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The paper addresses the instability of large angle columns in high-strength steel subjected to compression
loads. It presents a number of compression tests on such columns with different eccentricities and slenderness
and the resulting different buckling failure modes observed. The experimental campaign is intended to widen
our understanding of the behaviour of highstrength steel columns with large angle sections in compression and
bending and so to complement previous experimental studies. The tests were accompanied by numerical
analyses and calculations of the load carrying capacities based on current Eurocode 3 design recommendations.
The numerical simulations were conducted using the FEM software FINELG, which takes into account the
influence of geometrical and material non-linearities. The numerical and analytical results are compared with
the corresponding experimental ones. The experimental campaign and the numerical simulations were
conducted as part of the ANGELHY project funded by the European Commission’s Research Fund for Coal and
Steel (RFCS).
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1. Introduction

Angles have been used since the very beginning of steel construction due to their easy
transportation and on-site erection. They are extensively used in lattice towers and masts for
telecommunication or electricity transmission, and in a wide range of civil engineering applications
including buildings and bridges; they are also used to strengthen existing structures. Recent
developments have led to a wider application of large angle sections made of high-strength steel,
but there is a lack of consistent European rules for the design of members made of such angle
profiles.

To widen our understanding of the instability of steel columns made from angle cross-sections
subjected to compression and bending, twelve buckling tests on columns with large angle steel
profiles were performed. The experiments were limited to S460M high-strength steel only, given the
fact that a number of compression tests on angles with lower steel grades [1, 2] have already been
performed by others. The test campaign was conducted at the University of Liége.

Details about the experimental campaign, such as the measurements before and during the tests as
well as the test results, are presented in this report. Numerical simulations which take account of
initial imperfections as well as geometrical and material non-linearities were performed using
FINELG software, and the results were compared with the experimental ones. Finally, the ultimate
test resistance was compared with the Eurocode predicted capacity. More details about the
experimental campaign, the numerical and the analytical developments can be found in the original
paper [3]. This research is part of the ANGELHY project [4] funded by the European Commission’s
Research Fund for Coal and Steel (RFCS).

2. Details of test specimens

Two profiles from large angle cross-sections made of highstrength steel were selected for the
experimental campaign. For each profile, six column tests were performed with three different
lengths per profile and with two load application positions for each length. The selected load
application points (Fig. 1) are the centre of gravity (G), which corresponds to pure compression in
the angle, and the middle of the wall (P,), which represents the position of the connecting bolt in
actual structures. Tab. 1 provides details of the specimens.

To simplify the placement of the specimen in the test rig, constant dimensions were used for the end
plates (made of S355) welded at the extremities of the angle members in all tests.
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Fig. 1 Location of the load application points and definition of the axes

centre of gravity

middle of the wall
major principal axis (weak axis displacement)
minor principal axis (strong axis displacement)

geometrical axes

Tab. 1 Specimen details
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Specimen ID Profile Steel grade Length [mm]  Eccentricity [mm)]
Spil L 150x150x18 S460M 2500 0.00

Spi2 L 150x150x18 S460M 2500 e, = 48.74
Sp13 L 150x150x18 S460M 3000 0.00

Spl4 L 150x150x 18 S460M 3000 e, = 48.74
Sp15 L 150x150x18 S460M 3500 0.00

Spl6 L 150x150x 18 S460M 3500 e, = 48.74
Sp21 L 200%200x 16 S460M 3000 0.00

Sp22 L 200%200x16 S460M 3000 e, = 66.64
Sp23 L 200%200x 16 S460M 3500 0.00

Sp24 L 200x200x 16 S460M 3500 e, = 66.64
Sp25 L 200%200x 16 S460M 4000 0.00

Sp26 L 200%200x16 S460M 4000 e, = 66.64

3. Associated measurements

Before the tests, the actual geometrical dimensions of each angle section - the width and thickness
of each leg - were measured at three points along the member length: 1/4, 1/2 and 3/4 of the total

length.

Then, two measurements (M1, M2) on each external face and along the entire column length were
taken to evaluate the initial deformation of the specimens. Fig. 2 shows the configuration of the test

set-up. A measurement was taken every 50 mm along the column.
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An accurate comparison between the actual measured imperfections of the specimens and those
assumed in the Eurocode is quite difficult to achieve. EN 1090-2 [5] prescribes that the deviation
from straightness should be A< L [mm]/750, while prEN 1993-1-14 [6] states that 80 % of the
geometric fabrication tolerances given in [5] should be applied. This leads to an initial bow
imperfection of magnitude approximately equal to L/1000 and a deformation shape assumed to be
similar to the first member instability mode, when in reality the shape is more complex. However, a
rough check of the values indicates that for all specimens the measured imperfections are smaller
than the geometrical tolerances prescribed in European regulations.

The tests were performed with the Amsler 500 testing machine (Fig. 3) which can apply a
compression load up to 5000 kN. During the tests, the following displacements illustrated in Fig. 3
were measured:

— thevertical displacement Ci,
- four horizontal displacements C;, C3, Cs and Cs at the mid cross-section (1 pos.),
— four horizontal displacements Cs, C7, Cs and Cs at the lower cross-section (2" pos.).

In addition, strains at four points (/1 to /s) of the crosssection at mid-height of the columns were
measured.

Finally, coupon tests were performed in accordance with ISO 6892-1 [7]. The samples were extracted
from one of the extremities of the angle member after the buckling tests as recommended in 1ISO 377
[8]. It can be seen from the coupon tests that specimens Sp2# were made of grade S460 steel as
initially planned, but specimens Sp1# were finally made of S420.

