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Abstract: This paper presents a numerical investigation on the local buckling behaviour of high 11 

strength steel (HSS) and hybrid I-sections under axial compression, which hasn't been 12 

comprehensively discussed in previous literature. Three sectional steel combinations, featuring 13 

different web strength grades (Q690, Q460, and Q355) and using HSS Q690 flange plates, were 14 

studied. Through the validated numerical method, parametric studies on the effect of web strength 15 

grade, boundary condition and plate slenderness were carried out. The design specifications in 16 

European, Australian, and American codes were evaluated using the results of 243 numerical models 17 

and collated test data. In addition, the continuous strength method (CSM), direct strength method 18 

(DSM), and Kato's method, which can account for element interaction were extended to design for 19 

the local buckling behaviour of HSS and hybrid I-sections subjected to axial compression. 20 

Assessment results showed that ANSI/AISC 360-16 provides more accurate results than Eurocode 3 21 

and AS 4100. Statistical and reliability results demonstrated the satisfactory reliability level of the 22 

proposed design expressions for CSM, DSM, and Kato's design methods. This paper provides insight 23 

into the local buckling behaviour and mechanism behind plate interaction of hybrid I-sections. 24 
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1. Introduction29 

In steel frame construction, I- or H-profiles are widely used as compression members due to their 30 

ease of connection. High strength steel (HSS) members, which offer a high strength-to-weight ratio, 31 

are increasingly favoured, particularly for high-rise structures. The behaviour of HSS I- and H-32 

section compression members has thus garnered attention among researchers seeking to promote the 33 

use of lighter and stronger structures.  34 

Because of their higher yield strength, HSS I-/H-sections feature thinner-wall plates, which means 35 
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that the local buckling behaviour plays a crucial role in the design of HSS I-/H-shaped compression 36 

members. Despite that HSS structural components were applied as early as the 1960s (Miki et al., 37 

2002; Pocock, 2006), it was the thriving developments in the steel manufacturing industry in the 38 

1990s that renewed interest in the behaviour of HSS members (Miki et al., 2002). Since then, studies 39 

on the local buckling behaviour of welded HSS I-sections in compression have emerged. Rasmussen 40 

and Hancock (1992) suggested that the same yield slenderness limits in specifications for normal 41 

strength steel (NSS) can be applied to the HSS plates based on the experimental test results of 42 

BISALLO Y 80 (nominal yield strength fy,nom= 690 MPa) box, cruciform, and I-section stub columns. 43 

Shi et al. (2014; 2015) investigated the local buckling of Q460 (fy,nom= 460 MPa) and 960 MPa 44 

(fy,nom= 960 MPa) I-sections under axial compression through experiments and numerical methods, 45 

and found that both European and American codes (EN 1993-1-12:2007, 2007; ANSI/AISC 360-10, 46 

2010) provide over-conservative predictions for I-sections members with slender flanges. After that, 47 

Shi et al. (2016) carried out extensive parametric studies on the local buckling behaviour of welded 48 

stub columns made from steel materials with nominal yield strengths of 235 MPa, 460 MPa, 690 49 

MPa, and 960 MPa respectively. Based on the research work, modified formulas that take steel 50 

strength into consideration were proposed. Sun et al. (2019) conducted experimental tests and finite 51 

element (FE) analysis of S690 welded I-section stub columns under axial compression. It was 52 

concluded that the design rules in Eurocode 3 (EN 1993-1-12:2007, 2007), ANSI/AISC 360-16 53 

(2016), and AS 4100-1998 (2016) generally provide safe and accurate predictions. Cao et al. (2020) 54 

studied the local buckling behaviour of 800 MPa HSS welded I-section stub columns, and proposed 55 

slenderness magnifying coefficients for both the flange and web plate to consider the flange-web 56 

interactive effect. Li et al. (2019) and Su et al. (2021) examined S960 ultra-high strength steel 57 

(UHSS) I-section stub columns under axial compression, and the results revealed that the AISC 58 

specification (ANSI/AISC 360-16, 2016) gave the most satisfactory results, in terms of plate 59 

slenderness limits and design strength.  60 

Hybrid design of steel I-sections, which utilise different strength steels for plate elements, have 61 

gained attention alongside the evolution of HSS materials. Hybrid I-sections with higher strength 62 

flange plates than the web typically serve as flexural members, as the web plate of I-sections makes a 63 

comparatively small contribution under bending. There is fairly limited published literature on the 64 

local buckling behaviour of hybrid I-sections in compression, with the earliest studies dating back to 65 

the 1960s. Through test analysis, NagarajaRao et al. (1965; 1969; 1972) found that partial or whole 66 

inelastic web local buckling might occur at the ultimate load due to the lower strength of the web. 67 

After that, Yun et al. (2021) reported the stub column test results on two hybrid I-sections with S690 68 

flanges and S355 webs, as well as four HSS S690 I-sections. It was observed that when a plateau is 69 

featured in the axial load-end shortening curve of HSS I-sections, hybrid counterparts exhibit a strain 70 
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hardening region after reaching the yield load due to the development of plasticity in the lower 71 

strength web. More recently, a companion paper by the authors (2023a) reported that the ultimate 72 

cross-section resistance of hybrid I-sections under axial compression is influenced by the web 73 

strength grade, even for specimens with the elastic local buckling web. The above research findings 74 

indicate that the lower strength of the web under axial compression can significantly affect the local 75 

buckling behaviour of hybrid I-sections. However, there is still a lack of comprehensive analysis on 76 

this topic. 77 

Furthermore, evidence has suggested that the interactive effect of flange and web plates (i.e., element 78 

interaction) exists in I-/H-sections in compression (Bedair, 2009; Bai and Wadee, 2015; Shi et al., 79 

2016; Cao et al., 2020). American and Japanese specifications for the design of steel structures 80 

(ANSI/AISC 360-16, 2016; AIJ LSD, 2010) have also taken this element interaction into account, 81 

whilst most codified design methods, such as EN 1993-1-1:2005 (2005) and AS 4100 (AS, 2020) 82 

follow “individual plate rule”.  83 

This study aims to investigate the local buckling behaviour of HSS and hybrid I-sections under axial 84 

compression. I-sections comprising Q690 (fy,nom= 690 MPa) flanges and webs made of different 85 

strength grades (fy,nom = 690, 460, 355 MPa) were compared. Based upon the validated numerical 86 

models, an extensive parametric study was conducted to explore the effect of web strength, boundary 87 

condition, and plate slenderness on the local buckling behaviour of HSS and hybrid I-section stub 88 

columns. A total of 243 established models, as well as the collated test data were adopted to evaluate 89 

the applicability of codified design methods. Furthermore, newly developed design approaches were 90 

extended to account for flange-web interaction in the local buckling behaviour of HSS and hybrid I-91 

sections subjected to compression. 92 

 93 

2. Finite element modelling 94 

2.1 Finite element models 95 

Commercial finite element analysis (FEA) software suite-ABAQUS 2019 was utilised to perform 96 

numerical analysis for I-sections in compression. Geometric dimensions of I-section are shown in 97 

Fig. 1. In this figure, bf and tf are the width and thickness of flange; H and hw denote the section 98 

height and the clear distance between flanges; tw is the thickness of web plate; hf represent the fillet 99 

weld size. 100 
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Fig. 1. Notation of I-section 

