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Abstract

This paper aims at developing design recommendations for closely spaced built-up stainless steel columns, based on
findings gained in recently performed research at the University of Belgrade. The research focuses on pin-ended built-
up columns formed from two press-braked channel chords oriented back-to-back, addressing their flexural buckling
capacity about the minor principal axis. The impact of overall and local chord slenderness, interconnection stiffness,
geometric imperfections and material nonlinearity is thoroughly evaluated. In order to fully exploit their structural
performance, two separate approaches for the design of built-up columns with welded or bolted interconnections are
defined, including different formulas for shear stiffness.
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1 Introduction

Using conventional cold-formed steel members with open cross-sections in built-up assemblies extends their application
to large-scale structures: most frequently in light framing systems, wall bearing systems, trusses, latticed transmission
towers and communication structures. If these structures are in a specific, aggressive or urban surrounding, different
stainless steel alloys may be beneficially utilised owing to their excellent corrosion resistance, ease of maintenance,
good toughness, high fire resistance, pleasing appearance and harmlessness to the environment. The built-up members
with chords in contact or closely spaced and connected through packing plates by bolts or welds usually have a more
efficient structural response under compression relative to alternative hot-rolled or welded single members at relatively
the same cost. By forming symmetric built-up cross-section from individual channels or angle sections, the eccentricity
between the centroid and shear centre is eliminated, which leads to higher overall member stability against torsional or
torsional-flexural buckling. Besides, pronounced cross-sectional distortions, distribution of residual stresses and heat-
affected zones in the vicinity of welds may be considerably minimized by the discontinuous welding process. Contrary
to a solid column, the structural response of a built-up column is more complex considering the discreteness of its cross-
section and absence of a solid web element. Effects of longitudinal shear, caused by the interaction between the contact
areas of the individual chords, may affect the overall behaviour and reduce the flexural buckling resistance of the built-
up member. The effects of shear on flexural deflection may significantly vary depending on the structural solution of
interconnections and their number along the chords. In contrast to welded interconnections, the bolt-to-hole clearance in
bolted interconnections usually results in a more substantial longitudinal slip between the chords and, consequently,
causes additional flexibility of the built-up column. Thus, the longitudinal shear in built-up columns has to be evaluated
and accounted for in the development of a design procedure.

Over the past two decades, significant attention has been paid to aspects of the potential use of stainless steel for
construction purposes. Fundamental experimental work has focused on stainless steel structural elements with tubular
and hollow cross-sections. The number of investigations on open stainless steel sections is far smaller and none of them
address closely spaced built-up structural elements. The experimental and theoretical observations on carbon steel built-
up columns serve as a basis for a better understanding of the behaviour of the equivalent columns made from stainless
steel. In the middle of the last century, Bleich!! developed a simplified analytical criterion based on an energy approach
to determine the modified slenderness ratio of pin-ended battened columns. Zandonini® experimentally tested two
series of compressed closely spaced built-up members consisting of two back-to-back channels with welded and snug-
tight bolted interconnections. The end connections of all specimens were constructed by means of preloaded bolts.
Astaneh et al.Bl performed an experiment on two back-to-back angles with welded, snug-tight and preloaded bolted
interconnections. Using the experimental data of the aforementioned investigationst?, Fl as the basis, Zahn and
Haaijer recognized the impact of interconnection stiffness on the overall behaviour of closely spaced built-up columns
and developed two different empirical formulations of the modified slenderness ratio for columns with snug-tight bolted
interconnections and with welded or preloaded bolted interconnections. The developed empirical equations were
introduced into the first edition of the AISC LRFD Specification!®). The adopted design procedure involves modifying
the general method for the design of axially compressed solid columns by replacing the modified (equivalent) overall
slenderness ratio of a built-up member instead of the geometric one. Based on Bleich’s work[t, Aslani and Goel®
proposed a new analytical formula which includes a section separation ratio « to capture shear stiffness provided by
interconnections, and verified it by own experimental data for welded back-to-back hot-rolled angle members. This
analytical formula replaced Zahn and Haaijer’s equation® for columns with welded or preloaded bolted
interconnections in the second and third edition of the AISC LRFD Specification® and was also adopted in the
Specification for Structural Steel Buildings ANSI/AISC 360-05[".. Based on the updated experimental database, Sato
and Uang® developed new simplified equations for the modified slenderness ratio by employing a K-shear factor which
has different values depending on the shape of the built-up cross-section. The equations, valid for built-up columns with
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welded or preloaded bolted interconnections, are established in the design procedure of the previous® and latest version
of the American Specification ANSI/AISC 360-16[1%. Sherman and Yurall emphasised that preventing longitudinal
slip in the end interconnections has a beneficial impact on the overall behaviour of built-up members. They also
proposed an equation for determining the shear transfer force in the end interconnections for which slip between
individual chords must be prevented. The Specification ANSI/AISC 360-1611% also accepted this observation and
requires that the end connections of built-up columns must be constructed by means of welds or preloaded bolts. If the
ends of the built-up column are connected by welds, the weld length should not be less than the maximum dimension of
the built-up cross-section; if the ends of the built-up column are connected by bolts, their mutual longitudinal spacing
should not be larger than four times the bolt diameter at a distance that is equal to 1.5 times the maximum dimension of
the built-up cross-section. It should be pointed out that ANSI/AISC 360-161% requires that the slenderness ratio of each
individual chord should not exceed 75% of the governing slenderness ratio of the built-up member.

