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Abstract

The present paper is dedicated to the practicagjuled steel hollow sections. It presents a new
design philosophy allowing for a direct predictiohthe cross-sectional resistance, whatever the
loading, yield stress, manufacturing process, esestion shape and slenderness.

In particular, the proposed approach is shown talide to deal with plastic, compact or slender
sections through the same simple and straightfari@mmat. As a consequence, the use of the
Effective Width Method for slender sections — whiate expected to be met more often in
practice with the increasing use of high strengglels is no more needed.

In a first step, the paper summarizes the restiltextensive experimental series that helped
validating shell FE models. Then, the results ofertban 40 000 GMNIA numerical simulations
are presented, aiming at characterizing the onédbaal buckling with respect to many
parameters, such as cross-section shape (squareeetathgular tubes), hot-rolled and cold-
formed fabrication processes, different types @fdlog situations (from simple load cases to
combined ones), different steel grades and vamwoss-section dimensions and thicknesses so
as to cover “plastic” to “slender” responses of sketions.

These results are later used to assess the metltie proposed design approach, and excellent
performance is demonstrated, both in terms of aoyuand consistency, which is remarkable
given the formal simplicity format of the proposagproach.

1. Scope and motivation

The present paper is related to the stability,stasce and design of steel hollow section
members. More precisely, the behaviour of hollowtises is investigated through a large

experimental campaign aiming at improving the wag performance and the carrying capacity
of tubular members are actually characterized,uifinathe development of an original “Overall

Interaction Concept” (O.1.C.) (Figure 1). Based tbe resistance and stability interaction, the
O.I.C. further incorporates the effects of impetitets (non-homogenous material, residual
stresses, out-of-straightness...) through the deéoivaif adequate “interaction curves” used to
accurately predict the real behaviour of structelaiments. The proposed concept is powerful
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enough to i) increase accuracy and simplicity tghoa sound and effective basis, ii) deal with
the effects of non-linear material behaviour andaltylobal coupled instabilities, and iii)
advance consistency with the possibility of stréigfwardly deal with any load case, including
combined ones.
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Figure 1: Application steps of the O.I.C.

The O.I.C. suggests to enlarge the field of appbcaof the well-known slenderness-related
approach through the use of a generalized relatmedernesd,, in which Rgesistrepresents
the factor by which the actual loading has to bdtiplied to reach theesistanceimit (i.e. no
instability), while Rstag is the factor characterizing the elastic buckliogd. {nstability limit,
i.e. allowable stress is infinite).

The research investigations reported in this paperelative to a comprehensive test series that
aim at providing an experimental reference and sasgent to the proposed approach. This
experimental campaign comprised 57 cross-sectiaséd, as well as preliminary measurements
of material properties, residual stresses and gemalkimperfections (section 2); section 3 then
presents a comparison between the test resultsthengredictions of purposely-derived FE
models. A consecutive parametric study performedhotrolled and cold-formed hollow
sections is presented in section 4 so as to igastithe adequacy of the Overall Interaction
Concept. Finally, section 5 details the backgroohthe proposed design approach relative to
the particular application of the Overall InteractiConcept to cross-sectional resistance.

2. Experimental investigations
2.1 Test program and experimental setup

An experimental program was carried out on a widgety of tubular cross-sectional shapes
(RHS, SHS, CHS)with different fabrication processes and varioimahsions (thus local plate
slenderness) in order to investigate the influesickvcal buckling on the plastic, elastic-plastic
or slender cross-section response of hollow sextibhe main aim of this test campaign was to
provide an experimental reference to assess nuaheRE models. The testing program
comprised 57 tests involving twelve hot-rolled, -fintshed or cold-formed square, rectangular
and circular sections (see Table 1).

® RHS : Rectangular Hollow Section, SHS : SquardddoBection, CHS : Circular Hollow Section



