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The existing literature concerning the flexural strength of circular concrete-filled steel tubes (CFSTs) has been
reviewed in this paper. Using a much-expanded database of published flexural tests than considered in previous
review studies, the applicability and conservativeness of four commonly used design standards to assess the flex-
ural capacity of circular CFSTs have been substantiated through this review. This was verified to be the case irre-
spective of the type of concrete used for infilling the steel tubes of the circular CFST. Reliability analysesperformed
based on 219 circular CFSTflexural tests obtained from the literature provided confirmation that the capacity fac-
tors stated for steel and concrete in AS/NZS 2327 provide an adequate reliability level for structural design. The
calibrated capacity factors for the target reliability index exceeded the values given in the standard thereby
confirming the conservatism of the code. In addition, it was ascertained that the slenderness limits specified for
compact behaviour in the design standardswere significantly conservative. Further bending tests on larger diam-
eter tubeswith thinnerwalls andhigher steel strengths are needed to establish the actual limits. Further testing is
also needed to ascertain the effect of the steel tube fabrication method on the flexural capacity of circular CFSTs.
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1. Introduction

Concrete-filled steel tubes (CFSTs) have been widely used in the in-
dustry due to the numerous advantages they offer over conventional
purely steel or purely reinforced concrete structural elements. CFSTs
offer strength enhancement of the concrete core due to confinement
[1–3], delayed local buckling of the steel tube [3], improved ductility
and better damping characteristics [4]. CFSTs also enable faster con-
struction as the steel tube acts as permanent formwork facilitating the
pouring of concrete without the need for formwork removal. While
steel tubes of different cross-sections are used as CFSTs, those of circular
cross-section provide the greatest level of confinement to the in-filled
concrete [3]. Circular CFSTs have been primarily used as compression
structural members for building columns, transmission towers and
bridge piers [5]. Reported instances where circular CFSTs have been
used as structural elements acting primarily in flexure (i.e. beams),
such as that reported by Nakamura et al. [6], are much less in number.
Using circular CFSTs as girders has been reported to be potentially
more economical than the use of conventional plate girders since the
amount of welding required for such girders is significantly less [6].
The use of circular steel tubes for CFSTs is alsomore attractive compared
to other cross-sectional shapes asmanufacturingmethods such as spiral
welding enable larger diameter tubes to be fabricated with ease [7].

The number of investigations that have been reported in the litera-
ture, looking into the behaviour of CFSTs under flexural loading, is
much less than of those dealing with CFSTs under compression (col-
umns) or combined compression and bending (beam-columns). This
is especially so for circular CFSTs. Even in applications where circular
CFSTs are used as columns, they are also typically subjected to flexure
as well, caused by either eccentricity of the axial load or by lateral
loads such as wind and seismic loading. Hence understanding the be-
haviour under pure flexure is of fundamental importance even for the
consideration of circular CFST columns, since it is one extreme of
beam-column behaviour (i.e. with zero axial load) [8].

Given this context, the published literature dealingwith the strength
behaviour of circular CFSTs under purely flexural loading is reviewed in
the work described in this paper. The review focuses mainly on experi-
mental investigations reported in the literature and evaluating the ex-
perimental results against the relevant guidelines contained in four
commonly used international design standards, namely Australian
Standard AS/NZS 2327 [9], European Standard EN 1994-1-1 (EC4)
[10], American Institute of Steel Construction Standard AISC-360 [11],
andNational Standard of Canada CAN/CSA S16–01 [12]. Accordingly, re-
search efforts exploring the flexural strength of circular CFSTs using nu-
merical methods are not considered. Out of the reported investigations
only those conducted under static monotonic flexural loading are
reviewed. In addition, double-skinned, concrete-encased and hollow
circular CFSTs are also excluded from the scope of works of this paper.

2. Strength capacity behaviour of circular CFSTs

2.1. Codified guidelines for flexural strength capacity

For ‘compact’ cross-sections all four standards referred to in this
paper [10–13] specify methods of calculating the bending moment ca-
pacity of circular CFSTs based on the concept of plastic stress blocks of
the form shown in Fig. 1. For such ‘compact’ sections the sectional ca-
pacity is not limited by local buckling instabilities. In Fig. 1, fy and f'c
refer to the steel yield strength and concrete cylinder compressive
strength respectively. AISC-360 specifies a stress of 0.95 f'c for the con-
crete compressive stress block while the other three codes allow a
value of f'c to be used. Differing definitions of ‘compact’ sections (i.e.
compact slenderness limits) are contained in the codes of practice con-
sidered in this paper, as detailed in Table 1 and shown in Fig. 2. As can be
seen from Fig. 2, this effectively results in amuch largerD/t limit for sec-
tion compactness being allowed as per AS/NZS 2327 and CAN/CSA S16-
01 compared to the other two codes. As stated in Table 2, AS/NZS 2327
and EC4 specify further modifications to the bending moment calcu-
lated as per Fig. 1 (MP) when defining the flexural capacity. These mod-
ifications are separate to the respective material safety factors specified
for concrete and steel strengths. The various standards also specify dif-
fering applicability limitations in terms of allowable steel and concrete
material types and strengths, as can be seen from Fig. 3 and Table 2.

As can be seen from Table 1, AISC-360 and AS/NZS 2327 categorise
circular steel tube sections as compact/non-compact/slender and
compact/non-compact respectively. These two codes also provide cor-
responding guidelines to evaluate the flexural capacity of such non-
compact/slender sections, which are distinct from those specified for
compact sections. However, the other two codes considered in this
paper only contain a single slenderness limit under which the plastic
stress blocks shown in Fig. 1 applies. No guidance is given in those
two codes for sections with D/t values greater than the respective ‘com-
pact’ limits, effectively prohibiting the use of such sections.

In addition to the applicability limitations discussed previously, un-
like the other three codesAISC-360 [11] also contains a rotational capac-
ity requirement for ‘compact’ sections. The guidelines of AISC-360
specify a rotational capacity (Rcap) of at least 3 where Rcap is defined as
per Fig. 4.

Nomenclature

As Cross-sectional area of steel tube
Ac Cross-sectional area of core concrete
a Shear span
CB Cantilever bending
CFST Concrete filled steel tube
D Outside diameter of steel tubes
E Elastic modulus of steel
EPC Epoxy Polymer concrete
FPB Four-point bending
FC Foamed concrete
f 'c Concrete cylinder compressive strength
fcu Concrete cube compressive strength
fy Steel yield strength
HSC High-strength concrete
L Length between support centres/cantilever length
LAC Lightweight aggregate concrete
LWT Longitudinally welded tube
Mu Ultimate limit state moment
Mexp Experimental bending moment capacity
MP Predicted (plastic) bending moment capacity
NSC Normal standard concrete
Ri Radius of concrete core
Rcap Rotational capacity as per AISC-360
RAC Recycled aggregate concrete
RUC Rubberised concrete
t Wall thickness of tube
TPB Three-point bending
SWT Spiral welded tube
SCC Self-compacting concrete
SSC Self-stressing concrete
SSSCC Self-stressing self-compacting concrete
SFRSSSCC Steel fibre reinforced self-stressing self-compacting

concrete
U Unspecified
UHSC Ultra-high strength concrete
ULM Ultra-lightweight mortar
λ Section slenderness
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In this paper the moment capacities obtained through experiments
will be compared with the respective capacity predictions calculated
as per the four different codes considered, in order to establish the accu-
racy and applicability of the codified guidelines. Furthermore, the varia-
tion of the ratio between the experimental ultimate moment and the
predictedmoment capacitywill be consideredwith two slenderness pa-
rameters, namely α = (E/fy)/(D/t) and λ = (D/t) (fy/250). This is in
order to attempt to obtain the ‘compact’ limits for circular CFSTs in flex-
ure by considering experimental results. The compact limit specified in
AISC-360 for hollow steel tubes (i.e. 0.07 E/fy) was obtained in a similar
manner based on a significant number of experimental data [14] as
shown in Fig. 5. The limiting value of 0.07 E/fy was obtained by consid-
ering the variation of the ratio of experimentally obtained moment
capacity to the theoreticalmoment capacity (Mexp/MP)with the slender-
ness parameter α and obtaining the limiting value of α after which the
ratio exceeds 1.0. In addition to the above, in this paper the requirement
of sufficient rotational capacity will also be considered using the exper-
imental results reported in the literature, following the definition stated
in AISC-360 and shown in Fig. 4. Elchalakani et al. [15] proposed a com-
pact limit for the slenderness parameter α based on pure bending tests
carried out on 12 circular CFSTs. By considering the flexural rotations of
the tubes corresponding to the respective maximum experimental mo-
ments, a value ofα equal to 4.34was proposed as the compact limit. The
limit was chosen as the value of α atwhich the observed rotations at the
maximummoments showed amarked increase. Following themethod-
ology proposed by Elchalakani et al. [15] this paper will also explore
whether a compact limit for circular CFSTs in flexure could be obtained
by considering a rotation based criterion using the reported experimen-
tal data.

Han [16] proposed a set of semi-empirical equations to calculate the
flexural capacity of circular CFSTs. These expressions, which are given in
Table 3, were obtained empirically through curve-fitting to the capaci-
ties which were calculated based on a mechanics model in which the
section flexural capacity was calculated through a fibre-based analysis
[16]. These equations have also been specified as themethod of calculat-
ing the pure flexural capacity of circular CFSTs in one of the codes of
practice used in China namely DBJ 13-51-2010 [17]. Another code of
practice in use in China, namely DL/T-5085-1999 [18] also contains em-
pirical expressions for the bending capacity of circular CFSTs which are
similar in form to that proposed by Han [16]. The expressions stated in
DL/T-5085-1999 are also given in Table 3 for reference. In addition to
the guidelines of the four codes of practice referred to previously, the
applicability of the design equations given in Table 3, were also consid-
ered in this paper using the experimental tests reported in the
literature.

A number of previous review studies have evaluated the adequacy of
different codified guidelines to assess the flexural capacities of circular
CFSTs. Roeder et al. [4] compared moment capacities obtained from 37
bending tests, which included monotonic as well as cyclic loading,
against the predictedmoment capacities calculated based on the plastic

stress distributions specified in AISC-360. They found that the experi-
mental values were all greater than the predictions. Tao et al. [19] also
compared moment capacities obtained from 24 tests against the corre-
sponding predictions calculated following the guidelines of EC4 and
found that the predicted capacities were generally conservative. This
was so even for sections outside of the compact D/t limit with the
mean value of the actual to predicted capacity ratio being 1.194 with a
standard deviation of 0.151. Tao et al. also considered the variation of
the actual to predicted moment capacity ratio with section slenderness
λ and observed that the ratio decreases as λ increases. However no pro-
posalwasmade in terms of a plastic (i.e. ‘compact’) limit of λ. This paper
aims to build on these previous works by considering a much greater
database of published circular CFST bending tests (219 in total) con-
ducted under static monotonic loading conditions.

2.2. Experimental tests reported in the literature for circular CFSTs under
bending

A comprehensive list of experimental investigations which looked
into the pure bending behaviour of circular CFSTs has been compiled
by the authors. In total details of 219 circular CFST specimens
tested under flexure were obtained from the literature. Experimental
details of the respective test programmes reported in the literature are
listed in Table 4. Three main setup types were used for the reported
bending tests namely four-point bending (FPB), three-point bending
(TPB) and cantilever bending (CB).

In general, for most circular CFSTs tested in flexure no mechanical
shear connection was provided between the tube and the concrete
core. Even so, in few of the reported tests, mechanical shear connection
was introduced specifically to consider its effect on theflexural capacity.
The shear connectors were either shear studs screwed in from the out-
side surface [22], interior circular ribs [27] or longitudinally uniformly
spaced transverse steel reinforcement installed through holes created
in the steel tube [47]. In addition, except for minor cleaning of the in-
sides of the steel tubes to get rid of loose rust and debris [25], no special
cleaning/preparation of the tube insides was reported in the literature.
This was the case except for when the effect of the condition of the

Fig. 1. Plastic stress blocks for calculation of bending moment capacity.

Table 1
Classification of cross-sections (E: Modulus of elasticity of steel).

Slenderness
classification

AISC-360 AS/NZS 2327 EC4 CAN/CSA
S16–01

Compact D/t b 0.09E/fy λ b 125 D/t b
21150/fy

D/t b
28000/fywith λ=(D/t)

(fy/250)
Non-compact 0.09E/fy b D/t b

0.31E/fy
125 b λ b 0.31E/fy N/A N/A

Slender D/t N 0.31E/fy N/A N/A N/A
Max permitted
D/t

0.31E/fy 0.31(E/fy)
(250/fy)

21150/fy 28000/fy
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tube inside surface on the flexural capacity was specifically being inves-
tigated [22,39].

The circular CFST specimens were either capped (typically
through welding on end plates) [8,22,24–26,40] or left uncapped
[2,15,23,28,29,41] at the ends. Capping the specimen resulted in the
prevention of any relative longitudinal movement (i.e. slippage) be-
tween the steel tube and the concrete core. Relative slip could occur
for specimens with no end caps. Specimens with no end caps were pre-
ferred by some researchers as it represents a worst-case scenario in re-
lation to the bending moment capacity [2,15,29].

2.3. Failure modes

In general, it was observed that the flexural failure mode of circular
CFSTs did not display a strong individual dependency on either the steel
yield strength, concrete compressive strength, tube outside diameter, or
tube wall thickness. As shown in Fig. 6, this observation was based on
the fact that each respective failure mode was observed for a wide-
range of overlapping values of the aforementioned parameters. Defini-
tions of the failure modes corresponding to the indices referred to in
Fig. 6 are listed in Table 5.

It can also be seen from Fig. 6 that the failure mode does not appear
to be affected by whether end caps were used or not. However, a weak
correlation with the D/t ratio could be observed for some failure modes.
This is discussed further below.

The observed failure mechanisms can be categorized into two main
types, namely where no local buckling was observed (mode P) and
where local buckling of the steel tube wall did occur (modes LB+TR
and LB+P). Apart from these, another failure mode namely ‘P+TR’
was also reported by Xu et al. [38].

For the specimens that failed in mode type ‘P’, an extremely ductile
failure mechanism was observed. Extensive inelastic deformation of
the circular CFST occurred with no local buckling, tensile rupture or
any other type of instability being observed in the steel tube. This
mode of failure was only generally obtained for circular CFTs with low
D/t ratios (i.e. D/t b ~ 50) and was reported by Hunaiti [21], Elchalakani
et al. [15], Chen et al. [33], Hou et al. [34], Fu et al. [37], Xiong et al. [40]
and Kilpatrick [22]. Tests for which this mode of failure was observed

were terminated due to practical limitations rather than due to actual
specimen failure [22].

In the second failure mode type observed for circular CFST beams
(modes 1 and 2 in Fig. 6), local buckling of the steel tube at the extreme
compressive fibre was observed at the point of or prior to the achieve-
ment of the ultimate moment capacity [2,8,15,20,23–27,31,32,35,42].
In some cases, tensile rupture of the steel tube occurred at failure
(LB+TR) [2,31] while in the case of others no such rupturing was ob-
served (LB+P). As can be seen from Fig. 6, though these modes were
typically observed for circular CFSTs with larger D/t ratios, it has
also been observed for circular CFSTs with much smaller D/t ratios. For
example, the failure mode ‘LB+P’ was reported by Chitawadagi and
Narasimhan [29] who tested specimens with D/t values in the range
22–51.Hencewhile there appears to be a correlationwith lowD/t values
for the occurrence of the first mode of failure (i.e. mode ‘P’) there does
not appear to be such a correlation for modes in which local buckling
was observed. Ultimate failure of circular CFST beams which displayed
the failure mode ‘LB+TR’ has been reported in the literature as also oc-
curring in an extremely ductile manner after significant deformation.

The tests carried out by Elchalakani et al. [15], Nakamura et al. [23]
and Ichinohe et al. [20] showcase that the ultimate moment can be
greater than themoment atwhich the first buckle occurs. This is consis-
tent with the stable post-buckling behaviour that has been stated to be
possible for circular CFSTs [48]. For circular CFSTs which displayed the
second failure mode, uniformly distributed cracking in the tensile re-
gion of the concrete cores were found upon further investigation of
the respective specimens after failure. Such cracking has been reported
by Yang andMan [25], Yang andMa [35],Wheeler and Bridge [28], Hou
et al. [34], Fu et al. [37], Deng et al. [31], Lu et al. [8], Chen et al. [41], and
Fei-Yu et al. [32]. Wheeler and Bridge [28] suggested that the spacing of
these cracks is governed purely by material limitations relating to the
concrete aggregate size. They also opined that the formation of these
cracks is as a result of the confining effect of the steel tube on the con-
crete core, which constrains the core to follow the curvature profile of
the tube under bending due to continuity [49]. For beams that failed
subsequent to the formation of a local buckle, some authors have re-
ported that slippage at the specimen ends was observed between the
concrete core and the steel tube occurred at the point of maximummo-
ment [2,23,28]. Other authors reported that they did not observe any
such slippage at ULS or at final failure [15,30,31,37,47].

Fig. 2. Effective ‘compact’D/t limits. (Curves plotted only for respective allowable fy ranges
and taking E = 200 GPa.)

Table 2
Flexural capacity definitions and additional applicability limitations.

Item AISC-360 AS/NZS 2327 EC4 CAN/CSA S16–01

Flexural capacity MP 0.9 MP 0.9 MP for steel grades between S235 and S355 MP

0.8 MP for steel grades S420 and S460
Applicable steel types Mild steel and higher strength carbon steels only. Stainless steels are not addressed.
Applicable concrete types Normal and lightweight concrete Normal density concrete only Normal density concrete only No limitation

Fig. 3. Ranges of material strengths for which the codified guidelines apply (NWC –
normal weight concrete, LWC - lightweight concrete, NL - no limitation).
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It should be noted that in general the moment-curvature (M-κ),
moment-deflection (M-δ), or moment-rotation (M-θ) plots obtained
experimentally for circular CFST beams displayed monotonically in-
creasing behaviour. For some specimens which failed in the second
mode type discussed previously, a short decreasing portion of the
curve was observed subsequent to the ultimate moment [2,15,41,44].
This is exemplified in Fig. 7. The M-κ and M-δ plots of Fig. 7 were pro-
duced based on the data obtained from the respective publications.

Xu et al. [38] who reported the failure mode ‘P+TR’ for the circular
CFST beams they tested considered very small shear span to depth ratios
(i.e. a/d values 0.7 and 1.0) for their test setups. They observed that fail-
ure in their specimens occurred through tensile rupture of the steel tube
due to the initiation and propagation of a crack in the extreme tensile
region, after a period of inelastic deformation (mode 4 in Fig. 6). How-
ever, since they did not report the corresponding load-deformation
curves, it could not be ascertained whether the inelastic deformation
was significant or not (as in mode ‘P’). The fact that tensile rupture oc-
curred in these specimens (contrary to the behaviour of mode ‘P’)
could be due to the failure mode being a combined shear and flexural
mode of failure rather than a purely flexural one.

2.4. Confinement of the concrete caused by the steel tube

The codes of practice allow a greater stress in the concrete to be con-
sidered when calculating themoment capacity of circular CFST sections
than of purely reinforced concrete sections. This increase in concrete
stress at the ULS takes into account the confinement of the concrete
core caused by the steel tube. This confinement occurs due to the larger
lateral expansion of the core concrete at the ULS compared to that of the
steel tube [1]. For an axially loaded circular CFST in compression the
confinement will be uniform around the circumference of the tube. In
contrast, concrete confinement in a circular CFST beam is non-uniform
since the strain varies across the section and is also limited to the area

of concrete in compression. This has been shown to be the case by a
number of authors based on the experimentally obtained effective
Poisson’s ratios around the outer surface of the respective circular
CFSTs which were calculated using the measured longitudinal and cir-
cumferential strains [8,24,35,44].

Through numerical modelling such as fibre-element based analyses
[20,31,37,51] it has been shown that a greater degree of strength en-
hancement benefit due to confinement than specified in the design
standards could be considered for circular CFSTs in flexure. Confined
concrete material models which allow maximum concrete stress levels
above those specified in the codes of practice (i.e. above f'c) were used
for these works. Such numerical modelling methods have not been
discussed in detail in this paper since it was outside of the scope of
this study, but is expected to be the subjected of a separate future study.

2.5. Comparison of experimentally obtained ultimate bending moments
with codified predictions

For 219 circular CFST specimens found in the literature, predictions
of ultimatemoment capacities were calculated as per the recommenda-
tions of AS/NZS 2327, EC4, CAN/CSA S16–01, AISC-360, the simplified
method proposed by Han [16], and DL/T 5085–1999. For the purpose
of investigating the viability of the proposed methods, the applicability
limitations stated by the respective codeswere not adhered to. The scat-
ter plots of the actual (experimental) to predicted capacity ratioMexp/MP

for each of the respective guidelines are shown in Fig. 8. The relevant
statistics are tabulated in Table 6. The respective ‘compact’moment ca-
pacities, as specified by the different codes, were considered as the pre-
dicted capacities (MP) even for sections not adhering to the respective
D/t limits. This procedure was followed since it was an aim of the
study to ascertain whether the specified D/t limitations were conserva-
tive or not. The mean concrete cylinder strengths as reported in the lit-
erature were used for the calculation of the respective predicted
moment capacities.

The maximum or peak bending moment resisted in the test was
taken to represent the experimental flexural capacity. This procedure
was followed since out of the investigations listed in Table 4, themajor-
ity of authors followed this definition [2,15,20–24,28,29,31,39,40,42,45].
However, as per the reported publications no concurrence currently
exists as to the most acceptable definition of experimental moment ca-
pacity in relation to circular CFSTs in flexure. A number of authors con-
sidered the flexural capacity as the bending moment at a longitudinal
flexural tensile strain of 1% [8,25,26,32,33,35,37]. Other definitions of
experimental moment capacity that have been reported include the
bending moment at a limiting deformation level (i.e. L/50 as per [41]),
at the point of initial local buckling [38] or at first yield of the steel
tube [46]. It should alsobe noted that thedeformation levels of the circu-
lar CFSTs corresponding to the maximum or peak bending moment
were significant. Therefore it is clear that furtherwork is required to set-
tle on a consistent and rational definition of the experimental moment
capacity of circular CFSTs taking into account acceptable flexural defor-
mation levels at the ULS for practical structural elements.

From Table 6 it can be observed that, on average, all six calculation
methods provide conservative predictions of the flexural capacity of cir-
cular CFSTs. This is generally in line with the observations reported in
previous reviews [4,19]. There is no significant difference between the
statistics of the actual to predicted capacity ratio of circular CFSTs that
comply with the respective validity limitations and those that do not.
This suggests that the respective methods provide conservative predic-
tions even for circular CFSTs not adhering to the specified limits and that
those limits may be unduly prohibitive.

Even though DL/T 5085-1999 gave the smallestmean value of actual
to predicted moment capacity, it underrates the capacity for a much
larger number of tests than the other five methods. The other five cod-
ified methods appear to give acceptably conservative predictions of the
flexural capacity. CAN/CSA S16-01 gave the lowest average and

Fig. 4. Definition of rotational capacity for ‘compact’ sections as per AISC-360.

Fig. 5. Variation ofMexp/MP with slenderness parameterα (plotted using data reported by
Sherman et al. [14]).
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standard deviation for the actual to predictedmoment capacity ratio out
of those five methods. The actual to predicted moment capacity ratios,
as per AS/NZS 2327 and EC4, are N1.0 for all the specimens considered
in this paper. In general, satisfactory agreement was observed between
the values of actual to predicted capacity ratios obtained using the dif-
ferent codes of practice (except for DL/T 5085–1999). Therefore, the re-
maining sections of this paper will refer mainly to the predicted
capacities of AS/NZS 2327, especially since those capacitieswere conser-
vative for all the specimens considered in this paper.

2.6. Variation of experimentally obtained flexural capacities with slender-
ness parameters

As discussed earlier, ‘compact’ limits of circular CFST sections under
pure flexure can potentially be obtained by considering the variation of

Mexp/MPwith the relevant slenderness parameters. For this purpose, the
capacity corresponding to AS/NZS 2327was considered as the predicted
(plastic) one. The variations of Mexp/MP with D/t, 1/α and λ, obtained
based on the results of 219 tests reported in the literature are shown
in Fig. 9.

Fig. 9a suggests that, for capacities calculated as per the guidelines in
AS/NZS 2327, the ‘compact’ limits currently specified in AISC-360, EC4
and CAN/CSA S16–01 may be overly conservative. The ratio of Mexp/MP

as per AS/NZS 2327 is above 1.0 for 1/α valuesmuch greater than the re-
spective specified limits of 0.09, 0.1 and 0.14. As can be seen from
Fig. 9d, this observation still holds true in general even if CAN/CSA
S16–01 was used to calculate Mexp/MP. CAN/CSA S16–01 gave the least
conservative predictions out of the codes considered (ignoring DL/T
5085–1999) as mentioned previously. A decreasing trend can be ob-
served for the variation of Mexp/MP with 1/α. But even for the circular

Table 3
Empirical design models for calculating the flexural capacities of circular CFSTs.

Design model Han [16] DL/T-5085-1999 [18]

Design equations Mu = γmWsc fsc Mu = γMWsc fSC
γm = 1.1 + 0.48 ln (ξ + 0.1) γM ¼ −0:4047þ 1:7629

ffiffiffi
ξ

p

fsc = (1.14 + 1.02ξ)fck fSC = (1.212 + B1ξ + C1ξ2)fck
B1 = 0.1759fy/235 + 0.974
C1 = − 0.1038fck/20 + 0.0309

f ck ¼ 0:67 f cu ξ ¼ As f y
Ac f ck

Wsc ¼ πD2

32
Defined applicability limitations 100 mm b D b 2000 mm

200 MPa b fy b 500 MPa
24 MPa b fcu b 100 MPa

20 b D/t b 100
235 MPa b fy b 390 MPa
30 MPa b fcu b 80 MPa

Table 4
Details of circular CFST bending tests reported in the literature.

Reference Steel tube type Concrete type Loading
setup

Span between
supports L (mm)

Shear span a
(mm)

D (mm) t (mm) D/t fy (MPa) f'c (MPa)

Ichinohe et al. [20] U HSC FPB 2000 700 300 5.7–6.2 33–38 403–436 59–66
Prion and Boehm [2] LWT HSC FPB/TPB 1100 250–550 152 1.65 92 262 73
Hunaiti [21] U FC, LAC FPB 1000 325 100 3.4 29 339 10, 17
Kilpatrick [22] LWT HSC FPB/TPB 1800, 2100 900, 700 76, 101.5 2.2, 2.4 35, 42 435, 410 58, 105
Elchalakani et al. [15] LWT Normal FPB 1194–1411 297–306 33.7–110.9 1.0–3.4 13–110 365–460 23
Nakamura et al. [23] LWT ULM, LAC,

Normal
FPB 4500 1500 609.6 7.9 77 364–396 0.5–45

Oyawa et al. [24] LWT EPC, Normal FPB 830 204 96, 100 1.0, 1.6 60, 100 225,230 19–52
Yang and Man [25] Seamless Normal, RAC FPB 1000 250 165 2.6 64 343 37–43
Han et al. [26] LWT SCC FPB/TPB 840–1800 210–900 100–200 1.9, 3.0 47–105 235, 282 42–68
Wei et al. [27] Seamless U FPB 1200 400 200 3.2–6.0 33–63 291 15, 41
Wheeler and Bridge [28] LWT U FPB 3800 1300 406 6.4 63, 71 351 40–56
Chitawadagi and
Narasimhan [29]

LWT Normal FPB 850 283 45–64 1.3–2.0 22–51 250 22–42

Tuan [30] Seamless SCC TPB 5510 2755 273 9.3 29 325 41
Deng et al. [31] Seamless SCC TPB 2995,3100 1498, 1550 219 3.7 59 340 58
Fei-Yu et al. [32] U SCC FPB 800 200 180 3.8 47 360 53
Chen et al. [33] U RAC FPB 1260 420 138 2.7 51 310 35
Hou et al. [34] LWT SCC FPB 1050 350 160 3.8 42 409 49
Yang and Ma [35] LWT (Stainless

steel)
HSC, RAC FPB 1000 250 120 1.8 68 287 45–52

Kvedaras et al. [36] U Normal FPB 1800 600 108 2.3 48 401 29,30
Fu et al. [37] LWT LAC FPB 1200, 1500 300–500 114, 165 2.5, 3.8 30–66 275, 299 41, 49
Lu et al. [8] LWT SSSCC, SFRSSSCC FPB 1300 325 165 2.5–4.3 39–66 305, 330 34–57
Xu et al. [38] LWT SSC TPB 140–280 70–140 140 3.7 38 364 34–41
Roeder et al. [39] LWT, SWT Normal, SCC, HSC FPB 1219, 1727 254, 508 508 6.4, 9.5 53, 80 342–521 41–90
Xiong et al. [40] Seamless UHSC FPB 2400 800 219 16 14 374 223
Chen et al. [41] Seamless

(Stainless steel)
Normal FPB 900 300 89–133 1.1–2.0 45–121 436–474 32, 42

Silva et al. [42] LWT Normal, RUC CB 1350 1350 219 3, 4.7 46, 74 308, 393 15–43
Wu and Yu [43] LWT HSC FPB 1200 300 180 1.5 122 307 53
Wang et al. [44] Seamless Normal, HSC FPB 1200 400 89–159 4.5 20–35 264–333 49, 51
Nghiem et al. [45] U Normal FPB 5842, 5995 2769, 2845 460 10.6–22.9 20,43 455, 472 30
Abed et al. [46] Seamless Normal FPB 1000 300 114 6.5–14.6 8–18 245 39
Value ranges for all tests 0.85D – 42D 0.5D – 12D 34–610 1.0–22.9 13–122 225–521 0.5–223
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CFST testedwith the largest 1/α value (i.e. tested by Chen et al. [41]) the
Mexp/MP ratio is much N1.0. Thus the actual ‘compact’ limit may even be
greater than the current specified limit for non-compact behaviour in
AISC-360 (i.e. 0.31). Even so, since only a limited number of tests have
been done for larger values of 1/α, a proposition cannot definitively be
made for a new ‘compact’ limit.

