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Abstract: The flexural buckling behaviour and design of homogeneous and hybrid welded I-8 

section columns, considering a wide range of steel grades, are investigated in the present study. 9 

Residual stresses are first examined through the statistical analysis of 71 existing experimental 10 

results collected from the literature; on the basis of the findings, a new residual stress model 11 

for S235 to S960 steel welded I-sections is proposed. Experiments on a total of five pin-ended 12 

homogeneous (S690) and hybrid (S355 web and S690 flanges) welded I-section columns 13 

buckling about the major axis are then presented. In parallel with the experimental programme, 14 

finite element (FE) models were created and validated against the experimental results obtained 15 

from the present study, as well as those collected from the literature. The developed FE models 16 

were shown to be capable of accurately replicating the key experimental responses, and were 17 

then utilised to carry out extensive parametric studies, through which additional 6000 18 

numerical column buckling data covering a wide range of steel grades, cross-section 19 

geometries and member slendernesses were generated. The combined experimental and 20 

numerical data were used to evaluate the accuracy of the flexural buckling design rules for 21 

welded I-section columns set out in the current European and North American design standards, 22 

where shortcomings relating to the consideration of steel grade were identified. A modified 23 

Eurocode 3 (EC3) method was devised to reflect the influence of yield strength on the buckling 24 

resistances of welded I-section columns more systematically and shown to provide 25 

substantially improved resistance predictions in terms of accuracy and consistency; the 26 

reliability of the modified approach was statistically verified following the procedure set out in 27 

Yun X, Zhu YF, Meng X, Gardner L (2023). Welded steel I-section columns: Residual 
stresses, testing, simulation and design. Engineering Structures, 282, 115631. 
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Annex D of EN 1990 and is considered to be suitable for incorporation into future revisions of 28 

Eurocode 3. 29 

Keywords: Column buckling tests; Design methods; Finite element modelling; High strength 30 

steels; Hybrid sections; Member stability; Residual stresses; Welded I-sections. 31 

 32 

1. Introduction 33 

Structural steel welded I-section members are commonly used in the construction industry, and 34 

are typically fabricated from normal strength steel (NSS) plates. High strength steel (HSS) and 35 

hybrid (NSS web and HSS flanges) welded I-section columns are examined in the present study, 36 

seeking to promote more cost-effective, sustainable and lightweight structural solutions. To 37 

date, a number of experimental studies have been carried out to investigate the minor axis 38 

flexural buckling behaviour of homogeneous HSS (i.e. with nominal yield strengths greater 39 

than or equal to 460 MPa) welded I-section columns, such as those reported in [1-4], while 40 

only a few studies have focused on buckling about the major axis [5,6]. The previous 41 

investigations have shown that HSS welded I-section columns generally exhibit superior 42 

normalised flexural buckling resistances relative to their normal strength steel (NSS) 43 

counterparts, and that current stability design provisions tend to be rather conservative. With 44 

regards to hybrid welded I-sections, which are able to provide more cost-effective design 45 

solutions for structural elements that are primarily subjected to bending (e.g. beams and beam-46 

columns) than their homogenous HSS counterparts, although experimental studies have been 47 

carried out to investigate their local [7-9] and lateral torsional [10,11] buckling behaviour, there 48 

appears to have been no research into their flexural buckling performance. Further 49 

experimental investigations into the flexural buckling behaviour of both homogeneous and 50 

hybrid welded I-section columns, especially considering buckling about the major axis, are 51 

therefore deemed necessary. 52 



3 
 

Regarding the stability design of welded I-section structural elements, the European design 53 

codes (i.e. the current version of EN 1993-1-1 [12] and EN 1993-1-12 [13] as well as the latest 54 

draft version of prEN 1993-1-1 [14]) are applicable to the design of homogeneous welded I-55 

section columns made of steel grades up to S700, while the current American specification 56 

AISC 360 [15] provides design rules for homogeneous welded I-section columns with nominal 57 

yield strengths up to 690 N/mm2. However, none of the current specifications cover the design 58 

of homogeneous welded I-section columns made of ultra HSS grades (e.g. S960) or hybrid 59 

welded I-section columns consisting of higher strength steel flanges and a lower strength steel 60 

web. In addition, the existing design provisions generally prescribe a single buckling curve for 61 

the flexural buckling design of welded I-sections made of varying steel grades [15], or have a 62 

step-wise change of buckling curve at a specified steel strength [12-14]. Neither reflects the 63 

true, gradual influence of steel strength (and associated residual stresses) on the flexural 64 

buckling behaviour of columns [16,17].  65 

 66 

The flexural buckling resistances of welded I-section columns can be strongly affected by 67 

residual stresses. Measurements of residual stresses in both NSS and HSS welded I-sections 68 

have been carried out in a number of previous studies [18-21], resulting in the proposal of 69 

different residual stress predictive models with varying complexity. It has been shown that the 70 

amplitudes of residual stresses in welded I-sections decrease as a proportion of the yield 71 

strength with increasing steel grade. A review of residual stress measurements and models for 72 

welded steel I-sections has been made by Tankova et al. [22]; on the basis of the collected 73 

residual stress measurements, statistical values of the amplitudes of residual stresses in welded 74 

I-sections with varying steel grades have also been provided. More recently, Schaper et al. [23] 75 

performed residual stress measurements on mono- and doubly-symmetric welded I-sections 76 

with steel grades ranging from S355 to S690, and proposed a new residual stress model that 77 
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considers both cross-section geometry and steel grade. The residual stress amplitudes 78 

employed in the new model [23] correspond approximately to the mean values of the residual 79 

stress amplitudes in compression. An alternative approach is taken in the present paper – a 80 

residual stress model with two alternative residual stress amplitudes is proposed. The first 81 

model is based on mean residual stress values and is considered suitable for FE model 82 

validation; the second is based on characteristic (95 percentile) residual stress values and is 83 

considered suitable for FE parametric studies and design. This is consistent with the approach 84 

taken for initial geometric imperfections, whereby mean (measured) values are typically used 85 

for FE model validation and tolerance-based values are used in parametric studies and design. 86 

 87 

This paper aims to characterise the flexural buckling behaviour and resistance of both 88 

homogeneous and hybrid welded I-section columns with varying steel grades through both 89 

experimental and numerical studies. Measured residual stress data from the literature were 90 

firstly collected and analysed to develop the above-mentioned residual stress model. An 91 

experimental programme was then conducted to generate flexural buckling data on 92 

homogeneous and hybrid welded I-section columns buckling about the major axis; a 93 

comprehensive numerical investigation to generate further column flexural buckling resistance 94 

data over a broader variety of steel grades, cross-section geometries and member slendernesses 95 

followed. The obtained test and numerical data were utilised to examine the accuracy and 96 

applicability of the codified column design rules, as specified in prEN 1993-1-1 [14] and AISC 97 

360 [15], for both homogeneous and hybrid welded I-section columns. Finally, new design 98 

proposals were made to improve the accuracy and consistency of the flexural buckling 99 

resistance predictions; the reliability of the new design approach was verified by means of 100 

reliability analyses.   101 
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2. Residual stress model 102 

Residual stresses are introduced into welded I-sections due primarily to the non-uniform 103 

cooling that takes place during and after the welding process. In this section, existing residual 104 

stress measurement data on doubly symmetric welded I-sections made of steel plates with 105 

nominal yield strengths ranging from 235 MPa to 960 MPa are analysed; the data collected 106 

from the literature [19-35] are summarised in Table 1.  107 

 108 

Table 1. Existing residual stress measurements on doubly symmetric welded I-sections 109 

Nominal yield strength 
No. of tests Member type Reference 

(MPa) 

235 
1 Prismatic Wang and Qin [24] 
3 Tapered Shiomi and Kurata [25] 

345/355/350 

4 Tapered Tankova et al. [22] 
4 Prismatic Unsworth et al. [26] 
4 Prismatic Yang et al. [27] 
7 Prismatic Schaper et al. [28] 

460 

8 Prismatic Ban et al. [29] 
8 Prismatic Yang et al. [30] 
2 Prismatic Schaper et al. [28] 
2 Prismatic Tankova et al. [31] 
2 Prismatic Zhao and Ding [32] 

690 

2 Prismatic Sun et al. [33] 
1 Prismatic Le et al. [19] 
4 Prismatic Liu and Chung [20] 
3 Prismatic Li et al. [21] 
1 Prismatic Su et al. [34] 
4 Prismatic Tankova et al. [31] 
5 Prismatic Schaper et al. [23] 

890 1 Prismatic Le et al. [19] 

