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Abstract. The local buckling behaviour and ultimate cross-sectional resistance of slender tubular
elliptical profiles in bending are examined by means of numerical modelling. After successful validation
of the numerical model against previous experimental results, a parametric study comprising 240
simulations was conducted in order to investigate the influence of cross-section aspect ratio, axis of
bending, geometric imperfections and local slenderness on structural behaviour. The ultimate moments,
moment—curvature relationships and failure modes obtained are discussed. It was found that, overall,
postbuckling stability increases and imperfection sensitivity decreases with increasing elliptical hollow
section (EHS) aspect ratio. A design method is proposed for Class 4 EHS members that reflects the
reduction in resistance due to local buckling with increasing slenderness and extends the range of
applicability of existing provisions. A reliability analysis was performed in accordance with EN 1990,
indicating that the design methods for EHS in bending, in addition to previous design methods for EHS
in compression, are suitable for use in the Eurocode framework with a recommended partial factor of

unity.

1 INTRODUCTION

In recent years, structural steel elliptical hollow sections (EHS) have attracted increased
research focus. This can be attributed to their introduction and availability as hot-finished
products [1], their aesthetic properties, which have led to their use in high-profile projects such
as Heathrow Terminal 5, Barajas Airport, Madrid, the University of Warwick and Cork Airport
[2], and their enhanced flexural properties about the major principal axis when compared to
circular hollow section (CHS) tubes [3]. Research into the structural response of EHS tubes

has included testing, numerical modelling and the development of design rules for cross-
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sections in compression and bending [4-7], analysis of the global buckling response of EHS
columns [7,8], stainless steel EHS columns [9], EHS columns in fire [10], concrete-filled EHS
columns [11-14], beams [15] and beam-columns [16], the behaviour of members in shear [17]
and the postbuckling behaviour and strength of slender EHS tubes in compression [18].

The focus of the present study is the behaviour and resistance of slender EHS tubes in
bending. Potential applications of such members include aesthetic lightweight cladding rails,
mullion posts, thin-walled storage silos and concrete-filled steel tubes in composite
construction [2,18]. A number of the current range of hot-finished elliptical hollow sections
[19], which have been used in a variety of structural applications, as outlined in [2], are Class
4 in bending according to the limits proposed in [6] and the provisions of the upcoming revision
to EN 1993-1-1 [20]. Although cold-formed profiles are not specifically addressed in the
present study, it is envisaged that the findings and proposed design guidance also apply to these
sections since the level of local geometric imperfections in cold-formed and hot-finished
tubular sections are generally similar [21] and the dominant through-thickness residual stresses
in cold-formed tubular sections have been shown not to have a strong influence on their local
stability [22-23].

The elliptical hollow sections examined in the present study have a maximum outer radius
a and a minimum outer radius b, and are assumed to be thin-walled with a constant wall
thickness t, as shown in Figure 1; the major (y-y) and minor (z-z) cross-sectional axes are also
indicated in Figure 1. Slender EHS, i.e., those that fail by local buckling prior to the attainment
of their elastic moment resistance Me, are the focus of the present study. The elastic moment
resistance Mei = We fy is the product of the elastic section modulus We for the axis of bending
being considered and the material yield strength fy. The elastic section moduli for bending about
either the major axis or the minor axis can be determined via integration around the
circumference of the median profile [6], yielding Eqg.(1) and Eq.(2) for the major axis elastic

section modulus Weiy and the minor axis elastic section modulus Wei 2, respectively:
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where am = (2a —t)/2, bm = (2b — t)/2 and ¢ is defined in Figure 1.
It has been found previously [18] that the postbuckling behaviour of slender EHS tubes in

compression transitions from that of imperfection-sensitive cylindrical shells (unstable



postbuckling) for EHS with low cross-sectional aspect ratios a/b to that of imperfection-
insensitive plates (stable postbuckling) for EHS with higher aspect ratios, in agreement with
earlier analytical and numerical studies [24-27]. Thus, the postbuckling behaviour is a function
of both cross-sectional aspect ratio and local slenderness (defined in Section 2.1.1), with the
following observed trends being reflected in a design proposal [18] formulated on the basis of
an associated parametric study: i) increasing stability of the postbuckling response, and thus
greater normalised load—carrying capacity, with increasing aspect ratio; ii) increasing stability
of the postbuckling response with increasing local slenderness; iii) decreasing imperfection
sensitivity with increasing slenderness.

The present study aims to ascertain whether analogous relationships exist for EHS in
bending. The development and validation of a numerical model to simulate the response of
EHS tubes in bending is described. After achieving satisfactory agreement between the
numerical results and previous experimental results [6], the response of EHS tubes with cross-
sectional aspect ratios a/b ranging from 1.5 to 5.0, bent about either the major or minor axis, is
examined. Other parameters varied in the study include the yield strength fy, the tube wall
thickness t (shown in Figure 1) and the imperfection amplitude Aw. The results of the
parametric study are used as a basis for the formulation of resistance functions for the design
of Class 4 (slender) EHS members in bending that extend the range of applicability of a design
method included in the upcoming revision to EN 1993-1-1 [20]. A reliability analysis is
performed in accordance with EN 1990 [28] in order to determine the minimum required partial
factor to be used when applying the design methods; a reliability analysis is also performed on
a design method for slender EHS in compression that is included in the upcoming revision to
EN 1993-1-1 [20]. The objectives of the present study are thus: i) to establish a database of
resistances of slender steel elliptical cross-sections in bending; ii) to assess the influences of
various design parameters on these resistances, iii) to propose a design method for Class 4 EHS
in bending and iv) to assess the suitability of design methods for slender EHS in either bending
or compression for use within the Eurocode framework by determining minimum required

partial factors.

2 DEVELOPMENT OF THE NUMERICAL MODEL

In this section, the approach employed to model the EHS tubes in bending using the finite
element modelling software Abaqus [29] is described, followed by the validation of the model

against previous experimental results [6]. The cross-sectional geometries, material properties



and modelling approach used in the numerical simulations are in line with those employed in
[18].

2.1 Description of the numerical model

The modelling strategy employed in the present study is described in this sub-section,
including the analysis procedure, meshing, the definition of imperfections and the material

models used.

