHOIICHHEM
B/l u C}1 CKJIOHEH K OTJICJICHUIO BOJIbI, YTO CBUJIECTEIIb-
CTByeT 0 c¢e n30bITKe. CHIKCHUE BEIIUYUHBI BApbUPYE-
MbIX (akropos 10 B/L[ = 0,45 u C = 1,2 % nossoanno
MOJYYHUTh MPOTOTHIT OTHOPOIHOM CMECH TSHKEIIOTo Oc-
ToHa. O4YeBUAHO, YTO BSI3KOCTh U HANPSKEHUE CIIBUTA
TAaKOTrO COCTaBa BBIIIE U MOTYT BBICTYIIAaTh B KaueCTBE

OPHEHTHPOBOYHBIX AUATIA30HOB IS TIOJyYESHHUST OHO-
pOIHOM cMecH.

I'pynmy OeTOHHBIX cMecell ¢ BSI3KOCTHIO MEHEe
25 Tla-c ¢popmupytot cocrasl ¢ B/I] = 0,6. I'padukn
BSI3KOCTH M HANPSDKEHUS CIBUTA HE MMEIOT Pa3InyH-
MBIX OTIIMYHH TIPH BAPHUPOBAHWN KOHIIEHTPAIINH TITa-
cTuduKaTopa.

CpaBHUTEJBHBIIN aHAIN3 IOy YEHHBIX PEOJIOTHYIE-
CKUX KPUBBIX HAMPSKEHUS CIIBUTA OT CKOPOCTH C/IBUTA
(puc. 2, b) MOXXHO BBITIOITHUTH C UCTIOIE30BAHUEM yPaB-
geuanst OcTBanbaa — Beis:

=k,

IJe T — HanpspKeHUe cIIBUTa; k — IoKa3areib KOH-
CHCTEHIINH; Y — CKOPOCTH CIBHIa; /I — IIOKa3aTelb,
XapaKTepU3YIOMUi TUI TedeHus (n < 1 — mncepaoma-
CTHYECKOE T€UCHHE, 71 > | — IUiIaTaHTHOE TEUCHNE).
[NomyueHHBIE peoNOTrHYeCcKHe yPAaBHEHNUS TSI KaXK-
JIOTO COCTaBa, COMIACHO IJIaHy 3KCIEPHUMEHTa, HC-
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I10JIb30BaHBI JUIsl YCTAHOBIIEHUS! YPABHEHUHN PErpeccuu
Y=fX;X):

Y, =47,0-390,9-X, -37,0- X, +

+64,6- X, X, +294.3- X} +7,4-X3;
Y, =0,966-0,077- X, + 0,029- X, —0,063- X, X,,

rae Y, — xoopduunent k u3 ypapuenns OcTBasb-
na — Beiins; Y, — xo3QpQuuHEHT n U3 ypaBHEHHS
OcrtBanbaa — Betis.

AHanu3 NOJIy4eHHBIX YpPaBHEHHUH MOKa3bIBACT,
49T0 KOA(PPUIMEHT TYCTOTH k mMeeT Ooiee 3HAYH-
TelIbHOE M3MEHeHue oT BapbupoBanus B/I] oTHo-
IICHNUs, YeM KOHIeHTpauus nobdasku. [lpn sTtom oba
3THX (aKTopa CrocOoOCTBYIOT YMEHBIICHUIO BEINYH-
HBI 3TOr0 KpuTepust. OTMETHM TOJIOKUTEIbHBIN 3HAK
ko3ppunuen-tos B, B | u B,, ypaBHenus Y,. 910 cBu-
JIETEJILCTBYET 00 M3MEHEHUH XapaKkTepa Kak B3auMHOTO
BIMsiHUS X| U X, TaK U TIPU CYIIECTBEHHOM yBeJnYe-
HUM WX 3HaueHus. To ecTh Kak M30BITOK KOJMYECTBA
BOJIbI M TUTACTH(HUKATOPA, TAK U B3AaUMHOE UX BINSHHE
MPUBOJIUT K YBEJIHUYEHHUIO I'yCTOTHI OETOHHON CMECH.
[Togo6HOE MOXKHO OOBSICHUTH HapYLIEHUEM OJHOPOI-
HOCTH JHCIIEPCHBIX CHCTEM, KOTAa MPEBBIIIEHNE MO-
POTOBOTO KOJIMYECTBA BAPbUPYEMBIX (PaKTOPOB IPH-
BOJIUT K HapyIIeHHIo OanmaHca Boabl. B Takom ciydae
HaOJoaeTest OTAEICHUE BOJIBI U, KaK CIIEJICTBHE, pac-
CJIOEHUE CMECH, YTO MOXKET OBITH CBS3aHO C YMEHbIIIC-
HUEM TOJIIMHBI BOJHOW MPOCIONKN M yBEJINICHUEM
TPEHUSI MEKAY TBEPABIMU YaCTUIIAMH.

VpasHenue Y, 1eMOHCTPUpPYET BEIUIUHY K03(pdHu-
muenTa n < | pu 3HaYeHUsIX BapbUPYEMBIX (DaKTOpOB,
COOTBETCTBYIOIINX OCHOBHBIM YPOBHSAM BapbUPOBAHUS

(B, = 0,966). To ecTh Takas quCrepCHas CHCTEMA Xa-
paKTepU3yeTCsl ICEBAOIIACTUYECKUM TeUEeHHEM, KOIa
OeToHHAast cMeCh HaYMHAET TE€Yb NMPU MUHUMAaJbHBIX
3HAYEHUAX CIBHUTOBBIX HArpy3oK, a ¢ yBEJIMYEHUEM
CKOPOCTH CJIBHTa HAIPSDKCHNE C/IBUTa U3MEHSIETCSI C 3a-
TyXaroLEed HHTEHCUBHOCTBIO. YCUJIEHHE 3TOMY PEOJIO-
rudeckoMy rnosezeHuro npuaaet B/I] otHomenue u ero
COBOKYITHOE€ BJIMSIHHE C TIACTU(QHUKATOPOM, O YEM CBU-
NETENBCTBYET 3HAK «—» Mepesl kKodppuuuenTamu B,
u B ,. B 10 e BpeMs k03 QUIHUEHTHI ypaBHEHHUS, OT-
pakarolye BIUSHUE HCCIIeTyeMbIX (PaKTOPOB, IIOKa3bI-
BAIOT BO3MOKHOCTb H3MEHEHHS KpUTEPHS Y, B 00MacTh
n > 1. To ecTh Xapaktep Te4eHUs OCTOHHOW CMecH
B 3aBUCHUMOCTHU OT BenuuHbl B/L] OTHOIICHUS U KOH-
LEHTPAIMHU IJIacTU(PUKATOPA MOKET MEHSTHCS Ha M-
JaTaHTHBIA. B Takoll cucteme 1eMEHTHO-MUHEpalb-
HOe TecTo (OpPMHUPYET MPOCIONKY MEXKAY YaCTUIIAMU
JIUCTIEPCHOH (a3bl, CIOCOOCTBYS CHIDKEHHIO TPCHHUS,
a C yBEIIMYEHUEM CKOPOCTH CIIBUTa HAIPSHKEHNUE CIIBH-
ra U3MEHAETCA C PAacTyIlel HHTeHCUBHOCTHIO. Kak Bua-
HO U3 ypaBHenus Y, = fiX; X)), kio4eBbiM (paKkTopoM,
CHOCOOCTBYIOLIMM CTPEMIICHHIO K TAKOMY TTOBEJICHHIO
HCCIIElyeMOH TUCIIEPCHOM CHCTEMBI, SIBISIETCS] KOHIIEH-
Tpanms miactTudukaropa (kodduiment B,).

Taknum 06pa3om, MOTy4IEHHBIE MOAEITH MTOKA3bIBA-
0T CIIOKHBIN XapakTep BIMSHUS UCCIETyeMbIX (haKTo-
POB Ha PEOJIOTHIO JIETKMX OCTOHHBIX CMECEeH, KOTopast
TpeOyeT KOMIUIEKCHOH ONTHUMHU3AIMH 110 TI0Ka3aTelIsiM-
aHTaroHucram. Ilpu 3ToM B KauecTBe LEJIEBOrO aHAJIO-
ra Mo XapakTepy TeUCHHUs] cMecelf 000CHOBAHO CUMTATh
CaMOYTUTOTHSTIOIITUICS] METTKO3EPHUCTHIN TSHKEIBIN Oe-
ToH. Tak Kak Te4eHHe CMecei ompenensieTcs ocoOeH-

90
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Puc. 3. Peonoruueckne KpuBbIe TEUECHHS JETKUX OCTOHHBIX CMecei C BapbUPOBAHIEM COOTHOUICHHUS (PPAKIMOHHOTO MECKa

u kBapueBoil myku (B/LL=0,5u C, = 1,4 %) n Tsixenbix 6eTOHHBIX cMeceit
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Taou. 5. [Tapamerps! ypaBHeHui OcTBasIbAa — Beiinis, OnuChIBalOIUX PEOIOrHYeCKrUe KPUBbIE TEUCHNUS JIETKUX OCTOHHBIX CMe-

cell ¢ BapbUPOBaHUEM COOTHOLIEHHS (DPAKIIMOHHOTO MecKa 1 KBAPLEBOH MyKH

Koadpunmentsr /L
ypaBHeHus: OcTBanbaa — IIpororun / IIpororun 2
Beiins 0/100 25/75 50/50 75/ 25 100/0
k 35,4 49,9 57,7 62,0 102,9 31,2 71,7
n 0,94 0,97 0,94 0,97 1,07 0,68 0,63

HOCTSIMHU pacIipe/iesieHus BOoJbl (IIPU MPOYHUX PABHBIX
PELENTYPHBIX YCIIOBHSX), TO, IOMUMO €€ KOJIN4YeCTBa,
BaXHEHIINM (pakTOpOM SIBIISIETCS] CyMMapHasi II0IIa1b
MMOBEPXHOCTH CYXHX KOMIIOHEHTOB. Poib mucmepcHo-
CTH B yNPABICHUH PEOJOTHYECKUMH CBOMCTBAMH HIC-
CIeIyeMbIX OCTOHHBIX CMECeH MPOJeMOHCTPHUPOBaHa
Ha puc. 3 u B Ta0m. 5.

