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Abstract 15 
 16 
The local buckling behaviour of cold-formed high strength steel (HSS) irregular hexagonal hollow section 17 
(IHexHS) stub columns under concentric compression is studied numerically in this paper. Finite-element (FE) 18 
models were developed and validated against the experimental data. The validated FE models were employed 19 
to conduct extensive parametric studies. The obtained numerical results together with the experimental data 20 
were used to evaluate the applicability of the existing design codes and design approaches to the cold-formed 21 
HSS IHexHS under concentric compression. The evaluation shows that the current slenderness yield limit 22 
values codified in design codes cannot be applied to cold-formed HSS IHexHS stub columns. The Eurocode 3 23 
(EC3) and the North American code AISC 360-16 provide slightly over-estimated predictions for slender 24 
sections whereas the Australian code AS 4100 yields conservative predictions. For stocky sections, all the 25 
design codes show high degree of conservatism due to the lack of consideration for strain hardening. 26 
Furthermore, design approaches of Continuous Strength Method (CSM) and Generalised Slenderness 27 
Resistance Method (GSRM) have been found to provide more accurate predictions than the Direct Strength 28 
Method (DSM). Modified design approaches are also proposed to improve the accuracy of the strength 29 
predictions.  30 
 31 
Keywords: High strength steel; Local buckling behaviour, Cold-forming effect; Irregular hexagonal hollow 32 
section stub columns; Numerical modelling; design approaches. 33 
 34 
1.  Introduction 35 
 36 
The application of cold-formed high strength steel (HSS) hollow section structures can be observed in various 37 
construction sectors including buildings, bridges, offshore platforms, nuclear, thermal plants as well as the 38 
pipelines and pressure vessels [1]. The HSS can be produced with acceptable ductility and weldability due to 39 
the advancements in material technology and welding techniques. The general tendency of using higher 40 
strength steel can be observed in the construction industry due to the high strength-to-weight ratio which 41 
enables the use of lighter structural components with reduced member sizes as well as decreased costs such as 42 
the transportation fees for using trucks and lifting apparatuses [2].   43 
 44 
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In order to implement the structural components made from high strength steel plates, numerous research 45 
studies have been conducted to investigate the structural performance of the welded and cold-formed HSS 46 
hollow section members subject to realistic loading conditions. In the past years, research efforts have been 47 
made with the focus on conventional tubular members such as the welded box sections [3–17], and open 48 
sections [18–22] under different loading conditions. In addition to the welded sections, hot-rolled (hot-finished) 49 
sections of SHS and RHS have also been studied focusing on the local buckling behaviour at cross-sectional 50 
level [22–27]. Unlike the welded sections and hot-finished sections, cold-formed HSS hollow sections are 51 
becoming increasingly popular due to their simple fabrication route, less energy consumption, as well as the 52 
improved strength induced by cold-rolling or press-braking. Additionally, experimental investigations have 53 
been conducted on cold-formed HSS tubular sections including common sections of square hollow sections 54 
(SHS), rectangular hollow sections (RHS) and circular sections (CHS) [28–35]. 55 
 56 
In recent years, the newly emerged structural systems, such as the modular integrated construction (MIC) or 57 
the modular steel buildings (MSB), propose higher requirement on the versatility of the structural 58 
configurations and connection possibilities. Numerous innovative cross-section types have been developed 59 
and investigated including elliptical hollow sections (EHS) [36-42] and semi-oval hollow sections (SOHS) 60 
[43-46]. In recent years, increasing interests have also been made focusing on the applications of polygonal 61 
sections such as HSS hexagonal hollow sections (HexHS) [47, 48], irregular hexagonal hollow sections 62 
(IHexHS) [49, 50], octagonal hollow sections (OctHS) [51, 52] and irregular octagonal hollow sections 63 
(IOctHS) [53, 54]. Compared with traditional profile and other innovative sections, HexHS/IHexHS and 64 
OctHS/IOctHS feature combined advantages of the higher buckling resistance and easier connection options 65 
with incoming members. The flat surface of the HexHS/IHexHS and OctHS/IOctHS can provide a platform 66 
for operators to conduct welding or bolted-connection with T-stub or gusset plate in comparison to CHS or 67 
EHS, whereas better local buckling resistance can be realised due to the relatively shorter flat width than that 68 
of SHS and RHS if they are delivered with similar perimeters [55–56]. Moreover, the application of the above-69 
mentioned polygonal sections can be formed into the composite columns by infilling the concrete, being 70 
employed as mega column members in high-rise or long-span structures with heavy loads [50]. Despite the 71 
illustrated prominent advantages of HexHS/IHexHS, limited studies have been performed at material, cross-72 
section and member level for HSS HexHS/IHexHS, underlying the necessities to further systematically explore 73 
the structural behaviour of those sections. The material property variations, residual stress distributions and 74 
local buckling behaviour, have been experimentally investigated for HSS cold-formed HexHS with sections 75 
made of Q690 steel grade (nominal yield strength fy = 690 MPa in [47, 48]. Existing experimental investigation 76 
into cold-formed HSS IHexHS can only be found in [49, 50], which present the structural behaviour at cross-77 
sectional level under concentric compression.  78 
 79 
To better understand the structural behaviour and promote the application of HSS IHexHS, numerical 80 
investigations of local buckling performance of cold-formed HSS IHexHS are presented in this paper. The 81 
numerical investigation presented in this paper are primarily based upon the experimental study on 20 HSS 82 
cold-formed IHexHS stub columns with large spectrum of cross-section dimensions (b/t) varying from 3.8 to 83 
34.5. The finite element (FE) models were firstly developed and validated against the collected test results [50]. 84 
Further to the numerical modelling, extensive parametric studies were conducted to generate more structural 85 
performance data to supplement the test data pool, encompassing a larger spectrum of cross-sectional 86 
slenderness and steel grades. The obtained ultimate resistances under concentric compression were used to 87 
assess the suitability of the existing design provisions for structural steels stipulated in EN 1993-1-1 [59] EN 88 
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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 89 
Strength Method (DSM), Continuous Strength Method (CSM), and Generalised Slenderness Resistance 90 
Method (GSRM). It is noteworthy that the design specifications for internal plate members were assessed. 91 
Although HSS design are allowed in these codes, limitations are provided for HSS tubular sections. 92 
Specifically, hollow sections with nominal yield strength not greater than 485 MPa and 450 MPa are allowed 93 
to be designed in AISI/AISC 360-16 and AS 4100. 94 
 95 
2. Numerical investigation 96 
 97 
2.1. General 98 
 99 
A comprehensive numerical investigation to be presented in the following sections includes the finite-element 100 
modelling programme, validation, and parametric studies. The finite-element (FE) models were developed 101 
using the commercially available software package of ABAQUS [64]. The FE model was firstly developed to 102 
replicate the structural performance obtained from experiments reported by Liu et al. [50] for HSS cold-formed 103 
IHexHS stub columns under concentric compression. In [50], a total of 20 Q690 HSS cold-formed IHexHS 104 
stub column specimens with two nominal plate thicknesses of 6 mm and 10 mm under axial compression were 105 
tested. The experimental set-up of the stub column tests with instrumentation is presented in Fig. 1. The 106 
notations defining the geometries of each cold-formed HSS IHexHS stub column are illustrated in Fig. 2, 107 
where H is the height of the cross section, B is the outer width of the IHexHS, BL is the longer edge length of 108 
the IHexHS, bL is the clear width of the vertical flat portion with welding bead excluding the corner regions, 109 
Bs is the shorter edge length, bs is the clear width of an inclined short flat side excluding the corner portions, t 110 
is the nominal thickness of the cross section, ro and ri are the outer and inner corner radius of the cross section 111 
respectively. Subsequently, extensive parametric studies were carried out to generate additional structural 112 
performance data on cold-formed HSS IHexHS stub columns with various cross-sectional slenderness and 113 
steel grades under concentric compression. 114 
 115 

 116 
 117 

Fig. 1. Experimental instrumentation for cold-formed HSS IHexHS stub columns under concentric 118 
compression. 119 
 120 
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 121 
Fig. 2. Cross section of the HSS cold-formed irregular hexagonal hollow sections. 122 

