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AHHOTALUMA

BeegeHune. Ctanexene3obeToHHbIe KOHCTPYKLMN NPencTaBnsioT cOO60M KOMMO3UTHYLO crcTeMy, 0bpa3oBaHHYH CTanbHbI-
MU Gankamu 1 xxene3obeToHHoN NnuTon. [Ana achdekTuBHOM paboTbl KOHCTPYKLMM HEOOX0AMMA HaaexHas nepeaavda CAoBu-
ralowmx yeunun mexay 6ankovt n nnuton. C 3ToN LENbIO NPUMEHSAIOTCA aHKEPHbIe YCTPONCTBa, obecnevmnBatoLime cBAsb
6ankv n nuTbl. PaccmaTtprBaeTcsl KOHCTPYKLMSA CcTanexene3obeToHHOro nepekpbiTvs, 06pa3oBaHHOMO ene3obeToHHOW
NAUTON 1 CTanbHbIMK 6ankamm 13 rHyTbix Nnpodunei. Ctanexene3obeToHHOe NepekpbITMe — 3T0 cMcTeMa M3 napannernbs-
HO PacnonOXeHHbIX MHYTbIX CTanbHbIX OLMHKOBAHHBIX Banok, YaCcTUYHO 3aMOHOMNNYEHHbIX B GETOHHYIO NAUTY TOMLLMHOW
90 mm, 13 6eToHa B25. MNepenaya casuratoLLmx ycUnuin nepeaaeTtcst 3a CHET CLenneHns oLMHKOBaHHOM cTtanu u 6etoHa 6e3
aHKepHbIX YCTPOMCTB U AONOMHUTENbHOM 06paboTkmM NOBEpPXHOCTM Banku.

Matepuanbl u Metoabl. [N BbISBNEHNs PaKTUHECKUX CWIT CLEMINEHNUS BbIMOMHEHbI UCMbITaHUSA 06pasLoB, Y KOTOPbIX
nnockas OUMHKOBaHHasi nMnacTvHa bbina 3agenaHa B 6eToH. [NpoBedeHa OLEHKa KOHEYHO-3NIeMeHTHbIX mopenei (KOM),
CO3[aHHbIX C MOMOLLbIO PA3NMNYHbIX BbIMUCIIUTENbHBIX KOMMEKCOB. YCTaHOBMNeHbI NnapameTpbl KOM, npu koTopbix obecne-
YvBaeTcs npvemMnemas Ansi npakTU4eckoro NCnofb3oBaHUs TOYHOCTb.

Pe3ynbraTbl. SKCNepMMeHTanbHO YCTaHOBMEHA MPOYHOCTb CLENSIEHNS CTanbHOW NNacTHbl ¢ 6GETOHOM MpY PasfnMYHbIX
BapuaHTax ee kpenneHus k 6etoHy. OnpegeneHa Tpebyemasi ceTka pa3brveHns NnuTbl Npy NCnonb3oBaHUM 3D KOHEYHbIX
3MEeMeHTOB.

BuiBoabl. PaspaboTaHa KOHCTPYKLUWSA cTanexene3obeToHHOro NepeKpbITUs NponeTom 6—8 M ¢ NPUMEHEeHNEM rHYTbIX OLMH-
KOBaHHbIX Npodunei, YacTUYHO 3aAenaHHbIX B XXene306eToHHy nnuty TonwmHon 90 MM. JkcnepumeHTansHo onpeaerne-
Ha MPOYHOCTb Ha CABWI COEAMHEHNS OLIMHKOBAHHOW CTanbHOWM NNacTWHbl, 3aAenaHHon B 6ETOH, cocTaBMBLUAS B 3aBUCK-
MOCTM OT cnocoba MoAroToBKu 3afenaHHon B 6eToH NoBepxHoCTU ctanbHoro nucta ot 0,248 go 0,415 Mla. OTtpabotaHsl
Y/CIeHHble MOAENN C MPUMEHEHNEM Pa3NUyHbIX BbIYMCANTENBbHBIX KOMMMEKCOB, NpeAHa3Ha4YeHHbIX ANna pacyeTa cTane-
Xene3obeToHHOro nepekpbITs. HameyeHbl NyTn coBeplueHcTBoBaHMSt KOM Ha OCHOBe pasBUTUSI YMCNEHHOW METOAMKM
pacyeTa C y4eTOM 3KCrnepUMEHTanbHbIX AaHHbIX, MONMYYEHHbBIX NPU UCMbITAHUSAX HATYPHOW KOHCTPYKLIW.

KNKOYEBBIE CITOBA: ctanexene3obeToHHas KOMNO3nTHas 6anka, KOMNo3uTHast KOHCTPYKLWMS, NPOYHOCTb Ha M3rnb, akc-
nepuMeHTanbHble CCnefoBaHus, nerkas cTasnibHas KOHCTPYKLMS, TOHKOCTEHHas KOHCTPYKLMS
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Numerical calculation of steel-concrete structures
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ABSTRACT

Introduction. Steel-concrete structures are composite systems composed of steel beams and a reinforced concrete slab.
The reliable transfer of shear forces between the beam and the slab is required for the structure to behave efficiently. To-
wards this end, anchoring devices are used to ensure a connection between the beam and the slab. The design of a steel-
concrete beam, composed of a reinforced concrete slab and steel beams, having bent sections, is considered. The steel-
concrete beam is a system of galvanized bent steel beams placed in parallel and partially embedded in the 90 mm thick
concrete slab made of B25 concrete. Shear forces are transmitted due to adhesion between galvanized steel and concrete
without anchoring devices or the additional treatment of the beam surface.

Materials and methods. The samples, whose flat galvanized plate had been embedded in concrete, were tested to identify
actual adhesion forces. Finite element models (FEM), developed using various software packages, were assessed. FEM
parameters that ensured the accuracy, acceptable for practical use, were identified.

Results. The strength of adhesion between the steel plate and concrete was experimentally identified for different options
of its attachment to concrete. The mesh pattern was identified for the plate for the case when 3D finite elements were used.
Conclusions. A steel-concrete beam with a span of 6-8 m, bent galvanized sections partially embedded in the reinforced
concrete slab with a thickness of 90 mm was developed. The author experimentally identified the shear resistance of a gal-
vanized steel plate embedded in concrete, which reached 0.248 to 0.415 MPa depending on how the surface of the steel
plate embedded in concrete was prepared. Numerical models were tested using different computational packages designa-
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ted for the calculation of steel-reinforced concrete beams. The author suggests FEM improvements on the basis of numerical
calculation methods applied with due regard for the experimental data obtained during the testing of the full-scale structure.

KEYWORDS: steel-concrete composite beam, composite structure, flexural strength, experimental studies, light steel struc-

ture, thin-walled structure
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BBEJEHUE

Cranexxene300eTOHHBIE KOHCTPYKIHH, 00pa3o-
BaHHbIE OETOHOM U CTaJIbHBIMHU MPOQPUISIMH, UCIOb-
3yIOT IOJIE3HbIE CBOMCTBA CTAJIHM M OETOHA 3a CUET UX
pa3MelleHNs COOTBETCTBEHHO B PACTHYTON U CHKATOM
3o0He [1, 2].

