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Abstract 9 

Local buckling behaviour of welded high strength steel (HSS) I-sections subjected to bending 10 

is crucial for structural designs, and has been found to be affected by the interactive effect 11 

between flanges and web. To realise accurate designs considering the local buckling behaviour, 12 

the continuous strength method (CSM), direct strength method (DSM) and the method from 13 

Kato, all of which incorporate the element interaction, have been developed for hot-rolled or 14 

cold-formed structures fabricated with conventional strength steel, aluminium or stainless steel. 15 

This paper aims to extend these methods for the design of welded HSS I-sections subject to 16 

bending. The results of 593 HSS material tensile tests and 40 tests on HSS I-beams are collated. 17 

526 numerical models are generated to expand the data pool for this study using the validated 18 

finite element method. Underpinned by the collection of test data and numerical data generated 19 

from an extensive parametric study, the design expressions based on the CSM, DSM and the 20 

method from Kato, applicable to HSS I-sections under bending, are proposed. The statistical 21 

and reliability analysis indicate that the proposed CSM, DSM and Kato’s method provide more 22 

satisfactory strength predictions than the codified design rules in Eurocode 3 and AISC 23 

specification. In comparison with the proposed CSM and DSM, the predictions based on the 24 

modified Kato’s method show higher accuracy, which may be attributed to the separate 25 

consideration for the effect of flange and web slenderness in Kato’s expression. 26 

Keywords: Local buckling behaviour; welded high strength steel I-section; bending; 27 

continuous strength method; direct strength method; the method from Kato. 28 

29 

1 Introduction 30 

High strength steel (HSS), typically defined as the steel with nominal yield stress of more than 31 

460 MPa [1-2], has attracted increasing attention for its application in the construction of 32 

buildings and bridges [3] due to its higher strength than conventional strength steel for lighter 33 

and stronger structures with reduced embodied carbon footprint [4]. To apply HSS structures 34 
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in the engineering practice, efficient design methods of the structures are vital. For the design 35 

of HSS structures, local buckling behaviour is one of the main concerns due to its relatively 36 

thin plate thickness. The current codified design methods [5-6] developed primarily based on 37 

the research data for conventional strength steel structures use the concept of section 38 

classification to identify the extent which the cross-section resistance is limited by local 39 

buckling. Generally, in these specifications, the plate width to thickness limit of each class is 40 

provided individually for different plate elements. However, element interaction is experienced 41 

by the constitutive plates of section, as the degree of restraint against rotation at the junction of 42 

plate elements relies on the geometric characteristics of the joined plates. In the last two 43 

decades, the interactive effect between flanges and web in high strength steel (HSS) I-sections 44 

under bending has been highlighted by many researchers [7-12]. It is thus imperative to 45 

generate more efficient design methods for the design of local buckling of HSS I-beams.  46 

Hitherto, the deformation-based continuous strength method (CSM), and the strength-based 47 

direct strength method (DSM) have been developed for predicting the cross-sectional resistance 48 

with the consideration of local buckling behaviour for structures fabricated with aluminium 49 

alloy [13-15], stainless steel [16-18], hot-rolled steel [19] and cold-formed steel [20-21] with 50 

various cross-section shapes. Both methods are based on the overall cross-section slenderness 51 

λp, instead of the slenderness of individual constitutive plates, so that element interaction can 52 

be taken into account. Owing to these advantages of CSM and DSM, research studies have 53 

been performed to extend the methods to HSS structures with tubular cross-sections and subject 54 

to compression or bending [22-24]. However, the suitability of CSM and DSM for HSS I-55 

section subjected to bending remains unexplored, leading to the motivation of this study. 56 

In addition to the CSM and DSM, a semi-empirical approach proposed by Kato [25-26] is well-57 

established for dealing with the local bucking of I-section. In this method, a simple design 58 

expression incorporating both flange slenderness and web slenderness to inherently take the 59 

flange-web interaction into account is used to calculate local buckling resistance of members. 60 

This method has been adopted by Japanese limit state design of steel structures [27], and the 61 

slenderness limit for cross-sections made of Japanese conventional steels-SN 400, SN490 and 62 

SA 440 grade steels are specified in this code. Kato’s method was also utilized by Beg and 63 

Hladnild [7] to establish the Class 3 slenderness limit for I-beams made of HSS NIONICRAL 64 

70 (nominal yield stress fy,nom =700 MPa) through a parametric study of 17 numerical models. 65 

However, this slenderness limit was developed using relatively limited test data. Thus, 66 

developing a reliable design expression based on the Kato’s method for HSS I-sections under 67 

bending is also considered in this study.  68 
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In this paper, test data on HSS tensile coupons and HSS I-beams were firstly gathered. A 69 

validated finite element method was subsequently employed to generate sufficient data 70 

covering various geometric dimensions and different HSS grades. Both the collated test results 71 

from the literature and the supplementary numerical data generated in this study were utilised 72 

to evaluate the existing CSM, DSM and Kato’s method and to develop the modified 73 

expressions applicable for HSS I-beams. Improved accuracy of the proposed design methods 74 

for estimating the local buckling resistance of HSS I-section under bending was demonstrated 75 

through the comparison with the predictions using the codified design rules. The reliability of 76 

the proposed design methods was also examined by performing a reliability analysis in 77 

accordance with the European code approach [28].  78 

 79 

2 Experimental database 80 

2.1 Tensile Coupon tests for HSS  81 

A total of 593 HSS tensile coupon test results were gathered to capture the basic material 82 

properties for developing the material model for HSS. The model was subsequently used for 83 

numerically investigating HSS structures and developing CSM for HSS I-sections under 84 

bending, as described in subsequent sections. Based on characteristics of the measured stress-85 

strain curves reported in the literature, HSS materials were classified into three series, as listed 86 

in Table 1. The most remarkable distinction among these series is the yield plateau: curves of 87 

the steel with fy,nom = 460 MPa primarily have a distinct yield plateau, while the steel with fy,nom 88 

from 890 to 1100 MPa have a round material response with the absence of a well-defined yield 89 

point; for the steel with fy,nom = 500-700 MPa,  both of the above cases have been observed. 90 

