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A B S T R A C T

The local buckling behaviour of high strength steel (HSS) hexagonal hollow section (HexHS) stub columns
encompassing three different fabrication routes under axial compression is numerically investigated in this
study. Finite-element (FE) models were developed and validated against the experimental results. The validated
FE models were subsequently employed to carry out parametric studies to expand structural performance data
covering a wider range of geometries and cross-section slenderness as well as two different steel grades. The
obtained results from FE models in line with the experimental data were used to evaluate the applicability
of the existing design codes and the design approaches in literature to HSS HexHS under pure compression.
The comparison indicates that the current slenderness yield limiting values in design codes cannot be simply
extended to HSS HexHS stub columns. All the design codes exhibit a high degree of conservatism due to
the lack of consideration for strain hardening whereas the Continuous Strength Method (CSM) was found to
provide more accurate predictions than the Direct Strength Method (DSM). Modified design approaches are
proposed to improve the accuracy of the strength predictions for HSS HexHS stub columns.
1. Introduction

Steel tubular sections are widely adopted in the construction indus-
try for infrastructures such as buildings, bridges and offshore structures
because of the aesthetic appearance and great local or torsional buck-
ling resistance [1–3]. With the advancement of material technology,
high strength steel materials are readily available in the market and
produced through Thermal Mechanically Controlled Process (TMCP)
and Quenched and Tempered (QT) methods to obtain good ductility
and weldability [4–6]. The application of HSS in structural components
leads to lighter structural members, reduced member sizes and lower
costs for transportation and erection due to high strength-to-weight
ratios of HSS. In addition, the environmental benefits of using HSS
members in buildings have been demonstrated from the structural
design practice for the multi-purpose Stadium Friends Arena in Stock-
holm, as shown in Fig. 1. The use of HSS members for this stadium led
to the reduction of global warming potential of 17% compared with
that based on the design using normal strength steel (NSS) [3] for the
members.
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In order to implement structural components made from HSS, nu-
merous research investigations have been carried out to examine the
structural performance of welded and cold-formed HSS tubular sec-
tion members subjected to various loading conditions. Nevertheless,
most of the previous research studies focus on members with conven-
tional tubular cross-sections including rectangular-(RHS), square-(SHS),
[7–20] circular-(CHS) [21–26], and elliptical hollow sections (EHS)
[27–30]. In addition to these cross-sectional shapes, structural members
of novel shapes with combined structural efficiency and architectural
aesthetics are formed and investigated. Specifically, cold-formed steel
oval hollow sections have been investigated and cold-formed semi-oval
hollow sections have also been studied in [31–33]. In recent years,
there have been growing interests into the applications of polygonal
sections such as HSS hexagonal-(HexHS) [34,35], irregular hexagonal-
(IHexHS) [36–38], octagonal- (OctHS) [39,40] and irregular octagonal
hollow sections (IOctHS) [41]. The advantages of using HexHS/IHexHS
and OctHS/IOctHS can be illustrated that the width of the flat portion is
smaller than the counterparts of square and rectangular hollow sections
(SHS/RHS) if they are delivered with similar perimeters, therefore
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Fig. 1. Roof truss of multi-purpose stadium Friends Arena in Stockholm [3].

Fig. 2. Octagonal hollow sections adopted in a novel truss system [3].

exhibiting stronger local buckling resistance than that of SHS and RHS.
In addition, the flat surfaces allow for easier connection by providing an
operating platform for welding, as well as bolted connection with end
plate or gusset plate. Moreover, the newly emerged structural systems,
such as modular integrated construction (MIC) propose higher require-
ment on the versatility of the structural configurations and connection
possibilities. For instance, a novel roof truss systems adopted polygonal
sections of OctHS/IOctHS as compression chord members to facilitate
structural efficiency, as shown in Fig. 2.

In addition to the structural applications of steel structures, HexHS
have also been employed in high-rise buildings as exterior mega-
columns by filling concrete into the tubes to provide multi-directional
connection and resist the vertical heavy loads as composite structures
[42]. Though prominent advantages of HexHS are recognised, limited
studies have been performed for HSS HexHS, underlying the necessi-
ties to systematically explore the structural behaviour of HSS HexHS
structures.

Conventional tubular profiles of SHS, RHS, and CHS are codified
in current design codes including AISI/AISC 360-16 [43], AS 4100
[44] and EN 1993-1-1 [45]. The design specifications for HexHS can
only be found in ASCE/SEI 48-11 [46] with cross-sectional resistance
design equations provided without distinguishing fabrication routes.
To allow for the design of HSS members, EN 1993-1-12 [47] specifies
the applicable range of strength grade up to S700 with nominal yield
strength of 700 MPa, and the American design code of AISI/AISC 360-
16 [43] and AS 4100 [44] provide the design guidelines for steel with
yield strength up to 690 MPa. However, it should be noted that these
two design provisions cannot be directly applied to hollow sections
because of the more stringent requirements stipulated in AISI/AISC
360-16 [43] and AS 4100 [44]. Specifically, hollow sections with
nominal yield strengths of 485 MPa and 450 MPa are stipulated as the
upper bound for hollow sections design in AISI/AISC 360-16 [43] and
AS 4100 [44] respectively. Hence, the applicability and suitability of
the existing design codes to the HexHS stub columns need to be assessed
and evaluated.

To better understand the structural behaviour and develop a safe
and economical design of HSS HexHS structures, numerical investiga-

tions of local buckling performance of HSS HexHS subjected to axial
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compression with three different fabrication routes are presented in this
paper. The three fabrication routes comprise W-series, CF-1 series and
CF-2 series, where W-series refer to the sections with six plates welded
together and CF-1 series refer to the sections formed by welding two
cold-formed sections with each half with two bent-corners. CF-2 series
sections are those formed by welding two cold-formed part with each
half featuring three bent-corners. The detailed fabrication information
can be found in [34].

The numerical investigations presented in this paper are based
upon the experimental study on 18 HSS Q690 HexHS stub columns
carried out by the authors [35] with a large spectrum of cross-section
dimensions (side width to thickness, (b/t) varying from 7.6 to 31.9. The
finite element (FE) models were firstly developed and validated against
the experimental test results. Based upon the validation of FE models,
extensive parametric studies were carried out to cover a larger range of
cross-section dimensions with different steel grades. The experimental
and numerical results for HexHS under concentric compression were
used to assess the suitability of the existing structural steel design
codes of EN 1993-1-1 [45], EN, 1993-1-5 [48], EN 1993-1-12 [47],
AISI/AISC 360-16 [43] and AS 4100 [44] as well as the advanced
design approaches of Direct Strength Method (DSM), and Continuous
Strength Method (CSM).

2. Numerical investigation

2.1. General

Numerical analysis was carried out using the commercially available
finite element program package ABAQUS [49]. The modelling tech-
niques for FE models of HSS HexHS with different fabrication routes
were introduced. The experimental results from previous studies in [35]
were used to confirm the validity of the developed FE models. The
subsequent parametric studies were conducted based on the validated
FE models.

