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Abstract: 11 

The structural behaviour and design of cold-formed steel square and rectangular hollow section 12 

(SHS and RHS) beam-columns, made of both normal and high strength steels, are investigated in 13 

the present study through a comprehensive numerical modelling programme. Refined finite 14 

element (FE) models were first established and calibrated against a collection of existing cold-15 

formed steel member test results from the literature. Following this, an extensive parametric study 16 

was undertaken to expand the cold-formed steel beam-column data pool, covering a wider range 17 

of steel grades, cross-section geometries, member slendernesses and loading combinations. 18 

Results from the parametric study were then used to examine the accuracy of the current codified 19 

beam-column design methods, provided in the European Standards EN 1993-1-1 (2005) and EN 20 

1993-1-12 (2007) as well as the American Specification AISC 360-16 (2016). The comparisons 21 

revealed that the codified design rules provide varying levels of accuracy in predicting the ultimate 22 

resistances of cold-formed steel beam-columns depending on the steel grade. An improved design 23 

approach, compatible with current codified design rules in EN 1993-1-1 (2005), is proposed that 24 

features (1) recently developed column buckling curves that reflect the increasing normalised 25 
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column buckling resistance with increasing steel yield strength; (2) bending moment resistances 26 

calculated using the Continuous Strength Method (CSM) and (3) new interaction curves for cold-27 

formed steel beam-columns, which are anchored to these more accurate end points. The newly 28 

proposed design approach is shown to yield more accurate and consistent resistance predictions 29 

over current design provisions for cold-formed steel SHS and RHS beam-columns made of 30 

different steel grades, and its reliability has also been statistically verified in accordance with EN 31 

1990. 32 

 33 

Keywords: Beam-columns; Continuous strength method; Cold-formed steel; Finite element 34 
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 36 

1. Introduction 37 

Cold-formed steel square and rectangular hollow section (SHS and RHS) members are becoming 38 

increasingly popular in structural applications, mainly due to their excellent structural properties, 39 

ease of prefabrication and inherent aesthetic advantages. Advances in metallurgical science and 40 

fabrication techniques, such as thermomechanical rolling and quenching and tempering, enable the 41 

economic production of cold-formed steel tubular members with yield strengths up to 1100 MPa.  42 

It is known that, due to the effects of work-hardening experienced during sheet and section forming, 43 

cold-formed steels differ significantly from hot-rolled steels in their stress-strain behaviour, with 44 

the former being characterised by a rounded response with no sharply defined yield point [1]. The 45 

varying amount of cold-work experienced at different positions around cold-formed steel cross-46 

section profiles also results in non-uniformity of material properties, with strength enhancements 47 

in the corner regions being more pronounced than those in the flat regions [2]. Hot-rolled and cold-48 
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formed steel members are, however, often treated the same at the cross-section level in existing 49 

design provisions [3-5] on the basis of an elastic, perfectly plastic material model, which is 50 

generally suitable for hot-rolled steels but fails to reflect the rounded nature of cold-formed steels. 51 

At the member level, existing design provisions [3-5] employ a single column buckling curve for 52 

cold-formed SHS and RHS of different steel grades (e.g. buckling curve c in Eurocode 3 [3,4]), 53 

and the influence of yield strength on the buckling reduction factor is ignored [6]. The current 54 

European standards EN 1993-1-1 [3] and EN 1993-1-12 [4] are applicable to cold-formed steel 55 

structural members with steel grades up to S700 (i.e. a nominal 0.2% proof stress of 700 N/mm2), 56 

while the current American specification AISC 360 [5] only allows the design of cold-formed steel 57 

structural members up to a nominal 0.2% proof stress of 485 N/mm2. An investigation into the 58 

feasibility of using the current codified design rules for cold-formed high strength steel (HSS) 59 

structural members is thus deemed necessary. 60 

 61 

With the increasing use of cold-formed steel SHS and RHS members in construction, extensive 62 

research has been carried out in recent decades to investigate their structural behaviour under 63 

isolated compression [6-10] and bending [11-15]. However, to date, investigations into the 64 

structural performance and design of cold-formed steel SHS and RHS members subjected to 65 

compression plus bending have been rather limited [8,16]. This prompted a systematic numerical 66 

study undertaken by the authors, aimed to devise more accurate and efficient design rules for cold-67 

formed steel SHS and RHS beam-columns of varying steel grades up to S1100. The work presented 68 

herein is based upon, and complementary to, the study into the stability design of cold-formed 69 

steel SHS and RHS columns conducted by Meng and Gardner [6], where new design provisions 70 

were proposed that reflect the influence of yield strength on flexural buckling resistance. In the 71 
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present study, finite element (FE) models that are capable of replicating the structural response of 72 

cold-formed steel SHS and RHS beam-columns are established and validated against available 73 

experimental results collected from the literature [8,16]; this is followed by extensive parametric 74 

studies to produce further FE data covering a broad range of steel grades, member slendernesses, 75 

cross-section geometries and loading combinations. The codified beam-column design rules set 76 

out in the European standards EN 1993-1-1 [3] and EN 1993-1-12 [4], as well as the American 77 

specification AISC 360 [5], are subsequently assessed by comparing the resistance predictions 78 

with the combined set of experimental and FE data. Finally, an improved design approach, based 79 

on the design provisions of Meng and Gardner [6] for SHS and RHS columns and the Continuous 80 

Strength Method (CSM) [11,12] for SHS and RHS in bending, is proposed for cold-formed steel 81 

SHS and RHS beam-column members with steel grades up to S1100. The proposed method is 82 

shown to yield significantly improved accuracy and consistency in the resistance predictions 83 

compared with the existing codified design approaches, and its reliability is confirmed by carrying 84 

out statistical analyses according to EN 1990 [17]. 85 

 86 

2. Numerical modelling programme  87 

A comprehensive numerical modelling programme was carried out to generate extensive structural 88 

performance data on cold-formed steel SHS and RHS beam-columns; these numerically obtained 89 

data were used to assess the accuracy of the codified design provisions set out in [3-5], as well as 90 

to underpin the development of the proposed new design method, as described in the following 91 

sections. The finite element (FE) models were created using the ABAQUS [18] FE package; the 92 

essential modelling assumptions and validation of the FE models are described in this section. 93 

 94 
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2.1. FE modelling approach 95 

The general FE modelling approach adopted herein was similar to that successfully employed in 96 

several previous studies on cold-formed steel structural elements [11,19-21]; the key modelling 97 

assumptions are described in this section. The four-noded finite-strain shell element S4R with 98 

reduced integration was used for all simulations in the present study. A characteristic 99 

(approximately square) element size of ~(B+H)/40, where B and H are the outer breadth and height 100 

respectively of the modelled cold-formed steel SHS or RHS, was applied within the flat portions 101 

of the members, while using a finer mesh of six elements was used to discretise each corner region; 102 

the longitudinal mesh size in the corner regions matched that employed in the flat portions. To 103 

simulate the pin-ended boundary conditions typically adopted in eccentric compression tests (i.e. 104 

beam-column tests) [8,16], two reference points (RF1 and RF2, as shown in Fig. 1) were defined 105 

at the centre of the top and the bottom knife edges, the degrees of freedom (DOFs) of which were 106 

kinematically coupled to the DOF of the nodes at the corresponding end section. Suitable boundary 107 

conditions (i.e. pinned in-plane about the axis of bending and fixed out-of-plane) were then 108 

enforced by restraining the appropriate DOF of the two defined reference points. A typical SHS 109 

beam-column model is shown in Fig. 1, where U1, U2 and U3 represent the translations along the 110 

