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BUOTPAOUYECKAS CTATBS / BIOGRAPHICAL ARTICLE

Burtanuit Muxannosud boHaapeHko — »ku3Hb BoO UM OTYU3HBI

B.C. ®enopos

Poccuiickas axademus apxumexmypvt u cmpoumensHuix Hayk, Mockea, Poccuiickas Dedepayust
Poccuiickuii ynusepcumem mpancnopma, Mocksa, Poccutickas @edepayus
- fvs_skzs@mail.ru

Vitaly Mikhailovich Bondarenko — life in the name of the Fatherland

Viktor S. Fedorov

Russian Academy of Architecture and Building Sciences, Moscow, Russian Federation
Russian University of Transport, Moscow, Russian Federation
fvs_skzs@mail.ru

Connmar, CTpouTeNb, JOKTOP TEXHUIECKUX HAyK, mpodeccop, akamemuk B.M. BoHmapenko 3a 60eBbIe 3a-
ciyru B roasl Benmukoit OTedecTBEHHOM BOMHBI, 32 JOCTH)KEHUS B TPYIOBOW W HAYYHOM AEATEIBHOCTH OB YI0-
ctoeH Oonee 20 OpAeHOB W MeAajiei, MHOXKECTBA TOCYNApCTBEHHBIX U TPO-
(heccHOHANBHBIX IPEMUH.

B. bouaapenko ponuiics 22 uronsa 1925 rona. Ero orenr boraapenko Muxanin
Wnbuu — BugHbiil gesrens CoBeTckoit YkpauHbl — B aBrycre 1937 roma Obut
HazHaveH npezcenateneM Cosera Hapomguerx KomuccapoB YCCP, a B okTs10-
pe 1937 rona ero BMecTe ¢ XeHoM — Matepbto Butanua MuxaiinoBuya — ape-
CTOBAJIM B XOJIe Pa3BEpHYBILUXCS B CTpaHE perpeccuil. 3Has, YTO HOYBIO 3a
Humu npuayT uz HKB/I, oten otnpasui Butanus k retke noa XapbKoB, 4To-
OBl chiHa He 3a0pany B CIENUANBHYIO JETCKYIO KOJIOHHWIO JJISl JIeTeH OCYXK-
neHHbIx. Muxaun Wnenya bornapenko Obu1 pacerpernsa 10 deBpans 1938 roxa,
MaTh cofiepkajach B jgarepsx Ao 1952 rona.

B 1940 rogy 15-netnuit Butanuii boHaapeHKo mOCTynulI B CTPOUTEb-
HBI TEXHWKYM, TUPEKTOPOM KOTOpOTO ORI nIpyr oTna. B aenn 16-metws,
22 wrons 1941 rona, Hayanace Benukas OtevectBeHHas BoitHa. K yuebe mobaBu-
JICh ISKYPCTBA TI0 HOYaM Ha KPBIIIaX 3[aHuM, KyJa Py BpaKeCKux OoMOapu-
POBKax 9acTo Mamaid OOMOBI-«3aKUTAIKI», a TAKKe paObOTHI IT0 CTPOUTEIILCTBY
MIPOTUBOTAHKOBBIX pBOB. B 1942 rony, xorma Buranuio bonpapeHko ucnomaHu-

nock 17 ner, o momen goopoBonbleM B KpacHyto apmuro. Jlonruid, TpyaHbIH B.M. Bonnapenko

¥ TEPOMYECKHH MyTh HA MEPEIOBOH (JPOHTA HAYMHAICS B KAayeCTBE pslOBOro-  (#or0M “V“i‘t‘g;’rol\zp’;’s‘zi‘l I;;\r/zflf:ﬂape“‘“’)
cariepa. Cynp00i OBUTO OMpENEeNICHO TaK, YTO MPH OCBOOOXKACHHH XapbKOBa — (photo ﬁzmﬂ'le personal archive

9 ¢eBpans 1943 roma — mMomonoit Goer MOMy4YHs MEPBOE THKENOE PaHCHHE B of Vitaly M. Bondarenko)
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HOYHOM 0010 y mocenka Bemmknit Bypiyk v He monan B poHoit Topoa. Ilocie Be3mopoBieHus psamoBoit B. borna-
peHKo ObUT HampaBlieH Ha y4ueOy B 33-10 UensaOMHCKyI0 TaHKOBYIO IIIKOJTY, [0 OKOHYaHUH KOTOPOil B 3BaHWUU I'BapIuH
CTapIIMHBI TIONy4YrJI Ha3HA4YEHHE Ha JIOJDKHOCTh MOMOIIHMKA KOMaHIMpa TAHKOBOTO B3BOJA, a 3aTeM KOMAaHIHpa
CAY CY-152 (camoxoHas apTHiUIepriicKasi yCTaHOBKa). BuTammii MuxaiiioBud ydacTBOBaJI B BopoHEKCKOM TIpo-
peiBe, Kypckoii Outse, Bo B3siTuH bepiiHa u B ocBoOokaeHHH [Iparut oT (ammcTcKix 3aXBaTauKoB.

B konue BoiHBI B apceHane 20-eTHEr0 (GpOHTOBHKA OBUIO JEBSTH OOCBBIX HArpaj, CpeAn KOTOPHIX ABa
opaena KpacHoii 3Be3zpsl, opaeH OTedecTBeHHON BOMHEI | cTeneny, [Be Meaann «3a OTBary», a Takke HalllUBKU
3a 4eThIpe paHeHUs.

[Tocne nemobunu3armu B 1945 roay mo paHeHHIO I0HOIIIA IIPUEXall B POHON XapbKOB, MPOIOJDKUT yueOy
B CTPOMUTEILHOM TEXHUKYME M Y4aCTBOBAN B MOCJIEBOEHHOM BOCCTAHOBIEHUH OOBEKTOB MPOMBIIIUIEHHOTO U TPpaXkIaH-
CKOTO cTponTenbeTBa. B 1946 Tomy, paboTas MacTepoM-CTPOUTEIEM Ha 3aBOJIE «3alOPOXKCTANbY, TIOCTYITIIT B Xaphb-
KOBCKHI MH)KCHEPHO-CTPOUTENbHBIN HHCTUTYT (XMCH), KOTOpHIH ¢ oTimuueM OoKoHYMI B 1952 romy, u 1o pac-
npenereHnto ObUT HampasiieH B T. KpacHomon. B JlonOacckuii kpait Butanmmii MuxaitnmoBind boHmapeHko mpuexant
yxke ¢ cynpyroit Hanexxnoit. Bcnomunas o Tex ronax, oH ropopwi: «Paboramm, paborany u emie pa3 padoTtanu Ha
Omaro ctpanb. [IsaTHAECATHIE TOIBI — 3TO BpeMsl CHITBHBIX JyXOM JIFO/ICH, KOT]a BEICOKHE TEMITH SKOHOMHYECKOTO
pocra TpedoBa GpyHIaMEHTAIBHBIX 3HAHWUH, MHUAIMATUBEI, SHTY3Ma3Ma U CaMOCTOSTENLHOCTH B TIPUHSATHHN PELICHHH.
Mormnonioli MH)XEHEp y4acTBOBAJI B BO3BECHNH MPOMBIIUIEHHBIX PEANPUATHH, IIAXT, COOPYKEHUH KOMMYHAIBbHON U
TpaHcnopTHON HHQpacTpyKTypsl. B Kpacnomone Burammii MuxaiinoBud mpomien cTymeHd NpogecCHOHaIbHOTO
pocTa OT PAAOBOTO A0 INIaBHOTO MHXeHepa TpecTa «KpacHomoHIIaxTcTpoit», cTpoust HOBBIM ropoa KpacHorsap-
netrick. Tlocie nepee3na B XapbkoB paboTai INIaBHBIM HH)KEHEPOM CTPOUTENBHOTO KOMOMHATa MUHTOpCEIBCTPOSI.
[TocnencTBus TsHKENBIX paHEHUM He 1O3BOIMIM Butanuto MuxainoBu4dy npoJ1oyikaTh NPaAKTUUYECKYIO JESTEIbHOCTh
CTpOMTEISI, OH TIepeleNl paboTarh IpernoaaBareyeM B CBOlo alma mater — XapbKOBCKUI HHXEHEPHO-CTPOUTEBHBIH
HHCTHUTYT. DTO MPEIOTNPEACITIIO CYyAb0Y Oy IyIIero KpymHoro yaeHoro.

B 1962-1972 romax B.M. bonmapeHko Bel HaydHYIO W IMPEIONABATEILCKYIO nesTenbHocTh B XWCH.
OrpoMHBII TPaKTHYECKUH OTIBIT, YBICYEHHOCTh HAYKOH, )KeJlaHHe 3aHUMAThCs UCCIIEAOBATENbCKON MesTeNbHO-
CTBIO W pa3BHBATh HJECH XapbKOBCKONH HAyYHOH INKOJBI MPUBEIM €ro K 3alluTe KaHAWJATCKOH amccepra-
uu (1961 rox), a gepe3 BoceMsb JieT U JokTopckoit (1969 rom). OH paboTan momeHTOM, podeccopoM, 3aBey-
oM Kadenpoit, mpopekropom XUCH mo HaydHoii pabore.

B 1972 rony IlpaBurensctBom CCCP Ha3zHaueH aupekTopoM Bcecoro3HOro oTpacieBoro HmpoeKTHO-
HAYYHOTO HCCIleioBaTelIbckoro mHCTuTyTa (I'Maponuncensxo3) B MockBe, KOTOpPBIH MOJ €ro PyKOBOACTBOM
CTajl BEAYIIUM MPOCKTHO-UCCIIEIOBATENECKUM WHCTUTYTOM B OOJIACTH CTPOMTENBCTBA 3[JaHUN U COOPY KEHHUH
CeIhCKOX03stiicTBeHHOM MHGpacTpyKTypbl. C 1976 mo 2013 rox mpemomasai Bo Bcecoro3zHOM 3a09HOM HHXKE-
HepHOo-cTpouTenbHoM HHCTUTyTe (B3WMCH), npeobpa3oBanHOM B MOCKOBCKMI MHCTUTYT KOMMYHAJIBHOTO XO-
3siictBa U cTpoutenscTBa (MI'AKXuC), 3aanMan MoDKHOCTH 3aBEAYyIOMIEro Kadenpoid, mpopekTopa mo y4ueo-
HO#t pabore. [locie Boccoszmanuu Poccniickoil akameMun apXUTEKTYPHl M CTPOUTEIBHBIX Hayk B 1992 romy on-
HAM W3 TIEPBBIX OBUT M30paH MeHCTBUTEIBHBIM uieHoM-akameMukoM PAACH. C 1994 mo 1999 rom Owun
BUIlE-TIpe3UIcHTOM Poccuiickoi akajieMun apXUTEKTYphl U CTPOUTEIBHBIX HAYK, a 3aTe€M MpejceaareneM Yue-
HOT'O COBETAa OTJIEJICHUS] CTPOUTEIHHBIX HAYK.

B nayuHoii gestensHOCcTH B.M. BoHIapeHko onupalicsi Ha HaydHbIe JOCTIDKEHUS MPEABIAYIIHNX TOKOJIe-
HUH, TBOPYECKU UX aHAIM3UPOBAJ, YTO IMTO3BOIMIIO €My BHECTH BECOMBI BKJIAJl B TEOPHUIO JKEIe300eTOHa, CTaTh
W3BECTHBIM YYEHBIM M aBTOPUTETHHIM CHELUAIMCTOM B OOJIACTH CTPOMTENBbHBIX HayK. Cpenu OCHOBHBIX
HanpaBJIeHUH €r0 UCCIeIOBAaHNHN CO3aHne TUCCUNIATUBHON TEOPUH CHIIOBOT'O CONMPOTHBIICHUS JKeIe300eTOHHBIX
KOHCTPYKIHMHA U KOHCTPYKTUBHAs 0€30MacHOCTh COopyxeHui. OH chopMyIHpOBa U PEILWII 3a1a4H yIPaBICHHS
HaNpPsHKEHHBIM cocTOsTHUEeM KOoHCTpykimid. AkanemMuk PAACH B.M. bonmapeHko siBisieTcsa OCHOBaTelIeM U py-
KOBOJIMTENIEM HAay4HOU IIKOIBI «Teopus cuIoBOro CONpOTUBIEHHS, KOHCTPYKTHBHOM 0€3011acHOCTH U ONTHMHU-
3allUM TEXHOJIOTHUYECKOTO DHEPronoTpeOeH s 3aHlii U coopykeHHui». VM moaroroeineHo Ooiiee IBaaLATH
YYEHHUKOB — JOKTOPOB M KaHIUAATOB TEXHNYECKUX HAYyK.

Bonee TpuaaTyé et MOKTOp TEXHUYECKUX HayK, podeccop B.M. bormapeHko OBLT WIEHOM 3KCIIEPTHOTO
cosera BAK Poccrnn o ctpoutenscTBy, rae TpeGoBaTeIbHO U JOOpOKeTaTeThHO paccMaTpUBalI aTTeCTAIlMOH-
HBIE JIefla ¥ JUCCePTAIMOHHbBIE pa0O0ThI COMCKATENEH YUEHBIX CTEIIEHEH.

WM ommy6nmkoBaHo cBbimre 400 HaydHBIX padoT, B TOM uncie 12 MoHorpaduii 1 yaeOHukoB. Kauru u cra-
Tbu Burtanus MuxaiinoBuya OTIMYAIOTCS YETKHM W SCHBIM H3JI0)KEHHUEM CIIO)KHBIX BOMPOCOB TEOPUHU pacueTa
KOHCTPYKIHH C y4€TOM OCOOCHHOCTEH W HaJIM4YMs HECOBEPLICHCTB B XKeJe300eTOHE.

B.M. BboHnapeHko mpuHHMan ydacTHe B HAYyYHOM COIPOBOKICHMH MPOEKTUPOBAHHUS U CTPOUTEILCTBA
MHOTHX BaKHBIX 00bekTOB CCCP u Poccum, B Tom uncie xpama Xpucra Criacutensi, KOMIUIEKCA MOI3EMHBIX
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CoOpyXeHHH Ha MaHEeKXHOW TIIOMAIH, MMOKPHITH boibmioi ciopTuBHOM apeHsl B JIykHHKaX, JlehopToBCKOTO
TOHHEJA, TpeTbero TPaHCIOPTHOTO KOJIbIla MOCKBBI U JIp.

Buramuit MuxaiinoBud bormapeHko KpymHEHIINNA YISHBIA COBETCKOM, POCCHICKOM 1 3apyOeKHON HAyKH
B 00JIaCTH CTPOUTENBHBIX KOHCTPYKIHI, OpPraHU3aTOp HAYKH U MPeKpacHbIi nenaror. [ rybokoe NpOHUKHOBEHHUE B
CYIIHOCTD SIBIICHHH COYETAJIHCH C SIPKOM ¥ JIOXOTYUBOM (hOPMOIT U3JI0KEHUS. 3aTIOMUHAIOIIHIEC 00pa3bl, IIUTATHI
U METKHE CPaBHEHHS YAayHO BBIJEISIN TIIABHOE, TIYOOKO PacKphIBajHM CYTh BOIMPOCA M TOBBIIIATH WHTEPEC
cnyuiarenet k teme. Hayunble BeICTyIUIeHUS, JJeKuuu B.M. BoHIapeHKO TECHO CBS3aHbI C )KUBOM NEeHCTBUTEb-
HOCTBIO, OTJIMYAIHCH CMENIOCThI0 0000IIEH S, TPUBUBAH TOPAOCTh 33 HAIly OTEYECTBEHHYIO HAYKY, JIIOO0Bb K
3HAHUSAM, TBOPYECKOMY TPYAY YUEHOTO, IPEToaBaTelisi U CTPOUTENs — K cBoer npodeccun. [Ipemnonasare u TBO-
pHUTBH — 3T0 OcHOBa TpyAa B.M. bormapenko, ero 1r000Bb K CIENHATBHOCTH, W30PaHHOMY /€Ty, CBOEMY TPYIY.

3acenanue yueHOTO COBETa OTAENCHUs CTpouTenbHbIX Hayk PAACH:
cnesa nanpaego: aneH-koppecrnonneHT PAACH A.A. Kanerus, npencenarens yueHoro copera akagemuk PAACH B.M. Bonnapenko,
akanemuk u Bune-npesuaeHT PAACH B.U. Tpasyu (¢poto u3 nmuunoro apxusa B.C. ®denoposa)
Meeting of the Academic Council of the Department of Construction Sciences of the RAASN:
from left to right: corresponding member of the RAASN Alexander Kalgin, Chairman of the Academic Council, Academician of the RAASN Vitaly Bondarenko,
Academician and Vice-President of the RAASN Vladimir Travush (photo from the personal archive of Viktor S. Fedorov)

Bxnan Butams MuxaiinoBida B CTPOUTENBCTBO M CTPOUTENBHYIO HAYKY YZIOCTOEH BBICOKHX TPaBUTENBCTBEHHBIX
HarpaJi, cpean KoTtopbix opaeH Jlennna, opaen Tpynosoro Kpacxoro 3namenu, opaen Ilouera, mepcoHansHas 6maro-
JapHOCTb npe3usieHTa PO «3a Oosbioii BKIIa B pa3BUTHE OTEUECTBEHHON (DYHIaMEHTaJIEHOM CTPOUTENILHON HAyKn»,
opzeH npenogodHoro Annpes Py6nesa Pycckoil mpaBociaBHOM LIEPKBH, 3BaHUsI 3aCITYy>KEHHOTO IEATENs HayKH U TeX-
auKn PCOCP, mouerHoro crpoutenst Poccry M moYeTHOrO paOOTHHKA BBICIIETO MPOGECCHOHATHFHOTO 00pa30BaHMs
Poccwmiickoii @eneparu, bonbias menans PAACH, naypear npemun I pasuresnscra PO B 0651acTy HAyKH M TEXHHUKH.

B.M. boHIapeHKo SBIISICS AEHCTBUTENBHBIM UleHOM Pocculickol 1 MexIyHapOAHON HHKEHEPHBIX aKa-
neMuit, MexayHapoIHOW akaIeMuH PKOJIOTHIeCKOW peKOHCTPYKITHH; U30upaics wieHoM LlerTpanpHOro coBera
BCEPOCCUICKOTO OOIIECTBEHHO-TIONUTHYECKOTO ABMKEHUs «JyXOBHOE Haclenue», YICHOM MPaBJICHUST HAIHO-
HanpHON manatel «KynbpTypHO-HcTopuueckoe Hacieaue Poccum»; ObUT PyKOBOAUTENEM COBETCKOM, 3aTeM pOC-
CHICKOI CTOPOHBI psila COBMECTHBIX HAYYHO-TEXHOJOIMYECKHX mporpamMm pasutus (¢ Urammeis, IlIBenmei,
crpadamMu Boctounoii EBporibl), melCTBUTEIHHBIM WICHOM BpUTaHCKOTO MHCTHTYTA TPAXKITAHCKUX WHKEHEPOB,
WHOCTPaHHBIM WICHOM AKaJEeMHH CTPOHMTENbCTBA Y KpPaWHBI, MOYETHBIM MPOQEeccOpoM ABYX YHHBEPCUTETOB —
benropoackoro rocyaapcTBEHHOro TeXHU4Yeckoro yHuBepcurera umenu B.I'. IllyxoBa n XappkoBCKOro rocy-
JTApCTBEHHOI'O0 TEXHUYECKOIO YHHBEPCUTETA CTPOUTENBCTBA U APXUTEKTYPBI.

Buranuii MuxainoBuu Takke yBIEKAJICS MCTOPUEHM Hallled CTpaHbl MEPBOM IMOJOBHHBI XX CTOJIETHS.
CBuzerenb ¥ y4aCTHUK CyABOOHOCHBIX COOBITHI B MCTOpPUU PoauHBI U ee Hapona, OH Hamucala YeThIpe KHHTH,
B KOTOPBIX KPUTHYECKH AHAIM3UPOBAI MOCIEPEBOIIOLUOHHYIO, IPEABOCHHYIO U MOCIEBOECHHYIO UCTOPHIO CO-
BETCKOI BJacTW M COBETCKOro Hapoga. B.M. bonmapenko nucan: «29TO KHUTH O HAIIUX COOTEUYECTBEHHHKAX,
MAaBIIMX U HEMHOTUX OCTaBIIMXCS B )KUBBIX, )KUBIIMX B CTAIMHCKUE BPEMEHA, TBOPUBIIUX B Tparudyeckue U re-
pondeckue ropl PoguHEI €€ HCTOPHIO U IOITOMY HEOTBEMIIEMBIX OT HEEM.

B.M. bonnapeHKko Kak rpaxIaHUH BUAET CBOIO 33/1ady B HEOOXOIMMOCTH BCEIHUTh B COBPEMEHHHKOB, MO-
JIOJICKb BEPy | JIIOOOBB B CBOIO CTPaHy, A0Ka3aTh HEOOXOAUMOCTh CAMOOTBEP)KEHHOH 00OPOHBI €€ CyBepeHHTe-
Ta 1 OJIAromoIyyus.

Ero mesm3om Obumn cnoBa FOmwum JpyHUHOM, KOTOPBIE KaK HENB3s JydIle XapaKTepU3YIOT KEPTBECHHBIN
nyTh camoro Butamus MuxaitnoBuua: «lllarato mo Genomy cBeTy, MOpOH MPOOHBAIOCH CKBO3b ThMY, CUMTAs
MPUCSITOMN JHIIB 3TO: ,,/Ku3Hb — Pogune, yecTs — HUKOMY!“».
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Hcrtopus ctaTbu AHHoTanus. PaccMOTpeHb! 3a1aui 0 HEPAaBHOBECHBIX U HEMMHEWHBIX Ipolieccax
IMocrynuna B pepaxumto: 12 centsiops 2022 r. IIPY OLICHKE TOTEHIIMAIA KHUBYYECTH JKENE300€TOHHBIX KOHCTPYKTHBHBIX CHCTEM
Jopaborana: 27 okrs0ps 2022 . B 3alpe/ieNIbHBIX COCTOAHUAX. [IaHO oIpeseneHre NOHATUS «IKCIIO3ULHA KHUBYYE-
[punsTa k myomukammu: 30 oktsaopst 2022 T. CTH» JJIs1 KOJMYECTBEHHOW OLIEHKM MOTeHIuana wuBydecTd. IIpemmoxkena pac-

YyeTHas MOJeJb, OCHOBaHHAas Ha OOOOIIEHWH HM3BECTHOW KIIACCHYECKOH CBS3M
MEXy CKOPOCTBIO M3MEHEHHMS TEKYIIETr0 OTHOCHTENBHOTO JeduuuTa HampskeH-
HO-/1e()OPMUPOBAHHOTO COCTOSIHHS KEIe300€TOHA 10 OTHOUICHHIO K KaKIAOMY
(UKCHPOBAaHHOMY BPEMEHHM, 3HAYEHMIO ISl ONMCAHHS BO BPEMEHH HEpaBHOBEC-
HBIX NPOLIECCOB CHJIOBOTO CONPOTUBIIEHHS KOHCTPYKIIMOHHBIX MaTEpPHAJIOB B 3a-
BHCHUMOCTH OT PeXMMa U ypOBHS HarpyxeHusi. Ha ocHoBe Teopuu auHEHOI mon-

3yYeCTH CTaperoliX MaTepHaloOB IOCTPOEH aJrOPUTM JUIS OIPEAEIECHHS Mephl
IOJI3yYeCTH KOPPO3HOHHO MOBPEKAAEMOTr0o OETOHA U KeIe300eTOHA U OIpeaerie-
HUSI IapaMeTpa «IKCIIO3UIHS )KUBYUYECTI JKEJIe300€TOHHOM CTaTHYeCKH Heolpe-
JEeMNMOH KOHCTPYKTHBHOH CHCTEMBI C y4eTOM HEPaBHOBECHBIX M HEJIMHEHHBIX
nporeccoB ee AehOopMUPOBAaHUS BO BpeMEHH. PaccMOTpeH mpuMep pacdera Io-
TEHIMANa >KHUBYYECTH OJHOIPOJIETHOM >KECTKO 3allleMIICHHOH >Kele300eTOHHON
GaJIKi ¢ O3ULIUH KPUTEPUS 0COOOTO NPEAEILHOIO COCTOSHHUS.
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Article history Abstract. The problems of non-equilibrium and nonlinear processes in the eva-
Received: September 12, 2022 luation of reinforced concrete structural systems robustness potential in ultimate
Revised: October 27, 2022 states are considered. The definition of concept of “robustness exposition” is
Accepted: October 30, 2022 given for a quantitative assessment of the robustness potential. A calculation

model based on the generalization of the well-known classical relationship be-
tween the current relative deficit change rate of the reinforced concrete stress-
strain state with respect to each fixed time value is proposed to describe in time
non-equilibrium processes of structural materials force resistance depending on

the mode and level of loading. On the basis of the linear creep theory, aging ma-
terials, an algorithm was developed to determine the measure of creep, corro-
sion-damaged concrete and reinforced concrete and to determine the parameter
“robustness exposition” of a reinforced concrete statically indeterminate struc-
tural system, taking into account non-equilibrium and nonlinear processes of its
deformation in time. An example of a single-span rigidly clamped reinforced
concrete beam calculating the robustness potential from the position of a special
limiting state criterion is considered.
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BBenenue

[IpoOnema KOHCTPYKTUBHOM JKHUBYYECTH 3aHUN U COOPYKCHUH MpH OCOOBIX BO3JEHCTBHUSX B HACTOSIICE
BpeMsI SIBTISICTCSL OJTHOW M3 HOBBIX HATPABJICHUIN B MCCIICMIOBAHUSAX CTPOUTENBHBIX KOHCTPYKIIHMH. 3a TOCTIEAHNE Ba
JICCATHJICTUS B CTPaHE U 3a PyOSIKOM HAKOILUICHBI HEKOTOPBIC PE3yJIbTaThl TCOPETUUECKUX UCCIICIOBAHUIM 110 H3Y1e-
HUIO COTPOTHUBIICHHUS JKEJIE300€TOHHBIX KOHCTPYKIIMH MPHU BHE3AITHOW CTPYKTYPHOM MEPECTPOKe KOHCTPYKTHBHOU
CHCTEMBbI, BHI3BAHHOM YIAICHHEM HECYIIETO DJIEMCHTA WM CBA3H, M YCTAHOBJICHHIO BO3MOXKHBIX KapTHH paspyliie-
HUS TIPU TakoM Bo3neicTBur. OJHAKO JI0 HACTOSIIETO BPEMEHH BBIMOJHEHO KpaliHe Mano JKCIIepPHMEHTATbHO-
TECOPETHYECKUX UCCIICIOBAHUH 10 PELICHHUIO 3a/1au COXPAHECHUS MMOTEHIIMANIA KMUBYUCSCTH SKCIUTyaTHPYEMBIX JKeJe30-
0ETOHHBIX KOHCTPYKTUBHBIX CUCTEM BO BPEMEHH C YYETOM HAKOILICHUsI TIOBPEXKICHUI HEPaBHOBECHOIO XapaKTepa.
OTnebHBIMY 33/1a9aMH CHIIOBOTO CONPOTHBIICHUS JKeTIe300€TOHHBIX KOHCTPYKIIUH TO/T ACHCTBHEM PEKUMHBIX JJTH-
TEJNBHBIX HEPAaBHOBECHBIX IporieccoB 3anumanick B.M. boumapenko [1], B.1. Komaynos [2], H.B. ®enoposa [3],
C.IO. CaruH [4], A.T'. TampassH [5], O.B. Kabanues [6], H.H. Tpekun [7], J. Li [8], E. Vasanelli [9] u ap.

IToa TepMHUHOM <OKHBYYECTh» KOHCTPYKTHBHOM CUCTEMBI B HAYUHBIX MyOJIMKAIIUSIX HET YCTAHOBUBIIIETOCS
oTIpeieTICHIS U MCIIONB3YIOTCS HECKOJBKO pa3IMyarontiecs onpeaeneHus 1 nouatus. Tak, mpodeccop B.JI. Paii-
3ep [10] ompenensieT KUBYYECTh KaK CBOMCTBO KOHCTPYKIIUN COXPAHSATH MPH aBAPUITHBIX BO3JCHCTBHUSIX CIIOCO0-
HOCTh K BBITIOJIHCHHIO OCHOBHBIX (DYHKIUH, HE JOMYCKas JIABUHOOOPA3HOTO (KACKaTHOTO) Pa3BUTHS BO3MYIIE-
HUU U OTKa30B.
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10.I1. Hazapos [11] mpenaraer onpeaesnsaTh )KABYUIECTh KaK CBOHCTBO COXPaHATH OOIIYIO HECYIIYIO CIIO-
COGHOCTB IIPpU JIOKAJIBHBIX PA3PYHICHUAX, BBISBAHHBIX IMIPUPOAHBIMH U TEXHOTI'CHHBIMU BO3IIGI‘/‘ICTBI/ISIMI/I, 110 Kpaﬁ-
Hell Mepe, B TeYeHHE HEKOTOPOTO BpEMEHH.

B paborax B.M. bonmapenko, B.M. KomuyHnosa [2; 12] o/ »KHUBYYECTHI0 IIOHUMACTCS CITIOCOOHOCTH CH-
CTEMBI PaCIpe/IeNiATh HArPYy3Ky MEKIY OCTAIBHBIMH JJIEMEHTAMH B ClIydae MOBPESKICHHS WM OCIa0JICHUsS OJ1-
HOTO U3 3JICMEHTOB (BHE3aITHOE BHIKITFOUCHUE «JTHITHUX» 3JIEMEHTOB CTATHYECKH HEOIIPEICTUMBIX CXEM).

OpHaKo Bce 3TH ONpeAesIeHus MOIpa3yMeBalOT OIIEHKY KUBYUYECTH IPH HEM3MEHHBIX HaYaJIbHBIX YCIOBHSIX,
TO €CTh JJIsl BHOBB MIPOEKTHPYEMBIX KOHCTPYKINH, )KUBYHYECTh KOTOPHIX PACCUMTHIBAECTCS O€3 ydeTa IKCILTyaTallH-
OHHOTO HAKOIUICHHS MOBPEKICHUI W, COOTBETCTBCHHO, M3MEHCHHUI HECYIIeH CITOCOOHOCTH CEUCHHMH KOHCTPYK-
TUBHBIX AJIEMEHTOB BO BPEMEHH IPH PA3IUYHON BEIMYHHE IKCILTYaTAllMOHHOW HArPY3KU U PeXKUMaxX ee TPHIIoKe-
Hus. [ ygera 9THX 0coOEHHOCTE! HKCIUTyaTHPYEMBIX KOHCTPYKIHNA TP pacyeTe peKOHCTPYHPYEMBIX 00BEKTOB
B [2] MPCAJIOKECHO, HApAay € MOHATUEM <GKUBYYCCTH», BBECTHU AOINOJITHUTCIIBHO IMOHATHUC «OKCIO3ULIHUA KHUBYYC-
CTH», TOJI KOTOPBIM TOJIPa3yMeBAETCs MPOJOKUTSIBHOCTh COXPAHCHUS MOTSHIMANIA YKUBYYECTH CTPOUTEIILHON
CHCTEMBI BO BPEMEHH TIPH HEPABHOBECHOW MOCTAHOBKE 33/1a4M (HAJIOXKEHHE BO BPEMEHH JIepOPMAITHii ITOI3ydecTH
¥ KOPPO3UOHHBIX MOBPEKIACHUN) Pa3pyIIUTEIBHEIM BO3ICHCTBUSAM arpeCCUBHOM CpPEAbl C BBHIKIIOYCHUEM W3 CH-
CTEMBI KOHCTPYKTHBHBIX 3JICMEHTOB, OTBETCTBEHHBIX 32 TEOMETPHUYCCKYIO HEU3MEHIEMOCTh COOPYKCHUSI.

Penrenne 3Tux 33124 CBSA3aHO C MIPUBJICYEHUEM J1e(hOPMAIIOHHBIX MOJIENeH 10 OLIEHKaM MOJ3YyJecTH OeToHa.
AHann3 CyIIecTBYIONUX B HacTosIee BpeMs B Poccuu u 3a pyoekom Teopuit monsydectn oetona (H.X. Apy-
troasHa [13], C.B. Anekcannposckoro [14], B.M. bounapenxo [15], II.1. Bacunnesa [16], A.A. I'Bo3nesa [17],
I'.A. T'enuena [18], O.B. Kabanuesa [6], [.H. Macnosa [19], 1.E. IIpokomnosuya [20], KO.H. PaboTtHoBa [21],
A.P. Pxanuneiaa [22], P.C. Camxkaposckoro [23], M.W. Ymunkoro [24], B.JI. Xapma6a [25], Z.P. Bazant [26],
R.I. Gilbert [27], E. Hamed [28] u ap.) moka3ai, 4To BCe CYNIECTBYIONIUE TEOPUH MOI3YyUSCTH HOCAT (PEHOMEHO-
JIOTUYECKHUU XapakTep. MHOTHE W3 HHX W3-32 OTCYTCTBUS HOPMHUPYEMBIX IIapaMETPOB B HACTOSIICE BpEeMs HE
MOTYT OBITh JIOBEJIEHBI 10 YKclia. B CBSA3M ¢ ATHM, IJIs pelleHus] pacCMaTpPUBAEMBbIX 3afad 110 KOJMYECTBEHHOH
OIICHKEC MMOTCHIIMAJIA )KUBYUCCTH JKeIe300€TOHHBIX KOHCTPYKTHBHBIX CUCTEM B 3alIPpCACIIbHBIX COCTOSAHUAX LECIIC-
CO00pa3HO MPUBJICUCHHUE MPOCTEHIINX PEOJOTHICCKUX MOJIENICH MON3ydecTH. Takoi moaxo 1 Mo3BOJSET MOIy-
YUTH JIOCTATOYHO TPOCTHIE aHATUTHYECKUE BBIPAKECHUS IJISI KPUTEPHUEB SKCIO3UIIMH JKUBYYECTH U KPUTEPUEB
KHUBYUYECTH, YIOOHBIX JUISI PAKTHYECKOTO MPUMEHEHHS, a TIIaBHOE IOBECTH IIpe IaraeMple PEIeHus 10 YHCIa.

MeToabl

B teopuu cuioBoro compotuBieHUs KOHCTpyKuui mpodeccopamu B.M. bormapenko u H.W. Kapnenko
IPEIJIOKEHO BHECTAJUMHOE OIMCAHUE Pa3BUTHSA BO BPEMEHH HEPAaBHOBECHBIX IPOLIECCOB CHJIOBOTO CONPOTHB-
JICHUSI TBEPIBIX TEJI U3 KOHCTPYKIIMOHHBIX MaTEpUaIOB B 3aBUCUMOCTH OT peKUMa M YpOBHS HarpyxkeHus [15].
OTa MoJieNb SBISAETCS HEMMHEWHBIM 0000LICHNEM HM3BECTHOM KIIACCUYECKOH CBSI3M MEXKIY CKOPOCTBIO M3MEHe-
HUSI TEKYILET0 OTHOCUTENBHOTO Ae(UINTa BEIHYUHBI HCCIEAYEMOTo (pakTopa HaPsKEHHO-Ie(OpPMUPOBAHHOTO
COCTOSIHUSI TBEPJOIO TeJa [0 OTHOUICHUIO K €ro KaKJ0oMY (PUKCHPYEMOMY BO BPEMEHH 3HAYCHHUIO:

@:—a[m]m, (1)

rae AC = (Cy— C)/Cr— Texymue U ipefenbHbie ((UKcHpyeMbie) 3HaYeHU MEPHI MTOJI3Y9YeCcTH OeTOHa; f — BpeMs
HAOIIOJICHHS;, 0L — SMITUPUIECKHUN MTapaMeTp CKOPOCTH; 71 — SMITUPUIECKHUI IMapaMeTp YPOBHS HarpyKeHHS.

HepaBHoBecHBIE TIPOIIECCHI CHIIOBOTO COMIPOTUBIICHUSI 0€TOHA BO BPEMEHHU CHUJIOBOTO M CPEIOBOTO MPOHC-
XOXKJICHUSI OMUCHIBAIOTCS €UHOM MaTeMaTHUeCcKOW MOJENbIo, npemioxenHo B.M. bonaapenko [29] u ocHo-
BaHHOM Ha 3aBrcuMocTH (1). OHa mpeacTaBisgeT coOOH CreUPUIECKYI0 MPEANOCHUIKY O (PeHOMEHOJIOTHIECKOM
€IMHOOOPa3NH KWHETUKH HEPaBHOBECHBIX ITPOIIECCOB MPOABIKEHUS MOBPEXKIECHUI M pa3BUTHS Aedopmariuit
NoJj3y4yecTd OETOHOB B BHJIE HEIMHEHHOT0 00001eHNs 3akoHa ["onpa0epra — Baare:

M ——a[AL(1,)] @

rae AL — OTHOCUTENBHBIN ASPHUIAT TEKYIIETO 3HAYSHHS FCCIeayeMoro (pakTopa HepaBHOBECHOTO CHIIOBOTO CO-
MpOTUBNIEHUS L(t,1p) IO OTHOIIEHUIO K MPEAETbHOMY 3HAYCHHIO Lip; 1,fo — TEeKyIlee BpeMsl HaOII0AeHNs, BpeMs
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Havajna HaONIOACHUS, 0L — IMIIMPUYCCKUN MapaMeTp CKOPOCTH M3MEHEHUs AL; m — IMIMPUYECKUN MapameTp
HEJIMHEHHOW CBSA3M MEXKIy 3HaueHHeM Jedurmra AL U CKOPOCTHIO €T0 N3MEHEHUS BO BPEMCHHU.

BaxxHO OTMETHTB, YTO COOTHOIIEHUE (2) ONpeNeNseT KOHCMAHMHOCMb PEKUMHBIX, TEPMOJINHAMHYECKAX
1 (PM3UKO-XHUMHUYECKHX (DaKTOPOB CHIIOBOTO CONPOTHBIIEHHUS. byneMm mojarare, 4TO 3TO COOTHOIICHHE MPHMe-
HUAMO JJIsl y4eTa HEPaBHOBECHBIX IPOIECCOB W IMPH aHATN3€ MOTCHIMANA KHUBYUECTH JKEIIe300€TOHHBIX KOH-
CTPYKTUBHBIX CHCTEM KapKacoB 3/IaHUI mpu ocoOoM Bo3zeicTBuu. [Ipu TakoMm BO3AEHCTBUU B AJIEMEHTaX KOH-
CTPYKTUBHOW CHICTEMBI U3 )KeJIe300€TOHA IIOMUMO JIOTPY>KEHHSI, BRI3BAHHOTO CTaTHYECKUM TepepaciipeieleHn-
€M CHJIOBBIX TIOTOKOB I10 AJIbTEPHATUBHEIM ITyTSIM TEepeadnl HArpy3KU, BOSHUKHYT JTOTIOJHUTEIBHBIC JTUHAMUIC-
ckue norpyxkenus [30]. ns ompeaeneHus yCHIHid B 3JIEMEHTaX paMbl C YUETOM HX JUHAMUYECKOTO JOTpYKe-
HUS B JJAaHHOH paboTe UCMOIB30BaH MOIXO0/A: KBa3UCTATHYECKHI METOJ B TIOCTAaHOBKe, mpeanokeHHon [.A. ['e-
HueBbM [18; 31].

Ha ocHoBe Teopru nHHENHHON MOI3y4ecTH cTaperolero Matepuana (Mmoaens MacioBa — ApyTioHsHa) [32]
Y PEKOMEHJIAINI TI0 y4eTy moysydecTd [33] BBIOIHEH pacdyeT W MOCTPOeH rpadk 3aBUCUMOCTH MEpPHI IMON3Y-
gectu Oetona C(f) ot BpeMmeHH ¢ HarpyxeHus (puc. 1). Mepa monmsydectn 6eToHA K MOMEHTY BPEMEHH ! TIPH
HarpykeHu# OCTOHBI B BO3pacTe fy onpeaesercs mo Gopmye [33]

1 1
I 3
c(t4) E ()] | E(2) + oy (1) [ (111), G)

rae Crgpesk — MPENIETBHOE 3HAUEHUE MEPHI MOJI3YYeCTH, TpUHUMaeMoe cormacHo 1. 2.9 [33]; Q(t) — dyHKIms,
VUYHUTHIBAIOIIAS BIUSHUE CTapeHUs OeTOHA HA Mepy IOBYUYeCTH (fyp — BpeMs 3arpy3Ku KOHCTPYKITHN); ff,t)) —
(GYHKIUS, YIUTBIBAIONIAs HApacTaHHWE BO BPEMEHH MEpHI MOJIBYYECTH (f — o0lee BpeMs UCIBITaHUs oOpaslia,
BpeMsI HaOTIOIEHUS ).
Oynkus Q(fy) onpenensercs mo Gopmyie
Q(t,)=c+de™. (4)
Oyuknus f{t,t), caemys pekoMeHaamusam [33], onpeaensercs no Gopmysie
S (t.t)=1-ke ™. (5)

[IpenensHOe 3HaYeHNE MEPBI MON3YyUeCTU (28 pesk BEIYUCISIETCS 110 hopMyJie

N
CZS,besk = C28,besk§2C§3C’ (6)

rae &ac, E3c — KOIDPUITMEHTHI, 3aBUCAIINE OT MOIYJIS OTKPHITON MOBEPXHOCTH dJIEMEHTAa My M OTHOCHTEITHLHOM
N
BJIaKHOCTH CPEIbI; C28,besk — MpelnenbHOS 3HAYCHHE MEphl MOJ3ydYecTH OETOHA, 3arpyKEHHOTO B BO3pPacTe

to <28 cyToOK.

C(to,t) x10™
20
10 e
o
5

-
0 100 200 300 400 ¢ cyr./days

Puc. 1. 'paduk 3aBUCHMOCTH MepHI OJI3YYECTH OT BPEMEHH ¢ IIPU Havajle HArpy>KeHus B Bo3pacte fo = 28 cyTok s 6etona B20
Figure 1. Dependence graph of the creep measure on time 7 at the loading beginning at the age of #o = 28 days for concrete B20
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AHaJTOTHYHBIA TpaduK 3aBUCUMOCTH (DYHKITMM MEphI TMOJM3YUYECTH OCTOHA OT BPEMEHH ¢ OBLI TOCTPOCH
B.U. Tpasymewm u B.I'. Mapamkuasim [34].

