MccaeaoBaHMe NPOYHOCTU U AEPOPMATUBHOCTH BbICTPOCOOPHOIO

C. 125-143
KOHTaKTHOTO y3Aa MpUMbIKaH1s 6aAKM K KOAOHHE

HAYYHAS CTATbs / RESEARCH PAPER
VIK 69.07:624.04
DOI: 10.22227/2305-5502.2026.2.7

UccienoBanue npo4HOCTH U 1¢(POPMATHBHOCTH OBICTPOCOOPHOIO
KOHTAKTHOI'O y3JIa MPUMBbIKAHUSA 0AJIKM K KOJIOHHE

HNBan Baagumuposuy MbL1bHUKOB, BajienTuna MarBeeBHa TycHuHa
Hayuonanvnoiil uccieoosamenvcexuti Mockogckutl 20¢yoapcmeentulil
cmpoumenvuwiii ynusepcumem (HUY MI'CY); e. Mockea, Poccus

AHHOTALUMNA

BBeaeHue. PaccmatpuBaeTcs 6bICTPOCOOPHBIN KOHTaKTHbIV y3en NpumblkaHust 6anku K KONOHHE MO CUCTEME «JTaCTOYKUH
XBOCT». [1pn MOHTaxe 6anka yctaHaBnMBaeTCs OMopHbIMK pebpamu B rHe3aa, U3rOTOBMEHHbIE U NPUBAPEHHbIE K KONTOHHE
B 3aBOACKMX ycrnoBusix. dukcaums purens oT NpogonbHOro nepemMelleHns obecneynBaeTcsi 3anofiHEHNEM MOHTaXHbIX 3a-
30poB [OBOPHBIMU NNAacTMHaMK. [JaHHOe peLleHne MO3BOMNSET NPOCTO U HAAEXKHO COeAUHATb puUrenb ABYTaBPOBOIO ceye-
HWS1 C KONTOHHOW M3 KBaZpaTHOro rHyTOCBApPHOro Npoduns.

Matepuansl u Metoabl. Mpu onpeaeneHnn npenensHoro usribarollero MomeHTa M, 1 koadduumeHTa saliemneHns
6anku B y3ne C ucnonb3oBarncs KMHeEMaTU4YeCckuii METOA NpedenbHOro paBHoBecwust. [onaras, 4YTo nnactuyeckne aedop-
MauuM MOTyT 3HAUMTENbHO NMPEB3OWTU yNpyrue, NpuHMManack gunarpaMmma paboTbl CTany Kak Afs )KeCTKOMIacTUYecKkoro
Tena. Takke npegnonaranoch, YTO JIMHMU N3MIOMa rHe3[0BbIX MNACTUH ABMASHOTCSA NMMHENHBIMU NITACTUYECKUMU LLApHUPaMM,
BAIOSb KOTOPbIX AENCTBYIOT TONIbKO MOMEHTHbIE BEKTOPbI; NAACTUHbLI MPUHUMANMCh XECTKO 3aLleMeHHbIMI MO ABYM CMEX-
HbIM KpasiM U CBOBOAHBLIMY OT 3aKpeneHuin Mo ABYM OPYrMM CMEXHbIM Kpasim.

Pe3ynbratbl. [TocTpoeHa dakTnyeckas antopa MOMEHTOB 415 YNPYro 3aLleMITeHHON Mo KoHLaM 6anku, 3arpy>xeHHON ABy-
MS1 COCPeOOTOYEHHBIMU CUNaMy, CUMMETPUYHO PACMONOXEHHbIMI OT OMNop; nonyveHa oopMyna Ans onpegenenus yrna
noBopoTa Ha ornopax @.

BbiBoAbl. B xoae cpaBHUTENBHOMO aHanm3a BbISIBIEHO, YTO MPU UCMOSIb30BaHMK B OMOPHOM FHE3Ae MIacTUH TOMNLWMHON 5 MM
y3en paboTaeT NpakTUYeCKM Kak LUAapHUPHbINA; MPY UCMOMNb30BaHUM NNAcTUH TonwmHon 10 MM — Kak nonyxecTkuin. Mpea-
TNOXXEHHBIN KOHTaKTHBIN y3ern NpuMbIKaHusl 6anku K KONIOHHE MOXET PEKOMEHA0BATLCS K MPYMEHEHMIO B MPOEKTUPOBAHUN.

KIMKOYEBBIE CITOBA: ctanbHON Kapkac, KOHTaKTHble COEAMHEHUS, MOAAaTNMBLIN y3ern, MeToq NpeaenbHOro paBHOBECUS,
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Investigation of the strength and deformability of a quick-
assembly contact beam-to-column joint

Ivan V. Mylnikov, Valentina M. Tusnina
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Moscow, Russian Federation

ABSTRACT

Introduction. A quick-assembly contact beam-to-column joint based on the dovetail system is considered in the article.
During installation, the beam is seated by its support ribs in sockets manufactured and welded to the column under factory
conditions. Longitudinal displacement of the girder is prevented by filling the erection gaps with shim plates. This solution
provides a simple and reliable connection between an I-section girder and a column made of a square cold-formed welded
hollow section.

Materials and methods. The kinematic method of limit equilibrium was used to determine the limiting bending moment M,
and the beam fixity coefficient C in the joint. Assuming that plastic deformations can significantly exceed elastic deforma-
tions, the steel stress-strain diagram was idealized as that of a rigid-plastic body. It was also assumed that the yield lines
of the socket plates are linear plastic hinges along which only moment vectors act; the plates were considered rigidly fixed
along two adjacent edges and free along the other two adjacent edges.

Results. The actual bending-moment diagram was constructed for a beam elastically restrained at both ends and loaded
by two concentrated forces arranged symmetrically with respect to the supports; a formula was obtained for determining
the support rotation angle .

Conclusions. The comparative analysis showed that when 5 mm thick plates are used in the support socket, the joint
behaves almost as a hinge; when 10 mm thick plates are used, it behaves as a semi-rigid joint. The proposed contact beam-
to-column joint can be recommended for use in design practice.
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BBEJAEHUE

CranpHO# KapKac MHOTOATAYKHOTO 3/1aHHS, BBITION-
HEHHBIN 10 CBA3€BOM KOHCTPYKTUBHOM CXeME, XOPOIO
OTBEUYAeT MPUHIINITY KOHIICHTPALUN MaTepraia U OTIH-
4aeTcsi OT PAMHOTO M PaMHO-CBSI3¢BOr0 KapKacoB IpO-
CTOTOH COTIPSKCHHS PHUTEIICH ¢ KOJIOHHAMH W MCHBIICH
TPYAOEMKOCTHIO BO3BE/ICHHS. Y3IIbI «0allka — KOJIOHHA)
B pacyeTax TaKHX KapKacOB TCOPCTUUCCKU MPUHUMAIOT-
Cs1 IIAPHUPHBIMH, OTHAKO Ha MTPAKTHUKE, KaK MOKA3bIBAIOT
WCCIIEIOBAHUSI UX IEHCTBUTEIBHOMN pabOThI, OHM 00Maia-
0T OTPEICIICHHOM JKECTKOCTEIO, 3aBUCAIICH OT MX KOH-
CTPYKTHBHOTO PEIICHUSI.

B HIY MI'CY pa3paboTan ObICTPOCOOPHBIH KOH-
TaKTHBIN y3€JI MPUMBIKaHUS OaNKH K KOJIOHHE 0e3 mpu-
MEHEHUS CBAPOUHBIX U OOJITOBBIX pabOT HA CTPOUTEIIb-
HOW IIIOMIAKe. YCTPOUCTBO TAKOTO y3JIa 3aKIFOUaeTCs
B YCTaHOBKE OaJIKH B CICHHUAIbHBIC ICTaIH — THE3/a,
MIPUBApEHHBIC K KOJIOHHE B 3aBOJICKHX YCIOBUsX. B Ta-
KOM COIIPSDKEHUN OAJIKU C KOJIOHHOW Tiepeava yCHITHiA
MPOMCXOJIUT 3a CUET KOHTAKTHOTO B3aMMOICHCTBUS
OTIOPHBIX JeTajel y3ia, padOTArOIINX IO CHCTEME «JTa-
CTOYKHH XBOCT».

