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Abstract

The local buckling behaviour of cold-formed high strength steel (HSS) irregular hexagonal hollow section
(IHexHS) stub columns under concentric compression is studied numerically in this paper. Finite-element (FE)
models were developed and validated against the experimental data. The validated FE models were employed
to conduct extensive parametric studies. The obtained numerical results together with the experimental data
were used to evaluate the applicability of the existing design codes and design approaches to the cold-formed
HSS IHexHS under concentric compression. The evaluation shows that the current slenderness yield limit
values codified in design codes cannot be applied to cold-formed HSS IHexHS stub columns. The Eurocode 3
(EC3) and the North American code AISC 360-16 provide slightly over-estimated predictions for slender
sections whereas the Australian code AS 4100 yields conservative predictions. For stocky sections, all the
design codes show high degree of conservatism due to the lack of consideration for strain hardening.
Furthermore, design approaches of Continuous Strength Method (CSM) and Generalised Slenderness
Resistance Method (GSRM) have been found to provide more accurate predictions than the Direct Strength
Method (DSM). Modified design approaches are also proposed to improve the accuracy of the strength
predictions.

Keywords: High strength steel; Local buckling behaviour, Cold-forming effect; Irregular hexagonal hollow
section stub columns; Numerical modelling; design approaches.

1. Introduction

The application of cold-formed high strength steel (HSS) hollow section structures can be observed in various
construction sectors including buildings, bridges, offshore platforms, nuclear, thermal plants as well as the
pipelines and pressure vessels [1]. The HSS can be produced with acceptable ductility and weldability due to
the advancements in material technology and welding techniques. The general tendency of using higher
strength steel can be observed in the construction industry due to the high strength-to-weight ratio which
enables the use of lighter structural components with reduced member sizes as well as decreased costs such as
the transportation fees for using trucks and lifting apparatuses [2].

M-1/43

© 2023. This manuscript version is made available under the CC-BY-NC-ND 4.0 license https://creativecommons.org/licenses/by-nc-nd/4.0/

This is the Pre-Published Version.


mailto:tak-ming.chan@polyu.edu.hk

45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
&3
84
85
86
87
88

In order to implement the structural components made from high strength steel plates, numerous research
studies have been conducted to investigate the structural performance of the welded and cold-formed HSS
hollow section members subject to realistic loading conditions. In the past years, research efforts have been
made with the focus on conventional tubular members such as the welded box sections [3—17], and open
sections [18-22] under different loading conditions. In addition to the welded sections, hot-rolled (hot-finished)
sections of SHS and RHS have also been studied focusing on the local buckling behaviour at cross-sectional
level [22-27]. Unlike the welded sections and hot-finished sections, cold-formed HSS hollow sections are
becoming increasingly popular due to their simple fabrication route, less energy consumption, as well as the
improved strength induced by cold-rolling or press-braking. Additionally, experimental investigations have
been conducted on cold-formed HSS tubular sections including common sections of square hollow sections
(SHS), rectangular hollow sections (RHS) and circular sections (CHS) [28-35].

In recent years, the newly emerged structural systems, such as the modular integrated construction (MIC) or
the modular steel buildings (MSB), propose higher requirement on the versatility of the structural
configurations and connection possibilities. Numerous innovative cross-section types have been developed
and investigated including elliptical hollow sections (EHS) [36-42] and semi-oval hollow sections (SOHS)
[43-46]. In recent years, increasing interests have also been made focusing on the applications of polygonal
sections such as HSS hexagonal hollow sections (HexHS) [47, 48], irregular hexagonal hollow sections
(IHexHS) [49, 50], octagonal hollow sections (OctHS) [51, 52] and irregular octagonal hollow sections
(IOctHS) [53, 54]. Compared with traditional profile and other innovative sections, HexHS/IHexHS and
OctHS/IOctHS feature combined advantages of the higher buckling resistance and easier connection options
with incoming members. The flat surface of the HexHS/IHexHS and OctHS/IOctHS can provide a platform
for operators to conduct welding or bolted-connection with T-stub or gusset plate in comparison to CHS or
EHS, whereas better local buckling resistance can be realised due to the relatively shorter flat width than that
of SHS and RHS if they are delivered with similar perimeters [55—56]. Moreover, the application of the above-
mentioned polygonal sections can be formed into the composite columns by infilling the concrete, being
employed as mega column members in high-rise or long-span structures with heavy loads [50]. Despite the
illustrated prominent advantages of HexHS/IHexHS, limited studies have been performed at material, cross-
section and member level for HSS HexHS/IHexHS, underlying the necessities to further systematically explore
the structural behaviour of those sections. The material property variations, residual stress distributions and
local buckling behaviour, have been experimentally investigated for HSS cold-formed HexHS with sections
made of Q690 steel grade (nominal yield strength £, = 690 MPa in [47, 48]. Existing experimental investigation
into cold-formed HSS [HexHS can only be found in [49, 50], which present the structural behaviour at cross-
sectional level under concentric compression.

To better understand the structural behaviour and promote the application of HSS I[HexHS, numerical
investigations of local buckling performance of cold-formed HSS [HexHS are presented in this paper. The
numerical investigation presented in this paper are primarily based upon the experimental study on 20 HSS
cold-formed IHexHS stub columns with large spectrum of cross-section dimensions (b/¢) varying from 3.8 to
34.5. The finite element (FE) models were firstly developed and validated against the collected test results [50].
Further to the numerical modelling, extensive parametric studies were conducted to generate more structural
performance data to supplement the test data pool, encompassing a larger spectrum of cross-sectional
slenderness and steel grades. The obtained ultimate resistances under concentric compression were used to
assess the suitability of the existing design provisions for structural steels stipulated in EN 1993-1-1 [59] EN
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1993-1-5 [60], EN 1993-1-12 [61], AISI/AISC 360-16 [62] and AS 4100 [63] and design approaches of Direct
Strength Method (DSM), Continuous Strength Method (CSM), and Generalised Slenderness Resistance
Method (GSRM). It is noteworthy that the design specifications for internal plate members were assessed.
Although HSS design are allowed in these codes, limitations are provided for HSS tubular sections.
Specifically, hollow sections with nominal yield strength not greater than 485 MPa and 450 MPa are allowed
to be designed in AISI/AISC 360-16 and AS 4100.

2. Numerical investigation
2.1. General

A comprehensive numerical investigation to be presented in the following sections includes the finite-element
modelling programme, validation, and parametric studies. The finite-element (FE) models were developed
using the commercially available software package of ABAQUS [64]. The FE model was firstly developed to
replicate the structural performance obtained from experiments reported by Liu et al. [50] for HSS cold-formed
IHexHS stub columns under concentric compression. In [50], a total of 20 Q690 HSS cold-formed [HexHS
stub column specimens with two nominal plate thicknesses of 6 mm and 10 mm under axial compression were
tested. The experimental set-up of the stub column tests with instrumentation is presented in Fig. 1. The
notations defining the geometries of each cold-formed HSS IHexHS stub column are illustrated in Fig. 2,
where H is the height of the cross section, B is the outer width of the IHexHS, By is the longer edge length of
the IHexHS, by is the clear width of the vertical flat portion with welding bead excluding the corner regions,
Bq is the shorter edge length, b; is the clear width of an inclined short flat side excluding the corner portions, ¢
is the nominal thickness of the cross section, r, and 7; are the outer and inner corner radius of the cross section
respectively. Subsequently, extensive parametric studies were carried out to generate additional structural
performance data on cold-formed HSS [HexHS stub columns with various cross-sectional slenderness and

steel grades under concentric compression.

Fig. 1. Experimental instrumentation for cold-formed HSS IHexHS stub columns under concentric

compression.
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Fig. 2. Cross section of the HSS cold-formed irregular hexagonal hollow sections.
2.2. FE modelling

This section presents the FE modelling techniques developed for HSS cold-formed IHexHS stub columns. Key
information including the element selection, boundary conditions, mesh size, initial local geometric
imperfections, cold-forming effect, and residual stress effect are discussed and evaluated. The four-noded shell
element with reduced integration (S4R) was employed in modelling HSS cold-formed IHexHS stub columns,
which have been successfully applied in FE modelling to predict the structural responses of various hollow
sections structures with different cross-sectional shapes [54, 66]. In accordance with the preliminary mesh
sensitivity studies, the mesh size was selected with a uniform value of by/20 for the flat portions and a finer
mesh of by/30 was assigned to the corner portions to explicitly account for the curved geometry, balancing the
prediction accuracy with reasonable computational cost.

