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Abstract 15 
 16 
Comprehensive experimental and numerical investigations into the structural behaviour of cold-formed high-17 
strength steel (HSS) irregular octagonal hollow sections (IOctHS) are presented in this paper. A total of 13 18 
IOctHS stub columns were tested. Material properties measurements were conducted on the tensile coupons 19 
taken from both parent plates and within the cross-sections of HSS IOctHS stub columns. Initial local 20 
geometric imperfection measurements were also carried out. In conjunction with experimental tests on the stub 21 
columns, finite element (FE) models were developed to replicate the test results and failure modes. Afterwards, 22 
the validated FE models were employed to conduct parametric studies to supplement the experimental data by 23 
generating further structural performance data covering a broader range of cross-section slenderness. Cross-24 
section slenderness limits set out in design codes such as EN 1993-1-1, ANSI/AISC 360-16, AS 4100 as well 25 
as ASCE/SEI 48, and design methods of DSM as well as CSM were evaluated against the experimental and 26 
numerical data. It was found that the current limits for internal compression plate elements of rectangular 27 
hollow sections set out in the design standards are not suitable for the design of cold-formed HSS IOctHS 28 
under compression load. Cross-section strength predictions obtained from EN 1993-1-12, ANSI/AISC 360-16, 29 
AS 4100, ASCE/SEI 48, DSM, CSM and modified design methods were also compared with the tests and 30 
numerical results. Relatively accurate predictions are provided by design codes. Non-conservative results are 31 
obtained from DSM and the CSM yields more consistent and precise results than DSM. The modified design 32 
approaches were also assessed and discussed. 33 
 34 
Keywords: High strength steel; Local buckling behaviour; Irregular octagonal sections; Material properties; 35 
Numerical modelling; Design methods. 36 
 37 
1.  Introduction 38 
 39 
The advancement of the high-strength steel (HSS) technology promotes the extensive applications of HSS in 40 
large-scale and high-rise buildings due to the comparably high strength-to-weight ratio as well as the low 41 
carbon footprint, resulting in lighter structural components with smaller dimensions compared with normal 42 
strength steel (NSS) [1-2]. Structural hollow sections, also known as tubular sections, exhibit numerous 43 
advantages such as the great structural efficiency, higher torsional resistance than open sections as well as the 44 
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possibility for concrete infill as composite structures. HSS hollow sections integrate the merit of hollow 45 
sections and HSS materials to increase the benefits. Numerous experimental investigations on tubular sections 46 
fabricated using different processes have been conducted in the past years. It is a common method to fabricate 47 
the hollow sections by welding the HSS plate elements separately, and sections fabricated using this method 48 
are known as the welded (built-up) hollow sections. The behaviour of welded box sections concerning the local 49 
buckling performance has been investigated [3-6]. In addition to the welded sections, cold-formed HSS 50 
sections are also available in the market with the technological advancement. Compared with the welded 51 
sections, cold-formed sections feature the advantages such as easier fabrication, less energy consumption and 52 
relatively higher cross-section capacities due to the strength enhancements with cold-forming effect. 53 
Experimental investigation for HSS cold-formed sections have been performed to study the local buckling 54 
behaviour of the HSS hollow sections with square (SHS), rectangular (RHS) and circular (CHS) shapes [7-9]. 55 
Moreover, investigations on local buckling behaviour for hot-finished HSS hollow sections have also been 56 
carried out by Fang and Chan [10], Wang et al. [11] and Gkantou et al. [12].  57 
 58 
Compared with conventional profiled steel as well as tubular components such as RHS/SHS or CHS, octagonal 59 
(OctHS) and irregular hollow sections (IOctHS) have attracted researchers’ attention [13-21]. Specifically, the 60 
flat surfaces provided by OctHS/IOctHS allow for easier connection construction with incoming members as 61 
an operation platform, compared with CHS. The better local buckling resistance in comparison with the 62 
RHS/SHS have been demonstrated in previous studies [14, 17]. Moreover, the IOctHS with increased depth of 63 
the web of the OctHS becomes a solution to increase the major-axis stiffness of the cross section in bending 64 
for beam or beam-column members. The application of irregular octagonal sections also facilitates the 65 
development of modular integrated construction, which provide versatility of the structural configurations and 66 
connection options. Furthermore, the composite members formed with infill concrete can be employed as the 67 
primary column in high-rise buildings. For instance, the mega columns in high-rise buildings employ the 68 
hexagonal sections to connect the chord and frame [22, 23] which further elucidate the potential application of 69 
IOctHS in structural construction. Experimental investigations on the residual stresses distribution and material 70 
properties variations of HSS irregular octagonal hollow sections (IOctHS) have been carried out in Liu et al. 71 
[19]. Nevertheless, no experimental investigation on local buckling behaviour of HSS cold-formed irregular 72 
octagonal sections was performed.  73 
 74 
Up to now, design specifications for HSS OctHS and IOctHS are not given in structural steel design codes 75 
including EN 1993-1-12 [24], AISI/AISC 360-16 [25] and AS 4100 [26]. Cross-section classification and 76 
cross-section strength design for OctHS are given in ASCE/SEI 48-16 [27]. The applicability of these design 77 
specifications to HSS IOctHS needs to be evaluated. Well-understanding of the interactions between the 78 
constituent plates comprising IOctHS for accurate strength predictions is necessary for the application and 79 
analysis for IOctHS. This study therefore presents the experimental and numerical investigations on local 80 
buckling behaviour of the HSS cold-formed IOctHS stub columns. A comprehensive experimental programme 81 
was performed on thirteen HSS cold-formed IOctHS stub columns with a larger spectrum of cross-section 82 
slenderness (bL/t) varying from 8.3 to 38.2. Tensile coupon specimens were extracted within the cross sections 83 
of each stub column specimen and tested to obtain the tensile properties. Distributions of the initial local 84 
geometric imperfections were also measured before the implementation of the stub column tests. Further to 85 
the stub column tests, non-linear finite element (FE) models were developed to simulate the cold-formed steel 86 
HSS IOctHS under compressive load and validated using the obtained experimental results and failure modes. 87 
The validated numerical models were further used in the parametric study to investigate the cross- section 88 
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behaviour with a wider range of cross section geometries. The stub column cross-section strengths obtained 89 
from the stub column tests and parametric studies were subsequently used to assess the existing design codes, 90 
and the predicted cross-sectional resistance from design methods of Direct Strength Method (DSM) [28], 91 
Continuous Strength Method (CSM) [29] and modified DSM and CSM [18]. The accuracy of strength 92 
predictions based on these methods was discussed.  93 
 94 
2.  Test specimens 95 
 96 
2.1 General 97 
 98 
A total of 13 HSS IOctHS stub column specimens were employed in the experimental tests. HSS plates with 99 
nominal thicknesses of 6 mm and 10 mm were used to fabricate the HSS IOctHS in this study. The cold-formed 100 
HSS IOctHS in this study were fabricated by welding two half-sections with gas metal arc welding (GMAW) 101 
in longitudinal direction. During the welding process, the current I was varied between 120 A and 130 A, while 102 
the voltage U was between 19 V and 21 V and the welding velocity v was about 120 mm/min, resulting in 103 
linear heat input ranging between 0.90 kJ/mm and 1.09 kJ/mm. The thermal efficiency coefficient k is taken 104 
as 0.8 for GMAW [2, 22]. Each half-section was featured with four cold-bent corners through press-braking 105 
processes, as shown in Fig. 1. To have an over-matched welding condition, 1.2 mm electrode of ER110S-G 106 
category (fy = 860 MPa, fu = 920 MPa) was selected. The measured dimensions of the specimens are presented 107 
in Table 1 using the symbols defined in Fig. 2. The detailed definition of the symbols of the cross section are 108 
demonstrated in Fig. 3, where H is the height of the cross section, BL is the long edge length of the IOctHS, Bs 109 
is the short edge length, bL is the clear width of the longer flat portion with welding bead excluding the corner 110 
regtions, bs is the clear width of an inclined short flat side excluding the corner portions, t is the nominal 111 
thickness of the cross section, ro and ri are the outer and inner corner radius of the cross section. It should be 112 
noted that the thickness t was measured at the end section with a digital Vernier caliper at the locations shown 113 
in Fig. 4(a). Since the thickness measurement along the specimen length at mid portions was not accessible, 114 
an ultrasonic measurement gauge was used with the measured points as shown in Fig. 4(b). The measured data 115 
were averaged and summarized in Table 1. A labelling system is employed in this study to identify the specimen 116 
with its dimensions. The specimens were labelled in a form of “IOctHS nominal edge length BL × thickness-117 
aspect ratio”. Taking specimen of IOctHS185×6-2.00# as an example, the label represents that the specimen 118 
was fabricated with nominal BL of 185 mm, nominal t of 6 mm and the aspect ratio of 2.0. The “#” symbol 119 
indicates that it is a repeated test specimen.   120 

