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Abstract 10 

The global buckling resistance of welded high strength steel box section members subject to 11 

combined compression and bending was investigated through a numerical modelling programme. 12 

Finite element models were developed with the capability to accurately replicate the experimental 13 

results of the box section members under combined compression and bending. Extensive parametric 14 

studies were carried out to examine the global buckling behaviour of welded high strength steel box 15 

section members with a wide range of dimensions and member slenderness and steel grades of S460, 16 

S690 and S960 and subject to varying combinations of compression and bending. The effects of 17 

residual stresses and ultimate tensile strength-to-yield strength ratio on the global buckling behaviour 18 

of those members were investigated. The applicability of existing design rules to welded high strength 19 

steel box section members subject to combined compression and bending was evaluated using the 20 

results from parametric studies and the available experimental results in literature. The European, 21 

American and Australian standards provide conservative strength predictions for the structures. More 22 

accurate and safe strength predictions can be obtained based on European standard using the 23 

suggested column curves for the members while the design methods in Australian and American 24 

standards are safely applicable to the members.  25 
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1. Introduction 28 

High strength steel (HSS) with yield strength over 460MPa has been increasingly applied in structural 29 

applications such as roof trusses and bridges [1-2]. By using high strength steel, structural elements 30 

with smaller sizes than conventional strength steel structures can be selected for structural designs. 31 

Consequently, the saving of weight consumption of construction materials can be achieved and 32 

subsequently brings advantages such as savings of transportation costs and easier handling during 33 

construction. Extensive research studies have been carried out to characterise the behaviour of welded 34 

HSS structures in order to conduct accurate structural designs. Residual stresses of welded HSS box 35 

and I-sections were measured [3-6]. Experimental and numerical investigations were also performed 36 

to examine the behaviour of the welded HSS structures subject to axial compression [7-11] or bending 37 

[12-14] and design approaches have been proposed based on these experimental and numerical 38 

investigations [13, 15-16]. Despite these systematic research studies on welded HSS structures subject 39 

to axial compression or bending, the behaviour of these structures subject to combined compression 40 

and bending also needs to be clearly understood in order to obtain accurate structural designs for the 41 

combined loading conditions but has received much less attention. 42 

Nie and the co-workers [17] conducted experimental and numerical investigations on welded Q460GJ 43 

steel box section members under combined compression and bending. The experimental and 44 

numerical results were compared with the design strength predictions from different standards. It was 45 

found in the study that European and Chinese standards provided conservative strength predictions for 46 

the structures while American and Japanese standards provided quite accurate strength predictions. 47 

Experiments were also conducted to investigate welded box section members with the nominal yield 48 

strength of 690MPa and subject to combined compression and bending [18-19]. In addition, Ban and 49 

the co-workers [10] investigated the welded HSS box section members with nominal yield strength of 50 

960MPa and tested two members under combined compression and bending. The review of the 51 

aforementioned studies on welded HSS box section members under combined compression and 52 

bending reveal that each study only covers the members with one specific steel grade and limited 53 

dimensions. No systematic studies have been carried out to examine the behaviour of welded HSS 54 

box section members with different steel grades and subject to different combinations of compression 55 

and bending. In addition, current standards including European, American and Australian standards 56 

[20-22] provide design methods for members with the steel grade up to S700. The applicability of the 57 

design methods in standards for these structures with varying steel grades up to S960 is unknown and 58 

needs to be accurately evaluated in order to achieve safe and economical structural designs.    59 

Therefore, in this study, the global buckling behaviour of welded HSS box section members with steel 60 

grades of S460, S690 and S960 and subject to combined compression and bending was investigated 61 
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numerically. FE models were developed and validated using the experimental results of welded HSS 62 

box members under combined compression and bending. Subsequently, extensive parametric studies 63 

were performed. The applicability of design rules in European, American and Australian standards for 64 

the members under combined compression and bending was evaluated using the results of parametric 65 

studies conducted in this study and experiments reported in literature.    66 

2. Finite element modelling 67 

A numerical investigation into the global buckling resistance of welded HSS box section members 68 

subject to combined compression and bending was carried out using the non-linear finite element 69 

analysis package ABAQUS [23]. Finite element (FE) models were developed to replicate the 70 

experimental results for welded box section members with steel grades of S460, S690 and S960 and 71 

subject to combined compression and bending [10, 17-19]. The experimental results are summarised 72 

in Table 1. In the table, the labels for the members are based on the member cross-sectional 73 

dimensions. For each label, the letter “B” indicates the box section members while the following 74 

digits represent the width of the cross-section and plate thickness. The validated FE models were 75 

employed to conduct parametric studies to expand the structural performance database covering a 76 

wide range of cross-sectional dimensions, member slenderness values, steel grades and combinations 77 

of loading.   78 

2.1 Development of the finite element models 79 

The four-noded S4R shell element with reduced integration was applied to simulate the behaviour of 80 

welded HSS box section members. The mesh size of plate thickness was selected for box section 81 

members to obtain accurate estimations of the structural performance. The stress-strain relationship of 82 

