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Abstract

Stainless steel is widely used in construction due to its combination of excellent mechanical properties, durability and
aesthetics. Towards more sustainable infrastructure, stainless steel is expected be more commonly specified and to
feature in more substantial structural applications in the future; this will require larger and typically welded cross-
sections. While the structural response of cold-formed stainless steel sections has been extensively studied in the
literature, welded sections have received less attention to date. The stability and design of conventionally welded and
laser-welded austenitic stainless steel compression members are therefore the focus of the present research. Finite
element (FE) models were developed and validated against a total of 59 experiments, covering both conventionally
welded and laser-welded columns, for which different residual stress patterns were applied. A subsequent parametric
study was carried out, considering a range of cross-section and member geometries. The existing experimental results,
together with the numerical data generated herein, were then used to assess the buckling curves given in European, North
American and Chinese design standards. Following examination of the data and reliability analysis, new buckling curves

were proposed, providing, for the first time, design guidance for laser-welded stainless steel members.
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1 Introduction
Stainless steel is used in a wide range of applications within the construction industry. To date, the predominant product

types have been cold-formed sections, whose structural behaviour have been the most extensively explored in research
and whose design have the broadest coverage in international structural design standards. In recent years, however,
welded stainless steel sections, offering larger cross-section sizes and higher load-bearing capacities, have become more

widely studied and employed in practice.

In conventional welding processes, two pieces of material are joined together by melting the base metal and an additional
filler material. Some of the most commonly used welding methods include shielded metal arc welding (SMAW), gas
tungsten arc welding (GTAW) and gas metal arc welding (GMAW). An innovative alternative fabrication process is
laser-welding, which uses laser beams to locally melt and join two pieces of metal with minimum heat input, producing
smaller heat affected zones, lower thermal distortions and lower residual stresses than would typically arise from
traditional welding processes. Laser-welded I-section columns may, due to the lower residual stress magnitudes, show
superior structural performance over their conventionally welded counterparts, and exploration of this point is a key

aspect of the paper.

The structural behaviour of welded stainless steel compression members has been studied for I-sections [1-5] and box
sections [6, 7], while the response of welded stainless steel I-section beams and plate girders has been examined in [8-
11]. The key experimental results from these studies are employed herein for the validation of finite element models for

both conventionally welded [1, 2] and laser-welded [3] stainless steel I-section columns. The validated numerical models
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are used to generate a series of parametric data and the combined set of experimental and numerical results are employed
to assess the design provisions in EN 1993-1-4 [12], Design Guide 27 [13], and CECS-410 [14] for stainless steel

compression members.

2 Finite element modelling

2.1 Introduction

A numerical investigation into the behaviour of welded stainless steel I-section columns is presented in this section. The
study was carried out using the general-propose finite element (FE) package ABAQUS. The models were validated
against the experimental results from previous studies on the flexural buckling of welded stainless steel I-section columns
[1-3]. For conventionally welded members, Burgan et al. [1] carried out 15 tests on I-section columns of austenitic grade
EN 1.4301 and duplex grade EN 1.4462 stainless steel, with 6 buckling about the minor axis and 9 buckling about the
major axis, while Yang et al. [2] performed 22 tests on I-section columns of austenitic grade EN 1.4301 and duplex grade
EN 1.4462 stainless steel, with 12 buckling about the minor axis and 10 buckling about the major axis. For laser-welded
members, Gardner et al. [3] conducted 22 tests on I-section columns of austenitic grades EN 1.4307, 1.4571 and 1.4404
stainless steel, with 14 buckling about the minor axis and 8 buckling about the major axis. The section sizes, stainless
steel grades, axis of buckling and method of fabrication of these test specimens are summarised in Table 1, where L is the
buckling length of the columns. The cross-sections (e.g. I-160x80%6x10) are designated as follows: I-section height (/) x
section width (br) x web thickness (#y) x flange thickness (¢#;). The sum of the measured global geometric imperfection
magnitude plus any additional applied load eccentricity, termed the total measured eccentricity wm, is also tabulated; such
measurements were not reported in [1]. The experimental results described in [1-3], including the full load-displacement
histories, ultimate loads and failure modes, were used for the validation of the numerical models developed in this paper.
Upon validation of the models, a series of parametric studies was carried out to assess the structural behaviour of both

conventionally welded and laser-welded I-section columns.

Table 1 Summary of geometric dimensions, material and fabrication method of the column specimens

X(eil(riel?egr::ﬁ:s Cross-section Specimen ID Grade ‘t?li:lls(l(l)tfg (me) ?mm) ?rinm) E‘:nm) an) ?r}:;m)
1-160x80x6x10  1160x80-C1 6500 15800 7950 6.00 9.80 -
1-160x80x6x10  1160x80-C2 12480 16170 80.80 600 9.80 -
1-160x80x6x10  1160x80-C3 20460 16140 79.80 600 9.80 -
L160x160<6x10  Ti6oxieoclor MO g0 15830 15920 600 980 -
1-160x160%6x10  1160x160-C2 2049.0 15770 15990 6.00 9.90 -
1-160x160x6x10  1160x160-C3 3347.0 15800 160.10 6.00 9.80 -