960 3 Prismatic Ban [35] 

S690 (flange) + S355 (web) 2 Prismatic Schaper et al. [23] 

 110 

The collected measured residual stress data for doubly symmetric welded I-sections made of 111 

S355, S460 and S690 steels are presented in a normalised fashion in Figs. 1(a)-(c), where the 112 

measured residual stresses σr are normalised by their corresponding yield strengths fy and 113 

plotted against the normalised positions with respect to the flange width or web depth of the 114 
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measured welded I-section. Note that in Figs. 1(a)-(c), the origin of the horizontal axis 115 

corresponds to the web-to-flange junction while the value of 0.5 represents the location of the 116 

flange tip or the mid-height of the web of the measured welded I-section. Also note that 117 

throughout the present study positive values indicate tensile residual stresses while the negative 118 

values indicate compressive residual stresses. Moving averages over 40 adjacent data points of 119 

measured residual stresses for each considered steel grade are also plotted in Figs. 1(a)-(c), 120 

together with the ECCS model [36,37] and the predictive model for welded I-sections made of 121 

non-thermally cut plates recently proposed by Schaper et al. [23]. 122 

 123 

 124 
(a) S355 steel welded I-sections 125 
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 126 
(b) S460 steel welded I-sections 127 

 128 
(c) 690 steel welded I-sections 129 

Fig. 1. Comparisons between measured residual stress data and different predictive models 130 
 131 

The general residual stress pattern adopted in the two existing models, i.e. the ECCS and the 132 

Schaper et al. [23] models, is illustrated in Fig. 2, with the key parameters listed in Table 2, 133 

where σr,wt and σr,ft are the maximum tensile residual stresses in the web and the flanges, 134 

respectively, σr,wc and σr,fc are the maximum compressive residual stresses in the web and the 135 

flanges, respectively, and a, b, c and d are stress distribution parameters. It should be noted that 136 

the predictive model proposed by Schaper et al. [23] does not feature a linear transition from 137 
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the compressive to tensile residual stress regions (i.e. the distribution parameters a and d are 138 

equal to 0), leading to a stepwise residual stress distribution. It can be seen from Figs. 1(a)-(c) 139 

that the ECCS model generally overestimates the residual stress amplitudes and fails to 140 

accurately capture the transitional region from tension to compression, particularly for welded 141 

I-sections made of the higher steel grades. The residual stress model proposed by Schaper et 142 

al. [23] is shown to be capable of accurately capturing the trend of the reducing relative residual 143 

stress amplitudes with increasing steel grades; the model does not however represent the 144 

presence of the transition regions.  145 

 146 

 147 
Fig. 2. Proposed residual stress model 148 

 149 

Table 2. Parameters employed in different residual stress models 150 

 σr,wt = σr,ft σr,wc = σr,fc a b c d 

ECCS [36,37] fy -0.25fy 0.05B 0.15B 0.075h 0.05h 

Schaper et al. [23] fyε* From 
ilib iu

0 min{tw+5twt
**,B/5} 0.1h 0 

Proposed model Eq. (1) or Eq. 
2)

From 
ilib iu

0.1B 0.14B 0.07h 0.1h 
*ε=(235/fy)0.5, where fy is the yield strength of the corresponding plate; **twt is the weld throat thickness, 151 
as defined in Fig. 2. 152 
 153 

Based on the comprehensive assembled collection of experimental data, believed to be the 154 

largest gathered to date, a new residual stress model is proposed herein. The proposed residual 155 

stress model adopts the general pattern of the conventional ECCS model, but the key 156 
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parameters have been re-calibrated against the extensive experimental data, as summarised in 157 

Table 2. Compared to the ECCS model, the width of the peak tensile residual regions (i.e. the 158 

parameters b and c for the flanges and web respectively) in the proposed model has been 159 

marginally reduced, while the width of the linear transition regions (i.e. the parameters a and 160 

b for the flanges and web respectively) has been extended from 0.05B to 0.1B. The maximum 161 

tensile residual stresses (σr,wt and σr,ft) can be determined from Eq. (1) or Eq. (2), which 162 

correspond approximately to the mean or upper characteristic (i.e. 95 percentile) values from 163 

the analysed experimental database, as indicated in Figs. 3 (a) and (b), respectively. It should 164 

be noted that for each of the investigated steel grades, the measured maximum tensile residual 165 

stress data were found to follow an approximately normal distribution, with all statistical 166 

information obtained by means of the probabilistic modelling approach outlined in [38,39]. 167 

Also note that tensile residual stresses exist at the flange tips of welded I-sections fabricated 168 

from flame-cut steel plates, but these were, conservatively, not considered in the present 169 

proposals, to ensure the general applicability of the model. The maximum compressive residual 170 

stresses (σr,wc and σr,fc) can then be derived based on self-equilibrium upon determination of the 171 

maximum tensile residual stresses. The proposed residual stress models with the mean and 172 

upper characteristic maximum tensile residual stresses (determined by Eq. (1) and Eq. (2), 173 

respectively) are also plotted in Figs. 1(a)-(c), which are shown to generally agree better with 174 

the distributions of the experimental data in comparison with the existing models. 175 

 176 

( )r,wt r,ft y

y

0.5 1.32 1
235

σ σ f

f
= −  +         (1) 177 

 178 

( )r,wt r,ft y

y

0.5 1.5 1
235

σ σ f

f
= −  +        (2) 179 
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 180 
(a) Statistical evaluation of Eq. (1)  181 

 182 
(b) Statistical evaluation of Eq. (2) 183 

Fig. 3. Comparisons between the measured residual stresses within peak tensile residual stress regions 184 
and the (a) mean and (b) upper characteristic (95 percentile) maximum tensile residual stresses predicted 185 
by Eqs. (1) and (2) respectively, together with statistical distribution diagrams for each of the 186 
investigated steel grades. 187 
 188 
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corresponding plate, the maximum tensile residual stress should be taken equal to the yield 193 

strength of that plate. As noted in the introduction, it is recommended that Eq. (1) is used in 194 

the validation of FE models, while Eq. (2) is used for FE parametric studies and design by 195 

advanced analysis [40-42]. This is consistent with the approach typically taken for the 196 

treatment of initial geometric imperfections. 197 

 198 

3. Experimental investigation 199 

3.1. General  200 

An experimental programme was carried out to address the sparsity of test data on the major 201 

axis flexural buckling behaviour of HSS homogeneous and hybrid welded I-section columns. 202 

Three welded I-section profiles were investigated in the experimental programme: two 203 

homogeneous S690 welded I-sections  ̶  I-65×116×8×8 (flange width B × height H × flange 204 

thickness tf × web thickness tw in mm, labelled “HSS-I1”) and I-80×136×8×8 (labelled “HSS-205 

I2”), and a hybrid welded I-section I-80×136×8×8 (labelled “HYB-I3”). The two homogeneous 206 

S690 welded I-sections were fabricated from 8 mm-thick quenched and tempered (QT) S690 207 

steel plates, while the hybrid welded I-section comprised flanges fabricated from QT S690 steel 208 

plates and a web fabricated from an 8 mm-thick hot-rolled S355 steel plate; the chemical 209 

composition of the employed S690 and S355 steels, as listed in the mill certificates, are 210 

provided in Table 3. All three investigated welded I-sections were fabricated by means of gas 211 

metal arc welding (GMAW) to produce fillet welds with a nominal weld leg length tweld of 5.6 212 

mm. The geometrical configuration and adopted notation for the welded I-sections are shown 213 

in Fig. 4. A total of five welded I-section column specimens were fabricated, including one for 214 

each of the three investigated profiles and two repeated test specimens. The identifier for each 215 

column specimen (e.g. HSS-I1-C-R) consisted of the cross-section label (i.e. HSS-I1, HSS-I2 216 

or HYB-I3), the letter “C” to denote a column and the letter “R” to denote a repeat test. The 217 
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experimental programme included tensile coupon tests, initial global geometric imperfection 218 

measurements and major axis flexural buckling tests, as detailed in the following subsections. 219 