To accurately predict the structural behaviour of the modelled specimens, measured geometries and
engineering stress-strain relationships for HSS IHexHS were used, as summarised in Table 1. Material
properties were assigned through the entries available in ABAQUS with elastic and plastic properties modules.
The recorded Young’s modulus £, and Poisson’s ratio of 0.3, were incorporated in the elastic range, while the
measured non-linear stress-strain material properties from the flat coupons and the corner coupons were
converted to the true stress and logarithmic plastic strain following Eqgs. (1) — (2) respectively, and then
incorporated in plastic range. Plastic material model with isotropic hardening was used for modelling the HSS
materials [67, 68].

O-true = O-eng (1 + geng) (1)

e, =In(l+g,,,)~(Tm) )
ES

where oeng and eeng are the engineering stress and engineering strain from tensile coupon tests, £s is Young’s
modulus obtained from the tests, and oire and 3§Lc are the true stress and plastic strain.

As it was observed that the material strength at corner regions of the HSS cold-formed IHexHS was
strengthened through tensile coupon tests due to the strain hardening from press-braking effect, this effect
should be explicitly taken into account for accurate structural analysis. Therefore, the enhanced material
strengths were incorporated into the corner portions by assigning the measured stress-strain relationships to
the corner portions of the FE models. Previous studies also found that the enhancement of the strength was not
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152 Table 1 Summary of the tensile coupon test results.

Specimen Flat coupon Corner coupon
E fy fu &f &u E. fye fuc Efc &u

(GPa) (N/mm?) (N/mm?) (%) (%) (GPa) (N/mm?  (N/mm?) (%) (%)
IHex-70x6-1.45-90 217.1 767 809 14.3 6.1 197.7 825 871 10.6 1.7
IHex-70x6-1.45-135 A -2 -2 -2 -1 198.6 823 853 10.4 1.8
IHex-70x6-1.50-90 203.5 776 818 16.1 6.5 195.4 818 862 11.3 1.5
IHex-70%6-1.50-135 -7 -7 -° -° -1 197.3 815 854 10.6 1.8
IHex-70x6-1.55-90 211.2 772 822 156 6.1 195.6 806 858 9.6 1.5
IHex-70%6-1.55-135 -2 -2 -2 -2 -1 199.8 807 822 10.2 1.5
IHex-70x6-1.60-90 198.1 774 816 158 6.6 193.7 812 857 9.8 1.7
IHex-70%6-1.60-135 -2 -2 -2 -2 -1 201.3 820 869 11.5 2.5
IHex-125%6-1.80-90 206.5 768 825 16.1 6.4 200.2 814 865 10.9 1.6
IHex-125%6-1.80-135 -2 -2 -2 -2 -1 198.3 806 856 11.6 1.7
IHex-125%6-1.60-90 205.1 773 824 164 6.5 199.9 819 872 10.5 1.5
IHex-125%6-1.60-135 -2 -2 -2 -2 -1 209.3 808 860 10.2 1.6
IHex-150%6-1.80-90 204.6 772 821 16.3 6.6 192.2 843 898 10.8 1.6
IHex-150%6-1.80-135 -2 -2 -2 -2 -1 195.6 840 885 12.3 1.8
IHex-160%6-1.90-90 211.2 775 825 156 6.7 202.7 821 868 11.5 1.5
IHex-160%6-1.90-135 -2 -2 -2 -2 -1 208.3 809 847 10.8 1.5
IHex-165%6-1.85-90 201.2 777 829 148 6.2 208.7 805 851 10.9 1.6
IHex-165%6-1.85-135 -2 -2 -2 -2 -1 201.3 801 845 11.5 1.8
IHex-185%6-2.15-90 224.4 782 836 176 6.4 203.5 827 880 11.6 1.7
IHex-185%6-2.15-135 -2 -2 -2 -2 -1 202.0 818 871 12.1 1.9
IHex-185%6-1.90-90 213.1 772 828 15.3 6.6 201.5 822 885 12.2 1.8
IHex-185%6-1.90-135 -2 -2 -2 -2 -1 198.5 819 876 11.5 1.6
IHex-225%6-2.15-90 211.7 780 831 172 64 196.2 818 868 12.2 1.7
IHex-225%6-2.15-135 -2 -2 -2 -2 -1 195.6 809 849 13.5 1.6
IHex-150%x10-1.70-90 211.1 776 817 16.3 5.8 198.8 802 845 11.9 1.9
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IHex-150%10-1.70-135
IHex-160%10-1.50-90
IHex-160%10-1.50-135
IHex-170%10-2.00-90
IHex-170%10-2.00-135

199.5
197.5
203.5
198.5
202.4

810
824
821
825
822

863
879
878
872
871

13.1
10.5
10.6
10.2
11.8

1.8
1.6
1.7
1.8
1.9

Note: * denotes the material properties are the same as the specimen with the same designation apart from the numerical suffix.
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limited to the corner portion only, and it can be extended to a distance away from the corner based on the
experimental observations. The extended corner regions with a width of 2¢ were used by Gardner and Nethercot
[69] for cold-formed stainless steel SHS/RHS, 3¢ for HSS SHS/RHS by Ma et al. [30], and 1.5¢ for HSS OctHS
by Chen et al. [S1]. The investigated cold-formed HSS IHexHS in this study featured with different cold-bent
corners of 90° and 135°, the tensile coupon results reported in Liu et al. [49] imply that the effect of the cold-
bent angle on material properties and residual stresses was minimal. Hence, the applicability and suitability of
the corner extension for [HexHS was assessed simultaneously for both 90° and 135°corners. Sensitivity study
was performed to investigate the effect of the extension of the corner region with schematic view as shown in
Fig. 3. It is shown that the assignment of material properties from flat and corner coupons to flat portion and
corner portion without extension yield close agreement with the test results as shown in Table 2 with mean
value of the normalised resistance between numerical value to the tested one N, re/ Nues: = 1.01 with coefficient
of variation CoV = 0.03, similar to the findings in previous studies in Singh et al. [70]. Thus, in this study, the
enhanced strength was assigned to the corresponding corner portions only without any further extension.

ﬁq\‘i,

Extended regions

Extended regions

77
200,
/
7
///// ;
. /)
.|l Corner region o
% y
D
Corner region ———
/) 7
/) 7
/
/¥4 2,

(@) (b)

Fig. 3. Extension of the comner regions in cold-formed HSS IHextHS finite element model (a) Corner
extensions for HSS cold-formed IHexHS corner with angle of 135 degree (b) Corner extensions for HSS cold-
formed IHexHS corner with angle of 90 degree.

Fig. 4. Typical first buckling mode shape generated from Eigenvalue analysis
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Initial imperfection are important parameters influencing the structural performance and ultimate resistance,
which are introduced to the structural components during transportation, fabrication, erection and storage.
Linear elastic buckling analysis was carried out and the lowest elastic buckling eigenmode was selected as the
representative local geometric imperfection profile. Measured initial local geometric imperfection magnitude
was used and scaled to the corresponding imperfection profile from linear perturbation, as shown in Fig. 4.

Furthermore, to simulate the fix-ended boundary conditions concord with the experimental set-up, the
reference points were constrained to the nodes at the edges of the end sections through kinematic coupling
constraints. The reference points were restrained against all other degree of freedoms, except for the
longitudinal displacement at the reference point on the loading side. Displacement-control loading employed
in experiments was simulated by assigning the displacement in longitudinal direction in the RIKS step. Non-
linear geometric option of (*NLGEOM) was activated to allow for large displacement analysis. Typical loading
and boundary conditions of the cold-formed HSS IHexHS stub columns under concentric compression is

Load 1

shown in Fig. 5.

Reference point
(RP-1)

S4R element

Reference point
(RP-2)

Fig. 5. Typical FE mesh, loading and boundary conditions of the cold-formed HSS IHexHS stub columns.

