ApywTeo rpaheBMHCKMXA Association of Structural 15. KONGRES
KOHCTpyKTepa Cpbuje Engineers of Serbia J 6-8. 9. 2018. Zlatibor

Frantisek Wald,', Marta Kuiikovd®, Lukds Godrich °.
Lubomir Sabatka®, Jaromir Kabeld¢ °. Draho§ Kojala®

MYJTHU-HUB/BEHU YWIAH U HOHHEITUOH IU3AJH

Peszume

I'mobanHa aHanM3a 4eNMYHUX KOHCTPYKIHWja Bpinu AHanu3a ¢uHux enemeHnata (PEA) u cBe
TpaIUIOHATHE IIPOIEAYPE Ce BUIIE HE KOPUCTE. Y HOBOj TeHEePaLMj! KOHCTPYKIIN]CKOT YeJINKa
EypoxomoBu mocne 2021. OpranuzoBahe ce 3Hame 3anpemune EH 1993-1-4: 2021
ITpojekToBarme YeTMYHIX KOHCTPYKIIHja METOJJOM KOHaYHUX eJleMeHaTa. [I13ajH 4aHoBa je 1o
yTUIajeM 3ajeHHYKor au3ajHa. CeH3UTHBHOCT Ha KPYTOCT CaBHjamba je HAajjeJHOCTABHHjU
npumep. To je W3a30B 3a MHXKEHEpA U3 MPBUX CHCTeMaTCKuX TectoBa 1917. romune. Y oBoM
JOTIPUHOCY je MpUKa3aH HAIIPEAHHU JU3ajH YAPYKeha U BheroBa Baluandja i Bepudukanuja u
kako he ce qU3ajH 4IaHOBa, YKIbY4yjyhu 3ri000Be, TpeTHpaTH Y HapeaHo] OynyhHOCTH.

KJ'by'-IHe peun: YeJIUYHEe KOHCprKlI]/Ije, z[majn B€3€¢, KOMIIOHCHTAa MeETOJda, METOoda
KOHAYHHUX €JIeMeHaTa

MULTI LEVEL MEMBER AND CONNECTION DESIGN

Summary

The global analysis of steel structures is carried out by Finite Element Analyses (FEA) and all
the traditional procedures are not used any more. In new generation of structural steel Eurocodes
after 2021 will be organised the knowledge in volume EN 1993-1-4:2021 Design of steel
structures by finite element method. The member design is influenced by joint design. The
sensitivity to bending stiffness is the simplest example. It is challenge for engineer from first
systematic tests in 1917. In this contribution is shown the advanced design of joint and its
Validation and Verification and how the member design including joints will be treated in next
future.

Key words: steel structures, connection design, component method, finite element method

! Prof. Ing., CSc, Czech Technical University in Prague, rantisek.wald@fsv.cvut.cz
% Ing., PhD., Czech Technical University in Prague, marta.kurejkova@fsv.cvut.cz
3 Ing., PhD., Czech Technical University in Prague, lukas.godrich@fsv.cvut.cz

4 Ing., IDEA RS, sabatka@idea-rs.com

5 Ing., IDEA RS, kabelac@idea-rs.com

¢ Ing., IDEA RS, drahoskojala@idea-rs.com



1. INTRODUCTION

Experimental evidence and curve fitting procedures were and still are used for safe and
economical design of connections [1]. Based on analytical models of resistance of connectors,
as welds, bolds, and plates, and the estimated lever arm of internal forces is predicted resistance
of connection. Zoetemeijer [2] was the first who equipped this model with estimation of stiffness
and deformation capacity. The elastic stiffness was improved in the work of Steenhius, see [3].
Basic description of components behaviour in major structural steel connections was prepared
by Jaspart for beam to column connections [4] and by Wald et al for column bases [5]. Method
implemented in the current European structural standard for the steel and composite connections
[6] and is applied in majority of software for structural steel in Europe. The idea was generalised
by da Silva [7] for 3D behaviour including nonlinear parts of behaviour. Procedure starts with
decomposition of a joint to components followed by their description in terms of normal/shear
force deformation behaviour. After that, components are grouped to examine joint moment-
rotational behaviour and classification/representation in a spring/shear model and application
in global analyses. Advantage of this often called Component Method (CM) is integration
of current experimental and analytical knowledge of connections components behaviour, bolts,
welds and plates. This provides very accurate prediction of behaviour in elastic and ultimate
level of loading. Verification of the model is possible using simplified calculation. Disadvantage
of CM is that experimental evaluation of internal forces distribution is available only for limited
number of the open section joint configurations. In temporary scientific papers, description
of atypical components is either not present or has low validity and description of background
materials. The CM is not developed and standardised for hand calculation but for preparation
of design tables or software tools. For hollow section connections is still used curve fitting
procedures based on mechanical and numerical experiments with its low quality of prediction
and big restrictions, see for example Ch. 7 of EN1993-1-8:2006 [6].

