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The structural behaviour of S960 ultra-high strength steel (UHSS) welded I-section beam—columns is studied in
the present paper. Nonlinear finite element (FE) models were first created and validated against relevant test
results collected from the literature; the models were then used to carry out parametric studies to obtain addi-
tional FE data over an extensive spectrum of cross-section dimensions, member lengths and loading combina-
tions. Given the lack of existing design rules for S960 UHSS structures, the codified beam—column interaction
curves prescribed in the current European (EC3) and American (AISC 360) design specifications for lower
strength steel members, were assessed for their applicability to the studied S960 UHSS non-slender welded I-
section members, utilizing the generated numerical data. It was found that EC3 yielded conservative failure load
predictions for Class 1 and 2 S960 UHSS welded I-section beam-columns buckling about either principal axis;
similar results were found for Class 3 members under combined compression and strong-axis bending, with the
mean FE to predicted failure load ratio being 1.29, the corresponding COV being 0.12, but rather conservative
strength predictions arose for Class 3 members under combined compression and weak-axis bending, with the
mean FE to predicted failure load ratio being 1.50. AISC 360 led to overall accurate and consistent failure load
predictions for S960 UHSS non-slender welded I-section beam—columns, but resulted in some unconservative
strength predictions for members under combined compression and weak-axis bending. New design proposals,
adopting the format of EC3 design interaction curve, but with more accurate compression and bending end
points, interaction factors and buckling reduction factors determined from the continuous strength method
(CSM), were proposed and shown to lead to improved design accuracy.

1. Introduction acquired material stress—strain curves were more rounded with little (if
any) yield plateau, much higher yield and ultimate stresses, as well as
lower ductility, in comparison with normal strength steels (NSS). The

measured residual stresses in S960 UHSS welded I-sections had lower

The utilization of ultra-high strength steel (UHSS) in structural en-
gineering can offer a range of benefits, including lighter and more sus-

tainable construction [1]. However, its current use is limited, to some
extent, by the absence of appropriate structural design provisions and
fabrication challenges. The structural performance of S960 UHSS
members of various cross-section profiles subjected to different loading
scenarios has thus been investigated in a number of recent studies,
providing a basis for the development of efficient design rules.
Regarding the material properties and compressive behaviour, Su et al.
[2] conducted thorough measurements of the material properties and
membrane residual stresses in S960 UHSS welded I-sections. The
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normalised (by the yield stress) peak values and slightly shorter transi-
tion zones from tensile to compressive residual stresses than those in
NSS welded I-sections. S960 UHSS welded I-section stub column tests
were undertaken in [2-4], where the compressive strengths and
cross-sectional structural responses were carefully studied, verifying the
suitability of the effective width formulations and design provisions for
690 MPa (or 700 MPa) high strength steel (HSS) plate elements (i.e.
webs and flanges) to their S960 UHSS counterparts. Press-braked
channel and angle section stub columns made up of S960 UHSS have
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also been experimentally examined by Wang et al. [5], with their
compressive behaviour and strengths investigated, as well as the
drawbacks of the current codified design methods highlighted. The
global stability of welded I- and box-section long columns made of S960
UHSS was examined and presented in [6-9], where the codified buck-
ling curves were found to be rather conservative and new buckling
curves, which significantly improve the design consistency and accu-
racy, were proposed. The weak-axis global buckling behaviour of
press-braked channel section columns made from S960 UHSS was also
explored by Wang et al. [10].

In terms of bending behaviour, Su et al. [11] carried out extensive
laboratory tests and numerical simulations on S960 UHSS welded
I-section beams failing by in-plane flexure, and highlighted that the
current European, American and Australian standards led to consistent
and accurate bending capacity predictions for Class 1 and 2 (or compact)
S960 UHSS welded I-sections, but conservative bending capacity pre-
dictions for Class 3 (or non-compact) and Class 4 (or slender) S960 UHSS
welded I-sections. Experimental and numerical investigations into the
structural response of press-braked S960 UHSS channel section beams
were conducted and reported in [12], where the current codified rules
were revealed to result in safe-sided, but rather scattered and conser-
vative, ultimate moment predictions. Bradford and Liu [13] investigated
numerically the lateral-torsional buckling behaviour of S960 UHSS
welded I-sections subjected to strong-axis bending; the bending capac-
ities of S960 UHSS welded I-sections were found to be higher, on a
normalized basis, than those fabricated from S690 HSS and NSS, owing
to the residual stresses being relatively less severe for S960 UHSS welded
I-sections; current design methods were revealed to offer rather con-
servative bending capacity predictions and new design recommenda-
tions were made. The lateral-torsional buckling behaviour of S960 UHSS
welded I-section beams was also explored numerically by Wang et al.
[14]; new design equations were proposed for beams failing by coupled
lateral-torsional and local buckling. These studies have highlighted
some shortcomings in the current design rules when used for predicting
the bending capacities of S960 UHSS components.

