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ABSTRACT

A systematic finite element based approach is presented to characterize the interaction
between the bending moments and axial forces coming from the connected beams in 2D welded
steel joints. The modeling technique is described in the paper, as well as the description of the
interaction diagrams between axial forces and bending moments for a series of commercial steel
sections. An initial imperfection is included in the finite element model to capture the possible
buckling failure modes in the column web and the beam flanges. The approach predicts moment
capacities that are very similar to those predicted by Eurocode 3 in the absence of axial forces.
Interaction diagrams and moment rotation curves are shown for different levels of axial forces,
as well as axial force versus displacements for different levels of bending moments. An
investigation is also carried out that shows that the approach leads to axial-bending interaction
curves that are path independent. Finally, a nonlinear exponential curve fitting is proposed for

the axial-moment interaction diagram.
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1. INTRODUCTION

The most common way to characterize the behaviour of steel connections is by means of
moment-rotation curves. They provide information on the initial stiffness, moment resistance and
rotation capacity. The component method has been proposed in Eurocode 3 (EC3) Part 1.8 [1] to
provide such information, which is subsequently used in frame analyses by means of rotational
springs. Reference [2] provides a good background document and design manual for connections
according to EC3. There are a number of situations in which the axial forces may become
significant in beam to column connections. Such situations include: sway frames subject to large
lateral forces produced by strong wind conditions and/or earthquakes; Vierendeel type of beams
that avoid diagonal elements; beam splices; irregular frames under gravity and lateral forces; and
structures under fire conditions or subject to progressive collapse.

Part 1.8 of EC3 proposes the calculation of the moment resistance neglecting the axial
interaction provided that the acting axial load does not exceed 5% of the axial design resistance
of the connected beam, otherwise a linear axial-bending interaction relation is supposed to be
used. This linear relation involves the axial resistance of the connection assuming there is no
moment, however neither formula nor indications are given in EC3 Part 1.8 as how to calculate
such resistance in either tension or compression.

Previous studies have addressed the interaction between the axial force and bending
moment in steel joints [3-10]. Most of this work deals with two main issues: experimental
studies to characterize the possible interactions; and component based analytical and mechanical
models. The results of an experimental program that included extended plate beam-to-column
connections were presented in [3]. The researchers concluded that the presence of the axial force
should be considered in the joint design. In [4] experimental results were also presented for
flushed end-plate beam-to-column connections. A common conclusion of the results of these

works was that the presence of axial forces has an important effect on the joint bending response,



and along with it the need to define an interaction between them. Component based mechanical
models, that include axial and moment interaction of 2D connections, have been proposed in [4-
10]. The reader is referred to [8] for a comprehensive description of different models and
experimental work. Recently a comprehensive method, based on an assembly procedure of
components, has been proposed by Demonceau et al [9] to characterize N-M interactions. In
addition, it was found that the 5% rule leads to an overestimation of the moment capacity in the
5% band, while the linear part of the rule is rather conservative. Similar findings are also
observed in this study, as it will be shown below. Another component-based method has been
recently proposed by Gil-Martin et al. [10], which also includes axial-bending interaction. Also
in the context of connections for spatial lattice structures experimental and analytical models
have been presented in [11-13]. Again, the conclusions point out to the importance of the axial-
moment interaction in the resistance of the joint and the need to consider it in the global
structural analysis.

Three dimensional finite element models have been widely used in steel joint analysis [14-
20] for the characterization of their properties, and the assessment of local effects. They have
also been used to perform numerous parametric analyses to validate analytical procedures. The
finite element method (FEM) has worked very well in the simulation of bolted [14-16] as well as
welded connections [17-20] using different types of elements (shell and solid) and computer
programs, and it is widely considered as a very accurate and reliable technique to characterize
the complete behaviour of steel joints.