JmTenbHbIi Moyb AeopMannii 6eToHa, OTBEUYAIOIINN THHEHHONW 3aBUCUMOCTH MEXTy HaIPsDKEHUSIMHU
u aedopMaIdsIMi B MOMEHT BPEMEHH ¢ TIPH Hadaye 3arpyKeHus fy pekoMeHmarusMu [33] ompemenseTcs 1Mo

dopmyie

E,(t,t)) = EL+c(t,t0) : (7

b

rae £, — MOAyJib HauallbHOW yIIPYTOCTH.
s pemenust 3anaun 00 OIIEHKE MOTEHITHAIA )KUBYYECTH BBEICHBI CIEAYIOUINE TUITOTE3bI U JOMYIICHHS:
— YCJIOBHE COBMECTHOCTH JedopMaItiuii 6eToHa U apMaTyphl B TOYKAX IMOBEPXHOCTH CIICTICHUS IPU OJTH-
HAKOBBIX 3HAYCHUSX OPJMHATHI z (PACCTOSHUE OT HEWTPAIBHOW OCU CEYCHUS IO JIMI0PE HANPSHKEHUH 0 pac-
CMaTpUBaeMO TOYKH):

Eg = &,; E&g=§; (®)

— JIONYIIEHUE O IJIOCKUX CEYCHUSIX, T.C. JIeTUIaHalMeH sl HETOHKOCTEHHBIX CEYCHUH AIIEMEHTOB MOKHO
peHeOpeyb;

— 3aKOH M3MEHEeHHus nedopmanuii o BHICOTE CEYEHHS MOXKHO OIMHCHIBATh 3aBUCHMOCTBIO TTOJydEHHOI ¢
Y4eTOM JOMYIIEHHUs O TUIOCKUX cedeHus [35]:

ta, +z
g=—"—¢,, )
X

Tlie ao — CMEICHNE HYJICBOH JIMHUU 3MIOPHI AehopMannii 10 OTHOIICHUIO K HEUTPaIbHOM OCH S0Pl HAIPSIKE-
HU (Ipu 3HaKe + BBICOTAa BMIOPHl CKUMAIOIIUX HOPMAaJbHBIX HANPSHKEHUH BO BPEMEHH YMEHBIIAETCS,
MPY 3HaKe —, COOTBETCTBEHHO, YBEINUHUBaeTCA); & — Aeopmanmu GruOpoBOro BOJOKHA CKATOTO OETOHA;

— OMUPAsCh Ha PE3yJIbTATHl UccIea0BaHUH [34], IPUHATO AOMYyIIEHHE O TOM, YTO 3HAaUeHHUE AedopMannit
B apMaType ¢ T€YEHHEM BPEMEHH SBISIETCS IOCTOSIHHON BETMYMHOM paBHOH Es;

— cneayst [36] npunATO, UTO MpenenbHble AedopManyuu OETOHA NPU CTaTHYECKOM M AMHAMHYECKOM pe-
KHMMax Harpy>KeHHs paBHbI MEXIY c000ii;

— GyHKIUS TIOBpeXIeHUS OETOHa KOppo3ueH k(z) octaeTcsi OMUHAKOBOW ISl BCeX (DU3UKO-MEXaHHYECKHX
XapaKTEePUCTUK CHIIOBOTO CONPOTUBIICHHUS OeTOHa (IIPU3HAK SKBUBAJICHTHOCTU — KOHCTAHTHOCTH PEXHMHBIX H
(br3uKO-MeXaHHIECKUX GakTopoB [29]):

k(z)= R'(2) = E'(2) =0 —const. (10)
R E c.(2)

Crnenmys [31; 37], ecnm Ajist OIEHKH SKCIIO3UITAHN KUBYUECTH TIPUHATH MapaMeTp 0O0O0OIIEHHOW HATPY3KH A,
TO IKCHO3MIHNA >KMBYYECTH KOHCTPYKTHBHOW CHCTEMBI NPU €€ Harpy>KeHWH MOXKET OBITh ONHCaHa 3aBHCHMO-
CTBIO Ay(f) — M'(£). Onpesienim mapamMeTp SKCIO3MIMH KUBYYECTH CTATHUECKH HEONPEIIMMOi 3aIeMICHHOI
Ha OTIOpax XeJe300eTOHHOM OaJIKi HAarpy»KeHHOU paclpeneleHHON Harpy3Ko# (puc. 2, a).

Ha puc. 2, 6 npuBeseH rpaduK 3aBECHMOCTH «IIapaMeTp KHUBydecTH — MoMeHT» (A.(f) — M'(£)) mns mpo-
W3BOJIFHOTO CEYEHUsI k& paccMaTpHUBaeMOi KOHCTPYKIMHU OalIKH, OTpaKaloIIni pa3BUTHE HEPABHOBECHBIX HEJIH-
HEHHBIX MIPOLIECCOB MOI3Y4YECTH BO BPEMEHHU NPH aHAJIM3€ IOTEHILMAala KUBYYECTH pacCMaTPpUBAEMOT0 U3ruda-
€MOT0 KeJle300€TOHHOTO JIEMEHTA 3alleMIICHHOW OalKu MpH 3alpOeKTHOM Bo3aeicTBUM. YdacTtok 0—1 rpadu-
Ka XapaKTepHu3yeT Harpy>KeHUe A-pa3 CTaATHUECKH HEOIPEIeNUMOM CHCTEMBI AKCIUTyaTallMOHHOHN Harpy3Koi.

VYuactok 1-2 rpaduka xapakTepusyeT NPHUHATOE COCTOSIHWE B HamOojee HANPSKEHHOM CEYCHUH Oalku
IpU AJUTEIBHOM [CHCTBUM HEPABHOBECHBIX IIPOLIECCOB CHJIOBOTO XapakTepa B BHAE IOJI3ydecTH OeToHa.
[lon meficTBHMEM MOCTOSIHHOM JUIMTENBbHOM HArpy3ku g(f) B MOMEHT HPUIOKEHUS Harpy3ku ¢ = 0 cxaras 30Ha B
CCUCHHH KeJIe300€TOHHOT0 U3ru0aeMoro 3JIEMEHTa YKOPOTHTECS Ha BEIMUYHHY Ao, @ OTHOCUTENBbHBIE Aedopma-

494 ANALYSIS AND DESIGN OF BUILDING STRUCTURES



AHdpocosa H.b., KonuyHos B.M., EmenbsiHos C.I. CTpouTenbHas MexaHuka MHXEHEPHBIX KOHCTPYKLMIA 1 coopyxeruit, 2022. T. 18. Ne 6. C. 490-502

uu OyAyT paBHBI B CX)KaTOM OETOHE M CXKAaTOW apMaTrype g;([) u COOTBETCTBEHHO. HampsikeHus B 6eToHe

8S(r)
CKaTOM 30HKI OyIyT paBHBI Gp, B CXKATOH apmartype — O, (puc. 2, 6). Uepes onpeeneHHbli IPOMEKYTOK BpeMe-

HU ¢ = T T0J] BIUSHUEM TOJI3y4eCTH (PUOPOBKIN CIIOH CxKaTOH 30HBI OETOHA €IIe YKOPOTUTHCS Ha BEIUYUHY Ar.
Ho Onaronaps cuierieHHio O€TOHA U apMaTyphl MPH UX COBMECTHOU paboTte aehopmanuu oquHakoBel. CxaTas
apMaTypa yKOPOTHTECS Ha Ty K€ BEIUYHHY, YTO U (PHOPOBBINA CJIOW CXKATOW 30HBI OETOHA B CEUCHWUU OalKU B
CHITy Hepa3pbIBHOCTH AedopMalnii MpoJOIbHOM apMaTyphl U OKPYXKaIoIIero ee 0ETOHa, TO eCTh

es(1)=¢,(1)=0,/E,. (1)

Ho Tak xak BHeUIHssS JIMTEIbHAs Harpys3ka OCTajlaCh HEM3MEHHOM, TO JJI COXpaHEHHs YCIOBHIl paBHO-
BECHsI B CEUEHHH HAIPSDKEHUE B OCTOHE JOJDKHBI YMEHBIINTHCS 10 BEIUUUHBI Gp:. PABHOACHCTBYIOIIAS YCUIIUIA
B C)KaTOM 30HE OETOHA CHMIKAETCS, a PAaBHOJEHCTBYIONIAS PACTATHUBAIOIINX YCUINM B apMaType YBEIUYNBACTCS.
B Takux KOHCTPYKIMSX Ba)kKHO OTMETUTh, YTO M3BECTHBIN MpoIlecc CMEIEHUs] HEUTPaIbHON OCH, ONMMCAaHHOW B
moHorpaduu B.M. bonmapenko [35], mpu pa3BUTHHU Mpoliecca MOJI3y4ecTH BO BpEMEHH HarpyKeHHOTO M3rubda-
€MOr0 KeJI€300€TOHHOTIO IEMEHTA, OIPEAEIeTCsl CHUKEHUEM PaBHOJAEHCTBYOIMUX YCWINH B CKaToM 30HE Oe-
TOHA ¥ yBEIMYEHHEM PaBHOACWUCTBYIOIIMX YCUIUI B apMarype. B pesynbpTare dyepe3 onpeaeneHHbIH IpoMexy-
TOK BPEMCHH { = T B pacCMaTpHBaeMoOM HaunboJiee Harpy>keHHOM CEYEHHUH OalKi MOMEHT JIOCTUTAET MpeesbHO-
ro 3HaueHHWs M obOpasyeTcs IulacTudeckuil mapHup. CraTHuecKas HEONpeAeTUMOCTh OalKh yMEHbIIAeTcs Ha
eauHuLy. Ecnu ncuepnanue npenespHOro MOMEHTa B CEUCHUH & IIPOU30iIeT XpyIKo (pa3pyLIeHUe 0 XPYIIKO-
My OETOHY), TO 0alika MOJYYUT TUHAMUYECKOE OTPYKEHHE M, COOTBETCTBEHHO, YBEIUYUTCS MapaMeTp 0000-
nieHHOH Harpy3ku (A,-i(f)) ¥ 3HaUeHHE JTUHAMHYECKOTO0 MOMEHTa ( MZ,H(t)) (Touka 3 Ha rpaduxke, puc. 2, 0).

Ecnu npu 3TOM B JIpyrux ceueHUs X Oaqkyd He JOCTUTHYTHI 3HAUEHHS MPEASIbHBIX MOMEHTOB BO3MOKHO JIANb-
Helllliee yBeIMueHHe BO BPEMEHHU 3KCIIO3UIINH JKUBYUECTH A,(f). Eciu jxe B IpyroM cedeHuM MOCTUTHYTO Tpe-
JenpHOe 3HaUYeHHE MOMEHTA, TO CTaTH4ecKas HEONpeAeIUMOCTh OalKH yMEHBIIASTCs Ha €AMHUIY M, COOTBET-
CTBEHHO, Ha TpauKe MOTYyYHUM TOUKY 4.

q(t)
by v v Gy vyl
l k |
a
An(t)
3 4
Ana(th———————— - 7
yau | : L M@
0 Mstl 5 | P
in(® My, () Mi,.0 M, ()
6 6

Puc. 2. OneHka )KUBYYECTH KECTKO 3alIeMIICHHOM XKeJIe300eTOHHOH Oanku:
a — pacyeTHas cxeMa U3rubaeMoro ene300eTOHHOTO IIEMEeHTa 3aIleMICHHO OaIKH;
6 — rpauK 3aBUCUMOCTH «TIaPAMETP KUBYUYECTH — MOMEHT» (A, — M (£)) 151 TIPOU3BOILHOTO CEYEHHs k paccMaTpUBaeMOil KOHCTPYKLIMK Oaiku;
6 — OIIpe/IeIICHIE M3MEHEHNsI Ieh)opMaLHil B CEYCHHN H3rHOaeMOro jKene300eTOHHOTO 2JIEMEHTa B IIPOLIECCE IT0I3y4eCTH
Figure 2. To assess the robustness of a rigidly pinched reinforced concrete beam:
a — design scheme of a pinched beam bent reinforced concrete element;
6 — graph of the dependence “robustness parameter — moment” (A, — M"(¢)) for an arbitrary section k of the considered beam structure;
6 — determination of changes in the section deformations of a bent reinforced concrete element in the creep’s process

AJNTOPHUTM IUIsl OTIpENENICHUsI MapaMeTpa SKCIO3HUIIUH KUBYUECTH KeJIe300€TOHHON cTaTHYeCKH Heompe-
JIEJTMMOU KOHCTPYKTUBHOM CHCTEMBI BKIIFOUAET CJIEIYIOLIUE 3TAIIbL:

1. Onpenenenue ycuinii B 31€eMEHTaX KOHCTPYKTHBHOM CHUCTEMBI Ha 3aJaHHOM YPOBHE 3KCILTyaTal[OH-
HOH HAarpy3Kk# BO BPEMEHU.
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2. Onpenenenne Moayiei nedopmariii 3J1eMEHTOB CHCTEMbI Ha 3aJJaHHOM YPOBHE 3arpyKeHHs W KpHUTe-
pHabHBIC TPOBEPKU NOCTYDKEHHS TPEACIBbHBIX YCUJIMHA B 3aBHCHMOCTH OT BPEMEHH Harpyxenus. B ocobom
HpeNeIbHOM COCTOSTHUH MOYKHO JIOIYCTHTH OOJIbIIIEe PACKPHITHE TPEIIMH M Pa3BHTHE MPOTHOOB, a TaKkXkKe 4a-
CTUYHOE pa3pylIeHNe HEKOTOPBIX CEYEHHH, YTO NPOTHBOPEUUT JEUCTBYIONIMM KPUTEPHIM IPEIEIBHBIX COCTOS-
HUI, 00eCTIeYNBAIONINX IKCILTYaTaAllMOHHYIO MMPUTOJHOCTh KOHCTPYKIUHA | 3/IaHHsI, HO HCKIIFOUACT HACTYIUICHHE
TeOMETPHUYECKON H3MEHSEMOCTH KOHCTPYKTHBHOM CHCTEMBI B 30HE BO3MOXKHOTO JIOKAJIBHOTO Pa3pyLICHUSI.

3. Ompenenenne Hanboee HAMPSHKEHHOTO CEUSHHUS k B DJIEMEHTAaX KOHCTPYKTUBHOM CHCTEMBI, B KOTOPOM
IPH MTPUIIOKSHUH 331aHHOM HArpy3KH JTHTEIBHOCTBIO ¢ = T TOCTHUTAeTCs MpeaelbHOe YCHIie (MOMEHT) U 00pa-
3yeTcs MePBbIM MIACTUUYECKUN IIIAPHUP B UCXOAHOU n-pa3 CTaTUYECKU HEOIpeaeIuMON KOHCTPYKTUBHOM CUCTE-
Mme (A(¢) Ha puc. 2, 6).

4. KpurepunanbHas TpOBepKa JOCTIDKCHUS HPENENBHBIX YCHIIMH B CEYEHHAX APYTUX JJIEMEHTOB KOH-
CTPYKTHBHOW CHCTEMBI.

5. Ecmm x0oTs OBl B OJJHOM CEYCHUH Kk IPYTHX SJIEMEHTOB IOCTHUIAETCS NPEaelbHOE YCHIIHE, COOTBET-
CTBEHHO, YMEHBIIAETCS CTaTHYECKas HEOIPEACINMOCTh CHCTEMBI (1—2)-pa3, TO MPH BEIYUCIEHHOM YPOBHE DKC-
TTO3UIINH KUBYUYECTH A,(¢) IPOU3BOIUTCS ONpPE/EIICHUE TapaMeTpa KUBYIECTH Ay-1(£), hno(f) U T. 1.

Pe3yabTarhl U 00cy:x1€eHNE

1. 'eomerpudeckue pa3Mephl U CXeMa apMUPOBaHUs JKelae300eTOHHOM Oanku ¢ ceueHueMm 120x70 mm
mmHO#M 1000 MM mpencTaBiieHo Ha puc. 3, a. banka 3ampoexkTupoBaHa U3 Tshxenoro 6erona kiracca B20. Apma-
Typa A500C, nuameTp NpodoJbHON BepxHEH W HIbKHeW apMatypsl 8 M. 3Hadenue &r = 0,493. [lpenenbpHoe
pacdyeTHOE 3HAUYCHHE MOMEHTA B CE€UCHHM Oanku cocTaBUT: My = 3,7 kH-M. MOMEHT TpemmHOOOpa30BaHUS
0anku M. = 0,331xH-Mm.

[TapaMeTphl IPUBEICHHOTO CeUeHUS: Ared = 9131,36 MM?; Sired = 547881,72 MM?; Lrea = 11309419,52 mm*.
Brruncnennoe mo gpopmyie (3) 3HaUeHHUE MEPHI MTOJI3YYECTH COCTABUT C(z, to) =0,898-10"" v / H.

2. Yeunmsi B )KECTKO 3allIEMIICHHOH JKe1e300€TOHHOM Oallke OT JKCILTyaTalliOHHON pPaBHOMEPHO paciipereicH-
HOM Harpysku ¢(¢) = 31,2 kH/m B Buzie omI0pbl MOMEHTOB M (7) (tne k=1, 2, 3 ..., HOMEp CEYEHHs B DIIEMEHTE)

12
MoKa3aHbl Ha puc. 3, 0. B cepenune mponera (cedenue 1, k = 1) MOMEHT COCTaBUT )/ = gt _ 1,3 kH - ™.

2
B npuonopHoii 30ue 6anku (ceuenue 2, k = 2) MOMEHT COCTaBHUT [ ;‘fn = % =2,6 kH-m.

3. Monyns aedopmanuii OT HEMPOIOIKUTEIBHOM IKCILTyaTallMOHHONW HArpy3KH COCTaBHT: MOAYIb Je-
dopmanun GeToHa B HayANbHBIA MOMEHT BpeMeHH Ej(fo) = E4(28) = 27,5-10° MIla (mo CIT 63.13330"); npuse-
JIEHHBIH MOAYNb AedopManunii xKene300eTOHHOH OaNKu B HArpy>KeHHOM COCTOSIHHH Ha yYacTKe ¢ TPEeIIMHAMH B
pactsiHyTOl 30HE Epreq = 5357 MIla. M3rubHas KeCcTKOCTh MPUBEACHHOTO TOMEPEYHOrO CEUYCHUs 3JICMEHTA B
Harpy>K€HHOM COCTOSIHHY Ha Y4acTKe C TPEIIWHAMH B PACTSHYTOH 30HE MpH ¢ = 28 CYTOK paBHa!

D, =E

0 b,red

(1,8)1,oq =5357-10°-1,13-10° = 6,05-10" H-m".

Monyns aedopmanuii OT NPOJOHKUTEIBHO ACHCTBYIOIICH AKCIUTyaTallMOHHONW HArpy3Kd C Y4EeTOM
HEPaBHOBECHBIX MPOIECCOB (MOJI3YyUECTh) COCTABUT Cieayollee 3HadeHue. [ mpakTuueckoro (KOJIM4eCTBEH-
HOTO) ompeaenieHuss Moayis nedopmaruii 6etoHa E5(f) HCIIONB30BaHE PEKOMEHIAITUH TI0 YUETY TOI3YIECTH U
ycaku OeTOHA TPU pacueTe OCTOHHBIX U Kelie300eToHHbIX KoHcTpykuuid, HUWXXB [33]. JlnutensHblii MOAYIIb
nedopmaliiii 0eToHa, OTBEYAIOIIUN JIMHEHHONW 3aBUCUMOCTH MEXIY HAMpPSDKEHUSMH U JeQopMaIusMu B MO-
MEHT BpEeMeHH ¢ = T IIPH Havalle 3arpyKeHus {p HaxomuTcs 1mo gopmye (7):

1

| .
E,(t,t)) = E—+c(t,t0)
b

-1
= {2751—109+ 0,898-10‘10} =7,93-10°MIIa.

! CII 63.13330.2018. BetonnbIe 1 xKene306eTOHABIE KOHCTPyKIH. OCHOBHBIE TOJI0XkEHU. M.: Munctpoit Poccnn, 2018. 152 ¢.
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Monyns nedopmaruit 6eToHa IpH MPOIOIDKUTEIBPHOM JAeiicTBIN Harpy3ku (corsacHo CII 63.13330):

E,  27,5:10°

= =7,2-10°MIla,
1+(pb,cr 1+2,8

b,er —

e Qper = 2,8 — KOADGUIMESHT MON3ydYecTH OCTOHA, 3aBUCSIIUI OT YCIOBUH OKpYy»XKarolied cpelbl (OTHOCUTEIb-
HOH BnaxkHoctu Bozayxa 40—75 %) u knacca 6erona B20.

Kl =

| A O -
, - =

q 1 Kl ==
LYy Y vovoovov ik
13 : 2 T
P 1=1000 4|, S

a
Co L 7 g MR
> \ T

11 O e —— | N
ql*/ 24 gl*/12
o
s?\
MHHN\NK L Y )Ji
Em——
/’/16 1,125ql%/ 16

Puc. 3. Ouenka nmoteHnyaNa >KUBY4ECTH KECTKO 3aIlIEMIICHHOH KeJIe300eTOHHOM Oanku:

@ — pacyeTHas CXeMa; 6 — SII0Pa MOMEHTOB B JKeJIe300eTOHHOM Oallke 7-pa3 CTaTHYECKH HEOPEIeIMMOil Ha 3alaHHOM YPOBHE
9KCIUTYyaTallMOHHO HAarpy3Ky BO BpEMEHH; ¢ — SII0OPa MOMEHTOB OT ANHAMHUYECKOT0 JOTPYKEHHS; ¢ — SIMI0pa MOMEHTOB B Oainke (n—1)-pa3
CTaTHYCCKHU HCOHpeHCHHMOﬁ TI0CJI€ IEPEPACIIPEACTICHUA yCI/IJ'II/Iﬁ OT JUHAMHUYECKOT'O JOTPYKECHUA
Figure 3. Assessment of the robustness potential of a rigidly clamped reinforced concrete beam:

a — design scheme; 6 — diagram of moments in a reinforced concrete beam n-times statically indeterminate at a given level of operational load in time;
6 — diagram of moments from dynamic additional loading; 2 — diagram of moments in the beam (n—1)-times statically indeterminate
after the redistribution of forces from dynamic additional loading

4. OnpenereHre HanO0JIEe HAMPSHKEHHOTO CEUCHHS K B 3JIEMEHTAaX KOHCTPYKTHBHOM CHCTEMBI U TTapameTpa Ax(?).
[epBoIit TUTaCTHYECKHIA MAPHUDP B HauOOJIee HAPSHKEHHOM CEYeHHS Kk 3JIeMEeHTa KOHCTPYKTUBHOW CHCTEMBI 00-
pasyeTcst Py TOCTIKCHHUH TPEAeITbHOTO yermmms (MoMeHTa). Takoe medopMupoBaHre CEICHUS JKeIe300E€ TOHHO-
r0 3JIEMEHTa O0BSICHAETCS TEM, YTO B KOHCTPYKIIUHU MPOSBIISIOTCS HEPABHOBECHBIC MPOIIECCHI CHIIOBOTO COMPO-
TUBJICHHUS U TIPOIECCHI JIErpajialli kKeJie300eToHa OoT Koppo3uu. Takue pazHOHAIpPABICHHBIE HEPAaBHOBECHBIC
MPOIIECCHl HapacTaHUsl IPOYHOCTH OETOHA BO BPEMEHH, HEUTPAU3aIlil OETOHA arpeCCUBHOW CPeJIoi, IMpoIecc
«CTapeHUs» U KOPPO3UU OETOHA OTHOBPEMEHHO, ciienys [38], MOTyT OBITh IIPEICTABICHBI UarpaMMaMHu puc. 4.

B nepBoM nipuOmKkeHH U3MEHEHHS TIPOYHOCTH HATPYKEHHOTO M KOPPO3HOHHO MOBPEKICHHOTO OSTOHA
BO BpEMEHH, YYMTHIBAIOIIUE MPOILECC HAPACTaHUS MPOYHOCTU 370POBOTO OeTOHA (Teopusi CTapeHHs OeToHa),
U TIPOIECC BO3/EUCTBUS arpecCHBHON cpenbl Ha OE€TOH, MOTYT OBITh OIMCAHBI C MOMOIIBIO JAehOpMAIMOHHON
moxenu ['.A. I'eanena [31] B ciaemyromieM BUe:

R,(t,0)=R()+R,() R, (1), (12)

rae RZ(I) — 3aBUCUMOCTD Ipeaciia MPOYHOCTU KOPPO3UOHHO IMOBPCKIACHHOI'O OeToHa Ha CXKaTHE OT BPEMCHH T,

Ry(f) — 3aBUCHUMOCTb TIpe/iesia MPOYHOCTHU 3I0POBOTO OETOHA Ha CKATHUE OT BPEeMEHU t; Rpy(fp) — mpeaen mpovyHo-
cTH OeTOHA Ha CXXaThe 0 MOMEHTa BO3JIEHCTBUSI arpeCCUBHON CPEIBL.
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Puc. 4. I'paduk u3meHeHus npeena IpoYHocTH 6eToHa Ry BO BPEMEHU:

I — nporiecc HapacTaHus IIPOYHOCTH GETOHA BO BPEeMEHH ¢ (CTapeHne 6eToHa); 2 — mpolece HeWTpanusanun 6eToHa
arpeccHBHOM cpeoii Bo BpeMeHH T (Koppo3us 6eToHa); 3 — 0JHOBPEMEHHO MPOLIECC «CTAPEHHs» U KOPPO3uH OeToHa
Figure 4. Diagram of the change of a concrete limit strength Ry at time:

1 — the process of increasing the concrete strength at time t (aging of concrete); 2 — the process of neutralizing concrete
with a corrosive medium at time 1 (concrete corrosion); 3 — at the same time the process of “aging” and concrete corrosion

[IpuMmeHnTENbHO K paccMaTpUBaeMon kele300eTOHHOM Oanke mpezen MPOYHOCTH OeTOHa Ha cKaTue 10
MOMEHTa BO3/ICHCTBUS arpecCUBHOM cpenbl cocTaBuT: Ry(fo) = 11,5 Mlla.

Hcnonp3yst 3aBUCUMOCTB Ul IIPAKTUYECKOr0 pacyueTa UINTEeIbHON INPOYHOCTH OCTOHA, MPEIIOKECHHYIO
I''A. T'enneBbiM [31], onpeaenuM mpeaes MPOYHOCTH 3J0POBOTO OETOHA Ha C)KaTHe OT BPEMEHHU B MOMEHT Bpe-
MEHH ¢ 110 QopmyIie

t+t,
28
Ry

R,(t)=R,|1-|1 13)

m

3aBUCUMOCTH TIpeJIeiia MPOYHOCTH KOPPO3IUOHHO MOPOXKICHHOTO OETOHA OMPENENsIeTCsl Ha OCHOBE TIONY-
YEHHBIX 3KCIEPUMEHTAIBHO-TEOPETUIECKUX HCCIEIOBAaHUI KOPPO3UOHHO MOBPEXKICHHOTO HATrpPy>KEHHOTO Oe-
toHa B.II. Censena [39]. Tak kak c:KUMarOIIKE HAMIPSHKEHUS 3aMEJISIOT MIPOIIECC IMePEeHOCa arpeCCUBHOM CPeIbI
B 00beMe oOpasna u kodhdurmeHT muddy3nn ymeHpmiaercs B 2—3 pasa, TO IIIyOHHY MOBPEKACHUS [IEMEHTHOTO
KaMHs B 00IIIeM BUJIC ONPECIISIOT (DyHKITMOHAIBHOM 3aBUCUMOCTHIO [39]

8=a=k(&)NDr =0,1WDx, (14)

e ¢ — BpeMs BO3JICHCTBUS arpecCUBHON cpenbl; k(E) — KOOQPHUIMEHT, YIUTHIBAIOUIMN HHCTPYMEHTAILHYIO TOY-
HOCTh OTIpeJleNIeHHsI OPAWHATEI, AJIsl HUEMEHTHOTO KaMHSI MO>KHO TpUHSTH paBHbIM 0,1; D — ko3¢ ¢unmeHT npo-
nBrxkeHus GpoHTa pazpyuierus (auddysun).

3nauenus koddduuuentos quddysun (D10° M?/4) 0T ypoBHS cXMMarOmIel HArpy3KH Ha IeMEHTHBII
KaMeHb 0e3 3amoyHuTeNsl (MCoib3yloTes pe3ynbTarhl skcrnepuMeHToB B.I1. Censiera [39]): npu P = 0,7Ppasp
cocraur D = 1,8. 3HadeHue mpenena MPOYHOCTH KOPPO3HOHHO MOBPEXKIECHHOTO OETOHa MOx ACHCTBHEM
Harpy3ku 0,7Ppasp cocTaBut R, (1) = 3,05 MIla.

[IpoYHOCTH HArpyKEHHOTO U KOPPO3UOHHO MOBPEIKIACHHOTO OETOHA BO BPEMEHH COCTAaBUT IpH ¢ = 40 5eT
Y BpeMs BO3JEHCTBUA arpeccuBHOU cpenbl T = 40 neT coctaBut Ry(¢,t) = 3,75 Mlla.
[MnacTuueckuii mapHup odpasyercs B cedeHuu 2 (puc. 3, 6), U MpeaebHOe 3HAUYCHHEe MOMEHTA B ceve-

HUM Harpy>kKeHHOH OaJku npu IEHCTBUM arpeccuBHOM cpenpl uepe3 40 ner coctaBur M = Mzh= 2,6 xH-m.

[Ipu 3TOM cuctema craHoBHTCA (n—1)-pa3 CTaTHYCCKH HEOMPEACITUMOM, TTapaMeTp KUBYUECTH PaBEH A,—i1(1).
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5. KputepranbHast MpoBEpKa MOCTIKCHUS TPEISTBHBIX YCHIIMA B IPYTHX CEUCHHSX NPYTHUX DJIEMECHTOB
KOHCTPYKTHBHOH cucTeMbl. [Ipr 0cO00M MpeebHOM COCTOSIHUM B HauOoJice Harpy)>XKCHHOM CeueHHH (ceueHue |
0aJyiku) BBITIONHSETCS IPOBEPKA MIPOYHOCTH, a 3aTeM MPOBEpKa JePOPMAIIMOHHOTO KPUTEPHS 0COO0TO TpeIeib-
HOTO coctosiHuA. [locie oOpa3oBaHMs MIACTHUECKOTO MapHHUpa (cedeHue 2 Oanku) B HanOoJiee HArpyKECHHOM
cedeHun (ceueHue 1 GaNKu) OT AMHAMHYECKOTO OTPYKEHUS MOMEHT IOCTUTHET 3HAUCHUS

Mst

1,n—1

12
=M @y+m! =4
I,n( ) 1,n 16

rae Mf’n — MOMEHT B CEYEHHMH | 7n-pa3 CTATUYECKH HEONPENEIMMOM CUCTEMBI OT MIHOBEHHOW Harpys3ku

_4r
P12
Hcnone3yem kputepuii mpouyHocTH Marepuana (0etoHa), nmpemnoxkeHHbid [.A. ['enneBsiM [31], KOTOpBIit
oTpesenseTcs TOCTHXEHNEM TTIABHOM JTHHEHHON nedopMaIyy € ee mpeieIbHOTO 3HAYCHHS €

g, +¢ =¢, (15)

rae € — nehopMalum, XapakTepu3yIoue IpoIece KPaTKOBPEMEHHOTO HArPyKEHUs; € — JeOopMalluu, Xapak-
TEPHU3YIOIUE MPOLECC NTUTEIHLHOTO HATPYKEHHSL.

[Ipu rcrionp30Banny A1 OETOHA PACCMOTPEHHOTO KPUTEPHS ONPEeIsIolee YpaBHEeHHE eT0 [UTUTEIhHON
MIPOYHOCTH MPHU G = const 3amuchIBaeTcs, cornacHo [31], B Buae

2 (1-e™). (16)

pu © = 0,1 cyr 5 e* =2-107; E; = 1,3-Eo = 1,3-27,5-10° = 35,75-10° MITa; Ryser = 15 MIIa; t = oo 3Ha-
YeHHE TPEeIeIbHOTO HAIIPSDKEHUS CyKaTol 30HBI OeToHa cocTaBUT 6* = 13,26 Ml]a.
I[anee BBITIOJIHACTCA MTPOBEPKaA ,I[e(i)OpMaLII/IOHHOFO KpuUTCpud OCO6OF0 nNpeaACIbHOTO COCTOSIHHUA CCUCHUS

JKeNne300eTOHHOM OajKy B 3aBUCUMOCTH OT BPEMEHH HArpy>KE€HHs W 3aKJII0YAacTCsl B IPOBEPKE HEPABEHCTBA I10
CIT 385.1325800.2018%

f< = (1/10-1/30)L. (17)

it 3TOTO BBRIMHCISETCS KPUBHU3HA B CEUEHUSX 1, 2, 3 jKeCTKO 3alieMIICHHOH JKene300eTOHHON OajKu OT
JUTUTEITEHOM SKCIUTyaTaIlnOHHON HArpy3ku ¢(f) mpu ¢ = 40 jer.

[TonmHas kprBH3HA Ha MEPBOH MOJyBOJHE KOJNEOAHMH OT DKCIUTyaTallMOHHOM HArpy3Kd U TWHAMHYECKOTO
JIOTPY>KEHHUA B ceueHusx 1 u 3 cocTaBuT:

(lj ~7,3.107g1 L (lj ~1,46-10qI>

7 J1n-1 M T )3 a1 M

[IpuMeHUTENPHO K paccMaTpUBacMOW KOHCTPYKIMH Oamku mpu ¢ = 31,2 xkHM, [ = 1,0 ™
nporud OT JUIMTENBHO JCHCTBYIOMICH OKCIUTyaTallMOHHOW HAarpy3kd W JWHAMHYECKOTO JIOTPYKEHHS
f=1910°m= 1,9 mm < 1/30L = 0,033 M = 33 MM, TO €CTh HpH 33JaHHOM BPEMEHH dKCILTyaTamuu ¢ = 40 neT
nociie 0co00ro BO3A€HCTBUS KHUBYUYECTh OAJIKK Oy/eT ncuepraHa.

2 CII 385.1325800.2018. 3amuTa 31aHMii 1 COOPYKEHHI OT IPOrPECCUPYIOIIEr0 OOPYIIEHHUS: IPABMIIA IIPOEKTUPOBaHUs. OCHOB-
HbIe Tostokernus. M.: Munctpoit Poccnn, 2019. 29 c.
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3akaouenue

[Ipu pacdere KOHCTPYKIIHI jK€1€300€TOHHBIX KapKacoB 31aHUI U COOPYKEHHUH C yU4eTOM HEPaBHOBECHBIX
MIPOIECCOB IITUTEIHHOTO BO3JIEHCTBHS CHIIOBBIX U CPEAOBBIX (PAKTOPOB MPH OIEHKE IKCIO3UIINU €€ KUBYYECTH
ClenyeT YUYMTBIBATh JJIUTENBHOCTh KCIUTyaTallU CTPOUTEIBHBIX KOHCTPYKUUN M CTENEHb €€ KOPPO3UOHHOIO
TOBPEXKICHUS BO BPEMEHH.
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BBenenne

[IpumeHeHne METKO3ePHUCTBIX BBICOKONIPOYHBIX O0eToHOB (MBB) B cTpouTenbcTBE OTKPHIBAET LIMPOKUE
MEPCIEKTUBBI TIPH BO3BEACHUH CIIOXHBIX, YHUKAIBHBIX OOBEKTOB, B YUCIIO KOTOPBIX BXOJIST MOHOJIMTHBIE CO-
OpYeHHs1, OOJIBIICTIPOJIETHBIE MOCTHI, 000104KHU. [Ipn 3TOM HeraTuBHOE BIUSIHHE OCHOBHOTO HEJOCTATKa MEJ-
KO3EpHHUCTOr0 OETOHA — IMOBBIIICHHON XPYIKOCTH — MOJKET OBbITh CYIECTBEHHO CHM)KEHO IIyTeM BBEACHUS B
Matpuily OeToHa cTainbHO# GuOps! B KonmuectBe 1-3 % 1o macce.

3apyOekHble CMeCH Ul MPOM3BOJACTBA BBICOKOIIPOYHOro OeToHa 00NafaroT CPaBHUTEIBHO BBICOKOIL
KECTKOCThI0. JIIsl IPUMEHEHUSI B MOHOJIMTHOM cTpoutenscTBe B Poccun nox pykosoactsoMm C.C. Kanpuenosa
ObuIa pa3paboTaHa TEXHOIOTHUS MOTYYECHHUS CAMOYIUIOTHSIIOIINXCS CMeceld HA OCHOBE KOMIUIEKCHBIX MOJIU(UKa-
TOPOB, OTJIIMYAIOIIMXCS MOBBIIIEHHON cerperanyoHHoN ycToHuuBocThio [1-3]. IlpuMenenue atux cMmeceit mpu
BBEJCHUU B MATpHIy KOPOTKOH cTanbHOH (huOphl mauHOW 13 MM IMO3BOJSIET CYIIECTBEHHO ONTHMHU3HPOBATH
TEXHOJIOTMYECKHUII MPOLIeCC MOHOJIUTHOTO CTpoHUTenbCcTBa. [IporeHT comepkanus GUOpPHI OKa3bIBaeT KIIOYEBOE
BJIMSHUE HA CTOMMOCTH IMoiydaeMoro craneduopoderona. Ha ocHOBaHMH KOMIUIEKCA OOLIMPHBIX 3KCIIEPUMEH-
TaJIbHBIX MCCIeNoBaHui [4] ObUIO MOKA3aHO, YTO VIS BEIOPaHHOTO THUNA (GUOPH MUHMUMAJIBHBIA MPOLEHT COnep-
)aHus (GUOPHI, IPU KOTOPOM TIPOSBISIOTCS TOJIOKHUTEIBHBIE CBOHCTBA (PMOPOBOTO apMUPOBAHMS, COCTABIISCT
1,5 % no macce (120 xr/m?).

Jnist TIOTHOLIEHHOTO MPUMEHEHUS MOJy4aeMOoro BhICOKOIpouHoro canedgudpobdetona (BCDB) B crpou-
TEJICTBE HEOOXOOUMO pa3paboTaTh U 00OCHOBATh METOAUKU TEOPETUYECKOrO ONUCAHUS €r0 CBOICTB, Kak IIpH
KpPaTKOBPEMEHHOM, TaK ¥ MPH JUIUTEIHHOM HarpyxeHud. i BHeApeHHs B MPaKTHUKY MPOESKTUPOBAHUS U pacye-
Ta KOHCTPYKIMA U3 cTaneduopoOeToHa 0COOCHHO aKTyaJIbHBIM SIBIISICTCA pa3pad0TKa IKCIEPUMEHTaIbHO 000C-
HOBaHHBIX METOIUK OIpEICICHUS CBOMCTB, COBMECTUMBIX C COBPEMEHHBIM IHMArpaMMHBIM METOIOM pacyera
KEJIe300€TOHHBIX KOHCTPYKLUH. J[aHHBII METO IIOCTPOEH Ha UCIOJIb30BAaHUU PEAIbHBIX AuarpamMm aedopmu-
pOBaHUs MaTepuala oJ Harpy3KoH.

Lenpio MPOBENECHHOTO TEOEPTUUYECKOT0 MCCICAOBAHMA SBISUIACh pa3padoTKa U 0OOCHOBaHWE MaTeMaTu-
YECKHUX 3aBUCUMOCTEH JUIsl ONMCaHUs (PU3MKO-MEXaHUIECKUX U PEOJOTHYECKUX CBOMCTB HCCIIEAyEeMbIX OETOHOB
TP HarpyXKeHUAX Pa3NUYHON JUTMUTEIHHOCTH, MPUMEHUMBIX AJIS JUarpaMMHOTO METOJa pacyeTa KOHCTPYKIIMH.
B Hacrosmieii cTaThe npuBeeHO 00001IeHHEe OCHOBHBIX Pe3yIbTaTOB JAHHOTO UCCIICIOBAHUSL.

CocraB MaTpuubl 0eTOHA ISl NPOBeJAeHHUS IKCIIEPUMEHTAIBHbBIX UCC/IeI0BAHMI

Jlist mpoBeieHnsT KOMITIIEKCA YKCIIEPUMEHTANBHBIX UCCIeA0BaHmiA [4] ObUT UCIIONB30BaH CIEAYIOMUNA CO-
craB GeTOHHOI cMecH: mopTaanauemMent mapku ITL[ 500 JJOH — 900 kr/m*; cynepmmactuduxarop MB3-50K —
360 xr/M’; mecok ¢ M, = 2.5 — 860 kr/m’; Boma — 190 kr/m’.

[lomyuenHast cMech TOKas3ajia BBICOKYIO ITOJBIDKHOCTH M 00JIajaja CerperannoHHON YCTOWYHBOCTBIO.
s nonyueHus craneguOpoOeToHa B COCTaB CMECH BBOMIIACH JIATYHUPOBaHHas GuOpa mpsSMoro npoduiis u3
BBICOKOYIJIEPOAUCTOM cTanu AuHOoH 13 MM 0,3 MM.

