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Abstract

This paper aims to examine the resistance of HSS doubly symmetric I-beams according to BS
EN 1993-1-1, ANSI/AISC 360-22, and AS 4100-1998 (R2020). For this purpose, a database
comprising 138 tests conducted between 1969 and 2023 was compiled. An influence parameter
analysis was performed using the collected data, followed by a reliability assessment. The
parametric influence analysis showed that geometric properties (depth, flange width, and
thickness) govern bending resistance, whereas material strength plays a secondary role within
the investigated range. These findings clarify the relative performance of current design
provisions, highlight the parameters that most affect resistance, and indicate where refinements
may improve the reliability and accuracy of HSS I-beam design. All three standards
underestimate the bending resistance of HSS I-beams, though to different degrees. Among the
evaluated formulations, the BS EN 1993-1-1 New Method with refinements by Tankova et al.
achieved the highest accuracy, while ANSI/AISC 360-22 provided the least conservative
predictions and AS 4100-1998 (R2020) showed moderate conservatism. The reliability analysis
confirmed these trends, with partial safety factors ranging from 1.423 to 1.490, indicating

systematic differences in safety margins between codes.
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Notation list

Aj;: cross-sectional area for the calculation of the characteristic resistance to an axial force
b: mean value correction factor

by flange width

Cy: lateral-torsional buckling modification factor for non-uniform moment diagrams when both ends of
the segment are braced

C,: warping constant

CoV coefficient of variation

E: modulus of elasticity

fu: modification factor for LTB

/- yield strength of steel

Jfyjiange: yield strength of the flange

Jywep: yield strength of the web

h: steel section depth

h,: web depth

1,, I.: moment of inertia about strong and weak axes, respectively

J: torsional constant

ke: coefficient for slender unstiffened elements

kan: design fractile factor for finite sample size

kaw: design fractile factor for n — oo

kr: factor for load height

kq: characteristic fractile factor for finite sample size

k- factor for restraint against lateral rotation

ks factor for twist restraints

k-: characteristic fractile factor for n — o

Ly: umbraced length

L,: limiting laterally unbraced length for the limit state of yielding

L,: limiting laterally unbraced length for the limit state of inelastic lateral-torsional buckling
L:: buckling length

l.: effective length of a laterally unrestrained member

MAE: Mean Absolute Error

M,: absolute value of moment at quarter point of the unbraced segment

M3: absolute value of moment at centreline of the unbraced segment

Mc: absolute value of moment at three-quarter point of the unbraced segment
M., elastic critical moment for lateral torsional buckling

M.,.p: basic elastic critical moment for LTB
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M,ax: absolute value of maximum moment in the unbraced segment
M, nominal flexural strength of the flange

M, 13 nominal lateral-torsional buckling strength

M,: elastic buckling moment for a member subject to bending

M,: plastic moment

Mpeq: predicted resistance based on regression model for HSS I-beams
Mpga: design value of the LTB moment resistance

Mpe: characteristic value of the bending moment resistance

M;: nominal section moment capacity

Mrzesr: moment resistance of the test

M,,: nominal flexural strength of the web

Nery, Nep: elastic critical axial force for flexural buckling about strong and weak axes, respectively
n: number of experimental resultsR?: coefficient of determination

rq: design resistance

rei: experimental resistance

ri: characteristic resistance

RMSE: Root Mean Square Error

r.i: theoretical resistance

r-: radius of gyration about weak axis

SD: standard deviation

SAi: sensitivity index of parameter i on the predicted resistance

s4: standard deviation of the logarithmic error term

s4%: variance of the logarithmic error term

t1. flange thickness

t,: web thickness

V. coefficient of variation of resistance

V.. coefficient of variation of the theoretical resistance

Vxi: coefficient of variation for yield strength of steel

Vs: coefficient of variation of the error term

We;: elastic section modulus

Weiy, Wei-: elastic section modulus for bending about strong and weak axes, respectively
Wiy, Wi plastic section modulus for bending about strong and weak axes, respectively
W,: section modulus about the strong axis

X»: mean value of the basic variables

act: imperfection factor for lateral torsional buckling

am: moment modification factor for bending
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as: slenderness reduction factor

ymo: partial factor for resistance of cross-sections

A: logarithm of the error term

A: mean value of the logarithmic error term

oi: error result for test ie: material parameter depending on f,
Avr: relative slenderness for lateral torsional buckling

Avro: plateau length of the lateral torsional buckling curves

Aes: plate element slenderness of the flange

Aep: plate element plasticity slenderness limit

Aew: plate element slenderness of the web

Aey: plate element yield slenderness limit

At limiting width-to-thickness ratio for noncompact web

Ayt limiting width-to-thickness ratio for noncompact flange

As: section slenderness

A:: relative slenderness for flexural buckling about the weak axis
¢r1: value to determine the reduction factor yir for lateral torsional buckling

xut: reduction factor for lateral torsional buckling
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1. Introduction

High-strength steels (HSS) are characterised by a minimum yield strength (f,) of 460 MPa.
Their use has been growing in various regions of the world, primarily due to cost-effectiveness
and sustainability benefits. HSS require a reduced amount of material to achieve the same
performance as conventional steels, offer enhanced corrosion resistance, which contributes to
greater durability, and require less maintenance (Bjorhovde, 2004; Karabulut et al., 2021; Miki
et al.,2002; Rabi et al., 2023, 2024; Shi et al., 2016; Veljkovic and Johansson, 2004; Wheeler
and Russell, 2005). Using HSS allows for the creation of lightweight structures, leading to
significant weight reduction. By utilising HSS, weight savings of up to 34% can be achieved
(Mela and Heinisuo, 2014). A lighter structure typically requires smaller foundations and
shortens both construction and transportation times, helping to reduce costs, CO2 emissions,

and energy consumption (Zhu et al., 2023).

The structural behaviour of steel I-beams bending about their strong axis is well established in
the literature. The resistance of these elements can be governed by yielding, local buckling (LB)
and lateral-torsional buckling (LTB). The latter is characterised by a combination of vertical
and lateral deflections with torsion, caused by the absence of lateral bracing along the
compressed flange. LTB is particularly important in designs lacking lateral bracing and in
situations where the lateral bracing system has not yet been fully installed. Most accidents occur
while lateral braces are being installed, since there is an increase in variable actions (Galambos
and Surovek, 2008). HSS structures have a lower rotational capacity compared to those made
from conventional steels, and this capacity tends to decrease as the slenderness of the web and
upper flange increases. As a result, failure may occur due to local buckling modes (Ricles et

al., 1998).
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One of the first published studies was carried out by McDermott (1969). In this study, seven
beams with simple supports were tested under a uniform moment, while two beams were
subjected to a moment gradient. Tests on both uniform moment beams and gradient moment
beams showed that HSS has adequate rotation capacity for use in plastically designed structures.
However, the tests also indicated the potential for early plastic buckling. In Dibley (1969),
twenty-five tests were conducted to examine the behaviour of HSS under LTB. The author
highlighted that HSS beams under LTB showed higher resistance due to the hardening effect.
Beg and Hladnik (1996) tested ten HSS I-beams under four-point bending with lateral restraints
at the load points, to assess the flange slenderness limit. All beams failed due to LTB. Green et
al. (2002), flexural tests were conducted on HSS I-beams, and the results indicated that HSS
exhibits lower rotational resistance compared to common steels. Lee et al. (2013) tested sixteen
specimens to investigate the effect of flange slenderness on flexural strength and the rotational
capacity of HSS beams. Although lateral braces were considered along the span, five specimens

had the failure mode governed by the LTB.

In Xiong et al. (2016), eight specimens were subjected to three-point bending to study LTB
resistance, with lateral braces at mid-span. All models failed due to LTB, showing two-wave
deformation patterns. A subsequent parametric study, using the same boundary conditions,
revealed that predictions from ANSI/AISC 360-10 (2010) were not conservative. In contrast,
comparisons with the buckling curves from BS EN 1993-1-1 (2002) generally showed
conservative results, with resistance values exceeding buckling curve ‘a’. Xiong et al. (2021)
applied a similar methodology in relation to the previous study. However, the authors did not
consider lateral braces at mid-span. All eight models tested had the failure mode characterised
by LTB. Yang et al. (2019) performed eight three-point bending tests, with all specimens failing

