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Jns uuTHpOBaHuUs

Mepkynos C.H. Tlporpeccupyroiee pas-
pYyLIEHUE KOHCTPYKTUBHBIX CHUCTEM 3Ja-
HUH C Y4€TOM CHJIOBBIX M KOPPO3HOHHBIX
noBpexaeHuit // YKene3o0eTOHHBIE KOH-
crpykimu. 2024. T. 6. Ne 2. C. 3-11.

AnHotauus. ChopMynupoBaHsl OCHOBHBIC HAIPABICHUS DPA3BUTHUS TEOPHU
KOHCTPYKTHBHOW 0€30IacHOCTH 3[aHUil M coopykeHuil. [IpemnoxkeH uepap-
XMYECKHH MOJXO0Jl K OLEHKE KOHCTPYKTHUBHOIH 0€30MacHOCTH OOBEKTOB INpH
KOPPO3HOHHBIX TMOBPEXKICHUAX OT MaTEPUAIIOB KOHCTPYKIMH 0 KOHCTPYK-
TUBHOU cucTeMbl. OmpeeneHbl 0COOCHHOCTH KOPPO3MOHHOHM MOBPEkKIaeMO-
cTH OeTOHa KeNe300€TOHHBIX KOHCTPYKIHH, POaHaTH3UPOBAHBl MEXaHU3MBI
CHJIOBBIX M KOPPO3HOHHBIX BO3JICHCTBUII M UX BIMSHUE HA IPOTpeccCHpyolIee
paspylieHre KOHCTPYKTUBHBIX CHCTEM 3KCIUTyaTHPYEeMBbIX 3aHH.
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Abstract. The main directions of development of the theory of structural
safety of buildings and structures have been formulated. A hierarchical ap-
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corrosion damageability of concrete of reinforced concrete structures are de-
termined, mechanisms of force and corrosion effects and their influence on
progressive destruction of structural systems of exploited buildings are ana-
lyzed.
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BBEJEHUE

OnHOI M3 OCHOBHBIX 33724 IpU 0OecriedeHnr 0e30MacHOCTH IKCIUTyaTUPYEeMbIX 3[JaHUN U CO-
OpY>KEHUU SIBIISIETCS OlEHKAa KOHCTPYKTHBHOW 0€30MacHOCTH CTPOUTENBHBIX KOHCTPYKIUI U KOH-
CTPYKTHUBHBIX CHCTEM, MTOJIBEPKEHHBIX MOBPEXKACHUAM. [[MUTEIbHBIA CPOK AKCIUTyaTA[MH 3JaHUN U
COOPYKEHHUI NPU OJHOBPEMEHHOM IIPOSIBJICHUN CWJIOBBIX M CPEIOBBIX BO3JECHCTBUN NPUBOJUT K
MOSIBJICHUIO U PA3BUTHIO PA3IMYHBIX MOBPEKICHUM CTPOUTEIbHBIX KOHCTPYKIIHM, y3J10B CONpsKe-
HUI KOHCTPYKLUMH. B HacTos1iee BpeMs BBIIIOJIHEHBI KCIIEPUMEHTAJIBHBIE U TEOPETUUECKHE HCCIIe-
JIOBaHMsI, HANPaBJICHHbIE HA U3YUYEHUE BIMSHUS CHIIOBBIX M CPEJIOBBIX IMOBPEKICHUI HA MPOYHOCT-
HBIE U AeQOopMaTHBHBIC TAPAMETPhI OTJEIBHBIX KOHCTPYKIUNA U KOHCTPYKTHUBHBIX CHCTEM.

KonctpykTrBHas 6€301MacHOCTh KOHCTPYKIMNA U KOHCTPYKTUBHBIX CHCTEM ONpPEAEISeTCs COOT-
BETCTBUEM MApaMETPOB IKCILTyaTHPYEMbIX KOHCTPYKLUN MPOEKTHBIM 3Ha4eHHsIM. Takoil moaxon K
OLIEHKE KOHCTPYKTHBHOI 0€30MaCHOCTH OCHOBAaH Ha METOJIE MPEACIbHBIX COCTOSHUI, YTO corjacy-
€TCsl C HOPMATHUBHBIMH MOJOXEHUSIMHU MPOCKTUPOBAHUS CTPOUTENbHBIX KOHCTpyKuuid. [Ipu sTtom
TaKXe COOJI0AAeTCsl euHasi METOIOJIOTHS KaK MPOSKTUPOBAHUS KOHCTPYKIIMHA, TaK M MPH OLEHKE
KOHCTPYKTUBHOI 0€30MaCHOCTHU IKCIUTYaTUPYEMbIX KOHCTPYKIIHIA.

METO/

KoHcTpykTHBHAs cUCTeMa 3[IaHUS MJIM COOPYKEHHS MPEICTABIISET CIOKHYIO CTPYKTYpy OT Ma-
TEpPUAJIOB KOHCTPYKIUI /10 KOHCTPYKTHUBHOM CHCTEMBI, UMEIOUIYI0 HEpapXUUEeCKUil XapakTep
BKJTIOYAIOIIYIO CJIEAYIOUINE YPOBHHU: MaTEpUAIIbl, JIEMEHThl KOHCTPYKLUH, KOHCTPYKLUH, y3JIbl U
COTIPSKEHUS] KOHCTPYKIIUH, KOHCTPYKTUBHBIE CUCTEMBI.

OCHOBHBIM (PaKTOPOM, BIUSIONIMM Ha KOHCTPYKTHBHYIO 0€30MaCHOCTh IKCIUTyaTHUPYEMBIX 3/1a-
HUI M COOPY)KEHHIA, SIBJISIFOTCS CUJIOBBIC M KOPPO3UOHHBIC TOBpexacHUs [1-3]. OueHKy KOHCTPYK-
TUBHOW 0€30MaCHOCTH 3/1aHUI U COOPYKEHUH HEOOXOAMMO BHIMOJHATH C YYETOM KOPPO3MOHHBIX
MOBPEKICHUI MaTepUaJIOB KOHCTPYKIIMH C Y4E€TOM HampsikKeHHOro coctosinus [4, 5]. [IpoTekanue
KOPPO3HOHHBIX MPOIECCOB B OETOHE KEIe300€TOHHON KOHCTPYKIIMH 3aBUCUT OT 3HaKa JIEHCTBYIO-
X HaNpsoKeHW. Tak, mpu c)KaTuW B O€TOHHBIX 00pasnax 3P dekTuBHbIN Ko3pdunmneHt nuddy-
3UM YTJIEKUCIIOTO ra3a MOHMKAETCS Ha MOPSIOK, a IPU PACTsHKECHUH YBEJIWYMBAETCS HA OJMH-IBA
nopsiaka. Takxke HPOTUBOKOPPO3MOHHAS CTOWKOCTh OETOHA 3aBHCHT OT YPOBHS CHKMMAIOIIUX
HanpsokeHui. [Ipu CKMMalOMUX HANPSDKEHUSX, HE TPEBBINIAONINX HIDKHEH TPaHUIBI MHKPOTpE-
IIMHOOOpa30BaHUsl OETOHA, MOPUCTOCTH OETOHA 3aMETHO CHIDKAETCS, MPOUCXOIUT YIUIOTHEHHE
CTPYKTYpBI O€TOHA, YTO CHMXKAET CKOPOCTh MPOHUKHOBEHHS B MaTepHajl XUMHUYECKH arpeCCHUBHBIX
PEaKTUBOB MO CPABHEHUIO C HEHArpy>KeHHbIM OeToHOM. [Ipu Gosee BBHICOKMX CKHMAIOIIMX Hampsi-
KEHHUAX B CTPYKType OeTOHAa Ha4MHAETCS MPOLEecC 00pa30BaHMs, HAKOIJICHUS U PA3BUTHS MUKPO-
MOBPEXKACHUM, CTPYKTypa OETOHA pa3phIXJISETCs, CKOPOCTh MPOHUKHOBEHUSI arpecCUBHBIX Cpell B
CTPYKTYpy OeToHa Bo3pacTaeT. Takum 0Opa3oM, B 3TOM CiIydae MpOIECChl KOPPO3ZMOHHOTO U CHJIO-
BOT'O BJIIMSIHHSI HOCSIT B3aUMHO YCHJIMBAIOIINN XapaKTep.

B xene300eTOHHBIX KOHCTPYKIUAX KOA(PUIIMEHTHI TEMIIEPATYPHOTO PACIIUPEHUs ISl CTalU U
0eToHa MpaKTUYECKU paBHBI MO BennyrHe. Ho mpu KOppO3HOHHBIX MpoIieccax XUMUYECKON U Qu3u-
KO-XUMHYECKOW MPUPOIBI POUCXOTUT paciiupeHue OeToHa, a CTallbHas apMaTypa He oOHapy KHBa-
eT coOcTBeHHBIX Aedopmaruii. Ho nmpu TemnepaTypHbIX BO3AEHCTBUSAX HA TaKue KOHCTPYKIIUMU ap-
MaTypa UCTIBITHIBAET COOCTBEHHBIE NeOpMalny, IPOTHUBOIIONOXKHBIE nedopMmanusim OetoHa [5]. B
ATON CUTyaIluU >KeJIe300€TOHHBIE KOHCTPYKIIMH MOMy4YaloT CHeU(pUIecKre MOBPEKICHUS, a METO-
JIKa OTIpeIeIeHUs] COOCTBEHHBIX HANPSHKEHHUN B )KeIe300eTOHe, OCHOBaHHAsI HA paBEHCTBE YCHIINI
¥ Hepa3phIBHOCTH Aedopmainii 6eToHa U apMaTyphl, HY>KIaeTCs B yTOUHCHHH.

Sergei I. Merkulov, Corresponding member of RAACS, Doctor of Technical Sciences, Professor, Head of the Department of Civil Engineering, Kursk
State University, 33 Radishcheva street, Kursk, 305000, Russian Federation, eLIBRARY AuthorID: 382671, Scopus: 55917127800, E-mail:
mersi.dom@yandex.ru
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Mepxkynos C.1. XKenesobemonHbie koHcmpykyuu. 2024. T. 6. Ne 2. C. 3-11

Koppo3nonHble NOBpeXAECHUS IEMEHTOB U KOHCTPYKLMM MPUBOIAT K CHUKEHHMIO MX pecypca
CUJIOBOTO conpoTuBIIeHHs. 1Ipexie Bcero, Koppo3ust CHUKAET MTONEPEYHOE CEUEHUE DJIEMEHTOB, HO
KpOME TaKOTr'0 MPSMOJIMHEHHOTO NOCIEACTBUS MOBPEXKICHUS, BBI3BAHHOTO arpECCUBHBIMM BO3JEH-
CTBHSIMH, TIPOSIBIISIIOTCSI 0OJiee CIIOKHBIE cXeMbl. KOppO3HOHHBIE M3MEHEHHsI MMPOYHOCTHBIX U Jie-
(dopMaTUBHBIX IapaMeTpoB OETOHA CXKAaTOM 30HBI, KOPPO3Ms CTEP)KHEH pacTAHyTOH apmarypsl ¢
HapyLIeHHEM CLEIUICHUS CTepHEeH ¢ OETOHOM NPUBOIAT K HapyLIEHUI0 HOPMATHBHOI'O YCIIOBHS
OTPaHUYEHUS BBICOTHI CXKATOM 30HBI, UTO JAEJIAeT BO3MOXKHBIM XPYIKOE pa3pylIeHHe U3rHOaeMbIX
KEJIe300€TOHHBIX CTaTHYECKU ONPENECIMMBIX KOHCTPYKIMH C KOPPO3HMOHHBIMU IMOBPEKICHUSIMU
pU TPOEKTHOH Harpyske. Koppo3noHHbIE MOBPEXAEHUS NMPUBOJAT K OOPa30BAHUIO M Pa3BUTHIO
TPEIMH, K CHUKEHHMIO JKECTKOCTH KOHCTPYKIUH, K Pa3BUTHIO 3HAYUTENbHBIX Aepopmanuii. [lpu
pa3paboTKe TEOPUH CHIIOBOIO CONPOTUBIICHUS CTPOUTEIBHBIX KOHCTPYKIUI C KOPPO3MOHHBIMH TIO-
BPEXKJICHUSIMU IPUHATA IPEINOChUIKAa 00 YCIOBHO PaBHOMEPHOM XapaKTepe BO3JEHUCTBHUS arpec-
CUBHOU Cpefipl 10 MPOJIETY U I10 BBICOTE CEYECHMS KOHCTPYKUUU. IIpu Takol IOCTAaHOBKE CHIIOBOE
CONPOTUBIIEHHE KOHCTPYKLUHH C KOPPO3HOHHBIM IIOBPEXKICHHEM OIIPEACIAECTCS B CEUYECHHH C
HauOOJBIIMMU BHYTPEHHUMHU yCHinsMHU. OJHAKO M3 OMNbITa OOCIEI0BaHHS CTPOMUTENBHBIX KOH-
CTPYKUMH 34aHUN U COOPY’KEHHM, SKCIUIyaTHPYEMBIX B arpeCCUBHBIX CPelax, CIEAYyeT, 4TO 30HbI
KOHCTPYKLHUH ¢ HAauOOJIBIIMMU KOPPO3UOHHBIMU MOBPEXKICHUSIMUA HE COBIAAIOT C yYacTKaMH JIei-
CTBUSI HaWOOJBIIMX BHYTPEHHUX ycuiauil. OTMeueHHbIe 00CTOATENbCTBA TPEOYIOT Pa3BUTHS TEOPUU
CUJIOBOT'O COIIPOTUBIICHUS KOHCTPYKLHUU C OIPENEICHUEM OIIACHBIX CEYCHHUM C TOYKU 3PEHHS KO-
PO3MOHHBIX ITOBPEXKICHHM, HAIIPABIIEHHOCTH U YPOBHS JEHUCTBYIOIINX YCHIIUN.

KoHcTpykTHBHAs 6€30MaCHOCTD 3/1aHUIM U COOPYKEHUH B 3HAUUTEJIBHON CTENeHH o0ecreynBa-
€TCS LIEJIOCTHOCTBIO Y3JI0B CONPSKEHUM U CBSA3€M KOHCTPYKTHBHOW CTaTUYECKN HEU3MEHSIEMOU CH-
creMbl. [Ipy NMpoeKTUpOBaHUU 3JaHUN U COOPYKEHUU MPEANOYTUTEIIBHO JOJKHBI 3aKJIabIBAThCS
KOHCTPYKTUBHBIE PEILICHHUs, ITOBBIIIAIONINE CTENEHb CTATUYECKOW HEOIPENECINMOCTH CUCTEMBI 3/1a-
Hus. [Ipyrum ycinoBuem obecriedeHrss KOHCTPYKTUBHOM 0€301MacHOCTH 3[JaHUN U COOpPY KEHHM SBIIS-
€TCsl IPOEKTUPOBAHHE Y3JIOB COECIMHEHMS KOHCTPYKIIMI, HE IMOABEPKEHHBIX XPYNKOMY pa3pylle-
Huto [6]. Koppo3noHHbIE OBPEXKAECHUS Y3JI0B CONPSHKEHUS KOHCTPYKLUN B COCTaBE KOHCTPYKTHB-
HOHM CHCTEMBI IIPUBOJIAT K U3MEHEHUSAM I'PAaHUYHBIX YCIOBUN KOHCTPYKIMI, K IIEpEPACIIPEICICHUIO
YCWINN MEXIY 2JIEMEHTAMHM KOHCTPYKTUBHOM CHCTEMBI. B mepBoM ciiyuae, Hanmpumep, I KapKac-
HOTO KeJle300€TOHHOTO 3/1aHUs TIPU KOPPO3UOHHOM TOBPEKICHUH JKECTKUX y3JI0B CONPSKEHUS pU-
reiis ¢ KOJIOHHAMM pacueTHask CXeMa PUressi MEHSETCs € )KECTKO 3alllEeMJIEHHOM 110 KOHIIAM Ha CXEMY
IIAPHUPHO ONEPTON OajaKy, YTO MPUBOJAUT K CHHIKEHUIO CHJIOBOTO COIIPOTUBIICHMSI PUTEINs BABOE.
Bo BTOpOM citydae B pe3yibTaTe IepepacnpenesieHusl BHYTPEHHUX YCHINN MEXKIY KOHCTPYKLHUAMU
BO3MOJKHBI CIIy4yau BO3HMKHOBEHUS B OTJEJIBHBIX KOHCTPYKILUAX YCHIIMM, IPEBBIIIAIOIIUX IPOEKT-
HbI€, U KaK CJIEJICTBHE PA3BUTHE B 3TUX KOHCTPYKIHUAX JleopMaluii HEIOMyCTUMOM BETUYUHBI.

OTHOCHUTENBHO KOHCTPYKTHBHBIX CHCTEM 3/IaHUH W COOPYXEHHH KOHCTPYKTHBHas Oe3orac-
HOCTh ONpEENsAeTCcs] CHOCOOHOCTBIO COXPaHATh CHUCTEMOW HEOOXOIUMMYIO CTENEHb CTaTHYECKOM
HEOIpeAeIMMOCTH, 00ECTIEYNBAIOIIYI0 BOCIPUATHE MTPOEKTHBIX HArpy30K IPHU CHJIOBBIX U KOPPO3HU-
OHHBIX ITOBPEKICHUAX OTAEIbHBIX KOHCTPYKIIHM, Yy3JI0B CONPSIKEHUN U CBA3CH.

[Ipennaraemblil nepapXu4ecKuil MOAX0/ B OLEHKE KOHCTPYKTUBHOM O€30IaCHOCTH CTPOUTENb-
HBIX MaTepHaJIOB, DJIEMEHTOB KOHCTPYKLHWMN, KOHCTPYKLHMH, y3J0B M CONPSDKEHUM KOHCTPYKLHUH,
KOHCTPYKTHUBHOM CUCTEMBI TPEOYyEeT CUCTEMHOTO MOJX0/a K CO3/IaHUIO I paccMaTpUBAEMbIX IPO-
1eccoB (U3NYECKOM, pacueTHOM M martematudeckoi mopened [7]. OcrtaeTcst akTyanbHOW 3aaaya
pa3paboTku pu3mUecKor MOIETH KOPPO3UOHHOTO TIOBPEKACHHUS KEJIe300€TOHA C YIETOM PEXUMOB
Harpy>eHus, ”3MEHUYNBOCTH HANPSKEHHOTO COCTOSHUS, HEOOXOJUMOCTH NpeoOpazoBaHus Gpu3nye-
CKHUX MOJIEeJICll Ha OCHOBE NMPUHATUS MOTHUBUPOBAHHBIX TMIIOTE3 M MPEINOCHUIOK pa3pabOTKH pac-
4yeTHBIX Mojenell. OTcroia uMeeTcss He0OXOIUMOCTh B pa3paboTKe METOJMKU U B IPOBEAECHUH IKC-
IIEPUMEHTAIBbHBIX MCCICJOBAHUN CTPOUTENBHBIX KOHCTPYKIIMM M KOHCTPYKTHMBHBIX CHUCTEM IS
W3Yy4YEHHs 3aKOHOMEPHOCTEN COBMECTHOI'O CHJIOBOTO M KOPPO3HMOHHOTO BO3ACHCTBHS, a TAKKE Me-
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XaHU3MOB TPAHC(OPMHUPOBAHUS KOHCTPYKTUBHBIX CUCTEM BCIIEACTBUE UX CTPYKTYPHBIX U3MEHEHHH
(M3MEHEHHE TPAHUYHBIX YCIOBUN, N3MEHEHUE KECTKOCTH Y3JI0B U JPYTHX).

Teopuss KOHCTPYKTUBHOW O€30MACHOCTH 3JaHMH M COOPYXKEHUH JOJDKHA C €IUHBIX MO3UIUN
OTIMCHIBATH HAPSHKEHHO-IE(POPMHUPOBAHHOE COCTOSIHUE U OIICHWBATh PE3EPBHI 110 TIEPBOM U BTOPOIA
rpynnaM IpeAeabHbIX COCTOSHMM Ha BCEX ATalax >KM3HEHHOIO LMKJA 3/aHUS U COOPY)KEHHs Ha
MPUHLIUIIAX y4eTa CUJIOBBIX, CPEOBBIX U BPEMEHHBIX (PaKTOPOB, TEXHOJIOIMUECKHX BO3/EHUCTBUH,
KOHCTPYKTUBHOW TpaHchopmarun U Apyrux (axkropoB. Teopus KOHCTPYKTHBHOH O€3011aCHOCTH
ABJIIETCS. OCHOBOM JUIsl pa3paboTKu 3((EKTUBHBIX METO/IOB PEHOBALMHU, PEKOHCTPYKIUH 3AaHUNA U
COOPY>KEHUH, YCUICHUSI CTPOUTENbHBIX KOHCTPYKLHUH, /Ul pa3pabOTKH TEOPHH KUBYUECTH 3J1aHHUH
U COOPYKEHHM.

BolnosHEeHHBIE HA CETOAHSIIHUN JEHb MCCIEA0BAaHUSA, B OCHOBHOM, HAIIPaBJIECHbl Ha OLIEHKY
KOHCTPYKTHUBHOI 0€30IaCHOCTH 3KCILTyaTHUPYEMbIX 3[JaHUI U COOPYKEHHUM U Ha yCHJIEHUE OTAEIb-
HbIX KOHCTPYKIHH, €clii B 3TOM BO3HHUKAaeT HeoOXoaumocTb. [Ipuuem HampspKkeHHO-
J1e(OpMHUPOBAHHOE COCTOSIHUE KOHCTPYKIIMM YYUTHIBAETCS Ha KOHKPETHOM 3Talle dKCILTyaTaluu
o0bekTa. Heo6X0IMMO OTMETUTh, YTO KOPPO3UOHHBIE TIOBPEKICHUS 3JIEMEHTOB U Y3JIOB COIpPshKE-
HUN B KOHCTPYKTHUBHBIX CHCTEMax HOCAT JUIMTEIbHO Pa3BUBAIOIIMICA XapakTep, CONPOBOXKIArO-
LIMics TiepepaclpeesIeHUeM yCWINN U U3MEHEHUEM CTaTUYECKOM cxeMbl. IIpu KoppO3HOHHBIX I0-
BPEXKJICHUAX B KOHCTPYKTHUBHBIX CUCTEMAaxX MPAKTHUUYECKH OTCYTCTBYIOT CIy4Yad BHE3AIMHOI'O BBIKJIIO-
YEHMsI DJIEMEHTOB CUCTEMBI [8]. B KOHCTPYKTUBHBIX cUCTEMAX MMApPaJUIENbHO ¢ KOPPO3ZUOHHBIMU I10-
BPEXKJICHUSMH, KaK YK€ OTMEYaJIoCh, MPOTEKAET MPOIlecC NepepacnpeiesieHus] BHyTPEHHUX yCUITUI
MEXJly 2JEMEHTAMM YCWJIMH, MPOUCXOIUT aJanTalMsl CUCTEMBbl K M3MEHUBIIUMCS YCIOBMSM JKC-
IJTyaTalluk C CAMOPETYyJIMPOBAHUEM KECTKOCTEW M BHYTPEHHUX YCWJIMH B AJIEMEHTAaX CUCTEMbl. B
COBPEMEHHOM CTPOUTEIBHON HAayKe HE M3yUYEHbl MEXaHU3MbI CAMOPETYJIMPOBAHMS KOHCTPYKTUBHBIX
CUCTEM I10]] BO3/I€HCTBUEM M3MEHSIOIIMXCS MapaMeTpOB AKCILTyaTalluy, pU BOZHUKHOBEHUU KOP-
PO3MOHHBIX MOBPEKIECHHUM, a TaKKe NPU U3MEHEHUHU I'PAHUYHBIX YCJIOBHUH B MPOIECCE DKCILTyaTa-
MU U PEKOHCTPYKIUHU. B TO ke Bpems cozaHne Teopuu M Ha €€ OCHOBE NMPAKTUYECKUX METOJIOB,
MO3BOJISIIOIIMX YIPABISATh KOHCTPYKTHBHOM 0€30MaCHOCTBIO KOHCTPYKTHUBHBIX CHCTEM 3/aHUM U
COOPY’KEHHI ¢ yUeTOM UX IreHe3Hca, 00eCTIeYUT HAIeKHOE U B TO K€ BpeMs ONTHMAaIbHOE MPOEKTH-
pOBaHUE 3aHUN M COOPYKEHUH KaK Ha CTaJluu MPOEKTUPOBAHUS HOBBIX OOBEKTOB, TaK U HA CTaJAUU
IIPOEKTUPOBAHUS PEKOHCTPYKIIUU U PEHOBALINH.

JlanbHelilee pa3BUTHE TEOPUHM KOHCTPYKTHBHOM O€30MacHOCTH 3/1aHUI U COOpY>KEHUil ¢ yue-
TOM KOHLIETILIUU UEPAPXUUYECKOTO MOCTPOEHUS CIEAYET pacCMAaTpUBaTh MO CIEIYIOIIMM HallpaBiie-
HUSIM!

® JCCIleI0OBaHHE MEXaHH3MOB IOBPEKICHUS JKEIe300€TOHa OT CHUJIOBBIX M KOPPO3MOHHBIX
BO3JIEUCTBUH C YYETOM 3HAKA U YPOBHS HaNPSHKCHUI;

® BBINOJIHEHHE 3KCIEPUMEHTAIBbHO-TEOPETUYECKUX MCCIIEOBAaHUI HeCylled CIOCOOHOCTH,
e(OPMATUBHOCTH U TPEUIMHOCTOMKOCTH OTJENBHBIX KOHCTPYKLIUH U KOHCTPYKTUBHBIX CH-
CTEM B YCJIOBUAX IMPOSBIECHUS KOPPO3UOHHBIX MOBPEXKACHUIM OETOHA M apMaTyphbl, MOBpe-
KIACHUH y3JI0B CONPSKEHUS KOHCTPYKIUI, U3MEHEHHSI CUCTEMBI ITPH €€ YCUIICHUH;

e pa3paboTKa NOJOKEHUN TEOPUM YIPABJIECHUS KOHCTPYKTUBHOM 0€30IaCHOCTBIO 3/1aHUN U
COOPYKEHHH, OTpaXkaroliei reHe3uc KOHCTPYKTUBHBIX CHCTEM, KBA3UCTAMOHAPHOCTD JKC-
TUTyaTaluu, PEKOHCTPYKIMIO U PEHOBAIINIO 00BEKTOB;

e pa3paboTKa MOJENW AJANTAIMOHHON ABOJIOIHMH aJeKBATHON KBa3HCTAIMOHAPHOCTH KOH-
CTPYKLIHN U KOHCTPYKTHUBHBIX CHCTEM.

Croub mpHUCTaIbHOE BHUMAHUE K CUJIOBBIM M KOPPO3HOHHBIM MTOBPEKICHUAM OOBICHIETCS TEM,

YTO NOJOOHBIE MOBPEXICHHS OTAEIbHBIX 3JIEMEHTOB KOHCTPYKTUBHBIX CHCTEM 3JIaHUH MOTYT OBbITh
IPUYMHAMU NPOTPECCUPYIOIIMX Pa3pyIICHUN IKCIUTyaTUPYEMBIX 30aHui [9].

IIpu mpoekTHpOBaHUN OOBEKTOB C MOBPEXKAECHHBIMU KOHCTPYKLUSMHU HE BBINOJIHACTCS pacueT

Ha BO3MOXXHOE MPOTPECCUPYIONIEe pa3pylIeHUe, W JUIsl OLEHKH JIOKATBHOTO pa3pylIeHus HeoOXo-
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JTUMO JTOCTOBEPHO OLIEHUTH BIMSHUE MOJOOHBIX MOBPEXKACHUN, 00ECTIEUNTh KOHCTPYKTHUBHYIO 0€3-
OMACHOCTh KOHCTPYKIIMU U B KOHEYHOM CUETE MPEJOTBPATUTh BO3MOXKHOE MPOTrpeCcCCUpyIOlIee pas-
pywenue [10, 11].

B nacrosmiee BpeMs psig METOAMK OLICHUBAET CUTYallMM C OFPAaHUYEHHBIMU 00JIaCTSIMH JIOKaJb-
HBIX pa3pyLIEHUH ¢ TOYKU 3PEHUS BO3MOXKHOTO MX PA3BUTHUA MO CXE€Me MPOTPECCUPYIOIIETO pa3py-
mienust [12—14). [Ipunsta o61as METOA0IOTUSI CHUKEHHSI PUCKOB IIPOIPECCUPYIOLINX pa3pylIeHUN
3IaHUM:

® [pEeAyNpPEKICHUE WM IMOJIHOE UCKIIIOUEHUE OPraHU3allMOHHBIMU METOJaMHU BO3MOXHOCTHU
aBapUIHOTO BO3JIEHCTBUS, HAIIPUMEpP B3PHIBOB B pe3yjbTaTe TEPaKTa, a UMEHHO paccMaTpH-
BaeTCs Takas pacyeTHasl CUTYyallHsl, IPH KOTOPOH U3 KOHCTPYKTHBHOW CHUCTEMBI MTHOBEHHO
yAaIsAeTCsl OJJUH WM HECKOJIBKO 3JIEMEHTOB;

e yMeHblIeHHE 00beMa pa3pyleHus: 00bEKTa KOHCTPYKTUBHBIMU METOJJaMH: CO3/1aHKe 001Iei
KOHCTPYKTUBHOM HEpa3pe3HOCTH KapKacoB, BBEJEHUE B KOHCTPYKTHUBHYIO CXEMY JIOIOJIHU-
TEIbHBIX CBSA3EH, HENpPEpHIBHOE apMHPOBAHUE JIEMEHTOB MOHOJUTHBIX KEJI€300€TOHHBIX
NIEPEKPBITUM, UCKIIOYEHUE XPYNKOrO pa3pyLICHHs] OTAEIbHBIX 3JIEMEHTOB U Y3JIOB HX CO-
MPSDKECHUS U IPYTHE;

® MpeAOoTBpallleHue MPOrPeCcCUpPYIOLIEr0 OOpYLICHHs: Ha OCHOBAaHMM aHajN3a BBISABIISIIOTCS
KOHCTPYKTHUBHBIE 3JIEMEHTHI, Pa3pylICHHE KOTOPBHIX HEU30€KHO MPUBOIUT K MPOTPECCHPY-
I0IeMy OOpYIICHHIO W MIPUYMHEHUIO HauOOJIbIIero yuepda o0beKTy, MepcoHaly u 00opy-
noBanuto. IIpu mpoekTupoBaHUM 00ECIIeYnBAETCS «aOCOMIOTHASY MPOYHOCTh JAHHOTO 3Jie-
MEHTa Ha JIeIICTBHE aBapUIHBIX HATPY30K.

