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ARTICLE INFO ABSTRACT

Keywords: This paper presents a comprehensive numerical study into the in-plane member stability and design of normal
Beam-columns and high strength steel (NSS and HSS) non-slender welded I-section beam-columns subjected to compression
Combined loading plus uniaxial bending. Finite element (FE) models were firstly developed to replicate the structural performance

Finite element (FE) modelling

. of welded I-section beam—columns made of different steel grades, as observed in existing tests collected from
High strength steel (HSS)

In-plane member stability the literature. The validated FE models were then employed in a comprehensive parametric study to generate

Normal strength steel (NSS) extensive numerical data covering a wide range of cross-section geometries, steel grades, member slendernesses

Welded I-section and loading combinations. The numerically obtained data were utilised to evaluate the accuracy of the current
design methods set out in the European Standards EN 1993-1-1:2005 and EN 1993-1-12:2007 as well as
the American Specification AISC 360-16 for both NSS and HSS non-slender welded I-section beam-columns.
The comparisons revealed that the codified design methods yield varying levels of accuracy in predicting
the ultimate capacities of welded I-section beam-columns depending on the steel grade. To address this
issue, new design proposals that are compatible with the European beam-column design framework have
been developed, featuring more accurate yield strength-dependent interaction curves anchored to improved
resistance predictions for members subjected to isolated loading scenarios (i.e. the compression and bending
end points of the interaction curves). The new design proposals have been found to provide more accurate
and consistent resistance predictions than the existing codified design provisions for NSS and HSS non-slender
welded I-section members under compression plus uniaxial bending. The reliability of the new proposals has
been confirmed through statistical analyses according to EN 1990: 2002.

1. Introduction covered. It is thus imperative to develop more accurate, efficient and
reliable design rules for HSS structures.

High strength steels (HSS), with yield strengths equal to or greater To date, a number of studies have been carried out to investi-
than 460 N/mm?, are becoming increasingly popular in construction gate the structural behaviour and design of NSS and HSS welded
for heavily loaded structural members in high-rise buildings, bridges I-section stub columns [3-8], beams [9-12] and columns [13-18]. A
and stadia. The use of HSS can lead to significant weight savings, trend of a reducing relative influence of imperfections (both the global
resulting in lower CO, emissions and energy use (i.e. directly because geometric imperfections and residual stresses) on member buckling
of the lower steel consumption and indirectly due to reduced trans- resistance with increasing steel grades has been revealed in these
portation and handling costs). Despite the advantages of HSS, use in studies. However, the observed behaviour is only partially captured in

structures remains relatively low; this is partly due to shortcomings
and limitations in the existing design rules. The current codified design
provisions for HSS structures, as set out in the European Standard
EN 1993-1-12:2007 (EC3) [1] and the American Specification AISC
360-16 [2], are generally a simple extension of the design rules for
normal strength steels (NSS), without considering the full influence of
the yield strength on the behaviour and design of steel structures made
of varying steel grades. In addition, the majority of the existing design
provisions are applicable to the design of steel structures made of steel
grades up to S700, while steel grades above S700 are generally not

the current EC3 design approach and in design proposals put forward
in the literature by applying different imperfection factors for welded
I-section columns made of different steel grades in a step-wise manner.
Specifically, a lower imperfection factor corresponding to a higher
buckling curve is used for HSS than for NSS columns. To address the
discrete nature of the existing approaches, a modified imperfection
factor expressed in terms of the material factor e = ,/235/f, was
proposed by [16] for the design of welded I-section columns made
of steel grades varying from S235 to S960, taking due account of
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Fig. 1. Modelling technique for geometrical representation of weld fillets in welded I-sections.

the influence of yield strength on the column buckling behaviour in
a consistent and continuous manner. Previous investigations into the
structural response and design of NSS and HSS welded I-section beam—
columns remain scarce. Su et al. [19] experimentally and numerically
studied the local-global buckling interaction response of S960 steel
beam-columns with slender welded I-sections and developed a new
design method. Yang et al. [20] and Ma et al. [21,22] carried out a
series of tests on non-slender welded I-section beam-columns made
of Q460 steel and Q690 steel, respectively, subjected to compression
plus minor axis bending. They concluded that the accuracy of the
existing EC3 design rules for HSS non-slender welded I-section beam—
columns could be improved by introducing higher flexural buckling
curves. More recently, Tse et al. [23] performed a numerical study into
the structural behaviour of S690 and S960 steel non-slender welded
I-section beam—columns under compression plus uniaxial bending and
proposed a modified EC3 design method for these members, providing
more accurate and consistent resistance predictions than the current
EC3 provisions. However, this proposed modified EC3 design approach
was only validated for welded I-section beam-columns made of S690
and S960 steels.

This paper presents an extension of the previous study [16] with
a focus on the in-plane stability design of non-slender (i.e. Class
1-3, according to the slenderness limits set out in prEN 1993-1-
1:2019 [24]) welded I-section beam-columns considering the influence
of steel grade. Finite element (FE) models that can replicate the struc-
tural response of NSS and HSS welded I-section beam—columns were
developed and validated against experimental results collected from
the literature [20,21]. Upon validation, the FE models were employed
in extensive parametric studies to generate an FE data pool cover-
ing a broad range of cross-section geometries, steel grades, member
slendernesses and loading combinations. The generated FE results, as
well as the existing test results, were used to evaluate the accuracy
of the codified design rules for NSS and HSS welded I-section beam—
columns set out in the European Standards EN 1993-1-1 [24,25] and EN
1993-1-12 [1], and the American Specification AISC 360-16 [2]. Short-
comings in the existing design rules were revealed, which promoted
the establishment of a new design approach for welded I-section beam—
columns with varying steel grades up to S960. The design proposals are
based on newly developed flexural buckling curves for determining the
column buckling strengths [16] and the Continuous Strength Method
(CSM) [26,27] for calculating the cross-sectional bending resistances,
serving as the end points of the design interaction curves for beam—
columns. The proposed method permits a systematic consideration of
the influence of yield strength and harmonises the equations for the
in-plane stability design of welded I-section beam-columns made of
varying steel grades, and is shown to provide significantly improved ac-
curacy and consistency in the resistance predictions of welded I-section
beam-columns compared with the existing codified design provisions.
Finally, the reliability of the proposed design approach is assessed by
performing statistical analyses according to EN 1990:2002 [28].