due to LTB. A subsequent finite element parametric study showed that as the slenderness or the
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depth-to-width ratio of the cross-section increases, resistance to LTB decreases. Luo et al.
(2020) evaluated the behaviour of I-beams at both room and high temperatures through testing.
The specimen tested at room temperature failed due to overall buckling and material strength.
In Le et al. (2020) eight tests were conducted to assess the buckling behaviour of beams, which
were simply supported and submitted to three and four-point bending with lateral braces at
loading points. Six specimens failed due to LTB, linked to partial yielding, as buckling occurred
in the compressed flange in the non-linear stress-strain regime. They found that BS EN 1993-
1-1 (2002) buckling curve ‘d’ was less conservative for stocky beams but conservative for
slender beams. ANSI/AISC 360-16 (2016) overestimated the results, while AS 4100-1998
(R2020) provided accurate predictions for stocky beams but conservative ones for slender
beams. In Yan et al. (2020), four HSS welded I-section beams were tested under uniform
moment with lateral braces, and all specimens failed due to LTB. The authors noted that
ANSI/AISC 360-16 (2016) offered accurate predictions for the moment capacities of beams,
while BS EN 1993-1-1 (2002) was more conservative. In Wang et al. (2021), eighteen partially
restrained beams were tested to examine their LTB resistance. The authors emphasised the need
to enhance the design recommendations of BS EN 1993-1-1 (2002) to address the LTB of
partially restrained beams, as the buckling curve ‘d” for welded sections presented conservative
results compared to the test outcomes. In Tankova et al. (2021), twelve simply supported beams
with lateral braces were tested under four-point bending, including both hybrid and
homogeneous sections. All specimens failed due to LTB. When comparing the results with BS
BS EN 1993-1-1 (2002), significant differences were observed, as the code underestimated the
resistance to LTB. Xiong ef al. (2022) tested eleven specimens to assess the LTB resistance of
steel I-beams with double lateral braces under four-point bending. The findings revealed that
LTB resistance was greater than the provisions predicted by BS EN 1993-1-1 (2002) and
ANSI/AISC 360-16 (2010). Zhu et al. (2023) carried out tests on HSS I-beams using a restraint
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system to prevent LTB and showed that the slenderness limits in BS EN 1993-1-1 (2022), for

Class 2 and Class 3, were appropriate for classifying the outstand flange and web.

Residual stresses arise in steel profiles due to non-uniform heating and cooling during
manufacturing, affecting both rolled and welded members (Alpsten, 1968). These stresses
influence buckling resistance by triggering inelastic behaviour at stress levels below the yield
strength (Alpsten and Tall, 1970; Nagaraja Rao et al., 1964; Young, 1975), resulting in a non-
linear stress-strain response (Huber and Beedle, 1954). In high-strength steels, welded sections
dominate, and consequently, relatively limited information exists on residual stress
distributions in hot-rolled HSS profiles. Dibley (1969)’s measurements indicated that rolled
HSS sections exhibit residual stresses comparable in magnitude and distribution to those in
lower-strength steels. Existing studies show that residual stresses have a smaller effect on the
buckling resistance of welded HSS than on conventional steels (Sabau et al., 2020; Tall, 1961)
and that their influence does not increase with yield strength (Jonsson and Stan, 2017; Lee et
al., 2013). Several models have been proposed to characterise residual stresses in hot-rolled
sections, including linear formulations (Galambos and Ketter, 1959; Huber and Beedle, 1954;
Spoorenberg et al., 2011) and parabolic models (Beer and Schultz, 1970; Szalai and Papp, 2005;
Young, 1975). In contrast, a broader range of studies is available for welded sections across
different steel grades (Ban et al., 2013; Li et al., 2015; Schaper et al., 2022; Su et al., 2021;

Wang and Qin, 2016; Yang et al., 2016).

In parallel with these findings, numerous experimental investigations have been carried out to
evaluate the resistance of HSS I-beams, particularly with respect to lateral-torsional buckling
behaviour, revealing that current design codes do not accurately predict their resistance. As
discussed previously, several studies reported that code-based provisions either underestimate

or inconsistently capture the observed resistance, even when lateral restraints are provided. The
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design codes mentioned above adopt different modelling assumptions and, consequently,
distinct resistance curves, which explicitly account for imperfections such as residual stresses.
Another key aspect influencing these predictions is the yield strength range considered in each
of these procedures. For example, the yield strength limits addressed by BS EN 1993-1-1
(2022), ANSI/AISC 360-22 and AS 4100-1998 (R2020) are, respectively, 235<fy<700,

250<fy<450 and 230<fy<690 in MPa.

Despite the breadth of available experimental evidence, a comprehensive assessment that
consistently evaluates these design approaches against a unified experimental database remains
limited. In this context, this paper aims to evaluate the resistance of HSS doubly symmetric I-
beams, in accordance with AS 4100-1998 (R2020), ANSI/AISC 360-22 and BS EN 1993-1-1
(2022) , using one hundred and thirty-eight tests performed between 1969 and 2023. A
parameter influence analysis is carried out based on the collected data, followed by a reliability

analysis.

It is important to emphasise that the tests included in the database, presented in section 2,
incorporate real geometric and material imperfections, unlike the simplified imperfection
models typically adopted in international design codes. Therefore, this study distinguishes itself
by directly comparing experimentally obtained results under real imperfection conditions with
code-based predictions, offering a more representative and original contribution to the

assessment of structural behaviour.

2. Database

A total of 138 data from fifteen references (Beg and Hladnik, 1996; Dibley, 1969; Le et al.,

2020; Lee et al., 2013; Luo et al., 2020; McDermott, 1969; Tankova et al., 2021; Wang et al.,
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2021; Xiong et al., 2016, 2021, 2022; Yan et al., 2020; Yang et al., 2019; Zhu et al., 2023)
covering the years from 1969 to 2023, on the resistance HSS doubly symmetric I-beams were
collected, in which the key parameters include the depth (%), the flange width (b)), the flange
thickness (#), the web thickness (#,), the unbraced length (L), defined as the clear distance
between lateral restraints, the yield strength of the flange (f},f1unge), the yield strength of the web

(fy,web) and the resistance (Mrzsr). The following the inclusion and exclusion rules are presented:

Inclusion rules:

e Test on doubly symmetric I-section beams made of HSS or high-strength structural
steel;

e Bending tests (three-point or four-point bending) reporting measured moment resistance
or sufficient load-displacement data to compute Mrzsr;

e Complete geometric data: the depth (%), the flange width (b)), the flange thickness (#),
the web thickness (), the unbraced length (L»);

e Material properties with yield strength greater than or equal to 460 MPa, reported for
the flange and/or web;

e (lear statement (or reconstructible description) of lateral restraint conditions so that L

can be defined as above.

Exclusion rules

o Tests on singly-symmetric or channel/angle sections were excluded.

e Material properties with yield strength lower than 460 MPa reported for the flange

and/or web.
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Table 1 presents the database. Fig. 1 shows the range of each key parameter collected,
considering the mean, standard deviation (SD), minimum and maximum. The database shows
that only 1-5% of the specimens fall at the absolute limits for most geometric parameters (4,
by, 1, fyflange, frwen). Even under the broader criterion of percentiles (<5% or >95%), the
proportion remains modest (=10-12%) for most parameters, except for the web thickness ¢,
(18%), reflecting the large number of thin-web specimens of HSS I-beams. Statistical outliers
are rare, generally below 6%, again with ¢, being the main exception (11.6%). These findings

indicate that the database is dominated by intermediate parameter values.

It is important to note that the cross-sectional dimensions of all specimens fall within the limits
prescribed by the design standards. According to by BS EN 1993-1-1, the sections may be
classified as Class 1, 2, 3, or 4, depending on their susceptibility to local buckling. Under the
ANSI/AISC 360-22 and AS 4100-1998 (R2020), the equivalent classifications are Compact,
Non-compact, and Slender. The range of dimensions in the database therefore covers the full
spectrum of permissible section classes in these specifications, ensuring that the results remain
applicable across different design regimes and deformation limits. Consequently, the presence
of a relatively small number of extreme-value specimens does not compromise the
representativeness of the dataset nor the applicability of the code predictions evaluated in this

study.
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Table 1: Database

12

h

bt

tr

tw

fy,ﬂang

fyweo Load MrEsT

Lp Section e

ID Test Ref. (mm (mm (mm (mm (MPa conditio (kN. Failure
(mm) type (MPa
) ) ) ) n m)
)
203. 133. 7.8 5.7 2944. Hot-
1 (Dibley, 1969) 2 2 1 rolled 505 505 UM 904 LTB
(Dibley, 1969) 203. 133. 7.8 5.7 2955. Hot-
2 2 2 9 rolled 505 505 UM 839 LTB
(Dibley, 1969) 203. 133. 7.8 5.7 Hot-
3 2 2 2639 rolled 505 505 UM 103.5 LTB
(Dibley, 1969) 203. 133. 7.8 5.7 Hot-
4 2 2 2639 rolled 505 505 UM 102.5 LTB
(Dibley, 1969) 308. 101. 88 6.0 Hot-
5 7 8 2639 rolled 516 516 UM 1059 LTB
(Dibley, 1969) 308. 101. 8.8 6.0 Hot-
6 7 8 2639 rolled 516 516 UM 96.8 LTB
(Dibley, 1969) 308. 101. 8.8 6.0 Hot-
7 7 8 2303 rolled 516 516 UM 1185 LTB
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10

11

12

13

14

15

16

17

18

19

(Dibley, 1969)

(Dibley, 1969)

(Dibley, 1969)

(Dibley, 1969)

(Dibley, 1969)

(Dibley, 1969)

(Dibley, 1969)

(Dibley, 1969)

(Dibley, 1969)

(Dibley, 1969)

308.