Conventional ~ [-160x80x6x10  1160x80-C1 20480 157.00 79.40 600 9.80 -

;szzlgetaL 1-160x80%6x10  1160x80-C2 3343.0 15760 7890 600 9.80 -

(1] LI60<80x6x10  T160<80-C3 5031.0 15850 80.10 6.00 9.80 -
1-160x160%6x10  1160x160-C1 20250 15830 160.00 6.00 990 -
1-160x160%6x10  1160x160-C2 Major 33480 15840 15980 6.00 990 -
1-160x160x6x10  1160x160-C3 51450 15800 15920 6.00 9.90 -
1-160x160%6x10  1160x160-C1 20500 16270 159.80 6.80  10.60 -
1-160x160x6x10  1160x160-C2  1.4462 33480 16140 15950 6.80  10.60 -
1-160x160x6x10  1160x160-C3 5046.0 16040 161.00 6.80  10.60 -

Comventional  1-130%150x6x10  H304-1500 18757 15020 149.10 6.00 10.00 2.42

welding 1-150x150%6x10  H304-2000 14301 Minor  2377.4 15010 149.10 6.00 10.00 17.35

Yangetal [21 1 150x150x6x10  H304-3000 33837 150.00 149.60 6.00  10.00 4.10



[-150%150%6x10 H304-3500 3877.3 149.60 149.60 6.00 10.00 32.86

1-150x150x6x10  H304-4000 43768 15000 14940 6.00 10.00 26.85
[-150x120%6x10  H304-4000-B 4369.1 14970 11910 600 10.00 12.66
[-150x150%6x10  H2205-1500 18793 150.80 14990 6.00 1020 1038
[-150x150%6x10  H2205-2000 23789 15040 150.00 600 1020 5.02
[-150x150%6x10  H2205-3000 33814 15030 14970 600 1020 44.49
L150x150x6x10  H22053500 3880.8  150.10 15120 6.00 1020 43.12
1-150x150x6x10  H2205-4000 43755 15010 14990 6.00 1020 3.90
1-150x120x6x10  H2205-4000-B 43782 15030 12010 600 1020 13.77
1-150x150x6x10  1304-2000 2377.1 14980 14920 6.00 1000 8.17
1-150x150x6x10  1304-3000 33735 15030 14930 6.00 1000 3.64
[-150x150%6x10  1304-3500 14301 38748 11040 149.50 600  10.00 5.00
[-150x150x6x10  1304-4000 43744 15020 15000 600  10.00 4.02
[-100x120x6x10  1304-43500 Maor 729 10000 12010 600 1000 093
[-150x150%6x10  12205-2000 23802 15030 15070 6.00 1020 10.17
[-150x150%6x10  12205-3000 33772 150.00 14990 600 1020 3.68
150x150x6x10  12205-3500  1.4462 38837 15040 15090 6.00 1020 1.36
[-150x150%6x10  12205-4000 43787 15010 14850 600 1020 0.53
110x150x6x10  12205-4500 48760 11080 15040 6.00 1020 0.93
1-140x140x10x12 1Al 1030.1 13973 14064 9.73  11.88 035
1-140x140x10x12  1A2 20321 140.12 14062 986 1191 142
1-50%50x4x4 2A1 16311 5043 5053 403 405  0.53
1-50x50x4x4 242 14307 19311 5068 50.54 400 402 1.5
1-160x82x10x12  3Al 1730.1 160.86 8323 988  11.84 1.22
1-160x82x10x12 3A2 23231 16049 8280 9.88 1185 1.67
1-102%68%5%5 4A1 _ 9311 10156 6796 503 500  0.80
1-102%68x5x5 4A2 MIOT 01 10151 6796 502 504 0.65
1-10268%5%5 4A3 1.4571 1730.1 101.80 67.99 503 502 105
1-10268%5%5 4A4 2030.1 10176 67.88 499 498 185

Laser-welding  1.102x68x5x5 4A5 2430.1 10177 6783 501 499  1.60

ga]‘rd“er ctal 1 150x75x7x10  5Al 6341 15018 7587 691 981  0.55
150x75x7x10  5A2 1.4404 11811 15022 7591 691 985 135
150x75x710  5A3 23311 15119 7590 687 986 144
1-50%50x4%4 2B1 680.1 5100 5056 399 393 1.5
1-50x50x4%4 2B2 1130.1 5059  50.60 404 386  1.90
1-50x50x4%4 2B3 14307 1580.1 5028 5032 399 398 215
1-50x50x4%4 2B4 _ 2530.1 5090 5055 401 394  3.00
1-50%50x4%4 2B5 MAOT T S0300 5021 5055 400 391 340
1-102%68x5%5 4B1 1330.1 10191 6751 499 494 105
1-102%68%5%5 4B2 1.4571 23301 10237 6794 521 501 3.5
1-102%68%5%5 4B3 3080.1 10211 6793 504 501  3.90

