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AHHOTALUMUA

BBepeHue. [pu NpoeKkTMpoBaHnM 3aaHuin 1 COopy>eHnii Heobxoammo obecneunBaTb MexaHNYecKyto 6e30nacHOCTb Ha Npo-
TSXKEHUW BCETO XM3HEHHOro LyMkna obbekTa. Bo Bpemsi akcnnyaraumm 3aaHuii BO3HMKaKT CUTyaumm, Mpyu KOTOPbIX MOHOMMUT-
Hble HecyLLe KOHCTPYKLMU NpuobpeTatoT AedekTbl B 30He y3na conpskeHns KonoHH n nnut (YCKI) B 6e3banoyHbIx nepe-
KpbITUSX. OTO Mpexae BCero TpelyuHbl, 06yCnoBneHHble N3rMbom NuT 1 NpoAaBnvBaHWEM NAUT KoNoHHamu. MNpobrnema
y4yeTa paboTbl KOHCTPYKLUIA C yHETOM TakuMxX AaHHbIX NTOKamNbHbIX MOBPEXAEHWUI NPU aBapUAHbIX CUTYaUMAX HEAOCTaTOYHO
nsyyeHa. B page cnyyaeB noteps Hecyluel CMOCOBHOCTM y3MOB HOCUT XPYMKWUIA XapakTep, YTO He AOMnyckaeTcs HopMa-
TUBHBIMW JOKYMEHTaMM, TaK Kak MOXET MPUBECTU K MPOrpeccupyloweMy, B TOM YMcCre NaBMHOOOPa3HOMY, paspyLUeHuto
COCE[IHVX 3IEMEHTOB.

MaTepuanbl u metoabl. Onpefensercs Hecylasi CoCOBHOCTb 3eMEHTOB M CTeMNeHb YCTOMYMBOCTU K MPOrpeccupyto-
LeMy pa3pyLUEHUO 9-3TaXHOro MOHONMUTHOro 6e36anoyYHOro Kapkaca npy pasnuyHbIX CLEHapUaX HavarnbHbIX JIOKanbHbIX
noBpexaeHnii. BBoaMTCS TpM ypOBHS Takux MOBPEXAEHWI, NPU 3TOM OCYLLECTBMAETCA MOAENMPOBaHNE Y3/10B COEANHEHUS
NANT Y KOMOHH 06 bEMHBIMY KOHEYHBIMU 3neMeHTaMun. Beprdmkauusi pacieTHoM MOAENN BbINMOMHAETCS 3KCNepMMeHTanbHO
nyTeMm HaTypHbIX ucnbiTaHnin YCKIT Ha npoaasnveaHve npu LieHTpanbHOM NpunoxeHnn Harpysku. C Lenbio pacyeToB 1C-
nonb3yeTcsa nporpaMMHbiin komnneke Simulia Abaqus. Ans MogenvpoBaHusa fedopmauunii 6eToHa NpUMeHSsIETCS MOAENb
CDP, pedopmaumin apmatypbl — BUnunHelriHble auarpammbl C YNPpOYHEHVEM.

Pesynbratbl. [MonyyeHbl aKkcnepyvMeHTanbHble AaHHble O AedopMaunsx y3na CoeaVHEHWUS NIWTbl U KOMOHHbI MpY Ha-
rPY>XEHUV NPOAOIBbHON CUMON U peanu3auun pexuma npogasnuBaHus. C yyeTom BblAENEHHbIX YPOBHEN MOBPEXOEHUN
N 3KCNepUMeHTanbHbIX CBEeOEHWU MNPOBEAEHbl pacyeTbl MOHOMWTHOTO Kapkaca C pasfUYHbIMK CLEHapUsSMU MOBPEX-
OEeHU B uccrnegyeMblx y3nax. YCTaHOBMEH xapakTep nepepacnpefeneHvs ycunui Anst KapkacoB C pas3HbIMU YPOBHAMM
TaKUX NOBPEXAEHUI 1 CTEMEHb UX ONAacHOCTY NPU peanusaummn NporpeccrpyoLLEro paspyLUeHns.

BbiBoabl. OnpefeneHo, YTo MOBPEXAEHVS B y3nax COEAUHEHUS KONMOHH M 6e36anoyHbIX NepekpbITUiA MOTyT NMPUBOAUTL
K nepepacnpeeneHnio yCunuin u 3MeHeHuto xapakrepa paboTbl NAMTbl NEPEKPbITUS. DTN U3MEHEHVS B aBapUMHbBIX CU-
Tyaumsax Mpy KOHCTPYKTUBHBIX PELLEHUSX Y3MoB, NpeayCMaTpyBaloLLmX ABYXCTOPOHHME N TPEXCTOPOHHUE pacyeTHbIE KOH-
Typbl B TepmuHax ClM 63.13330 npu pacyeTax Ha npodaBnuBaHne, MOryT MHULMMPOBAaTb NPOrpeccupytoLlee paspyLueHne.
[Ins Takux y3noB TpebyeTcs AONONHUTENBHOE pacyeTHoe 060CHOBaHME.

KNKOYEBBLIE CIOBA: mexaHuyeckasi 6e3o0nacHOCTb, NpoAaBnMBaHUE, NoKarbHble NOBPEXAEHUS, aBapuiHas cUTyauus,
nporpeccupyioLlee paspyLueHune, aecopmMaLlmm, KOHEYHO-3aNeMEHTHOe MOAENpoBaHue

bnazodapHocmu. ABTopbl brnarogapat HAY MICY 3a nogaepkky B pamkax KOHKypca rpaHTOB Ha NpoBEAEHMe uccrnenoBa-
Hu acnupaHTamu (npoekT Ne 1, npukas 296/130), a Takke peLeH3eHTOB 3a paboTy, HanpaBneHHyo Ha ynyylleHne kade-
cTBa CTaTbM.
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Resistance to progressive collapse of monolithic frames
of buildings at localized damage of nodes from push-through
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ABSTRACT
Introduction. When designing buildings and structures it is necessary to ensure mechanical safety throughout the life cycle
of the object. During the operation of buildings, situations arise in which monolithic load-bearing structures acquire defects in
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the area of the slab-column connection (SCC) in girderless slabs. These are, first of all, cracks caused by bending of slabs
and slab pushing through by columns. The problem of taking into account the operation of structures with regard to such
data of local damages in emergency situations is not sufficiently studied. In a number of cases the loss of bearing capacity
of nodes is of brittle nature, which is not allowed by normative documents, as it can lead to progressive, including avalanche-
like, destruction of neighboring elements.

Materials and methods. The bearing capacity of elements and the degree of resistance to progressive failure of a 9-storey
monolithic girderless frame under different scenarios of initial local damages are determined. Three levels of such dam-
age are introduced, and the slab and column connection nodes are modeled by volumetric finite elements. Verification
of the computational model is performed experimentally by in-situ pushover tests of the SCC under central load application.
Simulia Abaqus software package is used for the purpose of calculations. The CDP model is used for modelling of concrete
deformations, and bilinear diagrams with hardening are used for modelling of reinforcement deformations.

Results. Experimental data on the deformations of the slab-column connection under longitudinal force loading and realiza-
tion of the push-through mode are obtained. Taking into account the selected damage levels and experimental data, calcula-
tions of the monolithic frame with different damage scenarios in the investigated nodes are carried out. The nature of force
redistribution for frames with different levels of such damage and the degree of their danger in the realization of progressive
failure are established.

Conclusions. It is determined that damages in the nodes of column and girderless slabs interfaces can lead to redistribu-
tion of forces and changes in the character of slab operation. These changes can initiate progressive failure in emergency
situations in case of structural solutions of nodes with two-sided and three-sided design contours in terms of CP 63.13330
for push-through calculations. Additional design justification is required for such nodes.

