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NnxeHepHO-CTPOUTENbHBII sKypHaJ, Ne3, 2016 KOHCTPYKUUUN

doi: 10.5862/MCE.63.1

[MpoyHOCTb N AedopMaTUBHOCTbL Bano4YHbIX N3rmbaemMbix
9NEeMEHTOB C BHELUHUM NTIUCTOBbIM apMUPOBaHNEM

Durability and deformability of braced bending elements
with external sheet reinforcement

Accucmenm B.H. Medeedes V.N. Medvedev
0-p mexH. Hayk, npogheccop C.[. CemMeHIOK, S.D. Semeniuk,
Benopyccko-Poccutickuli yHusepcumem, 2. Belarusian- Russian University, Mogilev, Belarus

Moezunes, Pecnybnuka benapyco

KnroueBble cnoBa: cCONpoTUBIEHNE; Key words: resistance; reinforced concrete
ctanebeToHHbIN M3rMbaembii anemeHT; BHewHee  bending element; external sheet reinforcement;
NNCTOBOE apMUpPOBaHWe; COOCTBEHHbIE proper deformation

aedopmauuu

AHHOTaumMA. OkoHOMMYeckass  APPEKTMBHOCTb  CTanebGeToHHOW  KOHCTpykuum  KHOCK
(KOMMO3UTHBIN HECYLUWNA 3NIEMEHT CTPOUTENbHBIX KOHCTPYKLMIA) AOCTUraeTcs 3a CYeT MHOroueneBoro
NCMOMb30BaHNS YMPOYHSIOLLErO 3NieMeHTa, KOTOpbIi obecnevrBaeT HageXHoe CLENnieHne CranbHOro
OMOPHOro nncta ¢ 6ETOHOM, BOCMPUHUMAET MOMEpeYHOe yCUnmMe Mo MPOYHOCTU HAKMOHHbIX CEYEHWUN,
obecneymBaeT XeCTKOCTb Ha CcTaguv nogadn OETOHHOW CMecu, BOCMPUHMMAET pacTarueBalowme wu
CKUMmaloLLmne ycunusa no nPoYHOCTM CEYEHUN, HOPMarbHbIX K NPOAOSIbHOW OCU 3NeMeHTa. YTOYHEHbI
METOAMKN pacyeTa MPOYHOCTU CEYEHUIN, HOpMarbHbIX (yrnpyronnacrTMdeckas mMofernb) U HaKOHHbIX
(nedopmaunoHHass Mofernb) K NPOAOSIbHOW OCKM 3MeMEHTa, 3a cyeT y4yeTa paboTbl YNPOYHSIOLLErO
anemeHTa. [lpegnoXeHbl 3aBUCUMOCTM MO OMNPELENEHUO W3MMOHOM XECTKOCTU C  PasfuyHbIM
MOMOXXEHNEM BOJTHbI YNpoYHsiowero arieMeHTa. OBOCHOBaHbI rEeOMETPUYECKNE pa3Mepbl 3NIEMEHTOB
CBapHOro kapkaca ctanebeTtoHHoro narnbaemoro anemeHTta tuna KHOCK. MNpeanoXeHbl perpeccuoHHbIe
3aBMCMMOCTM MO UX ONPEAENEHNIO AN pa3HbIX CXEM 3akpenreHus. PaspabotaHa MeToauka NpoOBELEHUS
3KCMEepUMEHTanbHbIX UcCcreaoBaHni GanoyHbix u3rmbaembix anemeHToB Tuna KHICK. [Mony4yeHbl
OaHHble O HecyLleln CnocobHOCTW, XapakTepe NpPeneribHOr0 COCTOSIHUS, HanpshXKeHHO-AehopM1pyemMom
COCTOSIHAM  Uccriegyembix o6pasuoB. [lonyyeHHble [aHHble MoOryT ObiTb  MCMONb30BaHbl  MpU
NpPOEKTMPOBaHNM NOAOOHOro pofa KOHCTPYKLUWA.

Abstract. Economic efficiency of the CBEBS (composite bearing element of building structures)
construction is achieved through the multipurpose usage of a strengthening element, which provides
reliable adhesion between a steel supporting sheet and concrete, sustains a lateral load along durability
of oblique sections, provides inflexibility during concrete mix feeding, sustains stretching and
compressing forces along the durability sections to longitudinal axes of the element. At the expense of
the strengthening element performance, the authors specified calculation methods for durability of normal
(elastoplastic model) and oblique sections to longitudinal axes of the element (deformative model). There
were offered dependencies to define bending rigidity with a different location of the wave of the
strengthening element. There were validated geometrical sizes of the welded framework of the CBEBS
reinforced concrete bending element. Besides, the authors came up with regression dependencies to
define geometrical sizes for different fastening schemes. The paper presents a developed method to
carry out experimental research on the CBEBS braced bending element. We have obtained data about
bearing capacity, nature of the limiting state, the stress — strain state of the examined samples. The data
that have been obtained can be used to design similar constructions.

BeedeHue

Bonpoc wucnonb3oBaHusi CTanbHOrO NUCTa B KOMMMEKCE C XKeNne3obeTOHHbIM 3MeMEHTOM B
CTPOWUTENbLHOW NPaKTUKe BO3HWK TOrA4a, Koraa nosiBurnacb HeobXOoAMMOCTb CO3A4aTb KOHCTPYKUMM OIS
30aHUA N COOPYXXEHWI, KOTopble Obl Urpanu ponb ruapousonsumu. B To BpeMs TonwuHa cTanbHOro
NMCTa Kak anemMeHTa M3onsuumM NpuHMManacb KOHCTPYKTUBHO U HE y4MUTbIBanach npu pacyeTe HecyLew
CNOCOBHOCTM KOHCTPYKLIMA.

Mengenes B.H., Cementok C.JI. IIpouHocts 1 neopMaTnBHOCTH OANOYHBIX M3TMOAEMBIX 3JIEMEHTOB C BHEIIHUM
JICTOBBIM apMHpoBaHueM // VIHxeHepHO-cTpouTeNbHbIN KypHai. 2016. Ne 3(63). C. 3-15.
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CTtanebeTOHHbIE KOHCTPYKLUUN MPUMEHSIIOTCA B CMeLuarnibHOM, MPOMBILIIEHHOM U FPaX4aHCKOM
cTpouTtenbcTBe [1-12], B MOCTOCTPOEHUN, B MALLUMHOCTPOeHuMn [13] 1 gpyrux obnacTsix CTpouTenbCcTBa.
Haunbonee pacnpoCTpaHEHHbIMA W XOPOLIO  MCCMEAOBAHHLIMU  KOHCTPYKUMAMU C  BHELIHUM
apmMupoBaHveM sBnsTca TpybobeToHHble [12, 14, 15], B koTopblX, Gnarogaps npeobpasoBaHUto
OLHOOCHOIO HarnpshKEHHOrO COCTOSIHAS B TPEXOCHOE, 00ecrneynmBaeTcs MOBbILWEHUE MPOYHOCTH
GETOHHOro sigpa N HeCyLLEN KOHCTPYKLUN B LLETOM.

KoHCTpykuum ¢ nuctoBon apmaTypon [16—19] He3aMeHUMbI Mpu HEOBXO4MMOCTU METanIU4YecKomn
TMAPOU3ONSLMM B COOPYXKEHUSIX OOBEKTOB TPaHCMOPTHOIO CTPOMTENLCTBA, aTOMHON 3HepreTukn. C mnx
NCMNOMb30BaHNEM CTPOATCSH pasfMyHble MOA3EMHbIE COOPYXeHUs: dyHOAaMeHTbl nog obopynoBaHue,
TOHHENU, pesepByapbl, OMYCKHblE KOMOALbl, MOABOAHbLIE W MNMaByyYne COOPYXEHUS, NEepPeKpbITUS C
NpoUNMPOBaHHON JNCTOBOM W OPTOTPOMNHOM apmaTypou, coopyxeHus AJC. bonbluoi WHTEpec
BbI3bIBAOT CTANEbETOHHbIE KOHCTPYKLUMM C BHELLHUM MOMIOCOBLIM apMUPOBaHEM, NPUMEHSIEMbIE B BUAE
purenen, nogkpaHoBbix G6anok [20]. Mpyn 3TOM MCNONb3YHTCA KOHCTPYKLUMN C OAMHOYHLIM U ABONHbLIM
apMupoBaHVeM Mnorocamu, B TOM Yucne npeaBaputensHo HanpsikeHHble [20].

O630p nnumepamypsi

B HacTodwee BpemMA nveeTcqd 3Ha4YuTenbHoe KOINMn4ecTBO pa60T, NoCcBALLEHHbIX
QKCNepUMeEHTalibHbiIM N TEOpEeTU4EeCKMM unccrnegoBaHnNAM MpPoOYHOCTU cTanebeToOHHbIX KOHCprKLI,VIVI
[1-10].

B 40-x n 50-x ropgax ctanebeToHHblE KOHCTPYKLUMM PacCHUTLIBANMChL B NPEAMNONIOXEHUN YIPYron
paboTbl cTanM M 6GeToHa, OCHOBAHHOW Ha TrWMNoTe3e MIOCKMX CeYeHWW W MNPOMNOPLMOHaNbHOCTH
HanpsbkeHun aedopmaumsam. Cnegyowmm 3Tanom pasBuTUS METOAOB pacyeTa cTanexene3obeTOHHbIX
n3rmbaembix KOHCTPYKLUMIA Obln MeToa NpefenbHOro paBHOBECUS, npeanonaraiwuii JOCTUXEeHe BCeEM
CeyveHvem CTanbHOro U erne3obeToOHHOro 3NEMEHTOB CTanexene3obeTOHHON KOHCTPYKUMM pacyeTHbIX
COMPOTMBIEHU cTany n 6eToHa, a TakKe OCHOBAaHHbIA Ha rMNoTe3e NMOCKMX ceveHun. [laHHbI MeToq,
Hallen CBOE LUMPOKOe MPUMEHEHMe Mpu pacyeTe paccMaTpuBaeMblX KOHCTPYKUMA U pacCMOTPEH B
pabotax aBTopoB A.l1"Bacunbesa, A.A. ['Bo3aesa [21-22].

K nepBbIM 3KCNepuUMeHTarnbHbIM UCCNENOBaHNUAM CTanebeToOHHbIX KOHCTPYKLUA MOXHO OTHECTM
nccneposaHust Makkes, B KOTOPbIX MCCNEAOBanucb cranbHble 6anku, nomelleHHble B GETOH, a Takke
paboTtbl Kaydun, no pesynbrataMm KOTOPbIX Oblnn NpeanoXeHbl pacyeTHble MeETOANKN. M3 coBpeMEHHbIX
paboT MOXHO OTMeTUTb paboTbl MO U3y4YeHMI0 cTanexene3obeToHHbIX 6anok, nposoguMbie B
MnnuHorickom yHuBepcuTeTe, CnBMPCKOM aBTOOOPOXHOM MWHCTMTYTe. Kpome Toro, Heobxogumo
OTMETUTb 3KCMEepUMeHTanbHble paboTbl MO W3YYEHUIO MPOCTPAHCTBEHHBIX CTanexene3obeToHHbIX
6anok, nposeaeHHble B LLIHWWACe [23] n MAOW H.H. CtpeneTtckum u I'.H. ConoBbeBbiM [24, 25].

PucyHok 1. O6wmi BuA ctane6eToOHHOW KOHCTPYKLMU C UCMONIb30BaHUEM YNpPO4HsoLero
anemeHTa: 1 — cTanbHOMN ONMOPHbIN NUCT; 2 — chacoHHaA apMaTypa (YNpPOYHAOLWUNA 3NEeMEeHT);
3 — npoponbHan cTtepXHeBas apMmaTypa; 4 — nonepeyvyHas ctep)XxHeBas apmartypa; 5 — 6eToH

Medvedev V.N., Semenuk S.D. Prochost i deformativnost balochnyh izgibaemyh elementov s vneshnim listovym
armirovaniem [Durability and deformability of braced bending elements with external sheet reinforcement].
Magazine of Civil Engineering. 2016. No. 3. Pp. 3-15. (rus) doi: 10.5862/MCE.63.1.
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Wccnegyemast KOHCTpykums (puc. 1), npenctaBnsieT cobow cranebGeTOHHY GanouvHylo nnuTy,
00BbEANHSAIOLLYIO CTANbHOW OMOPHbIA NUCT, GETOHHLINA CNOW, YNPOYHAKOLLNA 3IEMEHT, YCTAHOBMNEHHbIA B
NPOLONbHOM HarnpaBfeHnW, MPOOOSIbHYID W MOMNEPEYHYD CTepxHeByto apmatypy. CylHOCTb 3TOM
KOHCTPYKLUMM COCTOUT B TOM, YTO COBMECTHasi paboTta 6eToHa C OMOPHLIM JIMCTOM OCYLLECTBRSETCH 3a
CYeT ynpoyHsilowero arnemeHta (puc. 1, no3. 2), KOTOPbIA BbLINOMHEH W3 CTanbHOIO fMcTa W
npvBapuBaeTCs K HWKHEMY OMnopHomy nucty (puc. 1, no3. 1). Kpome ocyllecTBneHus cuennenns
CTanbHOro nucta ¢ OETOHOM, YMNPOYHSIIOLUA 3SNEeMEHT ynydwaeTr pabdoTy KOHCTPYKLMKU, MOBbILLas
HECyLLY0 CMOCOBGHOCTL MO MPOYHOCTM HOPMAsbHbIX WM HAKMOHHBLIX CcedYeHui. [py cMelleHun BOJH
YNPOYHAOLWEro arnemMeHTa Apyr OTHOCUTENbHO Apyra Ha paccTodHue, paBHOE MNOMOBMHE ANWHbI BOMHbI,
CTanbHOM CBapHOW KapKkac MOBbIWAET XXECTKOCTb Kak Ha cTaguu nogadnm OeToHa OMOHONMYMBAHUSA
(puc. 1, nos. 5), Tak 1 nocne Habopa NPoYHOCTM BETOHA.

OcCHOBHbIE npenmMyLliecTtea npep,naraemoﬁ KOHCTPYKUUW:

e CHWKEHWE TPYyOOeMKOCTM U CTOMMOCTU W3rOTOBMEHMSI 33 CYET WCMOSIb30BaHWSA CTanbHOro
nvcTa B kKa4yecTse onanyoku;
NOBbILLEHHOE CLENEeHNe MeTannM4eckon U 6ETOHHON COCTaBAOLLINX;
BbICOKasi HecyLLast CoCOBHOCTb KOHCTPYKLWIA;

e TOBbILLEHNE CPOKa aKcnnyaTauum (B 1.5 pasa).

O6nacTbto NpUMEeHeHnaA paccMmaTpmnBaeMbIX KOHCprKLI,VIVI ABINAETCA:

MOCTOCTpOeHMe (BO3BeAEHNE NPONETHbIX CTPOEHUA MOCTOB);

PEKOHCTPYKUMS (MPpW 3aMeHe MNUT MeXOY3TaXXHOro NepeKpbITUSt U NOKPbITUS);

HOBOE CTPOUTENbLCTBO (BO3BeAeHMe 6anok xxene3obeToHHOro kapkaca 1 NiuT NepekpbITUs);
CTPOMTENbCTBO OOBLEKTOB, MMELUMX MOBbIlEeHHble TpeboBaHWA K Hecyllenh CrnocobHOCTw,
9KOMOMMYHOCTU, FEPMETUYHOCTU U CENCMOCTONKOCTM (cTpomTenbcTBo ASC, FBC n T.4.).

Ons OoueHKM HanpsKeHHO-4eOPMMPOBAHHOIO COCTOSIHWUA MpeanaraeMon KOHCTPYKUMM Obinn
npoBefeHbl YUCIIEHHbIE WCCnedoBaHWs C  UCMOMb3OBaHMEM MeToda KOHEYHbIX OfeMEHTOB B
nporpammHom komnnekce ANSYS [26-28].

YncneHHble nccrnenosaHus npoBoOAUITNCb C UCMONb30BaHMEM TEOPUU MITaHNPOBaHUA 3SKCNepuMeHTa
(pI/IC. 2). Ha ocHose pes3ynbTartoB nccrneaoBsaHuii Obinm MOCTPOEHbl perpeccnoHHblE 3aBUCMMOCTN,
onncbiBaroLLie BnnaHne Q)ak'ropos BapbnpOBaHNA Ha (byHKLI,VIPO OTKITUKA.

B kadectBe nnaHa BbIMUCNUTENBHOMO JKCNnepnmeHTa ObIn NPUHAT D,pO6HOd)aKTOprIl7I nnaH
BTOpPOro nopdaanka [29] B HOPMUPOBAHHbLIX 3HAYEHUAX. lNonnHoMManbHaa Moaenb, OnucbiBaloLas
3aBNCNMOCTb beHKLI,I/II/I OTKIIMKA OT 3HaYEeHUN CbaKTOpOB BapbnpoBaHuA, NMeEeT CJ'IGﬂ,yIOLLI,VIVI BUA:

Y:a0+a1'X12+a2'X22 +a2'X§+a4'X42+a5'X1+a6'X2 +a7'X3 +a8'X4 (1)

rae a — noasnexatiue onpeneneHunio KoauUUNEHTbI.

PucyHOK 2. PacyeTHas cxema KOMMNO3UTHOIro Hecyulero anemMeHTa ¢ BHelWWHUM NMMCTOBbLIM
apMupoBaHuemM npu n3rmnbe c ABYCTOPOHHUM LWWApPHUPHbLIM onnpaHuem

Mengenes B.H., Cementok C.JI. IIpouHocts 1 nehopMaTnBHOCTH OANOYHBIX M3TMOAEMBIX 3JIEMEHTOB C BHEIIHUM
JIMCTOBBIM apMupoBaHueM // VIHxeHepHO-cTpouTeNbHbIN sKypHai. 2016. Ne 3(63). C. 3-15.
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PucyHok 3. 3HauyeHus pyHKLMU OTKIIMKA OT pakTOPOB BapbUPOBaHUA NPY LLAPHUPHOM ONMpaHum
M paBHOMEPHO pacnpefeneHHOM Harpy3ke: a) AnsA BepTukanbHoro nporn6a Y;(mm); 6) ana
3KBUBAaJIEHTHbIX HanpskeHun Y (MIa)

B kayecTBe hakTOpOB BapbMpOBaHUs Gbif NPUHATLI CrieaytoLme:

X1 — TOMLWMHa NUCTa YNPOYHSIIOLLErO 3NIeMEHTa, MM;

X, — War BOrH BOOSb OCU 3NeMeHTa, MM;

X3 — BbICOTa MONEPEYHOro CEYEHUST YNPOYHSIIOLLETNO 3NIEMEHTa, MM;
X, — TOMLLMHA ONOPHOro NUcTa, MM.

B «kayecTtBe (pyHKUMM OTKNUKA ObiMM  MNPUHATBI  MNPOYHOCTHO-XECTKOCTHbIE W  MaccoBble
xapaktepuctmkn  KHOCK  (KOMMO3WTHbIM ~ HECyluMn  3neMeHT  CTPOWUTENbHbIX  KOHCTPYKLMNA):
Y, — MakcuMarnbHbIA BepTUKanbHbI Npornd (Mm); Y, — MakcMMarnbHble SKBUBANEeHTHbIE HanpsXKeHns B
apmaTtype (Mrl1a); Y3 — Mmacca meTannmMyeckon cocTaBnstoLen (Kr).

MpoBepKy 3HAYMMOCTU KOI(DPULMEHTOB B MONYYEHHBIX YPaBHEHUAX PErPECcCUMN OCYLLIECTBISANN C
MOMOLLIbIO  KPUTMYECKOro 3HauveHus pacnpegenennss CrblogeHta [30]. [poBepky agekBaTHOCTU
MONy4YeHHbIX YpaBHEHWIN PErPeccHMn NPOBOAMIM MO KpuTepuio Pullepa.

M3 nomnyyeHHbIX AaHHbIX YAanocb YCTAHOBUTH (pUc. 3), YTO Ha YPOBEHb HaMPSKEHUA W
MakcuMarbHble NporMobl B CTarlbHOM Kapkace Hauborbluee BNusHWE okasan dakTop X,, O[HAKO 3TOT Xe
(pakTop OKasblBaeT Hauborbliee BMUSAHME M HA Maccy uccriedyemMol KOHCTPYKUuMW. [Ons cxembl
3aKpenmeHnsl C KECTKUM OMnupaHMeM KOHCTPYKUWM, KpoMe OTMedeHHoro daktopa X;), Ha YypoBeHb
HanpshKeHWn OKa3blBaeT BNUSIHME Takke BbicOTa YMNpoYHsollero anemeHTa (X3). O6 ocTanbHbIX

Medvedev V.N., Semenuk S.D. Prochost i deformativnost balochnyh izgibaemyh elementov s vneshnim listovym
armirovaniem [Durability and deformability of braced bending elements with external sheet reinforcement].
Magazine of Civil Engineering. 2016. No. 3. Pp. 3-15. (rus) doi: 10.5862/MCE.63.1.
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(baKTOan BapbunpOBaHNA MOXHO FOBOPUTb, YTO CTEMNMEHb UX BIMUAHUA Ha (byHKLI,VIVI OTKIMMKa HeBEJInKa.
OaHako npn nNpoeKkTnpoBaHUn MCCﬂeﬂyeMOVI KOHCTPYKUUA Heobxoanmo onpegenntb, Kakaa W3
Ka4eCTBEHHbIX XapaKTEepPUCTUK ()KeCTKOCTb nnn Macca) SABNsieTcst bonee BaKHOMW.

HaigeHo npegensHoe 3HadeHWe Lwara BOMH YNPOYHSIOLLEro rieMeHTa BAOMb OCU 3NeMeHTa, npu
3HAYEHUAX HWXKE KOTOPOrO YPOBEHb HAMPSKEHWA He U3MeHsieTcs, a npu 6onbliemM HaduHaet
yBenuuuBaTbCs. Tak, NS )XeCTKOW cxeMbl 3akpenneHus war X; paseH 0.357 wm.

Ha ocHoBe pe3ynbTaTtoB nccnegosaHuii  Gbinu nony4yeHbl perpecCuoHHble 3aBUCUMOCTU,
no3sonmelLUNE OBOCHOBAHHO M B COOTBETCTBUM C npeaobaBndeMbiMN K KOHCTPYKUUN Tpe6OBaHVI9|MVI
npon3BoanNTb Bbl60p KOHCTPYKTUBHbIX NMNapaMeTpoB MeTanIn4yeCcKom CoCcTaBnsoLLEN.

UuncrneHHbIMM uccriegoBaHusmn gnst 6anok cepuii BK-1 n BK-3, kpome 30H nosiBneHus
HOpMaribHbIX M HaKMOHHbLIX TPeLuH, Obinu onpegeneHbl 30Hbl BHYTPEHHErO, MECTHOrO paspyLleHust
GeToHa BcneacTBue nepepacnpeaeneHns yCunuim ot ynpouHsioLero anemenTa (3oHa |, puc. 4), a Takke
B pesyfbTaTe HapyLleHusl cuenneHus 0eToHa C YNPOYHSOWMM 3NIEMEHTOM. Xapaktep NpeaenbHOro
COCTOSIHUSI KOHEYHO3NEeMEHTHOW MoAenu nokasan, 4YTo ANnd npegoTBpalleHus  OeCTPYKTUBHBbIX
MPOLIECCOB B 30HE KOHTaKTa YNpOYHSAIoLero anemeHTa ¢ 6eToHoM, a Takke Ans Gonee HagexHoOW
aHKepPOBKM Heobxooumo ycTaHaBnuMBaTb [AOMOSMHUTENbHbIE aHKEPYHOLIME 3MeMeHTbl (nonepedHblie
CTEPXHN).

a)
paspyweHune 6eToHa
CHaTOW 30HbI
© 30HbI pa3BUTUA
HOPManbHbIX TRELWMH

SoHe! paspywieHune cxxaran 30HBEI NOABASHUA W PazenuTHA

)
20Hbl beToHa no
HaKJIOHHBIX TRELWMH
HaKJOHHBIM CEYEHUAM

FrI T,

e, i

TEEETESEF SN
BEDERRE T Lo

3oHa noaBneHuA

HOPManbHBIX TREWHH

PucyHok 4. Pa3spylueHue 6anok npu YMcrneHHOM MoAenIMpoBaHMU U CpaBHEHUE C
3KCNepuMeHTanbHbIMU AaHHbIMU: a) 6anka BK-1; 6) 6anka BK-2

Mengenes B.H., Cementok C.JI. IIpouHocts 1 neopMaTnBHOCTH OANOYHBIX M3TMOAEMBIX 3JIEMEHTOB C BHEIIHUM
JICTOBBIM apMHpoBaHueM // VIHxeHepHO-cTpouTeNbHbIN KypHai. 2016. Ne 3(63). C. 3-15.
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PucyHok 5. 9niopa 3KBMBarneHTHbIX Hanps>keHU B CTaNlbHOM ONOPHOM nucTe Ans 6anku BK-1,
BK-1a

BbISIBNEHO CHWXEHME HampshkeHUn n gedopmaunid B 30HaX CBapHbIX coeaunHeHuin (puc. 5)
CTanbHOrO OMOPHOrO JIUCTA C YMNPOYHSIOLWUM 3NIEMEHTOM. OTO CBS3AHO C YBENWYEHWEM MOMEepPeYHOro
CeyvyeHus], a TaKkke C MOBbILLEHNEM XKECTKOCTM CTaNbHOIO OMOPHOrO JICTA 3a CYET BKITYEHMS B paboTy
YNPOYHSIOLLNX SNEMEHTOB.

Takum 06pa30M, anopa 3KBUBANTEHTHbIX Hanp;|>|<eHm7| cTanbHOro JincCta UMeeT BOJ'IHOO6pa3HyIO
d)opMy C MMHUMYMaMN B MeCTaxX CBapHbIX COEANHEHNIA n MakCMMyMaMu B nponetax Mexay HUMW. B
CBA3N C 3TUM Npn NpoeKkTnpoBaHMn OaHHOIoO BUOa KOHCprKLI,VIVI Ll,enecoo6pa3Ho yBenun4nBaTtb ANTUHY
KOHTakTa Mexay OonopHbIM JIMCTOM U YNPOYHAKLNMM 3NTEMEHTOM B 30HaX MakKCMMalibHOro narmbatoLLero
MOMEHTa.

I I

PucyHok 6. XapakTepHble ce4eHUs B 30He YUNCTOro usruba

I'Ip|/| NPOEKTNPOBaHNN n3rmbaemblx cTanebeToHHbIX 6anoyYHbIX 3MEMEHTOB C YNPO4YHAKLNM
ANNIEMEHTOM peKoOMeHOYyeTCA YyCTaHaBnuBaTb yl'lpO‘-IHFllOLLI,VIVI ANIEMEHT TaKuMm o6pa30M, 4yTObObl OH

Medvedev V.N., Semenuk S.D. Prochost i deformativnost balochnyh izgibaemyh elementov s vneshnim listovym
armirovaniem [Durability and deformability of braced bending elements with external sheet reinforcement].
Magazine of Civil Engineering. 2016. No. 3. Pp. 3-15. (rus) doi: 10.5862/MCE.63.1.
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HaxoAWNCcs MakCUManbHO GNU3KO K BHELLHEN pacTsAHYTOW rpaHu cedeHus (puc. 6, cedeHue I-1). 310
MO3BOSNUT BOCMPUHUMATL AOMNOMHUTENbHbIN M3rMbaloLwmin MOMeHT. Npy 3TOM XapakTepUCTMKM CBapHOIo
WwBa (OnuHa, KaTeT 1 Np.) NPUHUMAIOTCS MO pacyeTy.

Mo pesynbTaTaM YWCIEHHbIX MccregoBaHUi GbinMv MOATrOTOBMEHbI W MPOBEAeHbl HaTypHble
UcnbiTaHNA BanoyHbIX M3rMbaeMblX SMEMEHTOB C BHELUHVMM NUCTOBbIM apMmupoBaHuem. B xope
UCMbITaHUA BbINO M3rOTOBNEHO M MCMbLITAHO TPW cepuM o6pasuoB, BKMYalwlmx B cebs 18 6Garnok.
TecToBass cepusi coctosina M3 8 6anok C MCMoNib30BaHWEM TPaAWMLMOHHBLIX aHKEPHbIX YMNOPOB W3
CTepkHeBolW apmatypbl. BTopas u TpeTbs cepuss Bkmoyanu B cebGa 10 onbiTHbIX 6anok c
UCMoNb30BaHMEM YNPOYHSIIOLLIErO dneMeHTa (puc. 7).

eomeTpuyeckMe pasMepbl OMbITHbIX 00pa3uoB BbiOMpanMck MO pe3ynbTaTaM  YMCIEHHbIX
NCCrefoBaHUN, ONMUCAHHbIX Bbille., JTO MO3BOSMIIO MPU MWHUMAITbHOM KOMMYECTBE OMbITOB MONY4YUTh
Hanbonee MOSHYI KapTMHY O MPOYHOCTU, LEOPMATUBHOCTM U XapakTepe MpeaenibHOro COCTOSHMSA
nccriegyemMbix KOHCTpYKUMiA. OnanyboyHble pa3Mepbl OMNbITHbIX ariemeHToB coctaensanm 1,4x0,15x0,1 m.

McnbiTaHns kene3o6eToHHbIX Ganok MpOM3BOAUIUCL MO CXEME 4YeTblpeXTOYeYHOro uarmba Ha
npecce «MC-50». CxeMbl pacronoXeHUs W3MepuTerbHbIX MPUOOPOB U MPUIOXKEHUS Harpy3ok
npuBeaeHbl Ha PUCYHKe 7.

Kak nokasanu aKcnepuvMeHTanbHble UWCCnedoBaHWs, XapakTep ob0pas3oBaHMA W pasBuUTUS
HOpMarbHbIX TPELMH B 30HE YMUCTOro M3rmba 3KCnepuMEHTasrbHbIX O0OpasLoB 3aBUCUT OT MOJOXEHUS
ynpoyHsitoLero aneMmeHta. Obpa3oBaHve TPELMH U 3HAYUTENbHOE WX PackpbiTUE [MNaBHbIM 0Opa3oM
NPOVCXOANNO B CEYEHUU C MONOXEHWEM BOMHbI YMPOYHSIIOLLEro areMeHTa BBepxy. YAanocb Nony4uTb
cpegHee 3HaYeHne pacCcTosSHUS Mexay TpewwunHami le.. Ons 6anok cepumn BK-3 n BK-3a makcnmarnbsHoe 1
MUHUManNbHOE 3HadeHuna I, coctaBunn 276 u 135 MM, cpeQHEB3BELIEHHOE 3HA4YeHWE COCTaBUIO
180.4 mMm. Ins 6anok cepun BK-1 n BK-1a makcMmanbHOe U MUHMMarbHOE 3Ha4veHus |, coctaBmnm 269
n 133 MM, cpeiHeB3BeLLEeHHOe 3HadyeHne coctaBuno 170.5 mm.

P & P
W-1 il
&
rar)

BK(I)-2, BK(I)-2(a)
BK(II)-2, BK(II)-2(a)

BK(I)-3, BK(I)-3(a)
BK(II)-3, BK(II)-3(a)

BK(I)-1, BK(I)-1(a)

PucyHok 7. Cxema pacnosioXeHusi TEH30pPe3NCTOPOB M APYrMx U3aMmepuTenbHbIX NPUGOPOB Ha
6eToHe ONbITHbLIX 06pa3LUoB

OKCNEPUMEHTANbHO MOMyYEHHbIE TPAdVKM «MOMEHT — KPUBM3HA» ANS CEYEHWUN C MOMOXKEHUEM
BOMHbI YMPOYHSIIOLLErO 3MeMeHTa BHM3Y (puc. 8) MokasbiBalT, YTO XKECTKOCTb pPacCMaTpvBaemoro
CEYeHVst OCTaeTCsl HEM3MEHHOW BMNMOTb [0 pa3pyLueHust obpasua (B=const).