X, Y and Z axes, respectively, and UR1, UR2 and UR3 represent the rotations about the X, Y and 111 

Z axes, respectively. 112 

 113 

Both global and local geometric imperfections were explicitly considered in the FE models. The 114 

global geometric imperfections were defined in the form of a half-sine wave along the longitudinal 115 

direction of the modelled members; for the local imperfections, the lowest elastic local buckling 116 

mode shape with an odd number of buckling half-waves [11,23,24], derived from a prior linear 117 
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bifurcation analysis (LBA), was taken as the representative shape. Note that the LBA was 118 

performed on cold-formed steel members with a modified (thinner) thickness of 1 mm, thus 119 

enabling the first eigenmode to be a local buckling-dominant mode, noting that, for plate buckling, 120 

the buckling shape would not be expected to alter with thickness. A sensitivity analysis was carried 121 

out to identify the influence of different imperfection amplitudes on the ultimate resistances of the 122 

cold-formed steel SHS and RHS beam-columns. Three global imperfection amplitudes (namely 123 

the measured value from the respective experiment δ0, Le/1000 and Le/1500, where Le is the 124 

effective length of the member) and five local imperfection amplitudes (namely the measured 125 

value from the respective experiment w0 if available, and four fractions of the clear cross-section 126 

height h, i.e. h/100, h/200, h/300 and h/400) were considered, resulting in a total of nine 127 

imperfection amplitude combinations, as shown in Table 1. Explicit modelling of residual stresses 128 

was deemed unnecessary for the simulated cold-formed tubular members for the reasons explained 129 

and verified in previous studies [6,8,11,19,26]. 130 

 131 

2.2. Validation of FE models 132 

The fidelity of the adopted FE modelling approach, as summarised above, was affirmed by 133 

comparing the numerical predictions with the key results of 26 experiments on cold-formed steel 134 

SHS and RHS beam-columns from the literature [8,16]. The measured stress-strain curves from 135 

the coupon tests reported in [8,16] were employed for the validation of the corresponding beam-136 

column test specimens. Note that the measured engineering stress-strain curves were transformed 137 

into true stress-logarithmic plastic strain curves before inputting into the shell FE models. The 138 

corner strength enhancements of the cold-formed SHS and RHS members, resulting from the 139 

plastic deformations during the manufacturing process, were also considered by assigning the 140 
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measured corner material properties (featuring an increased yield strength but reduced ductility) 141 

to the corner regions plus adjacent flat plate portions extending beyond the corners by a distance 142 

of 2t, where t is the thickness of the modelled cross-section, in view of the recommendations of 143 

[22]. 144 

 145 

Table 1 summarises the comparisons between the ultimate resistances obtained from the physical 146 

experiments Nu,test and the FE models Nu,FE considering the different imperfection amplitude 147 

combinations, together with the mean values and coefficients of variation (COV) of the ratios of 148 

Nu,FE/Nu,test. It can be seen in Table 1 that the ultimate resistances of the cold-formed steel SHS and 149 

RHS columns were sensitive to the global imperfection amplitude, while the sensitivity tends to 150 

be greatly reduced for beam-columns, especially those subjected to high bending moments (i.e. 151 

members with large initial loading eccentricity e0); this is because the lateral deflections induced 152 

by bending swamp the initial imperfection. The ultimate resistances were also shown to be 153 

relatively insensitive to variation of the local imperfection amplitude, especially for members with 154 

non-slender cross-sections (i.e. the experiments conducted by Ma et al. [14]) which are the focus 155 

of the present study. Overall, the numerical resistance predictions with the global and local 156 

imperfection amplitudes taken as Le/1000 and h/200, respectively, are in close agreement with 157 

those obtained from the experiments, with a mean value of Nu,FE/Nu,test of 1.00 and a corresponding 158 

COV of 0.034. Note that the global imperfection amplitude of Le/1000 is the same as that assumed 159 

in the development of the European column buckling curves [3,4] and the adopted local 160 

imperfection amplitude of h/200 is consistent with that recommended in EN 1993-1-5 [27]; these 161 

assumptions have also been successfully implemented in various previous numerical studies 162 

[6,10,11,24,28]. The experimental load-mid-height lateral deflection curves were also accurately 163 
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reproduced by their FE counterparts with the aforementioned imperfection amplitude 164 

combinations, examples of which are shown in Fig. 2. It can therefore be concluded that the FE 165 

models described in this section are capable of providing accurate and reliable structural 166 

performance data on cold-formed steel SHS and RHS beam-columns.  167 

 168 

The successfully validated FE models were used in parametric studies to create additional 169 

numerical data on cold-formed steel SHS and RHS columns and beam-columns with varying 170 

cross-sectional slendernesses and steel grades. Details on the column parametric studies are 171 

presented in Sections 3.1.4, while the beam-column parametric studies are described in Section 172 

4.4. 173 

 174 

3. Design of cold-formed steel SHS and RHS under isolated loading conditions 175 

The accuracy in determining the ultimate resistances of cold-formed steel SHS and RHS beam-176 

columns depends greatly on the accuracy to which the column buckling resistances and cross-177 

sectional bending resistances serving as the end points of the design interaction curves for beam-178 

columns, can be predicted. In this section, the codified design methods [3-5] for cold-formed steel 179 

SHS and RHS under isolated loading conditions (i.e. compression or bending), as well as recently 180 

proposed design methods [6,11,12], which are shown to provide more accurate and reliable 181 

ultimate resistance predictions, are introduced. 182 

 183 

 184 

 185 

 186 
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3.1. Design of cold-formed steel SHS and RHS columns 187 

3.1.1. EN 1993-1-1 [3] and EN 1993-1-12 [4] (EC3) 188 

In Eurocode 3 (EC3) [3,4], Eq. (1) is employed for the calculation of the flexural buckling 189 

resistance of cold-formed steel SHS and RHS columns with non-slender cross-sections (i.e. Class 190 

1-3 cross-sections): 191 

 192 

EC3 yEC3 c,EC3

b,EC3,Rd

M1 M1

AfN
N



 
= = , for non-slender SHS and RHS                  (1) 193 

 194 

where Nb,EC3,Rd is the EC3 design column buckling resistance, Nc,EC3 is the EC3 cross-section 195 

resistance in compression which is equal to the product of the cross-sectional area A and the yield 196 

strength fy for non-slender cross-sections, χEC3 is the EC3 column buckling reduction factor and 197 

γM1 is the partial safety factor for the resistance of members, taken equal to unity. Note that, 198 

throughout the present study, fy is taken as the weighted (by area) average yield strength, allowing 199 

for the influence of the corner strength enhancements in the studied cold-formed SHS and RHS, 200 

as given in Eq. (2): 201 

 202 

y,f f y,c c

y

f A f A
f

A

+
=                                                             (2) 203 

 204 

where fy,f and fy,c correspond to the yield strengths of the flat and corner portions, respectively, and 205 

Af and Ac are the areas of the flat and corner (including the corner extensions of 2t as described in 206 

Section 2) portions, respectively. Originating from the Ayrton-Perry formula [29], the EC3 column 207 

buckling reduction factor χEC3 is calculated from Eqs. (3) to (5): 208 
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EC3 EC3
2

2

1
 but 1 0, . 

