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Abstract

The present work was prompted by shortcomings identified in existing design provisions
for stainless steel circular hollow section (CHS) beam-columns. First, addressing a lack of
existing experimental data, a series of ferritic stainless steel CHS beam-column tests was
undertaken at the cross-section and member levels. In total, 26 beam-column tests, including
two section sizes (a non-slender class 3 and slender class 4 cross-section), two member
slenderness values for each cross-section type and a wide range of loading eccentricities
were carried out to investigate the interaction between local and global buckling. Following
validation of finite element (FE) models, a numerical study was then undertaken to explore
the buckling response of stainless steel CHS beam-columns, covering austenitic, duplex
and ferritic grades with a wide range of local and global slendernesses and applied loading
eccentricities. Over 2000 numerical results were generated and used to assess new design
proposals for stainless steel beam-columns, featuring improved compression and bending end
points and new interaction factors. The new proposals are more consistent and more accurate
in their resistance predictions than the current EN 1993-1-4 (2015) design approach. The
reliability of the new proposals has been verified by means of statistical analyses according
to EN 1990 (2005).

Keywords: beam-columns, combined loading, circular hollow sections, design methods,
experiments, finite element modelling, stainless steel

1. Introduction

Stainless steel offers an appealing combination of mechanical and physical properties, including
high ductility, stiffness and strength, corrosion resistance, recyclability and aesthetics. The
use of stainless steel in the construction sector is anticipated to increase with a greater
emphasis on sustainability. Iron alloys, with corrosion resistance properties and a minimum5
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10.5% chromium content, are denoted as stainless steels [3]. The most common types of
stainless steel in construction are austenitic, duplex and ferritic, and these are included
in the European structural design standard EN 1993-1-4 (2015). The austenitic grades
are the most prevalent, duplex grades offer improved mechanical and corrosion resistant
properties at a higher cost, while ferritic grades have the lowest and most stable cost, but10

with reduced corrosion resistance [4]. Ferritic grades are anticipated to become more common
in construction due to their lower, more stable cost, which is the result of a reduced chromium
and nickel content. Circular hollow sections (CHS) are a common structural element and
are popular due to their aesthetics and advantageous properties over other open and closed
cross-sections. CHS offer high torsional resistance, the ability to be filled with concrete to15

act as composite members, reduced drag loading in a fluid, good bi-axial bending resistance
and reduced maintenance requirements with a smaller exposed external area, compared with
alternative cross-sections [5]. The increasing use of stainless steel and the popularity of CHS
necessitates safe, efficient and reliable design rules for stainless steel CHS.

20

In recent years a significant number of experiments on stainless steel CHS structural elements
have been reported in the literature. At the cross-section level stub column tests have been
undertaken on austenitic [6–15], duplex [12, 15–17] and ferritic [15, 18] stainless steel CHS
and beam tests have been carried out on austenitic [7, 19–21] and duplex [20, 21] stainless
steel CHS. The test results have shown that the EN 1993-1-4 (2015) cross-section capacity25

predictions are overly conservative, particularly for stocky cross-sections. The continuous
strength method (CSM) has been extended to cover metallic CHS and facilitate more accurate
and consistent predictions of cross-section resistance [22].

Flexural buckling tests on austenitic stainless steel CHS columns have been reported for30

members with pin-ended conditions [6, 7, 20, 23] and fixed-ended conditions [9]. Shortcomings
in the current EN 1993-1-4 (2015) member stability design provisions have also been
observed, with unconservative resistance predictions for intermediate global slenderness
values [15, 24, 25]. An experimental and numerical study was recently undertaken on cold-
formed austenitic, duplex and ferritic CHS columns and a new safe and efficient flexural35

buckling curve for was proposed [15]. New flexural buckling curves for hot-finished stainless
steel CHS were also recommended in a parallel numerical study [26].

Resistance predictions for stainless steel CHS under combined axial loading and bending
moment at the cross-section level are provided in EN 1993-1-4 (2015), though limited40

experimental data are available for this loading scenario. Zhao et al. [14] reported combined
axial loading and bending moment tests on austenitic stainless steel CHS and undertook a
parallel finite element study [27]. The experimental and numerical results were compared with
the EN 1993-1-4 (2015) design provisions; these were again found to be overly conservative
and new design rules utilising the continuous strength method (CSM) end points and a45

nonlinear interaction curve were proposed [27]. Similar studies have been undertaken on
square hollow sections (SHS) and rectangular hollow sections (RHS) at the local level, with
combined loading tests on ferritic stainless steel grades reported in [28, 29]; current design
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standard resistance predictions were noted to be overly conservative, whereas the CSM was
shown to provide accurate capacity predictions.50

Experiments on stainless steel CHS beam-column members have been undertaken for
austenitic stainless steel grades [6, 20, 23] and it has been demonstrated that current
EN 1993-1-4 (2015) design rules transition from overly conservative to unconservative as
the applied load varies from pure bending towards pure compression [23]. SHS and RHS55

beam-column tests have been undertaken for austenitic grades [6, 30], for duplex grades
[31, 32] and for ferritic grades [33, 34]. These studies have noted shortcomings in existing
international design standards for stainless steel beam-column resistance predictions; existing
test data, supplemented with additional numerical simulations, have been used to propose
improvements [35, 36].60

It is apparent from the literature that there are limited experimental data for stainless steel
CHS elements under combined axial loading and bending moment at the cross-section level
and for beam-columns at the member level. The aim of this study is to produce experimental
data on ferritic stainless steel CHS at both of the aforementioned structural levels, to generate65

additional data numerically, to further evaluate the current design provisions in EN 1993-
1-4 (2015) and then to develop efficient and reliable design rules for stainless steel CHS
beam-columns.

2. Experiments70

2.1. General overview

The experimental investigation consisted of material tests, stub column tests, cross-section
level combined axial loading and bending moment tests and member level beam-column tests
on grade EN 1.4512 ferritic stainless steel CHS elements. The tested CHS were produced by
cold-forming and laser welding and their chemical composition, as listed in the mill certificates,75

is reported in Table 1. Two different CHS cross-sections were tested, with both close to
the class 3 slenderness limit in compression – a class 3 80×1.5 CHS (D/(tε2) = 89.1) and a
class 4 101.6×1.5 CHS (D/(tε2) = 102.7), according to the EN 1993-1-4 (2015) compressive
class 3 limit of D/(tε2) = 90, where D is the CHS outer diameter, t is the wall thickness and

ε2 =
(

235
σ0.2

E
210000

)
, with E being the Young’s modulus and σ0.2 being the yield (0.2% proof)80

strength of the material. EN 1993-1-4 (2015) does not include guidance for the classification
of CHS under combined loading, and hence linear interpolation between the compressive
(D/(tε2) = 90) and bending (D/(tε2) = 280) class 3 limits was utilised, as discussed later in
Section 4.1. As a consequence, the eccentrically loaded specimens that were class 4 under
pure compression became class 3 under combined compression and bending. The material85

property tests were carried out at Imperial College London (ICL), whereas the cross-section
and member level tests were undertaken at Universitat Politècnica de Catalunya (UPC).
The specimen notation adopted for the cross-section and member tests is described by
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Figure 1: Measured tensile coupon stress-strain curves [15]

means of the following example: the 80×1.5-450-P-10E specimen is an 80×1.5 mm CHS
cross-section with a 450 mm effective length (or nominal length for the stub columns); ‘P’90

denotes pin-ended conditions (or ‘F’ fixed ended conditions for the stub columns) and ‘-10E’
indicates an eccentrically loaded specimen with ‘10’ being the nominal eccentricity in mm;
repeat stub column specimens end with an ‘R’.

