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ABSTRACT 
 

Spiral  welded tubes (SWTs) are fabricated by helically bending a continuous length of steel plate 

and welding the resulting abutting edges. Compared to longitudinally welded tubes (LWTs), SWTs 

offer cost benefits due to the lower costs of spiral mills, reduced need for separate forming tools for 

tubes of different diameters, and inherent efficiencies resulting from the continuous nature of the 

fabrication. Thus, when used for concrete-filled steel tube (CFST) structural elements, SWTs result in 

associated economies. However, SWTs contain high levels of fabrication induced residual stresses of 

complex distribution, and unique surface imperfections. These could result in the ultimate limit state 

(ULS) structural behaviour of SWTs, and consequently of concrete-filled spiral-welded steel tubes (CF-

SWSTs), varying from those of other tube types. Furthermore, unlike for LWTs, model distributions of 

the afore-mentioned imperfections have not been well established. Nonetheless, experimental 

verification of the structural behaviour of CF-SWSTs would inherently consider such effects. Through 

such testing, the applicability of existing CFST codes of practice to CF-SWSTs could also be assessed. 

Previous investigations into CF-SWSTs were limited to considering concentrically loaded columns. 

However, in practice, CFST columns would typically need to be designed for eccentric  axial loading. 

In addition, the use of CFSTs as purely flexural elements has also been reported.  

To address this research gap, an experimental program was undertaken to investigate the behaviour 

of CF-SWSTs under eccentric axial loading and under pure bending. The investigation considered both 

mild-steel and stainless-steel SWTs. For each material, 24 short and long column tests were conducted, 

while 12 specimens each were tested under purely flexural loading. Ready-mix self-compacting 

concretes of nominal grades 20 MPa, and 20 MPa and 50 MPa, were used for the tested columns and 

beams, respectively. For the column tests, the parameters that were varied were the outside diameter to 

thickness ratio (D/t), load eccentricity (e) and column effective length (Le). The nominal ranges 

considered for these parameters were 51 – 114.5, 0 – 0.4D and 4.5D – 12D. For the specimens tested in 

flexure, six nominal D/t ratios were considered using tube diameters equal to 152 mm, 203 mm and 229 

mm with 2 mm and 3 mm wall thicknesses.  
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Based on the experiments, the spiral weld seam was ascertained not to be a location of premature or 

preferential failure. In addition, for both axial and flexural loading, the ULS deformation mode of 

CFSTs was verified to be independent of the tube fabrication type or whether the tube was fabricated 

from mild- or stainless-steel. For eccentrically loaded mild- and stainless-steel CF-SWSTs, several 

existing design standards, relating to carbon-steel CFSTs, were found to be directly applicable, 

including the respective section slenderness limits. This was also found to be the case for the specimens 

tested under purely flexural loading, for both mild-steel and stainless-steel CF-SWSTs. However, for 

flexure, the relevant codified capacities, along with the specified section slenderness limits, were 

significantly conservative. On the contrary, in general, several standardised guidelines were found to 

be non-conservative for the tested concentrically loaded CF-SWST columns, indicating the need for 

separate calibration. This was especially so for the stainless-steel CF-SWSTs. For comparable mild- 

and stainless-steel CF-SWST short columns and flexurally loaded specimens, the relative applicability 

of codified guidelines was found to be equivalent. On the contrary, for long columns, it was seen that 

the guidelines require recalibration to be equally applicable to stainless-steel CF-SWSTs as for their 

mild-steel counterparts. For CFSTs under eccentric axial loading or under pure bending, the study 

provided evidence that SWTs can be used as direct replacements of other tube types. 

The capacity of established finite element modelling (FEM) approaches, to predict the 

experimentally obtained behaviour of the tested CF-SWSTs, was also assessed as part of this thesis. For 

eccentrically loaded CF-SWST columns, as well as for purely flexurally loaded CF-SWSTs, the 

capacities predicted by the FEM were, on average, conservative or close to the respective experimental 

capacities. However, the conservativeness was markedly reduced for stainless-steel CF-SWSTs 

compared to their mild-steel counterparts, indicating the need to consider distinct constitutive 

formulations for stainless-steel CF-SWSTs. On average, the FEM was observed to provide non-

conservative predictions for concentrically loaded CF-SWSTs. The FEM results were also found to be 

negligibly sensitive to the explicit modelling of the spiral weld seam geometry.  
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Chapter 1: Introduction 

1.1 Background 

Concrete-filled steel tubes (CFSTs) have found wide application as structural columns in buildings, 

bridge piers and piled foundations [1]. Less commonly, CFSTs have also been utilised as purely flexural 

structural elements. For example, Nakamura et al. [2] reported the use of CFSTs for the main girders of 

a railway bridge in Japan. Compared to purely steel or purely reinforced concrete structural elements, 

CFSTs offer several advantages. For CFSTs, it is well established that the ultimate limit state (ULS) 

compressive strength of the concrete core is enhanced due to the confinement accorded to it by the steel 

tube [3, 4]. This strength enhancement occurs since the lateral dilation of the concrete core exceeds that 

of the steel tube at ULS loads. Furthermore, the steel tube acts as permanent formwork, contributing to 

significantly reduced construction times. The local buckling mode of the steel tube is also constrained 

to be an outward mode, due to the existence of the concrete core. It is generally accepted that the yield 

slenderness limits, applicable to steel tubes of CFSTs, are increased as a result. This is reflected in the 

increased slenderness limits specified for CFSTs, compared to hollow tubes, in several international 

codes of practice [5-8]. However, the applicability of this generally accepted view, to circular steel 

tubes, has been recently challenged by Azad and Uy [9]. Based on their work, Azad and Uy [9] 

suggested that the slenderness limits of hollow and concrete-filled circular steel tubes are similar and 

that the slenderness limits specified in the design standards for circular CFSTs are applicable for both 

cases. Despite this, CFSTs still offer a more beneficial structural solution compared to their purely steel 

and purely reinforced concrete counterparts. For CFSTs that require to be in durability critical 

environments, the use of stainless-steel tubes becomes a viable replacement option for mild- and 

carbon-steel tubes. Even though approximately four times as costly as carbon-steel [10], the 

significantly reduced maintenance burden, due to its greater corrosion resistance, results in stainless-

steel becoming viable for such environments. The use of such concrete-filled stainless-steel tube 

(CFSST) structural elements has been reported in the literature [11], most notably for the upper sections 

of the pylon towers of the Stonecutters Bridge in Hong Kong, China [12].   
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The cost-effectiveness of such circular CFSTs and CFSSTs can be further improved by utilising spiral 

welding for the fabrication of the steel tubes, compared to traditional longitudinal seam welding. Spiral 

welded tubes (SWTs) are fabricated by bending a continuous length of steel plate into the shape of a 

helix and welding the corresponding abutting edges. The resulting spiral weld seam gives SWTs their 

name. The steel plate is formed into the shape of a helix using a three-roll bending system [13-16]. By 

varying the forming angle, SWTs of a range of different diameters can be formed using a steel plate of 

given width. This contrasts with conventional longitudinally seam welded tubes (LWTs) and as a result 

larger diameter tubes can be formed more economically using spiral welding. For larger diameter 

SWTs, double-side submerged-arc welding is typically employed [14, 15], while for smaller diameter 

tubes single-sided metal inert gas welding is commonly used [17]. Nonetheless, even for SWTs welded 

using single-sided welds a full penetration through thickness weld is still achieved.  The cost-benefits 

of SWTs compared to LWTs have been widely reported [13, 18-22]. These stem from the lower capital 

costs of spiral tube mills [13], efficiencies due to the continuous nature of the fabrication process [21], 

as well as the fact that separate forming tools are not required for tubes of different diameters [13]. In 

addition to the afore-stated cost benefits, SWTs also offer smaller dimensional tolerances and longer 

jointless lengths [23].  

Even though the spiral welding process was first patented in the 1870s [24], until relatively recently 

SWTs were not widely used, due to shortcomings in the fabrication process [16]. However, due to 

advances in automation and welding processes [25, 26], at present, SWTs can be fabricated with a 

degree of reliability similar to that of LWTs. In addition to carbon-steel SWTs, stainless-steel SWTs 

(SS-SWTs) are also readily available within the industry. 

Despite the numerous advantages offered by SWTs, high levels of residual stresses have been reported 

for SWTs [27-29]. The distribution of such residual stresses has also been reported to be more complex 

compared to that of LWTs [28, 30]. Forouzan et al. [28] reported that high levels of principal tensile 

and compressive residual stresses occur parallel and perpendicular to the weld seam, respectively, due 

to the spiral welding process. However, the region of high residual stresses was observed to be limited 

to a stripe in the vicinity of the spiral weld seam. Through numerical simulation, Dong et al. [30] also 
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showed that high levels of residual stresses, of complex distribution, occur in SWTs due to the welding 

process. Though, both Forouzan et al. [28] and Dong et al. [30] reported that hydrostatic testing of 

SWTs reduces residual stress magnitudes, such testing is unlikely to be the norm when fabricating 

SWTs for structural applications. While numerical simulations of the spiral welding process have been 

previously reported [22, 27, 28, 30-32], to date, no model distribution has been proposed in relation to 

residual stresses existing in SWTs. This is unlike for LWTs for which such approximations of residual 

stress distributions have been proposed and widely adopted for analysis purposes [33]. In addition to 

residual stresses, unique fabrication induced surface imperfections have also been reported for SWTs 

[34]. While the foregoing observations have been reported for carbon-steel SWTs, it can be rationally 

taken to apply to stainless-steel SWTs as well. Residual stresses and surface imperfections can affect 

the ultimate limit state behaviour of SWTs and result in the behaviour differing from that of other 

welded and seamless tubes [18, 19, 27, 35]. In turn, the ULS behaviour of concrete-filled spiral-welded 

mild-steel and stainless-steel tubes (CF-SWMSTs and CF-SWSSTs) could also be distinct from those 

of CFSTs and CFSSTs of other tube types. Since comprehensive measurements of the residual stress 

state of SWTs have not previously been reported, numerical methods have limited ability to assess such 

differences. On the other hand, experimental testing would inherently consider the effects of residual 

stresses and surface imperfections on the structural behaviour.  

Hence, to verify the structural behaviour and ascertain any differences in comparison to CFSTs of other 

tube types, experimental investigation of CF-SWMST and CF-SWSST structural elements is warranted. 

As there are several fundamental differences between the mechanical and physical properties of mild-

steel and stainless-steel [10], the behaviour of CF-SWSSTs require consideration separate from CF-

SWMSTs.  Experimental testing of structural behaviour would also enable the applicability of existing 

codes of practice, to CF-SWMSTs and CF-SWSSTs, to be established. Explicit prohibitions specified 

in some codes of practice [36], in relation to SWTs, could also be addressed using the experimentally 

observed behaviour. Experimental verification of the structural behaviour would also enable engineers 

to specify SWTs for CFSTs with greater confidence. This is especially so given the context that most 
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previous investigations of CFST structural elements have been carried out on CFSTs of non-SWT tube 

types [37, 38], which have formed the basis of many current design guidelines.   

However, experimental investigation of the behaviour of CF-SWMST and CF-SWSST structural 

elements, under static monotonic loading, has been rather limited. Structural capacities obtained from 

static monotonic loading tests are commonly used to calibrate design guidelines. Previous to the work 

of this thesis, for CF-SWMST and CF-SWSST columns, such experimental testing has been limited to 

columns under concentric axial loading [39-44]. The vast majority of such concentrically loaded column 

tests was limited to short columns, where length dependant effects are negligible. Nonetheless, previous 

investigations of CF-SWMST and CF-SWSST columns have verified that the ULS failure behaviour is 

similar to that of CFST columns of other tube types, under concentric loading. Furthermore, the 

applicability of existing codes of practice to concentrically loaded concrete-filled SWT columns has 

also been established [39, 40]. Finite element modelling (FEM) has also been shown to provide capacity 

predictions which are in good agreement with the corresponding experimentally obtained values, for 

concentrically loaded CF-SWMSTs and CF-SWSST columns [39, 40].  

However, in practice, all structural columns are eccentrically loaded columns. Even for nominally 

axially loaded columns, unavoidable construction tolerances result in eccentric axial loading. The use 

of structural columns in lateral load resisting moment frames also effectively results in eccentrically 

loaded columns. Despite this, the behaviour of CF-SWMST and CF-SWSST columns under static 

monotonic eccentric axial loading has not been experimentally investigated previously. The lack of 

experimental verification of the behaviour under such eccentric axial loads may also have contributed 

to the limited adoption of SWTs for CFST structural elements, to date. In addition to eccentrically 

loaded column behaviour, limited attention has also been paid to the study of CF-SWMST and CF-

SWSST ‘long’ columns, where the column capacity is affected by length dependant effects (i.e. column 

slenderness).     

Unlike for column behaviour, no previous investigation was found in the literature which addressed the 

behaviour of CF-SWMST and CF-SWSST structural elements under purely static monotonic flexural 

loads (i.e. with zero axial force). On the other hand, flexural tests of concrete-filled carbon-steel SWTs 
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under reverse cyclic loading have previously been carried out [45-47]. However, such investigations, 

which followed various seismic loading protocols such as [48], did not study the ULS flexural behaviour 

under static monotonic loads.  

Even for hollow SWTs, only a few experimental investigations have been carried out of their structural 

behaviour. Concentrically loaded hollow mild-steel and stainless-steel SWT columns were previously 

investigated by Gardner [43], Aslani et al. [39], and Yiyi and Zuyan [49], and by Li et al. [40], 

respectively. Hollow carbon-steel SWTs were tested in bending by Van Es et al. [50] and Zimmerman 

et al. [51]. These investigations revealed that existing codes of practice are applicable to hollow SWT 

columns under concentric loading [39, 40]. Van Es et al. [50] reported that for flexurally tested hollow 

carbon-steel SWTs, local buckling at failure occurred at locations of fabrication induced surface 

imperfections. This showcased the possible effects of the spiral welding process on the structural 

behaviour of hollow SWT elements, and in turn of their concrete-filed counterparts. 

1.2 Research objectives and scope  

Given this context, the work described in this thesis aimed to address the identified research gaps noted 

in Section 1.1. The main objectives of the work carried out were to: 

o Experimentally determine the ULS behaviour of CF-SWMST and CF-SWSST structural elements, 

under static monotonic eccentric axial loading and purely flexural loading 

o Establish the applicability of commonly used international design guidelines to estimate the ULS 

axial and bending moment capacities of CF-SWMSTs and CF-SWSSTs 

o Assess the capability of widely reported and used finite element modelling procedures to predict 

the experimentally obtained behaviour of CF-SWMST and CF-SWSST specimens subjected to the 

afore-mentioned loading types 

The overarching focus of the work was to address the question of whether SWTs can be used as 

equivalent replacements of other tube types in CFST structural elements.  

To achieve the afore-stated aims, a detailed experimental programme was carried out of CF-SWMST 

and CF-SWSST column and flexural specimens. As listed in Table 1, the main parameters that were 

5



 

considered for the column tests were the outside diameter to wall thickness ratio (D/t), the axial load 

eccentricity (e) and column effective length (Le). A nominal concrete grade of 20 MPa was considered 

for the column tests. On the other hand, for the flexural tests, in addition to the D/t ratio, the effect of 

concrete strength was also investigated. Two nominal concrete grades, 20 MPa and 50 MPa were 

considered for this purpose. For the tested columns, the D/t ratio was varied by purely considering 

different diameter tubes of constant wall thickness, while for the flexural specimens, different diameter 

tubes of two nominal wall thicknesses were used. Ready-mix self-compacting concrete was utilised for 

all the tested specimens. The specimen dimensions were chosen subject to the limitations imposed by 

the available testing equipment. 

Table 1: Overview of experimental programme 

Description Column tests Flexural tests 
SWT material Mild-steel and stainless-steel 
Nominal outside diameter (D) (mm) 102, 152, 203, 229 152, 203 and 229 
Nominal wall thickness (t) (mm) 2 2, 3 
D/t 51, 76, 101.5, 114.5 51, 67.7, 76, 76.3, 101.5 and 114.5 
Effective length (Le) 4.5 - 12 N/A 
Effective span N/A 12.7 to 13.8 
Axial load eccentricity 0, 0.15D and 0.4D N/A 
Nominal concrete grade (MPa) 20 20 and 50 
Number of tests 48 24 

 

In addition to the comprehensive experimental programme referred to above, numerical analysis, 

through finite element modelling, was also carried out of the tested CF-SWMST and CF-SWSST 

elements.   

The results of the experimental and numerical investigations are presented and critically discussed in 

this thesis in relation to afore-stated aims.  

1. 3 Structure of the thesis 

This thesis is presented as a series of papers. Each of Chapters 2 to 8, and  10 to 12 comprises of a 

journal paper that has already been published or has been submitted and is currently undergoing the 

peer-review process. The afore-mentioned chapters are organised and differentiated by structural 

element type (i.e. short columns, long columns, or flexural specimens) and tube material type (mild-
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steel or stainless steel). Chapter 9 has been presented in a traditional format, rather than as a manuscript 

prepared for submission, and draws on data reported in Chapters 2 to 5, 7, and 8.  

Chapters 2 to 5 discuss the findings of the tests carried out on concentrically and eccentrically loaded 

CF-SWMST and CF-SWSST short and long columns. The published literature related to the subject 

matter is also discussed in detail in each respective chapter. 

Chapter 6 provides a comprehensive review of the existing knowledge in relation to the static monotonic 

flexural behaviour of CFSTs. In effect, Chapter 6 provides a review of the literature related to chapters 

7 and 8. 

Chapters 7 and 8 examine the results of the flexural tests carried out of CF-SWMSTs and CF-SWSSTs, 

respectively.  

Chapter 9 comparatively discusses the behaviour of CF-SWMSTs and CF-SWSSTs in relation to short 

columns, long columns, and flexurally loaded specimens. The experimental results of comparable CF-

SWMSTs and CF-SWSSTs reported in Chapters 2 to 5, 7, and 8 have been used as the basis for the 

discussion presented in Chapter 9. 

Chapters 10 to 12 evaluate results of the finite element modelling carried out of the experimental tests 

reported in Chapters 2 – 5, 7, and 8. Chapters 10, 11 and 12 deal with the FEM of CF-SWMST columns, 

CF-SWSST columns, and CF-SWMSTs and CF-SWSSTs in flexure, respectively. The applicable 

published literature is also discussed within each chapter. 

In this thesis, journal papers are presented in the published format, or in the format of the prepared 

manuscript. Since each individual paper was prepared as a stand-alone publication, as one would expect, 

a degree of repetition occurs between some chapters, although not uniformly among all. This is 

especially so in relation to the respective introduction and methodology sections. Where a chapter 

consists of an existing journal publication, full bibliographic details are provided. Reference lists are 

also provided separately for each chapter. 
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Spiral-welded steel tubes (SWTs) are fabricated by helically bending a steel plate andwelding the resulting abut-
ting edges. These tubes enable larger diameters, longer joint-less lengths, smaller dimensional tolerances, and
more cost-effective construction compared to other types of steel tubes. Notwithstanding this, the use of SWTs
for concrete-filled steel tubes (CFSTs) has been rather limited. Many international design standards contain
guidelines on strength assessment of CFST columns. Even so, unlike for other tube types, there is a lack of exper-
imental verification of the applicability of those guidelines for concrete-filled spiral welded steel tube (CF-SWST)
columns. This has inhibited their widespread use, especially since the residual stresses in SWTs are generally
larger than for other tubes. Given this context, twelve self-compactingCF-SWST short columns with nominal di-
ameters (D)equal to 102, 152, 203 and 229mmwere tested under axial compression, considering load eccentric-
ities of 0, 0.15D and 0.4D. The tubewalls were nominally 2mm thickwhile the effective length to diameter ratios
were in the range 4.5–6.0. A ductile failuremodewas observed for all the tests consisting of flexural local buckling
in the maximum compression region, which was observed during post-peak deformation. The spiral weld seam
was observed to neither provide a preferential location for failure nor be detrimental to the strength capacity. On
average, the predicted capacities as per six commonly used international standards agreed well with the exper-
imentally obtained values. The predicted capacities were observed to bemore conservative for eccentric loading
compared to concentric loading. For eccentric loading, fibre-element analyses using material models proposed
for confined concrete provided better predictions of the actual capacity. This suggested that greater confinement
benefit than considered in the codes is effective for eccentrically loaded CF-SWST short columns. The study pro-
vided evidence of equivalent behaviour of CF-SWST columns to other tested CFSTs and the applicability of
existing guidelines for assessing their strength.

© 2018 Elsevier Ltd. All rights reserved.
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Eccentric axial load
Short columns
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Fibre-element model

1. Introduction

Circular concrete-filled steel tubes (CFSTs) havewidely been used in
the construction industry over the years as structural columns. Such
CFST columns have found applications in electrical transmission towers,
buildings, bridge piers, and piled foundations [1]. CFSTs used as columns
are advantageous as they provide enhanced strength capacity, ductility
and speed of construction [2]. The strength enhancement occurs due to
the confinement of the concrete core by the steel tube and also since the
local bucklingmode of the tubewall is constrained to be anoutward one
[3]. The published literature contains a large number of investigations
which looked into the structural behaviour of CFST columns under dif-
ferent loading types [2,3]. These include monotonic and cyclic loading

of columns under pure axial compression or combined axial compres-
sion and bending moment.

The steel tubes that were used for the CFSTs in the afore-mentioned
investigationswere overwhelmingly either longitudinally seam-welded
tubes (LWTs) or seamless tubes. An alternative form of steel tube is the
spiral welded tube (SWT). First patented in the late 1870s [4], SWTs are
fabricated using steel plates which are bent into the shape of a helix and
welded along the resulting abutting edges. On an industrial scale, the
fabrication of these tubes is typically carried out using a process similar
to that shown in Fig. 1 [5]. The helical seam is typically welded both
from the outside as well as the inside of the joint using tandem sub-
merged arc welding (SAW) [6]. The afore-mentioned process of
double-sidedSAW is typical for SWTs with larger diameters, ranging
from 600 mm to 3000 mm where the tube wall thickness varies from
6 to 25mm[5,7]. SWTs of smaller diameters (76–1524mm) and thinner
walls (1.2–5 mm) are also available [8]. Due to space limitations, for
these smaller diameters, welding of the spiral weld seam is typically
only carried out from the outside of the joint and commonly using
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metal inert gas welding. Nevertheless, a full penetration through thick-
ness weld is still achieved through this process.

SWTs offer many advantages compared to their alternatives. Unlike
LWTs, SWTs of a range of different diameters can be formed using a
plate of the same width by simply changing the forming angle. This re-
sults in tubes with much larger diameters being possible. SWTs have
also been reported to be more cost effective, faster to produce, and
able to achieve smaller dimensional tolerances [9,10]. They can also be
fabricated to any length that is practicable. Hollow carbon-steel SWTs
have been widely used for structural engineering applications such as
pile foundations [11–13], soil and water retaining structures [7], and
wind turbine towers [10]. However, despite their numerous advantages,
reported instances in the industry for which SWTs have been used for
CFSTs are rather limited [11,14].

In addition, compared to CFSTs containing either LWTs or seamless
tubes, only a limited number of investigations have been reported in
the published literature which looked into the behaviour of concrete-
filled spiral welded steel tube (CF-SWST) columns [15–19]. This is also
true for hollow SWT columns [15,20]. In contrast, the flexural behaviour
of hollow SWTs has previously been investigated [21–24]. All previous
investigations of CF-SWST columns, details of which are given in Table
1,were carried out under concentric axial loading. No study has been re-
ported in the literaturewhich considered eccentric axial loading behav-
iour of either hollow or concrete-filled SWTs. This is a significant
shortfall since any practical column is in general an eccentrically loaded
one, due to unavoidable construction tolerances. There are many inter-
national codes of practice which contain guidelines for the design of
mild steel and higher-strength steel CFST columns [25–30]. Even
though this is the case, there is a lack of experimental verification of
the suitability of these standards to assess the behaviour of CF-SWST
columns. This has inhibited the wide scale adoption and application of
SWTs in CFSTs, in spite of their many benefits. Obtaining experimental
verification of the behaviour CF-SWST columns is especially important
since themagnitude of residual stresses in SWTs can be larger compared
to other tube types. High levels of residual stresses relative to the yield
strengths have been reported for SWTs, though the stresses were
found to be localised in the weld zone [31–35]. The effects of these re-
sidual stresses, which are often detrimental [19], are not apparent
until the respective SWT (or CF-SWST) is under load [31].

However, investigations into hollow SWT columns found that the ob-
served failuremodewas similar to that reported for other types of hollow
steel tubes. The failure behaviour reported in the literature for CF-SWST

Nomenclature

As Cross sectional area of steel tube
Ac Cross sectional area of concrete core
C3 Factor used in AISC-360 to calculate bending stiffness of

CFSTs
CFST (Circular) Concrete Filled Steel Tube
D Outside diameter of steel tubes
DI Ductility index
e Eccentricity of applied axial load
einitial Initial eccentricity of applied axial load
eeff Effective eccentricity of applied peak load at mid-height
eeff_predict Predicted effective eccentricity at peak load at mid-

height
Ec Concrete modulus of elasticity
Es Steel modulus of elasticity (=200 GPa)
EI Bending stiffness of column
f'c Characteristic concrete cylinder compressive strength
fc’ Specified compressive strength of concrete
fck Characteristic concrete cylinder compressive strength
fck,cu Characteristic concrete cube strength (=0.67 fcu)
fcm Mean concrete cylinder compressive strength
fcu Mean concrete cube strength
fsy Yield strength of steel
fu Ultimate tensile strength
fyL Lower yield strength
fyH Upper yield strength
Is Second moment of area of steel tube
Ic Second moment of area of concrete core
Kinitial Initial axial stiffness of CF-SWST
L Length of steel tube/SWT
Le Effective column length
LWT Longitudinally welded tube
M Bending moment
Mmh Moment at mid-height section
Mmh_pmax Moment at mid-height at Pmax

Msx Pure flexural capacity calculated as per AS5100.6
m Empirical coefficient (=4.0)
Nus Nominal section capacity under pure axial compression

as per AS5100.6
Nuc Nominal un-enhanced member capacity under pure

axial compression as per AS5100.6 (=αcNus)
P Applied axial load
Pmax Peak axial load during tests
Ppredicted Predicted axial capacity
t Wall thickness of tube
SAW Submerged Arc Welding
SWT Spiral Welded Tube
CF-SWST Concrete filled spiral welded steel tube
s Distance across section height measured from extreme

compressive fibre
ULS Ultimate limit state
y Distance across section height measured from extreme

compressive fibre
αc Member slenderness reduction factor as per AS5100.6
β Empirical factor
δb Moment magnification factor
δh_pmax Measured mid-height lateral displacement at peak axial

load
δh Measured mid-height lateral displacement
δs Steel contribution ratio
δv Measured axial displacement
δv1 Measured axial displacement at 0.9Pmax at deforma-

tions below the peak load

δv2 Measured axial displacement at 0.9Pmax at deforma-
tions above the peak load

εy Strain at first yield
εu Strain at fracture
εtrans Measured circumferential strain
εlong Measured longitudinal strain
γc Strength reduction factor for concrete
γs Strength reduction factor for steel tube
κ Curvature
λe, λey, λemax Section, yield andmaximum allowable slenderness

as defined in AS5100.6
σc Concrete stress level in plastic stress distribution
σcc Maximum confined concrete strength
σsc Steel compressive stress level in plastic stress

distribution
σst Steel tensile stress level in plastic stress distribution
σlat Lateral confining pressure acting on concrete core
σtrans Transverse (circumferential) stress in steel tube
ξ Factor to take into account constraining effect of steel

tube on concrete core
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columns was also similar to that typically reported for other CFST col-
umns, for which LWTswere used [36]. These CF-SWST column tests, tab-
ulated in Table 1, reported a shear type ultimate failuremode under pure
axial compression loading. Local buckling was observed at the ends of
concrete wedges which resulted from this shear failure. No preferential
failure at or near the spiral weld seam or weld fracture was reported.

The pure axial compression capacities of CF-SWST columns were
found to be well-predicted by existing codified guidelines. For example,
Aslani et al. [15] reported actual to predicted axial capacity ratios rang-
ing from 0.85–0.98, 0.89–1.02, and 1.04–1.28 based on the guidelines of
AS5100.6 [25], Eurocode 4 (EC4) [26] and AISC-360 [28] respectively.
They also proposed a design model which showed good agreement
with the experimental data. This model considered the beneficial con-
fining effects of the steel tube on the concrete core but also considered
a sizedependency for the effective concrete strength. Similarly, Wang
et al. [16] also observed that the confined concrete strength was size
dependent.

To address the identified gap in the research, the ultimate limit state
(ULS) behaviour of CFST columns incorporatingmild steel spiralwelded
tubes under eccentric quasi-static axial loading was investigated in the
work described in this paper. The work focused exclusively on ‘short’
columns, as per the typical definition [37], in which length dependent
effects on the behaviour were either small or negligible. The main
aims of the work were to experimentally obtain the failure behaviour
and to assess the applicability of existing standards for eccentrically
loaded CF-SWST short columns.

As listed in Table 2, the behaviour of CFST short columns, using tube
types other than SWTs, under eccentric axial loading and under beam-

column loading has previously been investigated [38–45]. Eccentric
axial loading is a specific subset of beam-column loading. In general the
failure mode associated with these eccentrically loaded tests consisted
of local buckling in the maximum compression region of the CFST. The
observed failure mode was ductile with significant post-peak deforma-
tion being obtained. Existing standards were found to provide conserva-
tive estimates of the eccentric axial capacities for these tests [40,41].

Apart from the various codes of practice that exist, several analytical
modelshave alsobeenproposed to calculate the strength capacity of con-
centrically loaded CFSTs. These take into account the confinement
accorded to the concrete core by the steel tube through confinement
models such as those proposed by Han et al. [36], Sakino et al. [46], and
Liang and Fragomeni [47,48]. For eccentrically axially loaded columns,
the effect of concrete confinement has been considered by incorporating
a confined concrete model through fibre-element based analyses to ob-
tain the capacity [41,42,48]. But, no simplified models have been pro-
posed, similar to those proposed for the purely axially loaded case,
which take into account the benefits of confinement. In the design stan-
dards, the beneficial effect of concrete confinement is considered by
allowing a greater value of concrete strength to be used for CFST design
as compared to conventional reinforced concrete columns [25,26,28].

2. Experimental programme

To investigate the behaviour of mild steel CF-SWST short columns
under eccentric axial loading, an experimental programme consisting
of twelve test specimens was formulated. The main parameters that
were varied were the load eccentricity and the SWT diameter as listed

Fig.1. Schematic of industrial scale manufacturing process of SWTs (taken from [5]).

Table 1
Investigations reported for hollow and concrete filled SWT columns under concentric axial load.

Reference Hollow/Concrete filled D (mm) D/t L/D fsy (MPa) f'c (MPa) Concrete type

Aslani et al. [15] Hollow 103–252 65–160 3.0 288 – –
Aslani et al. [15] Concrete filled 103–252 65–160 3.0 288 50 Self-compacting concrete
Gardner [19] Concrete filled 168–169 34–65 1.8 221–318 18–37 Normal concrete
Wang et al. [16] Concrete filled 426–821 82–91 3.0 260–279 42 Normal concrete
Yiyi and Zuyan [20] Hollow 323 54 3.0 345 – –
Mears [17] Concrete filled 324 34 1.4 379 31 Normal concrete
Akiyama et al. [18] Concrete filled 400 44, 57 4.0 409,470 22–41 Normal concrete

Table 2
Investigations reported for CFST short columns under eccentric axial/ beam-column loading.

Reference Type e/D L/D Le/D D (mm) D/t

Furlong [38] Beam Column N/A Unspecified Unspecified 114.3, 127, 152.4 36,53,98
Kavoossi [39] Eccentric axial 0.12, 0.24, 0.36 4.5 Unspecified 168.3 35
Fujimoto et al. [42] Beam Column N/A 3 3.2–3.7 108–450 17–152
Lee et al. [41] Eccentric axial 0.167, 0.5 3 4.1–5.8 240–600 25–100
Liu et al. [40] Eccentric axial 0.104, 0.125 3 Unspecified 200, 240 120, 133
Laibao et al. [43] Eccentric axial 0.11, 0.22, 0.33 Unspecified 3.5 133 28
Chen et al. [45] Eccentric axial 0.14, 0.29 3 3.5 138 51
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in Table 3. The diameters (D)and wall thicknesses (t)of the SWT speci-
mens were chosen to cover a wide range of D/t values. The largest
tube diameter and the grade of the concrete in-fill(20 MPa) were cho-
sen based on the limitations of the compression testing machine that
was available. The eccentricities chosen were in the typical range of ec-
centricities that have been considered by other researchers as shown in
Table 2. The lengths of the tubes that were procured were nominally
equal to 3D in order to obtain stub (short) column behaviour during
the tests [15,36,40,41]. The geometry of the test specimens, material
properties, methods by which the test specimens were prepared, and
the test setup used for the experimental campaign are described in
the following sub-sections.

2.1. Spiral welded tubes

Twelve SWTs were procured from a fabricator in New South Wales,
Australia [8]. Detailed measurements of the tubes as shown in Fig. 2
were obtained initially. In addition to measurements taken at the tube
ends, two diameter measurements (at right angles to each other)
were taken at the mid-length section as shown in Fig. 2a. The spiral
weld pitch and weld seam width were also measured along one longi-
tude of each tube. The measured dimensions are tabulated in Table s4,
5 and 6. Each specimen is denoted by a code defined by the nominal di-
ameter of the respective SWT (D1,D2, D3 andD4) and the respective ec-
centricity of the applied axial load (E0, E1 and E2).

Themeasured degree of ovalisation of the cross sections of the SWTs
was small and fell in the range 0.25–1.71%, where the degree of
ovalisation is defined as the ratio between the difference in maximum
and minimum measured diameters to the nominal diameter.

The weld seams of the SWTs were single-sided welds which had
been welded from the tube outsides. Details of the welding process
used for the SWTs, as supplied by the fabricator [8], are given in
Table 7. The typical cross-section shape of the weld seam, as observed
at the tube ends, is shown in Fig. 3 with typical estimated dimensions
given in Table 6.

2.2. Steel material properties

The SWTs described in this paperwere fabricated using plate coils of
nominally grade 250 steel. It has been shown that there is no significant
difference between yield strengths obtained through tensile tests done
on coupons cut from SWTs in their welded state or on coupons ex-
tracted from the virgin plates prior to welding [15]. It has also been
shown that isotropic material behaviour can be reasonably considered
for SWTs [15,49]. This conclusion was arrived at based on tensile tests
conducted on test coupons extracted fromSWTs along differing orienta-
tionswith respect to theweld seam and tube axis. Given this context, in
order to ascertain the actual strength of the steel used for the SWTs,
tensile tests were conducted as per AS1391 [50] on five test coupons.

Table 3
Parameters of CF-SWST short columns considered for experimental programme.

Parameter Value

Diameter (D) – D1, D2, D3, D4 (mm) 102, 152, 203, 229
Eccentricity (e) – E0, E1, E2 (mm) 0, 0.15D, 0.4D
Wall thickness (t) (mm) 2
Nominal D/t 51, 76, 101.5, 114.5
Nominal length of tube (mm) 3D

Fig. 2. Measurement locations a)along length b)at tube ends.

Table 4
Diameter measurements taken from SWTs (in mm).

Specimen End 1 End 2

d1 d2 d3 d4 d1 d2 d3 d4 d5 d6 Avg Stdev

D1E0 104.46 102.90 102.74 102.96 104.48 102.80 102.74 102.79 103.02 102.94 102.86 0.11
D1E1 104.32 102.94 102.87 102.83 104.44 102.89 102.77 103.09 102.72 102.78 102.86 0.12
D1E2 104.43 103.36 102.77 103.03 104.51 102.93 102.70 102.62 102.75 102.66 102.85 0.25
D2E0 154.32 152.90 152.98 152.06 154.08 152.88 152.28 152.76 152.78 152.58 152.65 0.33
D2E1 154.10 153.24 152.48 152.08 154.50 153.28 152.46 152.68 152.76 152.95 152.74 0.41
D2E2 153.86 153.34 153.60 153.64 153.68 153.28 152.60 152.60 152.13 152.86 153.01 0.54
D3E0 204.88 202.72 202.58 203.34 202.92 204.72 203.54 201.24 203.01 202.20 202.92 1.02
D3E1 204.52 202.90 202.40 203.24 204.64 202.90 202.80 202.48 202.76 202.62 202.76 0.27
D3E2 204.22 202.77 202.87 202.66 204.10 202.50 202.52 203.00 202.63 202.73 202.71 0.17
D4E0 231.19 229.89 230.00 229.79 231.20 230.02 230.39 230.10 229.80 229.78 229.97 0.21
D4E1 231.22 229.56 229.90 229.22 231.56 229.68 229.20 229.40 229.22 229.66 229.48 0.26
D4E2 231.48 229.96 229.51 229.54 231.00 230.10 229.20 230.32 229.50 229.66 229.72 0.37
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The geometry of the tested coupons is shown in Fig. 4. These were cut
from a length of plate (400 mm × 1100 mm) which was typical of the
plate used for fabricating the SWTs. Two of the five coupons tested
(H5 and H6) were cut perpendicular to the coiling direction, while the
other three (V1, V2 and V3) were cut parallel to it. The stress-strain
curves obtained are shown in Fig. 5 while the extracted material prop-
erties are tabulated in Table 8. The failure modes obtained for the re-
spective coupons are shown in Fig. 6.

There were no significant differences between the measured aver-
age properties in the two directions considered. No estimate could be
made of the modulus for coupon V3 since the stress-strain curve
contained significant scatter at small loads. The average value of
199.3 GPa obtained from the tests for the steel modulus of elasticity
agreed well with the codified value of 200 GPa [25]. Based on these
tests, in this paper the steel yield strength (fsy) andmodulus of elasticity
(Es) were considered equal to 234.9 MPa and 200 GPa respectively.

Table 5
Wall thickness measurements taken from SWTs (in mm).

Specimen End 1 End 2

t2 t3 t4 t5 t6 t2 t3 t4 t5 t6 Avg Stdev

D1E0 1.87 1.92 1.78 1.80 1.85 1.76 1.91 1.83 1.75 1.81 1.83 0.06
D1E1 1.85 1.92 1.92 1.85 1.88 1.86 1.90 1.95 1.75 1.93 1.88 0.06
D1E2 1.83 1.83 1.86 1.95 1.98 1.87 1.83 1.88 1.84 1.77 1.86 0.06
D2E0 1.92 2.08 2.04 1.86 1.82 1.86 2.09 2.00 1.85 1.95 1.95 0.10
D2E1 2.04 2.26 2.49 1.96 2.05 1.96 2.06 2.17 2.10 1.95 2.10 0.17
D2E2 1.83 2.02 2.14 2.00 2.13 2.14 1.98 2.01 1.80 1.89 1.99 0.12
D3E0 2.06 1.83 2.10 1.95 1.77 2.12 1.92 1.71 1.82 1.94 1.92 0.14
D3E1 1.96 1.86 1.89 1.85 1.66 1.96 1.95 1.94 1.79 1.77 1.86 0.10
D3E2 1.80 1.79 1.94 1.97 1.84 1.79 1.85 1.80 1.85 1.90 1.85 0.06
D4E0 1.92 1.97 1.94 1.94 1.90 1.99 1.91 1.94 1.93 1.92 1.94 0.03
D4E1 1.87 1.8 1.89 1.77 1.84 1.91 1.88 1.91 1.82 1.86 1.86 0.05
D4E2 2.04 2.00 1.98 2.00 1.78 2.05 1.96 1.81 1.86 1.86 1.93 0.10

Table 6
Weld seam thickness, pitch and width measurements and estimated weld seam
dimensions.

Specimen Measured values Estimated weld seam
dimensions

End1
t1
(mm)

End2
t1
(mm)

Average
weld
pitch
(mm)

Average
weld
width
(mm)

Outer weld
bead
thickness
(mm)

Inner weld
bead
thickness
(mm)

D1E0 3.58 3.56 255 8.77 1.52 (avg)
2.26 (max)

0.12 (avg)
1.40 (max)D1E1 3.48 3.70 258 8.63

D1E2 3.40 3.31 255 8.61
D2E0 3.53 3.31 219 7.35
D2E1 3.54 3.39 219 6.88
D2E2 3.31 3.31 220 7.91
D3E0 3.75 3.81 513 8.02
D3E1 3.60 3.61 519 7.65
D3E2 3.42 3.77 519 7.67
D4E0 3.58 3.33 485 8.47
D4E1 3.08 3.53 476 8.55
D4E2 3.74 3.63 479 8.51

Table 7
Details of the welding process.