  

= 

+ −
                                        (3) 209 

 210 

y

cr

Af

N
 =                                                                (4) 211 

 212 

( ) ( )
2 2

EC30 5 1 0 5 1 0 2. . .      = + + = + − +
  

                             (5) 213 

where   is the non-dimensional relative member slenderness, Ncr is the Euler buckling load for 214 

the relevant in-plane flexural bucking mode and ηEC3 is the EC3 generalised initial imperfection 215 

factor equal to α( – 0.2), in which α is an imperfection factor that accounts for the combined 216 

influence of the initial geometric imperfections and residual stresses; for cold-formed steel SHS 217 

and RHS columns, α is taken as 0.49, corresponding to bucking curve c in EN 1993-1-1 [3]. 218 

 219 

3.1.2. AISC 360-16 [5] (AISC) 220 

The formula for the calculation of the design flexural buckling resistance Nb,AISC,Rd of cold-formed 221 

steel columns with non-slender SHS and RHS, as specified in the American Specification AISC 222 

360-16 [5], is given by Eq. (6): 223 

 224 

b,AISC,Rd c AISC y ,  for non-slender SHS and RHSN Af =                          (6) 225 

 226 

where χAISC is the AISC column buckling reduction factor given by Eq. (7), and ϕc is the resistance 227 

factor (i.e. equivalent to the inverse of the partial safety factor γM1 in Eq. (1)) with a recommended 228 

value of 0.9 in [5]. 229 
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 230 

2

AISC

2

0 658  for 1 5 

0 877
 for 1 5

. .

.
.

 







 


= 

 


                                                (7) 231 

 232 

3.1.3. Modified EC3 approach proposed by Meng and Gardner [6] 233 

A modified EC3 approach was developed in [6] for the design of cold-formed steel SHS and RHS 234 

columns with steel grades up to S900, adopting the format of Eq. (1) used in the current EC3 [3,4] 235 

but with a modified column buckling reduction factor χmod-EC3, as given by Eqs. (8) and (9): 236 

 237 

mod-EC3 mod-EC3
22

mod-EC3 mod-EC3

1
 but 1 0, . 

  

= 

+ −
                               (8) 238 

 239 

( ) ( )
2 2

mod-EC3 mod-EC30 5 1 0 5 1 0 56 0 1. . . .      = + + = + − +
  

                      (9) 240 

 241 

 The modified generalised initial imperfection factor ηmod-EC3 in Eq. (9) includes a modified 242 

imperfection factor αmod-EC3 of 0.56ɛ (where ɛ is the material factor equal to 
y235 f ), which is 243 

linked to the yield strength of the material, and a shortened plateau length (i.e. from 0.2 in Eq. (5) 244 

to 0.1 in Eq. (9)). 245 

 246 

 247 
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3.1.4. Assessment of different design methods 248 

The accuracy and reliability of the codified column buckling design methods [3-5], as well as the 249 

modified design approach of Meng and Gardner [6], have been assessed in [6] for cold-formed 250 

steel SHS and RHS columns with steel grades up to S900 based on a combined dataset of tests and 251 

FE results. It was revealed that the proposed modified EC3 approach is able to provide more 252 

consistent and reliable buckling resistance predictions for cold-formed steel SHS and RHS 253 

columns compared to the current codified design methods [3-5]. This is primarily due to the fact 254 

that the trend of the reducing relative influence of imperfections (both the global imperfections 255 

and residual stresses) on the column buckling resistance with increasing steel grades, which is not 256 

well reflected in existing design provisions, is appropriately captured by the modified imperfection 257 

factor αmod-EC3. In this section, the applicability of the modified approach [6] to the design of cold-258 

formed S1100 steel SHS and RHS columns is appraised based on the freshly generated numerical 259 

data, as described below. 260 

 261 

The validated FE models, as described in Section 2, are employed in this section to perform a 262 

parametric study to acquire additional data on cold-formed steel SHS and RHS columns with 263 

varying cross-section geometries and relative slendernesses. Columns in S1100 steel are the focus 264 

of the parametric study, but the lower steel grades of S355, S460, S700 and S900 are also 265 

considered, providing further verification of the accuracy and consistency of the modified EC3 266 

design approach. In the parametric study, the full stress-strain curves for the S355 and S460 steel 267 

grades were generated using the predictive model proposed by Gardner and Yun [1] while, 268 

considering that only a limited number of experimental stress-strain curves on cold-formed HSS 269 

were available to underpin the developed material model in [1], the measured stress-strain curves 270 
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for S700, S900 and S1100 steel reported in [26] were used instead. The adopted full stress-strain 271 

curves for the five investigated steel grades are displayed in Fig. 3, while the corresponding key 272 

material properties, including the Young’s modulus E, the yield strength fy, the ultimate strength 273 

fu and the ultimate strain ɛu, are given in Table 2, where the suffixes “f” and “c” denote the flat and 274 

corner portions of the cross-sections, respectively. Two non-slender cross-sections – 150 × 100 × 275 

7 and 200 × 100 × 10 (H × B × t, in mm) were analysed in the parametric study. Note that 276 

throughout the numerical simulation programme, the inner corner radius ri of each investigated 277 

cross-section was set equal to the corresponding cross-section thickness t. For each cross-section 278 

and for each axis of buckling, the column lengths were varied from 400 mm to 12000 mm, resulting 279 

in a spectrum of relative slenderness values   ranging from 0.2 to 2.6. Overall, a total of 1130 280 

cold-formed steel SHS and RHS columns was simulated in the parametric study. 281 

 282 

The column buckling curves from the codified design provisions [3-5] and the modified EC3 283 

approach [6] are plotted in Fig. 4, along with the numerically generated data (i.e. the numerical 284 

column buckling resistance Nb,FE normalised by the yield load Afy) on cold-formed S1100 steel 285 

SHS and RHS columns. It can be seen that, relative to the codified column buckling curves, the 286 

modified EC3 column buckling curve generally provides more accurate resistance predictions for 287 

the S1100 columns, though are slightly conservative for columns with   ≤ 0.8. The improved 288 

accuracy can also be seen in Figs. 5(a)-5(c), where the numerically derived buckling resistances 289 

Nb,FE for the S1100 columns are normalised by the unfactored resistance predictions from the EC3, 290 

AISC 360 and modified EC3 design approaches (Nb,EC3, Nb,AISC and Nb,mod-EC3), respectively, and 291 

plotted against the relative slenderness  . Quantitative comparisons of the different design 292 

approaches for columns in grade S1100 steel are also given in Table 3, showing that the mean 293 
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value of the ratio of Nb,FE/Nb,mod-EC3 is closer to unity than that resulting from the current EC3 (i.e. 294 