HSS was simulated using multi-linear stress-strain models. The model adopted for S460 steel is 83 

presented in Fig. 1(a) considering the yield plateau observed in the measured stress-strain curves for 84 

the material [7, 17]. The model presented in Fig. 1(b) was suggested for S690 and S960 steel [16] and 85 

adopted in this study. The values for material property parameters highlighted in Fig. 1 are based on 86 

the measurements of material properties for the welded HSS box section members tested under 87 

combined compression and bending [10, 17-19]. The stress-strain curves obtained using the models 88 

were converted into true stress-logarithmic plastic strain curves which were subsequently incorporated 89 

into the FE models. 90 

Residual stresses exist in the welded box section members with steel grades of S460, S690 and S960 91 

due to the welding fabrication. Residual stress models for these members were provided by Shi et al. 92 

[8] and the residual stresses estimated using the models were applied to obtain accurate FE modelling 93 

results for the members under axial compression [16]. Based on these residual stress models, the 94 
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magnitudes and pattern of residual stresses were obtained for the current investigation and included as 95 

initial stresses for the FE models of welded box section members with steel grades of S460, S690 and 96 

S960 and subject to combined compression and bending.             97 

The boundary conditions were defined in the FE models to simulate the pin-supported conditions 98 

applied to the members in experiments [10, 17-19]. Two eccentric reference points were created and 99 

each reference point was coupled with one end section of a member. The reference points were offset 100 

from the buckling axis through the centroid of the member by the loading eccentricity (e). The 101 

longitudinal distance between the reference points equal to the effective length (Leff) of any member. 102 

All degrees of freedom were restrained at the reference point on the unloaded side, except for the 103 

rotations about the buckling axis. The same boundary conditions were also applied to the reference 104 

point on the loaded side except that the longitudinal displacement was allowed. The loading was 105 

applied in a Riks step at the reference point on the loaded side by specifying a displacement rate in the 106 

longitudinal direction. The modified Riks method was employed to trace the load-deformation 107 

behaviour of the welded HSS box section members.  108 

Initial geometric imperfections in the welded HSS box section members can influence the structural 109 

performance of the members [16] and were also taken into account in the FE models. Prior to the 110 

analysis using the Riks step, an elastic eigenvalue analysis was conducted for each member. The 111 

resultant lowest elastic global buckling mode shape was adopted as the global geometric imperfection 112 

pattern and subsequently incorporated into the FE models with the amplitudes of the global geometric 113 

imperfection measured for the members in Table 1 [10, 17-19]. Since the cross-sections of the 114 

members investigated in the current study are Class 1-3 sections based on the European standard [22], 115 

the effect of local geometric imperfections would be quite limited. Thus, no local geometric 116 

imperfection was incorporated in the FE models.   117 

2.2 Validation 118 

The FE models were validated through comparing the FE results with the experimental results of 119 

welded HSS box section members subject to combined compression and bending. The comparison of 120 

ultimate loads (Pu,FE) estimated using the FE models with those from experiments (Pexp) is shown in 121 

Table 1. It is observed from the table that the ultimate loads were accurately estimated. The mean 122 

value of Pu,FE/Pexp ratios was found to be 1.00 with the coefficient of variation (COV) of 0.02. The 123 

load and displacement responses estimated in FE modelling for the members were also compared with 124 

those obtained from experiments. Typical load versus mid deflection curves for welded box section 125 

members under compression and bending are presented in Fig. 2. As can be seen in the figures, the 126 

curves from FE modelling compared well with those from experiments. Excellent agreement between 127 

the global buckling failure mode observed for the members tested in experiments and that predicted in 128 
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FE modelling was also obtained, as shown in Figs. 3 and 4. The comparison between the results from 129 

experiments and FE modelling reveals that the FE models are capable of accurately replicating the 130 

experimental results and validated for performing parametric studies.      131 

3. Parametric studies 132 

3.1 General 133 

Having the FE models validated, parametric studies were carried out on the welded S460, S690 and 134 