Ha puc. 3 3akoHOMEpHO HAOIIFOMACTCS YBEITMUCHHE
TYCTOTHI OCTOHHOW CMECH TIPH YBEITHMYCHUH IO KBap-
LIEBOM MYKH, YTO OTPaXKaeTCsi B MPOIOPIMOHAIBHO OOIIb-
IIMX 3HAYEHMSIX HATIPSHKCHUS CIBUTa. DTO TAKKE 3aMETHO
0 U3MCHCHUIO KO3 hHIeHTa k B ypaBHEeHUsIX OCTBAITb-
na — Beins, nomyyeHHbIX 1715 KaX /101 U3 KpUBbIX. Bua-
HO, YTO 3aMeHa 10NN (PPAKIMOHUPOBAHHOTO TIECKa MYKOM
co 100 1o 0 % crocoOCTBYET yBEIMUICHHIO KO PHITHEH-
TaTyCTOTHI TOUTH B 3 paza — ¢ 35,4 o 102,9. VkazaHHBIH
JTana3oH 0OBACHIETCS 3aTpadrBaHUEM BOIBI HA CMavH-
BaHWE OOJNBINEH CyMMapHON IUTOIMIAIN MOBEPXHOCTH
KBapIieBOif YyacTu. V3MeHeHre BeMMIUHbI KO3((HUIIHEeHTa
1 CBUJICTEIILCTBYET 00 M3MEHEHUH XapakTepa TCUCHUS
OT TceBomIacTHIeckoro (n < 1) k aunmarantHomy (n > 1)
TIPH YBEJIMHYEHHH JI0J TOHKOTO KoMroHeHnTa I1 , uto 00nb-
SICHSIETCS 3aMEHOM KBapIEBOTO TECKa, SBISIFOIETOCS
JTUCTICPCHOM (pa30ii, Ha KBapIICBYIO MYKY — COCTaBHYIO
9acTh [IEMEHTHO-MHHEPAILHOTO TECTA.

3AK/IIOYEHHUE U OBCYXKJIEHHUE

[Mony4eHHble pe3ynbTaThl HO3BOJSIOT CHOPMyITH-
POBaTh CIIEAYIOIINE BBIBOJIBL:

* OICHKA PEOJIOTHUH TEUECHUs MCCIEIYEMbIX CMe-
ceil ¢ momorpio kodddurmenToB ypapaeHns OcTBab-
na — Beiinsg nokassiBaet, uto B/L] oTHOIIICHHE SIBIISIETCS
Goree 3HAYNMBIM (DAKTOPOM Ha TYCTOTY OETOHHOI cMe-
cH k, 9eM KOHLIeHTparus Iactudukaropa. [Tpu sTom 3axo-
HOMEPHO HaOJIONAETCsI CHIYKEHHUE TYCTOTHI MCCIIETYEeMBIX
JIMCTIEPCHBIX CUCTEM ITpH yBe4yeHun kak B/Ll, Tax u CH;

* TIOJTydEHHbIE YPAaBHEHUsI PETPECCHH JUIsl TOKa3a-
Tens n B ypaBHeHUH OcTBanbaa — Beiins neMoHcTpupy-
10T BO3MOXKHOCTh M3MEHEHHMS XapaKTepa TEUCHHsI CMe-
ceif ¢ nmeesnorutactTuyeckoro (n < 1) Ha AMIATaHTHBINA
(n> 1) Ipu BapbUPOBAHUHU HCCIIETYyEMBIX (hPaKTOPOB;

* 3aMeHa JI0JM (PaKIMOHUPOBAHHOTO TeCKa MyKOH
co 100 10 0 % crocoOCTBYeT YBEIMUCHHIO T'YCTOTBI TOYTH
B 3 paza, 4To 3aKOHOMEPHO OOBSICHSETCSI OONBIIEH CyMMap-
HOM IUIOLIA/IBIO TOBEPXHOCTH KBAapLIEBOH YaCTH B CMECH.

IlepcriekTnBOM pa3BUTHSI TEMBI ABISIETCS YCTAHOB-
JICHNE BIMSHUS MCCIEAyeMbIX (PakTOpOB Ha OJHOPOI-
HOCTB CMecel U IPOYHOCTHBIE CBOWCTBA 3aTBEP/ICBIIIETO
0eToHa, MONCK M YCTAaHOBJICHUE NTapaMETPOB U TPaHHY-
HBIX 3HAYEHUH pacclOeHUs MOCIe BHEIIHEro BO3/ei-
CTBUSI HA OETOHHYIO CMECh Nepesl (POPMOBAHHEM.
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INTRODUCTION

Concrete technologies are now deservedly one
of the priority areas of development of construction
material science. Self-compacting concrete (SCC) has
become very popular [1-3], which is due to the ability to
fill the space in the formwork uniformly without additional
external influence and maintaining a homogeneous
distribution of components inside the mould [4, 5].
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In recent years, there has been a tendency to re-
duce the weight of structures in order to reduce the load
on its load-bearing elements. For this purpose, con-
struction scientists are actively developing technologies
of structural lightweight concrete combining contradic-
tory properties such as high strength and low density.
In the available world experience of obtaining mobile
lightweight concrete mixtures, as a rule, foamed light-
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weight aggregates are used, the properties of which
limit the quality indicators of concrete [6-9].

For concrete mixtures, especially for SCC, the key
quality indicators are their rheological and techno-
logical characteristics, as well as production chara-
cteristics. Traditionally, the shear yield strength t, and
plastic viscosity p are used to describe the rheology
of SCC. Many studies have been carried out [2, 10—15],
which demonstrates the influence of factors such as types
of cement, aggregates, additives and fibres on
the rheology of concrete mixes, also established the basic
quality parameters for SCC. In the publication [2]
it is shown that the recycling of recycled aggregate
in concrete favours both yield strength and plastic
viscosity. The use of fly ash with low calcium
content (less than 10 %) and crushed granulated blast
furnace slag contributes to the reduction of the above
indices, which is explained by the ball bearing effect
of spherical shaped particles and lower chemical
activity of the smooth surface of grains compared to
Portland cement, respectively. The opposite effect is
observed when using fly ash with high calcium oxide
content, which is due to the irregular size and cellular
structure of the particles. The introduction of different
types of fibres, size, shape and quantity helps to
increase the yield strength and plastic viscosity. The use
of plasticizing additi-ves naturally decreases the value
of rheological para-meters [15]. The special role
of polycarboxylate pla-sticizers in the character of flow
of cement-mineral mixtures is shown in publications
[16, 17].

In the publication [18] investigated the rheological
characteristics of concrete mixture at partial replacement
of cement with hollow glass microspheres. It was
found that the concrete mixture containing hollow
glass microspheres in the amount of 5 % of the binder
weight has higher static and dynamic yield strength
and lower viscosity than the control mixture (without
microspheres). The flow of such a concrete mix starts

Despite the existing experience in the production
of self-compacting lightweight concrete, the positive
results are usually characteristic of compositions with
an average density of at least 1,800 kg/m>. However,
the rheological characteristics of self-compacting
concrete mixtures remain largely unexplored, especially
for compositions with a high content of lightweight
aggregate. In this connection, there is a natural task to
establish the rheological parameters of self-compacting
lightweight concrete with low average density (highly
filled with lightweight aggregate).

MATERIALS AND METHODS

The object of research — lightweight concrete
mixtures on hollow microspheres, including the follow-
ing components [3, 19, 20]:

 portland cement CEM I 42.5 (PC), complying
with the requirements of GOST 10178-85 (chemical
and mineralogical composition is presented in Table 1);

» complex silica additive FremSilica-2 (MCM),
conforming to TY BY 190669631.001-2011MK-85";

* ForeSphere? ceramic microspheres (MS), the pro-
perties of which are given in Table 2;

* fractional sand (S) fr. 0.16-0.63 mm;

+ Silica flour P , which is a fine sand obtained by
grinding to S, =700 + 20 m*/kg;

» Melflux 2651F polycarboxylate plasticizer’;

* water.

The ratio of mix components corresponded to
the designed average density of concrete of 1,400 kg/m?.