Nb,FE/Nb,EC3) and the COV value for the modified EC3 is maintained similar to that for the current 295 

EC3. Therefore, it can be concluded that the modified EC3 approach [6] provides improved 296 

accuracy relative to the current codified design approaches, and its applicability can be extended 297 

to cold-formed S1100 steel SHS and RHS columns. The numerically derived results for columns 298 

with the lower steel grades (i.e. S355, S460, S700 and S900), combined with the existing tests 299 

results and numerical data obtained in [6], are also plotted in Fig. 5 and statistically assessed in 300 

Table 3, confirming the findings in [6] that the modified EC3 approach yields improved accuracy 301 

and consistency over the existing design provisions for the design of cold-formed steel SHS and 302 

RHS columns, owing to its rational consideration of the influence of the yield strength on the 303 

column buckling reduction factor. The modified EC3 approach [6] is therefore used in place of the 304 

current EC3 approach to determine the compression end points in the new beam-column design 305 

proposals. 306 

 307 

3.2. Design of cold-formed steel SHS and RHS in bending 308 

In both EC3 [3,4] and AISC 360 [5], the nominal (unfactored) bending resistances for Class 1 and 309 

2 (compact) box-shaped sections are limited to the plastic bending moment capacity Mpl = Wplfy, 310 

where Wpl is the plastic section modulus about the axis of bending. With regards to Class 3 (semi-311 

compact) box-shaped sections, the current version of EC3 [3,4] prescribes the use of the elastic 312 

bending moment capacity Mel = Welfy, where Wel is the elastic section modulus about the axis of 313 

bending, ignoring the influence of the partial spread of plasticity; this latter effect is considered in 314 

AISC 360 [5] and the upcoming revision to EC3 [30], resulting in bending resistances for Class 3 315 

cross-sections lying between Mel and Mpl. The existing codified methods for calculating cross-316 
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sectional resistances in bending are based on the assumption that the material obeys a linear elastic, 317 

perfectly plastic stress-strain law, which is at odds with the rounded material response of cold-318 

formed steel SHS and RHS that exhibits gradual yielding merging into strain hardening [1]. The 319 

codified methods thus ignore the beneficial influence of strain hardening, which has been shown 320 

to result in under-predictions of the bending resistances for cold-formed steel SHS and RHS, 321 

especially those within the Class 1 domain [11-14].  322 

 323 

To address the above-mentioned shortcomings and, more widely, to facilitate a more rational 324 

system-level advanced design approach [31-33], the deformation-based Continuous Strength 325 

Method (CSM) has been developed. Provisions for the design of cold-formed steel SHS and RHS 326 

in bending were established in [11], while extension to HSS tubular sections with steel grades up 327 

to S1100 was presented in [12]. The CSM design cross-sectional resistance for cold-formed steel 328 

non-slender SHS and RHS in bending Mcsm,Rd is given by Eq. (10): 329 

 330 

2

pl y sh el csm el csm
pcsm,Rd

pl yM0 pl y

1 1 1  for 0 68
W f E W W

M , .
WE W

 


 

      
 = + − − −                

                (10) 331 

 332 

in which γM0 is the partial safety factor for cross-section resistances with a recommended value of 333 

unity, Esh is the strain hardening slope associated with the adopted CSM bi-linear material model 334 

[11], and ɛcsm is the CSM strain limit, which represents the maximum strain that a cross-section 335 

can endure prior to failure. Note that the existing slenderness limit of p 0.68 =  has been shown 336 

in several existing studies [12–14] to be suitable for the design of cold-formed high strength steel 337 
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SHS and RHS in bending. The CSM strain ɛcsm can be determined from the CSM base curve 338 

[34,35], as expressed by Eq. (11): 339 

 340 

csm csm u

3 6

y y yp

0 40 25
 but min 15

.

..
, ,

  

  

 
=    

 

                                         (11) 341 

 342 

 in which 
p  is the cross-section slenderness defined by Eq. (12).  343 

 344 

y
p

cr,cs

f



=                                                           (12) 345 

 346 

In Eq. (12), σcr,cs is the elastic local buckling stress of the full cross-section, which can be 347 

numerically determined e.g. through the finite strip software CUFSM [36], or alternatively through 348 

simplified analytical expressions e.g. those proposed by Gardner et al. [37]. Note that Lan et al. 349 

[12] proposed a modified base curve for determining ɛcsm for HSS SHS and RHS subjected to 350 

bending; however, the deviation from the original base curve of Eq. (11) is small for non-slender 351 

cross-sections with 
p 0 68.  . The CSM has been consistently shown to provide more accurate 352 

and consistent bending resistance predictions than traditional design methods, as demonstrated for 353 

the case of cold-formed steel non-slender SHS and RHS in [11,12], and is hence adopted in the 354 

new beam-column design proposal for the determination of the bending end points.  355 

 356 

 357 

 358 
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4. Design of cold-formed steel SHS and RHS beam-columns 359 

The in-plane stability design of beam-columns under combined axial load plus uniaxial bending is 360 

investigated in this section, with a focus on cold-formed SHS and RHS members with Class 1 and 361 

2 cross-sections. The design provisions set out in EC3 [3,4] and AISC 360 [5] are firstly briefly 362 

introduced, followed by the development of a new proposal for the design of cold-formed steel 363 

SHS and RHS beam-columns, including due allowance for the influence of steel grade. The new 364 

design proposal features the utilisation of more accurate end points (i.e. the column buckling 365 

resistances and cross-sectional bending resistances) calculated by the recently developed methods 366 

as discussed above, and newly derived interaction factors for the axial-moment interaction curve; 367 

the concept of the design proposals is anticipated to be applicable to beam-column members with 368 

other forms of cross-sections or with a Class 3 or Class 4 cross-sections, though further 369 

investigation into this topic is deemed necessary. 370 

 371 

4.1. EN 1993-1-1 [3] and EN 1993-1-12 [4] (EC3) 372 

The EN 1993-1-1 [3] and EN 1993-1-12 [4] formulae for the design of cold-formed steel SHS or 373 

RHS beam-columns with Class 1 or Class 2 cross-sections are given by Eqs. (13) and (14) for the 374 

cases of axial compression plus major and minor axis bending, respectively.  375 

 376 

Ed,yEd
yy

EC3,y y M1 pl,y y M1

1
MN

k
Af W f  

+                                          (13) 377 

 378 
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k
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 380 
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In Eqs. (12) and (13), NEd is the design axial force, MEd is the design first-order bending moment 381 

and kyy and kzz are the interaction factors with respect to the major and minor axis, respectively, as 382 

determined from Eqs. (15) and (16), where Cm is the equivalent uniform moment factor which is 383 

taken equal to unity for the studied loading case of uniform bending. The EC3 column buckling 384 

reduction factor χEC3 is determined using the traditional Ayrton-Perry type formula [29], as 385 

presented in Subsection 3.1.1, where a single buckling curve (i.e. curve c in EC3 [3]) is adopted 386 

for the design of cold-formed steel SHS and RHS columns with steel grades up to S700. Note that 387 

the subscripts “y” and “z” used in the symbols of MEd, Wel, Wpl, χEC3, χAISC, χmod-EC3, Cm and   388 

denote bending/buckling about the major and minor aixs of the cross-section, respectively. 389 