2.2 Basic modelling assumptions
The four-noded shell element with reduced integration (S4R) from the ABAQUS element library was adopted to simulate

the I-section columns. This element type has been shown to be suitable for the modelling of similar members in previous

studies [4, 6, 15], and enables the effects of both local and member buckling to be captured. Beam elements and the finite



element package ANSYS have also been employed by other researchers to investigate the member buckling behaviour of
welded stainless steel columns [2, 7]. For the validation of the FE models, the measured geometric and material
properties of the corresponding test specimens were employed. The measured engineering stress-strain responses were
first represented using the two-stage modified Ramberg-Osgood model [16-19], then converted into true stress e and
log plastic strain gﬁ: using Equations (1) and (2), where onom and &nom are the engineering stress and strain and E is the
Young's modulus, and finally input into ABAQUS in multi-linear form with 50 intervals. A similar multi-linear
representation of the rounded stress-strain response of stainless steel was adopted in [2, 4, 6, 7]. Note that for the
replication of the test series by Gardner et al. [3], compressive material properties were adopted and the conversion from
the measured engineering stress-strain curves to the true stress-strain curves utilised Equations (1) and (2), but with the
(1+é€nom) term changed to (1-&nom), assuming absolute values of strain are used. Alternatively, compressive strains can be

input into Equations (1) and (2) as negative values.

Otrue = Unom(1+€n01n) ’ (1)
O;
& = In(1+¢50m) %‘ )

In accordance with the test setups in [1-3], boundary conditions were applied to simulate pin-ended conditions; thus all
degrees of freedom at the two end cross-sections of the columns, except vertical translation at the loaded end and rotation
about the axis of buckling at both ends, were restrained. For columns buckling about the major axis, out-of-plane
deflections were also restrained at the web-to-flange junctions to replicate the lateral restraints used in the tests. These

boundary conditions were also utilised in [2, 4, 6, 7].

2.3 Initial geometric imperfections
Initial geometric imperfections were incorporated into the numerical models following the approach adopted in previous

studies [20, 21], whereby an elastic buckling analysis was firstly carried out to determine the lowest global and local
eigenmodes, and these buckling mode shapes were then assigned to the models to represent the initial geometric
imperfections. Since measurements of local imperfections were not reported in [1, 2], their amplitude was taken as the

values wpgw predicted by the modified Dawson and Walker (D& W) model [22, 23], as given by Equation (3).

/,
Wpaw = 0.023 (/ Y )z, (3)
cr,min

where firmin 1S the minimum elastic buckling stress of all the plate elements making up the cross-section, f; is the yield

(0.2% proof) stress and ¢ is the thickness of the plate element. The amplitude of the global imperfection was taken as the
measured value, where available, and L/1000 in the validation study (see Section 2.5) and L/1000 throughout the
subsequent parametric studies (see Section 2.6). A geometrically and materially nonlinear analysis was then performed
using the modified Riks method [24, 25], allowing the full load-deformation response of the columns including the
unloading path to be traced.

2.4  Residual stress pattern
A number of studies have been carried out to investigate the residual stress distributions in welded stainless steel sections

[26-30]. Based on experimental measurements, predictive models have been proposed for both conventionally welded
[30] and laser-welded [3] I-sections, with the latter having lower magnitudes due to the reduced heat input during
fabrication. The residual stress distribution patterns proposed in [30] and [3] (subject to the modifications shown in Table
2) were adopted in the numerical models for conventionally welded and laser-welded cross-sections, respectively. The

key parameters for the residual stress patterns for stainless steel I-sections are set out, with reference to Fig. 1 for the
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definition of the symbols, in Table 2. Values of the corresponding parameters for conventionally welded carbon steel [31,

32] I-sections are also shown for comparison purposes.

a b a
> fe—rfe—
S

x
v

Fig. 1 General residual stress distribution for welded I-sections (+ve=tension;-ve=compression)

Table 2 Parameters in residual stress predictive models for welded I-sections

Predictive Material and welding fi= _

model method St Je=Fue a b ¢ d
C tionally welded

Yuanetal. [30] O cnHonatly weide 0.8f, from 0.225b; 0.05b;  0.025hy  0.225hs
austenitic stainless steel equilibrium
Conventionally welded From

Yuan et al. [30] . 0.6y e 0.225b¢ 0.05b¢  0.025h,, 0.225hy
duplex stainless steel equilibrium
Laser-welded

Gardneretal[3] o ooee 057, from 0.6 0.075br 0.0375hy*  0.1hy*
austenitic stainless steel equilibrium

Conventionally welded
ECCS [31] I 0.25f, 0.05h  0.15bs  0.075hy 0.05/y
carbon steel Y Y

Conventionally welded From

BSK 99 [32] 0% cquilibrium

0.75t¢ 1.5¢ 1.5t 1.5t
carbon steel

* Note that these are corrected values, replacing those originally presented in [3].

2.5 Validation of models
The FE models were validated against the experimental results from the aforementioned studies [1-3] on welded

stainless steel columns. The measured geometric and material properties, as reported in the original studies, were used in
the numerical models. Four combinations of geometric imperfection amplitudes and residual stress were considered: (a)
Combination 1: measured global imperfection amplitude wy, local imperfection amplitude from Equation (3) wpsw and
residual stresses from Section 2.4, (b) Combination 2: measured global imperfection amplitude wn, and local imperfection
amplitude from Equation (3) wpgw, (¢) Combination 3: global imperfection amplitude of L/1000, local imperfection
amplitude from Equation (3) wpew and residual stresses from Section 2.4, (d) Combination 4: global imperfection
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amplitude of L/1000 and local imperfection amplitude from Equation (3) wpsw. The residual stress patterns described in

Section 2.4 were assigned to the FE models according to the material type and the fabrication process of the columns.