JI71s1 BOCTIpHATHS CIBUTAIOMINX YCHITHIA MeXTy Oe-
TOHOM M CTJIBHON OAJIKOH MOTYT MPUMEHSITHCS KECT-
KHe WU THOKHE YIOpPbI, cTal-00J1ThI, BBICOKOIPOYHBIE
6ounThl 1 mnmibku' [3—6]. Peannsyrorcst KOHCTPYKTHB-
HbI€ PEIICHUs] CO CheMHBIMU aHKEpaMH, TepeIarolH-
MU CJIBUTAIOIIME YCUINSI MKy OCTOHHBIMH IIUTAMU
W CTaIbHON OAJIKOH, HO TIO3BOJISFOIIIIIMH TIPH HEOOXOTH-
MOCTH OTCOEAMHSTH TOBPEKICHHBIC TUTUTHI ¥ 3aMEHSITh
UX [IPU IIPOBeieHUU peMoHTa [7]. OqHUM U3 BapUaHTOB
KOMIIO3UTHOM CTaNeKeNe300eTOHHON KOHCTPYKIIMH MO-
JKET CITy)KUTh Hecylas 0ajka, COCTOSIIAs U3 TUIACTHHBI
BHHU3Y 0aJKH, K KOTOPOH HaKJIOHHBIMU XOMYTaMH pH-
BapeHbI pacrojiaraeMble B BEpXHEil 30HE MPOJIOJIbHbIC
cTepakHU apMmarypsl [8]. [lepenauy caBuraromux ycu-
JUH TaKXKe OCYHIECTBIISIOT MOCPEICTBOM CHJI CLETIIe-
HUSI M@Ky OETOHOM U CTaJbHOM MMOBEPXHOCTBHIO Ya-
CTHYHO 3aMOHOIIMYCHHO B IUTUTY CTaJIbHOM Oamku [9].
CranpHble OaKi MOTYT OBITh IPOKATHBIMHU, CBAPHBIMH,
rHyThIMH. [Ipu nponerax 6—8 M u Harpy3kax ao 3 klla
Ha TIEPEKPHITHE PALMOHAIBHO BBITIOIHATH OAJIKy U3 THY-
TOTO OLIMHKOBAHHOTO Tipoduiis (puc. 1).

KoMI1o3uTHBIE ITEPEKPHITHS CO CTAIBHBIMU Oalka-
MH U3 THYTOTO OLIMHKOBAHHOTO IPO(hHIIs 6€3 aHKEPHBIX
YCTPOUCTB MEX1y TUIUTOM 1 OaJKoi UMEIOT MPOCTYIO
KoHcTpyKuuio. /s obecrniedeHus cuenieHus 0eToHa
c Oankoii ee 3aBOJST IIPU MOHTAXE BBIIIE YPOBHS OMa-
nyoku. [Tocie Habopa OETOHOM IPOYHOCTH 00pa3yeTcs
KOMITO3UTHasI cTajexene300eTonHast KoHeTpykuus. Ta-
KO€ KOHCTPYKTHBHOE PEIICHHE [T03BOJISIET CHU3UTH Pac-
XOJl MaTrepuaioB Ha MEPEKPBITHS U YMEHBIINUTH CPOKH
MOHTaxa 31anuii. K mpenmymiectBam cranexene3ode-
TOHHOTO HEPEKPBITHS C THYTHIMU CTAJIBHBIMU OallkaMu
CJIEIyeT OTHECTH IPOCTOTY U MOHMXEHHYIO BBICOTY
KOHCTPYKIMHU. [l yIpOIIeHNsI KOHCTPYKIUU B Kaue-
CTBE OMNaJyOKH ISl YKJIaJK1 OETOHAa MOXHO HCIOJb-
30BaTh CTaHJIAPTHBIEC JIUCTHI BIArOCTOMKON (haHEepsl,
HMIMpUHA KOTOPBIX cocTaBnsger 1220, 1250, 1525 mm.
C y4eToM 3TOTO BO3MOXXHO Ha3HAYUTh LIar Oayiok.
Omnaiy0ka KpermuTcst HEOCPEACTBEHHO K OasikaM ¢ Io-
MOIIIBIO MOHTQ)KHBIX aHKEPOB, 3aBOJIMMBIX B OTBEPCTHS

'CTO 0047-2005. TTepekpbIThs CTAIKENE300ETOHHBIE C MO-
HOJIMTHOM IUTMTOH 110 CTJIbLHOMY HPO(QUIMPOBAHOMY HACTHUILY.
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Puc. 1. bayka n3 rHyTOro TOHKOCTEHHOTO IIPOQHIIS

B cTeHke Oanku. [Tocie HaGopa MpoYHOCTH OETOHOM
MOHT@)XXHBIE aHKEPHI YIAIAIOTCS, M TIPOU3BOIUTCS pac-
najayOiuBaHue TIUTHL. J{s1 00ecrieueHus] MPOYHOCTH
IJIMTHI HA cpe3 IIuTa apMupyercst cerkoi. Ha puc. 2
MOKa3aHO TONEPEUYHOE CEUCHHE TMEPEKPBHITHS, COCTO-
SIIIETO U3 JKeJI€300€TOHHON IIUTHI TOJIMHHON 90 MM
Y THYTOTO TIPOQHIIS, 3aBEJICHHOTO B TUTUTY Ha 33 MM.

B paccMaTpuBaeMOM MEPEKPHITHH JJIs BOCIPH-
SITHSL PACUCTHOW HATrPy3KH HEOOXOAMMO OOCCIEUHUTH
MIPOYHOCTH CIETUICHHUS MMOBEPXHOCTH CTAIBHON Oanku
u OeToHa. Bompoc mpouHOCTH CIHEIJICHUS CTaIbHOM
OIIMHKOBAaHHOH MMOBEPXHOCTH B OETOHA UCCIICIOBAH HE-
noctatoyHo. OTCYyTCTBYIOT HOPMAaTHBHbBIE PEKOMEH/Ia-
IIUY TI0 PACUETy TaKUX KOHCTpyKIuii. C 1enbpro onpee-
JIEHUSI OCOOCHHOCTEH Tepeayn CIBUTAIOIINX YCHITHIA
B 30HE KOHTaKTa Mpoduis U OeTOHA MPOBEICHBI IKC-
MIEPUMEHTANIFHBIC H YHCICHHBIC UCCIICIOBAHUS.

[Ipu pacuere cranexene300eTOHHBIX KOHCTPYK-
OUH YYUTHIBAIOTCS JCHCTBYIOIIHE CTPOUTEIBHBIC
HOPMBI U TIpaBWIa’? ¢ UCIOJIb30BAHUEM HH)KEHEPHBIX
Metomuk [10-13]. IIpakTrka HayYHBIX HCCIEIOBAHIHA
MMOATBEPIUIa HAJACIKHOCTD MPUMEHCHHS YMCICHHBIX

2CII 266.1325800.2016. KoHCTpyKIMK CTaIeKeNe300€TOH-
Hble. [IpaBuia npoeKTUpOBaHUS : yTB. pUKa3oM MUHCTPOs
Poccun ot 30.12.2016 Ne 1030/mp. URL: https://docs.cntd.ru/
document/456044285

3CI1260.1325800.2016. KoHCTpYKIMH CTabHBIE TOHKOCTCH-
HbIC U3 XOJIOZHOTHYTHIX OLIMHKOBAHHBIX Ipoduieii u rodpu-
POBaHHBIX JTHCTOB. [IpaBua MPOEKTUPOBAHUS : YTB. IPUKa-
30M MuncTpos Poccun ot 03.12.2016 Ne 881/mp.
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Puc. 2. ®parMeHT nonepevHoro ceueHus NepeKphITUs

METO/JIOB ISl PACUETa CTAIEKENEe300€ TOHHBIX HECYIIINX
cucrem® [14-16].

MATEPHUAJIBI U METO/JbI

IKCNepUMEeHT

ITpoaykTUBHO MpU UCCIIEAOBAHUY TOBEICHHUS CTa-
JIeKe1e300€ TOHHBIX KOHCTPYKITHI UCTIONb3YIOTCSl UCITBI-
TaHusl 00Pa3I0B U HATYPHBIX KOHCTPYKIUI. DKCIepH-
MEHTAJIbHbIE HUCCIIEJOBAHUS B3aUMOJCHCTBUS CTAIBHOM
Oanku U OETOHA ITO3BOJILIH BBIIBUTH OCOOCHHOCTH pa-
OOTEHI cTaeKene300eTOHHBIX KOHCTPYKIIUH TIPH pa3ind-
HBIX croco0ax coeauHeHus oaku u 6etona [17].