Section
C Si S P Mn Cr Ni Mo Ti N Co

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
80×1.5 0.011 0.46 0.010 0.024 0.27 11.68 0.25 0.04 0.22 0.008 0.01
101.6×1.5 0.016 0.44 0.001 0.026 0.28 11.55 - - 0.24 0.012 -

Table 1: Chemical composition of grade EN 1.4512 ferritic stainless steel material from the mill certificate

2.2. Material properties95

Tensile coupon tests were undertaken to measure the inherent material properties of the
tested ferritic stainless steel CHS specimens; these tests have been fully reported by Buchanan
et al. [15].

Measured stress-strain curves from the tensile coupons are provided in Figure 1. The Young’s100

modulus E, 0.2% proof stress σ0.2, 1.0% proof stress σ1.0, ultimate tensile stress σu, strain at
the ultimate tensile stress εu, fracture strain over the marked gauge length εf, the Ramberg-
Osgood parameter n [37] and the extended parameters m1.0 (previously referred to as n′0.2,1.0)
and mu (previously referred to as n′0.2,u) [38–41] determined from the coupon tests, are listed
in Table 2.105
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Coupon
E σ0.2 σ1.0 σu εu εf n m1.0 mu(N/mm2) (N/mm2) (N/mm2) (N/mm2) (%) (%)

80×1.5-1 229400 369 385 437 19.4 41.5 8.4 1.6 1.8
80×1.5-2 214700 373 388 439 13.7 47.1 9.0 1.6 1.7
101.6×1.5-1 227500 361 378 466 18.5 43.1 15.4 2.4 1.7
101.6×1.5-2 221100 355 373 468 19.4 45.5 13.5 2.4 1.7

Table 2: Summary of the tensile coupon material properties [15]

2.3. Geometric properties

The geometric properties of the specimens were determined prior to testing. The short
combined loading and long beam-column specimens were welded to 10 mm thick end plates
for mechanical attachment to the knife edges; the geometric properties of these specimens110

were measured after the welding. The outer diameter was measured at three equally spaced
longitudinal locations for the stub columns and short pin-ended columns (L ≤ 500 mm), and
at five equally spaced longitudinal locations for the remaining longer beam-column specimens.
At each longitudinal measurement location the outer diameter was recorded in four evenly
distributed orientations (at 45◦ intervals) with mechanical callipers, allowing the average115

outer diameter D of the specimen and the EN 10219-2 (2006) ‘out-of-roundness’ O to be
determined. The maximum measured ‘out-of-roundness’ was O = 1.9% which is marginally
less than the codified limit of O ≤ 2%. The average wall thickness t was determined by
measuring the wall thickness at eight equally spaced locations (at 45◦ intervals) around the
circumference at the tube ends, and in accordance with EN 10219-2 (2006) at a distance120

not less than 2t from the weld location. The wall thicknesses of the short combined loading
and long beam-column specimens could not be measured prior to testing due to the welded
end plates; however, the thickness variation around the ferritic stub columns was small
(< 4.5%, < 0.06 mm) and the average wall thickness t for the ferritic stub columns was
therefore used for the eccentrically loaded specimens. The average specimen length L, which125

for the pin-ended members includes the additional length from the end plates and knife edges,
was determined based on measurements taken at 90◦ equally spaced locations around the
circumference of the CHS using a tape measure. The mid-point global imperfections ω0 were
recorded by measuring the deviation from a flat plane linking the two ends of the specimens,
which was achieved using an aluminium extrusion that was placed over the end plates and130

the deviation measured using mechanical callipers. For the stub columns this deviation was
measured using the bottom of a spirit level and feeler gauges. For the pin-ended specimens,
the imperfection measurements were undertaken on the two faces parallel to the knife-edge
axis, to obtain the imperfection in the direction of buckling. The average geometric properties
of the specimens are provided in Table 3 for the stub columns, Tables 5 and 6 for the short135

combined loading specimens and Tables 7 and 8 for the beam-columns. The position of the
weld for the eccentrically loaded specimens was kept constant, with the weld orientated to
be on the least compressed face.
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2.4. Stub column tests

Stub column tests were carried out to ascertain the cross-sectional load-carrying capacity140

under pure compression and to determine compressive material properties. The stub column
tests have again been comprehensively reported by Buchanan et al. [15].

The average outer diameter D, wall thickness t, length L and initial global imperfection ω0,
along with the ultimate axial load Nu, corresponding true end shortening at the ultimate load145

δu, accounting for the deformation of the end platens [11, 43], and ultimate load normalised
by the yield load Nu/Aσ0.2 are reported in Table 3. The ultimate axial loads Nu were very
close to the yield load Aσ0.2, highlighting that the cross-sections are all close to the class
3 slenderness limit in compression. The compressive material properties derived from the
stub column tests up to the compressive 0.2% proof stress, which were deemed not to be150

influenced by local buckling since the peak of the stress-strain curve occurred beyond this
point, (Estub, σ0.2,stub and nstub determined using the same techniques as the tensile coupon
material properties) are listed in Table 4. The compressive material properties are used in
Section 3 for the finite element model validation and subsequent parametric study. The load
end-shortening curves are shown in Figure 2, with solid and dashed lines used to distinguish155

between curves that are in close proximity. The consistent failure mode was the classic
‘elephant’s foot’ buckle at one end of the specimen.

Stub column
D t L ω0 Nu δu Nu/Aσ0.2(mm) (mm) (mm) (mm) (kN) (mm)

80×1.5-350-F 80.00 1.34 350 0.05 126.7 2.41 1.03
80×1.5-350-FR 80.00 1.34 350 0.15 125.4 2.25 1.02
101.6×1.5-400-F 101.75 1.33 400 0.40 148.5 2.18 0.99
101.6×1.5-400-FR 101.80 1.34 400 0.25 147.2 2.31 0.97

Table 3: Summary of measured geometric properties and test results for stub columns

Specimen
Estub σ0.2,stub nstub σ0.2/σ0.2,stub

EN 1993-1-4 (2015)
(N/mm2) (N/mm2) compressive class

80×1.5-350-F 219600 361 5.1 1.03 3
80×1.5-350-FR 217900 359 5.1 1.03 3
101.6×1.5-400-F 218400 341 5.7 1.05 4
101.6×1.5-400-FR 220700 333 5.5 1.07 4

Table 4: Summary of stub column material properties

2.5. Combined axial loading and bending moment test setup

Combined axial loading and bending moment tests on short members were undertaken to160

determine the cross-sectional resistance under combined loading. Applied load eccentricities
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varying from 5 mm to 130 mm were employed to produce a wide range of axial load to
bending moment combinations. The length of the specimens was the same as that of the
stub columns, but with an additional 10 mm thick carbon steel end plate welded to each
end. The end plates were then bolted to knife edges to create pin-ended conditions. An165

Instron 8805 testing machine was used for these tests, with the test setup shown in Figure 3.
A spherical head was employed to ensure full contact between the specimen and the testing
machine. The specimens were loosely bolted to the spherical head, an installation load of
5 kN applied and then the end plate and spherical head bolts were tightened, before the
removal of the installation load.170

The applied load was measured using a load cell incorporated within the testing machine. The
specimen end shortening was recorded using an internal LVDT, inside the testing machine,
and separately with an external linear position sensor, spanning between the non-rotating
outer female knife edge ends. The maximum and minimum strains from the combined loading175

were measured using two electrical resistance strain gauges attached to opposite faces at
mid-height; these strains are used to calculate the initial applied eccentricity, as outlined in
Section 2.7. A laser distance measurement sensor positioned slightly above the strain gauge,
due to the need to reflect the laser beam, was used to record the mid-height lateral deflection.
Dual axis inclinometers were used to measure the end rotations, monitoring the rotation of180

the end plates parallel and perpendicular to the knife edge axis. The test parameters were
recorded at a frequency of 2 Hz using a HBM MGCplus datalogger and Catman software.
Strain visualisation dots were painted onto the specimens to allow for easier tracking of
the deformations on the reflective specimen surfaces, and the tests were filmed for later review.