MeToanka nMocTpPoeHusi TeopeTudeckux guarpamm aedpopmuposanuss MBb u BCOb
NP KPATKOBPEMEHHOM C:KATUH

HccnenoBanue nuarpamMm CxaTHs €5—Gp BBICOKOIIPOYHOTO CTaneuOpoOeTOHA B CPABHEHUU C HEApMHUPO-
BaHHON MAaTpHICHl MPOBOIWIOCH MO JBYM CEpUsAM 00pasloB — TepBas CepHsl M3rOoTaBIMBanach 0e3 (QUOpHI,
a BO BTOPYIO OblIa BBeJeHa cTajbHas ¢ubOpa B konmmuectBe 1,5 % mo Macce. MeTonuka SKCIIEPUMEHTaIbHBIX
UCCIICJIOBaHUH, pa3paboTaHHas B [5] ¥ MOApOOHO omucaHHAas B [6], TO3BOJSCT MONYYHTh JUATPAMMBI CKATHUS
0eTOHA JI0 BRICOKHUX YPOBHEH HAMPSHKEHUSI, OMM3KUX K TPEACTy MPOYHOCTH.
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AHanuTHYECKOE OMMCAHHUE MOIYYCHHBIX UArpaMM IIPOBOAUTCS HA OCHOBAaHWH METOAMKH, OINMCAHHOU B [7].
3aBHCUMOCTh OTHOCUTEIBHBIX MPOJOJIBHEIX TeopMalinii 0ETOHA OT HANPSDKECHUN TIPEICTABISIETCS B BHIIE

Oy
€, = ) (1)
E,v,

rne £, — HavalbHBIA MOIYJNh YIPYTOCTH OETOHA, IPUHUMAEMBIH MpH ypoBHe HamnpsokeHuid 6 = 0,25Rp; vy —
K03 PUIIMEHT H3MEHEHHS CEKYLIETO MOIYIIS, BBIYUCIISIEMBIN TI0 popMyIie

vb:ﬁbi(vo—ﬁb)\/l—mn—(l—(n)n2. )

B ¢opmyne (2) miig Bocxoasieil BeTBH IuarpaMMbl IPUMEHSAETCS 3HAK IUTIOC, a HUCXOAALIeH — MUHYC,
1 — YPOBEHb HaNpsHKEHHUH B OeTOHE:

n=o,/6,; 3)

Op — ,Z[eﬁCTByIOH.[CG HAaIIpsI’KECHUC B 66TOH6; 6b — HAIIps’KECHUC B BCPIIMHC AUATPDAMMBI CXKATHA, AT HOPMATUB-

HOII IMarpaMMsbl pUHUMaeTcst G, = —R V, — K09 )HUUHEHT M3MEHEHNUS CEKYLIEro MOYJIsl B BEPLIMHE JHa-

b,ser ’
rpaMMBbl CXKXaTHA; Vo — HavalabHBIN K03(1)(1)I/I]_II/ICHT HU3MCHCHHUS CCKYLICTO MOAYJIA; (O — KO3(1)(1)HHI/ICHT, XapaKTepu-
3yIOH.IPIfI KPHUBHU3HY JUarpaMMmbl CKaTHUs:

— I BOCXO):[S[HIeﬁ BCTBU AuUarpaMMbl IPUHUMACTCA

vo=1,0; ®=2-2,5v,; 4)
— JUISl HUCXOZAIIEH BETBU AUarpaMMbl IPUHUMAETCS
v, =2,050,; ©=1,950, 0,138, (5)

KOB(l)(bI/ILII/ICHT HU3MCHCHUA CCKYILCIO MOAYJIA B BEPIINMHE AUATPAMMBI C)KaTHA BBITHUCIIACTCS 110 3aBUCUMOCTH

p,=—b (6)
Eg,

rac éb — OTHOCHUTCJIbHAs ,Heq)OpMaLU/ISI OeToHA B BCpIIMHC AUATrPDAMMEBI CIXKATHA:

2
k+ 0,8—0,15103000 B/ 60+0,2./ B
8, =21 , ™)
E, 0,12+ 1,038 /60

rae A — Oe3pa3MepHbIid K03()(UIMEHT, 3aBUCIIUI OT BUAa OeTOHA, NPUHUMAEMBII PaBHBIM | IJIS1 TSHKETIOTO |
MEJIKO3epHUCTOTO OeTOHa; B — YCJIOBHBIN Kilacc OeTOHa, MpUHUMAETCS paBHBIM 1,4Rpr; k — Oe3pa3sMepHbIit
koaddurrent, nus1 MBB k=1, niss BCOB k= 1,3.

Bemmuuna éb MOXET TAaKXKEC BBIYHC/IATHCS 110 3aBUCHUMOCTH

8, = k1075 (“\/’;:’;) (®)

rae k — 6e3pasMepHsiid koapduuuent, 1uas MBB k& = 200, ans BCOB k = 220; Ry — pasmepHblil k03)dUIHeHT,
npuHUMaeMblid paBHbIM 20 MIla.
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OTHOCHTENBHEIC TTOTIEPEYHbIe neopMaruu 6eToHa ONPEACIIIIOTCS 10 3aBUCHMOCTH
€p = —EpHp, (9)
rae W, — K03 PHUIMeHT monepednsIx aedopmarnuii OeToHa:
— 0 _ «
Mp = fip + (up — fip)y'1 — 12, (10)

311€Ch Ll — HAYATBHBINH KOXQQHUITHEHT MTOTIEPEUHBIX AehOopMAaITHii, TPHHIMAEMEBIA TIPH YPOBHE HanpspkeHHH 6 = 0,25Ry;
{l;, — 3HaueHHE KOAPPUIMECHTA TTOTIEPEUHBIX JIe(hOpMAITHil B BEPIIUHE UATPAMMBI CKATHUS:

fip = pp + (1—0,93/%p). (11)

Pe3ynbTaThl comocTaBieHUs MOTYYEHHBIX MO OMHUCAHHOW METOAMKE TEOPETUYECKHX AHarpaMM CrKaTus
MBBb u BCDBb ¢ onbITHRIMU JaHHBIMU MIPEACTABIICHEI Ha puC. 1.

140

-+ -lpoaonbHble MBB
Teop.

—m -lpoaonbHble BCOB
Teop.

—&—[1poaonbHble MBB
3Ken.

—a—pogonbHble BCOB
aKen.

HanpsaxeHua, MMNa

—m-[lonepeyHble MBB
Teop.

—e—[lonepeyHble MBb
aKen.

—m -onepeyHble BCOB
Teop.

——T[lonepeyHbie BCHB
aKen.

200 100 0 100 200 300 400

OTHocuTenbHble Aepopmauuu x10°

Puc. 1. CpaBHCHHE TEOPETUIECKUX H IKCTIEPUMEHTANBHBIX Auarpamm cxkatusi MBb u BCOb

P =+ Longitudinal HSFGC
y theor.

—& Longitudinal HSSFC
theor.

—4—Longitudinal HSFGC
exp.

——Longitudinal HSSFC
exp.

—® Transversal HSFGC
theor.

-8 Transversal HSSFC
theor.

—o—Transversal HSFGC
exp.

—e—Transversal HSSFC

200 -100 o 100 200 300 400 exp.

Relative deformations x10°

Stress, MPa

Figure 1. Comparison of theoretical and experimental compression diagrams
of the fine-grained high-strength concrete (FGHSC) and high-strength steel fiber concrete (HSSFC)
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MeToanka TeOpeTUIeCKOro onucanusi oomux mep noasydectu MBb u BCO®b
€ y4€TOM BO3PacTa B MOMEHT HATPY:KeHUs

Peonornyeckue cBoicTBa BBICOKONIPOYHOTO cTaneuOpoOeToHa B CpaBHEHUH ¢ HEAPMHUPOBAHHON MaTpH-
el B yacTu aedopManuii MojI3y9ecTH HCCIeI0BAINCH TI0 ABYM CepHsM 00pas3IOB-TIPHU3M, B OJHY M3 KOTOPBIX
BBOJAMJIACH CTalibHAs (hubpa B koynmyectBe 1,5 % mo macce. Harpyskenue o0pas3ioB IIUTEIbHBIM CXATHEM IMPO-
n3BoIMIIOCH B Bo3pacte 7, 28 wim 100 cyTOK B COOTBETCTBHHU C MPOTPaMMON HccliefoBaHus. BapbupoBanuch
TaK)ke YpOBHH HpukiaasiBacMoil Harpy3ku — 0,3R, u 0,6R;, a ansa Bo3pacta HarpyxeHus 28 cyTok — U 0,8Rj.
N3mepenne medopmariuii moa3ydecTy Iporu3BOIMIOCh B TeueHre 180 CyTOK Mmocie Harpy>KeHUs, a 3aTeM HCCIIe-
JOBalKCh AedopMaluy mocieacTBus B TeueHne 60 cyTox. MeToanka 3KCTIepUMEHTaIbHBIX HCCIEIOBAaHUN TO-
IpoOHO omrcaHa B [4].

J1 TeOpeTHYecKoro ONMMCaHMs Mep MOJI3YYeCTH MPeasarainch pa3InIHbIe MOAXO0Ibl. JKCIEPUMEHTAIb-
HBIN MTOXO0J] K OTMIMCAHUIO Mep MpocToi nmonzydect Obu1 mpeanoxen U.E. [Ipokonosuuem u M.M. 3acTaBoii 8]
W pa3BHUT Ha clydail HEJIMHEHHOH MOi3ydecTH AJs ucciieyeMblx 0eToHOB B [9]. B nanHOl cTathe paccMOTpHM
TEOPETUICCKUN TIOXO K OIMMCAHUIO MONBYYeCTH, pemnoxeHHsii B.M. bornapenko u H.1. Kapnenxko [10; 11].
B cooTBeTcTBUU € 3TUM MOAXOJOM 3aBUCHMOCTH OOIIIei Mephl MOJA3yuecTH OETOHA OT BO3pacTa HarpyXeHus f,
YPOBHS IPUKIIAABIBAEMON HArpy3KH 7] © MOMEHTA BPEMEHH f IIPEJICTABISACTCS B BUJIE:

Co(M,00,tg)—Co(M,to,t
Com, t, tp) = Co(M, 2, ) — 022, to)~Coto 10) ) (12)

[1+aZt(Est1-p|mT

rae Cy(n, o, ty) — npenenbHas Mepa Mmoj3ydecTd 0eToHa Bo3pacta ty; Co(M, to, tp) — HAYAIBHBIA BEpTUKATIBHBIN

.t
OTPE30K MEpHI MONI3yuecTr OeToHa; t = — — OTHOCHTENIFHOE BPEMs HATPYKCHHA; A, 1M, S — Oe3pazMepHbIe IMITU-
0

pudeckre KodhOUITHESHTEHI.
JlJis IpakTUYeCKOTo pacueTa B JaHHOH (hopMylie BO3MOXKHO npuHsaTHe 3Hauenus Cy(M, ty + 1,ty) BMecTo

. t
Co(n, to, tg), COOTBETCTBYIOIIEE [UINTSIBHOCTH HATPYKEHUSI | CyTKH, IPH 3TOM ¢ = oL
0

3navyenus obmux mep nomsydectu Co(M, g + 1,¢,) ompenesnsiiuck Mo ONBITHBIM NaHHBIM. [IpenenbHble
mepsl nom3ydectd Cy(1, ©,ty) ObUM OmpeneseHbl HAa OCHOBAHMH IIPEACIBbHBIX AeopMamuii MOI3yuecTr
€" (00, ty), BeruncieHHbIX o Metoauke 'OCT 24544-2020.

Jist onucanus momsydecty uccienyemoro MBb u BCOB B cOOTBETCTBHU ¢ JAHHOW METOAMKOW OBLI
npou3BelieH oA0op mapameTpoB s, o, m 3aBucuMoctu (13), obecreunBaOmnli COOTBETCTBHE TEOPETUUESCKUX
KPHBBIX OIBITHBIM JaHHBIM. 3Ha4EHUs MONOOPAHHBIX IApaMETPOB B 3aBUCUMOCTH OT BO3pacTa OETOHa B MOMEHT
Harpy>kKeHHs U ypOBHS NPHUKJIaIbIBAEMOI Harpy3KH MpHUBeIeHbI B Ta0m. 1, 2.

Tabnuya 1
3HaueHHs1 mapaMeTpPoB o0uIeii Mepbl nmoa3ydectu A MBB
Bo3zpacr s a m
Harpy:;eHms, cyT. 0,3R» 0,6R» 0,8R» 0,3R» 0,6R» 0,8R» 0,3R» 0,6R» 0,8R»
7 3.3 3.9 - 3 0,5 - 9,46 14,5 -
28 4,8 6,4 6,5 0,9 1 1,4 8,4 9,5 10,5
100 10,9 7,9 - 4,7 4,6 - 7,4 5,6 -
Table 1
Values of the parameters of the overall creep measure for the FGHSC
Loading age, s o m
days 0.3R» 0.6R» 0.8R» 0.3R» 0.6R» 0.8R» 0.3R» 0.6R» 0.8R»
7 3.3 3.9 - 3 0.5 - 9.46 14.5 -
28 4.8 6.4 6.5 0.9 1 1.4 8.4 9.5 10.5
100 10.9 7.9 - 4.7 4.6 - 7.4 5.6 -
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Tabnuya 2
3HayeHMs] apaMeTpPoB oduleil Mepbl noa3ydect A1 BCOb
Bospacrt s o m
HarpyeHus, cyT. 0,3R» 0,6R» 0,8R» 0,3R» 0,6R» 0,8R» 0,3R» 0,6R» 0,8R»
7 4,3 13 0,35 0,3 - 7,9 20 -
28 0,6 2,8 7,7 0,7 1,27 32 11 5,85 9,9
100 9 4 - 4 4 - 6,7 4 -
Table 2
Values of the parameters of the overall creep measure for the HSSFC
Loading age, s a m
days 0.3R» 0.6R» 0.8R» 0.3R» 0.6R» 0.8R» 0.3R» 0.6R» 0.8R»
7 43 13 0.35 0.3 - 7.9 20 -
28 0.6 2.8 7.7 0.7 1.27 32 11 5.85 9.9
100 9 4 - 4 4 - 6.7 4 -

Pe3ynbTaThl MOCTPOCHUS TEOPETHYECKUX KPHUBBIX MEp ITOJI3yYECTH B CPAaBHEHHH C ONBITHBIMU JAHHBIMHU
st MBB u BCOB B Bo3pacTe HarpyskeHus 28 CyTOK IIpeACTaBlIE€HbI Ha puc. 2, 3.

508

Mepa nonayyectu x10% MMa-!

w
&)

MBBE 28 cyTok

L = g
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Figure 2. Curves of creep measures for the FGHSC loaded at the age of 28 days
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Figure 3. Curves of creep measures for HSSFC loaded at the age of 28 days

MeTtoauka nocrpoenus nuarpamMmm-u3oxpon MBb un BCOb
IPH KECTKOM pesKUMe HAIPysKeHUs

Ha nponecc nehopmupoBanust 6eToHa B MOMEHT BPEMEHH ¢ CYIIECTBEHHO BJIMAIOT ABa (pakTopa — BO3pAcT 3a-
rpy»aeMoro 0eToHa fy U JUIMTEIBHOCTh JACHCTBUS HArpy3ku (t—fy). Uem OOJbIle AIUTEIBHOCT JCHCTBUS HArPy3KH,
TeM 3HaYUTENNbHEe MPOSIBIISIETCS BIUSIHUE eopMarii Mo3y4yecTr Ha O0IyI0 KapTHHY AedopmupoBanusi. Eciu Bce
TOYKHU AxarpaMmmbl AeopMHPOBaHHs OETOHA €,—0p MOTYUCHBI IPH OJHOM M TOM K€ BPEMEHH HArpy>KeHus (—f), TO
TaKyl AuarpaMMy Has3bIBalOT AMArpaMMOM-M30XPOHOH IpH 3aJaHHOM BPEMEHHU HarpyxeHus. Brepsele uzes mo-
CTPOCHUS JUarpaMM-H30XpoH nosiBuiack B padote [1.M. Bacunbesa [12]. [lo3aHee auarpaMMbI-H30XPOHBI paccMart-
puBanuch B.M. bornapenko B [13]. Meronuka mocTpoeHus tuarpaMM-H30XPOH, TTO3BOJISIONIAs ONpeNeNsiTh aedop-
MalliM B 3aBUCHMOCTH OT YPOBHS Harpy>k€HUsI B JIFOOOI MOMEHT BPEMEHH, MOXKET OBITh MCIIOJIB30BaHA IIPU pacyeTe
KOHCTPYKLIMI B COOTBETCTBHHM C JAMAarpaMMHBIM METOZOM pacueTa. B CBs3M ¢ 3THM aKTyalbHBIM NPEICTaBIAETCS
pa3paboTka 000CHOBAaHHON METOAMKHU TEOPETHUYECKOTO TIOCTPOSHUS AUarpaMM-U30XpoH 1t uccaeayemoro BCOB.

B kauecTBe 3TJIOHHBIX PEXHMOB Harpy>KCHHUsl IpU MOCTPOCHUH AMArpaMM-H30XPOH PacCMaTpUBAIOTCS
JIBE CUTYyaIllH:

— KECTKHH peXUM HarpyXeHHs IpeAronaraeT IpuiloKeHne BCe Harpy3Ku B T€UEHHE HEMPOAOKUTENb-
HOro BpeMeHH (o | 9aca) u ee coxpaHeHHE HA HEM3MEHHOM YPOBHE B TEUCHHE JAJIbHEHUIIIET0 BpPEMEHH (1—1o);

— MATKUI PEeXUM HArpyXeHus IpeanosaraeT JMHEHHOE BO3PACTaHUE HArpy3KH OT HYJIS IO IIPOCKTHOTO
3HAYEHUSI Ha MPOTSHKEHUH BCETO BPEMEHHU (f—fp) CO CKOPOCTHIO, OJTM3KOH K TIOCTOSTHHOM.
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Komrmieke sKcIiepuMEHTOB, OMHCAHHBIA B [4], TMO3BOJSET HCCIEHOBATH KECTKUN PEKUM HArpyKCHUS
MBB u BCOB or 1 yaca 3arpyxenus g0 180 cytok. Ha ocHOBaHNHM OIBITHBIX JAaHHBIX OblIa pa3paboTaHa METo-
JIUKa TIOCTPOCHHUS TUArPaMM-H30XPOH IS HCCIeIyeMbIX OETOHOB, MoApoOHO onucanHas B [14]. [IpuBenem oc-
HOBHBIE 3aBUCUMOCTH JTAHHONH METOIMKH.

JnutenpHOE HarpykeHHe OeTOHa CHKaTHEeM CHIKAeT ero MPU3MEHHYIO MPOYHOCTh. JnTenbHas mpod-
HOCTb OETOHA MPH JKECTKOM PEKUME HATrPy KEHUS OTNPEACIIAETCS 10 3aBUCUMOCTH:

_ Yp2(1—v¢)
Rb,ser(tv to) = Rb,ser(to) {[0'95 —-1,57-10 2 In(t — to)]Yt + 1_(1_:—/122)9—1:/1(1:—1:0)}’ (13)

rae Yy = 1 ams ®KeCTKOro pekuMa HarpyKeHUs; Yy, — Kod((UIMEHT IS ydeTa BIMSHUS BO3pacta OETOHA U
YCTIOBHIl TBEP/ICHNS Ha JUIMTEIBHOE CONPOTUBICHHE; R, ser(to) — HAYANBHEI IIpeen IPOYHOCTH NPU CHKATHH
JUTSL TAaHHOTO BO3pacTa 3arpyKeHusl.

HpaKTI/I‘IeCKOe IMOCTPOCHHUE JUarpaMmM-nu3oxXpoH JJIsI MOMCHTAa BpEMCHHA t BBITIOJTHAETCS C UCIOJIb30BAHUEM
3aBHCHMOCTH, aHAJIOTUYHOMN CIIyYar0 KPaTKOBPEMEHHOT'O CKATHUs, HO BXOJSIIUE B HErO BEJIMYMHBI ONPE/ICIISIOT-
Cs C yUETOM BPEMEHH HATpYKeHUs (—1):

_ op(tto)
ep(t) = Ep(t,to)vp(tito)’ (14)

rae oy (t, ty) — HANPSKEHHUE CXKATUS B MOMEHT BpeMeHH (1—fp), ONPEIEIIEMOE C YUETOM YPOBHS HArPYKEHHS 110
BeIpaXKEHHIO 0} (L, ty) = N(t, to)Ry (L, ty), 30€Ch

Rp(tt
Nt o) = n(t) s (15)

Ep(t, ty) - HaYaTBHBIA MOIYNb YIPYTOCTH B MOMEHT BPEMEHH (f—1y), s )KECTKOTO PeXUMa HarpyKEHHS IpH-
Humaembiii kak Ej,(tg); v, (¢, ty) — K0IpOUIHEHT U3MEHEHHS CEKYIIEro MOJIYJS C YYeTOM [UTHTEIBHOCTH
Harpy>KCHHUsI, BEIYUCIISIETCS TI0 3aBHCUMOCTSIM:

vy (6, to) = Dy (L, to) + [vo (L, to) — Dy (L, tp) Y1 — wn(t, tp) — (1 — w)n?(t, to); (16)
w =2 —2,57,(tt). (17)

FpaHHqHBIe 3HAYCHU KOBq)(i)I/II_[I/IeHTa HU3MCHCHHUS CEKYIIETO MOOYJISI pEKOMCHAYCTCA BBIYUCIIATH 110 3aBU-
CHMOCTAM:

1

vo(t, to) = 17— (18)
0, (L, ty) = —2b 19
Vot to) = 14953 (L to) (19)

rae ¥y, — K03 hHUIMEHT N3MEHEHHMS CEKyIIIero MOYJIS TP KPaTKOCPOYHOM C)KaTHH, ONPEIENIeMbIi 1o (opmyite (6).
Benuunna @(t, ty) Ha3pIBA€TCSA XapaKTEPUCTUKOM MON3YUYECTH; BETUUUHBI Q¢ (t, to) 1 P(t, ty), BXOAsIINE
B (18), (19) — cOOTBETCTBEHHO XapaKTEPUCTHKH MOJI3yUYECTH B Hadalle M B BEPIIMHE AUArPaMMBI-U30XPOHBI IIPU
cxkatuu. [IpuBeieM anroputM pacyera XapaKTEPUCTHKU MOJI3YYECTH C YIETOM €€ HEIMHEHHOI 3aBUCUMOCTH OT
YPOBHS Harpy>KeHUsl.
XapaKkTepuCTHKa TIOJI3yYeCTH JUIS KECTKOTO PeXKNMa HarpyKeHHS UCCIEIyeMbIX OETOHOB B MOMEHT Bpe-
MEHH (#—to) OIIpeNeNsieTCsl BEIpaKEHUEM:

o(t, ty) = @f (t — to)A(L, ty), (20)
3mech @ = @(o0,ty) — TMpeneNbHas XapakTepucThKa monsydecty; f(t — ty) — QyHKIMA I ydeTa HapacTaHUs

BO BpeMeHH Mepbl momsydectd; A(t,ty) — QYHKIHs Ui yueTa BIUSHUS OBICTPOHATEKAIOIICH MOI3YYeCTH B
Hayase 3arpyxeHus..
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[IpenenbHas XxapakTepUCTHKA MTOI3YYECTH C YIECTOM HETMHEHHOCTH B opmyire (20) BEIYUCISICTCS IO BBI-
paKeHUIO:

@ = eNE &) fe, (21)

rIe (pN — mpenenbHas GYHKIUS 11 OETOHOB, HAXOISAMIUXCS B ATAJTOHHBIX YCIOBHIX, 3aBUCUT ITPEUMYIIICCTBEH-
HO OT BHJIa OCTOHA; U3 COIOCTABJICHUS TEOPETHUUCCKUX U OMBITHBIX JaHHBIX s MBB (pN = 4,5, nmia BCOb
cpN = 3,6; k03 PunmeHTs! ; U §, YUUTHIBAIOT BIUSHUE BIAKHOCTH CPEbl U YCIOBUS BIarooOMeHa co cpeioi
COOTBETCTBEHHO; ()(ty) — DyHKIMS TSl ydeTa BIUSHUS CTapeHHus OETOHAa Ha Mepy MOJI3YYeCTH, OmpeessieMast
BBIPAKEHUEM

Q(ty) = 0,5 + de2Y1to, (22)

rje mapameTpsl d M y; Ha3HAyaloTCAd B 3aBUCHMOCTH OT MOJIYJS OTKPBITOH MOBEPXHOCTH KOHCTPYKLUH; fr —
(YHKLUS HENMHEHHOCTH TOJI3YYECTH B 3aBUCHMOCTH OT YPOBHS HAarpy>KeHHsI, ONPeesieTCs] BRIPAKEHUEM:

Rp(t,to)\?
fo=1+ve (D) n2(t,to), (23)

rie v, — K03QUIHUEHT yueTa 3aBUCUMOCTH (QYHKIMU HETMHEWHOCTH OT BO3pacTa 3arpyKeHus OeToHa, moa0u-
paeMmpblii ¢ yaeToM BHa O€TOHA M BO3pacTa HarpyKeHUsl.
OyHKIMA A5 yueTa HapacTaHus BO BpeMEHH Mephl on3ydecTH B hopmyse (20) onpenemnsercs: Kak

f(t—ty) =1—De %t=t) — Be=Y1(t=to), (24)

IJIe Y1 Ha3HAYaeTcs B 3aBUCHMOCTH OT MOJYJISI OTKPBITON MOBEPXHOCTH KOHCTPYKIIUH; JIJIsl KiCCIEeyeMbIX OeTO-
HOB mapametpsl B = 0,475; D =0,525; a = 0,1.

OyHKIUs IS yueTa BIUSHHs OBICTPOHATEKAIOIICH MOJM3y4eCTH B Haudaje 3arpyxxeHus B dopmyie (20)
nput —ty < 1 cyTku onpenensercs CieIyrIuM 00pa3oM:

A(t, tp) = /1 + 0,314 1In(t — ¢t,), (25)

npu t —ty > 1 cyT dynkuus A(t, ty) = 1.

Takum 00pa3oM, TpPaHUYHBIC 3HAYCHUS XaPAKTEPUCTHK MOM3YYeCTH ©¢(t,ty) u P(t, ty), BXOASIIHE B BbI-
paxenus (18)—(19), BHIUKCISAIOTCS 1O MPUBEICHHOMY Bbile anropurmy mpu N(t, ty) = 0 u mpu n(t, ty) =1
COOTBETCTBEHHO.

CremyeT OTMETHTB, YTO pa3pabOTaHHAas B paMKax JaHHOW METOAMKH (OopMa 3aluCH XapaKTePHCTHKH
nomyuectd (21) maetT BO3MOKHOCTh BBIYUCIICHUS OOILCH MEphl MOJI3YYECTH C YUYETOM €€ HEeJIMHEHHON 3aBUCH-
MOCTH OT YPOBHSI Harpy>KeHHUS 110 BBIPAKEHHIO

t,t

[Ipu sTOM mpenenbHas Mepa MOJ3ydYecTH Uil OETOHA, 3arpy>KaeMoro B ATAJOHHOM Bo3pacte 28 CyTOK,
C IPHEMIJIEMOM TOYHOCTBIO MOXKET BBIYHUCIIATHCS 110 BHIPAXKEHHIO

N
C(0,28) = %fc- @7)

Ha puc. 4 u 5 npeacraBieHO CONOCTABICHNE TEOPETUUECKUX U 3KCIIEPUMEHTAIBHBIX JHarpaMM-U30XPOH
MBB u BC®B, 3arpy:xeHHoro B Bo3pacte 28 CyTOK, IpH Moo KUTeNbHOCTH HarpyskeHus 0,05 cytok (1 gac) u
180 cyTok.
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120
100 » A
// —&— Exp. short-term compression
diagram
80 ~
& / —— Exp. instant elastic
2 / deformations
a4 60 7
b4 N .
g K Exp. elastic + creep
@ 20 deformations at 180 days
~&—Theor. isochron diagram at
X 0,05 day
20
—#—Theor. isochron diagram at 180
days

o

0,001 0,002 0,003 0,004 0,005 0,006
Relative deformations

Figure 4. Theoretical and experimental isochron diagrams for the FGHSC loaded at the age of 28 days
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Figure 5. Theoretical and experimental isochron diagrams for the HSSFC loaded at the age of 28 days

3akaouenue

HpeIICTaBHeHLI OCHOBHBIC PE3YJIbTaTbl TCOPETHUUYCCKUX I/ICCJIeI[OBaHI/Iﬁ (1)I/I3I/IKO-M6X3HI/IHGCKI/IX 1 PCOJIOTH-
YECKUX CBOWCTB BBICOKOIPOYHOTO CTallehuOpoOETOHA ¢ MUHUMAIBLHBIM 3(P(PEKTUBHBIM COJICPKAHUEM BhIOpaH-
Horo Tuma ¢uodps! 1,5 % mo macce B cpaBHEHHH C HEAPMUPOBAHHBIM MEIKO3E€PHUCTBIM BBICOKOIIPOYHBIM OETO-
HOM Ha OCHOBAHUM KOMIIJIICKCA OIIBITHBIX JaHHBIX. B paMKax JaHHOT'O MCCICAOBAHUA ITOJYUYCHBI CICIYIOLINEC
OCHOBHBIE PE3yJIbTATHI:

— OTKOPPEKTUPOBaHA METOMKA OIMMCAHUS JUATrPaMM MPOJOIHHOTO U MOTIEPEYHOTO AeQOPMHUPOBAHUS HC-
ClIeTyeMbIX OETOHOB MPH KPAaTKOBPEMEHHOM C)KaTHW BIUIOTH JI0 BBICOKHX YPOBHEW HANPSOIKEHHS B BEpIINHE
Jarpamm;

— IIPOBENICHO OTHCaHUE OOIIUX Mep MOJI3YYECTH UCCIEAYEMBIX OETOHOB B COOTBETCTBUH C TEOPETHUECKUM
nmoaxoaoM B.M. bormapenko n H.W. Kaprerko ¢ mogbopoM COOTBETCTBYIONUX ITapaMETPOB;

— Ha ocHOBaHMU pabot B.M. Bonnapenko pa3zpaboTaHa MeTOIMKa TIOCTPOSHUS TUArpaMM-U30XPOH HCCIIe-
JIyeMBIX OCTOHOB JUISl JIIOOOT0 MOMEHTa BPEMEHHU C YYSTOM HEIIMHEHHOW 3aBUCUMOCTH TOJ3YyYECTH OT YPOBHS
Harpy>KeHHUsI.

[IpencraBineHHbIe METOIUKH MPOIUIN MPOBEPKY IyTEM COTOCTABJICHHUS C ONBITHHIMU JAHHBIMH M MOTYT
OBITH HMCITOJIL30BaHBI MPU PacyeTe KOHCTPYKIUN M3 HUCCICIYyEMBIX OCTOHOB B COOTBETCTBHH C JUATPAMMHBIM
METOJIOM pacueTa.
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YCcTOHYMBOCTH MOJOTHX 000/109€K MOKPBITUS
IPU MECTHOM M3MEHEHHHU NMPOYHOCTHBIX XapPAKTEPUCTHK

A.T. KojgecHukos , A.B. Ocaguas
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Hcrtopus cTaTbu AHHOTanus. PaccMaTpuBaroTCsl KOHCTPYKIMH MOKPBITUH 3[JaHUA U COOpYKe-
IMocrymina B pepakuuio: 22 aBrycra 2022 . HUIA B BUJIE TIOJIOTHX 000JI04eK, MMEIOLIHX HEKOTOPbIe MOBPEXICHUs. BbIBOIAT-
Jopabotana: 12 okrsiops 2022 r. Csl ypaBHEHUS, YUUTHIBAIOIINE T€OMETPHUECKYIO0 HEIMHEHHOCTh PabOTHl TOHKO-
[punsTa k myoOmukamuu: 15 oktsopst 2022 T. CTEeHHON KOHCTpPYKIMH. JlaeTcs MeTonnka pelieHusi CUCTeM YPaBHEHHU C TIO-

Momiplo Merona byOHoBa — I'anepkuna. Mopenupyercs padoTa KOHCTPYKIMH
C pa3IMYHBIMM CrIocoO0aMu 3aKperuieHus kpaeB. [loBpexxaeHus 3amarTcs n3mMe-
HEHHEM MOJYyJIsl YIPYTOCTH Ha MPOU3BOJIBHOM ydacTKe KOHCTpykuuu. Hccnemy-
eTcsi BIUsSHHE (OPMBI M pacroiiokeHHus Nedekra Ha BENUYHHY KPUTHYECKOH
Harpy3ku. Pe3ynbTaThl IpOBEIEHHBIX HCCIIE0BAaHUN NPUBOIATCA B Oe3pazmep-
HOM BHJI€ W HJUTIOCTPUPYIOTCS TpadUKaMH, 4TO JieNaeT yIOOHBIM UX HCIOJB30-
BaHHE B MH)KEHEPHBIX pacuerax. JIaloTcst pekoMeHIaImu 110 KOPPEKTHPOBKE (hOPMBI
1 TOJIIMHBI KOHCTPYKUUI MOKPBITHH B BHIE MOJOTUX O0OJIOYEK Ui COXpaHe-
HUSI MX HECYIIEH CIOCOOHOCTH NMpH BO3HHKHOBEHHMH JedekToB. IIpeanoxkeHnas
IIOCTAHOBKA 33/1a4¥ MOJKET HCIIOJIb30BAaThCA AJIS ONPEAETICHUS U UCCIEIOBAHUSA
HaInpsDKeHHO-Ie(OPMHPOBAHHOTO COCTOSIHHSL KOHCTPYKUUE B BHIE MOJOTHX

000JI0UEeK C YIEeTOM TeOMETPHYECKON HEIMHEHHOCTH pabOThI MPU HAIUYHH B HUX
nedextoB. IloctpoeHHble TpadWKH 3aBUCHMOCTH KPHUTHUYECKOH HArpy3ku OT
Pa3MUYHBIX MAapaMETPOB IMO3BOJIIIOT OLEHHTH PabOTy KOHCTPYKIHMH C y4eTOM
W3MEHEHHSI Pa3INYHBIX (AKTOPOB HAa pasHbIX CTAAMSIX PAaOOTHI KOHCTPYKIHH.
Hcnonp30BaHre U3MEHSIOMINXCS XapaKTEPUCTHK CHUKEHUS MOJYJIsl yIIPYTrOCTH,
BO3HUKAIOIINX BCJICICTBHE BOSHUKHOBEHUS Je(eKTa, MMOKa3bIBaET PEe3yIbTaThI,
pUOIKEHHbIE K PEaTbHBIM YCIOBHUSIM.
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given. The work of the structure with various ways of fixing the edges is simu-
lated. Damage is specified by changing the modulus of elasticity in an arbitrary
section of the structure. The influence of the shape and location of the defect on
the value of the critical load is investigated. The results of the studies carried out
are given in a dimensionless form and illustrated by graphs, which makes it con-
venient to use them in engineering calculations. Recommendations are given
for correcting the shape and thickness of coating structures in the form of shal-
low shells in order to maintain their bearing capacity in the event of defects.
The proposed method can be used to determine and investigate the stress-strain

state of structures in the form of shallow shells, taking into account the geomet-
ric nonlinearity of work in the presence of defects in them. The constructed graphs
of the dependence of the critical load on various parameters make it possible to
evaluate the operation of structures, taking into account changes in various fac-
tors at various stages of the structure's operation. The use of varying characteris-
tics of the reduction in the modulus of elasticity, which appears because of
the occurrence of a defect, shows results that are close to real conditions.
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BBenenue

[IpocTpaHcTBEeHHBIE KOHCTPYKIIMK B BHJE MOJOTHX 00OJIOYEK HAILIM IUPOKOE MPUMEHEHNE NP BO3BE-
JIEHUH OOJIBIIETIPOTIETHBIX 3/IaHUl M COOPYKEHHH, B KOTOPHIX €CTh TPeOOBaHHUS K OTCYTCTBHIO BHYTPEHHHUX
omop. Ilpu 3TOM, Ha cTamuy SKCIUTyaTallMd MOTYT BO3HHKHYTh MECTHBIE A€(PEKTHl B KOHCTPYKIIUH, KOTOPBIC
MIPUBOMAT K OOIIEH IMTOTEpH MPOYHOCTH WK ycToHumBOoCTH (pHC. 1).

WzyueHnto KOHCTPYKIMIA B BUJE TOJOTUX 000J0YEK B HACTOAIICE BPeMs yIelseTcs 3HAYUTeIbHOE BHU-
MaHUe BO BceM Mmupe. [IpoBoasTCs ucciaenoBanust yCTOWIUMBOCTH [ 1-3] U KoneOaHuil KOHCTPYKIHit [4—7], B TOM
qrclie B HEMMHEWHOM noctaHoBKe [8; 9] 1 pa3nuyHbIX GopM cpeaurHoi noBepxHocta [10—12]. MHTEpecHH pa-
0OTHI, aHATM3HUPYIOIINE TMOBENCHUS CIOUCTHIX [13—15] U opTOTpOMHBIX MOJOTHUX 0OoJoueK [16], pe3yapTaTh
KOTOPBIX MOTYT OBITh UCTIOJIH30BAHBI JIJIsI MOJCITUPOBAHUS JKEIe300€TOHHBIX H aPMOIIEMEHTHBIX KOHCTPYKIIHIA.

Oco0bIif HTEpEC MPEACTABISAIOT PabOTHI, B KOTOPHIX HCCIEMYETCs IIUTEIbHAs IPOYHOCTh 000JI0UYEK IT0-
KPBITHS ¥ CHIDKCHHUE €€ B CIICIICTBUH Pa3TUIHBIX GakTopos [17; 18].

Ho nepen mpoekTHpoBIMKaMH 3a9acTyIO CTOST 337a4i He TOJBKO pacyeTa KOHCTPYKIIHMIA, HO M UX HCCIe0Ba-
HHUSL, TIO3TOMY pa3paboTKa METO/IOB WX aHan3a sIBJsIeTCs BAYKHOU 3afadeil. B HacTosiee BpeMs OONBIIMHCTBO TaKHUX
KOHCTPYKIIMH PAaCCUHUTHIBAIOTCS W UCCIIEAYIOTCS TIPH ITOMOIIH MPOrPaMMHOr0 O0ecTiedeHusl, OCHOBAHHOTO Ha METOIe
KOHEYHBIX 35ieMeHTOB [19; 20]. D10 yao6HO Ui UHKEHEPHOTO TpoekTHUpoBanust. OIHAKO, B CITydae HEJTMHEHHBIX 3a-
Jlad MOKHO TIOJTYYHUTh PE3YNbTaThl, TOYHOCTh KOTOPBIX TPYIHO OLCHUTH. PerieHne CHiabHO 3aBUCUT OT THUIA U YUCTa
KOHEYHBIX 3JIEMEHTOB, TIPHYEM YBETHMYCHHE KOIMUECTBA JIEMEHTOB HE IPHUBOIUT K IOCTATOYHOMY YPOBHEO TOYHOCTH.
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Puc. 1. O6py1eHne npocTpaHCTBEHHOI KOHCTPYKIUH TTOKPBITHS 34aHus TpaHcBaasb-niapka, MockBa (ceepxy)
u 3nauust bacmanHoro peinka, Mocksa (cHu3y)
Figure 1. The collapse of the elite structure of the covering of the Transvaal Park building, Moscow (above)
and the building of the Basmannyi market, Moscow (below)

B pemieHnn HEKOTOPBIX 3324 MPOSKTUPOBAHUS, & 0COOCHHO CHHTE3a U aHaIM3a KOHCTPYKIUIA Oosiee TOUHBIC
PE3YNIBTAThl MOXKHO MOJTYYHUTh € UCTIOJIB30BAHUEM YHCIEHHBIX METOIOB MPSIMOT0O BapUALIMOHHOTO UCUKcieHus [21-24].

Pa3paboTka 4MCIEHHBIX METOIOB pacueTa U aHalli3a TOHKOCTEHHBIX KOHCTPYKIMH ¢ nedekramu, pabo-
TaIOUINX B HEJIMHEHHON cTaauu 1eOpMUPOBAHUSI OCTACTCS aKTyalbHOMU 3a7aueil.

MeTtoanl

3anmavya pacdera KOHCTPYKIMHA TMOKPBITHI 3JaHUA W COOPYXEHHH B BHJE IOJIOTUX 000JOYEK, UMEIOIINX
JIeeKThl, MOMyYCHHBIE B PE3yJIbTaTe KaKUX-THO0 BO3AEeHCTBHI (pHC. 2) ¢ TF00BIM OTHOLICHUEM CTOPOH B TUIAHE
U BUIOM OINHMPaHMs, a TaKkKE 3arpy’KEHHbIMU BEPTUKAIBLHOW PAaBHOMEPHO PacHpeleIEHHOW Harpy3koi, MOXKeT
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OBITH TIpecTaBIcHa cucTeMon ypaBuenui (1). IIpu aToMm ToMmHMHA KOHCTPYKIIMHA BEChMa Maja 10 CpaBHEHHIO C
pa3MepaMy B IUIaHE, @ BEWYMHBI MIPOTHMOOB COM3MEPUMBI C TOIIIMHON, CIelI0BaTeNbHO, HEOOXOIUMO YYeCTh
TeOMETPUIECKYI0 HEMMHEHHOCTh pabOThl KOHCTPYKIUH [21; 22]:

1202 2%w 2%w . 2%w 9%w 92w . 2%°w _
h v E(x,y) ¢+ ky 0x2 + Ky dy? XY 9xdy + ax2 ay?2  oxdy '
(1)
h ooo2  E®Y) _ azq)( Ozw) L Och( Ozw) %@ ( azw) o
12 Vv 1-v(x,y)?) w oy? kx + 0x2 0x2 ky + dy? +2 0xdy kxy + 0xdy Z=0.

rie @ — QYHKIUS HAPsHKEHUH; W — QYHKIHS TPOTHOO0B; Z — QyHKIMS HArpy3KH.

[Mepemennast popma 000JOUKH Ha MPSMOYTOJIBHOM IUTAHE ONHMCHIBACTCS YPaBHEHHEM €€ CPEAMHHOU TOo-
BEPXHOCTU:

2§ 2§
Fay =fla() +8() +1] @)
rie [ — cTpena nojabeMa B IeHTpe 000J0UKH; o = — ];—1, = —% — MapaMeTphl, XapakTepu3yomue GopMy 000-

JIOYKH; f7, f, — CTpelbl MOABEMa OTIOPHBIX apOK 000JIOYKY; @, b — pa3Mephl B TUIAHE.