B HY MI'CY skciepuMeHTaIbHO U3y4YeHO B3au-
MojIeHCTBHE OCTOHA M 3aMOHOJIMYCHHBIX B HETO TOHKHX
OIIMHKOBAaHHBIX CTANIbHBIX TIACTHH. VccrenoBanus ycu-
JIMH, BOCIPUHUMAEMBIX 32 CUET CHJI CLUEIUICHUSI MEXIY
CTaJIFHOU OIIMHKOBAHHOM TUIACTUHOW M OETOHOM, BBIITOJI-
HEHbI Ha SKCIEPUMEHTANIBHON YCTAHOBKE, COCTOSLICH
W3 CHJIOBOW paMbl M THAPABINIECKOro uunHapa. [Ipu
MIPOBEACHAUH UCTIBITAHUH CTaIbHAs TIACTHHA, 3aMOHOIH-
YeHHasi B OCTOHHBIN MapajuieNenuIe]l, yIepThIid B paMy
YCTaHOBKH, BBIIEPTUBAJIach U3 Hero (puc. 3).

JInst ucniplTaHUi TOATOTOBJICHBI 4 BapUaHTa JKC-
MePUMEHTAIILHBIX 00pa3ioB. Y Bcex oOpas3ioB Oe-
TOHHBII Mmapayenenunen umen pasmepsl 700 x 400 x
x 150 MmM. CraJibHBIC OIIMHKOBAHHEIC TIACTHHEI TOJIIIN-
HOH 3 MM, ;umHO#M 720 MM u mmpuHoi 300 MM 3aBo-

Puc. 3. DxciepuMeHTaIbHAs YCTAaHOBKA (@) M SKCIIEPUMEH-
TaJbHBINA oOpasen ()

TTHCh B OcToH Ha nryoury 300 MMm. BbiOop TomIuHbL
TUTUTBI M CTAJILHOM TJIACTHHBI TO3BOJUIT HAOIO/IaTh B3a-
HMMOJICCTBHE OETOHA 1 CTAJIbHOW TJIACTHUHEI B YCIIOBUSIX,
ONMM3KUX K TEM, TIPH KOTOPBIX OHH OY/IyT B3aHMOICHCTBO-
BaTh B TIepeKpbITHH. [InacTiHa Kpermiach K THAPOIIMITIH-
JIPY UCTIBITATeIIHHON MAIIMHBI ecThio Oontamu M20.

PaccmoTpeHo ueThIpe THna 00pasioB, OTINYA0-
LIMXCS IPYT OT JIpyra 0COOCHHOCTSIMH 3aMOHOJIHYCH-
HBIX B OCTOH YYaCTKOB CTaJIbHOH MIACTUHBI:

* obOpaszer Ne 1, 3aMOHOIMYEHHBIH Y4aCTOK OIMH-
KOBAHHOM CTaJbHOM IMJIACTHHBI TNIAJKHN, CICTIIICHHUE
¢ OETOHOM JOCTHUTACTCS 32 CYET aATC3HOHHBIX CBOMCTB
MaTepHasos;

* oOpazer Ne 2, 3aMOHOTHMYCHHBIH YYACTOK OIIMH-
KOBAaHHOM CTalbHOM MIACTHUHBI UMEET 8 OTBEpPCTHil
JTUaMETPOM 22 MM, CICIUICHHE ¢ OCTOHOM J[OCTHTacT-
cs1 Onarojiapsi aAre3MOHHBIM CBOMCTBAM MaTepUaIOB
1 HOPMHUPOBAHHIO HEOOIBIITNX OCTOHHBIX IITOHOK;

+ oOpazerr Ne 3, Ha 3aMOHONMMYEHHOM y4acTKe TITa-
CTHHBI BHITIONHACTCS 8 oTBepcThit ArraMeTpoM 10 M,
B KOTOPBIC YCTAaHABIUBAIOTCS OONTHI THAMETPOM 8 MM,
JUTHHOM 40 MM, yBEIMYMBAIOIIHE CIETIICHHUE TITaCTHHBI
¢ OeTOHOM;

* oOpaszer; Ne 4, Ha 3aMOHOJINYEHHOM YYacTKe
IJTACTUHBI BBIIITAMIIOBBIBAIOTCSI 8§ OTOTHYTHIX Ha 90
IpajlyCoB OT IUIOCKOCTH TIACTUHBI TPEYTOJIBHBIX paB-
HOCTOPOHHHUX MIUIIOB pazmepamu 20 MM, KOTOPEIE yBe-
JTUYUBAIOT CIETICHHE TUTACTHHEI ¢ OETOHOM.

[lmacTUHB W3TOTOBICHBI W3 OIWHKOBAaHHON
cranu mapku 350 mo 'OCT P 52246-2016 «IIpokar
JIMCTOBOW TOPSAYCOIMHKOBAHHBINY. B cooTBeTCTBHM
¢ CII 260.1325800.2016 «KoHCTpyKLIMH CTaJbHbIE
TOHKOCTEHHBIE U3 XOJIOJHOTHYTBHIX OI[MHKOBAaHHBIX
npoduiei U roppUpPOBAHHBIX JIUCTOB» PacyeTHOE
CONPOTHUBICHUE ITOW CTANH IO MPEIeNy TeKy4eCTH
R = 330 MlIla.

OO0pasmbl BEITTOTHEHBI M3 OETOHA Kilacca MPOYHO-
ctu B25. PacuetHoe conpoTusnerne 6etona, MIla:

* oceBoMy Cxkaruio R, = 14,5;

* oceBoMy pacTsukenuio R, = 1,05;

* Hacpes R, =2R, =2,1.

Jlyis KperuieHus: IUIaCTUHBI K THIIPABINYECKOMY
HWIAHAPY UCTONB30BAJINCh OONTHI KJIacCa MPOYHOCTH
8.8.
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HcnpiTanus o0pa3LnoB OpOBOAMIUCHE Ha Oase
l'on0BHOTO pernoHaNbHOrO LIEHTPA KOMJIEKTHBHOTO
monb30BaHuss HalmoHaabHOTO HCCIIE0BaTENbCKO-
ro MOCKOBCKOTO rOCyIapCTBEHHOTO CTPOMTEIBHOTO
YHUBEpPCUTETa. DKCIEPUMEHTAJIbHbBIC UCCIET0BAHUS
OCYIIIECTBJICHBI B paMKax JIMCCEPTAIMOHHOW pPabOThI
T.M. AxpamoukuHoii [18].

YucjieHHBbIE HCCJIe0OBAHUS

Pacuer cranexene300eTOHHOTO MEPEKPBITUS pa-
[IMOHAJILHO BBITIOJIHATH C IMOMOIIBIO METO/Ia KOHEYHBIX
25eMeHTOB. [[Jist BBIOOpa BBIUMUCIIUTEIIBHOTO KOMILICK-
ca, TapaMeTpoB KOHEUHO-3JIeMeHTHbIX Mojenelt (KOM)
Y BBIUUCIIUTEIIBHBIX TPOIEAYP MPOBEICH Psii BEPUPH-
KaIlMOHHBIX M TECTOBBIX pacueToB. PaccMoTpeHo npu-
MEHEHHUE BBIUMCINUTENbHBIX KoMmIniekcoB LIRA-SAPR
u Nastran.

C UCIIOJIb30BaHUEM BBIYMCIUTEIBHBIX KOMIUICK-
coB LIRA-SAPR u Nastran pa3zpadoranst KOM, ko-
TOpBIE MPUMEHSIOTCS JJIsl YUCICHHOTO pacueTa mepe-
KkpbiTHsi. KoHeYHO-2JIeMEeHTHas MOJENb COCTaBJIeHA
JUIst pparMeHTa IepekphITHs IPOJIETOM 6 M ¢ OalkamMu
U3 THYTBIX CTaJbHBIX NMpOQUIeH, JaHHBIH (pparMeHT
COCTOUT M3 Tpex 0aiok, mupuna ¢pparmenra 3690 mm.
B pacueTHyto cXeMy ¢ y4eTOM CHMMETPUH BKJIIOYCHA
MOJIOBHHA TIepekpbITHs. Ha puc. 4 mokazaHsl pacueT-
ueie mogenu a1 LIRA-SAPR, Nastran.

