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Il Abstract: This paper presents a numerical investigation on the local buckling behaviour of high
12 strength steel (HSS) and hybrid I-sections under axial compression, which hasn't been
13

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

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

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

16 grade, boundary condition and plate slenderness were carried out. The design specifications in
17 European, Australian, and American codes were evaluated using the results of 243 numerical models
18 and collated test data. In addition, the continuous strength method (CSM), direct strength method
19 (DSM), and Kato's method, which can account for element interaction were extended to design for
20 the local buckling behaviour of HSS and hybrid I-sections subjected to axial compression.
21 Assessment results showed that ANSI/AISC 360-16 provides more accurate results than Eurocode 3
22 and AS 4100. Statistical and reliability results demonstrated the satisfactory reliability level of the
23 proposed design expressions for CSM, DSM, and Kato's design methods. This paper provides insight
24 into the local buckling behaviour and mechanism behind plate interaction of hybrid I-sections.

25

26  Key words: local buckling behaviour; high strength steel; hybrid I-section; design method; axial

27 compression

28

29 1. Introduction

30 In steel frame construction, I- or H-profiles are widely used as compression members due to their
31 ease of connection. High strength steel (HSS) members, which offer a high strength-to-weight ratio,
320 are increasingly favoured, particularly for high-rise structures. The behaviour of HSS I- and H-
33 section compression members has thus garnered attention among researchers seeking to promote the
34 useof lighter and stronger structures.

35

Because of their higher yield strength, HSS I-/H-sections feature thinner-wall plates, which means
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that the local buckling behaviour plays a crucial role in the design of HSS I-/H-shaped compression
members. Despite that HSS structural components were applied as early as the 1960s (Miki et al.,
2002; Pocock, 2006), it was the thriving developments in the steel manufacturing industry in the
1990s that renewed interest in the behaviour of HSS members (Miki et al., 2002). Since then, studies
on the local buckling behaviour of welded HSS I-sections in compression have emerged. Rasmussen
and Hancock (1992) suggested that the same yield slenderness limits in specifications for normal
strength steel (NSS) can be applied to the HSS plates based on the experimental test results of
BISALLO Y 80 (nominal yield strength fynom= 690 MPa) box, cruciform, and I-section stub columns.
Shi et al. (2014; 2015) investigated the local buckling of Q460 (fynom= 460 MPa) and 960 MPa
(fynom= 960 MPa) I-sections under axial compression through experiments and numerical methods,
and found that both European and American codes (EN 1993-1-12:2007, 2007; ANSI/AISC 360-10,
2010) provide over-conservative predictions for I-sections members with slender flanges. After that,
Shi et al. (2016) carried out extensive parametric studies on the local buckling behaviour of welded
stub columns made from steel materials with nominal yield strengths of 235 MPa, 460 MPa, 690
MPa, and 960 MPa respectively. Based on the research work, modified formulas that take steel
strength into consideration were proposed. Sun et al. (2019) conducted experimental tests and finite
element (FE) analysis of S690 welded I-section stub columns under axial compression. It was
concluded that the design rules in Eurocode 3 (EN 1993-1-12:2007, 2007), ANSI/AISC 360-16
(2016), and AS 4100-1998 (2016) generally provide safe and accurate predictions. Cao et al. (2020)
studied the local buckling behaviour of 800 MPa HSS welded I-section stub columns, and proposed
slenderness magnifying coefficients for both the flange and web plate to consider the flange-web
interactive effect. Li et al. (2019) and Su et al. (2021) examined S960 ultra-high strength steel
(UHSS) I-section stub columns under axial compression, and the results revealed that the AISC
specification (ANSI/AISC 360-16, 2016) gave the most satisfactory results, in terms of plate
slenderness limits and design strength.

Hybrid design of steel I-sections, which utilise different strength steels for plate elements, have
gained attention alongside the evolution of HSS materials. Hybrid I-sections with higher strength
flange plates than the web typically serve as flexural members, as the web plate of I-sections makes a
comparatively small contribution under bending. There is fairly limited published literature on the
local buckling behaviour of hybrid I-sections in compression, with the earliest studies dating back to
the 1960s. Through test analysis, NagarajaRao et al. (1965; 1969; 1972) found that partial or whole
inelastic web local buckling might occur at the ultimate load due to the lower strength of the web.
After that, Yun et al. (2021) reported the stub column test results on two hybrid I-sections with S690
flanges and S355 webs, as well as four HSS S690 I-sections. It was observed that when a plateau is

featured in the axial load-end shortening curve of HSS I-sections, hybrid counterparts exhibit a strain

2



71
72
73
74
75
76
77
78
79
80
81
82
&3
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100

hardening region after reaching the yield load due to the development of plasticity in the lower
strength web. More recently, a companion paper by the authors (2023a) reported that the ultimate
cross-section resistance of hybrid I-sections under axial compression is influenced by the web
strength grade, even for specimens with the elastic local buckling web. The above research findings
indicate that the lower strength of the web under axial compression can significantly affect the local
buckling behaviour of hybrid I-sections. However, there is still a lack of comprehensive analysis on
this topic.

Furthermore, evidence has suggested that the interactive effect of flange and web plates (i.e., element
interaction) exists in I-/H-sections in compression (Bedair, 2009; Bai and Wadee, 2015; Shi et al.,
2016; Cao et al., 2020). American and Japanese specifications for the design of steel structures
(ANSI/AISC 360-16, 2016; AIJ LSD, 2010) have also taken this element interaction into account,
whilst most codified design methods, such as EN 1993-1-1:2005 (2005) and AS 4100 (AS, 2020)
follow “individual plate rule”.

This study aims to investigate the local buckling behaviour of HSS and hybrid I-sections under axial
compression. I-sections comprising Q690 (fynom= 690 MPa) flanges and webs made of different
strength grades (fynom = 690, 460, 355 MPa) were compared. Based upon the validated numerical
models, an extensive parametric study was conducted to explore the effect of web strength, boundary
condition, and plate slenderness on the local buckling behaviour of HSS and hybrid I-section stub
columns. A total of 243 established models, as well as the collated test data were adopted to evaluate
the applicability of codified design methods. Furthermore, newly developed design approaches were
extended to account for flange-web interaction in the local buckling behaviour of HSS and hybrid I-

sections subjected to compression.