 390 

( ) Ed Ed
yyy my my

EC3,y y M1 EC3,y y M1

1 0 2 1 0 8
N N

k C . C .
Af Af


   

   
= + −  +    

    

                    (15) 391 

 392 

( ) Ed Ed
zzz mz mz

EC3,z y M1 EC3,z y M1

1 0 2 1 0 8
N N

k C . C .
Af Af


   

   
= + −  +    

    

                   (16) 393 

 394 

4.2. AISC 360-16 [5] (AISC) 395 

AISC 360 [5] adopts a bilinear interaction curve for the design of compact tubular beam-column 396 

members, as given by Eqs. (17) and (18) for the cases of axial compression plus major and minor 397 

axis bending, respectively.  398 

 399 
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 403 

Note that the notation used in Eqs. (17) and (18) has been adjusted in accordance with the design 404 

formulae provided in EC3 (i.e. Eqs. (13) and (14)) [3,4], facilitating the direct comparison of the 405 

two codified design approaches. In Eqs. (17) and (18), χAISC is the AISC column buckling reduction 406 

factor as introduced in Subsection 3.1.2, αamp is the amplification factor that accounts for second-407 

order effects, as determined from: 408 

 409 

amp
Ed

cr

1

1
N

N

 =

−
                                                              (19) 410 

 411 

and ϕb and ϕc are resistance factors (i.e. equivalent to the inverse of the partial safety factor in EC3 412 

[3,4]) for compression and flexure, respectively, both of which are taken equal to 0.9 [5]. 413 

 414 

4.3. New design proposal 415 

The proposed design formulae for cold-formed steel SHS and RHS beam-columns with Class 1 or 416 

Class 2 cross-sections follow the general format used in EC3 [3,4], but with modified end points, 417 
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as expressed by Eqs. (20) and (21) for the cases of axial compression plus major and minor axis 418 

bending, respectively.  419 

 420 

Ed,yEd
yy,mod

mod-EC3,y y M1 csm,y y M1

1
MN

k
Af W f  

+                                           (20) 421 

 422 
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zz,mod

mod-EC3,z y M1 csm,z y M1
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+                                             (21) 423 

 424 

In Eqs. (20) and (21), Mcsm,y and Mcsm,z are the unfactored CSM cross-sectional bending resistances 425 

about the major and minor axes, respectively, as determined from Eq. (10), and kyy,mod and kzz,mod 426 

are the newly derived interaction factors for the major and minor axes, respectively. The design 427 

proposal features the use of the modified EC3 proposals [6] and the CSM [11] for the determination 428 

of more accurate column buckling and cross-sectional bending resistances, respectively, which act 429 

as the end anchor points of the axial load-moment interaction curve, and the development of 430 

modified interaction factors (i.e. kyy,mod and kzz,mod) linked to the yield strength of the material, thus 431 

capturing its influence on the shape of the interaction curve. To be compatible with the current 432 

EC3 approach [3,4], the equations for the modified interaction factors adopt a similar bilinear form, 433 

as given by Eqs. (22) and (23) for kyy,mod and kzz,mod, respectively: 434 

 435 
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              (22) 436 

 437 

( ) ( )zzz,mod mz 1,z 2,z mod,z mz 1,z mod,z 3,z1 min 1k C D D n C D n ,D = + −  +
 

                (23) 438 
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 439 

 where nmod,y and nmod,z are the axial compressive load levels considering buckling about the major 440 

axis and minor axis, respectively, as given by Eqs. (24) and (25): 441 

 442 

Ed
mod,y

mod-EC3,y y M1

N
n

Af 
=                                                    (24) 443 

 444 

Ed
mod,z

mod-EC3,z y M1

N
n

Af 
=                                                     (25) 445 

 446 

and D1,y, D1,z, D2,y, D2,z, D3,y and D3,z are yield strength-dependent auxiliary coefficients which are 447 

derived by means of calibration against the obtained FE data, as described in the following 448 

paragraph. 449 

 450 

The two cross-section sizes (RHS 150 × 100 × 7 and RHS 200 × 100 × 10) and five steel grades 451 

(S355, S460, S700, S900 and S1100) employed in the column parametric study, as described in 452 

Subsection 3.1.4, were also selected in the present numerical study of cold-formed steel beam-453 

columns. For each axis of buckling, the considered relative slenderness   of the beam-columns 454 

(determined from Eq. (4)) varied from 0.2 to 2.5, and the considered axial compressive load levels 455 

(i.e. nmod,y and nmod,z) ranged from 0.2 to 0.8, which was achieved by varying the initial loading 456 

eccentricities e0 from 5 mm to 2000 mm. For each relative member slenderness   and axial 457 

compressive load level (i.e. nmod,y or nmod,z), the required modified interaction factors kyy,FE and 458 

kzz,FE for each FE model can be determined by rearranging the interaction formulae given by Eqs. 459 

(20) and (21), respectively, resulting in the following expressions: 460 



   
 

22 

 

 461 

Ed,yEd
yy,FE

mod-EC3,y y M1 csm,y M1

1
MN

k
Af M  

   
= −      
   

                                   (26)                           462 

 463 

Ed,zEd
zz,FE

mod-EC3,z y M1 csm,z M1

1
MN

k
Af M  

   
= −     

  

                                    (27) 464 

 465 

where NEd is taken as the ultimate load Nu,FE obtained from the FE model and MEd is the ultimate 466 

first order bending moment equal to Nu,FEe0. The proposed formulae for kyy,mod and kzz,mod, as given 467 

by Eqs. (22) and (23), were then fitted to the upper (i.e. safe-sided) bound of the FE data points as 468 

shown in Figs. 6-10, where the required modified interaction factors kyy,FE and kzz,FE derived from 469 

the FE results are plotted against the relative member slenderness   for four different axial 470 

compressive load levels (i.e. 0.2, 0.4, 0.6 and 0.8), together with the corresponding proposed 471 

curves for the modified interaction factors kyy,mod and kzz,mod. The determined auxiliary coefficients 472 

are given in Eqs. (28)-(30), and are a function of the material factor 
y235 f = .  473 

 474 

1,y 1,z 2 6D D . = =                                                          (28) 475 

 476 

( )2,y 2,z 0 9 1D D . = = −                                                    (29) 477 

 478 

3,y 3,z 1 6D D . = = +                                                      (30) 479 