 101 

Fixed-ended boundary condition was selected for parametric studies to investigate the local buckling 102 

behaviour of I-section stub columns. As illustrated in Fig. 2, except for the longitudinal displacement, 103 

all the other translational and rotational degrees of freedom are restrained for both ends of I-sections. 104 

A 4-node shell element with finite membrane strains-S4R was adopted with the element size equal to 105 

the plate thickness for balancing the simulation accuracy and computational cost after sensitivity 106 

analysis (Chen et al., 2023a). Based on the multi-linear stress-strain constitutive model, the true 107 

stress-strain relation converted from the measured engineering curves of tensile coupon test results 108 

(Chen et al., 2023b) were imported as material parameters of FE models. The basic material 109 

characteristics of steel plates are presented in Table 1, where “Q690-F” and “Q690-W” are 110 

characterised by 690 MPa nominal yield strength (fy,nom= 690 MPa). In this study, “Q690-F” was 111 

selected to be material characteristics of flange plate, and “Q690-W”, “Q460-W” (fy,nom= 460 MPa) 112 

and “Q355-W” (fy,nom= 355 MPa) were used for web plates. In Table 1, E is the elastic modulus; εy, 113 

εsh and εu denote the yield strain, strain at the onset of strain hardening and ultimate strain; fy and fu 114 

mean the yield strength and ultimate strength of steel materials. 115 
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 116 

Fig. 2. Boundary condition of fixed-ended I-section models 117 

 118 

Table 1. Basic material characteristics of steel plates used in finite element analysis  119 

Steel  E (GPa) εy (%) εsh (%) εu (%) fy (MPa) fu (MPa) 

Q690-F 217.4 0.377 3.42 6.75 819.5 848.4 

Q690-W 216.1 0.365 2.46 6.86 788.9 834.5 

Q460-W 215.8 0.241 1.13 13.6 520.9 663.5 

Q355-W 213.2 0.179 1.24 17.2 382.0 553.3 

 120 

Initial imperfections, including the welding-induced residual stress and local geometrical 121 

imperfection, are considered for numerical simulation. Experimental investigation on the membrane 122 

residual stresses of HSS and hybrid I-sections has been reported by authors (Chen et al., 2023b). It 123 

was observed that the residual stress distribution is marginally influenced by steel strength grade, and 124 

a new residual stress distribution model applicable to the investigated I-sections was proposed. The 125 

membrane residual stress distribution model used in numerical analysis is illustrated in Fig. 3, the 126 

detailed information can be found in Chen et al. (2023b). The residual stress is introduced by 127 

inputting the initial stress to predefined fields of the model. 128 
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(a) for I-sections with hw≤210 mm (b) for I-sections with hw≥210 mm 

Fig. 3. Residual stress distribution model used in numerical analysis 129 

 130 

Besides, the initial local imperfection of I-sections has been measured in Chen et al. (2023a). The 131 

measurement results showed that average measured local imperfection magnitude of outstand flange-132 

1/49 was close to the one (1/50) recommended in EN 1993-1-5:2006 (2006) for finite element 133 

modelling, while the average magnitude (1/817) for the internal web plate was less than that (1/200) 134 

in Eurocode 3. The local geometric imperfection of the I-section was introduced by importing the 135 

first eigenvalue buckling mode obtained from linear perturbation analysis under loading conditions 136 

(Chen et al., 2023a). 137 

The newly developed residual stress predictive model for I-sections and the local imperfection 138 

magnitudes recommended by Eurocode 3 were applied to numerical models for parametric analysis 139 

after validation. The fillet welds at web-flange junction of welded I-sections were ignored in the 140 

modelling, because of the limited influence (Tse, et al., 2021; Zhu, et al., 2023; Yun et al., 2023). 141 

 142 

2.2 Validation 143 

Compression test results reported in authors’ experimental studies for fixed-ended I-section stub 144 

columns (Chen et al., 2023a) was chosen to validate the effectiveness of FE method in this study. All 145 

the test series for I-sections with 230 mm, 330 mm and 440 section heights, labelled as “H230”, 146 

“H350” and “H440” in Table 2, were replicated. The nominal width and thickness for the flange 147 

plates of I-sections were 110 mm and 10 mm, and the nominal web thickness was 6 mm. Three web 148 

strength grades-fy,nom= 690, 460, 355 MPa were considered for each section dimension. The 149 

nomenclature of test specimens follows the sequence of section height and web strength grade. For 150 

“H230” series, member lengths of 1.2hw and 2.2hw (denoted by L1 and L2 in Table 2) were adopted 151 
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to study the effect of stub column length on the compression behaviour of I-sections. A detailed 152 

discussion on the length effect has been presented in Chen et al. (2023a).  153 

 154 

Table 2. Comparison of ultimate test loads and numerical results for I-section stub columns 155 

Series Specimen 
Nu,test 

(kN) 

Measured imperfection eEC3 

Nu,FE (kN) Nu,FE /Nu,test Nu,FE (kN) Nu,FE /Nu,test 

H230 

H230-690W-L1 2674 2625 0.98 2604 0.97 

H230-690W-L2 2641 2564 0.97 2527 0.96 

H230-460W-L1 2458 2394 0.97 2373 0.97 

H230-460W-L2 2378 2347 0.99 2307 0.97 

H230-355W-L1 2369 2271 0.96 2250 0.95 

H230-355W-L2 2302 2252 0.98 2213 0.96 

H350 

H350-690W 2802 2743 0.98 2734 0.98 

H350-460W 2445 2427 0.99 2417 0.99 

H350-355W 2371 2273 0.96 2256 0.95 

H440 

H440-690W 2887 2824 0.98 2810 0.97 

H440-460W 2422 2421 1.00 2422 1.00 

H440-355W 2363 2269 0.96 2260 0.96 

 Mean   0.98  0.97 

 CoV   0.013  0.015 

 156 

In Table 2, ultimate test loads Nu,test of specimens were compared with FE models with measured 157 

imperfection as well as those with the suggested values in Eurocode 3 (eEC3). Seen from this table, 158 

local imperfection magnitude has a negligible impact on the ultimate loads of I-sections failed by 159 

local buckling in compression, as the mean ratios of numerical ultimate loads Nu,FE to Nu,test are 0.98 160 

and 0.97, with the corresponding Coefficient of Variation (CoV) of 0.013 and 0.015 for models with 161 

measured imperfection and eEC3. 162 

The failure modes of test and FE results for “H230-690W-L2” are set out in Fig. 4. It can be 163 

observed that the numerical model can capture the local buckling behaviour of specimen accurately. 164 

In addition, taking “H230-460-L2”, “H350-460” and “H440-460” as representatives, axial load N 165 

versus end shortening δu curves of test and FE models with eEC3 are depicted in Fig. 5. It can be seen 166 

from these figures that the simulation results of axial load-end shortening response from FE models 167 

with eEC3 are consistent with the test curves, thus proving the effectiveness of the adopted FE method. 168 

 169 
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(a) H230-690W-L2 

 

(b) H350-460W 

 

(c) H440-355W 

Fig. 4. Comparison of failure modes of selected I-section stub columns between test and finite 170 

element model 171 

 172 

  

