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Abstract 8 

The behavior and design of hot-rolled and cold-formed steel square and rectangular hollow section 9 

(SHS and RHS) columns, made of both normal and high strength material, are addressed in this paper. 10 

A series of experiments on hot-rolled high strength steel SHS columns was first conducted – six tests 11 

on S690 SHS 100×100×4 columns and six tests on S770 SHS 120×120×6.3 columns were performed. 12 

Finite element (FE) models were developed to replicate the experimental results and to carry out 13 

parametric studies to expand the column buckling data pool. The accuracy of the European and North 14 

American buckling design rules for normal and high strength steel SHS and RHS columns was 15 

evaluated through comparisons with the freshly generated test and FE results, as well as with existing 16 

test data collected from a literature. Finally, a modified Eurocode 3 (EC3) approach was proposed and 17 

statistically verified in accordance with EN 1990; the new approach features an imperfection factor that 18 

is a continuous function of yield strength, reflecting the reducing relative influence of residual stresses 19 

and global imperfections with increasing steel grades. Improved consistency in resistance predictions 20 

over the existing design provisions is demonstrated across a wide range of steel grades and relative 21 

slenderness values. 22 
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Introduction 26 

Structural steel square and rectangular hollow section (SHS and RHS) elements are widely used in the 27 

construction industry as structural components due to their aesthetic appearance and excellent structural 28 

qualities, particularly under predominantly compressive loading. SHS and RHS products are commonly 29 

manufactured by means of hot-rolling (CEN 2006a), cold-forming (CEN 2006b) or welding four plates 30 

into a box shape. With the increasing use of high strength steel SHS and RHS in construction, the 31 

development of suitable rules to ensure their safe and efficient design is imperative. 32 

The flexural buckling behavior and design of hot-rolled and cold-formed SHS and RHS columns in 33 

normal and high strength steel grades are studied in the present paper. A number of previous 34 

experimental investigations into the behavior of structural steel SHS and RHS members under axial 35 

compression have been carried out. Laboratory testing on hot-rolled SHS and RHS columns has been 36 

conducted by Rondal (1984) and Wang and Gardner (2017), while buckling tests on cold-formed SHS 37 

and RHS compression members have been performed and reported by Bjorhovde (1977), Rondal (1984), 38 

Key et al. (1988), Sully and Hancock (1996), Pavlovčič et al. (2012), SSAB (2014), Ma (2016) and 39 

Somodi and Kovesdi (2017). Several CIDECT projects have also been undertaken to explore the                                       40 

column buckling behavior of SHS and RHS members, including those by Guiaux (1972), Salvarinas et 41 

al. (1978), Braham et al. (1979), Sedlacek et al. (1996) and Sedlacek et al. (1999), in which a large 42 

number of buckling tests on both hot-rolled and cold-formed columns were reported. Extensive 43 

experimental research has also been carried out on welded box section columns by, for example, 44 

Rasmussen and Hancock (1995), Ban et al. (2013) and Schillo and Feldmann (2018), but these sections 45 

are outside the scope of the present study.  46 

Codified design rules for normal strength steel columns have been developed and used extensively over 47 

many decades, whereas corresponding rules for high strength steel columns are still rather limited. The 48 
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current version of Eurocode 3 (EC3) includes provisions for the design of columns in steel grades up to 49 

S700 (CEN 2005, 2007), while the current version of the American Specification AISC 360 (AISC) is 50 

applicable to steel plates with nominal yield strengths up to 690 N/mm2, but to hollow sections only up 51 

to yield strengths of 485 N/mm2 (AISC 2016; ASTM 2015, 2018). In general, the current codified 52 

design provisions for high strength steel columns are a simple extension to those for normal strength 53 

steels, with scope for improvements in terms of accuracy and consistency. 54 

This study is therefore aimed at expanding the pool of column buckling test data on SHS members in 55 

the high strength steel range and developing improved design rules for both normal and high strength 56 

steel SHS and RHS members under axial compression. A series of column buckling tests on hot-finished 57 

high strength steel SHS is firstly presented. Finite element (FE) models are then established, validated 58 

and used to generate supplementary numerical data. The column design rules in Eurocode 3 (EC3) and 59 

the American Specification (AISC) are subsequently evaluated using the test and FE data and found to 60 

exhibit some shortcomings. A modified EC3 design approach, in which the influence of yield strength 61 

is included in the imperfection factor, is then proposed to improve the accuracy and consistency of the 62 

resistance predictions; recommendations are also made to improve the AISC column design method. 63 

Finally, reliability analysis of the current EC3 design approach and the proposed modified EC3 64 

approach is carried out.  65 

 66 

Experimental investigation 67 

General 68 

An experimental program was conducted to investigate the flexural buckling behavior of hot-finished 69 

high strength steel SHS members under axial compression. Two quenched and tempered high strength 70 

steel SHS profiles in two different grades – S690 SHS 100×100×4 (section ID: 1) and S770 SHS 71 