Ha ocHoBaHUK MomnyYeHHbIX AaHHbIX 06 0coGEHHOCTAX paboTbl 6eToHa U cTanu B HOPManbHOM
cevyeHuUn anemeHTa cAenaH BbiBog O nepepacnpeneneHun BHYTPEHHUX ycunuii B GeTOHe, a Takke o
HepaBHOMEPHOM nepepacnpeaeneHun aedopmauuii BAOMb OCU aneMeHTa. OTOT akT MOXeT ObiTb
06BbSACHEH BONMHOOOPa3HOM hOPMON YNPOYHSIOLLLETO SM1IEMEHTA.

Hecyu.taﬂ CMocobHOCTb SKCNepuMeHTallbHbIX ctanebeToHHbIX 0anok C  MCNnonb30BaHUEM
ynpo4yHALWero aneMeHTa okasanacb Ha 30 % Gonblue, Yyem Hecylada CMOCOBHOCTL TECTOBbIX O6pa3LI,OB
C TpaanMUMNOHHbIMN aHKEePHbIMK ynopaMu, BbINMOTHEHHBIMU N3 CTEpP>KHEBOW apMartypbl.

XapakTepHbiM Ons1 3KCnepumeHTanbHblx 0bpa3uoB cepum BK-2 saBnsieTca paspylueHne BCex
4 6anok no HaKMOHHbIM CEeYEHUsIM, MPUYEM HaKIOHHAsA TpeLLuHa nepecekana YrnpovHSIOWNA S1eMeHT
nog yrrnom 60 °...90 °. Yron HaknoHa TpeLLUHbl MEHSANCS N0 Mepe ee pasBUTKS.

Mengenes B.H., Cementok C.JI. IIpouHocts 1 neopMaTnBHOCTH OANOYHBIX M3TMOAEMBIX 3JIEMEHTOB C BHEIIHUM
JICTOBBIM apMHpoBaHueM // VIHxeHepHO-cTpouTeNbHbIN KypHai. 2016. Ne 3(63). C. 3-15.
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PucyHok 8. 3aBUCMMOCTb «MOMEHT — KpMBU3Ha»: a) ans 6anok BK-3; 6) ana 6anok BK-2

Medvedev V.N., Semenuk S.D. Prochost i deformativnost balochnyh izgibaemyh elementov s vneshnim listovym
armirovaniem [Durability and deformability of braced bending elements with external sheet reinforcement].
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Ha ocHoBe akcnepuMMeHTarnbHbIX AaHHbIX M JaHHbIX YUCIIEHHbIX WCCREdOBaHW npeanararTcs
YTOYHEHHbIE METOOMKM [ONs  pacyeTa MNPOYHOCTM CEYEHMI, HOpMarbHbIX (ynpyronnactuyeckas
mMogenb [31]) U HAaKNOHHbLIX (AedopMauMoHHas moaens [32]) K NPOAONbHOM OCK 3reMeHTa.

I'Ipep,nox(eHbl 3aBMCMMOCTU NO ornpeaeneHnto M3rnbHOM XXEeCTKOCTU C Pa3sIN4HbIM MOJTIOXKEHUEM
BOJTHbl YMNMPOYHAKOLWLEro 3neMeHTa. BbinonHeH aHanus Haﬂpﬂ)KeHHO-,D,e(bOpMI/IDOBaHHOFO COCTOAHUA
0anoyYHbIX N3rMbaeMbiX 3NEMEHTOB C BHELUHWM JIMCTOBbIM apmMmmpoBaHnMeM Ha OCHOBaHUM [OaHHbIX
YMCNEHHbIX NCCnegoBaHUN 1 UX CpaBHEHNE C 3KCnepmnmMmeHTaribHbIMN JaHHbIMW.

lMpn pacyeTe MNPOYHOCTM CEYEHWW, HOpMarbHbIX K MPOAOSILHOM OCUM  drieMeHTa, no
ynpyronnactnyeckon Mogaenu (2) B pacyeT BBOOATCSH NPOYHOCTHbIE U AedOPMaTMBHbIE XapaKTEPUCTUKN
GeToHa M cTanu, 3aBucsLME OT MPELENbHON CXUMaeMoCcTu K aedomatvBHOCTM (A — kO3 PULMEHT
NNacTU4HOCTK).

Mg <Mp;=05-b-x[(1+1)d—033x(1+2A1+2A2)]+ [ -A:(d— "), (2)

rae (cM. puc. 9) Mgg — pacyeTHbI U3rnbatoLLMii MOMEHT, Bbi3BaHHbLIA LENCTBUEM BHELLUHEWN Harpysku;
Mg — MNPOYHOCTb ceyeHus npu m3rmbe; b — wWKMpMHa pacyeTHOro cedeHust; A — KO3 ULMNEHT
nnactnyHoctu; d — paboyas BbicOTa aMEMEHTA; C' — 3alUTHbLIA crio OeToHa ANs CKaTon apmaTtypbl;
A’s — nnowaab cxaton apmaTypbl; fy, — HOpManbHble HAMPSXKEHUSA B CxXaToW apMartype.

Mpn pacyeTe KOHCTPYKUMIA C BHELUHUM JNCTOBBIM apMWPOBaHMEM MpeanaraeTcs BBOAWTL B
pacyeT yTOYHEHHYHO paboyyto BbICOTY anemeHTa d, mm (3):

d=h-y. ®3)

roe h, MM — BblCOTa CeYeHUs1 aNeMeEHTa; Y'C , MM — MONOXEHNE LIeHTPa TSXKECTU COCTABHOMO CeYeHust
CTanbHOro kapkaca (puc. 9), paBHoe:

, 2S00
Ye=4 (4)

roe X Spo— CyMMa CTaTUY4EeCKUX MOMEHTOB OTHOCUTENbLHO ocn 0—0; XA — cymMma nnowagen nonepeyHoro
CeYeHuns CTarbHON CBapHOM COCTaBMAOLLEN.

PacueT ctanebeToHHbIX 3N1IEMEHTOB C YNPOYHSIOLMM 3N1EMEHTOM Ha AeNCTBME NonepeyHon Cunbl
Ans obecneyveHWst MPOYHOCTM MO HAaKMOHHOW TpellMHe aBTOPOM npeanaraeTcd onpegensite no
AedopmMaLlnoHHON Moaenu ¢ y4eToMm Agy (5):

1,572 f ctabw d*

linc

Vra = fydz ' Asy + ) )

roe Vg — pacyeTHast nonepeyHas cuna, BocnpuHumMaemas anemeHTomMm; fyq, — pacyeTHoe conpoTmsreHne
CTanu yrnpo4HsIoLWEro anemeHTa npu paspbiBe; fig — pac4eTHoe conpoTUBNEHNE BETOHA PaCTSKEHWUIO;
b, — pacyeTHas wupuHa Ganku Npu pacyeTax Ha OencTBME nepepesbiBalowmx cun; li,. — npoekums
HaKMOHHOM TPELUNHbI HA NPOAOSIbHYIO OCb ANEMEHTA; Ny — KOAPMPULIMEHT, YUUTLIBAIOLLMIA BNUSHWE BUAA
b6eToHa, nNpuvHUMaeTcs anst 6etoHa: Tsbkenoro — 2.0, Menko3epHUCToro — 1.7, Nerkoro npu mapke no
cpepHen nnotHoctn D1900 n 6onee — 1.9; A,,— BBOAMMAs B pacyeT MPOEeKUMs NonepeyHoro ceyeHus
YMPOYHSIIOLLETNO 3NIEMEHTA Ha OCb HAKMOHHON TpeLwnHbl (puc. 10):

Agy = Ap/sin(a +0) (6)

Mengenes B.H., Cementok C.JI. IIpounocts u neopMaTnBHOCTH OANOYHBIX M3TMOAEMBIX 3JIEMEHTOB C BHEIIHUM
JIUCTOBBIM apMHpoBaHueM // VIHxeHepHO-cTpouTeNbHbIN sKypHai. 2016. Ne 3(63). C. 3-15.
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a) A A L S
< .Y - |
::_Jr —f-—_ A '-.-'-__
AR 2
A b )
6) ale L1 111
A A
A A

1 m =

PucyHok 9. K pacueTy npo4YHOCTU HOpMarbHbIX CeYEeHUI: a) yCUNnusa B Ce4eHUU, HopManbHOM K
NpPoSofibHOM OCU 3aNeMeHTa, ANA ceveHus I-I;
6) pacyeTHble cevyeHUss 6ano4yHoro narméaemoro anemMeHTa

I

PI/ICYHOK 10. K onpegeneHuro paGoqeﬁ nnowaaun ynpo4yHsawLwero 3fieMeHTa B HaKlOHHOM
ceyeHnun

BenununHa I'IpOFVI68 Mccnep,yemoﬁ KOHCTPYKUWUN onpenendaeTcda corinacHo cbopmyne:

azfolM(x)ML(x)dx, @)
Bst

rae M(x) — ypaBHeHMe 1M3rnbaroLLmMx MOMEHTOB B 6arnke oT AeNCTBMSA eAUHUYHON CUTbl, MPUIOXEHHOM NO
HanpaBneHno UCKOMOTO NepeMeLLLEHUs B CEYEHUN X,

Msd(X) — ypaBHEHNE U3rnbatoLLmX MOMEHTOB B CEYEHUM X;

Bst — U3rMBHast KeCTKOCTb UCCIIeAYEeMOro arieMeHTa Harpyaku, H-m?, onpenensiemasi o (8):

By =B+ B, , 8)

roe Bs — XecTkoCTb, obecneymBaemas cTanbHbIM KapkacoM, H-m?;
B. — »kecTKocTb, obecnednBaemas O€TOHOM, H-m2.

Medvedev V.N., Semenuk S.D. Prochost i deformativnost balochnyh izgibaemyh elementov s vneshnim listovym
armirovaniem [Durability and deformability of braced bending elements with external sheet reinforcement].
Magazine of Civil Engineering. 2016. No. 3. Pp. 3-15. (rus) doi: 10.5862/MCE.63.1.
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Mpu aTom Bs npeanaraetcsa onpegensatb no gopmynam: (9) — ans cedenus I-1; (10) — ans ceyveHmns
Il =11 (puc. 9).

B =E I = E, [(t b+t h): (h —(x+ yc))z] (9)

B = E I, = E, [(t ‘b (h— (x + 2)2) +tyhy (= (h—h, — h;y))z]. (10)

roe Es — moaynb ynpyroctu ctamu; t, ty, hy, hy h, b, X — reomeTpuyeckne xapakrepucTki nornepe4Horo
CeYeHns CTanbHOM CBapHOW COCTaBNSALLEN, YKa3aHHble Ha pUCYHKe 9.

B pe3ynbTate aHanusa Hal'lpﬂ)KeHHO-/J,e(*)OpMVIpyeMOFO COCTOSIHMSI KOHEYHO3NEMEHTHON Mogenu
Mccnep,yemoﬁ KOHCTPYKUUN YyOanoCb YCTaHOBUTb pPAn ocobeHHocTeN, 06yCJ'IOBJ'IeHHbIX Xapakrtepom
reoMeTpumn ynpovHALWEero arieMeHTa, a Takke pacrornoXxeHuem ero B obbeme 06pa3LI,OB.

3aknyeHue
B pe3yanaTe npop,enaHHoﬁ pa6OTbI 6bIJ'IVI ﬂ,OCTVIFHyTbI cnep,yrou.me pe3yanaTb|.

1. BI'IepBbIe npoBeaeHbl YNCNEeHHbleE nccnenoBaHuUsA Hanpﬂ)KeHHo-,u,ecbopMMpyemoro COCTOAHUA
0anoyHbIX KOHCprKLI,VIVI, MCNonb3yoLwmnx yl'lpO‘-IHFHOLLI,VIVI ANIEMEHT B KayecCTBE aHKepa. OCHOBHbIMM
pesynbTatamMun npoBeaeHHbIX nccrnegoBaHnn ABNATCS:

e Hay4yHo 0OOOCHOBaHHblE KOHCTPYKTMBHbIE MapamMeTpbl CTanbHOrO Kapkaca Kak Ha cTaguu
BOCMPUATMS Harpy3ku OT Beca CBeXeyrioXeHHoro 6eToHa, Tak M nocre Habopa MpPo4YHOCTM
GeToHOM, BKIOYaloLLMe KONMMYECTBO U pasMeLLEHNe B NaHe YNPOYHSIIOLIMX 3ITEMEHTOB;

e pErpeccuoHHble 3aBUCUMOCTM (MONy4YeHbl BrEpBble) AONs PasfMYHbIX CXeM 3aKperieHust
KOHCTPYKUMK, MO3BOMsiiolMe OBOOCHOBAHHO UM B COOTBETCTBUM C MpeabsBRsieMbIMU K
KOHCTPYKUMKN TpeboBaHMUAMM MPOU3BOAUTL BbIGOP ONTUMarbHbIX KOHCTPYKTMBHBIX NapameTpoB
MeTanM4ecKo CoCTaBMSAIOLLEN;

e [aHHble 06 0COBGEHHOCTAX HamnpshkeHHO-OedOpPMMPYEMOro COCTOAHMS BanoyHbIX M3rmbaemMbix
3MEeMEHTOB B 30HE KOHTaKTa YNpPOYHSIOLLErO arieMeHTa ¢ 6EeTOHOM.

2. BﬂepBbIe nony4yeHbl pe3yribTatbl 3KCNepuMeHTalrlbHbIX nccnegoBaHuin conpoTuBneHna
0GanouyHbIX cTanebeToHHbIX 3NEeMEHTOB C pas3nnyHbIMN reoMeTpU4eCKMMnN pasMepamn ynpodHALero
AlNeMeHTa, KacarLmneca:

e XapakTtepa Hal'lpﬂ)KeHHO-ﬂ,e(bOpMVIpOBaHHOFO COCTOAHUA ONbITHbIX O6pa3LI,OB Ha pa3nnyHbIX
dTanax HarpyxeHud, BKrno4Yaa KapTvHbI Tpeu.l,le006pasoBaH|/|;| N paspyLieHud;

e JKCNnepumeHTaribHoro onpeperieHnAa >XeCTKOCTHbIX XapaKTepUCTUkK 0anoYHbIX K3rMbdaemMbix
9NIeéMEeHTOB C BHEWHWMM JIUCTOBbIM apMupoBaHMEM TMpU pas3fiM4HOM TMOJTOKEeHUN BOJIHbI
YyNpo4HAKLWEro arnemMeHTa.

3. Ha ocHoBe QKCNeEpPUMeEHTAallbHbIX OaHHbIX U OAaHHbIX YUCITEHHbIX ncecnenoBaHuin pa3pa60TaHa
mMoaenb  COrnpoTuBIIEHUA 0GanoYHbIX M3rMbaeMbIX 3NEMEHTOB C  UCMONb30BaHUEM anarpamm
D,ed)OpMI/IpOBaHI/IFl aona  marepuanos, ycroeumsa COBMECTHOCTU ,qeq)opmau,vnh N paBHOBECUA Ond
KPUTUYECKNX ceyvyeHuni (I'IpO‘-IHOCTb HOpMalibHbIX N HaKINOHHbIX ceveHun, NMPOYHOCTb KOHTAaKTa CTalibHOro
ncta C 6eTOHOM). I'Ipe,qno>|<eHb| 3aBMCMMOCTU NO onpeneneHno N3rMOHONM XKECTKOCTU C pa3nnyHbIM
NOJI0XXEeHNeM BOJTHbI YNPOYHAKOLLEro arnemMmeHTa.
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BnusHue dpopmbl cTBOpa Ha HaNpsiXKeHHOE COCTosHUE
Xene3obeToOHHOro akpaHa KaMeHHO-HaCbIMHOW MIOTUHbI

Impact of dam site configuration on 3D stress-strain state
of concrete faced rockfill dam

KaHo. mexH. Hayk, doyenm M.I1. CauHos, M.P. Sainov,

HauuoHanbHbIt uccnedosamernbckuli Mockosckuli Moscow State Civil Engineering University
a2ocydGapcmeeHHbIlU cmpoumenbHbit yHueepcumem,  (National Research University), Moscow,
Mocksa, Poccus Russia

KnioueBble crnoBa: nNnoTuHa C Xene3obeToHHbIM Key words: concrete faced rockfill dam; 3D
3KpaHOM; NPOCTPaAHCTBEHHOE HanpsXXeHHO- Stress-Strain State; numerical modeling;
AedopMUpoOBaHHOE COCTOSIHUE; YNCIIEHHOE cracking; perimetral joint; effect of foundation
MoJenvpoBaHue; TpeLnHoobpasoBaHue; topography

nepwmeTpaanbM LLOB; BIMUAHNE reoMmeTpunmn CTBopa

AHHOTaumMa. B ctatbe  paccMmoTpeHbl  pe3ynbTaTbl  YMCNEHHOTO  MOAENVPOBAHUS
NMPOCTPAHCTBEHHOIO HanpsKeHHo-gedopMmpoBaHHoro coctosHusa (HOC) nnotuHbl BbicoTon 100 M c
Xene3obeToOHHbIM 3kpaHOM. [MokasaHo, YTO MpY PacMONOXEHUW MNMOTMHbI B yuienbe Nbon hopMmbl
Kene3obeTOHHbIN 3KpaH cxXaT B HanpaerneHun ot bopTa Kk 6opTy, a B HanpaBneHun BAOMb OTKOCA MOXET
ucnbiTbiBatb  pactskeHve. OOpasoBaHME B 3KpaHe pacTArMBaKOLINX — HaNpPsHKEHUA  BbI3BAHO
BO3HWKHOBEHWEM PaCTArMBaKOLWMX YCUMUA MPU CMELLEHMSX KaMEHHOW HacbiMu, a Takke W3rMOHbIMM
aedopmauusmu. N3rmbd skpaHa genaet Hanbornee BEpPOATHbIM 0Opa3oBaHUE pPaCTAKEHUA HA HU3OBOW
rpaHun. Bo Bcex BapuaHTax cTBOpa NPOMCXOAUT packpbiTMe NepMMeTparnbHoro wea. bonblwoe BnvsiHWe
Ha dopmumpoBaHue HOC akpaHa okasbiBaeT MOCHELOBaTENbHOCTb BO3BEAEHMS U 3arpy>XeHUs1 NIOTUHBI.
Mpu BO3BEeOeHUM NNOTUHLI B ABe ovepean HIOC skpaHa okasbiBaeTcst 6onee 6raronpuATHbIM, YeM Mpu
BO3BELAEHUN B OAOHY o4depenb: Npormbbl 3KpaHa, pacTArMBalWME WM usrmbarlme ycunnss B HEM
CTaAHOBSITCS MEHbLLE, a YPOBEHb CXaTus B HanpaeneHuum u oT GopTta k GopTy pacteTr. OgHako npu
BO3BELEHMN B [Be OYepenuM BepxHAst YacTb 9KpaHa MepBON odepegu OygeT  uvcnbIThbiBaTb
HebOnaronpuaTHble M3rMbOHble fedopMaLun M3-3a HEPABHOMEPHOCTU MPOTEKAHMS OCaAOK KaMEeHHON
Hacbinu. [lo ykaszaHHbIM NPUYMHAM CBEPXBLICOKME KaMEHHO-HACbIMHbIE MIOTUHbI C Xene3006eTOHHbLIM
akpaHoM (BbicoTon 150 M n Gornee) MoryT MmeTb kpainiHe HebnaronpustHoe HIOC. Mo pesynbtatam
YUCIIEHHOIO MOLENMPOBAHMSA YBEITMYEHUE BbICOTHI MOTUHBLI B 2 pa3a MPUBENO K POCTY NepeMeLLEHNI B
3.5 pasa, a HanpsbkeHWh B 3KpaHe — B 2 pasa. B akpaHax CBEpXBbLICOKMX MIOTMH MOMyT BO3HUKATb
3HaYMTENbHbIE PACTAMMBAKOWMNE U CKUMAOLLME HAaMNPsDKEHWUsI, KOTOpble MOryT Bbi3BaTb HapyLlUeHWue
npo4HocTn GeToHa. CBepxBbICOKME MIOTUHBLI LOIMKHbI BO3BOAUTLCA B HECKOIbKO ovepenen, 4Tobbl
YNYULWNTb HAOEXHOCTb PaboThbl KX XXerne3obeTOHHOro aKpaHa.

Abstract. The article deals with the results of numerical modeling of the 3D stress-strain state
(SSS) of a 100 m high dam with reinforced concrete face. It is shown that at the location of the dam in a
gorge of any shape, the reinforced concrete face is compressed in the direction from one side to the
other and in the direction along the slope it may have tensile stresses. The formation of tensile stresses
in the face is caused by the emergence of tensile forces at the displacement of rockfill as well as by
bending deformations. The face bend contributes to the most probable formation of tension on the
downstream face. In all site alternatives the perimetral joint opens. Construction sequence and dam
loading have a great effect on the face SSS formation. During the dam construction in 2 stages the face
SSS turns to be more favorable than when the dam is constructed in 1 stage: face deflections, tensile
and bending forces in it decrease, but the level of compression from one side to the other increases.
However, during the dam construction in 2 stages the first-stage face upper part will suffer unfavorable
bending deformations caused by non-uniform settlements of the rockfill. Due to the aforementioned
reasons, very high rockfill dams with a reinforced concrete face (150 m and higher) may have extremely
unfavorable SSS. By the results of numerical modeling, twice as much increase in the dam height led to
3.5 times as much the growth of displacements and twice as much the growth of stresses in the face. In
the faces of very high dams there may appear considerable tensile and compressive stresses, which may
Sainov M.P. Vliyanie formy stvora na napryazhennoe sostoyanie zhelezobetonnogo ekrana kamenno-nasypnoy
plotiny [Impact of dam site configuration on 3D stress-strain state of concrete faced rockfill dam]. Magazine of Civil
Engineering. 2016. No. 3. Pp. 16-39. doi: 10.5862/MCE.63.2 (rus)
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cause concrete structural failure. Very high dams should be constructed in several stages in order to
improve reliability of reinforced concrete face performance.

BeedeHue. [locmaHo8Ka 3adayu.

KamMeHHble NNOTUHbI C  XXEne3o0eTOHHbIM  3KpaHOM B HacToslllee BpemMsi BecbMa
pacnpOCTPaHEHHBIN TUM FPYHTOBbLIX MIIOTWH, XOTS1 DOMBLUMHCTBO M3 HUX NMOCTPOEHO B CTpaHax J1aTMHCKON
Amepukn 1 Kutae. 7 nogoOHbIX MAOTUH MMEKT BbicoTy 6ornee 200 M. BOMbLUMHCTBO BbICOKUX MAIOTUH C
Xene3obeTOHHbIM 3KPaHOM MOCTPOEHbI B OTHOCUTENBHO Y3KMX CTBOpax [1-2], U ux HanpshKeHHO-
aedopmupoBaHHoe cocTosiHne (HOC) dhopmmpyeTcs B NPOCTPAHCTBEHHbIX YCIOBUSIX.

Mpn nNpoekTMpoBaHMM NOL4OGHBLIX MMAOTMH OObIMHO CYMTAKT, YTO >KENe300ETOHHbIA 3KpaH
HaxoAWTCs B COCTOSIHUM [ABYXOCHOrO CXaTusi, a apMaTypy YCTaHaBnvBawT [Ms BOCMpUATUS
TemnepaTtypHo-ycafgoudHbix gedopmaumn. OgHAKo YUCIIEHHbIE WCCIIEL0BaHUSA, paHee MpoBefeHHble
Hamn [3-5], mokasanu, 4TO 3TO He TaK: 3KpaH MOXET HaxoauTbcs B HebnaronpusatHom HOC. B
HanpaBreHUn BAOMb OTKOCA 3KPaH MOXET WCMbITbIBATb PACTSArMBAKOLWME YCUNUS; B HanpaBleHuu OT
6opTa k BOpPTYy — CyLLEeCTBEHHbIE CXUMaIOLLME HaNPsXKeHUs. HekoTopbIMK APYTMU aBTOpaMu NOSyYeHbl
NMoXoXwue pesynbTaThbl.

BosmoxHoCTb dhopmupoBaHus HebnaronpusatHoro xapaktepa HOC >xene3obeTOHHOro akpaHa
noaTeepXaaeT OnblT 3KCMMyaTauuMu HEKOTOPbIX MNMOTUH, B Xene3obeTOHHOM 3KpaHe KOTOpbIX
obpa3zoBbiBannCch TpeLLMHbl.  TpelmMHooOpa3oBaHMe Habnoganocb B 3kpaHax nnotuH  Shuibuya
(BbicoTon 233 m), Aguamilpa (187 m), Tianshenggiao 1 (178 m), Barra Grande (185 m), Campos Novos
(202 m), Mohale (145 m) [1, 2, 6—11]. Ha pa3HbIX NNOTUHaX TPELLMHbI ObININ OPUEHTUPOBAHLI NMO-Pa3HOMY.
[opusoHTanbHble TpeLwlMHbl BO3HMKIM B 3kpaHax nnotuH Shuibuya, Aguamilpa; no MHeHuo
uccriegosartenen [6], STM TpelwMHbl SABMSIOTCA CNEACTBUMEM paCTArMBalOLMX YCUINUMA B 3KpaHe.
BepTukanbHble TpelwmHbl Habnoganucb B akpaHax nnoTuH Tianshenggiao 1, Barra Grande un Mohale
[7,10]. B Hux npoucxoguno paspylleHue 3allMTHOrO Crosi Haf apMaTypoi, 4YTO XapakTepHo Ans
pas3pyLUeHns MpU HapyLLeHUN NPoYHOCTM BeToHa Ha cxkaTtne. OTMeYeHbl Takke cnyyan, Koraa npuYMHON
0obpa3oBaHus TpeLMH B >xene3obeTOHHOM 3KpaHe Obin CNoXHbIA Xapaktep ero AedopMupoBaHus,
ABNSOLWNACSA CMNEACTBMEM CIOXHbIX TOonorpaduyeckux ycnosun [6]. B kene3obeTOHHOM 3KpaHe
nnotuHbl Campos Novos obpasoBanach Lenasi cuctemMa TpeLUMH, BepTUKarbHbIX, FOPU30OHTarnbHbIX U
HaknoHHbIX [11] (puc. 1). O4YeBMAHO, YTO He NOCMELHIO POoNb B 06pa3oBaHUM 3TUX TPELUMH Cbirparno
B3anMMOJeNCTBUE MIOTUHBI CO CKanbHbIM KAHLOHOM.

a) )/

6)

PucyHok 1. PacnonoxeHue TpelwmH B XXene3o6eTOHHOM 3KpaHe nnoTuHbl Campos Novos,
obpasoBaBLUMXCA NOCIe NepBOro HanosIHeHUsA BoAOXpaHUnuLa;
a) cxema; KpacHbIMU IMHUAAMM 0603HaYeHbl TpelumHbl; 6) hoTo

Cannos M.I1. Bausiaue hopMbl cTBOpa Ha HAINPSHKEHHOE COCTOSTHHE JKENEe300€TOHHOI0 AKpaHa KaMEHHO-HACBIITHOM
wIoTuHbI // IHkeHepHo-cTpouTenbHbIH xypHai. 2016. Ne3(63). C. 16-39.
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B cBs3n C BbllleCKka3aHHbIM CTAHOBUTCS BaKHbIM oueHuTb HIOC >xene3obGeToHHOro akpaHa B
YCIOBUSAX MPOCTPaHCTBEHHOW paboTbl B cKanbHOM yulenbe. B nocrnegHee Bpems nosiBuncs psig
nuccnenoBaHu, MOCBSLLEHHbIX 3Ton Teme [12-17]. B gaHHOM cTaTbe paccmartpuBaroTcs pesynbTaThbl
HaLLMX YMCMEHHbIX UCCNeaoBaHWIA, Ha4Yano KOTopbiM ObINIO NonoxeHo B [4-5]. B Hawem nccnegosaHum
CTaBUTCA LeNb BbISABUTb CcTeneHb BNusiHua Ha HOC akpaHa Takux hakTopoB kak dopma yLlienbsi, B
KOTOPOM MOCTPOEHA NIIOTMHA, BbICOTA NNOTUHLI U NOCNEA0BATENbLHOCTL BO3BEAEHMUS NITOTUHLI.

[puHyunblI YucrneHHo20 Mooesnupos8aHusi

B kauyecTBe obObekTa uccriegoBaHus Obina BbibpaHa abcTpakTHas nnotuHa BeicoTon 100 M w3
FOpHOM Macchl ¢ 3anoxeHnem oTkocoB 1.4. OHa Obina npuHsaTa OAHOPOAHOMW, 30HMPOBAHKE KaMHS B Tene
YMNOPHOW MpPU3Mbl HE YYUTbIBANOChb. TOMWMHA XXerne3o0eTOHHOrO 3KpaHa MNpuHATaA MNEPEMEHHON —
ot 0.5 M Ha rpebHe o 1 M y nogowsbl. OT cKanbHOr0O OCHOBaHWUS 3KpaH OTpe3aH nepumeTparbHbIM
LUBOM, PAacrorfioXEHHbIM MEPNEHAMKYNISPHO K BEPXOBOW rpaHu. OKpaH paspesarnicsd BepTUKarbHbIMM
LWBaMW Ha CEKLMU LUMPUHON 12 M.

ViccnegoBannsi NpoBOAWNUCE METOAOM  KOHeuYHbIX anemeHtoB (MK3) no BblMUCIMTENBHOW
nporpamme Nds-N, coctaenenHon M.I1. CaumHoBbiM [18]. Ona mogenupoBaHus NOBeAEHWs LUBOB B
3KpaHe N B3aMMOLEWCTBUSA KENe3o0EeTOHHOro 3KpaHa C OKpPYXalWUMKU FpyHTaMy MCNoSfb30Barmchb
KOHTaKTHble KOHEYHble aneMeHTbl. B pacueTax yyuTbiBanacb HENUHENHOCTb AeOPMUPOBAHUS FPYHTOB
(no momenu npocd. JI.H. PacckasoBa [19], [20]), a Takke NOBEAEHMS KOHTAKTOB (MO MOAEMNMU
KynoHa—Mopa).

MapameTpbl 0edopMMPYyEMOCTU KaMEHHOW Hackinu Obinv BblOpaHbl TakMMK, Y4TOObI B MITOCKOM
3aflaye ee MaKkcuMmarnbHble CTPOUTENbHbIE OCaAKM COCTaBunuM 54 CM, YTO BNUCLIBAETCH B pe3ynbTaTbl
HaTypHbIX HabnogeHu 3a psgom nnotuH [21]. Ecnu npyuHMmMaTh Mogenb NIMHERHOTO AehOopMUMpOBaHNS
KaMHs1, TO JaHHas ocagka MoxeT OblTb moryyeHa npu mogyne gedopmaumm E= 60 MlMa. Mogynb
aedopmauum 6eToHa akpaHa Obin NpUHAT paeHeiM 29000 MIMa.