In this paper an efficient method is proposed to obtain accurate axial-moment interaction
curves of 2D steel connections. The method is based on detailed and accurate finite element
models, and offers an alternative to the component method for those who prefer to characterize
connections using finite element models. The modelling procedure proposed in [21] for stiffness

characterization, is expanded and enhanced herein to make it suitable for resistance evaluations



in which both, bending moments and axial forces concur at the steel connection. In this way,
axial force versus bending moment interaction diagrams can be obtained readily. The effects of
the shear force in the web panel and column longitudinal axial force have not been considered in
this study. Section 2 explains the finite element modelling process and the rigid surface
constraint procedure to introduce the bending moment and axial forces. The consideration of
initial imperfections and model validation are also described in Section 2. Section 3 includes the
generation of N-M interaction diagrams for tension and compression, and a study that shows that
the limit surfaces are path independent, and can be well approximated using a nonlinear

exponential curve fitting technique. Finally, some conclusions are drawn in Section 4.

2. FINITE ELEMENT MODEL

In this section a systematic finite element modelling procedure is presented to characterize
the resistance of the steel connection in terms of the axial-bending interaction. The ABAQUS
program has been used to construct the finite element models of the steel joints. Then a rigid
surface constraint procedure has been implemented to introduce the axial and bending moments

in the simulation process.

2.1 Finite element model and surface constraints

In this research, welded steel joints have been modelled using similar finite element
procedures to those already used by different authors and researchers, which were corroborated
against experimental tests giving very good results (see references [18-20]). The joints have been
modelled with 8 node C3D8R solid finite elements that include reduced integration (to avoid
shear locking) and hourglass control (see Fig. 1). The full penetration butt welds between
columns and beams have been considered using a kinematic type of constraint condition allowed
by ABAQUS. The beam section has been declared as the “master surface” while the column

flange as the “slave”.



As shown in Fig. 1, for a HEB 200 column and an IPE 330 beam, the FE model has been
prolonged at each side of the columns and beams. The reason for these elongations is to
guarantee that the limits of the model are long enough to capture the areas of stress
concentrations that appear in the lower and upper part of the beam web panel next to the column
flange, as well as the column web panel. In addition, the possible failure modes of the beam
flange in compression and tension are also taken into consideration in this way. A parametric
study carried out in [21] confirmed that 4/5 (where 4 is the depth of the connected beam) is long
enough to capture these effects. The complete finite element model depicted in Fig. 1, has a
minimum element size of 2.5 millimetres, a maximum size of 5 millimetres, and a total of
217,680 degrees of freedom (DOF). It was shown in [21] that this type of finite element model
provides very good results for stiffness characterization. In what follows, it will be explained
how the model has been expanded and enhanced to include non-linear properties as well as
initial imperfections to characterize the resistances and obtain axial-bending interaction
diagrams.

The beam deformation hypotheses have been introduced at the boundary of the joint model
to ensure that these sections remain plane after deformation. In order to impose these hypotheses,
sections A, B, C and D in the finite element model (see Fig. 1) have been constrained to displace
as rigid surfaces. Thus, the horizontal and vertical displacements, as well as the rotation of the
nodes in these surfaces have been tied to those of their reference points (centres of gravity) of the
respective sections A, B, C and D. This also allows introducing in a straightforward way the
axial forces and bending moments at sections C and D. In order to constraint the rigid body
motions section C has been pinned, and a roller has been situated in section D as shown in Fig. 2.
In this way, section D carries the combination of bending moment and axial force whose
interaction will be presented below in this paper. The shear interaction is avoided by introducing

in section C a moment of equal value and opposite sign to that introduced in section D.



The material behaviour has been introduced in the finite element model by means of an
elastic perfectly plastic stress-strain relation as indicated in EC3 Part1-5 [22], along with the Von
Misses yield criteria. The types of steel used for this study are S275 and S355; and the values
adopted for the elastic modulus E and the Poisson ratio v have been 21000 kN/cm? and 0.3,
respectively. Material and geometric non-linear analysis have been performed in all cases using
Riks method as the solution control algorithm, which allows for the analysis of limit and post-

limit state responses.