2.1.1 Slender EHS geometries

When considering circular hollow sections (CHS), the definition of Class 4 (slender) cross-
sections in EN 1993-1-1 [20] is dependent on the diameter-to-thickness ratio D/t. For elliptical
sections, the circular diameter D is replaced by an equivalent diameter Deq, following the

recommendations of [6], whereby:

For EHS in major axis bending: D, = 2(b*/a) fora/b<1.357, (3
D,, =0.8(a’/b) fora/b>1.357, (4)
For EHS in minor axis bending:  D_ =2(a®/b)  for all aspect ratios. )

These definitions of Deq relate to analytical predictions [30,31] of the location of the point
of initiation of local buckling around the tube wall. For EHS in pure compression or bent about
the minor axis, this critical point is located at the extreme of the minor axis (where the radius
of curvature is at a maximum), while for EHS bent about the major axis, the critical point is
located either at the extreme of the major axis or at an intermediate position, depending on the
aspect ratio (see Figure 2). It has been proposed [6] that the condition for slender (Class 4)
tubular sections bent about either the major axis or minor axis, adapted for use with EHS, can

be taken as:

D,
2 > 140 (6)

where & = (235/f,)°; this limit is to be incorporated in the upcoming revision of EN 1993-1-1

[20]. The corresponding limit for EHS in compression is Deg/te? = 90.
Y g p q



Related to this measure of cross-sectional slenderness (Deg/te?) is the nondimensionalised

local buckling slenderness Z/, which is defined in Eq.(7):

cr (7)

where fer is the elastic critical local buckling stress, adapted from the equivalent expression for
CHS:

2
31l-v eq (8)

By setting Deg/te? = 140 and taking E = 216640 N/mm?, which represents an average value

obtained from tensile coupon testing [5,6] and is used in the present numerical models, the
value of 1, corresponding to the Class 4 limit is found to be 0.355; for E = 210000 N/mm?, the

limitis A, = 0.360.

Values of Deg/te? for commercially-available hot-finished EHS [1] in grade S355 steel, which
all have aspect ratios a/b = 2.0, range between about 50 and 150. Although high-strength steel
(HSS) EHS are not yet commercially-available, given the recent developments for other HSS
tubular sections [32,33], it can be assumed that EHS with values of fy potentially as high as 960
N/mm? will be available in the near future. Considering these high strength steels, values of
Degfte? increase to between about 130 and 400. When considering more slender sections
becoming available, the cases considered in the present work encompass a comprehensive

range of EHS that might be encountered in practice.

2.1.2 Meshing and boundary conditions

The EHS tubes were modelled in Abaqus [29] using 4-noded isoparametric reduced-
integration S4R shell elements with a characteristic element size of 10 mm; it has been shown
previously [18,27] that models using this mesh density can simulate the behaviour of thin-
walled EHS tubes accurately [18,27].

Rigid plates were attached to the end sections of the tubes using tie constraints. These rigid

end plates were modelled using either 3-noded R3D3 or 4-noded R3D4 finite elements; given



that the mesh seed density along the boundary of the plate was fixed, the selection of finite
elements within the rigid plate had no influence on the overall behaviour of the EHS specimen.
Fully-fixed boundary conditions were imposed on one end plate, while a concentrated moment
was applied at the centroid of the end plate at the opposite end, which was orientated to simulate
bending about either the major or minor cross-sectional axis as necessary. Rotation about the
other cross-sectional axis was restrained, as were translation out of the plane of bending and

rotation about the longitudinal axis of the tube.

2.1.3 Analysis procedure

The simulations comprised two steps. The first step was a linear eigenvalue analysis from
which the elastic buckling stress for each buckling mode was obtained, with the critical
buckling moment Mcr being that associated with the first valid buckling mode (see Section
2.1.5). The mode shape provided the form of the initial imperfection for the second step, a Riks
arclength continuation analysis, which simulated the nonlinear behaviour of the EHS up to and

beyond the ultimate moment.

2.1.4 Material modelling

For the linear eigenvalue analyses, the tube material was assumed to be homogeneous,
isotropic and linearly-elastic with a Young’s modulus of 216640 MPa and a Poisson’s ratio of
0.3. For the Riks analyses, elastic—perfectly plastic material models were applied, with three
different yield stresses considered for each aspect ratio (see Section 3.1). No residual stresses
were included in the numerical analyses since they have been found to be of very low
magnitude in hot-finished elliptical tubes [5,6].

2.1.5 Geometric imperfections

The initial imperfection mode shapes were based on previous guidance [27] whereby the
mode shape was assumed to have an odd number of longitudinal half-waves along the tube
length. In the interests of consistency, the same mode shapes were applied to sections with the
same aspect ratio and length, which were extracted from linear eigenvalue analysis using wall
thicknesses of 4.2 mm and 8.7 mm for tubes bent about their major and minor axes,
respectively; EHS with thicker walls have been found to provide more realistic initial
imperfection mode shapes [18,27]. A further justification for using a consistent imperfection
shape for the same aspect ratio is that EHS members with the same aspect ratio but of different
thicknesses are formed using the same fabrication process, which would be expected to lead to

similar initial imperfection shapes [18]. The imperfection amplitudes Aw are calculated using



an expression from Annex D of EN 1993-1-6 [34] for circular shells, adapted for use with

elliptical shells. The modified form of the expression is:

QVt ©)

where req is the equivalent radius = Deq / 2 and Q is a fabrication quality parameter.
Imperfection amplitudes are calculated based on Deq set equal to 2a2/b in order to maintain
similar levels of imperfection for tubes bent about either the major axis or the minor axis.
Figure 3 shows three different levels of imperfection amplitude calculated for the range of EHS
currently considered, namely Aw = 0.1t, Aw from Eq.(5) with Q = 40 (Class A — excellent
quality), and Aw from Eq.(7) with Q = 25 (Class B — high quality), plotted against the local

buckling slenderness A It was found previously [18] that the Class A level of imperfection
amplitude provides an upper bound to measured values [5,6] and can be assumed to represent
a level of imperfection amplitude suitable for the design of hot-finished EHS. The Class B level
of imperfection amplitude was found to be onerously large, and is disregarded from the present
study. Imperfection amplitudes equal to 0.1t can become unrealistically small; however, EHS
containing such imperfections are included in the parametric study in order to demonstrate

imperfection sensitivity when compared to EHS with more realistic Class A imperfections.

2.2 Validation of the numerical model

In order to confirm the accuracy of the numerical model, comparisons were made between
the numerical predictions of ultimate moment with the results from previous experiments [6]
on hot-finished EHS tubes bent about either the major axis or minor axis. The three specimens
with Deg/te? > 140 bent about their minor axis in four point bending (and thus with a constant
bending moment across the central segment, which aids direct comparison with the simulations
made herein under uniform moment) were selected, while the most slender specimen bent
about its major axis was also selected; the aspect ratio of all the selected specimens was 2.0.
The properties of the selected specimens are summarized in Table 1. Values of modulus of
elasticity E and yield strength fy obtained from tensile coupon testing [6] were applied in the
numerical models. Since the nominal aspect ratio of the specimens simulated in the validation
study is 2.0, the length of the specimens was set at 1200 mm in order to minimize length effects

(see Section 3.1). Following the procedure described in Section 2.1.3, a mode shape was



extracted from linear eigenvalue analysis for each specimen and employed as the initial
imperfection shape in a subsequent Riks analysis, with the imperfection amplitude Aw set equal
to the values measured by [6], which are shown in Table 1.