CoBpeMeHHBIC BOBMOXKHOCTH METaI000paboTKH
TIO3BOJISIOT JIETKO M3TOTOBUTH KOHCTPYKTUBHBIE HJICMEH-
ThI KapKaca ¢ TAKUMH 3aKJIaJHBIMU JICTAJISIMH, 4TO Oy-
JIET CIIOCOOCTBOBATh OBICTPOMY M IPOCTOMY MOHTAXKY

/l\:

/
\

a

CTaJILHOTO KapKaca, CYIIECTBEHHO COKPATUB CPOKH BO3-
BezieHus 31anus [1-3].

Hacrostiiee uccae10BaHUe MOCBSIICHO H3YYCHUIO
JICHCTBUTEIIBHOM pabOThI OBICTPOCOOPHOTO KOHTAKTHO-
rO y3Jia MPUMBIKaHHs OAJKH K KOJOHHE, YCTPOSHHOTO
IO TUITY «JIACTOYKUH XBOCT», B CTAJIbHOM KapKace MHOTO-
STaKHOTO 3TaHUsI.

MATEPHUAJIBI U METO/bI

ITocTanoBKka 3agaun

PaccmoTrpum ObICTPOCOOPHBIHN y3e MPUMBIKAaHUS
0aJIK1 K KOJIOHHE I10 CHCTEME «JIaCTOYKHH XBOCT». Cede-
HUe 0aTku — TpokatHbIi 1ByTaBp 2061, onopHoe pedpo
150 x 100 x 10 MM; cedeHre KOJIOHHBI — KBaIPAaTHBIH
rHyTOCBapHOU npoduib 200 X 8§ MM, OIIOpHOE THE310
190 x 160 % 20 MM, pa3mepsl oca o4HOro nasza 140 x
x 105 % 15 mm (puc. 1-3). banka omopHBIME peOpamu
YCTaHABIMBAETCS B THE3/1a, TPUBAPEHHBIE K IBYM KOJIOH-
HaM. Marepuan — ctanb C345K.

B paccMOTpeHHOM COeTMHEHNH TIPHCYTCTBYIOT B2
3a30pa: A, — MEXTy CTEHKOH KOJIOHHBI K OTIOPHBIM PEOPOM
1 A, — MeXJly OHOPHBIM PeOPOM M TJIACTHHAMM OTIOp-
Horo THes3ja (puc. 4). 3a30p A, TJIOTHO 3aMONHAETCS
0 MECTy JOOOPHBIMHU TUIACTUHAMM YISl IPEIOTBpAILle-
HHS IIPOJIOJIBHOTO cMelleHus Oanku. Bennunna ocras-
merocs 3asopa A, mana [4-7].

O

/

b

Puc. 1. Cxema cO0pKH y3I1a MPUMBIKaHUS OaJIKU K KOJIOHHE IO CHCTEME «JIACTOYKHH XBOCT»: @ — B Pa300paHHOM BHIE; b —

B coOpaHHOM BHIIE; | — 0anka; 2 — KOJOHHA; 3 — OIOpHOE pedpo; 4 — OMOpHOE THE30; 5 — M00O0pHAas IIaCTHHA
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Puc. 2. Pa3mepbl omopHOTO rHE3/a, IPUBAPHBAEMOT0 K KOJIOHHE
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Puc. 3. Pa3meps! onopHoro peGpa, IpHBapuBaeMoTo K Oajke

Ipennonaraem, 4to 3a30p A, 3al0JIHEH MOJHOCTHIO,
a 3a30p A, paBeH HyIIO (CTydai abCOIFOTHO MIIOTHOH
nocasiku). Takum oOpaszoM, Ipu JeCTBUM Ha OAJIKy T10-
MIepEeYHOM HAarpy3Ky Ha oropax OyaeT BO3HUKATh N3rnoa-
IO MOMEHT HEKOTOPOH BEeTHYHHBI M, KoTOpast Oyaer
3aBUCETH OT NOATIMBOCTH coequHenHust C.

IIpu nelicTBUM TOTEpEYHON HATPY3KH Ha OanKy
BO3HMKaeT u3rubaromunii MomeHT M, nedopmupyrorcs
oropHOe pedpo OaJIKHM M TUIACTHHBI OTIOPHOTO THE3/a,
KOTOpBIE TIPETSITCTBYIOT €Tro MOoBOpoTy. IIponcxonst
TOPU30HTAIBHOE TIEPEMEIIEHHE A U yroi IOBOPOTa ¢
B IUIOCKOCTH CTEHKHU OaJKH BOKPYT TOUkH O, UTO CIIPO-
BOLIMPYET BOSHUKHOBEHHE 3HAUUTEIBHBIX KacaTeIbHBIX
HaNpsLKEHUH B 30HE 3a€TIKU OIPaHUYMBAOIIETO JIUCTA
K onopHoMy rue3ay [8—10].

Heob6xomimo onpenenmTs 71 JAHHOTO COSANHEHUS:

1) mpenenbHBINA M3ruOAIONUI MOMEHT Mh_m;

2) yroJ IOBOPOTa OMOPHOTO CEUCHHUS OAKH

3) ko3 durment 3amemienus 6anku C U pakTude-
CKOE pacrpeeieHne N3rudaromero MoMenTa M B Oaike.

Jiist perienust OyieM MCIOB30BaTh KHHEMATHYC-
CKHI METOJ TEOPUHU IPEAEIBHOIO PABHOBECHS], KOTOPBI
bopMmynupyeTcst CIeayIomuM 00pa3oM: I 3aJaHHOM
CTaTUYECKH HEOIPEISIIMMOMN CUCTEMbI P JIEHCTBUH 3a-
JTAHHOTO BHJIA HArPy3KH BEJIMUMHA MTPEICIbHON Harpys3-
Ki P, COOTBETCTBYIONIAs PACTIPEICIICHHIO M3THOAIOMNX
MOMEHTOB JUIS KaKOTO-JTH00 BO3MOXKHOTO MEXaHHM3Ma
pas3pyImieHus, Bcerga 0oiplne MeHCTBUTEIRHON pa3py-
IAfoIe Harpy3KH WU paBHA €i (MM MHade: U3 BCeX
(hopM pa3pymeHust ICTHHHA Ta, KOTOPOH COOTBETCTBYET
HaMMeEHBIIIas TIpeieNTbHast Harpy3ka Pnp) [11].

CoracHO 3TOMY METOIy Ha/l0 M3 BCEX BO3MOX-
HBIX MEXaHM3MOB Pa3pyIICHHUS C OJHOHU CTENICHBIO CBO-
0o11BI 3amMcaTh ypaBHEHHE paBHOBecHus B (opme pador
(mpuanmn Jlarpamka) Ha TeX MepeMeNIeHUsIX, KOTOpbIe
BO3MOXKHBI AJIs JAHHOTO MexaHu3Ma. [Ipu 3ToM BO3MOXK-
Hast paboTa BHEUIHUX CHJI CUUTAETCS MOJOKUTEIBHON
¥ paBHA NIPOM3BE/ICHHIO CUJIbI P, Ha COOTBETCTBYIOLICE
JMHEHHOE nepemMenienne A, a BO3MOXHas pabora BHY-
TPEHHUX CHJI, T.€. IPEJEIbHBIX U3rHOaloNINX MOMEHTOB
M; ., BOSHHKAIOIIMX B IIACTHYECKUX IIAPHUPAX, — OT-
PULATEIILHON U PABHOU IIPOU3BEACHUIO M,-,np Ha yroJ 1o-
BOpOTa Gj, XapaKTePHU3YIOIIHI BO3MOXKHYO ICOPMAIHIO

Bj-M ILIApHUPE:
E Frmphi = 2 :Mj,npej'
i J

[Ipu pemennn OyneM HCIOIB30BaTh AUATPAMMY
JKECTKOTUTACTHYECKOTO Tema (pUc. 5), COmIacHO KOTOPOi
MOJIaraeTcs, 4To 10 Pa3BUTHUS IUIACTUYECKOTO TEUEHHS
MaTepuai ocTaeTcs abCOMOTHO Heae(hOPMUPYEMBIM.
Takast MOzieNb TOCTAaTOYHO XapaAKTEPU3YET NEHCTBUTENb-
HYIO0 paboTy KOHCTPYKIIHU IIPH OTCYTCTBHU (PaKTOPOB,
C/ICPKUBAOIINX Pa3BUTHE Ae(HOPMAIIHii B TNTACTHYECKON
obmactu. Tak Kak rmacTudeckue AePOpPMAIUUA MOTYT
3HAUUTEIBHO NPEB30MTH YIPYTHe, TO ONPABAAHHO HC-
TIOJIB30BAHUE CXEMBI )KECTKOITACTHIECKOTO TeIa.
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Puc. 4. 3a3o0ps1 B y3me: [ — 6anka; 2 — KOJIOHHA; 3 — OMOpHOE pedpo; 4 — OMopHOe THE3/10; 5 — 1000pHast IIacTHHA

a=90°, tgo. = oo

—
€
Puc. 5. Jlnarpamma 6 — € 15l ’KECTKOIUIACTUUECKOTO Tefa

CxeMa KMHEMaTH4YEeCKOro MeXaHu3Ma y3ja MoKa-
3aHa Ha puc. 6.