Haubonee pacnpocTpaHeHHBIM METOZOM 3aIIMTHI OT MPOTPECCHPYIONIETO Pa3pyLICHUs MPOCK-
TUPYEMBIX 3/1aHUU SBIIAETCS YMEHBIICHHE 00bEMOB MPOrPECCUPYIONIETO pa3pyIICHUs 3a CUET €ro
nokanu3zanuu. Kapkac 3qanus «pa3OuBaeTcs» Ha OTJENIbHbIE 00BEMBI, BBIXOJ] OUara pa3pylieHus 3a
npeiebl KOTOPBIX UCKIIIOUEH, JIJIS Yero B TOPU30HTAJILHOM HANpaBIICHUU 37aHHE pa3OuBaeTcs Je-
(OopMallMOHHBIMU IIBaMH, B BEPTHKAJIbHOM HAIPABICEHUU YCTPAUBAIOTCS CBS3EBBIE ATAXKU WU
MOIIIHBIE PUTETH MEXy3TaXHBIX MEePEeKPhITUN. J[pyrum HampaBieHHEM YMEHBIIEHHUs o0beMa pas-
pYLLIEHUS SBISETCS BBEJICHUE B KOHCTPYKTUBHYIO CXEMY JOIOJIHUTENbHBIX CBS3E€H, TaK PEKOMEHIY-
€Tcsl B KapKacax BBIMIOJIHATH CBS3U MO HapY>KHBIM KOJIOHHAM, BEPTHKAJIbHBIC CBS3H, KOHTYpPHBIE
CBA3M, BHYTPEHHHUE CBA3HM. be30macHOCTh MPOEKTUPYEMOTO 3JaHUSI MOKHO OOECIEUUTh, €CIIN IS
MPEIOTBPALIEHHS TPOTPECCUPYIOIIET0 pa3pylIeHusl Hecyliasi ClIoOCOOHOCTh BCEX AJIEMEHTOB CHUCTe-
MBI OyJ€T MOCTaTOYHOM AJisi BOCHPUATHS HAYaIbHBIX aBapUUHBIX Bo3zeiicTBuil. Takoe pemieHue
3HAYUTENIbHO YBEJIUYMBAECT MATEPHUaJIOEMKOCTh KOHCTPYKTUBHOro pemienus. Kak mokazano B [6],
apMupoBaHue, TpeOyemoe Jisi BOCHPUATHS aBapUHHOTO BO3JEHCTBHS U MPHUIIOKEHHBIX Harpy3o0K,
npeBbImaeT B 3—3,5 pa3a KOJWYECTBO apMaTypbl, HEOOXOIUMOE M3 pacdeTa JJis oOecreueHus He-
CyIIe CIIOCOOHOCTH KOHCTPYKIMM MpU MPOEKTHBIX Harpy3kax. TakuM oOpa3om, MpH paccMoTpe-
HUU Pa3IMYHBIX BAPUAHTOB BO3MOXHOIO MPOrPECCHUPYIOLIEr0 pa3pylleHUs aHAIU3HPYIOTCS BCE
BO3MOYKHBIE BapUaHTHI JOKAJIbHBIX MOBpexaeHU. Ho mpu 3TOM nmapasienbHo He0OX0UMO peraTh
3aJ1a4y SKOHOMUYHOCTH MOJTYYEHHOTO TEXHUYECKOTO PEIICHHUS.

BapuanTs! peanuzannu nporpecCUpyouiero pa3pymeHuss KOHCTPYKTUBHBIX CUCTEM:

1) nokanbHOE paspylieHHE MOBPEKIACHHON KOHCTPYKIIMU TPHU MPOEKTHBIX HArpy3Kax, MPHBO-
Jliee K MepepacipeieliCHUI0 YCUIMN B 3JIEMEHTaX CHUCTEMbI C BO3MOXKHBIM IOCIIEAYIOIUM IIPO-
IPECCUPYIOLIUM pa3pylIeHUEM KOHCTPYKTUBHOU CUCTEMBI;

2) JIOKaJbHOE Pa3pyLICHUE OTJCIBHOTO IEMEHTA P aBAPUITHOM BO3/ICHCTBUY, IPUBOJISILEE K
JaBUHOOOPA3HOMY pa3pyILIEHUIO KOHCTPYKTUBHOM CHCTEMBI;

3) moTepsi yCTOWYMBOCTH DJIEMEHTa KOHCTPYKLUH, IPUBOJIAIIAS K JIJABHHOOOPAa3HOMY pa3pylie-
HUIO KOHCTPYKTHUBHOI CHCTEMBI,

4) xomOuHaIMs (HAKTOPOB, MPUBOIAIINX K MIPOTPECCUPYIOLIEMY pa3pyLlICHUI0 KOHCTPYKTUBHOM
CUCTEMBI.
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JlokanpHOE pa3pyllIeHHuEe KOHCTPYKLMHU IPHU NMPOEKTHBIX Harpyskax, MpHUBOJMALIECE K Iepepac-
IIPEIEICHHUIO YCUIIUM B DJIEMEHTaX CUCTEMBI C BO3MOXKHBIM ITOCIIEAYOIIUM IIPOrPECCUPYIOIINM Pas-
pYLIEHUEM KOHCTPYKTHBHON CHCTEMBI, BO3MOKHO BCIIEJCTBUE TAKMX JETPaJallMOHHBIX IPOLECCOB,
KaK CTapeHue, KOppOo3us U IpyTrux. B 3ToM citydae pedb HIET O pa3pylIeHUN KOHCTPYKIUH, IKCILTY-
aTUPYIOLIUXCS JUIMTEIbHOE BPEMsI B YCIOBHSAX, CHIIKAIOIIUX MPOEKTHYIO HECYIIYI CIIOCOOHOCTb
KOHCTPYKLHUH.

[IpyunHaMU TAaKOTrO CHMXXEHMS HECYLIeHl CIOCOOHOCTH SIBISIOTCS CUIJIOBBIE MOBPEXICHUS, a
TaK)X€ Cpe/lOBbIE MOBPEXIEHUS (KOPPO3HOHHBIE, TeMIepaTypHble U apyrue). Haubomnee cnoxHON
ABJIAETCS 3ajjadya yuyeTa SKCIUIyaTallMOHHBIX IOBPEXKIEHUHN NI NPENOTBpAIEHUs IIPOrPECCUpPyrO-
IIEr0 pa3pyLICHUs] KOHCTPYKTUBHBIX CUCTEM 3[aHUM U COOPYNKEHHUH C Kele300€TOHHBIMU 3JIEMEH-
tamu. [Iporpeccupyromiee paszpylieHne keae300€TOHHOIO KapKaca C 3KCIUTyaTallMOHHBIMU MOBpe-
KJICHUAMU KOHCTPYKLMHA BO3MOXHO P MPOEKTHBIX Harpy3Kax WU Jake MPH Harpy3Kax MEHbLIeH
BeIM4MHbl. KOHCTpYKTHBHAsI cuCcTeMa 3/1aHUS WIM COOPY>KEHHUs NPENCTABISAET CIOXKHYIO CTPYKTY-
Py, UMEIOIYIO0 UEPAPXUYECKUN XapaKTep OT MAaTEPUAIOB KOHCTPYKIMI 1O KOHCTPYKTUBHOM CHCTE-
MBbI: MaT€pHUaJIbl; 3JIEMEHTHl KOHCTPYKIMM; KOHCTPYKLNHU; Y3JIbl U CONPSIKEHUS] KOHCTPYKLMM; KOH-
CTPYKTUBHBIE cHCTEeMBI. [Ipy BBISBIEHMH BO3MOYKHOI'O MPOrPECCUPYIOLIETO pa3pylIeHUsI KOHCTPYK-
TUBHOU CHCTEMBI HEOOXO/IUM TAK)KE UePApXUUECKUIl MOAX0] B OLEHKE 3HAYUMOCTH SKCIUTyaTallu-
OHHBIX ITOBPEXKICHUM.

B ciryyae KOppO3HOHHBIX IOBPEXIACHUN 3JIEMEHTOB KOHCTPYKTHMBHOM CUCTEMBI WIIU y3JI0B CO-
NPSDKEHUN DJIEMEHTOB PEAIU3yIOTCS CXEMBl MPOrPECCUPYIOLIETO Pa3pyLICHHUs KOHCTPYKTHBHBIX:
CUCTEM:

e JIOKQJIBHOE Pa3pylLIEHUE MOBPEKACHHON KOHCTPYKIIMH, IIPUBOJALLEE K IIEPEPACIIPEACIICHUIO

YCHJIMH B JIEMEHTAX CUCTEMBI JI0 BEJINYUH, IPEBBIIAIIINX PACUECTHHIE 3HAYECHNUS;
® [OTEps YCTOMYMBOCTH JIEMEHTA KOHCTPYKLIHUHU BCIEACTBUE TIOBPEXKICHUS DJIEMEHTA WIN Y3-
JIa CONPSHKEHUS, MPUBOSAIIAS K JJABUHOOOPAa3HOMY pa3pyIIeHHIO KOHCTPYKTHUBHOMN CHCTEMBI.

PE3YJIBTATBI U OBCYKJIEHUE

CymiecTByrone J0KyMEHTBI, COJIEpKaINe MOJI0XKEHHUS MO 3allUTE 31aHUN U COOPYNKEHHUM OT
MIPOTPECCUPYIOIIETO pa3pyIlIeHus, HalpaBiIeHbl Ha MPOEKTHUPOBaHHE OOBEKTOB, a HE HA peEIlIeHUE
noJ00HOM 3a7auu JJIsl SKCIUTYaTHPYEMbIX 3[aHUK U COOPYKEHHH, U HE YUHTHIBAIOT JKCILUTyaTalld-
OHHBIE MMOBPEXKACHUS OTJIEIbHBIX 3JIEMEHTOB U Y3JI0B KOHCTPYKTUBHOU CHUCTEMBI.

JIOCTOBEpHO OLIEHUTh AKCIUTYyaTAallMOHHBIE MOBPEXKIECHUS KEJIE300€TOHHBIX AJIEMEHTOB KOH-
CTPYKTHUBHBIX CHUCTEM TO3BOJHUT T€OPUsS KOHCTPYKTUBHON 0€30MacHOCTH, MO3BOJISAIONIAs OMUCAThH C
eIMHBIX TIO3UIUI HANPSLKEHHO-1e()OPMUPOBAHHOE COCTOSIHUE M OLEHUTDH PEe3ePBbl KOHCTPYKIIUHN Ha
BCEX ATalax >KM3HEHHOT'O LIMKJIA 3[JaHUsl U COOPYKEHUS Ha MPUHLMIIAX yUY€Ta CHIIOBBIX, CPEIOBBIX U
BPEMEHHBIX (PaKTOPOB, TEXHOJOTHUECKUX BO3JEHCTBHUN, KOHCTPYKTUBHOW TpaHC(hHOpMAIMH U JIPY-
rux (akxropos [13].

JlanbHeliee pa3BUTHE TEOPUU KOHCTPYKTUBHOUM 0€30MaCHOCTH 3[JaHUI M COOPYKEHUH ClIeTyeT
paccMaTpuBaTh IO CIETYIOLIIUM HAIIPaBICHUSM:

® [UCClIeZIOBAaHME MEXAaHM3MOB TMOBPEXKICHUS XKele300eTOHA OT CHJIOBBIX M KOPPO3MOHHBIX

BO3JICUCTBUM C y4E€TOM 3HAaKa U YPOBHs HAIPSHKEHUHN C MO3UIMI BO3MOKHOCTH JIOKAJIBHOT'O
pa3pylIeHus] OTAEIbHON KOHCTPYKIMH KaK MPUYUHBI IPOrPECCUPYIOLIETO pa3pyLEHUs] KOH-
CTPYKTHBHOM CHCTEMBI;

e pa3paboTKa TMOJIOKEHUN TEOPHH YMIPABJICHHS KOHCTPYKTUBHOW O€30MACHOCTHIO 3IaHUN U
COOpYKEHHUH, OTPAXAIOLIEH I'eHE3UC KOHCTPYKTUBHBIX CUCTEM, KBAa3UCTALMOHAPHOCTD JKC-
[Ty aTaluu;

e ompelereHne KpUTepUsi KOHCTPYKTUBHON O€30MaCHOCTH CUCTEM C YYETOM KOMITO3UIIMOHHO-
0 ¥ CHUJIOBOTO YINPABJIECHUS KOHCTPYKLMUSAMHU U KOHCTPYKTUBHBIMH CUCTEMaM 3JaHUN U CO-
OpYKEHUI;
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e pa3paboTka MOAEIH AJANTalIOHHOM SBOJIIOLUU aJCKBATHOM KBa3UCTALIMOHAPHOCTH KOH-
CTPYKLIHN U KOHCTPYKTHUBHBIX CHCTEM.

Peanmmzanust copMyIHMpOBaHHBIX HANPABIICHUH MCCIEIOBAHUS U PA3BUTUS TEOPHH KOHCTPYK-
TUBHOU 0€30MaCHOCTH 3[JaHUHA U COOPYKEHUH MO3BOJUT MOIYYHUTh PELICHHs, OTKPbIBAIOIIUE BO3-
MOKHOCTb YTIPaBJIE€HUsSI KOHCTPYKTUBHOW O€30MaCHOCTHIO OOBEKTOB, M PELIEHUE 33aJauM MPOTHBO-
CTOSIHMSI IIPOIPECCUPYIOLEMY PAa3PYLIEHUIO KOHCTPYKTUBHBIX CUCTEM 3KCILTYyaTHPYEMBIX 3JaHUI U
COOPY KEHHIA.

AHanu30M SKCIEPUMEHTAIbHO-TEOPETUUECKUX HMCCIEA0BAHUN YCTAHOBIIEHO, YTO MTHOBEHHOE
pa3pylIeHUe IEMEHTA WIM CBA3UM KOHCTPYKTMBHOW CHCTEMBI NPH JEUCTBUU SKCILUIyaTallMOHHOU
Harpy3ky IMPUBOJIUT K AMHAMHYECKOMY JOTPYKEHHMIO BCEX OCTAJIBHBIX 3JIEMEHTOB CHCTEMBI U, KaK
CJIEJICTBUE, K BO3MOXXHOMY IPOrPECCUPYIOLIEMY OOpYIICHHUIO, B PACUETHBIX METOJUKAX 3TO sBIiE-
HHUE Ha3bIBAIOT «IMHAMUYECKUM 3pdexTom». B HacTosmee BpeMs chOpMUPOBAIUCH HANIPABICHUS
pacdyeTa KOHCTPYKTHUBHBIX CHUCTEM IIPU pa3pyLICHUH 3JIEMEHTA U BOZHMUKHOBEHUH OIIACHOCTH IPO-
rpeccupytoiero oopymenus. IlepBoe HampaBieHHe — BBICOKOTOYHBIM HETUHEHHBIA TUHAMUYE-
CKUI pacyeT; BTOpOE HaIlpaBlIeHHE — MPUOIMKEHHbIN JTUHAMUYECKUHM pacyeT B YNpYyro-IuHeHON
IIOCTAaHOBKE; TPEThE HAIIPABJIICHUE — YIPOILEHHBIH pacueT, OCHOBaHHBIN Ha MPUMEHEHUH SKBUBA-
JICHTHBIX CTaTMYECKUX HArpy30K ¢ BBeJeHHEM Kod((duLneHTa JMHAMUYHOCTH. B nocnennee Bpems
IIOJIyYMJIM Pa3BUTHE YIIPOLICHHBIE METO/IBI pacyeTa, B KOTOPBIX JIMHEIHAs cTaTHYECKasl IIpouesypa
TpeOyeT NMPUMEHEHHs! MOBBIILAINIEr0 KOdPGUIUEHTa K Harpy3KaM, YUUTHIBAIOUIETO KaK HEJIUMHEH-
HbIE, TaK U AMHaMu4eckue 3G dexTsl. [ oleHkn AMHaMu4eckoro 3dekra B MpaKTUYECKUX pacue-
Tax NPUMEHSIOT KOA(G(ULUHUEHT TUHAMUYHOCTH 0 Harpys3ke. Bo MHorux meronukax kosdguuuent
JUHAMUYHOCTH 110 Harpy3Ke IPUHAT paBHBIM 2,0 IIpU yIpyroM pacuere KOHCTPYKTUBHOM CHUCTEMBI,
BeJIMYMHA KO3 (DUIIMEHTa CHUKAETCS, €CIH PacyeT CUCTEMBbI BBIMOIHIETCS C YYETOM IJIACTHUECKUX
negopmanuii. Beenenue koadunmenta JMHAMUYHOCTH MO3BOJIMIIO YIPOCTUTh YUET TUHAMUYECKO-
ro 3¢dexTa Npyu MCHOBEHHOM Pa3pyIIEHUH OJHOTO U3 3JIEMEHTOB KOHCTPYKTUBHOMN CXEMBbI, a UMEH-
HO JMHAMHUYECKUH pacueT MPHUBECTH K cTaTHueckoMy pacueTy. OcHOBHOM 3anaueit 11t 3¢ dexTus-
HOTO TIPUMEHEHUS dTOTO METOJa SBJISICTCS YCTaHOBIeHHEe MU depeHInpoBaHHBIX KO3(PPHUIINEHTOB
JUHAMUYHOCTH, YUUTBIBAIOIINX pabOTy KOHCTPYKTHBHOM CHCTEMBI IPU JUHAMUYECKUX aBAPUUHBIX
BO3/ICHCTBUSAX, HETMHEHHBIN XapakTep AeOpMUPOBAHUS MaTEPHATIOB, TEOMETPUUYECKU HEIHMHEHHOE
nepopMHpOBaHUE KOHCTPYKTUBHOM CHUCTEMBI B 11eJIoM. Pa3paboTaHHble Ha CETOAHAIIHUN JIeHb Me-
TOABI MPEIOTBPAILECHHS TPOTPECCUPYIOIIETO Pa3pyIICHHs YCIOBHO MOXKHO PAa3JeINTh HA TPU IPYII-
nel. IlepByro rpynmy COCTaBIsAIOT METOJBI «BO3MOYKHBIX MOBPEXKAECHUIN». B cooTBETCTBMYU € ATUMHI
METOAAaMH IIPU NPOEKTUPOBAHNUHU 3aHUHI U COOPYKEHUH K pacyeTy Ha MPOEKTHBIE Harpy3KH BBIITOJ-
HSIOT AMHAMUYECKUN pacyeT Ha ocoOble Harpy3ku. IIpu 3TOM yunThIBatOTCS M3MEHEHHS POYHOCT-
HBIX U 1€(OpPMATUBHBIX XapaKTEPUCTUK MAaTEPHAJIOB B YCIOBUSIX KPaTKOBPEMEHHOI'O TUHAMHYECKO-
ro HarpykeHusi. B pacueTHOll cuTyalMu He BBINOJIHAETCS UCKIOYEHHME OJHOTO MM HECKOJIBKHUX
HECYIINX KOHCTPYKTUBHBIX 3JIEMEHTOB B 30HE JIOKAJIBHOTO PA3PYILEHHUS.

Bropyro rpynmy coCTaBIISIIOT METOABI, B KOTOPBIX NMPOEKTHPYIOT «KIIIOUEBBIE JJIEMEHTHD) Ha
BOCIIPUATHE OCOOBIX BO3JEUCTBUM, YTO MCKJIIOYAeT BOZHUKHOBEHUE JIOKAJIBHOIO pa3pyLICHUs, WU
BBITIOJIHSAIOT OLIEHKY IepepaclpeesieHusl BHYyTPEHHUX YCUIUN B CUCTEME TPU YJAJIEHUH DJIEMEHTA
(MM HECKOJIBKUX AJIEMEHTOB). B 000MX ciyyasix pacueTHble 3HAUEHUS YCUIIUHN U MepeMelIeHui He
JOJDKHBI TIPEBBIIATH JOMYCTHUMBIX 3HaueHHH. J[aHHBIE METOABl 0a3upyIOTCS Ha BEPOSTHOCTHOM
MOAXO0J€ K IOCTPOCHUIO HA CTaJMH NPOEKTUPOBAHMSA CLEHAPUS IPOrPECCUPYIOLIETO pa3pyLIEHUs
KOHCTPYKTUBHOM CHCTEMBI, 10 KOTOPOMY Ha3HAYalOT «KJIFOYEBOHM DJIEMEHT» WIN I'PYIIy «KIIOYe-
BBIX DJIEMEHTOBY», OTBETCTBEHHBIX 3a IIPOTUBOCTOSHUE MIPOTPECCUPYIOIIEMY pa3pylleHuto. To ecTs
3aJja4a pelaeTcs TOJbKO B paMKax IpeUIokKeHHOro cueHapus. [IposBiieHne ype3BbluaiiHON CUTYya-
LMY, BBI3BIBAIOLIEH JIOKAJIBHOE Pa3pyLIEHUE OTACIBHON KOHCTPYKIUHU U KAK CIEICTBUE IPOrPECCH-
pyollee pa3pyleHUe, HOCUT CIIy4alHbIN XapaKTep KaK M0 CXeMe NPUWIOKEHHUS, TaK U [0 BEIUYNHE
aBapUMHOM HAarpy3KH. YKa3aHHBIE METOJbl OTPAHWYEHBbI B IPUMEHEHUH, HAIIPUMEpP, MPAKTUYECKU
HEBO3MOKHO OIIPEIENIUTh NPOTPECCUPYIOLIEE pa3pyLICHUE BBICOTHOTO KAapKACHOIO 3/IaHMS CBs3e-
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BOM CHCTEMBI B ClTy4yae pa3pylIeHus OJHOU U3 KOJOHH. MEeTO/ «KITI0UeBOro 3JieMeHTa» 3P (HEeKTUBEH
B TOM clly4ae, KOrja OJJHO3HAYHO Ha CTaJuU MPOECKTHUPOBAHMS MU3BECTHO MECTO MPUJIOKEHUS U Be-
JTUYMHA BHEIIHEW ocoboi Harpy3ku. Hampumep, B ciydae MpOEKTUPOBAHUSI O0BEKTA, B OTAEIHHOM
MMOMENICHUU KOTOPOTO IO TEXHOJOTHYECKUM YCIIOBUSM BO3MOKEH B3PBIB Ta30BO3/YIIHON CPEIBI.
[IpoekTupoBaHUE «KIJIOUEBBIX 3JEMEHTOB» KOHCTPYKTUBHOW CHUCTEMBI MPUBOAUT K IMOBBIIICHUIO
MaTepHATIOEMKOCTH MPOEKTHOTO PEIICHUS.

Tpetbst TpyIina METOIOB OTPAHMYMUBACT 30HY JIOKAJIBHOTO Pa3pyIICHHS BCIEICTBUEC YIAJICHUS
aeMeHTa (MM HECKOJIbKUX 3JIEMEHTOB) KOHCTPYKTUBHBIMU METOJAMH — IMOCTAHOBKON CHCTEMBbI
TOPU30HTAJILHBIX M BEPTUKAIBHBIX CBS3€M. DTH METObI PEaTU3yIOTCS YCTPONUCTBOM B KOHCTPYK-
THUBHOM CHCTEME BBICOTHBIX 3JIaHMM CBS3€BBIX ATAXEW, NPUMEHECHUEM B KOHCTPYKTHMBHOM CXEMeE
MOIIHBIX HUKHUX PUTENIeH, IPUMEHEHUEM B HECYIIMX KapKacaX BEPTUKAIbHBIX U FOPU30HTAIbHBIX
CBsI3€l C 3aaHKEPUBAHUEM CBSI3€H B CMEKHBIX KOHCTPYKIHIX. TakKe W3BECTEH METOJ pa3leicHUs
KOHCTPYKTUBHBIX CHUCTEM, KOTJIa CTATUUECKH HEONpPEIeIMMble KOHCTPYKTUBHBIE CHUCTEMbI KapKac-
HOTO 3JIaHUS Pa3JICIIAIOTCS Ha HE3aBUCUMBIC OJIOKM MIAPHUPHBIMU BCTaBKaMH. B 3TOM ciydae npu
pa3pyIIeHUH OJTHOTO AJIEMEHTa TUHAMHUECKUH 3P (DEKT JIOKaTM3yeTcs B mpejenax oaHoro 0JokKa.

SAKIFOYEHUE

Peanuzanust chopMymMpOBaHHBIX HAMPABICHUH WCCIEAOBAHUS U PAa3BUTHE TEOPUH KOHCTPYK-
TUBHOHM 0€30MacHOCTH 3/1aHUN U COOPYKEHHM MO3BOJAT MOIYYUTh PEIICHUS, OTKPHIBAIOIINE BO3-
MOYXHOCTh YIIPaBJIECHUSI KOHCTPYKTUBHOU O€30MaCHOCTHI0O OOBEKTOB, OTPAXKAIOIIYIO T€HE3WC KOH-
CTPYKTHUBHBIX CHCTEM, KBa3UCTAIIMOHAPHOCTh IKCILTyaTallii, PEKOHCTPYKIIUIO U PEHOBAIUIO 00b-
€KTOB, Ha OCHOBAaHUM KPUTEPUsI KOHCTPYKTUBHOI O€30MaCHOCTH CHCTEM C YYETOM KOMIIO3UIHOH-
HOI'0O 1 CHJIOBOI'O YIIPAaBJICHHA KOHCTPYKIUAMH U KOHCTPYKTHUBHBIMU CUCTCEMaM 3)IaHI/II\/'I " COOpPYIKE-
HUU.

[IpuBeneHHbIE METOBI IPOTUBOAEHCTBUS IPOrPECCUPYIOLIEMY Pa3pyIIEHUIO OTHOCSTCS K OCO-
00 OmacHbIM, TEXHUYECKU CIOXHBIM M YHUKaJIbHBIM 00bekTaM. OJIHAKO ¢ y4eTOM pHCKa Ype3Bbl-
YailHBIX CUTYallMi ONpaBJaHO 3aUIUIIATh OT BO3MOXHOTO MPOrPECCUPYIOLIEr0 pa3pylIeHUs U 3/1a-
HUS MAacCOBOM 3aCTPOUKH. B KWJIBIX 3MaHMSIX HanOosee BEPOSITHBIM CIIy9aeM MPOTrPEeCCHPYIOMIETo
pa3pylieHus SBISETCS OOpYIIeHHE TUTHT NepeKpbITHid. [Ipu mpoekTupoBaHuM y371a OMUPAHUS TUIAT
B CThIKaX HEOOXOIMMO OOECHEeUUTh COXPAHHOCThH y3J1a MPH JEHCTBUU BO3MOKHBIX aBapHITHBIX
Harpys3oxK.

[IpencraBieHHbI aHamU3 MOKa3al, YTO 3alUTa KOHCTPYKTHUBHBIX CHUCTEM OT MPOrPECCUPYIO-
IeT0 OOpYIICHHUS Peain3yeTcsl TI0 TPEM OCHOBHBIM HAMPABJICHHSIM: CHIIKEHHE IO MPUEMIIEMOTO
YPOBHSI PUCKOB aBAPHIHBIX BO3JICUCTBHUIL; oOecrieueHre abCOIOTHON HeCyIel ClIOCOOHOCTH «KITIO-
YeBOr'0 DJIEMEHTa» Ha BOCHPUITHE OCOOBIX BO3JEHCTBUI; OrpaHHMYEHHE MACHITa00OB MPOrpECcCUpy-
IOIIIET0 OOPYIICHUS C yIaleHHeM OTJIETLHOTO 3JIEMEHTA JIOKAIBHOW 30HOW. DTH METO/BI HE MO3BO-
JSIOT PENIUTH MPOOIEMY IPOTPECCUPYIOLIETO Pa3pyLICHHs] KOHCTPYKTUBHBIX CHCTEM JKCILTyaTHpPY-
€MBIX 3/IaHUN U COOpPY)KEHUU NMpHU HaJIMuuu moBpexjaeHuil. C yuyeToM crnenuduku paccMarpuBae-
MBIX BOIIPOCOB MOJIOKEHHS PACUETHBIX METOJ0B TPEOYIOT COOTBETCTBYIOIIEH KOPPEKTUPOBKH.
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Abstract. An approach to estimating the long-term strength of concrete in
building structures in the calculation of reinforced concrete structures of build-
ings and structures of various types is proposed. The process of increasing the
initial modulus of concrete deformations in time as a consequence of a certain
physicochemical reaction of strength gain is considered. The function of the
age of concrete is presented, taking into account the change in the modes of
temperature effects during the period of hardening. It is shown that the entropy
criterion of strength is more flexible compared to the criterion of the energy

barrier of destruction. The application of the entropy strength criterion allows

For citation us to take into account the effect of temperature on the long-term strength of
Putlyaev V.1., Berlinova M.N. Evaluation concrete.
of the Long-Term Strength of Concrete in
Building Structures. Reinforced concrete
structures. 2024; 2(6):12-21.
BBEJAEHUE

OO0 M3MEHEHNH CTaTUYeCKOW MPOYHOCTH OCTOHA B COBPEMEHHOH HayKe CYIIECTBYIOT pa3iny-
Hble MHEHHUs. VI3BECTHO, 4TO C yBEIMUCHHEM BO3pacTa OCTOHOB CTATUYECKAsi MPOYHOCTh YBEIHYH-
BACTCsl, KOT/Ia XapaKTep U CKOPOCTh HAPACTAHHUS IPOYHOCTH ONPEIEIISIOTCS Pa3InYHbIMU PUYHHA-
MH, HanpuMep QU3UKO-XUMHUYSCKHMMHU CBOMCTBAMH COCTABISIOIIUX OCTOH KOMIIOHCHTOB, YCIIOBHSI-
MH HaOopa MPOYHOCTH, THIIOM HANPSDKEHHOTO COCTOSHHS B MOMCHT BPEMEHHU HArpPYKCHUS, PEXKH-
MaMH TPHJIOKEHHS IKCIUTyaTAllMOHHBIX HArpy30K, KIMMATHYECKHMH YCIOBUSIMU IKCILTyaTallud M
MHOTHMH JpyruMu (akropamu [1-5]. B OonbmIMHCTBE ciydaeB 3aJa4d MPOTHO3HPOBAHUS HAIPsI-
KEHHO-/1e()OPMUPOBAHHOTO COCTOSHHSI KOHCTPYKIIMH pacCMaTpPHBAIOTCS B PaMKaxX MEXaHHKH Jie-
(dopMupyeMOro TBEpAOTo Tea.