 480 
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As indicated in Figs. 6-10, the proposed curves for kyy,mod and kzz,mod follow the general trend of 481 

the back-calculated results from the FE study (i.e. kyy,FE and kzz,FE) and provide a suitable upper 482 

bound. Note that the predicted interaction factors are less accurate for beam-columns of high 483 

slenderness   under high axial load levels, but the interaction factors have only a marginal 484 

influence on the accuracy of the resistance predictions in these instances since the axial load term 485 

in Eqs. (20) and (21) is dominant [38]. 486 

 487 

4.4. Assessment of different design methods 488 

The accuracy of the existing codified methods [3-5], as well as the new proposed method described 489 

in Subsection 4.3, for the in-plane stability design of cold-formed steel SHS and RHS beam-490 

columns is assessed against a large number of numerical data generated through an extensive 491 

parametric study. In this parametric study, three outer cross-section dimensions with different 492 

cross-section aspect ratios – 100 × 100, 150 × 100 and 200 × 100 (H × B × t, in mm) were 493 

considered, with their thicknesses varied within the Class 1 and 2 ranges according to the 494 

slenderness limits in EC3 [3,4]. This led to a range of cross-section slenderness values 
p  (in 495 

compression) between 0.20 and 0.62 being investigated. The member lengths of the beam-columns 496 

were varied to generate a spectrum of relative global slenderness   values from 0.2 to 2.5 for each 497 

buckling axis of the modelled SHS and RHS beam-columns. Finally, while various initial loading 498 

eccentricities e0 were considered, resulting in a wide range of axial compressive load levels from 499 

0.1 to 0.9. Overall, a total of 15,000 cold-formed steel SHS and RHS beam-columns was simulated 500 

in the parametric study, with 3000 numerical results for each of the five investigated steel grades 501 

(i.e. S355, S460, S700, S900 and S1100). 502 

 503 



   
 

24 

 

The ultimate resistances Nu,FE obtained from the FE models are normalised by the predicted 504 

resistances using the different design methods and plotted against the radial angle θ in Figs. 11-15 505 

for beam-columns in different steel grades. The radial angle θ is defined by Eq. (31): 506 

 507 

Ed b,R c,R1 1

Ed c,R 0 b,R

tan tan
N N M

M M e N
 − −

   
= =      

   

                                      (31) 508 

 509 

where Nb,R and Mc,R are the unfactored column buckling and cross-sectional bending resistances, 510 

respectively, determined using the considered design method, as summarised in Section 3. The 511 

radial angle θ is an indicator of the ratio of axial compression to bending moment applied to a 512 

beam-column specimen, with θ = 0° and 90° representing members subjected to pure bending and 513 

pure compression, respectively, and θ between 0° and 90° corresponding to a combination of axial 514 

compression and bending; the axial compression becomes more dominant with increasing values 515 

of θ. In Figs. 11-15, Nu,EC3, Nu,AISC and Nu,prop denote the ultimate resistances of beam-columns 516 

determined from the EC3 [3,4], AISC 360 [5] and proposed design rules, respectively. Note that 517 

all partial safety factors were set equal to unity to facilitate a direct comparison among the different 518 

design methods. 519 

 520 

As shown in Figs. 11-15, overall, the current EC3 design approach leads to conservative resistance 521 

predictions for cold-formed steel SHS and RHS beam-columns, but there are a large number of 522 

results lying on the unsafe side for beam-column specimens with S355 and S460 steel grades. The 523 

AISC 360 design approach yields somewhat scattered ultimate resistance predictions for beam-524 

columns of all investigated steel grades, with the predictions generally lying on the unsafe side for 525 

the S355 and S460 steel beam-columns. The proposed approach results in significantly improved 526 
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accuracy and reduced scatter in the ultimate resistance predictions, as also revealed by the 527 

quantitative results presented in Table 4. Overall, as shown in Figs. 11-15 and Table 4, the 528 

proposed design approach provides more accurate and generally safe-sided ultimate resistance 529 

predictions for cold-formed steel SHS and RHS beam-columns with different steel grades, with 530 

the COV values for the proposed approach being generally one half those of existing design 531 

methods. 532 

 533 

5. Reliability analysis 534 

Statistical analyses were conducted in compliance with EN 1990 [17] to quantitatively assess the 535 

reliability of the proposed design approach. The variability parameters (i.e. the ratio between mean 536 

and nominal values Xm / Xn, where X represents the basic variable, and the corresponding COV) 537 

of the basic material and geometric properties, were taken in accordance with Annex E of prEN 538 

1993-1-1 [30] and are summarised in Table 5. The COV of the cross-sectional area A, as denoted 539 

by VA, was determined based on the variability parameters of the basic cross-sectional dimensions 540 

H, B and t following the procedure described in [39]. As a result, an average value of VA equal to 541 

0.026 was adopted for the studied SHS and RHS. 542 

 543 

The beam-column design function can be expressed in the form of Eq. (32), where C0 is a constant, 544 

and C1, C2 and C3 are the participation coefficients associated with the variables fy, A and E 545 

respectively, which can be determined following the approach detailed in [39]. The combined 546 

COV of the material and geometric basic parameters Vrt can be then determined using Eq. (33), 547 

where Vfy and VE are the COV of the yield strength fy and Young’s modulus E respectively, as 548 

given in Table 5. 549 
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 552 

 ( ) ( ) ( )
2 2 2

rt 1 y 2 3f A EV C V C V C V= + +  (33) 553 

 554 

According to the recommendation of [28], the correction factor b was calculated using Eq. (34) 555 

instead of the codified least-squares method to avoid biasing the resulting values towards the data 556 

with higher ultimate loads. In Eq. (34), n is the number of data points, and re,i and rt,i are the 557 

numerical resistance and theoretical (i.e. predicted) resistance respectively. Other key statistical 558 

parameters, including the design fractile factor kd,n, the COV of the FE resistances relative to the 559 

predictions from the resistance model Vδ and the combined COV incorporating the variability of 560 

the resistance model and the basic variables Vr, were calculated in accordance with EN 1990 [17]. 561 

 562 

 e,i

1 t,i

1 n

i

r
b

n r=

=   (34) 563 

 564 

The required partial safety factors, denoted *

M1 , were calculated for the different steel grades from 565 

S355 to S1100. For each considered steel grade, the dataset was divided further into subsets based 566 

on the relative member slenderness (  ≤ 0.5 and   > 0.5) and compression-bending combinations 567 

(θ ≤ 45° and θ > 45°). The values of b and Vδ were determined for each subset, while the overall 568 

*

M1  was calculated by averaging the derived *

M1  values for all considered design cases. The key 569 

reliability analysis results are summarised in Table 6. Overall, the required partial safety factors 570 

*

M1  for the proposed design method are either below or marginally above the target value of 1.0 571 



   
 

27 

 

for all steel grades up to S1100. Therefore, the current EC3 partial safety factor γM1 = 1.0 is deemed 572 

to be suitable for use with the proposed design method for cold-formed SHS and RHS beam-573 

columns. 574 

 575 

6. Conclusions  576 

A comprehensive numerical investigation of cold-formed steel SHS and RHS beam-columns with 577 

non-slender cross-sections has been performed in the present study. Finite element models were 578 

first established and validated against a set of existing test results collected from the literature, and 579 

subsequently employed in a series of parametric studies to generate additional beam-column data 580 

covering a broad range of steel grades, cross-sectional sizes, relative slendernesses and 581 

combinations of compression and bending moment. On the basis of 15,000 numerically derived 582 

data, the accuracy of current design methods given in the EC3 [3,4] and AISC 360 [5], were 583 

assessed. It was shown that both the current codified design methods lead to somewhat inaccurate 584 

and scattered resistance predictions for cold-formed steel SHS and RHS beam-columns, with a 585 

large number of resistance predictions for the S355 and S460 steel beam-columns lying on the 586 

unsafe side. A new design approach, featuring the use of the recently proposed modified EC3 587 

method [6] and the Continuous Strength Method (CSM) [11] for the calculation of more accurate 588 

column buckling and cross-sectional bending resistances, respectively, and the development of 589 

new yield strength-dependent interaction factors that are compatible with the adopted compression 590 

and bending end points, has been proposed. The new design approach was shown to provide more 591 

accurate, consistent and generally safe-sided ultimate resistance predictions for cold-formed steel 592 