2. Numerical modelling programme

A comprehensive numerical modelling programme was performed
to generate extensive numerical data on welded I-section
beam-columns made of NSS and HSS using the FE analysis package
ABAQUS [29]. The basic modelling assumptions and validation of the
FE models are described in Sections 2.1 and 2.2, respectively, while the
parametric studies are reported in Section 2.3.

2.1. FE modelling assumptions

The four-noded doubly curved shell element S4R with reduced inte-
gration and finite membrane strains was used throughout the numerical
simulations in this paper; this element has been successfully employed
in previous numerical studies [12,16,22,23] regarding the modelling of
welded I-section structural elements. The cross-sectional mesh size was
taken as the minimum of (B+H)/40 and the flange thickness f;, where B
is the flange width and H is the outer section depth. The adopted cross-
sectional mesh size was also assigned uniformly along the longitudinal
direction of the modelled members so that the aspect ratio of the
elements were close to unity. Weld fillets were explicitly modelled by
using five web elements with equal height but varying thicknesses,
as illustrated in Fig. 1. The thicknesses of these web elements were
determined in the validation study such that the cross-sectional area
of each FE model was equal to that of the corresponding test specimen.
This modelling technique has also been employed in the previous
studies on hot-rolled [30] and welded I-sections [16,31,32]. Note that,
for simplicity, weld fillets are not considered in the parametric studies.

The symmetric nature of the beam-column specimens enabled only
half of each member length to be modelled, with longitudinal symmetry
boundary conditions applied at mid-length, to improve the computa-
tional efficiency, as shown in Fig. 2. For ease of application of boundary
conditions, the nodes at the end section of the FE model were coupled
to a reference point by means of kinematic coupling, where pinned
in-plane and fixed out-of-plane boundary conditions were simulated in
accordance with the experiments. The reference point was offset from
the centre of the end section longitudinally by a distance of ¢, to
represent the distance between the specimen end and the tip of the
knife-edge, and laterally by a distance of ¢, (or ¢;,) to consider the
applied loading eccentricity in the major axis (or minor axis) direction
according to the experiments, as shown in Fig. 2. The engineering
stress-strain curves, measured from the tensile coupon tests in [20,21],
were converted into true stress-logarithmic plastic strain curves before
inputting into ABAQUS.

Both global and local geometric imperfections were introduced
into the FE models by adjusting initial nodal coordinates of the per-
fect geometry. The global geometric imperfections were defined in
the form of a half-sine wave shape along the longitudinal direction
of the beam—column specimens. Sinusoidal local geometric imperfec-
tions were incorporated into the FE models with a half-wavelength
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Fig. 2. Loading and boundary conditions of FE models of welded I-section beam—columns.

approximately equal to the elastic local buckling half-wavelength of
the cross-section in compression Ly, as shown in Fig. 3; the elastic
local buckling half-wavelength was determined by using the simplified
formulae developed by Fieber et al. [33]. Note that the determined
elastic local buckling half-wavelength Ly, . was modified in order to fit
an odd number of half-waves within the full member length, ensuring
that the maximum local imperfection amplitudes were always located
at the mid-length section where the symmetry boundary conditions
were defined. The amplitudes of the local imperfections were taken
equal to the fabrication tolerance-based values recommended in Annex
C of EN 1993-1-5 [34], as indicated in Fig. 3, where §; and §,, are
the tolerance-based local imperfection amplitudes of the flanges and
the web, respectively, 7, is the web thickness, b; is the clear width of
the outstand flange and h,, is the clear height of the web. More details
about the adopted tolerance-based local geometric imperfections can
be found in [12,16,35].

Residual stresses were introduced into the FE models using the
residual stress pattern proposed in [16] by means of the ABAQUS *INI-
TIAL CONDITIONS command. The proposed residual stress distribution
for welded I-sections made of steel grades ranging from S235 to S960 is
illustrated in Fig. 4, where f, ;. and f, ;. are the maximum compressive

residual stresses in the flanges and the web, respectively, and f, ; and
frw are the maximum tensile residual stresses in the flanges and the
web, respectively. The maximum tensile residual stresses f, ¢, and f;
can be determined from Eq. (1) or Eq. (2): '

fr,wt (fln)

[ 1y
7, =-0.5x% 735 +132<1 (€8]
fr,wt (fr,ft) _ f)/
—fy ——0.5><v—235 +15<1 ()]

which correspond approximately to the mean and upper characteristic
(i.e. 95th percentile) values from an analysed experimental database
[16], respectively. The maximum compressive residual stresses f; .
and f, . can be accordingly determined considering force equilibrium
within the cross-section. Egs. (1) and (2) indicate a trend of decreasing
relative residual stress amplitudes with increasing steel grades, the
influence of which on the ultimate capacities of welded I-section beam—
columns has not yet been fully explored. The proposed residual stress
pattern is suitable for welded I-sections fabricated by means of gas
metal arc welding (GMAW), which is one of the most common types
of welding, and has been successfully employed in previous numer-
ical simulations of NSS and HSS welded I-section beams [12] and
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Fig. 3. Shape and amplitudes of local geometric imperfections employed in FE models.
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Fig. 4. Residual stress pattern [16] employed in FE models.

columns [16]. It was suggested [16] that the residual stress pattern with
mean values of f, ; and f, ,, obtained using Eq. (1) should be used for
the validation of FE models, while the residual stress pattern with upper
characteristic (95th percentile) values of f, ¢ and f, ,, determined from
Eq. (2) should be adopted for parametric studies. Considering both
material and geometrical nonlinearities, the modified Riks method was
employed in order to capture the full load-deformation histories of the
beam-column specimens.