2.2. FE modelling 123 
 124 
This section presents the FE modelling techniques developed for HSS cold-formed IHexHS stub columns. Key 125 
information including the element selection, boundary conditions, mesh size, initial local geometric 126 
imperfections, cold-forming effect, and residual stress effect are discussed and evaluated. The four-noded shell 127 
element with reduced integration (S4R) was employed in modelling HSS cold-formed IHexHS stub columns, 128 
which have been successfully applied in FE modelling to predict the structural responses of various hollow 129 
sections structures with different cross-sectional shapes [54, 66]. In accordance with the preliminary mesh 130 
sensitivity studies, the mesh size was selected with a uniform value of bs/20 for the flat portions and a finer 131 
mesh of bs/30 was assigned to the corner portions to explicitly account for the curved geometry, balancing the 132 
prediction accuracy with reasonable computational cost. 133 
 134 
To accurately predict the structural behaviour of the modelled specimens, measured geometries and 135 
engineering stress-strain relationships for HSS IHexHS were used, as summarised in Table 1. Material 136 
properties were assigned through the entries available in ABAQUS with elastic and plastic properties modules. 137 
The recorded Young’s modulus Es, and Poisson’s ratio of 0.3, were incorporated in the elastic range, while the 138 
measured non-linear stress-strain material properties from the flat coupons and the corner coupons were 139 
converted to the true stress and logarithmic plastic strain following Eqs. (1) – (2) respectively, and then 140 
incorporated in plastic range. Plastic material model with isotropic hardening was used for modelling the HSS 141 
materials [67, 68]. 142 

true eng eng(1 )σ σ ε= +                                  (1)                                                       143 

pl true
true eng

s

ln(1 ) ( )
E
σ

ε ε= + −                               (2)                                               144 

where σeng and εeng are the engineering stress and engineering strain from tensile coupon tests, Es is Young’s 145 
modulus obtained from the tests, and σtrue and pl

trueε are the true stress and plastic strain. 146 
As it was observed that the material strength at corner regions of the HSS cold-formed IHexHS was 147 
strengthened through tensile coupon tests due to the strain hardening from press-braking effect, this effect 148 
should be explicitly taken into account for accurate structural analysis. Therefore, the enhanced material 149 
strengths were incorporated into the corner portions by assigning the measured stress-strain relationships to 150 
the corner portions of the FE models. Previous studies also found that the enhancement of the strength was not151 
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Table 1 Summary of the tensile coupon test results. 152 

Specimen Flat coupon Corner coupon 
  E fy fu εf εu Ec fy,c fu,c εf,c εu 
  (GPa) (N/mm2) (N/mm2) (%) (%) (GPa) (N/mm2) (N/mm2) (%) (%) 
IHex-70×6-1.45-90  217.1 767 809 14.3 6.1 197.7 825 871 10.6 1.7 
IHex-70×6-1.45-135  -a - a - a - a - a 198.6 823 853 10.4 1.8 
IHex-70×6-1.50-90  203.5 776 818 16.1 6.5 195.4 818 862 11.3 1.5 
IHex-70×6-1.50-135  - a - a - a - a - a 197.3 815 854 10.6 1.8 
IHex-70×6-1.55-90  211.2 772 822 15.6 6.1 195.6 806 858 9.6 1.5 
IHex-70×6-1.55-135  - a - a - a - a - a 199.8 807 822 10.2 1.5 
IHex-70×6-1.60-90  198.1 774 816 15.8 6.6 193.7 812 857 9.8 1.7 
IHex-70×6-1.60-135  - a - a - a - a - a 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  - a - a - a - a - a 198.3 806 856 11.6 1.7 
IHex-125×6-1.60-90  205.1 773 824 16.4 6.5 199.9 819 872 10.5 1.5 
IHex-125×6-1.60-135  - a - a - a - a - a 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  - a - a - a - a - a 195.6 840 885 12.3 1.8 
IHex-160×6-1.90-90  211.2 775 825 15.6 6.7 202.7 821 868 11.5 1.5 
IHex-160×6-1.90-135  - a - a - a - a - a 208.3 809 847 10.8 1.5 
IHex-165×6-1.85-90  201.2 777 829 14.8 6.2 208.7 805 851 10.9 1.6 
IHex-165×6-1.85-135  - a - a - a - a - a 201.3 801 845 11.5 1.8 
IHex-185×6-2.15-90  224.4 782 836 17.6 6.4 203.5 827 880 11.6 1.7 
IHex-185×6-2.15-135  - a - a - a - a - a 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  - a - a - a - a - a 198.5 819 876 11.5 1.6 
IHex-225×6-2.15-90  211.7 780 831 17.2 6.4 196.2 818 868 12.2 1.7 
IHex-225×6-2.15-135  - a - a - a - a - a 195.6 809 849 13.5 1.6 
IHex-150×10-1.70-90  211.1 776 817 16.3 5.8 198.8 802 845 11.9 1.9 
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 153 
 154 
 155 
 156 
 157 
 158 
Note: a denotes the material properties are the same as the specimen with the same designation apart from the numerical suffix.  159 
 160 
 161 
 162 
 163 
 164 
 165 
 166 
 167 
 168 
 169 
 170 
 171 
 172 
 173 
 174 
 175 
 176 
 177 
 178 
 179 
 180 
 181 
 182 

IHex-150×10-1.70-135  - a - a - a - a - a 199.5 810 863 13.1 1.8 
IHex-160×10-1.50-90  206.5 775 826 15.3 6.2 197.5 824 879 10.5 1.6 
IHex-160×10-1.50-135  - a - a - a - a - a 203.5 821 878 10.6 1.7 
IHex-170×10-2.00-90  202.6 779 827 16.3 6.5 198.5 825 872 10.2 1.8 
IHex-170×10-2.00-135  - a - a - a - a - a 202.4 822 871 11.8 1.9 
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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 183 
experimental observations. The extended corner regions with a width of 2t were used by Gardner and Nethercot 184 
[69] for cold-formed stainless steel SHS/RHS, 3t for HSS SHS/RHS by Ma et al. [30], and 1.5t for HSS OctHS 185 
by Chen et al. [51]. The investigated cold-formed HSS IHexHS in this study featured with different cold-bent 186 
corners of 90° and 135°, the tensile coupon results reported in Liu et al. [49] imply that the effect of the cold-187 
bent angle on material properties and residual stresses was minimal. Hence, the applicability and suitability of 188 
the corner extension for IHexHS was assessed simultaneously for both 90° and 135°corners. Sensitivity study 189 
was performed to investigate the effect of the extension of the corner region with schematic view as shown in 190 
Fig. 3. It is shown that the assignment of material properties from flat and corner coupons to flat portion and 191 
corner portion without extension yield close agreement with the test results as shown in Table 2 with mean 192 
value of the normalised resistance between numerical value to the tested one Nu,FE / Nu,test = 1.01 with coefficient 193 
of variation CoV = 0.03, similar to the findings in previous studies in Singh et al. [70]. Thus, in this study, the  194 
enhanced strength was assigned to the corresponding corner portions only without any further extension. 195 

(a)       (b)  196 
 197 

Fig. 3. Extension of the corner regions in cold-formed HSS IHextHS finite element model (a) Corner 198 
extensions for HSS cold-formed IHexHS corner with angle of 135 degree (b) Corner extensions for HSS cold-199 
formed IHexHS corner with angle of 90 degree. 200 
 201 

 202 
Fig. 4. Typical first buckling mode shape generated from Eigenvalue analysis 203 
 204 



M-8/43 
 

Initial imperfection are important parameters influencing the structural performance and ultimate resistance, 205 
which are introduced to the structural components during transportation, fabrication, erection and storage. 206 
Linear elastic buckling analysis was carried out and the lowest elastic buckling eigenmode was selected as the 207 
representative local geometric imperfection profile. Measured initial local geometric imperfection magnitude 208 
was used and scaled to the corresponding imperfection profile from linear perturbation, as shown in Fig. 4.  209 
 210 
Furthermore, to simulate the fix-ended boundary conditions concord with the experimental set-up, the 211 
reference points were constrained to the nodes at the edges of the end sections through kinematic coupling 212 
constraints. The reference points were restrained against all other degree of freedoms, except for the 213 
longitudinal displacement at the reference point on the loading side. Displacement-control loading employed 214 
in experiments was simulated by assigning the displacement in longitudinal direction in the RIKS step. Non-215 
linear geometric option of (*NLGEOM) was activated to allow for large displacement analysis. Typical loading 216 
and boundary conditions of the cold-formed HSS IHexHS stub columns under concentric compression is 217 
shown in Fig. 5. 218 

 219 
Fig. 5. Typical FE mesh, loading and boundary conditions of the cold-formed HSS IHexHS stub columns. 220 
 221 
The fabrication processes of cold-forming (press-braking) and welding generate inter-lock residual stresses in 222 
initial state prior to the external loading being applied to the specimens. The effect of the residual stresses 223 
should be accounted for in the FE modelling. The residual stresses can be decomposed into membrane and 224 
bending residual stresses. The bending residual stresses were inherently reintroduced during the straightening 225 
of the slightly curved coupon specimen during tensile coupon tests. Thus, the bending residual stresses were 226 
essentially included in the stress-strain relationship measured from the coupon specimens cut within the cross-227 
sections of the specimens [52, 54]. Thereafter, the effect of the residual stresses on the structural response of 228 
the model was considered by incorporating the membrane residual stresses into the FE model with the 229 
magnitudes from the predictive model for HSS cold-formed IHexHS proposed in [49], as shown in Fig. 6. 230 
Typical initial stress distribution after incorporating the membrane residual stresses in the FE model is depicted 231 
in Fig. 7, with positive values indicating tensile membrane residual stress and negative values indicating 232 
compressive membrane residual stress.  233 
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 234 
Fig. 6. Predictive model of membrane and bending residual stresses distributions and amplitudes (in MPa) in 235 
modelled cold-formed HSS IHextHS stub columns [49]. 236 
 237 

 238 

Fig. 7. Typical membrane and bending residual stresses distributions in the modelled cold-formed HSS cold-239 
formed IHextHS stub column specimen of IHex-150×6-1.80. 240 