The fabrication processes of cold-forming (press-braking) and welding generate inter-lock residual stresses in
initial state prior to the external loading being applied to the specimens. The effect of the residual stresses
should be accounted for in the FE modelling. The residual stresses can be decomposed into membrane and
bending residual stresses. The bending residual stresses were inherently reintroduced during the straightening
of the slightly curved coupon specimen during tensile coupon tests. Thus, the bending residual stresses were
essentially included in the stress-strain relationship measured from the coupon specimens cut within the cross-
sections of the specimens [52, 54]. Thereafter, the effect of the residual stresses on the structural response of
the model was considered by incorporating the membrane residual stresses into the FE model with the
magnitudes from the predictive model for HSS cold-formed IHexHS proposed in [49], as shown in Fig. 6.
Typical initial stress distribution after incorporating the membrane residual stresses in the FE model is depicted
in Fig. 7, with positive values indicating tensile membrane residual stress and negative values indicating
compressive membrane residual stress.
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239  Fig. 7. Typical membrane and bending residual stresses distributions in the modelled cold-formed HSS cold-
240  formed IHextHS stub column specimen of IHex-150%6-1.80.
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Fig. 8. Comparison of FE models of cold-formed HSS IHexHS stub columns with and without explicit
inclusion of residual stresses (a) Stocky sections of [Hex-70%6-1.45 and IHex-150%10-1.70 (b) Slender
sections of [Hex-150%6-1.80 and [Hex-225%6-2.15

2.3. Validation

The accuracy of the developed FE models was validated by comparing the obtained results in terms of load-
end shortening relationships, failure modes, and ultimate resistances with those obtained from the experimental
results. The FE results of axial load-end shortening curves for five representative (including slender sections
and compact sections) HSS cold-formed IHexHS stub columns, which areI[Hex-70x6-1.45, IHex-125x%6-1.60,
IHex-150%6-1.80, IHex-225x6-2.15 and IHex-150x10-1.70, were compared with the those from the
experimental results.

8000

7000 —FE

6000 4

so0{ /S T ]

4000

Load (kN)

3000
- sesee.  ]THex-225x62.15
Hex-150x6. 180 ]
eX- x6-1.
2000 Hex-13%6-1.60
] 1Hex 70x6-1.45
1000

0 T T T T T T T T
0 2 4 6 8 10 12 14 16 18

End shortening (mm)

Fig. 9. Comparison of experimental and numerical load-end shortening responses of typical cold-formed HSS
IHexHS stub columns.

In addition to the measured initial local geometric imperfections for [HexHS stub columns, imperfection
sensitivity analysis was executed to determine the proper magnitude of the imperfection incorporated to the
model, (i) the measured imperfection value o (ii) #/100 (iii) #/50 (iv) #/10. The sensitively analysis of the cross-
sectional ultimate resistance to initial local geometric imperfection was performed by comparing the ultimate
loads estimated from FE models incorporating different local imperfection amplitudes with those from the stub
column tests, as presented in Table. 2. Mean values of the ratios of N, re/Nyest for the four investigated initial
local imperfection magnitudes are 1.01, 1.03, 1.02 and 1.01 respectively with corresponding CoVs of 0.03,
0.02, 0.02 and 0.03 respectively. The best agreement between the experimental and numerical predictions was
achieved when the imperfection amplitude equal to #/10

The FE models without inclusion of the membrane residual stress were also modelled to compare and illustrate
the necessities to incorporate the membrane residual stresses in FE model. The minimal difference within 2%
was found in the ultimate capacities indicating the inclusion for the membrane residual stress is unnecessary
due to its negligible effect on the structural response, as seen in Table 2. The graphical comparison of the load-
end shortening curves also demonstrates the minimal effect of membrane residual stresses for cold-formed
HSS IHexHS stub columns as shown in Fig. 8(a) for stocky sections and Fig. 8(b) for slender sections. The
comparison also underlines that the effect of membrane residual stresses has relatively larger effect on slender
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sections than stocky sections, primarily attributed to the fact that the stress re-distribution after entering into
the plasticity within the stocky sections.

It is shown in Fig. 9 that the deformation curves predicted from the developed FE models can precisely capture
the cross-sectional ultimate resistances. The curves of load-end shortening between FE and test correlate well
each other. Moreover, the FE models were also able to replicate the failure modes of the HSS cold-formed
IHexHS, as shown in Fig. 10. The failure modes in the form of local buckling generated from the FE model
agreed well with the test observations for I[HexHS stub column specimens. Close agreement on the ultimate
resistances was also obtained with comparative values, with the statistical analysis reported in Table 2. Overall,
the developed FE models can successfully replicate the failure modes and accurately predict the ultimate
resistance of the cold-formed HSS IHexHS stub columns with satisfactory agreements in load-end shortening
responses.

(a) (b)
Fig. 10. Test and FE failure modes for typical stub column specimen (a) Cold-formed HSS IOctHS stub column
specimen [Hex-150%6-1.80 (b) Cold-formed HSS IOctHS stub column specimen [Hex-170x10-2.00.

2.4. Parametric studies

Following the validation of the FE models, extensive parametric studies on cold-formed HSS [HexHS stub
columns were carried out to further generate structural performance data covering a larger spectrum of cross-
sectional slenderness and wider range of steel grades to enhance the data pool.

The full stress-strain curves for steel materials Q460, Q690, and S960 with nominal yield strength of 460 MPa,
690 MPa and 960 MPa measured in Chen et al. [58], Liu et al. [49] and Wang et al. [65] were used. The average
material properties were used with the key material properties adopted in parametric study for both flat and
corner portions reported in Table 3, including the Young’s modulus E, the yield strength f;, the ultimate
strength f,, and the ultimate strain &,. The subscripts of “f” and “c” denote the flat and corner portions of the
cross-sections. The stress-strain curves for specimens with nominal yield strength of 460 MPa and 690 MPa
were generated based on the proposed predictive stress-strain models given in Chen et al. [58] and Liu et al.
[49] whereas the measured curves were used for sections with steel grade with nominal yield strength of 960
MPa. The stress-strain curves of the cold-formed HSS IHexHS employed in parametric studies for both flat
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and corner portions respectively are plotted in Fig. 11.
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Fig. 11. Engineering and true stress-strain curves of cold-formed HSS IHexHS stub columns employed in
parametric study (a) Stress-strain curves of flat portions (b) Stress-strain curves of corner portions.

The investigations for cold-formed HSS SHS columns carried out by Somodi and Kovesdi [85] demonstrate
that there are no clear tendencies depending on the steel grade for imperfection magnitude and the adopted
initial local geometric imperfection value for steel grades among S235 to S960 was 0.76/1000 which is
independent of the steel grade, hence initial geometric imperfection value of /10 was used in parametric studies.

The length of all the specimens were designed as 2.5 times the largest cross-section dimensions, which were
deemed to be short enough to avoid interaction effect from global buckling but sufficiently long to contain the
representative initial local geometric imperfection and residual stresses. In accordance with the design
guideline from Ziemian [88], the length of the tested stub column specimen is suggested to be three times the
largest the largest width of the cross-section for SHS/RHS. However, the IHexHS itself is characterised with
different bending stiffness in different bending axis, which may be susceptible to global buckling around its
minor axis, particularly for sections with a higher aspect ratio. Hence, prior numerical analysis and sensitivity
study was carried out by authors to determine suitable length among 3, 2.5, and 2 times the largest cross-
sectional width of [HexHS. It was found that all HexHS specimens with the length of 3 times the largest cross-
sectional width failed by global buckling in all case (with global imperfection among £/1000, L/500, and
L/250), whereas no global failure is observed for sections with the length taken as 2.5 times the largest cross-
sectional width. The specimens lengths are thereafter designed as 2.5 times the largest cross-section dimensions.
The thickness of the modelled IHexHS was kept constant as 6 mm, and the inner corner radius of the cold-bent
corner of each specimen r; was taken equal to three times of its nominal thickness. In terms of the geometric
dimensions, the clear width of the longer flat portion br and shorter inclined flat portion bs were varied from
48 mm to 300 mm for sections with aspect ratio of 1.0. As for sections with nominal aspect ratio of 1.5 and
2.0, the clear width of the shorter inclined flat portion bs varied between 35 mm and 200 mm for sections with
aspect ratio of 1.5, and between 24 mm and 150 mm for sections with aspect ratio of 2.0, resulting in a wider
cross-section slenderness of b varied between 1.9 and 28.8 and br ranging between 8.3 and 28.8. A total of
1350 FE models were conducted in the parametric studies.
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Table 2 Comparison of the experimental and numerical results.

