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Symbols

The symbols are introduced in relevant chapters. The terminology and symbols follows the rules applied
in EN1993-1-8:2006. The major general variables are described further,

Connection

Connection is called location at which two or more elements meet. For design purposes it represents the
location where are transferred the relevant internal forces and moments.

Initial stiffness

The secant rotational stiffness at the initial part of the moment rotational curve at 2/3 of the joint bending
resistance.

Joint

Joint represents zone where two or more members are interconnected. A beam-to-column joint consists
usually of a column web panel and either one connection (single sided joint configuration) or two
connections (double sided joint configuration).

Node

Node is defined as point within which the axes of two or more inter-connected members intersect.
Rotational capacity

The angle through which the joint can rotate for a given resistance level without failing.
Rotational stiffness

The moment required to produce unit rotation in a joint.

Symbols

The following symbols are used:

a is  the length of base plate;

ay, is  the effective throat thickness of fillet weld;

b is the width of base plate;

by is  the width of the beam;

be is  the width of the column;

b is  the overall out-of-plane width of RHS member i (i=0, 1, 2 or 3);

ber is  the effective width for a brace member to chord connection;

beow 15 the effective width for an overlapping brace to overlapped brace connection;
bep is  the effective width for punching shear;

b, is the width of a plate;

¢ is  the effective width of the flexible base plate;

d is  the nominal bolt diameter, the diameter of the pin or the diameter of the fastener;
do is the hole diameter for a bolt, a rivet or a pin;

d. is  the clear depth of the column web;

di is the overall diameter of CHS member i (i=0, 1, 2 or 3);
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the mean of the across points and across flats dimensions of the bolt head or the nut,
whichever is smaller;

the depth of the web of an [ or H section chord member;
the eccentricity of a joint;

the end distance from the centre of a fastener hole to the adjacent end of any part, measured
in the direction of load transfer;

the edge distance from the centre of a fastener hole to the adjacent edge of any part, measured
at right angles to the direction of load transfer;

the distance from the axis of a slotted hole to the adjacent end or edge of any part;

the distance from the centre of the end radius of a slotted hole to the adjacent end or edge of
any part;

the design value of compressive cylinder strength of concrete fog = for / yc
the characteristic value of concrete compressive cylinder strength;

the material ultimate strength;

the ultimate strength of the bolt;

the material yield stress;

the yield stress of the bolt;

the gap between the brace members in a K or N joint (negative values of g represent an
overlap ¢ ); the gap g is measured along the length of the connecting face of the chord,
between the toes of the adjacent brace members;

the depth of the beam;
the depth of the column;
the overall in-plane depth of the cross-section of member i (i =0, 1, 2 or 3);

an integer subscript used to designate a member of a joint, i =0 denotingachordand i =1,
2 or 3 the brace members. In joints with two brace members, 7= 1 normally denotes the
compression brace and i =2 the tension brace;

the equivalent stiffness coefficient;

the stiffness coefficient of component #;

the effective length (of fillet weld or T stub);

the number of the friction surfaces or the number of fastener holes on the shear face;

the spacing between centres of fasteners in a line in the direction of load transfer;

the spacing between centres of fasteners in an outer line in the direction of load transfer;
the spacing between centres of fasteners in an inner line in the direction of load transfer;

the spacing measured perpendicular to the load transfer direction between adjacent lines of
fasteners;

the root radius of an I or H section or the corner radius of a rectangular hollow section;
the length of stiff bearing;

the thickness of the angle cleat;

the flange thickness of an I or H section;

the wall thickness of member i (i=0, 1,2 or 3);

the thickness of the end plate or base plate;

the thickness of the web or bracket;
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the lever arm: Ao is  the overlap ratio, expressed as a percentage (4o = (g/p) x 100%);

the gross cross-section area of bolt; Ap is the plate slenderness;

the cross-sectional area of member i (i=0, 1, 2 or 3); P is  the reduction buckling factor;

the shear area of the column; oopa 15 the maximum compressive stress in the chord at a joint;

the tensile stress area of the bolt or of the anchor bolt: oo s the value of oops excluding the stress due to the components parallel to the chord axis of

i i i s at that joint;
the effective shear area; the axial forces in the braces at that joint;

the design punching shear resistance of the bolt head and the nut; oL is  thenormal stress perpendicular to the throat section;

the Young’'s modulus of steel; L is  the shear stress (in the plane of the throat section) perpendicular to the axis of the weld;

the design tensile force per bolt for the ultimate limit state; 7| is  the shear stress (in the plane of the throat section) parallel to the axis of the weld;
the design tension resistance per bolt;

the tension resistance of an equivalent T-stub flange;

the design shear resistance per bolt;

the design bearing resistance per bolt;

the design shear force per bolt for the ultimate limit state;

the system length of a member;

the design value of the resistance of the joint, expressed in terms of the in-plane internal
moment in member i (i=0, 1,2 or 3);

the design value of the in-plane internal moment in member i (i=0, 1,2 or 3y
the design moment resistance of a joint;
the design plastic moment resistance of a cross section;

the design value of the resistance of the joint, expressed in terms of the internal axial force
inmember ¢ (i=0,1,2 or3);

the design value of the internal axial force in member i (i=0, 1,2 or 3y
the axial design resistance of the joint;

the rotational stiffness of a joint;

the initial rotational stiffness of a joint;

the plastic shear resistance of a column web panel;

the elastic section modulus of member i (i=0, 1,2 or 3);

the plastic section modulus of member i (i=0, 1,2 or 3);

the reduction factor of bearing resistance;

the factor for bearing resistance;

the critical buckling factor;

the load amplifier;

the reduction factor for long welds;

the material yield strain;

the rotation of a joint;

the design rotation capacity of a joint;

the included angle between brace member i and the chord (i =1, 2 or 3);
the angle between the planes in a multiplanar joint.

the stiffness reduction factor;
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1 INTRODUCTION

Four decades ago Finite Element Analysis (FEA) of structural connection was treated by some
researchers as a non-scientific matter. Two decades later it was already a widely accepted addition or
even necessarily extension of experimental and theoretical work. Today computational analysis, in
particular computational mechanics and fluid dynamics, is commonly used as an indispensable design
tool and a catalyst of many relevant research fields. The recommendation for design by advanced
modelling in structural steel is already hidden but ready to be used in Chapter 5 and Annex C of EN
1993-1-5:2005. Development of modern general-purpose software and decreasing cost of computational
resources facilitate this trend. As the computational tools become more readily available and easier to
use, even to relatively inexperienced engineers, more scepticism and serutiny should to be employed
when judging one’s computational analysis. The FEA of structural connection is the coming step in
structural steel design.

The only way to prove correctness of simulated results is through a methodical verification and
validation (V&V) process. Without V&V the finite element analysis is meaningless and cannot be used
for making any decisions. To help with this process is prepared the presented monography.

The authors divided the work as follows. Chapter 1 and 2 was prepared by F. Wald, Chapter 3 by
L. Sabatka, D. Kolaja, J. Holomek, J. Kabela¢, M. Kurejkova, L. Gidrich and M. Vild, Chapter 4 by M.
Kurejkova, Chapter 5 by L. Gidrich, Chapter 6 by M. Kurejkova, Chapter 7 by P. Kral and M. Kocka,
Chapter 8 by M. Bajer, J. Barnat, J. Holomek and M. Vild, Chapter 9 by L. Gdrich and M. Kurejkov,
Chapter 10 by M. Kurejkova, L. Gédrich and M. Vild and Chapter 11 by M. Kurejkova and L. Gadrich.
The review of the text was prepared by A. Uhlif, M, Strejéek and I, Sabatka.

The work was developed under the R&D project MERLION supported by Technology Agency
of the Czech Republic, project No. TA02010159.

In Prague, 30 June 2016
Frantifek Wald
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2 CONNECTION DESIGN

2.1 Design models

The structural steel connections are designed by experimental, curve fitting, analytical and numerical
models. The tests with connections are simple and economical solution for prediction of its behaviour.
Based on tests were prepared by interpolation and even extrapolation designed tables for standardised
connections, In the nineties of the last century were collected and published databases of test, see e.g.
(Chen and Abdalla, 1995), Described over three thousand tests is a valuable resource for learning about
the behavior of typical joints, although some even important data is missing. Curve fitting models are
known from 1930. Mathematical formulas expressing the influence of geometrical and material
parameters are reproducing the behaviour of similar connections well, but are not appointing the major
parameters for design and in particular the resistance. Today is applied in modelling of connections in
seismic design. The analytical modelling of components of connections are well developed for
connectors, bolts, welds. anchor bolts etc.  Analytical model of connections needs good engineering
assumption of internal forces and proper selection of components, which affects the resistance and
stiffiness.

The complexity of finite element analyses FEA was deeply studied in last twenty years. Later
were commonly accepted the procedures to reach proper results in scientific oriented finite element
models FEM and the strong limits for application of design FE models. Based on numerical experiments
validated on experiments were developed behaviour of the well described and published components
loaded by elevated temperature, as tying forces. moment normal interaction and torsion and of the new
less described components, as backing channel. The fast development of the computer assisted design
of steel and composite structures in field of complex structures, as plated structures in bridges,
excavators and wind towers, glass structures and cold formed structures, clarified the design procedures

in accuracy of models and its application in civil engineering.

2.2 Component method

The latest version of analytical models for connections of steel and steel and conerete structures predicts
not only the most important design resistance but also the initial stiffness and the deformation capacity,
which allows design of ductile structures. This model prepared for selected types of configuration in
known as Component method (CM). CM builds up on standard procedures evaluating the internal forces
in selected geometries of connections and their checking. Zoetemeijer (1985) was the first who equipped
for the end plate connections the model for resistance with prediction of stiffness and deformation
capacity, The formulation and calculation of the elastic stiffness was improved in the worlk of Steenhius
(1994), For most beam to column joint configuration was under European network COST C1 prepared

description of components behaviour by Jaspart (Jaspart, 2002) and by for column bases Wald et al

(2008). Method is currently implemented in the current European structural standard for steel and
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composite connections, see EN1993-1-8:2006 and EN1994-1-1:2010 and applied in majority of
software for structural steel used in Europe. The component model was generalised by da Silva (2008).
Currently is model applied for design of joints at elevated temperatures during fire, see e.g. (Block et al,
2013), for 3D modelling of connections in space structures, for joints in timber structures, for prediction
of behaviour under cyclic loading during carthquake ete.

The procedure starts with decomposition ofa 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 the component model is integration of current experimental
and analytical knowledge of connections components behaviour, bolts, welds, end plates, flanges,
anchor bolts and base 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
component model is that experimental evaluation of internal forces distribution is done only for limited
number of joint configurations. Also in temporary scientific papers, description of typical components
is either not present or has low validity and deseription of background materials.

Compare to well accept methods for determination of the initial stiffness and resistance of many
types’ structural joints, there are no generally accepted standardised procedures for the determination of
the rotation capacity. The deemed to satisfy criteria are selected to help the engineers in EN1993-1-
8:2006. The estimation of the rotation capacity is important in many applications namely in connections
exposed to seismic, sec (Grecea et al, 2004). The deformation capacity of components has been studied
from end of last century, see (Foley and Vinnakota, 1995). (Faella et al, 2000) carried out tests on T-
stubs and derived for the deformation capacity the analytical expressions. Kuhlmann and Kuhnemund
(2000) performed tests on the column web subjected to transverse compression at different levels of
compression axial force in the column, Da Silva et al (2002) predicted deformation capacity at different
levels of axial force in the connected beam. Based on the test results combined with FE analysis
deformation capacities are established for the basic components by analytical models by Beg at al
(2004). In the work are represented components by non-linear springs, and appropriately combined in
order to determine the rotation capacity of the joint for the end-plate connections, with an extended or
flush end-plate, and welded connections. For these connections, the most important components that
may significantly contribute to the rotation capacity column were recognised as the web in compression,
column web in tension, column web in shear, column flange in bending, and end-plate in bending.
Components related to the column web are relevant only when there are no stiffeners in the column that
resist compression, tension or shear forces, The presence of a stiffener eliminates the corresponding
component, and its contribution to the rotation capacity of the Joint can be therefore neglected. End-
plates and column flanges are important only for end-plate connections, where the components act as a
T-stub, where also the deformation capacity of the bolts in tension is included. The questions and limits

of deformation capacity of connections of high strength steel was studied in (Girao et al, 2004). In all

12

works was the connector’s behaviour combined with FEA analyses of plates to check the steel limiting
strain, which was first prepared by Sherbourne and Bahaari (1994) and (1996).

Models of hollow section connections based on knowledge form nineties are described in Ch. 7
of EN1993-1-8:2006 by curve fitting procedures. The latest version brings the world standard ITW X V-
[439-13 ISO/EDIS 14346 (2012). The transfer to higher level of analytical modelling by component
method was finished by mechanical transferring of reduction factors to the effective widths and the
predefined lever arms, see (Jaspart and Weinand 2015),

The CM’s is not developed for hand calculation. The analyses of all components in connection

and its assembly is focus to preparation of design tables or tools.

2.3 Finite element models
Finite element analyses (FEA) for connections are used from 70s of last century as research-oriented
procedure. Their ability to express real behaviour of connections is making it a valid alternative to testing
standard and expensive source of knowledge of connection’s behaviour, Material model for FEM uses
true strain stress-strain diagram, which is calculated from experimental results of coupon tests taking
into account the contraction of the sample during the inelastic stage of testing. Today computational
analysis, in particular computational mechanics and fluid dynamics, is commonly used as an
indispensable design tool and a catalyst of many relevant research fields. The recommendation for
design by advanced modelling in structural steel is ready to be used in Chapter 5 and Annex C of EN
1993-1-5:2005. The design strain is recommended to be limited to 5%, see ¢l. C.8(1) EN 1993-1-5:2005.
Implementation of safety into advanced design models under ultimate limit state design is summarised
in cl, €.9(2) EN1993-1-5:2005. Standard procedure with partial safety factors for material/connections
may be applied. More advanced and accurate solution, which takes into consideration the accuracy of
model and material separately, gives more accurate and economical solution of structural connections.
The complexity of FE modelling of the structural steel connections was deeply studied since
eighties, see (Krishnamurthy, 1978). Later were commonly accepted the procedures to reach proper
results in scientific oriented FE models and the strong limits for application of design FE models, see

(Bursi and Jaspart, 1997) and (Virdi K. S. et al, 1999).

2.4 Validation and verification

In publications dealing with computational mechanics the authors express a need for Validation and
verification (V&V) studies which could be used by code users and software developers, see
(Kwasniewski, 2010). However, there are different opinions on how such reference material should be
developed, how complex problems should be considered, theoretical or with practical meaning, and if
benchmark questions should refer only to analytical and numerical solutions or should also include
experimental data. These inquiries are related to the differences between validation and verification. In

the formal procedure called Validation and Verification, validation compares the numerical solution
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with the exper y ] ar .- . ;
perimental data, whereas verification uses comparison of computational solutions with highly

accurate (analytical or T .
curate (analytical or numerical) benchmark solutions. According to (ATAA Guide 1998), code

verification ¢ 5 : i
G an be conducted through tests of agreement between a computational solution and four

rypes. of benchmark solutions: analytical, highly accurate numerical solutions, and manufactured
solutions (Oberkampf and Trucano, 2008). In contrast to numerical solutions used in the validation
stage, the numerical solutions applied for verification can represent mathematical models with little
physical importance. The verification on the analyst’s side is based on the test of agreement with the
known correct results, if such are available. Most of commercial codes, such as ANSYS, ABAQUS
see (SIMULIA, 2011), and MIDAS support lists of well-documented benchmark cases (tests). For
example, ABAQUS in three manuals provides a wide variety of benchmark tests (including 93
NAFEMS benchmarks) from simple one-clement tests to complex engineering problems and
experiments (validation benchmarks). These example problems, containing input files, are advantageous
for a user not only as material for verification but also as a great help in individual modelling, sce (Wald
ctal, 2014). Nevertheless, there is still lack of benchmark studies for some specific research areas such
as, for example, connection design,

The experimental data which can be used for validation should be treated separately and in a different
way comparing to benchmark solutions applied for verification. The reasons for that are unavoidable
errors and uncertainties associated with the result of experimental measurement. An error of
a measurement (calculation) can be defined as the result of a measurement (calculation) minus the value
of the measured (accurate solution), see (ISO, 1993). As the accurate solution is usually unknown
(eventually for simplified cases) the user can only deal with estimates of errors. Unccrla'inly can be
thought of as a parameter associated with the result of a measurement (solution) that characterizes the
dispersion of the values that could reasonably be attributed to the measured.

Experimental validation in the structural connections design through comparison between numerical
results and experimental data obtained using the beam tests with for simple connections loaded in shear
and cruciform tests for moment resistant connections loaded by bending moments are especially difficult
and has limitations which are not economical, connection tests compare to most simple ones, but are
due to inevitable uncertainties characterising the specimen behaviour. The limitations of expe;‘imcmal
validation increase the importance of verification which is supposed to deliver evidence that
mathematical models are properly implemented and that the numerical solution is correct with respect

to the mathematical model,

2.5 Benchmark cases
Even though ex: ] ime i ‘
1gh examples of experimental studies and examples of calculations following the Structural
Euroc ‘es are {
odes procedures are also useful and can be helpful for other users, here the term benchmark studies
refers t simulati i i ‘
© computer simulations (numerical analysis), A well-developed benchmark example should

sati : ing i
isfy the following requirements. The problem considered should be relatively simple, easy to

understand. In authors™ opinion for more complex problem less reliable solution can be provided. For
complex problems. for example with actual material properties of steel or concrete, only numerical
solutions can be obtained. Comparison among the numerical solutions obtained with the help of
different software shows quite often unexpected discrepancy among the results as well. Even if the
results are similar this should not be considered as a strong evidence of the solution’s reliability. Two
different numerical solutions can be only compared based on a solution sensitivity analysis.

Seeking for the simplicity we should accept that a considered case can show little of practical
meaning. It is supposed to be used for verification of computational models not to solve an engineering
problem. Critical is the material model taken into account. If the material models developed for actual
structural materials are used, for example based on EC, with all required nonlinearities, only
approximate solutions are possible and can substantially vary for different software. It is difficult to
find a good balance between simplicity and a practical meaning of the chosen benchmark case. To solve
this difficulty it is recommended to use in benchmark studies a hierarchical approach where a set of
problems is considered, starting from simple cases with analytical solutions and then more complex
problems, closer to the practice are investigated numerically. Such approach gives more confidence
towards obtained solutions.

As a part of benchmark study the complete input data must be provided in the way easy to follow.
All assumptions such as of material properties, boundary conditions, temperature distribution, loading
conditions, large/small deformations and displacements must be clearly identified. For experimental
examples all measurements and detailed description of the test procedure should be provided. For
numerical benchmark examples mesh density study should also be conducted. It should be shown that
provided results are within the range of asymptotic convergence. If possible the recommended solution

should be given as the estimate of the asymptotic solution based on solutions for at least two succeeding
mesh densities. For finite element calculations the complete procedures such as Grid Convergence
Index (GCI), based on Richardson extrapolation, are recommended (Roache, 1998). During the
development of benchmark studies it also should be considered to check alternative numerical models.

e. g. using different codes or solid vs. shell finite elements (if possible). Such approach increases the

validity of the solution.

2.6 Numerical experiments
Parametric study is a desired element of the experimental work and an indispensable element of the

numerical analysis. The cost needed to perform multiple experiments related to structural connections
is usually small but a probabilistic distribution of the system response is rarcly available. However, in
the case of simulated benchmark problems computational cost of running multiple instances of a simple
numerical experiment with varying input parameters is competitive.

The variance of a system response depends on the variance in the input parameters but also on the

range al which it is tested. Nonlinearity of the response has to be taken into account as well when




designing the benchmark tests. The numerical experiments should be performed out in the range where
a reasonable variation in an input parameter causes a reasonable change in the system’s response.
Designing a benchmark test producing either a non-sensitive or overly sensitive response is undesirable.
The sensitivity study for a system with multiple variable input parameters and multiple responses should
be performed by regression analysis or variance based methods.

Actually selection of the System Response Quantity (SRQ), see (Kwasniewski, 2010), is important
for both, verification and validation. However, in both cases it is subject to different limitations. In
verification, SRQ means a quantity which describes the response of the structure and is selected for
comparison with the value obtained from the benchmark solution. A user is less limited here as in the
casc of validation where the experimental data is always limited with the number of gauges and other
instrumentation, The selection of the SRQ should reflect the main objective of the analysis and for
structures in fires it usually refers to quantities describing heat transfer or mechanical response. For heat
transfer problems temperatures obtained at the specific time instance at selected locations seems to be
an optimal choice. For mechanical structural response usually we can choose between local and global
(integral) quantities. Engineers are usually interested in stresses and internal forces, which are local
quantities. They are subject to larger uncertainties especially in the case of validation. More appropriate
are global quantities such as deflection which reflects deformation of the whole, or a large part of,

structure and its boundary condition.

2.7 Experimental validation

As the experimental data is stochastic by nature and is always subject to some variation it should be
actually defined by a probability distribution such. For complete comparison the numerical results
should also be presented in analogous probabilistic manner using a probability distribution, generated
by repeated calculations with some selected input data varying following prescribed distributions, so
called probability simulations. Such extensive calculations can be conducted automatically with the
help of specialised optimization packages (¢.g. LS-OPT®, HyperStudy® or ModeFrontier®) which are
more often included in nowadays commercial computational systems.

For many authors working on principles of validation and verification (Kwasniewski, 2010) the
term calibration has negative meaning and describes a practice which should be avoided in numerical
modelling. Calibration means here unjustified modification of the input data applied to a numerical
model in order to shift the numerical results closer to the experimental data. An example of erroncous
calibration is shown in Fig. 2.1, where at the begging it is assumed that the numerical model well reflects
the experiment however, due to some uncertainties associated with the experiment the first numerical
prediction, differs from the first experimental result. Frequently in such cases the discrepancy between
the experiment and the numerical simulation is attributable to some unidentified by the analyst input
parameter and not to a limitation of the software and then through hiding one error by introducing

another, the calibration process itself is erroneous. Calibration, applied for example through variation

of material input data, shifts the result closer to the experimental response but at the same time changes
the whole numerical model whose probability is now moved away from the experimental one. Due to
the calibration, the new numerical model may casily show poorer predictive capability. This fact is
principally revealed for modified input data, e.g. loading conditions.

There is a situation when the calibration process actually makes sense. If a full stochastic
description of experimental data is known and probabilistic analysis was performed for the simulation
and there is a difference between means of measured and simulated responses then calibration of physics
models may be needed. The adjustment of the model introduces a change in the response that brings
the entire spectrum of results closer to the experimental set of data. The calibration defined that way is

much more complex process than just tweaking of the models and must be confirmed on different

simulated events.
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Fig. 2.1: Example of calibration meaning unjustificd shifting the numerical results closer
to the experimental data (Kwasniewski, 2010)




3 COMPONENT BASED FINITE ELEMENT METHOD

3.1 Material model

The most common material diagrams, which are used in finite element modelling of structural steel, are
the ideal plastic or elastic model with strain hardening and the true stress-strain diagram, see Fig. 3.1.1.
The true stress-strain diagram is calculated from the material properties of mild steels at ambient
temperature obtained in tensile tests. The true stress and strain may be obtained as follows:

ome =0 (1 + &) (3.1.1)

&rue = IN(1 + &) (3.1.2)
where iy is true stress, &me true strain, o nominal stress and & nominal strain. The elastoplastic material
with strain hardening is modelled according to EN1993-1-5:2005. The material behaviour is based on
von Mises yield criterion. It is assumed to be elastic before reaching the yield strength . The ultimate
limit state criteria for regions not susceptible to buckling is reaching of a limiting value of the principal

membrane strain. The value of 5 % is recommended.

SN e ——— True stress-strain diagram
y g — — — Engineering stress-strain diagram
A e ————— Ideal plastic material model
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Limit plastic strain

Fig. 3.1.1 Material diagrams of steel in numerical models

The limit value of plastic strain is often discussed. In fact that ultimate load has low sensitivity to the
limit value of plastic strain when ideal plastic model is used. It is demonstrated on the following example
of a beam to column joint. An open section beam IPE 180 is connected to an open section column
HEB 300 and loaded by bending moment as shown in Fig. 3.1.2, The influence of the limit value of
plastic strain on the resistance of the beam is shown in Fig. 3.1.3. The limit plastic strain is changing

from 2 % to & %, but the change in moment resistance is less than 4 %.

18

a) loads

(LTl

i
§
N
B
8

L
N

I8
]

.‘..

Q'l YIRS RNNRE,

b
A

4.4
A
0,

iessssuras
Yarusasuis,

b) stresses ¢) strains

Fig. 3.1.2 Example of prediction of ultimate limit state of a beam to column joint
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3.2 Plate model and mesh convergence

3.2.1 Plate model

Shell elements are recommended for modelling of plates in design FEA of structural connection. 4-node
quadrangle shell elements with nodes at its corners are applied. Six degrees of freedom are considered
in every node: 3 translations (#ax, 1y, 1) and 3 rotations (@ 9y, 9.). Deformations of the element are
divided into membrane and flexural components,

The formulation of the membrane behaviour is based on the work by Ibrahimbegovic (1990).
Rotations perpendicular to the plane of the element are considered. Complete 3D formulation of the
element is provided. The out-of-plane shear deformations are considered in the formulation of the
flexural behaviour of element based on Mindlin hypothesis. The MITC4 elements are applied, see
Dvorkin (1984). The shell is divided into five integration points along the height of the plate and plastic
behaviour is analysed in each point. It is called Gaus - Lobatto integration. The nonlinear elastic-plastic

stage of material is analysed in each layer based on the known strains.

3.2.2 Mesh convergence
There are some criteria of the mesh generation in the connection model. The connection check should
be independent on the element size. Mesh generation on a separate plate is problem-free, The attention
should be paid to complex geometries such as stiffened panels, T-stubs and base plates. The sensitivity
analysis considering mesh discretisation should be performed for complicated geometries,

All plates of a beam cross-section have common size of elements. Size of generated finite
elements is limited. Minimal element size is set to 10 mm and maximal element size to 50 mm. Meshes
on flanges and webs are independent on each other. Default number of finite elements is set to § elements

per cross-section height as shown in Fig. 3.2.1.

Fig. 3.2.1 Mesh on beam with constraing between web and flange plate

The mesh of end plates is separate and independent on other connection parts. Default finite element

size is set to 16 elements per cross-section height as shown in Fig. 3.2.2,
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Fig. 3.2.2 Mesh on end plate, with 7 elements on width

Following example of a beam to column joint shows the influence of mesh size on the moment
resistance. An open section beam IPE 220 is connected to an open section column HEA200 and loaded
by bending moment, as shown in Fig. 3.2.3. The critical component is column panel in shear. The
number of finite elements along the cross-section height is changing from 4 to 40 and the results are
compared, see Fig. 3.2.4. Dashed lines are representing 5%, 10% and 15% difference. It is recommended

to subdivide the cross-section height into 8 elements,

%]

.I‘f %0
beam height 200

00000

———— q TR

Fig. 3.2.3 Beam to column joint model and plastic strains at ultimate limit state
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Fig. 3.2.4 Influence of number of elements on the moment resistance
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Mesh sensitivity study of a slender compressed stiffener of column web panel is presented. The
geometry of the example is taken from section 6.3. The number of elements along the width of the
stiffener is changed from 4 to 20. The first buckling mode and the influence of number of elements on
the buckling resistance and critical load are shown in Fig. 3.2.5. The difference of 5% and 10% are

displayed. It is recommended to use 8 elements along the stiffener width.
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Fig. 3.2.5 First buckling mode and influence of number of elements along the stiffener
on the moment resistance

Mesh sensitivity study of T-stub in tension is presented. The geometry of the T-stub is described in
section 5.1. The half of the flange width is subdivided into 8 to 40 elements and the minimal element
size is set to | mm. The influence of number of elements on the T-stub resistance is shown in Fig.3.2.6.
The dashed lines are representing the 5%, 10% and 15% difference. It is recommended to use 16
elements on the half of the flange width.
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Fig. 3.2.6 Influence of number of elements on the T-stub resistance
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3.3 Contacts

The standard penalty method is recommended for modelling of a contact between plates. If penetration
of a node into an opposite contact surface is detected, penalty stiffness is added between the node and
the opposite plate. The penalty stiffness is controlled by heuristic algorithm during nonlinear iteration
to get better convergence. The solver automatically detects the point of penetration and solves the
distribution of contact force between the penetrated node and nodes on the opposite plate. It allows to
create the contact between different meshes as shown at Fig. 3.3.1. The advantage of the penalty method
is the automatic assembly of the model. The contact between the plates has a major impact on the

redistribution of forces in connection.

Fig. 3.3.1 Example of separation plates in contact
between web and flanges of two overlapped Z sections purlins
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3.4 Welds

There exist several options how to treat welds in numerical models. Large deformations makes the
mechanical analysis more complex and it is possible to use different mesh descriptions, different kinetic
and kinematic variables, and constitutive models. The different types of geometric 2D and 3D models
and thereby finite elements with their applicability for different accuracy levels are generally used. Most
often used material model is the common rate-independent plasticity model based on von Mises yield

criterion. Two approaches which are used for welds are described.

3.4.1 Direct connection of plates

The first option of weld model between plates is direct merge of meshes as shown in Fig. 3.4.1. The
load is transmitted through a force-deformation constrains based on Lagrangian formulation to opposite
plate. The connection is called multi point constraint (MPC) and relates the finite element nodes of one
plate edge to another. The finite element nodes are not connected directly. The advantage of this
approach is the ability to connect meshes with different densities. The constraint allows to model midline
surface of the connected plates with the offset, which respects the real weld configuration and throat
thickness. The load distribution in weld is derived from the MPC, so the stresses are calculated in the
throat section. This is important for the stress distribution in plate under the weld and for modelling of
T-stubs.