Cetka MK3 ans nonepe4vyHoro ce4yeHud, B KOTOPOM MIIOTUHa UMEeEeT MaKCUMMalibHYH BbICOTY,
NoKa3aHa Ha PUCYHKe 2. Ons mMmoaennpoBaHusa »ene3obeToHHOro 3KpaHa u npuneravnwmnx K Hemy 30H
ncnonb3oBarinCb KOHEYHbIE 3NEeMEeHTbI C KBaﬂpaTMHHOVI aHHDOKCMMaHMeﬁ nepemeu.l,eHMVl, TaK KakK Halun
npegBapuTeribHble UccneaoBaHUA rnokasasnu, YTo TOJ1IbKO Takow noaxond MoxeT obecneynTb nony4yeHue
npnemMnemMbiXx pe3ynbTaToB. I'IpM MCnonb3oBaHMM 3NEMEHTOB HWU3KOIro nopdanka pacnpeneneHue
Hal'lpﬂ)KeHVIVl B TOHKOCTEHHOM KOHCTPYKUUN 3KpaHa nojty4aeTcA He MaaknuM, a CoO CKadkaMu Ha rpaHmuax
KOHEYHbIX 3nemMeHToB. KBasunuMHEWHble KOHEYHble 3NEMEHTbl  MCMOMb30oBanMCb TOMbKO  Ans
MoaennpoBaHUA KameHHon Hacbinn. B CEeTKy MKQ 6bIn BKIHOYEH Herny60|<vu7| OMoK CKanbHOro OCHOBaHUS
NNOTUHBbI.

VBB 97 v 100 y

PucyHok 2. Cetka MKD nnoTuHbI B nonepe4yHoM Ce4eHUu:
1 — ynopHas npu3mMa; 2 — xene3o0eTOHHbIN 3KpaH; 3 — NoA3KpaHOBasA 30Ha; 4 — cKanbHoe
OCHOBaHue,; 5 — 3alWmTHas npusma

Mpu pacyeTax yuuTbiBanacb MocrnenoBaTeNbHOCTb BO3BEAEHUSI U 3arpykeHuss NnoTuHbl. Bbina
NpuHATa cxema Mo3TarnHoCcTH, NnpedycMmaTpuBalollas HanornHeHue BodoxpaHunuuia go HMY 97 m u
BO3BeAeHUs! ene300eTOHHOIo 3KpaHa TOmNbKO Nocre Bo3BeAeHWs! NNOTHbI Ha MOMHbIA NpoduIb.

BnusaHve opmbl CTBOpa BbIABANOCL NyTEM CR@BHEeHMA HOC mexay HEeCKONbKUMWU pacyeTHbIMK
BapuaHTamu reomMeTpunm pedvyHon p[JonuHbl. Bo Bcex BapumaHTax dopma yulenbs npuHUManach
TpaneueunaansHon. BapnaHTbl pasnnyanucb HaknoHOM GOPTOB W LUMPUHOW PYCNOBOro y4acTka NAOTUHbI.
3anoxeHne GOPTOBOro CKMoHa nNpuHUManocb pasHbiM 0.5, 1 nnu 2, wWnpuHa pycnosow Yactn — 12, 48
unn 108 m. Bcero 6bino nonyyeHo 9 BapuaHTOB KOH(urypauum cteBopa. BapuaHTbl 0603HaueHbI
Sainov M.P. Vliyanie formy stvora na napryazhennoe sostoyanie zhelezobetonnogo ekrana kamenno-nasypnoy
plotiny [Impact of dam site configuration on 3D stress-strain state of concrete faced rockfill dam]. Magazine of Civil
Engineering. 2016. No. 3. Pp. 16-39. doi: 10.5862/MCE.63.2 (rus)
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OBOMHOW Hymepauuen. Lludpa ykasbiBaeT Ha yknoH Oopta, a OykBa KoOAMPYeET LWMWPUHY pycna.
MapameTpbl CTBOPOB yka3aHbl B Tabnuue 1. Tam e ykasaHbl KONM4ecTBEHHblEe napaMeTpbl ceTok MKO
AN pasnUyHbIX BapuaHTOB KOHGUrypawuum cTBOPOB.

Tabnuuya 1. Napamempbl eapuaHmoe cmeopoe u cemok MK3 (nnomuHa esicomot 100 m)

MapameTpbl cTBOpa MapameTpbl ceTkn MK3
BapuaHT | ) byHa pycrosoi 3anoxeHne AnvHa no KOHEYHbBIX YITOBbIX | CTeneHen
yacTu, M cknoHa 60pToB rpebHio, M aNemMeHToB y3nos ceoboppl
la 216 2 610 4629 + 1444 6870 38070
1b 96 2 490 3219 + 1024 4855 26690
1c 24 2 418 2373 + 772 3646 19862
2a 216 1 511 4125 + 1274 6091 33726
2b (Ne0) 96 1 391 2715 + 854 4076 22346
2C 24 1 319 1869 + 602 2867 15516
3a 216 0,5 389 4629 + 1284 6603 36017
3b 96 0,5 293 3501 + 948 4991 26914
3c 24 0,5 221 2655 + 696 3782 20085

I'Ipwmeanme: OtaoenbHO YKa3aHO KOJIM4eCTBO 3J1IEMEHTOB CMSIOLWHON cpenbl N KOHTaKTHbIX 3J1TEMEHTOB

AHarnus pe3yrnbmamos 4YucrieHHo2o mooenuposaHus HLC rnnomuHbi
ebicomou 100 m npu ee 8038e0eHUU U 3a2pyXeHuUU 8 00Hy o4yepedb

CHavana paccmoTtpum HIOC cpepHero BapuaHta Ne2b, kotopbii 6yaem HasbiBaTb BapuaHT NeO.
B 9TOM BapuaHTe LIMPVHA PYCMOBOI YacTU CTBOpA COCTaBNSET 96 M, a YKIOH ckarbHbix GoptoB — 1.
CoOTBETCTBEHHO, KO3(hPULMEHT cTBOpA cocTaBnseT 3.9, 3TO AOCTAaTOYHO LUMPOKUIA CTBOP.

Pacuetamu ans BapuaHTa NeO nony4eHo, 4To MakCuMMmalibHble CTPOUTENIbHblE OCadKW MITOTUHDI
cocTaBnsT 52.9 cm, oHM HabnogaTcs npuMepHoO B reoMmeTpn4eckom LeHTpe nioTuHbI, Ha OCK CTBOpPA.
MakcumanbHble rOPU30OHTalrbHble CMELLEHUA NMINOTUHbLI B CTBOPE COCTaBUIn 13.6 cm.

Xenes3obeToHHbIN 3KpaH, criegys 3a AedopmaunsaMym KaMeHHOW Hacbinu, UCMbITbiBaeT usrnbd B
OBYX HanpaeneHnusix (Boonb M nonepek oTkoca). MakcumanbeHbii npornb (29.3 cm) Habnogaetcs B
LueHTpe akpaHa (puc. 3a), a Npornbbl MO KOHTYPY 3KpaHa CyLLEeCTBEHHO MeHblue. KOHTypHble nporvbbl
ABMSAIOTCA CreACTBMEM CABUrOBbIX CMELLEHMI B NePUMeETParibHOM LLBe B HanpaBreHWn nornepek oTkoca.
MakcumanbHbIv KpaeBor npornd akpaHa (54 mm) HabnogaeTcs Ha yvacTke ckanbHoro 6opTa NNoTUHbI, a
B PYCIOBOW YacTu OH He npeBbillaeT 28 MM (puc. 406).

V1000
| ||
|

Wwkana npornbos [cMm] :

0 4 8 12 16 20 24 28 32 36 40
PucyHok 3. Mporubbi xxene3o6eToHHOro akpaHa B BapuaHTte Ne 0 (Bo3BegeHue 6e3 ovepenen)

Hedopmaumm aKkpaHa COMPOBOXAAKTCA PacKpbiTUEM MepuMmeTpanbHoro wea (puc. 4a).
MakcumanbHoe pacKkpbITve LIBa Ha PYCrioBOM y4YacTke cocTtaBuio 51 mm, Ha 6optoBom — 45 mm. Kpome
TOro, MPOWCXOASAT COBWUIOBblE MEPEMELLEHUS] BAOMb KOHTYpa MEPUMETPANnibHOrO LBa, B MIOCKOCTU
3KpaHa (puc. 4B). Ha pycnoBom yyacTke CMeELLEHUS HanpaBreHbl B CTOPOHY pycna, a Ha 60pToBoM — B
OCHOBHOM OT MOAOLLBbI K FpeBHI0. Ha HaknoHHOM y4acTke NpuMbIKaHUs K BOpTY OHM JOCTUraloT 32 MM.

! MockonbKy CTBOP NPUHMMANCS CUMMETPUYHBIM, TO MOAENMpOoBanack TONMbKO NeBoGepexHasi NoMoBMHa NOTUHBI.
Cannos M.I1. Bausiaue hopMbl cTBOpa Ha HAIIPSHKEHHOE COCTOSTHHE JKEIEe300€TOHHOT0 AKpaHa KaMEHHO-HACBIITHOM
w1oTuHbI // IHkeHepHo-cTpouTenbHbIH xKypHai. 2016. Ne3(63). C. 16-39.
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PucyHok 4. lNepemelleHuns B nepumeTparibHOM LLUBe 3KpaHa BapuaHTa Ne0:
a) packpbITUA; 6) KOHTYPHbIE NPOrMbbl; B) NPOAONIbHbIE CMEeLLEeHUS.
3akpalleHHble 3anpbl COOTBETCTBYIOT CXeMe BO3BeAeHUA NNOTUHbI B 2 o4yepeam,
He3aKpalleHHble — cxemMe BO3BeAeHus 6e3 oyepenen

OnucaHHas cxema D,ed)OpMVIpOBaHVIH 9KpaHa NpmBOoANT K NOABJIEHUIO B 3KpaHe KaK CXKUMaloLLUX,
TaK N pactAarmsaromnx Hal'lpﬂ)KeHVIVl. I'IpM 3TOM Ha HWU30BOW rpaHn 3KpaHa ypOBEHb pacTaAXeHusA oonblue
4YeM Ha BerOBOVI, a cxartusa, HaO60pOT, MeHbLLe. OTO CBSI3aHO C M3rMBOM NNUTbI 9KpaHa.

B HanpasneHun, 6rM3koM K HanpaBreHuio BAOMb OTKOCa, B 3KpaHe 4Yallle Bcero AeicTByoT nubo
MakcuMarbHble rMaBHble HanpsikeHus o; (pUc. 5), NMBO NPOMEXYTOYHbIE [MaBHbIE HaMNPSHKEHUS oo
(puc. 6). B HWXKHEl YacTu aKpaH UCTbITbIBAET pacTArMBalollne HanpshkeHUsl o; B HanpaBlieHuU BOOIb
OTKOCa, a CXMMaloLLME HaNpshHKeHUs] G, COOTBETCTBYHOT rMOpPOCTaTUYECKOMY AaBMEHUI0 U HanpasreHbl
nonepek MIIOCKOCTM 9KpaHa. BepxHss yacTb aKpaHa MMeeT ApYroe HanpsikeHHOEe COCTOsIHWE, B Hel
3KpaH cCXaT BO BCeX HanpaBneHusx. B HanpaBneHun BOOMb OTKOCa AEMCTBYIOT HamnpshKeHusl G, a
HanpshkeHUs1 61 COOTBETCTBYIOT MMAPOCTAaTUYECKOMY AABIEHNIO BEpXHEro Gbeda.

OnacHocTb NpeAcTaBnsioT pacTArMBaloLMe HanpskKeHuss o; B HWXKHEeM uvacTu 3kpaHa. Ha
BEPXOBOW [paHW 30Ha pPacTArMBalLWMX HanpsXXEeHWn o; OPUEHTUMPOBAHa TrOPU3OHTalNbHO, TO €ECTb
BEPOSATHO NOSIBNIEHWE FOPU3OHTaNbHbIX TpewwmH. OQHaKo 30Ha pacTsKeHUs HeBenvka no nnowagu, a
MakcumaribHoe 3HadeHvne o; He npesblwaet 1.3 MMa (puc. 5a). Takoe HanpspkeHue MoxeT ObiTb
BOCIMPUHATO NPOAONLHON apMaTypoi akpaHa.

Ha Hu30BOW rpaHM aKpaHa MposiBIieHME pacTshkeHuss Goree 3HauyuTenbHo — obnacTtb
pacTArMBaloLWUX HanpsKeHUN ; 3aHMMaeT BCH HUXKHIOI 4acTb aKpaHa. OHa pacronioxeHa LUMPOKOi
nonoco BOonb nepuMmeTparnbsHoro wWea. MosBrneHne B 3Toi 30HE pacTArMBaloLLMX HANPSHXKEHWIA BbI3BAHO
N3rMéomM akpaHa B 06MacTy NPUMbIKAHMS K CKarlbHOMY OCHOBaHWIO. OTa 30Ha pacTshkeHus obpasyeTcs
Kak Ha pycrnoBoM, Tak 1 Ha GOPTOBOM y4yacTkax, HO Ha GOPTOBOM y4acTKe pacTArMBaloLLne HanpsKeHus
G1 BCE e HEeCKONbKO MEHblle Mo BenuyuMHe. OTO CBSA3AHO C TeM, YTO TaM 3KpaH MMmeeT Gonbluyto
cBoboay B MNepeMelleHUsX U 3a CYET MOBbLILEHHbIX KPaeBblX MPOrMOOB OH CMOCOGEH YMEHLLUMTb
n3rnbHele gecdopmMaumn. MakcmarnbHble 3Ha4YeHUs] pacTArMBaloLLMX HanpskeHWn o, HabnoaaTes Ha
rpaHuUe GOpPTOBOro M PYCcrnoBOro y4acTkoB, rae oHW gocturaioT 5.6 MMa (puc. 56). Takoe 3HayeHue
MHOro 6ornblle HOPMaTWBHOW MPOYHOCTM Kere3obeToHa Ha pacTskeHMe M MOXEeT NpPMBECTU K
06pa3oBaHUIO B 3KpaHe TPELLUMH. OTU TpeLMHbl ByayT OpMEHTUPOBaHbLI BOOb NPUMbIKaHWS K ckarne.

Sainov M.P. Vliyanie formy stvora na napryazhennoe sostoyanie zhelezobetonnogo ekrana kamenno-nasypnoy
plotiny [Impact of dam site configuration on 3D stress-strain state of concrete faced rockfill dam]. Magazine of Civil
Engineering. 2016. No. 3. Pp. 16-39. doi: 10.5862/MCE.63.2 (rus)
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PucyHok 5. MakcumarnbHble raBHble HaNpPAXXeHUs o1 B XXene306eTOHHOM aKpaHe BapuaHTa Ne0
(Bo3BegeHue 6e3 ovepenen)

VvV 100,0 V 100,0

a) BepxoBasi rpaHb ©) HU30Bas rpaHb
N V1,6 ™~ V|1,6

LwKana HanpsaxeHuin [Mla]
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PucyHok 6. lpomeXyTouHble rnaBHble HaNPSXXeHUs o B XXene3o6eTOHHOM 3KpaHe BapuaHTa Ne0
(Bo3BegeHue 6e3 ovepenen)

B HanpaBneHun oT GopTa K GOpTy aKpaH MpaKTUYECKU MO BCEWN nnowagun cxkaT MUHMMarbHbIMU
rMaBHBbIMU HaNPSHKEHUAMN G3. CRMMAIOLLME MUHUMATbHBIE TNaBHbIE HAaNPSXXEHUSA 3 HA BEPXOBOW rpaHu
gocturaioT 6.9 MIMa (puc.7a), a Ha Hu3oBon — 5.7 MIa (puc. 76). O6nactb HaMbOMbLLErO CXaTus MO G3
pacnonaraeTcs B LEHTpPe 3KpaHa, a Takke B 30HE COMpSKeHWs pycnoBoro u 6GOpTOBOro y4acTKOB
nnotuHbl. CxaTue 3KkpaHa B HanpaeneHuuM oT OopTa Kk GOpTy roBOpUT O TOM, YTO C TOYKU 3peEHMs
BOCMPUATUS CTaTUYECKMX Harpy3ok HeoOXOOMMOCTb YCTPOMCTBA B 3KpaHe BepTUKalnbHbIX LUIBOB
OTCyTCTBYET. XOTs, Kak MOKasblBalOT HaTypHble Habnogenust 3a nnotuHor Num Ngun2, BO3MOXHbI
HepaBHOMEPHOCTU AedopMaLn [22], 1 Toraa Wwsbl MOTYT ChirpaTh MNOMOXUTESbHYIO POfb.

-V 100,0 _ V 100,0
L |
~~ S
~
s ~
~ h \\
N \\
a) BepxoBas rpaHb i ©) H130BasA rpaHb L
V1,6 NS v]1,s
lKana HanpsxeHunia [MMa]
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PucyHok 7. MMHMManbHbIe rMaBHble HANPAXeHUs o3 B XXene306eTOHHOM aKpaHa BapuaHTa Ne0
(Bo3BegeHue 6e3 ovepenen)

CocTosiHne BepTUKalribHbIX LLUIBOB HA MOMEHT OKOHYaHWA 3arnofiHeHNA BOOOXpPaHWITMLLIA NMOKa3aHO
Ha PUCYHKEe 8. BepTVIKaJ'IbeIe MeXCEKLUMNOHHbIE LBbl PacKpbIiBalOTCA TOJIbKO B KpaVIHVIX 60pTOBbIX
CeKuuax, roge yposeHb CxXatna MUHMManeH (pVIC. 8) Pacxpumq LLWBOB O4Y€Hb Malbl 1 COCTaBnNAT O0JIN
MunnmMmeTpa. KpaCHbIM BblA€NMeHbl pPacCKpbiTble LWBbl, pPO30BbiIM — COMKHYTbl€ LWBbl, paHee
packpbiBaBLWINECA, 3€/I€HbIM — COMKHYTbI€ LLBbI 0e3 caBuroBbIX HapyLIJeHVIVI, XeNTbIM — COMKHYTbI€ LUBbI
CO CABUITOBbIMU HapPyLUEHUAMN.

Cannos M.I1. Bausiaue hopMbl CTBOpa Ha HAIIPSHKEHHOE COCTOSTHUE JKEIEe300€TOHHOT0 AKpaHa KaMEHHO-HACBIITHOM
wIoTHHbI // IHkeHepHo-cTpouTenbHbIH xKypHai. 2016. Ne3(63). C. 16-39.
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PucyHok 8. CocTosiHMe MeXXCeKLMOHHbIX LUIBOB B 3KkpaHe BapuaHTa Ne0 (Bo3BeaeHue 6e3
ouepeaen)

Hanee nccneposanock HOC akpaHa ons Apyrmx BapuaHToB KOHMrypaumm cteopa.

Ha pucyHkax 9-16 npeactaeneHbl pedynbtaTel pacdeta HOC Tonbko ansa BapuaHtoB Ne 1a, 1c,
3a, 3c kak Hanbonee oTnNUYaroLLMXCs Opyr OoT gpyra n oT BapmaHTa NeO.

Bo Bcex BapuaHTax MakcumarbHble Nporubbl 3KpaH MonyvyaeT Ha PyCroBOM Yy4yacTke, Ha
GOPTOBOM y4YacCTKe OHU CYLLLECTBEHHO YMeHbLuaTcs (puc. 9).

AHanus (Tabn. 2) nokasblBaeT, YTO BO BCEX LUMPOKKX (BapuaHThbl 1a, 1b, 2a, 3a) cTtBopax nporndbl
3KpaHa npumepHo oguHakoBbl — 29...30 cMm. B y3kux cTBOpax MakcumarbHbIi npornd akpaHa
yMeHbluaeTcsd. MyuHumanbHoe 3HayeHue npornba (22.6 cm) akpaH umeeT B BapuaHTe 3C, B KOTOPOM
ckanbHoe yulense camoe y3koe. o cpaBHeHuo ¢ nporndom B BapuaHTe Ne0 gaHHbIM Npornb mMeHblue
Ha 23 %.

Bo Bcex BapuaHTax KOHTYpHble MNporMbbl He paBHbl 0 MpakTUYecKM Ha BCEM MNPOTSKEHUM
nepumeTpanbHoro wea (puc. 10). XapakTepHo, 4YTO MakcumarbHble MNporMbbl HabnogalTca Ha
GOPTOBOM y4yacTke NMOTUHbI U cocTaBnsAlT okoro 50 Mm. B pycrnoBoi Yyactu npornGbl He NpeBbilLaloT
30 MM, NpU 3TOM CYXXEHWE PYCINOBOM YacTh CTBOPA OYEHb Maro YMEHbLUAET BenMYMHbI KOHTYPHbIX
nporn6oB. Takum oGpa3oM, KOHGUrypauusi CTBopa Marno BIUSIET Ha BeNUYMHbI KOHTYPHbIX NMporvoos
3KpaHa.

Tabnuuya 2. MakcumanbHble nepemeweHuss (cM) 3KpaHa U MJIOMUHbI Pa3JIuUYHbIX
eapuaHmoe cmeopa (8o3eedeHue rMJIomuHbl eébicomoti 100 m 6e3 o4yepedell)

3KpaH OCb NMNOTUHBI
BapuaHT
ux uy uz un ux uy
la 23.1 21.0 2.7 30.5 16.1 53.6
1b 22.3 21.4 2.4 30.4 14.3 53.0
1c 19.0 18.8 1.9 26.3 11.6 47.6
2a 23.0 21.1 2.9 30.5 16.0 53.6
2b (Ne0) 21.3 20.8 2.4 29.3 13.6 52.9
2c 17.1 17.4 1.7 24.1 10.3 45.3
3a 22.9 21.5 3.1 30.8 15.4 54.1
3b 20.9 21.1 2.4 29.3 12.7 52.8
3c 15.5 16.7 1.5 22.6 8.4 40.3

Sainov M.P. Vliyanie formy stvora na napryazhennoe sostoyanie zhelezobetonnogo ekrana kamenno-nasypnoy
plotiny [Impact of dam site configuration on 3D stress-strain state of concrete faced rockfill dam]. Magazine of Civil
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Tabnuya 3. KoHmypHble nepemeuwjeHUsi aKkpaHa (MM) Onisi pa3fUYHbIX eapuaHImoe cmeopa
(8o38edeHue niomuHbl ebicomoli 100 m 6e3 oyepedeli)

npogonbHble packpbITne nporv6
BapuaHT
pycno 6opT pycno 6opT pycno 6opT
la 11 28 63 55 30 51
1b 6 30 55 51 29 50
1c 2 28 44 43 27 48
2a 12 31 62 51 30 56
2b (Ne0) 6 32 51 45 28 54
2c 2 27 37 34 26 50
3a 10 35 59 46 29 53
3b 5 33 47 38 27 52
3c 2 25 30 25 24 50
Vv 100,0
T !
L] ‘ ‘ || [ ]
|
a) BapuaHT Nela \1
V16 |
Vv 100,0
|
|
B) BapuaHT Ne3a r) BapuaHT Ne3c
vi1e!l |

wkana nporubos [cMm] :

—
0 4 8 12 16 20 24 28 32 36 40

PucyHok 9. NMporn6bi xxene3o6eTOHHOro aKpaHa B CTBOpax pa3Hon KOHpurypauum (Bo3BeaeHue
6e3 ouepeaen)
= 100 7100

r) BapuaHT Ne3c

PucyHok 10. KOHTypHbIe nporn6bi (Mm) Xene3o6eTOHHOro 3KkpaHa B nepuMeTpasribHOM LUBe AN
CTBOPOB pa3HoOM KoHdurypauum (nnotuHa Bbicoton 100 M). YcnoBHble 0603Ha4YeHUs CM. Ha
pucyHke 4

Bo Bcex BapuaHTax nepuMmeTparbHbiil OB NPaKTUYECKM MOMHOCTBIO packpbIT (puc. 11), gaxe B
CaMOM Y3KOM CTBOpe€. Ho BenunuunHbl paCKprTVIVI 3aBUCAT OT KOH(bVIpraLI,VIVI CKanbHOIO yulenbA. B Y3KUX
Cannos M.I1. Bausiaue hopMbl cTBOpa Ha HAIIPSHKEHHOE COCTOSTHUE JKEIEe300€TOHHOT0 AKpaHa KaMEHHO-HACBIITHOM
wIoTuHbI // IHkeHepHo-cTpouTenbHbIH xypHai. 2016. Ne3(63). C. 16-39.
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CTBOpax U B CTBOpax C KpyTbIMW GopTamu packpbiTe mMeHblle. B camom y3kom cTBope (BapuaHT 3cC)
packpbiTve coctaensaeT 30 MM, 4to Oonee Yyem B ABa pasa Gonbwe (63 MM), YEM B CaMOM LLMPOKOM
cTBOpe (BapuaHT 1a).

MpooonbHble CMELLEeHUA MNPOMCXOAAT B OCHOBHOM BHM3y OOpTOBOro y4yacTka akpaHa. OHu
pocturatoT 25...30 mm (puc. 12).

2100 = 100

6)
BapuaHT Nelc

59 r) BapuaHT Ne3c

19

PucyHok 11. PackpbiTusi nepumeTpanbHoro wea (MM) B CTBOpax pa3HoM KoHdwurypauum (nnotuHa
BbicoTon 100 m). YcnoBHble 0603Ha4YeHUA CM. Ha pUCYHKe 4

7 100 7 100

B) BapuaHT Ne3a r) BapuanT Ne3c

Y ; 38
TN 1.6y
W - % -3
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4 6 5
PucyHok 12. NMpogonbHble cMeLLeHUs 3KpaHa B NepuMeTpanbHOM LWBe (MM) B CTBOpax pa3Hou
KoHdurypauum (nnotuHa Bbicoton 100 M). YcnoBHble 0603Ha4Ye€HUsA CM. Ha PUCYHKe 4

Takum obpa3om, BO BCEX BapuaHTax 3KpaHa KadeCTBEHHO KapTMHa Aedopmaunii He oTrimMyaeTcs.
CoOOTBETCTBEHHO, CX0Xa BO BCEX BapyaHTaXx M kKapTMHa pacnpeaeneHus HanpsbkeHun (puc. 13-16).

AHanu3 Hanps>KeHHOro COCTOSHWUS 3KpaHa B LUMPOKUX CTBOpPaxX MokKasarn, YTo OHO KayeCTBEHHO
aHarnorm4yHo paccMOTpeHHOMY paHee B BapuaHTe Ne0, XOoTd NpouUCXoamuT HEKOTOpOe pacLUUpeHne 30HbI
pacTskennst o1 (puc. 13a, 13B, 14a, 14B) U COKpalleHUE 30HblI CKUMAKLLUX HaMNPSKEHUA G3 MPaHu
(puc. 15 a,B). MIameHsAOTCA U BEMUYMHbI MaKCUMarbHbIX 3Ha4YeHUn HanpsbkeHun. B BapuaHTe Ne1

yBenunyeHne o; npousowno o 6.5 MMa, (puc. 13a), a yMeHblUeHNEe CKUMAIOLWMX HaMpsiKeHUN o3 —
o 3.8 Mla (puc. 14a).

B y3kom cTBOpe npovcxoguT HaobopoT: 06nacTe pacTArMBaoLLMX HanNps>keHUWn 6, CoKpallaeTcs, a
CKUMaloLLMe HanpskeHus oz MHTeHcuduumpytoTes. Hanpumep, B BapumaHTe Ne3c pacTsbkeHusa Ha
BEPXOBOW rpaHU MpakTuyeckn He Habniogaetcs (puc. 13r). Ho makcumanbHOe HanpsbkeHue o; Ha
HM30BOW rpaHun yBenuuunock Ao 7.5 MlMa (puc. 14r). MakcumanbHoOe CXvMMatoLee rraBHoe HanpsXXeHne
o3 B BapmaHTe 3¢ Ha HM30BOW rpaHun gocturno 6.3 MlMa (puc. 16r), a Ha Bepxoson — 8.7 MIa (puc. 15r).

Sainov M.P. Vliyanie formy stvora na napryazhennoe sostoyanie zhelezobetonnogo ekrana kamenno-nasypnoy
plotiny [Impact of dam site configuration on 3D stress-strain state of concrete faced rockfill dam]. Magazine of Civil
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PucyHok 13. MakcumanbHble rnaBHble HaNpsXKeHUA 6, Ha BepXOBOW rpaHu XXene3o6eTOHHOro
3KpaHa gnsA CTBOPOB pa3Hou KoHdurypauum (Bo3segeHue 6e3 ovepenen)
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PucyHok 14. MakcumanbHble rnaBHble HanpsikeHUs 61 Ha HU30BOM FpaHu Xerne3o6eTOHHOro
3KpaHa gnsA CTBOPOB pa3Hou KoOHdurypauum (Bo3segeHue 6e3 ovepenen)
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PucyHok 15. MMHUManbHble rnaBHble HanpsXXeHUs ¢z Ha BePXOBOM rpaHu XXene3o6eToOHHOro
3KpaHa gnsA CTBOPOB pa3Hou KoOHdurypauum (Bo3segeHue 6e3 ovepenen)

Cannos M.I1. Bausiaue hopMbl CTBOpa Ha HAINPsHKEHHOE COCTOSTHHE JKENEe300€TOHHOI0 AKpaHa KaMEHHO-HACBIITHOM
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PucyHok 16. MuHuManbHble rnaBHble HanpsiXXKeHUA 63 Ha HU30BOW FPaHU Xene3o6eToOHHOro
3KpaHa gnsA CTBOPOB pa3Hou KOHdurypauum (Bo3BegeHue 6e3 ovepenen)

O6nacTb pacKpbITUS MEXCEKLMOHHBIX LUBOB BO BCEX BapuaHTax pacronaraeTcs TOMbKo B KpanHuX
cekumsax (puc. 17).
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PucyHok 17. CocTosiHne MeXXCeKLMOHHbIX LUBOB Ha BEPXOBOM FPaHM 3KpaHa AN CTBOPOB pa3HOM
KOHdUrypaumm (BosBegeHne 6e3 ouepegen). YCnoBHble 0603HaY€HUSA CM. HA PUCYHKe 8

AHarnus pe3yrnbmamos 4YucrieHHo2o mooenuposaHus HLC rnnomuHbl
ebicomou 100 m npu cxeme ee 8038edeHUs 8 2 o4epedu

PaCCMOTpeHHaﬂ paHee Cxema BO3BeOeHUA BbICOKOM MNOTUHbI Cpa3y Ha BCHO BbICOTY ABNAETCA
le,eanw3prBaHH017|, HE OcyU.leCTBﬂﬂeMOVI Ha MpaKkTuKe. O6bI4HO 9KpaH yCTpaumBakT napanneribHoO C
OTCbIMNKOM Tena MMNOTUHbI, HO C HEKOTOPbIM OTCTaBaHUEM. I'IpM 9TOM €ule O0 3aBeplleHUA OTCbIMNKU
BO3MOXHO W HanoJfiHeHne BOJOXpaHunnuwia Ao HeKOTODOIZ npomex(yTquoﬁ OTMETKHN. |_|03TOMy
paccMOoTpuUM, KakK BIiMdAeT o4epenHOCTb BO3BeOEHUA MNOTUHbl Ha YCroBuUA (bOpMVIpOBaHVIﬂ H,D,C ee
ene3obeToHHOro 9KpaHa.

[nsa atoro 6biny NpoBeAeHbl pacdeThl ANs CXeMbl BO3BEAEHUS NITOTUHbI B ABe odepeaun. Beicota
nepBon odepean NIOTUHbI Obina NpuHATa paBHoOM 62.5 M, To ecTb 6onee 60 % oOT o6Llen BbICOThI
nnotuHbl. Cxema cTpouTenbCTBa B [BEe OvYepean npegycMaTpuBana, YTo cHadyana OyaeTt oTcbinaHa
nepsasi ouepeb MIOTUHbI, YCTPOEH ee XXene300eTOHHLIN 3KpaH U 3aluTHas npuama, 3atem npovsonaeT
YacTUYHOE 3anofiHEHME BOOOXPaHWNWLWA, M NuWwb 3ateM OyaoyT npoBoAMTbCs paboTbl MO OTChINKe
BTOPOW oO4epenu MnOTUHLL. Ha BTOpoW odepenu cCTpouTenbCTBa CHadana OygeT oTcbinaHo Teno
KaMEHHOW Hacbinu, 3aTeM YINOXEH >Xene3o0eTOHHbI 3KpaH U B 3aBeplueHVe BOLOXpaHunuie
HanonHutca go HIY 95 m.

