Application of new Eurocode 3 formulae for beam-columns to Class 3

hollow section members

N. Boissonnade & K. Weynand
Feldmann + Weynand GmbH, Aachen, Germany

J.P. Jaspart

ArGEnCo Department, University of Liége, Licge, Belgium

ABSTRACT: This paper presents a new set of design formulae for Class 3 hollow section beam-column
members. The specificity of the proposed rules consists in offering a fully continuous model along the Class 3
range, filling the existing gap between plastic and elastic resistance in Eurocode 3. Through comparisons with
both experimental tests and extensive FEM numerical results, the proposal is found accurate and safe. More-
over, a second parametric study dedicated to the determination of the level of safety led to a fully satisfactory

afety factor .

1 INTRODUCTION

This paper reports on investigations led towards the
application of the new Eurocode 3 formulae for hol-
low section beam-columns. More precisely, it (i) fo-
cuses on the behavior of semi-compact “Class 3”
cross-section members, and (ii) presents the essen-
tials of a new design model for the resistance of
Class 3 cross-sections.
The new set of design rules for checking the stability
of beam-column members proposed in the latest ver-
sion of Eurocode 3 (EN 1993-1-1 2005) differ sig-
nificantly from the previous ENV version set
(ENV 1993--1-1 1992). Two different sets of formu-
‘ae are now available, according to either Method 1
or Method 2. Based on second-order principles, both
methods provide a high level of accuracy and em-
phasize a clear physical background, which is of
prime importance for a safe day-by-day application.
Besides this, recent research efforts on the behav-
ior and design of Class 3 cross-sections have been
undertaken, within RFCS research project “Semi-
Comp”. The outcome of the project mainly consisted
in an improved analytical formulation for cross-
section resistance that enables a fully continuous
transition between the plastic bending resistance
My pq at the Class 2 — 3 border and the elastic bend-
ing resistance M e at the Class 3 —4 border: in-
deed, as Figure | shows, such a gap still exists in
Eurocode 3, associated with the principles of cross-
section classification. Present paper shows how this
new concept for semi-compact cross-sections can be
successfully incorporated in the more general con-
text of beam-column members with Class 3 cross-
sections.

In a first step, the paper proposes a brief review of
the new beam-column formulae with a particular
emphasis on their main features; then, the basic
principles of the proposed Class 3 cross-section re-
sistance model are detailed in Section 2. Section 3
focuses on the validation of a purposely-derived
FEM tool towards experimental tests; this numerical
tool is extensively used in the parametric studies de-
scribed in Section 4, where comparisons with the re-
sults provided by the design formulae are presented.
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Figure 1. Distribution of bending resistance along cross-section
class ranges according to Eurocode 3.

2 NEW DESIGN FORMULAE FOR CLASS 3
HOLLOW SECTION MEMBERS

2.1 New beam-column formulae in Eurocode 3

As already mentioned, the new beam-column rules
in Eurocode 3 consist in two different sets, Method 1
and 2, given separately in Annexes A and B, respec-
tively (cach country has the possibility to recom-
mend one of the formulae set, by means of the Na-
tional Annexes).

Method 1 has been basically built on the principles
of generality, consistency and continuity with the



other formulae of the code; it provides a high level
of accuracy, and is applicable to any type of cross-
section, Reference is especially made here to
Method 1 set of design rules that have been derived
in order to fulfill the following requirements: accu-
racy, generality, consistency, continuity, transpar-
ency and mechanical basis (Boissonnade et al. 2000,
CIDECT 2007).

Method 2 is dedicated to a more simple and prac-
tical use, through global factors that cover several
physical effects; specific formulae for hollow cross-
sections ate also proposed.

The basic format of both methods relies on elastic
second-order considerations. Spatial behavior and
elastic-plastic behavior have been progressively in-
corporated in the clastic in-plane format (Boisson-
nade et al. 2006), and the general formulae for
Method 1, rearranged in a suitable format, are as fol-
lows (for Class 1 and 2 cross-sections):
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As can be seen, the formulae presented here make
use of the well-known amplification factor concept.
Also, the concept of equivalent moment factor C,, is
employed; it can be shown that the definitions of

oth of them are intrinsically dependent on each
other (Boissonnade et al. 2000).