In Figure 4, comparison is made between graphs of applied moment M against curvature y
obtained from the experiments [6] and those predicted by the numerical analysis; the curvature
of the numerical specimens is taken as the average across the specimens and is defined as:

y=0/L (10)
where @ is the relative rotation of the ends of the EHS specimen under uniform bending.
Overall, good agreement can be observed between the experimental and numerical response
for initial linear stiffness, the ultimate moment and the postbuckling behaviour; the ultimate
moment of specimen 400 x 200 x 8.0 — B1 was reported [6] to be anomalously low, thus leading
to the discrepancy observed in Figure 4a. The discrepancy between the experimental and
numerical postbuckling equilibrium paths observed in Figure 4c is attributed to the choice of
geometric imperfection shape and magnitude. In Table 2, comparison is made between the
numerical My re and the experimental My exp ultimate moments. It can be seen that there is close
agreement between the two sets of results, again noting the anomalously low experimental
ultimate moment reported by [6] for specimen 400 x 200 x 8.0 — B1.

In addition, comparison is also made between the numerical results for the ultimate moment
obtained using the approach of modelling the tube under uniform moment and of modelling
the tube under four point bending, My4prs [6]. As can be seen, there is very close agreement
between the results, confirming that the simpler uniform moment models can be used in the

parametric study.

3 NUMERICAL PARAMETRIC STUDY

Having shown that good agreement exists between the ultimate moments predicted by the
numerical model and the results of [6], a parametric study was conducted in order to examine
the influence of a number of key variables. In this section, the parameters varied in the study

and the subsequent results obtained are presented and discussed.
3.1 Parameters for numerical studies

Four different aspect ratios are considered in the parametric study, namely, a/b = 1.5, 2.0,
3.0 and 5.0. The reference geometry is based on the commercially-available 300 x 150 series
of elliptical sections with a/b = 2.0. The cross-sectional geometry for the other aspect ratios is

based on maintaining a constant perimeter P = 726.3 mm. It was found previously that length



effects reduce in EHS with higher aspect ratios [3]; this is reflected by the simulated lengths of
EHS tubes with a/b = 1.5 and 2.0 being set to 1200 mm, while those of EHS tubes with a/b =
3.0 and 5.0 were set to 1000 mm. Failure via global lateral torsional buckling was precluded
owing to the definition of such short tube lengths.

In total, 240 cases were simulated in the parametric study, representing two axes of bending
x four aspect ratios x five wall thicknesses x three yield strengths x two imperfection classes.
In order to cover a wide range of local buckling slendernesses, the values of yield strength fy
and wall thickness t considered were extended outside the practical range, in keeping with [18].
The values of the cross-sectional dimensions, tube length L and yield strength fy corresponding
to the various aspect ratios a/b modelled are shown in Table 3, while the wall thicknesses t and
imperfection amplitudes Aw applied in the parametric study are summarized in Table 4, while
relevant properties of the specimens are shown in Tables 5 and 6 for specimens bent about the

major axis and the minor axis, respectively.
3.2 Predicted failure modes

In this section, the failure modes predicted by the numerical models are discussed.

3.2.1 Major axis bending

Examples of failure modes observed in EHS specimens with Class A imperfections bent
about the major axis are shown in Figure 5. For EHS with a/b = 1.5 and of lower slendernesses,
the failure mechanism was a superposition of circumferential rucking and folding initiating at
the critical radius (see Figure 5a); with increasing slenderness, circumferential rucking was less
prevalent with the mode becoming more dominated by folding at the critical radius. For EHS
with a/b = 2.0, the failure mode mainly involved folding at the critical radius, although some
evidence of circumferential rucking at the extreme of the major axis was observed in thicker
sections (see Figure 5b). For a/b = 3.0 (see Figure 5c¢), folding at the critical radius was the
dominant mode, with circumferential rucking observable only in the least slender specimens.
For EHS with a/b = 5.0 (see Figure 5d), folding initiating at the critical radius was the only
mode observed. These failures modes are similar to those observed in [35]. In all specimens
where folding at the critical radius was observed, the location of the point of initiation of

buckling agreed well with the predication of the critical radius rer = 0.4a2%/b in [6].

3.2.2 Minor axis bending

Examples of failure modes observed in EHS specimens with Class A imperfections bent about

the minor axis are shown in Figure 6. For EHS with a/b = 1.5, failure tended to occur via



folding initiating at the minimum radius, although with some localized crumpling occurring in
the less slender EHS (see Figure 6a). For EHS with a/b > 2.0 (see Figures 6b—d), folding at the
minimum radius was the dominant mode; some evidence of the Yoshimura mechanism, which
is more readily apparent in cylindrical shells in compression [36], was observed in particularly

slender specimens with a/b = 5.0.
3.3 Moment—curvature behaviour

Graphs of moment M against curvature y predicted by the numerical models are shown in
Figures 7 and 8 for EHS bent about the major axis and the minor axis, respectively. Specimens
with midrange slendernesses were chosen to facilitate comparison in Figures 7 and 8; as can
be seen, the postbuckling stability of specimens decreased with increasing slenderness for all
aspect ratios. For lower aspect ratios, the postbuckling response is observed to be less stable
and more sensitive to imperfections. With increasing aspect ratio, the stability of the
postbuckling response is increased with less imperfection sensitivity being observed. These

trends are analogous to those observed previously for EHS in pure compression [18].
3.4 Strength reduction

In this section, the reduction in the ultimate moment My predicted by the numerical models
relative to the elastic moment Me is discussed. The reduction in resistance is characterized by
the local buckling reduction factor p = My / Mei. Based on this definition, the factor p is
equivalent to Wesr / We for slender sections, where Wess is the effective section modulus, and
thus specimens with p < 1 are slender, whereas those with p > 1 are fully-effective. In the
following discussion, values for p calculated based on the results of the parametric study are

compared with the elastic buckling curve:
P==5 (11)

the Winter curve for plate buckling, adopted in EN 1993-1-5 [37], which is given by:

1 for 1,<0.673
pP= _
_i—o;—zzz for 1,>0.673
lf /1[ (12)

and a power law design curve proposed by [6]:

1ot ) (Zo)”
15 0
p ( D, ] ( MJ (13)




Eq.(13) is anchored to the width-to-thickness limit for slender EHS of Deg/ts? = 140 that is

proposed [6] for inclusion in the upcoming revision to EN 1993-1-1 [20], so that sections with

szﬁo, where Ao = 0.360 for E = 210000 N/mm?, are predicted to be fully-effective. It has
also been proposed that Eq.(13) can be applied to EHS with Deg/ts? < 240, which is equivalent

to A, <0.471 for E = 210000 N/mm2. The suitability of this proposal is discussed herein, while
additional proposed design curves that extend the range of applicability beyond this limit are
also discussed in Section 4.1. The ultimate moments and resulting local buckling reduction
factors obtained are shown in Tables 5 and 6 for specimens bent about the major axis and the

minor axis, respectively.
3.4.1 Major axis bending

Values of p for EHS bent about the major axis are plotted against the local slenderness A
in Figures 9 to 12 for a/b = 1.5, a/b = 2.0, a/b = 3.0 and a/b = 5.0, respectively; these results
are also compared with the elastic buckling curve, the Winter curve, Eq.(13) and the proposed
design curve for Deq / t&2 > 240 described in Section 4.1.