 220 

Table 3. Chemical composition for 8 mm-thick S355 and S690 parent plates 221 

Steel grade 
C Si Mn P S N Cu Mo Ni Cr V Nb Ti B Zr Al 

% % % % % % % % % % % % % % % % 

S355 0.165 0.475 1.548 0.013 0.0008 - 0.023 0.01 0.029 0.031 0.001 - - - - 0.042 

S690 0.139 0.284 1.436 0.013 0.0007 0.0029 0.026 0.068 0.029 0.323 0.002 0.022 0.011 0.0016 0.0002 0.031 

  222 

 223 
Fig. 4. Geometrical configuration and adopted notation for welded I-sections 224 

 225 

3.2. Tensile coupon tests  226 

Tensile coupon tests were carried out to acquire the key material properties and full-range 227 

stress-strain curves of the studied S690 and S355 steels. Details regarding the dimensions of 228 

the tensile coupons as well as the coupon test setup and loading procedures were reported by 229 

the authors in [43], while the key results are briefly summarised in this subsection. The tensile 230 

coupons were cut in the longitudinal (rolling) direction and their dimensions are shown in Fig. 231 

5(a). For the two investigated steel grades, two tensile coupons were extracted from each 8 232 

mm-thick parent steel plate along the rolling direction which coincided with the longitudinal 233 

direction of the column specimens. The measured engineering stress-strain curves for the two 234 

examined steel grades are shown in Fig. 5(b). The average measured values of the key material 235 

tf

tweld

tw
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properties, including the Young’s modulus E, the yield strength fy, the ultimate strength fu, the 236 

strain hardening strain εsh where the yield plateau ends and subsequently the strain hardening 237 

initiates [44], the strain at the ultimate strength εu and the fracture strain εf measured over a 238 

gauge length of 140 mm, are summarised in Table 4. The ultimate-to-yield strength ratio fu/fy 239 

and strain ratio εu/εy (where εy = fy/E) are also given in Table 4, which are shown to satisfy the 240 

material ductility requirements specified in EN 1993-1-1 [12] and EN 1993-1-12 [13] for NSS 241 

and HSS, respectively. 242 

 243 
(a) tensile coupon dimension (in mm) 244 

 245 
(b) Measured full-range stress-strain curves  246 

Fig. 5. Tensile coupon tests conducted for the present study. 247 
 248 

Table 4. Average measured material properties for S355 and S690 steels from tensile coupon tests 249 

Steel grade E fy fu εy εsh εu εf fu/fy εu/εy 
  N/mm2 N/mm2 N/mm2 % % % % - - 

S355 198500 404.1 553.5 0.20 1.89 17.22 44.8 1.37 84.6 
S690 212000 782.5 828.4 0.37 0.96 6.17 19.3 1.06 16.7 
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3.3. Imperfection measurements 250 

Measurements were taken of initial major axis global geometric imperfections (i.e. out-of-251 

straightness in the direction of buckling) for all five column specimens prior to testing. The test 252 

setup for the measurement of the initial global geometric imperfections is shown in Fig. 6, in 253 

which the column specimens were clamped to a horizontal bed and two pairs of LVDTs were 254 

secured to a trolley that could move up and down a straight aluminium track along the length 255 

of the specimens. The same test setup was also successfully employed in [45,46]. The LVDTs 256 

were utilised to record the variation in the out-of-straightness along the flange tips over the full 257 

column length. The amplitude of the initial global geometric imperfections wg was taken as the 258 

maximum value of the deviations of the recorded displacement readings from a reference 259 

datum that passes through the displacement readings recorded at the member ends, as 260 

illustrated by the blue dashed line in Fig. 6. The measured imperfection amplitudes wg are 261 

reported in Table 5; all were less than the value of Lcr/1000, where Lcr is the critical effective 262 

buckling length of the column specimens between the knife edges. 263 

 264 

 265 
Fig. 6. Test setup for measurement of initial global geometric imperfections and definition of wg 266 
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Table 5. Average measured geometric properties and key results from column buckling tests 267 

Specimen 
B H tf tw tweld L Lcr A   wg eg Nu δu 

mm mm mm mm mm mm mm mm2   mm mm kN mm 
HSS-I1-C 65.04 116.77 8.36 8.42 7.08 2000 2182 2028.6 0.94 0.85 2.38 1158.2 6.9 

HSS-I1-C-R 65.12 116.60 8.36 8.33 6.71 2000 2182 2010.4 0.94 0.77 2.21 1079.2 5.3 
HSS-I2-C 79.58 137.24 8.36 8.26 5.10 2000 2182 2378.3 0.78 1.10 2.40 1418.1 6.0 
HYB-I3-C 79.97 136.06 8.32 8.16 7.09 2000 2182 2407.9 0.71 1.08 2.19 1242.5 6.8 

HYB-I3-C-R 79.87 136.68 8.37 8.17 6.15 2000 2182 2394.8 0.70 0.92 2.26 1243.5 5.8 
 268 

3.4. Major axis flexural buckling tests 269 

A total of five pin-ended major axis flexural buckling tests on homogeneous and hybrid welded 270 

I-section columns were conducted. The average measured geometric properties for the five 271 

column specimens are reported in Table 5. The nominal length L of all column specimens was 272 

2000 mm and two 16 mm-thick end plates were welded onto both ends of the specimens. 273 

Stiffeners were also welded at each end of the column specimens to replicate the conditions in 274 

parallel tests on structural frames [43], though the stiffeners would be expected to have 275 

negligible influence on the column buckling behaviour, as shown in Fig. 7. 276 

 277 
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 278 
(a) Photograph 279 

 280 

 281 
(b) Schematic setup and arrangement of strain gauges and LVDT 282 

Fig. 7. Test setup for pin-ended major axis flexural buckling tests 283 
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The column specimens were bolted to the top and bottom wedge plates, and the pin-ended 284 

boundary conditions were achieved by means of a pair of knife edges located at a distance of 285 

75 mm from the corresponding column end plate, as illustrated in Fig. 7. The knife edges 286 

allowed the column specimens to rotate freely around their major axis but rotation was fixed 287 

around the minor axis, leading to an critical effective length Lcr for major axis flexural buckling 288 

equal to 2182 mm (i.e. the sum of the column specimen length, two column end plate 289 

thicknesses and two distances between the knife edge and the corresponding column end plate) 290 

for each column specimen. The critical effective length Lcr was used in the determination of 291 

the non-dimensional member slenderness  , as defined by Eq. (3) for members with non-292 

slender cross-sections (as was the case for all specimens tested herein), where Nc,R is the cross-293 

sectional compression resistance and Ncr is the elastic (Euler) buckling load.  294 

 295 

yc,R

cr cr

AfN

N N
 = =                                                               (3) 296 

 297 

For the hybrid welded I-section columns, the weighted average yield strength fy,a was employed 298 

for determining Nc,R throughout the present study, as given by Eq. (4), where fy,f and fy,w are 299 

the yield strengths of the flange plates and the web plate, respectively, Af and Aw are the total 300 

areas of the flange plates and the web plate, respectively, and A is the cross-sectional area. The 301 

non-dimensional member slenderness   for each column specimen is provided in Table 5. 302 

 303 

y,f f y,w w
y,a

f A f A
f

A

+
=                                                         (4) 304 

 305 

All column flexural buckling tests were carried out using an Instron 2000 kN capacity testing 306 

machine. For each of the column specimens, four strain gauges were mounted at positions 307 
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adjacent to the flange tips (at a distance of approximately 5 mm from the tip edges) at mid-308 

height, with a pair of strain gauges on each flange face as illustrated in Fig. 7, to measure the 309 

outer fibre strain histories at the critical section. A linear variable displacement transducer 310 

(LVDT) was attached at the mid-height of each column specimen, as shown in Fig. 7, for the 311 

measurement of the mid-height lateral defections. The initial loading eccentricity e0 of each 312 

column test could be slightly adjusted within the 2 mm clearance between the bolt shanks and 313 

the holes in the wedge plates. For each column test, e0 was adjusted such that the amplitude of 314 

the total column global imperfection eg, equal to the measured initial global geometric 315 

imperfections wg plus the initial loading eccentricity e0, reached a value as close as possible to 316 

Lcr/1000, which is conventionally assumed in the development of column buckling design 317 

curves [16,17,47]. The adjustment procedure was performed as follows: (1) prior to the actual 318 

testing, each column specimen was preloaded to approximately 20% of its expected failure 319 

load and the preload outputs, including the applied load and the strain gauge and LVDT 320 

readings, were recorded; (2) the present column global imperfection eg was then determined 321 

using Eq. (5), where I is the second moment of area of the welded I-section about its major 322 

axis, εmax and εmin are the average strains obtained from the strain gauges on the concave and 323 

convex flanges of each column specimen (see Fig. 7), respectively, and N and Δ are the applied 324 

axial load and the corresponding mid-height lateral defection measured by the LVDT, 325 

respectively; (3) the column position was then carefully adjusted and the above process 326 

repeated until the total column global imperfection eg reached a value sufficiently close to 327 