(a)        (b)  121 

Fig. 1. Manufacturing process of press-braking (a) schematic view of press-braking (b) press-braking for HSS 122 
cold-formed IOctHS stub column. 123 
 124 
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 125 
Fig. 2. Cross section of the HSS cold-formed irregular octagonal hollow section. 126 

 127 

 128 

 129 
Fig. 3. Cross section of the HSS cold-formed irregular octagonal hollow section. 130 

 131 

(a)   (b)     132 
 133 
Fig. 4. Measurements of the thickness of HSS cold-formed irregular octagonal hollow section (a) Thickness 134 
measurements at the end of the cross-section of specimen (b) Testing arrangement of thickness measurement 135 
using an ultrasonic gauge. 136 
. 137 
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 138 
 139 
 140 
 141 
 142 
 143 
Table 1 Measured geometric dimensions and initial local geometric imperfections of HSS IOctHS stub column specimens. 144 

Note: # indicates the repeated test specimen 145 
 146 
 147 
 148 
 149 
 150 

Section Edge length 
Bs  

(mm) 

Side width 
bs 

(mm) 

Edge length 
BL 

(mm) 

Side width 
bL  

(mm) 

Depth 
H 

(mm) 

Thickness 
t 

(mm) 

Length 
L 

(mm) 

Inner radius 
ri 

(mm) 

bs/t 
 

(-) 

bL/t 
 

(-) 

Area 
A 

(mm2) 

ω0 

 

(mm) 
IOct70×6-1.25 41.1 21.6 68.7 49 126.8 5.89 350 18.0 3.7 8.3 2159.7 0.25 
IOct145×6-1.25 91.2 71.0 145.7 125.3 274.6 5.88 655 18.0 12.1 21.3 4862.1 0.33 
IOct145×6-1.25# 91.1 70.5 145.1 125.1 271.2 5.90 655 18.0 11.9 21.2 4811.2 0.35 
IOct145×6-1.50 66.3 46.6 144.4 124.5 288.4 5.91 575 18.0 7.9 21.1 3961.5 0.38 
IOct165×6-1.50 75.6 55.6 164.9 145 271.7 5.88 655 18.0 9.5 24.7 4535.1 0.65 
IOct185×6-1.50 85.8 65.9 183.4 163.5 304.7 5.89 735 18.0 11.2 27.8 5124.3 0.71 
IOct185×6-1.50# 85.6 65.5 183.2 163.1 304.1 5.88 735 18.0 11.1 27.7 5121.2 0.86 
IOct205×6-2.00 61.5 41.5 205.9 186.0 292.8 5.90 705 18.0 7.0 31.5 4519.5 0.91 
IOct225×6-2.00 67.6 47.6 224.4 204.5 319.9 5.90 900 18.0 8.1 34.7 4961.1 0.95 
IOct245×6-2.00 73.2 53.2 246.4 224.4 349.8 5.88 850 18.0 9.0 38.2 5426.7 1.12 
IOct145×10-1.50 69.9 36.8 146.2 113.1 245.1 9.85 575 30.0 3.7 11.5 6668.1 0.45 
IOct145×10-1.50# 69.7 36.5 145.8 112.6 244.8 9.84 575 30.0 3.7 11.4 6659.5 0.48 
IOct185×10-2.00 58.9 26.0 185.4 152.3 269.1 9.88 635 30.0 2.6 15.4 6805.1 0.51 
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 151 
2.2 Material properties measurements 152 
 153 
Tensile coupon tests were conducted on coupon specimens extracted from the parent plates and HSS IOctHS 154 
to determine the material properties. An in-house electromechanical high force universal testing system of 155 
Instron 5982 testing machine with a capacity of 100 kN was used to conduct the tensile coupon tests. The 156 
dimensions of the coupon specimens were carefully designed in accordance with EN 6892-1: 2019 [30]. An 157 
optical non-contact video extensometer was used to capture the full engineering stress-strain relationship by 158 
painting the two customized white dots within the gauge length of either 25 mm or 50 mm depending on the 159 
coupon specimen geometries. The obtained stress-strain curves were used to determine the yield strength and 160 
ultimate strength as well as other material properties. The material properties for parent plates were firstly 161 
measured and are presented in Table 2, where Es,p indicates the elastic modulus of the parent steel plate, fy,p is 162 
yield strength, fu,p is the ultimate strength, εsh,p is strain-hardening strain, εu,p is strain at ultimate strength, εf,p is 163 
elongation at fracture. 164 
 165 
Material properties at two critical locations, namely the flat and the corner portions, for all HSS IOctHS 166 
specimens were determined by testing the flat and corner coupons. The flat coupon specimens were machined 167 
with 4 mm and 8 mm width along the gauge length respectively for those from the sections with plate 168 
thicknesses of 6 mm and 10 mm. The test arrangement of the tensile coupon is shown in Fig. 5. For each corner 169 
coupon, two holes with diameter of 10 mm were drilled at the distance of 20 mm from the end of the coupon, 170 
as verified according to EN 1993-1-8 [31]. A pair of specially developed grips with two pins was utilized to 171 
apply the tensile load through its centroid, as shown in Fig. 5. Detailed testing procedure was described in the 172 
previous study [19] on material properties variations. The measured material properties of the flat and corner 173 
coupons are tabulated in Table 3 and Table 4 respectively. The letter “f” in subscript in Table 3 indicates that 174 
the material properties are from flat coupon specimens whereas the letter “c” indicates the material properties 175 
are derived from the corner coupon specimens. Measured stress-strain curves for parent coupons are plotted in 176 
Figs 6–7 while typical measured stress-strain curves for the flat coupon and corner coupon taken from the 177 
section of IOct205×6-2.00 are shown in Fig. 8. Due to the cold-formed effect, corner coupons featured higher 178 
yield strength and ultimate strength but lower elongation of fracture and ultimate strain.  179 
 180 
 181 

 182 
(a)                                        (b) 183 
Fig. 5. Test set-up for tensile coupon tests on (a) flat coupon specimens (b) corner coupon specimens [19]. 184 
 185 
 186 
 187 
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 188 

Fig. 6. Measured material stress-strain curves of Q690 high strength steel longitudinal and transverse tensile 189 
coupons extracted from 6 mm thick parent plate (“L” indicates the longitudinal direction and “T” indicates the 190 
transverse direction) [22]. 191 

 192 
Fig. 7. Measured material stress-strain curves of Q690 high strength steel longitudinal and transverse tensile 193 
coupons extracted from 10 mm thick parent plate (“L” indicates the longitudinal direction and “T” indicates 194 
the transverse direction) [22]. 195 

 196 

Fig. 8. Typical measured material stress-strain curves for tensile coupons extracted from HSS IOctHS stub 197 
column of IOct205×6-2.00. 198 
 199 
 200 
 201 
 202 
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 203 
 204 
Table 2 Mean test results of the flat coupons taken from the HSS parent plates. 205 
 206 
 207 
 208 
 209 
 210 
 211 
 212 
 213 
 214 
Table 3 Test results of the material properties of the flat coupons taken from the sections. 215 
 216 
 217 
 218 
 219 
 220 
 221 
 222 
 223 
 224 
 225 
 226 
 227 
 228 
 229 
 230 
Table 4 Test results of the material properties of the corner coupons taken from the sections. 231 
 232 
 233 
 234 
 235 
 236 
 237 
 238 
 239 
 240 
 241 
 242 
 243 
 244 
 245 
 246 

Section Es,p  
(GPa) 

ν fy,p  
(Mpa) 

fu,p  
(Mpa) 

εu,p  
(%) 

εf,p  
(%) 

εsh,p  
(%) 

6 mm plate 214.1 0.29 768.5 816.2 6.45 14.95 1.98 
10 mm plate 216.1 0.30 791.3 825.6 6.55 16.18 2.32 

Section Es,f  
(GPa) 

fy,f  
(MPa) 

fu,f  
(MPa) 

εu,f  
(%) 

εf,ex,f  
(%) 