S960 steel box section members with a wide range of cross-sectional dimensions and member 135 

slenderness and subject to various combinations of compression and bending. Effects of residual 136 

stresses and material tensile-to-yield strength ratio on the global buckling behaviour of these members 137 

subject to combined compression and bending were evaluated. These parameters and their values are 138 

presented in Table 2. The cross-sectional dimensions for parametric studies were based on those for 139 

specimens tested in experiments, covering the Class 1-3 cross-sections according to the cross-140 

sectional classification specifications in European standard [22]. The length of the members varies to 141 

obtain the member slenderness values between 0.3 and 2.5 according to European standard. Initial 142 

geometric imperfections were also incorporated in the modelling for the welded HSS box section 143 

members and the magnitude suggested as 1/1000 of the member length [10, 17, 24] was adopted. 144 

Different combinations of compression and bending were achieved by varying e. The values for e 145 

were selected in relation to the cross-section dimensions and the initial loading eccentricity ratio (r) 146 

which was defined in Eq. (1). In the equation, A is the cross-sectional area while W is the elastic 147 

modulus of the cross-section. The r values from 0 to 6.0 were selected for parametric studies.   148 

ε𝑟 =
𝑒𝐴

𝑊
                                                                       (1) 149 

The residual stress pattern and magnitudes estimated using the models from Shi et al. [8] were also 150 

adopted for the parametric studies. The effect of residual stresses on the global buckling behaviour of 151 

welded HSS box section members subject to combined compression and bending was also 152 

investigated using the members with the B168*12 section. The modelling results for the members 153 

with and without the incorporation of residual stresses were compared, as presented in Section 3.2. 154 

Material stress-strain relationship for the parametric studies were obtained using the models given in 155 

Fig. 1 and based on the average measured material properties in the experimental investigations [10, 156 

17-19], as shown in Table 3. The measurement results for the material properties in the experimental 157 

investigations into welded HSS box section members subject to combined compression and bending 158 

[10, 17, 19] also show that the material tensile-to-yield strength ratio (fu/fy) varies for the material in 159 

each steel grade. Therefore, the effect of fu/fy ratio was also quantified using members with the 160 

B168*12 section, as presented in Section 3.3.  161 
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3.2 Effect of residual stresses 162 

The effect of residual stresses was investigated based on the B168*12 section members with varying 163 

member slenderness values and subject to combined compression and bending. The residual stresses 164 

in welded HSS box section members are in equilibrium and their distribution across the box cross-165 

sections is approximately symmetric [3, 5, 8]. The global buckling behaviour for the members with 166 

and without the input of residual stresses were investigated. The resultant ultimate loads (Pu,FE) 167 

normalised by the cross-sectional capacity as A*fy are plotted against member slenderness values, as 168 

shown in Fig. 5 for S460, S690 and S960 members. As can be seen in the figures, the Pu,FE/A*fy are 169 

dependent on the residual stresses and the decreasing effect of residual stresses decreases with 170 

increasing initial eccentricity ratio for members with the same member slenderness value and steel 171 

grade. The residual stresses led to a maximum reduction of about 20, 18 and 14% of the Pu,FE/A*fy for 172 

S460, S690 and S960 members respectively when the loading eccentricity is zero. With increasing 173 

loading eccentricity ratio from zero to 0.67, the maximum reduction of Pu,FE/A*fy due to the 174 

incorporation of residual stresses decreased to be about 6.2, 5.6 and 2.4% for S460, S690 and S960 175 

members respectively. For higher loading eccentricity ratios equal to 2 and 4, the decrement of 176 

Pu,FE/A*fy due to residual stresses is below 5.0, 3.5 and 2.1 % for S460, S690 and S960 members 177 

respectively. For the members subject to compression with r value of zero, the combined 178 

compressive stresses due to external compressive loading and compressive residual stresses can lead 179 

to early yielding at certain locations of the members, resulting in the reduction of their ultimate loads. 180 

For the members subject to bending moment, tensile and compressive stresses due to the bending 181 

moment are in equilibrium within the box cross-sections. Therefore, the effect of residual stresses on 182 

the ultimate strengths of members subject to bending can be relatively limited. With increasing r 183 

values, the bending moment exerted on the members increases. Therefore, the ultimate strengths of 184 

members with r values above zero are less sensitive to residual stresses. Besides, the decreasing 185 

effect of residual stresses on the global buckling resistances is also related to the member slenderness 186 

value. The decreasing effect is larger for members with member slenderness values between 0.7 and 187 

1.1, as shown in Fig. 5.       188 

3.3 Effect of fu/fy ratio 189 

The effect of tensile-to-yield strength (fu/fy) ratio on the global buckling behaviour of welded box 190 

section members in steel grades of S460, S690 and S960 was also investigated based on the B168*12 191 

section members with varying member slenderness values and subject to combined compression and 192 

bending. The Pu,FE for the members were estimated based on the lower and upper limits of fu/fy ratio 193 

by varying ultimate tensile strength of the material in each steel grade. The lower and upper limits of 194 

fu/fy ratio for the investigation were determined according to the EN10025-6 standard [25] for high 195 
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strength steel products and are provided in Table 3. The Pu,FE obtained using the lower and upper 196 

limits of fu/fy ratio are normalised by A*fy and plotted against member slenderness values in Fig. 6 for 197 