      241 
(a)                                          (b)   242 
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Fig. 8. Comparison of FE models of cold-formed HSS IHexHS stub columns with and without explicit 243 
inclusion of residual stresses (a) Stocky sections of IHex-70×6-1.45 and IHex-150×10-1.70 (b) Slender 244 
sections of IHex-150×6-1.80 and IHex-225×6-2.15 245 
 246 
2.3. Validation 247 
 248 
The accuracy of the developed FE models was validated by comparing the obtained results in terms of load-249 
end shortening relationships, failure modes, and ultimate resistances with those obtained from the experimental 250 
results. The FE results of axial load-end shortening curves for five representative (including slender sections 251 
and compact sections) HSS cold-formed IHexHS stub columns, which areIHex-70×6-1.45, IHex-125×6-1.60, 252 
IHex-150×6-1.80, IHex-225×6-2.15 and IHex-150×10-1.70, were compared with the those from the 253 
experimental results.  254 

 255 

Fig. 9. Comparison of experimental and numerical load-end shortening responses of typical cold-formed HSS 256 
IHexHS stub columns. 257 
In addition to the measured initial local geometric imperfections for IHexHS stub columns, imperfection 258 
sensitivity analysis was executed to determine the proper magnitude of the imperfection incorporated to the 259 
model, (i) the measured imperfection value ω0 (ii) t/100 (iii) t/50 (iv) t/10. The sensitively analysis of the cross-260 
sectional ultimate resistance to initial local geometric imperfection was performed by comparing the ultimate 261 
loads estimated from FE models incorporating different local imperfection amplitudes with those from the stub 262 
column tests, as presented in Table. 2. Mean values of the ratios of Nu,FE/Nu,test for the four investigated initial 263 
local imperfection magnitudes are 1.01, 1.03, 1.02 and 1.01 respectively with corresponding CoVs of 0.03, 264 
0.02, 0.02 and 0.03 respectively. The best agreement between the experimental and numerical predictions was 265 
achieved when the imperfection amplitude equal to t/10 266 
 267 
The FE models without inclusion of the membrane residual stress were also modelled to compare and illustrate 268 
the necessities to incorporate the membrane residual stresses in FE model. The minimal difference within 2% 269 
was found in the ultimate capacities indicating the inclusion for the membrane residual stress is unnecessary 270 
due to its negligible effect on the structural response, as seen in Table 2. The graphical comparison of the load-271 
end shortening curves also demonstrates the minimal effect of membrane residual stresses for cold-formed 272 
HSS IHexHS stub columns as shown in Fig. 8(a) for stocky sections and Fig. 8(b) for slender sections. The 273 
comparison also underlines that the effect of membrane residual stresses has relatively larger effect on slender 274 



M-11/43 
 

sections than stocky sections, primarily attributed to the fact that the stress re-distribution after entering into 275 
the plasticity within the stocky sections. 276 
 277 
It is shown in Fig. 9 that the deformation curves predicted from the developed FE models can precisely capture 278 
the cross-sectional ultimate resistances. The curves of load-end shortening between FE and test correlate well 279 
each other. Moreover, the FE models were also able to replicate the failure modes of the HSS cold-formed 280 
IHexHS, as shown in Fig. 10. The failure modes in the form of local buckling generated from the FE model 281 
agreed well with the test observations for IHexHS stub column specimens. Close agreement on the ultimate 282 
resistances was also obtained with comparative values, with the statistical analysis reported in Table 2. Overall, 283 
the developed FE models can successfully replicate the failure modes and accurately predict the ultimate 284 
resistance of the cold-formed HSS IHexHS stub columns with satisfactory agreements in load-end shortening 285 
responses. 286 
 287 

   288 

(a)                                          (b) 289 
Fig. 10. Test and FE failure modes for typical stub column specimen (a) Cold-formed HSS IOctHS stub column 290 
specimen IHex-150×6-1.80 (b) Cold-formed HSS IOctHS stub column specimen IHex-170×10-2.00. 291 
 292 
2.4. Parametric studies 293 
Following the validation of the FE models, extensive parametric studies on cold-formed HSS IHexHS stub 294 
columns were carried out to further generate structural performance data covering a larger spectrum of cross-295 
sectional slenderness and wider range of steel grades to enhance the data pool. 296 
 297 
The full stress-strain curves for steel materials Q460, Q690, and S960 with nominal yield strength of 460 MPa, 298 
690 MPa and 960 MPa measured in Chen et al. [58], Liu et al. [49] and Wang et al. [65] were used. The average 299 
material properties were used with the key material properties adopted in parametric study for both flat and 300 
corner portions reported in Table 3, including the Young’s modulus Es, the yield strength fy, the ultimate 301 
strength fu, and the ultimate strain εu. The subscripts of “f” and “c” denote the flat and corner portions of the 302 
cross-sections. The stress-strain curves for specimens with nominal yield strength of 460 MPa and 690 MPa 303 
were generated based on the proposed predictive stress-strain models given in Chen et al. [58] and Liu et al. 304 
[49] whereas the measured curves were used for sections with steel grade with nominal yield strength of 960 305 
MPa. The stress-strain curves of the cold-formed HSS IHexHS employed in parametric studies for both flat 306 



M-12/43 
 

and corner portions respectively are plotted in Fig. 11.  307 
 308 

  309 
(a)                                     (b) 310 

Fig. 11. Engineering and true stress-strain curves of cold-formed HSS IHexHS stub columns employed in 311 
parametric study (a) Stress-strain curves of flat portions (b) Stress-strain curves of corner portions. 312 
 313 
The investigations for cold-formed HSS SHS columns carried out by Somodi and Kovesdi [85] demonstrate 314 
that there are no clear tendencies depending on the steel grade for imperfection magnitude and the adopted 315 
initial local geometric imperfection value for steel grades among S235 to S960 was 0.7b/1000 which is 316 
independent of the steel grade, hence initial geometric imperfection value of t/10 was used in parametric studies. 317 
 318 
The length of all the specimens were designed as 2.5 times the largest cross-section dimensions, which were 319 
deemed to be short enough to avoid interaction effect from global buckling but sufficiently long to contain the 320 
representative initial local geometric imperfection and residual stresses. In accordance with the design 321 
guideline from Ziemian [88], the length of the tested stub column specimen is suggested to be three times the 322 
largest the largest width of the cross-section for SHS/RHS. However, the IHexHS itself is characterised with 323 
different bending stiffness in different bending axis, which may be susceptible to global buckling around its 324 
minor axis, particularly for sections with a higher aspect ratio. Hence, prior numerical analysis and sensitivity 325 
study was carried out by authors to determine suitable length among 3, 2.5, and 2 times the largest cross-326 
sectional width of IHexHS. It was found that all HexHS specimens with the length of 3 times the largest cross-327 
sectional width failed by global buckling in all case (with global imperfection among L/1000, L/500, and 328 
L/250), whereas no global failure is observed for sections with the length taken as 2.5 times the largest cross-329 
sectional width. The specimens lengths are thereafter designed as 2.5 times the largest cross-section dimensions. 330 
The thickness of the modelled IHexHS was kept constant as 6 mm, and the inner corner radius of the cold-bent 331 
corner of each specimen ri was taken equal to three times of its nominal thickness. In terms of the geometric 332 
dimensions, the clear width of the longer flat portion bL and shorter inclined flat portion bs were varied from 333 
48 mm to 300 mm for sections with aspect ratio of 1.0. As for sections with nominal aspect ratio of 1.5 and 334 
2.0, the clear width of the shorter inclined flat portion bs varied between 35 mm and 200 mm for sections with 335 
aspect ratio of 1.5, and between 24 mm and 150 mm for sections with aspect ratio of 2.0, resulting in a wider 336 
cross-section slenderness of bs varied between 1.9 and 28.8 and bL ranging between 8.3 and 28.8. A total of 337 
1350 FE models were conducted in the parametric studies.  338 
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Table 2 Comparison of the experimental and numerical results. 339 
 340 
 341 
 342 
 343 
 344 
 345 
 346 
 347 
 348 
 349 
 350 
 351 
 352 
 353 
 354 
 355 
 356 
 357 
 358 
 359 
 360 
 361 
 362 
 363 
 364 
 365 
 366 
 367 
 368 