PesynbTtaThl pac4yetoB HOC npeacraeneHbl Ha pucyHkax 18—-22, a takke 10-12.

Sainov M.P. Vliyanie formy stvora na napryazhennoe sostoyanie zhelezobetonnogo ekrana kamenno-nasypnoy
plotiny [Impact of dam site configuration on 3D stress-strain state of concrete faced rockfill dam]. Magazine of Civil
Engineering. 2016. No. 3. Pp. 16-39. doi: 10.5862/MCE.63.2 (rus)
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AHanu3 pesynbTaToB, MOMyYeHHbIX AN BapvaHTa NeO, nokasbiBaeT, YTO MW3MeHeHue
nocnenoBaTenbHOCTM BO3BEAEHUS U 3arpy>KeHusi MNOTUHbI CYLLECTBEHHO CKa3anocb Ha YCIoBUSIX
paboTbl xene3obeToHHoro akpaHa v ero HOC. MNpu Bo3BedeHWM MNMOTWHbI cpa3y Ha BCK BbICOTY
’kene3obeTOHHbIN 3KpaH y4acTByeT B BOCNPUATAM AedopmaLuii NNoTUHbI TONbKO OT MMApPOCTaTUYECKoro
[aBMneHVs BOAOXpaHWNULLA — HarpyskM OT COOCTBEHHOrO Beca pyHTOBOW MNMOTUHbI Ha HEro He
nepenatoTcsa. [Npu Bo3BedeHWM MMNOTVHLI B ABE o4epeau 3KpaH BbiHYXAEH UCMbITbiBaTb AedopMaumm
KaMeHHOW HacbINy He TOMNbKO OT MMAPOCTaTUYECKOro AaBIeHUs, HO U OT Beca NNOoTUHbLI BTOPOI oYepeau.

Mpn BOCMpMATMM Beca BTOPOM O4YeEpean HacbiMb NEepBOM o4yepean nory4vaetr Hebonblune
OOMONHUTENbHbIE OCaAKK, a Takke CMeLLaeTcs B CTOPOHY BepxHero 6bedha Ha 2...4 cM. 3a cyeT 3Toro
NPV HaNoMHEHUN BOOOXPaHUMMLLA YMEHBLLAKTCA OKOHYaTENbHbIE TOPU3OHTarbHbIE CMELLEHWS NIOTUHBI
B CTOPOHYy BepxHero Obeda, BO3HMKAKOLME MPU  HaMOJSIHEHWM BOAOXPaHUNMLLA. YMEHbLUEHME
rOPU30OHTanbHbIX CMELLEHUA BnaronpusaTHO ckasbiBaetcsa Ha HOC akpaHa. Ha Gonblien yactu nnowagm
3KpaHa ero npormbbl YMeHbLUAITCA Ha BenuyuHy Jo 2 cm (puc. 18). OgHako MakcumarnbHbIA Npornd
akpaHa Bo3poc ¢ 29.3 cm o 34.6 cm. Takon nporMb 3kpaH nony4aeT Ha rpebHe MNOoTUHbLI NEepBOW
odepenm (puc. 18). OTO cBSA3aHO C HEPAaBHOMEPHBLIMU OCaZkaMn KaMEHHOW HaCbINu NepBO odepenmn noa
OEeNCcTBMEM Beca NMOTMHbI BTOPOW odepeaun. B aTon 30He akpaH UCMbITbIBAET CUSMbHbBIA N3MMO B CTOPOHY
HWXHero bbeda.
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PucyHok 18. NMporu6bl xxenesobeTtoHHoro akpaHa B BapuaHTe N20 (Bo3BegeHue B ABe oyepeam)

M3ameHeHne cxembl ﬂeq)OpMVIpOBaHVIFl NnpuBENO K UISMEHEHUIO N HANPAXEHHOro COCTOAHUA 3KpaHa.
KayecTBeHHO o06Llas KapTuHa pacnpeneneHnd Hal'lpﬂ)l(eHVIVl B O3KpaHe ocTanacb npe>|<He|7|: 9KpaH
CXunBaeTcqa B HanpasliEHUN OT 6opTa K 6opTy, a pacTtAarmBarwwimne HanpAaXeHna B HanpaBneHun BOONb
3KpaHa HabnogaTCs B HUXKHEN YacTuh 9KpaHa. Pasnunuuns coctosT B cnenyouem.

Bo-nepBbix, NOABUNOCE pasnuyne Mexay HanpshkeHHbIM COCTOSIHUEM 3KpaHa MepBoW U 1 BTOPOiA
oyepepei. B akpaHe BTOpoi ovepean ObLLMIA YpOBEHb HamnpshiKeHWA MeHblUe, YeM B dKpaHe NepBou
oyepenm, T.K. Harpysku, BOCMPUHMMAaEMble 3KpaHOM MEPBON odepenn, BO3POCHW, a BTOPOW odepean —
ynanu. Ha rpaHule mexay SKpaHOM MepBOi M BTOPOW OYepenu pasHuua B HamnpshkeHHOM COCTOSIHUM
CTaHOBUTCH XOpOLUO 3aMeTHa. Hanpumep, 30Ha MaKCUMYMOB CXUMalOLMX HamnpsKeHUn o3
nepeMecTunachk M3 LeHTpa dkpaHa K rpebHi nnoTuHbl nepBoi ovepeaun (puc.19) — Tyda xe, kyaa
nepemMecTunack 3o0Ha MakcMmarbHbIX Nporn6oB (puc. 18).
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PMcyHOK 19. MakcumarnbHble rnaBHble HanpsXXeHunAa ¢, B Xene3ob6eToOHHOM 3KpaHa BapuaHTa Ne0
AnA CTBOPOB p63HOI7I Kombwrypauww (B03Be,q9HVIe nNoOTUHbLI B ABe oqepe,qu)

BO-BTOprX, 9KpaH ﬂepBOVI o4yepeanun crtaln ucnbltTbiBaTb AOMOJNTHUTENBHOE CXaTue noa aencTesnem
BecCa MJIOTUHbI BTOpOVI o4epegn. [NosBneHue npoaoSibHOro CXnMMawlLiero ycununa npmeerio K Tomy, 4To
obnactb pacTtarmearoLnx Hal'lpﬂ)KeHVlVl G, B HanpasneHunn BOOJb 3KpaHa yMeHbLUUnach. Ha BerOBOVI
Cannos M.I1. Bausiaue hopMbl cTBOpa Ha HAIIPSHKEHHOE COCTOSTHUE JKENEe300€TOHHOT0 AKpaHa KaMEHHO-HACBIITHOM
woTuHbI // IHkeHepHo-cTpouTenbHbIH xypHai. 2016. Ne3(63). C. 16-39.
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rpaHu, B HDKHEN 4acTy 3KpaHa 30Ha pacTsKeHWUsi No o3 ncyesna nonHocTbo (puc. 19a). B HanpasneHum
BAOMb 3KpaHa Ha GonblUen YacTu BEPXOBOW rpaHu 3KpaHa AEeNCTBYIOT CKUMALOLLME HanpshKeHus o,. Ha
HW30BOW paHN pacTArMBaloLne HanpskeHUs o; TakkKe yMeHbunucb. VX MakcumanbHoe 3HadeHue
yMeHbLumnock ¢ 5.6 MlMa go 4.8 Mla (puc. 196). Takum ob6pas3om, MO HaNPSKEHUSAM G; HanNPsPKEHHOe
COCTOsIHME 3KpaHe CTano B Lernom bonee 6naronpusiTHbIM.

JdononHutenbHble OCagKkM U CMELLEHWs, KOTopble CTan WCMbITbiBaTb 3KpaH NepBOM ouepenm,
NpUBENN M K POCTY CXKaTus B HanpasreHum oT 6opTta k 6opTy nNo HanpskeHusm oz. OOWwniA ypoBeHb
cxkatmsa Bo3poc. MakcumarnbHoe 3HayeHue o3 B BEPXHEeW 4acTu 9KpaHa NepBON ovepeam COCTaBuro
6.9 MlMa Ha BepxoBow rpaHn (puc. 20a), 4To Gorblue, Yem Npu BO3BEAEHUM MMOTUHbLI B OAHY Oovepeb
(6.0 MIa, puc. 7a).

B-TpeTbux, B HanpskeHHOM COCTOSIHMM 3KpaHa NpoOsiBUNMCb OCODEHHOCTU AedOpMUPOBaHUS
NNOTUHbI NpU ee AByxoyepeaHoM Bo3BefeHuu. Kak BUAHO Ha puc. 18, BepxHSAs YacTb 3KpaHa nepBou
ovyepean VCMbITbIBAET MOBbILWEHHbIE Npornbbl. CneacTBMEM 3TMX MOBLILEHHBIX NMPOrMOOB SABMAKOTCH
MECTHbIE U3rMOHbIE AedhopMaLMn BEPXHEN YacTun aKkpaHa nepBon ovepean. M3rmb Bbi3Ban nosiBfeHve B
BEPXHEN 4YacTW 3KpaHa pacTArMBalLUX HanpshKeHUM c; Ha BEpPXOBOMW rpaHW 3kpaHa (oo 1.4 Mrla,
puc. 19a) 1 yBeNUUYEHNE CXNMAIOLLMX HANPSKEHWI o3 HA HU30BOW rpaHun akpaHa go 7.5 Mla (puc. 2006).
OTO roBOpUT O TOM, YTO NPY BO3BEAEHMM NIOTHHBI B HECKOIBLKO O4Yepeaen TPaeKkTOpUM HaMpsKeHUN 61 U
G3 CTAHOBATCA Oornee CNoXHbIMU U HE OTKITOHAKTCS OT HaMpaBneHUn BAOMNb OTKOca M OT bopTa k 6opTy.
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PucyHok 20. MakcumanbHbie rnaBHble HanpsbkeHUs G, B XKere3o6eTOHHOM 3KpaHa BapuaHTa Ne0
ONsl CTBOPOB pa3HoW KoHdurypauum (Bo3sefeHune NroTUHbI B ABe ovyepenu)

Bce onucaHHble Bbile ocobeHHocTn HOC »xene3o0eToOHHOro 3kpaHa nnoTWHbI, BO3BEAEHHOW BABE
odepenu, xapakTepHbl U ANst ApYrMX BapuaHToB KOHdUrypauumn cTeopa.

Ha pucyHke 21 n B Tabnuue 3 npeacrtaeneHa MHgopMauust o npormbax »xene3obeToHHOro aKkpaHa.
B wupokmx cTBOpax nMporMbbl 3KpaHa npu OBYXOYEPEAHOM BO3BEAEHWMU YBEMUYUIIUCH MO CPaBHEHUIO
npormbamn B cnyyae Bo3BefeHus 6e3 odepenen npumepHo Ha 20 %, a B y3KOM CTBOpe (BapuaHT 3c) —
Ha 10 %. [Insa Bcex BapuaHTOB XapaKTEepHO JTOKarbHOE yBeNMYeHne NpornboB akpaHa B BEPXHEN 4acTu
nepeon ovepeau.

Tabnuuya 4. MakcumanbHble nepeMeweHuUss (CM) 3KpaHa U MJIOMUHbI Ons Pas/iuYHbIX
eapuaHmoe KoHghuzaypayuu cmeopa (8o3e8edeHue nNJIomuHbl 8 dee oyepedu)

3KpaH OCb NMNOTUHBI
BapuaHT
Uy Uy U, Un Ux Uy

la 25.1 28.0 3.0 37.3 16.5 52.7
1b 23.1 26.6 2.5 35.1 14.2 52.0
1c 19.3 22.8 1.9 29.8 115 46.5
2a 24.7 27.7 3.2 36.9 16.4 52.7

2b (Ne0) 22.6 26.4 2.6 34.6 13.6 51.8
2c 17.9 21.6 1.8 28.0 10.5 44.7
3a 24.6 28.0 3.5 37.1 16.0 53.1
3b 21.8 25.9 2.6 33.8 12.8 51.5
3c 15.6 19.4 1.5 24.9 8.6 42.8

Sainov M.P. Vliyanie formy stvora na napryazhennoe sostoyanie zhelezobetonnogo ekrana kamenno-nasypnoy
plotiny [Impact of dam site configuration on 3D stress-strain state of concrete faced rockfill dam]. Magazine of Civil
Engineering. 2016. No. 3. Pp. 16-39. doi: 10.5862/MCE.63.2 (rus)
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PucyHok 21. NMporu6bi xxene3o6eToHHOro aKpaHa B CTBOpax pa3HoOM KOHdUrypaumm
(nnoTtnHa BbicoTon 100 M, BO3BegeHne B ABe o4yepenm)

Ha pucyHkax 10-12 nokasaHbl NepemMeLleHUs 3KkpaHa B NepuMeTpanbHOM LBe AN pasfnyHbIX
BapMaHTOB KOH(UIypaLum CTBopa, a B Tabnvue 4 ykasaHbl X MakCUMarbHble BENUYUHBI.

Bo Bcex BapumaHTax npu nepexode Ha CXemy BO3BedEHUS B [Be o4vepeau npousoLuso
CYyLLEeCTBEHHOE YMeHbLUEeHNe packpbiTU nepumeTpanbHoro wea (puc. 11). MakcumarnbHble pacKpbiTUs
Ha pycrnoBoM y4acTke yMeHblimnucb Ha 33...39 %, a Ha 6optoBoM — Ha 13...33 %. [lpu atom
yMeHbLUeHne npornbos 6onee NMHTEHCUBHO NPOSIBMSANOCH B Y3KMX CTBOpaXx.

KoHTypHble npornbbl 3kpaHa (puc. 10) Takke YMEHbLUMIIMCb He3HayuTenbHo. Ha GopToBOM
y4yacTKe MakcuMMasibHble 3Ha4YeHMs1 KOHTYPHbIX MpornboB ymeHblwmnmcb Ha 8...19 %, a Ha pycrnoBoMm —
nnuwb Ha 2...8 %.

BonbLluoe BnusaHMe nocnegoBaTenbHOCTbL BO3BEAEHUS MNNOTUHBLI OKasana Ha BeNUYMHbl CMeLLeHUN
3KpaHa BOONb KOHTypa nepumeTparnbHoro wea. Mx makcumanbHble BENUYMHbI Ha OOpPTOBOM y4yacTke
cHuannmcb Ha 34...50 % (puc. 12) No cpaBHEHMIO CO CXEMOW CTPOUTENLCTBA B OAHY odepenp.

Tabnuya 5. KoHmypHble nepemeujeHust 3KpaHa (MM) Ons1 pas3fuYyHbIX eapuaHmoe
KOHghucypauyuu cmeopa (eo3eedeHue NMN1IomMuHbI 8 dee o4epedu)

npoJosbHble packpbiTue nporné
BapuaHT
pycno 6opT pycno 6opT pycno 6opT
la 10 14 42 41 25 48
1b 5 18 35 36 24 46
1c 2 17 27 29 23 45
2a 10 19 41 41 25 53
2b (Ne0) 5 19 33 34 23 51
2c 2 16 23 25 23 49
3a 8 23 39 40 24 52
3b 4 21 30 30 22 50
3c 2 15 19 20 22 46

Ha pucyHkax 22-24 nokasaHO pacnpedeneHve B 3KpaHax pasHOW KOH(UIrypauuu rnaBHbIX
HanpshkeHUn o, U 3. Bo Bcex BapuaHTax Mnpu nepexofe Ha cxemy Bo3BedeHuss B Ase ouyepean HOC
3KpaHa NpeTeprerno U3MeHeHWs!, aHanorMyHble onucaHHbIM paHee Ans BapuaHta Ne0. Ho HM B ogHOM 13
BapMaHTOB YPOBEHb PacTATMMBalOLMUX HaMPSXKEHUA G; HA HU30BOW rpaHM He ynan Ao GesonacHoro
YPOBHS.

Cannos M.I1. Bausiaue hopMbl CTBOpa Ha HAIIPSHKEHHOE COCTOSTHUE JKEIEe300€TOHHOT0 AKpaHa KaMEHHO-HACBIITHOM
wIoTHHbI // IHkeHepHo-cTpouTenbHbIH xKypHai. 2016. Ne3(63). C. 16-39.
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PucyHok 22. MakcumanbHble rnaBHble HanpsiXXeHUs ¢; Ha BEPXOBOW rPaHu Xene3ob6eTOHHOro
3KpaHa onA cTBOPOB pa3HOW KoH(Urypauum (Bo3segeHue B 2 oyepeam). LLkana
HanpsiokeHun [MIMa] — Ha pucyHke 18
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PucyHok 23. MakcumanbHble rnaBHble HanpsiXXeHus 1 Ha HU30BOM rpaHu Xerne3o6eTOHHOro
3KpaHa onsA cTBOPOB pa3HOW KoHdUrypauum (Bo3segeHue B 2 oyepeam). LLkana
HanpsiokeHun [MIMa] — Ha pucyHke 18
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PucyHok 24. MMHMManbHbIe rnaBHble HanpsiXXeHUsi 63 Ha BepXOBOW rpaHu XKene3o6eTOHHOro
3KpaHa Ansa CTBOPOB pa3HoM KoHdUrypauum (Bo3sefeHue B ABe oyepeamn)

Sainov M.P. Vliyanie formy stvora na napryazhennoe sostoyanie zhelezobetonnogo ekrana kamenno-nasypnoy
plotiny [Impact of dam site configuration on 3D stress-strain state of concrete faced rockfill dam]. Magazine of Civil
Engineering. 2016. No. 3. Pp. 16-39. doi: 10.5862/MCE.63.2 (rus)
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PucyHok 25. MMHMManbHbIe rnaBHble HanpsiXkeHUsl 63 Ha HU3OBOW rpaHu Xene3o6eTOHHOro
3KpaHa Ansa CTBOPOB pa3HoM KoHdUrypauum (Bo3seaeHue B ABe oyepeamn)

AHarnus enusiHusi 8bicomal nMomMuHbl Ha gpopmuposaHue HLC rrnomuHsi ¢
)Kese306emoHHbIM 3KpaHOM

Ona oueHkn HOC cBepXBbICOKMX NMOTWH ObINY BbINOSHEHBI UCCNEA0BaHUS NS NNOTUHBI BBICOTOM
200 m. Onsa ynobcTBa cpaBHEHWS paccMmaTtpuyBarnach NioTuHa, Bce reoMmeTpuyeckue napaMmeTpbl KOTOpOoi
1 BMeLLlaloLLEro ee Yyllenbs poBHO B 2 pa3a Gonblie, YeM Yy paHee pacCMOTPEHHOW MIOTUHbI BbICOTO
100 M. CoOTBETCTBEHHO, TOILWMHA Xene306eTOHHOro 3KpaHa NMoTWHbI cocTaBuna 1M Ha rpebHe
NAOTWHBI U 2 M Y NOAOLLIBbI.

Mpun pacyeTax paccmaTpuBanocb Cxema BO3BeAeHUst NNOTUHbI B ABe odepean. BbicoTa NnoTuHbI
nepBon o4epeamn coctasuna 125 m.

YuntbiBass TOT pakT, 4TO MMOTUHbI BbicoTom 200 M n Gornee NOCTPOEHbI B YLLEMbSX C
koadhpULMEHTOM CcTBOpa MeHee 4, Ha PUCYHKax MokasaHbl pesynbTatel HOC Tonbko ANs BapvaHTOB
Ne1ic, 2b, 3a, 3c.

PesynbtaTtel MogenupoBaHms HOC nnoTtuHbl BoicoTor 200 M NnpeacTaBrieHbl HA pucyHkax 26—33.
VX aHanu3 nokasbiBaeT, YTO CBEPXBLICOKME MNMOTUHLI WCMLITHIBAOT OONbLUME MNEPEMELLEHUS U
HanpshxeHus. Hanpumep, B BapuaHTe NeO makcumarbHble CTpouTesbHble O0CadKM U, HA OCU MNOTUHbI
coctaBunM 182 cM, a MakcumarnbHble FOpPU3OHTAalNbHbIE CMeLleHus U, — 46 cm. CpaBHuBasi Mx C
nepemMeLLeHUsaIMn NrnoTuHbl BeicoTon 100 M, MOXHO YBUAETb, YTO YBENUYEHNE BbICOTbI MMNOTUHLI B 2 pasa
NpUBErO K YBENuUYeHno ocaaok B 3.5 pasa, cmelleHun — B 3.4 pasa.

lMpumMepHO BO CTOMBKO Xe pa3 YBENUYMITUCb U MEepeMeLLEHUs Kene3obeToOHHOro akpaHa. B
BapuaHTe NeO makcumanbHbIN Mpornd >kene3obeToHHOro akpaHa coctaBun 119 cm. UHdopmaums o
nepemMeLLeHmax MnoTUHbLI U 9KpaHa ANs BCeX pacHeTHbIX BapuvaHTax MokasaHa Ha PUCYHKe 26 U B
Tabnuue 5.

MpumepHo B 3.5 pasa yBeNMYUNUCH M NEPEMELLEHMS 3KpaHa B NepuMeTparibHOM LBe (puc. 27—
29, Tabn. 8). B BapuaHTe NeO packpbiTve LwBa Ha pycrnoBom y4dacTtke gocturno 110 mm. OTo packpbiTne
OYeHb BENIMKO, OHO He MOXeT OblTb BOCMPUHATO YNMOTHEHMEM LwWBa. B peanbHO MOCTPOEHHbIX
CBEPXBLICOKMX MMOTMHAX TaKMX packpbITMi He Habntoganock [1, 2]. OgHako cnegyeT UMEeTb B BUZY, YTO
paccMOTpeHHas HamMu cxemMa nocrnefoBaTeribHOCTU BO3BEAEHUA He XapaKTepHa AN CBepXBbICOKMX
NNoTMH. Takne MrOTUHLI BO3BOAATCS HE B [ABe o4depeaun, a Gonee crioxHbiM obpasom. [Mpu atom
NNOTMHbI MEPBON OYEpPEaN UMEIDT He OOXaTbli, @ pacnnacTaHHbli npocdunb. PaccmaTprBaemas 3agava
UMEeeT METOOMYECKUA XapakTep, €e LUenb — BbIABUTb, Kak BbicOTa MNNOTUMHbI Bnvset Ha HAOC
Kene3obeToOHHOro aKpaHa.

Cannos M.I1. Bausiaue hopMbl cTBOpa Ha HAIIPSHKEHHOE COCTOSTHUE JKEIEe300€TOHHOT0 AKpaHa KaMEHHO-HACBIITHOM
wIoTHHbI // IHkeHepHo-cTpouTenbHbIH xKypHai. 2016. Ne3(63). C. 16-39.
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PucyHok 26. Mporu6bl xxene3o6eToHHOro akpaHa NoTUHbI BbicoTon 200 m

Tabnuuya 6. MakcumanbHble nepeMeweHuUss (CM) 3KpaHa U MJIOMUHbI O PasfiuYHbIX
eapuaHmoe KoHghuzaypayuu cmeopa (nnomuHa esicomot 200 m)

aKpaH 0Cb MNOTUHbI
BapuaHT
Ux Uy U, Un Ux Uy
la 86.3 96.6 10.6 128.8 53.6 187
1b 80.2 94.1 9.0 123.2 47.8 183
1c 64.6 75.9 6.3 99.3 40.3 165
2a 85.2 97.1 114 128.5 54.7 185
2b (Ne0) 77.3 91.3 9.1 119.2 46.0 182
2c 61.8 75.3 6.5 97.2 35.4 159
3a 83.6 96.8 12.0 127.3 53.0 185
3b 74.6 89.8 9.2 1115 43.1 181
3c 54.4 68.4 5.5 87.3 29.0 146

Tabnuya 7. KoHmypHble nepemeuwjeHUsi 3KpaHa (MM) Onis pasu4dHbIX eapuaHmoe

KOHhucypayuu cmeopa (njomuHa esicomoii 200 m)

npoJosbHble packpbiTve nporné
BapuaHT
pycno 6opT pycno 6opT pycno 6opT
la 37 57 144 146 82 162
1b 20 61 118 126 79 157
1c 6 58 95 101 76 150
2a 38 65 138 143 82 182
2b (Ne0) 19 67 110 118 77 171
2c 6 56 80 87 76 163
3a 30 80 128 139 79 176
3b 15 73 101 111 74 166
3c 6 51 65 69 69 159

Sainov M.P. Vliyanie formy stvora na napryazhennoe sostoyanie zhelezobetonnogo ekrana kamenno-nasypnoy
plotiny [Impact of dam site configuration on 3D stress-strain state of concrete faced rockfill dam]. Magazine of Civil

Engineering. 2016. No. 3. Pp. 16-39. doi: 10.5862/MCE.63.2 (rus)
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PucyHok 27. PackpbITusi nepumeTpanbHOro wea (MM) B CTBOpax pa3HoOM KOHdurypauum (nnotuHa
BbicoToMn 200 m)
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PucyHok 29. MoaBuXKu xXene3o6eToOHHOro akpaHa B nepumMeTparibHOM LUBe AJIA CTBOPOB pa3HOWM
KOHdUrypaumm (nnotuHa Beicoton 100 m)

Cannos M.I1. Bausiaue hopMbl cTBOpa Ha HAINPSHKEHHOE COCTOSTHHE JKENEe300€TOHHOI0 AKpaHa KaMEHHO-HACBIITHOM
wIoTHHbI // IHkeHepHo-cTpouTenbHbIH xKypHai. 2016. Ne3(63). C. 16-39.
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lMony4yeHHOe HanpsPKeHHOE COCTOSIHWE >Kerne3obEeTOHHOro akpaHa Afs PasfnuyHbiX BapuUaHToB
CTBOPOB NokasaHo Ha pucyHkax 30—33 B Buae pacnpefeneHns B 3KpaHe rmaBHbIX HanpsikKeHUn c; U Gs.
[ns HanpshKeHHOro COCTOSIHMS 3KpaHa CBEPXBbICOKOM MMOTUHbI BbicoTOM 200 M XapakTepHbl Te Xe
0COBEHHOCTU, YTO M ANS NIOTUHBLI BbicoTon 100 M — BO3HUKHOBEHME PaCTArMBalOLLMX HaNpsKeHUn ¢, B
HanpaBreHUn BOONb OTKOCA M CKaTWe B HanpasfieHnn oT 6opTa k 6opTy (MO HAMPSXKEHUAM G3).

O6pau.|,aeT Ha cebs BHUMaHWE TOT (*)aKT, YTO MNMpn TEX 3HAYUTEJIbHbIX MNMepeMeLlleHnAxX, KoOTopble
MCNbITbIBA€T 3KpaH, Ha HaHOpHOVI rpaHn 3KpaHa He BO3HUKIT1O pacTArmBaroLnX Haﬂpﬂ)KeHI/IIZ (pI/IC. 30),
npesblllaloWwmnxX pac4eTHyO NPOYHOCTb OeToHa Ha pacTaxeHune.

30Ha 3HauMTENbHbIX PaCTAMMBAOLLMX HanpsXXeHu oy HabnaaeTcs Ha HM30BOW rpaHu 3KpaHa, B
obnactM ero npuMbIKaHWs K OCHOBaHWO, ocobeHHO Ha 6GopToBoM Yyuyactke (puc. 31). 3HayeHus
Hanps>KeHU OYeHb BEMNWKW: Ha 3HaYMTENbHON Nfowaan oHn He npesbiwatoT 6 MlMa, a MetloTCst 30HbI C
HanpsbkeHuaMu cebile 8 MlMa. Takue pacTarmBatoLme Hanps>keHUsS BO3HMKAKOT Kak B LUMPOKUX, TaK U B
y3Kkux cTBopax. KOHeyHO, Takue pacTarvBaloline HanpsKeHUss MHOTMOKPAaTHO MpeBbIalT MPOYHOCTb
6GeToHa Ha pacTshkeHVe U He CMOryT ObiTb BOCMPUHSATHI apMaTypou, TpewmHoobpa3oBaHue HEMUHYEMO.
OTO roBopuUT O TOM, YTO ANs obecrneyeHuss HageXHOCTU Kerne3obeTOHHOro dKpaHa B CBEPXBbICOKUX
nnotuHax HeobxoaMMO CrnaguTb M3rMbHble AedopMauun HWXHEW 4YacTu 3KpaHa, B 30HE ero
MPUMbIKAHUSI K OCHOBaHMIO.

YpoBEHb CXKMMAOLWMX HanpsiKeHWA o3 B CBEPXBLICOKOM MMNOTUHE Takke O4vYeHb BbICOK. WX
MaKkcMMyM HabropaeTcs B LIEHTPE 3KpaHa, B BEPXHEW 4YacTu nepBon ovepean. B BapuaHte NeO B aTon
30He 3Ha4yeHus oz gocturatoT 15.1 MlMNa Ha HM3oBow rpaHu (puc. 33a) un 14.4 MlMa Ha BEPXOBOW rpaHu
(puc. 32a). 3TN HanpshKeHMs NPUMEPHO B 2 pa3a Bbiwe, Yem B nnoTuHe Bbicoton 100 m. lMony4eH
NpakTU4eCKUI BbIBOA: YBENUYEHUE BbICOTbI NNOTUHBI B 2 pa3a NPUBENO K YBENUYEHUIO ee NnepemMeLLeHni
B 3.5 pasa, HO Hanps>XeHUn — NULLb B 2 pasa.

Cawmble 6onbluMe CKMMAOLLME HaMNPSDKEHWUS] o3 B XKENe300eTOHHOM 3KpaHe MoslyYeHbl B CaMOM
y3kom cTBOope — B BapuaHTe Ne3c. Ha BepxoBow rpaHu oHu gocturaioT 17.1 MMa (puc. 32r), a Ha
HM3oBOM rpaHuM — 15.6 MlMa (puc. 33r). Npy 3TOM 30Ha MaKCMMarbHOro CXaTusi Mo o3 Habnogaetcs
NpaKkTUYECKM MO BCEN BbICOTE OCM CUMMETPUM Xere300eTOHHOro aKkpaHa.

MMony4YeHHble CXKMMalOLIME HaMNPsSKEHUS o3 B Kene3obeToHHoM akpaHe (15...17 MlMa) o4veHb
Benvkn. OHM COMOCTaBMMbl C MPOYHOCTBIO Ha cxaTue BeToHa [axe BbICOKMX KIacCoB. YUUTbIBAs, YTO
Kene3obeTOHHbIN 3KpaH MpPeAcTaBnseT COOOM TOHKOCTEHHYI KOHCTPYKLMIO, pa3pylleHMEe 3KpaHa OT
CcXKaTusl NpeAcTaBnseTcs BeCbMa BEPOSATHbIM. OTO COrfnacyetcs C AaHHbIMW HaTypHbIX HabnogeHun 3a
MOCTPOEHHbLIMWN CBEPXBbLICOKMMM NIIOTUHAMM, B 9KpaHe KOTOpbIX 06pa3oBanncb BeEpTUKAlbHbIE TPELLUHDI
OT CXaTus € paspyLleHneM 3aLLUTHOro Criosi apMaTypbl.

Mo aToi MpUYMHE CTPOUTENbCTBO MMNOTUH BbicoToM Gonee 300 M B HACTOAWMIA MOMEHT
HEBO3MOXHO.