2. VALIDATION AND VERIFICATION

FEA’s for connections are used from 70s of last century as research-oriented FEA (RFEA).
Their ability to express real behaviour of connections is making numerical experiments a valid
alternative to testing and source of additional information about local stresses. Material model
for FEA uses true strain stress-strain diagram. Validation and Verification (V&V) process
of models is integral part of the procedure, see e.g. [8], and the FEA studied are based on the
researcher’s own experiments. During preparation of CM for EN 1998-1-3:2006 were deeply
modelled all basic components, see [9]. Special attention was given to modelling of the T stub,
which represents the end plate connections beam to column joints, beam splices and column
bases. Last generation of FEA models of connections is utilised in studies focussed to application
of high strength steel in the connections [10].

V&V of the FEA design models (DFEA) of steel connections design is native part of its
preparation, see [11]. The detailed procedure for verification of CBFEM and its application
in design tool IDEA RS Connections was prepared, see [12]. The procedure consists
of preparation of Benchmark studies for used components, e.g. bolts, welds, slender plates in



compression, anchor bolts, and concrete block in compression. Three different types of welded
connections were selected for benchmark studies, connections loaded in shear, in bending, and
welded to flexible plate. For bolted connections are prepared benchmark studies for T-stub in
tension, the splices in shear and the generally loaded end plate connection, see Figure 1. For
slender plate in compression is studied the triangular haunch in compression, the slender stiffener
of column web and the plate in compression between bolts. For hollow section joints are studied
the welded joints between CHS or RHS members and RHS/CHS diagonals welded to the open
section chords in shape of T, K and TT joints. For column bases are prepared verifications for T
stubs in tension and compression and for the generally loaded columns of open and hollow
sections. Benchmark study consist of description of selected joint, results of CBFEM and CM,
differences described in term of global behaviour on the force-deformation/rotation curve, and
verification of initial stiffness, resistance, deformation capacity. At the end of each Benchmark
study is prepared a Benchmark case to allow the user to check his results. In some cases, gives
the CBFEM method higher resistance, initial stiffness or deformation capacity. Advanced FEM
model from the bricks element validated on own or from literature experiments is used in these
cases, to get proper results. CBFEM is approved by this procedure.
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Figure 1 - The bolted T stub in tension a) mesh for research FEM,
b) force-deformation diagram

The research FEA of the bolted T stubs in tension was prepared Midas FEA code, see Figure
la, and validated on experiments [13]. T-stub of steel S235, with flange thickness # = 20 mm,
web thickness #, = 20 mm, flange width by = 300 mm, length b = 100 mm, double fillet weld
aw =10 mm, bolts 2 x M24 8.8 with pitch w = 165 mm was modelled and selected for sensitivity
study. The research FEM using the true stress true stain material diagram represents the
experimental behaviour was used for verification of the CBFEM model of T stub, see Figure 1b.
For thin plates gives CM unrealistic low value due to neglecting of membrane action of end



plates, see Figure 2. For regular plates predict CM higher resistance by neglecting the shear and
bending interaction on deformed endplate. For very thick plates is for CM calculated the limit of
deformation capacity separately and its estimation may not fit into shear and tension interaction
in bolt. The sensitivity study of flange thickness width and material quality, bolt size, pitch and
material quality, shows good prediction resistance by CBFEM on asked design level. Summary
of verification of CBFEM to CM for the bolted T stub in tension is presented in Figure 3, where
are recapitulated the studies for bolt size, material and pitches, the flange thickness and width.
The results show that the difference of the two calculation methods is mostly up to 10 %. In cases
with CBFEM/CM > 1,1 accuracy of CBFEM was verified by the results of RM which gives
highest resistance in all selected cases.
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Figure 3 - Summary of verification of CBFEM to CM for the bolted T stub in tension



Experimental investigation of three samples of the generally loaded end plate joints was
performed [13]. End plates were welded on two RHS 250 x 150 x 16 beams of different lengths
2000 mm and 1000 mm. The beams and plates were designed from S355, with measured values
of fym= 410 MPa and fum = 582 MPa. The end plates P10 — 400 x 300 were connected by M20
8.8 bolts, with the vertical distances 35 — 230 — 100 — 35 mm and horizontal ones 30 — 240 —
30 mm. The beam with connection 500 mm from its centre was loaded in its centre through P20
by hydraulic jack, see Figure 4. The configuration creates in the connection shear forces and
bending moments. The results of the contact imprints on paper placed between the end plates is
included on right side of the Figure 1b. The inclination of the specimens varied from 0°; 30° till
45°. The test set up with 0° inclination is documented at Figure 5.
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Figure 5 - The test sample with 0° inclination



Connections were designed according to EN 1993-1-8:2006 [6]. Four components are
guiding the behaviour the fillet welds, the beam flange in compression and in tension, the end
plate in bending and the bolts in tension. Effective lengths for circular and noncircular failures
are considered according to EN 1993-1-8:2006 cl. 6.2.6. Three modes of collapse according to
cl. 6.2.4.1 are considered. Bolts are designed according to cl. 3.6.1. Design resistance considers
punching shear resistance and rupture of the bolt. For component method is in EN1993-1-8:2006
recommended a linear interaction. The quadratic interaction curve according to [14] is included
in verification study.