The numerical results, including the ultimate loads, the load-lateral deflection responses and the failure modes were
compared with the experimental results. The ratios of the ultimate loads obtained from the laboratory tests N to the
ultimate loads obtained from the FE models Vg are shown in Table 3, considering the four different combinations of
geometric imperfections and residual stresses (denoted as ‘RS’ in the table). For the experimental results reported in [1],
only combinations (c) and (d) are considered since measurements of imperfections were not reported. The mean values
and the coefficients of variation (COV) of the N/ Nrk ratios for the conventionally welded specimens, the laser-welded
specimens and all specimens are presented in the table. The best agreement between the test and FE results would be
anticipated for Combination 1, where the measured global imperfections and residual stresses were included. However,
while this was generally the case for the test series by Gardner et al. [3], it was not the case for the experiments of Yang
et al. [2]. In fact, some test specimens were reported to have very large measured imperfections and adoption of these
values in the FE models led to very low FE resistance predictions. Significantly improved resistance predictions were

achieved using the constant imperfection amplitude of L/1000 (i.e. Combination 3).

Table 3 Comparison of experimental and numerical results

Geometric imperfection and residual stress combination

Welding type .
. . Axis of

and Cross-section Specimen ID buckling Wmtwpew+RS  wmtwpew  L/1000+wpew+RS  L/1000+wpaw

references Nlest/NFE Mesl/NFE Nlest/NFE Nlest/NFE
1-160x80x6x10 1160%80-C1 - - 0.94 0.93
1-160x80x6x10 1160x80-C2 - - 0.98 0.88
1-160x80x6x10 1160x80-C3 ) - - 1.20 0.99

Minor

1-160x160x6x10 1160x160-C1 - - 0.84 0.95
1-160x160x6x10 1160x160-C2 - - 0.80 0.79
1-160x160x6x10 1160x160-C3 - - 0.98 0.90

Conventional 1 160x80x6x10  1160x80-C1 - ; 0.99 0.99

welding

B 1-160x80x6x10 1160%80-C2 - - 0.98 1.01

urgan

etal. [1] 1-160x80x6x10 1160%80-C3 - - 0.98 0.98
1-160x160x6x10 1160x160-C1 - - 0.99 1.00
1-160x160x6x10 1160x160-C2  Major - - 0.98 0.95
1-160x160x6x10 1160x160-C3 - - 1.04 1.04
1-160x160x6x10 1160x160-C1 - - 0.86 0.90
1-160x160x6x10 1160x160-C2 - - 0.91 0.93
1-160x160x6x10 1160x160-C3 - - 0.92 0.90
1-150x150x6x10 H304-1500 1.21 1.14 1.08 1.02

. 1-150x150x6x10 H304-2000 1.48 1.35 1.14 1.03

Conventional

welding I-150x150x6x10 H304-3000 1.27 1.05 1.23 1.02

Yang et al. I-150x150x6x10  H304-3500 1.77 1.58 1.20 0.98

(2] I-150x150x6x10 H304-4000 1.55 1.36 1.13 0.93
1-150x120x6x10 H304-4000-B 1.49 1.27 1.29 1.08

Minor

1-150x150x6x10 H2205-1500 1.30 1.17 1.08 0.98
I-150x150x6x10 H2205-2000 1.17 1.01 1.07 0.93
I-150x150x6x10 H2205-3000 1.86 1.73 1.12 0.98
I-150x150x6x10 H2205-3500 1.96 1.82 1.24 1.11
I-150x150x6x10 H2205-4000 1.16 1.06 1.17 1.06
1-150x120x6x10 H2205-4000- 1.56 1.41 1.31 1.23
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B

[-150x150x6x10  1304-2000 0.93 0.95 0.95 0.97
[-150x150x6x10  1304-3000 1.05 1.07 1.03 1.06
[-150x150%6x10  1304-3500 0.76 0.77 0.75 0.76
[-150x150%6x10  1304-4000 0.92 0.92 0.94 0.94
[-100x120%6x10  1304-4500 ) 0.87 0.78 0.94 0.86
[-150x150%6x10  12205-2000 Major 1.09 1.09 0.95 0.97
[-150x150%6x10  12205-3000 0.99 0.98 0.97 0.97
[-150x150%6x10  12205-3500 0.95 0.92 1.00 0.91
[-150x150x6x10  12205-4000 0.92 0.87 1.00 0.95
[-110x150x6x10  12205-4500 1.07 1.02 1.16 1.10
Mean for conventionally welded specimens 1.24 1.15 1.03 0.97
COV for conventionally welded specimens 0.27 0.25 0.13 0.09
[-140x140x10x12 1Al 0.98 0.97 0.98 0.97
[-140x140x10x12  1A2 0.96 0.91 0.98 0.93
[-50x50%x4x4 2A1 0.96 0.92 1.07 1.02
[-50x50%4x4 2A2 0.85 0.82 0.90 0.86
[-160x82x10x12  3Al 0.90 0.84 0.94 0.89
[-160x82x10x12  3A2 0.89 0.86 0.93 0.90
[-102x68%5%5 4A1 ) 1.03 1.00 1.03 1.00
[-102x68%5%5 4A2 Minor 1.00 0.94 1.07 1.01
[-102x68%5%5 4A3 0.98 0.94 1.04 1.00
Laser- [-102x68%5%5 4A4 0.98 0.94 1.00 0.96
welding [-102x68%5%5 4A5 0.99 0.96 1.05 1.01
Gardner [-150x75%7%10 5A1 1.00 0.99 1.00 0.99
etal. [3] [-150x75x7x10  5A2 0.98 0.94 0.97 0.93
I-150x75%7%10 5A3 0.95 0.89 1.00 0.94
[-50x50x4x4 2B1 1.03 1.03 1.06 1.06
[-50x50x4x4 2B2 1.01 1.01 1.02 1.02
[-50x50x4x4 2B3 1.01 1.00 1.01 1.01
[-50x50x4x4 2B4 ] 1.03 1.01 1.01 0.99
[-50x50x4x4 2B5 Major 0.95 0.93 1.06 1.04
[-102x68%5%5 4B1 1.00 1.01 0.99 1.00
[-102x68%5%5 4B2 1.00 1.01 0.98 0.99
[-102x68%5%5 4B3 0.94 0.95 0.92 0.93
Mean for laser-welded specimens 0.97 0.95 1.00 0.97
COV for laser-welded specimens 0.05 0.06 0.05 0.05
Mean for all specimens 1.11 1.05 1.02 0.97
COV for all specimens 0.25 0.22 0.11 0.08