! FremSilica. URL: http://www.frem-corp.ru/produktsiya/
dobavki-v-beton/modifikatory/frem-silica/

2 ForeSphere. URL: https://foresphere.com/catalog/alyu-
mosilikatnye-mikrosfery/

3 Burochem-1 functional additives. URL: https://
www.eurohim.ru/catalog/dobavki-dlya-ssuhih-stroitelnyh-
smesej/dobavki-dlya-suhih-stroitelnyh-smesej/superplastifi-

and is maintained at higher shear stresses. katory/melflux
Table 1. Chemical and mineralogical composition of clinker
Oxides Minerals
CaO SiO, ALO,, Fe,0,, MgO SO, Na,O, CS, CS, | CA, | CAF
66.0 21.2 5.1 4.1 0.75 0.56 0.58 68.2 8.2 6.4 12.6

Table 2. Properties of ForeSphere hollow ceramic microspheres

Property Value
Bulk density, kg/m? 320-370
True density, kg/m? 580-690
Average particle size, pm 100
Microsphere wall thickness, pm 2-10
Wall material density, kg/m? 2,500
Compressive strength, MPa 15.0-28.0
Mohs hardness 5-6
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Table 3. Ratio of components of the tested mixtures

o Volume content, %
Composition

PC SA S S, MS
Lightweight concrete 20.0 3.1 2.2 6.5 46.4
Prototype / (heavy concrete) 20.0 3.1 14.1 41.0 0.0
Prototype 2 (heavy concrete) 20.0 3.1 14.1 41.0 0.0

Table 4. Volumetric content of mineral phase components in the studied mixtures at different ratio Sp/S /
Volume content of S /S, %
Component
0/100 25/75 50/50 75/25 100/0

Quartz flour S 0.0 2.2 4.35 6.5 8.7
Fractionated sand S/ 8.7 6.5 4.35 22 0.0

The compositions of self-compacting heavy
concrete differing in water and plasticizer content
were used as prototypes for comparative evaluation
of properties of the investigated lightweight concrete:
prototype / — W/C = 0.5, Cp[ = 1.4 %; prototype 2 —
W/C = 0.45, sz = 1.2 %. The ratio of components in
the investigated concrete mixtures was established in
accordance with Table 3.

The investigated composition of lightweight
concrete includes a mineral phase of different
dispersity — quartz sand: fractionated and fine (flour).
Varying the ratio of fine and fractionated particles
(Table 4) of sand allows us to trace the contribution
of components of identical mineral composition to
the distribution of water in the disperse system at
a constant flow rate of all components of lightweight
concrete (Table 3), W/C = 0.5 and Cp[ = 1. The total
volume content of quartz components in the lightweight
concrete mix is S + .5 = const = 8.7 %.

To investigate the rheological properties of light-
weight self-compacting concrete (LSCC), the effects
were considered within a two-factor composite plan
of experiments, where X, — water quantity (W/C) and
X, — plasticizer concentration (Cpl, % of cement mass)
were selected as the varying factors. The basic levels
were values of 0.5 and 1.4 and the variation intervals
were 0.1 and 0.4 %, respectively.

The method of mathematical planning of
the experiment was used to study the properties
of the investigated concrete mixtures. The following
standard two-factor model was used:

Y:f()(l,)(z):BO+Bl ‘X, +B,- X, +
+ Blz 'Xlxz +Bn 'Xlz +Bzz 'Xzz-

The search for the coefficients of the equation
allowed us to establish the dependence of quality
parameters Y on variable factors (X, and X)), which
allows us to significantly reduce the number of expe-
riments.

The study of rheological properties was carried out
by viscosity and shear stress of the concrete mixture using
a rotary viscometer MCR 101 (Fig. 1). The technique
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Fig. 1. Determination of viscosity and shear stress of concrete
mixture on hollow microspheres using MCR 101 rotational
viscometer

of rheological parameters determination consists in
measuring the moment of resistance of the tested
concrete mixture to the movement of the measuring
system immersed in the mixture. The measuring system
is a metal ball with a diameter of eight mm, making an
orbital movement with a linear increment of shear rate to
the value of 1 s™ for 60 seconds.

The tests were carried out according to the follo-
wing algorithm: 1) homogenization of dry components
of the mixture; 2) addition of water with dissolved
plasticizer; 3) mixing of the concrete mixture according
to GOST 30744, 4) filling of the viscometer test
bowl, positioning of the measuring system to the zero
position, stabilization of the system (duration nine min);
5) measurement. The total test time of the concrete
mixture after its preparation is 22 + 2 min. Measurements
were performed in two repetitions with an intermediate
homogenization step. After the test, the concrete mixture
was re-homogenized and placed in uncompacted moulds
to make 40 x 40 x 160 mm standard prism specimens.

RESEARCH RESULTS

Rheological curves describing the dependence
of viscosity and shear stress on shear rate were obtained
for each composition according to the above plan
of experiments (Fig. 2).
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Fig. 2. Graph of viscosity (a) and shear stress () versus shear rate for lightweight concrete mixtures on hollow microspheres

and heavyweight concrete mixtures at varying W/C ratio and plasticizer concentration

In accordance with the multipoint experiment plan,
the obtained rheological curve plots can be grouped
according to the viscosity ranges in which the change
occurs with increasing shear rate. The highest viscosity
(n > 100 Pa-s) has compositions with W/C < 0.4, at
W/C = 0.5 the viscosity varies in the range from 40 to
90 Pa-s, and the third group is formed by compositions
whose viscosity does not exceed 25 Pa-s (Fig. 2, a).

Compositions of the first group (W/C < 0.4) are
characterized by the highest density with liquefaction
with increasing shear rate up to viscosity 400—800 Pa‘s
(Fig. 2, @). For mixtures with W/C =0.36 and C,=14%
and W/C = 0.4 and sz = 1.0 %, intense liquefaction is
observed at initial shear rates — viscosity decreases
intensively, followed by a comparable increase. Such
behaviour of the dispersed system is associated with
the formation of structural elements under the action
of shear force and their subsequent compaction due
to the reduction of the distance between the grains
of the dispersed phase. After reaching the shear rate
of more than 0.1-0.15 s™' viscosity decreases, which is

associated with overcoming the threshold of resistance
to flow. A larger volume of the mixture acquires motion
at this point in time. Also for these formulations, areas
of opposite change in viscosity and shear stress can be
seen with increasing shear rate at values around 0.3 and
0.6 s7'. This is explained by the violation of continuity
due to the creation of voids inside the volume
of the mixture, formed due to its high density and, as
a consequence, its low ability to fill the free space,
which is formed by the movement of the measuring
system (“ball” of the viscometer).

The increase in viscosity and shear stress with de-
creasing W/C ratio is regular, irrespective of the plasti-
cizer concentration. A similar pattern can be observed
for formulations with varying Cpl, an increase in which
leads to a decrease in mixture density, expressed by
a lower value of viscosity and shear stress. At the same
time, a limit for the concentration of plasticizer is ob-
served, when its amount ceases to influence the in-
vestigated rheological parameters. Thus, on formula-
tions with W/C ratio 0.5 it can be seen that changing
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the concentration of additive more than C,>14%
is not reflected in the graphs of viscosity and shear
stress dependence on shear rate (Fig. 2, b). That is,
it is no longer possible to change the water distribu-
tion in the system by increasing the amount of plasti-
cizer. Comparison of graphs for concrete mixtures with
W/C=0.5and C, = 1.4 % but different densities shows
that the composition without hollow microspheres (pro-
totype /) has lower viscosity and shear stress, and is
characterized by their uniform change, which indicates
better fluidity and cohesion of the system. This may be
due to the influence of the light dispersed phase (hol-
low microspheres), which has a smaller size and den-
sity compared to the silica sand being replaced. Thus,
the fine particles of the lightweight aggregate require
more water and the flow intensity decreases in propor-
tion to the gravitational effect, which is density depen-
dent. However, the composition of heavy concrete with
the specified ratio of W/C and C,, is prone to water
separation, indicating excess water. Reducing the value
of the varying factors to W/C = 0.45 and C,=12% al-
lowed the prototype of a homogeneous heavy concrete
mix to be obtained. Obviously, the viscosity and shear
stress of such a composition are higher and can act as
indicative ranges for obtaining a homogeneous mixture.

The group of concrete mixtures with viscosity
less than 25 Pa-s is formed by compositions with
W/C = 0.6. The plots of viscosity and shear stress
have no discernible differences when the plasticizer
concentration is varied.

A comparative analysis of the obtained rheological
curves of shear stress versus shear rate (Fig. 2, b) can be
performed using the Ostwald de Waele equation:

T=k-y",
where T — shear stress; k — consistency index; ¥ —
shear rate; n — index characterizing the type of flow
(n <1 — pseudoplastic flow, n > 1 — dilatant flow).
The rheological equations obtained for each
composition, according to the experiment plan, were
used to establish the regression equations ¥ = f{X; X):

Y, =47.0-390.9- X, -37.0- X, +

+64.6-X,X,+294.3- X +7.4-X;;

Y, =0.966-0.077- X, +0.029- X, - 0.063- X, X,
where Y, is the coefficient k from the Ostwald de Waele
equation; Y, is the coefficient n from the Ostwald de
Waele equation.