From Fig. 9b it can be seen that the current effective ‘compact’ limit
specified in AS/NZS 2327 (i.e. λ = 125) may also be too conservative.
Even for circular CFSTs with λ = 221 a Mexp/MP ratio of 1.47 was re-
ported [41]. The decreasing trend of the capacity ratio with λ suggests
that there may indeed exist a ‘compact’ limit, though outside of the
range that has been currently considered in the reported literature.

There does not appear to be an obvious decreasing trend of the ac-
tual to predicted moment capacity ratio directly with D/t as can be
seen from Fig. 9c.

The reported test results are suggestive of the fact that the currently
specified ‘compact’ limits in the codes of practice can be further in-
creased. Nonetheless, this needs to be verified by carrying out testing
on circular CFSTs with higher section slenderness (i.e. larger values of
1/α and λ). Larger values of slenderness can be obtained through higher

steel yield strengths, larger diameters and thinner walls. Such testing
would potentially enable the limiting values of 1/α and λ to be
established by considering their respective values above which the
ratio of Mexp/MP falls below unity.

2.7. Rotational capacities

A section considered as ‘compact’ should be able to achieve the pre-
dicted plasticmoment and should further be able tomaintain the plastic
moment for a sufficient rotation. In AISC-360 [11] this sufficient rotation
is specified to be greater than 3θP as defined in Fig. 4 i.e. Rcap ≥ 3. Values
of Rcap were calculated from tests for which adequate data were re-
ported (62 out of the 219 tests). Rcap could only be calculated for tests
where the rotations were explicitly measured or where moment-
curvature plots were reported. It should be noted that where actual
data values were not reported and only graphical plots were given,
digitisation software was utilised to obtain the numerical values corre-
sponding to the respective graphs. When calculating Rcap for tests
where the moment-rotation plots were monotonically increasing
(without the decreasing portion shown in Fig. 4) the limiting rotation
was taken as themaximum rotation obtained during the test. θPwas ob-
tained using the predictedmoment capacity as per AS/NZS 2327 and the
experimentally obtained value of initial bending stiffness. This process is
exemplified in Fig. 10. The calculated values of Rcap are shown in Fig. 11.

As can be seen from Fig. 11, in general, the circular CFST beams
which achieved Mexp/MP ratios N1.0 can sustain rotational capacities
(Rcap) much greater than the requirement of Rcap = 3 specified in
AISC-360. This suggests that the respective beams are adequately duc-
tile and satisfy the rotation capacity requirement of ‘compact’ behav-
iour. This in turn reinforces the earlier stated proposition that the

Fig. 6. Failure modes reported for circular CFST beams (with reference to Table 5).

Table 5
Failure mode type definitions (with reference to Fig. 6).

Index Failure mode

1 LB+P (Local buckling + Plastic deformation)
2 LB+TR (Local buckling + tensile rupture)
3 P (Plastic deformation)
4 P+TR (Plastic deformation + tensile rupture)
5 U - Failure mode unspecified

466 Y.K.R. Gunawardena et al. / Journal of Constructional Steel Research 158 (2019) 460–474

124



actual ‘compact’ limits are possibly much greater than the currently
specified values. The circular CFST beam which gave the lowest calcu-
lated Rcap value of 1.95 was one of the beams tested by Nakamura
et al. [23]. The fact that this particular beam was in-filled with low-
strength ultra-light mortar rather than concrete may have contributed
to the low rotational capacity observed. The next smallest calculated
value of Rcap is 2.84 which is much closer to the required rotational ca-
pacity. Out of the 62 circular CFST beams for which Rcap valueswere cal-
culated only two gave values b3.

2.8. Effect of steel tube types and strengths on flexural capacity

The steel tubes of the 219 circular CFST beams that have been con-
sidered in this paper consisted of three different types namely, longitu-
dinal welded tubes (LWTs), seamless tubes and spiral welded tubes
(SWTs). The vast majority of the tubes were LWTs (155 out of 219)
while seamless tubes and SWTs had been used for 44 and 2 specimens
respectively. For eighteen reported tests the tube fabrication method
was not specified explicitly.

The variations of Mexp/MP with steel strength and tube type are
shown in Fig. 12. For circular CFSTs in which stainless steel tubes were

used, the 0.2% proof stress was considered as the yield strength ( fy)
for the predictive calculations consistent with the general practice in
the industry.

TheMexp/MP ratio appears to show a decreasing trend with increas-
ing steel yield strength as can be seen in Fig. 12. This is consistent
with the observed variations ofMexp/MPwith 1/α and λ since increasing
the steel yield strength increases 1/α and λ aswell. The tube fabrication
method does not appear to have a significant effect on the variation of
the capacity ratio with slenderness, as the same decreasing trend is ob-
served for seamless tubes as well as LWTs. Nonetheless more testing of
circular CFSTs using seamless tubes is needed to verify this.

It appears that circular CFSTswith seamless tubes have actual to pre-
dicted capacity ratios greater than those using welded tubes (LWTs or
SWTs) especially at higher yield strengths. Again, more tests need to
be conducted of circular CFSTs using seamless and spiral welded tubes
to further verify this observation. It was also observed that for higher
yield strengths test specimenswith stainless steel tubes reported higher
capacity ratios than those with carbon steel tubes of similar strength. In
contrast, for lower yield strengths there does not appear to be a signifi-
cant dependence on the steel material type (i.e. carbon steel vs stainless
steel). In addition, the capacity ratios obtained for circular CFSTs con-
taining grade 304 stainless steel are higher than those obtained for spec-
imens using AISI grade 201 steel. However, this may be due to the
difference in yield strengths of the above two types of stainless steel.
In order to verify these observations, more tests are required on circular
CFST beams utilizing stainless steels of different grades and carbon
steels with higher yield strengths.

2.9. Effect of concrete strength and type on flexural capacity

While normal standard concrete was used for most of the circular
CFSTs that were considered in this study (84 out of 219 tests) a number
of other types of concrete were also used for the core infill. These are
listed in Table 7.

The effect of using different types of concrete for the inner core can
be investigated by considering the variation of the actual to predicted
moment capacity with concrete cylinder strength. Fig. 13 shows this
variation for the different types of concrete listed in Table 7.

No apparent correlation appears to exist between the flexural
capacity ratio and concrete compressive strength as can be seen in
Fig. 13. However the ratio Mexp/MP is lower for concrete strengths

Fig. 7. Examples of M-κ and M-δ plots normalised based on maximummeasured values (produced using data reported in [2,22,35,40,44,50]).

Fig. 8. Scatter ofMexp/MP based on different codes of practice.
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corresponding to very high strength concrete (f'c N 100MPa), compared
to the scatter of the ratio obtained for lower concrete strengths. There
does not appear to be any correlation of the actual to predicted flexural
capacity ratio with concrete type as well.

Diminishing benefit formoment capacitywith increasing strength of
concrete was observed by a number of researchers, who used differing
types of concrete for the core [29,37,41,42]. This effect is reflected in
the codified prediction models as well [11,13].

A number of codes limit the applicability of the specified guidelines
purely to normal strength concrete, with only AS/NZS 2327 allowing
high strength concrete (HSC) to be used for CFSTs. However as can be
observed from Fig. 13, it is clear that for circular CFSTs where HSCs
and even UHSCs were used, the codified guidelines give conservative
predictions of the flexural capacity.

2.10. Reliability analysis

The compiled database of experiments was used to perform reliabil-
ity analysis in order to check if the capacity factors for steel (ϕ) and

concrete (ϕc) provided in AS/NZS 2327 [9] give a sufficient reliability
level for structural design. The capacity factors ϕ and ϕc specified in
the aforesaid standard are 0.9 and 0.8 respectively. In this analysis, the
method provided in Annex D of EN1990 [52] was used, which statisti-
cally calibrates a capacity factor for a given target reliability index. The
target reliability index was selected based on the recommendation in
AS 5104 [53]/ISO 2394 [54] as follows: the reliability index for ultimate
limit state design is suggested asβ=3.8, which corresponds to the case
when the consequence of failure is great and the relative costs of safety
measures aremoderate. In addition, for a dominating resistance param-
eter, the first order reliability method sensitivity factor αR = 0.8 is rec-
ommended and the target reliability index βT is calculated to be αR × β
= 0.8 × 3.8 = 3.04.

To check if the capacity factors of AS/NZS 2327 provide a sufficient
reliability level, calibration analyseswere carried out twice for the target
reliability index of 3.04 as follows: (i) ϕc was fixed to be 0.8, and ϕwas
calibrated to check if it exceeds 0.9; and (ii)ϕwas fixed to be 0.9, andϕc

was calibrated to check if it exceeds 0.8. The EN1990 Annex D method
utilises failure test data to statistically estimate the model uncertainty

Table 6
Statistics of actual to predicted bending moment capacity ratio (Mexp/MP).

AS/NZS 2327 EC4 CAN/CSA S16–01 AISC-360 Han’s simplified model DL/T 5085 1999

aAll mean 1.50 1.53 1.32 1.38 1.41 1.14
All stdev 0.25 0.26 0.22 0.23 0.26 0.20
All range 1.03–2.21 1.03–2.21 0.88–1.93 0.94–2.00 0.67–2.23 0.78–1.94
All % b1.0 0% (0) 0% (0) 4.6% (10) 2.7% (6) 4.6% (10) 20.0% (44)
bC mean 1.51 1.54 1.28 1.38 1.43 1.15
C stdev 0.26 0.25 0.19 0.21 0.23 0.26
bNC mean 1.50 1.50 1.40 1.42 1.38 1.14
NC stdev 0.25 0.28 0.26 0.23 0.30 0.19

a All - All 219 test specimens.
b C/NC - All test specimens complying (C)/not complying (NC) with the respective validity limitations.

Fig. 9. Variation ofMexp/MP with a) 1/α b) λ c) D/t d) 1/α (with Mexp/MP calculated as per CAN/CSA S16-01).
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of equations, and in this study, the 219 test data collected from the liter-
ature were used for this purpose. Further details of the calculation pro-
cedures can be found in Kang et al. [55]. The uncertainties of the
parameters considered in this analysis are provided in Table 8.

Firstly, ϕ was calibrated for a range of reliability indices from 2.7 to
3.5 by fixing ϕc to be 0.8. The calibration results are shown in Fig. 14.
In the figure, the solid line shows the calibrated ϕ where the value de-
creases as the target reliability index increases. At the target reliability
index of 3.04 based on the recommendation in AS 5104 [53]/ISO 2394
[54], ϕ is calibrated as 0.94, which exceeds the value of 0.9 provided in
AS/NZS 2327 [9]. This shows that the design standard meets the target
reliability level well.

Secondly, the calibration was repeated for ϕc by fixing ϕ to be 0.9.
The calibration results are presented in Fig. 15. In the figure, the dashed
line shows the calibrated ϕc where the value decreases as the target re-
liability index increases. The decreasing slope is steeper than that in the
previous analysis. This is becauseMP is more sensitive to ϕ than ϕc, and
to achieve the same reliability level, a greater increase in ϕc is needed
than that in ϕ. This sensitivity ofMP is shown in Fig. 16, in which the av-
erageMP value of the 219 test specimenswas calculated with respect to
a range of values of ϕ and ϕc. At the target reliability index of 3.04 based
on the recommendation in AS 5104 [53]/ISO 2394 [54], ϕc is estimated
as 1.37; the value N1.0 means the conservatism in the design. In addi-
tion, the ϕc value of 1.37 is well above the value of 0.8 provided in AS/

NZS 2327 [9],which shows that the design standardmeets the target re-
liability level well.

2.11. Ductility

It has generally been reported in the literature that circular CFSTs
have greater ductility compared to the corresponding hollow sections
[15,23,24,29]. While the rotational capacity Rcap as per Fig. 4 can be

Fig. 10. Moment-Rotation (M-θ) plot (as reported in [23] for beam C2).

Fig. 11. Sustain rotational capacities (Rcap) vs. 1/α and λ.

Fig. 12. Effect of steel material type, tube fabrication method and steel yield strength on
moment capacity.
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used to assess the degree of ductility achieved by circular CFST speci-
mens, it can also be quantified using alternative parameters. For exam-
ple, the deformations of the circular CFSTs relative to the theoretical
yield deformations of the corresponding hollow tubes can be consid-
ered. These relative deformations i.e. rotation (R) and deflection (Δ)
are defined in Eqs. (1) and (2) respectively. In this paper deflections
as well as rotationswere considered to quantify ductility since a greater
number of authors measured and reported deflections rather than rota-
tions. R and Δ are non-dimensional measures of howmuch extra defor-
mation can be sustained by a circular CFST up until the ultimate capacity
compared to the deformation at first yield of the corresponding hollow
tube.

R ¼ θult−θyh
� �

=θyh ð1Þ

Δ ¼ δult−δyh
� �

=δyh ð2Þ

θult/δult:Rotation/Deflection at mid-span corresponding to the
achievement of the ultimate moment capacity of the circular CFST.

θyh/δyh:Rotation/Deflection atmid-span of the corresponding hollow
beam at theoretical first yield of the steel tube (calculated through clas-
sical theory).

Out of the total 219 tests considered in this paper, R and Δ values
were calculated for tests for which adequate data were available. The
variations of R andΔwith 1/α, λ, steel yield strength, concrete compres-
sive strength (and type), D/t and D are shown in Figs. 17 and 18. The
ranges and basic statistics of the calculated R andΔ values are tabulated
in Table 9.

Two values of R equal to 1.93 and 2.36 (with corresponding Δ =
1.68 and 1.99) were calculated for the tests reported by Nakamura
et al. [23] where the in-fill material was ultra-light mortar rather than
concrete. If these two points are ignored then the respective ranges of
the calculated R and Δ values become 6.93–75.40 and 2.35–38.6. Thus
on average it can be seen that circular CFST beam specimens were
able to achieve quite large R values (and hence display quite ductile
behaviour).

Consistent with the observed corresponding variations of Mexp/MP,
there is a general decreasing trend of R and Δ (to a lesser degree)
with 1/α, λ and steel yield strength. Lower R (and Δ) values can be
observed for very small concrete compressive strengths as well as
for high and very high concrete strengths. R and Δ values appear
to be lower for larger diameters but not enough test data is available
to clearly identify a trend. No correlations appear to exist with the
D/t ratio.

Elchalakani et al. [15] considered the variation of R with α and pro-
posed a ‘compact’ limit for circular CFSTs in flexure based on the value
of αwhere a sharp change in the scatter of R values was observed. How-
ever from the calculated scatter of R based on 67 test results, no such
sharp transition could be observed as evidenced by Fig. 17. No sharp
transitions were observed in either Δ or Rcap as well as can be seen in
Figs. 18 and 11 respectively. This again reinforces the fact that the
limit of compact behaviour is possibly in the range of slenderness pa-
rameter values for which experimental investigations have not yet
been conducted.

2.12. Effect of bond and longitudinal restraint on flexural capacity
behaviour

Kilpatrick [22] investigated the effect of the bond condition between
the steel tube and concrete in-fill on the moment capacity of circular
CFSTs. The bond condition was artificially varied through providing
steel shear studs screwedon from the tubeoutsides, cleaning the insides
of the tubes using an industrial detergent and by coating the inside sur-
face with form oil. These respective scenarios approximated full, partial
and zerobond conditions respectively. Heobserved that the bondcondi-
tion varied in the afore-said manner had little effect on themoment ca-
pacity and reported a coefficient of variation of 1%. However, this
conclusion was based on results obtained from circular CFST beams
which contained capping at the ends, which resulted in longitudinal re-
straint of the concrete infill. Hence its validity for non-capped beams is

Table 7
Types of concrete used for circular CFST beams.

Concrete type Notation References

Epoxy polymer
concrete

EPC Oyawa et al. [24]

Foamed concrete
(light-weight)

FC Hunaiti [21]

High strength
concrete

HSC Prion and Boehm [2] Kilpatrick [22] Ichinohe
et al. [20] Yang and Ma [35,39] Roeder et al.
[39], Wu and Yu [43], Wang et al. [44]

Lightweight
aggregate concrete

LAC Hunaiti [21], Nakamura et al. [23], Fu et al. [37]

Normal standard
concrete

NSC Elchalakani et al. [15], Oyawa et al. [24], Yang
and Man [25], Chitawadagi and Narasimhan
[29], Kvedaras et al. [36], Xu et al. [38], Roeder
et al. [39], Chen et al. [41], Silva et al. [42],
Wang et al. [44], Nghiem et al. [45], Abed et al.
[46]

Recycled aggregate
concrete

RAC Yang and Man [25], Chen et al. [33], Yang and
Ma [35]

Rubberised concrete RUC Silva et al. [42]
Self compacting
concrete

SCC Lu et al. [8], Han et al. [26], Tuan [30], Deng
et al. [31], Fei-Yu et al. [32], Hou et al. [34],
Roeder et al. [39]

Steel fibre reinforced
self stressing SCC

SFR Lu et al. [8]
SSSCC

Self stressing
concrete

SSC Xu et al. [38]

Self stressing SCC SSSCC Lu et al. [8]
Ultra high strength
concrete

UHSC Xiong et al. [40]

Ultra-light mortar ULM Nakamura et al. [23]
Unspecified type U Wei et al. [27], Wheeler and Bridge [28]

Fig. 13.Mexp/MP versus concrete cylinder strength for different types of concrete.

Table 8
Coefficient of variation (COV) of basic variables.

Variables COV References

Yield strength of steel (fy) 0.07 Kang et al. [55], Joint Committee on Structural
Safety [56]

Compressive strength of
concrete (f'c)

0.10 Kang et al. [55], Standards Australia [57],
Standards New Zealand [58]

All linear dimensions
(D and L)

0.01 Standards Australia [13], Kang et al. [55],
Standards Australia [59]

Tube thickness (t) 0.10 Kang et al. [55], Standards Australia [59]
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not clear. Kilpatrick [22] also tested an uncapped circular CFST beam
with ‘partial’ bond (as defined above) and found it had 8% less capacity
than the corresponding capped beam. Through this result he concluded
that end-capping (and the resulting longitudinal restraint) may have a
beneficial effect on the capacity. This observation appears to apply in
general to circular CFSTs as can be seen from Fig. 19, where the scatter
of the ratio of actual to predicted moment capacity with D/t is plotted
considering whether the test specimens were capped or not.

As evident from Fig. 19, on average, the Mexp/MP ratio is higher for
circular CFSTs which were capped compared to those that were
uncapped (for the sameD/t value). Based on the tests reported in the lit-
erature, the average value of Mexp/MP calculated for capped specimens
was 1.54while for uncapped specimens the averagewas 1.45. Nonethe-
less, it should be noted that even for un-capped beams amoment capac-
ity greater than the respective predicted moment was observed. Thus it
appears that in terms of achieving the specified predicted moment ca-
pacity (as defined in AS/NZS 2327) the bond condition between the
concrete and the steel tube has little influence.

3. Conclusions and recommendations for future research

Based on the preceding discussions the following conclusions and
recommendations can be arrived upon.

1. Using an expanded database of published experimental results, the
applicability, adequacy and conservativeness of the guidelines of
four commonly used design standards to assess the strength capacity
of circular CFSTs in flexure were verified.

2. Unlike previous review studies, in addition to the achievement of
the design flexural capacity the ability of circular CFSTs to main-
tain the flexural capacity for an adequate level of deformation
was also verified and quantified using the reported experimental
data.

3. Reliability analyses confirmed that thematerial capacity factors spec-
ified in AS/NZS 2327 for the bendingmoment capacity calculation of
circular CFSTs provide a higher reliability index than the target reli-
ability index defined in AS 5104/ISO 2394. This is consistent with
the conservatism observed of the capacity prediction models and
provides verification of the suitability of the guidelines of AS/NZS
2327 to assess circular CFSTs.

4. The limitations specified in some of the design standards in relation
to steel and concrete strengths of circular CFSTs appear to be unduly
prohibitive as even for specimens outside of these limits the
respective guidelines gave conservative predictions of the flexural
capacity.

5. ‘Compact’ behaviourwas observed even for circular CFSTs which had
slenderness values larger than the specified limits. This was the case
both in relation to the achievement of the predicted moment capac-
ity as well as achieving the required rotational capacity. Hence it can
be concluded that the slenderness limits specified for ‘compact’ be-
haviour in the standards are conservative. The actual ‘compact’ limits
of the respective slenderness parameters need to be established
through testing of circular CFST beams with greater section
slenderness.

6. There is insufficient evidence to conclusively establishwhether there
is a dependence of the circular CFST flexural capacity on the method
of manufacturing of the steel tube and the steel material type. Hence
more experimental data of circular CFSTs under pure bending are re-
quired to address this gap in the research where seamless and spiral
welded tubes as well as tubes of different grades of stainless steel
need to be used.

7. Given that significant deformation levels were reported for circu-
lar CFSTs at the point of maximum or peak moment, work is
needed to establish a rational and consistent basis for defining
the experimental bending moment capacity for circular CFSTs.
Such work should consider realistic maximum deformation levels
that can be allowed for actual flexural structures at the ultimate
limit state.

Fig. 14. Variation of the capacity factor for steel when that for concrete is fixed at 0.80.

Fig. 15. Variation of the capacity factor for concrete when that for steel is fixed at 0.90.

Fig. 16. Sensitivities ofMp valueswith respect to the capacity factors for steel and concrete.
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Fig. 17. Variation of R with different parameters.

Fig. 18. Variation of Δ with different parameters.
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Table 9
Statistics of calculated rotation (R) and deflection (Δ) values.

Description R Δ

No. of tests for which value was calculated 67 (out of 219) 123 (out of 219)
Range 1.93–75.40 1.68–38.6
Mean 24.99 16.45
Standard deviation 12.44 8.82

Fig. 19. Scatter ofMexp/MP vs. D/t considering end restraint condition.
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Concrete-filled steel tubes (CFSTs), which are commonly utilised as columns, can also potentially be used as
structural elements which resist purely flexural loads. Previous experimental studies of CFSTs in flexure have
been carried out primarily for specimens for which either longitudinally welded tubes or seamless tubes were
used. Spiral-welded tubes (SWTs), which are fabricated by helically bending a continuous length of steel plate
and welding the resulting abutting edges, offer several advantages compared to other tube types. However, un-
like for CFSTs of other tube types, the pure flexural behaviour of such concrete-filled SWTs (CF-SWSTs) has not
been investigated previously in detail. An experimental programme consisting of twelve mild-steel self-
compacting CF-SWST bending tests was formulated to address this research gap. Nominal outside diameter to
thickness ratios in the range 51 to 114.5 and concrete grades 20 MPa and 50 MPa were considered for the
tests. All the tested CF-SWSTs displayed monotonically increasing moment deformation behaviour. It was
found that existing CFST design standards provide significantly conservative estimates of the experimentally ob-
tained capacities. The experimental behaviour of the tested CF-SWSTs was found to be equivalent to previously
reported comparable CFST tests of other tube types in terms of ductility, actual to predicted moment capacity
ratio and ultimate limit state deformationmode. The existence of non-uniform concrete confinement in the com-
pressive region of the CF-SWST section was also verified through the tests. The study provided experimental
evidence that SWTs can be used as direct replacements of other tube types in CFSTs designed for pure flexural
loading.

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

While concrete-filled steel tubes (CFSTs) have found wide applica-
tion as structural columns in bridge piers, building frames and piled
foundations [1], they could also potentially be used as purely flexural
structural elements. For example, CFSTs have been utilised as bridge
girders for a railway bridge in Japan [2]. Nakamura et al. [2] reported
that CFST girders could potentially be more economical than conven-
tional plate girders given the vastly reduced amount of welding re-
quired for their construction. Furthermore, the vehicle-induced noise
and vibration of such CFST girders are also much less compared to
those of steel plate girders [3]. In addition to bridge girders, CFSTs
have also been proposed for flexural structural elements of cable-
stayed and suspension bridges [4]. In order to use CFSTs as purely flex-
ural elements with confidence, a good understanding of their structural
behaviour is vital. Such an understanding would be beneficial even in
relation to CFST structural columns, which commonly need to act as

beam-columns given their applications and are typically designed
using moment-axial force interaction curves. Insight into the structural
behaviour of CFSTs under pure flexure would especially elucidate the
suitability of such methods for CFST columns that need to be designed
for high bending moment to axial force ratios.

The cost-effectiveness of CFSTs can be improved by utilising spiral
welding for the fabrication of the steel tubes compared to conventional
longitudinal seam welding. Spiral-welded tubes (SWTs) are fabricated
by helically bending a continuous length of steel plate and welding
the resulting abutting edges [5]. This forms a weld seam of spiral geom-
etrywhich gives SWTs their name. The cost-benefits of SWTs compared
to longitudinallywelded tubes (LWTs) stem from the efficiencies gener-
ated due to the continuous nature of the spiral welding process [6], the
lower cost of spiral tube mills and the fact that SWTs of different diam-
eters can be formedusing the same forming tools [5]. Since the diameter
of a SWT is not limited by the width of the parent steel plate, larger
diameter tubes can be formed more economically using spiral welding
compared to other fabricationmethods. SWTs also offer smaller dimen-
sional tolerances and longer joint-less lengths compared to LWTs [7].
Furthermore, as a result of advances in automation and welding
methods [8–10], SWTs can be producedwith a comparable degree of re-
liability to that of LWTs [5].
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However, high levels of residual stresseswithmore complicated dis-
tribution patterns compared to LWTs have been reported for SWTs
[11–14]. In addition, it has been further found that the spiral welding
process causes unique fabrication induced surface imperfections [15].
For the foregoing reasons, the local buckling behaviour and hence the
ultimate limit state (ULS) behaviour of SWTs could potentially differ
from that of other welded tubes. This has been evidenced by the exper-
imental results reported by Van Es et al. [14] who conducted pure bend-
ing tests on hollow SWTs where, in general, the local buckles at failure
occurred at the locations of fabrication induced surface imperfections.
In turn, these differences may also cause the ULS behaviour of CF-
SWST structural elements to vary from those of CFSTs of other welded
tube types.

The authors have previously investigated the behaviour of CF-SWSTs
under static monotonic concentric and eccentric axial compression
loading [16–19]. Based on these investigations it was found that while
the mode of failure observed was largely similar to that of CFSTs of
other tube types, the scatters of the respective actual to predicted capac-
ity ratios, where the capacities were calculated as per commonly used
design standards [20–25], were clearly distinct. This validated the hy-
pothesis that the behaviour of CF-SWSTs warrants separate consider-
ation. Correspondingly, it follows that the pure flexural behaviour of
CF-SWSTs also needs to be evaluated separate to that of CFSTs of other
tube types.

Previously reported investigations of CF-SWSTs under pure flexure
have primarily been in relation to ascertaining their behaviour under
seismic load effects, where the respective specimens were tested
under reversed cyclic flexural loading following typical seismic loading
protocols [26,27]. To date, the pure flexural behaviour of CF-SWSTs at
the serviceability as well as ultimate limit states under static monotonic
conditions has not been investigated in detail. Only one previous inves-
tigation could be found in the literature in this regard where two of the
tested CF-SWSTs were reported to have failed in flexure [28]. However,
this investigation carried out by Roeder et al. [28] considered extremely
small shear span to depth ratios,which ranged from0.5–1.0, as their pri-
mary objective was to investigate the behaviour in shear, even though
some of the tested specimens displayed flexural failure as well. On the
other hand, the pure flexural behaviour of hollow SWTs under static
monotonic loading has been investigated previously [14,29]. In terms
of the ULS capacity, hollow SWTs were found to be similar to their
longitudinally-welded counterparts [29]. However, the local buckles
whichwere observed at failure of the SWTs occurred at imperfection lo-
cations resulting from the spiralwelding process [14], thereby showcas-
ing the effect of the tube fabrication method on the behaviour.

Unlike CF-SWSTs, the static flexural behaviour of CFSTswhere either
LWTs or seamless tubes were used has been previously investigated by
several researchers. Details of these previous tests can be found in a re-
cently published review carried out by the authors [30]. In total, details
of 219 static tests were found from the literature which looked into the
pure bending behaviour of CFSTs which included CFSTs of carbon as
well as stainless-steel. For a vast majority of these tests, LWTs had
been used (155), while seamless tubes and SWTs had been utilised for
38 and 2 tests respectively. Nonetheless, the review recommended
that the effect of tube fabrication method on the ULS flexural capacity
of CFSTs be further investigated. This recommendation was based on
apparent differences in the scatters observed of the actual to predicted
moment capacity ratio for CFSTs of different tube types. Nevertheless,
due to the relative lack of tests where tubes other than LWTs had
been used a definitive conclusion could not be made in this regard.