Specimen Cross- Nure/ Nutest Nure/ Nutest Nure/ Nutest

section

Imperfection amplitudes Corner extension Membrane residual
imp=wmo stress
®o /100 /50 /10 Without Extended to Extended to Yes No
t 1.5¢ imp=mo imp=wo

IHex-70%6-1.45 [HexHS 1.03 1.05 1.03 1.01 1.03 1.04 1.05 1.01 1.03
IHex-70%6-1.50 [HexHS 1.00 1.03 1.00 0.99 1.00 1.02 1.03 0.98 1.00
[Hex-70%6-1.50# [HexHS 1.00 1.03 1.00 1.00 1.00 1.02 1.03 0.98 1.00
IHex-70%6-1.55 [HexHS 1.01 1.04 1.01 1.00 1.01 1.03 1.04 1.00 1.01
IHex-70%6-1.55# [HexHS 1.01 1.03 1.01 1.00 1.01 1.03 1.04 0.99 1.01
IHex-70%6-1.60 [HexHS 1.01 1.05 1.03 1.01 1.01 1.04 1.05 0.99 1.01
IHex-125x%6-1.80 [HexHS 1.02 1.04 1.03 1.02 1.02 1.04 1.04 1.00 1.02
IHex-125%6-1.80# IHexHS 1.02 1.04 1.03 1.02 1.02 1.04 1.04 1.01 1.02
IHex-125x%6-1.60 [HexHS 1.04 1.06 1.05 1.04 1.04 1.06 1.06 1.03 1.04
IHex-150x%6-1.80 [HexHS 1.02 1.03 1.02 1.02 1.02 1.04 1.04 1.02 1.02
IHex-160x%6-1.90 [HexHS 1.05 1.06 1.05 1.05 1.05 1.05 1.05 1.05 1.05
IHex-160%6-1.90#  IHexHS 1.05 1.06 1.05 1.05 1.05 1.05 1.05 1.05 1.05
IHex-165x%6-1.85 [HexHS 1.05 1.07 1.05 1.05 1.05 1.06 1.06 1.05 1.05
IHex-185%6-2.15 [HexHS 1.06 1.08 1.06 1.06 1.06 1.07 1.07 1.06 1.06
IHex-185x%6-1.90 [HexHS 1.01 1.03 1.01 1.01 1.01 1.02 1.02 1.01 1.01
IHex-225%6-2.15 [HexHS 1.03 1.05 1.03 1.03 1.03 1.04 1.04 1.03 1.03
IHex-225%6-2.15# IHexHS 1.04 1.06 1.04 1.04 1.04 1.04 1.04 1.04 1.04
IHex-150x10-1.70 ~ IHexHS 1.00 1.02 1.00 0.98 1.00 1.02 1.02 0.99 1.00
IHex-160x10-1.50  IHexHS 1.02 1.04 1.02 1.00 1.02 1.03 1.03 1.00 1.02
IHex-170x10-2.00  IHexHS 1.00 1.03 1.00 0.97 1.00 1.02 1.02 0.98 1.00

Mean 1.01 1.03 1.02 1.01 1.01 1.02 1.03 1.00 1.01

CoV 0.03 0.02 0.02 0.03 0.03 0.02 0.02 0.03 0.03
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Table 3 Key material properties adopted in parametric study.

References Steel grade Flat portion Corner portion
E; Iy Ju &u Ese Je Jue Euc
(N/mm?) (N/mm*) (N/mm?) (%) (N/mm?) (N/mm?) (N/mm?) (%)
Liu et al. [49] Q460 213900 581 669 11.7 198200 735 776 1.33
Chen et al. [58] Q690 210000 770 825 6.5 200000 815 845 1.75
Wang et al. [65] S960 204500 946 1007 5.5 204000 1033 1174  2.50

3. Evaluation of the existing design methods
3.1 General

In this section, the applicability of the design provisions stipulated in design codes of Eurocode 3, namely EN
1993-1-1 [59], EN 1993-1-5 [60], EN 1993-1-12 [61], and the North American code of ANSI/AISC 360-16
[62] as well as the Australian code of AS 4100 [63] were assessed for cold-formed HSS ITHexHS stub columns
under concentric compression. In addition to the design codes, newly developed design approaches of the
Direct Strength Method (DSM), Continuous Strength Method (CSM) as well as General Slenderness
Resistance Method (GSRM) were also considered and evaluated for their suitability to be applied for predicting
the strength of cold-formed HSS IHexHS under pure compression.

3.2 Assessment on cross-section classification

In the design framework of EN 1993-1-1, the sections which can attain the yield of Af; under compression are
classified as Class 1- 3 whereas the sections failed due to local buckling prior to sectional yielding are classified
as Class 4. In cross-section classification methodology in AISC 360-16 and AS 4100, the slender sections can
be considered as the corresponding class as Class 4 and non-slender sections are those sections corresponding
to Class 1-3 in Eurocode 3 (EC3). To take the differences of the material strengths into account, material related
parameters of ercs = (235/1,)", earsc= (E/£;)", and easai00 = (250/£,)* are used in these three codes respectively.
Different from these three codes, design standard of AISI S100 [71] and AS/NZS 4600 [72] adopt the parameter
Jp = (fy/fa)"” as the cross-section slenderness, where f., is the elastic local buckling, global buckling and
distortional buckling stress which can be determined through the numerical analysis such as finite strip
software CUFSM [73] or ABAQUS [64]. For better comparison purposes, harmonization of the yield
slenderness limits value from design codes and design approaches were made that the normalised plate
slenderness value Jim = (b/£)(f;/E)*> was used as a standardised form, the transformed yield slenderness limits
are provided in Table 4. After transformation, similar and close yield slenderness limits are derived from EN
1993-1-12, AISC 360-16 and AS 4100 with 1.405, 1.400 and 1.414 respectively and relatively smaller
magnitude of 1.280 is provided from AISI S100-16 and AS/NZS 4600. The Eurocode of EN 1993-1-5 [60]
specifies the effective width equations with cross-section slenderness limit of A_p =0.673 stipulated for those
Class 4 (Slender) sections subject to local buckling. The original dimension width b is thus reduced to the
effective width of bes, leading to the effective compressive resistance becomes at Acffy, where Aefr is the
effective area of the section. Analogous to the EN 1993-1-5, the design codes of AISC 360-16 and AS 4100
also specify the design system to consider the sections experiencing local buckling, albeit the expressions are
different with different boundaries limit.
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In parallel with the assessment on design codes, design approaches such as DSM, CSM, and GSRM, were also
assessed. Although cross-section classification is not necessary in design approaches such as DSM, CSM and
GSRM, the slenderness limit of 4, = 0.77 as the threshold value for conventional sections was also assessed
for their accuracy and appropriateness to [HexHS. DSM specifies that cross-section with slenderness limit 4,
greater than 0.77 cannot reach the yield load, whereas limit value of 0.68 is provided by CSM. Note that the
generalised cross-sectional slenderness A is adopted by GSRM, with detailed determination summarised in
Table 4 and the sub-section of 3.3.2. The design approach of GSRM provides relatively smaller yield limits
with A= 0.5 (with Aim = 0.945) compared with the other design approaches and design codes. Based on the
graphical comparison results, 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, as
shown in Fig. 12. Note that the distinct structural behaviours are caused by different aspect ratios. It can be
concluded that the current stipulated slenderness limits were not suitable and cannot be extended to cover the
cross-section classification of cold-formed HSS IHexHS. Similarly, the converted yield slenderness from the
design approaches of DSM, CSM also show overly estimated cross-section classification, except for the GSRM,
of which more accurate section yielding slenderness limit is specified. Based on regression analysis and
graphical assessment, a new cross-section slenderness yield limit value of /Tp =0.55 (Aiim = 1.045) is proposed
for cold-formed HSS IHexHS under pure compression.

14 1.4
! I
i X IHexHS FE i ® IHexHS Test
124 1 | - EN1993-1-1 12 i ¥ IHexHS FE
H Aspectatio | .. EN 1993-1-5 H Aspect ratio B e
! =20 —— AS 4100 ! 50 - - - EN 1993-1-1
’ - 3-1-5
1.0 —-— AISC 360-16 1.0 4 Jorosnn
: —-— AS4100
b, —— AISIS100-16 .~ AISC 360-16
08 ik and AS/NZS 4600 - |
o i o o8 i —— AISI 8$100-16
=7 i . Py 2‘= i and AS/NZS 4600
0.6 i [ 06 i oot
i RN - ! CSM
i >, 1 Aspect [} . \
o 1 ASpeCt v patio i i i
: i ratio =15 0.4+ . \ \
H =10 ! Aspect ' Aspect
! | ratio ratio
0.2 Class 1-3 | | Class4 02+ Classl-3 || Classd  _ ), =15
Non-slender i Slender | Non-slender ' Slender
0.0 , — il . T . T 0.0 — 4 - T T
0 1 2 3 4 0 1 2 3 4 5
03
b/t (f/E) bl (f /E)™
(a) (b)
1.4
1
i X IHexHS
124 i Aspect ratio * v - EN1993-1.1
i 50 -~ - - EN 1993-1-5
. == AS 4100
1.0 ) —-— AISC 360-16
"—,j" —— AISI S100-16
“Ios ! and AS/NZS 4600
I ! ——DSM
= ! —CSM
0.6 1
i 5
- - \\
0.4 4 ! N \
] ! '
i Aspect ' Aspect
0.2 Class 13 | Class 4 :’atlo ratio
Non-slender | Slender =10 =15
0.0 —11 . ; ; T
0 1 2 3 4 5 6
b/t (fIE)*?
(©) v

Fig. 12. Assessment of the cross-section classification yield limit from design codes and design approaches for
cold-formed HSS IHexHS under pure compression (a) IHexHS with nominal yield strength of 460 MPa (b)
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429  IHexHS with nominal yield strength of 690 MPa (c) [HexHS with nominal yield strength of 960 MPa.