Specimen Cross-
section 

Nu,FE / Nu,test Nu,FE / Nu,test Nu,FE / Nu,test 

  Imperfection amplitudes Corner extension 
imp=ω0 

Membrane residual 
stress 

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

Extended to 
1.5t 

Yes 
imp=ω0 

No 
imp=ω0 

IHex-70×6-1.45 IHexHS 1.03 1.05 1.03 1.01 1.03 1.04 1.05 1.01 1.03 
IHex-70×6-1.50 IHexHS 1.00 1.03 1.00 0.99 1.00 1.02 1.03 0.98 1.00 
IHex-70×6-1.50# IHexHS 1.00 1.03 1.00 1.00 1.00 1.02 1.03 0.98 1.00 
IHex-70×6-1.55 IHexHS 1.01 1.04 1.01 1.00 1.01 1.03 1.04 1.00 1.01 
IHex-70×6-1.55# IHexHS 1.01 1.03 1.01 1.00 1.01 1.03 1.04 0.99 1.01 
IHex-70×6-1.60 IHexHS 1.01 1.05 1.03 1.01 1.01 1.04 1.05 0.99 1.01 
IHex-125×6-1.80 IHexHS 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-125×6-1.60 IHexHS 1.04 1.06 1.05 1.04 1.04 1.06 1.06 1.03 1.04 
IHex-150×6-1.80 IHexHS 1.02 1.03 1.02 1.02 1.02 1.04 1.04 1.02 1.02 
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-160×6-1.90# IHexHS 1.05 1.06 1.05 1.05 1.05 1.05 1.05 1.05 1.05 
IHex-165×6-1.85 IHexHS 1.05 1.07 1.05 1.05 1.05 1.06 1.06 1.05 1.05 
IHex-185×6-2.15 IHexHS 1.06 1.08 1.06 1.06 1.06 1.07 1.07 1.06 1.06 
IHex-185×6-1.90 IHexHS 1.01 1.03 1.01 1.01 1.01 1.02 1.02 1.01 1.01 
IHex-225×6-2.15 IHexHS 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-150×10-1.70 IHexHS 1.00 1.02 1.00 0.98 1.00 1.02 1.02 0.99 1.00 
IHex-160×10-1.50 IHexHS 1.02 1.04 1.02 1.00 1.02 1.03 1.03 1.00 1.02 
IHex-170×10-2.00 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. 369 

 370 
3. Evaluation of the existing design methods 371 
 372 
3.1 General 373 
 374 
In this section, the applicability of the design provisions stipulated in design codes of Eurocode 3, namely EN 375 
1993-1-1 [59], EN 1993-1-5 [60], EN 1993-1-12 [61], and the North American code of ANSI/AISC 360-16 376 
[62] as well as the Australian code of AS 4100 [63] were assessed for cold-formed HSS IHexHS stub columns 377 
under concentric compression. In addition to the design codes, newly developed design approaches of the 378 
Direct Strength Method (DSM), Continuous Strength Method (CSM) as well as General Slenderness 379 
Resistance Method (GSRM) were also considered and evaluated for their suitability to be applied for predicting 380 
the strength of cold-formed HSS IHexHS under pure compression.  381 
 382 
3.2 Assessment on cross-section classification 383 
 384 
In the design framework of EN 1993-1-1, the sections which can attain the yield of Afy under compression are 385 
classified as Class 1- 3 whereas the sections failed due to local buckling prior to sectional yielding are classified 386 
as Class 4. In cross-section classification methodology in AISC 360-16 and AS 4100, the slender sections can 387 
be considered as the corresponding class as Class 4 and non-slender sections are those sections corresponding 388 
to Class 1-3 in Eurocode 3 (EC3). To take the differences of the material strengths into account, material related 389 
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. 390 
Different from these three codes, design standard of AISI S100 [71] and AS/NZS 4600 [72] adopt the parameter 391 
λp = (fy/fcr)0.5 as the cross-section slenderness, where fcr is the elastic local buckling, global buckling and 392 
distortional buckling stress which can be determined through the numerical analysis such as finite strip 393 
software CUFSM [73] or ABAQUS [64]. For better comparison purposes, harmonization of the yield 394 
slenderness limits value from design codes and design approaches were made that the normalised plate 395 
slenderness value λlim = (b/t)(fy/E)0.5 was used as a standardised form, the transformed yield slenderness limits 396 
are provided in Table 4. After transformation, similar and close yield slenderness limits are derived from EN 397 
1993-1-12, AISC 360-16 and AS 4100 with 1.405, 1.400 and 1.414 respectively and relatively smaller 398 
magnitude of 1.280 is provided from AISI S100-16 and AS/NZS 4600. The Eurocode of EN 1993-1-5 [60] 399 
specifies the effective width equations with cross-section slenderness limit of 𝜆̅𝜆p = 0.673 stipulated for those 400 
Class 4 (Slender) sections subject to local buckling. The original dimension width b is thus reduced to the 401 
effective width of beff, leading to the effective compressive resistance becomes at Aefffy, where Aeff is the 402 
effective area of the section. Analogous to the EN 1993-1-5, the design codes of AISC 360-16 and AS 4100 403 
also specify the design system to consider the sections experiencing local buckling, albeit the expressions are 404 
different with different boundaries limit.  405 

References Steel grade Flat portion Corner portion 
  Es  

(N/mm2) 
fy  

(N/mm2) 
fu  

(N/mm2) 
εu  

(%) 
Es,c  

(N/mm2) 
fy,c  

(N/mm2) 
fu,c  

(N/mm2) 
εu,c  
(%) 

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 
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 406 
In parallel with the assessment on design codes, design approaches such as DSM, CSM, and GSRM, were also 407 
assessed. Although cross-section classification is not necessary in design approaches such as DSM, CSM and 408 
GSRM, the slenderness limit of λp = 0.77 as the threshold value for conventional sections was also assessed 409 
for their accuracy and appropriateness to IHexHS. DSM specifies that cross-section with slenderness limit λp 410 
greater than 0.77 cannot reach the yield load, whereas limit value of 0.68 is provided by CSM. Note that the 411 
generalised cross-sectional slenderness 𝜆̅𝜆Lis adopted by GSRM, with detailed determination summarised in 412 
Table 4 and the sub-section of 3.3.2. The design approach of GSRM provides relatively smaller yield limits 413 
with 𝜆̅𝜆L= 0.5 (with λlim = 0.945) compared with the other design approaches and design codes. Based on the 414 
graphical comparison results, the normalised resistance value converges to the unity at a value (intersection 415 
with the unity) far smaller than the current codified slenderness in design codes and design approaches, as 416 
shown in Fig. 12. Note that the distinct structural behaviours are caused by different aspect ratios. It can be 417 
concluded that the current stipulated slenderness limits were not suitable and cannot be extended to cover the 418 
cross-section classification of cold-formed HSS IHexHS. Similarly, the converted yield slenderness from the 419 
design approaches of DSM, CSM also show overly estimated cross-section classification, except for the GSRM, 420 
of which more accurate section yielding slenderness limit is specified. Based on regression analysis and 421 
graphical assessment, a new cross-section slenderness yield limit value of 𝜆̅𝜆p = 0.55 (λlim = 1.045) is proposed 422 
for cold-formed HSS IHexHS under pure compression.  423 

    424 
(a)                                         (b) 425 

(c)  426 
Fig. 12. Assessment of the cross-section classification yield limit from design codes and design approaches for 427 
cold-formed HSS IHexHS under pure compression (a) IHexHS with nominal yield strength of 460 MPa (b) 428 
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IHexHS with nominal yield strength of 690 MPa (c) IHexHS with nominal yield strength of 960 MPa. 429 
 430 
 431 
Table 4 Summary of the cross-section yield slenderness limits for the internal plate element. 432 

 433 
 434 
3.3 Cross-sectional compression resistances 435 
 436 
3.3.1 Assessment on design codes 437 
 438 
Following the assessment of the cross-section classification, the evaluation of the design specifications for 439 
cross-sectional resistance under pure compression in design codes are presented in this section. As introduced 440 
in sub-sections of 3.1 and 3.2, the effective width method (EWM) is used in current design codes in EN 1993-441 
1-5 [60], ANSI/AISC 360-16 [62], and AS 4100 [63] for cross sections subjected to local buckling failure prior 442 
to the attainment of yielding. Though the effective width concept used in structural steel design codes is 443 
currently applicable for traditional profile such as RHS/SHS, previous studies demonstrated that the plate 444 
buckling theory for the internal compression element in SHS/RHS can be extended to the internal plate 445 
members of OctHS/IOctHS [51,52]. It is therefore considered to be suitable and applicable to extend and 446 
modify the EWM to IHexHS based on research data of the cross-section. The design formulae codified are 447 
briefly introduced and compared in this section. The effective width method and formulae given in EN 1993-448 
1-5 [60] are as follows in Eqs. (3) – (4). The reduction of the whole area to the effective area of the slender 449 
plate elements is dependent on the boundary conditions, stress gradients, and dimensions.   450 

Design standards 
 and methods 

 Yield slenderness limits  λlim 

EN 1993-1-1  
 b/t≤42εEC3, EC3 y= 235 / ,fε  E = 210 GPa 1.405 

ANSI/AISC 
360-16   

 b/t≤1.40εAISC, AISC y= / ,E fε   E = 200 GPa 1.400 

EN 1993-1-5  
 

p EC3 y
/= 0.5 0.085 0.055 , 1, 235 / , 4, 210 GPa

28.4
b t f k E

k
λ ψ ψ ε

ε
≤ + − = = = =  1.279 

AS 4100  
 b/t≤14εAS4100, AS4100 y= 250 / ,fε   E = 200 GPa 1.414 

AISI S100-16  
AS/NZS  

 

p y cr= / 0.673f fλ ≤ ，
2

2
cr 2

π= 4 ( ) ,
12(1 )