Lcr/1000. The same approach to the positioning of column test specimens has been successfully 328 

employed in [16,48]. The final values of eg for all column specimens are provided in Table 5.  329 

 330 

( )max min
g

EI
e Δ

HN

 −
= −                                                        (5) 331 

 332 
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A bespoke restraint system was designed to prevent minor axis buckling of the column 333 

specimens without inducing any undesirable influence on their major axis flexural buckling 334 

behaviour. The restraint system was composed of a reaction frame and four lateral restraints, 335 

as shown in Fig. 8. Each lateral restraint comprised two tee-shaped plates that were placed on 336 

either side of the web of the column specimens to clamp the corresponding section by means 337 

of two M30 bolts, and a bracing member comprising two parallel square hollow section (SHS) 338 

tubes made of S460 steel, as shown in Fig. 9. The assembled tee-shaped plates were connected 339 

to the bracing member using an M24 bolt. The shank of the M24 bolt was greased so that the 340 

assembled tee-shaped plates would be able to rotate around the bolt shank. Two Macalloy bars 341 

with 35 mm diameters, as shown in Fig. 9, were used in each lateral restraint; one allowed 342 

adjustment of the length of the bracing member as well as the rotation of the lateral restraint 343 

about the axis of the bar, while the other permitted horizontal movement of the lateral restraint 344 

in the direction of buckling.  345 

 346 

 347 
Fig. 8. Restraint system for major axis flexural buckling tests 348 

 349 
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 350 
Fig. 9. Schematic drawing of lateral restraint system used in flexural buckling tests  351 

 352 

During testing, the horizontal positions of the lateral restraints were continuously adjusted by 353 

means of a ratchet spanner to match the lateral deflections of the column specimens at the 354 

corresponding heights, as shown in Fig. 10(a). To ensure alignment of the lateral restraints and 355 

the column specimens throughout the tests, a pair of rulers with multiple coloured lines at 356 

intervals of 2 mm were affixed to both ends of each lateral restraint to serve as a reference for 357 

the adjustments; the horizontal positions of the lateral restraints were adjusted according to a 358 

laser line projected vertically onto the colour coded rulers, as shown in Fig. 10(b). 359 

 360 

                        361 
            (a) Adjusting horizontal position of lateral      (b) Laser line projected onto colour coded rulers 362 

                 restraints using a ratchet spanner                       363 

Fig. 10. Adjustment of horizontal position of lateral restraints during testing  364 
 365 
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The experimental axial load–mid-height lateral deflection (N-Δ) curves for the homogeneous 366 

and hybrid welded I-section columns are presented in Figs. 11(a) and 11(b), respectively. The 367 

ultimate major axis flexural buckling load Nu and the corresponding mid-height lateral 368 

deflection δu for each column specimen are summarised in Table 5. The failure modes of all 369 

tested columns are shown in Fig. 12; all column specimens buckled in the direction dictated by 370 

the global imperfections. As shown in Fig. 12, the failure of all column specimens was 371 

dominated by global buckling with no pronounced local buckling due to the compact nature of 372 

the chosen cross-section profiles. 373 

 374 

 375 
  (a) Homogeneous welded I-section columns                          376 

 377 
(b) Hybrid welded I-section columns     378 

Fig. 11. Experimental axial load–mid-height lateral deflection curves                     379 
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 380 
Fig. 12. Failure modes of tested welded I-section columns 381 

 382 

4. Numerical simulations 383 

4.1. General  384 

In conjunction with the experimental efforts, numerical investigations were performed with the 385 

aims of developing reliable finite element (FE) models to replicate the test results and then 386 

carrying out comprehensive parametric studies to generate supplementary flexural buckling 387 

resistance data for both homogeneous and hybrid welded I-section columns covering a wide 388 

range of cross-section dimensions, member slenderness and material grades. Details of the 389 

numerical investigations are provided in the present section. 390 

 391 

4.2. Development of FE models 392 

The numerical simulations for the welded I-section columns were conducted using the general-393 

purpose FE package Abaqus [49]. All the developed FE models in the present study were 394 

meshed with the S4R element (i.e. a four-noded shell element with reduced integration from 395 

the Abaqus element library [49]), which has been successfully applied in previous numerical 396 

investigations of I-section structural components subjected to different loading conditions 397 

[3,50-[54]. For validation purposes, the measured cross-sectional geometries of welded I-398 

HSS-I1-C HSS-I1-C-R HSS-I2-C HYB-I3-C HYB-I3-C-R
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sections including the weld fillets were carefully modelled. The weld fillets were assumed to 399 

be symmetric and represented by five web elements with equal height but different widths (i.e. 400 

thicknesses), as illustrated in Fig. 13. In order to avoid any overlap between the flange and web 401 

plates, nodes at both edges of the web were offset from the web-to-flange junctions by half the 402 

flange thickness, and coupled to their corresponding nodes at the mid-thickness of the flange 403 

plates using *MPC BEAM constraints, as depicted in Fig. 13. 404 

 405 

 406 
Fig. 13. Modelling technique for geometrical representation of weld fillets in welded I-sections 407 

 408 

Following a mesh sensitivity investigation, an element size approximately equal to (B+H)/40 409 

was selected to discretise the modelled column specimens in both the transverse and 410 

longitudinal directions; the adopted mesh density was shown to provide sufficiently accurate 411 

results with reasonable computational efficiency. The measured engineering stress-strain 412 

curves were transformed into true stress-logarithmic plastic strain curves before input into 413 

Abaqus.  414 

 415 

Both initial local and global geometric imperfections were introduced into the FE models by 416 

modifying the nodal coordinates of the original perfect geometry. Local geometric 417 

imperfections were included in the form of a series of sinusoidal waves (see Fig. 14) with their 418 

half-wavelength approximately equal to the elastic local buckling half-wavelength of the 419 

modelled welded I-section in compression Lb,cs, which can be determined numerically (e.g. 420 

MPC beam constraint

Flange nodes

 eb nodes
Weld fillets

tf/2
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using the readily available finite strip software CUFSM [55]) or approximated using analytical 421 

expressions developed by Fieber et al. [56]; the former was employed herein. The local 422 

imperfection amplitude of the web δw was taken as 1/200 of the web height hw (i.e. hw = H - 2tf 423 

- 2tweld) when the web plate was more susceptible to local buckling than the flange plates (i.e. 424 

when the web plate had a higher plate slenderness p,w than that of the flange plates p,f  425 

determined in accordance with EN 1993-1-5 [57]), otherwise the local imperfection amplitude 426 

of the flange δf was taken as 1/50 of the clear width of the flange outstand bf (i.e. bf = (B - tw)/2 427 

- tweld). The flange plate slenderness p,f  and web plate slenderness p,w  were determined from 428 

Eqs. (6) and (7), respectively: 429 

 430 

y,f f f
p,f

cr,f f σ28 4

f b / t

. k


 
= =                                                       (6) 431 

 432 

y,w w w
p,w

cr,w w σ28 4

f h / t

. k


 
= =                                                    (7) 433 

 434 

in which σcr,f and σcr,w are the elastic local buckling stresses of the isolated flange and web 435 

plates, respectively, assuming simply-supported boundary conditions at the edges of the 436 

adjoining plates, f y,f235 / f = and w y,w235 / f =  are the flange and web material 437 

parameters, respectively, and kσ is the elastic buckling factor that is equal to 0.43 for the isolated 438 

outstand flange under uniform compression and 4 for the isolated internal web under uniform 439 

compression, respectively, in accordance with EN 1993-1-5 [57]. Once the local imperfection 440 

amplitude of the critical plate was known, the corresponding amplitude for the non-critical 441 

plate was determined based on the assumption that the angle of the web-to-flange junctions 442 
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remained at 90°. The adopted local imperfection amplitudes correspond to the fabrication 443 

tolerances for welded I-section members according to EN 1090-2 [58].  444 

 445 

 446 
Fig. 14. Form of local geometric imperfections (not to scale) employed in FE models 447 

 448 

Global geometric imperfections about the buckling axis were assigned to the FE models in the 449 

shape of a half-sine wave along the longitudinal direction of the column. A total of four global 450 

imperfection amplitudes, namely the measured global imperfection eg and three generalised 451 

values of Lcr/1000, Lcr/1500 and Lcr/2000, were considered in order to investigate the sensitivity 452 

of the FE models to variations in the global imperfection amplitudes. The Abaqus input files 453 

containing the nodal coordinates with the pre-defined local and global imperfections were 454 

generated using the software package Matlab [59]. 455 

 456 

The proposed residual stress pattern for welded I-sections, as described in Section 2 of the 457 

present study, was employed in the FE models; the residual stresses were taken to be constant 458 

through the thickness (i.e. membrane stresses) and simulated explicitly as an initial stress 459 

condition by means of the Abaqus *INITIAL CONDITIONS command. To illustrate the 460 

impact of the residual stress amplitudes on the flexural buckling resistances of welded I-section 461 

columns, both the mean and upper characteristic values of the residual stresses (denoted as 462 

