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ABSTRACT: Latest product of the hollow section family, the elliptical hoflow section: (EHS} from Arcelor
Tubes allows the archifects to realise light and transparent constructions. But its use requires the development
of design and conception procedures for the welded connections between these profiles. Because of the recent
arrival of the EHS on the market, design recommendzations aren’t available for this kind of connections. Nowadays
these connections have to be checked by the experimental way, what is rather expensive. Therefore it is imperative
to develop numerical models and analyticat methods for the prediction of the resistance and ductility properties of
elliptical hollow section jeints, Moreover, present code recommendations for the calculation of tubular (circular
and rectangular) connections are based on empirical formulations. But the curreni tendency for the connection
design is to derive analytical formulae based on the so-called “component method” (Eurocodes 3 and 4). The
purpose of this work is to investigate this topic. The resulting diploma work represents a first step in the develop-
ment of connections between EHS profiles. It could therefore not be possible, in the framework of this diploma
work, to derive the final analytical formulae for the calculation of elfiptical connections. The objectives of this
work which focuses on the behaviour of simple brace to chord jeints were then the following: acquire a good
knowledge of the physical behaviour of EHS connections, develop reliable numerical models to allow Arcelor to
check easily some real cases and finally propose a background for an analytical formulation for the resistance of
the joint,

1 INTRODUCTION can be easily submitted to laser, flame or plasma-

cutting. The centering (hot or cold) makes it possible

1.1 The elliptical hollow section — an aesthetic to fulfill alf architects’ wishes and a hot galvanizing
choice. can be applied to insure the durability.

Result of a long collaboration with architects, ellipti-
cal and semi-elliptical hollow sections represent an
attractive solution for all visible applications of steel
structures. Indeed, elliptical hollow sections are used
in a lot of prestigious projects such as the new terrmi-
nal of Madrid Airport or the atrium “Coeur Défense”
in Paris as shown in Figure 1.

1.2 Structural and practical advantages

The elliptical section, in addition to its acsshetic qual-
ities, offers a good structural behaviour. This section
has a striking advantage for use in structures exposed
to wind as, because of its shape, it reduces considerably
the loading. An example of this advantage is shown
on Figure 2, which represents a tubular steel pole for
“Electricité de France”.

Its buckling behaviour is very interesting for
members in compression. In addition to its excellent
mechanical characteristics, the elliptical hollow section  Figure 1. Atrium “Coeur Défense”.
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Figure 2. Tubular steel pole for EDF (M. Mimram).

1.3 Design aspects

The existing standards and calculation tables do not
cover welded connections with ellipticat elements.
Eurocode 3 considers joints between open sections in
appendix J while joints between rectanguiar or circular
hoilow sections are considered in appendix K, When
the design of joints between elliptical hellow secticns
is to be approved by the authorities, it is therefore
necessary to make verifications by experiment or
mumerical simulation, Therefore Arcelor, in collabo-
ration with the University of Liége, decided to carry
out fundamental investigations on welded joints with
EHS in order to understand the behaviour of such
connections and to start with the development of
design analytical formulae.

1.4 Description of the work

This work on eltiptical hollow section profiles
includes several steps. First a study of the literature
on design of CHS connections and RHS comnections
has been achieved. Tests on joints have been carried
out and first conclusions on the joint behaviour have
been drawn. Then, reliable numerical models have
been developed and a parametric study has been
carried out. Finally, existing analytical models for CHS
have been adapted to EHS.

2 EXPERIMENTAL TESTS

Experimental tests are necessary to understand the
physical behaviour of such joints, The aim of these tests
was to observe the types of failure mode, the shape of
the load-displacement curves and to pick out ail the
other information about the physical behaviour of the
joints, On the other hand, the test results will be used
as a reference to calibrate a FEM model (experimenta}
curves P-A to be compared with numerical ones).