430
431

432 Table 4 Summary of the cross-section yield slenderness limits for the internal plate element.

Design standards Yield slenderness limits Atim
and methods
EN 1993-1-1 b/t<42epc3, Epc3 =235/ f,, E=210GPa 1.405
ANSUAISC blt<1.40ea1sc, Epge=+/E/ fy, E =200 GPa 1.400
360-16
— b/t
EN 1993-1-5 A= <0.5+4/0.085-0.055y, w =1, gp; =4/235/ f,, k=4, E=210 GPa 1.279
P 2840k ' !
AS 4100 bIt<14easaion, Epspon=y250/ f,, E=200GPa 1.414
AISI5100-16 =[f./f. <0.673, f.=4 E Ly, £=200Gp 1.280
= <0673, j,=4——- (=), E= a .
AS/NZS y' S 120-v*) b
DSM =/, ! f« £0.776, E =200 GPa 1.470
CSM =Jf, / fo £0.68, E =200 GPa 1.290
= = 1+ .
GSRM AL=, /Rpl IR, , AL <05+~40.25-4,4=0.225+0.025y, i swithy, =y, =1 0.945
433
434
435 3.3 Cross-sectional compression resistances
436
437  3.3.1 Assessment on design codes
438
439  Following the assessment of the cross-section classification, the evaluation of the design specifications for
440  cross-sectional resistance under pure compression in design codes are presented in this section. As introduced
441  in sub-sections of 3.1 and 3.2, the effective width method (EWM) is used in current design codes in EN 1993-
442 1-5[60], ANSI/AISC 360-16 [62], and AS 4100 [63] for cross sections subjected to local buckling failure prior
443  to the attainment of yielding. Though the effective width concept used in structural steel design codes is
444 currently applicable for traditional profile such as RHS/SHS, previous studies demonstrated that the plate
445  buckling theory for the internal compression element in SHS/RHS can be extended to the internal plate
446  members of OctHS/IOctHS [51, 52]. It is therefore considered to be suitable and applicable to extend and
447  modify the EWM to IHexHS based on research data of the cross-section. The design formulae codified are
448  briefly introduced and compared in this section. The effective width method and formulae given in EN 1993-
449  1-5[60] are as follows in Egs. (3) — (4). The reduction of the whole area to the effective area of the slender
450  plate elements is dependent on the boundary conditions, stress gradients, and dimensions.

M-16/43



451

452
453
454

455

456
457
458
459
460

461

462

463

464
465
466
467
468
469

470

471
472
473
474

475

476

1 for 1, <0.5++/0.085—0.055y

beff,Ecs )= (3)

b |22 m00956HY) 75 0.5+ 0.085-0.055y

Ap

where /Tp is the plate slenderness specified in accordance with EN 1993-1-5 [60], ks is the buckling factor
taken as 4 for internal plate element in compression, y is the stress distribution factor with y = 1 for elements
under pure compression.

—_ bt "
" 284s,,\Jk,

In the North American Specification ANSI/AISC 360-16 [62], cross sections in which the width-to-thickness
ratio of any compression plate element is greater than the limiting width-to-thickness ratio are defined as
slender sections. For axial compression members with slender plate elements, the cross-sectional resistance
can be derived based on the effective width begraisc, as expressed by Egs. (5)-7).

F
1 for b/t < A, |—
beff,Alsc _ F“ (5)
b F
(1-¢ £y ) ﬂ for b/t > A, .
F, N F, F,
A v
F.=(c,—)F 6
el ( 2 b/[) y ( )
o 1-J1-4c, ™
? 2¢,

Ar is the limiting width-to-thickness ratio of the plate, F is the elastic local buckling stress of the uniform
compression plate element, ¢; and ¢, are the effective width imperfection adjustment factors, for the cold-
formed [HexHS sections, the ¢; = 0.20 and ¢, = 1.38 for walls of square and rectangular hollow sections were
used. F is the critical stress of the compression members with non-slender element sections which can be
determined following Eq. (8).

F)’
(0.658")F, for KL/r<4.71 /?
F, = ! (®)

0.877F, for KL/t >4.71 F£
\ £,

where K is the effective length factor, L is the member length, 7 is the radius of gyration about the bending
axis, FE is the elastic modulus of steel, F. is the elastic critical stress of the compression member, F, =
m’E/(KL/r)*. Substituting and arranging the above formulae, the effective width method in the form of the
limiting width to thickness ratio A aisc instead of plate slenderness can be derived, as follows, in Eq. (9).

b 1382, usc 0.382 s’

effAISC

b A A
As for the Australian Standard of AS 4100 [63], the effective width b¢ asai00 for slender sections failed due to

©)
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elastic local buckling under compression is used to determine the effective area A.f. The effective width
method stipulated in AS 4100 [63] uses material related coefficient of easaioo = (250/£;)™* and width to thickness
ratio b/t, as shown in Eq. (10).

beff,AS4100 _ 40

b bl (1€ xs4100)

(10)

As seen in Fig. 13, all design codes provide over-conservative predictions for the relatively stocky sections for
all the investigated steel grades, as the sections are only considered to achieve the yield load without strain
hardening development. For relatively slender sections, slightly over-predicted cross-section strengths were
observed from the existing design standards of EN 1993-1-5 and AISC 360-16, whereas conservative
predictions were provided by AS 4100. For sections with aspect ratio higher than 1.0, all the design codes
generate over-conservative predictions, as those sections (with nominal aspect ratio of 1.5 and 2.0) largely
benefit from the element interaction effect, showing highly increased cross-sectional increased resistances. For
the sections with intermediate slenderness with 4, ranging between 0.55 and 0.68, marked over-predicted
resistances were obtained due to the inappropriate cross-section classification yield limits.
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Fig. 13. Assessment of the effective width methods from design codes for cold-formed HSS IHexHS under
pure compression (a) [HexHS with nominal yield strength of 460 MPa (b) [HexHS with nominal yield strength
of 690 MPa (c) [HexHS with nominal yield strength of 960 MPa.
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The normalised load ratio between ultimate resistance to the predictions is also plotted against the section
slenderness in a form of b/te as shown in Fig. 14 — Fig. 16. The mean values of Ny/Ny,pred Obtained from EC 3,
AISC 360-16, AS4100 are 1.01, 1.00, and 1.03 with corresponding CoVs of 0.048, 0.059, and 0.037
respectively for sections with nominal yield strength of 460 MPa, and 0.99, 0.98, and 1.03 for sections with
steel made from nominal yield strength of 690 MPa as shown in Table 5 — Table 7. For sections made of 960
MPa steel, the mean values of Ny/Nuy,pred are 1.00, 1.07, and 1.03 with corresponding CoVs of 0.067, 0.066, and
0.043 respectively for all the specimens. In general, design codes of EC 3 and AISC yield slightly
unconservative predictions than AS 4100 for sections with aspect ratio of 1.0.and the unsafe predictions for
slender section may lead to unsafe design which need to be improved.
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Fig. 14. 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 (c) 960 MPa.
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Fig. 16. 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 (c) 960 MPa.

3.3.2 Assessment on DSM, CSM, and GSRM

In addition to the design standards, design approaches of DSM, CSM and GSRM were also evaluated and
developed for its application to cold-formed HSS IHexHS. It is known that these design approaches can be
applicable to arbitrary cross sections without tedious procedure in finding the effective area of the buckled
sections [73]. For design approach DSM, the sections can attain the yield load when the cross-section are
smaller than 4, = 0.776, for those sections with cross-section slenderness limit 4, > 0.776, the predicted strength
could be determined following the equation expressed by Eq. (11).

f,4 for 2, <0.776
Npgu= . 11
DSM 1—%)ﬁfyA for 4, >0.776 (1n
p p

Analogous to the DSM, design approach of CSM, accounting for the strain hardening of the metallic material
and the effect of the element interaction, is developed based on the deformation capacity of the specimen. It
replaces the traditional classification system with a continuous relationship between the section slenderness
and deformation capacity [74, 75]. The CSM was originally developed mainly addressing for the strain
hardening behaviour of stainless steel [76], extending to the design of carbon steel sections for both hot-rolled
sections and cold-formed sections [77, 78] as well as hybrid sections [79]. To assess the strength predictions
from CSM against the experimental and numerical results, the base curve developed by Lan et al. [80] available
for the commonly used tubular sections SHS/RHS made from HSS were employed in this study, as given in
Eq. (12). CSM material model for HSS cold-formed steel proposed by Buchanan et al. [81] was adopted.