KEYWORDS: mechanical safety, push-through, local damage, emergency situation, progressive failure, deformations, finite
element modelling
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BBEJIEHHUE

IIpobiema obecneueHnst MexaHUIEeCKON Oe3zomac-
HOCTHU U JKUBYYECTH KOHCTPYKTHBHBIX CHCTEM ObLIa
aKTyaJIbHOH enle B Hauasie 70-X TOJI0B MPOILIOro BeKa
W aKTUBHO UCCJIEYEeTCsl B CETOAHSIIHUX PEallisX C I10-
HCKOM HamboJee panroHaIbHBIX PEIICHNHN TS Pa3HbIX
TunoB 3nanuit [1, 2]. OqauM U3 Hambonee ysI3BHMBIX
K AedopManusiM MECT MOHOJUTHOTO KapKaca sBIIs-
ercs y3en conpspkeHus KoxoHHBI U miauTsl (Y CKII)
[3-6], pa3pylieHue KOTOPOro, Kak MPaBUIIO, MOXKET
MPUBECTH K CYLIECTBEHHBIM ITOCJEACTBHUIM BILIOThH
JI0 BOSHUKHOBEHHS MPOIPECCUPYIOIIETO HIH, KaK OT-
MedaeTcs B Tpyaax [7, 8], memHoro paspymeHus co-
ceqHuX KoHcTpykumit. Ocoboe BHHMMaHHMe padore
JIAHHOTO y3ja KaK NMPH HOPMAaJbHOM SKCITyaTaluH,
TaK W MPU aBapUITHBIX CHTYaIUAX YAEISIOCH B HC-
CJICIOBAHUSX OTCYCCTBCHHBIX U 3apyOCIKHBIX YUCHBIX
[9-15]. IIpu 3ToM MHOTHE MyOJTUKAIUU TOCBSIICHBI
MPEIOTBPALICHUIO PeaTH3aI[ii MEXaHN3Ma MPOIaBIH-
BaHU IpH aBapuitHO# cutyanuu [15, 16]. Paccmorpe-
HUIO Y3JIOB IPH BO3HUKHOBEHUH aBapUIHOW CHUTYyaI[N
B HECUMMETPHUYHBIX IporeTax [17], a Taxoke mocne Ha-
CTyIIeHHus npofaBimuBanus [18, 19] yaeneHo MeHbIIe
BHUMaHUSA. OQHAKO OBLIO YCTAHOBIICHO, YTO y3€JI CO-
MPSDKCHUST MOXKET COXPAHSTh HECYIYIO CIIOCOOHOCTD,
BOCIIPUHUMAs MEHBIIYIO HATPy3Ky U MO3BOJAA pea-
JU30BaTh Pa0OTY MOHOIUTHBIX KAPKACOB C ITEPEXOIOM
(hYHKIIMOHUPOBAHUSI IUTHTHI KAK BUCSYETO TICPCKPBITHS
(«BaHTOBBIN MexaHU3M» ). J{i1st 0OecredeH st mpoCTpaH-
CTBEHHOW pabOTHI KapKacoB OBLIM BBEIEHBI TpeOOBa-
HUSI TIO YCTPONCTBY CKPBITBIX CBSI3EH.

JlaHHBIE MCCIEJOBAaHUS NPEACTABIAINCH pas-
PO3HEHHBIMH, HE BCETAa B SIBHOM BHUJE BKIIIOYAIIHUChH
B HOPMaTHBHBIE JOKYMEHTHI 110 00ECIICUeHHIO 3allH-
ThI KOHCTPYKLUI OT IPOrPECCUPYIOLIETO Pa3pyILIEHHs.
Kpome Toro, B COBpeMEHHBIX COLIMAIBHO-I)KOHOMHYE-
CKHUX YCJIOBHUSIX IOSIBJISIIOTCSI YTOUHEHHS K TpeOOBaHU-
SM TI0 00ECTIEUEHNIO 3aIINTHI 34aHUH OT MPOTPECCH-
pYIOLIEro pa3pylleHHsl, YTOYHEHUSI U pOpPMUpPOBaHHE
HOBBIX KpHUTepHeB xkuByuectH [20, 21].

3HauUTeNbHAS YaCTh 3JaHUH HOPMAILHOTO YPOBHS
OTBETCTBEHHOCTH 00J1a/1aeT HAKOIUIEHHBIMHU (IIpUoOpe-
TEHHBIMH B NPOLIECCE IKCIUTYaTaIMH) JIOKAJIbHBIMU
MOBPEXKACHUSAMHU. DT OOBEKTHI C YUETOM YBEIHUCHHUS
BEPOSITHOCTHU 3aIIPOEKTHBIX aBaPUIHBIX BO3IECHCTBUM
UMEIOT MOBBIMIEHHBIM PUCK MATEPUAIIBHBIX MOTEPD.
[ToaToMy HEOOXOIMMO M3YUYHUTh Pa3IUYHbIC ACTIEKTHI
CHUJIOBOTO COIIPOTUBJIEHUSI CTPOUTEIBHBIX KOHCTPYK-
TUBHBIX CHCTEM, B YACTHOCTH, BIMSIHUE OBPEXKICHUN
B y3J1aX COEAMHEHHU IUIMTHI U KOJIOHHBI Ha yCTONYM-
BOCTB K ITPOTPECCHPYIOLIEMY Pa3pyIIEHHIO.

MATEPUAJIBI U METO/JbI

Ienp HacTOsIIEro HcCCIETOBaHUS — OLEHUTH
BIUSHUE HAdaJbHBIX MOBPEKICHUN B y3JI€ COMpS-
JKEHHS KOJIOHHBI M IUIMTHI Ha yCTOMYMBOCTH KapKaca
K MPOTPEeCcCUPYIONIEMY pa3pyIIEHUIO MPU 3alpPOEKT-
HBIX aBapUHHBIX BO3AeHCTBIsIX. [yt aTOTO Tpedyercs
BBINOJIHUTH OLIEHKY HaNpsKEHHO-/1e()OPMHUPOBAHHOTO
cocrosinust (HJIC) YCKII ¢ ananu3om pa3BUTHUs JI0O-
KaJbHBIX TPELIVH U JPYTUX Ae(PEKTOB IO MEpE MpH-
OmkeHus 0eToOHa K Pa3pyLICHUIO OT NPOAABINBAHHSI.
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Puc. 1. Ucnbrranus y371a CONPsKEHNS KOJIOHHBI U TNIUTHI ¢ IEHTPAJIbHBIM IIPUIIOKEHNUE HpO,Z[aBJ'II/IBaIOH.Ieﬁ CWIBL: d — o6pa3eu,

YCTaHOBJICHHBII B HCIIBITATEIIbHYIO MAIINHY; b — ONay0O4HbIH YepTexk U apMHPOBAHUE HCIBITYEMOro oopasia

Fig. 1. Tests of column-slab joint with central application of pushing force: @ — specimen placed in the testing machine; b —

formwork drawing and reinforcement of the test specimen

Hcnvimanus. JIns 1OCTUXKEHUS MOCTABJICHHOMN
IeTH TpoBeeHsl ucnsiTanus obpasna YCKII ¢ men-
TPaJIbHBIM IPUIOKEHUEM MPOABIMBAOLICH HArpy3-
ku (puc. 1). Ilnura TomuuHoi 120 MM apMupoBanach
apmarypoii kiracca A500C. doHoBOEe apMUpOBaHUE
IUIMTHL, a Takke aHkepylomwue [1-o0pa3Hble peranu
Ha KOHIIaX BBITIOJIHEHBI U3 apMaTyphbl TUAMETPOM 8 MM.
[Ipn apmupoBanum (parMeHTOB KOJOHH HCIIOJIE30Ba-
Jack apMarypa JuaMeTpoM 12 MM ¢ XOMyTaMu JHa-
METpoM 8 MM. 3alIUTHBIN CIIOH apMarypbl ObUT IPUHST
paBubM 20 MMm. Illar mpogobHOTO apMUPOBaHUS C pac-
TAHYTOU CTOpPOHBI cocTaBsut 100 MM, co cxaroit —
200 mm. OGpa3serr onupajcs Ha PaBHOMEPHO pacipe-

JICJICHHBIE IO KOHTYPY CTallbHbIC TIACTUHBI. Takoe
pellieHre M0 YCJIOBUSM OMUPAHUS TTO3BOJIIMIO MUHH-
MHU3UPOBATh BiusiHUE 3()(HEKTOB OOKOBOTO 00KaTHUs
H TIONTyYUTh OoJiee OTM3KOE K pealbHBIM KOHCTPYKITHSIM
HAC y3na conpsikeHus.

OOpaser; ObLT M3rOTOBJICH U3 TSKEJIOTO0 OeTOHA
Ha rpaHuTHOM 1eOHe (paknnu 5—20 mm. [IpouHocTs Oe-
TOHA Ha CXKaTHe OMpe/essUIach M0 KOHTPOIbHBIM Kybam
100 % 100 x 100 mm no meroguke 'OCT 10180-2012.
J1s ycTaHOBIICHUS TIPEICITBHOM IPOYHOCTH HA PACTSIKE-
HHE MMPOBOJIMIINCH MCIIBITAHUS HA PACTSDKCHUE TIPH M3~
rube npusm 100 x 100 x 400 no 'OCT 101180-2012.
IIpu3meHHas! MPOYHOCTH HA CKATHE, MOAYJIb YIPYTOCTH

Taou. 1. Pe3yabraTsel HCTIBITAaHHUN TI0 ONPEIEIEHIIO KyOUKOBOH MMPOYHOCTH

Table 1. Test results for determining the cubic strength

Juna IIpounocts
Homep Ilupuna Bericora obpasua Macca | [1notHOCTS, IInomans Paspymatomiee Ha cKarue R,
oOpasia | ce4eHHs, MM | CEYCHHsS, MM L, Mmm m, T Kr/m3 CeueHus, cMm> ycunue P, kH MITIa
Specimen Section Section Specimen | Mass Density, Section Ultimate force ¢ Compression
number width, mm height, mm length L, m, g kg/m? area, cm? P, kN strength R,
mm MPa
1 93 98 98 2079 2328 91,14 177 18,4
2 95 96 98 1936 2166 91,20 193 0.92 20,1
3 96 98 99 2026 2175 94,08 210 ’ 21,2
4 100 98 95 2017 2166 98,00 201 19,5
IIpounocts G6erona B cepuu o 'OCT 10180-2012 203
Strength of concrete in the series according to GOST 10180-2012 ?
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MPU AOKaAbHbIX NMOBPEXAEHUAX Y3AOB OT MpOAaBANBaHUA

u ko3 duripeHT [lyaccoHa onpeaessuiuch o UCIbITaHU-
stv ipr3M 100 x 100 % 400 o metomuke TOCT 101180~
2012. JlaHHBIC IO UCTIBITAHMSIM YKa3aHbl B Ta0M. 1-3.