 

Fig. 5. Comparison of axial load-end shortening curves between test and finite element 173 

models with the recommended local imperfection magnitude in Eurocode 3-eEC3 174 

 175 
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3. Parametric study 176 

To identify the local buckling behaviour of I-sections under axial compression, FE models with 177 

geometrical characteristics presented in Table 3 were established. The thicknesses of flange and web 178 

plates were selected to be equal to 10 mm and 6 mm. Referring to the ratios for local buckling of 179 

flange (cf/tf) and web plates (cw/tw) of universal columns in BS EN 10365 (2017), the ranges of 180 

flange width bf and web height hw were 50~420 mm and 30~420 mm, respectively, and the ratio of 181 

flange local buckling parameter-cf/tf to web local buckling parameter-cw/tw was selected to between 182 

1.5 and 5 as reasonable column section dimensions. cf represents the distance from flange outstand 183 

edge to weld, and cw means the distance between welds along the web plate, as shown in Fig. 1. For 184 

each cross-section dimension, three sectional steel combinations were considered, all of which were 185 

made of Q690 flange, but with different web strength grade steels-Q690, Q460 and Q355, expressed 186 

as “HO-690”, “HY-690+460” and “HY-690+355” in this study. Three times the widest overhanging 187 

width of plates L=3bo was selected to be the length of I-section stub columns to eliminate the effect 188 

from the end restraint of loaded edges (Timensoko and Gere,1961). I-sections failed with the 189 

occurrence of overall buckling takes place were excluded in the parametric study. 190 

 191 

Table 3. Geometric characteristics of I-sections for parametric study (mm) 192 

tf=10; tw=6; (cf/tf)/(cw/tw) =1.5~5; 

bf = 50, 60, 70, 75, 80, 90, 100, 115, 130, 145, 160, 180, 200, 240, 280, 360, 420; 

hw = 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 180, 210, 240, 270, 300, 330, 360, 420; 

 193 

In the subsequent subsections, representative I-sections are selected to investigate the effect of web 194 

strength grade, boundary condition of loaded edges and plate slenderness on the local buckling 195 

behaviour of HSS and hybrid I-sections under axial compression. Geometric characteristics of the 196 

selected representative I-sections are tabulated in Table 4. In this table, σcr,w,SS and σcr,f,SS represent 197 

the critical elastic buckling stress of web and flange plates with simply-supported unloaded edges 198 

according to theory of elastic stability (Timoshenko & Gere, 1961), which can be obtained using 199 

Equation (1). In this equation, σcr,SS denotes the elastic critical buckling stress of the plate with 200 

simply-supported unloaded edges; kSS is the buckling coefficient under the corresponding boundary 201 

condition, i.e., kSS = 4 for the internal web plate, kSS = 0.43 for the outstand flange plate for the 202 

studied I-sections in compression; bp and t denote the width and thickness of the plate, and E and ν 203 

are the material's Young's modulus and Poisson's ratio, respectively.  204 
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In Table 4, Φ in is the ratio of σcr,f,SS to σcr,w,SS, taken as a reference benchmark to determine the 207 

critical plate of I-sections (flange or web) (Gardner et al., 2019; Fieber et al., 2019). As given by 208 

Equation (2), when Φ is greater than unity, the elastic local buckling stress and half-wavelength of 209 

the whole I-section is governed by the web, and Φ＜1 indicates that flange plate controls the elastic 210 

local buckling behaviour of I-section. 211 
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cr,w,SS

1 web is crtical
Φ

1 flange is crtical

σ
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  



＞

＜                                                                                                      (2) 212 

 213 

Table 4. Geometric characteristics of representative I-sections  214 

Specimen bf hw σcr,f,SS σcr,w,SS Φ 
Critical 
Plate 

Nu＞Ny 

B80-H70 80 50 6132 11245 0.55 flange 

B75-H80 75 60 7053 7809 0.90 flange 

B60-H80 60 60 11515 7809 1.47 web 

Nu≈Ny 

B90-H90 90 70 4759 5737 0.83 flange 

B90-H120 90 100 4759 2811 1.69 web 

B75-H120 75 100 7053 2811 2.51 web 

Nu＜Ny 

B160-H130 160 110 1416 2323 0.61 flange 

B160-H260 160 240 1416 488 2.90 web 

B420-H260 420 240 196 488 0.40 flange 

B420-H440 420 420 196 159 1.23 web 

 215 

These I-sections are categorised into three types in terms of the stress distribution and local buckling 216 

behaviour of plate elements: (1) the plates experience a distinct strain hardening stage (Nu＞Ny); (2) 217 

the plates are in the yield plateau stage (Nu≈Ny); (3) the plates undergo the elastic local buckling (Nu218 

＜Ny). Nu and Ny are the ultimate axial load and yield load of I-section stub columns. The calculation 219 

of Ny can be expressed by Equation (3), where fyf and Af represent the yield strength and gross area of 220 

flange plates, and fyw and Aw are the yield strength and area of web. 221 
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 223 

3.1 Effect of web strength grade 224 

3.1.1 I-sections with Nu＞Ny 225 

Among I-sections with Nu＞Ny, “B80-H70” models own comparatively stocky web plates. With Φ = 226 

0.55, this I-section dimension is characterised with the critical flange plate. Fig. 6 displays the stress 227 

contours for the web of “B80-H70” models at the ultimate load Nu, where the region in red reaches 228 

the ultimate stress of materials. It is apparent from this figure that “B80-H70” model with Q690 web-229 

“HO-690” presents a broader red zone than hybrid I-sections-“HY-690+460” and “HY-690+355” 230 

models. The reason behind it is that the ultimate strain εu of “Q690-W” is much less than that of 231 

“Q460-W” and “Q355-W”, as presented in Table 1. 232 

 233 

 

(a) HO-690 

 

(b) HY-690+460 

 

(c) HY-690+355 

Fig. 6. Stress contours of the web for “B80-H70” models at the ultimate load 234 

 235 

Fig. 7(a) and (b) shows the normalised axial load N/Ny against lateral deflection of the flange δf and 236 

web δw of “B80-H70” models. Seen from these figures, no remarkable difference was observed 237 

among N/Ny-δf curves, but an abrupt turn was detected in N/Ny – δw curves of “HY-690+460” and 238 

“HY-690+355” curves. It might be explained by the fact that the local deformation of the flange 239 

causes the opposite movement of web plate to its local buckling. It can be illustrated by the 240 

displacement contour of web plate at the ultimate load in Fig. 7(c), with “HY690+355” as an 241 

example, that opposite displacement occurs between the edges and centre of the web plate. 242 

 243 
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(a) Normalised axial load-flange lateral deflection 
curves 

(b) Normalised axial load-web lateral deflection 
curves 

 

(c) Displacement contour of web plate for “HY690+355” model at the ultimate load 

Fig. 7. Deformation characteristics of “B80-H70” I-section models 244 

 245 

In addition, classified into I-sections with Nu＞Ny, “B75-H80” and “B60-H80” models, with Φ = 246 