The part of Eurocode 3 for the design of stainless steel structural elements, EN 1993-1-41*2 does not provide explicit
rules for determining the flexural-buckling resistance of stainless steel closely spaced built-up members. Clause 5.4.111%
states that the design provisions for carbon steel columns given in EN 1993-1-11%1 may be applied to stainless steels
columns. Eurocode 3 EN 1993-1-11*% has a distinguishable analytical method for the design of compressed built-up
members; Clause 6.4 offers a simplified design procedure that is primarily intended for uniform battened or laced built-
up columns with pin-ended boundary conditions. Basically, the method replaces the discrete structure of a built-up
column with an equivalent continuous column taking into account second order theory and smearing shear stiffness
through properties of the bracing members. In order to restrict the influence of shear deformations or displacements
between the connected chords, it is required that the number of the modules between the restraints of chords is not
smaller than three. Besides, clause 6.4.4 provides the rules for closely spaced built-up members. Provided that the
conditions given in Table 6.91%, related to the maximum spacing between interconnections, are met, the closely spaced
built-up member may be designed as a single member by ignoring shear deformations; otherwise, the provisions for
battened members given in clause 6.4.3 should be applied. Contrary to the American Specification ANSI/AISC 360-
16019, the Eurocode 3 design approach(*® for closely spaced built-up columns does not address the influence of the
interconnection shear stiffness on the column ultimate resistance. Additionally, there are no specific recommendations
in terms of construction details for interconnections.

This paper aims to fill the gaps caused by the lack of research in the field of stainless steel built-up columns and at
proposing new design criteria for this type of structural elements. The investigation focuses on pin-ended built-up
columns formed from two press-braked channel chords oriented back-to-back in direct contact, addressing their flexural
buckling capacity about the built-up axis, which corresponds to the minor principal axis. The paper presents FE (Finite
Element) parametric studies based on a comprehensive experiment and FE simulation presented in detail in papers®,
(155 161 and intended to extend the gathered experimental and numerical outcomes to a wider range of geometric
variations affecting the compressive capacity of built-up columns including overall or chord failure modes. The
investigation is concentrated on the most commonly used austenitic stainless steel grade EN 1.4301 (X5CrNil18-10).
The FE results are used to develop two separate approaches for determining the flexural-buckling resistance of hinged
supported built-up columns whose chords are directly connected by means of bolts (in EN 1993-1-8['7] denoted as shear
bolt connection category A) or by welds. The design model is synchronised with rules given in parts of Eurocode 3: EN
1993-1-41121 EN 1993-1-1131 and based on Bleich’s work[1.

2 FE Parametric Studies

2.1  Description of influencing parameters

Extensive FE parametric studies are conducted with reference to a wide-ranging set of overall and local chord
slenderness and interconnection type, to meet different performance levels of columns’ structural behaviour and to
establish a calculation model for the design buckling resistance Nyrq Of the compressed built-up member with hinged
ends. A guasi-static analysis is made with the Abaqus software package™®l. The parametric studies cover the FE models
of tested built-up columns that have been calibrated and validated against a flexural-buckling experiment!*®l, [16],
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Fig. 1 Nominal geometry and parameter designation of FE built-up columns
Table 1 Parameters and ranges considered in the main parametric study
Parameters
(?fetsilgnFaélon Nominal sleg\é(:rriltlass Type of Number of distzlaVInachimetr\T/]veen szg:c;];n(;zzrd ;Qar:;o)\
model length ratio of built-up  connection modules betv_veen interconnections ratio Ach = ¢
L (mm) column A =L/ Interconnections of chords a (mm) a/imin
U31b-2 500 30.7 bolt 2 185 15.3 0.50
U49b-3 800 49.2 bolt 3 225 18.7 0.38
U49b-2 800 49.2 bolt 2 335 27.8 0.57
U62b-3 1000 61.5 bolt 3 290 24.0 0.39
U62b-2 1000 61.5 bolt 2 435 36.1 0.59
U92b-3 1500 92.2 bolt 3 460 38.1 0.41
U92b-2 1500 92.2 bolt 2 685 56.8 0.62
U123b-3 2000 123.0 bolt 3 625 51.8 0.42
U123b-2 2000 123.0 bolt 2 935 775 0.63
U154b-4 2500 153.7 bolt 4 595 49.3 0.32
U154b-3 2500 153.7 bolt 3 790 65.5 0.43
U154b-2 2500 153.7 bolt 2 1185 98.2 0.64
U184b-5 3000 184.5 bolt 5 575 47.7 0.26
U184b-4 3000 184.5 bolt 4 720 59.7 0.32
U184b-3 3000 184.5 bolt 3 960 79.6 0.43
U184b-2 3000 184.5 bolt 2 1435 119.0 0.64
U215b-5 3500 215.2 bolt 5 675 56.0 0.26
U215b-4 3500 215.2 bolt 4 845 70.1 0.33
U215b-3 3500 215.2 bolt 3 1125 93.3 0.43
U215b-2 3500 215.2 bolt 2 1685 139.7 0.65
U246b-6 4000 246.0 bolt 6 645 53.5 0.22
U246b-5 4000 246.0 bolt 5 775 64.3 0.26
U246b-4 4000 246.0 bolt 4 970 80.4 0.33
U246b-3 4000 246.0 bolt 3 1290 107.0 0.43
U246b-2 4000 246.0 bolt 2 1935 160.4 0.65
u3iw-2 500 30.7 weld 2 200 16.6 0.54
U49w-3 800 49.2 weld 3 240 19.9 0.40
u49w-2 800 49.2 weld 2 350 29.0 0.59
u62w-3 1000 61.5 weld 3 300 24.9 0.40
u62w-2 1000 61.5 weld 2 450 37.3 0.61
u92w-3 1500 92.2 weld 3 470 38.1 0.41
u92w-2 1500 92.2 weld 2 700 56.8 0.62
U123w-3 2000 123.0 weld 3 632.5 51.8 0.42
Paper presented by Jelena Dobri¢ - jelena@imk.grf.bg.ac.rs
© Dobri¢ J, Markovi¢ Zlatko, Budevac D, University of Belgrade 3