The analysis of the obtained equations shows that
the density coefficient k£ has a more significant change
from varying the W/C ratio than the additive concentra-
tion. At the same time, both of these factors contribute to
the reduction of the value of this criterion. Note the pos-
itive sign of the coefficients B , B, and B, of equation
Y.. This indicates a change in the nature of both the mu-
tual influence of X, and X, and a significant increase in
their value. That is, both excessive amount of water and
plasticizer and their mutual influence leads to increase
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in the density of concrete mix. This can be explained
by the violation of homogeneity of dispersed systems,
when exceeding the threshold amount of varying fac-
tors leads to a violation of the water balance. In such
a case, water separation is observed and, as a conse-
quence, stratification of the mixture, which may be due
to a decrease in the thickness of the water layer and an
increase in friction between solid particles.

The equation Y, demonstrates the value of the co-
efficient n < 1 at values of the varying factors corre-
sponding to the main levels of variation (B, = 0.966).
That is, such a dispersed system is characterized by
pseudoplastic flow, where the concrete mixture starts
to flow at minimum values of shear stresses, and as
the shear rate increases, the shear stress changes with
a damped intensity. Reinforcing this rheological behav-
iour is the W/C ratio and its combined effect with plas-
ticizer, as indicated by the “—” sign in front of the coef-
ficients B, and B,,. At the same time, the coefficients
of the equation reflecting the influence of the studied
factors show the possibility of changing the criterion Y,
in the region n > 1. That is, the character of the concrete
mixture flow depending on the value of W/C ratio and
plasticizer concentration can change to dilatant. In such
a system, the cement-mineral batter forms a layer be-
tween the dispersed phase particles, contributing to fric-
tion reduction, and with increasing shear rate, the shear
stress changes with increasing intensity. As can be seen
from the equation Y, = f{X,; X)), the key factor contrib-
uting to the desire for this behaviour of the studied dis-
perse system is the concentration of plasticizer (coef-
ficient B,).

Thus, the obtained models show the complex
nature of the influence of the investigated factors
on the rheology of lightweight concrete mixtures, which
requires complex optimization by antagonist indicators.
In this case, it is reasonable to consider self-compacting
fine-grained heavy concrete as a target analogue for
the nature of the flow of mixtures. Since the flow
of mixtures is determined by the peculiarities of water
distribution (with other equal formulation conditions),
in addition to its quantity, the most important factor
is the total surface area of dry components. The role
of dispersibility in controlling the rheological properties
of the investigated concrete mixtures is demonstrated in
Fig. 3 and Table 5.

In Fig. 3, there is a regular increase in the den-
sification of the concrete mixture with increasing pro-
portion of silica flour, which is reflected in proportion-
ally higher values of shear stress. This is also evident
from the change in the coefficient k& in the Ostwald de
Waele equations obtained for each of the curves. It can
be seen that replacing the fraction of fractionated sand
with flour from 100 to 0 % contributes to an increase
in the densification factor by almost three times, from
35.4t0 102.9. The specified range is explained by the ex-
penditure of water on wetting a larger total surface area
of the quartz part. The change in the value of the coef-
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Fig. 3. Rheological flow curves of light concrete mixtures with varying fractional sand to silica flour ratio (W/C = 0.5

and C,=1.4%) and heavy concrete mixtures

Table 5. Parameters of the Ostwald de Wacele equations describing the rheological flow curves of lightweight concrete mixtures

with varying the ratio of fractional sand and silica flour

Coefficients equations SJ/S,
Prototype / Prototype 2
Ostwald de Wacle 0/100 25/75 50/50 75/ 25 100/0 P P
k 354 49.9 57.7 62.0 102.9 31.2 77.7
n 0.94 0.97 0.94 0.97 1.07 0.68 0.63

ficient n indicates a change in the character of flow from
pseudoplastic (n < 1) to dilatant (n > 1) with an increase
in the proportion of the fine component Sp, which is ex-
plained by the replacement of quartz sand, which is a dis-
persed phase, with quartz flour — a component of the ce-
ment-mineral dough.

CONCLUSION AND DISCUSSION

The results obtained allow us to formulate the fol-
lowing conclusions:

+ evaluation of the flow rheology of the investi-
gated mixtures using the coefficients of the Ostwald de
Waele equation shows that the W/C ratio is a more sig-
nificant factor on the concrete mixture density k than
the plasticizer concentration. At the same time, there is
a regular decrease in the density of the investigated dis-
perse systems with increasing both W/C and C ;

* the obtained regression equations for the index
n in the Ostwald de Waele equation demonstrate
the possibility of changing the character of mixtures
flow from pseudoplastic (n < 1) to dilatant (n > 1) when
varying the studied factors;

* replacing the fraction of fractionated sand with
flour from 100 to 0 % increases the density almost three
times, which is naturally explained by the larger total
surface area of the quartz part in the mixture.

The prospect of the topic development is to estab-
lish the influence of the investigated factors on the ho-
mogeneity of mixtures and strength properties of hard-
ened concrete, search and establishment of parameters
and boundary values of delamination after external in-
fluence on the concrete mixture before moulding pro-
cess.
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BBegeHue. B coBpemeHHOM 06LLeCTBe LUMPOKO UCMOMb3YHTCS pa3fnyHble TUMbl OCBETUTENbHBIX NPUBOPOB C pa3Hoobpas-
Hou chopmoM, LBETOM 1 ApKOCTbIO. OHAKO He BCe OHU A(PEKTUBHO BbIMOSHAIOT CBOU (DYHKLUMM U MOTYT HEFaTUBHO BNUSTH
Ha 300poBbe YernoBeka. BbisiBNeHbl onTMMarbHble NapaMeTpbl OCBELLEHUSI C y4eToM 6e30MacHOCTV 1 3HeproadekTUB-
HocTu. KntoueBble acnekTbl BKIHOYAT aHan1a CnekTpoB Namn HakanvMBaHus, MOMUHECLEHTHBIX Y1 CBETOANOAHBIX C UCMOSb-
30BaHMEM CMEeKTPOMETPa, a Takke OLEHKY WX BIUSHWUS Ha 3peHue U NCUXUYecKoe 3[0pOBbe COTPYAHMKOB, paboTatoLymx
B OCPMCHOM MOMELLEHMN, C MOMOLLIbIO NMMCbMEHHOTO onpoca.

Matepuanel u meToabl. [poBeaeH aHanu3 oCBeLLEHHOCTW, CBETOBOIO NOTOKA Y 9KOHOMUYHOCTY Pabounx MecT B OPUCHbIX
NOMeLLEHUSIX.

Pe3ynkraThbl. AHanM3 nonyyYeHHbIX AaHHbIX MO3BONWI ONPeAenUTb paLnoHanbHOCTL NPUMEHEHNS UCCNEAOoBaHHbIX Crek-
TPOB pasnu4HbIX TUNOB Namn. PesynsTaTbl UccneaoBaHmnst OyayT nonesHsl Kak Afs cneuyvanucToB U nponssoauTenen B 06-
NacTu CBETOTEXHMKM, Tak U KOHEYHbIX NoTpebuTenei.

BbiBoabl. MNpuBeaeHsl pekoMeHAaLmnn no UCronb30BaHWI0 CBETOANOAHbBIX NaMn B Ka4eCcTBe OCHOBHOIO MCTOYHWMKA OCBe-
LEHNs B NOMELLIEHUSX OUCHOrO TUna. OTU namnbl 06ecneymBaloT NPakTUHECKN PaBHOMEPHbIA CMEKTpP, YTO co3daeT on-
TUMarbHble YCNOBUS ANst 3PEHNSA U CHWDKAET HeraTuBHOE BO3AENCTBME Ha ncmxundeckoe 3noposbe. OcBelleHve paboyero
npocTpaHcTBa npeanaraeTcsi AONOMHUTE UHAVMBUAYANbHBIMW UCTOYHMKaMK CBETa B BUAE HACTOMbHbIX Namn XenToBaToro
OTTEHKa Ha kaxaom paboyeM MecTe coTpyaHuka. CBeToaMoaHbIE Namnbl HE TONbKO AHEProaPdEKTUBHDI, HO U CNIOCOBCTBY-
0T hopMUpoBaHuto komdopTHON 1 GesonacHomn paboyeli cpeabi.

KIMKOYEBBIE CJTOBA: namna, cnektp, CNeKTPOMETP, NlaMna HakanvBaHus, IOMUHECLIEHTHasi naMna, CBETOAMOAHAs Nam-
na, MHTEHCUMBHOCTb OCBELLIEHWSI, CBETOBOW MOTOK, AvarpaMmMa HanpasfeHHOCTY NlaMn, BIUsiHWE CBeTa Ha 340POBbE YernoBe-
Ka, BNMsIHME OCBELLEHMSI HA 300POBbLE YernoBeka
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Influence of illumination on creation of comfortable
working conditions

Yulia O. Kustikova, Roman R. Umrilov, Anastasia S. Rumyantseva,

Anastasia A. Moiseeva
Moscow State University of Civil Engineering (National Research University) (MGSU);
Moscow, Russian Federation

ABSTRACT

Introduction. In modern society, different types of lighting fixtures with a variety of shapes, colours and brightness are
widely used. However, not all of them effectively fulfil their functions and can negatively affect human health. Optimal lighting
parameters are identified, taking into account safety and energy efficiency. Key aspects include the analysis of the spectra
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of incandescent, fluorescent and LED lamps using a spectrometer and assessing their impact on the vision and mental
health of employees working in an office space through a written survey.