S460, S690 and S960 members. As can be seen in the figures, the effect of fu/fy ratio is observed for 198 

the members with low slenderness values since the maximum strains reached in these members at 199 

their ultimate loads are greater than the material yield strains. Thus, the ultimate loads of these 200 

members are affected by the material strain hardening behaviour.  201 

For welded S460 box section members with the lowest slenderness value of 0.3, the Pu,FE/A*fy 202 

obtained based on the upper limit of fu/fy ratio is larger than the Pu,FE/A*fy based on the lower fu/fy 203 

ratio by about 10, 0.5, 0.9 and 0.5% when the r equals to 0, 0.67, 2, 4 respectively. For the welded 204 

S460 box section members with larger slenderness values, no effect of fu/fy ratio on the Pu,FE/A*fy is 205 

observed since there is a yield plateau in the stress-strain relationship of S460 steel and the strains 206 

obtained when the structures fail are below the strain (sh) representing the largest strain in the yield 207 

plateau. As for the welded S690 and S960 box section members, the effect of fu/fy ratio is the largest 208 

when the member slenderness value is 0.3 and the Pu,FE/A*fy increases by 3-7% based on the upper 209 

limit of fu/fy ratio. The effect decreases with increasing member slenderness up to 1.1 while minimal 210 

effect of fu/fy ratio can be observed for the welded S690 and S960 box section members with member 211 

slenderness above 1.1.     212 

4. Assessment of existing design rules and design recommendations 213 

The applicability of existing design rules in European, American and Australian standards to the 214 

welded box section members with steel grades from S460 to S960 and subject to combined 215 

compression and bending was evaluated. The results of ultimate loads (Pu) from the parametric studies 216 

introduced in Section 3 and experiments reported in literature were compared with the unfactored 217 

strength predictions (Pd) based on the design rules. The accuracy of existing design rules for those 218 

members was discussed. In addition, the applicability of alternative column curves suggested in 219 

literature [16, 26] for the members has also been evaluated.  220 

4.1 European code EN1993-1-1 221 

European code EN1993-1-1 [22] provides interaction formulae given as Eqs. (2) and (3) for members 222 

subject to combined compression and bending. In these equations, Pc is the member resistance in axial 223 

compression, Mc is the member resistance in bending, Pd is the design axial load, Md is the design 224 

bending moment and taken as the end moment (Mend), and kyy, kyz, kzy and kzz are the interaction 225 

factors. According to EN1993-1-1, Pc values can be estimated based on column buckling curves 226 

giving the variation of normalised member resistance in compression with the member slenderness 227 

and the column buckling curve c is specified for welded box section members. For calculating the 228 
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interaction factors, two approaches are provided in Annexes A and B and used for predicting the Pd in 229 

this study. 230 

𝑃𝑑

𝑃𝑐
+ 𝑘𝑦𝑦

𝑀𝑑,𝑦

𝑀𝑐,𝑦
+ 𝑘𝑦𝑧

𝑀𝑑,𝑧

𝑀𝑐,𝑧
≤ 1                                                     (2) 231 

𝑃𝑑

𝑃𝑐
+ 𝑘𝑧𝑦

𝑀𝑑,𝑦

𝑀𝑐,𝑦
+ 𝑘𝑧𝑧

𝑀𝑑,𝑧

𝑀𝑐,𝑧
≤ 1                                                    (3) 232 

The Pd,EC3 predicted based on Annexes A and B are compared with the results from FE modelling and 233 

experiments (Pu,exp+FE) for welded HSS box section members in Figs. 7 and 8 respectively, where the 234 

Pu,exp+FE/Pd,EC3 ratios are plotted against the parameter  describing the combinations of compression 235 

and bending [28] and taken as tan−1 (
𝑃/𝑃𝑐

𝑀/𝑀𝑐
). As can be seen in Figs. 7 and 8, the European code 236 

provides conservative strength predictions for the members. The mean Pu,FE+exp/Pd,EC3 ratios based on 237 

Annex A for the members are 1.09-1.12 with COV of 0.05-0.06 while the mean Pu,FE+exp/Pd,EC ratios 238 

based on Annex B are 1.11-1.14 with COV of 0.04-0.06, as summarised in Tables 4-6 for S460, S690 239 

and S960 members respectively. In order to improve the accuracy of strength predictions based on 240 