εf,f 

(%) 
f0.05,f  

(MPa) 
IOct70×6-1.25 221.3 785 832 6.2 15.8 15.5 778 
IOct145×6-1.25 221.4 780 827 5.8 16.1 16.0 780 
IOct145×6-1.50 212.1 782 838 6.3 14.5 16.2 775 
IOct165×6-1.50 213.4 781 829 6.2 15.6 15.2 771 
IOct185×6-1.50 219.3 776 828 6.4 15.1 15.5 770 
IOct205×6-2.00 216.2 783 836 6.6 16.2 16.0 778 
IOct225×6-2.00 202.5 788 840 6.3 15.7 15.6 768 
IOct245×6-2.00 212.3 780 829 6.4 15.8 15.7 776 
IOct145×10-1.50 217.5 800 836 6.9 18.9 18.2 -* 
IOct185×10-2.00 196.5 803 834 5.5 15.6 15.8 760 

Section Es,c  
(GPa) 

fy,c  
(MPa) 

fu,c  
(MPa) 

εu,c  
(%) 

εf,ex,c  
(%) 

εf,c 

(%) 
f0.05,c  

(MPa) 
IOct70×6-1.25 206.2 820 853 3.5 10.6 11.2 780 
IOct145×6-1.25 204.6 802 849 1.5 9.9 10.5 650 
IOct145×6-1.50 196.7 800 854 1.9 12.7 12.4 720 
IOct165×6-1.50 205.0 800 850 1.6 9.6 10.2 680 
IOct185×6-1.50 197.1 798 841 1.8 10.6 10.3 650 
IOct205×6-2.00 208.4 804 870 1.5 10.4 11.0 686 
IOct225×6-2.00 195.5 815 860 1.4 11.2 11.5 765 
IOct245×6-2.00 186.9 808 849 2.5 10.7 11.2 740 
IOct145×10-1.50 213.3 830 890 1.8 12.6 12.2 718 
IOct185×10-2.00 193.4 818 871 1.6 12.6 11.8 756 
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2.3 Geometric imperfection measurements 247 
 248 
Local geometric imperfections are inevitably introduced into structural elements during manufacturing, 249 
transportation, and installation. It affects the structural responses such as onset of local buckling, initiation of 250 
the plasticity and ultimate resistance strength. The initial local geometric imperfections were measured for 251 
each HSS IOctHS stub column prior to the testing of the specimens. A set of three Linear Variable 252 
Displacement Transducers (LVDTs) with an accuracy of 0.001 mm was used and affixed to the head of the 253 
milling machine using a specially developed fixture which can move longitudinally along the length of the 254 
specimen. Fig. 9 shows the test set-up and the Linear Variable Displacement Transducers (LVDTs) arrangement 255 
of the measurement as well as the sign convention of the measured local imperfection. The similar set-ups 256 
were also successfully applied by Chen et al. [32] and Liu et al. [33, 34]. The specimens were placed on a 257 
milling machine as a measurement platform. Each surface of the specimens was measured with two LVDTs 258 
located near the corner of the section and one at the mid portion of the flat portion. To eliminate the possible 259 
local imperfection caused by cold sawing, the measurements were started and terminated at the location 50 260 
mm away from each end of the specimen [7, 23]. The data was measured and recorded at a 2 mm interval along 261 
the specimen length. The local geometric imperfection was derived as the deviation between the measurement 262 
at the mid-portion and a straight datum line connecting the measurements at the corners. The measured 263 
maximum amplitude of the local geometric imperfection for each specimen is reported in Table. 1. 264 
 265 
 266 

 267 
(a) Schematic view 268 

 269 
(b) Experimental arrangement 270 

Fig. 9. Set-up of the local geometric imperfection measurement for HSS IOctHS stub columns. 271 
 272 
 273 
 274 
 275 
3.  Stub column tests 276 
 277 
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Concentric compressive tests on 13 stub columns were carried out to investigate the structural response at the 278 
cross-sectional level including the local buckling behaviour and the resistance under compression. The stub 279 
column tests were conducted at the Structural Engineering Research Laboratory at The Hong Kong Polytechnic 280 
University. The nominal length of the stub columns was carefully designed for each cross section to avert the 281 
occurrence of global buckling in accordance with the rule that the length of specimens was determined within 282 
20 times the least radius of gyration [35]. Moreover, the section should be sufficiently long to contain the 283 
representative pattern of local geometric imperfection and residual stresses. The non-dimensional member 284 
slenderness λ� = (Afy/Ncr)0.5 was designed for all specimens with magnitude of 0.12, which was far below than 285 
the threshold magnitude of 0.2 for global buckling. Note that Ncr is the elastic critical buckling load for column 286 
member. To ensure a uniform distribution of the compressive stress over the cross section, the specimens’ ends 287 
were milled flat so that the end plates can contact well with specimens for uniform loading. The compressive 288 
loading test was conducted by using a universal servo-controlled testing machine with a capacity of 25000 kN.  289 
 290 
The test set-up and instrumentation are shown in Figs. 10(a)–10(b). The stub column specimens were loaded 291 
between the two parallel hardened end plates. The hardened plate was used between the end of the specimens 292 
and the machine to avoid damage due to the high localized stress. Moreover, a pair of specially developed end 293 
clampers (end stiffeners) comprising numerous high strength bolts with height of 30 mm were stiffened to the 294 
specimens to prevent premature of the failure near the ends of the specimens, as shown in Fig. 10(a). A 295 
spherical bearing on the top of the end plate was used to eliminate the gap, if any, between the specimens and 296 
the bearing plate. Furthermore, four 50 mm range Linear Variable Displacement Transducers (LVDTs) were 297 
used to measure the end shortening of the stub columns. An initial load of approximately 20.0 kN was applied 298 
to the specimens by which any possible gaps between the specimen and the bearing plate can be eliminated. 299 
All the stub column test specimens were compressed at a constant loading speed of 0.05%L mm/min, which 300 
is similar to the loading speed of the coupon specimens at the initial stage. In addition, a total of 12 strain 301 
gauges were attached on each specimen at the mid-height to determine the axial strain and detect the initiation 302 
of local buckling. The arrangement of the location of the strain gauges was carefully designed to sufficiently 303 
reflect the differences of material properties across the section. Moreover, the readings from the strain gauges 304 
were utilized to modify the initial stage of the LVDT readings, removing the effect of the initial gaps and the 305 
elastic deformation from the end plates, by which true specimen end shortening can be derived. 306 
 307 
The obtained test results are normalized to the squash load of Ny. It should be noticed that the yield load Ny = 308 
A × fy,m where fy,m is the average yield strength weighted by the area of flat regions and corner regions for cold-309 
formed sections. The normalized axial load-end shortening responses for HSS IOctHS specimens are plotted 310 
in Fig. 11. Key experimental results of the IOctHS stub column tests including the ultimate axial load Nu, the 311 
end shortening at ultimate load δu, yield load Ny and the ultimate to yield load ratio Nu/Ny are summarized in 312 
Table 5. Moreover, the comparisons between the test results and the predicted bearing capacities from 313 
numerous design codes and design approaches with statistical analysis results are also presented. Failed 314 
specimens with representative local buckling failure modes are shown in Fig. 12. Those sections with 315 
normalized ratio of Nu/Ny larger than unity were able to reach yield load whereas for the sections failed before 316 
reaching plastic load are failed due to local buckling with Nu/Ny lower than the unity. For the stub column 317 
specimens failed by cross-section yielding, such as the specimen of IOct70×6-1.25, IOct145×10-1.50, and 318 
IOct185×10-2.00, comparably larger normalized cross-section resistance and deformation are observed. For 319 
those sections failed by local buckling prior to the attainment of yield load, sharp drop in terms the load and 320 
lower deformation are observed. In terms of the comparisons between the design codes and design methods 321 
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against the experimental results, relatively accurate and consistent results are provided from the design codes 322 
of EN 1993-1-12, ANSI/AISC 360-16, AS 4100, ASCE/SEI 48 with the mean values of Nu/N,pred equals to 0.99, 323 
0.99, 1.00 and 0.99 respectively and the corresponding CoVs are 0.081, 0.085, 0.070 and 0.089. For the 324 
investigated test specimen, the strength predictions from DSM provide more accurate results than CSM though 325 
the predicted data are largely scattered.  326 
 327 

 328 
 329 

(a) Schematic view of the test set-up and the end clamper 330 
 331 

 332 
 (b) Experimental set-up 333 

Fig. 10. Test set-up for HSS cold-formed IOctHS stub column. 334 
 335 
 336 
 337 
 338 
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 339 

Fig. 11. Normalized load-end shortening curves of the cold-formed HSS IOctHS stub columns. 340 
 341 
 342 
 343 
 344 
 345 
 346 

 347 
Fig. 12. Experimental failure modes of the representative cold-formed HSS IOctHS stub columns. 348 
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 349 
 350 
 351 
Table 5 Summary of HSS cold-formed IOctHS stub column test results. 352 

 Note: # indicates the repeated test specimen 353 

Specimens 
Nu,test (kN) 

δu 
(mm) 