B pacuete onopHOE THE30 MPEICTaBIsieM B BHIIE
JIBYX TUTACTHH, MPUKPETUICHHBIX K )KECTKOMY TEITy U IO/
BEpPrHYTHIX M3THOY U3 MIOCKOCTH. PaccMaTpuBaeMbIii

Puc. 6. Cxema KnHEMaTH4eCKOTO MEXaHU3Ma y3J1a

128

KHHEMaTHYEeCKUHA MEXaHU3M y371a MPEAToaraeT ClIemy-
IOIIUE JIOMYIICHHUS:

1. JIuapm U310Ma SBISIOTCS TUHEHHBIMU ILIACTH-
YECKUMH [IAPHUPAMH, BIIOJTb KOTOPBIX JIEHUCTBYIOT TOJb-
KO MOMEHTHBIE BEKTOPBI.

2. IlmacTrHA cuMTaeTcs KECTKO 3alleMIIEHHON
IO IBYM CMEXHBIM KpasiM ¥ CBOOOTHOI OT 3aKpeTUICHHIHA
TI0 IBYM JIPYTHM CMEKHBIM KpPasiM.

Omnpenesnenue npeaejbHOr0 H3rudaOIIEro MOMEHTa
lim
PaccmoTpuM KuHEMaTHUYECKU BO3MOYKHOE COCTOSI-
HHE OTIOPHOTO THe3/a MpH n3rude Oanku. Ha puc. 7 o1-
pe3ok AB COOTBETCTBYET JTUHEHHOMY MIACTUYECKOMY
MIAPHUPY, JUTHHA KOTOPOT'O paBHa:

AB =1=+b*>+h*.

Yo noBopoTa ¢ B INIOCKOCTH CTEHKH OAJIKH paBeH:

[Ipenebperast BepTHKaIbHBIM CMEIICHUEM, TIPH T10-
nmepevHoM u3rude rracTuHbl Touka C mepeMerniaeTcs
ropu3oHTabHO B Touky C'. JIByrpannsiit yron CABC'
paBeH:

A MNP+
X bh )

Jast 1ByX TacTHH paboTa BHYTPEHHHX CHIT OyeT
OIIPENeISITHCS BBIPAKEHUEM:

ZCABC' =0 ~ tg0

!
U= 2ijedL ~2M,, 0,1,
0

e M =R W =oc {/4— eIMHNYHBIN TPEICTBHBIN 13-

w1 y o T

rubaroyii MOMEHT, IPH KOTOPOM HACTYIIaeT TEKY4eCTh;
R — pacueTHOE CONPOTUBIICHUE CTAJIH TI0 MPEIEITY Te-
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WAREN,

BN

Puc. 7. Cxema I1acTH4YE€CKOTO miapHupa B y3J€ 1Jisd OJIHOH U3 JBYX IIJIACTUH OIIOPHOTIO rHe3aa

Ky4ecTH; { — TOJIIIMHA TJIACTHHBL; [ — JUINHA JIMHEH-
HOTO TIACTHYECKOTO MapHKUpa; O, 1 /[, — deMeHTapHbId
YTOJI IepesioMa U COOTBETCTBYIONIAs €My JIEMEHTapHast
JUIMHA JIMHEHHOTO IIapHHpa.

Torna BeIpaskeHue aJisi pabOThl BHYTPEHHUX CHII
IUTACTHUHBI IPUHUMACT BUJL:

Rytz A\/b2+h2 2 2
.T.\/b +h° =

U=2
4
R A (5
=2 -—-(b +h)=
4 bh
R A B+ 1
2 b h

Beripaskerne pabOThl BHEIIIHUX CHJI PABHO:
A=Mo=M2,
h
[pupaBHUBasl BEIPAXKEHUs pa0OT BHEIIHUX U BHY-
TPCHHUX CUJI, IIOJTYHYUM:
A R A B AR
K2 b

OTKYJla MO>KHO OIPENETUTh MPeAeTbHBIA U3TOaIOTHIA

MOMEHT, BOCTIPHHUMAEMBII1 OTIOPHBIM y3JI0M:

R p2 4
lim:T'T'
b )
o #
1 1
| I S -

Puc. 8. PacueTHas cxeMa IIacTHHBI

Onpenenenne ko3¢ duuuenta 3amemiienus o6aaxku C
Jast onpezenenust )xecTkocTr y3ia C paccMOTpUM
ANIEMEHTAPHYIO TOPU30HTAIBHYIO KOHCOIBHYIO MOJIIOCKY
TUTACTUHBI IIUPHHON Az (puc. 8).
Topu3oHTaNbHAs peakuus OT MePeMEICHHUS CBO-
00mHOTO Kpast OyzeT paBHa:

_E-Az-P
45’

rie E — monyab yrpyroctu cranu; J =Az - £/12 — mo-
MEHT HHEPLIMH 3JIEMEHTAPHOM IOJIOCH!; b U ¢ — MIUpHHA

R= "y Y,

U TONIIMHA [IaCTHHBI

Yron moBopoTa IUIACTHHBI B 3aJENKE ABISAETCH
[IEPEMEHHOHN BEJIMYNHOM U ONPEAEIAETCS CIEeLyOIINM
obpazom (puc. 9):

Y~ gy =iz,
OTKyJa
y= Y " Z.
Torna:
3
Rofhet
4b

[IpeamnonoxuB A MPOCTOTHI, YTO MOJTOCKHU IITH-
pHUHOMN Az He CBA3aHBI MEXy cO00H, MOJKHO 3amucarhb
BBIp2KEHHE JUISl YJIEIbHOTO M3rHOAI0IIero MoMeHTa M,

1-1

129

(09) Z HOAUIGY ‘G| O aisavecioow exten



raTITOnLCTBS: T 16. BhInyCK 2 (60)

WN.B. MbinbHukos, B.M. TycHuHa

Puc. 9. Cxema nedopmannu miiacTHHBI

COOTBETCTBYIOLIETO IOBOPOTY ONOPHOIO CEUEHNUS OaIKH
Ha €IMHUYHBINA yTOJI B y37I€!

M:ﬂ:ZjRZdZ _
Yooy YAz

f E-Az-f zdz

o\ 4b YAz

h 3 3
2E-t3I2 E(tY W E(th
= 3 zrdz=—|—-| - —=—|—|.
4b 0 2\b 3 6\ b
KoaddurmeHT 3amemiacHust 0aIKu — 3TO BEIH-
4yiHa, 0OpaTHas yACIbHOMY H3rHOAOIIEMy MOMCHTY,
COOTBETCTBYIOIIEMY OBOPOTY OIMOPHOTO CeYeHHs Oa-

KU Ha G,I[I/IHI/I‘IHHﬁ yroJa. CJ'IGI[OBEITGJ'IBHO, BbIpa’XCHUC
JJIsL K03(1)(1)I/IHI/IGHT8, 3allICMIICHUSA Oanku BBIIVIAIMT TaK:

3
c-L-8fL T
M E\t-h

Ha puc. 10 nokazana 3aBUCHMOCTb KO3 pHIHEHTa
3amiemieHus 6anku C OT TONMIMHBI TUIACTHH ¢ (TIapamMe-
TPBI b 1 /i IPUHSTHI IIOCTOSHHBIMA). [ padKoM sBIsIeTCS
KyOuueckas rurepooia.