€esm — 0319:' < mln(ls)ﬁ) for A <0.68
& A 2 ’
y P y (12)
Eim 0219, 1
. =(1- PEE ) 7 1o for /1? >0.68
y P P

where (ecsm/gy) 1s the deformation capacity, ecsm 1s the CSM limiting strain, ¢, is the yield strain equals to f,/E.
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Two typical material model developed by Yun and Gardner [82] are applicabile to CSM design, (i) qual-linear
model for commonly used hot-rolled steels and (ii) bi-linear model which can represents the rounded response
of cold-formed steel, as shown in Fig. 17. To calculate the cross-section strength from CSM, the CSM limiting
stress fesm needs to be derived based on CSM strbain. For quad-linear material model, the expressions given in
Eq. (13) originally developed for hot-rolled steel by Yun and Gardner [82] and bi-linear model employed in
[82] was used in this study, as shown in Eq. (14)

Ee., fore, <e,
f;sm = f;/ for 8y < 8csm < gsh (13)
f;/ + Esh< 8csm - gsh) for gsh < gcsm < C'l“:"u
i Ee, forg, < g, (14)
csm
1+ E (e . —€4) fore, <g, <Ceg,

where E is Young’s modulus, f; is the yield stress, &, and e, are the strains at the yield and ultimate stresses,
respectively, & is the strain hardening strain defined as the end of the yield plateau after which the strain
hardening initiates, Ci&, represents the strain at the intersection point of the third stage of the model and the
actual stress-strain curve. Moreover, the other material coefficients C, is used to define the strain hardening
modulus of Eg, as given in Eq. (15).

The hardening modulus of £y, can be determined according to Eq. (16) with material coefficients C..

A,

Cye, —¢,

sh 15)

The numerical models with plates of nominal yield strength 460 MPa featured sharply defined yield plateau
for the material properties from flat portions, thus the quad-linear material model was used. For the corner
portions of 460 MPa steel plates and the both flat and corner portions of specimens with steel plates made of
690 MPa and 960 MPa, bi-linear material model was employed. The equation of cross-section strength from
CSM is as follows in Eq. (16),

fomd for 4, <0.68
N =

so =\ Zem 4 for > 0.68 (16)

&y

The design approach of generalised slenderness-based resistance method (GSRM) was developed to better
understand the structural behaviour of the commonly used hollow sections [83]. The developed approach was
originally developed with reference to the basic form of Winter’s formulae with proposed design equations as
given in Eq. (17) and Eq. (18). The parameter 4 was calibrated to the results of the experimental and numerical
investigations. The calibrated parameter 4 is also correlated with the stress ratios ¥) and ¥, where ¥ and ¥,
indicate the loading conditions with ¥; = ¥, = 1.0 for hollow sections under compression.
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For cold-formed sections, the linear functions were determined through calibration as given in Eq. (18).

A=0.225+0.025p, ”T‘/’l (18)

The comparisons implies that both DSM and GSRM provide over-conservative predictions for the relatively
stocky sections for all the investigated steel grades, as the sections are only considered to achieve the yield
load without strain hardening development, whereas the CSM generate more accurate results for stocky
sections as anticipated since it can account for the materials strain hardening. For relatively slender sections,
remarkedly over-predicted cross-section strengths were observed from the DSM, whereas close predictions
were provided by CSM and GRSM. It should be noted that the discussions were evidenced and mainly focused
on sections with nominal aspect ratio of 1.0. For sections failed due to elastic local buckling with nominal
aspect ratio of 1.5 and 2.0, all design approaches yield over-conservative predictions as those sections were
largely benefited from the constituent plate interaction effect, as shown in Fig. 18.

Stress Stress Specified maximum point —.
Specified maximum point f S
\ u o
-
A :
.
_— f; |
. | ] Ey
Esh
E
_ Experune;lt;l curve dl Fxperimental curve
E CSM quad-linear mods CSM bi-linear model
g &g Cigy Oy g, Strain 0.2% &y Cie, Cye, Strain
(a) (b)

Fig. 17. Material model for design approach of CSM (a) Qual-linear material model for stress-strain curve with
yield plateau and sharply defined yield point (b) Bi-linear material model for stress-strain with typically
rounded response without yeild plateau.
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Fig. 18. Assessment of the design approaches for cold-formed HSS IHexHS under pure compression (a)
IHexHS with nominal yield strength of 460 MPa (b) IHexHS with nominal yield strength of 690 MPa (c)
IHexHS with nominal yield strength of 960 MPa

The normalised ratio is plotted against the section slenderness in a form of 4, as seen in Fig. 19 — Fig. 21. The
mean values of Nu/Ny,pred Obtained from design approaches of DSM, CSM, and GSRM for Q460 sections are
1.01, 1.06, and 1.09 with corresponding CoVs of 0.056, 0.049, and 0.056 respectively. The mean values of
No/Ny,prea for sections with nominal aspect ratio of 1.0 are 0.97, 1.02, and 1.05 with CoVs of 0.060, 0.015 and
0.041 respectively, as presented in Table 5 - 7. The graphical comparison further elucidates and evidences the
conservate results of DSM for stocky sections (aspect ratio = 1.0) and unsafe predictions for slender sections
(aspect ratio = 1.0). In comparison to DSM, CSM and GSRM provide more accurate predictions for slender
sections as shown in Fig. 18. For sections with nominal aspect ratio of 1.0, the unsafe predictions from DSM
for slender section will lead to unsafe design, underlying the necessities to modify the current DSM design

formulae.
2.0 2.0
X THexHS DSM X IHexHS DSM
1.5 154
Z Z *
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= =
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Fig. 19. 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 (c) 960 MPa
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Fig. 20. 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 MPa (c) 960 MPa
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Fig. 21. Comparisons of experimental and numerical results with strength predictions from design approach
of GSRM for sections with nominal yield strength (a) 460 MPa (b) 690 MPa (c) 960 MPa

4. Modifications on current design rules and design approaches
4.1 Modified Eurocode 3 (EC3)

The evaluation of the EWM reveal either unconservative or conservative predictions were obtained for the
investigated specimens. As the concept of the effective width method is adopted in all structural steel design
codes, improvements are mainly made with the focus on EC 3 specifications. It is of worthy noted that slender
sections exhibit similar structural behaviour irrespective of steel grades as shown in Fig. 22 whereas the
distinctions are observed for stocky sections with strain hardening due to the different material properties.
Design modifications based on effective width from EN 1993-1-5 is developed and proposed in this section.
The coefficients were modified based on regression analysis focusing on sections with aspect ratio of 1.0 as
lower bound, with design formulae shown in Eq. (19).
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The proposed design formulae with modified coefficients are plotted in Fig. 13 in line with the original
effective width curve stipulated in design codes for various steel grades with notified improvement. Based on
the modified formulae, the mean values of No/Nu,ec3” are 1.00, 1.00 and 1.00 with corresponding CoVs 0.038,
0.037, and 0.047 respectively for steel grades of 460 MPa, 690 MPa and 960 MPa respectively, as shown in
Table 5 — Table 7. It should be noted that the original EWM provides conservative predictions for stocky
sections as the strain hardening effect is not accounted for whereas overly-predicted cross-sectional resistance
are obtained for slender sections. Therefore, the relatively higher normalised load ratio of Nu/Npreq counteracted
with the lower one, leading to somehow neutralised value with mean value much closer to the unity.

Conservative ! Non-conservative

region YJleldmglsectmns ) region
| with strain hardening

0.4 Proposed EC3 K .................
- [ — .
! Locally buckled sections
Class 1-3 | Class 4 > 460 MPa

0.2 > 690 MPa
Non-slender | Slender X 960 MPa
0.0 . . . . . . r . .
0.0 0.5 1.0 1.5 2.0 25
y 05
b/t (fE)

Fig. 22. Comparison of the normalised resistance between experimental (numerical) tested results to yield load
with various steel grades.