Table 1: Test program for cross-sectional tests

Test # Specimen Fabrication process L[ﬁan%;h Load case
1 RHS_LC1_S355CF_200x100x4 Cold-formed 700 N
2 RHS_LC1_S355CF_220x120x6 Cold-formed 700 N
3 RHS_LC1_S355HF_250x150x5 Hot- finished 700 N
4 RHS_LC1_S355HF_200x100x5 Hot- finished 700 N
5 SHS_LC1_S355CF_200x200x5 Cold-formed 700 N
6 SHS_LC1_S355CF_200x200x6 Cold-formed 700 N
7 SHS_LC1_S355HF_200x200x5 Hot- finished 700 N
8 SHS_LC1_S355HF_200x200x6.3 Hot- finished 700 N
9 CHS_LC1_S355CF_159x%6.3 Cold-formed 700 N
10 CHS_LC1_S355HF_159x6.3 Hot-Rolled 700 N
11 CHS_LC1_S355HF_159x5 Hot-Rolled 700 N
12 CHS_LC1_S355HF_159x7.1 Hot-Rolled 700 N
13 RHS_LC2_S355CF_200x100x4 Cold-formed 700 Ny+ M
14 RHS_LC2_S355CF_220x120x6 Cold-formed 700 Ny+ M
15 RHS_LC2_S355HF_250x150x5 Hot- finished 700 Ny M
16 RHS_LC2_S355HF_200x100x5 Hot- finished 700 Ng# M
17 SHS_LC2_S355CF_200x200x5 Cold-formed 700 Ny+ M
18 SHS_LC2_S355CF_200x200x6 Cold-formed 700 Ny+ M
19 SHS_LC2_S355HF_200x200x5 Hot- finished 700 Ny+ M
20 SHS_LC2_S355HF_200x200x6.3 Hot- finished 700 M+
21 CHS_LC2_S355CF_159x6.3 Cold-formed 700 Ng# M
22 CHS_LC2_S355HF_159x6.3 Hot-Rolled 700 N¢ M
23 CHS_LC2_S355HF_159%x5 Hot-Rolled 700 Ny M
24 CHS_LC2_S355HF_159x7.1 Hot-Rolled 700 N¢ M
25 RHS_LC3_S355CF_200x100x4 Cold-formed 700 NN,
26 RHS_LC3_S355CF_220x120x6 Cold-formed 700 Ny+HM,
27 RHS_LC3_S355HF_250x150x5 Hot- finished 700 N g,
28 RHS_LC3_S355HF_200x100x5 Hot- finished 700 N M,
29 SHS_LC3_S355CF_200x200x5 Cold-formed 700 Ny+M,
30 SHS_LC3_S355CF_200x200x6 Cold-formed 700 Ny+M,
31 SHS_LC3_S355HF_200x200x5 Hot- finished 700 Ny+HM,
32 SHS_LC3_S355HF_200x200x6.3 Hot- finished 700 M,+M,
33 CHS_LC3_S355CF_159x6.3 Cold-formed 700 N M,
34 CHS_LC3_S355HF_159x6.3 Hot-Rolled 700 N N,
35 CHS_LC3_S355HF_159x5 Hot-Rolled 700 N §-4AM,
36 CHS_LC3_S355HF_159x7.1 Hot-Rolled 700 N + My +M
37 2_SHS_LC1_S355CF_200x200x6* Cold-formed 700 N




38 2_SHS_LC2_S355CF_200x200x6* Cold-formed 700 M+
39 2_SHS_LC3_S355CF_200x200x6* Cold-formed 700 W, +HM,
40 RHS_LC4_S355CF_220x120x6 Cold-formed 700 Ny+HM,
41 RHS_LC5_S355CF_220x120x6 Cold-formed 700 Ny+HM,
42 RHS_LC6_S355CF_220x120x6 Cold-formed 700 Ny+HM,
43 RHS_LC4_S355CF_200x100x4 Cold-formed 700 Ny+HM,
44 RHS_LC5_S355CF_200x100x4 Cold-formed 700 Ny+HM,
45 RHS_LC6_S355CF_200x100x4 Cold-formed 700 Ny+HM,
46 RHS_Stub_S355CF_200x100x4 Cold-formed 60( Shlnmn
47 RHS_Stub_S355CF_220x120x6 Cold-formed 68( St
48 RHS_Stub_S355HF_250x150x5 Hot- finished 750 Balbmn
49 RHS_Stub_S355HF_200x100x5 Hot- finished 600 Salbmn
50 SHS_Stub_S355CF_200x200x5 Cold-formed 60 Stllrm
51 SHS_Stub_S355CF_200x200x6 Cold-formed 60 Silvbrm
52 SHS_Stub_S355HF_200x200x5 Hot- finished 60( Sollmn
53 SHS_Stub_S355HF_200x200x6.3 Hot- finished 60 ub golumn
54 CHS_Stub_S355CF_159x6.3 Cold-formed 480 Stulmuol
55 CHS_Stub_S355HF_159x6.3 Hot-rolled 480 Stubroalu
56 CHS_Stub_S355HF_159x5 Hot-rolled 480 Stub column
57 CHS_Stub_S355HF_159x7.1 Hot-rolled 480 Stubroalu

* The rectangular cross-section 200x200x6 has esbdpecimens for the first three load cases

Preliminary measurements of geometrical imperfestiovere achieved, and tensile tests were
carried out to determine the material stress-stkahaviour. Stub column tests were also
performed for all different cross-section types.féisthe main cross-sectional tests, six different
load cases (LCs) were distinguished; mono-axidli-@xial bending with axial compression load
cases were considered through the application oérgdcally-applied compression forces.
Different M / N ratios have been adopted, in order to vary theilligion of stresses on the
flanges and webs, and the following load cases fiaaky been considered:

— LC1: pure compressioN,;

- LC2: major-axis bendintyl, (50%) + axial compressidd (50%};

- LC3: bi-axial bendingMy (33%) +M, (33%) + axial compressidd (33%);
— LC4: minor-axis bendiniyl, (50%) + axial compressiad (50%);

— LCS5: bi-axial bendindvy (25%) +M; (25%) + axial compressidd (50%);
- LC6: bi-axial bendindvy (10%) +M, (10%) + axial compressidd (80%).