Ul23w-2 2000 123.0 weld 2 950 77.5 0.63
U154w-4 2500 153.7 weld 4 600 49.3 0.32
U154w-3 2500 153.7 weld 3 800 65.5 0.43
U154w-2 2500 153.7 weld 2 1200 98.2 0.64
U184w-5 3000 184.5 weld 5 580 47.7 0.26
Ul184w-4 3000 184.5 weld 4 725 59.7 0.32
U184w-3 3000 184.5 weld 3 970 79.6 0.43
u184w-2 3000 184.5 weld 2 1450 119.0 0.64
u215w-5 3500 215.2 weld 5 680 56.0 0.26
u215w-4 3500 215.2 weld 4 850 70.1 0.33
u215w-3 3500 215.2 weld 3 1135 93.3 0.43
u215w-2 3500 215.2 weld 2 1700 139.7 0.65
U246w-6 4000 246.0 weld 6 650 53.5 0.22
uU246w-5 4000 246.0 weld 5 780 64.3 0.26
u246w-4 4000 246.0 weld 4 975 80.4 0.33
u246w-3 4000 246.0 weld 3 1300 107.0 0.43
u246w-2 4000 246.0 weld 2 1950 160.4 0.65

The CFSS (Cold-Formed Stainless Steel) built-up columns consisted of two press-braked channel chords placed back-
to-back and directly and discontinuously interconnected by means of groove welds or bolts (see Fig. 1). The nominal
dimensions of the one channel section were 100 x 40 x 4 mm with a nominal internal corner radius of 8 mm. The cross-
section meets the compactness requirements necessary to prevent elastic local buckling and it is classified as class 3114
according to EN 1993-1-4[2 The geometric properties of the interconnections are uniform along the FE built-up
column. The nominal length of welded interconnections is 100 mm. The bolted interconnections are designed with six
M8 bolts class 8.8 in the arrangement shown in Fig. 1. The distance between end bolts in the longitudinal direction is
100 mm. The diameter of holes in the web of the cross-section is 9 mm and a 1 mm bolt-to-hole clearance is provided.
The length of both interconnection types is selected to correspond to the maximum dimension of the built-up cross-
section. Both ends of each FE model are flat and perpendicular to its longitudinal axis.

Parametric studies are divided into two parts: the main parametric study and the imperfection sensitivity study, in which
the influence of various parameters on the column ultimate resistance is analysed. The main parametric study focuses
on a wide range of overall and local chord slenderness ratios as shown in Table 1. The considered parameters, column’s
length L and spacing between interconnections a are also denoted on Fig. 1 for built-up members with bolted and
welded interconnections, respectively. The analysed range of overall slenderness ratios from 31 to 246 may be used for
different structural applications under static conditions of compressed built-up members. The spacing between
interconnections is limited such that the slenderness of the individual chords does not exceed 65% of the overall built-
up slenderness associated with the governing buckling mode about the minor principal axes, as in the experiment!**. The
designation of the FE models in Table 1 is in accordance with the labelling system of tested specimens as explained in a
previous paper™®l: the first letter indicates the shape of the chords’ cross-section (U), the subsequent number indicates
the overall slenderness of the column, and the final letter b or w indicates the interconnection type, i.e. weld or bolt. The
number in the third position represents the number of modules between interconnections.

[ Imperfection Shape IS1] 5,=L/1000

[ Imperfection Shape 152]

8=L/750
8,=L/1000

|

I|

Fig. 2 Initial overall imperfections used in the sensitivity parametric study
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The imperfection sensitivity study is performed in order to evaluate effects of the magnitude and shape of the initial
overall imperfection pattern on potential buckling failure of individual chord members. The sensitivity study focuses on
built-up columns of intermediate and high overall slenderness of 92, 184 and 246 and with interconnections at the ends
and the mid-height of the column. The study encompasses the geometric imperfections of individual chords in the shape
of a sine wave between interconnections in the plane perpendicular to their minor principal axis (imperfection shapes
IS2 and 1S3), considering variability in the amplitude of do = L/1000 and of permissible fabrication tolerance of o =
L/750 specified in EN 1090-20°1, as depicted in Fig. 2. The structural behaviour of built-up columns, affected by
imperfection shapes 1S2 and 1S3, is examined through a comparison with the behaviour of equivalent columns affected
by the imperfection shape 1S1, which is used as an input parameter in the main parametric study.

Moreover, in order to validate the FE model used for the parametric studies, it is important to incorporate the unique set
of most important parameters affecting the structural behaviour of a built-up column and leading to good agreement
between experimental and FE resultsi®Ml€l: material nonlinearity, strain hardening effects, residual stresses and
annealing effects in the vicinity of welded interconnections, and bolt slipping in bolted interconnections.

2.2  FE modelling

Comprehensive FE simulation of the flexural-buckling tests is depicted in detail in [16]. The mechanical properties
obtained from the flat and corner longitudinal tensile coupon tests™ are incorporated into the flat and corner parts of
the press-braked chord section of FE models. In order to account for the reduction in strength properties in the vicinity
of welds affected by the partial annealing of the material throughout the Heat Affected Zone (HAZ), the third material
model is applied in the HAZ and welds[®l, where a modified Ramberg—Osgood material model according to Arrayago
et al.l?% is used to develop the stress—strain curve. Nominal values of key mechanical properties for annealed stainless
steel EN 1.4301 (ASCE 304) are used according to Annex B, SE/ASCE 8-02[?4. Table 2 summarises the key material
properties adopted for each of the three considered material models, including the yield strength f, taken as the 0.2 %
proof strength, the ultimate tensile strength f,, the strain corresponding to the ultimate tensile strength &, and the strain
hardening parameters n and m, in accordance with the two-stage Ramberg—Osgood material model [20]. Plasticity with
isotropic hardening is used for all parts of the section with an initial modulus of elasticity of E = 200 GPa, and
Poisson’s ratio of v = 0.3. Nominal stress—strain curves are transformed to true stress—strain curves for input in the
Abaqus plasticity modell8],