The importance of including residual stresses in the FE analyses may be assessed by comparing the results of
Combination 3 (with residual stresses) and Combination 4 (without residual stresses). It may be observed that the
conventionally welded members show a greater drop in capacity (5.9% on average) than the laser-welded members
(2.8% on average) due to the higher residual stress magnitude, and that the residual stresses are more detrimental to the
specimens buckling about the minor axis (8.1% average drop in capacities for specimens buckling about the minor axis
and 0.7% average drop in capacities for specimens buckling about the major axis) due to the compressive residual

stresses coinciding with the most heavily compressed region of the cross-section (i.e. the flange tips). In addition to
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ultimate loads, examples of typical load-deflection curves are compared in Figs. 2a and 2b, for buckling about the minor
and major axis, respectively. The rounded nature of the curves reflects the influence of both material and geometric
nonlinearity. Comparisons between the failure modes exhibited by the tested specimens and those obtained from the
finite element models are shown in Figs. 3a and 3b, for buckling about the minor and major axis, respectively. Good
correlation may be observed in both cases. Overall, disregarding the imperfection measurements reported in [2], the FE
models may be seen to provide an accurate representation of the behaviour observed in the physical tests for both the

conventionally welded and laser-welded stainless steel columns.
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(a) Buckling about the minor axis (Specimen 4A1 tested in [3])
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(b) Buckling about the major axis (Specimen 4B1 tested in [3])

Fig. 2 Comparison of typical test and FE load-lateral deflection curves
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(a) Buckling about the minor axis (b) Buckling about the major axis

(Specimen 4Bl tested in [3]) (Specimen 4A1 tested in [3])

Fig. 3 Comparison of typical test and FE failure modes

2.6 Parametric studies
Upon validation of the FE models, a series of parametric studies was carried out to further investigate the structural

behaviour of stainless steel I-section columns. In total, 480 column models were generated, covering flexural buckling
about both the minor and major axes. Throughout the parametric studies, the cross-section height was kept constant while
the width of the flange was varied to give three aspect ratios 4/ of 1.0, 1.5 and 2.0. This provided a range of 4/W,, ratios
between 0.025 and 0.035 mm™! for the major axis and 0.074 and 0.268 mm' for the minor axis, where W, is the elastic
modulus of the cross-section. The thicknesses of the flange and the web were also varied such that the non-dimensional

plate slenderness of the flange ijf ranged from 0.28 to 0.81, and the non-dimensional plate slenderness of the web Zp,w

ranged from 0.27 to 0.79, while for all sections, Ip’fzzp’w. The non-dimensional plate slendernesses of the flanges and

web are defined in Equations (4) and (5), respectively.

Ip,f = Py/ fcr,f’ 4

/1 = y/fcr,w’ (5)
where ferr and ferw are the elastic buckling stresses of the outstand flanges and web, considered in isolation as in [33].

Columns of different lengths were simulated for each cross-section to give a spectrum of non-dimensional member

slendernesses 4 from 0.1 to 2.0, where /= fAfy /N, and N, is the elastic buckling load of the column. For each cross-

section size and member length, FE models with residual stress patterns for both conventional welding and laser-welding

were considered. Throughout the parametric studies, stress-strain properties determined from stub column testing [3] of
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an austenitic stainless steel cross-section (I-102x68x5x5) were employed; the measured load-end shortening (N-0)
behaviour was converted into a stress-strain (o-£) response by means of the cross-sectional area As (o = N/As) and
length Ly (6=d/Lsc). The compound Ramberg-Osgood model that utilises the 0.2% proof stress f; and 1.0% proof stress
fio0 [16] was then fitted to the available stress-strain data up to the point at which local buckling initiated; beyond this
point, the stress-strain curve was extrapolated in parallel with the corresponding tensile stress-strain curve up to the
ultimate tensile stress. The use of stub column properties means that the average effect of residual stresses will be
incorporated into the stress-strain curve, resulting in a slightly more rounded response; a similar effect arises due to the
presence of through-thickness residual stresses when curved coupons extracted from cold-formed sections are tested in
tension [34]. However, for member stability, more important is the distribution of the residual stresses (e.g. the
compression at the flange tips in the case of welded I-sections), which is not captured in the average compressive stress-

strain properties, and hence residual stresses still need to be incorporated into the FE models.