The mono-axial and the bi-axial-bending with ax@mpression load cases were obtained
through applying compression eccentrically. Thisgedure of load application seemed to be the

® The percentage between brackets indicates thiveelavel of axial forceNgq / N, in case of a compression and
Medy/ My el OF Meq, / M, ¢ in case of major and minor axis bending respelgtive



simplest and most practical way to obtain both lacoanpression and constant bending moment
along the length of the specimens. As shown infeidy the loading rig consisted of a hydraulic
jack at the bottom, designed for applying the caapive force, and a top plateau fixed at a
prescribed height. Two spherical supports were iafpgcdesigned to provide pin-pin end
restraints for the specimens. End-plates were weidehe profiles with different eccentricities,
according to the desired load case. A base plateaufixed to the hinges with two rails meant
for bolting the specimen endplates at the expdoisation.

The response of each specimen has been carefulhytored and recorded, in view of a
comparison with FE models. The end plates and #ise blateau had respectively a thickness of
20mmand 60mmand the loading was applied evenly on the endthefspecimen (constant
bending moment). Measurements were made for ak@aitening / elongation and end plates
rotations at both extremities. All cross-sectiostdenave been carried out in a testing machine of
3000kN capacity.
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Figure 2: Test setup



2.2 Preliminary measurements

The stress-strain behavior of the tested specimasscaptured through 55 tensile tests. For each
of the eight square hollow sections (SHS) and reptear hollow sections (RHS) parent
elements, four necked coupons were cut and manuétfrom each flat face. In addition, two
straight corner coupons were manufactured andddsteeach of these sections in order to
investigate the increase in strength in the coldad corners and to confirm uniform properties
in the hot finished corners. Stresses were evaluditeugh the actual cross-section of each
coupon measured before testing. However, for tmeeracoupons, the area was also determined
by combining weight, initial length and density.pigal stress-strain curves measured from hot-
finished and cold-formed material are shown in Fegga.

The highest stress level reached in corner coupbre®ld-formed sections was 15% to 20%

higher than the corresponding flat coupons’ higlststss level. Such results caused by high
cold-work in the corner regions were accompanied lyss in ductility in a way that none of the

corner coupons exceeded strains higher than 5%.

The strip-cutting method has been used to measireflexural stresses and membrane residual
stresses. It consists in a destructive techniglyengeon the measurement of strains triggered by
the release of residual stresses after the cutfirsgnall strips within the cross-section; material
relaxation generates either elongation or shortgnfrthe strips due to membrane stresses and a
curvature due to flexural stresses. Figure 3b displan example of the measured residual
stresses patterns for a hot-finished square seghiembrane residual stresses).
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Figure 3: a) Stress-strain curves from flat andheoregions of a cold formed and a hot-formed sasti- b)
Membrane residual stress measurements, SHS200x2)®i@-finished

Measurement of geometrical imperfections was aetidwy means of an aluminium perforated
bar containing 9 equally-spaced variable displaceémeansducers (LVDTs), the bar being

displaced sideways on each specimen’s plate (speeb) in order to get 3D geometrical plate
representations ((Semi-Comp 2007), (Kettler 2008fjer having measured all faces of a
specimen, all information have been gathered ire@mposed specimen that contains the
measured local geometrical imperfections. The diveavas to provide accurate data for the FE
models in a later stage of the investigations. @haninium bar supporting the LVDTs was



designed so as to be able to move the LVDTSs themselithin the bar, and to let the possibility
to adjust the position according to the desired@ltecorresponding to the end plate dimensions.
An example of a general imperfect shape of theispgt SHS_LC2_200x200x6_CF is shown in
Figure 4 with the contour plots of its imperfecatgls separately.
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Figure 4: Measured local flange and web geometispérfections of specimen SHS_LC2_200x200x6_CF



Figure 5: Geometrical imperfections measuremenyBTs detail bar

12 stub column tests were also performed for eagbsesection type in order to determine the
average stress-strain relationship over the compbebss-section. The length of each stub
column was chosen so as to be about three timdseight of the cross section, to avoid global
buckling. Two strain gauges have been glued athmeight of all the elements after polishing
and cleaning the surface not only to ensure thatpcession was being applied concentrically
but also to check the load displacement behavibtinteospecimen in the elastic range, so as the
corresponding Young’s modulus to be determinedr EMIDTs were used in order to record the
average end-shortening behavior.