The review also found that the guidelines of four commonly used
CFST design standards [20–22,24], as well as those of the method pro-
posed by Han et al. [31], gave significantly conservative predictions of
the experimentally obtained ULS moment capacity, with average actual
to predicted capacity ratios ranging from 1.38–1.53. Correspondingly, it

Nomenclature

a Shear span
As,Ac Areasofhollowsteel tubeandconcrete core sections
CFST, CF-SWST Concrete-filled steel tube, Concrete-filled spiral-

welded steel tube
D Outside diameter of steel tubes
Ec Elastic modulus of concrete
Es Initial elastic modulus of mild-steel
(EI)initial Bending stiffness of initial linear regionofM–κplots
(EI)secondary Bending stiffness of secondary linear region of M –

κ plots
(EI)tube_only Bending stiffness of hollow steel tube only
f'c Characteristic concrete cylinder compressive strength
fcm Mean concrete cylinder compressive strength
fcmi In-situ mean concrete cylinder compressive

strength (= 0.9 fcm)
fyL Lower yield strength as per AS 1391
fy Yield strength of mild steel
fyH Upper yield stress as per AS 1391
fu Ultimate tensile strength
Is Second moment of area of hollow steel tube
Ic Second moment of area of concrete core
L Simply supported span length between centre-

line of supports
Ltotal As supplied length of SWT
LWT Longitudinally welded tube
M Mid-span bending moment
Mmax Peakormaximummoment achievedduring the test
M0.01 Moment at a longitudinal tensile strain of 0.01
Mc Compact moment capacity as per AISC-360
Mpredicted Predicted ULSmoment capacity as per the respec-

tive analytical/codified method
P Applied central load fromAMSLER testingmachine
Rcap Rotational capacity as defined in AISC-360
t Wall thickness of the tube
SWT Spiral welded tube
SLS Serviceability limit state
ULS Ultimate limit state
y Distance across section height measured from the

location of strain gauge TL/TC
Δmax, Δ0.01 Ductility indices corresponding to δmax and δ0.01

respectively
δm Measured mid-span vertical displacement
δmax Maximum measured mid-span vertical displace-

ment (for CF-SWSTs) / Measured mid-span verti-
cal displacement corresponding to Mmax (for
hollow tubes)

δ0.01 Measured mid-span vertical displacement corre-
sponding to M0.01

δhy Theoretical mid-span vertical displacement at first
yield of CF-SWST if the concrete corewasnot present

εu Strain at ultimate tensile strength fu
εtrans Measured circumferential strain
εlong Measured longitudinal strain
κ Curvature at mid-span
λ Sectionslenderness = (D/t) (fy/250)
νe Effective measured Poisson's ratio at the maxi-

mum compressive fibre
ρ Density of concrete
θmax Summation of support rotationmagnitudes corre-

sponding to δmax
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was also found that the ‘compact’ section slenderness limits, as well as
the material strength limits stated in the respective codes for CFSTs
under flexure, were extremely conservative. The review also ascerta-
ined that the conservativeness of the codified methods appears to be
equally valid for a range of concrete strengths and types. Furthermore,
it also reported that the prediction conservativeness appears to de-
crease with increasing steel yield strength for mild- and carbon-steel
CFSTs. It should be noted though, that there is no universal agreement
in relation to the definition of the experimental ultimate limit statemo-
ment capacity. This issue stems from the fact that for the vastmajority of
CFST bending tests that have been reported, monotonically increasing
moment-deformation behaviour with no peak moment was obtained
experimentally, even at relatively large curvatures. As a result, as de-
noted in Fig. 1, a number of different definitions have been reported in
the literature for the experimental ULS moment capacity. Out of these,
the twomost common definitions were themaximumor peakmoment
achieved during the tests (Mmax) or the moment corresponding to a
longitudinal tensile strain of 0.01 (M0.01). The latter has been justified
on the basis that strains larger than 0.01 are not of practical interest
for actual structures [31]. Even ifM0.01 is considered as the experimental
moment capacity, several researchers have reported that the respective
predictions from the various codes of practice are still considerably con-
servative [31–34]. The fact that relatively large curvatures were

achieved during previously reported CFST bending tests exemplify the
large levels of ductility that can be achieved by CFSTs under pure flex-
ural loading. In general, previously tested CFST specimens achieved ro-
tational capacities much greater than the requirement specified in
AISC-360 [22].

In relation to the flexural stiffness of CFSTs, different predictive ex-
pressions are given in the various codes of practice and other analytical
methods such as that proposed by Han et al. [31] and Roeder et al. [35].
These various expressions are tabulated in Table 1. The expressions
given in the afore-mentioned standards are all in relation to the flexural
rigidity that needs to be considered when calculating the theoretical
buckling load of CFST columns under axial compression. Hence, in rela-
tion to CFSTs under pure flexure, these expressions can be thought of as
being representative of the initial ‘uncracked' bending stiffness of the
specimens. Themodel proposed byHan et al. [31] also provides a design
expression for the serviceability limit state (SLS) secantflexural bending
stiffness based on the assumption that the SLS load is 60%of theULSmo-
ment capacity. The respective effective stiffnesses recommended to be
used for structural analysis purposes in AS 2327 [20] and Eurocode 4
[21] could also be thought of as being representative of the SLS bending
stiffness of CFSTs.

Varying conclusions have been reported in the literature in relation to
the suitability of the different expressions listed in Table 1 to predict the

Fig. 1. Different definitions used for experimental ULS bending moment capacity.

Table 1
Expressions for calculation of flexural stiffness of CFSTs (with no internal bar reinforcement).

Design standard / analytical
model

Ec (MPa) Initial bending stiffness SLS bending stiffness

AS 2327 [20] 0:043 ρ1:5
ffiffiffiffiffiffiffiffiffi
fcmi

p
EsIs + EcIc EsIs + 0.2EcIc

AS 5100.6 [37] 0:043 ρ1:5
ffiffiffiffiffiffiffiffiffi
fcmi

p
EsIs + EcIc N/A

Eurocode 4 [21] 22(fcm/10)0.5 EsIs + 0.6EcIc 0.9 (EsIs + 0.5EcIc)
AISC – 360 [22] 0:043 ρ1:5

ffiffiffiffiffiffiffiffiffi
fcmi

p
EsIs + C3EcIc

where C3 ¼ 0:45þ 3
�

As

As þ Ac

�
≤0:9

N/A

AIJ – 2001 [23] 3:32
ffiffiffiffiffiffiffiffi
fcm

p
þ 6:9 EsIs + 0.2EcIc N/A

CAN/CSA S16–01 [24]
ð3:3

ffiffiffiffiffiffiffiffi
fcm

p
þ 6:9Þ

�
ρ

2300

�1:5

or for normal density concretes

with 20 ≤ fcm ≤ 40 MPa 4:5
ffiffiffiffiffiffiffiffi
fcm

p

EsIs + 0.6EcIc N/A

GB-50936 [25] as per tabulated data provided in code EsIs + EcIc N/A
Han et al. [31] N/A

0:2
Mu

φe
(secant stiffness)

where Mu and φe are as defined in [31]

0:6
Mu

φ0:6
(secant stiffness)

where Mu and φ0.6 are as defined in [31]
Roeder et al. [35] 0:043 ρ1:5

ffiffiffiffiffiffiffiffiffi
fcmi

p
EsIs + C'EcIc where

C
0 ¼ 0:15þ 2

�
As

As þ Ac

�
≤0:9

N/A
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actual bending stiffness obtained through CFST flexural tests. Based on
26 CFST bending tests, Aslani et al. [36] reported that, on average, AS
5100.6 [37] gave predicted values of initial stiffness which were in best
agreement with the experimental values. On the other hand, for deflec-
tions at the SLS, they found that the expression of AIJ-2001 [23] gave
the most reliable predictions. Han et al. [31] found that the stiffness
values predicted by Eurocode 4 (EC4) [21] were in good agreement
with the initial stiffnesses obtained experimentally but overestimated
the SLS stiffness. They reported that better agreement was achieved
using their proposed stiffness expressions. However, Yang and Man
[32] and Fu et al. [34], who tested in bending CFSTs of recycled aggregate
concrete and lightweight aggregate concrete respectively, reported that
even for the initial stiffness the guidelines of EC4 provided overestimates
of the actual stiffness. This suggests that unlike for the flexural capacity,
the bending stiffness does have a dependency on the concrete type. For
CFST specimens under pure flexural loading, Roeder et al. [35] found
that the thenAISC-360 [22] guidelines over-estimated the initial stiffness
and proposed an alternative expression. More recently, Nghiem et al.
[38] reported actual to predicted initial stiffness values in the ranges
0.89–0.94 and 0.92–0.99 for the specimens they tested based on the cur-
rent guidelines of AISC-360 [22] and EC4 [21] respectively.

Due to potential dissimilarities in behaviour between CF-SWSTs and
CFSTs of other tube types, the applicability of the afore-discussed general
CFST behaviour under static monotonic flexure to CF-SWSTs needs to be
established through experimentation. Verification of applicability and
equivalence would enable SWTs to be used as direct replacements for
other tube types in CFSTs and thereby allow the associated cost-
benefits to be realized. The lack of such testing to date of CF-SWSTs is
possibly the reason why some CFST design standards, such as GB-
50936 [25], explicitly prohibit the use of SWTs. The experimental inves-
tigation described in this paper was aimed at addressing this research
need. The main objectives of the work were to experimentally obtain
the ULS behaviour of CF-SWSTs under flexural loading, compare the

suitability of codified and other analyticalmethods to predict their bend-
ing stiffnesses andULS capacities, and to compare the behaviour and pre-
diction conservativeness with comparable CFSTs of other tube types.

2. Experimental study

In order to achieve the aforementioned aims, an experimental pro-
gram consisting of flexural tests on 12 CF-SWSTs was formulated. As
listed in Table 2, the main parameters that were varied were the D/t
ratio and the infill concrete strength. SWTs of three different outside di-
ameters withwall thicknesses equal to both 2mm and 3mmwere used
for the tests. For the concrete strength, two nominal grades of concrete,
namely 20 MPa and 50 MPa grades were considered. In addition, flex-
ural tests on six hollow SWTs, corresponding to the six tube geometries
considered for the CF-SWSTs, were also included in the test program for
reference. The range of nominal D/t values (51–114.5)was chosen to in-
clude SWT sections which are classified as ‘compact’ as well as ‘non-
compact’ as per the slenderness limits defined in commonly used CFST
design standards. As reported by Roeder et al. [39] D/t ratios in the vicin-
ity of 100 are commonly used for CFSTs in the United Stateswhilemuch
smaller ratios in the vicinity of 50 are considered for structures in Japan.
Hence, the range of D/t ratios that was considered for the tests was also
of practical relevance. The chosen values also fell within the range of D/t
magnitudes that had been considered for previously reported CFST
bending tests (i.e. 8–122) [30]. A nominal total tube length of 15D was
chosen to enable a simply-supported flexural span length greater than
12D and shear span to depth ratios greater than 3D. The maximum
SWT outside diameter that could be considered for the test program
was constrained by the length of the reaction beam of the AMSLER test-
ing machine that was available for the tests.

2.1. Spiral-welded tubes

Eighteen nominally grade 250 mild-steel SWTs were procured for
the test program froma supplier inNewSouthWales, Australia [40]. De-
tailed geometricalmeasurementswere taken of the as-supplied tubes at
the respective tube ends as well as along their length, at locations sim-
ilar to those considered in previous CF-SWST test programs carried out
by the authors [16,17]. Average values of the measured outside tube di-
ameter, wall thickness, weld pitch and weld width for the respective
specimens are listed in Table 3. The measured values were also used
to estimate the thicknesses of the outer and inner beads of the spiral
weld seam cross-section, shown typically in Fig. 2. In Table 3 as well in
subsequent sections of this paper, each specimen is identified by a

Table 2
Parameter values considered for test program.

Description Nominal chosen values

Outside diameter (D2–4) (mm) 152, 203 and 229
Wall thickness (mm) 2, 3
D/t 50.7, 67.7, 76, 76.3, 101.5 and 114.5
In-fill concrete strength grade (MPa) 20 and 50
Total tube length (Ltotal) 15D
Simply supported length (L) N12D
Shear span N3D

Table 3
Average measured dimensions of SWTs used for the test program and corresponding experimental details.

Specimen
label

D
(mm)

t
(mm)

Weld
pitch
(mm)

Weld
width
(mm)

Estimated outer
bead
thickness (mm)

Estimated inner
bead
thickness (mm)

D/t λ L
(mm)

a
(mm)

b
(mm)

fcm
(MPa)

fy
(MPa)

tage
(days)

M0D22 152.82 1.93 220.5 7.9 1.50 (average)
2.61 (max)

0.47 (average)
1.95 (max)

79.4 74.6 1980 550 440 N/A 234.9 N/A
M0D23 153.43 2.93 386.5 8.1 52.4 52.7 1980 550 440 N/A 251.7 N/A
M0D32 202.51 1.86 515.5 7.9 108.9 102.4 2573 774.5 512 N/A 234.9 N/A
M0D33 202.65 2.85 517.4 8.9 71.0 71.5 2573 774.5 512 N/A 251.7 N/A
M0D42 229.81 1.94 482.8 7.9 118.6 111.4 3155 1097.5 480 N/A 234.9 N/A
M0D43 229.55 2.89 483.3 9.4 79.5 80.1 3155 1097.5 480 N/A 251.7 N/A
M1D22 152.86 1.94 220.3 8.0 79.0 74.2 1930 524 441 18.17 234.9 40
M2D22 152.78 1.92 220.6 7.8 79.8 75.0 1930 528 437 53.72 234.9 61
M1D23 153.39 2.85 386.8 8.7 53.8 54.2 1930 580 385 18.27 251.7 41
M2D23 153.47 3.01 386.2 7.6 51.0 51.4 1930 579 386 53.42 251.7 56
M1D32 202.69 1.87 515.4 8.2 108.6 102.1 2573 774.5 512 23.33 234.9 140
M2D32 202.32 1.85 515.6 7.6 109.2 102.6 2573 774.5 512 57.22 234.9 167
M1D33 202.60 2.86 517.4 8.7 70.8 71.3 2573 774.5 512 23.90 251.7 161
M2D33 202.71 2.85 517.4 9.2 71.2 71.7 2573 774.5 512 56.80 251.7 148
M1D42 229.63 1.95 481.8 7.7 118.1 110.9 3155 1065.5 512 24.54 234.9 188
M2D42 229.99 1.93 483.8 8.2 119.1 111.9 3155 1065.5 512 57.78 234.9 196
M1D43 229.25 2.90 483.3 9.6 79.1 79.6 3155 1065.5 512 24.65 251.7 193
M2D43 229.85 2.88 483.3 9.2 79.9 80.5 3155 1065.5 512 57.85 251.7 200
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unique label of the form ‘MXDYZ' where ‘M' and ‘D' denote ‘mild-steel’
and ‘diameter’ respectively. In the label, X corresponds to the strength
of the concrete in-fill with values of X equal to 0, 1 and 2 corresponding
to 0MPa (hollow), 20MPa and 50MPa respectively. ‘Y' and ‘Z' represent
the diameter and thewall thickness of the respective tubewith values of
Y equal to 2, 3 and 4 signifying nominal diameters of 152 mm, 203 mm
and 229 mm while the value of Z equals the nominal tube wall thick-
ness. Based on themeasured dimensions, it was ascertained that the de-
gree of ovality present in the respective cross-sectionswas insignificant.
The average ovality calculated for the tube sections was b1%. All the
SWTs that were supplied contained single-sided welds which had
been welded using metal inert gas welding from the tube outsides. De-
tails of the welding process, as supplied by the SWT fabricator, can be
found in previous work published by the authors [16,17].

2.2. Steel material properties

Ten tensile coupon tests (H1–2, H5–6, V1–6) were conducted as per
AS 1391 [41] to obtain thematerial properties of themild-steel used for
the SWTs. As shown in Fig. 3, coupons were extracted from representa-
tive lengths of nominally 2 mm and 3 mm thick virgin plates used to
fabricate the SWTs. It should be noted that the tests of two coupons
(H3 and H4) could not be completed to a machine fault. Two orienta-
tions were considered for the coupons, namely parallel and perpendic-
ular to the coiling direction of the steel plates. It has previously been
shown that there are no significant differences between the material
properties obtained from coupons extracted either from SWTs in their
welded form or from the corresponding virgin plates [42]. For this rea-
son, in this test program, no coupons were extracted from SWTs in

their welded state. The stress-strain curves obtained from the coupon
tests are shown in Fig. 4 and the corresponding material properties ex-
tracted from the measured data are tabulated in Table 4. The failure
modes observed for the coupon tests are shown in Fig. 5 for reference.

As can be seen from Table 4, it was observed that the coupon orien-
tation did not have any significant effect on the material properties.
Based on the average measured properties, for the analytical calcula-
tions presented in subsequent sections of this paper, yield strengths
(fy) equal to 234.9 MPa and 251.7 MPa were considered for nominally
2 mm and 3 mm thick SWTs respectively. For the calculations, the
steel Young's modulus (Es) was taken to be equal to 200 GPa.

2.3. Concrete material properties and specimen preparation

Ready-mixself-compacting concrete (SCC) of grades 20 and 50 MPa
were used for the infilling of the SWTs. It has previously been reported
that the structural behaviour of CFSTs in flexure is equivalent irrespec-
tive of whether SCC or conventional mechanically vibrated concrete is
used [31]. In preparation for the concrete in-filling, 5 mm thick tempo-
rary end-plates were tack-welded on to one end of each SWT. The con-
crete pouring was carried out with the tubes stood up vertically on the
end-plates using a concrete boom pump. The tubes were tied onto a
scaffolding setup to provide the necessary lateral stability during casting
and the curing period. At the time of pouring, slump flow values were
550 mm and 660 mm for the 20 MPa and 50 MPa concrete grades re-
spectively. During concrete pouring, the flexible hose of the boom
pump was lowered to near the bottom level of each tube and with-
drawn gradually as the poured height of concrete increased. For each
tube, an approximately 10–20 mm gap was left between the top level
of the cast concrete and the tube top end. Once the concrete had set,
this gap was kept continuously ponded with water for curing purposes.
The cast specimenswere cured for 28 days in thismanner. After the cur-
ing period, the tack-welded temporary end-plates were removed prior
to the testing. This was done as a conservative measure since it has
been shown that the moment capacity increases when end plates are
provided for CFSTs tested under bending, due to the longitudinal re-
straint they provide [30].

200 mm high and 100 mm diameter cylinders were also cast at the
time of tube in-filling. Thesewere tested in compression at regular inter-
vals throughout the test programme to obtain the variation of the con-
crete compressive strength (fcm) with time. The results obtained from
the compression tests are given in Table 5. The experimentally obtained
compressive strengths were used to approximate strength gain curves,
shown in Fig. 6, for the two grades of concrete that were poured. The
compressive strengths corresponding to each test specimen were ap-
proximated using the strength gain curves obtained in this manner and
are tabulated in Table 3. It was also observed that the experimentally ob-
tained values of the concrete elastic modulus agreed well the corre-
sponding predictions calculated as per the guidelines of AS 2327 [20].

2.4. Experimental setup

As shown in Fig. 7, a simply supported four-point bending setupwas
considered for both the hollow and concrete-filled SWTs. A 2000 kN ca-
pacity AMSLER testing machine and an associated reaction beam of ap-
proximately 3.5 m in length were used for the tests. The respective
experimental setup details used for each test specimen are given in

Fig. 2. Typical cross-section of spiral weld seam as seen at tube ends (images correspond to specimen M2D33).

Fig. 3. Coupon extraction locations for 2 mm and 3 mm thick steel plates.
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Table 3. The span to depth ratio (L/D) and shear-span to depth (a/D)
ratio considered for the tests fell in the range 12.6–13.8 and 3.4–4.6 re-
spectively. The test setup, as well as the L/D [31,38,43–46] and a/D
[31,34,45,47,48] values considered for the tests, were similar to that
previously used by other researchers for CFST bending tests. For a ma-
jority of these tests found in the literature, L/D and a/D values in the
range 2–4 and 6–10 respectively had been used. Han et al. [31] also re-
ported that there is no significant effect of the shear spanmagnitude on
the experimentally obtained behaviour of CFSTs under bending for a/D
values in the range 1.5 to 6.

Loading and support clamps, each with a semi-circular face, were
fabricated from 50 mm thick steel plates and were used to transfer the
load to the outside surface of the test specimen in a distributedmanner.
For the tests, the SWTs were oriented so that the spiral weld seam was
located at the extreme tensile fibre at mid-span and the two loading
points. As a result, the weld seam was located on the opposite half of
the SWT section at the loading points enabling good contact between
the semi-circular clamp faces and the tube outside surface. The span
length was chosen ensuring that the weld seam was located near the
top side of the tube at the supports, thereby ensuring good contact be-
tween the tube outside surface and the clamp surface at the supports

aswell. For safety, two clamps bolted together were used at the support
locations.

The instrumentation used for each test is also indicated in Fig. 7. For
each test, the vertical deflection profile of the extreme tensile fibre in
the constant moment region was measured using three linear voltage
displacement transducers (LVDTs), located at mid-span and near the
two loading points. The longitudinal and circumferential strain profiles
at the mid-span section were measured using seven strain gauges (TL,
ML, BL and TC, TC2, MC and BC). The locations of the strain gauges are
shown in Fig. 7. In addition to these, the applied load (P) wasmeasured
through a load-cell in-built with the testing machine. For four of the
tested CF-SWST specimens, namely M(1–2)D22 and M(1–2)D23, the
relative end slip between the steel tube and the concrete core at one
tube end was also measured using an additional LVDT as shown in Fig.
7. Thiswas discontinued for the other specimens, as no discerniblemea-
surement was recorded for the end-slip during the four afore-
mentioned tests.

Displacement control loadingwas considered for the tests that were
conducted. To ensure quasi-static loading, the non-dimensional dis-
placement rate (δm/L where δm is the measured mid-span displace-
ment) was kept below 0.0020, 0.0021 and 0.0017 min−1 for the tested

Fig. 4. Stress-strain curves (full range and around yield) obtained from coupon tests of nominal thickness a), b) 2 mm and c), d) 3 mm.

Table 4
Steel material properties obtained from tensile coupon tests.

Specimen tcoupon (mm) fyL fyH Strain at first yield (microstrain) fyH / Es (microstrain) Es (GPa) fu (MPa) εu

V1 1.81 251.5 270.5 1728 1380 196.0 358.1 0.38
V2 1.95 226.7 238.1 1988 1250 190.5 336.4 0.32
V3 1.94 211.4 226.8 1520 No data No data 318.9 0.49
V4 2.91 250.0 260.3 2120 1089 No data 374.4 0.48
V5 2.94 240.8 247.2 2642 1185 208.7 371.7 0.52
V6 2.93 252.4 258.5 2682 1383 187.0 377.5 0.52
H1 2.97 255.5 255.5 1614 1296 197.1 372.1 0.47
H2 2.96 259.7 270.7 1957 1333 203.1 373.6 0.48
H5 1.88 239.1 250.7 1496 1253 200.1 340.0 0.26
H6 1.85 245.9 255.6 1399 1213 210.7 351.7 0.29
Avg V 2 mm 1.90 229.8 245.1 1745 1315 193.2 337.8 0.40
Avg H 2 mm 1.87 242.5 253.2 1448 1233 205.4 345.9 0.27
Avg all 2 mm 1.89 234.9 248.4 1626 1274 199.3 341.0 0.35
Stdev all 2 mm 0.06 16.1 16.7 235 73 8.5 15.2 0.09
Avg H 3 mm 2.93 247.7 255.3 2481 1284 197.8 374.5 0.51
Avg V 3 mm 2.97 257.6 263.1 1785 1315 200.1 372.9 0.47
Avg all 3 mm 2.94 251.7 258.5 2203 1299 199.0 373.9 0.49
Stdev all 3 mm 0.02 7.1 8.5 457 84 9.3 2.3 0.02
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specimens of nominal diameter D2, D3 and D4, respectively. These
values compare well with the loading rate used by Abed et al. [49] for
the CFST bending tests they conducted. The tests were continued until
failure (in the case of hollow SWTs), until themaximumpossible central
displacement was reached (limited by the vertical clearance between
the extreme tensile fibre of the specimen and the top of the reaction
beam) or until it was determined that it was not safe to continue the
test any further.

3. Results and discussion

The load-deformation behaviour obtained for the hollow and
concrete-filled SWTbending tests is presented and discussed in this sec-
tion. In addition, the experimentally obtained moment capacities and
bending stiffness values are compared with the corresponding predic-
tions calculated as per the guidelines of several codified and analytical
methods.

3.1. Moment-curvature behaviour

The experimentally obtained variations of mid-span bending mo-
ment (M) with mid-span curvature (κ) for the tested hollow and
concrete-filled SWT specimens are given in Fig. 8. The respective M
valueswere calculated using Eq. (1), based on the relevant test setup ge-
ometries, as listed in Table 3. The mid-span curvature was calculated
using Eq. (2) assuming that the deflected shape of the tested specimens
at all load levels can be approximated using a half-sinewave. This was a
valid assumption since, as shown typically in Fig. 9, the displaced shapes
of the hollow as well as concrete-filled SWT test specimens at all load
levels were observed to be well approximated by a half-sine wave
with an amplitude equal to themid-span vertical deflection. The choice
of a half-sine wave over a circular arc for approximating the displaced
shape was based on considering the magnitudes of the differences

between the measured and respective predicted displacement values.
While for smaller load levels, both the half-sine wave as well as circular
arc approximations provided predicted displacements of comparable
accuracy, for larger load levels, the half-sine wave shape was found to
provide predictions which more closely agreed with the measured
values. Themaximummid-spanmomentsmeasured during the respec-
tive tests (Mmax) are tabulated in Table 6. It should be noted that for the
CF-SWSTs thatwere tested, themid-span LVDTwas removed before the
end of the test (and hence prior to the achievement of Mmax) in order to
prevent the LVDT from being damaged. As a result, the respective M – κ
plots in Fig. 8 are only plotted until the point at which the mid-span
LVDT was removed.

M ¼ 0:5Pa ð1Þ

where P is the measured applied central load

κ ¼ δm π=Lð Þ2 ð2Þ

where δm is the measured mid-span vertical displacement
For all the tested hollow SWTs, the M – κ plots contained an initial

linear region, followed by a non-linear region in which the stiffness de-
creased gradually until the achievement of a peak moment. For speci-
mens with less slender sections, namely for M0D23 and M0D33,
noticeable plateauing of the curves was seen prior to failure at the
peak. Conversely, the non-linear region was limited for sections with
higher slenderness with no plateau being observed in the M-κ plots.
The peak was characterised by a sudden drop in load immediately
after thepeakwhich correspondedwith the occurrence of local buckling
in the maximum compressive regions of the respective tubes. The
sharpness of the drop increased with increasing section slenderness
(D/t or λ). The typical failure modes observed for the hollow tubes are
shown in Fig. 10. Apart from specimen M0D32, all the other hollow
SWTs failed due to inward local buckling which occurred within the
constant moment region away from the loading points. The ‘wrinkled'
nature of the local buckling increased with increasing section slender-
ness (D/t). The buckles observed for specimens M0D23, M0D33 and
M0D43 were similar. M0D32 failed due to the formation of an outward
local buckle near one of the loading points. Except for specimenM0D22,
the local buckleswere located away from the spiral weld seam. The local
buckling observed for M0D22 coincided with the location at which the
spiral seam intersected the extreme compressive fibre. In general, the
mode of failure was consistent with that reported by Van Es et al. [14]
and Zimmerman et al. [29] who tested hollow SWTs of comparable

Fig. 5. Failure modes of coupons (left to right – H1–2, V4–6, V1–3 and H5–6).

Table 5
Concrete material properties obtained from cylinder compression tests.

Grade 20 MPa concrete Grade 50 MPa concrete

tage at
testing
(days)

fcm Ec
(GPa)

tage at
testing
(days)

fcm Ec
(GPa)

Average Stdev Average Stdev

7 10.46 1.85 14 48.00 1.37
28 16.86 2.24 35 52.56 2.70
39 18.60 2.73 56 53.93 2.79 33.0
56 20.22 1.62 18.8 127 55.63 3.22
119 22.10 2.54 175 56.50 2.85 31.0
169 24.32 2.23 23.3 202 58.73 0.97
182 23.89 0.73

Fig. 6. Strength gain curves determined for the poured concrete.
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Fig. 7. a) Schematic of typical experimental setup and instrumentation locations, b) Image of actual setup of M1D32 and c) LVDT used to measure end-slip (image is that of M1D23).

Fig. 8. Mid-span moment (M) - curvature (κ) plots for specimens a) M(0–2)D23, (D/t)nominal = 51 b) M(0–2)D33, (D/t)nominal = 68 c) M(0–2)D22, (D/t)nominal = 76 d) M(0–2)D43,
(D/t)nominal = 76.3 e) M(0–2)D32, (D/t)nominal = 101.5 and f) M(0–2)D42, (D/t)nominal = 114.5.
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section slenderness. The SWTs tested by Van Es et al. [14] and
Zimmerman et al. [29] contained double-sided submerged arc welded
weld seams.

On the other hand, for all the tested CF-SWST specimens, monoton-
ically increasingM - κ plotswere obtainedwithout the achievement of a
distinct peak. Similar to the hollow specimens, these plots contained an
initial linear region followed by non-linear behaviour. As expected, the
initial gradients of the CF-SWSTs were observed to be higher than
those of the corresponding hollow specimens, as can be seen from Fig.
8. Unlike the hollow specimens, the initial linear region was limited to
quite small load levels which was thereafter followed by a secondary
linear region prior to the onset of non-linear behaviour. The secondary
linear region continued until approximately 60% of the maximum mo-
ment achieved in the respective tests. This is shown typically in Fig. 11
and possibly corresponds to the initiation of ‘cracked' elastic behaviour

of the specimens. In the non-linear region, while themoment increased
monotonically, the gradient of the plots continuously decreased but at a
decreasing rate. The bending stiffnesses corresponding to the initial and
secondary linear regions, (EI)initial and (EI)secondary, were approximated
using the gradients of the lines of best fit and are tabulated in Table 6.
From the plots in Fig. 8, it was also observed that increasing the grade
of concrete does not have a proportional effect onMmax. The percentage
increase observed in Mmax between specimens of the same geometry
infilled with grades 20 and 50 MPa concrete was in the range 9–18%.
The percentage increase decreased with increasing diameter and in-
creasing wall thickness.