B

h
w
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“RS_m” and “RS_uc”, respectively), as determined using Eqs. (1) and (2) respectively, were 463 

considered in the FE models.  464 

 465 

With regards to the boundary conditions, all nodes at each end section of the column specimens 466 

were coupled to a reference point, positioned on the centroid axis of the cross-section at the 467 

location of the corresponding knife edge, by means of kinematic coupling constraints. Suitable 468 

boundary conditions were then applied to the reference points to simulate the pin-ended 469 

boundary conditions. Note that for the simulation of the major axis flexural bucking tests 470 

carried out in the present study, the out-of-plane displacement degree of freedom at the web-471 

to-flange junction was also restrained at the cross-sections where the lateral restrains were 472 

provided, as shown in Fig. 8, thus eliminating the influence of out-of-plane buckling which is 473 

beyond the scope of the present study. 474 

 475 

4.3. Validation of FE models 476 

The developed FE models were validated against the experimental results from the minor axis 477 

flexural buckling tests on homogeneous welded I-section columns reported in [1,2,4] and the 478 

major axis flexural buckling tests on both homogeneous and hybrid welded I-section columns 479 

described in Section 3. Table 6 presents the ratios of the ultimate resistances obtained from the 480 

physical tests Nu,test to the ultimate resistances derived from the FE models Nu,FE considering 481 

the different combinations of the amplitudes of global geometric imperfections and residual 482 

stresses. The statistical mean and COV (i.e. coefficient of variation) values of the Nu,test/Nu,FE 483 

ratios for the column specimens buckling about the major axis and about the minor axis, as 484 

well as for all specimens, are presented in Table 6. The results of the comparisons show that 485 

the best agreement between the test and FE ultimate resistances was achieved when the 486 

combination of the measured global imperfection amplitude and the mean value of the residual 487 
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stresses (i.e. RS_m) was employed. Using the combination of Lcr/1000 and RS_m in the FE 488 

models also results in overall accurate and consistent predictions of the test ultimate resistances, 489 

though the numerical resistance predictions for column specimens buckling about the minor 490 

axis were slightly conservative since the global imperfection amplitudes of Lcr/1000 are 491 

generally greater than the measured values [1,2,4]. The experimental axial load–mid-height 492 

lateral deflection curves were well replicated by the FE models using the amplitude 493 

combination of Lcr/1000 and RS_m, as shown in Fig. 15 for three representative welded I-494 

section column specimens.  495 
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Table 6. Comparisons of welded I-section column test results with FE results for varying combinations of global geometric imperfection and residual stress 496 
amplitudes 497 

Reference 
Cross-section type 

(steel grade) 
Specimen label Buckling axis 

Nu,test/Nu,FE (Global geometric imperfection and residual stress combinations ) 

RS_m RS_uc 

Measured Lcr/1000 Lcr/1500 Lcr/2000 Measured Lcr/1000 Lcr/1500 Lcr/2000 

Deng et al. [1] 
Homogeneous 

(Q460GJ) 

H36 

Minor axis 

1.04 1.06 1.05 1.04 1.09 1.11 1.10 1.09 
H43 1.10 1.14 1.12 1.11 1.17 1.21 1.19 1.18 
H50 0.98 1.01 0.98 0.97 1.06 1.08 1.06 1.04 
H57 1.05 1.08 1.04 1.02 1.13 1.16 1.12 1.09 
H64 0.94 1.01 0.96 0.93 1.01 1.07 1.02 1.00 
H72 1.00 1.16 1.09 1.06 1.06 1.22 1.15 1.12 
H78 1.02 1.09 1.03 1.00 1.06 1.14 1.07 1.04 
H86 0.94 1.02 0.97 0.94 0.96 1.06 1.00 0.96 

Li et al. [4] 
Homogeneous 

(Q690) 

H-30-1 1.07 1.07 1.05 1.05 1.12 1.12 1.11 1.10 
H-30-2 1.08 1.12 1.10 1.09 1.15 1.18 1.16 1.16 
H-50-1 1.08 1.17 1.13 1.10 1.15 1.24 1.20 1.17 
H-50-2 1.07 1.15 1.11 1.09 1.15 1.22 1.18 1.16 
H-70-2 0.88 0.96 0.92 0.89 0.90 0.99 0.94 0.91 

Ban et al. [2] 
Homogeneous 

(Q960) 
H2-960 1.02 0.95 0.91 0.89 1.04 0.98 0.94 0.91 
H3-960 1.08 1.08 1.06 1.05 1.08 1.08 1.06 1.05 

            
Mean for column specimens buckling about the minor axis 1.02 1.07 1.03 1.02 1.08 1.12 1.09 1.07 

COV for column specimens buckling about the minor axis 0.06 0.06 0.07 0.07 0.07 0.07 0.08 0.08 

            

Present study 
Hybrid 

(Q690 + Q355) 

HSS-I1-C 

Major axis 

0.98 0.97 0.94 0.93 1.00 1.03 1.00 0.99 
HSS-I1-C-R 0.94 0.94 0.92 0.90 1.03 1.02 0.98 0.97 

HSS-I2-C 0.95 0.93 0.91 0.90 1.00 0.98 0.96 0.96 
HYB-I3-C 1.00 1.00 0.99 0.98 1.02 1.02 1.03 1.02 

HYB-I3-C-R 1.01 1.00 0.99 0.98 1.03 1.03 1.03 1.02 
            

Mean for column specimens buckling about the major axis 0.98 0.97 0.95 0.94 1.02 1.01 1.00 0.99 

COV for column specimens buckling about the major axis 0.03 0.04 0.04 0.04 0.02 0.02 0.03 0.03 

Mean for all column specimens 1.01 1.04 1.01 0.99 1.06 1.10 1.06 1.05 

COV for all column specimens 0.06 0.07 0.07 0.08 0.07 0.08 0.08 0.08 

498 
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 499 

 500 
(a) Q690 steel homogeneous welded I-section column buckling about the minor axis (Specimen H-30-501 

1 tested in [4]) 502 

 503 
(b) S690 steel homogeneous welded I-section column buckling about the major axis (Specimen HSS-504 

I1-C) 505 

 506 
(c) Hybrid welded I-section column buckling about the major axis (Specimen HYB-I3-C) 507 

Fig. 15. Comparisons of typical test and FE load-deformation curves for welded I-section columns 508 
 509 
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It may be observed from Table 6 that the amplitude of the residual stresses has a clear influence 510 

on the ultimate resistances of the welded I-section columns. The increase in residual stress 511 

amplitude (i.e. from RS_m to RS_uc) is more detrimental to the welded I-section columns 512 

buckling about the minor axis due to the added flange compressive residual stresses promoting 513 

earlier yielding at the flange tips, which make the greatest contribution to the member stability. 514 

Use of the RS_uc residual stresses in the FE models resulted in an average decrease in capacity 515 

of almost 5% in comparison to that obtained from the FE models with the RS_m residual 516 

stresses.  517 

 518 

To conclude, the developed FE models using the combination of measured (or Lcr/1000 if 519 

measurements are unavailable) geometric imperfection amplitudes and RS_m residual stresses 520 

have been shown to be able to accurately simulate the observed behaviour of welded I-section 521 

columns and are suitable for FE model validation. For parametric studies, on the other hand, 522 

where more safe-sided results are typically sought, use of the combination of Lcr/1000 523 

geometric imperfection amplitudes and RS_uc residual stresses is recommended.  524 

 525 

4.4. Numerical parametric studies  526 

Following the successful validation of the developed FE models, comprehensive numerical 527 

parametric studies were performed with the aim of expanding the data pool for both 528 

homogeneous and hybrid welded I-section columns over a wider variety of steel grades, cross-529 

sectional geometries and member slendernesses. Five hot-rolled steel grades were considered 530 

in the parametric studies: S235, S355, S460, S690 and S960, leading to a total of five different 531 

homogeneous welded I-sections and five different hybrid welded I-sections (i.e. I-sections 532 

made of (1) S460 steel flanges and an S235 steel web, (2) S460 steel flanges and an S355 steel 533 

web, (3) S690 steel flanges and an S355 steel web, (4) S690 steel flanges and an S460 steel 534 
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web and (5) S960 steel flanges and an S690 steel web) being investigated. The bilinear plus 535 

nonlinear hardening material model developed by Yun and Gardner [44] was used to derive 536 

the full-range stress-strain curves for the S235, S355, S460 and S690 hot-rolled steels. Owing 537 

to the fact that only a limited number of experimental stress-strain curves on ultra-high strength 538 