2.2 Consideration of initial imperfections

The bending moment and axial compressive force produce normal stresses in the column
web and beam flange, which may lead to their buckling failure. In order to capture this effect an
initial imperfection has been introduced, as specified in Eurocode 3 Part 1.5 [22], by scaling the
first buckling mode due to axial loading acting in the beam by a factor of /200, where / is the of
the minimum of the column web panel width or beam depth. This scaling factor is considered
fairly conservative as reported in [23]. Fig. 3a shows the enlarged shape of such initial
imperfection for the case of a HEB 200 column and an IPE 330 beam. This initial imperfection
has been chosen because the axial-moment diagrams have been generated by imposing first a
reference beam axial load (in tension and/or compression), and then by increasing the bending
moment coming from the beam until failure.

Nevertheless, a study has been made to see the possible differences when using an initial
buckling mode imperfection generated by beam bending loading. Such a buckling mode is
shown in Fig. 3b (JAVI POR FAVOR INTRODUCE ESTA FIGURA). The following beam-
to-column joints have been considered: HEB200-IPE330; HEB260-IPE400; and HEB300-

IPE500, with the HEB for the columns and the IPE for the beams.



Figs. 4 shows the three sets of moment-rotation curves corresponding to the different
beam-to-column joints mentioned above. For each joint, one case corresponds to the axial
buckling mode scaled by a factor of //200; another to the bending buckling mode also scaled by a
factor of //200; and the last one corresponds to the bending buckling mode scaled by //10°, which
is a very small deformation. It may be observed that the three different bucking shapes lead to
the same bending resistance for each of the different joints. Both the axial and bending buckling
shapes scaled by /200 give the same limit and post-limit behaviour; in fact the curves overlap
each other. In the case of the buckling shape with a scale factor of //10° the resistance is the same
but the post-limit behaviour is different with practically no softening. The use of these
imperfections will give results that are on the safe side for those cases in which the imperfections
are restrained by beams connected to the column web.

Similar to the moment resistance, Fig. 5 depicts the tension force versus displacements for
the three different sets of beam-column joints and initial imperfections. The tension resistance
curves also show the same resistances and again the axial and bending buckling shapes yield the
same results. Fig. 5 also demonstrates that in the case of a tension force the influence of the
initial imperfection is insignificant.

Finally, Fig. 6 illustrates the compression force versus displacement curves. These curves
now show the importance of the imperfection amplitude, since the behaviour with no
imperfection is different from that of the imperfections with larger amplitude. However, the
shape of the imperfection is not important, in fact, similar to the previous cases, the curves
resulting from axial and bending imperfections overlap each other, and the only difference is that
the axial buckling mode leads to a bit of less resistance than the bending buckling mode. The
post-limit behaviour is the same in both cases. As a consequence, the axial buckling mode can be
considered slightly more conservative than the bending one, and this is an additional reason why

it has been adopted in this study.



2.3 Model verification and validation

The proposed finite element model has been verified by comparing the moment resistances
of a series of beam-to-column joints obtained by this method and the predictions given by EC3
Part 1.8 [1]. It has also been validated by comparing this method with the experimental results
reported in [17].

Eurocode 3 Part 1.8 predicts the moment resistance, with no axial force, of a welded
connection based on the following criteria: column web in transverse compression (described in
Clause 6.2.6.2); column web in transverse tension (Clause 6.2.6.3); column flange in transverse
bending (Clause 6.2.6.4), and beam flange and web in compression (Clause 6.2.6.5).

The beam-to-column cases included in Table 1 have been analysed using the proposed
method as explained above. The moment-rotation curves have been obtained and examined to
get the moment resistance Mgs. Such resistance has been found, as proposed in [13], by
measuring the moment (M, in the figure) at the point of intersection of the moment-rotation
curve with the tangent of slope S, equal to 20% of the initial stiffness Sj. (see Fig. 7). Table 1
shows the results of the comparison and the component that fails; cwe and bfc mean column web
in compression, and beam flange in compression, respectively. For the majority of the cases the
failure mode is the web panel under compression. Both the proposed method and EC3 predict the
same component failure. Relative errors in the moment resistance are also shown in Table 1: the
average relative error is 1.8% and the maximum relative error is 4.7%. These low errors and
prediction of the component failure lead the authors to conclude that the proposed numerical
method gives similar predictions to those obtained by the Eurocode 3.