Nu,test 
/Afy   

Nu,test 

/ Nu,EC3 
Nu,test 

/Nu,AISC 
Nu,test 

/Nu,AS4100 

Nu,test 
/ Nu,DSM 

Nu,test 
/ Nu,CSM 

Nu,test 
/ Nu,DSM

* 
Nu,test 

/ Nu,CSM
* 

Nu,test 
/ Nu,ASCE 

Nu,test 
/ Nu,Fang 

Nu,test 
/ Nu,ASCE

* 
Nu,test 

/ Nu,ASCE
# 

IOct70×6-1.25 1874 7.90 1.13 1.14 1.14 1.14 1.14 1.10 1.14 1.04 1.14 1.14 1.14 1.14 
IOct145×6-1.25 3696 3.55 0.99 1.01 1.01 1.01 1.01 1.01 1.05 1.05 1.01 1.04 1.04 1.10 
IOct145×6-1.25# 3676 3.51 0.99 1.00 1.00 1.00 1.00 1.01 1.05 1.05 1.00 1.03 1.03 1.10 
IOct145×6-1.50 3024 2.98 0.99 1.00 1.00 1.00 1.00 1.00 1.04 1.04 1.00 1.04 1.04 1.02 
IOct165×6-1.50 3275 2.72 0.94 0.99 0.97 0.98 1.01 1.09 1.12 1.12 0.96 1.02 1.02 1.00 
IOct185×6-1.50 3310 2.81 0.84 0.90 0.89 0.91 0.90 0.97 1.00 1.00 0.90 0.93 0.94 1.02 
IOct185×6-1.50# 3311 2.78 0.84 0.91 0.90 0.92 0.90 0.98 1.00 1.00 0.91 0.94 0.94 1.03 
IOct205×6-2.00 2863 2.72 0.82 0.94 0.93 0.97 0.95 1.03 1.04 1.04 0.95 0.98 0.98 0.94 
IOct225×6-2.00 2929 2.82 0.77 0.90 0.89 0.94 0.93 1.02 1.03 1.03 0.83 0.94 0.94 0.90 
IOct245×6-2.00 3055 2.85 0.73 0.89 0.89 0.93 0.95 1.04 1.04 1.04 0.93 0.93 0.94 0.89 
IOct145×10-1.50 5544 9.55 1.05 1.09 1.09 1.09 1.09 1.07 1.09 1.05 1.09 1.09 1.09 1.17 
IOct145×10-1.50# 5536 9.52 1.05 1.09 1.09 1.09 1.09 1.08 1.09 1.05 1.09 1.09 1.09 1.17 
IOct185×10-2.00 5543 5.91 1.03 1.07 1.07 1.07 1.07 1.06 1.07 1.05 1.07 1.07 1.07 1.07 
   Mean 0.99 0.99 1.00 1.00 1.04 1.06 1.04 0.99 1.02 1.02 1.04 
   CoV 0.081 0.085 0.070 0.074 0.039 0.038 0.026 0.089 0.066 0.064 0.087 
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 354 
4.  Numerical simulations 355 
 356 
4.1 Finite element modelling 357 
 358 
In addition to the experimental investigation, finite-element (FE) analysis using commercially available 359 
software package ABAQUS [36] was also performed to replicate the experimental test and simulate the 360 
structural behaviour of the HSS IOctHS under compressive loading. In order to generate complementary data 361 
with a relatively large range of the cross-section slenderness and capture the failure modes of the stub columns, 362 
the validated FE model should be developed for further parametric studies. For the purpose of developing the 363 
valid FE model, the measured cross-section geometric dimensions were used with full length of the 364 
investigated specimens. For mechanical properties, the measured stress-strain responses for the flat and the 365 
corner coupons were converted to true stress and plastic strain in accordance with the relationship shown in 366 
Eqs. (1) – (2). Plastic material model with isotropic hardening was used for modelling steel materials. To 367 
consider the strength enhancement during the cold-forming process, the increased strength was assigned to the 368 
corner portion of the FE model. It was found that the enhancement of the strength was not limited to the corner 369 
portion only, it can be extended to a certain distance away from the corner. The extended corner regions with 370 
a width of 1.5t is appropriate for OctHS [17] which was also used in this study, as shown in Fig. 13. 371 

true eng eng(1 )σ σ ε= +                                                               (1) 372 

pl true
true eng

s

ln(1 ) ( )
E
σ

σ ε= + −                                                           (2) 373 

where σeng and εeng are the engineering stress and engineering strain from tensile coupon tests, Es is Young’s 374 

modulus obtained from the tests, and σtrue and pl
trueε are the true stress and plastic strain. 375 

In line with the boundary condition setup in experimental tests, fix-ended boundary conditions were simulated 376 
by restraining all degrees of freedom except for the axial translation at one end and release the axial 377 
displacement at the other end in longitudinal direction only, as shown in Fig. 14. Linear elastic buckling 378 
analysis was performed to obtain the lowest elastic buckling eigen mode under compression which was taken 379 
as the representative distributed profile of initial local geometric imperfection, as shown in Fig. 15. The 380 
buckling mode shape was then amplified by the measured initial local geometric imperfection. Non-linear 381 
analysis accounting for material and geometric non-linearities was subsequently conducted. The incremental 382 
displacement control was used by assigning the displacement in axial direction using RIKS step. To allow for 383 
large displacement analysis, the function of nonlinear geometric parameter (*NLGEOM) should be activated. 384 
A four-node shell element with reduced integration S4R, commonly used for predicting the structural response 385 
of steel hollow sections [37-39], was employed in this study. The mesh size of Bs/20 based on mesh 386 
convergence analysis which strike a good balance between the accuracy and the computational costs was used 387 
in this study, where Bs is the edge length of the inclined short flat portion. Aside from the measured initial local 388 
geometric imperfections for IOctHS stub columns, imperfection sensitivity analysis was executed to determine 389 
the proper magnitude of the imperfection incorporated to the model, considering (i) the measured imperfection 390 
value ω0 (ii) t/10 (iii) t/50 (iv) ωFang predictive model for local imperfection of OctHS proposed in [14]. The 391 
predictive model is shown in Eq. (3). 392 
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0.307 t
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 

                                                           (3) 393 

The fabrication processes of press-braking and welding result in residual stresses. The residual stresses in 394 
longitudinal direction are more influential in comparison with the residual stresses in transverse direction, 395 
which can be further decomposed into membrane residual stresses and bending residual stresses. The bending 396 
residual stresses were inherently reintroduced during the elastic stage of straightening the curved coupon 397 
specimen during tensile coupon tests. Thus, the bending residual stresses were essentially included in the 398 
stress-strain relationship from the coupon specimens. To account for the effect of the residual stresses on the 399 
structural response in the FE model, the membrane residual stresses were incorporated into the FE model with 400 
the magnitudes obtained from the predictive model proposed for HSS IOctHS in Liu et al. [19], as shown in 401 
Fig. 16. The largest tensile membrane residual stresses near the welding seam featured with the magnitude of 402 
0.56fy,p, gradually decreased as distance increasing, and then changed to compressive stress with magnitude of 403 
0.16fy,p at the locations away from the welding seam. As the distance increases far away from the welding at 404 
about the second press-braking corner, tensile membrane residual stresses were observed with a smaller 405 
magnitude of 0.12fy,p. A typical membrane residual stresses distribution incorporated into the FE model for the 406 
HSS cold-formed IOctHS stub column specimen IOct185×6-1.50 is depicted in Fig. 17 with positive values 407 
indicating tensile membrane residual stress and negative values implying compressive membrane residual 408 
stress. To evaluate the impact of the membrane residual stress on the cross-section strength and the local 409 
buckling response of the stub column specimens, the FE model with or without inclusion of the membrane 410 
residual stressed were both developed and the corresponding results were compared to determine the 411 
necessities for incorporating the membrane residual stresses in FE model. It was found that membrane residual 412 
stress cause 2-3% difference in the ultimate capacity and the existence residual stress induces earlier yielding 413 
of the IOctHS under compression. The membrane residual stresses were thereby modeled in the further 414 
parametric studies. 415 
 416 
 417 
 418 

 419 

Fig. 13. Extension of the corner regions material properties in finite element model for cold-formed HSS 420 
IOctHS  421 
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 422 
Fig. 14. Typical FE mesh, loading and boundary conditions of the cold-formed HSS IOctHS stub columns. 423 
 424 

 425 

 426 
 427 

Fig. 15. Typical first buckling mode shape generated from Eigenvalue analysis. 428 
 429 

 430 

Fig. 16. Predictive model of membrane and bending residual stresses distributions and amplitudes (in MPa) in 431 
modelled cold-formed HSS IOctHS stub columns [19]. 432 
 433 
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 434 
 435 