203.

203.

308.

308.

308.

308.

308.

308.

203.

101.

133.

133.

101.

101.

101.

101.

101.

101.

133.

8.8

7.8

7.8

8.8

8.8

8.8

8.8

8.8

8.8

7.8

6.0

5.7

5.7

6.0

6.0

6.0

6.0

6.0

6.0

5.7

2303

2065

2065

1463

1463

735

735

1029

1029

1302

Hot-
rolled
Hot-
rolled
Hot-
rolled
Hot-
rolled
Hot-
rolled
Hot-
rolled
Hot-
rolled
Hot-
rolled
Hot-
rolled
Hot-
rolled

516

505

505

516

516

516

516

516

516

505

516

505

505

516

516

516

516

516

516

505

UM

UM

UM

UM

UM

UM

UM

UM

UM

UM

126.3

131.1

130.6

190.0

180.8

217.4

226.1

204.6

235.6

138.3

LTB

LTB

LTB

LTB

LTB

LB

LB

LTB

LTB

LTB

13

Final version



14

(Dibley, 1969) 203. 133. 7.8 5.7 Hot-

18 20 2 2 1302 rolled 505 505 UM  130.7 LTB
(Dibley, 1969) 157. 152. 94 6.5 Hot-

19 21 6 9 1512 rolled 581 581 UM 1538 LTB
(Dibley, 1969) 157. 152. 94 6.5 Hot-

20 22 6 9 1512 rolled 471 471 UM 1273 LTB
(Dibley, 1969) 157. 152. 9.4 6.5 2940. Hot-

21 23 6 9 2 rolled 462 462 UM 93,5 LTB
(Dibley, 1969) 157. 152. 94 6.5 3316. Hot-

22 24 6 9 5 rolled 462 462 UM 834 LTB
(Dibley, 1969) 157. 152. 94 6.5 2517. Hot-

23 27 6 9 2 rolled 468 468 UM 1019 LTB
(Dibley, 1969) 157. 152. 94 6.5 2511. Hot-

24 28 6 9 4 rolled 567 567 UM 1140 LTB
(Dibley, 1969) 254. 101. 6.8 5.7 Hot-

25 30 0 6 2268 rolled 463 463 UM 69.7 LTB
(McDermott, 1969) 202. 223. Hot-

26 1 4 0 94 75 3048 rolled 862 862 UM 3132 LB
(McDermott, 1969)  205. 200. Hot-

27 2 5 9 124 88 3048 rolled 883 883 UM 4738 LB
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(McDermott, 1969) 211. 170. Hot-

28 3 8 2 141 98 3048 rolled 793 793 UM 4453 LB
(McDermott, 1969) 211. 141. Hot-

29 4 8 7 142 97 3048 rolled 814 814 UM 3987 LB
(McDermott, 1969) 211. 113. Hot-

30 5 6 0 141 9.8 3048 rolled 820 820 UM 3335 LB
(McDermott, 1969) 237. 100. LTB+L

31 6 2 8 158 6.5 609.6 Welded 827 800 UM 3538 B
(McDermott, 1969) 238. 150. LTB+L

32 7 3 9 157 6.8 9144 Welded 820 800 UM 4904 B
(McDermott, 1969) 235. 100. LTB+L

33 A 7 8 156 6.6 9144 Welded 827 800 MG 3873 B
(McDermott, 1969) 234. 151. 1371. LTB+L

34 B 4 6 157 6.6 6  Welded 820 800 MG 5320 B
(Beg and Hladnik, 246. 300.

35 Al 1996) 7 2 125 104 1200 Welded 858 810 UM 6840 LB
(Beg and Hladnik, 245. 298.

36 A2 1996) 7 7 124 104 1200 Welded 858 810 UM 6732 LB
(Beg and Hladnik, 247. 271.

37 BI 1996) 5 0 124 104 1200 Welded 807 810 UM 6430 LB
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(Beg and Hladnik, 246. 269.

38 B2 1996) 0 3 125 104 1200 Welded 807 810 UM 6454 LB
(Beg and Hladnik, 246. 251.

39 C1 1996) 5 0 12.6 104 1200 Welded 776 810 UM 6164 LB
(Beg and Hladnik, 247. 250.

40 C2 1996) 7 8 12.7 104 1200 Welded 776 810 UM 6235 LB
(Beg and Hladnik, 245. 220.

41 DI 1996) 7 8 124 104 1200 Welded 858 859 UM 6047 LB
(Beg and Hladnik, 246. 220.

42 D2 1996) 2 4 124 104 1200 Welded 858 859 UM 6052 LB
(Beg and Hladnik, 245. 198. LTB+L

43 El 1996) 9 8 12.6 104 1200 Welded 807 859 UM 5720 B
(Beg and Hladnik, 247. 199. LTB+L

44 E2 1996) 8 0 12.6 104 1200 Welded 807 859 UM 5729 B
(Green et al., 2002) 305. 152.

45 3 0 0 13.0 10.0 920 Welded 576 576 MG 5113 LB
(Green et al., 2002) 534. 152. 1094. LTB+L

46 4A 0 0 13.0 10.0 920 Welded 609 609 MG 0 B
(Green et al., 2002)  305. 229.

47 6 0 0 13.0 10.0 920 Welded 609 609 MG  722.1 LB
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(Green et al., 2002)  305. 152.

48 7 0 0 13.0 100 456 Welded 609 609 UM 507.1 LB
(Green et al., 2002)  534. 152. 1031.

49 8 0 0 130 100 305 Welded 596 596 UM 2 LB
(Lee et al., 2013)  400. 500. 3876.

50 HSB800-NC-LP-3 0 0 176 17.6 3500 Welded 991 991 MG 0 LB
(Lee et al., 2013)  400. 220. 2334.

51 HSB800-NC-LPD-3 0 0 176 176 1160 Welded 991 991 MG 3 TF
(Lee et al.,2013)  400. 220. 2546.

52 HSB800-C-LPD-3 0 0 21.1 176 1160 Welded 879 991 MG 1 TF
(Lee et al., 2013)  400. 220. 2190.

53 HSB800-NC-LP-4-A 0 0 176 176 940 Welded 991 991 UM 9 LTB
(Lee et al.,2013)  400. 220. 2293.

54 HSB800-NC-LP-4-B 0 0 176 176 460 Welded 991 991 UM 3 TF
(Lee et al.,2013)  400. 650. 3811.

55 HSA800-S-LPD-3-FHS 0 0 176 17.6 4000 Welded 937 937 MG 1 LB
(Lee et al., 2013)  400. 240. 2002.

56 HSA800-NC-LPD-3-PHS 0 0 150 176 900 Welded 956 937 MG 8 LB
(Lee et al., 2013)  401. 238. 2016.

57 HSA800-NC-LPD-3-FHS 0 0 150 176 900 Welded 956 937 MG 8 TF
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(Lee et al., 2013)  400. 201. 2105.

58 HSA800-C-LPD-3-PHS 0 0 200 176 900 Welded 903 937 MG 1 LB
(Lee et al., 2013)  399. 200. 2128.

59 HSA800-C-LPD-3-FHS 0 0 200 176 900 Welded 903 937 MG 3 TF
(Lee et al., 2013)  400. 199. 2090.

60 HSA800-C-LP-3-PHS 0 0 200 176 1430 Welded 903 937 MG 0 LB
(Lee et al.,2013)  400. 160. 1828. LTB+L

61 HSA800-SC-LPD-3-PHS 0 0 200 176 702 Welded 903 937 MG 2 B
(Lee et al., 2013)  400. 160. 1860.

62 HSA800-SC-LPD-3-FHS 0 0 200 176 702 Welded 903 937 MG 9  LB+TF
(Lee et al.,2013)  400. 241. 2027. LTB+L

63 HSA800-NC-LP-4-PHS 0 0 150 176 900 Welded 956 937 UM 6 B
(Lee et al., 2013)  400. 240. 2021. LTB+L

64 HSA800-NC-LP-4-FHS 0 0 150 176 900 Welded 956 937 UM 7 B
(Lee et al., 2013)  400. 199. 2033. LTB+L

65 HSA800-C-LP-4-PHS 0 0 200 176 900 Welded 903 937 UM 0 B
(Xiong et al., 2016) 270. 179,

66 Cl 2 9 105 9.0 2500 Welded 525 541 MG 3353 LTB
(Xiong et al., 2016)  268. 180.

67 C2 7 0 105 9.0 3000 Welded 525 541 MG 3264 LTB
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(Xiong et al., 2016)  270. 179.

