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Abstract

This paper presents a comprehensive experimental and numerical investigation into the local
buckling behaviour of laser-welded stainless steel slender I-sections under combined
compression and bending moment. A testing programme was firstly carried out, including
initial local geometric imperfection measurements and eccentric compression tests on ten
laser-welded stainless steel slender I-section stub column specimens. Following the testing
programme, a numerical modelling programme was conducted. Finite element models were
developed and validated against the test results, and then adopted to perform parametric
studies to generate additional numerical data. The obtained test and numerical data were used
to evaluate the applicability of the interaction curves in the European and American codes and
the continuous strength method to laser-welded stainless steel slender I-sections under

combined loading. The evaluation results generally show that the three sets of considered
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interaction curves offer adequate design accuracy for laser-welded stainless steel slender
I-sections under combined compression and major-axis bending moment, but they yield
unduly conservative and scattered resistance predictions for laser-welded stainless steel
slender I-sections under minor-axis combined loading, owing principally to the conservative
minor-axis bending end points. Finally, an improved design interaction curve for the
minor-axis combined loading case was developed and shown to yield substantially more
accurate and consistent resistance predictions for laser-welded stainless steel slender
I-sections under minor-axis combined loading than the three considered design methods. The

reliability of the new design interaction curve was confirmed based on a reliability study.

Keywords: Cross-sectional behaviour; Design codes; Eccentric compression tests;

Laser-welding; New proposal; Stainless steel slender I-sections.

1. Introduction

Stainless steel has been increasingly used in building and structural engineering in recent
years, owing to its favourable mechanical properties coupled with superior corrosion
resistance and durability [1-5], which can greatly reduce the maintenance and inspection
work. As an advanced fabrication technique, laser welding can minimise the input heat, which
leads to reduced heat affected zones as well as low residual stresses and thermal distortions
[6,7]. As a result, laser welding, which is also highly precise, is increasingly adopted for

joining stainless steels to form various welded built-up section profiles. Comprehensive
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research into laser-welded stainless steel structural members with different cross-section
profiles subjected to various loading conditions has been conducted, in order to verify their
structural responses, examine the codified design rules, and develop improved design methods
with good design accuracy and consistency. Previous experimental studies are firstly reviewed
herein. Gardner et al. [6] and Ran et al. [8] conducted stub column tests on laser-welded
stainless steel [-sections to investigate their cross-section compression resistances and local
stability. Bu and Gardner [7] and Theofanous et al. [9] carried out in-plane bending tests on
laser-welded stainless steel I-, channel and angle section beams, in order to examine their
cross-section bending resistances. Liang et al. [10,11] experimentally investigated the
cross-sectional behaviour of laser-welded stainless steel channel sections under combined
compression and bending. The global stability of laser-welded stainless steel I- and angle
section columns were studied by Gardner et al. [6], Ran et al. [8] and Filipovi¢ et al. [12]
through a series of concentric compression tests. Bu and Gardner [13] and Kucukler et al. [14]
investigated the structural performance of laterally unrestrained laser-welded stainless steel
I-section beam-columns under minor-axis and major-axis combined loading, respectively. The
literature review revealed that although in-depth research into the structural behaviour and
resistances of laser-welded stainless steel components under various loading conditions has
been previously conducted, cross-section responses and resistances of laser-welded stainless
steel slender I-sections under combined loading remain unexplored, and therefore the present

study was initiated.

In this paper, an experimental programme was firstly carried out, including eccentric
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compression tests on ten laser-welded stainless steel slender I-section stub columns and
supplementary initial local geometric imperfection measurements. The obtained test results
were used in a numerical modelling programme for establishing and validating finite element
models; upon validation, the numerical models were adopted to perform parametric studies to
generate additional numerical data. Based on the obtained test and numerical data, the
applicability of the design interaction curves given in EN 1993-1-4 [15], ANSI/AISC 370-21
[16] and the continuous strength method [17] to laser-welded stainless steel slender I-sections

under combined loading was evaluated. Finally, an improved interaction curve was proposed.

2. Experimental Study

2.1. General

Given that there have been no experimental results on laser-welded stainless steel I-sections
under combined loading, a testing programme was firstly conducted to generate a test data
pool. Two different I-sections — [-90x90x3 and [-120x90x3 were adopted in the testing
programme, with five stub column specimens prepared for each I-section size. All the ten stub
column specimens were fabricated through laser welding from 3 mm thick grade EN 1.4301
austenitic stainless steel hot-rolled plates, with the welding techniques and procedures
following those given in EN ISO 13919-1 [18]. The two adopted I-sections are classified as
Class 4 slender sections based on the slenderness limits set out in EN 1993-1-4 [15] and

slender sections according to the cross-section classification framework given in ANSI/AISC
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370-21 [16]. Overall, the testing programme comprised material testing and residual stress
measurements, initial local geometric imperfection measurements and ten eccentric

compression tests.