2. Finite element modelling

2.1 Finite element models

Commercial finite element analysis (FEA) software suite-ABAQUS 2019 was utilised to perform
numerical analysis for I-sections in compression. Geometric dimensions of I-section are shown in
Fig. 1. In this figure, br and # are the width and thickness of flange; H and Aw denote the section
height and the clear distance between flanges; #w is the thickness of web plate; /4r represent the fillet

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

Fixed-ended boundary condition was selected for parametric studies to investigate the local buckling
behaviour of [-section stub columns. As illustrated in Fig. 2, except for the longitudinal displacement,
all the other translational and rotational degrees of freedom are restrained for both ends of I-sections.
A 4-node shell element with finite membrane strains-S4R was adopted with the element size equal to
the plate thickness for balancing the simulation accuracy and computational cost after sensitivity
analysis (Chen et al., 2023a). Based on the multi-linear stress-strain constitutive model, the true
stress-strain relation converted from the measured engineering curves of tensile coupon test results
(Chen et al., 2023b) were imported as material parameters of FE models. The basic material
characteristics of steel plates are presented in Table 1, where “Q690-F” and “Q690-W” are
characterised by 690 MPa nominal yield strength (fynom= 690 MPa). In this study, “Q690-F” was
selected to be material characteristics of flange plate, and “Q690-W”, “Q460-W” (fynom= 460 MPa)
and “Q355-W” (fynom= 355 MPa) were used for web plates. In Table 1, E is the elastic modulus; &y,
&sh and eu denote the yield strain, strain at the onset of strain hardening and ultimate strain; fy and fu

mean the yield strength and ultimate strength of steel materials.
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Fig. 2. Boundary condition of fixed-ended I-section models

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

Steel E (GPa) ey (%) &sh (%) eu (%) 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

Initial imperfections, including the welding-induced residual stress and local geometrical
imperfection, are considered for numerical simulation. Experimental investigation on the membrane
residual stresses of HSS and hybrid I-sections has been reported by authors (Chen et al., 2023b). It
was observed that the residual stress distribution is marginally influenced by steel strength grade, and
a new residual stress distribution model applicable to the investigated I-sections was proposed. The
membrane residual stress distribution model used in numerical analysis is illustrated in Fig. 3, the
detailed information can be found in Chen et al. (2023b). The residual stress is introduced by
inputting the initial stress to predefined fields of the model.



129

130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151

min{t+5he;

W min{t,+5hg;
0.1bs by 025b3 by 0.1b¢ olb b 0{75“' P
} } ;L ‘ ‘ ‘ ‘ ‘I .3 J‘-- f .3 ‘ ‘t
(I (I

T I 1 fon=460 N/mm?; ™ } - _ 2
e 3 = 460 N/mm’;
i Jraw=355 Njmm’; Jia :;;,iﬂ =355 N}]rﬁ‘nnrzlz;
Jfrfe=50 N/mm~; Sine=50 N/mm?;
P Jefes Srowes e and hie3 are ) Jrser fowes bezand he 4 are
Jrfe to be .de.lermmed by self- Suse to be determined by self-
W P equilibrium of each plate 1] [] equilibrium of each plate
Jike Jrse
i § min{3he: 0,15k} . fow g min{3h; 015,
0.3h,
Jrwe By hrea
0.3h,
— T K
] min{3h: 015k} 3 min{3hr; 0,15k}
(a) for I-sections with Aw<<210 mm (b) for I-sections with 4w=210 mm

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

Besides, the initial local imperfection of I-sections has been measured in Chen et al. (2023a). The
measurement results showed that average measured local imperfection magnitude of outstand flange-
1/49 was close to the one (1/50) recommended in EN 1993-1-5:2006 (2006) for finite element
modelling, while the average magnitude (1/817) for the internal web plate was less than that (1/200)
in Eurocode 3. The local geometric imperfection of the I-section was introduced by importing the
first eigenvalue buckling mode obtained from linear perturbation analysis under loading conditions
(Chen et al., 2023a).

The newly developed residual stress predictive model for I-sections and the local imperfection
magnitudes recommended by Eurocode 3 were applied to numerical models for parametric analysis
after validation. The fillet welds at web-flange junction of welded I-sections were ignored in the
modelling, because of the limited influence (Tse, et al., 2021; Zhu, et al., 2023; Yun et al., 2023).

2.2 Validation

Compression test results reported in authors’ experimental studies for fixed-ended I-section stub
columns (Chen et al., 2023a) was chosen to validate the effectiveness of FE method in this study. All
the test series for I-sections with 230 mm, 330 mm and 440 section heights, labelled as “H230”,
“H350” and “H440” in Table 2, were replicated. The nominal width and thickness for the flange
plates of I-sections were 110 mm and 10 mm, and the nominal web thickness was 6 mm. Three web
strength grades-fynom= 690, 460, 355 MPa were considered for each section dimension. The
nomenclature of test specimens follows the sequence of section height and web strength grade. For
“H230” series, member lengths of 1.2/4w and 2.2/4w (denoted by L1 and L2 in Table 2) were adopted

6



152
153
154
155

156
157
158
159
160
161
162
163
164
165
166
167
168
169

to study the effect of stub column length on the compression behaviour of I-sections. A detailed

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

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

. . Nutest ~ Measured imperfection €EC3
Series  Specimen
(kN) Nure (KN) NuFE /Nu,test Nure (KN) NuFE /Nu,test

H230-690W-L1 2674 2625 0.98 2604 0.97
H230-690W-L2 2641 2564 0.97 2527 0.96

H230 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
H350-690W 2802 2743 0.98 2734 0.98

H350 H350-460W 2445 2427 0.99 2417 0.99
H350-355W 2371 2273 0.96 2256 0.95
H440-690W 2887 2824 0.98 2810 0.97

H440 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

In Table 2, ultimate test loads Nutest of specimens were compared with FE models with measured
imperfection as well as those with the suggested values in Eurocode 3 (ecc3). Seen from this table,
local imperfection magnitude has a negligible impact on the ultimate loads of I-sections failed by
local buckling in compression, as the mean ratios of numerical ultimate loads Nureto Nutestare 0.98
and 0.97, with the corresponding Coefficient of Variation (CoV) of 0.013 and 0.015 for models with
measured imperfection and egcs.