3,5E-08
3E-08
2,5E-08
2E-08
1,5E-08
1E-08
SE-09

PE3YJIBTATHI HCCIEJOBAHMUA

OnpenesieHne OMOPHBIX MOMEHTOB B PHTeJISIX
H YIVIOB IOBOPOTA UX ONOPHBIX CeYCHUIH

st ompeneneHns: OMOPHBIX MOMEHTOB B Oalke
U yIJIOB IOBOPOTA €€ OMOPHBIX CEUEHUII B KaUeCTBE pac-
YETHOW CXEMBI MMPUMEM OajKy CTyNeHYaTON KEeCTKO-
CTH, YIIPYTO 3alllEMJIEHHYIO Ha OIOPAaxX U 3arpyKEeHHYIO
JIBYMsI COCPEIOTOYCHHBIMU CHJIaMy P/2 Ha pacCTOSHHUH
d ot kpast 0anku (puc. 11). [Tpu 3TOM Oynmem monarars,
YTO BIMSHHE KECTKOCTH KOJIOHH HECYILIECTBEHHO.

Jmna m, o6o3HayeHHas Ha puc. 11, paBHa Toymu-
HE OTPaHUYHMBAOIIETO IETIECTKa» OTIOPHOTO THE3/1A, T.C.
m=1.

CreneHb CTaTHYECKOW HEONPEACINMOCTH 3aIaH-
HOM cucTeMsbl paBHa 1. OnpeneiauM OMOPHBIH MOMEHT
B pHUresne npu rnomomu Metoga cuil. OcHOBHasI cucTeMa
IpeCTaBIsIeT COO0M KIIACCHYECKYIO IAPHUPHO OTIep-
Tyto Oanky (puc. 12, a), rme B Ka4eCTBE CHUMMETpPUY-
HOTO HEM3BECTHOTO X| NMPHUHAT U3THOAIOIIMA MOMEHT
Ha onopax. KaHoHn4ueckoe ypaBHEHHE METO/Ia CHII 3a-
MTUILIETCS B BUTIE:

5, X, +A,+9=0.

JleBast yacTb ypaBHEHUsI ONMCHIBAET CYMMApHBIM
YroJ MOBOPOTA OHOPHI, II€ (¢ — YacTh TOTO yIia, 3a-
BHUCSIIAst OT K03 (HUIMeHTa 3aIeMICHHUS ¢, ONPEeIeIICH-
HOTO BbIIIE: @ = ¢ - X|.

Torga kaHOHHYECKOE ypaBHEHUE METO/Ia CHIT TIPH-
MET BU/:

811)(1+A1P+C.Xl:0'

Enunuunas smropa Mu rpy30Bas omopa M, npe-
CTaBJeHBI Ha puc. 12, bu 12, c.

Kosddunumentsr §,, u A, , onpeensiores 1o ¢op-
myne Makcgeria — Mopa ¢ HCIOIb30BaHUEM MTPAaBUIIA
Bepearuna:

Mide _m-11 (I-2m)-1-1
= :2 N
% ZJ EJ £ B

f, MM

34567 891011121314151617181920

Puc. 10. I'paduk 3aBucumocTn KoddduirenTa 3amemiaeHus 6anku C OT TONIIUHBI TIACTHH ¢
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1 1
Puc. 11. PacuetHas cxema Gajku CTyIIEHYaTON JKECTKOCTH, YIPYTo 3allleMJIEHHOM Ha omopax
PR OcHOBHas cHCTeMa A
AN .
m \‘ d d m

P2 P2
P2
Pz Pm/2 Pm/2
P(m+d) P(m+d)
2 . 2
X, P2 @ P2 X,
P2 P2
Pnrd) _ Pomrd) _,
2 2

d

Puc. 12. K pacueTy Gajiku METONIOM CHJI: @ — OCHOBHAsI CUCTEMa; b — eMHuYHast s1ropa M1; ¢ — rpy3osas smropa M,; d —

[ 3
Oy ==——|1+p| —=3-4B |
11 3EJ{ “(a ﬁﬂ

2
Ap = —%[u[l—hﬁ%)ﬂi(l—Zu—B)}.

OKOHYAaTECJIbHAs 51I0pa MOMEHTOB M

=X Mg =T )1

P d
P(m+d) Pm|
2 2 1 Pm m
2EJT

Ecnu npussite, uTo:
J=a-J;, m=p-I,d=p-1,

TO BBIPAXKCHUA UL 8” n AIP MOKHO ICPCIINCATh!:

Omnpenenum HeU3BECTHOE X

AIP .
3, +C"
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_g]{u(l 2u+— j+B(l 2u— B)}

1= 3
/ 3 6( b
3EJ{1+“(_3 4BH E(z-hj

YnpocTuB MoTydeHHOE BRIpaXKEHUE U IIpeHeOperas
KOMITOHEHTOM [ BBHTY €70 MaJIOH BEJIMYUHBI [0 CPaBHE-
HUIO C e[JUHULIEH, MOKHO 3aIIHUCAaTh!

Pl{u(H”Jﬂi(l—B)}
o
5
(Lt et (2]
3 o 3 I\t-h
P
YuuteiBas, 4To ZE= o-J, J MOXHO 3amucarb

1:

OKOHYAaTCJIbHYIO (bOpMyJ'Iy JJIg OIPEAC/ICHUSL OIIOPHO-
r0 MOMEHTA B OaJiKe C y3j1aMH1 110 CUCTEME «JIACTOYKUH

el
on ‘3‘+4u(1—1—l3) 4%1;)

HauGonpimmit u3rubaronmii MOMEHT B IPOJIETE
JUTSL TByXTOUCYHOW CXEMBI HI3THOA PaBEH:

_Plrd) Alk(1+ 2 Jes0-p)]

an— 2
4 1 4p (b
Shap|--1-2
3 ”( B) l(r)

OxoHuYaTenpHas 3MI0pa U3TNOAIONINX MOMEHTOB
mokasaHa Ha puc. 12, d.

Yron oBopora 6aiku Ha 0rope, 3aBUCSIIMI OT yIIpy-
TUX CBOWCTB KOHCTPYKIIHH Y371, MOKHO OTIPEICINTH CIie-
JIYIOIIUM 00pa3oM:

A
11
A
(p: 8 P =
R T |
C

fgj{ (1 2u+ j+B(1 2u— B)}

B
(%)
PP H(1+ZJ+B(1_B)

T4E o ‘
1+ 20 (1+ (3—3— 45}]
36° o

HVcnonp3ys nomyueHHbIe BEIPAKEHUS, MOKHO CPaB-
HUTBH PadOTy OaNKH, YIpyTo 3aleMICHHYTO 110 KOHIIaM,
C KJIACCUUECKMMHU BapUaHTAMU: C IIaPHUPHO ONEPTOH
OaJiKoi U ¢ OaJIKOM, KECTKO 3aIleMJICHHOM 110 KOHIIAM
[12—15]. B Tabmune npuBOASTCS 3HAYCHHS M3THOArO-
IIIMX MOMEHTOB M YIJIOB TOBOPOTOB OTOPHBIX CEUCHHUN
JUIsl Pa3HBIX pacueTHbIX ciaydaes [16-20]. Paccmarpu-

+1

* BAIOTCs MPOJIEThI Oanok 3, 4,5 u 6 M; 1Be COCpPenoTo-

YEHHBIC CUJIBI IPUKIIA/IBIBAIOTCS HA PACCTOSHUM ¢ = /4
ot omop. J{yist yrpyro 3amiemseHHol Oallku orpeiesieHbl
3HAUCHMS MOMEHTOB H YTIIOB TIOBOPOTA TIpu b = 42,5 MM,
h =140 MM, t=5; 10 mm. CeucHre OaIKi — MPOKATHBIN

3HaueHUs I/I3FI/I6aIOI_IIPIX MOMEHTOB U YITIOB [TIOBOPOTA OIMMOPHBIX CEeUeHUH JUIA pa3HbIX BApUAaHTOB PACHCTHBIX CXEM

Howmep | Pacuernas cxema u smropa IIponer | Oreryn | Omnopuslii | [IponeTHsiii VYron [Ipumeuanue
MOMCEHTOB l, M a, M MOMCHT MOMEHT IoBOpoOTa
M, xH'Mm an, kH'M | Ha onope
(pon’ pan.
1 3,0 0,75 0 75 0’0522 -
(¢",,)
prg P
Tal i-2a | a7
2 ' ! 4,5 1,125 0 112,5 0,05 -
& A M (")
P-a P-a
2 2 0,0888
3 6,0 1,5 0 150 S -
(©".)
- 0, 3
4 3,0 0,75 3,27 71,73 0,0213 A{"“ﬁ 986’71?; 0//0 Mm""
5 pry P = Pon =70 0200,
(R A - Mo = 12,85 % M:
. ' (CR— R A 30,-,
5 M Mo o T 4,5 1,125 7,23 105,27 0,0471 05 = 94,29 % g
> @ M =16,81 % M
6 6,0 1,5 12,61 137,39 0,0822 0= 92,53 % o
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Oxkonuanue maoi.