2.2. Validation of developed FE models

The developed FE models were validated by comparing the de-
rived numerical predictions with the key experimental results obtained
from a total of sixteen tests on welded I-section beam-columns under
compression plus minor axis bending [20,21], including the axial load—
lateral displacement histories, ultimate loads and failure modes. The
comparisons between the ultimate loads derived from the FE simula-
tions N, g and those obtained from the tests N, . considering varying
global imperfection amplitudes are summarised in Table 1, where the
corresponding mean values and coefficients of variation (COV) of the
ratios of N, gp/N, e are also provided. The comparisons in Table 1

Table 1
Comparisons of test and FE ultimate loads with varying levels of global imperfections.
Nupe/Nyges
Steel grade Specimen label Global imperfection amplitude w,
L,/1000 L./1500 L./2000 Measured value

H-314-30 0.962 0.969 0.973 0.981
H-314-60 0.991 0.998 1.001 1.008
H-266-45 0.983 0.991 0.995 1.005

Q460GJ H-266-75 0.991 0.998 1.001 1.009

[20] H-218-30 0.909 0.919 0.924 0.934
H-218-60 0.990 0.998 1.002 1.002
H-170-45 1.014 1.023 1.027 1.031
H-170-75 1.077 1.084 1.087 1.091
Mean 0.990 0.997 1.001 1.008
cov 0.048 0.046 0.046 0.044
EH1P 0.941 0.945 0.946 0.950
EH1Q 1.009 1.014 1.016 1.020
EH2P 0.940 0.943 0.945 0.949

S690 steel EH2Q 0.991 0.996 0.998 1.002

[21] EH3P 0.977 0.980 0.982 0.988
EH3Q 0.961 0.965 0.967 0.969
EH4P 0.962 0.966 0.968 0.970
EH4Q 0.954 0.959 0.961 0.967
Mean 0.967 0.971 0.973 0.977
cov 0.025 0.025 0.025 0.025

reveal that the load carrying capacities of welded I-section beam-
columns are generally insensitive to the variation in global imperfection
amplitudes (w,), and the test ultimate loads N, ., can be generally well
predicted by the developed FE models for all four investigated global
imperfection amplitudes. The FE models with the global imperfection
amplitude w, taken as L./1000 (where L, is the distance between the
knife edges at the member ends), which is the level of global imperfec-
tion assumed in the development of the column buckling design rules in
EC3 [1,24,25], were found to predict accurate, yet slightly conservative
load carrying capacities since both the global and local imperfection
amplitudes adopted in the FE models (i.e. the fabrication tolerance-
based values [34] shown in Fig. 3) are generally higher than those
measured in the experiments. Comparisons of the experimentally and
numerically obtained axial load-lateral displacement curves for typical
tested beam—columns are shown in Fig. 5, demonstrating that the full
structural response of the members can be well replicated by the FE
models. Failure modes obtained from the FE models were also found to
be in good agreement with the physical failure modes observed in the
corresponding tested beam—column specimens, as shown in Fig. 6.
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Fig. 5. Comparisons of typical test and FE load—deformation histories (with a global im-
perfection amplitude of L./1000) for welded I-section beam—columns under compression
plus bending about the minor axis.

In general, the developed FE models may be seen to be able to
provide accurate simulations of the structural behaviour of welded I-
section beam-columns under compression plus minor axis bending and
are thus deemed suitable for use in the following parametric studies.

2.3. Numerical parametric studies

Upon validation of the FE models, parametric studies were con-
ducted to generate extensive structural performance data on NSS and
HSS non-slender welded I-section beam-columns with varying steel
grades, cross-section slenderness, member slenderness and loading
combinations. A total of five steel grades were considered in the
parametric studies—S235, S355, S460, S690 and S960. The bilin-
ear plus nonlinear hardening material model developed by Yun and
Gardner [36] was employed to generate the full-range stress-strain
curves for the S235, S355, S460 and S690 steels, while the average
measured stress—strain curve obtained from longitudinal tensile coupon
tests in [37] was used for the S960 steel throughout the parametric
studies. The measured stress—strain curve of the S960 steel [37] was
employed since the scope of the bilinear plus nonlinear hardening
material model developed in [36] is limited to steel grades up to S690.
The basic material properties of the five investigated steel grades,
including the Young’s modulus E, the yield strength f, the ultimate
tensile strength f, and the ultimate strain ¢, corresponding to f, are
given in Table 2, and the full-range stress—strain curves of the five steel
grades are displayed in Fig. 7. Note that the full-range stress—strain

Thin-Walled Structures 186 (2023) 110654

Table 2
Basic material properties for five different steel grades adopted in
parametric studies.

Steel grade i/mmz g Y/ m? Ql/mmz
5235 210000 235 360
$355 210000 355 490
S460 210000 460 540
$690 210000 690 770
5960 204393 969 1024

curves shown in Fig. 7 are all engineering stress—strains curves, which
were transformed into true stress-logarithmic plastic strain curves prior
to inputting into ABAQUS.

In the parametric studies, the flange width B was set equal to
100 mm, while three different outer section depths H were considered
(i.e. 100 mm, 150 mm and 200 mm), leading to three cross-section
aspect ratios H/B of 1.0, 1.5 and 2.0. For each cross-section aspect
ratio, three different values of flange thickness #; and web thickness 7,
were selected to generate three different welded I-sections that covered
all three non-slender cross-section classes (i.e. Class 1-3) according to
the slenderness limits set out in prEN 1993-1-1 [24] and EN 1993-1-
12 [1]. For each modelled cross-section, the thicknesses of the flanges
t; and the web ¢, were chosen such that the flange plate slenderness
Ep’f and the web plate slenderness Ep,w in compression, determined in
accordance with EN 1993-1-5 [34], were approximately equal, thus
minimising the effects of element interaction between the flange and
the web [38]. Note that the weld fillets at each web-flange junction
of the modelled I-sections were ignored in the parametric studies for
modelling convenience. For each considered cross-section and for each
axis of buckling, beam-column FE models with nine different lengths
were selected to generate a wide spectrum of non-dimensional flexural
buckling slenderness values 2 from 0.2 to 2.6. For each beam-column
FE model, a total of nine different initial loading eccentricities e, rang-
ing between 1.1 mm and 4754 mm were considered to achieve a wide
range of loading combinations (i.e. axial loading-to-bending moment
ratios). For the beam-column FE models under compression plus major
axis bending, out-of-plane lateral displacements were restrained at the
web-flange intersections at regular intervals in order to suppress the
flexural-torsional buckling effects. Throughout the parametric studies,
the initial global and local geometric imperfection amplitudes were
taken equal to L./1000 and the fabrication tolerance-based values (see
Fig. 3) [34], respectively, while the residual stress pattern followed that
shown in Fig. 4, with the upper characteristic maximum tensile residual
stresses (determined from Eq. (2)). In total, 8290 FE data on NSS and
HSS non-slender welded I-section beam-columns were generated, with
half of the beam-columns subjected to compression plus major axis
bending and the other half subjected to compression plus minor axis
bending.