Ilepen nmpoBenennem ucnbiTanmii oopaszma Y CKIT
AQHAIMTUYECKH 1 C TIOMOIIBI0 KOHETHO-3JIEMEHTHOTO MO-
JISTMPOBAHMS YCTAHOBJICHA O)KUaeMasi pa3pylaronias
Harpy3ka. Bo Bpemst ucnibiTanuii Ha oOpaser Harpy3ka
MpHUKIIagpIBajachk cTymeHsMu mo 1/10 ot mpenensHON
paspyluaroniell uepe3 CTalbHyIo miacTuny. Jist ananu-
3a H/IC y3na conpsikeHHs KOHCTPYKIUH KOHTPOIUPOBa-
JIMCH TTOKa3aHMs TEH30/IaTINKOB Ha apMarype 1 OeToHe.
ITo Mepe npuIoKeHHs! HArpy3KH MTPOBOAMIIACH (PHKCALHS
nepeMeIieHid OroyioBka (pparMeHTa KOJOHHBI 110 JIaH-
HBIM BCTPOSHHOTO TEH30METPHUYECKOTO JaTInKa ITepeMe-
menui. [Tocne npunoxeHust Kaxkaoh CTyNeHH OCyILEeCT-
BJISJIACH BBIAEPIKKA 00pa3loB U BU3YyalIbHbIH KOHTPOJIb
Ha HaJIM4Me U Pa3BUTHE NMEIOINXCS TPEIIHH.

Jlist MoziemMpoBaHys Pa3BUTHSL U BIHMSTHHS JIOKAITb-
HBIX TIOBPEXKJCHHUH (TPELIMH) B IPUONIOPHOI 30HE ObLIM
MTOCTPOEHBI IBE KOHEYHO-3eMeHTHBIe Monenu (KOM).
[TepBast KOM npencrapisiina coboii (hparMeHT UCTIBITHI-
BaeMOro ysia, Bropas — (parMeHT 9-3TakHOro MOHO-
JIUTHOTO Kapkaca. MoaenupoBanue BoinosiHeHo B [IBK
Simulia Abaqus 2020 B ¢u3nyeckn HEIMHEHHOI ocTa-
HoBKe. C LIeJIbIO TOTyUeHHsI HEOOXOIMMBIX peleH i ObLT
npuMeHeH permarens Explicit solver: Abaqus/Explicit.

Jast MmopenmpoBaHust 1eopMaIiii HCKyCCTBEHHO-
ro KaMeHHOTro Marepuana (0eToHa) UCTOIb30BaHa MO-

JIeNIb ¢ BOBMOYKHOCTBIO IIACTHYECKOTO pa3pylICHHUs
Concrete Damage Plasticity model (CDP). Monens
YUUTBIBaeT 00pazoBaHKe U pa3BUTHE TPEIINH ITPH pac-
TSDKEHHH, CKATHU U cpese.

PaccmarpuBaroTcst B2 OCHOBHBIX MEXaHH3Ma pa3-
pymeHns — 00pa30BaHKe TPEIINH B PACTSHYTOM OETOHE
W pa3iaBiHBaHUe ckatoro OetoHa. Pabora 6eToHa Mo-
JIETIMPOBANIach C y4eTOM anuarpamMM (QpyHKIIMOHHUPOBAHHS
0eTOoHa M COIIACHO PEKOMEH/IALIUSIM 10 MOJICITHPOBAHHIO
HJC xene300eTOHHBIX KOHCTPYKITUH MTPH TPOIAaBIHBA-
uun B [IK Abaqus [22-24] (puc. 2).

Jnst MozenmpoBaHus apMaTyphl ObUla HCIOIb30Ba-
Ha MOZIEJTb ITACTUYHOCTH C AByMS TMHEHHBIMH yJaCTKaMU—
30HOH yIpyToif pabOTHI 1 IITOIIAIKOH TeKydecTH (puc. 3).
Apmarypa MozienpoBaach JIByXy3JIOBBIMH CTEpKHE-
BbIMH 2jeMeHTaMu Tuna truss (B31). Crout ormMeTnTh,
YTO Ha JJAHHOM JTarle He pacCMaTpHBAIOTCsI BOIPOCHI MO-
TEpH CIEIUIeHNS apMaTypbl 1 6eToHa. OHM yUUTBHIBACTCS
KOCBEHHO B MOJIEJTH OETOHA ITyTeM HEKOTOPOTO YITMHEHHS
y4acTka HUCXOJSIICH BeTBH (puc. 2). B kayecTBe kputepus
paspyuienus B moziesin CDP peanizoBan MouguImpoBaH-
HBI Kputepuit Druker — Prager (1) ¢ BBeneHneM st ommm-
CaHMs1 TOBEPXHOCTH TEKy4eCTH F THIepOOIMIecKoi KpH-
BOI B MEPUIUOHAITBHOM TIOCKOCTH (pHC. 4):

' 2 Al

F = \/(d lo =P lo tanB)” +¢° — ptanp—d'=0, (1)
Tjie p,— 3Hauenne p npu ¢ = 0, d’; B — mapameTpsI mo-
BEPXHOCTH TEKY4eCTH, TIOKa3aHHbIC Ha pHC. 1; ¢ — Jie-

Tabu1. 2. Pe3ynsraTsl HCIBITAaHUHN 110 OIPE/IETISHIIO IIPOYHOCTHU ITPU H3rHOe

Table 2. Results of bending strength tests

Homep Mupuna Bericora Jmna obpasua | Paccrosnue mesxy | Paspymaromas | Tlpounocts R,
obpasma CeueHusi, MM CEUEHUs, MM L, mm OTIOpamMH /, MM Harpyska F, kH MIIa
Specimen | Section width, Section Specimen Span distance /, Ultimate force Bending
number mm height, mm length L, mm MM F, kN strength R, MPa
1 98 98 403 300 9,84 3,14
2 96 97 398 300 9,81 3,26
3 98 98 395 300 13,44 4,28
IIpounocts GeToHa B CCHH 110 T'OCT 19180—2012 377
Strength of concrete in the series according to GOST 10180-2012 ’

Tabu. 3. Pe3ynsrarsl HCHBITAHUHN 110 ONPE/IETICHUIO IPU3MEHHOM IPOYHOCTH M YIPYTHX XapaKTePUCTHK OETOHA

Table 3. Test results for prism strength and elastic constants of concrete

Paspymarommas IIpuzmennas Monyss ynpyroct
Homep obpasua 24 111 P npu cxarun, MIla Koa¢pdumment Ilyaccona
. Harpyska, kH mnpouHocTs, MIla - . . , .
Specimen number . . Modulus of elasticity Poisson’s ratio
Ultimate force, kN Prism strength, MPa . .
in compression, MPa
1 2373 24,7 17 850 0,14
2 2257 24,2 20 504 0,13
3 183,8 19,1 19 892 0,16
CpenHee 3HaueHUE 2.7 19783 0.14
Mean
Cpez[ere KBa/IpaTHeCKOE OTKIIOHEHHE 3.1 1777 0.01
Mean square deviation
Koa¢pduuunenr sapuarmu, %
Coefficient of variation, % 13,61 8,98 10,66
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Fig. 2. Compression strain: @ — chart for concrete; b — tensile strain
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Puc. 3. luarpamma nepopMHpOBaHHS PACTSIHYTOH apMaTyphl

Fig. 3. Tensile rebars deformation diagram

BHATOPHOE HaNpsbKkeHne Muszeca; p — 9KBHUBAJICHTHOE
JIaBJICHHUE.