The tested CF-SWSTs displayed significantly increased deformation
capacities compared to their corresponding hollow specimens. This
was the case even for the specimens with larger section slenderness. It
appears that for the section slenderness range considered in the tests,

Fig. 9. Displaced shapes at different load levels for a) M0D42, b) M1D42, c) M2D23, d) M0D43 e) M1D43 and f) M2D33.

Table 6
Experimental results.

Specimen D/t λ Mmax

(kNm)
M0.01

(kNm)
δmax

(mm)
M at δmax

(kNm)
δ0.01
(mm)

δhy
(mm)

Δmax Δ0.01 (EI)steel
(kNm2)

Rcap From line of best fit to
initial
and secondary linear
regions of M – κ plots

Secant stiffness
(kNm2)

(EI)initial
(kNm2)

(EI)secondary
(kNm2)

At 0.2
M0.01

At 0.6
M0.01

M0D22 79.4 74.6 11.8 N/A 17.6 11.84 N/A 6.8 1.6 N/A 520 1.5 471.2 N/A N/A N/A
M0D23 52.4 52.7 18.9 N/A 36.8 18.90 N/A 7.2 4.1 N/A 784 3.7 709.8 N/A N/A N/A
M0D32 108.9 102.4 17.3 N/A 16.4 17.33 N/A 8.4 0.9 N/A 1180 0 1181.3 N/A N/A N/A
M0D33 71.0 71.5 30.9 N/A 41.4 30.88 N/A 9.0 3.6 N/A 1788 2.7 1652.4 N/A N/A N/A
M0D42 118.6 111.4 21.6 N/A 18.6 21.57 N/A 10.7 0.7 N/A 1801 0 1709.8 N/A N/A N/A
M0D43 79.5 80.1 38.1 N/A 32.9 38.11 N/A 11.4 1.9 N/A 2641 1.4 2534.8 N/A N/A N/A
M1D22 79.0 74.2 20.1 18.7 79.3 20.0 49.3 6.5 11.3 6.6 523 9.2 699 575 648 641
M2D22 79.8 75.0 23.7 19.9 76.2 23.5 33.0 6.4 10.8 4.1 517 14.3 1172 764 1142 756
M1D23 53.8 54.2 26.2 24.4 80.0 25.7 46.3 6.7 10.9 5.9 764 8.9 971 726 883 820
M2D23 51.0 51.4 29.9 27.2 67.0 29.8 39.5 6.7 9.0 4.9 805 7.9 1192 1157 1165 1176
M1D32 108.6 102.1 31.5 27.8 116.0 28.5 94.0 8.4 12.8 10.1 1187 10.2 1592 1321 1710 1419
M2D32 109.2 102.6 35.3 31.2 152.3 34.0 52.1 8.4 17.0 5.2 1172 18.9 2292 1595 2664 1809
M1D33 70.8 71.3 49.8 42.6 151.7 46.1 71.9 9.0 15.8 7.0 1792 13.6 2489 2063 2375 2074
M2D33 71.2 71.7 54.5 48.1 134.8 53.1 46.8 9.0 13.9 4.2 1785 15.7 3415 2089 3729 2368
M1D42 118.1 110.9 40.7 36.5 181.7 39.1 82.3 10.8 15.8 6.6 1803 14.5 2718 2206 2930 2381
M2D42 119.1 111.9 44.9 43.8 169.6 44.6 104.9 10.8 14.7 8.7 1799 14.5 3103 2245 3003 2755
M1D43 79.1 79.6 63.2 56.0 180.1 61.4 67.2 11.6 14.6 4.8 2641 14.8 4248 3290 3560 3454
M2D43 79.9 80.5 70.0 64.7 188.6 69.2 75.3 11.6 15.3 5.5 2641 22.2 6363 3940 5241 3465.3
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the deformation capacities of CF-SWSTs in flexure are of similar magni-
tude as curvatures N0.2 m−1 were achieved for all the concrete-filled
specimens. This is further discussed in Section3.3.

In Fig. 8, the predictedM – κ variations andmoment capacities as per
the equations proposed by Han et al. [31] are also plotted for reference
and comparison. It can be seen that the respective predicted variations,
as well as capacities, are considerably conservative compared to the ex-
perimentally obtained behaviour.

Fig. 12 shows the deformed states of six of the tested CF-SWSTs after
the termination of the respective tests which is typical of that seen for
all the tested concrete-filled specimens. As can be seen typically from
Fig. 12, all the specimens displayed significant ductility. Local buckling
was visually noticed during the tests only for a few of the tested speci-
mens, although the occurrence of local buckling in the maximum
compressive region was later confirmed after the termination of the

respective tests through identifying undulations on the steel tube sur-
face through touching. However, the amplitudes of the buckles that
were identified during or after the tests were generally quite small.
The number of identified local buckles increasedwith increasing section
slenderness (D/t). In the case of specimen M2D23, no surface undula-
tions could be felt on the tube outside surface, which may have been
since it was subjected to less maximum curvatures compared M1D23.
Unlike for the hollow tests, no drops in load were observed during the
CF-SWST tests corresponding to either the initiation or development
of these local buckles. In general, the local buckles that occurred were
observed within the constant moment region near as well as away
from the loading clamps and were outward in nature. The buckles
were generally located away from where the spiral weld seam
intersected the extreme compressive fibre. In general, the deformation,
aswell as the occurrence of local buckling of the CF-SWSTs,were similar

Fig. 10. Typical failure modes obtained for hollow SWTs a) M0D22 b) M0D32 c) M0D43 (location of buckle shown circled).

Fig. 11. – Initial and secondary linear regions observed in M –κ plots for the tested CF-SWSTs shown typically for a) M1D42 and b) M2D32.
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Fig. 12. –Deformed state at test termination for a)M1D23, b)M2D23, c)M1D33, d)M2D33, e)M1D42, and f)M2D42. (In order– overall displaced shape, overviewof local buckle locations
in constant moment region and close-up view of circled buckle respectively)
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Fig. 12 (continued).
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Fig. 12 (continued).
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irrespective of the infill concrete strength. Furthermore, no discernible
relative slip between the respective concrete core and SWT was ob-
served at the specimen ends for any of the tested CF-SWSTs.

Apart from M2D23, the deformed states at test termination of the
CF-SWSTs corresponded to the failure mode classified as ‘local buckling
together with plastic deformation’ in [30] and were similar to that re-
ported previously for comparable CFSTs of LWTs [31,46,50–52] as well
as seamless tubes [32,53]. These previously reported CFST tests of
LWTs had D/t and λ values in the ranges 22–122 and 22–149 respec-
tively, while for previously reported CFSTs of seamless tubes the corre-
sponding value rangeswere 33–121 and 39–221. On the other hand, the
deformation of M2D23, which was the tested CF-SWST with the lowest
section slenderness (D/t = 51) corresponded to the ‘plastic deforma-
tion’ failure mode referred to in [30]. This observation was consistent
with that reported previously for CFSTs of other tube types with D/t
values less than ~ 50.

No significant differences were observed in the deformation behav-
iour for the tested CF-SWST specimens with section slenderness (D/t or
λ) or infill concrete strength.

Removal of the outer steel tube after the termination of the tests re-
vealed that at the locations at which the afore-discussed local buckles
(surface undulations) were identified crushing/flaking of the concrete
had initiated or occurred. This was observed for all the tested specimens

and is shown typically for a few of the tested CF-SWSTs in Fig. 13. At
these locations, the concrete surface had also followed the shape of
the undulation. As can be seen in Fig. 13, in the tensile region, closely
spaced cracks were observed consistent with that reported previously
by several researchers for CFSTs in flexure [30].

3.2. Moment-strain behaviour

The respective variations of mid-span bending moment (M) with
the measured longitudinal (εlong) and circumferential (εtrans) strains
for the tested hollow and concrete-filled specimens are shown in Figs.
14 and 15 (a, b) respectively.Muchgreater longitudinal strainswere ob-
served for the tested CF-SWSTs compared to those of the corresponding
hollow SWTs. This ties in with the greater deformation capacity ob-
served for the concrete-filled specimens, as discussed earlier.

As shown typically in Fig. 16, for the tested concrete-filled speci-
mens, the longitudinal strain profile across the specimen cross-section
at mid-span remained approximately linear at all load levels. This is
consistent with what has previously been reported for CFSTs of other
tube types [32,34,38,54]. The neutral axis of the section was observed
to migrate towards the compressive fibre with increasing load level as
expected. As can be seen typically from Fig. 16, linear strain profiles
were also observed until the respective peak loads for the hollow

Fig. 13. Typical state of concrete-core length of constantmoment region at point of test termination shown for a)M1D32 and b)M2D22 (for each of a) and b) top and bottom images show
views of compressive and tensile extremes respectively, arrows show location of buckles).
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SWTs that were tested, though in that case, the neutral axis remained
approximately constant as expected.

The mid-span curvatures calculated using Eq. (2) were also
compared to those calculated using the measured longitudinal
strains. The curvatures based on the measured strains were taken
to be equal to the gradients of the linear lines of best fit to the var-
iations of the respective measured longitudinal strains with cross-
sectional height. As shown typically in Fig. 17 for a few representa-
tive specimens, in general, there was good agreement between the
M – κ plots obtained using δm and those calculated using the mea-
sured longitudinal strains, especially at larger curvatures. Such
agreement has previously been reported for CFSTs of other tube
types tested under bending as well [34]. At smaller curvatures,
the curvature plots derived using strains remain linear for higher
loads than those derived using displacements which is consistent
with the behaviour reported by Wheeler and Bridge [55]. This
could be due to the tensile cracking not coinciding with the section
at which the strains were measured as postulated by Wheeler and
Bridge [55].

The measured longitudinal tensile strain data was also used to
identify the moment corresponding to a longitudinal tensile strain
of 0.01 (M0.01) which has been proposed by several researchers as
a more suitable definition for the experimental flexural capacity
[31,32,34,52]. M0.01 values obtained in this manner for the tested
CF-SWSTs are tabulated in Table 6 and are also indicated in the re-
spective plots in Fig. 8 for reference. For two of the tested speci-
mens namely, M2D32 and M2D33, the ‘BL’ strain gauge cut-off
prior to reaching a strain of 0.01. Therefore, for these specimens,
the longitudinal tensile strains at the extreme tensile fibre for
loads after the cut-off point were calculated using the two remain-
ing longitudinal strain measurements (TL and ML) and assuming a
linear strain profile across the section.

As shown typically in Fig. 18, the circumferential strain profile
across the section for the tested CF-SWSTs was approximately linear
at lowermoment levels consistent with the expected variation based
on the elastic Poisson's ratio of steel. At moment levels approaching

the maximum measured moment Mmax, the circumferential strains
measured in the region under longitudinal compression (i.e. TC and
TC2) showedmore substantial increases in (tensile) strain compared
to the corresponding increases in magnitude observed for the (com-
pressive) strains in the longitudinal tensile region of the section (MC
and BC). This indicated the presence of concrete core confinement in
the region under longitudinal compression. This was verified by in-
vestigating the variation of the effective Poisson's ratio (νe) of the
outside surface of the steel tubes of the tested CF-SWSTs at the ex-
treme compressive fibre. νe was calculated using the respective
measured longitudinal and circumferential strains at the maximum
compression region (i.e. νe = εTC/εTL). The variations of mid-span
bending moment with νe for a few representative test specimens
are shown in Fig. 19, which was typical of that observed for all the
tested CF-SWSTs. As can be seen from Fig. 19, νe values N0.5 was ob-
served frommoment levels less than but close to the respectiveM0.01

values and increased further for higher moment magnitudes. As
discussed by Tang et al. [56], the plastic Poisson's ratio of steel ap-
proaches 0.5 and any measured increase above 0.5 of νe is indicative
of the presence of concrete core confinement due to the lateral dila-
tion of the core increasing above that of the steel tube alone. There-
fore, the plots of Fig. 19 provide evidence of the concrete core
confinement that would have been present in the longitudinal com-
pressive region of the tested CF-SWSTs at mid-span at moment
levels greater than or equal to M0.01. As evident from Fig. 19, the con-
finement effect did not appear to be dependent on the infill concrete
strength. Nonetheless, it should also be noted that this confinement
would not have been uniform across the section and would have
been limited to the region of the core under longitudinal compres-
sion, as evidenced by the variations of circumferential strain pre-
sented in Fig. 18.

3.3. Ductility

The measured mid-span displacements, δm, were used to quantify
the ductility (Δ) of the tested specimens following a similar definition

Fig. 14. Typical variations of mid-span bending moment versus a), b), c) longitudinal strains and d), e), f) circumferential strains measured for M0D23, M0D33 and M0D42 respectively
(with (D/t)nominal of 51, 68 and 114.5 respectively).
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as that reported in [30]. The ductility was quantified based on both
the maximum measured mid-span displacements (δmax) as well as
the measured displacements corresponding to the respective M0.01

values (δ0.01). For the tested hollow specimens, δmax was taken as
the displacement corresponding to the respective peak moment.
The respective δmax and δ0.01 values are tabulated in Table 6 while
Eqs. (3) and (4) were used respectively for the ductility calculations.
In Eqs. (3) and (4), δhy corresponds to the theoretical (elastic) dis-
placement at first yield for the specimen in question if the concrete
core was not present. The calculated ductility indices, Δmax and
Δ0.01, are also listed in Table 6. For the tested hollow SWTs, only
Δmax was calculated. For specimens M(1–2)D22 and M(1–2)D23
since the LVDTs were removed at relatively small values of displace-
ments, δmax and δ0.01 were approximated using the curvatures calcu-
lated from the respective measured longitudinal strains and
assuming a half-sine wave flexural displacement profile.

Δmax ¼ δmax−δhy
� �

δhy
ð3Þ

Δ0:01 ¼ δ0:01−δhy
� �

δhy
ð4Þ

where δhy ¼ fyð3L2−4a2Þ
ð12EsDÞ

The deformation ductility for a simply-supported beam has typi-
cally been quantified by previous researchers [45] as well as speci-
fied in design standards [22] using the sum of the support rotation
magnitudes. However, since rotations were not measured during
the CF-SWSTs discussed in this paper, a definition based on central
displacement was considered instead. This also facilitated the com-
parison of the test data with previously reported tests of CFSTs of
other tube types.

The variationsΔmax andΔ0.01 with D/t and λ for the tested hollow as
well as concrete-filled SWT specimens are shown in Fig. 20. For compar-
ison, ductility indiceswere also calculated for previously reported bend-
ing tests of CFSTs of other tube types following the definitions stated in
Eqs. (3) and (4) and are also plotted in Fig. 20.

Comparing the ductility indices calculated for the hollow tubes with
those of the corresponding concrete-filled specimens, the beneficial ef-
fect of concrete-infilling can clearly be seen. While the ductility indices
showed a decreasing trend with section slenderness for the hollow
tubes, no such trend could be identified for the concrete-filled speci-
mens. The ductility indices calculated for the concrete-filled specimens
appear to be not greatly dependant on the section slenderness. This is
suggestive of ‘compact’ behaviour of CF-SWSTs in the tested D/t and λ
range and indicates that the classification of some of the tested speci-
mens as ‘non-compact’ by some design standards, as listed in Table 7,
may be overly conservative. All the concrete-filled specimens achieved

Fig. 15. a: Variations of mid-span bending moment versus a), c), e) longitudinal strains and b), d), f) circumferential strains measured for specimens M(1,2) D23, M(1,2)D33 and M(1,2)
D22 respectively (with (D/t)nominal of 51, 68 and 76 respectively). b: Variations of mid-span bending moment versus a), c), e) longitudinal strains and b), d), f) circumferential strains
measured for specimens M(1,2) D23, M(1,2)D33 and M(1,2)D22 respectively.
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comparable levels ofmaximumductility. On the other hand, lowerΔ0.01

were obtained for the CF-SWSTsfilledwith grade 50 concrete compared
to the values of the corresponding grade 20 counterparts which indi-
cated that the ductility level corresponding to M0.01 possibly decreases
with increasing fcm.

It can be seen from Fig. 20 that the Δ0.01 values calculated for the
tested CF-SWST specimens are only significantly greater than the Δmax

values calculated for the corresponding hollow tubes for specimens
with larger section slenderness. For the tested specimens of the two
smallest nominal section slenderness values considered (i.e. M(1–2)
D23 and M(1–2)D33) no drastic improvement was obtained for the
ductility indices compared to their hollow counterparts. This suggests
that if M0.01 is considered as the more suitable measure of moment ca-
pacity, considerable improvements in ductility relative to hollow tubes
can be obtained by concrete infilling only for SWTs with greater section
slenderness.

Fig. 20 also provides evidence of the similarity in ductility between
the tested CF-SWSTs and that of CFSTs of other tube types. As can be
seen from Fig. 20, the Δ0.01 values corresponding to the tested CF-
SWSTs generally fall within the scatter calculated for previously tested
comparable CFSTs of other tube types. To enable more direct compari-
sonwith the tested CF-SWSTs of grades 20 and 50MPa concrete, in sub-
sequent sections of this paper, previous tests for which the measured

concrete strength fell in the range 18–30 MPa and 50–60 MPa were
classified as ‘Grade 20’ and ‘Grade 50’ tests respectively. Δ0.01 was con-
sidered for the comparison as it provides a consistent basis for compar-
ison. Consistent with that seen for the tested CF-SWSTs, the scatter of
ductility indices calculated for the previous tests also appear to be not
greatly affected by the concrete strength.

3.4. Comparison of moment capacities with predictions and previous test
data

The experimentally obtained bending moment capacities for the
tested hollow and concrete-filled SWTs were also compared to the re-
spective predictions calculated as per the guidelines of several com-
monly used design standards and analytical methods. For the hollow
tubes the predicted capacities were calculated following the guidelines
of AS 4100 [57] while for the CF-SWSTs the methods specified in AS
2327 [20], EC4 [21], AISC-360 [22], AIJ [23], CAN/CSA S16–01 [24], GB-
50936 [25] and in [31] were considered.

3.4.1. Capacity comparison for hollow SWTs
As denoted in Table 8, as per the section slenderness limits defined

in AS 4100 [57], all of the tested hollow SWTs were classified as

Fig. 15 (continued).
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Fig. 18. Typical variation of measured circumferential strain (εtrans) with cross-sectional height for the tested CF-SWSTs shown for specimens a) M1D22, b) M1D23, c) M1D33 and
d) M1D22 (y measured from extreme compressive fibre).

Fig. 17. Comparison of M-κ plots obtained using measured displacements and measured longitudinal strains for a), d) M(1,2)D23, b), e) M(1,2)D32 and c), f) M(1,2)D43.

Fig. 16. Typical variation of measured longitudinal strain with cross-sectional height for the tested hollow and concrete-filled SWTs shown for specimens a), b) & c) M(0,1,2)D22 and d),
e) & f) M(0,1,2)D32 (y measured from extreme compressive fibre).
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non-compact. The moment capacity for non-compact sections in AS
4100 is calculated through linear interpolation between the fully plastic
moment and the first yield moment based on the section slenderness,
plastic slenderness limit and yield slenderness limit. As can be seen
from the values listed in Table 8, the corresponding actual to predicted
moment capacity ratios (Mmax/Mpredicted) were significantly conserva-
tive for all the tested specimens. This indicated that the methods of AS
4100 can be applied to SWTs as well to yield conservative moment ca-
pacity predictions. In fact, except for the specimens with the two
highest slenderness values, all the other hollow SWTs achieved capaci-
ties higher than their plastic moment values. However, this does not
necessarily mean that the slenderness limits that have been specified

are overly conservative as the specified limits consider the ability to
achieve sufficient plastic deformation (rotation capacity) as well.

3.4.2. Capacity predictions for CF-SWSTs
For CFSTs under flexure, in AS 2327, EC4, AIJ, CAN/CSA S16–01 and

GB-50936 the capacity calculation procedure is specified only for ‘com-
pact’ CFST sections which satisfy the respective section slenderness
limits. As can be seen from Table 7, some of the tested CF-SWSTs had
slenderness values outside of the respective limits specified in EC4
and AISC-360. In addition, for some of the tested specimens, the con-
crete strengths also fell outside of the respective limits specified in
some standards. However, the moment capacity predictions were

Fig. 20.Variation of a), c)Δmax and b), d)Δ0.01with slenderness parameters D/t andλ respectively for tested CF-SWSTs andpreviously reportedCFSTbending tests of other tube types (SS ≡
Seamless, U ≡ Unclassified tube type, ‘other’ – tests of dissimilar fcm).

Fig. 19. Typical M - νe plots obtained for the tested CF-SWSTs in the maximum compressive region shown for specimens a) M(1,2)D33 and b) M(1,2)D42.
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calculated irrespective of the respective limitations specified for the
afore-mentioned standards as well as for the method specified by Han
et al. [31], as the objective was to ascertain the applicability of the
methods to CF-SWSTs as well as to determine whether the specified
limitations were unduly prohibitive. The latter has been shown to the
case previously by the authors for CFSTs in bending [30]. Unlike the
aforementioned standards. AISC-360 specifies capacity calculation
methods for ‘compact’ as well as ‘non-compact’ sections. For compari-
son, ‘compact’ moment capacities were calculated even for the CF-
SWSTs which were classified as ‘non-compact’ as per AISC-360.

As discussed in [30], for ‘compact’ sections AS 2327, EC4, CAN/CSA
S16–01, AISC-360 and AIJ specify rectangular plastic stress distributions
for the steel and concrete areas of the CFST section to calculate the mo-
ment capacity. AS 2327, EC4 and CAN/CSA S16–01 specify stress blocks
equal to fy for steel in tension and compression and equal to f'c for con-
crete in compression. While specifying a similar stress block for the
steel, AISC-360 specifies a reduced value of 0.95f'c for the concrete. In
AIJ, two alternative methods are allowed for the calculation of moment
capacity where Mpredicted can conservatively be taken to be that of the
steel tube by itself or calculated based on the assumption of a fully com-
posite section. In the latter method specified in AIJ, the bi-axial stress
state induced in the steel tube by concrete confinement effects is
considered though uniform confinement is assumed. As a result, stress
blocks equal to 0.89 fy and 1.08 fy are specified for steel in tension and
compression respectively while the concrete compressive stress block
value is given by Eq. (5). GB-50936 and the method specified by Han
et al. [31] provide empirical equations for the calculation of moment
capacity. In the case of the latter, the empirical equations were
obtained by curve fitting to the results obtained from fibre-element
analyses [58].

σc ¼ 0:85 f
0
c þ

1:56 t fy
D–2 tð Þ ð5Þ

As discussed previously, since there is no universal agreement
on the most suitable definition, two definitions were considered
for the experimental ULS moment capacity of the tested CF-
SWSTs, namely Mmax and M0.01. The actual to predicted moment
capacity ratios calculated for the tested CF-SWSTs based on both
capacity definitions are given in Table 9. As can be seen from
Table 9, apart from GB-50936 all the other methods gave ex-
tremely conservative predictions of the moment capacity even
when M0.01 was used as the moment capacity definition. The actual
to predicted moment capacity ratio did not appear to be signifi-
cantly dependent on the section slenderness or infill concrete
strength. The composite section calculation method of AIJ gave
the least conservative capacity predictions (and with the least scat-
ter) with average actual to predicted moment capacity ratios equal
to 1.37 and 1.23 based on Mmax and M0.01 respectively. This sug-
gests that explicit consideration of the effects of concrete confine-
ment as done in the AIJ guidelines result in closer predictions of
the actual moment capacity. The existence of such confinement
was verified through the measured data as discussed in
Section3.2. However, unlike the uniform concrete core confine-
ment considered in the AIJ guidelines, the actual confinement ef-
fect varied across the CF-SWST cross-section, as discussed
previously. Therefore, if the non-uniformity of the confinement ef-
fect is also explicitly taken into account in the moment capacity
calculation, less conservative predictions could be obtained.
Finite-element based numerical modelling methods could be
utilised in this regard.

Based on the high degree of conservativeness of the predicted capac-
ities for all the tested CF-SWSTs, including those outside of the respec-
tive slenderness and material strength limitations specified in the
various standards, it follows that those limitations are possibly unduly
prohibitive. This is consistent with previous findings [30]. However,
since all the calculated actual to predicted moment capacity ratios

Table 8
Actual to predicted moment capacity ratios and bending stiffness ratios for hollow SWTs (NC ≡ Not Compact).

Specimen label D/t λ AS 4100
slenderness
limits

AS 4100 classification Mmax / MAS4100 Mmax / MAS4100_c (EI)measured / (EI)theoretical

λp λey

M0D22 79.4 74.6 42 120 NC 1.29 1.15 0.91
M0D23 52.4 52.7 42 120 NC 1.17 1.13 0.90
M0D32 108.9 102.4 42 120 NC 1.22 0.99 1.00
M0D33 71.0 71.5 42 120 NC 1.18 1.08 0.92
M0D42 118.6 111.4 42 120 NC 1.17 0.91 0.95
M0D43 79.5 80.1 42 120 NC 1.14 1.02 0.96
Mean 1.19 1.05 0.94
Stdev 0.05 0.09 0.04

Table 7
Sectionslenderness classifications of tested CF-SWST as per several codes of practice (C ≡ Compact, NC ≡ Non-compact).

Specimen
label

D/t λ AS 2327 EC4 AISC AIJ CAN/CSA S16–01 GB-50936

λ Compact
limit

D/t
limit

Compact
D/t
limit

Non-Compact
D/t
limit

Compact
D/t
limit

Compact
D/t
limit

Compact
D/t
limit

M1D22 79.0 74.2 125 C 90 C 76.6 263.9 NC 150 C 119.2 C 177 C
M2D22 79.8 75.0 125 C 90 C 76.6 263.9 NC 150 C 119.2 C 177 C
M1D23 53.8 54.2 125 C 84 C 71.5 246.3 C 140 C 111.2 C 165 C
M2D23 51.0 51.4 125 C 84 C 71.5 246.3 C 140 C 111.2 C 165 C
M1D32 108.6 102.1 125 C 90 NC 76.6 263.9 NC 150 C 119.2 C 177 C
M2D32 109.2 102.6 125 C 90 NC 76.6 263.9 NC 150 C 119.2 C 177 C
M1D33 70.8 71.3 125 C 84 C 71.5 246.3 C 140 C 111.2 C 165 C
M2D33 71.2 71.7 125 C 84 C 71.5 246.3 C 140 C 111.2 C 165 C
M1D42 118.1 110.9 125 C 90 NC 76.6 263.9 NC 150 C 119.2 C 177 C
M2D42 119.1 111.9 125 C 90 NC 76.6 263.9 NC 150 C 119.2 C 177 C
M1D43 79.1 79.6 125 C 84 C 71.5 246.3 NC 140 C 111.2 C 165 C
M2D43 79.9 80.5 125 C 84 C 71.5 246.3 NC 140 C 111.2 C 165 C
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were N1.0, the tests that were conducted do not shed any light on what
the actual slenderness limits may be.

For AISC-360, the conservativeness of the specified ‘compact’ slen-
derness limit of 0.09 E/fy can be further verified by evaluating the rota-
tional capacity Rcap for the tested CF-SWSTs. Rcap values corresponding
to the CF-SWST bending tests were calculated using Eq. (6) following
the procedure detailed in [30]. Since rotations were not explicitly mea-
sured during the tests, they were approximated using Eq. (7) based on
the assumption of a half-sine wave deflected shape. The calculated
Rcap values are tabulated in Table 6.

Rcap ¼ θmax−θP
θP

ð6Þ

where θP ¼ Pa
2ðEIÞinitial

ðL−aÞ and θmax is given by Eq. (7)

θmax ¼ 2δmax π=Lð Þ ð7Þ

As can be seen from the calculated values of Rcap, rotational ca-
pacities greater than the requirement specified in AISC-360 (i.e.
Rcap ≥ 3) were achieved for all the tested specimens, including
those which were classified as ‘non-compact’. This result together
with the fact that for all the tested specimens M0.01 values greater
than the ‘compact’moment capacity as defined in AISC-360were ob-
tained exemplifies the conservative nature of the AISC-360 compact
slenderness limit. Rcap values were also calculated for the tested hol-
low specimens and are also tabulated in Table 6. The fact that for all

Table 9
Actual to predicted moment capacity ratios for the tested CF-SWSTs (comp. ≡ composite).

Specimen
label

D/t Based on Mmax Based on M0.01

AS
2327

EC4 AISC AISC
Mc

AIJ steel
only

AIJ
comp.

CAN GB Han AS
2327

EC4 AISC AISC
Mc

AIJ steel
only

AIJ
comp.