 436 
Fig. 17. Typical membrane residual stresses distributions in the modelled cold-formed HSS IOctHS stub 437 
columns of IOct185×6-1.50. 438 
 439 
4.2 Validation of the FE models 440 
 441 
The adequacy and accuracy of the FE models were elucidated by validation study through the comparisons of 442 
the failure mode, ultimate axial load, load-end shortening responses generated from FE models with those 443 
obtained from the tests. In Fig. 18, the failure modes of the HSS cold-formed IOctHS obtained from the 444 
numerical models were compared with that of the failed specimens. The failure modes generated from the FE 445 
model closely matched the test observations for IOctHS stub column specimens.  446 
The axial load-end shortening curves of HSS cold-formed IOctHS stub columns of IOct70×6-1.25, IOct145×6-447 
1.50 and IOct145×10-1.50 form FE models were compared with the counterparts obtained from the 448 
experimental tests. As seen in Fig. 19, the curves from experimental study correlate well with the numerical 449 
data and the ultimate capacities can be precisely captured. The sensitively analysis of the initial local geometric 450 
imperfection was performed by comparing the ultimate loads estimated from FE models incorporating different 451 
local imperfection amplitudes with those from the stub column tests, as presented in Table. 6. Mean values of 452 
the ratios of Nu,FE/Nu,test for the four investigated initial local imperfection magnitudes are 1.02, 1.01, 1.05 and 453 
1.04 respectively with corresponding CoVs of 0.018, 0.030, 0.038 and 0.027 respectively. The best agreement 454 
between the experimental and numerical predictions was achieved when the imperfection amplitude equals to 455 
t/10. This initial local imperfection value was thus used in the subsequent parametric studies. Overall, the 456 
developed FE models can accurately replicate the stub column test results in terms of ultimate loads, load-end 457 
shortening curves and failure modes. 458 
 459 
4.3 Parametric studies 460 
 461 
After the completion of the validation study for the developed FE models, parametric studies were carried out 462 
to further generate structural performance data with a larger range of cross-section slenderness aiming at 463 
complementing the experimental data. The average material properties from tensile coupon testing for flat 464 
coupons and corner coupons were used for the parametric studies. The stress-strain curves were generated 465 
based on the relationships given in Liu et al. [19] for materials at different regions and the material properties 466 
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were assigned to the corresponding locations of flat portions and corner portions. Concerning the initial local 467 
geometric imperfections, a value of t/10 is used as discussed in the sub-section of 4.2. In terms of the geometric 468 
dimensions, the clear width of the longer flat portion bL was varied from 46 mm to 170 mm, and clear width 469 
of the shorter inclined flat portion bs varied between 11 mm and 170 mm, resulting in a wider cross-section 470 
slenderness of bs varied between 1.9 and 28.8 and bL ranging between 8.3 and 28.8. The aspect ratio varied 471 
from 1.0 to 2.0 and the thickness of the plate was 6 mm. The outer corner radius and inner corner radius of the 472 
cold-bent corners were set to be 3t and 2t respectively. The length of the stub columns was determined in 473 
accordance with the principle introduced in section 3. A total of 150 FE models were conducted in the 474 
parametric studies. The experimental test data together with the generated FE results were used to assess and 475 
evaluate the applicability of the current structural steel design codes and the design methods. 476 
 477 

   478 
(a)                                 (b) 479 

 480 
Fig. 18. Test and FE failure modes for typical stub column specimens (a) Cold-formed HSS IOctHS stub 481 
column specimen IOct145×6-1.50 (b) Cold-formed HSS IOctHS stub column specimen IOct185×10-2.00. 482 
 483 

 484 
Fig. 19. Experimental and numerical load-end shortening responses for cold-formed HSS IOctHS stub columns. 485 
 486 
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 487 
Table 6 Comparison of the stub column test results with finite element results for various imperfection 488 
amplitudes. 489 
 490 
 491 
 492 
 493 
 494 
 495 
 496 
 497 
 498 
 499 
 500 
 501 
 502 
 503 
 504 
   505 
 506 
 507 
Note: # indicates the repeated test specimen 508 
 509 
5.  Evaluation of the current design codes and the design approaches 510 
 511 
5.1 General 512 
 513 
The applicability of the design provisions in the existing structural steel design codes for HSS IOctHS were 514 
evaluated and compared. It is worth noting that designs of OctHS or IOctHS are not included in current 515 
structural steel design standards such as EN 1993-1-12 [24], AISC 360-16 [25], AS 4100 [26], AISI S100-16 516 
[40], and EN 1993-1-5 [41]. North American code of ASCE/SEI 48-11 [27] stipulates the design provisions 517 
for OctHS with slenderness limiting value provided. Previous study demonstrated that the plate buckling 518 
theory for the internal compression element in SHS/RHS can be applied to the internal plate members 519 
comprising OctHS with Q355 (nominal yield strength = 355 MPa) [42] and Q460 (nominal yield strength = 520 
460 MPa) steel plates [17]. Hence, the specified limits for the internal plate element under compression 521 
regulated in the structural steel standards may be extended to cover the design of IOctHS. Note however that 522 
the design provisions in EN 1993-1-12 [24] stem from the design framework specified in EN 1993-1-1 [43] 523 
which covers the structural steel design with strength grade not greater than 460 MPa. The concept of the cross-524 
section classification design is adopted in these design codes at cross-section level and the effective width 525 
method is widely used to deal with the members subject to local buckling. The modified design method based 526 
on the form of effective width method (EWM) equation set out in EN 1993-1-5 [41] was proposed in Fang et 527 
al. [14] for Q690 OctHS, and the suitability of this modified method coupled with the counterpart regulated in 528 
the codes were evaluated and compared. Apart from the design standards, design approaches including direct 529 
strength method (DSM) [28] and continuous strength method (CSM) [29] and the modified DSM* [18] which 530 