Tables 2-4 summarizes the number and details of HSS test data for each series. The yield 91 

plateau and delivery condition for steels with fy,nom from 500 to 700 MPa are highlighted in 92 

Table 3 to identify the relationship between them, and no obvious relation was observed on the 93 

basis of the presented information in this table.  The collected data in Tables 2-4, unless 94 

otherwise specified, were generated through testing coupons cut from steel sheets.  In these 95 

tables, f and ε represent the stress and strain of steel material, respectively; εu means the ultimate 96 

tensile strain, and εsh is the strain at onset of strain hardening, as illustrated in the Fig. 1. 97 

 98 

 99 

 100 

 101 

 102 
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Table 1 Characteristics of the measured stress-strain curve for HSS materials 103 

Nominal yield stress /MPa Yield plateau 

460 Y 

500-700 B 

890-1100 N 

Note: “Y” represents that the yield plateau is observed in the engineering stress-strain curves; “N” 104 

represents no yield plateau is found; “B” means that both “Y” and “N” coexist for this case. 105 

 106 

Table 2 Summary of tensile coupon test results for the steel with fy,nom = 460 MPa 107 

Reference Steel grade Full f-ε curves εu εsh
a 

[29] Q460C / 2 / 

[30] Q460D / 3 / 

[31]△ Q460C 4 3 3 

[32] Q460C / 3 3 

[33] Q460 / 2 2 

[34]△ Q460D 3 3 3 

[35] Q460GJ 3 / / 

[36] Q460 / 6 6 

[37]△,[38] S460 (SHSb and RHSc) 1 6 / 

[39-43] Q460GJ 9 30 15 

[44] Q460D 2 3 / 

[45] Q460 10 / / 

[46] Q460 3 3 3 

[47] Q460D 2 2 / 

[48] Q460GJ 2 2 / 

[49] Q460GJ 2 2 / 

[50] Q460GJ 2 2 2 

[51] Q460 (sheet and OctHSd) 2 30 2 

[52] Q460C 5 / / 

Total 50 102 39 

/: the information is unavailable in the literature. 108 

a: the value of εsh is given in the literature 109 

b: square hollow section; c: rectangle hollow section; d: octagonal hollow section 110 
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Table 3 Summary of tensile coupon test results for the steel with fy,nom = 500-700 MPa 111 

Reference Steel grade 
Full f-ε 

curves 
εu εsh 

a 
Delivery 

Condition 

[53] A514 / 12 Y QT 

[54] BISALLOY 80 2 2 N QT 

[55] 700Q 1 1 Y QT 

[56] HPS-100W 5 5 B QT 

[11] BISPLATE-80 2 23 N QT 

[57] △ S690 / 2 / / 

[58] 
S700MC  / 3 N TMCP 

S690QL1 / 1 Y QT 

[59] RQT701 1 / N QT 

[35] Q550GJ and Q690GJ 2 / N / 

[60] S690 1 / N QT 

[61] Q550 5 / B / 

[62] Q690D / 5 / / 

[63] Q550 5 / Y / 

[64] Q690 1 5 Y / 

[45] Q550 10 / Y / 

[65] Q690D 2 5 Y QT 

[37] △,[38] S690 (SHSb and RHSc) 1 5 Y QT 

[66] S690 9 9 B / 

[67] Q690 2 9 Y / 

[44] Q690D 1 3 Y / 

[68] S690 12 40 Y QT 

[69] Q690D 3 9 B / 

[47] 
Q550D 6 2 B / 

Q690D 4 1 N / 

[70] Q550 3 3 B / 

[71] S690 5 5 B QT 

[72] 
Q550 1 / N 

QT 
Q690 1 / Y 
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[73] S690 2 6 Y / 

[74] S690 (OctHSd) 9 44 N QT 

[75] S700MC 2 2 B TMCP 

[76] BISALLOY 80  

(Box and I-sections) 

1 / N 
QT 

[77] 
S500 2 / B / 

S690 2 / N / 

[78] Q690 1 6 Y / 

[79] S690 / 2 / / 

[80] S700 / 1 N QT 

[81] 

S690  

(angle and channel 

sections) 

12 18 N 

/ 

[82] BISPLATE-80 2 2 N QT 

[83] S690 1 2 N / 

[84] S700MC 2 / N TMCP 

[85] S690 5 30 Y / 

[86] S690 1 3 N QT 

[87] Q690 1 3 N QT 

[88] S690QL 2 2 B QT 

[89] S690 1 7 Y QT 

[90] Q690 1 / N QT 

[91] Q690 1 1 N QT 

[92] Q690 2 2 N / 

[93] Q690 3 3 B / 

[94] S690QL 4 2 B QT 

Total 142 286   

/: the information is unavailable in the literature. 112 

QT: quenched and tempered steel; TMCP: thermo-mechanical controlled steel 113 

a: “Y” represents that the yield plateau is observed in the engineering stress-strain curves; “N” 114 

represents no yield plateau is found; “B” means that both “Y” and “N” coexist for this case.  115 

b: square hollow section; c: rectangle hollow section; d: octagonal hollow section 116 

 117 
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Table 4 Summary of tensile coupon test results for the steel with fy,nom = 890-1100 MPa 118 

Reference Steel grade Full f-ε curves εu 

[57] △ S960 / 2 

[58] S960 QL / 3 

[31] △ 960 MPa (Nominal yield stress) 1 1 

[95] 960 MPa (Nominal yield stress) / 3 

[96] S960 1 / 

[68] S960 1 1 

[45] Q890 5 1 

[47] Q890D 2 2 

[72] Q890 1 / 

[97] S960QL 2 2 

[98] S960 3 / 

[80], [99] S960 and S1100 2 4 

[100] Q960 3 / 

[101] S960 (sheets and channel sections) 1 8 

[102] Q960 1 3 

[91] Q960 1 1 

[82] BISPLATE-100 2 2 

[92] Q960 1 1 

[103] S960 4 2 

Total 31 36 

/: the information is unavailable in the literature. 119 

 120 

A statistical analysis of fy /fy,nom and fy /fu was carried out based on the available tensile test 121 

results for measuring the properties of HSS, where fy is the measured yield stress or 0.2% proof 122 