For combined loading cases, the cross-sectional behaviour and
strengths of eccentrically loaded S960 UHSS slender welded I-section
stub columns subjected to weak-axis and strong-axis combined loading
were respectively reported in [15] and [16], where the codified inter-
action curves for compression plus weak-axis bending were found to
lead to scattered and overly conservative resistance predictions, prin-
cipally due to the inaccurate end point for cross-section bending resis-
tance, whereas the codified interaction expressions for compression plus
strong-axis bending were shown to lead to conservative but consistent
resistance predictions. The structural response and design of S960 UHSS
non-slender welded I-sections subjected to combined loading were
investigated by Su et al. [17], where existing codified interaction curves
were evaluated for their applicability to S960 UHSS and the continuous
strength method (CSM) was found to offer improved design consistency
and accuracy relative to current codified provisions. Su et al. [18] also
systematically studied the structural response of S960 welded I-section
beam-columns with slender cross-sections by means of physical testing
and numerical modelling; existing interaction curves were again shown
to result in rather scattered and conservative strength predictions, and
new design proposals, with more accurate bending and compression end
points, were put forward. Fang and Chan [19] conducted a numerical
study of welded box section beam-columns made up of S960 UHSS
plates, in which the effects of residual stresses and varying load eccen-
tricity were investigated; on the basis of the generated numerical data,
the current design rules were again revealed to be unduly conservative.
To date, the structural behaviour and design of S960 UHSS non-slender
welded I-section beam—columns remain unexplored, and are thus the
subject to this paper.

The structural performance and design of S960 UHSS non-slender
welded I-section beam-columns are investigated in the present paper.
Existing test results were first collected. Finite element (FE) models were
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then created and validated with reference to the collected data, which
comprised results from eight experiments on S960 UHSS welded I-sec-
tion beam-columns [18]. Upon validation of the FE models, extensive
parametric studies were conducted, where 554 FE results on non-slender
beam-columns were generated, with 254 bending about the strong
principal axis and 300 bending about the weak principal axis, including
a wide range of cross-section sizes, member lengths and loading com-
binations. Given the current lack of design rules for S960 UHSS struc-
tures, the applicability of the existing provisions specified in EN
1993-1-12 [20] and AISC 360 [21] was evaluated; the findings are
discussed and new design proposals are put forward.

2. Finite element modelling
2.1. General

Finite element (FE) modelling of S960 UHSS beam-columns is car-
ried out in this section. The numerical analyses were performed utilizing
the nonlinear FE package ABAQUS [22]. The detailed techniques and
assumptions adopted for the establishment of the FE models are first
presented. This is followed by a validation study, with the aim of vali-
dating the established FE models with reference to the experimental
data presented by Su et al. [18]. Finally, the validated FE models are
utilized in parametric studies to derive additional results over an
extensive spectrum of loading combinations, member lengths and
cross-section dimensions.

2.2. Establishment of FE models

The shell element S4R [22] was selected for discretising the I-section
beam-column FE models, as widely employed in numerical simulations
of metallic members [23-28]. An initial study of the mesh sensitivity
was conducted, aimed at selecting a suitable finite element size that
enabled the residual stress distribution to be appropriately incorporated
and meanwhile led to reasonable computational efficiency and accu-
racy; finite element sizes varying in the range of 0.4t-6t were considered
and the final chosen size was equal to the material thickness t. In terms
of the material modelling of S960 UHSS, the measured elastic modulus
(E), as presented in Table 2, was adopted in the numerical simulations,
while the engineering stress—strain response, as acquired from the ten-
sile coupon tests reported in [18], was converted into a true stress—
plastic strain response using Eqs. (1) and (2), before being inputted into
ABAQUS [22], where o4 and sﬁ are respectively the true stress and
plastic strain, and 6,0, and epon, are the engineering stress and strain,
respectively. The engineering as well as the true plastic stress—strain
curves for the two longitudinal coupons tested in [18] (i.e. cut parallelly
to the virgin plate rolling direction) are depicted in Fig. 1, while the key
material characteristics for these two coupons are summarized in
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Fig. 1. Engineering and true plastic stress-strain relationships from longitudi-
nal tensile coupons tested in [2].
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Table 1
Summary of key measured material properties of S960 UHSS longitudinal
coupons.

Longitudinal &y o

coupon E(MPa) f,(MPa) f,(MPa) ) e (%) fu/fy
L1 204100 976 1032 6.0 16.0 1.06
L2 204700 962 1016 5.7 16.0 1.06

a b a
—

t

T

Fig. 2. Predictive model for membrane residual stresses in S960 UHSS welded
I-sections [2].

Table 2
Predictive model for residual stresses in S960 UHSS welded I-sections.

Peak tensile
residual stress

fe

0.8f, From equilibrium

Peak compressive
residual stress f,

0.075b;  0.15b;  0.075h,  0.075h,

Note: a, b, ¢ and d are the distribution parameters; h,, is the clear distance be-
tween the flanges.

Table 1. The average of the two curves was used in the FE models.

Otrue = o-nom(l + gnom) (1)

el = 1n(1 +em) - 02‘1’” @)

For each FE model, the membrane residual stresses were firstly
determined on the basis of the previously proposed model by Su et al.
[2], with the predictive model profile and relevant parameters shown
respectively in Fig. 2 and Table 2, and then incorporated into Abaqus
utilizing the ‘Predefined Field’ command in ABAQUS [22]. Further in-
formation on residual stresses in welded steel I-sections of different
grades is provided in [2,28,29]. The boundary conditions of the
beam-column FE models were assigned to simulate pinned ends. For
each FE model, all nodes in the two end cross-sections of the members
were coupled to reference points (RPs). The two RPs were positioned
eccentrically with respect to the cross-sectional weak or strong principal
axis, and also longitudinally offset from the end sections by 70 mm — the
distance between the centre of rotation of the knife-edge assembly and
the specimen end reported in the experiments performed by Su et al.
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Reference point

Kinematic coupling
Ux=0, Uy=0;
URy=0, URz=0

Kinematic coupling
Ux=0, Uy=0, Uz=0;
URy=0, URz=0

Reference point

Fig. 3. Coupling details and boundary conditions defined in FE model under
combined compression and strong-axis bending.