Yz

Puc. 2. ITokpeiTre B BUAE MOJIOTOH 000IOYKU C IPOU3BOIBHBIM 1EPEKTOM
Figure 2. Coating in the form of a shallow shell with an arbitrary defect

i —— S—— .
\\\ //// o Y i o
NS m=-0,5a; n= 0,25E0, 6=5,0
Ny, 57 h
m=0,5a; n= 0,SEo, 6=0,8 m=0; n= Eo, 6=1,0
m=0,75a; n= 0,75Eo, 9=z,5\ 1
_a a
r T T 1
0

Puc. 3. Dopma nu3MEHEHUst MOIYJIS yIIPYTOCTH B 3aBUCHUMOCTH OT BapbUPOBaHUS I1apaMeTpoB 711, 1), 0
Figure 3. The form of change in the modulus of elasticity depending on changes in the parameters m, 1, 0

JedexT Monenupyercst B BUzie I3MEHEHHSI MOTYJISl YIIPYTOCTH Ha MPOU3BOJIBHOM 00JIaCTH KOHCTPYKIIMH B BHIIC

_ n Y
ECoy) =Eo - 1+("+_m)2® 1+(M)2'9 ’ )

a b
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rae Ey — HadaJIbHBIH MOYJh yIpyrocta (puc. 3); 1, Y — Ko3h(QHUIMEHTH H3HOCAa KOHCTPYKIIMH BIOJIb OCH X U )
cootBeTcTBeHHO (0; Eo]; m — ko3 puLmeHT, XapakTepu3yoImuil CMeIIeHne TOYKH HauMEHBIIEero MOAYJIS yIpy-
TOCTH BJIOJIb OCH X [—a; a]; n — KO3(QQUIMEHT, XapaKTepU3YIOIINH CMEIeHHe TOYKH HAUMEHBIIEro MOy
YIPYTOCTH BAOIL OCH y [—b; b]; 6, 9 — koapdumenTsI, Xapaktepu3yomnpe GopMy H3MEHEHHS MOIYJIS YIIPYTO-
CTH BJIOJIb OCe#l X 'y cooTBeTCTBEHHO (0,5; 0).

BapsupoBanue ko3ddupentoB m, 1, 6 mo3BoisieT 3a1aBaTh OOJIBIIOE KOJINYESCTBO BapUAHTOB BO3MOXK-
HBIX Je(peKTOoB (YMEHBIICHHE IPOYHOCTHBIX XapPaKTEPUCTHK HEKOTOPOHW OO0JIACTH KOHCTPYKIMH, CTEIEHb
YMEHBIIIEHUS IPOYHOCTHBIX XapPAKTEPUCTHK ).

Hamnpspkenns B mo0oi Touke 000I0YKH MOKHO OIPEeNUTh ¢ MOMOILBI0 MeTosia byonosa — ["anepkuna [24]:

e

2

S

o= (A -5 + (05 -0 + (5, - 5%,

2DB (%szy + V%Zyzxﬂ + |/T%Zy2xf +|%£DB (;;;szy +—Ze 7, )|:
DB (v ZuZy + 5o 2y 7 )| + |Aamz 2u2yt] + [S DB (552 2 + 2y as Ze )|
o3 = |§(1—V)EE%ZX;—y2y +|dZz,2z,E
D= #; - 12252)'
A=45 B="%
g= g; t= ?

A=—(BJ, +BYa).

1
B = ﬁ(36636261 +108qC? — 8C3 + 12V3(4C3C, — C2C3 + 18C5C,C1q +
1

+12V3(4C3C, — C2CF + 18C5C,Ciq + +27q2CF — 4qCH2¢,) -

2
—§(3C361 — €2)/(€1(36C5C,Cy + 108qCZ — 8C3 + +12V3(4C3C, — C3C3 +

+18C3C;C1q + 27q2CE — 4qCHV2¢;) 7 —12),
3
€ =2Eoh5; ¢, =3B, 22 ;=D 1+ Enti
L 0 JiJa’ 2 0]1]4’ 3 J1Ja 0 JuJs
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REGY) RE(x,y)? ¥ RE(x, )" B RE(x,y)? ¥
92 92 _
(6x E(x, y)) (a 2 w(x, y)) (WE(JC, y)) (ﬁW(x, y)) 2 <ax E(x, y)) (a 7w (x, y))
* hE (x,y)? hE (x,y)? * hE (x,y)? -
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(% ECx, y)) (% W, y)) 2 (5’7 B y)) v (% W, y))
B hE(x,y)?2 B hE(x,y)? "
<a—zE(x y))v (a—zv—v(x y)) 2( O _E(x, y))( w(x, y)) z( O E(x, y))( w(x, y))
N dx2 =N dy? ’ _ dx?0y dy?dx _
hE(x,y)* hE (x,y)? hE(x,y)?
92 9 9
2 (W E(x, y)) (m w(x, y)) 4 (6x E(x, y)) ( E(x, y)) (axay w(x, y))
- hE(x,y)?2 * hE(x,y)?

94 _ 9? 9% _
WW(X,y) Z(GyaxE(x':V)> (axayw(x;:)’) 4

T TRE(yY) hE(x, )2 w(x, y)dxdy. (14)
a
b
— 0°F0’w  0°FO’W , 9°F 9w\ . .
J2 = dy? dx? dx? dy? 0xdy 0x0dy waxd. (15)

J3 = f(AvT/)vT/dxdy. (16)

(17)
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2 2 3
Js = ( i D(x y)) (—W(x y)) (a D(x, y)) ( g s w(x, y))

J 5

—-a

92 92 o4 0% 0%
+ (W D(x, y)) v (W w(x, y)) + D(x,y) ( T w(x, y)) <6x6y D(x, y)) (axayv_v(x, y)) +
0?2 23 04 0?2
+2 (aD(x,y)> + (mw(x,y)> + D(x,y) ( W(x y)) <6x6yD(x' y)) X
” 2 9 D o 2D o
X axayw(x,y) v+ EP (x,y) oxdy 5w, y) |+2D(x, y) 9x7ay — 5w y)
0? 0? i} 03
+2 (WD(JC Y)> <7W(X }’)> ( D(x, J/)> <TW(9€ Y)>

02 92
+<a—y2D(x,y)>v<a Swi(x, y)) w(x,y)dxdy, (18)

Te /4 — TOJITUHA KOHCTPYKITUHU TTOKPBITHSI B BUE MOJIOTOH 0005109Ky; v — Kodddunuent Ilyaccona; 4, B — He-
u3BecTHBIe MeTosa byoHoBa — ["anepkuna; Z,, Z, — 6anounsie pynkuu B.3. Biacosa.

Tak kak paccMaTpuBaeMble KOHCTPYKIIH MOKHO OTHECTH K TOHKHM IMOJIOTHM 000JI04YKaM (TOJIIMHA 3HA-
YUTETFHO MEHBINEe Pa3MepPOB B IUIaHE), B OONBIIMHCTBE CIIy4asx BO3HHKAET HEOOXOIMMOCTH NMPOBEPKH KOH-
CTPYKIIMU Ha YCTOHMYMBOCTH. Kod(hdHUIMeHT KpuTHIECKOW HArpy3KH ISl TOJIOTHX 00O0JI0UEK Ha YIPYTOM OCHO-
BaHHH MOXET OBITh PEACTaBJICH YPaBHEHUEM

Per = 5z [(C2 = 3C1C)¥2 + G, (€3 26163 (19)

27 62

3HaveHMUsI, TTOTYYCHHBIE C TIOMOIIBIO MPECTABICHHOW METOIUKH, CPAaBHUBAIKNCH C PE3yIbTaTaMH JPYTHX
aBTOpoB. [IpoBOIMIIOCH CpaBHEHHE HM3THOAIOIIETO MOMEHTA, BO3HUKAIOIIETO B METAJIMYECKON 00OJOYKe Ha
KBaJIpaTHOM IUIaHe. Pe3ynbTaTsl pemeHus moka3ald XOpoIIylo CXOAUMOCTb CO 3HAUYEHUSMH aBTOPOB, WCIIOJNb-
3YIOIINX JIpYTHE YuciIeHHble MeToasl [22]. IIpu pacueTe METOJOM KOHEYHBIX SJIIEMEHTOB Pe3yJbTaT CHIIBHO 3a-
BHCEI OT KOJUYECTBA HCIIOIH3YEMBIX KOHETHBIX 3JICMEHTOB B MOJICIH.

Pe3yabTaThl 1 00Cy:KIeHUE

IIpencraBneHHast HOCTaHOBKA 337a4M OIPEIEICHNS HAUPSKCHUI U KPUTUYIECKOM HArpy3KU B MOKPBITHUAX
B BHJIE MOJIOTHX 000JIOYEK MO3BOJISIET MPOBOJNTH UCCIICAOBAHUS BIUSHUS Pa3IHYHBIX (JAKTOPOB HA HAIpPsHKEH-
HO-71e(hOpMHUPOBAHHOE COCTOSHIE KOHCTPYKLMUH, YTO HE BCETAa BOZMOXKHO MPU MOMOIIY METOJIUK, OCHOBaHHBIX
Ha METOZC KOHEYHBIX 3JIEMEHTOB.

Jlns mpuMepa paccMaTpUBallach KOHCTPYKIMS HOKPBITHS B BHJIE 000JI0YKH HA KBaJApaTHOM IIJIaHE C COOT-
HOLICHUEM TOJIIMHBI K pa3Mepy B miane h/2a = 1/20. Ha puc. 4 noka3aHo yMEHbIIEHUE 3HAYCHUSI KPUTHIECKOH
Harpy3kd TOHKOCTEHHOW KOHCTPYKLHH IMOKPBITHS, ompenensieMbix 1o ¢opmyne (19), npu yBenuueHnu napa-
MeTpa m, TO eCTh CMEILCHUHU Ae(eKTa OT EHTPa K KPat0 KOHCTPYKIIHH.

PrcyHOK HariasiiHO WIUTIOCTPHPYET OMACHOCTH BO3HHUKHOBEHHSA AE(PEKTOB, MPUBOAALINX K CHIKEHHUIO
MPOYHOCTHBIX XapaKTEPUCTHK 00O0JIOUEK ¥ BO3MOXKHOCTH HCIIOJIB30BAaHUS MPHUBEICHHBIX YPaBHEHHUN AT Ompe-
JIeJIeHHs HalpsDKEHHO-1e(OPMHUPOBAHHOTO COCTOSIHUS B HUX.
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Ha puc. 5 noka3aHo u3MeHEHUE KPUTHYECKOW HArpy3Kd IIPU BO3HUKHOBEHHM Ae(eKTa Ha PacCTOSHUU
YeTBEPTH pa3Mepa B IJTaHE OT LEHTPa JUIsl TOH jKe KOHCTPYKIMH B 3aBUCUMOCTH OT K03 (dHUIMEHTa, XapaKTepH-
3yIOIIero GopMy CHIDKEHHS 3HAUCHHUsI MOIYJIsl yIPYTOCTH M.

Pcr
. pinned support
0.012- IIApHAPHOE OIMHpPaHHE
sliding support
0.011- & supp

CKOJIB3iIIIada 3aJIeJIKa

0.010+

0.009-{ fixed pinching

JKECTKOE€ 3allIeMJICHIIE

0.008+
m

0 ' a2 a

Puc. 4. Biusinue pasmenienus Jedekra Ha 3HaUCHHE BEJIHYUHBI KPUTHYCCKOM HATPY3KH
Figure 4. Influence of defect placement on the value of the critical load

Pcr
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0,0094 4

0,00924

0,009 6=15

0,5 0,75 1,0 1,25 1,5

Puc. 5. 3aBHCUMOCTh KPUTHYECKON HArPY3KH OT APaMETPa, XapakTepU3youiero opMy CHUKEHUS 3HAYEHHUSI MOLYJISl YIIPYTOCTH
Figure 5. Dependence of the critical load on the parameter characterizing the shape of the decrease in the value of the modulus of elasticity

I'paduiky MOKA3BIBAIOT BO3MOXHOCTh HCIOJL30BAHUS MPEICTABICHHOW YHCICHHON METOJMKH Ompe/elie-
HUSI HAPSHKEHHO-1e()OPMHUPOBAHHOTO COCTOSIHUSI KOHCTPYKIIMH B BHJE MOJIOTMX OOOJIOUEK JIJIsl aHAITU3a BITHS-
HUS Pa3IUYHBIX ApaMeTPoB JIe(PEeKTOB (BEIMYMHA CHU)KCHUSI MOJYJIsl YIIPYTOCTH, MECTOHAXOXIeHHe aedeKTa,
(dopMa CHYDKEHUS MOJYJIsl YIPYTOCTH) M Pa3MepOB KOHCTPYKIMH (TOJIIMHBI, (OPMBI KOHCTPYKIIMU, CTPENBI
MOJIbeMa) Ha UCCIIEAYEMbIC XapaKTePUCTUKH.

IMocranoBKa 33724k ONpeIeTICHUS HAMPSHKEHHO-E(DOPMUPOBAHHOTO COCTOSIHHSI KOHCTPYKIUI B BHJIE TIO-
JIOTUX 000JI0YeK ¢ JAe(eKTaMu MO3BOJISIET IPOBOIUTH UCCIICOBAHUS M OIICHUBATH HECYIYI CIOCOOHOCTH KOH-
CTPYKIIMH MCXOS U3 YCIOBHIA MPOCKTUPOBAHHS.

[Ipencrasnenne ypasuenutt (4), (19) B 6e3pazMepHoM BUAC YI0OHO IS MOITYUCHUS 3aBUCUMOCTEH 1 aHa-
JIU3a BHOCUMBIX U3MEHEHUH 6€3 MPUBSI3KH K KOHKPETHBIM pa3Mepam.
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3agaHue CpeIMHHON MOBEpXHOCTH F, BXxoasmel B cuctemy (1) B BHIE MMOBEPXHOCTH IepeHoca [23] mo3-
BOJIMJIO WCCIIENIOBATh BIUSHHUE Je(PEKTOB HAa KOHCTPYKIMH Pa3iIHMYHON (GOpMBI NpU OAMHAKOBBIX pa3Mepax B
TUTaHE W CTpelie MoabeMa. Y KOHCTPYKIWH B BUAE IMOJIOTHX 000JI04eK ¢ oOpa3yromeil B ¢hopMe, HaXosmmencs
MeXIy cepriecKoi U MemHON (QYHKINUIMHA BIMSHUS 1e()eKTOB Ha BETMYHHY KPUTHUECKOW HATPYy3KH, IPOSIBIIA-
eTcs B MeHbIIIeH crerneHu [21; 24].

Hcnonp3oBanue n3MeHstomeicst GOpMbl U3MEHEHUST MOAYIS YIPYrocTu (puc. 3) MO3BOISET CMOJICITHPO-
BaTh JIe(DeKThI, MAKCUMaIbHO TIPUOIMKEHHBIE K PEalbHBIM.

Puc. 4 nokaspiBaeT BIMSAHUE pa3MeNIeHns Ae(eKTa Ha 3HAYeHHE BEJIMYMHBI KPUTUIECKOH HArpy3KH, Kak
HauOoJiee BaXKHBIN mapaMmerp nedekTa MOoCcie 3HAYCHHS €r0 BEIMYUHBI, BIUSHUE KOTOPOTO o4eBHIHO. OH M03-
BOJICT OIEHUTH CTETIEHh CHWKEHHS HEeCYIIel CIIOCOOHOCTH B 3aBUCUMOCTH OT MPHOMIKEHUS JedeKTa K Omop-
HO¥1 30He. ['paduk e, mOKa3aHHBIN HA PUC. 5 TTOKA3BIBACT BIUSAHUE (OPMBI CHIKCHUS 3HAYCHUS MOIYJIS YIIPY-
rOCTH Ha BCIIMYNHY KpHTH‘IeCKOﬁ Harpysku.

W3 rpadukoB BUIHO, YTO MOMHUMO BEIHYUHBI YMEHBIICHUS MOMAYJISA YIPYrOCTA B MECTE BO3HUKHOBCHHUS
nedekTa, BaXHO MECTO €r0 HaXOXKIeHHs, 00acTh MOBPEXKICHUS W GopMa CHIDKEHUS MOIYIS YHPYTrOCTH IO
TOJIIUHE KOHCTPYKIHH. AHanornyHele 3aBUCUMOCTH OBLIN O6Hapy)i(eHBI JJIA 3HAYCHU A HaHpH)KeHI/Iﬁ, BO3HUKA-
IOIUX B KOHCTPYKIIUU. Y MEHBIIIUTh 3HAYCHHUE BIUSHUS BO3MOXKHBIX JE(PEKTOB MOXKHO MPHUIAB HA 3TAIE MPOEK-
THPOBaHUSI KOHCTPYKIHUU (opMy, OIU3KYI0 K ONTUMAIBHON WM 33J[aB pallMOHAJIbHBIE M3MEHEHUE TOJIIUHBI
KOHCTPYKITHH BAOJL ee 00pa3yromiei [24; 25].

3akiaouenue

[IpennoxxkeHHass MOCTaHOBKA 3aJa4d MOXXET OBITH HCIHOJNB30BaHa UIA ONPEACTICHUS M HMCCIENOBaHUS
HaNpsDKEHHO-1€(OPMUPOBAHHOTO COCTOSIHUS KOHCTPYKLHMH B BHJIE IOJIOTUX OOOJIOUEK C YUETOM IeoMeTpHue-
CKOW HENIMHEWHOCTH pabOoThl ITPH HATMYWU B HUX JedeKToB. [locTpoeHHbIE TpaQUKK 3aBUCUMOCTH KPUTUIECKOH
Harpy3kd OT Pa3lMYHBIX NMapaMeTPOB MO3BOJIMIN OLEHUTh paboTy KOHCTPYKIHHA C y4e€TOM M3MEHEHUsS pa3ind-
HBIX (hakTOpoB. Vcronb30BaHNE U3MEHSIOIMINXCA XapaKTEPUCTHK CHIDKCHHUS MOAYJNS YIPYTOCTH, BO3HHUKAIOLIEE
BCJIE/ICTBHE BOSHUKHOBEHUS e(heKTa, TOKAa3bIBAET PE3yIbTaThl, MPUOIHKEHHBIE K PEAIbHBIM YCIOBHSM.
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the inverse problem of determining the width of the crack opening, the defor-
mation effect is not set, but is modeled using the “joining” of the assigned mini-
mum possible width, its opening under the appropriate loading. In the calculation
scheme, pairs of finite elements are distinguished, adjacent to such a crack from
opposite special sides, called a two-element cantilever model. Pairs are consi-

dered in two states: before their jointing of cracks and after their jointing, taking
into account the deformation effect and the effect of concrete discontinuity.
The calculation algorithm is based on combinations of an analytical model for
calculating the stiffness of complexly stressed structures and the intelligence of
the “LIRA-SAPR” software package.
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Brenenmne

B cBsi3u ¢ Bce Oosiee MIMPOKUM BHEIPEHHEM KOMIBIOTEPHBIX TEXHOJOTUH B MPAKTUKY MPOEKTUPOBAHUS
JKEIe300€TOHHBIX KOHCTPYKIIUH IS TTOBBIICHUS UX 0€30IaCHOCTH, YUeT (U3HUYECKHUX TPOIECCOB U OCOOEHHO-
CTeH MX CHIIOBOTO COIIPOTHBJICHHS CTAHOBHUTCS Bce OoJiee aKTyalbHOI mpobiemMoii. B mpakTiuke cOBpeMEHHOTO
KOMITBIOTEPHOTO MOJICJIMPOBAHUS Y)KE MMEIOTCS PSAJ] BBIYUCIUTEIBHBIX KOMIUIEKCOB, B KOTOPBIX HCHOJIBb3YIOT
KOHEYHO-3JIEMEHTHBIE MOJIETH JKele300€TOHa, HO ellle HEeAOCTATOYHO MPHUBIEKAIOT COBpEMEHHBIE (pr3mueckue
MOJICIIH, B YACTHOCTH PACUECTHBIC MOJCIIA COITPOTUBIICHUS TUIOCKOHAIIPSDKEHHOTO M CII0YKHO HAIPSDKEHHOTO JKe-
nesoberona’ [1-17].

B cBsi3u ¢ 3THM B paccMaTpuBaeMoii paboTe MPEeAIoKeH YUCISHHO-aHAIMTHYECKUY BapUaHT METOJIa Me-
XaHHKH jkeJie300eTOHa, B KOTOPOM COeIMHEHBI METO]] PACUETHBIX MOJIETIe COMPOTHBIIEHUS Kelle300eTona [1] u
METOJI KOHEYHBIX DJIEMEHTOB B MHTEJUIEKTE BBHIYHCIUTEIRHOTO KoMiuiekca «JIMPA-CATIPy ansa pemenus 3agad
JKecTKocTH U 3(h(ekra xene300eToHa B BUJIE HECIUIONIHOCTH OETOHA M PEAKIIMH C YYETOM apMaTyphl B TPEIIHHE.
PackpriTa u3mdeckas cyTh dddekTa Kere300eTOHa, COCTOSIIEr0 B JOMOTHUTEIEHOM ae(hOpMAIlMOHHOM BO3-
JIEHCTBUN HAPYIICHUS CILIONTHOCTH O€TOHA M PEAKITHU apMaTyphl B TpeluHe. MeXaHn3M «CTATUBAHUSD) TPEIIIH-
HBI TIOCTPOEH Ha JHEPreTHYecKod OCHOBE M 3aJ0XKEH B 30HE Ipeipa3pylIeHus, ¢ JIOKaJIN30BaHHON 3/1ech Jie-
(dopmarmeil u ¢ 00pa3oBaHUEM HOBBIX YACTbHBIX MOBEPXHOCTEH TpemuHbl. Onpe/elieHue CKOPOCTH BBICBOOOXK-
JIEHUST YHEPTUU BEITIOTHEHO HA OCHOBE (PYHKITMOHAJIA MEXAHWKH PAa3PYIICHUS C MCTIOIL30BAHUEM MHOXXHUTEICH
Jlarpamxa u MPEeMTOKEHHOTO YHUBEPCATHLHOTO NBYXKOHCONMBHOTO 3eMenTa ([IKD). Ilpu stom B pacTsHyTOU
obOnactu OeToHA Ui ONpEJCNICHUs] PACCTOSIHUS MEXKAY TPEIMHAMH W IIUPHHBI PACKPBITUS B MECTHBIX 30HAX,
MPUJIETAIONTNX K TPEIMHE, YYUTHIBAETCS CIIETUIEHNE OETOHA C apMaTypOH.

MeTtoa B MeXaHHKe KeJie300eTOHAa

[Ipeanaraemas aHaaUTHYECKask MOJENb HapsAy ¢ MOAEIMPOBAHHEM IPOLECCa COBMECTHOTO AeOpMHUPO-
BaHMA apMaTyphl ¢ OETOHOM MOXKET pacCMaTpUBaThCs AJISI ONPEAEITICHUS CEKyILEH )KECTKOCTH apMaTyPHbIX peak-
Ui — CBSI3eH, MepeceKaouX AUCKPETHYIO TpemuHy. [IpogonpHas monaTianuBoCTh Ag, (kecTkocTb) cB3H Cyp
ONPENEIIAETCS OTHOLLICHUEM OCEBBIM NepeMelieHueM Uy, U peakuuen cBsizu Nypy:

—L—Uﬂ (1)
sm C N *

sm sm

DTa peakiysi 3aBUCHT OT KPaeBbIX YCIIOBUIl, KOTOPBIMU B TIPOIIECCE UCCIIEIOBAaHNS MOKHO BapbUPOBATh.

B pacderHo# Momenu paccMaTpHUBACTCS XapaKTEPHBIN KEJIe300€TOHHBIN 3JIEMEHT — MPEICTaBUTEIHHBINA
00beM OeToHa, C OOMHOYHBIM apMaTypHbIM cTepxHeM. Cilyyail HEeHTpaJbHOr0 apMUPOBAHHUS OHUM CTEPKHEM
MIPH BBIEPTUBAHUM €T0 U3 OETOHHOM MaTpUIlkl HAauboIIee TIOTHO PAaCKPBIBAET 3aKOHOMEPHOCTH Jie(hopMUpOBaHUS
MpU BBIAEPTHUBAHUN apMaTyYpHOTO CTEpXHS W3 OeTOHHOW Marpuibl. JledhopMupoBaHHe Takoro XapakTepHOTO
aneMenTa (puc. 1) sBIseTCs] OMHON M3 XapaKTEPHBIX 3a/1ad CTPOUTEITHFHOM MEXaHUKHU KeJIe300€TOHA MPHU HalU-
YUU AUCKPETHBIX TpewrH [3]. IMeHHO K TakoMy CIy4ar0 TOYHO WM MPUOIMKEHHO CBOASTCS BCE BHIBI apMHPO-
BaHMS JKeJIe300€TOHHBIX KOHCTPYKIMI CHCTEMOI apMaTypHBIX cTepxkHeit? [1-4; 18-21 u ap.].

! Beprooicexuii FO.B., Konuyroe Br.F. MeToJIbI MeXaHHKH kele300eTona: yueOHoe nocobdwe. K.: Kamknoe m3matensctso HAY, 2005. 653 c.
2 Tam xe.
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B pacueTHON MOmENH XapaKTepHOTO IEMEHTA JIEBBIA TOPEIT )KECTKO 3aKPEIUICH OT JIO0OBIX TIEPeMEIICHUN,
MpaBbIil Topel] — cBoOOaHBIN. K apMaTypHOMY CTEpKHIO MPHUKIAIBIBAETCS pacTiAruBaomiee ycunue Ns, BbI3bIBa-
Iolee MepeMelIeHUs CTepKHs 1 Topua anemMenTa Uy u Up, COOTBETCTBEHHO IO BCEH IUIMHE KeJIe300€TOHHOTO
crepxHs (pu. 1).
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Puc. 1. PacueTHast cxema 3JIeMeHTa XapaKTepHOTO >KeJIe300eTOHHOTO dJIeMeHTa
Figure 1. Calculation scheme of an element of a characteristic reinforced concrete element

CHitbl CIEIUICHHSI, TEHCTBYIONTNE TT0 KOHTAKTY apMaTyphl ¢ OETOHOM XapaKTepHU3YIOTCs TIOTOHHBIMH Kaca-
TETHLHBIME YCHIIASAMHE Thond(X), B OETOHE — IO HAIPABIEHUIO ACHCTBYIONIEH HATPY3KH, a B apMarype, — MPOTHUBO-
TMIOJIOXKHO HampaBlieHHBIE.

3aKoH CIEeIUIeHHS Mexay OSTOHOM W apMarypoil B HCCIeIyeMOi Monmenu — yrpyromiactudeckuii. OH
OTIHMCHIBACTCA C MPUBJICUCHUEM OMIIMHEHHON TUATPAMMBI Thond — €¢(X), YUUTHIBAIOIIEH SKCIIEPUMEHTAIBHBIE JaH-
Heie A.B. Tonsiiesa, B.M. Konsaepa, M.M. Xonmsuckoro, E.M. babuya u z[p.3 [1-4; 18-21].

Toona = K&q (X) =0,4E, [ss (x)—¢, (X)] 2)

oo (1) =[e, (). ()] 55 () = 4,95 152

cm

Ty = 0,0232E, [85 (X)-¢, (x)] +1,866f, 3)

npi sq(x):[ss(x)—sc(xﬂ>e;(x)=4,95%,
cm

TIe €,(X) — OTHOCUTENHHOE B3aWMHOE CMeIleHHe OeTOHAa M apMaTyphl B CEYEHWH X; HAKOIUIEHHWE KOTOPHIX Ha
Y4acTKE MEX/y TPEIIMHAMHU M COCTABIACT LIMPHHY PACKPBITHS TPEIIMH Gerc; €gX — TPAHUYHOE OTHOCHTEJIBLHOE
B3aMMHOE CMEIEHHE OETOHAa M apMaTyphl, COOTBETCTBYIONICE KOHEYHOI TOUKE MEPBOTO ydyacTKa AMArpaMMbl
cueruieHus (puc. 2).

Pabora OeroHa B JaHHOW MOAENIHM TaKKe OMHUCHIBAECTCS C MOMOLIbIO OMIMHEHHOW AWArpaMMbl G — &,
npescTaBieHa Ha puc. 2. s OeToHa UCTIONB3yeM CIIEIYIONIyI0 3aBHCUMOCTb, MOJICIUPYIOIIYIO YIPYTOIIIaCTH-
4ecKyro paboTy Marepuana:

—NC(X) eciu —NC(X) <0,9f

_ EcmA:, ’
()= 18N (X) oo f N, (x)
EonA E A o

4)

3 Beproaiceruii FO.B., Konuynos Ba.F. MeToIbl MEXaHUKH JKENE300€TOHa. . .
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B paccmarprBaeMoii Mozieny peamu30BaHbl CIEAYIONINE BAPHAHTHI qUarpaMM eOpMIPOBAHAS apMaTy-
pbl, OETOHA U CLICIUICHHUS apMaTyphbl ¢ OETOHOM IyTeM M3MEHEHHS BHIPAKEHHUI CHCTEMBI YPaBHCHU:

— BapUaHT MOJIENIA C HETMHEHHBIM OSTOHOM, HETMHEWHOM 3aBHCHMOCTBIO CIICTICHUS U JIMHEHHOU pabo-
TO# apMmarypsl (puc. 2 u 3);

— BapUaHT MOJICJIU C HEJIMHCHHBIMY OSTOHOM, apMaTyPOH U 3aBUCHMOCTBIO CIICTICHUS,

— BapUaHT MOJICIH C TPEXJIMHEHHBIMU OSTOHOM, 3aBUCUMOCTBIO CLCIUICHUS U OMJIMHEWHON TuarpamMMmoit
ne(hOpMUPOBAHUS ApPMATYPHI.

Ta(C.) A

O, A
Toona2 =11 '2‘27‘ tm
c,=lLlf, Y+ ——————————= G, ,=11R;
o i ! - SO
_ s |
Tuwnts = 0922, | | c =08R"| |
~G,-097, ! l '
| | | |
| |
| [ I |
| - I |
i l exx)(e.) ' |
> |
o 09227, o . ) /l ;
T 0FE. Ewm=5E; ~08R
= 097, T € = 7 € .= 5'8‘,/
il B <A !
a 9]
Td(O:) A
Tpona2 =11 '2'27-.:",
T, p-————==
A
Thonds = 0'912'21"" | |
c, =097, | |
| |
| |
vk _:_ B Sl
Tyonas = 0.3°2.2f ' '
W ——_— | 2 .
= R R N
go= 0922 Eun=5€7 Eun=10g7
*0E 858y, g.=10¢,
— 097 ’
" E“.
6

Puc. 2. lnarpammel 1e(OpMUPOBAHUS, PEaTH30BaHHBIE B AaHATUTUICCKON MOJIECITH:
a — GruthHelHAas 3aBUCHMOCTb CLEIUICHHUS U iuarpamMma Je(opMUpOBaHust OETOHa, JTMHEeHHAs JuarpamMma 1e()OpMHpOBAHHS apMaTyPHOM CTalH;
6 — GruMHEHAs 3aBUCHMOCTb CLEIUICHHUS U IHarpaMMBl 1e()OpMHpOBaHKs OETOHA M apMaTypHOM CTajy;
6 — TPEXJIMHEHHas 3aBUCUMOCTh CLEIJICHHS, [ruarpamMma aeopMupoBaHus 6eToHa ¥ OMirMHelHas paboTa apMaTyphbl
Figure. 2. Deformation diagrams implemented in the analytical model:
a — bilinear bond dependence and concrete deformation diagram, linear diagram of reinforcing steel deformation;
6 — bilinear dependence of adhesion and deformation diagrams of concrete and reinforcing steel;
6 — three-line dependence of adhesion, concrete deformation diagram and bilinear work of reinforcement

Hcronb3ys yclIoBHsI paBHOBECHS JIBYXKOMIIOHEHTHOTO JKEJIC300€TOHHOTO 3JIEMEHTa, TOJy4aeM CIeayIo-
mwe aBa auddepeHnanbable YpaBHEHHUS, CBSI3bIBAIONTNE yCrus (puc. 3):
— JUTA apMarTypebl:
—N,+ N, +dN, —tdx=0; 5)
— IUI yCWIINA CIETUICHUS B O€TOHE:

—N,+N_+dN_+tdx=0. (6)
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Ne N,+dN;
- - . A— >
NC 1= ¢ M?+dNC

Jr dx L

Puc. 3. Cxema ycunuii apMatypbl B 6eTOHE
Figure 3. Scheme of reinforcement forces in concrete

[Ipomud depentuponas (5) u (6) M0 KOOpAUHATE X, TTOTYINM

dN
dXS = Tbondnds' (7)
dN
ch = _Tbondnds' (3
[IpuHsB 11 apMaTyphI CIIPaBEATNBBIM 3aKOH [ 'yKa MOXKHO 3aMETHUTh
_ o, _ N,(X)
GS_ESSS;:‘SSZE_S:ES—' ©)
S S &
Otcrona nosxyyum
gs(x)zELNs(x). (10)
A

Takum oOpa3om, pelieHa HeJTMHEHHAs KpaeBas 3ajada, onpeaessieMasl YeThIpbMs YpaBHEHHSMH, JBa U3

KOTOPBIX — A depeHInaIbHbIe IEPBOr0 MOPsIKA.
I'pannyHbIE YCIOBUS 33a49H 3aMIMCHIBAIOTCS B CIEAYIONIEM BH/IE:

N, (x=1)=0; N(x=1)=C. (11)
1
SS(X)ZQNS(X),
NeO) o N g
€ (X): ECmK
18N, (x) _153fm com N, (x) .
ECmA? Ecm
d,0,4E,, [ ] < 4.95 (12)
4B [ 85\ X)— € (X) | X)= X)=4,95—"=,
) TR ) (] e <) =495
i Trds{0,0232Ecm[SS(X)—SC(X)]+1,866fmm}, eciu sq(x)>s;(x)=4,95%;
N, (x) —nd50,4Ecm[ss(X)—sc(x)J, eciu sq(x)és;(x):4,95;°—c‘:,
dX —{0,0232E,, [ &, ()~ (x) | +1,866 f,, |, ccmu gq(x)>g;(x)=4,95%,

cm
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['parwdHbIC YCIOBHS 3aa9H 3aITUCHIBAIOTCS B CIICTYIOIIEM BHUJIC:

N, (x=1)=0; N(x=1)=C. (13)

Cneyuanvnasn 0gyxinemenmuan Koncoapvnas modensv (JKM) npusnekaercs A ABYX THIIOB KOHEYHBIX

5JIEMEHTOB, B MEPBOM CIlydae IUIOCKHE, B COOTBETCTBUM puC. 4, @, 6, BO BTOPOM CIlydae MPOCTPAHCTBEHHbI
(puc. 4, 6-0).
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Puc. 4. JIByxaneMeHTHAs TUIOCKAs ¥ IPOCTPAHCTBEHHAS MOJICIIb:
a — 1IocKas 0e3 «PaACLIUBKHU»; 6 — TUI0CKast 1TocIIe «PaCLIUBKW»; 6 — IPOCTPAHCTBECHHAA 10 «PACHIMBKI»; ¢ — NPOCTPAHCTBECHHASA IOCJIE «PACUIUBKU
0 — mehopManmOHHbIE BO3ACHCTBHS Ay = Acrcl, Ay = 8greM, Az = 8greN; 1 — 255 KD mo «pacumBkm»; 2 — 201 KD; 3 — 255 KD mocne «pacmuBkn»; 4 — 233 KD
Figure 4. Two-element planar and spatial model:
a — flat without “embroidery”; 6 — flat after “stitching™; ¢ — spatial up to “embroidery”; z — spatial after “embroidery”;
0 — deformation effects A; = agl, Az = ageM, Az = agen; 1 — 255 FE before “joining™; 2 — 201 FE; 3 — 255 FE after “spreading”; 4 — 233 FE
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Pe3yabTathl U 00cyx1eHNE

[To mepBoMy BapHaHTy *KECTKOCTH OIPEIEISICTCS C HCIOJB30BAHHEM IPHUEMa MOJCIUPOBAHUS SIBHBIX
TpemuH-IeNed, ¢ yueToM 3 QeKTa HapyIIeHUs CIUTOMTHOCTH W HECOBMECTHOCTHU nedopMaruii 6eToHa (KoHed-
HbIe 351eMeHTHl 232,201). Ha ydJacTkax, rie BO3MOXKHOE 3aKphITHE TpemuH Moaenupyercs 255 K3. [lpu atom
pacrpenereHHOEe apMUPOBAHHUE B DIIEMEHTAX 3aMEHSIETCS ABYMS — JJIS TNTOCKOM MOJETH U YeThIPhMS — IS TIPO-
CTPAaHCTBEHHOM MOJENM CTEPKHEBHIMU KOHEUHBIMHU JJIEMEHTAMH B Ka)XXJIOM B3aUMHO TEPIEHIUKYISIPHOM
HaIpaBJICHUHU COOTBETCTBEHHO.

[IepemenieHre y3/10B ONPEAESIOTCS U3 pacueTa ABYX3JIEMEHTHOM pacueTHOM MOJIENH C 3alaHHBIMU B Y3-
Jax Harpy3kamu. [Ipu 5ToM OmOpHBIE 3aKpEeIUICHHs IBYX Y3JI0OB B IUIOCKOM MOJENH M YETHIPEX Y3JI0B — B MPO-
CTPAHCTBEHHOM MOJIENIU BBIMIOJIHAETCS YEPEAYIOUUMUCS TAPHUPHO HEMOABUKHBIMU U IIAPHUPHO MOJIBUKHBIMU
omopamu. B memsix ycpemHeHHs pe3yJIbTaTOB pacueTa depefoBaHne HeoOXOJMMO 3a/1aBaTh B TaKOH MOCIEN0Ba-
TETLHOCTH: CJIeBa — CIIPaBa, CIIEPEIN — C3a1, CHH3Y — CBEPXY. Ba)KHBIM SIBIISIETCSI M TO, YTO HAPSTY C Y3JIOBBIMH
Harpy3Kamu B JIBYX3JIEMECHTHOW MOJICNIM 3a/Ial0TCA eile U Je()OpPMAIMOHHBIC BO3JICHUCTBUS, CBS3aHHBIC C pac-
KpPBITHEM TPEITUHBI, KOTOpasi, B CBOIO ouepeip, Kak mokasano B [1; 19; 22], cea3ana ¢ 3¢ dekToM HapyIIeHUs
CIUIONTHOCTH. 3afaHue aeQOopMaIMOHHOTO BO3JICHCTBHS BBITIONHSAETCS B KAXKIOM y37e (KpOME OIMOPHEIX) IO
TpPeM HaMpaBJICHUSIM B COOTBETCTBHH C PUCYHKOM 4, 0, Tae |, M 1 N — HanpaBJIsfolHe KOCHHYCHI TJIAaBHOTO BEK-
TOpPA PaCKPBITUSI TPEIIMHBI B TOM UM MHOU €€ TOUKE IO OTHOIICHHIO K OCSIM X, } U Z COOTBETCTBEHHO.

Bo BTOpOM BapmaHTe mpH pemieHHH OOpaTHOW 3adadu JeQOopMalMOHHBIE BO3JCHCTBHS HE 3aJaroTcs,
a MOACTUPYIOTCS «PACIIHBACTCS IIEIh MEXITY KOHSYHBIMU DJIEMEHTAMH C €€ MUHUMAIBHOW BO3MOXKHOW IIIH-
PHUHOM, ¢ TOMOIIBI0 KOTOPON MIPOU3BOIUTCS MOCIEA0BATEIbHBIN UTEPALIMOHHBIN aHATIHU3.

Jliia perreHust oOpaTHOM 3a1auu, CBA3aHHOW HE 3a1atoTcs AehopMaIliOHHbIe BO3ICHCTBHS, 2 MOACTHPYETCS
IIEeITh MEXK Ty KOHEUHBIE 3JIEMEHTHI «PACIINBAIOTCS) C €€ MUHUMAIHLHO BO3MOYKHOM IMIUPHHON. [Ipy 3TOM ¢ ITOMOIIIBI0
KOTOPO¥ BBIMOJIHACTCS TOCIIEA0BATEIIBHbIN UTEPALIMOHHBIN aHAIN3 HAPSHKEHHO-1e(OPMHUPOBAHHOTO COCTOSIHUSI.

[lepemeniennss OeperoB TPEIIMHBI IO TPEM B3aUMHO NEPIEHAWKYISIPHBIM HAlpaBICHUSM B PE3yJIbTaTe
ucrnonb3oBanus JIKM ompenensercss COOTBETCTBYIONUMH COCTABIITIOIIMMHE TTUPHHBI PACKPBITUS JTUCKPETHOU
TpemuHbI Mexay napoi KD u3 uaTennexra BeraucautenbHoro komriekca «JIMPA-CAIIPy.

Jlpyroii BapuaHT pacdeTa IpeAIoiaraeT BHIIIOJIHEHUE PACUETHBIX MPOIeyp 03 U3MEHEHUsI 33IaHHOTO T10-
psaxa u HoMepoB K. B 3ToM BapuaHTte, B KOHEUHBIX 3JIEMEHTAX, MPUIETAOIUX K HESIBHBIM TPELIMHAM, YMEHb-
maercs ux ToimmuHa. Pabora xakmoit mapel KO paccumThIBacTCS ABAKIBI C MCIIONB30BAHUEM JIBYXAJIEMEHTHOU
KOHCOJIBHOM Monenu: 0 «pacumBkm» KO u nocne «pacumBkm»y K3, ¢ NpuioKeHHBIMHI Y3JIOBBIMU YCUIHSIMU U
JeOpMaITMOHHBIMH BO3AEUCTBHSMH OT PACKPBITUS TPEUIMHEI U ¢ y4eToM 3 deKTa HapyIIeH!s CILIONTHOCTH.