Typical failure for stocky sections occurred withwdnole cross-section yielded with local
buckling at the ends of the specimens (“elephaot-failure”), whilst for slender sections, local
buckling was located at the middle of the specinteramples of failure modes are shown in
Figure 6.

Figure 6: Failure shapes of the stub columns

2.3 Test results

Four upper LVDTs and four bottom LVDTs were setrézord respectively the upper plate
rotations and displacements and the bottom platatioos and displacements. The values
recorded with the LVDTs had to be corrected, wdbpect to the level of rotation reached. All
tests were performed in the Structural Engineetiagoratory of the University of Applied
Sciences - Fribourg.
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Figure 7: Failure modes relative to load cases (L2)and 3

The response of each test has been carefully nmediend recorded, in view of the validation of
finite element models. The failure modes relativéoad cases 1, 2 and 3 are shown in Figure 7.
The measured peak loads of all tested specimenkstre in Table 2. Two examples of load-
displacement curves are also shown in Figure 8.

Table 2: Comparison of numerical and experimeritahate loads

Test ' e_g* F., Fren Fexd Freem
# Specimen Load case [[r:]nrrr:‘]]— [kNlj kN] [-]
1 RHS_LC1_S355CF_200x100x4 N (100%) 0_(q 773 796 70.9
2 RHS_LC1_S355CF_220x120x6 N (100%) 0_d 1594 1651 0.96
3 RHS_LC1_S355HF_250x150x5 N (100%) 0_Q 1477 149p 980
4 RHS_LC1_S355HF_200x100x5 N (100%) 0_Q 1159 1148 011
5 SHS_LC1_S355CF_200x200x5 N (100%) 0_( 130 1307 990
6 SHS_LC1_S355CF_200x200x6 N (100%) 0_d 1936 1967 .98 0
7 SHS_LC1_S355HF_200x200x5 N (100%) 0_@ 1604 1608 .001
8 SHS_LC1_S355HF_200x200x6.3 N (100%) 0_¢ 2168 2141 1.01
9 CHS_LC1_S355CF_159x6.3 N (100%) 0.0 1784 172y 310
10 CHS_LC1_S355HF_159x6.3 N (100%) 0.0 1531 1519 00 1.
11 CHS_LC1_S355HF_159x5 N (100%) 00 1284 1228 1.04
12 CHS_LC1_S355HF_159x7.1 N (100%) 0.0 1637 1597 02 1.
13 RHS_LC2_S355CF_200x100x4 N (50%) ¥ (@0%) 60_0 597 595 1.00
14 RHS_LC2_S355CF_220x120x6 N (50%) ¥ (80%) 67_0 1160 1141 1.01
15 RHS_LC2_S355HF_250x150x5 N (50%) + (B0%) 47 0 1063 1052 1.01
16 RHS_LC2_S355HF_200x100x5** N (50%) + K50%) 65_0 - - -
17 SHS_LC2_S355CF_200x200x5 N (50%) ¥ (80%) 77_0 816 848 0.96




18 SHS_LC2_S355CF_200x200x6 N (50%) § (8I0%) 72.0 1179 1218 0.96
19 SHS_LC2_S355HF_200x200x5 N (50%) # (@0%) 620 942 932 1.01
20 SHS_LC2_S355HF_200x200x6.3 N (50%) § (80%) 60_0 1302 1272 1.02
21 CHS_LC2_S355CF_159x6.3 N (50%) + (B0%) 450 1060 1056 1.00
22 CHS_LC2_S355HF_159x6.3 N (50%) + [B0%) 50 0 747 787 0.94
23 CHS_LC2_S355HF_159x5 N (50%) + K50%) 410 725 705 1.02
24 CHS_LC2_S355HF_159x7.1** N (50%) +,}50%) 50 0 - - -