2.1 Joint configuration and lest set-up

The specimens tested are joints (see Figure 3} sub-
jected to compression and tension. The chord and the
braces are made from elliptical sections and connected

s

Figure 3. Specimmen and test set up.

at 90 degrees. The specimens used for the tests are
from two types. On the one hand, specimens with a
320 X 160, 8 mm thick chord. On the other hand, spec-
imens with a more compact 220 X 11, 10mm thick
chord. Braces were identical in both cases; 120 X 60,
4mm thick. The steel grade is S355 J2H for all pro-
files. Two specimens from each type were subjected to
tension and one specimen was tested in compression,
Tests were carried out with the help of a 100t press.
Test-pieces were equipped with six displacement trans-
ducers 2nd lime was used to observe the yield lines.

2.2  Measurements

All the geometrical dimensiens of the specimens have
been precisely measured. The shape of the cross-section
appeared to be a perfect ellipse. The steel grade has
also been checked and for the nominal steel grade 8355,
the actual yield limit appeared to be 480 N/mm®.

2.3  Results

Important differences can be noted between tension
antd compression.

231 ZTension

In the specimen subjected to tension, yield lines appear
along the chord te form a mechanism {see Figure 4}
However, on the P-A curves, there is no yield plateau
for the load level cerresponding to the mechanism.
The rigidity decreases but remains goed. This is due 0

602




Figute 4. Specimen after tension test.
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Figure 5. Experimental P-A curve in tensios.

second order effects: because of the deformation of
the chord, a membrane effect appears. Forces become
parallel to the plan of the chord, membrane stresses
develop and this effect increases the resistance of the
joint. The development of the yield lines doesn't
cause the failure of the joint. The joint has thus a great
ductility (sce Figure 5). The failure appears finally in
the brace.

232 Compression @
. The compressi “ehaviour exh a “Snap Trough”
'phenomenon, Wauch is a locaf buckling of the shell,
-But this local buckling is preceded by a significant
Vielding of the brace due to the plastic punching of the
race in the chord (Figure 6). The test curve reaches a
ocal maximum before dropping, which is the proof of
imstability phenomenon (Figure 7). As for the tension
452, a membrane effect then appears, which results in a

et increase of rigidity (Figure 8). The good ductile
chaviour of he joints has to be pointed out,
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Figure 6. Specimen after compression fest.

Compression

120 100 80 60 .40 5 ¢ o
I 4 B 50
T ~ {100
8 T T - - 150
o

Dispi {mm)

Figure 7. Experimental P-A curve in compression,

—Membrane
forces

Figure 8. Membrane forces after buckling,

24  Results

The tests reveal important features. A comparison can
be drawn between the two kinds of specimen tested.
As well as in compression than in tension, the same
behaviours and the same failure modes are observed.
Obviously, the siockier specimen presents a higher
initiaf stiffness and its capacity of deformation is
much lower (Figures 9 and 10).

The most important considerations to keep from
these tests are the different failure modes in tension
and compression and the great deformation capacity
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Fignre 9. Comparisen of the 2 types of specimen in tension.
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Figure 16. Cornparison of the 2 types of specimen in
compression.

of this kind of tubular connection thanks to second
order effects (membrane stresses).

3 FEM SIMULATIONS

3.t Model calibvaiion

3.1.1  Procedure

On the basis of these experimentai data, different
numerical medels have been calibrated. All the
numerical simulations has been performed by means
of the FEM software ABAQUS, with 4-nodes shell
elements. The actual mechanical properties of the
steel and geometry of the specimens have been intro-
duced in the models. As the specimens tested present
3 plans of symmetry, only a eighth of the structure is
represented (Figure 11). The welds have been mod-
elled to take account of the high stiffness of the chord
in this area. To achieve it, shell elements with higher
young modulus, higher thickness and high yield Timit
have been used in order to prevent locally the chord
from yielding (Figure 12).

3.1.2  Comparison with test results
For ali the tests, the FEM simulations have been seen
to be in perfect agreement with the experimental

Figure 11, Numerical model of the joint and deformed shape.