Y 2000 Y 2000

1V 125,0

a) sapuaHTt Ne2b ©) BapwaHT Nelc

V2000 V 200,0

¥1280] | | | | | V 125,0

B) BapuaHT Ne3a r) BapuaHT Ne3c

V32 V3,2

WKana HanpsxeHui [MMNa)

-18 =16 -14 =12 -10 -8 -6 -4 =2 0 2 4 6 8 10 12
PucyHok 30. MakcumanbHble rnaBHble HanpsiXXeHUs ¢; Ha BEPXOBOW rPaHu Xene3o6eTOHHOro
3KpaHa NNoTUHbI BbicoTon 200 M AN CTBOPOB pa3HOW KOHdUrypauum
Sainov M.P. Vliyanie formy stvora na napryazhennoe sostoyanie zhelezobetonnogo ekrana kamenno-nasypnoy
plotiny [Impact of dam site configuration on 3D stress-strain state of concrete faced rockfill dam]. Magazine of Civil
Engineering. 2016. No. 3. Pp. 16-39. doi: 10.5862/MCE.63.2 (rus)
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PucyHok 31. MakcumarnbHble rfaBHble HanpshkeHUsA ¢; Ha HA30BOM rpaHu Xene3obeToHHOro
3KpaHa NNoTUHbI BbicoTon 200 M ANSA CTBOPOB pa3HOW KOHdUrypauum
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PucyHok 32. MMHMMarnbHbIe rnaBHble HanpsXXeHUs ¢; Ha BepXOBOW rpaHu Xene3o6eTOHHOro
3KpaHa NNoTUHbI BbicoTon 200 M ANA CTBOPOB pa3HOW KOHdUrypauum

Cannos M.I1. Bausiaue hopMbl cTBOpa Ha HAINPSHKEHHOE COCTOSTHHE JKENEe300€TOHHOI0 AKpaHa KaMEHHO-HACBIITHOM
wIoTHHbI // IHkeHepHo-cTpouTenbHbIH xKypHai. 2016. Ne3(63). C. 16-39.
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PucyHok 33. MMHMMarnbHbIe rnaBHble HanpsXXeHUs 63 Ha HA30BOM rPaHu Xkene3obeToHHOoro
3KpaHa NNoTUHbI BbicoTon 200 M AN CTBOPOB pa3HOW KOHdUrypauum

Bb1800bI

1. YucneHHoe MogenupoBaHMe MPOCTPAHCTBEHHOW pPaboTbl KaMEHHO-HaCbIMHOW MNMOTUHbI C
Kene3obeTOHHbIM 3KPaHOM B pasfinMyHbIX No hopMe M pasMepax CKambHbIX YLEernbsxX Mnokasano, 4To
reomeTpusi CTBOpa BHOCWUT Maro KayecCcTBeHHbIX uaMeHeHun B HIOC akpaHa, HO BNUSET Ha €ro
KOnuMyecTBeHHble MokasaTenu. o HaweMy MHeHuto, Hanbornbliee BNusiHMe Ha copmuposaHne HOC
Kene3obeTOHHOro aKpaHa UMEET KayecTBO YMIOTHEHUS KaMEHHOW HacbiMu, Tak Kak OHO onpeaenset
BEMNUUYMHbLI U XapakTep ero gecopmauumn. [Anga npuHATON Moaenu 4edopMupyemMoCT KaMeHHOW HacbInu
BO BCEX PACCMOTPEHHbIX BapuaHTax B UHTepBarne BbicoT nnoTuHbl oT 100 go 200 m HOC akpaHa nmeeT
O[JUHaKOBble 0COOEHHOCTU:

e JKpaH UcnbiTbiBaeT n3rnb B OBYX MITOCKOCTAX, a TaKkKe pactarmparoLimne ycurnina B HanpasiieHUn
BOOJb OTKOCAQ,

e B pe3ynbTate pactAaArnBaroLimnx yCI/IJ'IVIVI nepwmeTpaanblﬁ lWoB B OOMbLUMHCTBE CEYEHUN
pacKkpbIiBaeTCA, 4YTO NO3BOJIAET B HeKOTOpOVI CTeneHn KoOMneHcmpoBaTb 3TN YCUINA,

e B nNepuMmeTparibHOM LUBE NPOUCXOOAT TakKXKe COABUIoBblE NMepeMeLlleHNA KakK B BUAe KOHTYPHbIX
FlpOFI/I6OB, TakK U B BUAe nepemeu.l,eHMVl BOONb KOHTYpa LWBa;

e Ha Gonbllen yacTu nnowanmn 3KpaH HaxoaunTcqa B COCTOAHUM OBYXOCHOIoO NpoaoribHOro cxXatud,
O HAaKO BO3MOXHO U o6pasoBaHV|e B 3KpaHe pacTtAarnBaroLLmnx Hal'lpﬂ)KeHVIVl B TeX 30HaX, rge oH
UCNbITbIBAET MHTEHCUBHbIE WITM CHOXHbIE W3rMOHbIE /J,eq)opmau,ww, Hanbonee BEPOATHbI
pactarmBaroLne Hanps>keHnAa B HanpaBJi€HUM BAOOJTb OTKOCa,

e HambonblIMA U3rMd UCMbITbIBAET 9KpaH B 30HE MNPUMbIKAHUA K CKallbHOM OCHOBaHWUIO, 3TOT
n3rnd BbI3bIBAET MNOSIBIIEHNE HA HN30BOW rpaHun 3KpaHa pacTtdarmBaroLLnx Harlpﬂ)KeHI/IIZ (Gl), 30Ha
pacTsaXXeHna pacnonaraeTcd LIJVIpOKOVI nosiocomn naparnienibHO KOHTYpY nepumMmeTparibHOro LwBa,

e B HanpaslieHUN OT 6opTa K 6opTy 9KpaH B OCHOBHOM CXaT (I'IO 63) 3a UCKIMKYeHneM caMbiX
OanbHUX OT pycna 60pTOBbIX cekunn.

Pasnnune Mexnay BapunaHTamun KOHCbI/IpraLI,VIVI CTBOpa 1 BbICOTbI MITOTUHbI 3aKIo4YaeTCA TOJIbKO B
BEITNMYNHAX, XapaKTepusyrLwmnx 3Tn npodasreHns H,D,C

2. WwupuHa pycrnoBoii YacTu cTBopa MMeeT Gonee 3HauMmoe BnusiHue Ha HOC xene3o6eToHHOro
3KpaHa, YeM HaKMoH ckarbHbiX GOpPTOB. Y MMOTUHLI, PacrnofiOKEHHOW B Y3KOM CTBOPE, OCafKkud M
CMELLEHUs MNOTUHbI MEHbLLE, YEM Y NINOTUHbI, PACMONOXEHHO B LUMPOKOM CTBOpe. Mpn 3ToM LMpuHa
CTBOpa B GOnblUEN CTEMEHW BRUSIET MMEHHO HA CMELLEHWSl, @ HE Ha ocafku. JTo BraronpusiTHO
ckasbiBaeTcss Ha HOC akpaHa. B LIMpokux CTBOpax B HWDKHEW YacTu 3KpaHa BO3MOXHO obpasoBaHuve
rOpPU30HTarbHbIX TPELWWUH B pe3yrbTaTe pacTArvBaloLlWmx HanpskeHuin. C yMeHbLIEHNEeM WNPWUHBI CTBOpa
HOC akpaHa ynydwiaetcs crnegytolime XxapakTepucTyKm:

Sainov M.P. Vliyanie formy stvora na napryazhennoe sostoyanie zhelezobetonnogo ekrana kamenno-nasypnoy
plotiny [Impact of dam site configuration on 3D stress-strain state of concrete faced rockfill dam]. Magazine of Civil
Engineering. 2016. No. 3. Pp. 16-39. doi: 10.5862/MCE.63.2 (rus)
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® YMEHbLUAKTCA I'IpOFVI6bI 9KpaHa un ero n3rnbHble p,ecbopmau,ww MO BbICOTE,;

® YMEHbLUAKTCA PACKPbITUA U CMELLEeHNA B NepuMmeTparibHOM LLBE;

e J3KpaH nepexoaunt B COCTOAHME [OBYXOCHOIMO CXaTud, YMeEeHbLlaeTCA pPUCK 06pa3OBaHVIF|
rOPU3OHTAalrIbHbIX TPELLUUH.

OpHako ans nrnoTuH, pacnonoXXeHHbIX B Y3KMX CTBOpaX, XapakTepHO yBeliM4eHue B IKpaHe
CXKnMarwmnx Haﬂpﬂ)KeHVIVI B HanpasneHun oT 6opTa K 6opTy, 4YTO MOXeT npumBeCTU K HapyLUEeHUKo
NPO4YHOCTU OeToHa Ha cxaTue n O6pa3OBaHVIIO BepTUKalribHbIX TPELLNH.

3. bonbwoe 3HayeHne aOns  dopmupoBaHua HOC  kene3obeTOHHOro 9KpaHa umeeT
nocrnenoBaTenbHOCTb BO3BEAEHWS MNMNOTUHbI — Hanuune ouvepeden CTpoUTenbCTBa U OYepTaHus
npodunss NNoTWHbI MepBon oyepean. [pyn CTPOUTENLCTBE NMOTMHBI B HecKonbko ovepepen HOC
Kene3obeTOHHOro aKpaHa ynydwaeTcd. JTO NPoMCXOoOUT 3a CYET YMEHbLUEHMSI TOPU3OHTarbHbIX
CMELLEHU B CTOPOHY HWMXHEro bbedba 1 4ONONHUTENBHOMO CXXaTus aKpaHa OT 0CaAoK KAMEHHOW HackInm
noJ, BeCOM nocreayLmx ovepeaen ctpontenbcraa. [na npaBunbHOro NporHO3MpoBaHUs Ha4eXHOCTU
paboTbl 3kpaHa pacyeTbl HOC akpaHa Heobxoaumo BECTU TOMbKO C YYeTOM MOCredoBaTerlbHOCTU
BO3BeJEHUA U 3arpy>eHus1 NNOTUHBI.

Mpn BO3BEAEHMM NNOTUHBLI B HECKOMBKO oYepenen crneayeT yunTblBaTb, YTO Ha rpaHuLe odepeaen
9KpaH MOXeT WCNbiTbiBaTb HebnaronpusTHble nokanbHble M3rMbHble adedopmaumn  K3-3a
HepaBHOMEPHOCTM MPOTEKaHWUs OCaoK KaMeHHOW Hacbinu. PekomeHOyeTcsi BEpPXHIO YacTb 3KpaHa
KaxKgou odepean BO3BOAWTb TOMbKO MOCMEe 3aBepLUeHMs OTChIMNKN crieqytoLler odepean, ¢ yCTPONCTBOM
wea (puc. 34).

PucyHok 34. Cxema conpsikeHus Xene3obeToOHHOro aKkpaHa nepBor U BTOpPOM oyepeaen
cTpouTenbCcTBa: 1 — 3KpaH NepBoOW ovepeamn CTPOUTENbLCTBA; 2 — 3KPaH BTOPOM ovepeam
CTpouTenbCTBa; 3 — NOA3KpPaHHas 30Ha; 4 — yNOopHble NPU3Mbl NAOTUHbI

4. Haubonbliylo onacHoCcTb AN HafeXHoi paboTbl 9KpaHa MpeacTaBnsioT  M3rMOHble
aedopMmauum B 30HE MPUMbIKAHWA K CKarlbHOMY OCHOBaHWIO, Tak KaK BCNEACTBME MOSIBMEHUS!
PacTANMBalOLWMNX HanpsbkeHWn OHWM MOryT BbI3BaTb TpellMHoobpa3oBaHWe B akpaHe. [loaTomy
Heo6xoauMO NpedycMaTpuBaTh KOHCTPYKTUBHbLIE Mepbl MO CrhaXuBaHW0 U3MMGHBIX Aedopmauuii nyTem
obecneyeHus Gonblueli cBoboabl AedopMaLuii B yane NpUMbIKAHUS K CKarlbHOMY OCHOBaHWIO. JTOro
MOXHO [J06GUTbCA YKNagKkoln B HDKHEM 4acTM MOoAdKpaHHOW 30HbI Goree nogaTniMBOro rpyHTa
(HerpyHTOBOTO MaTepuana). Sensetca  LenecoobpasHbiM W YCTPOWUCTBO LIBA  NapannenbHo
nepvMeTpanbsHOMYy.

5. Hambonbluelt onacHocTu 06pa3oBaHUA TPeLUH NOABEpraloTCs 3KpaHbl CBEPXBLICOKUX MIOTUH
(BbicoTO OT 150 M 1 Bbiwe). B HUX TpewuHbl MOTYyT BO3HWKHYTH Kak OT pacTArvBalowWMX, Tak U OT
CKAMAKLLMX HanpsbkeHwin. Mo Hawum uccrnefoBaHWsIM, YBENWYeHWe BbICOTblI MIOTWHBI B 2 pasa
COMPOBOXAAETCH YBENMNYEHNEM HAMNPSHKEHWI B 3KpaHe Takke NpyMepHO B 2 pasa.

UTtoObl n3bexaTb TpelunHoobpasoBaHusi, HEOOXO0AMMO MMHMMM3MPOBATL AedopMauun 3KpaHa,
0COBEeHHO B HamnpaeneHun us bbeda B Obed. [Ansa atoro TpebyeTcs O4eHb KA4eCTBEHHOE YMNIOTHEHNE
FPYHTOB Tena MfOTUHbI C LENbl CHM3UTL KX gedopmupyemocTb. Elle oguH NyTb YMEHbLUEHUS
aedopmauun  akpaHa — 9TOo perynupoBaHne ero HOC nytem Bbibopa COOTBETCTBYHOLLEN
nocnenoBaTernbHOCTU ee 3arpyxeHust. Heobxoammo, 4ToObl CMeLleHUst 3KkpaHa B CTOPOHY HMXKHEro
O6beda OT rMgpoCcTaTUYECKOro AaBfEHUSA ObIM YaCTUYHO KOMMEHCMPOBAHbI CMELLEHUSIMU B CTOPOHY
BepxHero 6beda oT OGOKOBOro pacLUMpPEHUsi KAMEHHOW HacbiMM MNo4 COOCTBEHHbIM Becom. M3 aToro
crneayeT, YTO CBEPXBLICOKME MIOTUHBI C KeNe300eTOHHbIM 3KPaHOM [OJTKHbI BO3BOAUTLCHA B HECKOMBKO
odepenen.

6. lMonyyeHHble HaMu pe3ynbTaTbl YACNEHHOIO MOOENMPOBAHUSA HE MOrYT paccMaTpuBaTbCs Kak
ncuepnbiBaolime, npuMmeHnmble ans nporHosa HOC nwbon nnotuHbl. B peanbHbix ycnosusx HOC

Cannos M.I1. Bausiaue hopMbl cTBOpa Ha HAINPSHKEHHOE COCTOSTHHE JKENEe300€TOHHOI0 AKpaHa KaMEHHO-HACBIITHOM
wIoTuHbI // IHkeHepHo-cTpouTenbHbIH xypHai. 2016. Ne3(63). C. 16-39.
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MODELS

NNOTUHbI U Kene300eTOHHOro 3KpaHa MOXeT ObITb COBCEM OpyrmMm, TaK KakK OHO onpenendetcd
MHOXECTBOM (baKTOpOB, pa36poc BeJTMYMH KOTOPbIX MOXET ObITb O4EHb 3HAYUTESTbHbIM.

MepBbIn, Hanbornee 3Ha4YMMbIA akTop — 3TO AedOPMUPYEMOCTL KaMeHHOW Habpocku un ee
30HVpOBaHNe B Tene nnotuHbl. KameHb pJedopmMupyetcss HEnMHemHo, U ero CBOWCTBa CUMbHO
M3MEHSIIOTC B 3aBUCMMOCTW OT CTeneHu ynnoTHeHus. OnbIT nokasbiBaeT, YTO OCafKM KaMeHHO-
HacCbIMHbIX MNOCTPOEHHBIX NMOTUH OAMHAKOBOW BbICOTbI USMEHAKOTCH B OMEHb LUMPOKMX npeaenax [21]. B
Tene nnoTWHbLI KaMEHb 30HUPYETCH, U ero 4edopMUpPYEMOCTb MOXET pasnuyaTbes B 2 pasa, Harnpumep,
kak B nrnotnHe Num Ngun 2 (Jlaoc) [23]. Kpome TOro, BO3MOXHbI M NokarnbHble Aedhopmaummn aKpaHa,
CBSi3aHHble C aHu3oTponuen AedopMaTMBHbIX CBOWCTB WMM MNpocagkamMu KamMeHHOW HabpocKu.
CootBetctBeHHO, HIOC 9aKkpaHa MOXET MW3MEHATbCA OYeHb CyLWEeCTBEHHO B 3aBMCUMOCTM OT
AedopMmMpyemMocTn KaMeHHOW HacbInw.

BTopoit hakTop — 3TO cXxema nocrenoBaTenbHOCTU BO3BEAEHUS U 3arpyXeHUs! MIOTUHBL. TpeTuii
dpakTop — 3TO reoMeTpusi Kene3obeTOHHOro 3KpaHa. PeanbHble NMNOTWHBLI BO3BOAATCA OObMMHO B
HECUMMETPUYHBIX CTBOPaX CIOXHON DOPMbI.
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YTOYHEHME XapaKTEPUCTUK TypOYyNEeHTHOro NPUCTEHOYHOTIO
TeYeHus B MMagKkoM KaHane ¢ y4eTOM HeCTaLUMOHaPHOCTU BA3KOIO
noacnos

Detailed characteristics of the near-wall flow containing unsteady
viscous sublayer in smooth channel

AcnupaHm WU.A. Pbinosa, I.A. Rylova,
HauuoHanbHbit uccnedosamernsckuli Mockoeckuli  National Research Moscow State University of Civil
2ocyGapCcmeeHHbIU cmpoumesibHbIl Engineering , Moscow, Russia

yHusepcumem, Mockea, Poccusi

KnroueBble cnoBa: rnagkvin KaHan; BA3Kun Key words: smooth channel; viscous sublayer;
noacnow; OydepHas 30Ha; pacnpeaeneHue buffer zone; velocity distribution; error integral
CKOPOCTEN; UHTEerpar BeposATHOCTU

AHHoTaumsa. C y4yeTOM 3KCMepuMMEHTarbHbIX AaHHbIX MO NPOAOSbHLIM U HOPMarbHbLIM K CTEHKE
TYpOYNEeHTHbIM MyNbCcauusM CKOPOCTM M KO3MULMEHTA KOPPENAUMM MeXay HUMK  MNONydYeHo
BblpaeHne AN TypOyrneHTHOW U BSA3KOM COCTaBMAOLWIMX TPEHUS B MPUCTEHHOW 30He TeuyeHus. Ha
OCHOBE YTOYHEHHOrO 3Ha4YeHUs BA3KOW KOMMOHEHTbI TPEHMS MoSyYyeHa TOJLLMHA Cosi BA3KOro TeYeHus,
KOTOpasl okasanacb 3aBUCALLEeN OT Ko3dULMEHTa TMapPaABINYECKOro ConpoTuBneHuss . PaccMoTpeHo
HecTalUMoHapHOe TeyeHue B 30HE BITUSIHWSA BA3KUX HaMNpPsHKEHUA Ha OCHOBE MoAUMULMPOBAHHON Modenu
OiiHWTelHa 1 Jln, B KOTOpY0 BBEAEHa M3MEHSIIOLLAsACA CKOPOCTb Ha BepxHel rpaHule Bsiskoro cros. C
YYETOM 3TOrO YCrOBMS MONYYEHO PeLleHUe OUHAMUYECKOrO YpaBHEHUS B Buae Npodunsi CKOpOCTH,
3aBUCALLETrO OT BPEMEHW WU pacCTosiHUS OT TBEepAOW rpaHuubl noToka. [aHHoe pacnpegeneHve
ckopocTeilt cnpaBeanuneo Ans GydepHol 30HbI, B KOTOPOW OCYLLECTBMAETCA Nepexon OT Crosl BA3KOro
TEYEHUA K CIOK MOCTOSIHHOIO TypOYNeHTHOro HanpsbkeHus. Ona npodunein ckopoctM B crioe
MOCTOSIHHOTO TYpOYNEHTHOro HanpsikeHusi yTOYHeHbl MapameTp KapmaHa W BTOpasi KOHCTaHTa
TypOYNEeHTHOCTM Ha OCHOBaHWM [aHHbIX W3MEPEHWI, BbIMOINHEHHbLIX B [MaAKOM KaHamne C MOMOLLbIO
nasepHoro nameputens ckopocTtu. MNpeanoxeHa Moaenb NepemMexaloLLerocs Te4eHus: B 6ydepHoit 30He,
COrMacHoO KOTOpPOi B pasHble MOMEHTbl BpPEMEHW BA3KOe TeyeHue paspyllaeTca U 3aMeHsieTcs
TYpOYNEeHTHbIM TeYeHMeM C NorapudMUYeckum pacnpefeneHnemM ckopocTei. [Ina pacyeta CKOpOCTM
TeyeHnsas B OydpepHO 30He MNPEearnioXeHo WCMoMb3oBaTh KO3MMULIMEHT MEepemMexaemMoCT, KOTOpbIN
YYNTbIBAET BPEMS CYLIECTBOBaHUS TYpOYNEHTHOrO TeYeHWsl, OTHECEHHOro K OOLIeEMY BpeMeHM
peanu3auuM npouecca. AHanu3 nokasan, 4YTo KO3(MULUUEHT MNepemMexaeMocTM WU3MeHSIeTca C
paccTosiHUEM OT TBEPAOM rpaHULbl W  KONMWYECTBEHHO OnuM30K K MHTEerpany BeposITHOCTW.
PacnpeneneHne ckopocTeid, MoflyYeHHOe Ha OCHOBE MpeanoXeHHbIX MOoAXO040B, NOATBEpPXAaeTcs
[AaHHLIMU U3MEpPEHUIN psiia aBTOPOB.

Abstract. Taking into consideration the experimental data on the longitudinal and the normal to the
wall velocity fluctuations and the correlation coefficient between the fluctuations, the turbulent and
viscous friction components near the wall were determined. Based on the adjusted value of the
components of viscous friction there was obtained thickness of the viscous flow, depending on the drag
coefficient. The unsteady flow in the viscous sublayer based on Einstein and Lee's model modified by
introducing the changing velocity at the upper boundary of the viscous sublayer was considered. The
solution to the dynamic equation in the form of the velocity profile, depending on time and distance from
the wall was obtained. This velocity profile may be used for the buffer region, in which a viscous flow is
transformed into a turbulent one. Von-Karman's parameter and the profile constant were determined on
the basis of LDA measurements in the smooth channel. According to the intermittent flow model for the
buffer region, a viscous flow is destroyed and replaced with a turbulent flow with a logarithmic velocity
profile. To determine velocity distribution in the buffer region it is proposed to use a gamma intermittency
factor, allowing for time of the turbulent flow, divided by the total time of the process. The analysis shows

Rylova I.A. Utochnenie harakteristik turbulentnogo pristenochnogo techeniya v gladkom kanale s uchetom
nestacionarnosti vyazkogo podsloya [Detailed characteristics of the near-wall flow containing unsteady viscous
sublayer in smooth channel]. Magazine of Civil Engineering. 2016. No. 3. Pp. 40-52. doi: 10.5862/MCE.63.3 (rus)
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that the intermittency factor varies with the distance from the wall, and it is quantitatively similar to the
error integral. The obtained velocity distribution has been confirmed by many authors' measurements.

BeedeHue

YTOYHEHHOE pacnpefeneHne CKOpoCTeN B MPUCTEHHOM 30HE MOTOKa HeOOXOAMMO Mpu peLueHun
3aga4y MNpPOrHO3MPOBaHMSA KaBMTALMOHHOW 3p03MM BOAOCOPOCHBIX CoopyXeHun [1, 2], TypOUHHOrO wu
HacocHoro obopyaoBaHWsi, NpyM OOTEKaHWW MOTOKOM MECTHbIX COMpoTUBReHUn [3]. XapakTepucTuku
TEYEHUS] B MPUCTEHHOW 30HE MOTOKA TaKkKe WrpalT BaXHYH porfb MpU pacyeTe TennoBoro GanaHca
3[aHuI 1 cCoopyXeHur [4], pelleHnmn 3agad TennomacconepeHoca B aTOMHOW 1 TEMMOBONW aHepreTuke [5],
pakeTHOW U aBUALIMOHHON TEXHWUKE, MPU PAacCMOTPEHUN BOMPOCOB B3BELLMBAHWUS U TpaHCnopTa HaHOCOB
B KaHanax u pekax [6-8]. NocnegHue nccnenoBaHUs nokasanu, YTo B NPUCTEHHOW 30HE MOTOKa BA3KUM
MOACINON HapacTaeT BO BPEMEHW, pa3pyllaeTcs U CMeHsAeTcs TypOyrneHTHbIM TedeHvem [9-20].
OObekToM uvccnenoBaHnst SABNSATCSA TypOyNeHTHble TEYEHUSS B LUMPOKMX OTKPbITbIX KaHamnax u
norpaHuyHbIX crosix 6e3 rpagueHTa gaBneHus.

O6bl4HO npn paccMoTpeHnn pacnpenerneHna CKOpOCTeVI B HeFIOCpe,U,CTBeHHOIZ onunsoctn ot
TBepﬂOVI rpaHnLbl CHATAETCA, YTO TEYEHNE onpenenaeTca OENCTBNEM CUN BA3KOrO TPEHUA. OT1a obnactb
NOTOKa Ha3blBa€TCA BA3KMM MNOACII0EM, 6e3pa3mepHaﬂ TONMwKnHa KOTOpPOro UMMeEeEeT NnopAanok

UxZ

=(5+115). Ona pacyeTta pacnpeneneHnss CKOPOCTel B 3TOM 30HE OBbIYHO MCMONb3YEeTCH 3aKOH

BHYTpeHHero TpeHusa HbloToHa [21], Ha OCHOBe KOTOpPOro mnony4aeTcs NUHENHoe pacnpeneneHne
CKOpPOCTEN B BA3KOM NOACIOE:

U_U*Z 1
Ux V’ ()

roe U — MecTHasi CKOpoCTb B ToYke Z
Z — paccTosiHWe OT jHa KaHana Unn CTeHKU pr6b|;

v — KMHEMAaTU4YEeCKaA BA3KOCTb;

It
Ux = % — AMHaMmn4YecKas CKopoCTb,

rae p — NNOTHOCTb XWOKOCTU;

2
T, =CONSt = pU; — nomnHoe TpeHue Ha CTEHKE.

Kak oTmevanocb Bbille, Te4eHWe B BSI3KOM MOACMOE SBMASIETCA HecTauuoHapHbiM [9-20]: B
oTAenbHble Nepuoabl BpeEMEHU TedeHne BONU3v TBEpAOW rpaHuLbl MMEET YNCTO BA3KUIM XapakTep — B
Opyrve B TOW Xe TOYKe HabniogeHWst TeYeHue XUOKOCTU npuobpeTaeT TypOyneHTHbIN xapakrep. ATu
0COBEHHOCTM TEeYEHMS BNUSIOT Ha NPOLIECC MEPEHOCA KONMMYECTBA ABWKEHNST U UMMYIbCa CUMNbl TPEHNSA B
npegenax nogcnost n 6ygepHom 3oHbI. [onbITkK pacyeTa TeYEHNs1 B HECTALMOHApPHOM BSI3KOM NoAcCroe
Npy OTNMNYAIOLWMXCS TPaHUYHbIX YCNOBMSAX ObINM npeanpuHATel psgom asTopoB [9, 11, 14]. lNepsasi
nonbiTka pacyeTa HECTALMOHAPHOIO TEYEHUS B BA3KOM noAcrnoe Obina npeanpuHsata X. OVHWTENHOM K
X. v [9] B npegnonoxeHnWn HapacTaHUSA TOMLMHbI BA3KOrO MNOACIOS B TeYEHWEe HEKOTOPOro BpeEMEHU C
nocneayLwmM MrHOBEHHBIM pa3pyLUeHWEM BSI3KOrO MOACMOST M BO3HWMKHOBEHMEM TYpOYNEHTHOro
TeYeHNss B MOMEHT paspylleHuns noacrnos. [ns pacyeTta BA3KOro TeYEHUS MCMOMb30BaHO ypaBHEHUe
HaBbe — CTokCca, 3anucaHHoe [fs MMOCKOro PaBHOMEPHOIO TeyeHus [22], kOTopoe [Ansl YCroBWS
ropM3oHTanNbLHOro Ha NPMBOAUTCS K BUAY:

=V—7F, (2)

roe [ BpeMA HapacTaHna BA3KOro noaciiod,

U, — npoaonbHas cocTaBrdoLLLas CKOPOCTH.

X

3710 ypaBHeHne nMmeet Bug ypaBHEeHUA TennonpoBoaHOCTU, CTaHOAPTHOE peLlleHne KOToOporo
3anncbiBaeTCcA B BUOE UHTErpaia BeEpoATHOCTU (VIHTeraJ'I 0LLIVI6OK)Z

PrioBa M.A. YTOouHEHHME XapaKTEpUCTHK TYpOYJIEHTHOrO MPUCTEHOYHOIO TEYEHHUS B IIIAJKOM KaHaJe C y4eTOM
HECTallMOHAPHOCTH BSI3KOI0 nozcios // iHxenepHo-cTponTenbHbIN xypHai. 2016. Ne 3(63). C. 40-52.
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2-Uu,

Iz

u

H
Ie’“zdn . (3)
0

Z
2.’

2
e™" dn — uHTerpan BepoATHOCTM (MHTErpan oLn6oK);

roe npenen uHTerpuposaHus H umeet sug H =

2 X
erf (x)= —I
z g
N — apryMeHT nofbIHTerpanbHON (YHKLUK;

U, = CONSt — ckopocTb 3a Npeaenamu BS3KOro NOACHOS.

Mony4yeHHoOe YMpOLLUEHHOE ypaBHEHWE (2) He COAepPXUT (PaKTOPOB, WHULMUPYIOLWUX ABWXEHUE,
MOCKOMbKY COIMacHO rPaHUYHLIM YCIOBUSIM B HauarnbHbii MoMeHT Bpemenn t =0 paswkeHne yxe

CYLLECTBYeT M ero CKOpoCTb BO BCex Toukax Z paBHa U,. Takum obpasom, ypasHeHue (3) onucoiBaeT

N3MEHEHNE CKOPOCTU TEYEHMSI Ha PasfMYHOM PaCCTOSSHUM Z OT CTEHKW, B pPa3fnu4Hble MOMEHTHI
BpemMeHn 1. YuuTbiBas cAenaHHble ynpollawowme [onyweHus, pelweHne (3) cnegyet cuuTath
NPUONKEHHBIM.

VlHTerVIpOBaHI/Ie YpaBHEHUA (2) C Y4E€TOM NU3MEHEHUNA CKOPOCTU UO Ha BHELUHEN rpaHunue BA3KOro

MOACINOS C POCTOM €ro TOSUHBI NpUobpeTaeT 3Ha4YUTENbHbIE MaTemMaTnydeckme TpygHocTu. B pabote
[11] nony4eHo pelleHNe YMPOLLEHHOrO YypaBHEHWS (2) MeTo4OM WHTEerparnbHbiX Npeobpas3oBaHWn
Jlannaca, npy KOTOPOM MEpPUOL pocTa BA3KOro NoACHos pas3duBancsa Ha mManble UHTepBarnbl, B npegenax

KOTOpPbIX CKOpOCTbUO MOXHO ObINo cuyMTaTb MNOCTOSAHHOW, HO W3MEHSIOLENCS OT MHTEpBana K

UHTepBany. 3To MO3BOMSANO UCMOMb30BaTh AN KaXOOro MHTepBana BpeMeHWU MoryYyeHHoe pelleHue B
BUAae:

Y 57519335 |- | 1+ erf|

t t
2 2 —erf| 35— |2 ], @)
u. t, 275-v

C
rae t, — nepuoa pocta Bsizkoro nogcros;

t, — nons t,, B npepenax koTopoit ckopocTb U, Ha BHELLHEN rPaHULIE CHATAETCS Marno U3MEHSIIOLLENCS
W onpenendeTcs No CTaHA4apTHOMY noraprdomMudeckomy npodpunto [23], npu ToMLLMHE BA3KOrO Noacnos

Z,; , COOTBETCTBYIOLLEl paccmaTtpusaemomy Bpemern Ly; .

vi?