120×120×6.3 (section ID: 2), were examined. According to the slenderness limits set out in the latest 72 

revision to Eurocode 3 – prEN 1993-1-1:2018 (CEN 2018), the studied S690 SHS 100×100×4 and S770 73 
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SHS 120×120×6.3 are Class 3/4 and Class 2 cross-sections respectively. In total, twelve SHS column 74 

specimens with varying lengths were tested. 75 

Material and cross-section tests 76 

Material tests and stub column tests on the two examined cross-sections have been previously conducted 77 

by the authors and reported in Meng and Gardner (2019b); a brief summary of the results is provided 78 

herein. The engineering stress-strain curves from the tensile coupon tests are plotted in Fig. 1, and the 79 

obtained mechanical properties, including the Young’s modulus E, the yield strength fy, the ultimate 80 

strength fu, the strain at the ultimate strength εu and the plastic strain at fracture measured over the 81 

standard gauge length εf (CEN 2016), are listed in Table 1. Note that these material properties, which 82 

were determined from flat tensile coupon tests, are adopted throughout this study to represent the 83 

material behavior over the whole cross-section since the uniformity of properties for hot-rolled hollow 84 

sections has been previously confirmed by Gardner et al. (2010) and Wang et al. (2017). The key results 85 

from the stub column tests are summarized in Table 2, where H, B, R, r and t are the height, breadth, 86 

outer corner radius, inner corner radius and thickness of the cross-section respectively, L is the specimen 87 

length, c / tε is the EC3 local slenderness parameter, in which c is the width of the flat region of the 88 

cross-section faces, 2

y235 = f , Nu is the ultimate test load and δu is the end shortening at Nu. 89 

Column buckling tests 90 

A total of twelve column specimens, six with S690 SHS 100×100×4 profiles (SC1 series) and six with 91 

S770 SHS 120×120×6.3 profiles (SC2 series), were tested to investigate their flexural buckling 92 

responses under axial compression. The specimen lengths were varied to cover a wide spectrum of EC3 93 

relative slenderness values EC3  (as defined by Eqs. (1) and (2) for Class 1–3 and Class 4 cross-sections 94 

respectively, where Nc,EC3 is the EC3 cross-sectional resistance to compression, A and Aeff are the gross 95 

and effective cross-sectional areas respectively and Ncr is the Euler buckling load) from 0.47 to 1.47. 96 

The measured geometric properties and the EC3 relative slenderness for each specimen are summarized 97 

in Table 3. 98 
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All column buckling tests were conducted using an Instron 2000 kN hydraulic testing machine, as 101 

shown in Fig. 2. The column specimens were placed between a pair of wedge plates, with pin-ended 102 

boundary conditions achieved through a pair of knife edges at the top and bottom ends. The critical 103 

(effective) length Lcr of each specimen is equal to the member length L plus an additional length for the 104 

knife edge and wedge plate equal to 75 mm at each end, as summarized in Table 3. Adjustable end 105 

clamps were employed at both ends to prevent any movement of the specimens during loading. Stainless 106 

steel shims were inserted between the specimen ends and the wedge plates when necessary to eliminate 107 

any small gaps arising from the out-of-flatness of the end sections. Four electrical resistance strain 108 

gauges were affixed at the mid-height of the two opposite faces of the test specimens parallel to the axis 109 

of buckling at a distance of 3t from the edges, for the measurement of the maximum and minimum outer 110 

fiber strains. The lateral deflection at mid-height and rotations at the top and bottom ends of the columns 111 

were measured using a linear variable displacement transducer (LVDT) and a pair of inclinometers 112 

respectively. The test outputs, including the load, machine displacement and readings from the strain 113 

gauges, LVDT and inclinometers, were recorded at 0.5-s intervals using the data acquisition equipment 114 

DATASCAN and logged using the DSLOG software. 115 

The global imperfections ωg of the columns consisted of the out-of-straightness of the member and the 116 

initial loading eccentricity, the latter of which was adjusted such that a total imperfection (out-of-117 

straightness + initial loading eccentricity) as close as possible to Lcr / 1000 was achieved for each test; 118 

this value is the typically assumed global imperfection amplitude in the development of column 119 

buckling design rules (Beer and Schulz 1970; Ziemian 2010). Prior to testing, each specimen was 120 

preloaded to about 10% of the predicted failure load, enabling the global imperfection amplitude ωg to 121 

be back-calculated using Eq. (3), where I is the second moment of area about the axis of buckling, εmax 122 

and εmin are the average strains (from the pair of strain gauges) on the concave and convex sides of each 123 
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column respectively, N is the applied axial load and Δ is the measured mid-height lateral deflection. 124 

The initial loading eccentricity was then carefully adjusted, and the procedure repeated, until the 125 

resulting ωg was sufficiently close to the target value of Lcr / 1000. The final values of ωg for all column 126 

tests are reported in Table 3. 127 

 
( )max min

g

 
 

−
= −

EI

HN
 (3) 128 

The load-mid-height lateral deflection curves obtained from the tests are presented in Figs. 3 and 4 for 129 

the S690 SHS 100×100×4 and S770 SHS 120×120×6.3 columns respectively. The ultimate loads Nu 130 

are reported in Table 3, and all deformed test specimens are displayed in Figs. 5 and 6. All tested 131 

specimens buckled in the direction dictated by the global imperfections. For the shorter three specimens 132 

in the SC1 series, i.e. SC1-1, SC1-2 and SC1-3, failure was dominated by local buckling, while for the 133 

longer specimens – SC1-4, SC1-5 and SC1-6, only global buckling was evident at the ultimate load, 134 

with local buckling occurring after the peak load under the combination of a lower level of axial 135 

compression but an increasing second-order bending moment. The local buckling occurred in an abrupt 136 

manner for the SC1 series, resulting in a sudden drop in applied load and a jump in the recorded 137 

deformations, as indicated by the dashed lines in Fig. 3. For the SC2 series, all specimens failed by 138 

global buckling, with local buckling forming gradually beyond the ultimate load, except for specimens 139 

SC2-5 and SC2-6, where the tests were terminated before the onset of local buckling. 140 