2.2. Development of FE models

Detailed modelling techniques developed for HSS HexHS stub
columns are presented in this section. The reduced integration four-
noded doubly curved shell element S4R was employed to model the
HSS HexHS stub columns, which has been successfully applied and
used in FE modelling to predict the structural responses of various
hollow sections structures with different cross-sectional shapes [41,50].
Mesh sensitivity studies were carried out to determine an appropriate
element size and mesh density to provide accurate predictions while
minimising computational cost. Hence, an average element size equal
to one twentieth of the largest plate width (𝑏s∕20) was adopted for the
flat parts of the cross-sections whereas finer mesh with the element
size of one thirtieth of the largest plate width (𝑏s∕30) was employed to
account for the curved geometries of the corner regions due to the cold-
forming process. For the cross-sections with welding details, particular
attention was paid to ensure that the geometries and properties of the
butt welding (i.e., all corner regions of W-series cross sections, corner
regions of CF-1 series and flat portions of CF-2 portions) could be
accurately represented.

To accurately predict the structural behaviour of the modelled speci-
mens, measured geometries and engineering stress–strain relationships
for HSS HexHS were incorporated into the FE models. The measured
stress–strain material properties from the flat coupons and the corner
coupons as well as the weldments were converted to the true stress
and logarithmic plastic strain [34]. Initial geometric imperfections are
generated during transportation, fabrication, erection, storage as well
as installation, which can affect the structural performance and ulti-
mate resistance of structural members. Thus, the measured initial local
geometric imperfection magnitudes from the companion experimental

study [35] were incorporated into the FE models using the mode
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Fig. 3. Typical first buckling mode shape generated from Eigenvalue analysis.

hapes obtained from a prior linear elastic buckling analysis. The lowest
lastic buckling mode under concentric compression was selected as the
mperfection profile, which generally represents the most unfavourable
mperfection pattern. It should be noted that distorsional buckling was
bserved in polygonal sections such as pentagon and heptagon [51],
pecial attention was therefore paid to the possibility of having sec-
ndary distorsional buckling or local-distortional interaction [52]. The
SS HexHS examined in this study are doubly symmetric sections in the
losed form, which experience the local buckling with no sections failed
n distorsional buckling or local-distortional interaction mode. The
easured initial local geometric imperfection magnitudes were scaled

o the corresponding imperfection profile from linear perturbation
nalysis, as shown in Fig. 3.

The boundary conditions were simulated in accordance with the
xperimental set-up for testing the HSS HexHS structures, as shown
n Fig. 4. Each end cross-section was connected to the reference point
ocating at the centroidal point through kinematic coupling constraints.
he reference points on two sides were restrained against all the
egrees of freedom, except for the axial translation at the loaded end
here the compressive load was applied using a static RIKS step. The
eometric nonlinearity was enabled to allow for large displacement
nalysis by activating the option of (*NLGEOM). It should be noted
hat special attention was paid to the modelling of stocky sections
ith the failure mode in elephant foot buckling. It was observed that

he circumferential expansion occurred near the end section of the
tocky specimens due to the Poisson effect. To capture the failure mode
nd load–displacement curve response accurately and consistently, the
n-plane translations at the end of these stocky sections were not
estrained in accordance with the guidelines given in [53] to model
lephant foot buckling at one end.

The inter-lock residual stresses induced by press-braking and weld-
ng procedures exist in the initial state, prior to the application of ex-
ernal loading. The residual stresses comprise bending residual stresses
nd membrane residual stresses. To accurately capture and predict the
tructural behaviour, the effect of residual stresses should be explicitly
onsidered. The tensile coupon specimens featured with curved shapes
ue to the release of bending residual stresses in the process of speci-
en extraction from the cross-sections of HexHS. The effect of bending

esidual stresses was therefore inherently introduced in the measured
tress–strain curves during the straightening of specimens in tensile
oupon tests [34,41]. Hence, only the membrane residual stresses were
ncorporated into the FE modelling of HSS HexHS accounting for the
ffect of residual stresses. The characteristics of the membrane and
ending residual stresses of HSS HexHS with different fabrication routes
ere measured and reported in [34] with predictive model proposed.
he effect of the residual stresses was thereafter incorporated into the
E models using the magnitudes determined from the predictive model,
s shown in Fig. 5.
3

Fig. 4. Experimental set-up for testing HSS HexHS stub columns under pure
compression with a specimen in place.

Typical initial stress distribution after incorporating the membrane
residual stresses in the FE model with various fabrication routes are
depicted in Fig. 6, with positive values indicating tensile membrane
residual stress and negative values indicating compressive membrane
residual stress. For instance, the largest membrane residual stress was
found at the welding regions with a magnitude of 0.35𝑓y,p where 𝑓y,p
refers to the yield strength of the parent plate, as shown in Fig. 6.

The enhanced material properties at the corner regions due to
the cold-forming effect should be explicitly taken into account in
FE models for accurate structural analysis. Therefore, the increased
material strengths were incorporated by assigning the measured stress–
strain relationships to the corner portions of the FE models. Previous
experimental investigations found that the strength enhancements were
not only limited to the corner portion, and may be also extended to
the regions at a distance away from the cold-bent corners. A sensitivity
study was therefore performed to investigate the effect of the extension
of the corner region in this study for cold-formed sections while no cor-
ner extension was applied to the welded sections. The sections without
corner extension of strength enhancements yield comparable and close
predictions in terms of normalised ultimate resistance as those with
corner extensions of t and 1.5t, as shown in Table 1. The mean value
of the normalised resistance between numerical value to the tested one
𝑁u,FE / Nu,test is equal to 0.98 with coefficient of variation CoV = 0.028.
Hence, the improved strength was assigned to the corresponding corner
portion only without further extension in this study.

2.3. Validation of the FE models

The FE models were validated by comparing the numerically ob-
tained ultimate resistance, load-end shortening relationships, and fail-
ure modes with those obtained from the experimental results. Apart
from the measured initial local geometric imperfections, imperfection
sensitivity studies were carried out to determine a proper magnitude
of initial imperfection to be incorporated to the FE models. Four ini-
tial imperfection magnitudes, including (i) the measured imperfection
value 𝜔o and the remaining three magnitudes, expressing in a form of
the fraction to the plate thickness, (ii) t/100 (iii) t/50 (iv) t/10, were
assessed and compared [54]. The ultimate resistances obtained from
the FE models were normalised to those derived from experimental
tests with varying imperfection magnitudes and are reported in Ta-
ble 1. Mean values of the nomalised ratios of 𝑁u,FE∕𝑁u,test for the four
investigated initial local imperfection magnitudes are 0.98, 1.01, 1.01

and 0.98 respectively with corresponding CoVs of 0.025, 0.026, 0.025
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Fig. 5. Predictive models of membrane and bending residual stresses distributions and amplitudes (in MPa) for HSS HexHS stub columns [34].
Fig. 6. Typical membrane residual stress distributions in the modelled HSS HexHS stub columns of (a) HEX-150 × 6-W (b) HEX-150 × 6-CF1 (c) HEX-150 × 6-CF2.
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nd 0.025 respectively. It should be noted that the relatively lower
ifferences of the normalised ratios (1% difference) are obtained using
nitial imperfection values equal to t/100 and t/50, the predictions
f cross-sectional resistances are somewhat on unconservative side,
s shown in Table 1. Although the predictions using initial imperfec-
ion value of t/10 leads to slightly higher difference (2% difference)
han the above mentioned two imperfection values, the cross-section
 o

4

esistances are located on safe side with appropriate conservatism,
nd the predictions are comparable and consistent with the predicted
esults with the measured imperfection values. The necessities for the
ncorporation of residual stresses into the FE models were assessed
y comparing the ultimate resistance as well as the axial load-end
hortening relationships from FE models with or without inclusion
f residual stresses to the experimentally tested results [28,55]. The
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Table 1
Comparison of the experimental and numerical results.