0.90 and 1.47, are flange-critical and web-critical I-sections, respectively. Seen from Fig. 8(a), the 247 

web lateral deflection of flange-critical “B75-H80” I-sections is still affected by the flange, revealed 248 

by the unsmoothed curves of I-sections. Comparatively, “B60-H80” models, of which the web plate 249 

is critical, similar N/Ny-δw curves are presented for I-sections with different webs, as provided in Fig. 250 

8(b). 251 

 

(a) “B75-H80” models (b) “B60-H80” models 

Fig. 8. Normalised axial load against web lateral deflection of the selected I-sections with Nu＞Ny 252 
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 253 

3.1.2 I-sections with Nu≈Ny 254 

In Table 4, “B90-H90”, “B90-H120” and “B75-H120” are chosen as representatives with Nu≈Ny. 255 

Among them, “B90-H90” I-section is flange-critical, whilst “B90-H120” and “B75-H120” are web-256 

critical I-sections. Normalised axial load N/Ny-end shortening δu curves of these models with 257 

different web are compared in Fig. 9. For “B90-H90” models, no apparent distinction was observed 258 

for HSS and hybrid I-sections; For “B90-H120” models, a yield plateau was found for hybrid I-259 

sections with Q460 and Q355 webs, but not for HSS homogeneous Q690 section; For “B75-H120” 260 

models, the curves of “HY-690+460” and “HY-690+355” I-sections exhibit an obvious strain 261 

hardening stage, which was not detected in the “HO-690” curve. These findings are consistent with 262 

the experimental observation of Yun et al. (2021) described in introduction.  263 

 264 

 

(a) “B90-H90” models 

 

(b) “B90-H120” models 

 

(c) “B75-H120” models 

Fig. 9. Normalised axial load-end shortening curves of I-sections with Nu≈Ny 265 

 266 

Taking I-sections with Q690 web as an instance, Fig. 10 provides the stress contour of “B90-H120” 267 
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and “B90-H90” models at the ultimate load Nu. It could be observed that though the flange geometry 268 

is identical, the distinctive stress state and distribution are found between these two I-sections with 269 

different web height: for “B90-H90” model with Q690 web, a portion of flange has reached the 270 

ultimate true stress-906MPa and presents an obvious local deformation; for “B90-H120” model with 271 

Q690 web, the majority of flange zone is still in the yield plateau. This phenomenon reveals the 272 

interactive effect between flange and web plates, which can also be demonstrated by the comparison 273 

of N/Ny-δu curves between “B90-H120” and “B75-H120” I-sections in Fig. 9. 274 

 

(a) “B90-H90” model with Q690 web 

 

(b) “B90-H120” model with Q690 web 

Fig. 10. Stress contours of the selected I-sections with Nu≈Ny at the ultimate load 275 

 276 

3.1.3 I-sections with Nu＜Ny 277 

Among the four representative I-sections of which Nu is less than Ny in Table 4, “B160-H130”and 278 

“B420-H260” models is the ones with flange element as the critical plate, when the web element is 279 

more critical than the flange for “B160-H260” and “B420-H440” models.  280 

Based on Bleich’s empirical expression of web critical elastic buckling stress σcr,w in I-sections 281 

(Bleich, 1952), which has been proved by test data (Chen et al., 2023a), the value of σcr,w of “B420-282 

H440” is 229 MPa, revealing that it is elastic local buckling that occurs in the critical web plate 283 

element. For “B420-H260” models, σcr,w is 850 MPa, but its elastic local buckling stress of the whole 284 

cross-section based on Gardner’s prediction approach (Gardner et al., 2019) is 274 MPa, which 285 

indicates the critical flange plate of “B420-H260” I-sections experience an early elastic local 286 

buckling-i.e., less than 274 MPa.  287 

Fig. 11(a) shows N-δf curves of flange-critical “B420-H260” I-sections, where the coincident pre-288 

buckling paths but diverse post-buckling curves were presented among models with different webs. 289 

A similar phenomenon was discovered in the pre-buckling and post-buckling stages in N-δw of the 290 

web-critical “B420-H440 models (Fig. 11(b)).  291 
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(a) “B420-H260” models 

 

(b) “B420-H440” models 

Fig. 11. Axial load-lateral deflection curves of the selected I-sections with Nu＜Ny 

 292 

Normalised axial loads against end shortening δu of all the representative I-sections with N＜Ny are 293 

given in Fig. 12. It can be identified from these figures, N/Ny-δu curves is primarily dependent on the 294 

critical plate element: for models with the flange as critical plate, I-sections with different webs show 295 

similar curve response; whilst for models with the web as critical plate, lower value of Nu/Ny is 296 

achieved by I-sections with higher strength web. This is because that when the web plate failed by 297 

elastic local buckling, there is only limited contribution from the increase of web strength, but the 298 

yield load Ny of I-sections (calculated by Equation (3)) with high strength web in itself is greater than 299 

those with lower strength web. 300 

 301 

 

(a) B160-H130 

 

(b) B160-H260 
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(c) B420-H260 
(d) B420-H440 

Fig. 12. Normalised axial loads against end shortening δu of all the representative I-sections with N＜302 

Ny 303 

 304 

3.2 Effect of boundary condition 305 

Pinned-ended boundary condition was simulated herein to explore the effect of boundary condition 306 

of the loaded edges on the local buckling behaviour of I-sections in compression. As shown in Fig. 307 

13, the rotational freedom along the major and minor axis, as well as the translational freedom along 308 

the longitudinal direction of both end sections are allowed for pinned-ended I-sections. 309 

 310 

Fig. 13. Boundary condition of pinned-ended I-section models 311 

 312 

Table 5 compares the normalised ultimate loads between fixed-ended and pinned-ended models of 313 

the selected representative I-sections. For “B80-H70” I-sections, it is interesting to see that though 314 

“HY-690+355” pinned-ended model is failure by local-overall interactive buckling (Fig. 14(a)), it 315 

still gives higher compression resistance than the corresponding fixed-ended model with local 316 

buckling failure mode (Fig. 14(b)). It can be attributed to the fairly compact plate elements of “B80-317 

H70” I-sections, which still go into the plasticity under the condition of interactive buckling, and 318 
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unlike the fixed-ended I-sections, the web of pinned-ended models is no longer affected by the local 319 

deformation of the flange plates. 320 

 321 

Table 5.  Normalised ultimate load of the selected representative I-sections 322 

Specimen 

Nu /Ny 

Fixed-ended Pinned-ended 

“HO-
690” 

“HY-
690+460” 

“HY-
690+355” 

“HO-
690” 

“HY-
690+460” 

“HY-
690+355” 

B80-H70 1.099 1.101 1.079 1.096 1.097 1.101 

B160-
H130 

0.978 0.970 0.965 0.973 0.965 0.961 

B160-
H260 

0.876 0.909 0.932 0.876 0.911 0.934 

B420-
H260 

0.648 0.641 0.638 0.631 0.629 0.627 

B420-
H440 

0.581 0.593 0.598 0.560 0.572 0.577 

 323 

  

(a) Pinned-ended (b) Fixed-ended 

Fig. 14. Failure modes of “B80-H70” models with different boundary conditions 

 

  

(a) Pinned-ended (b) Fixed-ended 
Fig. 15. Failure modes of “B160-H130” models with different boundary conditions 