25 RHS_LC3_S355CF_200x100x4 N (33%)H{@3%)+M, (33%) 63_39 420 408 1.02
26 RHS_LC3_S355CF_220x120x6 N (33%)H{@3%)+M, (33%) 7240 851 861 0.98
27 RHS_LC3_S355HF_250x150x5 N (33%)¢(83%)+M, (33%) 82_50 623 630 0.98
28 RHS_LC3_S355HF_200x100x5 N (33%)¢(83%)+M, (33%) 48_25 589 606 0.97
29 SHS_LC3_S355CF_200x200x5 N (33%)H@3%)+M, (33%) 62_60 771 792 0.97
30 SHS_LC3_S355CF_200x200x6 N (33%)H@3%)+M, (33%) 65_65 1069 1082 0.98
31 SHS_LC3_S355HF_200x200x5 N (33%)H@3%)+M, (33%) 60_60 829 812 1.01
32 SHS_LC3_S355HF_200x200x6.3 N (33%)483%)+M, (33%) 50_50 1069 1078 0.98
33 CHS_LC3_S355CF_159x6.3 N (33%)(83%)+M, (33%) 50_45 893 881 1.01
34 CHS_LC3_S355HF_159x6.3 N (33%)#(83%)+M, (33%) 50_50 623 653 0.95
35 CHS_LC3_S355HF_159x5 N (33%)kB3%)+M, (33%) 40_40 619 610 1.01
36 CHS_LC3_S355HF_159x7.1 N (33%)#(83%)+M, (33%) 50_50 705 717 0.98
37 2_SHS_LC1_S355CF_200x200x6 N (100%) 00 195 4197 099
38 2_SHS_LC2_S355CF_200x200x6 N (50%) #(5D%) 71.0 1194 1143 1.04
39 2_SHS_LC3_S355CF_200x200x6 N (33%)#BB%)+M, (33%) 62_62 1076 1102 0.97
40 RHS_LC4_S355CF_220x120x6 N (50%) + (@0%) 0_40 972 970 1.00
41 RHS_LC5_S355CF_220x120x6 N (50%)H@5%)+M, (25%) 33 20 1182 1231 0.96
42 RHS_LC6_S355CF_220x120x6 N (80%)#{I0%)+M, (10%) 10_6 1606 1581 1.01
43 RHS_LC4_S355CF_200x100x4 N (50%) + (@0%) 035 471 470 1.00
44 RHS_LC5_S355CF_200x100x4 N (50%)H@5%)+M, (25%) 31_19 625 605 1.03
45 RHS_LC6_S355CF_200x100x4 N (80%)HI0%)+M, (10%) 65 763 769 0.99
46 RHS_Stub_S355CF_200x100x4 Stub column- N (100%) 0.0 761 788 0.96
47 RHS_Stub_S355CF_220x120x6 Stub column- N (100%) 0.0 1648 1546 1.06
48 RHS_Stub_S355HF_250x150x5 Stub column- N (100%) 0.0 1358 1380 0.98
49 RHS_Stub_S355HF_200x100x5 Stub column- N (100%) 0.0 1163 1164 0.99
50 SHS_Stub_S355CF_200x200%5 Stub column- N (100%) 0.0 1296 1350 0.96
51 SHS_Stub_S355CF_200x200x6 Stub column- N (100%) 0.0 1957 2002 0.97
52 SHS_Stub_S355HF_200x200x5 Stub column- N (100%) 0.0 1607 1615 0.99
53 SHS_Stub_S355HF_200x200x6.3 Stub column- N (300% 0.0 2227 2194 1.01
54 CHS_Stub_S355CF_159x6.3 Stub column- N (100%) 00| 1800 1872 0.96
55 CHS_Stub_S355HF_159x6.3 Stub column- N (100%) 00| 1560 1543 1.01
56 CHS_Stub_S355HF_159x5 Stub column- N (100%) 0l0 1255 1187 1.05
57 CHS_Stub_S355HF_159x7.1 Stub column- N (100%) 00| 1632 1538 1.06

*e, represents the adopted eccentricity along y-y, &is the adopted eccentricity along z-z axis

10



** No available results recorded due to unexpettetinical and electrical difficulties with the reding software
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Figure 8: Numerical vs. experimental load displaeetiturves a) specimen LC1_RHS 250x150x5_ HF — b)
LC2_RHS_250x150x5_HF

3. Development and validation of shell FE models
3.1 Shell modelling

To select the proper FE mesh that provides accuestdts with minimum computational time,
five different mesh configurations were considegel the adequate type of meshing was
selected.

In order to represent accurately the experimenghlabiour of the specimens, a suitable FE-
model had to be developed. The endplates were semied through rigid plates having an
equivalent thickness of 80 mm and modelled withllsblements that remain elastic during
loading. The plates’ stiffness allowed an evenritigtion of the applied load at the ends of the
sections and prevented the cross-sectional defamadt both ends while allowing free
rotations. As for the behaviour of the hinges, sre¢ements were used to simulate the rigid
spherical hinges at both ends. All trusses wer@aected to the rigid end plates nodes and to the
centroid of the hinge (see Figure 9). The load waglied at the centroid of the hinge, and the
combined loads cases with compression were regegbéinrough an axial load applied at the
centroid of the hinge with the corresponding meadtiest eccentricities.