Specimen 𝑁u,FE / N u,test 𝑁u,FE / N u,test 𝑁u,FE / N u,test

Imperfection amplitudes Corner extension (impb = 𝜔0) Membrane residual stress

𝜔0 t/100 t/50 t/10 Without Extended to t Extended to 1.5t With Without

(impb = 𝜔0) (impb = 𝜔0)

HEX-70 × 6-W 0.99 1.03 1.03 0.99 0.99 N.A.a N.A.a 0.99 1.01
HEX-70 × 6-CF1 0.99 1.02 1.02 0.99 0.99 1.01 1.01 0.99 1.00
HEX-70 × 6-CF2 1.01 1.03 1.03 1.01 1.01 1.03 1.03 1.01 1.02
HEX-70 × 6-CF2# 1.01 1.03 1.03 1.01 1.01 1.03 1.03 1.01 1.02
HEX-150 × 6-W 0.98 1.00 1.00 0.98 0.98 N.A.a N.A.a 0.98 1.01
HEX-150 × 6-CF1 0.95 0.97 0.97 0.95 0.95 0.97 0.97 0.95 0.96
HEX-150 × 6-CF2 0.96 0.98 0.98 0.96 0.96 0.97 0.97 0.96 0.98
HEX-150 × 6-CF2# 0.96 0.98 0.98 0.96 0.96 0.97 0.97 0.96 0.98
HEX-200 × 6-W 1.00 0.98 0.98 1.00 1.00 N.A.a N.A.a 1.00 1.05
HEX-200 × 6-CF1 1.05 1.03 1.03 1.05 1.05 1.05 1.05 1.05 1.05
HEX-200 × 6-CF2 0.97 0.95 0.95 0.97 0.97 0.97 0.97 0.97 0.97
HEX-155 × 10-W 0.97 1.02 1.01 0.97 0.97 N.A.a N.A.a 0.97 0.99
HEX-155 × 10-CF1 0.97 1.02 1.01 0.97 0.97 0.98 0.98 0.97 0.99
HEX-155 × 10-CF2 0.97 1.01 1.01 0.97 0.97 0.98 0.98 0.97 0.99
HEX-155 × 10-CF2# 0.97 1.01 1.01 0.97 0.97 N.A.a N.A.a 0.97 0.99
HEX-185 × 10-W 1.01 1.05 1.04 1.01 1.01 1.03 1.03 1.01 1.00
HEX-185 × 10-CF1 1.00 1.03 1.03 1.00 1.00 1.01 1.01 1.00 1.02
HEX-185 × 10-CF2 0.96 0.99 0.99 0.96 0.96 0.97 0.97 0.96 0.98

Mean 0.98 1.01 1.01 0.98 0.98 0.99 0.99 0.98 1.00
CoV 0.025 0.026 0.025 0.025 0.028 0.027 0.027 0.025 0.024

Note:
aIndicates that corner extension is not applicable to welded sections W-series.
bIndicates initial local geometric imperfection magnitude.
Table 2
Key material properties adopted in parametric study.

Steel grade Flat portion Corner portion

𝐸f (N/mm2) 𝑓y,f (N/mm2) 𝑓u,f (N/mm2) 𝜀u,f (%) 𝐸c (N/mm2) 𝑓y,c (N/mm2) 𝑓u,c (N/mm2) 𝜀u,c (%)

Q460 [56] 213 900 581 669 11.7 198 200 735 776 1.33
Q690 [34] 210 000 770 825 6.5 200 000 815 845 1.75
u
t
r
w
g
C
r
s
a

minimal difference within 2% was found in the ultimate resistance and
axial load-end shortening curves were almost identical for cold-formed
HSS HexHS (CF-1 series and CF-2 series), indicating the inclusion of
membrane residual stress is unnecessary for cold-formed sections due
to its negligible effect on the structural response, as seen in Table 1.
However, residual stresses affect the stub column behaviour of welded
sections (W-series) within 4% differences in terms of the ultimate load,
leading to somewhat premature yielding and increasing the deforma-
tion capacity at moderate level. Hence, the membrane residual stresses
were thereafter taken into account in welded HSS HexHS rather than
cold-formed HSS HexHS. The graphical comparison of the axial load-
end shortening curves is shown in Fig. 7, demonstrating the minimal
effect of membrane residual stresses for cold-formed HSS HexHS stub
columns.

The comparison shown in Fig. 7 also underlines that membrane
residual stresses have relatively larger effect on slender sections than
stocky sections, principally due to the fact that the stress can be
redistributed within the cross-sections after entering plasticity within
the stocky sections whereas for slender sections the superimposition of
the residual stresses with stress induced by external loads simply leads
to local buckling prior to the yield load without stress redistribution
[57]. Overall, initial stiffness and load-end shortening curves between
FE modelling and test results correlate well with each other. The
ultimate resistances determined from the FE models closely match those
obtained from experimental results and the failure modes from the FE
models mirrored those observed in physical experiments, as shown in
Fig. 8. It is therefore concluded that the developed FE models are able
to produce accurate and consistent predictions of the tested HSS HexHS
and suitable for performing the subsequent parametric studies.
5

2.4. Parametric study

Based upon the validated FE models, an extensive parametric study
was conducted on HSS HexHS to expand the available tested results
over a wider spectrum of geometries and cross-section slenderness to
investigate the applicability and accuracy of the existing design codes
and design approaches. It should be noted that no existing stress–strain
properties for hexagonal hollow sections with nominal yield strength
of 460 MPa can be found. The experimental investigations on material
properties reported in Liu et al. [36] imply that the effect of the cold-
bent angle on material properties and residual stresses is minimal.
Hence, the material properties of OctHS with 135 degrees cold-bent
corners are considered to be applicable to HexHS with cold-bent corner
of 120 degrees on conservative side. The full stress–strain curves for
steel grades of Q460, Q690 with nominal yield strength equal to 460
MPa and 690 MPa reported in Chen et al. [56] and Liu et al. [34] were
used.

The average material properties from measurements were used
with key material properties adopted in parametric study for both flat
and corner portions, as reported in Table 2 which includes Young’s
modulus 𝐸, the yield strength 𝑓y, the ultimate strength 𝑓u, and the
ltimate strain 𝜀u. The letters of ‘‘f’’ and ‘‘c’’ in subscript denote
he flat and corner portions of the cross-sections. The stress–strain
elationships with nominal yield strength of 460 MPa and 690 MPa
ere re-constructed using the proposed predictive stress–strain models
iven in [34,56] and are plotted in Fig. 9. For cold-formed CF-1- and
F-2 series, increased material properties were assigned to the corner
egions, and flat materials were employed for flat portions only for all
eries specimens, whereas material properties of the weldments were
ssigned to the corresponding butt welding for W-series sections. The
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Fig. 7. Comparison of load-end shortening curves of HSS HexHS stub columns between experimental and numerical results.
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Fig. 7. (continued).
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Fig. 8. Comparison of the test and FE failure modes for typical stub column specimens.
Fig. 9. Stress–strain curves of employed in parametric study for HexHS (a) Stress–strain curves of flat portions (b) Stress–strain curves of corner portions.
nvestigations carried out in Chen et al. [58] and Schaper et al. [59]
emonstrated that there is no clear tendency depending on the steel
rade for residual stress magnitude, thus the residual stress distribution
or HSS HexHS was also applied to FE models with lower yield strength
f 460 MPa, which was deemed to be on a safe-sided consideration. The
8

length of all the specimens was designed as 2.5 times the largest plate
width, which was deemed to be short enough to avoid the occurrence of
global buckling but sufficiently long to contain the representative initial
local geometric imperfection and residual stresses. The thickness of the
modelled HexHS was kept constant as 6 mm to avoid the variations
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Table 3
Summary of the cross-section yield slenderness limits in design codes and design approaches.