185

The effective length of the test specimens L was taken as the distance between the knife
edges, which were each 40 mm thick, as shown in Figure 3. The global slenderness values
were λ = 0.21 for the 80×1.5 CHS and λ = 0.17 for the 101.6×1.5 CHS, calculated using
Equations 1 and 2,

λ =

√
Aσ0.2L2

π2EI
for class 1, 2 and 3 cross-sections (1)

λ =

√
Aeffσ0.2L2

π2EI
for class 4 cross-sections (2)

where A is the gross cross-sectional area, Aeff is the effective cross-sectional area, σ0.2 is190

the 0.2% proof stress, E is the Young’s modulus, I is the second moment of area and L
is the effective length. EN 1993-1-4 (2015) does not provide an expression for Aeff for a
CHS and therefore the simplified design formula proposed in [22, 44] was employed, which
is an adaptation of the BS 5950-1 (2000) expression accounting for the EN 1993-1-4 (2015)
class 3 slenderness limit in compression, as reproduced in Equation 3. The use of Aeff (from195

Equation 3) is recommended up to a local slenderness limit of D/(tε2) = 250, and this is due
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Figure 2: Stub column load end-shortening curves

Figure 3: Short beam-column test setup.
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Figure 4: Comparison between proposed effective cross-sectional area Aeff equation and existing stainless
steel CHS pure compression dataset.

to be included in the next revision of EN 1993-1-4.

Aeff = A

[(
90

D/t

)(
235

σ0.2

E

210000

)]0.5

(3)

Similarly, in bending, EN 1993-1-4 (2015) does not provide a design equation for the effective
section modulus Weff and an adaptation of the BS 5950-1 (2000) expression accounting
for the EN 1993-1-4 (2015) class 3 slenderness limit in bending has been proposed [22], as200

reproduced in Equation 4, where Wel is the elastic section modulus.

Weff = Wel

[(
280

D/t

)(
235

σ0.2

E

210000

)]0.25

(4)

The appropriateness of these effective section property formulations are demonstrated by
comparison to the available test data for compression [6–18] and bending [7, 19–21] in
Figures 4 and 5 respectively. It is clear from Figure 5 that the proposed expression for the
effective section modulus Weff requires further assessment due to the limited existing pure205

bending stainless steel CHS dataset, and is therefore currently not recommended for code
inclusion.

The top platen moved at a displacement rate of 0.2 mm/min, in line with a previous study
[14], and the tests were continued beyond the peak load until a knife edge was close to210

reaching its maximum rotation.
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Figure 5: Comparison between the proposed effective section modulus Weff and existing austenitic and duplex
stainless steel CHS bending dataset.

2.6. Member beam-column test setup

Member level tests were carried out to examine the beam-column behaviour of ferritic stainless
steel CHS elements. The specimens had a nominal effective length of 1600 mm, resulting in215

global slenderness values of λ = 0.74 for the 80×1.5 CHS and λ = 0.56 for the eccentrically
loaded 101.6×1.5 CHS (λ = 0.54 for the concentrically loaded 101.6×1.5-1600-P CHS utilising
the proposed effective cross-sectional area Aeff under pure compression), calculated again
from Equations 1 and 2.

220

An Ibertest MDA-700 testing machine was used to accommodate the longer test specimens,
as shown in Figure 6. No spherical head was used for the long beam-columns due to limited
headroom in the testing rig. The test setup was similar to that used for the cross-section
level tests described in Section 2.5; the major differences in instrumentation are that the
applied load was calculated using pressure gauges and the extension of the loading jack225

was controlled and recorded using a string potentiometer. A second measure of the end
shortening was provided using two additional laser measurement devices monitoring the
vertical displacement of the non-rotating female ends of the knife ends. The test parameters
were again recorded at 2 Hz and the loading jack moved at a displacement rate of 0.2 mm/min.

230

2.7. Applied eccentricity

The loading line position was varied to obtain different ratios of axial load to bending moment.
The applied eccentricities were determined by both physically measuring the distance from
the centre of the specimen to the knife edge loading line and by back-calculating using
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Figure 6: Long beam-column test setup.

the instrumentation readings during the initial elastic loading range. The calculated initial235

eccentricity e0 can be determined from

e0 =
EI (εmax − εmin)

DN
− ω − ω0, (5)

using the Young’s modulus E, second moment of area I, axial load N , average outer diameter
D, mid-height lateral displacement ω and the maximum and minimum measured strains
εmax and εmin [14, 32, 46]. Overall the measured eccentricities were reasonably close to those
calculated from Equation 5, but the latter are taken to be more accurate [14, 28, 32, 33, 46]240

and therefore are used in the bending moment calculations. One concentrically loaded column
for each cross-section was tested (at both the cross-section and member levels), with the
loading eccentricity carefully set such that the sum of the applied eccentricity e0 and initial
global imperfection ω0 was equal to L/1000 to simulate an imperfect column [15].

245

2.8. Combined axial loading and bending moment test results

The average outer diameter D, wall thickness t, length L, initial global imperfection ω0,
calculated load eccentricity e0, mid-height deflection at ultimate load ωu, ultimate axial load
Nu, ultimate mid-height bending moment Mu and the average end rotation at ultimate load
φu are reported in Tables 5 and 6 for the 80×1.5 and 101.6×1.5 CHS specimens respectively.250

The ultimate mid-height bending moment Mu includes second order effects and was calculated
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Figure 7: Load–end rotation curves for the 80×1.5 CHS short beam-column specimens.

using

Mu = Nu (e0 + ω0 + ωu) . (6)

Axial load versus average end rotation curves are presented in Figures 7 and 8 for the 80×1.5
and 101.6×1.5 CHS specimens respectively; as with the stub column results presented in
Section 2.4, solid and dashed lines are used to distinguish between curves that are in close255

proximity.

The deformed specimens are shown in Figure 9. Two distinct failure modes were observed,
the classical ‘elephant’s foot’ local buckle close to one end of the specimen for the smaller
eccentricities and a crumpling local buckle close to the mid-height of the specimen for260

the larger eccentricities. Poisson’s ratio effects were observed for the 101.6×1.5-500-P
concentrically loaded CHS specimen, with the painted strain visualisation dots initially
moving radially outwards before the specimen started deforming laterally; finite element
modelling of stainless steel elliptical hollow sections (EHS) has also shown this behaviour
[25].265

During the 80×1.5-450-P-100E CHS test it was noticed that the end plates were bending
along the last line of bolts and, after the test concluded, yield lines were clearly visible on
both end plates. For the remaining short specimens and the untested beam-column specimens
stiffening strips were welded along the end plates. In subsequent high eccentricity tests, a270

small amount of elastic deformation was visible beyond the last line of bolts, though there
was no permanent plastic deformation.
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Figure 8: Load–end rotation curves for the 101.6×1.5 CHS short beam-column specimens.

Figure 9: Deformed short beam-columns, with load eccentricity increasing from left to right.
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Figure 10: Load–mid height lateral deflection curves for the 80×1.5 CHS long beam-column specimens.