11
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Figure 9: Finite element model assumptions

Series of numerical computations have been perfdnvith the use of non-linear FEM software
FINELg, continuously developed at the University loége and Greisch Engineering Office
since 1970 (Greish and Ulg, Finelg 1999). Thiswafe offers almost all types of FEM types of
analyses, and present investigations have mairgy lpesorting to so-called MNA (Materially
Non-linear Analysis), LBA (Local Buckling Analysisand GMNIA (Geometrically and
Materially Nonlinear Analysis with Imperfectionshalyses. The cross-sections were modelled
with the use of quadrangular 4-nodes plate-shaiitefi elements with typical features
(corotational total Lagrangian formulation, Kirchifi® theory for bending). The corners of
square and rectangular profiles were modeled withe&r shell elements per corner (see Figure

9).
Averaged measured geometrical dimensions were uwsethe calculations, together with
measured local imperfections and residual strdssesch specimen (see Figure 10).
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Figure 10: a) adopted membrane stresses in ttie &@ment computation of the specimen
SHS_HF_200x200x6.3 — b) 3D amplified imperfect ghapthe specimen SHS_HF_200x200x6.3 (scale fat&r:

Averaged measured material stress-strain behanaduding strain-hardening effects was also
included. For the cold-formed tubular profiles, tmaterial laws have been defined; one for the
base material and one for the corner regions. ApeirRamberg-Osgood material law was used
for the flat regions and a multi-linear law was ptal for the corner regions.

3.2 Validation: test vs. FE predictions

The experimental cross-section capacities reachdbebtested specimens were compared to the
numerically-predicted ones. The ultimate loads #edratio of the experimental ultimate loads
to their numerical counterparts are given for #&tdd cross-sections in Table 2. As previously
mentioned, all numerical simulations of the specimevere based on actual cross-sectional
dimensions and actual material properties. Numiesicaulations represented the real behavior
quite accurately. A graphical comparison of themdte loads of the FE-simulations and of the
experiments is shown in Figure 11 in which thelnees indicate a deviation of +/- 10%.

*LC stands for Load Case
LC2 LC3 STUBS LC4 LC5LCh
T " " 1
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Figure 11: FE peak loads vs. experimental loads
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It can be seen that all numerical simulations pteuiltimate loads in excellent accordance with
the test results. All values oscillate very closeytheFey,/ Frem = 1.0 line, which indicates a
very good accordance between test and numeriagtses

Figure 8 provides representative examples of empmrial and numerical load-displacement
curves. The differences in initial stiffness, uliite load and post-peak behavior between
numerical and experimental results are mainly chbiyenon-explicitly modeled sources, such as
a little friction in the hinges (i.e. the boundacpnditions are never as clean as in the
computational model and are far more complicateah tassumed in the numerical model),
inconsistencies in the imperfections measurememsxpected eccentricities, non-homogenous
material... In particular, the numerical modelssamed to be free from any friction in the hinges
— preliminary measurements showed that frictionlddae neglected; the complete test set-up
stiffness was also not modeled. Since a maximurratien of 6% among afreyp/ Frem values is
reported, the ability of the numerical models towately predict the failure load is obvious.

4. Assessement of proposed design approach
4.1 FE parametric studies

The finite element model was further used to gdeean extensive set of numerical cross-section
tests to investigate deeply the structural behavaucross-sections belonging to all classes
defined according to the Eurocode 3 classificaggstem (EN 1993-1-1 2005). The numerical

study concerns hot-rolled and cold-formed sectitagang nominal geometrical dimensions and
various parameters with the target of analyzingrtpbysical behavior. The parameters were
chosen in order to cover all four classes’ rangel different load cases going from simple to

combined ones. These numerical computations prdvad®asis for the generation of several
design models.

A derived FE-model has been implemented on theslidghe validated one. Quadrangular four
node shell elements with corotational total Lagrangormulation have been adopted in all
simulations. Regarding longitudinal displacementsthhe end section nodes, a numerical
modeling resorting to kinematic linear constraihtss been developed. The end cross-section
only exhibits a maximum of three degrees of freedaxml global displacement, rotation about
the strong axis and rotation about the weak axnty @ree different nodes are then necessary to
describe the displacement of any point in the esassion once the linear relationships for axial
displacements are established. In other words, @nmian of three nodes may experience a
“free” longitudinal displacement, while all otheodates’ x-displacements linearly depend on the
longitudinal displacements of the “x-free” nodesréspect a global cross-sectional displaced
configuration. The three “x-free” nodes were choserthe plate edges (at the beginning of
different corners) of the cross-section, and alnbdes in between were constrained to the three
main nodes with respected linear relationships Fsgare 12).