EN1993-1-1, the column buckling curve b was suggested for welded S460 and S690 members while 241 

column buckling curve a was suggested for welded S960 members [16, 26]. The applicability of these 242 

curves to welded S460, S690 and S960 members subject to combined compression and bending was 243 

assessed. The Pd,EC3 values estimated based on curves b and a for the members are compared with the 244 

ultimate loads from the FE parametric studies and experiments reported in literature, as shown in Figs. 245 

7 and 8 and Tables 4-6. As can be seen in the figures and tables, the accuracy of strength predictions 246 

for welded S460 and S690 members is improved by using column buckling curve b. Comparing with 247 

the strength predictions based on column buckling curve c for welded S960 members, the strength 248 

predictions obtained using the column buckling curve a agree better with the results from parametric 249 

studies and experiments reported in literature and are safe-sided on an average basis.    250 

4.2 AISC 360 251 

The AISC 360 standard [20] provides two interaction formulae for structural members bending about 252 

a single axis under combined compression and bending, as given as Eqs. (4) and (5). The Pc was 253 

estimated using the single column curve specified in Chapter E of AISC 360 standard while the Mc 254 

was estimated in accordance with the specifications in Chapter F of the standard. Md was calculated as 255 

the end moment (Mend) multiplied by 1/(1-Pd/Pcr).     256 

𝑃𝑑

𝑃𝑐
+

8

9

𝑀𝑑

𝑀𝑐
≤ 1  𝑓𝑜𝑟 

𝑃𝑑
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≥ 0.2                                                           (4) 257 

𝑃𝑑
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The results from the parametric studies and experiments reported in literature for the welded HSS 259 

S460, S690 and S960 box section members are compared with the strength predictions based on Eqs. 260 

(4) and (5), as shown in Fig. 9. It can be seen in the figures that the data points are mostly above the 261 

curve representing that the Pu,exp+FE/Pd,AISC ratio equal to unity. The mean values of Pu,FE+exp/Pd,AISC 262 

ratios for welded box section members in S460, S690 and S960 were also calculated and found to be 263 

1.03, 1.06 and 1.06 respectively with the corresponding COV of 0.06, 0.05 and 0.05, as given in 264 

Tables 4-6. The comparison shows that the strength predictions based on AISC 360 standard are 265 

conservative on an average basis. 266 

4.3 AS4100 267 

In AS4100 Australian standard [21], a linear interaction formula given as Eq. (6) is provided for any 268 

member subject to combined compression and bending about a principle axis. For the estimation of Pc, 269 

five column curves related to different values of member section constant (b) are provided in Clause 270 

6.3 of AS4100 standard. The column curve based on the b value of zero can be applied to welded 271 

S460 box section members while the column curve based on the b value of -0.5 is specified for 272 

welded S690 box section members. For S960 members, no specification for the column curve is 273 

provided and the applicability of the curve based on the b value of -0.5 was assessed. The Mc was 274 

calculated according to the specifications in Clause 5.2 of AS4100 standard. Md is also taken as the 275 

end moment (Mend) multiplied by 1/(1-Pd/Pcr), in which Pcr is the elastic buckling load. 276 

𝑃𝑑

𝑃𝑐
+

𝑀𝑑

𝑀𝑐
≤ 1                                                                   (6) 277 

The ratios of ultimate loads from parametric studies presented in Section 3 and experiments reported 278 

in literature over Pd estimated using Eq. (6) for the welded HSS S460, S690 and S960 box section 279 

members are plotted against the  values in Fig. 10. The comparison of FE and experimental results 280 

with the strength predictions in Fig. 10 shows that the strength predictions based on AS4100 are 281 

conservative for welded S460, S690 and S960 box section members. The mean values of Pu,FE+exp/Pd,AS 282 

ratios for the welded S460, S690 and S960 box section members respectively were also calculated to 283 

be about 1.09, 1.11 and 1.10 with the COV of 0.07, 0.05 and 0.05, as given in Tables 4-6. Therefore, 284 

AS4100 standard provide conservative strength predictions for the structures.  285 

4.4 Reliability analysis 286 

Reliability analysis was also conducted to examine the reliability of the aforementioned design 287 

methods for welded HSS box section members according to EN1990 standard [29] and AISC 360 288 

standard [20]. The analysis was separately conducted for members with r of zero and those with r 289 

greater than zero, based on the parametric studies results in this study and experimental results in 290 
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literature for welded HSS box section members subject to compression and combined compression 291 

and bending [7, 9, 10, 17-19, 26-27]. In the assessment, the values of mean to nominal yield strength 292 

ratio and the COV of the material yield strength (Vf) for S460 and S690 steel are based on those given 293 

by Wang et al. [30]. For S960 steel, the mean to nominal yield strength ratio and Vf were estimated to 294 

be 1.059 and 0.0415 respectively based on the collected results of material properties measurements 295 

conducted by researchers [6, 10, 26, 31-42] and the Ruukki steel producer. The value of COV for the 296 

geometric properties (Vg) was taken as 0.02 according to Wang et al. [30] and Byfield and Nethercot 297 