The experimental cases described in [17] have also been analysed using the proposed finite
element approach. The experimental tests were performed applying compressive loads to the
webs of commercial steel sections. Table 2 illustrates the characteristics and results obtained

experimentally as reported in [17], and by the proposed numerical finite element method. The



maximum error is 6.3%, and this also leads to conclude that the finite element model replicates

the results of the tests with sufficient precision.

3. AXTAL-MOMENT INTERACTION CURVES

Once the model has been validated, a series of cases of different beam-to-column joints
have been analysed to obtain the interaction curves. Fig. 8 shows these curves obtained for the
joints used in Section 2.2: HEB200-IPE330; HEB260-IPE400; and HEB300-IPE500 under axial
tension force and bending moment. The left side of Fig. 8 shows the interaction curves M versus
N; (tension) and the right one shows the normalized curves M/Mgs and Ni/N;ra , where Mgq is the
maximum moment obtained when N; is equal to zero, and N; rs is the maximum force obtained in
the absence of bending moment M. These diagrams have been smoothed between the sampling
points. The way in which the interaction curves have been obtained is by first finding N;zs by
increasing the axial load, with no moment, until failure; and afterwards by imposing the
following axial load levels as a percentage of N;rs: 0, 10%, 25%, 50% and 75%. With these
axial loads fixed, the bending moments have been increased until failure, and the case when N=0
renders Mgq. It is important to notice how the normalized curves practically superimpose with
each other. This fact is going to be considered at the time of developing a nonlinear exponential
fitting in Section 3 below.

It is also important to notice at this stage the difference of the obtained interaction curves
with that proposed in EC3 Part 1.8, which is included in the normalized interaction diagram of
Fig. 8 as a diagonal line with the 5% limit region. It is apparent that the EC3 is rather
conservative in the linear part of the curve; this result is in agreement with the findings in [10].
forlow—axial -forces;—which-are-the-most-commeon—cases: For 10% of axial load level the EC3
predicts a 90% for the moment resistance (linear interaction), whereas the proposed approach
yields 99%. Also for 20% of axial load the EC3 predicts 80% of the moment resistance and the

proposed method results in 96%.



Fig. 9 presents the interaction diagrams for the axial compression case, and again the same
trend is detected when it comes to the normalized curves. For 10% of axial load level the EC3
predicts a 90% for the moment resistance (linear interaction), whereas the proposed approach
yields 98%; and for 20% of the axial load, the EC3 predicts 80% of the moment resistance and
the proposed method results in a 94% prediction.

Figs. 10, 11 and 12 show the moment rotation curves for the different levels of axial load
(0; 10%, 25%, 50% and 75%) for the HEB200-IPE330; HEB260-IPE400; and HEB300-IPE500
joints, respectively. The left side shows the tension case, and the right side shows the
compression case. It may be observed how the moment resistance decreases when increasing the
axial loads, and how the softening post limit behaviour becomes more accentuated with
increasing compressive loads. It may also be observed how the initial rotational stiffness does
not change with respect to the amount of axial load for both tension and compression.

Fig. 13 shows the force-displacement curves for the different levels of bending moments
for the HEB200-IPE330 joint. The left and right sides show the tension case and the compression
case, respectively. It may be observed how the axial resistance decreases when increasing the
bending moments, and how the softening post limit behaviour for the case of compression
becomes more accentuated with increasing moment loads. It may also be seen how the initial
stiffness does not change with respect to the amount of bending load for both tension and
compression. The behaviour for the joints HEB260-IPE400 y HEB300-IPES00 is very similar to

that of the HEB200-IPE330 joint and it is not worth repeating.

3.1 Path dependency

In order to assess if the interaction diagrams are path dependant, the loading pattern is
reversed to generate new interaction diagrams. Now, the moments are fixed and the axial forces
are increased until failure. The maximum moments that were obtained for the axial levels of

10%, 25%, 50% and 75% are now fixed and the axial loads (in tension and compression) are
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increased until reaching the limit surface. In other words, the limit diagrams have been obtained
by following two different paths: a vertical loading path (increasing the moments) and a
horizontal loading path (increasing the axial forces).