3. Assessment of existing design provisions for NSS and HSS
welded I-section beam-columns

In this section, the current design provisions for NSS and HSS
non-slender welded I-section beam-columns provided in the European
design standards prEN 1993-1-1 [24] and EN 1993-1-12 [1], as well
as the American Specification AISC 360-16 [2], are presented. The
accuracy of each design method is assessed by comparing the nu-
merically and experimentally obtained ultimate loads N, pg(es) With
those predicted by the design method N, 4, as reported in Table 3
and Table 4 for beam-columns under compression plus major and
minor axis bending, respectively. A ratio of Ny pgest)/ Nuprea Sreater
than unity indicates that the design method provides a safe-sided
resistance prediction and vice versa. Note that, in the assessment, all
partial safety factors have been set equal to 1.0, thus facilitating a
direct comparison between the FE (or test) ultimate loads N, pges)
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(a) Q690 steel welded I-section beam-column (Specimen EH2Q [21])
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(b) Q460G steel welded I-section beam-column (Specimen H-218-60 [20])

Fig. 6. Comparisons of typical test and FE failure modes for welded I-section beam-columns under compression plus bending about the minor axis.

1200

1000 S960

800 -

600 -
S355

//—’_’5235

400 -

Stress o (N/mm?)

200 ~

0.00 0.04 0.08 0.12 0.16 0.20 0.24
Strain &

Fig. 7. Full-range stress—strain curves for five different steel grades adopted in
parametric studies.

and the strength predictions N, .4 obtained using the different design
approaches. A dimensionless angle parameter 6 is also introduced in the
assessment to describe the relationship between the axial compressive
load and the bending moment, as defined in Eq. (3) and illustrated
in Fig. 8, in which M| pg(y, is the numerical or experimental first
order bending moment corresponding to the ultimate load Ny pges)
(i.e. Myppeesy = NurBesn€)> and Nyggq and Mgy are the design
resistances for column buckling and in-plane bending, respectively,
determined in accordance with the considered design method. Note
that N, gq and My, represent the end points of the design interaction
curve (i.e. the bending moment-axial load interaction curve), as shown
in Fig. 8. The angle parameter @ varies between 0° to 90°, with 6 = 0°
and 6 = 90° representing specimens subjected to bending alone and
axial compression alone, respectively.

N, /N, M,
6 =tan™! <—H’FE(tESt) b’Rd> = tan™! <—Rd ) 3)
M, retesty/ MRra €Ny rd

MMy,
1.0
Design interaction curve
/ FE (or test) ultimate load
M, prgesy/ Mrak- == - - - -
1
Mu,pred/ Mg -~ - - - \:\
0 X ! Predicted ultimate resistance
o
M
NUA,pred/ M, b,Rd N, u.FI:(IesI)/ M b,Rd 1.0 N / N, b,Rd

Fig. 8. Definition of the angle parameter ¢ on moment-axial compression (M-N)
interaction curve.

3.1. European standards prEN 1993-1-1 [24] and EN 1993-1-12 [1]
(EC3)

According to the European design standards prEN 1993-1-1 [24]
and EN 1993-1-12 [1], Egs. (4) and (5) are given for the in-plane
stability design of beam-columns with Class 1-3 welded I-sections
under compression plus major axis bending and minor axis bending,
respectively,

NEgq My kg
— B ke <10 “4
Npyec3 » M, ks
N, M, g4
ST B ks MZ <10 5)
b.2.EC3 2EC3

where Ng, is the design axial compressive load, M, g4 and M, g, are
the design first order bending moments about the major and minor
axes, respectively, Nyygc3 and Ny, pcs are the EC3 column flexural
buckling resistances about the major and minor axes, respectively,
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Table 3
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Comparison of numerically obtained ultimate loads with those predicted using different design methods for welded I-section
beam—columns under compression plus major axis bending.

Steel grade Evaluation EC3 [24] AISC [2] New proposals
(No. of FE data) parameter Nyre/ Nyprearcs Nyre/ Nypreaaisc Nyre/ Nupredprop
Mean 0.961 0.954 1.076
S235 cov 0.051 0.101 0.033
(No. of FE: 729) Maximum 1.140 1.424 1.203
Minimum 0.869 0.839 0.959
Mean 0.987 0.990 1.077
S355 Ccov 0.041 0.097 0.032
(No. of FE: 729) Maximum 1.148 1.444 1.193
Minimum 0.909 0.806 0.975
Mean 1.005 1.014 1.081
S460 Ccov 0.036 0.096 0.031
(No. of FE: 729) Maximum 1.151 1.476 1.208
Minimum 0.916 0.869 0.976
Mean 1.039 1.056 1.090
S690 Ccov 0.036 0.100 0.036
(No. of FE: 729) Maximum 1.235 1.532 1.283
Minimum 0.945 0.896 0.993
Mean 1.069 1.104 1.103
S960 cov 0.030 0.108 0.035
(No. of FE: 729) Maximum 1.231 1.615 1.294
Minimum 0.959 0.920 1.005
Mean 1.012 1.024 1.085
Overall Ccov 0.054 0.113 0.035
(No. of FE: 3645) Maximum 1.235 1.615 1.294
Minimum 0.869 0.806 0.959

Table 4

Comparison of numerically and experimentally obtained ultimate loads with those predicted using different design methods for welded
I-section beam-columns under compression plus minor axis bending.