[43]. For the reliability analysis in accordance with EN1990 standard [29] for the design method 298 

given in European code EN1993-1-1, the key parameters are given in Table 7, where n is the number 299 

of tests and FE results, kd,n is the design fractile factor, be is the average ratio of experiment or FE to 300 

design model resistance based on a least-squares fit to all the data, V is the COV of tests and FE 301 

results relative to the design strengths, Vr is the combined coefficient of variation incorporating both 302 

design model and basic variable uncertainties and M1 is the required partial safety factor applied to 303 

the denominator for predicting the strengths of the structures. The M1 values calculated to satisfy the 304 

requirement for the target reliability index () value of 3.8 are also given in Table 7. As can be seen in 305 

the table, the M1 values obtained based on the column curve c for S460 steel members are between 306 

0.95 and 0.99 while the M1 values obtained based on the column curve b for the members are about 307 

1.01-1.03 and larger than the value of 1.0 specified for M1 in European code EN1993-1-1. For the 308 

S690 members, the M1 values obtained based on the column curve c and b are between 0.91 and 0.99. 309 

As for the S960 members, the M1 values obtained based on the column curve c are about 0.96-0.97 310 

while the M1 values obtained based on the column curve a are about 1.04-1.05. From these results, a 311 

higher value of 1.05 for M1 is recommended especially for the application of curve b for S460 312 

members and curve a for S960 members.  313 

The reliability analysis for the design method in AISC 360 was also conducted in accordance with the 314 

specifications given by the standard. The load combination of 1.2×dead load+1.6×live load and the 315 

dead-to-live load ratio of 1/3 were adopted for the analysis. Table 8 presents the key parameters 316 

including VQ as the COV of the load effects, VR as the COV of resistance and  as the safety factor 317 

with the value of 0.9 in AISC 360 standard being applied to the numerator for strength predictions. 318 

Based on these parameters,  values were calculated for the welded box section members in different 319 

steel grades and subject to compression with r value of zero or combined compression and bending 320 

with r values greater than zero and are also presented in Table 8. It can be seen in the table, the  321 

values vary between 2.89 and 3.33 and are larger than the target value of 2.6. Therefore, the design 322 

method in AISC 360 standard can be safely applied. Since the design method in AS4100 provides 323 

more conservative strength predictions than the methods from European code EN1993-1-1 or AISC 324 
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360 and specifies the safety factor value of 0.9 applied to the numerator for strength predictions, the 325 

AS4100 design method can be considered to be satisfactory with acceptable reliability.                        326 

5. Conclusions 327 

A systematic numerical investigation into the global buckling resistance of welded HSS box section 328 

members subject to combined compression and bending was conducted. FE models were developed 329 

and validated to be capable of accurately replicating the results of experiments on the members in 330 

steel grades between S460 and S960 and subject to combined compression and bending. Subsequent 331 

parametric studies were carried out, covering a wide range of cross-sectional and member slenderness 332 

and various combinations of compression and bending for the welded S460, S690 and S960 box 333 

section members. Effect of residual stresses was investigated and the decreasing effect on the ultimate 334 

loads of the members was found to reduce with increasing eccentricity ratio. Besides, the decreasing 335 

effect of residual stresses was also observed to be larger for members with member slenderness values 336 

between 0.7 and 1.1. Effect of tensile-to-yield strength (fu/fy) ratio was also investigated and was 337 

observed for the S460, S690 and S960 members with relatively lower member slenderness.  338 

The applicability of design methods in European, American and Australian standards to welded box 339 

section members with steel grades of S460, S690 and S960 and subject to combined compression and 340 

bending was also assessed using the parametric studies results in this study and experimental results 341 

reported in literature. Based on these design methods, the ultimate loads of the members were 342 

underestimated by about 3-14%. The accuracy of strength predictions based on suggested column 343 

curves from Ban and Shi [16] and Somodi and Kövesdi [26] for European standard EN1993-1-1 was 344 

also evaluated. The evaluation reveals that the strength predictions based on the suggested column 345 

curves from Ban and Shi [16] and Somodi and Kövesdi [26] are also conservative and more accurate 346 

than the predictions based on the original design method in European standard EN1993-1-1. 347 