B Teopum OeToHa MpHHATO AEJCHUE MOHATHS NMPOYHOCTH OETOHA Ha KPATKOBPEMEHHYIO U
JUTUTEJIbHYI0, KOTOPbIE UMEIOT XapaKTepHbIe pa3nuyus. [l0NroBe4HOCTh OETOHA XapaKTepH3yeTCs
ero CIOCOOHOCTBIO UIMTEIBHOEC BPEMs BBLICPKUBATH (PU3MYCCKUE M XUMHUYECKHE BO3JCHCTBHS
OKpYIKarolel cpebl 0e3 CYHMIECTBEHHBIX M3MEHEHHH €ro CTPYKTYphl U (PH3MKO-MEXaHHUYSCKHX
CBOMCTB.

B Hacrosiee BpeMsi HET €IMHOTO MHEHHsS O BEJIMYMHE Ipelelia JTUTEbHOW MPOYHOCTH Oe-
TOHA U BIUSIONIMX HA Hero Gaktopos. [Ipesen AuTenbHOM MPOYHOCTH, MO CYIIECTBY, ONPEICIIsAeT-
Csl XapaKTepOM CTPYKTYPHBIX Je()EKTOB, BBI3BAaHHBIX JIHTEIBHO ACUCTBYIOIECH HArPY3KOH, T.€. O]
JUTUTEIBHOW TPOYHOCTHIO (JIOJTOBEYHOCTHIO) MOHUMAIOT HANpsDKEHUE, KOTOPOE BBI3BIBAET pas3py-
HICHHE MaTepuaia 3a JaHHoe BpeMs. Eciu 3Tu nedexThl He ucue3aroT BO BpEMEHH — Mpeae JJIH-
TEJILHOM MPOYHOCTH MPEB30HICH, €CITU K€ OHM MCYE3al0T — 00pa3el] MOXKET HEOrPaHHMYCHHO J0JITO
COMNPOTHUBIIATHLCS JCUCTBYIOIINM HaNPsHKEHHSIM [6].

CHIDKCHHE JITUTENIHON TPOYHOCTH CBSI3aHO C IUIACTUYECKUM Pa3BUTHEM BO BPEMEHH MHKPO-
TPEIHH; HO €CTh APYroe MHEHHE, YTO JaHHbIH (DaKT CBsI3aH C MPEOJ0JICHHEM B Tporiecce aedhopMu-
pOBaHUsI HEKOTOPOTO dHepreTudeckoro dapnepa. Ilpomecc aehopMuUpoBaHHs M pa3pylICHUsT MaTe-
pHaIOB, B YaCTHOCTU OETOHA, MOXKHO OMKCaTh B PaMKaX IOJIXO0/I0B PaBHOBECHOH M HEPaBHOBECHON
TEPMOIMHAMHKH.
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TepMoauHaMUYecKUid MOAXO, OLEHKY MEXaHWYECKHX CBOWCTB OETOHA M CBS3b AMArpaMMbl
neGopMHpoBaHus OETOHA C PEKUMOM HArpy>KE€HHsl BeChbMa >KEJIaTeNIbHO ObUIO Obl OOBETUHHUTH B
eIMHYI0 MaTeMaTHYeCKYIO0 3alliCh OTPENEISIIOIINX COOTHOIICHHH MEXaHUYECKOTO COCTOSHUS C
TOYKHU 3PCHUS €INHCTBA TEOPHH.

[Tonp3ysch MPOYHOCTHBIM KPUTEPUEM, B KOTOPOM YYHTBHIBACTCS DHEPreTUUECKUH Oapbep Ie-
(dbopMupOBaHUs, MOXKHO PACCUUTHIBATD JUTUTEIBHYIO IPOYHOCTH B 3aBHCUMOCTH OT PEKHMa Harpy-
xeHus [7].

METOJ
B pabote [8] pa3paboTana MeToaMKa ONpeneaeHHs JUINTEIbHOW MPOYHOCTH MPH y4eTe HUCHa-

JIAroIIell BETBH JHAarpaMMbl OETOHA «G — €», OCHOBaHHAs Ha TOM, YTO INPH 3aJaHHBIX PEKUMAax
Harpy>Ke€HHUsl, OIIPEJIECIICHHBIX TPAaHUYHBIX YCIOBUAX U ONPEACISIONINX YPAaBHEHUSAX MEXaHUYECKOTO
COCTOSIHUS IOCTaTOYHO JAHHBIX JUISl PEIICHUS PacCCMAaTPUBAEMBIX 3aau.

beron sBisieTcss KOMIIO3ULMOHHBIM MaTepUaioM, B KOTOPOM IIOCJI€ CXBAaTbIBaHUSI B TEUECHHE
Ha0opa MPOYHOCTH U Jlajee B MPOLECCe IKCIUIyaTaluk IPOTEKAIOT FeTePOreHHble XUMUYECKUE pe-
aKIUU MEXIy IPOAYKTaMH M IOJYIPOAYKTAMH CXBAaTBIBAHMS, a TAK)KE MEXIY HUMHU U OKpYyXKaro-
mel atmocdepoit. Kpome Toro, nockosnbky 0€TOH IpeicTaBiseT co0oi KalWIIIpPHO-IIOPUCTOE Te-
70, HeOOXOAMMO YUUTHIBATh MPOLECCHI MOTJIOMICHUS U yaaneHus Biaaru. OOIuM JUIsl BBIIIEYIOMS-
HYTBIX IIPOLIECCOB SBIISIETCS TO, YTO MPOTEKAIOT OHU B HECKOJIBKO CTaAMM, BKIIOUYAIOUINX JTOCTaBKY
pearupyomux KOMIIOHEHTOB B 30HY PEAKIUH, COOCTBEHHO XMMHUYECKOE B3aUMOJAECHCTBUE U OTBOJ
NPOJYKTOB PEAKINU, MPOUCXOAAIIHIA 00bI4HO 1o Auddy3nonHomy mexanusmy [9, 10]. Cuuras, uto
CTapeHne OeToHa CBSA3aHO C Pa3BUTHEM KaKOTro-IM00 U3 YIOMSHYTHIX (PU3UKO-XUMUYECKUX MPOIIec-
COB, U 3Hasl KUHETUKY ATHX IPOIECCOB, MOKHO BhIBECTH (DYHKIIMIO cTapeHUs (Bo3pacTa) OeToHa B
3aBHCHUMOCTH OT BPEMEHH U TEMIIEPATYPHI.

Harpyxaemoe craperoiiee 6eToHHOE u3zieaue (KOHCTPYKIHS) ¢ TOUKH 3PEHUS] TEPMOIMHAMUKH
ABJIIETCS. OTKPBITOM CUCTEMOM, 3BOJIOLUIO KOTOPOH, BIUIOTh A0 pa3pylLIEHHs], ECTECTBEHHO ONHCATh
Han0oJiee YHUBEPCAIBbHBIM KPUTEPUEM — U3MEHEHHEM SHTPOIMHU. DHTPOIUS, Kak 00001IeHHas KO-
OpAMHATa TerI000MeHa, CONpsHKeHHas: ¢ 0000IIEHHON CHIION — TemIepaTypoii, Mo3BOJsSET ecTe-
CTBEHHBIM 00pa30M BBECTH TEMIIEpaTypHbIH ()aKTOp B OMUCAHME JIIOOOTO COCTOSHHS CHCTEMBI, B
TOM 4ucIie U paspyiieHus. OTCroa MOHATEH UHTEPEC K SHTPOIIUHHOMY KPUTEPUIO IPOYHOCTH.

B Hacrosiieit pabote mpeanpuHATa MOMBITKA MPUBIEYb SHTPONUIHBIA KPUTEPUN MPOUHOCTH
JUISL ydeTa BIUSHUS TeMIepaTypbl Ha JUIMTEIbHYIO NMPOYHOCTh OeToHa. [Ipu sTom yHkuus crape-
HUsl OETOHA BBEJICHA HA OCHOBE MPOTEKAIOIEH B HEM MOJENIbHON, TEPMUUYECKH aKTUBHPYEMOU XU-
MUYECKOM pEaKInu.

PE3YJBTATBI U OBCYXJIEHUE
C TouKM 3peHUs TEPMOAMHAMHUKYU COCTOSIHUE Pa3pyLICHUs], KaK U JII000€ APYroe COCTOSIHUE CH-

CTEMBI, onpeenseTcs GUMKCUPOBAHHBIM 3HAYCHUEM XapAaKTEPUCTHUECKMX (YHKIHMI: SHTPOIHA S
BHYTpeHHel sHepruu U , sHTansnuu H, cBoboHoM sHeprun ['u60ca G u 1.1. COBOKYIHBIN Mpolecc
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paspylIeHUs] He SBJSIETCS CaMOINPOU3BOJIBHBIM, MOCKOJBKY TpeOyeT COBEpIIEHHs Hal CHUCTEeMOM
BHEIIHEeH paboTh! (1eOpMHUPOBAHUS) IS JOCTIXKEHHS COCTOSIHUS pa3pyILCHUs.

PaccmarpuBast mporiecc yBenmueHHs Ha4alIbHOTO MOy 1ehopManiii O6eToHa BO BpEMEHH KaK
CJIEJICTBUE HEKOTOPON (PU3MKO-XMMHUYECKON peakluu TBEpACHMsSI, ObLIO MPUHATO JUIsl Ciayvas Io-
CTOSIHHOI TeMIepaTypbl peakiii BhIpakeHue GyHKUuu cTapenus [11]:

Qr)=1-e, (1)
re oL — KOHCTAHTa CKOPOCTH XUMHYECKOW peakiuu. JlaHHOe BblpakeHHE (OpPMabHO COOTBET-
CTBYET KHHETHUYECKON 3aBUCUMOCTH ISl XMMHUECKON peakuuu 1-ro nopsaka. [[ns peakiuii Takoro
THIIA IPUHUMAETCS, YTO CKOPOCTh XUMUYECKON PEaKIMK TBEPACHUS ITPONOPLUUOHAIBHA KOHIIEHTpa-
LIMU pearupyrolyx BEIIECTB:

WA (4, - a). @

rzae A, — noJiHasi KOHILEHTPALKs PearupyoluX BEIIECTB,;

A — KOHILIEHTpalMs IpOpearupoBaBLINX BEIECTB B MOMEHT BpeMeHu t. KoHcTranTa ckopoctu
XUMHUYECKON PEAKLUHU OL HE 3aBUCUT OT KOHLIEHTPALIUU, HO 3aBUCHUT OT TEMIIEPATYPHI.

OTa 3aBUCUMOCTb BBIPAXKAETCS ypaBHEHHEM AppeHuyca:

EA
a= aexp(— ﬁj , (3)

rie & — HEKOTOopas IOCTOSHHASA;
T — abconoTHas TeMIlepaTypa peaKiii;
R — yHuBepcanpHas ra3oBas [IOCTOSHHAS,

EA — OHCPIrusd aKTHBAIlUH.

[ToxcraBuB nocnenHee BeipakeHue (3) B mpeasiayiiee (2) U pa3aennuB EPEMEHHbIE, TOTYYHM:

A=) a exp[— ijdr . (4)
A - A RT
ITocne HHTETPHUPOBAHUS ITOJTy4YacM.
t
In(A —A)=—[adr+C. (5)
fo

Ilpu t=t, A=0 urtorma C =1In A,
Ortkyna:

t
Q(t)= A/ A =1—exp —J.adt
to
¥ OKOHYATEILHO
t
In((A-A)/A)=—[adr, (6)
[
r7ie o Beraucisercs mo (3).
Ecnu npuHATH, 94TO XapakTEepUCTUKA CKOPOCTH MPOTEKAHUSI PEaKlUU O 3aBHCHUT OT TEeMIIepa-
TYypHO-BpeMEHHOT0 (pakTopa, Toraa:
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R LRL) A)zla(T(r))dt

u |n(AD—A)=—]a(T(r))dt+c. (7)

Torma ¢yHkus crapeHus 6eToHa MPU U3MEHEHUHU PEKUMOB TEMIIEPATYPHBIX BO3ICHCTBHI B
nepuoj TBepAcHUs Oy1eT UMETh BH/I:

~JalT()ld
Fe(t)=1-e? t. )

Pa3sHOCTB SHTPONHUY IS IBYX COCTOSIHHMI CUCTEMBI pPaBHA (BTOPOI 3aKOH TEPMOIMHAMUKH )
2
5
S,-S,> | Q )
7

JUTsE HEOOpATUMBIX MPOIIECCOB, TaK KakK Mpolecchl aehopMUpOBaHHs MaTepHaioB (0coOeHHO OeTo-
HA) TEPMOJIMHAMUIECKH HEOOPATUMBI.

[lonsTHsa Temneparypsl U TEH30pa HAIpsDKEHUs (M 1Ip.) B cliydae CTal[MOHAPHBIX HEPaBHOBEC-
HBIX MPOIIECCOB MOJIYYarOT €CTECTBEHHOE (DEHOMEHOJIOTUYECKOE OMpeIeTICHNE, TTOCKOJIbKY 3TH Ia-
pamMeTpbl MOT'YT ObITh U3MEPEHBI OOBIYHBIMU TPUOOpPAMHU.

Jl1s HeoOpaTUMBIX MPOIECCOB MUCXOAMM U3 CIEAYIOIIUX IMPEANoIoKeHUH JIUHEeHHON HeoOpa-
TUMOUW TEPMOJIMHAMUKU:

® CIpaBeIJIUB MPUHIIHI JIOKAJILHOTO PABHOBECHS, T.€. TIPEATOIATaeTCs, YTO JOKAIBHO IS
HEOOPAaTUMBIX MPOIIECCOB OCTAETCS CIIPaBEAJIMBBIM BTOPOE HAYaI0 TEPMOJUHAMHUKHU 00-
paTUMBIX ITPOLIECCOB;

e BCe TepMOJIWHAMUYECKHE (YHKIMH (BHYTPEHHSSI SHEPTHUsi, CBOOOHAS dHEPTHUS, YHTPO-
MUS ¥ T.J1.) HE 3aBUCAT OT KOOPAUHAT U BPEMEHH, T.€. B KaXJOM JIOKAIIbHOM 00bheME SIB-
As10TCSl QYHKIUSME TEX JK€ apaMeTpoB, YTO U B CIIy4ae PaBHOBECHS,

® TpaaueHTHl 00OOIIEHHBIX CHJI B PaCCMAaTPUBAEMON cHCTEME (XUMUYECKOTO TIOTEHITHAA,
TEeMITepaTypbl, MEXaHHYECKOTO HAMPSDKEHHS U T.J1.) IOCTATOYHO MAaJIbl;

® TI0JIHOC U3MEHEHHUE SHEPTUU U IHTPOIUHU AJTUTUBHO CKIIAJIBIBAETCSA U3 U3MEHEHUN ITHUX
(YHKIIUH B OTJEIBHBIX JJIEMEHTaX CUCTEMBI.

[TapameTpsI mporiecca, T.€. BETUYHHBI, TPUMEHSIEMbIEC B YPABHCHHUSIX TEPMOAMHAMUKH, KOTOPHIE
HE MOTYT OBITh OTPEIENIEHbI COCTOSTHUEM CHCTEMBI, 3aBHCST OT IyTH, MPUBEIIEM CUCTEMY B JIaH-
HOE COCTOSIHUE.

[Ipouecc nepopmupoBaHusl peajbHBIX TeJ, TaKHMX Kak OETOH, T.e. 00JaJalolIuX CBOWCTBAMU
HEJTMHEWHOCTH M HEPAaBHOBECHOCTH, MPOXOJIUT MO HEOOpAaTUMOMY MYTH, MOITOMY G M € HE MOTYT
OJIHOBPEMEHHO CITYXHUTh MapaMeTpaMU COCTOSIHUS, TaK KaK SIBISIFOTCS (yHKIIMOHATIAMU, a He (yHK-
[UeH, U CUIIBHO 3aBHUCAT OT ITyTH JIe()OPMUPOBAHHUS.

Crapetomuii 0€TOH SBISETCS CIO0KHOW TEPMOJIMHAMHYECKON CHCTEMOM C MPOTEKAIOMINMHU XH-
MUYECKUMU PEaKIUSIMH TBEPACHUS U MaCCOOOMEHOM C OKpY Kalollel Cpeou.

ITox BO3mElCTBHEM BHEITHEH HArpy3Kud B 00beMe OCTOHHOTO W3JENMs BO3HUKAET HEOTHOPO/I-
HO€ HANPSHKEHHOE COCTOSTHUE, YTO OOYCJIOBIEHO, MPEXAE BCEro, CyIIeCTBEHHBIMH PAa3IUYUSMU B
MEXaHUYECKHUX CBOMCTBAaX 3JIEMEHTOB €r0 CTPYKTYpPbl — MaTPHIbI U 3an0JHUTENSA. MOJEeKybl BO-
JIbl MUTPUPYIOT U3 MHUKPOIIOP U CTPYKTYPHBIX 3JIEMEHTOB LIEMEHTHOIO KaMHSI B MUKPOTPELIUHBI,
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obecrieunBasi ObicTpoe oOe3BoxuBanue [12]. [TomrMo MaccooOMeHa ¢ OKpYIKarollel Cpesiou, Mmpo-
UCXOJIUT U OOMEH SHEPIHH 3a CUCT TEIUIOTHI PEaKIUi TBEPACHHUS, a TAK)KE 32 CYCT U3MCHCHUS JJTUH
U pa3pbiBa XMMHYCCKUX CBs3ell (medopmarivu U pacipocTpaHeHUss MUKpOTpeniuH). [IpeacrasieH-
Hble COOOpa)XEHUs TIO3BOJIIOT PACICHUBATh Je(OPMUPYEMOE CTaperoliee OCTOHHOE M3JICIHe Kak
OTKPBITYIO CHCTEMY, B KOTOPOU MPOTEKAIOT HEPABHOBECHBIC MPOIIECCHI, XapaKTEPHU3YIOIIUECs CYIIe-
CTBEHHBIM MTPOU3BOJICTBOM SHTPOIIHH.

Pa3Burtue TeopuM JIMTEILHON MPOYHOCTH OCTOHA MOXKET OBITh MOJYUYEHO, TAKUM 00pa3oM, Ha
OCHOBE SHTPOIHIHOTO KPUTEPHUS IPOUHOCTH, KOTOPHIH 00JIee SIKOHOMUYHBIN B peain3aiuu u 0osiee
TOYHBIA 3a CYET ydeTa IMPEAbICTOPHHM HATPYKCHHUS MO0 OTHOIICHHIO K KPUTEPHUSM, MPHHATHIM B
Hacrosllee BpeMs (HampuMmep, MO CPaBHEHUIO C KPUTEPHEM JHEPreTHYeCKOro Oapbepa paspyliie-
HUs).

Ecnu n3MeHeHue TemrepaTypbl BIUseT Ha Je(OpPMAaTHBHBIC CBOWCTBAa OETOHA, TO 3TO JOJDKHO
OBITh YYTEHO COOTBETCTBYIOIIIMMHU 3aITUCSIMU JUTS MOJYJISL YIIPYTOCTH U MEPbI MMOJI3yUYeCTH.

ITpu pacueTax KOHCTPYKIIMH MPHUXOMAUTCS UMETh JIEJI0 C MaTepHajaMu, KOTOPbIe K MOMEHTY
Harpy>XeHHs y)e UMEIOT ONpeAeIeHHOEe HayajJbHOE KOJIWYECTBO IUIOTHOCTU SHTPOIHU S;, Ompese-

JIIEMOE UX COCTOSTHUEM.

[Ipupaiienrie INIIOTHOCTH S3HTPOIIUU AS* € PACCMaTPUBAEMOI0 MOMEHTA BPEMEHH U JO MOMEHTA
paspyuieHus: 00yCIOBIMBACTCS Pa3NIUYHBIMU (DAKTOPAMU: BS3KUMHU COMPOTUBIEHUSMU, nudPy3u-
OHHBIMU, XUMUYECKUMU TPOIECCAMH, HEOOPATUMBIMHU IpolieccaMu 00pa30BaHUS MUKPOTPEIIUH U
T.J.

B cooTBeTcTBHM ¢ IPUHATHIM KPUTEPUEM:

Sy +AS=S". (10)

B nonb3y SHTpONMUHOTO KpUTEPHs MPOUYHOCTH CBUIETENLCTBYIOT MPSIMbIE M KOCBEHHBIE OTIBITHI
pasIMYHBIX yueHbIX. OTMEUEHO 1Mo j001e MpOoIecCoB MUIaBleHus U paspyuienus [13, 14]. DuTponms

*
BEILECTBA MEPE]] €ro MONHBIM ILIABIEHHEM O MOKET pacCMaTPHBaThCs KaK KOHCTAHTA MaTepuaa.
Ha ocHoBe 3T0T0 OBUT C(HOPMYITHPOBAH SHTPONMUNHBIA KPUTEPUN TIPOTHOCTH, OTPECIISIONINN, YTO
pa3pyLICHUE MPOUCXOJUT B TOT MOMEHT BPEMEHHU, K KOTOPOMY B HEM HAKOIIMTCS HEKOTOPOE Mpe-

JieNbHOE 3HAaUEHHE TUIOTHOCTH SHTPOIHH S .

HccnenoBanus MOKa3bIBAKOT, YTO MPU PA3JIMYHBIX PEKUMax W BPEMEHU HArpy’KE€HHs IPH IO-
CTOSIHHOHM TemIepaType pa3pylleHHne MPOUCXOANUT MPH Pa3IUYHBIX HAMPsHKEHUAX U Aedopmanusix,
MOCTOJIBKY COCTOSSHME O€TOHa B MOMEHT pa3pyllIeHHs NpU Pa3HbIX pexXuMax pasznudno [15].
Hanpsokenus u nedopmaiinu 6eToHa B JaHHOM CIIydae He SIBISIFOTCS (QYHKITUSIMU COCTOSIHUS U, Clie-
JIOBATEIbHO, HE ONPENEIISIOT COCTOSIHUE Pa3pyILICHHUS.

JlelicTBUTENTbHO, U3MEHUB PEXHUM HArpyXeHHUs, MOKHO JOOWTHCS paspylIieHust OeToHa IpH
JIPYTUX 3HAYCHUSAX HANpPsOKEHWH ¢ U aedopmanuii €. Ternepb CTAHOBUTCS MOHATHBIM, YTO CHUCTEMaA
MOTEHLHAJIOB 1e(OpPMHUPOBAHUS 110 HEOOPATUMOMY IYTH JIOJKHA OTIMYATHCA OT MPUHATON B Kilac-
CUYECKON PaBHOBECHOUN TEPMOJUHAMHUKE.

[IpuauMast moctynaT o0 WHBApHAHTHOCTH OT PEKMMa HArpy>KeHUs KOJMYECTBA SHTPOIMHH,
HAKOIUIGHHOH B 00pasiie MpH MEpeBOJie €ro M3 HAa4allbHOTO HaMpPsHKEHHO-Ae(OpMHPOBAHHOTO CO-
CTOSIHUSI B paCCMaTpUBAaEMOE KOHEUHOE, 3aHUIIEeM:

ds:Ti5Q+5sn, (11)
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rae 0Sn — MPOM3BOJICTBO SHTPOIHH, BBI3BAHHOE HEOOPATUMBIMH MPOIECCAMHU, TAKUMH KaK BSI3KHUE
COTNPOTHUBIICHUS, XUMHUYECKHE peakiuu, TudQy3noHHBIC TPOILIECCH], HEOOpAaTHUMBbIEC TIPOIIECCH 00pa-
30BaHMS TPEIIMH, TUIACTHYECKUE nedopMmanuu U T.A4. B paccMaTpuBaeMoi 3ajaye MPOU3BOJICTBO
SHTPOIUHU O0YCIIOBJICHO MPOTEKAHHUEM MOJICITBHON XUMHUYECKOW PeaKIMu 1-ro mopsiiKa U IiacTHue-
ckoit nepopmanueii 6eToHa.

JIns KoHEeYHOro mporecca:

t
£,(r)o(r)
AS(t)= | dr (12)
756
r1e €n — HeoOpaTuMmbie aegopManuu, OOYCIOBIMBAIOIINE HEOOPATHMOCTH MPOIECCa, KOTOpPHIS

MO>KHO BBIYUCIIUTH KaK PA3HOCTH MOJHBIX U 00paTUMBbIX JehopMalnii:
E.=E—E&,, . (13)

Omnwupasic Ha auarpamMmy Ae(GopMHUpOBaHHs CXKATOro OETOHA M 3HAas €€ IOBEJCHHE NpH pas-
rpy3kax, no ¢opmysie (12) MOKHO HOCTPOUTH 3aBUCUMOCTb!

AS =AS(g,5,T). (14)
IIpy M3MeHEeHun HaNpsHKEHUN NMPONOPLUUOHAIBHO {, C y4€TOM SHTPONMMHOIO KPUTEPHs IIPOY-
HOCTHU, HamlpsKeHUs! B 0ETOHE B TEKYLIHI MOMEHT BpEMEHHU OyyT PaBHBbI:
o(r)= R, 4(t) mpu t, <t <t (15)
u a(r)= Rb.dl(t) npu T=t,
rae Ry (t)

A — K03 GUIMEHT, 3aBUCAIINNA OT MHBAPHAHTOB TEKYIIETO HANPSKECHHO-1e()OPMUPOBAHHOTO CO-
cTosinus GetoHa [16];

 UIMTENIbHAs IPOYHOCTH OETOHA,;

to — Bo3pacT MaTepuana B MOMEHT Ha4ajia HarpyKeHHS;
T — BO3pacT 0eToHa,
t — MoMeHT HaOmoieHus AegopMaruii.

IIpu t, <t <t Oyner cnpaBeMBa 3anKch JedopMalnu:

)= ) a9

rae Fk(to)) — dbyHKIus HeMMHEHHOCTH 1711 MTHOBEHHBIX aedopmanuii; Fe(to) — byHKIms HenuHEH-

HOCTHU 3ara3/bIBalonux aedopMaiinii, KOTOpble SBISIOTCS CTPOTO MIACHTUYHBIMU TOJIBKO B JIMHEH-
HOM MMOCTaHOBKE M PaBHBI HANpsDKeHHsIM o(to), B HETHHEHHON MOCTAHOBKE OHU PA3IMYHbI U OYIyT
JIaBaTh OJIMHAKOBBIE PE3yJIbTAThI TOJIHKO B TOM CiIydae, ecliu moa0op QyHKIH HEMUHEHHOCTH YBSI-
3aH ¢ IpUHATOW (HOPMOH 3amrcu MepbI MPOCTOH monzyuecTu; Eb(t) — Momyns ynpyrocta 6eToHa B
MOMEHT BpeMmenu t; C(t,t,) — Mepa 1moJa3ydecTd GeToHa.

[IpuMeM, 4TO MpU MTHOBEHHOM pa3rpy3ke AehopMalii CIeIyIT NMPSIMON JTUHUH, Tapaijieib-
HOW KacaTeJIbHOW K KPUBOH «G — €» B Hauaine koopauHaT. Torma oOpartumast yacTh aedopmaruu

sultt) = ) (). an

OyJeT UMeTh 3aIuCh:
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Mymnses B.W., bepnunosa M.H. XXenesobemorHbie koHcmpykyuu. 2024. T. 6. Ne 2. C. 12-21

rae Kob.c — k03 unmeHT 00paTUMOCTH Ae(OpMALIUii O3y YECTH.

B cootBercTBuu ¢ (13), HEoOpaTuMele nedopManuu OyIyT PaBHBL:

o)=L SO ) ot )

m, m, : (18)
Vi U(to)} { a(t,) *
= olty)+41-k +V,|—2L| ‘ot )C(tt,)
= (t){ R,(t;) " obe R,(t;) " "
37,5 45,0
rae V, = R 'V, = R—; mk = 5,7 —0,05Rp; mc =5—0,07Ry  — mapamMeTpsl HeTMHEHHOCTH.
b b
Mepa nonsyuectu npunsta B popme C~(t,t,) = C(0,28)(c + de ™" )[L— ke 7 ].
®yHkmMK HeauHeHocTH Fk u Fe nonodpansl ¢ yuetom 3anucu [8]:
O \m
F=0o[l+V (R—) ]. (19)

b

[Ipu kpaTKOBpEMEHHOM (3TaJIOHHOM) HArpy»KE€HUH U IMOCTOSIHHOM TeMIlepaType B MOMEHT pa3-
pYLICHMUS:

Ry
ASxT =g, R,(t)- _[gobda - (20)
0
VYuursiBas (18), 3anumem:
ASxT =R(t) e MetL [1=Kee [y Mt Lo iy (21)
E,(t)m, +2 2 m, +2

Ha puarpamme nedopMupoBanus GETOHA TPH CKATHU «G — £» MPUPAILEHUE TIFIOTHOCTH MTPOU3-
BOJICTBA DHTPONHUM OYIET MPONOPLUOHAILHO IUIOIIAAM YACTHBIX IPHPALIEHHH Ha Pa3IM4HBIX
yyacTkax. OOllee npupanieHte MIOTHOCTH MPOU3BOCTBA JHTPOIMU OYAET PABHO CYMME YAaCTHBIX
npupaienuii. icxoas u3 ycinoBus (6), MOKHO 3alMcaTh 3aBUCHMMOCTB JUIsl ONPEIETIEHHsS JUTUTETb-
HOM POYHOCTH C YYETOM BO3pacTa OETOHa!

Rb(t) = Fr(t)Br1RRC, (22)

rne Fr — dyHkus craperns 6erona; fr — TemnepaTypHbIi K03 PHUIMEHT TPOYHOCTH; R — KO-
3G GUIHUEHT ATUTETFHOCTH M PeXUMa 3arpyKeHus; Rc — mpoyHOCTh O€TOHA MPH HEKOTOPBIX YCIIO-
BUSIX, IPUHSATHIX 33 CPETHHE.

Y4uThIBas, 4TO P STAIOHHOM PEKUME 3arpykeHus Nr = 1, Ha ocHOBaHuU (22) nmeeM:

Fr (t)ﬂR =R, (to )’

Ry a (t): nRRb(tO)F ()

(23)

Fe()5s
FR (tO )ﬂR

Torna oTHOIIEHNE BETMYNHBI SHTPOIINHU K JUTUTEIIbHOM IMPOYHOCTHU B MOMCHT Pa3pylICHUA OeToHa.

rje r=ng — K03 UIUEHT U3MEHEHUS MPOYHOCTH OCTOHA.
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ASXT Vk m 2 mk +1 m, +1 m 2 * 1 Vk m 2
- L S (P 1-k,, , +V,B"™ J2C (t,t,) - —— —— g™ A2 —
N R e M S A T S Tes T
(1Ko . Vo o ) o y@-ay M +1= A" (M, +2)+ A" |
> + mc+2ﬁ AC (t'to)"' (1 kob,c) 5 + Vg m, + 2 C (t’to)v
rie f=Ar.