The failure modes of test and FE results for “H230-690W-L2” are set out in Fig. 4. It can be
observed that the numerical model can capture the local buckling behaviour of specimen accurately.
In addition, taking “H230-460-L2”, “H350-460” and “H440-460” as representatives, axial load N
versus end shortening du curves of test and FE models with ekcs are depicted in Fig. 5. It can be seen
from these figures that the simulation results of axial load-end shortening response from FE models

with eecs are consistent with the test curves, thus proving the effectiveness of the adopted FE method.
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3. Parametric study

To identify the local buckling behaviour of I-sections under axial compression, FE models with
geometrical characteristics presented in Table 3 were established. The thicknesses of flange and web
plates were selected to be equal to 10 mm and 6 mm. Referring to the ratios for local buckling of
flange (ct/tr) and web plates (cw/tw) of universal columns in BS EN 10365 (2017), the ranges of
flange width brand web height 4w were 50~420 mm and 30~420 mm, respectively, and the ratio of
flange local buckling parameter-cf/tr to web local buckling parameter-cw/tw was selected to between
1.5 and 5 as reasonable column section dimensions. cf represents the distance from flange outstand
edge to weld, and cw means the distance between welds along the web plate, as shown in Fig. 1. For
each cross-section dimension, three sectional steel combinations were considered, all of which were
made of Q690 flange, but with different web strength grade steels-Q690, Q460 and Q355, expressed
as “HO-690”, “HY-690+460” and “HY-690+355” in this study. Three times the widest overhanging
width of plates L=3bo was selected to be the length of I-section stub columns to eliminate the effect
from the end restraint of loaded edges (Timensoko and Gere,1961). I-sections failed with the

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

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

t1=10; tw=0; (ct/tr)/(cw/tw) =1.5~5;

bs =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;

In the subsequent subsections, representative I[-sections are selected to investigate the effect of web
strength grade, boundary condition of loaded edges and plate slenderness on the local buckling
behaviour of HSS and hybrid I-sections under axial compression. Geometric characteristics of the
selected representative I-sections are tabulated in Table 4. In this table, gcwss and o t,ss represent
the critical elastic buckling stress of web and flange plates with simply-supported unloaded edges
according to theory of elastic stability (Timoshenko & Gere, 1961), which can be obtained using
Equation (1). In this equation, oc,ss denotes the elastic critical buckling stress of the plate with
simply-supported unloaded edges; kss is the buckling coefficient under the corresponding boundary
condition, i.e., kss = 4 for the internal web plate, kss = 0.43 for the outstand flange plate for the
studied I-sections in compression; bp and ¢ denote the width and thickness of the plate, and £ and v

are the material's Young's modulus and Poisson's ratio, respectively.
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In Table 4, ® in is the ratio of octss to oewss, taken as a reference benchmark to determine the

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

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

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

local buckling behaviour of I-section.

D= Ourrss {>1 web is crtical

o <1 flange is crtical

cr,w,SS

Table 4. Geometric characteristics of representative I-sections

2

Specimen bt hw Ocr,£SS Ocr,w,SS () 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

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

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

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

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

of Ny can be expressed by Equation (3), where fyrand Ar represent the yield strength and gross area of

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

10
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3.1 Effect of web strength grade

3.1.1 I-sections with Ny>Ny

Among [-sections with Mu> Ny, “B80-H70” models own comparatively stocky web plates. With @ =
0.55, this I-section dimension is characterised with the critical flange plate. Fig. 6 displays the stress
contours for the web of “B80-H70” models at the ultimate load My, where the region in red reaches
the ultimate stress of materials. It is apparent from this figure that “B80-H70” model with Q690 web-
“HO-690” presents a broader red zone than hybrid I-sections-“HY-690+460” and “HY-690+355”
models. The reason behind it is that the ultimate strain ey of “Q690-W” is much less than that of
“Q460-W” and “Q355-W”, as presented in Table 1.

(b) HY-690+460

Il
L1

117
LT
AN

(c) HY-690+355
Fig. 6. Stress contours of the web for “B80-H70” models at the ultimate load

Fig. 7(a) and (b) shows the normalised axial load N/Ny against lateral deflection of the flange Jr and
web dw of “B80-H70” models. Seen from these figures, no remarkable difference was observed
among N/Ny-or curves, but an abrupt turn was detected in N/Ny— Jw curves of “HY-690+460” and
“HY-690+355” curves. It might be explained by the fact that the local deformation of the flange
causes the opposite movement of web plate to its local buckling. It can be illustrated by the
displacement contour of web plate at the ultimate load in Fig. 7(c), with “HY690+355” as an

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

11



(a) Normalised axial load-flange lateral deflection (b) Normalised axial load-web lateral deflection
curves curves

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

244 Fig. 7. Deformation characteristics of “B80-H70” I-section models
245

246  In addition, classified into I-sections with Nu>Ny, “B75-H80” and “B60-H80” models, with ® =
247 0.90 and 1.47, are flange-critical and web-critical I-sections, respectively. Seen from Fig. 8(a), the
248  web lateral deflection of flange-critical “B75-H80” I-sections is still affected by the flange, revealed
249 by the unsmoothed curves of I-sections. Comparatively, “B60-H80” models, of which the web plate

250 is critical, similar N/Ny-dw curves are presented for I-sections with different webs, as provided in Fig.
251 8(b).