KenezobeTonnas rummra moxenupyercst 3D ko-
HeunbeiMu 2eMenTamu (KD), cranpnas 6anka — KO
obostoukn. CBsI3b MEXKJy TUIMTOH U Oankoil mpuHATA
XKeCTKOW. Mcxos U3 MPOBEACHHOTO aHa u3a BIMSIHUS
CETKHU pa30MeHus] Ha TOYHOCTh YHCICHHOTO PEUICHUs
MpUHSATA ClIeJyolnas ceTka pa3OueHus (1o TOJIIH-
HE TUIMTHI, IIHPUHE (parMeHTa, MPOJIETY TUIMTHI):

a

Puc. 4. Koneuno-snemeHTHas Mozienb Gpparmenta nepekpbitus: @ — LIRA-SAPR; b — Nastran

mis LIRA-SAPR — 5 x 250 x 200; Nastran —
5 x 187 x 100. dns y4yera pakTHIECKON MPOYHOCTH
30HBI KOHTaKTa MPH pacyeTe MpeayCcMaTpUBaCTCs
aHAJU3 CHJI CIIBUTa M CPABHCHUE UX C MPEICIbHBIMU
3HAYCHUSIMU POYHOCTH, MTOTYYCHHOH 110 pe3yIbTaTam
HUCTIBITAaHUMN.

C mensio oreHKH mapaMerpoB KOM BEITIOTHEHE
pacdeTsl MAapHUPHO OMEPTOH MO KOHTYpPY OETOHHOM
TIUTHI TOMMUHON 90 MM, pa3Mepamu B Tiane 6 x 6 M,
oeron B25, narpyska 1 kIla. [IpuHuMas BO BHUMaHUE
CUMMETPHIO CUCTEMBI, pacueT IMPOBEICH ISl YSTBEP-
TH TUTATHI, C HAJIOKEHUEM TI0 OCSIM CHMMETPHH COOT-
BETCTBYIOIIUX CBsi3el. KOHEUHO-31€eMEHTHBIE MOJIETN
noctpoensl ¢ mpuMenenuem 3D KD. PaccmoTpeno He-
CKOJIBKO ceToK pa3zouenus Ha KD. Pe3ysnbrars! unciien-
HBIX PACYCTOB CPABHUBAJIACH C M3BCCTHBIM aHAJTUTHYC-
CKUM pelenueM [19].

C yd4eToM IMOIy9YeHHBIX JaHHBIX O 3aBUCHMOCTH
TOYHOCTH PENICHHUN OT CETKH pa3OMeHus MmocCTpoe-
Hbel KOM o6pasma Ne 1, koTopbie BKIIOYaIH OCTOH-
HBIW MapajuieNienunes] U cTaibHyto miactuny. Mexons
Y3 CUMMETPHH OHHM MOCTPOCHBI JJIS TOJOBUHBI 00-
pasua. K KoHITy cTaidhbHOM IUTACTHHBI MPUIIOKEHA pac-
npejesieHHasl Harpy3ka cyMMapHoi BennunHoit 48 kH
(24 xH na nonoBuHy 00pasiia), T.c. HHTCHCHBHOCTHIO
53 333 xH/m?. PacueTsl pou3BeICHbI C IPUMEHEHUEM
BeIUMCTUTENBHBIX KoMIUIekcoB LIRA-SAPR u Nastran.
Ha puc. 5 mpusenena KOM ms obpasma Ne 1.
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PE3YJIBTATHBI HCCJIEJOBAHNSA

HWcnbitanust 00pa3iioB MO3BOIMIN YCTAHOBUTH TIPOY-
HOCTb CIICTUICHHS! CTAIbHOM IIACTUHBI C OETOHOM IIPH pas-
JIMYHBIX BApHAHTAX ee KPEIIeHHsI K OETOHY. 3aBHCHMOCTH
«TIepeMelIeHIe-HarPy3Kay, OCTPOCHHBIE 110 pe3y/bTaTaM
UCTIBITaHUH 00Pa3IIoB, IPE/ICTABIICHBI Ha PHC. 6.

a b

Puc. 5. Koneuno-sneMeHTHas MOAEH 3KCIEPUMEHTATBHOTO
ob6pasia Ne 1: @« — LIRA-SAPR; b — Nastran
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Puc. 6. 3aBucuMoctu «repeMerieHe-Harpy3Ka»

KauecTBeHHasi kapTUHa AepOPMHPOBAHHUS BCEX
00pas3IloB OJJMHAKOBAs: JI0 MAKCHMAIIbHOM HArpy3KH 3a-
BHCHMOCTB «TI€peMEICHIe-Harpy3Kay JINHEHHAs, T0CiIe
JOCTH)KEHUSI MaKCHMaJIbHOW HArpy3KH IPOUCXOAMIIO
paspyluieHre odpasia, 1 Harpy3Kka ObICTPO CHHMIKAJIACh.
Hckmouenue coctarisieT oopasert Ne 4, y KoTOporo mo-
cJie NOCTIDKEHMS MPEACIbHON Harpy3KH HaOIomancs
JOCTATOYHO ITPOTSDKEHHBIH yYacTOK C MPAKTHYECKH He-
M3MEHHOM Harpy3Koii, uto o0ycioBieHo nedopMupoBa-
HHEM OTOTHYTBIX 3yOII0B, C(HOPMHUPOBAHHBIX HA 3aMOHO-
JIMYEHHON B OCTOH ITOJIKE TIPO(HIIS.

JluneitHast 3aBUCHMOCTD «IepeMelIeHNe-Harpy3-
Ka» y oOpasna Ne 1 ¢ miaakoil miacTuHoOi umMesna Mecto
1o Harpy3ku 48,2 kH. ITocne 3Toif Harpy3Ku OTME4eHO
paspylIeHHe COSANHEHNS CTAIBHON TIACTHHEI U OeTo-
Ha, TIPH IOCTH>KEHUH KOTOPOH OBUTH TIPEOJI0IEHBI CHITBI
CIICTUICHHSI TUIACTUHBI ¢ OeTOHOM. 3aTeM 0e3 BUIMMOTO
paspyiieHus: 0eToHa IMTPOUCXOMIIO CKOJIBKEHHE OLMH-
KOBAaHHOM IUIACTHHBI IO OETOHY CO CKOPOCTHIO JIBHIKE-
HUSI THAPOLMITHHIPA.

AmHanu3 noBesieHnst 00pasia B Mpoliecce UCIbiTa-
HUS TIOKA3aJl, YTO Ha epBOM IMHEHHOM CTaauu paboTHI
OTHOIIICHIE MaKCUMaIIbHOW Harpy3ku 48,2 kH k coot-
BeTCTByIoIEeMy nepemMeniennio 0,4 MM JuIst IepBOTO
obpasna cocrasmi: 48,2/0,4 = 120,50 kH/mm. ITocne
MPEOAOJICHHS CHJI CIeIUIeHHs B 00pasie Ne 1 He 3a-
(PMKCHPOBAHO COXpaHEHNE MAKCHMAIIBHOTO YPOBHS Ha-

Tab6.. 1. ConocTaBiieHHe TEOPETHUECKUX U YUCICHHBIX JaHHBIX

IPY3KH, JaJIbHEHIINE NEPEMEIIEHHS IPOUCXOIUIHN MTPU
CHIDKCHHWHU Harpy3KH, IPOYHOCTH IO CHJIE CIETIIICHUS
IJ1aJIKOH OIMHKOBAHHOM CTaJIbHOW TIACTHHBI C OeTo-
HOM 0ObLIa NCYEPIIaHa, ¥ 3Ty HAarpy3Ky CIEeIyeT CUNTaTh
TIPE/ICBHON TIPH pacyeTe KOHCTPYKINH.