SHS and RHS beam-columns with steel grades up to S1100. The reliability of the new design 593 

approach was evaluated in accordance with EN 1990 [17], revealing that a member buckling partial 594 
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safety factor γM1 of unity, as adopted in EC3 [3,4], is also applicable to the new design proposals. 595 

It is considered that the form of the new design proposals is also applicable to beam-column 596 

members with slender cross-sections and with different cross-section shapes, which will be the 597 

focus of future work. 598 

 599 
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Figures 684 

 685 

 686 

Fig. 1. Typical FE model of an SHS beam-column 687 
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 690 

(a) RHS CF 220 × 120 × 6 T4 in S355 steel [16] 691 

 692 

 693 

(b) H100 × 50 × 4-BC-e80 in S700 steel [8] 694 

Fig. 2. Comparisons between experimental and numerical load-mid-height lateral deflection curves for 695 
typical cold-formed steel RHS beam-columns. 696 
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 698 

 699 

(a) S355 and S460 steel grades [1]          700 

      701 

 702 

(b) S700, S900 and S1100 steel grades [26] 703 

      Fig. 3. Full stress-strain curves of cold-formed NSS and HSS employed in the parametric study. 704 
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 707 

 708 

Fig. 4. Comparisons of different column buckling curves with numerically derived data for S1100 steel 709 
columns. 710 
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 716 

(b) AISC [5] 717 

 718 

(c) Modified EC3 [6] 719 

Fig. 5. Comparisons of test and FE column buckling resistances with predicted resistances obtained from 720 
different design methods. 721 
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 724 

(a) kyy,mod 725 

 726 

 727 

(b) kzz,mod 728 

Fig. 6. Calibration of the modified interaction factors kyy,mod and kzz,mod for cold-formed S355 steel beam 729 
columns. 730 
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 732 

(a) kyy,mod 733 

 734 

 735 

(b) kzz,mod 736 

Fig. 7. Calibration of the modified interaction factors kyy,mod and kzz,mod for cold-formed S460 steel beam 737 
columns. 738 
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 742 

(a) kyy,mod 743 

 744 

 745 

(b) kzz,mod 746 

Fig. 8. Calibration of the modified interaction factors kyy,mod and kzz,mod for cold-formed S700 steel beam 747 
columns. 748 
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 750 

(a) kyy,mod 751 

 752 

 753 

(b) kzz,mod 754 

Fig. 9. Calibration of the modified interaction factors kyy,mod and kzz,mod for cold-formed S900 steel beam 755 
columns. 756 

 757 

 758 

 759 

 760 

0.0

0.5

1.0

1.5

2.0

2.5

0 0.4 0.8 1.2 1.6 2 2.4 2.8 3.2

k y
y,

m
o

d

λy

Series11

Series12

Series10

Series7

Series4

Series3

kyy,FE (RHS 150  100  7)

kyy,mod (nmod,y = 0.2)

kyy,mod (nmod,y = 0.8)

kyy,FE (RHS 200  100  10)

kyy,mod (nmod,y = 0.6)

kyy,mod (nmod,y = 0.4)

nmod,y = 0.2

nmod,y = 0.4

nmod,y = 0.6

nmod,y = 0.8

0.0

0.5

1.0

1.5

2.0

2.5

0 0.4 0.8 1.2 1.6 2 2.4 2.8 3.2

k z
z,

m
o

d

λz

Series11

Series12

Series10

Series7

Series4

Series3

nmod,z = 0.2
kzz,FE (RHS 150  100  7)

kzz,mod (nmod,z = 0.2)

kzz,mod (nmod,z = 0.8)

kzz,FE (RHS 200  100  10)

kzz,mod (nmod,z = 0.6)

kzz,mod (nmod,z = 0.4)

nmod,z = 0.4

nmod,z = 0.8

nmod,z = 0.6



   
 

41 

 

 761 

(a) kyy,mod 762 

 763 

 764 

(b) kzz,mod 765 

Fig. 10. Calibration of the modified interaction factors kyy,mod and kzz,mod for cold-formed S1100 steel beam 766 
columns. 767 
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 769 

(a) EC3 [3,4] – S355 770 

 771 

 772 

(b) AISC [5] – S355 773 
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 775 

(c) Proposed method – S355 776 

Fig. 11. Comparison of FE results with unfactored resistance predictions calculated from different design 777 
methods for cold-formed S355 steel SHS and RHS beam-columns. 778 
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 780 

(a) EC3 [3,4] – S460 781 
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 783 

(b) AISC [5] – S460 784 

 785 

 786 

(c) Proposed method – S460 787 

Fig. 12. Comparison of FE results with unfactored resistance predictions calculated from different design 788 
methods for cold-formed S460 steel SHS and RHS beam-columns. 789 
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 791 

(a) EC3 [3,4] – S700 792 

 793 

 794 

(b) AISC [5] – S700 795 
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 796 

(c) Proposed method – S700 797 

Fig. 13. Comparison of FE results with unfactored resistance predictions calculated from different design 798 
methods for cold-formed S700 steel SHS and RHS beam-columns. 799 
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(a) EC3 [3,4] – S900 803 

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

0 15 30 45 60 75 90

N
u

,F
E
/N

u
,p

ro
p

Radial angle θ ( )

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

0 15 30 45 60 75 90

N
u

,F
E
/N

u
,E

C
3

Radial angle θ ( )



   
 

47 

 

 804 

(b) AISC [5] – S900 805 

 806 

 807 

(c) Proposed method – S900 808 

Fig. 14. Comparison of FE results with unfactored resistance predictions calculated from different design 809 
methods for cold-formed S900 steel SHS and RHS beam-columns. 810 
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 812 

(a) EC3 [3,4] – S1100 813 

 814 

 815 

(b) AISC [5] – S1100 816 
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 817 

(c) Proposed method – S1100 818 

Fig. 15. Comparison of FE results with unfactored resistance predictions calculated from different design 819 
methods for cold-formed S1100 steel SHS and RHS beam-columns. 820 
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Tables 821 

 822 
Table 1: Comparison of ultimate resistances obtained from experiments and FE models with varying imperfection magnitudes. 823 