This model does not respect the stiffness of the weld and the stress distribution is conservative.
Stress peaks, which appear at the end of plate edges, in corners and rounding, govern the resistance
along the whole length of the weld. To eliminate the effect three methods for evaluation of the weld can
be chosen maximal stress (conservative)

e Average stress on weld

e Linear interpolation along weld

3.42 Plastic weld

To express the weld behaviour an improved weld model is applied. A special elastoplastic element is
added between the plates. The element respects the weld throat thickness, position and orientation. The
equivalent weld solid is inserted with the corresponding weld dimensions as shown in Fig. 3.4.2. The
nonlinear material analysis is applied and elastoplastic behaviour in equivalent weld solid is determinate.
Ideal plastic model is used and the plasticity state is controlled by stresses in the weld throat section.
The plastic strain in weld is limited to 5% as in the plate. The stress peaks are redistributed along the
longer part of the weld length.
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Fig. 3.4.2 Constraint between weld element and mesh nodes
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3.5 Bolts

In the Component based finite element method (CBFEM) is component bolt with its behaviour in
tension, shear and bearing by the dependent nonlinear springs. The bolt in tension is described by spring
with its axial initial stiffness, design resistance, initialisation of yielding and deformation capacity. The
axial initial stiffness is derived analytically in guideline VDI2230. The model corresponds to
experimental data, see (Gadrich et al 2014). For initialisation of yielding and deformation capacity is
assumed that plastic deformation occurs in the threated part of the bolt shank only, The force at
beginning of yielding F, ;; is

Fyimi=fyp A (3.5.1)
where, £, is yield strength of bolts and A, tensile area of the bolt. Relation (3.5.1) gives for materials
with low ratio of the ultimate strength to vield strength higher values than design resistance £ pq. To
assure a positive value of plastic stiffness it should be taken

Fyni < Fipa (35.2)
Deformation capacity of the bolt & consists of elastic deformation of bolt shank & and plastic one of
the threated part only &

Oc = bg + Oy (3.5.3)
F,
B = (3.5.4)

where ki is initial deformation stiffness of the bolt in tension according to guideline VDI2230, and

Spr =g 1; (3.5.5)
where, g, 1s limiting plastic strain, given by value 5 %, and /, is length of threated part. The tensile force
is transmitted to the plates by interpolation links between the bolt shank and nodes in the plate. The
transfer area corresponds to the mean value of the bolt shank and the circle inscribed in the hexagon of
the bolt head.

The initial stiffness and design resistance of bolts in shear is in CBFEM modelled according to
incl. 3.6 and 6.3.2 in EN1993-1-8:2006. Linear behaviour up to failure is considered.

The spring representing bearing has bi-linear force deformation behaviour with initial stiffness
and design resistance according to in cl. 3.6 and 6.3.2 in EN1993-1-8:2006. Deformation capacity is
considered according to (Wald et al 2002) as

85 =3 g, (3.5.6)

Initialization of yielding is expected, see Fig. 3.5.1, at
Fini = 2/3 Fyrq (3.5.7)
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Fig. 3.5.1 Force deformation diagram for bearing of the plate

Interaction of axial and shear force in the bolt is considered according to Tab. 3.4 in EN1993-1-8:2006.
Only the compression force is transferred from the bolt shank to the plate in the bolt hole. It is modelled
by interpolation links between the shank nodes and holes edge nodes. The deformation stiftness of the

shell element, which models the plates, distributes the forces between the bolts and simulates the

adequate bearing of the plate.
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3.6 Anchor bolt

3.6.1 Description

The anchor bolt is modelled with similar procedures as structural bolts. The bolt is on one side fixed to
the concrete block. Its length L, is taken according to EN1993-1-8:2006 as sum of washer thickness f,,
base plate thickness #yp, grout thickness ty and free length embedded in concrete, which is expected as
84, where d is bolt diameter. The stiffness in tension is calculated as k = E A./Ly. The load-deformation

diagram of the anchor bolt is shown in Fig. 3.6.1. The values according to ISO 898:2009 are summarised

in Tab. 3.6.1 and in formulas below.
. /P Force in anchor bolt, kN
FtIR,d _______________

Fa = k

Fepa p——

I

=
£

Deformation, mm

Fig. 3.6.1 Load—deformation diagram of the anchor bolt

Fop = Frra

Bl =y 1 {6
kt=C1‘kj Cl=__'—Rm-Re 362
= =
— Fr.el
W= = (3.6.3)
AE
Utpra = Ca " Uyp; € = TR, (3.64)
Table 3.6.1 Anchor bolt parameters, based to ISO 898:2009
Grade R R.= Ry A E cl c2
[MPa] [MPa] [Yo] [MPa] [-] [-]
4.8 420 340 14 2,1E+05 0,011 21,6
5.6 500 300 20 2,1E+05 0,020 35,0
5.8 520 420 10 2,1E+05 0,021 12,5
6.8 600 480 8 2,1E+05 0,032 8.8
88 830 660 12 2, 1E+05 0,030 9,5
10.9 1040 940 9 2,1E+05 0,026 5.0

The stiffness of the anchor bolt in shear is taken as the stiffness of the structural bolt in shear. The anchor

bolt resistance is evaluated according to ETAG 001 Annex C or prEN1992-1-4.2015. Steel failure mode
is determined according to cl. 6.2.6.12 in EN 1993-1-8.

e e ———

3.7 Concrete block

3.7.1 Design model

In component based finite element method (CBFEM), it is convenient to simplify the concrete block as
2D contact elements. The connection between the concrete and the base plate resists in compression
only. Compression is transferred via Winkler-Pasternak subsoil model, which represents deformations
of the concrete block. Tension force between the base plate and concrete block is carried by anchor
bolts. Shear force is transferred by friction between a base plate and a concrete block, by shear key, and
by bending of anchor bolts and friction. The resistance of bolts in shear is assessed analytically. Friction

and shear key are modelled as a full single point constraint in the plane of the base plate-concrete contact,

3.7.2 Resistance

The resistance of concrete in 3D compression is determined based on EN 1993-1-8:2006 by calculating
the design bearing strength of concrete in the joint fis under the effective area Aer of the base plate. The
design bearing strength of the joint fj is evaluated according to Cl. 6.2.5 in EN 1993-1-8:2006 and
Cl. 6.7 in EN 1992-1-1:2005. The grout quality and thickness is introduced by the joint coefficient Fq.
For grout quality equal or better than quality of the concrete block is expected fu = 1,0. The effective
area Aerr under the base plate is estimated to be of the shape of the column cross-section increased by

additional bearing width ¢

c=t f—’ (3.7.1)
3 iYmo
where ¢ is the thickness of the base plate, f, is the base plate yield strength, j is the partial safety factor
for conerete and o is the partial safety factor for steel.

The effective area is calculated by iteration until the difference between additional bearing
widths of current and previous iteration |¢; — ¢;—1| is less than 1 mm.

The area where the concrete is in compression is taken from results of FEA. This area in
compression Aeem allows to determine the position of neutral axis. The intersection of the area in
compression Aeom and the effective area Aqy allows to assess the resistance for generally loaded column
base of any column shape with any stiffeners. The average stress o on the effective area A.ris determined
as the compression force divided by the effective area. Check of the component is in stresses 0 < fi.

This procedure of assessing the resistance of the concrete in compression is independent on the
mesh of the base plate as can be seen in Fig. 3.7.1 and 3.7.2. The geometry of the model used for
comparison is described in detail in Chapter 8.1.3. Two cases were investigated: loading by pure
compression 1200 kN, see Fig. 3.7.1, and loading by combination of compressive force 1200 kN and

bending moment 90 kN, see Fig. 3.7.2.
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Fig. 3.7.1 Influence of number of elements on prediction
of resistance of concrete in compression in case of pure compression

105%

Tl a5 100% ‘

d

95%

u B ‘
90% -

No. of elements Acr[m?] o [MPa] f4[MPa]
4 005 260 26,8
6 004 258 26,8
8 004 261 26,8
10 005 259 26,8
15 0,04 263 26,8
20 004 26,6 26,8

Fig. 3.7.2 Influence of number of elements on prediction
of resistance of concrete in compression in case of compression and bending

3.7.3 Deformation stiffness
The stiffness of the concrete block may be predicted for design of column bases as elastic hemisphere.
A Winkler-Pasternak subsoil model is commonly used for a simplified calculation of foundations. The

stiffness of subsoil is determined using modulus of elasticity of concrete and effective height of subsoil

as

k= E, — | I v (3.7.2)
(a|+D)-J- & -d+a3

[#3
A.- e 2

where, & is stiffness in compression, E. is modulus of elasticity, n is Poisson coefficient of concrete
foundation, 4. is effective area, A..r is reference area, d is base plate width, / is column base height,

and a; are coefficients. The following values for coefficient were used: A =10 m*; a; = 1,65; a2z =10,5;

as= 0,3, (.1'421 ,0.




3.8 Local buckling of compressed plates

In research FEA models the slender plates in compression taking into account its plate geometrical
imperfections, residual stresses and large deformation during analyses, see EN1993-1-5:2005. This
should be precised according to the different plate/joint configuration. The FEA procedure naturally
offers the prediction of the buckling load of the joint. The design procedure for class 4 cross-sections
according to reduced stress method is described in Annex B of EN1993-1-5:2005. It allows predict the
post buckling resistance of the joints. Critical buckling modes are determined by material linear and
geometric nonlinear analysis. In the first step the minimum load amplifier for the design loads to reach
the characteristic value of the resistance of the most critical point coefficient ot is obtained, Ultimate
limit state is reached by 5 % plastic strain. The critical buckling factor a. is determined and stands for
the load amplifier to reach the elastic critical load under complex stress field. Examples of critical

buckling mode in steel joints are shown in Fig. 3.8.1.

Fig. 3.8.1 Examples of first buckling mode in CBFEM models

The load amplifiers are related to the non-dimensional plate slenderness, which is determined as follows

A= (S (3.8.1)
@

or
Reduction buckling factor p is calculated according to EN 1993-1-5:2005 Annex B. Conservatively, the
lowest value from longitudinal, transverse and shear stress is taken. Fig. 3.8.2 shows the relation between

plate slenderness and reduction buckling factor.
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Buckling reduction factor p [-]
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Fig. 3.8.2 Buckling reduction factor p

The verification of the plate is based on the von-

Buckling resistance is assessed as

Ay P =1
¥

where yw1 is partial safety factor.

2 3 +
Plate slenderness &, [-]
according to EN 1993-1-5 Annex B

Mises yield criterion and reduced stress method.

(3.8.2)




3.9 Moment-rotation relation

The joint is generally three dimensional. The moment rotation curve for connection in joint is evaluated
for each element, which is attached to the joint. The calculation of the moment rotation relation by the
FEA model is different compare to the stress/strain analysis of joint. The moment rotation is analysed
for connection of the connected member separately in the plains, where they are is loaded.

The modelling of the moment rotational curve may be documented on behaviour of a well-designed
portal frame eaves moment bolted connection developed based on US best practice and applied in good
European practice represented by British and German design books. The composition of the connection
geometry of the bolted connection is demonstrated in Fig. 3.9.1. The rafter of cross section IPE 400
column is connected to column HEA 320 by the full depth end plate of thickness 25 mm by 12 bolts
M24 8.8. The haunch 700 mm long is 300 mm high with flange 15x150 mm. The stiffeners are designed
from P20. Material $355. The results of analyses show in Fig. 3.9.2 the development of plastic zones in
connection by CBFEM analyses, from first yielding under the bolt in tension, through development of
full plasticity in the column web panel in shear, till reaching the 5 % strain in panel. After reaching this
strain the plastic zones propagate rapidly in the column web panel in shear and for small steps in bending

moment the rotation of the joint rise significantly, see Fig. 3.9.3.

Fig. 3.9.1 Composition portal frame eaves moment bolted connection
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Fig. 3.9.2 Development of plastic zones in connection by CBFEM analyses, from first yielding under
the tensile bolt a), through development of full plasticity in the column web panel loaded in shear e)-
1), till reaching the 5 % strain in panel h)

As is commonly known in well-designed connections starts the plastification early, see Fig. 3.9.2a. The

column web panel in shear bring the deformation capacity of connection and guide the nonlinear part of




behaviour, see Fig. 3.9.2e-f. Fig. 3.9.3 demonstrates the fast development of yielding in the column web

panel after reaching the 5 % strain.
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Fig. 3.9.3 After reaching the 5 % strain in the column web panel in shear
the plastic zones propagate rapidly
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3.10 Bending stiffness

The calculation of the bending/deformation stiffness by the FEA model is different compare to the
stress/strain analysis of joint. The joint is three dimensional. The bending/deformation stiffness for
connection of an element, which is attached to the joint, is influenced by the shear deformation in the
joint and the connection deformation of the particular element in the selected plane of the element. For
joints connecting more members are analysed the bending stiffness’s of the connections of the connected
members separately in the plains, where they are loaded.

For the evaluation of the bedding stiffness of a particular connection is assumed, that members
are supported at the ends, and only the analysed member i has free end, see Fig. 3.10.1. The analysed
member i is loaded by a bending moment in plane yz coming from the global analyses. To learn the
secant rotational stiffness Sj;,. for rotation g@,. the bending moment M;gqi,. is applied in a selected
plane yz. The secant rotational stiffness S,z is derived from formula:

S}.s.i.)'z — M{j.Ed,i.yz / ¢i,}'?. (3 0.1 )

3.10.1 FEA model for analysis of stiffness of selected connected member

The total rotation @,y of the end section of analysed member i in plane yz is derived on a model with
one free/observed element and the rest fixed elements. The calculated value is influenced by the
deformation of all members in element. The effects of member deformation is removed analysing in the
plane yz the substitute model of the node, which is composed only from one dimensional members with
appropriate cross-sections as shown in Fig. 3.10.2. By loading this substitute 1D model by bending
moment My, is obtained the rotation @i ., which represents the stiffness of the particular connected

members only. In the substitute 1D model the node is expected to be rigid. The rotation caused only by

the construction of the connection is derived as:

l;éj.ik,vz = f?’j.lik}-? = é!.:i.yr

(3.10.2)




Fig. 3.10.2 The substitute 1D model to eliminate the bending flexibility if the connected elements

The secant stiffness’s of connection ¢, is derived during its loading. The initial stiffness @i is defined
as elastic stiffness and is expected to be linear till 2/3 My, see cl. 6.3.1 in EN1993-1-8:2006. The
calculation of the initial bending stiffness by the FEA model is taken as a secant stiffness loaded till
2/3 Migq from the acting bending moment till 2/3 Mysraiy, and corresponding rotation in connection
$ri3Rra,iyz AS:

Siintizy = Sisaraizy = Masrdiyz/ Prardiye (3.10.3)
For the connection presented in Fig. 3.10.1 are the values of the bending resistance M;ra,.y. and initial

stiffness ¢iniiyz Summarized in Fig. 3.10.3.
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Fig. 3.10.3 Moment/rotation diagram of connection in joint for one connected member

The bending resistance M, ga;y.of connection is in CBFEM evaluated by strain 5 % in plates/sections or

resistance of connectors, e.g. bolts. Fig. 3.10.4 shows the strain in the joint exposed to moments in the

plane of the strong axis of the connected open I section beam at Fig. 3.10.1 from M, = 25 kNm to 72

kNm. The maximal reached strain gma from 0,2 % till 22,7 % is reached.

&

My =25 kNm with gmx = 0,2 %

M, =60 kNm with zma = 1,3 %

My =68 kNm with gnay = 10,8 % M, =70 kNm with e = 16,4 % M, =72 KNm with e = 22,7 % .

Fig. 3.10.4 The maximal strains ma in joint during its loading by bending moment M, in the plane of
the strong axis of the connected open I section beam




3.11 Deformation capacity

The deformation capacity/ductility dca belongs with resistance and stiffness to the three basic parameters
describing the behaviour of connections. In moment resistant connections is achieved the ductility by
a sufficient rotation capacity gcs. The deformation/rotation capacity is caleulated for each connection in
the joint separatelly. The prediction of deformation capacity dcq of connections is currently studied by
component method (CM), but is not offered as standardised procedure. Compare to well accept methods
for determination of the initial stiffness and resistance of many types’ structural joints, there are no
generally accepted standardised procedures for the determination of the rotation capacity. The deemed
to satisfy criteria are selected to help the engineers in ¢l 6.4.2 of EN1993-1-8:2006.

A beam-to-column joint in which the design moment resistance of the joint M;rq is governed by
the design resistance of the column web panel in shear, may be assumed to have adequate rotation
capacity for plastic global analysis, provided that:

dity <69 ¢ (3.11.1)
where d the column web panel width, #, is the web thickness and £ < m is the steel yield
strength ratio.

In cl 6.4.2(2) is limited the plastic distribution between the bolt rows, for joints with a bolted
end-plate connection provided that the design moment resistance of the joint is governed by the design
resistance of the column flange or the beam end-plate in bending or the thickness ¢ of either the column
flange or the beam end-plate or tension flange cleat satisfies:

t < 036d./fun/ly (3.11.2)
where d and £, » are the diameter and strength of the bolt and £, is the yield strength of the relevant plate.

The rotation capacity ¢cqs of a welded beam-to-column connection may be assumed to be not
less that the value given by the following expression provided that its column web is stiffened in
compression but unstiffened in tension, and its design moment resistance is not governed by the design
shear resistance of the column web panel, see 6.4.2(1):

wca=0,025 he [ By ... (3.11.3)
where h, is the depth of the beam and A is the depth of the column. An unstiffened welded beam-fo-
column joint designed in conformity with the provisions of this section, may be assumed to have a
rotation capacity @cq of at least 0,015 radians.

The estimation of the rotation capacity is important in connections exposed to seismic, see
(Gioneu and Mazzolani, 2002) and (Grecea 2004), and extreme loading, see (Sherbourne AN, Bahaari,
1994 and 1996). The deformation capacity of components has been studied from end of last century
(Foley and Vinnakota, 1995). Faella et al (2000) carried out tests on T-stubs and derived for the
deformation capacity the analytical expressions. Kuhlmann and Kuhnemund (2000) performed tests on

the column web subjected to transverse compression at different levels of compression axial force in the
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column. Da Silva et al (2002) predicted deformation capacity at different levels of axial force in the
connected beam. Based on the test results combined with FE analysis deformation capacities are
established for the basic components by analytical models by Beg et al (2004). In the work are
represented components by non-linear springs, and appropriately combined in order to determine the
rotation capacity of the joint for the end-plate connections, with an extended or flush end-plate, and
welded connections. For these connections, the most important components that may significantly
contribute to the rotation capacity column were recognised as the web in compression, column web in
tension, column web in shear, column flange in bending, and end-plate in bending. Components related
to the column web are relevant only when there are no stiffeners in the column that resist compression,
tension or shear forces, The presence of a stiffener eliminates the corresponding component, and its
contribution to the rotation capacity of the joint can be therefore neglected. End-plates and column
flanges are important only for end-plate connections, where the components act as a T-stub, where also
the deformation capacity of the bolts in tension is included. The questions and limits of deformation

capacity of connections of high strength steel was studied by Girao at al {2004).
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4 WELDED CONNECTION

4.1 Fillet weld in lap joint

4.1.1 Description
The object of this chapter is verification of component based finite element method (CBFEM) of a fillet

weld in a lap joint with component method (CM). Two plates are connected to each other in three
configurations, i.e. with a transverse weld, with a longitudinal weld and combination of the transverse
and longitudinal welds. The length and throat thickness of the weld are the changing parameters in the

study. The study covers long welds, which resistance is reduced due to stress concentration. The joint is

loaded by normal force,

4.1.2  Analytical model
The fillet weld is the only component examined in the study. The welds are designed to be the weakest

component in the joint. The weld is designed according to EN1993-1-8:2006. The design resistance of
the fillet weld is determined using the Directional method given in section 4.5.3.2 EN1993-1-8:2006.
The available calculation methods for checking the strength of fillet welds are based upon the
simplifying assumption that stresses are uniformly distributed within the throat section of a fillet weld.
A uniform distribution of stress is assumed on the throat section of the weld, leading to the normal
stresses and shear stresses shown in Fig. 4.1.1, as follows:

oL is the normal stress perpendicular to the throat section;

o| is the normal stress parallel to the axis of the weld on its cross section;

71 is the shear stress (in the plane of the throat section) perpendicular to the axis of the weld;

t) is the shear stress (in the plane of the throat section) parallel to the axis of the weld,
The normal stress o parallel to the axis is not considered when verifying the design resistance of the

weld.

a
I
oy

W
Y

Fig. 4.1.1 Stresses on the throat section of a fillet weld

The design resistance of the fillet weld will be sufficient if the following are both satisfied:

J A
of +3(z2 +1f) < 70— (4.1.1)

o, <=2k (4.1.2)

Yz

In lap joints longer than /50 a the reduction factor fp. is given by:

Bwa=12-22L  but By, <10 (4.13)
Overview of the considered examples and the material properties are given in the Tab. 4.1.1. The weld
configurations T 1s for transverse, P for parallel weld, and TP for combination of both are studied, in
Fig. 4.1.2 see geometry. The sensitivity for two parameters: weld length and effective throat thickness

were investigated.

Tab. 4.1.1 Overview of examples

Material Weld a Plate | Plate 2

Example I Ju E Mo PM2 dy Lq il n b n
[MPa] | [MPa] | [GPa] | [-] [-] | [mm] | [mm] | [mm] | [mm] | [mm] | [mm]

T100 235 360 210 1 1,25 3 100 100 10 320 10
T110 235 360 210 1 1;25 3 110 110 10 320 10
T120 235 360 210 1 1,25 3 120 120 10 320 10
T130 235 360 210 1 125 3 130 130 10 320 10
T140 235 360 210 1 1,25 3 140 140 10 320 10
Ti50 235 360 210 1 1,25 3 150 150 10 320 10
T200 235 360 210 1 1,25 3 200 200 10 320 10
1250 235 360 210 1 1,25 3 250 250 10 320 10
T300 235 360 210 1 1,25 3 300 300 10 320 10
T3 235 360 210 1 1,25 3 120 120 20 200 20
T4 235 360 210 1 1,25 4 120 120 20 200 20
T5 235 360 210 1 125 5 120 |- 120 20 200 20
T6 235 360 210 1 1,25 6 120 120 20 200 20
T7 235 360 210 1 1.23 7 120 120 20 200 20
T8 235 360 210 | 1,25 8 120 120 20 200 20
T9 235 360 210 1 1,25 .9 120 120 20 200 20
T10 235 360 210 1 1,25 10 120 120 20 200 20




Material Weld b Plate 1 Plate 2
Example Iy Fi £ Mo Mz y La B [ b f
[MPa] | [MPa] | [GPa] | [] [-] | [mm] | [mm] | [mm] | [mm] | [mm] | [mm]
P150 235 360 210 1 1,25 3 150 200 20 300 20
P200 235 360 210 1 1,25 3 200 200 20 300 20
P250 235 360 210 1 1,25 3 250 200 20 300 20
P300 235 360 210 1 1,25 3 300 200 20 300 20
P350 235 360 210 1 1,25 3 350 200 20 300 20
P400 235 360 210 1 1,25 3 400 200 20 300 20
P450 235 360 210 1 1,25 3 450 200 20 300 20
P500 235 360 210 1 1,25 3 500 200 20 300 20
P550 235 360 210 1 1,25 3 550 200 20 300 20
l P600 235 360 210 1 1,25 3 600 200 20 300 20
P700 235 360 210 1 1,25 3 700 200 20 300 20
P800 235 360 210 1 1,25 3 800 200 20 300 20
P3 235 360 210 1 1,25 3 140 200 20 300 20
P4 235 360 210 1 1,25 4 140 200 20 300 20
PS5 235 360 210 1 1,25 5 140 200 20 300 20
P6 235 360 210 1 1,25 6 140 200 20 300 20
P7 235 360 210 1 1,25 7 140 200 20 300 20
P8 235 360 210 1 1,25 8 140 200 20 300 20
P9 235 360 210 1 1,25 9 140 200 20 300 20
P10 235 360 210 1 1,25 10 140 200 20 300 20

Material Weld a Weld b Plate 1 Plate 2
Example |/ B E | ymo | vz | @ L, ay Ly by f b I
[MPa] | [MPa] | [GPa] | [-] [-] [ [mm] |[mm] | [mm] | [mm] | [mm] | [mm] | [mm] | [mm]
TPal00 | 235 360 | 210 1 1,25 3 100 3 100 | 100 20 400 20
TPal50 | 235 360 | 210 1 1,25 3 150 3 100 | 150 20 400 20
TPa200 | 235 360 | 210 1 1,25 %] 200 3 100 | 200 20 400 20
TPa250 | 235 360 | 210 1 1,25 3 250 3 100 | 250 20 400 20
TPa300 | 235 360 | 210 1 1,25 3 300 3 100 | 300 20 400 20
TPa3 235 | 360 | 210 1 1,25 3 100 -4 100 100 20 200 20
TPad 235 | 360 | 210 1 1.25 B 100 4 100 100 20 200 20
TPa$s 235 | 360 | 210 1 1,25 5 100 4 100 100 20 200 20
TPa6 235 | 360 | 210 1 125 6 100 4 100 100 20 200 20
TPa7 235 | 360 | 210 1 1,25 7 100 4 100 100 20 200 20
Material Weld a Weld b Plate 1 Plate 2
Example | £ S E Mo | ymz A La ap Ly by [ ba t
[MPa] | [MPa] | [GPa] | [-] [-] |[mm] | [mm] | [mm] | [mm] | [mm] | [mm] | [mm] | [mm]
TPb8O | 235 360 | 210 1 1,25 3 120 3 80 120 20 300 20
TPb100 | 235 360 | 210 1 1,25 3 120 3 100 | 120 20 300 20
TPb120 | 235 360 | 210 1 1,25 3 120 3 120 120 20 300 20
TPbl40 | 235 360 | 210 1 1,25 = 120 3 140 | 120 20 300 20
TPbl60 | 235 360 | 210 1 1,25 3 120 3 160 | 120 20 300 20
TPb180 | 235 360 | 210 1 1,25 3 120 3 180 | 120 20 300 20
TPb200 | 235 360 | 210 1 1,25 3 120 3 200 | 120 20 300 20
TPb3 235 | 360 | 210 1 125 3 160 3 100 160 20 200 20
TPb4 235 | 360 | 210 1 1,25 3 160 4 100 160 20 200 20
TPh5 235 3a0 | 210 1 1,25 3 160 5 100 160 20 200 20
TPbé 235 | 360 | 210 | 1,25 3 160 6 100 160 20 200 20
TPb7 235 360 | 210 | 1,25 3 160 7 100 160 20 200 20
TPb8 210 | 1,25 3 160 8 100 160 20 200 20

b,

L

7

weld a

a) Transverse weld b) Parallel weld ¢} Combination of transverse with parallel weld

i plate 2

plate 1

a)

4

by

t

b,

* plate 2

weld b

weld b

K-
|

Ly

Fig, 4.1.2 Joint’s geometry with dimensions

4.1.3 Numerical model

4.1.4 Verification of resistance

combination of the transverse and parallel welds.

L\ I

The weld component in CBFEM is described in Chapter 3.4. Nonlinear elastic-plastic material is used

for welds in this study. The limiting plastic strain is reached in longer part of the weld and stress peaks
are redistributed.

Design weld’s resistance calculated by CBFEM is compared with the results of CM. Results are
presented in Tab. 4.1.2. The study is performed for two parameters length of the weld and effective

throat thickness in three weld configurations, e.g. for the transverse weld, for the parallel welds, and for




Tab. 4.1.2 Comparison of CBFEM and CM

in Fig. 4.1.3. of the parallel weld in Fig. 4.1.4 and of the combination of both welds in Fig. 4.1.5.

a)

Design resistance Design resistance The sensitivity study shows good agreement for all weld configurations.
Example | CM | CBFEM | Diff. Example | CM | CBFEM | Diff. 250 -
f % KN kN %
1 [kN] [kIN] [“6] [kN] [kIN] [%a] _ a = 300 !
| T100 76 76 0 P150 187 183 2 Z 200 & Z o
T110 84 84 0 P200 249 244 2 = o 250 * '
2 150 - 2 .
T120 91 91 0 P250 311 305 3 5 g 200 | P
T130 99 99 0 P300 374 366 2 % 100 ...0 % 150 a
T140 106 106 0 P350 436 427 -2 ‘é o S 100 é . 4
T150 114 114 0 P400 498 488 2 @ 90 ®CM g 50 oCM
T200 152 152 0 P450 561 548 2 a i L ~ ACBFEM 5 4 CBFEM
T250 190 191 ! < | Ps00 609 606 0 100 150 260 - - 0 " 1 : " 10
00 | 29 | 29 | O 2| Psso | ess | 699 | | Weld length [mm] Effective throat thickness [mm]
T3 91 93 5 £ | P600 698 700 0
T4 122 124 2 = [ p700 776 745 4 a) b)
T5 152 155 2 P8O0 842 788 7 Fig. 4.1.3 Parametric study of transverse weld a) Weld length b) Effective throat thickness
T6 183 186 7 P3 174 172 -1 1000 700
7 213 217 2 P4 232 230 5 2 , =
600
T8 244 247 1 Ps 290 288 1 & 800 e ! & <00 g
a3
T9 274 278 I P6 349 344 ) - .® i 8 °
TI0 | 305 | 309 1 P7 407 | 4ot 2 _g e%«— | | g0
P8 465 460 -1 2 400 0? long weld £ 300 ®
P9 523 518 -1 S P Vg 5 200 ®
2 ; -
PI0 | 381 | sM 1 5o " i 2 100 oCM
0 B 4 CBFEM A CBFEM
Design resistance Design resistance 0 200 400 600 800 0 0 5 p " 8 _10
Example CM | CBFEM | Diff. Example M CBFEM | Diff. Weld length [mm)] Effective throat thickness [mm]
[kN] [kN] [%] [kN] [kN] [%%] ,
TPalo0 | 201 200 0 TPbRO | 191 190 | a) b)
TPal50 239 239 0 TPh100 216 215 0 Fig. 4.1.4 Parametric study of parallel weld a) Weld length b) Effective throat thickness
TPa200 | 277 278 0 TPb120 | 241 239 E 400 oo
TPa250 | 316 316 0 TPb140 | 266 263 X > . =
TPa300 | 354 355 0 TPbl60 | 291 286 2 £ 100 ® 2 s I ?
TPa3 242 242 0 TPb180 316 310 2 9 i L] 3 | ! ®
TPad | 267 268 0 TPb200 | 341 333 2 g 350 é |
TPas 293 293 0 TPb3 246 246 0 g g
TPab 319 317 -1 TPb4 288 288 0 5 100 .- S 100 ,
TPa7 344 330 -4 TPb5 330 328 -1 E r . g oCM
TPb6 371 368 4 o | ~ ACBFEM ~ ACBFEM
ol | M3 s 2 100 150 200 250 300 2 3 4 5 6 1 8
TPb8 454 443 -3 Length of weld a [mm)] Effective throat thickness of weld a [mm]

b)

Results of CBFEM and CM are compared and sensitivity study is presented. The influence of weld

length and effective throat thickness on the design resistance of the transverse weld is shown




400 500 e Width & =300 mm

E & ® §400 ® # e Offsete,=-20 mm

e & 7 3 o o Steel 8235

g 2004 * ’ g; 300 It ® Weld, parallel fillet welds see Fig. 4.1.7.