S960 steel were available to underpin the Yun and Gardner model [44], the average measured 539 

stress-strain curve obtained from the longitudinal tensile coupon tests on S960 steel reported 540 

in [49] was adopted to simulate the S960 steel plates considered herein. The employed full-541 

range stress-strain curves for the five studied steel grades are shown in Fig. 16, and the 542 

corresponding basic mechanical properties (E, fy and fu) are provided in Table 7. Note that the 543 

basic mechanical properties for the S235, S355, S460 and S690 hot-rolled steels are taken in 544 

accordance with the latest version of Eurocode 3 (EC3)  ̶  prEN 1993-1-1 [14], while the 545 

additional material parameters (e.g. εsh and εu) which are used to form the stress-strain curves, 546 

were determined from the predictive expressions given in [44]. 547 

 548 

 549 
Fig. 16. Full-range stress-strain curves for five hot-rolled steel grades employed in parametric studies 550 
 551 
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Table 7. Basic mechanical properties for five hot-rolled steel grades employed in parametric studies 553 

Steel grade 
E fy fu 

N/mm2 N/mm2 N/mm2 
S235 210000 235 360 
S355 210000 355 490 
S460 210000 460 540 
S690 210000 690 770 
S960 204393 969 1024 

 554 

Regarding the welded I-section geometries, a constant flange width B of 100 mm was adopted 555 

in the numerical parametric studies, while the cross-section height H was varied to obtain three 556 

cross-section aspect ratios H/B of 1.0, 1.5 and 2.0. For each cross-section aspect ratio, five 557 

different values of flange thickness tf (ranging from 5 mm to 20 mm) and web thickness tw 558 

(ranging from 2.8 mm to 28 mm) were employed to generate a broad spectrum of cross-section 559 

slendernesses within the Class 1-3 domain according to prEN 1993-1-1 [14]. The tf and tw 560 

values for all simulated sections were specified such that p,f ≈ p,w , thus minimising the 561 

influence of element interaction between the flanges and web on the local buckling behaviour 562 

of the sections [60]. The fillet welds at the web-flange intersections were ignored for all the 563 

modelled welded I-section columns in both the parametric studies and, for consistency, the 564 

subsequent analysis and assessment/establishment of design provisions. Columns with twenty 565 

different lengths were simulated for each cross-section to achieve a broad range of non-566 

dimensional member slenderness   from 0.2 to 2.5. The tolerance-based local geometric 567 

imperfection amplitudes, together with the amplitude combination of Lcr/1000 (i.e. the 568 

amplitude of global geometric imperfections) and RS_uc (i.e. the amplitude of the residual 569 

stresses), were employed throughout the parametric studies. For the column specimens 570 

buckling about the major axis, out-of-plane lateral displacements were restrained at the web-571 

flange junction at regular intervals.  572 

 573 
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A total of 6000 numerical data on homogeneous and hybrid welded I-sections columns were 574 

generated, covering flecural buckling about both the major and minor axes, as well as various 575 

steel grades, cross-section geometries and member slendernesses. The numerically derived data, 576 

together with the available experimental results, are used in the next section for the assessment 577 

of existing design provisions and development of new design proposals for both homogeneous 578 

and hybrid welded I-section columns. 579 

 580 

5. Evaluation of the current design codes and new design proposals  581 

5.1. General  582 

In this section, the applicability and accuracy of the relevant column buckling design provisions, 583 

as set out in prEN 1993-1-1 [14] and AISC 360 [15], are assessed for the design of both 584 

homogeneous and hybrid welded I-section columns made of varying steel grades. The 585 

assessment was made by comparing the ultimate loads obtained from the tests and FE 586 

simulations Nu,test/FE to the unfactored resistance predictions determined according to prEN 587 

1993-1-1 (Nu,EC3) or AISC 360 (Nu,AISC). Shortcomings in the current design rules are revealed; 588 

hence, new design proposals to overcome the identified shortcomings are developed. 589 

 590 

5.2. European code prEN 1993-1-1 (EC3)  591 

The latest version of prEN 1993-1-1 (EC3) [14] specifies different column buckling curves 592 

based on the Ayrton-Perry type formulation [62] for the design of structural steel column 593 

members with material grades up to S700 susceptible to global instability (i.e. flexural buckling, 594 

torsional buckling and flexural-torsional buckling). The flexural buckling resistance Nb,EC3,Rd 595 

of welded I-section columns with non-slender cross-sections (i.e. Class 1-3 cross-sections) is 596 

given by Eq. (8): 597 

 598 
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EC3 y
b,EC3,Rd

M1

Af
N




= , for non-slender welded I-section columns                  (8) 599 

 600 

in which γM1 is the partial safety factor for member buckling, with a recommended value of 1.0 601 

[14], and χEC3 is the EC3 flexural buckling reduction factor, as given by Eqs. (9) and (10): 602 

 603 

EC3 EC322
EC3 EC3

1
 but 1 0. 

  
= 

+ −
                                             (9) 604 

 605 

( )( )2
0 EC3EC3 EC30 5 1 ,.    = + − +                                                  (10)                            606 

 607 

where   is the non-dimensional member slenderness given by Eq. (3) and αEC3 (i.e. the 608 

imperfection factor) and 0,EC3 (i.e. the plateau length of the buckling curve) are parameters that 609 

account for the combined effects of geometric imperfections and residual stresses on the 610 

flexural buckling resistances of column members; the values of αEC3 and 0,EC3 for different 611 

cross-section shapes and design parameters are specified in prEN 1993-1-1 [14]. Specifically, 612 

prEN 1993-1-1 [14] adopts buckling curve “c” (with 0,EC3 = 0.2 and αEC3 = 0.49) for 613 

homogeneous welded I-section columns with tf ≤ 40 bucking about the minor axis and buckling 614 

curve “b” (with 0,EC3 = 0.2 and αEC3 = 0.34) for homogeneous welded I-section columns with 615 

tf ≤ 40 bucking about the major axis for all grades of steel.  616 

 617 

 618 

 619 
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The accuracy and suitability of the EC3 column buckling curves for both homogeneous and 620 

hybrid welded I-section columns made of varying steel grades are assessed based on the 621 

established test and FE data. Note that the yield strength fy is replaced by the weighted average 622 

yield strength fy,a given by Eq. (4) for the determination of the non-dimensional member 623 

slenderness   (using Eq. (3)) and the EC3 flexural buckling resistance (using Eq. (8)) of the 624 

hybrid welded I-section columns. The test and FE ultimate resistances Nu,test/FE are normalised 625 

by the unfactored EC3 resistance predictions Nu,EC3 and plotted against the column non-626 

dimensional member slenderness   (i.e. y crAf N = for the homogeneous welded I-section 627 

columns and y,a crAf N =  for the hybrid welded I-section columns) in Fig. 17. It can be seen 628 

from Fig. 17 that the EC3 design approach yields flexural buckling resistance predictions with 629 

varying levels of accuracy for columns made of different steel grades. The EC3 resistance 630 

predictions are generally conservative for welded I-sections columns made of HSS grades (i.e. 631 

S690 steel and S960 steel), while a number of EC3 resistance predictions appear on the unsafe 632 

side for columns made of NSS grades (i.e. homogeneous welded I-sections made of S235, S355 633 

and S460 steels, and hybrid welded I-sections made of S460 steel flanges and an S235 steel 634 

web as well as S460 steel flanges and an S355 steel web) with intermediate to low non-635 

dimensional member slenderness values. The resistance predictions are also rather scattered, 636 

which is also evident from the statistical results of the ratios of Nu,test/FE/Nu,EC3 presented in 637 