2.9. Member beam-column test results

The average geometric properties and key test results are reported in Tables 7 and 8 for the275

80×1.5 and 101.6×1.5 CHS beam-columns, with the same notation as used previously in
Section 2.8. Axial load mid-height lateral deflection curves are presented in Figures 10 and 11.
The failure mode of the specimens was global flexural buckling, followed by a mid-height
local buckle during the post peak unloading for the 101.6×1.5 CHS specimens and all but the
two most eccentrically loaded 80×1.5 CHS specimens. The deformed specimens are shown in280

Figures 12 and 13. The 80×1.5-1600-P-30E CHS specimen was the first member tested, and
hence the load mid-height lateral deflection curve has a greater degree of variation as the
loading jack displacement control parameters were refined based on this test.

3. Numerical modelling285

3.1. Overview

Finite element (FE) models of eccentrically loaded stainless steel CHS were developed and
are reported in this section. Abaqus/CAE 2016 [47] was used to perform geometrically and
materially nonlinear analyses with imperfections (GMNIA). A validation study was first
carried out against the tests performed in Section 2 to confirm the accuracy of the models290

and to determine the most suitable material stress-strain curve and imperfection amplitudes
to employ. A parametric study was then undertaken, with the cross-section and member
slenderness, applied loading eccentricity and the type of stainless steel varied in order to
generate further data to underpin the development of new design rules.
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Figure 11: Load–mid height lateral deflection curves for the 101.6×1.5 CHS long beam-column specimens.

Figure 12: Deformed 80×1.5 CHS long beam-columns, with load eccentricity increasing from bottom to top.
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Figure 13: Deformed 101.6×1.5 CHS long beam-columns, with load eccentricity increasing from bottom to
top.
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3.2. Modelling assumptions295

The assumptions made in the development of the finite element models are outlined in
this section. Previous FE studies of hollow metallic sections [23, 48–50] have used the S4R
element, a four-noded doubly curved shell element, with reduced integration, finite membrane
strains and six degrees of freedom per node and this was also adopted in this study. The
finite element mesh had longitudinal and circumferential dimensions of the wall thickness t,300

in line with CHS modelling in the literature [14, 23, 27] and a sensitivity study undertaken by
Buchanan [51]. Computational efficiency was increased by modelling half of the cross-sections
and employing symmetrical boundary conditions. The average outer diameters and wall
thicknesses of the tested specimens, reported in Section 2, were used in the finite element
models.305

Models were built using both tensile and compressive material properties due to the non-
symmetric stress-strain response of stainless steel [52]. Compound Ramberg-Osgood material
properties [38, 39, 53], calculated from the measured tensile coupons and compressive stub
column responses, were used to produce tensile and compressive stress-strain relationships.310

The compressive relationships, calculated from the stub column tests, include the influence
of local buckling and consequently the curve was extrapolated, beyond the onset of local
buckling, in parallel with the measured tensile stress-strain curve up to the ultimate tensile
material stress σu. A similar approach has been adopted in other numerical modelling studies
[15, 54]. The two material property relationships were inputted into Abaqus/CAE 2016 [47]315

as true stress and plastic strain. The true stress σtrue was calculated as follows,

σtrue = σnom(1 + εnom) (7)

where σnom is the nominal engineering stress and εnom is the nominal engineering strain, and
the plastic strain εplastic was determined from,

εplastic = ln(1 + εnom) − σtrue

E
(8)

where E is the Young’s modulus. For converting the compressive material properties from
engineering to true values the nominal engineering strains εnom were input as negative values320

in Equations 7 and 8.

Prior studies have concluded that the effect of membrane residual stresses in cold-formed
tubular sections is small and that they can be safely neglected [6, 55]. The through thickness
residual stresses are, however, larger and therefore need to be considered, but the effect325

of these is implicitly incorporated by utilising measured material properties. The adopted
boundary conditions matched the test conditions – the top of the specimens were free to
both rotate and shorten longitudinally, whereas the bottom was only allowed to rotate. The
movement of specimen ends was fixed to that of an eccentric reference point, positioned at
the rotation point of both knife edges. The load was applied through the top reference point.330

The reference points were longitudinally offset by 50 mm, to model the distance between the
knife edge rotation point and the specimen end (comprising 40 mm thick knife edges plus 10
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mm thick end plates), and had an eccentricity e0 to the centroid of the specimens equal to
the calculated eccentricity from the tests.

335

The FE models included local and global geometric imperfections that took the form of the
lowest local and global buckling mode shapes from a prior elastic buckling analysis. The
imperfection amplitudes adopted were the measured value ω0 and a fraction of the effective
length L/1000 for the global imperfections and t/10 and t/100 for the local imperfections,
with t being the section thickness of the specimen being modelled. The modified Riks method340

was used to enable the nonlinear post-ultimate response to be followed.

3.3. Validation

Finite element models of the twelve combined loading tests, at the member level from
Section 2, were produced using the measured average geometric properties, with both the345

average tensile coupon properties and the compressive properties from the stub column tests.
The numerical models were validated by comparing the normalised average predicted ultimate
load Nu,FE/Nu,exp and the mid-height lateral deformation at the ultimate load ωu,FE/ωu,exp

with the measured values, as shown in Tables 9 and 10 respectively. The mid-height lateral
deformation at the ultimate load is less successfully replicated by the finite element models350

than the ultimate load. The ultimate load and mid-height deformation at the ultimate load
are on average more closely predicted using the stub column material properties than the
tensile coupon properties. The most accurate numerical predictions were on average attained
with compressive material properties, a local imperfection amplitude of t/10 and a global
imperfection amplitude of L/1000. The measured ultimate capacity Nu,exp is plotted against355

the predicted ultimate capacity Nu,FE (with a local imperfection amplitude of t/10 and a
global imperfection amplitude of L/1000) in Figure 14, demonstrating that the numerical
models can predict the ultimate load accurately. The measured mid-height lateral deformation
at the ultimate test load ωu,exp is plotted against that at the predicted ultimate capacity ωu,FE

(with the same local and global imperfection amplitude) in Figure 15. The mid-height lateral360

deflection is less accurately predicted than the ultimate capacity Nu,exp by the numerical
models, with a number of the predictions lying close to or beyond the 10% error boundary
plotted in Figure 15; this is attributed to the flat nature of the load-deformation curve in the
region of the peak load; a small error in the peak load prediction results in a larger error in
the corresponding predicted lateral deflection at the ultimate load.365

The load-deformation relationships can also be compared, as shown in Figure 16 for the
80×1.5-1600-P, 80×1.5-1600-P-10E and 80×1.5-1600-P-30E specimens and in Figure 17 for
the 101.6×1.5-1600-P-10E, 101.6×1.5-1600-P-40E and 101.6×1.5-1600-P-120E specimens;
generally the numerical models can closely replicate the load-deformation history.370

The developed models can therefore be considered to be able to reproduce the new experi-
mental results, in particular the ultimate load, which can be used to evaluate the existing
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Table 9: Summary of the average Nu,FE/Nu,exp values for varying material properties and imperfection
amplitudes

Material model Tensile properties Compressive properties

Local imperfection amplitude t/10 t/10 t/10 t/10 t/100
Global imperfection amplitude L/1000 ω0 L/1000 ω0 ω0

Mean Nu,FE/Nu,exp 1.107 1.120 1.029 1.042 1.042
COV Nu,FE/Nu,exp 0.042 0.036 0.032 0.027 0.027

Table 10: Summary of the average ωu,FE/ωu,exp values for varying material properties and imperfection
amplitudes

Material model Tensile properties Compressive properties

Local imperfection amplitude t/10 t/10 t/10 t/10 t/100
Global imperfection amplitude L/1000 ω0 L/1000 ω0 ω0

Mean ωu,FE/ωu,exp 0.797 0.780 0.983 0.976 0.977
COV ωu,FE/ωu,exp 0.140 0.140 0.151 0.129 0.130