2.2. Material testing and membrane residual stress measurements

The material stress—strain responses and membrane residual stresses of the studied
laser-welded stainless steel I-sections were carefully measured and fully reported by the
authors in Ran et al. [8], with the experimental procedures and results briefly summarised
herein. Two longitudinal coupons, extracted from the virgin plates with the geometric sizes in
compliance with those given in EN ISO 6892-1 [19], were tested in a 300 kN testing machine
subjected to displacement control. Fig. 1 shows the material stress—strain curves obtained
from the tensile coupon tests, while Table 1 reports the key average measured material
properties, including the Young’s modulus £, the 0.2% proof stress fy, 1.0% proof stress fi.o,
the ultimate stress f, the strain at the ultimate stress &,, the strain at fracture er over a standard
gauge length [20] and the coefficients used in the Ramberg—Osgood material model » and m1 .o
[21-24]. The membrane residual stresses in the studied laser-welded stainless steel I-sections
were measured by means of the sectioning method, which has been broadly used in previous
relevant membrane residual stress measurements [6,25-28], with the detailed procedures and
results presented in Ran et al. [8]. The measured membrane residual stresses were found to be
well captured by the residual stress predictive model proposed by Gardner et al. [6] for

laser-welded stainless steel I-sections, with the pattern shown in Fig. 2 and the distribution
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parameters (a, b, ¢ and d) presented in Table 2.

2.3. Initial local geometric imperfection measurements

As an important characteristic of thin-walled steel components, geometric imperfections may
affect their structural performance. Initial local geometric imperfection measurements were
thus conducted on the ten laser-welded stainless steel I-section stub column specimens. Fig. 3
shows the measurement setup, where a stub column specimen is fixed on the moving bench of
a milling machine through the use of a vise and a percentage gauge with 0.01 mm precision is
tightly mounted onto the machine head to measure the local deviations of each constituent
plate element. This measurement setup has been successfully used in previous relevant studies
[6-8,10,11,26-29] and was thus also employed in this study. The local imperfection
measurements were performed on the cross-sections at mid-height and two third points of the
specimen length. For each constituent plate element of the stub column specimen, the initial
local geometric imperfections were defined as the deviations from a linear reference line fitted
to the corresponding measured data set, while the maximum deviation obtained from the three
cross-sections was taken as the initial local geometric imperfection magnitude wo of the stub
column specimen, as presented in Table 3. The normalised value wo/br for each stub column
specimen is also given in Table 3, where br is the flange width, showing that the largest
normalised value wo/br from all the stub column specimens is 1/257, less than the fabrication

tolerance value of 1/100 recommended in EN 1993-1-5 [30].
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2.4. Eccentric compression tests

Eccentric compression tests were carried out on the ten laser-welded stainless steel slender
I-section stub column specimens, with six conducted about the major principal axis and four
performed about the minor principal axis, in order to investigate their structural performance
under combined compression and bending. The geometric dimensions of the ten stub column
specimens were measured, as presented in Table 3, including the specimen length L, the outer
section height /4, the flange width br and the plate thickness ¢. For each stub column specimen,
its end sections were then welded with a pair of 6 mm thick flat steel plates. All the eccentric
compression tests were conducted in an INSTRON testing machine. The adopted initial
loading eccentricities were varied between 5 mm and 80 mm and therefore a wide range of
loading combinations were considered in the tests. Pin-ended boundary conditions were
applied to each stub column specimen; this was achieved through the use of a pair of
knife-edge devices, which were respectively mounted onto the top and bottom ends of the
testing machine. As shown in Fig. 4, each knife-edge device comprises a wedge plate with a
knife edge and a pit plate with a semi-circular groove. Before testing, each stub column
specimen was firstly placed between the top and bottom knife-edge devices, with their
relative position adjusted to achieve pre-specified loading eccentricity and proper member

alignment. Then, each specimen was fixed to the knife-edge devices through bolting.