Upon review of the results of the parametric study, it can be seen that, overall, the moment
resistance reduces and the imperfection sensitivity decreases with increasing slenderness,
which is in accordance with similar behaviour observed by [18] for slender EHS in
compression. It can also be seen that the elastic buckling curve, which is defined based on the
critical buckling stress of circular shells (or elliptical shells through the use of the equivalent
diameter Deg) in pure compression, tends to provide an upper bound for EHS with Class A
imperfections. For EHS with Aw = 0.1t and of high slenderness, values of p exceed the elastic
buckling curve and tend towards the Winter curve for plate buckling.

The levels of imperfection sensitivity predicted by the numerical parametric study for EHS
with various aspect ratios are shown in Figure 13 by plotting ratios of the ultimate moment

predicted with Aw = 0.1t, My .11, to the ultimate moment predicted with Class A imperfections,

Mu,A, against .. While a clear trend is not readily observable, in general, the imperfection

sensitivity decreases with increasing aspect ratio.

It should be noted that the local buckling reduction factor pis greater than unity for a number
of specimens with Deg/te? > 140, indicating non-slender behaviour even for some Class 4

sections. It can be seen that Eq.(13) is safe-sided for low to mid-range slendernesses, while the



design curve proposed in the present work to extend the EHS moment resistance predictions

beyond Deg/ts? = 240 provides safe-sided results for EHS with higher slendernesses.

3.4.2 Minor axis bending

Values of p for EHS bent about the minor axis are plotted against the local slenderness A
in Figures 14 to 17 for a/b = 1.5, a/b = 2.0, a/b = 3.0 and a/b = 5.0, respectively, with
comparison made to the elastic buckling curve, the Winter curve, Eq.(13) and the proposed
design curve described in Section 4.1. It can be seen that there is a trend of increasing stability,
and hence local buckling resistance, with increasing aspect ratio, as well as a trend of
decreasing imperfection sensitivity with increasing aspect ratio. It can also be seen that the
elastic buckling curve provides an upper bound for all results.

In Figure 18, the imperfection sensitivity is shown for the range of EHS examined; the trend
of decreasing imperfection sensitivity with increasing aspect ratio is more clearly apparent than
for EHS being bent about the major axis. As was observed for EHS bent about the major axis,
Eq.(13) provides safe-sided resistance predictions for EHS of low to mid-range slendernesses,
while the proposed extension to this design curve is also safe for use with EHS with higher

slendernesses.

4 DESIGN GUIDANCE

In this section, design curves are proposed that extend the range of applicability of the
proposals of [6] and the upcoming revision to EN 1993-1-1 [20] beyond Deg/ts? = 240. A
reliability analysis of the design proposal presented in Section 4.1, in addition to proposed
design rules for Class 4 EHS in compression [20], is also described.

4.1 Design proposal

Although buckling resistance is also a function of imperfection amplitude, the curves
described in this section are calibrated based on the more realistic Class A level of imperfection.
The rules are adapted from Eq.(13) and have been fitted to provide lower bounds to the results

of the parametric study. The proposed design formulae are given in Eq.(14), which are

applicable to EHS in bending with A:< 1.7. As mentioned in Section 2.1.1, this encompasses

the practical range of EHS geometries and material properties. The curve is equivalent to

Eqg.(13) up to a limiting slenderness /_11; the local buckling reduction factor p is given by:



1 for A < Ao
Z 0.5
p= Z0 for do<Ai <A (14)
A
— \05,— \j
Ao (A ] o Ao > A1
A1 A

where values for the parameters Ao, A1 and pcan be found in Table 7.

The resulting design curves are shown in Figures 19 and 20 for EHS bent about the major
axis and the minor axis, respectively. It can be seen that the design curves provide safe lower
bounds to the results of the parametric study. In addition, the increase in postbuckling stability

with increasing aspect ratio is also observable.

Ratios of the ultimate moment obtained from numerical analysis, My, to the predicted
design ultimate moment, Myp, are shown in Figures 21 and 22 for EHS bent about the major
axis and the minor axis, respectively. It can be seen that the design curves tend to provide safe-
sided predictions for the ultimate moment, i.e., the ratios are greater than unity, for all aspect
ratios, while also not being overly conservative. It can be seen that the design predictions in

the low slenderness range tend to be more conservative; this is due to the value of the plateau

slenderness Ao being fixed equal to 0.360 for all aspect ratios in order to maintain compatibility
with the limit of Deg/ts® = 140 proposed by EN 1993-1-1 [20]. The trend of increasing local
buckling resistance with increasing aspect ratio is also reflected by the increased values of My re

/ Myp for higher aspect ratios in both Figure 21 and Figure 22.

4.2 Reliability analysis

In this section, a reliability analysis is conducted to determine the required partial factor for
cross-sectional resistance ymo in accordance with EN 1990 [28] Annex D for the design of
slender EHS. Required partial factors are determined: for: Case 1 — Eq.(13) for the design of
slender EHS in bending with Deg/ts? < 240; Case 2 — Eq.(12) for the design of slender EHS in
bending with Deg/te? > 240; Case 3 — Eq.(15) [5] for the design of slender EHS in compression

with Deg/te? < 240.
90t 9 0.5
&
- 15
P [ 5 ] (15)
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It should be noted that Eq.(15) is intended for application to EHS with Deg/t&? < 240, but in the
present study, the use of this function is also assessed beyond this limit across the full range of
specimens considered in [18]. Demonstrating that the required partial factors for these methods
are less than or equal to unity supports their proposed use within the Eurocode framework with
a partial factor mvo = 1.00.