Combinations of geometric imperfections and residual stresses were considered in Section 2.5. Combination 3 (i.e. a
global imperfection amplitude of L/1000, a local imperfection amplitude given by Equation (3) and the residual stress
distributions from Section 2.4) was shown to provide the most representation of the behaviour observed in the physical
testing and was thus employed throughout the parametric studies. The results generated from the parametric studies,
together with the experimental results, are used in the next section as the basis for assessing existing design provisions

and making new design recommendations for both conventionally welded and laser-welded I-section columns.

3 Design recommendations
The current design recommendations in the European [12], North American [13] and Chinese [14] standards for the

flexural buckling of welded stainless steel I-section columns are introduced and assessed in this section. Note that these
existing provisions allow for the rounded nature of the stress-strain response of stainless steel through suitable
adjustments to the Perry-Robertson based buckling curves; this approach is also taken in the proposals made herein. An
alternative approach, as employed in the North American [35] and Australia/ New Zealand Standards [36] for the design
of cold-formed stainless steel members, is to make explicit reference to the degree of nonlinearity of the stress-strain

curve [37], which will have a similar influence on welded sections to that on cold-formed sections.

3.1  European Standard (EC3)

In EN 1993-1-4 [12], cross-sections are grouped into 4 classes based on the slenderness of their constituent plate
elements, where Class 1, 2 and 3 cross-sections are deemed to be fully-effective and capable of reaching their yield load
(Afy) under pure compression while in Class 4 (slender) cross-sections local buckling prevents attainment of the yield
load. Local buckling in slender cross-sections is accounted for by using an effective area A in place of the gross area A
in the design calculations. The compressive strength (flexural buckling resistance) Nyra of a column is given by

Equations (6) and (7) for columns with non-slender (Class 1-3) and slender (Class 4) cross-sections respectively:

Ny = s 6
b.Rd , (6)
M1
XAefffy
Nora = , ™)
M1

where y is the overall buckling reduction factor and yu is the partial safety factor.
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The EC3 design approach for compression members is based on the Perry-Robertson buckling formula with an

imperfection parameter 5 = a(Azc-4¢), Where o is the imperfection factor and J, is the plateau length. The Eurocode non-

dimensional member slenderness is given by Equation (8).

_ ’Af L
- |y Ee Py (3
A N, in \f/; ’

where L is the member buckling length and i is the radius of gyration about the relevant axis. Different imperfection
parameters can be used to reflect the influence of the different geometric imperfections and residual stress patterns
depending on the cross-section shape, buckling axis, fabrication process and material type. The Eurocode buckling

reduction factor y. to account for member instability can be determined from Equations (9) and (10).

1

Xec ™ = — ©
o+ F T :

$=0.5[1+n+7ec ] (10)

For welded stainless steel I-section columns, EN 1993-1-4 [12] adopts buckling curve ‘c’ (with a plateau length 1,=0.2
and imperfection factor a=0.49) for buckling about the major axis and curve ‘d’ (with a plateau length 2,=0.2 and

imperfection factor a=0.76) for buckling about the minor axis.

3.2 North American AISC Design Guide 27
In AISC Design Guide 27 [13], the design compressive strength Nyrqis given by Equation (11), where P, is the lowest

value of the flexural, torsional and flexural-torsional buckling resistance, ¢. is the resistance factor, F, is the buckling

stress and A, is the cross-sectional area of member.

Nb,Rd:¢an:¢chrAg- (11)
The buckling stress F.r may be expressed in a similar manner to the Eurocode as a buckling reduction factor yaisc, given

by Equations (12) and (13), multiplied by the yield stress Fy (i.e. Fer = yaiscFy).

o7 )
XAISC = Q (OSO AISC) 5 for /lAlSC <1.2 (12)
0.531 R
Hasc = = > fordase >1.2 (13)
AAISC

where zilSC is the relative member slenderness given by Equation (14) and Q is a reduction factor for local buckling,
taken equal to unity for non-slender cross-sections. Note that only a single buckling curve (Equations (12) and (13)) is

provided in AISC Design Guide 27 to cover all cross-section types and buckling axes.

_ KL |F,
AAISC = — —y, (14)
| E

where K is the effective length factor, L is the laterally unbraced length of the member and r is the radius of gyration.
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3.3 Chinese Standard (CECS-410)
As in EC3, the design method in the Chinese Standard CECS-410 [14] for stainless steel compression members is also

based on the Perry-Robertson formula. The non-dimensional member slenderness in CECS-410 Acpcs is defined in the

same manner as in EC3, as given by Equation (15).

7o Le s (15)

A set of 6 buckling curves, of the same form as EC3, are employed for different stainless steel grades, cross-sectional
shapes, buckling axes and fabrication processes. The design buckling curves were derived by regression analysis to the
then available stainless steel test data in China and other parts of the world. For welded stainless steel members, a=0.66
and 1,=0.24 are employed for buckling about the major axis and a=0.89 and /,=0.26 are employed for buckling about the

minor axis.