Terno 6eroHa MozIEMMPOBATIOCH OOBEMHBIMH KyOHKO-
BbIMH 21eMeHTamM C3D8R ¢ yrpomeHHbIM HHTETprUpo-
BaHUEM M KOHTpOJIeM HcKaxeHus. [Ipu nocTmkeHnn Ma-
TEpUAJIOM TMPEACIBHBIX HANPSHKEHUH W JieopMaiuii
JJIEMEHTHI OETOHA JaHHOW MOJAEIHM PadOTaN M0 HU-

~d’/tanf}  —p, p

Puc. 4. Kputepuii npounoctu 6etona B mogenu (CDP)

Fig. 4. Concrete yield strength criterion in the model (CDP)

CIa/IAoIICH BETBU C MOSBJICHUCM U PacHpeiciCHHEM
o o0beMy TpemuH. HanpsbkeHus! B SIeMEHTaX HaXOJH-
JIMCh C UCTIOJb30BaHUEM KOA(D(DHITHEHTOB TIOBPEKICHHS
(merpamaryy >K€CTKOCTH) OETOHA TIPH OCEBOM CHKaTHH dc
¥ OCEBOM PACTSKEHUH d,, ydeTa TOMHbIX JepopManuii
CXKaTUsA €, M PACTHKEHMS €, 32 BBIYETOM SKBHBAJIEHTHBIX
TUIACTUYECKUX Aedopmanuii (puc. 5).

c
B
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Puc. 5. UnTtepnperanust neopmanuii 6eToHa: @ — NPH PACTSHKEHUM; b — TIPH CXKATHN

Fig. 5. Interpretation of concrete: ¢ — tensile strains; b — deformations in compression
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Taou. 4. [Tapametpst monenu CDP

Table 4. Additional parameters of the Concrete Damaged Plasticity model

Yron nmunaranyu, rpai. DKCICHTPUCHTET fIF X [Mapamerp Bs3KOCTH
Dilation angle Eccentricity adiiad Viscosity parameter
34 0,1 1,16 0,6667 0,0001

IIpumeuanue: yroi TUIaTallid — YTOJI, PABHBII OTHOIIEHHIO 0OBEMHOMN U CZIBUTOBO Je(OpMalii; SKCLEHTPUCHTET — Mapa-
METp, OTBEYAIOIHI{ 32 CKOPOCTH NEPEX0/Ia B INIACTUYHOE COCTOSHUE MaTepuasa B MOJENAX BHELICHTPEHHO CKAaTOrO OrPaHUYeH-
HOTO OETOHa,; f, / f.| — OTHOILIEHHE NPOYHOCTH OETOHA MPHU JIBYXOCHOM CHKATUH K IPOYHOCTHU TIPH OJJHOOCHOM; K — mapameTp
(hOpMBI TOBEPXHOCTH TEKYIECTH JUIsI OETOHA.
Note: dilation angle is an angle equal to the ratio of volumetric and shear strain; eccentricity is a parameter responsible for
the rate of transition to the plastic state of the material in models of eccentrically compressed confined concrete; £, /f is the ratio
of the strength of concrete under biaxial compression to the strength under uniaxial compression; K is the yield surface shape

parameter for concrete.
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Taou. 5. [lapameTpsl apMUPOBaHKS MOHOJIMTHOTO KapKaca

Table 5. Parameters of monolithic frame reinforcement

Apmatypa NUJI0OHOB
Srax Apwmarypa muthsl / Slab rebars Pylon rebars THIEL STEMEHTOR . 6HH1;1;H -
Floor FE types pasbuerii,
BEPXHSSA HIDKHSS MIPOJOIIbHAS, MM | ITONEPeYHas, MM Mesh size, mm
upper lower longitudinal, mm | transversal, mm
012 Oo6bemHbIe/
mar 200 (¢on)
CTepI)KHEBBIE/
step 200 000110uKH
1 (background) @20 mar 100 50
220 step 100 .
12+ 016 Solid/
truss/
mrar 200 (onopsl) | 12 mar 200 shells
T9_3 | step 200 (s ts 5 S
2-3 | step 200 (supports) | @12 step 200 @8 war 100/200
4 012 @16 war 100 08 step 100/200 O6oouku 100
mrar 200 (¢pon) ((om) 020 step 100 Shells
— ] step 200 (background)
(background)
mar 100 (omopsr) step cHs
step 200
(background)

B cnyuae, ecnu maTepuasn He MMeN HadalIbHBIX
MOBPEXJICHUN (HAMM OHH MOJEIUPYIOTCS IyTEM y/a-
JICHUS! 2JIEMEHTOB U3 OOBEMHON MOJIEIH ), HATIPSKECHHS
CKATHS G, U PACTSHKEHUS G, OMPEJIEISIOTCS TaK:

6 =(1-d) E, (c,~ " @
o,=(1—-d)-E,- (¢,~&M"). 3

Y4uuTeIBasach BO3MOKHOCTD JHJIaTalluy OeTOHA
IIPH CXKATHH, a TAK)Ke CTECHEHNE OPTOTOHAJIBHBIX Jie-
(opmanmii (OrpaHUYEHHOCTh OETOHA) IPH HCIIOIB30-
BaHUM JOTMOIHUTENbHBIX MapaMeTpoB Moaenu CDP,
yKa3aHHbIX B Ta0I. 4.

MogenupoBaHue B3aUMOAECHCTBUS MEXKAY CTallb-
HBIMH TUTACTUHAMHU 1 OETOHHOHN MOBEPXHOCTHIO JJISI KC-
HNEPUMEHTAIBHON YCTAaHOBKHU OCYLIECTBIIAIOCH C IOMO-
IBI0 KOHTaKTa TpeHus. KoadpuuueHt TpeHust Mexay
GETOHOM M METAIITMYECKON IMIACTMHON MPUHUMAJICS
paBabM 0,4. Taxoke 111 Oosee OIM3KON UMHUTAIN Pabo-
TBI Y371 TIPH PEATBHBIX UCIBITAHUAX OBUTH CMOJEIHPO-
BaHBI 3230pbl MEX/ly OBEPXHOCTBHIO OETOHA HaJl CTallb-
Hoii onopoii. [1lar pa3OueHus BCeX 3JIEMEHTOB MPHHST
paBHBIM 10 MM.

Mooenuposanue xapkaca. O0mias cxema UCClemy-
€MOro 9-3Ta)KHOTO HMPOCTPAHCTBEHHOTO MOHOJIUTHOTO
Kapkaca yka3aHa Ha puc. 6. BeicoTa aTaxa npuHnManach
paBHoit 2,7 m. IIpu 3TOM paccmarpuBaeTcs A0CTaTOYHO
pacnpoCTpaHEHHbII THUII KapKaca ¢ aCUMMETPUYHBI-
MU TPOJIETaMH ¥ MOHOJHMTHBIMH MIIOHAMH. TOMIIMHA
muThI nepekprITuil 200 MM, C 3aIUTHBIM CIOEM 25 MM.
C y4eToMm Harpy3ku OT COOCTBEHHOIO Beca K KapKacy
MIPUIIOXKEHA PABHOMEPHO pacliperiesieHHas oJle3Hast Ha-
rpy3ka 200 kr/m>.

ITpu co3nanny CXeMBbl HCTIOIB30BAIIMCH MOJETH Ma-
TEPHAIIOB 1 THITHI SJIEMEHTOB TAKHE e, KaK IPU aHaAITH3e
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HJIC y3m0oB. OcO0eHHOCTH pa3pabOTKH MOJEIH 3aKITIO-
yaeTcs B KOMOMHHpOBaHHOM moaxoxae [17]. B wacTtHo-
CTH, AJIsl CHU)KEHHUS BEIYMCIUTENILHON EMKOCTH 3aJa4n
MPOJIETHBIE YYACTKH IIUT NEPEKPBITHI U LIEHTPAJIbHbIE
YYaCTKH MIJIOHOB B ypoBHE |3 aTaxeii ObUTH 3aMEHEHBI
Ha 4-y37I0BBIe 3JIEMEHTHI 000JI0UKH (MeMOpaHHBIE dJIe-
MmeHTHl THIA shell S4R) (cum. puc. 6). ['abapuThl TIATHI
00BEMHO TPUOTIOPHON YacTH HE MPEBBIMIANN JIITHHY
5h (toe & — TONIIMHA TUTATHI) C YY€TOM BO3MOXKHOCTH
BKJIIOUCHUS B Pa0OTY Y9aCTKOB IUTHTHI IT0CIIE BO3HUKHO-
BEHNS TIPOJIaBIMBaHMA. B cBOMCTBaX JAHHBIX 37IEMEHTOB
yKa3bIBaJIHMCh NapaMeTphl CII0OEB apMHUpOBaHUs (rebar
layer). CoenuHeHne 00BEMHBIX JIEMEHTOB U 000JI0UEK
OCYIIECTBIISUIOCH C ITOMOIIBIO BCTPOCHHOTO B Abaqus
nHcrpymenra Solid-shell coupling. C 4-ro sTaxka Bce
TIEPEKPBITHS OITUCHIBAINCH dJIeMeHTamMu obosouek. [1a-
paMeTpsl apMUPOBaHMs Kapkaca yKa3aHbl B TaOI. 5.

3anpoeKTHbIE BO3/ICHCTBUS MOAEINPOBAIIMCH Clie-
aytommM oopazom. [TepBoHauanbHO BBITIONHSIICS CTa-
THYECKHH pacyeT HEeMOBPEXKJICHHON CUCTEMBI, B X0O/I€
KOTOPOTO OINpeessUINCh ONOPHBIE peakuuu. Jlanee stu
peaKuuy YTOUHSJIMCH C YYETOM AeMII(pUpOBaHHs CUCTe-
MBI TaK, 4TOOBI B X0/Ie¢ TMHAMHUYECKOTO pacyera OblIo
BOCIIPOM3BEACHO CTATHUYECKOE COCTOSIHHE CUCTEMBI
C peakuusMu, HO Oe3 CBsi3el. 3aTeM 3TH yTOYHECHHBIC
peaKIu ¢ MOMOIIBI0 BCTPOCHHOTO B Abaqus HHCTPY-
menTa predefined load nmepenaBanuch i MOICITUPOBA-
HUSl aBapUIHON CUTyalll B OCHOBHOM JMHAMHUYECKUH
pewarens. Ilocne aToro ynansenue peakuil MOXXHO Bbl-
TOJIHATE ISt MHTEPBANa BPEMEHH [{; ¢, ], KaK MOKa3aHo
Ha puc. 7 [25].