Welding parameter Value/Type

Welding process type Gas Metal Arc welding
Electrode diameter used (mm) 1.2
Ampere range (A) 230–280
Voltage range (V) 23.2–28.3
Speed (mm/min) 780–820
Arc Energy (kJ/min) 0.36–0.73
Gas shielding type Shieldpro 31
Gas backing type Welding grade Argon
Flow rate (l/min) 15–20

Fig. 3. a) Schematic shape of spiral weld seam at one end of tube D2E1 and b)
Corresponding image.

Fig. 4. a) Locations from which tensile test coupons were cut from and b)Individual
coupon dimensions (in mm). (Note: The test of coupon H4 could not be completed due
to a machine fault and hence was not considered)
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2.3. Specimen preparation and concrete properties

Grade 20 ready-mixself-compacting concrete (SCC) with a maxi-
mum aggregate size of 10 mm was used for the concrete filling of the
SWTs. A slump flow of 685 mm was achieved at site prior to concrete

pouring. It has been shown that there are no significant differences in
the behaviour of CFSTs when SCC is used [36]. Prior to filling the SWTs
with concrete, 10 mm thick end plates were structurally welded on
one end of all the tubes. The concrete was pouredwith the tubes stand-
ing vertically. After the curing period, the specimen tops were levelled
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Fig. 5. Stress-strain curves obtained from coupon tensile tests a)complete curves and b)zoomed in view of yielding regions.

Table 8
Material properties extracted from coupon tensile tests.

Coupon Thickness (mm) fyL (MPa) fyH (MPa) εy (micro-strain) Es (GPa) fyH/Es (micro-strain) fu (MPa) εu

H5 1.88 239.1 250.7 1496 200.1 1253 340.0 0.26
H6 1.85 245.9 255.6 1399 210.7 1213 351.7 0.29
V1 1.81 251.5 270.5 1728 196.0 1380 358.1 0.38
V2 1.95 226.7 238.1 1988 190.5 1250 336.4 0.32
V3 1.94 211.4 226.8 1520 N/A N/A 318.9 0.49
Avg All 1.89 234.9 248.4 1626 199.3 1274 341.0 0.35
Stdev All 0.06 16.1 16.7 235 8.5 73 15.2 0.09
Avg V 1.90 229.8 245.1 1745 193.2 1315 337.8 0.40
Avg H 1.87 242.5 253.2 1448 205.4 1233 345.9 0.27

Fig. 6. Failure modes of tensile test coupons.
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with high strength grout. End plates were then welded on to the
grouted ends.

100 mm diameter and 200 mm high concrete cylinders were also
cast at the time of concrete filling of the SWTs. These were tested
throughout the period of the experimental programme to obtain the
mean concrete compressive strengths fcm listed in Table 9. The respec-
tive fcm related to each CF-SWST column test was obtained using a
line of best fit, shown in Fig. 7, to the measured fcm variation with
time. Through instrumenting two of the tested cylinders it was con-
firmed that the experimentally obtained values of the concretemodulus
(Ec) agreedwell with the corresponding codified predictions (i.e. within
15%). Thus for the analytical work described in this paper the respective
codified predictions were used for Ec.

2.4. Experimental setup

The twelve CF-SWST short column specimenswere load tested using
a 2000 kN capacity AMSLER testing machine and a 600 kN capacity
BALDWIN testing machine. The test setup is shown in Fig. 8 and corre-
sponding experimental details are tabulated in Table 10. Pinned-
pinned end conditions were achieved through the use of 80 mm diam-
eter rollers at the ends. Even though purpose built knife edges were
commonly used in other tests for this purpose [40,41,51], the use of rol-
lers has also been reported [52–54]. As indicated in Fig. 8, the required
eccentricity was achieved by welding on the column end plates in the
correct relative position with respect to the column centreline taking
into account the respective bolting locations on the transfer plate. Due
to the pinned-pinned arrangement that was used the effective column
length (Le) was equal to the tube length plus 308 mm. The Le/D values
of the tests were nearer the higher end of the range of corresponding
values reported in the literature, as seen from Table s1 and 2. Nonethe-
less, it was determined that this would not have a significant effect on

the ‘short column’ behaviour as the calculated length related member
capacity reductions factors (αc) as per AS5100.6 were all N0.99.

As shown in Fig. 9, each column was instrumented using seven
5mm gauge length strain gauges whichmeasured longitudinal and cir-
cumferential strains. Gauge L4was installed to allow a lengthwise com-
parison of the strain state (i.e. in comparison to L1) and to allow
verification of ‘short column’ behaviour. A linear voltage displacement
transducer (LVDT) was fixed at mid-height to measure lateral displace-
ment while the applied load and axial displacement were measured
through a load-cell and LVDTbuilt-in with the machine. The tests were

Table 9
Results of concrete compressive cylinder tests.

Number of days after casting Experimental data Ec avg from tests (GPa) Theoretical Ec value based on fcm as per
different standards (GPa)

fcm Mean (MPa) fcm
Standard deviation (MPa)

AS5100.6 EC4 AISC-360

7 15.7 0.42
38 25.3 0.20
56 26.3 1.81
91 28.7 2.23 28.9 25.7 30.2 25.4
119 30.3 1.81
157 30.2 1.99
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fcm = 4.8250 ln (No. of days after casting) + 6.8426

Fig. 7. Variation of fcm with time.
Fig. 8. a) Schematic of typical experimental setup used for column tests (drawing
corresponds to D1E2, dimensions in mm) and b)Image of actual setup used for D1E2.
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conducted using displacement controlled loading ensuring that the rate
was adequately slow (i.e. b0.02 mm/s) so as to ensure quasi-static be-
haviour. In general, the loading was continued until the applied load
in the post-peak region became b66% of the peak load, until it was
deemed unsafe to continue the testing any further due to the level of de-
formation of the specimen, or until ultimate failure.

3. Results and discussion

This section details and discusses failure loads, instrumentation
measurements and failure modes obtained from the respective CF-
SWST short column tests.

3.1. Failure loads

The peak axial loads (Pmax) achieved during the respective tests are
tabulated in Table 11. The corresponding co-existing moments
(Mmh_pmax calculated as per Eq. (1)), at the mid-height section of each
column are also tabulated in Table 11. The corresponding un-
enhanced nominal section and member axial compression capacities
(i.e. Nus and Nuc = αcNus) and pure flexural capacities (Msx) as per
AS5100.6 are also given in Table 11. These were used to normalise the
measured axial loads and bending moments, since each CF-SWST col-
umn tested had slightly differing concrete strengths. The Mmh_pmax

values were also used to calculate the effective eccentricities of the ap-
plied peak loads at mid-height (eeff = Mmh_pmax/Pmax).

Mmh pmax ¼ Pmax einitialð Þ þ Pmax δh pmax
� � ð1Þ

where einitial = 0, 0.15D or 0.4D
δh_pmax is themeasuredmid-height lateral displacement at the peak

axial load
An effective eccentricity ratio (eeff/D) of 0.01–0.02 was obtained

even for the concentrically loaded specimens at the peak loads. This cor-
responds to an eccentricity of 1–6 mm in real terms which probably re-
sulted due to minor initial misalignments that occurred during the test
setup and/or end plate welding. This is a sufficiently small eccentricity
which would not critically affect the as designed concentric nature of
the behaviour in relation to the strength. This is especially so since in
both AS5100.6 and EC4 an enhanced axial compressive capacity is

Table 10
Experimental details of column tests.

Specimen No. of days after casting on test day fcm (MPa) fsy (MPa) L (mm) Le (mm) D (mm) Le/D e/D t (mm) D/t λe

D1E0 118 29.9 234.9 306 614 102.9 6.0 0.00 1.83 56.3 53
D1E1 98 29.0 234.9 306 614 102.9 6.0 0.15 1.88 54.7 51
D1E2 118 29.9 234.9 306 614 102.9 6.0 0.40 1.86 55.2 52
D2E0 132 30.4 234.9 456 764 152.7 5.0 0.00 1.95 78.4 74
D2E1 132 30.4 234.9 456 764 152.7 5.0 0.15 2.10 72.6 68
D2E2 132 30.4 234.9 456 764 153.0 5.0 0.40 1.99 76.7 72
D3E0 154 31.1 234.9 609 917 202.9 4.5 0.00 1.92 105.6 99
D3E1 153 31.1 234.9 609 917 202.8 4.5 0.15 1.86 108.8 102
D3E2 154 31.1 234.9 609 917 202.7 4.5 0.40 1.85 109.4 103
D4E0 105 29.3 234.9 762 1070 230.0 4.7 0.00 1.94 118.8 112
D4E1 114 29.7 234.9 762 1070 229.5 4.7 0.15 1.86 123.7 116
D4E2 105 29.3 234.9 762 1070 229.7 4.7 0.40 1.93 118.8 112

Fig. 9. Locations of instrumentation.

Table 11
Peak axial loads, co-existing moments and co-existing displacements obtained from the CF-SWST column tests.

Test Pmax

(kN)
Mmh_pmax

(kNm)
δv at Pmax

(mm)
δh_pmax

(mm)
δv1
(mm)

δv2
(mm)

DI Kinitial

(kN/mm)
einitial/D eeff_predict/D eeff /D Nus

(kN)
Nuc

(kN)
Msx

(kNm)

D1E0 421 0.5 2.33 1.14 1.60 8.80 4.5 197.3 0.00 0.000 0.01 367 363 5.4
D1E1 298 4.8 4.39 0.90 2.11 9.81 3.6 142.2 0.15 0.156 0.16 364 359 5.5
D1E2 195 8.9 3.21 4.98 1.59 N/A N/A 114.0 0.40 0.411 0.45 369 365 5.5
D2E0 764 1.5 4.14 2.01 2.85 12.89 3.5 248.4 0.00 0.000 0.01 745 740 13.2
D2E1 557 15.1 3.63 4.34 1.96 9.94 4.1 224.2 0.15 0.154 0.18 761 756 14.1
D2E2 327 21.7 5.03 5.41 3.25 14.66 3.5 116.3 0.40 0.407 0.43 752 747 13.5
D3E0 1118 2.0 5.85 1.80 3.67 11.71 2.2 268.2 0.00 0.000 0.01 1255 1249 23.8
D3E1 778 27.1 5.11 4.38 2.67 11.89 3.5 272.7 0.15 0.153 0.17 1244 1239 23.1
D3E2 445 38.2 4.78 4.51 2.58 11.99 3.7 170.7 0.40 0.405 0.42 1243 1238 23.0
D4E0 1320 4.8 5.73 3.65 3.82 10.44 1.7 315.6 0.00 0.000 0.02 1502 1495 31.0
D4E1 939 37.9 5.10 6.06 2.91 10.37 2.6 308.2 0.15 0.153 0.18 1500 1492 29.7
D4E2 522 51.1 4.82 6.18 2.62 13.11 4.0 172.8 0.40 0.405 0.43 1499 1491 30.9
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allowed for CFSTs up-to an applied eccentricity ratio of 0.1. The
predicted effective eccentricity ratios at the peak load (eeff_predict/D =
δb x einitial/D) as per the guidelines of AS5100.6 are also given in Table
11, where δb is the moment amplification factor. It was observed that

the actual eeff/D values were greater than the predicted values
(eeff_predict/D) by up-to 15%. It is possible that this difference was also
due to initial misalignments.

3.2. Failure modes

A flexural type failure mode which included outward local buckling
of the steel tube in the maximum compressive region was observed for
all the columns that were tested. For each column test, the measured
mid-height lateral displacement was observed to increase at a greater
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Fig. 10. Normalised P-δh plots for a)D1, b)D2, c)D3, and d)D4.

Fig. 11. Local buckling observed for (left to right) D1E0, D1E1 and D1E2 a) front view and
b)side view.

Fig. 12. Local buckling observed for (left to right) D2E1, D2E0 and D2E2 front view and
b) side view.
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Fig. 13. Local buckling observed for (left to right) D3E2, D3E0 and D3E1 a) front view and
b)side view.

Fig. 15. Rupture observed in tensile side of D2E1.

Fig. 14. Local buckling observed for (left to right) D4E0, D4E1 and D4E2 a) front view and
b)side view.

Fig. 16.Concrete cores after cutting awayouter SWT (left to right) ofD1E0, D1E1 andD1E2
a) view of tension side and b)view of compression side.
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rate as the applied loadneared the peak load, as can be seen in Fig. 10. At
the point of achievement of the peak load no local buckles could be vi-
sually distinguished or felt by touching the outer surface of the tube.
Local buckles only became visible in the post-peak region as indicated
in Fig. 10. The first buckle that was observed for each specimen is
shown circled in Figs. 11-14. As the deformation progressed further
more local buckleswere observed to initiate anddevelop. The formation
(and development) of local buckles was gradual and stable. The local
buckles that were observed were all horizontal with none occurring
along the spiral weld seam. It was also observed that when the

horizontal buckles occurred near the weld seam their amplitudes
were reduced at the intersection with the seam. Rupture of the SWT
along the spiral weld seam in the tension region was observed for spec-
imen D2E1 as shown in Fig. 15. As none of the other tubes ruptured in
this manner, this failure may have been due to a local defect in that par-
ticular tube. As evidenced by Fig. 10b, since the rupture occurred after
significant post peak deformation, it was judged not to be significant.

Local buckling similar to that obtained during the tests has previ-
ously been reported for CFST short columns under concentric and ec-
centric loading [40,41]. Contrary to this Liu et al. [40] obtained a shear
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type failure for the specimens they tested under concentric loading,
even though the end conditions were pinned-pinned. This shear type
failure mode was also observed by Aslani et al. [15] for concentrically
loaded CF-SWST short columns with fixed-fixed end conditions. For
the CF-SWST short columns in this paper, this shear failure mode was
possibly precluded due to small eccentricities that may have been pres-
ent in the loading setup. Such eccentricitieswould result inflexural local
buckling being the preferred mode of failure.

The steel tubes of specimens D1E0, D1E1 and D1E2 were cut away in
order to investigate the state of the respective concrete in-fills. As is clear
fromFig. 16, itwas observed that the concrete hadbeen crushed at the lo-
cations of the largest local buckles that developed. At locations of smaller
buckles, the concrete surface had followed the shape of the buckle andno
crushing was visible. On the tension side of the cores a large number of
closely spaced flexural cracks could be seen. The flexural cracking rein-
forced the fact that the local buckleswhichwere observedwere of a flex-
ural origin. These observations are similar to that reported in the
literature for CFST short columns tested under eccentric loading [40].

3.3. Axial load - displacement behaviour

The normalised axial load versus displacement graphs of the tested
columns are shown in Fig. 17. It can be observed that for tubes with
the same nominal D/t ratio the axial capacity and initial axial stiffness
(Kinitial) decreases with increasing load eccentricity. The decrease in

Kinitial is greater for the larger eccentricity considered. This is possibly
due to a higher degree of concrete cracking that would have occurred
at the higher eccentricity due to the presence of tensile stresses in the
section. For a given eccentricity it was also seen that the peak load
level decreaseswith increasing diameter (andD/t ratio). These observa-
tions are consistent with similar findings reported in the literature [41].

In order to ascertain the effect of D/t and einitial/D on the ductility of
the tested CF-SWST columns, ductility indiceswere calculated following
themethod used by Aslani et al. [15]. The ductility index (DI) is defined
as per Eq. (2) and takes into account both the increasing and decreasing
portions of the axial load-displacement curve in its formulation. The cal-
culated indices are tabulated in Table 11.

DI ¼ δv2−δv1
δv1

ð2Þ

where δv1 and δv2 are the axial displacements at a load of 0.9Pmax prior
to and after Pmax.

The variations of the calculated ductility indices with D/t ratio and
the steel contribution ratio (δs = Asfsy/Nus) are shown in Figs. 18 and
19 respectively, where δs is a measure of the amount of confining steel
present [15]. It was observed that the ductility index had a generally de-
creasing trendwith D/t ratio, which was also reported by Lee et al. [41].
The trend is approximately linear for the concentrically loaded speci-
mens while the indices for the eccentrically loaded specimens show
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Fig. 21. a), c), e)Applied axial load versus longitudinal strains and b), d), f)Applied axial load versus circumferential strains for D2E0, D2E1and D2E2 respectively.
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considerable scatter. Consistent with previous tests the ductility index
increases with increasing δs for the concentrically loaded specimens
[15]. The effect of δs when the load is applied eccentrically is less clear.
In general, it can be seen that ductility increases with load eccentricity,
especially as the D/t ratio increases. The level of ductility observed for
the eccentrically loaded CF-SWST columns was generally similar to
the typical levels reported in the literature for CFST short specimens
using other non-SWT tube types.

3.4. Load-strain behaviour

The variations of measured longitudinal (εlong) and circumferential
(εtrans) strains (at gauges L1-4 andC1-3) are given in Figs. 20–23. In gen-
eral, the mid-height measurement points at the section extremes for
flexure (i.e. locations of L1, C1 and L3, C3) yielded at loads prior to
Pmax. The yielding was confirmed as per the Von-Mises yield criterion
based on an elastic stress calculation with fy = 234.9 MPa and Es =
200 GPa. However, the measurement points at which gauges L2/C2
were located in specimens D2E2 and D4E2 did not yield before Pmax.
The location of L2/C2 in specimen D3E2 also only just achieved yield
at Pmax. This non-yieldingwas observed to be due to the close proximity
of the neutral axes of these specimens at Pmax to the L2/C2 locations.
This can be seen from the plots of longitudinal strain versus sectional lo-
cation given in Figs. 24–27. For the concentrically loaded specimens all
three strain measurement points at mid-height had achieved yield, as

per the Von Mises criterion, prior to the peak load. This was consistent
with assumptions based onwhichmaterial behaviourmodels have pre-
viously been developed for CFSTs [46].

The variations of strains measured by gauges L1 and L4 were largely
similar until loads very near the peak load. This show-cased the fact that
prior to the attainment of the peak loads the stress state along the
length of columns did not vary significantly, thus providing verification
of ‘short column’ behaviour. This in turn can be used to explain why the
failure mode was observed at different points along the length of the
columns, as presented in Figs. 11–14.

For the eccentrically loaded specimens, the respective curvatures
corresponding to the measured strains at mid-height can be calculated
based on the assumption of plane sections remaining plane. From Figs.
24–27 it can be observed that for load levels b0.9Pmax this assumption
of a linear strain profile across the cross-section was a valid one. The
curvatures were obtained from the gradient of the line of best fit
based on the three measured longitudinal strains (L1-3) and their re-
spective locations. The resulting moment-curvature plots are shown in
Fig. 28. Themoments were calculated using Eq. (3). The initial gradients
of these plots defined the initial column bending stiffness.

Mmh ¼ P einitialð Þ þ P δhð Þ ð3Þ

εtrans values were also used to calculate the lateral confining pressures
(σlat) acting on the concrete core. As can be seen in Figs. 29–32 large in-
creases of εtrans occurred at loads at or above 0.95 Pmax, which possibly
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Fig. 22. a), c), e)Applied axial load versus longitudinal strains and b), d), f)Applied axial load versus circumferential strains for D3E0, D3E1and D3E2 respectively.

159Y. Gunawardena, F. Aslani / Journal of Constructional Steel Research 151 (2018) 146–173

25

Image of Fig. 22


-20000 -15000 -10000 -5000 0 5000
0

0.2

0.4

0.6

0.8

1

a) 

Longitudinal Strain (microstrain)

A
xi

al
 lo

ad
 / 

Pm
ax

-5000 0 5000 10000 15000
0

0.2

0.4

0.6

0.8

1

b) 

Circumferential strain (microstrain)

A
xi

al
 lo

ad
 / 

Pm
ax

-1.5 -1 -0.5 0 0.5 1

x 10
4

0

0.2

0.4

0.6

0.8

1

c) 

Longitudinal strain (microstrain)

A
xi

al
 lo

ad
 / 

Pm
ax

-5000 0 5000 10000 15000
0

0.2

0.4

0.6

0.8

1

d) 

Circumferential strain (microstrain)
A

xi
al

 lo
ad

 / 
Pm

ax

-1.5 -1 -0.5 0 0.5 1

x 10
4

0

0.2

0.4

0.6

0.8

1

e) 

Longitudinal strain (microstrain)

A
xi

al
 lo

ad
 / 

Pm
ax

-5000 0 5000 10000 15000
0

0.2

0.4

0.6

0.8

1

f) 

Circumferential strain (microstrain)

A
xi

al
 lo

ad
 / 

Pm
ax

L1
L2
L3
L4

C1
C2
C3

L1
L2
L3
L4

C1
C2
C3

L1
L2
L3
L4

C1
C2
C3

Fig. 23. a), c), e)Applied axial load versus longitudinal strains and b), d), f)Applied axial load versus circumferential strains for D4E0, D4E1and D4E2 respectively.
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Fig. 24. Measured longitudinal strains versus sectional position plots for a)D1E1 and b)D1E2.
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Fig. 25. Measured longitudinal strains versus sectional position plots for a)D2E1 and b)D2E2.
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Fig. 26. Measured longitudinal strains versus sectional position plots for a)D3E1 and b)D3E2.
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Fig. 27. Measured longitudinal strains versus section position plots for a)D4E1 and b)D4E2.
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corresponded with the initiation and development of a local buckle at
those locations. Therefore εtrans values at a load level of 0.9Pmaxwere con-
sidered for the calculation of σlat. The choice of 0.9Pmax was further justi-
fied by considering the variation of the applied axial load with effective
measured Poisson's ratio of the steel tube (=εtrans/εlong) shown in Fig.
33. As discussed by Tang et al. [55] once the lateral expansion of concrete
exceeds that of the steel tube, the confinement effect becomes active
resulting in a significant change in the effective Poisson's ratio. A similar

effect can be seen in theplots of Fig. 33. The increase in effective Poisson's
ratio was greatest on the maximum compression side of the specimens
and appears to commence at a load level near to but below 0.9Pmax.
Thus 0.9Pmax can conservatively be used to assess the lateral confining
pressures since by that load level the confinement is already active.

The model proposed by Susantha et al. [56], shown in Fig. 34, was
used to calculate σlat using Eq. (4). Even though this model was pro-
posed for concentrically loaded CFSTs its formulation is essentially
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Fig. 29. Variation of circumferential strains with normalised distance across section for a)D1E0, b)D1E1, and c)D1E2.
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valid to calculate localised lateral confining pressures aswell. The calcu-
lated average, maximum and minimum σlat values are tabulated in
Table 12. The arithmetic average and the average based on a piece-
wise linear variation of σlat were considered for concentrically and ec-
centrically loaded specimens respectively.

σ lat ¼
2t

D−2t
σtrans where σtrans ¼ Esεtrans ð4Þ

σtrans = Esεtrans was used since it was observed that εtrans was less than
εy at Pmax. This was also consistent with the relationship used by Aslani
et al. [15]. Considering σtrans as being equal to Esεtrans gives conservative
estimates of σlat as it ignores the beneficial effect of the co-existing

compressive εlong. For the cases where the calculated σtrans is compres-
sive, there is no confinement of the concrete core due to the steel tube.

σlat generally decreased with increasing D/t as shown in Fig. 35
though there is considerable scatter in the observed variations. σlat

also appears to plateau with increasing D/t for eccentrically loaded CF-
SWST columns. The range of σlat values obtained for the concentrically
loaded specimens agree well with the values reported by Aslani et al.
[15]. It was also observed that the average confining pressure decreased
with increasing eccentricity. However the localised maximum values of
σlat of the eccentrically loaded specimens were, in general, comparable
to the σlat values calculated for the concentrically loaded specimens.

The variations of σtrans with y/D for the specimens with einitial/D =
0.15D can be compared, as shown in Fig. 36, to the results of Liu et al.
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Fig. 30. Variation of circumferential strains with normalised distance across section for a)D2E0, b)D2E1, and c)D2E2.
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Fig. 31. Variation of circumferential strains with normalised distance across section for a)D3E0, b)D3E1, and c)D3E2.
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[40]. The σtrans values obtained for the CF-SWST short columns tested
were less than the values reported by Liu et al. [40] and also varied
more with y/D. Even so, the qualitative behaviour was comparable.
The σtrans values of the concentrically loaded CF-SWST columns were,
in general, greater than the 0.19fsy (=45MPa) value assumed by Sakino
et al. [46] in the design capacity model they proposed for CFST columns.
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Fig. 32. Variation of circumferential strains with normalised distance across section for D4E0, b)D4E1 and c)D4E2.
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Fig. 33.Variation of applied axial loadwith effective Poisson's ratio of steel tube for a)D4E0
and b)D4E2.

Fig. 34. Calculation model for calculating lateral confining pressures [56].

Table 12
Calculated lateral confining pressures at a load level equal to 0.9Pmax (tensile strains con-
sidered +ve).

Test εtrans (micro-strain) σtrans (MPa) σlat (MPa)

C1 C2 C3 Cav at
C1

at
C2

at
C3

Avg at
C1

at
C2

at
C3

Avg

D1E0 385 445 478 436 77 89 96 87 2.8 3.3 3.5 3.2
D1E1 537 388 37 321 107 78 7 64 4.1 2.9 0.3 2.6
D1E2 843 239 −380 234 169 48 −76 47 6.3 1.8 0 2.5
D2E0 377 381 494 418 75 76 99 84 2.0 2.0 2.6 2.2
D2E1 663 294 −55 301 133 59 −11 60 3.8 1.7 0 1.8
D2E2 386 148 −379 52 77 30 −76 10 2.1 0.8 0 0.9
D3E0 600 263 771 545 120 53 154 109 2.3 1.0 3.0 2.1
D3E1 795 251 −192 285 159 50 −38 57 3.0 0.9 0 1.2
D3E2 618 257 −447 143 124 51 −89 29 2.3 1.0 0 1.1
D4E0 448 391 397 412 90 78 79 82 1.5 1.3 1.4 1.4
D4E1 982 283 −121 382 196 57 −24 76 3.2 0.9 0 1.3
D4E2 738 81 −98 240 148 16 −20 48 2.5 0.3 0 0.8
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4. Comparison with design standards and analytical models

In this section, the experimentally obtained axial load capacities and
initial bending stiffness values are compared to the corresponding pre-
dicted values as per the guidelines of AS5100.6, EC4, AISC-360, AIJ
[30,57], CAN/CSA S16-01 [27] and GB 50936 [29]. The steel and concrete
material properties of all the CF-SWST columns tested conformed to the
respective codified limitations. However some of the tube geometries

did not conform to the section slenderness limits (i.e. D/t orλe ¼ D
t

f sy
250)

of some standards, as noted in Table 13. The section slenderness limits
deal with the susceptibility of the section capacity to be limited by
local buckling effects [25,26,28]. AS5100.6, EC4, CAN/CSA S16-01 and
AIJ contain a single slenderness limit (typically termed ‘compact
limit’) and provide guidelines only for such compact sections. AISC-
360 contains guidelines for non-compact sections as well. None of the
CF-SWST columns tested conformed to the limits of GB 50936 since it
limits its applicability to CFST columns with D N 168 mm and
tN 3 mm. However since the objective was to ascertain the applicability
of the various codified calculation methods for CF-SWST columns, the
predicted capacitieswere calculated for specimens that did not conform

Table 13
Sectionslenderness limits and classification as per the different standards (C = Compact, NC = Not Compact).

Test D/t λe AS5100.6 EC4 AISC-360 CAN/CSA S16-01 AIJ

λey limit λemax (D/t) limit (D/t) compact (D/t) non-compact (D/t) max (D/t) limit (D/t) limit

D1E0 56.3 53 162 264 C 90 C 128 162 264 C 119 C 150 C
D1E1 54.7 51 162 264 C 90 C 77 162 264 C 119 C 150 C
D1E2 55.2 52 162 264 C 90 C 77 162 264 C 119 C 150 C
D2E0 78.4 74 162 264 C 90 C 128 162 264 C 119 C 150 C
D2E1 72.6 68 162 264 C 90 C 77 162 264 C 119 C 150 C
D2E2 76.7 72 162 264 C 90 C 77 162 264 C 119 C 150 C
D3E0 105.6 99 162 264 C 90 NC 128 162 264 C 119 C 150 C
D3E1 108.8 102 162 264 C 90 NC 77 162 264 NC 119 C 150 C
D3E2 109.4 103 162 264 C 90 NC 77 162 264 NC 119 C 150 C
D4E0 118.8 112 162 264 C 90 NC 128 162 264 C 119 C 150 C
D4E1 123.7 116 162 264 C 90 NC 77 162 264 NC 119 NC 150 C
D4E2 118.8 112 162 264 C 90 NC 77 162 264 NC 119 C 150 C
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Table 14
Pmax/Ppredicted for concentrically loaded CF-SWST columns based on different codes of practice.

Ref Specimen
name

D/t AS
5100.6
general

AS5100.6
enhanced

EC4
general

EC4
enhanced

AISC-360 AIJ
2001

CAN/CSA
S16-01

GB
50936

Aslani
etal.
[15]

This paper D1E0 56.3 1.16 1.07 1.15 1.08 1.21 1.18 1.05 1.06 0.91
D2E0 78.4 1.03 0.95 1.03 0.96 1.08 1.07 0.97 1.00 0.91
D3E0 105.6 0.90 0.83 0.89 0.84 0.94 0.95 0.87 0.91 0.90
D4E0 118.8 0.88 0.83 0.88 0.83 0.93 0.94 0.87 0.92 0.94
Mean 0.99 0.92 0.99 0.93 1.04 1.04 0.94 0.97 0.91
Stdev 0.13 0.12 0.13 0.12 0.13 0.11 0.09 0.07 0.01

Akiyama etal.
[18]

SB20-7 57.1 1.13 0.89 1.13 0.89 1.16 1.03 0.84 0.91 0.97
SB20-9 44.4 1.19 0.93 1.19 0.94 1.22 1.06 0.86 0.97 0.98
SB60-9 44.4 1.28 1.05 1.28 1.06 1.32 1.20 1.00 1.06 1.04

Wang etal. [16] CD4-1 81.9 1.42 1.24 1.42 1.25 1.48 1.49 1.33 1.48 1.38
CD4-2 83.7 1.45 1.27 1.45 1.28 1.52 1.53 1.37 1.52 1.43
CD6-1 91.1 1.32 1.16 1.32 1.17 1.38 1.40 1.25 1.39 1.33
CD6-2 88.5 1.34 1.18 1.34 1.18 1.40 1.41 1.26 1.40 1.34
CD8-1 90.8 1.36 1.19 1.36 1.20 1.42 1.43 1.28 1.43 1.37
CD8-2 88.3 1.35 1.18 1.35 1.19 1.41 1.42 1.26 1.41 1.34

Gardner [19] 1a 63.9 1.68 1.22 1.68 1.23 1.73 1.57 1.25 1.36 1.43
2a 63.9 1.08 0.86 1.08 0.87 1.12 1.08 0.91 0.95 0.91
3a 64.6 1.08 0.86 1.08 0.87 1.12 1.08 0.91 0.95 0.91
4a 64.6 1.16 0.92 1.16 0.92 1.20 1.15 0.96 1.00 0.98
5a 46.8 1.63 1.25 1.63 1.26 1.68 1.58 1.31 1.37 1.29
6a 46.8 1.33 1.05 1.33 1.05 1.37 1.31 1.10 1.14 1.05
6b 46.8 1.35 1.07 1.35 1.07 1.40 1.34 1.12 1.17 1.07
7a 33.8 1.48 1.11 1.48 1.11 1.52 1.40 1.13 1.19 1.13
7b 33.8 1.49 1.11 1.49 1.11 1.53 1.40 1.14 1.19 1.13
8a 33.8 1.66 1.21 1.66 1.21 1.70 1.53 1.23 1.35 1.26
8b 33.8 1.66 1.21 1.66 1.21 1.70 1.53 1.23 1.35 1.26

Aslani etal. [15] C-SWT102-S 65.2 1.14 0.98 1.14 0.99 1.18 1.18 1.04 1.18 0.94
C-SWT152-S 96.4 0.96 0.86 0.96 0.87 1.01 1.03 0.93 1.07 0.93
C-SWT203-S 129.1 0.97 0.88 0.95 0.88 1.22 1.04 0.96 1.11 1.04
C-SWT254-S 159.5 0.93 0.86 0.91 0.85 1.24 1.00 0.93 1.08 1.01
Mean 1.31 1.06 1.31 1.07 1.38 1.30 1.11 1.21 1.15
Stdev 0.23 0.15 0.23 0.15 0.20 0.20 0.17 0.19 0.18
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Fig. 37. Variation of Pmax/Ppredicted with normalised slenderness parameters for a)AS5100.6, b)EC4, c)AISC-360, d)AIJ, e)CAN/CSA S16-01, and f)GB 50936
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Fig. 38. Plastic stress distribution used for calculating interaction curve.

Fig. 39. Comparison of codified moment-axial load capacity curves with experimentally obtained capacities for a)D1E1, b)D1E2, c)D2E1, d)D2E2, e)D3E1, f)D3E2, g)D4E1 and h)D4E2.
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to the respective limits as well. All material safety factors were consid-
ered as unity for the predictions. The average measured value of
234.9MPawas used as the yield strength fsy. The concrete strengths ob-
tained from the line of best fit in Fig. 7, corresponding to the respective
test days, were taken as the concrete cylinder compressive strength (f'c)
and specified compressive strength (fc’) in the relevant codified
methods. Eurocode 2 [58] was used to convert the measured cylinder
strength to an equivalent cube strength fcu.

4.1. Strength capacity of concentrically loaded CF-SWST columns

Table 14 lists actual to predicted strength capacity ratios calculated
for the concentrically loaded CF-SWST short columns. For AS5100.6
and EC4, ratios were calculated based on guidelines which are applica-
ble generally to CFSTs and those specific to circular CFST columns. The
methods specific to circular CFST columns take into account the
strength enhancement due to the confinement of the concrete core by
the steel tube and the bi-axial stress state in the tube. In Table 14, the ex-
perimentally obtained capacities are also compared to the predictions of
the model proposed for CF-SWST columns by Aslani et al. [15]. This
model, given in Eq. (5), was based on the work of Tang et al. [55]. For
comparison, Table 14 also contains Pmax/Ppredicted ratios calculated for
24 previous CF-SWST columns tests that were found in the literature
[15,16,18,19].

Pmax ¼ γs f syAs þ γc f
0
c þm β

2t
D−2t

fsy

� �
Ac ð5Þ

On average there was good agreement between the experimental
capacities and those predicted by the various codified/analytical

methods. The respective average values of Pmax/Ppredicted ranged from
0.91–1.04. The average Pmax/Ppredicted values obtained for the previously
reported tests were more conservative. This was observed to be due to
the large conservativeness in the predictions calculated for the tests re-
ported by Gardner [19] and Wang et al. [16]. The fact that Gardner [19]
obtained estimates of fsy through full-section compression tests rather
than through tensile coupon tests may have contributed to this extra
conservativeness. However, there was good agreement between the
range of Pmax/Ppredicted values obtained for the tests of this paper and
those reported by Akiyama et al. [18] and Aslani et al. [15]. It was ob-
served that AISC-360 and AIJ-2001 gave Pmax/Ppredicted values closest
to or N1.0, while the ratios associated Eq. (5) showed the least scatter.

For specimens D3E0 and D4E0 the Pmax/Ppredicted values based on the
enhanced capacities of AS5100.6/EC4 were much b1.0. A similar obser-
vation can bemade for previously reportedCF-SWST columns testswith
comparable or larger D/t ratios. This can be seen in Fig. 37 where the
Pmax/Ppredicted ratios are plotted against the respective section slender-
ness parameters for the different codes. The Pmax/Ppredicted values in
Fig. 37(c)were plotted based on the respective compact capacities de-
fined in AISC-360 in order to ascertain the validity of the defined com-
pact limit. The plots of Fig. 37 suggest that the enhancement specified
for circular CFST columns may not be fully active for concentrically
loaded CF-SWST columns at larger D/t ratios even below the specified
compact limits (seen in particular for AS5100.6 and CAN/CSA S16-01).
In general, the capacity ratio shows a decreasing trend as the respective
slenderness parameter increases which is consistent with previous
studies [36]. It appears from Fig. 37 that EC4 and AISC-360 provide sat-
isfactory compact limits for concentrically loaded CF-SWST columns for
use with the respective guidelines.

4.2. Strength capacity of eccentrically loaded CF-SWST columns

For compact sections, in AS5100.6, EC4, AISC-360 and AIJ, the eccen-
tric axial load capacities are found using Moment-Axial load (M-P) in-
teraction curves. These interaction curves are calculated based on an
assumed stress distribution of the form shown in Fig. 38. Differingmag-
nitudes are specified in the afore-mentioned standards for σc, σsc and
σst (defined in Fig. 38). CAN/CSA S16-01 andGB 50936 provide an inter-
action equation and an empirical equation respectively to calculate the
eccentric axial load capacity. In AISC-360, the eccentric axial capacities
of non-compact sections are determined through an interaction equa-
tion which uses a specified stress distribution to evaluate the pure mo-
ment capacity of such sections [59]. The M-P capacity curves of the
eccentrically loaded test specimens as per the different standards are
plotted in Fig. 39. As shown in Fig. 40, the value of Ppredicted for a partic-
ular einitial/D can be found from the point atwhich the capacity curve in-
tersects the theoretical M-P curve calculated as per the respective
standard taking into account second order effects. The values of Pmax/
Ppredicted obtained in this manner are given in Table 15.

From the tabulated values in Table 15 it is clear that on average the
various different codes give conservative predictions of the eccentric
axial capacity. The Pmax/Ppredicted values of AIJ-2001 display the lowest
average and least scatter. As can be seen from Fig. 41, the conservative-
ness of the predictions, in general, increaseswith applied load eccentric-
ity. It has been suggested that not considering the benefits due to work
hardening as well as concrete confinement result in this observed pre-
diction conservativeness [60].

4.2.1. Sectioncapacity calculation through fibre-element analysis
As per the calculated σlat values given in Table 12, noteworthy con-

finement of the concretewas effective in themaximumcompression re-
gions of the eccentrically loaded specimens at Pmax. To consider this
confinement, M-P capacity curves for the respective tests were calcu-
lated using the concrete and steel material models proposed by Liang
and Fragomeni [48] and Fujimoto et al. [42] for CFST columns.
Sectionbased fibre-element analyses were used for these calculations

Fig. 40.Method of obtaining the predicted axial load capacity using interaction curves.

Table 15
Pmax/Ppredicted for eccentrically loaded CF-SWST columns.

Test AS 5100.6 EC4 AISC-360 AIJ 2001 CAN/CSA S16-01 GB 50936

D1E1 1.17 1.20 1.18 1.09 1.12 1.17
D1E2 1.34 1.36 1.27 1.18 1.42 1.22
D2E1 1.05 1.08 1.06 1.02 1.01 1.10
D2E2 1.18 1.21 1.21 1.06 1.44 1.05
D3E1 0.92 0.94 1.09 0.92 1.01 1.01
D3E2 1.08 1.11 1.29 0.98 1.55 0.92
D4E1 0.92 0.95 1.10 0.92 1.07 1.03
D4E2 1.06 1.08 1.28 0.95 1.53 0.91
Mean 1.09 1.12 1.19 1.02 1.27 1.05
Stdev 0.14 0.14 0.09 0.09 0.24 0.11
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[42,48]. Additionally, the confined concrete strength equation proposed
by Aslani et al. [15] was used with the stress-strain curve proposed by
Fujimoto et al. [42] as a separate case for comparison. These models
take into account the benefit of confinement on themaximum concrete
strength [42,48], which is qualitatively obtained as per Eq. (6). The
afore-mentioned material models provide different expressions for ap-
proximating σlat.

σcc ¼ factor to consider size effectsð Þ � f
0
c þ empirical factorð Þ

� σ lat ð6Þ

The calculated M-P capacity curves are shown in Fig. 42. No work
hardening was considered in the above material models for simplicity.
The effective σlat values used in the material models are compared to
the corresponding values calculated based on strain measurements in
Table 16.