3AKJIIOYEHUE

CyMMupys U37105)KEHHOE BBIIIIE, MOYKHO CIENAThH CIIEIYIOIINE BHIBOIBIL:

1. Tlpouecc yBenn4eHUs HaYaJbHOTO MOIYJS Jedopmanuil 6eToOHa BO BPEMEHH PacCMOTpPEH
KaK CII/ICTBUE HEKOTOPOW MOJIEIBHOMN (PU3UKO-XMMHUYECKON PEAKIIMK TBEPJICHHS TIEPBOTO MOPSIKA.
IIpu 3TOM HpUHUMAETCS TO, YTO CKOPOCTb XMMHUYECKOW pEaKLMU TBEPACHHS IPONOPLUOHAIBHA
KOHIEHTPALlUU pearupyroliyux BEIIECTB U 3aBUCUT OT TemIepaTypHO-BpeMeHHoro ¢akropa. Ilpu-
MEHEHHUE SHTPONHUIHOIO KPUTEPHUS MPOYHOCTU MO3BOJIAET YUYECTh BIMSHHE TeMIEepaTyphl Ha M-
TEIbHYIO0 MPOYHOCTh OeToHa. Cuntas, 4To Jyuisi OETOHOB 3aKOHBI MOJI3YYECTH YCTAaHOBJIEHBI JOCTa-
TOYHO JOCTOBEPHO, MOXKHO PEKOMEHO0BATH IPUMEHEHUE DHTPOIMHHOIO KPUTEpUSA AJI U3Yy4YEHUs
COIIPOTHUBJICHUS OETOHA B JK€JI€300€TOHHBIX KOHCTPYKIUSIX.

2. VI3MEeHYUBOCTbH CBOICTB OETOHOB 3aBHCUT HE TOJIBKO OT BO3pacTa, HO M OT YCJIOBUI Habopa
IPOYHOCTH, U MPSIMO BIIMSAET HA MOBE/IEHUE Kele300€TOHHBIX KOHCTPYKLUI B PeabHbBIX YCIOBUAX
SKCIUTyaTanuu. bojee TouHas oleHKa peaqbHbIX CBOMCTB jKeJIe300€TOHHBIX KOHCTPYKIUH C y4eTOM
peXUMa JEHCTBUS BHEIIHUX HAarpy30K, U3MEHEHHs NPOYHOCTHBIX XapaKTEpUCTHK MaTepUasoB, a
TaK)K€ BO3MOXHBIX KOPPO3UMOHHBIX MOBPEXKJIEHUH, MO3BOJUT HE TOJIbKO YTOYHUTH HANPSKEHHO-
ne(OpMHUPOBAHHOE COCTOSIHUE, HO U BBISICHUTH XapaKTep ero U3MEHEHHsI B IPOLIECCe HArPyKEeHUs 1
pasrpyKeHus, TaKXKe MOMOXKET U3bICKaTh JIOTIOJIHUTENbHBIE PE3EPBbI IPOYHOCTH U 00ECIIEUNTh KO-
HOMMIO MaTE€pHAJIOB NPHU JUIMTEIBHBIX CPOKaX IKCIUTyaTalMM 3JaHUN U COOPYKEHHM Pa3IMYHOrOo
Ha3HAYCHMSL.
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AnHortanmsi. CTaThsl MOCBSILEHA BONPOCAM YCTAJIOCTH HM3rHOAaeMbIX jkene300e-
TOHHBIX OaJOK IIPU KOPPO3UH apMaTypsl. PaccMaTpuBaloTCs BIUSHUE BHICTYIIOB U
BBIEMKH apMaTypbl MEPUOANYECKOTO MPOQuiIs B OETOHE MPH MOBTOPSIOMIUXCS
Harpy3Kkax, KOTOpbIC JCUCTBYIOT KaK KOHLICHTPATOPHI HAIIPSHKEHUH, YTO TIPUBOIHT
K TIOSIBJICHUIO YCTAJIOCTHBIX TPEIIMH W K CHIDKCHHIO YCTAJIOCTHOH IMPOYHOCTH.
Beicora, mmpuHa, yroia nogbeMa M pajiyc OCHOBAaHHS BBICTYIIA BIUSIOT Ha BEJH-
YUHY KOHIICHTPAIMH HAIpsDKEHMS U, CIICOBATENEHO, HA YCTAIOCTHYIO IIPOYHOCTD
apMaTypHBIX crepkHed. [IpencraBieHa KkpuBas IUKIMYECKUX HaNpsHKEHUH-
nedopmanmii (ructepesuca) s apMatypsl. [Tocie 7% -Holi (akTHYeCcKOit moTepu
Macchl HaOJIIOaeTCsl CHIDKEHUE YCTAJOCTHBIX XapaKTepHCTHK Oanku. [lockonbky
3TO YMEHBIICHUE COBIAAaeT ¢ HAOMIOACHHEM MUTTUHTA, IPEIIIONAraeTcs, YTo OHO
B OCHOBHOM H3-3a TOYEYHOH Koppo3uu. [Ipeanaraercs nedopmannoHHbIil moaxon
K BBIHOCJIHBOCTH. BBIBezieHa 3aBUCHMOCTh MEXKAY Ae(opManueil u CpOKOM CITyK-
Obl 31eMenTa. [loka3aHo, YTO KOAI(PHUIMEHT YCTAJOCTHOW MPOYHOCTH CTAIBHOMN
apMaTypbl B 0alKax yBEJIMIMBAETCS C YBEIMYECHHEM ITyOMHBI BEIEMKH, 8 KOHTPO-
JUPYIOIMM KO3 (QHIIMEHTOM yCTaJIOCTHOI MPOYHOCTH OAJIOK SIBIISIETCS YCTaOCT-
Has MPOYHOCTb CTAJIbHOI'O CTCPIKHS.

Fatigue Behavior of Flexural Reinforced Concrete Beams under Corrosion Con-

ditions

Ashot G. Tamrazyan'”

1 Moscow State University of Civil Engineering (National Research University) (MGSU), Moscow, Russian Federation

* tamrazian@mail.ru

Keywords: fatigue resistance, service life,
bending, reinforced concrete beams, corro-
sion, frequency, hysteresis, hollowing, lugs
of the reinforcement

Abstract. The article is devoted to the fatigue of bending reinforced concrete
beams under reinforcement corrosion. The influence of lugs and rebar notches
periodic profile in concrete under repetitive loads, which act as stress concentra-
tors, leading to the appearance of fatigue cracks and to the reduction of fatigue
strength, is considered.

Awom I'eopzuesuu Tampazan, 4n.-xopp. PAACH, n-p texH. Hayk, npodeccop, 3aBeayronmii kadeapoil xkene300eTOHHbIX U KaMEHHBIX KOHCTPYK-
uuii, HanmoHaneHbIi McciieoBaTeIbcKuii MOCKOBCKHI TOCYIapCcTBeHHBIH cTpouTenbHblil yHuBepcuter (HUY MI'CY), 129337, r. Mocksa, Spo-
cnaBckoe mmocce, 1. 26; eLIBRARY SPIN-kox 2636-2447, Scopus: 55975413900, ResearcherID: T-1253-2017, ORCID: 0000-0003-0569-4788, E-

mail: tamrazian@mail.ru

© Tampazsu A.T'., 2024

This work is licensed under a Creative Commons Attribution 4.0 International License

https://creativecommons.org/licenses/by/4.0/

22

THEORY OF CONCRETE AND REINFORCED CONCRETE


http://creativecommons.org/licenses/by/4.0/

TampassH A.l". XeneszobemorHbie koHcmpykyuu. 2024. T. 6. Ne 2. C. 22-34

Article history The height, width, elevation angle and radius of the base of the lugs affect the
Received: 06.04.2024 magnitude of stress concentration and hence the fatigue strength of the reinforce-
Revised: 07.05.2024 ment bars. A cyclic stress-strain (hysteresis) curve for reinforcement is presented.
Accepted: 15.05.2024 After 7% — actual mass loss, a decrease in the fatigue performance of the beam is
For citation observed. Since this reduction coincides with the observation of pitting, it is as-
Tamrazyan A.G. Fatigue Behavior of sumed to be mainly due to pitting. A deformation approach to endurance is pro-
Flexural Reinforced Concrete Beams posed. The relationship between deformation and service life of an element is de-
under Corrosion Conditions. Reinforced rived. It is shown that the fatigue strength coefficient of steel reinforcement in
concrete structures. 2024; 2(6):24-36. beams increases with increasing depth of excavation, and the controlling fatigue

strength coefficient of beams is the fatigue strength of steel bar.

BBEJEHUE

[IpoGnembl Koppo3un B OETOHE YacTO BCTPEUAIOTCA B MOCTaX, B MAPKOBOYHBIX M MPUOPEKHBIX
MOPCKHUX COOPY’KEHUSAX U3-32 BO3JEHCTBUS HA HUX CONHU J1O00 U3 atMocdepsl, InbOO U3 aHTHOOIe1e-
HUTEJEH, UCII0JIb3YEMBIX B 3UMHHUI C€30H Ha MocTax. Koppo3usi — oJ1Ha U3 caMbIX CEpbE3HBIX IIPO-
071eM, BIMSIOUIMX HA CPOK CIIY>KOBI 3TUX KOHCTPYKIUM, U MOJHAs 3aMeHa, BEPOATHO, OyJIeT CTOUTh
HaMHOT0 JIOPO’K€, YEM CTOMMOCTh OOCITyKHBaHUs U peMoHTa [1].

IToBepXHOCTHBIE KOHLIEHTPATOPbl HANPSHKEHUH SBISAIOTCS OCHOBHBIMU (haKTOpaMM CHMIKEHHS
KOPPO3MOHHOM CTOMKOCTU CTEepKHEH. J[IuTenpHas coXpaHHOCTh apMaTyphl B O€TOHAX ONpeeliser-
Csl U30JIUPYIOIIUM JIeiicTBHEM OeTOHa, 3aBUCSIIUM OT IJIOTHOCTH €r0 CTPYKTYpPbI U TOJIIMHBI €O,
XUMHYECKOI0 COCTaBa LIEMEHTHOIO KaMHS, U YCIOBHUSMHM SKCIUTyaTalluu KOHCTPYKIMM. OqHaKo HU
OJlHa M3 XapaKTEePUCTUK MPOHMLIAEMOCTH OETOHA HE rapaHTUPYET JJIMTEIbHOTO 3aIUTHOIO Jei-
CTBUS OETOHA 110 OTHOILEHHUIO K apMaType.

[ToBTOpstomasca Harpy3Ka BbI3bIBACT PA3PYLICHUE KOHCTPYKLUHU yCTAJIOCTBIO, NAKE €CIIU IIPU-
JIO’)KEHHAs] Harpy3Ka 3HAYUTEIbHO HM)KE CTAaTHUYECKOW MPOYHOCTH €€ AJIEMEHTOB. Y CTAJIOCTh IPHU
MOBTOPSIONIEHCS Harpy3Ke MOKET BOHUKHYTb IS JII00OH KOHCTPYKLMH, OyIb TO KOPPOAUPOBAH-
Has win HeT. CoueTaHue YCTaJOCTH U KOPPO3UHU MPHUBOJIUT K 3HAUUTEIHLHOMY CHU)KEHHIO YPOBHS
yCTaJOCTHOM MPOoYHOCTH. OTHAKO MOKa HEAOCTATOYHO MCCIIEAOBAaHUM 00 yCTallOCTHOM HOBEJCHUU
KOPPOJUPOBAHHBIX KEJI€300€TOHHBIX KOHCTPYKIIUH.

YceranocTs Ke1e300e TOHHBIX KOHCTPYKIHUH

YcTanocTs — 3TO NOBPEXICHHUE U3-3a 00pa30BaHMs U pOCTa TPEIINH, BBI3BAHHBIX ITOBTOPHBIMU
MPUITOKCHUAMU HArpy3kKn, KOTOPbIC HEAOCTATOYHBI AJId TOTO, 4TOOBI BEI3BAThH paspymeHue C Io-
MOILBIO OJAHOPA30BOrO MPHIOKEHHA [2]. BOJBIIMHCTBO MaTEpHaOB NPHU LUKIMYECKON HArpyske
BBIIEP)KMBAIOT MEHbIIIEE HaIpsDKEHHE, YeM KOrja IOJBEepraroTcsl CTaTU4YeCKOW Harpyske. Ycra-
JIOCTHAsl NIPOYHOCTH 3aBUCUT OT YPOBHS HAIPSDKEHWM, CKOPOCTU HArpy>KeHHs, OTHOLIEHMs Hamps-
KEHHUH (OTHOILLIEHNE MUHUMAJIBHOTO HAIPSHKEHHUS K MAKCUMAaJIbHOMY), CPEJIHEro HaIpsKEHUs U KO-
JMYecTBa UKIIOB Harpykenus [3, 4, 5]. [Ipexxae uem oLeHHBATh YCTaJIOCTHOE TOBEICHHE JKENE30-
OETOHHBIX KOHCTPYKIIHM, pacCCMOTPHUM MOBEACHUE OETOHA U CTaIbHON apMaTyphl.

bemon

IToBenenne oObIYHOTO OETOHA MPH MUKIMYECKON YCTAIOCTHOW HArpy3Ke XapaKTepH3yeTcs Io-
SBJIGHUEM U POCTOM TPEIIMH, KOTOPbIE MOTYT MPHUBECTH K MOJTHOMY Pa3pyLIEHHIO MOCIe T0CTaTou-
HOT'0 KOJIMYECTBA TIOBTOPEHUI HArPy3KH.

VYcTanocTHasi IPOYHOCTh CHUXKAETCS ¢ YBEIMUEHUEM KOJIMUYECTBA IUKJIOB. OObIYHBIN OETOH /10
10 MUJTHOHOB LIMKJIOB He MMEET MpejieNia BHIHOCIUBOCTH, a kpuBas S—N mexay 102 u 107 nuxiamu
ABIISICTCA JIMHEHHOW B jorapupmuueckoMm Macmrade. I{uknnueckue MCHbITaHUS HAa yCTaJOCTHOE
BHEIICHTPEHHOE C)KaTHe, IPOBEACHHBIEC HA MPU3Max U3 0ObIYHOro OeTOHa, MOKa3alu, YTO YCTaloCT-
Hasl POYHOCTh YBEIMUYHMBAETCS IO MEPE yBEJIUUYEHUs dKcleHTpucHurera. [Ipennonaraercs, 4To 310
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YBEJIIMYEHUE CBA3aHO C TEM, YTO I'pAJMEHT HANpsOKEHUH 3aMeuIseT POCT BHYTPEHHUX MHUKPOTpe-
IIHH.

VcnblTaHus MOKa3ajiy, 4TO 4YacTOTa HAarpy>KEHUsl HE BIUSET Ha yCTAJOCTHYIO MPOYHOCTH MPO-
cToro OETOHA MPHU yCIOBUH, YTO YaCTOTA LIMKJINYECKUX Harpy30K HaXoAWUTCs B auamnaszoHe ot 1,0 1o
15 ', a MakcUMaJIbHOE HaNpsKEHUE HE NpeBbIaeT 75 % OT cTaTndecKod NpodHoCTH [2]. OxHaKko
npu 0ojee BBICOKMX YPOBHSIX HANpSKEHHS YacTOTa HAarpyKEHHsI OKa3bIBAeT 3HAUUTENIBHOE BIIMS-
Hue. Ilpu cHMKEeHUU 4yacTOThl HarpykeHus 3(PQEeKT MoJI3y4eCTH CTAaHOBUTCS 3HAYMTEIbHBIM, YTO
MPUBOJUT K CHIKEHUIO YCTAJIOCTHON MPOYHOCTH.

Huarpamma ['ynmana — 310 Hanbosee ynoOHOE MPEACTaBICHUE UCIBITAHUSA HA YCTaJOCTHYIO
J0aroBedyHocTs. OHa MCNOJNB3yeTCd AJI IMPOTHO3MPOBAHUS YCTAJOCTHOW JOJIFOBEYHOCTH IIPU 3a-
JTAHHOM COOTHOILICHUU HANpsOKeHUH (IepeMEeHHBIE U CPeJHUE HANPSIKEHNs) Ha OCHOBE CBOMCTB Ma-
Tepuana (MpeaesbHasi MPOYHOCTh SUt U BEIHOCIHUBOCTE S€). [Ipu 3TOM yunThIBaeTCs TeoMeTpus 00-
paslia U COCTOSIHHE €ro MoBepxHocTH. MoauduuupoBanHas auarpamma ['yamana ajis ctanu moka-
3aHa Ha puc. 1.

Svk.

INuHnA TekysecTH

b4

Koneumbiit cpok cry w61

7

Mo pucpuumposannan
nunua Nyaana

"

| BeckoHeuHbIi CpoK cnyw6si

MepemeHHble HANPAXEHUA, Oa

CpeaHue HanprAXeHUA, Om Sy Su

Puc. 1. [Ipencrasnenne MonuduIpoBaHHON Anarpammel ['yamana
Fig. 1. Representation of a modified Goodman diagram

[MockonbKy y 0OBIYHOTO OETOHA HET Mpejiesia YCTAIOCTH, MPOSKTUPOBIIUKH OOBIYHO OIICHHBA-
IOT YCTAJIOCTHYIO TIPOYHOCTh TP 3aJJaHHOM KOJMYECTBE IMKJIOB, HCIOJB3Ys Auarpammy ['yamana
11 OETOHa, TIOKa3aHHYo Ha puc. 2 [2, 6].

1.0

3Hauenue N

Smax

Smin S G Mpepenbl ycTanocTHOW NPOYHOCTH
Ha ocHoBe 10" KonuyecTBa UMKNOB

Puc. 2. luarpamma ['ynmana s 6etona [2]
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Fig. 2. Goodman diagram for concrete [2]

Crnenyer oTMETUTH, UTO AuarpaMMy ['yaMaHa MOXKHO MCHOJIb30BaTh HE3aBUCHMO OT TOTO, Ka-
KOI pexXMM Harpy’>KeHUs pacTsDKEHUE, CKaThe WM U3Tu0, MOCKOIBKY YCTaOCTHAsI IPOYHOCTH (BBI-
pakeHHas B MPOLIEHTAaX OT COOTBETCTBYIOIIEH CTATUYECKON MPOYHOCTH) OETOHA MPAKTUYECKU OAU-
HaKOBa JUIA TPEX PEXKUMOB HarpyxeHus |2, 6].

Apmamypuas cmanw

BoicTynbl apmaTypel B O€TOHE NpU MOBTOPSAIOIIMXCS Harpy3Kax JAEUCTBYIOT KaK KOHLEHTPATO-
pBl HaNpSDKEHUH, 4TO NMPUBOAUT K IOSBICHHUIO YCTAJIOCTHBIX TPELIMH, K CHUKEHUIO YCTaJIOCTHOU
IPOYHOCTU. B HcnbITaHUAX OBLIO MOKA3aHO, YTO CTEP)KHU B OETOHE MPH HAJMYUU XOPOLIETO CIIEeT-
JICHUS] MKy CTaJIbI0 U OETOHOM JEMOHCTPHUPYIOT O0Jjiee BBICOKYIO YCTaNOCTHYIO MPOYHOCTh, YEM
CTep)KHU, Haxojsmuecs B Bo3ayxe [/, 8]. OCHOBHbIC NEPEMEHHBIC, BIMSIONMEC HA YCTATIOCTHYIO
MPOYHOCTH J1e(hOPMHUPOBAHHBIX CTEPIKHEH, BKIIOYAIOT CPEAHMI M MUHUMAIbHBIA YPOBEHb Hampsi-
JKEHUS, IUAMETP CTEP>KHsI, TUII CTEP>KHS U T€OMETPHIO BBICTYNOB [2]. CKOpOCTh HArpyKeHwusl, mpe-
JIeJT TeKYUYeCTH M TeMIepaTypa MPakTUYECKH HE BIUSIOT HA YCTAJIOCTHYIO JI0JITOBEYHOCTh apMaTyp-
HOU cTtanu. JlnameTp M TUIl CTepKHS CBA3aHBI MEXKAY COOOH, IOCKOJIbKY CTEP)KHH, 3aJI€TIaHHbIC B
OeToHHBIE OajKu, UMEIOT TPAAUEHT HANpsOHKEHUS MO Bcell mnHe crepkHs. CTepKHU ¢ OOJIbIIMM
JMaMETPOM B TOHKUX OajiKaxX WM IUTUTaX MOTYT UMETh 3HAYUTEIHHO 00Jiee BHICOKHE HAIPSHKEHHS
Ha KOHI[aX IPOJIeTa, YeM B CepelluHe. JTO MPUBOAUT K YBEIMUEHHUIO HAJEKHOCTH, CPOKA CITYKObI
CTEpKHEH C MaJIbIM JMMETPOM IO CPABHEHHUIO CO CTEPXKHSIMHU O0JbLIOro auamerpa [2, 9]. OObidHO
HaOJI0IaeTCsl, YTO IPU OJMHAKOBOM YPOBHE HAIPSHKEHUS C YBEJIMUCHHUEM JIMaMeTpa CTeP>KHS yCTa-
JIOCTHAs! I0JTOBEYHOCTh yMeHbIaetcs [10].

BricoTa, mupurHa, yroi noabeMa 1 paguyc OCHOBaHUS BBICTYIIA BIUSIOT HA BEJIMYUHY KOHIICH-
TpalMM HAIpsDKEHUS U, CIEI0BaTENIbHO, Ha YCTAJIOCTHYIO IMPOYHOCTh apMaTypHBIX cTepaHel. Mc-
NBITaHUS TIOKA3aJIM, YTO C YBEIMUYEHUEM OTHOIIEHUS pajilyca OCHOBAHUS K BBICOTE BBICTYIA yCTa-
JIOCTHAsl IPOYHOCTh 3aMETHO BO3pacTaeT 10 OoTHomeHus 1,0. YMeHblIeHne yria HakjOHa BbICTyIa
CTEpPIKHS 10 OTHOLIEHHUIO K MPOJOJIBLHOM OCH TaKe MOBBIIIAET YCTAaJOCTHYIO MPOYHOCTh. Ha ocHo-
BaHUU aHAIUTUYECKUX UCCIEIOBAHUN MTPU NIPOEKTUPOBAHNN KOHCTPYKIMH PEKOMEHAYETCSl CIOIIb-
30BaTh KO3 (UIMEHT KOHIICHTPAIIMK HaNpspDKeHu Mexay 1,5 u 2,0 [2].

BnusiHue cpenHero HampsKeHHs] MHOTJIA YITyCKAeTcsl U3 BUAY, 1 OCHOBHOE BHUMaHHE OOBIYHO
yAeNseTcsl ypOBHIO HampspkeHui. OJHaKO MOKa3aHO, YTO YBEIHMYEHHE CPEIHEro HAIpsKeHHs Mpu
pacTsDKEHNU IPUBOJUT K CHUYKEHUIO YCTAJIOCTHOM JTOJIrOBEYHOCTH (BBIHOCIUBOCTH) [10].

BnusHue MUHUMANbHOTO YPOBHSA HANpPSOKEHHs HA YCTANOCTHYIO IMPOYHOCTH apMaTypHBIX
CTEpKHEN HE OYEHb XOPOLIO MOHUMAETCs M3-3a IPOTUBOPEUUBBIX PE3YJIHTATOB Pa3HbIX UCCIIEI0BA-
Teneil. HekoTopele nccienoBaTeny MNPUILLIN K BEIBOY, YTO MUHUMAJIBHBIA YPOBEHb HANIPSKEHUS HE
BJIUSIET HAa YCTAJOCTHYIO JOJITOBEYHOCTh, B TO BPEMsI KaK JIpyrye NPUIIUIA K BBIBOJY, UTO YCTalI0CT-
Hasi MPOYHOCTh YMEHBINAETCS C YBEIMUYEHHEM MUHUMAIBHOTO YPOBHS HAIpPsDKEHUS MPOTOPIHO-
HaJIbHO OTHOILIEHUIO M3MEHEHHS MUHUMAJIbHOIO YPOBHS HANpSHKEHUS] K MPOYHOCTH apMaTypHBIX
CTEpKHEH Ha pacTsHKEHHUE.

Kenezobemonnuie snemenmoi

XapaKTepUCTUKH JKEJIe300€TOHHOM Oallki 3aBUCAT OT COBMECTHOTO JICHCTBHSI apMaTypsl U Oe-
ToHa. JIJ11 HEJOCTATOUHO apMUPOBAHHBIX JKEJIE€300€TOHHBIX 0AJIOK YCTAJOCTHBIE XaPaKTEPUCTUKH B
OCHOBHOM OTIpEEA0oTCs cTanbio. CHIIBHO apMUPOBAHHBIC KeJIe300€TOHHBIE OAIKKM MOTYT pa3py-
IIaThCSl IPU U3TMOE WM CBUTE B 3aBUCHUMOCTHU OT TOT'0, KaKasi IPOYHOCTh OETOHA UJIM CTaJIM SIBJIS-
eTCs KPUTHYHOW. Y CTaIOCTHOE pa3pylIeHHe He BCEeTAa MPOUCXOINT 10 TOMY K€ MEXaHHU3MY, UTO H
CTaTUYECKOe pazpylueHue [7].

B [2] conepxarcs n1Ba TpeOoBaHUS K IMPOEKTUPOBAHUIO JKEIE300€TOHHBIX KOHCTPYKIUSAX HpU
yCTaJOCTH:
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* YpOBEHb HaNpsDKEHUN B OeTOHE He J0oJKeH npeBblath 40 % ero mpoyHOCTH Ha CHKaTHE;
* YPOBEHB HAINPSHKCHHUI B CTATHM HE JOJKEH mpeBbImarh 3HaueHus, Sr = 160 — 0,33, Smin < 140
MlIla, roe S, — AOMyCTUMBII ypOBEHb HAPSKECHUNA U Smin— MHHHUMAJIBHOE HATPSKECHHUE.

[lepBoe TpeOoBaHME 3aKITIOYACTCS B TOM, YTOOBI rapaHTHPOBAThH, YTO OETOH BBIACPKHUT HE Me-
Hee 10 MIJUITMOHOB IIMKJIOB, @ BTOPOE — KOHCEPBATHUBHASI HYDKHSS TPAHUIA BCEX JOCTYIHBIX pe-
3yJIbTATOB UCTIBITAHUI HAa apMAaTYPHBIX CTEPIKHAX.

Bausinue Koppo3uu Ha KeJ1e300eTOHHbIE 0AJIKH

[Totepst cpenHeil muomaay MONEPEeYHOro CEYEHUsT apMaTyphbl HanboJee YacTo UCIONIb3YeTCs B
Ka4yecTBE METo/a JJIsi M3MEpPEHHsl CTEIeHH KOppo3uu. B jkene300eToHe MakcMMallbHasi CKOPOCTb
KOPPO3HUH cTayId 0K0s10 50 1 M/ToSI.

OCHOBHOM ypOH MPOUCXOIUT HE OT MOTEPHU CTANIH, a OT PACIIMPEHHs] 00beMa MPOJAYKTOB PiKaB-
YUHBI, YTO IPUBOAUT K PACTPECKUBAHUIO U OTCIaUBaHUIO OETOHA U, CJIEI0BATENIbHO, K TIOTEPE CBSI3U
MeXy 0eToHOM | ctainbio [11, 12, 13].

O06beM MPOIYKTOB pKaBUMHBI HAMHOT'O 0O0JIbIlIE, YEM UCXOJHBIA 00beM NOTPeOIsIeMOro xeies3a
BO BpeMs peakuuu koppos3uu [14]. Ilockonbky Ooubliiasi 4acTh pKaBUYMHBI OTpaHHYEHa OETOHOM,
ero o0Opa3oBaHHE CO3JAaeT PACTATMBAIOIINE HAMIPSHKEHUSI, KOTOPbIE MOT'YT B KOHEYHOM UTOTE IPEBbI-
CUTh TpejieN mpoyHocTu O6eroHa. ClienoBaTensHO, MOBPEKICHHE CHavyalla HaOMI0JaeTCs KaK MATHA
P’KaBUMHBI U MEJIKOE PACTPECKUBAHUE [0 OETOHHOW MOBEPXHOCTH. DTU TPEIIMHBI pa3BUBAIOTCS I1a-
pallieNbHO apMaTtype. bbllo BhICKa3aHO MPEANONIOKEHHE, YTO TPEIIUHbBI B OETOHE BO3HUKAIOT, KO-
I/1a TOJIIMHA CJIOS P>KaBUMHBI BOKpyT ctaynu mpessimaetr 0,1-0,2 mm [12]. Eciin peMOHT Ha 3TOM
paHHeM JTare He MPOBOJIUTCS, KOPpO3usi OyIeT BO3pacTaTh J0 TEX MOp, MOKa TPEUIUHBI MO3BOJISIOT
MUTPUPOBATH OOJIbILE KUCIOPOJA U BOJBI K CTAIU. DTO MPUBOIUT K CEPHE3HOMY IMOBPEKICHUIO,
BKITIIOUAsi TIOJTHYIO TIOTEPIO CBSI3M MEXKIY OETOHOM M CTaJIbIO M3-32 pacclauBaHUS U OTCIAWBAHMUS, a
TaK)Xe K YMEHBIIECHHUIO €€ TUIOLIaId MONEPEeYHOr0 CEYEHUS IO TAKOM CTETeHHU, YTO KeJIe300eTOHHbIE
KOHCTPYKIIMK MOTYT CTaTh HeOe3onmacHbIMU [12].

Binsinue KOppo3uH Ha yCTAI0CTh

HcnpiTanuss Ha paBHOMEPHO KOPPOJIMPOBAHHBIX CTEP)KHSAX HE IOKa3ajld SBHOTO CHIKEHUS
YCTaJOCTHBIX XapaKTEpUCTHK, MOKa COKpAleHHEe IUIOMAAu OblIo HeOoubmMM [6]. AHaIOrH4HOE
HaOmozeHue OpuT0 oTMedeHo B [15]. B [16] oOBsicHMIN, YTO MPOAYKTHI PKABUMHBI 3aIOTHSIOT
TPELIMHBI B CTAIU MPHU PACTSHKEHUU U, TAKUM 00pa3oM, YCHIIMBAIOT HANPSHKEHUE 3aKPBITHS TPEIlu-
Hbl ¥ YMEHBIIAIOT YPOBEHb HANPSIKEHUH B CTAIbHON apmaType. OJIHaKO aBTOPBI 3aMETHIIH, YTO ITO
SBJICHHE MTPOUCXOUT NpU HU3KOH yacTore. Korga Oanky UCTIBITHIBAIMCH Ha 60Jiee BBICOKUX YacTo-
tax (o1 3 1o 5 I'1), TpelMHBI PU PACTSHKEHUU HE 3aKPhIBAIKMCH MPOyKTaMU KOPPO3UH,  TIOITOMY
OTMEYAaJIOCh JIMIIb HE3HAYUTEIbHOE CHIKEHHE BBHIHOCIUBOCTU. C IPyroil CTOpOHBI, MpH OOJBIINX
MOTEPSAX KOPPO3MOHHON MaccChl, 0OCOOEHHO B CiIy4yae MUTTUHIOBOM KOPpPO3UH, BHI3BAHHOMN XJIOpH/a-
MU, CHH)KEHUE yCTAJIOCTHOM NpouHocTH Jocturano Ao 37 % [10]. CHukeHHne yCcTalloCTHON IPOYHO-
CTH TIOJTy4aeTcsi OOJIbIIIE, YTO MOXKHO OOBSICHUTH TOJIBKO YMEHBIIEHHEM IIOIIA 1 ONEePEYHOro ce-
yeHus [16].