68 C3 4 3 104 88 3500 Welded 525 541 MG 313.6 LTB
(Xiong et al., 2016)  271. 180.

69 C4 1 1 104 87 4000 Welded 525 541 MG 2729 LTB
(Xiong et al., 2016)  452. 179.

70 C5 0 6 105 88 2500 Welded 525 541 MG 6347 LTB
(Xiong et al., 2016)  451. 180.

71 C6 2 0 104 89 3000 Welded 525 541 MG 5808 LTB
(Xiong et al., 2016)  452. 180.

72 C7 0 0 105 88 3500 Welded 525 541 MG 5502 LTB
(Xiong et al., 2016)  448. 180.

73 C8 2 7 105 84 4000 Welded 525 541 MG 4872 LTB
(Yang et al., 2019)  289. 180.

74 B-52-1.5 0 5 104 87 2160 Welded 525 541 MG 2609 LTB
(Yang et al.,2019)  270. 180.

75 B-60-1.5 7 7 104 87 2500 Welded 525 541 MG 2161 LTB
(Yang et al.,2019)  271. 179.

76 B-72-1.5 6 4 105 88 3000 Welded 525 541 MG 2234 LTB
(Yang et al., 2019)  271. 180.

77 B-84-1.5 7 3 105 9.0 3500 Welded 525 541 MG 189.8 LTB
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(Yang et al.,2019) 361. 180.

78 B-64-2.0 1 3 105 87 2500 Welded 525 541 MG 3292 LTB
(Yang et al.,2019) 360. 180.

79 B-76-2.0 1 5 105 89 3000 Welded 525 541 MG 2878 LTB
(Yang et al.,2019) 361. 180.

80 B-89-2.0 2 6 10.6 9.0 3500 Welded 525 541 MG 2752 LTB
(Yang et al., 2019) 362. 180.

81 B-102-2.0 0 6 104 89 4000 Welded 525 541 MG 3680 LTB
350. 150.

82 H350-A (Luo et al., 2020) 0 0 12.0 10.0 1370 Welded 769 769 MG  802.8 LTB
(Le et al., 2020) 354. 159.

83 1-690-1 0 5 11.8 7.7 3500 Welded 851 791 MG 4780 LTB
(Le et al., 2020) 353. 159.

84 1-690-2 5 3 11.8 7.7 750 Welded 851 791 UM 6590 LB
(Le et al., 2020) 354. 160.

85 1-690-3 3 0 11.8 7.7 3000 Welded 851 791 UM 5090 LTB
(Le et al., 2020) 353. 159.

86 1-890-1 5 9 11.8 80 3500 Welded 998 1003 MG 572.0 LTB
(Le et al., 2020) 352. 159.

87 1-890-2 9 5 11.8 8.0 750 Welded 998 1003 UM 8440 LB
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(Le et al., 2020) 354. 160.

88 1-890-3 0 2 11.8 80 3000 Welded 998 1003 UM 6340 LTB
(Le et al., 2020) 353. 120.

89 1-890-4 8 3 11.8 8.0 3000 Welded 998 1003 UM 3300 LTB
(Le et al., 2020) 254. 120.

90 1-890-5 5 2 11.8 80 3000 Welded 998 1003 UM 2590 LTB
(Yanet al.,2020) 202. 101.

91 I-155-5-18-1 0 9 10.1 109 5950 Welded 506 506 UM 68.5 LTB
(Yan et al.,2020)  200. 100.

92 1-155-5-18-2 0 0 10.1 10.0 6032 Welded 506 506 UM 73.6 LTB
(Yanet al.,2020)  350. 179.

93 1-95-9-33-1 5 5 10.1 10.6 6010 Welded 506 506 UM 3035 LTB
(Yan et al.,2020)  350. 180.

94 1-95-9-33-2 0 2 101 10.2 6028 Welded 506 506 UM 2858 LTB
(Wang et al., 2021) 262. 112.

95 SA-HSBI1 0 0 100 6.0 600 Welded 784 720 MG  318.7 Y
(Wang et al., 2021) 300. 126.

96 SA-HSB2 0 0 100 6.0 900 Welded 784 720 MG  398.2 Y
(Wang et al., 2021) 380. 170.

97 SA-HSB3 0 0 10.1 6.0 900 Welded 784 720 MG 7288 Y
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(Wang et al., 2021)  300. 190.
98 SA-HSB4 0 0 161 6.0 900 Welded 745 720 MG 8433 Y
(Wang et al., 2021) 262. 112.
99 SB-HSBI 0 2 101 6.0 1270 Welded 784 720 MG 3197 LTB
10 (Wang et al., 2021)  300. 126.
0 SB-HSB2 0 3 100 6.0 2100 Welded 784 720 MG 3836 LTB
10 (Wang et al., 2021)  430. 170.
1 SB-HSB3-r 0 I 101 6.0 2500 Welded 784 720 MG 7100 LTB
10 (Wang et al., 2021)  300. 190.
2 SB-HSB4 0 1 160 6.0 2700 Welded 745 720 MG 8315 LTB
10 (Wang et al., 2021) 262. 112.
3 SC-HSBI 0 2 99 6.0 1500 Welded 784 720 MG 2828 LTB
10 (Wang et al., 2021)  300. 126.
4 SC-HSB2 0 1 10.0 6.0 2700 Welded 784 720 MG 303.8 LTB
10 (Wang et al., 2021)  430. 170.
5 SC-HSB3-r 0 1 10.0 6.0 3000 Welded 784 720 MG 4448 LTB
10 (Wang et al., 2021)  300. 190.
6 SC-HSB4 0 1 160 6.0 3300 Welded 745 720 MG 7484 LTB
10 (Tankova et al., 498. 201.
7 BI 2021) 9 0 162 8.6 2000 Welded 522 522 UM 7794 LTB
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10 (Tankova et al., 498. 200. 1041.

8 B2 2021) 0 3 157 83 2000 Welded 785 777 UM 9 LTB
10 (Tankova et al., 496. 201. Hot-

9 B3 2021) 5 6 15.0 10.2 2000 rolled 484 470 UM 8324 LTB
11 (Tankova et al., 308. 298.

0 B4 2021) 1 8§ 162 8.6 2000 Welded 522 522 UM 6774 LTB
11 (Tankova et al., 309. 300. 1024.

1 BS 2021) 1 3 157 83 2000 Welded 785 777 UM 5 LTB
11 (Tankova et al., 308. 296. Hot-

2 B6 2021) 5 5 149 85 2000 rolled 483 518 UM 7251 LTB
11 (Tankova et al., 745. 201. 1404.

3 B7 2021) 4 7 158 83 2000 Welded 794 753 UM 9 LTB
11 (Tankova et al., 746. 201. 1336.

4 B8 2021) 2 3 158 81 2000 Welded 794 476 UM 3 LTB
11 (Xiong et al., 2021) 271. 180.

5 B-270-2.5 7 4 115 9.6 2500 Welded 786 788 MG 3657 LTB
11 (Xiong et al., 2021) 271. 181.

6 B-270-3.0 7 1 11.6 94 3000 Welded 786 788 MG 3281 LTB
11 (Xiong et al., 2021) 270. 180.

7 B-270-3.5 3 9 11.6 95 3500 Welded 786 788 MG  281.7 LTB
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11 (Xiong et al., 2021) 270. 181.
8 B-270-4.0 1 1 11.6 9.6 4000 Welded 786 788 MG 2564 LTB
11 (Xiong et al., 2021) 449. 180.
9 B-450-3.0 4 1 11.7 9.6 3000 Welded 786 788 MG 5079 LTB
12 (Xiong et al., 2021) 452. 180.
0 B-450-3.5 1 2 11.7 9.6 3500 Welded 786 788 MG 4073 LTB
12 (Xiong et al., 2021) 452. 181.
1 B-450-4.0 1 0 11.7 95 4000 Welded 786 788 MG 3189 LTB
12 (Xiong et al., 2021) 450. 181.
2 B-450-4.5 6 0 11.6 99 4500 Welded 786 788 MG 2745 LTB
12 (Xiong et al., 2022) 350. 202.
3 B350-0.50-1/3 4 3 13.6 9.7 2200 Welded 776 784 MG 8780 LTB
12 (Xiong et al., 2022) 350. 200.
4 B350-0.75-1/3 6 7 13.6 9.7 2200 Welded 776 784 MG 860.0 LTB
12 (Xiong et al., 2022) 347. 200.
5 B350-1.00-1/3 8 4 13.6 9.6 2200 Welded 776 784 UM 8180 LTB
12 (Xiong et al., 2022) 347. 200.
6 B350-0.50-1/4 7 7  13.6 9.7 3300 Welded 776 784 MG 8490 LTB
12 (Xiong et al., 2022) 348. 201.
7 B350-0.75-1/4 3 7 13.6 9.7 3300 Welded 776 784 MG 811.0 LTB
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12 (Xiong et al., 2022) 348. 200.