Table 8. The high level of scatter of the EC3 design provisions can be principally attributed to 638 

the fact that only a single column buckling curve is employed for the design of welded I-section 639 

columns buckling about each axis with different steel grades (i.e. curve “c” for flexural 640 

buckling about the minor axis and curve “b” for flexural buckling about the major axis), which 641 

fails to capture the trend of the reducing relative influence of imperfections, both residual 642 

stresses and global geometric imperfections, on the flexural buckling resistances of columns 643 

with increasing steel grades  [16,17]. This shortcoming was addressed in a recent research 644 
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project named Stronger Steels in the Built Environment (STROBE) [61] where higher flexural 645 

buckling curves were proposed for welded I-sections made of S460 steel and above (i.e. using 646 

curve “b” for flexural buckling about the minor axis and curve “c” for flexural buckling about 647 

the major axis). The ratios of the test and FE column flexural buckling resistances to the 648 

resistance predictions using the proposed design curves in STROBE Nu,test/FE/Nu,STROBE are 649 

presented in Table 8. It can be seen from Table 8 that the proposed design curves in STROBE 650 

yield improved resistance predictions in terms of both accuracy and consistency compared to 651 

the existing EC3 design provisions, though with scope for further improvement. 652 

 653 
(a) Homogeneous welded I-section columns buckling about the major axis 654 
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 656 
(b) Homogeneous welded I-section columns buckling about the minor axis 657 

 658 

 659 
(c) Hybrid welded I-section columns buckling about the major axis 660 
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 662 
(d) Hybrid welded I-section columns buckling about the major axis 663 

Fig. 17. Comparisons of test and FE ultimate resistances of column specimens with those predicted 664 
using prEN 1993-1-1 [14] 665 

  666 

Table 8. Comparisons of test and FE ultimate resistances of column specimens with those predicted 667 
using different design methods 668 

Column type 
Buckling 

axis 
Number of data 
points FE (test) 

Evaluation 
parameter  

prEN 1993-1-1 [14] 
STROBE 

proposal [61] 
AISC 360 [15] Modified EC3 

Nu,test/FE/Nu,EC3 Nu,test/FE/Nu,STROBE Nu,test/FE/Nu,AISC Nu,test/FE/Nu,mod-EC3 

Homogeneous 
welded I-
section 

Major 1500 (3) 
Mean 1.061 1.017 0.998 1.071 

COV 0.070 0.049 0.060 0.039 
        

Homogeneous 
welded I-
section 

Minor 1500 (35) 
Mean 1.088 1.042 0.956 1.062 

COV 0.104 0.079 0.087 0.062 
        

Hybrid welded    
I-section 

Major 1500 (2) 
Mean 1.091 1.018 1.026 1.075 

COV 0.069 0.050 0.045 0.047 
        

Hybrid welded    
I-section 

Minor 1500 (0) 
Mean 1.132 1.056 0.993 1.089 

COV 0.080 0.065 0.054 0.054 

 669 

5.3. American specification AISC 360 (AISC) 670 

The American Specification AISC 360 [15] employs the following equation for the 671 

determination of the flexural buckling resistance Nb,AISC,Rd of homogeneous welded I-section 672 

columns with nominal yield strengths up to 690 N/mm2:   673 

 674 

b,AISC,Rd c AISC yN Af=  , for non-slender welded I-section columns  (11) 675 
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in which ϕc is the resistance factor for member buckling resistances (equivalent to the inverse 676 

of the EC3 partial safety factor γM1 in Eq. (8)), which has a recommended value of 0.9 in [15], 677 

and χAISC is the AISC flexural buckling reduction factor, which can be determined from a two-678 

stage column buckling curve as expressed by Eq. (12).  679 

 680 

2

AISC

2

0 658  for 1 5 

0 877
 for 1 5

. .

.
.

 






 = 

 


                                                (12) 681 

 682 

Similar to the EC3 design provisions, the American Specification AISC 360 [15] does not 683 

provide specific design rules for hybrid welded I-section columns failing by in-plane flexural 684 

buckling. In this subsection, the applicability of the two-stage column buckling curve to hybrid 685 

welded I-section columns is also assessed, with the weighted average yield strength fy,a given 686 

by Eq. (4) used for the calculation of the non-dimensional member slenderness   (using Eq. 687 

(3)) and the AISC flexural buckling resistance (using Eq. (11)). The test and FE ultimate 688 

buckling resistances Nu,test/FE are compared with the unfactored AISC resistance predictions 689 

Nu,AISC in Fig. 18 and Table 8. It is shown that although the AISC design method generally 690 

leads to accurate resistance predictions for both homogeneous and hybrid welded I-section 691 

columns made of HSS grades, it provides unsafe predictions for welded I-section columns 692 

made of lower steel grades, especially for those buckling about the minor axis. The varying 693 

levels of accuracy of the AISC design method for welded I-section columns with different 694 

steels grades would be expected since the AISC 360 [15] adopts a single column buckling curve 695 

for welded I-section columns failing by in-plane flexural buckling about either axes, thus 696 

ignoring the influence of both the axis of buckling and the steel grade on the flexural buckling 697 

resistance of welded I-section columns. 698 
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 699 
(a) Homogeneous welded I-section columns buckling about the major axis 700 

 701 

 702 
(b) Homogeneous welded I-section columns buckling about the minor axis 703 
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 705 
(c) Hybrid welded I-section columns buckling about the major axis 706 

 707 

 708 
(d) Hybrid welded I-section columns buckling about the minor axis 709 

Fig. 18. Comparisons of test and FE ultimate resistances of column specimens with those predicted 710 
using AISC 360 [15] 711 
  712 

5.4. New design proposals  713 

On the basis of the above assessments, it is generally found that the existing design rules of   714 

prEN 1993-1-1 [14] and AISC 360 [15] have scope for improvement in the flexural buckling 715 

resistance prediction of homogeneous and hybrid welded I-section columns made of varying 716 

steel grades. Welded I-section columns generally exhibit superior normalised column buckling 717 

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

1.5

1.6

0.0 0.5 1.0 1.5 2.0 2.5

N
u,

te
st

/F
E
/N

u,
A

IS
C

λ

S460+S235_FE
S460+S355_FE
S690+S355_FE
S690+S460_FE
S960+S690_FE
S960+S690_test

0.6

0.8

1.0

1.2

1.4

1.6

1.8

0.0 0.5 1.0 1.5 2.0 2.5

N
u,

te
st

/F
E
/N

u,
A

IS
C

λ

S460+S235_FE
S460+S355_FE
S690+S355_FE
S690+S460_FE
S960+S690_FE



42 
 

resistances with increasing yield strength; this is attributed to the reducing relative influence of 718 

the initial imperfections, including both the residual stresses and the initial global geometric 719 

imperfections. Specifically, the residual stresses in welded I-sections have been found to reduce 720 

as a proportion of the yield strength with increasing steel grades, as described in Section 2, 721 

while the amplitudes of global geometric imperfections for columns with a given non-722 

dimensional member slenderness   decrease with increasing yield strength since the initial 723 

geometric imperfection is conventionally considered to be proportional to the column member 724 

length (e.g. L/1000) [16]. Therefore, to improve the accuracy and consistency of the design 725 

method, the influence of the steel grade (i.e. yield strength) on the flexural buckling resistance 726 

of welded I-section columns should be rationally considered. 727 

 728 

New proposals for the flexural buckling design of homogeneous and hybrid welded I-section 729 

columns are developed herein on the basis of the current EC3 design rules. The design 730 

proposals feature modified imperfection factors αmod-EC3 for homogeneous and hybrid welded 731 

I-section columns as given by Eqs. (13) and (14) for major and minor axis flexural buckling, 732 

respectively, and a shortened buckling curve plateau length of 0,mod-EC3 0 1. =  for both 733 

homogeneous and hybrid welded I-section columns buckling about either axes, leading to a 734 

modified EC3 flexural buckling reduction factor χmod-EC3, as described by Eqs. (15) and (16). 735 

Note that the modified imperfection factors αmod-EC3 are expressed in term of the flange material 736 

parameter f y,f235 f = since the flanges are decisive in their contribution to the flexural 737 

buckling resistance of welded I-section columns.  738 

 739 

mod-EC3 f0 45.=  , for flexural buckling about the major axis   (13) 740 

 741 
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mod-EC3 f0 55.=  , for flexural buckling about the minor axis   (14) 742 

 743 

mod-EC3 mod-EC322
mod-EC3 mod-EC3

1
 but 1 0. 