Fig. 4 shows the apparatus used for the eccentric compression tests, including six LVDTs and

four strain gauges. The strain gauges were attached to the external surfaces of the two flanges
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at the specimen mid-height to measure the longitudinal strains at these positions. LVDT-1 to
LVDT-4 were used to measure the rotations at the top and bottom ends, LVDT-5 was adopted
to monitor the end shortening of each specimen, and LVDT-6 was placed at the specimen
mid-height to measure the corresponding lateral deflection. Once the test setup was completed,
a loading rate of 0.2 mm/min was adopted to drive the testing machine to eccentrically
compress each stub column specimen. The longitudinal strains obtained from the two pairs of
strain gauges, together with the mid-height lateral deflections measured from LVDT-6, were
used to determine the actual initial loading eccentricity ep of each stub column specimen,
based on Eq. (1) [31-33], where [ is the second moment of area about the axis of combined
loading, emax—€min 1s the longitudinal strain difference, N is the applied compression load and
D is the distance between the two pairs of strain gauges, respectively equal to 4 and be2d;s for
the major-axis and minor-axis combined loading cases, as graphically depicted in Fig. 5. Note
that Eq. (1) was derived based on the assumption that the structural behaviour was close to
linear elastic, it was suggested that the eccentric compression loads employed for calculating

eo be lower than 15% of the estimated failure loads.

E](gmax _gmin)
“="w ° M

The failure modes of the tested laser-welded stainless steel I-section stub column specimens
under minor-axis and major-axis combined loading are displayed in Fig. 6(a) and Fig. 6(b),
respectively, showing significant local buckling coupled with overall flexural deformation
about the axis of combined loading. Fig. 7 presents the full load—end rotation curves for the

two series of tested specimens, while Table 4 presents the key test results, including the actual
8
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initial loading eccentricity e, the failure load M, the end rotation at the failure load ¢u and the
corresponding load shortening d, and mid-height lateral deflection 4., and the failure moment
at the specimen mid-height My=Nu(eo+4.), Within each specimen series, the stub columns
with larger initial loading eccentricities have lower ultimate loads but larger lateral deflections

at mid-height, due to the increased effect from bending.

3. Numerical Modelling

3.1. General

In this section, a numerical modelling programme was carried out by means of the nonlinear
finite element (FE) analysis package ABAQUS [34] to supplement the testing programme. FE
models on laser-welded stainless steel slender I-section stub column specimens under
combined loading were developed and validated against the obtained test results. Upon
validation, the developed FE models were employed to perform parametric studies to generate
additional numerical data over a wide range of cross-section dimensions and loading

combinations.

3.2. Development and validation of FE models

The ‘S4R’ shell element [34] has been proven to be able to well simulate various stainless

steel welded I-section members [7,8,13,14,26,32,33,35-37] and was thus adopted herein.
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Based on a prior study on the mesh sensitivity, the element length and width were selected as
1.5¢ and ¢, respectively, which were found to (i) lead to an accurate incorporation of the
membrane residual stresses into the FE models and (ii) result in good computational
efficiency and accuracy. Regarding the material modelling of the used austenitic stainless
steel, the engineering stress—strain response, measured from the material test on Coupon #1
(see Fig. 1), was converted into the true stress—strain response and then inputted into
ABAQUS [34]. The membrane residual stresses in each laser-welded stainless steel I-section
stub column were firstly derived from the predictive model, as depicted in Fig. 2 and Table 2,
and then incorporated into the corresponding FE model using the ‘*INITIAL CONDITIONS’
command [34]. Fig. 8 shows the membrane residual stresses incorporated into the numerically
modelled [-90x90x3 specimens. Upon successful incorporation of the material response and
membrane residual stresses, the experimentally adopted pin-ended boundary and eccentric
loading conditions were carefully modelled in the development of the FE models. Specifically,
for each FE model, its top and bottom end sections were respectively coupled to one reference
point that was located (i) longitudinally at a distance of 80 mm away from the corresponding
end section and (ii) eccentrically to the combined loading axis with the eccentricity given as
the corresponding actual eccentricity ep. The top reference point can rotate about the
combined loading axis and translate longitudinally, while the bottom reference point only has
the rotation about the same axis. The initial local geometric imperfections were also included
into each FE model, with the distribution pattern taken as the lowest elastic local buckling
mode shape, as derived from a prior elastic eigenvalue buckling analysis [34]. Two local

imperfection magnitudes, including the measured value wo and a generalised value b¢300,
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were adopted to factor the obtained local imperfection distribution profiles.