The use of an equivalent moment factor is a first
important feature of the proposed formulae. It brings
significant simplification since it allows substituting
the (general) actual bending moment distribution on
the member for an equivalent one that leads to the
same maximum second-order bending moment on
the member M™", see Figure 2.

In the particular case of a linear bending moment,
which is of prime importance in practice, Method 1
proposes a new expression for Cp,:

o :0.79+0.21t//+0.36(t//—0.33)%"_ 3

or

where y is the ratio between the applied end mo-
ments (—1 < w=<1), This last definition, when com-
pared to well-know definitions such as the ones of
Austin {Austin 1981) or Massonnet (Massonnet &
Campus 1955), significantly improves the accuracy

of the beam-column formulae, where the determina-
tion of C,, is decisive.
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Figure 2. Tlustration of equivalent moment factor C,, concept,

Besides this, Method 1 proposes to take due ac-
count of elastic-plastic effects by means of (i) C; and
Cy factors for M — N interactions (i and j indexes are
relative to either y —y or z -z axes, see Eq. (4)) and
(i1) ;f and & factors for M, g — M, £q biaxial bending
interaction,

Since instability effects influence the extent of
yielding in the member, the plastic cross-section re-
sistance M, zs of a Class 1 or 2 section might not be
reached, but an elastic-plastic C M, zs one, where C
is so that C My e is comprised between M), rs and
Mo pe. When spatial behavior and loading must be
contemplated, a distinction has to be made between
what concerns strong axis and weak axis, therefore
the need to introduce distinctive Cy; and Cy coeffi-
cients (Boissonnade et al. 2006). The general writing
of the C;; factor is as follows:

“‘1-{-(W —1);:2——26' (/L‘ +/L2)JI—VA~T-'~E”¢MZ~%L(4)

Vr’

plLRA pli

with w; = Wi/ Weyi <1.5. Wy and W,y designate
respectively the plastic and elastic modulus of the
member cross-section in bending; A; represents the
relative column slenderness for flexural instability.

The definition of Cj; must obviously depend
on 4;, so that the behavior of the beam is plastic for
small slenderness, and becomes elastic as the mem-
ber slenderness and the axial compression increase.
In Eq. (4), the factor (w— 1) represents the maxi-
mum available bending potential between pure elas-
ticity and pure plasticity, and must be multiplied not
only by a function of A;, as explained before, but
also by a function of C,,, because the member cannot
develop the same elastic-plastic effects whatever the
transverse loading is. This calibrated coefficient then
clearly permits a smooth physical transition between
plasticity and elasticity; the bending moment of the
column cross-sections being always greater than the
elastic moment resistance, the Cj; coefficient must be



bounded by W,/ W, for Class1 and 2 cross-
sections.

As explained before, ¥ and & are factors to ac-
count for biaxial bending elastic-plastic_interaction;
they are respectively chosen as 0.6,/w, / w, and
0.6,w, /w, .

As )0{16 of the most outstanding features of the
Method 1 set of design formulae, continuity aspects
have been receiving specific attention. It can be ob-
served that the different formulae provide continuity:
— from elastic to plastic behavior;

— from cross-section to member resistance when the
member slenderness increases:

— with the other formulae of the code;

— between simple loading situations;

— from spatial to in-plane behavior.

Finally, it has to be mentioned that the proposed
formulae have been validated for Class1 and 2
cross-section members (both open and hollow sec-
tion shapes) on about 15000 non-linear GMNIA
FEM simulations resuits as well as on 370 test re-
ults (Boissonnade et al. 2006, CIDECT 2007).