Table 2 Key material properties adopted in the FE models

Strain hardening parameters

Position fy (MPa) fu (MPa) &u (%)

m
Flat parts 307 634 53 6.3 2.2
Corner parts 458 680 37 4.9 2.5
Welds and HAZ 207 571 64 8.3 2.0

The individual chords are modelled as S4R shell elements with reduced integration and with a size of 6 mm. The
hexahedral solid elements C3D8R, 6 x 6 mm in size, are used to form the mesh of the welded interconnections. Contact
conditions between the chords and the welds are defined by tie constraints at the joining surfaces. The attachment tool
in the Abaqus software package!*®! which involves attachment points is utilized to model the bolts in a nominal
arrangement between chords. The bolts are modelled using the Cartesian mesh-independent connector type with a linear
elastic stiffness of 50 000 N/mm, without consideration of rotational stiffness. The degrees of freedom of the bolt are
coupled to the adjacent nodes by distributing coupling between the connector point and its corresponding surface on the
chord’s web. The corresponding nodes on the chords’ webs within the radius of 5 mm around the reference point are
kinematically constrained by means of two rigid bodies connected by a spring element. The surface-to-surface general
contact interaction is selected as the modelling approach, to take into account the interactions between individual
chords. The hard contact formulation of normal behaviour and the penalty friction formulation of tangential behaviour
are used. The friction coefficient of 0.35 is assumed for all contact surfaces. The cross-section points at the column’s
ends are kinematically constrained to the central upper and lower reference points which are assigned hinged boundary
conditions. Displacement control is used to apply the compressive load; a vertical displacement of U3 = 10 mm is
applied to the upper reference point. The distribution of residual stresses in a fabricated austenitic stainless steel |-
section, proposed by Gardner and Cruise[®, is adopted in the regions of welded interconnections. The residual stresses
are incorporated into the models as initial model conditions through predefined fields. Maximum tensile residual
stresses of 399 MPa are set in the vicinity of welds. The residual stresses are in self-equilibrium in the cross-section
with maximum compressive residual stresses of 94 MPa. Discontinuous welding of individual chords caused variable
cross-sections along the column. Thus, a stable equilibrium in the longitudinal direction is obtained in an initial analysis
step prior to applying the compression load to the FE model. The residual stresses induced by the manufacturing
process are not included in the FE models due to their minimal influence on the member compressive resistance?. The
FE analysis includes an eigenvalue buckling analysis and a nonlinear buckling analysis. The eigenvalue Linear
Buckling Analysis (LBA) is employed in order to permit a realistic incremental nonlinear FE analysis. Superposition of
initial imperfections in the form of the lowest overall buckling mode with an amplitude of do = L/1000 (labelled in Fig.
2 as imperfection shape 1S1) and the lowest local (cross-section) buckling mode with an amplitude of @ = 0.06 mm*4
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obtained from LBA, is assigned to all FE models. A geometric and material nonlinear analysis is performed to obtain
the ultimate loads and potential failure modes of cold-formed stainless steel built-up columns. The large displacements,
pronounced non-linear material behaviour and complex contact conditions often lead to an inability to solve instability
problems with standard implicit static numerical solvers. Hence, the FE study is performed as quasi-static using the
dynamic explicit solver in the Abaqus software package*®! because it does not have the usual convergence issues.

3 Results and Discussion

Key numerical results of the main parametric study presented in diagrammatic form as load—lateral deflection curves
along the minor axis are shown in Fig. 3, both for FE built-up columns with bolted and welded interconnections.
Besides, Fig. 4 compares the buckling capacities of equivalent FE built-up columns with different interconnection
types, with the same overall slenderness ratio and the same number of modules between interconnections. As a result of
the imperfection sensitivity study, Fig. 5 compares load—lateral deflection curves influenced by imperfection shapes 1S2
and 1S3 relative to basic curves influenced by imperfection shape IS1 and obtained in the main parametric study. The
value of ultimate buckling load Ny, is also shown on the corresponding curve. A brief analysis of analysis outcomes
includes the following:

1) The failure mode of each FE model is overall flexural buckling about the minor principal axis of the built-up section;
the structural integrity of the built-up section is maintained in the ultimate limit state: the premature failure of the
individual chord members is not identified;

2) The initial overall geometric imperfection modelled as a sine wave with an amplitude of L/1000 at the column’s mid-
height has a strong effect on the ultimate buckling resistance of built-up columns in the intermediate and high
slenderness domain from A = 123 to A = 246. On the other hand, the residual stresses and reduction of enhanced strength
properties of the material in the cross-section’s corner regions in the vicinity of welds significantly affect column
behaviour in the low slenderness domain up to 4 = 92;

3) The FE columns with bolted interconnections of the same overall slenderness and with different chord slenderness
ratios have almost identical buckling and post-buckling structural behaviour (see Fig. 3a). By increasing the number of
interconnections, the ultimate buckling load of the FE column remains approximately unchanged; deviation is up to
3.6% for high slenderness 4 = 215. This is due to the fact that the built-up column with bolted interconnections is less
rigid and more susceptible to initial imperfections than the column with welded interconnections. It should be noted that
in the experiment®, an increase of column compressive capacity of 24.5% was recorded in the high slenderness
domain (4 =184) by changing the number of modules from two to three; however the measured geometric
imperfections of tested specimens have considerably lower magnitudes and different distribution patterns compared
with modelled FE geometric imperfections;

4) In contrast to the previous finding, in the case of FE columns with welded interconnections of the same overall
slenderness, there is an increase of the ultimate load with an increasing number of modules between interconnections
(see Fig. 3b). Even though increasing the number of interconnections from two to five increases the column strength by
16.5% in the high slenderness domain (1 = 215), the increase is limited up to 1.3% in the low slenderness domain
(A =49) by the detrimental effects caused by the welding process. In addition, for the variation of the number of
modules from two to three in the high slenderness domain (4 = 184), the rise of column buckling resistance is 10.2% in
the experiment(*®, whereas in the main parametric study it amounts to only 5.8%;
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(a) Built-up columns with bolted interconnections (b) Built-up columns with welded interconnections