MonbiTKka ycoBepLUEHCTBOBaHUS MoAdenun AnHwTerHa u Jln Obina npepnpuHsTa B pabote HO.B.
BpsiHckon [14], B KOTOPOM pPacCMOTPEHO MepeMexalolleecs BA3KO-TYpOyNeHTHOEe TEeYEHUE B KaXKO4OM
TOYKe MO TONWMHE BA3KOro nopcrnosi. CKOpOCTb Ha BEPXHEN rpaHuue BA3KOro MOACMOS cyuTanacb
U3MeHSoLLENCS 1 onpeaensanachk No cTaH4apTHOMY norapuMmUyYeckomy npogunto:

u 1
— | ==In

u.z

U*t K \Y

+C , )

raoe U — ocpegHeHHasi o BpeMeHU CKOpOCTb TypByneHTHOTO TeYeHUs B TOUKe MNOoTokKa.
Buipaxenne (5) monyueHo npu T =CONSU ¢ wucnonbsosavmem psiga  HemocTaTouHo

00OCHOBAaHHbIX IMNOTE3, npn 3TOM CpeaHne 3Ha4yeHus Kn C , onpegeneHHbie n. HMKypa/J,3e OnbITHbIM

nyTeMm Anga noToKOB B MaakKuUX rpaHunuax, okKasalimMCb paBHbIMU K:0,4VI C:5,5. OpHako Gonee

Nno3gHMEe UcCreqoBaHUss OOHAPYXXUIM HEMOCTOSIHCTBO 3TUX NapaMeTpoB [24-26], 4Tto TpebyeT unx
JarnbHenLero n3y4yeHust.

Rylova I.A. Utochnenie harakteristik turbulentnogo pristenochnogo techeniya v gladkom kanale s uchetom
nestacionarnosti vyazkogo podsloya [Detailed characteristics of the near-wall flow containing unsteady viscous
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B pabote [14] onpeaeneHve KoapMULMEHTA TMAPaABNMYECKOTO COMpoTuBReHns A ¢
NCMOMb30BaHNEM MNOMy4YeHHOro npocunst (4) Ons 30HbI NMEPEXOOQHOr0 COMPOTUBIEHUS OBHAPYXWMU
PaCXOXAEHMSA C SKCNepUMeHTarnbHbIMU AaHHbIMK N0 A . [INs yCTpaHeHUs 3TOro pacxoXaeHWsi BO3HUKNA
HeoOXOAMMOCTb BBELEHUS [OOMOMHUTENBHO BPEMEHU AEWCTBUSI TypOyNEeHTHOro TeyeHusi, KoTopoe
YACTUYHO 3aMEHSIET BA3KOE TEYEHME B paCCMaTpMBAEMOWN TOYKE.

PesynbTaTbl, NOMy4YeHHble pasnuyHbiM1 asTopamu [9, 11, 14],0CHOBLIBAOTCH Ha HEOOCTaTOYHO
0BOCHOBAHHbIX AOMNYLLEHUSX U OrpaHUYEHHbIX 3KCMEPUMEHTarbHbBIX AaHHbIX, YTO TpebyeT AanbHenLwmnx
aHanUTUYECKMX N 3KCMEPUMEHTAIbHBLIX UCCEAOBaHWUIA NPUCTEHHOTO TYpOYNEHTHOro TEYEHNS B LLMPOKMX
KaHanax u norpaHu4YHbIX Crosix, KoTopble 06ragatoT KAYECTBEHHOW CXOXECThIO.

UccnedosaHus u aHanus

Pacnpe/J,eneHMe CKOpOCTeVI (1) Npu BA3KOM TEYEHUN Y CTEHKUN ABINAETCA ﬂpI/I6J'II/I)KeHHbIM B CBA3U C
TEM, YTO KacaTelJibHble HanpsaXXeHusa NIMHENHO U3MEHSITCS NOo FJ'Iy6VIHe notoka. C y4€TOM 3TOro0 MOXHO
3anuncaTtb AMHaMn4eckoe ypaBHeHMe B crieqyrLwlemMm Buae:

du
ouZ(l—2)=pu— 6
( A) b (6)

roe h — ry6uHa noToka;

L =pv — ANHaMn4eckasa BA3KOCTb.

Pasgensas nepemeHHble U MHTErpmnpy«a BblpaXXxeHune (6), nony4yaem fonee TOYHOE NUHEWNHO-
rlapa6onw4e0|<oe pacnpefeneHne cKopocTer B BA3KOM MOACMOe:

i— u..z 1_15 7
U. v 2h %

Z
I'IonyquHoe BblpaXXeHune (7) NOoKa3bIBa€eT, YTO B NMPUCTEHHOM CJ10€ Nnpu F ~ 0,1 y4yeT N3MEeHEeHUA

MNOJTHOIrO HanpsAXeHunA TpeHna AaeT nonpaBKy B CKOPOCTU BA3KOIo Te4eHusd, He BbIXOOALYH 3a npenernbl
5 %.

MHorouncneHHble namepeHus [27—-31] nokasbiBalOT, YTO B CMOSIX MNOTOKA NPakTUYECKN BNNOTb A0
CaMOWN CTEHKM ODHapyXvMBaeTCsi MyfbCaLUOHHOE [BWXEHWE XXMOKOCTU Kak B MPOAOSIbHOM, Tak U B
BEPTUKANbHOM HarnpaBfieHUN NO HOPMasn K CTeHke. OTO yKa3blBaeT Ha AENCTBME B NMOTOKE MexaHu3ma
obMeHa KONM4ecTBOM ABWKEHUS, UMEIOLLErO B OTAENbHbIE MOMEHTLI BpEMEHU TypOyneHTHy0 npupogy
BMIOTb OO CaMOW CTEHKU. TakMM obpa3om, YCTOsIBLUEECH MHEHME O TOM, YTO BA3KOE TpeHue BONM3u
TBEPAOWN rpaHuLbl NOTOKA COOTBETCTBYET NOMTHOMY HaMpPs>KEeHUIO TPEHUS, ABMSETCS HETOYHbIM.

Ons onpeageneHna AOonu BA3KOM KOMMOHEHTDI TpeHnda Bblaenmm w3 CYMMapHOro TpeHUdA
Typ6yneHTHy+o COCTaBNAKLLYIO TpeHunda 7., OAns pacyeta KOTOpOVI NCrnoJib3yeM M3BECTHOE BblpaXeHne
and KOS(b(bVILI,VIeHTa B3anMHOMN Koppenaunn mMexay nynbcaumnamm I'IpO,EI,OJ'IbHOVI n BepTVIKaJ'IbHOI7I

u, -u,
|2 [ 2
u, -yu,
Uuncnutenb 3TOro BbipakeHust cornacHo JlopeHuy [32] cBsidaH C TypOyneHTHbIM TpeHMeM
cnegyowmM COOTHOLLEHUEM:

KOMMOHEHT BekTopa ckopocTn R, =

T, =p-U U, (8)

3HameHaTenb TOro BblpaXXeHunA npencraBndeT cobon npousseneHune CTaHOapTOB
(Cpeﬂ,HeKBaﬂ,paTW—IHbIX BeJ'IVI‘-IVIH) I'IpOﬂ,OJ'IbHOVI n BepTMKaﬂbHOVI ﬂyJ'IbCﬁLl,VIVI CKOpPOCTMW. C y4yeToM 3TOro

MOXHO 3anncaTtb:
T 2 |72
% =R, -4/U; -qU, (8)
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HECTallMOHAPHOCTH BSI3KOI0 nozcios // iHxenepHo-cTponTenbHbIN xypHai. 2016. Ne 3(63). C. 40-52.
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CraHpapTbl NPOAONbHOW M BepTMKanbHOW MyNbCAUMOHHBIX COCTaBMSOWMX CKOPOCTUM  Obinn
HangeHbl annpokCUMaumen [aHHbIX MHOMOYUCHEHHbIX u3aMepeHun [31] B  MNPUCTEHOYHOWM 30He,
npuBeLEHHbIX Ha pUcyHke 1.

3,50
3,00 o
= [27]
2,50 4 [27]
o, + [28]
=R 00 s 28]
.
e [29
1,50 2]
+ [28]
1,00 [28]
+ [30]
0,50 = [31]
[29]
0,00
0,0 50,0 100,0

U.z

v

o o .
PucyHok 1. PacnpegeneHve cCTaHgapToB NPOAOSbLHbLIX — U BEPTUKaNbHbLIX —- NyNbCcauuni
U. U.
CKOpPOCTU BONU3UN CTEHKU, HOPMUPOBAHHbIX AMHAMMNYECKOMN CKOPOCTLIO, N0 AaHHbIM U3MEPEHUN
[31] B norpaHny4yHOM croe Ha nnacTMHe U B KaHanax
AMnpoKkcMMaLMOHHbIE 3aBUCUMOCTWU AM1S MPOAOMbHOW W MonepeyHon nynbcaumn CKopocTu Ans
u.z

\'

5,5<

<100 nono6paHbl METOIOM HaMMEHbLUMX KBaApaToB B BUE:

2
= 2,3-(“’1] +14- %% 140

\ v
Ix _NTx (10)

U. U.. u.z 2
\Y
2

—2=21=0,28-1In
U, U v

u.z

—-0,24 (11)

[aHHble M3MepeHWn MNOoKasbIBalOT, YTO KO3MPMULMEHT KOppensaumu sz B MPUCTEHHOW 30HE
TeuyeHuss umameHsietca cnabo m 6nmsok k 0.4 [31]. CormacHo HEKOTOpPbIM W3MEPEHUSIM MMEETCs
TEHOEHLUMS K YMEHbLUEHUIO sz C NPUONMXXEHNEM K CTEHKE, OOHAKO y4eT 3Toro TpebyeT cneumanbHOro

NccriefoBaHust; B HAcTosLLen paboTe KoaduLMEHT sz npuHuMancs pasHbiM 0.4.

C y4yeToM HanOEHHON TaKUM o6pa30M Typ6yﬂeHTHOI7I KOMMOHEHTbI KacaTesibHOro HanpaxXeHud
BA3KasA COCTaBldloLadA NosfiHOro TpeHmnsa 3arnncbiBaeTcqa B BUOE:
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u.z
\'

2
2,3-(“) +14- 2% 140

\'
2
u.z
\'
C wncnonb3oBaHUEM BblpaXXeHunA (12) BA3KasA COCTaBnAwWaA TpeHUa B HeﬂOCpe,D,CTBeHHOIZ

u.z
\Y

r,=p-u’ -(1-&)—0,4-,;- U, -[0,28-In —0,24j-u* (12)

6nm3ocTyn K rpaHule 5,5 < <100 B nepuoabl BA3KOrO TeYEHNUs NPeacTaBneHa Ha PUCYHKe 2.

1,20

1,00

L E

0,80

s
prus  h

0,60 L + Mo saBucumoctu (12)

= [lo 3aBucumocTu (13)

& B

0,40 »

&
4

0,20 3

0,00 *"’1

PucyHok 2. PacnpeaeneHue BA3KON COCTaBNsOLWEN TPeHUs BONU3U TBEpAOW rpaHuLibl NOTOKa

PacuyeTHble OaHHblE (CM. puc. 2) NOKa3bIBaT, YTO BA3KUE HAMNpAXeHUA TpeHUsa OCTaloTCA

u.z o o
3aMeTHbIMn O — = 90. I'IonyquHue [aHHble Obinun annpokcMMmmnpoBaHbl crneayrwen bonee npocToun
\"

3aBNCUMOCTbIO:

~0,045.%%

L Z_ exp v (13)
2
P Us

MpupasHusasa 7, n3 (13) k BA3KOMY HanpsikeHuo HetoToHa [21], 3anuiem:

.2 eXp_o,045~“\*lz_z _du 14)
P h|~

WHTerpupys BoblpaxeHue (14), nonyyaem npodurib CKOPOCTU B 30HE BITUSIHUS BA3KUX HaMpPshKeHWUN,
HaleHHbIX C Y4ETOM U3MEHEHWS NMOMTHOrO KacaTerlbHOro HanpsikeHusl Nno rnybuHe NoToka:

Y 22 1mexp 0¥y |- 1022
u. ), 2 Vv h

(15)

PacueTHble pacnpeneneHna CKOpOCTeVI B BA3KOM TPUCTEHOYHOM TeYeHUN nNpu pasfnyHbIX
KOS(b(bVILI,VIeHTaX rmapaBiiM4eCcKoro ConpoTmnBIieHnA npeactaBiieHbl Ha PUCYHKe 3.
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30,00

25,00

+ npodunb ckopoctu (15) B
v npucteHouHo obnactu npu
+ ¥t A=0,015

20,00

u T = npodunb ckopoctu (15) B
npucTeHouHoi oBnactu npu
. 15,00 +

n A=0,04

10,00 _ + J('llv;HeﬁHblﬁ npodmb CKOPOCTH

e

5,00

L * MHelHo-napabonnuueckuii
npodmnb ckopoctu (7)

0,00 1
1 10 100
U Z

v
PucyHok 3. NMpodomnu ckopoctu (1), (7) n (15) npu koadduumeHTax ruapoanHaMmn4ecKoro
conpotusnexnua 0.015 n 0.04

ConocTaBrneHne nony4YeHHoro «Bsidkoro» npoduns (15) ¢ ns3BecTHbIM NMHeNHBIM (1), a Takke
NuHelrHo-Napabonuyeckum pacnpegeneHvem ckopocten (7) nokasbiBaeT, YTO B nepuoAbl BSI3KOrO
TEeUeHusl, paccyuMTaHHble ckopocTn (15) 3amMeTHO MeHblle Tex, KOTopble OnpeAensitoTcs Kak no
NMHENHOMY, TaK U NO NMHENHO-Napabonnyeckomy NPo U0 CKOPOCTH.

I'IonyquHble BblpaXXeHna nansa BA3KOW KOMMOHEHTbI TPeHnA NnOo3BOJIAIOT TakKkKe onpeaernintb
Ul

Ge3pasmMepHyo TOMLLMHY Cos , B KOTOPOM NPOSIBNSETCA AEUCTBUE BA3KOW KOMMOHEHTbI TPEeHUs!

u.d
(npn Z—> |pl BA3Kas cocTaBnswolLLas HanpsxeHna 7, — 0 ). Benuuuxa , HarlieHHas 13 ycnosus
TV = 0, npmuBOoANTCA K BMAOY:
ul, 1,35
P_="10 (16)
1% A

I'IonyquHoe BblpaXXeHUe MNnoKas3blBa€T, 4YTO 6e3pa3mepHa;| TONWMKWHa Cnosd, B npenenax KoToporo
NpoABNAETCA OENCTBNE  BA3KUX Hal'lpﬂ)KeHVIVl, 3aBUCUT OT KOSd)(bVILI,VIeHTa rmapasrindecKkoro

COMPOTUBIEHUS, 1 B AnanasoHe pearnbHbix 3HaveHun A ot 0.015 a0 0.04 (B KoTOpom 06bIuHO paboTatoT
u.ld,

rmagkve BoOoBOAObl) NU3MEHSAETCSA ot 35 po 90, yto 6nm3Kko K GeapasamepHolr TonwmHe BydepHOn

1%
30HbI [33].

YunTbiBas onpenerneHHylo CroXHOCTb WCMONb30BaHWUsA MONyYeHHOro paHee pelueHus (4) aons
GydbepHoli 30HbI NpeanaraeTcs oeHoMeHomnormyeckas Moaesb Nepemexalollerocs Te4YeHUs, CornacHo
u.z

Vv
Typ6yﬂeHTHbIM. Beooutca noHaTtue KOSq)(bVILI,VIeHTa nepemMmexaemocTtun 7/ KaK OTHOLUeHWE BpeMEHU

nencTeums Typ6yﬂeHTHOFO Te4YeHna K o6u.|,emy BpeMeHn UuUuKna pasButma U paspylleHnda BA3KOro
noacros.

KOTOpOVI B Ka)KOoW TO4Ke 3TON 30HbI pa3BmBarwLLleeCA BA3KOE Te4YEHUME CMEHAETCA TEeYeHUEM

C y4eToM 3TOro CKOPOCTb TeYeHus B OydepHOoi 30HEe MOXHO NPeacTaBUTb Kak OCPedHEHHYIo
BENUYMHY BSI3KOrO U TYPOYNEHTHOrO TEYEHUI C Y4ETOM BPpEMEHU UX AeNCTBUS:

e I S R e (17)
U. U. U.
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rae | — | - BA3Kkasa cocTaBnsoLLasa Npoduns CKOpocTu, onpeaerieHHas no 3aBucuMocTu (15);

u
- — Typ6yneHTHa;| cocTaBnAaloLan I'IpOCbVIJ'IFl CKOpPOCTK, nony4eHHaa no CTtaHOdapTHOMY

U* t

norapudpmmu4yeckomy Npodunio ¢ pearnbHbIMU 3Ha4eHUsIMU NapameTpa KapmaHa K u C:

tt

7=? — KO3(PUUNEHT NepemMexaeMoCTu, XapaKTEPU3YHLLMA CyMMapHOEe BpeMsi CyLLeCTBOBaHUS

TypGyneHTHoro TeveHusi {, oTHeceHHoe k nepuoay HaGnoaeHus T .

CornacHo npeanaraemMoi Mogenu nepemMeXxaroLerocst TeHEHUs1 CKOPOCTb TeYeHUs1 B NMobor Touke
OydepHON 30HbI HAXOANUTCS OCpPeaHEHMEM OBYX COCTOSIHUI BA3KOIO U TypOYMNEHTHOro C y4eTOM BPEMEHU
(BeposiTHOoCcTM) Mx pencteus. C NpuONMXEHNEM K CTEHKEe BpeMsi (BEPOSTHOCTb) BA3KOIO COCTOSIHUS
BO3pacTaeT, C ydaneHuem OT CTEHKM BO3pacTaeT BEPOSITHOCTb (Bpemsi) TypOYNeHTHOro COCTOSIHUSA
TEeYEHuUsI.

Mepemexarolweecs  BA3KO-TypOyneHTHoe  TedeHMe B npegenax  OydepHoOM  30HbI
ul
pacnpocTpaHdeTCA Ha MaKCUMMalibHOE pacCToAdAHME OT CTEHKW, paBHOE Vv . Ecnn cuutatb

nepemMexaroLLMiACa MPOLIeCC M3MEHeHMs1 CKopocTM B GydbepHoit 30He [ayCCOBCKUM, MakcumarnbHoe
paccTosiHME NPUHUMAETCH PaBHbIM YTPOEHHOMY CTaHOapTY:

u,l
M _3c (18)
\

O4yeBMOHO, YTO C YBEMNWYEHMEM PACCTOSIHUA OT CTEHKU BKNag B Npodunb CKOPOCTM BSA3KOW
COCTaBMSAOLWEN YMEHbLUIAETCS M BTOpoe crnaraemoe B BblpaxeHun (17) npubnwkaercs K eguHULe.
CpaBHuBas pelueHne (3) ¢ nonyyYeHHbIM BblpaXeHnem (17) B6nu3m BepxHen rpaHuubl 6ydepHoOn 30HbI

U=U Y npu Uy =U,, naxogum, uyto } = erf (X) = @(X\/E , CBSI3@HHLI C WHTErparom
BepoaTHocTu Maycca @(x) , koTopbl TabynuposaH [34]:

x
@(x)=%fe 24t | (19)
0

roe t — Tekyllee 3Ha4YeHVe apryMeHTa x ;
X — Npeaen UHTErpupoBaHns Ans paccMaTpuBaeMoi TOYKU, KOTOPbLIV onpeaensncs Kak:

u..z
X =
\'

/o (20)

[ns Mayccosckoro npotecca 3Haderne @(x) =0 npn x =0 n @(x) ~1 npn x =3.

B MOMEeHTbl paspylleHNs BSI3KOro TeYeHWs MacChbl XUAKOCTU W3  Bblenexalmnx Crioes,
ABWXKyLLMXCA TypOyrneHTHO, MOryT NPOHMKaTb BNNOTb 40 TBepAon rpaHuubl [19—20], npyM 9TOM CKOPOCTb

u
9TUX Macc | — | , BXoadAuwlaa B BblpaXeHune (17), MOXeT ObITb HamgeHa no norapmchquCKomy

*

t
npocounio J1. MNpanaTtnsa [35].
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OcHosHble pe3yrnibmambl U 0b6cyxdeHue

Kak oTmeuanocb Bbilwe, napameTtpbl K u C norapucgpmmndeckoro npocpuns ckopoctn (5) He
ABMAIOTCA NOCTOAHHBIMW. [INg nx aHanusa Ucnosib30Barnuvch ONbITHbIE JaHHbIE pa3HbIX aBTOPOB, a Takke
n3MepeHnss Npodunen CKOPOCTU, BbIMOSMHEHHbIE C Mcnonb3oBaHvem JIOVC (nasepHbii 4ONNEPOBCKUN
n3MepuTenb CKOPOCTM) B NPsiMOYyroribHoM 6e3HanopHoM rnagkom kaHane HWY MICY wwupuHon 31 cm

MpW pasnuYHbIX YKIOHax (i =0,00046 +0,007) un HanonHeruax (h =1,3 =+ 7,6 cm) B ananasoHe uncen

4.V -h

PeitHonbaca Re = = (20500 =+ 485000) . Vamepenus nokasanu, uto napametpsl Ku C

HEMNOCTOAHHbI N O6Hapy)KVIBaIOT 3aBUCUMOCTb OT KOS(bd)VILl,VleHTa rmapaBiiM4ecKoro ConpoTmnBIieHUA l .

3 + HWY Mrcy
+« [37]
o _.:-:-—-‘ —— I + [38]
1 B E‘ B L °e + [36]
2 25 _4___1.1.-&#-:3“'*'3"4 = [27]
K = [19]
5 BISED)
« [40]

5,00 6,00 7,00 8,00 9,00 10,00 11,00 12,00 \/E

PucyHok 4. N'pacuk nsmeHeHus napametpa KapmaHa K B 3aBUCUMOCTU OT KO3dhhbuLmeHTa

rmapaBnuyecKoro conpoTuBreHns A no 3aKcnepuMeHTanbHbIM AaHHbiM HUY MITCY, [19], [27],
[36—40] B rmagkux kaHanax M NorpaHM4HbIX CHOAX

C D + HUY MICcY
11 *
10 = [37]
9
§ ., . ¢ = . [38]
*
5 - — |+ el
4 L 4

5,00 6,00 7,00 8,00 9,00 10,00 11,00 12,00 \/E :

PucyHok 5. F'pachuk nsmeHeHusi napameTtpa C B 3aBMCUMOCTHU OT Ko3chdumLmeHTa

A

ruapaBrinvyeckoro ConpoTUBreHUs no 3KcnepumeHTanbHbIM gaHHbIM HAY MITCY u [27], [36-
38] B rmagkux kaHanax

Ha ocHoBe SKCNepnMMeHTaribHbIX OaHHbIX NOoJflydYeHbl crnegywuine annpokCUMMauMnOHHbIe

3aBmcumocTn gna K un C npum Typ6yﬂeHTHOM TEeYEeHUN B MagkKnx LLUNPOKNX KaHalax:

l—@+2 (21)
ko Na

1
C=—-1 (22)

i

Mcnonb3oBaHne MNoMyYeHHbIX [AaHHbIX MO pacnpedenieHnio CKOpocTeld B HEenoCpeacTBEHHOM
GNN30CTN OT CTEHKM U NorapudMmyeckoro Npodurs CKopocTu 3a npeaenammn 6ydepHo 30HbI, a Takke
[l0Ka3aHHOW afleKBaTHOCTM Mexay KO3MULNEHTOM NepemMexaemMocTu ) U UHTerparoM BeposiTHOCTU

MO3BOMUNN paccunTaTb pacrnpeerneHne ckopocTel B OydbepHol 30He AN pasfUYHbIX 3HAYEeHWi

KoappumeHTa conpoTUBNEHUS A.

lMpoBepoyHbie pacyeTbl NPOM3BOAUNNCE AnS ycnoBuin onbiToB Jlaydepa [36], KoHT-Benno [27],
Xabaxnaweson [41] n n3aMepeHuii, BbINOMHEHHbIX B rnagkoMm kaHane MICY. lNopsgok pacveTta Ans
rmagknx kaHanos Obln CneayowmmM.
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npl/l M3BECTHbIX pa3mMepax nonepe4vyHoro ce4yeHnAa KaHamna B 30HEe CT86I/IJ'II/I3I/IDOBaHHOF0 TedyeHunsA
no M3MepeHHoOMY I'IpO(bVIJ'I}O CKOpPOCTU onpependnacb cpeaHas I'IpO(bVIJ'IbHaﬂ CKOPOCTb TeYeHusd V .
OuHamnyeckas CKOpPOCTb U. Haxogunacb MO JIMHEMHOW 4acTu N3MEPEHHOIo I'IpO(*)VIJ'IFl B
HeﬂOCpeﬂCTBeHHOVI 6nmsocTn oT gHa. Mo M3B€CTHOMY COOTHOLUEHUIO MexXay AMHaMU4eckom n cpep,HeVl

CKOpPOCTbO Haxoguncsa KOS(b(bVILI,VIeHT rmapaBiiM4EeCKOro corpoTtumBIiieHUsA ﬂ, OuHamuyeckoe 4ncro

u.h

PeiHonbaca, 3anucaHHoe B Buae v ncrnonb3oBaniocb Ans nepecyera Ge3pa3MepHOro
U.z Z
COOTHOLLEHMS v B KoopAuHaTy F Tam, rge a1o 6biNo Heobxoaumo. BepxHsis rpaHuua G6ydepHoin
ul,
30HbI onpeaensnocb no 3asncnmocTtu (16). na obpabaTbiBaeMbIX AaHHbIX 3HadYeHus K u C

NPUHUManNUCb pPaBHbIMA OMbITHBIM 3HAYEHUAM, HaWOEHHbIM MO M3MEPEHWAM B npedenax Ccrosi
MpaHaTNS, TonuwMHa KOTOPOro okasanacbh GIIM3KoM K TOMLWMHE BbITECHEHUS MOrpaHNYHoOro cros [42]:

e 135V4 )

h 1+1,35\/Z

KoadhduumeHT nepemekaeMocTy onpedensncs no npensiokeHHoOW MeToauke 4epes MHTerparn
BEpOSATHOCTM (19), apryMeHT KOTOporo x npuHMMarncs pasHbiM (20), Npyu 3TOM npeanonaranock, YTo

_tudy
3 v

ncnonb3oBaHueM npodunein (5) n (15) n HaMaeHHoro 3HaveHnst ) = (D(x) ANS Kaxaoro 3HadeHns X

(o}

. 3HayeHne ckopocTu B npeaenax GydepHoi 30HbI Haxoaunocb No 3aeucumocTu (17) ¢

PesynbTaTbl CpaBHEHNS pacyeTHbIX U ONbITHbIX AaHHbIX AN 6ydepHo 30HbI TeYeHWs NpuBeaeHbl
Ha pucyHke 6.

ConocTaBneHue pesynbTaToB pacyeTa Mo pa3paboTaHHOW MeToAMKE KaK B Croe BA3KOro TeYeHus,
Tak U B BydepHON 30He OBHAPYXMBAKT XOPOLUY CXOOAMMOCTb pacyeTHbIX AaHHbIX C pesynbTaTaMmu
M3MepeHUii aBTopa 1 ApYrux aBTOPUTETHBIX UCCrieaoBaTeneil.
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PucyHok 6. ConocTtaBrneHue 3KCnepuMeHTanbHbIX AaHHbIX, BbINOMTHEHHbIX B FN1aAKOM KaHane
HWY MI'CY, a Takxe [27], [36], [41] c pacyeTHbIMU AaHHbIMU MO 3aBUCUMOCTH (17)

PeioBa M.A. YTOouHEHHME XapaKTEpUCTHK TYpOYJIEHTHOrO MPUCTEHOYHOIO TEYEHHUS B IIIAJKOM KaHaJe C Yy4eTOM
HECTallMOHAPHOCTH BSI3KOI0 nozcios // HxenepHo-cTponTenbHbIN xypHai. 2016. Ne 3(63). C. 40-52.
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3aknoyeHue

1. Mo gaHHbIM pa3HbIX aBTOPOB MOJ1y4eHbl arnnpokKCUMaunMOHHbIE 3aBUCUMOCTH, OnucCbiBaroLne
M3MEHEHNA CTaHOapTOB NpPOAOJSIbHbIX WU BepTUKalribHbIX I'IyJ'IbCﬁLI,VIVI CKOpOoCTn B I'IpVICTGHHOVI 30HE
LLNPOKKUX MagKnx KaHanoB, HOPMUPOBaHHbIE AnHaMmn4eckom CKOPOCTbHO.

2. C vcnonb3oBaHUEM BbipaXkeHusl Ans KoadduumneHTa B3aUMHOM KOppensuumM npoaosibHOM U
BEPTUKaIbHOW KOMMOHEHTbI MyNbCaLUMOHHOW CKOPOCTM U HaldeHHbIX annpokcuMauui ons cTaHoapToB

= [z .
UX n UZ nony4yeHbl Typ6yneHTHa;| N BA3KaA CcocCTaBdAlWwne TpeHUA B MPUCTEHOYHOWU 30HE

TeYeHus.
3. OnpepgeneHa TonuwuHa crosi, B Npeaenax KoTOPOro Bsi3Kasi COCTaBMsoLLas TPEHUst OTNINYHA
OT Hyns.
4., O6paboTKoi OaHHbLIX BbIMOMHEHHbIX M3MEpPEeHW onpeaeneHbl 3HadYeHUs napameTpoB K u

C ans npoduneit ckopocTH B rMapKkmix kaHanax.
5. PaspabotaHa Mofenb nepemexarlollerocs TeyeHuss U MeToAMKa pacdeTa pacnpegeneHust
ckopocTeit B 6ydepHOI 30HEe C Y4ETOM YTOYHEHHOTO NPOMUIA CKOPOCTM B Nepuobl BA3KOro TeYeHUs U

peanbHbIX 3HaYeHuin K u Cs norapndmmueckom npodune CKOpocTu, UCTONb30BaHNe KOTOPOii gaeT
pe3ynbTaTbl pacyeTa, CorfacytoLMecs C AaHHbIMU U3MEPEHWI B IMaakux KaHanax.
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Abstract. Recently, buildings and structures erected in Russia and abroad have to comply with
stringent economic requirements. Buildings should not only be reliable and safe, have a beautiful
architectural design, but also meet the criteria of rationality and energy efficiency. In practice, this usually
means the need for additional comparative analysis in order to determine the optimal solution to the
engineering task. Usually such an analysis is time-consuming and requires huge computational efforts. In
this regard, surrogate modeling can be an effective tool for solving such problems. This article provides a
brief description of surrogate models and the basic techniques of their construction, describes the
construction process of a surrogate model to calculate initial rotational stiffness of welded RHS joints
made of high strength steel (HSS).