Monemmpoanue TokaTbHBIX IoBpexaeanit Y CKIT
BBITIOJTHSJIOCH ITyTEM YJIAJICHHS CIIOEB TTOBPEKACHHOTO
O6eToHa B HEKOTOPOW 0OIACTH, OTMPENEIIEMON IyTeM
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MPU AOKaAbHbIX NMOBPEXAEHUAX Y3AOB OT MpOAaBANBaHUA

R= {sz an ]Vy, Mx’ A/[Za Mk}a
R,=RA0),i=1.6

______——-\———I———

~
o

a

b

Puc. 7. MoznennpoBaH#e JTOKaIbHOTO TTOBPEKACHHSA: CHCTEMa CTAaTHIECKH SKBUBAJICHTHBIX PEaKNUsIM CHII (a); XapakTep H3-

MEHEHHS BO BPEMEHH JHHAMHYECKOTO YCHIINS B OTTACHOM CeYeHUH U BUI QpyHKUUH f(7) (D)

Fig. 7. Modelling of local damage: system of statically equivalent force reactions (a); change in time of the dynamic forces for

the overloaded section and type of function f{¢) (b)

aHaJIN3a Pe3yNbTaToOB AKCIEPUMEHTAIBHOTO U YUCIICH-
HOTO MOJICTIMPOBAHUS Psiia HayIHBIX padot. [Ipu aTom
npejiaraeTcsi BbICIUTh TPU YPOBHS TOBPEXKICHHUI,
3aBHUCAIINX OT 3HAUYCHHS YCHIIHS (B IOTSAX OT MPEIeIThb-
HOT0), KOTOPOE BOCIPHHUMAJT y3€J1 B TIEPUOJT DKCIUTyaTa-
IIUH, ¥ HA9AIEHOTO 3HAYCHUS (TIPH OTCYTCTBUH TTOBPEXK-
JICHU ) paOoYeii BEICOTBI CEUCHHS IUTUTHL. JTH 3HAYCHUSI
TIPUBEICHEI B CICIYIOIIEM pa3/ielie CTaThH.

PE3YJIBTATHI UCCJIEJOBAHUA

BBeneM, ocHOBBIBasICh Ha TUIIOTE3€ MCCIICIOBAHUIA
[15] 06 orpannuenny pa3BuTHs AehOpMaIHi, peannsy-
IOMIMX pa3pylIeHne M0 yCEUEHHOH MMpaMuie mpoaas-
nuBaHus, 1uia paccmarpuBaembix Hamu Y CKII kapkaca
CIIC/TYTOIIE YPOBHHU JIOKATBHBIX IOBPEXKICHUH (pHC. §).

Bepugurayus ob6vemHol KOHeuHO-I1eMeHm-
noti modenu YCKII. Tlo pesynsraTraM HaTypHBIX HCITBI-
TaHWi ObUTa poBeneHa Bepudukanus KOM no Benu-
YUHE TPEICTBFHON HATPy3KH U AedopMaiusM O6eToHa

1-i1 ypoBeHb OBPEKACHUN
Ird level of damages

2-ii ypOBEHb HOBPEKACHUI
2rd level of damages

U apMarypbl B MecTax HaKJIEHKU TEH30METPUYECKUX
JaTYUKOB. J[aHHBIC, TOJNyYCHHBIC B PE3yJbTaTe HC-
[BITAHUH, B COOTBETCTBUM CO CXEMOM PacHoIOKEHUS
nataukoB (puc. 9, 10) comocTaBsuuch ¢ pe3yiabraTaMu
pacueTa B COOTBETCTBYIOUIMX KOHEUHBIX 3JIEMEHTaX.
Kak BuIHO Ha pUCYHKaX, SKCIICPUMEHTAIBHBIC TAaHHEIC
JIOCTaTOYHO OJM3KH K TEOPETUICCKUM, TIPH ITOM UHC-
JICHHAs! MOJIeJIb JIaeT HEKOTOPBIH 3arac 1o IMPO4YHOCTH.
Juist ynoOcTBa 0ToOpakeHHst Ha rpauKax OTHOCHUTEIb-
HBbIe neopManuu € apMaTypbsl YMHOKAIIUCh HA KOH-
cranTy F, — HavalbHbIA MOJLYIIb YIIPYTOCTH CTAJIH.

ITo pesynsraram pacuera H/IC oOpa3iia momyueHsbI
TIOJTS TVIABHBIX HaNpsDKeHMH (Tad. 6).

Pacuem rapkaca na npoepeccupyrowee paspyuie-
Hue ¢ yuemom aokanvHulx nogpexcoenuii YCKII. Pac-
CMOTpEHBI 3 ClieHapus aBapUHON CUTyalluu, CBsI3aH-
HOW C yJalieHHeM IuioHa B ocsix b/2 (puc. 6):

1) 6e3 Hammums J0KaNbHEIX moBpexaeHnit Y CKII;

3-i1 ypOBEHb MOBPEKACHUI
3rd level of damages

0,25-0,30P * 0,45-0,50P * 0,50-0,85P *
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%/ rebars \ = e rcba%s N 5 /";i\rcbafs h
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Puc. 8. MOIIGJ'IPIpOBaHI/Ie JIOKaJIbHBIX HOBpe)KﬂeHHfI, BbI3BAHHBIX IMPOJAABIMBAHUEM

Fig. 8. Modelling of local damage induced by punching process
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Puc. 9. Conocrapnenne 1aHHBIX 110 Ae(OpPMaIUIM apMaTyphl: CKaTOH 30HBI, MOTYYEHHBIM SKCIIEPUMEHTAIBHO C PacueTa-

mu Mozen o MKD (a); pacTsiHyTOM 30HbI, ITOJIY4YEHHBIM IKCIIEPHMEHTAIIBHO ¢ pacueramu moaean o MKD (b)

Fig. 9. Comparison of data on deformations of the compressed zone rebars obtained experimentally with FEM calculations
of the model (a); of the tensile zone rebars obtained experimentally with FEM calculations of the model (b)

2) Ipy HAJIMYXH JIOKaJIbHBIX ToBpexxaeHni Y CKIT
3-ro ypoBHs B 30He nmiioHa b/1 (Bapuanr 1);

3) npu HaNMM4YUK JIOKAIBbHBIX oBpekaeHui Y CKIT
3-ro ypoBHs B 30He nioHoB b/1 n A/3 (Bapuanrt 2).

CunTaNoch, 4TO MPH MOBPEKACHHUAX 3-TO YPOBHS
pabora y3i1a Ha U3TUO MPAaKTHYECKH HCUepIiana, oopa-
3yeTcsl BAHTOBBII MEXaHU3M, ITPH KOTOPOM OCHOBHOE
JOTPY’KEHUE TPH aBapuUH MPOMCXOAUT MPEUMyIie-
CTBEHHO 3a CUET MPOIOIBHON CHIIBI, YTO ITO3BOJISIET UC-
TIOJIB30BATh JJAHHBIC HKCIIEPHMEHTA I10 TIPOJIABIMBAHHIO
TOJIBKO IIPOAOIBHON cuioil. B ciywyae MmeHpmuX mo-
BPEXJICHUH, €CIIN TUTUTA MOXKET BOCTIPHHSTD JIOTPYsKe-
HUE MU3rH0aroInM MOMEHTOM, CIIEAYET HCIIOJIb30BaTh

1462

JaHHbIE SKCIEPUMEHTa Ha MPOAABIUBAHHUE C YUETOM
JeWCTBHS MOMEHTA, KOTOPbIE OYy/lyT OIyOJIMKOBaHBI aB-
TOpPaMH B CIIETYIOIINX PadOTax.