Specimens Nu,FE/Nu,test 
ω0 t/10 t/50 ωFang 

IOct70×6-1.25 1.00 0.98 1.00 1.00 
IOct145×6-1.25 1.02 1.00 1.02 1.02 
IOct145×6-1.25# 1.03 1.00 1.03 1.03 
IOct145×6-1.50 1.01 1.00 1.03 1.03 
IOct165×6-1.50 1.04 1.04 1.07 1.07 
IOct185×6-1.50 1.04 1.05 1.08 1.06 
IOct185×6-1.50# 1.04 1.05 1.08 1.06 
IOct205×6-2.00 0.99 1.01 1.13 1.06 
IOct225×6-2.00 1.02 1.04 1.11 1.08 
IOct245×6-2.00 1.04 1.07 1.09 1.08 
IOct145×10-1.50 1.00 0.99 1.02 1.01 
IOct145×10-1.50# 1.01 0.99 1.02 1.01 
IOct185×10-2.00 0.99 0.97 1.01 1.01 
Mean 1.02 1.01 1.05 1.04 
CoV 0.018 0.030 0.038 0.027 
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can account for the interaction effect and can be applied to arbitrary cross-section shape were also assessed 531 
and discussed. Furthermore, the cross-section strengths obtained from the tests coupled with FE results were 532 
compared with the predicted strengths from these design standards and the design approaches. 533 
 534 
5.2 Cross-section classification 535 
 536 
Cross-section classification is the commonly used methodology for dealing with the cross section experiencing 537 
local buckling for the design of steel hollow sections including SHS, RHS, and CHS, as specified in European 538 
code of EN 1993-1-1 [43], ANSI/AISC 360-16 [25] and AS 4100 [26]. There are four cross-section classes 539 
specified in the classification framework of Eurocode EN 1993-1-1 [43]. For the cross-sections which can 540 
attain the yield of Afy are classified as Class 1, 2, and 3 sections, whereas those sections failed to achieve the 541 
yield load due to the occurrence of local buckling are categorized as Class 4. Likewise, cross-section 542 
classification is also specified in codes of ANSI/AISC 360-16 [25] and AS 4100 [26] but the number of the 543 
cross-section class is reduced to only two sections, namely non-slender or slender sections. Non-slender 544 
sections refer to the sections which can reach the yield load and slender sections indicate the sections that are 545 
failed due to local buckling prior to the attainment of the yield load. Thus, the slender sections can be 546 
considered as the corresponding class as Class 4 and non-slender sections are those sections corresponding to 547 
Class 1-3 in Eurocode 3. Though ASCE/SEI 48-11 [27] is not structural steel design standard, it also employs 548 
the classification system to apply for transmission pole design, which is similar as AISC 360-16 and AS 4100. 549 
To determine the cross-section slenderness, different material parameters are used in different design codes, 550 
such as εEC3 = (235/fy)0.5, εAISC= (E/fy)0.5, and εAS4100 = (250/fy)0.5 were used to account for the differences of the 551 
material strengths in various codes respectively. Note that in the design standard of AISI S100 [40] and 552 
AS/NZS 4600 [44], the parameter λp is used as the cross-section slenderness, where λp = (fy/fcr)0.5. For the 553 
purpose of harmonized comparisons, the yield slenderness limits value are summarized in Table 7 in which a 554 
normalized plate slenderness value λlim = (b/t)(fy/E)0.5 is used to standardize the comparison between the codes 555 
and design methods. The normalized yield slenderness limits from EN 1993-1-1, AISC 360-16 and AS 4100 556 
are similar with values of 1.405, 1.400, and 1.414 respectively, the slenderness limit value from ASCE/SEI 48-557 
11 is relatively larger with λlim of 1.520. Smaller slenderness limits are provided by AISI S100 and AS/NZS 558 
4600 with a value of 1.280. Compression resistances from experimental and numerical investigations were 559 
used to normalize the corresponding squash load Afy, and subsequently plotted against the ratios normalized 560 
plate slenderness λlim of the governing plate member of the IOctHS in Fig. 20. The comparisons indicate that 561 
the current codified slenderness limits in these structural steel codes are inappropriate and cannot be extended 562 
to cover the design of HSS cold-formed IOctHS. In particular, the yield slenderness limits can hardly be applied 563 
to the sections with a larger aspect ratio of two. As can be seen in Fig. 20, the data points at upper bound are 564 
the sections with an aspect ratio of two, which benefit largely from the interaction effect with larger ratio of 565 
the normalized strength.  566 
 567 
As discussed in the sub-section of 5.1 that EWM is used to explicitly consider the sections undergoing local 568 
buckling. The original dimension such as the width b (slender member) of the cross-section is thus reduced to 569 
the effective width of beff and the effective compressive resistance becomes at Aefffy, where Aeff is the effective 570 
area of the section. Similarly, the other two steel design codes also specify the systematic classification and 571 
design system to consider the sections experiencing local buckling, though the expressions are different. The 572 
detailed discussion concerning EWM design in standards will be conducted in sub-section of 5.3. EN 1993-1-573 
5 provides the slenderness limit of 1.279, almost same as the one in AISI S100. In the previous study on cross-574 
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section resistance of OctHS in Fang et al. [14], modified cross-section slenderness limit was proposed. It was 575 
found that the proposed value of 1.00 can be safely adopted to cover the cross-section classification of IOctHS 576 
though relatively conservatism was observed for sections with aspect ratio larger than 1.0.  577 
 578 
In addition to the design standards, design approaches such as DSM which is incorporated in the design code 579 
of AISI S100-16 [40], can be applicable to arbitrary cross sections and the redundant work in the determination 580 
of the effective area for the sections with local buckling is no longer needed [28]. The elastic local buckling, 581 
global buckling and distortional buckling stress should be determined through the numerical analysis such as 582 
finite strip software CUFSM [28] or ABAQUS [36]. The non-dimensional slenderness parameter used in DSM 583 
and CSM is (fy/fcr)0.5, which is the same parameter used in AISI S100 [40] and AS/NZS 4600 [44]. The 584 
applicability of DSM for the design strength predictions for HSS IOctHS was also evaluated. For the sections 585 
with λlim smaller than 1.47, those sections can achieve the yield load, and the cross-section yield limit from 586 
DSM is thereby taken as 1.47. Modified design method based on the DSM was proposed by Chen et al. [18] 587 
which aimed at deriving an updated expression for OctHS with strength grades varying from S235 to S690. 588 
The proposed yield limit value was 1.180 and this modified approach was named as DSM* in this study.  589 
 590 
CSM, accounting for the strain hardening of the metallic material and the effect of the element interaction, is 591 
a deformation-based design method. Similar to the DSM that the iteration process of the effective area 592 
calculation of the cross section is not needed in the design of strength predictions [29, 45, 46]. To define the 593 
strain capacity of the cross section, different based curves were utilized in strength predictions for CSM. 594 
Currently, the base curve is only available for the commonly used tubular sections, such as SHS/RHS and CHS 595 
but not for the IOctHS investigated in this study. Hence, the applicability of the CSM for the design of the HSS 596 
IOctHS stub columns was evaluated. In terms of the material model, the material model for cold-formed 597 
structural steel section proposed by [1] was used for high strength steel. For HSS structural elements, base 598 
curve has been studied and developed for HSS based on the collated data from the tests under compressive in 599 
Lan et al. [47]. The based curve was thus employed in this study for flange, shown as follows in Eq. (4). 600 
 601 

csm 1 u
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 = − <
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                                          (4) 602 

where (εcsm/εy) is the deformation capacity, εcsm is the CSM limiting strain, εy is the yield strain equals to fy/E. 603 
For the sections subjected to local buckling prior to the achievement of the yield, the CSM provides a limit 604 
slenderness value of λp = 0.68, resulting in λlim = 1.29. Fig. 20 demonstrate that the yield slenderness limit from 605 
DSM, CSM as well as the one proposed from DSM* exhibit overly non-conservatism for the design of OctHS 606 
and IOctHS. The main findings of the assessment for cross-section yield slenderness limit are summarized 607 
herein, the comparisons between the limit value and the test data generally indicate that the codified 608 
slenderness limits in the three structural steel design standards of EN 1993-1-1, AISC 360-16 and AS 4100 609 
cannot be applied to the cross-section classification of HSS cold-formed IOctHS stub columns under 610 
compression. Moreover, the cross-section yield slenderness limits from the design approaches of DSM, CSM, 611 
DSM* and CSM* result in over-predicted classification.  612 
 613 
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             614 
 615 

Fig. 20. Assessment of slenderness limits in the design codes and design approaches for HSS cold-formed 616 
IOctHS stub column in compression. 617 
 618 

 619 
Fig. 21. Assessment of the effective width methods in design codes and design methods for HSS cold-formed 620 
IOctHS stub column in compression. 621 
 622 
 623 

 624 
 625 

 626 
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 627 
Fig. 22. Assessment of the design code of ASCE/SEI 48-11 and modified design methods based on it for HSS 628 
cold-formed IOctHS stub column in compression. 629 
 630 
 631 
 632 

 633 
Fig. 23. Assessment of the DSM and DSM* for HSS cold-formed IOctHS stub column in compression. 634 

 635 
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Table 7 Summary of the cross-section yield slenderness limits for the internal plate element. 636 

 637 

Design standards and methods  Yield slenderness limits  λlim 
EN 1993-1-1 [43]  b/t≤42εEC3, EC3 yε = 235 / ,f  E = 210 GPa 1.405 

ANSI/AISC 360-16 [25]  b/t≤1.40εAISC, AISC yε = / ,E f   E = 200 GPa 1.400 

EN 1993-1-5 [41]  
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 [26]  b/t≤14εAS4100, AS4100 yε = 250 / ,f   E = 200 GPa 1.414 

ASCE/SEI 48-11 [27]  b/t≤ y681.2 / ,f  E = 200 GPa 1.520 

AISI S100-16 [40] 
AS/NZS 4600 [44] 

 
p y crλ = / 0.673f f ≤ ，

2
2

cr 2

π= 4 ( ) ,
12(1 )

E tf
bν−

 E = 200 GPa 1.280 

DSM [28]  
p y crλ = / 0.776f f ≤ ， E = 200 GPa 1.470 

CSM [29]  
p y crλ = / 0.68f f ≤ ， E = 200 GPa 1.290 

DSM* [18]  
p y crλ = / 0.62f f ≤ ， E = 200 GPa 1.180 

CSM* [18]  
p y crλ = / 0.62f f ≤ ， E = 200 GPa 1.180 

Fang et al. [14]  b/t≤30εEC3, EC3 yε = 235 / ,f  E = 210 GPa 1.000 

ASCE/SEI 48-11* [18]  
p y crλ = / 0.521f f ≤ ， E = 200 GPa 1.000 
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 638 
 639 

 640 
Fig. 24. Assessment of the CSM and CSM* for HSS cold-formed IOctHS stub column in compression. 641 

 642 
5.3 Cross-section compression resistances 643 
 644 
5.3.1 Design standards and modified methods 645 
 646 
Brief introduction on cross-section strength predictions under compression from the design standards and the 647 
design methods are given in this section. As discussed in sub-section of 5.1 and 5.2, for the cross sections of 648 
the structural elements experienced local buckling failure prior to the attainment of yielding, the effective width 649 
method is employed in current design codes in EN 1993-1-5 [41] and ANSI/AISC 360-16 [25] and AS 4100 650 
[26]. It should be noted that the EN 1993-1-12, ANSI/AISC 360-16, and AS 4100 employ different equations 651 
to determine the effective width of the plate elements of Class 4 or slender section subject to local buckling, 652 
as given in Eqs. (5) – (8) 653 
 654 