stress and fu represents the ultimate tensile stress. The statistical results with the number of 123 

material test results are presented in Table 5. As can be seen in this table, it is obvious that 124 

fewer coupon tests on steel with fy,nom = 500-550 MPa and fy,nom = 960-1100 MPa have been 125 

conducted than those for steel with fy,nom = 460 MPa and fy,nom = 690-700 MPa. Generally, fy is 126 

greater than 1.1 times fy,nom, except for the steel with fy,nom = 960-1100 MPa, whose mean value 127 

of  fy /fy,nom ratios is 1.041 with CoV is 0.043. In terms of yield-to-tensile ratio fy /fu, the steel 128 

material with fy,nom ≥ 690 MPa ( the mean ratio is around 0.93) have lower values than those of 129 
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the steel with fy,nom =460 MPa (the mean ratio is 0.819) and fy,nom = 500-550 MPa (the mean 130 

ratio is 0.885). 131 

 132 

Table 5 Statistical analysis of HSS tensile coupon test results 133 

fy,nom  / MPa 

fy /fy,nom fy /fu 
Number 

Mean CoV Mean CoV 

460 1.133 0.070 0.819 0.057 131 

500-550 1.237 0.059 0.885 0.038 49 

690-700 1.110 0.046 0.933 0.028 348 

960-1100 1.041 0.043 0.931 0.039 65 

CoV: Coefficient of Variation 134 

 135 

2.2 Summary of tests on HSS I-sections subject to bending 136 

The reported experimental results of HSS I-beams, with failure mode of either yielding or local 137 

buckling, were collected, as listed in Table 6 for this research. The steel grade, measured yield 138 

stress or 0.2% proof stress fy, yield-to-tensile ratio fy/fu, overall cross-section slenderness λp and 139 

the number of available test specimens in the literature are also tabulated herein. The expression 140 

of λp is indicated by Eq. (1), where σcr represents the elastic buckling stress. Mel is the elastic 141 

moment capacity, and Mcr means the elastic critical buckling moment under the boundary 142 

condition of tests. The listed yield-to-tensile ratios were corresponded to the constitutive plate 143 

element of I-section with a higher value of fy/fu. Despite that a wide range of steel yield stress 144 

(from 576 to 1003 MPa) and overall cross-section slenderness λp (from 0.27 to 0.95) were 145 

covered, the number of available test data is limited. Therefore, numerical method was utilized 146 

to supplement the data for this study. 147 

y el

p

cr cr

=  or 
f M

M



                                                                (1) 148 

Table 6 Summary of experimental results for HSS I-beams 149 

Reference Steel grade fy/fu fy /MPa λp Number 

[104] HSLA-80 0.88-0.91 576-609 0.27-0.61 4 

[56] HPS-100W 0.89-0.97 685-858 0.34-0.85 7 

[11] BISPLATE80 0.94 700-765 0.76-0.95 4 

[105] HSB800 0.95 991 0.63 1 
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HSA800 0.90-0.94 903-956 0.30-0.77 3 

[106] S690 0.94 703 0.31-0.63 6 

[82] 
BISPLATE-80 0.93 791-851 0.64 1 

BISPLATE-100 0.94 998-1003 0.68 1 

[93] Q690 0.94 754-781 0.31-0.57 13 

   576-1003 0.27-0.95 40 

 150 

3 Finite element modelling 151 

3.1 Finite element models 152 

A commercial numerical analysis software-Abaqus 2019 was used to conduct finite element 153 

(FE) simulation for HSS I-beams. Full span models were firstly established to replicate the test 154 

conditions, while pure bending models were validated and employed in the subsequent 155 

parametric study. The element type-S4R, a four node, quadrilateral, stress/displacement shell 156 

element with reduced integration, was used to simulate the HSS I-sections. The mesh size was 157 

selected to be equal to the plate thickness after sensitivity analysis to obtain the balance 158 

between accuracy and computational cost. For the steel materials, the true stress-strain curve 159 

of steel materials converted from the engineering counterpart was used, and the multi-linear 160 

constitutive models displayed in Fig. 1 were selected to describe the stress-strain relationship. 161 

In this figure, εy means the yield strain. 162 

f 

εu εεshεy

fy 

fu 

 163 

(a) The steel with a well-defined yield point 164 
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f 

εu εεy

fy 

fu 

 165 

(b) The steel without a well-defined yield point 166 

Fig. 1. Multi-linear stress-strain models for HSS applied in numerical simulation 167 

Full span model was simply supported at two end supports with loading plates over the top 168 

flange, and the displacement was applied at the surface of loading plates, as displayed in Fig. 169 

2(a). The boundary condition of pure bending model is shown in Fig. 2(b): each end section 170 

was connected to a concentric reference point (RP) through rigid body constraints; all degrees 171 

of freedom of RPs were constrained except for major and minor axis rotations at two ends and 172 

the longitudinal translation at one end; the forced rotations with identical value but opposite 173 

direction were applied at two ends. 174 

Pinned support:

UX=UY=UZ=0

RY=RZ=0

Roller support:

UX=UY=0

RY=RZ=0

Loading plates with 

forced displacement

Lateral supports

Lateral supports

 175 

(a) Full span model 176 
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RP1:

UX=UY=UZ=0

RZ=0

RP2:

UX=UY=0

RZ=0

 177 

(b) Pure bending model 178 

Fig. 2. Boundary conditions of finite element models 179 

Both initial local geometrical imperfections and residual stresses were also taken into account 180 

in the modelling. The local imperfection pattern was obtained by prior eigenvalue buckling 181 

analysis under the loading condition. The recommended local buckling imperfection 182 

amplitudes eEC3 in Eurocode 3 [107] were selected in the parametric study, i.e. bo /50 is used 183 

for I-sections with the flanges as the most critical constituent plate, where bo is the overhanging 184 

width of flange; a/200 is applied for I-sections whose web is more critical than flanges, where 185 

a is the minimum flat width of web panel. The typical local imperfection shapes of full span 186 

model and pure bending model are presented in Figs. 3(a) and (b), respectively. The unified 187 

residual stress pattern proposed by Ban et al. [108] for welded HSS I-sections with fy,nom = 460-188 