 141 

Numerical simulations 142 

General 143 

In addition to the laboratory testing, a numerical modeling program was carried out to simulate the 144 

buckling behavior of SHS and RHS members under axial compression. Finite element (FE) models 145 

were developed and validated against available column test results on the hot-rolled and cold-formed 146 

SHS and RHS. Additional numerical results for a range of steel grades and geometries were then 147 

generated from parametric studies as an expansion of the data pool for SHS and RHS column buckling. 148 
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Description of FE models 149 

The flexural buckling behavior of SHS and RHS members was simulated by means of geometrically 150 

and materially nonlinear analyses with imperfections (GMNIA) using the finite element analysis 151 

package Abaqus. The basic assumptions of the numerical modeling approach are descried herein. The 152 

four-noded doubly curved shell element with reduced integration S4R (Abaqus) was employed 153 

throughout the investigation, as commonly used in previous numerical studies on structural hollow 154 

sections, such as those reported by Yun and Gardner (2018), Meng et al. (2019) and Zhao et al. (2019). 155 

In the flat regions of the modeled cross-sections, a finer mesh of (H + B) / 30 was applied within a length 156 

of 4H of the mid-height of the columns to capture the potential local buckling, while a coarser mesh of 157 

(H + B) / 15 was adopted for the remainder of the member length to reduce computational time; for each 158 

corner region, six elements were employed. Symmetry was also exploited by establishing quarter-159 

models with suitable symmetry boundary conditions applied (see Fig. 7) to further enhance the 160 

computational efficiency. The end section of the models was coupled to a reference point through 161 

kinematic coupling, with boundary conditions applied to the reference point to reflect the corresponding 162 

test end conditions. 163 

Both local and global geometric imperfections were introduced into the FE models in the form of the 164 

lowest local and global elastic buckling shapes from a prior linear bifurcation analysis (LBA) performed 165 

for each member. Residual stresses were not modeled explicitly for either the hot-rolled or the cold-166 

formed SHS and RHS members. This is because for hot-rolled hollow sections, residual stress 167 

magnitudes have been shown to be negligible compared with the yield strength (Law and Gardner 2012; 168 

Wang et al. 2016), while for cold-formed hollow sections, the effect of the dominant bending residual 169 

stresses is already implicitly incorporated into the stress-strain curves obtained from tensile tests 170 

performed on coupons cut from the examined profiles (Rasmussen and Hancock 1993; Jandera et al. 171 

2008). It has also been confirmed in a number of previous numerical studies, such as Wang and Gardner 172 

(2017), Huang and Young (2018), Meng and Gardner (2019a) and Toffolon and Taras (2019), that FE 173 

models without the explicit incorporation of residual stresses are capable of accurately replicating the 174 

experimentally observed physical responses of both hot-rolled and cold-formed steel tubular members. 175 



8 

 

Validation 176 

To confirm the accuracy of the developed FE models, the numerical predictions were compared with 177 

the key results from experiments, including the ultimate loads, load-deformation histories and failure 178 

modes. The twelve column buckling tests on hot-finished SHS from this study and eleven tests on cold-179 

formed SHS and RHS from a previous study by Ma (2016) were adopted for the validation study. A 180 

local imperfection amplitude of ωl = c / 200 was assumed, as recommended in EN 1993-1-5:2006 (CEN 181 

2006c) and successfully employed in several previous numerical studies e.g. Yun et al. (2018) and 182 

Walport et al. (2019). Note that the measured local imperfection amplitudes (Ma et al. 2016; Meng and 183 

Gardner 2019b) for the considered SHS and RHS profiles were, on average, slightly smaller than the 184 

value of c / 200 recommended in EN 1993-1-5:2006 (CEN, 2006c), and thus, slightly conservative 185 

resistance predictions from the FE models were anticipated. A series of global imperfection amplitudes 186 

ωg – the measured values, Lcr / 500, Lcr / 1000 and Lcr / 2000, was incorporated into the FE models to 187 

assess their sensitivity to variation in global imperfection levels. For the hot-rolled sections, the 188 

measured material properties were applied uniformly to the full modeled cross-sections, whereas for 189 

the cold-formed sections, corner strength enhancements that arise due to plastic deformation during the 190 

rolling process were incorporated by assigning the measured corner material properties to the corner 191 

regions of the cross-sections plus to an extension of 2t into the flat regions (Cruise and Gardner 2008; 192 

Afshan et al. 2013). Deviation of the actual distribution of mechanical properties from this idealized 193 

pattern is a potential source of modeling error, though accurate results have been consistently obtained 194 

in previous numerical models of cold-formed SHS and RHS developed on this basis (Yun and Gardner 195 

2018; Ma et al. 2019). Comparisons of the ultimate loads Nu,FE derived from the FE models with those 196 

obtained from the experiments Nu,test are shown in Table 4. The FE models can be seen to be relatively 197 

sensitive to the global imperfection amplitude; when the measured values of ωg were utilized, excellent 198 

accuracy and consistency in the FE predictions were achieved, while with ωg taken as Lcr / 1000, the 199 

predictions were accurate, but slightly conservative. Excellent agreement between the test and 200 

numerical load-deformation histories and failure modes was also observed, as shown in Figs. 8 and 9. 201 
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Overall, it can be concluded that the developed FE models are capable of accurately replicating the 202 

buckling behavior of hot-rolled and cold-formed SHS and RHS members under axial compression. 203 

Parametric studies 204 

Following the validation study, the developed FE models were used in parametric studies for the 205 

generation of additional column buckling data on hot-rolled and cold-formed SHS and RHS over a 206 

wider range of steel grades, cross-section geometries and member lengths. Five steel grades from 207 

normal to high strengths – S355, S460, S500 and S690/S700 and S900, were considered for both hot-208 

rolled and cold-formed sections. The material models developed by Yun and Gardner (2017) and 209 