2.2 Proposal for a design model for Class 3 hollow
section members

As Egs. (1) and (2) show, the new beam-column
formulae have been mainly built for plastic Class 1
and 2 cross-sections, However, Class 3 and 4 cross-
sections situations are obviously covered, since the
basis of the formulae is elastic behavior (Boisson-
nade et al. 2006).

As already mentioned, the formulae have been de-
rived so that to offer a maximum level of continuity;
nevertheless, a lack of continuity in bending resis-
tance can be observed at the Class 3 to 4 border, as
Figure 1 shows. Indeed, in accordance with Euro-
code 3 assumptions, the cross-section resistance for
pure bending drops from My pq to Mg ps when the

ross-section passes from Class 2 to Class 3. More
than 50% of resistance may be lost due to the pres-
ence of this gap, which is physically not acceptable;
the loss of resistance may rise up to 65% when biax-
ial bending is of concern.
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Figure 3. Proposed continuous distribution of bending resis-
tance along cross-section class ranges.

In order to propose a solution to this problem, a
RFCS resecarch project named “Semi-Comp” has
been initiated, where a mechanical model for a con-
tinuous cross-section and member buckling resis-

tance along the Class 3 field has been developed.
The basic idea on which the model relies on consists
in offering an intermediate “elastic-plastic” resis-
tance of the semi-compact cross-section in bending,
between pure plastic and pure elastic behavior (sece
Figure 3). In this way, the distribution of stresses of
Figure 4 is adopted. The total bending resistance
then consists of two distinctive contributions
(Eq. (5):
— a plastic contribution 3, £, that corresponds to
the yielded fibers of the section;
— an elastic contribution Wi, f, arising from the
other fibers of the scction that have not reached
the yield stress (fibers within 2., see Figure 4),

Mg = (WJ.p.r +W, 4 ) f} (5)

Obviously, the key aspect here lies in the correct
determination of A, that must be so that the cross-
section reaches a full plastic resistance at the
Class 2 — 3 border (i.e. h,, — 0), and that the cross-
section exhibits its sole clastic resistance at the
Class 3 — 4 border (i.e. g, = h).

Strain

Stress

Figure 4. Elastic-plastic distribution of stresses.

This is achieved in assuming that whenever the
stress distribution were still linear beyond f,, the
maximum stress reached would be equal to o, at a
strain level €= &mx > &, & being the maximum elas-
tic strain. The critical plate stress o, appeats as a
convenient stress measure here, since the local
(plate) instability effects play the key role here.
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However, in order to fulfill the continuity aspects
at the ends of the Class 3 field, it is necessary to
bring modifications to the original definition of o,
Indeed in accordance with Figure 4, o, must be so
that:

— o, = at the limit between Class 2 and Class 3;
~ Oy = f; at the limit between Class 3 and Class 4.

In the particular case of a simply supported plate

in compression, such a modified o, writes:

2
o, =1.616E 1 (7)
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It is to be noted that this definition stands for a
Class 3 field defined for so-called ¢/t ratios com-
prised between 34¢ and 38¢, unlike the 38¢ to 42¢
one prescribed by Eurocode 3. Place is missing here
to provide full justifications for this fact (cf. Semi-
Comp 2007).

Finally, the design model resorts to the plastic
cross-section design checks of Eurocode 3 for com-
bined loading, adequately modified to allow for con-
tinuous transitions along the Class 3 range:
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These equations ensure full continuity with the
simple loading cases and within the Class 3 range.

The implementation of this cross-section model is
straightforward in the Method 1 set of beam-column
design formulae. Obviously, one must replace
Mp],y,Rd and Mpl,Z.Rd by My ra and M;, pq in the dif-
ferent factors, such as for w, and w, in the Cj; factors
for example. In addition, the y* and J* factors need
to be adjusted to;
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3 ASSESSMENT OF FEM NUMERICAL TOOLS
3.1 Tests on Class 3 hollow section members

Within the frame of “Semi-Comp” project, a series
of 24 tests on beam-column members has been un-
dertaken, The main goal of the tests was to help

validating a purposely-derived FEM model that, if
found satisfactory, would be used extensively in pa-
rametric studies (see section 4).