3.4  Assessment of current design methods and new proposal
In this sub-section, the experimental and numerical results for the stainless steel I-section columns are examined and

compared with the current column design provisions adopted in the European, North American, and Chinese standards.
The ultimate loads N, from both the experiments and the numerical simulations are normalised by the yield load Afy (4esr
f, for Class 4 cross-sections) and plotted against the non-dimensional member slenderness 4 in Figs. 4 and 5 for flexural
buckling about the minor axis and the major axis, respectively. From the figures it can be seen that all curves generally
offer conservative predictions. With the AISC Design Guide only employing one buckling curve for buckling about
either axes, the resistance predictions for buckling about the major axis are particularly conservative. The accuracy of
each method is evaluated by means of the ratio of the test and FE ultimate loads N, to predicted ultimate loads for each
method (Ny/Nec3, No/Naisc and Ny/Ncecs) in Table 4. Note that all comparisons were made based on the measured (or

simulated) material properties and geometry, and with all partial factors set equal to unity.

14
" 0'5 ¢ Conventionally welded test (Minor axis)
12 A '_ o o Conventionally welded FE (Minor axis)
B m Laser-welded test (Minor axis)
1.0 - _ %0 0 Laser-welded FE (Minor axis)
2 ?é ——EN 1993-1-4 buckling curve d
& 08 | S AISC buckling curve
‘\':: ' - - CECS minor axis buckling curve
=
5 06 -
el
"\i
N
2 0-4 -
02 -
0.0 T T T
0.0 0.5 1.0 1.5 20

Fig. 4 Comparison of test and FE data with buckling curves for column buckling about the minor axis
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" ¢ Conventionally welded test (Major axis)
12 4 C’g o o Conventionally welded FE (Major axis)
e m Laser-welded test (Major axis)
10 A \@ o Laser-welded FE (Major axis)
'\é“ —EN 1993-1-4 buckling curve ¢
‘\C_j 08 - AISC buckling curve
% ---- CECS major axis buckling curve
s}
2 0.6
N
=
04 4
02 4
0.0 T T T
0.0 0.5 1.0 15 20

Fig. S Comparison of test and FE data with buckling curves for column buckling about the major axis

Table 4 Comparison of experimental and numerical results with EC3, AISC and CECS strength predictions

, Buckling  No. of No. of No/Necs No/Naisc Nuo/Nckcs
Welding type .
axis tests FEmodels  Mean COV Mean COV Mean COV
Conventional welding Major 19 120 1.06 0.04 1.25 0.20 1.19 0.18
Conventional welding Minor 18 120 1.10 0.07 1.20 0.17 1.20 0.10
Laser-welding Major 8 120 1.08 0.05 1.24 0.28 1.17 0.22
Laser-welding Minor 14 120 1.14 0.03 1.25 0.14 1.24 0.09

In Fig. 6 the ultimate loads from the modelled laser-welded columns N, have been normalised by the ultimate loads of
the corresponding conventionally welded columns N, (i.e. the same geometry and material properties but different
residual stress distributions) and plotted against the member slenderness. It can be observed that for columns buckling
about the major axis, the ratios are close to unity, showing that the residual stress has little effect on the resistance of the
column, while for the columns buckling about the minor axis, the laser-welded members exhibit between about 5% and
10% higher resistances, with the greatest difference arising in the intermediate slenderness region, which is known to be

the most sensitive to geometric imperfections and residual stresses.
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Fig. 6 Comparison of ultimate strength of conventionally welded and laser-welded stainless steel columns

Following the above comparisons and the reliability analysis that is described in Section 4, it is concluded that for both
conventionally welded and laser-welded I-section columns buckling about the major axis, the existing EN 1993-1-4
curve is suitable. Adopting the same buckling curve for conventionally welded and laser-welded sections buckling about
the major axis is appropriate since the influence of residual stresses for buckling about this axis is relatively small.
However, for columns buckling about the minor axis, the influence of residual stress is more significant, and it is
recommended that the imperfection factor « is retained at 0.76 for conventionally welded I-section columns, but reduced
to 0.60 for laser-welded I-section columns. For all cases, a plateau length 1,=0.2 is considered to be suitable. The existing
and recommended imperfection factors a and plateau length 1, are summarised in Table 5. The existing and proposed
buckling curves for conventionally welded and laser-welded stainless steel I-section columns buckling about the minor

axis are compared with the test/FE results in Figs. 7 and 8, respectively. The reliability of the proposals is assessed in the

following section.