Gardner and Yun (2018) were employed for the description of the respective stress-strain curves; the 210 

adopted input parameters are listed in Table 5. The nominal values of fy and fu from prEN 1993-1-211 

1:2018 (CEN 2018) were used for steel grades up to S700, while for S900, fu was taken as 1.05fy 212 

according to the ductility requirements given in EN 1993-1-12:2007 (CEN 2007). Note that for the cold-213 

formed SHS and RHS, the predictive models for corner strength enhancements by Rossi et al. (2013) 214 

were used in conjunction with the stress-strain models of Gardner and Yun (2018), and the resulting 215 

corner stress-strain relationships were assigned to the corner regions of the cross-section plus to an 216 

extension of 2t into the adjacent flat regions. Two sets of cross-section outer dimensions – 100×100 and 217 

100×50 (H×B, in mm), were examined, with the thickness t varied to achieve a spectrum of local 218 

slenderness within the EC3 Class 1–3 domain. The modeled member lengths were varied from 160 mm 219 

to 6000 mm, leading to a range of global slenderness values   from 0.16 to 2.62. 220 

A total of 2300 numerical results on hot-rolled and cold-formed SHS and RHS columns, covering 221 

normal to high strength steel members, were generated. These numerical data are combined with 222 

existing experimental data and used in the next section for the assessment of existing and development 223 

of new design provisions for hot-rolled and cold-formed steel SHS and RHS columns.  224 
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Stability design of SHS and RHS columns 225 

General 226 

The numerical results generated in the previous section have been supplemented with experimental 227 

results collected from the literature. In total, 588 existing test data have been collected, with 314 falling 228 

into the Class 1–3 range in accordance with prEN 1993-1-1:2018 (CEN 2018). The freshly generated 229 

numerical column buckling data, combined with the collected test results for members with nonslender 230 

cross-sections, are plotted against the codified column buckling curves in Figs. 10. It should be noted 231 

that a relatively high level of scatter is observed in the test data points, which is attributed largely to the 232 

sensitivity of the column buckling resistance to the inherently scattered global imperfections and initial 233 

loading eccentricities, as well as variations in the test conditions. 234 

An assessment of the accuracy of the codified column buckling design provisions in prEN 1993-1-235 

1:2018 (CEN 2018) and ANSI/AISC 360-16 (AISC 360-16) for hot-rolled and cold-formed SHS and 236 

RHS with varying steel grades is firstly conducted using the established test and FE database. To address 237 

the shortcomings revealed in both design codes, a modified EC3 design approach is developed, in which 238 

the imperfection factor is defined as a continuous function of yield strength, leading to improved 239 

accuracy and consistency; recommendations for improvements to the AISC column buckling design 240 

approach are also made. Reliability analysis of the current EC3 and proposed modified EC3 column 241 

design approaches is then conducted to determine a suitable partial safety factor. 242 

Background of Ayrton-Perry formulation 243 

The background to the Ayrton-Perry formulation (Ayrton and Perry 1886) to describe the buckling 244 

behavior of imperfect columns is first presented. The derivation is made based on the following 245 

assumptions: (a) a simply-supported prismatic member under axial compression; (b) an initial geometric 246 

imperfection in the form of a half sine wave with a maximum value e0 at mid-height; (c) a nonslender 247 

cross-section and (d) a first-yield failure criterion. For a member under an axial force N, the maximum 248 

total lateral deflection at mid-height vmax (equal to the initial geometric imperfection amplitude e0 plus 249 
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the additional mid-height lateral deflection Δ) is given by Eq. (4), where Ncr is the Euler buckling load, 250 

as given by Eq. (5). The load corresponding to first-yield of the member Nb,R can be expressed by Eq. 251 

(6), where A is the cross-sectional area and Wel is the elastic section modulus. 252 
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By substituting the relative slenderness   (as defined by Eq. (7)) and the column buckling reduction 256 

factor χ (as defined by Eq. (8), where Nb,R is the column buckling resistance based on the assumption 257 

of failure at the point of first yield) into Eq. (6), Eq. (9) is determined (Boissonnade et al. 2006), where 258 

η is the generalized initial imperfection factor, as given by Eq. (10). 259 
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Finally, the column buckling reduction factor χ can be derived from Eq. (9), as given by Eqs. (11) and 264 

(12), with the theoretical column buckling resistance being Nb,R = χAfy. 265 
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  268 
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Eurocode 3 – prEN 1993-1-1:2018 269 

The EC3 column buckling design curves originate from the Ayrton-Perry formulation and have been 270 

calibrated against experimental and numerical data for different types of cross-section (Beer and Schulz 271 

1970; Starting and Vos 1973; Sfintesco and Carpena 1977; Chan et al. 2010; Taras and Greiner 2010). 272 

The EC3 relative slenderness EC3  is defined by Eqs. (1) and (2) for Class 1–3 and Class 4 sections 273 

respectively, where Aeff is the effective area of the cross-section, allowing for local buckling and 274 

determined in accordance with EN 1993-1-5:2006 (CEN 2006c). 275 

The EC3 column buckling reduction factor χEC3 is determined from the modified Ayrton-Perry formula, 276 

as given by Eqs. (13) to (15), where the EC3 generalized initial imperfection factor ηEC3 given by Eq. 277 

(14) is adopted to account for the combined effects of initial out-of-straightness and residual stresses 278 

and α is the imperfection factor, as tabulated in Table 6 for different production routes and steel grades. 279 