As per Fig. 42, in general, it was observed that the capacities pre-
dicted by the respective confinement models were closer to the exper-
imental values compared to the codified capacities discussed earlier.
The material model proposed by Fujimoto et al. [42] consistently gave
predictions which were either conservative or close to the respective
test values. This can be attributed to the fact that the average measured
values of σlat agreed best with the σlat predictions of that model. The
model of Aslani et al. [15] gave the closest predictions to the actual ca-
pacities for D1E2 and D2E2 but over-predicted the capacity for the cor-
responding specimens with einitial/D = 0.15. It was also observed that
the interaction curves calculated using the confinement models were
in better agreement with the codified curves as D/t increased. This
was due to the reduced confining pressure (and reduced strength

increase as per Eq. (6)) that the respective models consider as D/t in-
creases, which can be seen from the values listed in Table 16. This results
in minimal difference between σcc and the maximum strength level
typically considered in the standards (f'c). The reduction of σlat with
D/t was also mirrored in the experimental values as can be seen in
Table 16.

4.2.2. Variation of eccentric axial capacities with section slenderness
The variations of Pmax/Ppredicted for the eccentrically loaded CF-SWST

columns with the respective slenderness parameters are shown in Fig.
43. For AISC-360, in addition to the as predicted capacity ratios, Pmax/
Ppredicted values calculated assuming compact behaviour for all CF-
SWST columns are also plotted in Fig. 43.

It was observed that the level of conservativeness of Pmax/Ppredicted
decreased with increasing D/t or λe. This observed variation is consis-
tent with the decrease of σlat with D/t as discussed previously, which
would result in a corresponding reduced enhancement of the con-
crete compressive strength due to confinement. The conflicting
trend observed in Fig. 43(e)is as a result of CAN/CSA S16-01 limiting
the maximum moment due to eccentric loading to be less than or
equal to the pure moment capacity. Decreasing trends in strength ca-
pacity with increasing D/t have been reported in the literature for ec-
centrically loaded CFST short columns, where LWTs were used [41].
Based on tests conducted on CFST columns under concentric loading
Han et al. [36] suggested that this reduction was due to a decrease in
the ‘constraining effect’ offered by the steel tube to the concrete core.
They proposed a parameter ξ = Asfsy/Acfck,cu to quantify this effect.
The variations of Pmax/Ppredicted with ξ are shown in Fig. 44, which
suggest that this explanation may equally be valid for CF-SWST
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Fig. 41. Effect of initial load eccentricity on Pmax/Ppredicted for CF-SWSTs with diameter a) D1, b)D2, c)D3 and d)D4.
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columns for both concentric and eccentric loading. However, the var-
iations of the capacity ratio with ξ as per AISC-360 and CAN/CSA S16-
01 were seen to be inconsistent with the general trend, especially for
the two largest sized eccentrically loaded CF-SWST columns. This was
due to the consideration of non-compact capacities in AISC-360 and
the limitation specified for the maximum moment magnitude in
CAN/CSA S16-01.

In addition, it appears from Fig. 43 that the respective compact limits
of EC4 and AISC-360 are considerably conservative, especially for the
specimens loaded with the larger eccentricity. An assessment on the
level of over- or under-conservativeness of the corresponding limits in
AS5100.6 could not be conclusively made. This was because the maxi-
mum λe of the CF-SWST columns tested in this paper was much lower
than the respective compact limit as seen in Fig. 43.

Fig. 42. Comparison ofmoment-axial load capacity curves obtained from fibre-element analyses with experimentally obtained capacities for a) D1E1, b)D1E2, c)D2E1, d)D2E2, e)D3E1, f)
D3E2, g)D4E1 and h)D4E2.
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4.3. Columns bending stiffness

Bending stiffness values were obtained from the initial gradients of
the respectivemoment-curvature plots shown in Fig. 28. These are com-
pared to the corresponding predictions calculated as per four differ-
ent standards in Table 17. The initial gradient was taken as the
gradient of the line of best fit to the portion of the curve up-to
0.1Msx (Msx is defined in AS5100.6). In general, there is satisfactory
agreement between the experimental bending stiffness values ob-
tained from specimens with the same nominal diameter but with

different load eccentricities. It was observed that the theoretical
bending stiffness values as per AS5100.6 gave the best agreement
with the experimental data.

5. Conclusions and further work

Based on the experimental work which was carried out the follow-
ing conclusions can be made along with recommendations for future
work;

1. A ductile flexural type failuremode consisting of local buckles in the
extreme compression region was observed for the CF-SWST short
columns under both concentric and eccentric axial load. It was ob-
served that the spiral weld seamwas neither a preferential location
for failure nor caused premature failure due to weld fracture.

2. The failure behaviour observed for the tested CF-SWST short col-
umns was similar to that previously reported for CFST short col-
umns using other types of steel tube. This is evidence of the fact
that SWTs, in spite of the fabrication method and the resulting re-
sidual stresses, display equivalent behaviour to other steel tube
types when used for CFSTs.

3. The observed ductility of the CF-SWST short columns increased
with eccentricity and steel contribution ratio and decreased with
D/t, which was consistent with previously reported behaviour for
other CFST short columns.

Table 16
Comparison of theoretical lateral confining pressures (σlat) with measured values.

Test σlat (MPa)
from Table 12

Effective σlat considered in material models

Max Avg Fujimoto model Liang model Aslani model
Eq. (5)

D1E1 4.1 2.6 1.7 1.0 3.4
D1E2 6.3 2.5 1.7 1.0 3.4
D2E1 3.8 1.8 1.3 0.9 2.3
D2E2 2.1 0.9 1.2 0.8 2.0
D3E1 3.0 1.2 0.8 0.6 0.7
D3E2 2.3 1.1 0.8 0.5 0.7
D4E1 3.2 1.3 0.7 0.4 0.3
D4E2 2.5 0.8 0.8 0.5 0.4
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Fig. 43. Variation of Pmax/Ppredicted with normalised slenderness parameters for a)AS5100.6, b)EC4, c)AISC-360, d)AIJ, e)CAN/CSA S16-01, and f)GB 50936.
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4. On average, the guidelines of six internationally used standards
gave satisfactory predictions of the concentric and eccentric axial
load capacities of the tested CF-SWST short columns. The predicted
capacities for CF-SWST short columns under eccentric load were
found to be more conservative than the predicted concentric axial
capacities. This study provided experimental evidence of the suit-
ability of existing standards to assess the strength capacity of CF-
SWST short columns under eccentric loading.

5. Eccentric axial capacities calculated through fibre-element
methods, using material models which incorporate the effect of
confinement on the concrete strength, were in better agreement
with the experimental results than the codified capacities. It was
thus inferred that greater benefits of confinement than specified
in the various codified methods can be considered for eccentrically
loaded CF-SWST short columns.

6. The measured average lateral confining pressures showed good
agreement with those predicted by the best performing confine-
ment model. This provided confirmation that fibre-element analy-
ses using such material models may be best suited to obtain the
eccentric axial load capacities of CF-SWST short columns.

7. The initial bending stiffness of an eccentrically loaded CF-SWST
short column was found to be best predicted using the expression
given in AS5100.6.

8. This study was limited to CF-SWST short columns where a maxi-
mum Le/D of 6was considered. Hence in order to obtain a complete
understanding of the failure behaviour of CF-SWST columns under
eccentric loading, longer columns need to be tested for which
there would be a notable length dependency of the strength
capacity.

9. It was observed that the compact section slenderness limits speci-
fied in EC4 and AISC-360 for eccentric axial loading were consider-
ably conservative. CF-SWST short columns with larger D/t and λe

ratios, than considered in this paper, need to be tested to establish
the actual limits.

10. Numerical modelling methods, such as finite element modelling,
should be considered to investigate the capacity of such methods
to model CF-SWST short column behaviour. The tests reported in
this paper can be utilised for verification of such modelling. This
would allow a more detailed parametric study of the behaviour of
CF-SWST short columns under eccentric loading to be carried out
in order to provide further insight than possible through experi-
mental studies.
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Concrete-filled stainless-steel tube (CFSST) columns, which would be more durable than their mild-
steel counterparts, are potentially a more economical method of using stainless-steel for structures.
Spiral-welded stainless-steel tubes (SWSSTs) could further increase the cost-effectiveness of CFSST
columns. SWSSTs are an alternate and advantageous form of welded tube fabricated by welding a
helically bent steel plate. The behaviour of concrete-filled SWSST (CF-SWSST) columns can poten-
tially be different to CFSSTs using other tube types, especially due to larger residual stresses present
in SWSSTs. Given this background, twelve self-compacting CF-SWSST short columns with nominal
diameter-to-thickness ratios (D/t) equal to 51, 76, 101.5 and 114.5 were tested under axial com-
pression considering eccentricities of 0, 0.15D and 0.4D. The observed failure mode, consisting of
flexural local buckling, was equivalent to that reported for non-SWT CFSST columns. The spiral
weld did not act detrimentally to the strength. Concrete-filled mild-steel tube design standards pro-
vided satisfactory predictions of the experimental capacities for CF-SWSSTs under eccentric loading
though they were less conservative when the loading was concentric. The need for separate calibra-
tion of design guidelines for CF-SWSST short columns was established since, on average, the actual
to predicted capacity ratios were noticeably less than those of non-SWT CFSSTs. Fibre-based section
analyses using a confined concrete material model gave better predictions of the eccentric axial ca-
pacities than codified methods suggesting greater confinement benefit than considered in the stan-
dards are applicable to eccentrically loaded CF-SWSST short columns. The study also confirmed
equivalent strength behaviour of CF-SWSST short columns to their mild-steel counterparts though
with greater ductility.

© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction

Stainless-steel structures offer a number of advantages over their
mild-steel counterparts. Chiefly among these is enhanced durability
since they are corrosion resistant in most environments [1]. In addition
to durability, stainless-steel is an attractive option for structural engi-
neers due to the aesthetic appeal and longevity of its surface finish [2].
Austenitic stainless-steel, which are the most commonly used
stainless-steel types for structural engineering applications, are also
weldable, formable and display high levels of ductility [3]. These proper-
ties enable stainless-steel to be used as direct replacements for mild-

steel in structural components especially for durability critical
applications.

Despite their advantages, the high material cost of stainless-
steel has traditionally prevented their widespread use in struc-
tures. It has been reported that the material cost of stainless-
steel is approximately four times that of mild-steel [2]. However,
mild-steel and stainless-steel structures are more comparable
when costs are considered on a whole life-cycle basis [4], espe-
cially since the enhanced corrosion resistance of stainless-steel re-
sults in minimal maintenance being required [2]. It has further
been proposed that a potential way of using stainless-steel for
structures in an economical manner is to use it compositely with
concrete [5]. Specifically, the use of concrete-filled stainless-steel
tube (CFSST) columns has been proposed in this regard [5,6].

Concrete-filled mild-steel tubes (CFMSTs), especially of circular
cross section, are a popular and established form of column
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construction. They have found applications in bridges, buildings and
piled foundations [7]. Hence, the potential exists for CFSSTs to bewidely
adopted as direct replacements for CFMSTs in relation to their use as
structural columns, especially in environments where enhanced dura-
bility is required. A number of limited instances have been reported in
the industry where CFSSTs have been used for the entirety or part of
structural columns [6]. For example, CFSSTs were used for the upper
sections of the pylon towers of the Stonecutters Bridge in Hong Kong,
China [8].

The cost-effectiveness of CFSSTs could potentially be improved
by using spiral welding for the fabrication of the stainless-steel
tubes. Spiral-welded tube (SWT) is an alternative form of circular
steel tube which is distinct from longitudinal welded tube (LWT).
SWTs are fabricated by helically bending a steel plate and welding
the resulting abutting edges [9]. This forms a spiral weld seam
which gives SWTs their name. Compared to LWTs, larger diame-
ters can be achieved for SWTs since the tube diameter is not
constrained by the plate width. In fact, SWTs of a range of differ-
ent diameters can be fabricated from a given width of plate.
SWTs are also more cost-effective, faster to fabricate, and able to
achieve more stringent dimensional tolerances [10]. Since the fab-
rication process is a continuous one, longer joint-less lengths of
tube can be obtained for SWTs.

Even though there exists a number of commonly used interna-
tional standards of practice which provide guidelines on assessing
the strength behaviour of CFMSTs [11–16], no standard exists in
relation to the design of CFSST columns. Though no codes of prac-
tice exist for CFSSTs, several investigations which looked into the
structural behaviour of CFSST columns have been reported in the
literature [17–25]. General details of the test specimens consid-
ered in these investigations are given in Table 1. The vast majority
of the tested CFSSTs were stub (short) columns loaded under con-
centric axial compression. Only one investigation was reported
which investigated the behaviour of CFSST columns under eccen-
tric compression [24]. This is a notable gap since in general any
practical column is an eccentrically loaded one, as a result of un-
avoidable construction tolerances and constraints.

Moreover, the behaviour of concrete-filled spiral-welded
stainless-steel tube (CF-SWSST) columns could potentially differ
from that of CFSST columns utilising other tube types. One of the
primary reasons that could contribute to these potential differ-
ences is the existence of higher levels of residual stresses in
SWTs compared to other forms of welded and seamless tubes. Sig-
nificant levels of residual stresses, relative to the respective yield
strengths, have been measured in spiral-welded mild-steel tubes
[26–28]. Even though these residual stresses were found to be
limited principally to the weld zone, they may affect the behav-
iour of SWTs when used for structural engineering applications,
especially in relation to local buckling of the tube wall [29]. This
is especially significant given that residual stresses are difficult
to predict accurately and also since their effects would not be ap-
parent until the SWT is under load [26]. Even though residual
stress measurements have not been previously reported for

Nomenclature

CFMST Concrete-filled mild-steel tube
CFST Concrete-filled steel tube
CFSST Concrete-filled stainless-steel tube
CF-SWMSTConcrete-filled spiral-welded mild-steel tube
CF-SWSST Concrete-filled spiral-welded stainless-steel tube
D Outside diameter of steel tubes
DI Ductility index
e Eccentricity of applied axial load
einitial Initial eccentricity of applied axial load
eeff Effective eccentricity of applied peak load at mid-height
eeff_predict Predicted effective eccentricity at peak load at mid-

height
E0 Initial elastic modulus of stainless-steel
f0.2% 0.2% proof stress of stainless-steel (offset yield stress)
f1.0% 1.0% proof stress of stainless-steel
f'c Characteristic concrete cylinder compressive strength
fcm Mean concrete cylinder compressive strength
fp Offset proportional stress limit as per AS4673
fy Yield strength of mild-steel
fu Ultimate tensile strength of stainless-steel
L Length of steel tube
Le Effective column length
LWT Longitudinally welded tube
M Bending moment
Mmh Moment at mid-height section
MPmax Moment at mid-height at Pmax

Msx Pure flexural capacity calculated as per AS5100.6
MS Mild-steel
N Applied axial load
Nus Nominal section capacity under pure axial compression

as per AS5100.6
Nuc Nominal un-enhanced member capacity as per

AS5100.6 (= αcNus)
n’
0.2,1.0% Secondary non-linearity coefficient defined for

stainless-steel based on stress-strain curve between
f0.2% and f1.0%

P Applied axial load
Pmax Peak axial load during tests
Ppredicted Predicted axial capacity
t Tube wall thickness
SS Stainless-steel
SWT Spiral-welded tube
SWMST Spiral-welded mild-steel tube
SWSST Spiral-welded stainless-steel tube
ULS Ultimate limit state
y Distance across section height measured from extreme

compressive fibre
αc Member slenderness reduction factor as per AS5100.6
δh_pmax Measuredmid-height lateral displacement at peak axial

load
δH Measured mid-height lateral displacement
δv Measured axial displacement
δv1 Measured axial displacement at 0.9Pmax at deforma-

tions below the peak load
δv2 Measured axial displacement at 0.9Pmax at deforma-

tions above the peak load
δv_pmax Measured axial displacement at Pmax

ε Strain
ε0.2% Strain at a stress value equal to f0.2%
ε1.0% Strain at a stress value equal to f1.0%
εu Strain at ultimate tensile strength fu
εtrans Measured circumferential strain
εL Measured longitudinal strain

λe, λey,
λemax Section, yield and maximum allowable slenderness as

defined in AS5100.6
νe Effective Poisson's ratio
νs_peak Effective Poisson's ratio of stainless-steel at the applied

peak load Pmax

σ Stress
σ0.2 0.2% proof stress of stainless-steel
σ1.0 1.0% proof stress of stainless-steel
σtrans Transverse (circumferential) stress in steel tube
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spiral-welded stainless-steel tubes (SWSSTs), they can be ex-
pected to be significant, similar to that of mild-steel SWTs. Sepa-
rate consideration of CF-SWSST column behaviour, distinct from
those of CFSST columns using other tube types, is thus warranted.

However, only one investigation could be found in the litera-
ture which investigated the strength of CF-SWSST columns,
though even in that case the specimens were only tested under
concentric compression [25]. In all the other previously reported
CFSST column tests, either LWTs or seamless tubes were used as
the steel tube. No previous investigation could be found in the lit-
erature which considered the behaviour of CF-SWSST columns
under eccentric axial compression. The authors have previously
investigated the behaviour of concrete-filled spiral-welded mild-
steel tube (CF-SWMST) columns under eccentric axial loading
[30]. Nonetheless, the corresponding behaviour of CF-SWSST col-
umns require separate consideration since there are a number of
fundamental differences between the mechanical and physical
properties of mild-steel and stainless-steel [2]. This need is further
exemplified by the fact that design standards exist for hollow
stainless-steel tube columns which are distinct from those corre-
sponding to hollow mild-steel columns [1,3].

This paper describes an experimental investigation which was
carried out to address this identified research gap. The ultimate
limit state behaviour of CF-SWSST columns under eccentric
quasi-static axial loading was investigated focusing on ‘short col-
umn’ behaviour, where length dependent effects could be consid-
ered to be insignificant [31].

As noted in Table 1, different definitions were used for the ex-
perimental axial capacity in previously reported CFSST column in-
vestigations. This was partly as a consequence of the fact that for
some tests no defined peak load was achieved while for others
strengths larger than the first peak were obtained at larger defor-
mations. It has been argued that such high deformation levels are

not relevant to practical structures necessitating an alternative
definition of capacity [18]. Most commonly, the maximum load
achieved during the experimental tests prior to a specified strain
criterion (typically either 0.01 [18] or 0.05 [17]) was considered
as the experimental capacity. If the first peak occurred prior to
the respective strain criterion this was taken as the experimental
capacity [17,18]. Other authors simply took the peak/first peak
load as the capacity irrespective of the strain at which it was
achieved [23,24]. The basis on which the afore-mentioned limiting
strain values were chosen is unclear.

It has been reported that experimental capacities obtained
for concentrically loaded CFSST short columns can be well pre-
dicted by codified guidelines specified for CFMST columns, nota-
bly by those contained in Eurocode 4 (EC4) [12]. Due to the
rounded nature of the stress-strain curve of stainless-steel, the
0.2% proof stress was used as the yield strength (fy) for these
predictions. Average actual to predicted axial capacity ratios
based on EC4 of 1.09, 1.11, 1.04, 1.02 and 1.18 were reported
by Uy et al. [18], Lam and Gardner [17], Yang and Ma [22],
Tam et al. [23] and Ellobody and Ghazy [24] respectively. It
was also reported that the EC4 predictions for eccentrically
loaded CFSST short columns were even more conservative
[24]. This suggests that existing guidelines for CFMST short col-

Table 1
Details of previously reported CFSST column tests (U=Unspecified).

Author Column
test
type

End
conditions

Tube
type

Stainless-steel
type

D D/t L/D Le/D (for
pinned
ends)

e/D Steel
strength
f0.2%

Concrete
strength
fcm

Capacity definition Concrete
type

Lam and
Gardner
[17]

Short Fixed U U 104, 114.3 52, 19 2.9, 2.6 N/A 0 412, 266 31, 49, 65 Max (or first peak)
within 5% axial
strain

Normal
concrete

Uy et al.
[18]

Short Fixed LWT Grade 304 as
per [3]

50.8, 101.6,
127, 152.4,
203.2

42, 32, 64,
79, 95,
102

2.5,
3.0, 3.1

N/A 0 259 to 320 20, 30 Max (or first peak)
within 1% axial
strain

Normal
concrete

Short Pinned LWT 113.6, 101 41, 68 3.0 4.3, 4.4 0 288.6, 320.6 36.3, 75.4 Peak Normal
concreteLong Pinned LWT 11.9 to

24.6
13.3 to
25.9

0

Ellobody
and
Ghazy
[24]

Short Pinned LWT Grade 1.4547
as per [1]

100 50 3, 6 U 0,
0.1,
0.2

324 33.1, 31.3 Peak Normal concrete,
Fibre reinforced
concrete

Long Pinned 12

Yang and
Ma [22]

Short Fixed LWT AISI Grade 304 120 68 3 N/A 0 286.7 45.3–52.4 First peak Normal concrete,
Recycled aggregate
concrete

Tam et al.
[23]

Short Fixed LWT Grade 304 as
per [3]

168.4–170.6 59–60 3 N/A 0 339.6 37.8–41.7 First peak Normal concrete,
Recycled aggregate
concrete

Chen et al.
[19]

Short Fixed Seamless SUS Grade 304 63 53, 63 &
70

3, 3.5,
4

N/A 0 330, 350,
423

22,7, 26.4 Maximum during
test

Normal
concrete

Li et al.
[20]

Short Fixed U Grade 316 as
per [3]

101.2, 113.9
& 168.2

36, 40, 53 2.4–4.0 N/A 0 270.3–324.4 31.4 Max within 5%
axial strain

Seawater and
sea-sand concrete

Long Fixed 47.9 17 8.4 N/A 0 306.8
Li et al.
[21]

Short Fixed U 50.9, 101.9,
114.1 & 168.4

17–52 2.9–3.9 N/A 0 225.7–281.1 35.8 Max within 5%
axial strain

Li et al.
[25]

Short Fixed SWT U 103, 153, 203
& 254

61, 73, 97
& 121

3 N/A 0 211.5, 221.6 50 Peak Self-compacting
concreteLong 10

Table 2
Parameters of CF-SWSST short columns considered for the test programme.

Parameter Value

Diameter (D) – D1, D2, D3, D4 (mm) 102, 152, 203, 229
Eccentricity (e) – E0, E1, E2 (mm) 0, 0.15D, 0.4D
Wall thickness (t) (mm) 2
Nominal D/t 51, 76, 101.5, 114.5
Nominal length of tube (mm) 3D
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umns may be applicable to CFSSTs as well. However, their ap-
plicability for CF-SWSST short columns needs to be verified
through experimentation.

A deformation based capacity prediction method named the
‘continuous strength method’ has also been proposed for con-
centrically loaded short CFSST columns [17]. Li et al. [20]
also proposed an empirical capacity equation for concentrically
loaded CFSST short columns based on the equations proposed
by Han et al. [32]. In addition, axial capacities obtained through
fibre based section analysis considering stress-strain behaviour
models for stainless-steel and confined concrete have
also been shown to be in good agreement with experimental
data [33].

Given the foregoing context, the main aims of the work
described in this paper were threefold namely; to

experimentally obtain the behaviour of CF-SWSST short col-
umns under concentric and eccentric axial loading, to assess
the applicability of existing CFMST design standards and other
analytical methods to predict the respective strength capacities
of the CF-SWSST short columns, and to compare the experimen-
tally obtained behaviour to that reported for CF-SWMST short
columns [30].

2. Experimental setup

To achieve the afore-stated aims an experimental pro-
gramme consisting of twelve CF-SWSST short column tests
was formulated. The main parameters that were considered
were tube diameter and load eccentricity as shown in Table 2.
The values of outside diameter to thickness ratio (D/t) that

Fig. 1. Locations of tube measurements a) along length and b) at tube ends.

Table 4
Wall thickness measurements obtained from SWSSTs.

Specimen End 1 End 2

t2 t3 t4 t5 t6 t2 t3 t4 t5 t6 Avg Stdev

SD1E0 1.64 1.76 1.6 No data No data 1.65 1.6 1.65 No data No data 1.65 0.06
SD1E1 1.7 1.6 1.6 1.7 1.7 1.58 1.82 1.56 1.61 1.51 1.64 0.09
SD1E2 1.63 1.59 1.71 1.63 1.54 1.65 1.64 1.61 1.8 1.57 1.64 0.07
SD2E0 2.08 2.1 1.97 2.02 1.97 2.03 1.96 1.96 1.97 1.98 2.00 0.05
SD2E1 1.95 1.93 1.98 2 1.75 1.96 1.94 1.95 2.05 1.78 1.93 0.09
SD2E2 2.01 2.24 2.27 2.1 2.18 1.91 2.02 2.03 2.01 2.08 2.09 0.11
SD3E0 2.06 2.05 1.98 2 2.01 2.06 2.04 2.04 2.04 2.05 2.03 0.03
SD3E1 2.03 2.04 2.07 1.97 1.99 1.99 2.04 1.97 1.97 1.97 2.00 0.04
SD3E2 1.96 1.97 2 1.92 1.98 2 2.04 2 1.99 2.02 1.99 0.03
SD4E0 2.02 2.02 2.00 2.06 2.06 1.96 1.94 2.06 1.98 1.95 2.01 0.05
SD4E1 2.14 2 2.07 2.17 1.97 2.01 2.03 2.04 2.17 2.11 2.07 0.07
SD4E2 2.01 2 1.98 2.07 2.01 2.06 2.07 2.18 2.03 1.98 2.04 0.06

Table 3
Diameter measurements obtained from SWSSTs.

Specimen End 1 End 2 d5 d6 Avg Stdev

d1 d2 d3 d4 d1 d2 d3 d4

SD1E0 103.9 103.19 102.51 102.66 103.81 103.15 102.9 102.82 102.8 102.35 102.80 0.29
SD1E1 104 102.72 103.23 102.48 104 102.33 102.28 103.37 102.13 102.98 102.69 0.46
SD1E2 103.9 103.4 102.7 103.1 104.3 103.2 102.4 103.3 102.8 102.8 102.96 0.34
SD2E0 154.76 153.51 153.54 153.48 154.27 153.75 153.31 153.59 153.76 153.15 153.51 0.21
SD2E1 155 153.4 153.5 153.6 154.5 153.4 153.44 153.8 153.6 153.4 153.52 0.14
SD2E2 154.13 154.06 153.89 153.26 155.13 153.3 153.58 153.46 153.57 153.54 153.58 0.27
SD3E0 203.81 203.52 202.35 203.97 204.08 203.91 203.24 202.81 203.36 203.54 203.34 0.54
SD3E1 204.53 203.1 203.01 203.42 204.27 202.92 202.45 204.04 202.44 203.74 203.14 0.57
SD3E2 205.16 202.42 202.16 204.26 204.04 203.44 203.01 203.49 202.76 203.81 203.17 0.71
SD4E0 230.02 229.30 229.4 229.70 230.10 229.30 228.60 229.80 229.40 229.60 229.31 0.33
SD4E1 230.74 229.82 229.36 229.44 230.74 230 228.18 230.14 229.88 229.6 229.55 0.62
SD4E2 230.14 230.02 228.96 230.06 230.26 230.54 227.68 231.1 229.6 229.36 229.67 1.04
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were considered fell within the range of corresponding values
of previously reported CFSST short column tests. This was also
the case for the eccentricity to diameter (e/D) ratio though a
higher ratio than that previously reported (e/D = 0.4) was
also considered. The selections of largest tube diameter, wall
thickness and concrete strength were governed by capacity lim-
itations of the testing machines that were available. A nominal
tube length of 3D was chosen in order to ensure ‘short column’
behaviour consistent with previous tests. The chosen parameter
values were the same as those considered for a programme of
CF-SWMST short column tests previously conducted by the au-
thors [30]. This was done in order to enable direct comparison
between the two sets of tests.

2.1. Spiral weld tube geometry

The SWSSTs were procured from a supplier in New South
Wales, Australia [34] and were fabricated using Grade 316 aus-
tenitic stainless-steel plates. As shown in Fig. 1, detailed mea-
surements of diameter, wall thickness, spiral-weld pitch,
spiral-weld width and weld thickness were obtained from the
ends and mid-length of the as-supplied tubes. The measured
values are tabulated in Table 3, Table 4 and Table 5. Each spec-
imen is denoted by a code which contains the nominal diame-
ter (D1, D2, D3 and D4) and nominal load eccentricity (E0, E1
and E2) preceded by ‘S' representing the material type (i.e.
stainless-steel). It was observed that the degree of ovality mea-
sured in the circular cross section was negligible. The spiral-
seam welds of all the SWSSTs were single-sided welds. Details
of the welding process, as supplied by the fabricator, are tabu-
lated in Table 6. The shape of the spiral weld seam cross sec-
tion is shown schematically in Fig. 2(a) which is similar to
that reported for SWMSTs [30]. However, the measured SWSST
weld widths were generally smaller than those of correspond-
ing SWMSTs.

2.2. Steel material properties

Tensile coupon tests were conducted in accordance with
Australian Standard AS 1391 [35] to obtain the stress-strain
characteristics of the stainless-steel plate used to fabricate the
SWSSTs. As shown in Fig. 3 and Fig. 4, coupons were extracted
from a sample of the virgin plate used for the fabrication as
well as from a representative tube in its welded state. Since
stainless-steel typically show non-isotropic behaviour [3] a
number of different orientations were considered for the cou-
pons in both cases. For the virgin plates, three coupons each
were cut parallel to the coiling direction (V), perpendicular to
the coiling direction (H) and ± 450 to the coiling direction
(D1 and D2). For the welded tube, three coupons each were
cut parallel to the longitudinal axis at three locations (L1-3)
while three and two coupons respectively were cut along the
direction of the spiral weld (AW1-3) and circumferentially
(C1-2). The coupons were cut using a water-jet facility. The
stress-strain curves obtained from the tensile tests are shown

Table 5
Weld pitch, width and thickness measurements obtained from SWSSTs.

Specimen Measured values Estimated weld seam dimensions

End1 t1 (mm) End2 t1 (mm) Average weld pitch (mm) Average weld width (mm) Outer weld bead thickness (mm) Inner weld bead thickness (mm)

SD1E0 3.52 3.24 246 6.36 1.10 (avg) 1.95 (max) 0.65 (avg) 1.47 (max)
SD1E1 3.1 3.18 246 6.65
SD1E2 2.98 3.26 248 6.34
SD2E0 3.82 3.62 387 6.62
SD2E1 4.03 4.02 389 6.63
SD2E2 3.74 3.75 386 6.70
SD3E0 3.86 3.67 519 7.43
SD3E1 3.63 3.67 517 7.79
SD3E2 4.08 3.81 516 7.46
SD4E0 4.00 3.90 480 7.00
SD4E1 3.74 3.74 479 7.37
SD4E2 3.84 3.86 479 7.08

Table 6
Details of welding process used for SWSSTs as supplied by the fabricator [34].

Welding parameter Value/Type

Welding process type Gas Metal Arc welding
Electrode diameter used (mm) 1.2
Ampere range (A) 162–198
Voltage range (V) 23.2–28.3
Speed (mm/min) 459–621
Arc Energy (kJ/min) 0.36–0.73
Gas shielding type Sheildpro 31
Gas backing type Welding grade Argon
Flow rate (l/min) 15–20

Fig. 2. a) Schematic of typical SWSST weld seam cross section b) Spiral weld seam cross
section at one end of tube SD1E0.
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in Fig. 5 and Fig. 6. The corresponding failure modes of the cou-
pons are shown in Fig. 7a and b. Three stress-strain models
were found in the literature which have been proposed to rep-
resent the material behaviour of stainless-steel, namely the
models proposed by Rasmussen [36], Gardner and Ashraf [37]
and Quach et al. [38]. The respective values of the parameters
that are used in the three afore-mentioned models were calcu-
lated from the experimentally obtained stress-strain curves and
are tabulated in Table 7.

As can be seen from Table 7, in relation to f0.2% there is no significant
difference between the various coupons that were tested both in terms
of orientation as well as coupon origin (i.e. whether cut from the virgin
plate or welded tube). Similar observations have been reported for ten-
sile tests done on coupons cut fromvirgin plates andwelded tubes in re-
lation to SWMSTs [39]. Contrary to this, the non-linearity ratio (n) can
be seen to be dependent on coupon orientation though for strains of
structural interest the measured variation of n would cause negligible
differences in the predicted stress-strain behaviour. Therefore, from
the values given in Table 7, it was ascertained that isotropic stress strain
behaviour could be effectively assumed for the tested SWSSTs. For the
analytical work reported in this paper, the representative material

properties were taken to be the averages of those obtained from tests
done on coupons cut from the SWSST in its welded state (i.e. f0.2% =
262.5 MPa, E0 = 187 GPa and n = 7.5).

2.3. Specimen preparation and concrete material properties

End plates with 10 mm thickness were structurally welded
to one side of the SWSSTs prior to infilling them with concrete.
This enabled pouring of the concrete with the tubes standing
vertically. Nominally grade 20 self-compacting ready-mix con-
crete with a maximum aggregate size of 10 mm was used for
the infilling. Except for specimen SD4E0, all other specimens
were infilled at the same time. SD4E0 was infilled with the
same concrete mix but at a later date. For the first batch of
poured concrete a slump flow of 685 mm was obtained at site
while a slump flow of 550 mm was obtained for the concrete
that was used for SD4E0. The specimens were cured for
28 days after which the ends were levelled with high strength
grout. End plates were thereafter structurally welded onto the
levelled ends.

Fig. 3. a) Locations of coupons cut from virgin stainless-steel plates and b) coupon dimensions (in mm).

Fig. 4. Locations of coupons cut from a length of SWSST.
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Concrete cylinders (100 mm × 200 mm) were also cast at
the time of infilling of the specimens. For all specimens except
SD4E0 the concrete strengths corresponding to the respective
test days were obtained from a strength gain curve shown in
Fig. 8. The strength gain curve was calculated using mean com-
pressive strengths (fcm) obtained from cylinder compression

tests done at regular time intervals throughout the period of
the test programme. The results of the concrete cylinder com-
pression tests are given in Table 8. For SD4E0, the concrete cyl-
inders that were cast at the time of tube infilling were tested
on the day that SD4E0 was tested to obtain the corresponding
fcm value. The concrete elastic modulus (Ec) was explicitly

Fig. 5. Stress-strain curves obtained from tensile tests conducted on coupons cut fromvirgin stainless-steel plate a)-c) Coupons cut in orientations V, H andD respectively andd)-f) plots of
a)-c) at smaller strains.

Fig. 6. Stress-strain curves obtained from tensile tests conducted on coupons cut from a SWSST in its welded state a)-c) Coupons cut in orientations L1–3, AW and C respectively and d)-f)
plots of a)-c) at smaller strains.
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measured only for one set of cylinder tests. Since the measured
value agreed well with the corresponding codified predictions,
for the work of this paper Ec values corresponding to the test-
day concrete strengths were estimated using the guidelines of
the respective standards that were considered.

2.4. Experimental setup

The experimental setup used for the CF-SWSST short column
tests is shown schematically in Fig. 9a. Fig. 9b shows an image
of the actual test setup of one of the column specimens. Details
of the experimental setup related to each test specimen are
given in Table 9. Pinned-pinned end conditions were applied
for all column tests for which 80 mm diameter cylindrical rol-
lers, as shown in Fig. 9a, were used. As a result of the test
setup, the effective column length (Le) was greater than the
tube length (i.e. Le = L + 308 mm). This resulted in the re-
spective effective length to diameter (Le/D) ratios being greater
than the corresponding values of previously tested pin-ended
CFSST short columns [18,24]. However, even with this increased
effective length the member capacity reduction factors (αc) of
the tested CF-SWSST short columns, calculated as per the provi-
sions contained in AS 5100.6 [11], were all greater than 0.985.
Therefore, it was judged that the effect of increased effective

Fig. 7. Failuremodes of coupons cut from a) virgin stainless-steel plate (L to R – V1–3, H1–
3, D11–3, D21–3) and b) SWSST (L to R – L1–1-3, L2–1-3, L3–1-3, AW1–3, C1–2).

Table 7
Values of stainless-steel material model parameters extracted from experimental stress-
strain curves.

Origin Coupon E0
(GPa)

f0.2%
(MPa)

fp
(MPa)

ε0.2% fu
(MPa)

εu n f1.0%
(MPa)

ε1.0% n0.2,1.0

Virgin
plate

V1 222 274.7 160.3 3.2E-03 616.0 0.57 5.56 304.1 1.1E-02 1.33
V2 201 276.2 171.2 3.4E-03 615.4 0.56 6.27 305.6 1.2E-02 1.56
V3 187 275.3 169.7 3.5E-03 616.4 0.57 6.19 304.6 1.2E-02 1.55
H1 188 284.2 207.5 3.5E-03 609.4 0.62 9.52 314.0 1.2E-02 1.75
H2 192 273.6 187.4 3.4E-03 591.7 0.63 7.92 301.3 1.2E-02 1.44
H3 200 270.9 178.0 3.4E-03 594.3 No

data
7.13 No

data
No data No

data
D11 180 275.5 192.3 3.5E-03 599.9 0.63 8.33 304.6 1.2E-02 1.49
D12 189 267.6 175.3 3.4E-03 579.6 0.61 7.08 296.8 1.2E-02 1.50
D13 193 261.9 169.6 3.4E-03 577.3 No

data
6.90 No

data
No data No

data
D21 175 262.2 186.9 3.5E-03 571.9 0.64 8.85 291.7 1.2E-02 1.60
D22 178 266.9 202.5 3.5E-03 583.3 0.62 10.83 295.4 1.2E-02 1.59
D23 No

data
No
data

No
data

No data 614.4 No
data

No
data

No
data

No data No
data

Avg V 204 275.4 167.1 3.4E-03 615.9 0.57 6.01 304.8 1.2E-02 1.48
Avg H 193 276.2 191.0 3.4E-03 598.5 0.63 8.19 307.6 1.2E-02 1.60
Avg D1 187 268.3 179.1 3.4E-03 585.6 0.62 7.44 300.7 1.2E-02 1.50
Avg D2 176 264.6 194.7 3.5E-03 589.9 0.63 9.84 293.6 1.2E-02 1.59
Avg all 191 271.7 181.9 3.4E-03 597.5 0.61 7.69 302.0 1.2E-02 1.54
Stdev
all

13 6.7 14.8 9.0E-05 16.7 0.03 1.59 6.6 1.0E-04 0.12

SWSST L1-1 198 269.0 170.1 3.4E-03 606.8 0.64 6.54 305.4 1.2E-02 1.57
L1-2 162 262.6 180.4 3.6E-03 599.9 0.69 7.97 298.1 1.2E-02 1.49
L1-3 172 262.8 183.4 3.5E-03 586.3 0.65 8.33 295.6 1.2E-02 1.37
L2-1 171 262.5 177.9 3.5E-03 590.9 0.65 7.70 297.0 1.2E-02 1.42
L2-2 176 260.8 171.3 3.5E-03 590.4 0.66 7.12 295.4 1.2E-02 1.50
L2-3 174 267.6 185.5 3.5E-03 598.0 0.65 8.18 301.7 1.2E-02 1.30
L3-1 175 262.3 177.6 3.5E-03 589.9 0.65 7.68 296.3 1.2E-02 1.55
L3-2 205 262.7 175.4 3.3E-03 590.2 0.66 7.42 296.3 1.1E-02 1.21
L3-3 193 265.9 177.7 3.4E-03 599.9 0.65 7.43 299.7 1.2E-02 1.40
AW1 196 255.8 159.9 3.3E-03 590.1 0.58 6.38 289.9 1.1E-02 1.35
AW2 200 258.7 160.0 3.3E-03 592.7 0.59 6.23 291.8 1.1E-02 1.38
AW3 222 274.1 147.6 3.2E-03 593.4 0.57 4.84 305.9 1.1E-02 1.54
C1 193 257.9 206.0 3.3E-03 578.4 0.62 13.35 289.0 1.2E-02 1.72
C2 188 253.0 151.4 3.3E-03 578.3 0.63 5.83 289.3 1.2E-02 1.50
Avg L 181 264.0 177.7 3.5E-03 594.7 0.65 7.60 298.4 1.2E-02 1.42
Avg
AW

206 262.9 155.8 3.3E-03 592.1 0.58 5.82 295.9 1.1E-02 1.42

Avg C 190 255.4 178.7 3.3E-03 578.4 0.62 9.59 289.1 1.2E-02 1.61
Avg all 187 262.5 173.2 3.4E-03 591.8 0.63 7.50 296.5 1.2E-02 1.45
Stdev
all

16 5.5 15.1 1.2E-04 7.9 0.03 1.95 5.4 1.4E-04 0.13

Bold value significance the final average values of different parameters.
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Fig. 8. Strength gain curve obtained through concrete cylinder tests.
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length on the ‘short column’ nature of the tested specimens
was minimal.