Fig. 3 Load-lateral deflection curves at mid height of FE models — main parametric study
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Fig. 4 Load-lateral deflection curves at mid height of FE models — main parametric study

5) As indicated in Fig. 4, the FE built-up column with welded interconnections exhibits better structural response than
that with bolted interconnections practically over the entire slenderness domain, except for A = 31. This finding is
strongly influenced by the higher shear stiffness of welded interconnections compared with bolted interconnections. The
deteriorated structural response of the welded column with slenderness 1 = 31 is associated with harmful impacts of
residual stresses and partial annealing in the HAZ. In the case of columns with interconnections at their ends and mid-
height, the ratio of welded column resistance-to-bolted column resistance (Np,uweia/Nb,uboid) 1S almost constant and
amounts to approximately 1.04 in the slenderness range A = 123-246, and approximately 1.03 in the slenderness range
A =49-92. Decreasing of the chord slenderness ratio in the overall slenderness range A = 123-246 results in a gradual
growth of compressive capacity; greater synergy of individual chord interaction within the welded built-up section leads
to a more favourable buckling response. For the maximum number of modules, used in the range of high slenderness
A =215-246, the buckling resistance of the columns with welded interconnections is approximately 16.8% higher
relative to the equivalent columns with bolted interconnections. However, it can be noticed that the most slender
columns (A =246) are less sensitive to the benefits of the higher stiffness of the welded interconnections; the
aforementioned maximum rise of column strength is achieved herein by the higher number of interconnections between
individual chords compared with columns with the slenderness A = 215;
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Fig.5 Load-lateral deflection curves at mid height of FE models — imperfection sensitivity study

6) The shape and amplitude of the initial overall geometric imperfections are crucial predictors of the critical failure
mode, because their changes significantly affect the buckling response of a built-up column (see Fig. 5) As expected,
the compressed built-up members are most sensitive to the sine wave (bow) shape of initial geometric imperfections
with an amplitude of L/1000 at columns’ mid-height (labelled as 1S1). The distribution and magnitude of initial
imperfections of individual chords, represented as a sine wave between interconnections (denoted as 1S2 and 1S3), do
not contribute to the premature failure of individual chords. Furthermore, these imperfection shapes ensure higher initial
stiffness and compressive capacity of built-up columns and may lead to an inelastic buckling response in the
intermediate slenderness range. The effects of imperfection amplitude are most dominant in combination with
imperfection shape 1S3 both for welded and bolted built-up columns with slenderness 2 = 184. As indicated in Fig. 5b,
Fig. 5¢ and Fig. 5f, when considering imperfection shape 1S3, the built-up column acts as a more stable system for a
higher amplitude of 6o = L/750 rather than for a lower amplitude of 6o = L/1000. Additionally, it should be noticed that
the columns with welded interconnections have a much greater effectiveness in the high slenderness domain both for 2
= 184 and 246 than the equivalent bolted columns by considering the influence of imperfection shape 1S3, while their
ultimate strengths are almost equal in the intermediate slenderness domain A = 92. Quantification of column strength
growth by changing the shape and amplitude of the geometric imperfection, presented in Table 3, is provided through
comparisons of ultimate buckling loads of built-up columns affected by imperfection shapes 1S2 and 1S3 and
amplitudes do= L/1000 and do = L/750 with ultimate buckling resistances of built-up columns affected by imperfection
shape I1S1 and an amplitude of Jo = L/1000. As indicated in Table 3, the increase of ultimate buckling loads varies
significantly from 92% to 250% for imperfections shape 1S3 and from 67% to 128% for 1S2 in the high slenderness
domain, while the increase of ultimate loads in the intermediate slenderness range is lower: from 37% to 43% for 1S3
and from 21% to 33% for 1S2.

Table 3 Quantification of the increase in ultimate buckling loads by changing geometric imperfections

Column  Amplitude NE‘?I'-% / NE&'L/ 1000 N{fﬁﬁo / N{ﬁ"«/ 1000
Imperfection shape IS3 Imperfection shape 1S2

U92b-2 6o = L/1000 1.43 1.25

6o = L/750 1.39 1.21
uo2w-2 6o = L/1000 1.39 1.33

6o = L/750 1.37 1.30
U184b-2 &0 = L/1000 1.92 1.71

6o = L/750 2.15 1.67
U184w-2 o = L/1000 2.53 2.05

6o = L/750 2.39 1.95
U246b-2 6o = L/1000 2.43 191

0o = L/750 2.48 1.83
U246w-2 6o = L/1000 3.38 2.49

6o = L/750 3.50 2.28
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4 Design Proposal

The development of the method leading to the establishment of design resistance expressions for CFSS closely spaced
built-up members under compression based on the experiment™®! and the results of main parametric study obtained
herein, are presented in Section 4.2. The proposed design procedure focuses on built-up columns formed from two
press-braked channel chords oriented back-to-to back that are in direct contact. The basic material is austenitic alloy of
stainless steel grade EN 1.4301.

4.1  Analytical criterions for the design of built-up columns

Using the energy method, Bleich (1952)1 provided analytical solutions for elastic flexural buckling of simply
supported latticed and battened built-up columns. The solutions are based on the condition that the strain energy due to
deflection is equal to the work done by the external axial compression load, indicating the transition from the stable
configuration to the unstable form of the elastic system. In the case of battened columns, the elastic strain energy
consists of the energy due to overall bending of a built-up member, energy due to the local bending of individual chords
and the energy due to the local bending of the bracing elements. Solving the energy condition results in the critical
buckling load of battened built-up columns Nerv:
m2El m2El 1)

Nch= -
o (kL)? n?ly (a\? | m2Ely, ahy \,,
1+241Ch(L) +—17 1265) "

where k is the buckling length factor for battened built-up columns, given by Eq. (2):

w?ly ,a\?2 TW2El, ahg
k= |1+—(+) +
\/ 2414, (L) L2 12El,
The buckling length factor k accounts for detrimental shear distortion effects caused by amplification of overall lateral

deflections of the column and additional deflections of the column segments between battens. Equation (1) can also be
written as:

)

©)

NCI‘,V = Zlchho 1_0

+ 10
ZEI 24151Ch La 1

In foregoing stated equations, L is the column length, a is the distance between mid-points of interconnections, hy is the
distance between the chord centroids, Ach is the cross-sectional area of one chord, I¢, is the second moment of area of a
single chord about the minor principal axis parallel to the axis of buckling, I, is the second moment of area of the built-
up section about the buckling axis (neglecting the second moment of area of individual chords about their own minor
principal axis), Iy is the in-plane second moment of area of one-batten members and | is the total second moment of area
of a built-up member with respect to the principal axis perpendicular to the plane of buckling. By introducing the
following notations for critical force N¢r and shear stiffness Sy,

n2El (4)
cr — L2
5, = — 24l 5)
Iy | 2I4hg |
2 1o ch’®0 10
a [1 tha 1
Eq. (3) can be reformulated as follows:
1 (6)
N =71
Ncr SV

In order to simplify Eq. (5), Bleich[Xl neglected the influence of the second moment of area of individual chords I, with
regard to the term I, = 2A4.,(hy/2)? when calculating the total second moment of area of a built-up column I, by
approximating the ratio 10/1 as equal to unity. This leads to

24E1,, )

Sy=—"-0
a1+ Hal

However, the outcomes gained in the investigation of Aslani and Goel!® show that Bleich’s simplified approximation,
given by Eq. (7), may result in errors in the prediction of buckling resistance, particularly in the case of battened
columns with a relatively small distance between individual chords or closely spaced built-up columns. On the other
hand, based on the experimental data of Zandonini’s research[®, Zahn and Haaijer® demonstrated that built-up columns
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with snug-tight bolted interconnections are more susceptible to shear deformations. The Eurocode 3 design procedure
takes into account these facts: Eq. (7) corresponds to the expression on the left-hand side of the conditional equation for
shear stiffness of a battened column, defined in Clause 6.4.3 of EN 1993-1-11%1, which is given here as follows:

24E1,, < anEld1 (8)
v = =
214h a?
2 ch’*0
a [1 +—1ba ]

Expressions for shear stiffness Sy given by Egs. (5), (7) and (8) take into account the flexural stiffness of the individual
chords and battened members that is strongly associated with overall shear deformations.

The expression for critical load N¢ given by Eq. (4) takes into account the flexural stiffness of the built-up column with
a stiff bracing system that is strongly associated with overall bending deformations. The total second moment of area of
the built-up member I in Eq. (4) should be taken as:

I = 0.5hy*Ag, + 21, )

It should be noted that Eq. (4) deviates from the expression for effective critical load Ncest Stated in clause 6.4.1 of
EN 1993-1-11¥1 given herein by Eq. (10), in terms of the second moment of area of the battened built-up column:

T2E L (10)
creff = L—2
where:
Lgs = 0.5ho*Ag, + 2l (11)

In Eq. (11), les is the effective second moment of area of a battened built-up member and u is the efficiency factor
which is contained in the above stated formula representing the contribution of the chords’ moments of inertia to the
overall bending stiffness of the battened column. The efficiency factor x ranges between zero and unity and depends on
the overall slenderness of the built-up column.

4.2  Design method

The proposed procedure for the design of closely spaced built-up CFSS columns modifies the general method for the
design of axially compressed stainless steel conventional (solid) columns stated in Clause 5.4.2, EN 1993-1-41*21, The
procedure introduces an empirical equation for the equivalent (modified) non-dimensional slenderness ratio of a built-
up member /Teq instead of the geometric non-dimensional slenderness ratio of a solid member 2, to reflect influences of
shear deformations on the column strength. The analytic buckling curve is based on the Perry-Robertson equations and
the linear expression for the imperfection parameter n = a(/T—/TO). The influences of geometric imperfections,
residual stresses and load eccentricity on the predicted flexural-buckling resistance is implicitly accounted for by
employing an imperfection factor o associated with the appropriate buckling curve depending on the cross-section
shape and manufacturing process. Two curves are specified in the existing EN 1993-1-41%2 for flexural buckling: for
cold-formed sections (o = 0.49, A, = 0.4) and for welded sections (a = 0.76, 1, = 0.2). However, by following research
findings conducted over the last decade, the just-finished fourth edition of the Design Manual for Structural Stainless
Steel® revises the buckling curves and adopts the conservative curve D for cold-formed channel sections made from
austenitic stainless steel. Hence, considering basic material and type of chord section, the imperfection factor o = 0.76
in conjunction with a non-dimensional limiting slenderness A, = 0.2 is employed herein both for welded and bolted
CFSS built-up members. Several minor modifications of the design procedure stated in EN 1993-1-1[*3 are made for the
purpose of its applicability to a buckling check of closely spaced and directly interconnected CFSS built-up columns:

1) The expression for critical buckling load N¢rv given by Eq. (6) is utilised;

2) The efficiency factor u is set equal to unity when calculating the effective second moments of area less in Eq. (11).
Hence, Egs. (4) and (9) are used in the calculation;

3) The second term within the denominator brackets is excluded from the expression for shear stiffness Sy in Eq. (8)
because of the absence of the battens within the built-up cross-section with chords in contact. However, in order to
satisfy the condition in Eq. (8) the expression on the right-hand side of this equation should be used:

2m%Ely, (12)
v = a2
Eg. (12) is intended to predict the flexural-buckling resistance of CFSS closely spaced built-up columns with bolted
interconnections;
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4) Using key findings from Aslani and Goell®], Bleich’s exact solution given by Eq. (5) is employed in an attempt to
introduce the beneficial impact of shear stiffness of welded interconnections in design procedure. However, the second
term within the denominator brackets in Eq. (5) should be excluded:

_24Ely 1 (13)

Sy =

a’ I,

Thus Eq. (13) is used to predict the flexural-buckling resistance of CFSS closely spaced built-up columns with welded
interconnections.