[TpouHocTh cuenieHus 6eToHa U CTalbHOU TIIaj-
KOM OIMHKOBAHHOM IIJIACTUHEI cocTaBiisteT: 48,2/1800 =
=0,0268 xH/cm>= 0,268 MIIa, rue 1800 cm?— mio-
aib CONMPHUKOCHOBEHHUS CTATbHOW TUTACTHHBI U Oe-
TOHA.

JIJ1 OIIEHKH T0CTOBEPHOCTH PE3YyIbTATOB, IOIY-
YaeMbIX Pa3HBIMU BBIYMCIUTEIBHBIMH KOMIUIEKCAMHA
¢ ucnons3zoBanueM 3D KD, ocymiecTBieHs! TeCTOBbIE
pacyeTsl Kene300eTOHHON TUINTBI IPU PAa3HBIX CETKax
pa3Ouenns. DTo MO3BOJIMIIO YCTAHOBUTH HEOOXOIMMBIC
napamerpsl KOM s monoOHbIX cucrem. B tabu. 1
MIPUBE/ICHO CPABHEHHUE PE3YJIbTaTOB, IOIyUCHHBIX pa3-
HBIMH CIIOCO0aMH.

AHanu3 BepupHUKAIMOHHBIX PacyeTOB TOKa3al,
YTO TpHU Ucmoib3oBaHUK koMmruiekca LIRA-SAPR
Tpebyemasi TOUHOCTh TOCTHTASTCS Ha ceTke 2 X 120 X
x 120, npu uCcHOAB30BAaHUM KOoMILIekca Nastran Ha
cetke 2 x 80 x 80. MeHee rycras ceTKa MpH MpHUMeHe-
HUM KomIuiekca Nastran o0yciaoBieHa 0COOEHHOCTSIMA
MaTpHuIlsl )kecTkocTH KO, peann3oBaHHOI B 3TOM KOM-
mekce. Mcnonbp3oBanue MeHEE I'yCTOW CETKH YMEHb-

[Tporu6, Mmm MOMEHT 1 HOpMaJIbHbIE HAMPSIKEHUS
Crioco0 pacuera

MM % kH m/m kH/m? %
Teopust 0,567 100 1,724 459,8 100
Lira-SAPR 3D 1 x 120 x 120 0,465 82 — — —
Lira-SAPR 3D 2 x 120 x 120 0,539 95 1,626 433,6 94
Lira-SAPR 3D 4 x 120 x 120 0,561 99 1,695 452,0 98
Nastran 3D 1 x 20 x 20 0,337 59 1,066 2843 62
Nastran 3D 2 x 80 x 80 0,564 99 1,728 460,7 100
Nastran 3D 4 x 80 x 80 0,564 99 1,732 461,8 100
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IaeT BpeMs pacuera U TpeOOBaHUS K BEIUUCIUTEb-
HBIM pecypcam.

C y4eToM BBITIOTHEHHBIX TECTOBBIX PACYETOB ObLIN
Ha3Ha4yeHbI mapamerpbl KOM ob6pasua Ne 1. Pesynbrarst
YHCJICHHBIX pacdeToB obpasma Ne 1 mpu neiicTBuM CyM-
MapHoii Harpy3ku 48 kH npuBeneHs! B Tabm. 2.

OKCHepUMEHTATBHO ONpEJeIeHHOE TepeMelie-
HUE Harpy304HOrO YCTPOICTBA MPHU UCIBITAHUIX 00-
pasma Ne 1 coctaBmiio 0,4 MM, 9TO 3aMeTHO OOJbIIIE
pacdetHoro. Takoe OTIHMUME BBI3BAHO Ae(hOpPMAIISIMU

Taou1. 2. Pe3ynbTarsl UUCIICHHBIX PACYECTOB

00ITOBOTO COCIMHEHHS M HArpy304HOIO yCTPONCTBA.
[pu ncoprTanmsax aedopmanmu odpasma 10 ero paspy-
LIEHUsSI TPOUCXOAMIIN Ha YYaCTKE CTaJIBHOTO JIMCTA BHE
OeroHa. [lo yncieHHOMY pacdeTy yAJMHEHHE JIUCTA
BJIOJIb €TI0 OCEBOI1 JIMHUY Ha yYacTKe JIMcTa BHE OeTOHA
COCTaBUJIO:

0,120,019 =0,101 mm,

rae 0,019 MM — mepemenenue odpasia Mo pacueTy
B MECTE KOHTAKTa JINCTA C OETOHOM.

KacatenbHble HanpsKEHUsT
HopmanbHble HanpsKeHUs
Iepememnienne . MO OCH CTalbHOTO
KoneuHno-3aneMeHTHas MozeIb B CTaJIbHOM IIaCTHHE,
TUIACTHUHBI, MM JMCTA B BEPTUKAILHOM
MIla
Hanpasienuu, MIla
LIRA-SAPR 3D 17 x 40 x 70 0,120 533 Ot 0,0058 10 1,799
LIRA-SAPR 3D 31 x 80 x 140 0,120 533 Ot 0,0038 10 2,596
Nastran 3D 15 x 40 x 70 0,120 534 Ot 0,0072 o 0,584

AHaNUTHYECKUI pacyeT Mmokasal, 4To 3TO yAJIHHe-
HHUE PaBHO:

53,3 - 420/206 000 = 0,109 mm,

rne 420 MM — JAIHMHA CBOOOJHOTO y4acTKa JIHUCTA;
206 000 MITa — mMomyns ynpyrocTu CTaiH.

Takum 00pa3om, aHATUTHYECKOE YUTMHEHHE TITa-
CTHHBI XOPOIIIO COOTHOCUTCS C UHCIIEHHBIM PEIICHHEM,
MpEeBbINIas YUCICHHOE 3HaYeHue Ha 7 %.

Crnemyer OTMETHTH, YTO HOPMAJIbHBIC HAPSKSHUS
B CTaJIbHOM JINCTE BHE 33K €r0 B OCTOH TIOJIHOCTHIO
COBIIAJIAIOT C MPUIIOKEHHOW pacrpeieICHHON Harpy3-
xoit 53,33 MIla. KacarenbHble HanmpsiKeHUs, 1EHCTBY-
FOIUE B BEPTUKAIHHOM HATPABICHUH, PACIPEICIICHBI
T10 JIJTMHE 3aJIeIaHHOTO B OETOH CTAJIBLHOTO JINCTA He-
paBHoMepHo. IIpu sTOM, uem miryOxe B OeToHe pac-
mojiaraeTcs y4acToK JIUCTa, TEM MEHBIIIE Ha HEM Kaca-
TeJIbHBIC HANpsDKeHHs. MakcHMaIbHBIE KacaTelbHbIC
HaNPsHKCHAUS 3aMETHO OTIIMYAIOTCS OT CPEIHUX JKCIIe-
puMeHTanbHBIX. OTHAKO MaKCHMAJIBHEIC KacaTeIbHBIC
HaIpPsDKCHUS IO YUCJICHHOMY pacyeTy HaOIomarTes
Ha y4acTKe JuHO# He Oosee 1/10 monHOU 3amenku
nucta B 0eToH. C 1eNblo YTOYHEHUST pacipeaeIeHHs
KacaTeJbHbIX HANPSHKEHUH 110 JUTMHE JIMCTa He00X0 M-
MO TIPOBECTH JOMOTHUTEIBHBIC YUCICHHBIC HCCIIEI0BA-
HUSA C y9eTOM (PH3UYECKON HEMTMHEHHOCTH MaTepHraa
1 0cO0EHHOCTEN KOHTAKTHOTO B3aUMOIENCTBHUS CTalb-
HOW TUTACTHHEI U OETOHA.