960 MPa was adopted in this study with main parameter expressions depicted in Fig. 4. In this 189 

figure, bf is the overall width of flange; hw is the height of web; tf and tw represent the thickness 190 

of flange and web plates, respectively. 191 

                192 

(a) Full span model                                                       (b) Pure bending model 193 

Fig. 3. Typical initial local geometrical imperfection shape 194 
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σfc

σ
w
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 195 

Fig. 4. Unified residual stress pattern for HSS I-section [108] 196 

 197 

3.2 Validation of FE models  198 

The bending test results of square hollow sections, rectangular hollow sections reported by Ma 199 

[109], and I-sections reported by Sun et al. [106] were firstly used to validate the effectiveness 200 

of the pure bending modelling method. Comparison results of ultimate moment capacities 201 

between tests Mu, test and pure bending models Mu, FE are given in Table 7. The adopted material 202 

properties, geometrical and structural initial imperfections were in accordance with the actual 203 

values in the literature for the validation. 204 

Table 7 Comparison of ultimate moment capacities between tests and pure bending models 205 

based on measured local geometric imperfections 206 

Reference Specimen Mu,FE/Mu,test 

[109] 

H 80 × 80 × 4 1.040 

H 100 × 100 × 4 1.009 

H 120 × 120 × 4 1.015 

H 140 × 140 × 5 1.025 

H 140 × 140 × 6 1.031 

H 160 × 160 × 4 1.052 

H 100 × 50 × 4 0.964 

H 50 × 100 × 4 0.987 

H 200 × 120 × 5 1.012 

H 120 × 200 × 5 0.992 

[106] 
I-50 × 50 × 5-MA 0.968 

I-70 × 70 × 5-MA 0.955 
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I-80 × 60 × 5-MA 0.985 

I-90 × 70 × 5-MA 0.983 

I-100 × 100 × 5-MA 0.985 

I-140 × 70 × 5-MA 0.978 

Mean 0.999 

CoV 0.028 

CoV: Coefficient of Variation 207 

The developed numerical method with the selected local buckling shape and residual stress 208 

distribution described in Section 3.1 is further validated against the reported 4-point loading 209 

experimental results of HSS I-beams [34,82,93,104,105]. The ratio of maximum flexural 210 

strength obtained by finite element analysis Mu, FE to that from experiments Mu, test is given in 211 

Table 8. For comparison, results from full span models, as well as pure bending models with 212 

the measured geometrical imperfections are also presented in the table. The statistical results 213 

in both Tables 7 and 8 show that the FE modelling method described in previous section is 214 

capable of accurately simulating the ultimate moment capacities of I-sections. The employment 215 

of geometric imperfections given in Eurocode 3 also generate the FE results that are in good 216 

agreements with test results.   217 

Table 8 Comparison of numerical ultimate moment capacities obtained based on local 218 

geometric imperfection magnitudes in Eurocode 3 with experimental results   219 

Reference Specimen 

Mu,FE/Mu,test 

Full span model with loading 

plate 
Pure bending model 

Measured 

imperfection 
eEC3 

Measured 

imperfection 
eEC3 

[104] 
7 / 1.007 / 0.988 

8 / 1.005 / 0.991 

[105] 
HSB800-NC-

LP-4-A 
/ 0.945 / 0.961 

[34] 
C1 0.996 0.980 0.994 0.993 

C3 1.017 1.017 1.016 1.016 

[82] 
I-690-2 / 1.075 / 1.070 

I-890-2 / 0.996 / 0.995 
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[93] 

Y11-4 0.997 0.996 0.996 0.998 

Y12-4 0.943 0.942 0.930 0.928 

Y15-4 0.947 0.960 0.946 0.947 

Mean 0.980 0.992 0.976 0.989 

CoV 0.031 0.037 0.034 0.037 

CoV: Coefficient of Variation 220 
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Fig. 5. Comparison of normalized test curves and numerical moment-rotation curves obtained 222 

by pure bending modelling for HSS beams with different cross-sections 223 
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(a) Specimen Y11-4 [93] 225 
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(b) Specimen Y12-4 [93] 227 
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(c) Specimen Y15-4 [93] 229 
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(d) Specimen 7 [104] 231 
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(e) Specimen 8 [104] 233 
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(f) HSB800-NC-LP-4-A [105] 235 
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(g) C1 [34] 237 
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(h) C3 [34] 239 

Fig. 6. Comparison of normalized test curves and numerical moment-rotation curves 240 

using adopted finite element methods for HSS I-beams 241 

Furthermore, Figs. 5 and 6 show the comparisons of normalized moment-rotation responses 242 

obtained in experiments and numerical modelling. Generally, the FE models are able to capture 243 

the local buckling behaviour of flexural members. Besides, Fig. 7 displays the consistency 244 

between the reported failure mode in the literature and the simulation results in this study. 245 

Based on all the above results, it can be concluded that the local buckling behaviour of I-beams 246 

could be accurately simulated by pure bending model with the local imperfection amplitude 247 

recommended by Eurocode 3 [107] and the adopted residual stress distribution pattern [108]. 248 

 249 

 250 

 251 

 252 

 253 
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                   254 

(a) H 140 × 140 × 5 [109]                          (b) I-100 × 100 × 5-MA [106] 255 

 256 

 257 

(c) Y15-4 [93] 258 

 259 

(d) C1 [34] 260 

Fig. 7. Comparison of experimental and numerical failure modes  261 

 262 
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3.3 Parametric study 263 

Upon the validation of the FE model, parametric studies on HSS I section under bending were 264 

conducted. The true stress-strain curves transformed from the average measured steel stresses 265 

fy and fu of the collected HSS material properties were employed in the numerical simulation 266 

for parametric studies. The HSSs with fy,nom = 460 MPa and fy,nom = 690-700 MPa were 267 

considered in the parametric study, since most of the available material test data presented in 268 

Section 2.1 were generated for these HSS materials, as presented in Table 5. The elastic 269 

modulus E was taken as 210 GPa [107]. The values of strains εu and εsh were determined based 270 

on the stress-strain data of HSS materials (see Eqs. (9) and (10)). All the above material 271 

characteristics are summarized in Table 9. The multi-linear constitutive model shown in Fig. 272 