E tf
bν−

 E = 200 GPa 1.280 

DSM 
 

p y cr= / 0.776f fλ ≤ ， E = 200 GPa 1.470 

CSM  
 

p y cr= / 0.68f fλ ≤ ， E = 200 GPa 1.290 

GSRM 
 

1
L Lpl cr,L 2 1 2

1= / , 0.5 0.25 , 0.225 0.025 with 1
2

R R A A ψ
λ λ ψ ψ ψ

+
≤ + − = + = =，  0.945 
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p

eff,EC3
p

p2
p

1 for 0.5 0.085 0.055

0.055(3 ) for 0.5 0.085 0.055
b

b

λ ψ

λ ψ λ ψ
λ

 ≤ + −


= − +
> + −



                             (3) 451 

where 𝜆̅𝜆p is the plate slenderness specified in accordance with EN 1993-1-5 [60], kσ is the buckling factor 452 
taken as 4 for internal plate element in compression, ψ is the stress distribution factor with ψ = 1 for elements 453 
under pure compression. 454 

p

EC3 σ

/=
28.4

b t
k

λ
ε

                                                                (4) 455 

In the North American Specification ANSI/AISC 360-16 [62], cross sections in which the width-to-thickness 456 
ratio of any compression plate element is greater than the limiting width-to-thickness ratio are defined as 457 
slender sections. For axial compression members with slender plate elements, the cross-sectional resistance 458 
can be derived based on the effective width beff,AISC, as expressed by Eqs. (5)-7). 459 
 460 

r
creff,AISC

el el
1 r

cr cr cr

1 for /

(1 ) for /

y

y

F
b t

Fb
b FF Fc b t

F F F

λ

λ


≤


= 


− >


                                          (5) 461 

2r
el 2 y= ( )

/
F c F

b t
λ

                                                                  (6) 462 

1
2

1

1 1 4
= 

2
c

c
c

− −
                                                                  (7) 463 

λr is the limiting width-to-thickness ratio of the plate, Fel is the elastic local buckling stress of the uniform 464 
compression plate element, c1 and c2 are the effective width imperfection adjustment factors, for the cold-465 
formed IHexHS sections, the c1 = 0.20 and c2 = 1.38 for walls of square and rectangular hollow sections were 466 
used. Fcr is the critical stress of the compression members with non-slender element sections which can be 467 
determined following Eq. (8). 468 
 469 

y

e
y

cr

e

(0.658 ) for /r 4.71

0.877 for /r 4.71

F
F

y

y

EF KL
F

F
EF KL
F


 ≤


= 
 >


                                               (8) 470 

where K is the effective length factor, L is the member length, r is the radius of gyration about the bending 471 
axis, E is the elastic modulus of steel, Fe is the elastic critical stress of the compression member, Fe = 472 
π2E/(KL/r)2. Substituting and arranging the above formulae, the effective width method in the form of the 473 
limiting width to thickness ratio λp,AISC instead of plate slenderness can be derived, as follows, in Eq. (9). 474 

2
p,AISC p,AISCff,AISC

2

1.38 0.38eb
b

λ λ
λ λ

= −                                                     (9) 475 

As for the Australian Standard of AS 4100 [63], the effective width be,AS4100 for slender sections failed due to 476 
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elastic local buckling under compression is used to determine the effective area Aeff. The effective width 477 
method stipulated in AS 4100 [63] uses material related coefficient of εAS4100 = (250/fy)0.5 and width to thickness 478 
ratio b/t, as shown in Eq. (10). 479 

eff,AS4100

AS4100

40
/ ( )

b
b b tε

=                                                              (10) 480 

As seen in Fig. 13, all design codes provide over-conservative predictions for the relatively stocky sections for 481 
all the investigated steel grades, as the sections are only considered to achieve the yield load without strain 482 
hardening development. For relatively slender sections, slightly over-predicted cross-section strengths were 483 
observed from the existing design standards of EN 1993-1-5 and AISC 360-16, whereas conservative 484 
predictions were provided by AS 4100. For sections with aspect ratio higher than 1.0, all the design codes 485 
generate over-conservative predictions, as those sections (with nominal aspect ratio of 1.5 and 2.0) largely 486 
benefit from the element interaction effect, showing highly increased cross-sectional increased resistances. For 487 
the sections with intermediate slenderness with λp ranging between 0.55 and 0.68, marked over-predicted 488 
resistances were obtained due to the inappropriate cross-section classification yield limits.  489 
 490 

(a) (b)   491 

(c)  492 

Fig. 13. Assessment of the effective width methods from design codes for cold-formed HSS IHexHS under 493 
pure compression (a) IHexHS with nominal yield strength of 460 MPa (b) IHexHS with nominal yield strength 494 
of 690 MPa (c) IHexHS with nominal yield strength of 960 MPa. 495 
 496 
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The normalised load ratio between ultimate resistance to the predictions is also plotted against the section 497 
slenderness in a form of b/tε as shown in Fig. 14 – Fig. 16. The mean values of Nu/Nu,pred obtained from EC 3, 498 
AISC 360-16, AS4100 are 1.01, 1.00, and 1.03 with corresponding CoVs of 0.048, 0.059, and 0.037 499 
respectively for sections with nominal yield strength of 460 MPa, and 0.99, 0.98, and 1.03 for sections with 500 
steel made from nominal yield strength of 690 MPa as shown in Table 5 – Table 7. For sections made of 960 501 
MPa steel, the mean values of Nu/Nu,pred are 1.00, 1.07, and 1.03 with corresponding CoVs of 0.067, 0.066, and 502 
0.043 respectively for all the specimens. In general, design codes of EC 3 and AISC yield slightly 503 
unconservative predictions than AS 4100 for sections with aspect ratio of 1.0.and the unsafe predictions for 504 
slender section may lead to unsafe design which need to be improved. 505 
 506 

   507 
(a)                                   (b) 508 

  509 
                     (c) 510 

Fig. 14. Comparisons of experimental and numerical results with strength predictions from design code of 511 
Eurocode 3 for sections with nominal yield strength (a) 460 MPa (b) 690 MPa (c) 960 MPa. 512 
 513 
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  514 
(a)                                          (b) 515 

 516 
                     (c) 517 
Fig. 15. Comparisons of experimental and numerical results with strength predictions from design code of 518 
AISC 360-16 for sections with nominal yield strength (a) 460 MPa (b) 690 MPa (c) 960 MPa. 519 
 520 

 521 
(a)                                             (b) 522 
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 523 
                     (c) 524 
Fig. 16. Comparisons of experimental and numerical results with strength predictions from design code of AS 525 
4100 for sections with nominal yield strength (a) 460 MPa (b) 690 MPa (c) 960 MPa. 526 
 527 
3.3.2 Assessment on DSM, CSM, and GSRM 528 
 529 
In addition to the design standards, design approaches of DSM, CSM and GSRM were also evaluated and 530 
developed for its application to cold-formed HSS IHexHS. It is known that these design approaches can be 531 
applicable to arbitrary cross sections without tedious procedure in finding the effective area of the buckled 532 
sections [73]. For design approach DSM, the sections can attain the yield load when the cross-section are 533 
smaller than λp = 0.776, for those sections with cross-section slenderness limit λp ≥ 0.776, the predicted strength 534 
could be determined following the equation expressed by Eq. (11). 535 

y p

DSM
y p0.8 0.8

p p

for 0.776
= 0.15 11 ) for 0.776

f A
N

f A

λ

λ
λ λ

≤

 − >


                                         (11) 536 

Analogous to the DSM, design approach of CSM, accounting for the strain hardening of the metallic material 537 
and the effect of the element interaction, is developed based on the deformation capacity of the specimen. It 538 
replaces the traditional classification system with a continuous relationship between the section slenderness 539 
and deformation capacity [74, 75]. The CSM was originally developed mainly addressing for the strain 540 
hardening behaviour of stainless steel [76], extending to the design of carbon steel sections for both hot-rolled 541 
sections and cold-formed sections [77, 78] as well as hybrid sections [79]. To assess the strength predictions 542 
from CSM against the experimental and numerical results, the base curve developed by Lan et al. [80] available 543 
for the commonly used tubular sections SHS/RHS made from HSS were employed in this study, as given in 544 
Eq. (12). CSM material model for HSS cold-formed steel proposed by Buchanan et al. [81] was adopted.  545 
 546 

csm 1 u
p3.174

y p y

csm
p1.014 1.014

y p p

0.294 min(15, ) for 0.68

0.219 1(1 ) for 0.68

Cε ε
λ

ε λ ε

ε
λ

ε λ λ

 = ≤ ≤


 = − >


                                           (12) 547 

where (εcsm/εy) is the deformation capacity, εcsm is the CSM limiting strain, εy is the yield strain equals to fy/E. 548 
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 549 
Two typical material model developed by Yun and Gardner [82] are applicabile to CSM design, (i) qual-linear 550 
model for commonly used hot-rolled steels and (ii) bi-linear model which can represents the rounded response 551 
of cold-formed steel, as shown in Fig. 17. To calculate the cross-section strength from CSM, the CSM limiting 552 
stress fcsm needs to be derived based on CSM strbain. For quad-linear material model, the expressions given in 553 
Eq. (13) originally developed for hot-rolled steel by Yun and Gardner [82] and bi-linear model employed in 554 
[82] was used in this study, as shown in Eq. (14) 555 
 556 