Materials and methods. The illuminance, luminous flux and economy of workstations in office premises were analyzed.
Results. The analysis of the obtained results allowed to determine the rationality of application of the investigated spectra
of different types of lamps. The results of the research will be useful both for specialists and manufacturers in the field
of lighting engineering, as well as end users.

Conclusions. Recommendations for the use of LED lamps as the main source of lighting in office-type premises are given.
These lamps provide an almost uniform spectrum, which creates optimal conditions for vision and reduces the negative
impact on mental health. It is proposed to supplement the workspace lighting with individual light sources in the form of desk
lamps of a yellowish shade at each employee's workplace. LED lamps are not only energy efficient, but also contribute to
the formation of a comfortable and safe working environment.

KEYWORDS: lamp, spectrum, spectrometer, incandescent lamp, fluorescent lamp, LED lamp, light intensity, luminous flux,
lamp pattern, effect of light on human health, effect of light on human health, effect of lighting on human health
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BBEJIEHHUE

C KaXJbIM TOJIOM Pa3BHBAIOTCS KOMIBIOTEPHBIE
TexHosoruu. Jlronu Bce 0oJbllle HAUMHAIOT PabOTaTh
Ha KOMIIbIoTepax. Yale Bcero OHU TPYASTCS B OOJb-
IIMX CBETJIBIX O(UCax, IJie HAXOIUTCS MHOKECTBO JIFO-
JIei, OHM CUNTAIOT, MUITYT WM NPOEKTHPYIOT. [IpoBosis
pabouuii 1eHb 3a cTOJIOM, paboTast 38 KOMIIBIOTEPOM
WJIN 3aI0JHSISL ¥ pa3oupast JOKYMEHTBI, BXKHO CIICTUTh
3a 310poBbeM. Benb naxe OaHabHOE OCBeleHne pado-
Yero MecTa MOXKET MOBJIUATH Ha camouyBcTBHE. K KoH-
Iy pabodero JHS MOXKET IMOSIBUTHCS Pas3/paskuTeIIb-
HOCTh U ycTajJocTh. Pazymeercs, cienyer BBIXOANUTH
¢ paboTHI C XOPOILIMM HACTPOCHHUEM M CaMOYyBCTBUEM
U C YJIOBOJIbCTBHEM NPUXOANTH Ha Hee. [la u paboToa-
TEJISIM MpUsiTHEE paboTaTh CO 3710POBBIM M OTKPBITHIM
KOJIJICKTUBOM.

Ha ¢one cTrpemuTenbHOr0 pa3BuTHs HH(GOpMaIu-
OHHBIX TEXHOJIOTHI U MHTEHCHBHOTO MCITOJIb30BaHMUS
KOMITBIOTEPOB BOIIPOC 00 OCBEIICHHWH PadOvMX Tpo-
CTpaHCTB IpHOOpETaeT 0CO0YI0 aKTyaIbHOCTh. MHOTHE
U3 Hac MPOBOJSIT 3HAYUTEIBHOE BpeMs 332 pabOoYrMHU
cTonaMu B oucax, rjie KauecTBO OCBELICHUs OKa3bl-
BaeT MpsiMoe BO3/elcTBUE HAa (PU3HYECKOE 37I0POBbE
U SMOIMOHAIBbHOE cocTosiHue. [loHuManne BIUSAHUS
Pa3IMYHBIX THUIOB OCBEICHHS Ha 3]I0pPOBbE YEIIOBEKA
CTaHOBUTCSI HEOTHEMIIEMON YaCThIO CTPEMIICHUS CO3-
JIaTh ONTUMAJIbHBIC YCIOBUS TPY/a, KOTOPIE CIIOCO0-
CTBOBAJIM OBl HE TOJILKO MPONU3BOANTEIHLHOCTH, HO U 00-
eMy ypoBHIO Komdopra.

CeronHs B yCJIOBHUSIX pa3HOOOpa3usi OCBETHTEIb-
HBIX IPUOOPOB pa3IMYHBIX SIPKOCTH, L[BETa U (POPMBI
HEOoOXOMMO cJieIaTh BEIOOD B MOJIB3Y TEXHOJIOTHH, KO-
TOpBIE HE TOJILKO 00ECIIEUNBAIOT BHICOKYIO d(pheKTHB-
HOCTB, HO ¥ YYHUTHIBAIOT BIIMSIHAE CBETOBOTO CIIEKTpa
Ha opranusM uesnoseka [ 1-4]. B nanHom nccnenoBaHuu
aBTOPBI CTaBAT Iepes; COOOW 3a/jauy MPOBECTH KOM-
TUIEKCHBIM aHaJIM3 pa3IMYHbIX THIIOB JIaMII — OT Tpa-
JIMIIMOHHBIX JIaMIT HAaKaJIMBAHUsI 1O COBPEMEHHBIX CBE-
TOAMOIHBIX U JIIOMUHECLEHTHBIX, C IIEJIBIO ONPEICITUTh
ONTHUMAJIbHBIC TTAPAMETPHI OCBEIICHHMSI, YUUTHIBAIOIIHE
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Kak 2Heprod(h(eKTHBHOCTH, TaK U BIUSHUE Ha (hr3nde-
CKO€ U TICUXHUYECKOE 3/J0POBbE PAOOTAIOIIHX.

DTOT acmeKkT mpuodpeTacT 0COOYI BaXKHOCTH
B CBETE COBPEMEHHBIX TPEOOBAHUI K OpraHU3alny pa-
604MX MPOCTPAHCTB U YIyULICHUIO YCIOBUH Tpyaa. Pe-
3yJbTAThl HACTOSAIIETO UCCIIEAOBAHNUS UMEIOT TPAKTH-
YeCKyI0 [IEHHOCTb JUIsl paboToareseil n CleluaiicToB
B 00JIaCTH OpPTaHMU3AINH Pa0OYNX MECT, 3aHIMAOIINX-
Cs1 CO3/JTaHNEM 3PTOHOMHUYHBIX M SHEProcOeperaronmx
YCIIOBHH, CIIOCOOCTBYIOMIMX TOAEPKAHUIO 3[0POBbS
¥ TIOBBIIICHUIO TIPOU3BOANTEIBHOCTH TPYAA.

MATEPUAJIBI U METO/bI

Lenp ucciienoBaHus — BBISABICHHE ONTHUMAJb-
HBIX [TApaMETPOB OCBELICHUS B O(HCHBIX MOMELICHH-
X C y4eTOM Oe30IacHOCTH M dHeprodddekTuBHOCTH,
AHAJIM3 BIMSHUS Pa3UYHbIX TUIIOB JaMIl (HaKaJIuBa-
HUSl, JTIOMHHECIICHTHBIX, CBETOJMOHBIX) Ha 3pPECHHE
U TICHXHYECKOE 3I0POBLE COTPYIAHUKOB, pabOTAaIOMINX
32 KOMIIBIOTEpPaMH, C MTOCJIEAYIOIINM PEKOMEH/I0BaH-
HBIM BI)I60pOM OCBCTUTCIIBHBIX HCTOYHHUKOB.

Hcnonp30BaH KOMIUICKCHBIH TTOJIXOA, BKJIIOYAIO-
].IlI/Iﬂ aHaJIN3 CIICKTPOB PA3JIMYHBIX TUIIOB JIaMII, a TaK-
)K€ OLICHKY MX BO3ZICICTBHS Ha 3pEHHE M ICHXUYECKOe
37I0pPOBBE, ITyTEM OIPOCA YUACTHUKOB.

[Ipu m3MepeHHH CHEKTPOB JIAMII IPUMEHSICH
CIIEKTPOMETP — ONTHYECKHUI pHOOP, CIOCOOHBIN pe-
TUCTPUPOBATh U aHAJIU3UPOBATH 3ﬂeKTpOMaFHHTHLIﬁ
CHEeKTp M3NMydeHus (puc. 1). ITo MO3BOIMIIO TPOBECTH

C

Puc. 1. Cnekrpomerp
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TOYHBIC I/I3MepeHI/Ifl CHeKTpOB JIJaMII HaKaJIMBaHUA, JIIO-
MMHECIEHTHBIX U CBETOIUOIHBIX, BBIICIISIS 0COOCHHO-
CTH UX YMICCHOHHBIX XapaKTCPUCTHK.

AHaim3 pe3yIbTaToB U3MEPEHHI CIIEKTPOB TPOU3-
BOJIWJICS C TICJIBO BBISIBIICHHSI OCHOBHBIX XapaKTECPUCTUK
CIIEKTPOB Ka)KI0r0 TUIIa Jiamiibl. Oco00e BHUMAHHUE yiie-
JISUTOCH MHTEHCUBHOCTH M3JTYYCHHUS B Pa3IHMIHBIX JHa-
[Ma30HaX BHAMMOIO CBETA, a TAK)KE BBIIEICHUIO IIOTEH-
IIUAJTbHBIX HETaTHBHBIX (DAKTOPOB, TAKHUX KAK MEPEXOJIBI
LIBETOBOTO CIIEKTpa U Mepranue csera [5—10].