Tables 3 and 4 show the limit values of the interaction curves obtained by both methods for
the HEB200-IPE330 joint under tension and compression, respectively. The results are given in
absolute as well as in normalized values. It can be observed how these values are very similar
thus showing no dependency on the loading pattern. Similarly Tables 5 and 6 show the values of
the interaction curves obtained by both methods for the HEB260-IPE400 joint under tension and
compression, respectively. Tables 7 and 8 show those values for the joint HEB300-IPE500. The
results are again given in absolute as well as in normalized values, and it can be seen again how
these values are practically the same, thus showing no dependency on the loading pattern. With
these results it is concluded that the interaction curves obtained by the proposed method are for

all practical purposes path independent.

3.2  Behaviour model

The normalized axial-moment interaction curves for the joints included in Table 1 are
shown in Fig. 14 for tension (left) and compression (right). Fig. 14 also shows the 5% rule and
the linear diagonal interaction proposed in EC3 Part 1.8. One can see that the pattern of the
interaction curves is quite uniform, and that all of them practically superimpose each other
within a narrow band. For each one of the curves a nonlinear exponential fitting as defined by

Equation 1 has been developed using the function fitn/m of Matlab [21] to fit nonlinear models.

o p
) o
N My,

The average values that have been obtained from the sample cases for the case of bending

moment versus axial tension are: &= 2.05 and £ = 0.86. In the case of the interaction between

bending moment and axial compression the average values are: o= 1.55 and = 1.20. These two
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cases are represented in Fig. 14 by a solid line. This type of nonlinear fit is adequate for this
family of 2D welded connections. Other types of connections may require a different fit, and this

will be studied in future works.

4. CONCLUDING REMARKS

The aim of this study has been to propose a systematic and accurate finite element based
approach to characterize the interaction between the bending moments and axial forces coming
from the connected beams in 2D welded steel joints. The approach predicts moment capacities
that are very similar to those predicted by Eurocode 3 in the absence of axial forces. In addition,
the main conclusions from this research can be summarized as follows:

1. The proposed finite element modelling technique is based on a finite element mesh with
constrained surface conditions, and an initial imperfection to correctly capture the possible
buckling failure modes in the column web as well as the beam flanges.

2. The proposed modelling process leads to axial-bending interaction curves that are path-
independent. The same results are obtained by fixing the axial force and incrementing the
moments (vertical path), and by fixing the moment and increasing the axial force (horizontal
path).

3. A nonlinear exponential curve characterises the axial-moment interaction with good
precision for the family of cases contemplated in this research.

4. Tt has been observed from the moment rotation curves, that the level of axial loading coming
from the connected beam has a strong influence on the moment resistance and post-limit
behaviour. The compressive axial forces reduce significantly the rotation capacity and
increase the softening post-limit effect. However, the initial rotational stiffness does not seem
to be affected by the level of axial loading.

5. For the welded connections that have been studied in this research, the N-M interaction

proposed by Eurocode 3 becomes rather conservative in the linear part, however it tends to
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overestimate the resistance in the 5% bracket. However, this research corroborates the
Eurocode 3 assertion that the connection has limited ductility when subject to moment and
axial compressive forces.

6. This study has been an initial investigation on axial-moment interaction on steel connections.
The combination of axial-moment in the connection with the shear and axial forces acting in
the column web panel warrant a separate study that will become part of future research.

7. The scope of the proposed method can be enlarged and applied to other kind of joints and
loading conditions, and predictive models can be explored based on machine learning
techniques [25-26]. These will also be part of future investigations.