Design standards and methods Yield slenderness limits 𝜆lima

EN 1993-1-1 b/t ⩽ 42𝜀EC3, 𝜀EC3 =
√

235∕𝑓y , 𝐸 = 210 GPa 1.405

ANSI/AISC 360-16 b/t ⩽ 1.40𝜀AISC , 𝜀AISC =
√

𝐸∕𝑓y , 𝐸 = 200 GPa 1.400

EN 1993-1-5 𝜆p =
𝑏∕𝑡

28.4𝜀
√

𝑘
≤ 0.5 +

√

0.085 − 0.055𝜓,𝜓 = 1, 𝜀EC3 =
√

235∕𝑓y , 𝑘𝜎 = 4, 𝐸 = 210 GPa 1.279

AS 4100 b/t ⩽ 𝜉b𝜀AS4100 , 𝜀AS4100 =
√

250∕𝑓y , 𝐸 = 200 GPa 1.414

ASCE/SEI 48-11 b/t ⩽ 681.2∕
√

𝑓y , 𝐸 = 200 GPa 1.520

DSM 𝜆p =
√

𝑓y∕𝑓cr ≤ 0.776, 𝐸 = 200 GPa 1.470

CSM 𝜆p =
√

𝑓y∕𝑓cr ≤ 0.68, 𝐸 = 200 GPa 1.290

Note:
a𝜆lim is equal to (b/t)(f y/E)0.5 which is specified in AISC 360-16. This form was adopted as the standard expression to harmonise the various
forms of slenderness limits expressions from other design codes.
bindicates the parameter to account for the effect of welding with 𝜉 = 40 for cold-formed and light welded sections and 𝜉 = 35 for heavily
welded sections.
t
w
1
r

b
a
p

between the yield strength and the plate thickness, and the inner corner
radius of the cold-bent corner of each specimen 𝑟i was taken equal to
three times of its nominal thickness for cold-formed section series to
avoid cracking subject to larger plastic deformation caused by press-
braking. In terms of the geometries, the clear width of the flat portion
b was varied from 20 mm to 330 mm for sections with aspect ratio of
1.0. A total of 1440 FE models were modelled in the parametric studies.

3. Evaluation of existing design codes and design approaches

3.1. General

At present, there are no design specifications for HSS HexHS in
structural steel design codes such as the Eurocode 3 (EC3), including EN
1993-1-1 [45], EN 1993-1-5 [48], EN 1993-1-12 [47], American code
of ANSI/AISC 360-16 [43], Australian code of AS 4100 [44] as well
as the design code of transmission pole structures of ASCE/SEI 48-11
[46]. Hence, the applicability and accuracy of the existing design codes
were assessed for HSS HexHS under axial compression. In addition to
the design codes, the recently proposed design approaches of Direct
Strength Method (DSM) and Continuous Strength Method (CSM) were
also considered, and their applicability were discussed.

3.2. Cross-section classification

In the framework of the European code of Eurocode 3 [45,47], the
American design code of ANSI/AISC 360-16 [43] and the Australian
code of AS 4100 [44], the concept of cross-section classification is
adopted to distinguish the cross-sectional behaviour. The sections under
concentric compression, which can attain the yield load without local
buckling are denoted as Class 1–3 sections while Class 4 sections are
those that fail by local buckling prior to the attainment of yield load.
AISC 360-16 [43] and AS 4100 [44] use the terms slender and non-
slender sections to classify the cross-sectional behaviours, that slender
section and non-slender sections are equal to Class 4 and Class 1–3
sections respectively. The cross-section slenderness based on the plate
width-to-thickness ratios or diameter-to-thickness ratios is used as a
governing parameter for cross section classification under concentric
compression. It should be noted that the design code for steel trans-
mission pole ASCE/SEI 48 [46] stipulates the guidance on hexagonal
hollow sections, thus the slenderness limits provided in ASCE/SEI 48
[46] were also assessed. For simple and direct purposes, the form of
slenderness limit value 𝜆lim = (b/t)(𝑓y/E)0.5 specified in AISC 360-16
[43] was adopted as the standard expression to harmonise the various
forms of slenderness limits expressions from other design codes.

In conjunction with the comparison with design codes, advanced
design approaches of DSM and CSM were also compared. Design pro-

cess of DSM and CSM is also briefly introduced in this paragraph. w

9

There is no cross-section shape limitation for DSM as the constituent
plate interaction within arbitrary cross-section shape can be inherently
accounted for in its overall cross-section slenderness 𝜆p = (𝑓y∕𝑓cr)0.5,
where 𝑓y is the yield strength of the steel material and 𝑓cr is the
critical elastic buckling stress determined in accordance with CUFSM
[60] program using the finite strip method. Due to the closed section
nature of tubular sections and the relatively short member length,
neither global buckling nor distorsional buckling was observed. The
nominal axial strength predicted by DSM was thereby taken as the
nominal strength of local buckling. Different from DSM, the CSM is
a deformation-based design method, which can take strain hardening
and effect of element interaction into consideration. The iteration of
the effective area of the cross section due to local buckling and cross-
section classification is not needed in the design strength predictions,
this method was also evaluated for its application to HSS HexHS in this
study. Note also that the expression of cross-section slenderness limit
used by CSM is exactly the same as the one used in DSM. DSM specifies
that cross-section with slenderness limit 𝜆p greater than 0.77 cannot
reach the yield load, whereas limit value of 0.68 is provided by CSM.
A summary of the yield slenderness is tabulated in Table 3.

3.3. Cross-section resistance

In design framework of Eurocode 3, structural components failed
by local buckling before attaining the yield load are considered to
resist the external loading with the effective width 𝑏eff , whereupon
the resultant cross-sectional resistance is equal to 𝐴eff𝑓y. The 𝐴eff is
he effective area of the section. The methodology of the effective
idth method (EWM) is also adopted in design codes of AISC 360-
6 and AS 4100, though the expressions are different. The material
elated parameters of 𝜀EC3 = (235/𝑓y)0.5, 𝜀AISC = (E/𝑓y)0.5, and 𝜀AS4100
= (250/𝑓y)0.5 are used in these three codes respectively to consider the
impact of material strength. The effective width method and formulae
given in EN 1993-1-5 are as follows in Eq. (1). The reduction of
the original width b to the effective width 𝑏eff of the slender plate
elements is dependent on the boundary conditions, stress gradients, and
dimensions.

𝑏eff ,EC3
𝑏

=

⎧

⎪

⎨

⎪

⎩

1 for 𝜆p ≤ 0.5 +
√

0.085 − 0.055𝜓
𝜆p − 0.055(3 + 𝜓)

𝜆p
2

for 𝜆p > 0.5 +
√

0.085 − 0.055𝜓 (1)

where 𝜆p is the plate slenderness specified in EN 1993-1-5 [48], with
the expression shown in Table 3. In the equation for 𝜆p, 𝑘𝜎 is the
uckling factor taken as 4 for internal plate element in compression,
nd 𝜓 is the stress distribution factor with 𝜓 = 1 for elements under
ure compression.