YcpenHeHable yCHTUS B y3JIaX B Pa3IMIHBIX HanpasieHusx it JJKM omnpenensiroTest n3 Gpu3udecky Hemu-
HEIHOIo pacyera Bcel KOHCTPYKUUU. JlJIsl 3TOro MCIONB3YIOTCS Y3JI0BbIE YCUIIUS B COOTBETCTBYIOIIMX KOHEYHBIX
aJIeMeHTax OeTOHa M apMaTyphl. B MecTax mepexo1oB TOPU30HTANILHBIX YYaCTKOB MOJICIHPYEMBIX TPEIUH K BEp-
TUKAIBHBIM 1 OOKOBBIM, pa0OTa JIJIsl YIIIOBBIX KOHEUHBIX 3JIEMEHTOB OTIPENENSIOTCS IyTEM MX ycpenHenus. B pe-
3yJIbTaTe HOBAs TOJIIIMHA KOHEUHBIX DJIEMEHTOB, MPUIICTAIOIIHNX K TPEIIMHE, ONPEIeNIeTCs o hopMyIie

Wl
b _VTZb“ (14)

rac Wl n W2 — pa6OTBI Z[ByXBJICMCHTHOﬁ MOZACIIN «O0 PpAaCHIMBKW» U «IIOCJIC U «IIOCJIC PACIIHMBKH» COOTBCT-

CTBEHHO.

[pemiaraempiii aIrOPUTM MPelyCMaTPUBACT HATMYME MUTEPAIMOHHOTO MPOIIECCa, PEryJIUPYEeMOro JOCTUT-
HYTOW TOYHOCTBIO TOJIIIMHBI OTMEYEHHBIX KOHEYHBIX 3JIEMEHTOB, KOTOPBIE IPUJICTAIOT K MHUMBIM TPEIIMHAM.

3/1ech YMECTHO 3aMETHTh, YTO KECTKOCTh CTEPIHEBBIX JKENIe300€TOHHBIX KOHCTPYKIMH HA y4acTKax ¢
HaAKJIOHHBIMH TPECIIUHAMH, B TOM YHCJIC MIEPECCKAOINNMUCA, 3aMCHACTCA SDKBHBAJCHTHON KECTKOCTBIO, BBIYHC-
nsieMoi 1o hopmyie:

2
B(A) = M7Ax , (15)
ZWS

rae Ws — poboTa CHIT BBIZICICHHOTO yUacTKa.

WTepalliOHHBIM MPOIECC 3aKaHUYMBACTCS IOCIE JOCTHIKECHHUS 3aJaHHOW TOTPEUTHOCTH TMPH OmIpeselie-
Huu Bi(A).
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Ha ywactkax ¢ HOpMaJbHBIMH TPELIMHAMHU >KECTKOCTh CTEP’KHEBBIX >KEJIE300CTOHHBIX KOHCTPYKIUH
OTIpeseNsieTCsI C MCTOIb30BaHNEM 3HAUEHNH M3TH0aoNero MoMeHTa M u paanyca KpUBH3HBI U p 1O HOPMATHUB-
HOU METOJIUKE:

B.(A)=Mp,. (16)

Anzopumm pacuema, B COOTBETCTBUH C MPEIIOKEHHBIM BapHAHTOM YHCIICHHO-aHAUTUYECKOTO METOAA
pacuera KeCTKOCTH TUIOCKOHAIIPSKEHHBIX U MPOCTPAHCTBEHHBIX CII0KHO HAIPSDKEHHBIX KeNe300€TOHHBIX KOH-
CTPYKIUH ¢ mpuBiedeHueM nporpaMmuoro komiuiekca «JIMPA-CAIIP», KoTOpbIi BKIIOYAET CIEAYIOMHUE MO-
JTyJTH:

Monyns 1. Jedhopmanmonubie 3h(PEeKTh — YIUTHIBAIOT JehOPMAIMOHHOE BO3ICHCTBHE PEAKITUN apMaTy-
pBI U OeToHa.

Monynsb 2. «AByxkoHconbHbIN 3neMeHT (KD)», cBI3aHHBINA ¢ HapyLIEHHEM CILIONIHOCTH OeTOHA.

Monynp 3. «buinHelHas TOBEPXHOCTEY», ONpENeNseTcs YpaBHEHHEM Iy4Ka OMIMHEHHOW MOBEPXHOCTH,
KOTOpasi KOHKPETHU3UPYETCsI IPIMEHUTENBHO K 33/JaHHOMY TIONIEPEYHOMY CEUCHHIO.

Monynb 4. «DKcTpemManbHble 3HaYeHUsT (YHKLIUH, MHOTHX TIEPEMEHHBIX ISl )KeJIe300€TOHay, ONpeaesnseT
MaKCHUMaJbHYIO IIUPUHY PACKPBITHS TPEIIWH NPOEKLUUH U PACCTOSHUS MEXIY CMEKHBIMH TPELIMHAMH B MHOTO-
YPOBHEBOM IIpOIIECCE.

Monyns 5. «IlogammuBOCTEY, OTIPEACIIIeT MapaMeTPhl CICTUICHUS apMaTyphl ¢ OETOHOM.

Monynb 6. «PacinBka KOHEUHBIX 3JI€MEHTOBY, P TPEIIMHOOOPAa30BaHHH.

Monyns 7. «IKM KOHCONB» — HCITOJIB3yeTCsS I HEeTWHEHHOro pacdeTa Bcel Kelne300eTOHHOW KOH-
CTPYKIMH Ha 33/IaHHBIE CHUJIOBBIE U Ae(OopMaIliOHHBIE BO3JEHCTBUA. B 3TOM MHCTpyMeHTE BBIACISIOTCS napbl
KOHEYHbIX J]1eMeHMmOo8, TPWIIETalONINX K TaKOH TpeIrHe, W MPHUBIEKACTCs ClelUalbHas pacuyeTHas 0gyxaie-
MeHmHas kKouconvuas moodens (JKM) conpomuenenus xene300eToHa.

3akjaoueHue

Ha ocHoBe BapuaHTa aHann3a U 00OOIICHUS SKCIIEPUMEHTAIBHO-TEOPETUUECKUX UCCIIEIOBAaHUI € TPeio-
JKEHHUEM YHCIEHHO-aHAJIMTUYECKOTO METOAa B MEXaHHKE JKeNle300eTOHa M Ha €ro OCHOBE pa3padoTaHbl METOINKA
Y aJITOPUTM, TTO3BOJISIONINE MOICITUPOBAThH UCKPETHBIE TPEIIMHBI M KECTKOCTH JKEIe300€TOHHBIX KOHCTPYKITHIA.

B unremnexre «JIMPA-CAIIP) BBITTOJTHEHO MOJEIHUPOBAHNE PACKPHITHS TPEIUH U ¢ y4eToM 3ddekTa
JKeNe300eToHa B BUJIC HApYIICHUS CIUIOIIHOCTH OETOHA, peakuy apMaTypsl B TpemuHe. [Ipu 3ToM B KauecTBe
WHCTPYMEHTOB HUCTIOJNB30BAHBI JBYXKOHCOJBHBIH 37eMeHT ([KD) ans mpocTpaHCTBEHHOUN TpeIIMHEI, aHAJIUTH-
YyecKasi MOJIeNb CIETJICHUS apMaTyphl ¢ OETOHOM, «pPacIINBKay TPEIINH, CIIeNHaIbHas pacyeTHas ABYXAJIEMEHT-
Has KoHcousibHas Mojenb (JJKM); «3akpbITHe TPEIMHbBD) OCTe «PACIIUBKI.

[Ipennoxena MeToarKa ONPENENEHNs] PACKPBITHS TPELINH, )KECTKOCTH 3JIEMEHTOB C TPELIMHAMM, pacCTO-
STHUS MKy TpeuuHaMu. Perenne BHITOTHEHO MPSAMBIM U 0OpaTHBIM CITOCOOOM MTOCTPOCHUS (popMyIT sl TIH-
PUHBI PaCKPBITUS M 3aKPBITHS TPEIIIH.
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Abstract. The calculation and prediction of the long-term safety of building
structures is associated with the dynamics of the stress state of their composite
elements and leads to relaxation problems for assessing the redistribution of
stresses between the components that make up the structural element. In this
study, reinforced concrete elements and the redistribution of stress from concrete
to reinforcement are considered. To solve the corresponding relaxation problem
an approach based on the concept of the strength structure of materials is
proposed, which considers them as a union of their fractions (layers, fibers)
with statistically distributed strengths. The loss of the ability of force resistance
caused by loading by part of the fractions of the element entails a redistribution
of stresses to its entire fractions. As a result of this, a nonlinear dependence of
deformations on the design stresses arises, calculated under the assumption of
equal strength of all fractions. For a material isotropic in strength, the relaxation
problem is reduced to solving a linear integral equation conjugated with its linear
rheological equation. The linear integral equation relatively structural stresses is
reduced. After solving it, the desired stress is determined as the root of the alge-
braic equation connecting the structural and design stresses. The proposed ap-
proach significantly simplifies the obtaining of necessary for the long-term
safety prediction of structures stress estimates in the components of structural
elements.

Keywords: stress relaxation, creep of constructions, deformation of construc-
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AHHoTanus. PacyeT ¥ NporHo3 ANUTENBHON 0€30MaCHOCTH CTPOUTENBHBIX KOH-
CTPYKLMH CONpPSDKEH C AMHAMHMKOH HAIlpsyKEHHOTO COCTOSHUSI MX KOMIO3UTHBIX
3JIEMEHTOB M NPHMBOAUT K 3aJayaM peaKcaluy JJis OLIEHKU IepepacrpeeeHus
HalpsHKEHUH MEKIY COCTAaBIAIOIIMMU KOHCTPYKTHBHBIM 2JIEMEHT KOMIIOHEHTAMH.

B nccrnenoBanum paccMaTpuBaroTCs JKene300€TOHHBIE JJIEMEHTHl M Iepepactipesie-
JICHHe HalpshKeHUs ¢ OeToHa Ha apMaTypy. JJist pereHunst COOTBETCTBYIOMIEH pernak-
CAlLlIOHHOM 3a/1auMl IIpeularaeTcs MoJXo/, OCHOBAaHHBIN Ha KOHIEIIMU ITPOYHOCT-
HOM CTPYKTYpbl MATE€pHUAJIOB, PACCMATPUBAIOLIEil UX Kak 00beJUHEHHE CBOUX (hpak-
Uil (CII0eB, BOJIOKOH) CO CTaTHCTUYECKU paclpe/ieIeHHbIMU NMPOoYHOCTAMHU. Ilo-
poxJaeMasl Harpy>KeHUeM I0Tepsi CIOCOOHOCTU CUJIOBOIO COIPOTUBIIEHHS YaCThIO
(bpakimii a7eMeHTa BIeUeT IepepacipeiesieHne HalpshkeH!H Ha ero Hesble (pak-
miu. B pesysbrare BO3HHMKaeT HEJIMHEHHas 3aBHCHMOCTB jAedopMmarmii ot pacyer-
HBIX HAaIPSHKEHUH, pACCUNTAHHBIX B IPEATIONOKEHUH PaBHOIIPOYHOCTH BCeX (pax-
1il. s H30TPOIHOrO 1O NPOYHOCTH MaTepuana peslakCallioOHHas 3a/1a4a CBOIUTCS
K PELIECHUIO JIMHEHHOr0 MHTErpalbHOIO YPaBHEHMUS, COMNPSHKEHHOTO C €ro JIMHEH-

HBIM PEOJIOrMYECKUM ypaBHEHHEM. BbIBOAUTCS IMHEHHOE UHTErpaIbHOE ypaBHEHUE
OTHOCHTENBHO TaK Ha3bIBAEMOTO CTPYKTYPHOTO HAIPSKEHUSI CIIOCOOHOH K CHIIOBO-
My CONPOTHBIICHHIO YacThIO 37eMeHTa. [lociie ero pemeHns HCKOMOE HaIpsHKCHHE
OTpeeNsAeTcs KaK KOPeHb alreOpandecKoro ypaBHEHNsI, CBS3BIBAIOIIETO CTPYKTYp-
HbI€ U pacueTHble HampsbkeHus. IIpeuiaraeMblii MOAXO[ CYIIECTBEHHO YIPOLIAET
HOJIy4yeHUue HeOOXOIUMBIX B IPOrHO3E ATUTEIbHON 0€30MacHOCTH COOPYKEHUil
OLICHOK HAIPsDKEHUI B KOMIIOHEHTAX KOHCTPYKIMOHHBIX JIEMEHTOB.
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Introduction

In a global sense, the relaxation phenomenon represents the process of thermodynamic equilibrium estab-
lishing in a system consisting of a large number of particles. In structural mechanics, relaxation is understood as
a reduction in stresses when the initial deformation is fixed by the bonds. From the point of view of physical
chemistry, stress reduction occurs due to intermolecular displacements and reorientation of the intramolecular
structure, and therefore the similarity of relaxation and creep phenomena is manifested. In this paper on the basis
of the accepted concept of the strength structure of materials the modification of known in the linear creep theory
L. Boltzmann’s superposition principle [1] is obtained allowing its applicability under nonlinear dependence of
deformations on design stresses.

Relaxation problems are associated with the phenomenon of creep — an increase in deformation £(t)-
generated by stress o(t,) when T > t,. Stresses o(t) decrease over time with constant deformation €(t,)
and this phenomenon is called stress relaxation. The phenomenon of relaxation is a consequence of
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the development of creep deformation in the material €,(t,¢t,), because with a constant total deformation
e(ty) = g,(t) + g,(t, ty) due to an increase in deformation €,(t, ty), the portion €, (t) of instantaneous defor-
mation decreases and the stress o(t) = E(t)e,(t) decreases. This means that creep and relaxation phenomena
take place simultaneously.

Continuous redistribution of stresses between concrete and reinforcement is essential for their current
stress-strain state. Stress relaxation in the concrete component of the structural element entails an increase in the
stress in the reinforcement and its significant excess over the calculated one can lead to breaking of the rein-
forcement and to serious consequences in critical structures (in reinforced concrete reactor shells, water ducts).

The standard method for solving the considered problems is the preliminary determination of the relaxa-
tion kernel by a given creep kernel. However, the solution of the corresponding integral equation is expressed in
a very slowly converging series [2]. The application of the Laplace transform and the Poincare small parameter
method is busy and time-consuming [3].

The solution of relaxation problems is greatly simplified when the corresponding integral equations of
state are reduced to their differential forms. In this paper, the linear integral equation of state of uniaxially loaded
concrete is reduced to a simple linear differential equation of the first order. This takes into account the presence
of a single aging function that determines the evolution of the elastic modulus and the creep measure.

Remark 1. The key point of this method is the linearity of the integral equation of state. In the nonlinear
statement, the transformation to a linear differential equation becomes possible after the derivation of the linear
relative to structural stress (based on a modification of L. Boltzmann's principle) statement equation of concrete.

Rheological equations of mechanical state

Creep deformation under simple loading o(7),
g, (t,T) = C*(t, )0 (1). (1)
Take the measure of creep of concrete in the form
C*(t, 1) = C(0,28)6(D)f (t — D), 2

where 0(1) — the aging function; f(t — T) — the creep strain accumulation function; tlim C*(t,T) =C*(o0,1).

Based on experimental data [4], the following structure of the aging function was established in [5]:

__R(28) _ E(28) _ C*(o,1)
00 = R(t)  E(M)  C(»,28) 3)

Denoting C*(o0,28)f(t — 1)=C",f (t — T) 1 6(t)o(1)=6(1), according to (2) and (3) we have

(¢, = 6(0C(t,1); 8(0) = R(28)n(1), “)
where n(t) = % — the stress level; R(28) — the strength of concrete at the age of 28 days.
Corresponding to the increment of the stress level An(t;) = ?;E—;i)) at the moment t; a partial increment
of creep deformations at the moment 7 is
AEH (t, Ti) =C (t, TL)R(28)AT'| (Ti) = CS (t, rl-)A’G(‘ri). (5)

Since each increment Ag, (t, T;) depends only on the magnitude of the level and t — t;, then the increment
AG(t) = Xiz, AS(Ty) (6)
responds to creep deformation increment

Ay (¢, to) = ity Co (¢, T)AB(T). (7
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By passing in (7) to the limit and integrating in parts we have
X ~ " ~ t ~, 0Cy(t,
Beq(t, ) = C5 (£, 0(8) — C5 (&, £)8 (k) — [, 3(1) 22 dr. (8)

The increment of the total deformation €(t, t,) = ¢, (t) — g, (ty) + A, (t, ty) and, adding to Ae, (¢, ty)
the deformation, caused by stress 6(t,), we obtain a linear rheological equation of concrete under uniaxial loading

et to) = 5+ Co(6,00(8) -} 8()o() 2D dr. ©)

When 0(t) = 1 the parameters E(t) and C*(t, ) are time-invariant for ageless concrete

e(t, ty) = ;’((g + C3(t, t)a(t) —f (r)%dr. (10)

Remark 1. Boltzmann's superposition principle is formulated for ageless concrete (ideal) material. When
taking into account aging, the superposition of partial creep deformations is realized by partial increments of

the reduced stress 6(t) = 6(t)o(1), corresponding to increments of the level n(t) = % of stresses o(T).
The creep deformation accumulation function is selected in the form
fe—1)=[1-ke VD], 0<k<1
and thus [6]:
C*(t,T) = C(,28)0(7)[1 — ke YD) (11)

Remark 2. When in (11) we have k < 1, a summand C*(t,t)o(t) # 0 and it is called short-term creep.
Taking measure (11) with k < 1, some authors [7] assume the inertia-free nature of the creep phenomenon,
while other authors [8] (since the creep measure determines precisely delayed deformations), assuming the iner-
tia in time of this phenomenon, take the creep measure (11) with k = 1

C*(t, 1) = C(o0,28)8(1)[1 — e YD), (12)
According to (9) and (12) we have C*(t,t) = 0

t acy(t,
e(t, ty) = % ~ [} 8(Do(x) 2 g (13)

The measure (12) is taken in this paper.
GCO(tI) 6C (t'r)

Since with measure (12) we have —0(1) , then according to (13)

e(t, to) = g((;) +y0 (02D g, (14)
The value of
8(t, 1) _m-l'C(t T) (15)

in building codes it is taken as the general compliant of instantaneous and delayed deformations and under sim-
ple loading o(T)

oM 4 C(t,vo(7). (16)

e(t,t) = D)
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The imposition of deformations is carried out with general compliance

8 (t, 1) = % +C* (1) (17)
and when loading o(t), we assume
e(t, 1) = % + C*(t,)o(1). (18)

According to (16) and (18)

1 1 %
ﬁ-'_ C(t,T) = H-F Cc (t,’l’),

1 1
E() E@®) (19)

c*(t,t) =C(t,1) +

Equality (19) means, that with compliance 8(t, ) the measure C*(t, t)of creep deformations decreases
by an amount

1 1

[E(T) E(t)]'

In the works [7-9], assuming E(t) = E(t); ty < t <t the rheological equation is derived by applying
partial increments of creep deformation

t t ac(t,
e(t, to) = % — J; o) =2, (20)

equivalent according to (19) to equation

e(t, ty) = oM _ fi) G(T)iLdT— fto o(1)

ac(t,T)
B 9t B t LAt (21

0

Remark 3. Equations (20) and (21) describe the same mechanical state of concrete, which was not noticed
by the authors of [10]. This led to the statement [10] that the second component in (21) is unnecessary and to
an incorrect representation of the superposition principle “as a fundamental error in the theory of creep” [11].

The force increasing by a normal cross-section N(t) entails the destruction of a part of the fractions, re-
ducing the cross-sectional area A to A(t), formed by whole fractions at the moment t. The value associated with
structural damage

N
0c(v) = 5 (22)
is called the structural, and the value of
o(t) =2 (23)

is called the calculated normal voltage in the structural element. According to (22) and (23)

A
0c(0) = 1500 = $° (Mo (D), (24)
where the function S°(1) = % describes the process of destruction of fractions, accompanied by a redistribu-

tion of loading N(t) on the area A(T), because only fractions that are entire at this moment exert force re-
sistance. In contrast to the linear formulation, which means the equal strength of all fractions of the element,
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the stepwise increment of stress Ao = Y)}[-; Ao(t;) does not correspond to mutually independent increments of
creep deformations — the action Ao(t;) at the moment T = T; is enhanced by the action of Ao(t;), where
j > i [12]. Note also that the area A(t;)is determined by all increments Ao (ty); k < i.

This circumstance leads to the need to modify the principle of L. Boltzmann's superposition. Since
the cause of the dependence between Ag,(t, T;) is the equal strength of the fractions, we will (mentally) select
in the concrete component V of the structural element its part V;, consisting of entire fractions in the segment
[to, £]. Just for this part the rheological equation describes the stress-strain state (SSS) taking into account
the rheology at [#, £].

Since the (SSS) of the part V; at the current momentt €[#, f] coincides with the (SSS) in the part Vi,
consisting of entire fractions at the moment T, the stress in V;is a structural stress o.(t). Strength balance of
the fractions V;to T = t entails mutual independence of increments

Ae,(t,t;) = C*(t,t;)Ao.(1;)
and stress Ao (t) = Yi=; Ao, (t;) generates deformation
Agy(t, o) = Xieq C7(t, T do () = Xisq Co (¢, 1)0(T) Ao (T)). (25)

The relation (25) allows (by repeating the above constructions) the derivation of the rheological equation
of the mechanical state in a nonlinear formulation [13; 14]

c(t t aCy (¢,
e(t, ty) = ‘;(—(t)) — I, 8(Doc(D) 2l gr, (26)
50 t t aC, (¢,
et ty) = gz;()-—_goe(r)so(T)oc(r) 20D gr. 27)

Remark 4. Relation (25) represents the principle of superposition of creep deformations for an aging mate-
rial (in the concept of its strength structure) in a nonlinear formulation.
In [9], assuming the interdependence of partial increments, the equation is derived

Su [;8] t o [o@]ac* D
e(t, ty) = —— ) fto [R(T) - dr. (28)

In (28) S, [G(t)] nd S, [R o — nonlinear functions of instantaneous deformations and creep deformations.

Remark 5. In the physical aspect, both types of deformations are generated by a single force factor — struc-
tural stress o.(T) — and therefore S,,[n(t)] = o.(t) and S;[M(1)] = 0.(T). According to o.(t) = S°(1)o(7)
the unified stress function is represented as S[o(1)] = S°(1)0 (7).

The nonlinear function S°(t) in applications is given by the equation [15]

SO =1+V [ZET;] , (29)

where V and m are empirical parameters and for concrete m = 4 is usually assumed.

Equation (9) does not take into account the nonlinearity of the diagram ¢ — € observed in experiments and,
as A.A. Gvozdev first noted, is not suitable for the theory of reinforced concrete. Assuming the dependence of
the instantaneous deformation on the linear one o(t), and the creep deformation as the nonlinear one, he consi-
dered the surge in the initial section 0 — € as a consequence of the rapidly flowing creep. According to
A.A. Gvozdev [16], creep is two-component and deformation €,(t, ty) consists of the so-called partially reversi-
ble deformation of the 2nd kind and irreversible deformation of the 1st kind generated by force damage. Equa-
tion of two-component creep theory under uniaxial loading [3]

® t ac(t,t) acs(t,1)
e(t,t0) = g3 = Iy, 0 52 5| dv = [ 0@ 252 det [T f(@FIT (0,01 %52 do, (30)
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where f(0) is a nonlinear stress function; F[T(o,t)] — a function of the total duration T(o,t) of the stress to
the moment ¢.
Denoting A, (T) as a part of the area A, corresponding to the fractions destroyed at the moment t

Agq(T) Aq(T)
A=A +A4,(0); S =1+ Ad(:); a(t) = Ad(:); S =1+ a(D);

o.(1t) = o(1) + a(t) o(1). 3D

The representation (31) of the structural stress corresponds to the equations

8M(t) = EMJ'I(t) + euu(t); Sn(t, to) = 81'111(‘Lv to) + SHH(tl tO)a (32)

meaning that instantaneous and delayed deformations are composed of their linear and nonlinear parts. Accord-
ing to (30) and (32), the last summand on the right side of the equality is the sum €, (t) + €,,(t, ty) and is rep-
resented in [3] as a creep deformation of the 1st kind.

Remark 6. The incorrectness of considering the nonlinear part of instantaneous deformation as creep de-
formation is also noted in [10].

In [17], the creep equation of concrete is given on the basis of nonlinear Eurocode diagrams

aC(t,1)
", (33)

£(t, to) = folo(0)] - [ filen (D]

where o(t) = f;[ey(t)] and €, (t) = f,[0(T)] represent the direct and inverse function of a nonlinear diagram
0 — &y
According to (33), in the equation of state, along with the nonlinear dependence of instantaneous defor-
mations on o(T), creep is represented as linearly dependent on o(T).
Relaxation problems

Stress relaxation in concrete under uniaxial loading

To determine the design and structural stresses for a given deformation according to equations (9)
and (26), we have the following integral equations

o(t) = E@®e(t, to) + E®) [ 6(o(m) 2L g, (34)

aCy(t,T)
at

o.(t) = E®e(t, ) + E(®) ft‘; 8(1)0,.(T) dr. (35)

Both equations (9) and (26) and equations (34) and (35) have the same structure with the same parame-
ters E (1) and C, (¢, T) in linear and nonlinear formulations. Within the framework of the concept we have adopt-
ed the nonlinearity is determined by the structure of the material and force loading, and parameters that do not

depend on these factors — E(t) and C; (¢, T) are determined by physico-chemical processes.

E(28)
) and

o(1) = E(t)e,, (1); &, (1) — elastic deformation, then according to (9) with measure (12), we obtain the equality

The scheme of definition o(t) and o.(t) is the same. Consider equation (34). Because 0(t) =

e(t) = g, (t) + ype™t fti) gy (De¥'dt; ¢ = E(28)C(w,28), (36)

that represent a linear integral equation with respect to elastic deformation €, ().
Equation (36) is reduced to the differential form [18]: multiply both parts (36) by eY¢

e¥le(t) = e, (t) + yo ftto gy (DeVd. (37)
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We differentiate all summands (37) by ¢, taking into account the known equality
t
d
2 | rodr =1,
to

¥t [£(t) + ve(t)] = e [£, (1) + ve, ()] + yope ¥ e, (0). (38)

Now, multiplying all the summands by e ™", we obtain a linear differential equation of the first order with
respect to £,(t)

&, (t) + be, (t) = £(t) +yve(t); b=v(1+ o). (39)

The function €,y (t) = Ce ™" represents the general solution of a homogeneous equation &(t) + be, (t) = 0.

-bt

We look for the general solution of equation (39) in the form &,,(t) = C(t)e and, substituting it into (39),

we get
C (e P = bC(D)e ™ + bCe™ = @o(t); @o(t) = £(t) + ye(®);
C (e b = @o(t) u C(t) = [ePt @y(t)dt = Py(t) +C.
So, the general solution of equation (39) is
g,(6) = Ce Pt + e Pty (t) = Ce ™ + D(b); @(t) = e 2t Py(0). (40)
Since according to (37) we have gy, (to) = €(ty) and g,(t) = P (ty) + Ce™ ", then
C = [e(to) — P(to)]eP™.
Thus,
g, (1) = [e(ty — P(t))]e 2t + D (v), (41)
o(t) = E(®)[e(ty — ®(ty))]e PE ) + E() D (D). (42)

In the nonlinear formulation, equation (26) is reduced to the form (39) using the above transformations
and the structural stress is determined as

os(t) = E@®)[e(to — @(t))]e ¢ + E(t)D(0). (43)

According to the stress found by this formula o7 (t) the required calculated stress o*(t)is determined
by the solution of the algebraic equation

S%e(O)]o(t) = oz (t). (44)
When the nonlinear function S°[o(t)] is taken as (29) for m = 4, according to (44) we have the equation
5
t *
v[za] +o® =oi® (45)

and the largest of the real roots is taken as an estimate of the calculated stress.
In [18], model cases of forced deformations €(t) = gy and &(t) = v(t — t,) are considered; v is the con-
stant rate of deformation.
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In work [19-20] linear integral equations (34) and (35) are solved by iteration method.
Remark 1. In (17), equation (33) is reduced to a first-order differential equation. In this case, the function
filew(T)] = o(t) according to the nonlinear Eurocode diagrams is taken as

_ a®el(O+8(D ()
o) == s on®

2

where functions a(t), 6(t), g(t) are selected empirically.
As a result, in contrast to equation (39), a rather complex nonlinear equation is obtained [17], and the
question of its solution arises.

Stress relaxation in bent reinforced concrete elements

Let's consider stress relaxation in a single reinforced concrete beam bent by a moment M(t). At a distance
h, from the neutral axis Ox

1[M(t)h
oa(t) = = [1%2 — 6, (t, hy)]. (46)
wl Jp
A : :
Here p = A—“, A, and A, are the areas of normal sections of the reinforcement and the concrete component
b
of the beam; ny = ]L, where | and ], are the moments of inertia of the concrete part of the beam and the reduced
b

normal section relative to the Ox axis; o, (t, h,) is stress in the concrete layer in contact with the reinforcement.
At the level h, according to the condition of compatibility of deformations, we obtain the equation

—~ t aCy (t,
0y (£, ha) = Gp(t, ha) + A(E) [ O(D)oy (1, he) “52 d, (47)
_ __ M®he . . ) _ M(DEg(t) _ Ea(®, B
where G, (t,h,) = TeGmem(O+D) instant elastic stress; A(t) = mem(O T m(t) () E,(t) — modulus of

elastic deformations of reinforcement; E;, (t) — modulus of elastic deformations of concrete.
For a given elastic stress 6, (t, h,) the integral equation (47) is solved by reducing to a differential equa-
tion of the form (39) relatively to £,,(T) or by simple iterations with zero approximation o0 (t, hgq) = 65(t, hy).
At a constant bending moment M we have the equation

@(t' ha) + (}\ + Y)Gb (t' ha) = Y(/F;(t, ha) (48)

According to the solution of equation (48) with an initial condition 6, (t, h,) = 6, (t, h,) for sufficiently
large t the estimate of 0, (t, hy) is

0y (0, ha) = 7~ 55(0, ha). (49)

As a result of a prolonged redistribution of stresses from concrete to reinforcement its initial stress

Ga(O) — Mhgngm

——2— increases to value
J(ungm+1)

_ 1 [M{)hg ¥ ~
0a(00) = — [F% — - 57(0,hy)|. (50)

Structural damage leads to an intensification of this process and makes a significant contribution to the as-
sessment o3 (0, h,) and o, (00).

Remark 1. In [3], a combination of the small parameter method by introducing a multiplier ¢ into the last
summand of equation (30) and the Laplace transform is used to solve relaxation problems. The structure of equa-
tion (30), together with the methods used, makes finding stresses oj,(t) and o, (t) quite a difficult task.
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Conclusion

In the long-term forecast of the safety of reinforced concrete structures and buildings, estimates of
the maximum stress values in the reinforcement are essential, because its rupture can lead to serious consequen-
ces. These estimates are obtained by solving the problem of stress relaxation in the concrete component of
the structural element, entailing an increase of stress in the reinforcement.

Based on the concept of statistical strength distribution of fractions which union forms an element of a re-
inforced concrete structure, an approach is proposed for solving relaxation problems by reducing integral equa-
tions of state to a differential form. At the same time, according to the linearity of the integral equation of state
with respect to the so-called structural stresses and the generality of the aging function for the modulus of elas-
ticity and the creep measure of concrete, a simple linear differential equation of the first order is obtained.

The approach proposed in this paper, based on the strength structure of constructive materials (concrete,
steel, wood, plastic), is significantly simpler than the known methods of stress assessment in the components of
reinforced concrete structural elements.
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porting the middle part change. The solution is constructed using the calculation
scheme of a beam lying on an elastic foundation described by the Winkler model.
To assess the impact on the stress-strain state of the beam of the sudden exclu-

sion of the elastic foundation under the middle part of the beam, the circular
frequencies and forms of natural transverse vibrations of the beam that occur in
the absence of disturbing forces are determined. The given solution of the prob-
lem of vibrations of a pipe, through which a gas-containing liquid is transported,
with a change in the conditions of support of the middle part of the beam, can be
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3JIaHUI M COOpY’KEHM, KOTOphIE PErJIaMEHTUPOBAHB! 3aKOHOJATENIBHO U MONTYYHUIN Pa3BUTHE B COBPEMEHHBIX
HOPMAaTHUBHO-TEXHUYECKHUX JOKYMEHTAaX, aKTyaJlbHOH SBJISETCS 3aa4ya UCCACAOBAaHUSI KOHCTPYKTUBHBIX CUCTEM,
M3MEHSIONIUX PACUETHYIO0 CXEMY B CHIIy Pa3jid4HbIX IPUYMH IPU JIOKAJBHOM pa3pyLIEHUU WU B PE3yJIbTare
MIPOSIBJICHUS OMACHBIX IMPHUPOJHBIX IMPOLECCOB M SBJICHHM, TEXHOJIOTHMYECKHX WM TEXHOTEHHBIX BO3JEHCT-
Buii [1-4]. CocTosHUS, BOSHUKAIOIINE ITPH OCOOBIX BO3ICHCTBUAX M CUTYAIUAX, IPEBBIICHHE KOTOPHIX MPHUBO-
IIUT K pa3pyILICHUIO COOPYKEHUH ¢ KaTacTpo(UIeCKUMH MTOCIEACTBUAMH, HEOOXOIMMO YIUTHIBATh IS oOecte-
yeHus TpeGoBaHUN 0c000 rpyNIBl MPeAeTbHBIX COCTOSHUH.

[Tpu nmepexaunBaHUU Ta30COACPKAIIUX KUAKOCTEH (Hampumep, HeTH) MO TpyOOmpoBoIaM ¢ IOMOLIBIO
33JJaHHOTO HAIopa, CO34aBa€MOT0 KOMIIPECCOPHBIMU YCTAHOBKAMU, IPOUCXOIUT pa3eiCHUE ra30CcoAepxKalieit
KHUIKOCTH Ha KUAKYIO ¥ Ta30ByI0 (ha3pl. CooTHOIIEHHEe 00hEMOB )XKHIKOCTH W Ta3a 3aBHCHUT OT MCXOTHOTO BHIIA
XMMHYECKOTO COCTaBa COCTABJIAIONIUX BELIECTB M MX KOIMYECTBEHHBIX XapaKTEPUCTHUK, JaBICHUS U TEMIIepaTy-
psL. [Ipruem, crorieHre Ta3a HepaBHOMEPHO paclpeaensieTcs 0 [UIHHE TPYOOIIpOBOAa, YTO MPOU3BOIUT IYiIh-
CUPYIOIIHE ITePEeMENICHHS EHTPa TSHKECTH ABMXKYIIECHCS KHUIKOCTH M COTPOBOXKAAETCS BUOPAIMOHHBIMHA BO3-
JEHCTBUSIMH Ha TPYOOIIPOBO. DTO BBI3BIBACT JIOTIOJHUTENbHbIE IOTEPU MOITHOCTH MOTOKA TPAHCIIOPTUPOBAHUS
U TIPUBOJHUT K YCKOPEHHOMY HM3HOCY TpyO. JlnarHoctuke TpyOONpPOBOAOB Ta30COAEPKAIIMX XKHUAKOCTEH MpH
Pa3IMYHBIX YCIOBUSAX OMHPAHUS IO COOCTBEHHBIM YAacTOTaM WX KOJEeOaHWI MOCBSIIEHO MHOXKECTBO TPYIOB.
Mo>kHO TIpUBECTH HccaenoBanus [2; 5—8].

Ecnu TpyOompoBon pacmofiokeH Ha TPYHTOBOM OCHOBaHMH, TO IUIS ONpEIeNieHHs HampsyKeHHO-Aedop-
MHUPOBaHHOTO COCTOSTHUS TPyOOIpPOBOIa €T0 MOKHO pacCMOTPETh, Kak OaNKy, JIMHON L, JIeXKallylo Ha YIIPyroM
OCHOBaHWH, OMHMCHIBAEMBIM MOIETLI0 BHHKIIEpa, MOABEP)KEHHYIO ACHCTBUIO MyJIbCAIIMOHHOW HArpy3k# [5; 9;
10]. B wacTHOCTH, B [2] IpHUBEIEHO pEIICHHE O CBOOOAHBIX M TAPMOHUYECKHUX KOleOaHUSIX TPyOONnpoBoa, BO3-
HUKAIOIIe [IPH TPAHCIIOPTUPOBKE Ta30coaepkamieid wunkoctr. KonebaHusi MpOUCXOAT 32 CUET HEPaBHOMED-
HOTO pachpefeicHus 0 JTHHE TPyOhl cKomuieHus ra3a. CaMm TpyOOIpoBOj paccMaTpuBaeTcs Kak Oajaka Ha
YIpPYyTOM OCHOBaHHH, OIMCBhIBa€Masl MOJeNbi0 BuHKIIEepa, MoiBep KeHHas IEHCTBHIO MyJIbCAI[MOHHOW HAarpy3KH.
Omnpenensiercst CeKTp 4acToT KonebaHuii. [IpuBeaeHHOe penieHne MOXeT OBITh HCIOJIB30BAHO AJISl MPOTHO3a
JIOJITOBEYHOCTH TPYOBI. B pasBuThe 3THX MCCIIeJOBaHWH B JTAHHOW CTaThe PACCMOTPEHA 3aj/lava I0 OIpejee-
HUIO BIIMSIHUSI HA HaINPSHKEHHO-Ie(QOPMUPOBAHHOE COCTOSIHUE OAJIKM BHE3AITHOT'O MCKIIOUYEHUS YIIPYToro OCHO-
BaHUS IO/ CPEIHEH YacThio OaNKH M ONpPEAETICHNUIO0 KPYTrOBhIX YacTOT U (OpMBI COOCTBEHHBIX MOMEPEUHBIX KO-
nebaHui OaKy.

MeTtoanl

N3BecTHO [2; 5; 6], 9TO IO Mepe MPOIBMIKEHUS Ta30COACPKAIICH KUIKOCTH TIPOUCXOIUT TTOTEPS HATIOpa
1, KaK CIIe/ICTBHE, CHIDKEHHUE JIAaBICHUS U COOTBETCTBYIOIIEE YBEITNUEeHUE 00beMa Ta30Boil (passl.

I'a3 ckammnBaeTcsi B BepXHeH yacTu TpyObI M B 3aBUCUMOCTH OT KOJmdecTBa (hopMUpyeTcs IN0O CTPyitHO,
100 B (JOpME OTACIBHO PACIPEICIICHHBIX 3JUIUIICOU OB (pHc. 1).

B 000ux ciydasx mEHTp TSHXKECTH IMOTOKA CMEIAETCS BHU3 TI0 CEUCHHUIO TPYOBI — P CTPYHHOM TMOTOKE Tasa
BEJIMYMHA STOTO CMEIEHHS 110 JUIMHE TPYObl He MEHSETCS (MM MEHSIETCSl MEJUICHHO), TIPU Pa3eIbHOM PACIIOJIOKe-
HHUH Ta30BOH (ha3bl IEHTP THKECTH MOTOKA ITEpEMEIIIaeTCsl M3 IIEHTpa CeUeHuns TpyObl, B KOTOPOM T'a30BbIe CKOTUICHHS
OTCYTCTBYIOT OTAEIBHO OT Ia30BOT0 JUIMIICOM/IA, B CEUCHHE, B KOTOPOM PACIIONOKEHBI Fa30BbI€ CKOILICHUSI.
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Puc. 1. Cxema dopmupoBaHust ra30Boi (askl B TpybonpoBoe
Figure 1. Diagram of the formation of the gas phase in the pipeline

OTO NPUBOIUT K IyJNbCALMU LEHTPA TSHKECTH MOTOKA MPU IBMXKEHHH XMIKOCTH, COMPOBOXKIAIOIICHCS
JTOTIOJTHUTENIbHBIMA JUHAMUYECKUMH Harpy3kamu. lIpu 3ToM OTMETHM, UTO pa3Mepbl ra3oBBIX BKIIOUEHUH H
PaccTOSIHUS MEXAy HUMH OINPEIelsIoTCS HAaTYPHBIMU U3MEPEHHAMH (HalpuMep, YIbTPa3ByKOBBIMH METOJaMH),
a B JaJIbHEWIIIEM MOTYT OBITh TaOyJINPOBaHBI.

Pe3ynbTarhl U 00cy:x1€eHNE

Hanee g ynpolieHusi pacueTHOTO aNropuTMa, COXpaHAs pacueTHYIO IJIHHY /, SJUTUICOMIHOE CeYeHHe
€JMHUYHOT'O T'a30BOI'0 KOMIIOHEHTA 3aMEHSAEM KPYroM PaBHOBEIUKOH miomaau (puc. 2).

in im
[ : ; | ]
L

Puc. 2. Cxema pac4eTHBIX Y4aCcTKOB TPyOOIIPOBOA C Fa30BBIMHU BKJIIOYECHUSIMH
Figure 2. Diagram of the design sections of the pipeline with gas inclusions

Haubonbias cuma mynbcanyun

y(xt) 1 2
max F = u =22 = - pyy (5% (1)

W= (D L; — diLy); 2)
1
pi=; Di — yi; 3)
o Z;(n:lsiinmrim (4)
Vi an:1 SimYim

rie p; — HauOOJbIIIee CMEIICHUE IICHTPA TKECTU MOTOKA Ta30Co/epIKaIlieh KHUIKOCTH MEXIY CeUeHUsIMU Oe3
ra30BbIX BKJIIOYEHUH U C Ta30BBIMU BKJIFOUEHUSIMHU; |l; — Macca PacueTHOTrO y4acTka TpyOsl; L; — AnmiHa pacyer-
HOT'O y4acTKa TPYObI; U — CKOPOCTh JBHXKCHUS XKHUJIKOCTH; D; — BHYTpEHHUH AuaMeTp ydactka TpyOsl; d; — pac-
YETHBIM JUAMETP y4acTKa ra30BOr0 SJUTUIICOMA, MPUBEACHHOTO K PaBHOBEIHUKOMY Kpyry; [; —inHA ydacTka
ra30BOr0 AJUIUICOUAA; S; — IUIOMAAb CEYCHUS KHUIKOH U ra3oBoi (pa3 abCIUCCH CepeIMHBI y4acTKa ra30BOro
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JIUTHIICOUAA; 7; — PACCTOSIHUE OT HIDKHEH TOYKH TPYOBI 0 IIEHTpa TSDKECTH i-TOW (a3wl; y; — OOBbEMHBIN Bec
i-To# (asbl.
Takum 00pa3om, THHAMHYECKOE JOTPYKEHHE MyJILCHPYIOIIETO THITA UMEET aMIutuTyny A;= p;/2, mepuos

L 2T
nyiascauuu T; = > JacToTy MyJIbCALMA ;= ——.
L

[Manenue Hanopa Ha y4acTKax MEXJTy KOMIIPECCOPHBIMH CTAHIIHSIMH MOXET OBbITh YYTCHO yTOYHCHHUEM
BCJIMYHUHBI MACCBhI.