Homep | PacuerHas cxema u smropa [Iponer | Orctyn | OmnopHuslit | IlponeTHslit VYron [Ipumeuanne
MOMEHTOB Lm a, M MOMEHT MOMEHT | TIOBOPOTa
M, xHM M“p, kH'M | Ha omope
(Pon’ pa'u
(I 0, 3
7 B B 3,0 0,75 20,60 54,40 0,0168 MCO"_ 54,94 OA) Mm on
o g Py 0°,, = 75,58 % o"
d T am =
1 ] Me =73,44 % M
(e} on ’ on
8 M, Mo T 4,5 1,125 41,31 71,19 0,0337 0= 67,36 % on
P(mhlw—LP(m-ﬁ-d) w =
2 on 2 on M =8831 %M
9 6,0 1,5 66,23 83,77 0,0540 0= 60,75 % o
37,5
10 P, 3,0 0,75 e, 37,5 0 —
La | Ifl,Za Loa |
.Plaz P-az. 56,25
11 F\I\ 7 4,5 1,125 M) 56,25 0 -
M on
ﬂ_P-af]:]ﬁ-a{PAa 75
12 P b 6.0 1.5 , 75 0 -
ar,)

HpuMeltaHue: M‘un " ]\40orl — OIIOPHbIE MOMCHTLI, BOSHUKAIOIIWE B 6am<e, SaIHeMHeHHOﬁ JKECTKO UJIN YIIPYT'O COOTBETCTBEHHO,

s
(p on I/I
COOTBETCTBEHHO.

nmeyTaBp 2061 o 'OCT P 57837-2017. 3naueHne CHITBI
P npunsro pasasiv 200 xH.

3AKJIIOYEHUE

Ha ocHOBe KMHEMaTH4YECKOro METo/ia TEOPUH Mpe-
JIETIbHOTO PaBHOBECHSI IOy YEHBI BEIPAXKEHHUS IS OTIpe-
NENEHNs MpeJeIbHoro u3rnodaromero Momenra M,
u ko3 dunrenTa 3amemieHus 0anku C st KOHCTPYK-
MM KOHTAKTHOTO Y3J1a NPUMbIKaHHs OaJIKH K KOJIOHHE,
PabOoTarOIIETO MO CUCTEME JIACTOYKHH XBOCTY.

Wcnonb3yst MeTon cuil, moctpoeHa (akruaeckas
SMIOpa MOMEHTOB JIJISI YIIPYTO 3aIEMIICHHOHN 110 KOHI[aM
0aKu, 3arpy>KeHHOH JIBYMsI COCPEIOTOUYCHHBIMH CHJIa-
MU, CHMMCTPHUYHO PACIIOJIOKCHHBIMU OT OIIOP.

[Nonyuena ¢opmyrna aiIst onpeeseHust yriia moBo-
pOTa OMOPHOTO CeUeHHUs OAIKHU ( JUTsi KOHCTPYKIIMH KOH-
TAKTHOTO y3J1a IPUMBIKaHHs OAJKH K KOJIOHHE I10 THITY
«JTACTOYKHH XBOCT».

Ha ocHOBaHMY IIPOM3BEICHHOTO CPABHEHUSI C KIIac-
CHYECKMMHM BapHaHTaMH ONUpaHust Oaku (C IapHUpaMu
1 JKECTKUMH 33/IeJIKaMU Ha KOHIIAX) OBLIO ONpEAeeHo,
YTO pacCMarpUBaeMblii y3€l C TOJILMHOM THE310BbIX IUIa-
CTHH { = 5 MM SIBIISICTCS IPAKTUYECKH TTOJHOCTBIO IIap-
HUPHBIM. B 3TOM Cily4ae npoUCXOIUT 3HAYUTENIbHBIN YTOI
TIOBOpOTA HA OTOpPE, KOTOPBIH JUIs TposeTa / = 3 M cocTaB-
ssteT 96,12 % ot ymia moBopoTa Ha Orope JUis IapHUPHOH
cxeMsL, st iponeta [ = 4,5 M — 94,29 %, a anst mpornera
[=6M— 92,53 %. Bo3HuKaromye B cXeme ¢ yrnpyrumu
3aJ1e7IKaMH OTTOPHBIE N3THOAIONE MOMEHTHI JUTS TIPOJIeTa

@°,, — YDIBI MOBOPOTA HA OMOpAX, BO3HMKAIONME B Oaske, MIAPHUPHO ONMEPTOH WM YNPYTo 3arleMICHHOH

/=3 M coctaBisroT 8,73 % OT CXEMBI C JKECTKHUMHU 3a1€e]I-
Kamu, [t riposteta [ = 4,5 m — 12,85 %, a mis mpornera
/=6M— 16,81 %. Takum 00pa3oMm, TS BEIIOTHEHHS
WHKCHEPHBIX PACYCTOB MOXXHO CYUTATh, YTO MPH HCIIOIh-
30BaHUU IOJIATIIABOTO Y3JIa IIPY TOJIIMHE OTPAHIYHBAIO-
IIMX { = 5 MM COOTHOIIICHUC MEKITY OIIOPHBIM H MPOJICT-
HBEIM MOMEHTaMH coctaBirteT 1:10.

Jlnist BapuaHTa, KOTJ[a TOJIIMHA THE30BBIX IIACTHH
MpUHUMAaeTcsl paBHOU ¢ = 10 MM, KECTKOCTb y37a yBe-
JIMYUBAETCSI. B 3TOM ciiydae BO3HHKAET yroJ MOBOPOTa
Ha OIope, cocTaBIstoNMi st iposiera / =3 m 75,58 %
OT yIlIa [TOBOPOTa Ha OIMOPE JJIs HIAPHUPHOU CXEMBI,
quist poniera l =4,5 M— 67,36 %, a s mponeral =6 M—
60,75 %. JleiicTByromue B CXeME C YIPYTUMU 33/1€JIKa-
MH 0aJIKH OTIOPHBIC N3THOAIOIIIIE MOMEHTHI TS TIPOJIeTa
| =3 m cocraBisitoT 54,94 % OT CXEMBbI C KECTKUMU 3a-
JleTKaMu, U1 iporteta [ = 4,5 m — 73,44 %, a ms mpo-
neral =6 m— 88,31 %. CienoBarebHO, HCIIOIB30BAHHE
TaKUX OTPAHUYMBAIOIINX JIFCTOB TTO3BOJISICT CUUTATD 3a-
JICTIKH OAJIKH MOTY)KECTKIMHU M CIIOCOOCTBYET YMEHBIIIe-
HUFO TIPOJICTHBIX MOMEHTOB; OJTHAKO CICAYET 3aMCTUTh,
YTO 3TO MOBBIIIAET METAJUIOEMKOCTh Y3I1a.