Reference point

Kinematic coupling
Ux=0, Uy=0;
URx=0, URz=0

Kinematic coupling
Ux=0, Uy=0, Uz=0,
URx=0, URz=0

Fig. 4. Coupling details and boundary conditions defined in FE model under
combined compression and weak-axis bending.

[14,15,18]. The RPs were restrained against all degrees of freedom
except for translation along the member longitudinal axis at one RP and
rotation about the axis of combined loading at both RPs; the details of
the couplings and defined boundary conditions are shown in Figs. 3 and
4, where Uy, Uy and U, are translations along X, Y and Z axis, respec-
tively, and UR,, UR, and UR, are rotations about the corresponding axis.

In view of the fact that initial geometric imperfections can have a
significant influence on the structural response of slender metallic
components, the original perfect geometry of each FE model was per-
turbed with both local and global imperfections [30-33]. The initial
global and local geometric imperfection distribution profiles were taken
as the corresponding lowest elastic global and local buckling mode
shapes [2,8,9,34,35]. For the validation study, five combinations of
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imperfection magnitudes, comprising the measured values of local
+ global imperfections (wop + wg) reported by Su et al. [18] and four
generalized values — L/1000 + t/100, L/1500 + t/100, L/1000 + t/10
and L/1500 + t/10, were employed to scale the eigenmodes for the
purpose of assessing the effect of the imperfection magnitudes on the
ultimate strengths and for selecting the most suitable imperfection
combination for further parametric studies. Finally, nonlinear Riks an-
alyses [22] were performed on the imperfect FE models to determine the
load-deformation equilibrium paths and failure modes.

2.3. Validation of FE models

Validation of the established FE models was carried out by
comparing the numerical results with the experimental observations
presented by Su et al. [18]. A brief review of the test results is first
provided herein. Two welded I-section geometries were examined —
I-120 x 120 x 6 and I-150 x 75 x 6. For each section, four beam—col-
umns were tested about the weak principal axis with different loading
eccentricities; each tested specimen was labelled, with the specimen ID
comprising a letter 'T' denoting I-section, a number (1" or *2’ respectively
representing the cross-section geometry I-120 x120 x6 and
I-150 x75 x6) and a letter 'E’ representing eccentricity, followed by a
number indicating the loading eccentricity in mm. The key geometric
dimensions of the test specimens, involving the member length L, the
plate thickness t, which was the same for the web and flanges, the flange
width by, the outer height h (see Fig. 5 for the definitions of the afore-
mentioned cross-sectional geometric parameters), the initial local and
global geometric imperfection magnitudes wo and wg, and the key
beam-column test results, comprising the measured initial loading ec-
centricity eg, failure load N,, the mid-height lateral deflection at the
failure load 6, and ultimate moment M,,, are summarized in Table 3. The
residual stresses modelled for the representative specimen 11-E99.8 is
shown in Fig. 6. For the validation of the FE models, the numerically and
experimentally obtained load-lateral deflection histories of all the
specimens at mid-height were compared, as depicted in Fig. 7, in which
the FE responses are observed to accurately replicate the experimental
results. Fig. 8 displays the FE and test failure modes for the represen-
tative specimen I1-E60.0, showing excellent agreement. The FE-to-test
ultimate load ratios for all specimens are tabulated in Table 4, indi-
cating that the imperfection combination L/1000 + t/100 results in the
closest match, with the mean FE-to-test ultimate load ratio and corre-
sponding COV being 0.99 and 0.03, respectively. To conclude, the
established FE models can accurately simulate the structural behaviour
of S960 UHSS non-slender welded I-section beam-columns and are
considered to be suitable for performing parametric studies.

i h Il
~ =l
- A
Strong principal axis
| N
|
A = |
- el N
| 4 )|
Weak principal axis
L |
L Lt

Fig. 5. Notation of S960 UHSS welded I-sections.
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2.4. Parametric studies

Parametric studies, performed using the validated FE models, have
been carried out to derive additional numerical data over an extensive
spectrum of cross-sectional dimensions (and aspect ratios), member
lengths and loading combinations; the results are presented in this
subsection. Material properties of S960 UHSS, as presented in Fig. 1 and
Table 1, were adopted throughout the parametric studies. All the
modelled I-sections were non-slender (i.e. Class 1-3), according to the
classification limits prescribed in EN 1993-1-12 [20]. Specifically, the
overall modelled cross-sectional dimensions (outer height x flange
width) were 100 x 100, 120 x 90, 150 x 100, 120 x 70 and 150 x 75,
with the flange and web thicknesses varied between 7.0 mm and
13.0 mm, enabling a broad variety of cross-sectional aspect ratios and
plate slendernesses to be explored. The modelled lengths of the members
were varied between 500 mm and 2500 mm, resulting in a wide range of
member non-dimensional slenderness values varying from 0.44 to 3.52.
The loading eccentricities were varied between 1 mm and 250 mm,
enabling an extensive set of loading combinations to be examined. The
magnitudes of the local and global imperfections were respectively
assigned as t/100 and L/1000, which were shown in Table 4 to provide
an accurate replication of the experimental responses determined by Su
et al. [18]. All the modelled geometric dimensions, as described above,
are detailed in Table 5. In total, 554 FE models of S960 UHSS
non-slender welded I-section beam—columns were generated from the
parametric studies, with 254 bending about the strong principal axis and
300 about the weak principal axis.