Once the FE models were developed, each of them was analysed through the materially and
geometrically nonlinear ‘Static, Riks’ analysis [34], in order to derive the numerical results,
including the numerical failure load, load—end rotation curve and failure mode. The accuracy
of the developed FE models was evaluated through quantitative and graphical comparisons
between the derived numerical results and their experimental counterparts. The quantitative
comparison results were presented in Table 5, where the FE-to-test failure loads for the stub
column specimens are reported, showing that all the two adopted local imperfection
magnitudes led to accurate predictions of experimental failure loads; this reflected the
insensitivity of the developed FE models to initial local geometric imperfection magnitudes.
Graphical comparisons between the test and FE load—end rotation curves for the two series of
stub column specimens are presented in Fig. 7, where the experimental responses are
accurately captured by their FE counterparts. Moreover, the experimentally obtained failure
modes were found to be well simulated by the developed FE models, as shown in Fig. 9(a)
and Fig. 9(b) for two typical specimens 90-MI2 and 90-MA3. Upon the quantitative and
graphical comparisons, the developed FE models have been shown to be capable of
simulating the structural performance of laser-welded stainless steel slender [-sections under

combined loading and were thus considered to be validated.
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3.3. Parametric studies

Upon validation, the developed FE models were adopted to carry out parametric studies to
expand the test data pool over a wide range of cross-section dimensions and loading
combinations, beyond those considered in the testing programme. Regarding the modelled
I-sections, their cross-section dimensions were carefully selected, ensuring that they were
classified as slender I-sections by both EN 1993-1-4 [15] and ANSI/AISC 370-21 [16]. Table
6 reports the cross-section dimensions and loading eccentricities used in the parametric
studies. Specifically, both the outer section height / and flange width bf were varied from 60
mm to 150 mm, with the plate thickness ¢ varied between 2 mm and 3 mm, leading to a broad
spectrum of cross-section dimensions and aspect ratios being examined. The cross-sectional
slendernesses [17] were varied from 0.72 to 1.65. It is worth noting that the maximum
cross-sectional slenderness of the specimens is 0.80; therefore, the numerical results for
I-sections with slenderness greater than 0.80 may require a validation in the future based on
further eccentric compression tests. The model length was equal to 34 [25]. Moreover, the
initial loading eccentricities were varied between 1 mm and 100 mm, leading to a wide
spectrum of loading combinations being considered. All the FE models were developed
through employing the modelling assumptions, techniques and procedures detailed in Section
3.2, but their local imperfection magnitudes were kept at b¢#300. The engineering stress—strain
response measured from the material test on Coupon #1 (see Fig. 1) was converted into the
true stress—strain response and then used in the parametric studies. In total, 400 numerical

data on laser-welded stainless steel slender I-sections under combined loading were derived
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through the parametric studies, with 200 for each principal axis.

4. Design Analysis

4.1. General

In this section, the applicability of the design interaction curves given in EN 1993-1-4 [15],
AISC/AISC 370-21 [16] and the continuous strength method [17] to laser-welded stainless
steel slender I-sections under combined compression and bending was evaluated by
comparing the test and FE failure loads N, against the unfactored design failure loads Ny pred.
A new design method was also proposed for laser-welded stainless steel slender I-sections
under minor-axis combined loading, underpinned by the test and FE data. Table 7 presents the
quantitative evaluation of the considered and proposed design methods, where the mean test
and numerical to predicted failure load ratios Nu/Nupred and the corresponding coefficients of
variance (COVs) are reported, while Figs 10—13 show the graphical evaluation results, where
the test and numerical data are plotted against the considered and proposed design interaction

curves, respectively.

4.2. EN 1993-1-4 (EC3)

13
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The current Eurocode EN 1993-1-4 [15] adopts similar design rules for stainless steel
structures as those given in EN 1993-1-1 [38] for mild steel structures. Regarding Class 4
slender I-sections under combined loading, the Eurocodes [15,38] use a linear interaction
curve, as given by Eq. (2), where Nupred is the design failure load and M.y (or
My )=Nupred(eotdu) is the design major-axis (or minor-axis) failure moment, while
Nettecs=Aemtecafy 1s the EC3 effective cross-section compression capacity, and Merry=Werryfy
and Mef,=Werr,fy are the EC3 effective cross-section bending capacities about the major axis
and minor axis, respectively, where Aesrc3 is the EC3 effective cross-section area, and Werry
and Wer, are the EC3 effective section moduli about the major axis and minor axis,

respectively.