8 B350-1.00-1/4 6 3 137 9.7 3300 Welded 776 784 UM 7590 LTB
12 (Xiong et al., 2022) 450. 201. 1171.

9 B450-0.50-1/3 6 9 137 9.5 2200 Welded 776 784 MG 0 LTB
13 (Xiong et al., 2022) 449. 198. 1070.

0 B450-0.75-1/3 9 9 137 9.6 2200 Welded 776 784 MG 0 LTB
13 (Xiong et al., 2022) 448. 200. 1091.

1 B450-1.00-1/3 8 8 137 9.6 2200 Welded 776 784 UM 0 LTB
13 (Xiong et al., 2022)  450. 200.

2 B450-0.50-1/4 0 0 14.0 10.0 3300 Welded 776 784 MG 8640 LTB
13 (Xiong et al., 2022)  450. 200.

3 B450-0.75-1/4 8 1 136 9.6 3300 Welded 776 784 MG 9900 LTB
13 (Xiong et al., 2022) 451. 200.

4 B450-1.00-1/4 3 7 13.6 9.6 3300 Welded 776 784 UM 9390 LTB
13 HSS-I-65 x 116 x 8 x 8-3 (Zhu et al., 2023)  116.

5 PB 3 644 84 85 n/c” Welded 783 783 MG 69.5 LB
13 HSS-I-65 x 116 x 8 x 8-3 (Zhu et al., 2023)  116.

6 PB-R 5 622 84 84 n/c® Welded 783 783 MG 67.5 LB
13 HSS-I-80 x 136 x 8 x 8-3 (Zhu et al., 2023)  136.

7 PB 7 796 84 84 n/c" Welded 783 783 MG 101.0 LB
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*In these models, the unbraced length was very small due to a lateral brace system; UM and MG are Uniform Moment and Moment Gradient, respectively.

12 12
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Fig. 1: Normal distribution of the database

Final version



300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

27

3. Design codes

Design codes, like BS EN 1993-1-1 , ANSI/AISC 360-22 and AS 4100-1998 (R2020), apply
the concept of classifying cross-sections to address the effects of local buckling (LB). Class 1
and Class 2 (Compact) sections can reach their complete plastic moment capacity in bending.
In Class 3 (Non-compact) sections, LB takes place after the elastic moment is reached but
before the plastic moment is achieved, limiting their bending resistance to the elastic moment
capacity. In Class 4 (Slender) sections, local buckling occurs before the elastic moment is

attained.

Regarding the consideration of residual stresses, each design standard adopts a distinct
approach to account for the influence of residual stresses on member strength. For instance,
ANSI/AISC 360-22 implicitly incorporates residual stresses by recommending the reduction of
the yield moment capacity to 0.7f,, thereby limiting the contribution of the flange regions where
compressive residual stresses are typically concentrated. BS EN 1993-1-1 considers
imperfection factors that depend on the cross-section dimensions and fabrication process,
influencing the member’s buckling resistance curves. AS 4100-1998 (R2020), in turn, accounts
for residual stresses in the definition of plate slenderness limits, which govern the classification

of cross-sections and the applicability of elastic or plastic resistance models.

This section outlines the calculation methods for checking the LTB resistance of steel I-beams.
It is important to emphasise that the equations presented in the design codes are based on the

basic elastic critical moment (M..o) (Timoshenko ef al., 1961).
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3.1. BSEN1993-1-1

The latest edition of BS EN 1993-1-1, released in 2022, offers two approaches for LTB
resistance calculation: the General Method and a specific method for doubly symmetric I- and

H-sections. In this study, this specific method will be referred to as the "New Method”.

BS EN 1993-1-1 classification limits are calculated depending on the material parameter (¢ =
\235/f;). These values are compared with the slenderness of the web (h,,/t,,) and flange

(O.S(bf — tw) /tr). The overall cross-section classification is established by the highest class

from the checks performed.
3.1.1. General method

The design capacity of the LTB resistance (Mra) is calculated using Egs. (1-5), in which Mg is
the characteristic bending moment resistance, y.r is the reduction factor for LTB, A.7 is the
relative slenderness for LTB, a;r is the imperfection factor for LTB, M., is the elastic critical

moment, and W, is the section modulus about the strong axis.

Mgy ecs,om = Xt Mgk (1)
1

Xt = <10 2
Our +Oir — Ar ®

@rr = 0.5[1 + ar(A4,r — 0.2) + A%T] (3)

Mgy

= 4

hir =[5 )
Mgy = Vl/yfy Q)

The imperfection factor for LTB (ar7) is equal to 0.21, 0.34, 0.49 and 0.76 for buckling curves
‘a’, ‘b’, ‘¢’ and ‘d’, respectively. The selection of the buckling curve is influenced by the type
of section and the //by ratio, as shown in Table 2. According to section 8.3.2.3 from BS EN
1993-1-1, when A.1<Ar70, the verification of LTB resistance may be neglected. A.7,0 is equal to
0.4 if end-fork support conditions are assumed.
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340 Table 2: Bucking curve selection for General Method
Cross-section Limits Buckling curve
Hot-rolled h/bf<2.0 a

h/bf>2.0 b
Welded h/bf=<2.0 c
h/bf>2.0 d

341

342  3.1.2. New method

343  The new BS EN 1993-1-1 proposal, which is based on the formulations studied by Taras and
344  Greiner (2010), for the calculation of LTB resistance is presented in Egs. (6-9), in which fis
345  factor can be taken as 1.0 as conservative, /. is the relative slenderness for flexural buckling
346  about the weak axis, I, is the elastic section modulus about the strong axis, W- . is the elastic

347  section modulus about weak axis and L: is the is the buckling length.

f
Xir = = —<10 (6)
Orr + D _ZfMALT
A
@0 = 0.5 {1 + fu [% ar(A, —0.2) + AiTl} (7
A.
7 = f Aify ®)
NCTZ
m2El,
Nerz = Tz ©)
VA

348  The imperfection factor (a.7) for this method is presented in Table 3. For welded sections,
349  Tankova et al. (2022) recommended to reduce the factor from 0.21 to 0.16, considering high
350  strength steels. It improves accuracy by correcting the systematic underestimation of buckling
351  resistance observed in current BS EN 1993-1-1 provisions for high-strength steel members.
352 While the New Method refines the treatment of cross-section behaviour and buckling
353  resistance, Tankova ef al. (2022)’s recalibration of the imperfection factors further reduces the

354  bias between predicted and observed resistances for both flexural and lateral-torsional buckling,
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without compromising reliability. As a result, these approaches provide a more consistent and

realistic estimation of the capacity of HSS welded I-sections.

Table 3: Imperfection factor selection for New Method, considering #<40 mm

Cross-section Limits arr
Hot-rolled h/bf>1.2

W
012 |- < 0.34

el,z

hibf<1.2
0.16 |— < 0.34

el

Welded -

s@‘

0.21 Wel"y < 0.64

el,z

3.2.  ANSI/AISC 360-22

The ANSI/AISC 360-22 limits for the section classification are presented in Table 4. In this
way, the nominal flexural strength of the flange (M) is calculated via Egs. (10-11), in which

My 1s the plastic moment.

( nyy,pl: bf/th < Apf
b /2t; — A
/2t ~ Apr
My, — (My, — 0.7£,W,, l)(—),
My =4 © : TUVEIN Aep = dor )T dpp < byf2t < Mg (10)
0.9Ek W, o
—— 2 Ay <Dbs/2
t (by/2t7)
4
ke = ,0.35 < k. < 0.76 (11)

© Jhulty

The nominal flexural strength of the web (M) is calculated via Eq. (12):

nyy,pl' hw/tw < pr

hy/ty — A
Mpy — (Mpr = f, Wy 1) <w> pw < hyw/ty < Ay

My = (12)
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365 Table 4: Limits for flange and web classification

Section Flange Web
Compact (4,y)  Non-compact (4,s)  Compact (4,w)  Non-compact ()

Hot-rolled 036 E o E
| b | b 3.76 E 5.7 £
Welded E k E ) fy ) fy
0.38 |— 095 |——
fy

0.7,

366  The American Standard divides the LTB resistance into three ranges: plastic (Ls<L,), inelastic
367  (Lpy<Ly<L,) and elastic (L,<Lp). Unlike the inelastic and elastic regimes, in the plastic range,
368 LTB does not occur. These limits are calculated according to Egs. (13-16), in which r: is the

369  radius of gyration about the weak axis.