 324 
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Among I-sections with Nu/Ny＜1, the failure mode of pinned-ended “B160-H130” and “B160-H260” 325 

columns with L=3bo is the same as to that with that of fixed-ended models, as provided in Fig.15, 326 

which is line with their close curves of N/Ny in Fig. 12 and comparative values of Nu/Ny in Table 5. 327 

In addition, for “B420-H260” and “B420-H440” I-sections with elastic locally buckled critical plate, 328 

as illustrated in Fig. 11, the pre-buckling path of critical plate is not affected by the boundary 329 

condition of the loaded edges, though the ultimate axial loads of pinned-ended I-sections are lesser 330 

because of the occurrence of interactive buckling. Also, it was observed that the influence of web 331 

strength grade on the normalised axial load for pinned-ended I-sections was similar to those with 332 

fixed-ended boundary condition. 333 

Overall, compared with fixed-ended models, pinned-ended I-sections are more susceptible to overall 334 

buckling, and less impacted by the local deformation of critical plate element. No distinction in the 335 

compression resistance between locally buckled pinned-ended and fixed-ended models are observed. 336 

 337 

3.3 Effect of plate slenderness 338 

The effect of geometric dimension-flange and web slenderness on the local buckling behaviour of I-339 

sections under axial compression is examined underpinned by finite element results. Fig. 16 340 

illustrates the variation of normalised ultimate loads Nu,FE /Ny among I-sections with different web 341 

strength grades. Models with selected flange width-to-thickness ratio bf/tf = 5, 10 and 21 were 342 

analysed, as presented in Fig. 16(a). It can be seen from this figure that when bf /tf is 5, close values 343 

of Nu,FE/Ny were observed among I-sections with different webs. For I-sections with bf /tf equal to 10 344 

and 21, with the increase of web height to-thickness ratio hw/tw, the divergence in Nu,FE/Ny among 345 

models with different webs was detected to be larger. This is because when the web becomes slender, 346 

it would be prone to be the critical plate element of I-sections, and thus greatly influence the values 347 

of Nu,FE/Ny. Similar observation was found for I-sections with hw/tw = 40 in Fig. 16(b), whereas the 348 

effect of web strength grade is minor when hw/tw = 6.7 or 20. 349 

 350 

(a) Against web height-to-thickness ratio 351 
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 352 

(b) Against flange width-to-thickness ratio 353 

Fig. 16. Variation of normalised ultimate loads among I-sections with different web strength grades 354 

 355 

It is worth noting that in the current codified design approaches for steel structures (EN 1993-1-1, 356 

2005; ANSI/AISC 360-16, 2016; AS 4100, 2020), in terms of cross-section behaviour, the plate 357 

slenderness is stipulated together with the material yield strength by yf . In view of this, Fig. 17 358 

shows the normalised ultimate loads against w w ywh t f for I-sections which have been compared in 359 

Fig. 16(a). Generally, it can be observed that similar trend was found among Nu,FE/Ny against360 

w w ywh t f  for I-sections with different webs in Fig. 17. 361 

In addition, from Figs. 16 and 17, it can be seen that distinct Nu,FE/Ny results are observed among I-362 

sections of which one plate slenderness is identical and the other plate slenderness is different, 363 

further confirming the interactive effect between flange and web plates.  364 

w w ywh t f

 365 

Fig. 17. Variation of normalised ultimate loads against w w ywh t f for I-sections with different web 366 

strength grade 367 
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3.4 Summary 368 

Through the above parametric analysis on web strength grade, boundary condition and plate 369 

slenderness, it was shown that: 370 

(1) The inelastic and elastic local buckling behaviour of HSS and hybrid I-sections are highly 371 

dependent on the critical plate element. 372 

(2)  Fixed-ended boundary condition, providing the comparative results to locally buckled pinned-373 

ended models, is preferable to analyse the local buckling behaviour of I-sections under axial 374 

compression, because of the less likelihood of overall buckling. 375 

(3) The interactive effect between flanges and web is demonstrated to exist in I-sections under axial 376 

compression. 377 

 378 

4. Assessment on the current design methods 379 

4.1 General 380 

In this section, the applicability of codified design provisions based on the effective width method-381 

European, Australian and American standards for steel structures to the design of HSS and hybrid I-382 

section in compression was assessed, in terms of class-section classification and design resistance. 383 

Furthermore, the newly developed direct strength method (DSM) and the continuous strength 384 

method (CSM), as well as Kato’s method (1998; 1999) were extended to the design of local buckling 385 

behaviour of HSS and hybrid I-sections in compression, based on the finite element results in this 386 

study, along with test data of HSS and hybrid I-sections made of 690 MPa flange in Rasmussen and 387 

Hancock (1992), Yun et al. (2021), Sun et al. (2019) and Chen et al. (2023a) described in 388 

introduction. 389 

 390 

4.2 Effective width method 391 

The concept of effective width (beff in Fig. 18), first established by Karman (1932), is used to 392 

account for the uneven stress distribution (solid line in Fig. 18) of buckled thin flat plate with the 393 

width of bp subject to compression. This concept has been taken as the mainstream in the current 394 

design specifications of steel structures. The provisions in Eurocode 3 (EN 1993-1-1:2005, 2005; EN 395 

1993-1-12:2007, 2007; prEN 1993-1-1:2020, 2020), Australian code (AS 4100-2020, 2020) and 396 

American specifications for steel structures (ANSI/AISC 360-16; 2016), all of which are 397 

characterised with the effective width method, were assessed in this study. 398 

 399 
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Fig. 18. Concept of effective width 

 400 

Table 6 tabulates the slenderness parameters and limiting ratios of flange (outstand compression 401 

element) and web (internal compression element) in codes. The symbols in this table have been 402 

illustrated in Fig. 1. What stands out in this table is that the limiting ratio for flange plate in 403 

ANSI/AISC 360-16 (2016) uses a web slenderness-related coefficient kc to incorporate the element 404 

interaction. Plate elements with width-to thickness ratio less than the limiting ratios in this table are 405 

considered to be unbuckled before yielding, and thus the full width of plate is able to reach the 406 

yielding stress fy. In Table 6, εEC3, εAS and εAISC represent the fy-dependent factor in the design 407 

specifications. 408 

 409 

Table 6. Element classification for the I-section subject to compression in codes  410 

Specification 
fy-dependent 
factor 

Outstand element-flange Internal element-web 

Slenderness 
parameter 

Limiting 
ratio 

Slenderness 
parameter 

Limiting 
ratio 

Eurocode 3 
EC3

y235

ε

f
  f EC3 fc ε t  14  w EC3 wc ε t  42 (38 a) 

AS 4100 
AS

y250

ε

f
    f w AS f2b t ε t  14  w AS wh ε t  35 

ANSI/AISC 
360 

AISC

y

ε

E f
  f AISC f2b ε t  c0.64 k b  w AISC wh ε t  1.49 

Note: 411 

a. 38 is the limiting ratio in the revised version of Eurocode 3-prEN 1993-1-1:2020. 412 

b. c w w4k h t , but shall not be taken less than 0.35 nor greater than 0.76 for calculation purposes. 413 