A first-order reliability method (FORM) similar to that used for concrete-filled EHS
columns [12], hot-rolled steel sections [38] and stainless steel sections [39-41] was employed
in the present study; a detailed description of the theoretical background of the methodology
can be found in [39,42]. The general form of the resistance function r: for slender EHS in either
bending or compression is:

r. = pXf, (16)

where X is the cross-sectional geometric property relevant to the loading mode, which is the
major axis elastic modulus Weiy for sections bent about the major axis, the minor axis elastic
modulus Wey for sections bent about the minor axis and the cross-sectional area A for sections
in compression; based on this definition, the effective area of a slender EHS in compression
can be taken as Aetr = pA.
The coefficient of variation of the errors between the design predictions and the observed
numerical resistances, Vs, as defined in Annex D of EN 1990 [28] is dependent on the slope br
between the observed numerical resistances re and theoretical design resistances ri, which is
given by:

MY ST} (17)
n I,

t,i

where n is the number of specimens considered for a particular design method. Note that this
definition of by reduces the bias in favour of specimens with higher observed resistances [38]
when compared to the least-squares definition of by found in EN 1990 Annex D [28]. The
coefficient of variation of the material yield strength Vi is set to 0.055 [20,41]. For EHS
members, the variance of the geometric properties should consider the variances of the
dimensions of the major axis diameter, minor axis diameter and the tube wall thickness, the
coefficients of variation of which are 0.009, 0.009 and 0.025, respectively [20]. Given that
these variances are small, a close approximation for the combined coefficient of variation of
the geometric properties can be found from the root of the sum of the squares of the dimensional
variances, which yields Vg = 0.028. The combined coefficient of variation of the resistances V;

for a particular design method is then found from:



VZ = (V7 +)(Vy +DV, +1) -1 (16)
The required partial factor for a given design method is defined as ymo = rn / r4, where ry is
the nominal resistance and rq is the design resistance. Adopting the approach of EN 1990 [28],
the design resistance is determined using mean values for the design variables, while in keeping
with the approach employed by [39,40], the nominal resistance rn is determined using nominal
values of the design variables. Thus, the definition of ymo contains the ratio of the mean yield
strength to the nominal yield strength fy mean / fy.nom, which for mild steel grades can be taken as
1.25 [20,38,42].

The reliability analysis is configured on the basis of achieving a target reliability index
> 3.8, which is equivalent to a probability of failure of less than 1 x 10** across a reference
period of 50 years; this level of reliability is ensured through the use of appropriate design
fractile factors (for the ultimate limit state) Kqn.

The parameters used when conducting the reliability analyses and the resulting required
partial factors are shown in Table 8. Sections in bending with Deg/ts® < 140 and sections in
compression with Deg/te? < 90 were omitted from the analysis since the design methods
investigated are not applicable in these ranges; the discrepancy between the numbers of

specimens considered in major axis bending and in minor axis bending is due to the difference

in definition of Deq and also when considering specimens with A:<1.7. Ascan be seen, the
partial factors for all the considered design methods are less than or close to unity, indicating
that the value of ymo = 1.00 recommended in EN 1993-1-1 [20] is appropriate for use in the

design of Class 4 EHS in either bending or compression.

5 CONCLUSIONS

The local buckling of slender elliptical hollow sections (EHS) in bending has been
investigated using numerical methods. The numerical model was validated against previous
experimental results with good agreement observed, after which an extensive parametric study
was conducted. The parametric study comprised simulations of EHS bent about either the
major axis or minor axis, with cross-section aspect ratios ranging from 1.5 to 5.0,
nondimensional local buckling slendernesses ranging from 0.25 to 2.15 and wall thicknesses
from 0.7 mm to 8.7 mm. Two different imperfection classes were considered: Aw = 0.1t and

Class A imperfections.



For EHS bent about the major axis with lower aspect ratios, circumferential rucking was the
predominant failure mode, while for EHS with higher aspect ratios, the failure mode
transitioned to folding at the critical radius. For EHS bent about the minor axis, folding
initiating at the extreme of the minor axis was observable for all aspect ratios, with some
crumpling being observed in EHS with a/b = 1.5, while the Yoshimura mechanism [36] was
also observed in some EHS specimens with a/b = 5.0. Upon examination of the results for
ultimate moment and moment—curvature behaviour, trends of increasing postbuckling stability
and decreasing imperfection sensitivity with increasing aspect ratio were observed, in keeping
with analogous behaviour observed in slender EHS in compression.

A design method has been proposed for Class 4 EHS members that extends the range of
applicability of design rules that are to be included in the upcoming revision to EN 1993-1-1

[20]. The proposals were shown to provide safe-sided and accurate predictions for the moment

resistance of EHS with nondimensional local slendernesses A, < 1.7 and aspect ratios from 1.5
to 5.0. A reliability analysis of design methods for EHS in bending or compression, including
provisions that are to be included in the upcoming revision to EN 1993-1-1 [20] showed that
using a partial safety factor for cross-sectional resistance ymo = 1.00 is appropriate for all the
design methods considered and leads to safe-sided design predictions of the respective ultimate

resistances.
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Table 1: Measured properties of specimens used in validation of numerical model [6].

Specimen Axis of 2a 2b t Aw E fy Deg/te?

bending  (mm) (mm) (mm)  (mm) (N/mm?)  (N/mm?)

400 x 200 x 8.0-B1 Minor  396.09 207.63 7.75 0.43 221600 429 178
400 x 200 x 10.0 -B1 Minor  396.06 207.54 9.65 1.14 197100 401 134
500 x 250 x 8.0 -B1 Minor 49534  255.85 7.78 2.01 223800 413 217
500 x 250 x 8.0 — B2 Major  491.74  260.92 7.78 0.47 223800 413 83.7




Table 2: Comparison of numerical and experimental results.

Specimen Mure Mu,exp Mu,re/ Muexp Mure/ Mysps
(kNm) (kNm)

400 x 200 x 8.0 - B1 210 186 1.13 1.01

400 x 200 x 10.0 - B1 238 232 1.02 1.00

500 x 250 x 8.0 - B1 291 291 1.00 1.03

500 x 250 x 8.0 - B2 511 497 1.03 0.99

Average 1.05 1.01

Standard deviation 0.06 0.02




Table 3: Aspect ratios used in numerical parametric study with corresponding cross-sectional

dimensions, yield strengths and tube lengths.

Aspect ratio a/b

2a (mm) x 2b (mm)

Length L (mm)

Values of f, (N/mm?)

15
2.0
3.0
5.0

274.8 x 183.2
300 x 150
326 x 108.8
346 x 69.2

1200
1200
1000
1000

390.6, 1200, 2500
390.6, 900, 1800
390.6, 700, 1150
390.6, 500, 700




Table 4: Geometric properties varied in numerical parametric study.

Parameter Values assumed in parametric study
Wall thickness t (mm) 0.74,1.0,15,2.1, 4.2, 8.72
Imperfection amplitudes 0.1t, Class A

1 Major axis bending only.

ZMinor axis bending only.



Table 5: Geometric properties, design parameters and moments of resistance of specimens bent about the major axis.