3. Assessment of current design rules
3.1. General

Given the absence of existing design rules for S960 UHSS structures,
the codified design provisions prescribed in EN 1993-1-12 [20] and
AISC 360 [21] for S690 (or S700) HSS non-slender welded I-section
beam-columns were assessed for their applicability to their S960 UHSS
counterparts in this section, based on comparisons of the numerical
failure loads N, with the unfactored failure loads Ny, pr.q predicted by the
considered design codes. The parameter 6, as shown in Fig. 9 and
defined by Eq. (3) [36,37], is used to represent different combinations of
compression and bending moment, where My, yreq is the predicted failure
moment and can be calculated as the product of the predicted failure
load N, preq and the loading eccentricity (eg + wg); Np rqg and M, g4 are the
member buckling resistances under compression and bending, respec-
tively. It is worth noting that when 6 changes from 0° to 90°, the loading
condition varies from pure bending to pure compression.

NL[. re N .
0 — tan~! (M) 3)
M, prea / My ra

3.2. EN 1993-1-12 (EC3)

For the design of HSS non-slender welded I-section beam-columns
up to grade S700, EN 1993-1-12 [20] employs the same axial
load-bending (N-M) interaction curves as specified in EN 1993-1-1
[38], as expressed by:

N, M, rc AM,, M, AM, .

ECY k, yEC3 + SECS | k.. 2EC3 T SEC 4)
Npyecs XirMeyecs ’ M. kc3
N, M,y AM,, M, rc3 +AM, . &

JEC3 Muyecs + 3,EC3 k. 2EC3 T B3 (5)
Ny k3 XMy Ecs M. kc3

where kyy, ks, ky; and k;y are four interaction factors; for welded I-sec-
tion members under combined compression and strong-axis bending, ky,
and k;y can be respectively calculated from Egs. (6) and (7), while under
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Table 3
Summary of geometric dimensions and key test results for S960 UHSS slender welded I-section beam—column specimens [18].
. . L h b t wo , eo N, Sy M,
Cross section Specimen ID (mm) (mm) (fn m) (mm) (mm) ( I;"’] m) (mm) (kN) (mm) (kN-m)
11-E20.0 661 119.36 119.23 5.99 0.07 0.45 20.0 978.7 12.7 32.5
1120 % 120 x 6 11-E31.6 660 119.28 119.39 5.98 0.06 0.43 31.6 789.4 13.7 36.1
11-E60.0 662 119.89 119.98 6.04 0.06 0.40 60.0 563.3 15.4 42.7
11-E99.8 659 119.64 119.57 5.99 0.09 0.43 99.8 348.7 15.2 40.2
12-E21.5 551 150.25 74.96 6.01 0.07 0.31 21.5 452.6 15.6 16.9
1150 x 75 x 6 12-E29.4 550 150.20 74.71 6.02 0.09 0.37 29.4 393.1 15.1 17.7
12-E40.0 550 150.01 74.59 6.01 0.09 0.30 40.0 299.9 16.2 16.9
12-E88.1 551 150.12 74.52 6.03 0.07 0.29 88.1 156.2 18.9 16.7

S, Max. In-Plane Principal (abs)

SNEG, (fraction = -1.0)

(Avg: 75%)
+7.752e+02
+6.919e+02
+6.085e+02
+5.252e+02
+4.419e+02
+3.585e+02
+2.752e+02
+1.919e+02
+1.085e+02
+2.520e+01
-5.813e+01
-1.415e+02
-2.248e+02

Fig. 6. Typical membrane residual stress pattern and amplitudes (in MPa) in modelled I11-E99.8 specimen.

combined compression and weak-axis bending, k,; and ky, can be
respectively obtained from Egs. (8) and (9), where Cp, is the equivalent
uniform moment factor, taken as unity in the current study.

b — {0.6kZZ for Class 1/2 1 — sections ©)

¥ k.,  for Class 31— sections

The term Ny gc3 is the EC3 predicted failure load, while M,y rc3 and

- Nk Ny ke .
C, <1 + (/1“ - 0‘2) —WEG ) <C, (1 + 0.8 “EG ) for Classl/2 1 — sections
Ny ec3 Niy.ec3
kyy = N N ©
Cn ( 1 4 0.62,—F2 ) <Cn (1 +0.6 452 ) for  Class 3T — sections
“Npy.ec3 by.EC3
M, Ec3 are respectively the EC3 predicted failure moment about the
0.6k, for Classl/21 — sections strong-axis and weak-axis. It is worth noting the loading condition in
ky = { 0.8k,, for  Class3 I — sections @ investigated this paper is combined compression and uniaxial bending, i.
e. strong-axis (see Fig. 10(a)) and weak-axis (see Fig. 10(b)) combined
loading. In terms of strong-axis combined loading, Eqs. (4) and (5) can
= N.kc3 Nuec3 .
Cul14+(22,-06)——) <C,| 1+ 14— for Class 1/2 1 — sections
Np o rcs bz EC3
k.= N N (8
C, (1 + 0.67»1ﬂ) <C, (l + O.6ﬂ) for Class 31— sections
Ny ks b2 EC3
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1400 ——TT-E200-Test —---TI-E20.0-FE
——I1-E31.6-Test ----11-E31.6-FE
1200 A ——— 11-E60.0-Test - - - - 11-E60.0-FE
—11-E99.8-Test - - --11-E99.8-FE
1000
é 800
3
S 600
400
200
0 T
25 30
Mid-height lateral deflection (mm)
(a) For I-120x 120X 6 specimens.
600 —— T E215-Test ----I2E215FE
—12-E29.4-Test ----12-E29.4-FE
500 A ——12-E40.0-Test - - - - 12-E40.0-FE
—12-E88.1-Test - ---12-E88.1-FE
400 A

Load (kN)
W
g

0 T T T
0 5 10 15 20 25 30

Mid-height lateral deflection (mm)

(b) For I-150Xx75%6 specimens.