The flowchart in Fig. 6 gives an overview of the proposed design method.

Cross-secton class 1, 2 or 3
web ¢/t <37¢;flanges ¢/t < 14¢
I

4065
L ‘imin
[ : 1
Built-up columns Built-up columns
with bolted interconnections with welded interconnections
[ I
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Fig. 6 Design method applicable for buckling design checks of CFSS closely spaced built-up columns

4.3 Rules
The procedure covers the following conditions:

- the cross-section is cold-formed,;

- the cross-section is semi-compact or compact, classified as Class 3, 2 or 1;

- theindividual chords are interconnected by means of bolts or by welds;

- bolted interconnections should be designed as Category A: bearing type in accordance with EN 1993-1-8[*";

- the distance between end bolts in the longitudinal direction (in a line in the direction of load transfer) is equal to the
maximum dimension of the built-up cross-section; the bolts are positioned on the chords’ webs in an arrangement
that meets requirements specified by EN 1993-1-8[71: the internal spacing between centres of bolts in both
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directionns is 3do, in the case of end interconnections, the end distances from the centre of a bolt hole to the
adjacent end of a chord’s web is 2do, where do is the hole diameter for the bolt;

- the length-welded interconnection corresponds to the maximum dimension of the built-up cross-section; the welds
are placed in the contact regions between both chords’ flanges;

- the properties of interconnections are uniform along the column’s length;
- the distances between mid-points of interconnections a are uniform along the column’s length;

- the spacing between interconnections is limited such that the slenderness of the individual chords does not exceed
65% of the overall built-up slenderness about the axis of the built-up cross-section that corresponds to the minor
principal axis; the chord slenderness ratio is based on the distance between interconnections a and a minimum
radius of gyration of individual chords imin.

4.4 Accuracy assessment of proposed design method

In order to assess the accuracy of the proposed design method, the comparative analysis is performed in which predicted
buckling resistances of built-up columns are compared with generated experimental™ and numerical buckling
resistances. In design calculation, the yield strength f, = 307 MPa, obtained in tensile coupon test of flat sheet material
(141 “and the partial safety factor ym: = 1.0 are used. The comparisons are graphically presented in Fig. 7 and a summary
of the obtained results is reported in Table 4.
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(a) Built-up columns with bolted interconnection (b) Built-up columns with welded interconnection

Fig. 7 Comparison between design resistance predictions and experimental and FE results

The significant distinctions between experimental and FE ultimate-to-predicted buckling load ratios are strongly
associated with a discrepancy in the distribution and magnitude of initial geometric imperfections of tested specimens in
experiment®! and FE columns in the main parametric study, respectively. The mean experiment-to-predicted buckling
load ratio Npuexp/Nbupred 1S 1.87 and the Coefficient of Variation (CoV) is 6.3% for the columns with bolted
interconnections, while the mean value of Npexp/Nbupred IS 1.66 and CoV is 9.0% for the columns with welded
interconnections. In the case of FE data, the mean numerical-to-predicted buckling load ratio Np,u,re/Nb,upred iS 1.16 and
the CoV is 8.3% for the columns with bolted interconnections, while the mean value of Npure/Nobupred 1S 1.16 and the
CoV is 2.3% for the columns with welded interconnections. Considering both experimental and FE results, the mean
value of the Npu/Nbuprea ratio is 1.37 and the CoV is 30% for columns with bolted interconnections, while the mean
value of the Np,u/Npupred ratio is 1.35 and the CoV is 20% for the columns with welded interconnections.

Table 4 Comparison between design resistance predictions and experimental and FE results

Dataset Built-up columns with bolted Built-up columns with welded
interconnection interconnection
No. of Nb,u/Nb,u,pred No. of Nb,u/Nb,u,pred
experiments/ experiments

FE data Mean CoV IFE data Mean CoV
Experiment data 16 1.87 0.063 17 1.66 0.090
FE data 25 1.16 0.083 25 1.16 0.023
Experiment +FE data 41 1.37 0.300 42 1.35 0.200
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Fig. 8 Comparison between normalised experimental and FE results and Eurocode 3 column buckling curves

Graphical comparisons between the predicted design resistances presented by the buckling curve D and the normalised
FE and experimental compressive capacities of CFSS built-up columns are also provided in Fig. 8. The FE and
experimental ultimate loads are normalised by the squash load and plotted against the column equivalent slenderness
ratio. The normalised FE and experimental results are based on the weighted average material yield strength*4, which
eliminates the influence of the enhanced material strength in corner regions of press-braked section from the buckling
curve. The comparisons show that the FE results of the main parametric study closely follow the buckling curve pattern,
and confirm the applicability of the proposed design approach both for CFSS built-up compressed members with bolted
and welded interconnections.

5 Reliability Analysis

In order to evaluate the reliability of the proposed design method and identify the value of the partial factor for member
resistance yw1, the statistical analysis based on provisions stated in Annex D, EN19901% is performed. The points,
representing pairs of corresponding experimental (Nb,uexp) and FE (Npure), and design data (Nb,upred), are plotted in Fig.
9. The diagram shown in Fig. 9 indicates the expected trend line of FE data regarding to line 8 = /4 for stainless steel
alloys. However, the experimental results show a scatter in comparison with numerical results. Thus, with the aim of
obtaining an economical design resistance function, the generated results are split into two subsets with respect to FE
and experimental results. Table 5 lists the key statistical parameters for comparisons between predicted design
resistances and experimental and numerical data, respectively: the design (ultimate limit state) fractile factor kq,, the
correction factor represented is the average experiment or FE resistance-to-design model resistance ratio based on a
least squares best fit to the slope of all data b, the CoV of the experimental and FE data relative to the design model
resistance Vs, the combined CoV incorporating both model and basic variable uncertainties V, and the partial factor for
member resistance ym1. For yield strength, over-strength value of 1.3 and a CoV of 0.06 for austenitic stainless steel are
used, as recommended by Afshan et al. [26].
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Fig. 9 Comparison of experimental and FE resistance with design resistance predictions

It can be seen from Table 5 that the obtained partial safety factors for the proposed design method, based on
experimental and FE data, exceed the codified value of 1.1 in EN 1993-1-4[*2, Similar observations were found in a
statistical analysis for flexural buckling resistance performed by Afshan et al.l?®l. This indicates a need for further
experiments in this structural field, in order to generate a larger database for more precise statistical analysis.