Aspect ratio 2a (mm)  2b (mm) t(mm)  f, (N/mm?) Aw (mm) Deq/te2  for (N/mm?) A Wey (MM My (KNm) My (KNm)
Aw=0.1t Class A Aw=0.1t Class A

ab=15 274.8 183.2 4.2 390.6 0.42 0.74 65.3 6475 0.246 179784 70.2 93.9 93.2
274.8 183.2 2.1 390.6 0.21 0.52 130.5 3238 0.347 92220 36.0 43.7 43.5
274.8 183.2 15 390.6 0.15 0.44 182.7 2313 0.411 66352 25.9 29.8 29.7
274.8 183.2 1.0 390.6 0.10 0.36 274.1 1542 0.503 44503 17.4 18.2 18.8
274.8 183.2 0.7 390.6 0.07 0.30 391.5 1079 0.602 31265 12.2 12.2 125
274.8 183.2 4.2 1200 0.42 0.74 200.5 6475 0.430 179784 215.7 266.4 265.5
274.8 183.2 2.1 1200 0.21 0.52 400.9 3238 0.609 92220 110.7 110.9 114.0
274.8 183.2 15 1200 0.15 0.44 561.3 2313 0.720 66352 79.6 77.6 77.9
274.8 183.2 1.0 1200 0.10 0.36 841.9 1542 0.882 44503 53.4 51.1 42.0
274.8 183.2 0.7 1200 0.07 0.30 1202.8 1079 1.054 31265 37.5 29.9 22.5
274.8 183.2 4.2 2500 0.42 0.74 417.6 6475 0.621 179784 449.5 4742 470.6
274.8 183.2 2.1 2500 0.21 0.52 835.3 3238 0.879 92220 230.6 210.0 163.5
274.8 183.2 15 2500 0.15 0.44 1169.4 2313 1.040 66352 165.9 129.6 86.8
274.8 183.2 1.0 2500 0.10 0.36 1754.0 1542 1.273 44503 111.3 50.1 42.0
274.8 183.2 0.7 2500 0.07 0.30 2505.8 1079 1.522 31265 78.2 29.9 22.5

a/b=2.0 300.0 150.0 4.2 390.6 0.42 0.89 95.0 4448 0.296 183192 71.6 97.0 95.9
300.0 150.0 2.1 390.6 0.21 0.63 190.0 2224 0.419 93892 36.7 45.0 45.4
300.0 150.0 15 390.6 0.15 0.53 265.9 1589 0.496 67539 26.4 30.8 31.0
300.0 150.0 1.0 390.6 0.10 0.43 398.9 1059 0.607 45290 17.7 194 19.2
300.0 150.0 0.7 390.6 0.07 0.36 569.9 741 0.726 31814 12.4 13.2 13.1
300.0 150.0 4.2 900 0.42 0.89 218.8 4448 0.450 183192 164.9 209.4 208.0
300.0 150.0 2.1 900 0.21 0.63 437.7 2224 0.636 93892 84.5 92.2 91.2
300.0 150.0 15 900 0.15 0.53 612.8 1589 0.753 67539 60.8 63.3 62.8
300.0 150.0 1.0 900 0.10 0.43 919.1 1059 0.922 45290 40.8 40.8 29.1
300.0 150.0 0.7 900 0.07 0.36 13131 741 1.102 31814 28.6 27.3 14.7
300.0 150.0 4.2 1800 0.42 0.89 437.7 4448 0.636 183192 329.7 380.4 375.3
300.0 150.0 2.1 1800 0.21 0.63 875.4 2224 0.900 93892 169.0 167.4 133.2
300.0 150.0 15 1800 0.15 0.53 1225.5 1589 1.064 67539 121.6 115.7 65.5
300.0 150.0 1.0 1800 0.10 0.43 1838.3 1059 1.304 45290 815 54.9 29.1
300.0 150.0 0.7 1800 0.07 0.36 2626.1 741 1.558 31814 57.3 27.4 14.7




alb=3.0 326.0 108.8 4.2 390.6 0.42 1.13 154.6 2732 0.378 183265 71.6 98.6 96.4
326.0 108.8 21 390.6 0.21 0.80 309.3 1366 0.535 93853 36.7 47.0 45.2
326.0 108.8 15 390.6 0.15 0.68 433.0 976 0.633 67496 26.4 30.9 30.9
326.0 108.8 1.0 390.6 0.10 0.55 649.4 651 0.775 45253 17.7 19.7 17.5
326.0 108.8 0.7 390.6 0.07 0.46 927.8 455 0.926 31785 12.4 13.3 9.1
326.0 108.8 4.2 700 0.42 1.13 277.1 2732 0.506 183265 128.3 167.6 165.0
326.0 108.8 21 700 0.21 0.80 554.2 1366 0.716 93853 65.7 75.5 72.2
326.0 108.8 1.5 700 0.15 0.68 775.9 976 0.847 67496 47.2 515 39.2
326.0 108.8 1.0 700 0.10 0.55 1163.8 651 1.037 45253 31.7 33.0 18.4
326.0 108.8 0.7 700 0.07 0.46 1662.6 455 1.240 31785 22.2 18.7 9.1
326.0 108.8 4.2 1150 0.42 1.13 455.2 2732 0.649 183265 210.8 268.9 252.7
326.0 108.8 21 1150 0.21 0.80 910.5 1366 0.917 93853 107.9 1154 89.5
326.0 108.8 1.5 1150 0.15 0.68 1274.7 976 1.086 67496 77.6 79.0 453
326.0 108.8 1.0 1150 0.10 0.55 1912.0 651 1.330 45253 52.0 37.8 19.8
326.0 108.8 0.7 1150 0.07 0.46 27315 455 1.589 31785 36.6 18.8 11.1

a/b=5.0 346.0 69.2 4.2 390.6 0.42 1.51 273.9 1543 0.503 181400 70.9 97.4 93.8
346.0 69.2 21 390.6 0.21 1.07 547.7 771 0.712 92800 36.2 43.6 40.1
346.0 69.2 1.5 390.6 0.15 0.90 766.8 551 0.842 66719 26.1 29.5 24.2
346.0 69.2 1.0 390.6 0.10 0.74 1150.2 367 1.031 44721 17.5 18.4 10.3
346.0 69.2 0.7 390.6 0.07 0.62 1643.1 257 1.232 31407 12.3 9.9 6.0
346.0 69.2 4.2 500 0.42 151 350.6 1543 0.569 181400 90.7 119.1 116.8
346.0 69.2 21 500 0.21 1.07 701.1 771 0.805 92800 46.4 54.2 46.9
346.0 69.2 1.5 500 0.15 0.90 981.6 551 0.953 66719 33.4 34.7 24.9
346.0 69.2 1.0 500 0.10 0.74 1472.3 367 1.167 44721 22.4 19.2 11.0
346.0 69.2 0.7 500 0.07 0.62 2103.3 257 1.394 31407 15.7 9.9 6.6
346.0 69.2 4.2 700 0.42 1.51 490.8 1543 0.674 181400 127.0 165.4 155.7
346.0 69.2 21 700 0.21 1.07 981.6 771 0.953 92800 65.0 70.1 534
346.0 69.2 15 700 0.15 0.90 1374.2 551 1.127 66719 46.7 41.1 27.4
346.0 69.2 1.0 700 0.10 0.74 2061.3 367 1.380 44721 31.3 19.2 12.2
346.0 69.2 0.7 700 0.07 0.62 2944.7 257 1.650 31407 22.0 9.87 7.3
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Table 6: Geometric properties, design parameters and moments of resistance of specimens bent about the minor axis.