Fig. 7. Comparison of FE and test load-mid-height lateral deflection curves
under combined compression and weak-axis bending.

Fig. 8. Comparison of FE and test failure modes for specimen I1-E60.0 [18].
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Table 4
Comparison of FE failure loads with test failure loads considering different
imperfection maginitudes.

FE N,/Test N,
Specimen L/ 1% 1% 1%
D Vg 1000 + t/ 1500 + t/ 1000 + t/ 1500 + t/
t@ 900 100 10 10
11-E20.0 1.04 101 1.02 1.00 1.01
11-E31.6 097 094 0.97 0.96 0.96
11-E60.0 .02 1.00 0.98 0.97 0.96
11-E99.8 099 097 0.94 0.95 0.97
12-E21.5 1.05  1.03 1.02 1.03 1.04
12-E29.4 099 097 0.96 0.94 0.96
12-E40.0 099  0.97 0.99 0.97 0.98
12-E88.1 1.05  1.02 0.97 0.97 0.99
Mean 1.01 0.99 0.98 0.97 0.98
cov 0.03  0.03 0.03 0.03 0.03

be respectively simplified to Eqs. (10) and (11), since, in this case, My,
Ec3 is equal to zero and AMy,y gc3 and AM,, ; rc3, which are the moments
due to the shift of the centroidal axes for Class 4 sections, are also equal
to zero. Similarly, for weak-axis combined loading, Eqs. (4) and (5) can
be simplified to Eqs. (12) and (13), from which, it is clear that Eq. (13) is
critical.

Nygc3 M,y Ec3

. <1 (10)

Noyecs  XirMeyecs
Ny ec3 . M,y Eec3 <1 an
Nyzec3 KrMey s
N kcs M, kc3
——t ko ———<1 12)
Nyyecs Mezecs
N, M, .k

263 g Muzees 13)
Ny ec3 M. kc3

where Ny £c3 = yyAfy and Np g rc3 = y-Afy are the EC3 column buckling
resistances about strong and weak principal axes, respectively, in which
the buckling reduction factor y (i.e. the umbrella term for y, and y;) is
given by:

=buty < 1.0 14)

1
P —
D+ VP -2

whered =0.5[1 +a(i — 0.2) + A’Jand 7 = /Afy/Neris the column non-
dimensional slenderness with N, being the elastic critical force for the
relevant buckling mode. The parameter « is an imperfection factor; for
welded I-sections with flange thicknesses less than 40 mm buckling
about the strong-axis, a is equal to 0.34 (i.e. buckling curve b), while for
weak-axis buckling, « is equal to 0.49 (i.e. buckling curve c).

The cross-section bending resistance M., rc3 (or M ; rc3) is equal to
Wiryfy (or Wy zfy) for Class 1 and 2 welded I-sections and Weyfy, (or Wey,
ofy) for Class 3 welded I-sections, where Wy, (or Wy;,) and Wey, (or We;,
) are plastic section modulus and elastic section modulus, respectively.
The reduction factor for lateral torsional buckling y;r is given by:

1
g =———
D+ 4/ Dur* = ir

where @7 = 0.5[1 + arr(Arr — 0.2) + 71LT2], in which qrr is an imper-
fection factor equal to 0.49 for welded I-sections with aspect ratios no

buty,, < 1.0 (15)

greater than 2; 1, ris the lateral-torsional buckling slenderness, given by:

Wiy (16)

P
" A\Im,
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Table 5
Cross-section geometric dimensions selected for parametric studies.
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Cross-section dimensions

Member length Loading eccentricity

Aspect ratio

Bending axis hxby t t (mm) (mm)
(mm) (mm) (mm)
100 x 100
120 x 90
Strong axis 150 x 100 7.0-13.0 7.0-13.0 1.0-2.0 500-1500 1-230
120 x 70
150 x 75
100 x 100
120 x 90
Weak axis 150 x 100 7.0-13.0 7.0-13.0 1.0-2.0 500-2500 1-250
120 x 70
150 x 75
Ny ars 8 M, Ny ars
N/N,ra WAISC | O s IS | g VHAISC
1.0 Nh,AlSC 9 Mb,AISC b.AISC (17)
N, M, ar N,
LAISC + 6,415(, LAISC S 1 fOI' LAISC < 02
2Ny aisc My arsc Npaisc
Nyt | Nogy fmmmmmmmmmmmmmmm e where Ny arsc is the AISC predicted failure load, My aisc is the AISC
i predicted failure moment, Sa55¢c= 1/(1-Nya1sc/Ner) is an amplification
! factor to allow for member second-order effects, in which N, is the
I Design interaction curve . s . . .
! / elastic critical buckling force, and N ajsc is the column compression
! resistance, expressed by:
|
! . 5
| 0.658% |Af, for f_ <225
| e
. ! Nyarsc = f (18)
Il 9
0 1.0 0.877Af, for 2 > 2.25
Mu,pr‘mf /M/),R(l M/Mh‘lhl ¢ .ﬁ’

Fig. 9. Definition of 6.

where M., is the elastic critical moment for lateral-torsional buckling,
W, is equal to Wy, for Class 1 and 2 welded I-sections and W, for Class
3 welded I-sections. It is worth noting that the reduction factor y; need
not to be considered (i.e. y;+=1) for welded I-section members under
weak-axis bending.