Ecnu tpybGonpoBoj pacroniokeH Ha TPYHTOBOM OCHOBAHHHM, TO JUISL ONPEACICHHS HaNpsKEeHHO-Aedop-
MUPOBAHHOTO COCTOSHUSI TPYOOIPOBOA €r0 MOXKHO PACCMOTPETh, Kak OalKy, UIMHOH L, JekKAaIlyio Ha YIIPYroM
OCHOBAaHMM, OIIMCBIBAEMBIM MOJZEIIbIO BuHKIIEpa, TOABEPIKEHHYIO ACUCTBUIO ITyJIbCALIMOHHON HArPy3KH.

JuddepennmansHoe ypaBHEHHE BBIHYKICHHBIX TOMEPEYHBIX KOJeOaHUi OanKu Ha ynmpyroM OCHOBaHUHU
npu Jr000M 3aKOHE M3MEHEHHs BO3MYyLIaromiei cuisl q (X, t) umeer caenyrommii sux [1; 2]:

£l a*y(x,t)  9%y(x,t) B 5)
ax4 + H atz +T'y(x, t) - q(x, t)r

rie £ — MoIymb yHmpyrocTu Martepuana Oanku, I1a; / — MOMEHT MHEpLHH MONEPEUHOTO CEUeHMs Oanku, M';
y(x, f) — GyHKIUA TIporuOa Oanmkw, 3aBUCAMAS OT KOOPAWHATHI X M BPEMEHH f, M; ¢(X, {) — BO3MYIIAIOIIAs
Harpy3Kka, I3MEHSIOIAsAC BO BpeMeHH £; = rob:ro — K03 uimeHT oTnopa ocHOBaHUs WM KO3 HUIUEHT 110-
cremn, Hv®; b — MprHa OanKu, M.

Jlnist ompeeNieHusl BIUSHUS Ha HANPSDKEHHO-E(POPMUPOBAHHOE COCTOSTHHE OANKM BHE3aITHOTO MCKITIOYe-
HUSI YIIPYTOTO OCHOBAHUS MMOJ| CPeJHEN YacTbio OalKy, ONpeAeIrM KPyroBble YacTOThl B (POPMBI COOCTBEHHBIX
MOTEePEYHBIX KoJIeOaHui Oanmku (puc. 3), MPOUCXOASAIIUE MPU OTCYTCTBUH BO3MYIIAIONIUX CHJI, TO €CTh IPHU
q(x, ) = 0 ypaBHeHue (5) mproOpeTaeT CIeayrOINN BU/I:

oty (x,t 2%y(x,t
£l y(x )Jr y(x,t)

Fpn ="z +ry(x,t) =0. (6)

0 — — I — —~—'——|_::
Vil DAAAL
% Fy ]‘2*0 rs;
al. | oL L
L

Puc. 3. banka npu n3MEHEHUH yCIOBUI ONUpPaHUs Ha YIPYroe OCHOBAHUE CPEIHEH YacTh
Figure 3. Beam when the conditions of support on the elastic base of the middle part change

MeronoM pasmencHusS TEPeMEHHBIX ¢ Hcmoib3oBanueM ¢Gyuaknmu A.H. KpsoioBa S (ij), T(ij),
U (Kjx), V(Kjx) MOJTyYUM BBIpasKeHHUeE IS poruda oanku [1; 2]:

y(x,t) = z X;(x)(Cj sin w;t + Dj cos w;t) 7
=1
Wi
y(x,t) = Z A;X; () sin(w;t + @;), (8)
j=1

IJIe Wj — 4acToTa CBOOOIHBIX KOJIEOAHUN OAJIKU:
EL 4
o = [(F+7). ©
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N3yunMm cBOOOIHEIE TTOTIEpEUHBIC KOJIeOaHus OaKH Ha YIIpyroM ocHoBaHWHM (puc. 3). JleBas gacTh Oamku
JUIMHOK o, pacmoiokeHa Ha yNPYroM OCHOBAaHUM C MOCTOSHHBIM KO3()(QUIIMEHTOM 7|, CPEeOHSAS YacTb OanKu
JUTHHOM OL pacronioykeHa Ha YIPyroM OCHOBaHHH C MOCTOSTHHBIM KO3()(MHUIIUEHTOM 77, IpaBasi 4YacTh OANKH JTH-
HOU YL pacrionoxeHa Ha YIpyroM OCHOBAHUH C TIOCTOSIHHBIM K03 duitnenToM 3. BHezamHoe u3MeHeHue ycio-
BUI OnUpaHus cpeqHel 4acTh OaJIkM, PacoN0KEHHON Ha yIIPYroM OCHOBaHHUH, W3-32 M3MEHEHUS KO PHUIINCH-
Ta MOCTEINN, 3HAYE€HUS KOTOPOT'0 MOKET YMEHBIIUTHCS O HYJIS, IPUBEAET K M3MEHEHHIO PACUETHOM CXEMBI CH-
CTEeMBI «0ayika — ynpyroe OCHOBAHHUEY.

OmpeneneHue COOCTBEHHBIX YacTOT B (HOpPM KoJeOaHMIA, IepeMeIIeHN M BHYTPECHHUX yCHINN Oaku Ha
YIPYTrOM OCHOBAaHHMHU TPH HCKIIOYEHHH OCHOBAHHS MO J00O0H YacThio OajKé BBIOJHUM, UCIIONB3YSI METOJ
HavanbHBIX TapameTpoB U ¢yHkuun A.H. KpeuioBa. CocTtaBuM ypaBHEHHsI B YHHBEPCAIBHOM BHIE AJS TpeX
YYacTKOB OaJIKW, PacloNIOXKECHHOW Ha YIPYroM OCHOBaHWH. J[JIsl mepBOro ydacTka Oaliku apryMeHT (QYHKIHA
A.H. KpsutoBa 0003HaYMM Y4, JUI1 BTOPOTO y4acTKa 0ajiku — Hy;, U1l TPETBEro y4acTKa Oallku — U3;.

Omnpenennum KpyroBble YacTOTHl U (POPMBI COOCTBEHHBIX MOMEPEYHBIX KOJIEOaHUH Oalku cO CBOOOJHBIMH
KOHIIAMH C y4ETOM COOCTBEHHOro Beca. COCTaBUM MOCIEAOBATEIBHO IS KaXIOTO y4acTKa OaiKku ypaBHEHHUS
JUHEHHBIX Yp;(X,) ¥ YTIOBBIX MepeMemeHni @,;(x,) ocu Oayku, U3rndarmmux MOMeHTOB My; (Xx,) U more-
peuHbIx cui Qi (xy,), uconssys Gopmyst (3).

3anuineM 3HaYeHUs TPAHUYHBIX YCIOBUHN A7 Oallku cO CBOOOIHBIMHU KOHIIAMHU:

x =0: M(0)=Q(0)=0} 10
x = L: M(L) = Q(L) = 0f (10)

VYuacrok 1. 0 < x; < alL. Havano xoopauHaT Ha JeBOoM KoHIe Oanku. HadanpHble mapaMeTpsl Ha ydacT-
ke 1: V101, ®10i» M1ioi» Q1pi- COCTaBUM ypaBHEHUS Jis IPOU3BOJILHOTO CEYCHHS MIEPBOT0 yyacTKa OayKu:

Y1i(x1) = y10iS(t1:21) + @105 T(}:—lllxl), (11)

@1 (x1) = Y101V (t1i21) + 9108 (a%1); (12)
My;(x1) = —EIy;o;n3;U(tyi%1) — EIQ10i%1V (y:%,); (13)
Q1i(x1) = —Ely;0; 13, T (t1;%1) —EI1@105;U (%) (14)

VYuacrok 2. 0 < x, < 8L. Havano xoopauHaT Ha JieBOM KoHIe ydactka 2. HauanbHble mapameTpsl Ha
yUuacTke 2: Y20i, P20ir Maoi, Qz0i- YCIOBUS CONPsDKEHUS y9acTkoB 1 v 2 ipu xq = oL v x, = 0: y50; = y4;(al),
@20i = @1i(aL), My = My;(al), Qzo; = Qqi(al).

CocraBuM ypaBHEHUS sl TPOU3BOJIBHOTO CEUEHHSI BTOPOTO YH4acTKa OalIKH:

Y2i(x2) = Y10iM1i (gL, n2:%2) + @10iM2i (ty0L, nax5); (15)
©2i(x2) = y10iMai (M110L, 12X2) +P10Mai (1L, 15 X2); (16)
M, (x2) = —Ely10imsi (0L, #ix5) — EIQ10Me; (1AL, 12;X2); (17)
Q2i(x2) = —Ely10in7:(ty;0L, n2;X2) — EIQ19iNg; (ty;0L, 1z;X32), (18)
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e 0003HaYEHEI

M .
N1 (Mg 0L, ny;x5) = [S(Kli al)S(yix,) + Kll V(uq;al) T(npx,) +
2i
2, 3.
+%U(K1iO(L)U(M2ix2) + %T(Miala)v(%zixz)]} (19)
21 21

1 1
Nai (Mg 0L, 1y x5) = [_x T(nq; aL)S (myix,) + _x S(qal) T(nyix,) +
1i 2i

. 2:
+ _zil V(g al)U(npix;) + _2? U(M1i0(L)V(K2ix2)]i (20)
21 21

N3i (g 0L, %ZiJZCZ) = [1,;S(3q; aL) V(K%ixz) + 1y, V(nq;al) S(npx,) +
+%U(M1iO(L) T(pix2) + %T(MuaL)U(%zixz)]} (2D
1A 21

K .
Nai (Mq;QL, 1y x5) = [K—ZLT(KH- al) V(ryixy) + S(nq;al) S(nyx,) +
1i

. 2.
+ —z:l V(ryal)T () + z—%l U(MuaL)U(%zixz)]} (22)
L 21

Nsi (1L, 1i%) = [15;S (g aL)U (g:2) + wqtg; V(g aL)V (mg5x,) +

3.
+xfiU(M1i0(L)S(M2ix2) + z—::T(MuO(L) T(le-xz)]; (23)
K%i
T]Gi(KliOLL, Kzixz) = K_T(Hli aL)U(Kzixz) + KziS(KliaL) V(”Zixz) +
1i
2.
34V 04aL) SO6ix2) + 224U (y0L) T (1) | (24)

Ny (MyaL, npix5) = [M%iS(uliaL)T(le-xz) + xlixgiV(nlionL) U(nyix,) +
+ “ii“in(%u‘XL) V(nyixy) + Ki’iT(MliaL)S(KZixz)]; (25)

3
K .

Ngi (Mq;0L, Hp;x5) = —MZI T(nq;al)T (np;x5) + x%i S(ny;al) U(nyix,) +
1i

+ 11UV (g al)V (i x5) + M%iU(%u‘O‘L) S(Mzixz)]- (26)

VYuyacrok 3. 0 < x3 < yL. Hauano koopauHaT Ha JeBOM KoOHIE yuyacTka 3. HawanmpHble mapameTrpsl

Ha y4acTke 3: Y30i, P30i Mzgi, @30;- YCIOBUS CONpSDKEHHWs Y4acTKOB 2 ®W 3 mpu X, =0L w
x3 = 0:y30; = ¥2¢(8L), @30; = @3;(8L), M3o; = M3;(8L), Q30; = Q3;(8L). CocTaum ypaBHeHHs Jis MPO-

H3BOJIBHOT'O CCYCHUA TPECTHCTO YHaCTKa Oanku:

V3i(x3) = y10iNei (M3iX3) + @10:M10i (H31X3); (27)

©3i(x3) = Y10iM11i M3i%3) + @10iM12i (M3iX3); (28)
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Mj;(x3) = —EI[y10iN13i M3iX3) +@10iM14i (M3:%3)]; (29)
Q3i(x3) = —EI[y10iN15i (M3iX3) + @10iM16i M3:%3)], (30)
rae 0003HaYeHbI
T i U i 14 i
No;(M3;x3) = [ﬂliS(K?,ix?,) +M3; (};3 ,X3) +Msi (};3233) + M7 %}: (31)
31 31 31
T(n3ix3) U(nzix3) V(u3ix3)
N10i (3:%3) = [ﬂztS(Ksix3) + MNaj 1{53?3 + Mei 2363 + Ngi 13—;3], (32)
T(u3iX3) U(u3ix3)
N11i(3i%3) = [ﬂli“3iV(K3ix3) +1M3; SOtaix3) + Nsi ——= + 17, )%xg ]i (33)
T (n3iX3) U(nzixsz)
N12i(M3i%3) = [lei”3iV(%3ix3) + N4y S(3ix3) + Mgy = ,x3 + Ms; 13;3 ]i (34)
T(%3ix3)
Ny3i(3iX3) = [ﬂ1i”§iU(7ﬁ3ix3) + N3in3iV (H3ix3) +Ms5:.S(M3;%3) +17; };3—53]; (35)
T(u3iX3)
Nyai(M3i23) = [leikgiU(K3ix3) + Mgtz V (M3ix3) + M6 S(M3;%3) + Mg );3—;3]' (36)
N1si(Maix3) = [Ny T (3i%3) + Nand;U(raixs) + Motz Vaixs) + n7;S(aix3)]; (37)
N16i (M3i%3) = [N2i%3; T (n3i%3) + Ngin3;U(3:%3) + Neina; V(raixs) + ngiS(sixz)]. (38)

CocTaBuM cHCTeMy ypaBHEHHH, WCIIONB3Ysl TPAaHWYHBIC YCIOBHS Ha IpaBoM kpato (3) mpu x3 =YL u
ypaBuenus (3) u (3):

{Msi(YL) = —EI[y;0iM13i (M3;YL) + @10iN14i (3;YL)] = 0. (39)
Q3;(YL) = —EI[y;10/M15:i (M3;YL) + @10iM16i (M3;YL)] = 0.

JUIsi HETPUBMAIBLHOIO PELIEHHs ypaBHEHHH (39) HEOOX0AMMO, YTOOBI ONPENENUTEND, COCTABIEHHBI U3
K0>()(PUIMEHTOB TIPH MPOU3BOJIBHBIX OCTOSHHEIX V1 o; U (P10;, OB PABEH HYJIIO:

D = nq3;(M3;YLIN16; (M3, YL) — N14i (3;YLIN15; (M3;¥L) = 0. (40)

Kopusimu wactoTHOTO ypaBHeHus (40) sBisieTcss OSCUNCICHHOE MHOKECTBO 3HAYCHHUM Mq;, Hy; U Ug;. BBI-
0Op 3Ha4YeHHII KOPHEW BBIITOJIHUM U3 YCJIOBHS PABEHCTBA COOCTBEHHBIX YACTOT MOMEPEYHBIX KojebaHuil yacTei
Oasky, Ha yIPyroM OCHOBaHHWH U 0e3 ocHoBaHMA. Kaxmomy 3Ha4eHWIO KOpHS OyAeT COOTBETCTBOBATH OTpEe-
JICHHAs! KPyToBasi 4aCTOTa COOCTBEHHBIX MOIEPEYHBIX KOIeOaHni yacTei Oalku.

Hcnonesys Beipaxkenue (9), onpenenum coOCTBEHHbIE KPYTOBBIE YACTOTHI MONEPEYHBIX KOJeOaHi OaKy,
KOTOPBIE 00Pa3yIOT CHEKTPHI W1, < Woy <+ < Wpy.

Hcnonp3ys nomydeHHbIe 3HAYSHUsT KOPHEH, ONpeIeInM 3HaueHHS HA4YalbHBIX ITAPaMETPOB Vqg; M (P1q; U3
cucteMbl ypaBHeHHi (39). [lns ompenenennss ¢opM COOCTBEHHBIX KOJICOAHUH MOMYYEHHBIE 3HAYCHUS Yqig; H
(p10; ToicTaBuM B penrenue ypasHeHwuit (11), (15) u (27) cooTBeTCTBEHHO, KOTOPBIE OMPEACIAT 3HAYCHHUS OTHO-
CUTEIBHBIX OPAWHAT i-TOW GOPMBI COOCTBEHHBIX KOJIeOaHU OaJTKH.
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3akaouenue

Paccmotpena 3amada Mo OIpeNeNiCHHI0 BIMSHUS Ha HaNPSKCHHO-IC()OpPMUPOBAHHOE COCTOSHHE OalKu
BHE3AIMHOTO MUCKJIIOYCHHUS YIIPYroro OCHOBAHUS O] CPEHEH YacThio OANKM U OMPEACICHUIO KPYTrOBbIX YacTOT
1 (hOpMBI COOCTBEHHBIX TOTIEPEUHBIX KoJieOanuit Oanku. [IpuBeneHHoe pemeHne 3a1aun 0 KoJeOaHUsIX TPYOBI,
10 KOTOPOUW TpaHCHIOPTUPYETCA ra3ocoliepixaiias >KUJIKOCTb, IPU U3MEHEHUU YCIIOBUW ONMMpAHMs CpeAHEN ya-
CTH OaJIKK MOKET OBITh UCIIOJIB30BAHO JJIsI IPOTHO3a JIOJITOBEYHOCTHU TPYOBI.
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Hctopus cratbu AnHoTanus. Pacuer cTpoUTENbHBIX KOHCTPYKLMM B 3HAUMTEIBHOM CTENEHU CTall
[Noctymmna B pemakumro: 17 centsaops 2022 . BBITIONHATHCS C HCIIOJIE30BAaHUEM aBTOMATH3UPOBAHHBIX MPOTPAMMHBIX KOM-
Jopaborana: 22 Hosi0pst 2022 r. MJIEKCOB, OCHOBAaHHBIX Ha METOJIE KOHEYHBIX JJIEMEHTOB. AKTYyaJIbHBIM BOIPO-
[punsra k nmyonukamuu: 24 Host6ps 2022 r. COM IMOBCEMECTHOIO NMPUMEHEHHUS AAHHOTO BHJA PAacCUETOB SIBJIAETCS TOYHOCTh

X PE3yJIbTaTOB B CPAaBHEHUH C OKCIIEPUMEHTAJIbHBIMH JAHHBIMH. B nanHOM
WCCIIEJOBAaHUH ITyTEM YHCIICHHOT'O MOJIEIMPOBAHMS C UCIIOJIb30BAaHUEM HpOrpam-
MHOTO KoMIUlekca Abaqus m3ydaeTcs HampsDKEHHO-IeGOPMHUPOBAHHOE COCTOS-
HUE HU3rubaemMoro xeyne300€TOHHOTO 3JIeMEHTa NPSAMOYTOJIbHOIO IMONEPEeYHOro
cedeHHs. YHCIEHHOe MOZEIMPOBAHNUE DJIEMEHTA BBIIOJHEHO 00bEMHBIMU KOHEU-
HBIMH 3JIEMEHTAMHU C YYETOM HEeJIMHEHHOH ((aKkTHUecKOoi) IuarpaMmbl COCTOS-
HUsl OETOHA, ONMMCAHHOM MOJENBIO IUIACTUYHOTO Pa3pylIeHust OeTOHa C MOBpe-
xnaeHusimu (CDP). ApmupoBaHue 3aJaHO CTEP’KHEBBIMH KOHEYHBIMHU 3JIEMEHTaMU
¢ KOMOWHaIKeH ypyrux CBONCTB M MOJEJH TUIACTUYHOCTH MeTauia. Harpyxe-
HUE dJIeMEHTa OAJKU B MOJIENHU BBIIOJIHEHO CTAaTUYECKU C MPHIIOKEHUEM CoCpe-
JOTOYCHHBIX CHJI IO IIEHTpaM TPeTel pacdeTHOro mposeTra. B pesympTrare Ko-

HEYHO-3JIEMEHTHOI'O pacyeTa IIOJIyYeHbl paclpe/esieHus HanpspDKeHUi B OeToHe
n apmarype mo Mmsecy, nedopManuy KOHEYHBIX SJIEMEHTOB BIOJb IJIaBHBIX
ocel, a Tak)Ke MOJEJb NOBPESKACHUS OETOHA MPH HapacTaHWH Harpy3ku. [lomy-
YEeHHBIE Pe3yNbTaThl MOKA3IM BBICOKYIO CXOIUMOCTh C 3KCIEPHMEHTATBbHBIMU
JaHHBIMH HCIIBITAHUA 6an01< Ha I/I3FI/I6 10 HOPMAJIBHOMY CC€YCHHIO, YTO IMO3BOJIACT
HCIIONB30BATh JAHHBIM aTOPUTM aBTOMAaTH3HPOBAHHOTO KOHEYHO-3JIEMEHTHOTO
pacueTa npu NpOeKTUPOBAHUN H3THOAEMBbIX KeJIe300€TOHHBIX KOHCTPYKIIUH.
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Numerical calculation of bent reinforced concrete elements of rectangular section
in the Abaqus software
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Article history Abstract. The calculation of building structures to a large extent began to be
Received: September 17, 2022 performed using automated software systems based on the finite element method.
Revised: November 22, 2022 An urgent issue of the widespread use of this type of calculation is the accuracy
Accepted: November 24, 2022 of the calculation results in comparison with experimental data. In this study,

by numerical simulation using the Abaqus software package, the stress-strain
state of a bent reinforced concrete element of a rectangular cross section is inves-
tigated. Numerical modeling of the element is performed by volumetric finite
elements, taking into account the non-linear (actual) state diagram of concrete,
described by the model of plastic fracture of concrete with damage (CDP). Rein-
forcement is specified by rod finite elements, with a combination of elastic prop-
erties and metal plasticity model. The loading of the beam element in the model
is performed statically with the application of concentrated forces at the centers
of the thirds of the design span. As a result of the finite element calculation,

the distribution of stresses in concrete and reinforcement according to Mises,
deformations of finite elements along the main axes, as well as a model of con-
crete damage with increasing load were obtained. The obtained results showed
a high convergence with the experimental data of testing beams for bending
along a normal section, which allows using this algorithm for automated finite
element analysis in the design of bending reinforced concrete structures.
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Beenenue

Jyis pacdera CTPOUTENIbHBIX KOHCTPYKIIUMH BCE Yallle MPUMEHSIOTCS aBTOMAaTU3HPOBAHHBIC IIPOrPaMMHbBIE
KOMIUICKCHI, OCHOBaHHbIE Ha METO/e KOHEUHBIX 3ieMeHTOB (FEM), KOTOpBIN SIBISETCS YUCICHHBIM METOIOM
pemrenus nuddepeHnnaIbHBIX ypaBHEHUH C YaCTHBIMH TPOM3BONHBIMH, & TAaK)K€ HHTETPATBbHBIX ypaBHEHHH,
BO3HUKAIOIIUX MIPU PELICHUH 33]a4 MPUKIATHON Gusuku [1].

Hcnonb3ys KOHEYHO-3JIEMEHTHBIN aHaIHW3, aBTOMATU3UPOBAHHBIC MPOTPAMMHBIC CUCTEMBI CIIOCOOHBI pe-
IaTh MIMPOKHH CIIEKTP WHKCHEPHBIX 3a/1a4:

— pacueT KOHCTPYKIMI Ha MPOYHOCTh U Ne(hOpPMATUBHOCTH IO/ ACWCTBHEM CTATHYECKUX W JUHAMHYE-
CKHX Harpy3o0K;

— pacdeT 4acToT COOCTBEHHBIX KOJICOAHUH, aHAIIN3 BUOPAITHIL;

— aHaJM3 TEIUIOBOTO MOTOKA, TPAJANEHTa TEMIIEPATYP;

— peleHue 3a/1a4 MEXaHUKH KUIKOCTH.

AKTyanbHO# MpoOIeMoil Mpu pacyere ’kKeae300eTOHHBIX KOHCTPYKIIHK C TIOMOIIBI0 aBTOMATH3UPOBAHHBIX
CHUCTEM KOHEYHO-IIIEMEHTHOTO aHAJIM3a SBJISAETCS Y4ET CHUIIOBOTO COMPOTHBIICHHS KeIe300€TOHA BO BPEMEHH,
XapaKTepPHU3YIOMIErocss HeIMHEIHBIM COOTHOIICHNEM HampshKeHWd W JedopManuii 0eToHa, y4eToM TakuX (hak-
TOPOB, KaK MOJI3y4eCTh, CIICIICHUE CTAIbHOW U KOMIIO3UTHOM apMaTyphl ¢ OETOHOM, 00pa30BaHUE TPEIIUH U UX
pacrnpocTpaHeHue. PacueT CHIIOBOTO CONMPOTUBIICHHS JKEJIE300CTOHHBIX KOHCTPYKIIMH OCHOBaH Ha THIIOTE3aX
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0 MaJIOCTH OTHOCHUTENBHBIX Ae(OopMaIiii, CIIOKHOCTH eOpMAaIHii M CONTPOTHUBIICHUH, TUIOCKUX CEUCHHH, HICH-
TUPHUKANNUN TPAaBUTAMOHHBIX U HHEPIUOHHBIX HArPY30K, B3ANMOHE3aBUCHMOCTH U CIIOKEHHH YacTHBIX aedop-
Mmaruii, ®pama-KamMrHekoro o «paBHOOCTYITHOCTH» Pa3HO(AKTOPHBIX MPOIIECCOB CTAHOBJICHHUS CPEAOBOTO TI0-
BPEXICHHS MaTepHalioB BO BpeMeHH, | yinp0epra-Baare o mpomopinoHaIbHOCTH CKOPOCTH U3MEHEHUST MEXaH!-
YeCKUX M (PU3HKO-XMMUYECKUX XapaKTEPUCTUK MaTepualia P MOCTOSHHBIX CHIJIOBBIX U CPEIOBBIX BO3JECHCTBU-
ax. TeopeTuueckue OCHOBBI pacyeTa jkeIe300€TOHHBIX KOHCTPYKIUH C Y4eTOM CHJIOBOTO CONPOTHUBIICHHS JKelle-
300eToHa IIMPOKO paccMoTpeHsl B paborax B.M. bongapenko, H.W. Kapnienko, B.U. Komaynosa, B.1. Tpasy-
ma, B.C. ®enopoBa, B.WI. Pummmua, C.1. Mepkynosa, A.B. bopoBckux, E.A. Jlapuonosa, H.B. ®enoposoii
u 1p.' [2-11]. YcTaHOBIEHO, YTO M3-3a CIOKHOCTU U KOJMYECTBA MATEMATHIECKUX UTEPALIMOHHBIX TIPOLIECCOB,
JTAHHBIE PacYeThbl BO3MOXXHO MPOHM3BOJIUTH TOJHKO C MOMOINBI0 BBIYHCIUTEIHHONW TEXHUKH TIO CHEIHAIBLHBIM
MporpaMmmam.

Simulia Abaqus sBnsieTcsi CHENUATU3UPOBAHHBIM IMPOTPAMMHBIM KOMILJIEKCOM KOHEYHO-3JIEMEHTHOTO
MOJETUPOBaHUsI PabOThl KOHCTPYKLUHWH, KOTOPBIH MMEET BO3MOXXHOCTH MPOU3BOIUTH pacueT HampssKEHHO-
neOPMUPOBAHHOTO COCTOSIHHSI TIPH CTaTUYECKOM M JMHAMHUYECKOM HATPYKEHHH C y9eTOM (PH3MUecKd U Teo-
METPUYECKH HEIMHEHHOTO MOBEACHNS MaTepHalioB (BKIIIOYas MOJI3yuecTh OETOHA), a TaK)Ke KOHTAaKTHOTO B3au-
MOJEHCTBUS MEXKIY DJIEMEHTAaMH KOHCTPYKIMHU. B naHHBIA MpOrpaMMHBIA KOMITIEKC OBbUT BHEIPEH pacIlIupeH-
HBIA METOJ KOHEYHBIX 31eMeHTOB (XFEM), mo3BoMNSIONIMiA BEIIOIHUTE peannucTuyHoe 3D-moaenupoBanue po-
CTa TPEIIWH 110 MPON3BOJIEHBIM ITyTSM, HE 3aBUCSIIAM OT TPaHHMII SJIeMeHTOB [12].

B mporpammuoM komruiekce Abaqus HenmuHEHHOe MoBeAeHHe OETOHA 33a7aeTcsl C MOMOIIBI0 MOJAEH Ija-
CTHYHOTO pa3pymieHus 6etona ¢ nospexaeHusmu (CDP), kotopas BriepBrie Obla nzioxkeHa B padbote Jx. JIio6-
muHepa [13]. JlanHas mMomens 6a3upyeTcs Ha TOJIOHOMHOW CBSI3M MEXKIY MOBPEKICHUSIMH W SKBHBaJICHTHBIMH
TUTACTHYECKUMU JlepopManusiMu. [Ipy HU3KOM OrpaHWYMBAONIEM JaBJICHUH OETOH BeJeT ceOsl XPYyINKO, OCHOB-
HBIMH MEXaHU3MaMHU €To Pa3pyLICHUs SBISIOTCA PACTPECKHUBAHUE MPH PACTSDKEHUH W APOOJICHHE TIPU CKATHHU.
XpymKkocTh O€TOHa MCYe3aeT, KOTAa OTPaHWYHMBAOINEe JABJICHHUE JOCTATOYHO BEJIHMKO, YTOOBI MPEJOTBPATHTH
pacrnpocTpaHeHre TpeluliH. B 3Tux ycloBUsAX pa3pylleHre BbI3BaHO YIUIOTHEHHEM U Pa3pyIlIEeHHEM MHUKpPOIIOPH-
CTOH MUKPOCTPYKTYpHI O€TOHA, YTO MPHUBOAUT K MAKPOCKONMYECKOW PEaKIUH, HAITOMUHAIOIIEH peakuuio mia-
CTUYHOT'0 MaTepuania npu ynpounenuu [ 14—-18].

Moienp MIaCTUYHOTO pa3pyIIeHHsI OETOHA C TOBPEXACHUSIMH NMEET CBOM OCOOCHHOCTH:

— MO3BOJISIET MPOBOAMTH MOJENMPOBaHNE OETOHA W JPYTMX KBAa3HXPYNKHX MaTepHAIOB B COCTaBE KOH-
CTPYKLIUIA;

— MOJIETMPOBaHNE HETMHEHHOro 0€TOHA OCHOBAHO Ha MPHUHLMUIE YIPYTrod M30TPOIHOM MOBPEKIEHHOCTH
Y TUTACTHYHOCTH;

— AMeeT BO3MOXKHOCTh MOJIENIMPOBATH PA3IMYHBIE IIUKIIBI HATPYKEHUSI — BO3PACTAOIIETO, IUKINIECKOTO
WA JTUHAMHYECKOTO;

— COCTOWT W3 COYCTAaHUS HECBS3aHHOW MHOTOYPOBHEBOH IITIACTUYHOCTH WM CKAISIPHOW (M3OTPOITHOM)
YIPYrod MOBPEXKACHHOCTH Ul ONHCAHUS HEOOPAaTHMOTO TMOBPEXKIEHHS, KOTOPOE MPOUCXOIUT BO BpeMs IMPO-
1ecca TPeIHOO0pa30BaHuUs;

— MO3BOJIACT TOJIB30BATENI0 KOHTPOIUPOBATh APQPEKTH BOCCTAHOBICHHS KECTKOCTU MPH HUKINYECKUX
W3MEHEHUSX HaTrpy3KH;

Pa3Butne Mmexanusma paspyuieHus 6eToHa KOHTPOJIUPYETCs IBYMs IEpEeMEHHBIMU E?l u §Sl, KOTOpBIE SB-
JISIOTCS. PACTATHBAIOIIMMHI U COKUMAIOIIIME SKBHUBAJIIEHTHBIMHU TUTACTHYECKAMHU Je(QOpMauiIMA COOTBETCTBEH-
Ho. TeopeTrueckre 3aKOHOMEPHOCTH OMUCHIBAIOT 3((EKTH HAKOIIICHUSI HEOOPATUMBIX MMOBPEXKICHHN B OETOHE
U JIPYTHX KBa3UXPYIKHX MAaTEpHUaioOB MPH OCTATOYHO HHU3KUX HampsykeHHsx. COTJIacHO MOJENH, OJHOOCHOE
moBeieHNe OETOHA P CHKATUH U PACTSHKEHUH XapaKTepHU3yeTcs MIIaCTUYeCKUM paspyiierneM (puc. 1).

Korna GetonHBIN 00pa3zer pasrpyskaeTcs U3 J000H TOUKH KPUBON HaNpsKEHUs-AehopMaIiy, peakius
pasrpy3Kku ocnalnseTcs, ympyras »eCcTKOCTh MaTepuana OKa3bIBacTCsl MOBpexAeHHOH. [lerpaganus ynpyroi
KECTKOCTH XapakTepusyeTcs JByMsi kodddunuentamu moBpexneHus d; u d., HaXOIAMIUMHUCS B Tpejenax
oT 0 (s HEMOBPEKICHHBIX MaTepHasioB) A0 1 (IMONHOCTHIO Pa3pyIICHHBIA MaTeprai), KOTOPBIC SBIISIOTCS
(YHKUMSAMH TUIACTHYECKHUX NeQOpMaIfid, TeMIepaTypbl U APYTHX [IEPEMEHHBIX.

' Bonoapenxo B.M., Pumwun B.H. JluccumaTMBHAs TEOPUsS CHMIIOBOTO CONPOTHBIIEHHUS KEJI€300€TOHA: ydeOHOE MOcoOMe IUis
yupexaeHui Bbicuiero oOpazoBanus. M.: Crynenrt, 2015. 111 c.; Bonoapenxo B.M., Pumwun B.J. Ycunenue xene300€TOHHBIX KOH-
CTPYKLHH NPU KOPPO3HOHHBIX MOBPEXKACHUAX: yueOHOe mocobue. M.: MOCKOBCKasi roCylapcTBEHHAs aKaeMUsi KOMMYHAJIBHOTO XO3si-
cTBa U cTpouTenscTsa, 2009. 87 c.
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a

Puc. 1. IToBenenue 6eToHa pu OXHOOCHOM CXKAaTHH (@) M pacTsDKEHUH (6)
Figure 1. Behavior of concrete under uniaxial compression (@) and tension (6)

Ecmn E, ucxonHas (HETOBpEXACHHAsI) YIpyras *eCTKOCTh MaTepHalia, TO OTHOIICHWS HaNpsHKeHHH U
nedopMaIliii pu OJHOOCHOM PAaCTHKEHUH U Harpy3Ke CXKaTHs paBHBI

o¢ = (1 - d)Eo (e — &) (1)

o = (1 —do)E (e — E). 2

Henuneiineie nepopmannu 6€TOHa IPU CKATUU U PACTSHDKEHUH ONIPEIEIIIOTCS Mo (hopMynaM

Op
Opt
€pt = Ept — Epy 4

[Tnactuueckue neopmanny OETOHA MPU CXKATHU M PACTSHKEHUH ONPENEIIIOTCS 1Mo hopMyIaM

e’ = beey ; (5)

sgi = btsbt, (6)

rne b, v by — mapamMeTpbl IUKIMYHOCTH HArpy »KEHUsI IIPH CKATHH U pacTshkeHuu 1o [13].
KoahdunmeHTs! MoBpeKACHHUS THKETIOT0 OETOHA IPU CKATHU U PACTSHKEHUU OTIPEEIISIOTCS 10 (opMyiaM

Op
dp=1———=;
1\’ 7
Eb(sb—sg) 0
Opt
dpyp=1———=.
1 8
Ey (Sbt—sgt) ®
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MeTtoabl

B nanHOM mcceoBaHHM MOZETHPYETCS padoTa kKele300eTOHHOW OalKi MPSIMOYTOJILHOTO CEYCHUS MPH
WCTIBITAHUM Ha U3rH0, pe3yIbTaThl CPABHUBAIOTCS C 3KCIIEPUMEHTAIBHBIMU AaHHBIMH [19] 1m1s xKene300eTOHHOM
GaJKH IPAMOYTONBHOTO ceueHns u3 6eTona B22,5 miotaocThio 2300 Kr/M°. ApMHpOBaHHE GANKH BHITIONHACTCS
OJIMHOYHBIM KapKacoM, B KauecTBe pabouell 1 KOHCTPYKTHBHOM apMaTypbl KApKacOB MCIOJIb30BaIach CTalbHAS
ropsiuekaranas apmarypa @ 12 mm kiacca A500 u @ 8 MM kinacca A240. Ponp nmonepedHoii apMaTypbl BBINOJ-
HSET XOJIONHOTSHYTas MPOBOJOKa ¥ 5 MM M3 HHU3KoyriepoaucTon cranu kiacca B500. I'eomerpruueckue pasme-
pBI B CXeMa apMHUPOBaHUS JKeJIe300€ TOHHOM OaTku IMoKa3aHbl Ha pHC. 2.

\I,P /7 J, P/2
fs=]
=
4h 400 300 400 b
120
1100
1200
48 A240 #5 BS00
$12 A500
$12 ASO0. gl |g
35 35
0], ¥~ 50x6=300 100x5=500 50x6=300" 10
1190

Puc. 2. Cxema apMUpOBaHUS U HATPY>KEHHUS JKEIe300€TOHHOM OaIKH
Figure 2. Scheme of reinforcement and loading of a reinforced concrete beam

I'eomerpuieckre XapaKTEPUCTUKU SKEIe300€TOHHOW Oanku 3aJaBajich OOBEMHBIMH WU CTEPIKHEBBIMH
dIIEMEHTaMH IJIs Tena OeTOHA M CTePIKHEH apMaTypbl COOTBETCTBEHHO (puc. 3).

Puc. 3. 3D-Buz uccienyemoii xene300eToHHON GaKu
Figure 3. 3D view of the investigated reinforced concrete beam

OU3MKO-MEXaHUUECKUE XaAPaKTEPUCTUKU OETOHA 3aJaBajMCh YNPYTUMH U IUIACTHYHBIMH CBOWCTBaMH
(Tabmn. 1), koTopsle OblIM onpeaesneHs! mo Gopmynam (3)—(8). McxoaHple 3aBUCUMOCTH CKUMAIOIINX M PaCTATH-
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BAaIOIIUX HANPSKCHUU 0, U Of, a Takke nedopMaliui OeToOHA MPH CKATHU U PACTSDKCHUU €, U & TOJIyYCHBI U3
IKCIIEPUMEHTAITHHON JUArpaMMEBI COCTOSTHUSI O€TOHA, TpuBeIeHHOH B [20].

Du3NK0-MeXaHHYECKHE XaPAKTEePHCTUKH 0eTOHA

Tabauya 1

Hayvaububiii moayas ynpyrocru Ep, MIla

Ko puuuent Ilyaccona

31 500 MIla

0,2

Hanpsixenns u ne¢opManuu Npu C:KaTHU

IloBpe:xnenne 6eTOHA NIPH C:KATHH

Hanpsixenus o, Mlla

IInacTuyeckue gepopmManuu €,

Koy dunuent nospexaenns d,,

IInacTuyeckue gepopManuu €,

12,5 0 0 0
14,779363 0,000015 0 0,000015
16,897181 0,00004 0 0,00004
18,815096 0,000079 0 0,000079
20,499689 0,000132 0 0,000132
21,925443 0,000202 0 0,000202
22,354643 0,001964 0,105814 0,001964
20,860155 0,002386 0,165594 0,002386
19,314226 0,002811 0,227431 0,002811
18,549152 0,003023 0,258034 0,003023
15,682397 0,00386 0,372704 0,00386
13,23977 0,004669 0,470409 0,004669

12,184584 0,005062 0,512617 0,005062
11,69608 0,005257 0,532157 0,005257

10,792054 0,005641 0,568318 0,005641
9,977867 0,006019 0,600885 0,006019

8,905476 0,006576 0,643781 0,006576

7,5 0,007448 0,7 0,007448

Hanpsi:kenus: u neopmanyu npu pactskeHMH

IloBpe:kneHne 6eToOHA NPH PACTAKEHUU

Hanpsixkenus oy, MIla

Ilnacruyeckune negpopManuu €y,

Koadpunuent nospexenust dy,

IInacruyeckue fedopManuu €,

3 0 0 0
1,664354 0,000281 0,445215 0,000281
1,179148 0,000507 0,606951 0,000507
0,923358 0,000718 0,692214 0,000718
0,76383 0,000923 0,74539 0,000923
0,654173 0,001124 0,781942 0,001124
0,573836 0,001324 0,808721 0,001324
0,512265 0,001522 0,829245 0,001522
0,463463 0,00172 0,845512 0,00172
0,423761 0,001917 0,858746 0,001917

I[MapaMeTpsl Mo1e/IM IVIACTUYHOTO pa3pyuieHus: 6eToHa ¢ noppe:xaenusamu (CDP)

Yroa gujaaranuu

IKCLEHTPHCUTET

be/fc()

IMapamerp BsA3KOCTH

35

0,1

1,16

0,667
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Table 1
Physical and mechanical characteristics of concrete
The initial modulus of elasticity E», MPa Poisson's Ratio
31500 MPa 0.2
Stress and strain in compression Damage of concrete under compression
Stress 6, MPa Plastic deformation g, Damage factor d,, Plastic deformation g,

12.5 0 0 0
14.779363 0.000015 0 0.000015
16.897181 0.00004 0 0.00004
18.815096 0.000079 0 0.000079
20.499689 0.000132 0 0.000132
21.925443 0.000202 0 0.000202
22.354643 0.001964 0.105814 0.001964
20.860155 0.002386 0.165594 0.002386
19.314226 0.002811 0.227431 0.002811
18.549152 0.003023 0.258034 0.003023
15.682397 0.00386 0.372704 0.00386
13.23977 0.004669 0.470409 0.004669
12.184584 0.005062 0.512617 0.005062
11.69608 0.005257 0.532157 0.005257
10.792054 0.005641 0.568318 0.005641
9.977867 0.006019 0.600885 0.006019
8.905476 0.006576 0.643781 0.006576
7.5 0.007448 0.7 0.007448

Stress and strain tensile Damage of concrete under tensile

Stress o, MPa Plastic deformation g, Damage factor dj,; Plastic deformation g,

3 0 0 0
1.664354 0.000281 0.445215 0.000281
1.179148 0.000507 0.606951 0.000507
0.923358 0.000718 0.692214 0.000718
0.76383 0.000923 0.74539 0.000923
0.654173 0.001124 0.781942 0.001124
0.573836 0.001324 0.808721 0.001324
0.512265 0.001522 0.829245 0.001522
0.463463 0.00172 0.845512 0.00172
0.423761 0.001917 0.858746 0.001917

Parameters of the model plastic fracture of concrete damage (CDP)
Dilation angle Eccentriccitem fvo/feo Viscosity parameter
35 0.1 1.16 0.667

Jlnist apMaTyphl TaK e UCTONb30BANACh KOMOWHAIIMS YIIPYTUX CBOUCTB M MOJICTTH IUTACTUYHOCTH METala,
MIpeICTaBIICHHEIC B TA0. 2.
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Tabauya 2
IMapameTpsl MOgeIH NJACTHIHOCTH MeTaLIA
Havanbnblii moayas ynpyrocru Es, MIla Kos¢pdunuenr Ilyaccona
210 000 MITa 0,3
Hanpsizkenus u 1epopMaliuy Npu pacTsKeHUH
Hanpsoxenus o, MIla IInactuueckne nedopmanuu €5 ,%
ApmMmatypa kiaacca A240
160 0
240 0,19
Apmarypa kjacca AS00
372 0
500 0,23
Table 2
Parameters of the metal plasticity model
Initial modulus of elasticity Es, MPa Poisson's ratio
210 000 MPa 0.3

Tensile stresses and deformations

Stresses o5, MPa Plastic deformations &5 ,%

Reinforcement of class A240

160 0

240 0.19
Reinforcement of class A500

372 0

500 0.23

Harpysxenue 6anku BBIONHSIOCH C TIOMOIIBIO TpUpaIeHus mo 5% oT pa3pymaromeid Harpy3ku Pep, KO-
Topas coctasisiia 40,218 xkH. 3aganne craTudeckoil Harpy3Kkd OCYIIECTBIISJIOCH C TMOMOIIBIO BYX CTalbHBIX
mwiactuH 120x50%20 MM, KOTOpble HaXOAWJINCH 1O KpasM LIEHTPAJIbHONW TPETH pacdeTHOro mposera. PacuerHas
cxema — IIapHUPHO omepTas Oajka Ha AByX ONopax.