Figure 12.  ModeHing of the welds.
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Figure 13. Comparison between experimental and numer-
ical curves in tension,
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Figure 14.  Comparison between experimentat and numer-
ical cugves in compression.
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Figure 15.  Yielding in tension.

results. The FEM curves fit perfectly with the experi-
mental ones, in compression and in tension (Figures
13 and 14). The difference is lower than 1%.

Similar failure modes have been found: yield lines
for specimen in tension (Figure 15), punching and local
buckling for those in compression. The FEM tool is thus
considered as reliable and the study can be led further.

3.2 Study of the behaviour

The influenc~ ~f several factor- “as been investigated,
This study ¢ vs that weldint,  ad stee! strain hard-
ening have no significant effect on the behaviour of
the joint (Figures 16 and 17).

On the other hand, it may be seen that the 2nd order
effects have a major influence in tension. The mem-
brane effects increase the resistance of the joint, in
reference with the plastic resistance (Figure 18), and
the instability in compression leads to the failure of
the joint before the yield plastic strength is reached
{Figures 18 and 19). These considerations about 2nd
order effects are very important and they have to be
taken into account in an analytical formulation.

The influence of the length of the chord has also
been studied and it appears that the stiffness and the
resistance increase with the length up to a maximum
value called “influence length” (on Figure 20, it can
be seen that the influence length for that joint is about
2400 mm).

This first numerical study reveals that the major fac-
tors influencing the behaviour of the joint are the length
of the chord, and primarily, the second order effects.

»
33 Parame study

A parametrical study has then been carried out. A
total of 64 simulations have been realised. The inffu-
ence of several parameters has been studied: chord
and brace thickness (ty and 1;), ratio between chord
and brace diameter (8 = hy/hy) and vield stress (£,).
Each simulation is performed in compression and in
tension, with and without 2nd order effects. This
parametrical study allowed pointing ot other physicat

Tension - FEM resulis

DispH{mm}
—without welds modelling —with weld modelling

Figure 16, Welds influence.

Tension - FEM curves
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Figure 17, Steel strain hardening influence.
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Figure 18, Membrane effect influence in tension.
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Figure 19. Influence of the second order effects in
compression.
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Chard length infiuence - specimen in tension
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Figure 20. Chord length influence.

Chord face totally in
tension, Only membrane
siresses

Figure 21. FEM model, shape of the chord after appear-
ance of the whole plastic mechanism in the chord.

Figure 22.  Complete plastic mechanism of the chord.

phenomena that can’t be seen on the expetimental
tests. New failure modes appeared: for a low [ ratio,
failure by punching shear (failure by shear of the part
of the chord around the brace), yielding of the brace in
tension and buckling of the brace in compression with
stocky chords. The models with a high p%atio revealed
the whole plastic mechanism for the chord (Figure 21.

The experimental tests didn’t allow reaching a
whole mechanism because the brace failed before. So
the complete plastic failure of the chord can now be
explained: if a 2D model is considered (Figure 22), it
can be seen that two first plastic hinges appears on
both sides of the chord (vield lines observed in the
experimental tests) and then for a higher load level,

Appenrance of the 4
Hastic hinpes

—
0 20 40 60 a0 100 120 140 180
displ {mm)

Figure 23. Illustration of the increase of stiffness due to
membrane stresses.

4 plastic hinges appears at the boitom of the brace,
forming the complete plastic mechanism. This 2D
mode! is used later for an analytical mode).

After the development of that mechanism, the
chord faces are predominately in tension. On the P—A
curve, the appearance to these hinges corresponds to
a rise of the stiffness due to the action of the mem-
braue forces (Figure 23),

4 ANALYTICAL FORMULATION

The final purpose of such a study is the formulation
of design models to caloulate the resistance of the
Joints. But it was not possible, in the framework of
the diploma work, to propose a complete and full-
calculated analytical procedure for the caleulation of
elliptical connections. As a first step of the present
work, existing resistance models for CHS connec-
tions have been adapted to elliptical hollow sections.