Ja Bepudukanuu KOM cranexkene300eToHHO-
TO TEPEKPBITUS CO CTANBHBIMH THYTBIMH OajKaMH,

YaCTUYHO 3aaCJIaHHBIMU B )KCJI6306CTOHHYIO IJIUTY,
npeamnojaraeTcsa nmpoBeACHUC HUCIIBITaHUH HaTypHOﬁ
KOHCTPYKIIUU. 3KCHepI/IMeHTaﬂLHLIe JaHHBIC B CpaB-
HEHHUU C pe3yJIbTaTaM1 YHUCJIICHHBIX paCuC€TOB ITO3BOJIAT
YTOUYHUTH KOHEYHO-DJIEMEHTHBIEC MOJACIIN 1 ITapaMETPhI
YHCJIICHHOI'O pacucTa.

S3AK/IIOYEHUE U OBCYXJIEHUE

Ha ocHoBanuu npoBeaeHHOI paboThl MOXKHO clie-
JIaTh CJIEAYIOIINE BBIBOIBI:

* pa3paboTaHa KOHCTPYKIHS CTajeKeae300eToH-
HOTO TIEPEKPBITHS MPOJETOM 6—8 M C IIPUMEHEHHEM
THYTBHIX OLIMHKOBAHHBIX MTPOQHIIEH, YaCTUIHO 3a/1eJIaH-
HBIX B JKeJIE300€TOHHYIO IUIUTY TOIIMHON 90 MM;

* DKCIIEPUMEHTAJILHO OIpeJesieHa NPOYHOCTh
Ha CJBUT COEIMHEHNS] OLIMHKOBAaHHOM CTaJIbHOM IJIaCTH-
HBI, 33/IeTaHHON B OCTOH, COCTaBHBINAs B 3aBUCHMOCTH
OT croco0a MOIrOTOBKHY 3a/IeJIaHHON B OETOH MOBEPXHO-
ctH cranbHoro jucta ot 0,248 no 0,415 Mlla;

° OTpa60TaHLI YHCJICHHBIC MOJCIIN C IPUMCHECHU-
€M Pa3TUYHBIX BEIYUCIUTEIBHBIX KOMIUIEKCOB, TTPEIHA-
3HAYEHHBIX JUIS pacdyeTa CTalleKeIe300eTOHHOTO Tepe-
KPBITHS;

* HaMeueHbI ITyTH COBEPIICHCTBOBAHHS KOHEUHO-
AJIEMEHTHBIX MOJIeJIell Ha OCHOBE Pa3BUTHUSI YHUCIICH-
HOW METOIMKHU pacdeTa C YIeTOM 3KCIEPUMEHTATBHBIX
JTAHHBIX, TIOJYYEHHBIX TIPH UCTIBITAHUSIX HATYPHOU KOH-
CTPYKLIUH.
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INTRODUCTION

Steel-concrete structures, made of concrete and
steel sections, take advantage of useful properties

of steel and concrete by placing them in tensile and
compressed zones, respectively [1, 2].

Rigid or flexible connectors, stud bolts, high-
strength bolts and studs can be used to absorb shear
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forces arising between concrete slabs and the steel
beam' [3—6]. Structural solutions with removable an-
chors, transmitting shear forces between concrete slabs
and the steel beam, are implemented. They allow for
the damaged slabs to be disconnected and replaced du-
ring repairs, if necessary [7]. One option of a composite
steel-concrete structure can represent a bearing beam
consisting of a plate at the bottom of the beam to which
longitudinal reinforcement bars, located in the upper
zone, are welded with oblique collars [8]. Shear forces
are also transmitted by adhesive forces between the con-
crete and the steel surface of the steel beam partially
embedded in the plate [9]. Steel beams can be rolled,
welded or bent. For cases of spans reaching 6—8 m and
loads up to 3 kPa per beam, it is rational to make beams
from bent galvanized sections (Fig. 1).

Composite slabs with steel beams made of bent
galvanized sections without anchoring devices between
the slab and the beam have a simple design. To ensure
the adhesion between concrete and the beam, the lat-
ter is installed above the level of the formwork. Once
concrete has reached full strength, a composite steel —
concrete structure is formed. This structural solution
reduces the consumption of materials for floor slabs
and decreases the construction time. The strengths
of a steel — concrete slab with bent steel beams in-
clude simplicity and the lower height of the structure.
To simplify the structure, standard sheets of moisture-
resistant plywood, the width of which is 1,220, 1,250,
1,525 mm, can be used as the concrete formwork. With
this in mind, it is possible to assign the span of beams.
The formwork is fixed directly to the beams with
the help of mounting anchors, embedded into the holes
in the beam wall. After the concrete has gained strength,
mounting anchors are removed and the slab is stripped.
To ensure the shear strength of the slab, it is reinforced
with mesh. Fig. 2 shows the cross-section of the slab
consisting of a reinforced concrete slab 90 mm thick
and a bent section embedded into the slab to the depth
of 33 mm.

It is necessary to ensure the strength of bond be-
tween the steel beam surface and concrete for the slab
in question to be able to absorb the design load. The is-
sue of the bond strength between the galvanized steel
surface and concrete has not been sufficiently studied.
There are no regulatory recommendations for the calcu-
lation of such structures. Experimental and numerical
studies were conducted to identify the features of shear
force transmission at the interface between the contact
zone of the section and concrete.

The calculation of steel — concrete structures takes
into account the existing construction standards and

! Corporate standard 0047-2005. Steel — concrete beams with
a monolithic slab on the steel flooring.
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Fig. 1. A beam made of a bent thin-walled section

regulations? that apply engineering methods [10—13].
The practice of scientific research has confirmed the reli-
ability of application of numerical methods for the cal-
culation of steel — concrete bearing systems? [14-16].

MATERIALS AND METHODS

Experiment

The testing of specimens and full-scale struc-
tures are efficient in the case of studying the behaviour
of steel — concrete structures. Experimental studies
on interaction between steel beams and concrete have
identified the features of steel — concrete structures in
cases of different types of connections between beams
and concrete [17].

The interaction between concrete and thin galva-
nized steel plates embedded in it was experimentally
studied at the Moscow State University of Civil Enginee-
ring. The forces perceived due to the presence of adhe-
sive forces between a galvanized steel plate and concrete
were studied using an experimental best bench consisting
of a load frame and a hydraulic cylinder. In the course
of testing, the steel plate embedded in the concrete paral-
lelepiped resting on the test bench frame was pulled out
of it (Fig. 3).

Four types of experimental specimens were pre-
pared for testing. The concrete parallelepiped of all
specimens had the dimensions of 700 x 400 x 150 mm.
Steel galvanized plates were 3 mm thick, 720 mm long
and 300 mm wide. They were embedded in concrete to
a depth of 300 mm. The choice of thickness of a slab
and a steel plate allowed observing the interaction be-

2SP 266.1325800.2016. Composite steel and concrete struc-
tures. Design rules : Retrieved November 25, 2019. URL:
http://www.minstroyrf .ru/upload/iblock/ 809/266.pdf

3SP 260.1325800.2016. Thin-walled steel structures made
of cold-formed galvanized sections and corrugated sheets.
Design Rules: Approved by Order of the Ministry of Con-
struction of Russia from 3.12.2016 Ne 881/pr.
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Fig. 2. Fragment of the slab cross-section

tween concrete and a steel plate under the conditions
close to those in which they would interact in the slab.
Six M20 bolts were used to attach the plate to the hy-
draulic cylinder of the test bench.