B [17] mpoBenu BceCTOpOHHEE MCCISIOBAHUE MATHIACCATH 0AJOK, HCIIBITAHHBIX MPU UKIHYE-
CKHU yCTaJIOCTHOM Harpy3ke yactoroit 6,7 I'u. banku Obutn pasmepamu 110 x 380 x 2000 MM, apmu-
POBaHHBIE OJTHUM CTEpKHEM AuameTpoM 24 mm. [lepemMeHHBIMU TapamMeTpaMu OBbLIN THUI CTaJIH (TO-
psiueKaTaHble WIN X0JI0AHOAe()OPMUPOBAHHbIE), YCIOBUS UCIIBITAaHUS (HA BO3AyX€E, B MOPCKOI BoJe
U B 3%-HOM pacTBOpe XJIOpUAA HAaTpUs) U YPOBEHb HampspkeHus B ctanu. [lo pesynpTaTam skcre-
PUMEHTAJIBHBIX JAHHBIX aBTOPHI PUIILIN K BBIBOY, YTO:

* 0aKu U3 00OMX THIIOB CTAJIM MTOKA3aJu MPEell yCTaJ0CTH IPYU UCIIBITAHUYU Ha BO3JlyXe, IpU-
YyeM Ipeziesl YCTaIOCTH X0JI0IHOAe(OPMHUPYEMBIX CTEPKHEH ObLII MEHBIIIE, YEM rOpsSYeKaTaHbIX;
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* xonoiHoAe(hopMHpyeMbIe CTEPKHH MPHU UCTIHITAHUH B MOPCKOW BOJIe UMeTH 0oJiee HU3KHIA
npeiea yCTaIOCTH, YeM MPHU UCTIBITAHUH Ha BO3yXE€,;
* JUIA TOPSIYEKATaHbIX CTEPKHEH, TOTPYKEHHBIX B MOPCKYIO BOAY WJIA PACTBOP XJIOPHUAA, Mpe-
Jies1 yCTaloCTH He HabmoaaeTcs BIoTh 10 107 nukinos. Kpuble «HaNpsKeHHE — CPOK CITYIK-
ObD» 3TUX JBYX TPYII ObUIM MOYTHU MapaIeIbHBl U MMETU 3HAYUTENIBHO 0OJiee BBICOKHIA
HAKJIOH, YeM Y CTEpIKHEH, UCIIBITAHHBIX B BO3AYXE I10 JIOTapU(PMUUECKON IIKAJIE;
* COKpAlllCHHE YCTaJIOCTHOW OJIOBEYHOCTH B KOPPOJMPOBAHHBIX CTEPIKHAX CBA3AHO C TEM,
YTO KOPPO3UOHHBIE SIMbI CTAHOBSITCSI MECTAMH 3apPOXKACHUS YCTAIOCTHBIX TPEIIUH, & KOPPO3U-
OHHas Cpella yBEJINYUBAET CKOPOCTb UX POCTA;
* y Oasiok, ucnbITaHHBIX B 3%-HOM pacTBOpe XJIOpHJa, YCTAJIOCTHAsI MPOYHOCTh CHU3MIIACH
6onee yem Ha 30 MIla mo cpaBHeHUIO ¢ OaJKaMu, UCHBITAHHBIMU B MOPCKOW Boje. DTO
Ha0JII0/IeHUE MTO3BOJIAET MPEANONIOKHUTh, UTO XJIOpUAHAS cpeaa Oojiee arpeccuBHasi, 4eM Mop-
CKas BOJa, U IOITOMY KOHCTPYKLUH, ITOABEPTaOLINECs BO3ACHCTBUIO aHTHOOJICACHUTEIBHBIX
peareHToB, HaXOIATCS B 00JI€€ CYpOBBIX YCIOBUSX, YEM IOTPYKEHHBIE B MOPCKYIO BOY.
ArpeccHUBHBIE Cpelbl OKa3bIBAIOT CEPHE3HOE BIIMSHUE HA YCTAJIOCTHBIE XapaKTEPUCTUKH dJle-
MEHTOB KOHCTPYKIH. YT0OBI N30€KaTh yCTAaIOCTHBIX pa3pylIEHUH B arpECCUBHBIX CPeaax, Mpees
yCTaIOCTH KOHCTpYKIMK cHkatoT [18]. Hampumep, B [6] pekomenayeTcss KOAPGUIIUEHT CHIKEHUS
npo4yHocTy 1,7 i BBICOKMX YpOBHEH Koppo3uu (6osee 25 % yMeHblLIeHHE IO OIEPEUuHOro
ceueHus cranu) u 1,35 ans ypoBHs koppo3uu menee 25 %.

PexoMeHIanMu 110 NPOEKTHPOBAHMIO 7KeJ1€300€TOHHBIX 0AJI0K IIPH YCTAJOCTHOM HArpy-
JKeHHH
VYpoBeHb HanpsHKEHUH SBJIsIETCS Hanbojee BaXXHBIM (PAKTOPOM JUIsl yCTalIOCTH Xkene3o0e-
TOHHBIX KOHCTPYKUUH. OOIWUN MOAX0/ K YCTaIOCTU — 3TO ONpPENIEICHUE YPOBHS HANps KEHUN B
KaX/IOM U3 MarepuanoB (0eToHa M apMaTypbl) U3-3a YCTAJOCTHBIX HArpy30K MU MPOBEPKA YpPOBHS
HaNpsDKEHUH Ha JoMycTHMble mpenensl. B [2] ompenensercs AOMyCTUMBIN ypOBEHb HANpsKEHUS
yCTaJOCTH JUIsi OETOHAa M apMaTypHOW CTajli Ha OCHOBE HKCHEPUMEHTAIbHBIX IaHHBIX. PacueTs
(aKTUYECKOro ypOBHS HANpSKEHUI BBIIOJIHSAIOTCS C UCIIOJIB30BAHUEM METOJIOB aHAJIM3a HOpPMajlb-
HOT'O CE€YECHHMs O] IECHCTBUEM MAKCUMAJIBHON M MUHUMAJIBHOM Harpy3KH Ha yCTaJOCTb. JDTOT KpH-
TEpUil B pacueTe CyMMHPYETCS CIIETYIOIUM 00pa3oM:
* ypOBEHb HampspKeHH B OeToHe He JoipkeH npesbimath 0,4R;, korgja MUHMMalbHOE Hamps-

KEHUE PABHO HYJIIO;
* YPOBEHb HAIPSUKEHUH B JMHEHHO 1e(hOpMUPOBAHHON apMaType S, He JIOJDKEH NpEeBBIIIATh

(160 — 0,33Smin) MIla, rme Smin — MUHHMaIbHOE HampspkeHue. J[st u3rnbaeMbIX CTEpXKHEH ypo-
BEHb HAIPSDKECHUHA, BEIYUCICHHBIN U3 3TOTO OTHOIICHHUS, JIOJKCH OBITh YMEHBIIICH Ha 50 MPOIECHTOB.

METO/J

AHaJM3 yCTANOCTH: Ae(OpMALMOHHBIN MOAX0/ K BHIHOCJANBOCTH

IIpennaraeMblii MOAX0J K aHAJIW3y YCTAJOCTH OCHOBAaH HA XapaKTEPUCTHKAX apMaTypHBIX
cTepKHEel. Apmarypa, HUCIoJIb3yeMas B KeJIe300€TOHHBIX Oankax, OOBIYHO INpeAcTaBisieT coOoi
nepOopMHpOBaHHBIE CTEPXKHHU ¢ peOpaMu. bbuto oTMedeHo, uyTo pebpa AEHCTBYIOT KaK YCHIUTEIN
HaANpPsDKEHUH U MPUBOISAT K KOHIIEHTPAIMK HanpshkeHU y ocHoBaHus pedep [19, 20]. IIpu Beicokux
YPOBHSIX HAaNPsHKCHUN B 3TUX pedpax BO3HUKAET 3HAUMTENbHAS IIACTUYHOCTD, YTO MPUBOJAMUT K CY-
IIECTBEHHOMY CHUKCHUIO BBIHOCIMBOCTU CTepxkHs. TakuM oOpa3oM, MOJENb yCTalIOCTHOTO IOBe-
JIEHUS JI0JDKHA YUYUTBIBATh I€OMETPHUIO apMaTypHOIO CTEp)KHsS B JIONOJHEHHE K HOMHUHAJIbHBIM
YPOBHSIM HaNpsDKEHUH, MPUIOKEHHBIX K CTAJIM B TEUYEHHE BCETO CPOKa CIIyKObI Oanku. Jlns onuca-
HUSI TaKOTO TMOBEICHHS MCIONB3yeTcs AepOopManuoHHbIA moaxox. CremayeT ynoMsHyTb, 4TO Jie-
(bopMalMOHHBIM NOAX0A OOBIYHO pealu3yercsi B Cilydasx, KOTJa YPOBHM HAINPSDKEHUM BBICOKH U
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pa3BUTHl 3HAUUTENbHBIE MacTudyeckue aedopmaruu [3]. JehopManmoHHbii MOAX0 HEMoCpe.-
CTBEHHO M3MEpSIET M KOJMUSCTBEHHO OI[CHUBACT 3TH IJIACTHUECKHE Te(hOPMAIIUH.

Jl7isi IPOTHO3UPOBAHMS YCTAIIOCTHOW JIOJTOBEYHOCTH CTAJIBHBIX apMaTYPHBIX CTEPXKHEU IMpH
UCTIOIb30BaHUH 1e(OPMAIIMOHHOTO MMOIX0/1a Tpedyercs chaemyroas nadopmarus [21]:

* CBOWCTBa CTaJM, MOJYYCHHBIC B PE3yJIbTaTe Ja0OPATOPHBIX YCTAIOCTHBIX JAHHBIX C KOHTPO-
neM nedopmaruy riaakux 00pasroB (IUKINYECKas PEAKIns «HAMPSHKSHUS — AedopMarimy 1 JaH-
HBIE O CPOKE CITYXKOBI);

* UCTOpHUS «HAMPSHKEHUH — naedopmanuiiy B peOpax, MOJydeHHAs OT HOMHUHAIBHBIX YPOBHEH
HAIPSHKCHUS, PUIIOKEHHBIX K CTAILHBIM apMaTYPHBIM CTEPIKHSIM;

* METOJIMKA y4eTa BIUAHUS CPSIHUX HAMPSKEHUH Ha BHIHOCIUBOCTb.

Cesoticmea cmanu

[uknuyeckass KpuBas «HaMpsbKeHUs — AedopManumy (THCTEPEe3UC) MOMydYeHa U3 UCIBITAHUN
[JIAJIKUX 00pa3IloB MPH PA3IMYHBIX YPOBHSIX MOCTOSTHHOU nedopmaruu. [lociie moBTOpHBIX HArpy-
304HBIX ITUKJIOB METIIs rucTepesnca ctabunusupyercs. OObIYHO PETUCTPUPYIOTCS JTaHHBIE O HAMps-
KEHUU U nepopManuy MpU TMOJOBUHE YCTAIOCTHOTO pecypca. 3aTeM OMPEeNEesioT TOYKH MaKCH-
MaJbHOTO HAMpsDKEHUs U JedopMaluu CTaOWIM3UPOBAHHBIX METENb THUcTepe3nca (BEpIIUHBI Iie-
TeJb) COCTUHSAIOTCS U (POPMHUPYIOT MUKINICCKYIO KPUBYIO, KaK IIOKAa3aHO Ha puC. 3.

HanpsxeHusa A

\ LiMKknnyeckan Kpusas

Hanpsx)eHuA — aepopmayun

[

JOedbopmaumn

MNeTtna HanpaxeHne — gedbopmaumnm

Puc. 3. HI/IKJ‘II/I‘IGCKaﬂ KpuBas «HaPSKCHUA — z[quopMam/m», NoJIydCHHasd NyTeM COCAUHCHUA TOUYCK MAKCUMAJIBHOT'O
HAMPSDKEHUS ¥ HAMTPSDKEHUS CTA0MITM3UPOBAHHBIX KOHTYPOB rucrepesuca [3]
Fig. 3. Cyclic stress-strain curve obtained by connecting the points of maximum stress and stress stabilised hysteresis
contours [3]

]_[I/IKJ'II/I‘ICCKaH KpuBas «HAIIPSKCHUA — I[e(i)OpMaI_[I/II/I» BbIPAXaCTCA:

¢= %J{kﬁjy , 0

r7ie € U 6 — LUKINYecKas Aeopmaiius 1 HalpspDkeHUe MeTala COOTBETCTBEHHO; k' — ko3dduiu-
eHT IUKINYECKON MPOYHOCTH; N’ — MoKa3aTesb HUKINYECKOro Je(OPMALMOHHOTO YIIPOYHEHHUS.
3HavyeHus: k' n’' ONMpeNeNsIoTCs MyTeM MOCTPOeHHS rpaduka 3aBUCUMOCTH UCTUHHOTO 3HaYe-
HUS IMKIJIMYECKOT0 HAMPSKEHHUs OT HCTUHHOTO 3HAYSHMSI LMKIMYECKON TUIacTHUeCKoN Aedopmanun
B siorapudmmueckoit mkane (log-10g), kak nmokasano Ha puc. 4. HakiioH mosrydeHHOW MpsMO Tipeji-
CTaBJISIET CO00M n’', a mepeceueHne MpeCTaBisieT k' mpu qeopMaluy, paBHON eANHHILIE.
3aBUCUMOCTB MEXAY ehopMaleld 1 CPOKOM CITyKObI onpeAessieTcs CIeay UM 00pa3oM:
!
B8 _ZL(oN, ) 42 (2N, )
2 E

c
’

)
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rae Ae/2 — 3Hauenwe nedopMannM; o; — YCTAIOCTHAs NMPOYHOCTh;, &) — YCTAJOCTHAs IUIa-

CTHYHOCTh; b — TOKa3aTenb ycTanoCTHOW MPOYHOCTH; C — IMOKa3aTellb YCTAIOCTHON yIPYrOCTH;
N, — 9HCIO LHKJIOB 0 pa3pyIlICHHS.

Norapudpmmnueckme gencrBuTesnbHbie

UMKANYEeCKMne HanpaxXeHua

1.0

Jlorapudmunyeckan aencrtButenbHas
LMKIM4eckas nnactuyeckas gedopmaums

Puc. 4. TloBeeHne NUKIIMUECKUX HANPSDKEHUH M TUIACTHUECKHX NedopManuii B MeTaiiax
Fig. 4. Behavior of cyclic stresses and plastic deformations in metals

[lepBoe ciaraemoe B IpaBoOil YacTH ypaBHEHHUS «Jieopmanus — CpoK CiIykObD» JaeT ynpy-
T'YI0 4acTh JedopMaIiuu, a BTOpoe — IUIACTUYECKYIO YacTh. DTa 3aBUCUMOCTh CXEMaTHYHO MOKa3a-
Ha Ha pHC. 5.

MonHble fedopmauun=Ynpyrue u NnacTuyeckue

Mnactuyeckme

2N, 2N, 10

Norapupmmyecknin macwitab

Puc. 5. 3aBucumocTs «aedopMaryst — CpoK CIIyKOBD»
Fig. 5. Strain — service life relationship

HcTopus «HanpsxkeHnH — nedopmanuing

Hauanenwiit yuxn nacpysku

MakcuMallbHOE HOMMHAJIBHOE HAMPSKEHUE Smax B apMaTYPHOM CTEP)KHE PACCUMTBIBACTCS C
MIOMOIIIBIO0 OOBIYHOTO aHAIN3a Ha W3THO YIS MOTIEPEYHOT0 CEYCHHUS C TPEUIMHON B CepeinHe TpoJie-
Ta. MecTHOE HampsKEHHUE Gmax M MeCTHas Aedopmainusi Eémax B KOPHE BBIEMKH (KOpeHb pedpa), Ko-
TOpBIC YJOBIETBOPSIIOT LUKINYECKOM KpUBOW «aedopMaisi — HANpsDKEHUsD, CBSI3aHBl C MAKCH-
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MaJIbHBIM HOMHHAJIBHBIM HAalpSOKEHHEM C MOMOINBIO  TUrepOonnyeckoil 3aBucumoct Heiibepa
(puc. 6), BBIpayKeHHOH ciemyromum oopaszom [3].

Puc. 6. T'unep6ona Heiibepa BMecTe ¢ JMHEHHON yIPYromiacTUIeCKON MOielbio (3akoH ['yka) u KpuBO# JedopMaru
Fig. 6. Neuber's hyperbola together with the linear elastic-plastic model (Hooke's law) and the strain curve

JInst ynpyroro HOMMHaJIbHOTO MOBEIAECHUS :

2
— (Ktsmax ) 3
Omaxbmax =~ = - ( )
E
Jl1g miaacTuyecKoro HOMUHAIBHOTO TIOBEICHUS:
2
e = (K1) S (4)
rne K, — koo ounmenT koHIeHTpanuy, paBHbeId 2 [2, 19]; emax — MakcUManbHass HOMUHAIbHAS

nedopmarust; E — Momyns ynpyroctu cTai.

[Ipu BRIBOZIE MOJENH HUCTIONIb30BaHa runiepOoina Heitbepa BMecTe ¢ MuHEHHOM ynpyromiactuye-
CKOU Mojienbio (3aKkoH ['yka) u KpuBo#l nedopmanuu. ITO 03HAYAET, YTO MOKHO CHOpPpMyIHpPOBATH
aMIUTHTYAY YIPYToi nedopMallii ¢ HCTIOIh30BAHUEM aMILUTUTYIbl YIIPYTOTO HAMPSKEHUS U MOIYJIS
nedopmaruu.

Meton Heiibepa mo3Bosser mnpeoOpazoBaTh (PUKTUBHBIC 3HAYEHHS MOJHOCTHIO YIPYTroro
HanpspKeHUs, MoMydYeHHbIe ¢ moMoibio MKD, B «peanbHbIe» yNpyromiacTHYeCKUe 3Ha4eHUs. JTO
OCHOBHOE YCIIOBHE /Il JIOOBIX BBIYHUCICHHM, BBITOJIHAEMBIX IMOCPEICTBOM aHAN3a JIOKAIBHON
YOpyTo-TuiacTU4ecKor nedopMaliii, 3a UCKIIOYEHHEM HCIIOJIb30BAHUS aHAIHM3a MEPEXOIHBIX MPO-
ieccos [22].

Luxner yemanocmuou nazpy3ku
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ITocnme ompeneneHuss MaKCUMaJbHOTO W MHUHUMA@JIBHOTO HOMUHAQIBHBIX  HANpsHDKEHHUH
Smax ¥ Smin JUI PpacTSHYTOTO CTEPXKHS N3-3a YCTAJIOCTHOW Harpy3KH pacCUUTHIBACTCSI HOMUHAIIBHBIH
QMara30H HaNpPSOKEHUH AS Kak PasHOCTh MEXKIY Smax M Smin. DTOT yPOBEHb HANpPSKCHUN TPUBO-
JTUT K U3MEHEHUIO MECTHOTO HaNpspKeHUS! AG U COOTBETCTBYET M3MEHEHHIO MECTHOH Jedopmanuu
Ae B KOpHE BbleMKHU. VI3MeHeHue MecTHbIX HalpsbDKeHHUs U JedopManuil yJIOBJIETBOPSET KPUBOM
«HanpskeHusa — aedopmanum» id ctanu. OCHOBBIBasACh Ha Turnore3e MasuHra, KpuBasi TuCTepe3u-
ca MoJIyyaeTcsl yJJBOCHHEM IHUKIMYECKON KPHBOH «aedopmanuu — HanpspkeHus» s cranu [3, 23].
KpuBas «HanpspkeHus — neopMariiny» MokazaHa Ha pUC. / ¥ BBIPAXKAETCs CISAYIOIINUM 00pa3oM:

Ao Ao <

ne =BT o Ao (5)
E 2k

rae k'— ko3 PUIMEHT NUKIMYECKOM TPOYHOCTH; N’ — IMOKa3aTelb MUKIMYECKOro AehopMaIiioH-

HOTO YIIPOYHCHHS, OTIPECIIIEMbIi U3 JTA0OPATOPHBIX UCITBITAHUN Ha YCTAIOCTh.

Ag

i Ag : :!

A

Puc. 7. Ilukxn ructepesuca
Fig. 7. Hysteresis cycle

M3MeHeHus JTOKaJbHOTO HAaNpsDKEeHUs: AG M JIOKaJIbHOM JehopMaliii B KOpHE BBIEMKH Ag Tak-
’Ke yJIOBJIETBOPSIOT Npasuity Heiltbepa B cienyromiem Bue:
JUISl yIIPYTOrO HOMUHAJIBHOTO TIOBEACHUS:

K,AS)’
AcAe = —( AS) ; (6)
E
IS IIITACTUYCCKOI'O HOMUHAJIBHOT'O ITOBECACHUA .
Aohe =(K,) ASAe @)

rie Ae— HOMUHAQJIBHOE U3MEHEHHE e(OpMallii, COOTBETCTBYIOLIEE AS .

PE3YJIBTATBI U OBCYXJIEHUE

OueHEeHHbIE 3HAYEHUS MAKCUMAJIBbHOTO MECTHOTO HAIPSKEHUS Gmax, U3MEHEHHS MECTHOI'O
HanpspkeHus: Ac, MecTHas aedopMmarst Ae UCHONB3YIOTCS M ONPEAETICHHUsS COOTBETCTBYIOLIETO
YCTaJOCTHOTO cpoka ciaykObl N, apmarypHoro crepxkHsa. CpelHee HaNpsKCHHE YUUTHIBACTCA C

MOMOIIIBIO ypaBHeHHUs [24]:
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o e (o)
> 2 E

b+c

(2N, )" +or; (2N, ) (8)

rae o), €;, b u C— KOIDOUIUECHTHI yCTAaJIOCTH, paHee ONpeAeICHHbIC Ui ypaBHeHHs (2), U

OTIPEICNAIOTCS 10 Pe3yIbTaTaM UCIIBITAHUN Ha ycTanocTh. JIeBas yacTh ypaBHeHus (8) ompenenser-
Cs HA OCHOBE 3HAYCHHM MAKCHMAJIBLHOTO MECTHOTO HAMPSIKCHHSI Gmax 1 U3MEHEHHS JIOKAJILHOM Jie-
dbopmaruu Ag. 3aTeM yCTaJOCTHAs JOJTOBEYHOCTh B MPABOM YaCTH IMOBTOPSIETCS 10 T€X IOp, MOKa
00e CTOPOHBI ypaBHEHUsI HE OYyT PaBHBIL.

Takum 00pa3om, OIX0/1, OCHOBAHHBIA HA PACTSKEHUH, UCTIOIB3YEMbIN JIsl yueTa KOHIICHTpa-
[IUU HANPSDKEHUH, BBI3BAHHOM BBIEMKOW Ha apMaTypHBIX CTEP)KHSX, COCTOMT U3 CIEAYIOIIUX 3Ta-
IOB:

1) onpenenuTh HOMHUHAILHOE HAIMPSDKEHUE, MPUIIOKEHHOE K PACTIHYTOM CTalIM C MCIOJIh30Ba-
HHEM OOBIYHOIO U3TMOHOI0 aHaJIN3a;

2) ompeaeNnuTh MUKINYECKYI0 KPUBYIO «HANIPSDKEHUS — AeopManm» U yCcTaJoCTHBIE CBOHCTBA
cTaly;

3) mpoBectu ananu3 Heiibepa ¢ KCMONB30BaHHMEM HOMUHAIBHOTO HANPSDKEHUS B CTAmU AJS
onpeneneHus aehopmarii KOpHEH BRIEMKU U CPEIHUX HAIIPSKEHUH;

4) paccuuTaTh YCTAJTOCTHYIO JIOJTOBEYHOCTD JIJISl 3aJIaHHBIX YCJIOBUM, UCIIOJIb3Ys 3aBUCUMOCTh
«aedopmanus — Cpok ciyk0b» 1o dpopmyie (8).

3AK/IIOYEHUE

MOHO cienaTh CIeAYIONINE BEIBOABI OTHOCUTEIHHO YCTAIOCTHBIX XapaKTEPUCTUK OAJIOK:

* niocse 7%-Hoi (pakTUUECKOil moTepu Macchl HAOMIOAAETCS CHUKEHUE YCTAJIOCTHBIX XapaKTe-
puctuk Oanku. [I0CKOIBKY 3TO YMEHBIIIEHHE COBIAAAET ¢ HAOIOICHHEM IMUTTHHTA, TIPEAIoIaraeT-
Csl, YTO OHO B OCHOBHOM H3-32 TOUEYHOH KOPPO3UH;

* HaOmrogaeTcst 60MIbIION Pa3dpOC 3aBUCUMOCTH TITyOUMHBI BBIEMKH OT TEOPETUUYECKON U (paKTH-
YeCKOH MoTepu Macchl. 'eoMeTpus BBIEMKHM B OCHOBHOM BIIMSIET HA YCTAIOCTHYIO IIPOYHOCTH OaNKH;
COOTBETCTBEHHO, 0XHJIAETCs, YTO YCTAJIOCTHASI MPOYHOCTh OYyJET CBsA3aHAa C KOA(P(PUIUEHTOM BbI-
HOCJIMBOCTH BBIEMKH;

* K03 pHUIIMEHT yCTAIOCTHOM MPOYHOCTH CTATFHOW apMaTyphl B OallkaX yBEIMYMBACTCS C yBe-
JMYEHUEM TTTyOUHBI BBIEMKH,

* KOHTPOJHPYIOMUM K03()(PHUIIMEHTOM YCTaIOCTHOW MPOYHOCTH OAJOK SIBJISETCS yCTAIOCTHAS
MPOYHOCTh CTAJILHOTO CTEPIKHS,

* YCTaJOCTHAs Harpy3Ka BhI3Baja MUKIMUYECKYIO MOJ3YyYeCTh U pa3MsrdeHrue OeToHa MpH CxKa-
TUU U LHUKIMYECKYIO MOJI3Y4YeCTh U pa3MsAryeHue CTalld IpU PacTSHKEHUH, YTO IPUBOJUT K yBeIHye-
HUIO poruda Oanok.
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Keywords: dynamic load, girderless plate, Abstract. The article formulates proposals for improving the calculation method-
fracture pattern, punching ology for punching. The methods in the current regulatory documents for assessing
Article histor the tensile strength are based mainly on empirical dependencies obtained on the
y . - g . .

Received: 24.04.2024 basis of numerous experlmeptal studies. It should_ be noted that th_ey give reliable
Revised: 30.04.2024 results if certain design requirements are met (typical column sections). Along the
Accepted: 3.05.2024 interface line of the plate with a rectangular (square) column, supporting bending

moments act in two orthogonal directions. The magnitude of these moments for the
For citation most common spans is large and, in an elastic setting, exceeds the span by two
Trekin N.N., Krylov V.V., Andryan K.R. times. Taking into account the redistribution of forces and the most likely for-
Improvement of the Method of Calculating mation of cracks in the stretched zone, it can be argued that in the operational
Plates for Punching. Reinforced concrete stage, the support sections of the plates have compressed and stretched zones. With
structures. 2024; 2(6):35-42. such a stress-strain state, in the calculation scheme, when evaluating the tensile

strength, the stretched part of the side surface of the “reduced” pyramid, bounded
by the neutral axis along all faces, should be excluded. As a result, expressions are
presented to determine the parameters of the reduced punching pyramid and the
value of forces in concrete and reinforcement at the maximum bearing capacity
stage.

BBEJIEHUE

Metoauku B I€HCTBYIOIIMX HOPMATUBHBIX IOKYMEHTaX IO OLIEHKE MPOYHOCTH Ha IIPOAABIUBA-
HUE OCHOBBIBAIOTCS B OCHOBHOM Ha 3MIIMPUYECKHUX 3aBUCUMOCTSX, [IOJIyYEHHBIX HA OCHOBE MHOIO-
YHCJCHHBIX YKCICPUMEHTAIBHBIX HccineaoBanuii [1-12]. Caemyer OTMETUTD, YTO OHHU Jaf0T HaICK-
HBbIE pe3yJbTaThl NPU COOJIOJEHUH OINPEAEICHHBIX KOHCTPYKTUBHBIX TpeOOBaHUI (TUIIOBBIE ceue-
HUS KOJIOHH).

B pa6otax [13-20] npeacraBieHbl OCHOBHbIE pe3yJIbTaThl KOMILIEKCA HKCIIEPUMEHTAIbHBIX HC-
clieloBaHuil (PparMeHTOB CONPSKEHUS MOHOJIMTHBIX JKEJIe300€TOHHBIX ITUT ¢ KOJIOHHAMH Ha Ipo-
JIaBJIMBaHUE MPU CTATUYECKOM U JUHAMHYECKOM Harpy>KeHUsAX. B pe3yisibraTe nosryueHbl BEINYMHBI
pa3pylIalonX Harpy3ok, AedopManuu OeToHa U apMaTypbl, CXeMbl pa3pyLIeHHs AJs Pa3iIMuHbIX
PEKMMOB Harpy KeHUsl.

OKCNEepUMEHTAIbHO-TEOPETUYECKUMHU HCCIIEI0BAaHUSIMHU, BBINIOJHEHHBIMU B JaHHOW pabore,
YCTaHOBJIEHO, YTO YIOJ HakKJIOHa NHUpaMHUAbl MPOJABIMBAHUSA IPU LEHTPAIbHOM NPHUIIOKEHUU
Harpy3Ky 3aBUCUT OT BHJA BO3JEHUCTBHS: IIPU JUHAMUYECKOM HarpyxeHuu coctaBui 50-52°, npu
CTaTU4YeCcKOM HarpyxeHun — 39—45°. Cxema pa3pyueHust Mpu BBICOKOCKOPOCTHOM Harpy>KeHUH 110
XapakTepy aHaJOrMYHa Pa3pyILICHUIO NPU CTATUYECKOM HarpyKeHHH.