EN 1993-1-4 (2015) beam-column design guidance.
375

3.4. Parametric study

Zhao et al. [27] undertook an extensive finite element study on stainless steel CHS under
combined axial loading and bending moment at the cross-sectional level, and therefore in
this parametric study only stainless steel CHS beam-column members were modelled. A
Python script was written to allow a large number of finite element models to be produced380

and run without manual input. In total 25 cross-sections were modelled: six austenitic (A)
cross-sections, nine duplex (D) cross-sections and ten ferritic (F) cross-sections, as reported in
Table 11, using austenitic and duplex stainless steel material properties, respectively averaged
from 106×3 and 88.9×2.6 CHS, reported in Buchanan et al. [15] and averaged 101.6×1.5
CHS ferritic stainless steel properties from this study for the adopted compressive material385

models. A local imperfection amplitude of t/10 and a global imperfection of L/1000 was used
for all models. The outer diameter D, wall thickness t, EN 1993-1-4 (2015) cross-section class,
minimum λmin and maximum λmax global slendernesses, minimum e0,min and maximum e0,max

applied eccentricities and number of FE models per cross-section n are listed in Table 11.
The local slendernesses were varied to model cross-section classes 1–3, the member lengths390

were chosen to provide a range of global slenderness values up to a maximum of λ = 2.6 and
the eccentricities varied from 0 mm to 805 mm to provide a range of axial load to bending
moment ratios.
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Figure 14: Deformed 80×1.5 CHS long beam-columns, with load eccentricity increasing from bottom to top.

Figure 15: Deformed 101.6×1.5 CHS long beam-columns, with load eccentricity increasing from bottom to
top.
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Figure 16: Experimental and FE load mid-height lateral deformation curves for the 80×1.5-1600-P, 80×1.5-
1600-P-10E and 80×1.5-1600-P-30E specimens.

Figure 17: Experimental and FE load mid-height lateral deformation curves for the 101.6×1.5-1600-P-10E,
101.6×1.5-1600-P-40E and 101.6×1.5-1600-P-120E specimens.
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4. Existing and proposed design provisions395

EN 1993-1-4 (2015) includes guidance for the design of both cross-sections and members
under combined axial loading and bending moment for stainless steel CHS elements. The
continuous strength method (CSM) has also been developed for stainless steel CHS cross-
sections under combined axial loading and bending moment. The suitability of the current
and proposed design guidance is assessed in this section using the experimental results at the400

cross-section level and the new and existing member level test results and numerical models
at the member level. The measured geometric and compressive material properties are used
in the comparisons and all safety factors are taken to be equal to unity.

4.1. EN 1993-1-4 (2015) cross-section design provisions405

The current EN 1993-1-4 (2015) guidance for the design of CHS under combined axial
loading and bending moment follows the same approach as for structural carbon steel in EN
1993-1-1 (2014). A nonlinear interaction curve is utilised for the combined loading resistance
of class 1 and 2 cross-sections,

MEd ≤MN,Rd = Mpl,Rd

(
1 − n1.7

)
(9)

where MEd is the design ultimate bending moment determined from Equation 6, MN,Rd is410

the design plastic moment resistance reduced due to the applied axial force NEd, Mpl,Rd is
the plastic moment capacity (the product of the plastic section modulus Wpl and σ0.2) and
n = NEd/Npl,Rd is the axial load level, with NEd being the design ultimate axial load and
Npl,Rd being the design plastic resistance of the gross cross-section (the product of the gross
cross-sectional area A and the 0.2% proof stress σ0.2). For class 3 and 4 cross-sections the415

design expression is a linear summation of the separate axial and bending utilisation ratios
with a limit of unity,

NEd

NRd

+
MEd

MRd

≤ 1 (10)

where NRd is the pure compression design resistance and MRd is the pure bending design
resistance. For class 3 cross-sections, NRd is the product of the gross cross-sectional area A
and the 0.2% proof stress σ0.2, while for class 4 cross-sections, the effective cross-sectional area420

Aeff is utilised. For class 3 cross-sections MRd is the elastic moment capacity Mel (the product
of the elastic section modulus Wel and σ0.2) while for slender class 4 cross-sections the design
capacity is the product of the effective section modulus Weff and σ0.2. The effective area Aeff

and effective section modulus Weff can be determined using the slender cross-section design
formulae proposed in [22, 44], which are adaptations of the BS 5950-1 (2000) expressions,425

updated according to the EN 1993-1-4 (2015) class 3 slenderness limits, as reproduced
previously for Aeff in Equation 3. The experimental results normalised by their full cross-
sectional capacities are shown in Figures 18 and 19 along with the EN 1993-1-4 (2015) linear
interaction curve.

430
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Figure 18: Comparison between 80×1.5 CHS cross-section test results under combined loading with interaction
curves.

EN 1993-1-4 (2015) does not currently have guidance for cross-section classification of CHS
under combined loading. Linear interpolation between the compressive and bending class 3
slenderness limits was therefore used to define the class 3 slenderness limit under combined
loading as,

D

tε2
= 185 − 95ψ (11)

with ψ being the ratio of the difference and sum of the compressive σc and bending σb stresses435

at the ultimate load,

ψ =
σc − σb

σc + σb

, (12)

which is similar to the approach used for EHS by Gardner et al. [57]. The 80×1.5 and
101.6×1.5 CHS cross-sections are both class 3 under combined loading for the ratios of axial
load to bending moment employed in the eccentrically loaded tests performed in this study.

440

Figures 18 and 19 show that the current Eurocode 3 design guidance offers safe side predictions
for class 3 ferritic stainless steel CHS under combined axial loading and bending moment,
although it is rather conservative, indicating that additional structural efficiency may be
sought.

445
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Figure 19: Comparison between 101.6×1.5 CHS cross-section test results under combined loading with
interaction curves.

4.2. The continuous strength method design provisions

The continuous strength method (CSM) has been developed to provide a more rational
approach to the design of metallic structures. Cross-section classification is replaced with a
continuous relationship between cross-section slenderness and deformation capacity, called
the base curve, reflecting the continuous nature of the variation of cross-section capacity450

with local slenderness. A strain hardening material model is also adopted, representing the
observed behaviour in material tests, with an increase in strength above the yield strength
with increasing plastic deformation. The CSM was extended to cover non-slender and slender
structural carbon steel, stainless steel and aluminium CHS in pure compression and bending
by Buchanan et al. [22] and for non-slender stainless steel CHS under combined axial loading455

and bending moment by Zhao et al. [27]. Zhao et al. [27] adopted the CSM cross-sectional
compression and bending resistances as the end points of the linear interaction curve. The
CSM axial resistance Ncsm can be determined from Equations 13 and 14 for non-slender and
slender cross-sections respectively, and the bending resistance Mcsm can be obtained from
Equations 15 and 16 for non-slender and slender cross-sections respectively.460

Ncsm = Aσcsm for λc ≤ 0.3 (13)

Ncsm =
εcsm
εy

Aσ0.2 for 0.3 < λc ≤ 0.6 (14)

Mcsm = Mpl

[
1 +

Esh
E

Wel

Wpl

(
εcsm
εy

− 1

)
−
(

1 − Wel

Wpl

)
/

(
εcsm
εy

)2
]

for λc ≤ 0.3 (15)
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Mcsm =
εcsm
εy

Welσ0.2 for 0.3 < λc ≤ 0.6 (16)

The local slenderness λc can be calculated from Equation 17, with the elastic critical buckling
stress σcr determined from Equation 18 where ν is the Poisson’s ratio.