8. The proposed results could be easily implemented in structural analysis programs, and
facilitate the analysis and design of welded steel frames and joints. In fact, the proposed
approach complements and enhances the stiffness model proposed in [21] by adding the joint
resistance and interaction diagrams to the cruciform element developed therein. In the
context of advanced structural analysis proposed in modern codes, the proposed method

could be useful since it allows the joint to be precisely modelled within the structural system.
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TABLES

Table 1
Comparison of moment resistances between the proposed method and EC3
Column Beam Steel Fera F.rqa Component — Mz, Mza Error
Grade  (EC3)  (FEM) Failure (EC3) (FEM) (%)
HEB 200 IPE 330 S275 493.2 487.0 cwce 157.1 158.3 0.8%
HEB 200 IPE 400 S275 507.9 516.2 cwce 196.3 199.5 1.6%
HEB 240 IPE 360 S275 626.6 623.1 cwce 217.6 216.4 0.6%
HEB 240 IPE 450 S275 642.1 663.5 cwce 279.6 288.9 3.2%
HEB 260 IPE 400 S275 681.3 686.4 cwce 263.3 267.2 1.5%
HEB 260 IPE 500 S275 701.7 710.2 cwce 339.6 343.7 1.2%
HEB 280 IPE 360 S275 715.7 712.9 cwce 248.5 247.6 0.4%
HEB 280 IPE 450 S275 732.0 747.5 cwce 318.7 325.5 2.1%
HEB 300 IPE 330 S275 694.2 714.9 bfc 221.1 227.7 2.9%
HEB 300 IPE 400 S275 817.4 815.8 cwce 315.9 3153 0.2%
HEB 300 IPE 500 S275 830.5 857.4 cwce 402.0 415.0 3.1%
HEB 320 IPE 450 S275 878.3 903.1 cwce 382.4 393.2 2.7%
HEB 320 IPE 550 S275 894.8 926.2 cwce 476.7 493.5 3.4%
HEB 340 IPE 400 S275 929.9 947.0 bfc 3594 366.0 1.8%
HEB 340 IPE 500 S275 939.2 967.4 cwce 454.6 468.2 2.9%
HEB 340 IPE 600 S275 958.9 1005.9 cwce 557.1 584.4 4.7%
HEB 200 IPE 330 S355 636.7 635.8 cwce 202.8 202.5 0.1%
HEB 260 IPE 400 S355 879.4 876.8 cwc 3399 338.9 0.3%
HEB 300 IPE 500 S355 1072.2 1081.6 cwce 518.9 523.5 0.9%
Table 2
Comparison with previous tests on webs under compression
Test  Section h by tw t Steel 5 5 F F Error
) W / Grade oS yow EXP FEM
M2 HEA260 2553 259.8 7.8 11.8 23.8 S235 300 335 608 578 4.9%
MH4 HEA200 1959 203.6 7.7 112 182 S460 512 542 760 808 6.3%
A3 HEA240 230 240 7.5 120 21.0 S235 287 286 502 474 5.6%
Table 3
Limit values obtained for HEB200-IPE330 under bending and tension by two paths
Increasing M Increasing N,
N M N/Nra  M/Mga N M Ni/Nra  M/Mga
0% 0.00 158.26 0.00 1.00 0.00 158.26 0.00 1.00
10% 139.44 156.50 0.10 0.99 142.34 156.50 0.10 0.99
25% 348.60 146.63 0.25 0.93 349.83 146.63 0.25 0.93
50% 697.19 113.48 0.50 0.72 697.00 113.48 0.50 0.72
75% 1045.79  59.76 0.75 0.38 1045.65  59.76 0.75 0.38
100%  1394.38 0.00 1.00 0.00 1394.38 0.00 1.00 0.00
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Table 4
Limit values obtained for HEB200-IPE330 under bending and compression by two paths