B paMKaX HUCCJICA0BAHU S HpOBelIeHBI AHKECTHBIC
OIIPOCHI Cpei PAaOOTHUKOB, IIENTBI0 KOTOPHIX OBLTO BBISB-
JICHUE TIPEIIOYTCHIH B UCTIONH30BAaHUHU PA3INIHBIX HC-
TOYHHKOB CBETA U OIICHKA BOCIIPUSTHUS PA3INYHBIX THUIIOB
ocBeleHus. J[OMOIHUTEIBHO MPOBEIACHO HAOIIOICHHE
32 (U3HOJIOTHIECKUMH PEAKIUIMU COTPYAHHKOB B YCIIO-
BUSIX PA3IMYHBIX HCTOYHUKOB CBETA, YTOOBI BEISIBUTH BO3-
MOXKHBIC (DH3HIECKIE H SMOITHOHATBHBIC PCaKIHH.

BrinoyiHeH aHANU3 3HEPrONOTPEONICHHS KaXI0-
T'0 TUIla JaMIIbI C y'—IeTOM ux XapaKTepI/ICTI/IK. HpOI/I3-
BEJICHBI pacyeThl 3aTpaT Ha OCBEUIEHNE B Pa3JIMIHBIX
CIIEHAPHUIX UCIIOTB30BAHMUS, YTO TIO3BOJIAIO BEIICITHUTH
ONTHMAIIbHBIC BAPUAHTHI JUISI 00€CTICUCHUST HYKHOTO
YPOBHS OCBEIIEHHOCTH MTPH MHUHAMAJIBHOM MOTpeOIie-
HUU 3J'ICKTp03HepFI/II/I.

[TyTreM comocTaBieHus MOTYYCHHBIX JaHHBIX OCY-
IICCTBIICH CPAaBHUTEIBHBIN aHATU3 Pa3lUYHBIX TH-
TIOB JIAMII C YY€TOM HX 3(PPEKTUBHOCTH, BO3ICHCTBHUS
Ha 37I0pOBbE U IKOHOMUYECKOM BBITO/IBI. ITO J]AJI0 BO3-
MO>XHOCTH BBISABUTH HaI/IJ'[y‘IH_II/Ie HpaKTI/I‘IeCKI/Ie peme-
HUS T 00€CTIeueHsI ONTUMAIFHBIX YCIIOBHUI OCBETIe-
HUS B O(UCHBIX TIOMETICHHSIX.

Taxoil KOMIUIEKCHBIH MOAXO/ K MarepuaiaM u Me-
TOJIaM TO3BOJISICT MOJIYYUTh BCECTOPOHHIOK KapTUHY
BIIUSAHUSA pa3J’lI/I‘{HI)IX TUIIOB OCBCUICHUS HaA 3110pOBBe
YeJIOBEKa M MPOU3BOAUTEIBHOCTh TPY/AA, UTO CIYKHUT
OCHOBOH 715 ()OPMUPOBAHISI PEKOMEHIAIHH 10 BBIOOPY
ONTUMATBHBIX UCTOYHUKOB CBETA B pA0OYUX YCIIOBHSX.

PE3YJIBbTATBI HCCJIIEJOBAHUS

B nawasne uccrieqoBaHusi IPOU3BEIEH ONPOC CO-
TPYIHUKOB O(rca B KOHIIE pabodero JHs 00 UX caMmo-
YyBCTBHHU. AHKETa COAEpIKaia CICAYIOINE BOIPOCHI:S

1. UyBcTByeTe J11 BB YCTAJIOCTh B KOHIIE paboyero
nusi? (Ja/Her).

2. Omymraere U BBl «HANpPsDKEHHE» B I1a3ax
mpu paboTe 3a KOMIIBIOTEPOM WM JOKyMEHTamu?
(Ta/Her).

3. Omymaere Jin BBl ce0sl pa3apaxxeHHBIM(OMH)
B KoHIIe padouero aus? ([Ja/Her).

4. VYXyAmWIOCh JU Ballle 3pEHHE CO BPEMEHHU
Havalla aKTUBHOH paboOTH B OHUCHOM NOMEIIEeHNUN?
(da/He 3ameruin(a)).

5. XoTHTe JH BbI YIy4IINTh YCIOBUS Tpyda Ka-
caeMo ocBeleHust padbouero mpocrpanctea? ([Ja/Bcee
YCTpauBaer).

B ompoce mpunsino ygactue 20 deaoBex.

Ha 1-i Bonpoc 16 u3 20 yenoBek BbIOpaau OTBET
«Ilax.

Ha 2-i1 Bopoc 19 u3 20 yenoBex BHIOpaiu OTBET
«ar.

Ha 3-i1 Bonipoc 12 u3 20 yesnoBek BHIOpaiN OTBET
«Jlay.

Ha 4-i1 Bompoc 8 u3 20 gyemoBek BBIOpad OTBET
«a».

Ha 5-i1 Bonpoc 17 u3 20 yesioBek BHIOpaiy OTBET
«Jlay.

[Tpoananu3upoBas pe3yabTaThl aHKETHPOBAHMUSA,
COCTaBJIEHA JHarpaMMa yJOBIETBOPEHHOCTU OCBELIe-
HUEM B O(UCHOM MOMEIICHHH U Ha paboueM MecTe.
Pesynbrarsl mpuBeneHHI Ha pUC. 2.

Janee He0OXOANMO OBIIIO H3MEPHUTH CTIEKTP KaXKION
W3 JIAaMIT: HAKaJIMBaHUS, TIOMUHECLIEHTHON U AUOIHOM.

JlaMIibl HaKaMMBAHUSI IMEIOT HETIPEPHIBHBIH (CILIONI-
HOM) criekTp (puc. 3). EqHCTBEHHOE, YTO B JKEITO-Kpac-
HOH 30HE OH 0oJlee MHTEHCHBHBIH, a B TOITy00ii HA000pOT.
[TosToMy cBET HTUX NaMII A1 HAC KAYKETCS HKEJITOBATHIM.

CrutonrHo# Uiy HEempepBIBHBIM CIEKTP — 3TO
CHEKTP NIEKTPOMArHUTHOTO U3IYyUCHUs, pacipeaee-
HUE 3HEPTUN B KOTOPOM XapaKTEPU3NUPYETCs HEIpe-
PBIBHOH (DYHKIMEH 4aCTOTHI M3ITyYESHUS WU JJTMHBI €70
BOJIHBI (pHC. 4).

CriexTp JIOMHHECLEHTHON JIaMIIbl — IMPEPBIBU-
CTBIHN (JIMHEHUaThIif) (puc. 5, 6). ITO MOKHO OOBSCHHUTH
TEM, YTO B TAKHUX JIaMIIaX UCHOJb3YIOT ra3 — JIIOMHU-
Ho(op. ['ma3 aToro SBHO HEe 3aMevaeT, HO Ha IMOJICO-
3HATEIILHOM YPOBHE 3TO MPOSBISETCS B OBBIIIEHHON
YCTaJIOCTH, Pa3ApaKUTEIbHOCTH, AUCKOMpopTe.

B cBeToanonHbIX naMmax, Kak IpaBUIO, IPUMEHs-
€TCsI XOPOIIHH JIOMUHO(DOP, U ITOITOMY CHEKTP TaKou

= He yznoBieTBopeH(-a) = YnoBierBopeH(-a)

Puc. 2. /lnarpamma ynoBIETBOPEHHOCTH paOOTHHUKOB OCBE-
nieHueM ouca u paboymnx MecT

Spectra

Puc. 3. Cnextp naMITtel HaKaTHBaHUS
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Puc. 4. Bua crutomHoro criekrpa

Spectra

Puc. 5. CnexTp JIOMHUHECHEHTHBIX JIaMIT

JIaMIIbl IPAKTUYECKU PAaBHOMEPHBIH, YTO HETaTHBHO
HE CKa3bIBACTCS Ha 37J0POBBE M CAMOYYBCTBUH UCIIOBE-
Ka (puc. 7) [11, 12].

Takum 00pa3om, cenaH BbIBOJ O TOM, YTO JiaM-
bl HAKAJTUBAHUS 00JIaIal0T HEIPEPHIBHBIM CIICKTPOM,
YTO MPUAAET CBETY JKEJITOBATbIA OTTEHOK. JItomMuHeC-
LEHTHBIE JIAMIIBI UMEIOT MTPEPBIBUCTBII CIIEKTP, YTO MO-
JKET BBI3BIBATh YCTANIOCTh U pazapakenue. CBETOIHO-
HBIC JIAMITBI 00€CTICYMBAIOT MIPAKTHICCKA PABHOMEPHBIH
CIIEKTp, CO37aBasi MpH ATOM OoJiee KoM(OPTHBIE YCITOBHS
JUTSL 3pEHHS ¥ TICHXI4YecKoro omaronomyyust [ 13-20].

BrinonnuM TeopeTnyeckuii MpUMEpPHBIA pacueT
3aTpar SHEPTUH Ha OCBEIICHHUE.

B cpennem 3HaueHHe SHEPronoTPeOICHUs! JTIaMITbI
HakanuBaHus coctapiseT 60 Bt mwim 0,06 xBT.