 414 

The applicability of the classification limits in Eurocode 3 to HSS and hybrid I-section stub columns 415 

was set out in Fig. 19. Seen from Fig. 19(a), the local buckling behaviour of flange plate in HSS and 416 

hybrid I-sections can be generally captured by the slenderness limiting ratio-14. The web limiting 417 

ratios in current version (EN 1993-1-1:2005, 2005)-42 and prEN 1993-1-1: 2020 (2020)-38 were 418 

evaluated in Fig. 19(b). Some data points within between 38 and 42 are below the reference line of 419 
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Nu/Ny =1 due to the element interaction, the limit in prEN 1993-1-1 (2020) is thus thought to be 420 

comparatively safter. 421 

 f EC3 fc ε t

 

(a) Flange 

 w EC3 wc ε t

(b) Web 

Fig. 19. Assessment of cross-section classification limit in (pr) EN1993-1-1 422 

 423 

The predicted to-(test or) FE resistance ratios Nu, EC3 based on Eurocode 3 to Nu against flange and 424 

web slenderness parameters are plotted in Fig. 20. What is illustrated in Fig. 20(a) is that Eurocode 3 425 

underestimates the compressive resistance of HSS and hybrid I-sections with slender flange, which 426 

agrees with the findings of Shi et al. (2014; 2015) for Q460 and Q960 welded I-sections in 427 

compression, implying that those codified design expressions in Eurocode 3 (EN 1993-1-5:2006, 428 

2006) gives conservative results for outstand compression elements. Fairly scattered prediction 429 

results of Nu,EC3/Nu were observed for I-sections with high web slenderness ratio, as shown Fig. 20(b), 430 

which demonstrates that flange width-to-thickness ratio affects the prediction accuracy of I-sections 431 

with identical web slenderness, principally attributed to the interactive effect between flanges and 432 

web. 433 

 434 
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 f EC3 fc ε t

 

(a) Against flange slenderness 

 w EC3 wc ε t

 

(b) Against web slenderness 

Fig. 20. Comparison of normalised ultimate loads between (test or) finite element results and design 435 

resistances in Eurocode 3 436 

 437 

Figs 21 and 22 show the assessment results of Australian code (AS4100-2020, 2020). Which is 438 

displayed in Fig. 21 is that the yield slenderness limiting ratios in AS4100 are acceptable to classify 439 

the local buckling behaviour for flange and web elements of HSS and hybrid I-sections. The ratios of 440 

Australian code prediction results Nu,AS to test and FE data Nu against flange and web slenderness 441 

were shown in Fig. 22. Similar observation results to Eurocode 3 were obtained: underpredicted 442 

compression resistances were found for sections with high slenderness flange, and scattered 443 

predictions was given by slender-web sections. 444 

   f w AS f2b t ε t

 

 w AS wh ε t

 

(a) Flange (b)Web 

Fig. 21. Assessment of cross-section classification limit in AS 4100 445 

 446 
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   f w AS f2b t ε t

(a) Against flange slenderness 

 w AS wh ε t

(b) Against web slenderness 

Fig. 22. Comparison of normalised ultimate loads between (test or) finite element results and design 447 

resistances in AS 4100 448 

 449 

The slenderness limitations in ANSI/AISC 360 (2016) based on the test and FE data set were 450 

assessed in Fig. 23. In Fig. 23(a), the flange slenderness limit is expected to be stricter for HSS and 451 

hybrid I-sections to provide safe predictions, and Fig. 23(b) reveals that the limiting ratio of web 452 

plate is suitable for investigated I-sections. The predicted-to-test (or FE) resistance ratios Nu,AISC/Nu 453 

based on ANSI/AISC 360-16 is given in Fig. 24. It was clear that the AISC provisions generally 454 

offer accurate predictions, but some overestimated results might lead to unsafe design for HSS and 455 

hybrid I-sections. 456 

 f f yf c2b t f k E

 

(a) Flange 

w w ywh t f E

(b) Web 

Fig. 23. Assessment of cross-section classification limit in ANSI/AISC 360 457 

 458 
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 f f yf c2b t f k E

(a) Flange 

w w ywh t f E

(b) web 

Fig. 24. Comparison of normalised ultimate loads between (test or) finite element results and design 459 

resistances based on ANSI/AISC 360 460 

 461 

In general, the slenderness limits in European, Australian and American codes are suitable for welded 462 

HSS and hybrid I-sections in compression. Eurocode 3 and AS 4100 give overconservative 463 

predictions to I-sections with slender flange, in comparison, AISC specification provides more 464 

accurate predictions. 465 

 466 

4.3 Direct strength method 467 

Distinct from the effective width method, the direct strength method (DSM) is based on the overall 468 

cross-section slenderness λp, rather than individual plate slenderness, to take account of the flange-469 

web interaction. The overall cross-section slenderness λp can be calculated by Equation (4), where, 470 

the second expression which is load-dependent can be taken as λp,N. 471 

y

cr,cs

p

y y
p,N

cr,cs cr,cs cs

stress-dependent

or

load-dependent

f

f

λ

N N
λ

N f A




 

   

                                                                                   (4) 472 

In this equation, fcr,cs and Ncr,cs denote the critical elastic buckling stress and load of overall cross-473 

section, and Acs represent the gross cross-section area. The value of σcr,cs can be determined by finite 474 

element or finite strip methods, as well as estimated formulae. In this study, the calculation of fcr,cs is 475 

based on the estimation approach proposed by Gardner et al. (2019). It is worth noting that for 476 

homogenous sections with single one steel material, the result of stress-dependent expression in 477 

Equation (4) is the same as the load-dependent one. However, for hybrid sections consisting of 478 
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different steel materials, there could be different considerations on the selection of fy in Equation (4). 479 

According to the comprehensive parametric study results in Section 3, the local buckling behaviour 480 

of hybrid I-sections is highly dependent on the critical plate element which governs the local 481 

instability behaviour. Therefore, for hybrid I-sections, the stress-dependent expression in Equation (4) 482 

At the same time, load-dependent overall cross-section slenderness is also considered in the 483 

following analysis. 484 

The DSM utilises the direct relation between the design resistance and overall cross-section 485 

slenderness, and it has been applied to design of the cold-formed, hot-rolled and welded HSS 486 

sections (Shifferaw and Schafer, 2012; Pham and Hancock; 2013; Li, 2014; Chen et al., 2022). Li 487 

(2014) extended the DSM to the design of welded homogeneous H-sections made of 235 MPa, 355 488 

MPa and 460 MPa steels, whose formulas are indicated by Equation (5). 489 

p
u,DSM,Li

p0.465 0.93y
p p

1 0.694

0.499 0.29
0.694

λ
N

λN
λ λ


  


＞                                                                                                 (5) 490 

Fig. 25(a) depicts the relation between Nu/Ny and stress-dependent overall cross-section slenderness 491 

based on the critical plate λp,cr of all the test and FE data. It was shown that the equations developed 492 

by Li (2014) can generally capture the local buckling behaviour of HSS and hybrid I-sections. 493 

However, data points belong to “HY-690+355” slender I-sections with λp,cr ＞0.694 were found to be 494 

located below the Li’s DSM curve. This is because the lower strength web resulting to the lesser 495 

value of λp,cr when web plate is critical. 496 

The ratio of Nu to Ny against load-dependent overall cross-section slenderness λp,N is presented in Fig. 497 