(a) “B75-H80” models (b) “B60-H80” models
252 Fig. 8. Normalised axial load against web lateral deflection of the selected I-sections with Nu>> Ny

12
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3.1.2 I-sections with NV,~ Ny

In Table 4, “B90-H90”, “B90-H120” and “B75-H120” are chosen as representatives with Nu==Ny.
Among them, “B90-H90” I-section is flange-critical, whilst “B90-H120” and “B75-H120” are web-
critical I-sections. Normalised axial load N/Ny-end shortening Ju curves of these models with
different web are compared in Fig. 9. For “B90-H90” models, no apparent distinction was observed
for HSS and hybrid I-sections; For “B90-H120” models, a yield plateau was found for hybrid I-
sections with Q460 and Q355 webs, but not for HSS homogeneous Q690 section; For “B75-H120”
models, the curves of “HY-690+460” and “HY-690+355” I-sections exhibit an obvious strain
hardening stage, which was not detected in the “HO-690” curve. These findings are consistent with

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

T T T T T T T
F—— HO-690-Fixed  --- HY-690+460-Fixed
) 1.2r HY-690+355-Fixed |

—— HO-690-Fixed ] ]
wal HY-690+460-Fixed
HY-690+355-Fixed | ]
0.0b——~L——1

" 1 " 1 "
4 8 12 16 20
End shortening J, (mm)

(a) “B90-H90” models

End shortening o, (mm)
(b) “B90-HI120” models

l~4 T T T T T T T
F — HO-690-Fixed  --- HY-690+460-Fixed -
L2 HY-690+355-Fixed |

5 s 1 16
End shortening J, (mm)
(c) “B75-H120” models

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

Taking I-sections with Q690 web as an instance, Fig. 10 provides the stress contour of “B90-H120”
13
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and “B90-H90” models at the ultimate load M. It could be observed that though the flange geometry
is identical, the distinctive stress state and distribution are found between these two I-sections with
different web height: for “B90-H90” model with Q690 web, a portion of flange has reached the
ultimate true stress-906MPa and presents an obvious local deformation; for “B90-H120” model with
Q690 web, the majority of flange zone is still in the yield plateau. This phenomenon reveals the
interactive effect between flange and web plates, which can also be demonstrated by the comparison
of N/Ny-ou curves between “B90-H120” and “B75-H120” I-sections in Fig. 9.

(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

3.1.3 I-sections with NV,<<NVy

Among the four representative I-sections of which M is less than Nyin Table 4, “B160-H130”and
“B420-H260” models is the ones with flange element as the critical plate, when the web element is
more critical than the flange for “B160-H260” and “B420-H440 models.

Based on Bleich’s empirical expression of web critical elastic buckling stress ge,w in I-sections
(Bleich, 1952), which has been proved by test data (Chen et al., 2023a), the value of ger,w of “B420-
H440” is 229 MPa, revealing that it is elastic local buckling that occurs in the critical web plate
element. For “B420-H260” models, gc,wis 850 MPa, but its elastic local buckling stress of the whole
cross-section based on Gardner’s prediction approach (Gardner et al., 2019) is 274 MPa, which
indicates the critical flange plate of “B420-H260” I-sections experience an early elastic local
buckling-i.e., less than 274 MPa.

Fig. 11(a) shows N-or curves of flange-critical “B420-H260 I-sections, where the coincident pre-
buckling paths but diverse post-buckling curves were presented among models with different webs.
A similar phenomenon was discovered in the pre-buckling and post-buckling stages in N-dw of the
web-critical “B420-H440 models (Fig. 11(b)).
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Normalised axial loads against end shortening oJu of all the representative I-sections with N<<Ny are

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

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

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

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

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

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

those with lower strength web.
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3.2 Effect of boundary condition

Pinned-ended boundary condition was simulated herein to explore the effect of boundary condition
of the loaded edges on the local buckling behaviour of I-sections in compression. As shown in Fig.
13, the rotational freedom along the major and minor axis, as well as the translational freedom along

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

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

Table 5 compares the normalised ultimate loads between fixed-ended and pinned-ended models of
the selected representative I-sections. For “B80-H70” I-sections, it is interesting to see that though
“HY-690+355” pinned-ended model is failure by local-overall interactive buckling (Fig. 14(a)), it
still gives higher compression resistance than the corresponding fixed-ended model with local
buckling failure mode (Fig. 14(b)). It can be attributed to the fairly compact plate elements of “B80-

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

deformation of the flange plates.

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

Nu/Ny
) Fixed-ended Pinned-ended

Specimen

“HO- “HY- “HY- “HO- “HY- “HY-

690” 690+460” 690+355” 690” 690+460” 690+355”
B&80-H70 1.099 1.101 1.079 1.096 1.097 1.101
B160- 0.978 0.970 0.965 0.973 0.965 0.961
H130
B160- 0.876 0.909 0.932 0.876 0.911 0.934
H260
B420- 0.648 0.641 0.638 0.631 0.629 0.627
H260
B420- 0.581 0.593 0.598 0.560 0.572 0.577
H440

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

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

x 0—1-0' XOLV
(a) Pinned-ended (b) Fixed-ended
Fig. 15. Failure modes of “B160-H130” models with different boundary conditions
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Among I-sections with Nu/Ny<<1, the failure mode of pinned-ended “B160-H130” and “B160-H260”
columns with L=3b, is the same as to that with that of fixed-ended models, as provided in Fig.15,
which is line with their close curves of N/Ny in Fig. 12 and comparative values of Nu/Ny in Table 5.
In addition, for “B420-H260” and “B420-H440” I-sections with elastic locally buckled critical plate,
as illustrated in Fig. 11, the pre-buckling path of critical plate is not affected by the boundary
condition of the loaded edges, though the ultimate axial loads of pinned-ended I-sections are lesser
because of the occurrence of interactive buckling. Also, it was observed that the influence of web
strength grade on the normalised axial load for pinned-ended I-sections was similar to those with
fixed-ended boundary condition.