Table5 Summary of reliability analysis of proposed design method based on experimental and FE results

Section type Material Dataset No. of Kd,n b Vs Vr ym1
experiments /
FE data
Closely spaced Austenitic Experiments 33 3.041 1.693 0.100 0.122 1.18
built-up section  stainless steel g gata 50 3.048 1141 0060 0.093 1.13

6 Conclusions

A comprehensive investigation of the structural behaviour of CFSS closely spaced built-up members under pure
compression, including literature review, experimental®™# 151 qualitativel'®! and quantitative numerical studies, was
carried out with the aim of acquiring new knowledge and a valuable database that enabled the development of an
accurate and reliable design method. The following conclusions are drawn:

1. The structural response of a built-up column is simultaneously affected by a wide range of influencing
parameters which determine the interaction level between individual chord members and developing shear forces
in the interconnections. The type of interconnections, the number of interconnections and initial overall
geometric imperfections have a crucial impact on a column’s buckling resistance. However, the influence of the
type and number of interconnections significantly vary depending on column slenderness and the distribution
and magnitude of the imperfections. Based on results of the main parametric study in which the impact of overall
and local chord slenderness and interconnection stiffness have been investigated, the initial overall geometric
imperfection of a sine wave with an amplitude of L/1000 has a strong effect on the ultimate buckling resistance
of a built-up column of intermediate and high slenderness. The combined weakening effect due to residual
stresses and reduction of enhanced material strength properties in the vicinity of welds affects the column’s
behaviour in the low slenderness domain. The number of interconnections does not affect the compressive
capacity of a built-up column with bolted interconnections: by decreasing the chord slenderness ratio, the
ultimate buckling load remains approximately unchanged within the whole analysed slenderness range, with
deviations up to 3.6%. This is caused by the flexibility of bolted interconnections and slipping effects in the
hole-to-bolt clearance which contributes to higher shear deformations. On the other hand, decreasing the chord
slenderness ratio results in a gradual growth of compressive capacity of the built-up column with welded
interconnections for intermediate and high slenderness: in the high slenderness domain up to 16.5%, while in the
low slenderness domain, the increase is limited on 1.3% by the detrimental welding effects. The built-up column
with welded interconnections exhibits better structural response than those with bolted interconnections in
almost the whole slenderness range: the ultimate buckling loads of welded built-up columns are 3-16.8% higher
compared with columns with bolted interconnections;

2. Based on the imperfection sensitivity study, the shape of initial imperfections significantly determines the level
of the column buckling resistance. The distribution of imperfections represented as a sine wave of individual
chords between interconnections does not lead to the premature failure of individual chords of built-up columns
with two modules between interconnections. Furthermore, such shapes of initial out-of-straightness ensure
higher initial stiffness and compressive capacity of the built-up column: in comparison with the compressive
capacity of built-up columns affected by a bow imperfection and an amplitude of L/1000, the increase of
ultimate buckling loads varies significantly from 21% up to 250% over the analysed slenderness domain;

3. The FE results generated in the main parametric study and experimental data have been used to develop and
validate a simple method for the design of pin-ended CFSS built-up columns whose chords are oriented back-to-
back and directly connected by bolts or welds, by focusing on compact and semi-compact cross-sections. Aiming
to fully exploit the shear capacity of the interconnections, the proposed design procedure involves two different
formulas for shear stiffness, separately provided for built-up columns with bolted interconnections and built-up
columns with welded interconnections. The flexural-buckling resistance is determined by considering the
buckling curve D in conjunction with the non-dimensional limiting slenderness A, = 0.2. The proposed design
method extends limits of the chord slenderness ratio-to-overall slenderness ratio up to 65% for both types of
built-up columns;

4, The reliability analysis of the proposed design method performed on 33 experimental and 50 numerical results
indicates a higher value of the partial safety factor in comparison with the codified value of 1.1 in EN 1993-1-
412 and suggests that an increase in the number of reliable data for more precise statistical analysis is necessary.
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second moment of area of one batten about the buckling axis

radius of gyration of the built-up section about the buckling axis (minor principal axis)
minimum radius of gyration of single chord members

buckling length factor

length of built-up column

strain hardening parameter

critical force of the built-up column

effective critical force of the built-up column

critical buckling load of a built-up column

ultimate buckling load

ultimate buckling load of built-up column with bolted interconnections
ultimate buckling load of built-up column with welded interconnections
experimental ultimate buckling load

FE ultimate buckling load

design buckling resistance

strain hardening parameter

shear stiffness of a closely spaced built-up column

relevant thickness

imperfection factor

overall imperfection amplitude

partial factor for the resistance of members

Paper presented by Jelena Dobri¢ - jelena@imk.grf.bg.ac.rs
© Dobri¢ J, Markovi¢ Zlatko, Budevac D, University of Belgrade 15



235 E
fy 210000

coefficient depending on fy; £=
strain corresponding to the ultimate tensile strength
imperfection parameter

overall column slenderness ratio

chord slenderness ratio

non-dimensional limiting slenderness ratio
non-dimensional slenderness ratio

equivalent non-dimensional slenderness ratio
efficiency factor

Poisson’s ratio

value for determining the reduction factor y
reduction factor for the relevant buckling mode

local imperfection amplitude
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