25(b), where more concentrated distribution data were detected among slender I-sections, but 498 

underestimated by Li’s curve. Thus, it is suggested to establish a new DSM curve based on the load-499 

dependent slenderness λp,N for the investigated HSS and hybrid I-sections, as expressed by Equation 500 

(6), which has been shown to fit the data points well in Fig. 25(b). 501 

 
p,Nu,DSM

0.63 0.63
p,N p,N p,Ny

1 0.68

1 0.165 0.68

λN

λ λ λN  

     ＞                                                                                   (6) 502 
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(a) Against stress-dependent overall cross-
section slenderness 

 

(b) Against load-dependent overall cross-section 
slenderness 

Fig. 25. Normalised ultimate load against the overall cross-section slenderness curves 503 

 504 

4.4 Continuous strength method 505 

The continuous strength method (CSM) is a deformation-based design method, incorporating the 506 

deformation ability and material properties of the whole cross-section. In this method, the 507 

deformation capacity is featured by the base curve, which describes the correlation between the ratio 508 

of the CSM limiting strain to yield strain-εCSM/εy and the overall cross-section slenderness λp; an 509 

appropriate material model is also indispensable to transform εCSM to the CSM limiting stress fCSM, so 510 

that the cross-section resistance can be derived by stress distribution. The expressions for the CSM 511 

base curve for non-slender and slender sections have been developed for materials with an obvious 512 

yield plateau (Buchanan et al., 2016; Zhao et al., 2017), as denoted by Equation (7); then using the 513 

constitutive relation between fCSM and εCSM (Equation (8)), the compression strength can be obtained 514 

by Equation (9). 515 

u 1 u

y yCSM

y u

y

min 15 for non-slender sec tions

for slender sec tions

δ L C ε

ε εε

ε N

N

  
      





，

                                                                 (7) 516 

 

CSM CSM y

CSM y y CSM sh

y sh CSM sh sh CSM 1 u

for 

for 

for 

Eε ε ε

f f ε ε ε

f E ε ε ε ε C ε

 
 
   

＜

＜

                                                                    (8) 

C SM C SMN Af                                                                                                                                         (9) 517 

The material model parameters for HSSs have been developed in Chen et al. (2022) based on the 518 

quad-linear stress-strain relation for hot-rolled steels proposed by Yun and Gardner (2017), which is 519 

illustrated in Fig. 26. Where, C1 is the model coefficient applied in Equation (7) to avoid over-520 
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strength predictions, and C2 is used to determine strain hardening modulus 𝐸sh. The formulas of εu, 521 

εsh, C1 and C2 for HSS and hot-rolled steels can be found in Chen et al. (2022) and Yun and Gardner 522 

(2017). 523 

 

Fig. 26. Quad-linear material model for HSS 
materials in the CSM 

 524 

Based on the above Equations (7)~(9), for slender I-sections, the CSM compressive resistance 525 

expression for slender I-sections is obtained by regressively analysing the ratios of Nu to Ny. Thus, 526 

the design expression for slender I-sections with λp,N ＞0.68 in the DSM can be directly applied to 527 

the base curve for slender sections in the CSM with high accuracy, as set out in Fig. 27. 528 

 

Fig. 27. Base curve for slender I-sections 
in the CSM 

 529 

As presented by Equation (7), the deformation ability, i.e., base curve for non-slender I-sections, is 530 

denoted by the ratio of normalised end shortening δu/L at the ultimate load Nu of columns to the yield 531 

strain δy. Fig. 28 presents the normalised end shortening δu/L against stress-dependent and load-532 

dependent overall cross-section slenderness-λp,cr and λp,N. It can be observed from Fig. 28(a) that only 533 

minor differences in deformation δu/L were found among non-slender web-critical I-sections, whilst 534 

distinct values of λp,cr are obtained because of different web yield strength. Compared with λp,cr, less 535 

dispersed data distribution could be obtained by using λp,N as the abscissa, as shown in Fig. 28(b). 536 
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This result can be explained by that though the local buckling behaviour of I-sections in compression 537 

is significantly affected by the critical plate element of I-sections, only minor distinctions in the 538 

ultimate loads among I-sections with different webs were observed, as shown by the curves of Figs 8, 539 

12, 16 and the data of Table 5. In Fig. 28(a), “-crF” and “-crW” mean these models are featured with 540 

flanges and web as the critical plates, respectively. 541 

 542 

 

(a) Against stress-dependent overall cross-
section slenderness 

 

(b) Against load-dependent overall cross-section 
slenderness 

Fig. 28. Deformation of non-slender HSS and hybrid I-sections against overall cross-section 543 

slenderness 544 

 545 

The deformation capacity of HSS and hybrid I-sections against the stress-dependent and load-546 

dependent overall cross-section slenderness is depicted in Fig. 29(a) and (b). In this figure, εy,cr is the 547 

yield strain of critical plate element of I-sections; εy,aver denotes the area-weighted average yield 548 

strain, which is the ratio of area-weighted average yield strain fy,aver to the elastic modulus E, as 549 

expressed by Equation (10). 550 

csy,aver y
y,aver

N Af
ε

E E
                                                                                                                          (10) 551 

Lan et al. (2018) and Liu et al. (2023) established the CSM base curves for non-slender HSS 552 

rectangular/square hollow sections (Equation (11)) and hybrid T-sections with Q690 flange and Q355 553 

web (Equation (12)), respectively. The deformation ability of HSS and hybrid I-sections against the 554 

stress-dependent slenderness of critical plate was compared with the curves of Lan et al. (2018) and 555 

Liu et al. (2023) in Fig. 29. From Fig. 29(a), it can be seen that the scatteredly distributed data points 556 

based on the critical plate of I-sections cannot be captured well by Equations (11) and (12). In Fig. 557 

29(b), when the load-based overall cross-section slenderness λp,N is used, it was found that both of 558 

Lan et al. (2018) and Liu et al. (2023) curves largely overpredict the deformation ability of non-559 
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slender I-section with λp,N ＞0.37, and thus a new CSM base curve for HSS and hybrid I-sections in 560 

compression based on λp,N was developed, whose expression is denoted by Equation (13).  561 

CSM 1 u
p3.174

y p yLan

0.294
min 15  for 0.68

ε C ε
λ

ε λ ε

   
        

   
，                                                                              (11) 562 

CSM 1 u
p3.887

y p yLiu

0.178
min 15  for 0.64

ε C ε
λ

ε λ ε

   
        

   
，                                                                              (12) 563 

 

1 u
p,N2.9CSM

p,N y

y 0.63 0.63
p,N p,N p,N

0.33
min 15 for 0.68  

  
1 0.165 for 0.68

C ε
λε λ ε

ε
λ λ λ 

  
        

   

，

＞

                                                                           (13) 564 

  

(a) Against stress-dependent overall cross-section 
slenderness 

  

(b) Against load- dependent overall cross-
section slenderness 

Fig. 29. Base curve for non-slender HSS and hybrid I-sections in the CSM 565 

 566 

Based on the obtained the CSM base curve (Equation (13)) and the quad-linear material model in Fig. 567 

26, the compression resistance of HSS and hybrid I-section stub columns can be obtained according 568 

to Equations (7)~(9). Note that for I-sections fabricated by different steels, Equation (9) needs to be 569 

converted into Equation (14), where fCSM,f and fCSM,w represent the CSM limiting stresses of flange 570 

and web plates, respectively. The CSM material model for HSS (Q690 and Q460 in this study) and 571 