Aspect ratio 2a (mm) 2b (mm) t(mm)  f, (N/mm?) Aw (mm) Deq/te2  for (N/mm?) A Werz (Mm3) Mgz (KNm) Mu (KNm)
Aw = 0.1t Class A Aw=0.1t Class A

alb=15 274.8 183.2 8.7 390.6 0.87 1.06 78.8 5365 0.270 279081 109.0 148.9 148.2
274.8 183.2 4.2 390.6 0.42 0.74 163.1 2590 0.388 144341 56.4 68.8 67.8
274.8 183.2 2.1 390.6 0.21 0.52 326.3 1295 0.549 74489 29.1 30.7 30.2
274.8 183.2 15 390.6 0.15 0.44 456.8 925 0.650 53686 21.0 21.0 20.8
274.8 183.2 1.0 390.6 0.10 0.36 685.1 617 0.796 36058 14.1 13.7 13.6
274.8 183.2 8.7 1200 0.87 1.06 240.0 5365 0.473 279081 334.9 426.7 424.4
274.8 183.2 4.2 1200 0.42 0.74 501.2 2590 0.681 144341 173.2 174.0 169.0
274.8 183.2 2.1 1200 0.21 0.52 1002.3 1295 0.963 74489 89.4 68.7 58.7
274.8 183.2 15 1200 0.15 0.44 1403.2 925 1.139 53686 64.4 39.3 32.4
274.8 183.2 1.0 1200 0.10 0.36 2104.9 617 1.395 36058 43.3 19.9 16.0
274.8 183.2 8.7 2500 0.87 1.06 504.0 5365 0.683 279081 697.7 735.8 727.9
274.8 183.2 4.2 2500 0.42 0.74 1044.1 2590 0.982 144341 360.9 228.4 212.0
274.8 183.2 2.1 2500 0.21 0.52 2088.1 1295 1.389 74489 186.2 68.8 58.7
274.8 183.2 15 2500 0.15 0.44 2923.4 925 1.644 53686 134.2 39.3 324
274.8 183.2 1.0 2500 0.10 0.36 4385.1 617 2.013 36058 90.1 19.9 16.0

ab=20 300.0 150.0 8.7 390.6 0.87 1.28 114.6 3686 0.326 236534 92.4 125.8 1245
300.0 150.0 4.2 390.6 0.42 0.89 237.4 1779 0.469 123631 48.3 57.1 54.9
300.0 150.0 2.1 390.6 0.21 0.63 474.9 890 0.663 64102 25.0 25.5 22.9
300.0 150.0 15 390.6 0.15 0.53 664.9 635 0.784 46261 18.1 17.6 13.8
300.0 150.0 1.0 390.6 0.10 0.43 997.3 424 0.960 31106 12.1 10.8 6.6
300.0 150.0 8.7 900 0.87 1.28 264.1 3686 0.494 236534 212.9 263.7 265.1
300.0 150.0 4.2 900 0.42 0.89 547.1 1779 0.711 123631 111.3 104.8 94.7
300.0 150.0 2.1 900 0.21 0.63 1094.2 890 1.006 64102 57.7 37.2 27.1
300.0 150.0 15 900 0.15 0.53 1531.9 635 1.190 46261 41.6 21.0 14.1
300.0 150.0 1.0 900 0.10 0.43 2297.9 424 1.458 31106 28.0 10.9 7.1
300.0 150.0 8.7 1800 0.87 1.28 528.2 3686 0.699 236534 425.8 4448 428.3
300.0 150.0 4.2 1800 0.42 0.89 1094.2 1779 1.006 123631 222.5 129.3 1115
300.0 150.0 2.1 1800 0.21 0.63 2188.4 890 1.422 64102 115.4 37.5 27.1
300.0 150.0 15 1800 0.15 0.53 3063.8 635 1.683 46261 83.3 21.3 15.2
300.0 150.0 1.0 1800 0.10 0.43 4595.7 424 2.061 31106 56.0 10.9 8.0
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ab=3.0 326.0 108.8 8.7 390.6 0.87 1.63 186.6 2264 0.415 173555 67.8 94.6 93.2
326.0 108.8 4.2 390.6 0.42 1.13 386.6 1093 0.598 92905 36.3 42.0 39.3
326.0 108.8 2.1 390.6 0.21 0.80 773.1 546 0.845 48681 19.0 17.9 14.3
326.0 108.8 15 390.6 0.15 0.68 1082.4 390 1.000 35235 13.8 11.0 7.9
326.0 108.8 1.0 390.6 0.10 0.55 1623.6 260 1.225 23750 9.3 5.5 4.3
326.0 108.8 8.7 700 0.87 1.63 334.4 2264 0.556 173555 1215 161.7 157.6
326.0 108.8 4.2 700 0.42 1.13 692.8 1093 0.800 92905 65.0 61.4 54.2
326.0 108.8 2.1 700 0.21 0.80 1385.5 546 1.132 48681 34.1 195 14.7
326.0 108.8 15 700 0.15 0.68 1939.7 390 1.339 35235 24.7 11.0 9.7
326.0 108.8 1.0 700 0.10 0.55 2909.6 260 1.640 23750 16.6 5.5 53
326.0 108.8 8.7 1150 0.87 1.63 549.4 2264 0.713 173555 199.6 233.4 224.8
326.0 108.8 4.2 1150 0.42 1.13 1138.1 1093 1.026 92905 106.8 69.1 59.2
326.0 108.8 2.1 1150 0.21 0.80 2276.2 546 1.451 48681 56.0 19.6 18.1
326.0 108.8 15 1150 0.15 0.68 3186.7 390 1.716 35235 40.5 11.0 10.8
326.0 108.8 1.0 1150 0.10 0.55 4780.1 260 2.102 23750 27.3 5.5 5.8

alb=5.0 346.0 69.2 8.7 390.6 0.87 2.17 330.5 1278 0.553 104400 40.8 60.1 56.0
346.0 69.2 4.2 390.6 0.42 151 684.6 617 0.796 59007 23.0 221 18.9
346.0 69.2 2.1 390.6 0.21 1.07 1369.3 309 1.125 31648 12.4 6.2 5.1
346.0 69.2 15 390.6 0.15 0.90 1917.0 220 1.331 23055 9.0 3.3 2.6
346.0 69.2 1.0 390.6 0.10 0.74 2875.5 147 1.630 15622 6.1 2.0 1.2
346.0 69.2 8.7 500 0.87 2.17 423.1 1278 0.625 104400 52.2 741 68.1
346.0 69.2 4.2 500 0.42 151 876.4 617 0.900 59007 29.5 245 21.2
346.0 69.2 2.1 500 0.21 1.07 1752.8 309 1.273 31648 15.8 6.2 5.5
346.0 69.2 15 500 0.15 0.90 2453.9 220 1.506 23055 115 3.3 2.8
346.0 69.2 1.0 500 0.10 0.74 3680.9 147 1.845 15622 7.8 1.7 1.2
346.0 69.2 8.7 700 0.87 2.17 592.3 1278 0.740 104400 73.1 94.8 85.7
346.0 69.2 4.2 700 0.42 151 1227.0 617 1.065 59007 41.3 25.8 24.3
346.0 69.2 2.1 700 0.21 1.07 2453.9 309 1.506 31648 22.2 6.2 6.0
346.0 69.2 15 700 0.15 0.90 34355 220 1.782 23055 16.1 3.3 3.0
346.0 69.2 1.0 700 0.10 0.74 5153.2 147 2.183 15622 10.9 1.7 1.3
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Table 7: Summary of parameters applied in design curves.