AHHoTaumMa. B nocnegHee Bpemsi CUMbHO  BO3POCIM  3KOHOMMUYECKME  TpeGoBaHwus,
npeabsBnsieMble K 30aHUAM W COOPY)XEHUSIM, BO3BOAUMbIM B Poccun 1 3a rpaHuuei. 3aaHns OOMmKHbI
OblTb HEe TOMNMbKO HaAeXHbIMU U Ge3onacHbLIMU, UMETb KpacuBblii BHELLHWIA BU, HO TaKkKe YOOBNETBOPATb
KPUTEPUAM paLMOHANbHOCTM U 3HeproadpdekTMBHOCTU. Ha npakTuke 310 o3HayaeT HeoGXOoAMMOCTb
[OMNONMHUTENBHOTO CPaBHUTENBHOIO aHanusa Ans onpeaereHnst onTUMarbHOIO PeLleHnst UHXEeHEePHOM
3agaun. OBbIYHO Takol aHanua TPyOooeMoK U TpebyeT OrpoMHbIX BbIYUCIIUTENbLHBLIX 3aTpaT. B cBasu ¢
3TUM cypporaTtHoe MoAEenvpoBaHME MOXET OblTb 3(DPEKTUBHLIM MHCTPYMEHTOM AN PelleHUs Takux
npobnem. B oaHHol cTaTbe NPUMBOAUTCS KpaTKoe onucaHne cypporaTHbiX Mogerei 1 OCHOBHbIX METOA0B
UX MOCTPOEHMS, OMUCLIBAETCA NMPOLIECC CTPOUTENbCTBA CypporaTtHoM Mofenu Ans pacyeta HavarnbHoM
)KECTKOCTU BpalleHUsi CBapHbIX COeAUHEHWIA KBaapaTHOro Nosioro Npouns N3 BbICOKOMPOYHON CTarnu.

Introduction

Tubular structures with welded joints are used in a wide range of structural applications. The most
typical application is tubular truss. The structural analysis model is frequently constructed using beam
finite elements, and the braces are connected to the chords using hinges. Actually, a welded joint does
not behave as a hinge when it is loaded by a moment. The joint has resistance against the moment, but
in the joint area deformations may occur both at the brace and at the chord, so the stiffness against the
moment has to be taken into account in the global analysis of the structure. In [1] only the moment
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resistance is given for the joint where the angle between the brace and the chord is 90 degrees. In [2]
there is the equation, which can be used to calculate the initial rotational stiffness for the same case,
angle 90 degrees.

When aiming to economic and environmental friendly design stiffness of the joints must be taken
into account. This is especially true when using high strength steel in structures, because then buckling at
the ultimate limit state and deflections and vibrations in the serviceability limit state are often critical.
Besides, the impact of the installation process and operation of the construction on its strength properties
should be considered [3-8]. In [9] and [10] it has been shown that the rotational stiffness of the welded
tubular joint is the main parameter when considering buckling of members of tubular trusses.

In the design it is possible to define the rotational stiffness for the joint using comprehensive finite
element analysis (FEA). In practice, this is impossible, especially when performing optimization of
structures when the structural analysis must be done thousands of times. In order to avoid
computationally heavy calculations, surrogate models (or meta models) have been developed. The
surrogate model is the basis of a new direction in the simulation engineering. It is a mathematical method
of drawing up a model based on the test results and/or computational experiments carried out with a
variety of objects of the class in question [11]. Surrogate models have been used widely in aerospace
[12-16], civil engineering [17]. Methods of using surrogate models for optimizing steel structures are
described in [19-27]. The optimum design of steel frames is presented using semi-rigid joints and
surrogate models [18]. This article shows construction of the surrogate model in the case of initial
rotational stiffness of welded tubular structures.

This article describes the construction process of a surrogate model for calculating initial rotational
stiffness of welded RHS joints made of high strength steel (HSS). Only joints with butt welds are
considered. This assumption was made to simplify the surrogate and finite element modeling. The effect
of fillet welds is considered in [28].

Theoretical background

Surrogate model construction

In the surrogate model construction, we replace the computationally expensive function f(x) with
a sum of two other functions, where (x) is the vector of the variables [16]), which has the same dimension
of input and output parameters as the original function [29, 30]:

f(x)=s(x)+&(x), @
where s(x) is the surrogate model at the point x and ¢(x) is the difference between the two.

The idea is to use the function s(x) during calculations or optimization instead of the function f(x).
The function s(x) is chosen so that it should be cheap to evaluate, and hereby the computation time can
be reduced considerably.

We can start with a quadratic regression model:

k k k-1 K
sp(X)=Bo+ DB + 2 Bixi + D 2 BikiX] )
i1 i1 =1 j=itl

or with linear regression (8; = 0) or with the constant, only B, # 0. If this gives good results (see later
criteria), we can add to the regression a predictor Z(x) (stochastic process) and end up to Kriging.

Kriging is the most popular method for creating surrogate models. In [31-48] it was made well-
known in the context of modeling, and optimization of deterministic functions, respectively.

The Kriging models consist of two components. The first component is some simple model that
captures the trend in the data, and the second component measures deviation between the simple model

and the true function. An example of the surrogate model ?(x)using Kriging with one variable x with n
sample points is:
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_ 13
f(X)=HZX1 +2Z(x), 3)
-1

where the zero order regression is used and the predicted value f(X) is given scaled to [0;1].

The real values f(x) can be calculated from the normalized data f(X). In the construction of Z(x) we

need a correlation function between points. Define R as the matrix R of stochastic-process correlations
between the sample points x; and x;:

Rj =R(6.%,x;) i,j,=1...n @)
and let r(x) be a vector of correlation between sample points and untried points x:
F(x) = [R(6, %, %) ... R(8, X, X)[! (5)
The mostly preferred correlation function is the Gaussian correlation:
m 2
R(xi,xj)zexp —kzlé?k‘x'i‘ —xﬂ , (6)

where 6, are unknown correlation parameters, k=1,..., m;
m is the number of design variables;

k
x:‘ and XJ_ are the components of samples x; and x;.

After this the surrogate model can be defined, see e.g. [16].

The article [29] indicates the main problems which arise in the construction of surrogate models
and their optimization. For instance, the task of reducing the dimension [49], the task of building a
multidimensional nonlinear approximating dependencies problem of clustering and classifying data.

The surrogate model can be used with data of both low and high accuracy. These data of low
accuracy can be obtained by the analytical method and the data of high accuracy - during the “field"
test [50].

The obtained approximate dependence is necessary not only to predict the result, but also to
determine the accuracy of the calculation [51]. One of the basic principles to ensure greater accuracy of
calculations in constructing the surrogate model is the removal of a set of superfluous or redundant
parameters [52]. In particular, the task of reducing the dimension [53] not only greatly simplifies the
calculations, but also allows the surrogate model to meet the required conditions [54]. In addition, the
method of reducing the dimension of predicates (of explanatory parameters) is practiced [55].

For certain areas, where it is necessary to build a model, which gives the most accurate
information, it is necessary to build several approximating dependencies. Thus, the final approximation
procedure will include a classifier that determines which private approximator needs to be taken for the
given input variable [30].

Some special cases of surrogate model construction are also considered in [56—61].

Surrogate model validation

The validation process uses a new sample size approximately equal to one third of the sample size
used to build the surrogate model [62]. The validation process consists of comparing the results of the
surrogate model with those of the real response. This is a specific problem which depends on the
accuracy required of the fitted model. If this accuracy is too low, the surrogate model must be modified by
the introduction of more sample points or by the modification of the surrogate model variables.

The validation process consists of testing a new set of sample points, but excluding the original
sample point set. The accuracy of the surrogate model can be checked using R? value [18]. No single
rule exists that specifies a minimum R? value which guarantees a good fitting surrogate model. In [18]
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only the surrogate models with R’ values larger than 0.85 are considered. We realized that R? was not
proper in our case; all our models had R® = 0.95, so we had to refuse to consider it.

For validation we applied the relative error, Eq. (0.1). Usually, the optimization procedure for
tubular trusses requires no more than 10% average relative error, so it is accepted as our main criterion.

|CFEM - CSURR|

Error = (7)

FEM

Design of Experiment

The method for determining the sample points to carry out an analysis is called the Design of
Experiments (DOE). The location of the sample points is very important for generating an accurate
surrogate model. It consists of a compromise between the usage of a reasonable number of sample
points to build an accurate model. Several DOE methods are described in [63—65]. The Latin Hypercube
Sampling (LHS) proposed by [63] is the most popular space filling sampling technique. In this research
engineering justification is used to define the sample points.

Variables

At the first step of sampling the list of variables should be determined. Every Y joint can be
described completely by the following variables (Fig. 1): chord dimensions by, to; brace dimensions by, t3;
angle ¢ between the brace and the chord; material properties fyq, fy1.

Figure 1. Dimensions of Y joint

The number of variables has a strong effect on the process of surrogate modeling: the lesser the
number of variables is, the easier it is to create a reasonable surrogate model, so it was reasonable to
reduce the number of variables.

First of all, we realized that the influence of t; on rotational stiffness was rather weak and excluded
it from the surrogate modeling. Besides, in this research we considered joints with only butt welds. In the
case of butt welds material properties have no effect on the initial rotational stiffness of joints, so we also
excluded f,, and f,; from the list of variables.

We also replaced b; with its relative analogy B=b,/b, so that this variable had similar values for all
chords. It should be noted that due to low values of 8, compared to other variables, it was important to
input B with at least four characters after the decimal point to avoid the loss of precision.

After all, we presented the function of the initial rotational stiffness as a function of four variables:

C = (b, %, 6,9) (8)

Sampling
At the next step sample points should be determined. The sample points should be defined so that:
e they cover the whole range of our interest;

o they meet requirements of building codes
¢ the failure of the brace is not critical.

Garifullin M.R., Barabash A.V., Naumova E.A., Zhuvak O.V., Jokinen T., Heinisuo M. Surrogate modeling for
initial rotational stiffness of welded tubular joints. Magazine of Civil Engineering. 2016. No. 3. Pp. 53-76.
doi: 10.5862/MCE.63.4

56



NnxeHepHO-CTPOUTENbHBII sKypHaJ, Ne3, 2016

We considered cold-formed tubes with discrete sizes followed those of Ruukki. Only square
sections (SHS) were considered. Our goal was to predict typical practical cases with the chord sizes by
between 100x100x4 and 300x300x12.5. We considered HSS up to S700 and this also limited the range
of cross-sections.

In this research the Eurocodes were used for joints [1] and extension for steel grades up to
S700 [66]. The main requirement restricted the range of sections: 0.25 <3< 0.85.

The ratio by/t; was limited by b,/t; < 35 and to cross-section class 1 or 2. The ratio by/ty was limited
by 10 < by/ty < 35 and, moreover, to the cross-section class 1 or 2.

The angle ¢ between the brace and the chord is due to welding in the range of 30 degrees < ¢ <
90 degrees.

Moreover, we chose the sample points in such a way that for every variable there were 3 different
values (minimum, middle and maximum), while others remained constant. Exceptions were made only for
cases with the maximum t, and B, because they had complicated modeling in Abaqus. For those cases
only two values (minimum and middle) of towere considered.

Fig. 2 presents the distribution of sample points in respect to chord dimensions. Black crosses are
the possible sections of Ruukki catalogue; blue points are the chosen sample points. Eurocode limits are
marked with green lines. Similarly, Fig. 3 presents the relative distributions of sample points in respect to
brace dimensions.
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Figure 2. Sample points: bg-tg
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As a whole, we chose 285 sample points. To calculate the values of their initial rotational stiffness,
the comprehensive FEA was exploited.

Finite element analysis

To calculate values of rotational stiffness in sample points, we conducted the Finite Element
Analysis (FEA) in Abaqus. The model was made using C3D8 brick elements. All sections were modeled
with round corners, according to [67]. Two-layered mesh was created with solid hexahedral elements,
being refined near the joints, as shown in Fig. 4. The butt welds were modeled as “no weld” by using TIE
constraints (Fig. 4).
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Figure 4. FE model for Y-joint

The material does not influence the stiffness of joints with butt welds, so we applied the elastic
material with the modulus of elasticity 210 GPa and Poisson’s ratio 0.3.

The analyses were force controlled, and the load step was calculated with “Static, General’
procedure. The joint rotation C was calculated from FEA by extracting the frame behavior from the FEA
results, as given in [68].

The FEA models were validated with the tests of LUT [69] in [68]. The verification was done in
three steps [70]: moment load in two opposite directions, use of shell elements instead of brick ones and
varying the type of brick elements from 8 to 20 nodes. The proposed FEA model seemed to work well
and was used for surrogate modeling.

Finally, the list of sample points is presented in Table 1.
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Table 1. Sample points

8 8 8 8 8 8B 8 8 8B
I I I I I I I I I
SN SN SN SN SN SN SN SN SN
bo B ty to C [kNm/rad] to C [kNm/rad] to C [kNm/rad]
100 0.400 4 4 55 27 23 6 174 85 72 10 1082 406 345
100 0.600 4 4 215 86 68 6 634 262 211 10 4007 1229 1013
100 0.800 4 4 1135 442 343 6 2847 1107 891
110 0.364 4 4 44 23 20 5 83 43 37 6 140 72 62
110 0.545 4 4 150 63 50 5 272 116 94 6 450 193 158
110 0.818 4 4 1457 568 439 5 2349 948 751 6 3536 1389 1117
120 0.333 4 5 70 37 33 | 71 203 106 92 10 638 291 253
120 0.583 4 5 364 150 121 | 7.1 1009 422 345 10 3197 1155 953
120 0.833 5 5 2923 1170 923 | 7.1 6637 2532 2047
140 0.286 4 5 53 30 27 | 71 152 85 76 10 453 231 205
140 0571 5 5 353 143 117 | 7.1 944 399 328 10 2646 1075 891
140 0.786 5 5 2097 794 618 | 7.1 4846 1954 1569
150 0.267 4 6 81 47 42 | 8.8 262 146 130 |12.5 1004 433 382
150 0.533 5 6 448 191 158 | 8.8 1372 593 494 |12.5 5046 1897 1586
150 0.800 6 6 3785 1471 1149 | 8.8 9697 3742 3034
160 0.250 4 6 73 44 39 | 88 236 135 122 (125 862 397 353
160 0563 5 6 559 232 190 | 8.8 1677 714 590 |12.5 5884 2242 1866
160 0.750 6 6 2493 943 735 | 88 6531 2617 2111
180 0.278 4 |7.1 148 85 76 8.8 280 158 141 125 946 467 415
180 0556 6 |7.1 896 378 309 | 8.8 1617 693 571 |[12.5 5165 2134 1774
180 0.833 7.1 |71 8286 3312 2600 | 88 13374 5401 4322
200 0250 4 |71 123 74 66 | 8.8 233 138 124 |125 750 402 360
200 0550 5 |7.1 869 367 295 | 88 1566 673 546 |12.5 4910 2040 1672
200 0.800 7.1 |7.1 6690 2589 2020| 8.8 10763 4362 3457
220 0.273 4 8 203 118 105 | 10 395 226 203 |125 840 454 405
220 0545 7.1 | 8 1157 490 402 | 10 2131 922 762 |12.5 4347 1899 1580
220 0.818 7.1 | 8 11157 4415 3474 | 10 18372 7443 5944
250 0.280 4 |8.8 285 164 146 | 10 416 237 212 |125 859 472 422
250 0560 7.1 (8.8 1718 721 589 | 10 2429 1034 848 |12.5 4815 2094 1731
250 0.800 7.1 |8.8 12549 4943 3876| 10 16880 6768 5384
260 0.269 4 |88 267 155 139 | 10 389 226 203 (125 798 448 402
260 0.538 7.1 (8.8 1496 639 524 | 10 2118 916 755 12.5 4175 1842 1527
260 0.846 8.8 |8.8 20765 8271 6441| 10 26909 10941 8628
300 0.267 5 |10 390 227 205 | 125 774 445 401
300 0533 8 |10 2136 908 747 | 125 4114 1795 1486
300 0.833 10 |10 27313 10664 8367|125 45620 18624 14858

Surrogate model construction
Attempt |

Today there are a number of methods for surrogate modeling. We started the construction of the
surrogate model with a linear regression, but the error term R? was rather low. Next we exploited Kriging,
as a surrogate model type to approximate deterministic noise-free data. Firstly, we used the DACE
toolbox for Matlab [71] with zero, linear and second order regression [72] but we did not manage to
construct a reasonable model. For our next surrogate modeling we exploited the coDACE toolbox for
Matlab (hereinafter — 00DACE) [73—74] and those results are reported in the article.
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We constructed surrogate models of two types: single model (one model for all sample points) and
multi-model (with an independent model for every bg). The idea of implementing the second approach
was that the variable by is discrete, getting its values from the Ruukki catalogue, with no intermediate
values among them. Both types gave rather close results to each other and were used for our final
model. It is worth saying that the multi-model requires much less computational time than a single model

approach.

Our first validation gave us the following results: R*=0.8876, average error about 56% and
maximum error 678 %. To explore the behavior of the model in detail, we plotted the graphs with
rotational stiffness in respect to the different variables. Graphical validation demonstrated that the model
behaved very unpredictably (Figs. 5-7).
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Pseudo points

During the validation of our model we came to conclusion that we needed more sample points to
make it work properly. Calculating new sample points in Abaqus represented a complicated task and
required time, so we decided to implement new points by other means.

To improve the behavior of the model, we decided to add certain boundary conditions for the
model. It is obvious that for the angle close to 90 degrees (87...89 degrees) the C-¢ curve must have a
zero slope ( very close to a horizontal line), see Fig 8. Analytically this means that the partial derivative
dC/de must equal to zero. Practically, to apply this boundary condition to a discrete function, we added
some sample points for 95 and 100 degrees angles with the same stiffness value as for 90 degrees. To
add the boundary conditions for low angles, we extrapolated stiffness for 20 and 25 degrees using the 4"
order polynomial regression. Moreover, we decided to add the points between the existed sample ones.
Graphically it is shown in Fig. 8 (for C-¢ response).

We called these additional points that were determined not by Abaqus, but by other means, as
“pseudo” points.
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After applying pseudo points, we managed to improve the C-¢ graph (Fig. 9).
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To improve the behavior of the surrogate model in respect to other variables (t, and B), we
introduced additional pseudo points using the idea that for zero values of these variables stiffness
responses got zero values as well. Pseudo points were also added for two thicknesses (one between the
lowest and the middle and one between the middle and the highest) and three betas (one between the
lowest and the middle and two between the middle and the highest).

Overall, we added 1869 pseudo points (both extrapolated and interpolated), resulting with 285
sample points the total number of 2154 points. The whole range of pseudo points is presented in Table 2
(for 200 mm chord only).

Table 2. Pseudo points

Ne bo [mm] to [mm] B @ [deg] C [kNm/rad]
Pseudo ¢ int 100 4 0.40 45 36
Pseudo ¢ int 100 4 0.40 75 24
Pseudo ¢ ext 100 4 0.40 20 75
Pseudo ¢ ext 100 4 0.40 25 64
Pseudo ¢ ext 100 4 0.40 95 23
Pseudo ¢ ext 100 4 0.40 100 23
Pseudo ¢ int 100 6 0.40 45 113
Pseudo ¢ int 100 6 0.40 75 74
Pseudo ¢ ext 100 6 0.40 20 239
Pseudo ¢ ext 100 6 0.40 25 203
Pseudo ¢ ext 100 6 0.40 95 72
Pseudo ¢ ext 100 6 0.40 100 72
Pseudo ¢ int 100 10 0.40 45 602
Pseudo ¢ int 100 10 0.40 75 352
Pseudo ¢ ext 100 10 0.40 20 1654
Pseudo ¢ ext 100 10 0.40 25 1338
Pseudo ¢ ext 100 10 0.40 95 345
Pseudo ¢ ext 100 10 0.40 100 345
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Ne bo [mm] to [mm] B @ [deg] C [kNm/rad]
Pseudo ¢ int 100 4 0.60 45 128
Pseudo ¢ int 100 4 0.60 75 71
Pseudo ¢ ext 100 4 0.60 20 310
Pseudo ¢ ext 100 4 0.60 25 258
Pseudo ¢ ext 100 4 0.60 95 68
Pseudo ¢ ext 100 4 0.60 100 68
Pseudo ¢ int 100 6 0.60 45 381
Pseudo ¢ int 100 6 0.60 75 219
Pseudo ¢ ext 100 6 0.60 20 911
Pseudo ¢ ext 100 6 0.60 25 759
Pseudo ¢ ext 100 6 0.60 95 211
Pseudo ¢ ext 100 6 0.60 100 211
Pseudo ¢ int 100 10 0.60 45 2010
Pseudo ¢ int 100 10 0.60 75 1030
Pseudo ¢ ext 100 10 0.60 20 6435
Pseudo ¢ ext 100 10 0.60 25 5087
Pseudo ¢ ext 100 10 0.60 95 1013
Pseudo ¢ ext 100 10 0.60 100 1013
Pseudo ¢ int 100 4 0.80 45 669
Pseudo ¢ int 100 4 0.80 75 359
Pseudo ¢ ext 100 4 0.80 20 1637
Pseudo ¢ ext 100 4 0.80 25 1364
Pseudo ¢ ext 100 4 0.80 95 343
Pseudo ¢ ext 100 4 0.80 100 343
Pseudo ¢ int 100 6 0.80 45 1653
Pseudo ¢ int 100 6 0.80 75 922
Pseudo ¢ ext 100 6 0.80 20 4184
Pseudo ¢ ext 100 6 0.80 25 3451
Pseudo ¢ ext 100 6 0.80 95 891
Pseudo ¢ ext 100 6 0.80 100 891
Pseudo t0 int 100 5 0.40 30 100
Pseudo t0 int 100 8 0.40 30 466
Pseudo tO ext 100 0 0.40 30 0
Pseudo tO ext 100 0.1 0.40 30 0
Pseudo tO ext 100 12 0.40 30 2225
Pseudo t0 ext 100 12.5 0.40 30 2622
Pseudo t0 int 100 5 0.60 30 374
Pseudo t0 int 100 8 0.60 30 1694
Pseudo tO ext 100 0 0.60 30 0
Pseudo tO ext 100 0.1 0.60 30 0
Pseudo tO ext 100 12 0.60 30 8418
Pseudo tO ext 100 12.5 0.60 30 9969
Pseudo t0 int 100 5 0.80 30 1896
Pseudo t0 int 100 8 0.80 30 5324
Pseudo tO ext 100 0 0.80 30 0
Pseudo tO ext 100 0.1 0.80 30 0
Pseudo t0 ext 100 10 0.80 30 8564
Pseudo t0 ext 100 12 0.80 30 12570
Pseudo t0 ext 100 12.5 0.80 30 13691
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Ne bo [mm] to [mm] B @ [deg] C [kNm/rad]
Pseudo t0 int 100 5 0.40 60 50
Pseudo t0 int 100 8 0.40 60 201
Pseudo t0 ext 100 0 0.40 60 0
Pseudo t0 ext 100 0.1 0.40 60 0
Pseudo t0 ext 100 12 0.40 60 736
Pseudo t0 ext 100 125 0.40 60 843
Pseudo t0 int 100 5 0.60 60 157
Pseudo t0 int 100 8 0.60 60 612
Pseudo tO ext 100 0 0.60 60 0
Pseudo tO ext 100 0.1 0.60 60 0
Pseudo tO ext 100 12 0.60 60 2225
Pseudo t0 ext 100 12.5 0.60 60 2548
Pseudo t0 int 100 5 0.80 60 738
Pseudo t0 int 100 8 0.80 60 2068
Pseudo t0 ext 100 0 0.80 60 0
Pseudo t0 ext 100 0.1 0.80 60 0
Pseudo t0 ext 100 10 0.80 60 3325
Pseudo t0 ext 100 12 0.80 60 4878
Pseudo t0 ext 100 125 0.80 60 5312
Pseudo t0 int 100 5 0.40 90 43
Pseudo t0 int 100 8 0.40 90 172
Pseudo t0 ext 100 0 0.40 90 0
Pseudo t0 ext 100 0.1 0.40 90 0
Pseudo tO ext 100 12 0.40 90 622
Pseudo t0 ext 100 12.5 0.40 90 712
Pseudo t0 int 100 5 0.60 20 126
Pseudo t0 int 100 8 0.60 20 501
Pseudo t0 ext 100 0 0.60 20 0
Pseudo t0 ext 100 0.1 0.60 20 0
Pseudo t0 ext 100 12 0.60 20 1842
Pseudo t0 ext 100 125 0.60 920 2112
Pseudo t0 int 100 5 0.80 90 586
Pseudo t0 int 100 8 0.80 90 1690
Pseudo tO ext 100 0 0.80 90 0
Pseudo t0 ext 100 0.1 0.80 90 0
Pseudo tO ext 100 10 0.80 90 2740
Pseudo tO ext 100 12 0.80 90 4041
Pseudo t0 ext 100 12.5 0.80 90 4406
Pseudo B int 100 4 0.50 30 89
Pseudo B int 100 4 0.70 30 524
Pseudo 3 ext 100 4 0.00 30 0
Pseudo 3 ext 100 4 0.01 30 0
Pseudo 3 ext 100 4 0.90 30 2194
Pseudo 3 ext 100 4 0.95 30 2945
Pseudo B int 100 6 0.50 30 293
Pseudo B int 100 6 0.70 30 1397
Pseudo 3 ext 100 6 0.00 30 0
Pseudo 3 ext 100 6 0.01 30 0
Pseudo 3 ext 100 6 0.90 30 5308
Pseudo 3 ext 100 6 0.95 30 7035
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Ne bo [mm] to [mm] B @ [deg] C [kNm/rad]
Pseudo B int 100 10 0.50 30 2303
Pseudo B int 100 10 0.70 30 6136
Pseudo 3 ext 100 10 0.00 30 0
Pseudo 3 ext 100 10 0.01 30 0
Pseudo 3 ext 100 10 0.90 30 11102
Pseudo B ext 100 10 0.95 30 12334
Pseudo B int 100 4 0.50 60 39
Pseudo B int 100 4 0.70 60 205
Pseudo 3 ext 100 4 0.00 60 0
Pseudo 3 ext 100 4 0.01 60 0
Pseudo 3 ext 100 4 0.90 60 859
Pseudo 3 ext 100 4 0.95 60 1156
Pseudo B int 100 6 0.50 60 132
Pseudo B int 100 6 0.70 60 552
Pseudo 3 ext 100 6 0.00 60 0
Pseudo 3 ext 100 6 0.01 60 0
Pseudo 3 ext 100 6 0.90 60 2054
Pseudo B ext 100 6 0.95 60 2721
Pseudo B int 100 10 0.50 60 716
Pseudo B int 100 10 0.70 60 2053
Pseudo 3 ext 100 10 0.00 60 0
Pseudo 3 ext 100 10 0.01 60 0
Pseudo 3 ext 100 10 0.90 60 5207
Pseudo B ext 100 10 0.95 60 6437
Pseudo B int 100 4 0.50 90 32
Pseudo B int 100 4 0.70 90 160
Pseudo 3 ext 100 4 0.00 90 0
Pseudo 3 ext 100 4 0.01 90 0
Pseudo 3 ext 100 4 0.90 90 666
Pseudo [ ext 100 4 0.95 90 897
Pseudo B int 100 6 0.50 90 109
Pseudo B int 100 6 0.70 90 444
Pseudo 3 ext 100 6 0.00 90 0
Pseudo 3 ext 100 6 0.01 90 0
Pseudo 3 ext 100 6 0.90 90 1659
Pseudo 3 ext 100 6 0.95 90 2201
Pseudo B int 100 10 0.50 90 596
Pseudo B int 100 10 0.70 90 1688
Pseudo 3 ext 100 10 0.00 90 0
Pseudo 3 ext 100 10 0.01 90 0
Pseudo 3 ext 100 10 0.90 90 4312
Pseudo 3 ext 100 10 0.95 90 5344

Attempt I

Using pseudo points for ¢, t, and 8, we managed to construct a new surrogate model with the
following parameters: R®=0.9645, average error 8% and maximum error 28 %,16 points with errors
higher than 10% (red points). The same results were observed using a multi-model approach. The
graphical validation (Figs. 10, 11) showed that the model behaved properly but its accuracy should be
significantly improved.
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Figure 11. C-to and C-B responses

3D plots in Fig. 12-14 illustrate how the model behaves in respect to several variables
simulteneously.

Garifullin M.R., Barabash A.V., Naumova E.A., Zhuvak O.V., Jokinen T., Heinisuo M. Surrogate modeling for
initial rotational stiffness of welded tubular joints. Magazine of Civil Engineering. 2016. No. 3. Pp. 53-76.
doi: 10.5862/MCE.63.4

66



NnxeHepHO-CTPOUTENbHBII sKypHaJ, Ne3, 2016
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Figure 14. C-(to+@) response
Accuracy improvements

Analyzing the validation points, we came to conclusion that all inaccurate cases were related to the
points for which 8 was predicted (only B8 or together with other variables). As it was mentioned before,
when choosing sample points for every case we calculated three betas: minimum (0.25...0.4), middle
(0.5...0.55) and maximum (0.8...0.85), let call them B, B, and B3 respectively. We have noticed that for
the points with 8; < 8 < 8, the predicted values were lower, whereas for the points with 3, < 8 < 8; the
opposite trend was observed. Graphically it is shown in Fig. 15.
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Figure 15. Differences in C-B curves before (left) and after (right) improvements

As it can be seen from the graph, the curve predicted in Excel using three sample points (blue line)
did not suit accurately the actual curve obtained by using additional points (red line). This discrepancy led
to inaccurate values of pseudo points used later in surrogate modeling and, eventually, caused
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considerable errors in predicted values, up to 28% (green rectangular). The same difference was
observed for all cases.

To tackle this discrepancy, we modified beta curves by changing pseudo points. It was done
manually and had no scientific basis, but it allowed us to receive more accurate curves (Fig. 15).

Having improved B curves, we constructed a new surrogate model. Validation of the models
showed that this time the number of red points decreased twice (from 16 to 8), the average error reduced
a little (from 8% to 7%). However, for some points extremely high errors were observed (up to
75 %).Validation for a multi-model approach brought slightly different results: 11 red points, 6 % average
error and 28 % maximum.

We also noticed a similar difference in C-¢ curves. For the points with ¢ = 45° the stiffness values
were about 6% higher, whereas for the points with ¢ = 745° they were 2% lower. This trend repeated
also for the multi-model approach.

To tackle this discrepancy, we applied the same technique as before for 8 curves and constructed
a new surrogate model. We did not manage to receive a working surrogate for the single-model
approach, although we did it for the multi-model. The results were rather questionable, although this
model predicted the best results for 110 mm chords among the models created before.

Despite the fact that none of improved models met the required criteria of accuracy, they proved
that it was possible to modify the model by changing the pseudo points and all these models were used
to construct the complex surrogate model.

Final model
For that moment we had 5 surrogate models:

e Two without any improvements (single model and multi-model);
e Two with improved betas (single model and multi-model);
¢ A multi-model with improved betas and angles.

None of them had satisfactory results. However, their performance was different for various
chords. It seemed logical to create a complex model which contained a surrogate model for every chord,
which suited it best. Solving this task, every chord was analyzed separately to choose a surrogate model
with the best performance. The analysis is given in 0. Here number 1 relates to a model without any
improvements, number 2 to the model with improved betas and number 3 to the model with improved
betas and angles, SM relates to single model, MM to a multi model.