As shown in Fig. 10, the mid-height section of each test
specimen was instrumented with three longitudinally (L1–3)
and three circumferentially (C1–3) oriented strain gauges in
order to measure the respective strain variations across the col-
umn section. An additional longitudinal strain gauge L4 was
fixed at a quarter height point to obtain the level of strain var-
iation along the column length. The mid-height lateral displace-
ment was measured using a linear voltage displacement
transducer (LVDT) while the axial displacement was obtained
using an LVDT in-built with the loading machine. The loading

Table 8
Results of concrete cylinder compression tests.

Specimen Number of days
after casting

Experimental data

fcm Mean
(MPa)

fcm Standard
deviation (MPa)

Average elastic
modulus (Ec)

All except SD4E0 7 15.7 0.42
38 25.3 0.20
56 26.3 1.81
91 28.7 2.23 28.9
119 30.3 1.81
157 30.2 1.99

SD4E0 41 32.9 3.12

Fig. 9. a) Schematic of typical test setup used for the CF-SWSST short column tests and b) actual test setup of specimen SD2E2.

Table 9
Experimental details of test specimens and setups.

Specimen No. of days after casting on test day fcm (MPa) f0.2% (MPa) L (mm) Le (mm) D (mm) Le/D e/D t (mm) D/t λe = (D/t) (f0.2%/250)

SD1E0 90 28.6 262.5 306 614 102.80 6.0 0.00 1.65 62.3 65.4
SD1E1 97 28.9 262.5 306 614 102.69 6.0 0.15 1.64 62.6 65.7
SD1E2 97 28.9 262.5 306 614 102.96 6.0 0.40 1.64 62.8 65.9
SD2E0 129 30.3 262.5 456 764 153.51 5.0 0.00 2.00 76.8 80.6
SD2E1 132 30.4 262.5 456 764 153.52 5.0 0.15 1.93 79.5 83.5
SD2E2 133 30.4 262.5 456 764 153.58 5.0 0.40 2.09 73.5 77.2
SD3E0 157 31.2 262.5 609 917 203.34 4.5 0.00 2.03 100.2 105.2
SD3E1 157 31.2 262.5 609 917 203.14 4.5 0.15 2.00 101.6 106.6
SD3E2 157 31.2 262.5 609 917 203.17 4.5 0.40 1.99 102.1 107.2
SD4E0 41 32.9 262.5 762 1070 229.31 4.7 0.00 2.01 114.1 119.8
SD4E1 115 29.7 262.5 762 1070 229.55 4.7 0.15 2.07 110.9 116.4
SD4E2 115 29.7 262.5 762 1070 229.67 4.7 0.40 2.04 112.6 118.2

Fig. 10. Locations of instrumentation.
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machine also recorded the applied axial load which was
measured using an in-built load cell. As seen in Fig. 9a, the
end plates of the specimens were bolted onto 40 mm thick
transfer plates which in turn were bolted onto the roller-
plates. The rollers were always positioned centrally in the test
machine. The design eccentricity was achieved by welding on
the end plates offset to the specimen as required, taking into
account the bolting locations of the end plates to the transfer
plates.

A 600 kN capacity BALDWIN machine and a 2000 kN capacity
AMSLER testing machine were used for the tests. In order to ensure
quasi-static loading of the columns the loading rate was maintained to
be less than 0.01 mm/s. This is consistent with loading rates that have
been previously reported in the literature for CFSST column tests
[20,23,24]. The loading was generally continued until the post-peak
load level fell to less than 0.66 times the peak load or till the point it
was deemed unsafe to continue the test any further due to excessive
deformation.

3. Results and discussion

3.1. Failure loads

The failure (peak) loads (Pmax) obtained from the respective
CF-SWSST short column tests are tabulated in Table 10. Since
the load-axial displacement (P-δv) curves of the respective
tests, shown in Fig. 11, displayed a clear peak after which the
applied axial load showed a continuously decreasing trend, no
ambiguity arose in defining the experimental column capacity.
This was as a result of the pinned-pinned configurations used
for the column ends and the resulting deformations of the col-
umn specimens in the post-peak region. No strain criterion as
that reported previously [17,18] was therefore required to de-
fine Pmax. Table 10 also gives the co-existing moment at Pmax

in the respective columns at the mid-height section (MPmax).
These moments were calculated through Eq. (1) using the mea-
sured lateral displacements at mid-height (δH) at the respective
failure loads. Load-lateral displacement plots for the conducted

Table 10
Failure loads, co-existing moments and displacements of CF-SWSST short column tests.

Test Pmax (kN) MPmax (kNm) δv_pmax (mm) δh_Pmax (mm) δv1 (mm) δv2 (mm) DI einitial/D eeff_predict/D eeff/D Nus (kN) Nuc (kN) Msx (kNm)

SD1E0 382 No data 2.17 No data 0.99 6.70 5.77 0.00 0.00 No data 355 350 5.4
SD1E1 283 5.3 2.79 3.26 1.36 No data No data 0.15 0.16 0.18 356 351 5.4
SD1E2 168 7.8 3.65 5.45 1.64 18.45 10.25 0.40 0.41 0.45 358 353 5.4
SD2E0 739 3.0 3.00 4.07 1.03 10.84 9.58 0.00 0.00 0.03 776 770 15.1
SD2E1 537 15.8 3.27 6.34 1.08 10.46 8.65 0.15 0.15 0.19 770 764 14.6
SD2E2 320 22.2 No data 8.04 No data No data No data 0.40 0.41 0.45 788 782 15.7
SD3E0 1210 2.3 3.03 2.18 1.37 10.54 6.67 0.00 0.00 0.01 1305 1298 27.8
SD3E1 868 30.4 3.79 4.36 1.78 9.65 4.43 0.15 0.15 0.17 1299 1292 27.4
SD3E2 476 42.3 5.51 8.07 2.52 17.00 5.75 0.40 0.41 0.44 1297 1290 27.2
SD4E0 1551 0.8 2.21 0.78 0.88 5.43 5.19 0.00 0.00 0.00 1677 1666 35.6
SD4E1 1010 41.0 3.54 6.18 1.12 10.33 8.26 0.15 0.15 0.18 1566 1557 36.4
SD4E2 570 56.6 4.50 7.79 1.90 15.55 7.18 0.40 0.41 0.43 1562 1553 35.9
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Fig. 11. P-δv plots for specimens with nominal diameters a) D1, b) D2, c) D3, and d) D4.
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tests are shown in Fig. 12. The measured vertical and lateral
displacements at the maximum load (δv_Pmax and δh_Pmax) are
also tabulated in Table 10. The unenhanced concentric compres-
sive section and member capacities (Nus and Nuc) together with
the pure moment capacities Msx calculated for the tested CF-
SWSST columns as per the guidelines defined for their mild-
steel equivalents in AS 5100.6 [11] are also tabulated in
Table 10. The 0.2% proof stress (f0.2% = 262.5 MPa) was used
instead of the steel yield strength for these calculations as per
common practice [17,18,24]. These capacities were used to nor-
malise the obtained experimental loads to enable comparisons
between the various tests since the concrete strengths (fcm)
corresponding to each test were slightly different, as can be
seen from Table 9.

MPmax¼Pmax einitial þ δh Pmax

� � ð1Þ

The effective eccentricities at the mid-height section (eeff/D)
were calculated for the tested specimens using the failure loads
and co-existing moments (eeff/D = Pmax/MPmax D). As can be
seen from Table 10, the effective eccentricities at the peak
loads for the concentrically loaded specimens were not signifi-
cant. For the eccentrically loaded specimens, the eeff/D values
were greater than those predicted as per AS 5100.6. The calcu-
lated effective eccentricities were similar to those obtained for
CF-SWMST short columns previously tested by the authors
[30]. The mismatch between the experimentally obtained eeff
values to those predicted could signify an inaccuracy in the cal-
culation of the moment magnification factor in AS 5100.6 in re-
lation to CF-SWSST columns, especially in relation to the
bending stiffness value used for the calculation of the elastic
critical load. It should also be noted that δH and δv data were
not available for columns SD1E0 and SD2E2 respectively.

3.2. Failure mode

Aflexural type failuremode consisting of local bucklingwas observed
for all the tested CF-SWSST short columns. The failure modes of the re-
spective specimens are shown in Fig. 13 together with the locations of
the first local buckles thatwere observed during the tests. A similar local-
ised failuremechanismwas reported Li et al. [25] for the CF-SWSST short
columns they tested under concentric axial loading. The observed local
buckling was also similar to that previously reported for concentrically
loaded CFSST column tests consisting of non-SWT tube types. Further-
more, the observed failure mode was also equivalent to that obtained
for CF-SWMST short columns previously tested by the authors [30].
This suggests that the failuremodes of concrete-filled SWTshort columns
are unaffected by differences in material behaviour between stainless-
steel and that ofmild-steel. The observations further submit that the fail-
ure mode of CFSST short columns remain the same irrespective of how
the steel tube is fabricated. It was also further noted that the spiral weld
seam was not detrimental to the behaviour of the short columns and
did not act as a preferential location for the formation of local buckles.

To investigate the post-failure condition of the in-filled con-
crete core, the SWSSTs of specimens D1E0–2 were cut and re-
moved. The state of the inner cores obtained in this manner are
shown in Fig. 14. It is clear from Fig. 14 that at the locations of
the buckles that developed to be the critical ones, the concrete
in compression was crushed at failure. On the tensile sides of the
specimens closely spaced flexural cracks could be observed.
These observations are consistent and equivalent to that reported
for comparable CF-SWMST short columns [30].

3.3. Load-displacement behaviour

From the P-δv plots of Fig. 11 it can be seen that the axial capacities
decreased with increasing load eccentricity. The initial axial stiffness

Fig. 12. P-δH plots for specimens with nominal diameters a) D1, b) D2, c) D3, and d) D4.
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Fig. 13. Failure modes observed for tested CF-SWSST short columns (left to right) a) SD1E0–2, b) SD2E0–2, c) SD3E0–2, and d) SD4E0–2.
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of the specimens with the higher load eccentricity was also less than
those of specimens with e = 0 and 0.15D. This was as expected since
for the higher load eccentricity tensile stresses occur in the section
from commencement of the test. The experimentally obtained P-δv
plots were utilised to quantify the ductility level observed for the re-
spective CF-SWSST short columns using a ductility index (DI). The duc-
tility index was defined using Eq. (2) which has also been used
previously by others to define the ductility of concrete-filled steel
tubes (CFSTs) [30,39]. δv1 and δv2 in Eq. (2) refer to the pre- and post-
peak measured axial displacements at a load level of 0.9 Pmax.

Ductility index DIð Þ ¼ δv2−δv1
δv1

ð2Þ

The calculated DI values are tabulated in Table 10 and their
variation with D/t and einitial/D are shown in Fig. 15. Ductility indi-
ces which were reported for CF-SWMST short columns previously
tested by the authors [30] (which had equivalent D/t and einitial/D
ratios) are also shown in Fig. 15. In general, the DI showed a de-
creasing trend with increasing D/t for all eccentricities albeit
with significant scatter. The DI magnitudes of the CF-SWSST
short columns were also significantly greater than those obtained
for comparable mild-steel equivalents as seen in Fig. 15. This is
consistent with the increased level of ductility that has been re-
ported for CFSST columns in the literature as well as with the typ-
ical material behaviour of stainless-steel compared to mild-steels
[5]. Unlike for CF-SWMST columns, no clear trend could be ob-
served for the variation of the DI with initial load eccentricity.

3.4. Load-strain behaviour

The variations of applied axial load with measured longitudinal
(εL) and circumferential (εtrans) strains (i.e. L1-4, C1-3) for the re-
spective CF-SWSST short columns are shown in Fig. 16 to Fig. 19. It
was observed that the maximum longitudinal compressive strains
measured at the respective peak loads were greater than ε0.2% (=
0.0034) for all the tested specimens. At these locations of maxi-
mum compressive strain (i.e. L1/L3 for concentrically loaded spec-
imens and L1 for eccentrically loaded specimens) the measured
circumferential strains were tensile and were also observed to be
greater than or close to ε0.2%. The variation of longitudinal strain
across the column cross section remained linear up-to and includ-
ing the peak load for the eccentrically loaded specimens. For the
concentrically loaded specimens the longitudinal strains mea-
sured at the three locations were largely similar until the applied
load neared the respective peak loads. This can be seen from Fig.
20 where the cross-sectional variations of longitudinal strain of

specimens SD2E0-2 are shown. These variations are typical of
the behaviour that was observed for specimens of all diameters.

From Fig. 16 to Fig. 19 it can be seen that the circumferential
strains at the locations of maximum compressive longitudinal
strain increased significantly as the applied axial load approached
the respective peak loads. It can be seen that εtrans increased
above ε0.2% at the locations of maximum compressive εL only at
loads greater than 0.95Pmax. In general, it has been widely re-
ported that the confinement of the concrete core by the steel
tube occurs once the lateral dilation of the concrete becomes
larger than that of the steel tube [40]. This effect can be
ascertained by considering the variation of the axial load with
the effective Poisson's ratio (νe) of the steel tube. νe can be evalu-
ated using the measured longitudinal and circumferential strains
at a given location. The rapid increase of circumferential strains
at loads approaching the peak loads is also reflective of this effect.
The fact that such significant increases in εtrans only occurred at
locations where the tube was under longitudinal compression sig-
nifies that confinement of the concrete core was not constant
across the section and was localised to the areas of the section
under compressive stresses. The cross-sectional variations of cir-
cumferential strain of specimens SD2E0–2 are shown in Fig. 21
which are also typical of those observed for specimens of other di-
ameters as well.

Fig. 14. Post-failure state of inner cores of specimens SD1E0, SD1E1 and SD1E2 (left to right) a) tensile face and b) compressive face.
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The respective P - νe plots for themid-height strainmeasurement lo-
cation at which the maximum compressive εL occurred (i.e. location of
L1/C1 or L3/C3 for concentrically loaded specimens and location L1/C1
for eccentrically loaded specimens) for the tested CF-SWSST short col-
umns are shown in Fig. 22.

It can be seen from Fig. 22 that the increase of νe from its value at
lower load levels commences at around 0.4Pmax. However, a significant
increase of νe only occurred after around 0.8Pmax. This agrees well with
the behaviour of νe reported in the literature [18],where large increases
of effective Poisson's ratio were observed at loads greater than 60–80%
of the respective peak loads. As given in Table 11, the νe values corre-
sponding to the respective peak loads were all in the narrow range
0.6–0.7. Thus, it appears that for the CF-SWSST short columns that
were tested νe is independent of the D/t ratio as well as load
eccentricity.

Table 11 compares the νe values at the respective peak loads
with those predicted as per the model proposed by Tang et al.
[41]. This model for the effective νe was also used by Aslani
et al. [39]. Since this model, which was proposed for mild-steel
CFSTs, requires the use of the steel yield strength fy, the f0.2% stress
was used as a substitute for fy to calculate the predictions of νe. As
can be seen from Table 11 the Tang model [42], which includes a

dependency on D/t as well as on f'c/fy, over-predicts νe for the
CF-SWSSTs of the two smaller diameters. The predicted values
agree well with the experimentally obtained values for specimens
with nominal diameters D3 and D4.

In the concrete confinement model proposed by Tang [42] the
circumferential stress in the tube causing the confinement effect
(σtrans) is taken as (νe – νs_peak) fy. Thus, for the CF-SWSST short
columns that were tested the corresponding σtrans can potentially
be calculated using the same expression but substituting f0.2% for
fy, which results in Eq. (3). Given that at the peak loads the com-
pressive longitudinal strains were greater than ε0.2% νs_peak can be
taken to be 0.5 [43]. νs_peak equal to 0.5 was also used by Tang
et al. [42].

σtrans ¼ υe−0:5ð Þ f0:2% ð3Þ

Since a near constant value of νe was observed for the tested
CF-SWSST short columns it can be envisaged that a suitable con-
crete confinement model for the tested columns is one that con-
siders a confining hoop stress in the tube equal to (0.1–0.2)f0.2%
in its formulation.

Fig. 16. a), c), e) Applied axial load versus longitudinal strains and b), d), f) Applied axial load versus circumferential strains for SD1E0, SD1E1 and SD1E2 respectively.
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4. Comparison with design standards and analytical methods

Even though no codified guidelines exist specifically for CFSST
columns, design standards do exist for stainless-steel hollow
tube structural elements. Two commonly used such standards
are AS 4673 [3] and Eurocode 3 Part1–4 [1]. Table 12 compares
the plastic and yield section slenderness limits specified in AS
4673 [11] and EC3 Part1-4 [12] for hollow stainless-steel tubes
with the corresponding limits specified for mild-steel hollow
tubes in AS 5100.6 [11] and Eurocode 3 Part1-1 [44]. It can be
seen from Table 12 that the limits relating to stainless-steel
tubes are generally similar to or less stringent than those specified
for mild-steel hollow tubes. This suggests that the design stan-
dards which have been specified for CFMST columns can possibly
be used for CFSST columns as well. Moreover, as it has been previ-
ously shown that existing guidelines for CFMST columns can also
be applied for CF-SWMST columns [30], as per the fore-going dis-
cussion, such guidelines are possibly appropriate to be used for
CF-SWSST columns as well.

In order to investigate this postulation, predicted capacities
of the tested CF-SWSST short columns were calculated based
on six commonly used international design standards for

CFMSTs. These were namely AS5100.6 [11], Eurocode 4 [12],
AISC-360 [13], AIJ-2001 [14], CAN/CSA S16-01 [15] and GB-
50936 [16]. Except for AISC-360 these codes specify a single
section slenderness limit (i.e. an effective compact limit) and
provide guidelines only for such compact sections. On the con-
trary, AISC-360 also includes guidance on assessing the axial ca-
pacity of non-compact sections. The slenderness parameters of
the tested CF-SWSSTs are compared to the respective specified
limitations in Table 13 which also notes the resulting section
classification. For EC4 the compact limit was modified to be
equal to that shown in Eq. (4) in line with the definition used
in EC3 Part 1-4 [1].

EC4 effective compact limit ¼ 90
235
f0:2%

E0
210e3

ð4Þ

Even for the CF-SWSST sections which were non-compact
the respective capacity predictions were evaluated with the
aim of ascertaining the conservativeness of the specified slen-
derness limits. For non-compact sections as per AISC-360 the
relevant guidelines specified for such sections were followed
to obtain the capacity predictions. The 0.2% proof stress

Fig. 17. a), c), e) Applied axial load versus longitudinal strains and b), d), f) Applied axial load versus circumferential strains for SD2E0, SD2E1 and SD2E2 respectively.
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obtained through coupons tests (f0.2% = 262.5 MPa) was used
as the yield strength fy in the calculations. The fcm values
given in Table 9 were considered as the concrete strengths for
the predictive calculations. All material safety factors were con-
sidered as unity for the predictions.

4.1. Capacity predictions for concentrically loaded CF-SWSST short
columns

Table 14 tabulates the actual to predicted axial capacity ratios
(Pmax/Ppredicted) obtained for the concentrically loaded CF-SWSST
short columns that were tested. For comparison, the correspond-
ing ratios calculated for the CF-SWSST short column tests reported
by Li et al. [25] are also tabulated in Table 14. In addition to the
various codified methods that were considered two other capacity
prediction methods namely the continuous strength method
(CSM) proposed by Lam and Gardner [17] and the empirical equa-
tion proposed by Li et al. [20] were also evaluated. For the CSM
method, where insufficient data had been reported in the litera-
ture to use the stress-strain model proposed by Gardner and
Ashraf [37] the model proposed by Quach et al. [38] was used

instead. Fig. 23 shows the variation of Pmax/Ppredicted with the rel-
evant slenderness parameters for the tested CF-SWSST short col-
umns. The corresponding variations which were obtained
previously by the authors for CF-SWMST short columns [30] are
also plotted in Fig. 23, along with Pmax/Ppredicted ratios calculated
for the CF-SWSST short column tests reported by Li et al. [25].
Pmax/Ppredicted ratios corresponding to previously reported CFSST
short column tests where non-SWT tube types were used are
also shown in Fig. 23 for comparison.

As can be seen in Fig. 24, which compares Pmax/Ppredicted ratios
calculated as per AS5100.6 [20] for previously reported CFSST
short column tests, the ratios calculated for the tests reported by
Chen et al. [19] displayed significantly inconsistent scatter. Chen
et al. [19] defined the axial capacity as the maximum load
achieved during the test which occurred either at test termination
or after large deformation levels. Hence for comparison with the
CF-SWSST short column tests described in this paper the results
reported by Chen et al. [19] were not considered.

For the tested CF-SWSST short columns, on average, satisfac-
tory agreement was observed between the experimental capaci-
ties and those predicted by AISC-360 and AIJ-2001. AISC-360 and

Fig. 18. a), c), e) Applied axial load versus longitudinal strains and b), d), f) Applied axial load versus circumferential strains for SD3E0, SD3E1 and SD3E2 respectively.
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Fig. 19. a), c), e) Applied axial load versus longitudinal strains and b), d), f) Applied axial load versus circumferential strains for SD4E0, SD4E1 and SD4E2 respectively.
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AIJ-2001 also gave the best predictions for CF-SWMST short col-
umns previously tested by the authors [30]. It can be observed
from Table 14 and Fig. 23 that the capacity ratios obtained for
the tested CF-SWSST short columns were similar in magnitude
and trend to those obtained for the CF-SWMST short columns.
This suggests equivalent behaviour of concrete-filled SWTs irre-
spective of the material used for tube fabrication. As can be seen
from Fig. 23a)–c) the capacity ratio scatter corresponding to the

previously tested CF-SWSST short columns was also largely con-
sistent with that of the tests of this paper.

Except for AISC-360 and AIJ-2001, the other codified and analytical
methods that were considered gave average capacity ratios noticeably
less than 1.0 for the tested CF-SWSSTs. Notably the Pmax/Ppredicted ratios
corresponding to the guidelines of AS5100.6 and EC4, which considers
additional strength enhancement due to confinement, were much
lower than 1.0 except for the smallest diameter CF-SWSST column.

Fig. 21. Cross-sectional variation of measured circumferential strains for a) SD2E0, b) SD2E1 and c) SD2E2.

Fig. 22. P-νe plots for CF-SWSSTs of nominal diameter a) D1, b) D2, c) D3, and d) D4.
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Ratios closer to 1.0 were obtained when such additional enhancement
was not considered (i.e. AS5100.6 and EC4 ‘general’ columns in
Table 14). This may be suggestive of the fact that the actual level of con-
finement provided by the stainless-steel tubes for the tested column
cores was less than that considered by the respective codified methods.

Furthermore, as displayed in Fig. 23, a clear difference was
identified between the scatters of capacity ratios corresponding
to CF-SWSSTs and CFSSTs of other non-SWT tube types. This was
the case even for AISC-360 and AIJ-2001. On average, the capacity
ratios corresponding to when SWSSTs were used were less than
when other tube types were used. This could be indicative of
an effect of the SWSST itself which may be a result of the level
of residual stresses present in SWTs. The similarity of the capacity
ratios of CF-SWSST and CF-SWMST short columns further
strengthens the above postulation.

The satisfactory predictions of AISC-360 and AIJ-2001 are sug-
gestive of the fact that design approaches similar to that used
for CFMSTs may be used for CF-SWSST short columns as well.
However, the fact that the obtained capacity ratio scatter clearly
differed from that corresponding to CFSSTs of other tube types
suggest that separate calibration of such design approaches are re-
quired for CF-SWSSTs. Empirical design equations based on exper-
imental results could be formulated for CF-SWSST short columns
in this regard similar to the method followed by Han et al. [32].
However, a larger number of test data are required for this exer-
cise than the eight concentrically loaded CF-SWSST short column
tests that are currently available, which are listed in Table 14.
Parametric studies based on finite element modelling (FEM)

could also assist in this regard as the results of such studies
could be used to formulate corresponding design equations. The
existing test data could be used for verification of such FEM. It
should be noted that the effect of residual stresses that are inher-
ently present in SWSSTs should also be included in any FEM that
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is carried out as they may have a detrimental effect on the capac-
ity behaviour. This also necessitates the experimental measure-
ment of SWSST residual stresses, which has not been carried out
to date.

As per Fig. 23, the Pmax/Ppredicted ratio showed a decreasing trend
with the relevant slenderness parameters for the tested concentrically
loaded CF-SWSST columns. This was consistent with the trends ob-
served for the corresponding CF-SWMST columns as well. It can be
seen from Fig. 23(b) that EC4 provides a satisfactory compact limit (as
per Eq. 4) for concentrically loaded CF-SWSST short columns.

Section based fibre element analysis was also carried out to obtain
axial capacity predictions of the concentrically loaded CF-SWSST short
columns. The corresponding Pmax/Ppredicted ratios are tabulated in
Table 14. For the tested CF-SWSST short columns, the fibre analysis also
gave similar capacity ratios to those predicted by the guidelines of
AS5100.6 and EC4 which consider additional enhancement due to
confinement.

The fibre analysis used the stress-strain curve proposed by Quach
et al. [38] to model the material behaviour of stainless-steel while the
concrete confinement model proposed by Fujimoto et al. [45] was con-
sidered for the concrete. The Fujimotomodel was used since themagni-
tude of steel tube circumferential stress used in its formulation (0.19
f0.2%) compared well with the approximate value of σtrans that was ob-
tained experimentally for the tested CF-SWSST short columns (0.1–0.2
f0.2% as per Section 3.4).

4.2. Capacity predictions for eccentrically loaded CF-SWSST short
columns

All six standards referred to above specify the calculation of
the eccentric axial capacity using a moment-axial load (M-N)
interaction curve. For the respective ‘compact’ column sections,
AS5100.6 [20], EC4 [21], AISC-360 [22] and AIJ-2001 [23]
define the M-N curve using a specified plastic stress

Fig. 25. Comparison of codified moment-axial load interaction curves with experimentally obtained capacities for a) SD1E1, b) SD1E2, c) SD2E1, d) SD2E2, e) SD3E1, f) SD3E2, g) SD4E1
and h) SD4E2.
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distribution. CAN/CSA S16-01 [24] and GB-50936 [25] contain
interaction equation based methods for the calculation of the
respective M-N curves. Interaction equations are also contained
in AISC-360 to obtain the M-N curves for non-compact and
slender sections. The M-N interaction curves calculated for the
tested eccentrically loaded CF-SWSST short columns following
the various codified guidelines are shown in Fig. 25. Except
for AISC-360, the limitations specified in the respective guide-
lines for ‘compact’ sections were not adhered to with the aim
of investigating the applicability of the methods to non-
complying sections as well. For AISC-360, if the section was
classified as non-compact the respective guidelines specified
for such sections were considered to obtain the interaction
curve. Second-order effects, as specified in the various codes
were also considered when calculating the eccentric axial ca-
pacities. Details of the calculation process that was followed
can be found in [30].

The obtained Pmax/Ppredicted ratios for the eccentrically loaded
CF-SWSST short columns are tabulated in Table 15 together with
those calculated for previously reported eccentrically loaded
CFSST short columns. Fig. 26 shows the variations of the calculated
Pmax/Ppredicted ratios with the relevant slenderness parameters
considered in the various codes. The corresponding ratios ob-
tained for comparable eccentrically loaded CF-SWMST short col-
umns previously tested by the authors [30] are also shown for
comparison in Fig. 26.

From the values in Table 15 it can be seen that the various
codified methods give predictions that are in good agreement
with the experimentally obtained capacities with Pmax/Ppredicted
ratios close to or greater than 1.0 being achieved in most
cases. AS5100.6 and GB-50936 on average provided the closest
predictions to the experimental values while AISC-360 gave
the most conservative results. The extra conservativeness seen
for the predictions of AISC-360 could be attributed to the fact
that most of the tested eccentrically loaded short columns
were classified as non-compact as per its guidelines. Fig. 26
also shows that the Pmax/Ppredicted ratios obtained for the CF-
SWSST columns were very similar to those obtained for the cor-
responding CF-SWMST short columns [30] and showed similar
trends with the respective slenderness parameters. Consistent
with what was previously observed for the concentrically
loaded specimens, this suggests equivalent behaviour of
concrete-filled SWTs irrespective of the material used for the
steel tube.

In general, the actual to predicted eccentric axial capacity ratio
showed a decreasing trend with the relevant slenderness parame-
ters, as can be seen in Fig. 26. This trend was observed for all three
load eccentricity ratios (0, 0.15 and 0.4) that were considered. The
differing trends seen in AISC-360 and CAN/CSA S16-01 were due
to classification of the CF-SWSST sections as non-compact and
constraining the maximum moment in the section to be the pure
moment capacity respectively. It can be seen from Fig. 26(b) that
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Fig. 26. Variation of Pmax/Ppredicted with normalised slenderness parameters for eccentrically loaded CF-SWSST columns based on a) AS5100.6, b) EC4, c) AISC-360, d) AIJ, e) CAN/CSA S16–
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out of the codes considered EC4 provided the most satisfactory
definition of compact section slenderness limit (modified as per
Eq. 4) for use with the respective guidelines.

Interestingly, the capacity ratios corresponding to the eccen-
trically loaded CFSST short columns that were tested by
Ellobody and Ghazy [24] were noticeably greater than those of
SD1E1/SD1E2. The D/t and e/D values of SD1E1 and SD1E2
were comparable to those tested by Ellobody and Ghazy [33].

While this could be partially attributed to the decreasing
trend of Pmax/Ppredicted with D/t seen in Fig. 26, similar to the
concentrically loaded tests this could also signify the effect of
the SWSST contributing to a reduction of the effective compact
behaviour of the section. It can also be seen from Fig. 26 that
the conservativeness of the predicted capacities increases with
increasing eccentricity of load especially in relation to
AS5100.6 and EC4. This phenomenon was also observed for

Fig. 27. Comparison of moment-axial load interaction curves obtained from fibre-element analyses with experimentally obtained capacities for a) SD1E1, b) SD1E2, c) SD2E1, d) SD2E2,
e) SD3E1, f) SD3E2, g) SD4E1 and h) SD4E2.
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the CF-SWMST short columns previously tested by the authors.
This could be suggestive of the fact that for larger eccentricities
when a reduced area of the section is under compression, the
confinement effect afforded by the tube may be of higher ben-
efit. Such enhanced benefit of confinement is not allowed for
in the guidelines of the standards that were considered.

Hence to take into account the benefits of concrete confinement
more explicitly, section based fibre element analysis was also carried
out for the eccentrically loaded CF-SWSST short columns. The same
material models as that described in Section 4.1 were considered for
these analyses. Fibre analyses are especially useful for eccentrically

loaded columns, since the strain variation across the section and the
corresponding effect on the stress is explicitly accounted for in such
models. For eccentrically loaded columns no additional benefit of con-
crete confinement is allowed for in the relevant standards, unlike for
purely axially loaded columns (i.e. AS5100.6 and EC4). By using fibre
methods which consider concrete confinement effects explicitly in
their formulation, such benefits can also be accounted for. As exempli-
fied by the experimentally obtained νe values given in Table 11, such
confinement of the compression concrete indeed occurred for the
eccentrically loaded CF-SWSST short columns, albeit in a localised man-
ner. The M-N interaction curves obtained through section-based fibre
analyses are shown in Fig. 27 along with the respective experimentally
obtained curves. The interaction curves calculated as per the guidelines
of AS5100.6 are also shown for reference. It was observed during the
analyses that for larger eccentricities where the bending moment is
relatively large (much larger than the tested eccentricities) and for sec-
tions under pure bending no peak occurred in the respective load-strain
curves. For these cases, the axial (and pure moment) capacities to con-
struct the M-N curve were taken to be those corresponding to the load
(ormoment) atwhich themaximum compressive longitudinal strain in
the section reached 0.01.

From Fig. 27 it can be clearly seen that the capacity curves pre-
dicted through the fibre analyses are in closer agreement with the cor-
responding experimental peak loads than those of AS 5100.6. This is
exemplified by the fact that the respective peak loads are closer to
the fibre-analyses capacity curves in the normalised M-N space than

Table 11
Comparison of measured νe at Pmax with analytical predictions.

Specimen CF-SWSST νe at Pmax νe from Tang model [42]

SD1E0 No C3 data 0.84
SD1E1 0.60 0.84
SD1E2 0.61 0.84
SD2E0 No L3 data at peak 0.81
SD2E1 0.68 0.79
SD2E2 0.60 0.82
SD3E0 0.68 0.69
SD3E1 0.66 0.69
SD3E2 0.65 0.68
SD4E0 0.74 0.63
SD4E1 0.67 0.64
SD4E2 No L3 data at peak 0.63

Table 12
Comparison of section slenderness limits specified for hollow stainless-steel and mild-steel tubes.

Structural action Stainless-steel Mild-steel

AS 4673 [3] EC3 Part 1–4 [1] AS 5100.6 [11] Eurocode 3 Part1–1 [44]

Compact (Plastic)
limit

Yield slenderness
limit

Compact (Plastic)
limit

Yield slenderness
limit

Compact
(Plastic)
limit

Yield
slenderness
limit

Compact
(Plastic)
limit

Yield
slenderness
limit

Axial compression N/A D
t

fy
250

¼ 0:31
E0

f0:2%

D
t
¼ 50
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E0

210e3
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For the SS of this paper
(f0.2% = 262.5 MPa)
and
for CS with fy = f0.2%

N/A D
t
¼ 210:3
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t
¼ 39:9
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t
¼ 71:7

N/A D
t
¼ 78:1
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t
¼ 44:8

D
t
¼ 80:6

Pure bending D
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¼ 0:078
E0
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and
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Table 13
Section slenderness limits and classifications as per different standards (C = Compact, NC = Non-compact).

Test D/t λe AS5100.6 EC4 AISC-360 CAN/CSA
S16–01

AIJ GB-50936

λey limit λemax (D/t) limit (D/t) compact (D/t) non-compact (D/t) max (D/t) limit (D/t) limit (D/t) limit

SD1E0 62.3 65.4 135 221 C 72 C 107 135 221 C 107 C 134 C 119 C
SD1E1 62.6 65.7 135 221 C 72 C 64 135 221 C 107 C 134 C 119 C
SD1E2 62.8 65.9 135 221 C 72 C 64 135 221 C 107 C 134 C 119 C
SD2E0 76.8 80.6 135 221 C 72 NC 107 135 221 C 107 C 134 C 119 C
SD2E1 79.5 83.5 135 221 C 72 NC 64 135 221 NC 107 C 134 C 119 C
SD2E2 73.5 77.2 135 221 C 72 NC 64 135 221 NC 107 C 134 C 119 C
SD3E0 100.2 105.2 135 221 C 72 NC 107 135 221 C 107 C 134 C 119 C
SD3E1 101.6 106.6 135 221 C 72 NC 64 135 221 NC 107 C 134 C 119 C
SD3E2 102.1 107.2 135 221 C 72 NC 64 135 221 NC 107 C 134 C 119 C
SD4E0 114.1 119.8 135 221 C 72 NC 107 135 221 NC 107 NC 134 C 119 C
SD4E1 110.9 116.4 135 221 C 72 NC 64 135 221 NC 107 NC 134 C 119 C
SD4E2 112.6 118.2 135 221 C 72 NC 64 135 221 NC 107 NC 134 C 119 C
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to the interaction curves of AS5100.6. This provides verification of the
fact that enhanced strength enhancement due to concrete confine-
ment can indeed be considered for eccentrically loaded CF-SWSST
short columns and that such consideration results in more accurate ca-
pacity predictions.

5. Conclusions

Based on the experimental programme that was carried out, the fol-
lowing conclusions can be arrived upon along with recommendations
for future work;

1. It was verified that the spiral weld seam of SWSSTs was neither a
preferential local buckling location nor a cause for any premature
failure when used for CF-SWSST short columns under concentric
and eccentric axial loading.

2. Based on the equivalence of failure modes it was established that
theULS failuremechanism of CFSST short columns appears to be in-
dependent of the material type and fabrication method of the steel
tube.

3. Consistent with the differences in material behaviour, the ULS fail-
ure mode ductility of CF-SWSST short columns was confirmed to

be notably greater than those of CF-SWMST columns of the same
geometry and infill concrete strength.

4. This study provided evidence of the direct applicability of design
guidelines which exist for CFMST columns to eccentrically loaded
CF-SWSST short columns. The 0.2% proof stress of stainless-steel
can be used as a substitute for the steel yield strength when these
guidelines are used for CF-SWSSTs.

5. This study further established that while design approaches which
exist for CFMSTs can also be used for purely axially loaded CF-
SWSST short columns, direct application without calibration using
experimental data would provide non-conservative results.

6. Through the non-similarity of the scatters of actual to predicted ca-
pacity ratios of CF-SWSSTs and CFSSTs of other tube types it was
recognised that separate design guidelines are warranted for CF-
SWSST short columns.

7. It was identified that a primary reason for the distinct behaviour of
CF-SWSST columns compared to CFSSTs using other tube types
could potentially be the presence of high residual stresses in the
SWSSTs. The experimental measurement of residual stresses is
thus highly recommended in the future as such data does not
exist currently.

Table 14
Pmax/Ppredicted ratios obtained for concentrically loaded CF-SWSST columns of this paper, corresponding CF-SWMST columns and previously reported CF-SWSST short column tests.

Ref Specimen D/t Capacity
type

AS5100.6
general

AS
5100.6
enhanced

EC4
general

EC4
enhanced

AISC-360 AIJ
2001

CAN/CSA
S16–01

GB
50936

CSM Li et al.
[20]

Fibre
analysis

This paper SD1E0 62.3 Peak 1.08 1.00 1.06 1.01 1.13 1.09 0.97 0.97 0.98 0.80 0.91
SD2E0 76.8 Peak 0.95 0.88 0.95 0.88 1.00 0.98 0.88 0.89 0.86 0.73 0.86
SD3E0 100.2 Peak 0.93 0.86 0.92 0.86 0.98 0.97 0.89 0.91 0.85 0.73 0.88
SD4E0 114.1 Peak 0.93 0.87 0.92 0.87 0.99 0.98 0.91 0.94 0.87 0.74 0.90

Mean 0.97 0.90 0.96 0.91 1.02 1.01 0.91 0.93 0.89 0.75 0.89
Stdev 0.07 0.07 0.07 0.07 0.07 0.06 0.04 0.03 0.06 0.03 0.02
CF-SWMST columns [30] D1E0 56.3 Peak 1.16 1.07 1.15 1.08 1.21 1.18 1.05 1.06 N/A N/A N/A

D2E0 78.4 Peak 1.03 0.95 1.03 0.96 1.08 1.07 0.97 1 N/A N/A N/A
D3E0 105.6 Peak 0.9 0.83 0.89 0.84 0.94 0.95 0.87 0.91 N/A N/A N/A
D4E0 118.8 Peak 0.88 0.83 0.88 0.83 0.93 0.94 0.87 0.92 N/A N/A N/A

Mean 0.99 0.92 0.99 0.93 1.04 1.04 0.94 0.97
Stdev 0.13 0.12 0.13 0.12 0.13 0.11 0.09 0.07
CF-SWSSTs tested by Li et al.
[25]

C-100S 60.6 Peak 1.10 0.95 1.10 0.96 1.14 1.16 1.03 1.18 0.92 0.85 1.01
C-150S 72.9 Peak 1.05 0.93 1.05 0.94 1.10 1.13 1.02 1.17 0.91 0.84 1.01
C-200S 96.7 Peak 1.02 0.92 1.02 0.93 1.07 1.11 1.02 1.18 0.91 0.83 1.03
C-250S 121.0 Peak 1.00 0.92 1.00 0.92 1.05 1.11 1.03 1.19 0.92 0.82 1.04

Mean 1.04 0.93 1.04 0.94 1.09 1.13 1.03 1.18 0.92 0.84 1.02
Stdev 0.04 0.01 0.04 0.01 0.04 0.02 0.01 0.01 0.00 0.01 0.01

Table 15
Pmax/Ppredicted ratios obtained for eccentrically loaded CF-SWSSTs and CFSST short columns of other tube types.