The applicability of the EC3 design N-M interaction curve to S960
ultra-high strength steel non-slender welded I-section beam-columns is
now assessed. Fig. 11 shows the results of the comparisons between the
FE failure loads and the EC3 failure load predictions for S960 UHSS non-
slender welded I-section beam—columns under combined compression
and strong-axis bending. The results reveal rather conservative resis-
tance predictions, particularly for the bending dominated cases, with the
mean FE to predicted failure load ratio equal to 1.29 and the corre-
sponding COV of 0.10, as reported in Table 6. Under combined
compression and weak-axis bending, rather conservative resistance
predictions are again identified for Class 1 and 2 section members, as
shown in Fig. 12, but excessively conservative predictions arise for Class
3 section members; this is reflected in Table 6, where the mean FE to
predicted failure load ratio is 1.27 for Class 1 and 2 section members
under combined compression and weak-axis bending, but 1.50 for Class
3 sections. The particularly conservative results for the Class 3 sections
arise towards the bending end point, where the partial spread of plas-
ticity is not captured by the use of the elastic moment capacity [11]. This
will be resolved, to some extent, in the upcoming revision to Eurocode 3
through the introduction of the elastic-plastic modulus[39,40] .

3.3. AISC 360 (AISC)

A bi-linear N-M interaction curve, as expressed by Eq. (17), is
specified in AISC 360 [21] for the design of HSS non-slender welded
I-section beam-columns with material yield stresses no greater than
690 MPa:

where f, = N../A for members failing by flexural buckling, with N,
determined based on the relevant principal axis.

Under strong-axis bending, the member bending moment resistance
My aisc can be computed from Eq. (19) for welded I-sections with
compact or non-compact flanges and compact webs, from Eq. (20) for
welded I-sections with compact flanges and non-compact webs and from
Eq. (21) for welded I-sections with non-compact flanges and non-
compact webs, respectively.

L—-L
My arsc = My — (M,;I - O-7Mel) (L — p> <M, 19)
r D
L-1L,
My aisc = My — (M, —0.7M,,) - <M, (20)
" P
by /2t — Ay
M’).AISC = Mel - (Me[ - 0'7Mel) ﬁ (21)
of = Mpf

where L, is the limiting laterally unbraced length for the limit state of
yielding, L, is the limiting unbraced length for the limit state of inelastic
lateral-torsional buckling, and Ay and A are respectively the compact
and non-compact slenderness limits for outstand flanges in compression.

Regarding beam—columns under combined compression and weak-
axis bending, the member bending moment resistance M arsc is given
by Eq. (22) for welded I-sections with compact flanges and compact/
non-compact webs and by Eq. (23) for welded I-sections with non-
compact flanges and compact/non-compact webs.

My prsc = My < 1.6M,, (22)
by /2t — Ay
My aisc = My — (M,;I - O-7Mel) (w) (23)
of = Apf

The applicability of the AISC design N-M interaction curve to S960
UHSS non-slender welded I-section beam-columns is assessed through
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(a) Under combined compression and strong-axis bending.

(b) Under combined compression and weak-axis bending.

Fig. 10. Failure modes for S960 UHSS non-slender welded I-section
beam-columns.

comparisons of the AISC failure load predictions and FE failure loads.
Figs. 13 and 14 respectively display the graphical assessment results for
members under strong-axis combined loading and weak-axis combined
loading, revealing that AISC 360 [21] can provide overall accurate and
consistent strength predictions for S960 UHSS non-slender welded
I-section beam-columns, as evidenced in Table 7, but with some results
on the unsafe side when the loading condition approaches pure bending
(i.e. # = 0) due to the over-allowance for the spread of plasticity (see
Egs. (22) and (23)) in non-compact sections.

4. New design proposals

To address the limitations of the current EC3 and AISC design pro-
visions and to explore viable alternatives, new design proposals, based
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Fig. 11. Comparison of FE failure loads with EC3 failure load predictions for
S$960 UHSS welded I-section beam-columns under combined compression and
strong-axis bending.

Table 6
Comparison of FE failure loads against EC3 failure load predictions.
Bending . Number of numerical Nu/Nygc3
. Class of cross-section _—
axis data Mean COV
Strong axis  Cass 1 and Class 21- 194 129 0.10
sections
Class 3 I-section 60 1.29 0.12
Total 254 1.29 0.10
Weakaxis ~ Coss 1 and Class 21- 240 127 0.08
sections
Class 3 I-section 60 1.50 0.06
Total 300 1.31 0.10
3.0
2.5 1
2.0 A
3
2 A Ap A A A
& A - J
15 1 aalady a a4 LY W o 00
E o\'.’.‘ ‘e
o Kt .
1.0 4-- o ”_&_‘_ ___________________________________________
05 1 o(Class 1,2
AClass 3
0.0 T T T
0.0 22.5 45.0 67.5 90.0

a0
Fig. 12. Comparison of FE failure loads with EC3 failure load predictions for

$960 UHSS welded I-section beam—columns under combined compression and
weak-axis bending.

on the Continuous Strength Method (CSM) [41-43] for S960 UHSS
non-slender welded I-section beam-columns, are put forward in this
section. The proposed design interaction curves still follow the same
format as used in EC3, but with revised end points, interaction factors
and buckling reduction factors, as shown in Eqs. (24)-(26):

sz:m

Nb,y,cxm

Miy.cm
i <1 24)

+ k}vy,f:m

LT.mme-}'«Nm
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0.0 22.5 45.0 67.5 90.0
6 ()
Fig. 13. Comparison of FE failure loads with AISC failure load predictions for
S960 UHSS welded I-section beam—columns under combined compression and
strong-axis bending.