Amongst the 24 member buckling tests, 6 were
performed on RHS 200x120x4 (S275) members, and
6 on SHS 180x5 (S355) members; all profiles were
about 4000 mm long.

In order to fully characterize the different speci-
mens, in view of further comparison with the FEM
calculations, several additional measurements and
tests have been conducted, mainly regarding dimen-
sions, material characteristics and initial imperfec-
tions,

Accordingly, several tensile coupon tests have
been completed, including in the corner regions, to
provide the necessary information on material be-
havior (see Table 1).

Table 1. Results for tensile coupon tests,

E A S
Section GPa Nimm® Nt
RIS 200x120x4 (8275) 177 378 486
SHS 180x5 (5355) 178 413 538

The coupon tests first showed that the o-—¢
curves were not exhibiting a typical “yield plateau”,
as is usual for constructional steel; consequently, a
specific implementation has been made in the FEM
models, and the determination of the design yield
stress has been made possible through the “f 029
procedure”.

Secondly, these tests revealed, as expected, a
much higher level of yield stress in the corner zones,
due to strain hardening (resp. 548 N/mm® for RHS
cross-sections and 520 N/mm” for SHS sections).
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Figure 5. Measured initial residual stresses on SHS180x5 sec-
tion.

Besides this, the so-called “cutting strip tech-
nique” was used for the determination of initial re-
sidual stresses. This method consists in measuring
the length of several strips all over the cross-section
(see Figure 5) before and after cutting of the strips.
The differences in length are directly linked to mem-
brane stresses, while additional measurements of the



variation of curvature provide further information on
the flexural initial residual stresses.

Figure 5 presents some of the obtained results,
where a rather low level of initial membrane residual
stresses is observed, in comparison with the level of
initial flexural residual stresses, as was expected.

Information on the initial geometrical imperfec-
tions is also decisive for the correct interpretation of
member buckling tests: it is indeed known to have a
non negligible influence on the carrying capacity of
real members. In the present project, it was neces-
sary to determine both the “global” longitudinal im-
perfections and the “local” (plate) defaults, since the
occurrence of local buckling is a key feature in the
behavior of Class 3 cross-section members.

Accordingly, imperfections on several faces of
the tested members have been measured all along the
specimens’ length, at three different points in a
cross-section (see Figure 6).

Figure 6, Measurement of local and global geometrical 1mpe—
fections on a face.

Three measurement devices have then been fixed
on a small trolley that displaces all along the speci-
men’s length, recording the longitudinal defaults
long three different lines. Through appropriate
geometrical {reatment, it becomes possible to sepa-
rate the member global imperfection from the local
imperfection, Indeed, a measurement close to the
corner zone of a tubular profile is assumed to be free
from local imperfections, i.e. representative of the
global imperfection, while a measurement in the
middle of a face contains both local and global de-
faults. Figure 7 shows an example of result where
global and local imperfections have been separated.

It was finally found that the relative level of both
global and local initial imperfections was small,
though highly variable from one specimen to an-
other. These data (shape and amplitude) have been
further implemented in the FEM models for valida-
tion purposes.

The member buckling main tests consisted in
monaxia! or biaxial bending with axial compression
tests. For convenient purposes, primary bending was
applied through eccentrically applied thrust. As a
consequence, the primary bending moment diagrams

applied on the members were linear (with =1 or
w =0 values).
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Figure 7. Geomelrical global and local imperfections

{RHS 180x5 profile, strong axis).

The support conditions of the members during the
tests may be assumed to be “pinned conditions”: the
end-sections bending rotations can be assumed to be
free, since the specimen was fixed at its bottom and
top to half-spheres lying on a film of oil ensuring a
low level of friction; the centre of these half-spheres
were exactly located at the member’s end sections;
torsional rotation of the member ends was also pre-
vented. So-called end plates were also welded to the
specimens end sections, so that to fix them in the test
rig. Axial compression was applied through control-
ling the pressure of oil in the system,

Figure 8. General view of test setup — Supporl conditions and
instrumentation in the mid-height cross-section and at supports.