Samples 30° and 45° with strong axis bending moment were chosen to present of the global
behaviour described by moment-rotation diagram, see Figs 6 and 7. CM with quadratic
interaction gives higher initial stiffness compared to CBFEM and experimental data. In all cases
are resistances by CM and CBFEM similar and corresponds to asked characteristic design level.
Experimentally measured resistance is higher including hardening of the materials after reaching
yield strength. Resistance calculated by CBFEM was compared with the results of CM and
experimental results, see Figure 8. CM with linear interaction gives conservative values of
resistance. CM with quadratic interaction gives the highest resistances, which are to experimental
results still rather conservative. CBFEM gives similar results as CM with quadratic interaction.
The verification of the prediction of the resistance of the CBFEM to CM for inclination of°0°
and changing the end plate thickness is presented in Figure 9 and Table 1. The verification of the
prediction of the resistance of the CBFEM to CM for inclination of°0° and changing the bolt
material is presented in Table 2. The results show good agreement between both models.
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Figure 6 - Validation of moment rotational curve of numerical model (CBFEM)
and analytical model (CM) to experiments for inclination 30°
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Table 1 — Verification of numerical model (CBFEM) to analytical model (CM)

for the end plate thickness

Parameter Numerical model, CBFEM Analytical model, CM Ration

End plate | Bending Bending CBFEM/

thickness, | resistance, | Decisive component | resistance, | Decisive component CM

fp, mm kNm kNm

8 64 End plate in bending 52 End plate in bending 1,22
10 72 End plate in bending 74 End plate in bending | 0,98
12 77 End plate in bending 87 End plate in bending | 0,88
15 92 End plate in bending 101 End plate in bending | 0,91
20 123 End plate in bending 124 End plate in bending 1,00
25 147 Bolts in tension 131 Bolts in tension 1,12

Table 2 — Verification of numerical model (CBFEM) to analytical model (CM) for
inclination of°0° and bolts 8.8

Parameter Numerical model, CBFEM Analytical model, CM Ration
Bolt class | Bending | Decisive component | Bending | Decisive component | CBFEM
resistance, resistance, /CM
kNm kNm
4.8 49 End plate in bending 48 End plate in bending 1,01
5.8 50 End plate in bending 56 End plate in bending 0,89
6.8 55 End plate in bending 64 End plate in bending 0,86
8.8 72 End plate in bending 74 End plate in bending 0,98
10.9 75 End plate in bending 79 End plate in bending 0,94




3. MEMBER BEHAVIOUR INCLUDING CONNECTIONS

The discrete evaluation of members may be based on the same procedure as for
joints. For joints it is expected no recalculation of global analyses due to design is
necessary. For members the iterative procedure is obvious to reach a satisfactory result.
It the first step are solved the internal forces and deformations in the 3D FEM with 1D
elements with global imperfections, Geometrically Non-linear Elastic Analysis with
Imperfections, on the structure with selected cross-sections of members, see Figure 10a.
Selected member with its internal force is then analysed by FEM using 3D
Geometrically and Materially Non-linear Analysis with Imperfections including joints,
see Figure 10b. It allows to introduce buckling of member in both planes and lateral
torsional buckling. The member is checked according to ULS and SLS and the cross-
sections are modified, see EN 1993-1-1:2005 [15]. The structure with modified member
is recalculated by 3D FEM with global imperfections. The procedure is repeated to
achieve a «atisfactorv acenracv in nrediction.

ovi

V2

pVv2 lD I l Loading Member

/.’]‘ JE = end
\

)
a) - b) l

Figure 10 - a) Sketch of Geometrically non-linear elastic global analysis with imperfections
with separate member and joint
a) Geometrically and Materially Non-linear Analysis with Imperfections

Geometrically non-linear elastic global analysis with imperfections a) is equipped
with separate member and joint Geometrically and Materially Non-linear Analysis with
Imperfections.
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d) Fin plate connections
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Figure 11 -a) Extended end plate, b) End plate connection, c) Fin plate connection,
d) Von Misses’ stresses along the beams with fin plate and
e) with extended plate connections, Idea Member [17]

The influence of joint stiffness k, to beam of cross-section IPE 330 is shown in
Figure 12. There are three areas of the stiffness classification of the joint according to
EN 1993-1-8:2006 [6] hinged joints ky, < 0,5 and rigid one &, > 25. The beam is designed
for the bending moment at ULS and deflection at SLS. The limits of accuracy in
prediction are expected to be 5 % for ULS and 20% for SLS.
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4. SUMMARY AND ACKNOWLEDGMENT

The presented results show the good accuracy of CBFEM verified to CM and
to advanced calculations/experiments in cases where the CBFEM gives higher stiffness,
resistance, or deformation capacity, see [12].

The member 3D analyses including connections allows prediction of behaviour
of complex member, with haunches, openings etc., including connection and loading.

The work was prepared under the R&D project MERLION II supported
by Technology Agency of the Czech Republic, project No TH02020301.
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