Ha nauanbHOM 3Tame Juisi MONy4YeHHs cTaThde-
CKH YPaBHOBEILIEHHOI'O COCTOSIHUSI CUCTEMBI ONOpPHAas
CBs3b MIIOHA b/2 ObUTa 3aMEHEHa CHCTEMOW PaBHO-
JIEWCTBYIOIMX YCHWIINI C COOTBETCTBYIOIUM I'PA(hUKOM
HU3MEHEHUsS! BO BPEMEHH, KaK OIIMCAaHO PaHEE B CTaTbe
U, HarpuMep, B padote [18]. Ynanenne nunona npouc-
XOJIMUJIO 3a KOHEUHOE BpeMs ¢ B JUHAMMUYECKOH MOCTa-
HOBKe (cM. puc. 7). O0Iiee BpeMst pacdyera COCTaBIISLIO
19 ¢, u3 HUX nepBble 4 ceK CUCTEMA YPaBHOBEIINBAIAChH
JIO COCTOSIHMSI, COOTBETCTBYIOILETO IKCIIITyaTalluOHHO-
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Puc. 10. ConocraBnenue aepopManuii JaT9MKOB, YCTAHOBICHHBIX B TAHTCHCAILHOM HamlpaBieHuu (2, 4, 6...16), u pe3ynbTa-
ToB pacueToB mo MKD (2KD, 10KD3 ... 16KD)

Fig. 10. Comparison of deformations of sensors installed in tangential direction (2, 4, 6 ... 16) and results of FEM calculations
(2KE, 10KE ... 16KE)

Tab.1. 6. Haripskennoe cocrosuue Y CKIIT

Table 6. Stress state of the slab-column joint unit

Ceuenue 6 21a6HOU NIOCKOCIU KOLOHHbL NPU YPOBGHE NOgpexcoerutl (puc. 8)
Section in the main plane of the column at the damage level (Fig. 8)

1 2 3

Ceuenue no mopyoeoul niOCKOCMu KOIOHHbL NPU YPOSHE NOBPENHCOCHUTL
Column edge plane section at damage level

1 3 3
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Puc. 11. I'padukn nepemerieHns onopsl MIJIOHA B 0cAX b/2 mpu pa3nuuHoi cTeneHn MoBpekAeHNI

Fig. 11. Plots of the pylon support displacement in B/2 axes at different levels of damages
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Puc. 12. I'pacdux pacripesienieHust OIOPHBIX PEAKIHIl: @ — YIIOBBIX IIMIIOHOB (BapHaHT 1); b — TOPIEBBIX MIJIOHOB (BapHaHT 1)

Fig. 12. Chart of time change in force reactions: @ — of corner pylons (variant 1); b — of edge pylons (variant 1)

my. [To pe3ynbraram pacuera pparMeHTa MOHOIUTHOTO
KapkKaca MojyueHbl rpapuKku epeMeIeHus OMOpPbI M-
JI0HA B ocsx b/2 B 3aBUCHIMOCTH OT CTETICHHU TTOBPEXKIC-
HUS y370B y otop (puc. 11).
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Fig. 13. Chart of time change in force reactions: @ — of corner pylons (variant 2); b — of edge pylons (variant 2)

MEHH JUIsl ONOPHBIX NHJIOHOB. [IprBenem Tn pesyinbra-
TBI JUISI TOPLIEBBIX ¥ YIJIOBBIX IMIJIOHOB (CM. puc. 12, 13).

3AKJTIOYUEHUE

AHanu3 U3MEHEHHs BETMYMHBI ONOPHBIX PeaKIni
CHUCTEMBI 0€3 JIOKAJIbHBIX MOBPEXKICHUN U C UX HAIH-
YUEM IO NEPBOMY BapUaHTY MTOKa3al, YTO JIOKAJIbHbIE
MOBPEKIACHHUS OMMKaNIIero K yaauaseMoMy MHIOHY
y371a IPUBOZAT K IOTIOJHUTENBHOMY JOTPYKEHHUIO y3/1a
HarpoTtuB. OOMii MexaHu3M J1e(OpPMUPOBAHNUS TIITH-
THI IPU HAJIMYUU TOBPEXICHUI 1Mo BapuaHty | aHa-
JIOTHYEH ee padote 0e3 noBpexeHuil. B To xe Bpems
[IPY HAJIMYWU TTOBPEXJICHUH 10 BapuaHTy | HaOmona-
10TCs O0JIee BBICOKME 3HAYEHHMSI JIOTPY>KEHUH B YIIIOBBIX
KOJIOHHAX W MaJeHHE OMOPHBIX PeaKlUil B TOPLEBBIX
KOJIOHHAX, YTO CBUJETENBCTBYET O Mepepaclpe eI HIN
YCWINH B IUTUTE B HaNpaBlIeHUU Mo ocu b. AHanuzupys
rpaduKu OMOPHBIX PEAKINN ¢ HATMINEM TTOBPEKACHHN
110 BapHUAHTY 2, MOKHO OTMETHUTb, YTO JIOKAJIHHBIE T10-
BPEXKJEHHS, aHATIOTHYHO BapHAHTY |, IOTIOJIHUTEILHO
JIOTPYXAOT ONOpb! HAPOoTHB. OAHAKO B JAHHOM CIIy-
Yae MINTa MEePEeKPHITUS HAYMHAET MPOTnOaThCs B ABYX
HaIlpaBJICHUSIX: BJIOJIb LIEHTPaJIbHON YacTu 1o ocu b
U BJOJb OCU 3 B MEPNEHAMKYISIPHOM HalpaBJICHUH.

Bo3zHukaeT 10MOTHUTENBHOE AOTPYKEHHE YITIOBBIX MTH-
JIOHOB M POCT HAINPSKEHUH B OETOHE OMOPHBIX y4acT-
KOB IUJIOHOB Hapy>KHOI'O KOHTYpa, YTO B KOHEYHOM
UTOTE€ MOXKET NMPUBECTH K OTPBIBY LIEHTPAIBLHON YacTH
IUTATBI OT €€ HAapy)KHON YacCTH.

Iospexnenus Y CKII cymecTBeHHO BIUSIOT Ha Tie-
pepacnpeeeHie CUIIOBBIX TTOTOKOB B MOHOJIMTHBIX Kap-
Kacax Ipy aBapuiHbIX cutyauusx. [Ipu onpeneneHHbIX
CLEHApUAX U COYETAHUAX MOBPEKICHUN I CUCTEM,
CIPOEKTHPOBAHHBIX O€3 ydeTa 3aUThI OT TPOrPECCHPY-
IOLLET0 Pa3pylLIeHUs U UMEIOLIUX PACUETHbIE KOHTYPBI
YMEHBIICHHOH JUTMHBI (JIByXCTOPOHHHE U TPEXCTOPOH-
HHE), IPOAABINBAHKIE B PE3yJIbTaTe aBapUIHOTO JOTPY-
JKEHUS MOJKET [IPUBECTH K [IPOrPECCUPYIOLIEMY pa3py-
HIEHUIO CUCTEMBI BIUIOTH JIO €€ MOJHOTO Pa3pyIICHMS.

BBeznenb! ypoBHM JIOKaIbHBIX MIOBPEXKIEHUH, KOTO-
pbIe MOT'YT IIOMOYb OLIEHUTh CTEIIEHb OIIACHOCTU HAKO-
IUIEHHBIX HKCILTYaTallHOHHBIX OBPEXKAECHUN U IPEBEH-
TUBHO CHU3UTb 3HAYUTEJIbHBIE PUCKU MaTEPUAJIbHBIX
noreps. Bmecte ¢ TeM HEOOXOANMBI TANTbHEHIIIIE UcCITe-
JIOBAHUS, MO3BOJISIOIINE YCTAHOBUTD BIUSHUE YPOBHS
TIOBPEXK/ICHNH, NX TUIA, 00beMa U CIIeHapHsl TPYIIOBBIX
TIOBPEX/ICHNI Ha MEXaHUUECKYI0 O€30MacHOCTh MOHO-
JIUTHBIX KapKacoB ¢ 6€30aI0YHBIMH EPEKPBITHSIMU.

CIIMCOK UCTOYHHUKOB

1. Adam J.M., Parisi F., Sagaseta J., Lu X. Re-
search and practice on progressive collapse and robust-
ness of building structures in the 21st century // Engi-
neering Structures. 2018. Vol. 173. Pp. 122-149. DOL:
10.1016/j.engstruct.2018.06.082

2. Tampasan A.I"., Anexceiiyes A.B. OnTnmMansHOe
[IPOEKTUPOBAHUE HECYLIIMX KOHCTPYKLMH 30aHUM C yue-
TOM OTHOCHTETHHOTO prcka aBapwii // Bectauk MI'CVY.
2019. T. 14. Ne 7. C. 819-830. DOI: 10.22227/1997-
0935.2019.7.819-830. EDN HUIEAL.

1465

$Z0Z ‘6 @NSS| "G DWINJO/ « 8IN}08}IYDJY PUB UOI}ONJSUOD UO [BuINOr AJYIUOI « NSSIN MIUISOA
vZ0zZ ‘6 »oAuiag "6 woL . (8UluO) 0099-70SZ NSSI (1uld) GE60-2661 NSSI » ADJIN dMHLODg



BectHuk MI'CY - ISSN 1997-0935 (Print) ISSN 2304-6600 (Online) * Tom 19. Beinyck 9, 2024

Vestnik MGSU - Monthly Journal on Construction and Architecture « Volume 19. Issue 9, 2024

A.B. Anekceliyee, M.[]. AHmoHoe

3. Tampazan A.I. K ananusy y3na compske-
HHSI MOHOJIUTHBIX IUTUT U KOJIOHH TIPH NPOJIaBIMBaHNH //
BesonacHocTh cTpoutenbHoro Gouma Poccuu. Ipo-
OneMBbl U peleHus : MaT. MexayHap. akaJeMHYeCKUX
gyrenuid. 2020. C. 101-109. EDN HSMPUN.

4. 3anecog A.C., [lopogpees B.C., [llexosyos U.B.
[TpounocTs 1 AehOPMATHBHOCTH IUIUT HA MTPOIABIMBA-
Hue // beron u xene3zo06etoH. 1992. Ne 8. C. 14-17.
EDN OUCCKB.