CHuxeHue Hecyle criocOOHOCTH MEPEKPHITUS Ha MPOJaBIMBAaHUE MIPU BPEMEHHU HArpy KEHHS
OT HYJIA 10 pa3pyuieHus 3,22 Mc, 110 CPaBHEHHIO CO CTATUYECKUM IPWIOKEHUEM HATPY3KH, B CPEJI-
HeM coctaBuiio 15 %.

[Tpu paspyuieHuu o cxeme IpoAaBIUBAaHUS HANPSKEHHS] B HUKHEHW pacTSHYTON apMartype u
C)KaToM OeTOHE IUIUTHI MEPEKPBITUS B IPAHUIIAX, OYEPUECHHBIX TPAHbIO MUPAMMJIbI, HE JOCTUTalOT
npenenbHbIX. [Ipu BEIOpaHHOM MPOLIEHTE apMUPOBAHUS HAIPSHKEHUS PacTsDKEHUS B apMaType J0-
CTHTaJIU: NIpU JUHaMu4deckoM Harpyxenun — 0,7Rs; mpu cratnueckom Harpyxeraun — 0,9Rs, mak-
CUMaJIbHbIE HANpPSDKEHUS CKaTHs B OETOHE MPHU CTaTUUYECKOM U JIMHAMUYECKOM HarpyXeHHUsX co-
craBuiu 0,65Rb.
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METOAbBI
I[J'IFI OIIMCaHUuA HaHpSDKCHHO'I[e(l)OpMI/IpOBaHHOFO COCTOsIHUA COIPSKCHUA KOJIOHHBI C MOHO-
JIMTHBIM MTEPEKPHITHEM OBUTH TPHUHSTHI CICTYFONIHE TPEAMOCHITKH:
® paspylLICHUE COIPSDIKEHUS IIPOUCXOAUT OT MPOJABIMBAHUSA 110 IIOBEPXHOCTU YCEUYEHHON
MmUupamMuabl;
® 110 IpaHsM MUPAMHbI POJABIUBAHUS JICUCTBYIOT MEPEPE3bIBAIONINE CUJIBI M M3rHOa-
HOMKUC MOMCHTBI, BOCIIPUHHUMACMBIC CIKAThIM 6CTOHOM B ycequHOf/’I 4YaCTH MUupaMuibl 1
PACTSHYTO# apMaTypOii IEPEKPHITUS B Ipeieax KOHTypa OCHOBAHHUS MUPAMHUIBL;
® [IPOYHOCTH MPOJABIMBAHUI B MPEICIbHONW CTaJUU OOECIICUYMBACTCS COMPOTHUBICHUEM
cpe3y OeToHa CHKaTOM YacTH MUPAMUIBL;
® CONPOTHUBIICHHE CPE3y BO3PACTALT C YUETOM OOKOBOI'O 00KATHSI.
CyMMa MpoeKIHMid BCeX CHJI Ha BEPTUKAIBHYIO OCh MJIH HECYIasi CIOCOOHOCTh COMPSHKEHHS IPH
MpoaaBJIMBaHUU OIIPCACIIACTCA KaK:

N = bel + bez + Qbyl + Qby2’ (1)

rae Qp; — ycuiHe Mo BepTHKAIbHON OCH, BOCIIPHHHUMAaeMOe OETOHOM MO MOBEPXHOCTH MUPAMUJIbI
NPOIaBIUBAHUS JJIS I-1 TPaHKM MTUPAMUJIBI POIABINBAHUSL.
Ycuime, BOCIpUHAMaeMoe 0ETOHOM 110 TTOBEPXHOCTH ITUPAMHU/IBI IPOIABIUBAHUS ITPH CHMMET-
PUYHOM Y3JIOBOM COTIPSDKEHUU, ONpeiessieTcs 1Mo Gpopmyre:
Qui =Ko Ky A SIN 9, (2)
IJie 05, — MaKCHMaJIbHBIC KacaTeIbHbIC HAIIPSDKCHUS 110 TIOBEPXHOCTH MTUPAMHU/IBI ITPOJIABITUBAHUS,
onpeaensoTes no gopmyie (4);
k; — k03P PUIMEHT NMOJHOTHI SMIOPBI PACIPEACICHUS KacaTeIbHBIX HANPsHKCHHH (TpU pac-
npeelieHH HanpspkeHui o napadoie K1 = 0,66);
k, — ko3 uIHeHT, YIUTHIBAIONTNI MMOBBIMICHUE MPOYHOCTH HA Cpe3 MPH HATHMYHUU OOKOBOTO
00KaTHs;
Aypqi  — Tutomaab GOKOBO#M MOBEPXHOCTH - TpaHU MPHUBEICHHON MHpPaMHIbLI MPOIABINBa-
HUS,
(p — YTroJI HAaKJIOHA TPaHu MUPAMUIBI K IIIOCKOCTH MEPEKPBITH.
[Ipu meHTpaIbHOM HATrPYKEHUH YCUIHE TTPOIABIMBAHMS OyIeT UMETh BHI:
N =4Q,. 3)
MakcuManbHbIe KacaTellbHbIC HaNpsDKEHUs OyIyT paBHBI CONMPOTUBICHHIO Cpe3y, KOTOpOe
MOJKHO OIPEICIUTh U3 H3BECTHOTO BBIPAKEHUS:

Rsh = Gsh = 0’ 75 RbRbt ! (4)

rne Ry u Ry — npu3MeHHast IPOYHOCTh OETOHA U MPOYHOCTH OETOHA MPH PACTKEHUH.

B cooTBeTcTBUM ¢ NPUHATHIMU IPEANOCBHIIKAMH OINPEIEIEHbl I'€OMETPUYECKUE IapaMeTphl
«TIpUBEIEHHON» MHpaMHIbl IPOJABIMBAaHUs, 00PA30BAHHON MO MOBEPXHOCTH MHPAMHJIBI TPOJIaB-
JIMBaHUsI B TPAHUIIAX BBICOTHI CXKATOW 30HBI (PHC.).
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PacuerHas cxema K OIpeesIeHIIO HECYIIel CIIOCOOHOCTH
y3J1a COIPSDKEHMST KOJIOHHBI C IIEPEKPBITHEM IIPU IPOJABIMBaHUHU
Calculation scheme for determining the bearing capacity
of the coupling node of a column with an overlap during punching

Pa3mep HMKHETr0 OCHOBaHHS I-i TpaHM NMPUBEICHHOW MUPAMUJIBI TIPOJABIUBAHUS ONPEICIISACT-
cs 1o hopmyie:
c, =b+2x cosa/sinea, (5)

rJIe X; — BBICOTA CXKATOU 30HBI I-i rpaHH;

Ot — YTOJI ITPOJAAaBIUBAHUS.

Bericora I-#f rpaHr OOKOBOI MOBEPXHOCTH MPHUBEICHHON MUPAMUJIbI IPOIABIMBAHUS ONPEICIIs-
eTcst o opmyiie:

Negi =X /sinar. (6)
HJ’IOH_Ia,Z[b FpaHI/I HI/IpaMI/II[LI HpO,Z[aBJ'II/IBaHI/ISIZ
b+c 1 coOSa | X X COSax | X
A redi = Ny =] 20+2% — ——=bt+— |, (7
o 2 T2 SIng /SIna Sinag )SIha

rie b — mupuHa KOJOHHBI.
[Tnomaas GOKOBOH MOBEPXHOCTH MPUBEACHHOM MUPAMH/IBI TIPOIABIMBAHUS:

A\J,red :ip\),red,i :[b+MJL+...+(b+ X, COSO!] X, ®)
i=1

sinag )sina sing Jsina’

VYcunue B 6eTOHE CKATOM 30HBI:
Nbi:Gb'l(b-i_xiC?ﬂjxi' ©)
' 2 Sina
Ycumue B cxxatoii apmarype i-il rpaHu:
Nyi =0, As (10)
rae Ay — momanh CKaToi apMaTyphl;
Ogc — HaIpsDKEHUE B CXKATOM apMarype, paBHOE:!
Owi=E -0 /(B -v)=a-oy; /v, (11)
rae E; — Moayib yrpyroctu apMaTyphbl;

E
Ol ECTh OTHOIIICHUE E—S
b
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VYcunue B pacTsHyTOM apMaType i-if rpaHu B Ipeaenax HIKHEH rpaHu MPU3Mbl OOPYILICHUS:
hO—xi
Ngi =0y A=———a"-g,;-A. (12)
Xl
3Hasi BBICOTY CXKaTOM 30HBI JUI KaKJOW I'paHU, M3THOArOIMH MOMEHT OTHOCHUTENIBHO IIEHTpPA
TSDKECTH PACTSHYTOM apMaTypbl TP U3BECTHOM IUICYE BHYTPEHHEH Maphl CUII i-i rpaHu:

Z,,=h,—x13;
1 coSa X ,
M ity = O, E(b +X mj X; (ho _Elj"' ao,;- A (13)
BI)Ipa>KeHI/Ie HaHpSDKGHI/Ii{ cCKaTtusi 6eTOHa 6yI[eT HUMCTb BU:
M i(Yi
0y =7 - - (14)
S hax S8 |y [h -5 +a' A(hy—a’)
2 "sing ) ' ° 3 0

[IpoBeneHHBIC SKCIEPUMEHTATIBHBIE UCCIEJOBAHHS IOKA3alIH, YTO B IIPEACIbHOMN CTaIHH:

® OTHOCHTENIbHAs BHICOTA CIKATOM 30HBI P CTATHYECKOM HAarpy>KEHUH COOTBETCTBYET & =
0,46, a mpu AMHAMUYECKOM HarpykeHnu — B cpeanem & = 0,36;

® yYpOBEHb HANpPsDKCHHUH B OETOHE CkaTou 30HBI cocTaBmi 0,62Rp mpu cratuueckoM u Ju-
HAMUYECKOM Harpy>KeHUsX;

® HaNpsHKCHUS B PACTSHYTOH apMaType NpU CTaTHYECKOM Harpy>KEHHH JOCTUTAIN YPOBHS
0,9Rs, nmpu TUHAMUYECKOM HArpy>KeHUH YpOBEHb HanpspkeHus coctaBmi 0,75 Rs;

e K03 ULMEHTHI yBEIMYCHHs NMPOYHOCTH OeToHa Ha cpe3 K2 moiydmiuch OJIU3KUMHU K
IKCTIEPUMEHTAILHBIM 3HAYCHUSIM.

PE3YJIBTATHI
[TpemnaraeMasi METOIMKA OIICHKH HECYIIEH CITOCOOHOCTH y3JIa COMPSIKECHUS MOHOJIUTHOTO ITe-
PEKPBITUS C KOJIOHHOM TIPH pa3pyIIeHUH MO CXeMe MPOJIaBIMBaHUs Obljla UCTIOIb30BaHAa JJIs pacye-
Ta 00pasmoB Apyrux aBTopoB [1, 21, 22]. Pe3ynbTaThl COMOCTABICHUS TCOPHH C ONBITHBIMHU JTaHHBI-
MU TIPECTABJICHBI B TA0IHIIE.

Pe3yJ'H)TaTI>I pacyeTa SKCICPUMCHTAJIbHBIX o6pa3u013 H3BECTHBIX aBTOPOB I10 npenﬂaraeMoﬁ MCTOAUKE

Rb’ Nexz)’ Ntheor

ABTO Ay, cM?| A, cm? K K N , kH , %

p MIla b s <H 2 exp 2theor theor Nexp
ITexun JI.A. 22 2460 11,3 1180 1,84 1,95 1253,1 6,2
Knopannu C.®. | 21,6 | 1167,3 | 9,04 776 2,19 2,34 830,75 7,1
bonros A.H. 33 380,3 3,14 254 1,71 1,86 276 8,7
The results of the calculation of experimental samples by well-known authors according to the proposed method
Nexp, N

Author | R, MPa | Ay, em?| Ag, em?| 7' | Kyexp | Kotheor [Neneors KN| ===, %
KN Nexp
Pekin D.A. 22 2,460 11,3 1,180 1.84 1.95 1,253.1 6.2
Klovanich S.F.| 21.6 1,167.3| 9.04 776 2.19 2.34 830.75 7.1
Bolgov A.N. 33 380.3 3.14 254 1.71 1.86 276 8.7

Kaxk BHUJIHO M3 Ta6J'II/IIII)I, pa3pa60TaHHHe PEKOMCHAAIMH MO COBCPIICHCTBOBAHUIO MCTOIHUKHU
pacucTa Ha NpOJAaBJIIMBAHUEC, YUUTBIBAOIINUEC IIPOJOJIbHYIO apMaTypy IUIUT MEPCKPBITUA U OCHOBAH-

TEOPUA BETOHA N KENE3OBETOHA 39



Trekin N.N., Krylov V.V., Andryan K.R. Reinforced Concrete Structures. 2024; 2(6):35-42

HBIC Ha YCJIOBUH PABHOBCCHA BHYTPCHHHUX W BHCHIHUX YCHHHﬁ, Aat0T YAOBJICTBOPUTCIIbHYIO CXOOU-
MOCTDb 3KCTICPUMCHTAJIbHBIX 1 TCOPCTUICCKUX JaHHBIX.

BbIBO/IbI

1. TlpoBeneHHBIN aHATU3 OTEYECTBEHHBIX U 3apyOECKHBIX pabOT MO HCCIEIOBAHUIO HECYIICH
CHOCOOHOCTH MOHOJIMTHBIX JK€JI€300€TOHHBIX IJIMT MEPEKPHITUH Ha MPOJaBIMBAaHUE NPHU CTaTHUe-
CKOM HArpy»X€HUHM II0Ka3aJl HEJOCTaTKHM B HCCIEJOBAaHHOCTH OOBEMHOIO HAampsKEHHO-
1e(OPMHUPOBAHHOTO COCTOSIHUSL CEYCHUH MPHU NMPOJABIMBAHUM M OTCYTCTBHE €IMHOTO MOJXO0Ja K
OTPEICNIEHUIO0 IPOYHOCTH, YUUTHIBAIOUIETO KOHCTPYKTUBHbIE OCOOEHHOCTH MOHOJMTHBIX JKele30-
OETOHHBIX IUIUT MEPEKPHITHHA U BECh KOMIUIEKC BHYTPEHHUX YCWJINH, OKa3bIBAIOIIUX CONPOTHBIIE-
HUE LIEHTpaJIbHOM Harpy3ke. HenocTtaTouHO M3yuyeHHBIM OCTAeTCsl BOIIPOC CONPOTUBIIEHUS MPOJAB-
JIMBAHUIO MOHOJIUTHBIX KeJ1€300€TOHHBIX IUIUT NEPEKPBITHH ITPU AMHAMUYECKOM Harpy >KeHHH.

2. [IpoBesieH KOMIUIEKC 3KCIIEPUMEHTAIBHBIX HCCIeIOBAaHUN (PParMeHTOB COMPSKEHUS MOHO-
JUTHBIX ’KEJI€300€TOHHBIX IJIMT ¢ KOJOHHAMU HAa IPOJABIMBAHMUE IIPU CTATMUECKOM U JUHAMU4Ye-
CKOM HarpykeHusx. B pesynpTare MOJIy4eHbl BEITMUMHBI Pa3pyILIAIOIIMX HArpy3okK, jaedopMaruu
OeTOHa M apMaTyphbl, CXEMbl Pa3pyLICHU 1JIs PA3IMUHBIX PEKUMOB HAarpy KEHHUSL.

3. DKcIepUMEHTAITBbHO-TEOPETHUECKUMH HCCIIEIOBAHUSAMH, BBHIIIOJHEHHBIMU B JJAHHOM paborTe,
YCTaHOBJICHO, 4YTO YrojJ HAaKJIOHa NHpaMUAbl NPOJABIMBAHUSA IIPU LEHTPAJIbHOM IPWIOKECHUN
Harpy3ky 3aBUCHUT OT BUJA BO3JCWUCTBUA: NPU AMHAMUYECKOM HarpyxkeHuu coctaBui 50-52°, npu
CTaTU4YeCKOM HarpyxeHun — 39—45°. Cxema pa3pyeHust Ipu BBICOKOCKOPOCTHOM HArpy>K€HUH 110
XapakTepy aHaJIOIMYHa pa3pylICHUIO [IPH CTATUYECKOM HarpyKeHHU.

4. CHmxeHue Hecyleil crnocoOHOCTH MEPEKPhITHUS Ha MPOAABIMBAaHUE IIPU BPEMEHH Harpyke-
HUS OT HyJIA A0 paspyluieHus 3,22 Mc, IO CPABHEHUIO CO CTATUYECKUM IPUIIOKEHUEM HArpy3KH, B
cpenareM coctaBmiio 15 %;

5. Ilpum paspylieHuu mo cxeme NpOJABIMBAHUSA HANPSLDKEHUS B HUYKHEH PACTSIHYTOM apMarype
U C)KaToOM O€TOHE IUIMTHI MEPEKPHITUS B TPAHULIAX, OUEPUEHHBIX TPAHBIO MUPAMU/IbI, HE JOCTUTAlOT
npenenbHbIX. [Ipyn BEIOpaHHOM IPOLIEHTE apMUPOBAHMS HAIIPSKEHMS PACTSDKEHUS B apMaType J0-
CTUTaJIN: IIPU JUHaMu4eckoM Harpyxenun — 0,7Rs; nmpu cratnueckom Harpyxenun — 0,9Rs, mak-
CUMaJIbHbIE HANPSDKEHUS CKaTHsl B OETOHE NMPU CTaTUUYECKOM U JIMHAMUYECKOM HArpyXeHHUsX co-
crasunu 0,65Re.

6. PazpaboTaHbl peKOMEHJAIMU 10 COBEPUIEHCTBOBAHMIO METOJMKHM pacdeTa IUIMT IpPH LEH-
TPaJbHOM MPOJABIMBAHUU CTAaTUYECKOM M JUHAMUYECKOH Harpys3koil, OCHOBaHHbIE Ha (aKkThye-
CKOHM cXeMe pa3pylIeHUs MPU HAJUYUU JBOMHOIO MPOAOIBHOIO apMHPOBAHMS B IUIUTaX MEPEKpPHI-
TS, YCIOBUSX PAaBHOBECHSI BHYTPEHHMX M BHEUIHMX YCWJIMH C YYETOM YBEIMYEHUS MPOYHOCTHBIX
CBOICTB O€TOHA IPU CIIOKHOM HANps’KEHHOM COCTOSIHUM. Pe3ynbTaThl pacueTa, ¢ y4eTOM Mpeyio-
KCHHBIX PEKOMEHAALMH, MTOKa3aJd XOPOLIYI0 CXOIUMOCTb C pe3yJIbTaTaMU IKCIEPUMEHTAIbHBIX
JTAHHBIX MCTIBITAHHBIX 00pPa31I0B U 3KCIEPUMEHTAIBHBIX JaHHBIX IPYTHMX aBTOPOB.
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Abstract. The specific properties of deformation and failure of a reinforced
concrete frame are investigated under sequential realization of arch and cate-
nary action of beams after removal of the middle row column. Numerical
modeling with the use of solid- and beam-type finite element models is per-
formed for the purposes of the study. It was found that at the failure of the
column of the second row the beam of the frame above the point of column
removal transform to catenary structure, as evidenced by the relative deflec-
tion 1/29.8 (179 mm). The compressed concrete at the outer face of the corner
column then collapsed, followed by the complete collapse of the frame. It is
shown that the results of calculation performed with the use of the frame mod-
el based on solid finite elements were visually close to the results of numerical
modeling with the use of bar finite element models before the onset of catena-
ry action of the beams. For more correct modeling of reinforced concrete
frame structures when catenary action of beams is realized in them. It is advis-
able to use specific modeling methods, such as accounting for additional rota-
tions of sections at crack formation.
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Hcrtopus ctaTbu VYCTaHOBIEHO, YTO MIPU OTKa3€ KOJIOHHBI BTOPOTO Psia PUTeb paMbl HAJ yla-
[Moctynuna B penakuuto: 30.05.2024 JIEHHOW M3 PacueTHON MOJETH KOJOHHBI MIEPEXOANI K BAHTOBOMY MEXaHU3MY
Jopaborana: 05.06.2024 COINPOTHBIICHHS, O YEM CBHJCTENBbCTBOBA] OTHOCHTENBbHBIH mporud 1/29,8
IMpunsra k myonaukamuu: 07.06.2024 (179 MM) KOHCTPYKUMU HaJ YAaJIEHHOW KOJOHHOH. 3aTeM CXKaTblii OCTOH y

BHEIIHUH TPaHW YTJIOBONH KOJOHHBI Pa3pyIIMIICA, MOCIE YEero MPOMCXOIHUT
Joist uuTHPOBAHMS nojHoe oOpyueHue pambl. Iloka3aHo, 4TO pe3ynbTaThl pacdyeTa, BbINOIHEH-
Konuynos B.1., Casun C.IO. Conporns- HBIC C MCHOJB30BAHHEM MOJICIH paMbl U3 OOBEMHBIX KOHEUHBIX 3JICMEHTOB,
JICHIE KeJIe300ETOHHBIX PaM IIPOrpeccH- OKa3aIUCh BU3YaJbHO OJIM3KH K pe3ylbTaTaM UUCICHHOTO MOJEIMPOBAHUS C
pytomemy 0OpyWIeHHIO TpH  GONbIIIX HCTIOJIb30BAaHUEM CTEPIKHEBBIX KOHEUHO-DJICMEHTHBIX MOJIENICH 10 HACTYILIE-
nporubax pureneii // XKenesoberonusie HUsI LenHoi paboThl pureneil. J{js 6osee KOPPEKTHOIO MOJEIUPOBaHUsS pado-
koHcTpyKimy. 2024. T. 6. Ne 2. C. 43-53. ThI JK€JIE300C€TOHHBIX PAMHBIX KOHCTPYKIMI MPH peaii3aliid B HUX LECMHON

paboThl pureneil neixecoodpa3HO HCIIOIb30BAThH CIIEUATIBLHBIE METOBI MOJIe-
JIMPOBAHUS, TAaKHe KaK y4eT OMOTHUTENBHBIX IOBOPOTOB CeYEeHH pu o0pa-
30BaHHMHU TPEIIUH.

INTRODUCTION

Since September 11, 2001, structural engineering has a new research direction aimed at prevent-
ing the disproportionate collapse of structures. In accident situations associated with the failure of a
load-bearing element of the structural system, the slabs (roof) above the zone of initial local failure
are the first to be involved in the redistribution of loads [1-3]. Therefore, it is important to analyze
the peculiarities of resistance, specified criteria for exceeding the special limit state of such struc-
tures, as well as the influence of the deformed state of floor structures on the resistance of vertical
load-bearing structures such as columns and pylons.

According to SP 385.1325800.2018 “Protection of buildings and structures against progressive
collapse. Design code. Basic statements”, the deflections of bending elements of the structural sys-
tem for a special limit state should not exceed 1/30 the span, excepting prestressed structures for
which the ultimate deflection should not exceed 1/50 of the span.

In the study [4], the maximum relative deflection for series 1 frame (without prestressing the
beams) after sudden removal of the center column was 1/16.4 span, while for series 2 frame (with
prestressing the beams) it was 1/54.7 span. For the first series frame, the failure of the columns at
the nodes adjacent to the beams was observed. For the frame with prestressed beams, the relative
deflection did not exceed 1/50 of the span. Despite the significant crack opening in the most stressed
section of this beam, the load-bearing capacity (from the position of the special limit state) was not
exhausted under the considered special impact.

Al Shaikh et al. [5] investigated the fracture resistance mechanisms. Negative values of the axial
force indicate the operation according to the beam scheme before the formation of cracks, and after
the formation of a network of cracks it indicates the operation according to the arch scheme. The
change in the sign of the axial force with increasing load shows the realization of a catenary (mem-
brane) resistance mechanism of the hanging system type. Thus, in the beam resistance to failure can
be distinguished into three phases: elastic work, arch mechanism and chain mechanism. The first
phase (i.e., the elastic phase) occurred during the uncracked concrete stage. Then, after cracks were
formed in the tensile zone concrete the arch mechanism was activated. The beginning of the catena-
ry stage can be demonstrated by determining the point at which the value of the axial force is zero,
i.e., when the compressive axial force drops to zero and begins to transform into tensile force as
shown in Fig. 1.

Bumanui Heanoeuu Konuynos, akanemux PAACH, mpodeccop, ZOKTOp TeXHHUSCKUX HayK, Ipodeccop Kadeapsl jkene300eTOHHBIX U KaMEHHBIX
KOHCTpYKIMH, HannonansHslii uccnenoBarenbckuii MOCKOBCKHI rocyiapcTBeHHBbI crpouTenbHblil yHuBepeurer (HUY MI'CY), 129337, r. Mocksa,
SIpocnasckoe mmoccee, 1. 26; eLIBRARY SPIN-kox: 4512-6499, ScopusID: 55534147800, ResearcerID: J-9152-2013, ORCID: 0000-0001-5290-3429,
E-mail: asiorel@mail.ru

Cepzeit FOpvesuu Cagun, KaHIUAAT TEXHUYECKHX HAYK, JOIIGHT, JOLEHT Kadenpsl jkele300eTOHHBIX M KaMEHHBIX KOHCTPYKIHH, HarpoHanbHbIH
HCCIIEN0BATENILCKUI MOCKOBCKHMI IrOCYIapCTBEHHBINH cTpouTenbHblid yHUBepcuteT (HUY MI'CY), 129337, r. MockBa, SIpocnaBckoe mocce, a. 26;
eLIBRARY SPIN-kox: 1301-4838, Scopus: 57052453700, ResearcherID: M-8375-2016, ORCID: 0000-0002-6697-3388, E-mail: suwin@yandex.ru

44 COMPUTER MODELLING IN CONSTRUCTION



KonuyHos B.U., Casun C.O. Xene3obemorHbie koHcmpykyuu. 2024. T. 6. Ne 2. C. 43-53

800
Tension
é 00 - - - \\
E -7 e\
[=] lb T T T T T ' T L) L) T T T
< ’ '
E 400 Compression
)
=
E -800
g il
£ 1200 | £ }f‘
ApoHEIH BaHTOBEIH
-1600 MeXaHH3M MeXaHH3M
NC-MID = = = MNC-MID-Slab RuC-MID RuC-MID-Slab
= 2000
50 100 150 200 250 300 350 400 450 500 550 00 650 700 750

Displacement (mm)

Fig. 1. Relationship between axial force and deflection of the beam [5]
Puc. 1. I'paduk 3aBUCHMOCTH MKy TIPOAOIBHOMN CHIIOH U MPOrnOOM mepeKpbIThs [5]

For the case of mid-column failure, the catenary mechanism starts when the relative deflection
reaches 1/24 (375 mm) in the model without a floor slab and 1/33 (270 mm) in the model with a
floor slab [5]. It is observed in [6] that due to the limitation of horizontal displacement by the sur-
rounding undamaged elements, the slabs continue to resist the propagation of failure due to the real-
ization of the arch scheme of structural resistance until certain vertical displacements are achieved,
as shown in Fig. 2.
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Fig. 2. Arch and catenary resistance mechanism [6]
Puc. 2. ApouHblii 1 BAHTOBBIH MEXaHU3M CONPOTHBICHHS [6]
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The influence of horizontal constraints is reduced when the beam or slab has a larger deflection
value compared to the cross-sectional depth. Since compressed arch structure is the primary re-
sistance mechanism, many experimental and analytical studies have been conducted to effectively
evaluate its role. Based on experimental tests [7], the compressed arch structure is the primary re-
sistance mechanism at low deformations and quantitatively increases the specimen resistance by
about 30-150 %. The increase in resistance of compressed arch structure is observed in elements
with large cross-sectional depth-to-span ratio and low percentage of reinforcement.

At large deflection, the compressive axial force in the beam or slab turns into a tensile force,
which indicates the beginning of the next stage, the catenary mechanism [6]. The catenary mecha-
nism is mainly determined by the magnitude of tensile forces in the longitudinal reinforcement un-
der the action of vertical load. As shown in Fig. 2, the tensile force in a beam or slab has a vertical
component due to the large deflection of the beam or slab. This vertical component helps to resist
the increasing loads on the structure after column removal. The catenary mechanism is activated at
large displacements because the magnitude of the vertical force is directly related to the angle of ro-
tation of the beam. Based on the allowable relative deflections found in the experiments and estab-
lished in the standards, the ratio between the vertical force component and the horizontal force com-
ponent in beams and slabs operating on the catenary scheme is proportional to the relative deflec-
tion.

The slabs provide additional resistance for arch or catenary actions. Gouverneur et al. [8] inves-
tigated the load and deformation response of the one-way slabs in which catenary action is observed.
The effect of reinforced concrete slabs can be studied from two perspectives. On the one hand, the
slabs act as compressed/stretched membranes. On the other hand, the presence of slabs changes the
bearing capacity of beams because their flexural and torsional stiffness would be enhanced. This is
known as the flange effect, where the effective width of the flange is determined by the span of the
beam and the relative thickness of the slab. Relevant studies generally assume that slabs have a posi-
tive effect on the ultimate load carrying capacity of structures. However, the degree of influence ob-
tained in different tests varies widely due to the simultaneous influence of parameters such as beam
section depth, beam span, location of the column to be removed, slab thickness, and the seismic de-
sign. In addition, slabs have also been found to affect the performance of reinforced concrete frame
structures such as load resistance mechanisms [9-11], failure modes [12, 13] and load redistribution
[14].

Pham et al. [15] studied the model of a two-span reinforced concrete frame for the sudden re-
moval of the middle row column with beams passing to resistance by the type of a catenary system.
According to the test results, the rupture of the upper reinforcement in the support sections of the
outermost columns and the lower reinforcement in the support sections of the middle column were
observed. The failure of the concrete of the compressed zone in the outermost column at the height
of the beam-column joint was also observed. This failure was caused by the change in the effective
design length of the column and additional lateral action on the column from the beam after its tran-
sition to the catenary action.

Thus, this study is aimed at investigating the features of deformation and failure of a reinforced
concrete frame in the case of sequential realization of arch and catenary mechanism of beam re-
sistance after removal of the middle row column.

METHOD
To identify the features of deformation and fracture, numerical modeling of a reinforced con-
crete frame was performed. The design parameters of this frame were adopted according to the study
of Weijian Yi et al. [16]. The general view of the frame is shown in Fig. 3. Weijian Yi et al. evaluat-
ed the robustness of the frame against progressive collapse at the scenario of a middle column re-
moval. In order to evaluate the possibility of realizing the mechanism of exhaustion of bearing ca-

46 COMPUTER MODELLING IN CONSTRUCTION



KonuyHos B.U., Casun C.O. Xene3obemorHbie koHcmpykyuu. 2024. T. 6. Ne 2. C. 43-53

pacity due to stability failure, the removal of the second-row column was considered in this study, as
shown in Fig. 3.