For each test, the following data have been re-
corded: applied load, axial shortening, and at top and
bottom of the specimens, rotations in both principal
planes. For the mid-span cross-section, major and
minor axis displacements were measured. This in-
formation has been further used in comparisons with
the FEM results.



3.2 Comparison with FEM models and design
proposal

Adequate FEM numerical models (see Figure 9)
have been developed, that resorts to shell elements:
indeed, the key aspect here consists in characterizing
the early or late occurrence of local buckling on the
behavior of the semi-compact cross-section member,
thus the need for shell elements.

Specific attention has been paid to the meshing of
the corner regions, and mesh-density tests have been
performed for each possible type of analysis.

Additional fictitious nodes have been defined at
the centroids of the end cross-sections for the defini-
tion of the support conditions.

Realistic boundary conditions (i.e. with welded
plates at the ends of the members) as well as meas-
ured characteristics (material law, dimensions, and
geometrical imperfections) have been introduced in
the numerical models, in order to perform a com-
parison with the experimental {ests as accurate as
v0ssible.

Figure 9. Shell FEM mode! (amplified deformation at failure
and initial shape).

It is to be noted that no initial residual stresses
have been introduced in the numerical models, since
they mainly consist in flexural residual stresses (see
~ection 3.1) that are know to have a lesser influence
.nat the membrane residual stresses which are negli-
gible here.

Table 2 presents the results obtained for both
RHS and SHS test series.

Table 2. Resuits for hollow section member buckling tests,

e € Pus Prem Puoga%orem Yomoder

Specimen [mun}[mm]{kN} [kN] [kN]

R275 BU 1(y=1) 55 0 404 378 294 7.0 372
R275 BU 2{y=0} 55 0 451 453 331 -04 363
R275 BU 3(wy=1) 0 45 261 239 211 9.2 239
R275 BU 4 (w=0) 0 45 331 296 240 12.0 38.1
R275 BU S5(w=1) 55 45 268 225 183 19.3 46.7
R275 BU 6 (w=0) 55 45 307 282 217 88 415

$355 BU 1(w=1) 55 0 563 546 449 3.1 254
$355 BU 2(y=0) 55 0 656 660 509 -0.6 29.0
$355 BU 3 (y=-045)550 708 700 532 12 33.1
S355 BU 4(w=1) 55 55 460 453 328 1.6 403
8355 BU 5(w=0) 55 55 600 568 382 5.5 57.1
$355 BU 6 (w=-045)55 55 629 608 419 34 500

In addition to the experimental maximum axial
loads, Table 2 reports the resuits of the FEM calcula-
tions and the analytical results yielded by the appli-
cation of the model described in section 2.2. It also
provides information on the applied loading:
monoaxial or biaxial bending, and constant (= 1)
or triangular (i = 0) first order bending moment.

First, a very good agreement between experimen-
tal and numerical results can be observed: the differ-
ence is usually less than 5% (except for two results
where the experimental load exceeds the FEM load
by about 20%), and is always on the safe side.

Considering the uncertainties inherent to the ex-
perimental setup and material behavior, the results
presented herein are assumed to be satisfactory
enough to validate the ability of the FEM models to
simulate the behavior of such Class 3 cross-section
members up to collapse. Accordingly, the developed
FEM models have been intensively used in paramet-
ric studies, as detailed in the next section.

Besides this, Table 2 also shows rather conserva-
tive results obtained through the application of the
proposed model. This can first be explained by the
difference between the assumed levels of imperfec-
tions: indeed, the design model implicitly accounts
for a rather high level of imperfections, while the
measured one was relatively small, which leads to
over-conservative design results.