5. @unamos B.B., Byonos E.I1. DxcriepuMeHTab-
HBIE UCCJIEJOBAHMSI TPOYHOCTH IJIOCKHX HKEJIe300€TOH-
HBIX IUIAT NpU npoxasiuBaHuu // [IpoMelinuieHHOE
U TpaxkJaHckoe cTpouTenscTBo. 2017, Ne 2. C. 86-91.
EDN YFPWRB.

6. Muttoni A. Punching shear strength of rein-
forced concrete slabs without transverse reinforcement //
ACI structural Journal. 2008. Vol. 105. Issue 4. DOI:
10.14359/19858

7. Gardner N.J., Huh J., Chung L. Lessons from
the Sampoong department store collapse / Cement and
Concrete Composites. 2002. Vol. 24. Issue 6. Pp. 523-529.
DOI: 10.1016/30958-9465(01)00068-3

8. Wood J.G.M. Pipers row car park collapse:
Identifying risk // Concrete. 2003. Vol. 37. Issue 9.
Pp. 29-31.

9. Kabanyes O.B., 'opobamos C.B., I[lecun K.O.
OreHKa BIUSHUS JIOKATBHBIX 1e()eKTOB MEPEKPBITHS
Ha OCHOBE ydeTa IT03TAITHOTO M3MCHEHHS PacueTHOH
cxeMbl 1o/ Harpy3koii // Bectnuk Tomckoro rocyaap-
CTBEHHOT'0 aPXHUTEKTYPHO-CTPOUTEIBHOTO YHUBEPCHUTE-
Ta. 2015. Ne 2 (49). C. 89-108. EDN TOLUXH.

10. LiuJ., Tian Y., Orton S.L., Said A.M. Resistance
of flat-plate buildings against progressive collapse. I:
Modeling of slab-column connections // Journal of Stru-
ctural Engineering. 2015. Vol. 141. Issue 12. DOI:
10.1061/(asce)st.1943-541x.0001294

11. Yi W.J., Zhang F.Z., Kunnath S.K. Progressive
collapse performance of RC flat plate frame structures //
Journal of Structural Engineering. 2014. Vol. 140. Issue 9.
DOI: 10.1061/(asce)st.1943-541x.0000963

12. Russell J.M., Owen J.S., Hajirasouliha I. Ex-
perimental investigation on the dynamic response of
RC flat slabs after a sudden column loss // Engineering
Structures. 2015. Vol. 99. Pp. 28-41. DOI: 10.1016/
j.engstruct.2015.04.040

13. Kabanyes O.B., Mumposuu b. K Be1OOpY Xa-
PaKTEePUCTHK MPEAEITbHBIX COCTOSIHHI MOHOJIMTHBIX JKe-
71e300€TOHHBIX HECYILIX CHCTEM JUIsl peXKuMa Iporpec-
cupyroiero oopyiieHus // I3BecTus BHICIINX YIEOHBIX
3aBeieHud. TexXHOIOrust TEKCTUIbHON IPOMBILUIEHHO-
ctu. 2018. Ne 6 (378). C. 234-241. EDN TTXZYZ.

14. Konuynos B.U., Knroesa H.B., Fyxmuspoea A.C.
ConpoTHBIIEHHE TPOCTPAHCTBEHHBIX Y3IJIOB COIPSIKE-
HHS JKeNe300eTOHHBIX KapKacoB MHOTOJTAKHBIX 3TaHUH

Tocmynuna ¢ pedaxyuto 13 pespans 2024 2.
Ipunama é oopabomarnnom eude 15 pespana 2024 a.
Ooobpena onsa nyonuxayuu 31 mas 2024 2.

1466

TIPH 3aITPOEKTHBIX BO3/eHCTBHUSIX // CTPOUTENBCTBO U pe-
koHcTpykimst. 2011. Ne 5 (37). C. 21-32. EDN OIRNVV.

15. Tpexun H.H., Capxucos /1.10O., Kpvinog B.B.,
Eecmagvesa E.B., Anopsu K.P. Hecymas cmoco6-
HOCTb MOHOJIUTHBIX K€1€300€TOHHBIX ILUIUT Ha po-
JaBJIMBaHHE MPH CTATHYSCKOM U JTHHAMHYECKOM Ha-
rpyxeHud // CTpOUTENBCTBO U peKOHCTPYyKIMs. 2022.
Ne 5 (103). C. 67-79. DOI: 10.33979/2073-7416-2022-
103-5-67-79. EDN HCBULC.

16. Micallef K., Sagaseta J., Ruiz M.F., Muttoni A.
Assessing punching shear failure in reinforced concrete
flat slabs subjected to localised impact loading // Inter-
national Journal of Impact Engineering. 2014. Vol. 71.
Pp. 17-33. DOI: 10.1016/j.ijimpeng.2014.04.003

17. Ulaeto N. Numerical modelling of symmetric
and asymmetric punching and post-punching shear re-
sponses of RC flat slabs // 11th European LS-DYNA
Conference 2017. 2017.

18. Melo G., Regan P.E. Post-punching resistance
of connections between flat slabs and interior columns //
Magazine of Concrete Research. 1998. Vol. 50. Issue 4.
Pp. 319-327. DOI: 10.1680/macr.1998.50.4.319

19. Fernandez Ruiz M., Mirzaei Y., Muttoni A. Post-
punching behavior of flat slabs // ACI Structural Journal.
2013. Vol. 110. Issue 5. DOI: 10.14359/51685833

20. Tampaszan A.I'. KoHnenTtyaibHbIe TTOIXO0IBI
K OLICHKE )KMBYYECTH CTPOUTEIBHBIX KOHCTPYKIIHIA,
3/aHKi 1 coopyxkenuit // Kene300eTOHHbIE KOHCTPYK-
muu. 2023. T. 3. Ne 3. C. 62-74. DOI: 10.22227/2949-
1622.2023.3.62-74. EDN IKRNWX.

21. Kolchunov V.1, Savin S.Yu. Survivability criteria
for reinforced concrete frame at loss of stability // Maga-
zine of Civil Engineering. 2018. No. 4 (80). Pp. 73-80.
DOI: 10.18720/MCE.80.7. EDN XYLDTF.

22. Lubliner J., Oliver J., Oller S., Onate E. A plas-
tic-damage model for concrete // International Journal of
Solids and Structures. 1989. Vol. 25. Issue 3. Pp. 299-326.
DOI: 10.1016/0020-7683(89)90050-4

23. Rasoul Z.M.R.A., Mtaher H.M.A. Accuracy
of concrete strength prediction behavior in simulating
punching shear behavior of flat slab using finite element
approach in Abaqus // Periodicals of Engineering and
Natural Sciences. 2019. Vol. 7. Issue 4. P. 1933. DOI:
10.21533/pen.v7i4.943

24. Genikomsou A.S., Polak M.A. Finite element
analysis of punching shear of concrete slabs using
damaged plasticity model in ABAQUS // Engineering
Structures. 2015. Vol. 98. Pp. 38—48. DOI: 10.1016/
j.engstruct.2015.04.016

25. Anexcetiyes A.B., Aumonos M. J]. Tunamuka
0e30aJI0UHBIX HKEJIE300€TOHHBIX KapKaCOB COOPYKEHHI
TNPY TIOBPEXKACHHSX IUTUT NpoAaBiuBanueM / CTpOUTesb-
ctBO U pexkoHcTpykims. 2021. Ne 4 (96). C. 23-34. DOI:
10.33979/2073-7416-2021-96-4-23-34. EDN UJXFML.



ConpoTUBASIEMOCTb MPOrPECCHPYIOLLEMY PA3PYLLIEHUIO MOHOAMTHbIX KapKaCoB 3AaHMI
NP AOKaAbHbIX MOBPEXAEHUSX Y3A0B OT MPOAABAUBAHMS

C. 1454-1468

OB ABTOPAX: AHaroimii BUkTOpoBHY AJjlekceiileB — JOKTOP TEXHHYECKUX HAyK, JOLEHT Kaeaphl jKese30-
OETOHHBIX M KaMEHHBIX KOHCTpYKuuii; HanmoHanbHbI HccenoBaTesibckuii MOCKOBCKHIA rocyiapcTBeHHbII
crpoutenbHbiii yausepcutrer (HUY MI'CY); 129337, . Mocksa, SIpocnaBckoe 1mocce, 1. 26; SPIN-koa: 3035-5571,
Scopus: 57191530761, ResearcherID: 1-3663-2017, ORCID: 0000-0002-4765-5819; aalexw(@mail.ru;

Muxani JIMuTpueBHY AHTOHOB — acIMpaHT Kadeapbl XKeJie300eTOHHBIX 1 KAMEHHBIX KOHCTpYyKuuit; Hammo-
HAJbHBIH HccaegoBaTe/IbckHii MOCKOBCKHI rocylapcTBeHHbIH cTponTebHbIi yHHBepcuTeT (HUY MI'CY);
129337, . Mockga, SIpocnasckoe mmocce, a. 26; SPIN-koxa: 6327-7406, PUHIL ID: 1101963; mishany96969@mail.ru.