YcpenHeHHOE 3HAYCHUE IS SHEPTOOTPEOICHUS
JroMuHecHeHTHBIX tamMil — 11 Bt wim 0,011 xBT.

Cpennee sHepromnoTpedieHre CBETOIHOTHBIX
nmamn — 8 Bt uiou 0,008 xBT.

TeopeTndeckn MBI 00ECTICUHIIN OCBEIIEHHOCTh
pabourx MECT COTTACHO HOPMATHBHBIM TPEOOBAHHSM .
Jlist opHCHBIX TIOMEIIeHUH 1 pabounx KaOMHETOB He-
o6xommmo 300 v/ M2,

B oduce — 25 pabounx mecT mo 4m> Kaxioe.
[Tony4aercst HECOOXOMMO 00CCIICUUTh CBETOBOM MOTOK
B 30 000 nm.

Ecnu ncnonp30BaTh TOIBKO JTaMIThl HAKAaJIHBAHUA,
TO NMOHAAOOUTCS TPUMEPHO 38 JlamIl, a 3TO CyMMapHO
2,28 kBT. CBet OyzeT TOJIBKO JKEeNThIH.

' CII 52.13330.2016. EcTecTBeHHOE M UCKYCCTBEHHOE OC-
BeleHne. Akryanusuposannas pepakius CHull 23-05-95%
(yTB. IpHKa30M MUHHCTEPCTBA CTPOUTEIHCTBA U JKHIIHIITHO-
KOMMYyHaIIbHOTO X03stiicTBa PD ot 07.11.2016 Ne 777/mp).

Puc. 6. Bun nuHeiigaToro crekrpa
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Spedtra

Puc. 7. CnexTp cBETOANOHOMN JIAMITBI
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Puc. 8. [lnarpamma HanpaBIeHHOCTH JIaMII Ha paccTosHuu S0 cM:
| — HakajauBaHUs, 2 — JIIOMUHECLUECHTHAs, 3 — JAHOIHAS
Jambl 5]

[Tpu npUMEHEHUH TOJIBKO JTFOMUHECIIEHTHBIX JIAMIT
HeoOxommmo 120 mamm, a 3To cymmapso 1,32 kBt. Ceer
OyIeT TOCTOSTHHO MEpIaTh.

Eciu ucnosb30BaTh TOJIBKO CBETOAMOIHBIE JTaM-
IBI, TO TIOTPEOYETCST MPUMEpPHO 67 JTamIi, CyMMapHO
0,5 kBT. CBet OyeT CIUIIKOM OCJbIi.

Takoe pa3Hoe 3HaUeHHE MMOKa3aTeel CBETOBOTO
MOTOKa JlaMI 00YyCJIOBJICHO MX pa3HOHAIpPaBICHHO-
cThio. /luarpamMma HanpaBJIEeHHOCTH JIaMIl HaKaju-
BaHUA, JIOMUHCCIHCHTHBIX U JUOAHBIX MPCIACTaBICHA
Ha puc. 8 [5].

B pamkax uccienoBaHusi ObLIO PacCMOTPEHO
9HEpronoTpedieHne pa3IniHbIX THIOB Jami. [Ipemno-
JKEHO HCIIOJIb30BaHHE CBETOMO/IHBIX JIAMIT B KaUeCTBE
OCHOBHOT'0 MCTOYHHKA OCBEIEHHUsI, 00CCIICUNBAIOIIX
BBICOKYIO 3()(heKTHBHOCTH U PABHOMEPHOCTH CBETOBO-
TO MOoTOKa. PeKOMEHTyeTCsI TaKk)Ke BBEJICHUEC WHAUBUY-
AJIBHOTO OCBEIEHHs Ha pabouMX MECTax C IOMOIIBIO
JIaMIT HaKaJIMBaHUs JUIS CO3JaHUS KOM(POPTHBIX YCIIO-
BUI1 [1s1 pabOTHI M CHUYKEHHS DHEPTONOTPEOICHNUSI.

3AKJTIOYEHHUE U OBCYXIAEHHUE

PesynbraThl M3MepeHUN M aHallU3a CIEKTPOB
Pa3IUYHOTO OCBEIIECHMS MO3BOJISIOT PEKOMEHIOBATh
WCIIOIb30BAHNE CBETOMMOMAHBIX JIAMI B Ka4€CTBE OC-
HOBHOTO HMCTOYHHMKA cBeTa. CBETOMUOJHBIC JTAMIIBI
00eCTIeunBaIOT MPAKTHIECKA PAaBHOMEPHBIN CIIEKTD,
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YTO CO3/1aeT ONTHMAJIbHBIE YCIOBHSI JAJIsl 3PEHUS U CHU-
’KaeT HeraTMBHOE BO3JIEiCTBHE HA IICUXUYECKOE 3]10-
poBbe uenoBeka. OCOOCHHO BaXKHO MOJYEPKHYTD,
YTO CBETOJMO/HBIC JIAMITHI HE TOJILKO YHEProd(h(HeKTUB-
HBI, HO M CIIOCOOCTBYIOT (hopMHUpOBaHUIO KOM(OPTHOM
paboucii cpepl.

B mporiecce npoBeIeHHOT0 UCCIeI0BAaHHS CTAaHO-
BUTCS SICHBIM, YTO NPABHJIbHBIN BEIOOP W OpraHu3alys
OCBEIICHHS B OPHUCHBIX TOMELICHUSIX UIPAIOT BAXKHYIO
poJib B 00ECIIEYCHNHU HE TOJIBKO KOoM(OpTa, HO U 3]10-
POBBsI COTPYIHUKOB. PasHOOOpa3HbIe XapaKTepUCTUKU
CHEKTPOB JIaMII HEIOCPEACTBEHHO BIMSIOT HA 3pEHHE
u o0lee caMOYyBCTBHE JIFO/ICH, KOTOPbIE MPOBOIST
OOJIBIIIYIO YaCTh BPEMEHHU B ITIOMEIICHUH.

Camplil ny4ymuil cBeT AN 3pEHHs, pa3yMeeT-
Csl, €CTECTBCHHBIN conmHeuHbId. Ho u 371ech ecTh CBOM
HIOQHCBI: TaK, CMOTPETh Ha SIPKOE COJHIIE 0€3 TEMHbIX
OYKOB HE PEKOMEHJIyeTCs, a JIONroe NpeObIBaHKUe Ha Ia-
JISIIEM COJTHIE 03 3alUThI [71a3 MOXKET NPUBECTH K Ha-
PYLICHHUIO 3pEHHS U CIIOCOOCTBOBATH PA3BUTHUIO Pa3-

JMYHBIX 3a0oseBanuii 11a3. Hanbonee panuoHaibHbIM
BapUaHT — 3TO YyTh PACCESHHBII JHEBHOH OETIBIi CBET.
C yueToM peKOMEHJAIUil 110 3aTpaTaM JEKTPo-
SHEPIHHU U DPrOHOMHKE OCBEILECHHUS PEIOKEHO BBEJIe-
HHE MH/MBU/1yaJbHOTO OCBEIICHHS Ha pabovnX MecTax
C MCHOJIb30BAaHUEM JIAMII HaKaJIMBaHUsI. DTOT MOAXO.
MO3BOJIICT COXPAHUTh 3(H(PEKTUBHOCTh OCBEIHICHUS
IPU CHIDKEHUH OOIIMX 3aTpaT Ha AJIEKTPOIHEPTHIO.
Hacrosiiiee ncciiejoBanme moa4epKUBaCT BAXKHOCTh
FapMOHMYHOI'O COYETAHHUSI TEXHOJIOTHYECKUX U 3PTOHO-
MHYECKHX aCIIEKTOB IIPH BHIOOPE OCBETUTEIBHBIX CUCTEM.
OnryMalibHbIe YCIOBHUS OCBELICHHSI HE TOJIBKO CIIOCO0-
CTBYIOT MOBBILICHUIO TIPOU3BOJUTEILHOCTH M YPOBHS
koMQopTa pabOTHUKOB, HO U B JOJTOCPOYHO MEPCIeK-
THUBE MOTYT COKOHOMHTB YHEPrOpecypChl U MOAICPIKH-
BaTh 3/10pOBbE COTPYIHHUKOB. PexoMeHIanum 1aHHOTO
MCCIIEIOBAHMSI TIPU3BAHbBI CITY)KUTh PAKTHYECKHM PYKO-
BOJICTBOM JUIsl CO3/IaHUsI COBPEMEHHBIX U 3(h(EKTHBHBIX
CHCTEM OCBEILEHHsI B O(PUCHBIX YCIIOBUSIX, CIIOCOOCTBYSI
CO3JIAHHIO 3/I0POBBIX U IPOTYKTUBHBIX PA0OYUX MECT.
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INTRODUCTION

Every year computer technology is developing.
People are starting to work on computers more and more.
Most often, they work in large, bright offices with lots
of people in them, counting, writing or designing. Spend-
ing the working day at a desk, working at a computer
or filling in and sorting out documents, it is important to
take care of your health. After all, even ordinary lighting
in the workplace can affect your well-being. By the end
of the working day, irritability and fatigue may appear.
Of course, you should leave work with a good mood and
well-being and with pleasure to come to it. Employers find
it more pleasant to work with a healthy and open team.