Steel grade Evaluation EC3 [24] AISC [2] New proposals
(No. of FE/test data) parameter Nureaesyy/ Nupreaecs Nuregesty/ Nupreaatsc Nurecesy/ Nupred.prop
Mean 1.007 0.884 1.119
S235 cov 0.055 0.118 0.045
(No. of FE: 729) Maximum 1.236 1.255 1.252
Minimum 0.890 0.736 0.971
Mean 1.031 0.912 1.108
S355 cov 0.057 0.119 0.047
(No. of FE: 729) Maximum 1.282 1.304 1.230
Minimum 0.916 0.773 0.957
$460 Mean 1.051 0.932 1.113
(No. of FE: 729 cov 0.056 0.117 0.047
No ‘of test.S' 14) Maximum 1.283 1.308 1.267
’ ’ Minimum 0.923 0.779 0.977
$690 Mean 1.078 0.965 1.113
(No. of FE: 729 Cov 0.055 0.115 0.049
No .Of test'S' 5 Maximum 1.288 1.308 1.322
: : Minimum 0.936 0.787 0.984
Mean 1.114 1.004 1.120
S960 cov 0.056 0.113 0.050
(No. of FE: 729) Maximum 1.332 1.346 1.223
Minimum 0.952 0.805 0.973
Overall Mean 1.056 0.940 1.115
(No. of FE: 3645 cov 0.066 0.125 0.048
No 'of test.S' 18) Maximum 1.332 1.346 1.322
: : Minimum 0.890 0.736 0.957

M, g3 and M, g are the EC3 cross-sectional bending resistances about
the major and minor axes, respectively, and ky, pc; and k,, g3 are the
EC3 interaction factors for beam—columns subjected to compression
plus major and minor axis bending, respectively. Specifically, the EC3
flexural buckling resistance Ny g3 for columns with Class 1-3 welded

I-sections can be determined from:

Nypecs = xec3Afy (6)

where A is the gross cross-section area and ygc; is the EC3 flexural
buckling reduction factor about the relevant buckling axis, as given by

Egs. (7) and (8):

! but ygc3 < 1.0

AEC3 = ¢EC3+\/¢%C3* @
- -2
s =05 [1 +ages (1-02) +/1] (8)

in which 1 is the column non-dimensional slenderness given by

Afy/ N, where N, is the elastic buckling load about the relevant
buckling axis, agc; is the EC3 imperfection factor, taken equal to 0.34
and 0.49 for both NSS and HSS welded I-section columns buckling
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about the major and minor axes, respectively (i.e. corresponding to the
EC3 column buckling curves “b” and “c”, respectively), though a recent
study [39] recommended the use of revised column buckling curves “a”
and “b” for the design of HSS columns buckling about the major and
minor axes, respectively (i.e. imperfection factors apc; equal to 0.21
and 0.34, respectively).
With regards to the EC3 cross-sectional bending resistances Mgcs,

prEN 1993-1-1 [24] prescribes the use of the plastic moment capacity

M, (i.e. the product of the plastic section modulus W), and the yield
strength 1y for Class 1 and 2 welded I-sections, and the elasto-plastic
moment capacity M., (i.e. the product of the elasto-plastic section
modulus W, as given by Eq. (9), and the yield strength f,) for Class
3 welded I-sections. In accordance with the Annex B of prEN 1993-1-
1 [24], W, is defined based on linear interpolation between Wi and
the elastic section modulus W, with respect to the parameter f,,, as
given by Eq. (10):

Wep = Wy = (Wi = Way) Beps 9
b /tp—10e | hy, /1, —83¢
max ((HA B2 0)
B = < 1.0, for bending about the major axis (10)

max (%;0) < 1.0, for bending about the minor axis,
where ¢ is the material parameter equal to /235/f,. The EC3 inter-
action factors kyy gc3 and k,, gc; for Class 1 to 3 welded I-sections can
be determined from Egs. (11) and (12), respectively. In Egs. (11) and
(12), C,y and C,,, are the equivalent uniform moment factors about
the major and minor axes, respectively, which are equal to 1.0 for the
investigated loading cases of uniform bending throughout the present
study.

N _
) ) Cy |1+ b,f;c ] ford, < 1.0 -
e Cpy (1408 LB ) ford, > 1.0
my Nb.y.EC3
c,, [1+ (2/1 -0 ) ] fori, < 1.0
kzz,EC3 = (12)
Cn ( ) for/l >1.0

The ratios of the ultimate loads obtained from the FE simulations
and tests N, pg(eq) t0 the EC3 ultimate resistance predictions N, preqpc3
are plotted against the corresponding angle parameter ¢ in Fig. 9(a) and
(b) to investigate the accuracy of the EC3 design method for welded
I-section beam—columns under compression plus major and minor axis
bending, respectively. The overall mean and COV values of the load
ratios Ny pggesty/ Nupredpcs are equal to 1.012 and 0.054 for beam-—
columns under compression plus major axis bending, and equal to
1.056 and 0.066 for compression plus minor axis bending, as listed in
Tables 3 and 4. It can be concluded from these statistical results and
Fig. 9(a) and (b) that the current EC3 design method generally yields
reasonable, but somewhat scattered ultimate resistance predictions for
NSS and HSS non-slender welded I-section beam—columns, especially
for those under compression plus minor axis bending. However, there
are a set of data points of beam—columns under compression plus major
axis bending lying on the unsafe side. The statistical results in Tables 3
and 4 also suggest that there is generally an increasing level of conser-
vatism with increasing steel grade; this is due primarily to the neglect
of the reducing relative influence of residual stresses on the ultimate
resistance of beam—columns with increasing steel grades [16,23,40].

3.2. American specification AISC 360-16 [2] (AISC)
Egs. (13) and (14) are given in the American Specification AISC

360-16 [2] (AISC) for the design of non-slender welded I-section beam—
columns subjected to compression plus major and minor axis bending,
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respectively, where Ny, y o;sc and Ny, arsc are the AISC column flexural
buckling resistances about the major and minor axes, respectively,
My a1sc and M, zigc are the AISC cross-sectional bending resistances
about the major and minor axes, respectively, and a,,,, is an amplifica-
tion factor that accounts for the second-order effects in beam-column

members, as given by Eq. (15).