Increasing M Increasing N,
N, M N¢/Nra  M/Mgra N, M N¢/Nra ~ M/Mpga
0% 0.00 158.26 0.00 1.00 0.00 158.26 0.00 1.00
10% 120.23  155.66 0.10 0.98 124.74  155.66 0.10 0.98
25% 300.56  145.62 0.25 0.92 302.86  145.62 0.25 0.92
50% 601.13  112.20 0.50 0.71 599.46  112.20 0.50 0.71
75% 901.69 67.46 0.75 0.43 892.00 67.46 0.74 0.43
100%  1202.25 0.00 1.00 0.00 1202.25 0.00 1.00 0.00
Table S
Limit values obtained for HEB260-IPE400 under bending and tension by two paths
Increasing M Increasing N,
N, M N/Nri ~ M/Mgra N, M Ny/Nra  M/Mgra
0% 0.00 267.22 0.00 1.00 0.00 267.22 0.00 1.00
10% 191.10  264.92 0.10 0.99 192.53  264.92 0.10 0.99
25% 477.75  248.59 0.25 0.93 479.95  248.59 0.25 0.93
50% 955.50  192.99 0.50 0.72 95540  192.99 0.50 0.72
75% 1433.24  103.63 0.75 0.39 1433.19  103.63 0.75 0.39
100%  1910.99 0.00 1.00 0.00 1910.99 0.00 1.00 0.00

Table 6
Limit values obtained for HEB260-IPE400 under bending and compression by two paths
Increasing M Increasing N,
Ne M Nc/Nra — M/Mga N, M N./Nra  M/Mga

0% 0.00 267.22 0.00 1.00 0.00 267.22 0.00 1.00
10% 162.51  262.01 0.10 0.98 172.65  262.01 0.11 0.98
25% 396.28 24435 0.25 0.91 404.00 24435 0.25 0.91
50% 792.55  187.15 0.50 0.70 793.48  187.15 0.50 0.70
75% 1188.83  114.08 0.75 0.43 1189.52  114.08 0.75 0.43
100%  1585.10 0.00 1.00 0.00 1585.10  0.00 1.00 0.00

Table 7

Limit values obtained for HEB300-IPE500 under bending and tension by two paths

Increasing M Increasing N,
N, M N/Nra___ M/Mpga N M N/Nra ~ M/Mgra

0% 0.00 414.98 0.00 1.00 0.00 414.98 0.00 1.00
10% 248.55 41435 0.10 1.00 23372 41435 0.09 1.00
25% 621.38  389.36 0.25 0.94 623.38  389.36 0.25 0.94
50% 124276 307.04 0.50 0.74 124291  307.04 0.50 0.74
75% 1864.14  167.68 0.75 0.40 1863.92  167.68 0.75 0.40
100%  2485.52 0.00 1.00 0.00 2485.52  0.00 1.00 0.00
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Table 8

Limit values obtained for HEB300-IPE500 under bending and compression by two paths

Increasing M Increasing N,
N M N¢/Nra — M/Mga N M Ne/Nra  M/Mga
0% 0.00 414.98 0.00 1.00 0.00 414.98 0.00 1.00
10% 200.23  404.04 0.10 0.97 202.71  404.04 0.10 0.97
25% 500.56  371.70 0.25 0.90 506.49  371.70 0.25 0.90
50% 1001.13  283.82 0.50 0.68 994.85  283.82 0.50 0.68
75% 1501.69 172.30 0.75 0.42 1501.58 172.30 0.75 0.42
100%  2002.25 0.00 1.00 0.00 2002.25 0.00 1.00 0.00
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FIGURES

RP-2(B)

RP-3(C) RP-4(D)

RP-1(A)

Fig. 1. Finite element model and situation of the reference points.

Fig. 2. FEM model boundary conditions and load introduction.
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Fig. 3. First Buckling modes for HEB200 - IPE330 model: a) axial compression b) sagging
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Fig. 4. Moment-rotation curves for different initial imperfections.
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Fig. 5. Tension force-displacement curves for different initial imperfections.
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Fig. 7. Characterization of the moment resistance Mga.
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Fig. 8. Interaction curve between bending moment and axial tension force. The diagonal line
corresponds to the current Eurocode 3 interaction relation.
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line corresponds to the current Eurocode 3 interaction relation.
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Fig. 10. Moment-rotation curves (HEB200-IPE330) for different axial loads.
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Fig. 11. Moment-rotation curves (HEB260-IPE400) for different axial loads.
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Fig. 12. Moment-rotation curves (HEB300-IPE500) for different axial loads.
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Figure 14. Normalized interaction curves for the sample cases. The diagonal line corresponds to
the current Eurocode 3 interaction relation.
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