N M M
u,pred + wy + u,z :1 (2)

Neff,EC3 Meff,y Meff,z

The values of Aerecs, Wery and Wesr, can be determined through using the EC3 effective
width approach. Specifically, Aerrrcs is calculated as the summation of the effective area of
each constituent plate element that is taken as its effective width cer multiplied by its
thickness #. The effective width cetr can be calculated from Eq. (3), where c is the flat plate
width and /; is the plate slenderness, as given by Eq. (4), in which ks is the buckling
parameter and given as 4.0 and 0.43 for internal and outstand plate elements [30], respectively.
With regard to the calculation of Wetry and Werrz, Eqs (3) and (4) are still used, but the value
of ks is different now and dependent on the plate element type (i.e. outstand or internal) and
the stress distribution subjected to bending, as derived based on Table 4.1 and Table 4.2 of EN

1993-1-5 [30].
14
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Based on the obtained test and FE data, the applicability of the EC3 design interaction curve
to laser-welded stainless steel slender I-sections under combined loading was evaluated.
Graphical evaluation was firstly carried out, with the evaluation results shown in Fig. 10(a)
and Fig. 10(b) for minor-axis and major-axis combined loading cases, where the test and
numerical failure moments and loads, plotted in a normalised format (M./M.s versus
Nu/Netr,ec3), are compared against the EC3 linear interaction curve. It was evident that (i) the
EC3 design interaction curve for minor-axis combined loading lies well below the normalised
test and FE data points, indicating excessive conservatism and scatter, and (ii) its major-axis
combined loading counterpart can well represent the corresponding data points. This can be
also proven from the quantitative evaluation results presented in Table 7(a), with the mean test
and numerical to predicted failure load ratios Nu/Nupred for minor-axis and major-axis
combined loading cases equal to 1.64 and 1.15, and the corresponding COVs of 0.11 and 0.09.
Given that the EC3 effective compression capacity Nemrecs (i.e. the compression end point) is
accurate [8,26], the conservatism and scatter of the EC3 design interaction curve for the
minor-axis combined loading case are due principally to the use of the conservative

minor-axis bending end point (i.e. the effective moment capacity M) [7,26].
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4.3. ANSI/AISC 370-21 (A1SC)

The design rules given in the American specification ANSI/AISC 370-21 [16] for stainless
steel doubly symmetric cross-sections under combined loading are the same as those set out in
the mild steel design specification ANSI/AISC 360-16 [39]. Specifically, the American
specifications [16,39] adopt a bi-linear interaction curve to predict the cross-section
resistances of slender I-sections under combined compression and bending, as given by Eq.
(5), where Nefraisc=Aetraiscfy is the AISC effective cross-section compression capacity and
M.y and M., are respectively the AISC cross-section effective major-axis and minor-axis

bending capacities, as determined according to Chapter F.5 and F.6 specified in ANSI/AISC

370-21 [16].
N M M N
bpred_ o §( by g b J =1.0 for —2= >02
Neff,AISC Mcy Mcz eff, AISC (5)
N, M M N,
e +( nY J =1.0 for —*0<0.2
2]veff,AISC Mcy Mcz eff, AISC

The cross-section resistance predictions for laser-welded stainless steel slender I-sections
under combined loading, as determined from the AISC bi-linear interaction curve, were
quantitatively evaluated against the test and numerical results. Table 7(b) presents the
quantitative evaluation results, where the mean test and numerical to AISC design failure load
ratios Nu/Nupred for minor-axis and major-axis combined loading cases are equal to 1.61 and
1.11, respectively. In parallel with the quantitative evaluation, a graphical evaluation was also

performed and shown in Fig. 11, where the experimentally and numerically obtained failure
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bending moments and axial loads are normalised by the cross-section effective moment
capacities and cross-section effective compression capacities, and compared with the AISC
bi-linear interaction curve. Both the quantitative and graphical evaluations revealed that (i) the
AISC design interaction curve yields overall good design accuracy when applied to
laser-welded stainless steel slender I-sections under major-axis combined loading, but with
many over-predicted failure load predictions, and (ii) the AISC design interaction curve
results in overly conservative and scattered failure load predictions when used for
laser-welded stainless steel slender I-sections under minor-axis combined loading, owing

mainly to the conservative minor-axis bending end point (M.,).

4.4. Continuous strength method (CSM)

The continuous strength method (CSM) [17,40] is a recently developed strain-based design
method for stainless steel components. For stainless steel slender sections under combined
loading, the CSM also adopts the linear interaction curve but with the CSM cross-section

bending (Mcsm,y and Mcsmz) and compression (Nesm) capacities, as given by Eq. (6).