s csm csm y

csm y y csm sh

sh csm sh sh csm 1 u

for
for

+ ) fory

E
f f

f E C

ε ε ε

ε ε ε

ε ε ε ε ε

 ≤


= < <
 − < < （

                                      (13) 557 

 558 

s csm csm y
csm

sh csm sh y csm 1 u

for
+ ) fory

E
f

f E C
ε ε ε

ε ε ε ε ε

≤=  − < < （
                                      (14) 559 

 560 
where Es is Young’s modulus, fy is the yield stress, εy and εu are the strains at the yield and ultimate stresses, 561 
respectively, εsh is the strain hardening strain defined as the end of the yield plateau after which the strain 562 
hardening initiates, C1εu represents the strain at the intersection point of the third stage of the model and the 563 
actual stress-strain curve. Moreover, the other material coefficients C2 is used to define the strain hardening 564 
modulus of Esh, as given in Eq. (15).  565 
                                                          566 
The hardening modulus of Esh can be determined according to Eq. (16) with material coefficients C2. 567 

u y
sh

2 u y

=
f f

E
C ε ε

−

−
                                                                   (15) 568 

The numerical models with plates of nominal yield strength 460 MPa featured sharply defined yield plateau 569 
for the material properties from flat portions, thus the quad-linear material model was used. For the corner 570 
portions of 460 MPa steel plates and the both flat and corner portions of specimens with steel plates made of 571 
690 MPa and 960 MPa, bi-linear material model was employed. The equation of cross-section strength from 572 
CSM is as follows in Eq. (16), 573 
 574 

csm p

csm csm
y p

y

for 0.68

for 0.68

f A
N

f A

λ

ε
λ

ε

≤
=  >


                                                    (16) 575 

The design approach of generalised slenderness-based resistance method (GSRM) was developed to better 576 
understand the structural behaviour of the commonly used hollow sections [83]. The developed approach was 577 
originally developed with reference to the basic form of Winter’s formulae with proposed design equations as 578 
given in Eq. (17) and Eq. (18). The parameter A was calibrated to the results of the experimental and numerical 579 
investigations. The calibrated parameter A is also correlated with the stress ratios Ψ1 and Ψ2, where Ψ1 and Ψ2 580 
indicate the loading conditions with Ψ1 = Ψ2 = 1.0 for hollow sections under compression. 581 
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GSRM
L

y L L

1= (1 ) for 0.5 0.25N A A
N

λ
λ λ

− ≥ + −                                              (17) 582 

For cold-formed sections, the linear functions were determined through calibration as given in Eq. (18). 583 

1
2
10.225 0.025

2
A ψψ +
= +                                                            (18) 584 

The comparisons implies that both DSM and GSRM provide over-conservative predictions for the relatively 585 
stocky sections for all the investigated steel grades, as the sections are only considered to achieve the yield 586 
load without strain hardening development, whereas the CSM generate more accurate results for stocky 587 
sections as anticipated since it can account for the materials strain hardening. For relatively slender sections, 588 
remarkedly over-predicted cross-section strengths were observed from the DSM, whereas close predictions 589 
were provided by CSM and GRSM. It should be noted that the discussions were evidenced and mainly focused 590 
on sections with nominal aspect ratio of 1.0. For sections failed due to elastic local buckling with nominal 591 
aspect ratio of 1.5 and 2.0, all design approaches yield over-conservative predictions as those sections were 592 
largely benefited from the constituent plate interaction effect, as shown in Fig. 18.  593 
 594 

 595 

(a)                                            (b) 596 
Fig. 17. Material model for design approach of CSM (a) Qual-linear material model for stress-strain curve with 597 
yield plateau and sharply defined yield point (b) Bi-linear material model for stress-strain with typically 598 
rounded response without yeild plateau. 599 
 600 

  601 
                     (a)                                        (b) 602 
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 603 
                    (c) 604 
Fig. 18. Assessment of the design approaches for cold-formed HSS IHexHS under pure compression (a) 605 
IHexHS with nominal yield strength of 460 MPa (b) IHexHS with nominal yield strength of 690 MPa (c) 606 
IHexHS with nominal yield strength of 960 MPa 607 
 608 
The normalised ratio is plotted against the section slenderness in a form of λp as seen in Fig. 19 – Fig. 21. The 609 
mean values of Nu/Nu,pred obtained from design approaches of DSM, CSM, and GSRM for Q460 sections are 610 
1.01, 1.06, and 1.09 with corresponding CoVs of 0.056, 0.049, and 0.056 respectively. The mean values of 611 
Nu/Nu,pred 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 612 
0.041 respectively, as presented in Table 5 - 7. The graphical comparison further elucidates and evidences the 613 
conservate results of DSM for stocky sections (aspect ratio = 1.0) and unsafe predictions for slender sections 614 
(aspect ratio = 1.0). In comparison to DSM, CSM and GSRM provide more accurate predictions for slender 615 
sections as shown in Fig. 18. For sections with nominal aspect ratio of 1.0, the unsafe predictions from DSM 616 
for slender section will lead to unsafe design, underlying the necessities to modify the current DSM design 617 
formulae.  618 

  619 
 620 

(a)                                         (b)     621 
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 622 

         (c) 623 
Fig. 19. Comparisons of experimental and numerical results with strength predictions from design approach 624 
of DSM for sections with nominal yield strength (a) 460 MPa (b) 690 MPa (c) 960 MPa 625 

   626 
(a)                                         (b) 627 

 628 
          (c) 629 

Fig. 20. Comparisons of experimental and numerical results with strength predictions from design approach 630 
of CSM for sections with nominal yield strength (a) 460 MPa (b) 690 MPa (c) 960 MPa 631 
 632 
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  633 
(a)                                         (b) 634 

 635 
(c) 636 

Fig. 21. Comparisons of experimental and numerical results with strength predictions from design approach 637 
of GSRM for sections with nominal yield strength (a) 460 MPa (b) 690 MPa (c) 960 MPa 638 
 639 
4. Modifications on current design rules and design approaches 640 
 641 
4.1 Modified Eurocode 3 (EC3) 642 
 643 
The evaluation of the EWM reveal either unconservative or conservative predictions were obtained for the 644 
investigated specimens. As the concept of the effective width method is adopted in all structural steel design 645 
codes, improvements are mainly made with the focus on EC 3 specifications. It is of worthy noted that slender 646 
sections exhibit similar structural behaviour irrespective of steel grades as shown in Fig. 22 whereas the 647 
distinctions are observed for stocky sections with strain hardening due to the different material properties. 648 
Design modifications based on effective width from EN 1993-1-5 is developed and proposed in this section. 649 
The coefficients were modified based on regression analysis focusing on sections with aspect ratio of 1.0 as 650 
lower bound, with design formulae shown in Eq. (19). 651 
 652 
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> + −



                           (19) 653 

The proposed design formulae with modified coefficients are plotted in Fig. 13 in line with the original 654 
effective width curve stipulated in design codes for various steel grades with notified improvement. Based on 655 
the modified formulae, the mean values of Nu/Nu,EC3

* are 1.00, 1.00 and 1.00 with corresponding CoVs 0.038, 656 
0.037, and 0.047 respectively for steel grades of 460 MPa, 690 MPa and 960 MPa respectively, as shown in 657 
Table 5 – Table 7. It should be noted that the original EWM provides conservative predictions for stocky 658 
sections as the strain hardening effect is not accounted for whereas overly-predicted cross-sectional resistance 659 
are obtained for slender sections. Therefore, the relatively higher normalised load ratio of Nu/Npred counteracted 660 
with the lower one, leading to somehow neutralised value with mean value much closer to the unity.  661 
 662 
 663 

 664 
Fig. 22. Comparison of the normalised resistance between experimental (numerical) tested results to yield load 665 
with various steel grades.  666 

 667 
4.2 Modified DSM 668 
 669 
For the original DSM design provisions specified in AISI S100-16 [71], no consideration was made for the 670 
effect of the material strain hardening for sections undergoing significant plastic deformation, of which strain 671 
has developed into hardening stage, particularly for cold-formed stub column sections. To improve the design 672 
predictions for stocky sections, new formulae are proposed to tackle the great degree of conservatism by 673 
replacing the original horizontal yield limit with a linear expression comprising sections slenderness, and 674 
correlated factors to account for the material characteristics, as given in Eq. (20). 675 
 676 

1 p 2 p
DSM

p0.901 0.901y
p p

1 (1 ) for 0.650
= 0.23 1(1 ) for 0.650

d d
N
N

λ λ

λ
λ λ

+ − ≤

 − >


                                          (20) 677 

where the material coefficients of d1 and d2 are used to account for the effect of the strain hardening of the used 678 
material. Based on regression analysis the coefficients of d1 and d2 are equal to 1.6 and 0.18 for steel grades of 679 
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460 and 690, whereas d1 = 1.5 and d2 = 0.33 is proposed for sections with 960 MPa steel plates. 680 
 681 
The normalised cross-sectional resistances are plotted against the sectional slenderness λp, as shown in Fig. 23. 682 
The mean values of Nu/Nu,DSM

* for sections with steel grades of 460 MPa, 690 MPa and 960 MPa are 1.01, 683 
1.01, and 1.01 respectively, and the corresponding values of CoV are 0.038, 0.037, and 0.036 respectively. 684 
Recall that the statistical analysis was conducted for both all thecc specimens and sections with aspect ratio of 685 
1.0. The results show that the improved accuracy of the predictions is evidenced by the mean values of the 686 
experimental and numerical strength over the corresponding predicted strength ratio being closer to the unity 687 
and the possession of lower values of CoV.  688 
 689 