CAN GB Han

M1D22 79.0 1.78 1.78 1.61 1.61 1.94 1.52 1.57 1.49 1.81 1.65 1.65 1.49 1.49 1.80 1.41 1.46 1.38 1.68
M2D22 79.8 1.94 1.94 1.76 1.75 2.32 1.66 1.71 0.85 1.71 1.63 1.63 1.48 1.47 1.95 1.39 1.44 0.72 1.44
M1D23 53.8 1.53 1.53 1.39 1.39 1.61 1.31 1.35 1.54 1.56 1.43 1.43 1.29 1.29 1.50 1.22 1.25 1.44 1.45
M2D23 51.0 1.53 1.53 1.38 1.38 1.75 1.31 1.34 0.94 1.42 1.39 1.39 1.26 1.26 1.59 1.19 1.22 0.86 1.29
M1D32 108.6 1.55 1.55 1.43 1.40 1.78 1.33 1.38 0.97 1.51 1.37 1.37 1.27 1.23 1.57 1.17 1.21 0.86 1.33
M2D32 109.2 1.64 1.64 1.51 1.48 2.02 1.40 1.46 0.54 1.38 1.45 1.45 1.33 1.31 1.78 1.24 1.29 0.48 1.22
M1D33 70.8 1.57 1.57 1.42 1.42 1.73 1.35 1.39 1.28 1.59 1.35 1.35 1.22 1.22 1.48 1.15 1.19 1.09 1.36
M2D33 71.2 1.61 1.61 1.46 1.46 1.91 1.38 1.42 0.76 1.44 1.42 1.42 1.28 1.28 1.68 1.22 1.25 0.67 1.27
M1D42 118.1 1.48 1.48 1.38 1.34 1.72 1.26 1.31 0.86 1.42 1.32 1.32 1.23 1.20 1.54 1.13 1.18 0.77 1.27
M2D42 119.1 1.54 1.54 1.42 1.39 1.90 1.31 1.37 0.47 1.27 1.50 1.50 1.38 1.36 1.86 1.28 1.33 0.46 1.24
M1D43 79.1 1.52 1.52 1.38 1.61 1.69 1.30 1.34 1.15 1.52 1.34 1.34 1.22 1.21 1.50 1.15 1.19 1.02 1.35
M2D43 79.9 1.57 1.57 1.43 1.75 1.88 1.34 1.39 0.68 1.38 1.45 1.45 1.32 1.31 1.74 1.24 1.28 0.62 1.27
Average 1.61 1.61 1.46 1.45 1.85 1.37 1.42 0.96 1.50 1.44 1.44 1.32 1.30 1.67 1.23 1.27 0.86 1.35
Stdev 0.13 0.13 0.11 0.12 0.19 0.11 0.12 0.35 0.15 0.11 0.11 0.09 0.10 0.16 0.09 0.09 0.32 0.13

Fig. 21. Variation of actual to predicted capacity ratio with slenderness parameters a), c) Mmax/Mpredicted and b), d) M0.01/Mpredicted with D/t and λ respectively (SS ≡ Seamless, U ≡
Unclassified tube type, ‘other’ – tests of dissimilar fcm).
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but one of the tested hollow SWTs the respective Rcap values were
b3.0 justifies their ‘non-compact’ classification as per AS 4100, even
though most of the tested sections achieved maximum moments
greater than the plastic moment capacity.

For comparison, the actual to predicted moment capacity ratios as
per the composite capacity guidelines of AIJwere also calculated for pre-
viously reported CFST bending tests. The respective ratios were calcu-
lated using both Mmax and M0.01. For the latter, only those tests which
explicitly reportedM0.01 were considered [31–33,52,54,59,60]. The var-
iation of the calculated Mmax/Mpredicted and M0.01/Mpredicted ratios with
D/t and λ are shown in Fig. 21. To enable direct comparison with the
tested CF-SWSTs, the previous CFST tests have been shown categorised
by concrete strength and tube type in Fig. 21.

It can be seen that the scatter of the actual to predicted capacity ratio
with section slenderness obtained for the tested CF-SWSTs is, in general,
within the corresponding scatter obtained for previously tested CFSTs of
other tube types. No significant differences in scatter could be observed
for CF-SWSTs and CFSTs of other tube types of similar slenderness and
infill concrete strength. This was especially the case for the respective

scatters based onM0.01, which is a more consistent basis for comparison
thanMmax. However, this comparison ofM0.01/Mpredicted was carried out
based only on the tested grade 50 CF-SWSTs. No tests could be found in
the literature which were comparable to the tested grade 20 CF-SWSTs
and for which M0.01 had been explicitly reported. Together with the
similarity observed between the respective ULS deformation modes,
this result suggests that the behaviour of CFSTs in flexure is equivalent
irrespective of the tube fabrication method and that the codified guide-
lines are equally applicable to CF-SWSTs as well.

3.5. Comparison of bending stiffness values with predictions and previous
test data

The experimentally obtained (EI)initial and (EI)secondary values
were compared to the corresponding predictions calculated as per
the design standard and analytical methods listed in Table 1. Since
the secondary linear region observed in the M - κ plots for the tested
CF-SWSTs continued till approximately 0.6 Mmax, (EI)secondary can be
taken to be representative of the serviceability limit state stiffness of

Fig. 22. Comparison of measured bending stiffness to those predicted by codified and analytical methods for a) initial stiffness b) SLS stiffness.

Table 10
Actual to predicted initial and service bending stiffness ratios for the tested CF-SWSTs.

Specimen
label

Initial stiffness based on gradient of line of best fit to initial linear region of M-κ plots Serviceability stiffness

AS
2327

EC4 AISC-360 AIJ CAN/CSA
S16–01

GB-50936 Han
et al.
[31]

Roeder et al.
[35]

Based on gradient of line of best fit to
second linear region of M-κ plots

Han et al. [31]
(based on Ks)

AS
2327

EC4 Theoretical fully cracked
bending stiffness

M1D22 0.69 0.60 0.84 1.12 0.83 0.60 0.87 1.07 0.92 0.76 0.85 0.94
M2D22 0.88 0.84 1.11 1.76 1.18 0.84 1.21 1.58 1.12 0.89 1.05 0.98
M1D23 0.78 0.70 0.88 1.13 0.90 0.70 0.90 1.06 0.84 0.75 0.78 0.88
M2D23 0.75 0.72 0.86 1.26 0.94 0.72 0.90 1.12 1.20 1.05 1.11 1.09
M1D32 0.54 0.47 0.71 1.03 0.73 0.46 0.78 0.99 0.86 0.64 0.80 0.83
M2D32 0.60 0.57 0.82 1.38 0.84 0.57 0.95 1.26 0.94 0.68 0.91 0.96
M1D33 0.71 0.64 0.85 1.17 0.90 0.63 0.90 1.10 0.97 0.81 0.89 0.88
M2D33 0.79 0.75 0.97 1.51 1.04 0.76 1.05 1.36 0.91 0.74 0.85 0.92
M1D42 0.56 0.50 0.76 1.13 0.77 0.49 0.85 1.09 0.92 0.67 0.86 0.89
M2D42 0.50 0.47 0.69 1.18 0.70 0.47 0.82 1.08 0.84 0.60 0.82 0.94
M1D43 0.76 0.69 0.95 1.32 0.99 0.67 1.01 1.25 1.02 0.83 0.94 0.97
M2D43 0.92 0.88 1.16 1.85 1.23 0.88 1.28 1.66 1.13 0.88 1.05 0.88
Average 0.71 0.65 0.88 1.32 0.92 0.65 0.96 1.22 0.97 0.78 0.91 0.93
Stdev 0.13 0.14 0.14 0.26 0.17 0.14 0.15 0.22 0.12 0.13 0.11 0.07
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the specimens. In addition to the methods listed in Table 1, the SLS
stiffness (EI)secondary was also compared to the theoretical no-
tension fully cracked elastic stiffness of the respective CF-SWSTs.
The definition for Ec as given in AS 2327was used for this calculation.
The calculated actual to predicted bending stiffness ratios are listed
in Table 10 and are compared in Fig. 22.

In the method proposed by Han etal. [31] the initial (Ki) and ser-
viceability limit state (Ks) stiffness are defined as secant stiffness
values corresponding to moment levels of 0.2 M0.01 and 0.6 M0.01.
Using the M-κ plots of Fig. 8 together with the M0.01 values that
were obtained experimentally, Ki and Ks were evaluated for the
tested CF-SWSTs and are listed in Table 6. As expected, in general,
good agreement was obtained between the secant stiffness values
and the corresponding values calculated using the gradients of the
lines of best fit to the two linear regions. However, for specimens
M1D43 and M2D43 the calculated values of Ki were noticeably
smaller than the corresponding (EI)initial values. This was observed
to be because the initial linear region of the M - κ plots for these
specimens did not extend to a moment level of 0.2 M0.01. Hence for
comparison with the stiffness equations proposed by Han et al. [31]
the experimentally obtained (EI)initial and Ks values were used for
the initial and SLS stiffness respectively.

From Table 10 and Fig. 22, it is clear that equation proposed by
Han et al. [31] and the equation contained in AS 2327 gave the best
predictions for the initial and SLS stiffness respectively. The codified
guidelines, except those of AIJ, provided un-conservative estimates
of the initial gradient while the corresponding predictions of AIJ
were overly conservative. However, the expression given in AIJ was
found to provide reasonable estimates of the SLS stiffness as it is
equivalent to that specified in AS 2327.

The experimental initial bending stiffness values that have
been reported in the literature for comparable CFST bending
tests of other non-SWT tube types were also found to be satisfac-
torily predicted by the model of Han et al. [31], as can be seen
from Fig. 23. On the other hand, in relation to the SLS bending
stiffness, compared to the tested CF-SWSTs, the predicted values
as per AS 2327 for previous CFST bending tests of non-SWT tube
types were found to be noticeably conservative. However, this
comparison was based on a limited number of previous test data.
This was because only previously reported CFST bending tests,
where conventional normal strength concrete mixes had been
used, were considered for Fig. 23 to enable a consistent compari-
son with the results obtained for the tested CF-SWSTs. In the liter-
ature, the initial experimental stiffness has typically been taken as
that corresponding to the initial linear gradient of the respective

M – κ plots [38,50,61,62] or the secant stiffness at 0.2 M0.01

[31,32,52,60], while the serviceability stiffness has commonly
been adopted as the secant stiffness at 0.6 M0.01 [31,32,52,60].
For the tests included in Fig. 23, the average actual to predicted
bending stiffness ratios for the initial and serviceability bending
stiffness were 1.08 and 1.25 respectively.

4. Conclusions

Based on the experimental programme that was carried out, the fol-
lowing conclusions can be arrived upon;

1. The guidelines of AS 4100 relating to section slenderness classifica-
tion andmoment capacity calculation appear to be applicable for hol-
low SWTs as well.

2. It was ascertained that the guidelines of several commonly used de-
sign standards could be conservatively applied for predicting the ULS
capacity of CF-SWSTs loaded in flexure. Nonetheless, the ‘compact’
slenderness limits defined in several standardswere found to be pro-
hibitively conservative. The actual applicable limits should be
established through further experimental and numerical investiga-
tion of CF-SWSTs with higher section slenderness.

3. CF-SWSTsunder flexure can achieve significant levels of ductility
compared to their hollow counterparts. The ductility levels that
were achieved for the tested CF-SWSTs were of similar magni-
tude to that reported previously for comparable CFSTs of other
tube types.

4. Based on the similarities observed between the tested CF-SWSTs
and previously tested comparable CFSTs of other tube types, it ap-
pears that the ultimate limit state moment capacity and deforma-
tion mode of CFSTs in flexure are independent of the tube
fabrication method. The potential of SWTs to be used as direct re-
placements of other tube types in CFSTs was thus verified through
this study.

5. The presence of concrete confinement, albeit of a non-uniform na-
ture, in the compressive regions of the respective CF-SWST sections
was experimentally verified in this study. A moment capacity calcu-
lation model which considers this behaviour may result in predic-
tions closer to the actual values than those of current codified
methods. Finite-element based investigations are recommended for
this purpose in the future.
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Fig. 23. Comparison of measured to predicted bending stiffness for previously reported CFST bending tests of other tube types – a) Initial stiffness vs Han et al. [31] predictions, b) SLS
stiffness vs AS 2327 predictions (U ≡ Unclassified tube type, ‘other’ – tests of dissimilar fcm).
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A B S T R A C T   

Durability and maintenance considerations may necessitate the use of stainless-steel for concrete-filled steel tube 
structural elements. The cost-effectiveness of such concrete-filled stainless-steel tubes (CFSSTs) can be improved 
by utilising spiral-welded tubes compared to their longitudinally welded counterparts. Spiral-welded stainless- 
steel tubes (SWSSTs) are fabricated by helically bending a continuous length of steel plate and welding the 
resulting abutting edges. The flexural behaviour under static loading of such hollow as well as concrete-filled 
spiral-welded stainless-steel tubes (CF-SWSSTs) has not been investigated to date, unlike for other stainless- 
steel tube types. To address this research gap, an experimental program was conducted consisting of four- 
point bending tests on twelve self-compacting CF-SWSST specimens. Tube geometries of nominal outside 
diameter 152 mm, 203 mm and 229 mm with wall thicknesses of 2 mm and 3 mm each were considered for the 
tests, together with infill concrete strengths of 20 MPa and 50 MPa. Six hollow SWSSTs corresponding to each of 
the six tube geometries were also tested for reference. The study showed that the ultimate limit state (ULS) 
deformation mode of CFSSTs was similar, irrespective of the tube fabrication method. The same was found to be 
true for hollow stainless-steel tubes as well. However, for hollow SWSSTs, it appears that there is greater 
probability for local buckling to occur at the spiral-weld seam, unlike for CF-SWSSTs. Nonetheless, for both 
hollow and CF-SWSSTs, existing codified guidelines were found to provide considerably conservative estimates 
of the respective ULS moment capacities. The prediction conservativeness was comparable to that reported for 
other tube types. For the tested CF-SWSSTs, the existence of non-uniform concrete core confinement at the ULS 
was confirmed experimentally. Explicit consideration of such effects may lead to improved predictions of the ULS 
flexural capacity compared to existing methods.   

1. Introduction 

The high initial cost of stainless-steels has traditionally inhibited 
their widespread use for structural engineering applications [1]. None-
theless, for structures located in aggressively corrosive environments 
and for which regular maintenance access is difficult, the 
cost-comparison of stainless-steel with carbon-steels becomes more 
favourable [2]. The use of austenitic and duplex stainless-steel hollow 
sections for such structures has been previously reported in the literature 
[3]. Furthermore, the use of hollow sections infilled with concrete has 
been stated as a way of utilising stainless-steel for structures in a more 
economical and structurally efficient manner [4]. The cost-effectiveness 
of such concrete-filled stainless-steel tube (CFSST) structural elements 
can be further increased by using spiral-welding for the fabrication of 

the steel tubes, rather than conventional longitudinal seam welding. 
Spiral-welded tubes (SWTs), which are fabricated by helically bending a 
continuous length of steel plate and seam-welding the resulting abutting 
edges [5], offer a number of advantages compared to longitudinally 
welded tubes (LWTs). Since SWTs of a range of different diameters can 
be formed using a given width of parent plate [6], larger diameter tubes 
can be fabricated more economically using spiral-welding. The capital 
costs of spiral tube mills are lower compared to those of other tube types 
[7]. Further cost-savings are derived from efficiencies generated due to 
the continuous nature of the spiral-welding operation [8] and the fact 
that a lesser number of forming tools are required to form tubes of 
different diameters [7]. 

However, a number of previous investigations have found that high 
levels of fabrication induced residual stresses, of more complex distri-
bution, can be present in SWTs, compared to LWTs [9–12]. In addition, 
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it has also been found that SWTs contain distinct fabrication induced 
surface imperfections [13]. Even though these findings have only been 
reported for carbon-steel SWTs, they can be expected to be valid for 
spiral-welded stainless-steel tubes (SWSSTs) as well. As a result, the 
ultimate limit state (ULS) structural behaviour of hollow SWSSTs, and in 
turn of concrete-filled spiral-welded stainless-steel tubes (CF-SWSSTs) 
can potentially differ from those of their longitudinally welded coun-
terparts. Thus, the behaviour of CF-SWSSTs warrant separate consider-
ation. The authors have previously shown this postulation to be valid for 
CF-SWSSTs under concentric and eccentric compression [14,15]. The 
scatter of the actual to predicted ULS capacity ratio of CF-SWSST col-
umns, calculated as per the guidelines of commonly used design stan-
dards relating to carbon-steel CFSTs [16–21], was shown to be distinct 
to that corresponding to CFSSTs of other tube types. 

Although the common application of CFSSTs and concrete-filled steel 
tubes (CFSTs) in general is as structural columns, they can also be uti-
lised as purely flexural elements. Even though not reported for CFSSTs, 
such an application has been reported in the literature for carbon-steel 
CFSTs by Nakamura et al. [22], where CFSTs were used as bridge 
girders. It follows that CFSSTs can also potentially be used in a similar 
manner. Hence, understanding the flexural behaviour of CFSSTs is of 
practical significance. However, the behaviour of CF-SWSSTs as well as 
hollow SWSSTs under flexural static loading has not been studied to 
date. On the contrary, the static flexural behaviour of mild-steel con-
crete-filled spiral-welded steel tubes (CF-SWSTs) has previously been 
studied, by the authors themselves [23]. The mechanical behaviour of 
stainless-steels is sufficiently different to that of mild- and carbon-steels 

[1] that CF-SWSSTs require separate consideration, distinct from 
mild-steel CF-SWSTs. This is exemplified by the fact that there exists 
separate codes of practice for hollow stainless-steel tubes [24,25] 
distinct from those which address their mild- and carbon-steel coun-
terparts [26,27]. The work described in this paper aimed to address this 
identified research gap relating to the static flexural behaviour of hollow 
and concrete-filled SWSSTs. 

Unlike CF-SWSSTs, the pure bending behaviour of CFSSTs of other 
tube types, namely LWTs and seamless tubes, has previously been 
investigated by Yang and Ma [28] and Chen et al. [29] respectively. 
Pertinent details of the tests conducted in these two experimental pro-
grams are listed in Table 1. Irrespective of the tube fabrication type, the 
previously tested CFSSTs in flexure exhibited an extremely ductile ULS 
failure mode. The respective deformed shapes resembled that typical of 
overall flexural buckling. The occurrence of local buckling in the region 
of maximum compression was also reported for all the tested CFSSTs. 
For all the tests which used LWTs, as well for the majority of the tests 
where seamless tubes were considered, monotonically increasing 
moment-deformation behaviour was reported without the occurrence of 
a clear peak. Even for the seamless CFSSTs which displayed a peak 
moment, the respective peaks occurred at quite large deformations, 
where the maximum deflections were well in excess of L/20 (L �
effective span length). For the previously tested CFSSTs, similar to CFSTs 
in general [30], no consistent definition was considered for the experi-
mental ULS moment capacity. This is primarily as a result of the 
monotonically increasing nature of the moment-deformation behaviour 
that was observed. Yang and Ma [28] and Chen et al. [29] considered the 

Nomenclature 

a Shear span 
CFSST Concrete-filled stainless-steel tube 
CFST Concrete-filled 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 
E0 Initial modulus of stainless-steel 
Ec Elastic modulus of concrete 
EIinitial Initial bending stiffness of M – κ plots 
f0.2% 0.2% proof stress of stainless-steel 
f1.0% 1.0% proof stress of stainless steel 
f’c Characteristic concrete cylinder compressive strength 
fcm Mean concrete cylinder compressive strength 
fp Stress at end of proportional limit (i.e. 0.01% proof stress 

of stainless steel) 
fu Ultimate tensile strength of stainless-steel 
Ki Initial bending stiffness (secant stiffness corresponding to a 

moment of 0.2 M0.01) 
Ks SLS bending stiffness (secant stiffness corresponding to a 

moment of 0.6 M0.01) 
L Simply supported span length between centre-line of 

supports 
LWT Longitudinally welded tube 
LVDT Linear voltage displacement transducer 
M Mid-span bending moment 
M0.01 Moment at a longitudinal tensile strain of 0.01 
MAS4673_compact Predicted compact capacity as per AS 4673 
Mcap ULS moment capacity – taken as either Mmax or M0.01 
ML/50 Moment corresponding to a central displacement of L/50 
Mmax Peak or maximum moment achieved during the test 
Mp Plastic moment capacity as per specified guidelines 
Mpredicted Predicted ULS moment capacity as per the respective 

analytical/codified method 

n non-linearity index based on f0.2% and fp 
n0.2,1.0 non-linearity index based on f0.2% and f1.0% 
P Applied central load from AMSLER testing machine 
Rcap Rotational capacity as defined in AISC-360 
SLS Serviceability limit state 
SWSST Spiral welded stainless-steel tube 
SWT Spiral welded tube 
t Wall thickness of tube 
ULS Ultimate limit state 
y Distance across section height measured from location of 

strain gauge TL/TC 
Δmax, Δ0.01 Ductility indices corresponding to δmax and δ0.01 

respectively 
δm Measured mid-span vertical displacement 
δmax Maximum measured mid-span vertical displacement (for 

CF-SWSSTs)/Measured mid-span vertical displacement 
corresponding to Mmax (for hollow tubes) 

δ0.01 Measured mid-span vertical displacement corresponding 
to M0.01 

δm_Mcap central displacement at the respective ULS moment 
capacity 

δhy Theoretical mid-span vertical displacement at first yield of 
CF-SWSST if concrete core was not present 

εu Strain at ultimate strength fu 
εtrans Measured circumferential strain 
εl Measured longitudinal strain 
εTC, εTL Strains measured by gauges TC and TL 
ε0.2% Strain at f0.2% 
ε1.0% Strain at f1.0% 
κ Curvature at mid-span 
λ (D/t) (f0.2%/250) 
νe Effective measured Poisson’s ratio at location of maximum 

longitudinal compression 
θmax Summation of support rotation magnitudes corresponding 

to δmax  
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bending moment at a longitudinal tensile strain of 0.01 (M0.01) and at a 
maximum displacement equal to L/50 (ML/50) respectively, as the 
experimental ULS moment capacity. For CFSTs in general, considering 
both carbon- and stainless-steel CFSTs, the majority of previous in-
vestigations considered either the maximum moment achieved during 
the test (Mmax) or M0.01 as the experimental moment capacity [30]. The 
latter definition has found wide acceptance based on the fact that strains 
higher than 0.01 are typically not of practical interest for structures at 
the ULS [31,32]. Nonetheless, it should also be stated that the definition 
of ULS flexural capacity for monotonically increasing 
moment-deformation behaviour is an area which warrants further 
research, as observed by Uy et al. [31]. 

Unlike for hollow stainless-steel tubes, there currently exists no 
specific codes of practice dealing with the design and assessment of 
CFSSTs. Nonetheless, it has been shown that existing standardised 
guidelines, relating to the ULS flexural capacity of carbon-steel CFSTs, 
are conservatively applicable to CFSSTs of non-SWT tube types as well 
[28,30]. For these predictions, the respective 0.2% proof stress of 
stainless-steel (f0.2%) was used in place of the steel yield strength (fy) 
referred to in the respective standards. Nonetheless, the actual section 
slenderness limits applicable to CFSSTs appear to be much greater than 
those currently specified in the standards and well outside of the range 
of slenderness values that have been considered for the previously tested 
specimens [30]. Existing design standards also provide guidelines 
relating to the bending stiffness of carbon-steel CFSTs [23]. For the 
CFSSTs they tested, Chen, et al. [29] and Yang and Ma [28] reported that 
several such standards over-predicted the experimentally obtained 
initial bending stiffness (Ki), where Ki was taken as the secant stiffness 
corresponding to a moment equal to 0.2 ML/50 or 0.2 M0.01. However, 
Yang and Ma [28] found that the guidelines of AIJ-2001 gave pre-
dictions which were in close agreement with the experimentally ob-
tained values. The serviceability bending stiffness, taken to be the secant 
stiffness at 60% of the ULS moment, was found by both Yang and Ma 
[28] and Chen et al. [29] to be grossly over-predicted by the expressions 
given in the various standards. 

Unlike for hollow SWSSTs, hollow stainless-steel tubes of other tube 
types have been previously investigated under flexure [29,33–35]. 
Except for the tests conducted by Chen et al. [29], a failure mode con-
sisting of inward local buckling in the maximum compression region was 
observed for hollow stainless-steel tubes with the prevalence of local 
buckling decreasing with decreasing slenderness. Unlike for their 
concrete-filled counterparts, the tested stainless-steel tubes displayed a 
clear peak moment. Premature failure due to ovalisation of the 
cross-section was reported by Chen et al. [29]. This mode of failure was 
explicitly prevented in the other reported test programs through use of 
circular load collars [33–35]. For the tests for which ovalisation was 
prevented, the corresponding predicted capacities as per existing codes 
of practice [24] were found to be conservative compared to the 
respective experimental values. 

For SWSSTs to be used as direct replacements of other tube types in 
CFSSTs under flexure, the validity of the foregoing discussions to CF- 
SWSSTs needs to be determined. This would enable specific pro-
hibitions, such as those applied by some design standards against the use 
of SWTs for CFSTs [21], to be removed. Given this context, the main 
aims of the test programme described in this paper were to experi-
mentally obtain the ULS behaviour of CF-SWSSTs in flexure, to ascertain 

the applicability of existing codified methods to CF-SWSSTs and to 
assess the equivalence between CF-SWSSTs and CFSSTs of other tube 
types under flexural loading. 

2. Experimental study 

In order to achieve the afore-stated aims an experimental programme 
was formulated consisting of 12 CF-SWSST flexural tests. The main pa-
rameters that were varied were the outside diameter to wall thickness 
ratio (D/t) and the infill concrete strength (fcm). Six different tube ge-
ometries were considered (i.e. six nominal D/t ratios) by utilising 
SWSSTs of three different outside diameters with wall thickness values 
of 2 mm and 3 mm each. The nominal outside diameters that were 
considered were 152 mm, 203 mm and 229 mm. To enable a direct 
comparison, the chosen tube geometries were the same as those 
considered by the authors for a previous test program of mild-steel CF- 
SWSTs [23]. In addition to the CF-SWSST tests, six hollow SWSSTs, 
corresponding to the six tube geometries that were considered, were also 
tested for reference. In order to ensure that the behaviour was domi-
nated by flexure an effective simply supported span length greater than 
12D was utilised for the tests along with shear spans greater than 3.5D. 
These criteria together with the limited length of the reaction beam 
available for the tests constrained the maximum tube diameter that 
could be chosen for the tests. 

2.1. Spiral-welded tubes 

18 nominally grade 316 SWSSTs were procured from a supplier in 
New South Wales, Australia [36]. All the supplied tubes contained 
single-sided spiral-weld seams which had been welded from the tube 
outsides using metal inert gas welding. Details of the welding process 
has been reported previously by the authors [14,15]. Detailed geomet-
rical measurements were taken at the ends as well as at mid-length of the 
as-supplied tubes. The measurement locations were the same as those 
considered by the authors in previous CF-SWSST test programs [14,15]. 
Average values of the respective measurements are given in Table 2. 
Table 2 also contains estimated average values of the inner and outer 
bead thickness of the spiral-weld seam section. The observed typical 
shape of the spiral-seam cross section is shown in Fig. 1. It was also 
found that the ovality present in the as-supplied tubes was negligible as 
the average measured ovality was less than 1% of the nominal diameter. 
It should be noted that in Table 2 as well as in the remaining sections of 
this paper, each test specimen is referred to by a label of the form 
‘SN1DN2N3’. In this label, N1 is either equal to 1 or 2 representing the 
infill concrete grade (0 for hollow, 1 for 20 MPa and 2 for 50 MPa), N2 is 
equal to either 2, 3 or 4 representing the three different nominal di-
ameters that were considered for the tests (152 mm, 203 mm and 229 
mm respectively) and N3 is the nominal wall thickness of the respective 
tube (& D � Diameter). 

2.2. Steel material properties 

Tensile coupon tests, carried out as per AS 1391 [37], were used to 
obtain the material properties of the SWSSTs. The respective material 
parameters, as per the models proposed by Quach et al. [38], Rasmussen 
[39] and Gardner and Ashraf [40] are given in Table 3. The tested 

Table 1 
Experimental details of previously reported flexural tests of CFSSTs of non-SWT tube types.  

Author Stainless-steel 
grade 

Tube 
type 

Concrete type D (mm) t (mm) f0.2% 

(MPa) 
fcm (MPa) E0 (GPa) L/D a/D D/t 

Chen et al. 
[29] 

AISI 201 Seamless Normal concrete 89, 114, 
133 

1.10, 
1.5, 2 

434–474 31.9, 41 196–209 6.8, 7.9, 
10.1 

2.3, 2.6, 
3.4 

44.5–120.9 

Yang and 
Ma [28] 

AISI 304 LWT Normal/Recycled 
aggregate concrete 

120 1.77 286.7 45.3–52.4 185 8.3 2.1 67.8  
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coupons of 2 mm nominal thickness were extracted from three different 
orientations from a representative length of SWSST. As shown in Fig. 2a, 
coupons were extracted along the tube axis (L1-3), perpendicular to the 
tube axis (C1-2) and along the weld seam (AW1-3). The 2 mm coupon 
tests referred to in this paper are the same as those reported previously 
by the authors [14,15]. This was since the tubes of 2 mm wall thickness 
described in this paper, as well as the SWSSTs used in Refs. [14,15], 
originated from the same batch of tubes. For the tubes with 3 mm wall 
thickness, representative coupons were extracted from a length of the 
virgin plate that had been used for the tube fabrication. This was deemed 
acceptable, since the authors have previously shown that the average 
material properties obtained from coupons extracted from SWSSTs in 
their welded state and those taken from the corresponding virgin plates 
agree within 5% [14]. As shown in Fig. 2b, the nominally 3 mm thick 
coupons were extracted parallel to (V), perpendicular (H) to and at �45�

(D1,2) to the plate coiling direction. Due to an equipment malfunction 
which resulted in no strain data being available, material properties 
parallel to the coiling direction could not be obtained for the 3 mm thick 
coupons. 

The average orientation-specific material properties agreed with the 
respective overall average values within 10%, similar to the findings of 
Li et al. [41]. This was the case for all the calculated properties except in 
relation to the non-linearity index (n) of the nominally 2 mm thick 
coupons. Even for the non-linearity index referred to above, the corre-
sponding difference in stress, within strain magnitudes applicable to 
structures (i.e. 0.01 [31]) was within 10%. Therefore, it was judged that 
effective isotropic behaviour can be reasonably considered for the tested 
SWSSTs, consistent with the conclusions of [41]. This was especially so 
in relation the initial modulus (E0) and 0.2% proof stress (f0.2%). For the 
analytical work described in this paper, the respective overall average 
values, listed in Table 3, were considered for E0 and f0.2%. 