M,

N, [ N,
by 8%mpPhBd g0 jf_N >0,
Nyyaisc 9 Myaisc Nyy.Atsc 13)
N ymp M. N
¢+f‘m?—y5‘i<10 if Ed <0.2,
2Ny y AISC My a1sc Npy.a1sc
N, M, E N,
by St g i Ny
Npzaisc 9 Mjasc b,2,AISC 14)
Ngg ymp ML,Ed lf <02
2Np z.AISC M; a1sc <10, Nb,z.AISC -
1
Gy = ————— (15)

1- (NEd/Ncr)

The AISC flexural buckling resistance Ny zj5c for columns with non-
slender welded I-sections can be expressed by Eq. (16), where yisc is
the AISC flexural buckling reduction factor about the relevant buckling
axis, as given by Eq. (17).

Ny.aisc = XaiscAfy (16)

=2 —_
0.658% fora < 1.5

XAISC =1 0877, = a7
?forl > 1.5

The AISC cross-sectional bending resistance M3 for compact
cross-sections is the same as that for Class 1 and 2 cross-sections in
EC3 [24] i.e. the plastic moment resistance My, while an inelastic
reserve method is used for noncompact cross-sections, which accounts
for the effect of the partial spread of plasticity, as detailed in Section F
of AISC 360-16 [2].

To assess the accuracy of the AISC beam—column design provisions,
the FE and test ultimate loads N, gy, are normalised by the AISC
predicted ultimate resistances N, ,..q aisc and plotted against the corre-
sponding angle parameter ¢ in Fig. 10(a) and (b) for the members under
compression plus major and minor axis bending, respectively. The
overall mean and COV values of the load ratios Ny ppest)/ Nu pred,Alsc
are equal to 1.024 and 0.113 for beam-columns under compression
plus major axis bending, and equal to 0.94 and 0.125 for compression
plus minor axis bending, as provided in Tables 3 and 4. As can be
seen from Fig. 10 and Tables 3 and 4, the AISC design method offers
very scattered ultimate resistance predictions for both NSS and HSS
non-slender welded I-section beam-columns, with a large number of
data points falling on the unsafe side; this is attributed largely to the
interaction curves adopted in AISC 360-16 [2].

4. New design proposals

The assessment presented in the previous section reveals that the
current EC3 and AISC design methods provide somewhat inaccurate
and scattered ultimate resistance predictions for NSS and HSS non-
slender welded I-section beam—columns under compression plus uniax-
ial bending. Hence, new design proposals are set out in this section with
the aim to achieve improved accuracy in the design of NSS and HSS
non-slender welded I-section beam—columns. The new design proposals
adopt the general format of the design interaction formulae speci-
fied in EN 1993-1-1 [24,25], with improvements made by employing
more accurate end points (i.e. column flexural buckling strengths and
cross-sectional bending resistances) and updated interaction factors.

4.1. New design formulae

The proposed design formulae are given in Egs. (18) and (19)
for NSS and HSS non-slender welded I-section beam—columns under
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Fig. 10. Comparison of FE and test results with AISC resistance predictions for NSS and HSS non-slender welded I-section beam—columns under combined loading.

compression plus major and minor axis bending, respectively.

N, M, g
—B Sk prep——— < 1.0 (18)
Ny.y.mod-Ec3/ M1 My com/ v

Ngg M, gy
—_— +k — <10 19
Nbp.z.mod-EC3/ 7M1 “PIOP M. zesm/ M1

In Egs. (18) and (19), Ny, mod-gc3 and Ny, moq—gc3 are the column
flexural buckling resistances about the major and minor axes, respec-
tively, determined using the modified EC3 column flexural buckling
curves proposed by Yun et al. [16]. The modified EC3 flexural buckling
resistances N}, ,04—gc3 for columns with Class 1-3 welded I-sections can
be calculated using:

Np.mod-EC3 = Xmod-Ec3A Sy, (20)

where ypo0d.5c3 is the modified EC3 flexural buckling reduction factor
about the relevant buckling axis, as given by Egs. (21) and (22):

1

Xmod-EC3 = > <1.0, 21)
PmodEc3 + V Pnodpcs —
- -2
¢mod»EC3 =05 [1 + Umod-EC3 (}‘ - 0'1) +4 ] . (22)

in which a,q_gc; is the modified EC3 imperfection factor as given
by Egs. (23) and (24) for column flexural buckling about the major axis
and minor axis, respectively, where ¢ is the material parameter equal
to 1/235/,.

tmod-cs = 0.45¢, for flexural buckling about the major axis (23)

Umod-ec3 = 0.55¢, for flexural buckling about the minor axis (24)

The modified EC3 method has been shown to provide more accurate
and consistent predictions of flexural buckling resistances for both NSS
and HSS non-slender welded I-section columns than the current EC3
and AISC provisions [16], since the influence of yield strength on the
flexural buckling resistances of welded I-section columns is rationally
considered by using the modified imperfection factor a,4_gc3- The
modified EC3 method [16] is therefore used to determine the compres-
sion end point (i.e. the column flexural buckling resistance) of the new
design proposals for welded I-section beam—columns.

The bending end point of the new beam-column design proposals
(i.e. the cross-sectional bending resistance about the major axis M, .,
in Eq. (18) or the minor axis M, ., in Eq. (19)) is calculated by means
of the Continuous Strength Method (CSM) [41-43], which enables
a rational allowance to be made for material nonlinearity (i.e. the
spread of plasticity and strain hardening) in the determination of cross-
sectional resistances [26,27]. The CSM cross-sectional resistances for
I-sections in major axis bending M, ., and minor axis bending M,
are given by Egs. (25) and (26), respectively, where ¢, is the material
yield strain equal to f,/E, and &, and Eg, are the strain hardening
strain and strain hardening modulus from the employed quad-linear

.csm
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Fig. 11. Calibration of the modified interaction factors kyy no4_pc3 @nd k,, noq-pc; for S235 steel welded I-section beam—columns.

material model, as detailed in [36].