Four types of specimens were considered; they dif-
fered from each other by the features of the steel plate
sections embedded in concrete:

* specimen 1: the embedded part of the galvanized
steel plate is smooth; the adhesion with concrete is
achieved due to the adhesive properties of the materials;

* specimen 2: the embedded part of the galvanized
steel plate has 8 holes with a diameter of 22 mm; the ad-
hesion to concrete is achieved due to the adhesive prop-
erties of the materials and small concrete connectors;

 specimen 3: the embedded part of the plate has 8
drilled holes 10 mm in diameter, into which bolts 8 mm
in diameter and 40 mm in length are inserted to increase
the adhesion of the plate to the concrete;

* specimen 4: 8 equilateral triangular studs with
dimensions of 20 mm, bent 90 degrees from the plane
of the plate, are stamped on the embedded part of the plate
to increase the adhesion between the plate and concrete.

The plates are made of the 350 grade galvanized
steel according to GOST R 52246-2016 “Hot-dip gal-
vanized sheet metal”. In accordance with Construc-
tion Regulations 260.1325800.2016 “Thin-walled steel
structures made of cold-bent galvanized sections and

Fig. 3. An experimental text bench () and an experimental
specimen (b)

corrugated sheets”, the design resistance of this steel
grade at the yield point R =330 MPa.

The specimens are made of class B25 concrete.
The design resistance of concrete, MPa:

* axial compression R, = 14.5;

* axial tension R, = 1.05;

* shear resistance R, = 2R, =2.1.

Bolts, having 8.8 class strength, were used to at-
tach the plate to the hydraulic cylinder.

The specimens were tested at the Head Regional
Centre of Collective Use of the National Research Mos-
cow State University of Civil Engineering. Experimental
studies were conducted as part of the dissertation drafted
by T.I. Akhramochkina [18].

Numerical studies

The calculation of a steel — concrete slab can
be rationally performed using the finite element me-
thod. A number of verification and test calculations
were conducted to select the computational package,
the parameters of finite element models (FEM) and
computational procedures. The application of LIRA-
SAPR and Nastran computational packages is con-
sidered.

FEMs were developed using LIRA-SAPR and
Nastran computational packages; they were further
used to perform the numerical calculation of the slab.
The finite element model is made for a slab fragment
spanning 6 m with beams made of bent steel sections.
This fragment consists of three beams, the width
of the fragment is 3,690 mm. Half of the slab is in-
cluded in the computational pattern with symmetry
taken into account. Fig. 4 shows calculation models
for LIRA-SAPR, Nastran.

The reinforced concrete slab is simulated by 3D fi-
nite elements (FE); the steel beam is simulated by shell
FE. The connection between the slab and the beam is
assumed rigid. Given the analysis of the influence
of the grid on the accuracy of the numerical solution,
the following grid (in terms of the plate thickness,
the fragment width, and the plate span) is adopted: 5 x
x 250 x 200 for LIRA-SAPR; 5 x 187 x 100 for Nas-
tran. The calculation involves the analysis of the shear
forces and their comparison with the limit values
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a

Fig. 4. The finite element model of the slab fragment: a — LIRA-SAPR; b — Nastran

of strength obtained from the testing results to take into
account the actual strength of the contact zone.

To assess the parameters of FEM, calculations
of a 90-mm thick concrete slab hinged along the con-
tour, having the dimensions of 6 x 6 m in plan, made
of B25 concrete, and subjected to the load equaling
1 kPa. Taking into account the symmetry of the system,
the calculation was conducted for a quarter of the slab,
with the superposition of corresponding connections
along the axes of symmetry. Finite element models
were built using 3D FE. Several meshes were consid-
ered. The results of numerical calculations were com-
pared with the available analytical solution [19].

Taking into account the dependence of the solu-
tion accuracy on the grid, FEMs of specimen 1, com-
posed of a concrete parallelepiped and a steel plate,
were constructed. Given the symmetry, they were
built for half of the specimen. The total distributed
load of 48 kN (24 kN per half of the specimen) was
applied to the end of the steel plate; its intensity was
53,333 kN/m?. Calculations were made using LIRA-
SAPR and Nastran computational packages. Fig. 5
shows the FEM for specimen 1.

210%4008,000

a b

Fig. 5. The finite element model of experimental specimen
1: a — LIRA-SAPR; b — Nastran
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RESEARCH RESULTS

The testing of specimens helped to determine
the strength of adhesion between the steel plate and
concrete for different options of its attachment to con-
crete. The “displacement-loading” relationships identi-
fied on the basis of testing results are shown in Fig. 6.

The qualitative pattern of deformation is the same
for all specimens: the “displacement-loading” depen-
dence is linear when the loading is below maximum;
the specimen failed after reaching maximum loading,
and the loading rapidly decreased. The exception was
specimen 4, in which a rather extended section with
practically constant loading was observed after reach-
ing the maximum loading value, which was caused by
the deformation of bent teeth formed on the section
flange embedded in concrete.

The “displacement-loading” dependence in specimen
1, that had a smooth plate, was linear up to the loading
of 48.2 kN. After that, the steel plate-concrete connection
failed, and the forces of adhesion between the plate and
concrete were overcome. Then the galvanized plate slid
over the concrete at the speed of the hydraulic cylinder
without any visible destruction of concrete.

The analysis of the behaviour of the specimen
during testing showed that at the first linear stage
of operation, the ratio of maximum loading of 48.2
kN to the corresponding displacement of 0.4 mm for
the first specimen was 48.2/0.4 = 120.50 kN/mm. Af-
ter overcoming the forces of adhesion in specimen 1,
no maximum loading was recorded, further displace-
ments occurred with a decrease in loading, the strength
of adhesion between a smooth galvanized steel plate
and concrete was exhausted, and this loading value
should be considered as the limit one for the calculation
of the structure.

The strength of adhesion between concrete
and a smooth galvanized steel plate is 48.2/1,800 =
= 0.0268 kN/cm? = 0.268 MPa, where 1,800 cm? is
the contact area of the steel plate and concrete.

To assess the reliability of the results obtained us-
ing 3D FEM in different computational packages, test
calculations of the reinforced concrete slab and differ-
ent meshes were conducted. They helped to identify
the FEM parameters for such systems. Table 1 presents
the results obtained using different methods.
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Fig. 6. Displacement-loading relationships

The analysis of verification calculations showed
that the required accuracy was achieved for a 2 x 120 x
x 120 mesh when LIRA-SAPR was used, while a 2 x
x 80 x 80 mesh was needed for Nastran. Nastran needs
a less dense mesh due to the features of the FE rigidity
matrix implemented in this package. The use of a less
dense mesh reduces the computational time and compu-
tational resource requirements.

The results of testing were used to assign FEM
parameters to specimen 1. The results of numerical
calculations of specimen | subjected to the total load
of 48 kN are shown in Table 2.

The experimentally determined displacement
of the loading device during the testing of specimen
1 was 0.4 mm, which is noticeably greater than the cal-
culated one. This difference was caused by deforma-
tions of the bolted connection and the loading device.
In the course of testing, deformations of the specimen
occurred in the area of the steel sheet outside the con-
crete prior to its failure. According to the numerical cal-
culation, the elongation of the sheet along its centerline
outside the concrete reached:

0.12-0.019=0.101 mm,

where 0.019 mm is the calculated displacement of
the specimen at the point of contact between the sheet and
concrete.

Table 1. Comparison of theoretical and numerical data

The analytical calculation showed that this elonga-
tion is equal to:

53.3 - 420/206,000 = 0.109 mm,

where 420 mm is the length of the free area of the sheet;
206,000 MPa is the modulus of elasticity of steel.

Thus, the analytical elongation of the plate cor-
relates well with the numerical solution, exceeding
the numerical value by 7 %.

It should be noted that normal stresses in the steel
plate outside of its embedding in the concrete co-
incide completely with the applied distributed load
of 53.33 MPa. Tangential stresses acting in the verti-
cal direction are unevenly distributed along the length
of the steel plate embedded in concrete. The deeper in
concrete, the lower the tangential stresses. Maximum
tangential stresses differ markedly from average ex-
perimental stresses. However, according to numerical
calculations, maximum tangential stresses are observed
at a length of no more than 1/10th of the total embed-
ment of the sheet in concrete. To clarify the distribu-
tion of tangential stresses along the length of the sheet,
additional numerical studies should be conducted, ta-
king into account the physical nonlinearity of the mate-
rial and the features of the contact interaction between
the steel plate and concrete.