 EC3
2

2
EC3

1


  

=

+ −

 but 
EC3 1.0   (13) 280 

 ( )EC3EC3 0.2  = −  (14) 281 

 ( ) ( )( )2 2

EC3 EC3 EC3EC30.5 1 0.5 1 0.2     = + + = + − +  (15) 282 

Finally, the design column buckling resistance Nb,Rd, as expressed by Eq. (16), is calculated as the 283 

product of the EC3 column buckling reduction factor χEC3 and the EC3 cross-section resistance Nc,EC3, 284 

to give Nb,EC3 = χEC3Nc,EC3, divided by the partial safety factor γM1, which has a recommended value of 285 

1.0 in prEN 1993-1-1:2018 (CEN 2018). 286 

 
b,EC3 EC3 c,EC3

b,Rd

M1 M1



 
= =

N N
N  (16) 287 

To assess the accuracy of the EC3 column buckling design provisions for SHS and RHS members, the 288 

ultimate loads from the column buckling tests and FE simulations Nu are normalized by the unfactored 289 

resistance predictions from EC3 Nb,EC3 and plotted against the relative slenderness   in Fig. 11. Table 290 

7 summarizes the mean values and coefficients of variation (COV) of the ratio Nu / Nb,EC3. Note that the 291 
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yield strength fy for the cold-formed SHS and RHS is taken as the weighted average yield strength 292 

incorporating the strength enhancements in the corner region, as given by Eq. (17), where fy,f and fy,c 293 

are the yield strengths of the flat and corner regions respectively, and Af an Ac are the total areas of the 294 

flat and corner regions respectively. 295 

 
y,f f y,c c

y

+
=

f A f A
f

A
 for cold-formed SHS and RHS (17) 296 

For the hot-rolled SHS and RHS, the EC3 design approach generally yields accurate column buckling 297 

resistance predictions, though a relatively wide scatter band is observed since the influence of the yield 298 

strength on the column buckling behavior is not fully captured. For the cold-formed SHS and RHS, the 299 

EC3 predictions generally fall on the safe side, but exhibit an increasing level of conservatism with 300 

increasing yield strength, owing again to the influence of yield strength on the buckling behavior not 301 

being fully captured. Furthermore, a number of data points appear on the unsafe side for 0.7   for 302 

both hot-rolled and cold-formed SHS and RHS; this stems, to a large extent, from the fixed plateau 303 

length of EC3,0 0.2 = that features in the current EC3 column buckling curves. 304 

Modified EC3 approach 305 

Residual stresses and global imperfections play an important role in the buckling behavior of 306 

compressed steel members. Residual stresses have been shown to be approximately constant regardless 307 

of the steel grade (ECCS 1984), and hence reduce as a proportion of the yield strength for higher grades. 308 

In terms of global imperfections, the original Ayrton-Perry formulation can be utilized to examine their 309 

influence on the buckling strength of columns in different grades. Considering a pin-ended column with 310 

an initial bow imperfection of amplitude e0 = L / 1000 and no residual stress, the generalized initial 311 

imperfection factor η can be rearranged into Eq. (18), indicating that η is proportional to the product of 312 

the relative slenderness   and 1/2

y

−f  (or, equivalently to the product of   and y235 = f ) for a 313 

given cross-section profile. This means that as the yield strength increases, the generalized initial 314 

imperfection factor becomes smaller for a given level of relative slenderness, corresponding to a less 315 
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detrimental effect from global imperfections on the column buckling curve. Overall, therefore, a higher 316 

normalized column buckling resistance is anticipated with increasing yield strength. 317 
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However, in the current EC3 design approach, these beneficial effects are only partially captured for 319 

hot-rolled SHS and RHS in a step wise manner by applying different imperfection factors α for steel 320 

grades above and below S460, and are ignored for cold-formed SHS and RHS. In light of this, a 321 

modified imperfection factor αmod, incorporating ε, is proposed to take due account of the influence of 322 

yield strength on the column buckling behavior in a consistent and continuous manner, as given by Eqs. 323 

(19) and (20) for hot-rolled and cold-formed SHS and RHS respectively. 324 

 
mod 0.24 =  for hot-rolled SHS and RHS (19) 325 

 
mod 0.56 =  for cold-formed SHS and RHS (20) 326 

On the other hand, to address the optimistic EC3 buckling strength predictions in the lower slenderness 327 

range, a shorter plateau length of mod-EC3,0 0.1 =  is proposed to supersede the current EC3 plateau length 328 

of EC3,0 0.2 = , resulting in slightly lower resistance predictions for stockier columns. The modified 329 

EC3 generalized initial imperfection factor ηmod-EC3, incorporating both the proposed modified 330 

imperfection factor and shortened plateau is expressed by Eq. (21). 331 

 ( )EC3mod EC3 mod 0.1  − = −  (21) 332 

Finally, the modified EC3 column buckling reduction factor χmod-EC3 is given by Eqs. (22) and (23). 333 

 mod-EC3
2

2
EC3mod mod

1


  

=

+ −

 but 
mod-EC3 1.0   (22) 334 

 ( ) ( )( )2 2

EC3 EC3 EC3mod mod-EC3 mod0.5 1 0.5 1 0.1     = + + = + − +  (23) 335 

The accuracy of the proposed modified EC3 design approach for hot-rolled and cold-formed SHS and 336 

RHS columns is now assessed using the obtained experimental and numerical data. Comparisons of the 337 