Secondly, due to the delivery of test specimens
exhibiting a higher yield stress than expected (see
Table 1), all cross-sections are classified as Class 4
sections. As a consequence, a reduced (effective)
analytical resistance can only be reached, while the
members exhibited a certain amount of elastic-
plastic effects, therefore the high level of safety of
the design formulae.

4 PARAMETRIC STUDIES

The numerical models being shown to be accurate
and appropriate, extensive parametric studies have
been performed. The following parameters have
been taken into account in a first parametric study:

— 2 different cross-section shapes: RHS 250x150x6
and SHS 180x5;

— 2 different steel grades: f, =235 N/mm® and
1, =355 Nfmm?,;

— 2 primary linear bending moments distributions:
w, =y, =1 and y = y, =0 (M, gz and M, g4 end-
moments applied on the same side);

— 2 relative slenderness A, = 0.5 and A4, = 1.0;

— 4 different values of relative axial compression
n=Ngg! Nppqg: n =0, 0.30, 0.50 and 0.70, where
Ny, ra represents the flexural buckling load under
pure compression;

— For ecach fixed values of the previous parameters,
9 combinations of M, zz and M, g values have



been investigated, so that to allow for the deter-

mination of the biaxial bending interaction.

Steel grade S355 have been studied as it has now
become the “standard” one, and $235 was also kept
in the calculations in order to exhibit a more plastic
behavior. Indeed, the influence of instability phe-
nomena (i.e. local buckling) is more pronounced for
high strength steel, and as a consequence, the ex-
pected elastic-plastic behavior of Class 3 member
may be more pronounced for $235 than for S355
steel. In the same way, the relative low values of A,
have been chosen so as the buckling behavior of
members to be influenced by elastic-plastic effects,
since the influence of member instabilities (i.e. flex-
ural buckling or lateral torsional buckling) makes the
behavior of members nearly elastic for high relative
member slenderness (A > 1.0).

For each plate of the different cross-sections, a
local geometrical imperfection has been accounted
for, along the clear width of the considered plate. It
consists in a doubly sinusoidal shape (i.e. in both
ongitudinal and transversal directions) with maxi-
mum amplitude equal to &/200, b being the clear
width.

In addition, a global imperfection has been intro-
duced, that consists in a combination of sinusoidal
out-of-straightness for both strong and weak axis
{maximum amplitude L/ 1000 at mid-span). Con-
sidering such a level of initial geometrical imperfec-
tion in both principal axes together with the adopted
local one appears to be rather severe, and should
therefore lead to safe results.

The values of axial buckling loads Npzs have
been obtained through separate calculations. The
level of relative axial compression n has been ap-
plied trough a first load sequence where Ny applies
until the expected level; a second load sequence fol-
lowed where Ngy; is fixed and both M, zy and M, gy
“vere rising simultaneously. Doing so affects the ex-
pansion of second-order effects, since the coupling
between lateral displacements caused by primary
bending and the axial force may not be the same as
in a situation where all the internal (1* order) forces
rise propottionally.

In total, 576 non-lincar FEM-shell calculations
have been performed.

Besides these FEM simulations, their equivalent
analytical counterparts have been calculated, in order
to investigate the accuracy of the proposed model for
Class 3 members, It is to be noted that the results
presented herein do not allow for a rigorous deter-
mination of the benefits brought by either the semi-
compact cross-section model or the new beam-
column formulae, since the global response of the
member is studied here. However, within the frame
of the Semi-Comp project, the cross-section model
has been shown accurate and safe through other spe-
cific parametric studies (Semi-Comp 2007), while
the new beam-column formulae have been deeply

investigated and validated, cf. section 2.1 (Boisson-
nade et al. 20006).

Table 3. Results for accuracy parametric study.