λc =

√
σ0.2

σcr
(17)

σcr =
E√

3(1 − ν2)

2t

D
(18)

The allowable deformation capacity, also known as the strain ratio εcsm/εy, of the cross-
section can then be determined from the base curves for non-slender and slender circular
cross-sections, given by Equations 19 and 20 respectively with C1 = 0.10 for austenitic and465

duplex stainless steel and C1 = 0.40 for ferritic grades,

εcsm
εy

=
4.44 × 10−3

λc
4.5 for λc ≤ 0.3 but

εcsm
εy

≤ min (Ω,
C1εu
εy

) (19)

εcsm
εy

=

(
1 − 0.224

λc
0.342

)
1

λc
0.342 for 0.3 < λc ≤ 0.6, (20)

depending upon whether the local slenderness λc of the cross-section is below or above
the yield slenderness limit (λc = 0.3). Below this limit, benefit can be derived from strain
hardening. The parameter Ω defines the maximum strain ratio that can be tolerated at
ultimate limit state for a given project, with a recommended value of 15.470

The CSM limiting material stress σcsm can be calculated from Equations 21 and 22,

σcsm = Eεcsm for
εcsm
εy

< 1 (21)

σcsm = σ0.2 + Eshεy

(
εcsm
εy

− 1

)
for

εcsm
εy

≥ 1, (22)

depending upon whether the strain ratio εcsm/εy is less than or greater than unity, where
Esh is the strain hardening modulus, from Equation 23, and εy is the yield strain (σ0.2/E).
The material strain εu corresponding to the ultimate tensile stress σu can be calculated from475

Equation 24. The C2 and C3 coefficients are defined in Table 12 [58, 59].

Esh =
σu − σ0.2

C2εu − εy

(23)

εu = C3

(
1 − σ0.2

σu

)
(24)
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Table 12: Summary of coefficients for the CSM material model.

Type of stainless steel C1 C2 C3

Austenitic 0.10 0.16 1.00
Duplex 0.10 0.16 1.00
Ferritic 0.40 0.45 0.60

A nonlinear interaction curve based on the theoretical fully plastic interaction relationship for
CHS under combined axial compression and bending moment (adopted by EN 1993-1-4 (2015)
and reproduced here as Equation 9) from Rondal et al. [60] was also proposed by Zhao et al.480

[27] below a local slenderness transition point of λc = 0.27, reverting to the linear interaction
curve for compatibility with the elastic end points as the slenderness approaches the yield
slenderness limit of λc = 0.3. The nonlinear and linear interaction curves are reproduced as

MEd ≤MR,csm = 1.04Mcsm

(
1 − ncsm

1.7
)
≤Mcsm for λc ≤ 0.27 (25)

and

NEd

Ncsm

+
MEd

Mcsm

≤ 1 for λc > 0.27 (26)

respectively, where ncsm = NEd/Ncsm.485

The 80×1.5 CHS cross-section has a local slenderness of λc = 0.28 and thus Equations 13
and 15 are employed to determine the CSM axial and bending resistances, respectively, while
Equation 26 is used to define the interaction. The 101.6×1.5 CHS cross-section has a local
slenderness of λc = 0.31 and the slender CSM axial and bending resistances, Equations 14490

and 16 respectively, have been applied as the interaction curve end points in Equation 26.
The CSM interaction curves are plotted in Figures 18 and 19 along with the experimental
data and can be seen to offer improved predictions of the cross-sectional capacities under
combined loading for the 80×1.5 CHS cross-section. The application of the CSM compressive
and bending end points to the 101.6×1.5 CHS cross-section yields very similar results to EN495

1993-1-4 (2015), since the cross-section is only marginally beyond the yield slenderness limit.

4.3. EN 1993-1-4 (2015) member design provisions

The current EN 1993-1-4 (2015) design approach for stainless steel beam-columns utilises
the same form of interaction formulae as provided for structural carbon steel in EN 1993-1-500

1 (2014), although the interaction factors have been modified to account for the influence of
the nonlinear material response on member instability. The beam-column combined loading
design expression is reproduced as follows,

NEd

Nb,Rd

+ k

(
MEd +NEdeN

βwWplσ0.2

)
≤ 1 (27)
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where NEd is the design ultimate axial load, MEd is the design first order bending moment
(being NEd multiplied by (e0 + ω0), which is different to that used at the cross-section505

level (Equation 6), k is an interaction factor that captures the amplification of moments
due to second order effects (i.e. lateral deflections), Nb,Rd is the flexural buckling design
resistance, eN is the shift in the neutral axis (for local buckling of slender cross-sections) when
the cross-section is subjected to uniform compression (which is zero for doubly symmetric
cross-sections), and βw is a factor which modifies the expression for the various cross-section510

classes — for class 1 and 2 cross-sections βw = 1.0, for class 3 cross-sections βw = Wel/Wpl

and for class 4 cross-sections βw = Weff/Wpl. The EN 1993-1-4 (2015) interaction factor k
can be calculated using

1.2 ≤ k = 1 + 2
(
λ− 0.5

) NEd

Nb,Rd

≤ 1.2 + 2
NEd

Nb,Rd

. (28)

The experimental results normalised by their cross-sectional capacities are shown in Figures 20
and 21 along with the EN 1993-1-4 (2015) member level interaction curves; the point at515

which the interaction curves meet the horizontal axis corresponds to the buckling reduction
factor χ. Classification under combined loading was again undertaken using Equations 11
and 12, and both the 80×1.5 and 101.6×1.5 CHS cross-sections were found to be class 3 for
the ratios of axial load to bending moment employed in the eccentrically loaded tests; the
concentrically loaded 101.6×1.5-1600-P CHS specimen was classified as class 4 and therefore520

the effective cross-sectional area Aeff and section modulus Weff were used. Figures 20 and 21
show that the current guidance is conservative towards the bending end point, which mirrors
the findings of Zhao et al. [27] and is attributed to the neglecting of strain hardening for
the bending end point and to conservative interaction factors, but the test points lie on the
unsafe side towards the compression end point.525

4.4. Proposed member design provisions

Improvements to the current EN 1993-1-4 (2015) design approach for stainless steel beam-
columns are proposed herein and focus on two key areas: the interaction factor and the two
end points.530

4.4.1. Improved end points

The current pure compression end point is the flexural buckling resistance Nb,Rd, which has
been previously observed to provide unconservative predictions for certain global slenderness
values [9, 15, 24, 25, 61–64]. Buchanan et al. [15] proposed a new flexural buckling curve
that is compatible with the existing design approach in EN 1993-1-4 (2015), with Nb,Rd535

determined from Equation 29,

Nb,Rd =
χAσ0.2

γM1

for class 1-3 cross-sections (29)

where the reduction factor χ is determined from Equation 30, A is the cross-sectional
area (Aeff for class 4 cross-sections) and γM1 is the partial safety factor. The operational
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Figure 20: Comparison of 80×1.5 CHS beam-column member test results with interaction curves.

Figure 21: Comparison of 101.6×1.5 CHS beam-column member test results with interaction curves.
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parameter φ is calculated using Equation 31, with the imperfection parameter η determined
from Equation 32, in which the imperfection factor α = 0.49 and recalibrated [15] limiting540

slenderness λ0 = 0.20. The imperfection factor α accommodates the effects of initial
eccentricities, geometric imperfections and residual stresses. The same approach is proposed
in the present paper, with α = 0.49 corresponding to an out-of-straightness of approximately
L/200.