N M M
u,pred + uy + uz_ 1 (6)
N, M M

csm csm,y csm,z

To calculate the CSM cross-section capacities, the first step lies in determination of the
cross-section (compressive) limiting strain ecm that reflects the deformation capacity of the

examined slender I-section under the applied loading. This can be achieved by using the ‘base
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curve’ [17], as given by Eq. (7), where &,=f,/E is the yield strain, /Tp =,/ fy / /., 1is the
cross-section slenderness, in which f; is the critical elastic buckling stress of the examined
I-section under the applied loading and can be determined by means of the finite-strip
package CUFSM [41]. Once the limiting strain &em is determined, the CSM design
compressive stress ocsm can be calculated as ecsm multiplied by the material Young’s modulus
E, as given by Eq. (8). Then, the CSM cross-section compression capacity (Nesm) and bending

capacities (Mcsm,y and Mcsm,z) are determined by using Eq. (9) and Eq. (10), respectively.

£, 0222 1
- (1 T J —1.05 (7
2 /Ip P
jpcsm = Egcsm (8)
Ncsm = AJ[csm (9)
Mcsm,y = VVel,yf;sm (10)
Mcsm,z = I/Vel,z»f(‘:sm

The test and numerical failure moments and loads were normalised by the corresponding Mcsm
and Nesm, and are plotted together with the CSM interaction curves in Fig. 12(a) and Fig. 12(b)
for minor-axis and major-axis combined loading cases, respectively, where the CSM
interaction curve for major-axis combined loading is shown to be capable of well representing
the normalised test and FE data while its minor-axis combined loading counterpart lies far
below the test and FE data. The graphical evaluation was followed by a quantitative
evaluation, with the results given in Table 7(c), where the mean load ratios Nu/Nupred for
minor-axis and major-axis combined loading cases are equal to 1.58 and 1.12. The

quantitative and graphical evaluations indicated that similar to the EC3 design interaction
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curve, the CSM interactive curve provides good design accuracy and consistency for
laser-welded stainless steel slender I-sections under major-axis combined loading, but it leads
to conservative cross-section resistances predictions for those under minor-axis combined
loading, due mainly to the conservative CSM minor-axis bending end point [7,26]. Therefore,
new interaction curves that are capable of yielding accurate failure load predications for
laser-welded stainless steel slender I-sections under minor-axis combined loading are

required.

4.5. New design method for minor-axis combined loading

The analyses and discussions in Section 4.2 have highlighted that the current EC3 interaction
curve for laser-welded stainless steel slender I-sections under minor-axis combined loading
has an accurate compression end point but a conservative minor-axis bending end point. An
improved design method is therefore proposed by adopting the EC3 interaction curve
anchored to a more accurate minor-axis bending end point. As highlighted in previous
research [42,43] on the behaviour of steel slender I-sections under minor-axis bending, it is
incorrect to assume the linear elastic stress distribution within the slender outstand flanges and
plasticity can develop in both compressive and tensile parts. To address the conservatism, the
plastic effective width method [42] was developed to consider the plastic reserve capacities of
slender steel I-sections in minor-axis bending, and has been proven to yield accurate bending
capacity predictions when applied to stainless steel slender I-sections in minor-axis bending

[43]. Therefore, the plastic effective width method is ideal to be used to determine the new
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minor-axis bending end points. The new interaction curve is given by Eq. (11), where M st

is the effective minor-axis bending capacity determined by the plastic effective width method.

N
u,pred + L 1 (1 1)
N eff,EC3 M

In calculation of M,yefr,, the plastic effective width method determines the effective
cross-section based on the strain and stress distributions depicted in Fig. 14 [42,43]. It is
assumed that (i) the maximum attainable compressive strain is equal to the yield strain
multiplied by a coefficient Cy=3 and (ii) the plastic compressive region is at a distance of
e.c=0.225b¢ from the web centreline, with the region width of b. determined from Eq. (12).
The location of the neutral axis can then be determined according to the stress equilibrium, as
given by Eq. (13), and the effective minor-axis bending capacity Mp.fr, can be calculated
through integrating the stress distribution, as given by Eqs (14)—(19). Note that the definitions
of the notations in Eqs (13)—(19) are graphically illustrated in Fig. 14.

b, =02b Ay (12)

o _2b41(b b 1D ~(0.5b ~b —e )|+ bk 14+ (h=21)1,, 12

13
’ 2bt, +bit. +(h=21)t, (13)

b
M, ., =2bt.f, (ecc +%+ cj+ 2bt. f, [xp —j’} +§bg2fytf + %csztf +(h=2t)t, f,c  (14)

where b, =x,—b, (15)
bg = gy /K (16)