= ;200 e Throat thickness @, =3 mm

§ 100 Ya T Fi00 oCM o Weld length Ly = 150 mm

0 | - o L | | thoRM Output
80 100 120 140 160 180 200 3 4 5 6 1 8 o Design resistance in tension Frq = 183 kN
Length of weld b [mm] Effective throat thickness of weld b [mm)]
c) d)
Fig. 4.1.5 Parametric study of combination of transverse and parallel weld a) Length of weld a

b) Effective throat thickness of weld a ¢) Length of weld & d) Effective throat thickness of weld b
To illustrate the accuracy of the CBFEM model the results of the sensitivity study are summarized in a
diagram comparing CBFEM’s and CM’s design resistance, see Fig. 4.1.6. The results show that the

difference of the two caleulation methods is in all cases less than 10 %.

1000 ; .
: Fig. 4.1.7 Benchmark example for the welded lap joint with parallel fillet welds
‘ 800
E 600
| é 400 | —F
|
8 | Transverse
200 = 1 e e
oPalrallcl
0 : 4 Combination
0 200 400 600 800 1000
CM [kN]

' Fig. 4.1.6 Verification of CBFEM to CM
|

4.1.5 Benchmark example
Inputs
Plate 1
e Thickness r; = 20 mm
e Width &) =200 mm
e Steel S235
Plate 2

o  Thickness 1> = 20 mm




| 4.2 Fillet weld in angle plate joint 4.2.3 Numerical model
The model of the weld in CBFEM is described in section 3.4, The limit plastic strain is reached in the

4.2.1 Description weld a and stress peaks are redistributed.

In this chapter is verified the model of the fillet weld in angle plate joint calculated by finite element

method (CBFEM) on component method (CM). An angle is welded to a plate and loaded by normal 4.2.4 Verification of resistance

force. The angle size and the length of the weld are studied in the sensitivity study. The weld’s design resistances calculated by CBFEM are compared with the results of CM, the results
see in Tab. 4.2.2. Two parameters are studied the length of the weld and the angle section.

4.2.2  Analytical model

The fillet weld is the only component examined in the study. The welds are designed according to Tab. 4.2.2 Comparison of CBFEM and CM

Chapter 4 in EN1993-1-8:2006 to be the weakest component in the joint. The design resistance of the Design resistance Design resistance
2 i : y . . E 1 M iff. Hid
fillet weld is described in section 4.1. Overview of the considered examples and the material are given s g = LA gt Frample O CHEEM dif
) . o o . [kN] [kN] [%] [kN] [kN] [Y%)
in the Tab. 4.2.1. The geometry of the joints with dimensions is shown in Fig. 4.2.1. S0xL80x10 124 118 5 100xL.160x16 132 324 B
100xL80x 10 249 232 -7 170xL160x16 565 551 -3
Tab. 4.2.1 Examples overview 150xL80x10 374 347 -8 240xL160x16 798 770 -4
Niaterial Welda Weld b Angie Plate 200xL8Ox10 498 462 -8 310xL160x16 1030 987 -4
Example Sy 5 E |po| me| aa Ly ap Ly | section | by f 380xL.160x16 1263 1206 =5
[MPa] | [MPa] | [GPa] | [-] | [-] |[mm]|[mm]|[mm]]| [mm] | [-] [[mm]][mm] 450xL160x16 1496 1426 5
S50xLBOx10 235 360 210 1 (1,25 3 50 3 50 80x10 | 240 10
100xL80x10 | 235 | 360 | 210 | 1 [125] 3 | 100 | 3 | 100 | 80x10 | 240 [ 10 600 —_
150xL.80x10 235 360 210 1 [ 1,25 3 150 3 150 80x10 | 240 10 - . 3
200xL80x10 | 235 | 360 | 210 | I [1.25] 3 | 200 | 3 | 200 | 80xi0 | 240 [ 10 Z 500 ° Z
100xL160x16 | 235 | 360 | 210 | 1 [125] 5 [ 100 ] 3 [ 100 [160x16 | 400 | 16 8 400 ? as Lo ¢
170xL160x16 | 235 | 360 | 210 | 1 [125] 5 [170 [ 3 | 170 | 160x16 | 400 | 16 5 $ g s
240xL160x16 | 235 | 360 | 210 | 1 [125] 5 [ 240 | 3 240 | 160x16 | 400 | 16 § 300 é 800 ®
310xL160x16 | 235 360 210 1 [1,25 5 310 3 310 160x16 | 400 16 Euzﬁo ¢ ; L]
n, T
380xL160x16 | 235 | 360 | 210 | 1 [125] 5 [ 380 | 3 | 380 |160x16 | 400 | 16 4 100 . *CM 7 . * M
450xL160x16 | 235 360 210 1 | 1,25 5 450 3 450 | 160x16 | 400 16 5 ® CBFEM 0O . ® CBFEM
; 0 50 100 150 200 250 0 100 200 300 400 500
’ Weld length [mm)] Weld length [mm]
<>
¥ phate weld a a) Angle cleat 80x10 b) Angle cleat 160x16
Fig. 4.2.2 Sensitivity study of weld length
[
{ Fea | Results of CBFEM and CM are compared and sensitivity study is presented. The influence of weld
| length on the design resistance of a welded angle joint is shown in Fig. 4.2.2. The study shows good
! 5, agreement for all weld configurations. To illustrate the accuracy of the CBFEM model, results of the |
study are summarized in a diagram comparing CBFEM’s and CM’s design resistance, see Fig. 4.2.3.
Fig. 4.2.1 Joint’s geometry with dimensions The results show that the difference of the two calculation methods is in all cases less than 10 %.
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Fig. 4.2.3 Verification of CBFEM to CM

4.2.5 Benchmark example
Inputs
Angle

e Cross-section 2xL80x10

o Distance between angles 10 mm

e Thickness f, = 10 mm
e Width b, =240 mm
Weld, parallel fillet welds see Fig. 4.2.4
e Throat thickness @y, =3 mm
o Weld length L., =200 mm
Outputs
e Design resistance in tension Frg = 462 kN

Fig. 4.2.4 Benchmark example of the welded angle plate joint with parallel fillet welds

4.3 Fillet weld in fin plate joint

4.3.1 Description

In this chapter is verified the component based finite element method (CBFEM) of a fillet weld in a fin
plate joint with component method (CM). A fin plate is welded to open section column HEB. The height
of the fin plate is changed from 150 to 300 mm. The plate/weld is loaded by normal and shear force and

bending moment.

4.3.2  Analytical model

The fillet weld is the only component examined in the study. The welds are designed to be the weakest
component in the joint according to Chapter 4 in EN1993-1-8:2006. The design resistance of the fillet
weld is described in section 4.1. Overview of the considered examples and the material are given in the
Tab. 4.3.1. Three load cases are considered, i.e. normal force W, shear force V and bending moment M,

A geometry of the joint with dimensions is shown in Fig. 4.3.1.

Tab. 4.3.1 Examples overview

Material Weld Fin plate Column
Example 5 Ji E 0 Az aw hy tp e e
[MPa] | [MPa] | [GPa] [ [-] [mm] | [mm] | [mm] | [mm]

N150 235 360 210 1 1,25 3 150 10 200 | HEB400
N175 235 360 210 1 1,25 3 175 10 200 | HEB400
N200 235 360 210 1 1.25 ) 200 10 200 HEB400
N225 235 360 210 1 1,25 3 225 10 200 | HEB400
N250 235 360 210 1 1,25 3 250 10 200 | HEB400
N275 235 360 210 1 1,25 3 275 10 200 | HEB400
N300 235 360 210 1 1,25 3 300 10 200 | HEB400
V150 235 360 210 | 1,25 3 150 15 100 | HEB200
V175 235 360 210 1 1,25 3 175 15 100 | HEB200
V200 235 360 210 1 1,25 3 200 15 100 | HEB200
V225 235 360 210 1 1,25 3 225 15 100 | HEB200
V250 235 360 210 1 1,25 3 250 15 100 | HEB200
V275 235 360 210 | 1,25 3 275 15 100 | HEB200
V300 235 360 210 1 1,25 3 300 15 100 | HEB200
M150 235 360 210 1 1,25 3 150 15 200 | HEB200
M175 235 360 210 1 1,25 3 175 15 200 | HEB200
M200 235 360 210 | 1,25 3 200 15 200 | HEB200
M225 235 360 210 1 1,25 3 225 15 200 | HEB200
M250 235 360 210 1 1,25 5 250 15 200 | HEB200
M275 235 360 210 1 1,25 3 275 53 200 | HEB200
M300 235 360 210 1 1,25 3 300 15 200 | HEB200
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Fig. 4.3.1 Joint’s geometry with dimensions

4.3.3 Numerical model
The weld in CBFEM model is described in section 3.4. The nonlinear elastic-plastic material is used for

welds in this study. The limit plastic strain is reached in longer part of the weld and stress peaks are

redistributed.

4.3.4 Verification of resistance

Design resistance calculated by CBFEM is compared with the results of CM. The weld’s design
resistances are compared as presented in Tab. 4.3.2. The study is performed for one parameter: length
of the weld, i.e. height of the fin plate and three load cases: normal and shear force and bending moment.
The shear force is applied in a weld plane to neglect the effect of an additional bending. The bending
moment is applied at the end of the fin plate. The influence of the weld length on the design resistance
of the fin plate joints loaded by the normal and shear force are shown in Fig. 4.3.2. The relation between

the weld length and the bending moment resistance of the joint is shown in Fig. 4.3.3.

Tab. 4.3.2 Comparisen of CBFEM and CM

Design resistance Design resistance Design resistance
Example | CM | CBFEM | diff. | Example | CM | CBFEM diff. | Example | CM | CBFEM | diff.
N [ Nl | %] NT [ Nt | [ N] | eNT [ %)
NI150 229 227 -1 V150 187 184 -1 MIs0 8.5 8.4 -1
N175 267 264 -1 V175 218 216 -1 M175 11,6 115 -1
N200 305 301 -1 V200 249 247 -1 M200 15,2 15,0 -1
N225 343 338 -1 V225 280 278 -1 M225 193 19,0 -2
N250 381 375 -2 V250 310 309 M250 | 23,8 234 -2
N275 419 412 -2 V275 342 341 0 M275 28.8 28,4 -1
N300 457 449 -2 V300 374 372 -1 M300 | 343 338 -2

Results of CBFEM and CM are compared and sensitivity study is presented. The influence of weld
length on the design resistance in a fin plate joint loaded by normal force is shown in Fig. 4.3.2, by shear

force in Fig. 4.3.3 and by bending moment in Fig. 4.3.4. Study shows good agreement for all applied

load cases.
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Fig. 4.3.2 Parametric study of fin plate joint Fig. 4.3.3 Parametric study of fin plate joint

loaded by normal force loaded by shear force
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Fig. 4.3.4 Parametric study of fin plate joint loaded by bending moment

To illustrate the accuracy of the CBFEM model, results of the parametric studies are summarized in
a diagram comparing the CBFEM’s and CM’s design resistances, see Fig. 4.3.5. The results show that

the difference of the two calculation methods is in all cases less than 10 %.
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Fig. 4.3.5 Verification of CBFEM to CM

4.3.5 Benchmark example
Inputs
Column
s Steel 8235
e HEB200
Fin plate
e Thickness f,= 15 mm
e Heighth, =175 mm
Weld, double fillet weld see Fig. 4.3.6
e Throat thickness a, =3 mm

Outputs

o Design resistance in poor bending Mg = 11,5 kNm

Fig. 4.3.6 Benchmark example for the welded fin plate joint

ey

4.4 Fillet weld in beam to column joint

4.4.1 Deseription
‘The object of this chapter is verification of component based finite element method (CBFEM) for a fillet

weld in a stiffened beam-to-column joint with component method (CM). An open section beam IPE is

connected to open section column HEB400. The stiffeners are inside column opposite to beam flanges.

‘The beam section is the changing parameter. Three load cases are considered, i.e. the beam is loaded in

‘tension, shear and bending.

4.4.2 Analytical model

‘Chapter 4 in EN1993-1-8:2006 to be the weakest component in the joint. The design resistance of the
fillet weld is described in section 4.1. Overview of the considered examples and the material are given
in the Tab. 4.4.1, A geometry of the joint with dimensions is shown in Fig. 4.4.1.

Tab. 4.4.1 Examples overview

 The fillet weld is the only component examined in the study. The welds are designed according to

Material Weld Beam Column

Heampie by L = i i 2 Section = Section
[MPa] | [MPa] | [GPa] [-] [-] [mm] [mm]

IPE160 235 360 210 1 1,25 3 IPEI60 | 200 | HEB400
IPE180 235 360 210 1 1,25 3 IPE180 | 200 | HEB400
IPE200 235 360 210 1 1,25 3 IPE200 | 200 | HEB400
IPE220 235 360 210 1 1,25 3 1PE220 ) 200 | HEB400
IPE240 235 360 210 1 1,25 3 APE240 | 200 | HEB400
IPE270 235 360 210 1 1,25 3 IPE270 | 200 | HEB400
IPE300 235 360 210 1 1,25 3 IPE300 | 200 | HEB400
IPE330 235 360 210 1 1,25 % IPE330 | 200 | HEB400
IPE360 235 360 210 1 1,25 3 IPE360 | 200 | HEB400
IPE400 235 360 210 1 1,25 3 IPE400 | 200 | HEB400

443 Numerical model

The weld in CBFEM model is described in section 3.4.

Nonlinear elastic-plastic material is used for welds in this study. The limit plastic strain is reached in

longer part of the weld and stress peaks are redistributed.




...........................

Fig. 4.4.1 Joint’s geometry with dimensions

4.4.4 Verification of resistance
Design resistance calculated by CBFEM Idea RS software is compared with the results of CM. The
weld’s design resistances are compared, see Tab. 4.4.2. The study is performed for one parameter beam

section and three load cases: normal force Nig, shear force Vg and bending moment Mgq.

Tab. 4.4.2 Comparison of CBFEM and CM

Normal force Neg Shear force Fea Bending moment Mgq
Ebgiitiple CM |CBFEM | Diff. Bl CM | CBFEM | Dift. . CM | CBFEM | Diff.
[kN] | [kN] | [%] [KN] | [kN] | [%] [kN] | [kN] | [%]
IPE160 | 455 440 -3 IPE160 105 103 -2 IPE160 26 26 0

IPEIS0 | 511 509 0 IPEI80 | 127 126 0 IPE180 | 33 33 0
IPE200 | 567 580 2 TIPE200 | 151 150 -1 IPE200 | 40 41 2
IPE220 | 625 648 4 [PE220 | 175 175 0 IPE220 | 49 50 3
IPE240 | 684 703 3 IPE240 | 200 202 1 IPE240 | 39 60 2
IPE270 | 774 797 3 IPE270 | 239 244 2 IPE270 | 75 76 1
IPE300 | 863 886 3 IPE300 | 278 292 5 IPE300 | 93 94 1
IPE330 | 937 956 2 IPE330 | 315 336 6 IPE330 | 110 110 0
[PE360 | 1008 | 1026 2 IPE360 | 350 391 10 | TPE360 | 129 128 -1
IPE400 | 1097 | 1116 2 IPE400 | 399 445 10 | IPE400 | 155 153 -1

Results of CBFEM and CM are compared and a sensitivity study is presented. The influence of beam
cross-section on the design resistance a welded beam-to-column joint loaded in tension is shown in
Fig. 4.4.2, in shear in Fig. 4.4.3 and in bending in Fig. 4.4.4. The study shows good agreement for all
applied load cases.
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Fig. 4.4.2 Sensitivity study of beam-to-column Fig. 4.4.3 Sensitivity study of beam-to-column

joint loaded by normal force joint loaded by shear force

200
E
Z 150 .
- 100 .
E al *
= 50 L] oCM
& a® *
g 4 CBFEM
0
150 200 250 300 350 400
Beam IPE

Fig. 4.4.4 Sensitivity study of beam-to-column joint loaded by bending moment

To illustrate the accuracy of the CBFEM model, results of the sensitivity study is summarized in a
diagram comparing CBFEM’s and CM’s design resistances, see Fig. 4.4.5, The results show that the

difference of the two calculation methods is in all cases less than 10%.
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Fig. 4.4.5 Verification of CBFEM to CM



4.4.5 Benchmark example 4,5 Connection to unstiffened flanges
Inputs
Column

® Steel S235

o HEB400

4.5.1. Description

In this chapter is verified the component based finite element method (CBFEM) of a fillet weld
_connecting a plate to an unstiffened column on the component method (CM). The steel plate is connected
L ﬂ:ﬂ the open and box section columns and loaded in tension.

o Steel 235 |
e [PE270 '4.5.2. Analytical model
e Length L =200 mm

e fillet weld is the only component examined in the study. The welds are designed according to

o Force eccentricity to weld x =400 mm, see Fig. 4.4.6 ‘Chapter 4 in EN1993-1-8:2006 to be the weakest component in the joint. The design resistance of the

Column stiffeners Ilet weld is described in section 4.1. The force applied perpendicular to a flexible plate, which is welded

s Thickness .= 10 mm to an unstiffened section, is limited. The stresses are concentrated in an effective width while the weld

e  Width b, = 140 mm resistance around the unstiffened parts is neglected as shown in Fig. 4.5.1. For an unstiffened I or H

s Related to beam flange, position upper and lower ction the effective width is obtained according to:

Weld besp =ty + 25 + Tkt (4.5.1)
e Throat thickness aw =3 mm _ Ufyr 452)
tpfyp

(6] ts:
o o The dimension s is for a rolled section s = 7 and for a welded section s = \2 a. For a box or channel

ion the effective width should be obtained from:
bgﬂv = ZCw g Stf but bg!f e th F Sktf {4.5.3)

e Design resistance in shear Fryg = 244 kN

Fig. 4.5.1 Effective width of an unstiffened joint (Fig. 4.8 in EN1993-1-8:2006)

Fig. 4.4.6 Benchmark example of the welded beam to column joint with force eccentricity BEEh.  Numerical model

‘The model of weld in CBFEM is described in section 3.4. The limit plastic strain is reached in longer

~ part of the weld and stress peaks are redistributed.



4.5.4. Verification of resistance of the flange width of the HEB section on the design resistance of the joint is shown in Fig. 4.5.3. The
Design resistance calculated by CBFEM is compared with the results of CM. The weld’s design relation between the web thickness of the box section on the design resistance of the joint is shown in
resistance is compared only. Overview of the considered examples and the material are given in the Fig. 4.54.
Tab. 4.5.1. A geometry of the joint with dimensions is shown in Fig. 4.5.2.
Tab. 4.5.2 Comparison of CBFEM and CM
Tab. 4.5.1 Examples overview ' Design resistance Design resistance
Column Material weld Plate Example CM CBFEM Diff. Example M CBFEM Dilf.
3 p [kN] [kN] [%6] [kN] [IN] [%6]
. s £ = o = d : HEBI60 | 178 157 -13 K200/5 53 49 8
[MPa] | [MPa] | [GPa] [-] -] [mm] {mm] [mm] HEBIS0 | 189 174 9 K200/6.3 64 59 -9
HEB160 | 235 360 210 1 125 3 160 15 HEB200 | 210 190 BT P—— P &7 1
HEBI180 235 360 210 1 1,25 3 180 16 HEB220 221 206 7 K200/8 85 79 3
HEB200 | 235 360 210 1 1,25 3 200 17 HEB240 | 242 2722 9 K200/10 106 95 12
HEB220 235 360 210 1 125 2 220 18 HEB260 260 235 -11
HEB240 235 360 210 1 1,25 3 240 19
HEB260 235 360 210 1 1,25 3 260 19 ‘Results of CBFEM and CM are compared in a sensitivity study. The influence of the flange width of the
Material Weld | Flexible plate Cistumm L 'HEB section on the design resistance of the joint is studied in Fig. 4.5.3. The influence of the web
Column % ) E - ki B b, fo be e f : thickness of the box section on the design resistance of the joint is presented in Fig. 4.5.4. The parametric
[MPa] | [MPa] | [GPa] | [-] 1 [mm] | [mm] | [mm] | [mm] | [mm] | [mm] - studies show very good agreement of the results for all weld configurations.
K200/5 | 235 | 360 | 210 1 1,25 3 180 5 200 5 3 | 300 120
K200/63 | 235 | 360 | 210 1 1,25 3 180 | 63 200 6 6.3 ) g 250 . : é 100 ‘ :
K2007 | 235 | 360 | 210 | 1 | 125 | 3 | 18 | 7 [ 200 ] 7 | 7 g 200 s & 7 380 | H
| ® L] [ .
K200/8 | 235 [ 360 | 210 1 1,25 3 180 8 200 8 8 1 E H g s e
k200010 | 235 | 360 | 210 | 1 [ 125 | 3 | 180 | 10 | 200 | 10 | 10 @ 150 T g e W
5 100 5 ) 40
...................... * I I 0 50 | *CM §7] 20 | *CM
U I L) r |
ol P e | = [ AL lemmm AT | | | | ecomm
I | I
t, Fea ) ! ! / % T ! ! 160 180 200 220 240 260 4 5 6 7 8 9 10 11
. i Ee— ] I T L e i
— ¢ . ..'—__.b' i H — 4 '..__..'-'__ﬂ?: i HEB section Web thickness [mm)]
I 1 ! |
i ! i E | Fig. 4.5.3 Flange width of the HEB section Fig. 4.5.4 Web thickness of the box section
t«’ |
< = b | ‘ & ks l Results of the sensitivity study are summarized in a diagram comparing CBFEM’s and CM’s design
b, —I= ‘: resistance, see Fig. 4.5.5, to illustrate the accuracy of the CBFEM model.
Y
a) Flexible plate to open section b) Flexible plate to box section

Fig. 4.5.2 Joint’s geometry and dimensions

The results are presented in Tab. 4.5.2. The study is performed for two parameters: flange width of the
HEB section and web thickness of the box section. The flexible plate is loaded in tension. The influence
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Fig. 4.5.5 Verification of CBFEM to CM

The influence of the plate thickness on the design resistance of the weld is shown in Fig. 4.5.6. The
column cross section is HEB 180 with flange thickness of 14 mm. A weld connecting a plate thicker
than the column flange has same resistance for CM and CBFEM. On the other side the weld connecting
the plate to column flange of same or smaller thickness has in numerical models smaller design
resistance by 20%. The plate thickness is not taken into account in numerical models with shell elements,

which causes the difference.
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Fig. 4.5.6 Influence of plate thickness on the resistance of joint with unstiffened column HEBI180

4.5.5. Benchmark example
Inputs
Column

s Steel 5235

e RHS200/200/5
Flexible plate

s Steel 8235

Thickness /p = 3 mm
Width b, = 180 mm

‘Weld. double fillet welds see Fig. 4.5.7

Throat thickness ¢, =3 mm

- Outputs

Design resistance in tension Ngg = 49 kN

Fig. 4.5.7 Benchmark example for the welded connection of plate to unstiffened column




5 BOLTED CONNECTION

5.1 T-stub in tension

5.1.1.
The objective of this chapter is verification of component based finite element method (CBFEM) of T-

Description

stubs connected with two bolts loaded in tension with component method (CM) and research FEM

model (RM) created in Midas FEA software.

5.1.2. Analytical model

Welded T-stub and bolt in tension are components examined in the study. Both components are designed
according to EN1993-1-8:2006. The welds are designed not to be the weakest component. Effective
lengths for circular and noncircular failures are considered according to EN1993-1-8:2006 cl, 6.2.6.
Only tension loads are considered. Three modes of collapse according to EN1993-1-8:2006 cl. 6.2.4.1
are considered 1. mode with full yielding of the flange, 2. mode with two yield lines by web and rupture
of the bolts and 3. mode for rupture of the bolts, see Fig. 5.1.1. Bolts are designed according to ¢l. 3.6.1
in EN1993-1-8:2006. Design resistance considers punching shear resistance and rupture of the bolt.

Fu ¥ Tl‘a
L Eamn A B

|n|m|'|'m|n|l

1. Mode

2. Mode 3. Mode

Fig. 5.1.1 Collapse modes of T-stub

5.1.3. Design numerical model

T-stub is modelled by 4-nodes shell elements as described in Chapter 3 and summarised further. Every
node has 6 degrees of freedom. Deformations of the element consist of membrane and flexural
contributions. Nonlinear elastic-plastic material status is investigated in each layer of integration point.
Assessment is based on the maximum strain given according to EN1993-1-5:2005 by value of 5 %.
Bolts are divided into three sub-components. The first is the bolt shank, which is modelled as a nonlinear
spring and caries tension only. The second sub-component transmits tensile force into the flanges. The

third sub-component solves shear transmission.

Research numerical model

5.14.
In cases, where the CBFEM gives method higher resistance, initial stiffness or deformation capacity.
Research FEM model (RM) from brick elements validated on experiments (Gddrich et al, 2013) is used
verify the CBFEM model. RM is created in Midas FEA software of hexahedral and octahedral solid
elements, se¢ Fig. 5.1.2 Mesh sensitive study was provided to reach proper results in adequate time.
j| erical model of the bolts is based on the model by (Wu et al. 2012). The nominal diameter is
co sidered in the shank and the effective core diameter is considered in the threaded part, Washers are
oupled with the head and nut. Deformation caused by stripping of the threads in thread-nut contact area
mode]lcd using interface elements. Interface elements are unable to transfer tensile stresses. Contact
ements allowing the transmission of pressure and [riction are used between washers and flanges of the

stub. One quarter of the sample was modelled using the symmetry.

Fig. 5.1.2 Research FEM model

5.1.5. Range of validity

;_, BFEM was verified for the selected typical T-stub geometries. The minimal thickness of flange is
ZSmm Maximal distance of the bolts to bolt diameter is limited by p/d, < 20. The distance of the bolt
1nte to web is limited to m/dh<5. Overview of the considered samples with steel plates of $235
235 MPa, f, =360 MPa, E = Euo = 210 GPais shown in the Tab. 5.1.1 and in Fig. 5.1.3.



Tab. 5.1.1 Overview of the considered samples of T stubs

Fig. 5.1.3 Geometry of the T stubs

Sample

T-stub

b w e m e i )
Diam. | Mat.

[mm]

[mm]

[mm] | (mm] | [mm] | [mm] | [mm] | [mm] | [mm]

tf10 10 20 | 300 10 100 | 105 50 | 61,19 | 67,5 | 67,5 M24 8.8
tf12 12 20 | 300 10 100 | 165 50 | 61,19 | 67,5 | 67.5 M24 8.8
tf15 15 20 | 300 10 100 | 165 50 | 61,19 | 675 | 67.5 M24 8.8
tf20 20 20 300 10 100 | 165 50 | 61,19 | 67,5 | 67.5 M24 8.8
25 25 20 | 300 | 13,5 | 100 [ 165 50 | 57.23 | 67,5 | 675 M24 3.8
LtE30 30 20 | 300 | 13,5 | 100 | 165 50 | 57.23 | 67.5 | 67.5 M24 8.8
i35 35 20 300 | 13,5 | 100 | 165 | 50 | 57,23 | 67,5 | 675 M24 8.8
tf40 40 20 | 300 | 13,5 | 100 | 165 50 | 5723 | 67,5 | 67.5 M24 8.8
tf45 45 20 | 300 | 13,5 | 100 | 165 50 | 5723 | 675 | 675 M24 8.8
50 50 20 | 300 | 13,5 100 | 165 | 50 | 57,23 | 67,5 | 67.5 M24 8.8

MI16 8.8 25 20 | 300 10 100 | 165 50 | 61,19 | 675 | 675 Ml16 8.8
M20 8.8 25 20 | 300 10 100 | 165 | 50 | 61,19 | 67,5 | 67.5 M20 8.8
M24 R.8 25 20 | 300 10 100 | 165 50 | 61,19 | 675 | 675 M24 8.8
M27 8.8 25 20 | 300 10 100 | 165 50 | 61,19 | 675 | 67.5 M27 8.8

M24 4.8 25 20 300 10 100 | 165 50 61,19 | 67,5 | 67.5 M24 4.8
M24 5.8 25 20 300 10 100 | 165 50 | 61,19 | 67,5 | 67.5 M24 5.8
M24 6.8 25 20 300 10 100 | 165 50 | 61,19 | 67,5 | 67.5 M24 6.8
M24 10.9 25 20 300 10 100 | 165 50 61,19 | 67,5 | 67.5 M24 10.9

wlli 20 20 300 7 100 | 110 50 37.08 95 46,35 M24 8.8
w150 20 20 300 i 100 150 50 57,08 75 71,35 M24 8.8
.._._.j-’z—m 20 20 300 7 100 | 200 50 §2,08 50 50 M24 3.8
‘____lv_ZEO 20 20 300 i 100 | 240 50 102,1 30 30 M24 8.8
h100 20 20 300 7 100 | 110 50 | 37.08 95 46,35 M24 10.9
b250 20 20 300 7 250 | 110 | 125 | 37,08 95 46,35 M24 10.9
b300 20 20 300 T 300 | 110 | 150 | 3708 25 46,35 M24 10.9
b4 00 20 20 300 7 400 | 110 | 200 | 37.08 95 46,35 M24 10.9

5.1.6. Global behaviour

Comparisen of the global behaviour of the T-stub described by force-deformation diagrams for all

‘design procedures was prepared. Attention was focused to the main characteristics: initial stiffness,
‘design resistance and deformation capacity. Sample tf20 was chosen to present as reference, see
Fig. 5.1.4 and Tab. 5.1.2. CM generally gives higher initial stiffness compared to CBFEM and RM. In
all cases RM gives the highest design resistance as shown in chapter 6. Deformation capacity is
- compared also. Deformation capacity of T-stub was calculated according to (Beg ct al, 2004). RM docs

‘ot consider cracking of the material so the prediction of deformation capacity is limited.
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Fig. 5.1.4 Force-deformation diagram
Tab. 5.1.2 Global behaviour overview
CM CBFEM RM CM/CBFEM | RM/CBFEM
Initial stiffness [kN/m] 484727 181818 197400 2,67 1,09
Design resistance [leNm] 174 1797 2688 0.96 1.5
Deformation capacity [mm] 24,5 6.5 - 3.77 -




5.1.7. Verification of resistance

Design resistances calculated by CBFEM were compared with the results of CM and RM in the next

step. The comparison was focused on the deformation capacity and determination of the collapse mode

to0. All results are ordered in Tab. 5.1.3. The study was performed for five parameters: thickness of the

flange, bolt size, bolt material, bolt space and T-stub width.