Fig. 2 a) Measurement system for geometrical imperfections, b) detail and position of the displacement
transducers
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Fig. 3 Sketch of Amsler 500 test machine and measurements during a test
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4. Results, comparisons and discussion

4.1. RESULTS OF THE EXPERIMENTAL TESTS

Figs. 4, 5 show the measured axial displacement versus the applied load for profiles L 150x150x18
and L 200x200x16 resp. Both figures indicate that the experimental results are in line with the

physical expectations (influence of member length and of the eccentricity on the member stiffness
and resistance properties).

For all the centrally loaded tests, the deflections along the weak axis increased significantly with the
load until failure was reached by weak axis buckling. Specimens Sp11, Sp13and Sp15failed in a pure
flexural buckling mode, while in specimens Sp21, Sp23 and Sp25, twist rotations were recorded in
addition to weak axis deflections, thus revealing a flexural-torsional buckling mode.

The eccentrically loaded specimens were subjected initially to compression and strong axis
bending. However, at larger load levels their tendency to buckle towards the weak axis led them to
deflect towards both principal axes. In specimens Sp22, Sp24 and Sp26, these deflections were
accompanied by significant twist rotations, clearly indicating failure with a flexural-torsional
buckling mode. In contrast, twist rotations were small for specimens Spl2, Spl4 and Spl6,
indicating a mixed mode between flexural and flexural-torsional buckling. Local buckling was not
visibly observed in any specimen. More details about the results (initial measurements,
imperfections, deflections, strains, twists) can be found in [9].
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Fig. 4 Load vs. axial deformation of tested profiles L 150x150x18
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Fig. 5 Load vs. axial deformation of tested profiles L 200x200x16
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4.2. COMPARISON WITH NUMERICAL SIMULATIONS
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A comparison of the stiffness and ultimate resistance of the members obtained experimentally and

by means of numerical simulations that take account of relevant imperfections as well as

geometrical and material non-linearities is presented below. The numerical analyses of the test
specimens were performed with the FINELG [10] non-linear finite element software using beam

elements with seven DOF (including warping), given the fact that no local buckling took place during
the tests. Only the column was simulated, while the end plates were considered indirectly (Fig. 6b).

The columns are assumed to be pin-end members (as in the test rig) with free rotations at their

extremities; only torsional rotation and warping were prevented.

The FINELG finite element analyses performed acc. to the GMNIA method taking into account:

— aninitial memberimperfection with shape and magnitude in accordance with the measured ones

— residual stresses (the pattern is shown in Fig. 6a and is derived from previous studies [11])

— amaterial law in accordance with the measured ones.
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Fig. 6 a) Assumed distribution of residual stresses, b) FEM model used for Fig. 5 Load vs. axial deformation of
tested profiles L 200x200x16 the numerical simulations
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Fig. 7 Comparison between test and FEM results for Sp1#
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Fig. 8 Comparison between test and FEM results for Sp2#
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4.3. COMPARISON WITH EUROCODE PREDICTIONS

A comparison between the ultimate resistance obtained by the tests and through EN1993-1-1 [12]
design formulae was also undertaken for centrally loaded columns only. According to [12], the first
profile (L 150x150x%18) is classified as Class 1 and the second one (L 200x200x16) as Class 4. The
procedure described in EN1993-1-5 [13] was followed to evaluate the effective cross-section of the
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Class 4 profile, although as already stated, no plate buckling has been reported during the tests. Fig.
9 presents the experimental results compared with those obtained through the present
recommendations of EN1993-1-1; reference buckling curves ao, a and b are reported too. The non-
dimensional slenderness is given by Eq. (1):

1= Yo

1= 35 (1)
where N is the elastic critical load for the relevant buckling mode (i. e. minimum eigen value
associated to all flexural and flexural-torsional modes). A pure torsional mode cannot be obtained

for a centrally loaded angle column as explained in [9].

In EC 3, the buckling curve b was selected for axially loaded equal-leg angle columns. It has been
found that the experimental results are in line with this curve or above. It can also be easily observed
that the ultimate resistance is higher than the Eurocode predictions; the latter is deemed to provide
safe evaluations, especially for specimens Sp2#, where the detrimental effects of local buckling are
possibly overestimated.

Fig. 9 Comparison of experimental results with buckling curves of EN1993-1
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5. Conclusions

In this paper the stability of steel columns with large angle high-strength steel profiles were
investigated through twelve buckling tests. From this experimental programme and the
accompanying numerical/analytical studies, the following conclusions may be drawn:

— The centrically loaded specimens with class 1 cross-section and the eccentrically loaded
specimens with class 4 cross-section failed very clearly in a pure weak axis flexural buckling mode
and correspondingly in a flexural-torsional one.

— The centrically loaded specimens with class 4 cross-section and the eccentrically loaded
specimens with class 1 cross-section failed more or less in a flexural-torsional buckling mode,
which was more pronounced in the former.

— Local buckling was not observed in any specimen, although some of them were categorized as
class 4 acc. to EN1993-1-1.

— A very good agreement was found between the numerical GMNIA simulations and the
experimental results in terms of stiffness and ultimate resistances.
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— Thedesign resistance of the specimens based on EN1993-1-1 and EN1993-1-5 is on the safe side,
especially for the second profile for which the local buckling reduction effects seem to be
overestimated by Eurocode.

For information, further investigations achieved in the ANGELHY project have led to the proposal of
a new consistent set of design formulae for cross-section classification and member stability; more
details may be found in [14-16].
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