2.3. Concrete material properties and specimen preparation 

Nominally grade 20 MPa and 50 MPa ready-mix self-compacting 
concretes were used for infilling the SWSSTs. For mild-steel CFSTs, it has 
previously been shown that the flexural behaviour is independent of 
whether the concrete infill is self-compacting or compacted through 

Table 2 
Average measured dimensions of SWSSTs used for the test program and corresponding experimental details.  

Specimen 
label 

D 
(mm) 

t 
(mm) 

Weld 
pitch 
(mm) 

Weld 
width 
(mm) 

Outer bead 
thickness 
(mm) 

Inner bead 
thickness 
(mm) 

D/t (D/t)/ 
(E0/ 
f0.2%) 

L 
(mm) 

a 
(mm) 

b 
(mm) 

fcm 

(MPa) 
f0.2% 

(MPa) 
tage 

(days) 

S0D22 153.81 2.03 385.80 6.82 1.54 
(average) 
2.69 (max) 

0.55 
(average) 
1.51 (max) 

75.77 0.106 1930 578 387 N/A 262.5 N/A 
S0D23 153.58 3.02 387.80 8.13 50.85 0.073 1930 582 383 N/A 282.8 N/A 
S0D32 203.10 2.04 514.40 7.56 99.56 0.139 2573 774.5 512 N/A 262.5 N/A 
S0D33 203.08 3.03 339.81 7.70 67.02 0.096 2573 946.5 340 N/A 282.8 N/A 
S0D42 229.74 2.07 481.21 7.77 110.99 0.156 3155 1097.5 480 N/A 262.5 N/A 
S0D43 229.61 3.04 481.75 8.77 75.53 0.108 3155 1097.5 480 N/A 282.8 N/A 
S1D22 153.54 2.07 386.60 6.25 74.17 0.104 1930 580 385 18.4 262.5 42 
S2D22 153.01 2.04 383.80 6.50 75.00 0.107 1930 579 386 53.4 282.8 55 
S1D23 153.53 3.03 386.40 6.94 50.67 0.071 1930 580 385 18.1 262.5 39 
S2D23 153.39 3.01 386.20 7.55 50.96 0.073 1930 579 386 53.3 282.8 54 
S1D32 203.21 2.05 515.20 7.79 99.13 0.139 2573 774.5 512 24.1 262.5 168 
S2D32 202.98 2.03 513.60 7.33 99.99 0.143 2573 774.5 512 57.3 282.8 169 
S1D33 203.04 3.04 338.63 7.78 66.79 0.093 2573 774.5 512 24.0 262.5 165 
S2D33 203.11 3.01 341.00 7.62 67.48 0.097 2573 774.5 512 57.4 282.8 174 
S1D42 229.68 2.09 480.58 7.95 109.89 0.154 3155 1065.5 512 24.5 262.5 188 
S2D42 229.81 2.05 481.83 7.60 112.10 0.161 3155 1065.5 512 57.7 282.8 193 
S1D43 229.33 3.10 480.00 7.34 73.98 0.104 3155 1065.5 512 24.6 262.5 190 
S2D43 229.59 3.07 482.67 8.47 74.79 0.107 3155 1065.5 512 57.8 282.8 194  

Fig. 1. Typical cross-section of spiral-weld seam as seen at tube ends.  

Table 3 
Average stainless-steel material properties obtained from tensile coupon tests.  

Coupon nominal thickness Coupon orientation E0 (GPa) f0.2% (MPa) fp (MPa) ε0.2% fu (MPa) εu n f1.0% (MPa) ε1.0% n0.2,1.0 

2 mm Avg L0 181 264.0 177.7 0.0035 594.7 0.65 7.60 298.4 0.012 1.42 
Avg AW 206 262.9 155.8 0.0033 592.1 0.58 5.82 295.9 0.011 1.42 
Avg C 190 255.4 178.7 0.0033 578.4 0.62 9.59 289.1 0.012 1.61 
Avg all 187 262.5 173.2 0.0034 591.8 0.63 7.50 296.5 0.012 1.45 
Stdev all 16 5.5 15.1 0.0001 7.9 0.03 1.95 5.4 0.000 0.13 

3 mm Avg_D1 186 279.3 190.5 0.0035 606.1 0.59 8.14 312.6 0.012 1.60 
Avg_D2 202 283.9 196.8 0.0034 613.7 0.58 8.47 319.1 0.012 1.67 
Avg_H 203 285.2 201.7 0.0034 620.6 0.58 8.71 320.8 0.012 1.74 
Avg_all 197 282.8 196.3 0.0034 617.8 0.58 8.44 317.5 0.012 1.67 
Stdev_all 12 4.3 15.2 0.0001 12.9 0.02 1.68 5.8 0.000 0.11  
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mechanical means [32]. Prior to infilling the tubes with concrete, 5 mm 
thick temporary end-plates were tack welded on to one side of all the 
tubes. The concrete infilling was carried out using a concrete boom 
pump with the tubes stood up vertically. The flexible hose of the boom 
pump was lowered down to near the bottom of each tube and gradually 
withdrawn as the concrete level within the tube increased. The infilled 
tubes were thereafter cured for a period of 28 days. At the time of 
pouring, on-site slump flow values equal to 550 mm and 600 mm were 
obtained for the 20 and 50 MPa concrete grades respectively. 

At the time of infilling the SWSSTs, 100 mm diameter and 200 mm 
high concrete cylinders were also cast and cured on-site in a similar 
manner to the as-cast CF-SWSSTs. Since the test programme was carried 
out during a period of approximately 6 months, the mean concrete 
strength (fcm) corresponding to each tested specimen was estimated 
using an empirically derived strength gain curve. For this purpose, the 
concrete cylinders that were cast were tested in compression at regular 
intervals. The experimentally obtained average compressive strengths 
corresponding to the respective testing ages (tage) are plotted in Fig. 3. 
The standard deviations associated with each average strength are also 
shown in Fig. 3 through error-bars. Using the compressive strength data, 
two ‘best-fit’ strength gain curves were obtained, one each for the two 
concrete grades that were considered. The assumption of logarithmic 

Fig. 2. Extraction locations and orientations for nominally a) 2 mm and b) 3 mm thick stainless-steel coupons [14,15].  

Fig. 3. Experimentally obtained average concrete compressive strengths and 
strength gain curve approximations [23]. 
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variation of concrete strength with time was found to provide the best fit 
to the experimental data, consistent with established knowledge [42]. 
The best fit curves are plotted in Fig. 3 for reference where their 
mathematical formulations are also stated. Longitudinal strains were 
measured for some of the concrete cylinders tested in compression using 
which the respective concrete elastic moduli (Ec) were estimated. It was 
observed that, on average, the experimentally obtained Ec values were 
within 15% of the values predicted by several codes of practice [16, 
18–20]. Hence, for the analytical work described in later sections of this 
paper, the theoretical Ec values, calculated as per the respective guide-
lines, were used. 

2.4. Experimental setup 

Consistent with previously reported CFSST bending tests, a simply 
supported four-point bending setup, shown schematically in Fig. 4, was 
used for the tests. The tests utilised a 2000 kN capacity AMSLER 
compression testing machine together with a 3.5 m long reaction beam. 
Semi-circular clamps, as shown in Fig. 4, were used to avoid local con-
centrations of load at the loading and support points. In relation to the 
hollow SWSSTs that were tested, the use of these collars also precluded 
premature failure of the tubes due to ovalisation. Except for specimens 
S1D33 and S2D33, in general, the specimens were oriented so that the 
spiral-weld seam was located at the maximum tensile fibre at mid-span. 
The locations of the loading and support points were chosen ensuring 
that the weld seam was located on the opposite half of the section to the 
clamp, thereby ensuring good contact between the clamp inner surface 
and the tube outside surface. The adopted orientation for the test 
specimens resulted in at least two complete revolutions of the spiral 

weld being located within the constant moment region. Hence, any ef-
fects of the spiral weld seam, when located at the maximum compressive 
fibre, on the local buckling behaviour was also considered in the tests. At 
least one point, at which the spiral weld crossed the maximum 
compressive fibre, was located at a distance greater than 1D away from 
the loading clamp edges. As a result, it was judged that the constraining 
effect of the loading clamps on the local deformation of the SWSSTs 
would be minimal at the afore-mentioned crossing locations. For spec-
imens S1D33 and S2D33, at mid-span, the spiral weld seam was located 
at the maximum compressive fibre. This was as a result of the constraints 
imposed by the fixed distance between loading points of the spreader 
beam used for the tests together with the relatively smaller weld pitch of 
the two respective specimens. Nonetheless, this variation to the general 
setup was deemed to be acceptable as multiple revolutions of the weld 
seam were still located within the constant moment region. For safety 
and stability, two semi-circular collars clamped together were used at 
each support. 

For three of the tested specimens, namely, S2D22, S1D23 and S2D23 
the relative end-slip between the concrete core and the SWSST was 
measured at one end of the specimens using a linear voltage displace-
ment transducer (LVDT) as shown in Fig. 4c. This practice was dis-
continued for subsequent specimens since the slip data recorded for the 
three afore-mentioned tests contained only pure noise indicating the 
absence of relative end-slip. 

As shown schematically in Fig. 4a, for each test, the longitudinal and 
circumferential strain profiles around the outer perimeter of the SWSST 
at the mid-span section were measured using strain gauges TL, ML, BL 
and TC, TC2, MC, BC respectively. The vertical deflected profiles were 
measured using three string-pot LVDTs located at mid-span and near the 

Fig. 4. a) Schematic of typical experimental setup and instrumentation locations [23], b) actual setup of S1D42 and c) LVDT used to measure end-slip in S1D23.  
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loading points. The applied central load (P) was measured through a 
load-cell in built with the testing machine. 

Displacement control loading was utilised for all the tests. To ensure 
quasi-static loading, on average, the maximum non-dimensional loading 
rate (δm/L) was kept below 0.0016 min� 1. The average δm/L values used 
for the tests were consistent with those previously considered by the 
authors for the mild-steel CF-SWST bending tests they conducted, as well 
as those reported by others for mild-steel CFST bending tests [23,43]. 
During the tests, loading was continued until the maximum tensile fibre 
of the specimen was close to the top of the AMSLER reaction beam or 
until it was judged that it was unsafe to continue the test any further. 

3. Results and discussion 

3.1. Moment-curvature behaviour 

The experimentally obtained variations of bending moment (M) with 
curvature (κ) at the mid-span sections of the tested hollow and concrete- 
filled SWSSTs are shown in Fig. 5. The respective moment and curvature 
values were calculated using Equations (1) and (2) using the measured 
loads (P) and central displacements (δm) together with the shear span 
values (a) and effective span lengths (L) used for the respective test 
setups. 

M ¼ 0:5Pa (1)  

where P is the measured applied central load 

κ ¼ δmðπ=LÞ2 (2)  

where δm is the measured mid-span vertical displacement. 
It was found that the deformed shape of the test specimens, at all load 

levels, could be well approximated by a half-sine wave, as shown in 
Fig. 6 for a few representative test specimens. As a result, the use of 
Equation (2) to calculate curvatures was deemed acceptable. Similar 
findings were reported previously for CFSSTs of other tube types [28,29] 
as well. 

It should be noted that for specimen S2D22, the specimen had to be 
unloaded mid-way during the test and re-loaded due to an equipment 
malfunction. As a result, in Fig. 5c, the M - κ behaviour is shown only 
until the initial unloading point since the central displacements were not 
measured during the subsequent reloading. However, the strains at the 
mid-span section were recorded throughout and have been presented 
later in Section 3.2. 

Unlike that reported for their mild-steel counterparts [23], the tested 
hollow SWSSTs displayed M - κ plots of a continuously rounded nature 
with no clear defined initial linear-elastic region. All the hollow SWSSTs 
achieved a peak moment (Mmax). The respective Mmax values together 
with the corresponding δm values are listed in Table 4 (δmax). In Fig. 5a, 
the M - κ plot corresponding to S0D23 does not contain a peak as a result 
of the respective LVDT cutting-off prior to achievement of Mmax. For the 

Fig. 5. M - κ plots for a) S (0–2)D23, b) S (0–2)D33, c) S (0–2)D22, d) S (0–2)D43, e) S (0–2)D32, and f) S (0–2)D42 (*mid-span LVDTs removed prior to Mmax).  
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tested tubes with low section slenderness (i.e. D/t), significant ‘flat-
tening’ out of the M - κ plots was observed prior to the achievement of 
the peak. This effect was observed to reduce with increasing D/t. With 
increasing D/t, the curvature achieved prior to Mmax decreased while the 
sharpness of the moment drop off in the post-peak region increased. This 
was indicative of reducing ductility with increasing section slenderness. 
The M - κ behaviour observed for the tested SWSSTs was consistent with 

that previously reported for hollow stainless-steel LWTs [35]. 
As shown in Fig. 7, a failure mode consisting of inward local buckling 

was observed for all the tested hollow SWSSTs, similar to that previously 
reported for comparable LWTs [35]. For specimens S0D23 and S0D43, 
circumferential local buckles developed near to the point at which the 
maximum compressive fibre crossed the spiral-weld seam. S0D33 also 
displayed a circumferential local buckle, though located away from the 

Fig. 6. Measured vertical displacement profiles at different load levels for a) S0D42, b) S1D32, c) S1D43, d) S0D43, e) S2D32 and f) S2D43.  

Table 4 
Experimental results.  

Label D/t Mmax 

(kNm) 
M0.01 

(kNm) 
δmax 

(mm) 
M at 
δmax 

M at δm ¼ L/ 
50 (kNm) 

δ0.01 

(mm) 
δhy 

(mm) 
Δmax Δ0.01 Rcap based 

on 
Initial gradient 
of M – κ plots 

Secant stiffness 
(kNm2) 

δmax δ0.01 EIinitial (kNm2) At 0.2 
M0.01 

At 0.6 
M0.01 

S0D22 75.8 13.1 N/A 29.3 13.1 N/A N/A 7.5 2.93 N/A 2.0 N/A 443 470 404 
S0D23 50.8 22.1 N/A 54.4* 22.1 N/A N/A 7.6 6.13 N/A 4.3 737 754 567 
S0D32 99.4 20.7 N/A 27.1 20.7 N/A N/A 10.0 1.70 N/A 0 1255 1361 991 
S0D33 67.1 39.1 N/A 44.0 39.1 N/A N/A 9.6 3.60 N/A 2.9 1783 1893 1550 
S0D42 111.2 27.0 N/A 35.7 27.0 N/A N/A 12.7 1.81 N/A 0 1888 1958 1537 
S0D43 75.7 43.5 N/A 52.5 43.5 N/A N/A 13.0 3.03 N/A 0 2307 2525 2056 
S1D22 74.0 19.9 17.0 75.9 19.7 17.1 34.0 7.5 9.17 3.56 7.8 3.0 711 644 504 
S2D22 74.9 21.1 20.0 55.0* 21.0 20.1 36.8* 7.7 6.17 3.79 7.6 4.8 1096 1168 648 
S1D23 50.8 30.3 26.8y 48.3 28.4 27.0 36.0 7.5 5.46 3.82 4.6 3.2 1008 996 809 
S2D23 50.9 32.3 28.4 67.7 32.3 29.2 31.9 7.7 7.84 3.17 6.0 2.3 1044 1072 802 
S1D32 99.0 38.7 32.9 179.7 36.8 32.9 51.9 10.0 16.93 4.18 19.0 4.8 2168 2200 1388 
S2D32 99.9 42.8 37.5 175.0 41.1 37.5 51.3 10.3 16.03 3.99 27.0 7.2 3548 3592 1668 
S1D33 66.7 61.6 51.0 197.9 59.5 51.1 50.4 10.0 18.72 4.02 18.4 3.9 2775 2872 1894 
S2D33 67.5 75.5 58.9 191.3 69.6 60.6 40.8 10.3 17.63 2.97 21.1 3.7 3738 3812 2151 
S1D42 110.2 49.6 42.1y 176.6 47.1 42.1 60.4 12.9 12.73 3.69 26.9 8.5 5696 4165 2274 
S2D42 112.3 54.8 48.3y 170.7 52.5 47.9 65.9 13.2 11.97 4.01 17.7 6.2 4482 4792 2472 
S1D43 74.1 70.5 62.3 179.5 67.4 60.6 79.5 12.9 12.93 5.17 16.7 6.8 5195 4899 2862 
S2D43 74.9 79.1 71.4⁺ 157.6 76.0 69.7 76.9 13.2 10.96 4.84 15.5 7.1 6316 4548 2996 

(*based on curvatures derived using measured strains, yTensile strains estimated through linearly interpolating TL, ML values, þcorresponds to εl ¼ 9525 με). 
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spiral-weld seam. For specimens S0D22, S0D32 and S0D42 the inward 
local buckling was seen to develop along the spiral-weld seam. Similar 
variability in local buckling location, with respect to the spiral weld 
seam, was also observed by the authors for comparable mild-steel hol-
low SWTs [23]. Consistent with the authors’ findings, Van Es et al. [44] 
and Zimmerman et al. [45] also observed that local buckling at failure 
generally occurred away from and near to the weld seam respectively, 

for the carbon-steel SWTs they tested. The ‘wrinkly’ nature of the local 
buckles seen in the tested SWSSTs increased with increasing slenderness, 
consistent with that observed for the corresponding mild-steel SWTs 
[23]. It appears that the failure mode of hollow steel tubes under 
bending is similar irrespective of tube material or fabrication method. 
Nonetheless, the fact that the local buckles developed along the 
spiral-weld seam for several of the tested SWSSTs suggests that the spiral 

Fig. 7. Failure modes obtained for hollow SWTs a) S0D23, b) S0D33, c) S0D22, d) S0D43, e) SOD32 and f) S0D42 (location of buckle shown circled).  
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seam may, in some cases, present a preferential location for the occur-
rence of such local buckles. However, this does not appear to affect the 
moment capacity that can be achieved by the section, as shown in 
Section 3.4.1. 

For the tested CF-SWSSTs, unlike the corresponding hollow tubes, no 

clear peak was obtained in any of the respective M - κ plots. Nonetheless, 
the initial gradient of the M - κ plots was greater for the CF-SWSSTs 
compared to their corresponding hollow tubes. The initial gradient 
generally increased with the compressive strength of the infill concrete. 
The observed monotonically increasing M - κ behaviour was consistent 

Fig. 8. a) Typical deformed state at test termination, b) locations of local buckling (shown by blue arrows with clamps shown shaded) and c) examples of local 
buckling undulations. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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with the majority of previously reported flexural tests conducted on 
CFSSTs of other tube types [28,29]. Unlike that obtained for their 
mild-steel counterparts [23], no recognisable extended linear elastic 
region could be seen in the respective M - κ plots, which displayed 
continuously decreasing gradients. The maximum moments achieved 
during the CF-SWSST tests (Mmax) are tabulated in Table 4. For a given 
tube geometry, the maximum moment achieved increased with 

increasing fcm. For each respective test, the maximum measured central 
displacement δmax is also given in Table 4. In Table 4, the moment 
corresponding to δmax is generally slightly less than Mmax for the tested 
CF-SWSSTs. This was since the central LVDTs were removed prior to the 
achievement of the maximum moment to prevent any damage. The 
benefit of concrete infilling on the ductility of SWSSTs can also clearly be 
seen from the plots of Fig. 5. Compared to the hollow tubes, much 

Fig. 9. Typical state of concrete-core length within constant moment region at point of test termination shown for a) S1D22 and b) S2D32 (arrows show locations of 
local buckles). 
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greater curvatures, generally in the range of 0.2 m-1, were achieved by 
all of the tested CF-SWSSTs, irrespective of section slenderness or infill 
concrete strength. It should be noted that in Fig. 5a and c the maximum 
curvatures shown are much less than 0.2 m� 1. This was due to the 
premature removal of the respective mid-span displacement transducers 
resulting in no δm data being recorded beyond the point of transducer 
removal for those specimens. As a result, the corresponding curvatures 
could also not be calculated using Equation (2) beyond these points. 
Nonetheless, it was verified that the respective maximum curvatures for 
those specimens did indeed extend beyond 0.2 m� 1, based on the cur-
vatures calculated using the measured strain values. This calculation 
process has been discussed in Section 3.2 of this paper. 

Since no peak moment was achieved, a ‘failure mode’ cannot be 
explicitly defined for the tested concrete-filled specimens. However, the 
tested CF-SWSSTs displayed significant flexural deformation prior to the 
point of test termination. The deformed states of specimens S1D23 and 
S2D43 at the respective points of test termination are shown in Fig. 8a, 
which was typical of that observed for the tested CF-SWSSTs of 152 mm 
diameter and the other two diameters respectively. As can be seen from 
Fig. 8a, the respective deformed shapes at test termination were similar 
to that of overall global flexural buckling. Local buckling in the constant 
moment region was also observed for most of the tested specimens. The 
buckles were located away as well as near to the loading points and did 
not display a particular preference to occur near the spiral-weld seam. 
The locations at which local buckles were identified for all the tested 
concrete-filled specimens are shown schematically in Fig. 8b. The local 
buckles, in general, could not be visually distinguished during the tests 
as their amplitudes were relatively small. Nonetheless, at the end of the 
respective test, they were detected by identifying undulations on the 
tube outer surface through tracing. Typical examples of the undulated 
shapes observed at the points of local buckling are shown in Fig. 8c. For 
specimens S1D23 and S2D22 no local buckles were observed. In addi-
tion, for specimens S1D22 and S2D23, the number of local buckles that 
occurred was limited. This was possibly since the tested specimens of 
152 mm outer diameter (i.e. D2) were loaded to much less curvatures 
than those of the other two diameters (i.e. 0.2 m-1 compared to 0.3 m-1). 
This was due to safety concerns related to the test setup at larger de-
formations, which were mitigated for the other specimens. Furthermore, 
no visually evident relative end-slip, between the concrete infill and the 
SWSST, occurred for any of the tested specimens. In general, the 
deformed state at test termination was similar irrespective of infill 
concrete strength. The observed deformed states were also similar to 
those reported for comparable CFSSTs of other tube types [29], as well 
as those observed for the corresponding mild-steel CF-SWSTs previously 
tested by the authors [23]. 

The states of the respective inner concrete cores at test termination 
are shown in Fig. 9 for specimens S1D22 and S2D32, which was typical 
of that observed for all the tested CF-SWSSTs. The observed states of the 
cores were consistent with observations reported for CFSSTs of other 
tube types [28,29], for mild-steel CF-SWSTs [23] and generally for 
CFSTs under flexure [30]. While crushing or flaking of the concrete 
could be observed at the locations of local buckling, closely spaced 
cracks were present in the maximum tensile region. 

As per the afore-discussed experimental behaviour, the ULS moment- 
deformation behaviour of CFSSTs appears to be independent of the tube 
fabrication method. For hollow SWSSTs as well, the failure mode was 
consistent with that reported for other stainless-steel tube types. None-
theless, for hollow SWSSTs, the spiral-weld seam appears to be a loca-
tion for which there is a higher probability of local buckling, since for 
five out of the six tubes tested buckling initiated at or near the weld 
seam. 

3.2. Moment-strain behaviour 

The experimentally obtained variations of mid-span bending 
moment (M) with the measured longitudinal and circumferential strains 

(εl and εtrans) for the tested CF-SWSSTs are given in Fig. 10a and b. In 
general, it was found that much larger longitudinal strains were ach-
ieved by the tested CF-SWSSTs compared to their corresponding hollow 
tubes. This is consistent with the much larger flexural deformation ca-
pacity that was observed for the concrete-filled specimens in comparison 
with the hollow SWSSTs. 

As shown typically in Fig. 11 for a few representative test specimens, 
for both the hollow as well as CF-SWSSTs, the measured variations of 
longitudinal strain were indicative of linear strain profiles across the 
respective specimen sections. This was observed to be the case for 
moment levels up-to 0.9Mmax for the tested CF-SWSSTs and up-to Mmax 
for the tested hollow SWSSTs as shown in Fig. 11. However, it should 
also be noted that for several specimens, including for some shown in 
Fig. 11, the loss of linearity at higher load levels was due to the BL strain 
gauge cutting out, as can be verified by the respective plots in Fig. 10a 
and b. Due to the limitation of strains being measured at only three 
points across the specimen section, a definitive conclusion could not be 
made on strain profile linearity. Nonetheless, the observed variations 
suggested consistency with those previously reported for CFSSTs of 
other tube types [28,29], mild-steel CF-SWSTs [23] as well as for mild- 
and carbon-steel CFSTs of other tube types under flexure [30]. 

As the measured strains indicated that the assumption of ‘plane 
sections remaining plane’ was applicable to the tested CF-SWSSTs until 
moments close to the respective Mmax values, the mid-span curvatures 
were also calculated based on the measured longitudinal strains. The 
respective curvatures were taken to be the gradients of the lines of best 
fit to the measured variations of εl with cross-sectional height y, where y 
was measured from the extreme compressive fibre. In general, good 
agreement was observed between the curvatures calculated in this 
manner with those calculated using Equation (2). This is shown in 
Fig. 12 for a few representative CF-SWSSTs, The longitudinal strains 
measured at the maximum tensile fibre were also used to obtain the 
respective mid-span bending moment corresponding to a longitudinal 
tensile strain of 0.01 (M0.01). As discussed in Section 1, M0.01 has been 
proposed as a practical definition for the experimental ULS moment 
capacity [28,30,32]. The respective M0.01 values obtained for the tested 
CF-SWSSTs are tabulated in Table 4 together with the co-existing δm 
values. For specimen S2D22 the respective δm value was calculated 
through Equation (2) using curvatures derived based on the measured 
longitudinal strains. This was since, for that specimen, the central LVDT 
was removed prior to achieving a moment level equal to M0.01. It should 
also be noted that for specimens S1D23, S1D42 and S2D42 the respec-
tive BL gauges cut-off prior to reaching a strain of 0.01. For these 
specimens, the maximum tensile strain values in the post-cut-off region 
were estimated using the strains measured from gauges TL and ML and 
assuming a linear strain profile. In addition, the M0.01 listed in Table 4 
for specimen S2D43 correspond to a longitudinal tensile strain of 9525 
micro-strain which was the strain at which the data cut off. The 
post-cut-off strains could not be estimated for this specimen in the 
manner described earlier, since no data had been recorded by the TL 
gauge due to an equipment fault. 

The measured circumferential strain (εtrans) profiles across the 
respective CF-SWSST sections are shown for a few representative test 
specimens in Fig. 13. At relatively lower moment levels (i.e. below 0.75 
Mmax), the measured εtrans profile indicated an approximately linear 
trend with cross-sectional position, consistent with that expected for a 
constant Poisson’s ratio. However, at larger moment levels, especially at 
moments greater than 0.75 Mmax, the measured εtrans at the location of 
maximum longitudinal compression increased disproportionately to 
that measured at the location of maximum longitudinal tension. The 
disproportionate increase in tensile εtrans was also seen for the strains 
measured by the respective TC2 gauges. This observed behaviour was 
consistent with that observed for the corresponding mild-steel CF- 
SWSTs previously tested by the authors [23] and indicated the presence 
of concrete confinement in the compressive region of the cross-section. 
The presence of such confinement was verified by examining the 
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variations of mid-span bending moment with effective Poisson’s ratio 
(νe) at the respective locations of maximum longitudinal compression. νe 
was calculated using the strains measured by gauges TL and TC in the 
respective tests and was equal to εTC/εTL. As can be seen from Fig. 14, νe 
was greater than 0.5 at the respective M0.01 values. It has previously 
been established that for longitudinal strains greater than 2500 micro-
strain the Poisson’s ratio of grade 316 stainless-steel approaches 0.5 
[46]. The fact that νe values greater than 0.5 were measured indicates 
that confinement of the concrete core would have occurred in the 
compressive regions of the respective specimens. Nonetheless, as evi-
denced by the measured sectional variations of εtrans, the confinement 
that would have occurred would have been non-uniform in nature across 
the CF-SWSST section. The variations of mid-span bending moment with 
νe of the tested CF-SWSSTs were also similar to the corresponding var-
iations reported for comparable mild-steel CF-SWSTs [23], as shown in 
Fig. 14. 

3.3. Ductility 

The deformation capacity of the tested specimens was quantified 
through ductility indices defined as per Equations (3) and (4). These 
indices considered the difference between the measured central 
displacement at the respective ULS moment (δm_Mcap) and the corre-
sponding theoretical elastic displacement at first yield in the absence of 
the concrete in-fill (δhy). In Equations (3) and (4), the ductility indices 
Δmax and Δ0.01 were evaluated based on the central displacements 
measured at Mmax and M0.01 respectively. Similar definitions of ductility 
were previously used by Kiymaz [35] for hollow SS-tubes as well as by 
the authors for CFSTs under flexure [30]. 

Δmax¼
�
δmax �  δhy

��
δhy

(3)  

Δ0:01¼
�
δ0:01 �  δhy

��
δhy

(4)  

where. δhy ¼ f0:02%ð3L2� 4a2Þ
�
ð12E0DÞ

Fig. 10. a: a), c), e) M – εl and b), d), f) M – εtrans plots for specimens S (1,2) D23, S (1,2)D33 and S (1,2)D22 respectively. b: a), c), e) M � εl and b), d), f) M � εtrans 
plots for specimens S (1,2) D43, S (1,2)D32 and S (1,2)D42 respectively. 
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The calculated ductility indices are listed in Table 4. Their variations 
with section slenderness, (D/t)/(E0/f0.2%), are shown in Fig. 15. Ductility 
indices calculated for the corresponding hollow and concrete-filled 
mild-steel SWTs previously tested by the authors [23] are also shown 
in Fig. 15. In addition, for reference, ductility indices calculated for 
comparable hollow as well as CFSSTs of other tube types are plotted in 
Fig. 15 as well [28,29,35]. It should be noted that for specimens S (1,2) 
D22 and S (1,2)D23, the respective δmax values were approximated 
through Equation (2) using curvatures calculated based on the measured 
strains. This approximation was also used to estimate δmax and δ0.01 
values for specimens S0D23 and S2D22 respectively as well. As dis-
cussed previously, this approximation was used since for the afore-said 
specimens the central displacement measurement was prematurely 
terminated. 