Table 5 Imperfection factors and plateau lengths for EN 1993-1-4 and proposed buckling curves

EN1993-1-4 Proposed
Welding type Buckling axis - -

a lo (¢4 /10
Conventional welding Major 0.49 0.20 0.49 0.20
Conventional welding Minor 0.76 0.20 0.76 0.20
Laser-welding Major 0.49 0.20 0.49 0.20
Laser-welding Minor 0.76 0.20 0.60 0.20
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Fig. 7 Existing and proposed buckling curves for conventionally welded stainless steel I-sections buckling about

the minor axis
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Fig. 8 Existing and proposed buckling curves for laser-welded stainless steel I-sections buckling about the minor

axis

4 Reliability analysis

A reliability study was carried out to assess the applicability and required partial safety factor ym; of both the existing and
proposed buckling curves for welded stainless steel I-section columns on the basis of the experimental and numerical
data. The reliability analyses were undertaken initially for non-slender cross-sections (Class 1-3) only, to isolate member
buckling behaviour, without the influence of local buckling. The reliability analyses were carried out in accordance with
Annex D of EN 1990 [38]. The key statistical parameters are presented in Table 6 for the analysis of the existing
EN1993-1-4 buckling curves and Table 7 for the proposed buckling curves, where n is the size of the dataset, b is the
mean value correction factor, kq,is the fractile factor and is related to the size of the dataset and V5 is the coefficient of
variation of the test/FE capacities relative to the resistance model. The parameter b is taken as the average of the ratios of
the test and FE results to predicted resistances; unlike the least squares approach recommended in Annex D, this method
does not bias the value of b towards results with higher failure loads. The material over-strength factor and the

coefficients of variation of the yield strength V', and geometry Vecomery Were taken as the values recommended in [39].
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Table 6 Summary of reliability analysis results for EN 1993-1-4 buckling curves

Welding type Buckling axis Dataset n b kdn Vs PMI

Conventional welding Major Tests+FE 95 1.06 3.11 0.039 1.02
Conventional welding Major Tests only 14 1.01 3.11 0.046 1.08
Conventional welding Minor Tests+FE 90 1.09 3.11 0.056 1.04
Conventional welding Minor Tests only 12 1.15 3.11 0.120 1.15
Laser-welding Major Tests+FE 89 1.09 3.11 0.052 1.04
Laser-welding Major Tests only 8 1.14 3.11 0.113 1.11
Laser-welding Minor Tests+FE 92 1.14 3.11 0.028 0.95
Laser-welding Minor Tests only 14 1.11 3.11 0.051 1.00

Table 7 Summary of reliability analysis results for proposed buckling curves

Welding type Buckling axis Dataset n b kdn Vs PMI

Conventional welding Major Tests+FE 95 1.06 3.11 0.039 1.02
Conventional welding Major Tests only 14 1.01 3.11 0.046 1.08
Conventional welding Minor Tests+FE 90 1.09 3.11 0.056 1.04
Conventional welding Minor Tests only 12 1.15 3.11 0.120 1.15
Laser-welding Major Tests+FE 89 1.09 3.11 0.052 1.04
Laser-welding Major Tests only 8 1.14 3.11 0.113 1.11
Laser-welding Minor Tests+FE 92 1.07 3.11 0.029 1.01
Laser-welding Minor Tests only 14 1.04 3.11 0.050 1.06

The analyses consistently reveal higher scatter in the resistance predictions (i.e. higher Vs values) and hence higher
required ymi factors when considering the test data alone than when considering both the test and FE data. The higher
scatter is associated with the smaller dataset and the greater inherent variability associated with experimental results.
Considering both the test and FE data, the existing EN 1993-1-4 provisions may be seen to be suitable for major axis
buckling of both conventionally welded and laser-welded members (i.e. the required ym; values are close to the target
value employed in EN 1993-1-4 of 1.1). It is therefore proposed that the existing buckling curves are retained. For
buckling about the minor axis, it is also proposed to retain the existing EN 1993-1-4 buckling curve (¢=0.76 and 1y=0.2)
for conventionally welded sections, but there is scope for improvement for laser-welded sections; a higher buckling curve
(a=0.60 and 1,=0.2) for laser-welded columns, which leads to yw; values closer to the target value of 1.1, is therefore
proposed. Having a higher buckling curve for laser-welded columns than conventionally welded columns buckling about
the minor axis reflects the improved performance for buckling about this axis arising from the lower residual stress

levels.

The proposed curves were also found to be safely applicable to members with Class 4 cross-sections, achieving ym
values of 1.07, 1.00, 1.08 and 1.04, for conventionally welded columns buckling about the major axis, conventionally
welded columns buckling about the minor axis, laser-welded columns buckling about the major axis and laser-welded
columns buckling about the minor axis, respectively. It is therefore concluded that the existing buckling curves for

conventionally welded I-section columns and new buckling curves for laser-welded I-section columns (given in Table 5)
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satisfy the Eurocode reliability requirement, and these buckling curves are recommended for inclusion in future revisions

of EN 1993-1-4 and other standards.

5 Conclusions

The member buckling behaviour and design of austenitic stainless steel welded I-section columns has been investigated.
Finite element models were developed and validated against experimental results obtained from previous studies,
covering different stainless steel material types (austenitic and duplex grades), buckling about both axes (the major axis
and the minor axis) and different fabrication process (conventional welding and laser-welding). Upon validation of the
models, a parametric study of 480 columns with a wide range of member slenderness was carried out. The experimental
and numerical results were compared with resistance predictions from current international design standards. Based on
the findings, retaining the existing buckling curves for conventionally welded stainless steel I-sections is recommended
while, for laser-welded I-section members, new buckling have been proposed for the first time. Reliability analyses were
undertaken, which demonstrate that the new buckling curves satisfy the reliability requirements of the Eurocode, in
conjunction with a partial safety factor ym=1.1; it is recommended that the proposed buckling curves are considered for

future revisions of EN 1993-1-4 and other stainless steel design standards.
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