Tab. 5.1.3 Global behaviour overview

===

CM CBFEM RM
Sample | Design | Collapse Initial Design | Collapse | Initial Design | Collapse | Initial
resistance | mode | stiffness |resistance | mode | stiffness | resistance | mode | stiffness
[kN] [kN/mm] | [kN] [kN/mm] [kN] [kN/mm]
Parameter: Thickness of the flange
1o 44 1 80.0 75 1 394 115 | 53.6
tf12 63 | 134,6 90 1 58,8 144 | 80,9
tf13 98 1 246,60 115 1 97,1 199,7 | 120,5
20 174 1 484.7 175 1 181.8 268.8 2 197.4
125 279 2 789.3 249 1 285.7 3103 2 297.8
30 305 2 922.6 288 2 3922 3287 2 363
35 335 2 968.8 320 2 4854 3473 2 416,8
140 371 2 9613 358 2 573.8 370,7 2 464.4
45 407 3 9273 385 2 654,2 400 2 510,6
150 407 3 8824 412 3 736.8 407 3 553.8
Parameter: bolt size
M6 8.8 152 2 486,06 150 2 = = * ”
M20 8.8 205 2 612,7 200 2 - - - =
M24 8.8 270 2 710,2 249 1 = = - 5
M27 8.8 278 1 7824 260 1 < % = =
Parameter: bolt material
M24 4.8 164 2 710,2 163 2 % N = =
M24 5.8 190 2 7102 186 2 5 & ™ g
M24 6.8 217 2 693.6 210 2 i = = 2
M24 10.9 273 1 6778 262 1 = 2 = -
Parameter: bolt space
wlll 282 2 1129.7 273 1 465,1 344 2 432,5
wl50 188 1 5624 194 1 229.0 281 2 2280
w200 129 1 237.8 144 1 1119 222 2 112,7
w240 107 1 131.9 124 1 66,1 162,7 2 64.9
Parameter: T-stub width
b100 314 1 1129.7 296 1 463,0 407 2 4322
b250 423 2 14435 448 2 534.4 480.5 2 640,0
b300 433 2 1443,5 466 2 5344 486 2 686.0
b400 433 2 1443.5 492 2 538,5 494 2 721,5
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Fig. 5.1.5 Sensitivity study of flange thickness

The sensitivity study of thickness of the flange shows higher resistance according to CBFEM compared
“to CM for samples with flange thicknesses up to 20 mm. RM gives even higher resistance for these
~samples, see Fig. 5.1.5. Higher resistance of both numerical models is explained by neglecting of
-membrane effect in CM.  In case of the bolt diameter, see Fig. 5.1.6 and bolt material, Fig. 5.1.7,
respectively. correspond results of CBFEM and CM. Due to a good agreement of both methods, results

~of RM are not required.
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Fig, 5.1.6 Sensitivity study of the bolt size
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Fig. 5.1.7 Sensitivity study of the bolt material

In the case of the bolt distances results of CBFEM and CM show generally good agreement, sce
Fig. 5.1.8. With increase of bolt space, CBFEM gives slightly higher resistance compared to CM. For

that reason, results of RM are showed also. RM gives the highest resistance in all cases.
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Fig. 5.1.8 Sensitivity study of the bolt distance

In study of T-stub width shows CBFEM higher resistance compared to CM with increase of width.

Results of RM were prepared, which gives again the highest resistance in all cases, see Fig. 5.1.9.
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Fig. 5.1.9 Sensitivity study of T-stub width

To show the prediction of the CBFEM model, results of the studies were summarized in graph
comparing resistances by CBFEM and component method, see Fig. 5.1.10. 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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Fig. 5.1.10 Summary of verification of CBFEM to CM




5.1.8. Benchmark example

Inputs
T-stub
e Steel 8235
e Flange thickness fr = 20 mm
e Web thickness t, =20 mm
o Flange width by =300 mm
e Length h= 100 mm
e Double fillet weld =10 mm
Bolts
e 2xM248.8
e Distance of the bolts w = 165 mm
Outputs
e Design resistance in tension Frpg = 175 kN
e Collapse mode - full yielding of the flange with maximal strain 3 Yo
e Utilization of the bolts 88.4 %
e Utilization of the welds 49,1 %

74

5.2 Splices in shear

5.2.1. Description

This study is focused on the verification of component based finite element method (CBFEM) for the

resistance of the symmetrical double splice bolted connection to analytical model (AM).

5.2.2. Analytical model

The bolt resistance in shear and the plate resistance in bearing are designed according to Tab. 3.4
chapter 3.6.1 in EN1993-1-8:2006. For long connection is considered reduction factor according to

cl. 3.8, Design resistance of connected members with reductions for fastener holes is considered

according to ¢l 3.10.

5.2.3, Verification of resistance

Design resistances calculated by CBFEM were compared with results of analytical model (AM).

~ Results are summarised in Tab. 5.2.1, The parameters are bolt material, splice thickness, bolt diameter

and bolt distances, see Figs. 5.2.1 to 5.2.4.
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Fig. 5.2.1 Sensitivity study for the bolt material
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Fig. 5.2.2 Sensitivity study for the splice thickness
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Tab. 5.2.1 Sensitivity study of resistance

Analytical Model (AM) CBFEM
Parameter Resist itical Resist Akl
e Cattion ’ Critical component CBFEM
kN component kN
i ikl Joint description: splice 150/10mm, bolts 2xM20
in distances p =70, e,=50, plates 2x150/6mm, stecl S235
4.8 157 Baolt in shear 152 Bolt in shear 1,03
5.8 196 Bolt in shear 188 Bolt in shear 1.04
6.8 218 Bearing 220 Bearing 0.99
8.8 218 Bearing 218 Bearing 1,00
10.9 218 Bearing 218 Bearing 1,00
Solice thickness Joint description: splice height 200mm, bolts IxMI16 8.8

pHER Y in distances p = 55mm e; = 40mm, plates 2x200/10mm, steel 235
4 104 Bearing 101 Bearing 1,03
6 156 Bearing 151 Bearing 1.03
8 208 Bearing 202 Bearing 1,03
10 259 Bearing 254 Bearing 1,02
12 31 Bearing 305 Bearing 1,02
15 362 Bolt in shear 351 Bolt in shear 1.03

. Interaction
i A6 s 2 of tension and shear in bolt Rkt
Diam. | Distances Joint description: splice 120/10mm, bolts 2xMX 8.8, plates 2x120/6mm, steel 5235
Mg | PR | Bearing 170 Bearing 1,00
e = 40
p=710, 4 s i
M20 1= 50 218 Bearing 217 Bearing 1.01
M | 2 =_86% 244 |Spliceintension| 237 Splice in tension 1.03
=
M7 | P ;9796 233 |Splicein tension| 233 Splice in tension 1,00
M30 "; =1 ‘;g‘ 226 | Splice in tension| 228 Splice in tension 0.99
=

Bolt spacing Joint deseription: Splice 200/6mm, bolts 3xM16 8,8, plates 2x200/3mm, steel 8235
p=40,e =25 104 Bearing 101 Bearing 1.03
p=55e =40 156 Bearing 153 Bearing 1,02
p=70,e, =355 207 Bearing 201 Bearing 1,03

¥

The results of sensitivity studies are summarized in graph in Fig. 5.2.5. The results show that the

differences of the two caleulation methods are up to 5 %. Analytical model gives generally higher

resistance.
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MI16 M20 M24 M27 M30
Bolt diameter
Fig. 5.2.3 Sensitivity study for the bolt diameter
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Fig. 5.2.4 Sensitivity study for the distance of bolts
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Fig. 5.2.5 Verification of CBFEM to AM for the symmetrical double splice connection




5.2.4. Benchmark example
Inputs
Connected member
e Steel 8235
e Splice 200/10 mm
Connectors
Bolts
e 3xMI68S8
e Distances e;=40mm, p=55mm
2 x splice
e Steel 8235
e Plate 380x200x10
Qutputs
e Design resistance Fra =254 kN

e Critical is bearing of the connected splice

e,

Fig. 5.2.6 Benchmark example of the bolted splices in shear

5.3 End plate minor axis connection

5.3.1 Description

In the Chapter is verified the Component based finite element method (CBFEM) model of the beam to

column joint on Component method (CM). The extended end plate with three bolt rows is connected to

column web and loaded by bending moment, see Fig. 5.3.1.

70 45
320

140

70

30 80 30
At
140

——

Fig. 5.3.1 Joint geometry

5.3.2 Analytical model

Three components, which are guiding the behaviour, are the end plate in bending, the beam flange in
tension and in compression, and the column web in bending. The end plate and the beam flange in
tension and in compression are designed according to EN 1993-1-8:2006. The behaviour of the column
web in bending is predicted according to (Steenhuis et al., 1998). The results of experiments of the beam

to column minor axis joints e.g. (Lima et al., 2009) shows the good prediction of this type of join loaded
in plane of connected beam.

5.3.3 Numerical model

Assessment is based on the maximum strain given according to EN1993-1-5:2005 by value of 5 %.
Detailed information about CBFEM model is summarised in Chapter 3.

5.3.4 Verification of resistance

The sensitivity study of the joint resistance was prepared for column cross sections. Joint geometry is
shown in Fig. 5.3.1. In Tab. 5.3.1 and in Fig. 5.3.2 are summarised results of calculation in case of

relatively enlarging of geometry of the end plate P18,

Tab. 5.3.1 Results of prediction of the of end plate minor axis connection for different rafters

Column HEB | 200 | 220 | 240 [ 260 [ 280 [ 300 | 320 [ 340 [ 360 | 400 [ 450 [ 500 [ 550 | 600 | 650 | 700 | 800 | 900

1000
CM 40] 35| 35| 31) 31| 32| 33] 34| 36| 38| 38| 39| 40| 42| 44| 48] 49| 52| 54
CBFEM 35| 32) 33| 30| 32| 32| 33| 34| 35| 40| 38[ 39( 39| 40| 41| 44| 44| 47| 48

CM/CBFEM

J4[1,09]1,06(1,03]097] 1,0]1,00] 1.00] 1.03[0,95] 1,00] 1,00 1,03 | 1,05 ] 1,07 | 1,09 | L1 [ 111

1,13




Results of studies are summarized in graph comparing resistances by CBFEM and component method

= 35 —
g o
E o ¥ . . .
g 0 — see Fig. 3.3.4. The results show the difference of methods is up to 13 %, CBFEM predicts in all cases
A : - .
% * A |lower resistance compare to CM, which is based on simplification in (Steenhuis et al., 1998). Similar
2 45 = 3 .
Z o o 4 results may be observed in work by (Wang and Wang, 2012).
z
c 40 |2 - A R — —
S o f © 7 60 1 -
B 35 A o @ [i} B — _% 4~
A & ] m oCM ';' - i
30 _— = , é S ) I 3] Sﬂ M = -
ACBFEM g P
2 1-
25 E r '_99
= 40 A - s P Vo
o Y L
20 T T T T T T T T T T T T T T T T T T T 1 5 .‘.-"'-. © ’,6
200 220 240 260 280 300 320 340 360 400 450 500 550 600 650 700 800 900 1000 Q. ! 8@0%,’
Column crossection HEB | E 0 [ %% = =
i o
Fig. 5.3.2 Comparison resistance of end plate minor axis connection predicted by CBFEM and CM B L e
20 —t ©  Parameter - column cross section
" - s CBEEM=1,1CM
5.3.5 Global behaviour - A" - = = =CBFEM=0,9CM
Global behaviour is presented on force-deformation curve. Beam [PE 240 is connected to column ‘,a‘ i
HEB 300 with six bolts M16 8.8. End plate geometry is shown in Fig. 5.3.1 and in Tab. 5.3.1. - 0! o4
P 10 20 30 40 50 60

Comparison of both methods results is presented in Fig. 5.3.3 and in Tab.5.3.2. Both methods predict
CM - Design resistance [kNm|

similar design resistance. CBFEM generally gives lower initial stiffness compared to CM.
Fig. 5.3.4 Summary of verification of CBFEM to CM for the end plate minor axis connection

CED ) | - S 7
E 130 - L k;-______.;-ﬂ--‘*-i—- == == 5.3.6 Benchmark example
5 | | L =
: /i = - e | i The benchmark case is prepared for the end plate minor axis connection according to Fig. 5.3.1 with
o0 ‘ modified geometry as summarised below.
= I S e, i
g . Inputs
-y = —e—CM — d e Steel 5235
e I
i v » Column HEB 300
e 3 = — S N—
. e Beam IPE 240
e o o | R *  Bolts 6xM16 8.8
_ =l , = - e Welds thickness 5 mm
15 20 25 30 35 40

Rotation [mrad) ® End-plate thickness 7, = 18 mm

Fig. 5.3.3 Prediction of behaviour of end plate minor axis connection on moment rotational curve Outputs

®  Design resistance in bending Mg = 32,2 kNm

Tab. 5.3.2 Main characteristics for global behaviour Guiding component — column web in bending

CM CBFEM CM/CBFEM
Initial stiffness [kNm/rad] | 8013 2564 313
Design resistance [kNm] 32 32 1,00
Deformation capacity [mrad) - 33 -
30 81



5.4 Generally loaded end plate

5.4.1 Description
In this chapter is verified the component based finite element method (CBFEM) of the generally

loaded end plate joint with component method (CM). The end plate joints of hollow section beams

were loaded with combination of bending moments and shear forces to both axis.

5.4.2 Experimental investigation

Experimental investigation of three samples of end plate joints was performed. End plates were
welded on two RHS 250x150x16 beams of different lengths 2000 mm and 1000 mm. The beams and
plates were designed from S355, with measured values of f;.n= 410 MPa and £, »= 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 Fig. 5.4.1. 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 Fig, see (Wald et at 2016). The inclination of

the specimens varied from 0°; 30° till 45°, The test set up with 0° inclination is documented at Fig.
54.2.

Rotation 0°; internal forces M,. V,

J—1

ST 1500 _____ | s00 L 1000 f [ bl |

Rotation 30°; internal forces: M. M,. V.. ¥,

¢

1500 500 1000

- _— -

Rotation 45°; internal forces: M, M, V., V;

— 1500 — f 500 { 1000 -

Fig. 5.4.1 Position of the beam splice joins on beam, inclination and contact imprints
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Fig. 5.4.2 The test sample with 0° inclination

5.4.3 Analytical model

Connections were designed according to EN 1993-1-8:2006. 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 EN 1993-1-8:2006 cl. 6.2.4.1 are
considered. Bolts are designed according to cl. 3.6.1 in EN1993-1-8:2006. 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 (Neumann, 2014) is

included in verification study.

5.4.4  Verification of resistance

Resistance calculated by CBFEM was compared with the results of CM and experimental results. The
sensitivity study was focused on ratio of bending moments in strong and week axis, see Fig. 5.4.4. 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.
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|
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i - ] 0 | . _li — | ‘
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0 . : He=—— 9_0_ l_(|] 0 Rotation [mrad]
20
0 10 20

Moment M, [kNm] Fig. 5.4.5 Moment rotational diagram in case of 0° rotation

Fig. 5.4.4 Sensitivity study of the bending moment’s ratio Tab. 5.4.1 Global behaviour overview

CM CBFEM | Experiment | CM/CBFEM | Exp./CBFEM
545 Global behaviour Initial stiffness [kN/m] 53533 5400 3350 9.91 0,62
o p 2 : Design resistance [kNm] 74 74 95 1,00 1,28
: i i by moment-rotation diagram was prepared. Attention _
Comparison of the global behaviour deseribed by ' o N Deformation capacity [mrad] 3 30 116 1.05 3.93
was focused to initial stiffness, resistance and deformation capacity. Sample 0° with strong axis

bending moment was chosen to present as reference, sce Fig. 5.4.5 and Tab. 5.4.1. CM y gives higher T T —

initial stiffness compared to CBFEM and experimental data. In all cases are resistances by CM and Inputs

CBFEM similar. Experimentally measured resistance is higher. Beam
e Steel S355
e (Cross section RHS 250x150x16

End plate

¢ Bolts 6 x M20 8.8
e Vertical distances of the bolts 35 — 230 — 100 - 35 mm

» Horizontal distances 30 — 240 — 30 mm

e End plate thickness 10 mm
o Fillet welds, thickness 8 mm
Outputs
» Resistance in bending M g = 74 kNm
e Vertical shear load Feg= 74 kN

e  Critical component bolts in tension in second row
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6 SLENDER PLATE IN COMPRESSION

6.1 Triangular haunch

6.1.1 Description
The object of this study is a verification of component based finite element method (CBFEM) a class 4

triangular haunch without a flange and a class 4 triangular haunch with a flange with reduced stiffness

with research FEM model (RFEM) and design FEM model (DFEM).

6.1.2 Experimental investigation

Experimental results of six specimens of haunches with and without flanges are presented. Three
specimens are without flanges and three specimens are supported by additional flanges. Unstiffened
specimens differ in the web thickness . and the web width by. Reinforced specimens differ in the web
thickness f., the flange thickness fr and the flange width br. The dimensions of specimens are
summarized in Tab. 6.1,1. The test set-up for the specimen without a flange is shown in Fig. 6.1.1 top

and for the specimen with a flange in Fig. 6.1.1 bottom. The material characteristics of the steel plates

are summed up in Tab. 6.1.2.

fw

LATERAL SUPPORT

VERTICAL PLATE

Fig. 6.1.1 Specimens geometry and test set-up

Tab. 6.1.1 Examples overview

Triangular web Flange
Example | b, e Iy by Iy
[mm] [mm]| [mm] [mm] [mm]

A 200 400 6 - -

B 400 400 6 = -

C 400 400 4 - =

D 400 400 6 60 6

E 400 400 6 120 12

F 400 400 - 120 12

Tab. 6.1.2 Material characteristics used in numerical models

Plate thickness [mm]
Material characteristics 4 6 12 20
Young’s Modulus E[GPa) 163,0 158,7 1598 160,0
Yield strength J [MPa] 417,5 323,5 3954 355,0
Ultimate tensile strength Ji [MPa] 499,3 467,0 529,6 510,0

6.1.3 Research FEM model

Research FEM model (RFEM) is used to verify the DFEM model and is validated on the experiments.
In the numerical model, 4-node quadrilateral shell elements with nodes at its corners are applied, with
amaximum side length of 10 mm. Material and geometric nonlinear analysis with imperfections
(GMNIA) is applied. Equivalent geometric imperfections are derived from the first buckling mode and
the amplitude is set according to Annex C of EN1993-1-5:2005. Numerical models are shown
in Fig. 6.1.2.

a) b)
Fig. 6.1.2 Research FEM model a) a haunch without a flange b) a haunch with a flange

An example of the comparison of RFEM and experimental test on the load-deflection behaviour is
shown in Fig. 6.1.3a. The comparison of resistances measured in experiment and obtained from RFEM
is shown in Fig. 6.1.3b. The resistance calculated in the numerical model is displayed on the horizontal
axis. The resistance measured in the experimental study is displayed on the vertical axis. It can be seen

that good agreement exists.




120
100 1200
_ Z 1000
Z 80 &
) = 800
'g 60 ——— EXP - horizontal deflection E 600
2
= 40 e EXP - vertical deflection é_ 400
20 = = = RFEM - horizontal deflection = 00
0 = = = RFEM - vertical deflection 0
0 5 10 15 20 0 200 400 600 800 100012001400
Deflection [mm] Research FEM model [kN]
a) b)

Fig. 6.1.3 a) Load deflection curve of a haunch without a flange

b) Experiments’ resistances compared against RFEMs’

The comparisons of the final deformation states between numerical simulations and experimental results
are performed at the end of the tests. Fig. 6.1.4 presents the comparison of the deformation of specimens
A, B and D after failure with RFEA. It can be found that good agreements between numerical models

and experimental results of the haunches exist in the failure mode.

¢) specimen D

b) specimen B

a) specimen A

Fig, 6.1.4 Experimental and numerical deflection of specimens A, B and D after failure

6.1.4 Design FEM model
Design procedure for class 4 cross-sections is described in section 3.8 local buckling.
The design procedure is verified on the comparison of DFEM and RFEM models. Both models are
created in Dlubal RFEM software. The procedure is applied in CBFEM models, see (Kurejkova et al,
2015). The resistance by 5% plastic strain is obtained in the first step and followed by buckling analysis.
The critical component in the buckling analysis is studied and exhibit also the 5% plastic strain. The
design resistance is interpolated until the condition powik= 11s reached.

The first buckling mode of a haunch without a flange is shown in Fig. 6.1.4 a. The resistance is
assessed according to formula (3.8.2) in section 3.8. The comparison of DFEM’s and RFEM’s

resistances is shown in Fig. 6.1.4 b. The resistance calculated in the DFEM is displayed on the horizontal
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axis. The resistance calculated in RFEM is displayed on the vertical axis. It can be seen that good

agreement exists and the procedure is verified.

1500

1200

Z 900
=)

Z 600
=4

300

0

0 300 600 900 1200 1500
DFEM [kN]
a) b)

Fig. 6.1.4 a) First buckling mode of DFEM model b) DFEMs’ resistances compared against RFEMs’

6.1.5 Global behaviour and verification

Comparison of the global behaviour of a haunch without flange described by load-deflection diagrams
in DFEM model is prepared. The deflection is measured in vertical direction in the middle of the
specimen. Attention is focused to the main characteristics: design resistance and critical load. Two
examples of a haunch without a flange are chosen to present as reference, see Fig. 6.1.5. The design
procedure in DFEM models covers the post-buckling reserve, which is observed in Fig. 6.1.5 a. The
critical load F, is smaller than the design resistance Forgy. The post-buckling reserve is observed in
cases with very slender plates. Typical diagram is shown in Fig. 6.1.5 b, where the design resistance
Forem does not reach the critical load F.. The load £, refers to resistance by 5 % of plastic strain.

200 200

Full,k |

z

=% 100 100 -

= Forem

A

50 30 E.E}'.i.cld
0 0
0 2 _ 4 6 8 10 0 2 4 6 8 10
Vertical deflection z [mm] Vertical deflection z [mm)]
a) b)

Fig. 6.1.5 a) Load-deflection curve with post-buckling reserve

b) Load-deflection curve without post-buckling reserve
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The design procedure in CBFEM models is described in section 3.8 local buckling. The buckling
analysis is implemented in the software. The calculation of the design resistances is done manually
according to design procedure. Fepren is interpolated by the user until the formula (2) is equal to 1.

A beam-column joint with a haunch without a flange is studied. The thickness of beam and column webs
are changing in the same way as a triangular haunch. The same cross section is used for beam and

column. The geometry of the examples is described in Tab. 6.1.3. The joint is loaded by bending

moment.
Tab. 6.1.3 Examples overview
Triangular haunch Beam/column flange Beam/column web
Example | Material | by h Iy be It f fw
(mm] [ (mm] | (mm] | (mm] | [mm] | [mm] | [mm]
w3 §355 400 | 400 3 120 10 300 3
twd 5355 400 | 400 4 120 10 300 4
tws 8355 400 | 400 5 120 10 300 5
twé §355 400 | 400 6 120 10 300 6

6.1.6  Verification of resistance

The design resistance calculated by CBFEM Idea RS software is compared with RFEM. The comparison
is focused on the design resistance and critical load. The results are ordered in Tab. 6.1.4. The diagram
in Fig. 6.1.6 c) shows the influence of the haunch thickness on the resistances and critical loads in the
examined examples.

The results show very good agreement in critical load and design resistance. The post-buckling
reserve is observed for beam web and triangular haunch thickness of 3 and 4 mm. The CBFEM model
of the joint with a haunch thickness of 3 mm is shown in Fig. 6.1.6a. The first buckling mode of the
joint is shown in Fig. 6.1.6b.

Tab. 6.1.4 Design resistance

Mer Oer M Cultk Difference
Example | RFEM | CBFEM | CBFEM | RFEM | CBFEM | CBFEM | Mesren/Mrrem
[kNm] | [kNm] [-] [kNm] | [kNm] Il [%e]
tw3 22 26 0,70 41 37 2,62 10
twd 50 62 0,97 60 64 1,94 6
tws 89 114 1,21 85 94 1,57 10
two 142 144 1,25 120 115 1,50 k3

160

kNm]
s
e
= R e [ o R e
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Joint's resistance |
o
=

40 ~-®~-RFEM - Mer
20 —&— CBFEM -M
0 — - "-!_--CBFEM_TM{:L
3 kS ) 5 6
Haunch thickness [mm]
b) c)

Fig. 6.1.6 a) CBFEM model b) First buckling mode

¢) Influence of haunch thickness on resistances and critical loads

Verification studies confirmed the accuracy of the CBFEM model for prediction of a triangular haunch
behaviour. Results of CBFEM are compared with the results of the RFEM. The design procedure is
verified on the RFEM model, which is validated on experiments. All procedures predict similar global

behaviour of the joint. The difference in design resistance is in all cases up to 10%.

6.1.7 Benchmark example
Inputs
Beam and column
e Steel §355
e Flange thickness r = 10 mm
e Flange width b; = 120 mm
e Web thickness f, =3 mm
o  Web height A, =300 mm
Triangular haunch
e Thickness r, =3 mm
e Width b, =400 mm
e Height /1, =400 mm




by

Fig. 6.1.7 Triangular haunch calculated in the benchmark example

Code setup

Buckling analysis

Outputs

Load by 5% plastic strain My = 97 kNm

Design resistance Megprem = 37 kKNm

Critical buckling factor (for Mcgren = 37 kNm) o= 0,70

Load factor by 5 % plastic strain aux= M/ Mcprem =97 /37 = 2,62
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6.2 Column web panel in shear

6.2.1 Description

The objective of this study is a verification of component based finite element method (CBFEM) of
a beam-column joint with a class 4 column web with research FEM model (RFEM) and component
method (CM).

6.2.2  Analytical model
The component column web panel in shear is described in cl. 6.2.6.1 EN1993-1-8:2006. The design
method is limited to column web slenderness o / 1, < 69 &. Webs with higher slenderness are designed
according to EN1993-1-5:2005 ¢l. 5 and Annex A. The shear resistance is made of shear buckling
resistance of the web panel and resistance of the frame made of the flanges and stiffeners surrounding
the panel. The buckling resistance of the web panel is based on the shear critical stress

Ter = o0y (62.1)
where ox is the Euler critical stress of the plate

(6.2.2)

oo = _TE tw)z
E = 1201-v) \n,,

The buckling coefficient k. is obtained in EN 1993-1-5 Annex A.3.
The slenderness of the web panel is

1, =076 /g‘! (6.2.3)

The reduction factor y,. may be obtained in EN 1993-1-5 ¢l. 5.3.

The shear buckling resistance of the web panel is

Xwlywhwty
Vowra = —‘”——‘“ﬁ‘;m (6.2.4)

The resistance of the frame may be designed according to ¢l. 6.2.6.1 EN 1993-1-8:2006.

6.2.3 Research FEM model

Research FEM model (RFEM) is used to verify the CBFEM model. In the numerical model, 4-node
quadrilateral shell elements with nodes at its corners are applied. Material and geometric nonlinear
analysis with imperfections (GMNIA) is applied. Equivalent geometric imperfections are derived from
the first buckling mode and the amplitude is set according to EN1993-1-5:2005 Annex C. A numerical

model is shown in Fig. 6.2.1.
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Fig. 6.2.1 Research FEM model of a beam-column joint with slender column panel

6.2.4 Design finite element model
The design procedure for slender plates is described in section 3.8. The buckling analysis is implemented
in the software. The calculation of the design resistances is done according to design procedure. Fearem
is interpolated by the user until p - cnkynn is equal to 1.

A beam-column joint with a slender column web is studied. The height of the beam web is
changing, thus the width of the column web panel is changing. The geometry of the examples is
described in Tab. 6.2.1. The joint is loaded by bending moment.