Overall, compared with fixed-ended models, pinned-ended I-sections are more susceptible to overall
buckling, and less impacted by the local deformation of critical plate element. No distinction in the

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

3.3 Effect of plate slenderness

The effect of geometric dimension-flange and web slenderness on the local buckling behaviour of I-
sections under axial compression is examined underpinned by finite element results. Fig. 16
illustrates the variation of normalised ultimate loads Nure /Ny among I-sections with different web
strength grades. Models with selected flange width-to-thickness ratio b¢/tt = 5, 10 and 21 were
analysed, as presented in Fig. 16(a). It can be seen from this figure that when br/tris 5, close values
of Nure/Ny were observed among I-sections with different webs. For I-sections with br/# equal to 10
and 21, with the increase of web height to-thickness ratio Aw/tw, the divergence in Nure/Ny among
models with different webs was detected to be larger. This is because when the web becomes slender,
it would be prone to be the critical plate element of I-sections, and thus greatly influence the values
of Nure/Ny. Similar observation was found for I-sections with Aw/tw = 40 in Fig. 16(b), whereas the

effect of web strength grade is minor when Aw/tw = 6.7 or 20.
1.4
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be/t=5; HY-690+355

_ Lof 1 e be/t=10; HO-690
3@ Proig &= be/ty=10; HY-690+460
= 08} *e ] be/ty=10; HY-690+355

X ~e by/t;=21; HO-690
0.6 Febishng 4 -A be/t=21; HY-690+460
be/ty=21; HY-690+355

0.4

0 20 40 60 80
Iy Ity

(a) Against web height-to-thickness ratio
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Fig. 16. Variation of normalised ultimate loads among I-sections with different web strength grades

It is worth noting that in the current codified design approaches for steel structures (EN 1993-1-1,
2005; ANSI/AISC 360-16, 2016; AS 4100, 2020), in terms of cross-section behaviour, the plate

slenderness is stipulated together with the material yield strength by\/7y . In view of this, Fig. 17

shows the normalised ultimate loads against #,/z, X\/E for I-sections which have been compared in

Fig. 16(a). Generally, it can be observed that similar trend was found among Nuyre/Ny against
h/t, ><\/]Tyw for I-sections with different webs in Fig. 17.

In addition, from Figs. 16 and 17, it can be seen that distinct Nure/Ny results are observed among I-
sections of which one plate slenderness is identical and the other plate slenderness is different,

further confirming the interactive effect between flange and web plates.
1.4 T T T T T T T T T T

—o—  b¢/t;=5; HO-690
12k 4 —a— bi/t;=5; HY-690+460
bf/ffzs; HY-690+355

Lor 1 e belty=10; HO-690
Z brtege. e be/t=10; HY-690+460
o8t e . by/tr=10; HY-690+355

-o— be/t;=21; HO-690

AcA & S
0.6 T 0., 4 - be/y=21; HY-690+460
bf/tf:2l; HY-690+355

04 0 400 800 1200 1600 2000 2400

hW/th\/E

Fig. 17. Variation of normalised ultimate loads against %, /¢, X/ S for I-sections with different web

strength grade
19



368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399

3.4 Summary

Through the above parametric analysis on web strength grade, boundary condition and plate
slenderness, it was shown that:

(1) The inelastic and elastic local buckling behaviour of HSS and hybrid I-sections are highly
dependent on the critical plate element.

(2) Fixed-ended boundary condition, providing the comparative results to locally buckled pinned-
ended models, is preferable to analyse the local buckling behaviour of I-sections under axial
compression, because of the less likelihood of overall buckling.

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

compression.

4. Assessment on the current design methods

4.1 General

In this section, the applicability of codified design provisions based on the effective width method-
European, Australian and American standards for steel structures to the design of HSS and hybrid I-
section in compression was assessed, in terms of class-section classification and design resistance.
Furthermore, the newly developed direct strength method (DSM) and the continuous strength
method (CSM), as well as Kato’s method (1998; 1999) were extended to the design of local buckling
behaviour of HSS and hybrid I-sections in compression, based on the finite element results in this
study, along with test data of HSS and hybrid I-sections made of 690 MPa flange in Rasmussen and
Hancock (1992), Yun et al. (2021), Sun et al. (2019) and Chen et al. (2023a) described in

introduction.

4.2 Effective width method

The concept of effective width (berr in Fig. 18), first established by Karman (1932), is used to
account for the uneven stress distribution (solid line in Fig. 18) of buckled thin flat plate with the
width of bp subject to compression. This concept has been taken as the mainstream in the current
design specifications of steel structures. The provisions in Eurocode 3 (EN 1993-1-1:2005, 2005; EN
1993-1-12:2007, 2007; prEN 1993-1-1:2020, 2020), Australian code (AS 4100-2020, 2020) and
American specifications for steel structures (ANSI/AISC 360-16; 2016), all of which are

characterised with the effective width method, were assessed in this study.
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Fig. 18. Concept of effective width

Table 6 tabulates the slenderness parameters and limiting ratios of flange (outstand compression
element) and web (internal compression element) in codes. The symbols in this table have been
illustrated in Fig. 1. What stands out in this table is that the limiting ratio for flange plate in
ANSI/AISC 360-16 (2016) uses a web slenderness-related coefficient 4c to incorporate the element
interaction. Plate elements with width-to thickness ratio less than the limiting ratios in this table are
considered to be unbuckled before yielding, and thus the full width of plate is able to reach the
yielding stress fy. In Table 6, erc3, eas and eaisc represent the fy-dependent factor in the design

specifications.

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

Outstand element-flange Internal element-web
_ ) Jfy-dependent — ——
Specification fact Slenderness Limiting Slenderness Limiting
actor
parameter ratio parameter ratio
€pc3
Eurocode 3 = 5357 Cf/(EEC3tf) 14 cw/(eEC3tw) 42 (389
y

AS 4100 iASJW (b —1,))(260ts) 14 hy (& asty) 35

ANSI/AISC Eaisc

360 :\/% bf/(ngISle) 0.64\/k_cb hw/(eAISCtW) 1.49

Note:

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

b. k, = 4/ VA, / t, , but shall not be taken less than 0.35 nor greater than 0.76 for calculation purposes.