E
L, = 1.76rz\/: (13)
y

2 2
E )i Ji ) (0.7;;)
L. = 1.957, + +6.76 (14)
T $0.7f, |Wyeitho j <Wy,elh0 E
, JL,C,
Tis = (15)
Wy,el
ho =h—t; (16)

370  Then, the LTB resistance is calculated by Eq. (17).

fWypi Lp < Ly

Ly, — L,
My re =4 Cp [Mp; — (M, — 0.7, W, 0) T )| e <Lo<L (17)
r— bp
Cchr,O:Lr < Lb
371  The coefficient Cp, shown in Eq. (18), is known as the modification factor for nonuniform

372  moment diagrams along the unbraced length (Ls). It is calculated according to Kirby and

373  Nethercot (1979).

12.5M,,0
Cp = (18)
2.5M, 0y + 3M, + 4Mj + 3M,;
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Finally, the characteristic resistance is determined by the lowest value of the three situations

verified, as Eq. (19):

Mgy aisc = min(Man My Mn,LTB) (19)

33.  AS4100-1998 (R2020)

Regarding the cross-section classification of AS 4100-1998 (R2020), the section slenderness
(4s) should be defined as the slenderness value (4.) of the plate element that exhibits the highest
ratio of (Ae/A¢y) Within the cross-section. The plate element slenderness of the flange and web is
calculated according to Egs. (20-21), respectively. The values of plate element slenderness
limits are shown in Table 5. A heavily welded section is defined as one with compressive

residual stress exceeding 40 MPa.

_ 0.5(by — tw) | fy 20)
°f ty 250

hy, ’fy
= |2 21
Aew tw 250 @l

Table 5: Plate element slenderness limits

Residual stresses  Plasticity limit (4e) Yield limit (4e))

Flange Hot-rolled 9 16

(Uniform compression) Heavy welded 8 14

Web Hot-rolled 82 115
Heavy welded

In this way, if Aef/Aey>Aew/Aeyw, Aer1s €qual to As. On the other hand, if Aew/Aeyw>Aef/ Aeys, Aew 1S €qual
to 4. Thus, the section modulus (%)) is calculated according to Eq. (22). If A</, the section
will be classified as compact. If A,,<As<Aey, the section will be classified as non-compact.

Finally, if A¢y</s, the section will be classified as slender.
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min (Wy, p1; L.5SW,, 01), As < Aep
Aoy — As

w. -,
Aey - Aep) /1ep <A < Aey (22)

w,=1{"

e + [min (W, L5W,, o)) — W, o] (
y

o (32) 1 <

The LTB resistance calculation presented in the Australian standard considers the loading
position at cross-section height through the effective length (/.), according to Egs. (23-29).
Considering Eq. (26), the AS 4100-1998 (R2020) defines y», equal 0.6. However, Le et al.

(2020) proposed y» equal 0.7 for HSS I-beams with £,>690 MPa.

Mgy asa100 = Am&sMs (23)

M, = Wyfy (24)
V3M

U ad <25 (25)

~ M + (M) + (M)

o=y (VIE+3-22) <1 (26)

Mg

_ |Is 27

A =[5 27)
m2EIl m2EC

M, = Y v 28

° ﬂ( SIS 9
l, = kekyk, L (29)
4. Results and discussion

This section evaluates the experimental data against the predicted results from various design
standards, including BS EN 1993-1-1, ANSI/AISC 360-22 and AS 4100-1998 (R2020). The
analysis focuses on the accuracy of each method in predicting the resistance across compact,
non-compact, and slender high strength steel sections. Key statistical metrics, including mean

ratios, regression coefficients, and errors, etc., are provided and discussed.
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4.1. BSEN 1993-1-1

A comparison is made between the test data and the general method provided by BS EN 1993-
1-1. The I-beams are classified into Classes 1, 2, 3, and 4, and the results are plotted to show

)% on the horizontal axis,

the relationship between Mrest/Mgi on the vertical axis and (Mgi/Mer
according to Fig 2. These graphs are generated for buckling curves ‘a’, ‘b’, ‘c’, and ‘d’,
corresponding to different imperfection factors (az7) with values of 0.21, 0.34, 0.49, and 0.76,
respectively. As shown in Fig. 2a, the test data for Class 1 deviates from the predictions made
by the general method but aligns more closely with curve ‘a’ (i.e. with az7=0.21). Curves ‘b’,
‘c’, and ‘d’ are overly conservative for Class 1, showing a reduction in resistance earlier than
indicated by the test data. This suggests that curve ‘a’ is the most appropriate for predicting the
resistance of Class 1. For Class 2 (Fig. 2b), the general method with curve ‘a’ provides a good
agreement with some of the test data, though is conservative for other cases. Curve ‘b’ (i.e. with
a17=0.34) also yields similar predictions. However, curves ‘c’ and ‘d’ remain overly
conservative for most of the test data, leading to underestimation of the beam’s resistance. In
the case of Class 3 (Fig. 2c), the general method using curves ‘b’ and ‘c’ provides reasonable
predictions for some of the test data but tends to be overly conservative for other cases. Curve
‘d’ is significantly too conservative for Class 3, underestimating the resistance in most cases.
For Class 4 (Fig. 2d), all curves ‘a’, ‘b’, ‘c’, and ‘d’ show varying degrees of discrepancy with
test data. The general method tends to overestimate the resistance in some cases while

underestimating it in others.
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Fig. 2: BS EN 1993-1-1 General Method vs. tests

4.2. ANSI/AISC 360-22

This part compares the ratio of Mrest/My with (M,/M.)*> using the collected test data for
compact, non-compact and slender HSS sections as specified in ANSI/AISC 360-22 (Fig. 3).
This comparison aims to highlight the performance of this method in predicting the resistance.
Hence, as depicted in Fig. 3a for compact sections, the plotted results show that the predicted

) values. This

values for Mresi/M, are lower than the actual test data across most (Mpi/M.,
indicates that ANSI/AISC 360-22 tends to assume a lower resistance capacity than is observed
practice for compact sections. In contrast, the results for non-compact sections display a more
mixed performance (Fig. 3b). Approximately 49 of the test data for non-compact sections is
overestimated (Mri/M7esT™>1.0) by the ANSI/AISC 360-22 method, while the 42 is

underestimated (Mri/Mres7<1.0). This discrepancy indicates that this method does not provide
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a consistent predictive capacity for these sections. Regarding slender sections (i.e., flanges
slender and web compact), as shown in Fig. 3c, the ANSI/AISC 360-22 procedure
overestimates the resistance of HHS I-beams. It is important to highlight that the calculations

do not consider the coefficients ®1rrp=0.9 and Qusp=1.67, considering the Load Resistance

Factor Design and Allowable Stress Design, respectively.

1 4 = ANSI/AISC 360-22 : — ANSI/AISC 360-22
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e
1.0 o0
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= 08
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Fig. 3: ANSI/AISC 360-22 vs. tests

4.3. AS4100-1998 (R2020)

The accuracy of the AS 4100-1998 (R2020) method is evaluated by comparing the ratio
Mrst/M; against (My/M,)%> using the collected test data for compact, non-compact, and slender
HSS sections (Fig. 4). The analysis summarises in Fig. 4a reveals that all collected test data for
compact sections (23 data points) fall above the AS 4100-1998 (R2020) curve, indicating that

the AS 4100-1998 (R2020) method tends to underestimate (Mri/M7es7<1.0) the resistance of
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these sections. For non-compact sections (Fig. 4b), the test data lies between the AS 4100-1998
(R2020) curve, with 75 data points being underestimated while the remaining others are
overestimated. A similar trend is observed for slender sections (Fig. 4c), where the test data

appears to lie between the AS 4100-1998 curve.
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Fig. 4: AS 4100-1998 (R2020) vs. tests

4.4.  Comparative analysis

The experimental data (M7es) 1s compared with the predicted characteristic bending moment
resistance (Mgx) obtained from BS EN 1993-1-1 using both the general and new methods, as
well as the new method combined with Tankova ef al. (2022). Additionally, comparisons are
made with predictions from ANSI/AISC 360-22 and AS 4100-1998 (R2020) and AS 4100-

1998 (R2020) combined with Le et al. (2020).

Final version



461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

38

The BS EN 1993-1-1 standard using the general method (Fig. 5a) underestimates
(Mri/M1EST<1.0) the results in 128 cases and overestimates (Mri/Mresr>1.0) the values in 10
cases. As shown in Table 7, the mean ratio of (Mri/Mres:), the SD, the CoV and the R? for this
method are 0.76, 19%, 25%, and 0.9366, respectively. The maximum and minimum relative

errors are 16.6% and -65.1%, respectively.

Similarly, for the BS EN 1993-1-1 standard using the new method (Fig. 5b), it underestimates
111 cases and overestimates 27 observations. According to Table 7, the mean ratio of
(Mgri/MTtest), the SD, the CoV and the R? are 0.84, 19%, 22%, and 0.9453, respectively, with

maximum and minimum relative errors of 18.9% and -63.6%.

For the BS EN 1993-1-1 new method combined with Tankova et al. (2022) (Fig. 5c), the
method underestimates 110 cases and overestimates 28 observations. The mean ratio of
(MRri/Mtest), the SD, the CoV and the R? are 0.86, 20%, 23%, and 0.9483, respectively. The
maximum and minimum relative errors are 28.8% and -61.6%. Overall, the statistical results
across all methods are quite similar, reflecting their comparable performance. However, the BS
EN 1993-1-1 new method combined with Tankova ef al. (2022) provides the most accurate

estimations.