15 

 

test and numerical results Nu with the predictions from the proposed approach Nb,mod-EC3 are presented 338 

in a normalized manner in Fig. 12, with the statistical results summarized in Table 7. The data points 339 

associated with the various steel grades now follow a significantly tighter trend for both hot-rolled and 340 

cold-formed SHS and RHS columns, showing that the influence of yield strength on the column 341 

buckling behavior is successfully captured by the modified imperfection factor αmod. Meanwhile, owing 342 

to the adoption of a shorter plateau length, an improved level of accuracy over the EC3 approach is 343 

achieved in the lower slenderness range. The improvements in accuracy and consistency over the 344 

current EC3 approach are further revealed quantitatively by the statistical results presented in Table 7, 345 

particularly for the cold-formed SHS and RHS columns. 346 

American Specification – ANSI/AISC 360-16 347 

The design rules for SHS and RHS compression members in the American Specification ANSI/AISC 348 

360-16 (AISC 2016) are considered in this section, with the notation adjusted for consistency with EC3. 349 

Unlike the EC3 relative slenderness that features the effective cross-sectional area for Class 4 cross-350 

sections, the AISC relative slenderness AISC  is defined based on the gross cross-section properties 351 

regardless of the local slenderness, as given by Eq. (24).  352 

 
y ycr

AISC

cr

1



= =

Af fL

N i E
 (24) 353 

The AISC column buckling reduction factor χAISC is determined from a single two-stage column 354 

buckling curve for all production routes and steel grades, as described by Eqs. (25) and (26).  355 

 
2
AISC

AISC 0.658 =  for AISC 1.5   (25) 356 

 AISC 2

AISC

0.877



=  for AISC 1.5   (26) 357 

The design buckling resistance under axial compression Nb,Rd can then be derived from Eqs. (27) and 358 

(28) for nonslender and slender SHS and RHS respectively, where ϕc = 0.9 is the resistance factor for 359 

compression and Aeff is the effective cross-sectional area calculated in accordance with ANSI/AISC 360 

360-16 (AISC 2016). 361 
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 b,Rd c b,AISC c AISC y  = =N N f A  for nonslender SHS and RHS (27) 362 

 b,Rd c b,AISC c AISC y eff  = =N N f A  for slender SHS and RHS (28) 363 

The accuracy of the AISC column buckling design curve is now evaluated through comparisons of the 364 

test and FE data Nu with the unfactored AISC resistance predictions Nb,AISC, as shown in Fig. 13 and 365 

Table 7. The AISC buckling curve generally provides a lower bound to the test and FE data points for 366 

the hot-rolled SHS and RHS columns, whereas for the cold-formed compression members, a large 367 

number of data points appear on the unsafe side. In general, the shape of the AISC column buckling 368 

curve matches less well with the trend of the column buckling data compared to the Ayrton-Perry 369 

formulation used in EC3, leading to relatively high values of COV in Table 7 for both hot-rolled and 370 

cold-formed SHS and RHS columns. Furthermore, the influence of yield strength on the column 371 

buckling curve is not considered in the AISC approach, leading to reduced accuracy and increased 372 

scatter when high strength steel grades are considered. The following recommendations are therefore 373 

made herein for improvements to the AISC column design approach: (a) different buckling curves 374 

should be used for hot-rolled and cold-formed columns to account for their distinct buckling responses 375 

arising from the different stress-strain characteristics and residual stress distributions and (b) the 376 

influence of yield strength on the column buckling curve should be duly incorporated. 377 

Reliability analysis 378 

The reliability of the buckling design rules in prEN 1993-1-1:2018 (CEN 2018) and the proposed 379 

modified EC3 approach for normal and high strength steel SHS and RHS columns is evaluated in this 380 

section following the standard procedure set out in EN 1990:2002 (CEN 2002). As provided in Annex 381 

E of prEN 1993-1-1:2018 (CEN 2018), the material over-strength fy,m / fy,n (i.e. the ratio between the 382 

mean and nominal yield strengths) is taken as 1.2, 1.15 and 1.1 for steel grades below S460, equal to 383 

S460 and above S460 respectively, with the corresponding COV of yield strength Vfy equal to 0.05, 384 

0.04 and 0.035 respectively. The COV of the Young’s modulus VE is taken equal to 0.03 (CEN 2018), 385 

while the COV of the cross-sectional area VA is taken as 0.026 for SHS and RHS, as calculated based 386 

on the statistical parameters of the geometric dimensions provided in Annex E of prEN 1993-1-1:2018 387 
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(CEN 2018) and following the procedure described in Afshan et al. (2015). The mean values of the 388 

Young’s modulus E and all the geometric properties are taken equal to the nominal values except for 389 

the thickness t, which is taken equal to 0.99 times the nominal thickness of the SHS and RHS according 390 

to Annex E of prEN 1993-1-1:2018 (CEN 2018). 391 

The column buckling design function can be expressed in terms of the Young’s modulus E, yield 392 

strength fy and the cross-sectional area A, as given by Eq. (29), where the dependency of the resistance 393 

function on the variables (i.e. the values of the exponents c, d and e) can be derived for each individual 394 

test or numerical simulation following the method set out in Afshan et al. (2015). The combined 395 

coefficient of variation of the material and geometric basic variables Vrt, incorporating the varying 396 

degrees of influence from the variability of fy, A and E, can then be determined from Eq. (30) for each 397 

test or simulation. 398 

 
b,R y= c d eN kf A E  (29) 399 

 ( ) ( ) ( )
2 2 2

rt fy A E= + +V cV dV eV  (30) 400 

The design fractile factor kd,n, the COV of the test and FE resistances relative to the predictions from 401 

the resistance model Vδ and the combined COV incorporating the variability of the resistance model 402 

and the basic variables Vr were calculated in accordance with EN 1990:2002 (CEN 2002). The 403 

correction factor b was calculated using Eq. (31) instead of the least squares method recommended in 404 