[ 2
u/e' csm
Woiy fy 1_<1_W11;>/<2y ) ]’forgcsmﬁfsh
M = [ 2 2
y,CSm Wel £ E & —E.
W 1—(1-==2 csm 0.08 Lsh csm —€sh ,
s [ (-3 () o ()
for e g > €qn
(25)
[ W 12
Wty [1- <1 - ) / <ym> ] , for eugy < €4
M esm = 9 [ Wy £ 12 E _ 2
55 elz csm sh Ecsm ~Esh
w12 () vt ()]
for e > &g,

(26)

In Egs. (25) and (26), €., is the limiting CSM strain that defines
the maximum strain that a cross-section can endure prior to failure, as
determined from:

‘ . 04e,\ . -
fom _ 02 fom o pin <Q, S > forZ, < 0.68 @7)
e 236 e e
p

where @ sets the maximum tolerable level of plastic strain, with a
recommended value of 15, and Ap s the cross-sectional slenderness
defined by:

Ap =

fy (28)
O,

cr,cs

In Eq. (28), o is the elastic local buckling stress of the welded
I-section in bending about the relevant axis, which can be obtained
through numerical methods, such as the finite strip software CUFSM
[44], or alternatively through the analytical formulae developed by
Gardner et al. [38]. The CSM has been shown to yield more accurate
and consistent bending moment capacity predictions for I-section pro-
files compared to the current EC3 and AISC design provisions [26,45].
The CSM is thus employed in the new beam-column design proposals to
determine the bending end point of the interaction curves (i.e. Egs. (25)
and (26)). Based on the improved compression and bending end points,
new interaction factors (i.e. kyy o, and ke, for the major and
minor axis bending, respectively) are now calibrated using the nu-
merical dataset derived in Section 2.3, as described in the following
subsection.

10

4.2. Calibration of new interaction factors

Data for two cross-section sizes 100 x 150 x 10 x 10 and 100 x 200
x 12 x 16 (B x H x t; X t, in mm) with modified EC3 compressive
load levels (i.e. nyoq_gc3y for major axis bending and n,q_gc3, for
minor axis bending, as defined by Egs. (29) and (30), respectively)
varying from 0.2 to 0.8, in increments of 0.2, were isolated from
the full numerical database generated in Section 2.3 and used for the

calibration of the new interaction factors kyy o, and k,; prop-
NEq
Mmod-EC3y T N (29)
b,y,mod-EC3
NEq
Mmod-EC3,z = N, (30)
b,z,mod-EC3

The benchmark (target) FE interaction factors kyy pg and k,, g for
these considered beam—columns were back-calculated from the numer-
ical results using Egs. (31) and (32), respectively, which are rearranged
forms of the newly proposed design formulae (i.e. Egs. (18) and (19)).

M,

kyy e = (1- Mmod-EC3.y) Mz: (31)
M,

kyprr = (1 = Nmod.rc3.) MC];: (32)

The numerically derived benchmark interaction factors ky, z and
k,, g are plotted against the corresponding column non-dimensional
slenderness 2 for the four different compressive load levels n4_pcs
of 0.2, 0.4, 0.6 and 0.8 in Figs. 11-15 for beam—columns made of
varying steel grades. Design formulae for the new interaction factors
kyy prop @nd K, 1o, are proposed based on these benchmark interaction
factors ky,pp and k,, pg, employing a bilinear form, in line with the
current EC3 design approach [24,25], as expressed by Egs. (33) and
(34), respectively:

kyy.prop = Cimy [1 + Dy (ly - DZ.y) nmod-EC},y]

< Cpy (14 D3,ynmod-EC3,y) (33)
kzz,prop =Cpy [1 + Dl,z (/lz - DZ,Z) ”mod-EC3,z]
< Gy, min (1 + D3 ,fiod.5c3.0 D3 2) (34

where D, , Dy ,, D,y D,,, D3, and Ds, are coefficients that are deter-
mined through calibration against the numerically obtained datasets.
The proposed coefficients are yield strength-dependent in order to
capture the influence of yield strength on the shape of the interaction
curves of welded I-sections made of varying steel grades, as summarised
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Fig. 15. Calibration of the modified interaction factors kyy y,_pc3 and &, noq_gc; for S960 steel welded I-section beam-columns.

in Eq. (35) for Dy y, D, and Ds and Eq. (36) for D, ,, D,, and Ds,.

D, =1

B
D,, =0 (35)
Dy, =1.66+0.7
D,,=37-¢
D,,=05-02¢ (36)

D;, = 04e +2.5

The proposed interaction factors kyy ..o, and k,, ., are compared
with the numerically derived benchmark interaction factors ky, pr and
k,, pg in Figs. 11-15 for welded I-section beam-columns made of vary-
ing steel grades. It can be observed from Figs. 11-15 that the proposed
interaction factors generally follow the trend of the benchmark FE
data points and offer suitably safe-sided predictions, though there are
relatively large discrepancies between the proposed and FE derived
interaction factors for beam—columns with large slenderness values 1
under high axial compressive load levels n,,.q_gc3- However, these dis-
crepancies have a very small influence on the accuracy of the resistance
predictions since, at high axial load levels, the axial compression term
(see Egs. (18) and (19)) is dominant [23,46-48], while the bending
term, which features the interaction factor, is small.

4.3. Assessment of new design proposals

The accuracy of the newly developed design proposals for NSS and
HSS welded I-section beam-columns is evaluated through comparisons
against the existing test data [20,21] and numerical results generated
from the parametric studies described in Section 2.3. The ratios of
Ny retesty/ Nupred,prop are plotted against the corresponding angle pa-
rameter 6 in Fig. 16(a) and (b) for beam—-columns under compression
plus major and minor axis bending, respectively. It can be observed
from Fig. 16(a) and (b) that the new design proposals result in more
accurate and less scattered ultimate resistance predictions for NSS and
HSS non-slender welded I-section beam-columns than the current EC3
and AISC design provisions. As indicated in Tables 3 and 4, the mean
ratios of Ny pgiest)/ Nupred,prop ar€ €qual to 1.085 and 1.115 for beam—
columns subjected to compression plus major and minor axis bending,
respectively, with corresponding COV values equal to 0.035 and 0.048,
which are significantly reduced compared to those of the current EC3
and AISC design provisions, highlighting the ability of the proposed
method to provide more consistent resistance predictions for beam—
columns made of steel grades varying from S235 to S960. Moreover,
the new design proposals predict overall safe-sided ultimate resistance
predictions for NSS and HSS welded I-section beam-columns, with only
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Table 5
Variability parameters of material and geometric properties
specified in prEN 1993-1-1 [24].