Additional fictitious nodes have been defined a tentroids of the end-cross-sections for the
definition of the (ideal) support conditions, angnsverse supports preventing from local
buckling have also been implemented. This modeteghnique was validated and adopted
successfully in various previous FE studies (Seonig 2007).
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Figure 12: Support conditions and external loadieation

The same mesh density as described above was msalll simulations. Initial geometrical
imperfections have been basically introduced thhoumdequate modifications of node
coordinates. Since local buckling failure modedldi@areached in any situation from plastic to
slender section geometries, only local geometiivglerfections have been adopted and were
defined as square half-wave patterns in both daestof the flanges and webs, with an
amplitude ofa/ 200, wherea stands for the length of the considered “squaeeieb (see Figure
13)

Figure 13: Local geometrical imperfections adogtedboth square and rectangular hollow sections

Then, parametric numerical calculations have beened out for the cross section resistance of
various section shapes, dimensions and steel gr&dsty, 296 tubular geometries picked up
from the European catalogue were considered wiéhrébtangular cross sections alongside 140
square cross sections.

Secondly, an additional set of derived (inventexttisns was considered. This was intended at a
better visualization of more distributed resultsrgl higher slenderness, because the European
sections would be covering only a limited rangermiss-section slenderness. Thus, the proposed
sections have been derived with respect tohtheandb/t ratios; 5 values of h/b ranging from
square sections to highly rectangular ones, haee bensideredh/b=1, 1.5, 2, 2.5and3. For
each h/b proposed valueb/t values spanning from 15 to 115 with a step of 2ehbeen
considered for the load cases of pure compressidnnaajor axis bending, and values going
from 15 to 115 with a step of 4 for the load casésminor axis bending and combined
compression and bi-axial bending.

The following set of parameters has been considerdathese sections:

- 3 different steel grades: S235, S355, S460;
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- Different loading conditions: pure compression, enaxis bending, minor axis bending,
compression and major axis bending, compressionrandr axis bending, compression
and bi-axial bending.

For the combined load cases, a difference was rhatigeen the different loading situations,
namely with respect to the degree of bi-axialitg, theMy/ M, ratio; this ratio was varied on the
basis ofa angles of 0, 30, 50, 70 and 90 degrees betweestipleapacitieMpy and My, as
shown in Figure 14. As for the non-dimensionaluefice of axial force, 6 values were adopted
going from O (i.eN / N,=0, the load case thus becoming a biaxial bendgg M, case) to 90
(i.e. N/ N,=90%, the load case becoming thus a compression of I99%ith biaxial bending
My+M, one). The adopted intermediate values are shownTable 3. The following
denomination will be adopted for the distinctiortloé various combined load cases:

NX_a (1)

wherex represents the non-dimensional axial force ingmaeage, and is the angle representing
the degree of bi-axiality (in degrees), as showikrigure 14. For example n50_30, refers to a
combined load case of 508k with a degree of bi-axiality characterized by argla of 30
degrees. It has to be noted that the loading wasiegpproportionally for all combined load
cases. Table 3 represents the adopted cases fautbpean and derived sections. In total, some
40 000 non-linear shell calculations have beengperéd.

M

z
A

Pseudo linear
interaction

plz&c——F———

N EC3 Equation

a=90° \
N/
a=70

Figure 14: Selection of load cases for N § M, combined situations

Table 3: Adopted combined load cases for Europedrdarived section.

o
0 30 50 70 90
0 D D D D D
20 D-E D-E D-E D-E D-E
40 D D D D D
" 60 D-E D-E D-E D-E D-E
80 D D D D D
90 D D D D D

*D stands for derived sections, and E stands foppean sections
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Figure 15 and Figure 16 show all gathered numenesiilts relative to hot-rolled and cold-
formed cross-sections respectively represented @.4C. format, i.e. the horizontal axis relates
to the generalized slendernelscs while the vertical axis reports on the crossiseateduction
factor xcs (see Figure 1).
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Figure 15: Numerical results relative to hot-roltadss-sections
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Figure 16: Numerical results relative to cold-fodreoss-sections
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4.2 Analysis of results and governing parameters

The results relative to hot-rolled sections areyqmesented in this section for sake of clarity and
because of available space limitations. The prearalyses address the influence of the yield
stress, the cross-section shape, and the loadtygaeseThe difference in the structural response
between fabrication processes is mainly accounbedhrough the material and the residual
stress distributions in the numerical simulations.

Figure 17 proposes the obtained numerical resattsduare sections in compression with the
target of analyzing the influence of the yield streOne may notice a relatively really small
scatter in the results. Smooth and clear tendemaggsbe observed in other situations as well,
e.g. RHS or different load cases. The influencthefyield stress is only pronounced as a general
trend, for small relative slenderness values wigh< 0.4. In other words, an important level of
over-strength due to strain hardening effects seoked for low steel grades.
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Figure 17: FE results for square sections undex pampression, represented in function of diffesgeld stresses

Concerning the influence of the cross-section shiajpe shown that rectangular hollow sections
(h /' b >1) subjected to pure compression (see Figure 18ahrkigher relative section resistance
compared to square hollow sections possessingathe selative slenderness, particularly in the
slender range. The level of restraint offered l®y/larrow faces of the rectangular section to the
wider ones is therefore shown to provide an in@dasoss-section resistance through stress
redistributions once local buckling develops in there buckling-prone plates. Consequently,
the cross-section resistance is increased witih/iheatio, and square sections exhibit the lowest
resistance to compressidm§=1.0) owing to simultaneous buckling of the constitatplates.