Caleulation method Deflection, mm Momentum and normal stresses
mm % kN m/m kN/m? %
Theory 0.567 100 1.724 459.8 100
Lira-SAPR 3D 1 x 120 x 120 0.465 82 — — —
Lira-SAPR 3D 2 x 120 x 120 0.539 95 1.626 433.6 94
Lira-SAPR 3D 4 x 120 x 120 0.561 99 1.695 452.0 98
Nastran 3D 1 x 20 x 20 0.337 59 1.066 2843 62
Nastran 3D 2 x 80 x 80 0.564 99 1.728 460.7 100
Nastran 3D 4 x 80 x 80 0.564 99 1.732 461.8 100
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Table 2. Numerical results

.. Displacement of Normal stresses in the steel Tangential stres‘ses along t he
Finite element model steel plate axis in the vertical
the plate, mm plate, MPa .
direction, MPa
LIRA-SAPR 3D 17 x 40 x 70 0.120 533 0.0058 to 1.799
LIRA-SAPR 3D 31 x 80 x 140 0.120 533 0.0038 to 2.596
Nastran 3D 15 x 40 x 70 0.120 53.4 0.0072 to 0.584

To verify the FEM of a steel-reinforced concrete
slab with steel bent beams partially embedded in a re-
inforced concrete slab, tests of the full-scale structure
are supposed to be conducted. The experimental data
compared with the results of numerical calculations will
help to design the finite-element models and parameters
of the numerical calculation.

CONCLUSION AND DISCUSSION

The following conclusions can be made on the ba-
sis of the research:

 the steel — concrete slab having the span
of 6-8 m, bent galvanized sections, partially embedded

in the reinforced concrete slab that is 90 mm thick was
designed;

* the shear strength of the connected galvanized
steel plate, embedded in concrete, was experimentally
determined. It ranged from 0.248 to 0.415 MPa,
depending on the preparation of the surface of steel,
embedded in concrete;

» numerical models were developed with the help
of different computational packages; these models were
designated for the calculation of a steel — concrete slab;

* actions were designed to improve the finite-
element models using the numerical calculation
methods that would take into account the experimental
data obtained during the testing of the full-scale
structure.

REFERENCES

1. Babalich V.S., Androsov E.N. Steel-reinforced
concrete structures and the prospect of their application
in the construction practice of Russia. Successes of Mo-
dern Science. 2017; 4(4):205-208. (rus.).

2. Kibireva I.A., Astafeva N.S. The use of steel-
concrete structures. Ecology and Construction. 2018;
2:27-34. DOL: 10.24411/2413-8452-2018-10004 (rus.).

3. Kanchanadevi A., Ramanjaneyulu K., Gan-
dhi P. Shear resistance of embedded connection of com-
posite girder with corrugated steel web. Journal of Con-
structional Steel Research. 2021; 187:106994. DOI:
10.1016/j.jcsr.2021.106994

4. Alkhimenko A.I., Vatin N.I., Rybakov V.A.
Technology of light steel thin-walled structures. St.
Petersburg, SPbODZPP Publishing House, 2008; 26.
(rus.).

5. Teplova Z.S., Vinogradova N.A. Strenghtening
studies of composite construction at the direct compres-
sion. Construction of Unique Buildings and Structures.
2015; 5(32):29-38. (rus.).

6. Rostov G.N. Improvement of methods of cal-
culation of flexible studs in steel iron concrete bridge
structures. Proceedings of Petersburg Transport Uni-
versity. 2007; 3(12):79-87. (rus.).

7. Krylov S.B., Semenov V.A., Konin D.V., Kry-
lov A.S., Rozhkov L.S. On the new “Manual on design
of composite steel and concrete structures (in Elabora-
tion of formulary SP 266.13330.2016 “Composite Steel
and Concrete Structures. Design Rules”)”. Academia.

72

Architecture and Construction. 2019; 1:99-106. DOI:
10.22337/2077-9038-2019-1-99-106 (rus.).

8. Suwaed A.S.H., Karavasilis T.L. Demountable
steel-concrete composite beam with full-interaction
and low degree of shear connection. Journal of Con-
structional Steel Research. 2020; 171:106152. DOI:
10.1016/j.jcsr.2020.106152

9. Colajanni P., Mendola L.L., Monaco A. Review
of push-out and shear response of hybrid steel-trussed
concrete beams. Buildings. 2018; 8(10):134. DOI:
10.3390/buildings8100134

10. Rybakov V.A. Modern methods for calcula-
ting metal structures from thin-walled profiles. Stroy-
metall. 2007; 2(2):36-38. (rus.).

11. Hsu C.T.T., Punurai S., Punurai W., Ma-
jdi Y. New composite beams having cold-formed steel
joists and concrete slab. Engineering Structures. 2014;
71:187-200. DOI: 10.1016/j.engstruct.2014.04.011

12. Ahmed I.M., Tsavdaridis K.D. The evolution
of composite flooring systems: applications, testing,
modelling and Eurocode design approaches. Journal
of Constructional Steel Research. 2019; 155:286-300.
DOI: 10.1016/j.jcsr.2019.01.007

13. Panova A.S., Sergeev E.I. Features of cal-
culation of steel-concrete constructions. Scienti-
fic Look into the Future. 2019; 1(14):72-75. DOI:
10.30888/24157538.2019-14-01-005 (rus.).

14. Reginato L.H., Tamayo J.L.P., Morsch I.B.
Finite element study of effective width in steel-concrete



Numerical calculation of steel-concrete structures

C. 61-73

composite beams under long-term service loads. Latin
American Journal of Solids and Structures. 2018; 15(8).
DOI: 10.1590/1679-78254599

15. Tamayo J.L.P., Franco M.I., Morsch 1.B.,
Désir J.M., Wayar A.M.M. Some aspects of numerical
modeling of steel-concrete composite beams with pre-
stressed tendons. Latin American Journal of Solids and
Structures. 2019; 16(7). DOI: 10.1590/1679-78255599

16. Alsharari F., El-Zohairy A., Salim H., El-
Sisi A.E. Numerical investigation of the monotonic
behavior of strengthened Steel-Concrete composite gir-
ders. Engineering Structures. 2021; 246:113081. DOI:
10.1016/j.engstruct.2021.113081

Received March 18, 2022.
Adopted in revised form on March 29, 2022.
Approved for publication on March 29, 2022.

17.
tal study of a pre-cracked steel-concrete composite

Jurkiewiez B., Braymand S. Experimen-

beam. Journal of Constructional Steel Research. 2007,
63(1):135-144. DOI: 10.1016/].jcsr.2006.03.013

18. Akhramochkina T.I. Theoretical and experi-
mental studies of steel-reinforced concrete structures
that have bent steel sections. Construction: Science and
Education. 2021; 11(4):27-40. DOI: 10.22227/2305-
5502.2021.4.3 (rus.).

19. Birger [.A., Panovko Ya.G. Strength, stability,
fluctuations. Handbook in 3 volumes. Vol. 1. Moscow,
Mashinostroenie, 1968. 831. (rus.).

BiroNnoTEs: Alexander R. Tusnin — Doctor of Technical Sciences, Associate Professor, Professor of the Department
of Metal and Wooden Structures, Vice-Rector; Moscow State University of Civil Engineering (National Research
University) (MGSU); 26 Yaroslavskoe shosse, Moscow, 129337, Russian Federation; ID RISC: 455914, Scopus:
6507367654, ORCID: 0000-0002-9997-9436; TusninAR@mgsu.ru.

73

(Zb) 1 ONSS| ZL'ION Somemncng s