1(b) was applied to describe the steel stress-strain relationship in the parameter study. 273 

Table 9 Material properties employed in the parametric study 274 

fy,nom /MPa fy /MPa fu /MPa fy / fu εsh (%) εu (%) 

460 521 637 0.818 2.68 10.9 

690-700 766 822 0.933 2.0 6.7 

 275 

In order to cover a wide range of parameters, the dimension of the studied I-sections is 276 

determined by the following principles: 277 

(1) The flange slenderness bf/tf: 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28; 278 

(2) The web slenderness hw/tw: 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120; 279 

(3) The aspect ratio H/tw: 1-5; 280 

(4) The thickness of flanges tf and web tw (unit: mm): tf =14, tw= 6; tf =10, tw= 6; tf = 6, tw= 6; 281 

where, H represents the height of whole section. Only double-symmetric I-sections were 282 

investigated in this study. In the above principles, the ranges of flange and web slenderness 283 

were selected to ensure that all the classes of constituent plate elements in European and 284 

American codes were covered, and the aspect ratios were selected to cover the universal section 285 

sizes of I-beams by referring to those of hot-rolled sections [110]. For I-sections, similar overall 286 

cross section slenderness may be achieved by the local buckling of different dominant element 287 

plates, as illustrated by Fig. 8, so the three combinations of plate thickness were examined. In 288 

this figure, σcr,f and σcr,w are the elastic buckling stresses of flange and web plates, respectively.  289 
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Fig. 8. Relation between overall cross section slenderness and the elastic buckling stress ratio 291 

of flange to web 292 

A total of 526 FE models with λp = 0.18-1.5 were analysed with the elastic critical moment Mcr 293 

determined using the eigenvalue buckling analysis in Abaqus. The length l of models was 294 

selected to be 4hw for the calculation of elastic buckling stress Mcr, whilst 2hw was selected for 295 

ultimate moment capacity Mu. This selection principle is illustrated by Fig. 9 where the results 296 

for Mcr, Mu of steels with fy,nom = 460 MPa and fy,nom = 690-700 MPa from two representative 297 

I-sections are presented. The selected lengths for Mcr and Mu were taken as benchmarks, and 298 

represented by M0 in these figures. Fig. 9(a) is from the I-section governed by flange local 299 

buckling, while the local buckling half-wave of the section shown by Fig. 9(b) is mainly 300 

affected by web. Despite a member length of at least 3 times the width of the widest plate 301 

element is recommended for sections governed by local buckling, the results in Fig. 9 indicated 302 

that l = 2hw is feasible for ultimate moment capacity calculation because of the presence of 303 

geometrical and material imperfections. In addition, sufficient lateral restraints were provided 304 

so that local buckling of the HSS I-sections under bending is the focus for the parametric studies.  305 
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(a) Flange-critical section: tf = 6, tw = 6, bf = 132, hw = 120 307 
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(b) Web-critical section: tf = 14, tw = 6, bf = 168, hw = 660 309 

Fig. 9. Effect of member length on the simulation results (unit: mm) 310 

Numerical results of ultimate moment capacity Mu normalized by full plastic moment Mpl 311 

against the overall cross-section slenderness λp are shown in Fig. 10. It was observed that 312 

limiting slenderness λp = 0.51 can be applied to distinguish different levels of stress distribution 313 

for HSS I-section under bending. In other words, the cross-sections with λp less than 0.51 are 314 

able to develop Mpl, whereas section with λp higher than 0.51 cannot achieve plastic moment 315 

which primarily attribute to the occurrence of local buckling. This limit value is consistent with 316 

the results from [19] for hot-rolled steel cross-sections with λp = 0.15-0.68. Furthermore, Fig. 317 
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11 displays FE results of ultimate moment capacity Mu normalized by Mel against the overall 318 

cross section slenderness λp, where λp = 0.776 was found to be the appropriate limiting 319 

slenderness classifying slender and non-slender I-sections, which is in line with the 320 

observations from [23] for HSS square and rectangular hollow sections in bending. 321 
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Fig. 10. Ultimate moment capacity Mu normalized by plastic moment capacity Mpl of HSS I-323 

section models 324 
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Fig. 11. Ultimate moment capacity Mu normalized by elastic moment capacity Mel of HSS I-326 

sections 327 

4 Design methods for local buckling behaviour of HSS I-sections in bending 328 

Based on the generated parametric studies results combined with collected experimental results 329 

in literature, the applicability of continuous strength method, direct strength method and Kato’s 330 
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method to HSS I-section under bending was evaluated in this section. Modifications to the 331 

methods for more accurate strength predictions were also proposed.   332 

 333 

4.1 Continuous strength method 334 

The CSM is a deformation-based design approach firstly proposed by Gardner and Nethercot 335 

[111] for the design of stainless steel members considering their local-buckling resistance. The 336 

two main components of the CSM are: base curve and material model. The base curve describes 337 

the continuous relation between the slenderness of overall cross-section λp and its deformation 338 

capacity, which is taken as the ratio of εCSM to εy. Here, εCSM is defined as the limiting strain 339 

level of cross-section before failure. An appropriate material model of the CSM is also 340 

indispensable to transform section bearing capacity from the deformation-level to strength-341 

level for design resistance calculation. The CSM base curve and material model for HSS I-342 

sections in bending are discussed in details in the following subsections. 343 

 344 

4.1.1 Base curve  345 

The CSM base curve describes the relation between the deformation capacity εCSM/εy and the 346 

overall slenderness of cross-sections λp. For the materials with a distinct yield plateau, the 347 

deformation capacity εCSM/εy of bending members can be calculated by [112,113] 348 

CSM u max

y el max

=  for non-slender section
ε κ y

ε κ y
                                      (2) 349 

CSM u

y el

=  for slender section
ε M

ε M
                                                 (3) 350 

where, κu and κel represent the curvatures of members at Mu and Mel, respectively; ymax is the 351 

distance between the elastic neutral axis and the extreme fibre of sections.  352 