  690 
(a)                                         (b) 691 

 692 
                   (c) 693 
Fig. 23. Comparisons of experimental and numerical results with strength predictions from modified design 694 
approach of DSM for sections with nominal yield strength (a) 460 MPa (b) 690 MPa (c) 960 MPa 695 
 696 
4.3 Modified CSM 697 
 698 
The current base curve adopted in CSM is mainly developed based on the database of conventional tubular 699 
profile as discussed in the sub-section 3.3.2. The applicability of the existing base curve to the cold-formed 700 
HSS IHexHS is questionable, which need to be thoroughly investigated. The CSM base curve for the cold-701 
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formed HSS HexHS is proposed and plotted with the base curve developed for both normal strength steel and 702 
high strength steel in Fig. 24.  703 
 704 

csm 1 u
p2.747

y p y

csm
p0.901 0.901

y p p

0.257 min(15, ) for 0.61

0.23 1(1 ) for 0.61

Cε ε
λ

ε λ ε

ε
λ

ε λ λ

 = ≤ ≤


 = − >


                       (21) 705 

 706 
The material models, applicable to HSS cold-formed steel provided in [81, 84] were used and compared with 707 
the adopted material properties. It is noteworthy that the developed material models lack the development of 708 
corner portions due to the very limited data, thus leading to improper presentation of corner section material 709 
features, particularly for 960 MPa steel members, as shown in Fig. 25. The hot-rolled model proposed by Yun 710 
and Gardner [82] yields slightly over-estimated hardening strain. Nevertheless, the degree of the hardening is 711 
comparable to the adopted materials. The CSM curve is thereby improved by shifting the commencing point 712 
of hardening to the tested magnitudes with hardening slope remain unchanged for flat portion of 460 MPa steel. 713 
No modifications were made to CSM material model for 690 MPa sections for both flat and corner portions. 714 
For sections with 960 MPa steel plates, the current material model under-estimated the degree of hardening 715 
which cannot capture the rounded response. Although the close ultimate strengths were derived, the effect of 716 
the under-estimation at early stage was non-negligible as numerous sections cannot reach the strain larger than 717 
2%. Hence, modifications were made to the flat and corner portions models taking account of the reduced 718 
elongation and ductility due to press-braking for corner portions and the ultimate strain was reduced for flat 719 
portions to attain larger hardening stiffness. The normalised cross-sectional resistances are plotted against the 720 
sectional slenderness λp, as shown in Fig. 26. The mean values of Nu/Nu,CSM

* for sections with steel grades of 721 
460 MPa, 690 MPa and 960 MPa are 1.02, 1.02, and 1.02 respectively, and the corresponding values of CoV 722 
are 0.039, 0.031, and 0.025 respectively. The less scattered predictions are evidenced by smaller values of CoV 723 
compared with original CSM and the improved accuracy of the predictions. 724 
 725 

 726 
Fig. 24. Comparisons of proposed CSM base curve with the tested results. 727 

 728 



M-30/43 
 

  729 
(a)                                           (b) 730 

 731 
       (c) 732 

Fig. 25. Comparisons of stress-strain relationship for the material properties applied in CSM (a) sections with 733 
nominal yield strength of 460 MPa steel (b) sections with nominal yield strength of 690 MPa steel (c) sections 734 
with nominal yield strength of 960 MPa steel 735 

 736 
(a)                                           (b) 737 
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 738 
   (c) 739 

Fig. 26. Comparisons of experimental and numerical results with strength predictions from modified design 740 
approach of CSM for sections with nominal yield strength (a) 460 MPa (b) 690 MPa (c) 960 MPa 741 
 742 
4.4 Modified GSRM 743 
 744 
The modifications were also made to the design approach of GSRM based on the regression analysis with 745 
respect to the equation form of original GSRM with modified coefficients as follows given in Eq. (22)-Eq. 746 
(23). Improved accuracy can be observed in Fig. 27. 747 
 748 

GSRM
L

y L L

1= (1 ) for 0.5 0.25N A A
N

λ
λ λ

− ≥ + −                      (22) 749 

1
2
10.215 0.025

2
A ψψ +
= +                            (23) 750 

 751 
The normalised cross-sectional resistances are plotted against the sectional slenderness λp, as shown in Fig. 27. 752 
The mean values of Nu/Nu,GSRM

* for sections (aspect ratio = 1.0) with steel grades of 460 MPa, 690 MPa and 753 
960 MPa are 1.03, 1.03, and 1.04 respectively, which are closer to the unity compared with the original GSRM 754 
which provide 1.05, 1.05, and 1.06 respectively. The obtained corresponding values of CoV are 0.026, 0.024, 755 
and 0.023 respectively. The improvement of accuracy for the modified GSRM is also demonstrated by 756 
comparing the mean value of Nu/Nu,GSRM

* for all the specimens, as detailed in Table 5 - Table 7. 757 
 758 
 759 
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 760 
(a)                                           (b) 761 

 762 
         (c) 763 

Fig. 27. Comparisons of experimental and numerical results with strength predictions from modified design 764 
approach of GSRM for sections with nominal yield strength (a) 460 MPa (b) 690 MPa (c) 960 MPa 765 
 766 
 767 
 768 
 769 
 770 
 771 
 772 
 773 
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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 774 
 775 
 776 
 777 
 778 
 779 
 780 
 781 
 782 
 783 
Table 6 Comparisons of numerical results with predicted strengths based on different design methods for IHexHS with nominal yield strength of 690 MPa 784 
 785 
 786 
 787 
 788 
 789 
 790 
 791 
 792 
 793 
Table 7 Comparisons of numerical results with predicted strengths based on different design methods for IHexHS with nominal yield strength of 960 MPa 794 
 795 
 796 
 797 
 798 
 799 
 800 
 801 
 802 
 803 

No. of Specimen Nu 
 /Nu,EC3 

 

Nu  
/Nu,AISC 

 

Nu 
/Nu,AS4100 

 

Nu 
/Nu,DSM 

 

Nu 
/Nu,CSM 

 

Nu 
/Nu,GSRM

 
Nu 

/ Nu,EC3
* 

Nu 
/ Nu,DSM

* 
Nu 

/ Nu,CSM
* 

Nu 
/Nu,GSRM

* 

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: 
AS = 1.0 

Mean 0.98 0.97 1.01 0.97 1.02 1.05 1.00 1.01 1.02 1.03 
CoV 0.050 0.063 0.038 0.060 0.015 0.041 0.038 0.038 0.039 0.026 

No. of Specimen Nu 
 /Nu,EC3 

 

Nu  
/Nu,AISC 

 

Nu 
/Nu,AS4100 

 

Nu 
/Nu,DSM 

 

Nu 
/Nu,CSM 

 

Nu 
/Nu,GSRM

 
Nu 

/ Nu,EC3
* 

Nu 
/ Nu,DSM

* 
Nu 

/ Nu,CSM
* 

Nu 
/Nu,GSRM

* 

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: 
AS = 1.0 

Mean 0.96 0.95 1.01 0.96 1.02 1.05 1.00 1.01 1.02 1.03 
CoV 0.055 0.067 0.038 0.095 0.015 0.024 0.037 0.037 0.031 0.024 

No. of Specimen Nu 
 /Nu,EC3 

 

Nu  
/Nu,AISC 

 

Nu 
/Nu,AS4100 

 

Nu 
/Nu,DSM 

 

Nu 
/Nu,CSM 

 

Nu 
/Nu,GSRM

 
Nu 

/ Nu,EC3
* 

Nu 
/ Nu,DSM

* 
Nu 

/ Nu,CSM
* 

Nu 
/Nu,GSRM

* 

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: 
AS = 1.0 

Mean 0.96 1.03 1.02 0.96 1.03 1.06 1.00 1.01 1.02 1.04 
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 804 
 805 
Reliability analysis was conducted in compliance with EN 1990 [85] to quantitatively assess the reliability 806 
level and required partial factor for existing design codes, design approaches, and proposed modified design 807 
approaches for cold-formed HSS IHexHS stub columns under concentric compression. The variability 808 
parameters (i.e., the ratio between the mean and nominal values Xm/Xn, where X represents the basic variables, 809 
and the corresponding CoV) of the basic material and geometric properties, where taken in accordance with 810 
Annex E of prEN 1993-1-1 [87]. The material over-strength ratio fy,mean/fy,nom = 1.15 was used for HSS Q460 811 
and fy,mean/fy,nom = 1.10 was used for sections with 690 MPa and 960 MPa steel plates, with corresponding CoVs 812 
of 0.045 and 0.035 respectively [87]. The CoV of the geometric properties were taken as 0.009 and 0.025 for 813 
width and thickness respectively. The correction factor b can be derived based on least squares analysis 814 
between the resistance capacities from tests and design predictions from resistance model, as shown in Eq. 815 
(24), where re is the experimental results and rt is the theoretical results of the resistance model. 816 

e t
2

t

r r
b

r
= ∑
∑

                                                                        (24) 817 

 818 
Vδ is the CoV of the FE results relative to the resistance design model, which can be determined as follows, in 819 
Eqs. (25) – (26). 820 
 821 

2
δ exp( ) 1V s∆= −                                                                   (25) 822 