For ANSI/AISC 360-22 (Fig. 5d), it underestimates 101 cases and overestimates 27 cases. The
mean ratio of (Mri/Mrtes:), the SD, the CoV and the R? are 0.98, 24%, 25%, and 0.8846,
respectively. The maximum and minimum relative errors are 67.38% and -55.2%. This
indicates that BS EN 1993-1-1 offers a more accurate estimation compared to ANSI/AISC 360-

22.

Regarding AS 4100-1998 (R2020) (Fig. Se), it provides conservative predictions for 114 cases,
and non-conservative for 24 cases. The mean ratio of (Mri/Mres), the SD, the CoV and the R?
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are 0.86, 22%, 25%, and 0.8791, respectively. The maximum and minimum relative errors are

41.8% and -60.5%. Now, analysing the combination of AS 4100-1998 (R2020) with Le et al.

(2020), 112 observations are underestimated, while 26 are overestimated. For this combination,

the mean ratio of (Mri/Mres:), the SD, the CoV and the regression coefficient R? are 0.90, 24%,

27%, and 0.8575, respectively. The maximum and minimum relative errors are 65.4% and -

60.5%.
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Fig. 5: Comparative analysis between design codes and tests

Table 6 presents additional statistical metrics for each design method, including the Root Mean
Square Error (RMSE) and Mean Absolute Error (MAE). This information further confirms that
the BS EN 1993-1-1 new method, combined with Tankova et al. (2022), provides the most

accurate estimations, evidenced by the lowest MAE and RMSE values.

The discrepancies in predictions among the three considered design standards are mainly due
to the mechanical assumptions considered in each method and the parameters calibration. For
instance, in BS EN 1993-1-1, the predicted LTB resistance depends strongly on the choice of
buckling curve associated with the different imperfection factor (a.7), which may influence the
effect of initial geometric imperfections and residual stresses. ANSI/AISC 360-22 provides
limits defining compact, non-compact, and slender elements using a particular set of data,
hence, the interaction between flange and web slenderness and the higher yield strengths of
HSS may not be fully captured, leading to inconsistent predictions, particularly for non-
compact and slender elements. Similarly, AS 4100-1998 (R2020) generally provides
conservative predictions for compact sections and shows variable accuracy for non-compact
and slender sections, this may be influenced by the assumptions regarding section slenderness
and residual stresses, particularly in heavily welded members. Among the examined methods,
the BS EN 1993-1-1 new method with the Tankova et al. (2022) adjustment provides the most
reliable and consistent predictions across all section types, as it incorporates updated
imperfection factors and a more representative model for HSS I-beam behaviour. Overall, the
mechanical basis of each design standard (i.e. imperfections, residual stresses, section
slenderness effects, and plasticity development) explains the observed differences in prediction

accuracy.
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AS 4100-1998

General New afﬂ:ﬁg‘;‘;de . ANSUAISC  AS4100-1998 (R2020)
Method Method 360-22 (R2020) and Le ef al.
al. (2022) o0y

Mean 0.76 0.84 0.86 0.99 0.86 0.90
SD 0.19 0.19 0.20 0.24 0.22 0.24
CoV 0.25 0.22 0.23 0.25 0.25 0.27
R? 0.9366 0.9453 0.9483 0.8846 0.8791 0.8575
MAE (kN.m) 155.4 126.5 121.2 117.4 153.9 143.1
RMSE (kN.m) 230.4 198.0 187.2 2533 309.7 300.1
Minimum error 65.1% 63.6% 61.6% 5521% 60.5% 60.5%
Maximum error 16.6% 18.9% 28.8% 67.3% 41.8% 65.4%
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5. Sensitivity analysis

In the previous section, a competitive analysis is performed to assess the predictions of
resistance for HSS doubly symmetric I-beams in accordance with different design methods
available in international design standards including BS EN 1993-1-1, ANSI/AISC 360-22 and
AS 4100-1998 (R2020). These methods are found to provide over-conservative predictions in
most cases and do not offer a straightforward design procedure. Therefore, in this section, a
new expression is developed based on the collected experimental data using a Multiple Non-
linear Regression Analysis to predict the resistance for HSS doubly symmetric I-beams,
compromising neither the practicality nor the accuracy.

The analysis is developed using Multiple Regression with Logarithmic Transformations to
simplify the non-linear relationships into to linear relationships and allow for determination of
the indices. The data is then fitted into a multiple linear regression model and the expression is
converted back to the original power-law form. The analysis includes the most influential
parameters including the depth (%), the flange width (by), the flange thickness (#), the web
thickness (%), the unbraced length (L), the yield strength of the flange (f) siange), and the yield
strength of the web (f),wes). To ensure both methodological rigor and engineering applicability,
a regression-based approach was adopted as it enables clear interpretation of parameter
influence while maintaining dimensional consistency through logarithmic transformations.
These transformations allowed the non-linear relationships to be expressed in linear form
without compromising physical relevance or compatibility among variables. To further validate
the robustness of the regression-based expression and avoid overfitting, k-fold cross-validation
was employed as part of the analysis process. This approach was selected because it allows all
data to be used efficiently for both training and validation, rather than relying on a single split
that may introduce sampling bias. The dataset was divided into equal subsets, and the model
was trained and tested iteratively across these partitions to assess its stability and predictive
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accuracy — an approach particularly suitable in structural engineering research, where datasets
are often limited and parameter sensitivity is high. The cross-validation results confirmed that
the regression expression produced consistent predictions across all iterations, while confidence
interval checks verified the statistical relevance of the coefficients. Moreover, a comparison
with existing predictive formulations demonstrated lower MAE and RMSE values, indicating
that the proposed expression provides reliable accuracy and practical applicability for resistance
estimation within the defined parameter range. The expression for predicting resistance (Mgeg)
is presented in Eq. (30), for the range of parameters given in Table 1.

MReg =1.61%xX 1075 x (h)1.156 X (bf)0'93 X (tf)1.168 X (tw)0.052 X (Lb)—0.256
X (fy,flange)o'176 X (fy,web)0'536

Fig. 6 presents the results obtained from the regression expression in comparison with the tests.

(30)

As shown in the results, the regression expression results in an underestimation of 80 cases and
an overestimation of 58 cases. The performance of the regression expression is found to be
stable and capable of providing excellent resistance predictions compared with the other design
methods given in global design standards in terms of accuracy, precision, and consistency, as
presented in Table 5. The mean ratio of (Mgeo/ M1est), the standard deviation (SD), the coefficient
of variation (CoV) and the regression coefficient (R?) are 1.02, 24%, 23%, and 0.9489,

respectively. The maximum and minimum relative errors are 65.8% and -32.1%.

As shown in the results, the regression expression exhibits excellent performance in several key
metrics. It has the highest mean value of the predicted-to-test ratio among the other design
methods with a slight overestimation of the resistance. It also maintains a low value of standard
deviation (SD) and coefficient of variation (CoV) which are consistent with other methods,

particularly ANSI/AISC 360-22 and AS 4100-1998 (R2020). In terms of the accuracy and
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errors, the regression expression has shown outstanding performance with the lowest values of

MAE and RMSE, confirming better precision and accuracy.
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0
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Fig. 6: Comparative analysis between the regression expression and tests

The influence of the key parameters is assessed based on the regression expression given in Eq.
(30), as presented in Fig. 7. The sensitivity analysis includes the most influential parameters,
particularly the depth (Fig. 7a), the flange width (Fig. 7b) and thickness (Fig. 7¢), the web
thickness (Fig. 7d), the unbraced length (Fig. 7e), the yield strength for the flange (Fig. 7f) and
for the web (Fig. 7g). It is observed from the results that the parameters (%), (by), (¢, and (f),wes)
have a strong positive effect on the resistance of HSS doubly symmetric [-beams, while the
parameters (fysange ) and (#,) show a very slight positive contribution towards the resistance.
This is theoretically accepted since the flange fails in most cases prior to reaching the yield
strength capacity. On the other hand, the unbraced length (L») demonstrates a non-linear inverse
relationship, suggesting a strong negative impact on the resistance. Although flange yield
strength (f, sunge) 15 generally expected to influence flexural resistance, its low sensitivity in the
present analysis can be explained by the dominant role of geometric stiffness parameters such
as depth (%) and flange width (), which govern the moment of inertia and resistance to lateral-
torsional buckling. Once adequate flange dimensions are present, further increases in material
strength have a limited effect on the overall response, as the failure mode is stiffness-controlled

rather than purely strength-driven. Additionally, the web contributes to torsional and shear
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stability, which explains why (f;,we») shows slightly higher influence despite its lower overall

percentage. Therefore, the results do not contradict fundamental mechanics but rather reflect

the interaction between geometry and material properties within the

investigated.
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Fig. 7: The influence of the key parameters on resistance

The sensitivity of each individual parameter on the resistance is calculated using Eq. (31) by

keeping all other parameters at their average value, in which fiu. and fni» denote the highest and

lowest estimated value (Shamass et al., 2023).

fmax(xi) - fmin(xi)