4.2 Modified DSM

For the original DSM design provisions specified in AISI S100-16 [71], no consideration was made for the
effect of the material strain hardening for sections undergoing significant plastic deformation, of which strain
has developed into hardening stage, particularly for cold-formed stub column sections. To improve the design
predictions for stocky sections, new formulae are proposed to tackle the great degree of conservatism by
replacing the original horizontal yield limit with a linear expression comprising sections slenderness, and
correlated factors to account for the material characteristics, as given in Eq. (20).

1+(1-d, A,)d, for A, <0.650
NDSM
=l 0231 (20)
Ny (1 —W)W for /11: > 0.650
p p

where the material coefficients of i and d» are used to account for the effect of the strain hardening of the used
material. Based on regression analysis the coefficients of di and d- are equal to 1.6 and 0.18 for steel grades of
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460 and 690, whereas d; = 1.5 and d» = 0.33 is proposed for sections with 960 MPa steel plates.

The normalised cross-sectional resistances are plotted against the sectional slenderness 4, as shown in Fig. 23.
The mean values of No/Nu,psm for sections with steel grades of 460 MPa, 690 MPa and 960 MPa are 1.01,
1.01, and 1.01 respectively, and the corresponding values of CoV are 0.038, 0.037, and 0.036 respectively.
Recall that the statistical analysis was conducted for both all thecc specimens and sections with aspect ratio of
1.0. The results show that the improved accuracy of the predictions is evidenced by the mean values of the
experimental and numerical strength over the corresponding predicted strength ratio being closer to the unity
and the possession of lower values of CoV.
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Fig. 23. 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 (c) 960 MPa

4.3 Modified CSM

The current base curve adopted in CSM is mainly developed based on the database of conventional tubular
profile as discussed in the sub-section 3.3.2. The applicability of the existing base curve to the cold-formed
HSS IHexHS is questionable, which need to be thoroughly investigated. The CSM base curve for the cold-
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formed HSS HexHS is proposed and plotted with the base curve developed for both normal strength steel and
high strength steel in Fig. 24.

fon 0BT in(15, 9% for 2, <0.61
g, /Ip ‘ &,
(21)
fom _ 023, 1 for 4, > 0.61

=(1- 04901) 0.901
;Lp ﬂp

y

The material models, applicable to HSS cold-formed steel provided in [81, 84] were used and compared with
the adopted material properties. It is noteworthy that the developed material models lack the development of
corner portions due to the very limited data, thus leading to improper presentation of corner section material
features, particularly for 960 MPa steel members, as shown in Fig. 25. The hot-rolled model proposed by Yun
and Gardner [82] yields slightly over-estimated hardening strain. Nevertheless, the degree of the hardening is
comparable to the adopted materials. The CSM curve is thereby improved by shifting the commencing point
of hardening to the tested magnitudes with hardening slope remain unchanged for flat portion of 460 MPa steel.
No modifications were made to CSM material model for 690 MPa sections for both flat and corner portions.
For sections with 960 MPa steel plates, the current material model under-estimated the degree of hardening
which cannot capture the rounded response. Although the close ultimate strengths were derived, the effect of
the under-estimation at early stage was non-negligible as numerous sections cannot reach the strain larger than
2%. Hence, modifications were made to the flat and corner portions models taking account of the reduced
elongation and ductility due to press-braking for corner portions and the ultimate strain was reduced for flat
portions to attain larger hardening stiffness. The normalised cross-sectional resistances are plotted against the
sectional slenderness 4,, as shown in Fig. 26. The mean values of Nu/Nu,csm™ for sections with steel grades of
460 MPa, 690 MPa and 960 MPa are 1.02, 1.02, and 1.02 respectively, and the corresponding values of CoV
are 0.039, 0.031, and 0.025 respectively. The less scattered predictions are evidenced by smaller values of CoV
compared with original CSM and the improved accuracy of the predictions.

20

o IHexHS withf, =960 MPa

e IHexHS with/__ =690 MPa

e IHexHS with/__ =460 MPa
—— CSM base cun;e for HSS
—-—- CSM base curve for NSS
Proposed CSM base curve

Fig. 24. Comparisons of proposed CSM base curve with the tested results.
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Fig. 26. Comparisons of experimental and numerical results with strength predictions from modified design
approach of CSM for sections with nominal yield strength (a) 460 MPa (b) 690 MPa (c) 960 MPa

4.4 Modified GSRM

The modifications were also made to the design approach of GSRM based on the regression analysis with
respect to the equation form of original GSRM with modified coefficients as follows given in Eq. (22)-Eq.
(23). Improved accuracy can be observed in Fig. 27.

NGSRM = 1 4
—GM = (1-=—) for 4 20.5+~/0.25- 4 22)
Ny A A4

/1:0.215+0.025y/2”T‘/’1 (23)

The normalised cross-sectional resistances are plotted against the sectional slenderness 4, as shown in Fig. 27.
The mean values of Nuw/Nu,gsrM for sections (aspect ratio = 1.0) with steel grades of 460 MPa, 690 MPa and
960 MPa are 1.03, 1.03, and 1.04 respectively, which are closer to the unity compared with the original GSRM
which provide 1.05, 1.05, and 1.06 respectively. The obtained corresponding values of CoV are 0.026, 0.024,
and 0.023 respectively. The improvement of accuracy for the modified GSRM is also demonstrated by
comparing the mean value of Nu/Nu,gsrm' for all the specimens, as detailed in Table 5 - Table 7.
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Fig. 27. Comparisons of experimental and numerical results with strength predictions from modified design
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Table 5 Comparisons of numerical results with predicted strengths based on different design methods for IHexHS with nominal yield strength of 460 MPa

No. of Specimen Nu Ny Ny Ny Ny Ny Ny Ny Ny Ny
/Nugcs  /Nuaisc  /Noasatoo /Nupsm /Nucsm /Nugsem /Nupesw  /Nopsm® /Nucsm® /NuGsrM
FE:450
All data Mean 1.01 1.00 1.03 1.01 1.06 1.09 1.03 1.08 1.08 1.11
CoV 0.048 0.059 0.037 0.056  0.049 0.056 0.043 0.075 0.078 0.068
Subset: Mean 0.98 0.97 1.01 0.97 1.02 1.05 1.00 1.01 1.02 1.03
AS=1.0 CoV 0.050 0.063 0.038 0.060  0.015 0.041 0.038 0.038 0.039 0.026
Table 6 Comparisons of numerical results with predicted strengths based on different design methods for IHexHS with nominal yield strength of 690 MPa
No. of Specimen Nu Ny Ny Ny Ny Ny Ny Ny Ny Ny
/Nugcs  /Nuaisc  /Noasaioo /Nupsm /Nucsm /Nugsem /Nupesw  /Nopsm® /Nucsm® /NuGsrM
Test: 20 FE:450
All data Mean 0.99 0.98 1.03 1.01 1.08 1.11 1.03 1.07 1.07 1.10
CoV 0.049 0.140 0.031 0.075  0.068 0.068 0.035 0.072 0.066 0.068
Subset: Mean 0.96 0.95 1.01 0.96 1.02 1.05 1.00 1.01 1.02 1.03
AS=1.0 CoV 0.055 0.067 0.038 0.095 0.015 0.024 0.037 0.037 0.031 0.024
Table 7 Comparisons of numerical results with predicted strengths based on different design methods for IHexHS with nominal yield strength of 960 MPa
No. of Specimen Ny Ny Ny Ny Ny N Ny Ny Ny N
/Nugcs  /Nuaisc  /Nuasaioo /Nupsm /Nucsm /Nugsem /Nupesw  /Nopsm® /Nucsm® /NuGsrM
FE: 450
All data Mean 1.00 1.07 1.03 1.02 1.09 1.14 1.03 1.08 1.08 1.12
CoV 0.067 0.066 0.043 0.076 0.071 0.068 0.050 0.077 0.071 0.069
Subset: Mean 0.96 1.03 1.02 0.96 1.03 1.06 1.00 1.01 1.02 1.04
AS=1.0 CoV 0.067 0.062 0.047 0.074 0.021 0.024 0.047 0.036 0.025 0.023
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5. Reliability analysis

Reliability analysis was conducted in compliance with EN 1990 [85] to quantitatively assess the reliability
level and required partial factor for existing design codes, design approaches, and proposed modified design
approaches for cold-formed HSS IHexHS stub columns under concentric compression. The variability
parameters (i.e., the ratio between the mean and nominal values X/X,, 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 [87]. The material over-strength ratio fymean/fynom = 1.15 was used for HSS Q460
and fy,mean/fy.nom = 1.10 was used for sections with 690 MPa and 960 MPa steel plates, with corresponding CoVs
of 0.045 and 0.035 respectively [87]. The CoV of the geometric properties were taken as 0.009 and 0.025 for
width and thickness respectively. The correction factor  can be derived based on least squares analysis
between the resistance capacities from tests and design predictions from resistance model, as shown in Eq.
(24), where r. is the experimental results and 7, is the theoretical results of the resistance model.