IlepBas onopa orpaHvuMBaIach B NEpeMeEIeHUHU 10 1ockocTsIM Ui, U,, Us, BTOpas — 1o miockoctsam U
u U,. [lanee onpeaemnsuinch MecTa KOHTAKTHOTO B3aUMOJICHCTBHSI HCCIeyeMOH Oallku, Omop U AJIEMEHTOB MpH-
JIOKEHUS! Harpy3ku. B utore mozens Tena 6etoHa u onop pa3OuBaiach Ha 0ObEMHBIE KOHEUHBIC JIEMEHTHI ap-
MaTypa pa30uBaigach Ha OTpPe3KH (puc. 4).

a 9]

Puc. 4. Pa3duenne Monenu 6anku Ha 00beMHBIE (@) U CTEp)KHEBBIE (0) KOHSUHBIE DJIEMEHTHI
Figure 4. Splitting the beam model into volumetric () and rod (6) finite elements
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Pe3yabTathl U 00cyx1€eHNE

B pesynbpTaTe KOHEUHO-3IEMEHTHOTO pacdeTa ObUIM MOMy4YeHBl paclpeesieHus] HanpsHKeHui B OeToHe U
apMatype o Musecy (puc. 5), aeopmaniu KOHEUHBIX 3JIEMEHTOB BJOJIb INIABHBIX Oceil (puc. 6), a Takke Mo-
JleJTh TIOBPEXACHHS OeTOHA TP HapacTaHWH HArpy3Ku (puc. 7).

a 9]

Puc. 5. Pactipenenenue HanpspkeHuit 6etona (a) 1 apMaTypsl (0) mo Musecy, MIla
Figure 5. Concrete (@) and reinforcement (6) Mises stress distribution, MPa

u, uz
+8.744e-01
+4.681e-01
+6.173e-02
-3.446e-01
-7.510e-01
-1.157e+00
-1.564e+00
-1.970e+00
-2.376e+00
-2.783e+00
-3.189e+00
-3.595e+00
-4.002e+00
-4.408e+00
-4.815e+00

Puc. 6. lepopmariu Brosp BepTukanbHoi ocu Uz (poru0sl 06anky f) nmpu Harpyske 32 kH
Figure 6. Deformations along the vertical axis Uz (deflections of the beam f) at a load of 32 kN

Puc. 7. Iporecc pacKpbITHs TPELINH B jKele300eToHHOI Oanke npu Harpyske 32 kH
Figure 7. The process of cracking in a reinforced concrete beam at a load of 32 kN

[l BepuguKauy pe3ynbTaToB JaHHOTO MCCIEIOBAaHUS C SKCIEPUMEHTAIbHBIMY JaHHBIMU ObUIN BBIOpa-
HBl KPUTEPUH: HAarpy3Ka TPEUIMHOOOpa30BaHU M BENWYMHA MaKCUMAIBHOTO mporuda Oanku f mpu Harpyskax
16, 24 u 32 xH. Harpy3ko#l TpenHooOpa3oBaHusi B JaHHOM ciydae SIBIISIeTCS BEJIMUMHA HATPY3KH, PH KOTO-
poii OTHOCHUTENbHBIE AeopMany B PacTSIHYTOH 30HE OETOHA NOCTUralOT MPENCNIbHBIX 3HAYCHUH €p;, PABHBIX
0,00012 (puc. 8).
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E, E11

(Avg: 80%)
+1.365e-04
+1.157e-04
+9.494e-05
+7.413e-05
+5.333e-05
+3.253e-05
+1.172e-05
-9.078e-06
-2.988e-05
-5.068e-05
-7.149e-05
-9,22%9e-05
-1.131e-04
-1.33%e-04
-1.547e-04

Puc. 8. OtHocutenbHble nedopMannu B OeToHe mpu Harpyske 6,85 kH
Figure 8. Relative deformations in concrete at a load of 6.85 kN

Ha ocHOBaHuM pe3ynpTaToOB YMCIEHHOTO MOJEIUPOBAHUS U SKCIIEPUMEHTAIBHBIX JaHHBIX, IIPEICTaBIEH-
HBIX B Ta0J. 3, MOXKHO CZeNaTh CIEAYIONINE BEIBOIBI:

— pacueTHbIi nporud Oanku npu Harpyske 16 kH Ha 2 % menbme, npu Harpyske 24 kH Ha 3,6 % Oonbiue,
a ipu Harpy3ke 36 kH Ha 1,8 % MeHbIe cpeHIX SKCIIEPUMEHTAIBHBIX 3HAYSHHH MTPOTHOOB COOTBETCTBEHHO;

— OETOH B PacTIHYTOH 30HE MOCTHTAET MPEISITHbHONW BEIMYHMHBI PACTSHKAMOCTH MPHU Harpyske 6,85 kH,
YTO SABJISCTCS MOMEHTOM TPEIIMHOOOpa3oBaHus. PacueTHast Harpy3ka okaszanach Ha 4,9 % 0oJibIiIe SKCIIEPUMEH-
TaJbHOH.

Tabauya 3
Pe3y1bTaThl YHCI€HHOT0 MOeTMPOBAHNS H IKCIEPUMEHTAIbHBIX JAHHBIX
Harpyska, |MakcuMmajabHble HanpsikeHusi| MakcuMalibHbIe HANIPSIAKEHUS Mporu6. mm Harpy3ska
kH O0erona (mo Muzecy), MIla | apmartypsl (mo Mu3secy), MIla p ’ TpemmHoo0pa3oBanusi, KH
16 10,97 152,5 1,726
24 17,05 279,1 3,343 6,85
32 21,3 372,6 4,815
Table 3
Results of numerical modeling and experimental data
Maximum concrete Maximum reinforcement . .
Load, kN stresses (by Mises), MPa stresses (by Mises), MPa Deflection, mm | Crack formation load, kN
16 10.97 152.5 1.726726
24 17.05 279.1 3.343 6.85
32 213 372.6 4.815
3akJouenue

IIpoBenena Bepuduranus pe3ynabTaTOB YHCICHHOIO pacyeTa N3rn0aeMbIX XKele300€TOHHBIX HIEMEHTOB C
IKCTIIEPUMEHTAIILHBIMH JAHHBIMU TPH PAa3JIMYHBIX CTETNICHAX HArpyxeHus. Hanbomnplee OTKIIOHEHHE PacYeTHOTO
nporuba Oanku coctasisier 3,6 % mpu Harpyske 24 xH, a pacueTHas paspyiaromias Harpyska Ha Oajiky Ha
4,9 % Oomnbile SKCIEPUMEHTAIBHOM, YTO TOATBEPKAAIOT BHICOKYIO CXOIUMOCTb ¥ TOBOPUT O TOYHOCTH NpPHMe-
HEHHOW MOJIEI IJIACTUYHOTO paspyiieHus oetona ¢ mospexaeHusmu (CDP) B [1K Simulia Abaqus anst pacuera
KeNe300€TOHHBIX 3JIEMEHTOB, pab0TaIOIKX Ha U3THO.
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pgevicteusx. IIpy 3TOM mpencTaBieHHblE B HAY4HOM JMTEpaType pPe3ysbTaTbl
HCCIIeIOBAaHUH 110 TaHHOMY BOINPOCY MPEUMYIIECTBEHHO OTHOCATCS K M3TrHbae-
MBIM 3JIEMEHTaM, B TO BpEMs KaK IPUMEHMTEIbHO K BHELICHTPEHHO CKAThIM
KOPPO3HOHHO MOBPEKAAEMBIM JKeJIe300€ TOHHBIM JIEMEHTaM PaCCMOTPEHBI TH00
YaCTHbIE ACIEKThl CUJIOBOTO COIPOTHUBIECHHS B YCIOBHAX KOHTAKTa KOHCTPYK-
Ui C arpecCUBHBIMU CpelaMy, JIMOO IOJyYEHHBIE PAacUETHBIC 3aBUCUMOCTU
JOCTaTOYHO CJOXHBIE Ul MX MPAaKTUYECKOro NMpHMEHEHHsA. B cBaA3u c 3TuM
LeTb UCCIeJOBAHMS — OLICHHUTH BIUSHHE TIIyONHBI IPOABIDKEHHS (POHTA KOPPO-
3MH Ha HECYIIYI0 CIIOCOOHOCTH BHELEHTPEHHO CXKATHIX )KEIe300eTOHHBIX die-
MEHTOB KOHCTPYKTHBHBIX CUCTEM 3JIaHUIl M COOPY>KEHMH, a TaKkKe CIPOrHO3U-
poBaTh BpeMs HCuepIaHus Hecyled cmocoOHocTu. [l ydeTa IIMTENbHBIX
HEPaBHOBECHBIX NPOLECCOB KOPPO3MOHHOI'O MOBPEXKIECHUS MCIONb30BaHA (e-
HOMeHoornueckas mozaeiab B.M. BonnapeHko. YcraHOBIEHO, YTO POCT I1yOu-
HBI KOPPO3HOHHOTO TTOBPEXKCHHS MPUBOAUT K CHIKEHHIO HECYIIeil criocoOHo-
CTH BHEIIEHTPEHHO C)KAThIX JKEIe300€TOHHBIX 3JIEMEHTOB BCIEICTBHE YMEHbIIIE-
HUA 3G PeKTUBHON pabodeli BBICOTHI CEUCHUS U yBEMHIeHHs MX ruOkoctH. [Ipn

OTOM OTHOCHUTCIIbHAas FJ'Iy6I/IHa Pa3spyui€HHOro Cjos, HE YUUTbIBAa€MOI'0 B pacyce-
TC€, MCHSCTCA B 3aBHCHUMOCTH OT TCKYLICTO HaprDI(eHHO-He(l)OpMI/IpoBaHHOFO
COCTOsIHMA, pCaIn3yss MEXaHHU3M HpI/ICHOCO6HCHI/IH KOHCTPYKIHU K MCHAIOHUM-
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Introduction

Structural systems of buildings and structures during their service life are subject to the action of combina-
tions of force and environmental factors. The latter one considers exposure to high or extremely low tempera-
tures, aggressive media action. With regard to reinforced concrete structural systems, environmental impact fac-
tors can lead to degradation of the mechanical characteristics of cross sections, a decrease in the adhesion re-
sistance between reinforcement and concrete. The result of this may be the exhaustion of the bearing capacity of
individual load-bearing elements and, as a result, the complete or partial collapse of the building's load-bearing
system, as happened in the case of a partial collapse of the building of a residential complex in Surfside [1] or
the collapse of the pavement structure of the Basmanny market [2]. In this regard, an urgent problem is the pre-
diction of changes in the parameters of the survivability of reinforced concrete structural systems of buildings
during the evolutionary accumulation of environmental damage in them.

The studies presented in the scientific literature on the problem of the force resistance of reinforced con-
crete structural elements under conditions of their contact with aggressive media can be conditionally separated
into two groups: a) studies of the effect of corrosion damage of longitudinal and transverse working reinforce-
ment on the force resistance of elements [3—12]; b) studies of degradation processes in concrete under various
types and concentrations of aggressive media, the shape and size of samples, stress-strain state, etc. [13—18].
However, it is appropriate to note that the degradation processes of concrete and reinforcing steel, as a rule, oc-
cur in load-bearing elements at the same time and should be taken into account jointly when assessing the expo-
sure of the survivability of a structural system, following the terminology [3; 7; 19].

Given the large number of factors affecting the development of non-equilibrium processes in reinforced
concrete elements exposed to aggressive media, as well as the largely random nature of the change in the param-
eters of impacts over time, for practical purposes, they often resort to the use of phenomenological degradation
functions [6; 8; 12]. The studies presented in the scientific literature on this problem mainly cover the issues
of resistance of bent reinforced concrete elements [6; 10; 12; 18; 20]. For eccentrically compressed elements,
the evaluation of their load-bearing capacity is complicated by the influence of the phenomenon of buckling,
changes in stiffness and eccentricities of the application of longitudinal force overtime due to the accumulation
of corrosion damage. In this regard, the results of research in this area mainly cover particular aspects of force
resistance under conditions of contact of structures with aggressive media [15; 17] or lead to calculated depend-
ences that are quite complex for their practical application [3].

Therefore, the presented study was aimed to assess the effect of the depth of corrosion front advancement
on the bearing capacity of the structural system of reinforced concrete frames of buildings in case of corrosion
damage to eccentrically compressed columns, as well as to predict the exposure of stability which is the time of
operation under conditions of force and environmental impact until the load bearing capacity is exhausted.
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Methods

Let us use the hypothesis of the constant change in the parameters of the force resistance of corrosion-
damaged concrete [6; 7] (Figure 1, a):
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Figure 1. Design scheme of an eccentrically compressed corrosion-damaged reinforced concrete element:
a — cross-sectional design scheme; b — a general view of the degradation function for the concrete layer damaged with corrosion

The change in the parameters of the force resistance along the depth of the corrosion-damaged layer of
concrete, we accept an empirically established degradation function of the form (Figure 1, b) [6; 21]:

2

K(z) = z a;z". 2

0

Taking into account the above assumptions, the bearing capacity of an eccentrically compressed corro-
sion-damaged element of a rectangular element is determined by the expressions:

— for x > 6:
cor cor X + 8 14 ! N 12
(Neomue = Ry [BS5 (5 = 2Dk (o = 8+ ze0.2) + b8 (x = 8) (ho = = )| + (Recior's = 5) (o = @) @)
— for x< 9:
cor ! li N !
(Neon)ult = Rbbav,l(x - Zd)k(ho -x+ Zc.t.,l) + RscAsw s E (ho —a ) (4)

In expressions (3), (4) n=1/(1 — N/ N) is the coefficient that takes into account the effect of buckling,
which can be determined in accordance with the current regulatory documents'; N, N, are the calculated value of

'SP 63.13330.2018. Concrete and reinforced concrete structures. General provisions. (In Russ.) Available from:
https://docs.cntd.ru/document/554403082 (accessed: 20.06.2022); BS EN 1992-1-1. Eurocode 2. Design of concrete structures. Part 1-1.
General rules and rules for buildings. British Standards Institution; 2004. Available from: https://www.phd.eng.br/wp-
content/uploads/2015/12/en.1992.1.1.2004.pdf (accessed: 20.06.2022).
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the longitudinal force, determined by the static calculation of the carrier system for the main combination of
loads, and the value of the conditional critical force in the event of buckling; R}, R, R are design resistance of
concrete to compression, reinforcing steel to compression and tension respectively; Ag, As are the area of ten-
sioned (least compressed) and compressed longitudinal reinforcement; /¢ is the working depth of the section;
d is the depth of corrosion damage of the element; w;, W' are coefficients that take into account the reduction in
the effective cross section of bars of longitudinal tension and compression reinforcement and (or) the reduction
in adhesion resistance due to corrosion damage to reinforcement and concrete; bz, bgp, are the average re-
duced width of the cross section within the depth of the corrosion-damaged layer 6 and within the range from

d to (x — d) respectively, determined from the expression:

105

f K(z)dz |;

0

aviz) = b — 28,09 1— 510
l

k is the reduction factor for the area of the corrosion-damaged part of the section, determined from the expression:

S—Zd

1
k= f K(z)dz;
8—Zd
0

x is the height of the compressed zone of the section, determined at x < xz by the formula

B N + RyAs05 — Ry A'sw's — Rpbgp (8 — zg)k
x=06+ R, HEor ;
bYav,2

— for x > xz by formula
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where z; is the thickness of the corrosion-damaged layer, counted from the most compressed face, for which the
condition € < gx'K(z) is not satisfied, i.e., it lost resource of force resistance.

The limiting value of the height of the compressed zone xr of the corrosion-damaged section with a two-
line approximation of the state diagram of concrete is determined from the expression:

a(hy — zq)
Es,el
ep2K(24)

Xg =
1+

where a is determined depending on the deformation at a depth 3 of a corrosion-damaged element by the formula:
—for (8) > €pq red:

£bl,red

a=1-——bbred .
2ep,K(z4)

—for (8) < €p1req @ = 0.5.
When determining the conditional critical force, the stiffness of the reduced corrosion-damaged section in
the first approximation will be determined by the formula

5 Zct.
2 2

h h 2
Bred,cor = kpEp f b(2)K(z)z%dz + kE, (Asu)s (E + Zop — a) + A w' (E — Zep — a’) ),
h

3 Zct.
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where k,, kg are the coefficients according to SP 63.13330.2018, EN 1992-1-1, taking into account the physical
non-linearity of concrete and reinforcement deformation; z., is the displacement of the geometric center of
gravity of a corrosion-damaged section relative to the center of gravity of the same section, which is not exposed
to an aggressive environment.

The displacement of the geometric center of gravity z.; leads to an increase in the eccentricity of the ap-
plication of the longitudinal force, so it should be added to the calculated eccentricity obtained for the element
without corrosion damage.

To assess the exposure of the survivability of the structural system of reinforced concrete frames of build-
ings in case of corrosion damage to the columns, which is determined by the time of exhaustion of the bearing
capacity, we used the phenomenological model of V.M. Bondarenko [7], according to which the depth of corro-
sion damage of a structural element for time t can be found from the expression

1

1-m]1—-m
8(to, to)) ] , )

8(t, to) = 8(o0,t9) {1 — [a(l —m)(t—to) + <1 BICED)

where ¢, fo are the current time and the start time of the observation; d(o, f ) is the limiting depth of corrosion
damage with the established parameters of the aggressive environment, the shape and material of the structural
element, as well as the stress-strain state (Figure 2); d(%, t ) is the depth of corrosion damage at the time of the
start of observation (if the start of observation coincides with the beginning of exposure to an aggressive envi-
ronment, then (¢, f) = 0); a, m are empirically set parameters (Figure 2).

From (5) we find the time 7 to reach the critical depth of corrosion damage and, accordingly, the exhaus-
tion of the resource of the power resistance of the element of the reinforced concrete carrier system:

_ 1 Scr(ter to) 8(to, t)\
ter =t = = [(1— aem ) (15 ] ©

Results and discussion

Let us evaluate the change in the parameters of the force resistance of a column with a section of
400%400 mm of a reinforced concrete frame of a multistory building exposed to an aggressive environment
along all four faces. Column construction materials: class B30 concrete (normative resistance of concrete
to axial compression Ry, = 22 MPa, E, = 32 500 MPa), longitudinal working reinforcement —
4032 A500 (Ryn = Rye,n = 500 MPa, E; = 200000 MPa ), a = a'= 50 mm. By varying the parameters of the depth
of corrosion damage 3(,%); the thickness of the corrosion-damaged layer z,, which has exhausted the resource of
force resistance, and the flexibility of the element A;, we determine the boundaries of the areas of the bearing
capacity of such elements in the coordinate axes N — M, corresponding to a special limiting state>. At the same
time, when constructing diagrams N — M, in order to take into account the effect of flexibility of reinforced con-
crete corrosion-damaged elements on their bearing capacity, we divide the right and left parts of expressions (3)
and (4) by the coefficient of influence of buckling n. Diagrams of the bearing capacity of eccentrically com-
pressed corrosion-damaged reinforced concrete elements in the coordinate axes N — M are shown in Figures 2-3.

Analysis of diagrams in Figure 2 indicates that with an increase in the depth of corrosion damage, a de-
crease in the bearing capacity occurs due to a decrease in the effective working height of the section and the fle-
xibility of the element. Thus, with flexibility A, = 8 and an established relative depth of the destroyed layer
zq4/6 = 0.8 for a relative depth of corrosion damage &/h9 = 0.2, the limiting value of the longitudinal force de-
creases by 11.4%, and the limiting bending moment by 21.0% compared to an element undamaged by corrosion.
In this case, the limiting moment for bending elements (N = 0) decreases only when the longitudinal reinforce-
ment bars are within the corrosion-damaged layer 6 (Figure 2 at 6/ho = 0.15, 0.2) and their effective area de-
creases cross section, as well as reduced adhesion resistance. It should be noted that a decrease in the relative
depth of the damaged layer introduced into the calculation leads to an increase in the limiting value of the longi-

2 BS EN 1992-1-1. Eurocode 2. Design of concrete structures. Part 1-1. General rules and rules for buildings. British Standards
Institution; 2004. Available from: https://www.phd.eng.br/wp-content/uploads/2015/12/en.1992.1.1.2004.pdf (accessed: 20.06.2022).
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tudinal force for a fixed relative depth of corrosion damage 6/ko, which is associated with the redistribution of
forces on the sections of the section not damaged by corrosion in elements with random and small eccentricities
of the longitudinal force. At the same time, there is a downward shift of the limiting bending moment point in
the diagram, which is due to a decrease in the limiting compressive strains ;5\, (t). It is pertinent to note that

the relative depth of the destroyed layer zn.,/0, taken fixed when plotting the diagrams in Figure 2, in fact, will
change during loading of a structural element, realizing the mechanism of adaptation of the structure, therefore,
to fully take into account the reserves of the bearing capacity, one should use the envelope of the N — M diagram
constructed at a fixed value of the relative depth of corrosion damage /49 and a variable value of the relative

depth of the destroyed layer z:,/3.
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Figure 2. M — N interaction diagrams for corrosion-damaged eccentrically compressed reinforced concrete elements
with slenderness ratio A» = 8 depending on the relative depth of corrosion damage:
a—forz,/8=1;b—forz,/8=0.8;c—forz/5=0.6;d—forz,/5=0.4
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of eccentrically compressed reinforced concrete elements for z,/8 = 0.6:
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With an increase in the flexibility of the elements A; over 12 (Figure 3), there is a decrease in the value of
the limiting longitudinal force perceived by eccentrically compressed elements with random and small eccentri-
cities. With flexibility A, = 16, there is an almost twofold decrease in the limiting longitudinal force perceived by
the section, and the limiting bending moment corresponds to the case of transverse bending (N = 0). At the same
time, an increase in the relative depth of corrosion damage enhances this effect due to an increase in the effective
flexibility of corrosion-damaged elements compared to elements without damage.

Let us evaluate the exposure of the bearing capacity of the column under consideration in continuous con-
tact with a sulfate medium with pH = 3.5. To determine the parameters of equation (5), which determine the ki-
netics of the corrosion damage process, we used the experimental data presented in [10]. Taking (oo, £p ) = 0.5 h,
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corresponding to the corrosion of the entire section, we obtain the average value a = —0.00024, which practically
does not change when the parameter m changes. The results of determining the time to reach the depth of corro-
sion damage dc(%cr, f0) depending on the value of the parameter m are shown in Figure 4.

0,25

=
! o
w M

Corroded depth 6./h,
o

0,05

0 500 1000 1500 2000 2500 3000
Time 7,,, day

—- m—-1 -g= m=0.1 m=1.1 =@ m=2.5
Figure 4. Time f for reaching the critical depth of corrosion damage 8. (tcr, to)

The time to reach the relative depth of corrosion damage /4o = 0.2 with the avalanche damage trajectory
(m = -1, t = 1203 days, Figure 4) for the considered reinforced concrete element turned out to be almost two
times less than the time to reach this depth with the avalanche damage trajectory clogging damage (m = 2.5,
t = 2523 days). With the trajectory of filtration damage, reaching the same depth of corrosion damage will take
t = 1488 days.

Conclusion

If the depth of corrosion damage increases then it leads to a decrease in the bearing capacity of eccentri-
cally compressed reinforced concrete elements due to a decrease in the effective working height of the section
and an increase in their flexibility. Then the relative depth of the damaged layer z./6, which is not taken into ac-
count in the calculation, varies depending on the current stress-strain state.

An increase in the flexibility of elements A; leads to a decrease in the value of the limiting longitudinal
force perceived by eccentrically compressed reinforced concrete elements. At the same time, an increase in the
relative depth of corrosion damage enhances this effect due to an increase in the effective flexibility of such ele-
ments compared to elements without damage.

The duration of exposure under aggressive media until reaching the critical depth of corrosion damage de-
pends significantly on the parameters of this media as well as the stress-strain state of the structural member and
may vary in accordance with avalanche or clogging damage implementing.
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Abstract. When conducting seismic calculations of reinforced concrete buildings
and structures, it is quite important to use nonlinear models of structural perfor-
mance, including those taking into account the overcritical operation in the frac-
ture stage. The application of such models is especially important if the struc-
tures have an initial damage from fire or corrosion, as well as mechanical damage
caused by force factors. The purpose of this study is to develop an analytical
model of the deformation of eccentrically compressed reinforced concrete columns
considering the stage of failure, which includes such processes as spelling of
the protective layer, loss of stability of compressed reinforcement, and softening
of confined concrete after reaching the design resistance. The existing models
describing hysteresis behavior of reinforced concrete structures under low-cycle
loading have been reviewed. The models have been analyzed in terms of consi-
dering the defining monotone curves, which are the boundaries of cyclic defor-
mation. The model proposed in the research is constructed by analyzing the stages
of the stress-strain state of a reinforced concrete column. At each stage, formulas
are found for determining moment and curvature by solving equations of equilib-
rium of internal forces. Calculations based on the obtained model for a particular
reinforced concrete column are carried out, monotonous diagrams are obtained,
and a conclusion about the significant influence of the level of axial load on the
character of deformation is made. On the basis of the obtained model, the con-
struction of hysteresis diagrams under low-cycle loading is expected in the future.

Keywords: reinforced concrete column, deformation diagram, stages of destruc-
tion, hysteresis, seismic, low-cycle loads
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Annoranus. [Ipy npoBeneHnn ceiicMHYECKUX pacyeToB KeNe300€TOHHBIX 3IaHuN
W COOPYKEHHUH JOCTATOYHO BA)KHBIM SIBIISIETCSI IPUMEHEHUE HEIMHEHHBIX MOJIe-
Jieit paboThl KOHCTPYKIMA, B TOM YUCIIE YYUTHIBAIOUIUX 3aKPUTHYECKYIO paOOTy
B cTtaguu paspyuierns. OcoOeHHO aKTyalbHO IPUMEHEHHE TAKUX MOJIENIEH, ecliu

KOHCTPYKIMH UMCIOT HAYAJIbHBIC NOBPEKACHU OT IIOYKapa UJIM KOPPO3UH, a TAKKE

MeXaHUYECKHe TIOBPEKICHHS, BEI3BaHHbIE CHIIOBBIME (akTopamu. Llens nccie-
JOBaHUS — Pa3pabOTKa aHATUTHYECKOH MoIeny nehOopMUPOBAaHHS BHELEHTPECH-
HO CXKAaTbIX XKeJIe300€TOHHBIX KOJIIOHH C Y4€TOM CTaJuM pa3pylIeHHs, KOTOpas
BKJIFOYAET TAaKUE MPOLECChI, KAK OTKOJ 3alllUTHOTO CJIOs, TOTEPs YCTOWYHBOCTH
CXKaTOH apMaTypsbl, pa3ylNpOYHEHHE OrPaHUYEHHOI0 OETOHA MOCIE AOCTHKEHUS
pacueTHOro conpoTtusieHus. [IpoBeneH 0030p CyIIECTBYIOIMX MOAENIEH, ONHCHI-
BaIOLIUX TUCTEPE3UCHOE MOBEJCHUE JKEJI€300€TOHHBIX KOHCTPYKUUH Py MaJo-
LIMKJIOBOM HarpyXeHuu. AHaJIu3 Mojiesiell IPOBOAMIICA B YaCTU PACCMOTPEHUS
OIPEEISIOINX MOHOTOHHBIX KPUBBIX, KOTOpBIE SIBISIIOTCA PAaHUIIAMH IHKJIU-
gyeckoro aedopmuposanus. [Ipeanaraemas Mozeb CTPOHUTCS MTOCPEACTBOM aHAIN3a
CTaauil HaNpPSLKEHHO-Ae(OPMUPOBAHHOIO COCTOSHMS Kel1e300€TOHHOI KOJIOH-

BuaarogapnocTn

PaboTa BBIMONTHEHA IpU TOAJEpxkKe Mu-
HHUCTEPCTBA HAYKH U BBICHIETO 00pa30BaHuUs
(mpoext «TeopeTuko-3KcrepUMEHTAIBHOE
KOHCTPYHPOBaHUE HOBBIX KOMIIO3UTHBIX Ma-
TEpPHANIOB ISt oOecriedeHns: 0e30MacHOCTH
IIPU JKCIUTyaTalluy 3[JaHUN U COOPY>KEHUH
B YCJIOBHMSAX TEXHOI€HHBIX M OMOTEHHBIX
yrpo3», Ne FSWG-2020-0007).

Hbl. Ha xaxxpoii ctaguu Haxonsatest GOpMyIbl ULl ONpeIeNICHNs] MOMEHTA 1 KPH-
BHU3HBI IIyTEM pELICHUS ypaBHEHWH paBHOBecHs BHYTpeHHHMX cuil. [IpoBeneH
pacueT Ha OCHOBE IMPEJCTABICHHONW MOIETH U KOHKPETHOH Kene300eTOHHOMH
KOJIOHHBI, ITOJTy4€Hbl MOHOTOHHBIE THarpaMMbl, ClIeJIaH BBIBOJ O CYILIECTBEHHOM
BIMSHUM YPOBHS OCEBOH Harpys3ku Ha xapakrtep Aedopmuposanus. Ha ocnose
MOJY4YEHHOW MOJIENIM B JabHEHIIEM MPEIIoIaraeTcsi NOCTPOCHUE AUarpaMMbl
THCTEpe3nca NPy MaJIOIUKIOBOM Harpy KEHHH.
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Introduction

When performing calculations of reinforced concrete buildings and structures, it is quite important to ap-
ply non-linear methods of analysis which allow to ensure economical and reliable structures and to reveal re-
serves of bearing capacity of the system.

A widespread type of structural system used in seismic areas is the reinforced concrete frame, the feature
of which is the perception of the horizontal component of seismic load due to the rigid joint between beams and
columns.

In the nonlinear stage of frame frames, local areas of elastoplastic deformations occur in the vicinity of
the girder support nodes. In accordance with this, in the design diagrams of frame frames, the nonlinear proper-
ties are concentrated in separate areas, which are called plastic joints, while the columns and spanning sections
of the beams work elastically [1]. The appearance of plastic joints in columns in ordinary cases is considered to
be unacceptable.
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However, columns designed for elastic operation may suffer some damage during operation, e.g. caused
by fire [2], reinforcement corrosion [3], mechanical damage, earthquake, etc. In such a case, due to the reduced
mechanical characteristics, the behavior of the column in the elastic-plastic domain will have to be taken into
account when carrying out verification calculations or justifying the reinforcement.

Description of nonlinear behavior of columns and beams in the plastic hinge region is usually carried out
with the help of hysteresis diagrams (Figure 1), which take into account degradation of strength and stiffness at
low-cycle vibrations, loss of dissipative energy, change of stiffness at opening and closing of cracks (pinching
effect) [4]. Hysteresis diagrams are usually plotted in the axes “bending moment-curvature” or “horizontal force-
horizontal displacement”.

The basic element of a hysteresis diagram is the monotonic loading curve, commonly referred to as skele-
ton curves. The monotonic curve limits the range of possible deformation under low-cycle loading (Figure 1).

The monotonic curves should, wherever possible, take into account the greatest ductility of reinforced
concrete structures and include areas of hardening and softening to establish the true nature of the redistribution
of forces in the system.

Many hysteresis models of varying degrees of accuracy have been developed by individual researchers.
Let's consider these models in terms of monotonic curves used.

In [5] a bilinear elastic-plastic diagram is proposed which has a linear-elastic first section with an equiva-
lent stiffness Ke, after reaching the bearing capacity the stiffness becomes zero — a yield point occurs. The de-
termination of the value of carrying capacity and equivalent stiffness for a particular structure is a rather complex
task, for reinforced concrete columns the method proposed in [6] can be used. Despite its simplicity, the bilinear
diagram [5] is quite popular for seismic calculations as it has clear computational advantages.

2 1

Moment

Rotation

Hysteresis
Envelope

Figure 1. Hysteresis diagram based on the model of Takeda et al. [7]

In the bending of reinforced concrete columns and beams, the redistribution of stresses will cause the in-
dividual cross-sectional areas to engage gradually due to the non-linear behaviour of the reinforcement and
the concrete. In this way, the bearing capacity of the elements will be realized and the possibility of absorbing
a larger moment will be realized. In the deformation diagram, this can be accounted for by introducing a non-
zero stiffness after the limit force is reached. This approach is implemented in the bilinear diagram proposed
in [8]. The stiffnesses are usually determined by approximating real curvilinear diagrams obtained from experi-
ments or numerical analysis. The bilinear diagram with strengthening combines computational simplicity and
a more accurate account of strengthening effects, which justifies the choice of this model as the basis by other
authors [9; 10].

A characteristic feature of reinforced concrete structures is the formation of normal and inclined cracks,
which reduce the initial stiffness. In order to account for cracking, a three-line diagram of deformation has been
proposed in [7] with a successive decrease in stiffness after the cracking force is reached and then when the yield
strength in the reinforcement is reached. This approach makes it possible not only to take into account crack
opening at the initial stages of deformation of the element, but also to provide a basis for describing the process
of reopening and closing of cracks in subsequent cycles.

In addition to piecewise linear diagrams, some researchers use curvilinear diagrams in their models [11].
This allows a more accurate approximation of the real deformation diagram of the element and takes into ac-
count the consistent reduction of stiffness. In practice, this approach is less popular, which is justified by
the complexity of the calculations and analysis of the results. It should also be noted that curvilinear diagrams
have a rather narrow field of application, since the dependencies describing eccentrically compressed and benda-
ble elements will be different.
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Columns and beams adjacent to the frame nodes where the highest bending moments occur, according to
the standards of most countries, must be reinforced by densely placed, closed cross clamps, which in addition to
providing the strength of the sloping sections act as indirect reinforcement. The indirect reinforcement increases
the load-bearing capacity of the elements and the plastic deformation capacity, which contributes to the redistri-
bution of forces in the system and a fuller use of the load-bearing capacity reserves. In addition, after the limit
forces are reached, when the stresses in the clamps reach the yield strength, there is no sudden failure of the ele-
ment, but a gradual reduction in the bearing capacity with increasing plastic deformations follows [12]. Streng-
thening can take place when such phenomena as loss of stability of compressed reinforcement, geometric non-
linearity, chipping of concrete cover layer are taken into account.

The described processes can be taken into account in models which include a branch of unstrengthening [13].
The model allows to take into account the true nature of force redistribution in the framework more accurately
and is particularly relevant when carrying out the analysis of bearing capacity reserves for elements with initial
damage [14].

The unstrengthening branch allows taking into account an important aspect of low-cycle operation of rein-
forced concrete elements, such as within-cycle degradation of strength. This is especially important in loading
programs with sharply varying amplitudes, which can lead to sudden collapse of the structure.

The hysteresis diagrams were further developed in [15], which takes into account the presence of residual
strength after unstrengthening, which is observed in tests of reinforced concrete structures under low-cycle loading.
The presence of residual strength makes it possible to take into account the incomplete disconnection of an ele-
ment from operation and an increase in the resilience of the structural system as a whole when performing calcu-
lations based on the criterion of no collapse.

It should be noted that the description of the reference points of hysteresis diagrams can be made in differ-
rent ways. The most common approach is the approximation of experimental diagrams or by using empirical
dependencies, e.g. in [15]. This method can also be applied in combination with diagrams derived from numeri-
cal calculations [14]. This somewhat limits the scope of application of the model and does not allow direct con-
sideration of processes related to concrete rebound, loss of reinforcement stability, etc.

Os Ob Ob
Rb,tr
Rs Rb Rb Eb,tr
Es Er
Eb,red Eb,red
ker,tr
€so0 €s2 Es Eb1 €2 Eb Eb1 €b2 €b
a b c

Figure 2. Deformation diagrams of materials:
a — reinforcement; b — unconfined concrete; ¢ — confined concrete

Another approach would be to plot the diagrams based on taking into account the dissipation energy on
the oscillation cycle. In this case, the dissipation energy can have either a constant value [16] or it can decrease
with time based on the experimental dependence [17]. This approach allows a more accurate account of the energy
dissipated by the structure at each cycle, however, it has the same drawbacks as the first one.

A more accurate way of setting the monotonic curve is the method based on the analysis of the stages of
the stress-strain state (STS) of a reinforced concrete element. The procedure of the method is based on the identi-
fication of reference points in the diagram where the change in stiffness is observed. In this case, forces and dis-
placements can be found both analytically and numerically. For bendable reinforced concrete elements such
a diagram has been obtained in [18], which, however, does not take into account the branch of softening after
reaching the limit force.

In this paper, the method based on the stages of the stress-strain diagram for the monotonic deformation of
reinforced concrete columns is used to construct a monotonic deformation diagram. This approach is a generali-
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zation of the method of ultimate forces, which is accepted in domestic and foreign design standards, taking into
account the specific features of work of reinforced concrete element at the stage of failure: the value of axial
load, the presence of indirect reinforcement in the form of clamps, concrete spalling of protective layer, loss of
stability of compressed reinforcement, the presence of residual carrying capacity.

Methods and materials

As noted above, the basis for constructing a monotonic diagram will be to consider the actual deformation
pattern of the reinforced concrete column and to identify the characteristic stages at which the stiffness will
change and the transition to a new stage of the stress-strain state will be observed.

The monotonic diagram will be plotted in the axis “bending moment M — curvature p”. For a given co-
lumn, the longitudinal force N is assumed to be constant during all loading phases. Such a diagram can serve as
a basis for the transition to the horizontal force-displacement relation, in which case not only the bending stift-
ness but also the shear stiffness must be considered, and the displacements caused by the slip of the reinforce-
ment must also be taken into account [18].

The diagram is based on a number of general assumptions inherent to the limit force method:

— flat section hypothesis — the cross-sections are flat before deformation and remain so afterwards;

— the following state diagrams are adopted for the materials: bilinear for compressed concrete (Figure 2, a)
and reinforcement (Figure 2, b); three-linear for concrete bounded by transverse collars (Figure 2, ¢) [19];

— geometric non-linearity caused by the longitudinal bending of the reinforced concrete column is taken
into account by means of an appropriate coefficient n;

— the work of the tensile concrete is taken into account only at stage 1 — before the formation of cracks;

— stresses in concrete and reinforcement are found by composing and solving equations of equilibrium.

Assumptions made at specific stages will be described in the course of the presentation.

A general view of the deformation diagram of a reinforced concrete column is shown in (Figure 3).
The diagram has 6 characteristic stages of deformation. Consider each stage separately and determine corre-
sponding values of ultimate bending moment and curvature.

M
M4
M3 @ =
M2 T =t \‘@
9 ®
M1 —
Ms @
@
pr - p2 p3 p4 p5 ps p

Figure 3. General view of reinforced concrete column deformation model
At the 1st stage (before cracking) the reinforcement and concrete in the tensile zone will be deformed to-
gether. The stress profile in the tensile concrete is non-linear trapezoidal and the highest stresses reach the design
tensile strength of concrete Ry (Figure 4, a). Compressed concrete works elastically, stress diagrams have a tri-
angular shape. The ultimate bending moment at stage 1 is given by the equation
M, :RbtW;1+Nex» (1
where W, — elastic-plastic moment of resistance of the section;
W= L3W. (2)

ex — distance from the core point furthest from the tensile face to the force application point V;
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e = red . 3
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The curvature corresponding to the moment M; is determined by the equation

M, )
Py D’ 4)

where D — bending stiffness of reinforced concrete section at stage 1;
Dl = Eb,redlred' (5)

In formulae (1)—(5) the geometric characteristics of the reduced section (area Ar.q, moment of inertia /rq,
resistance torque Wreq) are determined taking into account the entire cross-section of concrete and reinforcement.