Tab. 6.2.1 Examples overview

Column flange Column web Beam
Example br 1r B tu IPE Material
[mm] [mm] [mm] [mm]
IPE400 250 10 820 4 400 8235
IPES00 250 10 820 4 500 8235
IPE600 250 10 820 4 600 8235

6.2.5 Global behaviour and verification

The global behaviour of a beam-column joint with slender column web described by moment-rotation
diagram in CBFEM model is shown in Fig. 6.2.2. Attention is focused to the main characteristics: design
resistance and critical load. The diagram is completed with a point where yielding starts and resistance

by 5 % plastic strain,

300

250
— . M)‘ield Mu]t.k
E 200
Z Mer
E‘ ISO I MCBFEM
o
E 100
= 50

0 o ) [N W

0 10 20 30 40 50 60 70
Rotation [mrad]

Fig. 6.2.2 Moment-rotation curve of example [PE600

6.2.6  Verification of resistance
The design resistance calculated by CBFEM is compared with RFEM and CM. The comparison is
focused on the design resistance and critical load. The results are ordered in Tab. 6.2.2. The diagram in

Fig. 6.2.3c shows the influence of the width of the column web on the resistances and critical loads in

the examined examples.

Tab. 6.2.2 Design resistances and critical loads of RFEM, CBFEM and CM

M et M itk Difference
Example | RFEM | CM | CBFEM | CBFEM | RFEM | CM | CBFEM | CBFEM | Mown/ ol
[kNm] | [kNm] | [kNm] [-] [KNm] | [kNm] | [kNm] [-] [%] [%6]
IPE400 | 256 | 275 | 303 | 175 | 170 | 177 | 186 1 9 5
IPESO0 | 216 | 234 | 236 | 131 177 | 194 | 180 [ 1,29 2 8
IPE600 | 195 | 210 | 210 [ 1,13 | 200 | 205 186 | 1,52 8 10

The results show good agreement in critical load and design resistance. The CBFEM model of the joint

with a beam [PE600 is shown in Fig. 6.2.3a. The first buckling mode of the joint is shown in Fi g.6.2.3b.

400 | ~—— CBFEM - M
= = &= CBFEM - Mcr
E 350 = 2
= 300 = @ RFEM - Mcr

Tt - - M - Mer
e T
5 200 ﬁg‘ e
_“é 150 |
= |
=100 —— A -
400 500 600
Width of column weh [mm)]
a) b) c)

Fig, 6.2.3 a) CBFEM model b) First buckling mode
c) Influence of width of column web on resistances and critical loads




Verification studies confirmed the accuracy of the CBFEM model for prediction of a column web panel
behaviour. Results of CBFEM are compared with the results of the RFEM and CM. The design
procedure is verified on the RFEM model. Procedures predict similar global behaviour of the joint. The

difference in design resistance is in all cases up to 10 %.

6.2.7 Benchmark example
Inputs
Beam
e Steel 8235
e [PE6OO
Column

e Steel S235

Flange thickness fr= 10 mm
Flange width bs= 250 mm
Web thickness f,= 4 mm
Web height 4, = 820 mm
Web stiffener

e Steel 5235

e Stiffener thickness tv=19 mm

e Stiffener width 4, = 250 mm

e Stiffeners opposite to upper and lower flange
Outputs
e Load by 5 % plastic strain My« = 283 kNm
e Design resistance Megrem = 186 kKNm
e (Critical buckling factor (for M= 186 kNm) a. = 1,13
e Load factor by 5 % plastic strain e, = M/ Meprem = 283/186 = 1,52

6.3 Column web stiffener

6.3.1 Description
The objective of this study is a verification of component based finite element method (CBFEM) of

a class 4 column web stiffener in a beam-to-column joint with research FEA model (RFEM) created in
Dlubal RFEM software and component method (CM).

6.3.2 Research FEA model

Research FEA model (RFEM) is used to verify the CBFEM model. In the numerical model, 4-node
quadrilateral shell elements with nodes at its corners are applied. Material and geometric nonlinear
analysis with imperfections (GMNIA) is applied. Equivalent geometric imperfections are derived from
the first buckling mode and the amplitude is set according to Annex C in EN1993-1-5:2005. A numerical
model is shown in Fig. 6.3.1.

Fig. 6.3.1 Research FEA model of a beam-to-column joint with slender column web stiffener

6.3.3 CBFEM

The design procedure for slender plates is described in section 3.8. The buckl ing analysis is implemented
in the software. The calculation of the design resistances is done according to design procedure. Fepreis
is interpolated by the user until p * e iyua is equal to 1. A beam-to-column joint with a slender column
web stiffener is studied. Same cross-section is used for the beam and the column. The thickness of the

column web stiffener is changing. The geometry of the examples is described in Tab. 6.3.1. The joint is
loaded by bending moment.

Tab. 6.3.1 Examples overview

Column/beam flange Column/beam weh Stiffener
Example by te Pw tw ;) Material
[mm] [mm] [mm] [mm] [mm]
i3 400 20 600 12 3 8235
4 400 20 600 12 4 8235
t5 400 20 600 12 5 S235
t6 400 20 600 12 [ 8235




6.3.4 Global behaviour and verification

The global behaviour of a beam-to-column joint with a slender column web stiffener of thickness 3 mm
described by moment-rotation diagram in CBFEM model is shown in Fig. 6.3.2. Attention is focused to
the main characteristics: design resistance and critical load. The diagram is completed with a point where

yvielding starts and resistance by 5 % plastic strain.
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Fig. 6.3.2 Moment-rotation curve of example (3

6.3.5 Verification of resistance

The design resistance calculated by CBFEM Idea RS software is compared with RFEM. The comparison
is focused on the design resistance and critical load. The results are ordered in Tab. 6.3.2. The diagram
in Fig. 6.3.3 c) shows the influence of the thickness of the column web stiffener on the resistances and

critical loads in the examined examples.

Tab. 6.3.2 Design resistances and critical loads of RFEM and CBFEM

M e Mey Olult o Diff,

Example | RFEM | CBFEM | CBFEM | RFEM | CBFEM | CBFEM | "™/
Nm] | (Nm] | [ | (kNm] | (Nml | [ | (%]

B 260 | 286 | 094 | 200 | 304 | 196 5
¥ S1_ | sel | 132 | 419 | 426 | 143 2
5 874 | 950 | 173 | 532 | 549 | LI3 3
16 1346 | 1460 | 232 | 80 | 629 | 100 | 8

The results show very good agreement in critical load and design resistance. The CBFEM model of the
joint with web stiffener thickness 3 mm is shown in Fig. 6.3.3a. The first buckling mode of the joint is
shown in Fig. 6.3.3b.

21000 | o CBFEM-M
Z 1400 - o —CBFEM - Mer i
. 1200 —e—RFEM - M "
g 1000 |~ @ ~RFEM - Mcr ,f-'
Z 800 5=
£ 600 a5 ”
-:‘E.‘ 400 Z-
3 200 _
U L t — E—
3 4 5 6
Stiffener's thickness [mm]
a) b) c)

Fig. 6.3.3 a) CBFEM model b) First buckling mode c) Influence of stiffener’s thickness on resistances

and critical loads

Verification studies confirmed the accuracy of the CBFEM model for prediction of a column web
stiffener behaviour. Results of CBFEM are compared with the results of the REEM. All procedures
predict similar global behaviour of the joint. The difference in des ign resistance is in all cases up to 10%.

6.3.6 Benchmark example
Inputs
Beam

e Steel 5235

e Flange thickness #r= 20 mm

e Flange width br= 400 mm

e Web thickness 1,= 12 mm

e Web height A, = 600 mm
Column

e Steel $235

e Flange thickness fr= 20 mm

e Flange width b¢= 400 mm

*  Web thickness t,= 12 mm

s Web height 4, = 600 mm
Upper column web stiffener

e Steel S235

®  Stiffener thickness fy= 20 mm

o  Stiffener width /1, = 400 mm

Lower column web stiffener




Steel $235
Stiffener thickness ty= 3 mm

Stiffener width A, = 400 mm

Outputs

Load by 5% plastic strain My =596 kNm

Design resistance Mcerem = 304 kNm

Critical buckling factor (for M = 304 kNm) at.. = 0,94

Load factor by 5 % plastic strain aux = M/ Meerem = 596/304 = 1,96

7 HOLLOW SECTION JOINT

7.1 Uniplanar gap K-joint between RHS braces and RHS chord

7.1.1 Description

The object of this study is a verification of component based finite element method (CBFEM) uniplanar
gap K-joint of welded rectangular hollow sections in which RHS braces are welded directly onto the
RHS chord without the use of reinforcing plates with the method of failure modes (FM). The gap K-
Joint is considered to be only axially loaded in this study.

7.1.2 Method of failure modes

In the case of axially loaded gap K-joint of welded rectangular hollow sections four failure modes can
occur. These being chord plastification (chord face failure), local yielding of brace (brace failure), chord
punching shear and chord shear. The chord plastification and local yielding of brace are two failure
modes examined only in this study, see Fig. 7.1.1. The welds are considered not to be the weakest
components in the joint and they are designed according to EN1993-1-8:2006.

Fig. 7.1.1 Examined failure modes, a) Chord plastification, b) Local yielding of brace

Chord plastification

The design resistance of the RHS chord face can be determined using the method given in section 7.5
of EN1993-1-8:2006. This method is also given in the International standard ISO/FDIS 14346
(CIDECT) and it is closely described in Wardenier et al. (2010). The design resistance of the axially
loaded gap K-joint of welded rectangular hollow sections is

Flo

sin @,

N;-,M =QHQ; (7.1.1)




where Q, is the function which depends on the joint geometry; Oyis the chord stress function, fj is

the yield stress of the chord; fo is the wall thickness of the RHS chord and & is the included angle

between the brace member 7 and the chord (i = 1, 2).

Local yielding of brace
The design resistance of the RHS brace in the joint can be determined using the method given in section
7.5 of EN 1993-1-8:2006 and in the International standard ISO/FDIS 14346 (CIDECT). The design
resistance of the axially loaded gap K-joint of welded rectangular hollow sections is

Nipa = j:w'rr'zh.gj}’ (7.1.2)

where fj; is the yield stress of the brace member i (i = 1, 2); 4 is the wall thickness of the RHS brace

Fig. 7.1.2 Dimensions of gap K-joint

member i; and /o7 is the effective perimeter for local yielding of the brace.
7.1.3 Verification of resistance

Examined examples Results of the method based on failure modes (FM) is compared with the results of CBFEM. The

Overview of the considered examples are given in the Tab. 7.1.1. A geometry of the gap K-joint with comparison is focused on the resistance and determination of the critical component. Results are
difnefisions is shown in Fig, 7,12, Tn'the selécted cases fuiled the joints sccording fo the method based presented in Tab, 7.1.2. The study covers both two failure modes, thus chord plastification (cases a), and
on failure modes (FM) by the chord plastification and local yielding of brace only. local yielding of brace (cases b) loaded by normal forces in the brace members.
Tab. 7.1.1 Examples overview Tab. 7.1.2 Comparison of results of prediction by CBFEM and FM
Chord Braces Eccentricity | Angles Material 7 z
— - = 7 = . . Design resistance
S Secti y u xample | FM . CBFEM i
ection ection T ] [MPa] | [MPa] | [GPa] kN] Mode of failure kN Mode of failure ‘qu/[r].
(1]
al ﬁHS 120x80x5 RHS 60:(:0?&5 0 50 235 360 z;g al 121 Chord plastification 118 Chord plastification 2,5
z Rgg i jgx:gxi E: $x4gxg g :2 i;g :ig — a2 141 Chord plastification 137 Chord plastification 2,8
: s MstUx: o 601(403{5 - = = 5 =5 a3 133 Chord plastification 127 Chord plastification 4,5
a x80x x40x = ad 172 Chord plastification 160 Chord plastification 7.0
az ;:1: :ng:gxs 1;1:; :gx:gx: g ;: i;i ::g 213 as 134 Chord plastification 122 Chord plastification 9,0
a7 e ;((}0 xj . T xso xé ; : 2 — = =1 a6 173 Chord plastification 154 Chord plastification 11,0
a x100x6. x50x6. : a7 271 Chord plastification 271 Chord plastification 0,0
a8 g: 180x100x6.3 RHS :gx:ﬂx&.z g 50 355 :gg ilg a8 350 Chord plastification 343 Chord plastification 2,0
a9 180x100x6.3 RHS 100x60x6. 50 275 a9 290 Chord plastification 316 Chord plastification 9,0
al0 RHS 180x100x6.3 RHS 100x60x6.3 0 50 355 490 | 210 al0 | 375 Chord plastification 402 Chord plastification 7.2
bl RHS 100x60x10 RHS 60x40x4 0 45 235 360 210 bl 173 Local yielding of brace 166 Local yielding of brace 4,0
b2 RHS 100x60x10 RHS 60x40x4 0 45 275 430 210 b2 T T :
b3 e e : = = 5 — 202 Local yielding of brace 192 Local yielding of brace 3,0
X x40x: b3 173 Local yielding of brace 164 Local yielding of brace 5.2
bd RHS 120x60x10 RHS 60x40x4 0 55 275 430 210 b4 aldi 1 aldi -
202 Local yielding of brace 191 Local yielding of brace 5.4
b5 RHS 140x80x10 RHS 60x40x4 0 55 235 360 210 b5 Shas ——
173 Local yielding of brace 164 Local yielding of brace 52
b6 RHS 140x80x10 RHS 60x40x4 0 55 275 430 210 b T e
s LI A - =~ . = 6 202 Local yielding of brace 191 Local yielding of brace 5.4
g S 150x1 UOX l g RH: i 42:{4 . :: 2 433 - 13 b7 | 202 | Local yielding of brace 192 Local yielding of brace | 5,0
& st x100x x40x: b8 261 Local yielding of brace 245 Local yielding of brace 6,1
! 190 RH: 1:3:&:00:(3 RH: |§0X60K5 g 2 275 :30 210 b9 468 | Local yielding of brace 435 Local yielding of brace 7.1
x100x8 RHS 120x60x5 55 90 210 bl10 604 Local yielding of brace 557 Local yielding of brace 7.8
102 103
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Fig. 7.1.3 Comparison of results of CBFEM to FM for failure mode chord plastification (cases a)
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Fig. 7.1.4 Comparison of results of CBFEM to FM for failure mode local yielding of brace (cases b)

The sensitivity study shows good agreement for the applied load case, see Fig. 7.1.3 and Fig. 7.1.4. The
results are summarized in a graph comparing CBFEM’s and FM’s design resistances, see Fig. 7.1.5. The

results show that the difference of the two calculation methods is generally less than 11 %.
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Fig. 7.1.5 Verification of CBFEM to FM
for the uniplanar gap K-joint between RHS braces and RHS chord

7.1.4 Range of validity

CBFEM was verified for usually used gap K-joints of welded rectangular hollow sections. Range of
validity for these joints is defined in the Table 7.8 of EN 1993-1-8 or in the Table 6 of ISO/FDIS 14346,

see Tab 7.1.6. The validation to experiments or verification to validated research model should be
prepared in case of application of the CBFEM model outside the range of validity of FM.

Tab. 7.1.3 Range of validity for FM (Table 6 of ISO/FDIS 14346)

Range of validity .
T-, Y- or X-joints Gap K-joints
Brace —to-chord RHS braces b; 7S bo > U, [+ 0,0‘1 bu ! to but > 0,25
ratio CHS braces di /b= 0,1+0,01 bg/tyand 0,25 <d; / by< 0,80
RHS chord Compn‘:ssion class 1 or 2 and by / to= 40 and hy / to < 40
Tension by / to< 40 and hy / t< 40
RIZS biaces Compnffssinn class 1 or2 and b / ;<40 and h; / t; < 40
Tension bi/ti<d40and by / ;<40
OIS braoss Compre.ssiun class lor2andd;/ ;<50
Tension di/ <50
05(0-P<gibe<1,5(1-p)*
G ¥
" N/A andg >t + 1
Eccentricity N/A e<0,25hy
Aspect ratio 05<h/b<20
Brace angle 8; > 30°
Yield stress Oyi = ay and oy < 0,8 g,
* Forg/bo> 15 (1 —PB), check the joint also as two separate T- or Y-joints.
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7.1.5 Benchmark example
Inputs
Chord

e Steel 8235

o Section RHS 120x80x5
Braces

e Steel 5235

o Sections RHS 60x40x5

o Angle between the brace member and the chord 50°
Welds

o Fillet welds around the braces with throat thickness a, =5 mm
Outputs

e Design resistance in compression/tension is 118,2 kN

e Failure mode is chord plastification

Fig. 7.1.5 Benchmark example for chord RHS 120x80x5 and braces RHS 60x40x5
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7.2 Multiplanar TT joint between RHS braces and SHS chord

7.2.1 Description

The object of this study is a verification of component based finite element method (CBFEM) the
multiplanar TT-joint of welded square hollow sections in which are RHS (SHS) braces welded directly
onto the SHS chord without the use of reinforcing plates with the method of failure modes (FM). The
TT-joint is considered to be only axially loaded in this study.

7.2.2 Method of failure modes

In the case of axially loaded TT-joint of welded rectangular (square) hollow sections four failure modes
can occur. These are chord plastification (chord face failure), local yielding of brace (brace failure),
chord punching shear and chord side wall failure. The chord plastification, local yielding of brace and
chord side wall failure, see Fig. 7.2.1., are three failure modes examined in this study only. The welds
are considered not to be the weakest components in the joint and they are designed according to EN1993-
1-8:2006.

Fig. 7.2.1 The chord side wall failure as one examined failure mode

Chord plastification
The design resistance of the SHS chord face can be determined using the method given in section 7.5 of
EN 1993-1-8. This method is also given in the International standard ISO/FDIS 14346 (CIDECT) and
it is closely described in (Wardenier et al, 2010). The design resistance of the axially loaded TT-joint of
welded rectangular (square) hollow sections is assumed as

Fato

sind,

N =09, H (7.2.1)

where O, is the function which depends on the joint geometry; Oy is the chord stress function; fo is the
yield stress of the chord; fy is the wall thickness of the SHS chord; & is the included angle between the

brace member i and the chord (i = 1, 2); and x is the multiplanar factor.
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Local yielding of brace
The design resistance of the RHS (SHS) brace in the joint can be determined using the method given in

section 7.5 of EN 1993-1-8 and in the International standard 1SO/FDIS 14346 (CIDECT). The design
resistance of the axially loaded TT-joint of welded rectangular (square) hollow sections is:

Niga = Liibs g (722)
where f,; is the yield stress of the brace member i (i = 1, 2); # is the wall thickness of the RHS (SHS)
brace member i: /1.y is the effective perimeter for local yielding of the brace; and  is the multiplanar

factor.

Chord side wall failure

The design resistance of the SHS chord side walls can be determined using the method given in section
7.5 of EN 1993-1-8 and in the International standard ISO/FDIS 14346 (CIDECT).

Then the design resistance of the axially loaded TT-joint of welded rectangular (square) hollow sections

is:

Sito
N o= b, 723
1, Rd Si fi 9‘. wa Ju ( )

where — i is the design stress for chord side wall failure; f; is the wall thickness of the SHS chord; & is
the included angle between the brace member 7 and the chord (i = 1, 2); b, is the effective width for

the SHS side wall; Oris the chord stress function; and u is the multiplanar factor.

Examined examples
Overview of the considered examples are given in the Tab. 7.2.1. A geometry of the TT-joint with

dimensions is shown in Fig. 7.2.2.

Tab. 7.2.1 Examples overview

Chord Braces Angles Material
Hnmpls Section Section ¢ g A Ja 5
[°] [] [MPa] | [MPa] | [GPa]
al SHS 100x100x4 RHS 60x40x4 90 90 235 360 210
a2 SHS 100x100x4 RHS 60x40x4 90 90 275 430 210
a3 SHS 100x100x5 RHS 60x40x5 90 90 275 430 210
ad SHS 100x100x5 RHS 60x40x5 90 90 355 490 210
as SHS 50x50x5 RHS 60x40x5 90 90 275 430 210
ab SHS 50x50x5 RHS 60x40x35 90 90 355 490 210
bl SHS 80x80x12.5 RHS 60x40x5 90 90 235 360 210
b2 SHS 80x80x12.5 RHS 60x40x5 90 90 275 430 210
b3 SHS 100x100x12.5 RHS 60x40x5 90 90 235 360 210
b4 SHS 100x100x12.5 RHS 60x40x5 90 90 275 430 210
108

b5 SHS 140x140x12.5 RHS 60x40x5 90 90 275 430 210
b6 SHS 140x140x12.5 RHS 60x40x5 90 90 355 490 210
b7 SHS 120x120x16 RHS 80x40x4 90 90 275 430 210
b8 SHS 120x120x16 RHS 80x40x4 90 90 355 490 210
cl SHS 120x120x8 SHS 120x120x8 90 90 235 360 210
c2 SHS 120x120x8 SHS 120x120x8 90 90 275 430 210
c3 SHS 140x140x8 SHS 140x140x8 90 90 235 360 210
c4 SHS 140x140x8 SHS 140x140x8 90 90 275 430 210
c5 SHS 160x160x8 SHS 160x160x8 90 90 275 430 210
c6 SHS 160x160x8 SHS 160x160x8 90 90 355 490 210

L

i

i

Fig. 7.2.2 Dimensions of TT-joint

7.2.3 Verification of resistance
Results of the method based on failure modes were compared with the results of CBFEM Idea RS

software. The comparison was focused on the resistance and determination of the critical component.

All results are presented in Tab. 7.2.2.
The study was performed so that three failure modes occurred: chord plastification (examples “a™), local

yielding of brace (examples “b”) and chord side wall failure (examples "c"); for one load case: tensile

normal forces in the brace members.

Tab. 7.2.2 Comparison of results of prediction by CBFEM and FM

Design resistance
Bxsmple Ecl Mode of failure il Mode of failure .
[kN] [kN] [%]
al 27 Chord plastification 29 Chord plastification 74
al 32 Chord plastification 33 Chord plastification 3,1
a3 49 Cheord plastification 53 Chord plastification 32
ad 64 Chord plastification 67 Chord plastification 4,7
as 144 Chord plastification 148 Chord plastification 2,8
a6 186 Chord plastification 188 Chord plastification 1,1
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Fig. 7.2.3 Comparison of results of CBFEM to FM for failure mode chord plastification (a)

Fig. 7.2.4 Comparison of results of CBFEM to FM for failure mode local yielding of brace (b)
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bl 212 Local yielding of brace 198 Local yielding of brace 6,6
b2 248 Local yielding of brace 230 Local yielding of brace 73
b3 212 Local yielding of brace 198 Local yielding of brace 6,6
bd 248 Local yielding of brace 229 Local yielding of brace TT
b5 248 Local yielding of brace 228 Local yielding of brace 81
b6 320 Local yielding of brace 290 Local yielding of brace 9.4
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Fig. 7.2.5 Comparison of results of CBFEM to FM for failure mode chord side wall failure (c)

The parametric studies show good agreement for the applied load case, see Fig. 7.2.3, Fig. 7.2.4 and
Fig. 7.2.5. Results of the parametric studies are summarized in a graph comparing CBFEM’s and FM’s
design resistance, see Fig. 7.2.6. The results show that the difference of the two calculation methods is
in most of cases less than 17 %.
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Fig. 7.2.6 Verification of CBFEM to CM
for multiplanar TT joint between RHS braces and SHS chord

7.2.4 Range of validity

CBFEM was verified for usually used TT-joints of welded rectangular (square) hollow sections. Range
of validity for these joints is defined in tables 7.8 and 7.19 of EN1993-1-8:2006 or in tables 6 and 10 of

ISO/FDIS 14346, see Tab. 7.2.3. The validation to experiments or verification to validated research

model should be prepared in case of application of the CBFEM model outside of the range of validity
of FM.
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Tab. 7.2.3 Range of validity for FM (Tables 6 and 10 of ISO/FDIS 14346)

Range of validity
T-, Y- or X-joints | Gap K-joints
Brace —to-chord RHS braces bi/ b= 0,1 +0,01 ba/ te but > 0,25
ratio CHS braces di/ by>0,1+0,01 by/ t and 0,25 <d; / by< 0,80
R i Compre‘ssion class | or 2 and by / ty=<40 and ho / to <40
Tension bo/ to<40 and ho / to <40
Compression class | or2and b; / <40 and h; / ;<40
RHS braces -
Tension bi/ <40 and h; / ;<40
Compression class 1 or 2and d; / ;< 50
CHS braces =
Tension di/ =50
05(1-P)=g/ba=1,5(1-f)"
Gap N/A and g2+
Eccentricity N/A e<0,25h,
Aspect ratio 0.5<h/b<2,0
Brace angle 6;=30°
Yield stress Gy <oy, and o, <08 o,
® Forg/bo> 1,5 (1 —P), check the joint also as two separate T- or Y-joints.
Rangeof validity Same aseﬁ g:?le 723
7.2.5 Benchmark example
Inputs
Chord
e Steel 5275
e Section SHS 140x140x12.5
Braces
e Steel S275
o Sections RHS 60x40x5
e Angle between the brace member and the chord 90°
e Angle between the braces 90°
Welds

Fillet welds around the braces with throat thickness @, =5 mm

Outputs

Design resistance in tension 228,0 kN

Failure mode local yielding of brace

Fig. 7.2.7 Benchmark example for chord SHS 140x140x12.5 and braces RHS 60x40x5




7.3 Uniplanar T-joint between longitudinal gusset plate and RHS chord

7.3.1 Description
The object of this chapter is verification of component based finite element method (CBFEM) of the

uniplanar welded T-joint of gusset plate to rectangular hollow sections with method of failure modes

(FM). The gusset plate is welded directly onto the face of rectangular hollow sections in the lattice truss.

7.3.2 Method of failure modes
In these joints usually occurs only failure mode the chord face failure, see Fig. 7.3.1. Welds are designed

according to EN 1993-1-8 not to be the weakest component in the joint. In the parts of lattice truss design
continues load causes design internal forces in the form of normal forces and bending moments. Action

of internal forces in location of T-joint is described as follows:

Axially-loaded RHS chord
The normal forces in the chord right and left of T-joint location act in location of chord longitudinal
axis.

Diffraction-loaded RHS chord
For calculation only bending moments right and left of T-joint location in plane of T-joint are considered

in the chord and these bending moments rotate around one of the axes in plane of chord cross-section

for rotation in plane of T-joint.

Axially loaded gusset plate

The normal force in the brace of T-joint location acts in location of brace longitudinal axis.
e g

| o
= I—

Fig. 7.3.1: Chord face failure

The design resistance of the chord web is determined using the method given in section 7.6 EN1993-1-
8:2006, which background is described in (Wardenier et al, 2010). The load from the gusset plate has to
be transferred through the face of the chord. The design resistance of the joint is predicted as

Nira =k fyo to> (2" ha/bo+ 41— t1/bo)/ymus ~ (73.1)
where

Forn > 0 (compression) = ky, =13:-(1-n) <10 (7.3.2)

Forn < 0 (tensile) —» k,, =1,0 (7.3.3)

Plates loaded by axial forces
Overview of the considered examples and the material are given in the Tab. 7.3.1. Geometries of joints

with dimensions are shown in Fig. 7.3.2.

Tab. 7.3.1: Cases of plates loaded by axial forces

Chord Brace | Weld Material
Example a
Section Section & S K
[mm] | [MPa] | [MPa] | [GPa]
al SHS 100x5 | P8x100 | 12 [ 355 | 490 | 210

a2 SHS 100x5 | PBxI120 | 12 | 355 | 490 | 210
a3 SHS 100x5 (P 10x150| 15 | 355 [ 490 | 210
ad SHS 100x8 | P8x100 | 12 | 355 | 490 | 210
ajs SHS 100x8 | P8x120 | 12 | 355 | 490 | 210
a6 SHS 100x8 | P 10x150| 15 | 355 | 490 | 210
a7 SHS 150x6,3 | P8x100 | 12 | 355 | 490 | 210
al SHS 150x6,3 | P8x120 | 12 | 355 | 490 | 210
a9 SHS 150x6,3 | P 10x150 | 15 [ 355 | 490 | 210
ald | SHS 150x12,5 | P 10x100 | 15 | 355 | 490 | 210
all SHS 150x12,5 | P 12x120 | 18 | 355 | 490 | 210
al2 | SHS 150x12,5| P 15x150 | 23 355 | 490 | 210
al3 | SHS 200x12,5 | P 15x150 | 23 355 | 490 | 210
al4 | SHS200x12,5(P20x200 | 30 | 355 | 490 | 210
al5 SHS 300x10 [P 15x200| 23 | 355 | 490 | 210
al6 SHS 300x10 | P20x300| 30 | 355 | 490 | 210
al7 SHS 300x16 | P 15x200| 23 355 | 490 | 210
al8 SHS 300x16 | P20x300| 30 | 355 | 490 | 210

Fig. 7.3.2 Joint’s geometry with dimensions
7.3.3  Verification of resistance

Results of the method based on failure modes (FM) are compared with the results of CBF. The

comparison was focused on resistance and the critical component of the joint, see in Tab. 7.3.2.
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Tab. 7.3.2 Comparison of CBFEM and FM for tensile force in plate

600 : T : i
Tension in plate | i : ; i
Design resistance - . / /
Example | FM CBFEM Diff. | i | H '
Mode of failure Mode of failure i : ; ; 4 !
kM) [kN] P4 400 5 ; i W |
al 52 Chord face failure 54 Chord face failure 3 , . I‘ .
2z 55 | Chord face failure 60 Chord face failure | 8 E S5 5 i /‘// P
a3 60 Chord face failure 67 Chord face failure 10 = ' . ¢ .
a4 132 Chord face failure 139 Chord face failure 5 % 200 //// # Samples "a" "
a5 141 Chord face failure 156 Chord face failure 10 y ——CBFEM=FM '
a6 154 | Chord face failure 180 Chord face failure | 14 s i | . ——CBFEM=11FM |
a7 74 Chord face failure 68 Plate failure 7 ! . i ——CBFEM=0,9 FM .
a8 77 Chord face failure 75 Chord face failure 2 0 . ; ; :
a9 83 Chord face failure 83 Chord face failure 1 0 100 200 300 400 500 600
alo 288 Chord face failure 267 Chord face failure i
all | 301 | Chord face failure 305 Chord face failure |1 FMIEN]
al2 321 Chord face failure 348 Chord face failure g Fig. 7.3.3 Verification of CBFEM to CM for axial force in the brace
al3 296 | Chord face failure 298 Chord face failure 1 of the uniplanar T-joint between longitudinal gusset plate and RHS chord
al4 321 Chord face failure 347 Chord face failure T
als 185 Chord face failure 171 Chord face failure 8 734 Range of validity
al6 208 Chord face failure 195 Chord face failure 6 i ) .
-5 T 5 Y T e =i T 5 CBFEM is verified for T-joints between rectangular hollow section and open section. Range of validity
213 332 Chord face Tailure 351 Chord e Tallue 3 is defined in Tab. 9 in ISO/FDIS 14346, see Tab. 7.3.3. The validation to experiments or verification to

validated research model should be prepared in case of application of the CBFEM model outside the

The parametric studies show good agreement for the applied load cases. To illustrate the accuracy of the range of validity of FM.