RHS 200x120x4 SHS 180x5

w=1 w=10 w=1 =0
m 1.263 1,316 1.275 1.340
$ 0.141 0.183 0.229 0.307
min 0.916 0.907 0.903 0917
max 1.552 1.756 1.820 2.092
< 0.97 4 7 7 15
Ztests 144 144 144 144
ZClass 4 22 22 16 16

Table 3 proposes a summary of results on the
comparison between numerical and analytical re-
sults. The values reported refer to so-called Ripme
values, which represent the ratio of the M,y — M, ra
loading leading to failure according to the FEM re-
sult to the proportional M, gq— M, pq loading leading
to failure according to the proposed formulae. Con-
sequently, a value higher than unity means safety,
while a value fower than one indicates an unsafe re-
sult. The Ry values also form a good indicator of
the level of accuracy of the proposal: a value of 1.10
indicates a 10% resistance reserve.

As can be seen in Table 3, the mean s and stan-
dard deviation s values of the Ry, ratios are quite
satisfactory, highlighting the good accuracy of the
proposal. Table 3 indicates in addition minimum and
maximum values of KRy, together with an
Ry < 0.97 criterion that intends at collecting the
“real” unsafe situations, i.e. that cannot be charged
to the interaction formulae (it is known that Euro-
code 3 recommendations for flexural buckiing can
be up to 3% on the unsafe side compared to FEM re-
sults, thus the 0.97 value).
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Figure 10. Illustration of an intermediate behavior.
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Figure 10 also further illustrates the ability of the
proposed model to lead to intermediate results be-
tween full plastic behavior and pure elastic behavior.
It also clearly shows that in this particular case, it
would appear unnecessarily conservative to restrict
the resistance of such members to their sole elastic
carrying capacity. The tendency of exhibiting a cer-



tain level of plastic behavior has been generally ob-
served on the cases studied, even in situations where
the cross-section is classified as Class 4, as Fig-
ure 11 shows. Such results are especially responsible
for the high R ratios reported in Table 3,

RHS250x150x6 - p, = p, = 0 -, = 355 Nfmm? -3, = 1,0

1 P —
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Figure 11. Situation where plastic reserve is observed while
cross-section is Class4 or nearly (first 3 points only are
Class 4)

In addition to this “accuracy” parametric study, a
second “safety” parametric study has been under-
taken, aiming at the determination of so-called sy
safety factors. In this respect, some 576 additional
cases have been studied, where all relevant geomet-
rical and material data have been generated by ran-
dom (using the Monte-Carlo simulation principles)
and infroduced in both the FEM models and the ana-
lytical calculations.

Table 4 gives further information on the statistical
data used to generate the different parameters
needed. A rigorous and strict application of EN 1990
Annex D (EN 1990 Annex D 2003) led to a
nn = 1.03 value, which complies with the recom-
mended value of 1.10 in Eurocode 3.

Table 4. Statistical data for hollow specimens.

. arameter  Distribution g V

h Normal 1 0.005
b Normal i 0.01

t Normal 1 0.05
o Log-normal 1 0.06
€loc. web Normal 1 0.324
€lox. flange Normal 1 {.324
Cyloh, v Uniform | 0.1
Culob. z Uniform 1 0.1

5 CONCLUSION

This paper has presented the essentials of a new
design proposal for semi-compact hollow section
beam-columas, that provides a fully continuous tran-
sition between Class 2 sections (i.e. exhibiting a
plastic behavior) and Class 4 cross-sections (i.e. hav-
ing an elastic resistance limited by effective proper-
ties).

Through extensive comparisons with both ex-
perimental tests and adequately-performed FEM
simulation results, the new proposal was found accu-
rate and safe. In addition, a safety factor % = 1.03
has been determined following the specifications of
EN 1990, on the basis of FEM results obtained from
another specific parametric study where all data have
been generated by random; this yy value complies
with Eurocode 3 recommendations.

Whereas the new beam-column formulae have
been incorporated in the latest version of Euro-
code 3, the design proposal for Class3 cross-
sections results from recently achieved research pro-
jects, and is therefore not included in the Eurocode
rules. Since the level of reliability of the model is
found to be fully satisfactory, the model may be fur-
ther proposed for implementation in the next draft of
Eurocode 3.
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