For major-axis bending cases, the opposite is shawfigure 18b: the square hollow sections
are seen to achieve higher relative bending resmisgathan the rectangular ones possessing the
same cross-section slenderness, particularly isldreder range. The load case definition plays a
delicate role here, and shows to be decisive ®isthuctural behavior of elements. In contrary to
the compression case, the compressed flanges irsttbeg axis bending load cases find
themselves in need to a great restraint from theswehich in turn possess higher slenderness in
rectangular sections compared to square ones.
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Figure 18: a) FE results for square and rectangdations under compression, varying aspect r&ig8s5, — b) FE
results for square and rectangular sections undg@rraxis bending moment, varying aspect ratio§553

Consequently, the restraint provided by the webthéoflanges will be greater in the case of
square sections, delaying the onset of local bagklThis is pronounced for slender sections,
where failure occurs largely within the elastic eratl range. For stocky sections, failure will be
attained at higher strains, where plasticity lelsstructural behavior, reducing the detrimental
restraint brought to the flanges.

Finally, concerning the load case impact, the milte of the relative axial compression is
obvious but the results on Figure 19a still shosnmall dispersion and clear tendencies may be

emphasized.
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Figure 19: a) FE results for square sections uodetbined load cases with a varying level of axaatés, S355, —
b) FE results for square sections under combioad tases with a varying level of bi-axialty, S355

Figure 19b presents results for which no axial casgion is present, i.e. biaxial bending
situations; it allows evidencing the influence bktdegree of biaxiality in square sections.
Ideally, very close tendencies should be obseraed, a quite limited scatter is expected for
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a=30anda =70. As can be seen in Fig. 18, differences appepeataly for largeicsvalues.
This is to be attributed to the initial geometrigaperfections (i.e. inward buckles in the flanges
and outward buckles in the webs or vice-versa)chioan be shown to lead to slightly different
structural responses, depending on the outwardrohimackling pattern.

5. Design proposal background

The well-known Ayrton-Perry formula format has besatected as a basis for the derivation of
the O.1.C.-based formulae. It contains a simple a@turate way of considering both failure
limits to be defined, with the corresponding eneplaiteau value and imperfection factor. Even
the resistance limit and the instability limit cda@ adapted to the observed trends in the reference
results. Therefore, the following four variablesravencorporated into the Ayrton-Perry formula
(see Figure 20):

1- The end-of-plateaul, value;

2- The imperfection factoo ;

3- The instability limit, since some cross-sectiong/raghibit post-buckling reserves higher
than the post-buckling reserve determined in tha Karman formula relative to plates.
Thus, a factor needs to be added in the Von Karmanula, to account for a possible
variation of the instability limit;

4- The resistance limit, since stocky cross-sectioggally gain from strain hardening
effects so thajy. >1.0 predictions may be appropriate.

The corresponding ‘extended’ Ayrton-Perry formuiant becomes the following:
(B-x)(1- %) =nx 2)
Wherep is the constant or equation defining the resislimit, dthe exponent added to the Von

Karman format for the consideration of differenstability limits, andy the factor accounting
for imperfections.

EqQ. 2 can be rearranged in the following form:

P
Y= 3)
P+\@F -A°B
With ¢=0.5(1+a (A -A,) +A°B)

The derivation of adequate design curves baselisitmple yet mechanical background (i.e.
local calibration ofiy, danda factors) is currently in progress.
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Figure 20: Schematic representation of the adofiyetbn-Perry approach
6. Conclusions

In the present paper, an experimental test programectangular, square and circular hollow
sections of grade S355 structural steel was repoHet-finished, hot-rolled and cold-formed
stub columns as well as cross-section tests witiows load cases (compression, compression +
major axis-bending, compression + minor-axis begdcompression + biaxial bending) were
described. Moreover, the measurements of mater@stitutive laws (tensile tests),
imperfections and residual stress measurementsrepogted.

Besides, a numerical model was developed to simula¢ experimental tests and excellent
agreement between both sources demonstrated thepajpeness of the FE models to
accurately represent the real behavior of hollowcstiral shapes under simple and combined
loading.

Consecutive extensive FE parametric studies ondiled and cold-formed hollow sections were

presented and contributed to evidence the potefdialthe Overall Interaction Concept to

become a reliable and practical alternative todimeent well-known design rules, in particular

with respect to resistance-instability interactiofi$ie design proposal background was then
presented and is based on the Ayrton-Perry apprapphicable in standards for members, and
adapted to represent accurately the cross-sedjuacity of tubular members.
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