CBFEM model, results of the parametric studies are summarized in a diagram comparing CBFEM’s and

FM’s design resistance, see Fig. 7.3.3. The results show that the difference of the two calculation Tab. 7.3.3 Range of validity of joints between longitudinal gusset plate and RHS chord

methods is in most of cases less than 14%. (Table 9 in ISO/FDIS 14346)

) class 1 or2; by/t, < 40 and
Compression
<

Chord i

Tensile by/ty < 40 and hy/ty < 40

Aspect ratio 0,5<hy/by<2
Longitudinal plate Compression 1< hy/by<4
Angle between chord and plate 8; =90°

7.3.5 Benchmark case
Inputs
Chord

e Steel S355

e SHS200x12,5
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Gusset plate

e Steel S355

e Plate P15x150
Weld

e Throat thickness @ =23 mm
e Fillet weld around the plate
Outputs
e Design resistance in tensile is Fore = 298.4 KN

e Collapse mode is chord face failure

7.4 Uniplanar T-joint between RHS brace and H/I chord

7.4.1 Description
In this chapter the uniplanar T-joint of welded rectangular hollow sections to open sections which is
located in the lattice truss, RHS brace is welded directly onto the H or I chord (open sections) without
use of reinforcing plates is studied. The prediction by component based finite element method (CBFEM)
with the experiments based method of failure modes (FM) implemented in EN1993-1-8:2006 is verified.

7.4.2  Analytical model
In the uniplanar T-joint of welded rectangular hollow sections to open sections occur only three failure
modes, e.g. local yielding of brace (brace failure), chord web failure and chord shear, e.g. chord check
in shear. The chord web failure and chord shear are two modes of failure examined in this study, see
Fig. 7.4.1. The welds are designed not to be the weakest component in the joint according to EN 1993-
1-8:2006. The elements of lattice trusses are loaded by the normal forces and the bending moments.
Action of internal forces in location of T-joint is described as follows:

Axially loaded H/I chord
The normal forces in the chord right and left of T-joint location act in location of chord longitudinal
axis.

Diffraction loaded H/I chord
For calculation only bending moments right and left of T-joint location in plane of T-joint are considered
in the chord and these bending moments rotate around one of the axes in plane of chord cross-section
for rotation in plane of T-joint.

Axially loaded race

The normal force in the brace of T-joint location acts in location of brace longitudinal axis.

b Y J/

. =

R A—_— =
—

=
o) o)

Fig. 7.4.1 Major failure modes a) chord web failure, b) chord shear (in case of gap)

The resistance of the chord web is determined using the method given in section 7.6 of the EN 1993-1-
8:2005, which is described in (Wardenier et al, 2010). The stresses from the brace are transferred through
the flange of the chord to an effective area of the chord web. This area is located in the chord web at the
location, where the brace walls cross the chord web. The design resistance of the joint is:

N, B~ Doy (7.4.1)
i Vms

Rd = sin@
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Nigg = Jyo " Av (7.42) d6 |HEB 120 | RHS 14ox70x10 | 15 | 235 | 360 | 210
2 NEREI i Yms
d7 |HEB 140 | RHS 140x70x10 | 15 | 235 | 360 | 210
Mira = 05" fyo " tw* by * h1/¥ms (7.4.3) d8 |HEB 160 | RHS 140x70x10 | 15 | 235 | 360 | 210
- el |HEB100| RHS 180x100x5.6 | 8 | 235 | 360 | 210 |
e ¢2 |HEB100| RHS I80x100x8 | 12 | 235 | 360 | 210 |
= * 2:t;+10 (tpg+7 744 |
bw = g, T2 (tro+r) < 2:6;+10-(tro+7) (7.4.4) ¢3 |HEB100| RHS 180x100x10 | 15 | 235 | 360 | 210 |
where Niga is design axial resistance of the joint chord web failure and chord shear; M, ra is design e4 | HEB 100 | RHS 180x100x125| 19 | 235 | 360 | 210
5 [HEB 100 | RHS 180x100x160| 24 | 235 | 360 | 210

axial resistance of the joint for chord web failure; by, is the effective width of the chord web; 4, is the
effective shear area. Overview of the considered examples and the material are given in the Tab. 7.4.1. Braces loaded by in-plane moment

Geometries of joints with dimensions are shown in Fig. 7.4.2. Overview of the considered cases and the material are given in the Tab. 7.4.2. Geometries of joints

Tab. 7.4.1 Samples overview

|
with dimensions are shown in Fig, 7.4.2.

ot e Weld o Tab. 7.4.2 Cases for braces loaded by in-plane moment
Sample . a i S E Chord Brace Weld Material
Section Section (mm] | [MPa] | [MPa] | (GPa] Eiaiiplis = 5 £ 5 |
Section Section '

al | IPN220 | RHS 140x70x10 | 15 | 235 | 360 | 210 [mm] | [MPa] [MPa] |GPa)
a2 | IPN240 | RHS 140x70x10 | 15 | 235 | 360 | 210 al IPN 160 RHS 140x70x10 15 235 360 210
a3 IPN 260 | RHS 140x70x10 15 235 360 210 a2 IPN 180 RHS 140x70x10 15 235 360 210
a4 | [PN280 | RHS 140x70x10 | 15 | 235 | 360 | 210 X a3 IPE 140 RHS 140x70x10 15 235 360 210
a5 | IPE200 | RHS 140x70x10 | 15 | 235 | 360 | 210 ad IPE 160 RHS 140x70x10 15 235 360 210
a6 | IPE220 | RHS 140x70x10 | 15 | 235 | 360 | 210 aj IPE 180 RHS 140x70x10 15 235 360 210
a7 | IPE270 | RHS 140x70x10 | 15 | 235 | 360 | 210 ab IPE 200 RHS 140x70x10 15 235 360 210
a8 | IPE330 | RHS 140x70x10 | 15 | 235 | 360 | 210 a7 IPE 220 RHS 140x70x10 15 235 360 210
a9 | IPE360 | RHS 140x70x10 | 15 | 235 | 360 | 210 a8 HEA 100 RHS 140x70x10 15 235 360 210
ald |HEA 240 | RHS 140x70x10 15 235 360 | 210 a9 HEA 120 RHS 140x70x10 15 235 360 210
all |HEA280| RHS 140x70x10 | 15 | 235 | 360 | 210 all HEA 140 RHS 140x70x10 15 235 360 210
al2 |HEA300| RHS 140x70x10 | 15 | 235 | 360 | 210 bl HEB 220 RHS 220x120x16 24 235 360 210
al3 |HEA320| RHS 140x70x10 | 15 | 235 | 360 | 210 b2 HEB 220 RHS 220x120x16 24 275 430 210
ald |HEA 340 | RHS 140x70x10 | 15 | 235 | 360 | 210 b3 HEB 220 RHS 220x120x16 24 355 490 210
al5 |HEA360| RHS 140x70x10 | 15 | 235 | 360 | 210 cl HEA 240 RHS 180x100x12,5 19 235 360 210
al6é |HEB220| RHS 140x70x10 15 | 235 | 360 | 210 2 HEA 240 RHS 180x100x14,2 21 235 360 210
al7 |HEB240| RHS 140x70x10 | 15 | 235 | 360 | 210 c3 HEA 240 RHS 180x100x16,0 24 235 360 210
al8 |HEB260| RHS 140x70x10 | 15 | 235 | 360 | 210 o4 IPE 330 RHS 180x100x12,5 19 235 360 210
cl IPE 330 | RHS 180x100x10,0| 15 | 235 | 360 | 210 ¢S IPE 330 RHS 180x100x14,2 21 235 360 210
¢2 | IPE330 | RHS 180x100x11,0| 17 | 235 | 360 | 210 ch IPE 330 RHS 180x100x16,0 24 235 360 210
¢3 | IPE330 | RHS 180x100x12,5| 19 | 235 | 360 | 210

¢4 | IPE330 | RHS 180x100x14,2| 21 | 235 | 360 | 210

¢5 | IPE330 | RHS 180x100x16,0 | 24 | 235 | 360 | 210

¢6 | IPE330 | RHS 180x100x17,5| 26 | 235 | 360 | 210

dl | IPE 140 | RHS 140x70x10 | 15 | 235 | 360 | 210

d2 | IPE 160 | RHS 140x70x10 | 15 | 235 | 360 | 210

d3 |HEA 100| RHS 140x70x10 | 15 | 235 | 360 | 210

d4 |HEA 120| RHS 140x70x10 | 15 | 235 | 360 | 210

d5 | HEB100| RHS 140x70x10 | 15 | 235 | 360 | 210

Fig. 7.4.2 Joint’s geometry with dimensions
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| 7.4.3  Verification of resistance Tab. 7.4.4 Comparison of CBFEM and FM for in-plane moment in brace
| The study was focussed to distinguish of failure models and prediction of resistance. Results are T
i presented in Tab. 7.4.3, 7.4.4 and 7.4.5. For failure of the chord web were studied parameters section of Sample [&1\;] Mode of failure (Efgi‘-ll;d ———— Dif?lay:e]‘.nce
the H/I chord (marked a), material of members (b), and the thickness of the wall of RHS brace (c) and al 17.1 Chord web 20,1 Chiord with i5
load cases axial force in brace and in-plane moment. Brace failure was not studied. a2 20,3 Chord web 23,7 Chord web 14
al 1.4 Chord web 13,5 Chord weh 16
= 14,1 Chord web 15,6 Chord web 10
Tab, 7.4.3 Comparison of CBFEM and FM for axial force in brace " 154 Chord veb 174 Chord web n
Desig“ resistance ab 19.2 Chord web 2{]‘,8 Chord web 8
N — _ S— ' SE—— o7 209 Chord web 25 Chord web 7
iy |  Movmeriihes [kN] iicsle st Bl %] a8 16,8 Chord web 14,5 Chord web 13
al 425 Chord web 483 Chord web 12 a9 168 Chord web 159 Chord web 6
a2 | 487 Chord web 556 Chord web 12 al0 143 Cliard veeb 15.0 Chord web 0
B | 563 Chord web 629 Chord web 10 bl i 14 Chord web 87,9 Chord web 4
| a4 | 631 Chord web 692 Chord web 9 b2 Pl Chard web 101,8 Chord web 3
| a5 | 296 Chord web 310 Chord shear 5 b3 128,0 iluet gosh B2 dgnbyoh 0
5 a6 | 322 Chord web 358 Chord shear 10 cl 02 Sl web oLl Chardwsb 9
a7 | 413 Chord web 459 Chord web 10 c2 s Ched web A3 e 9
| a8 507 Chord web 554 Chord web 8 c3 499 Chord web 50,1 Chord web 1
472
9 | 552 Chord web 607 Chord web 9 o <= g‘” 2 ‘“: i B el E
al0 | 538 Chord web 494 Chord web 8 £ — Ch"’d “""h :;’: ET’:: b :
all | 611 Chord web 592 Chord web 3 & : itz i i’ :
al2 689 Chord web 657 Chord web 5
al3 746 Chord web 721 Chord web 3 The parametric studies show good agreement for all applied load cases, difference of the two caleulation
ald 798 Chord web 772 Chord web 3 methods is in most of cases less than 15 %. To illustrate the accuracy of the CBFEM model, results of
als i Cliged el S22 Chivad 3P 3 the parametric studies are summarized in a diagram comparing CBFEM’s and FM’s design resistance,
al6 692 Chord web 614 Chord shear 11 Fi 4 d
al7 | 776 Chord web 689 Chord web i SeRKIB ot T
al8 817 Chaord web 731 Chord web 11 E 900
cl 555 Chord web 625 Chord web 1 = !
2 559 Chord web 637 Chord web 12 o 800 E
3 | 564 Chord web 645 Chord web 13 8 200 :
cd 570 Chord web 643 Chord web 11 Y
[-H
S | 576 Chord web 643 Chord web 10 £ 600
6 | 577 Chord web 640 Chord web 10 2 500
8
=4
400 : :
Samples "a" - [PE
300 Samples "a" - [PN
& Samples "a" - HEA
] A Samples "a" - HEB
X Samples "c¢" - IPE
; —— CBFEM=FM
100 ——CBFEM=0,9 FM
/ CBFEM=1,1 FM
0 - T i

0 200 400 600 300
Resistance by FM [kN]

Fig. 7.4.3 Verification of CBFEM to CM for axial force in the brace
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T 130 ; ; : ® ; — The parametric studies show good agreement for all case, the difference less than 10 %. To illustrate the
g i ) accuracy of the CBFEM model, results of the parametric studies are summarized in a diagram comparing
= 110 : H \ H 1 1 4 4 i .
= ! ; ] ! ! CBFEM’s and FM’s design resistance, see Fig. 7.4.5.
5 : { | : :
o ; : : | ! =
E % ; i ; : ' &> ; ;
E | | | % 450
g i s : - 5
2 ! ! Samples "a" - IPN U 400
| | | ®  Samples "a" - IPE oy :
| : - ¢ Samples "a" - HEA 2 350 ! : :
. i i @ Samples "b" é : !
| ; | X Samples "c¢" - IPE 2 300 | A i
: ! | + Samples "¢" - HEA 2 ! 1
30 2 : : ~— CBFEM=FM i >
: i ; ——CBFEM=0,9 FM 250 i kA
i | ; ~ CBFEM=1,1 FM i ‘m ,
10 i | i i i i 200 : ‘ :

| 10 30 50 70 90 110 130 : y W Samples "d" - IPE 7
150 - i ;«’ i ¢ Samples "d"-HEA |
Resistance by FM [kNm] 7 A Samples "d" - HEB
100 i | X Samples "e" i
L | Fig. 7.4.4 Verification of CBFEM to CM for in-plane moment in the brace A | : - CBFEM=FM i
1 50 7 ——CBFEM=0,9FM |
| / ;  CBFEM=LIFM |
The study for failure of the chord shear was performed for two parameters section of the H/I chord 0 i - i =
0 100 200
(samples “d”) and the thickness of the wall of RHS brace (samples “e”) and only one load case the axial A0 400 500
Resistance by FM [kN]

force in brace. i i
Fig. 7.4.5 Verification of CBFEM to CM for axial force in the brace

Tab. 7.4.5 Comparison of CBFEM and FM for axial force in brace

7.4.4  Range of validity

Design resistance
Range of validity, on which is verified CBFE -joi i
Semple | FM | oo oo o |CBEEM| .. oo | Difference o ty . M for T-joints between rectangular hollow section and
[kN] [kN] [%] open section, is defined in Table 7.20 of EN1993-1-8:2006, see Tab, 7.4.6. In case of application of the
di 172 Chord shear 183 Chord shear 6 CBFEM model outside the range of validity of FM, the validation to experiments or verification to
d2 213 Chord shear 223 Chord shear 4 s
validated research model should be prepared to approve the quali icti

d3 151 Chord shear 149 Chord shear 1 mee " qualigpot Bl

d4 173 Chord shear 174 Chord shear 1

ds 184 Chord shear 192 Chord shear 4 Tab. 7.4.6 Range of validity of T-joints

d6 229 Chord shear 247 Chord shear 7 F]ange class 1 or 2

a7 | 219 Chord shear 303 Chord shear 8 Chord Compression

Web class 1; d,, < 400 mm
d8 368 Chord shear 391 Chord shear 6
Tensile -

el 184 Chord shear 182 Chord web 1

2 184 Chord shear 182 Chord web 1 Compression class I; by/t; < 40 and h;/t; < 40

e3 184 Chord shear 182 Chord web 1 RHS Brace Tensile bi/t, < 40 and h,/t; < 40

ed 184 Chord shear 182 Chord web 1 Other 05<h/b, <2

2 = /By
€5 184 Chord shear 182 Chord web 1 i Angle between chord and brace 0, =30
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7.4.5 Benchmark example
Inputs
Chord
e Steel 235
e HEA340
Brace
e Steel S235
e RHS 140x70x10
Weld
e Throat thickness @, = 15 mm
e Fillet weld around the brace
Outputs
e Design resistance in compression/tension Fera = 772 kN
e Collapse mode is full yielding of the chord web
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8 COLUMN BASE

8.1 Open section column in compression

8.1.1 Description

In this chapter, the component based finite element method (CBFEM) of the column base under the steel

open section column loaded in pure compression on the component method (CM) is verified. The study
is prepared for the column cross section, dimension of base plate, grade of concrete,
concrete block.

and dimensions of

8.1.2 Component method

Three components are taken into account: column flange and web in compression, concrete in

compression including grout, welds. Component column flange and web in compression is described in
EN1993-1-8:2006 CI. 6.2.6.7. The concrete in compression including grout is modelled according to
EN1993-1-8:2006 ClI. 6.2.6.9 and EN1992-1-1:2005 CI. 6.7. Two iterations of effective area are used to
determine the resistance.

The weld is designed around the column cross-section, see EN1993-1-8:2006 CI. 4.5.3.2(6).
The thickness of the weld on the flanges is selected the same as the thickness of the weld on the web.

Shear force is transferred only by welds on the web and plastic stress distribution is considered.

8.1.3  Base plate under HEB 240

This study is focused on the component the concrete in compression including grout. An example of
calculation is shown below for the concrete block a’ = 1000 mm, b’ = 1500 mm , h = 800 mm from
concrete grade C20/25 with base plate @ = 330 mm; b = 440 mm; t = 20 mm from steel grade S235,

see Fig. 8.1.2.

330
The joint stength of the concrete is calculated under

affective area of the cross section , see F ig. 8.1.1, 308}4

—

iterating in two steps, For 1*step it is

T ;
ﬁj 2 kj 'fr:k 0,67 . 2,908 o 20
= s =26
fa =2 = 26 MPa
=t- | D _9p. [285 _
c=t J3'f;¢"mo 20 e 35 mm
lefr =b+2+c=240+2-35 = 310 mm j — s .

bepp=t;+2:c=17+2:35=87 mm
and for 2" step it is

3084

| 854
)
i y
440 &

%

Fig. 8.1.1 Effective arca under the base plate
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Bi-kifox 0,67-3-20 — Tab. 8.1.1 Selected parameters
= % A8 Column section HEB 200 HEB 300 | HEB 400
Base plate offset 100 mm 150 mm 200 mm
235 i ! 2
_—y fy —20. = s ) Base plate thickness 15 mm ..10 mm 25 mm
i f,fri g 3-27-1,0 Concrete grade C16/20 C25/30 C35/45
Conerete pad offset 200 mm 300 mm 400 mm
lgfy =b+2-c=240+2-34 =308 mm
begp =t;+2-¢=17+2-34=85mm The resistances determined by CM are in Tab. 8.1.2. One parameter was changed and the others were
Agsy = 63 463 mm? | held constant at the middle value. Ngq is the resistance of component concrete in compression including
e

The normal force resistance of the base plate by CM is grout” Fera is the resistance of component column flange and web in compression and F 4 is the

Npg = Aefr - fja = 63436 -27 = 1701 kN
The stresses calculated by CBFEM are presented is Fig. 8.1.2. The normal force resistance of the base
plate by CM is 1739 kN.

resistance of welds considering uniform distribution of stress. The joint coefficient £ = 0.67 was used.

Table 8.1.2 Results of component method

B.p.offset | B.p. thickness Cb.offset | Nev |2.Foppna| Foera

Column I[)mm] P (mim] Concrete [mei] [kN] Ikﬂ] [kN]

HEB 200 150 20 C25/30 300 1753 | 1632 [ 2454

HEB 300 150 20 €25/30 300 2352 | 3126 | 3466

HEB 400 150 20 C25/30 300 2579 | 4040 | 3822

ungnb W’Eﬁ;ﬁ; HEB 300 100 20 €25/30 300 2296 | 3126 | 3466
fisisa HEB 300 200 20 C25/30 300 2408 | 3126 | 3466
o HEB 300 150 15 €25/30 300 1909 | 3126 | 3466
- HEB 300 150 25 €25/30 300 2795 | 3126 | 3466
i HEB 300 150 20 C16/20 300 1789 | 3126 | 3466
6 HEB 300 150 20 C35/45 300 2908 | 3126 | 3466
& HEB 300 150 20 €25/30 200 2064 | 3126 | 3466

i HEB 300 150 20 €25/30 400 2517 | 3126 | 3466

40

20 The model in CBFEM was loaded by the compressive force equal to Npg, which was determined from

- the component method. The value of concrete block resistance was chosen as applied force divided by

Fisi, B;1.2 Geoitistsy o cotiorets blook concrete block utilization obtained from the program. The same approach was used to get the resistance |

and normal stresses under baseplate loaded by normal force only of welds F.eis: the applied force was divided by weld utilization of the most stressed weld.
8.14  Sensitivity study o _ Table 8.1.3 Results of CBFEM
i Its of the component method. The comparison
Results of CBFEM software were compared with the results o p : P B.p. oflsel | B.p. thickness | Concrete | Cb, offset | Conerete [ |
was focused on the resistance and the critical component. Studied parameters are: size of the column, Column [mm] [mm] grade [mm] block [KN] | [kN]
: 5 : HEB 200 150 20 C25/30 300 1626 2005
i i f'the concrete pad. The column cross sections
dimensions of the base plate, concrete grade, dimensions of the co P HEB 300 150 20 C25/30 100 2502 3115
are HEB 200, HEB 300 and HEB 400. The base plate width and length are chosen as 100 mm, 150 mm HEB 400 150 20 C25/30 300 2767 3345
. 3 HEB 300 100 20 C25/30 300 2501 3111
£ ection, the base plate thickness 15 mm, 20 mm and 25 mm. The
et 40 n. lotpot Hhas the - colmn see FEvE P HEB300 | 200 20 C25/30 300 2524 | 3095
concrete block from grade C16/20, C25/30 and C35/45 of height 800 mm with width and length larger HEB 300 150 s C25/30 300 1980 3155
than the dimensions of the base plate by 200 mm, 300 mm and 400 mm. The input parameters are HEB 300 150 25 C25/30 300 3051 3071
y h fhickn HEB 300 150 20 C16/20 300 1947 3090
summarized in Tab. 8.1.1. The fillet welds around the column cross section have the throat thickness HEB 300 150 25 C35/45 200 3120 3117
e HEB 300 150 20 €25/30 200 2353 | 3108
HEB 300 150 20 C25/30 400 2502 3119
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Summary

Verification of CBFEM to CM for base plate loaded in compression is shown in Fig. 8.1.3. The dashed
lines correspond to the 110 % and 90 % value of resistance. The difference is up to 14 % due to more

accurate evaluation of the design bearing strength of the joint fj4 and effective area 4,7y in CBFEM.

4000
3500

¢ &
3000 .

2500 R

Resistance by CBFEM, kN

2000 e e

» ® Concrete block
o Weld

1500
1000

500 '.:::-::....

ne g . S —
0 500 1000 1500 2000 2500 3000 3500 4000

Resistance by CM, kN
Fig. 8.1.3 Verification of CBFEM to CM for base plate loaded in compression
8.1.5 Benchmark case
Input

Column cross section

e« HEB 240
e Steel S235
Base plate

e  Thickness 20 mm
e  Offsets top 100 mm, left 45 mm
e Steel 5235
Foundation concrete block
e Concrete C20/25
e Offset 335 mm
o  Depth 800 mm
o  Grout thickness 30 mm
Anchor bolt
e M20838
Output
* Axial force resistance Njrg = -1744,2 kN

8.2 Open section column in bending to strong axis

8.2.1 Description

The object of this chapter is verification of component based finite element method (CBFEM) of the
column base of the steel open section column loaded in compression and bending to strong axis with the
component method (CM). The study is prepared for size of the column, geometry and thickness of base
plate. In the study, four components are examined: column flange and web in compression, concrete in

compression including grout, base plate in bending and welds. All components are designed according
to EN1993-1-8:2006, EN1992-1-1:2005 and ETAG 001 — Annex C.

8.2.2 Verification of resistance

An example of component method design is shown on the anchorage of column steel section HEB 240:
Concrete block has dimensions a” = 1000 mm, b’ = 1500 mm, h = 900 mm and grade C20/25. Base
plate dimensions are @ = 330 mm; b = 440 mm; ¢ = 20 mm and steel grade S235. Anchor bolts are
4 x M20, 45 = 245 mm* with head diameter & = 60 mm and steel grade 8.8. Grout thickness is 30 mm.
Results of analytical solution may be presented on interaction diagram with distinctive
significant points. Point | represents loading in pure tension and point 4 represents the compression

bearing resistance. Detailed description of points 0, 1, 2 and 3 is shown in Fig. 8.2.1, see (Wald, 1995)
and (Wald et al., 2008).

Point -1 Point 0 Point 1

Fig. 8.2.1 Significant points on interaction diagram

The stress distribution for point 0 and 3 reached by CBFEM is displayed in Fig, 8.2.2 and 8.2.3.
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8.2.3 Sensitivity study |
Results of CBFEM were compared with the results of the component method. The comparison was
made by bending moment resistance for the given level of normal force for each of the interaction
diagram points. |‘

In the sensitivity study, size of the column, dimensions of the base plate, grade of concrete,

dimensions of concrete pad were changed. The selected column cross sections were HEB 200, HEB 300 |

and HEB 400. The base plate width and length was chosen 100 mm, 150 mm and 200 mm larger than

the column section, the base plate thickness was 15 mm, 20 mm and 25 mm. The concrete pad was from

133




grade C16/20, C25/30 and C35/45. The concrete pad height was for all cases 900 mm and width and 300,0 —#— hase plate offset 20x100 1

E
length was 200 mm, 300 mm and 400 mm larger than the dimensions of the base plate. The parameters % »r+#+ CBFEM, base plate offset 20x100
) ] . = —#&— base plate offset 100
are summarized in Tab. 8.2.2. Welds were the same around the whole column section with sufficient g B <+ @-.- CBFEM, base plate offset 100
throat thickness in order not to be the critical component. One parameter was changed while the others g 2 —&— base plate offset 150
‘ o gV, . CBFEM, base plate offset 150
were held constant at the middle value. 5 "4, —— base plate offsct 200
2 Ty Saggens CBFEM, base plate offset 200
Tab. 8.2.2 Selected parameters
Column section HEB 200 HEB 300 HERB 400
Base plate offset 100 mm 150 mm 200 mm
Base plate thickness 15 mm 20 mm 25 mm
In Fig. 8.2.5, results for changes in the column cross section are presented. In Fig. 8.2.6 and Fig. 8.2.7 .
the base plate offset and the base plate thickness are varied, respectively.
_ 400 —e— HEB 200 ——AF——0,0 1 —_—l N
g i ..+ CBFEM HEB 200 500 0 =500 -1000 -1500 -2000 -2500 -3000 -3500
= 150 et ._J_ —— HEB 300 Axial force [kN]
g | = E oo CBFEM
E — RN - HEB 400 Fig. 8.2.6 Base plate offset variation
_é" i - CBFEM HEB 400 ‘
: - 300 ~—#— base plate thickness 15
5 250 P4 | | &
2 y | Z +++@+-+ CBFEM base plate thickness 15
g 250 —#— base plate thickness 20
E -+ -~ CBFEM base plate thickness 20
a8 200 —— hase plate thickness 25
B +-+#-- CBFEM base plate thickness 25
@
; b. -_-.:"_.. - 1 — -_.'.‘ b T E— '
500 0 -500 -1000 -1500 -2000 -2500 -3000 -3500 -4000
|l ' Axial force [kN]
i ! y
s . ) . - TISPCRP— | A= _ _._'.. ‘_".
Fig. 8.2.5 Column section variation 500 0 -500  -1000  -1500  -2000  -2500  -3000  -3500  -4000

Axial force [kN]

Fig. 8.2.7 Base plate thickness variation

(point 4 for base plate thickness 25 mm is reduced due to yielding of column

135




8.2.4 Benchmark case
Input
Column cross section
e HEB 240
e Steel S235
Base plate
e  Thickness 20 mm
e Offsets top 100 mm, left 45 mm

e Steel S235
Anchor bolt
e M20 8.8

e Anchoring length 400 mm
e Offsets top layers 50 mm, left layers -50 mm
e Shear plane in thread
e Welds both 10 mm
Foundation block
e Concrete C20/25
e  Offset 335 mm
e Depth 900 mm
e  Shear force transfer friction
e  Grout thickness 30 mm
Loading
o  Axial force N=-1156 kN
e Bending moment M, =128 kNm

Output
e Anchor bolts 59,0 % (Nea = 30,6 kN < Nga. = 51,8 kN - concrete core breakout)
e Concrete block 98,8 % (¢ = 39,5 MPa <f4 = 40,0 MPa)

8.3 Open section column in bending to weak axis

8.3.1 Description

Open section steel column is anchored with anchor bolts to concrete pad; the column is loaded by
moment around weaker axis and axial force. Compressed column is designed as maximal 3rd class to
avoid stability problems. The study was performed for parameters: size of the column, dimensions of
base plate and thickness of base plate. In the component method, components the column flange in
bending and web in compression, the conerete including grout in compression and base plate in bending

and welds are activated. All components are designed according to EN1993-1-8:2006, EN1992-1-
1:2005 and ETAG 001 — Annex C.