EN 1990:2002 (CEN 2002), where n is the number of test and FE data, re is the experimental resistance 405 

and rt is the theoretical resistance determined from the resistance model. This approach prevents the 406 

resulting value of b from being biased towards the test and FE specimens with higher resistance values 407 

(Meng et al. 2019). 408 

 
e,i

1 t,i

1

=

= 
n

i

r
b

n r
 (31) 409 

The test and FE data were divided by relative slenderness into three groups: 0.75  , 0.75 1.25   410 

and 1.25 2  ; those with 2   are deemed beyond the practical range and were therefore not 411 
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considered in the reliability analysis. The key reliability analysis results are reported in Table 8, where 412 

*

M1  is the required value of partial safety factor for member buckling design. Note that the values of b, 413 

and Vδ and Vr shown in Table 8 were obtained based on the entire set of data for illustration purposes. 414 

The required partial safety factors for the proposed approach are equal to 1.063 and 1.041 for hot-rolled 415 

and cold-formed SHS and RHS respectively, which are slightly higher than the target value of 1.0, but 416 

lower than the corresponding values of 1.086 and 1.054 for the current EC3 approach. Therefore, the 417 

EC3 recommended partial safety factor γM1 for member buckling design is deemed applicable to the 418 

proposed modified EC3 approach, particularly in light of the reliability recommendations given in 419 

Simões da Silva et al. (2017). 420 

 421 

Conclusions 422 

A comprehensive study into the buckling behavior of structural steel SHS and RHS columns has been 423 

presented in this paper. A total of twelve hot-finished S690 and S770 SHS columns, covering a wide 424 

spectrum of relative slenderness values from 0.47 to 1.47, were tested with pin-ended boundary 425 

conditions. Finite element models were then established and validated against the test results generated 426 

herein on hot-finished SHS columns and existing test results on cold-formed SHS and RHS columns; 427 

excellent agreements between the test and numerical responses were achieved. Subsequent parametric 428 

studies provided over 2000 column buckling resistance data over a wider range of steel grades and 429 

cross-section and member geometries. The generated experimental and numerical data, combined with 430 

further existing test results collected from the literature, were utilized to assess current codified design 431 

rules for hot-rolled and cold-formed SHS and RHS columns. The Ayrton-Perry based formula specified 432 

in prEN 1993-1-1:2018 was shown to provide accurate buckling strength predictions for both hot-rolled 433 

and cold-formed SHS and RHS columns, though with some scope for improvement. A modified EC3 434 

approach, featuring a modified imperfection factor linked to the yield strength of the material and a 435 

shortened plateau length, has been developed and shown to provide more consistent resistance 436 

predictions than the current EC3 provisions. The column design rules in the American Specification 437 
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AISC 360-16 were also examined; the use of different column buckling curves for hot-rolled and cold-438 

formed sections and for account to be taken of the improved normalized response of columns with 439 

increasing yield strength was proposed. Finally, reliability analysis was conducted for the current EC3 440 

and the proposed modified EC3 column buckling design approaches in accordance with EN 1990:2002, 441 

confirming that the EC3 recommended partial safety factor of unity is suitable for use with the proposed 442 

approach. 443 
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Fig. 1. Engineering stress-strain curves from tensile coupon tests (Meng and Gardner, 2019b) 

 

   

Fig. 2. Column buckling test setup 
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Fig. 3. Experimental load-mid-height lateral deflection curves for S690 SHS 100×100×4 (SC1 series) 
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Fig. 4. Experimental load-mid-height lateral deflection curves for S770 SHS 120×120×6.3 (SC2 

series) 

 

 

Fig. 5. Failure modes of S690 SHS 100×100×4 (SC1 series, scale in mm) 
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Fig. 6. Failure modes of S770 SHS 120×120×6.3 (SC2 series, scale in mm) 

 

 

Fig. 7. Illustration of quarter-model for SHS and RHS columns 
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Fig. 8. Comparisons of typical load-deformation curves from column buckling tests and FE models 

(SC1-5 and SC2-3) 

 

 

Fig. 9. Comparisons of typical failure modes from column buckling tests and FE models (SC1-5) 
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(a) Hot-rolled SHS and RHS 

 

(b) Cold-formed SHS and RHS 

Fig. 10. Comparisons of column buckling test and FE data with codified column buckling curves for 

(a) hot-rolled SHS and RHS and (b) cold-formed SHS and RHS 
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(a) Hot-rolled SHS and RHS 

            

(b) Cold-formed SHS and RHS 

Fig. 11. Comparisons of column buckling test and FE resistances with unfactored resistance 

predictions from prEN 1993-1-1:2018 for (a) hot-rolled SHS and RHS and (b) cold-formed SHS and 

RHS 
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(a) Hot-rolled SHS and RHS 

           

(b) Cold-formed SHS and RHS 

Fig. 12. Comparisons of column buckling test and FE resistances with unfactored resistance 

predictions from proposed modified EC3 approach for (a) hot-rolled SHS and RHS and (b) cold-

formed SHS and RHS 
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(a) Hot-rolled SHS and RHS 

            

(b) Cold-formed SHS and RHS 

Fig. 13. Comparisons of column buckling test and FE resistances with unfactored resistance 

predictions from ANSI/AISC 360-16 for (a) hot-rolled SHS and RHS and (b) cold-formed SHS and 