Stage 2 is characterised by the operation after the formation of cracks in the tensile zone. The ulti-
mate force in this stage can be achieved in two cases: the stresses in the reinforcement reach the yield
stress R; (stage 2.1) or the stresses in the concrete throughout the compressed zone have reached their design re-
sistance R, (stage 2.2). As we know which case the ratio of the relative height of the compressed zone & to its
boundary value determines &r: & < &z — case of large eccentricities (stage 2.1); § > &z — the case of small eccen-
tricities (stage 2.2). Note here, however, that in the first case, unlike in the second, the element does not enter
the fracture stage.

Consider stage 2.1 in more detail (Figure 4, ¢). As noted, the stresses in the reinforcement at this stage
reach the design resistance R;. Stresses in the compressed concrete and in the compressed reinforcement do not
exceed the corresponding design resistance R, and R,.. The compressive stresses in the concrete are assumed to
be triangular.

The values of the stresses in the concrete and the compressed reinforcement are then determined from
the consideration of the deformations in the flat section (flat section hypothesis). If at stage 2.1 the deformations
in the tensile reinforcement reach a value of & = &, then the required stresses are found from the expressions

E X

Gb = Eb,red h Si < Rb’ (6)
e (x—a')

o =F 22— -<R_. 7

sc s ho_x sc ( )

The symbols used in formulae (6) and (7) are given in Figure 4, c.

Note that if the stresses in formula (6) exceed the design resistance, then the stress diagram should be cor-
rected by taking it in trapezoidal form, whereby the boundary between the triangular and rectangular parts of
the diagram will be the fiber where the condition is fulfilled &, = €,1. Composing the equilibrium conditions for
the internal forces and the moments of these forces with respect to the center of gravity of the stretched rein-
forcement, we find the height of the concrete compressed zone and the ultimate bending moment

_ N+ RSAS _GSCAS ' .
0,506 ®

Ne,, =o, 4. (h, —a'>+%cbxb(ho -3, ©)

where 4; and A" — the areas of tensile and compressed reinforcement respectively.
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(10)

The limiting bending moment with respect to the center of gravity will be found by taking into account

the effects of longitudinal bending

(11)

N = 1
i N H
-
Ncrv
where N — critical force at i stage;
2
nD,
N o = I 5 (12)
where /, — design element length.
® Ob & o 5 ' kiRo~stage 5
- - AT o RscAs'Ns Ry -stage 4
o /// /) M sems ° d \\ N\ Ebtr| /Es
o ////////// x N ) NN X
< /////// g —_— =< 5 &-
% ////' s ~ R N
S L OsAs Es —RsAs €
© Rbt Ebt=Ebt2 © Ebt
b b
a b
© ©
Ob b Ro €b
ey, & scAs' Es' s RscAs' € /
AR MO A4 soh\s
. './//%/ g —— ////////// A X M
EE (— g Wz | (—=
T
—RsAs 1 Es=Eso — €s
© Ebt © 0sAs<RsAs Ebt
b b
c d
@
Ro €b ® & '
. 9z y 4' 7 1] RscAs Es' .mzll‘ _ RecAs Ns Ob,tr Eb,trES'
. ’ ,///%/. 1 ,-M> 7\\\\\\\\\ % X — V/ €b=Eb2
2 o &
- = al] J T (R
—=RsAs 1 Es —R:As €s=Eso0
© Ebt © Ebt
b b
S
579

e

Figure 4. Stages of the stress-strain state of a reinforced concrete column:
a —stage 1; b — stages 4 and 5; ¢ — stage 2.1; d — stage 2.2; e — stage 3.1; f— stage 3.2
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Stiffness in this and subsequent stages D; we find with the variable height of the compression zone x,, and
tensile concrete work between cracks, which is taken into account by the coefficient ;. The relevant formulas
are described in sufficient detail in the regulatory literature (SP63.13330.2018. Concrete and reinforced concrete
structures) and, due to their cumbersome nature, are not given in the text of this article.

Stage 2.2 will in turn correspond to the failure stage of the reinforced concrete section for the case of small
eccentricities. The stresses in the compressed concrete are distributed according to a rectangular law and are
equal to the design resistance R, in the compressed reinforcement, the stresses also reach the design resistance
Ry, and in the stretched one less than the value R, (Figure 4, d). Composing and transforming the equilibrium
equations we find

N+R A ﬁ—RﬁAv '
e se

x= X ; (13)
Rb+ 72RSAS
ho (1 - 2;R)

Ne,, =R_A '(h,—a")+ R,xb(h,—0,5x). (14)

The limiting bending moment and curvature will be obtained from formulae (4) and (10).

Stage 3 will also be considered in two variants. In stage 3.1, for elements operating with large eccentrici-
ties, a subsequent increase in bending moment due to the yield strength of the tensile reinforcement will result in
an increase in compressive stresses in the concrete to the value of R, and stresses in the compressed reinforce-
ment up to R, (Figure 4, e). The reinforced concrete section will enter the fracture stage. From the equilibrium
conditions we have

x_N+RSAY_RSCAS". 15
Rbb 4 ( )

Ne, | = Ne,,. (16)

In turn, if the element failed at low eccentricities, a transition to stage 3.2 will follow (Figure 4, f). The de-
formation in this stage will take place until the yield point is reached in the stretched reinforcement. The com-
pressed zone of the concrete will be divided into two parts: a protective layer and a concrete core bounded by
transverse collars. If the bending moment increases, the concrete protective layer for the fibers will splinter off,
where the relative deformations of the unconfined concrete reach the limit values €, = €. Then only the height
of the compressed concrete protection layer will be taken into account in the calculation x'.

At this stage the indirect reinforcement is activated, as a result of which the stresses in the concrete core
will increase. The compressive stress profile is assumed to be trapezoidal with a minimum value at the neutral
fibre equal to R, and maximum value G5 -

Applying the plane section hypothesis, determine the values of x' and 6, considering that the relative de-
formations in the reinforcement reach the limit values g = g,

_ 8bZ(hO _x_atr)

- ; (17)

N

€.,X
o — (18)

0 r
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Composing and solving the equilibrium equations we obtain

N+RA -R_A 'm,—2R x'a,
xX= ; (19)
0,5b(R, +0,;)

Ne,, =R A 'm,(h,—a")+2Rx'a, (h,—x—a, +0,5x")+ R xb(h,—a, —0,5x) +

1 b
+ 5 (Gb,tr - Rb )Xb(ho - atr - 5)7 (20)

where 1, = 0—1 — a coefficient which takes into account the reduced contribution to the load-bearing capacity of
the part of reinforcement bars which have lost stability due to ineffective retention by transverse reinforcement
in the free-bending section of the clamp.

It is important to note that in stage 3.2 it is possible to increase the bending moment limit as well as to de-
crease it. This depends on the fraction of the resistance that the cross-section loses when the concrete protection
layer rebounds and part of the compressed reinforcement becomes unstable. In Figure 3 the possible directions of
unstrengthening are shown by the dotted arrow lines.

At stage 4, the load-bearing capacity of the section will be exhausted. As the bending moment increases,
the stresses in the concrete core will reach their design resistance Ry, which will be accompanied by the trans-
verse clamps flowing (Figure 4, b).

The strength of confined concrete R, depends on the strength of unconfined concrete R, and the effective
lateral pressure R. which results from the resistance of the clamps to the transverse deformations of concrete.
According to [12] the strength of confined concrete can be determined as

R

b.tr

=R, +4,1R,. 21)

The effective lateral pressure R, in the case of a square cross-section is

Re = kepsst’ (22)
where Ry, — yield strength of transverse reinforcement; k. — retention factor, which takes into account the uneven
compression of concrete in cross-sections other than circular; ps — transverse reinforcement coefficient by volume.
In view of the considerable deformations in the cross-section and the consequent low height of the com-
pressed zone x', the component related to the resistance of the unconfined concrete at this stage will be neglected.

Composing and solving the equilibrium equations we obtain

_ N + RSAX — RSCAS 'Tlx
R, b

b,tr

X ; (23)

Ne, =R A 'm,(h,—a"Y+R, xb(h —a, —0,5x). (24)

St

At stage 5, the load-bearing capacity of the reinforced concrete cross-section will be reduced, which is re-
flected in the diagram by the presence of a softening branch. Stresses in the concrete core will decrease to
the value of &Ry, where k. — is the residual strength factor of the confined concrete (Figure 4, b). Otherwise,
the design dependencies will be similar to the corresponding ones in stage 4.

The curvature in stage 6 will increase with a constant value of bending moment until the longitudinal
or transverse reinforcement reaches the limit of relative strain &, which will be accompanied by a rupture of
the reinforcement and complete exhaustion of the load-bearing capacity.

It is worth noting that the latter criterion must be monitored at all stress-strain stages.
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Results and discussion

The dependencies obtained will be considered on the example of a reinforced concrete column of a frame
structure. We will carry out the calculation in two variants — with the coefficient of longitudinal force v = 0,3
and v=0,6.

V= N 25
RA, (25)
3
Al
(]
L N
o g ) @
I d20
e
0
@ b=300
[0}
T L L] L 1 ] P
0 0,001 0,002 0,003 0,004 0,005 0,006
a b

Figure 5. Cross-section of a reinforced concrete column (a)
and “moment — curvature” diagrams based on the results of calculations based on the proposed model (b)

The cross-section of the column is square 300x300 mm, the geometric dimensions are given in Figure 5, a.
Longitudinal reinforcement of 4 bars @25A400, A, = A,' = 982 mm?. Cross reinforcement from @8A400 with
pitch s, = 100 mm, p, = 0,005.

The design length of the column is assumed to be /, = 3 m. Consider all reinforcement effectively secured
against loss of stability n, = 1. The residual strength coefficient is assumed to be k. = 0,25 [20]. Concrete class B20.

The calculation results are shown in Figure 5, b. It can be seen from the graphs that the ultimate bearing
capacity for the column with a higher longitudinal force coefficient v higher, although this column shows less
load-bearing capacity prior to the failure of the protective layer than with v =0,3.

It should be noted that due to the inclusion of the compressed zone of concrete in the work, the more
loaded column has greater stiffness in all stress-strain stages. While the less loaded column shows greater capaci-
ty for plastic deformation, especially at the stage after the inclusion of indirect reinforcement.

Residual load-bearing capacity for column at v = 0,6 is slightly higher. Failure in both cases is due to
clamp rupture when the relative strain limits are reached.

Conclusion

The analytical model for construction of monotone diagram “moment — curvature” for reinforced concrete
columns at different level of axial load, taking into account indirect reinforcement by transverse collars, loss of
stability of compressed reinforcement, residual strength of concrete is obtained. The model takes into account all
stages of the static deformation of eccentrically compressed reinforced concrete elements, including the non-
critical phases of operation. The model can also be used for calculation of frame beams.

The authors consider that the main purpose of constructing such a monotonic diagram is to use it as a basis
for a hysteresis diagram which describes the behaviour of reinforced concrete elements under low cycle seismic
loads. It is worth considering that bringing reinforced concrete elements to supercritical stages, when there is
destruction of concrete protective layer and loss of stability of compressed rods, is not always justified in terms
of efficiency of repair and further operation of structure. But when designing buildings based on the concept of
non-destruction, the proposed model will allow to reveal reserves of bearing capacity of the system.
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The developed model is suitable for solving by hand calculation, however in case of more complex de-
formation, e.g. oblique eccentric compression, section damage due to fire or corrosion, sections other than rec-
tangular shape it is possible to apply for solving equilibrium equations at each stage a non-linear deformation
model.
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Abstract. In the development of the ideas and approaches to the analysis of
the force resistance of concrete of V.M. Bondarenko, the initial prerequisites
for the model of the thermomechanical state of concrete under short-term sharp
high-temperature exposure, characteristic of fire conditions, are formulated.
The separation of force deformations into components is carried out on the basis
of the connection with the accumulation of damage in the structure of the mate-
rial, based on the principle of independence of the limiting structural stresses
from temperature and the mode of force action, which makes it possible to estab-
lish basic thermomechanical relationships and determine the deformation para-
meters of concrete operating under conditions of unsteady heating in a loaded
state. Based on the extension of the hypothesis of entropy damping of nonequi-
librium processes to the area of action of an active destructive factor, the princi-
ple of normalization was formulated and a kinetic equation was proposed, from
the solution of which exponential dependences having a single structure were
obtained, which make it possible to describe the basic temperature parameters of
concrete, the relationship of stresses with deformations, and other nonlinear
characteristics. The application of the proposed principles creates a reliable theo-
retical basis for describing the mechanisms of thermal resistance of concrete and
greatly simplifies the modeling of the effect of high temperature on the proper-
ties of concrete in the practical implementation of methods for the numerical
calculation of reinforced concrete structures.
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ba3oBble NpUHUIMIIBI B TEOPHH CHJIOBOT0 M TEPMOCHIIOBOI0 CONIPOTUBJICHHUS OeTOHA

B.C. ®enopos , B.E. JleButckuii'”, E.A. UcaeBa

Poccuiickuil ynueepcumem mpancnopma, Mockea, Poccuiickas @edepayus
fvs_skzs@mail.ru

Hcropusi CTaThu AHHoTauus. B pa3BuTue uneil U noaxoA0B K aHAIM3y CUIOBOIO CONPOTUBIICHUS
TocTyrmina B pefakipo: 12 ceHtsiops 2022 1. 6erona B.M. bonnapeHko (GopMynIupyrOTCs MCXOJHbIE HNPEANOCHUIKUA MOJIEIU
JlopaGoTana: 16 Hos6ps 2022 . TEPMOMEXAHUYECKOTO COCTOSIHUSI OETOHA IPH KPATKOBPEMEHHOM PE3KOPEKUMHOM

BBICOKOTEMIIEPATypHOM BO3JICHCTBUH, XapaKTEPHOM JJIsl yCJIOBUH moxkapa. Pa3z-
JIeJICHHe CWJIOBBIX JedopMaluii Ha KOMIOHEHThI OCYLIECTBIISETCS HCXOIS U3
CBSI3U C HAKOILJICHWEM IOBPEXJICHUN B CTPYKType MaTepHajia, OCHOBBIBAsICh Ha
MIPUHIUIIE HE3aBUCUMOCTHU IPENENIbHBIX CTPYKTYPHBIX HANpsDKEHUH OT TeMIie-
patypsl ¥ peXHMa CUIOBOIO BO3JEHCTBUS, YTO IT03BOJISIET YCTAHOBUTH 0a30BbIE
TEPMOMEXaHHYECKHE COOTHOILICHHS U ONMPEACIUTh MapaMeTpbl 1ehOpMUPOBAHHS
OeroHa, pabOTAOLIEro0 B YCIOBHUAX HECTAIIMOHAPHOTO HArpeBa B HArPY>KEHHOM
cocTtosiHuM. Ha ocHOBe pacripocTpaHeHHs THIOTe3bl 00 SHTPONUIHOM 3aTyXaHUHU
HEPaBHOBECHBIX IPOIECCOB Ha 00JacTh JEWCTBUS aKTHBHOTO pa3pyLIArOIEro
(akTopa chopMynHpOBaH MPUHUIUII HOPMAJIM3ALMK U MPEIJIOKEHO KHHETHYe-
CKO€ YpaBHEHHE, U3 PELICHUS] KOTOPOTO MOIy4eHbl HMEIOIUE eTUHYI0 CTPYKTY-
PY 9KCHOHEHIIMAJIbHBIE 3aBUCUMOCTH, ITO3BOJISIOIINE ONMKICHIBaTh 0a30BbIE TEMIIE-
paTypHble mapaMeTpbl OeTOHa, CBS3b HANpsDKeHWH ¢ nedopManusMu U Jpyrue

[punsra k nyonukamuu: 20 HostOpst 2022 T.

Ilﬂﬂ UMTHPOBAHUS HEJIMHEUHBIC XapPaAKTECPHUCTUKH. HpI/IMeHeHI/IC NPpEMJIONKEHHBIX TPUHIUIIOB CO30a~
cDe()opos BC, Jleeumciuil BE, Hcaesa EA. €T HAACKHYIO TCOPETUYCCKYIO OCHOBY JIs1 OIMMMCAaHUS MEXaHU3MOB TEPMOCHIIO-
BOI'0 COIIPOTHUBJICHUA OcToHA B CYHMIECTBCHHO YIPOMIACT MOJACINPOBAHUEC BJIUS-
HUSI BBICOKOM TEMIICpaTypbl Ha CBOMCTBa OCTOHA B HpaKTH‘IeCKOﬁ peam3anunu
METOJUK YHUCJIICHHOTO pacye€Ta JKEIIC300CTOHHBIX KOHCprKHI/Iﬁ.

bazoBble NPUHIUIEBI B TEOPUU CHIIOBOTO U
TEPMOCHJIOBOTO CONIPOTHBIIEHHs OeToHa //
CrpouTtenbHas MEXaHUKAa WHKEHEPHBIX KOH-

CIpykumii 1 coopyxenuit. 2022. T. 18. Ne 6. KuroueBble cj10Ba: NpenNoChUIKM PAaCYeTHOW MOJAEIH, HHBAPUAHTHI, CTPYKTYp-
C. 584-596. http://doi.org/10.22363/1815- Hbl€ HAaIPSDKEHMs, HarpeB 110J] Harpy3Kol, K03 QuIMeHT ynpyroctu, KUHeTH4e-
5235-2022-18-6-584-596 CKOE ypaBHEHHE

Introduction

Regime heredity, disequilibrium, moment and lagged strains — this is an incomplete list of features, exhib-
ited by concrete in conditions of resistance to external force action. There are many examples of calculations,
where are used simplified models of material behavior. Nevertheless, since the very moment structural theory
was born, researchers are concerned with the problem of the most adequate consideration of the real material
behavior, which allows ones not to doubt obtained results. The processes having a place inside the material's
structure mostly are hard to be directly observed, so there should be a reliable theory explaining known facts and
predicting new ones as well.

From the beginning of the 20th century, especially with the appearance of such new materials as concrete
and polymers, there were intensely taken efforts of creation theories that, on the one hand, were strict enough
and, on the other, engineering-adapted and suitable for practical application. Research of long-lasting resistance
to degradation and deformation features of the new materials led to the emergence of a new direction — rheology
(this term was accepted at the 3rd symposium on plasticity in the USA). Temperature action leads to intensifica-
tion of processes occurring in material over time. Thermorheology so is even more general, uniting impacts of

Deooposé Buxmop Cepzeesuu, akaneMuk Poccuiickoil akaieMUu apXUTEKTYpPbl U CTPOMTENIBHBIX HAYK, TOKTOP TEXHHYECKUX HAyK, Mpodeccop, 3aBeLyto-
muil xadenpoit «CTpouTenbHbIe KOHCTPYKIMHU, 3[aHUS M COOpYXeHUs», Poccuiickumii yHuBepcuteT TpaHcnopra, Poccuiickas ®enepaums, 127994,
Mockaa, yi. O6pasiosa, 1. 9, ctp. 9; ORCID: 0000-0002-0906-716X, Scopus Author ID: 57214645407, eLIBRARY SPIN-kox: 5729-7193; fvs_skzs@mail.ru
Jlesumckuit Banepuii E6zenvesuu, KaHIuIaT TEXHUYECKUX HAYK, JIOLEHT, TOLEHT Kadeapbl «CTpoUTeNnbHbIE KOHCTPYKIIMH, 31aHHS U COOPYKeHUs», Poccuiickuii
YHUBEPCHUTET TpaHcopta, Poccuiickas ®eneparms, 127994, Mocksa, yi1. O6pasiosa, . 9, ctp. 9; ORCID: 0000-0002-9355-4488; dobriy vecher@mail.ru
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strain, temperature and time factors. Though at the moment there are no universal thermorheological models of
material behavior, consideration of thermal-force concrete resistance allows us to have quite another look at the
stability of its long-lasting resistance.

Loaded concrete demonstrates several special properties even in conditions of harsh-regime high-
temperature heating when long-lasting processes don't evaluate fully. The most important of such properties is
a sufficient (nearly in twice) increase of strain capacity, in comparison with concrete heated to the same tempera-
ture and then loaded. This effect looks similar to short-term concrete creep in normal thermal conditions, but it's
not a creep, because it doesn't depend on time and it is determined by a sequence of thermal and force impacts.

Through his works V.M. Bondarenko founded a method based on a clear division of levels of the research
object's model of development [1; 2], this method helps to understand the reasons and consequences of thermal-
force resistance of loaded concrete. Vitaly Mikhailovich used to cite Leonardo da Vinci: “there is as much sci-
ence in the scientific work as there is mathematics in it..,” but he always mentioned, that before writing math
expressions (mathematical model), one should have necessarily imagined physics of the process (physical mod-
el) also he should have reasonably formulated starting hypotheses and basis (calculation model). Clarity of un-
derstanding the basis provides better understanding essence of physical and mathematical models, also it allows
one to estimate the accuracy of taken decisions, because, as academic A.N. Krylov (1863—1945) wrote, “despite
all the accuracy of the mathematical solution, it'll never be more accurate, than the basis on which it was made.”

Separation of strain components.
Invariance of ultimate structural stresses

One of the important premises used in the creation of equations of mechanical and thermomechanical
states of concrete is the premise about the separation of strain components. Total relative strains are traditionally
divided into non-force (thermal, humidity, etc.) and force (mechanical) particular strains, which are often con-
sidered as mutually independent and subsequently summed. Mechanical strains are divided by the principles of
linearity and non-linearity, reversibility, and time. In particular, phenomenological theories of concrete creep for
the region of non-linear strains are based on different variants of division of components of total mechanical
strains:

— concept of N.H. Arutyunyan and V.B. Kolmanovskiy [3] suppose that all non-linear strains of concrete
strain rely upon concrete creep;

— in the concept of V.M. Bondarenko [4; 5] total strains consist of moment (inelastic, non-linear) and
lagged (non-linear) strains concrete creep;

— in the concept of A.A. Gvozdev and K.Z. Galustov [6; 7] total strains are divided into elastic and long-
timed, consisting of two components — reversible (strains of elastic aftereffect, which depends on strains linearly
and obey the principle of superposition), and irreversible, which non-linearly depend on stresses that caused
them; a theory based on this concept is named by A.A. Gvozdev “two-component theory of concrete creep”;

— in the V.M. Bondarenko and N.I. Karpenko concept of “non-equilibrium force deformation of con-
crete” [8] it's proposed to consider strains as the matter of structural changes in concrete. This concept continues
those laid down in the works of O.Ya. Berg [9], E.N. Shcherbakov [10] the views on non-linear strains of con-
crete in a way of “quasi-plastic”, caused by an accumulation of damages in the structure, which make close
physical and phenomenological ways of creating a general theory of concrete resistance.

Summarizing the approaches mentioned above we propose to divide mechanical strains into two types
based on their connection with the accumulation of damages in concrete structure [11]. In this case concrete
structure should be considered as a set of bonds that are viscoelastic deformable under stress but degradable
when some limiting level of stress is achieved. Similar representations based on the implementation of the detacha-
ble fracture mechanism are used in statistical theories (V. Veibull [12], S.D. Volkov [13], V.V. Bolotin [14],
L.G. Sedrakyan [15], V.D. Harlab [16], M.M. Holmyanskiy [17], etc.). Presented bonds possess unequal stability
following some statistical distribution. When a sample is put under stress, the stress distributes between bonds.
Not strong enough bonds cleave and the stress comes to others. So cleavage of the weakest bonds is compen-
sated by increased stress on remained ones. In case of sample is being loaded either for a short or for a long
time there is an accumulation of defects demonstrated by bond cleavage. It could be presented as a decrease in
the workable part of the sample section (Figure 1).

Stresses having a place in bonds are structural (true). They increase with the load increase but more inten-
sively because of the redistribution of strains from broken bonds (inner loading). Assuming in a mental model
that the distribution of stress is equal between bonds (though it's being distributed proportionally to the rigidness
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of bonds), structural stresses can be calculated by dividing the applied loading by the nominal area of the worka-
ble part of section (before the loading). In the same manner, dividing this loading by the total area of the sample
section results in average stresses, which are usually considered “stresses” and are used in the determination of
the strength characteristics of the material.
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Figure 1. Graphical interpretation of the principle of independence of ultimate structural stresses

At the moment when the stability of remaining bonds isn't enough for load perception, the sample de-
grades and the stresses in the nominal workable part of section are ultimate structural stresses. Further increase
of the sample loading is impossible and if there is no loading decrease there initiates the process of chain bond
destruction with stress transfer to the remaining bonds. This results in avalanche destruction of all sample — such
an effect is observed during concrete tests with a constant rate of stress increase.

If after reaching ultimate structural stresses it's possible to decrease loading like when it happens during
concrete tests with a constant rate of strain increase, the process of remaining bonds destruction is being carried
under control and there is a descending branch on the stress-strain curve.

The mentioned example of destruction is related to increasing loading, but if one tries to destruct the other
sample of the same concrete in a slightly different manner by adding heat to increasing loading the general trend
would be quite the same. Factors of destructive impact (loading and heat) would lead to the accumulation of
structure damages, which results in the increase of structural stresses to the very same ultimate level. It would be
observed as a decrease in sample stability in the context of the ultimate structural stresses (Figure 1).

In that case whatever would be the way of destruction ultimate structural stresses remain constant because
the sample is made from the same material (concrete of certain contains, age, and curing conditions). Obtained
experimental diagrams of concrete deformation in different temperatures [18; 19] illustrate this very well (Figure 2).

V.M. Bondarenko mentioned not once that invariants take a special place in theory building. Invariants are
values that remain unchanged during transformations. In papers and books of V.M. Bondarenko there are often
mentioned invariants obtained directly from experiments or consequent generalizations. Many times there are
mentioned widely used invariants of affine similarity, energy invariants of stability theory (M. Reiners invariant
of the constant potential energy of material degradation particularly), N.N. Davidenkovs invariant about hystere-
sis loop area independence (specific dissipative scattered energy) from stationary oscillation frequency, equiva-
lent deformational invariants, etc.
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Acceptance of a precondition about the invariance of ultimate structural stresses from a regime of destruc-
tive impacts leads to an important consequence, specifically, it allows to divide components of total concrete
strain into two types depending on whether they do or do not connect with the decrease of concrete stability to-
wards the ultimate structural stresses. Both of these components can be moment, lagged, and evolving over time.
It allows us to use the proposed principle in case of short-time and also long-time force actions. A principle of
ultimate structural stresses independence keeps correctness for diagram-isochron N.I. Karpenko (Figure 3) [20].
Despite the generality of the principle in this work, the emphasis is placed on short-time thermo-mechanical
loading, which is specific to fire conditions when the intensity of thermal impact becomes more significant than
the rate of evolving of transition nonequilibrium processes, which can't fully exhibit itself.
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according to N.I. Karpenko

ANALYSIS AND DESIGN OF BUILDING STRUCTURES



®edopos B.C., llegumckuli B.E., Mcaega E.A. CTpontenbHasi MexaHuka UHXEHEepHbIX KOHCTPYKLMA 1 coopyxenuid. 2022. T. 18. Ne 6. C. 584-596

The first strain component not connected with the accumulation of defects and not leading to stability de-
crease is linear towards the strains and is expressed by a straight line in the deformation diagram. This line con-
nects the origin and a point above the top of the diagram on the level of ultimate structural stresses (Figure 1).
Physically it's a viscoelastic bonds strain without their cleavage; an elastic component is a strain of crystal joint
and a viscous component is a strain of calcium hydrosilicate gel, lagging from elastic one.

Experiments of unloading samples witness only partial reversibility of linear components of strains (Figure 4).
A moment linear-elastic component with initial deformation module £y = tgoo appears right after loading then ap-
pears viscous component that is non-linear towards the strains but it is reversible. The viscous component is fol-
lowed by the redistribution of strains from gel to joint. Everything goes the same way during unloading: firstly
the unloading line goes at an angle of inclination o (elastic component impact), then it deviates going back practi-
cally to the origin (viscous component impact). Because of losing energy in inner friction (hysteresis losses) defor-
mation is restored partially. Despite some of the described demonstrations of non-linearity, the total strain (viscous
and elastic) during loading is linear towards the stress and it's characterized by initial module of concrete defor-
mations Epo= tga. The line goes from the origin exactly at an angle to the point of ultimate structural stresses.
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Figure 4. Strains of concrete under modal loading-unloading:
a — first cycle; b — second cycle; (1) — instantaneous linear strains; (2) — delayed linear strains; (3) — instantaneous nonlinear strains

The second deformation component connected with the accumulation of defects and leading to stability
decrease is non-linear towards acting stress (physical non-linearity). It's known that the accumulation of defects
in the form of bonds cleavage in concrete structure is a thermofluctuation process and increases with the growth
of strains and heating temperature. Overtime accumulation of damages in a sample during isothermal endurance
under constant load is characterized by classical creep curves with three distinctive regions. Time before destruc-
tion (longevity of concrete) is described by the Boltzmann — Zhurkov kinetic equation [21].

Diagram non-linearity is characterized by an elasticity coefficient of concrete in V.I. Murashev termino-
logy [22] or by a coefficient of secant modulus in N.I. Karpenko terminology [20]. The mentioned coefficient is
calculated by dividing elastic deformations by total deformations and shows a ratio between acting average and
structural stress, particularly for ultimate strain in normal temperature

(el)
& Ry Ry, |
Vbu,O - - - 4 ( )

€0 Eyotmo Ros

where Ry, Ebo¥ €p0 — compressive strength, initial modulus, and limit (peak) strains of concrete before heating
respectively; Ry qr — ultimate structural stresses (structure stability) of concrete.
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Heating temperature impact on mechanic concrete properties in domestic and foreign regulatory and sci-
entific literature is usually characterized by two main thermal parameters — stability decrease coefficient y,, and
elasticity module decrease coefficient 3, during heating, which are calculated as the ratio of the characteristics
in the heated state (s, Es,/) to the corresponding values before heating (R0, Eb0):

Gbut
Yo =7 > 2)
t Rb,O
E
By, =—2 3)
t Eb,O

Temperature dependences of these parameters are set as analytical expressions, tables, and graphs.

As the third temperature parameter, it's usually used either limiting deformations of concrete €., (peak
values, corresponding to the top of the diagram), or limiting elasticity coefficient v, but when limiting struc-
tural strains independence principle is applied, there is no need for normalization of temperature dependences for
these characteristics because they are expressed through general parameters as basic thermomechanical ratios:

— for ultimate strains through the initial module decrease coefficient

8bu,O .
but > 4
By
— for ultimate the elasticity coefficient through the stability decrease coefficient
Vbu,t = Vblt,OYb,t‘ (5)

Proposed ratios are easy to prove by geometrical conditions. The first one of these ratios represents
the fact that limiting (peak) concrete strains value when heating are defined only by a initial module decrease:

&uo Row B, E,,

Eput Eb,O Rb Eb,O

By (6)

,Str

The second ratio witnesses about the increase of deformation curve non-linearity increase as the concrete
stability increase:

R R

5.0Vbs Loso

= R : R = Yb,z' (7
Vpu0 bstr 5,0
Limiting structural strains' independence from temperature allows not only to simplify the normalization

of temperature parameters but also to explain peculiarities of its behavior during heating under loading.

Vbu Jt

Resistance of loaded concrete during heating.
Energy criterion for strain coupling

Non-stationary heating of concrete samples under the action of initial compressive stresses as shown [19]
leads to its stability increase (growth of ys, coefficient) in comparison with concrete which was heated firstly and
then loaded to destruction. It's explained by the restraining effect of the load on the development of microcracks
(cracks caused by thermal incompatibility between aggregate and cement stone matrix first of all), which growth
is unhindered in unloaded samples [23]. It has been proven by research [24] at least for residual crack density
calculations.

But heating in a loaded state has a much more significant impact on concrete strains. During non-
stationary heating of loaded samples mechanical strains (obtained by subtracting the temperature component
from the total strains) were almost double the strain of samples which were loaded after heating.

Assume that sequence of applying heating and force actions has no impact on concrete strength and condi-
tionally assume that it remains exactly the same at a given heating temperature, regardless of the loading condi-
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tions. In this case deformability increase while maintaining the constancy of the ultimate structural stresses,
it can be ensured only by increasing the linear component. Thus, the connection between stress and strains during
loaded concrete heating is expressed as a diagram with the same value of elasticity coefficient as the one when
loading has a place after heating (due to the fact that the stability to ultimate structural stresses does not de-

crease) but with less initial module (Figure 5, a). In this case, the difference in the description of diagrams will

. . . : HTL LTH
be fewer values of B, coefficient and it leads to an increase of peak strains from €, ,” up €, , to because of

the thermomechanical equation (6).

The energy interpretation of the considered effect of increasing deformability is that when heated under
load, the external force performs additional work on displacements caused by a decrease in the elastic properties
of the material. Assuming that the value of work that external force has to make for the achievement of given
deformation is the same, we obtain all the required work is done because of external force increase when loading
occurs before heating. When the last ones occur at the same time part of this work is done because of initial
module of material deformation decrease caused by heating, so the same deformation can be achieved with less
value of force or the same force will lead to bigger deformation. Graphically, this is expressed in equality of

shaded areas in Figure 5, b. It results in the following ratio between strains when concrete heated under load
S,EVT? (load-then-heat regime, LTH) and loading after heating SZIUTJL (heat-then-load regime, HTL), showing their

nearly two times increase corresponding quite well with experimental data [25]:

LTH HTL HTL , _HTL
8bu,t - 8bu,t +\/8bu,t (Sbu,t _Sbu,O)' (8)
§ A G, § A Op
5 @ o o o
e t,=20°C t,>20°C (HTL) t»>20°C (LTH) t,=20°C t, > 20°C (HTL) 1, > 20°C (LTH)
Rh_m‘ " Rlx 17 Py
’
r)
Rig &/
- -
RioYh:
1
€p / €p
Ehu0 o LTt strain 0 Ehu0 g B Strain
a b

Figure 5. Isothermal stress-strain diagrams of concrete for loading conditions after heating and heating under load (a);
energy criterion for strain coupling (b)

As noted many times by V.M. Bondarenko, besides evidence-based calculation explanation any fact
should be given a clear physical interpretation. In the case of concrete, it should be done from the building mate-
rials science point of view, which is intended not only to explain the structure and composition of concrete, but
also the mechanism of its deformation.

The closest demonstration of considered deformability increase when loaded concrete is being heated is
drying creep also known as Pickett effect [26]. In normal thermal conditions creep deformations of drying con-
crete are bigger than ones of sealed (hermetic) samples. It's explained by diffusion of free (not chemically
bound) moisture from the micropores of the cement gel into neighboring larger capillary macropores, accompa-
nied by sliding of the layers caused by long-time action of loading.

During high-temperature heating, a similar process happens. It's caused by the migration of free moisture
firstly and after 250 °C, when it fully evaporates, it's followed by migration of chemically bounded moisture,
released during the dehydratation of concrete stone minerals [27]. The observed facts prove that deformability
increases during the heating of loaded concrete so as heated unloaded concrete elasticity module decrease hap-
pens during only the first heating and is irreversible [25].
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Analytical dependencies description.
Principle of normalization

The examples shown above of using the affinity properties of the stress-strain- curves of concrete at dif-
ferent temperatures both under loading after heating and under heating under load are a consequence of a more
general principle of normalization. According to this principle the processes occurring in the material over time
or under the action of the active factor, despite their different physical nature, can be described by analytical de-
pendencies that have a single structure due to the general laws that the observed processes obey.

In the works of V.M. Bondarenko [5; 28, etc.], when analytically describing the ongoing processes of
force or environmental resistance of concrete, whether it is the non-equilibrium development of deformations or
the advancement of the front of corrosion damage, the solution of the kinetic equation was used. Such a solution
shows that the intensity of change of observed process parameter in conditions of environment and energetic
constancy is proportional to the deficit of this parameter towards limiting values:

WD k(y-ay, ©
dt

where y and a — correspondingly present and ultimate values of observed process parameter; ¢ — time; & and m —

some empirical characteristics.

Represented equation reflects the hypotheses about entropy damping of non-equilibrium processes.
This hypothesis is a consequence of the physicochemical law of mass action, which was formulated by
C.M. Guldberg and P. Waage in 1867.

Concerning the conditions of the active action of the destructive factor (temperature or load), which are
characteristic of the thermal strength resistance of concrete, the intensity of the change in the observed process
parameter is proposed to be taken not only proportional to the deficit of this parameter towards the limiting
values, but also to the value of the active factor itself. So, the kinetic equation is written as

dy uet
2= k(y—a)ut", 10
& (y—a)u (10)

where ¢ — a value of active factor; k£ — a process damping parameter; u — an intensity index.

The solution of this equation makes it possible to use in the analytical description of ongoing processes
of various nature (loading, heating, damage accumulation, development of strains or thermal degradation of
the mechanical properties of concrete, as well as the development of the temperature field over the cross-section [29])
uniform analytical dependences in the form of exponential functions, which is depending on the given boundary
conditions acquire one form or another (Figure 6):

— at a = 0 and initial condition y =4 at =0

y = Aexp[—kt"]; (an
— at a # 0 and initial condition y=0atz=0
y=a(l—exp[—kt"]). (12)

The first solution at 4 = 1 is suitable for describing the coefficient of reduction concrete stability decrease
during heating (for # > 1) and the coefficient of thermal degradation of the initial modulus of concrete defor-
mation (for O <u <1):

t,—20Y"
=exp| — ; 13
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t,—20Y
= - , 14
By, =exp B( 1000} (14)

where #, — temperature of concrete heating, °C (active action factor); v, m, B, n — experimental dimensionless pa-
rameters for a given concrete composition.

VA y=A-exp[—k-1"] Y p y=a-(1—-exp[—k-1"])

O<u<l /

a b

Figure 6. Characteristic dependences of changes in the main thermomechanical parameters of concrete:
a —reduction in strength and initial modulus of deformation during heating; b — free temperature strains

Intensity index u is considered here as a parameter that characterizes material resistance to destructive
factor #,: due to its high values (u = 3—5) concrete stability practically doesn't decrease in temperatures below
400 °C. And with u increase stability is constant till higher temperature, but it falls sharply afterward.
At the same time values 0 <u <1 make it possible to reflect the sharp falling of deformation modulus at
the start of heating and a more gradual subsequent decrease at higher temperatures.

The second solution is supposed to be used for the description of free thermal strain at a = gq:

t,—20Y
&y =0, (t, —20)+¢&,| 1—exp —az( ’1000 j , (13)

where &, — maximal temperature strain of concrete; o, a2, p — experimental dimensionless parameters for
given concrete composition.

While construing it's taken into consideration that free thermal expansion can possess a linear component,
characterized by a coefficient, and a non-linear one, described by exponential dependence with a., p parame-
ters, and g, tending to its maximum value. Because of fire shrinkage, the given equation doesn't consider defor-
mation decrease in temperatures over 600 °C.

The solution of the equation mentioned above can also be used for the description of the connection be-

tween stress and strains of concrete. Achieved strain level 1, =€, /€,, is considered an active acting factor
because strains are linearly related to structural stress and their value forms an accumulation of concrete struc-
tural damages as a result of force action [30].

Assume as starting a v, dependence of concrete in form of non-linear Hooke's law while considering coef-
ficient as an integral function of the density distribution of structural bonds strength. Write an expression for

o—¢ elasticity coefficient (secant modulus) as an exponential function of deformations level n; with &, u parame-
ters like in (11).

o, =¢,Ev,. (14)

v, =exp[—k(n,)"]. (15)
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Unlike in previously mentioned cases ., u parameters aren't independent and are defined by limiting con-
ditions to which should correspond a stress-strain curve.

Parameter & defines conditions that at the top of the diagram (n. = 1) elasticity coefficient is equal to its
limiting value vs,:

V,, = exp[—k]. (16)
k=-Inv,,. (17)

The parameter u is found from the condition that the angle of arrival of the tangent at the top of the dia-
gram is zero. Calculate the first derivative:

do dv u-1) 1
—t=FEyv, +8bEbed_b:Ebe +8bEbvb(—ku(n£) )— (18)

8b b Sbu

At 1. = 1 elasticity coefficient v, = vy, strain €, = &5, substituting into (18) and equating to zero, obtain

do,

—L=Eyv,, +Ev, (—ku)=Ev, (1-ku) =0, (19)
de,
where

1
u=—. (20)

k

Finally, the expression for the elasticity coefficient is:
v, =exp[~k(n,)"]. @1)

Proposed dependence corresponds to limiting conditions, which should be complied with by the curve of
connection between stress and strains. This dependence also meets the requirements of continuity and differenti-
ability over the entire range of concrete strain values. These properties do not create difficulties for its practical
application in numerical analysis.

Conclusion

Evolving the ideas of V.M. Bondarenko and standing on the basic premises of the calculation model of
concrete force resistance proposed by him, we propose basic principles of analysis of loaded concrete behavior
in sharp-regime temperature action conditions.

Division of total strain components supposes one to consider un-force (temperature, moisture, etc.) and
force (moment and lagged) partial strains which are taken as independent.

We suppose to divide mechanical strains into linear and non-linear depending on whether they cause da-
mages accumulation in the concrete structure and reduce its stability in relation to ultimate structural stresses.
The principle of superposition is right for linear deformations. Non-linear deformations are estimated using
the elasticity coefficient which reflects the material structure degradation index.

Regardless of the level, regime, and duration of loading and temperature actions mechanical strains are
described by the affinity principle.
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Remise about the variability of characteristics under conditions of environmental and energy constancy
follows non-linear entropy laws, used by V.M. Bondarenko for the analytical description of anticorrosion, age,
and other resistances was extended to the scope of the active destructive factor (temperature, load, etc.). This has
made possible its application in the description of thermomechanical equations of concrete state.

Considering the concrete resistance to degradation and deformation from the structural changes and statis-
tics point of view is mostly a staged direction. Nevertheless, it allows one to make a based and consistent expla-
nation of many observed patterns of concrete behavior. And in this sense, V.M. Bondarenkos favorite citation of
the famous mathematician and science popularizer G. Polya (1887-1985) should be recited: “Nobody has
reached Polar Star yet, but many had found the right way looking at it.”
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