Against the backdrop of the rapid development of in-
formation technology and the intensive use of comput-
ers, the issue of lighting in workspaces is becoming par-
ticularly relevant. Many of us spend a significant amount
of time at our desks in offices, where the quality of lighting
has a direct impact on our physical health and emotional
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well-being. Understanding the impact of different types
of lighting on human health is becoming an integral part
of the quest to create optimal working conditions that pro-
mote not only productivity but also overall comfort.

Today, with the variety of lighting devices of dif-fe-
rent brightness, colour and shape, it is necessary to make
a choice in favour of technologies that not only provide
high efficiency, but also take into account the impact
of the light spectrum on the human body [1-4]. In this
research, the authors aim to conduct a comprehensive
analysis of different types of lamps, from traditional in-
candescent lamps to modern LED and fluorescent lamps,
in order to determine the optimal lighting parameters that
take into account both energy efficiency and the impact
on the physical and mental health of workers.

This aspect is of particular importance in the light
of modern requirements for the organization of work-
spaces and improvement of working conditions. The re-
sults of this research are of practical value to employers
and workplace professionals concerned with creating er-
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gonomic and energy-efficient environments that promote
health and productivity.

MATERIALS AND METHODS

The aim of the research is to identify the optimal
parameters of lighting in office premises, taking into
account safety and energy efficiency, to analyze the im-
pact of different types of lamps (incandescent, fluores-
cent, LED) on vision and mental health of employees
working at computers, with the subsequent recommend-
ed choice of lighting sources.

An integrated approach was used, involving ana-
lysing the spectra of different types of lamps, as well as
assessing their impact on vision and mental health, by
interviewing participants.

When measuring the spectra of lamps, we used
a spectrometer — an optical device capable of record-
ing and analyzing the electromagnetic spectrum of
radiation (Fig. 1). This made it possible to make ac-
cu-rate measurements of the spectra of incandescent,
fluorescent and LED lamps, highlighting the features
of their emission characteristics.

The results of spectra measurements were analyzed
to identify the main characteristics of the spectra of each
lamp type. Particular attention was paid to the intensity
of emission in different ranges of visible light, as well
as to the identification of potential negative factors such
as colour spectrum transitions and light flicker [5—10].

As part of the research, questionnaire surveys
were conducted among employees to identify prefer-
ences in the use of different light sources and to assess
perceptions of different types of lighting. Additionally,
the physiological reactions of employees under different
light sources were monitored to identify possible physi-
cal and emotional reactions.

The energy consumption of each lamp type was
analyzed, taking into account their characteristics.
Lighting costs were calculated for different usage
scenarios, which allowed us to identify the best options
for providing the required level of illumination with
minimal energy consumption.

By comparing the obtained data, a comparative
analysis of different types of lamps was carried out,
taking into account their efficiency, health effects and
economic benefits. This enabled the identification

(

Fig. 1. Spectrometer

of the best practical solutions for providing optimum
lighting conditions in office environments.

Such an integrated approach to materials and
methods allows us to obtain a comprehensive picture
of the impact of different types of lighting on human
health and labour productivity, which serves as a basis
for the formation of recommendations for the selection
of optimal light sources in working conditions.

RESEARCH RESULTS

At the beginning of the research, the office em-
ployees were interviewed at the end of the working day
about their well-being. The questionnaire contained
the following questions:

1. Do you feel tired at the end of the working day?
(Yes/No).

2. Do you feel “strain” in your eyes when working
on a computer or documents? (Yes/No).

3. Do you feel irritated at the end of the working
day? (Yes/No).

4. Has your vision deteriorated since you started
working actively in an office environment? (Yes/Not
noticed).

5. Would you like to improve working conditions
with regard to lighting of the working space? (Yes/All
satisfied).

Twenty people participated in the survey.

For question 1, 16 out of 20 people chose the an-
swer “Yes”.

For question 2, 19 out of 20 people chose the an-
swer “Yes”.

For question 3, 12 out of 20 people chose the an-
swer “Yes”.

For question 4, 8 out of 20 people chose the an-
swer “Yes”.

For question 5, 17 out of 20 people chose the an-
swer “Yes”

Having analyzed the results of the questionnaire
survey, a diagram of satisfaction with lighting in the of-
fice space and at the workplace was made. The results
are shown in Fig. 2.

= Satisfied

= Not satisfied

Fig. 2. Diagram of employees' satisfaction with office and
workplace lighting
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Fig. 3. Spectrum of an incandescent lamp

Next, it was necessary to measure the spectrum
of each of the lamps: incandescent, fluorescent and di-
ode.

Incandescent lamps have a continuous (solid)
spectrum (Fig. 3). The only thing is that it is more in-
tense in the yellow-red zone and vice versa in the blue
zone. Therefore, the light of these lamps appears yel-
lowish to us.

A continuous or continuum spectrum is a spectrum
of electromagnetic radiation whose energy distribution is
characterized by a continuous function of the frequency
of the radiation or its wavelength (Fig. 4).

The spectrum of a fluorescent lamp is discontinuous
(linear) (Fig. 5, 6). This can be explained by the fact that
such lamps use a gas — phosphor. The eye obviously does
not notice it, but at the subconscious level it manifests
itself in increased fatigue, irritability, discomfort.

In LED lamps, as a rule, a good phosphor is used,
and therefore the spectrum of such a lamp is almost
uniform, which does not adversely affect human health
and well-being (Fig. 7) [11, 12].

Thus, it is concluded that incandescent lamps have
a continuous spectrum, which gives the light a yellowish
tinge. Fluorescent lamps have an intermittent spectrum,
which can cause fatigue and irritation. LED lamps
provide an almost uniform spectrum, while creating
a more comfortable environment for vision and mental
well-being [13-20].

Let us perform a theoretical approximate calculation
of energy consumption for lighting.

Fig. 4. View of the continuous spectrum

Spectra

Fig. 5. Spectrum of fluorescent lamps
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Fig. 6. Linear spectrum view

Fig. 7. LED lamp spectrum

The average energy consumption of an incandescent
bulb is 60 W or 0.06 kW.

The average value for the energy consumption
of fluorescent lamps is 11 W or 0.011 kW.

The average power consumption of LED lamps is
8 W or 0.008 kW.

Theoretically, we have ensured the illumination
of workplaces according to the normative requirements'.
For offices and workrooms 300 Im/m? is required.

The office has 25 workstations of 4 m* each. It is
necessary to provide a light flux of 30,000 Im.

If only incandescent bulbs are used, approximately
38 bulbs will be needed, in total 2.28 kW. The light will
be yellow only.

If only fluorescent lamps are used, 120 lamps
will be needed, in total 1.32 kW. The light will flicker
constantly.

' CP 52.13330.2016. Natural and artificial lighting. Updated
edition of SNiP 23-05-95* (approved by the order of the Ministry
of Construction, Housing and Communal Services of the Russian
Federation from 07.11.2016 No. 777/pr).

1oL 15
o 160

90 18017
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200

Fig. 8. Diagram of directivity of lamps at a distance of 50 cm:
1 — incandescent; 2 — fluorescent; 3 — diode lamp [5]
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If only LED lamps are used, approximately 67
lamps will be needed, in total 0.5 kW. The light will be
too white.

Such a different value of indicators of luminous
flux of lamps is due to their different directionality.
The diagram of directivity of incandescent, fluorescent
and diode lamps is shown in Fig. § [5].

The research considered the energy consumption
of different types of lamps. It is proposed to use LED
lamps as the main source of lighting, providing high
efficiency and uniformity of luminous flux. It is also
recommended to introduce individual lighting at work-
places using incandescent lamps to create comfortable
working conditions and reduce energy consumption.

CONCLUSION

The results of measurements and analyses of spec-
tra of different lighting allow recommending the use
of LED lamps as the main light source. LED lamps pro-
vide an almost uniform spectrum, which creates optimal
conditions for vision and reduces the negative impact
on human mental health. It is especially important to
emphasise that LED lamps are not only energy efficient,
but also contribute to the formation of a comfortable
working environment.

In the course of this research, it becomes clear that
the correct choice and organization of lighting in office

premises play an important role in ensuring not only
the comfort but also the health of employees. The vari-
ous characteristics of lamp spectrums directly affect
the vision and general well-being of people who spend
most of their time indoors.

The best light for eyesight is, of course, natural
sunlight. However, there are nuances here too: it is not
recommended to look at the bright sun without dark
glasses, and a long stay in the scorching sun without eye
protection can lead to visual impairment and contribute
to the development of various eye diseases. The most
rational option is a slightly diffused daylight white light.

Taking into account the recommendations on en-
ergy costs and lighting ergonomics, it is proposed to in-
troduce individual lighting at workplaces using incandes-
cent lamps. This approach makes it possible to maintain
lighting efficiency while reducing overall energy costs.

This research emphasizes the importance of ba-
lancing technological and ergonomic aspects when
selecting lighting systems. Optimal lighting conditions
not only contribute to the productivity and comfort lev-
els of employees, but can also save energy and main-
tain employee health in the long term. The recom-men-
dations of this research are intended to provide practi-
cal guidance for creating modern and efficient lighting
systems in office environments, contributing to healthy
and productive workplaces.
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