C
ygy (17)

- 0.5b; —x, +e, +b,

¢=0.5b, ~b, ~b, (18)
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The normalised test and numerical failure moments (Mu/Mpetr,) and loads (Nu/Nefrec3) are
plotted against the new design interaction curve in Fig. 13, where the new interaction curve
displays a much better representation of the normalised data points in comparison with its
EC3, AISC and CSM counterparts in Figs 10—12, revealing the substantially improved design
accuracy and consistency. This is also evident in Table 7(d), where the mean load ratio
No/Nupred is equal to 1.21, with the corresponding COV of 0.07, indicating that the proposed
new interaction curve leads to significantly more accurate and consistent failure load
predictions for laser-welded stainless steel slender I-sections under minor-axis combined

loading than the three considered methods [15-17].

The reliability of the new design interaction curve when applied to laser-welded stainless steel
slender I-sections under minor-axis combined loading was assessed herein, according to the
requirements and procedures given in EN 1990 [44]. In the present reliability analysis, the
material over-strength ratio for austenitic stainless steel and the corresponding COV were
taken as 1.3 and 0.06, respectively, and the COV of the geometric properties of stainless steel
cross-sections was taken as 0.05, following the recommendations of Afshan et al. [45]. The
key statistical parameters calculated according to EN 1990 [44] are presented in Table 8,
where kqn is the design (ultimate limit state) fractile factor, b is the mean ratio of the test and
numerical to design model resistances, Vs is the COV of the test and numerical resistances

relative to the resistance model, V; is the combined COV incorporating both model and basic
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variable uncertainties, and ymi is the partial safety factor. The resulting (required) partial
safety factor for the EC3 design rules, as reported in Table 8, is equal to 0.99, less than the
current used value of 1.1 in EN 1993-1-4 [15], therefore demonstrating the reliability of the
new design method when applied to laser-welded stainless steel slender I-sections under

minor-axis combined loading.

5. Conclusions

A thorough testing and numerical modelling programme has been performed to investigate the
cross-section resistances and local stability of laser-welded stainless steel slender I-sections
under combined compression and bending. A testing programme was firstly conducted, which
included initial local geometric imperfection measurements and eccentric compression
experiments on ten laser-welded stainless steel slender [-section stub column specimens, with
the test procedures and results fully presented. The testing programme was supplemented by a
numerical simulation programme, in which FE models were developed and validated against
the test observations. Upon validation, the FE models were employed to perform parametric
studies to generate a numerical data pool over a broad range of cross-section dimensions and
loading combinations. Then, the obtained test and numerical data were used to graphically
and quantitatively evaluate the applicability of the design interaction curves given in EN
1993-1-4 [15], ANSI/AISC 370-21 [16] and the CSM [17] for laser-welded stainless steel
slender I-sections under combined loading. The evaluation results generally indicated that all

the considered EC3, AISC and CSM interaction curves offer good design accuracy for
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laser-welded stainless steel slender I-sections under major-axis combined loading, but lead to
overly conservative and scattered cross-section resistance predictions for their counterparts
under minor-axis combined loading, owing principally to unduly conservative minor-axis
bending end points. To address this shortcoming, an improved design interaction curve was
proposed for laser-welded stainless steel slender I-sections under minor-axis combined
loading, which adopts the EC3 interaction curve anchored to a more accurate minor-axis
bending end point. The proposed interaction curve was shown to offer substantially improved
design accuracy and consistency than the three considered curves. A reliability analysis was

then performed to confirm the reliability of the proposed design interaction curve.
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Fig. 6. Failure modes of laser-welded stainless steel slender I-section stub column specimens under combined
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Fig. 8. Typical membrane residual stresses (in MPa) for modelled 1-90x90%3 specimens.
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650 Tables