Reliability of these design methods was examined through reliability analysis which shows that the 348 

design method in European standard with a partial safety factor value of 1.05 and the methods in 349 

AS4100 and AISC 360 standards can be applied to welded S460, S690 and S960 box section 350 

members subject to combined compression and bending.  351 
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(a) 

 

(b) 

Figure 1. Stress-strain models for (a) S460 and (b) S690 and S960 high strength steel. 
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Figure 2. Comparison of load-mid deflection curves obtained from FE modelling and experiments. 
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Figure 3. Comparison of the global buckling failure mode obtained from FE modelling and 

experiments for B142.60*13.99 [10]. 
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Figure 4. Comparison of the global buckling failure mode obtained from FE modelling and 

experiments for B120.68*12.54 [17]. 
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(a) S460 members 

 

(b) S690 members 
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(c) S960 members 

Figure 5. Comparison of the FE results obtained with and without residual stresses for S460, S690 

and S960 members subject to combined compression and bending. 
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(a) S460 members 

 

(b) S690 members 
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(c) S960 members 

Figure 6. Comparison of the FE results obtained with different fu/fy ratios for S460, S690 and S960 

members subject to combined compression and bending. 
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(c) 

Figure 7. Comparison of Pd estimated based on Annex A in European code with the results from FE 

modelling and experiments reported in literature for members in steel grade of (a) S460; (b) S690 and 

(c) S960. 
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(c) 

Figure 8. Comparison of Pd estimated based on Annex B in European code with the results from FE 

modelling and experiments reported in literature for members in steel grade of (a) S460; (b) S690 and 

(c) S960. 
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(c) 

Figure 9. Comparison of Pd estimated based on AISC360 with the results from FE modelling and 

experiments reported in literature for members in steel grade of (a) S460; (b) S690 and (c) S960. 
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(c) 

Figure 10. Comparison of Pd estimated based on AS4100 with the results from FE modelling and 

experiments reported in literature for members in steel grade of (a) S460; (b) S690 and (c) S960. 
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 Table 3/8  

Table 1. Experimental data of welded HSS beam-column members. 

Specimen Yield 

strength 

fy (MPa) 

Effective 

length 

Leff (mm) 

Member 

slenderness  

𝝀̅ 

Load 

eccentricity 

e (mm) 

Pexp 

(kN) 

Pu,FE 

(kN) 

Pu,FE/ 

Pexp 

B142.60*13.99 

[10] 

973.2 1878.6 0.77 25.88 3779.5 3852.0 1.02 

B141.60*13.94 

[10] 

973.2 2879.8 1.19 3.13 4063.9 4084.6 1.00 

B120.68*12.54 

[17] 

563 3392.0 1.26 48.10 861.9 871.2 1.01 

B121.12*12.60 

[17] 

563 3391.0 1.26 79.40 642.6 674.1 1.05 

B168.96*12.61 

[17] 

563 4009.0 1.03 28.60 2004.1 1952.1 0.97 

B168.48*12.63 

[17] 

563 4009.0 1.04 58.80 1469.9 1453.6 0.99 

B217.23*12.57 

[17] 

551 4072.0 0.80 44.60 2881.5 2889.1 1.00 

B216.98*12.55 

[17] 

551 4075.0 0.80 74.00 2240.8 2267.9 1.01 

B264.03*12.59 

[17] 

551 3583.0 0.57 30.60 4748.8 4794.7 1.01 

B265.10*12.63 

[17] 

551 3582.0 0.57 58.80 3899.9 3979.4 1.02 

B138.98*6.01 

[18] 

741 2090.0 0.91 10.70 1220.0 1235.2 1.01 

B97.5*4.95 [19] 705 1150.0 0.56 0.90 1137.0 1157.9 1.02 
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B99.34*4.97 

[19] 

705 1950.0 0.93 2.20 926.0 905.3 0.98 

B99.34*4.97 

[19] 

705 3450.0 1.65 -0.90 438.0 414.5 0.95 

      Mean 1.00 

      COV 0.02 
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Table 2. Parameters for welded box section members for parametric studies.   

Parameter Values Fixed value 

Cross-sectional width B (mm) 120, 168, 216, 264 168 

Plate thickness t (mm) 12 - 

Member slenderness 𝝀̅ 0.3-2.5 0.3, 0.5, 0.7, 0.9, 1.1, 1.3, 1.5, 

1.7, 1.9, 2.1, 2.3, 2.5 

Steel grade S460, S690, S960 - 

Global geometric 

imperfection/member length 

1/1000 - 

Eccentricity ratio (r) 0-6 0, 0.67, 2, 4 
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Table 3. Material properties of S460, S690 and S960 HSS based on experimental measurements 

[10, 17-19] for parametric studies. 