HccenemyeMslit ObICTPOCOOPHBIIT y3€I 1aeT BO3ZMOXK-
HOCThb YCKOPHUTH MPOIECC MOHTa)Xa AJICMCHTOB CTaJlb-
HOTO KapKaca Ha CTPOUTEILHON IUIONIA/IKe, a OTlpee-
JICHHBIC BBIIIC XaPAKTCPUCTUKHU MO3BOJISIOT YUUTHIBATh
JICHCTBUTEIBHYIO pa0bOTy y3Jia MPHU BBIIOJIHCHUU pPac-
4yeToB. [IpennokeHHbIl KOHTAKTHBIN y3€Il IPUMbIKaHHs
0aJIKi K KOJIOHHE MOXKET PEKOMEHI0BATHCSI K IPHUMEHE-
HUIO B HHXKCHEPHOM MTPAKTHKE.
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INTRODUCTION

A steel frame of a multi-storey building designed
as a braced structural system conforms well to the prin-
ciple of material concentration and differs from moment-
resisting and braced frames in the simplicity of beam-
to-column connections and in lower construction labour
input. In the analysis of such frames, beam-to-column
joints are theoretically assumed to be pinned; however,
as studies of their actual behaviour show, in practice they
possess a certain stiffness that depends on their structural
configuration.

NRU MGSU has developed a quick-assembly con-
tact beam-to-column joint that does not require weld-
ing or bolting on site. The joint is formed by placing
the beam into special components, namely sockets weld-
ed to the column under factory conditions. In this beam-
to-column connection, forces are transferred through
the contact interaction of the supporting joint compo-
nents, or the dovetail system.

/l\:

/

|

a

Modern metalworking capabilities enable the pro-
duction of frame members with such embedded com-
ponents, thereby facilitating rapid and simple erection
of the steel frame and substantially reducing the con-
struction period [1-3].

This study examines the actual behaviour of a quick-
assembly contact beam-to-column joint of the dovetail
type in the steel frame of a multi-storey building.

MATERIALS AND METHODS

Problem statement

Consider a quick-assembly beam-to-column joint
based on the dovetail system. The beam section is a rolled
I-beam 20B1, with a 150 x 100 x 10 mm support rib;
the column section is a square cold-formed welded hollow
section 200 x 8 mm, with a 190 x 160 x 20 mm support
socket and a seating slot of 140 x 105 x 15 mm (Fig. 1-3).
The beam is installed by placing its support ribs into sock-
ets welded to two columns. The material is S345K steel.

O

b

Fig. 1. Assembly diagram of the beam-to-column joint based on the dovetail system: ¢ — disassembled joint; b — assembled
joint; / — beam; 2 — column; 3 — support rib; 4 — support socket; 5 — shim plate
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Fig. 2. Dimensions of the support socket welded to the column
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Fig. 3. Dimensions of the support rib welded to the beam

The connection has two gaps: A, is between the col-
umn wall and the support rib, and A, is between the sup-
port rib and the support-socket plates (Fig. 4). Gap A is
tightly filled in situ with shim plates to prevent the longi-
tudinal displacement of the beam. The remaining gap A,
is small [4-7].

It is assumed that gap A, is completely filled and
gap A, is equal to zero, which corresponds to a perfectly
tight fit. Thus, when a transverse load acts on the beam,
a bending moment M of a certain magnitude arises at
the supports; this magnitude depends on the compliance
of connection C.

Bending moment M develops under the lateral load-
ing of the beam; the beam support rib and the support-
socket plates deform while resisting rotation. Horizontal
displacement A and rotation angle ¢ occur in the plane
of the beam web about point O, causing significant shear
stresses in the zone where the retaining plate is fixed to
the support socket [8—10].

For this connection, it is necessary to determine:

1) the limiting bending moment M, ;
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2) the rotation angle ¢ of the beam support section;

3) the beam fixity coefficient C and the actual distri-
bution of bending moment M in the beam.

The solution uses the kinematic method of the the-
ory of limit equilibrium, which may be formulated as
follows: for a given statically indeterminate system sub-
jected to a specified type of load, the limiting load P,
corresponding to the distribution of bending moments
for any possible failure mechanism is always greater than
or equal to the actual failure load; in other words, among
all failure modes, the true one is the mode corresponding
to the smallest limiting load P, [11].

According to this method, among all possible sin-
gle-degree-of-freedom failure mechanisms, the equilibri-
um equation must be written according to the Lagrange’s
principle for the displacements possible for the given
mechanism. In this case, the virtual work of external
forces is considered positive and is equal to the product
of the force P, and the corresponding linear displace-
ment A, whereas the virtual work of internal forces, i.e.
the limiting bending moments M, arising in plastic
hinges, is negative and equal to the product of M., and
the rotation angle 0j characterizing the possible deforma-
tion in the j-th hinge:

BoAi=)M,; 0.
i J

In the solution, the rigid-plastic body diagram is
used (Fig. 5), according to which the material is assumed
to remain absolutely undeformed until plastic flow de-
velops. This model adequately characterizes the actual
behaviour of the structure in the absence of factors re-
straining the development of deformations in the plas-
tic range. Since plastic deformations can considerably
exceed elastic deformations, the use of the rigid-plastic
body idealization is justified.
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Fig. 4. Gaps in the joint: / — beam; 2 — column; 3 — support rib; 4 — support socket; 5 — shim plate

a=90°, tgo. = oo

—
€

Fig. 5. The ¢ — ¢ diagram for a rigid-plastic body

Fig. 6. Kinematic mechanism diagram of the joint

The kinematic mechanism diagram of the joint is
shown in Fig. 6.

In the calculation, the support socket is represent-
ed as two plates attached to a rigid body and subjected

to out-of-plane bending. The kinematic mechanism
of the joint under consideration is based on the following
assumptions:

1. The yield lines are linear plastic hinges along
which only moment vectors act.

2. The plate is considered rigidly fixed along two
adjacent edges and free from restraints along the other
two adjacent edges.

Determination of the limiting bending moment M,
Consider a kinematically admissible state of the sup-

port socket under beam bending. In Fig. 7, segment AB

corresponds to a linear plastic hinge whose length is:

AB=1=~b*+h*.

The rotation angle ¢ in the plane of the beam web is:

et
¢ =1g0 n

Neglecting vertical displacement under the trans-
verse bending of the plate, point C moves horizontally to
point C'". The dihedral angle CABC" is:

A A R
X bh

For two plates, the work of internal forces is deter-
mined by the following expression:

ZCABC' =0 ~ tg®

1
U= 2J'Mp,edL ~2M,, 36,1,
0

where M, =RW, = o /4 is the unit limiting bending
moment at which yielding occurs; R denotes the design
yield strength of steel; # denotes the plate thickness; / de-
notes the length of the linear plastic hinge; and / is the el-

137

(09) Z ANSSI'OL°ION Somamnay oS



Science :ﬁlt:lngtll::glii':::l: Vol. 16. Issue 2 (60)

Ivan V. Mylnikov, Valentina M. Tusnina

b

L. 3

s

NN 11

Il

Fig. 8. Design diagram of the plate

ementary kink angle and the corresponding elementary
length of the linear hinge.

Then the expression conveying the work of internal
forces in the plate takes the form:

R [12, ;2
Uoo ot AN AR [
4 bh
2 2
=2Ryt .A.(b2+h2)=Ry_t.é.b2+h2
4  bh 2 b h

Fig. 9. Plate deformation diagram
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The work of external forces is:
A=Mo=M %

Equating the expressions for the work of external
and internal forces gives:

A R A DR
h 2 b h
from which the limiting bending moment resisted by
the support joint can be determined:
R b4
m =y

>

Determination of the beam fixity coefficient C

To determine the joint stiffness C, consider an el-
ementary horizontal cantilever strip of the plate that has
width Az (Fig. 8).

The horizontal reaction caused by displacement
of the free edge is:
3E] E-Az-t’

EERTS

where E denotes the modulus of elasticity of steel; J=Az x
x £/12. denotes the moment of inertia of the elementary
strip; b and ¢ — width and thickness of the plate.