In American Specification of ANSI/AISC 360-16 [43], the limiting
idth-to-thickness ratio is specified as the governing design limits.
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Cross-sections with width-to-thickness ratios larger than the limiting
values are considered to be slender sections. The relationship between
original width b and effective width 𝑏eff ,AISC in AISC 360-16 is given in
Eqs. (2)–(4).

𝑏eff ,AISC
𝑏

=

⎧

⎪

⎪

⎨

⎪

⎪

⎩

1 for 𝑏∕𝑡 ≤ 𝜆r

√

𝐹𝑦
𝐹cr

(1 − 𝑐1

√

𝐹el
𝐹cr

)

√

𝐹el
𝐹cr

for 𝑏∕𝑡 > 𝜆r

√

𝐹𝑦
𝐹cr

(2)

el = (𝑐2
𝜆r
𝑏∕𝑡

)2𝐹y (3)

𝑐2 =
1 −

√

1 − 4𝑐1
2𝑐1

(4)

here 𝜆r is the limiting width-to-thickness ratio of the plate, 𝐹el is the
lastic local buckling stress of the uniform compression plate element,
1 and 𝑐2 are the effective width imperfection adjustment factors. For
he cold-formed HexHS sections, the 𝑐1 = 0.20 and 𝑐2 = 1.38 for walls
f square and rectangular hollow sections were used. 𝐹cr is the critical
tress of the compression members with non-slender element sections
hich can be determined following Eq. (5).

cr =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

(0.658
𝐹y
𝐹e )𝐹y for 𝐾𝐿∕r ≤ 4.71

√

𝐸
𝐹𝑦

0.877𝐹e for 𝐾𝐿∕r > 4.71

√

𝐸
𝐹𝑦

(5)

where K is the effective length factor, L is the member length, r is the
radius of gyration about the bending axis, E is the elastic modulus of
steel, 𝐹e is the elastic critical stress of the compression member, 𝐹e =
𝜋2E/(KL/r)2. Rearranging the above formulae, the design equation of
effective width can be derived in a form of limiting width to thickness
ratio as shown in Eq. (6).

𝑏𝑒f f ,AISC
𝑏

=
1.38𝜆p,AISC

𝜆
−

0.38𝜆p,AISC
2

𝜆2
(6)

n terms of Australian code of AS 4100 [44], the original width is
educed to effective width of 𝑏AS4100, as shown in Eq. (7).
𝑏eff ,AS4100

𝑏
=

𝜉
𝑏∕(𝑡𝜀AS4100)

(7)

where 𝜉 is the parameter to account for the effect of welding that 𝜉 = 40
or cold-formed and light welded sections and 𝜉 = 35 for heavily welded
ections. In accordance with AS 4100 [44], heavily welded sections
efer to those sections with compressive residual stress larger than 40
Pa. Therefore, the cross-sectional resistances for W-series and CF-1

eries and CF-2 series are determined accordingly.
Design code of transmission pole structures ASCE/SEI 48-11 [46]

hich stipulates the design provisions concerning HexHS was also
valuated, as shown in Eq. (8).

a,ASCE =

⎧

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎩

𝑓y for 𝑏
𝑡
≤ 681.2

√

𝑓y

1.42𝑓y(1 −
0.00114
2.62

𝑏
√

𝑓y
𝑡

) for 681.2
√

𝑓y
≤ 𝑏
𝑡
≤ 919.6

√

𝑓y

4 𝜋2𝐸
12(1 − 𝜈2)

( 𝑡
𝑏
)2 for 919.6

√

𝑓y
≤ 𝑏
𝑡

(8)

here A is the gross cross-section area, 𝑓a,ASCE is the effective com-
ressive strength, 𝑓y is the yield strength and b is the clear side width
xcluding corner portion.

For design approach of DSM [61], repetitive calculation procedures
n finding the effective area of the buckled sections are not necessary
nd design approaches can be applied to arbitrary cross-sectional shape
ithout limitations in comparison with design codes for which only

onventional profile can be applied. For sections with slenderness
10
maller than 𝜆p = 0.776, the yield load can be achieved whereas for
those sections with cross-section slenderness limit 𝜆p ≥ 0.776, the pre-
dicted strength could be determined following the equation expressed
by Eq. (9).

𝑁DSM =

⎧

⎪

⎨

⎪

⎩

𝑓y𝐴 for 𝜆p ≤ 0.776

(1 − 0.15
𝜆p0.8

) 1
𝜆p0.8

𝑓y𝐴 for 𝜆p > 0.776 (9)

In terms of the design approach of CSM, a continuous relationship
between the section slenderness and deformation capacity was estab-
lished, by which the traditional classification system was replaced
[62]. The CSM was originally developed to tackle the strain hardening
behaviour of stainless steel [63], and was further extended to the design
of carbon steel sections for both hot-rolled sections and cold-formed
sections [64,65]. Hence, the appropriateness of CSM to HSS HexHS
was evaluated against the experimental and numerical results. The base
curve for tubular sections of SHS/RHS made from HSS was developed
and proposed in Lan et al. [66], as shown in Eq. (10).

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝜀csm
𝜀y

= 0.294
𝜆p3.174

≤ min(15,
𝐶1𝜀u
𝜀y

) for 𝜆p ≤ 0.68

𝜀csm
𝜀y

= (1 − 0.219
𝜆p1.014

) 1
𝜆p1.014

for 𝜆p > 0.68
(10)

where (𝜀csm∕𝜀y) is the deformation capacity, 𝜀csm is the CSM limiting
strain, 𝜀y is the yield strain equals to 𝑓y/E. Two typical material model
developed by Yun and Gardner [67] are applicable to CSM design,
(i) quasi-linear model for commonly used hot-rolled steels and (ii) bi-
linear model which can represents the rounded response of cold-formed
steel. The material models were further improved and modified in
[68] by collating extensive material data from existing literatures with
new material models with associated material parameters proposed.
To calculate the cross-section strength from CSM, the CSM limiting
stress 𝑓csm needs to be derived based on CSM strain. Hence, quad-linear
material model was used for W-series sections and bi-linear model was
used for cold-formed section series of CF-1 and CF-2 in this study. The
predicted cross-section resistance can be determined using Eq. (11).