3.0
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u,
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<
LTy s d
1.0 ____* ‘:_A 9‘%

0.5 1 ® Compact

A Non-compact|
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0.0 225 45.0 67.5 90.0
0C)
Fig. 14. Comparison of FE failure loads with AISC failure load predictions for

$960 UHSS welded I-section beam-columns under combined compression and
weak-axis bending.

Table 7
Comparison of FE failure loads against AISC failure load predictions.
Bending . Number of numerical Nu/Ny,arsc
. Class of cross-section _—
axis data Mean COV
Strong axis Compact I-section 194 1.06 0.05
Non.-compact I- 60 111 0.02
section
Total 254 1.07 0.04
Weak axis Compact I-section 240 1.10 0.09
Non'-compact I- 60 113 0.07
section
Total 300 1.11 0.09
Nyes M, s
u,csm + k;y,(:m w,y,csm S 1 (25)
Nb,z.csm ZLT.L‘.\mMC,}'.CSIYI
N, M,
u,csm + kzz.cl"” u,z,csm S 1 (26)
Nb,z,csm ML‘,z.L'sm

where Ny ¢sm and My, ¢sm (i.e. the umbrella term for My, y, csm and My, g csm)
are respectively the CSM-based predicted failure load and moment, and
Nb,y,csm= Xy,csmNesm and Np z csm= ¥z,csmNesm are respectively the revised
column buckling resistances about the strong and weak principal axes,
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Fig. 15. The proposed quad-linear material model for S960 UHSS [17].

based on CSM, with y.s, determined as described below. Note that Eq.
(13) is not critical for the studied cases and thus the equivalent CSM-
based curve is not presented. The determination of the CSM cross-
section compression capacity N, requires quantification of the cross-
section deformation capacity, which can be determined from the CSM
base curve:

Eom _ % < min<15, Cle“) ford, < 0.68 27)
&y : &
14

where &y, is the limiting compressive strain for a non-slender wel-
ded I-section (i.e. ng 0.68) [44], &y = f,/E is the yield strain, ¢, is the
ultimate strain at the ultimate strength f;,, C is a material coefficient in
the adopted quad-linear material model, defining a cut-off strain to
avoid over-predictions of material strength, and 1, = \/f, /o, is the
cross-section slenderness, in which o, is the elastic load buckling stress
of the full cross-section and can be calculated using the formulations
derived by Gardner et al. [45]. Upon quantification of the limiting
compressive strain, a quad-linear material model for S960 UHSS is used
for determining the corresponding stresses. Further information in terms
of the utilization of the CSM for UHSS structures can be found in Su et al.
[17]. The quad-linear material model is depicted in Fig. 15, where C;
and C, are two material coefficients and the strain hardening slope Eg, is
defined by the material coefficient C5, as expressed by Eqs. (21)-(23);
the strain hardening strain &g, and the ultimate strain ¢, were taken as
the average measured values from Fig. 2 and Table 2, being 0.74% and
5.85%, respectively. Fig. 15 shows good agreement between the
measured engineering stress—strain curve and the quad-linear material
model. Subsequently, the CSM design stress o5, can be computed using
Eq. (24), with the CSM cross-section compression resistance N¢sn,=A0sm
also obtained.

£y = 2h (28)
Core, — &g,
sh 0.15 u — s
c, — Ent 0158 —ew) (29)
Ey
sh 06 u — Csh
c, — Ent00(e — €w) (30)
&y
Ee for e<e
5 for e, <e<ey
0= fy +Eg(e —€g) for ey <e<Ceg, (B
fere +%(s —Cig,) for Cig,<e<eg,
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The CSM cross-section bending resistance M, can be obtained from
Egs. (32) and (33), based on the formulations developed by Yun et al.
[44], where a and f are two dimensionless coefficients and are respec-
tively set as 1.2 and 0.05 for welded I-sections under combined
compression and strong-axis bending, 2.0 and 0.08 for welded I-sections
under combined compression and weak-axis bending.

Mgy = Wyf |1 — (1 — We £ )" for ey < €
esm — YWplly Wp[ Sy csm > €sh
Wy €, * Ey (€ — &g :
My = yI1T—(1- - = == = i csm
plf |: ( Ww)/( & ) o E ( &y ) :| e

> Egp
(33)

(32)

The CSM flexural buckling reduction factor y sy can be obtained from
Egs. (34)-(36):

1

Kesm = but v, < 1.0 (34)
(Dcsm + v (Dc.vmz - Immz

B = 0.5[1+ ey (Ao — 0.2) + Ao ] 35)

Er:m =V N(‘sm/Ncr (36)

where the CSM imperfection factor a.gy,, as proposed by Arrayago et al.
[46], can be determined from Eq. (37), in which the EC3 imperfection
factor a is respectively equal to 0.34 and 0.49 for strong-axis and
weak-axis combined loading and the two coefficients C3 and C4 can be
derived from Egs. (38) and (39).

7 f NCJmMe
Tem = a(C3 = Cudy) ¢ /6;”1 m (37)
C; = 140.68C, (38)
Cy =12(£./1,) (39)

The CSM lateral-torsional buckling reduction factor yir,csm can be
calculated using Eqs. (40)-(43), where the proposed value for the
imperfection factor ay7 is 0.13 for S960 UHSS non-slender welded I-
section members under combined compression and strong-axis bending.