Reference  
Steel 

Grade 
Specimen 

Nu,FE/Nu,test 

w0+δ0 
h/100+ 

Le/1000 

h/200+ 

Le/1000 

h/300+ 

Le/1000 

h/400+ 

Le/1000 

h/100+ 

Le/1500 

h/200+ 

Le/1500 

h/300+ 

Le/1500 

h/400+ 

Le/1500 

Hayeck et al. [16] S355 
RHS CF 200 × 100 × 4 T1 1.03 0.94 0.97 0.99 1.01 0.95 0.99 1.00 1.01 

RHS CF 220 × 120 × 6 T4 0.98 0.94 0.95 0.96 0.97 0.94 0.97 0.97 0.97 
 

 
          

Ma et al. [8] S700 

H80 × 80 × 4-BC-e0 1.13 1.02 1.02 1.02 1.03 1.05 1.06 1.06 1.06 

H80 × 80 × 4-BC-e5 1.02 0.97 0.98 0.98 0.98 0.99 0.99 1.00 1.00 

H80 × 80 × 4-BC-e10 1.00 0.96 0.97 0.97 0.98 0.97 0.98 0.98 0.98 

H80 × 80 × 4-BC-e20 1.04 1.01 1.02 1.02 1.02 1.02 1.03 1.03 1.03 

H80 × 80 × 4-BC-e20# 1.04 1.01 1.02 1.02 1.02 1.02 1.03 1.03 1.03 

H80 × 80 × 4-BC-e40 1.05 1.02 1.03 1.03 1.03 1.03 1.04 1.04 1.04 

H80 × 80 × 4-BC-e80 1.05 1.03 1.04 1.04 1.05 1.04 1.05 1.05 1.05 

H80 × 80 × 4-BC-e150 1.02 1.00 1.01 1.01 1.02 1.01 1.02 1.02 1.02 

H100 × 50 × 4-BC-e0 1.01 0.90 0.92 0.92 0.92 0.92 0.94 0.94 0.94 

H100 × 50 × 4-BC-e5 1.02 0.97 0.99 0.99 1.00 0.98 1.00 1.00 1.01 

H100 × 50 × 4-BC-e15 1.03 0.99 1.00 1.01 1.02 1.00 1.02 1.02 1.03 

H100 × 50 × 4-BC-e30 1.05 1.00 1.02 1.03 1.04 1.01 1.03 1.04 1.04 

H100 × 50 × 4-BC-e50 1.04 0.98 1.01 1.01 1.02 0.99 1.01 1.02 1.02 

H100 × 50 × 4-BC-e50# 1.05 0.99 1.02 1.02 1.03 1.00 1.02 1.03 1.03 

H100 × 50 × 4-BC-e80 1.05 1.00 1.03 1.04 1.04 1.00 1.03 1.04 1.04 

H100 × 50 × 4-BC-e130 1.03 0.97 1.00 1.01 1.01 0.97 1.00 1.01 1.02 

H50 × 100 × 4-BC-e0 0.99 0.92 0.93 0.93 0.94 0.94 0.96 0.96 0.96 

H50 × 100 × 4-BC-e3 1.07 1.00 1.00 1.01 1.02 1.02 1.03 1.03 1.03 

H50 × 100 × 4-BC-e10 1.07 1.02 1.02 1.03 1.04 1.03 1.04 1.05 1.05 

H50 × 100 × 4-BC-e10# 1.07 1.02 1.03 1.03 1.03 1.03 1.04 1.04 1.04 

H50 × 100 × 4-BC-e20 1.07 1.03 1.04 1.05 1.05 1.04 1.05 1.05 1.05 

H50 × 100 × 4-BC-e40 1.08 1.05 1.06 1.06 1.06 1.06 1.07 1.07 1.07 

H50 × 100 × 4-BC-e80 1.03 1.02 1.03 1.03 1.03 1.03 1.03 1.03 1.03 

H50 × 100 × 4-BC-e150 1.02 1.00 1.01 1.01 1.01 1.01 1.01 1.01 1.01 
 

 
          

  Mean 1.04 0.99 1.00 1.01 1.01 1.00 1.02 1.02 1.02 

   COV 0.030 0.037 0.034 0.033 0.033 0.035 0.031 0.031 0.030 

824 
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Table 2: Key material properties employed in parametric study. 825 

Steel grade 
Ef  (Ec) fy,f (fy,c) fu,f  (fu,c) εu,f (εu,c) 

N/mm2 N/mm2 N/mm2 % 

S355 210,000 (210,000) 355 (444) 442 (523) 11.8 (9.1) 

S460 210,000 (210,000) 460 (575) 538 (647) 8.7 (6.7) 

S700 212,000 (212,000) 719 (897) 840 (983) 4.3 (1.6) 

S900 208,000 (209,000) 982 (1138) 1149 (1245) 2.1 (2.2) 

S1100 205,000 (206,000) 1073 (1245) 1356 (1470) 2.0 (2.1) 

 826 

 827 

Table 3: Comparisons of test and FE column buckling resistances with predicted resistances obtained from 828 
different design methods. 829 

Data source 
Evaluation 

parameter 

EC3 [3,4] AISC [5] Modified EC3 [6] 

(Nb,test/FE/Nb,EC3) (Nb,test/FE/Nb,AISC) (Nb,test/FE/Nb,mod-EC3) 

226 FE data on columns made of 

S1100 steel from this study 

Mean 1.19 1.05 1.08 

COV 0.031 0.052 0.035 

108 tests + 1150 FE data from [6] 

+ 1130 FE data from this study 

Mean 1.13 0.99 1.08 

COV 0.062 0.065 0.040 

 830 

 831 

Table 4: Comparisons of FE results with unfactored resistance predictions calculated from different design 832 
methods for cold-formed steel SHS and RHS beam-columns. 833 

Steel 

grade 
No. 

Nu,FE/Nu,EC3 Nu,FE/Nu,AISC Nu,FE/Nu,prop 

Mean COV Mean COV Mean COV 

S355 3000 1.02 0.060 0.95 0.069 1.10 0.036 

S460 3000 1.05 0.052 0.98 0.061 1.07 0.034 

S700 3000 1.11 0.050 1.03 0.057 1.07 0.029 

S900 3000 1.13 0.047 1.08 0.059 1.06 0.028 

S1100 3000 1.16 0.063 1.08 0.059 1.06 0.045 

All 15000 1.09 0.078 1.02 0.080 1.07 0.040 

 834 

 835 

 836 

 837 

 838 
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Table 5: Adopted variability parameters of material and geometric properties in accordance with prEN 839 
1993-1-1 [30].  840 

Parameter Xm / Xn COV 

fy (S355, S420) 1.20 0.050 

fy (S460) 1.15 0.045 

fy (above S460) 1.10 0.035 

E 1.00 0.030 

H 1.00 0.009 

B 1.00 0.009 

t 0.99 0.025 

 841 

 842 

Table 6: Reliability analysis results for the proposed design method. 843 

Steel grade No. of data kd,n b Vδ Vr *

M1  

S355 3000 3.093 1.100 0.035 0.069 0.978 

S460 3000 3.093 1.074 0.034 0.061 1.055 

S700 3000 3.093 1.079 0.029 0.059 1.044 

S900 3000 3.093 1.056 0.028 0.057 1.059 

S1100 3000 3.093 1.057 0.049 0.064 1.086 

 844 