𝑁csm =

⎧

⎪

⎨

⎪

⎩

𝑓csm𝐴 for 𝜆p ≤ 0.68
𝜀csm
𝜀y

𝑓y𝐴 for 𝜆p > 0.68
(11)

3.4. Assessment of cross-section classification and resistance predictions

3.4.1. Cross-section slenderness limits
To assess the suitability of cross-sectional slenderness limits, the

ultimate loads obtained from experiments and numerical modelling for
the specimens were firstly normalised by the corresponding yield load
𝐴𝑓 y, where 𝑓y was taken as the average yield strength from the flat
coupons and then plotted against the normalised plate slenderness 𝜆lim
of the governing plate element as shown in Fig. 10. Based on the graphi-
cal comparisons between the experimental and numerical data and the
converted cross-section yield limits, it is obvious that the normalised
resistance value converges to the unity at a value (intersection with the
unity) far smaller than the current codified slenderness in design codes
and design approaches and the yield slenderness limits in the existing
structural steel design codes are located on the unsafe side for sections
with yield strengths of 460 MPa and 690 MPa. This indicates that
the current yield slenderness limit specified for internal plate members
in structural steel design codes as well as ASCE/SEI 48-11 cannot be
simply extended to cover the design of HSS HexHS. Similarly, the
converted yield slenderness from the design approaches of DSM, CSM
also exhibit overly predicted cross-section classification on unsafe side.
As can be observed in Fig. 11, the HSS HexHS with nominal strength of
690 MPa exhibit comparably consistent normalised values among three

different fabrication routes for both slender and non-slender sections
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Fig. 10. Assessment of the cross-section classification yield limit from design codes and design approaches for HSS HexHS under pure compression (a) HexHS with nominal yield
strength of 460 MPa (b) HexHS with nominal yield strength of 690 MPa.
whereas non-slender sections with yield strength of 460 MPa exhibit
moderately different structural behaviours among three different fabri-
cation routes with larger discrepancy. For welded-sections (W-series),
the normalised cross-section resistances were lower than the cold-
formed sections for stocky sections whereas the degree of disparity
is decreasing with consistent normalised cross-section resistances for
slender sections in all three series with different fabrication routes.
For consistency and simplicity, a unified cross-section slenderness yield
limit value 𝜆p = 0.55 (standardised cross-section slenderness limit of
lim = 1.05) is proposed based on graphical assessment for HSS HexHS
nder pure compression.

.4.2. Assessment of cross-section resistance predictions
The comparisons between design curves of the corresponding ef-

ective width equations from the design codes and the normalised
alues between ultimate resistances and yield load from experiments
nd parametric studies were made, as shown in Fig. 11. All design
odes provide over-conservative predictions for the stocky sections for
ll investigated steel grades and sections series for different fabrica-
ion routes, as the sections are only allowed to attain the yield load
ithout considering strain hardening effect. For slender sections, design

urves from the existing design standards of EN 1993-1-5 and AISC
11
360-16 generally follow the decreasing tendency, whereas significant
conservative predictions are provided by AS 4100. Design code of
ASCE/SEI 48 shows over-conservative predictions for slender sections
with slenderness 𝜆p larger than 1.15 and over-predicted results for
sections with intermediate slenderness between 0.75 and 1.1. It is of
worthy mentioning that HSS HexHS with lower strength grade were
more sensitive to the membrane residual stresses than high grade,
particularly for slender sections with 3% reductions in cross-sectional
resistances on average.

The cross-section resistances were also assessed with the predicted
values from the current design codes of Eurocode 3, ANSI/AISC 360-
16, AS 4100, ASCE/SEI 48-11 as well as the predictions from the
design approaches of DSM and CSM with all partial factors set to unity
for direct comparison. The normalised ratios are plotted against the
section slenderness in a form of b/t𝜀. In Figs. 12–15, three structural
steel design codes provide relatively consistent predictions. EC3 and
AISC provide relatively unsafe predictions (over-predicted) for slender
sections whereas the AS 4100 yield significantly conservative results,
revealing the need of developing more accurate design approaches. The
largest scattered predictions are provided from ASCE/SEI 48 with either
over-conservative predictions for stocky sections and slender sections
or non-conservatism for specimens with intermediate slenderness val-
ues. It is observed that over-conservative predictions are provided by



J.-z. Liu, H. Fang, J. Guo et al. Thin-Walled Structures 186 (2023) 110717
Fig. 11. Assessment of the effective width methods from design codes for HSS HexHS under pure compression (a) HexHS with nominal yield strength of 460 MPa (b) HexHS with
nominal yield strength of 690 MPa.
Fig. 12. Comparisons of experimental and numerical results with strength predictions from design code of Eurocode 3 for sections with nominal yield strength (a) 460 MPa (b)
690 MPa.
design codes due to the neglect of strain hardening, particularly for
sections with lower strength at which the significant strain hardening
are associated with, as shown in Figs. 12–15.
12
In terms of the comparison among design approaches, CSM gen-
erally provide more accurate predictions than DSM, which can be
demonstrated in Figs. 16 and 17. The normalised resistance ratio
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Fig. 13. Comparisons of experimental and numerical results with strength predictions from design code of AISC 360-16 for sections with nominal yield strength (a) 460 MPa (b)
690 MPa.
Fig. 14. Comparisons of experimental and numerical results with strength predictions from design code of AS 4100 for sections with nominal yield strength (a) 460 MPa (b) 690
MPa.
Fig. 15. Comparisons of experimental and numerical results with strength predictions from design code of ASCE/SEI 48 for sections with nominal yield strength (a) 460 MPa (b)
690 MPa.
𝑁u,test∕𝑁u,pred from DSM display over-predicted cross-section strength
for slender sections and over conservatism for stocky sections with
strain hardening. Design approach of CSM provides relatively consis-
tent and accurate predictions as shown in Fig. 17. The mean values
of ultimate strength-to-predicted ratio 𝑁u,test∕𝑁u,pred from the design
codes of Eurocode 3, ANSI/AISC 360-16, AS 4100, ASCE/SEI 48-11,
and design approaches of DSM and CSM are 1.06, 1.04, 1.09, 1.05,
13
1.04 and 1.01 with corresponding coefficient of variations (CoVs) of
0.128, 0.139, 0.108, 0.156, 0.141 and 0.032 respectively for sections
with nominal yield strength of 460 MPa. Likewise, the mean values
of strength-to-predicted ratio 𝑁u,test∕𝑁u,pred are 0.98, 0.96, 1.05, 1.07,
0.96 and 1.03 with corresponding CoVs of 0.055, 0.067, 0.046, 0.187,
0.073, and 0.018 respectively for sections with yield strength of 690
MPa. The comparison was also conducted for slender and non-slender
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M

Fig. 16. Comparisons of experimental and numerical results with strength predictions from design approach of DSM for sections with nominal yield strength (a) 460 MPa (b) 690
MPa.
Fig. 17. Comparisons of experimental and numerical results with strength predictions from design approach of CSM for sections with nominal yield strength (a) 460 MPa (b) 690
Pa.
Table 4
Comparisons of numerical results with predicted strengths based on different design methods for HexHS with nominal yield strength of 460 MPa.

No. of specimen 𝑁u/N u,EC3 𝑁u/N u,AISC 𝑁u/N u,AS4100 𝑁u/N u,ASCE 𝑁u/N u,DSM 𝑁u/N u,CSM 𝑁u/N u,EC3
∗ 𝑁u/N u,DSM

∗

FE:729

All data Mean 1.06 1.04 1.09 1.05 1.04 1.01 1.09 1.01
CoV 0.128 0.139 0.108 0.156 0.141 0.032 0.106 0.033

Non-slender sections Mean 1.17 1.17 1.17 1.17 1.17 0.99 1.17 1.01
CoV 0.123 0.123 0.123 0.123 0.123 0.023 0.121 0.029

Slender sections Mean 0.97 0.94 1.04 0.95 0.89 1.03 1.02 1.01
CoV 0.017 0.019 0.041 0.114 0.133 0.024 0.019 0.031
sections in different sub-groups with detailed statistical results reported
in Tables 4 and 5.

4. Modifications for EWM and DSM

4.1. General

Following the evaluation of the cross-section classification and
cross-section resistances, modifications on the design code concerning
EWM and design approach are made. Modifications for all design codes
are considered not necessary, mainly EWM specified in existing design
14
code of Eurocode 3 was conducted. In terms of the design approaches
of DSM and CSM, CSM resulted in relatively accurate predictions for
cross-sectional resistances, thus modifications are mainly proposed for
DSM.