Parameter Major axis bending Minor axis bending
yi3 1.45 2.00
o 0.360
A1 0.830

28



Table 8: Reliability analysis parameters and required partial factors for the design of slender EHS in bending and compression.

n b, Vs Vi Ka.n Mo

Case 1 [6] — Eq.(13), Deg/te® <240

- Major axis bending 10 1.343 0.054 0.082 4510 0.81
- Minor axis bending 8 1.382 0.075 0.097  5.070 0.88
Case 2 — Eq.(14), Deg/te® > 240

- Major axis bending 104 1.548 0.196 0.206 3.077 0.98

- Minor axis bending 100 1476  0.157 0.169  3.080 0.93
Case 3 [5] — Eq.(15)

- Deglte? < 240 33 1412 0.162 0.173 3.410 1.02
- Deglte? > 240 231 2.152 0.202 0.212 3.053 0.72
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z

Figure 1: Cross-sectional geometry of elliptical hollow section.
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7 Major axis (a/b < 1.357):
| 2
. D,,=2b /a
Major axis (a/b > 1.357):
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Minor axis:
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Figure 2: Location of points of initiation of local buckling and corresponding equivalent diameters.
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Figure 3: Imperfection amplitudes of EHS modelled in the numerical parametric study.
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Figure 4: Comparison of experimental (solid lines) and numerical (dashed lines) moment—curvature relationships of specimens analysed in the validation study;

a) 400 x 200 x 8.0 — B1 (minor axis); b) 400 x 200 x 10.0 — B1 (minor axis); ¢) 500 x 250 x 8.0 — B1 (minor axis); d) 500 x 250 x 8.0 — B2 (major axis).
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Figure 5: Typical failure modes observed in specimens bent about the major axis;
a) a/b = 1.5 (fy = 1200 N/mm?, t = 2.1 mm); b) a/b = 2.0 (fy = 900 N/mm?, t = 2.1 mm); c¢) a/b = 3.0 (f, = 390 N/mm?, t = 1.5 mm); d) a/b = 5.0 (f, = 500 N/mm?,
t=2.1 mm).
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Figure 6: Typical failure modes observed in specimens bent about the minor axis;
a) a/b = 1.5 (fy = 390 N/mm?, t = 1.5 mm); b) a/b = 2.0 (fy = 390 N/mm?, t = 2.1 mm); c¢) a/b = 3.0 (f, = 700 N/mm?, t = 2.1 mm); d) a/b = 5.0 (f, = 390 N/mm?, t

=2.1 mm).
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Figure 7: Typical moment—curvature responses observed in specimens bent about their major axis;
a) a/b =1.5; b) a/b =2.0; c) a/b = 3.0; d) a/b = 5.0.
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Figure 8: Typical moment—curvature responses observed in specimens bent about their minor axis;
a) a/b = 1.5; b) a/b = 2.0; ¢) a/b = 3.0; d) a/b = 5.0.
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Figure 9: Local buckling reduction factors for EHS with a/b = 1.5 bent about the major axis.
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Figure 10: Local buckling reduction factors for EHS with a/b = 2.0 bent about the major axis.

40



1.40

N
A
% 0 O 0.1t
1.20 A @ A Class A
A0 Um Design proposal
1.00 1 ——— e = = =0
' . - \ —— Eq.(13)
| ~. N
i ! A'A._ N~ 0O |===Elastic buckling
0.80 ! SN
I A T~ n 0Of----- Winter curve
Q | .
0.60 - ! !
] | N
| N ST/ -l
0.40 - | |
| |
| _ |
0.20 1 | Deq/t62 =140 "
| | —
! | Dyyte? =745
0.00 1 T 1 T .
0.00 0.50 1.00 1.50 2.00
Ao

Figure 11: Local buckling reduction factors for EHS with a/b = 3.0 bent about the major axis.
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Figure 12: Local buckling reduction factors for EHS with a/b = 5.0 bent about the major axis.
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Figure 13: Imperfection sensitivity of EHS bent about the major axis for various aspect ratios a/b.
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Figure 14: Local buckling reduction factors for EHS with a/b = 1.5 bent about the minor axis.
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Figure 15: Local buckling reduction factors for EHS with a/b = 2.0 bent about the minor axis.
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Figure 16: Local buckling reduction factors for EHS with a/b = 3.0 bent about the minor axis.
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Figure 17: Local buckling reduction factors for EHS with a/b = 5.0 bent about the minor axis.
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Figure 18: Imperfection sensitivity of EHS bent about the minor axis for various aspect ratios a/b.

I\/Iu,O.lt / I\/Iu,A

2.00
1.80
1.60
1.40
1.20
1.00
0.80
0.60
0.40
0.20
0.00

| o
| O
O
- D D D
A o
| Ua & A Oy o X X <
R 0B, o, ¢
-----xaéﬁ%ﬁéﬁx---o- ----- Q-AA-----Z-
| alb
1| X15 020 A30 50
0.00 0.50 1.00 1.50 2.00
Yy

48




1.40

1.20

1.00

0.80

0.60

0.40

0.20

0.00

Figure 19: Proposed design curve for slender EHS bent about the major axis.
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Figure 20: Proposed design curve for slender EHS bent about the minor axis.
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Figure 21: Ratios of numerical ultimate moment to design ultimate moment for EHS bent about the major axis for various aspect ratios a/b.

51



2.00

A
1.75 - 0® o A
A A X X
A
1.50 - A A>§§|X <>><A A
XOd
1.25 1 x H X o’ e ® D oa
a E\j 6A é © [ o
25 O EH 0 X o
2 100 fo-mmmmmmmmmmm - H -
iy
= 075 -
050 1
a/b
0.25 1
X15 0020 A30 5.0
0-00 T T T T
0.00 0.50 1.00 1.50 2.00
Ao

Figure 22: Ratios of numerical ultimate moment to design ultimate moment for EHS bent about the minor axis for various aspect ratios a/b.
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