( )
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p p p

1 for 0.673

1 0.22 / / for 0.673
b

b

λ

λ λ λ

 ≤= 
− >

                                            (5) 655 

where pλ is the plate slenderness specified in accordance with EN 1993-1-5 [38], as shown in Eq. (6). 656 

p

EC3 σ

/=
28.4

b t
k

λ
ε

                                                                (6) 657 

where kσ is the buckling factor taken as 4 for internal plate element in compression. 658 
 659 
The equations to determine the effective width in structural steel design codes of ANSI/AISC 360-16 [25] and 660 
AS 4100 [26] are given in Eq. (7) and Eq. (8), respectively. 661 
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2
p,AISC p,AISCff,AISC

2

1.38 0.38eb
b

λ λ
λ λ

= −                                                     (7) 662 

where λp,AISC is the AISC limiting width-to-thickness ratio for internal plate element under compression and λ 663 
is the ratio of width to thickness b/t. 664 
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b b tε

=                                                              (8) 665 

It should be noted that design standard of ASCE/SEI 48-11 [27] adopts effective strength to consider the 666 
reduced capacity due to local buckling, as follows in Eq. (9) 667 
 668 

y
y

y
ya,ASCE

y y

2
2

2
y

681.2for 

0.00114 681.2 919.61.42 (1 ) for 
2.62

π 919.64 ( ) for 
12(1 )

bf
t f

b f bff
t tf f

E t b
b tfν

 ≤


 − ≤ ≤= 


 ≤
 −

                              (9) 669 

where A is the gross cross-section area, fa,ASCE is the effective compressive strength, fy is the yield strength and 670 
b is the clear side width excluding corner portion. 671 
 672 
Applicability of the existing EWM was assessed for HSS OctHS in Fang et al. [14], it is found that the EWM 673 
in EN 1993-1-5 [41] over-estimated the cross-section strength and EWM was modified and proposed as 674 
follows in Eq. (10) in a form analogous to the expression given in EN 1993-1-5 [41]. The cross-section 675 
predictions based on the modified method was named as Nu,Fang. 676 
 677 
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                                         (10) 678 

 679 
Along with the modified EWM, reduced strength method based on ASCE/SEI 48-11 [27] was also proposed 680 
as follows, based on the updated strength, the cross-section capacity was defined as Nu,ASCE

*. 681 
 682 
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                                         (11) 683 

Likewise, the modified reduced strength method was also proposed in [18] as follows, resulting cross-section 684 
resistance of Nu,ASCE

#. 685 
 686 
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for 0.571
0.276 1(1.05 ) for 0.571
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M-27/36 
 

 688 
5.3.2 Design approaches of DSM and CSM 689 
 690 
As introduced in the previous section that DSM adopted cross-section slenderness limit λp. For the structural 691 
members with cross-section slenderness limit λp < 0.776, yield load can be achieved, for those sections with 692 
cross-section slenderness limit λp ≥ 0.776, the predicted strength could be determined following the equation 693 
expressed by Eq. (13). 694 
 695 

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

≤

 − >


                                        (13) 696 

 697 
Chen et al. [18] concluded that DSM generated over-conservative strength predictions for OctHS with strength 698 
grades varied from S235 and S690, modified coefficients were applied to the design equation as shown in Eq. 699 
(14). 700 

y p
*

DSM
y p0.9 0.9

p p

for 0.62
= 0.227 11 ) for 0.62

f A
N

f A

λ

λ
λ λ

≤

 − >


                                        (14) 701 

In terms of the cross-section strength predictions from CSM, the CSM limiting stress fcsm, strain hardening 702 
slope Esh and the predicted strain εu corresponding to the ultimate stress are needed. The CSM limiting stress 703 
fcsm can be calculated from Eq. (15), 704 
 705 

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

≤=  − < < （
                                    (15) 706 

 707 
where Es is Young’s modulus, fy is the yield stress, εy and εu are the strains at the yield and ultimate stresses, 708 
respectively, εsh is the strain hardening strain defined as the end of the yield plateau after which the strain 709 
hardening initiates, C1εu represents the strain at the intersection point of the third stage of the model and the 710 
actual stress-strain curve. Moreover, material coefficients, C1 used in the material model defining cut-off strain 711 
to avoid over-predictions of material strength. The other material coefficients C2 is used to define the strain 712 
hardening modulus of Esh, as given in Eq. (16). These material coefficients corresponding to the material 713 
properties in this study were derived with regard to the proposed material model proposed in [1] for HSS with 714 
extensive materials collated. 715 
 716 

u y
sh

2 u y

=
f f

E
C ε ε

−

−
                                                                 (16) 717 

After determining the CSM limiting stress, the cross-section strength can be derived as follows, 718 
 719 
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                                                  (17) 720 

Note that the modified CSM* proposed in Chen et al. [18] simply extended the modified expressions of DSM* 721 
for the sections with λp ≥ 0.62. The suitability of this modified CSM* to HSS cold-formed IOctHS was also 722 
evaluated and compared. 723 
 724 
5.3.3 Assessment of the applicability of the existing design methods 725 
 726 
The ultimate loads obtained from the experiments in conjunction with the FE data were compared with the 727 
strength predictions based on design codes and design methods introduced in sub-sections of 5.3.1 and 5.3.2. 728 
The test results were normalized with the strength predictions and normalized strength ratios are plotted against 729 
the corresponding cross-sectional slenderness λp with all partial factors set to unity for direct comparison, as 730 
shown in Figs. 25–27.  731 
 732 
Key test results with the statistical analysis and comparisons of the cross-section resistance predictions, 733 
including the mean (test and FE)-to-predicted compression resistance ratios Nu/Nu,pred, the corresponding 734 
coefficient of variations (CoVs), are shown in Table 8. Strength predictions from three structural steel design 735 
codes and the proposed method in Fang et al. [14] were based on the concept of EWM. Hence the comparisons 736 
among these three design codes and one modified method were carried out. The mean values of Nu/Nu,pred 737 
obtained from EN 1993-1-12, AISC 360-16, AS4100 and Fang et al. [14] are 1.03, 1.02, 1.03 and 1.05 with 738 
corresponding CoVs of 0.043, 0.048, 0.042 and 0.031 respectively. As seen in Fig. 25, for the relatively 739 
compact sections, design codes as well as modified EWM both provide over-conservative results and over-740 
predicted cross-section strengths were observed from the existing design standards for slender sections, as seen 741 
in Fig. 21. Three structural steel design codes give consistent predictions, and AISC 360-16 generally provide 742 
close predictions on average but more scattered. Modified EWM provides comparably reliable and safe 743 
predictions for HSS cold-formed IOctHS under compression, as shown in Fig. 25.  744 
 745 
In terms of the comparisons based on the standard of ASCE/SEI 48-11 and modified methods in Fang et al. 746 
[14] and Chen et al. [18], the mean values of Nu/Nu,pred are 1.02, 1.05 and 1.04 with corresponding CoVs of 747 
0.052, 0.031 and 0.039 respectively. Though relative accurate predictions were obtained from ASCE/SEI 48-748 
11 [27], it over-estimated the strength for slender sections significantly, as shown in Fig. 26. The extent of the 749 
over-prediction tends to increase as the cross-section slenderness increasing. Modified methods proposed by 750 
Fang et al. [14] and Chen et al. [18] based on reduced strength method (ASCE/SEI 48-11 [27]) provide reliable 751 
and accurate predictions though all of which under-estimate the cross-section strength for compact sections. 752 
Compared with predictions from Fang et al. [14], the design equations in Chen et al. [18] gives non-753 
conservative predictions for the sections with cross-section slenderness λp ranging between 0.5 and 0.6. Design 754 
equations proposed in Fang et al. [14] provide more reliable results and suitable cross-section yield slenderness 755 
value, as shown in Fig. 22. 756 
 757 
Regarding the strength predictions from the design methods of DSM, CSM and modified design methods of 758 
DSM* and CSM*, normalized strengths are plotted against the cross-section slenderness λp in order to assess 759 
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the design equations of DSM and DSM*, as shown in Fig. 23. The mean values of Nu/Nu,pred obtained from 760 
DSM and DSM* are 1.03 and 1.06 with CoVs of 0.045 and 0.030 respectively and the mean values of Nu/Nu,pred 761 
obtained from CSM and CSM* are 1.04 and 1.04 with CoVs of 0.025 and 0.030 respectively. It is noticeable 762 
that DSM significantly over-estimates the cross-section strength with design equation locating as the lower 763 
bound of the IOctHS with aspect ratio of 2.0. In comparison with DSM, DSM* can be able to provide more 764 
reliable predictions, notwithstanding cross-section strengths are still slightly over-estimated with slenderness 765 
λp between 0.62 and 0.65. Furthermore, both DSM and DSM* give over-conservative cross-section predictions 766 
for compact sections, as shown in Fig. 27. Likewise, assessment of the prediction equation of CSM and CSM* 767 
were conducted against the test and FE data. It is seen that both design curves of CSM and CSM* locate above 768 
the data point exhibiting conservatism predictions, as shown in Fig. 24. Fig. 27 implies that CSM and CSM* 769 
provide more consistent and precise predictions than DSM and DSM*. In particular, accurate strength 770 
predictions for compact sections were obtained due to that CSM can take strain hardening of the material into 771 
account. Though CSM* determine more accurate predictions for compact sections than CSM, it starts to 772 
underestimate the strength as cross-section slenderness limits increasing.  773 
 774 
 775 
 776 
 777 
 778 
 779 
 780 