Ref Specimen D/t einitial/D AS5100.6 EC4 AISC-360 AIJ-2001 CAN/CSA S16–01 GB-50936

This paper SD1E1 62.7 0.15 1.12 1.15 1.14 1.05 1.08 1.13
SD1E2 62.9 0.40 1.18 1.19 1.11 1.03 1.24 1.07
SD2E1 79.6 0.15 0.99 1.02 1.19 0.96 0.95 1.03
SD2E2 73.7 0.40 1.06 1.08 1.12 0.94 1.22 0.95
SD3E1 101.4 0.15 0.97 0.99 1.16 0.95 0.95 1.03
SD3E2 102.2 0.40 1.05 1.07 1.19 0.95 1.40 0.91
SD4E1 110.8 0.15 0.94 0.96 1.13 0.92 0.94 1.01
SD4E2 112.6 0.40 1.06 1.08 1.23 0.95 1.44 0.92
Mean 1.05 1.07 1.16 0.97 1.15 1.01
Stdev 0.08 0.08 0.04 0.04 0.20 0.08

Ellobody and Ghazy [24] C3 50 0.10 1.31 1.66 1.65 1.25 1.49 1.47
C6 50 0.10 1.09 1.38 1.37 1.04 1.23 1.22
C9 50 0.10 0.91 1.16 1.16 0.85 1.07 1.05
C4 50 0.20 1.64 1.67 1.62 1.51 1.55 1.52
C7 50 0.20 1.55 1.58 1.54 1.42 1.47 1.44
C10 50 0.20 1.30 1.32 1.30 1.16 1.24 1.23
Mean 1.30 1.46 1.44 1.20 1.34 1.32
Stdev 0.28 0.21 0.20 0.24 0.19 0.18
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8. For design guidelines specific to CF-SWSST columns to be
established it is recommended that FEM based parametric studies
be carried out in the future. Existing experimental test data could
be used for verification of such FEM. The effect of residual stresses
should also be explicitly considered in any future FEM based study.

9. The guidelines of EC4 provide a satisfactory definition of effective
compact section slenderness limit for both concentrically and ec-
centrically loaded CF-SWSST short columns.

10. On the basis that the experimental capacities were closer to the ca-
pacity curves predicted by fibre analyses using confined concrete
material models than those of the codified methods, it was evinced
that enhanced benefits of concrete confinement than that consid-
ered in the standards are potentially effective for CF-SWSST short
columns under eccentric loading.
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Spiral-welded tubes (SWTs) are fabricated by helically bending a steel plate and welding the resulting abutting
edges. SWT is a more cost-effective form of tube that can be used for concrete-filled steel tube (CFST) columns.
SWTs contain larger residual stresses and distinct imperfection patterns compared to other tube types
and hence warrant separate consideration. Previous research into concrete-filled spiral-welded steel tube
(CF-SWST) columns has been mainly limited to considering short column behaviour. In contrast, most practical
columns are ‘long columns’ where length dependant effects limit the column capacity. To address this research
gap, 12 mild-steel self-compacting CF-SWST columns with diameter to thickness (D/t) and effective length to
diameter (Le/D) ratios in the ranges 56–118 and 10.5–11.9 were tested under axial compression. Load-
eccentricities of 0, 0.15D and 0.4D were considered for the tests. A stable global flexural buckling type failure
mode was observed consistent with those previously reported for CFST long columns of other tube types. Local
buckling also occurred in the post-peak region. The spiral weld seamwas observed not to be a preferential loca-
tion for failure. On average, the experimental capacities were well predicted by the guidelines of six internation-
ally used design standards. The scatter of the actual to predicted capacity ratios obtainedwas either equivalent to
or more conservative than that reported for comparable CFST long columns of other tube types. The results sug-
gest that greater strength enhancement than considered in the codes may be effective for sections with D/t b 87
in the tested Le/D range. For eccentric loading, fibre-element based analyses using confined concrete material
models gave closer predictions of experimental capacities than codified methods. The study provided evidence
of equivalent behaviour of CF-SWST long columns to comparable CFSTs of other tube types and the applicability
of existing guidelines for evaluating their strength.

© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction

Spiral-welded tubes (SWTs) are fabricated by bending a continuous
length of steel plate coil into the shape of a helix and thereafter welding
the resulting abutting edges. This results in a spiral seam weld which
gives SWTs their name. Double-sided submerged arc welding is the
weldingmethod typically employed for larger diameter SWTs [1] whilst
for smaller diameter SWTs single-sided metal inert gas welding is
generally used [2]. SWTs offer a number of advantages over their
more conventional counterparts namely, longitudinally seam welded
tubes (LWTs) [3]. Compared to LWTs, SWTs offer longer joint-less
lengths, smaller dimensional tolerances and are speedier to fabricate.
The cost-effectiveness of SWTs compared to LWTs has also been re-
ported by numerous authors [4–10]. The capital costs of SWT mills are

lower [4] while the continuous nature of the spiral welding process
also results in increased efficiency and corresponding cost benefits [7].
Unlike LWTs, SWTs of a range of different diameters can be formed
using the samewidth of plate enabling the fabrication ofmuch larger di-
ameter tubes in a more economical manner. Furthermore, the fact that
the need for separate forming tools for the fabrication of different diam-
eters is eliminated also results in further economic benefits [4]. In addi-
tion, developments related to welding and fabrication techniques have
resulted in SWTs being able to be produced reliably employing a signif-
icant degree of automation similar to that used for LWTs [1,4,11].

Although the use of hollow SWTs as structural columns has been
previously reported [1,8,12], their use in concrete-filled steel tubes
(CFSTs), which is a popular and widely used form of structural element
[13] has been rather limited. The published literature is rich with inves-
tigations which have looked into the structural behaviour of CFST col-
umns [14–16]. However, only very few experimental or numerical
investigations have been carried out to date into the structural behav-
iour of concrete-filled spiral-welded steel tube (CF-SWST) columns
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[17]. Overwhelmingly, most reported investigations into CFST column
behaviour utilized either LWTs or seamless tubes. The relative lack of
experimental verification of the applicability of existing design stan-
dards [18–23] to CF-SWST columns may explain why the wide-scale
adoption of SWTs for CFSTs has not been reported. If it can be evinced
that existing design standards are also applicable to CF-SWST columns,
as has been done through numerous investigations for CFSTs of other
tube types, it would allow engineers to specify the use of SWTs for
CFST columns with greater confidence and thereby capitalise on the
many advantages they offer.

CF-SWST columns warrant separate treatment due to several rea-
sons. It has been reported that the levels of residual stresses in SWTs
are higher than in LWTs with magnitudes approaching the yield
strength [6,24]. It has also been shown that significant through thick-
ness variations of longitudinal residual stresses (i.e. longitudinal bend-
ing residual stresses) could also exist in SWTs [25]. Such residual
stresses can detrimentally affect the compressive capacity of steel
tubes [26], especially when longitudinal bending residual stresses are
present [27]. Furthermore, the effect of such stresses may not be appar-
ent until the particular structural element is under load [6]. The fabrica-
tion process of SWTs can also result in unique patterns of surface
imperfections distinct to those of LWTs [28]. This can in turn potentially
result in the local buckling (and structural) behaviour of SWTsbeingdif-
ferent to that of LWTs.

Previous investigations into CF-SWST columns have been primarily
limited to short columns under concentric [26,29–32] and eccentric
[17,33] axial loading. However, all practical columns used in construc-
tion are effectively eccentrically loaded ‘long’ columnswhere length de-
pendent effects limit the achievement of the ‘short column’ section
capacities. No publication could be found in the literature which inves-
tigated CF-SWST long columns under eccentric loading. Only the tests
reported by Gardner [26] could be found in relation to CF-SWST long

columns and even those tests had been conducted only under concen-
tric loading, as detailed in Table 1. The authors found that while the ex-
perimental capacities reported by Gardner [26] broadly agreed with
predictions calculated as per the current design standards, some signif-
icant scatterwas also present. Gardner [26] had attributed the scatter as
possibly being due to inadequate compaction of the concrete in some of
his tested tubes. It should be noted that ‘long columns’ have also been
referred to as ‘slender columns’ in the literature. In this paper, the
term ‘long column’ has been adopted for clarity so as to differentiate
length dependent effects from those due to section-based slenderness.

In order to address this research gap an experimental program was
conducted where the ultimate limit state (ULS) behaviour of mild-
steel CF-SWST long columns under quasi-static monotonic eccentric
axial loading was investigated. The main objectives of the work were
to experimentally obtain the ULS failure behaviour, to assess the
applicability of existing standards of practice to eccentrically loaded
CF-SWST long columns, and to compare the results to those obtained
for corresponding CF-SWST short columns which were previously
tested by the authors [17].

Unlike for CF-SWSTs, the eccentric axial loading behaviour of CFST
long columns, using other non-SWT tube types, has been widely inves-
tigated experimentally [34–58]. The details of several such experimen-
tal programs are summarised in Table 1. As per the scope of this paper
only column tests loadedwith equal end eccentricities to result in single
curvature bending were considered. For Table 1, a selection criterion of
Le/D N 6 was used to differentiate long columns from short columns.

It has been reported that, on average, the experimental capacities of
CFST long columns under eccentric axial loading are well predicted by
the guidelines of several existing standards [36,40,53,54,59]. In general,
thiswas observed to be the case irrespective of the type of concrete used
as the tube infill. Global buckling was the typically observed mode of
failure of the tested CFST long columns, with local buckling being

Table 1
Details of previous experimental tests on circular CFST long columns under eccentric axial loading and CF-SWST long columns under concentric loading (U ≡ Unspecified, HF ≡ Hot
finished).

Reference Tube type Concrete type D (mm) t (mm) D/t Le/D einitial/D fy (MPa_) f'c (MPa)

Gardner [26] SWT Normal 168.3, 168.8,
169.3

2.6, 3.6, 5.0 33.8, 46.8,
64.6

11.7, 13.6,
13.5

0 222–318 18–37

Neogi et al. [34] Seamless
HF

Normal 127–169.5 1.63–9.75 14.4–78.1 11.1–23.7 0.05–0.28 172.4–288.2 22.0–68.4

Rangan and Joyce [35] U Normal 101.6 1.6 63.5 7.9–22.9 0.10–0.30 218 67.4
Matsui et al. [36] U U 165.2 4.5 36.7 8–30 0.13–0.62 413.8 40.9
Kavoossi [37] LWT HSC 114.3, 168.3 4.8, 9.53 35.1, 17.7 9, 6.1 0.12–0.52 350 84.3–109
Kilpatrick and Rangan
[38]

U Normal 76, 101.7 2.2, 2.4 34.5, 42.4 10.6–31.6 0.1–0.49 435, 410 58

Han and Yao [39] LWT SCC 200 3 66.7 10 0.15 303.5 48.5
Zeghiche and Chaoui [40] U HSC 159.7–160.3 4.96–5.12 31.3–32.2 12.5, 25 0.05–0.2 275 100–102
Yang and Han [42] LWT Normal, RAC 165 2.6 64.2 10 0.12, 0.24 343.1 34.4–40.8
Qing et al. [41] LWT SCC 100 1.9 52.6 15 0.15, 0.3 404 110
Chengkui et al. [43] U Self-stressing SCC 164.5, 165.2 3.25, 3.6 45.9, 50.6 7.3, 10.9, 11 0.08–0.34 343.2, 377.2 36, 41.1
Thayalan et al. [44] U Normal 114.3 3.2 35.7 11 0.131, 0.262 370 44.1, 81.1
Fu et al. [45] LWT LAC 114 3 38 7, 14 0.09–0.31 274.7 35.2
Yu and Ding [46] LWT SCC 165 2.71–3.93 42–61.3 12.4 0.10–0.84 350 62.2
Prion and Boehm [47] LWT HSC 152 1.7 89.4 7 0.07–0.1 328 92
Johansson and Gylltoft
[48]

U Normal 159 4.8 33.1 17 0.06 433 64.5

Wu et al. [49], Zhao et al.
[58]

LWT Normal 160 0.8, 1.8 88.9, 200 11 0.19, 0.38 272.4, 345.2 32.8

Chithira and Baskar [50] U Normal 88, 75, 60 2.86, 3.04,
3.05

21, 24.6,
28.9

8, 11, 20 0.80–0.97 283 34.1

Knowles and Park [51] Seamless
HF

Normal 82.6, 88.9 1.40, 5.84 15.2, 59.1 9.1–16 0.09–0.31 400 40.85

Laibao et al. [52] U Normal 108 4.5 24 7, 15 0.12 358 91
Chen et al. [53] U RAC 137.5–141.6 2.7–4.3 32.9–51.0 8.3–12.6 0.141–0.291 299.4 41.5–46.4
Xiong et al. [54] HF Ultra HSC 219.1, 273 16, 10 13.7–27.3 16.3, 16.6 0.09–0.23 374–412 176–184
Portoles et al. [55] LWT Normal, HSC 100, 101.6, 125,

160.1
3, 5, 5.7 20–33.3 19.6–31.4 0.12–0.50 320, 322.7 30.5–107.3

Portoles et al. [56] LWT Normal, HSC-FRC, Ultra
HSC-FRC

159 6 26.5 13.4 0.126, 0.314 366–487 35.1–131.2

Cai and Di [57] LWT Normal 166 5 33.2 10.2–22.3 0.06–0.60 249.1–329.5 27.2–38.8
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reported for some CFST columns [37,41–44,53]. These columns were
observed to have higher D/t ratios than those for which no local buck-
ling was reported. It was also found that as the column slenderness
(Le/D) increases, the strength enhancement benefits due to confine-
ment reduces. Differing Le/D limits were reported in the literature,
above which confinement of the core concrete by the steel tube is inef-
fective. Neogi et al. [34] and Knowles and Park [51] suggested such lim-
iting Le/D values of 15 and 11 respectively. The ductility of the ULS
behaviour of long CFST columns was also reported to decrease with in-
creasing Le/D and decreasing load eccentricity [53].

Analyticalmodelling of theULS behaviour usingfibre-element based
analysis has also being reported for long CFST columns under eccentric
loading [34,60]. In these fibre-element analyses, the full load-lateral de-
flection behaviour was obtained by approximating the deflected shape
of the eccentrically loaded column to be a half-sine wave. Patel et al.
[60] considered confined concrete material models for these analyses
which reported good agreement with the corresponding experimen-
tally obtained behaviour for columns with Le/D in the range 7.9 to
20.5. It was also reported that, as the column slenderness increased
the effect of considering confinement diminished as a result of the anal-
ysis method itself.

2. Experimental program

An experimental program consisting of 12 test specimens was for-
mulated to investigate the behaviour of mild-steel CF-SWST long col-
umns under eccentric axial loading. The main parameters that
were varied were the D/t ratio and the initial load eccentricity ratio
(einitial/D). The respective values chosen for these parameters are listed
in Table 2. The chosen nominal D/t and einitial/D values were the same as
those considered for a CF-SWST short column test program that was
previously conducted by the authors [17]. The tube geometries were
chosen to cover a wide range of D/t values, including D/t N 100 which
is a D/t range scarcely tested previously for eccentrically loaded long
CFST columns. The maximum diameter as well as the nominal concrete
grade chosen for the tests were constrained by the capacity of the

compression testingmachine that was available. For all tube geometries
a constant nominal length to diameter ratio was chosen whichwas also
constrained by themaximum possible clear distance between the load-
ing platens of the testing machine. As can be seen from Tables 1 and 2,
the chosen einitial/D values fall within the general range of correspond-
ing values of previous investigations.

2.1. Spiral-welded tubes

For the test program, 12nominally grade 250 SWT lengthswere pur-
chased from a steel fabricator in New South Wales, Australia [2].
Detailed geometrical measurements were taken of each individual
tube at the tube ends as well as along the length. Table 3 lists the aver-
age measured outside diameter, wall thickness, weld pitch, weld width
and weld thickness for each tube. In Table 3 as well as throughout this
paper, each test specimen is represented by a code defined by a prefix
‘L’ denoting long column behaviour, the nominal diameter of the SWT
(D1-4) and the respective initial eccentricity (E0-2). Through the mea-
sured values it was ascertained that the degree of ovality present in
the SWT cross-sections was minimal. The maximum calculated value
of ovality was found to be equal to 0.92% (i.e. negligible). The spiral
weld seams of the SWTs used for the tests were single-sided welds
which had been welded using metal inert gas welding from the tube
outsides. Details of the welding process, as supplied by the fabricator,
are given in Table 4. The typical cross-section shape of the spiral weld
seam, as observed at the tube ends, is shown in Fig. 1.

2.2. Steel material properties

Through tensile testing of coupons, Aslani et al. [29] showed that ir-
respective of whether the coupons originated from the SWT in its
welded state or from the virgin plate prior towelding, the respective ex-
perimental yield strength values were not significantly different. There-
fore, in order to obtain estimates of the steel yield strength effective for
the SWTs in their welded state, tensile tests as per AS 1391 [61] were
conducted on five coupons extracted froma length of the corresponding

Table 2
Parameter values considered for experimental tests.

Parameter Value

Nominal diameter (D) – D1, D2, D3, D4 (mm) 102, 152, 203, 229
Eccentricity (einitial) – E0, E1, E2 (mm) 0, 0.15D, 0.4D
Nominal wall thickness (t) (mm) 2
Nominal D/t 51, 76, 101.5, 114.5
Nominal length of tube (mm) 9D (Lengths equal to 10D were

supplied for tubes with
diameter D4)

Table 3
Average geometrical data of SWTs obtained from measurements (in mm).

Specimen Outside diameter D Wall thickness t Average weld pitch Average weld width Estimated weld seam dimensions

Avg Stdev Avg Stdev Outer weld bead thickness Inner weld bead thickness

LD1E0 102.67 0.24 1.83 0.01 258.0 9.35 1.14 (avg) 0.52 (avg)
LD1E1 102.77 0.10 1.77 0.05 259.5 8.84 1.57 (max) 1.24 (max)
LD1E2 102.72 0.21 1.83 0.08 257.5 9.85
LD2E0 152.74 0.07 1.76 0.04 221.8 7.76
LD2E1 152.76 0.12 1.78 0.02 220.0 8.10
LD2E2 152.72 0.07 1.81 0.03 220.2 8.23
LD3E0 203.04 0.28 1.93 0.05 515.5 7.16
LD3E1 202.99 0.33 1.95 0.03 517.7 7.36
LD3E2 202.15 0.10 1.93 0.03 515.0 7.04
LD4E0 229.81 0.40 1.96 0.08 482.5 7.61
LD4E1 229.69 0.64 1.98 0.08 480.8 7.07
LD4E2 230.14 0.67 1.95 0.12 480.8 7.67

Table 4
Details of welding process as supplied by fabricator [2].

Welding parameter Value/Type

Welding process type Gas Metal Arc welding
Electrode diameter used (mm) 1.2
Ampere range (A) 230–280
Voltage range (V) 23.2–28.3
Speed (mm/min) 780–820
Arc Energy (kJ/min) 0.36–0.73
Gas shielding type Shieldpro 31
Gas backing type Welding grade Argon
Flow rate (l/min) 15–20
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virgin plate. The locations and orientations of the extracted coupons are
shown in Fig. 2 together with the geometry of the tested coupons (Note
that the tensile test of coupon H4 shown in Fig. 4 could not be com-
pleted due to a machine fault and hence has not been considered).
The orientations corresponded to directions parallel and perpendicular
to the coiling direction of the plate used for the SWTs, denoted as ‘V’
and ‘H’ respectively in Fig. 2. The respective material properties that
were obtained from the tensile test data are tabulated in Table 5.
There were no significant differences between the average yield
strengths obtained from coupons extracted from the two orientations
considered. Based on the coupon test results the steel yield strength
(fy) corresponding to the SWTs used for the test program was taken to
be equal to 234.9 MPa while a value of 200 GPa was considered for
the steel modulus of elasticity (Es). A value of 200 GPa was considered
since it is the recommended value for Es in the Australian Standard
‘AS/NZS 2327:2017 – Composite structures: Composite steel-concrete
construction in buildings’ (referred to as AS 2327 herein) and also
since it agreed extremely well with the average of the experimentally
obtained modulus values (199.3 GPa). It should also be noted that

previous investigations have shown that isotropic material behaviour
can be satisfactorily considered for SWTs [29,62].

2.3. Specimen preparation and concrete material properties

Nominally Grade 20 ready-mix self-compacting concrete (SCC) was
used for infilling the SWTs. Themaximum aggregate size of the SCCmix
usedwas 7mmwhile an on-site slump flow of 550mmwas obtained at
the time of infilling. It has been shown that SCC-filled CFST columns be-
have in an equivalent manner to when mechanically compacted con-
crete is used for the tube infill and that the relevant design standards
are equally applicable [39,41]. Prior to infilling the tubes, 10 mm thick
end plates were welded to one side of all the tubes. The tubes were
then stood up vertically on the welded end-plates and anchored to a
scaffolding setup in preparation for concrete pouring. The infilling was
carried out using a concrete boom pump. The flexible hose of the
boom pump was lowered right down until it was near the bottom of
the tube and was withdrawn gradually as the as-cast level of the con-
crete rose. The poured specimens were cured for 28 days after which
the specimen tops were levelled with high strength grout. A second
end plate was thereafter welded on to the grouted ends of all columns.

At the time of concrete infilling 100mmdiameter and 200 mmhigh
cylinders were also cast. Thesewere tested under compression in accor-
dancewith AS 1012.9 [63] at different durations from the date of casting
to define a strength gain curve with time for themean compressive cyl-
inder strength, fcm. The results obtained from the cylinder compression
tests are tabulated in Table 6 while the strength gain curve that was
obtained is given in Fig. 3. The fcm corresponding to each respective
CF-SWST long column test was calculated based on the defined line-
of-best-fit to the experimental strength gain data. For the work de-
scribed in this paper the modulus of elasticity of the concrete in-fill
(Ec) was taken to be the theoretical values as per the relevant code of
practice corresponding to the respective fcm values.

2.4. Experimental setup

The experimental setup used for testing the CF-SWST long columns
is shown schematically in Fig. 4. The tests were carried out using a 2000
kN capacity AMSLER testing machine. Pinned end conditions were ap-
plied to the columns using two 80 mm diameter cylindrical rollers as
shown. End plates were welded on to one side of each roller which
were then bolted on centrally to 40 mm thick transfer plates. The re-
quired eccentricities of the axial loading were achieved by welding on
the column end plates offset as needed to the column centreline consid-
ering the respective end-plate bolt locations on the 40 mm thick plates.
Equal eccentricities were applied to both ends to cause single curvature
bending about one axis only. The respective experimental details are
listed in Table 7. The compression member slenderness reduction fac-
tors (αc) corresponding to the tested CF-SWSTs as defined in AS 2327
are also listed in Table 7 [18]. The respective αc values, which consider
length dependent effects on the column capacity, were in the range
0.94–0.95 which display the as-designed ‘long column’ nature of the
tested specimens. The range of Le/D values of the tested columns
(10.5–11.9) is typical of the Le/D magnitudes commonly specified for
columns in construction [58].

For each column test, longitudinal (L1-4) and circumferential (C1-3)
strain gauges were fixed to the outside surface of the SWT at the loca-
tions shown in Fig. 4. The lateral displacements (δH) at mid-height
and the two quarter-height points were measured using linear voltage
displacement transducers (LVDTs). The applied load and vertical dis-
placement were measured through a load-cell and a LVDT inbuilt with
the testing machine.

The tests were conducted under displacement control loading. In
general, the pre-peak loading rate was kept below 1mm/min to ensure
the quasi-static nature of the loading. For three of the specimens tested,
namely, LD4E0, LD1E0, LD4E1 the loading rates were 1.78, 1.74 and

a)

b)

Fig. 1. a) Schematic of spiral weld seam cross-section taken perpendicular to tube axis
b) Actual spiral weld seam cross section at one end of tube LD1E0.

Fig. 2. Locations from which coupons were extracted for tensile testing (left) and coupon
dimensions in mm (right).
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1.14 mm/min respectively. However, the corresponding longitudinal
strain rates of those three specimens were still b50 microstrain/s
which has been recommended as the limit under which the applied
loading can be regarded as quasi-static [64]. Each test was continued
until the post-peak load had dropped below 50% of its peak value or
until it was deemed unsafe to continue the testing any further.

3. Results and discussion

3.1. Failure loads

The peak (failure) load (Pmax) obtained during each test along with
the corresponding co-existingmid-height moment (Mmh_pmax) are tab-
ulated in Table 8. Mmh_pmax was calculated using Eq. (1). The nominal
unenhanced member capacity in compression (Nuc=αcNus), the nom-
inal unenhanced compressive section capacity (Nus) and the nominal
sectionmoment capacity (Msx) calculated as per AS 2327 for each spec-
imen are also listed in Table 8. Since the tested CF-SWST long columns
had slightly differing concrete compressive strengths (fcm), the respec-
tive Nuc and Msx values were used to normalise the measured axial
loads and bending moments to enable comparisons across all the tests.

Mmh pmax ¼ Pmax einitial þ δh pmax
� � ð1Þ

For the concentrically loaded tests, effective eccentricity ratios (eeff/
D) of the peak load atmid-height in the range 0.01–0.03were observed.
This was possibly due to small misalignments that may have occurred
during the loading setup. These eccentricities were deemed to be ac-
ceptably small since in relation to the eccentrically loaded specimens,
the as-designed concentric nature of these particular tests would still
be valid. The eeff/D values obtained for the CF-SWST long columns
were greater than the values obtained for the corresponding short col-
umns that were previously tested [17]. This is consistent with the fact
that longer columns display greater 2nd order effects compared to
short columns. The predicted eeff/D levels at the respective peak loads
for the eccentrically loaded columns, calculated as per the provisions
of AS 2327, are also shown in Table 8 for reference. It was observed
that the predicted effective eccentricity levels, calculated using Eq. (2)
based on the guidelines of AS 2327 relating to second-order effects,
were consistently lower than, but within 10% of the respective experi-
mental values. In Eq. (2), Nomb is the critical normal force as defined in

AS 2327.

eeff predicted

D
¼ einitial

D

� �
1−

Pmax

Nomb

� �−1

ð2Þ

3.2. Failure modes

A global flexural buckling type failure mode was observed for all the
CF-SWST long columns thatwere tested. The observed failuremodewas
gradual and stable with no sudden drops of load even in the post-peak
region. As can be seen from Fig. 5, for all the tested columns the mid-
height lateral displacement increased at a greater rate as the applied
load neared the peak load. For the concentrically loaded columns,
there was negligible lateral deflection until loads very near the respec-
tive peak loads. At the respective peak loads no local buckles could be
visually observed nor felt by touching the tube outside surface. How-
ever, in the post-peak region local buckles were seen to initiate and de-
velop as the level of deformation increased. The loads at which local
buckles were first seen in the respective tests are indicated in Fig. 5.
The first local buckle that occurred did not necessarily develop to be
the largest one though the largest buckle that developedwas invariably
located very close to the columnmid-height. Figs. 6 and 7 show the ob-
served failure states of the tested columns with nominal outer diame-
ters D1 and D3, where the ‘globally buckled’ shapes can be clearly
seen. Figs. 6 and 7 are representative of all the tested CF-SWST long col-
umns. The locations at which local buckling was initially observed for
the respective columns are shown circled in Figs. 6 and 7. It was also ob-
served that the spiral weld seam did not appear to be detrimental to the
ULS behaviour of the tested CF-SWSTs as neither rupture nor local buck-
ling occurred at the weld seams.

A similar flexural type failure mode was also observed for the corre-
sponding CF-SWST short columns that were previously tested by the

Table 5
Steel material properties extracted from coupon tensile test data.

Coupon Coupon thickness (mm) fyL (MPa) fyH (MPa) εyH (micro-strain) Es (GPa) fyH/Es (micro-strain) fu (MPa) εu

H5 1.88 239.1 250.7 1496 200.1 1253 340.0 0.26
H6 1.85 245.9 255.6 1399 210.7 1213 351.7 0.29
V1 1.81 251.5 270.5 1728 196.0 1380 358.1 0.38
V2 1.95 226.7 238.1 1988 190.5 1250 336.4 0.32
V3 1.94 211.4 226.8 1520 N/A N/A 318.9 0.49
Avg All 1.89 234.9 248.4 1626 199.3 1274 341.0 0.35
Stdev All 0.06 16.1 16.7 235 8.5 73 15.2 0.09
Avg V 1.90 229.8 245.1 1745 193.2 1315 337.8 0.40
Avg H 1.87 242.5 253.2 1448 205.4 1233 345.9 0.27

Table 6
Results of cylinder compression tests.

Number of days after casting Experimental data

fcm Mean (MPa) fcm Standard deviation (MPa)

7 10.46 1.85
28 16.86 2.24
39 18.60 2.73
56 20.22 1.62
119 22.10 2.54
169 24.32 2.23
182 23.89 0.73

Fig. 3. Strength gain curve for infilled concrete (fcm vs time after casting).
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authors albeit with much less pronounced lateral deflection [17]. How-
ever, unlike for the short columns the local buckles for the long columns
were seen to be limited to a region near the mid-height of the
columns. The observed manner of failure was also consistent with that
reported by Gardner [26], who tested CF-SWST long columns compara-
ble to those tested by the authors. The failures observed were also
akin to those previously reported for CFST long columns of non-SWT
tube types with similar Le/D and D/t ratios to the tested CF-SWSTs
[42,43,53].

In order to investigate the condition of the inner core concrete, the
steel tubes of specimens LD1E0-2 were cut and removed. As can be
seen in Fig. 8, the concrete was seen to be crushed at the locations of
the largest local buckles. Closely spaced cracks near the mid-height re-
gion were also observed on the tensile sides of the respective concrete
cores. These observations are consistent with that previously reported
for CFST long columns where non-SWT tube types were used [53].

The laterally deflected shapes of the tested CF-SWST long columns
under eccentric loading at all load levels, pre- and post-peak, were
found to be well approximated by half-sine curves with amplitudes
equal to the respective mid-height deflections. Fig. 9 shows the mea-
sured laterally deflected shapes and the respective half-sine wave ap-
proximations of the eccentrically loaded columns with nominal outer
diameter D4which are representative of all the tested columns. This be-
haviour is consistent with that previously reported for CFST long col-
umns in the literature [42,49,53,57].

3.3. Load-axial displacement behaviour

Thevariations of applied axial load (P)withmeasured axial displace-
ment (δv) for the tested columns are shown in Fig. 10. It was observed
that for specimens of a particular D/t ratio the axial stiffness decreased
with increasing eccentricity with the reduction beingmore pronounced

Fig. 4. Schematic of experimental setup and instrumentation used for CF-SWST long column tests (left) (setup shown for LD1E2) and corresponding image of actual setup during test
(right).

Table 7
Experimental details of CF-SWST long column tests.

Specimen No. of days after casting on test day fcm (MPa) fy (MPa) L (mm) Le = L + 308 (mm) D (mm) Le/D einitial/D t (mm) D/t λe αc as per AS 2327

LD1E0 173 24.20 234.90 918 1226 102.67 11.94 0.00 1.83 56.0 52.6 0.943
LD1E1 173 24.20 234.90 918 1226 102.77 11.93 0.15 1.77 58.1 54.6 0.943
LD1E2 172 24.18 234.90 918 1226 102.72 11.94 0.40 1.83 56.0 52.6 0.943
LD2E0 131 23.05 234.90 1368 1676 152.74 10.97 0.00 1.76 86.6 81.4 0.951
LD2E1 134 23.15 234.90 1368 1676 152.76 10.97 0.15 1.78 85.9 80.7 0.951
LD2E2 134 23.15 234.90 1368 1676 152.72 10.97 0.40 1.81 84.2 79.1 0.951
LD3E0 179 24.34 234.90 1827 2135 203.04 10.52 0.00 1.93 105.1 98.7 0.953
LD3E1 176 24.27 234.90 1827 2135 202.99 10.52 0.15 1.95 103.9 97.6 0.953
LD3E2 179 24.34 234.90 1827 2135 202.15 10.56 0.40 1.93 105.0 98.7 0.952
LD4E0 174 24.22 234.90 2286 2594 229.81 11.29 0.00 1.96 117.4 110.3 0.945
LD4E1 175 24.25 234.90 2286 2594 229.69 11.29 0.15 1.98 116.1 109.1 0.945
LD4E2 175 24.25 234.90 2286 2594 230.14 11.27 0.40 1.95 118.3 111.1 0.945
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for the specimenswith the higher eccentricity (e/D=0.4). This possibly
corresponded to the greater degree of concrete cracking that would
have occurred for those specimens due to the existence of tensile
stresses in the cross-section from commencement of the tests unlike
for the specimenswith lower e/D values. This is similar to the behaviour
observed previously by the authors for short CF-SWST columns [17].

In order to quantify the ductility of the tested CF-SWST long columns
two ductility indices (DIs), as given in Eqs. 3 and 4, were calculated. The
respective values are tabulated in Table 8. Eq. (3) was used previously
by the authors for CF-SWST short columns [17] while Eq. (4) was the
definition used by a number of investigators who previously tested
CFST long columns [53,55,58]. Qualitatively, both equations compare a
representative post-peak deformation level to the deformation at or
near (but prior to) the peak load. The differences between the two ex-
pressions stem from the magnitudes of the representative post-peak
load levels and whether the deformation at the peak or prior to the
peak is used for comparison. In Eqs. 3 and 4, δv1, δv2 and δv3 refer to

the measured axial displacement at load levels of 0.9 Pmax (pre-peak),
0.9Pmax (post-peak) and 0.85Pmax (post-peak) respectively. The DIs cal-
culated for the tested CF-SWST long columns are compared to those of
CF-SWST short columns and previously tested CFST long columns
using non-SWT tube types in Fig. 11. In order to enable amore direct as-
sessment of the effect of using SWTs compared to other tube types, only
previously tested CFST long columns with experimental details similar
to the tested CF-SWSTs were considered for Fig. 11b (i.e. Le/D = 10–
13, einitial/D = 0.13–0.17 and 0.36–0.44).

Ductility index DI−1ð Þ ¼ δv2−δv1
δv1

ð3Þ

Ductility index DI−2ð Þ ¼ δv3
δv pmax

ð4Þ

Table 8
Experimental failure loads, corresponding bending moments and other test data.

Specimen Pmax

(kN)
Mmh_pmax

(kNm)
δv_pmax

(mm)
δh_pmax

(mm)
δv1
(mm)

δv2
(mm)

δv3
(mm)

DI-1 DI-2 eeff/D eeff_predicted/D Nus

(kN)
Nuc

(kN)
Msx

(kNm)

LD1E0 363 1.1 3.92 11.02 3.08 5.02 5.58 0.63 1.42 0.030 0.000 323 304 5.3
LD1E1 254 5.8 3.22 20.07 2.06 5.54 6.40 1.69 1.99 0.222 0.203 319 301 5.1
LD1E2 162 8.1 4.03 22.77 2.37 7.17 8.41 2.03 2.09 0.490 0.477 323 304 5.3
LD2E0 634 1.1 4.25 12.61 3.32 5.82 6.75 0.75 1.59 0.011 0.000 599 570 11.8
LD2E1 421 13.7 4.40 25.52 2.87 7.74 8.81 1.70 2.00 0.214 0.193 603 573 11.9
LD2E2 269 20.0 5.88 28.59 3.76 9.95 11.69 1.65 1.99 0.486 0.466 606 576 12.1
LD3E0 795 4.9 5.60 24.00 4.09 8.97 10.05 1.19 1.79 0.031 0.000 1045 996 23.4
LD3E1 601 25.4 5.27 29.32 3.29 8.61 9.62 1.62 1.83 0.209 0.186 1045 996 23.6
LD3E2 351 33.6 6.31 32.35 4.12 10.50 12.29 1.55 1.95 0.473 0.452 1037 988 23.2
LD4E0 1103 2.8 7.35 19.66 5.58 9.66 10.75 0.73 1.46 0.011 0.000 1300 1228 30.8
LD4E1 723 33.9 6.52 31.17 4.61 9.66 10.45 1.10 1.60 0.204 0.193 1303 1231 31.1
LD4E2 395 43.7 7.93 39.07 5.10 12.14 13.80 1.38 1.74 0.480 0.456 1303 1231 30.8

Fig. 5. P-δmh plots for a) LD1E0-2, b) LD2E0-2, c) LD3E0-2, and d) LD4E0-2.
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As per Fig. 11a, the ductility of the tested long CF-SWSTs was
observed to be considerably less than those of the corresponding short
columns. The eccentrically loaded CF-SWST long columns were more
ductile than the concentrically loaded specimenswith no significant dif-
ference in ductility between corresponding specimens with e/D = 0.15
and e/D=0.4. The observed increasing trendof ductilitywith eccentric-
ity is also consistent with that seen for CFST long columns tested previ-
ously, as can be observed from Fig. 11b. No clear trend could be
observed with D/t for the calculated indices for the concentrically
loaded CF-SWST long columns though the DI decreased with D/t for
the eccentrically loaded specimens.

As seen in Fig. 11b, the DIs of LD1E0-2 were observed to be less
than those reported for the specimens tested by Chen et al. [53]
where the Le/D and D/t ratios were equal to 12.6 and 50.5 respec-
tively. However, for larger D/t ratios the comparison of DIs between
CF-SWSTs and CFSTs using other tube types was less consistent.
For example, while LD2E0 displayed greater ductility than the

corresponding concentrically loaded specimens tested by Zhao et al.
[58], the vice-versa was true when comparing LD2E2 and the speci-
mens with einitial/D = 0.375 tested by Zhao et al. [58]. Thus, a clear
conclusion could not be made on the effect of using SWTs rather
than other tube types on the ductility of CFST long columns by com-
paring the test results with previous data. CFST long column tests
where concrete of the same type and strength is used, with only the
tube type being varied, will enable such effects to be clearly
ascertained. In addition, finite element modelling (FEM) could also po-
tentially assist in evaluating any differences in ductility of CFST
long columns under compression when SWTs rather than LWTs
are used. For this purpose, FEM of CF-SWST columns with comparable
parameters to CFSTs of other tube types reported in the literature can
be considered. The CF-SWST column tests described in this paper
could be used for calibration and verification of such FEM
studies. A downside of such FEM-based approaches is that FEM
analyses would only be able to consider the effects of SWT residual

Fig. 6. Front view (left) and side view (right) of LD1E0, LD1E1 and LD1E2 at test termination.

Fig. 7. Front view (left) and side view (right) of LD3E0, LD3E1 and LD3E2 at test termination.
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stresses through approximations of their distributions unlike experi-
mental testing, where their effects are inherently considered in an
exact manner.

3.4. Load-strain behaviour

The variation of measured longitudinal (εl) and circumferential
(εtrans) strains with applied axial load for the respective tested CF-
SWST long columns are shown in Figs. 12, 13, 14, 15. It was ascertained
considering theVonMises yield criterion that the locations ofmaximum
longitudinal compressive strain at mid-height of all specimens had
yielded prior to the attainment of the respective peak loads. The yield
criterion was evaluated using an elastic plane stress calculation consid-
ering the measured average steel material properties. The Poisson's
ratio of steel was taken as 0.3 for this calculation. For the CF-SWSTs
loaded with einitial/D= 0.4 the locations of maximum tensile longitudi-
nal strains at mid-height (i.e. locations of L3/C3) had also yielded prior
to the respective peaks.

For all four D/t ratios considered in the test program, it was observed
that themaximum longitudinal compressive strain at the peak loadwas
higher when the loadingwas eccentrically applied compared to when it

was applied concentrically. This is consistent with the behaviour
reported by Yang and Han [42] who tested concrete-filled LWT
(CF-LWT) long columns with Le/D = 10, D/t = 64.2 and einitial/D = 0,
0.121 and 0.242.

The longitudinal strain profile across the mid-height sections of the
tested specimens remained linear even until load levels of 0.95Pmax as
can be seen from Fig. 16, which is typical of the strain profiles measured
for all tested columns. The observed behaviour of ‘plane sections re-
maining plane’ is consistent with what has been reported in the litera-
ture for CFST long columns where non-SWT tube types were used
[42,49,53,57,65,66]. Fig. 17 shows the sectional variations of the circum-
ferential strain corresponding to the longitudinal strain variations
shown in Fig. 16 which are representative of all tested columns. It was
observed that the circumferential strain was non-uniform across the
column sections for the eccentrically loaded specimens. For these spec-
imens, the circumferential strain had its highest (tensile) value at the in-
trados of the specimens which reduced to zero at the location of the
neutral axis (i.e. positions of εl = 0 in Fig. 16). Since the circumferential
tensile strains are directly related to the confinement accorded to the
concrete core by the steel tube, it can thus be ascertained that such con-
finement would have been non-uniform and limited to only the

Fig. 8. Condition of inner concrete cores of (left to right) LD1E0, LD1E1 and LD1E2.