2 2
1 1

1 1( )
1

n n
i ii i

s
n n∆ = =

= ∆ − ∆
− ∑ ∑                                                       (26) 823 

2 ln ( )is δ∆ =                                                                         (27) 824 

where δ is the error term which is calculated for each pair data δ = re /brt. 825 
 826 
The effect of the variability of the geometric and material in resistance function grt(X) are accounted for 827 
through their coefficient of variation parameter Vrt. The calculation of this parameter is shown in Eq. (28) 828 

[ ]rt 2rt
rt i2 2

1m mrt rt i

( ) 1 ( )
( ) ( )

j

i

VAR g X gV
g X g X X

σ
=

∂
= ≅ ×

∂∑                                               (28) 829 

Vr is the combined CoV incorporating both model and basic variable uncertainties, and γM0 is the partial safety 830 
factor for cross section resistance. To determine the partial safety factor, design resistance value needs to be 831 
derived as follows, in Eq. (29). 832 

2
md rt d, rt rt d,n δ δ( )exp( 0.5 )r bg X k Q k Q Qα α∞= − − −                                            (29) 833 

where αrt = Qrt/Q, αδ = Qδ/Q, 2
rt rtln( 1)Q V= + , 2ln( 1)Q Vδ δ= + , and 2

rln( 1)Q V= +  834 

The required partial safety factors, denoted as γM0, were calculated for the sections with different steel grades 835 
among 460 MPa, 690 MPa, and 960 MPa steel plates. For each considered steel grade, the dataset was divided 836 
further into subsets based on the aspect ratio of the cross-sections. The values of b, Vr and Vδ were determined 837 
for each subset and the detailed results of the statistical analysis are presented in Table 8 to Table 10. It is 838 
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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 839 
respect to the design approaches, CSM and GSRM provide the required partial factors close to the unity, 840 
indicating more reliable predictions than DSM, of which the most scattered predictions were obtained. The 841 
modified EC3 method generate improved reliability compared with the original one with reduced required 842 
partial factor. In terms of the design approaches, modified design formulae provide lower required partial 843 
factors for sections with aspect ratio of 1.0, primarily attributed to the lower values of the Vδ determined from 844 
modified methods, leading to notable improvement in cross-section predictions and increased consistency. 845 
 846 
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 847 
 848 
 849 
 850 
 851 
 852 
Table 8 Reliability analysis results for HSS IHexHS stub columns under concentric compression with nominal yield strength of 460 MPa. 853 

 854 
 855 
 856 
 857 
 858 
 859 
 860 
 861 

Steel grade No. of specimens  Design codes and design methods 

   EC3 AISC 360-16 AS 4100 DSM CSM GSRM EC3* DSM* CSM* GSRM* 

Q460 All data: 470 kd.n 3.116 3.116 3.116 3.116 3.116 3.116 3.116 3.116 3.116 3.116 
  b 0.982 1.055 1.018 0.994 1.081 1.116 1.012 1.078 1.124 1.112 
  Vδ 0.055 0.045 0.033 0.065 0.065 0.057 0.031 0.065 0.075 0.035 
  Vr 0.063 0.055 0.046 0.093 0.072 0.065 0.044 0.072 0.081 0.047 
  γMo 1.133 1.026 1.031 1.153 1.060 1.003 1.032 1.063 1.050 0.948 
Q460 Sub-set: 150  

(AS= 1.0) 
kd.n 3.160 3.160 3.160 3.160 3.160 3.160 3.160 3.160 3.160 3.160 

  b 1.012 1.027 1.002 0.926 1.006 1.038 0.982 1.006 1.005 1.031 
  Vδ 0.048 0.058 0.032 0.087 0.016 0.026 0.027 0.023 0.016 0.025 
  Vr 0.057 0.066 0.045 0.093 0.035 0.041 0.041 0.039 0.035 0.040 
  γMo 1.078 1.093 1.045 1.322 1.008 0.996 1.052 1.021 1.009 1.000 
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 862 
 863 
 864 
 865 
Table 9 Reliability analysis results for HSS IHexHS stub columns under concentric compression with nominal yield strength of 690 MPa. 866 

 867 
 868 
 869 
 870 
 871 
 872 
 873 
 874 
 875 

Steel grade No. of specimens  Design codes and design methods 

   EC3 AISC 360-16 AS 4100 DSM CSM GSRM EC3* DSM* CSM* GSRM* 

Q690 All data: 470 
Test: 20 FE:450 

kd.n 3.115 3.115 3.115 3.115 3.115 3.115 3.115 3.115 3.115 3.115 

  b 0.973 1.048 1.021 0.982 1.077 1.112 1.018 1.075 1.112 1.108 
  Vδ 0.048 0.036 0.029 0.076 0.066 0.067 0.033 0.071 0.067 0.050 
  Vr 0.057 0.068 0.043 0.082 0.073 0.074 0.046 0.078 0.074 0.059 
  γMo 1.121 1.188 1.020 1.207 1.068 1.037 1.031 1.084 1.037 0.990 
Q690 Sub-set: 150  

(AS= 1.0) 
kd.n 3.160 3.160 3.160 3.160 3.160 3.160 3.160 3.160 3.160 3.160 

  b 1.006 1.006 1.006 0.938 1.014 1.046 0.986 1.008 0.998 1.022 
  Vδ 0.046 0.057 0.036 0.067 0.014 0.022 0.028 0.030 0.014 0.028 
  Vr 0.056 0.065 0.048 0.074 0.035 0.038 0.042 0.044 0.035 0.042 
  γMo 1.079 1.113 1.050 1.229 0.998 0.980 1.053 1.033 1.014 1.015 
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 876 
 877 
 878 
 879 
Table 10 Reliability analysis results for HSS IHexHS stub columns under concentric compression with nominal yield strength of 960 MPa. 880 

 881 
 882 

Steel grade No. of specimens  Design codes and design methods 

   EC3 AISC 360-16 AS 4100 DSM CSM GSRM EC3* DSM* CSM* GSRM* 

S960 All data: 450 kd.n 3.116 3.116 3.116 3.116 3.116 3.116 3.116 3.116 3.116 3.116 
  b 0.969 1.048 1.023 0.996 1.090 1.129 1.014 1.081 1.135 1.115 
  Vδ 0.067 0.064 0.043 0.078 0.069 0.066 0.049 0.075 0.072 0.023 
  Vr 0.074 0.071 0.066 0.084 0.076 0.074 0.059 0.081 0.078 0.039 
  γMo 1.188 1.090 1.094 1.194 1.065 1.019 1.080 1.092 1.030 0.921 
S960 Sub-set: 150  

(AS= 1.0) 
kd.n 3.160 3.160 3.160 3.160 3.160 3.160 3.160 3.160 3.160 3.160 

  b 0.934 1.012 1.010 0.924 1.023 1.055 0.980 1.010 1.015 1.042 
  Vδ 0.060 0.059 0.047 0.067 0.014 0.022 0.042 0.014 0.019 0.023 
  Vr 0.068 0.067 0.057 0.074 0.035 0.039 0.053 0.035 0.035 0.039 
  γMo 1.208 1.111 1.077 1.248 0.989 0.972 1.097 0.936 0.997 0.985 
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6. Conclusions 883 
 884 
A comprehensive numerical investigation into the local buckling behaviour and design of the cold-formed HSS 885 
IHexHS stub columns under concentric compression has been conducted and presented in this paper. The finite 886 
element models were developed firstly and validated against the experimental results for cold-formed HSS 887 
IHexHS. Extensive parametric studies were subsequently conducted using the validated FE models, covering 888 
a larger spectrum of sectional slenderness and steel grades. The obtained numerical results were then used to 889 
assess the accuracy and applicability of the current design codes of Eurocode 3, ANSI/AISC 360-16 and AS 890 
4100 as well as the design approaches including DSM, CSM, and GSRM. Base on the results and discussions 891 
presented in this paper, the following conclusions can be made and summarised as follows: 892 
 893 
(a) The current codified slenderness limits in the three structural steel design standards of EN 1993-1-1, AISC 894 
360-16 and AS 4100 cannot be extended to cover the cross-section classification of cold-formed HSS IHextHS 895 
stub columns under compression. A new cross-section slenderness yield limit value of 𝜆̅𝜆p = 0.55 is proposed 896 
for cold-formed HSS IHexHS under pure compression. 897 
 898 
(b) All design codes provide over-conservative predictions for stocky sections, and over-predicted cross-899 
section resistances were provided from the existing design standards of EC3 and AISC 360-16 for slender 900 
sections, whereas conservative predictions were provided by AS 4100 for slender sections.  901 
 902 
(c) Compared with design codes, design approach of CSM provide improved accuracy for both stocky and 903 
slender sections, principally due to the more suitable yield limits and the strain hardening effect is accounted 904 
for in strain-based design formulae. 905 
 906 
(d) In comparison to design approach of DSM, CSM and GSRM provide more accurate predictions for slender 907 
sections, whereas CSM yield more accurate predictions for stocky sections. 908 
 909 
(e) The modified design approaches of DSM, CSM, and GSRM provide more accurate and reliable design than 910 
the original design approaches. The modified DSM can take strain hardening into account, and the 911 
characteristics of the HSS material applicable to DSM need to be further developed. 912 
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