As mentioned in Section 3.3, the relation between Mu/Mel and λp observed in this study is 353 

consistent with that in [23], so the base curve established by Lan et al., whose expressions are 354 

indicated by Eqs. (4) and (5), were firstly evaluated. In Eq. (4), C1 is the coefficient used to 355 

avoid over-strength predictions. The assessed results are given in Fig. 12, it can be seen that 356 

the base curve provides the reasonable prediction results for HSS I-sections in bending. For 357 

consistent application of the CSM to structures with different cross-section shapes under 358 

bending, the base curve from [23] is adopted and used in this study with the coefficients 359 

introduced in the previous Section 3.1. 360 
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                               (4) 361 
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Fig. 12. Assessment of the base curve proposed by Lan et al. [23] for HSS I-sections in 367 

bending 368 

 369 

4.1.2 Material model 370 

A quad-linear stress-strain CSM model, as depicted in Fig. 13, has been proposed by Yun and 371 

Gardner [114] for hot-rolled steel. In this figure, Esh is strain hardening modulus; C2 is the 372 
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model coefficient used to determine Esh. The expressions of the ultimate strain εu, the strain at 373 

onset of strain hardening εsh and the model coefficients (C1 and C2) for hot-rolled steel are given 374 

by Eqs. (6)-(8).   375 

y

u u

u

=0.6 1    and 0.06
f

f

 
  

 
，                                                (6) 376 

y

sh sh

u

=0.1 -0.055,   and 0.015 0.03
f

f
                                     (7) 377 

    
 sh u sh

1

u

0.25
C

 

  


;    

 sh u sh

2

u

0.4
C

 

  


                        (8) 378 

In Tables 2-4, the references included in Yun and Gardner’s database are highlighted by 379 

“△”. It is clear that they only occupy a rather small fraction of HSS database established in 380 

this study. For this end, a modification of the aforementioned expressions for εu, εsh, C1 and C2 381 

in the quad-linear material model is required to establish the CSM material model for HSS, as 382 

illustrated in the subsequent sections. 383 

ε

f

E

Esh

εuC1εu

fu

fy

C2εuεshεy

 384 

Fig. 13. The quad-linear material model for hot-rolled steels by Yun and Gardner [114] 385 

 386 

4.1.2.1 Ultimate strain εu 387 

In Eurocode 3 [115], fu/fy of steel is recommended to be greater than 1.05 for HSS, therefore 388 

the material test results failed to meet this requirement were excluded. The relation between εu 389 

and fy/fu for HSS covering various spectrums of steel grade was proposed as depicted by Fig. 390 

14 and Eq. (9) based on regression analysis. In Fig. 14, “■”, “●” and “◆” represent that fy/fu 391 

of the tested materials belong to “0.9 < fy/fu”, “0.85 < fy/fu ≤ 0.9” and “fy/fu ≤ 0.85”, respectively. 392 
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In particular, the prediction expression for the steel with fy/fu ≤ 0.85 is consistent with that 393 

proposed for hot-rolled steel by Yun and Gardner [114]. 394 
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Fig. 14. Relation between ultimate strain and yield-to-tensile ratio  397 

  398 

4.1.2.2 Strain εsh at onset of strain hardening  399 

Different from εu, the values of strain at onset of strain hardening εsh may not be always given 400 

in the literature. Therefore, most of test data of εsh in this study, which is presented in Fig. 15, 401 

are extracted from the available full stress-strain curves. In Yun and Gardner’s study [114], εsh 402 

was given by a constant value 0.03 for steels with 0.85≤fy/fu probably due to the limited and 403 

scattered data points in this zone. In this study, more precise prediction expressions for εsh in 404 

“0.85＜fy/fu ≤ 0.9”and “0.9＜fy/fu” subdivisions were generated through regression analysis 405 

using the established data and are given as Eq. (10), while the relation between εsh and fy/fu in 406 

the “fy/fu ≤ 0.85” zone follows the equation from Yun and Gardner [114]. The data shown in 407 

Fig. 15 are based on the curves with distinct yield plateau. Although the yield plateau may not 408 

be observed for the HSS with relatively higher fy, Eq. (10) is considered to be acceptable for 409 

all the HSS materials except for those with fy,nom ≥890 MPa, as it would provide conservative 410 
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strength predictions for those fy,nom = 500-700 MPa steel without a yield plateau. For HSS with 411 

fy,nom = 890-1100 MPa, εsh can be simply taken as 0. 412 
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sh y u

u
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Fig. 15. Relation between strain hardening strain and yield-to-tensile ratio  416 

 417 

4.1.2.3 Model coefficients 418 

A total of 190 full measured stress-strain curves of HSS were collected and used to obtain the 419 

material strain hardening characteristics to determine the coefficients C1 and C2 for the CSM 420 

material model. Due to the unevenly distributed data points of test curves, each curve was 421 

firstly fitted with 7-order polynomial [116]. Subsequently, the portion above yield plateau 422 

regions of each fitted curve was depicted in normalised form to describe the strain hardening 423 

properties for HSS. Based on a series of data analysis, expressions for estimating the 424 

coefficients C1 and C2 of HSS materials were obtained as Eqs. (11) and (12), which are on the 425 

conservative side for ninety percent of strain-hardening curves in database. All the normalised 426 

stress-strain curves are shown in Fig. 16 with the proposed CSM material model in the strain 427 

hardening region. For comparison purposes, the model from Yun and Gardner [114] is also 428 

presented in this figure and shown to provide overestimation for the strain-hardening of HSS 429 
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materials. Table 10 summarizes the predictive expressions below as the CSM material model 430 

for HSS. 431 
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Fig. 16. Comparison of the reported stress-strain curves and the proposed CSM material 436 

model for HSS in the strain hardening region 437 

Table 10 The CSM material model for HSS materials 438 
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4.1.3 Cross-section resistance  442 

For steel materials with a well-defined yield point, the expression of CSM material stress fCSM 443 

and cross-section resistance MCSM have been provided by Yun and Gardner [19,114], which are 444 

expressed by Eqs. (14) and (15). 445 

 
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y y CSM sh 
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 (15) 448 