Two approaches can be considered for the analyti-
cal procedure. In the first one, all types of failure and
phenomena are inchided into a single plastic modet
based on the concept of effective width. In the second
one, separate resistance formulae are chosen for each
failure mode. This one is followed in the present study.

Different failure modes were observed in the
experimental and numerical studies, Failure can oceur
in the chord by yielding, by buckling or by punching
shear. As far as the brace is concerned, faifure can
aceur by yielding or by buckling. For each failure
mode, an analytical model has been adapted.

4.1 Yielding of the chord

The most frequent failure mode is related to the
development of a plastic mechanism in the chord. The
“Ring Model” ./ Wardenier “Hollow Section Joinis™)
has been adapted to elfiptical chord cross-section,
This model uses the plasticity theory and gives the
plastic strength of the chord (without taking into
account with the 2nd order effects),
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Figure 24,

Ring model (Wardenier),

-,

Plastic mechanism of the elliptical chord.

Figure 25,

The pla.de mechanism w.ed to apply the ring
model to the elliptical chord is shown on Figure 25.
This is the mechanism met in the numerical study.

The ring mode! applied to that case gives the fol-
lowing expression for the plastic strength of an ellip-
tical chord:

2f=OBe'f§
N, = 2 1
P e =) — (1) M

where B, = ihe effective width of the chord; b = the
great diameter of the elliptical sectior; b = the small
one; t = the thickness. The suffix 0 relates to the chord
and the suffix 1 to the brace. The effective width has
to be evaluated by numerical or experimental ways.

4.2 Punching shear

Another type of possible failure meode is punching
shear (crack initiation leadine to pull out of the brac-
ing fromt  hord - Figure .

The formula is simply the one prescribed for CHS
but adapted to take account of the elfiptical perimeter
of the section (equation 2).

i
Frol E(hﬁ + ]
N, = @)

i ﬁ

b punchvg shear

Figure 26. Punching shear for CHS.
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Figure 27. Iliustraticn of the correction coefficients.

4.3 Yielding of the brace

Yielding of the brace is calculated on the basis of the
elliptical section.

fo + b — 2t
Ny =t fm Al == 3)
where b, = great diameter of the ellipse; h; = small

diameter of the ellipse.

4.4 Second order effects

The ring model gives an estimation of the plastic
strength of the chord. It has been observed during
the experimental and aumerical studies that 2nd
order effects were significantly affecting this plastic
strength. In tension, the plastic strengfh is increased
by the membrane forces and in compression it is
decreased because of a local buckling. The ring model
has thus to be corrected with coefficients to take into
account the second order effects. In tension the
strength may be amplified, by a coefficient K .0
higher than one. In compression, a coefficient kj
reducing the plastic strength is used (Figure 27).

The values for the effective length and the k coeffi-
cients have been determined by munerical simulations.
Their analytical expression still needs to be developed.

5 CONCLUSIONS

In conclusion, the study of simple joints enables to
better understand the behaviour of as regards fo possible
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Figure 28.  New tests on truss elements.

failure modes, resistance and ductility. Besides that,
retiable mymerical models are now available to check
the strength and the ductility of such joints, Finally,
this study forms the basis for analytical salitions,
with strength models for different failure modes and
different components. These models have stifl to be
improved: the importance of the second order effects
has to be quantified and the model for chord yielding
has to be further worked out,

New tests wil be carried out in order to study the
behaviour of jeints in trusses as shown on Figure 28.

Development of solutions for elliptical hollow sec-
tions nodes must be continued and extended to other
types of joints, with focus of resistance, stiffness and
ductility. When available, these formulations could
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then be introduced into calcalation tables and standards,
whick would enable users to fully benefit from the
possibilities of eiliptical hollow sections.
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