NSS (Q355 in this study) plate elements can refer to Chen et al. (2022) and Yun and Gardner (2017). 572 

CSM f CSM,f w CSM,wN A f A f                                                                                                            (14) 573 

 574 

4.5 Kato’s method 575 

The method proposed by Kato (1998, 1999) is adopted to be the basis of cross-section classification 576 

in the Japanese recommendation for limit state design of steel structures (AIJ LSD, 2010), which has 577 
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specified the design of I-/H-section structural steels with fy,nom up to 440 MPa. According to Kato’s 578 

method, the cross-section resistance in compression can be expressed by Equation (15), where, A, B 579 

and C are the coefficients to be determined on the statistics analysis of data; λf and λw denote flange 580 

slenderness and web slenderness, which can be calculated using Equation (16). It can be seen from 581 

these equations, this method incorporates the flange and web slenderness into one equation to 582 

consider the element interaction. 583 

Kato y f w

1 B C
A

/N N λ λ
                                                                                                                         (15) 584 

where, 585 
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                                                                                                                             (16) 586 

After a statistical analysis of the data pool in this study, the design compressive resistance based on 587 

the Kato’s method can be obtained as Equation (17). By substituting Nu,Kato =Ny into Equation (17), 588 

the classification limit is thus derived as Equation (18). As a result, Equation (19) is then taken as the 589 

design equations for HSS and hybrid I-section under axial compression. Fig. 30 compares the test 590 

and FE results with the proposed Kato’s curve, this curve was observed to provide satisfactory results. 591 
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Fig. 30. Proposed curve based on the Kato’s 

method 

 595 

4.6 Summary 596 

The statistical analysis results of the codified design methods, as well as the newly proposed DSM, 597 

CSM and Kato’s method expressions are summarised in Table 7. Among all the mentioned design 598 

codes, it can be seen from this table that ANSI/AISC 360-16 (2016) offers more suitable results than 599 

Eurocode 3 and AS 4100, and it was also found that these design provisions always give more 600 

accurate predictions for hybrid I-sections with the lowest strength web- “HY-690+355”. In addition, 601 

all the newly developed design expressions provide satisfactory predictive accuracy. In comparison, 602 

the CSM generally shows more accurate and less scattered predictions, which might be attributed to 603 

the consideration of the strain hardening in the CSM material model, whereas both the design 604 

formulas of the DSM and Kato’s method take Nu,pred =Ny for non-slender I-sections in compression. 605 

 606 

Table 7. Statistical analysis results of design methods 607 

Design method 
HO-690 HY-690+460 HY-690+355 

Mean CoV Mean CoV Mean CoV 

Nu /Nu,EC3 1.081 0.083 1.071 0.086 1.065 0.083 

Nu /Nu,AS 1.160 0.141 1.141 0.146 1.128 0.143 

Nu /Nu,AISC 1.036 0.066 1.023 0.067 1.019 0.063 

Nu /Nu,DSM 1.040 0.055 1.031 0.058 1.026 0.057 

Nu /Nu,CSM 1.042 0.052 1.034 0.053 1.030 0.051 

Nu /Nu,Kato 1.055 0.055 1.036 0.059 1.027 0.058 

 608 

5 Reliability analysis 609 

The first-order reliability analysis method in Eurocode 3 (EN 1990, 2005) was adopted to assess the 610 

reliability level of the treatment of local buckling behaviour for HSS and hybrid I-sections in 611 

compression discussed in Section 4. The material over-strength fy,mean/fy,nom, was 1.12 with the CoV = 612 
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0.066 according to statistical results in Chen et al. (2022), and the CoV of geometric properties was 613 

selected to be 0.05 (AA ADM-2010, 2010; Chen et al., 2022). Reliability analysis results of design 614 

methods are tabulated in Table 8. In this table, b is the average ratio of test and FE results to design 615 

strength according to the least squares analysis; Vr means the CoV covering both model and basic 616 

variable uncertainties; γM0 denotes the partial safety factor for cross-section resistance. 617 

It is clear from this table that with the highest partial safety factors-1.24 and 1.25, Australian code 618 

(AS 4100-2020, 2020) usually overestimates the compression resistance of HSS and hybrid I-section 619 

stub columns, whereas Eurocode 3 and AISC specification present more reliable design resistance 620 

results with the derived partial factors ranging between 1.16-1.18. In comparison, all the newly 621 

proposed design expressions in this study feature lesser values of Vr and γM0, demonstrating that 622 

more accurate and less scattered predictions than the design rules in codes. 623 

 624 

Table 8. Reliability analysis results of design methods 625 

Design method Section steel combination b Vr  γM0 

Eurocode 3 

HO-690 0.994 0.115 1.17 

HY-690+460 1.051 0.117 1.18 

HY-690+355 1.060 0.115 1.17 

AS 4100 

HO-690 1.117 0.156 1.24 

HY-690+460 1.080 0.160 1.25 

HY-690+355 1.060 0.156 1.24 

ANSI/AISC 360 

HO-690 0.963 0.105 1.16 

HY-690+460 1.025 0.106 1.16 

HY-690+355 1.020 0.104 1.16 

DSM 

HO-690 1.047 0.099 1.15 

HY-690+460 1.036 0.099 1.15 

HY-690+355 1.027 0.099 1.15 

CSM 

HO-690 1.048 0.097 1.15 

HY-690+460 1.040 0.098 1.15 

HY-690+355 1.036 0.097 1.15 

Kato 

HO-690 1.062 0.099 1.15 

HY-690+460 1.045 0.101 1.15 

HY-690+355 1.036 0.101 1.15 

 626 

6 Conclusions  627 

This study focuses on the local buckling behaviour of welded HSS and hybrid I-sections under axial 628 

compression, which has not been dealt with in detail in previous literature. Using the validated 629 

numerical method, an extensive parametric study was conducted to investigate the effect of web 630 
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strength grade, boundary condition and plate slenderness. The parametric study results revealed that 631 

the critical plate element governs the local buckling behaviour of HSS and hybrid I-sections. The 632 

interactive effect between flanges and web is also confirmed to exist in I-sections in compression.  633 

A total of 243 models of HSS and hybrid I-section stub columns established in this study, as well as 634 

the collated test data, were used to assess the design rules in European, Australian, and American 635 

standards for designing steel structures. Among the codified design provisions, ANSI/AISC 360-16 636 

was found to offer more reliable design resistance than Eurocode 3 and AS 4100. In addition, the 637 

recently developed continuous strength method (CSM), direct strength method (DSM) and Kato’s 638 

method, which can consider flange-web interaction, were extended to the design of HSS and hybrid 639 

I-sections in compression. Statistical and reliability analysis results have demonstrated the 640 

satisfactory predictions of the proposed CSM, DSM, and Kato's method design expressions. These 641 

newly developed design approaches that consider flange-web interaction are expected to improve the 642 

accuracy and efficiency for the design of the local buckling behaviour of HSS and hybrid I-sections 643 

in compression. This paper provides insight into the local buckling behaviour and mechanism behind 644 

plate interaction of hybrid I-sections. 645 
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