The applicability of the classification limits in Eurocode 3 to HSS and hybrid I-section stub columns
was set out in Fig. 19. Seen from Fig. 19(a), the local buckling behaviour of flange plate in HSS and
hybrid I-sections can be generally captured by the slenderness limiting ratio-14. The web limiting
ratios in current version (EN 1993-1-1:2005, 2005)-42 and prEN 1993-1-1: 2020 (2020)-38 were

evaluated in Fig. 19(b). Some data points within between 38 and 42 are below the reference line of
21



420 Nu/Ny =1 due to the element interaction, the limit in prEN 1993-1-1 (2020) is thus thought to be
421 comparatively safter.
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422 Fig. 19. Assessment of cross-section classification limit in (pr) EN1993-1-1

423

424 The predicted to-(test or) FE resistance ratios My, ec3 based on Eurocode 3 to Nu against flange and
425 web slenderness parameters are plotted in Fig. 20. What is illustrated in Fig. 20(a) is that Eurocode 3
426  underestimates the compressive resistance of HSS and hybrid I-sections with slender flange, which
427  agrees with the findings of Shi et al. (2014; 2015) for Q460 and Q960 welded I-sections in
428  compression, implying that those codified design expressions in Eurocode 3 (EN 1993-1-5:2006,
429 2006) gives conservative results for outstand compression elements. Fairly scattered prediction
430  results of NuEcs/Nuwere observed for I-sections with high web slenderness ratio, as shown Fig. 20(b),
431 which demonstrates that flange width-to-thickness ratio affects the prediction accuracy of I-sections

432 with identical web slenderness, principally attributed to the interactive effect between flanges and
433 web.
434

22



435
436
437
438
439
440
441
442
443
444

445
446

1.4

Nu,EC3 /Nu

1.2

0.6
0.4

0.2F

i ® HO-690-Test

o HO-690-FE

a HY-690+460-Test 4 HY-690+460-FE
HY-690+355-FE

HY-690+355-Test

0.0

I I 1 I 1
0 5 10 15 20 25

cf/(gECBtf)

30

(a) Against flange slenderness

35

40

14 T T T T T T T
12 .
@ - A
& ‘E?AOA o 0® o
= Ay A
< 8888028 0 1
= 0.6F -
0.4F e HO-690-Test o HO-690-FE -
a HY-690+460-Test & HY-690+460-FE
0.2 HY-690+355-Test HY-690+355-FE |
00 1 N 1 N 1 1 N 1

020 40 60 80 100 120 140
Cw/(85c3tw)

(b) Against web slenderness

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

resistances in Eurocode 3

Figs 21 and 22 show the assessment results of Australian code (AS4100-2020, 2020). Which is
displayed in Fig. 21 is that the yield slenderness limiting ratios in AS4100 are acceptable to classify

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

Australian code prediction results Nuas to test and FE data Nu against flange and web slenderness

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

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

predictions was given by slender-web sections.
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Fig. 21. Assessment of cross-section classification limit in AS 4100
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447 Fig. 22. Comparison of normalised ultimate loads between (test or) finite element results and design
448 resistances in AS 4100
449
450  The slenderness limitations in ANSI/AISC 360 (2016) based on the test and FE data set were
451  assessed in Fig. 23. In Fig. 23(a), the flange slenderness limit is expected to be stricter for HSS and
452 hybrid I-sections to provide safe predictions, and Fig. 23(b) reveals that the limiting ratio of web
453  plate is suitable for investigated I-sections. The predicted-to-test (or FE) resistance ratios Nu,a1sc/Nu
454 based on ANSI/AISC 360-16 is given in Fig. 24. It was clear that the AISC provisions generally
455  offer accurate predictions, but some overestimated results might lead to unsafe design for HSS and
456  hybrid I-sections.
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Fig. 24. Comparison of normalised ultimate loads between (test or) finite element results and design
resistances based on ANSI/AISC 360

In general, the slenderness limits in European, Australian and American codes are suitable for welded
HSS and hybrid I-sections in compression. Eurocode 3 and AS 4100 give overconservative
predictions to I-sections with slender flange, in comparison, AISC specification provides more

accurate predictions.

4.3 Direct strength method

Distinct from the effective width method, the direct strength method (DSM) is based on the overall
cross-section slenderness Ap, rather than individual plate slenderness, to take account of the flange-
web interaction. The overall cross-section slenderness 4, can be calculated by Equation (4), where,

the second expression which is load-dependent can be taken as ApN.

y

stress-dependent

cr,es

ip =40r (4)

N N,
L= ~— =/, load-dependent
N, f;r,cs x Acs ’

cr,es

In this equation, feres and Neres denote the critical elastic buckling stress and load of overall cross-

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

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

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

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

Equation (4) is the same as the load-dependent one. However, for hybrid sections consisting of
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different steel materials, there could be different considerations on the selection of fy in Equation (4).
According to the comprehensive parametric study results in Section 3, the local buckling behaviour
of hybrid I-sections is highly dependent on the critical plate element which governs the local
instability behaviour. Therefore, for hybrid I-sections, the stress-dependent expression in Equation (4)
At the same time, load-dependent overall cross-section slenderness is also considered in the
following analysis.

The DSM utilises the direct relation between the design resistance and overall cross-section
slenderness, and it has been applied to design of the cold-formed, hot-rolled and welded HSS
sections (Shifferaw and Schafer, 2012; Pham and Hancock; 2013; Li, 2014; Chen et al., 2022). Li
(2014) extended the DSM to the design of welded homogeneous H-sections made of 235 MPa, 355
MPa and 460 MPa steels, whose formulas are indicated by Equation (5).

1 A, <0.694
Novswai _ 1,499 029 p 5
p p

Fig. 25(a) depicts the relation between Nuw/Ny and stress-dependent overall cross-section slenderness
based on the critical plate Ap.crof all the test and FE data. It was shown that the equations developed
by Li (2014) can generally capture the local buckling behaviour of HSS and hybrid I-sections.
However, data points belong to “HY-690+355” slender I-sections with Apcr >>0.694 were found to be
located below the Li’s DSM curve. This is because the lower strength web resulting to the lesser
value of 4p.cr when web plate is critical.