Fig. 9. Deflected shapes of eccentrically loaded CF-SWST long columns at different load levels. For a) LD4E1 and b) LD4E2.
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compressive portion of the concrete cross-section for the eccentrically
loaded CF-SWSTs.

3.4.1. Consideration of concrete confinement
The confinement of the concrete core that may have been effective

for the tested CF-SWST long columns was evaluated by considering
the variation of the measured effective Poisson's ratio of the steel tube
at mid-height (νe = εtrans/εl). It has been well established that the

steel tube confines the concrete core of circular CFSTs when the value
of the effective Poisson's ratio becomes greater than the Poisson's ratio
of steel alone (νs) [67]. The variations of measured νe with load at the
location ofmaximumcompressive εl atmid-height (i.e. L1/C1 for eccen-
tric loading, L1/C1 or L3/C3 for concentric loading) for four representa-
tive tested CF-SWST long columns are given in Fig. 18. νe was calculated
using themeasured strains of each pair of longitudinal and circumferen-
tial strain gauges. νs was approximated in Fig. 18 using the variation

Fig. 10. Normalised P - δv plots for a) LD1E0-2, b) LD2E0-2, c) LD3E0-2, and d) LD4E0-2.

Fig. 11. Comparison of ductility indices calculated for CF-SWST long columns with a) Short CF-SWST columns b) CFST long columns using non-SWT tube types.
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reported by Chen et al. [53]. The difference in yield strengths of the
tested CF-SWSTs to that reported by Chen et al. [53] was allowed for
by normalising the strains reported in [53] with respect to the reported
theoretical yield strain (i.e. fy/Es 299.4/183e-3) and thereafter multiply-
ing the normalised values by the corresponding yield strain of the steel
used for the tested SWTs (i.e. 234.9/200e-3).

The occurrence of confinement can be assessed by comparing the
difference of νe to νs at the respective peak loads. It was observed
that there was negligible difference between νe and νs for specimens
D3E2 and D4E2. Compared to these specimens, identifiable differ-
ences existed between effective and steel Poisson's ratios for the
two smaller diameter specimens considered in Fig. 18. This suggests
that some degree of confinement would have been effective for the
tested CF-SWST long columns with diameters D1 and D2 (nominal
D/t = 51 and 76). This is consistent with the results of Chen et al.
[53] who observed that confinement of the concrete core was

effective for the CFST long columns they tested which had D/t ratios
(as well as Le/D and einitial/D ratios) similar to those of the smallest
diameter CF-SWSTs tested by the authors (i.e. Le/D = 12.6, D/t ~
50–51 and einitial/D = 0.145 and 0.290). It can also be seen from
Fig. 18 that the onset of confinement, defined as the point at which
the variations of νe and νs diverge, occurred very close to the peak
load for the two smaller diameter specimens considered. This is con-
sistent with the fact that relatively large increases of the circumfer-
ential tensile strains occurred only after the respective load levels
increased above 0.95 Pmax as can be seen from Fig. 17. On the
other hand, it appears from Fig. 18 that confinement of the concrete
core was minimal for the tested CF-SWST columns with the two
larger D/t ratios. This suggests that the Le/D limit at which concrete
confinement effects become negligible may be dependent on the
D/t ratio as well (with the limiting value being greater for smaller
D/ts).

Fig. 12. a), c), e) Applied load versus longitudinal strains and b), d), f) Applied load versus circumferential strains for LD1E0, LD1E1 and LD1E2.
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The confinement effect operative for CF-SWST long columns was
ascertained to be much less than that of the corresponding short col-
umns tested previously by the authors [17]. As can be seen in Fig. 19,
even for the CF-SWST with the largest D/t considered, confinement of
the concrete core occurred in the short columns unlike in the corre-
sponding long columns.

4. Comparison of results with codified predictions

The applicability of existing design standards to the tested CF-SWST
long columnswas evaluated by comparing the experimentally obtained
capacities to those predicted as per the guidelines of six widely used in-
ternational codes of practice. These were namely, AS2327 [18],
Eurocode 4 (EC4) [19], AISC-360 [20], AIJ [21], CAN/CSA S16-01 [22]
and GB-50936 [23]. The steel and concrete material strengths of the
tested specimens conformed to the respective limits stated in the differ-
ent standards, except to the concrete strength limit specified in GB-

50936. Nonetheless, the range of fcm values of the tested specimens
(23.1–24.4 MPa) were quite near the limit specified in GB-50936
(25 MPa). The design standards that were considered also specify sec-
tion slenderness limits, i.e. limits on either D/t or λe = (D/t) (fy/250).
The respective slenderness values and the associated limits of the tested
CF-SWSTs are given in Table 9. Some of the tested CF-SWSTs had slen-
derness values outside of the maximum limit specified in EC4. It was
also observed that none of the specimens confirmed to GB-50936
since it limits its applicability to CFSTs with D N 168 mm and t
N 3 mm. Nonetheless, the predicted capacities as per EC4 and GB-
50936 were calculated for all tested specimens, since the objective
was to assess the capacity of the methods specified in the various stan-
dards to predict the strengths of the tested CF-SWSTs. The measured
steel yield strength (fy = 234.9 MPa) and the concrete compressive
strengths (fcm) of the respective specimens given in Table 7 were used
for calculating the predicted capacities. All design (safety) factors were
considered as unity for the calculations.

Fig. 13. a), c), e) Applied load versus longitudinal strains and b), d), f) Applied load versus circumferential strains for LD2E0, LD2E1 and LD2E2.
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4.1. Comparison for concentrically loaded CF-SWST long columns

The actual to predicted axial capacity ratios (Pmax/Ppredicted) obtained
for the four concentrically loaded CF-SWST long columns that were
tested are given in Table 10. For comparison, Table 10 also contains
the Pmax/Ppredicted ratios calculated for the CF-SWST long columns that
were previously tested by Gardner [26]. The variations of the calculated
Pmax/Ppredicted ratios with the respective slenderness parameters de-
fined in each code are shown in Fig. 20. Fig. 20 also contain the scatter
of Pmax/Ppredicted values calculated for a selection of previously reported
CFST long column tests (29 tests) where non-SWT tube types were
used. These were chosen from the investigations listed in Table 1 as
well as others [36,39,40,42,49,51,53,57,68–70]. Only previous tests
with Le/D ratio in the range 10 to 13 were considered to enable a ratio-
nal comparison to the tested CF-SWSTs. The fcm values of the concrete
infills of the selected 29 tests were in the range 18–62 MPa.

On average all the codes gave predicted capacities which were in
good agreement with those obtained experimentally. AS 2327 gave
the smallest average Pmax/Ppredicted ratio whilst the predictions of CAN/
CSA S16-01 displayed the least scatter. On the other hand, AIJ gave ac-
tual to predicted capacity ratios which were either conservative (N1.0)
or nearest to 1.0.

For all the codes the standard deviation of the capacity ratios was
significant. This was observed to be because the capacity ratios ob-
tained for the two smaller diameter specimens were quite conserva-
tive compared to those of the specimens of the two larger diameters.
This suggests that concrete strength levels greater than that consid-
ered in the prediction models may have been effective for the spec-
imens of the two smaller diameters. For example, in AS 2327 only
1–2% enhancement of the concrete strength above f'c was predicted.
This is also consistent with the observation made in Section 3.4.1
where a degree of confinement was observed for specimens of the

Fig. 14. a), c), e) Applied load versus longitudinal strains and b), d), f) Applied load versus circumferential strains for LD3E0, LD3E1 and LD3E2.
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two smaller diameters. This suggests that the respective confinement
models could be amended to consider greater levels of confinement
for CFSTs with smaller D/t magnitudes at Le/D values similar
to those tested. The AS 2327/EC4 capacity ratios were also noticeably
b1.0 for specimens LD3E0 and LD4E0. A similar observation was
reported for the corresponding short columns in [17] which
suggests that the prediction model may be un-conservative for sec-
tion slenderness values similar to those of the two larger diameter
specimens.

As can be seen in Fig. 20 the Pmax/Ppredicted ratio showed a generally
decreasing trendwith the respective slenderness parameters. The Pmax/
Ppredicted scatter of the previously tested CFST long columns was consis-
tentwith that observed for the tested CF-SWSTs. Even for the previously
tested CFST long columns the Pmax/Ppredicted ratio was observed to be
more conservative at smaller slenderness (D/t) values which supported
the postulations discussed above. These observations suggest equiva-
lence of CFST long columns irrespective of whether SWTs or other
tube types are used for the CFST.

The Pmax/Ppredicted ratios of the tests done by Gardner [26] were in-
consistentwhichwas possibly due to deficiencies in the specimen prep-
aration reported by Gardner himself. Hence a comparison between the
CF-SWSTs tested by the authors and those tested by Gardner could
not be carried out.

It can be seen from Fig. 20 that, for the tested CF-SWSTs, EC4 pro-
vides a satisfactory definition of the effective compact limit (i.e. limit
at which Pmax/Ppredicted becomes b1.0). This also ties in with the fact
that the EC4 capacity ratios obtained for specimens LD3E0 and LD4E0
were quite un-conservative (since the limit of EC4 excludes the speci-
mens with the two larger diameters). The scatter of capacity ratios of
the previously tested CFST long columns also showed that EC4 provides
a satisfactory slenderness limit definition.

4.2. Comparison for eccentrically loaded CF-SWST long columns

The design standards considered in this paper specify methods to
calculate the eccentric axial load capacities of CFSTs using moment-

Fig. 15. a), c), e) Applied load versus longitudinal strains and b), d), f) Applied load versus circumferential strains for LD4E0, LD4E1 and LD4E2.
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axial load (M-N) capacity interaction curves. The codes either specify
ULS stress distributions for the CFST cross-section or interaction equa-
tions using which the respective M-N curves can be computed. For a
pin-ended column loaded at a given end eccentricity, the axial capacity
can be specified as the load at which the ‘applied’ M-N curve (i.e. M =
Neeff), accounting for the effective increase of eccentricity at mid-
height due to 2nd order effects, intersects the M-N capacity interaction
curve.

The Pmax/Ppredicted ratios calculated as per the different standards,
allowing for 2nd order effects, for the tested eccentrically loaded CF-
SWST long columns are tabulated in Table 11. The variations of Pmax/
Ppredicted with the respective slenderness parameters are given in Fig.
21. For comparison, the capacity ratios obtained for 12 eccentrically
loaded CFST long column tests reported in the literature are also
shown in Fig. 21, where tube types other than SWTs were used. Only
previously reported tests with Le/D and einitial/D ratios in the range
10–13 and 0.13–0.15/0.36–0.44 respectively were considered to enable
a direct comparison to the tested CF-SWSTs. The 12 tests considered had

concrete compressive strengths in the range 33–62 MPa. The M-N ca-
pacity interaction curves calculated as per the respective standards for
the tested CF-SWSTs together with the experimental M-N curves are
given in Fig. 22. For reference, the theoretical M-N curves calculated as
per the guidelines of AS 2327 allowing for 2nd order effects are also
shown in Fig. 22.

For the tested eccentrically loaded columns, it was observed that AS
2327 gave Pmax/Ppredicted ratios whichwere closest to or N1.0. Except for
AIJ, all the other codes also provided conservative predictions of the ec-
centric axial capacity on average, while the capacity ratios predicted by
AISC-360 was higher than 1.0 for all the tested specimens. The notice-
ably less conservative nature of the predictions of AIJ was attributed to
the fact that its guidelines ignored second order effects for Le/D values
b12 unlike the other standards.

The capacity ratios corresponding to the CF-SWST specimens of the
two smaller diameters were considerably more conservative than
those obtained for specimens of the two larger diameters. As can be
seen in Fig. 22, the respective peak loads of these specimens lay

Fig. 16. Sectional variation of mid-height longitudinal strains for a) LD3E0 b) LD3E1 and c) LD3E2.

Fig. 17. Sectional variation of mid-height circumferential strains for a) LD3E0 b) LD3E1 and c) LD3E2.
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significantly outside of the capacity interaction curves. This behaviour is
consistent with that observed for the concentrically loaded specimens
and suggest that greater level of concrete strength could be considered
for these specimens (i.e. with smaller D/t). This is also reflective of the
confinement effect that was observed for the smaller diameter speci-
mens compared to the larger diameter specimens as discussed in
Section 3.4.1.

Unlike for the concentrically loaded specimens, for the eccentrically
loaded CF-SWST long columns of the two larger diameters the capacity
ratiosweremuch closer to 1.0. As can be seen from Fig. 22 for specimens
LD3E1 and LD4E1 which were the only eccentrically loaded specimens
with capacity ratios b1.0 as per AS 2327, the corresponding peaks are lo-
cated outside or very near to the respective capacity interaction curves.
The respective Pmax/Ppredicted values were less than one since the actual
M-N curves of the tests diverged from the corresponding approxima-
tions as per AS 2327. This suggests that the prediction model specified

in AS 2327 for eccentrically loaded CFST long columns is adequate for
all the eccentrically loaded CF-SWSTs that were tested. This in turn
suggests that the AS 2327 ‘compact’ slenderness limit (λe = 125) is sat-
isfactory and also applicable for CF-SWSTs as well. This is especially so
since the maximum λe of the tested specimens was 111.

A generally decreasing trendwith the respective slenderness param-
eters was observed for the capacity ratios of the tested CF-SWSTs. How-
ever, no such trend could be observed for the scatter of Pmax/Ppredicted
obtained for the previously tested CFST long columns using other non-
SWT tube types.

It can be seen from Fig. 21 that the capacity ratios obtained for the
tested CF-SWST long columns of the two smaller diameters were no-
ticeably more conservative than those calculated for comparable CFST
long columns reported in the literature. This difference appears to be
less in relation to the tested specimens of the two larger diameters,
though very few comparable previous tests could be found in the slen-
derness range of those specimens. Hence for higher section slenderness
values, to assess the effect of using SWTs rather than other tube types on
eccentrically loaded CFST long columns, further tests on comparable
CFSTs using non-SWT tubes are required. FEM-based parametric studies
could also assist in this regard for which the CF-SWST tests described in
this paper could be used for verification and calibration.

Similar to the concentrically loaded specimens, the slenderness limit
specified in EC4 also appear to provide a satisfactory definition of effec-
tive ‘compact’ behaviour for eccentrically loaded CF-SWST long columns
for use with its specified guidelines.

5. Fibre-element analyses conducted for eccentrically loaded
CF-SWSTs

Fibre-element analyses were also used to predict the respective ec-
centric axial capacities following a procedure similar to that detailed
by Patel et al. [60]. For these analyses the concrete and steel material

Fig. 18. Variation of νe for a) LD1E2, b) LD2E1, c) LD3E2, and d) LD4E2.

Fig. 19. Comparison of νe between corresponding short and long CF-SWST columns.
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Table 9
Cross-section slenderness and classifications of tested CF-SWST long columns as per the different standards considered (C ≡ Compact, NC ≡ Not compact).

Test D/t λe AS2327 EC4 AISC-360 CAN/CSA
S16-01

AIJ GB-50936

λey compact λemax (D/t)
limit

(D/t) compact (D/t) non-compact (D/t) max (D/t) limit (D/t)
limit

(D/t) limit

LD1E0 56 53 125 162 C 90 C 128 162 264 C 119 C 150 C 135 C
LD1E1 58 55 125 162 C 90 C 77 162 264 C 119 C 150 C 135 C
LD1E2 56 53 125 162 C 90 C 77 162 264 C 119 C 150 C 135 C
LD2E0 87 81 125 162 C 90 C 128 162 264 C 119 C 150 C 135 C
LD2E1 86 81 125 162 C 90 C 77 162 264 NC 119 C 150 C 135 C
LD2E2 84 79 125 162 C 90 C 77 162 264 NC 119 C 150 C 135 C
LD3E0 105 99 125 162 C 90 NC 128 162 264 C 119 C 150 C 135 C
LD3E1 104 98 125 162 C 90 NC 77 162 264 NC 119 C 150 C 135 C
LD3E2 105 98 125 162 C 90 NC 77 162 264 NC 119 C 150 C 135 C
LD4E0 117 110 125 162 C 90 NC 128 162 264 C 119 C 150 C 135 C
LD4E1 116 109 125 162 C 90 NC 77 162 264 NC 119 C 150 C 135 C
LD4E2 118 111 125 162 C 90 NC 77 162 264 NC 119 C 150 C 135 C

Table 10
Pmax/Ppredicted ratios for concentrically loaded CF-SWST long columns.

Ref Label D/t λe λr as per AS 2327 Le/D AS 2327 EC4 AISC 360 AIJ CAN/CSA S16-01 GB-50936

This paper LD1E0 56 53 0.43 11.9 1.20 1.21 1.27 1.29 1.16 1.16
LD2E0 87 81 0.41 11.0 1.11 1.13 1.19 1.21 1.11 1.16
LD3E0 105 99 0.40 10.5 0.80 0.81 0.86 0.87 0.81 0.87
LD4E0 117 110 0.43 11.3 0.90 0.91 0.97 0.99 0.93 1.02
Average 1.00 1.02 1.07 1.09 1.00 1.05
Stdev 0.19 0.19 0.19 0.19 0.16 0.14

Gardner [26] 1 64 76 0.43 11.7 1.11 1.13 1.17 1.19 1.04 1.02
2 64 76 0.48 11.7 0.88 0.89 0.94 0.95 0.87 0.86
3 65 82 0.49 11.7 0.68 0.69 0.73 0.74 0.68 0.66
4 65 82 0.49 11.7 0.66 0.66 0.70 0.71 0.64 0.63

Fig. 20. Variation of Pmax/Ppredicted with normalised section slenderness for concentrically loaded CF-SWST long columns based on a) AS 2327, b) EC4, c) AISC-360, d) AIJ, e) CAN/CSA S16-
01, and f) GB-50936.
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models proposed by Fujimoto et al. [71] were used. These models were
used as they had been previously found to provide better agreement
with experimental results than the various codes of practice for CF-
SWST short columns under eccentric loading [17]. As can be seen from
Fig. 23, strength levels markedly greater than f'c were only effective for
specimens of nominal diameter D1 and D2.

For the fibre-element analyses the laterally deflected shape of the
eccentrically loaded CF-SWST columns at all load levels was considered
to be equal to a half sine-wave. This assumption allowed the curvature

at mid-height to be calculated using Eq. (5). For a given column geom-
etry and end eccentricity of the applied load (einitial), themid-height lat-
eral deflection (δmh) was increased in increments of 0.01 mm until a
deflection of 50 mm. At each increment, the curvature at mid-height
was calculated using Eq. (5). The concrete core and SWT cross sections
of each respective CF-SWST were divided up into 100 fibre-elements
each. For each δmh increment, 300 different neutral axis positions, in-
cluding locations both inside and outside of the cross section were con-
sidered. For each of these neutral axis locations, the strains of the

Table 11
Pmax/Ppredicted ratios for eccentrically loaded CF-SWST long columns.

Label D/t λe einitial/D Le/D AS 2327 EC4 AISC - 360 AIJ CAN/CSA S16-01 GB - 50,936 Fujimoto fibre models

LD1E1 58 55 0.15 11.9 1.28 1.37 1.26 1.04 1.19 1.30 1.26
LD2E1 86 81 0.15 11.0 1.13 1.21 1.31 0.96 1.03 1.20 1.12
LD3E1 104 98 0.15 10.5 0.95 1.02 1.10 0.81 0.84 1.03 0.95
LD4E1 116 109 0.15 11.3 0.96 1.02 1.09 0.79 0.82 1.04 0.96
Avg 1.08 1.15 1.19 0.90 0.97 1.14 1.07
Stdev 0.16 0.17 0.12 0.12 0.18 0.13 0.15
LD1E2 56 53 0.4 11.9 1.40 1.30 1.28 1.08 1.22 1.31 1.32
LD2E2 84 79 0.4 11.0 1.33 1.23 1.33 1.04 1.33 1.21 1.25
LD3E2 105 98 0.4 10.6 1.10 1.02 1.12 0.85 1.21 0.98 1.03
LD4E2 118 111 0.4 11.3 1.04 0.94 1.08 0.78 1.16 0.91 0.98
Avg 1.22 1.12 1.20 0.94 1.23 1.10 1.14
Stdev 0.18 0.17 0.12 0.14 0.07 0.19 0.17
Avg all 1.15 1.14 1.20 0.92 1.10 1.12 1.11
Stdev all 0.17 0.16 0.11 0.12 0.19 0.15 0.15

Fig. 21.Variation of Pmax/Ppredictedwith normalised section slenderness for eccentrically loadedCF-SWST long columns based on a) AS 2327, b) EC4, c) AISC-360, d) AIJ, e) CAN/CSA S16-01,
and f) GB-50936.
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respective steel and concrete fibre-elements were evaluated using the
calculated value of curvature and assuming a linear strain profile across
the section. The corresponding fibre stresses were thereafter evaluated
using the material models proposed by Fujimoto et al. [71] correspond-
ing to the steel and concrete material strengths of the respective CF-
SWSTs. Using the calculated distribution of fibre stresses the resultant
sectional axial force (P) and bending moment (Mmh) of the CF-SWST
section were evaluated for each neutral axis location that was consid-
ered. The equilibrium of each P – Mmh pair was then evaluated using
Eq. (6) (i.e. considering the residual of the difference between the left
and right sides of the equation) where the δmh of the respective incre-
ment and einitial of the column were used for the calculation. The actual
P - Mmh combination (and actual neutral axis location) corresponding
to the particular increment was then calculated through linear

interpolation to exactly satisfy Eq. (6). The lateral displacement was
thereafter incremented in-turn and the afore-described process re-
peated in order to obtain the full axial load-lateral deflection behaviour
(P – δmh) of all the respective CF-SWST columns.

Curvature at mid−height ¼ π
Le

� �2

δmh ð5Þ

Mmh ¼ P einitial þ δmhð Þ ð6Þ

The predicted M-N curves obtained from the fibre analyses together
with the corresponding capacity interaction curves are given in Fig. 24.
The capacity interaction curves were obtained from the fibre analyses
through a procedure similar to that followed for the P – δmh plots

Fig. 22. Experimental and codifiedM-N interaction curves of a) LD1E1, b) LD1E2, c) LD2E1, d) LD2E2, e) LD3E1, f) LD3E2, g) LD4E1, and h) LD4E2. (Each respective experimental peak load
is shown by an ‘x’, w/o ≡ without)
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described previously. For the capacity curves, for a given end eccentric-
ity (einitial), the strain at the extreme compressive fibre was
incremented rather than δmh and the corresponding P –Mmh combina-
tionswhich satisfied Eq. (6) (with δmh=0)were obtained for a range of
strain values. The point on theM -N capacity curve corresponding to the
considered einitial value was then taken as the peak of the resulting var-
iation of axial load (P) with extreme compressive fibre strain. The full
capacity interaction curve was attained by repeating this calculation
procedure for a number of different einitial values. The capacity ratios
corresponding to the fibre analyses are given in Table 11.

For the CF-SWSTs of the two smaller diameters the Pmax/Ppredicted ra-
tios obtained from the fibre analyses were essentially the same as those
of AS 2327. However, as can be seen from Fig. 24 the respective peaks
resulting from the fibre analyses were closer to the experimental
peaks in terms of distance in the M-N space than those of AS 2327.
This suggests that in terms of capacity assessment the fibre analyses ca-
pacities were in better agreement with actual behaviour than the codi-
fied values. Only AS 2327was considered for comparison in Fig. 24 since
it gave predictionswhichwere closest to the test peaks out of all the dif-
ferent standards. For the specimens of the two smaller diameters, it can
be observed that the experimental capacities lie even outside of the ca-
pacity curves defined by fibre analyses. Similar observations were re-
ported for the corresponding CF-SWST short columns previously
tested by the authors [17,72]. This is suggestive of the fact that even
greater strength enhancement may be effective for these specimens
than considered by the material models of Fujimoto et al. [71]. In any
event, inherent differences between the actual in-situ material
strengths and those used for the calculationsmay also have contributed
to the observed conservativeness which should be verified through fur-
ther testing.

The distance in theM-N space between the fibre analyses peaks and
those of the experiments were even closer for the specimens of the two
larger diameters. For these specimens, the M-N curves obtained from
the fibre analyses closely matched those of the experiments even up-
to the respective peak loads unlike that observed for the predicted M-
N curves as per AS 2327. As a result, the Pmax/Ppredicted ratios obtained
from the fibre analyses for these specimens were closer to 1.0 than
those of AS 2327. In general, M-N curves obtained from the fibre analy-
ses for all specimens agreed well with those obtained experimentally
for a significant load range. This signifies the adequacy of thesemethods
to model CF-SWST long columns not only at the ULS but also within the
serviceability load ranges as well.

The results of the fibre analyses suggest that confined concrete ma-
terial models can be considered even when the level of confinement
across the cross-section of the CFST is not uniform which was the case
observed for the eccentrically loaded CF-SWST test specimens.

6. Conclusions

Based on the results of the experiment program that was carried out
the following conclusions can be arrived upon;

1. Based on the failuremodes observed for the tested CF-SWSTs, it can
be concluded that the ULS failure mechanism of CFST long columns
under concentric and eccentric axial loading is independent of the
fabrication method used for the steel tube.

2. The effects of the steel tube fabrication method on the ductility of
CFST long columns could not be definitively established based on
the conducted CF-SWST column tests. Further experimental testing
of CFST long columns, where only the tube fabrication method is
varied, and FEM-based studies are recommended in the future to
address this limitation.

3. This study provided experimental verification of the applicability of
existing CFST design guidelines for CF-SWST long columns under
eccentric axial loading. It was also ascertained that the section slen-
derness limits specified in the design standards were, in general,
conservative for CFST long columns under eccentric axial loading ir-
respective of the tube fabrication method.

4. It was further determined that current standardised design ap-
proaches may also be used for concentrically loaded CF-SWST
long columns. However, the study revealed that for CFST long col-
umns using SWTs as well as other tube types, the specified section
slenderness limits in some of the design standards may be
unconservative.

5. The ‘compact’ slenderness limit specified in Eurocode 4 for use with
its guidelines is applicable for CF-SWST long columns as well, for
both concentric and eccentric axial loading.

6. Through comparison of the scatter ratio obtained for the tested CF-
SWSTs with those reported for CFSTs of other tube types it was
recognised that standardised guidelines were equally applicable
for CFST long columns under pure axial loading irrespective of the
steel tube fabrication method.

7. For CFST long columns under eccentric axial loading the design
standards were observed to be more conservative for CF-SWSTs
than for CFSTs of other tube types for section slenderness (λe)
values b81. For CFST long columns with higher section slenderness
values the existing experimental data are insufficient to establish
the effects of the tube fabrication method on the prediction conser-
vativeness. Further experimental testing and FEM-based paramet-
ric studies should be carried out in the future to establish such
effects.

8. The study suggested that strength enhancement due to confine-
ment effects, above that currently allowed for in the standards,

Fig. 23.Normalised stress-strain curves as defined by Fujimoto et al. [71] for a) concrete cores of specimenswith e/D=0.15, b) concrete cores of specimenswith e/D=0.4 and c) for steel
of SWTs.
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could be considered for CF-SWST long columns with λe b81 in the
Le/D range considered in the test program. Furthermore, concrete
confinement benefits appear to be effective even under eccentric
axial loading, when it is non-uniform across the CFST section.
FEM- based parametric studies are recommended in the future to
investigate and verify the existence of such confinement effects.

9. The confinement of the concrete core by the steel tube that is effec-
tive for CF-SWST long columns is significantly less than that of cor-
responding CF-SWST short columns.

10. For CF-SWST long columns in the tested Le/D range, it was
established that fibre-element based analysis, utilising material

models which consider peak concrete strength levels greater than
specified in the various design codes, can be used to obtain better
predictions of the experimental ULS capacity behaviour compared
to those found using standardised methods.

Acknowledgements

The first author wishes to acknowledge that his Ph.D. research is
supported by an Australian Government Research Training Program
(RTP) scholarship. The research described in this paper was financially
supported by the University of Western Australia.

Fig. 24. Predicted M-N curves through fibre analyses for a) LD1E1, b) LD1E2, c) LD2E1, d) LD2E2, e) LD3E1, f) LD3E2, g) LD4E1, and h) LD4E2.

361Y. Gunawardena et al. / Journal of Constructional Steel Research 159 (2019) 341–363

87



References

[1] ArcelorMittal, Spirally Welded Steel Pipes, Corporate Brochure, Projects Europe,
Foundation Solutions, Netherlands, 2011.

[2] ROLADUCT Spiral Tubing Group, Spiral-Welded Tube, Pipe & Fittings: Product Infor-
mation, http://www.roladuct.com.au/product-range/spiral-welded-tube-pipe-and-
fittings/ 2017 (Accessed 13-09 2017).

[3] S. Wolfgang, Why spiral weld pipe, World Petrol. (1972) 28–31.
[4] F.M. Knoop, B. Sommer, Manufacturing and use of spiral-welded pipes for high pres-

sure service - state of the art, Biennial International Pipeline Conference, American
Society of Mechanical Engineers, Calgary, Alta., Canada 2004, pp. 1761–1769.

[5] G. Heiberg, A. Eltaher, P.P. Sharma, P. Jukes, M. Viteri, SpiralWound Line Pipe for Off-
shore Applications, Offshore Technology Conference, Houston, Texas, USA, 2011 11.

[6] A.F.M. Arif, A.S. Al-Omari, Y. Al-Nassar, Development of residual stress during
manufacturing of spiral-welded pipes, Mater. Manuf. Process. 27 (7) (2012)
738–745.

[7] S. Kyriakides, E. Corona, Mechanics of Offshore Pipelines, Elsevier Ltd, 2007.
[8] L. Zhichao, A.H. Varma, Seismic behavior and modeling of concrete partially filled

spirally welded pipes (CPF-SWP), Thin-Walled Struct. 113 (2017) 240–252.
[9] Y. Bian, C. Penniston, L. Collins, R. Mackenzie, Evaluation of UOE and spiral-welded

line pipe for strain based designs, 2010 8th International Pipeline Conference,
IPC2010, September 27, 2010 - October 1, 2010, American Society ofMechanical En-
gineers, Calgary, AB, Canada 2010, pp. 139–148.

[10] G. Chatzopoulou, G.C. Sarvanis, C.I. Papadaki, S.A. Karamanos, Modelling of spiral-
welded pipe manufacturing and its effect on pipeline structural performance, Inter-
national Offshore and Polar Engineering Conference, International Society of Off-
shore and Polar Engineers, Rhodes, Greece 2016, pp. 60–68.

[11] M. Hanada, H. Takeda, H. Fukushima, I. Koizumi, Y. Noguchi, Development of high
speed submerged arc welding in spiral pipe mill, Trans. Iron Steel Inst. Japan 26
(5) (1986) 433–438.

[12] Keystone Tower Systems, Tapered Spiral Welding, http://keystonetowersystems.
com/, Accessed date: 9 November 2017.

[13] F. Alfawakhiri, Behavior of High-Strength Concrete-Filled Circular Steel Tube Beam-
Columns, ProQuest Dissertations and Theses University of Ottawa Ann Arbor, 1997
195.

[14] M. Shams, M.A. Saadeghvaziri, State of the art of concrete-filled steel tubular col-
umns, ACI Struct. J. 94 (5) (1997) 558–571.

[15] L.-H. Han,W. Li, R. Bjorhovde, Developments and advanced applications of concrete-
filled steel tubular (CFST) structures: members, J. Constr. Steel Res. 100 (2014)
211–228.

[16] B.C. Gourley, T. Cenk, Mark D. Denavit, Paul H. Schiller, Jerome F. Hajjar, A synopsis
of studies of the monotonic and cyclic behavior of concrete-filled steel tube mem-
bers, connections, and frames, Newmark Struct. Eng. Lab. Rep. Ser. (2008) 008.

[17] Y. Gunawardena, F. Aslani, Behaviour and design of concrete-filled mild-steel spiral-
welded tube short columns under eccentric axial compression loading, J. Constr.
Steel Res. 151 (2018) 146–173.

[18] Standards Australia, AS/NZS 2327:2017, Composite structures - composite steel-
concrete construction in buildings, 2017.

[19] European Committee for Standardization, EN 1994-1-1:2004, Design of composite
steel and concrete structures, Part 1.1, General Rules and Rules for Buildings, 2004.

[20] American Institute of Steel Construction, ANSI/AISC 360–16 Specification for Struc-
tural Steel Buildings, 2016.

[21] Architectural Institute of Japan (AIJ), Standard for structural calculation of steel rein-
forced concrete structures, 2001.

[22] Canadian Standards Association, CAN/CSA-S16–01, National Standard of Canada
Limit States Design of Steel Structures, 2001.

[23] Ministry of Housing and Urban-Rural Development of the People's Republic of
China, GB 50936–2014 Technical Code for Concrete Filled Steel Tubular Structures,
2004.

[24] M.R. Forouzan, S.M. Mirfalah Nasiri, A. Mokhtari, A. Heidari, S.J. Golestaneh, Residual
stress prediction in submerged arc welded spiral pipes, Mater. Des. 33 (1) (2012)
384–394.

[25] P. Dong, J. Hong, B. Leis, P.S. Lopez, R.G. Chavela, C.S. Ghenno, Computational simu-
lation of line-pipe fabrication processes, 2006 International Pipeline Conference, The
Anerican Society of Mechanical Engineers, Calgary, Alberta, Canada, 2006.

[26] N.J. Gardner, Use of spiral-welded steel tubes in pipe columns, J. Am. Concr. Inst. 65
(11) (1968).

[27] P.W. Key, G.J. Hancock, A theoretical investigation of the column behaviour of cold-
formed square hollow sections, Thin-Walled Struct. 16 (1) (1993) 31–64.

[28] A.J. Sadowski, S.H.J. Van Es, T. Reinke, J. Michael Rotter, A.M. Nol Gresnigt, T.
Ummenhofer, Harmonic analysis of measured initial geometric imperfections in
large spiral-welded carbon steel tubes, Eng. Struct. 85 (2015) 234–248.

[29] F. Aslani, B. Uy, J. Hur, P. Carino, Behaviour and design of hollow and concrete-filled
spiral-welded steel tube columns subjected to axial compression, J. Constr. Steel Res.
128 (2017) 261–288.

[30] M. Akiyama, H. Naito, K. Ono, N. Shirahama, D. Matsumoto, M. Suzuki, Concentric
loading tests of concrete filled spiral steel tubes and stress-strain relation of con-
crete confined by steel tubes, Doboku Gakkai Ronbunshuu E (土木学会論文集E) 65
(4) (2009) 548–563.

[31] K.A. Mears, Structural Capacity of Steel Tubular Cast-in-Place Piling, ProQuest disser-
tations and theses Michigan Technological University, Ann Arbor, 2011 117.

[32] W. Wang, Z. Tang, Z. Li, H. Ma, Bearing capacities of different-diameter concrete-
filled steel tubes under axial compression, Adv. Mater. Sci. Eng. 2016 (2016) 10.

[33] K. Xie, G. Chen, X. Zhao, S. Chen, Experiment on whole section stress under com-
pressive failure of CFST column, J. Residuals Sci. Technol. 13 (2016) 169–177.

[34] P.K. Neogi, K.H. Sen, J.C. Chapman, Concrete-filled tubular steel columns under ec-
centric loading, Struct. Eng. 47 (5) (1969) 187–195.

[35] B.V. Rangan, M. Joyce, Strength of eccentrically loaded slender steel tubular columns
filled with high-strength concrete, ACI Struct. J. 89 (6) (1992) 676–681.

[36] C. Matsui, K. Tsuda, I. Ozaki, Y. Ishibashi, Strength of slender concrete filled steel tu-
bular columns, J. Struct. Constr. Eng. (Trans. AIJ) 62 (494) (1997) 137–144.

[37] H.R. Kavoossi, Ultimate Load Capacity of Circular Hollow Sections Filled with Higher
Strength Concrete, University of Wollongong, 1993.

[38] A.E. Kilpatrick, B.V. Rangan, Tests on high-strength concrete-filled steel tubular col-
umns, ACI Struct. J. 96 (2) (1999) 268–274.

[39] L.-H. Han, G.-H. Yao, Experimental behaviour of thin-walled hollow structural steel
(HSS) columns filled with self-consolidating concrete (SCC), Thin-Walled Struct. 42
(9) (2004) 1357–1377.

[40] J. Zeghiche, K. Chaoui, An experimental behaviour of concrete-filled steel tubular
columns, J. Constr. Steel Res. 61 (1) (2005) 53–66.

[41] Y. Qing, T. Zhong, W. Ying-Xing, Experimental behaviour of high performance
concrete-filled steel tubular columns, Thin-Walled Struct. 46 (4) (2008) 362–370.

[42] Y.-F. Yang, L.-H. Han, Experimental behaviour of recycled aggregate concrete filled
steel tubular columns, J. Constr. Steel Res. 62 (12) (2006) 1310–1324.

[43] H. Chengkui, S. Zuoqing, Z. Peng, Experimental research on self-stressing and self-
compacting concrete filled steel tube columns subjected to eccentric load, Front.
Archit. Civ. Eng. China 3 (4) (2009) 455–461.

[44] P. Thayalan, T. Aly, I. Patnaikuni, Behaviour of concrete-filled steel tubes under static
and variable repeated loading, J. Constr. Steel Res. 65 (4) (2009) 900–908.

[45] Z. Fu, B. Ji, L. Ma, A. Yuan, Impact of eccentricity ratio on behavior of lightweight ag-
gregate concrete filled steel tube columns under eccentricity compression, Dongnan
Daxue Xuebao (Ziran Kexue ban), J. Southeast Univ. 40 (3) (2010) 624–629 Natural
Science Edition).

[46] Z.-W. Yu, F.-X. Ding, Mechanical behavior of concrete filled circular steel tubular col-
umns under eccentric compression, Zhongguo Gonglu Xuebao/China J. Highw.
Transp. 21 (1) (2008) 40–46.

[47] H.G.L. Prion, J. Boehm, Beam-column behavior of steel tubes filled with high
strength concrete, Can. J. Civ. Eng. 21 (2) (1994) 207–218.

[48] M. Johansson, K. Gylltoft, Structural behavior of slender circular steel-concrete com-
posite columns under various means of load application, Steel Compos. Struct. 1 (4)
(2001) 393–410.

[49] B. Wu, X. Zhao, J. Zhang, Tests on slender circular thin-walled steel tubular columns
filled with demolished concrete lumps under concentrically/eccentrically compres-
sive loadings, Tumu Gongcheng Xuebao/China Civ. Eng. J. 45 (5) (2012) 65–77.

[50] K. Chithira, K. Baskar, Experimental study on circular concrete filled steel tubes with
and without shear connectors, Steel Compos. Struct. 16 (1) (2014) 99–116.

[51] R.B. Knowles, R. Park, Strength of concrete filled steel columns, J. Struct. Div. 95 (12)
(1969) 2565–2587.

[52] L. Laibao, T. Kefeng, Y. Hailong, Mechanical properties of high strength concrete
filled steel tubular columns part 2: Slender columns and eccentrically loaded col-
umns, 3rd International Conference on Manufacturing Science and Engineering,
ICMSE 2012, March 27–29, 2012, Trans Tech Publications, Xiamen, China 2012,
pp. 2534–2538.

[53] J. Chen, Y. Wang, C.W. Roeder, J. Ma, Behavior of normal-strength recycled aggregate
concrete filled steel tubes under combined loading, Eng. Struct. 130 (2017) 23–40.

[54] M.-X. Xiong, D.-X. Xiong, J.Y.R. Liew, Behaviour of steel tubular members infilled
with ultra high strength concrete, J. Constr. Steel Res. 138 (2017) 168–183.

[55] J.M. Portoles, M.L. Romero, J.L. Bonet, F.C. Filippou, Experimental study of high
strength concrete-filled circular tubular columns under eccentric loading, J. Constr.
Steel Res. 67 (4) (2011) 623–633.