Columns and beams are made of concrete class B35. Column and beam reinforcement is made
of 4 @12 bars of class HRB400 according to Chinese standard (equivalent to A400). The columns
have a cross-section of 200 x 200 mm and the beams have a cross-section of 100 x 200 mm. The
load P1 has a value of 500 kN and P2 = 100 kN.
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Fig. 3. Dimensions and reinforcement scheme of reinforced concrete frame sections (cm)
Puc. 3. Pa3zmeps! u cxeMa apMHPOBaHHUS CEUCHUN JKeTIe300€TOHHOM paMbl (CM)

Based on diagram in Fig. 3, a finite element model was developed. In this model, the concrete is
modeled by 8-node solid finite elements and the longitudinal and transverse reinforcement is mod-
eled by beam-type elements. Perfect bonding of reinforcement with concrete at all stages of defor-
mation was assumed. Material properties were modeled using idealized deformation diagrams. The
calculation was performed in two stages. Stage one involves calculation of the frame according to
the primary design scheme (before the accidental action) for concentrated loads P1 =500 kN applied
to the heads of the columns of the upper floor of the frame. Stage 2 involves removal of the column
of the second row (see Fig. 3). The general view of the finite element model is presented in Fig. 4.

Fig. 4. General view of the finite element model of reinforced concrete frame in LIRA-CAD software
Puc. 4. O0mwuit BuJ KOHEYHO-3JIEMEHTHOU MoJieny kene3ooerornHoro pama B [1K JIMPA-CATIIP
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RESULTS AND ANALYSIS

Fig. 5 shows the deformed state of the reinforced concrete frame model at the calculation itera-
tion preceding the collapse of the structure. The deflection of the beam over the column removal
point was 179 mm, which is close to the depth of its cross-section, which is equal to 200 mm. This
indicates that the beam is in a transient state during the change from arch action to catenary action.
Fig. 6 shows the patterns of the collapsed finite elements of the model.
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Fig. 5. Deformed state of the reinforced concrete frame at the calculation iteration preceding the structural collapse
Puc. 5. JlepopmupoBaHHOE COCTOSIHUE KETE300€TOHHOM paMbl Ha UTEpAIMU pacyeTa,
MPEIIECTBYIOICH OOPYIIEHHIO KOHCTPYKIIUU

Fig. 6. Fracture patterns of reinforced concrete frame model
Puc. 6. O0muii BUj pa3pylieHU B MOJICIHU JKeJI€300C€TOHHOM paMbl

At the failure of the second-row column (assumed as initial local failure), the beam of the frame
above the point of column removed transitioned to a catenary resistance mechanism, as indicated by
the relative deflection of 1/29.8 (179 mm) of the structure. According to Weijian Yi et al. [16], when
the relative deflection reaches a value of 1/38.1, the cable-stayed mechanism begins. According to
the study of [17], this mechanism is activated when the relative deflection reaches 1/33.4. Or accord-
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ing to the experiment in [5] this value should be 1/25. Thus, in this study, the transition to catenary
action is conservatively estimated on the basis of the results of previous studies as 1/30.

A plastic hinge was formed at a joint 1 (see Fig. 6). The tensile stress in the bottom reinforce-
ment of the beam continued to increase as the concrete in the tensile layer fractured. When the ten-
sile stress reaches its maximum value and the bottom reinforcement is completely destroyed, it leads
to the failure of the beam in the support sections above the removed column.

In joint 2 (see Fig. 6), when a plastic hinge is formed, the beam transmits to the columns an axi-
al force, which can be absorbed in the outermost column only due to its own flexural stiffness. As a
result, the concrete of the compressed zone was crushed at the beam-column joint. The upper rein-
forcing bars of the beam also fractured as a result of reaching their yield strength.

At joint 3 of the frames (see Fig. 6), failure of the top reinforcement was also observed. Howev-
er, the column cross-section was not destroyed because the horizontal displacement of the column
was limited by the beam in the third span.

The results obtained are in agreement with the collapse observed in the studies of Pham et al.
[15], presented in Fig. 7.

o | X
Bottom rebars = §*
fractured

Top rebars
fractured

Concrete
crushing

Fig. 7. General view of the failure of reinforced concrete frame elements in the study by Pham et al. [15]
Puc. 7. O6umii Bux paspyIiieHns SIIEMEHTOB JKeIe300e TOHHOM paMbl B uccienoBanni Pham u jp. [15]

Numerical modeling of the deformation of the reinforced concrete frame was also performed in
accordance with the approach proposed in [18] using a structural finite element model, including
special finite elements (FE No. 295 in accordance with Lira-CAD) for modeling rotations in cross-
sections with cracks. The deformed state of the frame is presented in Fig. 8. Fig. 9 shows the general
view of failures in the structural finite element model based on the results of numerical modeling.

Simulation results for solid and beam-type finite element models showed that after the removal
of the middle row column, plastic hinges were formed in the beams above the column removal
point. Then plastic hinges (and further physical hinges) were formed in the beam-column interfaces.
As a result, the beams on either side of the point above the removed column are transformed into a
catenary mechanism.
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Fig. 8. Deformed state of the structural finite element model of the reinforced concrete frame
Puc. 8. [lepopMupoBaHHOE COCTOSTHHE CTEPKHEBOM MOJICITH JKEI€300€TOHHOM PaMBbI

Fig. 9. Fracture pattern of the bar finite element model of the frame
Puc. 9. Kaptruna pa3pyImieHus: cTep>KHEBOH MOAEIH PaMbl

In contrast to the results of the beam-type model, the solid model shows that at the beam-
column joints, only the lower tensile zone of the beam collapses at the point where the column is
removed. At the connection point of the beam and the neighboring column, the failure occurred only
in the upper layer. Further destruction occurs similarly in the upper floors, spreading from bottom to
top. Then the compressed concrete at the outer face of the corner column crushed, as shown in Fig.
6, 9, followed by the complete collapse of the frame.

Fig. 10 plots the deflection of the columns at the joint 1 under the applied load P2. These results
are obtained using solid and beam-type finite element models, including those with special elements
modeling additional rotations at crack opening.
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Fig. 10. Load — lateral displacement diagrams of the upper section of the first-floor corner column under accidental
design situation
Puc. 10. I'paduxy 3aBUCHMOCTH «Harpy3Ka — IornepeyHoe CMEIleHHe» BEPXHEro CEYSHHUS! YTIIOBOM KOJIOHHBI IIEPBOTO
9Ta)ka [IPYU aBAPUMHON PACUETHON CUTYyalluu

Fig. 10 demonstrates that the results of calculation performed using the frame model made of
solid finite elements are visually close to the results of numerical modeling using bar finite element
models before the onset of catenary action of beams. For more correct simulation of reinforced con-
crete frame structures in case of catenary action of beams, it is recommended to use special model-
ing methods, such as accounting for additional rotations of cross-sections during cracking [18].

CONCLUSIONS

The article examines the peculiarities of deformation and failure of reinforced concrete frame
at sequential realization of arch and catenary mechanism of beams resistance after removal of the
column of the middle row. Based on the conducted research the following conclusions have been
drawn:

1. It was found that at the failure of the column of the second row the beam of the frame above
the point of column removal transform to catenary structure, as evidenced by the relative deflection
1/29.8 (179 mm). The compressed concrete at the outer face of the corner column then collapsed,
followed by the complete collapse of the frame.

2. It is shown that the results of calculation performed with the use of the frame model based
on solid finite elements were visually close to the results of numerical modeling with the use of bar
finite element models before the onset of catenary action of the beams. For more correct modeling
of rein-forced concrete frame structures when catenary action of beams is realized in them. It is ad-
visable to use specific modeling methods, such as accounting for additional rotations of sections at
crack formation.
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AHHoTauus. [IpeanoxeHa MeTonuKa pacueTa >Kele300€TOHHBIX KapKacoB
3aHUK Ha 0COOYIO PacueTHYIO CHUTYAlHIO, BHI3BAaHHYIO Ha4aJbHBIMU JIOKAJIb-
HBIMH Pa3pyIICHUSIMH, C YIeTOM HapyLIeHUs CIUIOIIHOCTH OTOHHOW MaTpH-
Ibl IOpU TPElIMHOOOpa30BaHUM. BhlonaHeHa BepuduKanus MpeaIoKeHHON
METOAMKH ITyTEM CONOCTABICHMA C PE3yJIbTaTaMU AKCIIEPUMEHTAIbHbIX JaH-
HbIX 11 IT-006pa3Hoii sxene300eTOHHOM paMbl ¢ 3aTsbkkoi. M3rubatomue mMo-
MEHTHI B paMe, OIpe/IeIeHHbIE ¢ UCIIOJIb30BaHUEM IIPEI0KEHHON METOJUKH
pacdera, NPAKTUUECKU IIOJHOCTHIO COBIAIU CO 3HAYEHUSMH, HOIYyYCHHBIMU
9KCIIEPUMEHTANBbHO. B pe3ynbrate TpemmHOoOOpa3oBaHUs MPOHM3OLUIO Iepe-
pacnpesiesieHde M3rHOalomUX MOMEHTOB B PUIENIE PaMbl: YMEHBIICHUE MO-
MEHTOB B KOHCTPYKTHBHBIX y3/1ax Ha 148 % u yBennuenue B nposuere Ha 37,5
% IO CPaBHEHUIO C Pe3yJbTaTaMU, NOJIYyYEHHBIMU C IIOMOILBIO TPAJUIIHOHHO-
ro MoJAX0/a METOo/la KOHEYHbIX 3/1eMeHTOB. Ha ocHOBe pe3ynbTaToB pacueTa
KEIe300€TOHHOM 3-3TaXXHOW paMbl MO NPEUIOKEHHONH METOMUKE BBISIBICHO
YBEJIMYEHHUE MPOJIOIbHBIX PACTATUBAIOIIUX YCUIUN B OTIOPHBIX CEYEHUS pUre-
Il HaJl 30HOM JIOKAJIbHOTO pa3pylleHHs IMPU OTKa3e KOJIOHHBI CPEHETO psla
10 CPABHEHHIO C TPAAUIIMOHHBIM IOIX0A0M K MOAEIMPOBAaHUIO. BrIsBIeHHbII
3G GEeKT MOXKET MPHUBECTH K YCHJICHUIO BIUSHHUS MPOJOIBHOTO HM3TrHbOa Jyis
KOJIOHHBI KpaiHero psijia, K KOTOPOH NPHMBIKAET PUTEb.
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Abstract. The methodology of calculation of reinforced concrete frames of
buildings for a special design situation caused by initial local failures, taking
into account the violation of the continuity of the concrete matrix during crack
formation, is proposed. The verification of the proposed methodology is car-
ried out by comparing it with the results of experimental data for a U-shaped
reinforced concrete frame with prestressing. The bending moments in the
frame, determined by the proposed calculation method, are in practically com-

plete agreement with the values found experimentally. As a result of cracking,
there was a redistribution of bending moments in the beam of the frame: the
moments in the structural nodes decreased by 148 % and increased in the span
by 37.5 % compared to the results obtained using the traditional finite element
method approach. On the basis of the results of the calculation of the rein-
forced concrete 3-storey frame by the proposed method, the increase of longi-
tudinal tensile forces in the beam support sections above the zone of local
failure at failure of the middle row column is revealed in comparison with the
traditional approach to modeling. The revealed effect may lead to an increase
in the influence of longitudinal bending for the outermost row column to
which the beam is adjacent.
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BBEJIEHUE

NHxeHepsl U3BIEKAIOT OOJBIIE YPOKOB U3 CBOMX HEyJay, 4YeM U3 ycrexoB. Heymaum urpaer
KJIFOUEBYIO POJIb B JBOJIOIMUA METOJOB MPOCKTHPOBAHMS 3[aHUi M coopyxenuit [1]. DTo yTBep-
JKIACHHE MOXKHO OTHECTH M K MPOOJIEME MPOrPECCUPYIONIETO Pa3pyIlIeHUus. TEepMUH «IIPOTPECCHpPY-
IOlee Pa3pylICHHE» BIIEPBbIC OBLT KCIOJIb30BAaH [UIS OMMCAHHUS YaCTUYHOTO OOpymeHus 22-
ATAXKHOTO Xujoro 3nanusi Ponan-IToitHT 3 coopHOTro )ene3oderona B Jlonmone 16 mas 1968 r. B
pe3yJbTaTe B3pbIBa MPUPOTHOTO ra3a Ha 18 stake. K HacTosimeMy BpeMeHH B HAy4HOW JTUTEpaType
JlaHa KJIacCU(UKAIUS MEXaHU3MOB POTPECCUPYIONIETO OOPYIIICHHS KapKacOB 3IaHUMA, BBISBICHBI U
UCCIIeIOBaHbl MEXaHU3MbI COTIPOTHBIICHUSI KOHCTPYKIIMH MEPEKPHITUI U TIOKpbITHi [2—-8].

B vacTHOCTH, TIOCIIE HAYAJIBHOTO JIOKAIBHOTO Pa3pylIEHHsI OJJHOW M3 KOJIOHH B pe3yJibTaTe 3a-
MPOCKTHOTO BO3JICHCTBHUS B PUTEIISAX HAJ Pa3pyIICHHON KOJIOHHON MOKET Pea30BaThCSl apOYHBIM
MEXaHHU3M Tocie 00pa30BaHUs B HUX TPEIIUH, a 3aTEM I[EMHON (BaHTOBBINM) MEXaHU3M COMPOTHUBIIE-
HUS TI0CJIE pa3pyIlIeHust 0eTOHA B HECKOJIBKUX cedeHusx mo aaune purens [9, 10]. Tlpu peanuzanuun
[EMTHOTO0 MEXaHU3Ma COMPOTUBIICHUS PUTENIb PUOOPETAET 3HAUNTENBHBIE TPOTHOBI, COMTOCTABUMBIE
C pa3MepamMH €ro TIOIMEPEeYHOro ceveHus. B pesynbrare 3TOr0 B HEM BO3HHKAIOT PACTATHBAOIICE
MPOJOTBHBIC yCHITHUSI.

PaccmarpuBas IpuIuHBI 1 MEXaHHU3M pas3pylieHus BcemupHOro TOproBoro meHtpa, Bazant et
al. [11] orMeuanu, 4To HaYaIbHBIC MEXaHUYECKHUE TIOBPEKACHUSA OT CTOJKHOBEHHUS caMmoJieTa ¢ CO-
OpY>KCHHEM, a TaKXKe MOCIISOBABIINHI 32 TUM IOXKap MPHUBEIIH K TOMY, YTO MTEPEKPHITUS ITePEIILTN
K BAHTOBOMY MEXaHU3MY COINPOTUBICHHs. B pe3ynpTaTe 3TOr0 NepeKphITHs MOTAHYIIN 32 COO0H KO-
JIOHHBI, YTO TIPHBEIIO K TIOTEPE UX YCTOWIUBOCTH.

Pham et al. [12] Obina uccnemoBaHa MOJENb IBYXIPOJIETHOM JKeIe300€TOHHONH paMbl Ha BHE-
3aITHOE yJIAJICHHE KOJIOHHBI CPETHETO Psijia C IMePEX00M PUTeIICi K COMPOTHRIICHUIO 110 THITYy BUCS-
yeil cucteMbl. [lo pe3ynbraTaM UCHBITAaHUI OBUT OTMEYEH pa3phiB BEPXHEH apMaTypbl B OMOPHBIX
CEYCHHSX Y KpaHUX KOJOHH M HHKHEH apMaTyphbl B OIIOPHBIX CEUYCHUSAX Y CPEIHEU KOJIOHHBI, TSI
KOTOPOM MOJIETUPOBAJIOCH BHE3AIMHOE BBHIKIIIOUEHUE.
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Taxoke ObIJIO OTMEUEHO pa3pyllieHre OeTOHa CKaTol 30HBI B KOJIOHHE KpalfHero psifia B ypOBHE
NPUMBIKaHUS K HeW purenst. 1o ObUI0 00yCIOBICHO U3MEHEHHEM Y(PPEKTHBHON PaCYCTHON JITHHBI
KOJIOHHBI M TOTIOJIHUTEIbHBIM MONEPEYHbIM BO3JICHCTBUEM OT PUrelis MOCie ero nepexoja K padbore
10 TUIY BHCAYEH cucTteMbl. Takum 00pa3oMm, B YCIOBHUSIX 0COOON pacyeTHOW CHTyaluu, BBI3BAHHOM
OTKa30M OJIHOTO M3 HECYIIMX 3J€MEHTOB KOHCTPYKTUBHOW CHCTEMBI 3[aHUs, MOTYT ObITh HapyIle-
HbI UCXOJHBIE TUIIOTE3BI, ITOJIOKEHHBIE B OCHOBY TPAJIUIIMOHHBIX MOJIX0/I0B K YUCICHHOMY MOJEIIH-
POBAHUIO CTPOUTEIIBHBIX KOHCTPYKLUH.

B nmocneanue roasl pasBuTHE NOJYYWIA JUCKPETHO-KOHTUHYAIBHBIE METOJIBI PACYETHOIO aHa-
JM3a, IPU KOTOPBIX HECYIasi CUCTeMa pa30UBaeTCs Ha HJIEMEHTHI, COeTUHsIEMbIe CUCTEMOH CBsI3€il B
COOTBETCTBUU C OCOOEHHOCTSIMH A€(POPMHUPOBAHUS U MEXAaHU3MaMU pa3pyIlIECHUs CEYEHHM B Ipe-
JeNIbHOM cOCTOsIHUU. K 4Mcity TakuX METOJ0B MOXKET OBbITh OTHECEH METO]| MPHUKIAIHBIX 3JIEMEH-
TOB, paccMarpuBaeMblii Alanani u ap. [13] NpUMEHUTETHHO K CTEPKHEBBIM JKEJIC300€TOHHBIM KOH-
CTPYKTHUBHBIM cucTeMaM. J1Jis miockux nepekpoituii B padorax Koaeima 3.H. 1 Mamuna A.H. npu-
BOJIUTCSl aHAJIIOTUYHBIN OJIX0J1, HA3BAaHHBIM aBTOpPAMH METOJIOM JUCKpPETHBIX cBsize [14]. OmHako
MOKa TaKWe METO/bl HAXOJAT OIpaHMYCHHOE MPUMEHEHUE B MOACITUPOBAHUH KeJIe300€TOHHBIX KOH-
CTPYKTHUBHBIX CUCTEM IPU OCOOBIX PACUETHBIX CUTYaLUsX.

B cBsi3u ¢ 3TUM 11€Tb TAHHOTO MCCIIEeI0OBAHUS COCTOATA B pa3paboTKe 1 0O00CHOBAHUH METOIUKHI
YHUCJIEHHOTO MOJEIUPOBAHMS Ke1€300€TOHHBIX KapKacoB 3/1aHUN M HMCCIEIOBAHHS HAa €€ OCHOBE
BJIMSIHUSL TUCKPETHOTO XapaKTepa TPEeIMHOOOpa30BaHUS HA HANPSKEHHO-1€(OPMHPOBAHHOE CO-
CTOSIHME AJIEMEHTOB )K€JI€300€TOHHBIX paM MIPU aBapUMHBIX BO3/IEHCTBUSAX.

METOJ

st neneit WcclieIoBaHus MCIOJIb30BaICs mporpaMMHubiii komruieke Jlupa-CAIIP, mo3Bossro-
IIUH BBIMOJIHATh CTATUYECKUE U JMHAMUYECKUE PACUCThI 10 METO/y KOHEYHBIX JIeMEHTOB. B kaue-
CTBE 0OBEKTA MCCIICAOBAHHS PACCMATPUBAIOTCS JKEII€300€TOHHBIE KOHCTPYKIIMU PaM C JTUCKPETHBI-
MU HOPMaJbHbIMU TperuHamu (puc. 1, a). Ilpu 3ToM B paMKax MOJCIMPOBAHUS JTUHAMHYCCKHUEC
3¢ G EeKThI, BEI3BAaHHBIC JIOKATBHBIM Pa3pyIICHHEM OJHOTO M3 HECYIIHMX DJIEMEHTOB KOHCTPYKTHBHOM
CUCTEMBI 3[IaHMs, 3aMCHSUTUCh CTATHYSCKUM JKBHUBAJICHTOM B pamkax momxoxaa pull-down [15, 16].
[TprMeHHUTETBHO K MPUHATOW B MCCIIEIOBAHNN KBAa3UCTATHYECKOM MOCTAHOBKE 3a7aud OMNPEIeIIsio-
11ee YpaBHCHUE METO/1a KOHEYHBIX DJIEMEHTOB UMEET BHI:

[Ku} =2 {F}, 1)
rae {U} — BEKTOp mepeMeleHnii B y371ax KOHEYHO-3JIeMeHTHOI Mozaend; [K] — marpuma xectko-
ctu; Y {F} — BeKTOp BHEIIHUX HArPY30K B y3J1aX KOHEYHO-IJIEMEHTHON MOJICIIH.

3aaua pemaercs ¢ yueToM (pU3MUEcKoi U reOMeTpUUECKOi HEMMHEHHOCTH METOJIOM IOCTIe10-
BaTEIIbHBIX HArPy>KEHUH B CIICAYIONIEM MOPSIKE:

1. [ar ceTkn pa30ueHMs Ha KOHEYHBIE DJIEMEHTHI IPUHUMAETCS He OoJiee TEOPETHUECKOro pac-
CTOSTHUSI M@YKy COCETHUMH TPEIIMHAMH, OIPECIIIEMOT0 B COOTBETCTBHH C TPEOOBAaHUSIMUA HOPM.

2. Jlnsa ydera JUCKPETHOTO XapakTepa TPEIIMHOOOPa30BaHMUs B MOJIEISIX Kele300€TOHHBIX paM
BBITTOJTHSICTCS] PACITMBKA KOHEYHBIX DJIEMEHTOB B y3J1aX M MEXKIy CMEKHBIMA KOHEYHBIMH dJIEMEH-
tamu (KD) BBogsTCa crienmanbabie KD 295 HyneBol JJIMHBI, YYUTHIBAIOIINE CBA3b «MOMEHT — yTOJl
noBopoTa» (puc. 1, 6).

[Ipennonaraercs, 4To A0 00pa30BaHUS TPEUIUH Y3JIbl COMPSKEHUS CTEPKHEBBIX 2JIEMEHTOB Be-
IyT cebsi kak abcomoTHO xecTkue. [locne oOpa3oBaHusl TPELIMH YUYUTHIBACTCA U3MEHEHHE MOAAT-
JUBOCTH ()KECTKOCTH) B y3JIaX 3JIEMEHTOB PacueTHON MOJENH 3a CUET JOMOJHUTEIBHOTO MMOBOPOTA
CEUYECHUH B PACTAHYTHIX 30HAX IO 'paHUIaM OeperoB TPEeUIrH, KaK MoKa3aHo Ha puc. 1, a.

MoMeHT TpemuHOo00pa3oBaHus B Kene300eTOHHOM 3nieMeHTe Mcre ompenensercs mo ¢popmyiie
(2):

Mcrc:Rbtn'j/'W +N'ex' (2)

red —
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rine Rotn — HOpMaTHBHAs MPOYHOCTH OETOHA MPHU OCEBOM PACTSKEHHUH; Y — KO3(D(DUIIUEHT, yUnTHI-
BAIONIMI TIACTHYECKHE Ae(opMaIiu, KOTOPBIA IJIsl MPSIMOYTOJIBHOTO CEYCHUSI MPUHUMACTCS Y =
1,3; Wred — mpHUBEICHHBII MOMEHT CONPOTUBIICHUS CCUCHHUS; €y = Wiypq/Areq — paccTosiHue OT
TOYKH HPUIIOKEHUS MTPOJOJIBLHON CHIIBI 10 AIpOBOM TOUKH, HanboJiee yIaJeHHONW OT I'paHu AJIEMEH-
Ta, IPOBEPSIEMOI Ha TPEIIMHOOOpa30BaHUE.

IIpupamenue yrna packpbITUs TPEIIUHBI AP ¢ o OTIpenensercs o gpopmyne (3):

a

Aq)crc,o = ;‘;010’ (3)

crc
I/ie IIMPUHA PACKPBITUS TPEWIUHBL A ¢pc g U BHICOTA TPEIMHBI Ay TIPU NIPEEILHOM 3HAYEHUH U3TH-
Oaromero momenta M = Mult onpenensitoTes: U3 BeIpakeHui (4):

sn ]

acrc,O = (/)1 '602 '¢3 'l//s ’

E, s’
X & (4)
h  =h, — Zealc  |q_ Zbtult
ot @ Epult

rae 1, g2, 3 — KO3(PQHUIUEHTH], YIUTHIBAIONIIUE MPOIODKUTEIBHOCTh JIEHCTBHS HArpy3KH,
npoduiib MPOJOJBHON apMaTypbl W BHUJ HaNpsHKEHHO-IE(POPMHUPOBAHHOIO COCTOSHUS 3JEMEHTa
(BHELIGHTPEHHOE CXKaThe M U3rH0 WM PACTSHKEHUE) COOTBETCTBEHHO; s — KOA(PPHUIIMEHT, YUUTHI-
BalOIIMN HEPaBHOMEPHOCTb pacipeneneHus nedopManuil apMaTypbl B pacTSHyTOM O€TOHE Ha
y4acTKe MEXAy TpelirHaMH; Rsh — HOpMaTHBHOE CONpPOTHBIECHHE apMaTyphl pacTskeHuto; Es —
MOJyJIb YHPYTOCTH CTalbHOH apMatypsl; ls — 0a3oBoe paccTosHHME MEXTY TPEIIMHAMHU; Epr it
Ep,uit — TPEAENIbHBIE 3HAYEHUs] OTHOCUTENBHBIX JehopMmaluii OeTOHa ITPU OJHOOCHOM PACTAKEHUU
U C’)KaTHM COOTBETCTBEHHO; O — K03()(PUILIMEHT nepexoaa OT pacueTHOM BBICOTHI CKATOM 30HBI X q;¢
K (DaKTHYECKOU Xfqcy-

v

AQ.,. A M
\’L Mu/l
anlm
, V[ \ V} v]m s
M'R
: A
AQ... AP AP....c
a) 6)

Puc. 1. Cxema xapakTepHOro (pparMmeHra xene300eTOHHOI paMbl JIJIsi HOCTPOSHHUSI paCueTHON MOJIeNH (@) U AuarpaMma
«MOMEHT — JIOTIOJHUTEIBHBIM YTOJI IOBOPOTa» K OMPEAETEHHUIO XKECTKOCTH (MOJATIMBOCTH) Y3JI0BOIO COeTUHEHHS (0)
Fig. 1. Diagram of a typical fragment of a reinforced concrete frame for constructing a calculation model (a) and a dia-

gram “moment — additional angle of rotation” for determining the rigidity (compliance) of a nodal connection (b)
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PE3YJIBTATBI U OGCYXJIEHUE

Jlis mpoBepKH aJieKBaTHOCTH NMPEAJIOKEHHOM MOJIeNI BHINIOJHEHAa BepU(UKAIMK ITyTEM COIIO-
CTaBJICHUS C HKCIIEPUMEHTAIBHBIMU AaHHbIME JUIs [1-00pasHbix pam [17]. [IpuBoauTcs comocraBu-
TEJIbHBIN aHAINU3 PE3yJIbTaTOB pacuera ¢ UCIOJIb30BaHUEM TPAJAULMOHHOIO MOAX0/1a K MOJEIUPOBa-
HUIO HA OCHOBE METOJIa KOHEUHBIX JIEMEHTOB C Y4eTOM (PU3MYECKOW M TeOMETPUYECKON HEITHHEH-
HOCTU M IO MpeanokeHHoW Meronuke. OOl BUI U CXeMa apMHpPOBAHHs pambl MPUBEICHBI Ha
puc. 2.

Marepuan skcriepumenTanbHoi pambl 6eton B30 (Ron = 22 MIla, Rotn = 1,95 MITa, Eb = 32 500
MIIa, ebuit = 0,0035). ApmupoBaHuEe pambl BBHIIIOJIHEHO CTAJILHOW CTEp)KHEBOHM apmatyporr A300
(Rsn = 300 MITa, Es = 200 000 MI1a, &suit = 0,025). [Ipunsteie quarpamMmbl 1ehOpMUPOBAHUS MaTe-

pHAJIOB TIPEICTABIICHBI HA PHC. 3.
PL4B-l, woz 100 /;'?m_;\ana

| p P
* | 4 i ‘
)Ir " I
! / [ & /
| ;/9 150 1 _i_ 2614-A300 T I
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N npuliopoB wo demone uf _L 501 500 500
| apramype ¥ . @481, waz 100
i Mé —14 2010-A300
- Ysen A 1
8 | f T BEA, waz 200
| " il
mpyda 8
| ’ gt AIRE
1 H
I o i 7 |
i % 2914-A300 | | S j_
| 20] ] o L1 , £l
(T S e N < S NS A | 1 | SO T DA
ér Euﬁﬂﬂnr Aame Ysen A /I ) S e
| 1500 | . |
a 6

Puc. 2. Cxema apmupoBanus [1-06pasHoii pamsl (a), pacdeTHas cxema pamsi (0)
Fig. 2. Scheme of reinforcement of a U-shaped frame (a), design diagram of the frame (b)

Sig Sig

Eps Eps

a o

Puc. 3. /luarpammsi 1j1st 6etoHa (a) u cransHO# apMatypsl (6) B [TIK JIMPA-CATIP
Fig. 3. Diagrams for concrete (a) and steel reinforcement (b) in LIRA-SAPR

J1st sKCniepuMEeHTaIbHOM KOHCTPYKIIMH KEJIe300€TOHHOW pamMbl ObUT BBITIOJIHEH pacyeT C yde-
TOM HEJIMHEHHOCTH Ha CTaTUYECKOE HarpyKeHue ABYMs cocpenoToueHHbiMU cuiamu 90 kH, npu-
JIO’)KEHHBIMH, KaK ITOKa3aHO Ha puC. 2, 0.

Ha puc. 4 nmpuBeneHbI pe3yibTaThl pacueTa U3rHOAIIUX MOMEHTOB B paMe: C Y4eTOM Tpau-
IIMOHHBIX MOJIEJIEH METO/Ia KOHEUHBIX 3JIEMEHTOB — 1, ¢ y4eTOM MOAATIIMBOCTA B KOHCTPYKTHUBHBIX
y37ax — 2, 10 pe3ysibTaTaM 00pabO0TKH SKCIEPUMEHTANBHBIX JaHHBIX — 3, MO MPEAI0KEHHON Me-
TOoAuKE — 4.