For the tested hollow SWSSTs, it was observed that the ULS defor-
mation capacity decreases with increasing slenderness. As discussed by 
Kiymaz [35], ductility indices greater than 3–4 are generally required 
for sections to be classified as ‘compact’. However, apart from specimen 
S0D23, none of the hollow specimens displayed ductility indices greater 
than 4. This was consistent with the fact that only specimen S0D23 fell 
under the ‘compact’ classification as per the guidelines of AS 4673 [24]. 
In general, the ductility of the tested hollow SWSSTs agreed well with 

those of previously tested comparable hollow stainless-steel tubes of 
other types. It was also seen that the ductility indices calculated for the 
tested SWSSTs were generally greater than those obtained for mild-steel 
SWTs of comparable geometry [23]. 

As can be seen from Fig. 15, in general, Δmax of the tested CF-SWSSTs 
were significantly greater than their hollow counterparts, exemplifying 
the increase in ductility due to concrete infilling. It should be noted that 
specimens S (1,2)D (2,3) displayed relatively low indices since those 
tests were terminated at relatively low curvatures, for reasons discussed 
in Section 3.1. However, the respective Δ0.01 indices were only signifi-
cantly greater than the Δmax values of the corresponding hollow tubes for 
sections of greater slenderness. Nonetheless, the calculated Δ0.01 indices 
had magnitudes which were, in general, greater than 3. This indicated 
that even the SWSSTs which behaved in a non-compact manner in their 
hollow state, became ‘compact’ in flexure due to concrete infilling. This 
was consistent with the increased slenderness limits specified in several 
standards for CFSTs under flexure compared to their hollow counter-
parts [18,19,47]. As can be seen by its variation with slenderness, Δ0.01 
was not noticeably affected by the infill concrete strength nor the section 
slenderness in the tested slenderness range. The difference in ductility 
between the tested CF-SWSSTs and their mild-steel counterparts [23] 
was insignificant for sections of lower slenderness but increased with 

Fig. 10. (continued). 
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increasing slenderness. Interestingly, the mild-steel specimens displayed 
greater ductility indices for sections of higher slenderness, which is 
possibly as a result of the ‘rounded’ nature of the stainless-steel 
stress-strain curve, as opposed to the distinctive yield plateau dis-
played by mild-steel. 

Comparison of the CF-SWSST ductility indices to those of compara-
ble CFSSTs of other tube types provided evidence that the ductility of 
CFSSTs is independent of the tube fabrication method. Δ0.01, rather than 
Δmax, was used for this comparison. In the tests reported in the literature, 
no uniform criteria were adopted in relation to the maximum bending 
moment the respective specimens were subjected to. As a result, the 
corresponding δmax (& Δmax) values also correspond to varying levels of 
maximum moment with respect to a common reference such as the first 
yield moment. For this reason, it was judged that it would be more 
consistent to base the comparison of ductility on Δ0.01 rather than on 

Δmax since all the Δ0.01 values correspond to a consistent definition of 
moment capacity. It should also be noted that for the tests of [29] the 
ULS moment capacity was taken as the moment corresponding to a 
central displacement of L/50 (ML/50). Since insufficient strain data was 
reported by Chen et al. [29] to explicitly calculate the respective M0.01 
values, for those tests M0.01 was approximated by ML/50. This was judged 
to be acceptable since as can be seen from Table 4, for the CF-SWSSTs of 
this paper, there was close agreement between M0.01 and ML/50. Similar 
close agreement was also observed for the specimens tested by Yang and 
Ma [28] as well. 

Fig. 11. Variation of εl with cross-sectional height (y) for specimens a), b), c) S (0,1,2)D22 and d), e), f) S (0,2)D42 and S2D32 respectively.  

Fig. 12. Comparison of M - κ plots obtained using measured displacements and measured longitudinal strains for a) S1D22, b) S2D32, c) S1D33 and d) S2D33.  
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Fig. 13. Variation of εtrans with cross-sectional height (y) for specimens a) S1D22, b) S2D22, c) S2D23 and d) S1D32.  

Fig. 14. M - νe variation in the maximum compressive region obtained for specimens a) S1D33, b) S2D42 and corresponding mild-steel CF-SWSTs [23].  

Fig. 15. Variation of a) Δmax and b) Δ0.01 with slenderness for the tested specimens and comparable previous tests (MS �Mild-steel, G20 (50) � Grade 20 (50) MPa).  
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3.4. Comparison of moment capacities with predictions and previous test 
data 

3.4.1. Capacity comparison for hollow SWTs 
The actual to predicted ULS moment capacity ratios (Mmax/Mpredicted) 

calculated as per the guidelines of AS 4673 [24] for the tested hollow 
SWSSTs are given in Table 5. The variation of Mmax/Mpredicted with 
sectional slenderness is shown in Fig. 16. It was observed that AS 4673 
provided conservative predictions of the experimentally obtained 
moment capacity. In fact, the experimentally obtained moment capac-
ities were greater than or quite close to the respective ‘compact’ (or 
plastic) moment capacities as well. Even though this was the case, a 
significant difference was observed between the ductility index of 
specimen S0D23 and those of the others. Thus, a review of the slen-
derness limits, so as to obtain limits specifically in relation to hollow 
SWSSTs, was judged to be unwarranted. This was further verified by 
calculating the rotation capacity (Rcap) of the tested hollow tubes as per 
the definition specified in AISC 360 [18]. In AISC-360 it is specified that 
a rotation capacity (Rcap) greater than 3.0 is required for a section to be 
classified as ‘compact’. Since the specified calculation method for Rcap 
utilises end rotations of a simply supported span, these were approxi-
mated using Equations (5) and (6) based on the assumption of a half-sine 
wave shaped vertical deflection profile. 

Rcap¼
θmax �  θP

θP
(5)  

where θP ¼
MP

2ðEIÞinitial
ðL � aÞ and θmax is given by Eqn. (6) (5) 

θmax ¼ 2δmaxðπ =LÞ (6) 

As can be seen by the Rcap values listed in Table 4, only specimen 
S0D23 displayed a value greater than 3. This provided verification of its 
compact behaviour and conversely of the non-compact behaviour of the 
other hollow SWSSTs. This also provided verification that the section 
slenderness limits defined in AS 4673 can also be applied to hollow 
SWSSTs. As can be seen from Fig. 16, the conservativeness of the pre-
dictions was found to be similar to that of hollow stainless-steel LWTs 
[33,35]. This provided evidence that, in terms of the ULS moment ca-
pacity, the behaviour of hollow stainless-steel tubes is equivalent irre-
spective of the tube fabrication method, for the range of slenderness 
values considered. 

3.4.2. Capacity predictions for CF-SWSTs 
Unlike for hollow stainless-steel tubes, there currently exists no 

design or assessment standard which provides guidelines to evaluate the 
ULS moment capacity of CFSSTs. On the contrary, for mild- and carbon- 
steel CFSTs a number of such internationally used standards exist 
namely, AS 2327 [16], EC4 [17], AISC-360 [18], AIJ [19], CAN/CSA 
S16-01 [20] and GB-50936 [21]. Other analytical methods for the 
flexural capacity calculation of carbon-steel CFSTs have also been pro-
posed [32]. The applicability of the afore-mentioned guidelines to 
CF-SWSSTs under flexure was evaluated by calculating the respective 
predicted capacities for the tested CF-SWSSTs. An objective of the study 

was also to evaluate the applicability of the section slenderness limits 
specified in the above standards to CF-SWSSTs. For this reason, the 
respective section classification definitions (i.e. compact or 
non-compact) were used unchanged except for EC4. For EC4, the section 
slenderness definition was modified in accordance with the definition 
given in EC3 Part 1–4 [25] which is reproduced in Equation (7). 

EC4  effective  compact  limit  ¼  90  235
f0:2%

E0

210
(7)  

(where E0 is in GPa). 
The classifications of the tested concrete-filled specimens as per the 

respective standards are tabulated in Table 6. Except for AISC-360, all 
other standards specify flexural capacity calculation guidelines only for 
sections which are ‘compact’. AISC-360 provides guidelines for the 
flexural capacity calculation of non-compact sections as well. Even 
though some of the tested sections were classified as non-compact the 
respective capacities were calculated regardless in order to evaluate the 
possible conservativeness of the classification. 

The guidelines of AS 2327, EC4, AISC-360, AIJ and CAN/CSA S16-01 
specify stress distributions for the concrete and steel components of the 
CFST section for the calculation of flexural capacity. On the contrary, 
GB-50936 as well as the guidelines of Han et al. [32] provide explicit 
equations for the moment capacity calculation. In addition to a com-
posite section capacity method, AIJ also allows the moment capacity of 
the CFST to be conservatively taken as that of the steel tube alone. Out of 
the codes that prescribe stress distributions, only the guidelines of AIJ 
explicitly considers the effect of concrete core confinement in its 
formulation, including the resulting bi-axial stress state in the steel tube. 
Other codes, make an allowance for the beneficial effect of confinement 

Table 5 
Actual to predicted moment capacity ratios for hollow SWSSTs (C � Compact, NC � Not Compact).  

Specimen label D/t (D/t)/(E0/f0.2%) AS 4673 slenderness (D/t) limits AS 4673 classification Mmax/Mpredicted as per AS 4673 Mmax/MAS4673_compact 

Compact Non-compact 

S0D22 75.8 0.106 55.7 221.4 NC 1.38 1.07 
S0D23 50.8 0.073 54.4 216.3 C 1.14 1.14 
S0D32 99.4 0.139 55.7 221.4 NC 1.23 0.96 
S0D33 67.1 0.096 54.4 216.3 NC 1.48 1.14 
S0D42 111.2 0.156 55.7 221.4 NC 1.23 0.96 
S0D43 75.7 0.108 54.4 216.3 NC 1.27 0.99 
Mean      1.29 1.04 
Stdev      0.12 0.09  

Fig. 16. Variation of Mmax/Mpredicted with section slenderness for the tested 
hollow SWSSTs and comparable previously reported hollow tube tests. (MS �
mild-steel, G20 (50) – Grade 20 (50) MPa). 
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by allowing a concrete strength of f’
c or 0.95 f’

c to be used. These values 
are greater than the strength that is allowed for typical reinforced con-
crete sections. In addition to the codified methods, the analytical 
equations proposed by Han et al. [32] were also considered in this study, 
even though they were derived specifically for carbon-steel CFSTs. For 
all the calculations, the steel modulus and yield strength were 
substituted by the experimentally obtained E0 and f0.2% of the 
stainless-steel respectively. 

The calculated actual to predicted moment capacity ratios (Mcap/ 
Mpredicted) as per the different standards are given in Table 7. As evident 
from Table 7, for all the tested CF-SWSSTs the predicted capacities as per 
several codes were quite conservative especially when the maximum 
moment was considered as the capacity. Even though the conserva-
tiveness decreases when the flexural capacity is taken as M0.01, the 
predicted values were still significantly less than the corresponding 
experimental values. It was observed that the prediction conservative-
ness was similar irrespective of the infill concrete strength. 

The composite capacity guidelines of AIJ provided the closest con-
servative predictions, on average, to the experimental capacities. Even 
though the average actual to predicted capacity ratio corresponding to 
GB-50936 was 1.03, for several of the tested specimens it gave signifi-
cantly un-conservative predictions. For this reason, the predictions of GB 
were not considered as satisfactory. Out of the other codes considered, 
AIJ provided actual to predicted capacity ratios greater than 1.0 for all 
the tested specimens and closest to 1.0 on average. 

The fact that the AIJ guidelines explicitly consider core confinement 
effects may possibly explain why they provide the best predictions 
compared to the other standards. The other standards only partially 
consider the enhancement of concrete strength [16–18,20] and also do 
not consider the resulting bi-axial stress state in the steel. The specified 
method in AIJ assumes uniform confinement around the tube perimeter. 
A possible improvement in capacity prediction could be obtained if the 
effect of non-uniform confinement is also included in the calculation 
model, which was ascertained to be the case experimentally, as dis-
cussed in Section 3.2. Investigations through finite element modelling 
(FEM) can shed light in relation to this. 

The variation of the calculated M0.01/Mpredicted ratios, as per the 
composite section guidelines specified in AIJ, with section slenderness is 
shown in Fig. 17. Corresponding M0.01/Mpredicted ratios were also calcu-
lated for the CFSST bending tests previously reported by Chen et al. [29] 
and Yang and Ma [28] and are plotted in Fig. 17 for comparison. To 
enable direct comparison in Fig. 17, out of the tests reported in Ref. [28] 
only the CFSST which contained normal concrete was considered. As 
discussed in Section 3.3, since Chen et al. [29] only reported ML/50 
values, these were taken to be equal to M0.01. As can be seen from 
Fig. 17, the scatter of the actual to predicted capacity ratio of the pre-
vious CFSST tests was similar to that of the tested CF-SWSSTs. This 
indicated that the conservativeness of the prediction guidelines is 

similar irrespective of tube fabrication method. It also suggested that the 
guidelines specified for carbon-steel CFSTs can be equally applied for 
CFSSTs. It was found that, on average, the prediction conservativeness 
for the tested CF-SWSSTs was approximately 5% less than that of the 
corresponding mild-steel CF-SWSTs [23]. Nonetheless, as can be seen in 
Fig. 17, the respective scatters were largely similar with the difference in 
average M0.01/Mpredicted resulting from the high conservativeness 
relating to a couple of specimens. This further strengthened the postu-
lation that the existing guidelines for carbon-steel CFSTs in flexure, can 
be applied to CF-SWSSTs and CFSSTs in general. 

The fact that all the actual to predicted capacity ratios were greater 
than 1.0 suggest that the various specified compact slenderness limits 
are conservative. Several specimens which were classified as ‘non- 
compact’ achieved capacities greater than the corresponding ‘compact’ 
capacities, implying that the specified limits are unduly prohibitive. 
Nonetheless, the actual slenderness limit could not be determined. It 
could only be ascertained that it is greater than the largest slenderness 
considered in the study. Actual limits should be established through 
testing specimens of higher slenderness as well as possibly through 
numerical investigations. 

For the tested CF-SWSSTs, rotational capacities (Rcap) were calcu-
lated using Equations (5) and (6) following the methodology detailed in 
Ref. [30]. θmax in Equation (5) was taken as that co-existing with δmax or 
δ0.01, while Mp was taken to be the moment capacity as per AISC-360. As 
can be seen from Table 4, in general, Rcap values greater than 3.0 were 
obtained even when δ0.01 was used for the calculations. Along with the 
fact that the M0.01/Mpredicted ratios as per AISC-360 were all greater than 
1, this provided proof of the ‘compact’ behaviour of the tested 
CF-SWSSTs and the conservativeness of several specified compact 
slenderness limits. 

As discussed above, even though residual stresses as well as surface 
imperfections of LWTs and SWTs are inherently different, the scatter of 
actual to predicted flexural capacity ratios were found to be similar. This 
suggests that, in their concrete filled forms, welded tubes of different 
fabrication types display similar flexural ULS capacity behaviour, with 
residual stress differences seemingly having little or no effect. Even in 
terms of local buckling locations, the different weld types do not appear 
to cause significant differences. Similar conclusions regarding the effects 
of residual stresses and surface imperfections have been reported for 
concrete-filled square sectioned tubes [48], albeit under axial loading. 
Therefore, the results of the tests described in this paper further add to 
the confidence that SWSSTs can be used as direct replacements of their 
longitudinally welded counterparts. 

It should be noted that the CF-SWSST tests discussed above were not 
full scale tests, though the D/t ratios were representative of actual ap-
plications. For actual sized SWSSTs, which would be of larger diameter 
and wall thickness, the residual stresses and surface imperfections can 
be expected to be different and possibly larger, given the larger rolling 

Table 6 
Section slenderness classifications of tested CF-SWSSTs as per several codes of practice (C � Compact, NC � Non-compact).  

Specimen 
label 

D/t λ AS 2327 EC4 AISC AIJ CAN/CSA S16-01 GB-50936 

λ Compact 
limit  

D/t 
limit  

Compact D/t 
limit 

Non-Compact 
D/t limit  

Compact D/t 
limit  

Compact D/t 
limit  

Compact D/t 
limit  

S1D22 74.0 77.7 125 C 71.9 NC 64.3 221.4 NC 134.3 C 106.7 C 158.5 C 
S2D22 74.9 84.7 125 C 70.3 NC 62.8 216.3 NC 124.6 C 99.0 C 147.1 C 
S1D23 50.8 53.3 125 C 71.9 C 64.3 221.4 C 134.3 C 106.7 C 158.5 C 
S2D23 50.9 57.6 125 C 70.3 C 62.8 216.3 C 124.6 C 99.0 C 147.1 C 
S1D32 99.0 103.9 125 C 71.9 NC 64.3 221.4 NC 134.3 C 106.7 C 158.5 C 
S2D32 99.9 113.0 125 C 70.3 NC 62.8 216.3 NC 124.6 C 99.0 NC 147.1 C 
S1D33 66.7 70.1 125 C 71.9 C 64.3 221.4 NC 134.3 C 106.7 C 158.5 C 
S2D33 67.5 76.3 125 C 70.3 C 62.8 216.3 NC 124.6 C 99.0 C 147.1 C 
S1D42 110.2 115.7 125 C 71.9 NC 64.3 221.4 NC 134.3 C 106.7 NC 158.5 C 
S2D42 112.3 127.0 125 C 70.3 NC 62.8 216.3 NC 124.6 C 99.0 NC 147.1 C 
S1D43 74.1 77.8 125 C 71.9 NC 64.3 221.4 NC 134.3 C 106.7 C 158.5 C 
S2D43 74.9 84.7 125 C 70.3 NC 62.8 216.3 NC 124.6 C 99.0 C 147.1 C  
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stresses that would be generated for example. While the observed results 
indicate that residual stresses do not cause significant differences in 
SWSSTs under flexure, the validity of that conclusion for actual-sized 
tubes deserves verification. Methods such as FEM together with 
measured residual stress and imperfection profiles of actual sized tubes 
could be used for such purposes. 

For carbon-steel CFSTs, in addition to providing conservative ca-
pacity predictions for smaller diameter tubes (D ¼ 60.7–160), several 
codes of practice were found to provide the same even for larger 
diameter tubes (i.e. with D ¼ 460–610) of comparable D/t ratio. This 
observation was based on tests with D/t ratios equal to 20 [49–51], 
42–44 [51–53], 53 [32,54,55] and 74–77 [49,56]. Thus, despite the 
limitations discussed in the preceding paragraph, the tests described in 
this paper can be taken as indicative of the behaviour of actual sized 
CF-SWSSTs as well. However, it should be noted that the variation of 
prediction conservativeness with slenderness was inconsistent for the 
afore-referenced carbon-steel CFSTs. While for D/t equal to 20, 53 and 
74–77 the conservativeness was comparable irrespective of size, a 
considerable reduction of conservativeness was observed for the larger 
specimens for D/t equal to 42–44. 

3.5. Comparison of bending stiffness values with predictions and previous 
test data 

The codes of practice and analytical methods referred to in Section 
3.4.2 also contain expressions to estimate the bending stiffness of CFSTs. 
The applicability of these expressions to predict the initial bending 
stiffness of the tested CF-SWSSTs was evaluated in this study. For that 
purpose, the steel Young’s modulus and yield strength in the respective 
expressions were substituted by E0 and f0.2% respectively. The experi-
mentally obtained initial bending stiffness EIinitial was taken as the 
gradient of the line of best fit to the initial near-linear region of the 
respective M - κ plot. The EIinitial values approximated in this manner are 
given in Table 4. Other authors have used a secant stiffness definition for 
the initial bending stiffness where it was defined as the secant stiffness 
(Ki) corresponding to a bending moment of 0.2 M0.01 [32]. As can be 
seen from Table 4, in general, there was good agreement between the 
corresponding Ki and EIinitial values. Where there was less agreement, it 
was observed that the near-linear initial region of the respective M - κ 
plot did not extend to a moment value of 0.2 M0.01. 

The actual to predicted initial bending stiffness ratios (EI)initial/ 
(EI)predicted corresponding to the various codified and analytical methods 
are given in Table 8. On average, the EIinitial values were well predicted 
by the guidelines of AISC-360 and CAN/CSA S16-01. All the other 
considered guidelines over-predicted the initial bending stiffness except 
for those of Han et al. [32] and AIJ [19] which under-predicted the 
actual values, on average. Yang and Ma [28] reported similar findings in 
relation to AIJ and EC4, for the CFSST they tested which contained 
normal concrete. On the contrary, for the CFSSTs tested by Chen et al. 
[29], which utilised seamless tubes, the initial bending stiffness was 
over-predicted by the guidelines of AIJ. Thus, inconsistencies were 
noted between the findings of this study and those reported for previ-
ously tested CFSSTs of other tube types. As a result, a conclusion in 
relation to the effect of tube fabrication type on EIinitial could not be 
arrived upon and needs further investigation. 

Several authors have also evaluated the experimental serviceability 
limit state (SLS) stiffness (Ks) by approximating it to be the secant 
stiffness corresponding to a bending moment of 0.6 M0.01 [28,29,32]. As 
can be seen from Table 8, for the tested CF-SWSSTs, the guidelines of AS 
2327 [16], AIJ [23], as well as those of Han et al. [32] over-estimates the 
experimental SLS bending stiffness. Approximating the SLS modulus of 
stainless-steel to be equal to the initial modulus E0 possibly contributed 
to this over-estimation, given the ‘rounded’ nature of the stainless-steel 
stress-strain behaviour. Over-estimation of the experimentally obtained 
SLS bending stiffness has also been reported by Chen et al. [29] and Yang 
and Ma [28] for the CFSSTs they tested, where seamless and Ta
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longitudinally welded tubes were used respectively. 

4. Conclusions  

1. The ULS deformation modes of hollow and concrete-filled stainless- 
steel tubes were verified to be similar irrespective of the tube fabri-
cation method. Nonetheless, for hollow SWSSTs, the spiral-weld 
seam appears to be a location with a higher probability of local 
buckling, though not for CF-SWSSTs.  

2. Existing standardised guidelines, including slenderness limits, are 
equally applicable for hollow SWSSTs as for other tube types, with 
comparable conservativeness.  

3. Existing standards relating to the ULS flexural behaviour of carbon- 
steel CFSTs were determined to be conservatively applicable to CF- 
SWSSTs as well, where f0.2% and E0 were considered as the yield 
strength and steel modulus respectively. On the contrary, the appli-
cability of the codes of practice for predicting the initial and SLS 
bending stiffness of CF-SWSSTs appears to be inconsistent.  

4. The least conservative predictions of ULS moment capacity were 
provided by guidelines which explicitly included core confinement 
benefits in their formulation; the existence of which was corrobo-
rated through experimental measurements. Further work, such as 

finite element investigations, is recommended to explicitly consider 
the non-uniform nature of the confinement to possibly obtain closer 
predictions of the experimental capacities.  

5. Based on the comparable magnitudes of prediction conservativeness 
as well as similarity of deformation mode, this study showed that the 
ULS flexural behaviour of CF-SWSSTs is equivalent to that of CFSSTs 
of other tube types. As a result, SWSSTs can be used as ready re-
placements of their longitudinally welded and seamless counterparts 
in CFSSTs.  

6. In relation to CF-SWSSTs and CFSSTs in general, it appears that the 
compact slenderness limits specified in some standards are prohibi-
tively conservative. Actual slenderness limits need to be established 
through investigating specimens of higher slenderness than those 
tested since compact behaviour was obtained for all the tested 
specimens. 
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Fig. 17. Variation of a) Mmax/Mpredicted and M0.01/Mpredicted with section slenderness for the tested CF-SWSSTs and comparable previously reported tests, calculated as 
per the composite capacity guidelines of AIJ (MS � mild-steel). 

Table 8 
Actual to predicted initial and service bending stiffness ratios for the tested CF-SWSSTs.  

Specimen label (EI)initial/(EI)predicted as per Ks/Ks_predicted as per 

AS 2327 EC4 AISC-360 AIJ CAN/CSA S16-01 GB-50936 Han et al. [32] AS 2327 EC4 Han et al. [32] 

S1D22 0.62 0.55 0.75 1.02 0.75 0.54 0.81 0.80 0.63 0.74 
S2D22 0.86 0.82 1.07 1.68 1.14 0.82 1.20 0.92 0.73 0.83 
S1D23 0.80 0.72 0.90 1.16 0.93 0.72 0.94 0.94 0.80 0.89 
S2D23 0.68 0.66 0.78 1.14 0.86 0.65 0.84 0.84 0.73 0.76 
S1D32 0.72 0.64 0.95 1.39 0.98 0.63 1.07 0.87 0.64 0.80 
S2D32 0.92 0.87 1.22 2.03 1.26 0.87 1.43 0.92 0.68 0.85 
S1D33 0.81 0.74 0.98 1.35 1.04 0.72 1.05 0.88 0.71 0.82 
S2D33 0.86 0.82 1.05 1.63 1.13 0.83 1.16 0.90 0.73 0.81 
S1D42 0.86 0.76 1.16 1.73 1.19 0.74 1.34 0.94 0.67 0.87 
S2D42 0.76 0.72 1.04 1.78 1.07 0.73 1.26 0.90 0.64 0.83 
S1D43 0.89 0.80 1.09 1.53 1.15 0.78 1.19 0.89 0.70 0.82 
S2D43 0.65 0.62 0.81 1.28 0.86 0.62 0.91 0.83 0.66 0.75 
Average 0.79 0.73 0.98 1.48 1.03 0.72 1.10 0.89 0.69 0.81 
Stdev 0.10 0.10 0.15 0.30 0.16 0.10 0.20 0.04 0.05 0.04  
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Chapter 9 – Comparison between concrete-filled spiral-welded mild-steel and 

stainless-steel tube behaviour under axial and flexural loading 

In this chapter, the behaviours of concrete-filled spiral-welded mild-steel tubes (CF-SWMSTs) and 

concrete-filled spiral-welded stainless-steel tubes (CF-SWSSTs) under concentric and eccentric axial 

loading, and under pure bending, have been comparatively discussed. The objective of this discussion 

was to ascertain any differences in the behaviour of concrete-filled spiral-welded steel tubes (CF-

SWSTs) that are attributable to the steel material type. The comparison was based on the experimental 

test results presented in Chapters 2 to 5, 7, and 8, which have also been published in [1-6].   

 A direct comparison of the behaviour between CF-SWMSTs and CF-SWSSTs could be carried out, 

since the tested CF-SWMST and CF-SWSST specimens, reported in Chapters 2 to 5, 7, and 8, consisted 

of specimen pairs of the same nominal geometry, i.e. outside diameter (D) and wall thickness (t). The 

yield strength (fy) and 0.2% proof strength (f0.2%), respectively, of the mild-steel and stainless-steel spiral 

welded tubes (SWTs) used for the experimental tests were also of comparable magnitude. The 

respective fy and f0.2% values for the nominally 2 mm and 3 mm thick SWTs used for the experimental 

programme were 234.9 MPa and 262.5 MPa, and 251.7 MPa and 282.5 MPa, respectively. In addition, 

corresponding mild-steel and stainless-steel SWTs of the same nominal geometry were infilled with the 

same concrete mix. Even though the test day concrete compressive strengths of corresponding CF-

SWMST and CF-SWSST specimen pairs were not the same (as they were tested at different concrete 

ages), the strengths were nonetheless comparable. Based on the foregoing, a direct comparison between 

corresponding CF-SWMST and CF-SWSST specimen pairs was deemed justifiable to evaluate their 

comparative behaviour. Three main aspects of the experimentally obtained behaviour of CF-SWMST 

and CF-SWSST columns and beams were considered for the discussion reported in this chapter. These 

were namely,  

1. Failure mode 

2. Load-strain behaviour including confinement of the concrete core 

3. Applicability of codified guidelines 
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The aspects listed above have been discussed in separate sub-sections (Sections 12.2 to 12.4) in this 

chapter. In each sub-section, the behaviours of the tested short columns, long columns, and beams have 

been discussed separately. The results reported in Chapters 2 and 3, 4 and 5, and 7 and 8, were used as 

the basis to compare between corresponding CF-SWMST and CF-SWSST short columns, long 

columns, and flexurally loaded specimens, respectively. In addition to the above, the differences in 

material stress-strain behaviour between the mild- and stainless-steel of the SWTs used for the tests 

have also been discussed in Section 12.1. 

In this chapter, the same specimen labelling conventions, and nomenclature as those of the preceding 

chapters have been followed. For brevity, they have not been re-introduced in this chapter. The 

preceding chapters should also be referred to in relation to the measured geometries and infill concrete 

strengths of the specimen tests referred to in this chapter. 

9.1 Stress-strain behaviour from coupon tests 

As reported in previous chapters of this thesis, tensile tests were conducted on coupons cut from 

representative lengths of the virgin mild- and stainless- steel plates used to fabricate the tested SWTs. 

To verify the differences in the material behaviour between mild- and stainless-steel, tensile stress-

strain curves obtained from tests of representative coupons, cut in the same orientation from the 

respective virgin plates, have been compared in Figure 1. Stress-strain curves obtained from coupon 

tests conducted on nominally 2 mm and 3 mm thick coupons were considered for the comparison. 