[56] J.M. Portoles, E. Serra, M.L. Romero, Influence of ultra-high strength infill in slender
concrete-filled steel tubular columns, J. Constr. Steel Res. 86 (2013) 107–114.

[57] S. Cai, X. Di, Behaviour and ultimate strength of concrete-filled steel tubular columns
under eccentric loading, Jianzhu Jiegou Xuebao/J. Build. Struct. 6 (4) (1985) 32–42.

[58] X.-Y. Zhao, B. Wu, L. Wang, Structural response of thin-walled circular steel tubular
columns filled with demolished concrete lumps and fresh concrete, Constr. Build.
Mater. 129 (2016) 216–242.

[59] C.D. Goode, Composite columns - 1819 tests on concrete-filled steel tube columns
compared with Eurocode 4, Struct. Eng. 86 (16) (2008) 33–38.

[60] V.I. Patel, Q.Q. Liang, M.N.S. Hadi, Numerical analysis of circular concrete-filled steel
tubular slender beam-columns with preload effects, Int. J. Struct. Stab. Dyn. 13 (3)
(2013).

[61] Standards Australia, AS/NZS 1391–2007 Metallic Materials: Tensile Testing at Ambi-
ent Temperature, 2007.

[62] A.J. Sadowski, J. Michael Rotter, T. Reinke, T. Ummenhofer, Analysis of variance of
tensile tests from spiral-welded carbon steel tubes, Constr. Build. Mater. 75 (2014)
208–212.

[63] Standards Australia, AS 1012.9:2014 methods of testing concrete - compressive
strength tests - concrete, Mortar and Grout Specimens, 2014.

[64] M. Pająk, The influence of the strain rate on the strength of concrete taking into ac-
count the experimental techniques, Archit. Civ. Eng. Environ. 3 (2011).

[65] E. Abdelgadir, J. Bohai, F. Zhongqiu, H. Zhengqing, The behavior of lightweight ag-
gregate concrete filled steel tube columns under eccentric loading, Steel Compos.
Struct. 11 (6) (2011) 469–488.

[66] Z. Chen, Q. Li, X. Zhang, J. Xue, B. Chen, Mechanical behavior and bearing capacity
calculation of recycled aggregate concrete-filled circular steel tube columns under
eccentric loading, Tumu Gongcheng Xuebao/China Civ. Eng. J. 45 (10) (2012) 72–80.

[67] J. Tang, S.-i. Hino, I. Kuroda, T. Ohta, Modeling of stress-strain relationships for steel
and concrete in concrete filled circular steel tubular columns, Kou kouzou
rombunshuu (鋼構造論文集) 3 (11) (1996) 35–46.

362 Y. Gunawardena et al. / Journal of Constructional Steel Research 159 (2019) 341–363

88

http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0005
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0005
http://www.roladuct.com.au/product-range/spiral-welded-tube-pipe-and-fittings/
http://www.roladuct.com.au/product-range/spiral-welded-tube-pipe-and-fittings/
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0015
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0020
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0020
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0020
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0025
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0025
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0030
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0030
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0030
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0035
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0040
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0040
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0045
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0045
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0045
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0045
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0050
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0050
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0050
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0050
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0055
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0055
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0055
http://keystonetowersystems.com/
http://keystonetowersystems.com/
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0065
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0065
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0065
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0070
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0070
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0075
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0075
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0075
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0080
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0080
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0080
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0085
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0085
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0085
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0090
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0090
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0095
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0095
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0100
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0100
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0105
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0105
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0110
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0110
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0115
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0115
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0115
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0120
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0120
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0120
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0125
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0125
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0125
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0130
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0130
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0135
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0135
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0140
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0140
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0140
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0145
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0145
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0145
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0150
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0150
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0150
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0150
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0155
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0155
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0160
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0160
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0165
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0165
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0170
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0170
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0175
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0175
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0180
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0180
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0185
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0185
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0190
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0190
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0195
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0195
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0195
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0200
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0200
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0205
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0205
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0210
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0210
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0215
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0215
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0215
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0220
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0220
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0225
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0225
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0225
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0225
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0230
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0230
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0230
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0235
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0235
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0240
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0240
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0240
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0245
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0245
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0245
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0250
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0250
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0255
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0255
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0260
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0260
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0260
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0260
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0260
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0265
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0265
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0270
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0270
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0275
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0275
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0275
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0280
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0280
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0285
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0285
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0290
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0290
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0290
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0295
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0295
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0300
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0300
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0300
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0305
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0305
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0310
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0310
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0310
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0315
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0315
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0320
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0320
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0325
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0325
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0325
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0330
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0330
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0330
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0335
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0335
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0335


[68] K. Klöppel, W. Goder, Traglastversuche mit ausbetonierten Stahlrohen und
Aufstellung einer Bemessungsformel, Der Stahlbau 26 (1) (1957).

[69] N.J. Gardner, E.R. Jacobson, Structural behavior of concrete filled steel tubes, J. Am.
Concr. Inst. 64 (11) (1967) 404–413.

[70] C. Shaohuai, G. Wanli, Behaviour and ultimate strength of long concrete-filled steel
tubular, Columns J. Build. Struct. 1 (1985) 32–40.

[71] T. Fujimoto, A. Mukai, I. Nishiyama, K. Sakino, Behavior of eccentrically loaded
concrete-filled steel tubular columns, J. Struct. Eng. 130 (2) (2004) 203–212.

[72] Y. Gunawardena, F. Aslani, Behaviour and design of concrete-filled spiral-welded
stainless-steel tube short columns under concentric and eccentric axial compression
loading, J. Constr. Steel Res. 158 (2019) 522–546.

363Y. Gunawardena et al. / Journal of Constructional Steel Research 159 (2019) 341–363

89

http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0340
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0340
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0345
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0345
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0350
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0350
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0355
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf0355
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf2555
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf2555
http://refhub.elsevier.com/S0143-974X(19)30221-4/rf2555


Chapter 5 – Concrete-filled spiral-welded stainless-steel tube long columns 

under eccentric axial loading 

 

This chapter comprises of the following publication, which is included in its published format. 

Y. Gunawardena, F. Aslani, Concrete-filled spiral-welded stainless-steel tube long columns under 

concentric and eccentric axial compression loading, Journal of Constructional Steel Research 161 

(2019) 201-226. 

90



Concrete-filled spiral-welded stainless-steel tube long columns under
concentric and eccentric axial compression loading

Yasoja Gunawardena a, Farhad Aslani a,b,⁎
a Materials and Structures Innovation Group, School of Engineering, The University of Western Australia, Crawley, WA.6009, Australia
b School of Engineering, Edith Cowan University, Joondalup, WA 6027, Australia

a b s t r a c ta r t i c l e i n f o

Article history:
Received 13 May 2019
Received in revised form 19 June 2019
Accepted 2 July 2019
Available online xxxx

Spiral-welded tubes (SWTs) are fabricated by helically bending a steel plate-coil and welding the resulting abut-
ting edges. The cost-effectiveness of concrete-filled stainless-steel tube (CFSST) columns can be improved by
using SWTs rather than longitudinally welded tubes as their fabrication is more economical and efficient. How-
ever, due to the high level of residual stresses and unique imperfection patterns present in SWTs, such concrete-
filled spiral-welded stainless-steel tube (CF-SWSST) columns require separate consideration. Even though most
practical columns are ‘long columns’, where the capacity is length dependant, only the behaviour of CF-SWSST
short columns has previously been investigated. To address this research gap, twelve CF-SWSST long columns
with effective length to diameter (Le/D) ratios in the range 10.5–12.0 were tested under axial compression con-
sidering end load eccentricity ratios of 0, 0.15Dand 0.4D and diameter to thickness ratios (D/t) ranging from62 to
116. A global flexural buckling type failuremode was obtained for all the tested columns similar to that reported
for CFSST long columns of other tube types. It was found that the guidelines of several existing design standards
relating tomild-steel concrete-filled steel tube (CFST) columns are directly applicable to CF-SWSST long columns
under eccentric loading. However, for concentric loading the predictions were non-conservative indicating that
separate guidelines are needed for purely axially loaded CF-SWSSTs, including procedures to consider column
slenderness effects of CFSSTs distinct from those specified for mild-steel CFSTs. In addition, fibre-element analy-
ses considering unconfined concretemodels gave conservative, yet close, predictions of the experimental eccen-
tric axial capacities which was consistent with the experimentally determined negligible level of concrete
confinement.

© 2019 Published by Elsevier Ltd.
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1. Introduction

The high initial cost of stainless-steels, which has been reported to
be approximately four times that of carbon-steel [1], has traditionally
inhibited their widespread use for structural engineering purposes.
However, for structures for which durability is critical, stainless-steels
offer a viable alternative to their mild-steel and higher carbon-steel
counterparts as they require minimal maintenance due to their inher-
ently greater resistance to corrosion [2]. Austenitic stainless-steels,
which are the most commonly used stainless-steel types for structures,
are also weldable, formable and display high levels of ductility. While
the strengths of austenitic stainless-steels are comparable to that of
mild-steel, duplex stainless-steels are generally used when higher
strengths are required [3]. These properties enable stainless-steels to
be used as direct replacements for mild-steel in structural components.

Stainless-steel hollow sections have been used for several durability
critical structures around the world [4]. However, even though
concrete-filled steel tubes (CFSTs) are a popular and well-established
form of column construction [5,6] only a limited number of instances
have been reported where stainless-steel tubes have been utilised for
CFSTs [7]. In spite of this the potential exists for such concrete-filled
stainless-steel tubes (CFSSTs) to be used for structures located in
durability critical environments especially since CFSSTs have also been
identified as a method of using stainless-steel in structures in a more
cost-effective manner [8].

The cost-effectiveness of such CFSST columns can be enhanced by
using spiralwelding for the fabrication of the stainless-steel tubes rather
than conventional longitudinal seam welding. Spiral-welded tubes
(SWTs) are formed by helically bending a steel plate-coil and thereafter
welding the resulting abutting edges. The spiral weld seam that is
formed through this process gives SWTs their name. The cost-benefits
of SWTs compared to longitudinally welded tubes (LWTs) have been
widely reported [9–12]. These stem from the lower capital costs of
SWT mills [9], increased efficiency of the fabrication process due to its
continuous nature [12] and also due to the fact that separate forming
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tools are not required to fabricate tubes of different diameters [9]. Un-
like LWTs, SWTs of a range of different diameters can be formed from
a given width of plate which enables the fabrication of much larger di-
ameter tubes in a more economical manner.

In spite of the many advantages of SWTs over LWTs, one major dis-
advantage of SWTs is the existence of high magnitude residual stresses
which has been reported by several authors [13–15]. Whilst residual
stress measurements have only been reported in the literature for
carbon-steel SWTs, they can be expected to be significant in magnitude
for stainless-steel SWTs (SS-SWTs) as well. Furthermore, the spiral
forming process results in a complex residual stress distribution [16]
and unique surface imperfection patterns [17] which are different to
that of LWTs. As a result the local buckling behaviour of SWTs could po-
tentially be dissimilar to that of LWTs [16]. In turn, this could result in
the ultimate limit state behaviour (ULS) of CF-SWSST columns differing
from that of CFSSTs of other tube types warranting separate consider-
ation of their structural behaviour. Experimental verification becomes
a significant aspect of such considerations especially since the effect of
residual stresses as well as imperfections would be inherently consid-
ered through such experimental testing.

Two previous experimental investigations which looked into the
structural behaviour of CF-SWSST columns were found in the literature
[18,19]. The reported experimental programs considered the behaviour
of CF-SWSST short columns under concentric [18,19] and eccentric axial
loading [19]. No previous investigation could be found which consid-
ered the behaviour of CF-SWSST long columns. Even though Li et al.
[18] tested CF-SWSST columns of two different lengths, as a result of
thefixed-fixed end conditions they considered, the behaviour of the col-
umns with the longer lengths were also more akin to ‘short column’ be-
haviour than ‘long column’ behaviour. Through the afore-mentioned
tests it was found that the guidelines of existing codes of practice
[20–25] relating to mild-steel CFST columns can also be directly applied
to CF-SWSST short columns under eccentric axial loading. It was
established that the 0.2% proof strength of stainless-steel could be
used in place of the steel yield strength when considering these respec-
tive guidelines [19]. Design standards relating to mild-steel CFST col-
umns were considered in the afore-mentioned studies since currently
no code of practice exists which addresses the design and assessment
of CFSST columns. The approaches stated in the standards were also
found to be applicable for CF-SWSST short columns under concentric
axial loading though it was suggested that prior calibration of the guide-
lines using experimental data was needed for such columns. The failure
modes observed for the CF-SWSST short columns were also found to be
equivalent to that of CFSST short columns of other tube types. In spite of
this, a clear difference in prediction conservativeness was observed be-
tween short columns of CF-SWSSTs and CFSSTs of other tube types,with
greater conservativeness being observed for the latter on average.

However, most practical columns are ‘long columns’, where length
dependant effects prevent the attainment of the respective short
column capacities. Hence the foregoing conclusions that have been re-
ported for CF-SWSST short columns also need to be verified for CF-
SWSST long columns as well. Whilst the behaviour of concrete-filled
spiral-welded mild-steel tube (CF-SWMST) long columns has previ-
ously been investigated experimentally [26] the mechanical properties
of stainless-steel are sufficiently different to that of mild-steel to

Nomenclature

CFST Concrete-filled steel tube
CFSST Concrete-filled stainless-steel tube
CF-SWMST
Concrete-filled spiral-welded mild-steel tube
CF-SWST Concrete-filled spiral-welded steel tube
CF-SWSST
Concrete-filled spiral-welded stainless-steel tube
D Outside diameter of steel tubes
DI Ductility index
e Eccentricity of applied axial load
einitial Initial/end eccentricity of applied axial load
eeff Effective eccentricity of applied peak load at mid-height
eeff_predicted Predicted effective eccentricity at peak load at mid-

height
Ec Elastic modulus of concrete
E0 Initial elastic modulus of stainless-steel
f'c Characteristic concrete cylinder compressive strength
fcm Mean concrete cylinder compressive strength
fp Offset proportional stress limit as defined in AS 4673
fy Yield strength of mild steel
f0.2% 0.2% proof stress (offset yield stress)
f1.0% 1.0% proof stress
fu Ultimate tensile strength
h Vertical height measured from bottom of roller of col-

umn bottom end
L Length of steel tube
Le Effective column length
LWT Longitudinally welded tube
M Bending moment
Mmh Moment at mid-height section
Mmh_Pmax Moment at mid-height at Pmax

Msx Nominal pure flexural capacity calculated as per
AS 2327

N Applied axial load
n Non-linearity ratio
n0.2,1.0 Secondary non-linearity coefficient defined for

stainless-steel based on stress-strain curve between
f0.2% and f1.0%

Nus Nominal section capacity under pure axial compression
as per AS 2327

Nuc Nominal un-enhancedmember capacity as per AS 2327
(= αcNus)

P Applied axial load
Pmax Peak axial load during tests
Ppredicted Predicted axial capacity
t Wall thickness of tube
SS-SWT Stainless-steel spiral-welded tube
SWT Spiral welded tube
y Distance across section height measured from location

of strain gauge L1
αc compression member slenderness reduction factor as

per AS 2327
δmh_pmax Measured mid-height lateral displacement at peak

axial load
δh Measured lateral displacement
δmh Measured mid-height lateral displacement
δv Measured axial displacement
δv1 Measured axial displacement at 0.9Pmax at deforma-

tions below the peak load
δv2 Measured axial displacement at 0.9Pmax at deforma-

tions above the peak load
δv_pmax Measured axial displacement at Pmax

εu Strain at ultimate tensile strength fu

εtrans Measured circumferential strain
εl Measured longitudinal strain
ε0.2% Strain corresponding to f0.2%
ε1.0% Strain corresponding to f1.0%
λe, λey, λemax Section, yield andmaximum allowable slenderness
νe Effective measured Poisson's ratio
νs Poisson's ratio of stainless-steel
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necessitate the separate consideration of CF-SWSST long columns [1].
This paper describes an experimental program that was carried out in
order to address this identified research gap. Accordingly, theULS struc-
tural behaviour of CF-SWSST long columns under quasi-static mono-
tonic concentric and eccentric axial loading was investigated
experimentally. The main aims of the work carried out was to deter-
mine the ULS failure behaviour of CF-SWSST long columns, to evaluate
the applicability of existing codified approaches relating to mild-steel
CFST columns to assess their behaviour and to compare their behaviour
to the correspondingCF-SWMST long columns [26] and CF-SWSST short
columns [19] tested previously. It should be noted that in this paper the
terminology ‘long column’ is used to refer to column slenderness effects.
This terminology was adopted in order to avoid any ambiguity with
section-based slenderness effects.

Previous investigations into long columns of CFSSTs of other non-
SWT tube types were also found in the literature [27,28] and are listed
in Table 1 which includes details of the longer CF-SWSSTs tested by Li
et al. [18] aswell. Table 1 also notes the respective compressionmember
slenderness reduction factors (αc) calculated as per Australian Standard
‘AS 2327:2017 – Composite structures: Composite steel-concrete

construction in buildings [29]’ (referred to as AS 2327 herein) for the re-
ported CFSST long column tests. Uy et al. [27] found that the guidelines
of four international design standards provided conservative predic-
tions of the concentric axial capacity of CFSST long columns and re-
ported average actual to predicted capacity ratios in the range 1.173–
1.255 for the various guidelines. They also found that confinement of
the concrete corewas effective forwhen the effective length to diameter
(Le/D) ratio was equal to 13.3 but was negligible for Le/D equal to 25.1.
Uy et al. [27] also reported that the observed failure modes of the
CFSST long columns they tested were similar to that reported for com-
parable carbon-steel CFST long columns. Ellobody and Ghazy [28]
found that while the guidelines of Eurocode 4 (EC4) [21] closely pre-
dicted the concentric axial capacities of the CFSST long columns they
tested, the predictions corresponding towhen the loadingwas eccentric
were quite conservative. They also found that the conservativeness of
the predictions increased with increasing load eccentricity.

It has also been suggested that fibre-element based analyses consid-
ering confined concrete material models could provide satisfactory pre-
dictions of the eccentric axial capacity of CFSST long columns [30]. In
such fibre-element analyses the axial load-lateral deflection behaviour
is typically obtained by considering the deflected shape of the columns
in the lateral direction to be a half sine-wave. The applicability of such
methods to CF-SWSST long columns has also been discussed in this
paper.

2. Experimental program

An experimental program consisting of 12 CF-SWSST long column
tests was formulated in order to achieve the afore-stated aims. As can
be seen fromTable 2, themain parameters thatwere variedwere the di-
ameter to thickness ratio (D/t) and end eccentricity of the applied load
(einitial). To enable direct comparisons, the parameter values that were
considered were nominally the same as those considered previously
by the authors for test programs of CF-SWSST short columns [19] as

Table 1
Details of previous experimental tests on circular CFSST/CF-SWSST long columns under concentric and eccentric axial loading (U ≡ Unspecified).

Author End
conditions

Tube
type

Stainless-steel
type

D (mm) D/t L/D Le/D einitial/D Steel strength
f0.2% (MPa)

Concrete cylinder
strength fcm

Concrete type αc as per AS
2327:2017

Uy et al. [27] Pinned LWT Grade 304
as per [3]

113.6 41 12.3,
24.6

13.6,
25.9

0 288.6 36.3, 75.4 Normal concrete 0.49–0.90

101 68 11.9,
23.8

13.3,
25.1

0 320.6 0.48–0.90

Ellobody and
Ghazy [28]

Pinned LWT Grade 1.4547
as per [41]

100 50 Not
given

12 0, 0.1,
0.2

324 33.1 Normal concrete 0.93–0.99
31.3 Fibre reinforced

concrete
Li et al. [18] Fixed SWT U 103 61 10 5 0 211.5 50 Self-compacting

concrete
0.99

153 73 211.6
203 97 211.6
254 121 211.6

Table 2
Parameter values considered for experimental tests.

Parameter Value

Nominal diameter (D) – D1, D2,
D3, D4 (mm)

102, 152, 203, 229

Eccentricity (e) – E0, E1, E2
(mm)

0, 0.15D, 0.4D

Nominal wall thickness (t)
(mm)

2

Nominal D/t 51, 76, 101.5, 114.5
Nominal length of tube (mm) 9D (Lengths equal to 10D were supplied for

tubes with diameter D4)

Table 3
Average geometrical data of SS-SWTs obtained from measurements (in mm).

Specimen Outside diameter D Wall thickness t Average weld pitch Average weld width Estimated weld seam dimensions

Avg Stdev Avg Stdev Outer weld bead thickness Inner weld bead thickness

SLD1E0 103.21 0.68 1.57 0.04 244.3 6.42 0.98 (avg)
1.64 (max)

0.75 (avg)
1.54 (max)SLD1E1 102.77 0.21 1.66 0.10 249.0 6.74

SLD1E2 102.68 0.41 1.57 0.04 245.7 6.44
SLD2E0 153.54 0.26 2.03 0.11 389.0 6.69
SLD2E1 153.54 0.37 2.09 0.07 389.0 6.92
SLD2E2 153.67 0.27 2.05 0.08 387.3 6.90
SLD3E0 203.04 0.40 2.05 0.04 517.0 7.44
SLD3E1 203.22 0.58 1.99 0.06 512.0 6.59
SLD3E2 203.26 0.37 2.06 0.05 514.7 7.32
SLD4E0 230.01 1.19 1.98 0.03 483.8 7.19
SLD4E1 229.44 0.25 2.02 0.04 481.3 6.71
SLD4E2 229.80 0.34 1.98 0.04 481.3 7.32
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well as CF-SWMST long columns [26]. The nominal concrete grade, the
maximum tube diameter and the tube length to diameter ratio (L/D)
considered for the tests were chosen subject to the limitations imposed
by the compression testing machine that was available. For all tube di-
ameters, a constant L/D ratio was chosen for consistency and to enable
direct comparison of the respective results.

2.1. Spiral-welded tubes

SWTs of nominally grade 316 austenitic stainless-steel were pro-
cured from a fabricator in New South Wales, Australia [31]. Detailed
geometric measurements were taken of the SWTs in their as-supplied
condition. Average values of the measured outside diameter, tube wall
thickness, spiral weld width, weld thickness and weld pitch are listed
in Table 3. Details of the welding process used for the fabrication of
the SS-SWTs, as supplied by the fabricator, are given in Table 4. Based
on the measured diameter values it was ascertained that the level of
ovality present in the SWT cross-sections was less than 2%. Using the
measured values estimates were also made of the outer and inner
bead thicknesses of the spiralweld seams. The typical shape of the spiral
weld-seam cross section of the SS-SWTs used for the test program is
shown in Fig. 1. In Table 3 and in the following sections of this paper
each specimen is referred to by a label containing the respective nomi-
nal outside diameter (D1–4) and load eccentricity (E0–2) preceded by
‘SL’ which identifies the specimens as stainless-steel long columns.

Fig. 2. a) Locations from which coupons were extracted for tensile testing (L to R) L1, L2, L3, AW1, AW2, AW3, C1 and C2 b) Coupon dimensions in mm.

Fig. 1. a) Schematic of spiral weld seam cross-section as observed at tube ends b) Actual spiral weld seam cross section at one end of tube SLD3E0.

Table 4
Details of welding process as supplied by fabricator [31].

Welding parameter Value/Type

Welding process type Gas Metal Arc welding
Electrode diameter used (mm) 1.2
Ampere range (A) 162–198
Voltage range (V) 23.2–28.3
Speed (mm/min) 459–621
Arc Energy (kJ/min) 0.36–0.73
Gas shielding type Shieldpro 31
Gas backing type Welding grade Argon
Flow rate (l/min) 15–20
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Fig. 3. Experimental stress-strain curves obtained from tests conducted on a)-c) coupons oriented in the longitudinal (L), alongweld (AW) and circumferential (C) directions respectively
d)-f) plots of a)-c) at smaller strains.

Table 5
Stainless-steel material properties extracted from coupon tensile test data.

Coupon E0 (GPa) f0.2% (MPa) fp (MPa) ε0.2% fu (MPa) εu n f1.0% (MPa) ε1.0% n0.2,1.0

L1–1 198 269.0 170.1 3.4E-03 606.8 0.64 6.54 305.4 1.2E-02 1.57
L1–2 162 262.6 180.4 3.6E-03 599.9 0.69 7.97 298.1 1.2E-02 1.49
L1–3 172 262.8 183.4 3.5E-03 586.3 0.65 8.33 295.6 1.2E-02 1.37
L2–1 171 262.5 177.9 3.5E-03 590.9 0.65 7.70 297.0 1.2E-02 1.42
L2–2 176 260.8 171.3 3.5E-03 590.4 0.66 7.12 295.4 1.2E-02 1.50
L2–3 174 267.6 185.5 3.5E-03 598.0 0.65 8.18 301.7 1.2E-02 1.30
L3–1 175 262.3 177.6 3.5E-03 589.9 0.65 7.68 296.3 1.2E-02 1.55
L3–2 205 262.7 175.4 3.3E-03 590.2 0.66 7.42 296.3 1.1E-02 1.21
L3–3 193 265.9 177.7 3.4E-03 599.9 0.65 7.43 299.7 1.2E-02 1.40
AW1 196 255.8 159.9 3.3E-03 590.1 0.58 6.38 289.9 1.1E-02 1.35
AW2 200 258.7 160.0 3.3E-03 592.7 0.59 6.23 291.8 1.1E-02 1.38
AW3 222 274.1 147.6 3.2E-03 593.4 0.57 4.84 305.9 1.1E-02 1.54
C1 193 257.9 206.0 3.3E-03 578.4 0.62 13.35 289.0 1.2E-02 1.72
C2 188 253.0 151.4 3.3E-03 578.3 0.63 5.83 289.3 1.2E-02 1.50
Avg L 181 264.0 177.7 3.5E-03 594.7 0.65 7.60 298.4 1.2E-02 1.42
Avg AW 206 262.9 155.8 3.3E-03 592.1 0.58 5.82 295.9 1.1E-02 1.42
Avg C 190 255.4 178.7 3.3E-03 578.4 0.62 9.59 289.1 1.2E-02 1.61
Avg all 187 262.5 173.2 3.4E-03 591.8 0.63 7.50 296.5 1.2E-02 1.45
Stdev all 16 5.5 15.1 1.2E-04 7.9 0.03 1.95 5.4 1.4E-04 0.13
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2.2. Steel material properties

In order to obtain the in-situ material properties of the stainless-
steel used for the fabrication of the SWTs, tensile tests as per AS 1391
[32] were conducted on coupons cut from a representative SWT length.
The locations fromwhich the couponswere cut and the coupon dimen-
sions are shown in Fig. 2. Three different orientations were considered
for the coupons namely parallel to the longitudinal axis (L1−3), along
the direction of the spiral weld seam (AW1–3) and in the circumferen-
tial direction (C1–2). The stress-strain curves obtained from the tests
are shown in Fig. 3. The parameters corresponding to the stainless-
steel material models proposed by Quach et al. [33], Rasmussen [34]
and Gardner and Ashraf [35] were extracted using the experimentally
obtained stress-strain curves and are listed in Table 5. From the values
of Table 5, it can be seen that the average 0.2% proof strength (f0.2%)
values corresponding to the different orientations that were considered
were effectively equivalent. Thiswas also observed to be the case for the
initial elastic modulus (E0) for which the values in the different orienta-
tionswere within 10% of the overall average value.While a clear depen-
dency was observed for the non-linearity ratio (n) with coupon
orientation, it was judged that for strains of structural interest this
would result in minimal differences in the stress-strain behaviour.
Hence, for the analytical work of this paper it was established that
effective isotropicmaterial behaviour could be considered for the tested
SS-SWTs Accordingly, the representative material parameter values
considered for f0.2%, E0 and n of the SS-SWTs were equal to 262.5 MPa,
187 GPa and 7.5 respectively.

2.3. Specimen preparation and concrete material properties

Prior to in-filling the SS-SWTswith concrete 10mm thick end plates
were structurally welded to one end of all the tubes. The tubes were
then stood up vertically on the welded end plates and were laterally
supported using a scaffolding setup. Concrete in-filling of the tubes
was carried out using a concrete boom-pump. The flexible hose of the
boom pump was lowered down to near the bottom of the tube and
was gradually withdrawn as the poured concrete level increased.
Grade 20 ready-mix self-compacting concrete (SCC) was used for the
infilling. The maximum aggregate size of the SCC mix was 7 mm and a
slump flow of 550 mm was obtained on site at the time of infilling.
The specimens were cured for 28 days after which the specimen tops
were levelled with high strength grout. A second end platewas thereaf-
terwelded to the grouted ends of all the columns. Specimen SLD1E1 had
to be re-poured using a fresh SS-SWT specimen as the original specimen
was damagedduringwelding the second endplate. For the replacement

specimen of SLD1E1 a normal grade 20 concretemixwith 80mm slump
was used which was vibro-compacted at the time of pouring. Even
though the concrete type used for SLD1E1 was strictly not the same as
that of the other specimens, this was deemed to be acceptable since it
has previously been shown that the behaviour of CFST columns is simi-
lar irrespective of whether SCC or vibro-compacted concrete is used for
the concrete infilling [36].

100 mm diameter and 200 mm high concrete cylinders were also
cast at the time of concrete in-filling. For all the tested specimens
except SLD1E1, the effective concrete compressive strength on
each test day was evaluated using an empirically obtained strength
gain curve, shown in Fig. 4. The strength gain curve was obtained
by fitting a logarithmic line of best fit to the variation of experimen-
tally obtained mean concrete cylinder compressive strength (fcm)
with time. The experimentally obtained values of fcm are given in
Table 6. For SLD1E1, the corresponding fcm was obtained by testing
the respective concrete cylinders on the day SLD1E1 itself was
tested. For some of the tested cylinders the initial concrete elastic
moduli (Ec) were also evaluated experimentally. These are listed in
Table 6. For the analytical work of this paper, Ec corresponding to
each tested specimen was evaluated using the relevant prediction
expressions as defined in the respective design standards since the
experimental values agreed satisfactorily with the corresponding
predictions of the various codes of practice.

2.4. Experimental setup

The experimental setup used for the CF-SWSST long column tests is
shown schematically in Fig. 5. A 2000 kN capacity AMSLER testing ma-
chine was used for the tests. Pinned end conditions were applied to
the ends of all the specimens using two 80mmdiameter rollers. As a re-
sult of the assembly used for the tests the effective column length (Le)
was 308 mm greater than the tube length. Details of each tested CF-
SWSST long column are given in Table 7. The respective compression
member slenderness reduction factors (αc) calculated as per the guide-
lines of AS 2327 for the tested specimens were in the range 0.93–0.95
which was consistent with the assumed ‘long column’ behaviour of
the tested specimens. f0.2% was used in place of the steel yield strength
for these calculations.

For the tested CF-SWSST long columns, longitudinal (L1–3) and
circumferential (C1–3) strains of the outside surface of the SS-SWT
were measured at the mid-height section at the locations indicated
in Fig. 5. An additional strain gauge (L4) was installed at the bottom
quarter height point for comparison. The lateral displacements at
mid-height and quarter-height points were measured using linear
voltage displacement transducers (LVDTs). The applied axial load
and axial displacement were also measured using a load-cell and
LVDT in-built to the testing machine. Displacement control loading

Fig. 4. Strength gain curve for infilled concrete (fcm vs time after casting).

Table 6
Results of concrete cylinder compression tests.

Applicable to Number of
days after
casting

Experimental data

fcm Mean
(MPa)

fcm Standard
deviation
(MPa)

Ec Mean
(GPa)

For strengths of all
specimens except
SLD1E1

7 10.46 1.85
28 16.86 2.24
39 18.60 2.73
56 20.22 1.62 18.8
119 22.10 2.54
169 24.32 2.23 23.2
182 23.89 0.73

For SLD1E1 63 31.60 2.65
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was employed for all the tests and the pre-peak loading rate was
maintained below 0.85 mm/min to ensure that the loading was ap-
plied in a quasi-static manner. The post-peak loading rate was also
maintained to be below 1.5 mm/min. The loading was continued at
least until the post-peak load level dropped to less than 80% of the re-
spective peak load.

3. Results and discussion

3.1. Failure loads

The axial capacities (peak loads) Pmax obtained from the CF-SWSST
long column tests along with the corresponding co-existing moments

Fig. 5. a) Schematic of typical experimental setup and instrumentation used for the CF-SWSST long column tests b) Image of actual setup of specimen SLD2E2.

Table 7
Experimental details of CF-SWSST long column tests.

Specimen No. of days after casting on test day fcm (MPa) fy (MPa) L (mm) Le = L + 308 (mm) D (mm) Le/D einitial/D t (mm) D/t λe αc as per AS 2327

SLD1E0 90 21.5 262.5 918 1226 103.21 11.88 0.00 1.57 65.7 69.0 0.94
SLD1E1 63 31.6 262.5 918 1226 102.77 11.93 0.15 1.66 61.8 64.9 0.93
SLD1E2 99 21.9 262.5 918 1226 102.68 11.94 0.40 1.57 65.3 68.5 0.94
SLD2E0 133 23.1 262.5 1368 1676 153.54 10.92 0.00 2.03 75.6 79.3 0.95
SLD2E1 137 23.2 262.5 1368 1676 153.54 10.92 0.15 2.09 73.4 77.1 0.95
SLD2E2 133 23.1 262.5 1368 1676 153.67 10.91 0.40 2.05 75.0 78.7 0.95
SLD3E0 180 24.4 262.5 1827 2135 203.04 10.52 0.00 2.05 99.1 104.1 0.95
SLD3E1 180 24.4 262.5 1827 2135 203.22 10.51 0.15 1.99 102.1 107.2 0.95
SLD3E2 181 24.4 262.5 1827 2135 203.26 10.50 0.40 2.06 98.8 103.8 0.95
SLD4E0 181 24.4 262.5 2286 2594 230.01 11.28 0.00 1.98 116.5 122.3 0.94
SLD4E1 179 24.3 262.5 2286 2594 229.44 11.31 0.15 2.02 113.8 119.4 0.94
SLD4E2 181 24.4 262.5 2286 2594 229.80 11.29 0.40 1.98 116.1 121.9 0.94
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Table 8
Experimental failure loads, co-existing bending moments and other test data.

Specimen Pmax (kN) Mmh_pmax (kNm) δv_pmax (mm) δmh_pmax (mm) δv1 (mm) δv2 (mm) DI eeff/D eeff_predicted/D Nus (kN) Nuc (kN) Msx (kNm)

SLD1E0 236 1.3 3.60 5.37 2.45 6.68 1.72 0.053 0.000 301 283 5.1
SLD1E1 255 6.5 3.42 10.30 2.23 5.54 1.48 0.251 0.210 384 357 5.5
SLD1E2 110 6.0 4.97 13.92 2.72 9.63 2.55 0.537 0.461 301 283 5.1
SLD2E0 568 1.0 7.23 1.80 3.77 12.88 2.42 0.012 0.000 659 625 15.0
SLD2E1 385 13.9 5.47 13.39 3.57 9.17 1.57 0.238 0.185 668 633 15.4
SLD2E2 238 17.5 6.71 12.94 3.92 13.09 2.34 0.485 0.453 662 628 15.1
SLD3E0 919 6.9 6.66 7.45 4.77 9.86 1.07 0.037 0.000 1098 1043 27.4
SLD3E1 637 28.4 6.51 14.21 4.15 10.25 1.47 0.220 0.190 1091 1036 26.7
SLD3E2 366 37.3 8.21 20.68 4.80 14.89 2.10 0.502 0.453 1102 1047 27.6
SLD4E0 1150 3.0 8.76 2.62 6.27 11.57 0.85 0.011 0.000 1352 1273 34.5
SLD4E1 596 31.1 7.26 17.82 4.41 12.05 1.73 0.228 0.186 1348 1269 35.0
SLD4E2 386 45.1 10.11 25.31 6.05 17.76 1.93 0.511 0.458 1349 1270 34.5

Fig. 6. Front view (left) and side view (right) of SLD1E0, SLD1E1 and SLD1E2 at test termination.

Fig. 7. Front view (left) and side view (right) of SLD2E0, SLD2E1 and SLD2E2 at test termination.
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at mid-height (Mmh_Pmax) are tabulated in Table 8. The moments at
mid-height at the respective Pmax values were calculated using Eq. 1.
Since the tested CF-SWSST specimens had differing concrete strengths
(fcm) as they were tested on different days from the day they were
cast, the peak loads were normalised using the respective nominal
unenhanced compression member capacities (Nuc) which were calcu-
lated as per the guidelines of AS 2327. This enabled the axial capacities
to be compared on a consistent basis. The respective Nuc values together
with respective the nominalmoment capacity values (Msx),whichwere
also calculated as per AS 2327, are also listed in Table 8. The Msx values

have been used to normalise bendingmoment values in later sections of
this paper. In Eq. 1, δmh_Pmax refers to the measured mid-height lateral
displacement at the peak load.

Mmh Pmax ¼ Pmax einitial þ δmh Pmaxð Þ ð1Þ

As can be seen from Table 8, for the tested concentrically loaded CF-
SWSST long columns effective eccentricity ratios of the peak axial load
at mid-height (i.e. eeff/D = einitial/D + δmh_Pmax/D) were in the range
0.01–0.05. This was judged to have resulted due to small misalignments

Fig. 9. Front view (left) and side view (right) of SLD4E0, SLD4E1 and SLD4E2 at test termination.

Fig. 8. Front view (left) and side view (right) of SLD3E0, SLD3E1 and SLD3E2 at test termination.

209Y. Gunawardena, F. Aslani / Journal of Constructional Steel Research 161 (2019) 201–226

99



that may have occurred during the test setup andwere deemed accept-
ably small so as to not significantly affect the assumed concentric nature
of the loading of those specimens. For the eccentrically loaded speci-
mens, predictions of the eeff/D ratios corresponding to the respective
peak loads were calculated using the guidelines given to consider
second-order effects in AS 2327. These values, which were calculated
using Eq. (2), are tabulated in Table 8. In Eq. (2), Nomb refers to the crit-
ical normal force as defined in AS 2327. The predicted values consis-
tently under-estimated the respective experimental values. The ratio
of predicted to experimental eeff/D ranged from 0.78 to 0.90. For the
CF-SWMST long columns previously tested by the authors, much closer
agreement was obtained between the predicted and experimental

values [26]. This suggests that the guidelines stated in AS 2327 to con-
sider 2nd order effects may not be sufficiently accurate for CF-SWSST
long columns and that separate calibration of the guidelines is needed
for such columns. This is possibly related to the fact that unlike for
mild-steel, the modulus of stainless-steel gradually decreases with in-
creasing stress even for stresses below f0.2% due the rounded nature of
its stress-strain curve.

eeff predicted

D
¼ einitial

D

� �
1−

Pmax

Nomb

� �−1

ð2Þ

Fig. 11. Deflected shapes of eccentrically loaded CF-SWSST long columns at different load levels for a) SLD3E1 and b) SLD3E2.

Fig. 10. P-δmh plots for a) SLD1E0–2, b) SLD2E0–2, c) SLD3E0–2, and d) SLD4E0–2.
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3.2. Failure modes

For all the tested CF-SWSST long columns, a global flexural buckling
type failuremodewas observedwhere local buckleswere also observed
to develop in the post-peak region. The observed failure modes for the
different specimens are shown in Figs. 6 to 9. The locations at which
local bucklingwas initially observed are shown circled in the respective
figures. As can be seen from Fig. 10, for all the tested specimens, the rate
of increase of measured mid-height lateral displacement with load in-
creased as the applied load neared the peak load. As indicated in Fig.
10, local buckling could only be distinguished after considerable post-
peak deformation. As can be seen from Figs. 6–9, the shapes of the spec-
imens at the respective points of test termination clearly display the
‘globally buckled’ nature of the failure. It should be noted that the
local buckling was generally limited to the central region of the column
specimens, especially for the eccentrically loaded CF-SWSSTs. It should
further be noted that for specimens SLD1E0 and SLD1E2 local buckles
could only be distinguished upon termination of the respective tests
through tracing the outside surfaces of the SS-SWTs since the magni-
tude of the buckles were quite small in those cases. Consistent with
what has been reported in the literature [26,30] the laterally deflected
shape of all the tested eccentrically loaded specimens were found to
be well approximated by a half-sine wave shape at all load levels, pre-
and post-peak. This can be seen from Fig. 11 which shows the deflected
shape at different load levels for two representative specimens namely,
SLD3E1 and SLD3E2.