Brnao asmopos:

Anexcetiyes A.B. — popmynuposanue konyenyuu uccied08anus, MemoouKa uccie008anus, HayiHoe

pedaxkmuposanue, popmyauposanue 6bi60008.

Aumonos M.J]. — ananusz ucmounuxos u aumepamypbl, nposeoeHue UCHbIMaHull u 00padomKa ux pe3yibmamoas,

nocmpoenue u anaiuz K3 mooenu, noocomoska mexcma, popmynuposaniue 8b160008.

Aemopul 3a5a61510m 06 OMCYMCMEUU KOHPYIUKIMA UHIMEPECOs.

REFERENCES

1. Adam J.M., Parisi F., Sagaseta J., Lu X. Re-
search and practice on progressive collapse and robust-
ness of building structures in the 21st century. Engineer-
ing Structures. 2018; 173:122-149. DOI: 10.1016/j.eng-
struct.2018.06.082

2. Tamrazyan A.G., Alekseytsev A.V. Optimal struc-
tures design: accounting of costs and relative accidents
risk. Vestnik MGSU [Proceedings of Moscow State Uni-
versity of Civil Engineering]. 2019; 14(7):819-830. DOI:
10.22227/1997-0935.2019.7.819-830. EDN HUIEAL.
(rus.).

3. Tamrazyan A.G. To analyze the junction of flat
slabs and columns during punching. Safety of the Rus-
sian construction fund. Safety of the Russian construc-
tion fund. Problems and solutions : materials of In-
ternational Academic Readings. 2020; 101-109. EDN
HSMPUN. (rus.).

4. Zalesov A.S., Dorofeev V.S., Shekhovcov I.V.
Strength and deformability of plates for punching. Con-
crete and Reinforced Concrete. 1992; 8:14-17. EDN
OUCCKB. (rus.).

5. Filatov V.B., Bubnov E.P. Experimental inves-
tigation of punching shear strength of flat reinforced
concrete slabs. Industrial and Civil Engineering. 2017,
2:86-91. EDN YFPWRB. (rus.).

6. Muttoni A. Punching shear strength of rein-
forced concrete slabs without transverse reinforce-
ment. ACI structural Journal. 2008; 105(4). DOI:
10.14359/19858

7. Gardner N.J., Huh J., Chung L. Lessons from
the Sampoong department store collapse. Cement and
Concrete Composites. 2002; 24(6):523-529. DOI:
10.1016/s0958-9465(01)00068-3

8. Wood J.G.M. Pipers row car park collapse:
Identifying risk. Concrete. 2003; 37(9):29-31.

9. Kabantsev O.V., Gorbatov S.V., Pesin K.O. Es-
timation of local defects of loaded slabs considering
a step change in design diagram. Journal of Con-
struction and Architecture. 2015; 2(49):89-108. EDN
TOLUXH. (rus.).

10. LiuJ., Tian Y., Orton S.L., Said A.M. Resis-
tance of flat-plate buildings against progressive col-
lapse. I: Modeling of slab-column connections. Jour-
nal of Structural Engineering. 2015; 141(12). DOI:
10.1061/(asce)st.1943-541x.0001294

11. Yi W.J., Zhang F.Z., Kunnath S.K. Progres-
sive collapse performance of RC flat plate frame struc-
tures. Journal of Structural Engineering. 2014; 140(9).
DOI: 10.1061/(asce)st.1943-541x.0000963

12. Russell JJM., Owen J.S., Hajirasouliha I. Exper-
imental investigation on the dynamic response of RC flat
slabs after a sudden column loss. Engineering Structures.
2015; 99:28-41. DOI: 10.1016/j.engstruct.2015.04.040

13. Kabancev O.V., Mitrovic B. For the selection
of characteristics of limit states of monolithic reinforced
concrete systems for the mode of progressive drop. Tex-
tile Industry Technology. 2018; 6(378):234-241. EDN
TTXZYZ. (rus.).

14. Kolchunov V.I., Kljueva N.V., Buhtijarova A.S.
Strength of joints in spatial reinforced concrete frames
of high rise buildings under actions beyond design ba-
sis. Building and Reconstruction. 2011; 5(37):21-32.
EDN OIRNVV. (rus.).

15. Trekin N.N., Sarkisov D.Yu., Krylov V.V.,
Yvstafieva E.B., Andrian K.R. Strength of monolithic
reinforced concrete slabs for punching under static and
dynamic loading. Building and Reconstruction. 2022;
5(103):67-79. DOI: 10.33979/2073-7416-2022-103-5-
67-79. EDN HCBULC. (rus.).

16. MicallefK., Sagaseta J., Ruiz M.F., Muttoni A.
Assessing punching shear failure in reinforced concrete
flat slabs subjected to localised impact loading. Interna-
tional Journal of Impact Engineering. 2014; 71:17-33.
DOI: 10.1016/j.ijjimpeng.2014.04.003

17. Ulaeto N. Numerical modelling of symmetric
and asymmetric punching and post-punching shear re-
sponses of RC flat slabs. //th European LS-DYNA Con-
ference 2017. 2017.

18. Melo G., Regan P.E. Post-punching resistance
of connections between flat slabs and interior columns.

1467

$Z0Z ‘6 @NSS| "G DWINJO/ « 8IN}08}IYDJY PUB UOI}ONJSUOD UO [BuINOr AJYIUOI « NSSIN MIUISOA
vZ0zZ ‘6 »oAuiag "6 woL . (8UluO) 0099-70SZ NSSI (1uld) GE60-2661 NSSI » ADJIN dMHLODg



BectHuk MI'CY - ISSN 1997-0935 (Print) ISSN 2304-6600 (Online) * Tom 19. Beinyck 9, 2024

Vestnik MGSU - Monthly Journal on Construction and Architecture « Volume 19. Issue 9, 2024

A.B. Anekceliyee, M.[]. AHmoHoe

Magazine of Concrete Research. 1998; 50(4):319-327.
DOI: 10.1680/macr.1998.50.4.319

19. Fernandez Ruiz M., Mirzaei Y., Muttoni A.
Post-punching behavior of flat slabs. ACI Structural
Journal. 2013; 110(5). DOI: 10.14359/51685833

20. Tamrazyan A.G. Conceptual approaches to
robustness assessment of building structures, buildings
and facilities. Reinforced Concrete Structures. 2023;
3(3):62-74. DOI: 10.22227/2949-1622.2023.3.62-74.
EDN IKRNWX. (rus.).

21. Kolchunov V.I., Savin S.Yu. Survivability cri-
teria for reinforced concrete frame at loss of stability.
Magazine of Civil Engineering. 2018; 4(80):73-80. DOI:
10.18720/MCE.80.7. EDN XYLDTF.

22. Lubliner J., Oliver J., Oller S., Onate E. A plas-
tic-damage model for concrete. International Journal

Received February 13, 2024.
Adopted in revised form on February 15, 2024.
Approved for publication on May 31, 2024.

of Solids and Structures. 1989; 25(3):299-326. DOI:
10.1016/0020-7683(89)90050-4

23. Rasoul Z.M.R.A., Mtaher H.M.A. Accuracy
of concrete strength prediction behavior in simulating
punching shear behavior of flat slab using finite element ap-
proach in Abaqus. Periodicals of Engineering and Natural
Sciences. 2019; 7(4):1933. DOI: 10.21533/pen.v7i4.943

24. Genikomsou A.S., Polak M.A. Finite element
analysis of punching shear of concrete slabs using damaged
plasticity model in ABAQUS. Engineering Structures.
2015; 98:38-48. DOLI: 10.1016/j.engstruct.2015.04.016

25. Alekseytsev A.V., Antonov M.D. Dynamics
of reinforced concrete non-beam frames in case of dam-
age to slabs punching. Building and Reconstruction.
2021; 4(96):23-34. DOI: 10.33979/2073-7416-2021-96-
4-23-34. EDN UJXFML. (rus.).

BroNnoTES: Anatoly V. Alekseytsev — Doctor of Technical Sciences, Associate Professor of the Department
of Reinforced Concrete and Masonry Structures; Moscow State University of Civil Engineering (National Research
University) (MGSU); 26 Yaroslavskoe shosse, Moscow, 129337, Russian Federation; SPIN-code: 3035-5571, Scopus:
57191530761, ResearcherID: 1-3663-2017, ORCID: 0000-0002-4765-5819; aalexw@mail.ru;

Mikhail D. Antonov — postgraduate student of the Department of Reinforced Concrete and Masonry Structures;
Moscow State University of Civil Engineering (National Research University) (MGSU); 26 Yaroslavskoe shosse,
Moscow, 129337, Russian Federation; SPIN-code: 6327-7406, ID RSCI: 1101963; mishany96969@mail.ru.

Contribution of the authors:

Anatoly V. Alekseytsev — preparing a conception of investigation, making a method of investigation, scientific editing,

making conclusion.

Mikhail D. Antonov — analyzing research material, experimental testing; processing the results, creating and analyz-

ing of FE models, preparing a text, making conclusion.

The authors declare that they have no conflicts of interest.

1468