The rotation angle of the plate at the fixed edge is
variable and is determined as follows (Fig. 9):

R=

>

Y = tgy = y/z.
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Fig. 10. Dependence of the beam fixity coefficient C on plate thickness ¢

Hence
y=v-z
Then:
3
L
4b

Assuming, for simplicity, that the strips of width
Az are not connected to one another, the expression for
the specific bending moment M, corresponding to a unit
rotation angle of the beam support section in the joint,
can be written as:

h h 3
M:MZZJ‘deZZZJ‘(E~Az-t -y-z]ZdZ:
v 0

vAz ol 4 Az

2E-P}, E(tY B E(t-hY
2L g () R _E(1hY,
4b° o 2\b 3 6\ b

The beam fixity coefficient is the reciprocal of the spe-
cific bending moment corresponding to a unit rotation
angle of the beam support section in the joint. Therefore,

the expression for the beam fixity coefficient is:

3
c-L-8fL )
M E\th

Fig. 10 shows the dependence of the beam fixity
coefficient C on the plate thickness ¢ (parameters b and
h are taken as constant values). The curve is a cubic hy-
perbola.

P2

RESULTS

Determination of support moments in girders and
rotations of their support sections

To determine the support moments in the beam and
the rotations of its support sections, a stepped-stiffness
beam elastically restrained at the supports and loaded by
two concentrated forces P/2 at a distance d from the beam
end is used as the design diagram (Fig. 11). The influence
of column stiffness is assumed to be insignificant.

The length m indicated in Fig. 11 is equal to
the thickness of the retaining plate, i.e. m = ¢.

The degree of static indeterminacy of the given sys-
tem is 1. The support moment in the girder is determined
by the force method. The primary system is a classical
simply supported beam (Fig. 12, @), in which the bend-
ing moment at the supports is taken as the symmetric un-
known X,. The canonical equation of the force method
is written as:

6nXl +A1P+(P:O'

The left-hand side of the equation describes the total
support rotation angle, where ¢ denotes the part of this
angle that depends on the beam fixity coefficient, deter-
mined above: g =c - X|.

Then the canonical equation of the force method
takes the form:

811‘X71+A1P+C'Xl=0'

The unit bending-moment diagram Mi and the load
bending-moment diagram M, are shown in Fig. 12, » and
12, c.

P2

d _ 1-2(d +m) d

Fig. 11. Design diagram of a stepped-stiffness beam elastically restrained at the supports
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P2

Primary system

P2

P2 P2
i Pm/2 Pm/2 P2
P(m+d) P(m+d)
2 c 2
X, P2 @ P2 X,
P2 P2
P(m+d) P(m+d)

X

Fig. 12. Beam analysis by the force method: ¢ — primary system; » — unit bending-moment diagram; ¢ — load bending-

moment diagram; d — final bending-moment diagram

The coefficients §,, and A , are determined by

d

the Maxwell — Mohr formula using the Vereshchagin’s

rule:

e EJ EJ' EJ

M, M, dx
A, = J—P 1= _
=2

=—P(:1T;d)(1—z(m+d))-1—
{P(mw)fm]d.l
2 2

2FEJ
If it is assumed that:

J=a-J;, m=p-lLd=p"1
140
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then the expressions for 6, and A, can be rewritten as:

[ 3
Oy ==——|1+p| —-3-4B |
11 3EJ{ “[a Bﬂ

2
Ap = —%[u(l—hﬁ%)ﬂi(l—mx—ﬁ)}.

The unknown X is determined as:

Aip

1 =T
8, +C"’

PI? p
L W{p(l—2p+aj+ﬁ(l—2p—ﬁ)}

1 3
[ 3 6( b
m{”“(a—%ﬂu(w)
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Values of bending moments and rotations of support sections for different design diagrams
Number | Design diagram and bending- Span | Distance Support Span Support Note
moment diagram /,m a, m moment moment rotation
M,kN-m | M ,kN'm| ¢,rad
1 3.0 0.75 0 75 0.0222 -
|P/2 J P/2| ((Pl’ )
2 L —— | 45 1.125 0 112.5 0.05 -
| = 2 (M (¢)
3 La Ta 6.0 1.5 0 150 0.0888 -
(9”)
4 3.0 0.75 3.27 71.73 0.0213 M =8.73%M,
- ¢ =96.12%
5 = 4.5 1.125 7.23 105.27 0.0471 | M* =12.85% M’
; ) i ¢f = 9429 % .
gz g oPRl -
6 A Y 6.0 1.5 12.61 13739 | 0.0822 | M,=16.81% M’
R A —— ¢°.=92.53 % ¢
7 ple Yot 3.0 0.75 20.60 5440 | 0.0168 | M =54.94% M’
P(m:>)\IW—LP(m+d)_ s 0 = 75.58 % o
8 ’ ’ Z| 45 1.125 4131 7119 | 0.0337 | M =73.44% M’
- ¢°.=67.36 % @7
9 = 6.0 1.5 66.23 83.77 0.0540 | M° =88.31 % M
0°, = 60.75 % ¢,
10 . 3.0 0.75 375 375 0 -
Loa 1-2a | a | (er)
I 4
11 Pd P 4.5 1.125 56.25 56.25 0 -
— L g o,
12 Pa Pa @ P 6.0 1.5 75 75 0 -
2 i 1 2 (MV)

Note: M’ and M¢_ are the support moments arising in a beam with rigid or elastic end restraint, respectively; ¢” and ¢°, are
the support rotation angles arising in a simply supported or elastically restrained beam, respectively.

After simplifying the resulting expression and ne-
glecting the component p because of its small magnitude
compared with unity, one can write:

Pl{u£1+”j+ﬁ(l—ﬁ)}

o

4 1. 4 J(b Y
3+4“(a‘1‘3ﬁj+24'1(m1]

3
Given that 2% =o-J, the final formula for deter-

1:

mining the support moment in a beam with dovetail-type
joints can be written as:

Pl{u(nﬁ}rﬁ(l—ﬁ)}

MOP
4 1 4b (b
iapl--1-2
3 “( B) al[ ]

The maximum bending moment in the span for
the two-point bending diagram is:

Pl{p(szﬂS(l—B)}
(a--5o) 2l

P(t+d)_

P"z 2
ﬁ+4
3

The final bending-moment diagram is shown in
Fig. 12, d.

The beam rotation angle at the support, which de-
pends on the elastic properties of the joint, can be deter-
mined as follows:

A
11
A
(p: 6 1P =
i
C

_ZI (1—2u+ J*B(l 2u- B)}_
3;]{1“{3—3 4[3)}
i)
u[nz)ﬂm—s)

1+ ‘;i’ (1+u@—3—4ﬁn

Using the expressions obtained, the behaviour
of a beam elastically restrained at both ends can be com-

+1

_ PP
AEJ
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pared with the classical cases: a simply supported beam
and a beam rigidly fixed at both ends [12—-15]. The table
presents the values of bending moments and rotation angles
of support sections for different calculation cases [16-20].
Beam spans of 3, 4.5 and 6 m are considered; two concen-
trated forces are applied at a distance a = //4 from the sup-
ports. For the elastically restrained beam, the moments
and rotation angles were determined for b = 42.5 mm,
h =140 mm, and r = 5 and 10 mm. The beam section is
arolled I-beam 20B1 according to GOST R 57837-2017.
The force P is taken as 200 kN.

CONCLUSION

Based on the kinematic method of the theory of lim-
it equilibrium, expressions were obtained for determin-
ing the limiting bending moment M, and the beam fixity
coefficient C for the contact beam-to-column joint with
a dovetail connection.

Using the force method, the actual bending-moment
diagram was constructed for a beam elastically restrained
at both ends and loaded by two concentrated forces ar-
ranged symmetrically with respect to the supports.

A formula was obtained for determining the rotation
angle ¢ of the beam support section for the contact beam-
to-column joint of the dovetail type.

Based on the comparison with the classical beam
support cases, namely hinged supports and rigid end fixi-
ties, it was established that the joint under consideration
with a socket-plate thickness £ = 5 mm is almost com-
pletely pinned. In this case, a significant support rota-

tion occurs: for the span / =3 m it amounts to 96.12 %
of the support rotation angle for the simply supported di-
agram, for the span /=4.5 m to 94.29 %, and for the span
/=6 mto 92.53 %. The support bending moments occur-
ring in the diagram with elastic end restraints are 8.73 %
of those in the diagram with rigid end fixities for the span
/=3 m, 12.85 % for the span / =4.5 m, and 16.81 % for
the span / = 6 m. Thus, for engineering calculations it
may be assumed that, when a compliant joint with re-
taining plates of thickness # = 5 mm is used, the ratio be-
tween the support and span moments is 1:10.