The observed failure modes were consistent with those previously
reported for CFSST long columns of other tube types [27,28] as well as
those observed for CF-SWMST long columns previously tested by the
authors [26]. Consistent with previous results [19,26,37], the observed

Fig. 12. Condition of inner concrete cores of (left to right) SLD1E0, SLD1E1 and SLD1E2.
a) Compressive side b) Tensile side.

Fig. 13. Normalised P-δv plots for a) SLD1E0–2, b) SLD2E0–2, c) SLD3E0–2, and d) SLD4E0–2 (plots of corresponding CF-SWSST short columns as reported in [19] are shown dotted in the
same colour).
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Fig. 14. Comparison of ductility indices calculated for CF-SWSST long columns with comparable a) Short columns of CF-SWSSTs and non-SWT CFSST long columns b) CF-SWMST long
columns (Note SL/ML ≡ CF-SWSST/CF-SWMST long columns, SS ≡ CF-SWSST short columns).

Fig. 15. a), c), e) Applied load versus longitudinal strains and b), d), f) Applied load versus circumferential strains for SLD1E0, SLD1E1 and SLD1E2. 102



failure modes also confirmed that the spiral weld seam does not act as a
preferential location for premature failure or local buckling. These ob-
servations suggest that the ULS failuremechanismof CFST long columns
is independent of the steel tube fabrication method and also appears to
be equivalent irrespective of whether mild-steel or stainless-steel is
used for the steel tube.

The states of the concrete cores of specimens SLD1E0–2were also in-
vestigated by cutting away the SS-SWTs of those specimens. As can be
seen in Fig. 12, on the tensile side of the cores closely spaced cracks
were observed for the two eccentrically loaded specimens. On the com-
pression side of the specimens, it was observed that the deformation of
the concrete surface had followed the undulated shape of the steel tube
at the locations at which local buckling occurred. For SLD1E1 it was ob-
served that the concrete had crushed at the location of local buckling
while flaking of the concrete surface, indicative of the initiation of con-
crete crushing, was seen for the cores of SLD1E0 and SLD1E2. If the post-

peak loading had continued further for larger deformations it could be
reasonably postulated that crushing of the concrete could have been ob-
served for the latter two specimens as well.

3.3. Load-axial displacement behaviour

Themeasured variations of axial loadwith axial displacement (P – δv
plots) for the tested CF-SWSST long columns are shown in Fig. 13. For
comparison, the normalised P – δv plots of the corresponding
CF-SWSST short columns previously tested by the authors [19] are
also included in Fig. 13. Consistent with the P - δv behaviour previously
reported for CF-SWSST short columns and CF-SWMST long columns the
axial stiffness of the tested columns was observed to decrease with in-
creasing load eccentricity. The reduction in stiffness was more marked
for the specimens with the larger load eccentricity. This is consistent
with the fact that for those specimens a greater area of the section

Fig. 16. a), c), e) Applied load versus longitudinal strains and b), d), f) Applied load versus circumferential strains for SLD2E0, SLD2E1 and SLD2E2.
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was under tension. By comparing the P – δv plots of corresponding CF-
SWSST short and long columns of the same nominal diameter (D1–4),
it can be clearly seen that the column capacity decreaseswith increasing
column slenderness (i.e. increasing Le/D ratio). It can also be seen that
the P – δv plots are ‘sharper’ around the respective peaks for the long
columns than for the corresponding short columns. This is suggestive
of the fact that the ductility of CF-SWSST long columns is less than
that of the equivalent short columns. These observations are consistent
with the trends that have been reported in the literature for CFSST long
columns for which LWTs were utilised [27].

The ductility of the tested CF-SWSST long columns can be quantified
using a ductility index (DI) as defined in Eq. (3). This definitionwas pre-
viously used by the authors to assess the ductility of CF-SWMST short
[37,38] and long columns [26] as well as CF-SWSST short columns
[19]. In Eq. 3, δv1 and δv2 refer to the measured axial displacements at
a load level of 0.9Pmax pre- and post-peak respectively. The calculated

DI values are listed in Table 8. The ductility indices obtained for the
CF-SWSST long columns are compared to those of corresponding CF-
SWSST short columns, CF-SWMST long columns and CFSST long col-
umns of other tube types in Fig. 14.

Ductility index DIð Þ ¼ δv2−δv1
δv1

ð3Þ

As can be seen from Fig. 14, it was found that on average the duc-
tility of CF-SWSST long columns increased with increasing load eccen-
tricity and decreased with increasing D/t, consistent with the
respective trends previously observed for CF-SWSST short columns
[19]. It was found that the CF-SWSST long columns were considerably
less ductile than the corresponding short columns but displayed a
similar level of ductility to comparable CF-SWMST long columns. The
latter observation was contrary to what was observed for CF-SWSST

Fig. 17. a), c), e) Applied load versus longitudinal strains and b), d), f) Applied load versus circumferential strains for SLD3E0, SLD3E1 and SLD3E2.
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short columns in comparison with their mild-steel counterparts [19].
Although the material behaviour of stainless-steel is inherently more
ductile than that of mild-steel, the similarity observed between the
long column ductility indices for CF-SWSSTs and CF-SWMSTs is fur-
ther evidence of the global buckling nature of the failure mode. Due
to limited published data, out of previously reported CFSST long col-
umn tests which had comparable Le/D ratios to the tested CF-
SWSSTs, the ductility index could only be calculated for one specimen
(Specimen C1–2a tested by Uy et al. [27]). As can be seen from Fig.
14a this specimen had a ductility index which fell within the range
of DI values calculated for the specimens described in this paper.
While this suggests that the ductility levels of CFSST long columns
could be similar irrespective of the fabrication method used for the
steel tube, more comparative test data are required to substantiate
this assertion.

3.4. Load-strain behaviour

The measured variations of longitudinal (εl) and circumferential
(εtrans) strains with applied axial load for the tested CF-SWSST long col-
umns are plotted in Figs. 15 to 18. Due to an equipmentmalfunction, no
data were recorded for gauges C2 and C3 installed on specimen SLD1E0.
It was observed that, in general, the magnitude of the strains measured
at L4were less than thosemeasured at L1, especially for higher levels of
load. This provided verification of the as-designed ‘long column’ nature
of the tested CF-SWSSTs. It was also observed that the variation of lon-
gitudinal strains across the CF-SWSST cross-sectionwas linear at all load
level up-to and including Pmax. This can be seen from Fig. 19 which
shows the cross-sectional profiles of εl for specimens SLD3E0–2 which
were typical of the profiles obtained for all the tested specimens. This
provided evidence of the suitability of assuming a linear strain profile

Fig. 18. a), c), e) Applied load versus longitudinal strains and b), d), f) Applied load versus circumferential strains for SLD4E0, SLD4E1 and SLD4E2.
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for CF-SWSST long columns. Approximately linear circumferential
strain profiles were also observed for the tested columns with the larg-
est tensile circumferential strain coincidingwith the location of the larg-
est compressive longitudinal strain. The measured εtrans profiles for
specimens SLD3E0–2 are given in Fig. 20whichwere typical of those ob-
tained for the other specimens as well.

In Fig. 21, the largest compressive longitudinal strains and tensile
circumferential strains that were measured at the respective peak
loads of the tested CF-SWSST long columns are compared to the corre-
sponding values obtained from equivalent CF-SWSST short column
tests [19]. Consistent with observations previously reported for compa-
rable CFSST long columns [27], the largest compressive longitudinal
strains were much smaller for the CF-SWSST long columns than for
the short columns. The measured largest tensile εtrans values at the
peak loads (which occurred at the locations of the largest compressive

εl) were also much greater for the short CF-SWSST columns than for
the long ones. This in turn suggests that the confinement accorded by
the SS-SWT was less for the long columns than for the short columns
and ties in with the observed differences in compressive εl discussed
previously.

Confinement of the concrete core of a CFST column occurs when the
lateral dilation of the concrete core surpasses that of the steel tube alone
[39]. This causes the effective Poisson's ratio of the steel tube used for
the CFST (νe) to increase above that corresponding to the steel tube in
its hollow form (νs). In other words, the existence of concrete confine-
ment effects can be assessed by evaluating whether νe is greater than
νs. Since the Poisson's ratios of concrete as well as of steel varies with
applied load level, νe (in addition to νs) is a function of the applied
load in relation to CFST column tests. The existence of concrete confine-
ment for the tested CF-SWSST long columns was evaluated by

Fig. 19. Sectional variation of mid-height longitudinal strains for a) SLD3E0 b) SLD3E1 and c) SLD3E2.

Fig. 20. Sectional variation of mid-height circumferential strains for a) SLD3E0 b) SLD3E1 and c) SLD3E2.
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Fig. 21. Comparison of measured largest magnitude a) compressive longitudinal strains and b) tensile circumferential strains between corresponding CF-SWSST short and long columns.

Fig. 22. Variation of axial load with νe/νs for a) SLD1E0, b) SLD1E2, c) SLD2E1 and d) SLD2E2 (and the corresponding CF-SWSST short columns reported in [19]).
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calculating the respective variations of νe with applied axial load at the
locations ofmaximumcompressive strain (i.e. L1/L3 for concentric load-
ing, L1 for eccentric loading). The coexisting values of εl and εtrans mea-
sured at the respective locationswere used to evaluate νe. The variation
of νs with applied load was approximated by considering the variation
of νs with strain reported by MacKenzie et al. [40] for solution-
annealed grade 316 stainless-steel which had a f0.2% value similar to
that of the tested SS-SWTs (~ 273.6 MPa). The variations of applied
axial load with νe and νs at the respective locations of maximum com-
pressive longitudinal strain are shown in Fig. 22 for four representative
CF-SWSST long columns that were tested. The corresponding variations
measured for the four equivalent CF-SWSST short columns [19] are also
plotted in Fig. 22 for comparison.

As can be seen from Fig. 22, it was observed that for the tested col-
umns the magnitude of (νe − νs) at the peak load was negligibly
small. This was the case irrespective of the D/t ratio or load eccentricity
of the test specimens. These observations provided evidence that, unlike
for the equivalent short columnswhichdisplayed non-zero values of (νe
- νs) at the respective peak loads, for the tested CF-SWSST long columns
the effective confinement of the concrete core at the failure load was
negligible. On the other hand, for one of the CFSST long columns tested
byUy et al. [27] (i.e. specimenC2–2a) the reportedνe value correspond-
ing to the peak loadwas greater than 0.6. This indicated the existence of
core confinement for that particular specimen for which a LWT had
been used and where the Le/D ratio was equal to 13.3. This suggests
that for CFSST long columns of comparable column slenderness (i.e.

similar Le/D) the level of concrete core confinement is greater when
LWTs are used compared to SWTs. However, this assertion needs to be
verified through further testing.

4. Comparison of results with codified predictions

The experimentally obtained axial capacities of the tested CF-SWSST
long columns were compared to those predicted by six commonly used
international design standards, namely AS 2327 [29], Eurocode 4 (EC4)
[21], AISC-360 [22], AIJ-2001 [23], CAN/CSA S16–01 [24] and GB-50936
[25]. Even though these codes provide guidelines relating to mild-steel
and carbon-steel CFST columns, they were considered since no codified
guidance currently exists specifically for CFSSTs.

It has been previously reported that the section slenderness limits
specified in the design standards for hollow circular stainless-steel
tubes are equivalent to or more conservative than those specified for
their mild-steel and carbon-steel counterparts [19]. Hence, the same
trend can rationally be expected to be effective for CFSSTs in comparison
to mild-steel CFSTs as well. Therefore, when evaluating the codified ca-
pacities for the tested CF-SWSST long columns, the same section-
slenderness limits specified in the various codes for mild-steel CFSTs
were adopted for the tested specimens as well. Except for AS2327 and
AISC-360, the other four codes considered in this paper specify a single
section slenderness limit (i.e. effective ‘compact’ limits). AS 2327 and
AISC-360 contain section slenderness limits which differentiate CFST
sections as compact/non-compact and compact/non-compact/slender

Table 9
Cross-section slenderness and classifications of the tested specimens as per the different standards (C ≡ Compact, NC ≡ Non-compact).

Test D/t λe AS2327 EC4 AISC-360 CAN/CSA
S16–01

AIJ GB-50936

λe compact λemax (D/t) limit (D/t) compact (D/t) non-compact (D/t) max (D/t) limit (D/t) limit (D/t) limit

SLD1E0 66 69 125 135 C 72 C 109 135 221 C 107 C 134 C 121 C
SLD1E1 62 65 125 135 C 72 C 64 135 221 C 107 C 134 C 121 C
SLD1E2 65 69 125 135 C 72 C 64 135 221 NC 107 C 134 C 121 C
SLD2E0 76 79 125 135 C 72 NC 109 135 221 C 107 C 134 C 121 C
SLD2E1 73 77 125 135 C 72 NC 64 135 221 NC 107 C 134 C 121 C
SLD2E2 75 79 125 135 C 72 NC 64 135 221 NC 107 C 134 C 121 C
SLD3E0 99 104 125 135 C 72 NC 109 135 221 C 107 C 134 C 121 C
SLD3E1 102 107 125 135 C 72 NC 64 135 221 NC 107 C 134 C 121 C
SLD3E2 99 104 125 135 C 72 NC 64 135 221 NC 107 C 134 C 121 C
SLD4E0 116 122 125 135 C 72 NC 109 135 221 NC 107 NC 134 C 121 C
SLD4E1 114 119 125 135 C 72 NC 64 135 221 NC 107 NC 134 C 121 C
SLD4E2 116 122 125 135 C 72 NC 64 135 221 NC 107 NC 134 C 121 C

Table 10
Pmax/Ppredicted ratios calculated for the tested concentrically loaded CF-SWSST long columns and previously reported purely axially loaded CF-SWSST/Non-SWT CFSST long columns.

Ref Label D/t λe Le/D fcm (MPa) fy (MPa) AS 2327 general AS 2327 enhanced EC4 AISC 360 AIJ CAN/CSA S16–01 GB-50936

This paper SLD1E0 66 69 11.9 22 262.5 0.84 0.84 0.85 0.89 0.91 0.81 0.79
SLD2E0 76 79 10.9 23 262.5 0.91 0.91 0.92 0.97 0.98 0.89 0.89
SLD3E0 99 104 10.5 24 262.5 0.88 0.88 0.89 0.95 0.96 0.88 0.93
SLD4E0 116 122 11.3 24 262.5 0.90 0.91 0.92 1.00 1.00 0.93 1.00
Average 0.88 0.89 0.90 0.95 0.96 0.88 0.90
Stdev 0.03 0.03 0.03 0.05 0.04 0.05 0.09

Uy et al. [27] C1–2a 41 47 13.6 36 288.6 1.05 1.05 1.07 1.12 1.15 1.05 0.97
C1–2b 41 47 13.6 75 288.6 1.02 1.02 1.06 1.11 1.13 1.09 1.14
C1–3a 41 47 25.9 36 288.6 0.95 0.95 1.07 1.02 1.11 1.10 0.93
C1–3b 41 47 25.9 75 288.6 1.55 1.55 1.85 1.60 1.84 1.82 1.52
C2–2a 68 88 13.3 36 320.6 1.17 1.17 1.20 1.28 1.30 1.22 1.18
C2–2b 68 88 13.3 75 320.6 1.13 1.13 1.20 1.26 1.25 1.25 1.34
C2–3a 68 88 25.1 36 320.6 1.46 1.46 1.70 1.68 1.73 1.78 1.54
C2–3b 68 88 25.1 75 320.6 1.14 1.14 1.42 1.29 1.33 1.41 1.15

Li et al. [18] C-100 L 61 51 4.9 50 211.5 1.10 1.04 1.11 1.18 1.21 1.12 1.26
C-150 L 73 62 4.9 50 211.6 1.06 1.01 1.07 1.14 1.17 1.09 1.25
C-200 L 97 82 5.0 50 211.6 0.95 0.92 0.97 1.04 1.07 1.01 1.18
C-250 L 121 102 5.0 50 211.6 0.90 0.87 0.92 0.98 1.02 0.97 1.14

Ellobody and Ghazy [28] C8 50 65 6.0 31 324.0 1.19 1.10 1.11 1.23 1.17 1.02 0.99
C11 50 65 12.0 31 324.0 1.01 1.03 1.03 1.08 1.10 0.98 0.93

The values in bold are the averages and standard deviations of the respective actual to predicted ratios for the tests conducted by the authors.
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respectively. The section slenderness limits specified in the different
standards for the tested CF-SWSST long columns are listed in Table 9.
For EC4 the slenderness limit was calculated using Eq. (4) which is
based on the definition provided in Eurocode 3 Part 1–4 [41]. Eq. (4)

takes into account differences between the elastic moduli of mild-steel
and stainless-steel in its formulation.

EC4 effective compact limit ¼ 90
235
f0:2%

E0
210e3

ð4Þ

Some of the tested column sections were classified as non-compact
as per EC4 and CAN/CSA S16–01. However, even for those two stan-
dards predicted capacities were calculated for all the tested CF-SWSST
long columns irrespective of the section classification. This was done
in order to assess the applicability of the approaches contained in the
guidelines as well as the defined section slenderness limits for the
testedCF-SWSST long columns. Since AISC-360 contains separate guide-
lines for the different section classification types defined as per that
standard, the axial capacities as per its guidelineswere calculated taking
into account the respective section classifications of the tested CF-
SWSST long columns. For the calculations of axial capacity predictions,
the experimentally obtained average proof strength (f0.2%) of the
stainless-steel was considered in place of the steel yield strength (fy)
in relation to the respective guidelines. For the concrete strength, the re-
spective fcm values as listed in Table 7 were considered for the calcula-
tions. In addition, all material safety factors were taken to be equal
to 1.0.

Fig. 23.Variation of Pmax/Ppredicted with normalised section slenderness for concentrically loaded CF-SWSST long columns and CFSST long columns of other tube types based on a) AS 2327,
b) EC4, c) AISC-360, d) AIJ, e) CAN/CSA S16–01, and f) GB-50936.

Fig. 24. Comparison of reduction of long column capacity relative to the corresponding
short column capacity between equivalent stainless-steel and mild-steel hollow
columns (with D = 102 mm, t = 2 mm and fy = f0.2% = 262.5 MPa).
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4.1. Comparison for concentrically loaded CF-SWSST long columns

The actual to predicted capacity ratios (Pmax/Ppredicted) calculated for
the tested concentrically loaded CF-SWSST long columns are tabulated
in Table 10. The variations of the respective capacity ratios with the
slenderness parameters as defined in the different codes are shown in
Fig. 23. For reference Table 10 also contains Pmax/Ppredicted ratios calcu-
lated for previously reported CFSST long column tests of other non-
SWT tube types [27,28] and for the longer length CF-SWSST columns
tested by Li et al. [18]. In Fig. 23, the capacity ratios calculated for com-
parable CF-SWSST short columns [19] and for previously tested CFSST

long columns with Le/D values similar to that of the tested CF-SWSSTs
are also plotted for comparison.

On average, it was observed that all the design standards gave non-
conservative predictions of the axial capacities for the tested concentri-
cally loaded CF-SWSST long columns. The average Pmax/Ppredicted ratio
corresponding to the codified predictions ranged from 0.88 to 0.95.
AIJ-2001 gave least non-conservative predictions on average. The de-
gree of un-conservativeness of the capacities predicted by the design
standards for the CF-SWSST long columns were found to be, in general,
similar to that reported for the corresponding CF-SWSST short columns
[19].

Fig. 25. Experimental and codifiedM-N interaction curves of a) SLD1E1, b) SLD1E2, c) SLD2E1, d) SLD2E2, e) SLD3E1, f) SLD3E2, g) SLD4E1, and h) SLD4E2. (Each respective experimental
peak load is shown by an ‘x’, w/o ≡ without.)
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CF-SWSST short column tests thatwere previously carried out by the
authors suggested that the section slenderness limits effective for CF-
SWSSTs may be different to those defined in the various standards
[19]. This may also partially explain the non-conservativeness of the
Pmax/Ppredicted ratios calculated for the tested CF-SWSST long columns.
Nonetheless, the non-conservativeness may also be related to the fact
that the reduction of column capacity with column slenderness that is
effective for CF-SWSST long columns may be different to that specified
in the design standards. This is especially so since the design standards
that have been considered in this paper, strictly speaking, have been
specified for mild (and carbon) steel CFSTs rather than CFSSTs. This is
further illustrated in Fig. 24 which shows the reduction of long column
capacity relative to the short column capacity as a function of Le/D for
equivalent hollow columns of stainless-steel and mild-steel with equal
strengths (i.e. fy = f0.2% = 262.5 MPa) and ‘compact’ geometries as
per the respective standards (i.e. D = 102 mm, t = 2 mm). The plots
of Fig. 24 were obtained following the guidelines stated in AS 4673 [3]
and AS 5100.6 [20] for stainless-steel and mild-steel hollow tubes re-
spectively. As can be seen from Fig. 24, the reduction of column capacity
with Le/D is greater for hollow stainless-steel long columns than for
their mild-steel counterparts. Such differences may also be applicable
to CF-SWSST long columns compared to mild-steel CFSTs, although no
guidelines currently exist to evaluate such differences unlike for hollow
columns. If the variation of column capacity with column slenderness
which is specifically applicable to CF-SWSST columns is established
and used for the predictive calculations, less non-conservative Pmax/
Ppredicted ratios may result. For this purpose, further tests of CF-SWSST
long columns of different Le/D ratios are required.

It was also observed that the capacity ratios calculated for the tested
specimens as per the ‘general’ and ‘enhanced’ guidelines of AS 2327
were equivalent. The ‘general’ and ‘enhanced’ guidelines differ by the
fact that for the latter a greater concrete strength level than f'c is allowed
in AS 2327 taking into account additional strength enhancement due to
confinement. The fact that the two methods gave equivalent capacity
ratios suggest that for the tested columns the codified guidelines pre-
dicted effective concrete strengths no greater than f'c. This agrees well
with the experimentally obtained behaviour of negligible effective
core confinement which was discussed in Section 3.4.

It can be clearly observed from Fig. 23 that the capacity ratio scatter
obtained for the tested CF-SWSST long columns is distinct from and
displayed a lesser average than that corresponding to previously re-
ported CFSST long column tests with comparable Le/D values. The au-
thors previously found similar differences in the capacity ratio scatter

between CFSST short columns using LWTs and SWTs [19]. The fact
that similar scatter variations were also observed for CFSST long col-
umns of the two tube types reinforces the postulation that prediction
conservativeness is dependent on the tube fabrication method and
that separate calibration of prediction guidelines are required for CF-
SWSSTs. However, it should be noted that only a very limited number
of test data exist for CFSST long columns that can be compared with
the tested CF-SWSST long columns. It is advisable that the afore-
suggested difference in capacity ratio scatter based on tube fabrication
type be substantiated through further testing. Finite element modelling
(FEM) could assist in this regard as it could potentially be used tomodel
non-SWT CFSST long columns comparable to the CF-SWSSTs tested in
this study.

It should be noted that no direct comparison can be made be-
tween the CF-SWSSTs tested by Li et al. [18] and the CF-SWSST
long columns described in this paper due to the dissimilarity of Le/
D values of the two sets of tests. However, the scatter of the capacity
ratios reported by Li et al. [18] was largely consistent with that of
the CF-SWSST short columns previously tested by the authors,
which provided further confirmation of the ‘short column’ nature
of those tests [18].

4.2. Comparison for eccentrically loaded CF-SWST long columns

For eccentrically loaded CFST columns, all six design standards con-
sidered in this paper contain guidelines to calculate the respective axial
capacities through the use of amoment-axial load (M-N) interaction ca-
pacity curve. The respectiveM-N capacity curves obtained for the tested
CF-SWSST long columns are shown in Fig. 25. Using the derivedM-N ca-
pacity curves, predictions of the axial capacities of the tested eccentri-
cally loaded CF-SWSST long columns were calculated taking into
account second-order effects as well. Second-order effects were in-
cluded in the calculations using the methods specified in the respective
standards. To illustrate the calculation process, the predicted ‘applied’
M-N curves as per AS 2327 for the respective CF-SWSST long columns,
with and without the consideration of second-order effects, are also
shown in Fig. 25. The axial capacity predictions were taken to be the
loads at which the ‘applied’ M-N curves as per the different standards
intersected with the corresponding M-N capacity interaction curves.
Pmax/Ppredicted ratios calculated in this manner are given in Table 11
while their variations with the respective slenderness parameters are
shown in Fig. 26. For comparison, Table 11 also contains the
Pmax/Ppredicted ratios calculated for the eccentrically loaded CFSST

Table 11
Pmax/Ppredicted ratios for the tested eccentrically loaded CF-SWST long columns and previously reported CFSST long columns of other tube types.

Ref Label D/t λe einitial/D Le/D AS 2327 EC4 AISC - 360 AIJ CAN/CSA S16–01 GB - 50,936 Fibre-element analyses

Confined Unconfined

This paper SLD1E1 62 65 0.15 11.9 1.13 1.19 1.10 0.90 1.02 1.12 1.07 1.16
SLD2E1 73 77 0.15 10.9 0.92 0.98 1.07 0.76 0.85 0.93 0.89 0.99
SLD3E1 102 107 0.15 10.5 0.97 1.03 1.12 0.81 0.86 1.02 0.95 1.04
SLD4E1 114 119 0.15 11.3 0.77 0.80 0.88 0.62 0.66 0.80 0.75 0.81
Avg 0.95 1.00 1.04 0.77 0.85 0.97 0.92 1.00
Stdev 0.15 0.16 0.11 0.11 0.15 0.13 0.13 0.14
SLD1E2 65 69 0.4 11.9 1.02 1.01 1.05 0.77 0.87 0.93 0.96 1.04
SLD2E2 75 79 0.4 10.9 1.02 0.94 1.05 0.79 0.94 0.93 0.97 1.05
SLD3E2 99 104 0.4 10.5 1.03 0.95 1.03 0.80 1.06 0.92 0.99 1.05
SLD4E2 116 122 0.4 11.3 0.96 0.85 0.98 0.72 1.01 0.84 0.93 0.97
Avg 1.01 0.94 1.03 0.77 0.97 0.91 0.96 1.03
Stdev 0.03 0.06 0.03 0.04 0.09 0.05 0.03 0.04
Avg all 0.98 0.97 1.04 0.77 0.91 0.94 0.94 1.01
Stdev all 0.11 0.12 0.08 0.08 0.13 0.10 0.09 0.10

Ellobody and Ghazy [28] 50 65 0.1 6.0 1.14 1.16 1.16 0.85 1.07 1.05 N/A
50 65 0.2 6.0 1.32 1.32 1.30 1.16 1.24 1.23
50 65 0.1 12.0 1.20 1.26 1.21 0.78 1.14 1.13
50 65 0.2 12.0 1.48 1.56 1.43 1.12 1.34 1.39

The values in bold are the averages and standard deviations of the respective actual to predicted ratios for the tests conducted by the authors.
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long columns which were tested by Ellobody and Ghazy [28],
where LWTs were used for the stainless-steel tubes. Out of the
tests reported in [28] only two had Le/D ratios similar to that of
the tested CF-SWSST long columns. These two tests are also plot-
ted in Fig. 26 for comparison.

On average, for the eccentrically loaded specimens, AS 2327, EC4 and
AISC-360 gave actual to predicted capacity ratios which were closer to
(or above) 1.0 compared to those calculated for the concentrically
loaded specimens. The capacity ratios predicted as per AISC-360 were
the most conservative on average, while those of AS 2327 were closest
to 1.0. The non-conservativeness of the predictions of AIJ can be attrib-
uted to the fact that its guidelines do not consider second-order effects
for CFST columnswith Le/D less than 12. AISC-360 gave themost conser-
vative predictions since as per its slenderness limits except for SLD1E1
all the other eccentrically loaded CF-SWSSTs were classified as non-
compact or slender, for which the specified guidelines are inherently
conservative.

The fact that AS 2327 and EC4 gave capacity ratios close to 1.0 sug-
gest that the respective guidelines are applicable for the capacity assess-
ment of eccentrically loaded CF-SWSST long columns as well. This is
further supported by the fact that, as can be seen in Fig. 25, in the M-N
space the respective peaks of the eccentrically loaded CF-SWSST long

columns lie outside of the relevant capacity interaction curves (except
for specimen SLD4E1). Pmax/Ppredicted ratios less than 1.0 were obtained
for some of the tested specimenswhich had peaks outside of the capac-
ity curves as a result of the predicted ‘applied’M-Ncurve diverging from
the experimental one. This in turn suggests that the methods specified
in AS 2327/EC4 to consider second-order effects for CF-SWSST long col-
umns may not be sufficiently accurate indicating the need for separate
guidelines.

On average, a decreasing trendwas observed for the calculated Pmax/
Ppredicted ratios with the respective slenderness parameters while the
conservativeness of the predictions did not vary appreciably with end
eccentricity ratio. However, as can be seen from Fig. 25, it was observed
that the distance between the peak load and the respective M-N capac-
ity curves in the M-N space increased with increased load eccentricity.
This signified an effective increase in prediction conservativeness with
eccentricity, consistent with what was observed for the corresponding
CF-SWSST short columns [19]. The Pmax/Ppredicted ratio displayed con-
trasting behaviour due to divergence of the experimental M-N curve
from that approximated by codified methods to account for second-
order effects.

It was also observed that the capacity ratios calculated for the tested
CF-SWSST long columns were, on average, less conservative than those

Fig. 26. Variation of Pmax/Ppredicted with normalised section slenderness for eccentrically loaded CF-SWSST long columns based on a) AS 2327, b) EC4, c) AISC-360, d) AIJ, e) CAN/CSA S16–
01, and f) GB-50936.
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of the corresponding short columns tested previously [19]. This obser-
vation also submits that second-order effects are possibly under-
estimated for CF-SWSST long columns by existing guidelines, especially
for load levels near to the respective ULS capacities.

It can clearly be seen from Fig. 26 that the respective Pmax/Ppredicted
ratios of specimen SLD4E1 appear to be outliers. However, upon de-
structive investigation of the specimen no evidence could be found
which pointed toward premature failure as being the reason for its
lower experimental capacity. Hence, the low Pmax/Ppredicted obtained
for SLD4E1 could be indicative of it having a section slenderness close
to the limit at which the respective guidelines cease to be applicable.
This postulation is supported by the fact that for EC4, AISC-360, AIJ
and GB-50936 the Pmax/Ppredicted ratios corresponding to specimens
SLD4E1 and SLD4E2 had markedly reduced values compared to those
of the rest. Nevertheless, it is also recognised that the outlier result
may also be due to possible inherent variations of the material proper-
ties as well.

From Fig. 26, it can also be observed that the slenderness limits
specified in AS 2327, CAN/CSA S16–01, GB-50936 and AIJ appear to
be un-conservative, while those of AISC-360 and EC4 were conserva-
tive. However, especially for AS 2327, most of the experimental capac-
ities were located on the safe (conservative) side with respect to the
M-N capacity curves even though the corresponding capacity ratios
were less than 1.0. Contrary to the trends suggested by Fig. 26, this
suggests that the section slenderness limits specified in AS 2327 are
conservative and hence applicable to CF-SWSST long columns as
well. These observations also reinforces the need for establishing
more accurate methods to consider second-order effects of CF-
SWSST long columns.

The Pmax/Ppredicted ratios corresponding to eccentrically loaded CFSST
long columns where LWTs had been used were, on average, more con-
servative than those of the tested CF-SWSST long columns with similar
section slenderness. This was determined based on comparing two of
the tests reported by Ellobody and Ghazy [28], which had einitial/D
values equal to 0.1 and 0.2, to specimen SLD1E1 of this paper for
which the end eccentricity ratio was 0.15. This result indicates that
the capacity ratio scatters of eccentrically loaded non-SWT CFSST long
columns and CF-SWSST long columns may also be different, similar to
the differences previously discussed for concentric axial loading. How-
ever, this conclusion needs to be validated through additional CFSST
long column testing where only the tube type is varied for the tests.

5. Fibre element analyses conducted for eccentrically loaded CF-
SWSSTs

The capacity of fibre-element based analysis to predict the axial ca-
pacities of eccentrically loaded CF-SWSST long columns was also inves-
tigated in this study. As discussed in Section 3.4, since it was
experimentally established that the degree of confinement that was
present in the tested CF-SWSST long columns was negligible, uncon-
fined concrete material models were used for the fibre-element analy-
ses. For comparison, additional fibre-element analyses were also
carried out considering confined concrete material models. The uncon-
fined and confined concrete material model formulations as proposed
by Fujimoto et al. [42] and the stainless-steel material model formula-
tion proposed by Quach et al. [33] and Abdella et al. [43] were used
for the analyses. The respective material strengths tabulated in Table 7
were considered with the aforesaid material (stress-strain behaviour)
models. The concrete and stainless-steel stress-strain curves considered
for the fibre analyses are shown in Fig. 27. The models proposed by
Fujimoto et al. [42] were considered since it has previously been
shown that the behaviour of eccentrically loaded CF-SWSST short col-
umns are well predicted through fibre-element analyses using those
models [19].

For the analysis carried out, the laterally deflected shapes at all load
levels were considered to be a half sine wave. This enabled the mid-
height curvature of the column to be determined using the lateral de-
flection (δmh) and effective length (Le) as per Eq. (5). Each fibre element
analysis proceeded by initially incrementing δmh by 0.01 mm. The steel
and concrete cross-sections of the CF-SWSSTs were divided into 100
fibre elements each. Using the curvature calculated as per Eq. (5), the
neutral axis location at the mid-height section which satisfied equilib-
rium (i.e. Eq. (6)) was found by considering 300 different neutral axis
locations at a resolution of D/100, including locations both inside and
outside of the cross-section. The resultant axial force (P) and bending
moment (Mmh) for each of those neutral axis locations were found
using the stress-strain models discussed previously and assuming a lin-
ear strain profile. Using the (P, Mmh) pairs calculated in this manner the
corresponding residual differences (Δ) between the left and right hand
sides of Eq. (6) were obtained. Considering the variation of Δwith neu-
tral axis position and using linear interpolation the neutral axis location
(and hence applied axial load) satisfying equilibrium was then found.
Thereafter, δmh was incremented again by 0.01 mm and the afore-

Fig. 27. a), b) Normalised unconfined and confined concrete stress-strain curves as per Fujimoto et al. [42] for specimens with einitial/D equal to 0.15 and 0.4 respectively and c) stainless-
steel material model as formulated by Quach et al. [33] and Abdella et al. [43] (confined concrete stress-strain curves shown dashed in the same colour as the corresponding unconfined
curves).
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mentioned process was repeated. The fibre-element analysis continued
until δmh reached a value of 50 mm. The axial capacity was taken as the
maximum of the resulting P − δmh variation.

Curvature at mid−height ¼ π
Le

� �2

δmh ð5Þ

Mmh ¼ P einitial þ δmhð Þ ð6Þ

The actual to predicted axial capacity ratios of the tested eccentri-
cally loaded CF-SWSST long columns obtained from the fibre analyses
are tabulated in Table 11. As can be seen from Table 11, the analyses
which considered unconfined concrete material behaviour, in general,

gave capacities which were in closer agreement to the experimentally
obtained values than those corresponding to confined concrete behav-
iour. This provides further verification of the experimentally obtained
behaviour of negligible confinement as discussed in Section 3.4.

The moment – axial load (M-N) variations predicted for the respec-
tive specimens by the two types of fibre element analyses are compared
with the experimentally obtained variations in Fig. 28. Fig. 28 also con-
tains the M – N capacity interaction curves obtained for the tested CF-
SWSST long column sections from the two types of fibre analyses. The
interaction curves corresponding to AS 2327 are also shown for refer-
ence. The interaction curves were obtained from the fibre analyses fol-
lowing a method similar to that described previously and considering
a number of different einitial values. However, for the section capacity

Fig. 28. PredictedM-N curves throughfibre analyses for a) SLD1E1, b) SLD1E2, c) SLD2E1, d) SLD2E2, e) SLD3E1, f) SLD3E2, g) SLD4E1, and h) SLD4E2. (Each respective experimental peak
load is shown by an ‘x’.)
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(interaction) curves δmh was zero and instead the analysis proceeded
for each value of einitial by incrementing the maximum compressive
strain and assuming a linear strain profile. The axial capacity was there-
after obtained from the first peak of the resulting axial load – strain var-
iationwhich defined the ULS axial load –moment pair corresponding to
einitial. By considering several einitial values the full interaction curvewas
obtained. For larger einitial values it was found that the axial load – strain
variation did not display a peak. For these cases, the capacity was taken
as the axial load corresponding to a maximum compressive strain of
0.01. This was consistent with the approach previously followed by
the authors for CF-SWSST short columns [19].

As can be seen from Fig. 28, the respective experimental peaks of the
tested CF-SWSSTs lay in-between the capacity interaction curves de-
fined by the two types of fibre analysis that were considered (i.e.
using unconfined and confined concrete models). This suggested that
the level of concrete confinement assumed by the confined concrete
model proposed by Fujimoto et al. [42] did not occur for the tested
CF-SWSST long columns under eccentric loading. This ties in with the
negligible (νe – νs) values that were measured experimentally for the
respective columns. It can also be seen from Fig. 28, that the ‘applied’
M-N curves predicted by both types of fibre analyses agreed well with
the experimentally observed behaviour suggesting that fibre analysis
methods can consider second-order effects more accurately than codi-
fied methods, especially at load levels near the peak loads. It should be
noted there were minimal differences between the predicted ‘applied’
M-N behaviour and between Pmax/Ppredicted ratios of the two types of
fibre analyses. This was ascertained to be due to the fact that the respec-
tive ULS capacitieswere reached at relatively low strainswhich resulted
in the strength benefits due to confinement not being fully realized for
the analyses which considered confined concrete models.

6. Conclusions

Based on the experimental program that was carried out the follow-
ing conclusions and recommendations for future work can be made;

1. This study provided evidence of the equivalence of ULS failure
mechanisms of CFST long columns under concentric or eccentric
axial loading, irrespective of the steel tube fabrication method or
whether the tube is made of mild-steel or stainless-steel.

2. Based on this study it was established that the ductility of long col-
umns of CF-SWSSTs and CF-SWMSTs is similar. The study further
confirmed that regardless of whether mild-steel or stainless-steel
is used, CF-SWST long columns are significantly less ductile than
the corresponding short columns.

3. The study indicated that the ductility of CFSST long columns is inde-
pendent of the tube fabricationmethod. However, only sparse com-
parable data was available in the literature and hence this
hypothesis needs to be substantiated through further investigation.

4. It was found that the guidelines of several existing design standards
namely, AS 2327, EC4 and AISC-360 can be directly applied,
substituting the 0.2% proof strength in place of the yield strength,
to provide satisfactory predictions of the ULS capacities of eccentri-
cally loaded CF-SWSST long columns.

5. It was ascertained that for CF-SWSST long columns under concen-
tric axial loading, direct application of existing design guidelines
would provide predictions which are unconservative. Since the de-
gree of unconservativeness was consistent irrespective of the col-
umn slenderness, it was verified that separate calibration of the
design guidelines is needed to use them conservatively for CF-
SWSST short and long columns under pure axial loading.

6. The study also showcased the need for separate guidelines for CF-
SWSST long columns, distinct from those that currently exist for
their mild-steel counterparts, in relation to the effects of column
slenderness on axial capacity and the consideration of second-
order effects.

7. Based on differences observed in the scatters of actual to predicted
capacity ratios, the study showed that the ULS capacity of CFSST
long columns under concentric and eccentric axial loading may be
dependent on the tube fabrication method, thereby emphasising
the need for developing separate guidelines for CF-SWSSTs. Since
only a handful of comparable test data of CFSST long columns of
other tube types exist at present, it is recommended that this postu-
lation be investigated further.

8. It was shown that the section slenderness limits specified in AS
2327, EC4 and AISC-360 were, in general, conservative for CF-
SWSST long columns under eccentric axial loading.

9. The study provided experimental evidence of negligible confine-
ment of the concrete core for CF-SWSST long columns in the tested
Le/D range, irrespective of section geometry or load eccentricity,
which agreed well with the confinement behaviour predicted by
AS 2327 and EC4.

10. Predictions of the ULS axial capacity behaviour of eccentrically
loaded CF-SWSST long columnswhich closely agree with the actual
behaviour can be obtained through fibre-element based analysis
using unconfined material models for the core concrete.
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