651
652
Table 1
Key average measured material properties.
E b fio Jfu &u &r R-O coefficients
(MPa) (MPa) (MPa) (MPa) (%) (%) n mio
189000 297 349 704 38 60 53 29
653
654
655
Table 2
Membrane residual stress predictive model for laser-welded stainless steel I-sections [6].
Ji=fu (tension) fic = fwe (compression) a b ¢ d
0.5f¢ From equilibrium 0.1b¢ 0.075b¢ 0.0375hw  0.1hy
656
657
658
Table 3
Geometric properties of laser-welded stainless steel slender I-section stub column specimens under combined loading.
Axis of combined loading  Cross-section Specimen ID L (mm) h (mm) bt (mm) ¢t (mm) wo (mm)  @o/bg
Minor axis [-90x90%3 90-MI1 270.1 89.22 90.00 2.76 0.30 1/300
[-90x90%3 90-MI2 269.2 89.18 89.97 2.75 0.23 1/391
1-120x90%3 120-MI1 360.1 119.40 89.97 2.81 0.25 1/360
1-120x90%3 120-MI2 361.2 119.48 90.08 2.72 0.28 1/322
Major axis 1-90x90x3 90-MA1 270.5 89.39 90.05 2.74 0.35 1/257
1-90x90x3 90-MA2 270.0 89.51 90.01 2.75 0.26 1/346
1-90x90x3 90-MA3 270.0 89.27 89.95 2.75 0.26 1/345
1-120x90%3 120-MAL1 359.8 119.51 89.94 2.76 0.31 1/290
[-120%90x%3 120-MA2 360.0 119.27 89.93 2.79 0.30 1/300
[-120%90x%3 120-MA3 360.0 119.20 89.91 2.81 0.28 1/321
659
660
661
662
663
664
665
666
667
668
669
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Table 4

Key test results for laser-welded stainless steel slender I-section specimens under combined loading.

Axis of combined loading Specimen ID eo(mm)  Ny(kN)  Ay(mm) M, (kNm) J,(mm) ¢, (deg)

Minor axis 90-MI1 12.03 134.53 3.23 2.05 0.85 0.69
90-M12 78.49 38.61 4.46 3.20 3.36 1.09
120-MI1 33.22 82.76 3.87 3.07 1.68 1.15
120-MI2 63.16 47.47 4.12 3.19 3.22 1.49

Major axis 90-MALl 5.38 170.93 0.31 0.97 1.03 0.23
90-MA2 25.04 119.47 1.58 3.18 —* —*
90-MA3 57.16 78.13 2.58 4.67 1.89 0.46
120-MAL1 17.17 159.49 1.11 2.92 0.97 0.29
120-MA2 37.28 121.42 221 4.79 1.41 0.40
120-MA3 70.43 93.09 3.32 6.86 1.83 0.46

* LVDTs were disconnected to data logger during testing — LVDT readings could not be obtained.
670

671
Table 5
Comparison between test and numerical failure loads for measured and generalised local imperfection magnitudes.
Axis of combined loading  Specimen ID FE N, / Test N,
o bi/300
Minor axis 90-MI1 1.00 1.01
90-MI2 1.02 1.02
120-MI1 1.00 1.00
120-M12 1.02 1.01
Major axis 90-MA1 1.02 1.03
90-MA2 0.98 0.98
90-MA3 1.00 1.00
120-MA1 1.04 1.04
120-MA2 0.99 0.99
120-MA3 0.96 0.96
Mean 1.01 1.01
cov 0.02 0.02
672
673
Table 6
Cross-section dimensions and loading eccentricities of modelled laser-welded stainless steel slender I-sections in
parametric studies.
h (mm) b (mm) t (mm) eo (mm)
60, 90, 120, 150 60, 90, 120, 150 2,22,24,2.6,2.8,3 1,5,10, 15, 20, 25, 30, 35, 40, 45, 50, 55,
60, 65, 70, 75, 80, 85, 90, 95, 100
674
675
676
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Table 7

Comparisons of test and numerical failure loads with predicted failure loads.

(a) EN 1993-1-4 [15]

Loading condition No. of No. of Nuo/Nupred
test data FE data Mean COoVv

Minor-axis combined loading 4 200 1.64 0.11

Major-axis combined loading 6 200 1.15 0.09

(b) AISI/AISC 370-21 [16]

Loading condition No. of No. of No/Nu,pred
test data FE data Mean COoV

Minor-axis combined loading 4 200 1.61 0.16

Major-axis combined loading 6 200 1.11 0.08

(c) CSM [17]

Loading condition No. of No. of Nuo/Nupred
test data FE data Mean cov

Minor-axis combined loading 4 200 1.58 0.11

Major-axis combined loading 6 200 1.12 0.07

(d) New proposal

Loading condition No. of No. of Nuo/Nupred
test data FE data Mean COoVv

Minor-axis combined loading 4 200 1.21 0.07

Table 8

Reliability analysis results for new design method according to EN 1990 [44].

No. of test and FE data k4 b Vs 143 ™I

204 3.14 1.17 0.11 0.13 0.99

37