8.3.2 Verification of resistance
An example of component method design is shown on the anchorage of the column steel cross section
HEB 240. Concrete block has dimensions @' = 1000 mm , b’ = 1500 mm , A = 900 mm and grade
C20/25. Base plate isof @ = 330 mm; b = 440 mm; t = 20 mm from steel $235. The anchor bolts are
4 x M20, 4, = 245 mm? with anchor head diameter @ = 60 mm and steel grade 8.8. Grout has thickness
30 mm.

Results of analytical solution may be presented on interaction diagram with distinctive points.
Point 1 represents loading in pure tension and point 4 represents the compression bearing resistance.

Detailed description of points 0, 1, 2 and 3 is shown in Fig. 8.3.1, see (Wald, 1995) and (Wald et al.,
2008).

i
Vo v |

Fig. 8.3.1 Significant points on interaction diagram

Results by CBFEM are presented by the stress distribution for point 0 and 3, displayed in Fig. 8.3.2
and Fig. 8.3.3 and compared on interaction diagram in Fig, 8.3.4.
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Fig. 8.3.4 Interaction diagram by CBFEM compared to CM
Tab, 8.3.1 Comparison of results of interaction diagram for HEB 240
Analytic solution Results of CBFEM
; Bending resistance e Bending resistance
Axial force [kN] [kNm] Axial force [kN| [KNm]

Point -1 153 0 119 0
Point 0 0,0 30 ] 23
Point 1 -611 76 -627 69
Point 2 -1046 82 -1062 92
Point 3 -1482 76 -1498 82
Point 4 -2413 0 -2229 0

8.3.3 Sensitivity study

Results of CBFEM are compared with the results of the component method. The comparison is made
for bending moment resistance for the given level of normal force for each of the interaction diagram
points. The study is performed for size of the column, see Fig. 8.3.5, thickness of the base plate, see
Fig. 8.3.6, and grade of concrete, see Fig. 8.3.7. The selected columns were HEB 200, HEB 300 and
HEB 400. The base plate thickness is chosen to be 15 mm, 20 mm and 25 mm, The concrete pad is from
grade C16/20, C25/30 and C35/45. The concrete pad height is for all cases 900 mm and width and length
is 300 mm larger than the dimensions of the base plate. The parameters are summarized in Tab. 8.3.2
Welds are the same around the whole column section with sufficient throat thickness in order not to be

the critical component. One parameter is changed while the others are held constant at the middle value.

Tab. 8.3.2 Selected parameters for sensitivity study

Column cross section HEB 200 HEB 300 HEB 400
Base plate thickness 15 mm 20 mm 25 mm
Concrete grade Cl16/20 C25/30 C35/45
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8.3.4 Benchmark case
Input
Column cross section
e HEB 240
s Steel 5235
Base plate
e Thickness 20 mm
e Offsets top 100 mm, left 45 mm
¢ Welds both 10 mm
e Steel S235
Anchors
e Type M20 8.8
e Anchoring length 400 mm
e Offsets top layers 50 mm, left layers -50 mm
e Shear plane in thread
Foundation block
s Concrete C20/25
» Offset 335 mm
Depth 900 mm

Shear force transfer friction
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e  Grout thickness 30 mm
Loading
e Axial force N=-1498 kN,
e Bending moment M, = 82 KNm
Output
e Anchor bolts 91,7 % (Neg = 55,6 kKN < Nage = 60,7 kN - concrete care breakout)
e Concrete block 99,6 % (o= 39,9 MPa <fa= 40,0 MPa)
e Platese=34%
e Welds 78,4 % (owEd = 118,8 MPa <ayre = 360 MPa)

8.4 Hollow section column

8.4.1 Description

The component based finite element method (CBFEM) for the hollow section column base verified to
component method (CM) is described below. Compressed column is designed as class 3 cross section.
The sensitivity study is prepared for the size of the column, dimension of base plate, grade of concrete,
and dimension of concrete block. Four components are activated: the column flange and web in
compression, the concrete in compression including grout, the anchor bolt in tension and welds. This

study is mainly focused on two components: concrete in compression including grout and anchor bolt
in tension.

POINT -1

_J =
’J_;—J
s

§ DA

Fig. 8.4.1 Significant points of multilinear interaction diagram of square hollow section

8.4.2  Verification of resistance
In following example, the column from square hollow section SHS 150x16 is connected to concrete
block with the area dimensions @’ = 750 mm, b" = 750 mm and height A = 800 mm from concrete
grade C20/25 by the base plate @ = 350 mm; b = 350 mm; t = 20 mm from steel $S420. Anchor bolts
are designed 4 x M20, 4; = 245 mm? with head diameter ¢ = 60 mm from steel 8.8 with offset at top
50 mm and left -20 mm. Grout has the thickness of 30 mm.

Results of analytical solution are presented as interaction diagram with distinctive points.
Detailed deseription of points -1, 0, 1, 2 and 3 is shown in Fig. 8.4.1, see (Wald, 1995) and (Wald et al.,
2008), where point -1 represents pure tensile force, point 0 pure bending moment, points 1 to 3 combined

compressive force and bending moment, and point 4 pure compressive force.
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In CBFEM, the prying forces occur in case of loading in pure tension loading; while in CM, no
prying forces are developed by limiting the resistance to 1-2 failure mode only, see (Wald et al, 2008).
Due to allowing the prying forces, the difference in resistance is about 10 %. The numerical model of
column base is shown in Fig, 8.4.2, Results by CBFEM are presented by the stress distribution for point

0 and 3, displayed in Fig. 8.4.3 and Fig. 8.4.4 and compared on interaction diagram in Fig. 8.4.5.
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Fig. 8.4.3 CBFEM results for point 0, e.g. pure bending moment
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Fig. 8.4.5 Comparison of results of prediction of resistance by CBFEM and CM

on interaction diagram for column base of column cross section SHS 150x16

8.4.3  Sensitivity study

The sensitivity study is prepared for the column cross section size, dimensions of the base plate, concrete
grade, and dimensions of the concrete block. The columns are selected SHS 150x16, SHS 160x12.5 and
SHS 200x16. The base plate is designed with area dimensions 100 mm, 150 mm and 200 mm larger

than the column cross section. The base plate thickness is 10 mm, 20 mm and 30 mm. The foundation
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block is from concrete grade C20/25, C25/30, C30/37 and C35/45 with height for all cases 800 mm and
with area dimensions 100 mm, 200 mm, 300 mm and 500 mm larger than the dimensions of the base
plate. One parameter was changed while the others were held constant. The parameters are summarized
in Tab. 8.4.1. The fillet welds with thickness a = 8 mm were selected. The joint coefficient for high
quality grout is taken as §;= 1,0. Steel plates are from $420 with anchor bolts M20 grade 8.8 in all cases.

Table 8.4.1 Selected parameters

Column cross section SHS 150x16 SHS 16x12,5 SHS 200x16
Base plate offset, mm 100 150 200
Base plate thickness, mm 10 20 30
Concrete grade C20/25 C30/37 C35/45
Concrete pad offset, mm 100 300 500

For sensitivity study of column cross section, the concrete grade C20/25, the base plate thickness 20 mm,
the base plate offset 100 mm and the concrete block offset 200 mm were used for varying parameter of
column section. The comparison of CBFEM (marked IC) to analytical model by CM (marked An) is

shown on the interaction diagrams in Fig. 8.4.6.

120
An_SHS 150x16 I
~—i— An_SHS 160x12,5 100
—o— An_SHS 200x16 !
IC_SHS 150x16
80

==4=-]1C_SHS 160x12,5
==4=-[C_SHS 200x16

Bending moment resistance Mg, [kNm]

-3000 -2500 =2000 - -1500 -1000 =500 0 500
Normal force Ny, [kN]
Fig. 8.4.6 Comparison of results of CBFEM (marked IC) to CM (marked An)

for the different column cross sections

For sensitivity study of base plate offset, the column cross section SHS 200x16, concrete grade C25/30,
base plate thickness 20 mm and conerete block offset 200 mm were selected. The comparison of

interaction diagrams is in Fig. 8.4.7. The biggest difference is in the resistance in pure tension of large

base plate where significant prying forces were present in CBFEM analyses, which are limited by
analytical design.

160
An_100 ‘
—&— An_150 ‘ 140
= An_200 ‘."
IC_100 /
—mke=-1C_150

~~#~+1C_200
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-3500 -3000 =2500 -2000 -1500 =1000 -Sﬁﬂ 0 500

Normal force NR; [kN]
Fig. 8.4.7 Comparison of results of CBFEM (marked IC) to CM (marked An)

for the different base plate offsets

For sensitivity study of base plate thickness, the column cross section SHS 200x16, concrete grade
C25/30, base plate offset 100 mm and concrete block offset 200 mm were selected. 10 mm, 20 mm and
30 mm base plate thicknesses were used in this study. The comparison of interaction diagrams is in
Fig. 8.4.8. The biggest difference is in the resistance in pure tension of thin base plate where significant
prying forces were present in CBFEM analyses, which are limited in analytical design by CM.
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Fig. 8.4.8 Comparison of results of CBFEM (marked IC) to CM (marked An)
for the different base plate thickness

For sensitivity study of concrete grade, the column cross section SHS 150x16, base plate thickness

20 mm, base plate offset 100 mm and concrete block offset 200 mm were selected. Concrete grades
C20/25, C30/37 and C35/45 were used in this study. The comparison of interaction diagrams is in Fig.

8.4.9,
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Fig. 8.4.9 Comparison of results of CBFEM (marked IC) to CM (marked An)

for the different concrete grades

For sensitivity study of concrete block offset, the column cross section SHS 160x12.5, base plate
thickness 20 mm, base plate offset 100 mm and concrete grade 25/30 were selected. 100 mm, 300 mm

and 500 mm concrete block offsets were used in this study. The comparison of interaction diagrams is

in Fig. 8.4.10.
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The differences in prediction of resistance of column base by CBFEM and CN are mainly in accepting
the prying forces in CBFEM and avoiding it by CM according to EN1993-1-8:2006.

Tab. 8.4.2 Interaction diagram comparison of CBFEM and CM

Difference F i ; . .
CBFEM/CM Point -1 Point 0 Point 1 Point 2 Point 3 Point 4
Maximum % 99,3 101,6 101,8 109.5 120,9 104,4
Minimum % 70,2 69.4 79,8 85,6 90,9 89.3

8.4.4 Benchmark case

Input

Column cross section

e SHS 150/16

e Sieel 5460

Base plate

e  Thickness 20 mm

e Offsets at top 100 mm, on left 100 mm




e Welds 8 mm

e Steel 5460
Anchors
e  M20 8.8,

e Anchoring length 400 mm
e Offsets top layers 50 mm, left layers -20 mm
e Shear plane in thread
Foundation block
e Concrete C20/25
e  Offset 200 mm
e Depth 800 mm
e  Shear force transfer friction
e Grout thickness 30 mm
Loading
e Axial force N=-913 kN
e Bending moment M, = 62,1 kNm
Output
o Plates £ = 0,3 %
o Anchor bolts 99,7 % (Ngg = 30,3 kN < Ngg . = 30,4 kN
(critical component concrete cone breakout)
o Welds57,7% (054 = 239.9 MPa < gy = 416 MPa)
° Concrete block 83,0 % (¢ = 33,4 MPa < fj; = 40 MPa)

p i N
° Secant rotational stiffness S;; = 7,4%

9 COLUMN WEB PANEL IN SHEAR

9.1 Welded portal frame eaves moment connection

9.1.1 Description

In this chapter the component based finite element method (CBFEM) for a welded portal frame eaves
moment connection on component method (CM) is verified. An open section beam is welded to an open
section column. The column is stiffened with two horizontal stiffeners opposite to beam flanges.
Compressed plates, e.g. horizontal stiffeners of column, column web panel in shear, compressed beam

flange, are limited to 3" class to avoid stability problems. The rafier is loaded by shear force and bending

moment,

9.1.2  Analytical model

Five components are examined in the study, namely the web panel in shear, the column web in transverse
compression, the column web in transverse tension, the column flange in bending and the beam flange
in compression. All components are designed according to EN1993-1-8:2006. Fillet welds are designed
not to be the weakest component in the joint. The verification study of a fillet weld in a stiffened beam-
to-column joint is in chapter 4.4,

‘Web panel in shear

The thickness of the column web is limited by slenderness to avoid stability problem, see EN1993-1-
8:2006 ¢l 6.2.6.1(1). A class 4 column web panel in shear is studied in chapter 6.2. Two contributions
to the load capacity are considered: resistance of the column panel in shear and the contribution from
the frame mechanism of the column flanges and horizontal stiffeners, see EN1993-1-8:2006 cl. 6.2.6.1
(6.7 and 6.8).

Column web in transverse compression

Effect of the interaction of the shear load is considered see EN1993-1-8:2006 cl. 6.2.6.2, Tab. 6.3.
Influence of longitudinal stress in the column panel is considered see EN1993-1-8:2006 cl. 6.2.6.2(2).
The horizontal stiffeners are included in the load capacity of this component.

Column web in transverse tension

Effect of the interaction of the shear load is considered see EN1993-1-8:2006 cl. 6.2.6.2, Tab. 6.3. The
horizontal stiffeners are included in the load capacity of this component.

Column flange in bending

Horizontal stiffeners brace column flange, this component is not considered.

Beam flange in compression

The horizontal beam is designed to be class 3 cross-section or better to avoid stability problem.
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Overview of the considered examples and the material are given in the Tab, 9.1.1. A geometry of the

joint with dimensions is shown in Fig. 9.1.1. The considered parameters in the study are beam cross-

section, column cross-section and thickness of the column web panel.

Tab. 9.1.1 Examples overview

Material Beam | Column Column stiffener
Epaple | i 2 il A2 | Section | Section i 5
[MPa] [ [MPa] | [GPa] | [] [ [] [mm] | [mm]
IPE140 235 360 210 1 1,25 | IPE140 | HEB260 73 10
IPE160 235 360 210 I 1,25 | IPE160 | HEB260 82 10
IPEI80 235 360 210 1 1,25 | IPE180 | HEB260 91 10
IPE200 235 360 210 1 1,25 | IPE200 | HEB260 100 10
IPE220 235 360 210 1 1,25 | IPE220 | HEB260 110 10
IPE240 235 360 210 1 1,25 | IPE240 | HEB260 120 10
IPE270 235 360 210 1 1,25 | [PE270 | HEB260 135 10
IPE300 235 360 210 1 1,25 | IPE300 | HEB260 150 10
IPE330 235 360 210 1 1,25 | IPE330 | HEB260 160 10
IPE360 235 360 210 1 1,25 | IPE360 | HEB260 170 10
IPE400 235 360 210 1 1.25 | IPE400 | HEB260 180 10
IPE450 235 360 210 1 1.25 | IPE450 | HEB260 190 10
IPE500 235 360 210 1 1,25 | IPES00 | HEB260 200 10
Material Beam | Column | Column stiffener
Ry S & o Ll o) Section | Section b e
IMPa] | [MPa] | [GPa] [-] [-] [mm] [mm]
HEB160 | 235 360 210 1 1,25 | IPE330 | HEB160 160 10
HEB180 | 235 360 210 1 1,25 | IPE330 | HEB180O 160 10
HEB200 | 233 360 210 1 1,25 | IPE330 | HEB200 160 10
HEB220 | 233 360 210 1 1,25 | IPE330 | HEB220 160 10
HEB240 | 235 360 210 1 1,25 | IPE330 | HEB240 160 10
HEB260 | 235 360 210 1 1,25 | IPE330 | HEB260 160 10
HEB280 | 235 360 210 1 1,25 | IPE330 | HEB280 160 10
HEB300 | 235 360 210 1 1,25 | IPE330 | HEB300 160 10
HEB320 | 235 360 210 1 1,25 | IPE330 | HEB320 160 10
HEB340 | 235 360 210 1 1,25 | IPE330 | HEB340 160 10
HEB360 | 235 360 210 I 1,25 | IPE330 | HEB360 160 10
HEB400 | 235 360 210 1 1,25 | IPE330 | HEB400 160 10
HEB450 | 235 360 210 I 1,25 | IPE330 | HEB450 160 10
HEB500 | 235 360 210 1 1,25 | IPE330 | HEB500 160 10

Material Beam Column Column stiffener
Bianiple 2 Su & L 1M Section | Seetion i & Q

[MPa] | [MPa] | [GPal | [1 | [] [mm] | [mm] | (mm]
twd 235 360 210 1 1,25 | IPE330 | HEA320 4 160 10
tws 235 360 210 1 1,25 | IPE330 | HEA320 5 160 10
w6 235 360 210 I 1,25 | IPE330 | HEA320 6 160 10
tw7 235 360 210 1 1,25 | IPE330 | HEA320 7 160 10
twi 235 360 210 1 1,25 | IPE330 | HEA320 8 160 10
tw9 235 360 210 1 1,25 | IPE330 | HEA320 9 160 10
twli 235 360 210 1 1,25 | IPE330 | HEA320 10 160 10
twll 235 360 210 1 1,25 | IPE330 | HEA320 11 160 10
twl2 235 360 210 | 1,25 | IPE330 | HEA320 12 160 10
twl3 235 360 210 1 1,25 | IPE330 | HEA320 13 160 10
twl4d 235 360 210 1 1,25 | IPE330 | HEA320 14 160 10
twls 235 360 210 1 1,25 | IPE330 | HEA320 15 160 10
twl6 235 360 210 | 1,25 | IPE330 | HEA320 16 160 10
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Fig. 9.1.1 Joint’s geometry and dimensions

9.1.3 Numerical model
Nonlinear elastic-plastic material status is investigated in each layer of integration point. Assessment is

based on the maximum strain given according to EN1993-1-5:2005 by value of 5%.

9.1.4  Global behaviour

Comparison of the global behaviour of a portal frame moment connection described by moment-rotation
diagram is presented. Main characteristics of the moment-rotation diagram are initial stiffness, elastic
resistance and design resistance. An open section beam IPE 330 is welded to a column HEB 260 in the
example. A portal frame moment connection with horizontal stiffeners in column is considered
according to component method as a rigid joint with ;i = . Therefore a joint without horizontal
stiffeners in column is analysed. The moment-rotation diagram is shown in Fig. 9.1.2 and the results are

summarised in Tab. 9.1.2. The results show very good agreement in initial stiffness and joint’s global
behaviour,
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Tab. 9.1.2 Rotational stiffness of a portal frame moment connection in CBFEM and CM

CM CBFEM | CM/CBFEM
Initial stiffness S [kKNm/rad] | 484237 | 66889.6 0,72
Elastic resistance 2/3 M; pa [kNm] 93,3 90,0 1,04
Design resistance Mjra [kNm] 140,0 149.0 0,94
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Fig. 9.1.2 Moment-rotation diagram for a joint without column stiffeners

9.1.5 Verification of resistance

The results calculated by CBFEM are compared with CM. The comparison is focused on the design
resistance and the critical component. The study is performed for three different parameters: beam cross-
section, column cross-section and thickness of the column web panel.

An open section column HEB260 is used in an example where the parameter is beam cross-
section. The column is stiffened with two horizontal column stiffeners of thickness 10 mm opposite to
the beam flanges. The stiffeners width is corresponding to the width of beam flange. The beam IPE
sections are selected from [PE140 to IPE500. The results are shown in Tab. 9.1.3. The influence of beam
cross-section on the design resistance of a welded portal frame moment connection is shown in

Pig. 9.1.3.

Tab. 9.1.3 Design resistances and critical components in CBFEM and CM

Component method CBFEM
Parameter | Resistance Critical component BE Ratape Critical component
[KN/ANm] B [kN/Nm] ;
IPE140 24 Beam flange in compression 27 Beam flange in compression
IPE160 33 Beam flange in compression 34 Beam flange in compression
IPE180 44 Beam flange in compression 48 Beam [lange in compression
IPE200 59 Beam flange in compression 67 Beam [lange in compression
IPE220 77 Beam flange in compression 80 Beam flange in compression

(5]
=
=

100

Design resistance M,V [kNm / kN
>
=

Ln
(=]

0

IPE240 98 Beam flange in compression 103 Beam flange in compression
IPE270 113 Beam flange in compression 125 Beam flange in compression
IPE300 142 Web panel in shear 142 Beam flange in compression
IPE330 155 Web panel in shear 154 Beam fange in compression
IPE360 168 Web panel in shear 167 Web panel in shear
[PE400 186 Web panel in shear 183 ‘Web panel in shear
IPE450 209 Web panel in shear 202 Web panel in shear
IPES00 231 Web panel in shear 223 Web panel in shear
= 250

e 1

et
|

. e
|

|
@ CM-beam flange in compression
“CM-web panel in shear
X CBFEM-beam flange in compression
X CBFEM-web panel in shear

100

150 200 250 300

350 400 450 500
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Fig. 9.1.3 A sensitivity study of beam size in a portal frame moment connection

An open section beam TPE330 is used in an example where the parameter is column cross-section. The

column is stiffened with two horizontal column stiffeners of thickness 10 mm opposite to the beam

flanges. The stiffeners width is 160 mm. The column sections are selected from HEB160 to HEB500.

The results are shown in Tab. 9.1.4. The influence of column cross-section on the design resistance of a

welded portal frame moment connection is shown in Fig, 9.1.4,

Tab. 9.1.4 Design resistances and critical components of a moment connection in CBFEM and CM

Component method CBFEM

Parameter i i

}{kizit;nrﬁ; Critical component Fkﬁ}it;nni? Critical component
HEB160 73 Web panel in shear 70 Web panel in shear
HEBI80 84 Web panel in shear 88 Web panel in shear
HEB200 103 Web panel in shear 101 Web panel in shear
HEB220 116 Web panel in shear 124 Web panel in shear
HEB240 139 Web panel in shear 139 Web panel in shear
HEB260 155 Web panel in shear 154 Web panel in shear
HEB280 170 Web panel in shear 179 Beam flange in compression
HEB300 198 Web panel in shear 196 Beam flange in compression
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HEB320 216 Web panel in shear 226 Beam flange in compression
HEB340 226 Beam flange in compression 240 Beam flange in compression
HEB360 228 Beam flange in compression 245 Beam flange in compression
HEB400 234 Beam flange in compression 251 Beam flange in compression
HEB450 241 Beam flange in compression 258 Beam fange in compression
HEBS00 248 Beam flange in compression 266 Beam flange in compression

g 300 = A i |
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X |
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= 200 - e 4 —+—

S | X |

o |

§ 150 ni At - n :

i ; X 4 CM-beam flange in compression
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g 100 x T 4 CM-web panel in shear
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A | O S
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Size of HEB profile of the column

Fig. 9.1.4 A sensitivity study of column size in a portal frame moment connection

Third example presents a portal frame moment connection made out of an open section beam IPE330

and column HEA320. The parameter is the thickness of the column web. The column is stiffened with

two horizontal column stiffeners of thickness 10 mm and width 160 mm. The column web thickness is

chosen from 4 to 16 mm. The results are summarised in Tab. 9.1.5. The influence of column web

thickness on the design resistance of a welded portal frame moment connection is shown in Fig. 9.1.5.

Tab. 9.1.5 Design resistances and critical components of a moment connection in CBFEM and CM

twl3 191 Web panel in shear 227 Beam flange in compression
twld 203 Web panel in shear 236 Beam flange in compression
twl5 213 Beam flange in compression 240 Beam flange in compression
twlé 222 Beam flange in compression 241 Beam flange in compression
300 Tt —
T |1 |1 ||| l‘||H..‘
I | | >< g 1
: N R
" B * $ T T |
> RS
g EIRE i |
2 100 )!( : T . @ CM-beam ﬂange in compressmn
4 i\ T ‘ ‘ _‘_ ‘ + CM-web panel in shear
I |
ED 50 | | XCBFEM-beam flange in compression
a . T -
a ‘ ‘ } | ‘ ‘ X CBFEM-web panel in shear
34 5 6 7 8 9 10 11 12 13 14 15 16 17

Thickness of the column web [mm]

Fig. 9.1.5 A sensitivity study of column web thickness

To illustrate the accuracy of the CBFEM model, results of the parametric studies are summarized in a
diagram comparing resistance of CBFEM and component method, see Fig. 9.1.6. The results show that
the difference of the two calculation methods is less than 5%, which is a generally acceptable value. The
study with parameter column web thickness gives higher resistance for CBFEM model compared to
component method. This difference is caused by considering welded cross-sections, The transfer of

shear load is in component method considered only in web and contribution of the flanges is neglected.

Component method CBFEM
Parameter | Resistance Critical Gotponsit Resistance Resistance
[KN/KNm] [KN/KNm] [kN/KNm]
twd 82 Web panel in shear 99 Web panel in shear
tws 94 Web panel in shear 115 Web panel in shear
twé 106 Web panel in shear 131 Web panel in shear
w7 118 Web panel in shear 147 Web panel in shear
tw8 130 Web panel in shear 162 Web panel in shear
tw9 142 Web panel in shear 177 Web panel in shear
twll 155 Web panel in shear 190 Beam flange in compression
twll 167 Web panel in shear 203 Beam flange in compression
‘Web panel in shear 216 Beam flange in compression
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Fig. 9.1.6 Verification of CBFEM to CM

9.1.6 Benchmark example

Inputs
Column
e Steel 5235
s HEB260
Beam
e Steel 8235
e [PE330

Column stiffeners
e Thickness ;= 10 mm
e  Width bs= 160 mm

e  Opposite to beam flanges

Weld
e Throat thickness @ =5 mm
¢ Fillet weld

Outputs

e Design resistance in shear Frg = 154 kN
o Design resistance in bending Mrq = 154 kNm
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9.2 Bolted portal frame eaves moment connection

9.2.1. Description

The objective of this study is verification of bolted portal frame eaves connection as shown in Fig. 9.2.1.
Rafter is bolted using end plate on the column flange. The column is stiffened with two horizontal
stiffeners in levels of the beam flanges. Compressed plates, e.g. horizontal stiffeners of column, web
panel in shear or compression and compressed beam flange, are designed as cross section class 3.

Horizontal beam is considered of length 6 m loaded by continuous load over the entire length.

Fig. 9.2.1 Bolted portal frame eaves connection

9.2.2. Analytical model

Eight components are examined: fillet weld, web panel in shear, column web in transverse compression,
column web in transverse tension, beam flange in compression and tension, column flange in bending,
end plate in bending and bolts. All components are designed according to EN 1993-1-8:2006. Design
loads of component depend on the position. The web panel in shear is loaded by design loads on the
vertical axis of the column. Other components are loaded by reduced design loads in column flange to
which horizontal beam is connected.

Fillet weld

The weld is closed around a cross-section of the beam. The thickness of the weld on the flanges can
differ from the thickness of the weld on the web. Verticals hear force is transferred only by welds on the
web and plastic stress distribution is considered. Bending moment is transferred by whole weld shape
and elastic stress distribution is considered. Effective weld width depending on the horizontal stiffness

of the column is considered (because of bending of the column flange). Design of the weld is done
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according to EN1993-1-8:2000 cl. 4.5.3.2(6). The assessment is carried out in two major points: on the
upper or lower edge of the flange (maximum bending stress) and in the crossing of the flange and the
web (combination of shear force and bending moment stresses).

Web panel in shear
The thickness of the column web is designed to be maximally third class, see EN1993-1-8:2006

cl. 6.2.6.1(1). Two contributions to the load capacity yare considered: resistance of the column wall in
shear and the contribution from the frame behaviour of the column flanges and horizontal stiffeners see
EN1993-1-8:2006 cl. 6.2.6.1 (6.7 and 6.8).

Column web in transverse compression or tension

Effect of the interaction of the shear load is considered see EN1993-1-8:2006 cl. 6.2.6.2 and Tab. 6.3.
Influence of longitudinal stress in the wall of the column is considered see EN1993-1-8:2006
cl. 6.2.6.2(2). Horizontal stiffeners prevent from stability problems. The horizontal stiffeners are
included in the load capacity of this component with the effective area.

Beam flange in compression

The horizontal beam is designed to be maximally third class.

Column flange or end plate in bending

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 EN 1993-1-8:2006 cl. 6.2.4.1 are considered.

Bolts

Bolts are designed according to EN1993- 1-8:2006 ¢l. 3.6.1. Design resistance considers punching shear

resistance and rupture of the bolt.

9.2.3. Numerical design model
T-stub is modelled by 4-nodes shell elements as described in Chapter 3 and summarised further. Every

node has 6 degrees of freedom. Deformations of the clement consist of membrane and flexural
contributions. Nonlinear elastic-plastic material status is investigated in each layer of integration point.
Assessment is based on the maximum strain given according to EN1993-1-5:2005 by value of 5 %.
Bolts are divided into three sub-components. The first is the bolt shank, which is modelled as a nonlinear
spring and caries tension only. The second sub-component transmits tensile force into the flanges. The

third sub-component solves shear transmission.