In Eq. (15), 𝛼 and 𝛽 are the coefficients introduced to give approximate estimations of the 449 

lengthy theoretical expressions for cross-section resistance calculation. The values of 𝛼 and 𝛽 450 

for I-sections under major-axis bending are selected to be 2 and 0.1 respectively, which have 451 

been proven to produce acceptable accuracy for strength predictions [19, 23]. Once the CSM 452 

material model for HSS is determined, the cross-section resistance of HSS I-sections in bending 453 

could be obtained subsequently by Eqs. (14) and (15).  454 

Table 11 Comparison of experimental results and prediction results of design methods 455 

Reference Specimen 
Mu,test 

/MEC3 

Mu,test 

/MAISC 

Mu,test 

/MCSM 

Mu,test 

/MDSM-AISI 

Mu,test 

/MDSM,mod 

Mu,test 

/MKato 

[56] 

1 1.123 1.039 1.002 1.071 1.032 1.011  

2 1.272 1.125 1.064 1.161 1.116 1.200  

3 1.126 0.994 1.045 1.086 1.037 1.075  

4 1.123 1.074 1.083 1.094 1.086 1.109  

5 1.112 1.006 1.007 1.068 0.999 0.985  

6 1.111 0.944 1.087 1.106 1.093 1.123  

7 1.118 0.975 1.011 1.066 1.005 1.042  

[11] 
NN-B1 1.246 0.920 1.231 1.244 1.220 1.055  

SS-B2 1.130 1.201 1.076 1.127 1.096 0.987  
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NS-B3 1.127 1.130 1.147 1.188 1.162 1.009  

SN-B4 1.172 1.223 1.111 1.144 1.123 1.040  

[106] 

50×50×5-MA 1.110 1.107 1.064 1.178 1.110 1.105  

70×70×5-MA 1.020 1.034 1.025 1.099 1.020 1.057  

80×60×5-MA 1.050 1.055 1.051 1.127 1.050 1.190  

90×70×5-MA 1.070 1.084 1.076 1.156 1.070 1.050  

100×100×5-

MA 

1.252 1.228 1.117 1.183 1.111 
1.088  

140×70×5-

MA 

1.060 1.073 1.071 1.165 1.060 
1.054  

[82] 
I-690-2 1.027 0.970 0.954 1.007 0.949 0.919  

I-890-2 1.114 1.059 1.035 1.094 1.027 1.016  

Mean 1.12 1.07 1.07 1.12 1.07 1.06 

CoV 0.063 0.083 0.059 0.050 0.057 0.065 

CoV: Coefficient of Variation 456 

The statistical evaluation results shown in Table 11 presents the mean ratios of the Mu,test as 457 

the test results over the strength predictions from the CSM (MCSM). Predictions obtained using 458 

Eurocode 3 (MEC3) and AISC Specification (MAISC) are also presented in the table for 459 

comparison. It can be seen from this table that all the three approaches provide the conservative 460 

predictions on average for the HSS I-sections under bending. Compared with those predictions 461 

based on Eurocode 3 and AISC Specifications, the proposed CSM provides more accurate and 462 

less scattered predictions. All the data points generated by the CSM are shown Fig. 17, together 463 

with those obtained based on codified design methods. In this figure, Mu represents the ultimate 464 

cross-section resistance from experiments or numerical simulation; Mu,pred means the predictive 465 

results obtained by different design methods. As can be seen in the figure, both Eurocode 3 and 466 

the CSM provide the overall conservative predictions, while the predictive results of AISC 467 

specification are relatively more scattered with some Mu/Mu,pred ratios below 1 for over-468 

estimating the structural strength. Note that the methods highlighted by “☆” in the figures are 469 

those ones newly developed in this study. 470 
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Fig. 17. Comparison of test and FE data with the CSM predictions 472 

 473 

4.2 Direct strength method  474 

The DSM is a strength-based method originally developed by Schafer and Pekoz [117] for the 475 

cold-formed steel (CFS) sections. It has been specified in the North American and Australian 476 

specifications [118] for the design of CFS members with different configurations since the 477 

2000s. For CFS C and Z sections, the current codified DSM formulas considering local 478 

buckling is expressed by Eq. (16) [21, 117].  479 

 

 

p

DSM-AISI el pl el p
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el p p p
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  
      

 


 


                           (16) 480 

The comparison results between numerical results of HSS I-beams and the DSM curves 481 

generated using Eq. (16) are displayed in Fig. 18. It is evident that the codified DSM curves 482 

greatly underestimate the moment capacity of HSS I-sections in bending, especially for λp 483 

≤0.776. This discrepancy could be attributed to the differences of section properties between 484 

those CFS open-sections and HSS I-sections. 485 
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Fig. 18. Assessment of the codified DSM curves for HSS I-sections in bending 490 

 491 

To extend the DSM for HSS I-sections in bending, a series of regression analysis of FE data 492 

was performed by least squares method. The modified DSM expression for HSS I-beams is 493 

presented herein as Eq. (17), and the MDSM,mod versus p are plotted in Fig. 19. A new 494 

subdivision λp ≤0.51 was established according to the characteristics of moment resistance for 495 

I-sections.  496 
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The predictive accuracy of the codified DSM – Eq. (16), as well as the modified DSM – Eq. 498 

(17) is shown in Table 11 in comparison with the results from tests in literature. It can be seen 499 

that the modified DSM expression generates more accurate predictions for HSS I-sections 500 

subjected to bending in comparison with the original one. Fig. 20 compares the predictions 501 

between the codified and modified DSM by plotting the test (or FE)-to-predicted resistance 502 

ratios against p, which clearly indicates the improved accuracy of the modified ones. 503 
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Fig. 19. The curves generated by the modified DSM expressions for HSS I-sections in 508 

bending 509 

DSM-AISI

DSM☆

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
0.6

0.8

1.0

1.2

1.4

1.6

 

 

M
u

 / 
M

u
,p

re
d

λp  510 

Fig. 20. Comparison of test and FE data with the codified and the modified DSM predictions 511 

 512 

4.3 The method from Kato  513 

Kato [25, 26] provided a semi-empirical method to treat the deformation capacity of I-sections 514 

failing by local buckling. In this method, based on the assumptions of the rigid-plastic material 515 

model and equivalent two-flange geometric model, rotation capacity of members can be 516 

derived theoretically as a function of material characteristics, cross-section dimensions as well 517 

as the normalized ultimate bearing capacity of members. This normalized ultimate bearing 518 

capacity s is defined as the ratio of Mu and Mel under the condition of bending. As demonstrated 519 

by Eqs. (18) and (19), s is calculated using flange slenderness and web slenderness parameters, 520 