4.2. Modified EWM

In this section, the modification on Eurocode 3 is presented and pro-
posed. It should be noted sections exhibit similar structural behaviour
independent of steel grades and fabrication routes for slender sections,
whereas the distinguished structural performance displayed by stocky
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Table 5
Comparisons of numerical results with predicted strengths based on different design methods for HexHS with nominal yield strength of 690 MPa.

No. of specimen 𝑁u/N u,EC3 𝑁u /N u,AISC 𝑁u/N u,AS4100 𝑁u/N u,ASCE 𝑁u/N u,DSM 𝑁u/N u,CSM 𝑁u/N u,EC3
∗ 𝑁u/N u,DSM

∗

Test: 18 FE:711

All data Mean 0.98 0.96 1.05 1.07 0.96 1.03 1.01 1.01
CoV 0.055 0.067 0.046 0.187 0.073 0.018 0.038 0.036

Non-slender sections Mean 1.06 1.06 1.05 1.06 1.06 1.02 1.05 1.02
CoV 0.045 0.046 0.041 0.045 0.046 0.017 0.039 0.021

Slender sections Mean 0.96 0.93 1.05 1.08 0.93 1.04 1.00 1.01
CoV 0.025 0.026 0.046 0.215 0.042 0.018 0.027 0.035
Fig. 18. Comparisons of experimental and numerical results with strength predictions from modified design code of EC3 for sections with nominal yield strength (a) 460 MPa (b)
690 MPa.
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sections are mainly due to the strain hardening characteristics associ-
ated with different material properties. In the original design formulae
of Eurocode 3, strain hardening is not considered for stocky sections
and the attained cross-section resistance is limited to the squash load
of 𝐴𝑓 y. To have a consistent and unified prediction in line with the
original design formula in Eurocode 3, no modifications are made for
stocky sections. As for slender sections, the improvements are made
by multiplying a factor to the cross-section slenderness in the design
formula, and the boundary limits were determined by taking account
of the cross-section classification slenderness proposed in Section 3.4.1,
as given in Eq. (12).

𝑏eff ,EC3
𝑏

=

⎧

⎪

⎨

⎪

⎩

1 for 𝜆p ≤ 0.5 +
√

0.058 − 0.055𝜓
0.95𝜆p − 0.055(3 + 𝜓)

𝜆p
2

for 𝜆p > 0.5 +
√

0.058 − 0.055𝜓

(12)

The cross-sectional resistances were normalised to the predicted cross-
sectional resistance based upon the modified effective width method
and are plotted in Fig. 18 in comparison with the normalised counter-
parts based on original EWM. It is observed that improved accuracy
and consistency are made from modified EWM. The mean (test and
FE)-to-predicted compression resistance ratios 𝑁u∕𝑁u,pred, and the cor-
esponding coefficient of variations (CoVs) are reported in Tables 4 and
. For better comparison purposes, the cross-sectional resistances for
ll specimens were decomposed into slender and non-slender sections.
or instance, modified EC3 results in improved accuracy and consis-
ency with 𝑁u∕𝑁u,pred equal to 1.02 whereas the original EC3 provide
.97 on non-conservative side. Though the overall 𝑁u∕𝑁u,pred derived
rom modified EC3* is higher than the original one, the predicted
trengths are more reliable. For sections with nominal yield strength
f 690 MPa, the mean values of 𝑁u∕𝑁u,pred have been improved from
.98 to 1.01, with corresponding CoVs from 0.055 to 0.038 whereas
u∕𝑁u,pred for slender sections have been improved from 0.96 to 1.00

ith corresponding CoVs from 0.025 to 0.027. a

15
.3. Modified DSM

The original DSM is employed in the North American design code
f AISI S100-16, without the inclusion of the strain hardening ef-
ect, particularly for sections subject to large plastic deformation. For
tocky sections of the stub column specimens, strains have developed
nto hardening stage after yield plateau. From the above evaluation
nalysis, it is known that the current DSM generally provide non-
onservatism predictions for slender sections and over-conservatism
or stocky sections for both two steel grades. Hence, modifications
re made to improve the accuracy and consistency. To address the
arge degree of conservatism for stocky sections which enters plastic
tage with large deformation, new design formulae are proposed to
eplace the original horizontal yield line with a bi-linear expression
omprising sections slenderness and correlated factors accounting for
aterial characteristics, as given in Eq. (13).

𝑁DSM
𝑁y

=

⎧

⎪

⎪

⎨

⎪

⎪

⎩

1 + (1 − 𝑑1𝜆p)𝑑2 for 0.05 < 𝜆p ≤ 0.40

1 + (1 − 𝑑3𝜆p)𝑑4 for 0.40 < 𝜆p ≤ 0.65

(1 − 0.22
𝜆p0..901

) 1
𝜆p0..901

for 𝜆p > 0.65
(13)

where the material coefficients of 𝑑1, 𝑑2, 𝑑3, and 𝑑4 are used to account
or the effect of the strain hardening of the used material at different
lenderness ranges. Based on regression analysis, the coefficients of
1 = 2.31 and 𝑑2 = 0.83 are proposed for sections with slenderness
anging between 0.05 and 0.40, while 𝑑3 = 1.6 and 𝑑4 = 0.18 are
roposed for sections with slenderness ranging between 0.40 and 0.65.

The accuracy and suitability of the proposed modifications to DSM
ere assessed by comparing the experimental and numerical results
ith the predicted cross-sectional resistances calculated based on the
odified DSM. As can be seen in Fig. 19, the normalised cross-sectional

esistance ratio between ultimate load 𝑁u and predicted cross-sectional
esistance from modified DSM 𝑁u,pred shows notable improvement. The
ean values of 𝑁u∕𝑁u,DSM

∗ for sections with steel grades of 460 MPa

nd 690 MPa are 1.01 and 1.02 respectively with the corresponding
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Fig. 19. Comparisons of experimental and numerical results with strength predictions from modified design approach of DSM for sections with nominal yield strength (a) 460
MPa (b) 690 MPa.
Table 6
Reliability analysis results for HSS HexHS stub columns under pure compression for sections with nominal yield strength of 460 MPa.

Steel grade No. of specimens Design codes and design methods

EC3 AISC 360 AS 4100 DSM CSM ASCE EC3∗ DSM∗

Q460 All data: 729 𝑘d.n 3.107 3.107 3.107 3.107 3.107 3.107 3.107 3.107
b 0.991 0.965 1.048 0.962 1.022 0.963 1.042 1.016
𝑉𝛿 0.117 0.127 0.099 0.131 0.047 0.153 0.098 0.032
𝑉r 0.127 0.137 0.112 0.141 0.070 0.161 0.110 0.060
𝛾Mo 1.320 1.390 1.184 1.421 1.060 1.519 1.187 1.018

Sub-set: 140 (non-slender) 𝑘d.n 3.111 3.111 3.111 3.111 3.111 3.111 3.111 3.111
b 1.091 1.091 1.091 1.091 0.993 1.091 1.091 1.018
𝑉𝛿 0.118 0.119 0.119 0.119 0.051 0.119 0.117 0.035
𝑉r 0.129 0.129 0.129 0.129 0.072 0.129 0.127 0.062
𝛾Mo 1.205 1.207 1.207 1.207 1.102 1.207 1.199 1.034

Sub-set: 589 (slender) 𝑘d.n 3.163 3.163 3.163 3.163 3.163 3.163 3.163 3.163
b 0.971 0.943 1.042 0.941 1.032 0.938 1.032 1.026
𝑉𝛿 0.017 0.019 0.042 0.033 0.025 0.114 0.020 0.031
𝑉r 0.054 0.055 0.066 0.061 0.057 0.125 0.055 0.060
𝛾Mo 1.059 1.096 1.028 1.118 1.007 1.381 1.001 1.015
Table 7
Reliability analysis results for HSS HexHS stub columns under pure compression for sections with nominal yield strength of 690 MPa.