SAi =

a Z?[fmax(xi) - fmin(xi)]

100

€2y
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The findings of the sensitivity analysis are depicted in Fig. 8. The results highlight that the
flange width (by) has the highest significant influence followed by the height (#) with a
sensitivity score of 35.9% and 28.3%, respectively. A moderate influence is observed for the
unbraced length (L), flange thickness (#), the yield strength of the web (f),wes) With a sensitivity
score of 16.8 %, 11.7% and 5.1%, respectively. In contrast, the web thickness (#,) and the yield
strength of the flange (f) sange) demonstrate insignificance influence with a sensitivity score of

0.7 % and 1.6%, respectively.
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Fig. 8: The sensitivity of the key parameters on the resistance

6. Reliability analyses

This section presents a reliability analysis conducted in accordance with Annex D of EN 1990
to evaluate the reliability of the formulations, which were presented in Sections 3 and 4, and to
present a partial safety factor for the resistance of HSS doubly symmetric I-beams. The
statistical evaluation of the BS EN 1993-1-1 General Method, BS EN 1993-1-1 New Method,
BS EN 1993-1-1 New Method combined with Tankova et al. (2022), ANSI/AISC 360-22 and
AS 4100-1998 (R2020), and AS 4100-1998 (R2020) combined with Le et al. (2020) prediction

model is developed herein based on the collected test data.
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The product bd; for each experimental value must be calculated using Eq. (32), in which 7, 74,
b and o, are the experimental resistance, theoretical resistance, the mean value correction factor,
and the error result for each experimental resistance, respectively.

_ re,i

e 32
e (32)

The estimated value of A is taken, according to Eq. (33-34), in which 4, is logarithm of the error

term bo;.
n
1
A= ;Z A; (33)
i=1
A= 1n(b8;) = In(r;) — In () (34)

The coefficient of variation of the error term J; can be calculated using Egs. (35-36):

Vs = /exp(sf) -1 (35)

P im B (36)
Sa = n—1. i
=1
The mean value correction factor b is determined by Eq. (37):

_ 1
b = exp (A + Esf) (37)

The coefficient of variation ¥V, can be estimated from Egs. (38-39), in which Vy; is the coefficient

of variation for yield strength of steel. It also applies for the geometric dimensions of the beam.
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j

V2=V +1) H(V)?i +1)|-1 (38)
i=1

J
=Y @)
i

The characteristic resistance rx (n>100) is obtained from Egs. (40-41), in which k- is the value

of ki for n—oo (k=1.64).

Tie = bgre (Xm ) exp (ke — 0.507) (40)

Q=+vIn(2+1) (41)

Design value 4 (n>100) is derived from Eq. (42), in which k4« is the value of k4, for n—oo

(kq=3.04).

ra = bgre (Xm) exp (—kaQ — 0.5Q) (42)

Thus, the partial factor (yamo) 1s calculated by Eq. (43):

Tk

Ymo = a (43)

Table 7 presents the main statistical parameters, which include the number of data (n), the
design fractile factor (ks.), the characteristic fractile factor (k,), the average ratio of test to
resistance model predictions based on the least squares fit to the data (b), the combined
coefficient of variation incorporating both resistance model and basic variable uncertainties
(Vr), and the partial safety factor for resistance (ymo). The CoV for the geometric dimensions

of the steel beam is 0.02, while the CoV for both normal and high-strength steel materials was
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assumed to be 0.055 (Shamass and Guarracino, 2020). By implementing the First Order
Reliability Method (FORM) according to the Eurocode target reliability standards, the partial
factors (ymo) were assessed for all models. The FORM method utilises specific well-established
approximations, yielding results that are generally regarded as adequately accurate for most

structural applications.

The reliability assessment is carried out to meet a target reliability index of B greater than 3.8,
corresponding to a failure probability below 1 x 10~ over a 50-year reference period. This
reliability level is achieved by applying suitable design fractile factors kg ,, for the ultimate limit

state.

Table 7: Overview of the reliability analysis performed in accordance with EN

1990

Resistance model n b kan kn Vs v, YMO
General Method 1.413  3.04 1.64  0.2838  0.291 1.490
New Method 1.271  3.04 1.64  0.2559  0.264 1.438
New Method and 1.232  3.04 1.64  0.2539 0.262 1.434
Tankova et al. (2022) 138

ANSI/AISC 360-16 1.078  3.04 1.64  0.2483  0.256 1.423
AS 4100-1998 1.242  3.04 1.64 02635 0.271 1.452
AS 4100-1998 and Le et 1.190  3.04 1.64  0.2696  0.278 1.463
al. (2020)

The BS EN 1993-1-1 General Method, with a partial safety factor of 1.490, exhibited the highest
safety margin and reflects conservative design. This aligns with the findings of Rebelo et al.
(2009), who noted that the BS EN 1993-1-1 General method provides conservative results but
exhibits significant variability, particularly when the LTB reduction factor approaches unity.
On the other hand. The BS EN 1993-1-1 New Method and BS EN 1993-1-1 New Method
combined with Tankova et al. (2022), with partial safety factors of 1.438 and 1.434
respectively, showed slightly lower conservatism compared to the BS EN 1993-1-1 General

Method but remained within Eurocode 3's reliability framework. In contrast to the General
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Method, the New Method calculates the imperfection factor based on the geometry of the cross
section. However, according to Tankova et al. (2022), reducing the imperfection factors from

0.21 to 0.16 enhances accuracy.

In contrast, the ANSI/AISC 360-22 method, with a partial safety factor value of 1.423,
represented the least conservative approach. This observation aligns with previous findings. As

illustrated in Fig. 2, most test results exceed the buckling curve ‘a’ of BS EN 1993-1-1.

The AS 4100-1998 (R2020) formulations showed partial safety factors of 1.452 and 1.463,
depending on whether the design included the contributions from Le et al. (2020). These values
are slightly lower than the BS EN 1993-1-1 General Method but higher than the ANSI/AISC
360-22. This indicates that the AS 4100-1998 (R2020) standard maintains a moderate level of
conservatism. Incorporating the refinements proposed by Le et al. (2020) results in a slight
increase in the factor, indicating a potential adjustment to improve reliability in certain HSS

applications.

Overall, the calibrated (ymo) values are consistent with typical outcomes of Eurocode code-
calibration procedures: higher variability or model uncertainty results in larger partial factors,
while more accurate formulations yield lower, but still acceptable values. All proposed factors

therefore align with practical design needs and satisfy the reliability objectives of EN 1990.

Conclusions

This study evaluated the bending resistance of HSS doubly symmetric I-beams based on 138
experimental results reported between 1969 and 2023 and assessed the predictive accuracy of
AS 4100-1998 (R2020), ANSI/AISC 360-22, and BS EN 1993-1-1, including recent
refinements proposed in the literature. A parameter influence analysis was conducted using the

collected data, followed by a reliability assessment.
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The results showed that all standards tend to underestimate the resistance of HSS I-beams,
although to different extents. Among the Eurocode-based formulations, the BS EN 1993-1-1
New Method combined with the adjustments proposed by Tankova et al. (2022) provided the
most accurate estimates, with the highest R* and reduced variability. ANSI/AISC 360-22
exhibited the least conservative predictions, while AS 4100-1998 (R2020) presented a moderate
level of conservatism, slightly reduced when incorporating the refinements by Le ef al. (2020).
The reliability analysis confirmed these trends, with partial safety factors ranging from 1.423
(ANSI/AISC 360-22) to 1.490 (BS EN 1993-1-1 General Method), highlighting systematic

differences in conservatism between codes.

A parameter-influence analysis showed that geometric properties-particularly depth (%), flange
width (by), flange thickness (), and web yield strength (f,we») are the main contributors to the
resistance of HSS doubly symmetric I-beams, while flange yield strength (f) siunge) and web
thickness (#) have only minor effects. The unbraced length (L) has a strong negative influence.
These trends are consistent with stiffness-governed behavior, in which geometry dominates
moment capacity and lateral-torsional stability, limiting the influence of increased material
strength within the tested parameter range. Therefore, the observed parameter sensitivities
remain consistent with structural mechanics and reflect the interaction between geometry and

material properties within the parameter range investigated.

The study has its own limitations. First, the database is heterogeneous, spanning more than five
decades, multiple research groups, and differing steel grades, testing procedures, and cross-
sectional configurations. Second, the analysis relied exclusively on previously published
experiments; therefore, some parameters could not be controlled or standardised, which may

affect the robustness of conclusions for extremely high-strength steels.
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Nevertheless, the findings provide meaningful implications for the design of HSS I-beams. The
consistent conservatism observed in current codes, especially in Eurocode-based methods,
suggests opportunities for refinement, particularly in the calibration of imperfection factors and
the treatment of cross-section geometry in LTB resistance predictions. These insights support
ongoing efforts to adapt design provisions to modern high-strength steels and can assist

practitioners in selecting code approaches that balance safety and accuracy.
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