  
= 

+ −
                          (15) 744 

 745 

( )( )2
0 mod-EC3mod-EC3 mod-EC30 5 1 ,.    = + − +                             (16)                            746 

 747 

The accuracy of the newly proposed flexural buckling curves for homogeneous and hybrid 748 

welded I-section columns is graphically examined in Fig. 19, in which the ratios of the test and 749 

FE column flexural buckling resistances to the resistance predictions using the proposed 750 

modified EC3 design approach Nu,test/FE/Nu,mod-EC3 are plotted against the non-dimensional 751 

member slenderness  . The normalised data points are seen to display a significantly tighter 752 

(i.e. less scattered) trend compared to the EC3 and AISC 360 predictions for both the 753 

homogeneous and hybrid welded I-section columns buckling about either axes, indicating that 754 

the influence of yield strength on the flexural buckling resistances of welded I-section columns 755 

is successfully captured by using the modified flexural buckling curves. The improvements 756 

offered by the proposed design rules over the current design methods in terms of accuracy and 757 

consistency are also confirmed by the statistical results summarised in Table 8. 758 

 759 
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 760 
(a) Homogeneous welded I-section columns buckling about the major axis 761 

 762 

 763 
(b) Homogeneous welded I-section columns buckling about the minor axis 764 
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 766 
(c) Hybrid welded I-section columns buckling about the major axis 767 

 768 

 769 
(d) Hybrid welded I-section columns buckling about the minor axis 770 

Fig. 19. Comparisons of test and FE ultimate resistances of column specimens with those predicted 771 
using the new design proposals 772 

 773 

6. Reliability analysis 774 

In order to quantify the level of reliability of the existing and proposed buckling design 775 

approaches for the homogeneous and hybrid welded I-section columns, statistical analyses 776 

were performed following the guidance provided in EN 1990 [63]. The variability of the basic 777 
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geometric and material properties was initially considered. For the welded I-sections, the mean 778 

and variability of the key cross-sectional dimensions, including H, B, tf and tw, were taken in 779 

accordance with Annex E of prEN 1993-1-1 [14], as presented in Table 9, where Xm/Xn is the 780 

ratio between the mean and nominal values of a property X and VX is the corresponding 781 

coefficient of variation (COV). The COV of the cross-sectional area A, denoted by VA, was 782 

utilised to represent the combined variability of the cross-sectional dimensions. The value of 783 

VA was derived based on the COV values of the individual dimensions following the procedure 784 

set out by Afshan et al. [64]. Note that VA varies slightly between cross-section profiles, but an 785 

average value of VA = 0.022 for the range of considered welded I-sections was employed herein. 786 

The mean and variability of the key material properties, i.e. fy and E, were also taken as those 787 

specified in prEN 1993-1-1 [14], as listed in Table 9. 788 

 789 

Table 9. Mean and COV values of basic material and geometric parameters for welded I-sections in 790 
accordance with prEN 1993-1-1 [14] 791 

Parameter Xm / Xn COV 
H 1.00 0.009 
B 1.00 0.009 
tf 0.98 0.025 
tw 1.00 0.025 

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 

 792 

The combined COV of the geometric and material parameters Vrt was subsequently derived as 793 

follows. The resistance function was first generalised into Eq. (17), where the exponents C1, 794 

C2 and C3 describe the dependences of the resistance function on fy, A and E respectively. The 795 

values of the Ci parameters were derived for each considered test and FE simulation following 796 

the approach described in [65], and the value of Vrt was then calculated using Eq. (18). 797 

 798 
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31 2
b,R 0 y

CC C
N C f A E=                              (17) 799 

 800 

( ) ( ) ( )2 2 2

rt 1 y 2 3f A EV C V C V C V= + +                             (18) 801 

 802 

By comparing the experimental (or numerical) results re,i with the design predictions rt,i, the 803 

correction factor b and the COV of the errors Vδ were derived. Note that b was determined 804 

using Eq. (19) instead of the least squares method specified in EN 1990 [63], as recommended 805 

in [66]. The considered test and FE data population was divided into subsets based on the steel 806 

grades and relative slenderness to avoid overestimating the scatter, and the values of b and Vδ 807 

were calculated based on these subsets. The design fractile factor kd,n was taken based on the 808 

total number of the data points in the original population, as recommended in EN 1990 [63]. 809 

 810 

e,i

1 t,i

1 n

i

r
b

n r=

=                                (19) 811 

 812 

Finally, the required partial safety factors, denoted by *
M1 , were derived, and the results are 813 

summarised, along with the other key statistical results from the reliability analyses, in Table 814 

10 and 11 for the EC3 and proposed design approaches respectively. Note that the value of Vr 815 

varied with each considered test or FE data point, and the average values are shown in Tables 816 

10 and 11. In general, the proposed design approach demonstrated a similar level of reliability 817 

to the existing EC3 approach, while improving the accuracy and consistency of the resistance 818 

predictions, as revealed previously in Section 5. Therefore, the proposed design rules are 819 

deemed suitable for inclusion into Eurocode 3 for the buckling design of welded homogeneous 820 

and hybrid I-section columns. 821 

 822 
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Table 10. Reliability analysis results for EC3 design approach 823 

Column type Buckling 
axis 

Number of data 
points FE (test) kd,n b Vδ Vr *

M1  

Homogeneous 
welded I-section Major 1500 (3) 3.097 1.061 0.070 0.054 1.061 

Homogeneous 
welded I-section Minor 1500 (35) 3.097 1.088 0.104 0.058 1.059 

Hybrid welded I-
section Major 1500 (2) 3.097 1.091 0.069 0.056 1.050 

Hybrid welded I-
section Minor 1500 (0) 3.097 1.132 0.080 0.058 1.024 

 824 

Table 11. Reliability analysis results for proposed design approach 825 

Column type Buckling 
axis 

Number of data 
points FE (test) kd,n b Vδ Vr *

M1  

Homogeneous 
welded I-section Major 1500 (3) 3.097 1.071 0.039 0.054 1.035 

Homogeneous 
welded I-section Minor 1500 (35) 3.097 1.062 0.062 0.058 1.062 

Hybrid welded I-
section Major 1500 (2) 3.097 1.075 0.047 0.055 1.051 

Hybrid welded I-
section Minor 1500 (0) 3.097 1.077 0.050 0.055 1.054 

 826 

7. Conclusions 827 

The flexural buckling behaviour and design of both homogeneous and hybrid welded I-section 828 

columns of varying steel grades have been investigated in this paper. The amplitudes and 829 

distributions of residual stresses in homogeneous and hybrid S235 to S960 steel welded I-830 

sections were firstly analysed on the basis of existing experimental data collected from the 831 

literature, and a new residual stress model with different statistical characterizations (mean and 832 

characteristic) was proposed. An experimental programme was then carried out to generate 833 

underpinning test data on both homogeneous and hybrid welded I-section columns failing by 834 

in-plane flexural buckling about the major axis. The experimental programme comprised 835 

tensile coupon tests, initial global geometric imperfection measurements and five pin-ended 836 

major axis flexural buckling tests. Three different welded I-section profiles were investigated 837 

in the experimental programme − two homogeneous welded I-sections with different 838 
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geometries made of S690 steel and one hybrid welded I-section with S690 steel flanges and an 839 

S355 steel web.  840 

 841 

Following the experimental programme, a comprehensive numerical investigation was 842 

performed, in which FE models were initially developed and validated against the flexural 843 

buckling test results on welded I-section columns generated in the present study and collected 844 

from the literature, and then used to conduct parametric studies to broaden the range of 845 

available flexural buckling data on homogeneous and hybrid welded I-section columns. In total, 846 

6000 numerical data − 3000 on homogeneous welded I-section columns and 3000 on hybrid 847 

welded I-section columns, were generated, covering a variety of steel grades, cross-section 848 

geometries and member slendernesses. Based on the established test and FE database, the 849 

accuracy and applicability of the relevant codified design rules, as specified in prEN 1993-1-1 850 

[14] and AISC 360 [15], were assessed. It was shown that the current design provisions yield 851 

somewhat scattered buckling resistance predictions. A new design approach based on the 852 

current EC3 design rules was then proposed, where the influence of the yield strength on the 853 

flexural buckling resistances of homogeneous and hybrid welded I-section columns was more 854 

rationally captured by using a yield strength-dependent imperfection factor. The proposed 855 

method was shown to offer a higher degree of accuracy and consistency in the predictions of 856 

flexural buckling resistances for both homogeneous and hybrid welded I-section columns with 857 

varying steel grades. Reliability analysis was finally conducted for the proposed design method 858 

in accordance with EN 1990 [63], indicating that the current EC3 partial safety factor of unity 859 

can be safely employed with the proposed method for the design of both homogeneous and 860 

hybrid welded I-section columns failing by in-plane flexural buckling. Further research on the 861 

flexural buckling behaviour and design of Class 4 (slender) welded I-section columns, which 862 

are greatly affected by the interaction of local and global buckling, as well as flexural-torsional 863 
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buckling behaviour of HSS homogeneous and hybrid welded I-section columns are 864 

recommended. 865 
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