9.2.4. Global behaviour

Comparison of the global behaviour of the joint described by moment-rotation diagrams for both design
procedures mentioned above was done. Attention was focused on the main characteristics of the
moment-rotation diagram: initial stiffness, design resistance and deformation capacity. Beam IPE330 is

connected to column HEB300 using extended end plate with 5 rows of the bolts M24 8.8. Results of
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both design procedures are shown in the graph Fig. 9.2.2 and in the Tab. 9.2.1. CM generally gives
]_I. . e . : b

igher initial stiffness compared to CBFEM. CBFEM gives slightly higher design resistance compared
to CM in all cases as shown in Chapter 9.2.5. The difference is up to 10%. Deformation capacity is

compared also. Deformation capacity was calculated according to (Beg et al, 2004) because EC3

provides limited background for deformation capacity of endplate joints.
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Fig. 9.2.2 Moment-rotation diagram

Tab. 9.2.1 Global behaviour overview

_ CM CBFEM | CM/CBFEM
Initial stiffness [KNm/rad] | 221394 138700 1,60
Design resistance [kNm] 204 209 0,98
Deformation capacity |mrad] 242 85 ?,85

9.2.5. Verification of resistance

Design resistance calculated by CBFEM was compared with the results of the component method in the
next step. The comparison was focused on the resistance and also to determine the critical component,
The study was performed for the column cross section parameter. Beam IPE 330 is connected to column
by extended endplate with 5 bolt rows. Bolts M24 8.8 are used. The dimensions of the end plate P15
with bolts’ distances in millimetres are the height 450 (50-103-75-75-75-73) and the width 200 (50-100-
50). The outer edge of upper flange is 91 mm from the edge of end plate. Beam flanges are connected
to the end plate with welds throat thickness of 8 mm. The beam web is connected with weld throat
thickness of 5 mm. The column is stiffened with horizontal stiffeners opposite to beam flanges
Stiffeners are 15 mm thick and their width corresponds to column width. The thickness of end plalt;

stiffener is 10 mm and the width 90 mm. The results are shown in Tab. 9.2.2 and Fig. 9.2.3
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Tab. 9.2.2 Design resistance for parameter — column profile
Column CM CBFEM et _ 350 — -
ross Resistance Resistance = 2
,C . Component Component CBFEM Z 300 .
section KNm kNm = —
HEB 200 107 Column web in shear 116 Column web in shear 0,92 E 957 .q’ //
HEB 220 121 Column web in shear 135 Column web in shear 0,90 b ‘! P
HEB 240 143 Column web in shear 155 Column web in shear 0,92 Li 200 - ‘ *
HEB 260 160 Column web in shear 169 Column web in shear 0,95 g 4 : =
HEB 280 176 Column web in shear 188 Column web in shear 0,94 % Y /
Beam flange in ] 130 B g ““7 '
HEB 300 204 Column weh in shear 209 tension/compression 0,98 3 ) ‘/
Beam flange in 100 e @ Parameter column cross secti -
HEB 320 222 | Column web in shear 228 | tension/compression 0,97 _~ =
Beam flange in Beam flange in 50 i ——CBFEM=L.1CM N
HEB 340 226 tension/compression 242 tension/compression 0,93 = ——CBFEM=0.9CM
Beam flange in Beam flange in 0 | | |
HEB 360 229 tension/compression 250 tension/compression 0,92 0 50 10 I
Beam flange in Beam flange in 0 P 290 50 300 350
HEB 400 234 tension/compression 258 tension/compression 0,91 Caleulated by Component method [KNm]
Beam flange in Beam flange in
HEB 450 241 tension/compression 266 tension/compression 0,91 Fig. 9.2.4 Verification of CBFEM to CM
Beam flange in Beam flange in
HEB 300 248 tension/compression 274 tension/compression 0,91
9.2,6. Benchmark example
= Inputs
E 300 - T
) | - * Steel 8235
P9 e
2 250 B == = e Beam IPE 330
g 1 g Y ——-f""'-_..—
E ﬂ'/d * »  Column HEB 300
=200 {— i _
£ | =  End plate height A, = 450 (50-103-75-75-75-73) mm
= -tk e End plate width b, = 200 (50-
m 150 gr"/‘:’ oM — p b (50-100-50) mm
P;‘/ - CBFEM ® End plate P15
100 * Column stiffeners 15 mm thick and 300 mm wide
50 1 e End plate stiffener 10 mm thick and 90 mm wide
e Flange weld throat thickness ar = 8 mm
0 - *  Web weld throat thickness a, =5 mm
HEB HEB HEB HEB HEB HEB HEB HEB HEB HEB HEB HEB
200 220 240 260 280 300 320 340 360 400 450 500 *  Bolts M24 8.8
Column cross section
Fig. 9.2.3 Design resistance depending on column cross section Outputs
e Design resistance in bending Mgy =209 kNm
To illustrate the accuracy of the CBFEM model, results of the parametric studies are summarized in e Corresponding vertical shear force Feg= 209 kN
graph comparing resistance predicted by CBFEM and by CM, see Fig. 9.2.4. The results show that * Collapse mode - yielding of the beam stiffener on upper flange
i CBFEM gives higher design resistance compared to CM in all cases. The difference of both methods is e Utilization of the bolts 89.5 %
up to 10%. o Utilization of the welds 87,2 %
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10 PREDICTION OF STIFFNESS
10.1 Bending stiffness of welded joint of open sections

10.1.1 Deseription

The prediction of rotational stiffness is described on a welded eaves moment joint. A welded joint of
open section column HEB and beam [PE is studied and the joint’s behaviour is described on moment-
rotation diagram. The results of analytical model by component method (CM) are compared with the

numerical results obtained by component based finite element method (CBFEM) and a benchmark case

is available.

10.1.2 Analytical model
The rotational stiffness of a joint should be determined from deformation of its basic components, which

represented by the stiffness coefficient ki. The rotational stiffness of the joint Sj is obtained from:

2
5 = -EZ 10.1.1
i (10.1.1)

where Kk is the stiffness coefficient for the joint component i

z is the lever arm, see 6.2.7;

p is the stiffness ratio, see 6.3.1.
The joint components that are taken into account in this example are column web panel in shear ki,
column web in compression k» and column web in tension ks. The stiffness coefficients are defined in
Table 6.11 in EN 1993-1-8:2006. The initial stiffness Sji is obtained for a moment Mjgq < 2/3 Miga.

An open section beam IPE 400 is welded to a column HEB 300 in the example. Beam flanges
are connected to the column flange with welds throat thickness of 9 mm. The beam web is connected
with weld throat thickness of 5 mm. Plasticity is applied in welds. The material of the beam and column
is $235. The design resistance is limited by the components column web in compression and column
web in tension, The calculated stiffness coefficients of the basic components, initial stiffness, stiffness

by design resistance and rotation of the beam are summarised in Tab. 10.1.1.

Tab. 10.1.1 Results of the analytical model

ky ko | da | 23 Mipe Stini Pini M ra S ¢
CM | [-] [-] [-] [kNm] | [MNm/rad] | [mrad] | [kKNm] [MNm/rad] | [mrad]
4,7 | 96 | 9,6 123 74,3 1,7 185 26,0 7:1

10.1.3 Numerical model
Detailed information about the prediction of stiffness in CBFEM may be found in chapter 3.9. The same
eaves moment joint is modelled and the results are in Tab. 10.1.2. The design resistance is reached by

5% plastic strain in a component column web in tension. The CBFEM analyses allows to calculate

rotational stiffness in any stages of loading.

Tab. 10.1.2 Results of CBFEM

Mika Si 4
[kKNm] | [MNm/rad] | [mrad|
0 0 0,0
60 80,5 0,7
CBFEM 132 77,6 1,7
150 60,0 2,5
170 26,6 6.4
180 15,8 11,4
198 4,1 48,4

10.1.4 Global behaviour and verification

A comparison of the global behaviour of a welded eaves moment joint described by a moment-rotation
diagram is prepared. The joint is analysed and the stiffness of the connected beam is calculated. The
main characteristic is the initial stiffness calculated by 2/3Mjgs, where M;gq is the design moment

resistance of the joint. M, g stands for a design moment resistance of the analysed beam. The moment-

rotation diagram is shown in Fig. 10.1.1.

350 M.
o ity psspwsas o e
Z 250 =
571 | e HRN o ) —— A
J A
B 150 7 i v s
E 100
2 5 | ——CM

. —4— CBFEM

0 10 20 30 40 50
Rotation ¢ [mrad]

Fig. 10.1.1 Moment-rotation diagram for a welded eaves moment joint

10.1.5 Verification of stiffness
The rotational stiffness caleulated by CBFEM compared with CM. The comparison shows good

agreement in initial stiffness and correspondence of joint’s behaviour. The calculated stiffness from
CBFEM and CM are summarised in Tab. 10.1.3.
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Tab. 10.1.3 Rotational stiffness of a eaves moment joint in CBFEM and CM

CM CBFEM
M ga Si.ini S Miea Siini S
[kNm] [MNm/rad] | [MNm/rad] [kNm] [MNm/rad] | [MNm/rad]
213 Mipa 123 74.3 - 2/3 Mg 132 77.6 -
Mina 185 - 26,0 Mira 198 4,1

Inputs

10.1.6 Benchmark case

Beam and column

Steel S235

Column HEB300

Beam IPE400

Flange weld throat thickness ay = 9 mm
Web weld throat thickness g, =5 mm
Column offset s = 150 mm

Double fillet weld

Outputs

Design resistance Mjre= 198 kNm
Load Mjea= 2/3 Mjga= 132 KNm
Rotational deformation ¢ = 1,7 mrad

Secant rotational stiffness S, = 77,6 MNm/rad

Fig. 10.1.2 Benchmark case for welded eaves moment joint (IPE400 to HEB300)

10.2 Bending stiffness of bolted joint of open sections

10.2.1 Description

The prediction of rotational stiffness is verified on a bolted eaves moment joint. A bolted joint of open
section column HEB and beam IPE is studied and the joint’s behaviour is described on moment-rotation
diagram. The results of analytical model by the component based finite clement method (CBFEM) are

compared with the component method (CM). The numerical results in form of a benchmark case are

available.

10.2.2 Analytical model
The rotational stiffness of a joint should be determined from deformation of'its basic components, which

represented by the stiffness coefficient ki. The rotational stiffness of the joint §; is obtained from:
Ez?

Wi

5= (10.2.1)

where k; is the stiffness coefficient for the joint component i;
z is the lever arm, see 6.2.7;

i is the stiffness ratio, see 6.3.1.

The joint components that are taken into account in this example are column web panel in shear &, and
a single equivalent stiffness coefficient ke for end-plate joint with two or more bolt-rows in tension. The
stiffness coefficients are defined in Table 6.11 in EN1993-1-8:2006. The equivalent stiffness coefficient
may be obtained in chapter 6.3.3 in EN1993-1-8:2006. The initial stiffness S;.ini 1s obtained for a moment
Miga <273 Mpq.

An open section beam IPE 330 is connected with bolted end-plate to a column HEB 200 in the
example. The end-plate thickness is 15 mm, the bolt type is M24 8.8 and the assembly is shown in Fig.
10.2.1. The stiffeners are inside column opposite to beam flanges with thickness of 15 mm. Beam flanges
are connected to the end-plate with welds throat thickness of 8 mm. The beam web is connected with
weld throat thickness of 5 mm. Plasticity is applied in welds. The material of the beam, column and end-
plate is S235. The joint is loaded in bending. The design resistance is limited by the component column
web panel in shear. The calculated stiffness coefficients of the basic components, initial stiffhess,

stiffness by design resistance and rotation of the beam are summarised in Tab. 10.2.1.

Tab. 10.2.1 Results of the analytical model

2/3 Mina Siini Pini M ra Ry @
[KNm] | [MNm/rad] | [mrad] | [kNm] | [MNm/rad] | [mrad]
71 186,7 0.4 107 62,5 17
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Fig. 10.2.1 Benchmark case for bolted eaves moment joint (IPE330 to HEB200)

10.2.3 Numerical model

Detailed information about the prediction of stiffness in CBFEM may be found in chapter 3.9. For this
end-plate joint are results summarised in Tab. 10.2.2, The CBFEM analyses allows to calculate secant
rotational stiffness in any stages of loading. The design resistance is reached by 5% plastic strain in a

component column web panel in shear.

Tab. 10.2.2 Results of CBFEM

Mk S i
[KNm] | [MNm/rad] | [mrad]

0 0 0,0

40 40,0 1.0

CBFEM 73 34,8 2,1
30 22,9 35

90 11,8 7.6
100 6.0 16,7
109 1.8 59,0

10.2.4 Global behaviour and verification
A comparison of the global behaviour of a bolted eaves moment joint described by the moment-rotation
diagram is prepared. The joint is analysed and the stiffness of the connected beam is calculated. The

main characteristic is the initial stiffness calculated by 2/3M; g4, where Mjgq is the design moment

resistance of the joint. Mgy stands for a design moment resistance of the analysed beam. The moment-
rotation diagram is shown in Fig, 10.2.2.

200 M.
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=

—4—CBFEM
——CM

40 60
Rotation ¢ [mrad]

Fig. 10.2.2 Moment-rotation diagram for a bolted eaves moment joint

10.2.5 Verification of stiffness
The rotational stiffness calculated by CBFEM compared with CM. The comparison shows good

agreement in initial stiffhess and correspondence of joint’s behaviour, The calculated stiffiess from

CBFEM and CM are summarised in Tab. 10.2.3,

Tab. 10.2.3 Rotational stiffness of an eaves moment joint in CBFEM and CM

CM CBFEM
M;Ea Sii S M Siini Sj
[kNm] [MNm/rad] | [MNm/rad] [kNm] [MNm/rad] | [MNm/rad]
23 Miga | 71 186,7 - 23 Miga | 73 348 i
Mg 107 : 62,5 Miza 109 : 1.8 |

10.2.6 Benchmark case
Inputs
Beam and column
o Steel S235
e  Column HEB200
e Beam IPE330
e Column offset s = 200 mm
Weld
e Flange weld throat thickness ar = 8 mm
o Web weld throat thickness ¢, =5 mm
End-plate

e Thickness 4, = 15 mm
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e Height i, = 450 mm

e  Width b, =200 mm

o Bolts M24 8.8

e Bolts assembly in Fig. 10.2.3
Column stiffeners

e Thickness ;= 15 mm

e Width bs=95 mm

e Related to beam flange, position upper and lower

s  Weld throat thickness a; =6 mm
End-plate stiffener

e  Thickness {; = 10 mm

e Height Ay =90 mm

e Weld throat thickness as, =5 mm
Outputs

e Design resistance Mjrs= 109 kNm

e Load M= 2/3 Mipa=73 kNm

e Rotational deformation ¢= 2,1 mrad

» Secant rotational stiffness Sjs = 34,8 MNm/rad

50 41 41 50

Fig. 10.2.3 Benchmark case for bolted eaves moment joint (IPE330 to HEB200)

10.3 Bending stiffness of column base

10.3.1 Description
The bending stiffness of the open and hollow section in case of loaded by combination of axial force
and bending moment is studied. The design numerical model is validated to experiments presented at

paper by Bajer et al (2014) and verified to the research numerical model in ATENA code and results of
component method.

10.3.2 Validation

Under the project MERLION was tested the column base of column HEB 240, with concrete block of
size @’ = 1000 mm , b" = 1500 mm, h = 900 mm and concrete C20/25 with base plate a = 330 mm;
b = 440 mm; t = 20 mm of steel $235, with the anchor bolts 4 x M20, 4, = 245 mm?, head diameter
a=60 mm from 8.8, offset at top 50 mm and left - 20 mm and grout thickness 30 mm.

S

Fig. 10.3.1 Test set-up and deformed base plate and anchor bolts
Two specimens of this column base were tested at laboratory in Brno University of Technology, see

(Bajer et al., 2014). The experimental initial stiffness was 10 MNm/rad. The specimens did not exhibit

any significant damage until load combination with axial force -400 kN and bending moment 180 kNm,
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which creates rotation 0,04 rad. Then concrete cracked with steel yielding of anchor bolts, base plate
and column. At the end of loading was the joint still able to transfer bending moment 190 kNm up to
rotation 0,15 rad.

ATENA software (Cervenka et al., 2014) was used for research model of column base. The
software includes for concrete a fracture-plastic material model; for the steel a material model with von
Mises failure criterion and for the interfaces a Mohr-Coulomb criterion. Base plate is modelled by shell
elements and anchors are presented as reinforcement elements without longitudinal bond. The anchors
are fixed to the concrete at the location of the anchors heads. Supports by the concrete block are realized
by springs. The model was validated using data from experiment. It well represents progress of cracking
in the concrete block and deformation of steel parts. However, the idealisation of the model brings a
higher initial stiffness compared to the measured one.

The same column base was examined by design oriented model using CBFEM. The initial
stiffness is also lower 29 MNm/rad. The concrete cone breakout should occur at load combination of
axial force =400 kN and bending moment 76.5 kNm. Another failure mode, steel rupture, occurs at
—400 kN and 127 kNm. Steel plates yield by more than 5 %, which is a recommended value by EN
1993-1-5, at —400 kN and 131 kNm.

The comparison of bending moment normal force rotational diagram predicted by design
oriented models CM and CBFEM and research oriented model by ATENA code to the experimental
results is in Fig. 10.3.2.
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Fig. 10.3.1 Stiffness comparison of HEB 240 column base

10.3.3 Verification
The verification is prepared for a base plate with geometry @ = 350 mm; b = 350 mm; t = 20 mm
from steel S420 under column SHS 150x16 with anchor bolts 4 x M20, A, = 245 mm?, anchor head
diameter ¢ = 60 mm, steel grade 8.8, grout thickness 30 mm, concrete block dimension of a’ = 750 mm
, b'=750mm , h =800 mm from concrete grade C20/25. The guiding component is mostly the
concrete in compression including grout. An example of calculation of this component resistance is
shown below. The interaction diagram of this column base example is shown in Chapter 8.4.3. For
stiffness calculation, an example of load combination of compressive axial force -756 kN and bending
moment 62 kNm is selected.

In CM is the weakest component concrete cone breakout for two anchor bolts in tension whose
resistance is 61 kN. The stiffness coefficients of components are summarized in Tab. 10.3.1. The initial
stiffness is 29 MNm/rad.

Tab. 10.3.1 Stiffness coefficients of components

Component Stiffness coefficient
Concrete in compression (including grout) kiz=15 mm
Base plate in bending under tension kis=11 mm
Anchor bolts in tension kis=2 mm

140 - —

|

[0,033784; 110
120 %
i | 0,046993; 117
0,013391; 86
80 |— /
60 - -
2 —— CBFEM
a0 |2 0,007568;555]
1 / - = =CM
I
20 T T
0

0 0,01 0,02 0,03 0,04 0,05
Rotation ¢ [rad]

Bending moment A, [kNm]

Fig. 10.3.2 Stiffness comparison of SHS 150x16 column base

In CBFEM is also the weakest component brittle component the concrete cone breakout, which gives
the bending moment resistance 56 kNm. The program informs the user also about virtual next failure
modes, which are concrete block failure at 86 kNm, then anchor bolts rupture at 111 kNm and excessive
yielding of steel plates at 117 kNm. The initial stiffness is 8 MNm/rad. The results of prediction by CM
and CBFEM is compared in Fig. 10.3.3.




Input

10.3.4 Benchmark case

Cross section

SHS 150/16
Steel 5420

Base plate:

Thickness 20 mm

Offsets top 100 mm, left 100 mm
Welds both 8 mm

Steel 5420

Anchors

Type M20 8.8

Anchoring length 400 mm

Offsets is top layers 50 mm, left layers -20 mm
Shear plane in thread

Foundation block

Concrete C20/25

Offset 200 mm

Depth 800 mm

Shear force transfer friction

Mortar joint thickness 30 mm

Loading

Axial force N=-756 kN
Bending moment M, = 55,4 kNm

Output
Utilization

Platese = 0,2 %

Bolts 99,8 % (Ngg = 30.3 kN < Ngg, = 30,4 kN
critical component is concrete cone breakout)

Welds 53,7 % (ogq = 223,5 MPa < gz = 416 MPa)
Concrete block 72,6 % (o = 29 MPa < fjq = 40 MPa)

Stiffness

Rotational deformation 7,568 mrad

Secant rotational stiffness 7,333 MNm/rad
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11 PREDICTION OF DEFORMATION CAPACITY

11.1 Deformation capacity of welded joint of open sections

11.1.1 Description

The prediction of deformation capacity is described on a welded eaves moment joint. An unstiffened
welded joint of open section column HEB300 and beam HEB260 is studied and the joint’s behaviour is
described on moment-rotation diagram. The results of component method (CM) are compared with the

component based finite element method (CBFEM) and a benchmark case is prepared.

11.1.2 Analytical model
According to EN1993-1-8:2006 cl. 6.4.3 may be assumed that an unstiffened welded eaves moment
joint has a rotation capacity of at least 0,015 radians.

An example of a eaves moment joint is studied. An open section beam HEB260 is welded to a
column HEB300 in the example. Welds with throat thickness of 11 mm are used to connect beam flanges
to column flange and of 6 mm to connect the beam web. The material of the beam and column is §235.
The design resistance is limited by the component column web in compression and column web in

tension.

11.1.3 Numerical model
Detailed information about the prediction of deformation capacity in CBFEM may be found in chapter
3.10. The eaves moment joint is modelled and the limit plastic strain is set to 15% to obtain the
deformation capacity of the joint. The results of the calculated rotations and stiffness are summarised in
Tab. 11.1.1.

Tab. 11.1.1 Results of CBFEM

Miea Si ¢
[kNm] [MNm/rad] | [mrad]
CBFEM 0 0 0,0
84 31,1 2,7
100 233 4.3
e=5% 126 4.4 28.8
e=15% 136 1,0 139,1

11.1.4 Verification
A comparison of the global behaviour of a welded eaves moment joint described by a moment-rotation

diagram is prepared. The joint is analysed and the rotation of the connected beam is calculated. The
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main characteristic is the rotation capacity calculated by limit plastic strain & = 15%. The joint’s design
resistance by £ = 5% is marked as M) gswhile M. g stands for a design moment resistance of the analysed
beam. The moment-rotation diagram is shown in Fig. 11.1.1.
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Fig. 11.1.1 Moment-rotation diagram for a welded eaves moment joint

The resistance of welds connecting the analysed beam to the column are verified to avoid brittle fracture.
The plastic strain in welds is limited to 5% while the plastic strain of 15% in plates is allowed. The limit
plastic strain 15% is reached in the component column web in compression as is shown in Fig. 11.1.2.

The welds’ design resistance is not reached. The equivalent design stress in the design throat verification

plane fwes =355,5 MPa < fi/ fw ym2 = 360,0 MPa,

Limit plastic strain H
%] H

16,30 S

4.0

120
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8.0

60

40

20
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Fig. 11.1.2 Strains in eaves moment joint with yield strength f, = 235 MPa

11.1.5 Capacity design check

In the capacity design checks the possibility that the actual yield strength of steel is higher than the
nominal yield strength is taken into account by a material overstrength factor y,, = 1,25. The influence
of not guaranteed values of yield strength on the ductility of connections is shown in Fig. 11.1.3. The
rotation capacity is calculated for enlarged yield stress f,uax = 70 f and the welds™ design resistance is
checked. The equivalent design stress in the design throat verification plane fiea = 357,0 MPa < £, / S

a2 = 360,0 MPa confirms the adequate weld resistance.

Limit plastic strain HIH
[%] ;

15,00
14,0

12.0 I}.

80

0,00

Fig. 11.1.3 Strains in the eaves moment joint with yield strength £, = 1,25 - 235 = 293 MPa

[f the connection is located in a dissipative zone it’s design should conform to the upper value of the
yield strength of steel £ = 1,1 yuu f;, see EN1998-1:2004. The rotation capacity is calculated and the
welds’ resistance is assessed as is shown in Fig. 11.1.4, The equivalent design stress in the design throat
verification plane furs = 359,8 MPa <f, / fiy ym2 = 360,0 MPa confirms in this case the adequate weld

resistance. The influence of the increased yield strength of steel on the rotation capacity is shown in the
Fig. 11.1.5.
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Fig. 11.1.4 Strains in the eaves moment joint with yield strength £, = 1,25 - 1,1 - 235 = 323 MPa
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Fig. 11.1.5 Moment-rotational diagram for eaves moment joint for changed yield strengths of steel




11.1.6 Verification of deformation capacity

The rotational capacity gcg = 139,1 mrad calculated by CBFEM is larger than the minimal guaranteed
value @cq = 15 mrad in EN1993-1-8:2006. The conservative prediction in standard is confirmed. It is
expected that the deformation capacity in unstiffened eaves moment joint is larger than the prediction

assumed in standard.

11.1.7 Benchmark example
Inputs
Beam and column
e Steel 8235
Column HEB300
e Beam HEB260
e Double fillet welds

» Flange weld throat thickness ar = 11 mm
e Web weld throat thickness a,, =6 mm
Outputs
e Design resistance by limit plastic strain & = 15% is Mjr¢ = 136 kNm
e Rotational capacity pcs = 139,1 mrad

Fig. 11.1.6 Benchmark case for welded eaves moment joint (HEB260 to HEB300)

11.2 Deformation capacity of bolted joint of open sections

11.2.1 Deseription

The prediction of deformation capacity is verified on a bolted eaves moment joint. An unstiffened bolted
Jjoint of open section column HEB300 and beam HEB260 is studied and the joint’s behaviour is
presented on moment-rotation diagram. The results of the component based finite element method

(CBFEM) are compared with component method (CM). A benchmark case is prepared.

11.2.2 Analytical model
According to EN1993-1-8:2006 cl. 6.4.2 may be assumed that the bolted eaves moment joint has

adequate rotation capacity, if the design moment resistance of the joint is governed by the column web
panel in shear with d/t,, < 69¢.

An open section beam IPE 330 is connected with bolted end-plate to a column HEB 200 in the
example. The end-plate thickness is 15 mm, the bolt type is M27 10.9 and the assembly is shown in
Fig. 11.2.1. The stiffeners are inside column opposite to beam flanges with thickness of 15 mm. Beam
flanges are connected to the end-plate with welds throat thickness of 12 mm. The beam web is connected
with weld throat thickness of 6 mm. Plasticity is applied in welds. The material of the beam, column

and end-plate is 8235. The design resistance is limited by the component column web panel in shear,

.
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Fig. 11.2.1 Benchmark case for bolted eaves moment joint (IPE330 to HEB200)

11.2.3 Numerical model
Detailed information about the prediction of deformation capacity in CBFEM may be found in chapter

3.10. The eaves moment joint is modelled and the limit plastic strain is set to 15% to obtain the
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deformation capacity of the joint. The results of the calculated rotations and stiffness are summarised in
Tab. 11.2.1.
Tab. 11.2.1 Results of CBFEM

Mg 5 @
[kNm] | [MNm/rad] | [mrad]
CBFEM 0 0 0,0
73 242 2,0
90 12,5 7,2
e=5% 109 23 47,6
e=15% 120 0.5 2334

11.2.4 Verification

A comparison of the global behaviour of a bolted eaves moment joint described by a moment-rotation
diagram is prepared. The joint is analysed and the rotation of the connected beam is calculated. The
main characteristic is the rotation capacity calculated by limit plastic strain & = 15%. The joint’s design
resistance by &£ = 5% is marked as Mj gs while M, g4 stands for a design moment resistance of the analysed

beam. The moment-rotation diagram is shown in Fig. 11.2.2.
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Fig. 11.2.2 Moment-rotation diagram for a bolted eaves moment joint

The resistance of bolts connecting the analysed beam to the column are verified to avoid brittle fracture.
The plastic strain in bolts is limited to 5% while the plastic strain of 15% in plates is allowed. The limit
plastic strain 15% is reached in the component column web panel in shear as is shown in Fig. 11.2.3.
The bolts’ tension resistance is not reached. The tension force in first bolt row

F.i=316,0 kN < F ra=330,5 kN,
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Fig. 11.2.3 Strains in eaves moment joint with yield strength f, = 235 MPa

11.2.5 Capacity design check

In the capacity design checks the possibility that the actual yield strength of steel is higher than the
nominal yield strength is taken into account by a material overstrength factor y,, = 1,25. The influence
of not guaranteed values of yield strength on the ductility of connections is shown in Fig. 11.2.4. The
rotation capacity is calculated for enlarged yield stress f;uw = . f; and the bolts’ tension resistance is

checked, The tension force in first bolt row Fi = 322,7 kN < Frg = 330,5 kN confirms the adequate

bolt resistance.
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Fig. 11.2.4 Strains in the eaves moment joint with yield strength £; = 1,25 - 235 = 293 MPa

If the connection is located in a dissipative zone it’s design should conform to the upper value of the
yield strength of steel £, e = 1,1 you £ see EN 1998-1:2004. The rotation capacity is calculated and the
bolis’ resistance is assessed. The limit plastic strain 15% is reached in the component column web panel
in shear as is shown in Fig. 11.2.5. The tension force in first bolt row F, ;= 325,5 kN < F g = 330,5 kN
confirms in this case the adequate tension bolt resistance. The influence of the increased yield strength

of steel on the rotation capacity is shown in the Fig. 11.2.6.

181




Limit plastic strain
[%]

15,10

14,0

120
10,0
8.0
6,0
4,0
2,0

0,00

Fig. 11.2.5 Strains in the eaves moment joint with yield strength £,=1,25 - 1,1 - 235=323 MPa
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Fig. 11.2.6 Moment-rotational diagram for eaves moment joint for changed yield strengths of steel

11.2.6 Verification of deformation capacity

The rotational capacity gcq = 233,4 mrad is calculated by CBFEM. The prediction in standard is
confirmed and the joint has adequate rotational capacity. The design resistance is limited by column
web panel in shear while the tension resistance of bolts connecting the analysed beam to the column are

verified to avoid brittle fracture.

11.2.7 Benchmark example
Inputs
Beam and column

e Steel §235

e Column HEB200

e Beam IPE330

o Column offset s =200 mm

Flange weld throat thickness ar = 12 mm

®  Web weld throat thickness @, =6 mm
End-plate
®  Thickness 7, = 15 mm
e Height 4, =450 mm
= Width b, =200 mm
e Bolts M27 10.9
s Bolts assembly in Fig. 11.2.7
Column stiffeners
e Thickness £, = 15 mm
e  Width b,=95 mm
e Related to beam flange, position upper and lower
e Weld throat thickness @. = 12 mm
End-plate stiffener
e Thickness #, = 10 mm
e Height &, =90 mm
e Weld throat thickness @ =7 mm
Outputs
¢ Design resistance by limit plastic strain & = 15% is Mira = 120 kNm

e Rotational capacity gcq = 233.4 mrad

50 41 41 50
——

Fig. 11.2.7 Benchmark case for bolted eaves moment joint (IPE330 to HEB200)
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