αf and αw, which is an indication of considering the interactive effect of flanges and web. 521 

f w

1
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B C
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                                       (19) 524 

Where, A, B and C are the material-dependent coefficients, and fyf and fyw are the yield 525 

stresses of flanges and web respectively. Underpinned by a regression analysis of established 526 

HSS I-beam database in this study, the local buckling resistance MKato using Kato’s method 527 

can be expressed by Eq. (20), as illustrated by a smooth surface in Fig. 21.  528 
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 530 

Fig. 21. The surface generated by Kato’s method for HSS I-sections in bending 531 

 532 

The prediction accuracy of Eq. (19) for tests is presented in Table 11. A comparison for 533 

predictions based on the proposed CSM, the modified DSM and the Kato’s method is indicated 534 

by Fig. 22, with a limiting slenderness λp = 0.776 classifying non-slender and slender sections. 535 

As can be seen from this figure, all the three methods present the similar predictive trend for 536 

non-slender sections, namely λp＜0.776. For slender sections (λp ＞0.776) where local buckling 537 

is most likely to take place, the predictions from Kato’s method show higher accuracy. This 538 

might be attributed to the separate consideration for the effect of flange and web slenderness 539 

in Kato’s expression. By contrast, the overall cross section slenderness-the basis parameter 540 

applied in both the CSM and DSM, is unable to identify the buckled plate of I-section, which 541 

may lead to the unanticipated prediction error. 542 
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Fig. 22. Comparison of predictive accuracy among the proposed CSM, the modified DSM 544 

and the Kato’s method 545 

In addition, statistical analysis results for the predictive accuracy of all the design methods 546 

against all the test and FE data are shown in Table 12. The mean ratios of experimental or 547 

numerical results to the predictions from the proposed CSM (Mu/MCSM), the modified DSM 548 

(Mu/MDSM,mod) and the method from Kato (Mu/MKato) are 1.05, 1.06 and 1.01, with 549 

corresponding CoV of 0.045, 0.051 and 0.041. In comparison, the mean ratios from Eurocode 550 

3 (Mu/MEC3), AISC specification (Mu/MAISC) and the codified DSM (Mu/MDSM-AISI) are greater 551 

with more unsatisfactory CoV. 552 

 553 

Table 12 Statistical analysis of prediction results for different design methods 554 

 Mu/MEC3 Mu/MAISC Mu/MCSM Mu/MDSM-AISI Mu/MDSM,mod Mu /MKato 

Mean 1.10 1.10 1.05 1.11 1.06 1.01 

CoV 0.052 0.125 0.045 0.050 0.051 0.041 

CoV: Coefficient of Variation 555 

 556 

5 Reliability analysis of design methods 557 

The first-order reliability method specified in Eurocode 3 [28] was used to assess the reliability 558 

level of the proposed design expressions in this study. The material over-strength fy,mean/fy,nom, 559 

determined based on the established HSS database in this study, was selected to be 1.12 with 560 

the CoV = 0.066. The CoV of geometric properties was taken as 0.05, referring to the 561 
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recommended values for the fabrication of stainless and aluminium steels [119,120]. The 562 

reliability analysis results were shown in Table 13. In this table, b is the average ratio of test 563 

and FE data to design model resistance based on a least squares analysis; Vδ is the CoV of the 564 

test and FE results relative to the design model; Vr is the combined CoV incorporating both 565 

model and basic variable uncertainties; γM0 is the partial safety factor for cross-section 566 

resistance. Seen from this table, the resulting partial safety factors of the proposed CSM, the 567 

modified DSM as well as the Kato’s method are 1.14, which are slightly greater than the 568 

recommend value:1.0 [107]. Despite that, they still present more satisfactory results than the 569 

existing design approaches (Eurocode 3 and AISC specification). The proposed expressions of 570 

the CSM, the DSM and the Kato’s method are therefore recommended to be applied for the 571 

design of HSS I-section in bending. 572 

Table 13 Reliability analysis results for design methods 573 

Method b Vδ Vr γM0 

EC3 1.106 0.051 0.097 1.15 

AISC 1.015 0.120 0.146 1.23 

CSM
☆
  1.041 0.044 0.093 1.14 

DSM-AISI 1.106 0.048 0.096 1.14 

DSM,mod
☆

 1.065 0.050 0.097 1.14 

Kato
☆
 1.030 0.040 0.092 1.14 

Note: the methods highlighted by “☆” in the figures are those ones newly developed in 574 

this study. 575 

 576 

6 Conclusions 577 

The continuous strength method (CSM), the direct strength method (DSM) and the method 578 

from Kato, developed with the incorporation of the flange-web interaction in I-section, have 579 

been extended to the design for local buckling behaviour of HSS I-sections under bending. 580 

Material properties test data for HSS materials were collated to capture the basic material 581 

properties for establishing the CSM material model for HSS. Bending test results of HSS I-582 

section were gathered, and applied for validating the finite element model which was 583 

subsequently employed to generate numerical data for this study. The design expressions of 584 

the CSM, the DSM and the Kato’s method for HSS I-section under bending were proposed 585 

based on an extensive parametric study, and assessed against the experimental and numerical 586 



M-39/48 

 

results in comparison with the design rules in Eurocode 3 and AISC specification. HSSs with 587 

fy,nom = 460 MPa and fy,nom = 690-700 MPa were considered in the parametric study. The 588 

comparison results showed that all the design expressions, which are applicable to HSSs with 589 

fy,nom = 460-700 MPa, proposed in this study offer more accurate and less scattered predictions 590 

than the codified design rules. Also, attributing to the separate consideration of flange and web 591 

slenderness in the expression, the Kato’s method provided more accurate strength predictions 592 

in comparison with the proposed CSM and the modified DSM. Besides, a reliability analysis 593 

in accordance with the standard evaluation procedure in EN 1990 was performed, 594 

demonstrating the satisfactory reliability level of the design expressions of proposed CSM, the 595 

modified DSM, the Kato’s method.  596 
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