Steel grade Elastic 

modulus 

(GPa) 

Yield 

strength fy 

(MPa) 

Tensile 

strength fu 

(MPa) 

fu/fy lower 

limit 

fu/fy upper 

limit 

S460 208.5 557.0 660.0 1.20 1.56 

S690 214.0 723.0 770.0 1.12 1.36 

S960 208.0 973.2 1052.0 1.02 1.19 
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Table 4. Comparison of the global buckling resistance from FE modelling and experimental results in 

literature with the predicted strengths based on design methods in standards for welded S460 box 

section members.  

Parameters European code, Annex A European code, Annex B AS4100 

PFEA/Pd,AS4100 

AISC 360 

PFEA/Pd,AISC 

Curve c 

Pu,FE+exp/Pd 

Curve b 

Pu,FE+exp/Pd 

Curve c 

Pu,FE+exp/Pd  

Curve b 

Pu,FE+exp/Pd 

Mean 1.09 1.05 1.11 1.06 1.09 1.03 

COV 0.05 0.05 0.04 0.05 0.06 0.06 
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Table 5. Comparison of the global buckling resistance from FE modelling and experimental results in 

literature with the predicted strengths based on design methods in standards for welded S690 box 

section members.  

Parameters European code, Annex A European code, Annex B AS4100 

PFEA/Pd,AS4100 

AISC 360 

PFEA/Pd,AISC 

Curve c 

Pu,FE+exp/Pd 

Curve b 

Pu,FE+exp/Pd 

Curve c 

Pu,FE+exp/Pd  

Curve b 

Pu,FE+exp/Pd 

Mean 1.11 1.08 1.14 1.10 1.11 1.06 

COV 0.06 0.04 0.05 0.04 0.05 0.06 
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Table 6. Comparison of the global buckling resistance from FE modelling and experimental results in 

literature with the predicted strengths based on design methods in standards for welded S960 box 

section members. 

Parameters European code, Annex A European code, Annex B AS4100 

PFEA/Pd,AS4100 

AISC 360 

PFEA/Pd,AISC 

Curve c 

Pu,FE+exp/Pd 

Curve a 

Pu,FE+exp/Pd 

Curve c 

Pu,FE+exp/Pd  

Curve a 

Pu,FE+exp/Pd 

Mean 1.12 1.05 1.14 1.05 1.10 1.06 

COV 0.05 0.05 0.05 0.06 0.05 0.05 
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Table 7. Statistical parameters for the reliability analysis according to EN1990 for members with r 

larger than zero.  

Steel 

grade 

r Method n kd,n be V Vr M1 

S460 r=0 curve c 48 3.307 1.094 0.061 0.077 0.99 

  curve b 48 3.386 1.024 0.051 0.070 1.03 

 r>0 Annex A, 

curve c 

348 3.118 1.070 0.048 0.067 0.98 

  Annex A, 

curve b 

348 3.118 1.029 0.047 0.067 1.02 

  Annex B, 

curve c 

348 3.118 1.083 0.041 0.062 0.95 

  Annex B, 

curve b 

348 3.118 1.035 0.047 0.067 1.01 

S690 r=0 curve c 45 3.322 1.145 0.056 0.075 0.97 

  curve b 45 3.322 1.071 0.041 0.0656 0.99 

 r>0 Annex A, 

curve c 

344 3.119 1.122 0.057 0.075 0.93 

  Annex A, 

curve b 

344 3.119 1.079 0.046 0.067 0.95 

  Annex B, 

curve c 

344 3.119 1.139 0.039 0.062 0.91 

  Annex B, 

curve b 

344 3.119 1.089 0.027 0.056 0.93 

S960 r=0 curve c 40 3.354 1.184 0.056 0.072 0.96 
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  curve a 40 3.354 1.041 0.036 0.060 1.05 

 r>0 Annex A, 

curve c 

342 3.119 1.125 0.053 0.070 0.97 

  Annex A, 

curve a 

342 3.119 1.043 0.048 0.066 1.05 

  Annex B, 

curve c 

342 3.119 1.147 0.046 0.064 0.96 

  Annex B, 

curve a 

342 3.119 1.054 0.051 0.068 1.04 
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Table 8. Statistical parameters for the reliability analysis according to AISC 360.  

Steel grade r n VQ VR   

S460 r=0 48 0.19 0.093 0.9 2.89 

 r>0 348 0.19 0.093 0.9 3.03 

S690 r=0 45 0.19 0.088 0.9 3.14 

 r>0 344 0.19 0.093 0.9 3.33 

S960 r=0 40 0.19 0.081 0.9 2.93 

 r>0 342 0.19 0.087 0.9 2.94 
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