For the case in which the socket-plate thickness is
taken as # = 10 mm, the stiffness of the joint increases. In
this case, the support rotation angle is 75.58 % of the sup-
port rotation angle for the simply supported diagram and
the span / = 3 m, 67.36 % for the span / = 4.5 m, and
60.75 % for the span / = 6 m. The support bending mo-
ments in the beam with elastic end restraints are 54.94 %
of those in the diagram with rigid end fixities for the span
/=3 m, 73.44 % for the span / = 4.5 m, and 88.31 % for
the span / = 6 m. Consequently, the use of such retain-
ing plates allows the beam end restraints to be regarded
as semi-rigid and contributes to reducing span moments;
however, it should be noted that this increases the metal
consumption of the joint.

The quick-assembly joint under study acceler-
ates the erection of steel-frame members on site, while
the characteristics determined above allow the actual be-
haviour of the joint to be taken into account in structural
analysis. The proposed contact beam-to-column joint can
be recommended for practical engineering applications.

REFERENCES

1. Kukla D., Kozlowski A., Sleczka L., Wojcik-
Grzaba 1., Nykiel D., Gubernat S. Innovative steel beam-
to-column joint under central column loss situation:
Experimental tests and analytical model. Engineering
Structures. 2025; 326:119513. DOI: 10.1016/j.engstruct.
2024.119513. EDN DXUCZE.

2. Zhang Z.W., Li D., Wang H.J., Qian H.L.,
Fang W.Q., Jing X_F. et al. Study of mechanical prop-
erties of a novel column-beam-column prefabricated
steel frame joint. Advanced Steel Construction. 2024,
20(4):330-344. DOLI: 10.18057/ijasc.2024.20.4.2

3. Shi G., Liu M., Luo J., Zhao H. Experimental
study on the seismic behavior of steel joints between I-
beam and box-T built-up section columns. Thin-Walled
Structures. 2025; 216:113626. DOI: 10.1016/j.tws.2025.
113626. EDN SEAQTN.

4. Sun G., Mironova L.I. Influence of rotational
stiffness of beam-to-column connection on steel frame
performance. Structural Mechanics of Engineering Con-
structions and Buildings. 2025; 21(6):537-550. DOI: 10.
22363/1815-5235-2025-21-6-537-550. EDN FOHZXB.
(rus.).

142

5. Jakovljevi¢ 1., Dobri¢ J., Gluhovié N., Spremi¢ M.
Beam—to—column joint solutions for reusable mo-
ment-resisting steel frames. Journal of Constructional
Steel Research. 2026; 238:110163. DOI: 10.1016/
jjesr.2025.110163. EDN AWZYWD.

6. Elhout E.A. Effect of beam-column connec-
tion types on the response modification factors of steel
frames. International Journal of Steel Structures. 2024;
24(1):132-143. DOI: 10.1007/513296-023-00805-4. EDN
QIJSLTJ.

7. Piskulic M., Vujanac R., Vulovi¢ S., Milora-
dovic N., Blagojevic M., Djordjevic Z. Structural Perfor-
mance of Semi-Rigid Beam-to-Column Connections in
Steel Storage Racks: A Review Focused on FEM Analy-
sis. Metals. 2026; 16(1):2. DOI: 10.3390/met16010002.
EDN ZOHPCX.

8. Tusnina V.M. Load-bearing capacity and de-

formability of malleable components of steel frames of

multi-storey buildings : dissertation ... candidate of tech-
nical sciences. Moscow, 1989; 166. (rus.).

9. Ferdous W. Effect of beam-column joint stiff-
ness on the design of beams. 23rd Australian Confer-



Investigation of the strength and deformability of a quick-assembly

contact beam-to-column joint P. 125143

ence on the Mechanics of Structures and Materials. 2014;
701-706.

10. Tusnina V.M. Semi-rigid steel beam-to-col-
umn connections. Magazine of Civil Engineering. 2017,
5(73):25-39. DOI: 10.18720/MCE.73.3. EDN ZNLKNH.

11. Anokhin N.N. Structural mechanics in exam-
ples and tasks. Part II. Statically indeterminate systems :
textbook. 4th edition, expanded and revised. Moscow,
ASV Publishing House, 2017; 464. (rus.).

12. Glebov F.A., Astakhov I.V., Korsun V.I., Kon-
drateva L.N., Tsyganovkin V. Analytical model of the me-
thod of variable elasticity parameters for flange beam to
column connections. Engineering journal of Don. 2024;
1(109):462-496. EDN QHDFKI. (rus.).

13. NieR.,Li Y., Bai Y., Mou B., Zhou Ya. HSS
steel corner column to H-beam joints under cyclic bidi-
rectional loadings: Experiment, numerical modeling, and
calculation. Journal of Constructional Steel Research.
2022; 192:107239. DOI: 10.1016/j.jcsr.2022.107239.
EDN PUAQCH.

14. Lian Ju.Yi., Deng En.F., He J.M., Cai Li.M.,
Gao Sh.C., Zhou Ji.J. Numerical analysis on seismic
performance of corner fitting connection in modular
steel building. Structures. 2021; 33:1659-1676. DOI:
10.1016/j.istruc.2021.05.044. EDN ZHINRZ.

15. Celik H., Sakar G. Semi-rigid connections in
steel structures: State-of-the-art report on modelling, anal-

Received April 20, 2026.
Adopted in revised form on April 28, 2026.
Approved for publication on May 12, 2026.

ysis and design. Structural Engineering and Mechanics.
2022; 45(1).

16. Yin T., Wang Zh., Zheng K., Lu Sh. A new
method for design of the semi-rigid steel frame —
the integration of joint inverse design and structural de-
sign. Buildings. 2022; 12(7):938. DOI: 10.3390/build-
ings12070938. EDN MRTYXE.

17. Rodriguez Gonzalez C.A., Caparrés-Mance-
ra Ju.J., Hernandez-Torres J.A., Rodriguez-Pérez A.M.
Nonlinear analysis of rotational springs to model semi-
rigid frames. Entropy. 2022; 24(7):953. DOI: 10.3390/
€24070953. EDN FFTQGF.

18. Al-Sherif R.H., Ismael M.A. Effect of semi-
rigid beam-column connection on structural behavior
of steel frames. AIP Conference Proceedings. 2023;
2784:020008. DOI: 10.1063/5.0140815

19. Elhout E.A. Effect of beam-column connec-
tion types on the response modification factors of steel
frames. International Journal of Steel Structures. 2024;
24(1):132-143. DOI: 10.1007/513296-023-00805-4. EDN
QJSLTI.

20. Piskulic M., Vujanac R., Vulovi¢ S., Milora-
dovic N., Blagojevic M., Djordjevic Z. Structural Perfor-
mance of Semi-Rigid Beam-to-Column Connections in
Steel Storage Racks: A Review Focused on FEM Analy-
sis. Metals. 2026; 16(1):2. DOI: 10.3390/met16010002.
EDN ZOHPCX.

BroNoOTES: Ivan V. Mylnikov — postgraduate student of the Department of Metal and Wooden Structures; Mos-
cow State University of Civil Engineering (National Research University) (MGSU); 26 Yaroslavskoe shosse,
Moscow, 129337, Russian Federation; SPIN-code: 3437-1337; ID RSCI: 1234163, Scopus: 60572662500, ORCID:

0009-0000-4381-7393; miv_2499@mail.ru;

Valentina M. Tusnina — Candidate of Technical Sciences, Associate Professor, Associate Professor of the De-
partment of Architectural and Construction Design and Environmental Physics; Moscow State University of Civil
Engineering (National Research University) (MGSU); 26 Yaroslavskoye shosse, Moscow, 129337, Russian Fe-
deration; SPIN-code: 7716-5978, ID RSCI: 455915, Scopus: 56296961500, ResearcherID: AAD-8968-2022, ORCID:

0000-0003-0328-0848; tusninavm@mgsu.ru.

Contribution of the authors: all authors contributed equally to the publication.

The authors declare no conflicts of interest.

143

(09) Z ANSSI'OL°ION Somamnay oS