Table 3. Complex model

bo [mm] | 1SM | 1IMM | 2SM | 2MM | 3MM
100 X
110 X
120
140
150 X
160 X
180 X
200 X
220 X
250 X
260 X
300

All the models were collected combined in the final model. Its validation is presented in 0. The
average error was 4%, maximum 16%.
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Table 4. Final validation

Chord Brace | FEM | Surrogate model Chord Brace FEM | Surrogate model
by to B | C C Error [%] bo 1o B P C C Error [%]
100 8 [0.800 79|1838| 1735 5.6 180 10 |0.389 59| 405 | 391 3.4
100 6 [0.400 42| 115 | 122 6.2 180 12.5|0.667 33| 8504 | 9029 6.2
100 10 |0.400 80| 349 | 348 0.4 180 10 |0.500 40| 1085 | 1096 1.1
100 8 |0.500 89| 300 | 285 5.0 180 10 |0.611 60| 1415 | 1470 3.9
110 5 |0.364 34| 71 72 14 200 8.8 |0.250 69| 130 129 1.0
110 6 |0.364 55| 76 75 1.2 200 12.5|/0.400 62| 855 | 811 5.1
110 6 |0.364 50| 82 81 0.9 200 8 |0.300 57| 138 131 4.8
110 5 |0.818 88| 746 | 748 0.3 200 7.1 |0.600 66| 448 | 518 15.5
120 5.6|0.583 80| 170 | 171 0.8 220 8.8 |0.545 71| 569 | 547 3.9
120 7.1{0.750 831098 | 1111 1.2 220 12.5|0.455 58| 1195 | 1247 4.4
120 8.8|0.833 42|6030 | 6726 11.6 220 10 [0.409 37| 703 | 819 16.4
120 7.1]/0.500 39| 399 | 387 3.0 220 8 |0.727 62| 1757 | 1974 12.4
140 7.1|0.357 90| 106 | 113 6.5 250 12.5(0.720 60| 6397 | 6163 3.7
140 6 |0.786 89| 977 | 1017 4.1 250 10 [0.600 90| 1073 | 1086 1.2
140 7.1|/0.500 40| 393 | 400 1.7 250 12.5(0.600 87| 2199 | 2170 1.3
140 6 |0.500 30| 349 | 366 4.8 250 8.8 |0.280 72| 151 151 0.2
150 7.1|0.533 47| 405 | 400 1.2 260 10 |0.846 79| 8820 | 8802 0.2
150 7.1|0.800 89|1643| 1783 8.5 260 12.5|0.577 67| 2135 | 2115 0.9
150 6 |0.400 71| 84 77 8.0 260 12.5(/0.308 73| 498 | 522 4.8
150 7.1]0.267 39| 104 | 105 0.9 260 12.5|/0.692 51| 6208 | 6222 0.2
160 8.8|0.750 86 |1946| 2102 8.0 300 12.5|0.833 3339163 | 40996 4.7
160 10 |0.313 76| 244 | 243 0.3 300 12.5|0.467 56| 1290 | 1396 8.2
160 8.8|0.500 85| 416 | 438 5.3 300 12.5|0.833 8514946 | 14908 0.3
160 8.8]/0.438 81| 303 | 321 6.0 300 12.5|/0.600 86| 2247 | 2338 4.1

This is the best surrogate model we managed to construct.

the surrogate modeling process is provided in [75]. The model is available for free download at [76].

Alternative methods
We also tried alternative approaches for constructing the surrogate model.

Since it met the requirements of
accuracy introduced above, we accepted the model to optimize the procedure. The detailed description of

First a linear regression model [77] using existing Matlab tools was tried. It was found out that the
results were not satisfactory. Therefore, the model was restricted to considering only the nearest
sampling space to every validation point. It presents a validation point as:

X*

=lo; t

*

0

i

The nearest points were chosen to meet the following conditions:

1% —by| < 30
8o — 3] < 0.08

|§00—(/’i|<30

Then the chosen points were sorted by their normalized distances from the validation point:

diSti = Z

k=1

4

*
max X, — Xy

max X, — Min X

2

()

(10)

(11)
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where X1, Xo, X3, X4 relate to by, to, 8 and ¢ respectively.

Then 6 nearest points were taken to form the local linear model. Exploiting this procedure, we
managed to construct a model with the following results: R®= 0.9552, average error 21 % and maximum
error 115 %.

We tried also an approach using the Matlab toolbox called Polyfitn. It constructs a polynomial
regression model using traditional linear least squares techniques. Using this toolbox, we managed to
construct a model with the following results: R?=0.9552, average error 37 % and maximum error 454 %.

We couldt be satisfied with none of these models and had to reject both.

Conclusions

1. There exists no analytical method to calculate the initial rotational stiffness for welded tubular Y
joints for different angles ¢. Surrogate modeling based on the comprehensive FEA might be a reasonable
solution to this task. The developed model can be utilized to optimize tubular frames and trusses, as it
avoids resorting to time-consuming FE analyses.

2. In this article the Kriging method, realized in 00DACE toolbox for Matlab, was exploited for
surrogate modeling. It was shown that the original number of 285 sample points was not enough to
construct a physically reasonable surrogate model. To make the model behave properly, the additional
sample (pseudo) points were applied without exploiting the comprehensive FEA. Besides, utilizing Latin
Hypercube Sampling (LHS), instead of engineering justification, could avoid the problem of sampling.

3. Interpolated pseudo points can cause a considerable loss of accuracy which can be avoided
through several iterations. Main attention should be paid to C-8 curves, as the variable 8 plays a
dominating role in the surrogate model behavior.

4. The idea of a multi-model approach might be very effective in surrogate modeling in case some
of the variables are of discrete type. In this article the final surrogate model was constructed from several
others which had the best performance for every chord width.

5. The surrogate model is constructed for Y joints with butt welds loaded by an in-plane bending
moment. However, its application might be expanded to consider other joints and loadings by taking into
account the effect of fillet welds, the effect of axial forces, the effect of residual stresses, etc. Moreover,
the similar model can be constructed for other types of joints (N, K, KT joints) which are widely used in
tubular trusses.
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Construction management in terms of indicator
of the successfully fulfilled production task

YHpaBneHme CTpouUTeEsbHbIM NMPON3BOACTBOM C YH4ETOM
NnokKasaTtesna ycnewHoro BbinoJIHeHns
npon3BoaACTBEHHOIo 3aaaHnNA
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A.M. Grobitski, acnupaHm A.M. Npobuukuldi,
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Abstract. The article considers the model of the administrative decision based on synthesis It
allows knowing the results of task implementation in advance. With this model it is possible to create
conditions for a guaranteed solution to the task. The authors have built a schematic diagram for obtaining
a management decision. The article shows how to form the concept of maintaining the social system
based on feedback, following the integrity conservation law. The authors provide the technique that links
three basic components (situation, situation monitoring, problem solving) in the process of taking an
adequate decision in the construction area. The indicator for the impact of the successfully implemented
industrial task on the task implementation has been calculated.

AHHOTauuA. B ctatbe paspa6aTb|BaeTc;| Moersnb ynpaBfieH4eCKoro peweHnda Ha oOCHoBe CMHTe3a,
YTO NO3BONIAET 3apaHee 3HaTb pe3yribTaTbl BbINONMHEHNA 3aau. Ha ocHoBe Takon mogenun cTaHOBUTCS
BO3MOXHbIM rapaHTUpoBaHHOE BbIMONIHEHNE 3aaayn. I'IOCTpoeHa CTPYKTYypHada CxXema nonyvyeHund
ynpaBlieH4eCKOro peLlieHuns. lMokasaHo, Kak c nMPUMEHEHNEeM 3aKOHa COXpaHeHua LeNnoCTHOCTU
(bOpMVIpyeTCﬂ KoHUEeNuna nogaepxaHua (*)yHKLI,VIOHVIpOBaHI/Iﬂ coumanbHOM CUCTEMbl Ha OCHOBE
O6paTHOl7I CBA3N. anBeﬂeHa MeTOo4UuKa, YyBA3biBakOLlad TpU 0a30BbIX KOMMOHeHTa — 0oOCTaHOBKa;
MOHUTOPUHT 0OCTaHOBKMY; pa60Ta no ycTtpaHeHuno np06neM — NpU MPUHATUN aaeKBaAaTHOIo pelleHunda B
CTPOUTENDbCTBE. BbinonHeH pacyeT BIIMAHUA NOKasaTend yCnewHOro BbINoJIHeEHUA NpPOnU3BOACTBEHHOIO
3agaHNA Ha BEPOATHOCTb BbINOJTHEHNA 3a4aHNA.

Introduction

The formation of management functions is one of the most difficult issues in construction. As U.R.
Ashbee notes, “The natural criterion of management efficiency is the degree of correspondence of
managing impacts on the states of a management object in every cycle of management. There is a
deviation of the state of the management object from the required state in real-life management” [1].

The construction process is managed on the basis of the manager’s decision. The literature on the
issues of forming an administrative decision suggests only the results that are aimed at the formation of
mathematical methods to validate the decision, rather than the mathematical model of the administrative
decision [2, 3].

The works [4-7] are devoted to the problem with the definition of the most important indicator,
according to which one can determine reliability of a construction company (a contractor). Actually, the
researchers concluded that the lowest price is not a central indicator that must be used when selecting a

Bypnos B.I'., I'pobunxuii A.M., I'pobunxas A.M. VYnpaBieHHe CTPOHTEIBHBIM NPOU3BOICTBOM C YYETOM
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contractor. The main criterion for the reliability of the contractor is to provide the required standard of
work within the time limits set and within the approved budget [4]. In [5] the method of multicriteria
analysis to select a contractor and evaluate tender bids, based on the utility theory, is considered. The
process of analytic hierarchy with many criteria is considered in [6]. Some authors believe that success of
the project depends on the price, time, cost and quality of work, while others believe that it is something
more complex. In [7] the system for measuring success of construction projects is developed.

Any activity is based on a person’s decision and in well-known publications the methods of
justification are used [8-12]. In solving management tasks one can use necessary and sufficient
conditions. The necessary conditions are the ones under which it is assumed that the process satisfies
certain properties. This approach is valid only when the process exists by definition. However, a
necessary condition does not guarantee us activity goal achievement. In [8] the authors present the
building process in the framework of a Markov process of a "birth and death" type, followed by probability
distribution calculation. The process of searching for optimal management decisions is discussed in [9].
We find an algorithm for developing a model of managing a construction company, using logical and
analytical methods of the quantitative analysis.

The author of [10] concludes that implementing the concept of sustainable development for socio-
economic systems is primarily connected with the strengthening of public administration and the creation
of new centers for producing innovations. The authors in [11] offer to present the model construction in
the form of two kinds of knowledge: formal and heuristic. In [12] an innovative technology of managing
socio-economic systems of different hierarchical levels, based on a synergistic approach, allowing for the
use of methods of nonlinear modeling and advanced software for computers, is offered.

There are two approaches to the development of the system: an approach based on analysis and
synthesis. The one based on synthesis implies the knowledge of the law, but the other based on analysis
does not guarantee the desired result. According to the papers presented in the review there can only be
a general analysis without detailed recommendations. However, [13] presented the approach to the
development of a mathematical model for a management decision.

Methods

Difficulties of any process are incompliance of the received results with the demanded ones which
is grounded in contradictory conclusions. To exclude contradictory conclusions, the axiomatic method is
used [13].

The axiomatic method presupposes the existence of the following components:

e basic assumptions and statements that are usually expressed in some basic principles;
e basic notions, key words, axioms, rules of inference, theorems;
¢ basic principles should characterize the core of the process under work.

There are three components included in the activity: a person (his consciousness), the outside
world (the object) and universal connection. Accordingly, these three components are reflected in the
following three principles:

e  First —this is the principle of three-component knowledge.

Component A. Abstract representation (A condition of the existence of a process. It answers the
guestion “What?”).

Component B. Abstract-specific representation (Cause-consequence relationships. (Methods). It
answers the question “Why?”).

Component C. Specific representation (Technologies. Algorithms. It answers the question “How?”).

e Second - this is the principle of the world’s integrity. It is realized by the integrity conservation
law referring to an object.

This is a stable objective recurring connection of the object properties with the ones of its
purposeful functioning. It is manifested in the mutual transformation of the object properties and the
properties of its functioning for a fixed purpose [13].

e Third — this is the principle of the world’s knowability. It is realized by three methods of
scientific knowledge: decomposition, abstraction, aggregation. Knowledge is reduced to the
establishment of laws. This is the essence of the aggregate (aggregation). But this is possible only

Burlov V.G., Grobitski A.M., Grobitskaya A.M. Construction management in terms of indicator of the successfully
fulfilled production task. Magazine of Civil Engineering. 2016. No. 3. Pp. 77-91. doi: 10.5862/MCE.63.5
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through decomposition and abstraction. The reverse process is carried out while realizing. From
the "aggregate" — a law, a specific object is created through abstraction and decomposition.

To solve a task, it is necessary to understand what the model of a correctly built system should be.
This model will meet the demands of a particular situation.

To describe the given model, one should understand what is meant by the notion “model”.

A model is a description or representation of an object corresponding to the given object and
allowing obtaining necessary characteristics of this object [13]. The model should have the following key
features:

it is in objective accordance with the object (system) being perceived (learnt);
it substitutes the given object (system) in some particular relation;

e it gives some information about this object, resulting from the research of the model and the
corresponding rules of transmission “model — object” (prototype) [14].

The problem of correlation between a model and a modeled process is a topical problem in the
course of modeling. The adequacy of a model can be estimated by comparing it with the standard or
experiment results.

There exist two approaches to the system engineering — analysis and synthesis [15].

While analyzing (solving the problem of choice) there is a set of physical elements and it is
required to predict the possible result of the system functioning (some output characteristics). That is, it is
necessary to form one variant of the system, another and so on. Having analyzed the result of functioning
each of them, the variant that meets the conditions to the fullest is chosen.

With synthesis there is a set of output characteristics of the projected system and it is required to
define the quantitative and qualitative makeup of the system.

That is, with analysis a task is solved “from the beginning” and the result is analyzed, whereas with
synthesis a task is solved “from the end”, from the desired result, and the system with the required output
characteristics is formed.

The methods of decomposition, abstraction (mathematical interpretation) and aggregation take a
central place in system modeling (Fig. 1) [16, 17].

Managerial
decision

Decomposition

/_\/\

Information and
Analytics

\/\_/

Situation Realization

At At At

- b o-—
PM ——| Pl ——] PN

Formalization
(Mathematical interpretation)

Aggregation

(Modeling the process of working out
a management decision)

Figure 1. The schematic structure of taking a management decision
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Decomposition is a scientific method in which the research of a system (model) is totally replaced
with the research of its separate subsystems (sub-models), done allowing for their mutual influence on
one another, and, if possible, the full reflection of integral qualities of the system [16, 17].

Aggregation is a scientific method in which the multitude of elements (subsystems) of a model
(system) is replaced with the elements called aggregates, which the aggregated model is built upon. This
model has a substantially smaller number of dimensions than the original one, but it reflects well enough
the qualities of the system in its essence [16, 17].

In the building process a manager encounters external challenges that need to be detected and
neutralized. Problems arise with a certain average frequency:

e Problems occur with the frequency equal to Atpy, — the average development time of the
problem (Fig 2a).

e To neutralize the problem, the manager must be due to identify it, and the problem should be
identified until the next one arises. The problems are identified with the frequency equal to

Atp, — the average identification time of the problem (Fig. 2b).

o After identifying the manager starts neutralizing a problem with the help of resources.
Problems are neutralized with the frequency equal to AtpN — the average neutralization time
of the problem (Fig. 2c).

a)

PM

‘ - ‘ ‘

t
At

Ll ]\HHHHHH\
“t

Atpy

Figure 2. Diagram of problems:
a) the rate of problem occurrence; b) the time of problem identification; c) the time of problem
neutralization

At present schemes, based on the analysis approach, are used, i.e. a launched process with input
and output (Fig. 3). In the scheme like that, disturbances are not taken into account. Thus, if disturbances
affecting the process are not taken into account, the process breaks down. In order to avoid such a
course of events, the authors have formed the concept of maintaining a social system based on feedback
led by a manager (Fig. 4).

An approach based on the analysis of the model, as mentioned above, does not allow an adequate
response to changing situations. Because of this, the deadlines of construction are often not met. An
approach based on the synthesis of the model, which the authors suggest, allows forming a process with
predetermined properties, hereby this guarantees achievement of the management objective. The model
based on synthesis allows a significant reduction of time expenditures due to the fact that the objective
feedback has been built [18].
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Applying the integrity conservation law, the concept of maintaining the social system functioning
based on feedback is formed (Fig. 4) [13, 19].

Figure 5 is a scheme of the gnoseological meaning for the object integrity conservation law. This
representation of a substantiated sufficiently objective development of the system’s image and modes of
application allows considering it as a certain set of ordered elements located "beneath the surface of the
cone." The cone generators “are described” by the law of the system’s integrity conservation and define
directions of specifying the synthesis [20].

The conservation of
integrity law
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At PN = f7 (z] i By vy zn) z-vector, characterizes the process of involving

resources for problem solving

Algorithms The algoritms of forming network
(technologies) models

a0

Figure 5. Scheme of the gnoseological meaning for the object integrity conservation law
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The first level describes the abstract level of representation of the theory, which includes: basic
concepts of the theory; basic dependencies of achieving a result by the system; basic logical rules of
deployment of the theory.

The second level characterizes the abstract and specific level of representation of the theory's
main concepts, which include (conditions of the required changes of the system’s state, or conditions of
the transition from one state to another on these sets): methods for validating the system’s model,
methods for validating the use of the system; methods for estimating the efficiency of the system’s use.

The third level characterizes the particular level of representing the basic concepts of the theory,
which include (the technology of required changes of the system’s states, the conditions for transition
implementation); possibilities of the system (economic, social, technical); system’s operations (types,
methods and forms); mechanisms of balancing the capabilities and system’s operations in order to
achieve the desired performance.

General Approach

The integrity conservation law allows creating an adequate model of the process control,
depending on varying socio-economic conditions, based on establishing a formal analytical dependence

P= f(AtPM,Atp|,AtPN) between the three basic components where Atp), is the average time of
problem occurrence; Atp, is the average time of problem identification; Atpy is the average time of
problem neutralization of a; P is an efficiency indicator for implementing administrative decisions [13].

The state referring to achieving a goal by the object of management is the main component in
solving practical management problems. In real life conditions the manager can find himself in two
situations:

e heis not ready for a particular situation;
e he is not ready to solve a problem in the management process, which will require additional
time resources from him.

Taking into account these two basic situations in the model, it is necessary to distinguish four basic
states:

The first state is the one when the management object is at the beginning of the process under
consideration.

The second state is the one that characterizes the achievement of a management goal by the
process (object).

In the management process there can occur standard situations that are characterized by proven
schemes, and emergency situations characterized by a problem that arises in management (a situation in
which your possibilities are not adequate to the current situation and you have to look for resources to
solve a problem). Accordingly, there appears the third basic state of the system (process) characterized
by the fact of the problem’s manifestation — state 3 [13].

When the object (process) of management is in state 3, there appears the necessity of identifying
the given problem. Naturally, the manager spends some time Atp; on the problem’s identification. This
stage stipulates readiness for involving additional resources to solve the problem. Consequently, during
the solution analysis the managed system moves into state 4 where the manager understands what
resources, and how, should be used to achieve the management goal. In this state there appear two
variants of the management process development:

¢ the manager can solve the problem but it takes time, therefore he moves from state 4 into state
2, where the problem is solved.

There are two possible variants of the situation development in state 2:

¢ while solving the problem, the manager spends unacceptably too much time, which is equal to
failing the target task in the management process. This is characterized by moving from state 2
into state 1;

¢ the time spent on the problem’s solution is in acceptable limits, when the manager solves the
management target task.
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The situation of the system’s moving back into the initial state characterizes the manager’s talent to

tackle a great number of problems. The frequency of transition from state 1 into state 2 (C+) is equal to

the value inverse to the average execution time of the target task, where ((‘;) characterizes the degree of

readiness of the organization to solve the target management tasks and the frequency characterizes the
average number of the execution plan failure. The authors believe that the status of a construction
organization is an indicator of successful implementation of production tasks [13].

The frequency of moving from state 4 into state 2 is the value (vz = j Atpy is the average

tpn
time of problem neutralization. The level of competence to solve unknown tasks depends on the
correlationyv,.

This logic of reasoning allows constructing the following graph (Fig. 6) [21].

Figure 6. The state graph

The main assumptions and presumptions [13]:

e The information-management system (IMS) — the production management system — is under
consideration.

e Time intervals between the moments of detecting the facts of problem manifestation are
random values.

e The detected facts form a stream in time that is closely approximated to a Poisson arrival.
e The time for processing the data on a desired feature is a random value.

e The processes within the system data on the features are shared between the allocated forces
and means, solving the corresponding target tasks in the production control.

e The instance is considered where the stay period the desired features (facts) in the sphere of
production management system is extremely limited and comparable to the time that is
necessary for them to be detected, as well as for data processing and adequate action taking
according to these features.

e The system under discussion is meant to evaluate the potential opportunities of the production
management system, depending on the situation.

e The manager is always prepared to solve this class of problems.

e The foundation of the status of a construction organization is an indicator of the successful
implementation of production tasks.

Main Correlations

While developing a management solution, different models are reviewed. Dynamic models are of
particular interest. The paper [22] does not reveal the problem of dynamic models to the full,extent, that is
why it is necessary to make the Kolmogorov equation.
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Against this background, the Kolmogorov differential equation system can be used [23, 24]:

R S35 0)-8,0- P02 (1), @

=1
where 1=0,1,2,....n
To make the Kolmogorov differential equation for the function P, (t) i=1,...,n, the derivative

dei_t(t) of the function P, (t): P(Si (t)) P;(t) . must be written in the left part of this equation, while in

n n
the right part of the equation there must be the product — Zkij -P; (t) of the sum inj of transition
= j=1

probability densities kij with the arrows coming out of the state S;, by the probability P, (t) of this state

n
signed “minus”, plus the sum iji -Pj(t) of the products in -Pj(t) of the transition probability
=1

densities A;;, corresponding to the arrows coming into the state S;, by the probabilities of the states

j )
Pj(t) , Where these arrows come out from. Herein the transition probability densities kij , corresponding
to the arrows absent on the graph, are equal to zero [23].

Final probabilities of states can be obtained by solving the system of linear algebraic equations that
result from the Kolmogorov differential equations if derivatives are equal to zero and the probability

functions of the states Py (t),...,P, (t) in the right parts of equations are changed correspondingly into
the unknown final probabilities Pj,...,P,. To find the exact value Pj,...,P,, the normalizing condition

Py + P, +...+ P, =1 is added to the equations.

Let us make the system of the Kolmogorov equations for the state graph in figure 6:

dr(t) g +2)- R0+ ¢ -Py(1)

dt
dpo?t(t) =" Py(t) = -Py(t)+ vy - Py(t)
det(t) _2. Pl(t)— v, P3(t), 2)

Pull)_,py(t) vy Pt

Then the final probabilities can be obtained by solving the system of linear algebraic equations:
0:—(C++/1)'I31+C_-P2,

0=C"-P =0 -Py+vy-Py,

O0=A-P—vq-P3,

1=P, +P, +P; +P,.

3)

The system solution is as follows:
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P = Vi-Va-C +vyv3-C |
Avy Vo +hovy oL A vy LT AA VgL AV vy LT vy vy L v oL Vg vy vy LT
P, = vy vy + vy vy L v LT vy
Avy Vo +A vy LT+ vy LT A Vg L vy vy LT v v L v LT v vy vy LT
P, = Avy -8 +Ah-vy-C |
Aovy Vot vy L A vy LT+ A Vg L AV vy L vy v LT v L Vg vy vy LT
P, A-vy-C

}\,'Vl'VZ +7\,'V1'C7+}\,‘V2'C7+}\,‘V3‘C7+V1'V2'C++V1'V2‘C7+V1'C7'V3 +V1'V2'C7.

(4)

The probability that the problem will be identified and neutralized by the management system is
determined by the following correlation:

P >\,‘V1'V2+V1‘V2'C++V1‘C+'V3
2

7\4'\/1'\/2 +7\,'V1‘C_+7\“V2'C_+)\,'V3‘C_+V1‘V2'C++V1‘V2'C_+V1'C_'V3+V1'V2'C_l

(5)

The concept of maintaining the social system functioning based on feedback suggested by the

authors (Fig. 4) and the mathematical model of an administrative decision make it possible to coordinate

two processes: 1 - the monitoring process; 2 - the process of solving a problem. As a result of this

coordination, the risk of failing a task by a construction organization is reduced. In addition, this technique
makes it possible to assess the status of the construction organization. Let us consider an example.

Results and Discussion

Let us consider a single-purpose network graph of constructing a secondary school for 300
students as a process (Fig. 7) [25, 26, 27, 28].

Installation of .
small forms Greening

ol = )
7 A&/ 0 >@'>

Dismantling  Vertical

the layout Outdoor electrical works
plug Road 23 G o 12 f——h

Srtucture construction reening
erection Roofing ] ! ——

5 Finishing \f]‘4\w0rk le\
10 17 N 14 N/
) . Delive
Installation and adjustment of elevators : ©5 : ‘ N
30 3
Devices
Installati fpl ing fl ipes
nstallation of plumbing ;)Zv pipes >@_?@_ sy
Wire installation and assembling
switchboards \@ 20} — —>
49 i e 1.3 \_

Figure 7. A single-purpose network graph of constructing a secondary school for 300 students

In every working process there appear problems (disturbances) that need to be promptly solved.
Let us give the number of problems that may arise in this example:
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Structure erection (event 1-2, 2-3) — 15 problems.

Roofing (event 3-4) — 4 problems.

Wire installation and assembling switchboards (event 2-10) — 6 problems.
Installation of plumbing flow pipes (event 2-16) — 4 problems.
Finishing work (event 4-7, 7-14, 14-21) — 6 problems.

Dismantling the plug (event 4-5) — 2 problems.

Installation and adjustment of elevators (event 4-15) — 8 problems.
Vertical layout (event 5-6) — 5 problems.

Installation of small forms (event 6-8) — 3 problems.

Road construction works (event 6-9) — 10 problems.

Greening (event 8-11, 9-13) — 5 problems.

Outdoor electrical works (event 6-12) — 6 problems.

Devices (event 6-17, 17-19) — 1 problem.

Let us divide the graph into time intervals so that the beginning of an interval - this is the end or the
beginning of an event and all events that fall within this interval should be considered as a single period
of time with the definite number of problems (Fig. 8).

)

DD+

~

—
3®)

12 24 .4/5/5/1/ 10 A 2/3 /2)) 6

Figure 8. Breakdown of the network graph into intervals

As a result of the breakdown 16 intervals are formed. Each interval has its duration. The total
duration of the construction according to a network graph makes up T =81 days. We assume that in
every job there appears a maximum number of problems at each interval. One working day is 8 hours (in
further calculations let us convert days into hours, i.e T =81 days =648 hours.). Let us summarize in
(Table 1) the results of breaking down the network graph.

Table 1. Results of the breakdown of the network graph allowing for the number of
problems

Days 12l2afla|ls |5 1|lwo|l22|23]1l2]1]1]|e¢e

Hours 6192|3240 4| 8|8 |16|16]|16|24| 8 16| 8 | 8 |48

Number of {0l 55 | 94 | 26 | 20 | 20 | 43 |37 | 32 | 20 | 26 | 19 | 10 | 18| 12 | 6
problems,pcs.

In managing the building process three processes are considered regardless of the situation:

e The process of forming problems.
e The process of identifying problems.
e The process of problem solving.

In the construction process network diagrams are used. As a mathematical model of the
administrative decision is lacking, network diagrams are impossible to join, they are joined at the verbal
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level. This joining leads to the breakdown of a plan, and the “mathematical apparatus” suggested by the
authors allowed building a mathematical model of the administrative decision and to link three most
important processes in the organization of building on this basis. Due to this mathematical model a
guarantee to achieve the implementation of the plan is provided.

Let us draw the network diagram of problem identification (Fig. 9) and the network of problem
neutralization (Fig. 10).

The manager The manager The manager analyses the
faced a problem identifies a problem reasons for the appearance of

a problem
O——=0 20 20
t t

t
Figure 9. The network diagram of identifying a problem by the construction manager

The manager is ready The manager made up  The manager involved  The neutralization of
to start neutralizing a a plan for neutralizing the resources for a problem
problem a problem neutralizing a problem

® 26, (= =—=0

t t
Figure 10. The network diagram of problem neutralization by the construction manager

For the graph in Figure 6 let us make up a system of algebraic equations of Kolmogorov. The
system of Kolmogorov equations (2) for the graph of states in Figure 6:

P 1a)pecp0)
P )¢ py v, i)
d%t(t) = -Py(t) - vy - Py(t),

P, i)y i)

where A is the frequency of problem manifestation;

v, —the frequency of the analysis of factors influencing the neutralization of a problem;

v, —the frequency of activities aimed to neutralize a problem;
§+ — the frequency of performance of the task plan;

(" —the frequency of the average number of the failed plan execution.

The solution of the system with algebraic equations of Kolmogorov (2) is the expression (4).

The probability that the problem will be identified and neutralized by the management system is
defined by the correlation (5).

The efficiency indicator of the model of the management process, depending on the varying socio-
economic environment, will serve the analytical dependence:

Py = f(NV11V21C+1C_), (6)
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where A —is the value A =(

A j , where Atpy, —is the average development time of a problem;
tpm

v, —isthe value v; (— , Where Atp| —is the average identification time of a problem;

Atpy

v, —isthevalue v, :(A
tpn

J, where Atpy —is the average neutralization time of a problem;

1
(" —isthevalue (" = (?j , where T —is the duration of solving a task;

(- the frequency of failure of the implementation of the plan task;

P, is the indicator of efficiency from the implementation of management decisions.
According to the example, we have:

T =648 h.; Np =24 —the average number of problems;

Atpy ) \ 27

Atp| 3

Atpy ) \ 22

T=648=(" = [lj - (6%8) =1.543-10%,

T
Let us assume the conditions:
AtpM Atp| + AtpN

: <1,
8 Atoy

Atp =

Let us substitute all the values in expression (5) and find the probability of solving the task P,

taking into account the frequency (Z;_) which characterizes the average amount of failure in the plan

execution, which underlies the status of a construction organization and shows success of the
implementation of production tasks.

If & =% , then P, =0.5.

if ¢ = 0 , then P, =0.667 .
1

if ¢ = 150" ,then P, =0.75.

_ 1
If =—— then P, =0.8.
¢ 200 2
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If &~ :i, then P, = 0.833.
250

1
If =—— then P, =0.857.
¢ 300 2

Calculations show that with increasing amounts of successfully implemented production tasks, the
probability P, increases, and consequently the status of the organization increases (Fig. 11).

0.9

.0.857,

0.843

0.786

0.729

0.671

0.614

0.557]

0.5,

05
2x10° 45714x10°° 7142910 °  9.7143x10 ° 0.0123 0.0149 0.0174 0.02

3.333x10"°, d 0.02,
Figure 11. The graph showing the dependence of probability P, (probability of task solving)

on frequency { (indicator of the status for a construction company)

Conclusions

1. The analysis showed that there are no mathematical models of management solutions in the
known publications.

2. Inthe production process a manager has to deal with three processes: the process of forming
a problem (certain inconsistencies), the process of identifying a problem (recognition of the situation) and
the process of neutralizing a problem (implementing the solution).

3. Network diagrams of the construction industry are added up and verbally agreed on, because
of the lacking mathematical model for a management solution. This methodological approach leads to the
breakdown of the plan.

4. The mathematical tool suggested by the authors allowed constructing a mathematical model
of the management solution, and hereby linking three most important processes in the construction
organization. This mathematical model guarantees the implementation of the plan..

5. The methodological possibilities of the developed approach are confirmed by the numerical
experiment. The example showed the dependence of the probability of the manufacturing task
implementation — P, on the frequency of breaking down the plan of implementing a production task by

the organization under consideration { . Therefore, a frequency like that should be viewed as a

fundamental indicator of the status for a construction company. This indicator shows reliability and
accuracy of performing the obligations by a construction company while constructing an object.
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