χ =
1

φ+

√
φ2 − λ

2
(30)

φ =
1

2

(
1 + η + λ

2
)

(31)

η = α
(
λ− λ0

)
(32)

The CSM bending resistance Mcsm, which has been observed to provide more accurate545

predictions of the bending capacity of CHS [22], can be utilised as the pure bending end
point. The CSM bending resistances were previously provided as Equations 15 and 16 for
non-slender and slender cross-sections.

These proposals can be used to provide more suitable end points; the new flexural buckling550

curve can be used to predict a more appropriate flexural buckling resistance Nb,Rd, while the
CSM bending resistance Mcsm allows for greater bending capacities to be attained through
the base curve and material strain hardening. An advantage of improved end points is that
the interaction factor does not need to compensate for their inaccuracies and is therefore
more representative of the observed physical behaviour.555

4.4.2. Improved interaction factor

The new proposed beam-column design expression is as follows,

NEd

Nb,Rd

+ kcsm
MEd

Mcsm,Rd

≤ 1 (33)

where kcsm is the new interaction factor, which is determined using the same procedure as
Greiner and Lindner [65], Boissonnade et al. [66] and Zhao et al. [35]. Individual kcsm factors560

are calculated for the experimental and numerical dataset using

kcsm =

(
1 − NEd

Nb,Rd

)
Mcsm,Rd

MEd

, (34)

which is a rearrangement of Equation 33. Simplified formulae can then be fitted to the data
for different axial compressive load levels n = NEd/Nb,Rd.

Data for seven compressive load levels with n = 0.2 to n = 0.8, in steps of 0.1, were isolated565

from the full dataset and the kcsm interaction factor values plotted with varying global
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Figure 22: kcsm factors determined from the numerical dataset for the austenitic stainless steel specimens
with a load level of n = 0.2.

Table 13: Proposed stainless steel CHS interaction curve coefficients.

Type D1 D2 D3

Austenitic 2.5 0.30 1.3
Duplex 2.0 0.38 1.3
Ferritic 1.9 0.35 1.3

slenderness λ, as shown in Figure 22 for the austenitic stainless steel dataset with n = 0.2.
The simplified design expression for kcsm is taken as the typical two-stage linear piecewise
form [35, 65, 66],

kcsm = 1 +D1

(
λ−D2

)
n ≤ 1 +D1 (D3 −D2)n (35)

where D1 and D2 are coefficients defining the linear relationship between the interaction570

factor kcsm and the global slenderness λ in the λ ≤ D3 low slenderness range, beyond which
kcsm has a constant value of (1+D1 (D3 −D2)n). The D1 and D2 coefficients for the discrete
compressive load levels were calculated from a regression fit between the upper bound of
the assembled dataset and Equation 35 for 0.2 ≤ λ ≤ 1.2; the final D1 and D2 coefficients
are averaged values for all of the compressive load levels and are listed in Table 13 for the575

three types of stainless steel used in construction. The D1 and D2 coefficients have been
adjusted slightly such that their product, across the three types of stainless steel, is roughly
equal, resulting in a consistent value when the global slenderness λ tends to zero. The D3

coefficients are determined by fitting Equation 35 to the upper bound of the dataset for
n ≤ 0.4, and are also provided in Table 13.580
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Figure 23: Proposed and FE-calculated interaction factors kcsm for the austenitic stainless steel beam-column
CHS specimens.

The FE-calculated and proposed interaction factors kcsm are plotted for the austenitic
stainless steel dataset in Figure 23, with a dashed line passing through the upper bound
of the calculated kcsm values for the various axial load levels n. It is clear from Figure 23
that there is a large difference between the proposed interaction factors and the calculated585

values for the assembled dataset at high axial compressive load levels n and at high λ global
slenderness values; however, for members with high slendernesses and high axial load levels,
the structural response is controlled by column buckling, rather than bending resistance, and
therefore this disparity is acceptable and in line with previous developments [35, 65, 67], and
the resulting errors for beam-column design are small.590

When the global slenderness tends to zero the new proposed beam-column expression becomes

NEd

Npl,Rd

+

(
1 − 0.75

NEd

Npl,Rd

)
MEd

Mcsm,Rd

≤ 1 (36)

for austenitic stainless steel, where Npl,Rd is the yield load. This expression is similar to
the CSM cross-section interaction curve presented previously as Equation 25, as shown in
Figure 24 for a cross-section on the class 3 limit.595

The new proposed interaction factor kcsm and end points are plotted in Figures 20 and 21. The
benefit from utilising the increased CSM bending resistance Mcsm and the more appropriate
pure compression end point is apparent; the experimental results are now closer to and
typically above the proposed interaction curve.600
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Figure 24: Comparison of the interaction curves at the cross-section level.

4.5. Discussion of the existing and new design provisions

The existing and proposed design approaches for stainless steel CHS elements under combined
loading at the local and global level are appraised using the assembled experimental and
numerical dataset in this sub-section. The predicted capacity from the various design methods605

can be calculated assuming proportional loading, as defined in Figure 25.

At the cross-section level, the average ultimate compressive capacity in the presence of the
co-existent bending normalised by the Eurocode and CSM design capacities, Nu/Nu,EC3

and Nu/Nu,csm respectively, is provided in Table 14. The 80×1.5-350-P-100E CHS result610

is omitted from the results in Table 14, due to the end plates yielding in bending. The
EN 1993-1-4 (2015) and CSM interaction curves are plotted with the experimental data
in Figures 18 and 19. The current Eurocode 3 design guidance offers rather conservative
predictions of the combined axial loading and bending moment capacity, while the CSM
offers on average more accurate and less scattered resistance predictions, reflected by a615

mean test-to-predicted capacity ratio closer to unity and lower coefficient of variation (COV)
values. The 101.6×1.5 CHS cross-section resistance is slightly more accurately predicted by
the existing EN 1993-1-4 (2015) approach due to the cross-section being classified as class
3 under combined loading, whereas for the CSM it is classified as a slender cross-section
and is therefore predicted to attain a slightly lower resistance. The overall improvements in620

resistance predictions under combined axial loading and bending moment obtained using the
CSM can also apply to other metallic materials.

At the member level, the average ultimate compressive capacity in the presence of the
co-existent bending normalised by the Eurocode and new proposed resistance predictions,625
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Figure 25: Definition of Nu,pred on the moment-axial interaction curve.

Table 14: Comparison of the ultimate and predicted combined axial load and bending strength.

Cross-section
Mean COV

Nu/Nu,EC3 Nu/Nu,csm Nu/Nu,EC3 Nu/Nu,csm

80×1.5 1.29 1.22 0.10 0.07
101.6×1.5 1.33 1.34 0.08 0.08
All test specimens 1.31 1.28 0.09 0.09
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Table 15: Comparison of the experimental ultimate and predicted beam-column strengths considering both
new and existing test results.