Representative coupons, cut parallel and perpendicular to the coiling direction of the plates, were 

selected for the comparison shown in Figure 1. For the nominally 2 mm thick coupons, the selected 

coupons were H5 and V1, and H2 and V2,  as reported in [5] and [4] respectively. For the nominally 3 

mm thick coupons, the tensile stress-strain plots obtained from coupons H1 and V4 reported in [2], and 

H1 reported in [1] have been compared in Figure 1. As explained in [1], due to an equipment 

malfunction, stress-strain data were not available for the tests done on nominally 3 mm thick stainless-

steel coupons cut parallel to the coiling direction. For clarity of identifying the differing shapes of the 

stress-strain curves of mild- and stainless-steel, the stress values of the plots in Figure 1 have been 

normalised by the respective fy or f0.2%, corresponding to each respective test.  
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As is clear from Figure 1, no significant differences were observed between stress-strain curves 

obtained from coupons of the same material cut from differing orientations. Clear differences in the 

shape of the stress-strain curve were observed between the curves corresponding to mild- and stainless-

steel coupons. As is evident from Figures 1(b) and 1(d), which shows the respective stress-strain curves 

in the region of strains of general structural interest [7],  the stainless-steel curves were of a more ‘round-

house’ nature, with continuously decreasing modulus, while the mild-steel stress-strain curves 

displayed a distinct yield plateau after an elastic region of near constant modulus. The relative 

differences in behaviour between the mild- and stainless-steel stress-strain curves were consistent 

irrespective of the coupon thickness.        

9.2 Failure modes 

9.2.1 Short columns 

The deformation states at the respective test termination points of corresponding CF-SWMST and CF-

SWSST short columns are compared in Figure 2. It was observed that irrespective of load eccentricity 

or section slenderness (D/t), all the corresponding CF-SWMST and CF-SWSST short columns 

displayed a similar failure mode. As reported in Chapters 2 and 3, the failure mode consisted of a 

globally flexurally deformed shape together with local buckles which initiated and grew in the post-

peak region. The similarity in failure mode between comparable concrete-filled carbon-steel tube and 

concrete-filled stainless-steel tube (CFCST and CFSST) short columns has previously been reported by 

Uy et al. [7] as well. However, unlike that reported in [7], no notable difference was observed between 

the amplitudes of the local buckles between corresponding CF-SWMSTs and CF-SWSSTs. This is 

possibly due to the difference in boundary conditions used in the tests described in this thesis, which 

employed pinned ends, unlike the fixed-fixed configuration used by Uy et al. [7]. As a result, the tests 

of this paper could not be continued to large axial strains unlike in the tests of [7], at which local buckles 

with greater amplitudes than seen in comparable CFCSTs were observed. In addition, no notable 

difference was observed between the locations at which local buckles initiated and grew for 

corresponding CF-SWMST and CF-SWSST short column pairs. 
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Load versus mid height lateral deflection (P - δh) curves of corresponding eccentrically loaded CF-

SWMST and CF-SWSST short column pairs are compared in Figure 3.  To evaluate any differences 

between the shapes of the P - δh curves, the loads of the respective plots were normalised by the peak 

load (Pmax) achieved during the respective test. As presented in previous chapters, the deformed shape 

of the tested short and long column specimens can be satisfactorily approximated by a half-sine wave, 

with the amplitude defined by the mid-height horizontal displacement. Hence, comparison of the P - δh 

curve shapes enable a comparison of the development of the general deformed shape between 

corresponding specimens to be carried out.  

For corresponding pairs of eccentrically loaded short columns, in general, the CF-SWSST specimens 

displayed a more round-house behaviour with the respective peak load occurring at greater deformation 

levels compared to the corresponding CF-SWMSTs. The prominence of this effect increased with 

increasing load eccentricity and increasing section slenderness (D/t). In fact, corresponding curve pairs 

only notably differed for specimen pairs loaded at the higher load eccentricity that was considered 

(0.4D). This is consistent with the expected behaviour, since given the short column nature of the 

specimens, second order effects would be minimal in general, with the greatest second order effects 

occurring for specimens loaded at the greatest eccentricity. Such second order effects can be expected 

to have been greater for the tested CF-SWSST specimens, given the round-house nature of the material 

stress-strain behaviour of stainless-steel, resulting in greater deformations compared to the 

corresponding CF-SWMSTs.  

Unlike the comparative load-deformation behaviour reported in [7] and [8], the load-deformation 

behaviour of the tested CF-SWSST short columns displayed a continuously descending post-peak 

curve. This is contrast to the behaviour reported by Uy et al. [7] and  Tam et al. [8]. In [7] and  [8],  an 

increasing load-deformation curve was observed after an initial decreasing post-peak region for CFSST 

short columns, compared to a continuously descending post peak curve for comparable CFCSTs. This 

difference can also be attributed to the difference in boundary conditions discussed above, which 

resulted in continuously increasing lateral deformation for the tests described in this thesis, thus 

resulting in a continuously decreasing post-peak curve.   
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9.2.2 Long columns 

The comparison of failure modes between corresponding pairs of CF-SWMST and CF-SWSST long 

columns was similar to that discussed in the previous sub-section for short columns. As shown in Figure 

4, the deformation states at test termination of corresponding pairs of CF-SWMST and CF-SWSST 

long columns were similar, irrespective of section slenderness or load eccentricity. The globally 

flexurally deformed shape was more prominent for the long column specimens compared to the short 

columns, as expected. There was also no appreciable difference in amplitude or location of occurrence 

in  relation to the local buckling that was observed. However, as seen in Figure 5, compared to the 

respective short columns, the tested eccentrically loaded CF-SWSST long columns displayed a 

distinctly more round-house P – δh behaviour, compared to the corresponding CF-SWMSTs. The 

differences were evident even for the tested specimen pairs of smaller D/t and smaller load eccentricity. 

The more round-house nature of the P – δh plots observed for the CF-SWSST long columns is consistent 

with the expectation, given the differences in material stress-strain behaviour between mild- and 

stainless-steel, as discussed in Section 12.1. The more notable difference in shape between the 

respective P – δh curve pairs is also consistent with the fact that greater second order effects occur for 

long columns compared to short columns.  Furthermore, in general, the post-peak decrease of load with 

horizontal displacement was slightly greater for the eccentrically loaded CF-SWMST long specimens 

compared to the related CF-SWSSTs.  

9.2.3 Beams 

Mid-span bending moment versus curvature (M – κ) plots of corresponding CF-SWMST and CF-

SWSST beam specimens tested under four-point bending [1, 2], are compared in Figure 6. Each M – κ 

plot in Figure 6, was normalised by the respective M0.01 value for consistency of comparison. It should 

be noted that the plot of S2D22 in Figure 6(i) cannot be directly compared to that of M2D22 as the 

loading was removed and re-applied for the former, with the mid-span vertical displacement not being 

measured during the re-loading [1].  As discussed in Chapters 7 and 8, the moment at a longitudinal 

tensile strain of 0.01 (M0.01) has been adopted as the definition of the experimental moment capacity in 

this thesis. It was observed that irrespective of infill concrete strength, corresponding pairs of CF-

184



 

SWMST and CF-SWSST beams displayed a monotonically increasing moment – curvature behaviour. 

For curvatures at moments much less than M0.01, the M – κ plots of the tested CF-SWSST beams were 

more round-house in nature compared to the those of the corresponding CF-SWMSTs. However, for 

majority of the tested tube geometries (D/t values), the CF-SWSSTs achieved the moment capacity 

(M0.01) at smaller curvatures compared to the corresponding CF-SWMSTs. In general, the CF-SWSST 

beam specimens also displayed greater post–M0.01 M - κ gradients compared to the corresponding CF-

SWMSTs. This is consistent with the greater work hardening that was observed for stainless-steel 

compared to mild-steel in the stress-strain curves obtained through coupon tests, evinced in Figure 1.     

A ‘failure mode’ could not be identified for the beam tests that were carried out, due to the 

monotonically increasing nature of the moment – deformation behaviour that was observed. However, 

the deformation states at test termination of corresponding CF-SWMST and CF-SWSST beam pairs 

were similar, as shown in Figure 7. As can be seen from Figure 8, no particular differences could be 

identified between corresponding specimen pairs in relation to the number and location of the local 

buckles that were observed. For both CF-SWMST and CF-SWSST beams, in general, the prevalence 

of local buckles increased with increasing section slenderness (D/t), irrespective of infill concrete 

strength. As is clear from Figure 9, the shapes of the local buckles that were observed, were also similar 

between corresponding pairs of CF-SWMST and CF-SWSST beams.     

9.3 Load - strain behaviour 

The experimentally obtained load – strain (P – ε) behaviour of corresponding CF-SWMST and CF-

SWSST specimens are compared and discussed in this subsection. For clarity, the comparison has been 

carried out based only on measured longitudinal and circumferential strains (εlong and εtrans) in the 

maximum compressive region of each respective specimen. εlong and εtrans were measured through strain 

gauges L1 and C1 for short and long columns, and gauges TL and TC for the flexurally loaded 

specimens [1-6]. Using the measured εlong and εtrans values,  the effective Poisson's ratio of the steel tube 

(νe = εlong / εtrans) in the maximum compressive region has also been evaluated and compared for the 

respective comparable specimen pairs. As discussed in previous chapters, the development of concrete 

core confinement at the ultimate limit state (ULS) can be investigated by considering the variation of 

185



 

νe  above that of the steel material alone (νs), i.e., of the spiral welded tube by itself with no infill 

concrete.  

9.3.1 Short columns 

The εlong and εtrans strains measured in the maximum compressive region for comparable CF-SWMST 

and CF-SWSST short column pairs are compared in Figure 10. The corresponding variations of νe are 

compared in Figure 11. 

It was observed that the variations of εlong and εtrans were more round-house in nature for the tested CF-

SWSST short columns compared to their CF-SWMST counterparts. This is consistent with the 

differences in material stress-strain behaviour of stainless-steel and mild-steel. It was further observed 

that, in general, the respective peak axial loads occurred at greater longitudinal and circumferential 

strains for CF-SWSST short columns compared to corresponding CF-SWMSTs. The foregoing was the 

case for both concentrically and eccentrically loaded short column pairs, irrespective of the section 

slenderness. However, the difference between the strain values at which the peaks occurred appeared 

to reduce with increasing section slenderness (D/t).  

In general, it was observed that for comparable CF-SWMST and CF-SWSST short columns, the value 

of νe at the respective peak load (Pmax) was greater than 0.5. Since 0.5 is the theoretical plastic Poisson’s 

ratio of steel based on constancy of volume, experimentally obtained νe values greater than 0.5 confirm 

the existence of concrete core confinement at Pmax for corresponding CF-SWMST and CF-SWSST short 

column pairs. The νe variations of CF-SWSST short columns displayed a more round-house variation 

compared to the corresponding CF-SWMSTs, with νe values diverging from the initial elastic value at 

relatively lower values of P/Pmax. However, this does not necessarily correlate with either greater core 

confinement effects or earlier onset of confinement. The variation of Poisson’s ratio of stainless-steel 

is inherently different in nature compared to that of mild- or carbon-steel. This can be seen in Figure 

12, which compares the change of material Poisson’s ratio (νs) with respect to its elastic value with 

increasing longitudinal strain, for carbon-steel and Grade 316 stainless-steel, as reported by Chen et al. 

[9] and MacKenzie et al. [10], respectively. As a result, the greater round-house behaviour seen for the 

νe variation of CF-SWSST short columns, could have also been due to inherent differences in material 
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behaviour as well. For example, the νs variations relating to hollow mild- and stainless-steel SWTs can 

be approximated based on the variations reported in [9] and [10], following the procedures discussed in 

Chapters 4 and 5. Representative  νs variations approximated in this manner are shown in Figure 13 for 

hollow SWTs corresponding to the measured εlong of specimens D2E0/SD2E0, D1E1/SD1E1, and 

D3E2/SD3E2. As seen in Figure 13, the estimated νs variations of hollow stainless-steel SWTs 

displayed greater increases of νs at relatively lower values of P/Pmax  than those of the corresponding 

mild -steel SWTs. Hence, notwithstanding the differences in the respective νe variations, there may not 

be any significant variation in the degree of confinement effective for CF-SWSST short columns 

relative to comparable CF-SWMSTs. This is since the development of confinement is based not on the 

absolute value of νe, but rather on the difference between νe and νs. To correctly quantify and compare 

the degree of confinement, the obtained νe variations should be compared to those of the respective 

hollow SWTs. As hollow SWTs were not tested as part of the experimental programme under the same 

loading scenarios, only a qualitative comparison in relation to the degree of confinement can be made, 

as above. 

It should be noted that the νe plots for some specimens showed irregular variations due to either the 

longitudinal or circumferential strain gauge cutting off prior to the peak load. Notwithstanding this, the 

general comparison between corresponding νe plots was consistent with that discussed above. 

9.3.2 Long columns 

The P - εlong and P - εtrans plots of the tested CF-SWSST long columns, in general, were observed to be 

more round-house in nature compared to those of the corresponding CF-SWMSTs. This effect was 

more observable for the tested specimens of the two smaller section slenderness (D/t), and decreased 

with increasing D/t. The respective plots are shown in Figure 14. The differences in load-strain 

variations between comparable long column pairs were significantly less prominent compared to those 

of their short column counterpart pairs. This is possibly attributable to the fact that the peak loads for 

the long columns occurred at less longitudinal strain magnitudes compared to the respective short 

columns.  
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For the tested long columns, the calculated P – νe variations are shown in Figure 15. It was observed 

that there were no significant differences, in relation to the shape of the νe variations, between 

corresponding CF-SWMST and CF-SWSST long columns, unlike for their short column counterparts. 

This was the case irrespective of load eccentricity or section slenderness. The νe values corresponding 

to the peak loads of the respective CF-SWMST and CF-SWSST long column pairs were also found to 

be notably less than those of their short column counterparts, with magnitudes less than 0.5. This 

indicated that the level of confinement of the long column concrete cores would have been considerably 

less than those of the corresponding short columns, for both CF-SWMSTs and CF-SWSSTs. It was also 

found that the estimated variations of νs for the SWTs alone were also in close agreement for comparable 

CF-SWMST and CF-SWSST long column pairs. This finding together with the afore-mentioned 

observation of similarity in νe suggest that the degree of confinement, if any, between comparable CF-

SWMST and CF-SWSST long columns was likely to have been not significantly different. In fact, as 

reported in chapters 4 and 5, in general, the difference between νe and νs variations of CF-SWMST and 

CF-SWSST long columns, and thus the corresponding core confinement, were found to be minimal. 

As can be seen in Figure 15, some irregularities were observed in the νe variations for a few of the tested 

long columns. This was mainly due to either the longitudinal or circumferential strain gauge 

malfunctioning prior to the peak being achieved. Nonetheless, most of the tested specimens displayed 

νe variations consistent with that discussed above. 

9.3.3 Beams 

The measured variations of mid-span bending moment (M) with εlong and εtrans, in the region of 

maximum compression, for corresponding CF-SWMSTs and CF-SWSSTs tested in flexure are 

compared in Figure 16. In general, strain variations between corresponding CF-SWMST and CF-

SWSST (beam) pairs were in better agreement with increasing section slenderness and increasing infill 

concrete strength. The M – ε variations of CF-SWSSTs showed a more round-house variation relative 

to the comparable CF-SWMSTs. Note that as reported in [1], specimen S2D22 had to be un-loaded and 

re-loaded due to an issue with the test setup. 
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The P - νe plots obtained using the strain variations reported in Figure 16 for comparable pairs of CF-

SWMST and CF-SWSST beams are shown in Figure 17. Note that the νe variations of specimens 

S2D43, S1D32 and S2D22 could not be calculated due to the ‘TC’ gauge (measuring εtrans) 

malfunctioning midway during the test, longitudinal strain data not being recorded, and due to 

unloading and then reloading, respectively.  

In general, it was observed that the νe variations of corresponding CF-SWMST and CF-SWSST beams 

were similar until moments approaching M0.01. It was seen that, at moments close to M0.01, the νe values 

of CF-SWMST beams increased much sharply compared to their CF-SWSST counterparts, resulting in 

generally greater νe values for CF-SWMSTs at M0.01. This was the case irrespective of section 

slenderness (D/t) or infill concrete strength. However, based on estimated variations of Poisson’s ratio 

of the SWTs alone (νs), it was found that mild-steel SWTs displayed greater values of νs than those of 

comparable stainless-steel tubes, at compressive εlong values corresponding to the respective M0.01 

moments. These νs variations were obtained following similar methods to those discussed in Sections 

12.3.1 and 12.3.2. Since the degree of confinement of the concrete core is related to the difference 

between νe and νs, this suggests that there is unlikely to have been any significant difference in relation 

to core confinement between corresponding CF-SWMST and CF-SWSST beam pairs. The fact that, in 

general, νe values close to or greater than 0.5 were recorded for the respective specimen pairs at 

moments equal to M0.01, indicated that such confinement effects would indeed have been present.  

9.4 Applicability of codified guidelines 

In this sub-section, the applicability of codified guidelines to predict the axial and flexural capacities of 

comparable CF-SWMST and CF-SWSST columns and beams is comparatively discussed. Even though 

six commonly used international codes of practice were referred to in previous chapters, for this sub-

section only the guidelines of AS/NZS 2327:2017 [11] were considered. This was since the objective 

was to assess the relative, rather than absolute, applicability of codes of practice to comparable CF-

SWMSTs and CF-SWSSTs. The absolute applicability has already been discussed in previous chapters 

with refence to six codes of practice. In addition, since AS/NZS 2327 specifically refers to only 

CFCSTs, the predictions corresponding to the tested CF-SWSSTs were obtained by considering f0.2% in 
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substitution for fy. This is consistent with the methodology followed in previous chapters as well as with 

common industry practice. It should be noted that, in this sub-section, the definition of section 

slenderness as defined in AS/NZS 2327 was used, i.e. λe = (D/t) (fy/250) or (D/t) (f0.2%/250). This was 

to consider the differences in magnitude, though minor, between fy and f0.2% of the SWTs of 

corresponding CF-SWMSTs and CF-SWSSTs. As a result of adopting λe as section slenderness, the 

focus was on the scatter of the actual to predicted load or moment capacity ratio with λe of corresponding 

specimen sets, rather than on capacity ratios of specimen pairs of the same nominal geometry. For short 

and long columns, corresponding CF-SWMST and CF-SWSST specimens loaded at the same end 

eccentricity were compared together, while for the flexurally loaded specimens the comparison was 

done separately for specimens of the same nominal infill concrete grade. 

9.4.1 Short columns 

The actual to predicted to axial load capacity ratio (Pmax/Ppredicted) variations with λe, for CF-SWMST 

and CF-SWSST short columns loaded at the same nominal end eccentricity ratio (e/D), are shown in 

Figure 18. In general, it was observed that the scatters of Pmax/Ppredicted with λe, of corresponding CF-

SWMST and CF-SWSST sets, were equivalent with comparable prediction conservativeness, 

irrespective of the load eccentricity ratio. Nonetheless, for concentrically loaded specimens and for 

specimens loaded at the smaller eccentricity considered i.e., e/D = 0.15, the predictions corresponding 

to CF-SWSSTs were observed to be marginally more conservative than for CF-SWMSTs. On the 

contrary, for the tested specimens of the two higher section slenderness values that were considered, 

the difference was not significant. For specimens loaded at e/D = 0.4, the prediction conservativeness 

between CF-SWMSTs and CF-SWSSTs was comparable even at higher λe. The Pmax/Ppredicted of 

specimen SD2E2 was observed to be an outlier in comparison to the general trend, though not 

significantly enough to invalidate the overall general behaviour noted above. For both CF-SWMST and 

CF-SWSST short columns, it was seen that the prediction conservativeness increased with load 

eccentricity. The observed general agreement between the prediction conservativeness of CF-SWMST 

and CF-SWSST short columns is consistent with the comparable degree of core confinement that was 

discussed to be likely in Section 12.3.1. However, contrary to that observed for the tested CF-SWMST 
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and CF-SWSST short columns, Uy et al. [7] reported that the prediction conservativeness was, on 

average, 8% greater for CFSSTs compared to corresponding CFCSTs, although it was further stated in 

[7] in that this difference was not significant.  

Overall, the Pmax/Ppredicted scatter observed for the tested short columns provide evidence that existing 

codes of practice for CFCSTs can be equally applied to CF-SWMST and CF-SWSST short columns, 

using f0.2% in substitution for fy for the latter. 

9.4.2 Long columns   

The variations of Pmax/Ppredicted with λe for corresponding sets of CF-SWMST and CF-SWSST long 

columns, loaded at the same end eccentricity, are compared in Figure 19. In general, compared to the 

variations of the corresponding short columns, the scatters of Pmax/Ppredicted of CF-SWMST and CF-

SWSST long columns displayed diverging behaviour. On average, the Pmax/Ppredicted ratios of 

concentrically and eccentrically loaded CF-SWSST long columns were less than those of the 

corresponding CF-SWMSTs. For specimens loaded concentrically and at a nominal eccentricity of 

0.15D, the Pmax/Ppredicted ratios between CF-SWSST and CF-SWMST long columns were comparable, 

in general, for specimens of higher section slenderness. However, for specimens loaded at the higher 

eccentricity, the prediction conservativeness was less for all the tested CF-SWSSTs compared to that 

of corresponding CF-SWMSTs. For the tested CF-SWMST long columns, it was seen that the 

prediction conservativeness increased with increasing load eccentricity. However, for CF-SWSST long 

columns such a clear trend was not observed. While, on average, the Pmax/Ppredicted ratios of eccentrically 

loaded CF-SWSST long column specimens were greater than those of the concentrically loaded 

specimens, there was no real difference in prediction conservativeness for the specimens loaded at the 

different end eccentricities considered. 

Based on the observed variations, it appears that codified guidelines related to carbon-steel CFSTs are 

not equally applicable to CF-SWMST and CF-SWSST long columns. The reduction in prediction 

conservativeness in relation to long columns loaded concentrically and at the lower eccentricity, may 

be as a result of the non-applicability of the AS/NZS 2327 column slenderness curve (defined for 

CFCSTs) to CF-SWSST long columns. The notably reduced Pmax/Ppredicted ratios observed for the CF-
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SWSST long columns loaded at an eccentricity of 0.4D may be because second order effects applicable 

to CF-SWSSTs are under-predicted by the code, given the more round-house nature of the stainless-

steel stress-strain behaviour. Such effects increase with increasing load eccentricity, which is consistent 

with the greater disagreement seen for long column specimens loaded at an e/D of 0.4. For 

corresponding shorter columns, such second order effects would have been negligible. As such, it 

appears that codified guidelines require recalibration prior to being applicable to CF-SWSST long 

columns on an equivalent basis to corresponding CF-SWMSTs. 

9.4.3  Beams 

The scatters of M0.01/Mpredicted with λe for flexurally loaded CF-SWMSTs and CF-SWSSTs with the 

same nominal infill concrete grade are compared in Figure 20. In general, for specimens infilled with 

nominally grade 20 concrete, the scatters of M0.01/Mpredicted were similar for CF-SWMSTs and CF-

SWSSTs, both in terms of average as well as standard deviation. The comparison of M0.01/Mpredicted 

scatters was slightly more divergent for comparable specimens infilled with nominally Grade 50 

concrete, where the ratios of CF-SWSSTs were marginally less conservative (~ 5%) and displayed a 

greater standard deviation compared to CF-SWMSTs. Nonetheless, overall, it appears that 

M0.01/Mpredicted scatters for corresponding flexurally loaded CF-SWMSTs and CF-SWSSTs are 

comparable, irrespective of infill concrete strength. It should also be added that for both CF-SWMSTs 

and CF-SWSSTs the predicted moment capacities as per AS/NZS 2327 were considerably conservative, 

similar to that observed for predicted capacities as per several other standards [1, 2]. In general, the 

foregoing comparison indicates that existing codified guidelines are equally applicable for CF-

SWMSTs and CF-SWSSTs under flexural loading, with fy replaced with f0.2% to yield conservative 

estimates of bending moment capacity.      

9.5 Conclusions 

Based on the discussion presented in the foregoing sections, the following conclusions were arrived 

upon in relation to CF-SWMSTs and CF-SWSSTs of nominally equivalent geometries, and with steel 

and infill concrete material strengths of comparable magnitudes, in the geometry and strength ranges 

considered. 
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1. The failure modes of CF-SWMSTs and CF-SWSSTs under concentric and eccentric axial 

loading, and under flexural loading are equivalent. This is so, irrespective of load eccentricity 

for short and long columns, and irrespective of infill concrete strength for specimens under 

bending. 

2. The load-deformation behaviour of CF-SWSSTs is generally more round-house in nature 

compared to corresponding CF-SWMSTs. This is the case for eccentrically loaded short and 

long columns as well as for specimens in pure flexure. 

3. Concrete core confinement will be prevalent at the ULS and likely to be of a comparable degree 

for corresponding CF-SWMST and CF-SWSST short columns, and flexurally loaded 

specimens. 

4. For both CF-SWMST and CF-SWSST long columns, concrete core confinement effects appear 

to be similarly negligible compared to those of their short column and flexurally loaded 

counterparts. 

5. Existing codes of practice relating to CFCSTs, appear to be equally applicable to CF-SWMSTs 

and CF-SWSSTs in relation to short columns under concentric and eccentric axial loading, and 

specimens under pure bending. The substitution of fy with f0.2% for CF-SWSSTs was verified to 

be satisfactory in this regard.  

6. To be equally applicable to CF-SWSST long columns as for corresponding CF-SWMSTs, 

codified guidelines, relating to CFCSTs, require recalibration, possibly in relation to the 

consideration of column slenderness and second order effects. Application of guidelines in their 

current form result in actual to predicted capacity ratios of reduced conservativeness for CF-

SWSST long columns compared to their CF-SWMST counterparts.  
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Figure 1: Comparison of stress-strain curves obtained from tensile tests conducted on a),b) nominally 
2 mm thick, and c), d) nominally 3 mm thick mild-steel (MS) and stainless-steel (SS) coupons [Note 

(b) and (d) are the same as (a) and (c) respectively, but plotted for a smaller strain range] 

194



 

  

a) (left to right) D1E0-2 and SD1E0-2 

  

b) (left to right)  D2E0-2 and SD2E0-2 

  

c) (left to right)  D3E0-2 and SD3E0-2 

  

d) (left to right)  D4E0-2 and SD4E0-2 

Figure 2: Deformation states at test termination of corresponding CF-SWMST and CF-SWSST short 
columns (local buckle which was observed first shown circled) 
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Figure 3: Comparison of P – δh plots between corresponding pairs of eccentrically loaded CF-
SWMST and CF-SWSST short columns (Le ≡ column effective length)  
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a) (left to right) LD1E0-2 and SLD1E0-2 

   

b) (left to right) LD2E0-2 and SLD2E0-2 

Figure 4: : Deformation states at test termination of corresponding CF-SWMST and CF-SWSST long 
columns (local buckle which was observed first shown circled) 
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c) (left to right) LD3E0-2 and SLD3E0-2 

  

d) (left to right) LD4E0-2 and SLD4E0-2 

Figure 4: : Deformation states at test termination of corresponding CF-SWMST and CF-SWSST long 
columns (local buckle which was observed first shown circled) 
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Figure 5: Comparison of P – δh plots between corresponding pairs of eccentrically loaded CF-
SWMST and CF-SWSST long columns  

 

 

 

 

 

199



 

 

Figure 6: Comparison of M – κ plots of corresponding CF-SWMSTs and CF-SWSSTs under flexural 
loading (nom ≡ nominal)  
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a) 

 

 

b) 

Figure 7: Comparison of deformation states at test termination of representative pairs of CF-SWMST 
and CF-SWSST beams; a) M1D33 & S1D33, and b) M2D42 and S2D42 
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S1D33 

M2D42 
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Figure 8: Comparison of locations at which local buckles were observed for corresponding CF-
SWMST and CF-SWSST beams (arrows show locations of identified local buckles) 
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a) 

  

b) 

Figure 9: Comparison of local buckle shapes of representative pairs of CF-SWMST and CF-SWSST 
beams; a) M1D33 & S1D33, and b) M1D42 and S1D42 
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M1D42 S1D42 
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Figure 10:  Measured P - εlong and P - εtrans variations in the maximum compressive region of 

corresponding CF-SWMST and CF-SWSST short columns (με ≡ microstrain) 
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Figure 11:   Variation of applied axial load (P) with νe in maximum compressive region of 

corresponding CF-SWMST and CF-SWSST short columns 
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Figure 12: Reported variations of Poisson’s ratio with longitudinal strain for carbon-steel and grade 
316 stainless-steel  

 

 

Figure 13: Estimated νs variations in the maximum compressive region of hollow SWTs 
corresponding to measured εlong of specimens:  

a) – c) D2E0 & SD2E0, D1E1 & SD1E1, and D3E2 & SD3E2 
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Figure 14:  Measured P - εlong and P - εtrans variations in the maximum compressive region of 

corresponding CF-SWMST and CF-SWSST long columns (με ≡ microstrain) 
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Figure 15:   Variation of applied axial load (P) with νe in maximum compressive region of 

corresponding CF-SWMST and CF-SWSST long columns 
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Figure 16:  Measured M - εlong (TL) and M - εtrans (TC) variations in the maximum compressive region 

of corresponding flexurally loaded CF-SWMSTs and CF-SWSSTs (με ≡ microstrain, nom ≡ nominal) 
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Figure 17:   Variation of mid-span bending moment (M) with νe in maximum compressive region of 

corresponding flexurally loaded CF-SWMSTs and CF-SWSSTs  
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Figure 18: Pmax/Ppredicted versus λe variations for CF-SWMST and CF-SWSST short columns with load 
eccentricities of a) 0D, b) 0.15D, and c) 0.40D 

 

Figure 19: Pmax/Ppredicted versus λe variations for CF-SWMST and CF-SWSST long columns with load 
eccentricities of a) 0D, b) 0.15D, and c) 0.40D 

 

Figure 20: M0.01/Mpredicted versus λe variations for CF-SWMST and CF-SWSST beams of nominal 
infill concrete strength grade of a) 20 MPa, and b) 50 MPa 
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