%:r (24)

Vs is the CoV of the FE results relative to the resistance design model, which can be determined as follows, in
Egs. (25) — (26).

=4 eXp(SAZ) -1 (25)
s = 1_2 . lel (26)

n

y =In(5) (27)

where ¢ is the error term which is calculated for each pair data é = r. /br..

The effect of the variability of the geometric and material in resistance function gr(X) are accounted for
through their coefficient of variation parameter V. The calculation of this parameter is shown in Eq. (28)

VAR[g,.(X)] 1 agn
=T x— o) 28
g (X, g X, Z( (28)

V; is the combined CoV incorporating both model and basic variable uncertainties, and ymo is the partial safety
factor for cross section resistance. To determine the partial safety factor, design resistance value needs to be
derived as follows, in Eq. (29).

r,=bg (X, )exp(- kdoo .0, kd,n%Qs_O-SQz) (29)

where o = Ow/Q, a5 = 05/0, O, =~/In(V.,> +1), O, =~/In(V;> +1),and O =./In(V> +1)

The required partial safety factors, denoted as ymo, were calculated for the sections with different steel grades
among 460 MPa, 690 MPa, and 960 MPa steel plates. For each considered steel grade, the dataset was divided
further into subsets based on the aspect ratio of the cross-sections. The values of b, V; and Vs were determined
for each subset and the detailed results of the statistical analysis are presented in Table 8 to Table 10. It is
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concluded that the AS 4100 require lower partial factor than EC 3 and AISC 360-16 for all steel grades. With
respect to the design approaches, CSM and GSRM provide the required partial factors close to the unity,
indicating more reliable predictions than DSM, of which the most scattered predictions were obtained. The
modified EC3 method generate improved reliability compared with the original one with reduced required
partial factor. In terms of the design approaches, modified design formulae provide lower required partial
factors for sections with aspect ratio of 1.0, primarily attributed to the lower values of the Vs determined from
modified methods, leading to notable improvement in cross-section predictions and increased consistency.
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Table 8 Reliability analysis results for HSS IHexHS stub columns under concentric compression with nominal yield strength of 460 MPa.

Steel grade

No. of specimens

Design codes and design methods

Q460

Q460

All data: 470

Sub-set: 150
(AS=1.0)

kd.n

Vs
Vi

YMo

kd.n

Vs
£
YMo

EC3

3.116
0.982
0.055
0.063
1.133
3.160

1.012
0.048
0.057
1.078

AISC 360-16 AS 4100 DSM

3.116
1.055
0.045
0.055
1.026
3.160

1.027
0.058
0.066
1.093

3.116
1.018
0.033
0.046
1.031
3.160

1.002
0.032
0.045
1.045

3.116
0.994
0.065
0.093
1.153
3.160

0.926
0.087
0.093
1.322

CSM

3.116
1.081
0.065
0.072
1.060
3.160

1.006
0.016
0.035
1.008

GSRM

3.116
1.116
0.057
0.065
1.003
3.160

1.038
0.026
0.041
0.996

EC3

3.116
1.012
0.031
0.044
1.032
3.160

0.982
0.027
0.041
1.052

DSM

3.116
1.078
0.065
0.072
1.063
3.160

1.006
0.023
0.039
1.021

CSM

3.116
1.124
0.075
0.081
1.050
3.160

1.005
0.016
0.035
1.009

GSRM"

3.116
1.112
0.035
0.047
0.948
3.160

1.031
0.025
0.040
1.000
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Table 9 Reliability analysis results for HSS IHexHS stub columns under concentric compression with nominal yield strength of 690 MPa.

Steel grade

No. of specimens

Design codes and design methods

Q690

Q690

All data: 470
Test: 20 FE:450

Sub-set: 150
(AS=1.0)

kd.n

Vs
Vi

YMo

kd.n

Vs
Vi

YMo

EC3

3.115

0.973
0.048
0.057
1.121
3.160

1.006
0.046
0.056
1.079

AISC 360-16 AS 4100 DSM

3.115

1.048
0.036
0.068
1.188
3.160

1.006
0.057
0.065
1.113

3.115

1.021
0.029
0.043
1.020
3.160

1.006
0.036
0.048
1.050

3.115

0.982
0.076
0.082
1.207
3.160

0.938
0.067
0.074
1.229

CSM

3.115

1.077
0.066
0.073
1.068
3.160

1.014
0.014
0.035
0.998

GSRM

3.115

1.112
0.067
0.074
1.037
3.160

1.046
0.022
0.038
0.980

*

EC3

3.115

1.018
0.033
0.046
1.031
3.160

0.986
0.028
0.042
1.053

DSM

3.115

1.075
0.071
0.078
1.084
3.160

1.008
0.030
0.044
1.033

CSM

3.115

1.112
0.067
0.074
1.037
3.160

0.998
0.014
0.035
1.014

GSRM"

3.115

1.108
0.050
0.059
0.990
3.160

1.022
0.028
0.042
1.015
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877
878
879
880

881
882

Table 10 Reliability analysis results for HSS IHexHS stub columns under concentric compression with nominal yield strength of 960 MPa.

Steel grade

No. of specimens

Design codes and design methods

S960

S960

All data: 450

Sub-set: 150
(AS=1.0)

kd.n

Vs
v

YMo

kd.n

Vs
Vi

YMo

EC3

3.116
0.969
0.067
0.074
1.188
3.160

0.934
0.060
0.068
1.208

AISC 360-16 AS 4100 DSM

3.116
1.048
0.064
0.071
1.090
3.160

1.012
0.059
0.067
1.111

3.116
1.023
0.043
0.066
1.094
3.160

1.010
0.047
0.057
1.077

3.116
0.996
0.078
0.084
1.194
3.160

0.924
0.067
0.074
1.248

CSM

3.116
1.090
0.069
0.076
1.065
3.160

1.023
0.014
0.035
0.989

GSRM

3.116
1.129
0.066
0.074
1.019
3.160

1.055
0.022
0.039
0.972

*

EC3

3.116
1.014
0.049
0.059
1.080
3.160

0.980
0.042
0.053
1.097

DSM

3.116
1.081
0.075
0.081
1.092
3.160

1.010
0.014
0.035
0.936

CSM

3.116
1.135
0.072
0.078
1.030
3.160

1.015
0.019
0.035
0.997

GSRM"

3.116
1.115
0.023
0.039
0.921
3.160

1.042
0.023
0.039
0.985

M-38/43



883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926

6. Conclusions

A comprehensive numerical investigation into the local buckling behaviour and design of the cold-formed HSS
IHexHS stub columns under concentric compression has been conducted and presented in this paper. The finite
element models were developed firstly and validated against the experimental results for cold-formed HSS
IHexHS. Extensive parametric studies were subsequently conducted using the validated FE models, covering
a larger spectrum of sectional slenderness and steel grades. The obtained numerical results were then used to
assess the accuracy and applicability of the current design codes of Eurocode 3, ANSI/AISC 360-16 and AS
4100 as well as the design approaches including DSM, CSM, and GSRM. Base on the results and discussions
presented in this paper, the following conclusions can be made and summarised as follows:

(a) The current codified slenderness limits in the three structural steel design standards of EN 1993-1-1, AISC
360-16 and AS 4100 cannot be extended to cover the cross-section classification of cold-formed HSS [HextHS
stub columns under compression. A new cross-section slenderness yield limit value of /Tp =0.55 is proposed

for cold-formed HSS IHexHS under pure compression.

(b) All design codes provide over-conservative predictions for stocky sections, and over-predicted cross-
section resistances were provided from the existing design standards of EC3 and AISC 360-16 for slender
sections, whereas conservative predictions were provided by AS 4100 for slender sections.

(c) Compared with design codes, design approach of CSM provide improved accuracy for both stocky and
slender sections, principally due to the more suitable yield limits and the strain hardening effect is accounted

for in strain-based design formulae.

(d) In comparison to design approach of DSM, CSM and GSRM provide more accurate predictions for slender
sections, whereas CSM yield more accurate predictions for stocky sections.

(e) The modified design approaches of DSM, CSM, and GSRM provide more accurate and reliable design than
the original design approaches. The modified DSM can take strain hardening into account, and the
characteristics of the HSS material applicable to DSM need to be further developed.
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