 781 

 782 
Fig. 25. Comparisons of experimental and numerical results with strength predictions from design codes and 783 
design approach using effective width method. 784 
 785 
 786 
 787 
 788 
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 789 
Fig. 26. Comparisons of experimental and numerical results with strength predictions from design code of 790 
ASCE/SEI 48-11 and modified design approaches based on ASCE/SEI 48-11. 791 
 792 
 793 

 794 
Fig. 27. Comparisons of experimental and numerical results with strength predictions from design approaches 795 
of DSM and CSM as well as the modified design approaches DSM* and CSM*. 796 
 797 
6. Reliability analysis 798 
 799 
The first-order reliability method in accordance with EN 1990 [48] was conducted to assess the reliability level 800 
of the design codes and design methods on HSS cold-formed IOctHS stub columns. The material over-strength 801 
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ratio fy,mean/fy,nom = 1.12 proposed in Chen et al. [1] for HSS was used with CoV of 0.066. The CoV of the 802 
geometric properties was taken as 0.05 [49]. The key reliability analysis results are shown in Table 8. In this 803 
table, b is the mean value correction factor, which can be derived based on least squares analysis between the 804 
resistance capacities and design predictions, where re is the experimental results and rt is the theoretical results 805 
of the resistance model. 806 
 807 

e t
2

t

r r
b

r
= ∑
∑

                                                                      (18) 808 

 809 
Vδ is the CoV of the test and FE results relative to the resistance design model, which can be determined as 810 
follows, in Eqs. (19) – (21). 811 
 812 

2
δ exp( ) 1V s∆= −                                                                 (19) 813 

2 2
1 1

1 1( )
1

n n
i ii i

s
n n∆ = =

= ∆ − ∆
− ∑ ∑                                                     (20) 814 

2 ln ( )is δ∆ =                                                                       (21) 815 

where δ is the error term which is calculated for each pair data δ = re /b rt. 816 
 817 
The effect of the variability of the geometric and material in resistance function grt(X) are accounted for 818 
through their coefficient of variation parameter Vrt. The calculation of this parameter is shown in Eq. (22) 819 
 820 

[ ]rt 2rt
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1m mrt rt i

( ) 1 ( )
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=
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∂∑                                            (22) 821 

 822 
Vr is the combined CoV incorporating both model and basic variable uncertainties, and γM0 is the partial safety 823 
factor for cross section resistance. To determine the partial safety factor, design resistance value needs to be 824 
derived as follows, 825 
 826 

2
md rt d, rt rt d,n δ δ( )exp( 0.5 )r bg X k Q k Q Qα α∞= − − −                                         (23) 827 

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

rln( 1)Q V= + . 828 

 829 
Based on the statistical results in Table 8, it was concluded that the examined design standards and design 830 
methods provide comparative accurate predictions with mean (test and FE)-to-predicted between 1.02 and 1.06. 831 
The required partial factors are summarized in Table 8 for the design standards and design methods discussed 832 
in the previous sections, which are larger than the value of 1.0 recommended in EN 1993-1-1 [43] and EN 833 
1993-1-5 [41]. 834 
 835 
 836 
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7. Conclusions 837 
 838 
Experimental and numerical investigations on the local buckling behaviour and cross-section capacity under 839 
compression was performed for high strength steel Q690 IOctHS with press-braking corners and the aspect 840 
ratios of the examined sections were within range between 1.0 and 2.0. The applicability of the yield 841 
slenderness limits for cross-section classification for HSS cold-formed IOctHS in compression and design 842 
rules specified in structural steel design codes and the transmission pole code were assessed and discussed. 843 
The cross-section strength predictions obtained from the design standards and design approaches were 844 
compared with the test data and FE results. Reliability analysis was also carried out. Base on the results and 845 
discussions presented in this paper, the following conclusions can be drawn and briefly summarized as follows: 846 
 847 
(a) The codified slenderness limits in the three structural steel design standards of EN 1993-1-1, AISC 360-16 848 
and AS 4100 cannot be extended to cover the cross-section classification of HSS cold-formed IOctHS stub 849 
columns under compression.  850 
 851 
(b) The cross-section yield slenderness limits from DSM, CSM, DSM* and CSM* both provide non-852 
conservative predictions.  853 
 854 
(c) Three structural steel design standards provide relatively consistent and accurate results. The compact 855 
sections strength are under-estimated and slender sections are over-estimated by three design standards, while 856 
the modified method proposed by Fang et al. provide more reliable and safe predictions than the standards. 857 
 858 
(d) Modified strength reduced method proposed by Fang et al. [14] yield more accurate and reliable design 859 
than the one proposed by Chen et al. [18]. Chen et al. [18] somewhat under-estimate the strength with cross-860 
sections slenderness λp varying between 0.5 and 0.6. 861 
 862 
(e) DSM* can provide more reliable predictions than DSM, though many data point are still over-estimated. 863 
DSM design curve exhibits overly non-conservatism. For compact sections, both DSM and DSM* yield under-864 
estimated results as the strain hardening of the material cannot be accounted for. 865 
 866 
(f) CSM and CSM* provide more consistent and precise results than the methods of DSM and DSM*, 867 
satisfactorily predicted results for compact sections are given from both CSM and CSM*. Compared with CSM, 868 
the modified CSM* is more precise in determine the compact sections’ strength but showing drawbacks in 869 
predicting the cross-section strength with larger cross-section slenderness. 870 
 871 
Though cross-section strength predictions are provided by modified approaches, conservative results are still 872 
observed for the sections with higher aspect ratio. For the purpose of simplicity, the modified approaches can 873 
be applied to HSS cold-formed IOctHS design in practice. But to improve the efficiency of structural steel 874 
design, design methods and effective width equations stipulated in those design codes, should be further 875 
investigated focusing on the respective aspect ratio, which is currently under way.   876 



M-33/36 
 

 877 
 878 
 879 
 880 
 881 
 882 
 883 
Table 8 Comparisons of test and FE results with predicted strengths based on different design methods.  884 

 885 
 886 

Number of 
Specimen 

Nu,test 
 /Nu,EC3 

 

Nu,test  
/Nu,AISC 

 

Nu,test 
/Nu,AS4100 

 

Nu,test 
/Nu,DSM 

 

Nu,test 
/Nu,DSM

* 
 

Nu,test 
/Nu,CSM 

 

Nu,test 
/Nu,CSM

* 
Nu,test 

/ Nu,ASCE 
Nu,test 

/ Nu,Fang 
Nu,test 

/Nu,ASCE
* 

Nu,test 
/Nu,ASCE

# 
Test:13  FE:140      
 Mean 1.03 1.02 1.03 1.03 1.06 1.04 1.04 1.02 1.05 1.05 1.04 
 CoV 0.043 0.048 0.042 0.045   0.030 0.025 0.030 0.052 0.031 0.031 0.039 
 kd,n 3.157 3.157 3.157 3.157 3.157 3.157 3.157 3.157 3.157 3.157 3.157 
 b 1.009 1.002 1.011 1.006 1.059 1.036 1.049 0.994 1.043 1.040 1.026 
 Vδ 0.044 0.048 0.042 0.047 0.030 0.025 0.030 0.053 0.031 0.032 0.039 
 Vr 0.094 0.096 0.093 0.095 0.088 0.087 0.088 0.098 0.088 0.088 0.092 
 γM0 1.15 1.15 1.14 1.18 1.11 1.13 1.12 1.18 1.13 1.13 1.14 
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