1
ALT.esm = = B but vz eon < 1.0 (40)
Drresm + A/ Prresm” — Autcom
Dt com = 0.5[1+ arreom (Aur.eom —0.2) + ILT.csmz} (41)
zLT.(rsm =V Mcs'm/Mcr (42)
=y | Sy NesmMa
csm = - A - AL 43
it our (C3 G P) Ocsm M(‘smAf;' “3)

Given the new CSM end points to the interaction curves, new inter-
action factors (i.e. kyy, csm, Kzy,csm and kzz csm) [47] are needed. These are
defined in general terms in Eqs. (44-46), with Dy = yD1, Dacsm =

D5/7,D3cm = D3/y, where y = /f,/6.m and the values of D1, D, and D3
are 1.0, 0.2 and 1.0 for strong-axis combined loading, and 2.0, 0.6 and
1.0 for weak-axis combined loading, as given in EN 1993-1-1 [38].

Nuyesm
Nipy.csm
Nuyesm

Nb.y,(:m

Cm (1 + (Dl,y.csmiy,c:m - DZ.y.m‘m) ) for zy,c:m < DS,yrsm

k}‘)‘,csm =

Cm (1 + (Dl,y,f:mD3,y.mm - DZ,y.mm) ) for zy,f:m 2 D3,y.csm

(44)
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Fig. 16. Comparison of FE failure loads with the predicted failure loads from
new design proposals for S960 UHSS welded I-section beam-columns under
combined compression and strong-axis bending.
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Fig. 17. Comparison of FE failure loads with the predicted failure loads from
new design proposals for S960 UHSS welded I-section beam—-columns under
combined compression and weak-axis bending.

Table 8
Comparison of FE failure loads against the failure load predictions from new
CSM-based design proposal.

. . Class of cross- Number of numerical Nu/Nucsm
Bending axis . -
section data Mean COV
Strong axis Non-slender 254 1.22 0.09
Weak axis Non-slender 300 1.31 0.07
kzy.c:m = 0~6kyy,csm (45)

7 N, z,cm k1
Cn (l + (Dl.z.rxmiz,f:m - DZ.z.csm) 7) for ﬂz.csm < D3.z,fsm
' Nb.Z,L‘SWl '
ke esm =
Nuzesm k1
Cm 1 + (Dl,z,z‘stB.z.c:m - DZ,:.(‘sm) N, = fOl' Az.csm Z D3.Z,L‘Sm
b,z,csm

(46)

The predicted failure loads determined using the new design pro-
posals are compared with the numerical data points in Figs. 16 and 17,
where more accurate predictions from the new proposal compared with
EC3 are observed, especially for the Class 3 sections. The results are also
reported in Table 8, where the mean N,/N, . ratio and the corre-
sponding COV are seen to be respectively equal to 1.22 and 0.09 for
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Table 9

Summary of reliability analysis results for new CSM-based design proposal.
Bending axis Class of cross-section Number of numerical data kqn b Vs v, ymo*
Strong axis Non-slender 254 3.129 1.188 0.089 0.106 1.037
Weak axis Non-slender 300 3.123 1.361 0.068 0.090 0.858

strong-axis combined loading, and equal to 1.31 and 0.07 for weak-axis
combined loading, indicating the improved design accuracy over EC3.
The proposed CSM-based design approach is less accurate overall than
AISC 360, but AISC 360 yields a number of strength predictions on the
unsafe side. The lower accuracy of the CSM-based approach stems pri-
marily from the desire to retain the EC3 interaction equation. None-
theless, both consistent and safe-sided results are obtained.

5. Reliability assessment of new design proposals

The reliability of the new design proposals for S960 UHSS non-
slender welded I-section beam-columns has been assessed through sta-
tistical analyses in accordance with Annex D of EN 1990 [48]. In the
present reliability analysis, the mean to nominal yield strength ratio f,,
mean/fy,nom (i-€. the material overstrength ratio) for high strength steel is
taken equal to 1.135, with a COV of 0.055 [49], the COV of the geo-
metric dimension is taken equal to 0.02 [50]. Table 9 reports the key
statistical parameters for the new design approach, where kg, is the
design fractile factor depending on the number of numerical data, b is
the correction factor, Vs is the COV of the numerical resistances relative
to the resistance model, V; is the combined COV incorporating both
model and basic variable uncertainties, and yyp; is the partial safety
factor. The resulting required partial safety factors yp; for the design
approach, as reported in Table 9, are lower than or very close to the
recommended value of 1.00 [20], indicating that the reliability of the
proposed design proposals for S960 UHSS non-slender welded I-section
beam-columns is acceptable.

6. Conclusions

Extensive numerical simulations have been performed in order to
study the structural behaviour of S960 UHSS non-slender welded I-
section beam—columns and presented in this paper. Existing test results
on S960 UHSS welded I-section beam—columns were first collected. FE
models were then established and validated against the test results,
including the ultimate loads, failure modes and load-mid-height
deflection histories. The validated FE models were afterwards adopted
to perform parametric studies to derive additional FE data. The nu-
merical results acquired from the parametric studies were utilized to
assess the suitability of current design rules, as prescribed in the Euro-
pean code and American specification, for S960 UHSS non-slender
welded I-section beam-columns. The assessment results revealed that
(i) the European code results in reasonable failure load predictions for
S960 UHSS welded I-section beam—columns, with the mean FE to pre-
dicted failure load ratios being 1.29 and 1.31 for the strong- and weak-
axis combined loading cases, respectively, indicating the scope for
improvement, and (ii) American specification leads to overall accurate
and consistent failure load predictions for S960 UHSS non-slender
welded I-section beam—columns, but resulted in some unconservative
data points for weak-axis combined loading case. A new design
approach, adopting the basic format of the EC3 design interaction curve
but with more accurate end points, interaction factors and buckling
reduction factors determined based on the CSM, were finally proposed
and shown to give more accurate and consistent failure load predictions
than the current EC3 design provisions.
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