58 COMPUTER MODELLING IN CONSTRUCTION



Casun C.K0., Unbrowerko T.A. XKenesobemorHble koHcmpykyuu. 2024. T. 6. Ne 2. C. 54-63

N3rubaromyie MOMEHTHI B paMe, ONpPEEICHHbIE C MCIOJIb30BaHUEM MPEVIOKEHHOW METOAUKH
pacuera, MpaKTUYECKH MOJHOCTHIO COBIAJIM CO 3HAYEHUAMHU, OOHAPY>KEHHBIMH IKCIIEPUMEHTAJIBHO.
B pesysbrare TpemmHOOOpa3oBaHus (CM. pHc. 4) MPOU3OLLIO MepepacrpeeieHie H3rHOaronmx
MOMEHTOB B PUT€JIE€ paMbl: YMEHbLICHHE MOMEHTOB B KOHCTPYKTHUBHBIX y3/1ax Ha 48 % u yBenuue-

HUC B IPOJICTC HA 37,5 % 1o CpaBHCHHIO C pE3yJibTaTaMU, IIOJYUYCHHBIMU C IIOMOLIBIO TPAAULIUOH-
HOro Imoaxoaa METoda KOHCYHBIX JOJICMCHTOB.

OTO TaK)Ke IOBJIHAIO Ha HaIps>KCHHO-
I[e(l)OpMI/IpOBaHHOG COCTOSIHHUEC CTOCK pPaMbl, I'’I€ OTMCYCHO YMCHBIICHUC I/I3FI/I6aIOH_II/IX MOMCHTOB B

BCPXHHX OIMOPHBIX CCYCHHUAX. COBHaIIGHI/IC MOJIYUCHHBIX PE3YJIBTATOB MO3BOJIACT IPUMCHUTL paspa-
OOTaHHBIH MCTOA I OLCHKHU BJIMAHUA JUCKPETHOT'O TpeH_II/IHOO6p330BaHI/IH Ha I[e(l)OpMI/IpOBaHI/Ie

KeJIe300€TOHHBIX paM MHOTO3TAXKHBIX 37[aHUM B YCIOBUSAX aBapUNHBIX BO3IAEHCTBHIA.

24,8 kNm 90kN 90KN 24,8 kNm
224 kNmY {274 kNm
1,4 kNm-S A 14,4 km
; N 24 kNm
1 \4 KkNm o >
| S B

W N/ Gl

\\ u, 4 30,6 kNm

\\ “-\ \326 kNm

| 1500 |

Puc. 4. Dmopsl MoMeHTOB B [1-00pa3HOii Kene300eTOHHOI pame ¢ 3aTsHKKo# rpu Harpyske 90 kH:
1 — npu KECTKHUX y3/1ax; 2 — C Y4eTOM MOJATIMBOCTH Y3JIOB; 3 — [0 IKCIIEPUMEHTAIbHBIM JIaHHBIM;
4 — 1o TpeATaraeMoMy METOAY
Fig. 4. Moment diagrams in a U-shaped reinforced concrete frame with tightening at a load of 90 kN:
1 — for hard knots; 2 — taking into account the compliance of nodes; 3 — according to experimental data;
4 — according to the proposed method

PaccmoTprM morepedHyIo paMy jkelie300eTOHHOTO KapKaca 3JaHus, IPEICTaBICHHYIO Ha PHLC.
5.

B kadecTBe aBapHiHBIX pACUETHBIX CUTYAlM pacCMaTPUBAIMCH /IBA BAPUAHTA HAYAJIBHBIX JIO-
KaJbHBIX pa3pylleHui (puc. 5, a): BHE3aNHbIA 0TKA3 KOJOHHBI IEPBOT0 ATa)a 1Mo ocu A (pacueTHas
cutyauus — PC1) u koloHHBI IepBOro dTaxka o ocu B (pacuernas cutyauus — PC2). ABapuiinbie
pacyeTHbIE CUTyallMd pacCMaTpUBalIaCh HE3aBUCUMO IPYr OT Apyra, B CTaTUYECKOM HEIMHEUHOU
noctaHoBke. I1o pe3ynbraraMm pacdera ONpEAeIsUINCh YCUIUS BO BTOPUYHBIX PAaCYETHBIX CXEMax ¢
Y4€TOM AMHAMUYECKUX JOTPYKEHHUM DJIEMEHTOB HECYIUX cucTeM. IloirydeHHbIe pe3yIbTaThl COmo-
CTaBJISLTUCH MEXK Ty co00ii. [Ipu pacueTHoit cutyammu PC1 BBITIONHSUICS aHAIM3 yCWIINA B KOJIOHHAX

IIEPBOrO U BTOPOro 3Taxka 1o ocu B. IIpu pacuetHoit cutyaunn PC2 BInonHsIICS aHaIu3 yCWINHN B
KOJIOHHAX MEpPBOro U BTOPOTro 3Taxa 1o ocsim A u C.

Ha puc. 6 npuBeneHsl rpa@uky U3MEHEHUs NMPOJOJIbHBIX CHI M W3rMOaroIMX MOMEHTOB B
BEPXHUX CEUYECHMSIX KOJIOHH IIEPBOIO 3TAaKa M HM)KHUX OIOPHBIX CEYEHUS KOJIOHH BTOPOIO 3TAXKA M0
ocsiM A n C npu yJaleHUH U3 PacueTHOW CXEMBbI KOJIOHHBI IIEPBOT0 3Taxa 1o ocu B. /laHHbIE KO-
JIOHHBI ObUIM BBIOpAHBI JJI aHAJIM3a, NOCKOJIbKY OHM MPUJIETAIOT K 30HE HayaJbHOI'O JIOKAIbHOIO
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pas3pylIeHus ¥ MOABEPKEHbI HAUOOIbIIEMY HAaIPYKEHUIO B pe3yJIbTaTe MepecTPONKH KOHCTPYKTHUB-
HOM cucTembl (IepepacnpesiesieHus: Harpy30K 110 aIbTEPHATUBHBIM ITYTSAM).
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Puc. 5. VcxonHbie qaHHBIC: KeTIe300€TOHHAS TIOTIEPEYHAs paMa B paccMaTpuBaeMble pacdetHeie curyanuu (PC), cBs-
3aHHBIC C OTKa30M HeCymIero ayeMenTa (a); pparmeHt pacaeTHoi cxemsl k pull-down amanusy (6); momepednsie cede-
HUSL ¥ CXEMBI apMHPOBAHUSI KOJIOHHBI M PUTeJIed B OMOPHOM CEYCHHUH U B CEPEIMHE TPOJIETa COOTBETCTBEHHO (6)
Fig. 5. Initial data: reinforced concrete transverse frame and the considered design situations (CS) associated with the
failure of the load-bearing element (a); a fragment of the calculation scheme for pull-down analysis (b); cross sections
and reinforcement patterns of columns and crossbars in the supporting section and in the middle of the span, respectively
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Puc. 6. Mi3aMeHeHHe IPOIOJIBHBIX CHII M M3THOAONINX MOMEHTOB B 3-3Ta)KHOM kKeJ1e3006TOHHOH pame
IIpY OTKa3€ KOJIOHHBI CPEAHETO psiaa
Fig. 6. Change in longitudinal forces and bending moments in a 3-story reinforced concrete frame
when the middle row column fails

60 COMPUTER MODELLING IN CONSTRUCTION



Casun C.K0., Unbrowerko T.A. XKenesobemorHble koHcmpykyuu. 2024. T. 6. Ne 2. C. 54-63

Y‘IGT ILI/ICerTHOFO xapaKTepa TpeHII/IH HpaKTI/I'-ICCKI/I HC CKa3bIBAJICA Ha BCINYHNHAX HpO-
JTONBHBIX CUJI B 37ieMeHTax. OHaKO JUIsi U3THOAIONIX MOMEHTOB B paMKax MPeI0KEHHOTO METO/1a
Ha0JII0/1a10Ch CHI)KEHHE M0 CPABHEHUIO C TPAaJULMOHHBIM MoaxoaoM. Ilpuyem pasHuina yBenuyu-
BaJIaCh MO MEpPE POCTa 3TAXHOCTHU U mpeBblmana 60 % uisi BEpXHEro ONOPHOIO CEYEHUS! KOJIOHHBI
mo ocu A.

Pe3ynbrarsl pacuera a1 BTOpOM pacueTHOM CUTyallUu, MPEANoJiararoleil yaaleHue yrio-
BOI71 KOJIOHHBI nepBoro oTaxa, HpGJICTaBJICHI)I Ha pI/IC. 7 B BUC l"pa(bI/IKOB N3MCHCHUS HpO}IOJ’IBHI)IX
CHJI M U3rMOAOIINX MOMEHTOB B BEPXHUX CEUCHHUSX KOJIOHH MEPBOTO 3Ta)ka M HIHKHHUX OMOPHBIX
CEYEHHUs KOJIOHH BTOPOTo 3Taxka o ocu B. Kak u B npeapiyieM cirydae, BHIOOD JUIsl paCCMOTPEHUS
JAHHBIX KOJIOHH OBLI OOYCJOBIEH MX ONU3KHM PACMOJIOKEHHUEM K 30HE HAYaIbHOTO JIOKAJIBHOTO
pa3pylIeHUs] 1 HauOOJIbIIUM BIUSHUEM HA HUX OT CTPYKTYPHOI NepecTpONKH KOHCTPYKTUBHOU CH-
CTEMBI.
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Puc. 7. I3MeHeHNe TPOJOIBHBIX CHII M H3THOAONINX MOMEHTOB B 3-3Ta)KHOM Kele300€TOHHOH pame
IIPH OTKAa3€ yIJI0BOW KOJIOHHBI
Fig. 7. Variation of longitudinal forces and bending moments in a 3-story reinforced concrete frame
when a corner column fails

Ha puc. 8 npuBeneHs! pe3yabTaTbl CONOCTABIEHUS MPOIOJIBHBIX YCUINI B PUreNsIX Hal 30HOU
HAYaJIbHOTO JIOKAJIBHOIO pa3pylIeHHs (OTKa3 KOJOHHBI CPEJHETO psiJia) B 3aBUCHUMOCTH OT METOJa
MOJIEJINPOBAHMSL.

Axial Force, kN

Bbe3 KD 295

KD 295

0 2 4 6 8 10 12 14

Puc. 8. IIpoonbHbIe yCUITUS B PUTENISX HAJl 30HOH HAYaIBHOTO JIOKAIBHOTO pa3pyLIeHUs!
B 3-3Ta)KHOM JKEJIe300€TOHHOM paMe MPHU O0TKa3e KOJOHHBI CPEAHErO psiaa
Fig. 8. Longitudinal forces in the crossbars above the zone of initial local destruction

in the 3-story reinforced concrete frame when the middle row column fails
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W3 ananu3a npoJoJbHBIX YCWJIMH BUIHO, YTO HPU HCHOJIb30BAHUU MPEIOKEHHONH METOJUKU
JUIsL paccMaTpUBAeMOM KeJle300€TOHHOM 3-3Ta)kHOM paMbl HaOJI0JaeTCsl MPEBBIIICHUE PacTITUBa-
IOLIMX MPOIOJIBHBIX CHJI B OOPHOM CEUYEHHUH PUTENs Ha/l 3HAYCHUSMHU, OTYYEHHBIMU 110 TPaJaULIU-
OHHOMY METOAY pacyera. BrisiBieHHBIH 3(PPEKT OKa3pIBaeT HETAaTUBHOE BIHMSHUE HA COMPOTHBIIE-
HUE KOJIOHH IIEPBOTO M BTOPOTO 3Ta)ka, IPUMBIKAIOIIUX K PUTENI0, 32 CUET YCUIICHUS BIMSHUS IIPO-
JOJILHOTO U3ruba.

3AK/IIOYEHHUE

1. IIpennoxeHna METOIMKaA pacueTa Keae300€TOHHBIX KapKacoB 3/1aHUil Ha 0COOYIO pacueTHYIO
CUTYAalMIO, BbI3BAHHYIO HA4aJbHBIMH JIOKAJIbHBIMU Pa3pyLICHUAMH, C YYETOM HapyIIEHUs CIUIOLI-
HOCTH OETOHHOW MaTPHIIBI IPH TPEIIUTHOOOPA30BAHUH.

2. BeinosiHeHa BepuuKaiys NpeaaokKeHHONM METOIUKY IIyTEM COIIOCTAaBJIEHUS C pe3yJibTaTaMu
HKCIEPUMEHTAIBHBIX AaHHBIX 17 [1-00pa3Hoil jkene300eTOHHOM paMbl ¢ 3aTsHKKOM. M3rubarommue
MOMEHTBI B paMe, OIPEJeNICHHbIE C UCIIOIb30BAHUEM IPEAJIOKEHHON METOIMKY pacyeTa, IpaKkTuye-
CKM TIOJHOCTBIO COBHIAJU CO 3HAUYCHHUSMH, OOHApy>KEHHBIMH S3KCIIEPHMEHTalbHO. B pesynbrare
TPELIMHOO0Pa30BaHMsl MPOU3OILIO IepepacupeesieHie N3ruOarouX MOMEHTOB B pUIEJE paMbl:
YMEHBIIEHNE MOMEHTOB B KOHCTPYKTHUBHBIX y3J1ax Ha 48 % u yBenuuenue B nposere Ha 37,5 % no
CPaBHEHUIO C pe3yJbTaTaMH, IOJYYEHHBIMH C MOMOLIbIO TPAJAULHMOHHOIO MOIX0/Aa METOAA KOHEeu-
HBIX 3JIEMEHTOB.

3. Ha ocHOBe pe3ynbpTaToB pacueTa jkel1e300€TOHHOW 3-3TaKHOW paMbl 10 TPEIIOKEHHON Me-
TOJIMKE BBISBICHO YBEIHMUYEHHE MPOAOJIBHBIX PACTATUBAIONIMX YCHIIMN B OMOPHBIX CEUCHUS PUTEIIS
HaJl 30HOH JIOKAJIBHOTO pa3pyLICHUs MPU OTKa3e KOJIOHHBI CPEIHEro psijia IO CPAaBHEHMIO C Tpaju-
IIUOHHBIM MTOJIXO0Z0M K MOAETHUPOBaHUIO. BBISBICHHBIN 3()(HEeKT MOKET MPUBECTH K YCHIICHHUIO BIIU-
SIHUS TIPOJIOJIBHOTO M3ruba JUIsl KOJIOHHBI KpalfHero psijia, K KOTOPO MPUMBIKAET PUTENb.
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Reinforced Concrete Structures

IMPABWJIA JUISA ABTOPOB

B xypnane «XKene3o0eToHHbIE KOHCTPYKIHMNY MyOINKYIOTCSI OPUTHHAIBHBIE, paHee He OIyOJMKOBAaHHBIE CTaThH,
coJiepKallie MMoJy4yeHHbIe aBTOPaMH HOBbIE Hay4HbIE Pe3yJIbTaThl, MPEACTABIAIONINE MEXTyHapoaAHbIH uHTepec. Cta-
TBU ITyOJIMKYIOTCS JJIsl LIMPOKOW MEXIyHAPOJHOM YUTATENbCKUI ayIUTOPHH.

CraTby NPUHUMAIOTCA IO CIEAYIOIIUM TEMAaTHKaM:

e (OOocHOBaHUe, UCCIIEIOBAaHUE M Pa3pabOTKa HOBBIX THIIOB HECYIIMX M OTPaKAAIOIINX HKEIe300€TOHHBIX KOH-
CTPYKIMH.

e (OOocHoBaHne, pa3pabOTKa ¥ ONTUMH3ALMS KOHCTPYKTHUBHBIX PEIICHUN 3aHUN U COOPYXEHUH C yIeTOM Mpo-
TEKAIOIIMX B HUX MPOLECCOB, MPUPOTHO-KINMATHYECKUX YCIOBUH, SJKOHOMHYECKOH N KOHCTPYKIIMOHHOHW O€30TIacHOCTH
Ha OCHOBE MaTEMaTH4eCKOr0 MOJAEINPOBAHUS C HCIIOIb30BAHUEM aBTOMATU3MPOBAHHBIX CPEJICTB UCCIIEOBAaHUN U IIPO-
€KTHPOBaHMS.

e Cozpanue u pa3Butue 3Q(HEKTHBHBIX METOMOB pacueTa U 3KCIICPUMEHTAIBHBIX HCCIIEI0BAHUI BHOBb BO3BOJH-
MBIX, BOCCTAHABJINBAEMBIX U YCUIIMBAEMBIX CTPOUTENBHBIX KOHCTPYKIMHA, HaHOOIee MOJTHO YYUTHIBAIOIIUX CHEHUPHUKY
BO3/ICIICTBUI Ha HUX, CBOWCTBA MaTepHAaJIOB, CIIEHU(PHUKY KOHCTPYKTUBHBIX PEIICHUN U APYTHe OCOOEHHOCTH.

e Pa3pa0oTka U COBEPUICHCTBOBAHUE METOJIOB U CUCTEM KOHTPOJISI KaueCTBa CTPOMTENLHBIX KOHCTPYKLUH 372~
HUI U COOpPY>KEHUH B IIEPUOJ UX CTPOUTENBCTBA, SKCILTyaTalluH, YCUIEHUS U BOCCTAHOBIICHHUS.

e Mertoabl OLIEHKH, MOHUTOPUHTA U JUATHOCTHKHU TEXHUUYECKOTO COCTOSHUS, YCUIEHHE U BOCCTAHOBIICHHE KOH-
CTPYKIMH U 2JIEMEHTOB AKCILUTyaTUPYEMBIX 3JaHUN U COOPY KEHUIL.

e OnTuMansHOE MPOEKTUPOBAHHUE XKEIE300€TOHHBIX KOHCTPYKIHUH.

e lccrenoBaHne KOHCTPYKTHBHON 0€30IMaCHOCTH M JKUBYYECTH CTPOUTEIBHBIX CHCTEM IIPH NMPOEKTHBIX M 3aIpo-
€KTHBIX BO3JCHCTBHSX.

e Pa3pa0oTka METONOB pacyeTa >KeNe300C€TOHHBIX KOHCTPYKIUH IPH PAa3IMYHBIX CHIIOBBIX M CPEOBBIX BO3MEH-
CTBHSX, TIPOTHO3UPOBAHNE CPOKOB MX CITYKOBI.

e CHMXEHHE PUCKOB U o0ecleyeHre HaIeKHOCTH U KOHCTPYKTUBHOM 0€30MacHOCTH 3[JaHUN U COOPY>KEHHUH IpHu
Ype3BbIUAlHBIX CUTYaLUSAX MPUPOTHOTO U TEXHOTEHHOI'O XapakTepa (OTHEBBIX, Pa3NUYHbIX TUHAMUYECKUX, aBapUIHBIX
YAapHBIX) U 3alIPOEKTHHIX BO3AECHCTBUIX.

e Pa3BuTHe TEOpUH pacyueTa )Kene300€TOHHBIX KOHCTPYKIHNH.

e CelicMOCTOMKOCTb 3JaHUN U COOPY>KEHUII.

e KoMmnbroTepHOE MOJENUPOBAHUE B CTPOUTENIBCTBE.

K paccMOTpeHHIO NPUHMMAIOTCS CTaTbU CO CTPYKTYPOM, COOTBETCTBYIOIIEH MEXIYHApOAHOMY CTaHIap-
Ty IMRAD.

1. Beenenue (Introduction). Pazmen, xoTopsiii HauMHAETCS C OMHUCAaHUS O0OBEKTa MCCIEOBAHUA, 3aTeM (OpMy-
JUpYeTCsl aKTyalbHOCTh MccienoBaHus. [IpuBoanuTcst 0030p MUPOBOH JIUTEPATYPHI, MOATBEPXKIAIONINN OTCYTCTBHE B
JIUTEPATYPHBIX UCTOYHHMKAX PEIICHHS AAHHOHM 3aJaull W YKa3bIBAIOMINI MPEIIECTBCHHUKOB, Ha MCCIEAOBAHUSIX KOTO-
prIx Gasupyercs pabora. opMyIHpyeTcs TOCTAHOBKA IIETTH UCCIIEOBAHMUS, BRITEKAIOMIAs U3 PE3yIbTaTOB 0030pa JINTe-
paTypsl U cofiepKaiiast mepedeHb HaMEUCHHBIX K PEIICHHUI0 3a/1a4.

2. Meton (Methods). B nanHOM paszese moapoOHO ONMMCHIBACTCS BBHIOPAHHBIAH METOJ HCCIACIOBaHUA. MeTon
JIOJDKEH OBITh paciucaH TakuM 00pa3oM, YTOOBI APYToi Uccie0BaTelb ObII CIOCOOEH €ro BOCIIPOU3BECTH.

3. Pesyabratsl u odcy:xnenue (Results and Discussion). Pe3ynbraTbl peKOMEHyeTCsI MPEACTABIATh MPEUMY-
IIECTBEHHO B BUjE Ta0OnuI, rpaMKoB U APYTHX MILTIOCTPALMHA. DTOT paszes BKIIOYAET aHaIN3 MTOJMY4YEHHBIX Pe3ybTa-
TOB, UX HHTEPIPETALNIO, CPABHEHHE C PE3YIbTaTaMU JPYTUX aBTOPOB.

4. 3axmouenune (Conclusions), B KOTOPOM KpaTKO ITOJBOASTCS HTOTH HAYYHOTO MCCIIEAOBaHNUS. 3aKIIF0UYeHHE CO-
JIEp>)KUT HyMEPOBAaHHBIE BBIBO/BI, KPaTKO (OPMYIHPYIOIINE OCHOBHBIE Hay4HBIC PE3YJbTaThl CTAThH KAaK yCTaHOBIICH-
HBIE  aBTOPaMH  3aBHCHMOCTH  (CBSI3M)  MEXIy  MapaMeTpamMH  OObeKTa  HCCIENOBaHHWA.  BbIBO-
JIbI TOJDKHBI JIOTHYECKH COOTBETCTBOBATH ITOCTABICHHBIM B Hadalle CTaThH 3aJadaM.

5. Baaromapnoctu (Acknowledgement). JlanHblii pa3aen He siBisieTCsl 00s3aTeNbHBIM, B HEM BbIpaXkaeTcs OJa-
rOIaPHOCTb 33 (PMHAHCOBYIO, HH()OPMALIMOHHYIO U IPYTYIO MOJIEPIKKY, OKa3aHHYIO B XO/I€ HAITMCAHHS CTAThH.

[IpencTaBUTENbHBIA CIIUCOK JIUTEPATYpPhI K 0030py COCTOSHUS HCCIICAOBAHUHA B MHPOBOM HAyYHOH JHUTEpaType 1o
paccmarpuBaeMoi B cTtathe mpobieme (paszen BBeaenme) xapakTepu3yeT akTyaJlbHOCTh M KaueCTBEHHBIH YPOBEHb
MIPOBEJICHHBIX aBTOPOM HCCieJOBaHHUM. /laHHBIE pEKOMEHJAlMU COCTaBIICHbI COTJIACHO OOLIEMUPOBBIM TEHICHLMSIM U
CHOCOOCTBYIOT OOJIbILIEH OTKPHITOCTH HAYYHBIX MyOJMKalWi, a Tak)Ke YJIydlIaloT [0Ka3aTelld cTareil 1 UX aBTOPOB B
0a3zax naHHBIX.

Pexomenganuy 1o NoiaHOTE U NPEACTABUTEIbHOCTHU:

1. OGbem. B crnmcok nurepaTypbl peKOMEHAYETCSs! BKIIIOYAaTh CCHUIKM Ha Hay4HbIE CTaTbH, MOHOTpaduu, COOpHH-
K1 cTaTed, COOPHUKHM KOH(EPEHIHH, 3JIEKTPOHHBIE PECYPCHI C YKa3aHWEM JaThl O0OpaIleHH s, TaTeHThl. PekoMeH1yeMbIit
o0bem criucka aureparypsl — 20—40 HCTOYHNKOB, HE CUNTAs TPYIHOMOCTYITHBIX M HOPMAaTHBHBIX HCTOYHUKOB, @ TAK)Ke
CCBUIOK Ha MHTEPHET-PECYpPCHI, HE SBISIONIMECS HAYYHBIMH MEPHOANYECKUMH HM3JaHMAMH. [1ox TpyAHOIOCTYMHBIMHU
HCTOYHMKAMH MOHMMAIOTCS OTYETHI, aTbOOMBI THIIOBBIX PELICHUH M ApPYyrHe MOJ00HbIE HCTOYHUKH, OTCYTCTBYIOIINE B
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Karanorax Beaymmx poccuiickux oubmmorek-genosutapues (I TIHTH, PHB, PI'B). Ilogq HOpMaTHBHBIME HCTOYHHKAMHU
nornmarotcs 3akoHsl, 'OCTs1, CHuller, CII, a Takke ux mMHOCTpaHHBIE aHanord. [lox wHTEpHET-pecypcamMy MOHUMA-
I0TCsI caliThl B ceTH MHTepHeT, myOnunkyronme nHGopmanuio 0e3 ocylecTBISHHs HayYHOrO peleH3upoBanus. TpyaHo-
JOCTYIIHBIE U HOPMATHUBHBIC UCTOUYHUKU PEKOMCHAYETCSA YIIOMUHATH B TEKCTC CTATbU. HacrositensHo He PEKOMEHAYEM
BKIIIOYAaTh B CIMCOK JIMTEPATyPbl CCHUIKA Ha JTUCCEPTallMH, aBTopedepaThl IUCCepTAlUi, yYeOHHKH, Yyd4eOHO-
METOJIMUECKHE TI0COOMS, KOHCIIEKTHI JIEKIIMH 1 IPYTYI0 Y4eOHYIO0 JINTEpaTypy.

2. AxtyanpHOCTB. [IJIsl IpeacTaBUTENILHOTO 0030pa INTEpaTypsl HEOOXOAMMO, YTOObI UCTOYHHUKHU OBIIIH aKTyallb-
HbIMH. PexoMeHTyeM UMeTh B CITUCKE JINTEpaTyphl He MeHee 8 IMyOJMKaluii, oIryOIMKOBaHHBIX 3a nociennue 10 ser, 5
U3 HUX — He cTapiie 3 JeT.

3. Teorpadusa. CormacHo TpeOOBaHUSIM XKypHaia, 0030p JUTEPATYphl JODKEH MOATBEPKAATh OTCYTCTBHE pellie-
HUSI TIOCTaBJICHHOW LIENTM B MHUPOBOH JIUTEpaType, B CBSI3H C YEM PEKOMEHAYEM HMETh B CITHCKE JIUTEpaTyphl HE TOJIBKO
pOCCHIICKHE, HO U MHOCTpaHHbIE IMyOnuKkanuu. PekoMeHryemMblii 00beM — He MEHee IOJOBHHBI OT OOIIEero Yucia uc-
TOYHHMKOB B CIHCKE JHUTepaTypsl. I1og MHOCTpaHHBIMM HMCTOYHMKAMH IOHMMAIOTCS ITyOJIMKAIWH, OIyOJMKOBaHHBIC B
WHOCTPAaHHOM JXypHaJie (He poccuiickom). SI3bIK MyOnuKauy B JAHHOM CJIy4ae He UMeeT 3HaYCHUs.

4. YposeHns nmyOnukanuii. Pekomenayercs, 4To0bl He MeHee 6 U3 HHOCTPAaHHBIX M HE MEHee 6 U3 POCCHUHUCKUX HC-
TOYHHUKOB OBLTH BKITIOUEHBI B OJIMH U3 BEAYIUX WHJEKCOB IIUTUPOBAHMS:

e Web of Science;

e Scopus;

e Poccuiickuii UHIEKC HAYYHOTO LIUTUPOBAHUSL.

5. CamonmrupoBanue. B pamkax orpaHWYeHUs] CaMOLMTHPOBAHUS He PeKOMEHAYeTCsl BKJIIOYATh Oosee 5 mc-
TOYHHUKOB, AaBTOPOM HJIM COABTOPOM KOTOPBIX SIBJISIOTCS ABTOPHI CTATHH.

Hutnpyemas nuTeparypa MpPUBOIUTCS OOIIMM CIFCKOM B KOHIIE CTaTbU B MOPSIKE YMOMHHAHHS HCTOYHHKOB B
Tekcre. [lopsaKoBEIil HOMEpP B TEKCTEe 3aKiIodaeTcs B KBaapaTHBIE cKOOKH (Hampumep, [9], [11, 12], [16-20]). Tekct
CTaThH JOJKEH COJIEPKATh CCHUIKM HA BCE HICTOYHUKH M3 CIIMCKA JIUTEPATyPHI.

ITpocum Bac mpu cchiike Ha MCTOYHUK MCHONB30BAaTh €T0 O(QUIMAIbHBIE METaJaHHbIE KaK Ha PyCCKOM, TaK M Ha
AHTJIMICKOM s3BIKE, YKa3aHHBIE B HcTouHHKE. [IpuBercTByeTCs yka3piBath DOI B ciiyyae ero Hajauuusl.

CrHcoK nUTepaTyphl Ha PyCCKOM SI3bIKE JI0JDKeH ObITh oopmiieH B cootBercTBun ¢ ['OCT 7.0.5-2008.

PexomenayeTcst mpu opopMIICHHH CIHCKa JTUTEPATyphl HCIONb30BaTh npriokenne Mendeley ms Windows wnu
Mac — https://www.mendeley.com Crtuis opopMmiieHHs pPyCCKOS3BIUHOTO CrmcKa jurepatypsl — Russian GOST R
7.0.5-2008 (numeric).

B cnmcke smTepaTypbl Ha aHTTIMHCKOM SI3BIKE PYCCKOS3BbIUYHBIE HCTOUYHHKH, HE MMEIOLINE TTepeBo/ia Ha aHTTTMHCKUH
SI3BIK, YKa3bIBAIOTCS B TPAHCIUTEPAMK W C IPUOIM3NTEIBHBIM IIEPEBOJIOM Ha aHIVIMHCKUHN S3BIK B KBaJPAaTHBIX CKOO-
kax. TpaHcnuTepanus ocyuectBisiercs o cucreMme bubmmorexkn Konrpecca CILHA (ALA-LC).

Pexomennyemsriii o6peMm crareii: oT 15 000 mo 30 000 3HaKOB € MpobenaMu.

Iapautypa mpupra — Times New Roman. Pasmep mpudra ocHoBHOTO TekcTa — 12; 3arnasust — 14; aHHOTa-
1M, TIOJIPUCYHOYHBIX HaJMKCEH, coaepkanus TabauIl, crucka TuTepaTypbl — 10, MEeXIyCTpOYHBIH HHTEPBAT — OAU-
HapHbIH, ab3amubIi otcTynm — 0,75 cM.

C noJiHo¥ Bepcueii TpeGoBaHMil K 0(pOPMIIEHHIO HAYYHBIX CTaTeil MOJKHO 03HAKOMMThLCSH Ha caiiTe:

https://g-b-k.ru
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