Cross-section Source Type
Mean COV

Nu/ Nu/ Nu/ Nu/
Nu,EC3 Nu,proposed Nu,EC3 Nu,proposed

140×2 Talja [7] A 1.14 1.27 0.03 0.01
140×4 Talja [7] A 1.12 1.24 0.07 0.03
60.5×2.8 Zhao et al. [23] A 1.00 1.07 0.02 0.02
76.3×3 Zhao et al. [23] A 0.97 1.03 0.04 0.02
80×1.5 This study F 1.09 1.10 0.12 0.05
101.6×1.5 This study F 1.13 1.19 0.13 0.07
Average - - 1.06 1.13 0.10 0.08

Nu/Nu,EC3 and Nu/Nu,proposed, are provided in Table 15 for the new and existing CHS
experimental results, including the austenitic stainless steel beam-column results from Talja
[7] and Zhao et al. [23], and in Table 16 for the full experimental and numerical dataset. The
EN 1993-1-4 (2015) and new proposed interaction curves are plotted with the ferritic stainless
steel CHS experimental beam-column data in Figures 20 and 21. The experimental only630

dataset from Table 15 shows that the new proposed end points and interaction factor result in
less scattered, but also slightly less accurate predictions, than the existing EN 1993-1-4 (2015)
approach, although the average Nu/Nu,proposed values for all of the individual cross-sections are
greater than unity (i.e. safe-sided predictions) with the new proposals. The apparent reduced
accuracy is attributed to the more conservative compressive end point, though it can be635

seen from Figures 20 and 21 that towards the pure compression end, the existing interaction
curve results in a number of predictions on the unsafe side, which artificially reduces the
average normalised ultimate load. The new proposal for stainless steel CHS beam-columns
can be seen to be more accurate (by approximately 4% on average) and consistent (with a
dramatically lower COV) in its resistance predictions than the current EN 1993-1-4 (2015)640

approach for the full experimental and numerical dataset in Table 16. The reduced COV
is particularly beneficial in the reliability analysis in Section 5. The shortcomings of the
pure compression end point of the existing EN 1993-1-4 (2015) interaction curve applies
particularly to stainless steel CHS, as demonstrated by the proposed recalibration of the
limiting slenderness λ0 [15]. The overly conservative pure bending end point of the existing645

EN 1993-1-4 (2015) interaction curve will also apply to CHS of other steel types, and the
proposed CSM bending resistance Mcsm provides a more accurate prediction of the bending
resistance.

A further comparison can be made between the existing EN 1993-1-4 (2015) approach and the650

new proposal by plotting the ultimate compressive capacity in the presence of the co-existent
bending moment normalised by the predicted value against the angle parameter θ, as shown
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Table 16: Comparison between test or FE ultimate strength and predicted ultimate strength for the full
experimental and numerical beam-column dataset.

Type
Mean COV

Nu/Nu,EC3 Nu/Nu,proposed Nu/Nu,EC3 Nu/Nu,proposed

Austenitic 1.12 1.10 0.10 0.06
Duplex 1.18 1.12 0.09 0.05
Ferritic 1.17 1.10 0.12 0.05
Average 1.15 1.11 0.11 0.05

in Figures 27 to 32. The angle parameter θ is defined as

θ = tan−1

(
NEd/NR

MEd/MR

)
, (37)

where NR and MR are the predicted pure compression and bending member strengths, with
θ = 0◦ corresponding to pure bending and θ = 90◦ being pure compression, as shown in655

Figure 26. It is again apparent that the new proposal provides more accurate beam-column
resistance predictions than the current EN 1993-1-4 (2015) method. Note that the proposed
interaction factors kcsm (defined by the corresponding values for D1, D2 and D3 given in
Table 13) may also be conservatively employed with the traditional EN 1993-1-4 (2015) end
points, with the column buckling curve appropriately updated (i.e. α = 0.49 and λ0 = 0.20).660

The adoption of end points and an interaction curve is commonplace in design standards
[68, 69] and the proposed changes in this section could also be applied to other international
design standards.

5. Reliability analyses665

In the European design standards, member level resistances are divided by a partial factor
γM1, as seen in Equation 29, to ensure that structures are designed with an appropriate level
of reliability. The partial factors are determined using a procedure outlined in Annex D of
EN 1990 (2005). The experimental and numerical dataset has been used to reassess the γM1

partial factor for the current EN 1993-1-4 (2015) CHS beam-column design approach and670

the new proposed design approach, as reported in Tables 17 and 18 respectively, where n is
the size of the dataset, the over-strength factor is the mean yield strength normalised by the
nominal yield strength, Vfy is the coefficient of variation of the yield strength, Vgeometry is
the coefficient of variation of the geometry of the cross-section, kd,n is the fractile factor and
is related to the size of the dataset, b is the average ratio of the experimental or numerical675

resistance to the model resistance and Vδ is the coefficient of variation of the tests relative
to the resistance model. The over-strength factor and the coefficients of variation of the
yield strength and geometry Vfy and Vgeometry used in the statistical analysis were taken from
Afshan et al. [70]. The least squares approach from Annex D of EN 1990 (2005) was not
used for the calculation of the b parameter as this is deemed to bias the value towards the680
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Figure 26: Definition of θ on the moment-axial interaction curve.

Figure 27: Normalised resistance predictions for the austenitic stainless steel CHS beam-column dataset with
the EN 1993-1-4 (2015) approach.
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Figure 28: Normalised resistance predictions for the austenitic stainless steel CHS beam-column dataset with
the new proposed approach.

Figure 29: Normalised resistance predictions for the duplex stainless steel CHS beam-column dataset with
the EN 1993-1-4 (2015) approach.

40



Figure 30: Normalised resistance predictions for the duplex stainless steel CHS beam-column dataset with
the new proposed approach.

Figure 31: Normalised resistance predictions for the ferritic stainless steel CHS beam-column dataset with
the EN 1993-1-4 (2015) approach.
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Figure 32: Normalised resistance predictions for the ferritic stainless steel CHS beam-column dataset with
the new proposed approach.

results with higher failure loads [71].

For the existing EN 1993-1-4 (2015) CHS beam-column design approach, the target value of
the partial safety factor (i.e. γM1 = 1.1, as recommended in the current code) is attained
for the austenitic stainless steel dataset only, while the duplex and ferritic stainless steel685

datasets have required partial safety factors in excess of γM1 = 1.1. The new proposal is
more consistent across all three types of stainless steel, for the combined test and numerical
dataset, with generally lower Vδ values than the EN 1993-1-4 (2015) approach. The required
level of reliability is achieved with safety factors lower than the target value of γM1 = 1.1
for all grades of stainless steel. The proposals made herein are due to be incorporated into690

the next revision of EN 1993-1-4 (2015), as part of a wider set of improved design rules for
stainless steel beam-columns [72].

6. Conclusions

A comprehensive experimental programme focusing upon ferritic stainless steel circular hollow695

section members under combined axial loading and bending moment has been undertaken.
The investigation consisted of material property tests, stub column tests, cross-section level
combined axial loading and bending moment tests and member level beam-column tests on
ferritic stainless steel CHS. The experimental data were complemented by a pool of finite
element results generated through a parallel numerical study. Validated numerical models700

generated herein have been used to carry out a comprehensive parametric study covering
austenitic, duplex and ferritic grades of stainless steel and a wide range of cross-section
and member slendernesses and applied loading eccentricities. The ultimate loads were then
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compared against the current European design guidance and it was observed that the current
design approach is conservative at the cross-section level and for members with a high ratio705

of bending moment to axial load, while it is slightly unconservative for members with a low
ratio of bending moment to axial load. A more efficient deformation based design approach,
the continuous strength method (CSM), was generally found to offer improvements over the
current European guidance at the cross-section level.

710

New end points for the member level interaction curve were proposed, utilising the more
accurate continuous strength method (CSM) bending resistance for the pure bending end
point and a new proposed stainless steel CHS flexural buckling curve, that predicts accurate
compressive resistances, for the pure compression end point. A new interaction curve was then
calibrated to the dataset and was seen to offer more efficient and reliable stainless steel CHS715

beam-column resistance predictions compared with the EN 1993-1-4 (2015) design approach.
The proposed interaction factors can also be conservatively used with the traditional end
points.

Statistical analyses were undertaken for both the current EN 1993-1-4 (2015) and new720

proposed member level design approaches. The existing EN 1993-1-4 (2015) approach
requires a slightly higher partial safety factor than the target value of γM1 = 1.1 for the
duplex and ferritic stainless steel datasets, while the new proposals were found to satisfy the
reliability requirements with γM1 = 1.1 for all types of stainless steel.
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