Parameter X /X, Vi

fy (8235) 1.25 0.055
fy (8355) 1.20 0.050
fy (8460) 1.15 0.045
fy (above S460) 1.10 0.035
E 1.00 0.030
H 1.00 0.009
B 1.00 0.009
[ 0.98 0.025
t 1.00 0.025

a very limited number of predictions on the unsafe side, as shown
in Fig. 16. The significant improvements of the new design proposals
over the existing EC3 and AISC design provisions are attributed to the
adoption of the more accurate compression and bending end points,
as well as the more accurate interaction curves calibrated against the
numerically obtained results.

5. Reliability analysis

The reliability of the new design proposals for NSS and HSS non-
slender welded I-section beam—columns is investigated through statis-
tical analyses in line with EN 1990 [28] using the numerically obtained
data from the parametric studies as well as the test data collected
from the literature [20,21]. The key variability parameters of the basic
material and geometric properties are taken from Annex E of prEN
1993-1-1 [24], as listed in Table 5, where X,, is the mean value of
the variable, X, is the nominal value of the variable and V, is the
corresponding COV of the variable. The COV of the cross-sectional
area V), can be determined on the basis of the variability parameters
of the basic cross-sectional dimensions H, B, t; and t, following the
method outlined in [49], which is, on average, equal to 0.02 for all the
investigated welded I-sections.

The beam-column design formulae can be rewritten in the form of
Eq. (37), where C, is a constant coefficient, and C;, C, and C; are the
coefficients indicating the level of participation of the material yield
strength f,, cross-sectional area A and Young’s modulus E, respectively,
in the beam—column resistance predictions; these coefficients can be
calculated following the method detailed in [49].

Npr = Cofyc1 ACES 37
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Fig. 16. Comparisons of FE and test results with resistance predictions determined using the new design proposals for NSS and HSS non-slender welded I-section beam-columns

under combined loading.

Table 6
Key reliability analysis results for the new design proposals for NSS and HSS welded
I-section beam-columns under compression plus major axis bending.

Steel grade No. of FE data b Kan Vs Yot

$235 729 1.076 3.054 0.033 0.951
8355 729 1.077 3.054 0.032 0.970
$460 729 1.081 3.054 0.031 0.996
$690 729 1.090 3.054 0.035 1.018
$960 729 1.103 3.054 0.034 0.998
Overall 3645 1.085 3.042 0.034 1.014

Table 7

Key reliability analysis results for the new design proposals for NSS and HSS welded

I-section beam-columns under compression plus minor axis bending.

Steel grade No. of FE (test) data b kgn Vs Yot

$235 729 1.119 3.054 0.045 0.944
8355 729 1.108 3.054 0.047 0.967
$460 729 (14) 1.113 3.054 0.047 1.059
$690 729 (4) 1.113 3.054 0.049 1.031
5960 729 1.120 3.054 0.051 1.026
Overall 3645 (18) 1.115 3.042 0.048 1.026

The combined COV of the material and geometric basic variables V,
can be then calculated using:

2

V= \/(Cl ny) +(GVa) + (CVe)’ (38
Other key statistical parameters are also presented in Tables 6 and 7
for beam—columns made of varying steel grades under combined com-
pression plus major axis bending and minor axis bending, respectively,
where n is the number of the numerical and experimental data points
used in the reliability analysis, b is the correction factor, k4, is the
design fractile factor depending on the value of n, V; is the COV of
the ratio of Ny ggesty/ Nupredprop a0d 7y, is the required partial safety
factor. Note that the correction factor b is determined using Eq. (39)
instead of the least squares method recommended in EN 1990 [28] in
order to prevent b being biased towards the numerical results of beam—
columns with higher ultimate resistances [50,51], where r.; represents
the numerical ultimate resistance and r; represents the theoretical ul-
timate resistance determined using the new design proposals presented
in Section 4.

1 T e,i

b=-

i3 T

(39

It can be seen from Tables 6 and 7 that the required partial safety
factors yy,, for the newly proposed design method are lower than or
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very close to the target value of 1.0 [24] for welded I-section beam—
columns with varying steel grades. It can thus be concluded that the
newly proposed design method can be safely applied to the design
of NSS and HSS non-slender welded I-section beam-columns under
compression plus uniaxial bending using the current EC3 partial safety
factor of 1.0.

6. Conclusions

A comprehensive and systematic numerical modelling programme
has been conducted in this paper to explore the behaviour and design
of NSS and HSS non-slender welded I-section beam-columns subjected
to compression plus uniaxial bending. FE models that can closely
replicate the structural response of NSS and HSS welded I-section
beam-columns were established and validated against existing test
results from the literature [20,21]. The validated FE models were then
utilised to conduct parametric studies considering a wide range of cross-
section geometries, member slendernesses, steel grades and loading
combinations. The numerically obtained results, as well as the test
data collected from the literature [20,21], were employed to evaluate
the accuracy of the current beam—column design methods provided in
prEN 1993-1-1 [24], EN 1993-1-12 [1] and AISC 360-16 [2]. It was
found that both the EC3 and AISC design methods yield somewhat
scattered ultimate resistance predictions with inaccuracies arising in
the endpoints of the interaction curves and the interaction curves them-
selves. To overcome the shortcomings in the existing design provisions,
new beam-column design proposals were established, featuring the
adoption of the recently proposed column buckling design method by
Yun et al. [16] and the Continuous Strength Method (CSM) [26] for
the calculation of the compression and bending end point resistances,
respectively, together with newly devised interaction curves anchored
to these more accurate end points. The new design proposals were
shown to provide more accurate, consistent and generally safe-sided
resistance predictions than the current design methods for non-slender
welded I-section beam—columns made of steel grades varying from S235
to S960. The reliability of the new design proposals was also assessed
by means of statistical analysis following the procedures provided in
EN 1990 [28], confirming that the current EC3 partial safety factor of
unity can be safely used.
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