RHS 
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Table 1. Average measured material properties from tensile coupon tests (Meng and Gardner 2019b) 

Cross-section E fy fu εu εf fu / fy εu / εy 

- N/mm2 N/mm2 N/mm2 % % - - 

S690 SHS 100×100×4 211000 787.3 825.8 6.2 17.1 1.049 16.6 

S770 SHS 120×120×6.3 206300 859.0 888.9 5.7 15.4 1.035 13.8 

 

Table 2. Key results from stub column tests (Meng and Gardner 2019b) 

Cross-section H B R r t L c / tε Nu δu 

- mm mm mm mm mm mm - kN Mm 

S690 SHS 100×100×4 100.76 100.05 7.9 4.4 3.99 300.03 38.5 1184.3 1.19 

S770 SHS 120×120×6.3 119.00 118.62 9.5 3.8 6.29 360.20 30.0 2492.8 3.38 

 

Table 3. Measured geometric properties of test specimens and key results from column buckling tests 

Cross-section ID H B R r t L Lcr EC3  ωg Nu 

- - mm mm mm mm mm mm mm - mm kN 

S690 

SHS 100×100×4 

SC1-1 100.49 100.48 8.4 4.3 4.04 802.0 952.0 0.47 0.98 1148.1 

SC1-2 100.13 100.94 7.9 4.3 4.01 1199.0 1349.0 0.67 1.37 1053.6 

SC1-3 100.17 100.70 8.6 4.5 4.02 1599.8 1749.8 0.87 1.77 1071.1 

SC1-4 99.53 101.34 7.8 4.6 4.02 2000.3 2150.3 1.08 2.06 807.0 

SC1-5 100.98 100.24 8.4 4.6 4.03 2397.4 2547.4 1.26 2.51 668.4 

SC1-6 100.40 100.47 8.3 4.7 4.02 2800.0 2950.0 1.47 2.95 498.1 
            

S770 

SHS 120×120×6.3  

SC2-1 120.12 118.66 10.5 4.6 6.37 2003.0 2153.0 0.96 2.22 1873.5 

SC2-2 118.71 120.35 11.3 4.6 6.37 2201.3 2351.3 1.06 2.29 1610.6 

SC2-3 120.13 119.18 11.3 5.3 6.34 2399.8 2549.8 1.14 2.46 1549.2 

SC2-4 119.30 119.13 10.0 4.2 6.30 2601.8 2751.8 1.23 2.74 1343.3 

SC2-5 119.07 119.17 9.5 3.6 6.33 2798.9 2948.9 1.32 2.72 1223.8 

SC2-6 119.32 119.23 9.6 3.7 6.31 2923.0 3073.0 1.38 2.96 1148.4 

 

Table 4. Comparisons between column buckling test results and FE predictions with varying levels of 

global imperfections 

Source of 

data 

Production 

route 

Evaluation 

parameter 

Measured ωg Lcr / 500 Lcr / 1000 Lcr / 2000 

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

- - - - - - - 

This study 

(12 tests) 
Hot-rolled 

Mean 0.976 0.923 0.975 1.025 

COV 0.033 0.045 0.033 0.045 

Ma (2016) 

(11 tests) 
Cold-formed 

Mean 0.981 0.928 0.955 0.960 

COV 0.040 0.071 0.061 0.050 

 

  



Table 5. Key material properties used in parametric studies 

 Hot-rolled SHS and RHS Cold-formed SHS and RHS 

Grade E fy fu E fy fu 

- N/mm2 N/mm2 N/mm2 N/mm2 N/mm2 N/mm2 

S355 210000 355 490 210000 355 430 

S460 210000 460 540 210000 460 520 

S550 210000 550 600 210000 550 600 

S690/S700 210000 690 770 210000 700 750 

S900 210000 900 945 210000 900 945 

 

Table 6. Values of imperfection factor α for hollow sections in prEN 1993-1-1:2018 (CEN 2018) 

Cross-section type α (S235–S420) α (S460–S700) 

- - - 

Hot-rolled hollow sections 0.21 (curve a) 0.13 (curve a0) 

Cold-formed hollow sections 0.49 (curve c) 0.49 (curve c) 

 

Table 7. Comparisons of column buckling test and FE results with predicted resistances for hot-rolled 

and cold-formed SHS and RHS 

Cross-section type 
Evaluation 

parameter 

prEN1993-1-1:2018 Modified EC3 ANSI/AISC 360-16 

Nu / Nb,EC3 Nu / Nb,mod-EC3 Nu / Nb,AISC 

- - - - - 

Hot-rolled SHS and RHS Mean 1.029 1.053 1.074 

(96 tests + 1150 simulations) COV 0.037 0.040 0.052 

Cold-formed SHS and RHS Mean 1.116 1.084 0.951 

(108 tests + 1150 simulations) COV 0.064 0.051 0.122 

 

Table 8. Reliability analysis results for (a) prEN 1993-1-1:2018 and (b) modified EC3 approach 

(a) prEN 1993-1-1:2018 

Cross-section type n kd,n b Vδ Vr 
*

M1  

- - - - - - - 

Hot-rolled SHS and RHS 1123 3.098 1.030 0.038 0.064 1.086 

Cold-formed SHS and RHS 1128 3.098 1.115 0.068 0.084 1.054 

 

(b) Modified EC3 approach 

Cross-section type n kd,n b Vδ Vr 
*

M1  

- - - - - - - 

Hot-rolled SHS and RHS 1123 3.098 1.056 0.041 0.065 1.063 

Cold-formed SHS and RHS 1128 3.098 1.085 0.054 0.072 1.041 

 