Steel grade No. of specimens Design codes and design methods

EC3 AISC 360 AS 4100 DSM CSM ASCE EC3∗ DSM∗

Q690 All data: 711 𝑘d.n 3.108 3.108 3.108 3.108 3.108 3.108 3.108 3.108
b 0.961 0.938 1.041 0.932 1.029 1.012 1.011 1.018
𝑉𝛿 0.054 0.065 0.046 0.071 0.018 0.175 0.037 0.041
𝑉r 0.074 0.083 0.069 0.088 0.054 0.182 0.064 0.066
𝛾Mo 1.195 1.202 1.037 1.233 0.998 1.546 1.049 1.023

Sub-set: 122 (non-slender) 𝑘d.n 3.163 3.163 3.163 3.163 3.163 3.163 3.163 3.163
b 1.031 1.036 1.035 1.036 1.023 1.035 1.041 1.018
𝑉𝛿 0.044 0.046 0.045 0.045 0.017 0.044 0.042 0.022
𝑉r 0.068 0.069 0.068 0.068 0.054 0.068 0.067 0.056
𝛾Mo 1.091 1.041 1.039 1.039 1.004 1.039 1.029 1.005

Sub-set: 589 (slender) 𝑘d.n 3.111 3.111 3.111 3.111 3.111 3.111 3.111 3.111
b 0.951 0.932 1.047 0.919 1.028 1.013 1.014 1.018
𝑉𝛿 0.024 0.026 0.045 0.055 0.017 0.202 0.033 0.046
𝑉r 0.057 0.057 0.068 0.075 0.054 0.208 0.061 0.068
𝛾Mo 1.092 1.117 1.025 1.197 0.998 1.687 1.041 1.026
values of CoV 0.033, and 0.042 respectively. Improved accuracy and
consistency for cross-sectional predictions are evidenced by the mean
values of the experimental and numerical strength over the correspond-
ing predictions being closer to the unity and the possession of lower
values of CoV, as shown in Tables 4 and 5.
16
5. Reliability analysis

In this section, the reliability level and required partial factor for the
existing design codes, design approaches, and proposed modified ex-
pressions for high strength steel hexagonal hollow section stub columns
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using the first order reliability method (FORM) set out in EN 1990
[69]. The variability parameters (i.e., the ratio between the mean and
nominal values 𝑋m∕𝑋n, where X represents the basic variables, and
the corresponding CoV) of the basic material and geometric properties,
where taken in accordance with Annex E of prEN 1993-1-1 [70]. The
material over-strength ratio 𝑓y,mean∕𝑓y,nom = 1.15 was used for HSS
Q460 and 𝑓y,mean∕𝑓y,nom = 1.10 was used for sections with 690 MPa
as per Annex E of prEN 1993-1-1 [70]. The CoV of the geometric
properties were taken as 0.009 and 0.025 for width and thickness
respectively. The key statistical parameters for the design codes and
design approaches are summarised in Tables 6 and 7, including the
number of tests and numerical models, the design fractile factor 𝑘d,n,
the mean value of the correction factor b, the coefficient of variation
of the tests and FE models relative to the resistance model 𝑉𝛿 , the
combined coefficient of variation incorporating both model and basic
variable uncertainties 𝑉r and the required partial safety factor 𝛾M0. The
correction factor b can be derived based on least squares analysis be-
tween the resistance capacities from tests and design predictions from
resistance model, as shown in Eq. (14), where 𝑟e is the experimental
results and 𝑟t is the theoretical results of the resistance model.

𝑏 =
∑

𝑟e𝑟t
∑

𝑟t 2
(14)

t shows that the AS 4100 require lower partial factor than EC 3 and
ISC 360-16 for HSS HexHS with three fabrication routes for both
ections with nominal yield strength of 460 MPa and 690 MPa. In terms
f the design approaches, the required partial factors for CSM are lower
han the design approach of DSM, which is close to the unity for section
ith yield strength of 460 MPa, as shown in Table 6. The modified EC3
ethod generates improved reliability compared with the original one
ith reduced required partial factor. It can be observed that the overall
artial factors required for modified EC3* are 1.187 and 1.049 for
ections with yield strength of 690 MPa and 460 MPa respectively. To
urther illustrate the level of improvement in cross-sectional resistance
esign, the obtained results were divided into two sub-sets of slender
nd non-slender groups. For the group of slender sections, partial factor
f 1.001 and 1.041 are determined with relatively lower 𝑉𝛿 , between
btained results and resistance models in comparison to the original
C3 design formulae. In terms of the design approach DSM, modified
esign formulae provide lower required partial factors than the original
ethod with 1.018 and 1.045 respectively for sections of 460 MPa and
90 MPa respectively, primarily attributed to the lower values of the 𝑉𝛿
etermined from modified methods, leading to notable improvement in
ross-section predictions and increased consistency.

. Conclusion

A comprehensive numerical investigation into the local buckling
ehaviour and design of the HSS HexHS stub columns under pure
ompression has been conducted and presented in this paper. The
inite element models were developed firstly and validated against the
xperimental results for HSS HexHS with three different fabrication
outes. Extensive parametric studies were subsequently conducted to
xpand the numerical results covering a larger spectrum of geometries
nd cross-sectional slenderness and different steel grades. The obtained
umerical results together with the experimental results were utilised
o assess the accuracy and applicability of the current design codes of
urocode 3, ANSI/AISC 360-16 and AS 4100, ASCE/SEI 48 as well as
he design approaches including DSM, CSM. Based upon the evaluations
resented in this paper, the following conclusions can be made:

(a) The current codified slenderness limits in structural steel design
tandards of EC3, AISC 360-16 and AS 4100 cannot be simply extended
o cover the cross-section classification of HSS HextHS stub columns
nder compression. A new cross-section slenderness yield limit value
f 𝜆p = 0.55 is proposed for HSS HexHS under pure compression.

(b) In terms of cross-sectional resistances, all design codes exhibit
ver-conservatism for stocky sections as strain hardening effect is not
17
included in design codes. For slender sections, non-conservatism was
observed from the existing design standards of EC3 and AISC 360-16,
whereas conservative predictions were provided by AS 4100.

(c) Though ASCE/SEI 48 provide design provisions for HexHS, the
most scattered and conservative predictions are provided by ASCE/SEI
48 for slender sections.

(d) Compared with design codes, design approach of CSM provides
more accurate and consistent predictions for both stocky and slender
sections, primarily attributed to the more accurate boundary limits and
the strain hardening effect is accounted for in deformation-based design
formulae.

(e) The modified design code of EC3 and design approach of DSM
provide more accurate and reliable design than the original design
approaches. The modified DSM can take strain hardening into ac-
count, and the characteristics of the HSS material applicable to DSM
is proposed.
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