The ratio of Mu to Ny against load-dependent overall cross-section slenderness Jpn is presented in Fig.
25(b), where more concentrated distribution data were detected among slender I-sections, but
underestimated by Li’s curve. Thus, it is suggested to establish a new DSM curve based on the load-
dependent slenderness ApN for the investigated HSS and hybrid I-sections, as expressed by Equation

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

Ny 1 7y <0.68
N, |(1-0165x 457 ) x 258 2,,>0.68 ©)
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Fig. 25. Normalised ultimate load against the overall cross-section slenderness curves

4.4 Continuous strength method

The continuous strength method (CSM) is a deformation-based design method, incorporating the
deformation ability and material properties of the whole cross-section. In this method, the
deformation capacity is featured by the base curve, which describes the correlation between the ratio
of the CSM limiting strain to yield strain-ecsm/ey and the overall cross-section slenderness Ap; an
appropriate material model is also indispensable to transform ecsm to the CSM limiting stress fcsm, so
that the cross-section resistance can be derived by stress distribution. The expressions for the CSM
base curve for non-slender and slender sections have been developed for materials with an obvious
yield plateau (Buchanan et al., 2016; Zhao et al., 2017), as denoted by Equation (7); then using the

constitutive relation between fcsm and ecsm (Equation (8)), the compression strength can be obtained

by Equation (9).
L . )
M < min (1 5, %J for non-slender sec tions
8CSM — 8}’ 8}' (7)
&, N )
= for slender sec tions
N}’
Ee gy foreq, <é,
Jesm =91, for e <ecqy <&, (3)
fy +E, (SCSM _8sh) for e, <e gy < Cig,
Nesw = Afcsu (9)

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

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

illustrated in Fig. 26. Where, Ci is the model coefficient applied in Equation (7) to avoid over-
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strength predictions, and Cz is used to determine strain hardening modulus Esn. The formulas of &,
&sh, C1 and Cz2 for HSS and hot-rolled steels can be found in Chen et al. (2022) and Yun and Gardner
(2017).
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S
it et !
i
Bl |
6 o Ciee Cot o .~ Fig.26. Quad-linear material model for HSS

materials in the CSM

Based on the above Equations (7)~(9), for slender I-sections, the CSM compressive resistance
expression for slender I-sections is obtained by regressively analysing the ratios of Mu to Ny. Thus,
the design expression for slender I-sections with 4px >0.68 in the DSM can be directly applied to

the base curve for slender sections in the CSM with high accuracy, as set out in Fig. 27.
l .5 T T T T T T T T

& !
Z i
0.6 e o
Proposed CSM base curve
e HO-690-Test o HO-690-FE

0.3r 4 HY-690+460-Test
HY-690+355-Test

4 HY-690+460-FE
HY-690+355-FE

0.8.

0.96

1.24

1.52
ApN

1.80

>0g Fig.27. Base curve for slender I-sections
in the CSM

As presented by Equation (7), the deformation ability, i.e., base curve for non-slender I-sections, is
denoted by the ratio of normalised end shortening Juw/L at the ultimate load Nu of columns to the yield
strain Jy. Fig. 28 presents the normalised end shortening duw/L against stress-dependent and load-
dependent overall cross-section slenderness-Ap.cr and ApN. It can be observed from Fig. 28(a) that only
minor differences in deformation dw/L were found among non-slender web-critical I-sections, whilst
distinct values of Ap.cr are obtained because of different web yield strength. Compared with Ap.cr, less

dispersed data distribution could be obtained by using ApN as the abscissa, as shown in Fig. 28(b).
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This result can be explained by that though the local buckling behaviour of I-sections in compression
is significantly affected by the critical plate element of I-sections, only minor distinctions in the
ultimate loads among I-sections with different webs were observed, as shown by the curves of Figs 8,
12, 16 and the data of Table 5. In Fig. 28(a), “-crF” and “-crW” mean these models are featured with

flanges and web as the critical plates, respectively.

0.10 T T T T T T 0.10 T T T T T T
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0.08- & HY-690+460-crF 0.08- o HY-690+460-Test -
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0.04} x % . 0.04 Prs -
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0.00L——1— 0.00 ' ' ' ' ' '
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s
(a) Against stress-dependent overall cross- (b) Against load-dependent overall cross-section
section slenderness slenderness

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

slenderness

The deformation capacity of HSS and hybrid I-sections against the stress-dependent and load-
dependent overall cross-section slenderness is depicted in Fig. 29(a) and (b). In this figure, &y.ris the
yield strain of critical plate element of I-sections; &yaver denotes the area-weighted average yield
strain, which is the ratio of area-weighted average yield strain fyaver to the elastic modulus F, as

expressed by Equation (10).

](y,aver _ ]Vy/ Acs

e =
e = p z (10)

Lan et al. (2018) and Liu et al. (2023) established the CSM base curves for non-slender HSS
rectangular/square hollow sections (Equation (11)) and hybrid T-sections with Q690 flange and Q355
web (Equation (12)), respectively. The deformation ability of HSS and hybrid I-sections against the
stress-dependent slenderness of critical plate was compared with the curves of Lan et al. (2018) and
Liu et al. (2023) in Fig. 29. From Fig. 29(a), it can be seen that the scatteredly distributed data points
based on the critical plate of I-sections cannot be captured well by Equations (11) and (12). In Fig.
29(b), when the load-based overall cross-section slenderness ApN is used, it was found that both of

Lan et al. (2018) and Liu et al. (2023) curves largely overpredict the deformation ability of non-
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slender I-section with 4pn >0.37, and thus a new CSM base curve for HSS and hybrid I-sections in

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

(SCSM ] _ 0.294 < min [15, Cé, ] for 2, <0.68
Lan

3074 = (11)
8}’ AP SY
g 0.178 ) Ce
[ CSMJ =———<min| 15— | forA <0.64 (12)
€ ‘ e P
y Liu P Yy
0.33 . Ce
<min| 15,—2 for 1, <0.68
Eosm 12‘9 e P.N
=T e y (13)
y —0.63 -0.63
(1-0.165x 57 )x 45" for 4,,>0.68
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Fig. 29. Base curve for non-slender HSS and hybrid I-sections in the CSM

Based on the obtained the CSM base curve (Equation (13)) and the quad-linear material model in Fig.
26, the compression resistance of HSS and hybrid I-section stub columns can be obtained according
to Equations (7)~(9). Note that for I-sections fabricated by different steels, Equation (9) needs to be
converted into Equation (14), where fcsm,r and fcsmw represent the CSM limiting stresses of flange
and web plates, respectively. The CSM material model for HSS (Q690 and Q460 in this study) and
NSS (Q355 in this study) plate elements can refer to Chen et al. (2022) and Yun and Gardner (2017).

Nesu =4 ><fcst +4, ><fcsMw (14)

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

in the Japanese recommendation for limit state design of steel structures (AlJ LSD, 2010), which has
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specified the design of I-/H-section structural steels with fynomup to 440 MPa. According to Kato’s
method, the cross-section resistance in compression can be expressed by Equation (15), where, A, B
and C are the coefficients to be determined on the statistics analysis of data; Ar and Aw denote flange
slenderness and web slenderness, which can be calculated using Equation (16). It can be seen from
these equations, this method incorporates the flange and web slenderness into one equation to

consider the element interaction.

1 B C

=A+—+—
Nyoo/N de A (15)

Kato y

where,

E 2 (16)
£t
Jow \

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

the Kato’s method can be obtained as Equation (17). By substituting Nuxato =Ny into Equation (17),
the classification limit is thus derived as Equation (18). As a result, Equation (19) is then taken as the
design equations for HSS and hybrid I-section under axial compression. Fig. 30 compares the test

and FE results with the proposed Kato’s curve, this curve was observed to provide satisfactory results.

7)
1 :0.954+0.343+0.019
Nu,Kalo/Ny /lf jw
2 2
b, /2t, N h,/t, 4
0.37x\JE, | f, 1.56x \[E, | f,, (18)
2 2
| [ by /21, J { hot, J »
o 0.37x\JE, / fys 1.56x/E, | f,,
Nu,Kato/N - 2 2 (19)
" | o5q. 0343, 0019 b, 12t . hlt, -
I Ay | 03TxJE 1 [y 1.56x\E, / f,,
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4.6 Summary

Fig. 30. Proposed curve based on the Kato’s
method

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

CSM and Kato’s method expressions are summarised in Table 7. Among all the mentioned design
codes, it can be seen from this table that ANSI/AISC 360-16 (2016) offers more suitable results than

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

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

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

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

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

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

Table 7. Statistical analysis results of design methods

. HO-690 HY-690+460 HY-690+355
Design method
Mean CoV Mean CoV Mean CoV

Nu/NuEc3 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,a1sc 1.036 0.066 1.023 0.067 1.019 0.063
Nu /Nupsm 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/NuKato 1.055 0.055 1.036 0.059 1.027 0.058

5 Reliability analysis

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

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

compression discussed in Section 4. The material over-strength fy,mean/fy.nom, was 1.12 with the CoV =
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0.066 according to statistical results in Chen et al. (2022), and the CoV of geometric properties was
selected to be 0.05 (AA ADM-2010, 2010; Chen et al., 2022). Reliability analysis results of design
methods are tabulated in Table 8. In this table, b is the average ratio of test and FE results to design
strength according to the least squares analysis; Vr means the CoV covering both model and basic
variable uncertainties; ymo denotes the partial safety factor for cross-section resistance.

It is clear from this table that with the highest partial safety factors-1.24 and 1.25, Australian code
(AS 4100-2020, 2020) usually overestimates the compression resistance of HSS and hybrid I-section
stub columns, whereas Eurocode 3 and AISC specification present more reliable design resistance
results with the derived partial factors ranging between 1.16-1.18. In comparison, all the newly
proposed design expressions in this study feature lesser values of V: and ymo, demonstrating that

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

Table 8. Reliability analysis results of design methods

Design method Section steel combination b Ve YMO
HO-690 0.994 0.115 1.17
Eurocode 3 HY-690+460 1.051 0.117 1.18
HY-690+355 1.060 0.115 1.17
HO-690 1.117 0.156 1.24
AS 4100 HY-690+460 1.080 0.160 1.25
HY-690+355 1.060 0.156 1.24
HO-690 0.963 0.105 1.16
ANSI/AISC 360 HY-690+460 1.025 0.106 1.16
HY-690+355 1.020 0.104 1.16
HO-690 1.047 0.099 1.15
DSM HY-690+460 1.036 0.099 1.15
HY-690+355 1.027 0.099 1.15
HO-690 1.048 0.097 1.15
CSM HY-690+460 1.040 0.098 1.15
HY-690+355 1.036 0.097 1.15
HO-690 1.062 0.099 1.15
Kato HY-690+460 1.045 0.101 1.15
HY-690+355 1.036 0.101 1.15

6 Conclusions
This study focuses on the local buckling behaviour of welded HSS and hybrid I-sections under axial
compression, which has not been dealt with in detail in previous literature. Using the validated

numerical method, an extensive parametric study was conducted to investigate the effect of web
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strength grade, boundary condition and plate slenderness. The parametric study results revealed that
the critical plate element governs the local buckling behaviour of HSS and hybrid I-sections. The
interactive effect between flanges and web is also confirmed to exist in [-sections in compression.

A total of 243 models of HSS and hybrid I-section stub columns established in this study, as well as
the collated test data, were used to assess the design rules in European, Australian, and American
standards for designing steel structures. Among the codified design provisions, ANSI/AISC 360-16
was found to offer more reliable design resistance than Eurocode 3 and AS 4100. In addition, the
recently developed continuous strength method (CSM), direct strength method (DSM) and Kato’s
method, which can consider flange-web interaction, were extended to the design of HSS and hybrid
I-sections in compression. Statistical and reliability analysis results have demonstrated the
satisfactory predictions of the proposed CSM, DSM, and Kato's method design expressions. These
newly developed design approaches that consider flange-web interaction are expected to improve the
accuracy and efficiency for the design of the local buckling behaviour of HSS and hybrid I-sections
in compression. This paper provides insight into the local buckling behaviour and mechanism behind

plate interaction of hybrid I-sections.
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